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ABSTRACT

We give many new results related to the theory of tight closure and its generalizations. Explicitly,
we establish a series of results showing that the Jacobian ideal is contained in the test ideal for tight
closures both in equal characteristic p and equal characteristic O for algebras essentially of finite type
over power series rings (they are called semianalytic algebras). We move on to introduce and study
a new closure called wepf in mixed characteristic, and prove that it is a Dietz closure satisfying the
Algebra axiom. This is the first known example of a Dietz closure in mixed characteristic. This is
achieved by proving that the epf closure satisfies what we call the p-colon-capturing property. We
define and study the relationships with properties connected with tight closure. For example, we
show that a persistent closure operation that captures colons automatically captures the plus closure,
i.e., the contraction of the expansion of an ideal to the absolute integral closure of the ring. We
also show that the existence of persistent closure operations between two complete local domains
gives us a weakly functorial version of the existence of big Cohen-Macaulay algebras for them.
We also develop a new numerical notion for ideals called size using the theory of quasilength, and
show that the size of an ideal is always between its height and arithmetic rank. We show under
mild conditions that the size is the same as height for one-dimensional primes in a local ring whose
completion is a domain. We further study the additive property and the asymptotic additive property

of quasilength.
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CHAPTER

Introduction

1.1 An Overview

We want to explain a little bit about one of the origins of commutative algebra in number theory.
Around 1637, Pierre de Fermat wrote the following in the margin of a copy of an ancient Greek text
on mathematics called “Arithmetica.”

“It is impossible to separate a cube into two cubes, or a fourth power into two fourth powers,
or in general, any power higher than the second, into two like powers. I have discovered a truly
marvelous proof of this, which this margin is too narrow to contain.” — Fermat

This is the famous “Fermat’s Last Theorem,” i.e., that equations of the form a™ + b™ = c" have
no solutions in positive integers if n is an integer greater than 2. Although Fermat claimed to have a
general proof of his conjecture, no proof by him has ever been found. His claim stood unproven for
the next three and a half centuries. By analyzing Fermat’s equation, people realized that it suffices
to show it has no solution when n is an odd prime and n = 4. The case n = 4 was proved by Fermat,
which, interestingly, is the only proof that is found to be written by Fermat. Leonhard Euler proved
the case n = 3 in 1770. In the nineteenth century Adrien Marie Legendre and P.G. Lejeune Dirichlet
independently proved the theorem for n = 5.

It took a long time for people to find a practical way to deal systematically with Fermat’s
equation. In 1847, Gabriel Lamé outlined a proof of Fermat’s Last Theorem based on factoring
the equation 2 + y? = zP in the complex numbers for a prime integer p. His proof failed, however,
because it assumed a property called “unique factorization” in a context where the property fails.
Following Lamé’s approach, Ernst Kummer carefully studied the unique factorization property of
certain integer rings of cyclotomic fields and proved Fermat’s Last Theorem in many cases. The
extension of Kummer’s ideas to the general case was accomplished independently by Leopold
Kronecker and Richard Dedekind during the next forty years. Dedekind created the basics of
commutative algebra, i.e., the theory of modules and ideals, which are the main concepts that we
will study in this thesis. Before we dive deeper into the theme of commutative algebra, let us finish

the story of Fermat’s Last Theorem. Around 1955, Japanese mathematicians Goro Shimura and



Yutaka Taniyama came up with a conjecture addressing a possible link between elliptic curves and
modular forms. In 1986, Kenneth Ribet proved that the Taniyama—Shimura conjecture implies
Fermat’s Last Theorem. Finally, in 1994, Sir Andrew Wiles proved Fermat’s Last Theorem by
proving a form of the Taniyama-Shimura conjecture. A gap was filled by Richard Taylor.

Apart from providing tools for the study of Fermat’s Last Theorem, commutative algebra
flourished on its own over the last century. With contributions from great mathematicians like
David Hilbert, Emmy Noether, Jean-Pierre Serre, Wolfgang Krull, Masayoshi Nagata, Oscar Zariski,
and many more, commutative algebra has become an important and interesting subject of modern
mathematics.

Commutative algebra can be described as the study of commutative rings and their ideals and
modules. A ring is a set with addition, subtraction, and multiplication satisfying certain properties.
Some examples of a ring include the integers Z, the complex numbers C, and the polynomials in
one variable over the real numbers R[z]. Ideals in rings can be thought of as a generalization of the
notion of the set of multiples of a number in the integers. For example, the ideal generated by {zy}
in the ring R[z, y] is the set of all polynomials that are products of zy and some other polynomial.
We usually write it as (zy). There are also ideals generated by two or more generators. For instance,
the ideal (z,y), which consists of polynomials with no constant term, needs two generators. The
study of ideals is also closely related to the study of solution sets to polynomial equations. The
solution sets form geometric objects called algebraic sets (or varieties if they are irreducible). For
the ideal (xy) in Rz, y], the algebraic set is the set of points in the zy-plane satisfying the equation
zy = 0, i.e., the union of the z-axis and the y-axis. Note that there can be many different ideals
corresponding to the same algebraic set. For example, we can take the ideal (22y?) and still get
the union of the z-axis and the y-axis. This is because solving an equation f(x,y) = 0 in R? is the
same as solving the equation (f(x,y))? = 0, or any higher power of f(x,y) equaling to zero. To
remedy this, we can instead consider the radical of an ideal I, i.e., the set of elements that have
some power in I. The procedure of taking the radical of an ideal is a special case of taking a closure
of an ideal. Roughly speaking, taking a closure of an ideal I is a way to produce a new ideal .J that
is closely related to /. For example, the radical (closure) of I defines the same algebraic set as /.
By taking the radical in the case of an algebraically closed field, the correspondence between ideals
and algebraic sets becomes one-to-one and therefore makes study easier and cleaner.

In the history of commutative algebra, many closure operations have been defined and studied
by mathematicians. One example is the radical (closure) we mentioned above. Often, the study
of different concepts eventually leads to the study of closure operations. There is a notion called
multiplicity, which, roughly speaking, describes the number of times that a geometric object passes
through a point. The study of multiplicity is closely connected to the study of a closure operation

called integral closure. On the other hand, the further exploration of closure theory produces a great



many fruitful results that can be applied to problems not directly related to the closure operation.
One of the most famous examples is the application of tight closure to a network of conjectures in

commutative algebra, called the homological conjectures.

1.2 Tight Closure

In commutative algebra, homological conjectures have generated a tremendous amount of
activity in the last 50 years. They concern a number of interrelated (sometimes surprisingly so)
conjectures relating various homological properties of a commutative ring to its internal ring
structure. [Hoc75] gives a nice summary of a list of these conjectures. Many of these conjectures
in positive characteristic are resolved due to the development of tight closure, invented by Mel
Hochster and Craig Huneke in their celebrated paper [HH90]. They also used tight closure to prove
various remarkable results, e.g., the existence of balanced big Cohen-Macaulay algebras for rings
containing a field and a containment theorem for symbolic powers in equal characteristic regular
local rings (cf. [Hoc73, HH92, HH94b, HH94a, ELSO01, HH02]). Along with the development of
tight closure, there are several unexpected applications. For example, by using descent techniques

and tight closure, one can show that for n+1 polynomials in n variables fi, ..., foi1 € Clxy, ..., z,],
one has fJ---fr, e (fr+1, ... fo+l). The statement is elementary, but the proof is by no means

obvious, even in the case n = 2.
There are several important developments from tight closure theory. We want to list three of

them that will be relevant to this thesis.

1.2.1 Test element theory

Test ideals were first introduced in the same paper introducing tight closure ([HH90]). Since
their invention, they have found applications far beyond their original scope, including Frobenius
splittings ([MR85, RR85]) and singularity theory ((HH94a, HH89]). For a good survey on this,
we refer to [ST12]. There are various generalizations of test ideals, e.g., to pairs in positive
characteristic ([HYO03, HT04]) and to pairs in mixed characteristic ((MS18a, MS18b]). Test ideals

are also closely related to multiplier ideals in equal characteristic O ([Smi00, HarO1]).

1.2.2 Generalizations to other characteristics

Inspired by the fruitful results of tight closure, Raymond C. Heitmann developed four closure
operations, ep, rl, epf, and r1f, in the mixed characteristic case ([HeiO1]). He also proved one of
them, the epf closure, satisfies the (usual) colon-capturing ([Hei02, Theorem 3.7]) for rings of mixed
characteristic of dimension at most 3. Based on this result, he was able to prove the direct summand

conjecture in that case ([Hei02]). Recently, due to the development of perfectoid theory ([Sch12]),



many homological conjectures in mixed characteristic have been resolved by Yves André, Bhargav
Bhatt, Raymond Heitmann, and Linquan Ma ([And18a, And18b, And20, Bhal7b, HM18]). With
the help of perfectoid techniques, Raymond Heitmann and Linquan Ma were able to prove that epf

closure satisfies the (usual) colon-capturing condition ((HM21, Corollary 3.11]).

1.2.3 Axiomatization of closures

Geoffrey Dietz and Rebecca R.G. studied the relation between the existence of balanced big
Cohen-Macaulay algebras (modules) and closure operations. Dietz introduced seven axioms (see
[Diel0, Axiom 1.1] and Axiom Set 3.1.4 in Section 3.1). We call a closure operation a Dietz closure
if it satisfies all of Dietz’s axioms. Dietz proved that a local domain R has a Dietz closure if and
only if it has a balanced big Cohen-Macaulay module. In [R.G18], R.G. introduced a new axiom
called the Algebra axiom, and proved that the existence of a Dietz closure satisfying the Algebra
axiom is equivalent to the existence of a balanced big Cohen-Macaulay algebra. Recently, the
existence of balanced big Cohen-Macaulay algebras in mixed characteristic was completely solved

by Yves André using perfectoid techniques ([And18a]).

1.3 Results and Outline

In Chapter II, we aim to extend some results about test ideals in equal characteristic p, and
contribute to the theory of test ideals of tight closures defined in equal characteristic O for (semi-
/affine-)analytic algebras ((HH99]).

A key property of test ideals is that they multiply the tight closure of any ideal back into
that ideal. The theory has been generalized to arbitrary closure operations in any characteristic
([ERG19, PG21]).

Some of the main results of Chapter II are summarized in the following theorems. See Def-
inition 2.1.9 for the definition of semianalytic algebras, Definition 2.1.18 for “equiheight,” and

Definition 2.2.7 for “absolute reducedness.”

Theorem 1.3.1 (Theorem 2.3.3). Let R be a semianalytic K-algebra that is the localization of an
absolutely reduced equiheight affine-analytic K-algebra where char(K') = p. Then the Jacobian
ideal J(R|K) is contained in the test ideal of R for K-tight closure, and, hence, the test ideals for

small equational tight closure.

Remark 1.3.2. The result above implies the result of Theorem 2.3.1, where R is assumed to be an
absolutely reduced equidimensional complete K -algebra. However, the proof of Theorem 2.3.3

relies on Theorem 2.3.1.



Theorem 1.3.3 (Corollary 2.5.11). If R is a semianalytic K-algebra that is the localization of a
reduced equiheight affine-analytic K-algebra, then the Jacobian ideal J(R/K) is contained in
the test ideal. For any flat K-algebra morphism R — R’ with geometrically regular fibers, the
expansion of the Jacobian ideal J(R|K)R' is contained in the test ideal of R'. Here, both test

ideals are for K-tight closure, which is contained in the test ideals for small equational tight closure.

Remark 1.3.4. The result above implies the case when R is a reduced equidimensional complete
K -algebra (Theorem 2.5.6) and the case when R is a reduced equiheight affine-analytic K -algebra
(Theorem 2.5.7). But the proof of Corollary 2.5.11 relies on Theorem 2.5.6 and Theorem 2.5.7.

The purpose of Chapter III is to develop a new closure operation in mixed characteristic called

wepf (Definition 3.3.1), and prove that
Theorem 1.3.5 (Theorem 3.3.8). The wepf closure is a Dietz closure satisfying the Algebra axiom.

This gives a new proof of the existence of big Cohen-Macaulay algebras, and hence big Cohen-
Macaulay modules. We achieve this by proving a strong property about the epf closure of ideals
generated by part of system of parameters (Theorem 3.2.4), which we call p-colon-capturing
(Definition 3.2.3). This property generalizes some results in [HM21]. We point out that our p-colon-
capturing property can also be used to prove that r1f is a Dietz closure satisfying the Algebra axiom.
So far as we know, the problem of whether epf is a Dietz closure remains open.

We also prove the following result about module-finite extensions. See the discussion right

above Construction 3.4.2 for a brief introduction on the notion of phantom extension.

Theorem 1.3.6 (Theorem 3.4.1). If R — S is a module-finite extension of complete local domains

of mixed characteristic p with an F'-finite residue field, then this map is epf-phantom.

This result, together with Heitmann and Ma’s result [HM21, Theorem 3.19], implies the direct
summand conjecture. We make great use of techniques from Yves André’s results in [And18b]
and Bhargav Bhatt’s results in [Bhal7b]. We also prove a property (Theorem 3.5.13) similar to
p-colon-capturing in the positive characteristic case. This is a completely new phenomenon in tight
closure theory.

We want to discuss some related results about closure theory in Chapter IV. We first extend
the result [Diel8, Theorem 4.8] to a more general setting (Corollary 4.1.10). For this purpose, we
also generalize various notions to the non-domain case. Then we define two more axioms, the
colon-capturing axiom (Axiom 4.2.2) and the persistence axiom (Axiom 4.2.3), and discuss various

related results. In particular, we show the following result.

Theorem 1.3.7 (Theorem 4.2.11). If R — S is a ring map between complete local domains and cl is

a persistent Dietz closure satisfying the Algebra axiom with respect to the category of complete local
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domains, then we obtain a weakly functorial version of the existence of their big Cohen-Macaulay
algebras, i.e., there exists a big Cohen-Macaulay R-algebra B, a big Cohen-Macaulay S-algebra
C, and a map B — C' such that

T

S

_

—

_—

commutes.

Finally, we introduce two more closure operations PBCM and BCM in mixed-characteristic,
and discuss the containment problems among PBCM, BCM, epf, and wepf.

In Chapter V, we develop a new notion called size for an ideal in a ring R (Definition 5.2.1)
based on the notion of quasilength introduced by Mel Hochster and Craig Huneke in their joint paper
[HHO9]. We show that the size of an ideal is a quantity invariant up to radicals (Proposition 5.2.4),
and is always between the height and the arithmetic rank of the ideal (Proposition 5.2.5). We
also show that the size of an ideal is unchanged when we kill finitely many nilpotent elements
(Theorem 5.2.8). Moreover, we show that a finitely generated ideal is of size 0 if and only if it is

nilpotent (Proposition 5.2.9). In the case of prime ideals, we have the following result.

Theorem 1.3.8 (Theorem 5.2.10). Let R be a local ring and P a prime ideal of R such that
dim R/P = 1. Suppose that there is some ¢ such that P(°») ¢ P" for all n (this holds if the

completion of R is a domain) and R| P is module-finite over a regular local ring A (this holds if
R/ P is complete). Then size( P) = ht(P).

Many properties of size are hard to study because the notion of size is based on quasilength. One
difficulty with quasilength is that it is not additive, even in the case of the direct sum of two modules
([HZ18, Example 3.5]). We first show additivity of quasilength in a special case (Proposition 5.3.1),
and generalize [HZ18, Example 3.5] in Proposition 5.3.3. Then we study the asymptotic behavior
of the additive property. More precisely, we prove that

Theorem 1.3.9 (Theorem 5.3.15). Suppose that (R, m) is a noetherian local ring of dimension 1.
Then there exists a positive constant C' (independent of M and I) such that for any ideal I € R and

any finitely generated module M, we have
CnLy(M]I"M) < Li((M]T"M)®™) < nLy(M/I"M)

for any positive integer n.



1.4 Definitions and Notation

While we have a preliminary section in each chapter to discuss definitions and notation related

to that chapter, it is convenient to fix some notation that will be used throughout this thesis.
* All rings are commutative associative rings with a multiplicative identity element 1.
» p will always be a positive prime integer.

Let R be aring. An element x € R is called a nonzerodivisor if for any other element y € R such
that xy = 0, we have y = 0. R is called a domain if all nonzero elements of R are nonzerodivisors.
If R is a domain, the fraction field Frac(R) of R is the localization of R at all its nonzero elements,
i.e., Frac(R) = (R - {0})~'R. The absolute integral closure R* of R is the integral closure of R in
an algebraic closure of its fraction field.

By “alocal ring (R, m, k)” we mean a ring in which m is the only maximal ideal of R and k is
the residue field of R, i.e., k = R/m. Sometimes we omit k in the triple if we do not need to refer
to it. Given a d-dimensional noetherian local ring ( R, m), by Krull’s height theorem, the maximal
ideal m is a minimal ideal of an ideal generated by d elements x4, ..., x4, and no fewer. The d

elements are called a system of parameters for the local ring R.

Definition 1.4.1. Let R be a ring and M an R-module. A sequence x4, ..., x, is called a regular

sequence on M if the following conditions hold:
e 17 is a nonzerodivisor on M.
* x; is a nonzerodivisor on M /(x1,...,x;_1)M, where 2 < i < n.
o M/(x1,...,2,)M #0.

We can also relate regular sequences to Ext modules: Let R be a noetherian ring and let M
be an R-module. Let z = (21, ..., x,) be a regular sequence on M contained in some ideal I ¢ R.
Then Ext’»(R/I, M) = 0 for 0 < i < n. If n is the longest possible length of a regular sequence in I
on M, then Extly(R/I, M) # 0.

A d-dimensional noetherian local ring (R, m, k) is Cohen-Macaulay if one (equivalently, every)
system of parameters of R is a regular sequence on R. Equivalently, R is Cohen-Macaulay if
Ext’(k, R) = 0 where 1 <i < d and Ext®(k, R) # 0. R is a Gorenstein ring if it is Cohen-Macaulay
and dim;, Ext?(k, R) = 1. R is a regular local ring if the maximal ideal m is generated by d elements.
Although it is not obvious, regular local rings are Gorenstein, hence, Cohen-Macaulay.

Most rings we study in commutative algebra are not even Cohen-Macaulay. Thus, we have the

following definition.



Definition 1.4.2. Let (R, m) be a noetherian local ring. An R-module M is a big Cohen-Macaulay
module if some system of parameters for R is a regular sequence on M. It is called a balanced
big Cohen-Macaulay module if every system of parameters of R is a regular sequence on M. An
R-algebra S is a (balanced) big Cohen-Macaulay algebra if it is a (balanced) big Cohen-Macaulay

module over R.

The difference between a balanced and nonbalanced big Cohen-Macaulay module is very minor.
In fact, by a result from [BS83], the m-adic completion of any (nonbalanced) big Cohen-Macaulay
module is a balanced big Cohen-Macaulay module. Hence, from now on, we will omit the word
“balanced.” By “big Cohen-Macaulay algebra/module” we mean that every system of parameters
is a regular sequence on this algebra/module. The terminology “big” here means that we do not
require the algebra/module to be finitely generated. A finitely generated Cohen-Macaulay module

is called a small Cohen-Macaulay module.



CHAPTER I

Test Elements for Tight Closures in Equal Characteristic

This chapter is organized as follows: we first collect some preliminaries in Section 2.1 and
have a discussion on Jacobian ideals in Section 2.2. Then we prove the new results that the
Jacobian ideal is contained in the test ideal for complete K -algebras (Theorem 2.3.1), and for
reduced semianalytic K -algebras that are localizations of equiheight affine-analytic K -algebras
(Theorem 2.3.3) in characteristic p in Section 2.3. After that, we discuss the definition of tight
closure in equal characteristic 0 and prove that the Jacobian ideal is contained in the test ideal for
affine K -algebras (Theorem 2.4.9) in equal characteristic O in Section 2.4. Finally in Section 2.5,
we start to discuss descent techniques and prove similar results for complete local K-algebras
(Theorem 2.5.6). Then we describe a similar descent process and prove similar results for reduced
affine-analytic K -algebras (Theorem 2.5.7). Based on Theorem 2.5.7, we will establish the same
result for reduced semianalytic K -algebras that are localizations of equiheight affine-analytic
K -algebras (Corollary 2.5.11).

2.1 Preliminaries

We discuss some preliminary material about semianalytic algebras, the module of Kéhler
differentials and their relation to regularity. Throughout this section, unless otherwise stated, we do
not assume any characteristic constraint. Most material here is covered in [Kun86], but has been

reworded in a way that is better adapted to our needs in this thesis. We start with some notation.

Definition 2.1.1. Let R be a noetherian ring and p € Spec(R) a prime ideal of R. Let M be an
R-module and I € R an ideal of R.

(i) bight([I) is the big height of I, i.e., bight(7) = max{ht(Q) | @ € Min(1)}.

(ii) If I ¢ p, then the notion ht, (/) represents the smallest height of a prime P such that I ¢ P ¢ p.
Note that this is equal to ht(/ R, ) in R,

(iii) dim, R is the supremum of the lengths of all chains of prime ideals containing p. We have
dim, R = dim R/p + dim R,



(iv) The regularity defect of R at p is defined to be rd,(R) := edim (R,) — dim(R,), where

edim (R, ) is the embedded dimension of the noetherian local ring R,,.
(v) The residue field of p is denoted by x,(R) := R, /pR,.

(vi) (M) is the minimal number of generators of A and (M) is the minimal number of

generators of the localized module M.

(vii) If A is a matrix with entries in R, then rank,(A) represents the determinantal rank of the

matrix A over the residue field x,(R) at prime p.

2.1.1 Test ideals

We will use the following definition for test ideals in this chapter.

Definition 2.1.2. [PG21, Definition 3.1] Let R be a ring and cl be a closure operation on Z-modules.
The big test ideal of R associated to cl is defined as

Ta(R) = (N : N]‘\})
NeM
where the intersection runs over any (not necessarily finitely-generated) R-modules N, M. Similarly,

we define the finitistic test ideal of R associated to cl as

fg _ . Arel
Tal (R)_ m (NNM)
NcM
M/N finitely generated

There are two subtleties when working with this definition:

1. As we see in Definition 2.1.2, there are two kinds of test ideals (the (big) test ideal and the
finitistic test ideal).

2. Test ideals are defined in terms of modules. One can also define them purely in terms of

ideals.

For the first point, these two notions associated to tight closure in characteristic p are conjectured
to be the same ([ST12, Conjecture 5.14]), and proved to be the same in several cases [L.S99, LSO1].
Since we only work with tight closure of ideals in noetherian rings, we will stick to the notion of
finitistic test ideals. For the second point, test ideals defined in terms of (finitely generated) modules
and in terms of all ideals in the ring coincide when the base ring R is approximately Gorenstein
([Hoc77, Definition-Proposition 1.1, Definition 1.3]). See the remark below.
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Remark 2.1.3. Let cl be a closure operation on R satisfying Semiresiduality and Functoriality (see
Axiom (v) and (iv), see also [PG21, Definition 2.1, 2.2]). If R is approximately Gorenstein ((HH90,
8.6]), then the finitistic test ideal for modules defined in [PG21, Definition 3.1] coincides with
the test ideal for ideals associated with cl, i.e., chig (R) = Nrer(I : I¢) (The argument in [HH90,
Proposition 8.15] works for any general closure satisfying the Semiresiduality and Functoriality

axioms).

The condition of being approximately Gorenstein is fairly weak, e.g., when R is either reduced
and excellent or when R is of depth 2, R is approximately Gorenstein. In fact, all rings we are
working with in this chapter are excellent and reduced, hence, approximately Gorenstein. So we

make the following convention throughout the chapter.

Convention 2.1.4. By the test ideal, we mean the finitistic test ideal associated to tight closure in the
sense of Definition 2.1.2 in term of ideals (the case of modules follows from the case of ideals by
Remark 2.1.3). We shall also call the elements in the test ideal “test elements.” Note that in the

literature, test elements are elements in the test ideal which avoids all minimal primes of the ring.

2.1.2 Derivations and universal extensions

A good reference here is Chapters 1-3, 11-12, in [Kun86].
Definition 2.1.5. Let R, be aring, R an Ry-algebra and M an R-module.

(i) A Ry-derivation of R in M is an Ry-linear map 0 : R — M that satisfies the Leibniz rule, i.e.,
forall a,b € R, 6(ab) = adb + boa. In the case Ry = Z, Z-derivations of R are simply called
(absolute) derivations of R ([Kun86, 1.1]).

(i) An Ry-derivation d : R — M is called universal if for any Ry-derivation § : R — N there is
one and only one R-linear map ¢ : M — N such that ¢ = £ o d ([Kun86, 1.18]).

(iii) Ifd : R —» M is a universal Ry-derivation of 1 then the R-module M is denoted by {2p/g,
and is called the module of (Kdhler) differentials of R over Ry. The universal derivation of R
over I}y is sometimes denoted by dg g, ([Kun86, 1.20]). It is well-known that the module of
Kihler differentials exists. If we denote the kernel of the canonical map R ®p, R - R by 1,
then Qg r, = I/1? ((Kun86, 1.7, 1.21]).

(iv) For an Ry-derivation ¢ : R — M, we shall write RJ R for the submodule of M generated by
{07} er. If d is the universal Ry-derivation of R, then RAR = Qp/g, ([Kun86, 1.21 (b)]).

Chapters 2 and 3 in [Kun86] describe differential algebras and universal extensions of differential

algebras. Here, we work with derivations, which are more relevant to our needs. These two
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languages can be translated to and from one another in most cases. The definition below is [Kun86,
1.24].

Definition 2.1.6. Let R and S be two Ry-algebras and p : R — S an Ry-algebra morphism. Let
0 : R — M be an Ry-derivation of R and ¢’ : S — M’ an Ry-derivation of S. Then ¢’ is called an

extension of ¢ if there exists an R-linear map ¢ : M — M’ such that

R—2-5

i |s

M —2s M7

is commutative. An extension ¢’ of ¢ is called universal if any other extensions A : S — N of § can
be uniquely written as a specialization of ¢, i.e., there exists a unique S-linear map ¢ : M’ - N
such that A = ¢ 0 ',

The most important result about universal extensions of an Ry-derivation d : R — R R is that
they exist [Kun86, 3.20]. From the definition we see that the universal extension ¢’ : S' — M’ of §
is unique up to canonical isomorphism. We write {255 for M’ and call (25,5 the module of Kiihler
differentials of S over 0. If J is the trivial derivation, i.e., ROR = 0, then {g/5 = {25/ is the usual
module of Kdhler differentials of S over R.

The module of Kihler differentials is finitely generated for affine ?y-algebras. Finite generation
is important when we define the Jacobian ideal in Section 2.2. However, modules of Kihler
differentials are not necessarily finitely generated for power series rings over I, (or more generally,

semianalytic K -algebras, see Definition 2.1.9). So we have the following definitions.

Definition 2.1.7. (i) An Ry-derivation 6 : R - ROR of R is called finite if ROR is finitely

generated as an R-module.

(i) d: R - M is called universally finite if d is finite and each finite Ry-derivation § of R factors
through d : R — M with respect to an R-homomorphism ([Kun86, 11.1]). If suchd: R - M
exists, then M is unique up to a canonical [Z-isomorphism. We write Q R/R, for M and called

it the universally finite module of differentials of R over R,.

(iii) Let p: R — S be a homomorphism of Rgy-algebras and ¢ : R — ROR a derivation of R/R,.
An Ry-derivationd : S — N of S'into an S-module N is called a universally finite p-extension
of ¢, if the following hold:

(a) dis a p-extension of ¢ and finite (i.e., Sd.S finitely generated)
(b) If A: S — N'is an arbitrary finite p-extension of ¢, then there is exactly one S-linear

map h: N - N’ with A:=hod.
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If the universally finite p-extension d : S — N of § exists, we write N := Q s/5 and call this
the universally finite module of differentials of S/¢. In case 0 is the trivial derivation of R we
write QS/R instead of ﬁs/(; ([Kun&6, 11.4)).

The most important result here is that under mild assumptions, universally finite modules of

differentials exist. Explicitly, we have the following theorem ([Kun86, 12.5]).

Theorem 2.1.8. Let R be an Ry-algebra and assume that R is noetherian. Let I be an ideal of R
and (/—\) the completion in the I-topology.

(i) If Q) is a finite module of differentials of R over Ry, then Qﬁ/ R, €Xists and Q R/Ro = Q.

(ii) If Qryr, is finite, then ﬁﬁ/Ro exists and QR‘/RO = QR/RO.

2.1.3 Structure of semianalytic algebras

In the definition below, the terminology in the first and the third parts (analytic and semianalytic)
is taken from [Kun86, Chapter 13].

Definition 2.1.9. Let R be a K-algebra where K is a field.

(i) R is called an analytic K-algebra, if there is a power series algebra P = K[z1,...,,] such

that 1 is module-finite over P.

(ii) R is called an affine-analytic K -algebra, if there is a power series algebra P = K[z1,...,z,]

such that R is of finite type over P.

(iii) R is called a semianalytic K-algebra, if there is a power series algebra P = K[z1,...,z,]

such that R is essentially of finite type over P.
The key result here is the following proposition.

Proposition 2.1.10. [Kun86, 13.4] Any reduced semianalytic K-algebra R contains a unique
maximal analytic K-algebra A, i.e., all K-subalgebras of R that are analytic K-algebras are
contained in A. If A’ is an arbitrary analytic K-algebra with A’ € R such that R is essentially of
finite type over A’, then A is the integral closure of A" in R.

For a reduced semianalytic /-algebra R we denote by A(R) the maximal analytic subalgebra
of R. If R is not reduced, such an algebra need not exist. If R is a domain, then A(R) is a local
domain, because A(R) is always a direct product of local rings. We also have that the K -algebra

maps between reduced semianalytic K -algebras are compatible with taking the maximal analytic
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K-subalgebra. That is, if ¢ : R - S is a homomorphism of reduced semianalytic K -algebras, then
©(A(R)) < A(S). Hence  induces a K-homomorphism A(p) : A(R) — A(S) ([Kun86, 13.5]).
For each reduced semianalytic K-algebra R, let Q r/k denote the universal R-extension of
Q A(R)/K > the universally finite differential module of A(R) over K, whose existence is guaranteed
by [Kun86, 12.9]. If A’ is an arbitrary analytic K -algebra such that R is essentially of finite type
over A’, then by the transitive law for universal extensions, Q r/K 18 also the universal R-extension

OfﬁA//K.

Remark 2.1.11. In [Kun86], Kunz uses the notion D x ( R) to refer to the universal R-extension of
Q A(r)/K- He uses Qg5 for any 0 : A — AJA if R is not reduced and R is essentially of finite type
over A (note that in this case A(R) is not well-defined). Since we are only working with reduced

semianalytic algebras, there is no ambiguity in using Q R/K-

We also need the definition of “analytic transcendence degree” of field extensions.

Definition 2.1.12. Let K be a field and X4,..., X, indeterminates over K. The field F' :=
K(Xy,...,X,) will always denote the fraction field of the power series ring K[Xi,...,X,].
Let L be a field extension of K.

» L is called semianalytic extension field of K, if there is a K-homomorphism F' — L such that
L is finitely generated over F'. If L is a finite extension of F', we call L an analytic extension
field of K.

* Let L be an analytic field extension of K. Suppose L is finite over F' € L. Then n is called the
analytic transcendence degree of L over K, n = aTrdeg(L/K), and {X},..., X, } is called
an analytic transcendence basis of L over K. The basis { X1, ..., X, } is called separating,
if L is separable over F'. L is called analytically separable over K, if L has a separating
analytic transcendence basis over K ([Kun86, 13.7]). Note that the number n above is an
invariant of the field extension L over K, as it is the Krull dimension of the maximal analytic
algebra A(L).

2.1.4 Primes in affine-analytic algebras

Next we want to analyze the primes in a reduced affine-analytic ring 2. There are basically two

types of primes in affine-analytic algebras.

Definition 2.1.13. Let R be a reduced affine-analytic K -algebra. Let A := A(R) and let JRad(A)

denote the Jacobson radical of A. In this chapter, a prime ideal () in R is called

* special if Q + JRad(A)R is a proper ideal of R;
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* typical if Q + JRad(A)R = R is the whole ring.

Remark 2.1.14. Under the assumption of Definition 2.1.13, since A(R) is module-finite over some
complete local ring, A(R) is a product of several complete local rings, i.e., A(R) = Aj x - x Aj.

Each A; is a complete local domain and we call its maximal ideal m;. If we have a presentation
R=T/I where T = K[x1,...,z,][21,- -, Zm],

then each m; is radical of the image of (x4, ..., xz,) in A;. Thus, the Jacobson radical JRad(A(R)) =
my x -+ x My is the radical of the image of (z1,...,x,) in A(R). Since for any prime ideal @),
Q + JRad(A(R))R is a proper ideal if and only if Q + (x1,...,x,) R is a proper ideal, we may use
(z1,...,7,)R to detect the type of a prime ideal of R.

Note that a prime ideal () is special if it is contained in a special maximal ideal, and special
maximal ideals are those ideals containing mR.

We aim to show that in the ring 7' = K[z1,...,2,][21,- .., 2m], special maximal ideals have
height equal to dim 7" while typical maximal ideals have height one less than dim7". For this

purpose, we need the following lemma.

Lemma 2.1.15. If (R, m) is an equidimensional local ring of dimension n, and f € m is not in any
minimal prime, then R has dimension n — 1, and Ry is a Hilbert ring, i.e., every prime (hence,
every radical ideal) is an intersection of maximal ideals.

If in addition R is catenary, then all maximal ideals of R have height n — 1.

Proof. We first show that dim Ry is of dimension n — 1. Since R is a localization of R, the
dimension cannot go up. So dimRy < dimR. If there is a prime chain of length n in Ry, the
preimage of it will be a prime chain of length n contained in m, which will imply that m has height
n+1. So we have dim R < n. To see that dimR; = n — 1, extend f to be a system of parameters
[, fi,-., fuo1 iIn R. Let @ be a minimal prime of (f1,..., f,—1)R. Then f ¢ ) and QR has height
n—1.

To show that R s is a Hilbert ring, we prove that any prime P in R s is an intersection of maximal
ideals in R ;. Equivalently, we show that the intersection of maximal ideals in R /P is zero. Let
P be the preimage of P in R. Then R;/P = (R/P)s. We replace R by R/P, and then we aim to
show that the intersection of all maximal ideals in R is zero when R is a domain.

Let 0 # g € R be a non-unit in Ry. Extend fg to a system of parameters fg,gi,...,g,-1 for
R. Choose a minimal prime @’ of (g1, ..., ¢g,-1). Then Q' does not contain fg. Hence R/Q’ has
dimension 1. By the argument above, (R/Q’); has dimension exactly one less than R/Q’. So
(R/Q") is a field. Therefore R;/Q)'Ry is a field. So Q'R is maximal, and does not contain g.

Hence, the intersection of all maximal ideals in R ¢ is zero.

15



Given any maximal m’ ideal of R, it contains a minimal prime of R expanded to R ¢. We can
kill that minimal prime and assume that we are in the domain case. Let M be the preimage of m’ in
R. Then f # 0in R/M. Hence dim R/M > 1. M is one of the maximal ideals that do not contain
fysodimR/M = 1. If R is catenary, then ht M =n-1=htm’=n-1.

]

Remark 2.1.16. By an example in [Nag75, Appendix A], there is a local domain R of dimension
3 that has a prime Q such that ht @ = 1 and dim(R/Q) = 1. This provides a local domain of
dimension 3 with saturated chains of length 2 and of length 3. Thus R has a prime Q' such that
ht @' =2 and dim(R/Q’) = 1. Soif f em - (QU Q’), then R, has maximal ideals of height one
and of height 2. Therefore the “catenary” condition in Lemma 2.1.15 cannot be omitted.

Now we are ready to characterize the heights of typical and special maximal ideals.

Proposition 2.1.17. Let T = K[xy,...,x,][21,. .., 2m]. Then special maximal ideals in T have

height n + m = dim(7T"), and typical maximal ideals in T have height n +m — 1.

Proof. Let () be a maximal ideal of 7'. If () is special, then we can kill m and ()/m is a maximal
ideal in T'/m = K[z1,...,2y,]. Since T is catenary, we have ht Q) = ht(Q/m) + ht m = n + m.

If @ is typical, then there is some f € m not in () such that fa + 1 € ). Let Q be the preimage of
@ in P. Then T'/Q is a field finitely generated over P/Q. By the generalized Noether normalization
theorem, 7'/() is module-finite over a polynomial ring over (P/Q),. Then (P/Q), must be a field
and 7'/@ is a finite extension of it. So QPF, is a maximal ideal of P, which by Lemma 2.1.15, has
height n — 1. By the dimension formula, we have

ht Q — ht Q = trdeg(Frac(T")/ Frac(P)) - trdeg((T/Q)/(Pg/QPs)).

Since 7'/Q is finite extension of (P/Q),, it is also finite extension of Py/QPg). Hence the
right-hand side is m - 0. Soht @ =ht @+ m=n-1+m. OJ

Definition 2.1.18. Let R be a reduced affine-analytic K -algebra. Let {q;}1<;<s be the set of minimal

primes of R. Then R is called equiheight if one of the following conditions occur:

* If only one type of primes occurs (all are special or all are typical, see Definition 2.1.13), then
dimy, R=dim Rfor1<i<s.

* If both types of primes occur, then

) dim R if q; special
dlm%(R) =
dimR -1 if g; typical
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forl1 <7<s.

Proposition 2.1.19. Let R be a reduced affine-analytic K-algebra. Then R is equiheight if and
only if for any presentation R =T [I where T = K[xy,...,x,][#1,...,2m] and I €T an ideal, I is

of pure height, i.e., all minimal primes of I have the same height.

Proof. Let {q; }1<i<s be the set of all minimal primes of R and let {Q); }1<;<s be the set of primes in
T such that @), is the preimage of q;. Note that a prime in R is special if and only if its preimage in
T' is special by Remark 2.1.14.

If Q); (hence, q;) is special, then it is contained in some special maximal ideal m; of 7. Since 7" is
catenary and ht(m;) = dim 7" = n+m by Proposition 2.1.17, we have that dimy, R = dim7'-ht Q); =
n+m —ht Q;.

If Q); is typical, then it is only contained in typical maximal ideals. By Proposition 2.1.17, we
have dimg, R=n+m-1-htQ;.

Then both directions follow from these two formulas. [

Remark 2.1.20. Note that Proposition 2.1.19 also implies that if a reduced affine-analytic K -algebra
R has a presentation 7'/I where T = K[z1,...,x,][21,..., 2] and I has pure height in T, then for
any other presentation R = 7"/I' where T" = K[z}, ... 2/ ,][#1,..., 2/ ,] and I’ ¢ T", the kernel I’
has pure height in 7”7 as well. This statement can also be proved directly by comparing two different
presentations. We can form the larger ring S = T'[z1,..., 2z, 2, ...l (21, -0 2m, 200, 200 ]
and compare both presentations with the presentation S - R. Then we can form S from 7' by
adjoining one variable at a time. So we assume that S has one more variable y than 7, i.e., either
S=Kl[zy,...,2n,y][21,.-.,2m] or S =T[y]. Then since " > R, we can choose f € T" such that
it maps to the same image as y. Then the kernel of S - R is generated by (I,y — f)S. Since y — f
is not contained in any minimal prime of /, the new kernel I’ = (I,y — f) is of pure height (one

larger than the pure height of I).

2.1.5 Height of ideals in regular rings

First we state Serre’s intersection theorem, see [Ser75, Chapitre V, B.6, Théoreme 3].

Theorem 2.1.21 (Serre’s intersection theorem). Let A be a regular ring and P, () be two prime

ideals in A such that P + () is a proper ideal. Then we have
ht(P) + ht(Q) > ht(P + Q).

We immediately see that
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Corollary 2.1.22. Let I, J be two ideals in a regular local ring A. Then we have
ht (1) +ht(J) > ht(I + J).

Proof. Choose P minimal over I such that ht(P) = ht(/) and ) minimal over J such that
ht(Q) = ht(J). Since we are in the local case, the sum P + () is contained in the maximal ideal of A.
By Theorem 2.1.21, ht(P)+ht(Q) > ht(P+Q). Since P+Q 2 I+J, we have ht(P+Q) > ht([+J).
So ht(I) +ht(J) > ht(I +J). O

The following theorem, implied by Serre’s complete intersection theorem, is well-known to

experts. Since we cannot find a solid source, we include a proof here.

Theorem 2.1.23. Let R be a noetherian regular ring and let I € R be an ideal. Let h = bight([).
Let R — S be a ring homomorphism between noetherian rings. If 1S is a proper ideal, then

ht(1.S) < h.

Before giving the proof of Theorem 2.1.23, we will need the following “Cohen factorization
theorem” ([AFH94, Theorem 1.1]).

Theorem 2.1.24 (Cohen factorization). Let ¢ : R — S be a local ring map between noetherian

local rings. Then there exists a complete local ring T' and two local ring maps 7 : R - T" and
0:T — S such that

(i) p=0oTand 8 :T — S is a surjection,
(ii) 7 is flat and T |mgT is regular where mp, is the maximal ideal of R.
Such a decomposition is called a Cohen factorization.
Remark 2.1.25. Since the map 7 in the Theorem 2.1.24 is flat and local, it is, in fact, faithfully flat.

Proof of Theorem 2.1.23. Suppose for contradiction that ht(1.S) > h. Since .S € S is proper, there
is a minimal prime @ of 1.5 in S such that ht(Q)) = ht(ZS). Then ht(/Sgp) = ht(1S) = dim(Sg).
Since I will generate a Q-primary ideal in the completion, we see that ht(1.S) = ht(1Sg). We can
also kill a minimal prime of 35 and still get the same dimension. Then we may assume without
loss of generality that (.S, (Q)) is a complete local domain. The contraction ideal m = Q° of @ in R is
a prime ideal containing [ as /.S € ) = [ < (/.5)° € m. So there is a minimal prime P of I lies
in-between, i.e., I € P € m. And we have ht(P) < h. Localizing at m does not change the height of
P, so we may replace R by R,, and P by PR,, and assume without loss of generality that R — S is
a local map between local rings.
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By Theorem 2.1.24, there exists a map R — 1" - S such that 7" is also regular and R — 7T is
faithfully flat. Then ht(PT") = ht(P) < h. Since S is a domain, the kernel of the map 7" - S is
a prime ideal P’. Note that the image of PT + P’ is ()-primary in S. So ht(PT + P") - ht(P’) =
ht(Q) > h. On the other hand, by Theorem 2.1.21, we have ht(PT") + ht(P’) > ht(PT + P’). So
we have ht(PT') > h, which contradicts the fact that ht(PT’) < h. O

2.2 Regularity and Jacobian Ideals

2.2.1 Absolute regularity

In [Kun86], Kunz discusses absolute regularity for analytic algebras. Here we extend the notion

to affine-analytic algebras. First we have the following definition.

Definition 2.2.1. Every analytic K-algebra A is a finite extension of a power series algebra
K[Xy,..., X4 € A. We call K[X4,...,X4] = A a Noether normalization of A.

The following is a modification of [Kun86, 14.10].

Definition 2.2.2. Let R be a reduced affine-analytic algebra over a field K and let L be a field
extension of K. A constant field extension Ry, of R with L is an affine-analytic L-algebra R, for
which there is a local K-homomorphism R — R, satisfying the following universal property: if
B : R — S is any local K-homomorphism into an affine-analytic L-algebra S, then there is exactly

one L-homomorphism ~: Ry — S such that § =y o a.

The existence is easily shown: Let A := A(R) be the unique maximal analytic K -subalgebra of
R. Then we have a Noether normalization KX, ..., X ] = A. For any field extension L of K,

then tensor product Ry := L[X7,..., X4] ® K[X1,...,x,] [t 1s the constant field extension of R with L.

.....

Alternatively, since the constant field extension of analytic algebras is constructed in the paragraph
below [Kun86, 14.10], we can form Ay and then Ry, := A; ® 4 R.
We extend results in [Kun86, 14.11] to the case of affine-analytic rings. For this purpose, we

need the following lemma

Lemma 2.2.3. Let D be a domain affine over the complete local domain (C, m, K) where K c C.
Then

* IfmD # D, then dim(D) = dim(C) + Tr degg,,.(c)(Frac(D)),

s ifmD = D, then dim(D) = dim(C') + Tr degp,.(c (Frac(D)) - 1.
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Proof. Throughout the proof, we always let () be a maximal ideal of C' and let P be its contraction

in C'. Then by dimension formula,
ht(Q) - ht(P) = Tr degpae(cy (Frac(D)) — Trdeg, (o) (kg(D)). (2.2.1)
Suppose that mD is a proper ideal. Then on the one hand,
(2.2.1) = ht(Q) < dim(C) + Tr degpy,e(c) (Frac(D)).

On the other hand, since mD is a proper ideal, we can choose () maximal in D containing mD.
Then P = m and ht(P) = dim(C). Since D/Q is affine over C/ P ~ K, the transcendental degree
of kq(D) over kp(C') is zero. So by (2.2.1), we have ht(Q) = dim(C') + Tr degpq(cy (Frac(D)).
So the first bullet point is proved.

Now we assume that mD = D. Then we claim that P is of dimension 1, i.e., of height dim(C')-1.
Since mD = D, there is some x in m that extends to a unit in . So () avoids this x, which implies
that P avoids it as well. Therefore P + m. By the generalized Noether normalization theorem, D/
is module-finite over (C/P) for some f € C'//P. Since D/Q) is a field, we deduce that (C/P)is a
field. But C'/ P is not a field. Hence, P has height dim C' - 1 and the claim is proved.

By (2.2.1), ht(Q) = dim(C') = 1 + Tr degpy,e (o (Frac(D)). This is true for any maximal ideal
in D. Hence dim D = dim(C') - 1 + Trdegp., (¢ (Frac(D)). N

Proposition 2.2.4. Let R be a reduced affine-analytic K-algebra and let A := A(R). Let
K[Xy,..., X4 = A

be a Noether normalization of A, and L] K a field extension.

(i) Forany ideal I of R, (R/I);, = Ry/IRy.
(ii) Ry is faithfully flat over R.
(iii) dim R;, = dim R.
(iv) If R is equiheight (Definition 2.1.18), so is R.
(v) For any q € Spec(R) there is a p € Spec(Ry,) such that dim, Ry, > dimg R.
(vi) Qr, = Ry ®r Qp/x.

Proof. 2.2.4.(): Let J = I n A. Then by [Kun86, 14.11(b)], we have (A/J), = Ar/JAL. Since
AlJ =A(R/I), we have

(R/D)p=(A[])L®ays (R[T) = (AL/JAL) ®a15 (R[T) = Ap @4 (R[I) = RL[IR,.
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2.2.4.(ii): Since L[Xy, ..., X ] is faithfully flat over K[X1,..., X4], the base-changed map
R — Ry is faithfully flat as well.

2.2.4.(iii): Let {q; }1<i<s be the set of minimal primes of R. Then n%_,0; = 0. Hence m;?:lquL =
0. So the dimension of Ry, is the supremum of the dimensions of R;/q; R = (R/q;)r. So we can
base change to R/q; for some ¢ without changing dim R and dim R;. Now we assume that R is
a domain, Ay = K[z1,...,2,] € Rand By = L[zy,...,z,]. Then Ry, = R ®4, By. By (2), we
know that R - R and dim R > dim R. So we only need to show that dim R, < dim R. Note that
nonzerodivisors on R are also nonzerodivisors on ;. Hence R is R-torsion free. If p is a minimal
prime of Ry, then pn R = 0. Choose p minimal such that dim Ry, = dim R, /p. Write R’ = R, [p
and Cy = By/(p n By). We have R < R’ and Ay — Cj. Since R generates Ry, over By, it likewise
generates R’ over Cy. So we can choose a (finite) set of elements in £ which will be a transcendence
basis for Frac(R') over Frac(Cp). Then the same set of elements must be algebraically independent

over Frac(Ap). Suppose that this finite set has ¢ elements. Then

dim(R) > dim(Ap) +t —€4,r (by Lemma 2.2.3)
=dim(By) +t—€a,.r
>dim(Cy) +t —€ay.r

2 dlm(CU) +1- ECy,R = dlm(R/)

where €4, g is 1 if (21,...,2,)R = R and 0 otherwise. Note that if £4, g = 1 then ¢, g = 1. So
this is proved.
2.2.4.(iv): Write R =T/I where T = K[x1,...,z,][21,--.,2m]. Then by Proposition 2.1.19,
we assume that [ has pure height h. Therefore by Lemma 2.2.5, I'T" has pure height h as well,
where T" = T[xq,...,x,][21, .-, 2m]- Since Ry, = T"/IT’, we conclude that R, is equiheight.
2.2.4.(v): Let m be a maximal ideal in R such that dim, I2 = dim, 1. There is a prime ideal m’

in Ry lying over m. Since Ry, — (Rp ) is still faithfully flat, we have
dimm/ RL 2 dim(RL)m, > dim Rm = dlmm R= dlmq R.
2.2.4.(vi): Since the universal finite module of Kahler differentials is calculated as the cokernel

of the Jacobian matrix, the conclusion follows directly. O]

Lemma 2.2.5. Let T be flat over S and I € S a proper ideal such that all minimal primes have
height h. If I'T # T (this is automatic when S — T is faithfully flat), then all minimal primes of I'T
have the same height h.

Proof. Let () be a minimal prime of /7" in 7', and let P be its contraction in S. So Sp - T is a

faithfully flat map. Since () is minimal over /T, T,/ 1T, has dimension zero. By base change, this

21



ring is faithfully flat over Sp/ISp. So Sp/1Sp has dimension zero. Hence, P is minimal over [ and
therefore it has height h. Since dim(7y)) = dim(Sp) + dim(7,/PTy) and Ty /1Ty - T/ PTy
have dimension zero, we conclude that dim(7g) = dim(Sp) = h. O

We generalize the definition of absolute regularity [Kun86, 14.12] to the affine-analytic case.

Definition 2.2.6. An affine-analytic K -algebra R is called absolutely regular at q € Spec(R), if for
any field extension L/K and any p € Spec(R;) with p n R = q the local ring (R}, ), is regular.

The notion of absolute regularity is equivalent to the notion of regularity when K is of charac-
teristic 0.

‘We also define absolute reducedness as follows.

Definition 2.2.7. An affine-analytic K-algebra R is called absolutely reduced, if for any field

extension L/ K, Ry is reduced.

A affine-analytic K -algebra R is absolutely reduced if and only if Rp is absolutely regular for

any minimal prime P.

2.2.2 Jacobian ideals

Let R be aring.

Definition 2.2.8 (Fitting ideals). For any finitely presented R-module M, let R™ (@) R"™ — M be

a presentation of M. The «th fitting ideal is the ideal generated by the minors of size n — ¢ of the

matrix (a;;).

The Fitting ideals do not depend on the choice of generators and relations of M. Here, we also
use the convention that the ¢th fitting ideal is the whole ring R if n — 4 < 0, and the zero ideal if
n —i >min{n, m}. For more about Fitting ideals, [Kun86, Appendix D] is a good reference.

Let S be an R-algebra and ¢ : R — RIR be a derivation such that {)g/s is a finitely presented
S-module. We have the following definition.

Definition 2.2.9. [Kun86, 10.1] The ith Fitting ideal of {2g/5

Fi(5]6) :=Fi(Qsys)

is called ith Jacobian ideal of S/d. In case 0 is the trivial derivation of R, we write _#;(S/R) for

Si(5/0).

Clearly, we have
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Proposition 2.2.10. Under the assumption of the definition above
(i) Zo(S[6)c #1(S[0) c _#5(S[6) c---.

(ii) Zi(5]6) = S fori > p(Ssys).
Definition 2.2.11. If S is a finitely generated K -algebra where K is a field, then the Jacobian
ideal Jp/r is defined to be the first nonzero Fitting ideal of Qg/k, i.e., Tp/x = Z-(R/K) if
Jo(RIK) == _#,_1(R/K)=(0)and Z.(R/K) # (0).
Proposition 2.2.12. Let R be an A-algebra that is essentially of finite type over A where A is
noetherian and universally catenary. Suppose that we have a presentation R = W=Y(T|I) where
T =Alxy,...,x,], I €T anideal and W a multiplicatively closed subset of T disjoint from 1. For
a prime ideal q € Spec(R), let () be the preimage of q inT (then, qnW = @) and q:= Q n A. We
let Jr)4 be the Jacobian matrix. Then

(i) (F):rankg(Jp/a) <hto(qT + 1) —-ht(q). Ris smooth over A at q if and only if Ay - Ry is

flat and equality holds in (). In this case, we also have

hto(qT"+ 1) —ht(q) = ranky(Jr/a) = htq(1) = po(1).

(ii) Assume, in addition, that R is reduced, A is regular and I n A = (0). Then rank,(Jg/a) <
hto(I). If we assume furthermore that R is generically smooth over A, then Jrja =
jnfbig ht(I) (R/A)-

where notation is from Definition 2.1.1.
Proof. Let R' =TI and q’ be the preimage of ¢ in R’. Then R}, = Ry, and any statement about R,
can be proved using the affine A-algebra R’ and the prime ideal q’. Hence, we may replace R by R’
and q by g’ without affecting anything.

2.2.12.(1): Since everything here is local, we can work over the field x,(A). Then [Kun86,
7.14] shows that f1q(2p/4) > dimg(re(A) ®4 R). Since rankg(Jp/a) = n — f1q(Q2p/a), we have
ranky(Jr/a) < n—dimg(re(A) ®4 R).

Since Kk (A) ®a R2 ka®aT/I(ka®4T), we have

dimg ky(A) @4 R=dimgra @4 T/I(ka®4T)
=n-htg([(ka®aT))
-0 ig(I(TJqT))
=n-htg(qT + 1) +hto(qT)
=n-hto(qT +I) +ht(q).
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So rankg(Jg/a) < htg(qT + 1) - ht(q).

By [Kun86, 8.1], we know that R is smooth over A at q if and only if A, — R, is flat and
tg(2rya) < dimg Ry/qR,. If any of these equivalent conditions is satisfied, then Ty, is generated
by a Tp-regular sequence of length dim(7/qTy) — dim(Ry/qR,).

We note that dim 7 /qT = dim T — ht(¢Ty) = ht(Q) — htg(¢T") = ht(Q) - ht(g). Since
Ry/qRq = To/(I+pT)Tq, we have dim Ry/qR, = dim Ty —ht((¢T+1)Tg) = ht(Q)-htg(¢T+1).
So when R is smooth over A at ¢, we know that pg(I) = htg(I) = htg(¢7 + I) - ht(g). In this
case, since /Ty is generated by a Tp-regular sequence, we have ranky(Jz/4) = hto (/).

2.2.12.(ii): By 2.2.12.(i), we know that rank,(Jz/4) < htq(¢T + 1) - ht(q).

Since A is regular, sois 7' = A[x1, ..., x,] and its localization Ty,. By Corollary 2.1.22, we have
ht((qT + I)Tg) < ht(qTy) + ht(ITp). Note that g7 + I € Q, so ht((qT + I)Tg) = hto(qT + ).
Since ¢ is a prime of 7" contained in (), we have ht(q7y) = hto(¢7) = ht(¢T") = ht(g). So

hto(qT +I) <ht(q) + htgo(I) = hto(¢T +I) —ht(q) < htg(1).

Hence, we have rank,(Jgr/4) = hto(¢T + I) - ht(q) < hto([).

To prove the second statement, we need to show that the maximal rank, i.e., bight(/) can be
achieved. Let q be a minimal prime of R such that hty (/) = bight(/) = ht(()) where () is the
preimage of q in 7". Since [ is radical, we have 1Ty = Q7. Let ¢ := () n A. Then

qA = QTN A, =1Tgn A, =(InA)A, =(0).

Since A — R is generically smooth, we know that A, — R, is smooth. Hence, in this case,
ranky(Jr/a) = htg(1) = bight(7). Therefore 7, pignr)(R/A) # (0).

On the other hand, any ith Jacobian ideal with ¢ < n — big ht(/) must be zero. If there is some
ig <n —bight(I) such that _#; (R/A) # (0), then there is some size n — iy minor nonzero, call
it A. Since R is reduced, A is not nilpotent. So there is some minimal prime q’ of R such that
A ¢ q'. Then ranky(Jp/a) > n — i > bight(I) > hto/(1) where ()’ is the preimage of ¢’ in 7',
which violates the first inequality. O

Corollary 2.2.13. Let R be a K-algebra that is essentially of finite type over K, where K is a
perfect field. Suppose that we have a presentation R = W=T|I where T = K[x1,...,2,], [ €T
an ideal and W € T a multiplicatively closed subset. For a prime ideal q € Spec(R), let () be the
preimage of q inT'. We let Jg i be the Jacobian matrix. Then

(i) ranky(Jr/K) <htg(1) and R is smooth over K if and only if the equality holds.
(ii) R is regular at q if and only if/dimT_th([)(R/K) ¢ q where Q is the preimage of q in T.
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(iii) The Jacobian ideal is Tr/i = _Zaim-vighe(1) (R K). If R is equidimensional, then
bight(7) = ht(I) and dim R = dim T - ht([).

So the Jacobian ideal Jrjx = Faim r(R/K).
(iv) Let q1,...,q; be the set of all minimal primes of R and let Q; be the preimage of q; in T
(1<1<t). Then

t t
sing(1) =V ([Tt (A1) +0) =V (1Y Smran (RIE) +0).
i=1 i=
If R is equidimensional, then the right-hand side of the above equality simplifies to V (Jr/k ),
and we have Sing(R) = V(Jr/xk ).

where notation is from Definition 2.1.1.

Proof. For 2.2.13.(1), let A = K in Proposition 2.2.12. Then ¢ = 0 and the equality follows.

For 2.2.13.(ii), R is smooth at q if and only if rank,(Jr/x ) = hto(I) if and only if there is a
size htq (/) minor of Jg/k outside q if and only if _Z,, e, (R/K) ¢ q.

For 2.2.13.(iii), the first statement follows directly from Proposition 2.2.12.(ii) and the fact that
any field extension of a perfect field is separable, hence, geometrically regular ([Kun86, 5.18, 7.13]).
The second statement follows from the first one.

For 2.2.13.(iv), let p € Sing(R). By 2.2.13.(iii), we have _Z,,_y,.(1)(R/K) S p where P is the
preimage of p in 7. Suppose that q; is the minimal prime of R such that (); is contained in P and
ht(Q;) = htp(1). Then p contains both q; and _Z,, e, (1) (R/K) = _Zyne(q,)(R/K), which shows
that q; + _Z-nt(@.) (R/K) S p. So ¢ is shown.

On the other hand, suppose that p is not in the right-hand side of the equality. If p contains a
minimal prime q;, then p cannot contain _Z,,_n(q,)(R/K). This is true for any minimal prime that
p contains. So there is some ¢; such that ht(Q;) = htp(/) and g; € p. Then p does not contain
Fnnip)(R/K), so R is regular at p, which shows the 2 direction.

The last statement about equidimensional rings comes down to the following computation: let
h =bight(I) = ht(I), then

~+

@(fdimT-m@i)(R/K) ) = (I n(BIK) +00)

~
1l
~ =

(&) + Sl BIE)

= (0) + Tryk -
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Example 2.2.14. Let R = K|[z,y,z]/(xz,yz) as an example. We have T' = K[X,Y,Z],] =
(XZ,YZ) with T - R sending X — z,Y » y,Z — z. We know that ht(/) = ht((z)) =
1,bight(/) = ht((x,y)) = 2. The Jacobian matrix Jp/x is computed to be

z 0y
0 2z x|
Let pg = (z,y)R and P; = (z) R be the minimal primes of R and let Py = (X,Y)T, P, = (Z)T be

their preimages in 7" respectively. Then we have #Z3 o(R/K) = (vz,yz,2?)Rand _Z3_1(R/K) =
(z,y,2)R.

The Jacobian ideal, by Corollary 2.2.13.(ii), is _Z3_2(R/K) = (2%, 22,yz), which does not de-
fine the singular locus because (2) € V(Jg/k ) but R,y = K(Z) is regular. By Corollary 2.2.13.(iii),

we have

(pO + jl(R/K)) N (pl + /Q(R/K)) = (x7y722) N (.CE,y,Z) = (l’,y,22).
So the singular locus of Ris V' ((x,y,22)) =V ((z,y,2)) = {(z,y,2)}.

Remark 2.2.15. In fact, when R defined in Corollary 2.2.13 is not equidimensional, we always have

a proper containment

Sing(R) % V(jR/K)

The containment part is easy as for any p € Sing(R), by Corollary 2.2.13.(iv), we have
2

(/dlmT ht(P)(R/K) + pl)

(/dlmT bight(1) (R/K) +p;) = m Tr/K + i)

9]
SEESBANNDE

U

R/K-

On the other hand, there is some minimal prime q of R such that ht(Q) < bight(/) where Q) is the
preimage of q in 7. Then since R is regular at g, we know that 11q(Qg/x) = dimT - htg(/) = n -
ht(Q). By [Kun86, 10.6], we have _Z,,_1(g)-1(R/K) S gand &, _ny)(R/K) ¢ q. Since ht(Q) <
bight(I) = ht(Q) + 1 < bight(I), we have Tr/x = Zn-vighe(1)(R/K) S _Zn-ni(q)-1(R/K). So
q € V(Jr/k) but R is regular at q.

We generalize [Kun86, 14.13] to the affine-analytic case.

Theorem 2.2.16. Let R be a reduced affine-analytic K-algebra where K is a field. Suppose that
we have a presentation R =T [I where T = K[x1,...,x,][21,. .., 2m]. Write A= K[z1,...,x,].
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For a prime ideal q € Spec(R), let Q) be the preimage of q in T. We let J, i be the Jacobian matrix

from Q r/Kk- Then the following are equivalent:
(i) R is absolutely regular at q.
(ii) (QR/K)q is a free Ry-module of rank n +m —hto (7).
(iii) 11q(Qpjxc) <n+m—hto(I),
where notation is from Definition 2.1.1.

Proof. Let R' =TI, and let ¢’ be the preimage of q in R’. Since R;, = R,. Note that 2 may not be
reduced. But R is still a finitely generated affine algebra over A. Since both [Kun86, 13.15, 13.16],
which we use in the following proof, work for the setting whenever R is essentially of finite type
over A, we will replace R and q by R’ and g’ respectively and still write them as R and q.

Let ¢ = @ n.A. We note that R/q = T//Q. Since T/ is finitely generated over .4/q, we know
that A(x4(R)) is module-finite over A/q. Let F' := Frac(A(kq(R))). Then aTrdeg(F/K) =
dim A/q=n-htgq.

Since 7 is finitely generated over A, by the dimension formula, we have ht ) —htq = m —
Trdeg(rq(R)/F) since rkq(R) = Frac(T/Q).

So we can write

dim(R,) +aTrdeg(F/K) + Trdeg(x(q)/F)
=dim Ry + (n-htg) + (m-htQ +htq)
=n+m+dim Ry -ht Q
=n+m+ (dimTy - htg I) - dim Ty
=n+m-htg(l).

To prove the equivalence, we simply make the following modifications to the proof of [Kun86,
14.13]

* The reference to [Kun86, 14.11] is replaced by references to Proposition 2.2.4.

* The reference to [Kun86, 13.15, 13.16] for computing the rank is replaced by the calculation
above and the rank is replaced by n +m — htg(1).

and the same proof works. [
Corollary 2.2.17. Using the notation and the assumption of Theorem 2.2.16, we have

(i) rank,(Jr k) < hto(I) and R is smooth over K if and only if the equality holds.
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(ii) R is regular at q if and only if Zaimr-nqr)(R/K) ¢ q where Q is the preimage of q in T.

(iii) The Jacobian ideal Jg/r = Zdimr-vigne(r)(R/K). If I has pure height h, then bight(I) =
ht(I) = h. So the Jacobian ideal Jr/r = _Zdimr-n(R/K).

(iv) If I does not have pure height, then AbsSing(R) ¢ V(Jg/k). If I has pure height, then
AbsSing(R) = V(Jryk ). Here AbsSing is the “absolute singular locus”, which coincides
with the (usual) singular locus if char(K) = 0.

Proof. The proof is similar to the proof of Corollary 2.2.13 with the reference to Proposition 2.2.12
replaced by Theorem 2.2.16. [

2.3 Test Elements in Characteristic p

The purpose of this section is to generalize the following theorem ([HH99, Corollary 1.5.5]) to

the complete case. We aim to prove the following theorem.

Theorem 2.3.1. Let K be a field of characteristic p and let R be a d-dimensional complete K-
algebra that is equidimensional and absolutely reduced over K. Then the Jacobian ideal J(R/K)

is contained in the test ideal of R, and remains so after localization and completion.

Following [HHO2, Theorem 3.4], we want to state a more general version of [HH99, Corollary
1.5.4].

Proposition 2.3.2. Let A be a regular domain of characteristic p. Let R be a module-finite extension
of A such that it is torsion-free and generically étale over A . Then every element c of Jrj is such
that cRY1 ¢ AY4[R] for all q = p*, and, in particular, cR* ¢ A®[R]. Thus, if c € Jrian R, itisa

completely stable test element.

Proof. If we replace the reference to the usual Lipman-Sathaye theorem with the reference to
the “generalized Lipman-Sathaye Jacobian theorem” ([Hoc02b, Theorem 3.1]), the same proof in
[HH99, Corollary 1.5.4] works. ]

We are ready to prove the main theorem, Theorem 2.3.1.

Proof. Since R is an analytic K-algebra, we assume that R = K{[xq,...,z,]/(f1,..., f;) isa
presentation of R as homomorphic image of a power series ring. Then the (n — d) x (n — d) minors
of the Jacobian matrix (0f;/0x;) generate the Jacobian ideal 7 (R/K).

By Proposition 2.2.4, we may assume without loss of generality that K is infinite and perfect.

(Take, for example, the algebraic closure of K). By Cohen’s structure theorem, we can write
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R=K[X,...,X,]/I and let x; be the image of X; in R. The calculation of the Jacobian ideal is
independent of the choice of coordinates, so we are free to let GL,,(K) acts on the set of variables.

By the discussion [Kun86, 12.14] we know that the universal finite differential module Q}Z K=
Q}([[ X XK /(I,dI). In particular, these dx; generate the differential module. The total quotient
ring Q(R) is a finite product of analytically separable field extensions of K by [Kun86, Theorem
13.10]. By the proof of the same theorem, we can modify the generators dzy,...,dx, to get
a sequence of elements z1,...,z], such that z7,...,z/ form a system of parameters of R and
dzy,...,dx, form a basis for Q}%/K.

Then there is a Zariski dense open subset U of GL,, ( K') such that if we act on the set of variables
by an element from U and choose any d of the (new) indeterminates, then the two conditions listed

below:
1. The set of d elements form a system of parameters for R.

2. Let A be the complete regular ring generated over K by these d elements. Then R is
generically smooth over A.

By a general position argument we see that there is a Zariski open subset of GL,,(K') such that
the first condition is satisfied. The second condition is satisfied since the differential of any linear
combination of 2, ..., x] is the same linear combination of their differentials.

Now suppose that a suitable change of coordinates has been made. For any choice of d of these
elements, say x1,..., 2/, let A be the regular local ring K [z/,...,z}]. Then R is module-finite
over A by the general position argument, and the Jacobian ideal [J, 4 is generated by the (n — d)
size minors of the remaining n — d variables. Since R is equidimensional and reduced, it is likewise
torsion-free over A. It is generically étale because of the general position of the variables. Then

Proposition 2.3.2 finishes the proof. O

Theorem 2.3.3. Let R be a semianalytic K-algebra that is the localization of a reduced equiheight
affine-analytic K-algebra where K is a field of characteristic p. Then the Jacobian ideal J(R|K)

is contained in the test ideal of R.

Proof. We can write R = W-'T /I where T' = K[x1,...,x,][21,...,2mn] and I is of equiheight in
T'. Suppose that we have a counterexample: there is some element u € R and some ideal .J € R such
that u € J* but du ¢ J for some § € J(R/K). We can choose a maximal ideal m of R such that
both u € J* and du ¢ J still hold in R,,,. Then we continue to have these two hold in }/%;, the m-adic
completion of Ry,.

Since R, is reduced, equidimensional and excellent, so is ],%; Let n be the preimage of m
in T. Then IT, is of pure height dim 7}, — dim Ry, = dim 7y - dim Ry Since Qg jx = Qr,/x(re]
is complete. We have Qp- ;¢ = Qpx = (Qgr/Kx)m- Hence the Jacobian ideal J(Rn/K) =
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J(R/K)R,, expands to the Jacobian ideal 7 (Rn/K). So 6 € J(Rw/K). Since we also have
ue(J ],%;)*, we conclude that du € J ]/%:1 by Theorem 2.3.1, which is a contradiction! O

2.4 Definition of Tight Closure in Equal Characteristic 0

There are several ways to define tight closure in equal characteristic 0. We focus here on K -tight
closure and on small equational tight closure, which is the case when K = QQ. The tight closure gets
larger and the test ideal gets smaller if the field /K gets larger. These are the simplest notions to
define and there does not appear to be much motivation to use more complicated notions.

In this section, we briefly introduce the definition of K -tight closure in equal characteristic O.
We usually omit the reference to K in the definition. We start with affine K -algebras, then we pass

to noetherian K -algebras. In the case K = Q, this is called the small equational tight closure.

2.4.1 Tight closure for affine algebras over fields of characteristic 0

Let R be an affine K -algebra where K is a field of characteristic 0. Let N ¢ M be finitely
generated R-modules and v € M an element in the module. We want to “descend” the data over
R, i.e., the quintuple (K, R, N, M, u), to some finitely generated Z-subalgebra .4 of K. Roughly
speaking, the descent data for the quintuple from R to A is also a quintuple (A, R4, Na, Mg, u4)
such that when tensored with K over .4, we recover the original quintuple. The formal definition
below is taken from [HH99, (2.1.2) Descent data].

Definition 2.4.1. Let a quintuple (K, R, M, N, u) be defined as above. By descent data for this

quintuple, we mean a quintuple (A, R4, N4, M 4,u4) satisfying the following conditions:
(i) A is a finitely generated Z-subalgebra of K.

(i) R4 is a finitely generated .A-subalgebra of R such that the inclusion R4 € R induces an

isomorphism of Ry with R. Moreover, R 4 is A-free.

(iii) My, N 4 are finitely generated A-submodules of M, N respectively such that N4 € M 4 and
all of the modules M 4, N4, M 4/ N 4 are A-free. Moreover, the diagram below

N|A<_>Mr\ = NApQU K—— M40 4 K

N——M Ne— > M
as R-modules.

(iv) The element v € M isin M 4 and u = u 4.
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The most important fact is that descent data do exist ((HH99, (2.1.3) Discussion: the existence
of descent data.]), and in fact there are a lot of them. We actually have R = h_I)IlB Rp where B runs
through all finitely generated Z-subalgebras with A € B ¢ K and Rp is the descent of R. Similarly
we have M = li_r)nB Mpand N = li_n}B Np ([HH99, Proposition 2.1.9]). Let us give an example to

illustrate this definition.

Example 2.4.2. Let R = Q[z,y, z]/(2?/2 + y3/3 + 25/5) and K = Q. Then we can take A to
be Z[1/2,1/3,1/5]. Therefore x2/2 + y3/3 + 2°/5 makes sense in A[z,y, z] and we can form
Ry=Alz,y,z]/(22/2+ y3/3 + 2°/5). In fact, take B to be any finitely generated .4-algebra such
that A <€ B € Q, then Rp := R4 ®4 B will be a descent of R to B.

We give the definition of tight closure on a finitely generated Z-algebra A below ([HH99,
(2.2.2)).

Convention 2.4.3. For a finitely generated Z-algebra A, a property P holds for almost all p €
Max Spec(.A) if there is some open dense subset U of Max Spec(.A) such that P holds for all y € U.
Let Q be a class of rings (e.g., all domains). By “for almost all rings in Q that A maps to” we mean

that “there is an element a € A such that for all rings in Q that A, maps to.”

Definition 2.4.4 (Affine case). Let 4 be a finitely generated Z-algebra. Let M 4 be an .4-module
and N4 € M 4 a submodule. We say that u 4 € M 4 is in (V. A)ﬁf if for almost all (Convention 2.4.3)
€ Max Spec(A), u, € (N,);, where k = Afp.

Based on the affine case, we define the tight closure for a finitely generated K '-algebra R as

follows:

Definition 2.4.5 (Finitely generated K -algebra). Let R be a finitely generated K -algebra and let
N ¢ M be R-modules. We say that u € M is in the tight closure of N;X if there exists descent
data (A, Rq, My, Ny, un) for (K, R, M, N,u) such that uy € (NA);Z‘ over R4 in the sense of
Definition 2.4.4.

2.4.2 Test elements in the affine case

We want to generalize both Theorem 2.4.9 and Corollary 2.4.10 in [HH99] to the non-domain

case.

Proposition 2.4.6. Let A be a finitely generated 7Z-domain with fraction field F, and let R4
containing A be a finitely generated A-algebra. Suppose that R 4 is module-finite over a regular
ring T4 and that Rg is geometrically reduced. Then the nonzero elements in the Jacobian ideal
J(R4/Ta) are universal test elements for A — R 4 in the sense of [HH99, Definition 2.4.2].
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Proof. Localize at one element of A° so that A is regular, A — 7T is smooth and also so that R 4 is
A-free. For almost all (Convention 2.4.3) fields £ to which A maps, R, is geometrically reduced
([HH99, (2.3.6)b]). If follows that for almost all (Convention 2.4.3) regular domains A, R, is
geometrically reduced and the extension 7y € R, is module-finite. Now the result is immediate

from Proposition 2.3.2 [

Corollary 2.4.7. Let A be a finitely generated 7.-domain with fraction field F, and let R 4 containing
A be a finitely generated A-algebra. Suppose that R is geometrically reduced and d-dimensional.

Then the nonzero elements in the Jacobian ideal J (R 4/ A) are universal test elements for A - R 4
in the sense of [HH99, Definition 2.4.2].

Lemma 2.4.8. Let A be a finitely generated Z-domain and let R 4 containing A be a finitely
generated A-algebra. Suppose that 14 € R 4 is an ideal and u 4 € R4 is an element. If u,, € [ 4R,
for almost all (Convention 2.4.3) k € Max Spec(A), then uy € I 4.

Proof. Assume for contradiction that uy ¢ [4. Consider the Ry-module (14 + ug)/I4. By
assumption it is a finitely generated nonzero module. By [HR74, Lemma (8.1)] we can localize at
one element of A to make it free. Hence its rank can be checked by base change to any .A,. Then

we conclude that it has rank 0, i.e., it is a zero module. So we have u 4 € [ 4. []

By Convention 2.1.4, in order to show that some element is a test element, we will show that it

multiplies the tight closure of any ideal in the ring back to the ideal.

Theorem 2.4.9. Let R be a reduced finitely generated equidimensional K-algebra of Krull dimen-
sion d. Then J (R/K) is contained in the test ideal.

Proof. We write R = K[x1,...,2,]/(f1,--., fr)- Then (fi,..., f.) has pure height n — d, and the
Jacobian ideal J (R/K) is generated by the size (n — d) minors of the Jacobian matrix. Let ¢ be
one of the minors.

Let I be an ideal of R and let u € I*X. Let A be the finitely generated Z-subalgebra of K such
that all polynomials of fi, ..., f, and all size (n — d) minors of the Jacobian matrix are defined in
Alzy,...,z,]. Localizing at finitely many nonzero elements (equivalently, one nonzero element)
of A, we can make (A, Ra = A[z1,...,2,]/(f1,--, [r),1a,ua) adescent of (K, R, I,u). We will
write § € R4 by abusing notation. Then clearly 0 € 7 (R4/A) and remains so after any base change
A— Bwhere Ac BC K.

There are descent data over A for (K, R, I, u) such that uy, € IZ)AO. By [HH99, 2.1.6] we can
enlarge A to make R 4 contain the descent data over A,. Hence, we have u 4 € I;/ A Hence for all
most all © € Max Spec(A), by Corollary 2.4.7, we know that the image of § in R, is a test element.

So we have, in particular, du, € [4R,. By Lemma 2.4.8, we conclude that du 4 € 14, which implies
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that 0u € I in R. Since § and u are arbitrarily chosen, we conclude that 7 (R/K)I*¥ c I for any
ideal I ¢ RR. [
2.4.3 Affine progenitors

Let K be a field and let S be a noetherian K -algebra. Note that S may not necessarily be finitely
generated over K. Let N ¢ M be finitely generated S-modules, u a finite sequence of elements of
M. We have the following definition of an affine progenitor ((HH99, Definition 3.1.1]).

Definition 2.4.10. By an affine progenitor for (S, M, N,u) we shall means a septuple M =
(R, Mg, Ng,ug, h, 3,nr) where

* Ris afinitely generated K -algebra.

h: R — S a K-homomorphism.

MTE, is a finitely generated R-module with an R-linear map (3 : M — M such that the induced
map S, : S ®g Mg — M is an isomorphism.

* up is a finite sequence of elements of My such that 5, maps uj, to w.

Ng 1s an R-linear map from Ny to My and the induced map Ng - Mg — M maps Ng onto
N.

We refer to R as the base ring of the affine progenitor.

The data of the affine progenitor is captured by the following diagram.

B
Np —2 Mg N—=M
R ¢ I
R s

where the dashed arrow R -> M means M is an R-module. Note that we do not require 75 to be

injective, nor do we require that /Ng be isomorphic to /N. Also we do not require R to be a subring
of S.

2.4.4 General noetherian K -algebras

We are ready to define a notion of tight closure, called direct tight closure, for a general

noetherian K -algebra S.
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Definition 2.4.11. Let S be a noetherian K-algebra and N C M be finitely generated S-modules.
Let u € M. Then we say that u is in the direct K-tight closure N>*¥ of N in M if there exists an
affine progenitor (R, Mg, Ng,ur) (Definition 2.4.10) for (S, M, N,u) such that ug € (Ng)3;f, as
in Definition 2.4.5.

We also have a notion of tight closure called “formal K -tight closure,” defined below.

Definition 2.4.12. Let R be a noetherian K -algebra. By a complete local domain B (at prime P)
of R we mean Rp modulo a minimal prime, where P € R is a prime ideal. We say that u is in the
formal K -tight closure N™¥ of N in M if for every complete local domain B of R, 1 ® u is in the
direct K -tight closure of (B®xr N) in B®g M.

We will use the definition of formal K -tight closure for the actual definition for all cases. This

will not cause any conflicts as we have the following remarkable result.

Theorem 2.4.13. [HH99, Theorem 3.4.1] Let S be a locally excellent noetherian algebra over a
field K of characteristic 0. Let N € M be finitely generated S-modules. Then the following three

conditions on an element u € M are equivalent:
(i) ueN;K.
(ii) For every maximal ideal wm of S, if C' = Sy then uc € (Nc)j/}f
(iii) ue N:K.
In particular, we have N]T/[*K = N;\/}K.
Consequently, for all three cases we have the following corollary.

Corollary 2.4.14. [HH99, Corollary 3.4.2] Let R be a finitely generated algebra over a field K of
characteristic zero. Let N € M be finitely generated R-modules. Then NI = N7+ = Ni=K,

Finally, we are ready to give the definition of (small) equational tight closure in equal character-
istic 0.
Definition 2.4.15. [HH99, Definition 3.4.3] Let R be a noetherian K -algebra, where K is a field of

characteristic zero, and let NV ¢ M be finitely generated R-modules.

(i) We define the K -tight closure N*X of N in M to be the formal K -tight closure of N in M.

(i1) Every noetherian ring R of equal characteristic zero is (uniquely) a Q-algebra. When K = Q
we shall refer to the direct (Q-tight closure of N in M as the direct equational tight closure
of N in M, and denote it N;;*?. we shall refer to the Q-tight closure of N in M as the

equational tight closure of N in M, and denote it N,
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2.5 Test Elements in Characteristic 0

We aim to prove Theorem 2.5.6. Before that, we have to make great use of the Artin-Rotthaus
theorem (Theorem 2.5.1) to discuss a series of descent results ((Al) - (All)).

2.5.1 Descent data

We need the following Artin-Rotthaus theorem ([ARS8S]).

Theorem 2.5.1 (Artin-Rotthaus). Let K be a field. Then the power series ring K[z1,...,x,] isa

direct limit of smooth K|[x1,...,x,]-algebras.

The Artin-Rotthaus theorem is also a consequence of Néron-Popescu desingularization (cf.
[Swa98, Theorem 1.1])

Theorem 2.5.2. Let f : A — B be a ring homomorphism. Then f is flat with geometrically regular
fibers if and only if B is a filtered colimit of smooth A-algebras.

We first note that maps in the Artin-Rotthaus theorem are not necessarily injective. Also the
Krull dimension of the algebras occurring in the direct limit may be arbitrarily large. So in most
cases, we study the height of ideals generated by certain elements, rather than the Krull dimension
of the quotient ring.

We will be able to preserve many properties while passing to a larger algebra, i.e., these
properties will hold for all algebras occurring after a certain index v.

Let R be a reduced, equidimensional complete local ring of dimension d with coefficients field
K,ie,R=K[z1,...,x]/(fr,-- fm). We write A = K[z1,...,2,]. Then A = K[xzy,...,x,],
and f; € A for each i.

(A1) (Eventually injective) Note that for any element a € A, there is some v and some @ € A,
mapping to a. Note that A, — A may not be injective. But the kernel is a finitely generated
ideal and maps to zero in A, hence it must be zero when we map to a large enough algebra
A,,. Moreover, the image of A, in A, maps injectively to A, and remains so mapping to any

Ay where A > ui. Therefore, we will denote the image of @ in these A by a directly.

(A2) (Descent of elements) We shall write “for all ;> v to mean that “there exists some A > v
and for all > A\.” By (A1), for any element a € A, there exists some v such that a € A, for
all ;o > v. Hence, we can say that there exists some y such that a € A,,. Of course, for any A

where \ > 1, we have a € A,.

(A3) (Notation) We shall frequently use the following notation:
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« We write m for the maximal ideal of A and let m,, denote the contraction of m in A,.

Since A, /m, > Z/m = K, and so must be K. Hence m,, is a maximal ideal of A,,.

* Note that any element @ in A, — m, maps to an element in A-m. Soits image is
necessarily a unit, and we actually have (A,), — A. Also, we have such maps for
(A,), = A, for all 1 > v. Moreover, we can do this for finitely many such elements by

localizing at their product.

* By the bullet point above, the localizations we obtained above are cofinal with the direct
system. So we can always assume for each 1 > v, a localization is made, if needed, and

we shall indicate this by “for all p >, v.”

(A4) (Descent of ideals) For any ideal a ¢ A, if ais generated by aq, . .., ax, then there exists a
v such that all of the a; are in A,. Therefore we have a,, = (ay,...,ax)A, for all ;1 > v.
If in addition, we have an element v € a C Z, we can write u = zya1 + -+ + z,a, for some
21,00y 2k € A. By choosing a larger ;1 we have u, zi,...,2; € A,. Then the element
u-YF za; e A, maps to zero in A. By passing to a larger . we may assume that this is

honestly zero. Therefore for all ;> v, we have u € a,,.

(AS) (Description of the maximal ideal) Any element in m,, is in (x,...,2,)A, forall ;> v. Let
@ € m, be an element. This is trivial if @ maps to zero. If @ maps to a nonzero element a in
m=(zq,... ,xn)ﬁl\, by (A4), there exists p such that a € (z1,...,2,)A,.

(A6) (Descent of radicals) Let uq,...,u, € A be a system of parameters. Then by (A2) and

(AS5), there exists some v such that uy,...,u, € A, and (uy,...,u,)A, S (z1,...,2,)A,
for all > v. Since each x; has some power in (uq, ... ,un)Z, we choose a larger ;o such
that each x; also has a power in (u1, . ..,u,)A,. Then this implies that (uy,...,u,)A, and
(z1,...,7,)A, have the same radical.

The next proposition says that we can descend regular sequences in A.

Proposition 2.5.3. If elements w1, ..., uy in A form a regular sequence, then there exists v such

that they form a regular sequence in A, for all {1 >, V.

Proof. We can extend ug, . .., uy to a full system of parameters ug, ..., u, € A. If we can show that
u1,...,u, form a regular sequence in A, for all & >, v, then the conclusion follows immediately.

By (A6) we can find p such that (us,...,u,)A, S (z1,...,2,)A, and they have the same
radical. By the construction of A,,, we know that 24, ..., z, form a regular sequence on A, which
implies that the Koszul homology H;(x1,...,z,;A,) vanishes for each i. Since they have the

same radical, we also have H;(uy, ..., u,; A, ) vanish. Then vy, ..., u, form a regular sequence on

(A,

36



(u1,eun)ia,u
The modules ~—- 02 Au el
(u1,.., “h)Au

is clear that we can localize at one element  to make all these modules zero. Thus uq, ..., u, form

are finitely generated and become zero once we localize at m,,. It

a regular sequence on (A,,),. O

Next we observe that we can descend ideals while preserving their heights, see (A7); if the ideal

has pure height, we can preserve that, see (A11). For this purpose, we need the following fact.
Fact 2.5.4. [HH99, Facts 2.3.7] Let R be a noetherian ring and I an ideal of R.

(i) If I is proper then I has height at least h if and only if there is a sequence of elements
x1,...,xy in I such that for all 1, 0 < @ < h -1, x;,1 is not in any minimal prime of
(z1,...,7)R.

(ii) I has height at most h if and only if there exists a proper ideal J containing I and an element
y of R not a zerodivisor on J such that yJ € \/I and yJ is contained in the radical of an

ideal generated by at most h elements.

Proof. For 2.5.4.(1), since [ is not in any minimal prime of (0) R, we can choose x; € I avoiding all
minimal primes of (0) R. Suppose that x1, . .., x; are chosen. Since ht(I) > h > i, it is not contained
in any minimal primes of (z1,...,x;)R. Hence, it is not contained in the union of all these minimal
primes. So we can choose z;,; € I avoiding all minimal primes.

For 2.5.4.(i1), If I € J, and y is a nonzerodivisor on .J, then y avoids all associated primes
of I and J. So we have ht(I) = ht(/R,) and ht(J) = ht(JR,). Note that in R,, we have
JR, c VIR, ¢ \/J_Ry Since J R, is contained in the radical of an ideal generated by at most
h elements, it has height at most h. So ht(I) = ht(/R,) = ht(v/IR,) < ht(JR,) < h. Now
we assume that [ has height at most h. Let P be one of the minimal primes of I such that
ht(P) = ht(I) < h. Then I Rp is PRp-primary. So PRp = V' IRp. We also know that PRp is the
radical of at most h elements (a system of parameters) in Rp. By looking at the generators, we can
localize at one element y € R — P such that PR, ¢ VI R, and PR, is contained in the radical of an
ideal generated by at most / elements. Raise y to a power if necessary and let J = P, then we have

yJ /T and yJ is contained in the radical of an ideal generated by at most / elements. 0

(A7) (Preserving height while descending) For any ideal a = (aq, ..., an);f of height h, we have a,,
for all x> v. On the one hand, let x4, ..., x;, be a maximal regular sequence in a. Then we
have (z1,...,25) € (a1,...,a,) in Ay, and 24, ...,z continue to be a regular sequence for
all y1 >, v by Proposition 2.5.3. So we have ht(a,,) > & for all ; >, v. On the other hand,
by Fact 2.5.4, there is some ideal J and an element y in A such that
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* There is some power [ such that (yJ)! € K where K is generated by h elements.

* y is a nonzerodivisor on J.

All these except the last bullet point can be achieved using (A4). The last one is done by

Proposition 2.5.3. Hence for all 1 >, v, we also have ht(a,,) > h.

Next we want to prove some results about descending modules and exact sequences by descend-

ing their presentations.

(A8) (Descent of finitely generated modules and maps in-between) Let M be a finitely generated
A-module. Since A is noetherian, we can write M as the cokernel of a matrix . For large
enough v, we have all entries of a in A,, so we can form M, := Coker(c, ). For a map
f: M - N between A-modules M, N, we have lifting of maps

R K——s Fy—= M

\ \l \i
Fy K'S Vi N

where all F, Fy, F!, F, are free A-modules. So we have commutative diagram

F1$F0 .

b,k

Choose v large enough such that all matrices makes sense and the corresponding diagram
commutes. Then we get a map from M, = Coker(a, ) to N, = Coker(3,), which recovers

M - N once we tensor with A.

(A9) (Descent of finite free resolutions) A finite free resolution of a module Coker(a) over A

descends to a finite free resolution over some A,,.

Proof. We need the Buchsbaum-Eisenbud criterion for acyclicity ([BE73]). Let F, = 0 —
F, - -+ — F{ be a complex of finite free A-modules and let @; : F; — F;_1 be the maps. We
can descend each map ¢; (as a matrix) to a large enough A,. Call the descended complex F

and the corresponding maps ¢.. Then after passing to some u > v, we have

* The compositions of consecutive maps are zero.

« The determinantal rank of ¢/ is the same as over A. So rank(y/,,) + rank(y!) =
rank(FY).
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* The ideal generated by the rank size minors at ith Spot Lrani(,) (¢%) is either the whole

ring or contains a regular sequence of length 7.

The first and the second bullet points are achieved by (A2) and the facts that ;.1 o @; =
0, Liank(p;)+1 (i) =0 over A. For the third bullet point, the proof splits into two cases:

o If Lank(p,) (95) = A, then Lank(y!) (¢%) contains some element that maps to a unit in A.

Hence this element will become invertible after a suitably large index v.

* If Lank(y,) (i) contains a regular sequence of length at least ¢ in A, by Proposition 2.5.3

we know that this holds in a suitable localization of A, for large enough .

So acyclicity follows for p > V. [

(A10) (Descent of short exact sequences) A short exact sequence of finitely generated modules over

A descends to a short exact sequence over some A,,.

Proof. We take finite free resolutions of the first and the third modules of the sequence, and
fill in maps for the direct sums of the free modules for a given degree to give a free resolution
of the middle module in the sequence. Then we can descend the whole resolution and the

maps between them by (A9). [l

Lemma 2.5.5. Let T' be a Gorenstein local ring. A finitely generated T-module M has pure
dimension dAim(T') — h if and only if it embeds in a finite direct sum of modules of the form

T/(x1,...,x)T, where each x1,. .., xy is a regular sequence in T.

Proof. If M embeds into such a direct sum, then M clearly has pure height 4. Assume that M has
pure height h, and let Py, ..., P, be the set of associated primes of M. Then each P; has height i
for 1 <4 < h. Consider the map M — @ | Mp,. The kernel of this map consists of elements killed
by W = R-u?, P,. Since W consists of only nonzerodivisors on M, the map M — & Mp, is
injective. Each Mp, is a module of finite length over Rp,. So Mp, embeds into the direct sum of
finitely many copies of the injective hull E; of Rp, /P,Rp,. We can work with the image of Mp, in
each copy of the injective hull respectively. So assume without loss of generality that M p, embeds
into one copy of E;. Let uy, ..., u € P; be part of a system of parameters in 12 such that they form a
system of parameters in Rp,. Then £ = lim R/(x3,...,x;)R. Note that Mp, is finitely generated,
so it maps to some R/(x5,..., x5 )R for some s. Since each R/(z5,..., x5 )R injects into E;, the

map Mp, - R/(x5,...,x;)R must be injective as well, which proves the claim. O

(A11) Let a ¢ A be an ideal of pure height A, then for 1 >, v, the descent ideal a,, also has pure
height h.
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Proof. This is equivalent to A /a having pure height h. By Lemma 2.5.5, this is equivalent to
Z/ a injecting into a finite direct sum of modules obtained by killing a regular sequence in A.
By Proposition 2.5.3, (A8) and (A10) we can descend the presentation of 121\/ a as well as the

injection map. Then a,, will have pure height h as well for all 1t >, v. 0

2.5.2 The complete local case
We would like to prove the following result which is analogous to [HH99, Corollary 2.4.10].

Theorem 2.5.6. Suppose that R is a reduced, equidimensional, complete local ring of dimension d
over K. Then the Jacobian ideal J(R/K) is contained in the test ideal for K-tight closure, and,

hence, the test ideal for small equational tight closure.

Proof. Suppose that we have a presentation R = K[xz1,...,2,]/(f1,-.., fr). Then the Jacobian
ideal is generated by (n — d) x (n — d) minors of the Jacobian matrix (0f;/0x;).

Write A = K[z1,...,2,] and then A = K[xy,...,z,] - R. Since R is equidimensional, the
kernel (fi,..., f,) has pure height h = n — d. Let 6 be an h x h minor of (STJ:) Let u € I* where
I € R an ideal.

For each positive integer N, we aim to prove that du € I + m”. Fix an N. Since each f; is a
power series in x;, we can truncate f at degree NV, i.e., let ffN be the sum of terms in f; of degree

at most N and each term in f; — ffN is divisible by a N + 1 power of x;. So we can write
fi = ffN + Zzgui,g
@

where a € N with |a| = N + 1, for some u; , € A. Note that each =" is in A.

By (A2), We can fix an index vq such that for all v > v, A, contains the generators of /, u and
all these u; ,,. For each v, consider a presentation A[yy,...,ys] - A,. It has a kernel generated
by Gi,...,Gy, ie., A, = Alyi,...,ys]/(G1,...,G). Since all u;, and z; are in A,, we can
write F; = ffN + Y, 2%u;4. Let R, = A, [(Fy, ..., F)A, = Alyr, ..,y )/ (Fr, . FL G, Gy).
Since (F7,..., F,) is a descent of the ideal (f1,..., f,), by (All), the ideal (F,..., F,)A, also
has pure height / for j1 >, v. Equivalently, 2, is equidimensional for all ;4 >>,. v. Now consider
the Jacobian matrix of R, over k. Let h + s be the height of the ideal (1, ..., F,, G4, ...,G,) in the
ring A,,. Then the Jacobian ideal J (R,,/K) is generated by the h + s minors of the (r+1t) x (n+s)

(55),. (52)...) @5

(%), (&)
0 ) pup, Wk Jixs

Since u € (I R)*K, there is some affine progenitor R’ such that this holds. We can make A, large

matrix

enough to contain all the generators of R’ over K to get a map A’ - A,. Then we also have
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uwe (IR,)*. By Theorem 2.4.9, the image in R, of the elements in J (R, /k) multiplies the tight

closure back into the ideal itself. We know that 7 (R, /k)u € I R,,.

Note that in the matrix (2.5.1), the lower-right corner (g—i)t is the Jacobian matrix of A4,/ A.

Since A,, is smooth over A, the Jacobian ideal is the unit ideal.
For each F;, we have
OF, OfN
Ox; B é)f—% +m?,
or;
dy, a Ui

So there is some h x h minor 0 of (g—fj) such that d — § e m¥. Thinking of the matrix (2.5.1) in

the ring R,,/m}} where m,, is the image in R, of the descent of m to A, by (A5), we have

T(RJK) 0
* 9 ’

where Q is the image of the Jacobian matrix J(A,/A). Hence, the s x s minors of Q generate the
unit ideal. Since the product of any ~ x h minor of J(R/K') and s x s minor of Q is in J(R,/K),
we have

S'j(Ru/K) = j(Ru/K)Ru/m;]y =de j(Ru/K)Ru/mﬁ[-

Therefore, we have ou € (I + m/') R, which implies that §u € [ + m" in R. Since this is true for
any N, we conclude that du € Ny (I + mY)R = 1. O

2.5.3 The affine-analytic case

We want to prove

Theorem 2.5.7. Suppose that R is a reduced affine-analytic K-algebra that is equiheight. Then the
Jacobian ideal J (R/K) is contained in the test ideal for K-tight closure, and, hence, the test ideal

for small equational tight closure.

We need to establish results (B1) - (B3) similar to (A1) - (A3). Let us begin with some discussion
on the setup. Let R = T'/I where T' = K[x1,...,z,][21,...,2m] and I = (f1,..., f.)T. Then by
assumption, all minimal primes of [ in 7" are of the same height . Write z for the sequence of
elements 21, ..., z,, and using the notation from previous section, we write A = K[x1,...,z,] and
A=K[xzy,...,x,]. Then R = T/I where T = A[z]. By hypothesis, all minimal primes of I in T’
have the same height and I has no embedded primes. Suppose that ht(I) = hand I = (f1,..., f.)T.
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Then the complete Jacobian matrix is given by

ox1 Oxp | 021 Ozm
: . ol . :

|
ofr ... Ofr Ofr ... Ofr
o1 Oxn , Oz1 Ozm

We will prove this using the Artin-Rotthaus theorem to approximate A and also T Therefore
we will establish (A1)-(A11) as before for 7. We first establish (A1)-(AS5), summarized in the
following bullet point.

(B1) Note that any element in A will be in the image of some A, and the map is eventually injective
in the sense of (A1), i.e., there exists some x > v such that for all v > p, the image of A4, in
A, maps injectively into A. So any polynomial in 7" will necessarily be in 7,,. In particular,
we can define f1,..., f.inT,:= A,[z] and form R, =T, /(f1,..., )

(B2) The statements in (A4), (AS) and (A6) also hold here: we can descend an ideal by descending
its generators. In particular, we can descend the maximal ideal. We can also descend an ideal
and its radical. We will write m for the maximal ideal of A and m,, for its contraction back to

A, . Then one is allowed to localize at any elements in A, — m,, for any 7,.

Let us work with a counter-example to Theorem 2.5.7, i.e., there is some ideal J € Rand u € R
such that u € J*, and some ¢ € J(R/K) such that ju ¢ J. Let () be a minimal prime of the proper
ideal J :p du. This continues to be a counterexample in R. We will make repeated use of the fact
that we can localize at finitely many elements (in fact, one by localizing at the product of them)
outside ().

(B3) We will localize at finitely many elements in 7, — QQ°7,, where ()¢ is the contraction of () in

T,. We will use the notation j >>¢_jo v to indicate this.
We need the following lemma to deal with preserving height while descending.

Lemma 2.5.8. Let () € T be fixed and let I, . . ., I} be finitely many ideals contained in (). Suppose
that Jy, ..., Jy are ideals in T, such that J;T = I;, 1 <@ < k. Then for all ;1 >q_1oc v, all associated
primes of each J;T), are contained in the contraction of (), and the height of J;'T), is the same as the
height of I'Tq. If g1, . . ., gn form a regular sequence in Q)1y, then for all |1 >>q_1oc V, their images

inT),, also form a regular sequence.

Proof. There are only finitely many ideals .Ji, . .., Ji and each has finitely many associated primes.
For each J;, we can choose an element in all associated primes not contained in ()¢ and avoiding
associated primes contained in (). Then by localizing at these elements (or their product), we

assume that all associated primes are contained in ()°.
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Let g1,...,9n be a regular sequence in Q7. This implies that all associated primes of
(g1,---,9;) contained in () have height i. For each associated prime P of (gi,...,9;)T, in T,
since the height of PTj is 7« by Theorem 2.1.23, P has height at least z. On the other hand, P
cannot have height more than ¢ due to the Krull’s height theorem. So P has height . Since T}, is
Cohen-Macaulay, g1, ..., gy 1s a regular sequence.

For preservation of height, we start with prime ideals. Let P be a prime ideal in 7},. The height
of P cannot increase when expand to 7¢y. Choose a maximal regular sequence in P7g. For all
[ >>0-10c V, they will form a regular sequence in 7),. Hence ht(P7),) = ht(PTy).

For general ideal J, we first choose T}, where 1 >>g_jo. v such that all minimal primes of JT,
are contained in ()°. We will also replace J by its radical in 7}, i.e., the intersection of all minimal

primes of J. Let P, ..., P, be all the minimal primes of .J. Then
PlTQ NN PZTQ c JTQ c PiTQ

for each i. So we have ht(J7y) < min{ht(P, 7 }. For any minimal prime of .JT¢), it must also
contain some P;T. Therefore ht(J7) > min{ht(P,Ty}. Hence, ht(JTy) = min{ht(P Ty} =
ht(J). O

Proof of Theorem 2.5.7. Write A = K[xy,...,x,] and T = A[z,...,2%y]. Then T - R. The
kernel (f1,..., f;) has pure height h = n —d. Let § be a h x h minor of (3;: ) Let u € J* where
J € R an ideal.

We work with a counterexample as before. Let () be a prime ideal containing J :p du, then
du ¢ JRg and since m € @), we have du ¢ (J + m”") R, for some N. Fix this N.

We aim to prove that du € I + m¥. Since each f; is a polynomial in z with coefficients being

power series in x;, we can truncate each coefficient of f at degree IV, i.e., if

fi(zl,...,zm): Z ngé

finitely many SeN™

where each cg is in A, then we can form SN and the difference cp— CZN is in m¥*1T. So we can

write
fi(21, . 2m) = > N o+ (2.5.2)

finitely many geN™

<N
h

for some r e mN*1T". Let £V

be the summation in (2.5.2). The difference r is the polynomial in
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21, ..., 2m With coefficients in m. So we can write
_ £<N a
fi_fz‘ +Z£7ui,g(zl7"'7zm)
&

where o € N* with |a| = N + 1, for some u;,(z1,...,2m) € T. Note that each fV is in
Alz1, oy Zm].

By (B1), We can fix an index 14 such that for all v >>¢g_j,c 1, 1, contains the generators of
J, u and all these u; . For each v, consider a presentation A[yy,...,ys] > A,. It has a kernel
generated by G1, ..., Gy, ie., A, 2 Aly,...,ys]/(G1,...,Gy),and wehave T, = A, [21,..., 2] =
Alyr, -3 Usy 215 -+ 2m]) [ (G, . Gy).

Since all u; 4(21,...,2n,) and z; are in 7,, we can form F; = ffN + Y, T, Let R, =
T,/(Fy,...,E.)T,. Since (Fi,..., F,) is a descent of the ideal (fi,..., f,), by Lemma 2.5.8, the
ideal (F1,...,F,)A, also has pure height h for y >, v. Now consider the Jacobian matrix of

R, over k. Let h + s be the height of the ideal (F},..., F,,Gy,...,G;) in the ring A,,. Then the

Jacobian ideals J (R, /K’) are generated by the i + s minors of the (r +t) x (n +m + s) matrix

(52) (). (&) . (25.3)

(@) D) (@)
0z ) ism, z1 Jtxm Yk Jixs

Since u € (JR)*X, there is some affine progenitor R’ such that u € (JR’)*¥ holds. We can make

3!

o5)
¥

Q

T, large enough to contain all the generators of R’ over £ to get a map R’ — T},. Then we also have
uwe (JR,)*. By Theorem 2.4.9, the image in R, of the elements in J (R, /K’) multiplies the tight
closure of any ideal back into the ideal. We know that 7 (R,,/K)u ¢ JR,,.

Note that in the matrix (2.5.3), the lower-right corner (g—gj)txs is the Jacobian matrix of A4,/ A.
Since A, is smooth over A, the Jacobian ideal is a unit ideal.

For each F;, we have

oF, ofN

+
&’xj (%cj w
8E — afiSN +mN+17
aZl 8zl
oF;

Oy

So there is some h x h minor 8 of (gz ) such that § — § e mV. Thinking of the matrix (2.5.3) in

the ring R,,/mY where m,, is the image in R, of the descent of m to A, by (B2), we see that the
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matrix becomes
J(R/K) 0
* Ql’
where Q is the image of the Jacobian matrix J(A,/A). Since the product of any s x s minor of Q
and any h x h minor of J(R/K) isin J(R,/K). We have

J- T (AulA) < j(RM/K)Ru/mﬁ] =Je j(Ru/K)Ru/mﬁ[-

Therefore we have du € (I + m{Y)R,,, which implies that ju € I + m" in R. So we obtain a

contradiction! We conclude that du € J. O]

2.5.4 The semianalytic case

‘We want to show:

Theorem 2.5.9. Suppose that we have a flat map with geometrically regular fibers R — R’ where
R is a reduced affine-analytic equiheight K-algebra. Then the expansion of the Jacobian ideal
J(R/K)R' is contained in the test ideal of R’ for K-tight closure, and, hence, the test ideal for

small equational tight closure.

Since R is a reduced affine-analytic K -algebra, it is approximately Gorenstein. We need to
show that R’ is also approximately Gorenstein so that Convention 2.1.4 makes sense. Hence, we

prove the following proposition.

Proposition 2.5.10. Let S — T be flat with Gorenstein fibers. If every local ring of S is approxi-
mately Gorenstein (this condition holds, for example, if S is excellent and reduced), then T is also

approximately Gorenstein.

Proof. Let n be a maximal ideal of 7" and let q be its contraction in S. Then S; — T, is local and
flat, with Gorenstein fibers. So we reset the notation and assume that (.S, q) — (7', n) is flat local

with Gorenstein fibers. By assumption S is approximately Gorenstein. So there exists a sequence

of irreducible ideals /; in S cofinal with powers of q. Let x4, ..., x) be a system of parameters in
T/qT'. We claim that [,T" + («%, ..., 2} ) is a sequence of irreducible ideals in 7" cofinal with powers
of n.

The “cofinal” part is trivial from the construction. For irreduciblity, note that S/I; is Gorenstein.
Hence, T'/1,T is Gorenstein as it is flat local over S/I; with Gorenstein fibers. By construction,
«t, ..., x} is a regular sequence on T'/1,T. Hence, T'/(,T + («%,...,2%)) is Gorenstein, which

implies that 1,7 + (z}, ..., %) is irreducible. O
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Proof of Theorem 2.5.9. By Proposition 2.5.10 we know that R’ is also approximately Gorenstein.
By Theorem 2.5.1, R’ is the filtered direct limit of smooth R-algebras. Since any smooth extension
S of R is an affine-analytic K -algebra, we only need to show that the 7 (R/K)S ¢ J(S/K). Then
Theorem 2.5.7 will finish the proof.

Since an element is in an ideal if and only if it is so over each connected component, if Spec(R)
has several connected components, we can deal with each component separately. So we assume that
Spec(R) is connected. Let S be a smooth extension of R. Again if Spec(.S) has multiple connected
components, we can deal with each component separately. So we assume that Spec(.S) is connected
as well.

We can find finitely many elements g; € 12, f; in S such the f;g; generate the unit ideal of .5,
the g; generate the unit ideal of R, and each Sy, . is a special smooth extension of R, ., i.e., étale
over a polynomial extension.

Let us deal with each piece R, — Sy, , separately. We write Rz;, S; for R,,, Sy,4,. Then S; is
standard étale over a polynomial ring 7; over R;. We can write S; = (T;[ X |/H (X)) where H (X))
is monic in 7}, and G a multiple of H'(X). If H(X) in any minimal prime of (7;[ X ])¢, say g, then
p := qnT; is also a minimal prime and since p(7;[ X ] )¢ is a prime. We conclude that q = p(7;[ X ])¢-
Then H(X) has all its coefficients in p, which implies that H'(X) € p(T;[ X ])¢ = q. But this is a
contradiction as H'(X) is a unit in (7;[ X ])¢.

If we work with a presentation R = T'/I of R where T' = K{[x1,...,x,][21,--.,2mn], then
we can assume that I = (f1,..., f.) has pure height 4 in T and S = T[yi,...,y,]/I" where
I'=(fi,---, fry91,---,9s). Since Spec(S) is connected, the above argument shows that all

minimal primes of /' in .S will have the same height, which we denote by h + t. Then we can write

Ofi  Ofi
Ox; Oz 0
« o 2

0Ya

the Jacobian matrix blockwise as

The s x s minors of the right bottom block (g—;’g) generate 7 (S/R), which is the unit ideal. The

Jacobian ideal 7 (S/K') is generated by h + s minors of this Jacobian matrix. Hence any & x h minor
of the block (g—f O ) multiplies 7 (S/K) into the Jacobian ideal 7 (S/K ), which implies that

0z

J(R/K)S ¢ J(S/K). 0

Corollary 2.5.11. If R is a semianalytic K-algebra that is the localization of a reduced equiheight
affine-analytic K -algebra, then the Jacobian ideal J(R/K) is contained in the test ideal. For any
flat K-algebra morphism R — R’ with geometrically regular fibers, the expansion of the Jacobian
ideal J(R/K)R' is contained in the test ideal of R'. Here, all test ideals are for K -tight closure,

which are contained in the corresponding test ideals for small equational tight closure.

Proof. Write R=W1T /I where T = K[x1,...,x,][21,- -, 2n], the assumption is that I has pure
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height 4 in T'. Since T'/I — R is a flat map with geometrically flat fibers, using Theorem 2.5.9, we
conclude that the Jacobian ideal expanded 7 ((7'/1)/K )R is contained in the test ideal. Since R is
a localization of T'/I, we have J(R/K) =J((T/1)/K)R.

The composition of the maps 7//I - R — R’ is still flat. Since Spec(R) is a subset of
Spec(T'/1), the composition map 7'/ — R’ is of geometrically fibers. Hence by Theorem 2.5.9,
the Jacobian ideal expanded 7 ((7'/1)/K )R’ is contained in the test ideal of R’. Since

JUT/DIK)R = J(R/K)R',

the conclusion is proved. [
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CHAPTER III

WEPF Closure in Mixed-characteristic

This chapter is organized as follows: Section 3.1 collects some preliminaries on basic notations
and techniques. In Section 3.2, we prove the p-colon-capturing property (Definition 3.2.3) using the
perfectoid Abhyankar lemma (Theorem 3.1.11). This is one of our main results (Theorem 3.2.4).
In Section 3.3 we introduce our new closure operation wepf, and prove that it is a Dietz closure
satisfying the Algebra axiom (Theorem 3.3.4, Theorem 3.3.8). In Section 3.4 we show that
module-finite extensions are epf-phantom (Theorem 3.4.1) using techniques different from those
in Section 3.2. Finally, in Section 3.5, we study the behaviour of regular sequences on some non-
noetherian rings (Theorem 3.5.7) and prove results similar to p-colon-capturing (Theorem 3.5.13)

in characteristic p. Theorem 3.5.7 is needed in the proof.

3.1 Preliminaries

A ring of mixed characteristic p is a ring R of characteristic 0 with p in every maximal ideal of
R. We will work with a complete local ring of mixed characteristic p in all sections of this chapter

except Section 3.5. We will also use the following notation.

Notation 3.1.1. Let R be a domain and let R* be an absolute integral closure of R. For any R-
module M, we write M* := R* ® gz M. For any submodule W ¢ M, we write W+ for the tensor
product R* @ g W, and Im(W* — M) for the image of the map R* ® gk W — R* ® g M in M*.

Note that in the literature, the notation /* means plus closure of /, i.e., [ R* n R. Since we are

using neither the plus closure nor the notation /* in this chapter, there should be no confusion.

3.1.1 Closure operations in mixed characteristic

Let us recall the definition of Heitmann’s two closure operations, epf and r1f, below.

Definition 3.1.2. Let R be an integral domain of mixed characteristic p and let I be an ideal of
R. Then an element z € R is in the (full) extended plus closure of I, i.e., x € I¢?f, provided there

exists ¢ € R — {0} such that for every positive rational number ¢ and every positive integer NN,
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ccx € (I,pV)R*. The element z is in the (full) rank 1 closure of I, i.e., x € I"'f, if for every rank

one valuation v on R*, every positive integer /N, and every positive rational number ¢, there exists
d e R* - {0} with v(d) < ¢ such that dx € (I, pV)R*.

From the definition above, we immediately see that the epf closure is always contained in the
r1f closure, i.e., I¢Pf ¢ I"Yf for any ideal I ¢ R. We also note that there is a natural generalization of
these definitions to (finitely generated) modules. See also [R.G16, Definition 7.1]. We include the

definition below.

Definition 3.1.3. Let R be an integral domain of mixed characteristic p and let W c M be finitely
generated R-modules. Let M*, W+ be the notation in Notation 3.1.1, and let u be an element of M.
Then u € M is in the epf closure of TV if there is some ¢ € R — {0} such that for any £ € Q*, N ¢ N
we have

Fouelm (W — M) +pVM*.

Moreover, u is in the r1f closure of W if for every rank one valuation  on R*, every positive integer

N, and every positive rational number ¢, there exists d € R* — {0} with v(d) <  such that
deuelm (W — M*)+pNM".

3.1.2 Closure axioms

Here we present the seven axioms defined by Dietz in [Diel0], together with the Algebra axiom
defined by R.G. in [R.G18, Axiom 3.1].

Axiom Set 3.1.4. Let (R, m) be a complete local domain possessing a closure operation cl. Let
@, M and W be arbitrary finitely generated R-modules with () € M.

(i) (Extension) QS, is a submodule of M containing Q).

(i) (Idempotence) (Q5,)S; = Q;-

(ii1) (Order-preservation) If () € M c W, then Qﬂ/ c MI}',

(iv) (Functoriality) Let f : M — W be a homomorphism. Then f(QS,) < (f(Q))S$,.

(v) (Semi-residuality) If QF, = @, then 05, 10 =0.

(vi) (Faithfulness) The maximal ideal m and the zero ideal O are closed.

(vii) (Generalized Colon-capturing) Let x4, ...,z be a partial system of parameters for R and
let J = (x1,...,x;). Suppose that there exists a surjective homomorphism f : M - R/J

such that f(v) = 241 +J. Then

(Rv)S; (N Ker f € (Jv)§,.
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(viii) (R.G.’s Algebra Axiom) If R > M, 1~ e, is cl-phantom, then the map o’ : R — sym?(M)

which sends 1 — e; ® e; is cl-phantom.

The seventh axiom (the generalized colon-capturing axiom) is also equivalent to the following

axiom if the closure operation satisfies the other six Dietz axioms. See [Diel0, Lemma 1.3].

Axiom 3.1.5. Let R be a complete local domain possessing a closure operation cl. Assume that
dim R = d. Let xq1,...,7,1 be a partial system of parameters for R where 0 < k < d and let
J = (x1,...,2) (J =0if k = 0). Suppose that there exists a homomorphism f : M - R/J such
that f(v) = xy,1 + J. Then

(Rv)S; (N Ker f € (Jv)§,.

Since both the epf and r1f closures satisfy the first 6 axioms ([R.G16, Section 7]), we have no
trouble using this equivalent form.

The axiom (vii) in Axiom Set 3.1.4 and its alternate form Axiom 3.1.5 are rather subtle in
comparison with the other axioms. It is not even obvious that tight closure satisfies this condition.
Axiom (vii) implies that the closure operation gives closures that are “big enough” without being
“too big”. In particular, they must be big enough to capture colons while being trivial on regular
rings. The notion of “too big” is subtle. Note that integral closure for ideals can be extended to
modules such that it satisfies axioms (i) - (vi) and ordinary colon capturing. This closure is “too big”
in the sense that it does not satisfy the axiom (vii).

However, generalized colon-capturing is most critical in the proof by Dietz that the existence of
a closure operation satisfying axioms (i) - (vii) in Axiom Set 3.1.4 is equivalent to the existence of a
balanced big Cohen-Macaulay module. Dietz also proved that the usual notion of colon-capturing
follows from it ([Diel0, Proposition 1.4]).

3.1.3 Phantom extensions

The notion of phantom extensions was first introduced by Hochster and Huneke in [HH94b,
Section 5] in order to produce a new proof for the existence of big Cohen-Macaulay modules. In
the same paper, they also proved that every module-finite extension of a reduced ring of positive
characteristic is a phantom extension ([HH94b, Theorem 5.17]). The generalized notion related to a
closure operation was introduced by Dietz ([Diel0, Definition 2.2]), which we record below.

An exact sequence 0 - R > M — @ — 0 determines an element ¢ in Ext,(Q, R) via the
Yoneda correspondence. If P, is a projective resolution of () consisting of finitely generated
projective modules P;, then € is a cocycle element in Hompg( Py, R). We call e cl-phantom if € is in
Im (Homp(Py, R) - Homp(Pr, R))fjom (pr.r)-
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Remark 3.1.6. This is different from requiring that ¢ as an element of Ext(Q, R) is in the cl closure
of 0. Because Exty(Q, R) is a submodule of Homg(Py, R)/Im (Homp(P,, R) - Homg(Py, R)),
the cl-closure of 0 in the latter one could be potentially larger than the closure in the former one.

We note that this definition is independent of the choice of the resolution of (). For proofs, see
[Diel0, Discussion 2.3].

3.1.4 Almost mathematics

The language of almost mathematics is carefully studied in [GR03]. We will not use the full
strength of that. The setup of almost mathematics is given by a ring A together with an A-flat ideal
I such that I? = I. The situation where almost mathematics is involved in this thesis usually occurs
over an algebra A with an A-flatideal I = (c'/?™) A, where (c!/?™) A means the ideal generated by
a compatible system of p-power roots of ¢, i.e., (¢}/?, c!/P*, . ) A. This situation can be explained
explicitly: let M be an A-module. An element v € M is I-almost zero, i.e., u = 0, if and only if
"y = 0 for any k € N, or, equivalently, /u = 0. An element u is /-almost in a submodule N of M,
1.e., u ¢ N ifits image in M /N is almost zero. A submodule N is [-almost in No, i.e., Ny & Ny,
if every element in Ny is /-almost in Ny. Two submodules N1, Ny of M are [-almost equal, i.e.,
Ny £ No, if V; & Ny and N, & N;. We will usually focus on ideals rather than submodules.

3.1.5 Almost-pro-isomorphisms

Here, we briefly discuss the notion of almost mathematics in the world of pro-objects. See the
detailed discussion in [Bhal7a, Section 11.3]. We fix a ring A and an A-flat ideal I such that /2 = .
Let us consider a simpler setting: all objects are projective systems {/; };c; of A-modules indexed

by the positive integers.

Definition 3.1.7. A pro-A-module {1/} ;.; of A-modules is almost-pro-zero if for each w € I and
J € J, there exists some £ > j such that the transition map M;, — M, has its image killed by w; a
map {M;};e; = {Ni }rer of pro-A-modules is called an almost-pro-isomorphism if the kernel and

cokernel pro-objects are almost-pro-zero.
In particular, we need the following lemma from [Bhal7a, Corollary 11.3.5].

Lemma 3.1.8. Let {M,} jc; > { Ny} rex be an almost-pro-isomorphism, and let F' : Modp - Modpg

be an R-linear functor. Then Rlim F'(M;) — RlUm F(Ny) is an almost isomorphism on each
j k
cohomology group.
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3.1.6 Perfectoid algebras

We will freely use the language of perfectoid spaces ([Sch12]). Throughout this chapter we will
always work in the following situation: Let A be a complete unramified regular local ring of mixed
characteristic p that has an F'-finite residue field k. By Cohen’s structure theorem A = V[xs, ..., z4]
where V is the coefficient ring of A. Let kP¢ be the perfect closure of & and W (kP°) be the Witt
vectors of kP¢. Let A, be the p-adic completion of A ®y W (kP¢).

Let K° be the p-adic completion of W (kP¢)[p'/r™] = u, W (kp<)[p/?'] and K = K"[%].

Then K is a perfectoid field with K° its valuation ring. An element m € K° that satisfies
Ip| < || < 1is called a pseudo-uniformizer. All theorems we cite in this section work for any
choice of pseudo-uniformizer (usually we choose m = p). Let A o be the p-adic completion of
Ao[pl/P“,xé/pm, e ,:c(li/poo]. Then A is an integral perfectoid K °-algebra, and Am70[%] is a
perfectoid K = K°[;]-algebra.
Remark 3.1.9. We note that A ( is also referred to as a perfectoid K °-algebra (without “integral”).
The difference is very technical and will not affect any conclusion in our proofs. Explicitly, a
perfectoid K°-algebra A is a m-adically complete K°-algebra flat over K°, and the map A/m/? —
A/ is an isomorphism. Let A, be the set of elements in A[1] that are (7!/7)-almost in A,
ie., A, = {a € A[2]|7'/*"a € A}. By definition we have A = A, for any perfectoid K°-algebra
A. An integral perfectoid K°-algebra A is a perfectoid K °-algebra such that A4 = A, (an honest
isomorphism). Since we always work in the 71/?”-almost world, this difference will not affect
anything.

We next state a result of André ([And18a, Section 2.5]) in a form we need. See also [Bhal7b,
Theorem 1.5] or [Bhal7a, Theorem 9.4.3].

Theorem 3.1.10. Let A° be an integral perfectoid K°-algebra and let 7 be a pseudo-uniformizer of
K°. Let g € A° be an element. Then there exists a map A° — B° of integral perfectoid K°-algebras
that is almost faithfully flat modulo 7 such that the element g admits a compatible system of p-power

roots g'* in B°.

We need this compatible system of p-power roots of g to make use of the following remarkable
result of André, which is referred to as the “Perfectoid Abhyankar Lemma” ([And18b, Theorem
0.3.1]). Again, we rephrase it into a form that suits our objectives. Here, for any perfectoid K-
algebra A, we use 4° to denote its ring of power-bounded elements, i.e., elements whose powers

form a bounded subset in .A. The ring A° is a perfectoid K °-algebra if A is a perfectoid K -algebra.

Theorem 3.1.11. Let A° be a perfectoid K°-algebra, and A a perfectoid K -algebra. Suppose that

g € A° is a nonzerodivisor that admits a compatible system of p-power roots of g. Let B’ be a finite

étale A[é]—algebm. Then

52



(i) There exists a larger perfectoid algebra B between A and B' such that the inclusion A — B is
continuous. We have B [%] = B, and B° is contained in the integral closure of A° and this
inclusion is a (pg)/?” -almost isomorphism.

(ii) For any m €N, B°[p™ is (pg)Y/P” -almost finite étale over A°[p™.

Typically, one has a complete local domain R module-finite over A. One often starts with R and
chooses A. We can choose g € A to be a discriminant of 12 over A. Thus R, is finite étale over A,.
We apply Theorem 3.1.10 to A and g € A to obtain an integral perfectoid /°-algebra A, that
contains a compatible system of p-power roots of g. Then R ® A [217] is finite étale over A, [é]
The way we use Theorem 3.1.11 is by setting A° = A, A = Aw[%], B'=R® Aoo[pig].

3.2 p-Colon-Capturing

Let R be a d-dimensional complete local domain of mixed characteristic p. We will define the
p-colon-capturing property (Definition 3.2.3) and then start to prove that epf satisfies this property
(Theorem 3.2.4).

Let us discuss the behavior of the epf closure in R*. For any ideal I ¢ R, the epf closure of I R*

in R* is the set of elements
{ueR*|3ce R-{0}, cuelR" +p"R*, VNeNeeQ'}.
Remark 3.2.1. One can also use c € R* instead of c € R, i.e.,
(IR*)*® ={ueR"|3ce R* - {0}, cuelR*+p"R*, VNeNeceQ}.

Note that if some element ¢ € R* \ {0} works, since c is integral over R, it has a nonzero multiple

cs € R, and r = ¢s will work as well.
We have an easy observation.

Lemma 3.2.2. Let R be an integral domain of mixed characteristic p. Then for any ideal I € R, we

have

(IR")*" = J(IS)*" forall S ¢ R* module-finite over R.

Proof. The containment 2 is obvious. For the converse direction, suppose u € (I R*)f. Then
by definition we have c*u € (I,pN)R* for some ¢ € R. Since u is algebraic over R, there is
some module-finite extension S of R such that u € S, and then Definition 3.1.2 implies that
u € (1S5)epf. O

We give the definition of our key property, p-colon-capturing.
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Definition 3.2.3. Let R be a d-dimensional complete local domain of mixed characteristic p. Let
x1,...,T, be part of a system of parameters of K. We say that x4, . . ., x,, satisfies p-colon-capturing

if there is some fixed positive integer /Vy such that for all integers N > Ny we have

(xlu . ,l‘n—lapN) ‘R+ ITp c ((.Th e ,xn_hpN_NO) R+)epf.

The main theorem we aim to prove in this section is stated below.

Theorem 3.2.4. Let R be a complete local domain of mixed characteristic p with an F'-finite residue

field. Then all systems of parameters in R satisfy p-colon-capturing.
In order to prove the main theorem, we need two lemmas.

Lemma 3.2.5. Let A be a regular complete local domain of mixed characteristic p. Let x4, ..., xq
be a system of parameters in A. Since A is noetherian, we may choose some Ny such that
(21, xp)A g p® = (21,...,0,) A4 p™o. Let T be a (pg)'/P” -almost flat A-algebra. Then for
all N > Ny and 1 <n <d, we have

N). 2 N-N,
(xla"'axn—hp )T'Txng($17"‘uxn—17p O)T

Proof. Since T is (pg)'/?™ -almost flat over A,

(z1,...,2)T 7 p™ 2 ((21,...,0,)A 14 p°)T
= ((Ilv' .. 7xn)A ‘A pNO)T = (xla v ,._'L‘n)T T pNO'

Let N > N, be some arbitrary integer and let u be an arbitrary element in (x1, ..., 2, 1,pN) T 17 x,.
We have

uxy, —wp € (z1,...,0,1)T (3.2.1)
for some w € T', which implies that w € (x1,...,z,) T 7 p"V. Note that since

(xl,...,xn)T:TpNE(xl,...,xn)T:Tp“’g(xl,...,xn)T:TpNO,

we have
we (z1,...,20) T 7 p™. (3.2.2)

Let € be an arbitrary positive rational number. We rewrite (3.2.1) as

ux, — (wp™o) pN N € (21, . 201)T (3.2.3)

= (pg)° ux, - ((pg)g prO)pN‘NO €(x1,..., 20 1)T (3.2.4)
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(3.2.2) shows that for any ¢, (pg)° wp™° € (x4,...,z,)T. So for each € > 0, there is some v, € T
such that (pg)° wp™o —v.x,, € (x1,...,7,_1)T. Combining this with (3.2.4), we have

(p9)° uzy = (ven)p" ™ € (21, 201)T

= (pg) u—-v.pV € (z1,..., 20 )T 1 .
Since T is (pg) /™ -almost flat over A, we have ((x1, ..., 2, 1)T 7 Tp) ¢ (r1,...,2,1)T. So we
have

VE? (pg)gug (xlw"?xnflapN_No)T'
Since this is true for all £, we conclude that u € (1, ., Tpyoq, PN NO) T O

Lemma 3.2.6. Let R be a complete local domain that is module-finite over a regular complete local
domain A, where both R and A are of mixed characteristic p. Let vy, . .., y, be part of some system
of parameters in R. There exists some positive integer Ny such that for any integer N > Ny and any
R-algebra T that is (pg)/?” -almost flat over A,

(yh e ,yn_hpN)T T Yn c (yl, e ,yn—hpN_No)T.

Proof. Let k be the number of elements in {y;,...,y,} that are in A. We prove the lemma by
induction on n and n — k. The base cases n = k for all 1 < n < d follow from Lemma 3.2.5 with the
same N. Let us choose the same N, from Lemma 3.2.5. We assume that n — k£ > 0. To simplify the
notation, we write y for the sequence ya, . .., Yn-1.

If y, ¢ A, then we can choose some w,, € (y1,y,yn) R N A that is not contained in any minimal
prime of (yl, g) Rin R, and then y, y, w, continue to be part of a system of parameters in R. There
is one more element of y1, y, w, in A than of y1, y, y,. By the induction hypothesis on n — k, there

is some Ny such that for any N > N, and any R-algebra T that is (pg)'/?™ -almost flat over A,

(yhg’ pN) T ‘T Wy & (yhgapN_NO) T. (325)

Note that we have

(v, . 0™) T oy = (v, 0, 0™) T i (Y15 YY)

(y17y7pN)T T Wp = (y17g7pN)T ‘T (ylay7wn)7

and
(yhgva)T ‘T (y17g7 yn) = (ylangN)T ‘T (ylag7 wN) (326)

The result now follows from (3.2.5) and (3.2.6).
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In the remaining case, we can assume that y,, € A. Without loss of generality, we assume that
y1 ¢ A. By applying what we have proved above to the sequence Y, Yn, Y1, We know that there is
some N such that for all N > N; and all R-algebras T that are (pg)'/?™ -almost flat over A,

a

(4,90 2™) T o 91 € (4 4, PV ) T (3.2.7)

Also, by applying the induction hypothesis on n to the shorter sequence y, y,, there is some Ny
such that for all N > N, and all R-algebras T that are (pg)'/P™ -almost flat over A,

(0™ T o7y € (y, 0V N) T (3.2.8)
Let N > N; + N5 be an integer. For any u € (yl,g,pN) T 7 y,, We can write
Yl = WY1+ o+ U1 Ypor + 0P (3.2.9)
for some w1, ..., u,-1,v € T. Then uys € (y,yn, p™) T, which by (3.2.7) implies that

ur € (Y g, PV V) T

For any positive rational number &, we have (pg)° uy = byyo + -+ + by, + wpN~N1 for some
b, ..., by, w € T which depend on . Multiply (3.2.9) by (pg)° and make use of the expression of
(pg)° uy. This yields

(pg)° ynu = (pg)° urys + -+ (pg)" Un-1Yn-1 + (pg)° vp™
= (p9)° Ynu = buy1yn € (v, pN‘Nl)T
= (pg)~ u = by € NOT iy,

(y:p
= (pg)° u—byy; € (y pV NN T (by (3.2.8))
e (

N Nip— NZ)T

= (pg) ue (y1,

Y

and this is true for any positive rational number ¢ and any u € (yl, y, pN ) T 7 vy,. Hence, we can

conclude that

a

(s s ) T oy € (g1 g, V02 T

]

Next we discuss some perfectoid constructions that will be used in the proof of Theorem 3.2.4.

Construction 3.2.7. Let A — S, a module-finite map of complete local domains of mixed character-

istic p, be given where A is regular and unramified with an F'-finite residue field. We apply the same
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construction as in Section 3.1.6 to obtain A, o. Since A — S is generically étale, there is some
element ¢ in A such that (p, g) generates a height 2 ideal and A,,, - S, is finite étale. Let A, be
obtained by applying Theorem 3.1.10 to A, o and g. Then by Theorem 3.1.11 (where A = A, [%]
and B’ = A, [pig] ®4 5), we are able to find an S-algebra B° satisfying the following properties:

 B°is (pg)/P” -almost flat over A.

e There exists a (pg)'/P™ -almost map from B° to SP9 where S?9 is the integral closure of 5% in

S*[L], and 57 is the p-adic completion of S*.
pg

For proofs, see [HM21, Lemma 3.8, Lemma 3.9].

A direct consequence of the construction above is the following lemma.

Lemma 3.2.8. With notation as above, let I < S be an ideal of S and u € S. If u is (pg)/*™ -almost
in [B°, then u € I¢Pf,

Proof. Since B° maps (pg)/P”-almostly to SP9, we have u € ISP9. By [HM21, Lemma 3.3] we
know that 579 is (pg)'/* -almost isomorphic to S*. Hence u € I5*. Then [HM21, Lemma 3.1]
finishes the proof. [

We are ready to prove our main result of this section.

Proof of Theorem 3.2.4. Since R is a complete local domain, by Cohen’s structure theorem, there
is a complete regular local domain A such that A — R is a module-finite extension. So A has an
F-finite residue field. We fix this A for the remainder of the proof.

For any 1, ..., x, that is part of a system of parameters, we want to prove that there is some /V,
such that for all N > N,

(yla cee ayn—lva) R+ ‘R+ Yn = ((yl’ T ’yn_l’pN_NO) R"’)ePf.

We apply Lemma 3.2.6 to the system of parameters y1, ..., y,. We learn that there is some positive

integer Ny such that for any N > N, and any R-algebra T that is (pg)'/?™ -almost flat over A,
(15 Ynts D) T 40 € (Y1, s Y, PV ) T (3.2.10)
Let u be an arbitrary element in (y1, ..., Y, 1, p") R* :g+ y,. Then we have
Ynll = Y1Uy + =+ + Yp_1Un_q + VP (3.2.11)

for some uy,...,u,_1,v € R*. All elements here are integral over k. Hence, there is some

module-finite extension S of R such that this relation holds in S, i.e., w € (y1, ..., Yn-1,0V) S i5 Yn-
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Applying Construction 3.2.7 to A — S, we obtain an S-algebra B° that is (pg)'/?” -almost flat over
A. B is also an R-algebra. So we set 7' = 3° in (3.2.10) and obtain that

a

(Y1, Y1 ™) B2 ige Y € (s Yt N N0) B2 (3.2.12)

for all N > Ny. Since the relation (3.2.11) maps to a relation in B°, we see that u is in the left-
hand side of (3.2.12). Hence it is (pg)/?™-almost in the right-hand side of (3.2.12). Then, by
Lemma 3.2.8, we know that u € ((z1,. .., 2n1,pV"N0) S)® for all N > Ny. This completes the
proof, by Lemma 3.2.2. L]

3.3 Weak epf Closure

In this section, we develop a new closure operation, called “weak epf closure”, and denote it by
wepf. We prove that it satisfies not only the generalized colon-capturing property (Theorem 3.3.4),
but also two stronger colon-capturing properties (Proposition 3.3.6). We also show that wepf is a
Dietz closure satisfying the Algebra axiom (Theorem 3.3.8). Let us begin with the definition of
wepf.

Definition 3.3.1. Let R be a complete local domain of mixed characteristic p > 0. Let / € R be an
ideal. Then the weak epf closure of I, denoted by I"ePf, is defined to be IWerf := N2_, (I, pN)*"".
Similarly for finitely generated R-modules W ¢ M, we define Wwerf .= O\%_, (W + pN M )‘;\Zf.

Remark 3.3.2. 1t is clear from the definition that 7¢Pf ¢ TwePf So the weak epf closure also satisfies
the usual colon-capturing. It is not hard to see that /et ¢ [1f: Let u € I"ePf. For any rank 1
valuation v on R*, any N € N and any ¢ € Q*, since u € I"¢Pf ¢ (I, p™)Pf, there is some ¢ € R such
that ®u € (I, pN)R* for any § € Q*. We choose 0 small enough such that v(¢®) < e. The existence
of such a sequence of ¢/ implies that u € ",

Since the epf closure on complete regular local domains with F'-finite residue fields is trivial by
[HM21, Theorem 3.9], we have

Jwepf _ ﬁ (]7pN)epf: ﬁ (I,pN) =T

N=1 =1
Therefore we have

Corollary 3.3.3. The wepf closure is trivial on complete regular local domains of mixed character-

istic with F-finite residue fields.

Next we want to show that the wepf closure satisfies the generalized colon-capturing axiom

using p-colon-capturing.
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Theorem 3.3.4. Let R be a complete local domain of mixed characteristic p with an F-finite residue

field. Then the wepf closure on R satisfies the generalized colon-capturing axiom.

Proof. Let M be an R-module and let z4,...,x,,; be a partial system of parameters of R. Let
f+ M — RJI be a morphism of R-modules where [ = (z1,...,2,)R and f(v) = Z,in R/I.
Suppose that u € (Rv)¥"" n Ker f. We want to show that u € (1v)%".

If we apply p-colon-capturing (Theorem 3.2.4) to the system of parameters z1,..., 2,1, We

learn that there is some N such that for any N > Ny we have

(xl, e ,xn,pN) R g+ i € ((ZEl, . ,xn,pN_NO) R+)epf. (3.3.1)

Since u € (Rv)""", we have u € "%, (Rv + pN M), ice., u € (Rv +pN M)S for all positive
integers N or equivalently all N > N,. Fix N = N; > Ny. We know that there is some nonzero
element ¢ € R such that for any € € Q*, we have ¢ @ u € Im(R*®zv — M*)+pNt M+, where M+ =
R* ®p M as in Notation 3.1.1. So there is some a € R* and € M* suchthat c @ u=a® v+ p™ p.
We apply 1 ®p f and note that u € Ker f. Hence, ax,.1 + p™M (1 ®r f)(p) € IR*, which gives
us a € (z1,...,2,,pPM)R* ig+ Tpy1. By (3.3.1), we have a € ((x1,...,z,, pM1~No)R+)ePf. Hence,

there is some ¢’ (depending on N; — Ny) such that
()ae(xy,...,0,)R" +p R
Now everything on the right-hand side of (¢’c)® ® u = (¢/)a ® v + (¢)epN pu is in

Im(IR* ®rv — M*) +pN=Nopr+,

We have
(C,C)E ® U € Im([R+ ®p U — M+) +pN1_N0M+,
Therefore, u € (Iv,le‘NO)jzf for all N; > Ny. We conclude that u € ([v)vj\fpf. ]

Remark 3.3.5. In the proof above, the element ¢’ depends on N; — Ny. Hence, we can not use the
same ¢’ when N; changes. Therefore, we do not have an obvious way to prove that epf closure

satisfies the generalized colon-capturing axiom. So far as we know, this is an open question.

We also prove that the wepf closure satisfies some strong colon-capturing conditions (both
versions A and B) defined in [R.G16, Definition 3.9].

Proposition 3.3.6. Let x4, ...,z be a partial system of parameters in a complete local ring R of

mixed characteristic p with an F-finite residue field. Let t,a be two positive integers. Then

(i) (2}, zs,... ,azk)R)Wepf it € (2% 2y, ... ,xk)R)Wepffor all a < t;
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(ii) ((z1,...,26)R)" g 2psr € (21, ..., 26) R)™™".

Proof. 3.3.6.(i): For the first containment, consider an element u € ((z%, 2o, ... L2k R)™ g x§.
Then
f
U’xclL € ((l’i, Lo, ... 7xk)R)Wep :
For any N there is some cy € R such that for any € we have cjux{ € (24,22, ..., 25, p") R*. So
there is some v € R* such that c5,2{u — 2{v € (22, ..., 5, pV) R*. Then we have
£ t—a N + . a
cyu -2 e (2, .., 2k, p" )R g+ 2.

By Theorem 3.2.4 there is some N; such that for any N > N, we have

G- e (@, p ) B

So there is another element dy_y, € R* such that for any positive rational number 9, we have

6 £ t-a N-N +
dy_n, (cyu — ] v)e(mg,...,xk,p O)R
9 t— N-N +
:>dN_NOC§Vu€(:B1 YTy Ty P O)R .
_ f . ..
We can choose § = ¢. Hence, we conclude that u € ((z4°%, o, ..., 2%, pVN0)R)®™. Since this is
_ f
true for all N > Ny, we conclude that u € ((247°%, 29, ..., 2)R)™".

3.3.6.(i1): For the second containment, the proof is similar.
For any u € ((x1, 2o, ... ,x/yc)R)We"f ‘R Tri1, We have uzp,y € (21,29, . .. ,xk)R)Wepf. So for

any NN there is some cy such that for all € we have

Trat € (T1, T2, . .., 2,V )RT.
So we have cju € (1,2, ..., T, pV)R* g+ Tpy1. Again, by Theorem 3.2.4, we have some N,
such that for all N > Ny, 5w € ((z1, 22, . .. g, pN N ) R*)PF,

So there is another element dy_y, such that for any positive rational ¢, we have
de_Nocﬁvu € (a:l,xQ, ey xk,pN’NO) R*.

For the same reason as in the end of the proof of (1), we conclude that u € ((z1, z, . .., ) R)""".
O

Remark 3.3.7. We point out that the same arguments in both Theorem 3.3.4 and Proposition 3.3.6

work for the r1f closure. Interested readers can work out the details of the proof.
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Next, we prove that wepf satisfies all of Dietz’s and R.G.’s axioms (Axiom Set 3.1.4). This gives
a new proof of the existence of big Cohen-Macaulay algebras. The results in this section are not
used in Section 3.4 and Section 3.5.

In [R.G16, Proposition 7.2] R.G. proved that the usual epf closure satisfies the first six axioms.

Next we prove
Theorem 3.3.8. The wepf closure satisfies all axioms in Axiom Set 3.1.4.

Proof. (i) Since (Q +pN M )?\Zf is a submodule containing () for each positive integer N, we
conclude that the intersection, that is the wepf closure of (), is a submodule of M containing Q).
(ii) Since the ambient module is always M here, we omit the subscript and write Q%P for
"ﬁpf. We need to show that Q"ePf is a wepf closed submodule, i.e., (Qwerf)werf = Qwerf, Let
u € (QwePf)werf. Then, by definition, for each N there is some cy € R such that for any ¢ € Q* we

have
¢y @ ueIm((QYP)r - M*) +pV M™.

So there exist some elements r1,...,71, € R*, q1,..., ¢, € Q""f, and v € M* such that

n
C§V®u:2ri®qi+pNv.
i=1

Look at one ¢;. For each positive integer INV;, there is some ¢; n, € R* such that for any ¢; € Q* we
have ¢’y g; € Im(Q* - M*) + p™i M*. Choose N; to be N, and we have

(I] ci'y)cy @ uelm(Q" - M”) +pN M.
i=1
Choose ¢; to be ¢, this implies that u € (Q + p™¥ M )*f. Since this is true for any N, we conclude
that u € QWerf,
(iii) This is true for epf closure, and hence we have (Q + p¥ W) ¢ (M + pN W) for all

positive integer N. Hence Ny (Q + pNW)f,[’;f cNn(M +pNW)§’3f, ie., Q"Vvﬁpf C M;V[,e”f.
(iv) Note that

FQy) = f (Q@ +pNM)3zf) O/ (@+p M)
For each term we have

FUQ+pVM)E) c ((F(Q) +pN FM))E) € (F(Q) + ¥ W),
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We conclude that

F@ N((@)+ 2 W) = (F@DF

(v) Again, we omit the subscript as the ambient module is always M. Assume that () is
V];';;’g We want to show that w = 0. For each N we
have 5w € pV(M/Q)*. Since we have (M/Q)* ~ M*/Im(Q* - M*), we conclude that
cyu e Im(Q* — M+*) + pN M+ for any v that is a preimage of @ in M. Therefore, u € Q"]\V;pf = Q.
Hence uw = 0in M/Q.

(vi) Note that R is of mixed characteristic p. So p € m and hence m + pV R = m = mwepf =

wepf-closed. Let w be an element in 0

mePf = m. We prove that 0%¢?f = 0 by citing known results. The same argument in the last part of
the proof of [R.G16, Proposition 7.2] works directly for wepf. This argument also works for r1f
closure, i.e., 0"f = 0, which implies that 0“<Pf = 0. Dietz pointed out that 0¢' = 0 follows from the
other 5 axioms and generalized colon-capturing in [Diel8, Lemma 1.3(e)]. Thus, for the case where
the complete local ring has a F-finite residue field, we have an alternate proof of 0"Pf = () using the
generalized colon-capturing property Theorem 3.3.4.

(vii) See Theorem 3.3.4.

(viii) We also point out that similar arguments to those in [R.G18, Proposition 3.19] work for

wepf closure and therefore, wepf also satisfies the Algebra axiom. [

Remark 3.3.9. Note that if a closure operation satisfies both the functoriality axiom (axiom (iv))
and the semi-residuality axiom (axiom (v)) in Axiom Set 3.1.4, then the statement in the semi-
residuality axiom can be improved to Q§, = Q if and only if 03'4 Q= 0. The “only if” direction is
the semi-residuality axiom. The “if” direction comes from the functoriality axiom: consider the

map f: M — M/Q, we have f(Q%)) € (f(Q))51/q = 05/ = 0. So f(QS) € Ker(f) = Q.
The following proposition is proved by using standard techniques of reducing the closure

problem for submodules to the case of ideals. The proof we include here is basically the same as
the proof of [HH90, Proposition 8.7].

Proposition 3.3.10. Let (R, m) be a complete regular local domain of mixed characteristic with

F'-finite residue fields. Then every submodule W of a finitely generated module M is wepf-closed.

Proof. We want to show that for any « € M not in W, we have u ¢ WW"ePf. We may replace W by a
submodule of M maximal with respect to not containing u, and we may replace M, W, and u by
M /W0, and u+ W. Then u is in every nonzero submodule of M. We claim that M is now of finite
length, i.e., M has only one associated prime m.

Suppose that M has two associated primes P,(). Let vy,vo € M be elements such that

Anng(v;) = P and Anng(ve) = Q. Then Rv; € M is isomorphic to R/P. So every element
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in Rv; has annihilator P. Similarly, every element in Rv, has annihilator ). Then P = () as u is in
both submodules. Thus Ass(M) consists of only one prime P.

Next we show that P must be the maximal ideal m. If not, then the image of (m™ + P)/P in
R/P < M contains u for every positive integer n. But N>, (m™ + P) = P as R is noetherian. This
is impossible, and we have Ass(M) = {m}.

Since u is in every nonzero submodule of M, u spans the socle in M, and M is an essential
extension of K = R/m = Ru. Since R is regular, there exists an irreducible m-primary ideal
J € Anng(M). The Artin ring R/J is self-injective, and M is an essential extension of K as an
R/J-module. It follows that M can be embedded in R/J. It will then suffice to show that 0 is wepf
closed in R/J, i.e., that J is wepf closed in R by Remark 3.3.9. Then Corollary 3.3.3 finishes the
proof. 0

Corollary 3.3.11. Let R be a complete regular local domain of mixed characteristic with F-finite

residue field. Then every submodule W of a finitely generated module M is epf-closed.
Proof. We have that 1/epf c T/ wepf = 11/, O

3.4 Phantom Extensions

In [HH94b, Theorem 5.13], Mel Hochster and Craig Huneke proved that in characteristic p, all
module-finite extensions of complete local rings are phantom in the tight closure sense (this notion
is discussed in detail below). We prove a similar result, namely any module-finite extension of a
complete local ring of mixed characteristic p with an F'-finite residue field is epf-phantom (hence
wepf- and r1f-phantom).

Theorem 3.4.1. If R — S is a module-finite extension of complete local domains of mixed charac-

teristic p with an F-finite residue field, then this map is epf-phantom.

Let us discuss the definition of phantom extension and introduce some notions. See also [Diel0,
Discussion 2.4].

Suppose that (R, m) is a complete local domain. Let S be a module-finite extension of R.
Then S/R is a finitely generated module over R. So it has a minimal R basis e1, ..., e,,. The set
of column vectors of the ng x ny identity matrix form an R basis for R®"°, which we denote by
fi,- -+, fno- We can map a free module R®™ onto S/R by f; = e;. This map has a finitely generated
kernel. Suppose that it is minimally generated by n; elements. Then we have a minimal resolution
of S/R:

R®™ —» R®™ - S/R.

Suppose that the map R®™ — R®m0 is represented by a ng x n; matrix v with all entries in m.

Comparing this resolution with the original exact sequence 0 -~ R — S - S/R — 0, we have the
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following commutative diagram:

0 R S S/R—=0,

[ 1]

R®™ — > R®" — > S|R —— 0

where ¢ is a 1 x ny matrix with entries in m. Applying Hompg (-, R) to the left square, and using

the identification Hompg(R®, R) = R® where [ is some finite positive integer, we get

R<——Homg(S,R) .

o

REBTLl R@no

VV

We write (V) R®™ for the submodule generated by the set of column vectors of vV. The extension
R — S is epf-phantom if ¢" € ((+¥) R®™ )" ([Diel0, Lemma 2.10]). Note that our diagrams here
do not completely match those in [Diel0, Discussion 2.4]. However, since whether an element in
Extp(S/R, R) is phantom or not is independent of the choice of the resolution of S/R ([DielO0,
Discussion 2.3]), the test given here is also valid.

Next we discuss some perfectoid constructions we need.

Construction 3.4.2. Let K be a perfectoid field and let (T'[1],T") be a perfectoid affinoid K -algebra,
where ¢ € K° is some uniformizer that lifts to A°?, i.e., it admits a compatible system of p-power
roots in K°. Suppose that g € T lifts to 7%. Let X denote the adic spectrum attached to the
pair (T[1],T), i.e., X = Spa(T[}],T). Let U, be the rational subset X (%) Then O%(U,,) is

n

1/p™
t1/P” -almost isomorphic to the ¢-adic completion of T[(—) ]. See also [Sch12, Lemma 6.4].
g

We also need a corollary of the quantitative form of Scholze’s Hebbarkeitssatz (the Riemann
extension theorem) for perfectoid spaces. First we state the theorem. See [Bhal7b, Theorem 4.2],
or an alternative description in [Bhal7a, Theorem 11.2.1].

Theorem 3.4.3. Let (T[%], T),g €T, X,U, be as above. For each m > 0, assume that g € T is a

nonzerodivisor in T [t™T. Then the projective system of natural maps

{fu:T]g" > O%(Un)/g™}
is an almost-pro-isomorphism. In fact, we have the following more precise pair of assertions:

(i) The kernels Ker(f,) are almost 0 for each n > 0.
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(ii) For each k > 0 and c¢ > p*m, the transition map Coker( f,,..) - Coker(f,) has image almost
annihilated by g'/7".

What we really need is the following corollary:

Corollary 3.4.4. [Bhal7a, Corollary 11.2.2] Let (T'[1],T), g € T, X, U, be as above. Assume that
g € T is a nonzerodivisor in T [t™T for any m. Then for any T-complex @), any integer m > 0 and

any integer i, the natural map

Ext;(Q, T/t"T) ~ lim Exty(Q, 0% (U,) /0% (U,)

has kernel and cokernel annihilated by (tg)'/P”.

The proof uses Theorem 3.4.3 above and Lemma 3.1.8 from Section 3.1.

We are ready to prove the main theorem of this section.

Proof of Theorem 3.4.1. Let o € Exti(S/R, R) be the obstruction to split R — S. For any R-
algebra T', we shall write o € Ext7.((S/R) ®z T, T') for the corresponding obstruction to splitting
the induced map 7' - T ®g S.

We know that R is a complete local domain of mixed characteristic p with an F'-finite residue
field. By Cohen’s structure theorem, we have a module-finite extension A - R for some unramified
complete regular local ring A. Since all maps in A - R — S are module-finite extensions, and
fraction fields have characteristic 0, there is some g € A such that A,;, -» R,;, - 5, are all finite
étale extensions.

Let A, be constructed as in Section 3.1.6 and let A, be an integral perfectoid algebra
containing a system of compatible p-power roots of ¢, which exists by Theorem 3.1.10. Since R* is
an integral perfectoid K °-algebra admitting a compatible system of p-power roots of g, there is a
map A — R* of perfectoid K °-algebras.

Since A is a perfectoid K -algebra, we may apply Construction 3.4.2 to

1
X4:= Spa(Aoo[g], As)

and write A, := O% (X A(%ﬂ)). Similarly, we may apply the construction to Y := Spa(R* [%], R*)
and write R, := (’){,(Y(%n)). Since Ao, - R*, we have an induced map Y — X 4, which in turn

induces maps A,, -~ R,, of perfectoid K °-algebras.

Fix an integer n. Since A,, - R, is a finite étale extension, the base change map An[pig] -
A, ®4,, Ry is also a finite étale extension. Note that g is already inverted in A, [ ]. So A,[;] -
An ®4, R[%] is finite étale. By the almost purity theorem ([Sch12, Theorem 7.9 (iii)]), the integral
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closure of A, ® 4 Rin A, ® 4, R[%], denoted B,,, is almost finite étale over A,. B,, is an R-algebra.
Since both A4,, and R[%] map to Rn[%], their tensor product over A also maps to Rn[%] This
induces a map between power-bounded elements, that is, B,, - R,,. By the same argument applied
to R,, = Sy, the map Bn[%] - B,®rS [%] is a finite étale extension. Thus, by the almost purity
theorem, there is an S-algebra C,, almost finite étale over B,, that almost splits. Therefore, the map
B, - B, ®r S — C,, almost splits.

Hence B,, - B, ®g S almost splits modulo p™ for any m. In particular, ag, /,mp, is almost
zero for all n and m. Since we have a p'/P” -almost map B,, - R,,, we also have that ag, /p R 18
(p%g)'/P” -almost zero, hence, (pg)/?” -almost zero. By Corollary 3.4.4, we learn that oz Jp I 18
annihilated by (pg)'/?™ for all m.

Consider the construction discussed above:

0 R S S/R—=0

[ 1]

Rem > RoM0 — > S|R —— 0

where ¢ is a 1 x n; matrix with entries in m and v is a ng x n; matrix with entries in m. Then the
image of ¢" in (R*/pmR¥)®m is (pg)'/*™ -almost in the image of v¥(R*/p™R*)®". Noting that
R*/pmR* = R*[p™R*, we have

(pg)!/7"¢" € (V) (R*)®™ +p™(R*)*™

for any m. By the definition of epf closure (Definition 3.1.3), we have ¢ ¢ ((#¥)R®™)®" . Hence,
R — S is epf-phantom by [Diel0, Lemma 2.10]. O

3.5 The Positive Characteristic Case

In this section, we discuss an analogue of Theorem 3.2.4 in positive characteristic. Since p = 0,
the situation is slightly different. We will use an arbitrary element instead, and the proof techniques
are quite different. The main result is Theorem 3.5.13.

3.5.1 Intersection of ideals and regular sequences

We begin by investigating the behaviour of intersections of finitely generated ideals in some

non-noetherian rings.

Proposition 3.5.1. Let (R, m) be an excellent local domain of prime characteristic p. Let R* be

its absolute integral closure. Suppose that x1, ..., xq is a system of parameters of R. Then for any
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proper finitely generated ideal J in R* and x+, . .., x,, part of a system of parameters, we have

ﬁ ((z1,...,2,) + JV)RY = (x1,...,2,)R".

N=1

Proof. Suppose J is generated by 7,...,7,. Forany u € NY_;((z1,...,2,) + JV)R*, let S ¢
R* be a module-finite extension domain of R containing x1,...,%,,71,...,7, and u. Then S
is also excellent. Let Jy = (71,...,7,)S. Then u € ((zy,...,2,)S +JIS)" for any N. So
we ((21,...,7,)S + JVS)". By a well-known result ((HH94a, Theorem 6.1]), we can find a test

element c such that for any ¢ = p¢, where e is any positive integer,
cul e (24,...,29)S + (JMHS.
Fix ¢. Since we know that S/(z9,...,z7) is Jy-adically separated, we have

((29,...,20)8 + (JN) ) ¢ (a9,...,22)8.

DX

Z
1l

1

So we have

cul e (zf,...,22)5,

which shows that u € ((z1,...,7,)S)". But ((z1,...,2,)S)" = ((z1,...,7,)S)" by [Smi94,
Theorem 5.1]. So w € (z1,...,2,)S" = (x1,...,2,)R*. O

In order to have enough different regular sequences, we need to adjoin new variables to R and
R*. Hence, we introduce the following notation. Let A be a possibly infinite index set and let
{tx: XA € A} be a set of new variables. For any quasilocal ring (7', mr), the notion T'(¢) : A € A)
means the localization of the polynomial ring T'[¢, : A € A] at the ideal mpT'[¢) : A € A]. The natural
map T — T'(¢ty : X € A) is faithfully flat. Next, we prove a stronger version of Proposition 3.5.1.

Proposition 3.5.2. Suppose (R,m) is a complete local domain of prime characteristic p. Let
(R*,mpg+) be its absolute integral closure. Suppose that x1, ..., x4 is a system of parameters of R.
Then for any index set \ and the set of new variables {t : A\ € A}, any proper finitely generated

ideal J in R* and x+, . .., x,, part of system of parameters, we have

fi (21, a0) + IV = (21, 2)T,

N-1
where T'= R*(ty: N e A).

Proof. Write ay for the ideal ((x1,...,2,) + JV)R*. Let u be an element in N%_; ax7. Then

w 1s a rational function in ¢)’s. Clear the denominator and assume that « is a polynomial in
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R*[ty : A € A]. For each N, we know that u € ayT, and, again by clearing denominators,
there is some polynomial gy € R*[t) : A € A] such that gyu € ayR*[t) : A € A]. We also
know that gy is a unit in 7. Hence gy ¢ mg+R*[t) : A € A], which means that at least one
coefficient of g is not in mz+ R*, i.e., is a unit in R*. Since ay S mg-+, that coefficient continues
to be a unit in R*[ty : X\ € A]/ayR*[ty : X € A]. Hence gy is actually a nonzerodivisor on
R*[ty : A e A]JayR*[ty : A € A]. Therefore, we conclude that u € ayR*[t) : A € A]. Since
we are now in the polynomial case, this is equivalent to saying that each coefficient of u is in
ay R*. Therefore, each coefficient of w is in n$_,ayR* € (x1,...,2,)R* (Proposition 3.5.1). So
we(xy,...,xn)Rtx: Ne Al = uwe (xq,...,2,)T. H

For the proof of the main theorem of this section, we need to study the intersection of ideals

containing elements of the form z,, — ¢, x,.; where x,,, x,.1 are part of a system of parameters.

Proposition 3.5.3. Ler (B, mg) be a quasilocal ring, x,y € mp a permutable regular sequence on

B and t an indeterminate. Then for any positive integer N, we have

(i) (z-yt,yN)B(t) n B[t] = (v - yt,y")B[t];
(ii) (v -yt,yN)B[t]n B = (z,y)"B.

Proof. For 3.5.3.(1), note that (z — yt,y)B(t) = (z,y)B(t). Any polynomial ¢g(t) € B[t] that
is invertible in B(t¢) has a nonzero coefficient that is a unit. Hence ¢(¢) is a nonzerodivisor on
B[t]/(x,y)B[t]. So y,x - yt, g(t) form a regular sequence on B[t], which implies that yV x —
yt, g(t) form a regular sequence on B[t]. Suppose that p(t) € (z —yt,y")B(t) n B[t]; then we can
clear the denominators to get p(t)g(t) = a(t)y™ +b(t)(x —yt) for some a(t),b(t), g(t) € B[t] with
g(t) invertible in B(t). Then since yV, x — yt, g(t) form a regular sequence on B[t], we conclude
that p(t) € (z — yt,y")B[t]. The converse containment is obvious.

For 3.5.3.(ii), suppose that b € (x — yt,y™V)B[t] n B. Then b = a(t)(x — yt) + B(t)y"N for some
polynomial «(t), 5(t) € B[t]. Assume that a(t) = cpt" + -+ + ¢, for elements cg, ¢q, . .., ¢, € B. By
comparing the coefficients of b = a(t)(x — yt) + B(t)y", we have

—cny € (y™) B, (3.5.1)
iy +cre(yN)B, 1<i<h, (3.5.2)
b-cor € (yV)B. (3.5.3)

Claim. For each coefficient, we have ¢;_; € (z,y)N"1B for 0 <i < h.

We prove this by induction on i. As we have ¢;, € (yV~1)B from (3.5.1) as y is, by assumption,

a nonzerodivisor on B, the case 7 = 0 is obvious.
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Assume that the claim is true for ¢j,_;,1, i.e., 441 € (z,5)V "1 B. So we write

N-2

_ N-1 N-1
Ch-i+1 = YN-1T +YN2T Y+ Y

for some g, v1,...,Yn-1 € B.
By (3.5.2) we have

N
—Ch—iY t Ch—i1 T =Y U,
for some 1 € B. Hence we have

Ch—iy = ’YN—ll'N + ,yN_QxN—ly 4o ’YO:EyN_l . IuyN

= (Cpei + pyN = yozyN 2 =y - — eV ) y e (2N) B,
Using the assumption that y is a nonzerodivisor on B/(z")B, we conclude that
Ch—; € (xN7 -Z'N_la xN_2y7 ) 'T"yN_Qﬂ yN_l)B = (yN_lv xyN—Z’ ) $N_1)B = (.T, y)N_lB‘

Therefore, the claim is proved.

By the claim above, we have ¢y € (2,9)N'B = coz € (x,y)VB. So (3.5.3) implies that
be (x,y)VB.

Conversely, it is trivial that yV € (z — yt,yV)B[t]. If 2*yN-* € (z - yt,y")B[t] for some
0 <k < N, then aF+lyN-k=1 = (g — yt)xbyN=F-1 4 gkyN-kt € (2 - yt,y™V) B[t]. So inductively we
have (x,y)N ¢ (x — yt,y" ) B[t]. Hence they are equal. O

We next observe that

Lemma 3.5.4. Let (R, m, K) be a d-dimensional complete local domain of prime characteristic
p. Let R* be its absolute integral closure. Let A be an index set and let {t) : \ € A} be a set of
variables. Let x1,...,x4 be a system of parameters of R. Then x1,...,x,, where 1 <n<d, isa

regular sequence onT = R*(ty : A € A).

Proof. We know that R* is a big Cohen-Macaulay R-algebra, so thatzy, . . ., x4 1s aregular sequence

on R*. Since R* — T is faithfully flat, we know that x; is a nonzerodivisor in 7" and
(1, )T i = (21, oy o1 )R ipe )T = (21, .., 20T

Therefore, x4, ..., x4 is a regular sequence on 7. [

The following results are standard facts about regular sequences.
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Lemma 3.5.5. Let B be a ring and x,y € B be a regular sequence on B. If y is a nonzerodivisor

on B, then y, x is also a regular sequence.

Proof. The only thing that needs a proof is that x is a nonzerodivisor on B/(y)B. Suppose that
ax = [y for some «, 5 € B. Then by assumption 3 € (x)B. So we can write § = 3’ for some
p" € B. Then z(« — B'y) = 0 and x is a nonzerodivisor. So o = 5’y = a € (y) B. O

Corollary 3.5.6. Let B be a ring and y,x1,...,x, be elements of B. If both x1,...,x, and
Y, x1,...,x, are regular sequences on B, then so is x1,..., Ty, Y, Tps1,. .., T, where 0 <k <n. In

particular, when k =n, x1,...,x,,y form a regular sequence on B.

Proof. We prove this by induction on k. The base case k£ = 0 is one of the assumptions. Now
assume that =1, ..., 2, y, Tgi1, ..., T, is a regular sequence on B. Let A = B/(x1,..., ;). We
know that y, x;,, form a regular sequence, and x, is a nonzerodivisor on A. By Lemma 3.5.5,
Tr+1,y also form a regular sequence on A. It is obvious that xy,s, ..., x, continue to be a regular

sequence on A/(xy.1,y). Therefore 1, ..., Tk1,Y, Tryo,- - ., Ty is a regular sequence on B. [

The main result we want to prove is about elements of the form z,, — ¢, 2,1 in the ring 7'. In

the theorem below, if the index set for a variable is empty, then the variable does not occur.

Theorem 3.5.7. Let (R, m, K) be a d-dimensional complete local domain of prime characteristic
p. Let R* be its absolute integral closure. Let A be an index set and let {t) : A € A} be a set of
variables. Let T = R*(ty : A € A). For any system of parameters x1,...,xq of R, let z; = x; —t), T
for somety, € {tx: ANe A} (N # \jifi+jand 1 <i<d)and {y1,...,yn},{ws,...,w} be two

subsets of X,, := {Tn12, Tns3, ..., Tay where 0 < h,l < d—n— 1. Then we have

(1) Y1y 3 Yny 21y - -, Zn, Tny1 form a regular sequence on T, and

(ii) Ny ((Yiy - Yny 215 2n) + (T, w1y W)Y T = (Y1 oy Yny 215+ y 20) T
forany0<n<d-1.

Proof. We prove both claims at the same time by induction on n. The base case n = 0 is trivial:

when n = 0, (1) is the conclusion of Lemma 3.5.4 and (2) is the conclusion of Proposition 3.5.2.
Assume that both claims are true for n. We want to prove the case of n + 1. So we let

both {y1,...,yn} and {wy,...,w;} be subsets of X, ;. We first prove (1). Note that X,,,; ¢

Xne SO Y1, Yny 21, -, 20, Tug1 18 a regular sequence by the induction hypothesis. Since
(z15 -y 20y Tpe1)T = (21, .., Xpy1)T, it is trivial that yy,...,yn, 21, -, Zn, T, Tnse fOorm a
regular sequence on 7. Let S = T/(y1,...,Yn,21,---,2,)T. If there is some o € S such

that az,.1 = 0, then modulo z,.; we see that at, 12,2 = 0. Hence a = x,,,15. Since x,,;
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is a nonzerodivisor and SBz,,12,,1 = 0, we have Bz,,1 = 0. Repeating this argument we get

@€ (Y1, s Yn, 215 - -, 2n, x| )T for all N. The induction hypothesis (2) shows that

A€ (Y1 Yns 21y 2n) T

Hence z,,.1 is a nonzerodivisor on S.

Let 77 = T/(y1,...,yn)T. Since z,.2 € X,, the induction hypothesis shows that both
Tp42, 21, ---,2n and 21, .. ., 2, are regular sequences on 7”. By Corollary 3.5.6, 21, ..., 25, Tp42 also
form a regular sequence on 7”. From the previous paragraph, we know that z1, ..., 2,, Tpi1, Tnio
is a regular sequence on 7", and, again by Corollary 3.5.6, z1,..., 2y, Tpy2, Tny1 form a regular
sequence on 1"”. SO z1,...,2n, Tnio, Tne1 — tns1Tpeo 18 @ regular sequence on 7”. Again, from
the previous paragraph, z1,...,2z,, 2,41 1S already a regular sequence on 7”. We conclude that
Yly s Yhs 215 - - -5 Zns Zns1, Tneo form a regular sequence on 7" by Corollary 3.5.6. This proves (1).

For (2),let @ = R*(t, : e A, ju # Ays1). Then T = Q(¢y,,,). Since (2,5, wl, ..., w]N)Q is

cofinal with (40, w1, ..., w;)N@Q, it suffices to show that

m ((yb ey Yny 21, 7Zn+1) + (mnN+27 w{V> ceny wlN))Q(t)\,Hl) c (yh ey Yny R1y e Zn+1)Q(t)\n+1)-

N=1
Since {w1, ..., wif U{yr,...,yn} S Xps1, the ideal (yy,...,yn, wi, ..., wN) S (Tps3,...,2q) is
generated by part of a system of parameters of R. Hence x,,,1, %2 form a permutable regular
sequence on the quotient ring P = Q/(y1, ..., yn,wY,... ,wlN, 21, ..,2,)Q. Applying Proposi-

tion3.5.3t0 B = P,x = Xpy1,Y = Tpyo, We get

N N N
(Y1, Yny WY e e W) 20, e ey 2y Tt ] — Ty a2y Tinan ) T N Q)
_ N N N
- (yla--'ayhawl gy Wy 7217"'7Zn)Q+(xn+1axn+2) Q
N N N
Forany u € n%_ (Y1, .-, Yn, WY .., WY, 215+ o Zny Tpst =ty Tnva, Thyo )T, clear the denom-

inators and assume that  is a polynomial in ¢, , of degree h. Then z” ,u can be considered as a

n+1

polynomial in t),,, Z,.2 of degree h. Therefore, we can divide ", u by the “monic” polynomial

n+1

tr 1 Tns2—Tne1 In Q[¢y, . ] and get a remainder b of degree Ointy .. So 2" ,u—be (2,,1)Qtn,.,]

and

N N N
be (Y (Y1, s Yn, Wy ey W 21,y Znal, Tigo) T N Q

1

e )8

=be ((yl,...,yh7UJ{V,...,wiN721,...72n)+($n+1,$n+2)N)Q,

=
1l

1
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which implies that b € (yy,...,yn, 21, - - - , 2, )@ by the induction hypothesis. Therefore,

h h

T oW € (Y1y e s Yny 215+ o5 Zna1 ) Qs | = ToioW € (Y1, - o Uny 215+ o5 Zns1) T
Note that vy, ..., Yn, 21, - - Zns1, xz .o 1s a regular sequence on 7' by our proof of (1) above. Hence,
we do not need the factor of mﬁw and we have w € (y1,...,Yn, 21, -+, 2ns1) T ]

3.5.2 Stabilization of colon ideals

We say that the colon ideal (z1, ..., x,)R* :g+ y> stabilizes at a positive integer N if
(z1,...,00)R" ige y™ = (21,...,0,)R" g Y.

The next few results deal with the stability of colon ideals in non-noetherian rings.

Lemma 3.5.8. Let (R, m) be a d-dimensional local domain of prime characteristic p and T an
R-algebra. Let x4, . .. x4 be a system of parameters of R. Suppose that x, is a nonzerodivisor on

T/(x1,...,2q-1)T. Then for any element y € R and n = d,d - 1, there is some Ny such that
(z1,...,2)T 0 y™ = (21,...,2,)T 27 y™°.

Proof. The conclusion is trivial if y is a unit. So we assume that y € m. For n = d, since m is
nilpotent on (x1,...,24)R, and y € m, there is some N; such that y™ € (z4,...,24)R. This Ny
will suffice.

Look at n = d — 1 and consider the ring A = (R/(x1,...,24-1)R).,. It is an artinian ring,
and, hence, it is a product of artinian local rings, i.e., A = Ay x --- x A;,. The image of y in each
component A; is either a unit or a nilpotent, i.e., ¥ = (y1,. .., yn) Where, without loss of generality,
Y1, ..., Y are nilpotents and yx.1, . . ., yp, are units. So there is some positive power N, such that
gMNo = (0,0, ... ,O,y,ivfl, . ,y,]lVO). There is some a € A such that

gNo = ag*™o. (3.5.4)

Since T is an R-algebra, we have amap A — B = (T/(x1,...,24-1)T).,. The relation (3.5.4) of
y™No and 72No maps to a relation
g0 = byt (3.5.5)

for some b € B and the same Ny. We claim that (21, ..., 24-1)T%, 1., y° = (21, .., ¥a-1) Tk, i,
yNo. Take any u € (71, ...,24-1)Ty, ', y*. Then the image w of uin B = (T/(z1,...,24-1)T)a,
isin 0 : y*. So there is some N such that V@ = 0 in B. It is obvious that any higher power of
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y will kill . Hence we may assume without loss of generality that N = m/Ny and m > 2. Then

y™Nog = 0. Making use of the relation (3.5.5), we have

= gNOg(’H’L*2)N0,a — O

= g(m-DNog = 0.

We can repeat this argument until m reaches 1. So y™wu = 0 in B implies that y™Nou €

(z1,...,24-1)T,,, which in turn implies that u € (xy,...,241)T%, T, y™No. So we have
(21, a) Ty iy, ¥ = (21, g 1) Ty om, y™No.
But we also know that z4 is a nonzerodivisor on T'/(z1,...,x41)T. So we have
(x1, . yxg1)T o0y = (x1,...,2q-1)T o1 yNO
as well. [

Theorem 3.5.9. Suppose (R, m, K) is a d-dimensional complete local domain of prime characteris-
tic p. Let R* be its absolute integral closure. Let A be an uncountable index set and let {t): X\ € A}
be a set of variables. Suppose x1, ... x4 is a system of parameters of R. Then for any 1 <n <d
and any y € R, there is some Ny such that

(21, )T 0 y™ = (21,...,2,)T :p y™°

where T' = R(t) : A € A).

Proof. By Lemma 3.5.8, the conclusion is true for n = d,d — 1. We assume that n < d - 2.

We also assume that y € m. Let z; = x; —ty,2,,1 (1 <7 < d—-1). Consider the sequence

T1yeeeyTny Znsls - - -5 2d-1, Lq. 1t s €asy to see that
(T1, o Ty Znats e o5 Za1, Ta) R(En, s - tagy) = (1, o, 2a) R(En,qs - - Eag,)-
So by Lemma 3.5.8, for any choice of \,,1, ..., A\q_1, there is some N such that
(T1,. s Ty Znads - os 2a-1)T 0 Y = (21, .. T, Zpsts - ooy 2ar) T o yNO.
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‘We want to show that

. 0o _ . N
(xlw"7xn7zn+17-"72k)T'Ty _(xla-"axnaszrlv"-azk)T'Ty 0

for k > n. We prove this by reverse induction on k. The base case k = d — 1 is done. Now suppose
that this is true for k£ + 1. Look at ideals (x1,...,Tn, Zns1,- - - 2k, The1 — tuxkﬁ)T 7 y*. The
induction hypothesis shows that each ideal stabilizes at some V. There are uncountably many p € A.

So we can find some N such that

(X1, Ty Znsty oy 20y Thit = Luis2) T o Y™ = (T1y ooy Ty Znids - e+ 2k Thort — EuThra) T i YO
(3.5.6)
holds for infinitely many choices of p. In particular, there are countably many i1, ps, . . . avoiding
all A\,41,..., Ag such that (3.5.6) holds.
For any u € (z1,...,Tpn, Zns1, - - -, 26)T 7 y=, there is some N such that

N
Y ue (T, Ty Znats -5 2k) T
So

N
Yy uce (xly <oy Tny Bntly - o5 Rk Lhal — t,u,ixk+2)T

N,
=Y ‘u € (:L‘h <oy Tny Bntly - -e 5 Ry Lhel — tuixkz+2)T

for all choices of ;.
Hence for any [/, we have

l
N,
Yy S m(xla sy Ly Bntly o5 Rl Thal — tuixk+2)T-
i=1

Let a; = T — ty, Tpao and S =T /(x1, ..., T, Zs1s - - -, 2) 1. We claim that

(_l](az-)S = ﬁ(ai)S (3.5.7)

for any .

We first notice that any two elements a; and a; where ¢ # j € N form a regular sequence in
S: because (a;,a;)S = (Tpi1, Tns2)S, they form a regular sequence on S. We prove (3.5.7) by
induction on [. The case | = 1 is trivial. Suppose that u € (n}_,(a;)S) N (a;41)S = (Hﬁzl(ai)S) N
(a11)S. Write ¢; = [T, a;. Then u = ac; = Bag, for some a, 5 € S. Since ajq,a; (i 1) form a

regular sequence, so do a1, ¢;. Hence «v € (a;41)S = u € (a;41¢;)S and (3.5.7) is proved.
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So for any [/, we have
!
N
Y ou € (T, Tny Zngty - 2k) T + H($k+1 — 1, xp42)T.

i=1

Since

DX

~
Il
—

l
(xla R PR S R 7Zk)T + H(xk-H - Zfmxk+2)7—1)

i=1

c

DX

<(l'17 ey Ty Zpgly e 7Zk;)T + ((:Ek;+1a xk+2)T)l> ’

~
Il
—_

we may apply Proposition 3.5.2 to see that the right-hand side is in (z1, ..., Zp, 2Zn41,-- -, 26)T. We
conclude that

N,
YO0 e (T, Ty Znats ey 2k) T
So we have
. _ . N
(1, Ty Znaty -5 26) T i Y™ = (X1, o Ty Zns 1y - -5 28) T i y 0.
The case k& = n is the conclusion of the theorem. ]

Remark 3.5.10. In Theorem 3.5.9, one can assume that A is a countably infinite index set. The
proof still works if we make the following modification: we observe that for two different variables

t) and ¢,,, the map swapping ¢, and ¢, is an automorphism of 7" = R(%) : A € A). Hence, if we have
(T1,. oy T Znds - ooy 2y Tt = The2) T i Y = (D1, .o T,y Zpits - - oy Zhs That — EaTiao) T i YO
for some N, then by applying the automorphism we just described, we have

(T1, - Ty Znats - oo 2k That = Luhas) T 0 Y™ = (21,00, Ty Znsts - -+ 5 2y Tt = L) T i y™No.

So the proof where we show that there are countably many p such that (3.5.6) holds can be modified
as follows: Look atideals (21, ..., %y, Zns1, - - - 2k The1—tuThs2)T 7 y*. The induction hypothesis
shows that each ideal stabilizes at some N. If one such ideal stabilizes at some integer Ny, then by

permuting the variables ¢, we see that all such ideals stabilize at the same V.

Corollary 3.5.11. Suppose (R, m, K) is a d-dimensional complete local domain of prime charac-

teristic p. Let R* be its absolute integral closure. Suppose x1,. .., xq is a system of parameters of
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R. Then for any 1 <n < d and any y € R, there is some Ny such that

(z1,...,00)R" igr y™ = (21,...,7,)R" i+ y™°.

Proof. Let A be an uncountable index set and {t, : A\ € A} a set of new variables. Then by

Theorem 3.5.9, there is some N such that
({L’b e ,$n)R+(t)\ T € A) :R+(t>\:/\eA) yoo = (1’1, e ,an)R+(t)\ T € A) :R+(t)\:)\eA) yNO.

For any element u € (21, ...,x,)R* :gr+ y>, there is some N such that yNu € (xy,...,2,)R*. So
itisalsoin (z1,...,2,)R*(ty : X € A). We have y™Nowu € (xy,...,2,)R*(t\ : A € A) by equality

above. So we have
yMue (zy,. .., 20) Rty e A)n RY = yMoue (2q,...,1,)R*
as the map R* — R*(ty : A € A) is faithfully flat. Hence u € (1, ..., 2,)R* g+ yNo, as desired. [J

3.5.3 The main theorem

We are almost ready to prove our main theorem of this section. Before that, let us derive a useful

corollary from the results on the stability of colon ideals.

Corollary 3.5.12. Suppose (R, m) is a d-dimensional complete local domain of prime characteristic

p. Let R* be its absolute integral closure. Suppose 1, ..., x4 is a system of parameters of R. Then
forany 1 < n < dand any y € R, there is some Ny such that (x1,...,x,)R* = an b where
a=(zy,..., 25,y )R and b = (xq,...,2,) g+ y™o.

Proof. By Corollary 3.5.11, there is some NV, such that
(z1,...,00)R" igr y™ = (21,...,2,)R" :g+ y™°.

Leta=(zq,...,2,,yY)R*and b = (x1,...,2,)R* :g+ y™o. Then we have b = (z1,...,2,)R* z
y>~. For any u € an b, we can write u = a;x; + - + a,x, + by™o and we know that yNoy €
(z1,...,2,)R*. So we have by*No € (xq,...,2,)R* = b e b = by € (xy1,...,2,)R*. So

we (z,...,2,)R*. The reverse inclusion is trivial. [
Now we prove the main theorem.

Theorem 3.5.13. Suppose (R, m) is a d-dimensional complete local domain of prime characteristic

p. Let R* be its absolute integral closure. Suppose 1, ..., x4 is a system of parameters of R. Then
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for any 1 <n < dand any y € R, there is some positive integer Ny such that for all N > N,
(.1'1, o ,CCn,Z/N)R+ ‘Rt Tp41 € (xla s 7xn7yN7NO)R+'

Proof. By applying Corollary 3.5.12 to the system of parameters z1, ..., 2,1 and y, we know that

there is some Ny such that if we write a = (21, . ..., 21,y )R and b = (21, ..., Tpy1 )R g+ Yo,
then we have (z1,...,2,.1)R* = anb. Forany u € (x1,...,2,,yV)R* g+ Tp41, We have
UTpe1 = ULTY + o + Up Ty + vy for some uq, ..., u,,v € R*. Therefore,
+ . N _ + . N,
V€ (.Z‘l, - ,QZnJrl)R g+ Y C b= (]Il, e 7$n+1)R ‘R+ Y 0,
So we can write vyNo = V11 + +++ + V41 Tyt fOr sOme vy, ..., v, € R*. Hence,

(u — ’U,n+1yN—NO)‘Tn+1 = (ul + /UlyN—No)a;l + e 4 (un + ,UnyN—NO)xn

=>U- Un+1yN_NO € (1‘1, s 7xn)R+ ‘Rt Tnt1-
Since R* is a big Cohen-Macaulay algebra of R, we have u — v, 1y "N € (xq,...,2,)R*. There-
fore, we have u € (z1,...,x,, yN "N )R*. O

Remark 3.5.14. Since R is complete local, by Cohen’s structure theorem, R is module-finite over
some complete regular local domain A of characteristic p with respect to the system of parameters
x1,...,xq. If the element y happens to be in A, then the same proof (i.e., the proof of Theorem 3.2.4)

as in the mixed characteristic case also works.
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CHAPTER IV

Behavior of Analogues of Tight Closure

This chapter is organized as follows: in Section 4.1 we extend the result [Diel8, Theorem 4.8]
to a more general setting (Corollary 4.1.10). For this purpose, we need to generalize several notions
to the non-domain case. In Section 4.2, we add two more axioms to the set of axioms for closure
operations and discuss various related results. We show that the persistence axiom, together with
Dietz’s axioms and the Algebra axiom, imply a weak functorial version of the existence of big
Cohen-Macaulay algebras (Theorem 4.2.11). Finally, we introduce three more closure operations
in mixed-characteristic case in Section 4.3, and discuss the containment problem between these

closure operations in Section 4.4.

4.1 Dietz’s Axioms in Non-domain Cases

Dietz defined 7 axioms in [Diel0] for finitely generated modules over noetherian domains, and
generalized them to non-finitely generated modules in [Diel8]. Here we further generalize them to

non-domain cases.

Construction 4.1.1. Given a closure operation dcl (d for domain) defined only for rings that are
domains, there is a natural way to generalize this closure operation to non-domain local rings. Let
R be a noetherian local ring and N ¢ M be R-modules. We let the new closure operation cl to
be defined as u € N} if and only if z € (N )‘]’\;'/ pyy for any minimal prime P, where (N)a/pas is
the image of N in M /PM. In the case of an ideal I, the closure cl of [ is the intersection of all

preimages of (I R/P)9 in R where P runs through all minimal primes of R.

Remark 4.1.2. One may also want to generalize to the non-local case by requiring that x € I iff
x € (IRy) for any maximal ideal m. We know that this is true for tight closure. However, as

pointed out in [HeiO1, Remark 2.4], we do not know this for epf closure in complete generality.

We want to investigate the generalization of Dietz’s axioms under the Construction 4.1.1. Let
(R, m) be a noetherian local ring. All modules here are arbitrary R-modules. The first six axioms

require no modification. We also note that all proofs in [Diel10, Lemma 1.2] work in this generality.
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In order to generalize the “generalized colon-capturing” axiom, we introduce the notion of

strong system of parameters.

Definition 4.1.3. A (partial) strong system of parameters is a system of parameters of R and

continues to be a (partial) system of parameters modulo every minimal prime.
Now we change the generalized colon-capturing to following:

Axiom 4.1.4 (Generalized colon-capturing in non-domain case). Let z1,..., 751 be a partial
strong system of parameters for R and let J = (x1,...,x;). Suppose that there exists a surjective
homomorphism f: M — R/J and v € M such that f(v) = x4,1 + J. Then

(Rv)§; nKer f ¢ (Jv)g,.

4.1.1 Some discussion on strong systems of parameters

Suppose that (R, m) is a d-dimensional noetherian local ring, and I € R is an ideal. By the
nonstandard terminology “truly minimal prime,” we mean a minimal prime P of R such that
dim R/P = d. A truly minimal prime of / corresponds to a truly minimal prime of (0) in R/I.

In an equidimensional local ring, a truly minimal prime is the same as a minimal prime. However,
in general, the set of truly minimal primes is a subset of the set of minimal primes. To obtain a
system of parameters of R in the usual sense, we start with x; that avoids all truly minimal primes.
Because when one avoids all truly minimal primes, the dimension goes down at least by one, but
the dimension goes down by at most 1 by Krull’s height theorem (choose 1, ...,y in R/x1 R to
be a system of parameters where s = dim(R/x1 R), then m is nilpotent over (y,. .., ys, 1) which
implies that d < s + 1). Next, we choose x5 avoiding all truly minimal primes of ()R and minimal
primes of R, and so on. However, in choosing a strong system of parameters, we have to avoid all

minimal primes.

Example 4.1.5. Let S = k[x,y, z]/(xz,yz) and m = (z,y, z). Let R = S, and mR is the unique

maximal ideal, we have three saturated chains:

(2)¢ (y,2) cm,
(z)c (z,z) cm,

(z,y) cm.

So (z) is a truly minimal prime while (x,y) is a (usual) minimal prime. We can choose a (usual)
system of parameters to be x,y + z, which avoids (z), but not (z,y). In this case, there is no full

strong system of parameters. One partial strong system of parameter is just x + z.
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4.1.2 Solidity and phantom extensions

We aim to extend the result [Diel8, Theorem 4.8] to a more general setting. Specifically, we
want to remove the “F'-finite” and “domain” assumptions in the theorem.

We first note that the notion of “phantom extension” extends to the non-domain case directly,
i.e., [Diel8, Definition 2.3] works in this generality. All of the results proved in [Diel8, Section 2]
do not use the domain condition anywhere. Next, we want to extend the notion of “solid algebra” to

the non-domain case.

Definition 4.1.6. An R-algebra S is a solid [z-algebra if there is a R-module map v : S - R such

that (1) is a nonzerodivisor in R.

We first remove the assumption of “F’-finiteness,” which answers a question in [Diel8, Section
5, Question (2)], i.e., we want to show that solid algebra maps o : R — S are always phantom
extensions without the F'-finite condition in characteristic p. For this purpose, we need to discuss
briefly the notion of the I'-construction. Let £ be a field of characteristic p. A p-base A for k is a
subset of & such that {dA : A € A} form a basis of the module of Kahler differentials €2;;». For any
n elements \i,..., \, € A, the field k[)\i/pe, ce A}/pe] has degree p™c over k. If R is a noetherian
complete local domain of characteristic p, by Cohen’s structure theorem, R is module-finite over
A = k[zy,...,z,]. In the sequel, we will fix a p-base A of k, and let I" be a subset of A, usually
cofinite in A, i.e., a subset such that A \ T is finite. Let k! denote the field extension k[y1/7° : v € T'].
Let AL := kl'[xy,...,x,], and RL := R®4 AL. By a I'-construction of R we mean the R-algebra
R' := U.RL. See [HH94a, 6.11 Discussion and Notation], [HJ21, Subsection 5.1], and [Mur21,
Construction 3.1] for a more detailed discussion. The most important fact here is that R" is a
faithfully flat purely inseparable extension of R, which is F-finite ([HJ21, Theorem 5.3 (1)]).

Moreover, the maximal ideal of R extends to the maximal ideal of RT.

Lemma 4.1.7. Let R be a noetherian complete local domain and R — R a I'-construction of R.
Let M be an R-module, H a submodule of M, and u an element of M. Suppose that M"', H" | u"
are images of M, H,u under the base change map R — R respectively. Then u* € (H"); . implies
that w € Hj,.

Proof. Since R is noetherian complete local, there is some c¢ # 0 such that R, is regular. We also
have that Rl is regular. Then c? serves as a big test element for both rings. Then u' € (H")} . =

Aul e HY. Since R is faithfully flat, we must have c3u € H as well. Then u € H7,. O

Proposition 4.1.8. Let R be a noetherian complete local domain of characteristic p and S a solid

R-algebra. Then S is a phantom extension of R via tight closure.
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Proof. Since R is a noetherian complete local domain of characteristic p, it has a faithfully flat
local map R — R', where R! is a local, F'-finite algebra. We can base change to R" and get a solid
R-algebra R" ®p S (it is still solid because of faithful flatness). We use [Diel8, Theorem 4.8] to
conclude that R" ® z S is a phantom extension of R'.

Next we make use of the diagram in [Diel8, (2.2)]:

0—=R—2~§—~S/R—=0

Pl

G—Y-F—>S/R—>0

where G, F are free presentation of S/R. Since R! is flat, this stays as the same diagram over R':

0—=RT—2 5@z R — (S/R) ®p RT —=0

T

Gr —“ . fr (S/R)®p R* —=0

where v, U1 are the images of the representing matrix of v, 7 in R' respectively. By definition
([Die18, Definition 2.3]), we learn that o' € (Im ( Z/F)V):Gp)v- Finally by Lemma 4.1.7, we conclude
that 7 € (Imv¥) 5. O]

Next we want to remove the domain condition by first dealing with the complete case, then

passing to the non-complete case.

Corollary 4.1.9. Let R be a noetherian complete local ring of characteristic p and S a solid

R-algebra. Then S is a phantom extension of R via tight closure.

Proof. Suppose that P, ..., P, are minimal primes of R. By the argument above what we need
to show is 7 € (ImvV),,. We can apply base change to R/P; to the diagram for each i, and
S®r R/P; = S/P,S is still solid because of our definition. Hence, by Proposition 4.1.8, we know
that each S/P,S is a phantom extension of R/P;. So € (Im "), is true if we use base change to

any R/P;. By a well-known result of tight closure theory, we can conclude that 7 € (Imv¥) 5. O

Corollary 4.1.10. Let R be a noetherian local ring of prime characteristic p. Suppose that R is
reduced and essentially of finite type over an excellent local ring. If S is a solid R-algebra, then S

is a phantom extension of R.

Proof. There exists a nonzerodivisor ¢ such that R, is regular and c has a power that is a completely
stable big test element. Hence there is some power, say ¢, of ¢ that serves as big test element for
both R and R. Since the map S — R sends 1 to a nonzerodivisor and R is faithfully flat over R, the
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image of 1 remains a nonzerodivisor after base change to R. Therefore, S ®p R is a solid E—algebra.
Hence, it is a phantom extension of . We want to prove that 7 € (Im V). Apply base change to
R to this diagram. We learn that 7 € (Im V)" in G¥. So ¢V € (Im ) in G¥. Again, by faithful
flatness, we conclude that ¢V € (Im V), = U € (ImvV),,. Hence, S is a phantom extension of
R. ]

4.2 Properties of Closure Operations

4.2.1 More closure axioms

We define two more axioms for closure operations on noetherian rings without requiring the

local condition. Let R be a noetherian ring, cl a closure operation on R.

Definition 4.2.1. A sequence of elements x4, ..., x, in R is a partial strong system of parameters
if z1,...,x, form a partial strong system of parameters in Rp for any prime ideal P containing
T1yeeoy Ty,

The closure operation is said to satisfy the colon-capturing property if the following axiom
holds.

Axiom 4.2.2 (Colon-capturing Axiom). Let cl be a closure operation on R. If x4, ..., x, is a partial

strong system of parameters in R, then (z1,...,2, 1) :g Tn € (T1,..., 2y 1)°.

Axiom 4.2.3 (Persistence Axiom). Suppose that C is a collections of rings and homomorphisms
among them. Let cl be a closure defined on each ring in C. If for any homomorphism R — S in C

and any R-module M and a submodule N, we have
Im(S ®p N5y > S®r M) < (Im(S®r N — S ®r M))5, 1

then we say that cl is a persistent closure with respect to C.

By a “persistent closure operation” we mean a closure operation satisfying Axiom 4.2.3 with
respect to some collection. We want to point out that the tight closure satisfies both axioms under

mild hypothesis on the rings.

Definition 4.2.4. [HHO3, Definition 5.1] Let N ¢ M be arbitrary modules over a noetherian ring
R. We shall say that = € M is in the regular closure of N in M, which we denote N7, or simply,
Nreg_ if for every homomorphism of R to a regular ring S which maps R° into S°, the image of x in
S ®g M is in the image of S ®zr N in S @ M.
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If a closure operation cl is persistent and trivial in regular rings, then for every ideal I, I¢' c Ies,
By the result [HH93, Proposition 5.3], one only needs to check regular closure for all maps from
R to regular rings with kernel a minimal prime of R. In [HH93, Discussion and example 5.6],
Hochster and Huneke proved that in the ring R = k[z,y, z]/(23 + y? + z3) where char(k) # 3,

z € (z,y)Re8 and z ¢ (z,y) R*. Therefore regular closure is strictly larger than tight closure.

4.2.2 Persistent colon-capturing closure operations

Definition 4.2.5. Let R be a noetherian domain. Let R* be the absolute integral closure of R. Then
for any ideal I, the plus closure I'* of I is defined to be the contraction of the expansion / R* back
to R.

Suppose that A is a noetherian domain. Let C be some collection of A-algebras containing all of
the finitely generated A-algebras. Let cl be a persistent closure operation defined on C that satisfies

the colon-capturing axiom (Axiom 4.2.2). We want to show that cl contains the plus closure.

Theorem 4.2.6. Let R be a local domain in C as above and I = (f1,..., f,) a proper ideal in R.

Let cl be a persistent colon-capturing closure operation on R. Then I+ ¢ I¢,

Proof. If be I*,then b= Y7, u; f; where the u; € R* are integral over R. Each u; satisfies a monic
equation ¢;(X) = X™ — 2z, X"t — ... — 2, . of degree n; with coefficients in R for some n;.
Let T() = A[Zi7j7Ui 11 <1< n,l < j < nz]/(gZ(Ul) 11 <2 < n) where UjaZi,j are inde-

terminates. Then 7 is a polynomial ring since we may use the ith equation to solve for Z; ,,,.

We set T' = Ty[F}, ..., F,] where F; are indeterminates. Then 7" is a domain as well. Let
S = A[F,,Z;;,B,Y,U,Y,---,U,Y] be a subring of T" where B := }."; U;F;. We want to show
that F,..., F,, Y form a partial strong system of parameters in .S.

First of all, we note that m elements in a domain form a (automatically strong) partial system

of parameters if and only if they generate an ideal of height m: suppose that y4, ..., y,, generate
an ideal of height m in the domain A. If P is a prime ideal of A containing ¥, .., Y, then
(y1,---,Ym)Ap also has height m. Therefore, since S is a domain, it is equivalent to show that
Fy, ..., F,,Y generate an ideal of height n + 1. For this purpose, let us consider another ring
So = A[F;,Z;;,Y]. Since B,U;Y are all algebraic over Sy, S is module-finite over Sp. In Sy,
Fy, ... F,Y generates an ideal of height n + 1. Since S; is normal, we have the going down

theorem for Sy — S. Hence, (F1, ..., F,,Y)S also has height n + 1.

Since YB =Y (U;Y)F; € (Fy,...,F,)S, we conclude that B € (F},..., F,)S. We have a
map T' — R sending F; = f;, Z;; = z;; and U; = u;. Hence, we can restrict the map 7" — R to get a
map S — R. Then, by Axiom 4.2.3, we have b€ (f1,..., f, )R = I¢in R. O

Remark 4.2.7. In equal characteristic, we usually take A to be Q or Z/pZ.
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4.2.3 Persistence and weak functoriality

Consider a Dietz closure operation cl satisfying the Algebra axiom defined on a collection of
noetherian complete local domains. Assume that cl is persistent with respect to this collection. We
want to show a weakly functorial version of the existence of big Cohen-Macaulay algebras of rings

in this collection.

Proposition 4.2.8. Let M be a finitely generated R-module, and S an R-algebra. Suppose that
cl is a closure operation defined for both R and S and persistent for R - S. If a: R - M is a

clg-phantom extension, then S — M ®pr S is an clg-phantom extension.
Before giving the proof, we need a lemma.

Lemma 4.2.9. Using the same notation as in Proposition 4.2.8, if a ® idg stays injective, then

a ® idg is clg-phantom.

Proof. Using the same construction as [Diel0, (2.8)], we have

0 R—2sM Q 0. 4.2.1)

Then « is cl-phantom if and only if ¢¥ € N§, where N is the submodule spanned by column vectors
of vV. See [Diel0, Lemma 2.10].

Base changed to S preserves right exactness and surjections. It also takes free R-modules to
free S-modules. Since by assumption the injectivity of « is also preserved, we conclude that after
tensoring the diagram (4.2.1) with S everything is preserved. Since cl is persistent, we conclude

that o ® idg is cl-phantom as well. [

Proof of Proposition 4.2.8. We can always factor a map R — S as R -» R/P — S. The proof
breaks down to two steps. First we show that the induced map R/P — M ®pg R/P is clg;p-phantom.
Then we show that the same is true for the injection map R/P < S.

Step 1: Write m for the maximal ideal of R and u = «(1) € M. Using [Diel0, Lemma 2.11] and
the assumption that « is clz-phantom, we know that u ¢ mA/. So {u} can be expanded to a minimal

generating set of M, say {u,uy, ..., u }. We claim that
Run PM = Pu.

It is clear that the right-hand side is always contained in the left-hand side. Suppose that there

are elements » € R — P and p,py,...,pr € P such that ru = pu + pyuy + -+ + prug. Passing to
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M ®p Frac(R/P), we see that 7u = 0. Since 7 is invertible in Frac(R/P), we have u = 0. Let
W = R— P, then W' R is a flat R-algebra. So a®idyy-1p is an injection. By Lemma 4.2.9 we know
that « ® idyy -1 is cl-phantom. So w is not in PW -1 M. Hence w is not zero in M ® Frac(R/P), a
contradiction!

Next we claim that a ® idg/p is still injective. For any r € R/P such that 7 = 0 in M /P M, we
have ru € PM. Passing to M ®g Frac(R/P), we have 7u = 0. Since u # 0, we have 7 = 0. But this
shows that r € P, i.e., 7 = 0 in R/P. Hence, a ® idg/p is injective and, therefore, cl-phantom by
Lemma 4.2.9.

Step 2: Write T'= R/ P, N for M ® R/P, and 3 for the map idr ®«. We are in the case where
T — S'is an injection of noetherian complete local domains. We would like to show that S - N®1 S
is still injection. Since Frac(T') is flat over T, we have injection Frac(T") - N ®r Frac(T). Let
W =T -{0} c S be the multiplicative set of nonzero elements of 7" in S. Then W-1S is a
Frac(T")-algebra. Hence it is free over Frac(7"). So in turn we have injection W15 - W-1S®r N.
Letv =/(1),and 1 ® v be the image of 1 € S'in S ®7 N. Let I = Anng(1 ® v) be the annihilator of
1®wvin S. Then we know that /W -1S = 0. But S is a domain, so S < W-1S and I = 0. Hence,
idg ®p is injective. Again, by Lemma 4.2.9, the proof is complete. [

For this purpose, we need to discuss some material on modifications.

Discussion 4.2.10. Let (R, m) be a noetherian complete local domain and let x4, . . ., z,, be a system
of parameters for R. Let M be a finitely generated R-module. By a finite sequence of mixed

modifications of M over R, we mean a finite sequence of 2-modules
M=My—- My - My — - - My

such that each map M; — M, falls into one of the following two cases:

e There is a relation x;, u;41 + xju; + - + x1u; = 0 for some elements w4, ..., u; in M; and

M; — M;, is trivializing this relation, i.e.,

M;® RU, & --- & RU|

Mi+ =
! R'(uzu,%lUl;“',J?lUl)

where U, ..., U, are indeterminates. The map M; — M., is defined by sending elements in
M, to the first copy in M.

* M;,, is the second symmetric power of M;, i.e., M;,; = Sym?(1M;).
We will call this sequence bad if M = R and the image of 1 goes into m M/}, under the consecutive

maps.

85



Let (R,m) — (.5,n) be a local homomorphism between noetherian complete local domains.
Let M be a finitely generated R-module. By a finite double sequence of mixed modifications, we

mean a finite sequence of R-modules and S-modules
M =My — My - My — - My > M, ® S(=: Ng) > Ny - -+ > N},

where My — --- - Mj, is a finite sequence of mixed modifications of M over R and Ny — --- - N},
a finite sequence of mixed modifications of S ® M over S. We call this sequence bad if M = R

and the image of 1 in R goes into n/V}, under the consecutive maps.

We are ready to prove the following main theorem of this section.

Theorem 4.2.11. If R — S is a ring map between noetherian complete local domains and cl is a
persistent Dietz closure satisfying the Algebra axiom with respect to the collection of noetherian
complete local domains and ring maps between them, then we obtain a weakly functorial version
of the existence of their big Cohen-Macaulay algebras, i.e., there exists a big Cohen-Macaulay
R-algebra B and a big Cohen-Macaulay S-algebra C such that

T
S

—_—

J—

—_—
commutes.

Proof. We follow the same construction in the proof of [R.G18, Theorem 3.3]. Explicitly, we first
construct a big Cohen-Macaulay module B; of R and then we take the Sym(B;)/(1—-e;) Sym(B;)
as in [R.G18, Remark 3.2]. We iterate these two steps infinitely many times and take the limit 5.
Then B is a big Cohen-Macaulay R-algebra. Then we perform the same operation for the S-algebra
B ®gr S and get an S-algebra C'. If C is not a big Cohen-Macaulay S-algebra, then by [HH95,

Section 3] we know that there is a bad finite double sequence of mixed modifications
R=My— M; > My — > My, > M, ®g S(=: Ng) > Ny > -+ > N,.

Since cl is a Dietz closure satisfying the Algebra axiom, by [Diel0, Lemma 2.11] and [DielO,
Propsition 3.15], we know that each modification in R = My - M; - My — --- - M is an
cl-phantom extension. By Proposition 4.2.8, the cl-phantomness is preserved after base changed to

S, so this sequence cannot go bad and we get a contradiction. [

Remark 4.2.12. If we have a persistent Dietz closure cl not necessarily satisfying the Algebra axiom,

then we can show a weak functorial version of the existence of big Cohen-Macaulay modules over
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R — S. Explicitly, Proposition 4.2.8 stills holds. We can modify the argument in [Hoc02a, Theorem
4.2] to give a similar result for a double sequence of module modifications. Then the same argument

in Theorem 4.2.11 works.

4.3 Big Cohen-Macaulay Algebra Closures

We define two new closure operations.

Definition 4.3.1. Let (R, m) be a noetherian local ring and / ¢ R a proper ideal of R. The big
Cohen-Macaulay algebra closure IBM of [ is the smallest ideal J 2 I such that for every big
Cohen-Macaulay R*-algebra S, we have JS n R = J. If R is a noetherian complete local domain
of mixed characteristic, then the perfectoid big Cohen-Macaulay algebra closure IPBM of I is
defined to be the smallest ideal J 2 I such that for every integral perfectoid big Cohen-Macaulay
R*-algebra S, we have JSn R = J.

From the definition, we immediately see that

Proposition 4.3.2. If R is a noetherian complete local domain of mixed characteristic, then for any

ideal I € R, we have [PBM c [BCM,

It is easy to see that BCM (PBCM) is a closure operation. In fact, we have the following

characterizations.

Lemma 4.3.3. Let R be a noetherian local domain (resp., a noetherian complete local domain of
mixed characteristic). For any element u € R, if there is a big Cohen-Macaulay algebra (resp.,
integral perfectoid big Cohen-Macaulay algebra) B such that u € IB, then u € IBM (resp.,

u e [PBCM)),

Proof. Let J = IBM then JBNnR=J. Sinceu e IBc JB,wehaveue JBNR = u¢e J. The
proof for PBCM is similar. O

In order to get a more precise description for BCM, we need a temporary definition.

Definition 4.3.4. Let R be a noetherian local domain, and let [ € R be an ideal. The notion
IBCL denotes the ideal generated by IB n R for all big Cohen-Macaulay R*-algebras B, i.e.,
IBL = (IBnR: B)R.

Lemma 4.3.5. Let R be a noetherian local domain. For any proper ideal I € R, let Jy = I and
Jiv1 = JBCL. Then Jy € J; € Jo € -+ is an ascending sequence of ideals. Hence, it stabilizes at some
JN. Then JN = IBCM.
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Proof. For each big Cohen-Macaulay R*-algebra B, if J; € [BM then (J;BNR)Rc IBMBnR =
IB™ Hence, J;11 = JEBt = (J;Bn R : B)R c IBM. Therefore, we have that J; € J;,1 ¢ IBM.
Suppose that this sequence stabilizes at N, i.e., Jy,1 = Jy. Then, we have Jy = (JyBn R: B)R.
For each big Cohen-Macaulay R*-algebra B, we have Jy € JyBNn R<c (JyBnR: B)R = Jy,
which shows that Jy = JyB n R. By the definition of /BM, we know that /BM = . O

The same proof of Lemma 4.3.5 works for PBCM. In fact, we have a much simpler description.

First, we need a definition similar to Definition 4.3.4.

Definition 4.3.6. Let R be a noetherian complete local domain of mixed characteristic, and let
I € R be an ideal. We let IPBCL be the set

IPBCL = {4, ¢ R | 3 an integral perfectoid big Cohen-Macaulay R*-algebra B such that u € I B}.
Lemma 4.3.7. Let R be a noetherian complete local domain of mixed characteristic, and let

I ¢ R be an ideal. The set IPBCL js in fact an ideal and there is some integral perfectoid big
Cohen-Macaulay algebra C' such that I[PB-C = IC.

Proof. Let uy,uy € IPBCL, There are two integral perfectoid big Cohen-Macaulay R*-algebras
By, By such that u; € I By, us € I By. There exists a third integral perfectoid big Cohen-Macaulay
R*-algebra B dominates B; and By by [MS18b, Theorem 4.9]. We have u, us both in I B and so
is their sum. Hence wu; + uy € JPBCL,

Since R is noetherian, IPBCL is generated by finitely many elements, say, f1, ..., f,. For each f;,
there is some perfectoid big Cohen-Macaulay R*-algebra B; such that f; € I B;. Take a perfectoid
big Cohen-Macaulay R*-algebra C that dominates all B;. Then IPBCLC c IC c [PBCLC, O

Proposition 4.3.8. Let R be a noetherian complete local domain of mixed characteristic. For any
ideal I ¢ R, IPBCL = [PBCM,

Proof. By Lemma 4.3.3, we know that JPBCL ¢ JPBCM "On the other hand, let J = TPBL, We need
to verify that J B n R = J for any integral perfectoid big Cohen-Macaulay [2*-algebra 5. Let D be
an integral perfectoid big Cohen-Macaulay R*-algebra that dominates both B and C' by [MS18b,
Theorem 4.9]. Since JC = IC, we have JD = I D. Therefore, we have

JecJBnRcJDnR=IDnRCcJ

Then by the definition of PBCM, we conclude that .J = [PBCM, O

A nice property of both PBCM and BCM is that they naturally capture colons.
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4.4 Comparison of Closures

We prove some comparison theorems about BCM, PBCM epf and wepf for ideals in noetherian
complete local domains with F'-finite residue field.

Since both BCM and PBCM are closely related to big Cohen-Macaulay algebras, it is convenient
to have the following definition to simplify our arguments (cf. [Die07, Definition 3.1], [MS18b,
Definition 4.7]).

Definition 4.4.1. Let (R, m) be a local noetherian ring (resp., a noetherian complete local domain
of mixed characteristic). An R-algebra S is called a seed (resp., perfectoid seed) over R if S maps
to a big Cohen-Macaulay R-algebra (resp., an integral perfectoid big Cohen-Macaulay R-algebra).

We also want to discuss the notion of algebra modifications.

Discussion 4.4.2. Let (R, m) be a noetherian local ring and B an R-algebra. By a sequence of

algebra modification of B we mean a sequence of [Z-algebras

B=By—-» By —» - - DBy

such that each B,y is constructed to be By = Bi[Z1,..., Z,|[(2ns1 — ¥121 — -+ — 2, 7y, ) for 2
relationship 221 + -+ + 241241 = 0 in B; where Z3,..., Z, are n indeterminates over 53; and
x1,...,T, are part of a system of parameters for R. We also say that the map B; - B, is

trivializing the relation uyxy + -+ + w1241 = 0. This sequence is called a bad sequence of
modifications if for some index ¢, 1 maps to mB;. It is shown in [HH95, Section 3] that B can be
mapped to a balanced big Cohen—Macaulay algebra for R, i.e., B is a seed over R, if and only if B

does not possess a bad sequence of modifications.

Lemma 4.4.3. Let (R, m) be a noetherian complete local domain of mixed characteristic. Let I be

an ideal of R. We have Ny (I + m~)PBCM ¢ [BCM,

Proof. For any a € Ny (I +mY)PBCM ‘there is a big enough perfectoid big Cohen-Macaulay B such
that a € (I + m’V) B for any positive integer N. Then we have a € I B/m" B for any N. Suppose

B[Xy,..., X
that [ is generated by f1,..., f,. If S = X0, X , then there is a well-defined map
u—f1X1 - = fpXp
S — B/m!" B forany N. Suppose that 1, . .., x,, is a system of parameters in R. Since m" is cofinal

with (22, ..., 20" R, we also have maps S — B/(z}*,...,x3™) B for any (Ny, ..., N,)) e N,

By Discussion 4.4.2, we want to show that S does not possess a bad sequence of modifications,
which will imply that S is a seed. Suppose for contradiction that we have a bad sequence of
algebra modifications S — S; — --- - S; such that 1 —» mS;. Then we show that each S; maps

to a certain quotient of 3, and we get a contradiction from there. Let N =t + 1. We have a map
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ag:S = B/(zV,...,zN)B. Suppose that we have a map o : S; —» B/(z', 20>, ... 2h"). Let

Si+1 be an algebra modification of S; trivializing the following relation:

Ll+1S =181+ + TSk

This relation also holds in B/(x)", 202 ... #}). Hence, we have
€ ( )B( ")
Tpp1S € (X1, .0y g AR AL IO
Ny,
= TpS € (1, Tp, T Ty, N B
Ni+1=1  Niio
=S €(T1,. . T, X T Xy, )B
: Ny  Npa-1 N,
Therefore, we have s = @1by + - + apby, in Bf(z), ., xp oy ™ o k2 ah™)B. We can

construct a map

51[3/17 s 7Y/€]
s=Yiry - = Yy,

Oéi+1187;+1 = —>B/(9f}]1v1, ,Iivk,[lf]]x]_cfl ! l’i\ilgz,. R iy )B

where we map the polynomial in S;[Y7,...,Y,] by applying «; to its coefficients and send-

ing Y; — b;. If this is a bad sequence of modifications, then 1 € mS,, which implies that

le mB/(x1 M , xéVQ, . ,x%)B. This is equivalent to 1 € mB, which is a contradiction! O
Next we show that 7¢Pf ¢ TBCM_ First we give a proof using a trick due to Ofer Gabber. Then we

present a proof using the p-colon-capturing property (Theorem 3.2.4).

Remark 4.4.4 (Gabber’s trick). Let (R, m) be a noetherian complete local domain, / € R an ideal,
and v € R an element. Suppose that there exists some nonzero element c € 12 such that c°u € I B for
any € € Q*, where B is a perfectoid big Cohen-Macaulay R*-algebra. Let B = [Ty B and let S, be
the multiplicatively closed set given by {(c°1, ¢®2,---)} where ¢; — 0 as i > oo. Then S;! ([Ty B) is
a big Cohen-Macaulay algebra and its m-adic completion Bisa perfectoid big Cohen-Macaulay
algebra. In particular, we have u € | B.In short, whenever we have an “almost” membership, we

can make it an honest membership by passing to a bigger perfectoid big Cohen-Macaulay algebra.

Proposition 4.4.5. Let (R, m) be a noetherian complete local domain of mixed characteristic p
with F-finite residue field. If I € R is a proper ideal, then I¢°f ¢ [BM,

Proof. Suppose that u € I¢Pf. There exists some ¢ € R — {0} such that cu € (I,pV)R*. Let B be
an integral perfectoid big Cohen-Macaulay R*-algebra. Then ¢°u € (I,p")B. By Remark 4.4.4,
there exists an integral perfectoid big Cohen-Macaulay R*-algebra B such that u € (I,pN )§ for all
N. Hence, u € ny (I,pN)"®M c 1BM by Lemma 4.4.3. O
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Next, we show that there is a different proof. For this purpose, we need do discuss the notion of

partial algebra modifications (cf. [Hoc02a, Definition 4.1]).

Discussion 4.4.6 (Partial algebra modifications). Let (R, m) be a noetherian local ring. Let M be
an R-module. A partial algebra modification of M is amap M — M’ where M’ is an R-module
obtained as follows: if z1, ...,z are part of a system of parameters for R, and we have a relation
T UL+ + TpUg + Ty U1 = 0 where u; € M for some integer k£ > 0, then we choose indeterminates

Ui, ...,U; and an integer N > 1, and let
M'"= M[Uy,...,Uglen/FM[Uy, ..., Ug)<n-1

where F' = uy — 21Uy — -+ — 23, Uj,. This makes sense because F' has degree 1 in the U;. We will
refer to the integer IV as the degree bound of the partial algebra modification. Note that if B is an
R-algebra and one takes the direct limit over N of the B for fixed &, z1, ..., 2gs1,Ur, ..., U and F,
one obtains an algebra modification of B. We can define a sequence of partial algebra modifications
of an R-module B as in in Discussion 4.4.2, and, when B is an R-algebra, we call the sequence bad
precisely if the image of 1 € B in M, is in mM,; for some ¢ > 0. [Hoc02a, Theorem 4.2] shows that

T is a seed if and only if 7" does not possess a bad sequence of partial algebra modifications.

Proposition 4.4.7. Let (R, m) be a noetherian complete local domain of mixed characteristic p
with F-finite residue field. If I < R is a proper ideal, then I¢Pf ¢ [BM,

Proof. Suppose that a € I°Pf. Then there is an element ¢y € R such that ¢’a € (I,pNo)R* for

any positive integer Ny and any positive rational number ¢, € Q*. Suppose that [ is generated by

fiy.o., fnin R.

Let 7o = R[ X1, ..., Xnl<no/(a = X1 f1 = = fnXn)R[ X1, ..., Xn]<p,-1 be a partial algebra
modification of . Then we want to show that 7 is a seed, 1.e., 7, maps to a big Cohen-Macaulay
algebra B. Thena e [Ty = a € I B.

We first note that 7, maps to Rf /p™No R}

clae (I, p")R?
= c¢’a = fiay + -+ frap + p™°b

= a= fileoa) + -+ fulcg)an € B [,

where ay, ..., a,, b€ R*. Call this map ag. Then Im(ayg) € ;7% R*/pNo R+,
By Discussion 4.4.6, suppose for contradiction that there is a bad sequence of partial algebra
modifications of Tj:
To->Ty>T5 > =T,
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such that each partial algebra modification 7; has degree bound D; and 1 € 7{y maps to some element
in m7;. Let Ny, Ny,..., N, be a sequence of decreasing positive integers (which we will specify

later). We want to construct following R-module maps:

+ No R+ S + N1 R+ N, + Ni R+
Rco/p OR Rcocl/p 1chc1 """""" coc1 “Cy— 1/]9 = chocl 1 c001 ct/p tRcocl -Ct
TO T1 .................................................... > Tt—l Tt

such that the image of o; is contained in (¢; """ ¢, ) "' R*/p™i where vj; = (£;D;) [Tjjs1 (Di+
1). Let g be the map we constructed above. We will inductively construct the diagram above. Let

us assume that
* The map «; has been constructed.

o T; — T}, is trivializing the relation xp, Ugy1 = iUy + -+ + Tpup Where uy, ..., ug, Uy €T

and x1, ..., Ty, is part of a system of parameters in R, i.e.,

Tiler, -, exl<n,
(Uk+1 — X161~ — l’kek) Ti[eb ) ek]<Di—1

Ti+1 =

| PYNi Rt we have

Since «; has been constructed, in R}, et

CcoC1Ci
Tpe10i(Ups) =Ty fi(ug) + - + T fi(ug).

The image is in (¢} -} cy”") "L R* [pNi, so we have that

Vi Vi,i V0,i—

c; ey ey T (Ugs1 ) € (1, 7)) RT[pNi R,

Since ¢, g i (ugs1) € R*[pNiR*, we can choose some vg,; € R* that maps to it. Then
Tpi1Uks1 € (21, ..., 21, p7) R*. By p-colon-capturing (Theorem 3.2.4), we have
N\ . c NN\ g+ epf
Uk+1€(x17"'7xk‘7p )'R+ Ik‘+1—((x17"'7xk‘7p 2) ) .

We know that there is some NN/ € N such that there exists some c;,; such that for any €;,; € Q*,

we have ¢ vy € (xl, o ,xk,pNi*Ni') R*. Let N;y1 = N; — N!. Then we have
Ei+1 i V1,4 V0,i J— — + N +
e M e e (ugsr) € (7, .., T) RY [pN R,
Vii l/ i V0, . .
as vy1 and ¢; "¢y ¢y’ o (ug1 ) map to the same element in a further quotient. There are elements
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v, ..., € RT[pNit R* such that

—€i+1 V'L’z V1,i V0,i

citte, ey ey (Upar) = Trg + o+ TR

V1.4 V0 .
So the map ¢; to (¢ e, ¢/ ey’ )~ v; extends «; and gives us a map
. +
Qi1 Tipn = RCO - +1/ MRCO “Civ1"

i V1. V0. . |2 v 14
Then the worst denominator one can get from ay,q is (¢, e/ e )Pt - ¢/ eeeM g™ =

1% 14 14 V1.4 10,4 .
e, e M et Hence the image of a1 is contained in (c; (""" e e ) LR [pNint R

We also note that each V] only depends on the all z; in the relation trivialized at that step. Hence, it
is determined before constructing all ;. We can choose Ny larger than the sum of all /V/. Then we
have N, > 0.

Since this sequence of modifications is bad, 1 € R maps to m7}, i.e.,

Vtt Vl it V0,t =1 N,
(1) € (¢, e ey ") " mRT [pT R
Therefore we have ¢;""--c]" ;""" € mR*[pN* R* which implies that
ctVtt Cllflt Yo,t € mR+

Finally, we observe that D; are determined by the sequence T; and we are allowed to choose any
g; € Q*. So each v ; is a constant multiplied by an arbitrarily small rational number. Therefore, we
get a sequence of elements of arbitrarily small values in mR*. But this is a contradiction, as m22* is

finitely generated. [

If the ideal I = (x1, ..., x,)R happens to be generated by a partial system of parameters in R,
where R is a noetherian complete local domain with F'-finite residue field. We would like to show

that 7ePf ¢ JPBCM gnd [werf ¢ JBCM We first need a lemma.

Lemma 4.4.8. Let [ = (z1,...,2,)R be an ideal generated by partial system of parameters in
R, where R is a noetherian complete local domain with F'-finite residue field. Then there exists

Ny, ..., N, such that for any u,...,u, € R* with

n
> xu; € pN
=1

where N is some integer, we have the following:

there exists cy, . .., c, such that for any € we have U )¢ R* such that
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n ‘ k-1 n f(i-1 \°
(ch) s sz.(’“)xﬁ( > (ch) vfj)xi) e pNThia MiR*, 44.1)
k n c n j-1 € ) .
2L IT o) wir X2 (H Cj) v |y e pV-Tien MiRr, (4.4.2)

j=k+1 \l=k+1

In particular, if we let N’ = Y™ | N;, then both are in pV~N'R*. Thus we can re-write (4.4.1) as

n ‘ k-1 n i1 € ‘
(ch) Uk = Zvi(k)xi_( Z (H Cj) v,(j)xi) + NN wy
ik ;

i=k+1 \ j=k

for some wy, . .., w, € R*. If we multiply """, u;z; € pN-N'R* by (H}Zl cj)g, then we get

n €/ n n (k-1 €
(H cj) (Zulxl) = Z (H cj) pV N e (PN Ny, pV N a,)R.
j=1 i=1 k=1 \j=1

Proof. We will use (4.4.1),,,(4.4.2),, to refer to the case k = m in (4.4.1), (4.4.2), respectively. We
will prove these two statements simultaneously by induction on k. Note that (4.4.1),, is true, i.e.,
Y uix; € pNR*.

Define
n € n 7-1 € )
V(@ kn)= [] ¢ | w+ > ( I cj) vz,
j=k+1 j=k+1 \l=k+1

Now assume that (4.4.2); is true, we will show that this implies both (4.4.2);,_; and (4.4.1);.
Rewrite (4.4.2),:

k-1

Z V(Z7 k’ n)xz + V(k, kf, n)xk € pN_Z:'lzkﬂ NiR"’

i=1
= V(k,k,n)e(z1,... 05, p" e Ni) ipo gy
By Theorem 3.2.4, we can find an [V such that there is some ¢, such that for any § we have
AV (k,k,n)e(zy,... x5 q,pN Ziea NiNe) RF
So we can write

k-1
AV (kk,n) = (O vVa;) e pVEieNiR? (4.4.3)

=1
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Choose 6 = ¢, then,

£
n n j-1 e 1 n
ci(( [1 Cj) up+ Y, (H Cj) U;gj)$j)—(Zv§k)xj) e pN-ELi N
! ‘ ! :

j=k+1 j=k+1 \l=k+1 j=1

which is
n c k-1 k n j-1 € . n
[Tes | we- (Z o) )%) »> (H Ca‘) vty € VIR,
J=k J=1 j=k+1 \I=k
and this proves (4.4.1);.
On the other hand, by (4.4.3) we have

kol k-1
Y V(i kn)x, + (Z Ufk)ifi) oy € pN Tl N R
=1 i=1
k-1 . )
= Z (CEV(Z', ka TL) + UZ-( )lﬂk) xX; € pN_zi=k NiR+
i=1

k-1

= Y V(i,k-1,n)z; e pN ZNiR*,
i=1
which proves (4.4.2);_1. ]
Lemma 4.4.9. Let [ = (x1,...,x,)R be an ideal generated by partial system of parameters in R,

where R is a noetherian complete local domain with F-finite residue field. If v e n%S_, (I, pV)R*,

then there exists an integral perfectoid big Cohen-Macaulay algebra B such that u € I B.

Proof. Suppose that u € N%_,(I,p")R*, we have
U=2T1U 1+t TpUyp + PUL
foruyq,...,u1, € R*,v1 € R*. Then we have pv; € N¥_;(I,p")R*, so we write
2
pU1 = T1U21 t o+ XUz p + P V2.

Inductively we can write

k-1 k
P TUg-1 = X1UE1 t o+ TpUp p + PV

with each YI'; x;ur; € pF 1 R*.

Choose N’ from Lemma 4.4.8 and let k£ > N’. Apply Lemma 4.4.8 to see that for each such £,
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there exists c such that for any €, we have

n
e k-N' k-N' +
> waug e (PN a0 N 2R
=1

By Remark 4.4.4, we can find an integral perfectoid big Cohen-Macaulay algebra B, such that

n
Zwiuki e (p" Ny, p" N2, By
=1

By [MS18b, Theorem 4.9], we can choose an integral perfectoid big Cohen-Macaulay algebra B

that dominates all these B;,. Then we have
n ! !
inuki e (P Nay,...,p"N2,)B.
i=1

In B, we have u = ¥.7% Y7 wju; ; where uj ; € pN'B for all i > N’. So the right-hand side

converges in B, as B is p-adically complete. Therefore, v € I B. 0

Theorem 4.4.10. Let [ = (x4, ...,x,)R be an ideal generated by partial system of parameters in

R, where R is a noetherian complete local domain with F-finite residue field. Then

(i) Iepf C ]PBCM’.

(”) [wepf C IBCM'
Proof. For 4.4.10.(1), if u € I°Pf, then there is some ¢ € R {0} such that for any ¢ and any N
such that cfu € ny (I, pN)R*. There exists an integral perfectoid big Cohen-Macaulay algebra B
such that ccu € I B by Lemma 4.4.9. By Remark 4.4.4 again, we conclude that there is an integral

perfectoid big Cohen-Macaulay algebra C' such that u € IC. So u € [PBM,
For 4.4.10.(i1), we have

Iwepf — ﬂ(l’pN)epf C m([’pN)PBCM C IBCM.
N N
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CHAPTER V

Size and Quasilength

The notion of quasilength was introduced by Mel Hochster and Craig Huneke in their joint
paper [HHO9]. They used quasilength to define two nonnegative real numbers that are intended
heuristically as “measures” of the top local cohomology module H(Ihm(R) (R) ([HHO09, Section 2]).

We develop a new notion called size for an ideal in a ring R (Definition 5.2.1) based on the
notion of quasilength in Section 5.2. It is a quantity invariant up to radicals (Proposition 5.2.4), and
is always between the height and the arithmetic rank of the ideal (Proposition 5.2.5). We show that
the size of an ideal is unchanged when we kill finitely many nilpotent elements (Theorem 5.2.8). We
also show that a finitely generated ideal is of size O if and only if it is nilpotent (Proposition 5.2.9).
Finally, we show that under mild hypothesis, if R is a local domain and P is a prime of dimension
1, then size(P) = ht(P).

In Section 5.3, we first show additivity of quasilength for direct sums of two modules in a
special case Proposition 5.3.1, and then generalize an example where the additivity property fails
for quasilength in Proposition 5.3.3. After that, we proceed to study the asymptotic bounds for

quasilength of large direct sums. In Theorem 5.3.15, we give a result of this type in dimension 1.

5.1 Preliminaries

We first recall the definition of quasilength from [HHO9].

Definition 5.1.1. Let R be aring, M an R-module, and I a finitely generated ideal of R. If there is
a finite length A filtration of M in which the factors are cyclic modules killed by /, then we say that
M has finite [-quasilength at most h. We define L; (M) = h if h is the minimum number of factors
in such a filtration. If there is no such filtration, then we say L£;(M) = +oo.

From the definition above, we see that the notion of quasilength is very similar to the notion
of length. It recovers the definition of length if / happens to be a maximal ideal. However,
quasilength, unlike length, is in general not additive over direct sums. See [HZ18, Example 3.5] for
the counterexample and a discussion on it in Section 5.3.2.

However, we have the following proposition ((HHO09, Proposition 1.1]).
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Proposition 5.1.2. Let R be a ring, I a finitely generated ideal of R and M an R-module.

(i) M has finite [-quasilength if and only if M is finitely generated and killed by a power of I.
Infact, v(M) < L (M), and T*1 M) kills M.
(ii) Assume that O - M’ — M — M" — 0 is exact. If M' and M" have finite 1-quasilength then
so does M, and L;(M) < Li(M') + L (M"). If M has finite I-quasilength then M'" does
as well, and L;(M") < L(M).
(iii) If S is an R-algebra then L34(S ®r M) < LE(M).

We also need the following property from [HHO9, Proposition 1.2].

Proposition 5.1.3. Let R be a ring, I a finitely generated ideal of R and M an R-module. Suppose
that I = (x1,...,xq). Let A be an ideal generated by a set of monomials in x1, . .., x4 containing a
power of every x;, and suppose that the number of monomials in the x; not formally in A is a. Let
B be another such ideal such that the number of monomials not formally in B is b. Suppose that
every generator if B is formally in . Then L;(AM [BM) < (b—a)v(M]IM).

It follows from the property above that if I has n generators, then £;(R/I**!) < (””) Here,
(n+t)(n+t '1) -(n+1) In
t! :

for any real number n and any nonnegative integer ¢, the notation (”*t) means
where B(—, —) is the beta function. When t is large enough,

n+t
fact, we have (") = yEGrTeD )
we have B(n+1,t+1) ~T'(n+1)- (t+1)~(*). Therefore (";") ~ -t~ ~ ¢, All of the following

lemmas could be proved using these equivalences, but we provide a more elementary proof.

Lemma 5.1.4. Suppose that (a;), (b;), (¢;) are sequences of positive numbers.

(i) If 0 <r <s, then lim (5”)/(”'5) = oo0.

¢
(ii) Suppose (a;), (bt) (ct) are positive sequences. If limsup § is finite and hm bt = 0, then

t—o0
limsup ¢ = 0.
t—o0
(iii) Suppose (at) is a positive sequence. If lim sup (m) is finite, then lim sup (m = (0 for any
t—o0 t t—o0 t
5>,

(iv) Suppose (a;), (b;), (c;) are positive sequences. If hm sup is a nonzero finite number and

lim I;’f = 00, then limsup ¢+ = oo.

t—o00

(v) Suppose (a;) is a positive sequence. If lim sup ( ) is a nonzero finite number, then
t

t—o00

t—o0

lim sup

Qy
t—o00 (S:t)

forany s <.
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Proof. Proof of 5.1.4.(1). We have

lim

t—o0

(s+t)/(7‘+t) - lim (s+t)(s+t—1)-(s+1)

t t ) ioo (r+t)(r+t—1)---(r+1)

t~>oo. 7'+2

= exp(;ln(l + ﬁ))

Since In(1+x) > 7= for any = > 0, we have In(1 + 32%) > (25%) /(1 + 23%) = ==, So the summation
in the exponent is growing like the harmonic series, hence it diverges to oo.
Proof of 5.1.4.(ii). If the lim sup is finite, then it is bounded. The rest follows from a straightfor-

ward argument.
Proof of 5.1.4.(iii). This follows from 5.1.4.(i1).
Proof of 5.1.4.(iv). Suppose that hm sup 9 — )M > (. Then there is a subsequence B k converges

to it. In particular, there is some N such that for any k£ > N we have b > M/2. But can be

arbitrarily large. Therefore the limit of - “%& is infinite, which shows that the limsup is 1nﬁn1te
Ct

Proof of 5.1.4.(v). This follows from 5.1.4.(iv). [

5.2 Size

5.2.1 The definition

We are ready to give the definition of the size of an ideal.

Definition 5.2.1. We define the size of I to be

¢
sizer(I) =inf{n | limsup ﬂnﬂ) < 00

t—o00
We also write size(1) = sizeg([) if the ambient ring R is clear in the context.

Since Lr(R/I') < (") ~ (t - 1), we know that the size is bounded above by the number

of generators of I, i.e., size(I) < v(I). Also, because of Proposition 5.1.2.(iii), we know that
Lr(R/TY) > L15(S]ILS) = sizer(I) > sizeg(I.S), for every R-algebra S.

5.2.2 Upper bounds

Next we show that the size of an ideal is in fact an invariant of ideals up to radicals.

Proposition 5.2.2. Let I, J, K € R be ideals. Then
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(i) If J has the same radical of I, we have

size(I) = inf{n | limsup

L(RITY)
t—o00 tr
(ii) If I € J, then size(I) > size(.J).
(iii) For any ideal I, we have size(I") = size(I) for any h € N.
(iv) If I € J ¢ K are three ideals in R and size(1) = size(K), then size(J) = size(I) = size(K).

Proof. 5.2.2.(1) 1s a corollary of Lemma 5.3.5.
Proof of 5.2.2.(ii). We have I* ¢ J* and, hence, R/I! surjects onto R/.Jt. So

Li(R/TY) > Li(R]JY) = hmsup ( / ) > limsupM.

t—o00 t

Since the right-hand side is finite whenever the left-hand side is, we conclude that size(.J) < size([).
Proof of 5.2.2.(iii). Clearly we have size(I") > size(I) by Proposition 5.2.2.(ii). When n =

size(]), the limit lim sup % = & limsup M is finite. We conclude that size(I") <
t—o00 t—o00
size([]).
5.2.2.(iv) follows from the fact that [t c Jt c K*, O

Remark 5.2.3. For any ideal I = (1, ..., ;) with specified generators, write [, = (%, ..., 2} ) R. By
Proposition 5.2.2.(iii), we have I*t ¢ [k(t-1)+1 c [, c I, Therefore we see that we can use I, to

calculate the size of I.

Now we are ready to prove

Proposition 5.2.4. Let R be a noetherian ring and let I € R be an ideal. The size of I is invariant

up to radicals. Hence, the size of an ideal is at most the arithmetic rank, i.e., size(I) < ara([l).

Proof. If\/I = K, it suffices to show that size(I) = size(K). Note that K ¢ I ¢ K for some h. By
Proposition 5.2.2, we have size( K"*) > size(I) > size( K') and size( K") = size(K'). Therefore, the
equality holds. The last statement follows directly. 0

5.2.3 Lower bounds and nilpotents

Proposition 5.2.5. Let R be a noetherian ring and let I € R be an ideal. If P is a minimal prime of
I with height h, then size(1) > h

Proof. Consider IRp as an ideal of Rp. We know that size(1) > size(IRp). Butin Rp, I is

PRp-primary ideal. Hence by Proposition 5.2.2.(i), we can calculate the size of I Rp using its
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radical ideal PRp. But then the function ¢t = Lpr,(Rp/I'Rp) is the Hilbert function of 7, which

grows as a polynomial of degree h. Hence size(/Rp) = h. [

The superheight, superht(7), of an ideal I is defined to be the largest height of /.S in any
R-algebra S such that 1S is proper. Clearly we have size(/) > superht (/). Next we show that the

size of I does not change if we kill a nilpotent element.

Lemma 5.2.6. Let f be a nilpotent element in R and let I € R be an ideal. Write R for R/ f R and
1 for IR. Then sizex(I) = sizer([).

Proof. Clearly we have sizeg(I) > sizeg(I). Let n = sizezl and we only need to show that
sizer(I) < n. Let us fix some notations. Suppose that f* = 0 for some positive integer k. Suppose
that E/Tt has a filtration of minimal length a., i.e., there are a, elements 74, ...,7,, in E/Tt such that
if J; is the ideal generated by first ¢ elements, then 0 = JocJyc-C 7% = E/Tt is the desired
filtration.

Let 7; be an arbitrary lift of 7; in R/I* for each i. Without loss of generality we assume that
Tq, = 1 and r,, = 1. Again, write J; for the ideal generated by first 7 elements of 4, ..., 7,,. Then
we have Jy = 0 and J,, = R/I*. Since in R each factor J, /7i_1 is killed by 1, we have that
IJ; € Jioy + fRTt. Let iy = (f*Y)R/It + f'J,, where 0 < k < ay, 0 < I < h. Then by definition we
have Jo, = (f"*Y)R/I* = J,, 141. Since

Iy =If" 'R+ If' U f R+ f{( e+ fR) = f R+ fldey = Ty,

we conclude that 0 = Jo -1 € J1po1 € S Joy -1 = Jop-2 € Jipa © -+ C Jy, 0 = R/I is a filtration
of R/I' with factors that are cyclic (R/I)-modules. Hence, we have L;(R/I') < a;h. Therefore,

lim sup %T/It) < limsup %2 is finite. We have sizep(I) < n as desired. O

t—o00 t—o00

Remark 5.2.7. The factors in the filtration constructed in the proof are actually R/(I, f) R-modules.

Theorem 5.2.8. Let R be a noetherian ring. Then for any ideal I, the size of I does not change
when passing to the reduced ring of R.

Proof. Let N ¢ R be the nilradical. Then N is generated by f1, ..., fx. Let R, = R/(f1,..., fn)R,1 <
h < k. By applying Lemma 5.2.6 repeatedly, we have sizer([) = sizeg, (I Ry) = --- = sizeg, (I Ry.).
O

From Theorem 5.2.8, the size of a nilpotent ideal is necessarily zero. Because when passing to
the reduced ring, the nilpotent ideal becomes the zero ideal, which has size 0. Next, we show that

an ideal [ has size O if and only if 7 is a finitely generated nilpotent ideal.
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Proposition 5.2.9. Let I ¢ R be a finitely generated ideal. Then I has size O if and only if I is

nilpotent.

Proof. If I is nilpotent, by the discussion above we see that / has size 0. Now suppose that
I has size 0, which implies that £;(R/I™) is bounded. Let P be a minimal ideal of R, then
Lrs(S/I"S) < Li(R/I™) is bounded where S = R/P. If 1S is not zero, then let () be a minimal
prime of [ in S, and consider 1.Sg. Again L;s,(Sq/1"Sq) > {(Sq/I"Sq) is bounded. But
((Sq/I™Sq) cannot be bounded unless /™S = 0. Since S is a domain, we conclude that /.S = 0.
Therefore I is contained in the intersection of all minimal primes of R. So [ is nilpotent. [

5.2.4 Lower dimensional cases

Let R be a noetherian local ring and P a prime ideal of . As long as the P-adic topology
coincides with the P(™) symbolic power topology, we have a linear containment, i.e., there exists
some c such that P(c") ¢ P for all n ([Swa00]). This is true if the completion of R is a domain
and dim R/P =1 ([Har70, Theorem 7.1]).

We want to prove the following theorem.

Theorem 5.2.10. Let R be a noetherian local ring and P a prime ideal of R such that dim R/P = 1.
Suppose that there is some ¢ such that P(c") ¢ P for all n (this holds if the completion of R is a

domain) and R/ P is module-finite over a regular local ring A (this holds if R| P is complete). Then
size(P) = ht(P).

Proof. We always have size(P) > ht(P). To show the converse, we need to construct a filtration of
R/ P for n > 0. Since P(°®) ¢ P". We first consider the obvious filtration of R/P(¢™):

0c plnb/plen) c...c p@)/plen) ¢ pjpler) ¢ R]plen),

Since each factor is a torsion-free (R/P)-module, we can refine the filtration so that each factor
is a cyclic (R/P)-module, such that there are at most Y3, vg/p(P*~1) /P®)) factors. If M is
a torsion-free (R/P)-module, then vp/p(M) < ranks(M). Hence, the filtration has at most
S, rank 4 (P*-1) / P(R)) factors. Each factor is in fact a free A-module as A is a discrete valuation
ring. Hence, the number of free copies does not change when we tensor with the fraction field K
of A. Since R/P is module-finite over A, (R/P) ® 4 K is the fraction field L of R/P. Therefore,
after tensoring with K, the number of factors is [L : K|lg,/pr,(Rp/P"Rp). This bounds
Lp(R/P(™) from above and it grows as (cn)"("). So Lp(R/P™) grows as most fast as nP(?),
which shows that size( P) < ht(P). N

To see that the size of an ideal can be strictly smaller than its arithmetic rank, consider the

calculation in [HZ18, Section 4]. Let R = A[x,y,u,v], where A is any noetherian commutative
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ring. The ideal I = (zu,yv, zv + yu) € R has size 2. From their calculation, we have size([) < 2.
But on the other hand, /R[1] = (u,v) R[2] has height 2. So size(I) = 2. It is shown in [HZ18] that
H3(R) # 0. Hence, the arithmetic rank of [ is 3.

5.3 Additivity of Quasilength

In Proposition 5.1.2.(i1), we usually do not have equalities. In fact, quasilength is not additive for
short exact sequences even if the exact sequence splits. Before diving more into the counterexample

to additivity, we want to show that in a special case, additivity does hold for quasilength.

5.3.1 Additivity in a special case

Proposition 5.3.1. Let P be a prime ideal of R such that R/ P is a principal ideal domain. Assume
that M is a finitely generated P-torsion module, i.e., there is a power P™ which kills M. Assume
also that HY, (M) = 0 for any maximal ideal m of R. Then Lp(M) = Lpr,(Mp) =g, (Mp), and

UR, is additive.

Proof. Clearly we have Lp(M) > Lpr,(Mp). So we only need to show the converse. If N =
Annp M, then N is a torsion-free (R/P)-module, hence, free. So we have Lpg,(Np) = v(Np) =
v(N).

Note that Lp(M) < Lp(N) + Lp(M/N). Since Lp(N) < v(N) = v(Np) = Lpr,(N) =
¢(Np), we have Lp(M) < {(Np)+ Lp(M/N). M/N is again finitely generated and P-torsion.
If x € HY(M/N), then mbx e N => m*/z=0= Iz =0= 2 =0in M/N, so HY(M/N) = 0.
By noetherian induction and the additive property of ¢, we conclude that L(M) < Lpr,(Mp) =
0(Mp). O

5.3.2 Generalization of a counterexample

In this subsection, we always require 2 to be a local ring as, otherwise, even the function v
of minimal number of generators of a module is not additive. Note that v is the quasilength with
respect to the zero ideal. We have the following example. Let R = R[z,y, z]/(2? + y?> - 1) and
M=(z,y-1)R. Then M® M =2R& R. Sov(Me& M) =2<2v(M) =4.

A counterexample to additivity in the local case can be found in [HZ18, Example 3.5]. We
briefly record it here. Let R = k[z], I = (z?)R,M = R/(x)R and N = R/(«®)R. Then L;(M) =
LLi(N)=2but L;(M @& N) =2+ 1+2. We will generalize this example in Proposition 5.3.3,

where we also give a positive result about additivity. We first note:

Lemma 5.3.2. Let R = k[z],m = (x)R,I = (2%)R where d is some positive integer. If M is a
finitely generated R-module of finite I-quasilength, then M is of finite length and (M) < d-L;(M).
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Proof. Since I is m-primary, M is of finite length. Each factor in the filtration of M has length at
most /(R/I) = d. Therefore ((M) < d-L(M). O

Suppose that M = R/(x*) R for some nonnegative integer a. Then the length of M is /(M) = a.
Therefore £;(M) > []. On the other hand, the sequence z{[al=)? ... 22d 24 1 clearly generates a
filtration for M with [4] factors. Hence £;(M) = [§].

Proposition 5.3.3. Let R = k[z],m = (z)R,I = (z?)R where d is some positive integer. Let
M = R/(z*)R and N = R/(x*)R where a,b are nonnegative integers. Assume without loss of
generality that a > b. Write a = ag+ ay - d,b=0bg+ by -d where 0 < ag <d,0 < by <d.

e Ifag+by>d, then Li(M & N)=L;(M)+L;(N).
o Ifag + by < d, assume that ay > by, then Li(M & N) =L; (M) + L;(N) - 1.

Proof. We always have L (M @& N) < L;(M)+L;(N). By the discussion above we have L;(M) =
[4]=a;+1and £;(N) =[2]=b1+1. So L;(M @& N) < ay + b +2. By Lemma 5.3.2 we have
Li(MeN) > [w] :a1+b1+[%]. Since 2 < ag+by <2d, Li(M@®N) >ay+by + 1.
Therefore, L;(M & N) is either L; (M) + L (N) or L (M) + L;(N) - 1.

If ag+ by > d, then by the inequality above we immediately have L; (M @ N) = L;(M) +L;(N).
Therefore for the remaining cases, we assume that a + by < d and a; > b;. In this case, the equality
Li(Ma&N)=L;(M)+L;(N)-1is proved by constructing an explicit filtration:

Let u; = (z¥d*0 gzid) e M & N for0<i<a; € M@ N,and v; = (279,0) for 0 < j < by. Let Q;
be the submodule of M & N generated by u;, then we have

0=CQ4 SQa-1S--SQ1SQo

where QQ;/Q;.1 are I-cyclic modules. Here () = 0 because we have a; > by = a;d > byd +d > b.
We let P; be the submodule generated by () and v; in M @ N. Then

QoS Py, CPy,1ScPcFPhh=Me&N

where P;/P;_; are I-cyclic modules. Note that byd + d — ag > byd + by = b since ag + by < d. So
we have gb1d+td-aoq, = ghid+d-ao(gao 1) = (ghrd+d () = xdy, . Hence, 29F,, = zévy,, & 29Q0 € Qo.
Finally, P, = M @& N because it contains ug = (z%, 1) and vg = (1,0).

There are a; + by + 1 factors. So we have L; (M & N) =L;(M)+L;(N) - 1. ]

Conjecture 5.3.4. Under the same hypothesis as in Proposition 5.3.3, the case when we have
a; = by and ag > by is unknown. We conjecture that L;(M & N) = L;(M) + L;(N) in this

case. In other words, we conjecture that the conclusion of Proposition 5.3.3 is the following:
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If ay > by and ag + by < d, then Li(M & N) = L;(M) + L;(N) - 1, and otherwise we have
E[(M @ N) = E[(M) + E[(N)

As seen in Proposition 5.3.3, the strict additive property fails quite often. However, it is not far
off the sum. In our case, it can only be off by 1. So we want to investigate the asymptotic behavior

of quasilength.

5.3.3 Asymptotic behaviour

We want to study in the case of a noetherian ring, the asymptotic behavior of the quasilength
of the direct sum of n copies of a module M when n goes to infinity. Since we always have
Lr(M®) <nL;(M), we ask whether there exists a nonzero constant C' that may depend on I but
not on M such that L;(M®") > CnL(M).

If R is a noetherian local ring, we can easily find a constant C' that depends on M. For example,

we can take C' = ZI((%[)) Then

v(M)

Li(M®) > V(M=) =n-v(M) > 1o

n-Li(M)=Cn-Lr(M).

The following lemma implies that the asymptotic behavior of quasilength is invariant up to

radicals.

Lemma 5.3.5. Let R be a noetherian ring. Suppose that two ideals I and J of R have the same
radical ideal, i.e., /I = \/'J. Then there exist positive constants C.,Cy depending on I and J but
independent of M such that for any module M of finite [-quasilength, we have

CiLr(M) < Ly(M) < Coly (M),

Proof. Let K =\/I, then we have K™ ¢ I ¢ K. Hence M has finite I-quasilength if and only if it
has finite K -quasilength. And we clearly have £;(M) < L (M) for the inclusion of I € K. On
the other hand, if we have a finite filtration of M with cyclic (R/I)-module factors, each factor is
also an (R/K™)- cyclic module. Hence each factor has a length D; = Lx(R/K™) filtration. So
Lk (M) < DL;(M). The conclusion follows from symmetry. O

More generally, for any finitely generated module M (not necessarily of finite /-quasilength),

we want to ask

Question 5.3.6. Let R be a noetherian ring, / an ideal of R, and M an R-module. Do we have

Lr((M/I"M)®") > CnL(M]I"M) (5.3.1)
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for some constant ' independent of n? Here C' may depend on the ring R, the ideal I and the
module M.

Let M be finitely generated R-module and I ¢ R a proper ideal. First of all, we note that
in Question 5.3.6 we can use any ideal up to radicals by Lemma 5.3.5. In fact, we can give this

question an affirmative answer when R is of dimension 1 (Theorem 5.3.15).

5.3.3.1 Discussion of possible reductions

In order to prove the inequality (5.3.1) in dimension one, we develop several reductions that can
be used in greater generality. To simplify our language, we adopt the following commonly used

notation.

Definition 5.3.7 (Big O and Big Theta). Let f(n), g(n) be two positive real functions defined for
positive integers. One writes f(n) = O(g(n)) if f(n) is at most a positive constant multiple of
g(n) for all sufficiently large values of n. Equivalently, f(n) = O(g(n)) if there exists a positive
real number M such that f(n) < M - g(n) for all positive integers n. If f(n) and g(n) are bounding
each other up to a multiple for all sufficiently large n, i.e., f(n) = O(g(n)) and g(n) = O(f(n)),
then we write f(n) = ©(g(n)) (or, equivalently, g(n) = O(f(n))).

We will temporarily use following notations and definitions to simplify our arguments.

Definition 5.3.8. Let R be a noetherian ring and let / be an ideal of R. Suppose that M, N are two
R-modules. We write ¢,,(M) = L;(M/I"M) and V,,(M) = L;((M/I"M)®"). We say that M
and N are equivalent with respect to I, denoted by M ~; N, if we have 1,,(M) = O(1),,(N)) and
U, (M) =0(¥,(N)). We usually omit [ and write M ~ N if the ideal I is clear from the context.

Proposition 5.3.9. Let R be a noetherian ring and I an ideal of R. Suppose that M, N, M, M,

are R-modules. We have

(i) If N ¢ M is killed by a power of I, then M is equivalent to M |N.
(ii) If My € My are such that some power of I kills N = My/ M, i.e., I"™ € a = Ann(N), then
My ~ M.

Proof. For 5.3.9.(i), it is generally true that ¢,,(M) > ¢,(M/N) and ¥,(M) > ¥,(M/N).

Consider the right exact sequences

N/I'"N — M/I"M - (M/N)/I"(M/N) - 0,
(N/I"N)®" = (M /T"M)®" - ((M/N)/T(M/N))®" - 0.
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By Proposition 5.1.2.(ii), we have ¢, (M) < ¥, (N)+¢,(M/N) and ¥, (M) < V,,(N)+V,(M/N).
Since N is killed by a power of I, we have N/I"N = N when n is large enough. Therefore v,,( V)
is a constant and W, (V') grows at most linearly. But W,,(M /N) grows at least linearly by counting
generators. Hence ¢,,(M) < Cy¢,,(M/N) and ¥,,(M) < Co¥,,(M/N). Hence M is equivalent to
M|/N.

For 5.3.9.(i1), if a has £ generators, then we have a surjection Mg‘ak - aMs. Write
aMy - My - Mi/aMy — 0.
Let W = M;/aM;. Then ™ kills W for some integer n > 0. So we also have
aMy/I"aMy — M [I" My > W]T"W =W -0

for all sufficiently large n.

Hence,
[/](Ml/lan) < L[(QMQ/IRGMQ) + E[(W)
<L (MSFIT"MER) + L (W)
< ]{J,C[(MQ/IHMQ) +£[(W)
= Lr((My/T"M)®™) < kL (M) I Mo)®™) + L (We™).
So we have

E[(MQ/I”MQ) < E[(Ml/Ian) + E[(N),
Lr((MafI"M3)®") < L ((My/T"M)®") + Li(N®"),

Li(M[I"My) < KL (Ma/1" My) + L (W),
Lr((My[T"M)®"™) < KL (M) I My)®™) + L (W),

where both N and W are killed by a. Since £;(N) is a constant and L;(/N®") grows at most

linearly in n, both are controlled by the other term by choosing a large enough coefficient. Hence
My ~ M. ]

Proposition 5.3.10. Let R be a noetherian ring and I an ideal of R. Suppose that My, M5 are R-
modules. Then 1, (M@ M) = O(¢y(M1)+¢n(Ma)) and U, (M1 & Ms) = O(V,, (M1)+ W, (M2)).

Proof. Write M3 = My @ M,. Then both M, and M, are holomorphic image of M3. Therefore
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U (M3) 2 1, (My) and ¥, (M3) > 1, (Ms). So we have

201 ((Ms/1"M3)®") > L1((Ma/ 1" M2)®") + Lr((My /1" M1)®")
> Cy-n- Lo(Ma/T"My) + Cy -n- L(My/I*My)
> C - n(Lr(MyJT" M) + L1( M I"My))
> Con- L(My/I"Ms)

where C' = min{C1, C5}. N

Next we show that we can kill nilpotent elements in the ring R without affecting the behavior of
~T.

Proposition 5.3.11. Let R be a noetherian ring and I an ideal of R. Suppose that M is an
R-module. If u € R is a nilpotent element, then M ~; M [uM. Moreover, we have M ~; M ® g Ryeq.

Proof. It reduces to show this for u such that u? = 0. Because if u* is zero, then M ~ M Jul*/2] ~
-~ M [u?M ~ M [uMl. Hence, we assume without loss of generality that u? = 0.
On the one hand, we have ¢,,(M) > ¢,(M/uM) and ¥, (M) > V,,(M/uM). On the other

hand, we have

V(M) < hn (M [ubl) + thn (uM) < 2¢p, (M [ub),
U, (M) < U, (MJubl) + U, (uM) < 20, (M /ubl),

due to the exact sequence
0—->uM > M- M/uM -0

and the fact that M /uM - uM is a surjection.
Since R is noetherian, the nilradical of R is generated by finitely many elements w1, . .., u. By

what we have proved above, we have

M~y MJuaM ~p M[(uy,ug) M ~p-~p M[(us, .., upgM) = M ®p Ryea.

Next we want to discuss this for finite products of rings.

Lemma 5.3.12. Let R be a noetherian ring, I an ideal of R, and M an R-module. Suppose that
R =Ry x Ry. Then M = My x My and I = I; x Iy where M; is an R;-module and I; € R; is an
ideal. Assume that both I, and I, are proper. If (5.3.1) holds for (R, I, My) and (Ra, I, M>)
respectively, then it holds for (R, I, M).
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Proof. For any [ filtration of M, each factor is a cyclic R/I ~ R;/I; x Ry/I, module. If we take
the sequence of elements generating the filtration and projects onto M;, then it will generate a
I; filtration on M; of the same length. On the other hand, any two filtrations for M;, M, can
be made into a filtration of M. So we have v, (M) = max (¢, (M), ¥, (Ms)) and ¥, (M) =
max (¥, (M), ¥, (Ms)). O]

Let us discuss a little bit about the module-finite base changes.

Proposition 5.3.13. Let R be a noetherian ring and let R — S be a module-finite extension. Let
a be the ideal generated by the image of the map S ® Hompg(S, R) — R. Let I be an ideal of R
such that I has some power contained in a. Then for any finitely generated R-module M, we have
M~ Se® M.

Proof. Since S is finitely generated and R is noetherian, Hompg(S, R) is finitely generated. Let k
be the least number of generators of Hompg (.S, R) and let f1, ..., fi be a set of generators. Then we

have a map

(S® M)® - M

Let a be the image of the map S ® Homg(S, R) — R. Then the image of above map is aM.
If I has some power in a, then by Proposition 5.3.9.(ii) we know M ~ aM. Hence, 1, (M) <
C1¢,((S® M)®F) and W, (M) < CoW,,((S ® M)®*).

On the other hand, we have R®" - S because S is module-finite over R. Hence M@ - S ® M.
So ¢, (M®) > C{1, (S ® M) and ¥,,(M®') > CyU,,(S ® M).

Finally, by Proposition 5.3.10, we know that M ~ S ® M. [

We also want to discuss Question 5.3.6 when we restrict scalars.

Proposition 5.3.14. Let R, A be two noetherian rings. Suppose that R is module-finite over A.
Suppose that I < A is an ideal and J € R has the same radical as I R. Suppose that M is a
R-module. Then M is an A-module via restriction of scalars, and M has finite I-quasilength if and
only if it has finite J-quasilength. Furthermore, there are some positive numbers C', Cy depending

on I, J but not depending on M such that
C1L(M) < Ly(M) < CoLr(M).

Proof. Since VIR =+/J. M has finite J-quasilength if and only it has finite  R-quasilength.
By Lemma 5.3.5, we know that there is some C;,C5 such that C1L;r(M) < L;(M) <
CyLir(M). Suppose that M has finite (I R)-quasilength. It suffices to show this for / (over
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A) and IR (over R). If there is a A/I cyclic filtration of M, suppose that there is a sequence
Uy, ..., up, such that {M; = Auq +--- + Aw; } gives the filtration, then { M/ = Ruy +---+ Ru; } gives a
R/IR cyclic filtration of M. Hence, L;(M) > L;r(M), and M has finite I-quasilength.

Next we assume that M has finite /-quasilength. Suppose that R is generated by 64, ...,0,
over A as an A-module. If M, c --- € M,, = M is a filtration of M over R, then each factor
is a homomorphic image of R/IR. Let 6,...,6; be the image of #,,...,6; in R/IR. Then
R/IR = (A/I)6; + -+ (A/I)6;. Therefore, we can refine each factor by giving it a length at most /
filtration over A. Hence, one has a filtration of length nl over A. Therefore |- Lir(M) > L(M),
and M has finite / R-quasilength.

Hence, we have

LirR(M) <Ly (M)<l-L(M)

as desired. ]

5.3.3.2 One-dimensional case

Now we are ready to prove the following main theorem

Theorem 5.3.15. Suppose that (R, m) is a noetherian local ring of dimension 1. Then there exists
a positive constant C' (independent of M and I) such that for any ideal I € R and any finitely

generated module M, we have
CnLy(M]I"M) < Li((M]/T"M)®"™) <nLy(M]I"M)

for every positive integer n.

Proof. We can assume that R is reduced by Proposition 5.3.11. Let Py, ..., P, be the collection
of minimal primes of R. Then we have R — P% X eee X P_Fi‘ Look at the ideal a generated by the
sum of images of all possible R-linear maps from P% X eee X P% back to k. We claim that a contains
all elements in Py n---Nn P,y N P,y n--n P, for k = 1,....,n. This is because the intersection
Pin--nP1n Py n---n P, iskilled by P;. Let u be an element in this intersection. We have a
map from R/P, to Ru. Then we have P% X eee X P% — R/P; -» Ru ¢ R with image containing u. a
cannot be contained in any minimal prime of R by prime avoidance. Since dim(R) = 1, a must be
m-primary. Hence any ideal / will have some power in a. By Proposition 5.3.13, we can work with
M ® (P% X eee X P%). Then by Lemma 5.3.12, we can work with each component individually.
Therefore we can assume without loss of generality that R is a local complete domain of
dimension 1 and M is a finitely generated module. Then any ideal in R is either 0 or m-primary,

and in both cases we can find a C for (5.3.1). L]
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CHAPTER VI

Questions and Conjectures

Throughout the research process of this thesis, while many results are proved, many questions

remain unsolved. We want to record them here for future references.

6.1 Test Elements, Tight Closure and Its Analogues

In Chapter II, we studied the test elements for tight closure. If char(R) > 0, an important feature
is that under mild assumptions any nonzero element c in R such that R, is regular has a power that
is a test element for tight closure. Similar phenomenon happens for epf closure. We can modify the
proof of [MST*20, Corollary 4.2] to get the following result.

Corollary 6.1.1. Let (R, m) be a complete normal local domain of residue characteristic p > 0 and
of dimension d. Let J be the defining ideal of the singular locus of R. Then there exists an integer
N such that JNI*f ¢ I and JNIw*f c [ forall I € R.

Proof. From the proof of [MST*20, Corollary 4.2], we have

o I¢°f c (I,p™)B n R for some fixed perfectoid big Cohen-Macaulay R*-algebra B and every
n;
* There exists some N such that JY ¢ Im(Hompg(B, R) - R).
Then the last paragraph of the proof of [MST*20, Corollary 4.2] works through with I replaced by
It Explicitly, for every r € JV, there exists ¢ €¢ Homp(B, R) such that ¢(1) = r. Applying ¢ to
Ie°f ¢ (I,p")B n R we get r1¢Pf ¢ (I,p")R for every n. Hence JVI¢Pf c n,(I,p")R = I.

The second conclusion comes from the calculation that

JNjwepf: m JN([’pN)epfg m JN(I,pN)ZJN[.

N30 N0
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Remark 6.1.2. In fact, the same calculation in the last line of the proof above shows that epf closure

and wepf closure have the same test ideal.
We want to ask the following question.

Question 6.1.3. Let R be a noetherian local ring. Let cl be a closure operation on 2. What conditions
should we impose on cl to make sure that if R, is regular, then there is some power of ¢ that is a test

element for cl?

6.1.1 More variations of epf closure

Instead of considering one closure operation, we can consider a family of closure operations
as follows. Let (R, m) be a complete local domain of mixed characteristic p and R* its absolute
integral closure. Fix an ideal J that contains p and is contained in m. An element u € R is in the

closure of I ¢ R if there is some nonzero element ¢ € R such that for any NV € N, e € QF, we have
cFue IR+ JVR*.

In particular, if we choose J to be pR, then we recover the usual epf closure.

All these closure operations are potentially larger than the epf closure. So they all satisfy the
usual colon-capturing property. Moreover, the proof that the epf closure is trivial on regular local
rings (([HM21, Theorem 3.9]) works for this family of closures. Therefore, they are trivial on regular
local rings. However, we do not know whether any of these closure operations (including the epf

closure) satisfy the generalized colon-capturing axiom (Axiom Set (vii)), so we ask:

Question 6.1.4. Do any of the closure operations described above satisfy the generalized colon-

capturing axiom?

6.1.2 Persistence

It is also important to know if any of these closure operations we considered so far is persistent,
1.e., it satisfies the Axiom 4.2.3. We do not know whether any closure operation (including
r1f, wepf, PBCM, BCM closures) satisfies the persistence axiom for local morphisms between
mixed-characteristic complete local domains. One can also ask the same question when the target
ring is a complete local domain of characteristic p.

A related question is the following:

Question 6.1.5. Let cl be a closure operation on R, S that is persistent for R — .S and let R — S be
faithfully flat. What conditions do we need to ensure (1.5)'n R = I where I € R is a proper ideal?
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6.2.1

6.2 Size and Quasilength

Fundamental questions about size

Given the studies of size in Chapter V, there are a lot of fundamental mysteries about this notion

remain unsolved. For example, we want to ask

Is the size of any ideal always an integer?
Is the size of an ideal unchanged by localizing at some maximal ideal?

Is the size of an ideal over a local ring unchanged when passing to its completion at the

maximal ideal?
Does there exist an example of an ideal [ such that size([) > superht(/)?

If R/P has isolated singularities, can we find some R-algebra S such that P.S has the same
size as P?

Suppose we know the sizes of two prime ideals P and (). What can we say about the size of
Pn@?

For a finitely generated k-algebra R, suppose that [ — k[z1,...,z,] - R is the defining
equation of R. Then is size(I)—ht (/) an invariant of R? Explicitly, for a different presentation
of R, say J = k[y1,...,Ym]| = R, do we have size(I) —ht(I) = size(J) —ht(.J)? This comes
down to comparing the size of an ideal I in R with the size of (I, x) in R[] where z is an

indeterminate.

Since quasilength is notoriously hard to compute, so is size. We want to ask the following

concrete seemingly computable questions

What is the size of the ideal generated by the ¢ x ¢ minors of r x s matrix of indeterminates,
where 7 > s > t? We do not know the answer even when 7 = 2, s = 3 and ¢ = 2. The height of

the ideal generated by 2 x 2 minors is 2 and the arithmetic rank of this ideal is 3.

6.2.2 Conjectures related to results

Given the result of Theorem 5.2.10, it is natural to conjecture that

Conjecture 6.2.1. In a regular local ring R, any prime ideal P has size(P) = ht(P).

113



In the regular local case, we have ht(P) = superht(P) for any prime ideal P. If the regular
local ring R has Krull dimension d, then Conjecture 6.2.1 is true for primes of height d — 1 by
Theorem 5.2.10. It is also true for primes of height 1 (because they are principal). So the first
unknown case is a height 2 prime in a dimension 4 ring. We can also ask whether Conjecture 6.2.1
holds if we only assume that R regular.

Given Theorem 5.3.15, we conjecture that:

Conjecture 6.2.2. Let R be a noetherian local ring. If M is an R-module of finite I-quasilength
where [ is an ideal of R, then
L (M®™) =nL;(M).

We do not know if this is true even if n = 2.
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