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RELATIVE VANISHING THEOREMS FOR Q-SCHEMES

TAKUMI MURAYAMA

ABSTRACT. We prove the relative Grauert—Riemenschneider vanishing, Kawamata—Viehweg vanish-
ing, and Kollar injectivity theorems for proper morphisms of schemes of equal characteristic zero,
solving conjectures of Boutot and Kawakita. Our proof uses the Grothendieck limit theorem for sheaf
cohomology and Zariski-Riemann spaces. We also show these vanishing and injectivity theorems
hold for locally Moishezon (resp. projective) morphisms of quasi-excellent algebraic spaces admitting
dualizing complexes and semianalytic germs of complex analytic spaces (resp. quasi-excellent formal
schemes admitting dualizing complexes, rigid analytic spaces, Berkovich spaces, and adic spaces
locally of weakly finite type over a field), all in equal characteristic zero.

We give many applications of our vanishing results. For example, we extend Boutot’s theorem to
all Noetherian Q-algebras by showing that if R — R’ is a cyclically pure map of Q-algebras and R’
is pseudo-rational, then R is pseudo-rational. This solves a conjecture of Boutot and affirmatively
answers a question of Schoutens. The proof of this Boutot-type result uses a new characterization of
pseudo-rationality and rational singularities using Zariski-Riemann spaces. This characterization is
also used in the proofs of our vanishing and injectivity theorems and is of independent interest.
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1. INTRODUCTION

Let X be a smooth complex projective variety. Kodaira’s vanishing theorem [Kod53, Theorem 2]
says that if . is an ample invertible sheaf on X, then H*(X,wx ® £) = 0 for all i > 0. Kodaira’s
theorem and its generalizations have since become indispensable tools in algebraic geometry over
fields of characteristic zero, in particular in birational geometry and the minimal model program
(see, e.g., [KMM87; EV92; KM98; Laz04a; Laz04b; Fujl7]).

While the central goal of birational geometry is to study birational equivalences between projective
varieties, this often requires working with more general schemes. For example, Hironaka’s original
proof of resolution of singularities over fields of characteristic zero uses an inductive strategy
involving schemes of finite type over quasi-excellent local Q-algebras (see [Hir64, p. 162]). In
[AFEM10; dFEM11], de Fernex, Ein, and Mustata work with schemes of finite type over formal
power series rings to prove Shokurov’s ACC conjecture for log canonical thresholds on complex
algebraic varieties whose singularities belong to a bounded family (Shokurov’s conjecture has since
been proved in general [HMX14]). In [Kaw15], Kawakita also works over formal power series rings
to prove a special case of Shokurov’s ACC conjecture for minimal log discrepancies on smooth
threefolds.

A problem in these more general contexts is the lack of Kodaira-type vanishing theorems. One
of the most fundamental generalizations of Kodaira’s theorem for the minimal model program
is the Kawamata—Viehweg vanishing theorem [Kaw82, Theorem 1; Vie82, Theorem I], relative
versions of which are known to hold for proper morphisms of varieties over an algebraically closed
field of characteristic zero [KMM8&7, Theorem 1-2-3|, or for proper morphisms of complex analytic
spaces that are Moishezon, i.e., bimeromorphic to a projective morphism [Nak87, Theorem 3.7]. In
particular, this has been an issue in non-Archimedean geometry, where the Kawamata—Viehweg
vanishing theorem is only known for proper morphisms to curves [BFJ16, Appendix B; MN15, §5].

Our main result is the following generalization of the Kawamata—Viehweg vanishing theorem to
proper morphisms of excellent schemes of equal characteristic zero with dualizing complexes, which
resolves conjectures of Boutot [Bou87, Remarque 1 on p. 67] and Kawakita [Kawl5, Conjecture 1.1].
In fact, we also show a version of Kollar’s injectivity theorem [Kol86, Theorem 2.2] for klt pairs,
which for varieties is due to Kawamata [[Kaw85, Theorem 3.2] (see also [EV87, Corollaire 1.11]).
Below, a morphism f: X — Y is maximally dominating if every generic point of an irreducible
component of X maps to a generic point of an irreducible component of Y [ILO14, Exposé II,
Définition 1.1.2]. Proper surjective morphisms of integral schemes are maximally dominating.

Theorem A. Let f: X — Y be a proper mazximally dominating morphism of Noetherian schemes
of equal characteristic zero such that' Y has a dualizing complex wy,. Let A be an effective Q-Weil
divisor on X . Suppose one of the following conditions holds:

(a) X is reqular, A has simple normal crossings support, and [A| = 0.

(b) X is normal, (X,A) is klt, and Y is locally excellent.

Denote by wx the unique nonzero cohomology sheaf of f!w;/ (after possibly applying shifts on each
connected component of X ) and denote by Kx an associated canonical divisor. Consider a Cartier
divisor N on X such that N ~q Kx + M + A for a Q-Cartier divisor M on X.

(i) Suppose M is f-nef and f-big. Then, we have
Rf,(Ox(N)) =0
for all i > 0.
(i) Suppose M is f-semi-ample. Let D be an effective Weil divisor on X for which there exists

an integer n > 0 such that nM is Cartier and an effective Weil divisor D' on X such that
Ox(D + D') ~ Ox(nM). Then, the canonical morphisms

R'f,(Ox(N)) — R'f.(Ox(N + D))
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induced by the inclusion Ox — Ox (D) are injective for all i.

Since Kodaira-type vanishing theorems are false in both positive [Ray78] and mixed characteristic
(Totaro; see [BMPSTWW23, Footnote 1]), Theorem A and the methods of this paper yield the most
general versions of the Kawamata—Viehweg vanishing theorem possible for proper morphisms of
schemes of arbitrary dimension.

We note that on each connected component of X, the exceptional pullback f !w;, of the dualizing
complex wy- is concentrated in one degree by local duality [Har66, Chapter V, Corollary 6.3] since
X is Cohen—Macaulay by assumption in the regular case or by [BK23, Theorem 3.1] in the klt case
(see Theorem 9.6 and Remark 9.7).

As far as we are aware, the only previously known cases of Theorem A(i) outside of the context
of algebraic varieties or analytic spaces are when dim(X) < 3 or dim(Y) = 1. The case when
dim(X) = 2 (which also holds in arbitrary characteristic) is essentially due to Lipman [Lip78,
Theorem 2.4] when f is generically finite (see [KKol13, Theorem 10.4]). Tanaka [Tanl18, §3.1] used
Lipman’s methods to prove the case when dim(X) = 2 and f is arbitrary (again in arbitrary
characteristic). When dim(X) = 3 and f is birational, Bernasconi and Kolldr showed that a
version of Theorem A(i) holds when the residue fields of Y are perfect fields of characteristic
¢ {2,3,5} [BK23, Theorem 2]. Some cases when Y is the spectrum of a complete DVR are due
to Boucksom—Favre-Jonsson [BFJ16, Theorem B.3] and Mustata—Nicaise [MN15, Theorem 5.2.3
and Remark 5.3]. Mustata and Nicaise also proved a version of Theorem A(ii), again under the
assumption that Y is the spectrum of a complete DVR [MN15, Theorem 5.3.1 and Remark 5.4].

To prove Theorem A in the regular case, after replacing Y by Spec(@yﬂ) for each y € Y, we can
use cyclic covers and log resolutions to reduce to the case when L is f-ample and A = 0. We then
show the following:

Theorem B. Let f: X — Y be a proper maximally dominating morphism of Noetherian schemes
of equal characteristic zero such that X is locally pseudo-rational and such that'Y has a dualizing
complex wy.. Denote by wx the unique nonzero cohomology sheaf of f!w;/ (after possibly applying
shifts on each connected component of X ). Consider an invertible sheaf £ on X.

(i) Suppose L is f-big and f-semi-ample. Then, we have
R f(wx ®0y £L) =0

for all i > 0.

(i) Suppose L is f-semi-ample. Let D be an effective Weil divisor on X for which there exists
an integer n > 0 and an effective Weil divisor D' on X such that Ox (D + D) ~ £%".
Then, the canonical morphisms

R f(wx ®oy L) — R fi(wx ®0, ZL¥*(D))
induced by the inclusion Ox — Ox (D) are injective for all i and for all k > 0.

Pseudo-rationality is a characteristic-free version of rational singularities introduced by Lipman
and Teissier [LT81] that does not require resolutions of singularities, quasi-excellence, or the existence
of dualizing complexes. Note that regular rings are locally pseudo-rational [LT81, §4]. The two
statements (i) and (i7) are relative versions of the Grauert—Riemenschneider vanishing theorem
[GR70, Satz 2.1] and Kollar’s injectivity theorem [Kol86, Theorem 2.2], respectively. We also
show dual versions of Theorems A and B analogous to Hartshorne and Ogus’s dual formulation
[HO74, Proposition 2.2] of the relative Grauert—Riemenschneider vanishing theorem [GR70, Satz
2.3] (see Theorem B*) and Kollar’s local version of Kawamata—Viehweg vanishing [Kol11, Corollary
20] (see Theorem 8.2). These dual statements have the advantage of not requiring that Y has a
dualizing complex.
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Outline of proof. We outline the proof of Theorem B. For simplicity, we consider the case when
f: X —Y is a proper surjective morphism of integral schemes. The proof of Theorem B proceeds
by approximating the morphism f: X — Y by proper surjective morphisms of varieties over Q, and
then deducing the vanishing in Theorem B from the usual statements for varieties over a field of
characteristic zero. This approach runs into two major difficulties.

e While we can write f as the limit of proper surjective morphisms f): Xy — Y) of varieties
over Q using the method of relative Noetherian approximation [EGAIV3, §8], we cannot
ensure that the X, are smooth, even if X is regular.

e Even though direct images behave well under limits by the Grothendieck limit theorem
[SGA4s, Exposé VI, Théoreme 8.7.3] (see Theorem 3.12), the sheaves wx are not known to
behave well under limits.

To fix the smoothness of X, we want to replace the inverse system { X} ca by an inverse system
of resolutions of singularities of the X using Hironaka’s resolutions of singularities [Hir64, Chapter
0, §3, Main Theorem I]. We were unable to choose resolutions of singularities compatibly as A € A
varies, so instead we take the inverse system consisting of all possible resolutions of singularities of
the X/\.

A major technical difficulty is to show that the resulting inverse limit is a familiar locally ringed
space, called the Zariski-Riemann space ZR(X) of X. The Zariski-Riemann space was defined by
Zariski for varieties [Zar40, Definition A.IL.5; Zar44, §2] and by Nagata for Noetherian separated
schemes [Nag63, §3]. Thus, even though our initial interest was to show vanishing theorems for
schemes, a surprising and novel aspect of our proof is that we must leave the world of schemes and
consider more general locally ringed spaces.

To fix the issues with direct images and limits and with the sheaves wx, we use duality to prove
statements about local cohomology instead. The reason this works is that while wx is not known to
behave well under limits, structure sheaves do behave well under limits. Put together, the proof of
Theorems A and B proceeds as follows. Below, we concentrate on Theorem B(37).

(I) We replace Y with Spec(@y“y) to assume that Y is the spectrum of an excellent local domain
(R, m) containing Q.

(IT) Using Lipman’s local-global duality [Lip78, Theorem on p. 188] (see Lemma 5.2 and Propo-
sition 5.3), we translate the vanishing statements in Theorem B to vanishing statements
about the local cohomology modules Hy (£ ') where Z = f~1(m) as in [HO74, Proposition
2.2].

(ITIT) We prove a new characterization of pseudo-rational rings in equal characteristic zero via
Zariski-Riemann spaces (Theorem 6.2), which is of independent interest. This character-
ization shows that the higher direct images of the structure sheaf under the projection
morphism ZR(X) — X from the Zariski-Riemann space of X vanish. It then suffices to
show that vanishing holds for the composition

ZR(X) =+ X L5 Spec(R).

See Definition 3.7 for the definition of the Zariski-Riemann space ZR(X) associated to X.

(IV) Using the method of relative Noetherian approximation [EGAIVj, §8] and Hironaka’s
resolution of singularities [Hir64, Chapter 0, §3, Main Theorem I], we write the composition
in (III) as the limit of morphisms

WA,P gb\_,p> X)\ i) Spec(R)\)
of varieties over Q where the W), ,, are smooth (Lemma 4.2). By a version of the Grothendieck
limit theorem [SGA4,, Exposé VI, Théoréme 8.7.3] for local cohomology modules (Theorem
3.13), the usual vanishing statements for varieties over Q then imply vanishing and injectivity
theorems for Zariski-Riemann spaces (Theorem 5.1) that require no assumptions on the
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singularities of X apart from integrality. Using the characterization of pseudo-rational rings
in (IIT), we obtain Theorem B as a consequence.

While the technique of applying the Grothendieck limit theorem on one hand and passing to
covers of X that satisfy vanishing theorems on the other have been applied before, as far as we are
aware, the idea to pass to the Zariski—-Riemann space to show vanishing theorems is new.

We describe two sources of inspiration for the Grothendieck limit theorem and for passing to
covers. The inspiration to use the Grothendieck limit theorem comes from Panin’s proof of the
equicharacteristic case of Gersten’s conjecture in algebraic K-theory [Pan03, Theorem A]. Since
Gersten’s conjecture is a statement about regular local rings, however, Panin was able to use
Néron—Popescu desingularization [Pop86, Theorem 2.4; Pop90, p. 45; Swa98, Theorem 1.1] to
approximate the regular local rings containing a field k that appear in this special case of Gersten’s
conjecture with essentially smooth algebras over that field k and stay in the category of rings. By
doing so, Panin reduced the equicharacteristic case of Gersten’s conjecture to the geometric case
already shown by Quillen [Qui73, Theorem 5.11]. This strategy was also applied to related questions
in mixed characteristic in [Skal.

Our approach is also related to the theory of big Cohen—Macaulay modules and big Cohen—
Macaulay algebras as introduced by Hochster [Hoc73a; Hoc75a; Hoc75b]. In equal characteristic
p > 0, Hochster and Huneke showed that the integral closure X of X in an algebraic closure of its
function field satisfies a Kodaira-type vanishing theorem [HH92, Theorem 1.2]. Thus, the Zariski-
Riemann space ZR(X) plays a similar role in equal characteristic zero that the scheme X* does in
equal characteristic p > 0. Smith later asked whether analogues of the Grauert—Riemenschneider or
Kawamata—Viehweg vanishing theorems for X+ hold in equal characteristic p > 0 [Smi97a, Theorem
2.1; Smi97h]. Bhatt answered Smith’s question in [Bhal2, §7]. This approach was recently applied
in mixed characteristic [Bha, Theorem 5.1; TY23, §3.1; BMPSTWW23, §3], where X was shown
to satisfy Kodaira-type vanishing theorems.

For rings R essentially of finite type over the complex numbers, Roberts showed that the derived
pushforward Rf.Ox of the structure sheaf of a resolution of singularities f: X — Spec(R) is
a complex which is Cohen—Macaulay in a suitable sense [Rob80, Corollary on p. 224] (see also
[IMSW21, Proposition 4.17]). Our vanishing theorem for Zariski-Riemann spaces (Theorem 5.1)
can be seen as a version of Roberts’s result that holds for all integral Noetherian local Q-algebras.
See [IMSW21, Proposition 4.17], which uses Theorems A and B in this paper to show that every
excellent Q-algebra with a dualizing complex has a maximal Cohen—Macaulay complex that is
equivalent to a graded-commutative dg algebra.

Applications. Theorems A and B allow one to extend many results to the setting of excellent rings
and schemes of equal characteristic zero that for varieties rely on Kodaira-type vanishing theorems
and resolutions of singularities. We describe some examples of these applications.

In joint work with Shiji Lyu [LM, Theorems A and B], we use Theorem A to prove finite generation
of the relative adjoint ring for proper morphisms of excellent schemes of equal characteristic zero
with dualizing complexes in the vein of [BCHM10, Theorem 1.2]. Our proof uses the approach of
Cascini and Lazié¢ [CL12]. We then prove that one can run the relative minimal model program
with scaling in the sense of [BCHM10; HM10] in this setting, thereby resolving a question of Kolldr
[Kol08, (23)]. Using Theorem A and new GAGA theorems for Grothendieck duality and dualizing
complexes, we then extend the relative minimal model program with scaling to many categories at
once, namely to the categories of quasi-excellent algebraic spaces and formal schemes with dualizing
complexes, semianalytic germs of complex analytic spaces, Berkovich spaces, rigid analytic spaces,
and adic spaces locally of weakly finite type over a field, all in equal characteristic zero. The case
for algebraic spaces of finite type over a field was previously shown by Villalobos-Paz [VP] and the
case for complex analytic spaces was previously shown in [Fuj; DHP]. In addition, [BMPSTWW23]
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uses Theorem A to establish the minimal model program for threefolds of mixed characteristic for
residue characteristics ¢ {2,3,5}, where the characteristic zero fibers are often excellent schemes of
equal characteristic zero and are not necessarily of finite type over a field. Lyu and the author of
the present paper also extend these results to other categories of spaces [LM, Theorem AP].

In this paper, using the GAGA-type results obtained in our joint work with Lyu [LM], we can
show the following vanishing and injectivity theorems for algebraic spaces, formal schemes, complex
analytic spaces, and non-Archimedean analytic spaces.

Theorem A’. Let f: X — Y be a proper surjective morphism in one of the following categories
where X and Y are integral and X is normal:

(0) The category of Noetherian algebraic spaces of equal characteristic zero over a scheme S
admitting dualizing complezes.
(I) The category of Noetherian formal schemes of equal characteristic zero admitting c-dualizing
complexes.
(IT) The category of semianalytic germs of complex analytic spaces.
(IIT) The category of k-analytic spaces over a complete non-Archimedean field k of characteristic
zero.
(III") The category of rigid k-analytic spaces over a complete non-trivially valued non-Archimedean
field k of characteristic zero.
(IV) The category of adic spaces locally of weakly finite type over a complete non-trivially valued
non-Archimedean field k of characteristic zero.

In cases (1) and (IV), we assume that f is projective. In cases (III) and (III'), we assume that
either f is projective or that 'Y is a point.

Let Kx be a canonical divisor on X chosen compatibly with a dualizing complex on Z,' and let A
be an effective Q-Weil divisor on X. Suppose one of the following conditions holds:

(a) X is reqular, A has simple normal crossings support, and [A| = 0.
(b) X is normal and (X, A) is klt. In cases (0) and (I), we also assume that' Y is quasi-excellent.

Consider a Cartier divisor N on X such that N ~q Kx + M + A for a Q-Cartier divisor M on X.
(i) Suppose M is f-nef and f-big. Then, we have

for all i > 0.

(i) Suppose M is f-semi-ample and f is locally Moishezon. Let D be an effective Weil divisor
on X for which there exists an integer n > 0 such that nM is Cartier and an effective Weil
divisor D' on X such that Ox (D + D') ~ Ox(nM). Then, the canonical morphisms

R f,(Ox(N)) — R'f.(Ox(N + D))
induced by the inclusion Ox — Ox (D) are injective for all i.

As far as we are aware, in arbitrary dimension, Theorem A’ was previously only known for
varieties and for complex analytic spaces. In low dimensions, Theorem A’ was also known for
non-Archimedean analytic spaces when dim(Y') = 1. For complex analytic spaces, Theorem A’(7)
gives an alternative proof of Nakayama’s version of the Kawamata—Viehweg vanishing theorem
[Nak87, Theorem 3.7], and Theorem A’(ii) recovers the special case of Nakayama’s version of Kollar’s
injectivity theorem [Nak87, Theorem 3.10(B)] when f is locally Moishezon. For non-Archimedean
analytic spaces, the case when dim(Y) = 1 follows from the work of Boucksom-Favre-Jonsson
[BFJ16, Theorem B.3] and Mustata—Nicaise [MN15, Theorem 5.2.3, Remark 5.3, Theorem 5.3.1, and

IFor example, when Z is a variety over k or in cases (II), (III), (III'), and (IV), we can choose Kx so that
Ox o (Kx) | x4m) = det(Qx,,. /&) where X is the smooth locus of X. See [LM, Theorem 24.4(i4i), Theorem 24.6(4it),
and Theorem 24.8(iv)].
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Remark 5.4]. For formal schemes, Smith showed a special case of Kodaira vanishing [Smil7, Theorem
4.2.1] and showed that in general, Kodaira vanishing is false for formal schemes that are smooth
and pseudo-projective over the complex numbers [Smil7, Proposition 4.3.1].

In §9, we use our vanishing results to study rational singularities. First, we show the following
version of Boutot’s theorem [Bou87, Théoréme on p. 65], which solves a conjecture of Boutot
[Bou87, Remarque 1 on p. 67] and gives a complete, positive answer to a question of Schoutens
[Sch08, (2) on p. 611]. This result generalizes a result of Schoutens [Sch08, Main Theorem A],
who showed that if R’ is regular in the statement below, then R is locally pseudo-rational. For
the statement below, a ring map R — R’ is cyclically pure if IR’ N R = I for every ideal I C R
[Hoc77, p. 463]. Split or faithfully flat ring maps are cyclically pure [HR74, p. 136].

Theorem C. Let R — R’ be a cyclically pure map of Noetherian Q-algebras. If R is locally
pseudo-rational, then R is locally pseudo-rational. In particular, if R’ is reqular, then R is locally
pseudo-rational.

The proof of Theorem C uses techniques from our recent joint work with Charles Godfrey [GM],
where we showed that Du Bois singularities descend under cyclically pure maps for rings essentially
of finite type over the complex numbers. One key aspect of the proof of Theorem C is that our
vanishing theorem for Zariski-Riemann spaces (Theorem 5.1) can be interpreted as an injectivity
theorem for the derived pushforward Rm.Ozg(x) of the structure sheaf of the Zariski-Riemann
space analogous to Kovéacs and Schwede’s injectivity theorem for the 0-th graded piece Qgg of the
Deligne-Du Bois complex [KS16, Theorem 3.3].

We also prove the following generalizations of results on rational singularities which were previously
known for rings essentially of finite type over a field of characteristic zero:

(1) Pseudo-rationality deforms in equal characteristic zero (Theorem 9.3). This extends a result
of Elkik [Elk78, Théoreme 5] (for rings essentially of finite type over a field of characteristic
zero) and the author [Mur22, Proposition 4.17] (for quasi-excellent local Q-algebras). Note
that [Mur22, Proposition 4.17] relies on Theorem B of this paper.

(2) Derived splinters and rational singularities coincide for quasi-excellent Q-algebras (Theorem
9.5). This extends a theorem of Kovacs and Bhatt for rings of finite type over a field of
characteristic zero [Kov00, Theorem 3; Bhal2, Theorem 2.12].

(3) A criterion for Cohen—-Macaulayness of Rees algebras over quasi-excellent local Q-algebras
with rational singularities (Theorem 9.8). This extends theorems of Sancho de Salas
[SdS87, Theorem 1.7] and Lipman [Lip94, Theorems 4.1 and 4.3] for rings essentially of
finite type over a field of characteristic zero.

(4) A Briangon—Skoda-type theorem for quasi-excellent Q-algebras with rational singularities
(Corollary 9.10). This extends a result of Huneke [Hun00, Corollary 4.8] for rings essentially
of finite type over a field of characteristic zero, and provides a stronger bound for integral
closures of ideals compared to the results in [LT81] which apply in the more general context
of pseudo-rational rings of arbitrary characteristic.

We mention that by [BK23, Theorem 3.1], Theorem A also implies that excellent dlt pairs over Q
satisfy all local rationality properties known to hold for varieties in characteristic zero (see Theorem

9.6).
Additionally, we give an application of our results that is not related to rational singularities.
(5) An adaptation of Hartshorne and Ogus’s proof [HO74, Corollary 2.6] that complete local
UFD’s (R, m) of dimension < 4 with R/m ~ C are Gorenstein that removes the algebraiz-
ablility condition in [HO74]. The result itself is not new to this paper since Raynaud
(unpublished), Danilov [Dan70, Theorem 2], and Boutot [Bou73, Corollaire on p. 693]
had given different proofs of the steps in [HO74] that require algebraizability assumptions.
Nevertheless, Hartshorne and Ogus’s strategy yields an interesting proof of this result using
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analytic methods, which was limited to the algebraizable case prior to this paper. See
Theorem 10.1.

We mention that Theorem A also implies that the theory of multiplier ideals as developed in
[Laz04b, Part Three| is now available for all excellent Q-algebras with dualizing complexes. In
[Mur, §4.2], we used this consequence of Theorem A to give a multiplier ideal-theoretic proof of the
uniform comparison between symbolic and ordinary powers of ideals in regular Q-algebras due to
Ein-Lazarsfeld-Smith [ELSO1, Theorem 2.2 and Variant on p. 251] (for smooth C-algebras) and
Hochster—Huneke [HH02, Theorem 4.4(a)] (for regular rings of equal characteristic) that does not
rely on reduction modulo p or Néron-type desingularization theorems.

Notation. All rings are commutative with identity, and all ring maps are unital. If k is a field,
then a variety over k is an integral scheme that is separated and of finite type over k.

Intersection products on schemes that are proper over a field are defined using Euler characteristics
as in [Kle66, Chapter I; Kle05, Appendix B]. Weil and Cartier divisors are defined as in [EGAIV,
(21.6.2)] and [EGAIV,, Définition 21.1.2], respectively. The two notions coincide on locally Noetherian
schemes that are locally factorial [EGAIV,, Théoreme 21.6.9(77)]. A Q-Weil divisor (resp. Q-Cartier
divisor) is a formal Q-linear combination of Weil divisors (resp. Cartier divisors).

We also use the following terminology. A point x in a topological space X is maximal if it is
the generic point of an irreducible component of X [EGAIT, ., Chapitre 0, (2.1.1)]. A morphism
X — Y of schemes is maximally dominating if every maximal point of X maps to a maximal point
of Y [ILO14, Exposé II, Définition 1.1.2].

Acknowledgments. We would like to thank Donu Arapura, Bhargav Bhatt, Rankeya Datta,
Yajnaseni Dutta, Charles Godfrey, Mattias Jonsson, Janos Kollar, Linquan Ma, Mircea Mustata,
Yusuke Nakamura, Giovan Battista Pignatti Morano di Custoza, Hans Schoutens, Karl Schwede,
Kazuma Shimomoto, Chris Skalit, and Farrah Yhee for helpful conversations. We are grateful to
Rankeya Datta for allowing us to include the proof of Theorem 9.5, which arose out of discussions
with him, and to Shiji Lyu for pointing out that Theorems A and B hold without excellence
assumptions.

2. PRELIMINARIES

2.1. Excellence and quasi-excellence. We begin with the notion of excellence. Grothendieck
and Dieudonné conjectured that resolutions of singularities exist for all quasi-excellent schemes
[EGAIVs, Remarque 7.9.6]. Temkin proved their conjecture for schemes of equal characteristic zero
[Tem08, Theorem 1.1].

Definition 2.1 [EGAIV,, Définition 7.8.2 and (7.8.5); Mat80, Definition 34.A]. Let R be a ring.
We say that R is excellent (resp. quasi-excellent) if the following conditions (resp. conditions (1),
(7i1), and (iv) below) are satisfied.
(i) R is Noetherian.
(74) R is universally catenary.
(i49) R is a G-ring, i.e., for every prime ideal p C R, the p-adic completion map R, — Rp has
geometrically regular fibers.

(iv) R is J-2, i.e., for every R-algebra S of finite type, the regular locus in Spec(.S) is open.
A locally Noetherian scheme X is excellent (resp. quasi-excellent) if it admits an open affine covering
X =, Spec(R;) such that every R; is excellent (resp. quasi-excellent).

A locally Noetherian scheme X or a ring R is locally excellent (resp. locally quasi-excellent) if all
of its local rings are excellent (resp. quasi-excellent).

Noetherian complete local rings are excellent, and the class of excellent and quasi-excellent schemes
are is stable under morphisms locally essentially of finite type [EGAIV5, Scholie 7.8.3; Mat80, (34.A)].
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Remark 2.2. While excellence (resp. quasi-excellence) implies local excellence (resp. local quasi-
excellence), the converse is false in general [Hoc73b, Example 1]. In fact, by [Mat80, (34.A)], a
Noetherian ring is locally excellent (resp. locally quasi-excellent) if and only if it is a universally
catenary G-ring (resp. it is a G-ring).

2.2. Dualizing complexes. We will also need the notion of a dualizing complex.

Definition 2.3 [Har66, Chapter V, Definition on p. 258; Con00, p. 118]. Let X be a locally
Noetherian scheme. A dualizing complex on X is a complex w§% in Dgoh(X ) that has finite injective
dimension, such that the natural morphism

id_y — Ritomo, (RAomo, (—, wk),wk)
of §-functors on DY, (X) is an isomorphism.

Remark 2.4. We will cite results about dualizing complexes and Grothendieck duality as we use
them. To ensure the existence of dualizing complexes, we recall the following (see [Har66, p. 299]):

(1) If X is regular (or more generally, Gorenstein) of finite Krull dimension, then Ox is a
dualizing complex for X. In particular, spectra of Noetherian complete local rings have
dualizing complexes.

(#) If f: X =Y is a morphism of finite type between Noetherian schemes, and wy is a dualizing
complex for Y, then the exceptional pullback f !w;, is a dualizing complex for X.

We also note that locally Noetherian schemes with dualizing complexes have finite Krull dimension
and are universally catenary [Har66, (1) and (2) on p. 300].

2.3. Relative ampleness conditions. We define relative ampleness conditions for invertible
sheaves and Q-Cartier divisors. While most of these definitions exist in the literature, the definitions
of f-big is more general than what is usually used. We have made these definitions to facilitate our
limit arguments in §4.

Definition 2.5 (see [EGAII, Définitions 4.4.2 and 4.6.1; KMMS87, Definitions 0-1-4, 0-3-2, and
0-1-1; Fujl7, §§2.1-2.2]). Let f: X — Y be a morphism of schemes, and let . be an invertible
sheaf on X.
(i) We say that £ is f-very ample if there exists an quasi-coherent Oy-module & and a
immersion i: X — P(&) over Y such that £ ~i*(Op(¢)(1)).
(7i) Suppose f is quasi-compact. We say that £ is f-ample if there exists an affine open cover
Y = J; Ui such that Z|;-1(y,) is ample for all 4.
(791) We say that & is f-generated if the adjunction morphism f*f,.Z — % is surjective. We
say that . is f-semi-ample if there exists an integer n > 0 such that £®" is f-generated.
(iv) Suppose that f is a proper maximally dominating morphism. We say that . is f-big if
there exists an integer n > 0 such that for every maximal point n € Y, the pullback $n®" of
L9 o the fiber X, induces a rational map

|HO (X0, 27|
¢|jy;®n‘ Xn 777777 71,,1,,,> P(HO(X’”,D%T](@TL))

that is generically finite onto its image in the sense of [ILO14, Exposé II, Proposition 1.1.7].
(v) Suppose that f is a proper morphism. We say that £ is f-nef if Z|s-1(,) is nef for every
y €Y, i.e., if for every one-dimensional integral closed subscheme C C f~!(y), we have

('iﬂ’ffl(y) -C) 2 0.
We can extend these definitions to Cartier divisors L on X by asking that their associated invertible

sheaves Ox (L) satisfy these conditions. If D is a Q-Cartier divisor, then we say that D is f-ample
(resp. f-semi-ample, f-big, f-nef) if some positive integer multiple of D satisfies this property.
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Remark 2.6. When X is integral, the definition for f-big in Definition 2.5(iv) is equivalent to saying
that the volume of .Z, is positive for every maximal point n € Y by [Cutl4, Theorems 8.2 and 10.7].

2.4. Rational singularities, pseudo-rational rings, and derived splinters. We adopt the
following definition for rational singularities.

Definition 2.7 (cf. [KKMSD73, pp. 50-51; Kol13, Definition 2.76]). Let (R, m) be a quasi-excellent
local Q-algebra. We say that R has rational singularities if R is normal and if for every proper
birational morphism f: X — Spec(R) such that X is regular, we have R'f,Ox = 0 for all i > 0.
Now let Y be a normal locally quasi-excellent locally Noetherian scheme of equal characteristic
zero. We say that Y has rational singularities if every local ring Oy, has rational singularities. If R
is a locally quasi-excellent Noetherian ring, we say that R has rational singularities if Spec(R) does.

The condition in Definition 2.7 is not vacuous since resolutions of singularities exist for quasi-
excellent local Q-algebras by [Hir64, Chapter I, §3, Main Theorem I(n)]. We check that this
definition localizes.

Lemma 2.8. Let (R, m) be a quasi-excellent local Q-algebra with rational singularities. Then, Ry
has rational singularities for every prime ideal p C R, and hence Spec(R) has rational singularities.

Proof. Since normality is a local condition, it suffices to consider the condition on proper birational
morphisms.

Let f,: X, — Spec(Rjp) be a proper birational morphism from a regular scheme X,. We can then
find a Cartesian diagram

X, ——— X

4 b

Spec(Ry,) —— Spec(R)

where the horizontal morphisms are localizing immersions in the sense of [Nay09, Definition 2.7]
and g is proper by Nayak’s version of Nagata compactification [Nay09, Theorem 4.1]. Set X, to be
the scheme-theoretic closure of X, in X. Since X, < X is quasi-compact, the underlying set of Yp
is equal to the set-theoretic closure of X, in X by [EGAI, ., Corollaire 6.10.6(1)]. The morphism
X, — Spec(R) is therefore birational.

We now let 71: X — X be a resolution of singularities that is an isomorphism along the set-
theoretic image of X, in X, which exists by [Hir64, Chapter I, §3, Main Theorem I(n)]. We then
obtain the proper birational morphism

fi=(gom): X —> Spec(R)

from the regular scheme X whose base change to Spec(Ry) is the morphism f,. By assumption, we
have R'f,O ¢ = 0 for all i > 0, and hence R fp. O x, = 0 for all i > 0 by flat base change. O

Even without assuming the existence of resolutions of singularities, we can make the following
definition:

Definition 2.9 [LT81, §2]|. Let (R, m) be a Noetherian local ring of dimension d. We say that R is
pseudo-rational if
(1) R is normal;
(74) R is Cohen—Macaulay;
(7i1) R is analytically unramified, i.e., the m-adic completion R of R is reduced; and
(iv) For every proper birational morphism f: W — Spec(R) with W normal, denoting the closed
fiber by E = f~'({m}), the natural map

54 (Ow)

H

w(R) = H{ (Spec(R), f.Ow) HE (W, Ow)
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appearing as the edge map in the Leray—Serre spectral sequence for the composition of
functors I'(yy o fx = g is injective.
If X is a locally Noetherian scheme or R is a Noetherian ring, we say that it is locally pseudo-rational
if all its local rings are pseudo-rational.

3. LIMITS AND LOCAL COHOMOLOGY

In this section, we review some preliminaries on limits of ringed spaces and schemes and their
sheaf cohomology. The main new result is that local cohomology is well-behaved under limits
of ringed spaces (Theorem 3.13). We set our conventions for limits of spaces in §3.1 and define
Zariski-Riemann spaces as an example of such a limit in §3.2. The behavior of sheaf cohomology
under limits of ringed spaces is reviewed in §3.3 and we deduce the analogous result for local
cohomology as a consequence in §3.4.

3.1. Limits of ringed spaces and schemes. We fix our notation for limits of ringed spaces mostly
following Fujiwara and Kato [FK18, Chapter 0, §4], which in turn draws on the topos-theoretic
formulation of this material in [SGA4s, Exposés VI and VII]. In the scheme-theoretic context, some
of this material appears in [EGAIV3, §8].

Setup 3.1 (see [FK18, Chapter 0, §4.1.(e) and §4.2.(a)]). Let {(X), vau)}rea be an inverse system of
ringed spaces (resp. locally ringed spaces) indexed by a filtered preordered set A. By [FK18, Chapter
0, Proposition 4.1.10], the limit
X =1limX
;\G_A A
exists in the category of ringed spaces (resp. locally ringed spaces), and is preserved under the
forgetful functor from the category of locally ringed spaces to the category of ringed spaces. The
underlying topological space of X is the limit of the underlying topological spaces of the X’s. The
structure sheaf Ox on X can be described as follows. Denote by vy, : X, — X}, the transition
morphisms in our inverse system. Note that such a transition morphism vy, yields a pullback map

—1
U)\M OXA — OXu

on structure sheaves, where v;Ml is the pullback as Abelian sheaves. Pulling back these maps to
X along the canonical projection morphisms vy: X — X, we obtain a direct system of Abelian
sheaves {v;lo X, faea on X. The structure sheaf on X can then be described as the colimit
Ox = lim vy 'Ox,
AEA
of this direct system of Abelian sheaves on X. Moreover, by [FK18, Chapter 0, Lemma 4.2.7] this
sheaf can be described as a colimit of Ox-modules:
Ox ~ hgl v)Oxj, -
AEA
Setup 3.2 (see [EGAIV3, §8.2]). With notation as in Setup 3.1, suppose the inverse system
{(Xx,vxu) }rea lies in the category of schemes. If the transition morphisms vy,: X, — X, are
affine for all A < p, then the limit X in the category of locally ringed spaces is a scheme by

[EGAIV3, Proposition 8.2.3 and Remarque 8.2.14], and the projection morphisms vy: X — X are
affine for all A € A.

Remark 3.3. Our setup is more general than that in [FK18] since our index sets A are only assumed
to be filtered and preordered. However, given an inverse system (resp. direct system) indexed by
such a filtered preordered set A, there always exists a directed set A’ and an inverse system (resp.
direct system) indexed by A’ using the same objects and morphisms as the original system, together
with an initial (resp. final) morphism between the two inverse systems (resp. direct systems) by
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[AN82, Theorem 1]. Since this morphism of inverse systems (resp. direct systems) is initial (resp.
final), they have the same limit (resp. colimit). We will therefore allow ourselves to index inverse
systems and direct systems by filtered preordered sets, and will state results from [FK18] in this
generality.

In order for cohomology to behave well with respect to limits, we need to make some additional
assumptions on our inverse systems {(Xx,vau)}rea-

Assumptions 3.4. With notation as in Setup 3.1, we will assume the following:

(a) For every A € A, the underlying topological space of X} is spectral. Following [Hoc69, p.
43], a topological space Y is spectral if it is Ty and quasi-compact, the quasi-compact open
subsets in Y are stable under finite intersection and form an open basis, and every nonempty
irreducible closed subset in Y has a generic point.

(b) For all A < p, the underlying continuous maps of vy, : X, — X, are quasi-compact.

By [Hoc69, Theorem 7] (see also [FK18, Chapter 0, Theorem 2.2.10(1)]), these assumptions imply
that the underlying topological space of X is spectral, and that the underlying continuous maps of
the projection morphisms vy : X — X are quasi-compact.

Remark 3.5. If X is a scheme as in Setup 3.2, then the underlying topological space of X is
spectral if and only if X is quasi-compact and quasi-separated by [EGAI, ., Propositions 2.1.5
and 6.1.12] (see also [FK18, Chapter 0, Example 2.2.2(2)]). Thus, if the X are all Noetherian
(or more generally, quasi-compact and quasi-separated) schemes, then both (a) and (b) hold by
[EGAILey, Corollaire 6.1.13 and Proposition 6.1.5(v)].

Remark 3.6. A topological space is spectral if and only if it is coherent and sober [FK18, Chapter 0,
Remark 2.2.4(1)]. Quasi-compact maps of spectral spaces are called spectral in [Hoc69, p. 43].

3.2. Zariski—Riemann spaces. An important example of a limit of an inverse system of schemes
is the Zariski-Riemann space defined by Zariski for varieties [Zar40, Definition A.IL.5; Zard4, §2]
and by Nagata for Noetherian separated schemes [Nag63, §3].

Definition 3.7 (see [FK06, Definition 5.9; Tem10, §3.2; FK18, Chapter II, Definitions E.2.2 and
E.2.3]). Let X be a quasi-compact quasi-separated scheme. Denote by Aldx the set of quasi-coherent
ideal sheaves .# of finite type on X such that X — V() contains all maximal points of X. The
Zariski-Riemann space of X is the limit
ZR(X)= 1lm X
MR g

over the inverse system of blowups X — X along .# € Aldx in the category of locally ringed
spaces. By Remark 3.5 and [Hoc69, Theorem 7], the underlying topological space of ZR(X) is
spectral, and the underlying continuous maps of the projection morphisms ZR(X) — X, are
quasi-compact.

We note that the formation of Zariski—-Riemann spaces commutes with base change by quasi-
compact separated étale morphisms by [Stacks, Tag 087B].

Remark 3.8. In [Tem10, §3.2], Temkin defines the Zariski-Riemann space for integral schemes using
all proper birational morphisms X’ — X. If X is quasi-compact and quasi-separated, then the limit
over such an inverse system coincides with ZR(X) since all proper birational morphisms can be
dominated by a blowup along an ideal sheaf in Aldyx by [RG71, Premiere partie, Corollaire 5.7.12]
(see also [Con07, Theorem 2.11]). We have chosen our definition to ensure that our inverse system
is indexed by a directed set, instead of a directed category.
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3.3. Sheaf cohomology on limits of ringed spaces. We will need to understand the behavior
of sheaf cohomology on limits of ringed spaces. To do so, we set our notation for sheaves on inverse
systems of ringed spaces. Again, much of this material also appears in [SGA4,, Exposés VI and
VII] in the language of topos theory.

Setup 3.9 (see [FK18, Chapter 0, §4.4]). With notation as in Setup 3.1, for every A € A, we also
fix an Ox,-module #,, together with morphisms

Pap: Uiuy)\ — yﬂ
of Ox,-modules for every A < i, such that ¢, = o 0 vy, ¢, whenever A < p < v. We then have
a direct system {v3.%)}rea of Ox-modules whose colimit is the Ox-module
Z = lim vy .7
A€A
We have the following canonical isomorphism from [FK18, Chapter 0, Proposition 4.2.7]:

F ~ lim vy Py (1)
AEA
We also make the following definition, which will simplify the statements of some of the results
below.

Definition 3.10. Let A be a ring, and consider the ringed space ({*}, A) whose underlying
topological space is a point and whose structure sheaf is the constant sheaf A. The category of
ringed spaces over A is the slice category of ringed spaces over ({x}, A).

With this notation, we have the following statements about the behavior of sheaf cohomology
under limits of ringed spaces, which are special cases of [SGA4y, Exposé VI, Théoréme 8.7.3]. The
terminology “the Grothendieck limit theorem” is from [Pan03, p. 169].

Theorem 3.11 (The Grothendieck limit theorem [FK18, Chapter 0, Proposition 4.4.1]). Let A
be a ring. Let {(Xx,vau)}rea be an inverse system of spectral ringed spaces over A indexed by a
filtered preordered set A with quasi-compact transition morphisms, and let

X = @XA
AEA

be the inverse limit of this inverse system with canonical projection morphisms vy: X — X.
For each A € A, fix an Ox, -module Fy on each Xy, together with morphisms

Oap: U}k\uf,\ — Fu
of Ox,,-modules for every A < i, such that px, = P © v}, x, whenever A < p < wv. Consider the
direct system {vyFa}ren of Ox-modules whose colimit is the Ox-module
7 = lim VY.
AEA

Then, the canonical map
lim H'(Xy, #y) — H'(X,F)
AEA

is an isomorphism of A-modules for all i > 0.

Theorem 3.12 [FK18, Chapter 0, Corollary 4.4.4]. Let {(Xx,vau)}rea and {(Yx,wry)}ren be
inverse systems of spectral ringed spaces indexed by a filtered preordered set A with quasi-compact
transition morphisms, and let
X::@XA and Y::I'&nYA
A€A AEA
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be the inverse limits of these inverse systems with canonical projection morphisms vy: X — X
and wy: Y — Yy, respectively. Consider a system of morphisms {fx: Xx — Yx}xea such that the
diagrams

X, sy,
%J wa
X)\ L} Y/\

commute for all A < u, and set f = yin)\eA Hh: X =Y.
For each A € A, fix an Ox, -module Fy on each X, together with morphisms

Oap: U}k\uﬁ,\ — Fu

of Ox,,-modules for every XA < u, such that vy, = P © v}, whenever X < u < v. Consider the
direct system {viFa}ren of Ox-modules whose colimit is the Ox-module

F = lim VY Fa.
AEA
Then, the canonical morphism
lim wy 'R fru(F2) — R f.(F)
AEA

is an isomorphism of Oy -modules for all i > 0.

3.4. Local cohomology on limits of ringed spaces. We now show that local cohomology is
well-behaved under limits. See [SGA4sy, Exposé VI, Corollaire 5.5] and [HO08, Lemma 5.16] for
related results.

Theorem 3.13. Let A be a ring. Let {(Xx,vau)}ren be an inverse system of spectral ringed spaces
over A indexed by a filtered preordered set A with quasi-compact transition morphisms, and let

X = @X)\
A€EA

be the inverse limit of this inverse system with canonical projection morphisms vy: X — X).
For each A € A, fix an Ox, -module Fy on each X, together with morphisms

Oapt U}k\uﬂ}\ — Z,

of Ox,,-modules for every XA < i, such that vy, = P © v}, whenever A < u < wv. Consider the
direct system {vyFa}ren of Ox-modules whose colimit is the Ox-module

7 = lim VY Fa.
AEA

Fiz o € A, a quasi-compact open subset U, C X, and a closed subset Z, C U,. For each A > «,
set Uy = v;i(Ua) and Zy = Xy — Uy. Then, the canonical map

lim Hy, (Xx, #2) — Hy(X,.F)
A>a

is an isomorphism of A-modules for all i > 0.

Proof. By Excision [Gro67, Proposition 1.3], we may replace X by U to assume that Z is closed
in X. Consider A, € A such that A < p. By [Ive86, Functoriality 11.9.7] applied to the maps
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vt X = Xy, v, X — X, and vy, 0 X, — X, there is a commutative diagram

o ——— HY (X0, Fn) —— H'(X\, #\) ——— H'(Ux, Ai|v,) —— -
> HY (Xp, vy, ) —— H(Xp, 03, 72) —— H (U, (v, P)lv,) —— -+

RN H%M(Xu,yu) —— H'(X,, 7)) ——— H'(Uy, Zulv,) —— -+

~ ~ v

D HY(X, F) ————— HY(X,F) ———— H(U,F|y) —— -~

of Abelian groups with exact rows, where the vertical arrows in the top and third rows are induced
by pulling back along v, and v, and the vertical arrows in the second and bottom rows are obtained
from the maps

Vi Tr — U Ta 5 Ty
and the description of .% as a colimit of Abelian sheaves as in (1). The commutative diagram is in
fact a commutative diagram of A-modules by the argument in [FK18, Chapter 0, §4.3.(c)]. Now
taking colimits over all 4 > A > «, the middle and right arrows in the diagram yield isomorphisms

of A-modules by Theorem 3.11. The five lemma [CE56, Chapter I, Proposition 1.1] then implies the
desired isomorphisms. O

Part I. Relative vanishing and injectivity theorems
4. APPROXIMATING MORPHISMS OF SCHEMES

As outlined in §1, the idea in our proof of Theorem B is to approximate the morphism f: X — Y
by morphisms of varieties over Q. Since this approximation construction takes up the bulk of
the proof of Theorem B, we state and prove it separately below. In §4.1, we prove that many
ampleness conditions on invertible sheaves behave well under limits. We prove our approximation
result (Lemma 4.2) in §4.2.

4.1. Relative ampleness conditions and limits. We prove that all ampleness conditions defined
in Definition 2.5 (except for f-nefness) behave well under limits.

Lemma 4.1 (cf. [EGAIV3, Lemme 8.10.5.2]). Let {Sx}xea be an inverse system of quasi-compact
quasi-separated schemes with affine transition morphisms and limit S. Let fo: Xo — Yo be a
morphism of Sa-schemes of finite presentation for some o € A, and let £, be an invertible sheaf on
X.. For every A > «, let

Xy — Y,

be the base change of fo along Sy — S., and denote by £ the pullback of £, to X. Denote by
f: X =Y the limit of the morphisms [, and denote by £ the pullback of £, to X.

(¢) If £ is f-very ample (resp. f-ample), then there exists an index A € A such that £, is
fu-very ample (resp. f,-ample) for all pp > X.

(i) Suppose fo is quasi-separated. If £ is f-generated (resp. f-semi-ample), then there erists
an index X € A such that £, is f,-generated (resp. f,-semi-ample) for all ;1 > .
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(7i1) Suppose f is a proper morphism of schemes. If £ is f-big, then there exists an index A € A
such that £, is f,-big for all u > A.

Proof. The statement (i) follows from [EGAIV3, Lemme 8.10.5.2], since very ampleness (resp.
ampleness) is stable under base change [EGAII, Propositions 4.4.10(4i7) and 4.6.13(i77)].

For (ii), after replacing .Z, by a positive integer power, it suffices to show the f-generated case.
For all 4 > «, the pullback of the morphism [} f«%), — £}, is

f*wau*,ﬁfu = vZf;fu*,jf# — v:cfu
where w,: Y — Y, and v,: X — X, are the canonical projection morphisms. The colimit of
these morphisms is the adjunction morphism f*f,.Z — .2, since the left adjoint f* commutes
with colimits and then by applying Theorem 3.12 together with the isomorphism [FK18, Chapter
0, Proposition 4.2.7] that allows us to replace w;l with wy,. Now since f,.«Z), is quasi-coherent
[EGAT, ey, Proposition 6.7.1], we can apply [EGAIV3, Corollaire 8.5.7] to say that there exists A € A
such that
fofwly — v, 2
is surjective for all u > A, as required.

We now show (7ii). We first note that the f, are proper for large enough p [EGAIV3, Théoreme
8.10.5(xit)]. Moreover, by [EGAIV3, Proposition 8.4.2(a)(4)], the morphisms ¥ — Y, and X — X,
induce bijections on maximal points for large enough p. Note that Y has only finitely many maximal
points by the quasi-compactness of S. Thus, choosing A > «a large enough we may assume that the
morphisms X, — Y}, are proper and maximally dominating for all ;> X, and we may replace Y,
by the spectra Spec(r(n,,)) of its residue fields at maximal points to assume that the Y, are spectra
of fields k,, with colimit k.

Now let n > 0 be an integer such that Z®™ induces a generically finite morphism onto its image.
Then, there exists an open subset U C Py(H?(X,.£%")) such that the rational map

0 Rn
brgen: X LT py (o x, omy)

induced by .Z®" restricts to a finite morphism over U. By [EGAIV3, Corollaire 8.6.4, Théoréme
8.8.2(7), and Corollaire 8.8.2.5], [EGAII, (4.1.3) and (4.2.10)], and flat base change, after possibly
replacing A by a larger index, we may assume there exists an open subset Uy C Py, (H°(X, .iﬂ/{gm))
such that v/(l(U ») = U, and such that the rational map ¢|gon| restricted to U is the base change of

the rational maps

|HO(X,0,257)
B goon s Xy - SIS Py, (HY(X,, Z8M)

restricted to U, = U)::(U ) for all > A. Moreover, we may assume that the maps <Z>| 2| restricted
to Uy are finite for all 4 > X by [EGAIV3, Théoreme 8.10.5(x)]. We therefore see that (Zs‘gﬁzm'

induces a generically finite morphism onto its image for all i > A, and hence .Z, is f,-big for all
w> A 0

4.2. The approximation lemma. We now show our main approximation result.

Lemma 4.2. Let k be a Noetherian ring and let (R, m) be a integral Noetherian local k-algebra.
Consider a proper surjective morphism f: X — Spec(R) from an integral scheme X. Write R as
the colimit
R~ lim Ry (2)
AEA
of a direct system of sub-k-algebras of finite type indexed by a directed set A and partially ordered by
inclusion. We then have the following:
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(i) There exists o € A and a proper surjective morphism fl: X!, — Spec(Rq) from a reduced
scheme X!, for which the diagram

x Spec(R)

T

X}, o, Spec(Ry)
is Cartesian. Moreover, a can be chosen such that denoting by f): X\ — Spec(Ry) the base
change of f}, to Spec(Ry), there exist integral closed subschemes Xy C X} for all X > «
such that the following hold:
e Setting my := m N Ry, we have

dim(X) < dim(X) ®g, (R)\)m,)

for all A > a.
e The limit of the morphisms

s X\ — X} f% Spec(Ry)

with transition morphisms vy, : X, — Xy is the morphism f: X — Spec(R).
(ii) Let £ be an invertible sheaf on X. Then, after possibly replacing o with a larger indez, we
can write

L~ Ly

for an invertible sheaf £, on X, where v,: X — X, are the canonical projection morphisms.
Moreover, if £ is f-very ample (resp. f-ample, f-semi-ample, f-big), then we may assume
that the invertible sheaves £ = v}, %y are fr-very ample (resp. fr-ample, fr-semi-ample,
fa-big) for all A > a.

(7i1) For each A > «, the inverse system

{onp: Wap — Xa}ep, (3)

of all projective birational morphisms from integral schemes W), that are separated and of
finite type over k such that fyogy, is projective is nonempty and indexed by a directed set Py.
Moreover, if projective resolutions of singularities (resp. normalizations, Macaulayfications)
exist for all integral schemes that are separated and of finite type over k, then we may assume
that the schemes W), are reqular (resp. normal, Cohen-Macaulay).
(iv) Consider the set
J= |_| P,

A€A

with the preorder where (A, p) < (i, q) if and only A < p and the morphism g, 4 fits into a
commutative diagram

Wiq I X, » Spec(R,,)

Lo

Wiy —225 X, Spec(Ry).

Then, the set J is filtered, and the morphism w: ZR(X) — X of locally ringed spaces from
the Zariski—Riemann space of X is the limit of the inverse systems (3) as A € A also varies.
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Remark 4.3. Let k be a quasi-excellent Noetherian Q-algebra, in which case projective resolutions
of singularities exist by [Tem08, Theorem 1.1]. In this case, given f: X — Spec(R) as above, we
have the commutative diagram

ZR(X) —"— X —L & Spec(R)

Lok,

W)vp &) X>\ L) Spec(R,\)

of locally ringed spaces, where all but ZR(X) are Noetherian k-schemes and the schemes in the
bottom row are integral schemes that are separated and of finite type over k with W) , regular,
such that the morphisms in the top row are the limits of the morphisms in the bottom row. We can
also localize the Ry at m) = m N R) without affecting the inverse limit (since the inverse systems
satisfy the same universal property) in order to assume that the R) are local (although the schemes
in the bottom row of the diagram above are now essentially of finite type over k).

The necessary normalizations exist in (i77) when k is a Nagata ring in the sense of [Mat80, Definition
31.A], and the necessary Macaulayfications exist in (7i7) when k is CM-quasi-excellent in the sense
of [Ces21, Definition 1.2] by [Ces21, Remark 1.4, Theorem 5.3, and Remark 5.4].

Proof of Lemma 4.2. We construct the morphisms in (7). The first part of the statement follows
from [EGAIV3, Théoreme 8.8.2(i7)]. By [EGAIV3, Proposition 8.7.2 and Théoreme 8.10.5(vi),(zit)],
after possibly replacing « by a larger index, we may assume that X} is reduced and that f} is
proper and surjective for all A > «. Denote by 1 and 7, the generic points of Y and Y}, respectively.
By transitivity of fibers [EGAL,, Corollaire 3.4.9] and applying [EGAIV,, (4.4.1)], the generic
fibers f ' (1)) are also irreducible.

Next, we show that we can replace the morphisms f} by some fy: X\ — Spec(R)) for integral
closed schemes X, C X f\ For each A > p > «, we will construct the following commutative diagram:

X =—— X L Spec(R)

o]

X, - X, Ji > Spec(R),) (4)
of e

X\ — X} i » Spec(R)).

Here, the squares in the right column are Cartesian. The scheme X is the scheme-theoretic closure
of f/’\_l(m), which coincides with the set-theoretic closure with reduced scheme structure since X7 is
reduced [EGAIT,., Corollaire 6.10.6]. We define X x in a similar fashion. These schemes X, and X,
are irreducible by [EGAI,., Chapitre 0, Proposition 2.1.13], hence integral. The morphisms in the
rightmost column induce bijections on generic points for all 4 > A > «, since all rings in the direct
system (2) are domains. Thus, by transitivity of scheme-theoretic images [EGAI,.,, Proposition
6.10.3], morphisms in the leftmost column exist in a way that makes the squares in left column
commute. Now for every A > «, consider the composition

o Xy — X A, Spec(Ry).
This morphism is proper since it is the composition of proper morphisms. The base change of f) to
the generic point is
Ftm) = £ () — Spec(k(m)), (5)
since X is the set-theoretic closure of f;\fl(n,\) in X}, and hence X and X} are isomorphic over
the generic point 1. Thus, we see that the morphism f) is surjective with irreducible generic fiber.
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By [EGAIV3, Lemme 13.1.2], the squares

x 1 Spec(R)

o]

X, L Spec(R))

are Cartesian for all A > a. We therefore see that f: X — Spec(R) satisfies the universal property
for the limit of the morphisms fy.
Finally, to ensure that
dim(X) < dim(Xy ®pg, (Rx)m,)
for all A > «, we choose a maximal chain
Z0C 721 S S Zagimx) = X (6)

of irreducible closed subsets in X, which exists since dim(X) < oo by [EGAIV,, Corollaire 5.6.6].
Since limits commute with fiber products and since

R ~ lig(f:ﬂ)\)mA

A>a
by [EGAI,ey, Chapitre 0, Proposition 6.1.6(i7)], we have

X = lim (X3 @5, (R
A>a
since they satisfy the same universal property. Next, [EGAIV3, Proposition 8.6.3] says that the
partially ordered set of closed subschemes in X is the colimit of the partially ordered sets of closed
subschemes in X ®g, (R))m, as A € A varies. Thus, after possibly replacing a by a larger index,
we may assume that the chain (6) is the preimage of a chain of closed subsets in

Xa ®Ra (Ra)ma .

Moreover, since the chain (6) is a chain of strict inclusions of irreducible closed subsets, we can
apply [EGAIV3, Proposition 8.6.3] again to say that after possibly replacing a by a larger index, we
have a chain

200 G 210 G0 S Zgim(x),a = Xa @R, (Ra)m,
with strict inclusions whose preimage in X is the chain (6), and that each closed subset in this chain
is irreducible [EGAIV3, Proposition 8.4.2(a)(4)]. Since this chain of inclusions must base change to
a chain of strict inclusions in X, we see that the preimage of this chain in

X\ ®r, (Ra)m, ~ Xo ®r, (RA)m,

is still a chain of closed subsets with strict inclusions for each A > «, which are still irreducible by
[EGAIV3, Proposition 8.4.2(a)(i)].

We now show (i7). By [EGAIV3, Théoreme 8.5.2(i7)], after possibly replacing o with a larger
index, there exists a coherent sheaf £, on X/, such that v*.Z! ~ £. By [EGAIV3, Proposition
8.5.5], after possibly replacing « by a larger index again, we may assume that the inverse image
L = v\ L) on X is invertible for all A > . We now set

L= LA xy s

which is invertible and satisfies £ ~ v/* £ ~ v* %, by the commutativity of the squares in the left
column of (4).

We now show that if £ is f-very ample (resp. f-ample, f-semi-ample, f-big), then we may
assume the same holds for %) for all A > «. This holds for .,2@’\ instead of %, by Lemma 4.2.
Restricting £ to X} preserves these properties in each case by [EGAII, Propositions 4.4.10(i bis)
and 4.6.13(i bis)] for f-very ample and f-ample, [CT20, Lemma 2.11(7)] and its proof for f-generated
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and f-semi-ample, and the fact that X < X} induces an isomorphism over the generic point 7y
by construction for f-big (see (5)).

Next, we show (7i7). For each A € A, consider the inverse system
{g)\,p’: W)\,p’ — XA}p/GP;\ (7)

of all projective birational morphisms where the W) ,, are integral schemes that are separated
and of finite type over k. The inverse system (3) is nonempty since it contains the identity and
is indexed by a subset of Aldx, since every projective birational morphism to X, is a blowup
[EGAIIL;, Corollaire 2.3.7]. This inverse system is coinitial with the inverse system (3) by Chow’s
lemma [EGAII, Corollaire 5.6.2].

If projective resolutions of singularities (resp. normalizations, Macaulayfications) exist for all
integral schemes that are separated and of finite type over k, then the inverse system of morphisms
in (3) is coinitial with the subsystem consisting of morphisms from regular (resp. normal, Cohen—
Macaulay) schemes W) ,,. This proves the “moreover” statement.

J=1]P

AEA

Finally, it remains to show (iv). Set

with the preorder where (X, p") < (p,¢’) if and only A < p and the morphism g, o fits into a
commutative diagram

g , ’
W SLEN Xy > Spec(Ry,)

N S

W it X Spec(Ry).

By the argument in (iii), the two inverse systems
{o2p : Wap — XA}(A,p)eJ
{g)\,p’: W)\,p’ — XA}(AJJI)EJI (8)

are coinitial. It therefore suffices to show that J’ is filtered and that the morphism 7: ZR(X) — X
is the limit of the morphisms in (8).

To show that J' is filtered, let (A1, p}) and (A2, ph) be two indices in J'. Since A is directed, there
exists u € A such that \; < g and Ao < p. We now claim we can construct a commutative diagram

of the form
!

A1,p) WALPII XX, Xp

Wu,q’ Xu

\ pro

!
A2, ’ WA27P’2 XX, Xp

where the composition W, ,, — X, is projective and birational, and where W, , is integral. We set
I/V/’\l’p,1 to be the closure of the inverse image of the open set in X, over which the second projection
pro: Wy, Xx,, X — X, is an isomorphism, and similarly for W)’\Q’pé. Since I/V)’\hp,1 — X, is a
projective and birational morphism from an integral scheme by construction, it is the blowup along
some ideal .#; € Aldx, by [EGAIII;, Corollaire 2.3.7], and similarly T/I/')’\w,2 — X, is the blowup

along some ideal % € AIdX#. We can therefore consider the blowup W, , — X, along % %,
which factors uniquely through VV/’\1 o and W)’\2 v by the universal property of blowups [Stacks, Tag

0806]. Note that W, o is integral by [EGAIL, Proposition 8.1.4(i)].


https://stacks.math.columbia.edu/tag/0806
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It remains to show that the limit of the morphisms in (8) is indeed the morphism 7: ZR(X) — X.
We claim that the limit of the inverse system

{g)\’p/ XXy idXZ W)\7p/ XXy X — X\ X Xy X}()\7pl)ejl (9)

coincides with the limit of the inverse system (8). This follows since the squares

9x,p! XX)\ldX

W)\,p’ XX,\X X)\ X)(/\X
! [
Wi s X\

are Cartesian, and hence the limits of the two inverse systems (8) and (9) satisfy the same universal
property.

We now show that the limit of the inverse system (9) is indeed the morphism 7: ZR(X) — X. It
suffices to show that the the inverse system (9) is coinitial with the inverse system defining ZR(X).
Let gxp: Wy — X, be morphism in (8). As before, we know that gy, is the blowup along some
ideal .# € Aldy, by [EGAIIL;, Corollaire 2.3.7]. We then have the commutative diagram

™ -1
vy F-Ox

X, 505 X

Ix,p’
W)\,p’ —_— X)\

by the universal property of blowups [Stacks, Tag 0806], where the top horizontal arrow is the
blowup along v;lf -Ox. Note that v;lf -Ox € Aldx. By the universal property of fiber products,
we see that X vl 0 factors through the base change of gy ;.

Conversely, suppose ms: X — X is an admissible blowup. Then, by [EGAIV3, Théoreme
8.8.2(i7)] (here we use the Noetherianity of X to say that the blowup 7 is finitely presented), there
exists an index o € A and a morphism k] : W/ — X, for which the diagram

X, X

l,lm

h
/ «
W X,

is Cartesian. For each A > «, denote by h\: W{ — X, the base change of h,, to X,. By
[EGAIV3, Proposition 8.7.2 and Théoreme 8.10.5(¢),(zii7)], for large enough A > «, the scheme
WJ is reduced, the morphism A/, is projective, and the restriction of # to an open subset Uy of
X induces an isomorphism. Denote by & and &, the generic points of X and X, respectively. By
transitivity of fibers [EGAT,cy, Corollaire 3.4.9] and [EGAIV», (4.4.1)], the generic fibers hy *(£))
are also irreducible. Now let W be the scheme-theoretic closure of hi\_l(f ), which coincides with
the set-theoretic closure with reduced scheme structure since W)’\ is reduced [EGAI, ., Corollaire
6.10.6]. The scheme W), is irreducible by [EGAI,., Chapitre 0, Proposition 2.1.13], hence integral.
Now consider the composition

hl
hy: W,\;)W//\ —A>X)\.


https://stacks.math.columbia.edu/tag/0806
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This morphism is projective since it is the composition of projective morphisms, and is birational
since its restriction to Uy is still an isomorphism. By [EGAIV3, Lemme 13.1.2], the square

X, 25 X

l lw\

h
Wi *X) X
is Cartesian. Thus, the inverse system (9) is coinitial with the inverse system defining ZR(X), and
hence their limits coincide. g

5. RELATIVE VANISHING AND INJECTIVITY THEOREMS FOR ZARISKI-RIEMANN SPACES

Our goal in this section is to prove the following relative vanishing and injectivity theorem
for Zariski-Riemann spaces. This theorem is stated using local cohomology following the dual
formulation of Grauert—Riemenschneider vanishing due to Hartshorne and Ogus [HO74, Proposition
2.2]. This dual formulation allows us to prove these statements for Zariski-Riemann spaces. This
statement also has the advantage of not requiring the existence of dualizing complexes or canonical
sheaves wx, which are not known to behave well under limits.

Theorem 5.1. Let (R,m) be an integral Noetherian local Q-algebra and set Y := Spec(R). Let

f: X =Y be a proper surjective morphism from an integral scheme X. Set Z = f~1({m}), and

denote by m: ZR(X) — X the canonical projection morphism from the Zariski—-Riemann space of X.
Consider an invertible sheaf £ on X.

(i) Suppose £ is f-big and f-semi-ample. Then, we have
v 12y (ZR(X), 7" 2 71) =0

for all i < dim(X).

(i) Suppose L is f-semi-ample. Let D be an effective Weil divisor on X for which there exists
an integer n > 0 and an effective Weil divisor D' on X such that Ox(D + D') ~ £,
Then, the canonical morphisms

H. 1 (ZR(X), 7" (L 7*(=D))) — Hi1 () (ZR(X), 7.2 7F)
induced by the inclusion Ox(—D) — Ox are surjective for all i and for all k > 0.

In §5.1, we prove that for Noetherian schemes X, vanishing and injectivity can be stated in
terms of higher direct images and wx or in terms of local cohomology modules (Proposition 5.3).
This will be used after reducing to the case of varieties over Q to prove Theorem 5.1 and will also
be used later to prove Theorems A and B. The key ingredient for showing the two formulations
are equivalent is a combination of Grothendieck local duality and Grothendieck duality for proper
morphisms, which is called the local-global duality of Lipman in [HHK98, p. 283]. We then prove
Theorem 5.1 in §5.2 using our approximation results from §4.

5.1. Lipman’s local-global duality. We prove that Theorems B and B* are equivalent when
dualizing complexes exist. The key ingredient is the following duality statement due to Lipman
[Lip78]. See [Har66, Definition on p. 276] for the notion of a normalized dualizing complex
used below. Hartshorne and Ogus give a different approach using formal duality in the proof of
[HO74, Proposition 2.2]. If .Z is a locally free sheaf of finite rank on a ringed space X, the dual of
ZLis LV = AHomo, (£, 0x).

Lemma 5.2 (see [Lip78, Theorem on p. 188]). Let f: X — Spec(R) be a proper morphism where
(R,m) is a Noetherian local ring with a normalized dualizing complex w$. Set Z = f~1({m}), and
let £ be a locally free sheaf of finite rank on X. Then, there is a quasi-isomorphism

RI'z(X,£") ~ Homg (Rfi(wk ®oy £), E),
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functorial in £, where wg = f!w}’% and where E is the injective hull of the residue field of R. In
particular, if X is Cohen—Macaulay of pure dimension n, we have an isomorphism

HY(X,.£") ~ Homg (R" " fi(wx ®oy -Z), E)
for every i, where wx denotes the unique cohomology sheaf of f!w;/.

Proof. We follow the proof in [Lip78, Theorem on p. 188], keeping track of morphisms & — .# of
locally free sheaves of finite rank along the way. We have the commutative diagram

Rf.(w% ® &) «—— Rfi Homo, (LY, wk) —— Homp(Rf.ZLY,wh)

| | | g

Rfi(wk @ A) +—— Rfy Homo, (M"Y, w) —— Homp(Rfett¥,w},)
where the horizontal arrows are isomorphisms induced by the isomorphism of functors
Romo, (LY, —) = — R0y L

coming from [Har66, Chapter V, Corollary 6.3] and the evaluation at 1 map in the left square, and
are induced by Grothendieck duality [Har66, Chapter VII, Corollary 3.4(c); Con00, Theorem 3.4.4]
in the right square. Since Rf,.Z" is quasi-coherent with coherent cohomology (by the assumption
that f is proper [EGAIII;, Théoréme 3.2.1]), we can apply local duality [Har66, Chapter V, Corollary
6.3] to obtain the commutative diagram

RLw(R,Rf.ZY) —— Homp(Homp(Rf.Z",wh), E)

T T (11)

RI (R, Rf.#V) —— Homp(Homp(Rftt¥,w}), E)

where the horizontal arrows are isomorphisms. Using the isomorphism of functors RI'yoR f, ~ RI'z,
we can identify the objects in the left column with RI'z(X,.Z") and RI'z(X,.#"), respectively.
We can then combine the diagram we have obtained so far to obtain the following commutative
diagram:

RI'z(X,£Y) —=— Hompg(Homgr(Rf.ZL",w}), E) —— Homp(Rf.(w ® £),E)

| I I

RI'z(X, #") —— Homp (Homp(Rfet,w}), E) —— Homp(Rfi(wk ® #),E).

Here, the left square is (11) with the identification RI'y o Rf, ~ RI'z made above, and the right
square is obtained from (10) and applying Hompg(—, ) which has no higher Ext modules since F
is injective. Finally, the “in particular” statement follows from the first statement after taking i-th
cohomology, since in this case wyx ~ w$[—n] by local duality [Har66, Chapter V, Corollary 6.3]. O

We now show that Theorems B and B* are equivalent when dualizing complexes exist.

Proposition 5.3. Let f: X — Y be a proper morphism of Noetherian schemes, and suppose that X
is Cohen-Macaulay and equidimensional and that 'Y has a dualizing complex wy-. Denote by wx the
unique cohomology sheaf of f!w;/ (after possibly applying shifts on each connected component of X ).

Consider an invertible sheaf £ on X and fix y € Y. Denote by fy: X, — Spec(Oy,) the base
change of f along Spec(Oy,y) =Y, by £, the pullback of £ to X, and set Z, = fy_l(y) For all i,
we have the following:

() Rify*(wa ®ox, %) =0 if and only if Hg;m(Xy)fi(Xy,fyfl) =0.
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(17) Let D be an effective Cartier divisor on X, and denote by D, the pullback of D to X,,. Then,
the canonical morphism

R fye(wx, ®oy, Zy) — R fye(wx, ®ox, Zy(Dy))
induced by the inclusion Ox, — Ox,(Dy) is injective if and only if the canonical morphism
dim (X, )—1 _ dim (X, )—1 _
HZy (Xy) (ijgy 1(—Dy)) N HZy (Xy) (Xy,i”y 1)

induced by the inclusion Ox,(—Dy) — Ox, is surjective.

Proof. Since all statements are local by flat base change, we may replace Y with Spec(Oy,,) to
assume that Y is the spectrum of a Noetherian local ring (R, m) with a dualizing complex, since
dualizing complexes localize [Har66, Chapter V, Corollary 2.3]. After translating the dualizing
complex, we may assume it is normalized.

We first consider (). Let E denote the injective hull of the residue field of R. Since Hompg(—, E)
is faithfully exact [[sh64, Corollary 3.2(2)], we see that R f.(wx ®o, -£) = 0 if and only if

HomR(Rif*(wX Koy ), E) = 0.

By Lemma 5.2, this is equivalent to Hgim(X)_i(X, L H=0.
We now consider (i7). Since Hompg(—, E) is faithfully exact [Ish64, Corollary 3.2(2)], the morphism

R fu(wx ®oy L) — R fu(wx ®oy Z(D))
is injective if and only if
Homp (R' i (wx ®oy Z(D)), E) — Hompg (R f.(wx ®oy -Z), E)
is surjective. By Lemma 5.2, this is equivalent to the surjectivity of
dim(X)—i - dim(X)—i _
HY™ (X, 271 (=D)) — Hy™ 7 (X, 2. 0

5.2. Relative vanishing and injectivity theorem for Zariski—-Riemann spaces. In this
subsection, we prove our relative vanishing and injectivity theorem for Zariski-Riemann spaces using
our approximation results in §4. As outlined in §1, the idea is to approximate the local cohomology
modules in question by approximating the morphism f: X — Y by a morphism of Q-varieties.
We will show later that this vanishing descends to X using relative vanishing for the canonical
morphism 7: ZR(X) — X from the Zariski-Riemann space associated to X (Theorem 6.2).

Proof of Theorem 5.1. For (ii), since the map Ox — Ox (D) factors the map Ox — Ox (D + D’),
we can replace D by D + D' to assume that Ox (D) ~ .£®", and in particular, we may assume that
D is Cartier.

We now proceed in a sequence of steps.

Step 1. It suffices to show that for morphisms f: X — Y fitting into a Cartesian diagram

Xy L Spec(Oyy)

| |

x—7f Ly

where f: X —'Y is a morphism of varieties over Q, X is smooth, Y is affine, and y € Y is a point,

we have

Hior )

for all i < dim(X,) for (i) and the morphisms

i —k i —k
His ) (X 7 (D)) — Hipoa ) (X Z77)

are surjective for all i and all k > 0 for (ii), where £, is the pullback of £ to X,.

Xy’ gy_l) =0
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By Lemma 4.2 and Remark 4.3 applied to f: X — Spec(R) and k = Q, we have the commutative
diagram

I, Spec(R)

Lo |

X, I, Spec((RA)mA) (12)

L !

Wap —225 Xy —2 5 Spec(Ry)

of locally ringed spaces, where all but ZR(X) are Noetherian schemes of equal characteristic zero,
the bottom squares are Cartesian, and where the schemes in the bottom row are varieties over
Q with W), , smooth, such that the morphisms in the top row are the limits of the morphisms in
the bottom row. As in the proof of Lemma 4.2(7) and in Remark 4.3, the inverse limits of the
morphisms in the middle and bottom row satisfy the same universal property, and hence both limit
to the morphisms in the top row. By Lemma 4.2(ii), we also have that
L~y L)\~ lim VYL
AEA

for f\-big and fy-semi-ample (resp. fy-semi-ample) invertible sheaves %, where vy: X — X are
the canonical projection morphisms. We denote by 2, the pullback of .4 to Xy, which is f,\ -semi-
ample by [CT20, Lemma 2.12()], and is also fy-big in situation (i) by the fact that the base change
Ry — (R))m, does not affect generic fibers. We also know that g/\7p,,§f>\ is (fx o gxp)-semi-ample
by [CT20, Lemma 2.11], and is also (f o g p)-big in situation (i) by the fact that gy, induces a
birational morphism along the generic fiber of fy. The same reasoning applies to §§\7po§,%\.

To show Theorem 5.1(7), the hypothesis in Step 1 implies

1 4 ~ % >—1 o
H(f}ogx,p)*l({m})(Wkp’gxpgx )=0

for all i < dim(X), ®p, (Rx)m,) since g3 &) Lis

dim(X) < dim(XA R, (Rk)mx)

for all A € A (see Lemma 4.2(7)), this implies in particular that the vanishing holds for all i < dim(X).
Taking colimits over all (A, p) € J, Theorem 3.13 implies

12y (ZR(X), 7*L7Y) = H{ o1y (ZR(X), 72 71) = 0

(fro gxp)-big and (fro gxp)-semi-ample. Since

for all i < dim(X), where the colimit of the inverse images of the sheaves gi,pz} on ZR(X) is m*.&
by the commutativity of the diagram (12).

It remains to show Theorem 5.1(ii). By [Stacks, Tag 0B8W(3)], we can find o € A such that
Ox(=D) ~ v !4, -Ox for an ideal sheaf .#, C Oy, . After replacing X, by the blowup of X, along
S, we may assume that .#, is invertible. Let D, be the effective Cartier divisor corresponding
to .Z,. By [EGAIVj3, Corollaire 8.5.2.5], after possibly replacing « by a larger index and D, by
its pullback (which exist since the v, are surjective morphisms of integral Noetherian schemes
[EGATIV,, Proposition 21.4.5(i44)]), we may assume that Ox, (—D,) ~ Z2~ ™. We can therefore
write the injection .Z~%(—D) < Z~F as the colimit of the injections

vy (.i”)\_k(—D,\)) — v} (.i”/\_k).
Denoting by D, the restriction of Dy to X, we see that

1 T 7 T ~% o—k
H(fxoémp)*l({mx})(Wk’p’gkpg ( DA)) H(fxoéx,p)fl({mx})(WA’mg>"p$>‘ )
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is surjective for all 7 since gy p,i%\ is f-semi-ample by [CT20, Lemma 2.11]. Taking colimits over all
(A, p) € J, Theorem 3.13 implies

Hifomy 1 (gmp) (ZROX), 7 (L7H(=D))) — H{gomy1(qmp) (ZR(X), 7L 7F),

is surjective for all i, where the colimit of the inverse images of the sheaves g} (Ox,(—D))) on
ZR(X) is m*Ox(—D) by the commutativity of the diagram (12).

Step 2. Conclusion of proof.

We start by proving the special case of Theorem 5.1(7) stated in Step 1. By Proposition 5.3(7)
and flat base change, it suffices to show that

Rif*(UJX oy «iﬂ) =0
for all 7 > 0. Consider the Stein factorization
x oy oy

of f. We can replace f: X — Y by f': X — Y’ to assume that Y is normal, since the relative
normalization morphism g is affine and hence R’ f,(wx ®0, ) vanishes if and only if R’ f.(wx ®0
%) does. By flat base change and the fact that the formation of wyx is compatible with ground field
extensions [Har66, Chapter V, Corollary 3.4(a)], it suffices to show that denoting by

fci Xc — YC
the base change of f along the field extension Q C C, we have
RifC*(WXc ®OXC Z)=0

for all i > 0. We note that fc is maximally dominating by the flatness of Q C C [ILO14, Exposé II,
Proposition 1.1.5]. Since Y is normal, it is the disjoint union of normal varieties. We claim we may
work one irreducible component at a time to assume that fc is a projective surjective morphism of
complex varieties. Note that Z¢ is fo-semiample by [CT20, Lemma 2.12(7)]. By transitivity of
fibers [EGAT ey, Corollaire 3.4.9], the compatibility of maps induced by linear systems and flat base
change [EGAII, (4.2.10)], and the fact that generically finite morphisms are stable under flat base
change (combine [ILO14, Exposé 11, Proposition 1.1.5] and the characterization of generically finite
morphisms in [[LO14, Exposé II, Proposition 1.1.7]), we see that the restriction of large enough
powers of Z¢ induce generically finite morphisms on each fiber of fc over the maximal points of Y.
We therefore see that Z¢ is fc-big. Now the required vanishing holds in situation (i) by relative
Kawamata—Viehweg vanishing for complex algebraic varieties [KMM87, Theorem 1-2-3].

It remains to show Theorem 5.1(7i) holds in the special case stated in Step 1. By Proposition
5.3(ii), flat base change, and the fact that the formation of wx is compatible with ground field
extensions [Har66, Chapter V, Corollary 3.4(a)], it suffices to show that denoting by

fc: Xc — Y
the base change of f along the field extension Q C C, the morphisms
R fu(wxe ®0xg L&) — R fe(wxe ®oxg, (L7H(D))g)

are injective for all ¢ and all k£ > 0, where fé% and (£%*(D))c are the pullbacks of .Z®* and

Z®%(D) to X, respectively. This statement holds by Fujino’s version of Kolldr’s injectivity theorem
for simple normal crossings pairs [Fujl7, Theorem 5.6.1]. U
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6. RATIONAL SINGULARITIES VIA ZARISKI-RIEMANN SPACES

In this section, we prove a new characterization of rational singularities and pseudo-rational rings
via Zariski—-Riemann spaces in equal characteristic zero. An advantage of this characterization
is that we do not need resolutions of singularities, quasi-excellence, or the existence of dualizing
complexes. This characterization is a version of the characterizations of rational singularities for
varieties over fields of characteristic zero due to Lipman and Teissier [LT81, (iv)’ on p. 102 and
Corollary of (ii7) on p. 107], Lipman [Lip94, Lemma 4.2], and Kovécs [Kov00, Theorem 1]. We have
modeled the formulation of our characterization after the characterization of Du Bois singularities
due to Godfrey and the author of the present paper [GM, Theorem 2.3|, where the 0-th graded
piece of the Deligne-Du Bois complex Q())( takes the role of Rm.Ozgx)-

We start with the following result for pseudo-rationality.

Lemma 6.1. Let (R,m) be a Noetherian local ring of dimension d, and set X := Spec(R). Denote
by m: ZR(X) — X the canonical projection from the Zariski—Riemann space of X. For every i, the
map

i O rri
Hiwy(R) = H 1) (ZR(X), Ozr(x)) (13)

is injective if and only if for every proper birational morphism W — X, the map

. Y .
7 f 7

18 injective.
In particular, R is pseudo-rational if and only if 5¢ is injective and R is normal, Cohen—Macaulay,
and analytically unramified.

Proof. By Theorem 3.13, we have a factorization

5t

7 f 7 1 T 1
Hyoy (R) == Hipor () (W, Ow) — H o)1 gy (W Oyir) — Hyoa gy (ZR(X), Ozrxv))

of 62 (Ox) for every proper birational morphism f: W — X, where g: W — W is a projective
birational morphism such that f o g is a blowup of X. Such a morphism ¢ exists by Chow’s
lemma [EGAII, Théoréme 5.6.1] and the fact that every projective birational morphism is a blowup

[EGAIIL;, Corollaire 2.3.7]. ' ‘
Note that = follows since if the composition d% is injective, then 5; is injective. For <, the maps

Hiny (R) = Higog)-1(fay) (W, Oppy)

are injective for every W as constructed above. We can therefore take colimits and apply Theorem
3.13 to see that d% is injective. O

We are now ready to show our characterization of rational singularities and pseudo-rational rings.
Below, we will freely use the fact that the formation of ZR(X) commutes with base change by
quasi-compact separated étale morphisms [Stacks, Tag 087B], and hence ZR(X) xx X, ~ ZR(X,)
where X, := Spec(Ox,y).

Theorem 6.2. Let X be a Noetherian scheme. Denote by w: ZR(X) — X the canonical projection
morphism from the Zariski—Riemann space of X. Consider the following conditions:

(i) The natural morphism Ox — Rm.Ozr(x) is a quasi-isomorphism.

(ii) The natural morphism Ox — Rm.Ozr(x) admits a left inverse in the derived category of
Ox -modules.


https://stacks.math.columbia.edu/tag/087B

28 TAKUMI MURAYAMA

(iti) For every point y € X, setting X, = Spec(Ox,) and m,: ZR(X,) — X, the natural
morphism
, i .
H‘%y} (Xy’ OXy) — H:rgl({y}) (ZR<Xy)v OZR(Xy))
1s injective for every i.
(iv) X is locally pseudo-rational.
(v) X is locally quasi-excellent and has rational singularities.

Then, we have the following implications:

equal characteristic zero equal characteristic zero
4;;ii::::::::::\\ + locally quasi-excellent
() (i4) (i) == (iv) === (v)

equal cha;(;c:tgristic zero
+ locally analytically unramified
Proof. The implication (i) = (i7) follows by definition of a quasi-isomorphism, and the implication
(i) = (iii) holds because the morphism 62 also admits a left inverse.
We now show (iv) = (iii). Injectivity for ¢ < dim(X,) holds since pseudo-rational implies
Cohen-Macaulay (see Definition 2.9) and hence

Hip (X, 0x,) =0

for all i < dim(Xy). For i = dim(X), we apply Lemma 6.1.

We now show (i77) = (i) in equal characteristic zero. By Noetherian induction and the fact
that quasi-isomorphisms can be checked locally, it suffices to show that if y € X is a point
and Ox — Rm.Ozg(x) s a quasi-isomorphism at 7 for every proper generization 7 ~» y, then
Ox — Rm.Ogzp(x) is a quasi-isomorphism at y. Replacing X by Spec(Oyx ), we may assume that
X is the spectrum of a local Q-algebra (R, m) such that Ox — Rm.Ozg(x) is a quasi-isomorphism
away from {m}.

For every i < dim(X), we know the morphisms

i O rri
H{y} (X, OX) — Hﬂ_l({y}) (ZR(X), OZR(X))

are isomorphisms by combining (ii7) and the fact that the modules on the right vanish by Theorem
5.1(7) applied to £ = Ox. Moreover, this morphism is also an isomorphism for i = dim(X) since it
is injective by (iii) and surjective by [LT81, Remark (b) on p. 103]. By the long exact sequence on
local cohomology associated to the exact triangle

OX — RTF*OZR(X) —C* +—1>

where C* := Cone(Ox — Rm.Ozgr(x)), we therefore see that Hf'{y}(X, C*) = 0 for all i. Now
consider the long exact sequence

— H}, (X, C%) — HI(X,C*) — H (X — {y},C*) — -

Since H* (X — {y},C*®) = 0 for all i by the inductive hypothesis, we see that H*(X,C*®) = 0 for all i
as well, i.e., (7) holds.

We now show (iii) = (iv) in equal characteristic zero if the local rings of X are analytically
unramified. First, (i7) implies the injection Ox < f.Ow is an isomorphism for every finite birational
morphism f: W — X, and hence X is normal. Next, X is Cohen-Macaulay since (iii) implies we
have the injections

i Ny
Hpy(Xy,0x,) — H v ({yh) (ZR(Xy)aozR(Xy)) =0

Ty
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where the vanishing holds by Theorem 5.1(7) applied to .2 = Ox. Finally, injectivity at ¢ = d holds
by Lemma 6.1.

It remains to show (iv) < (v) in equal characteristic zero if X is locally quasi-excellent. We have
(1v) <= (1) (quasi-excellent reduced rings are analytically unramified by [Mat89, Corollary to Theorem
23.9]), and hence it suffices to show (i) < (v). But this follows from Theorem 3.12 since the inverse
system of blowups W — X, with W regular is coinitial with the inverse system defining ZR(X})
by resolution of singularities [Hir64, Chapter I, §3, Main Theorem I(n)] since the composition of
blowups is also a blowup [RG71, Premiere partie, Lemme 5.1.4] (see also [Con07, Lemma 1.2]). O

Since regular local rings are pseudo-rational [LT81, §4], we see that (¢) holds for regular rings in
equal characteristic zero. This relative vanishing statement also holds for varieties of dimension
< 4 over algebraically closed fields of arbitrary characteristic using a recent result of Kovacs
[Kov, Theorem 8.6]. The result below will not be used in the sequel.

Theorem 6.3. Let X be a locally pseudo-rational excellent Noetherian scheme. Assume that X is
of equal characteristic zero or a quasi-projective variety of dimension < 4 over an algebraically closed
field of arbitrary characteristic. Denote by m: ZR(X) — X the canonical projection morphism from
the Zariski—Riemann space of X. Then, we have

RiW*OZR(X) =0
for alli > 0.

Proof. In equal characteristic zero, the desired vanishing holds by Theorem 6.2. We give an
alternative proof here in parallel with the dimension < 4 case. By Theorem 3.12, it suffices to show
that for a cofinal subset of ideals {#)} en C Aldyx, the blowup 7z, : X s, — X along .#) satisfies
]1?2'71,@*(’))(]A =0 for all 4 > 0.

Let X — X be a blowup where .# € Aldy. Since X s is an excellent scheme in the equal
characteristic zero case [EGAIV9, Proposition 7.8.6(¢)] or a quasi-projective variety in the dimension
< 4 case, there exists a birational blowup X — X, such that X is regular in the equal characteristic
zero case [Tem08, Theorem 1.1] or such that X is normal and Cohen-Macaulay in the dimension
< 4 case [Bro83, Corollary 1.8]. By [RG71, Premiére partie, Lemme 5.1.4] (see also [Con07, Lemma
1.2]), the composition

X —Xs,— X
can be written as the blowup of X along a coherent ideal sheaf .#, € Aldx contained in .. We
have R'7,O ¢ = 0 by [CR15, Theorem 1.1] in equal characteristic zero case and by [Kov, Theorem
8.6] in the dimension < 4 case. O

Remark 6.4. Only the vanishing statements proved so far are used in the proof of Theorem C. If
one is interested in the proof of Theorem C, they can proceed directly to reading §9.1.
7. RELATIVE VANISHING AND INJECTIVITY THEOREMS FOR SCHEMES

We are now ready to prove the following dual version of Theorem B. Theorem B* below implies
Theorem B by Proposition 5.3.

Theorem B*. Let f: X =Y be a proper mazximally dominating morphism of locally Noetherian
schemes of equal characteristic zero such that X is locally pseudo-rational.

Consider an invertible sheaf £ on X. For everyy € Y, denote by f,: Xy, — Spec(Oy,) the base
change of f along Spec(Oy,y) = Y, denote by £, the pullback of £ to X, and set Z, = fy_l(y)

(i) Suppose L is f-big and f-semi-ample. Then, we have
Hy (Xy, 2, ) =0
for everyy € Y and for all i < dim(Xy).
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(7i) Suppose L is f-semi-ample. Let D be an effective Weil divisor on X for which there exists
an integer n > 0 and an effective Weil divisor D" such that Ox (D + D') ~ £®™. THen,
the canonical morphisms

Hy (X, £, "(=Dy)) — Hy (X, ;")
induced by the inclusion Ox, (—Dy,) — Ox, are surjective for every y € Y for all i and all
k >0, where Dy is the pullback of D to X,.

Proof. For (ii), since the map Ox — Ox (D) factors the map Ox — Ox (D + D'), we can replace
D by D+ D’ to assume that Ox (D) ~ £®" and in particular, we may assume that D is Cartier.
We proceed in a sequence of steps.

Step 1. Reduction to the case when X and Y are integral.

Consider the Stein factorization
x Ly Ly
of f. By Incomparability applied to the finite morphism g, the points in Y’ lying over maximal
points of Y must be maximal, and hence f’ is maximally dominating. Since Y’ is normal, it is the
disjoint union of integral normal schemes. We claim we may work with one connected component of

X and Y’ at a time to assume that f is a surjective morphism of integral schemes. For each y € Y,
we have a decomposition

o (073 I I I o (7)) (14)
y'eg™ ({y})

into connected components by [EGAIIL;, Corollaire 4.3.3]. By the Mayer—Vietoris sequence (see
[Har75, Proof of Proposition 4.2]), we then have a decomposition of functors

HiZy(th_) = @ H%y/(Xy’v_)
y'eg~ ({y})

where X,y == X xy+ Spec(Oy ) and Z, = f;fl({y’}) Since each f;?l({y’}) lies in a unique
connected component of X Xy Spec(Oy ), we can use Excision [Gro67, Proposition 1.3] to replace
X and Y by the connected components of X and Y’ to assume that both X and Y are integral.
We note that . is f’-semi-ample by [CT20, Lemma 2.10], and in case (i) is f’-big since the
decomposition (14) also holds for maximal points y € Y.

Step 2. Conclusion of proof.

By Step 1, we may assume that X and Y are integral. Since the desired vanishing is a local
condition, we may replace Y by Spec(Oy,) and X by X,. Denote by 7: ZR(X) — X the canonical
projection morphism from the Zariski-Riemann space of X. By Theorem 5.1, we know that

Hi 17 (ZR(X),m* 2 71) = 0
for all ¢ < dim(X) and that
H. 1) (ZR(X),7* (L 7" (=D))) — Hir () (ZR(X),m* 2 ")
is surjective for all ¢, respectively. Next, since Ox — m.Ogzg(x) is an isomorphism and
Rjﬂ'*OZR(X) =0

for all j > 0 by Theorem 6.2, the projection formula [EGAIII;, Chapitre 0, Proposition 12.2.3]
combined with the Grothendieck spectral sequence [Gro67, Corollary 5.6] imply the desired vanishing
and surjectivity on X. O
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8. RELATIVE VANISHING AND INJECTIVITY THEOREMS FOR KLT PAIRS

Our goal in this section is to deduce our version of the Kawamata—Viehweg vanishing theorem
and Kolldr’s injectivity theorem for klt pairs (Theorem A) from Theorem B. To do so, we establish
a covering lemma in §8.1. We then prove the dual version of Theorem A for normal crossings pairs
(Theorem 8.2) in §8.2, and then prove Theorem A itself in §8.3.

8.1. A covering lemma. We start with the following version of Kawamata’s covering lemma (cf.
[Kaw81, Theorem 17]).

Lemma 8.1 (cf. [EV92, Lemma 3.19]). Let X be an integral reqular scheme projective over an
integral Noetherian local Q-algebra (R, m). Let

D= ZT:D]-
j=1

be a reduced simple normal crossings divisor and let N1, Na, ..., N, be positive integers. Then, there
exists a finite surjective morphism 7: W — X from a regular integral scheme W such that

(a) We have 7*Dj = Nj - (T*D;)ea for every j € {1,2,...,1}.

(b) 7D is a simple normal crossings divisor.

(¢) The degree of T divides some power of H;:1 N;.

Proof. We adapt the proof of [EV92, Lemma 3.19]. Write

D= iDj
j=1

as a sum of regular divisors that are possibly disconnected. We construct W inductively. It therefore
suffices to prove the case when Ny > 1 and No =N3=---= N, = 1.

Let f: X — Spec(R) be the structure morphism for X. Let &/’ be an f-very ample invertible
sheaf on X, which exists since f is projective. Then, there exists an integer n > 0 such that
/"N (—Dy) is f-generated by [EGAII, Proposition 2.6.8(i)]. Letting m > 0 be an integer such that
Ni | (n +m) and setting

of — %/®(n+m)/N1’
we see that /@M1 (—Dy) is f-very ample by [EGAII, Proposition 4.4.8].
We now construct divisors Hi, Ha, ..., Hgim(x) as follows. Since ®N(—Dy) is f-very ample,

there is a closed immersion i: X < P¥ over R such that i*O(1) ~ &®N1(—Dy). We now choose
dim(X) general irreducible divisors

Hy, Ho, .. 'aHdim(X) € ‘d@)Nl(_Dl)‘

as the vanishing of sections in H 0(Pg ,O(1)) such that D + )" H; is a simple normal crossings
divisor using the Bertini theorem in [BMPSTWW23, Theorem 2.17 and Remark 2.18]. Since there
are dim(X) + 1 divisors in the set {H1, Ha, ..., Hgim(x), D1}, we know that

dim(X)

i=1
Let 7;,: W; — X be the cyclic cover obtained by taking the Ni-th root out of H; + Dy, which
satisfies Ox (H; + D1) ~ &®M by [EV92, (3.5)]. Then, (a) and (c) are satisfied by construction,
but W; may be singular over H; N Dy and 7;°(D) may not have simple normal crossings over H; N D;.
To fix this, let W be the normalization of

Wi xx Wi Xx -+ Xx Waim(x)-
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To show that W is regular and that the pullback of D to W is a simple normal crossings divisor, we
describe an alternative inductive construction of W. Let W) be the normalization of
Wixx Wi xx- - xx W,
and consider the composition
W) W xy Wy xx e xx W, — X

Outside of the singular locus of W), we see that W*+1) is obtained from W) by taking the
Ni-th root out of

T (Hyy + D1) = 7 (Hyp1) + Ny - (77 D1) e
This is the same as taking the Ni-th root out of 7)*(H, 1) by [EV92, Remark 3.3(b) and Corollary
3.11]. Since 7)*(H,41) has no singularities, [EV92, Lemma 3.15] implies the singularities of
W+ lie over the singularities of W), and hence inductively over H; N D;. However, since W is
independent of the numbering of the H;, the singularities of W in fact lie over

dim(X) dim(X)
ﬂ (HZHDI):< m HZ>DD1:®
i=1 i=1
by the choice of the H; in (15). O

8.2. The Kawamata—Viehweg vanishing theorem and Kollar’s injectivity theorem for
normal crossings pairs. Before proving Theorem A, we first prove the Kawamata—Viehweg
vanishing theorem and Kollar’s injectivity theorem for normal crossings divisors on regular schemes
of equal characteristic zero. We follow the proof in [KM98, Theorem 2.64].

In the statement below, (i) is a generalization of [Koll1, Corollary 20], and (i7) is a (dual) version
of [Kaw85, Theorem 3.2; EV87, Corollaire 1.11]. Theorem 8.2 below implies the regular case of
Theorem A by Proposition 5.3.

Theorem 8.2. Let f: X — Y be a proper mazximally dominating morphism of locally Noetherian
schemes of equal characteristic zero such that X is regular.

Let A be a Q-divisor on X with normal crossings support such that |A] = 0. Consider a
dwisor L on X such that L ~q M + A for a Q-divisor M on X. For everyy €Y, denote by
fy: Xy — Spec(Oy) the base change of f along Spec(Oy,) — Y, denote by L, the pullback of L
to Xy, and set Z, = fy_l(y)

(1) Suppose M is f-nef and f-big. Then, we have
H%y (Xy7 OXy(_Ly)) =0

for everyy € Y and for all i < dim(Xy).

(ii) Suppose M is f-semi-ample. Let D be an effective divisor on X for which there exists
an integer n > 0 such that nM is Cartier and an effective divisor D' on X such that
Ox(D + D') ~ Ox(nM). Then, the canonical morphisms

H%y (Xy’ Ox,(—Ly — Dy)) - HzZy (Xya OXy(_Ly))

induced by the inclusion Ox — Ox (D) are surjective for every y € Y for all i, where D, is
the pullback of D to X,.

Proof. We proceed in a sequence of steps.

Step 1. It suffices to show that when f is surjective, X is integral, and Y = Spec(R) for an excellent
local domain (R, m) with a dualizing complex w$, setting Z = f~1({m}), we have

Hy(X,0x(-L)) =0
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for all i < dim(X) for (i) and
H%(X,0x(~L — D)) — H%(X,0x(-L))
are surjective for all i for (ii).

The desired vanishing and surjectivity are local conditions, and hence we can fix y € Y. We first
claim we may replace f by its base change fy X — Spec((’)yy) along the morphism Spec((’)yy) =Y
for each y € Y. Note that the pullback Ay of Ay to Xy satisfies LAJ = 0 and has normal crossings
support by applying [EGAIV,, Lemme 7.9.3.1] to each stratum of an étale cover of (X, A) where
the pullback of A has simple normal crossings support. Here we note that maximal ideals extend to
maximal ideals for étale local maps of local rings [EGAIV,, Théoreme 17.6.1], and hence taking
étale covers is compatlble with completion. The pullback of M to X is fy nef [KLLOg Lemma
2.20(1)] for (i) and fy semi-ample [CT20, Lemma 2.12] for (i7). The morphism fy is proper and
maximally dominating by flat base change [IL.LO14, Exposé II, Proposition 1.1.5], the ring @Y,y is
excellent by [EGAIV,, Scholie 7.8.3(#ii)], and the vanishing on local cohomology for f descends
from that on f by faithfully flat base change [HO08, Theorem 6.10].

To show the pullback of M to Xy is fy—big for (i), let n > 0 be an integer such that nM
induces a generically finite morphism on every generic fiber of f. Then, by transitivity of fibers
[EGATL,ey, Corollaire 3.4.9], the compatibility of maps induced by linear systems and flat base change
[EGAIL, (4.2.10)], and the fact that generically finite maps are stable under flat base change (combine
[ILO14, Exposé II, Proposition 1.1.5] and the characterization of generically finite morphisms in
[ILO14, Exposé 11, Proposition 1.1.7]), we see that the pullback of nM to Xy induces generically
finite morphisms along the generic fibers of fy.

Finally, we repeat the argument of Step 1 of the proof of Theorem B* to reduce to the case when
X and Y are integral. Note that the excellence of Oy, is not lost by [EGAIV,, Scholie 7.8.3].

Step 2. The vanishing (resp. surjectivity) in Step 1 holds when A has simple normal crossings
support and M is f-big and f-semi-ample (resp. f-semi-ample).

By Theorem B*, it suffices to reduce to the case when A = 0. The idea is to induce on the
number of components in A, which we do by showing the following more general result:

Claim 8.2.1. Let X be an integral reqular scheme projective over a Noetherian local domain (R, m)
containing Q. Let L be a Cartier divisor on X such that

-
L~g M+ a;Dj,
j=1
where the D are reqular (possibly disconnected) divisors, Zj Dj is a simple normal crossings divisor,
and the a; are rational numbers in [0,1). Then, there is a finite surjective morphism p: W — X

from a regular integral scheme W and a divisor My, on W such that My ~q p*M and such that
Ox(—L) is a direct summand of p.Ow (—Myy).

Proof of Claim 8.2.1. We proceed by induction on r. Write a; = b/m, where m is a positive integer.
By Lemma 8.1 applied to Zj Dj, Ny = m, and Ny = N3 = --- = N, = 1, there exists a finite
surjective morphism p;: X7 — X such that pfD; ~ mD’ for some divisor D’ on X;. Moreover,
each pjD; is regular and ) i piDj is a simple normal crossings divisor. By [KKM98, Theorem 2.64,
Step 1] (see also [EV92, Corollary 3.11]), the canonical morphism Ox — p1.Ox, splits, and hence
Ox(—L) = p1.0x, (—piL) also splits.

Now D; corresponds to a section of Ox, (mD’), and hence we can take the associated m-th cyclic
cover pa: Xo — X7 as in [KMO98, Definition 2.50] (see also [EV92, (3.5)]). Then, [KM98, Lemma
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2.51] (see also [EV92, Lemma 3.15(b)]) implies that X5 is regular, the p3D; are regular, and 3, pjD;
is a simple normal crossings divisor. We have the decompositions

m—1
p2.0x, = EP Ox, (—¢D'),
=0

m—1

P2:Ox, (—p5pi L+ bp3D') = €D Ox, (—piL + (b — 0)D).
=0

The ¢ = b summand shows that Ox, (—pjL) is a direct summand of p2.Ox,(—p5piL + bpsD’).
We now have the Q-linear equivalence

T
pspiL — bpsD' ~q pspiM + Y a; pspiD;,
j=2
which satisfies the hypotheses of Claim 8.2.1. By the inductive hypothesis, there exists a finite

surjective morphism W — Xs satisfying the conclusion of Claim 8.2.1 for X5. The composition
W — X5 — X then satisfies the conclusion of Claim 8.2.1 for X. ]

We now construct a finite surjective morphism p: Z — X as in Claim 8.2.1 to prove the special
case in Step 2.
To prove the vanishing in Step 2, we have an injection

Hy(X,0x(=L)) < Hj, 1z (W, Ow (- Mw)).

Since My ~q p*M, it is (fop)-big (by [LM, Lemma 5.10]) and (f op)-semi-ample (by [CT20, Lemma
2.11(7)]). Since regular local rings are pseudo-rational [LT81, §4], we see the right-hand side vanishes
by Theorem B*(7).

To prove the surjectivity in Step 2, we have the commutative diagram

H,(X,0x(—L—-D)) ——— Hy(X,0x(-L))

[) [)

H;—1(Z)(‘/Va OW(_MW —p*D)) — H;—l(z)(wa OW(_MW))

where the surjective arrows pointing upwards are induced by the projection coming from the split
injection in Claim 8.2.1. Since My ~q p*M, it is f-semi-ample by [CT20, Lemma 2.11(7)]. Since
regular local rings are pseudo-rational [LT81, §4], we see the bottom horizontal arrow is surjective
by Theorem B*(ii). The commutativity of the diagram implies the top horizontal arrow is also
surjective.

Step 3. Conclusion of proof for (i).

We first find a log resolution g: X — X on which we can write
g M ~Q A+G

where A is an (f o g)-ample Q-divisor on X and G is an effective Q-divisor on X such that
G UExc(g) U g, 'A has simple normal crossings support and the coefficients on G are arbitrarily
small. Applying Chow’s lemma [EGAII, Théoreme 5.6.1] and then taking a log resolution using
[Hir64, Chapter I, §3, Main Theorem I(n)], we can find a projective log resolution g;: X7 — X of the
pair (X, A) such that f o gy is projective. Then, we know that g7 M is (f o g1)-big (by [LM, Lemma
5.10]) and (f o g1)-nef (by [Kee03, Lemma 2.17(1)]). By Kodaira’s lemma [LM, Corollary 5.9], we
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can write gj M ~q A+ E where A is an (f o g1)-ample Q-divisor and E is an effective Q-divisor.
Let g2: X — X be a log resolution of (X1, E'+ gfA) and consider the composition

g:f(ﬁ)XlﬁX.

Then, we have g5M ~q g5A + g3 F and g5 E UExc(g) U g; 1A has simple normal crossings support.
Since go is constructed as a blowup of X; along regular centers, there exists an effective go-
exceptional Q-divisor F' such that —F' is g-ample. After possibly replacing F' by a small rational
multiple, we therefore see that g*M — F' is (f o g)-ample by [EGAII, Proposition 4.6.13(éi)] and
g3E U F UExc(g) Ugy1(A) is a Q-divisor with simple normal crossings support. Finally, for every
integer k > 0, we can write

1 1
M~ ——(kg"M +g¢g"M — F)+ ——F
g Qi (kg'M+yg ]
where k g* M + g*M — F is (f o g)-ample by the openness of the relative ample cone [Kee03, Theorem

3.9; Keel8, Theorem E2.2]. By taking k large, we can therefore set A = k%rl(k: g*M + g*M — F)

and G = k%LlF to assume that the coefficients on G are arbitrarily small.
Now let w}. be a dualizing complex on Y, which exists by [EGAIV, Scholie 7.8.3(ii7)]. Let wx
and wy be canonical sheaves constructed by taking the unique cohomology sheaves of f !w;/ and

(fo g)!w;,, respectively, and let Ky and K; be associated canonical divisors (see [LM, Definition
6.2]). We need to show that

Hy(X,0x(~L)) =0
for all ¢ < dim(X), which by Proposition 5.3 is implied by
R f(wx(L)) =0
for all ¢ > 0.
As in [Kol13, Notation 2.6], write

Kg+ g, 'A~q g (Kx + A) +ZbiGi

(2

where the coefficients b; € Q satisfy b; > —1 for all i since the pair (X, A) is klt [Kol13, Corollary
2.13 and Proposition 2.15] and the G; are g-exceptional. We then have

K¢+ A+ g A+ G+ ([b] = 0:)Gi ~q o' (Bx + A)+ A+ G+ [bi]Gi

~q 9" Kx + gL+ [b]Gi.

We therefore see that the divisor
L= (g"Kx —Kg)+g"L+ > [b]G,

satisfies

LoqA+g,'A+ G+ ([bi] —b)Gi

which is the sum of the (f o g)-ample Q-divisor A and an effective Q-divisor with simple normal
crossings support and coefficients in [0, 1). Since A is also g-ample by [EGAII, Proposition 4.6.13(v)],
Step 2 and Proposition 5.3(7) imply

R'(fog). (wX(f})) =0 and R'g, (wX(ﬂ)) =0 (16)
for all ¢ > 0.
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We are now ready to show the theorem in case (7). Consider the Leray spectral sequence
Ey = R f.(Rig.(wg (L)) = R (f o g)(wg(L)).

By (16), the E2 page of this spectral sequence is concentrated in the row j = 0. We therefore have
an isomorphism

le*(g*(w;((i))) = Ri(fog)*(wk(i)) =0

for all ¢ > 0 using (16) for the vanishing on the right-hand side. Now by definition of L and the
projection formula [EGAIII;, Chapitre 0, Proposition 12.2.3], we have

(D)) = wx(L) S0, 5. (O (Z 816:) ) = wx (D)

since the G; are g-exceptional (see [Laz04a, Example 2.1.16]). We therefore have

R'f, (wX(L)) ~ R'f, (g* (wX(f/))) =0.
Step 4. Conclusion of proof for (ii).

Let g: X — X be a log resolution of (X, A). As in Step 3, the divisor

L= (g*KX _KX') +g*L+Z[bi-|Gi

satisfies

L ~Q g*M —I—g*_lA + Z([bﬂ — bl)Gl
i
which is the sum of the Q-divisor ¢g*M, which is (f o g)-semi-ample by [CT20, Lemma 2.11(7)] and
satisfies O¢(9*D + g*D’) ~ O ¢ (ng*M), and an effective Q-divisor with simple normal crossings
support and coefficients in [0,1). Now applying Step 2 and Proposition 5.3(i7) on X, the canonical
morphisms
R'(fog)s(wg(L)) — R'(fog)s(wg(L+g"D))
are injective for all i. Since g*M is also g-semi-ample (by [CT20, Lemma 2.10(7)]) and g-big, Step 2
and Proposition 5.3(7) imply
R'gi(wg(L)) =0
for all ¢ > 0. The same argument using the Leray spectral sequence as in Step 3 implies that the
canonical morphisms

R'f,(wx (L)) — R'fi(wx(L + D))

are injective for all i. O

8.3. The Kawamata—Viehweg vanishing theorem and Kollar’s injectivity theorem for
klt pairs. We can now prove Theorem A.

Proof of Theorem A. For (ii), since the map Ox — Ox (D) factors the map Ox — Ox (D + D'),
we can replace D by D 4 D’ to assume that Ox (D) ~ Ox(nM), and in particular, we may assume
that D is Cartier.

Let g: X — X be a log resolution of the pair (X, A) such that Exc(g) U g 'A has simple normal
crossings support. Since (X, A) is klt, we can write

Kg+g:.'A~q " (Kx +A)+ ) aiE;

1
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as in [Koll3, Notation 2.6], where the coefficients a; € Q satisfy a; > —1 for all i, the E; are
exceptional, and [g;'A| = 0. We then have

Kg+g'M+g.' A+ ([ai] —a)Ei~q g" (Kx + M+ A)+ >[4 E;

(2 K3

~q9*N + [a]E;.
7

We therefore see that the divisor B
Ni=g'N+) [ai|E;
i

satisfies .
N ~Q K)E' —I—g*M —l—g*_lA + Z((CLJ — CLZ)El
i

In case (i), we have now realized N as Q-linearly equivalent to the sum of K ¢, the (f o g)-big (by
[LM, Lemma 5.10]) and (f o g)-nef (by [Kee03, Lemma 2.17(1)]) Q-divisor g*M, and an effective
Q-divisor with simple normal crossings support and coefficients in [0,1). Since g*M is also g-nef
(by the projection formula [Kle05, Proposition B.16]) and g-big, Theorem 8.2(i) and Proposition
5.3(7) imply

R'(fog)«(Ox(N)) =0 and R'g.(0O%(N)) =0 (17)
for all 7 > 0.
We now consider the Leray spectral sequence

By = R'f.(Rg.(Ox(N))) = R™(f 0 9). (0 (N)).

By the vanishing R'g.(O(N)) = 0, the E» page of this spectral sequence is concentrated in the
row j = 0. We therefore have a natural isomorphism

R f(9:(05(N))) ~ R'(fog)«(Ox(N)) =0

for all > 0 using (17) for the vanishing on the right-hand side. Now by definition of N and the
projection formula [EGAIII;, Chapitre 0, Proposition 12.2.3], we have

9: (05 (N)) ~ Ox(N) @0y g (05( (Z [aﬂEi>> ~ Ox(N)

since X is normal and the E; are g-exceptional (see [Laz04a, Example 2.1.16]). We therefore have
R'f.(Ox(N)) ~ R f.(9:(O5(N))) = 0.

In case (ii), we have now realized N as Q-linearly equivalent to the sum of K ¢, the (f o g)-semi-
ample (by [CT20, Lemma 2.11(7)]) Q-divisor g*M that satisfies O3 (9*D) ~ O¢(ng*M), and an
effective Q-divisor with simple normal crossings support and coefficients in [0, 1). Theorem 8.2(ii)
and Proposition 5.3(ii) imply the canonical morphisms

R'(f©9)x(0%(N)) — R'(f 0 9)«(Ox(N +¢"D)) (18)

are injective for all i. Since g*M is also g-semi-ample (by [CT20, Lemma 2.10(i)]) and g-big,
Theorem 8.2 and Proposition 5.3(i) imply

Rig, (OX(N)) =0
for all ¢ > 0. The same argument using the Leray spectral sequence as in the previous paragraph
implies that the canonical morphisms

R'f.(Ox(N)) — R'f.(Ox (N + D))

are injective for all 7. ]
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Part II. Applications
9. RATIONAL SINGULARITIES

In this section, we apply Theorem 5.1 to study rational singularities. An interesting aspect of our
proofs is that we can use the Zariski—-Riemann space to replace resolutions of singularities when
they may not exist.

We start by proving our version of Boutot’s theorem (Theorem C) in §9.1. In §9.2, we prove
that pseudo-rationality deforms in equal characteristic zero. We then show a version of Kempf’s
criterion for rational singularities and pseudo-rational rings and show that derived splinters and
rings with rational singularities coincide for quasi-excellent Q-algebras. In the last two subsections,
we recall Bernasconi and Kollar’s result that says that dlt pairs satisfy local rationality properties,
and prove a criterion for the Cohen—Macaulayness of Rees algebras and a Briangon—Skoda theorem
for pseudo-rational rings. All these results extend results known for rings essentially of finite type
over a field of characteristic zero to the context of (quasi-)excellent Q-algebras.

9.1. Boutot’s theorem. In this subsection, we prove our version of Boutot’s theorem for pseudo-
rationality in equal characteristic zero (Theorem C). This solves a conjecture of Boutot [Bou87,
Remarque 1 on p. 67] and answers a question of Schoutens [Sch08, (2) on p. 611] in the affirmative.

We have modeled the proof of Theorem C after the proof of the Boutot-type theorem for Du Bois
singularities due to Godfrey and the author [GM, Theorem A]. The key insight is that Rm.Ozr(x)

can play the role the 0-th graded piece of the Deligne-Du Bois complex Q()]( did in our results for
Du Bois singularities.

We start by showing the following version of [GM, Proposition 3.1]. As before, we will freely use
the fact that the formation of ZR(X) commutes with base change by quasi-compact separated étale
morphisms [Stacks, Tag 087B].

Proposition 9.1. Let f: W — X be a surjective morphism between integral locally Noetherian
schemes of equal characteristic zero. Suppose that for every y € X, setting X, := Spec(Ox ) and
denoting by f,: W, — X, the base change of f along X, — X, the natural morphism

is injective. If Y satisfies the condition in Theorem 6.2(ii1), then X does also.

Proof. By the functoriality of ZR(—) for dominant morphisms between integral schemes, we have
the commutative diagram

ZR(X,) +— ZR(W,)

nyl lﬂwy

X, w,

Applying H’{y} (Xy, —), we obtain the commutative diagram

Hl{y} (Xy, R?TXy*OZR(Xy)) } Hl{y} (Xy» R(fyo 7TWy)*OZR(Wy))

T i

ny}(XwOX,y) ) > Hiy}(XyaRfy*OWy)

where the right vertical arrow is an isomorphism by Theorem 6.2, and the bottom horizontal arrow
is an injection by hypothesis. By the commutativity of the diagram, we see that the left vertical
arrow is an injection. Finally, since

H%{y} (va RWXy*OZR(Xy)) = Hfr)—(; (v} (ZR(Xy), OZR(Xy))a
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we see that X, is pseudo-rational by Theorem 6.2. O

We can now prove the following Boutot-type theorem for pseudo-rationality. More precisely, we
show that the condition in Theorem 6.2(7i:) descends for morphisms of the type below. Case (i) for
varieties is due to Kovécs [Kov00, Theorem 1] and the case when X is excellent is due to Bernasconi
and Kollar [BK23, Proposition 2.14]. Cases (ii)—(iv) for varieties is due to Boutot [Bou87, Théoréeme
on p. 65]. The author of the present paper previously proved that case (izi) holds in arbitrary
characteristic as well [Mur22, Proposition 4.20].

Theorem 9.2. Let f: W — X be a surjective morphism between integral locally Noetherian schemes
of equal characteristic zero. Assume one of the following holds:

(1) The natural morphism Ox — Rf.Ow admits a left inverse in D(X).
(ii) f is affine, and for every affine open subset U C X, the Ox(U)-module map Ox(U) —
Ow (f~HU)) is pure.
(131) f is faithfully flat.
(v) f is partially pure at every y € X in the sense that there is a w € W such that f(w) =y
and the map Ox y — Ow,y ts pure [CGMI16, p. 38].

If'Y satisfies the condition in Theorem 6.2(iii), then X does also.

Proof. Any of the hypotheses above implies the hypothesis in Proposition 9.1 after possibly replacing
X and W by maps on spectra of local rings. See the proof of [GM, Theorem 3.2]. O

In [Sch08, (2) on p. 611], Schoutens asked the following: Given a cyclically pure map R — R’ of
Q-algebras, if R’ is locally pseudo-rational, then is R locally pseudo-rational? Schoutens showed
that in this situation, if R’ is regular, then R is locally pseudo-rational [Sch08, Main Theorem A].

We answer Schoutens’s question in the affirmative by showing Theorem C. This result gives a
new proof of Schoutens’s theorem [Sch08, Main Theorem A].

Proof of Theorem C. By [Has10, Corollary 3.12], R is Noetherian and normal and R — R’ is pure.
By Theorem 9.2(ii), we know that R satisfies the condition in Theorem 6.2(7i7). By Theorem 6.2, it
therefore suffices to show that Ry is analytically unramified for every prime ideal p C R.

Let p € R be a prime ideal. Then, there exists a maximal ideal m C R’ such that the map
R, — R}, is pure by [HH95, Lemma 2.2], and hence the map (R,)" — (Ry,)" on completions is pure
[And18, Lemme A.2.2]. Since R], is analytically unramified, the completion (R],)" is reduced, and
hence (Rp)" is also reduced.

The “in particular” statement holds since if R’ is regular, then it is locally pseudo-rational
[LTS1, §4]. O

9.2. Deformation for pseudo-rationality. We now prove that pseudo-rationality deforms. This
result is due to Elkik [Elk78] when R is essentially of finite type over a field of characteristic zero,
and to the author [Mur22] when R is a quasi-excellent Q-algebra. Here, the key insight is that the
Zariski-Riemann space is functorial enough to act as a replacement for the embedded resolutions of
singularities used in [EIk78; Mur22].

Theorem 9.3 (cf. [E1k78, Théoreme 5; Mur22, Proposition 4.17]). Let (R, m) be a Noetherian local
Q-algebra and let t € m be a nonzerodivisor. If R/tR is pseudo-rational, then R is pseudo-rational.

Proof. First, R is normal by [Sey72, Proposition 1.7.4] and Cohen—Macaulay by [Mat89, Theorem
17.3(i7)]. Next, t maps to a nonzerodivisor in R, and R/tR ~ (R/tR)" is reduced, and hence R is
reduced by [EGAIVs, Proposition 3.4.6].

Set X = Spec(R) and X; := Spec(R/tR). By Lemma 6.1, it remains to show that

54
Hgl(R) — Hfffu{m}) (ZR(X>> OZR(X))
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is injective. Set ZR(X); == ZR(X) xx X and 7,: ZR(X;) — X;. We claim we have a commutative
diagram

ZR(X;)

ZR(X)y —— ZR(X)
lol
Xy —— X

in the category of locally ringed spaces, where the square is Cartesian. By definition of limits, it
suffices to show that for every morphism f: W — X in the inverse system defining ZR(X), there
exists a morphism f{: W/ — X; in the inverse system defining ZR(X;) such that the diagram

WtHW

lft if

Xt‘—>X

commutes. First, choose an irreducible component (W;)y of W; dominating X;. Since X is normal,
f is an isomorphism in codimension 1, and hence (W;)o maps birationally to X;. We can then apply
Chow’s lemma [EGATI, Corollaire 5.6.2] to find a projective birational morphism W} — (W) such
that the composition W/ — X, is projective birational, which proves the claim.

Next, consider the commutative diagram

0 0

hg

HEYR/tR) —— H!  (ZR(X)i, Ozr(x),) —— H%)

m  ({m}) 7 ({m}) (ZR(Xt)a OZR(Xt))

%
Hgl(R) - Hg—l({m})(ZR(X)aOZR(X))
t— to—

54

Hlil’l(R) —_— H;f—l({m}) (ZR<X)7 OZR(X))

~ hg

0 0

with exact columns where the left half is obtained from [Ive86, Functoriality I1.9.7]. The top left
horizontal arrow is injective since the composition in the top row is injective by Lemma 6.1, where
we use the fact that the edge maps in Definition 2.9(iv) behave well under composition of morphisms
[Smi97a, Proposition 1.12]. The columns are exact at the top by the fact that R is Cohen-Macaulay
and by Theorem 5.1(7).

Now suppose there exists an element 0 # 7 € ker(69). Since every element in H%(R) is annihilated
by a power of ¢, after multiplying 1 by a power of ¢ we may assume that ¢t = 0, in which case 7 lies
in the image of HS'(R/tR) in the left column. The commutativity of the diagram implies that the
composition

Hy '(R/tR) — Hi 1y (ZR(X), Ozr(x))
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is injective. Since 1 € ker(6%) by assumption, this shows that 1 = 0, a contradiction. g

9.3. Kempf’s criterion. We show that Kempf’s criterion [KKMSD73, Proposition on p. 50] holds
for quasi-excellent schemes of equal characteristic zero with dualizing complexes. This gives a proof
of Kempf’s criterion in equal characteristic zero independent of [Kov, Theorem 8.6].

The trace morphism below comes from the adjunction Rf, 4 f' in Grothendieck duality [[ar66,
Chapter VI, Corollary 3.4(b); Con00, Lemma 3.4.3].

Proposition 9.4 (cf. [KKMSD73, Proposition on p. 50; Lip94, Lemma 4.2]). Let f: X — Y be a
proper birational morphism of Noetherian schemes of equal characteristic zero such that X is regular
and such that'Y has a dualizing complex wy-. Denote by wx the unique cohomology sheaf of f!w;/
(after possibly applying shifts on each connected component of X ).

The following are equivalent:

(i) Y is normal and R'f.Ox =0 for all i > 0.
(ii) Y is Cohen—Macaulay and the trace morphism fiwx — wy is an isomorphism.

Proof. By [Lip94, Lemma 4.2], even without characteristic zero hypotheses, (i) holds if and only if
the trace morphism R f,w$ — w}- is a quasi-isomorphism.

We want to show that R f.w$ — wy is a quasi-isomorphism if and only if (i¢) holds. Since X is
regular, after possibly applying shifts on each connected component of X, w% is concentrated in
one degree. Moreover, R f,wx = 0 for all i > 0 by Theorem B(i) applied to .Z = Ox. We therefore
see that R f.w§ — wy is a quasi-isomorphism if and only if f.wx — wy is an isomorphism and wy-
is concentrated in one degree. But the condition that wj- is concentrated in one degree is equivalent
to Y being Cohen-Macaulay by local duality [Har66, Chapter V, Corollary 6.3]. O

9.4. Derived splinters. We show that Kovécs’s splitting criterion for rational singularities [Kov00,
Theorem 3] holds for quasi-excellent schemes of equal characteristic zero. The direction = gives
an independent proof of [Kov, Theorem 8.7] in equal characteristic zero. Recall that a scheme
S is a derived splinter if for every proper surjective morphism f: X — S, the natural morphism
Os — Rf.Ox splits in the derived category of coherent sheaves on S [Bhal2, Definition 1.3].

Theorem 9.5 (cf. [Kov00, Theorem 3; Bhal2, Theorem 2.12]). Let S be a quasi-excellent Noetherian
scheme of equal characteristic zero. Then, S is a derived splinter if and only if S has rational
singularities.

Proof. =. Let w: ZR(S) — S denote the canonical projection morphism from the Zariski-Riemann
space of S. For every admissible blowup 7y : Sy — S and every s € S, setting Sy := Spec(Og.s)
and 7y 1 S, 7, — S5, we know that the morphism

0

Hfs} (557 OSS) R H;;l,s({s}) (Ss,ﬂsv OSs,ys)

is injective for every ¢ since it admits a left inverse. Taking colimits over all .# € Aldg and aplying
Theorem 3.13, we see that the morphism

H{S} (Ssa OSS) —> Hﬂ_s—l({s}) (ZR‘(SS)a OZR(SS))

is injective for every ¢. By Theorem 6.2, this shows S has rational singularities.

<. Let g: Y — S be a proper surjective morphism. We want to show that Og — Rg,Oy splits
in the derived category of coherent sheaves on S. By Chow’s lemma [EGAII, Corollaire 5.6.2], we
may assume that g is projective. By homogeneous prime avoidance [Bou72, Chapter 111, §1, no. 4,
Proposition 8], we can take repeated hyperplane sections of Y to assume that g generically finite.
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By the Raynaud—Gruson flattening theorem [RG71, Premiere partie, Théoréme 5.2.2], we can then
find a commutative square that fits into a diagram

Y'— Y
| lo
wtsy b,y
where b is a blowup of S, h is the strict transform of g along b, and h is finite flat. We take

w: W — Y to be a resolution of singularities, which exists by [Tem08, Theorem 1.1]. Now consider
the corresponding commutative diagram

R(b o h)*Oy// < Rg*Oy

R(bo p).Ow +——— RbOys ¢ Og.

Since we are in equal characteristic zero and Y’ is normal, there is a section of Oy: — hyOyn ~
Rh.Oyn coming from the trace map [Bhal2, Example 2.1]. By definition of rational singularities,
the composition Og — R(bo u).Ow is a quasi-isomorphism, and in particular, splits. Thus, Og —
Rb,. Oy splits, which shows that Og — Rg.Oy splits by the commutativity of the diagram. O

9.5. Rationality of dlt pairs. In [BK23], Bernasconi and Kollar proved the following theorem
without characteristic assumptions by assuming that certain vanishing theorems hold and that
thrifty log resolutions exist. Since the required vanishing statements hold in equal characteristic
zero by Theorem A(i) and thrifty log resolutions are known to exist by [Tem18], we obtain the
following unconditional result. We note Theorem 9.6 below was already noted in [BK23, p. 2857] as
a consequence of Theorem A(7) in this paper.

Theorem 9.6 (see [BK23, Theorem 3.1)). Let X be an excellent normal Noetherian scheme of
equal characteristic zero with a dualizing complex w$ . Let A be an effective R-Weil divisor on X
such that (X, A) is dlt. Then, we have the following:

(1) X is Cohen—Macaulay.
(7i) Let D be a Weil divisor on X such that D 4+ Ap is R-Cartier for some 0 < Ap < A. Then,
Ox (D) is Cohen—Macaulay.
(131) For every reduced Weil divisor B C |A], the pair (X,B) is rational in the sense of
[Kol13, Definition 2.80]. In particular, X has rational singularities.
(iv) Log canonical centers of (X, A) are normal and have rational singularities.

Proof. We can apply [BK23, Theorem 3.1] since Grauert—Riemenschneider vanishing holds in this
setting by Theorem A(7), and thrifty log resolutions exist in this setting by [Tem18, Theorem 1.1.6].
Recall that if X is normal and D C X is a reduced Weil divisor, then a resolution f: Y — X
is thrifty if (Y, f7'D) is snc (i.e., Y is regular and f_!D has simple normal crossings), f is an
isomorphism over the generic point of every stratum of snc(X, D), and f is an isomorphism at the
generic point of every stratum of (Y, f,1 D) (see [Kol13, Definition 2.79)). O

Remark 9.7. For the statement of Theorem A, we need to know that if X is an excellent normal
Noetherian scheme of equal characteristic zero with a dualizing complex w%, and there exists an
effective Q-Weil divisor such that (X, A) is klt, then X is Cohen-Macaulay. The proof of Theorem
9.6 in [BK23] only needs Theorem A in the regular case. We may therefore use the regular case of
Theorem A to deduce that kit pairs are Cohen—Macaulay in the proof of the klt case of Theorem
A. Note that the fact that X is Cohen—Macaulay is not used in the proof that the regular case of
Theorem A implies the klt case (see §8.3).
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9.6. Cohen—Macaulayness of Rees algebras and a Briangon—Skoda theorem for rational
singularities. Finally, we give a criterion for when Rees algebras and associated graded rings of
graded sequences of ideals are Cohen—Macaulay. These results are essentially due to Sancho de Salas
[SdS87] and Lipman [Lip94], who proved the Cohen-Macaulayness of Gg() and Rg() assuming
certain vanishing theorems hold for the projection morphism f: X — Spec(R). In particular, Sancho
de Salas noted the relevant vanishing theorems hold for rings of finite type over C [SdS87, Theorem
2.8(a)]. We can prove the following statement for quasi-excellent rings thanks to our version of the
Grauert-Riemenschneider vanishing theorems (Theorem B*(i)). See also [SdS87, Theorem 1.4 and
Corollary 1.6; Lip94, Theorems 4.1 and 4.3] for partial converses to these results.

Theorem 9.8 (see [SAS87, Theorem 1.7; Lip94, Theorems 4.1 and 4.3]). Let (R, m) be a Noetherian
local Q-algebra of dimension d. Let F = (F})°, be a graded sequence of ideals in R such that

Fy = R. Suppose that
o)
Ry = @ Rt
=0

is Noetherian of dimension d+ 1. Set X = Projp(Rg) with canonical projection f: X — Spec(R).
(i) If R is Cohen—Macaulay and X is locally pseudo-rational, then

Gpe = @ Fen/Fe(ny)
n=1

is Cohen—Macaulay for some e > 0.
(i) If R and X are locally pseudo-rational, then

00
RF(e) = @ Fent"
n=1

1s Cohen—Macaulay and generated in degree 1 for some e > 0.

Proof. In either case, note that X is Cohen—Macaulay by definition of pseudo-rationality.
For (i), we apply [Lip94, Theorem 4.3]. It suffices to show that

Hj () (X, Ox) = 0

for all 4 < d. This vanishing holds by Theorem B*(7).
For (ii), we apply [Lip94, Theorem 4.1]. It suffices to show that

OSpec(R) — Rf.Ox

is a quasi-isomorphism. Since R and X are locally pseudo-rational, Theorem 6.2 implies that both
the composition

OSpec(R) — Rf*OX L) RW*OZR(X)
and the second morphism in this composition are quasi-isomorphisms in the derived category of
Ospec(r)-modules, where m: ZR(X) — Spec(X) is the canonical projection. Since the composition
ZR(X) — X — Spec(R) is isomorphic to the projection morphism ZR(Spec(R)) — Spec(R) by
definition of the Zariski-Riemann space, we see that Ogpec(r) — Rf«Ox is a quasi-isomorphism. [

This yields the following characterization of rational singularities in equal characteristic zero,
which for rings essentially of finite type over a field is due to Lipman [Lip94].

Corollary 9.9 (see [Lip94, p. 149]). Let (R,m) be a quasi-excellent Noetherian local Q-algebra.
Then, R has rational singularities if and only if there exists an ideal I C R such that R[It] is
Cohen—Macaulay and Projp(R[It]) is regular.
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Proof. =. Let X — Spec(R) be any projective resolution of singularities, which exists by [Hir64,
Chapter I, §3, Main Theorem I(n)]. Then, X ~ Projz(R[Jt]) for some ideal J C R by [EGAIII;,
Corollaire 2.3.7]. By Theorem 9.8(ii), R[J¢t] is Cohen—-Macaulay for some e > 0. Since

ProjR(R[Jt]) o~ ProjR(R[Jet]);

setting I = J¢ works.

<. By [Lip94, Theorem 4.1], we know that Ogpec(r) — Rf«Ox is a quasi-isomorphism. This
implies R has rational singularities since the definition of rational singularities is independent of the
resolution of singularities chosen [Mur22, Remark 4.13]. O

We also obtain the following version of the Briangon—Skoda theorem for rings with rational
singularities. This statement strengthens the Briancon—Skoda theorem shown by Lipman and
Teissier for pseudo-rational rings in arbitrary characteristic [LT81, Theorem 2.1]. The statement
below is due to Huneke when R is essentially of finite type over a field of characteristic zero [Hun00].

Corollary 9.10 (cf. [Hun00, Corollary 4.8]). Let R be a normal locally excellent Noetherian
Q-algebra with rational singularities. Then, for every ideal I C R of analytic spread £, we have

for alln > ¢.

Proof. Since the question is local, we can localize at every maximal ideal in R to assume that
R is local. By [Hun00, Corollary 4.8], it suffices to show there exists an ideal J C R such that
Projp(R[Jt]) is regular and R[Jt] is Cohen-Macaulay. This condition is equivalent to R having
rational singularities by Corollary 9.9. U

10. COMPLETE LOCAL UFDS OF DIMENSION < 4 WITH RESIDUE FIELD C ARE (GORENSTEIN

In this section, we give another application of our vanishing theorems that is not related to
rational singularities. In [Sam61, p. 17], Samuel asked whether every UFD is Cohen—Macaulay.
While the answer is no in general [Ber67, Proposition on p. 655] (see also [Lip75, §4] for a survey), all
complete local UFDs (R, m) such that R/m ~ C are S3. This result is due to Raynaud (unpublished),
Danilov [Dan70, Theorem 2|, Boutot [Bou73, Corollaire on p. 693], and Hartshorne-Ogus (when R
is algebrizable) [HO74, Theorem 2.5]. Hartshorne and Ogus showed that in dimensions < 4, such
rings are in fact Gorenstein [HO74, Corollary 2.6].

We remove the algebrizability condition in Hartshorne and Ogus’s proof using our vanishing
theorems. Hartshorne and Ogus’s proof uses resolutions of singularities [Hir64] and the relative
Grauert—Riemenschneider vanishing theorem [GR70, Satz 2.3].

Theorem 10.1 (see [HO74, Corollary 2.6]). Let (R, m) be a complete local UFD of dimension < 4
such that R/m ~ C. Then, R is Gorenstein.

Proof. Let f: Z — Spec(R) be a resolution of singularities, and set M* := R'f,Oy for every i. By
[HO74, Proposition 2.4], we have M = 0. Replacing Hartshorne and Ogus’s dual version of the
Grauert—-Riemenschneider vanishing theorem [HO74, Proposition 2.2] by Theorem B*() in the proof
of [HO74, Theorem 2.3|, we then see that R satisfies S3. Since dim(R) < 4, we see that R satisfies
Hartshorne and Ogus’s condition C' [HO74, Definition 1.7], i.e., for every prime ideal p C R, we have

1
depth(Ry) > min{dim(Rp), B dim(R,) + 1}.

This implies R is Gorenstein by [HO74, Corollary 1.8]. d
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11. EXTENSIONS TO OTHER CATEGORIES

In this section, we prove Theorem A’, which extends our main vanishing and injectivity theorem
to other categories of spaces. While most objects and notions appearing in the statement of Theorem
A’ were either defined or checked to be compatible with existing definitions and relative GAGA in
[LM, §§23-25], the notion of bigness in [LM, Defintion 25.5] requires projectivity assumptions to
apply relative GAGA theorems. We therefore define relative bigness below before proving Theorem
A’ in the next subsection.

Remark 11.1. The projectivity assumption on f is necessary in cases (I), (III), (III"), and (IV) since
as far as we aware, appropriate versions of Chow’s lemma for proper bimeromorphic morphisms in
these categories do not exist in the literature. See [AT19, §1.6] and [Duc21, Théoréme 6.6]. We
have written our proof of Theorem A’ so that if such a version of Chow’s lemma becomes available
in one of these categories, then Theorem A’ would also be true in that category.

11.1. Relatively big invertible sheaves and locally Moishezon morphisms. In this subsection,
we define relatively big invertible sheaves and locally Moishezon morphisms in the categories of
spaces appearing in Theorem A’.

To be able to state Theorem A’(i) without projectivity assumptions, we need to define relative
bigness without relying on GAGA or the existence of a relatively ample invertible sheaf. Instead,
we adapt Nakayama’s definition of relative bigness for complex-analytic spaces [Nak87, Definition
on p. 568], which uses relative Proj. We define relative Proj as in [Stacks, Tag 084C] for algebraic
spaces, [Nak04, Chapter II, §1.b] for complex analytic spaces, [Duc21, 5.4] for Berkovich spaces,
[Con06, Definition 2.3.3] for rigid-analytic spaces, and [Zav, Definition 6.7] for adic spaces. All these
constructions are compatible with relative GAGA over affinoid subdomains in the base, since locally,
relative Proj is a closed subscheme of a projective space over an affinoid space.

We now define relative bigness for invertible sheaves and Cartier divisors. We restrict to the case
of morphisms between integral schemes for simplicity. The idea is to use functorial properties of
Proj to discuss bigness instead of generic fibers as Nakayama does in the complex-analytic case in
[Nak87, Definition on p. 568] (see also [Kol22, p. 1666]), since generic fibers to do not always exist
in the categories we are interested in.

Definition 11.2. Let f: X — Y be a proper morphism such that X is integral. Consider an
invertible sheaf . on X. For each integer n > 0, consider the adjunction morphism f* f,.Z%" — Z.
Let b C Ox be the coherent ideal sheaf such that this adjunction morphism factors as

[ ful®" —s b LO" PO
Taking symmetric algebras and relative Proj, we obtain the commutative diagram

Bl X «— Px(f*f*$®n) = X Xy Py(f*cg,ﬂ@n)

K / lprg (19)
X

77777777777777777777777 » Py (f.2%7) — Y

where the composition in the bottom row is f. We say that .Z is f-big if there exists an integer
n > 0 such that the dashed arrow in the diagram above is generically finite onto the closure of
its image, i.e., is finite away from a nowhere dense set in the closure of its image. We extend this
definition to Cartier divisors L on X by asking that its associated invertible sheaf Ox (L) is f-big. If
D is a Q-Cartier divisor, then we say that D is f-big if some positive integer multiple of D is f-big.

We note the partially defined map X --» Py (f..Z®") in (19) is meromorphic in the sense of
Remmert [Rem57, Def. 15] (see also [Pet94, Definition 1.7]) in the complex analytic case and is
meromorphic in the sense of Morrow and Rosso [MR23, Definition 3.2] in the non-Archimedean case.
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Remark 11.3. Suppose f as in Definition 11.2 is projective. Then, we see that X --+ Py (f..2%")
is generically finite if and only if for every affinoid subdomain U C Y, this map is the relative
analytification of a generically finite rational map of schemes over U. As a result, we see that
our definition of relative bigness coincides with our previous definition in [LM, Definition 25.5] for
projective morphisms, and hence is compatible with GAGA.

We define (locally) Moishezon morphisms as follows. Our definition is an adaptation of the
definition for complex analytic spaces in [Moi74, Definition 2; Kol22, Definition 11].

Definition 11.4. Let f: X — Y be a proper morphism. We say that f is Moishezon if the morphism
f is bimeromorphic (over Y') to a projective morphism. We say that f is locally Moishezon if for
every point y € Y, there exists an affinoid subdomain U C Y containing y such that the morphism
f~Y(U) — U is Moishezon.

We now show that the existence of an f-big invertible sheaf implies that f is locally Moishezon.

Lemma 11.5. Let f: X = Y be a proper morphism such that X is integral. Consider an f-big
invertible sheaf £ on X. For all n > 0 such that the dashed arrow in (19) is generically finite onto
the closure of its image, let fP be the finite part of the Stein factorization

Bly X — X? L Py (f.2%m)
of the morphism Bly X — Py (f.Z®"). Then, the composition

p JI” ®n
XP — Py (fu ") — Y
is a locally projective morphism bimeromorphic (over'Y ) to f. In particular, f is locally Moishezon.

Proof. Let n > 0 be an integer such that the dashed arrow in (19) is generically finite onto the
closure of its image. The morphism Bly, X — Py (f..Z®™) is then generically finite onto its image.
Now consider the Stein factorization of this morphism

Bl X — X? — Py (f.2%"),

which exists for algebraic spaces by [Stacks, Tag 0A1B], for semianalytic germs of complex analytic
spaces by applying [GR84, 10.6.1] to a representative of this morphism, for Berkovich spaces
by [Ber90, Proposition 3.3.7], for rigid analytic spaces by [BGR&84, Proposition 9.6.3/5], and for
adic spaces locally of weakly finite type over a field by [Man23, Theorem 3.9]. The morphism
XP — Py (f.Z®") is finite, and the morphism Bl, X — X7 is surjective and bimeromorphic. We
therefore see that the morphism

XP 2 Py (f.2%") — Y

is a locally projective morphism in the sense that for every y € Y, there exists an affinoid subdomain
U CY containing y such that X? xy U — U is projective. Thus, f is locally Moishezon. O

11.2. Proof of Theorem A’. We can now prove Theorem A’.

Proof of Theorem A’. Since the statement is local on Y, we may assume that Y is affinoid. We will
also be able to replace Y by smaller affinoid subdomains during the proof below.

We first show that Theorem A’ holds when f is projective. The case for algebraic spaces
follows by flat base change [Stacks, Tag 073K] applied to an étale cover of Y. For the other
cases, by the GAGA-type results in [LM, §§23-25], we know that f is the analytification of a
projective morphism of schemes, and that the hypotheses in Theorem A’ are compatible under the
GAGA correspondence. Since the vanishing and injectivity statements on the scheme side hold by
Theorem A, the compatibility of analytification with higher direct images [EGAITII;, Proposition
5.1.2; AT19, Theorem C.1.1; Poil0, Théoreme A.1; Kép74, Folgerung 6.6; Hub07, Corollary 6.4]
shows that the desired vanishing and injectivity statements are preserved under analytification.


https://stacks.math.columbia.edu/tag/0A1B
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For the locally Moishezon case, we first reduce case (III) to case (II'). Note that in both
cases, Y is a point. Let £ C K, be a field extension where K, is a complete non-trivially valued
non-Archimedean field such that X ®j K, is a strictly K,-analytic space (such a K, exists as in the
proof of [Ber90, Proposition 2.2.4]). Since coherent cohomology is compatible with the field extension
k C K, by [Ber90, Proposition 2.1.2(i7)] (see the proof of [Ber90, Proposition 3.3.5]), we can detect
the desired vanishing and injectivity statements after base change to K. Note that the formation of
wx is compatible with base change to K, [Ber93, Proposition 3.3.3(i7)]. Bigness is compatible with
this extension since blowups and relative Proj are compatible with ground field extensions (locally,
they are defined as the scheme-theoretic notions on affinoid subdomains, which are compatible
with base change). Nefness is compatible with this extension because proper Berkovich curves
are always projective [dJ95, Proposition 3.2 and Remark 3.3; Duc, Théoréme 3.7.2], and hence
are algebraizations of projective curves, to which we we can apply the scheme-theoretic result in
[Kee03, Lemma 2.18(1)]. Finally, the comparison between (Berkovich) strictly K,-analytic spaces
and rigid K,-analytic spaces in [Ber93, Theorem 1.6.1] is compatible with coherent cohomology
[Ber93, p. 37], the formation of wx (by definition on the smooth locus, which is preserved by
[Ber90, Proposition 3.3.1(4i7)]), and both bigness (since finite morphisms are by [Ber90, Proposition
3.3.2]) and nefness (since coherent cohomology, and hence the computation of Euler characteristics,
is compatible as above). This shows we may reduce case (IIT) to case (IIT').

It remains to reduce to the case when f is projective in cases (0), (II), and (IIT"), where in the
last case we assume that Y is a point. We claim that after possibly replacing Y with an affinoid
subdomain, we can construct a commutative diagram

7N &

of proper morphisms, where 7, ¢, and p are bimeromorphic, fP is projective, and 7o is a projective
log resolution of (X, A) such that fP o ¢ oy is projective. The bottom square exists in case (i) by
Lemma 11.5, and exists in case (ii) by the locally Moishezon assumption. To construct the desired
projective log resolution, we first apply Chow’s lemma for bimeromorphic/birational morphisms,
and then take a projective log resolution. Projective log resolutions exist in these categories by
[AHV77, Theorem 5.3.1; Sch99, Theorem 3.2.3 and Remark on p. 327; Tem18, Theorem 1.1.13]. For
algebraic spaces, Chow’s lemma (without birationality assumptions) holds by [Stacks, Tag 088U].
For semianalytic germs of complex analytic spaces, we can apply the complex-analytic version of
Chow’s lemma [Moi74, Par. 2; Hir75, Corollary 2] to a representative of ¢. Finally, for rigid analytic
spaces, we can apply Chow’s lemma for proper Moishezon rigid analytic spaces [Conl0, Corollary
4.1.2] since Y is a point.

Next, we construct appropriate divisors on X to which we will apply the projective case of
Theorem A’ proved above. As in the proof of Theorem A in §8.3, we can write

KX' + (7‘(‘ o H)*M + (71' o ,u,);lA —+ Z(’VCLJ — CLZ)El ~Q (7T o ,u>*N + Z[CLJE“

in which case setting

N = (mou)' N+ [ai] B,

7
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we have
N~ K+ (mop) ™M+ (mo A + Z(MJ —a;)B;.
i
Since (mo p)*M is (o pu)-big and (7 o u)-nef by the projection formula, we know that
Ri(mo M)*(OX(N)) =0
for all i > 0 by the projective case of (i).
For (i), we know that (7o u)*M is (fP o ¢ o u)-nef and (fP o ¢ o p)-big by the projection formula,
the normality of X, and the commutativity of the diagram (20). We therefore see that
Ri(fomou). (Og(N)) = R(f” 0 60 ). (O () =0
for all # > 0 by the projective case of (i). We then consider the Leray spectral sequence

Ey! = R'f. (R (mo u).(0x(N)) = R™(f omo ). (Ox(N)).

By the vanishing R (7 o u).(O X(N )) = 0, the E5 page of this spectral sequence is concentrated in
the row 7 = 0. We therefore have a natural isomorphism

Rif*((ﬂou)*((QX(N))) ~ R'(f owop)*(OX(N)) =0

for all i > 0. Now by definition of N and the projection formula, we have

(70 1), (O () = Ox(W) By (o ). (O (STl ) ) = 0x(¥)

(2

since X is normal and the E; are (7 o u)-exceptional (cf. [Laz04a, Example 2.1.16]). We therefore
have

R (Ox(N)) = RUf, (o 1), (05 () = 0.
For (ii), since the map Ox — Ox (D) factors the map Ox — Ox (D + D'), we can replace D by
D + D’ to assume assume that Ox (D) ~ Ox(nM), and in particular, we may assume that D is
Cartier. The projective case implies that the canonical morphisms

R(formom.(Oz(N)) — R(fomop)(Og(N+ (wop) D))

are injective for all i since (m o pu)*M is (f o 7 o p)-semi-ample (by the projection formula, the
normality of X, and the commutativity of the diagram (20)) and O ((mop)*D) ~ Og(n (wou)*M).
The same argument using the Leray spectral sequence as in the previous paragraph then implies
that the canonical morphisms

R'f.(Ox(N)) — R'f.(Ox(N + D))

are injective for all . O
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