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CHAPTER 0

Introduction

§0.1. Goal of this series of papers.

This is the first of the series of papers under the title
“Toward resolution of singularities over a field of positive characteristic”

Part .  Foundation; the language of the idealistic filtration
Part Il.  Basic invariants associated to the idealistic filtration
and their properties
Part I11.  Transformations and modifications of the idealistic filtration

Part IV.  Algorithm in the framework of the idealistic filtration.

Our goal is to present a program toward constructing an algorithm for resolution of singu-
larities of an algebraic variety over a perfect field k of positive characteristic p = char(k) >
0. We would like to emphasize, however, that the program is created in the spirit of de-
veloping a uniform point of view toward the problem of resolution of singularities in all
characteristics, and hence that it is also valid in characteristic zero. *

In Part I, we establish the notion and some fundamental properties of an idealistic
filtration, which is the main language to describe the program. This part, therefore, forms
the foundation of the program.

In Part 11, we study the basic invariants o- and i associated to an idealistic filtration,
which will become the building blocks toward constructing the strand of invariants used in
our algorithm, and discuss their properties.

In Part 111, we analyze the behavior of an idealistic filtration under the two main oper-
ations in the process of our algorithm for resolution of singularities:

¢ transformations of an idealistic filtration under the operation of blowup, and
e maoadifications of an idealistic filtration under the operation of constructing the
strand of invariants.

Part Il and Part 111 should play the role of a bridge between the foundation in Part |
and the presentation of our algorithm in Part IV.

In Part 1V, we present our algorithm for resolution of singularities according to the
program as a summary of the series. In characteristic zero, the program leads to a com-
plete algorithm (slightly different from the existing ones), which then serves as a prototype
toward the case in positive characteristic. In positive characteristic, all the ingredients of
the program work nicely forming a perfect parallel to the case in characteristic zero, ex-
cept for the problem of termination: we do not know at this point whether our algorithm
terminates after finitely many steps or not. Although we do know that the strand of invari-
ants we construct strictly drops after each blowup, we can not exclude the possibility that
the denominators of some invariants in the strand may indefinitely increase and hence that

lDuring the preparation of the manuscript for Part I, we were informed that Professor Hironaka announced
a program of resolution of singularities in all characteristics p > 0 and in all dimensions at the summer school in
Trieste 2006 (cf. [Hir06]).



6 0. INTRODUCTION

the descending chain condition may not be satisfied. The problem of termination remains
as the only missing piece toward completing our algorithm in positive characteristic. We
hope, however, that we may be able to come up with a solution to the problem during the
process of writing down all the details of the program in this series of papers.

§0.2. Overview of the program.

Below we present an overview of the program, by first giving a crash course on the ex-
isting algorithm(s) in characteristic zero, then pinpointing the main source of troubles if we
try to apply the same methods to the case in positive characteristic, and finally describing
how our program attempts to overcome these troubles.

0.2.1. Crash course on the existing algorithm(s) in characteristic zero.
0.2.1.1 Standard reduction. By a standard argument free of characteristic, the problem
of resolution of singularities of an abstract algebraic variety is reduced to, and reformu-
lated as, the problem of transforming a given ideal 7 c Ow on a nonsingular variety W
over k into the one whose multiplicity (order) becomes lower than the aimed (or expected)
multiplicity a everywhere, through a sequence of blowups and through a certain transfor-
mation rule for the ideal. We require that each center of blowup to be nonsingular and
transversal to the boundary, which consists of the exceptional divisor and the strict trans-
form of a simple normal crossing divisor E on W given at the beginning. We call this
reformulation the problem of resolution of singularities of the triplet (W, (7, a), E), and call
Sing(7,a) = {P € W; ordp(Z) > a} its singular locus or support.
0.2.1.2 Inductive scheme in characteristic zero. At the very core of all the existing al-
gorithmic approaches in characteristic zero lies the common inductive scheme on dimen-
sion, that is, reduce the problem of resolution of singularities of (W, (7, a), E) to that of
(H, (,b), D), where H is a smooth hypersurface in W. The hypersurface H is called a
hypersurface of maximal contact, since it contains (contacts) the singular locus Sing(Z, a)
and since so do its strict transforms throughout any sequence of transformations. The ideal
J on H is usually realized as J = C(Z)ln, where C(Z) is the so-called coefficient ideal
of the original ideal 7, which is larger than Z. (It is worthwhile noting that the mere re-
striction Iy of the original ideal would fail to provide the inductive scheme in general,
and it is necessary to take a larger ideal.) In short, we decrease the dimension by con-
verting the problem on W into the one on the hypersurface of maximal contact H with
dimH =dimW - 1.
0.2.1.3 Algorithm: modifications and construction of the strand of invariants. The
above description of the inductive scheme is, however, oversimplified. For an arbitrary
triplet (W, (7, a), E), a hypersurface of maximal contact may not exist at all. In order to
gurantee that a hypersurface of maximal contact H exists, we have to take the “companion
modification” associated to the weak-order “w”. Furthermore, in order to guarantee that
H is transversal to E and hence that we can take D = E|y, we have to take the “boundary
modification” associated to the invariant “s”. In other words, only after considering the pair
of invariants (w, s) and taking the corresponding companion modification and its boundary
modification, we can find the triplet (H, (J,b), D) of dimension one less as in 0.2.1.2,
whose resolution of singularities corresponds to the decrease of the pair of invariants (w, s).

Therefore, the actual algorithm realizing the inductive scheme is carried out in such a
way that we construct the strand of invariants

iNVgjassica = (W, S)(W, S)(W, S) - - -
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by repeating the operations of taking the companion modification, boundary modification,
and taking the restriction to a hypersurface of maximal contact, and that at the end the
maximum locus of the strand invgassca OF invariants coincides with the last hypersurface
of maximal contact, which is hence nonsingular and which we choose as the center of
blowup. After the blowup, we repeat the same process. We can repeat the process only
finitely many times, since after each blowup the value of the strand of invariants strictly
drops and since the set of its values satisfies the descending chain condition, leading to the
termination of the algorithm. (See, e.g.,[BM97][EVO0][EHO02][Wt005][MkO06] for details
of the construction of the strand of invariants and the corresponding modifications in the
classical setting.)

0.2.2. Trouble in positive characteristic. In positive characteristic, however, the ex-
amples by R. Narasimhan [Nar83a][Nar83b] and others demonstrate that there is no hope
of finding a hypersurface of maximal contact in general (even after companion or boundary
modification), as long as we require it to contain the singular locus and to be nonsingular.
This lack of a hypersurface of maximal contact and hence of an apparent inductive scheme
is the main source of troubles, which allowed the problem in positive characteristic to elude
any systematic attempt to find an algorithm for its solution so far.

0.2.3. Our program: a new approach in the framework of the idealistic filtration.
Our program offers a new approach to overcome the main source of troubles in the language
of the idealistic filtration, which is a refined extension of such classical notions as the
idealistic exponent by Hironaka, the presentation by Bierstone-Milman, the basic object by
Villamayor, and the marked ideal by Wiodarczyk. We devote Part | of the series of papers
to introducing the notion of an idealistic filtration, and to establishing its fundamental
properties.
0.2.3.1 What is an idealistic filtration? In the classical setting, we consider the pair
(7, a) consisting of an ideal 7 c Ow on a nonsingular variety W and the aimed multiplicity
a € Zso. Stalkwise at a point P € W, this is equivalent to considering the collection of
pairs {(f,a); f € Tp}.

Suppose we interpret the pair (f, a) as a statement saying that “the multiplicity of f is
at least a”. In this interpretation, the problem of resolution of singularities (cf. 0.2.1.1) is,
after a sequence of blowups and through transformations and at every point of the ambient
space, to negate at least one statement in the collection.

Observe in this interpretation that the following conditions naturally hold:

©) (f,0) YfeOwp, (0,a) VaeZ

(i) (f.a).(ga = (f+9,9)
r € Owp, (f,a) = (rf,a)

(i) (f,a),(h,b) = (fh,a+h)

(iii) (f,a),b<a = (f,h).

Observe also that the problem of resolution of singularities stays unchanged, even if
we add the statements derived from the given collection using the above conditions (im-
plications). For example, starting from the given collection {(f,a); f € Zp}, the problem
stays unchanged even if we consider the new collection {(f,n); f € 750/%,n € Z.o). Our
philosophy is that it should be theoretically more desirable to consider the larger or largest
collection of statements toward the problem of resolution of singularities.
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Accordingly we define an idealistic filtration, at a point P € W, to be a subset I c
Owp X R satisfying the following conditions:

(0) (f,0)elvVfeOwp, (0,a)eclVaceR

i) (f,a),(g,a)el = (f+g,a)¢el
reOwp,(f,a)el = (rf,a)el

@iy (f,a),(h,b)el = (fh,a+b)el

@iy (f,a)elLb<a = (f,b)el

Note that, as a consequence of conditions (o) and (iii), we have
(f,a)el forany f e Owp, ac Re.

We say an element (f,a) € Iis at level a. Note that we let the level vary in R. Starting
from the level varying in Z, we are naturally led to the situation where we let the level
varying in the fractions Q when we start considering the condition (cf. RR-saturation)

(radical) (f",na)el, neZ.,o = (f,a) €l,

and then to the situation where we let the level varying in R when we start considering the
condition of continuity

(continuity) (f,a)) € I for a sequence {a;} with IIim a=a=—(f,a)el

Note that there is one more natural condition to consider related to the differential
operators

(differential) (f,a) € I, d a differential operator of degree t = (d(f),a—-t) e L.

We remark that we do not include condition (radical), (continuity) or (differential)
in the definition of an idealistic filtration, even though these conditions play crucial roles
when we consider the radical and differential saturations of an idealistic filtration (cf. 0.2.3.2.3).
We also introduce the notion of an idealistic filtration of r.f.g. type (cf. §0.8).
0.2.3.2 Distinguished features. Being framed in an extension of the classical notions, our
program in the language of the idealistic filtration shares some common spirit with the
existing approaches. However, the following four features distinguish our program from
them in a decisive way:
0.2.3.2.1 Leading generator system as a collective substitute for a hypersurface of
maximal contact. Given an idealistic filtration I ¢ OwpxR atapoint P € W, we look at the
graded ring of its leading terms L(I) := @n%o L(D)n where L(I),, = {f mod m{}\zg; (f,n) e
L f e mypl If we fix aregular system of parameters (xi, ..., Xq) at P and if we fix a
natural isomorphism of G = EBnez>0 m\’}\LP/m\’}\Zé with the polynomial ring k[Xy, . . ., Xg], the
graded ring L(I) can be considered as a graded k-subalgebra of G = k[xg, ..., Xq]-

Now the fundamental observation is that (if the idealistic filtration is differentially
saturated (cf. D-saturation in 0.2.3.2.3)) for a suitably chosen regular system of parameters,
we can choose the generators of L(I), as a graded k-subalgebra of k[x1, . .., Xq], to be of the
form

{xipei . e € Zsglier forsome |c{l,...,d}
when we are in positive characteristic char(k) = p > 0. We define a leading generator
system of the idealistic filtration to be a set of elements {(h;, p®)}ici < I whose leading
terms give rise to the set of generators as above, i.e., h; mod m\‘,’;gl = xipei fori e I.
We emphasize that the leading terms of the elements in the leading generator system lie in
degrees p°, p, p?, p3, ..., and hence that the leading generator system may not form (a part
of) a regular system of parameters when we are in positive characteristic char(k) = p > 0.
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In the example by R. Narasimhan, where there is no nonsingular hypersurface of maximal
contact, there is no leading term of degree one in any leading generator system. When we
are in characteristic zero char(k) = 0, in contrast, we can choose the generators of L(I) to
be concentrated all in degree one, i.e., of the form

{Xi}iag forsome | c{i,...,d}.

Accordingly, we can take a leading generator system to be a set of elements
{(h;, )}ie < I with h; mod m\z,\Lp = x; for i € I. If we look at the classical algorithm(s),
then a hypersurface of maximal contact (locally at P) is given by {h; = 0} (for somei € I).
Since the leading term of h; is linear, it is guaranteed to define a nonsingular hypersurface.

However, the case in positive characteristic and the case in characteristic zero should
not be considered as two separate entities. Rather, the case in characteristic zero should
be considered as a special case of the uniform phenomenon: Traditionally we define the
characteristic char(k) to be the (hon-negative) generator of the set of the annihilators of the
unit “1” in the field k. However, for the purpose of considering the problem of resolution of
singularities, it is more natural to adopt the convention that the “characteristic” p attached
to the field k is defined by

p=infilneZ.o;n-1=0¢€k).

In other words, we expect the behavior in characteristic zero to be similar to the one in
positive characteristic with large p, and ultimately to lie at the limit when p — oo. In this
regard with the above convention, in characteristic zero, the (virtual) leading terms of the
leading generator system in degrees p! = p? = --- = oo are invisible (non-existent), while
the actual leading terms are concentrated all in degree limp_,., p° = 1.

That is to say, we consider the notion of a hypersurface of maximal contact in charac-
teristic zero to be a special case of the notion of a leading generator system, which is valid
in all characteristics. Accordingly, we use the notion of a leading generator system as a
collective substitute in positive characteristic for the notion of a hypersurface of maximal
contact in characteristic zero in the process of constructing an algorithm according to our
program.
0.2.3.2.2 Enlargement vs. restriction. (Construction of the strand of invariants only
through enlargements (modifications) of an idealistic filtration, and without using restric-
tion to a hypersurface of maximal contact.) At first sight, the introduction of the notion of a
leading generator system does not seem to contribute toward overcoming the main source
of troubles at all. Recall (cf. 0.2.1.3) that in the classical setting in characteristic zero the
strand of invariants is constructed in such a way that a unit (w, s) is added to the strand
constructed so far every time we decrease the dimension by one, and then continue the
construction by restricting ourselves to a hypersurface of maximal contact. Nonsingularity
of a hypersurface of maximal contact is absolutely crucial in order to continue the con-
struction by restriction. Therefore, in the new setting in positive characteristic where we
use a leading generator system, we seem to fail to construct the strand of invariants if any
of the elements in the leading generator system defines a singular hypersurface. However,
in the construction of the strand of invariants in the new setting, we do not use any restric-
tion but only use enlargements (modifications) of the idealistic filtration. In fact, starting
from a given idealistic filtration on a nonsingular variety W, we construct the triplet of
invariants (o, i, S), where o reflects the degrees of the leading terms of a leading generator
system, and iz and s are the weak-order (with respect to a leading generator system) and the
invariant determined by the boundary, respectively, corresponding to the invariants w and
s as before. In the classical setting, after taking the corresponding companion modification
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and boundary modification, we take a hypersurface of maximal contact at this point and
continue the process by taking the restriction to it. In the new setting, however, after taking
the companion modification and boundary modification, we consider a leading generator
system of the newly modified idealistic filtration and continue the process. In other words,
in the new setting, we construct the strand of invariants in the following form

iNVhew = (0, 1, S)(o, 11, S) (o, i1, S) -+ -

and the construction is done only through enlargement keeing the ambient space W intact,
and hence the crucial nonsingularity intact.

It is worthwhile noting that 1 is independent of the choice of a leading generator
system, which is a priori needed for its definition, and hence is an invariant canonically
attached to the idealistic filtration (if it is appropriately saturated (See 0.2.3.2.3 below.)).
This implies that the strand of invariants invnq, is also canonically determined globally.
Therefore, we see that the center of each blowup in our algorithm, which is the maximum
locus of the strand of invariants, is also canonically and globally defined, without the so-
called Hironaka’s trick needed in the classical setting (cf. 0.2.3.2.3 and [W+005]).

In Part 11, we will define the two basic invariants denoted by o~ and i in the cotext of
an idealistic filtration as above. They form the building blocks for constructing the strand
of invariants (together with invariant s related to the boundary). Some of their properties
which are straightforward in characterisic zero, e.g., the upper semi-continuity, become
highly non-trivial in positive characteristic and are also discussed in Part I1.

Discussion of the modifications is one of the main themes of Part 111, where the classi-
cal notion of the companion modification and that of the boundary modification find their
perfect analogs in the context of the enlargements of an idealistic filtration with respect to
a leading generator system.
0.2.3.2.3 Saturations. It is important in our program to make a given idealistic filtration
“larger” without changing the associated problem of resolution of singularities. Ultimately,
we would like to find the largest of all such (with respect to a certain fixed kind of opera-
tions “X™), leading to the notion of the (X-)saturation. Dealing with the saturated idealistic
filtration, we expect to extract more intrinsic information toward a solution of the prob-
lem of resolution of singularities (e.g. invariants which are independent of the choice of a
leading generator system in the new setting, or the choice of a hypersurface of maximal
contact in the classical setting). The two key saturations in our program are the differen-
tial saturation (called the D-saturation for short, with respect to the operation of taking
differentiations) and the radical saturation (called the R-saturation for short, with respect
to the operation of taking the n-th roots (radicals)), the latter being equivalent to taking
the integral closure (for an idealistic filtration of r.f.g. type). (The operation of taking the
coefficient ideal and the operation of taking the “homogenization” in the sense of [W1005]
share the same spirit with D-saturation. In fact, we can obtain new formulas for the coef-
ficient ideal and the homogenization as byproducts of the notion of the D-saturation of an
idealistic filtration. See [MkO06] for details. We also invite the reader to look at [Kol05],
which discusses several extensions of the idea of homogenization.) At the center of our
program sits the analysis of the interaction of these two saturations, leading to the notion of
the bi-saturation (called the B-saturation) and its explicit description as the RD-saturation.
Note that the notion of a leading generator system in 0.2.3.2.1 is defined only through
D-saturation, and the new nonsingularity principle in 0.2.3.2.4 only through B-saturation.
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0.2.3.2.4 New nonsingularity principle. There is another problem which comes along
with using a leading generator system as a collective substitute for a hypersurface of max-
imal contact. In the classical setting in characteristic zero, what guarantees the nonsingu-
larity of the center is the nonsingularity of a hypersurface of maximal contact (cf. 0.2.1.3).
In our new setting in positive characteristic, we no longer have this guarantee. In fact, at
the intermediate stage of the construction of the strand of invariants, the leading generator
system may not be (a part of) a regular system of parameters and hence may define a sin-
gular subscheme. We observe, however, that at the end of the construction of the strand of
invariants the enlarged idealistic filtration takes such a special form that guaratees the cor-
responding leading generator system to be (a part of) a regular system of parameters. The
maximum locus of the strand of the invariants, which we choose as the center, is defined
by this leading generator system, and hence is nonsingular. We call this observation the
new nonsingularity principle of the center.

0.2.3.3 Uniformity of our program in all characteristics. It should be emphasized that
our program is not designed to come up with an esoteric strategy peculiar to the situation
in positive characteristic, but rather intended to develop a uniform point of view toward
the problem of resolution of singularities valid in all characteristics. Part 1V is devoted to
letting this point of view manifest itself in the form of an algorithm, summarizing all the
ingredients of the program.

§0.3. Algorithm constructed according to the program.

0.3.1. Algorithm in characteristic zero. Aiming at uniformity, our program makes
perfect sense and works just as well in characteristic zero, leading to a new algorithm
slightly different from the existing ones. We will demonstrate how the distinguished fea-
tures of our program described in 0.2.3.2 work in the new algorithm.

0.3.2. Algorithm in positive characteristic; the remaining problem of termina-
tion. The algorithm in characteristic zero, now through uniformity, serves as a prototype
toward establishing an algorithm in positive characteristic. In fact, we can carry out al-
most all the procedures in positive characteristic, forming a perfect parallel to the case in
characteristic zero, except for the problem of termination.
0.3.2.1 Termination. It is easy to see that in characteristic zero the invariants constituting
the strand, constructed according to the program, have bounded denominators, and hence
that the strand takes its value in the set satisfying the descending chain condition. Since
the value of the strand strictly drops after each blowup, we conclude that the algorithm
terminates after finitely many steps. However, in positive characteristic, we can not exclude
the possibility that the denominators may increase indefinitely as we carry out the processes
(blowups) of the algorithm. (In the unit (o, i, ) for the strand, the values of invariant o- and
s are integral by definition. Therefore, more specifically, the only issue is the boundedness
of the denominators for the values of i, which are fractional.) Therefore, we do not know
at the moment if the algorithm terminates after finitely many steps.

The problem of termination remains as the only missing piece in our quest to com-
plete an algorithm for resolution of singularities in positive characteristic according to the
program.

§0.4. Assumption on the base field.

We carry out our entire program assuming that the base field k is algebraically closed
field of characteristic char(k) = p > 0.
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Our definition of a leading generator system, the key notion of the program, at a closed
point P € W where W is a variety of dimension d smooth over k, needs the assumption
of the base field being algebraically closed, since we use the fact Owp/mwp = k and the
natural isomorphism G = @nzo m{}j’é/m{}up = K[X4, ..., Xq] with respect to a fixed regular
system of parameters (xa, ..., Xq), as well as the fact that we can take the p-th root of any
element within k (when char(k) = p > 0). We briefly mention below what happens if we
loosen the assumption on the base field.

0.4.1. Perfect case. Suppose that the base field k is perfect, but not necessarily al-
gebraically closed. Upon completion, the algorithm constructed according to the program
should be equivariant under any group action (cf. Part 1V). Therefore, as long as the base
field k is perfect, we see that the algorithm established over its algebraic closure k descends
to the one over the original base field k, utilizing the equivariance under the action of the
Galois group Gal(k/k).

0.4.2. Non-perfect case. Over a non-perfect field k, we even have to start distinguish-
ing the notion of being regular and that of being smooth over k. The discussions, including
the one on how we may try to reduce the non-perfect case to the perfect case using the
Lefschetz Principle type argument, will be given in Part IV.

§0.5. Other methods and approaches.

We only mention a few of the other methods and approaches than the algorithmic
approach we follow toward the problem of resolution of singularities in positive character-
istic. We refer the reader to [Lip75][Moh96][HLOQOQ] for a more detailed account.

Resolution of singularities for curves is a classical result, with many of its ideas and
methods leading to the higher dimensional cases even to this day.

Among several results for surfaces, the most general one seems to be given by [Lip69][Lip78],
which establish resolution of singularities of an arbitrary excellent scheme in dimension 2.

It is [Zar40] that initiated the strategy to establish local uniformizations first, with the
theory of valuations as its central tool, and then by patching them to establish resolution
of singularities globally. The theory of local uniformization has been further developed by
many people [Abh66][Cos00][Kuh97][Kuh00]. We should mention the approaches by
[Tei03][Spi04] toward local uniformization in higher dimensions.

Jung’s idea of taking the (generic) projection provides many useful approaches toward
the problem of resolution of singularities. [Abh66] uses the method of Albanese projecting
from a singular point, combined with the theory of local uniformization, to resolve singu-
larities of a threefold X when char(k) is not greater than (dim X)! = 6. A simplified proof
has been recently given by [Cut06], which also discusses the potential and problems if
one tries to extend the method to higher dimensions. There are attempts to study the prob-
lem in the remaining characteristic char(k) = 2, 3,5 by [C0s87][Moh96][Cos04][Pil04] in
dimension 3.

Without any restriction on the dimension of a variety or on the base field k, the most
remarkable development in the vicinity of the problem of resolution of singularities is ar-
guably the method of alteration initiated by de Jong [dJ96]. Given a variety X, it constructs
a proper and generically finite morphism f: Y — X from a regular variety Y. (In charac-
teristic zero, one can refine the method of alteration to realize f as a birational map. See
[AdJ97][BP96][Par99] for details.) The structure of f is rather obscure, though its exis-
tence follows nicely and simply by regarding X as a family of curves fibered over a variety



§0.8. OUTLINE OF PART I. 13

of dimension one less and hence by paving a way to apply induction. The method of al-
teration even works in mixed characteristics or with integral schemes over Z, and hence it
allows a wide range of applications for arithmetic purposes.

§0.6. Origin of our program.

This series of papers is a joint work of H. Kawanoue and K. Matsuki as a whole.
However, the program forming the backbone of the series was conceived in its entirety by
the first author toward his Ph.D. thesis, and revealed to the second author in the summer of
2003 at a private seminar held at Purdue University as a blueprint toward constructing an
algorithm for resolution of singularities in positive characteristic. As such all the essential
ideas are due to the first author. Accordingly it should be called the Kawanoue program,
which we use as the subtitle starting from Part 11. Only the name of the first author appears
on the cover of Part I, which represents the main portion of his Ph.D. thesis.

The only contribution of the second author was to help the first author and jointly bring
these ideas together converging into a coherent algorithm.
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influence was decisive for us to enter the subject, is immeasurable.
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§0.8. Outline of Part I.

Following the itemized table of contents at the beginning, we describe the outline of
the structure of Part | below.

At the end of the introduction in Chapter 0, we give a brief description of the prelim-
inaries to read Part | and the subsequent series of papers. In Chapter 1, we recall some
basic facts on the differential operators, especially those in positive characteristic. Both in
the description of the preliminaries and in Chapter 1, our purpose is not to exhaustively
cover all the material, but only to minimally summarize what is needed to present our pro-
gram and to fix our notation. For example, an elementary characterization, in terms of the
differential operators, of an ideal generated by the p-th power elements in characteristic
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p = char(k) > 0 is included only due to the lack of an appropriate reference. We should
emphasize here that the use of the logarithmic differential operators is indispensable in our
setting in the language of the idealistic filtration (See Remark 1.2.2.3).

Chapter 2 is devoted to establishing the notion of an idealistic filtration, and its fun-
damental properties. The most important ingredient of Chapter 2 is the analysis of the
D-saturation and R-saturation and that of their interaction. In our algorithm, given an ide-
alistic filtration, we always look for its bi-saturation, called the B-saturation, which is both
D-saturated and R-saturated and which is minimal among such containing the original ide-
alistic filtration. The existence of the B-saturation is theoretically clear. However, we do
not know a priori whether we can reach the B-saturation by a repetition of D-saturations
and R-saturations starting from the given idealistic filtration, even after infinitely many
times. The main result here is that the B-saturation is actually realized if we take the
D-saturation and then R-saturation of the given one, each just once in this order. In our
algorithm, we do not deal with an arbitrary idealistic filtration, but only with those which
are generated by finitely many elements with rational levels. We say they are of r.f.g. type
(short for “rationally and finitely generated™). It is then a natural and crucial question if
the property of being of r.f.g. type is stable under D-saturation and R-saturation. We find
somewhat unexpectedly that the argument of M. Nagata (cf. [Nag57]), which was origi-
nally developed to answer some questions posed by P. Samuel regarding the asymptotic
behavior of ideals, is tailor-made to establish the stability under RR-saturation (while the
stability under D-saturation is elementary).

In Chapter 3, through the analysis of the leading terms of an idealistic filtration (which
is D-saturated), we define the notion of a leading generator system, which, as discussed
in 0.2.3.2.1, plays the role of a collective substitute for the notion of a hypersurface of
maximal contact.

Chapter 4 is the culmination of Part I, establishing the new nonsingularity principle of
the center for an idealistic filtration which is B-saturated. Its proof is given via the three
somewhat technical but important lemmas, which we will use again later in the series of
papers.

Our theory in Part I is mainly local, dealing almost exclusively with an idealistic fil-
tration over the local ring of a closed point on a nonsingular ambient variety. The global
theory toward constructing an algorithm will be discussed in the subsequent papers.

Of course the main purpose of Part | is to establish the foundation of our program
toward constructing an algorithm for resolution of singularities. However, we believe that
the results on the idealistic filtration we discuss here in Part 1, notably the analysis leading
to the explicit description of the B-saturation, stability of r.f.g. type, and the nonsingularity
principle, are of interest on their own in the subject of the ideal theory in commutative
algebra.

This finishes the discussion of the outline of Part I.

§0.9. Preliminaries.

We summarize a few of the preliminaries in order to read Part | and the subsequent
series of papers.

0.9.1. The language of schemes. Our entire argument is carried out in the language
of schemes. For example, a variety is an integral separated scheme of finite type over
k. Accordingly, when we say “points”, we refer to the scheme-theoretic points and do
not confine ourselves to the closed points, which correspond to the geometric ones in the



§0.9. PRELIMINARIES. 15

classical setting. Thus the invariants that we construct will be defined over all the scheme-
theoretic points, and not confined to the closed points. However, some of the key notions
of our program, notably that of a leading generator system, are only defined at the level of
the closed points, and the values of the invariants over the non-closed points are given only
indirectly through their upper or lower semi-continuity.

Our program is not conceived in the language of schemes originally. Rather, it has its
origin in the concrete analysis and computation in terms of the coordinates at the closed
points. As such, it can be applied to many other “spaces” than algebraic varieties over k,
where the same analysis and computation can be applied to the coordinates at its closed
points. The task of presenting a set of axiomatic conditions for the Kawanoue program to
function, and that of listing explicitly the spaces within its applicability will be dealt with
elsewhere.

0.9.2. Basic facts from commutative algebra. For the basic facts in commutative
algebra, we try to use [Mat86] as the main source of reference.

0.9.3. Multi-index notation. When we have the multivariables, either as the inde-
terminates in the polynomial ring or as a regular system of parameters, we often use the
following multi-index notations:

X =(X1,..., %), I =(ig,....1q) € 23,
d d )

o =>, X'o= ¥
a=1 a=1

(J) =ﬁ(i”) for 3 =(ju.....Ja) €2,

a=1 J(l

i il
where (I) = Ii € Zsq denotes the binomial coefficient,
i =t

. . . i
(We also use the convention that whenever i, < j, we set ( _") =0).
P !
Sl
[0

Vv

e =00,...,1,...,0).

Oy (expressed by a; for short).




CHAPTER 1

Basics on differential operators

The purpose of this chapter is to give a brief account of the differential operators,
which play a key role in the Kawanoue program.

We would like to mention that it is through reading the papers [Hir70][Oda73] that
our attention was first brought to the importance of the higher order differential operators
in the context of the problem of resolution of singularities in positive characteristic.

Our main reference is EGA IV §16 [Gro67], where all that we need, especially the
properties of the higher order differential operators of Hasse-Schmidt type in positive char-
acteristic, and much more, is beautifully presented. We only try to extract some basic facts
and discuss them in the form that suits our limited purposes.

§1.1. Definitions and first properties

1.1.1. Definitions. Recall that the base field k is assumed to be an algebraically closed
field of char(k) > 0.

Dermnvition 1.1.1.1. Let R be a k-algebra. We use the following notation:

u: R®R — R the multiplication map, I := ker(u) the kernel of u,
Ph=R&R/I™, g.:R—>R®R—PL fornezy

where g, is the composition of the map to the second factor with the projection, i.e.,
n() =@ ermod ™) for reR.

A differential operator d of degree < non R (over k) forn e Z,gisamapd: R — R of the
form

d=uoqy with ueHomg(PR R).

(We note that the R-module structure on P} is inherited from the R-module structure on
R ®x R given by the multiplication on the first factor.)
We denote the set of differential operators of degree < n on R by Diff}, i.e.,

Diff} := {d = uoqn; ue Homg(PR,R)}.

(Note that Diffy inherits the R-module structure from the one on Homg(PR, R).)

We call Diffg = Uy Diffg (cf. Lemma 1.1.2.1) the set of the differential operators on
R (over k).

For asubset T c R, we also use the following notation

Diffy(T) = ({d(r); d € Diff%,r e T}).

16
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1.1.2. First properties.

Lemma 1.1.2.1. Let the situation and notation be the same as in Definition 1.1.1.1.
(1) Letd be ak-linear map d: R — R. Then d is a differential operator of degree < n, i.e.,
d € Diff if and only if d satisfies the Leibnitz rule of degree n:

> (—1)T[ [] rs]d []_[ rs) =0
TCSna S€Sp\T seT
where Sn,1 =1{1,2,...,n,n+1}andrse Rfor s € Sp,1.
(2) The natural map
¢r: Homg(PR, R) — DiffR,
givenby d = ¢r(u) = uoqy for u € Homg(Pg, R), is bijective (and actually an isomorphism
between R-modules).
(3) If Ris finitely generated as an algebra over k, then P} is finitely generated as an R-
module, and so is Homg(PR, R) — Diff%.
(4) Let R’ be the localization Rs of R with respect to a multiplicative set S c R or the
completion R of R with respect to a maximal ideal m c R. We define the map Diffg —
Diff, so that the following diagram commutes

R

Homg(PL, R) Diff}
l l
n ’ ¢R®RR/ gn ’
Homg(PR.R) ®r R —— Diffg®rR
l
Homg (P ®r R’,R®R R) l
Il
n , R .
Homg (P%,R’) Diffg,

where the vertical arrows are the natural maps.
Consequently, the bijections are compatible with localization and completion.
Moreover, if R is essentially of finite type over k, then the second vertical arrow on the
left is an isomorphism, and hence so is the second vertical arrow on the right.
(5) Let d € Diffy be a differential operator of degree < n on R. Then d is a differential
operator of degree < m for any n < m. That is to say,

Diff} c Diffg forn < m.

With respect to these inclusions, {Diffi}nez., forms a projective system.

(6) Let d € Diff} be a differential operator of degree < non R, and d’ € Diff‘,{ be a
differential operator of degree < n” on R. Then the composition d o d’ is a differential
operator of degree < n+n’onR,i.e.,dod € Diﬁg“".

(7) Let R be an algebra essentially of finite type over k, | c R an ideal, and let R’ be as in
(4). Then we have

Diffy(I)R" = Diffg (IR").

ProoF.
(1) We refer the reader to Proposition (16.8.8) in EGA 1V §16 [Gro67] for a proof.
(2) The isomorphism ¢r is the one mentioned in (16.8.3.1) in EGA 1V §16 [Gro67].
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(3) Suppose R is finitely generated as an algebra over k. Let X = {X,..., X} be a set of
generators for R over k. We see that P is generated by {an(X"; 1 € tho} as an R-module
(cf. the first note in Definition 1.1.1.1). We also see, by the relation []s.s , (1®rs—rs®1) =
0 in PR, that gn(X') for any I € Z!, belongs to the R-span of {qn(X'); I € Z,[I] < n}.

Therefore, we conclude that P is finitely generated as an R-module and hence that so is
Homg(PR, R) — Diffp.

(4) Compatibility of the bijections with localization and completion follows immedi-
ately from the definitions and from the fact that P ®: R" = P}

In order to verify the “Moreover” part, it suffices to show the assertion assuming that
R is finitely generated as an algebra over k. Then since the extension R — R’ is flat and
since P} is finitely generated as an R-module by (3), the second vertical arrow on the left
is an isomorphism, and hence so is the second vertical arrow on the right.

(5) The natural surjection P} = (R®xR)/1™* - P} = (R@kR)/I™? for n < m induces
the injection Homg(PR, R) — Homg(PR&, R) and hence the inclusion Diffg c Difff. It is
clear that {Diff}}nez., forms a projective system with respect to these inclusions.

(6) We refer the reader to Proposition (16.8.9) in EGA IV §16 [Gro67].

(7) When R’ = R, the equality Diff}(1)R’ = Diff% (IR’) follows from the “Moreover”
part of (4) and from the fact that the differential operators are continuous with respect the
m-adic topology (the latter being a consequence of the Leibnitz rule).

Thus we give a proof of the equality only when R” = Rs in the following.
Since the inclusion Diff}(I)Rs c Diffgs(l Rs) follows easily from the “Moreover” part
of (4), we have only to show the opposite inclusion

Diff3()Rs > Diff} (IRs).

Take f = s7'r € IRs withr € R,s € S, and take d € Diffg,. We want to show d(f) €
DiffR(I)Rs. Setry = -+ =1y = S, 11 = f. Applying the Leibnitz rule of degree n for
de Diffgs, we have
=s"d(f)+ DL )T (s + " (-1 (87 = 0
(n+1)CT n+1gT
where the first term in the left hand side corresponds to the range T = {n + 1}. Since
d e Diffp_ = Diffg Rs by the “Moreover” part of (4), the second term and the third term of
the left hand side belong to Diff(I)Rs. This implies d(f) € Diffi(I)Rs.
This completes the proof for Lemma 1.1.2.1.

Cororrary 1.1.2.2. Let X be a variety over k. Then there exists a coherent sheaf
Homo, (PR, 0x) — Diffy of the differential operators of degree < n for n € Z( such that
for any affine open subset U = SpecR c X we have

Homg, (PY, Ox)(U) = Homg(PR, R) — Diff} = Diff}(U)
and that for any point x € X we have a description of the stalk as
{Homo, (P, Ox)} = Homo,,(Pg, . Oxx) S Diffg,, = (DiffY)-

Moreover, for any closed point x € X we have a description of the completion of the stalk
as
{Homo, (P, OX)}, ®0x, Oxx  {Diff5} oy, Oxx

(" A ~ s en
Homoxﬁx(P(j;x*OX»X) — DHT(T

XX
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Proor. This follows immediately from Lemma 1.1.2.1.

§1.2. Basic properties of differential operators on a variety smooth over k.

The purpose of this section is to discuss some basic properties of differential operators
on a variety W smooth over k.

Accordingly, we denote by R the coordinate ring of an affine open subset SpecR c W,
or its localization by some multiplicative set.

1.2.1. Explicit description of differential operators with respect to a regular sys-
tem of parameters.

Derinion 1.2.1.1. We say (X1, ..., Xg) with d = dimW is a regular system of param-
eters for Rif {dx, = (1® X, — X, ®1mod l); @ = 1,...,d} forms a basis for the module
of differentials Qé/k as an R-module, i.e.,

d
Ok = RexR)/I = EB Rdx, = RY,
a=1

where | ¢ R ® R is the kernel of the multiplication map u: R @ R — R (cf. Definition
1.1.1.1).

(Note that in the case where R is the local ring associated to a closed point P € W such
a regular system of parameters always exists, and that in the case where R represents the
coordinate ring of an affine open subset Spec R ¢ W such a regular system of parameters
exists by “shrinking” SpecR if necessary.)

Lemma 1.2.1.2. Suppose we have a regular system of parameters (Xa, ..., Xq) for R
with d = dimW. Then we have the following:
(1) We have a family of maps {dx:: R > R; J € Z4 } such that

(i) dx(X') = (5)X'= for any I € 4, and that

ii) {0xs; |J] < n} forms a basis of Diff} for any n € Zo, i.e.,
R y
Difff, = (P Roy: = R().

Jl<n

(2) Let R be the completion of R with respect to a maximal ideal m (corresponding to a
closed point P € W). Then the R-module Diff?, — Diffy ®&R is free of rank ("), having a
basis {0x3; |J] < n} of the differential operators of degree < n. The differential operators
are continuous with respect to the m-adic topology.

Sety; = X —a; for1 <i<d,wherea; ek, sothatY = (yi,...,Yq) is aregular system
of parameters for R,,. Then for any f = 3 ¢;Y' € k[[y1....,Yd]] = R, we have

85(f) = 8, (Z aY') = Zc.aJ(Y') = Zc.(\;)Y'J,

where 93 is the abbreviated notation for dx..
(3) We have the generalized product rule

85(fg) = Z ok (f)oL(g) for f,geR (or R).
K+L=J

ProoF.
(1) We refer the reader to Theorem (16.11.2) in EGA IV [Gro67].
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(2) Observe that a differential operator (of degree < n) is continuous with respect to
the m-adic topology, a fact which easily follows, e.g., from the Leibnitz rule (of degree n).
Note that dya(f) = dxs(f) forany J € Z4 and f € R by definition of Y = (y1,...,yq). The
rest is a direct consequence of (1).

(3) Inorder to check the generalized product rule, it suffices to check it for the localiza-
tion R,, for any maximal ideals of R. In order to check it for the localization R,y, it suffices
to check it for its completion R with respect to m.

By choosing a regular system of parameters Y = (yi,...,Yq) for R,; asin (2), we can
identify R with the power series ring k[[yx, .. .,Ya]]. Thus we have only to check (3) for
the power series ring K[[y1,...,Yd]]- By (2), it is also clear that we have only to check it
for the case of one variable, i.e., d = 1 with y; =y and that we may even assume f and g
are powers of y, i.e., f = y*and g = y°. Then we have

ax(fg) = Ov(fg) = dp(y?y") = dp(y™*?)

()

2. (T)Xa_l(r:)xb_mz > (N,

l+m=n K+L=J

which verifies the generalized product rule.
This completes the proof of Lemma 1.2.1.2.

Remark 1.2.1.3.
(1) Itis easy to see that we have a relation

((9X1)j1 o ((9)(2)j2 0--+0 (axd)ld = J1- 9y

where J! = [19_, j,! in the multi-index notation.

In characteristic zero, since J! # 0, the above relation implies that all the differen-
tial operators are expressed as (the linear combinations over R of) the composites of the
differential operators of degree < 1, e.g., R-homomorphisms and dy,, . . ., 9x,-

In positive characteristic char(k) = p > 0, however, J! could well be equal to 0 and
hence we start seeing the differential operators of higher order which cannot be expressed
as (the linear combinations over R of) the composites of differential operators of lower
degrees, e.g.,

axgl,axgz,...,axge,... fora=1,...,dande € Z.o.

It is these operators which play a crucial role in positive characteristic.
(2) The following observation comes in handy when we compute the binomial coefficients
in positive characteristic char(k) = p > 0:
Leti =Y caep®and j = Y. bep® be the expressions of the integers i, j € Zso as p-adic
numbers with 0 < ae, be < p. Then we have
i ae
= mod p.
)= T1G) mose
The identity follows immediately from the observation that, in (Z/pZ)[x], the number ('J) is
the coefficient of xI = [T, xPP" in the polynomial (1 + X)' = [Te(1 + X)2P" = [Ta(1 + xP)%,
which can be computed as the product of the coefficients (gz) of X% in (1 + xP")%,
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1.2.2. Logarithmic differential operators.

Dermnition 1.2.2.1. Let E be a simple normal crossing divisor on SpecR, and Ig c R
its defining ideal. We define the set Diffy ¢ of the logarithmic differential opearators of
degree < n on R with respect to E by

Diffy e = {d € Diff; d(Ig) C IE Vt € Zso).

Lemma 1.2.2.2. Suppose we have a regular system of parameters (Xa, ..., Xq) for R
with d = dimW, and a simple normal crossing divisor E defined by Ig = (TT(; xi) for
some 1 <m < d. Then we have the following:

(1) The R-module Diffg g is free of rank (“;d). It has a basis {X’Edy. ; |J] < n} (cf. Lemma
1.2.1.2 (1)), where Jg = (j1,---5 jm, 0,...,0) for J = (j1,---5 jm> Jme1s---» Jda). Thus we
have ]

Difffye = () RX a0 = R(W).
131<n
(2) We have the logarithmic version of the generalized product formula

X¥d,(fg) = Z XKea (F)X 2o, (g) for f,g e R (or R).
K+L=J

Proor. This follows immediately from Lemma 1.2.1.2 and Definition 1.2.2.1.

Remark 1.2.2.3. We first learned the explicit use of the logarithmic differential opera-
tors in the context of resolution of singularities from [Cos87] and [BM97]. It is worthwhile
noting that even when we look at the existing algorithms which only use the usual differ-
ential operators on the surface (e.g. [EVO0][EH02][W1005]), one could implicitly observe
the use of logarithmic ones in the proof of Giraud’s lemma (cf. [Gir74]) they depend upon.
We invite the reader to look at [Bie04] [Bie05] and [BMO3] for the discussions on how
the use of the logarithmic differential operators, in contrast to the use of the usual ones,
affects the functorial properties of the algorithm, and even the formulation of the problem
of resolution of singularities.

The use of the logarithmic differential operators is a “must” for our algorithm to func-
tion, as we will see in Parts Il and IV, and is recognized as one of the key ingredients of
the Kawanoue program from the very beginning of its conception.

1.2.3. Relation with multiplicity. We end this section by pointing out a basic rela-
tion between the multiplicity (order) and the differential operators in the form of a lemma.
It is because of this basic relation that the differential operators play a key role in con-
structing an algorithm for resolution of singularities, where the order function constitutes
a fundamental invariant.

Lemma 1.2.3.1. Let | c Rbe anideal. Let P € SpecR be a point. Then
ordp(l) > n & P e V(Diffx (1))
In particular, the order function ord..(1): SpecR — Zsq is upper semi-continuous.
Proor. First we show the equivalence in the case when P is a closed point. Letm c R
be the maximal ideal corresponding to the closed point P. Let R be the completion of

R with respect to m. Note that ordp(I) = ordp(I), where T = IR. On the other hand,
since Diff%’l(l) = Diff§(1)R by Lemma 1.1.2.1 (7) and since R is faithfully flat over R,

we have Diff%’l(ﬁ N R = Diff(l). Thus we have only to show the equivalence at the
level of completion. Choose a regular system of parameters (Xu, . . ., Xq) for Ry.. Identify R
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with the power series ring k[, .. ., Xq]]. By definition, ordp(1) > n if and only if, given
f=>,c,X elc K[[X1,...,Xq]] with c; € k, we have ¢; = 0 for any J with |J| < n. By
Lemma 1.2.1.2 (2), the last condition is equivalent to saying dx« (f) c m for any f € T and
K with |K] < n. Since {dx« ; |K| < n} generates Diff%’l as an R-module (cf. Lemma 1.2.1.2
(2)), this condition is equivalent to Diff> (1) c i, i.e., P € V(Diff '(1)). Therefore, we
conclude

ordp(1) 2 n & P € V(DIff(1)).

From the above argument it follows that the equivalence asserted in the lemma holds
for a closed point and that the order function is upper semi-continuous if we restrict our-
selves to the space of the maximal ideals m-SpecR.

It is then straightforward to see that the same equivalence holds for an arbitrary point
in Spec R and that the order function is upper semi-continuous over SpecR.

This completes the proof of Lemma 1.2.3.1.

§1.3. Ideals generated by the p®-th power elements.

In this section, we denote by k an algebraically closed field of char(k) = p > 0.

The purpose of this section is to give a characterization of the ideals generated by
pé-th power elements, fixing e € Z.o, as the ideals invariant under the action of the set of
differential operators of degree < p€— 1.

We denote by R the coordinate ring of an affine open subset SpecR of a variety W
smooth over k, or its localization at a maximal ideal. We denote by Rthe completion of R
with respect to a maximal ideal of R.

1.3.1. Characterization in terms of the differential operators.

Dermnvition 1.3.1.1. Fix a nonnegative integer e € Z-o. We denote the e-th power of
the Frobenius map by
F®:R—>R
i.e., F&(r) = r for r € R. We use the same symbol F© for the e-th power of the Frobenius

map of the localization Rs or the completion R by abuse of notation if there is no chance
of confusion.

Proposition 1.3.1.2. Let | c R be an ideal. Fix a nonnegetive integer e € Z-o. Then
the following conditions are equivalent:
(1) The ideal I is generated by the p®-th power elements, i.e., | = (I N F&(R)).
(2) The ideal I is invariant under the action of the set of the differential operators of
degree < p® -1, i.e,, | = Diff} ~'(I).

Moreover, the equivalence of conditions (1) and (2) also holds over the completion R.

Before beginning the proof of Proposition 1.3.1.2, we remark a couple of facts in the
form of a lemma.

Lemma 1.3.1.3. Let R’ denote the localization Rg with respect to a multiplicative set
S c R or the completion R with respect to a maximal ideal m c R. Then we have
(1) R®er FX(R) =R,
(2) {INFER)IR = {IR N FE(R)IR".

ProoF.
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(1) When R’ = Rg, the assertion is clear since R ®rer) F®(Rs) = RF®(Rs) = Rs. When
R’ = R, we see that R ®Fe(R) Fe(ﬁ) and R are the completions of R with respect to the
topologies defined by {F¢(m")R}nez., and {m"}nez., respectively. It is easy to see that these
two topologies coincide.

(2) Since I N F&R) c IR’ N F&(R’), we have the inclusion {I N F&R)}R’ c {IR" N
Fe(R")JR’. In order to see the opposite inclusion, using the fact that FE(R’) is flat over
Fé(R), we observe

U

{I N FER)IR I N FER)FE(R’) = {I N F*(R)} ®Fer) FE(R')
| ®F<r) F*(R")} N {F°(R) ®F<(r) F*(R)}

| ®r R ®rer) FE(R’)} N FE(R)
|

®rRINFER’) = IR" N F¥R’),

—— —— — —

which implies the desired inclusion.
This completes the proof of Lemma 1.3.1.3.

ProoF oF ProposiTion 1.3.1.2. Step 1. Reduction to the case over the completion R.
Firstly note that two ideals of R coincide if their localizations or even completions coincide
at any maximal ideal m of R. Thus it suffices to show the conditions

IRn = (I NFER)R, and IR, = Diff? ()R,
are equivalent for any maximal ideal m c R. Secondly note that

(INFER)Rn = {IRuNFR.)IRn  (by Lemma 1.3.1.3 (2)),
Difff '()R,, = an” IRy (by Lemma 1.1.2.1 (7)).

Therefore, it suffices to show the equivalenEe of the conditions in the case over R = R,,.
In the following consideration, we identify R with the power series ring k[[X1, . . ., X4]] (by
choosing a regular system of parameters (Xa, ..., Xq) for Ry,).

Step 2. \Verification of the implication (i) = (ii).
We obviously have | c Diff% ’1(I). Thus we have only to show | > Diff% ’l(l) assuming
condition (i). By Lemma 1.2.1.2 (2), the set {0xs ; |J| < p® — 1} generates Diff”e’l asan ﬁ
module. Therefore, it suffices to check axd(f) e 1 for any f € T and 9ys with |J| < p-
By assuming condltlon (i), we may assume T = ( : Ty € R}ea) SO that we can wrlte
f =2 enauly P with a, € R. We compute via the generallzed product rule

axd(f) = axJ [Z alrfe] = Z 6)@ (a,lrfe)
AeA AeAN
= Z{ Z Oxx (a/l)axL r e } z:axJ @)r el.
AeA \K+L=J AeA

Note that, in order to obtain the last equality, we use the fact that OXL(rfe) =0unlessL = 0.
In fact, if ry = 35 ¢3XY € K[[X1,..., Xq]], then, by Lemma 1.2.1.2 (2), we have

e e e e e e e-] ChI
() = 3 (Y XY = 3 Fa (xP) = Y e (pL )xp -t
J J

J
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e d er e:.
Since (pLJ) = 1_[ (pI_J.)’ and since (pI_J.) =0 mod p unless I; = 0 because |; < |L| < |J| <
i=1 V! !

p€ — 1, we conclude c’)XL(rfe) =0unlessL =0.
This completes the verification of the implication (i) = (ii).
Step 3. \Verification of the implication (ii) = (i).
We obviously have (= (Tm Fe(ﬁ)). Thus we have only to show Tc (Tm Fe(ﬁ)) assuming
condition (ii). First note that, setting T" = {0,1,..., p — 1}9, we can express any f R=
K[[X1,.-.,Xg]] in the form
f= Z a,’\’;x"",

Mel
where the set of coefficients {af: pam € ﬁ}Mer is uniquely determined.
It suffices to show that, given f € Tand its expression as above, we have {af:; au €
Rimer 1, which implies f € (I N F&(R)).
We derive a contradiction assuming {a,‘f,I ;am € Rimer ¢ 1. Set
N = max{M el; a,’\’: eT},

where the maximum is taken with respect to the lexicographical order on I'. We compute
via the generalized product rule

T = DIfff (1) 3 oxu(f - > alxM) = 3" dxw(afyx™)
M>N M<N

= >0 D axx@ox (XM = > afox (XM) = afl.
M<N K+L=N M<N

Note that, by the same argument as in Step 2 of this proof, we see BXK(af:) = 0 unless
K = 0. This is used to obtain the second last equality. Note also that (',\\l") =0ifM < N.
Indeed, if M < N, there exists 1 < i, < d such that m;, < n;,, which implies (rr?.s) =0
(cf. 0.9.3) and hence (y) = T2, () = 0. Thus dxn(XM) = 0if M < N. This is used to

obtain the last equality. Therefore, we have a,ﬂ € |, contradicting the choice of N. This
completes the verification of the implication (ii) = (i).
This completes the proof of Proposition 1.3.1.2.

We end this section by stating a lemma, which is proved in the same spirit as the proof
of Proposition 1.3.1.2 and is of interest on its own.

Lemma 1.3.1.4. Let R be the completion of R with respect to a maximal ideal m of R,
and e € Zso a nonnegative integer. Then

RN FR) = F&(R).
In other words, if r € R has its pe-th root f within R, then f actually belongs to R.

Prook. Since R is faithfully flat over R, so is F&(R) over F&(R). Applying Theorem
7.5in [Mat86] to an F&(R)-module R/F&(R), we see that the natural map

R/FE(R) — (R/F(R)) ®rer) F*(R)

is injective. On the other hand, using Lemma 1.3.1.3, we analyze the target of the above
map to be

(R/FE(R)) ®rew) FE(R) = (R ®rer) FER)I/{FE(R) ®rer) FE(R)) = R/FE(R).
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That is to say, we conclude that the map R/F&(R) — R/F&(R) is injective, and hence that
RN FE(R) = F(R).
This completes the proof of Lemma 1.3.1.4.



CHAPTER 2

Idealistic Filtration

The purpose of this chapter is to introduce the notion of an idealistic filtration, which is
the main language to describe our program toward constructing an algorithm for resolution
of singularities, and establish its fundamental properties.

We develop our argument over a ring R, which is assumed to be the coordinate ring of
an affine open subset of a nonsingular variety W over k, or its localization, or its completion
with respect to a maximal ideal. That is to say, more geometrically speaking, we carry out
our analysis over an affine open subset of a nonsingular variety W, or over a stalk, or over
the analytic structure at a closed point. Since the main operations on an idealistic filtration,
such as the operations of taking the D-saturation and R-saturation, are compatible with
localization and completion (for an idealistic filtration of r.f.g. type), it is immediate to
extend the (analytically) local analysis of this chapter to the global argument, which we
will develop in the subsequent papers.

§2.1. ldealistic filtration over a ring.

Let R be the coordinate ring of an affine open subset of a nonsingular variety W over
k, or its localization, or its completion with respect to a maximal ideal.

2.1.1. Definitions.

DermNiTiON 2.1.1.1.

(1) LetT cRxRbeasubset. Forae R,weset T, ={f eR; (f,a)eT}.

(2) We call asubsetI c R x R an idealistic filtration if it satisfies the following conditions:
(0) L=R,
(i) Ipisanideal of R foranyaeR

(I is called the ideal of I at level a)

(i) Ilp c I forany a,b e R,
(i) I,oljifb<a.

(3) Let T ¢ Rx R be a subset. We call the minimal idealistic filtration containing T the
idealistic filtration generated by T and denote it by G(T). If I = G(T), we call T a set of
generators for I (cf. Lemma 2.2.1.1 (2)).

When we want to emphasize the base ring R over which T generates the idealistic
filtration, we write Gr(T) inserting R as a subscript.

(4) We say an idealistic filtration I is of r.f.g. type (short for rationally and finitely generated)
if there exists a finite set T ¢ R x Q c R x R such that I = G(T).

(5) Let T ¢ Rx Ry be asubset. Let P € SpecR be a point. We define the multiplicity
up(T) of T at P to be

uo(T) o= inf {yp(f,ao =

Note that we set up(f,0) = oo for any f € R by definition, while ordp(0) = .

@; (f,a)eT,a>0}.

26
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(6) Let T c R xR be asubset. We define the support Supp(T) of T to be
Supp(T) = {P € SpecR; up(T) > 1}.

REMARK 2.1.1.2.
(1) It is straightforward to see that a subset I < R x R is an idealistic filtration
if and only if it satisfies the following conditions:

(0) (f,00)el VfeR, (0,a)el VaeR,

(i) (f,a),(g,a)el= (f +g,a)el,
reR,(f,a)el = (rf,a) el,

(i) (f,a),(h,b)el = (fh,a+b)el,

(iii) (f,a)eLb<a= (f,b)el

We invite the reader to look at 0.2.3.1 in Chapter 0 for the motivation behind introducing
the notion of an idealistic filtration.

(2) When T =1 c R xR is an idealistic filtration, we define its multiplicity up(I) at a point
P € SpecR, and its support Supp(I) acccording to Definition 2.1.1.1 (5) and (6).

2.1.2. D-saturation. We define the notion of the differential saturation
(which we call the D-saturation for short) of an idealistic filtration. Budding of an idea
leading to the notion of D-saturation can be observed in the work of Giraud and Villa-
mayor, where they discuss the enlargement, called the extension, of an ideal obtained by
adding the partial derivatives of the elements in the ideal.

DermniTion 2.1.2.1. LetI c R x R be an idealistic filtration. We say I is D-saturated if
it satisfies the following condition (differential):

(differential) (f,a) € I,d € Diffy = (d(f),a-t) € L.

(We refer the reader to Chapter 1 for the meaning of the notation Diff}.)

Let I be an idealistic filtration. We call the minimal D-saturated idealistic filtration
containing I the differential saturation (or ©-saturation for short) of I, and denote it by D(I)
(cf. Lemma 2.2.1.1).

Let E be a simple normal crossing divisor on W. Then using the logarithmic differ-
ential operators with respect to E instead of the usual differential operators (cf. Definition
1.2.2.1), we consider the following condition (differential)g:

(differential)e  (f,a) eI, d e Diff‘R,E = (d(f),a-t) el

Replacing condition (differential) with condition (differential)g, we obtain the notion of an
idealistic filtration being Dg-saturated and that of the Dg-saturation.

2.1.3. N-saturation. We define the notion of the radical saturation (which we call
the R-saturation for short) of an idealistic filtration. Note that, for an Ri-saturated idealistic
filtration, we not only require that we can take the n-th root (radical) of an element within
the idealistic filtration (if it exists within R x R) for any n € Z., but also require the
continuity by definition.

DerniTion 2.1.3.1. LetT c R x R be an idealistic filtration. We say I is R-saturated if
it satisfies the following conditions (radical) and (continuity):

(radical) (fyna)eI,f eR,neZ. = (f,a) el
(continuity) {(f,a)} cITwith lim_.a =a = (f,a)el
Let I be an idealistic filtration. We call the minimal R-saturated idealistic filtration

containing I the radical saturation (or R-saturation for short) of I, and denote it by R(I)
(cf. Lemma 2.2.1.1).
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ReEMARK 2.1.3.2.

(1) We remark that, in positive characteristic p = char(k) > 0, if an idealistic filtration I
satisfies the following condition (Frobenius), which is a priori slightly weaker than condi-
tion (radical), and condition (continuity), then it actually satisfies conditions (radical) and
(continuity). Therefore, instead of checking conditions (radical) and (continuity) in order
to show that a given idealistic filtration is R-saturated in positive characteristic, we could
check conditions (Frobenius) and (continuity):

(Frobenius) (fP,pa)el,f eR= (f,a) el

In fact, suppose we have (f",na) € I, f e Rand n € Z.¢. Take e € Z. so that p® > n,
andtaker € Z,owithO < r <nsothatr = p* mod n. Then

(f,na) e I = (f* ", a-(p®-r)) el by condition (ii) in Remark 2.1.1.2 (1)
— (f*,a-(p®—r)) el by condition (i) in Remark 2.1.1.2 (1)
= (f,a-(1-p~°r)) el by condition (Frobenius)
= (f,a) el by condition (continuity) with e — co.

(2) Inview of condition (iii) in Remark 2.1.1.2(1), requiring condition (continuity) is equiv-
alent to requiring the following (left continuity):

(left continuity)  {(f,a))} c I with {a} increasing and IIim a=a=(f,a)el

In terms of the ideals of an idealistic filtration associated to the levels, condition (left
continuity) translates into the condition

L=l YaeR.
b<a
When an idealistic filtration is of r.f.g. type, this condition can be checked rather easily.
Therefore, we see that condition (continuity) is always satisfied for an idealistic filtration
of r.f.g. type. See Corollary 2.3.2.3 for detail.

2.1.4. Integral closure. We define the notion of the integral closure of an idealistic
filtration, which is closely related to the notion of the R-saturation. In general, if an ide-
alistic filtration is R-saturated, then it is integrally closed. In particular, for an idealistic
filtration of r.f.g. type, where condition (continuity) is automatic, it is R-saturated if and
only if it is integrally closed.

We also conclude in Corollary 2.3.2.7, through the argument showing the stability of
r.f.g. type under R-saturation, that, for an idealistic filtration of r.f.g. type, the R-saturation
and the integral closure coincide.

Dernimion 2.1.4.1. LetI c R x R be an idealistic filtration.
(1) We say an element (f,a) € R x R is integral over I if f satisfies a monic equation of the
form
fP e f™ 4. 4+ cy=0with (c,ia) e Ifori=1,...,n.
(2) We say I is integrally closed if it satisfies the following condition (ic):
(ic) (f,a) e RxRisintegral overl = (f,a) € L.

Let I be an idealistic filtration. We call the minimal integrally closed idealistic filtration
containing I the integral closure of I, and denote it by IC(I) (cf. Lemma 2.2.1.1).

Remark 2.1.4.2. The notion of the integral closure is important in our program. How-
ever, since the R-saturation and the integral closure coincide for an idealistic filtration of
r.f.g. type, and since almost all the idealistic filtrations we consider are of r.f.g. type, we
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seldom use the symbol IC(I) or the notion of the integral closure explicitly, and almost
always use the notion of the R-saturation, which is denoted by R(I).

2.1.5. B-saturation. We define the notion of the bi-saturation (which we call the 8-
saturation). For the purpose of extracting the intrinsic information toward a solution of
the problem of resolution of singularities, we take various saturations of a given idealistic
filtration (cf. 0.2.3.2.3). It would be best if we could take an “optimal” one among such. In
our algorithm, the B-saturation (or Be-saturation) plays the role of the optimal saturation.

Dermnition 2.1.5.1. Let T c R x R be an idealistic filtration. We say I is 8B-saturated
(resp. Be-saturated) if it is both D-saturated (resp. De-saturated) and R-saturated. Given
an idealistic filtration I, we call the minimal 8B-saturated (Be-saturated) idealistic filtration
containing I the B-saturation (resp. Be-saturation) of I, and denote it by B(T) (resp. Be(D))
(cf. Lemma 2.2.1.1).

Remark 2.1.5.2. While the existence of the B-saturation is as straightforward as the
existence of the other saturations and integral closure, its explicit construction is quite
remarkable, which we will see in Corollary 2.4.2.3. We describe the explicit construction
of the other saturations and integral closure in Lemma 2.2.1.2.

§2.2. Basic properties of an idealistic filtration.

In this section, we discuss some basic properties of an idealistic filtration over a ring.
We use the same notation as in §2.1.

2.2.1. Ongeneration, D-saturation, R-saturation, integral closure, and B-saturation.
The next two lemmas discuss the existence and explicit construction of the idealistic filtra-
tion generated by a subset T c R x R, the D-saturation, RR-saturation, integral closure, and
B-saturation.

Lemma 2.2.1.1.

(1) The intersection (M;ea 11 € R x R of a non-empty collection {I;},c4 of idealistic fil-
trations is again an idealistic filtration. Moreover, if each I, is D-saturated (resp. Dg-
saturated, R-saturated, integrally closed, B-saturated, Be-saturated), then so is the inter-
section (M ea In-

(2) Let T c R xR be asubset. Then G(T) exists (cf. Definition 2.1.1.1 (3)).

(3) Let I be an idealistic filtration. Then D(I) (resp. De(l), R(D), IC(L), B(I), Be(D)) exists
(cf.2.1.2,2.1.3,2.1.4,2.1.5).

PRrOOF.

(1) Itis clear from the definitions.

(2) Let S ={I;; I, o T} be the collection of all the idealistic filtrations containing T.
Note that S is non-empty, since R x R € S. Now it is clear that the intersection (;,cs 11 is
the minimal idealistic filtration containing T.

(3) Let S = {I;; I, o I} be the collection of all the D-saturated (resp. Dg-saturated,
R-saturated, integrally closed, B-saturated, Be-saturated) idealistic filtrations containing
I. Note that S is non-empty, since RxR € S. Now it is clear that the intersection (; s I; is
the minimal D-saturated (resp. Dg-saturated, Ri-saturated, integrally closed, B-saturated,
Be-saturated) idealistic filtration containing 1.

This completes the proof of Lemma 2.2.1.1.

Lemma 2.2.1.2. LetT be an idealistic filtration generated by T = {(f;,a,)} ¢ R xR,
i.e., I=G(T).



30 2. IDEALISTIC FILTRATION

(1) Define asubsetl’ c R x R by setting

]I;:(Hf”*;mezzo,z:malza) aeR.

Then I is an idealistic filtration, and I’ = I. Note that, when T = 0, we use the convention
G(0) = (10} x R) U (R x R<o).
(2) Let (X, ...,Xq) be a regular system of parameters for R. Set
T ={(@xfr.ar—); J € 24, (fr,an) e T}.

Then we have D(I) = G(T).
Let E be a simple normal crossing divisor, and say, {X1 - - - Xm = 0} defines E for some
1<m<d. Set
T ={(X"dxo fr.ar - 1J1); J € 28, (fr.an) € T}

Then we have Dg(I) = G(T¢). (We refer the reader to 1.2.2 for the notation.)
(3) Define subsets K, K c R x R by

Ka={f €eR; f" €I, for somen € Z.g}, KazﬂKb (aeR).

b<a

Then K is an idealistic filtration, and R(I) = K.
(4) LetJ c R xR be the subset consisting of all the elements integral over I. Then J is an
idealistic filtration, and IC(I) = J.

ProoOF.

(1) It is straightforward to see that I’ is an idealistic filtration, and that any idealistic
filtration containing T necessarily contains I’. Therefore, I = I by the definition of I =
G(T).

(2) LetI’ be a D-saturated idealistic filtration containing T, or equivalently containing
I. Then it is clear that I’ > G(T’). Therefore, in order to see D(I) = G(T’), we have
only to show G(T’) is D-saturated, which follows from the fact that Diff} is generated by
{0xs; |J] <t} as an R-module, and the generalized product rule (cf. Lemma 1.2.1.2). The
proof for the case of Dg-saturation is identical to the case of D-saturation, replacing the
usual differentials with the logarithmic ones.

(3) Let I’ be an R-saturated idealistic filtration containing I. As I’ satisfies condition
(radical), we have K c I'. Therefore, we conclude

Ka=[\Kac[ =T
b<a b<a

where the last equality follows since I’ satisfies condition (continuity) (cf. Remark 2.1.3.2
(2)). Thatis to say, K c I.

Thus, in order to see R(I) = K, we have only to show that K itself is an idealistic
filtration containing I, satisfying conditions (radical) and (continuity).

First we show that K is an idealistic filtration. We have only to check that K, (a > 0)
is closed under addition (cf. Definition 2.1.1.1 (1) and Remark 2.1.1.2 (1)), while the other

conditions follow easily. Take f,g € K. Then forany b < a, there exists n € Z.g such that
f",g" € Ip. Then for any k € Z.o, we have

K S (K i kei o plilrl
(f+90) = Z i flg el C Ip(k-2n)
i=0
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since [ 1]+ %!] > & -2 Therefore, we have f +g € Kyq_anc1). Since b < aandk > 0 are
arbitrary (while n depends only on b), we conclude f + g € K for any ¢ < a. Therefore,
we have f + g € Neea Ke = Ka.

Secondly we check condition (continuity) for K. In fact, we have

Ka=[ Ko=) |Kec=[ |Ko.
b<a b<a c<b b<a
Therefore, K satisfies condition (continuity) (cf. Remark 2.1.3.2 (2)).

Finally we check condition (radical) for K. Suppose f" € Ka. Fix b < a. Then
f" € Ky by definition of K, and there exists m € Z.o such that (f™)™ € Iy, by definition of
K. Therefore, we have f € K, 1,. Since b < ais arbitrary, we have f € Npea Kn-1p = Kn-ta.
Therefore, K satisfies condition (radical).

(4) Itis clear that, if I’ is an idealistic filtration containing I and satisfying (ic), then
J cI'. Thus, in order to see IC(I) = I, we have only to show that J itself is an idealistic
filtration containing I, satisfying condition (ic).

It is clear that J contains I. Consider the graded subring 6x(I) := €, IaX? C
P,z RX?, where X is a variable transcendental over R, and where the structure of the
graded R-algebra is given through multiplication rule X2XP = X+,

Observe (cf. [Mat86]) that

(f,a) is integral over I & Gx(I)[ fX?] is a finite Gr(I)-module.

Observe also that
Gr(G(L, (f,a))) = Gr(D)[fX3].
Now from these observations it follows easily that I is an idealistic filtration, and that J
satisfies condition (ic).
This completes the proof for Lemma 2.2.1.2.
2.2.2. N-saturated implies integrally closed.

ProrosiTion 2.2.2.1. LetI ¢ R x R be an idealistic filtration. If I is RR-saturated, then
I'is integrally closed.

Proor. Let I be an R-saturated idealistic filtration. Suppose (f,a) € R x R is integral
over I, i.e., f satisfies a monic equation of the form

(%) "+ f" 4+ 4 ¢, =0with (cj,ia)elfori=1,...,n.

We want to show (f,a) € I
If a < 0, then obviously (f,a) € I (cf. conditions (0), (iii) in Remark 2.1.1.2 (1)).
Thus, we may further assume a > 0. Let

B = 1—(”%]1)I (1€ Zo0).

We show by induction that
() (f.a8)el
(¥)o is clear. Suppose we have shown (©);. Using the monic equation (x), we have

M= —(c f™ 4 +cp)
with
cif"ali+(n-)B}) el (L<i<n).
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Since 0 < B < 1, we have
min{i + (N =181} = 1+ (0= 1) = nBsa.

Therefore, we conclude
(fn’ anﬂ|+l) € I[
Since I'is R-saturated, it follows from condition (radical)

(s (f,aB141) €L

Thus (©), is valid for all | € Zo.
Note that lim_. a8 = a. Therefore, by condition (continuity) satisfied by I, we
conclude
(f,a) el

Therefore, I is integrally closed.
This completes the proof of Proposition 2.2.2.1.

2.2.3. Analysis of interaction between D-saturation and R-saturation. So far, we
have studied the D-saturation and R-saturation separately. In this subsection, we analyze
the interaction of the operations of taking D-saturation and R-saturation. Under the as-
sumption that R has a regular system of parameters, our result is stated in the following
proposition, which leads to the explicit construction of the 8B-saturation. Furthermore, the
assumption is later removed for an idealistic filtration of r.f.g. type (cf. Corollary 2.4.2.3).

Proposition 2.2.3.1. Let I be an idealistic filtration over R which has a regular system
of parameters (Xa, . .., Xg). Then DR(I) c RD(D).

If E is a simple normal crossing divisor defined by {X; - - - X = 0} for some 1 <m < d,
then DeR(I) € ROe(D).

Proor. We present a proof of the latter assertion in the logarithmic case, as the former
is a special case of the latter (E = 0).
Step 1. Reduction of the assertion to the statement (#).
By replacing I with Dg(I) and via the obvious inclusion DgR(I) c DeR(De(D)), we see
that it suffices to prove the inclusion

DeR®D) c N(),

assuming I is Dg-saturated. In order to show the first inclusion above, by Lemma 2.2.1.2
(2), we have only to show

(Ji@s(h).a-1D; (F.2) € RO} < R,

J

where Dy = X%dys. Now since Dy = Dj,e, - - - Dj,e,, this second inclusion then follows if
we can show, for 1 <i < d, the inclusion below

(iDje(f).a=i); (f,8) € %)} ¢ R(Q).

j=0

Let K, K c RxR be asin Lemma 2.2.1.2 (3). We claim that we may even replace the range
R(I) of (f,a) in the left hand side of the third inclusion with K. That is to say, we claim it
suffices to show

©) (JDje(f)a= i) (f.8) e K} c R().

j=0
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In fact, (¢) implies

{(Dja(f).a~-J); (f.@) e K} c {(Dje(F).a~ ]); (f,@) € K} < R(D),

where, given a subset T R x R, the subset T is defined by Ta = Np<a To. Since K =
R(D) = R(I), this inclusion then would imply the third one.
Finally, we reduce (¢) to the following general statement:

(#) Dio(f) e RD(G((f",na))a; (feRaeR,1<i<d,n>0,j>0)

Indeed, given f € Kj, there exists n € Z,o such that f" € Iya. Thus, (&) implies Djg(f) €
RDe(G{(f",n@)})a-j € RDe(Da-j = R(Da-j since I is assumed to be De-saturated. Thus
() implies (¢).

Therefore, we conclude that the assertion of the lemma is reduced to the statement
(%).

Step 2. Setup for the inductional proof of (&).
We fix 1 < i < d, and omit i from the notation in the following argument. For example,
we denote Dje by D;. We also denote RDe(G({(f", na)})) by J to ease the notation.

Set ¢ = [a]. We prove the statement (&) by induction on ¢. We may assume 0 < j <c,
since otherwise we have a — j < 0 and Ja—; = R, in which case () clearly holds.

Casel. c=0.
In this case, j must be 0, and we obviously have

(Dj(f).a-j) = (f,a) e R(G((f",na)}))  J.

Thus (&) holds.
Case2. c>1.

In this case, we show (&) in Steps 3, 4, and 5 using the inductional hypothesis.
Observe that

(Dj(f),a—j—1) e RDe(G{(f",na—n)})) cJ

for0 < j<c-1=|a- 1], fromthe inductional hypothesis.
Step 3. Construction of a sequence {byj}.
Our strategy for showing (&) is, starting from the following initial state

boj=1(1<j<c-1), boc=a-c, byo=0(u=>0),

to construct the (double) sequence of numbers by ; indexed by 0 < j < cand u € Zyo
satisfying the following conditions (a) and (©):

(® (Ojf)a-j-by)el, () limby;=0.

We construct the numbers by j inductively according to the lexicographical order on the
double index (u, j). Suppose we have already constructed all b,z with (,8) < (u, j).
Then, we define the number b, j by the following formula

nbyj = max [{0} U {Z buy + Z bu-14 + Z(a— 4), Te S,’;,j}].

t<j j<ti<c c<ty

where S = {T € Z0; [Tl =njland S7; =S \ (... D).

Step 4. \Verification of (s).
By the argument in Step 2, condition (a) holds at the initial state, i.e.,ifu=0o0r j = 0. We
proceed to check condition (&) by induction on the pair (u, j) in the lexicographical order.
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Using the logarithmic version of the generalized product rule (cf. Lemma 1.2.2.2 (2)) for

fn, we compute
n

® D" =Du(f)- > []Du(h).

TeS;, I=1

Take T € Shir Then, by inductional hypothesis, we have

[ ]ouh). Y@=t -y + > (@-ti—byu) el
1=1

ti<j jst<c

By definition of by j and the fact }};(a — t;) = na— X tj = na— nj, we have

Dla-ti-by)+ > (a—ti - byu1)

ti<j jst<c
= Z(a —-t) - Z by.u — Z by,u-1
t<c ti<j j<t<c

n@a-j)=[> buu+ D buua+ Y (a-t)|=n@- j)-nby;.

t<j j<t<c t>c

On the other hand, by definition of J, we have Dj(f") € Jna_nj. Since by > 0 by definition,
we have (Dnj(f"),n(a — j) — nby) € J. Therfore, by virtue of the formula (#). we have
(Dj(f)",n(a— j) —nbyj) € J. As T is R-saturated, we have (Dj(f),a— j—by;j) € J. Thus
(s) holds for (u, j), as desired.

Step 5. \Verification of (©).
We have only to show the following inequality:

) buj<(1-n)@-n"" @21, j20)

In fact, since by j > 0 by definitionand 0 < 1 —n™™ < 1, condition () obviously follows
from inequality (b).

We prove (b) by induction on the pair (u, j) in the lexicographical order.

Since by = 0, inequality (b) is valid for j = 0.

By definition of by ; and from the fact 3. (a - t;) < 0, we have an estimate

nby,j < max {Z buy + Z bu-11;T € S,ﬁ,j}.

ti<] jstisc
By inductional hypothesis, we observe the following (i) and (ii):
(i) Fort < j, we have
buy < (l - n"') (1-n¥t< (1 _ nl—j) (1-no)t
(if) For j <t <c, we have
bu-1y < (l - n"') 1-n9"2<@-no"?,

We also mention that, forany T = (t1,...,t)) € S;‘Lj, there exists at leastone 1 < 1 < n
such that t; < j.
By these observations, we obtain the following estimate:

(- -9+ o-na-no*
(n-n)@-n" =n(1-nt)@-no",

nbu’j

IA
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which implies inequality(b) for (u, j). This completes the proof for inequality (b), and
hence the verification of (©).
Step 6.  Finishing argument.

In the previous Steps, we confirmed conditions (a) and (). Consequently, since I is R-
saturated, we have Dj(f) € Jo_; for 0 < j < c. Namely (&) holds for ¢ = [a]. This
completes the inductional proof of (&) stated in Step 2. This completes the proof of
Proposition 2.2.3.1.

CoroLrary 2.2.3.2. Let I be an idealistic filtration over R which has a regular system
of parameters (Xa, . .., Xq). Then B(I) = RD(I).

If E is a simple normal crossing divisor defined by {X; - - - X = 0} for some 1 <m < d,
then Be(I) = RDe(D).

Proor. We present a proof of the latter assertion in the logarithmic case, as the former
is a special case of the latter (E = 0).

Since Be(I) is De-saturated, we have Be (1) > De(I). Then since Be(I) is R-saturated,
we have Be(I) > RDe(I). In order to see the opposite inclusion, we have only to show that
RDe(T) is De-saturated. By Proposition 2.2.3.1, we see

‘RDE(]I) C ’DEER’DE(}I) C gR@EDE(H) = ?{DE(]I)

Therefore, we conclude that RDg (1) = DeRDe(T) is De-saturated.
This completes the proof of Corollary 2.2.3.2.

§2.3. ldealistic filtration of r.f.g. type.

In §2.1 and §2.2, we gave the definition of, and carried discussion on the properties
of, an idealistic filtration in general. However, the idealistic filtrations we deal with in our
algorithm are all of r.f.g. type (cf. Definition 2.1.1.1 (4)). In fact, certain mechanisms in
our algorithm work only for the idealistic filtrations of r.f.g. type.

Since the operations of taking the D-saturation and R-saturation of a given idealistic
filtration are essential in our algorithm, it is then a natural and important question whether
the property of being of r.f.g. type is stable under these operations. The most important re-
sult of this section is to give an affirmative answer to this question: if an idealistic filtration
Iis of r.f.g. type, then so are D(I) and R(I). We remark that some related results can be
found in [Hir03], discussing properties of an idealistic exponent.

For D-saturation, the verification of stability is elementary, using compatibility of D-
saturation with localization (cf. Proposition 2.4.2.1 (2)) and using the explicit construction
in Lemma 2.2.1.2.

For R-saturation, however, the verification of stability is rather subtle. Our argument
presented here is due to Professor Shigefumi Mori, who showed us how the contents of
[Nag57] can be adapted to verify the required stability under Rt-saturation. The essential
point, starting from a given idealistic filtration of r.f.g. type I, is to show the rationality
and boundedness of the denominators of the numbers a where R(I)a changes. Once the
crucial rationality and boundedness are shown, stability can be reinterpreted as the finite
generation of the integral closure as an R-algebra (in some finite extension of the field of
fractions) of a certain graded ring, which is naturally associated to the idealistic filtration I
of r.f.g. type.

In this section, R denotes the coordinate ring of an affine open subset of a variety W
smooth over k of char(k) = p > 0, or its localization by some multiplicative set.
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2.3.1. Stability of r.f.g. type under D-saturation. We show that the property of an
idealistic filtration being of r.f.g. type is stable under D-saturation.

Proposition 2.3.1.1. LetI c R x R be an idealistic filtration. If I is of r.f.g. type, then
so is its D-saturation D(I) (or De-saturation Dg(l)).

Proor. Step 1. Reduction to the case where there exists a regular system of param-
eters (Xa, ..., Xg) for R, where d = dimW.
We take a finite affine cover {Spec Ry ; g1 € R}jeL 0f Spec R with #L < oo so that for each
Rg there exists a regular system of parameters for Rg,.

Since Iis of r.f.g. type, so is Iy, its localization by g;.

Suppose we have shown that D(I ) is of r.f.g. type, i.e., there exists a finite set

T/\| = {(f/1|9a/1|)}/1|61\| c Rg| X Q

such that ©(Ig) = G, (Ta,)-

Observe that, since D(Ig) = D(I)g by compatibility of localization with D-saturation
(cf. Proposition 2.4.2.1 (2)), for each (f4,,a,,), there exist (h,, a,;) € D(I) and n, € Z.o such
that (f,ay) = (Q;nﬂ' hy,ay).

Then it is easy to see that the finite set

TA = {(h,h,a,“); A € A|,| € L} C D(H)
generates D(I), i.e., D(I) = Gr(T4). In fact, by construction, we have
DMy > Gr(Ta)g 2 CGr, (Ta) = D(ly) = D(0)g,

i.e., D(I)g = Gr(Ta)g forany I € L, and hence D(I) = Gr(T4).

Step 2. Proof of the statement in the case where there exists a regular system of
parameters (Xa, ..., Xq) for R, where d = dimW.
Take a finite set of generators T, of the form

Ta ={(fr,a)}iea CRxQ

such that I = G(T,). We may assume a; > 0 VYA € A by discarding those with a, < 0.
Let

Tm ={0Oxsfr,an = 13); (fr, @) € TA, 0 < ] < ay).

Then clearly we have #Ty < oanda, - |J|€e Q Vaand YJ with0 < |J| < a,.

Now it follows from Lemma 2.2.1.2 (2) that D(I) = G(Twm). Therefore, we conclude
that D(I) is of r.f.g. type.

The proof for stability under De-saturation is identical. This completes the proof for
Proposition 2.3.1.1.

2.3.2. Stability under R-saturation. We show that the property of an idealistic filtra-
tion being of r.f.g. type is stable under R-saturation. We deal with the problem of stability
in terms of a certain graded ring which is naturally associated to an idealistic filtration I of
r.f.g. type and which “describes” I in the sense stated below.

Dermviion 2.32.1. Let A = (B, ApXT © P, RXT = R[X] be a graded
R-subalgebra of the polynomial ring with one variable X% over R for some q € Q.¢. Let
I ¢ R x R be an idealistic filtration. We say A describes I if it satisfies the following
condition:

Iga = Aqray fOr any a € Rso.
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Lemma 2.3.2.2. LetI c R x R be an idealistic filtration. Then T is of r.f.g. type if and
only if there exists A which describes I (as stated in Definition 2.3.2.1) and which is finitely
generated as an R-algebra.

Proor. Suppose that there exists such A which describes I and which is generated by
a finite set of homogeneous elements { f; X9} ,.4 as a graded R-subalgebra in R[X9]. Then
Iis generated by the finite set {(f;, qna)}ca, and hence is of r.f.g. type.

Conversely, suppose that I is an idealistic filtration of r.f.g. type, generated by a finite
set T = {(f,, ”7; Jiea € R x Q for some 6 € Z.o. It is immediate that, if we take the
graded R-subalgebra A of R[X9], with q = -t and A = R, generated by the finite set
{f.X5: 1€ A,0<i<n,}overR, then A describes I.

This completes the proof of Lemma 2.3.2.2.

We remark that if I is an idealistic filtration of r.f.g. type, and if A c R[XY] is a graded
R-subalgebra which describes I for some g € Q-0, then A is automatically finitely generated
over R.

CoroLLary 2.3.2.3. Let I be an idealistic filtration of r.f.g. type. Then I satisfies con-
dition (continuity).

Proor. We want to show I, = (.5 Ip for any a € R (cf. Remark 2.1.3.2 (2)).

Itis clear when a < 0 (cf. condition (o) in Definition 2.1.1.1 (2)).

Suppose a > 0. By Lemma 2.3.2.2, there exists a graded R-subalgebra A c R[X], for
some g € Q.o, Which describes I and which is finitely generated as an R-algebra. Then by
definition we have Iga = Agrar. Since Is O I; for any s < t, we conclude

mﬂqb = m Iop = ﬂ Adro) = m Adral = Adral = Loa,

b<a ral-1<b<a [a]-1<b<a ral-1<b<a

e Iga = [ |lop-

b<a

This completes the proof of Corollary 2.3.2.3.

ProposiTion 2.3.2.4. LetI c R x R be an idealistic filtration. If I is of r.f.g. type, then
S0 is its R-saturation.

Before beginning the proof of Proposition 2.3.2.4, we extract the essence that we need
from Nagata’s paper [Nag57] with some modifications.
Let R be a noetherian domain, K = Q(R) its field of fractionsand a = (ug,...,us) c R

aproper ideal of R with a finite set of its generators u;. SetR; = R [ﬂ e ﬁ] and letR; be

U VT
its normalization in Q(R;) = K for each j. Let {Pjk}k C SpecR_j be the set of all the minimal
primes of UjR_j. Note that it is a finite set and that, by Krull’s Hauptidealsatz, the primes
Pj« are of height 1. Let Rjx = (R;)p, be the localization of Rj at Py, for each j k. Since
Rjk is a 1-dimensional noetherian normal ring, it is a discrete valuation ring. We denote
the valuation of Rjx by v for each j, k. We consider the functions 6,,6,: R — Rsq U {co}
defined by

0a(r)

m
sup{ﬁ; r”eam,n,mezzo,n>0},

— m J—
0.(r) = sup{ﬁ;r”eam,n,mezzo,n>0}.

Using the notation as above, we have the following lemmas.
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Lemma 2.3.2.5. For n € Z.q, we have
a"=RN ﬂ U?Rjk~
ik

Proor. Firstly we show a" ¢ RN Nik u?Rjk. It suffices to show a" c u’j‘Rjk for each
j. k. Fix j,k and take f € a". Then, there exists a monic equation

fMraf™ +...+an=0 (aca).

Vik(f™ = vj(ai f™') and hence vjk(f') = vik(aj). Since aRj = U"Rjk, we have vik(ai) >
in - vji(uj). Consequently v(f) > nvj(u;), and hence f € u(Rj.. Thus the inclusion
anc ufRjk holds.

Secondly we show the opposite inclusion a" > R N Nik u’j‘Rjk.

Take g € RN () UfRj. SetR’ = R[2.....%]andb = (2,..., %) C R We show
g € a" in the following Steps.

Stepl. Weshowb =R’
Assume b is a proper ideal of R’. Then there exists a valuation ring (V, my) of Q(R’) = K

such that V. > R’ and my N R” D b. We denote its valuation as v. Take jo such that
V(Uj,) = Miny<i<sV(ui). Then, as u”T' e V for each i, we have
0

Considering the valuation vjx of this equation, there exists some 1 < i < m such that

Rj,cV andhence Rj, cV
u? o5 : D i
- €bcmy, wehaveg ¢ ujV,andhence g ¢ uj Rj,. Now, since Rj, is noetherian
normal domain, principal ideal u’j‘OR_j0 is represented as

Since

5 55— (W) ;5 —-— Vigk(ul )
U?OR]'O = Rio N m DV (U'O)(Rjo)p = Rio N ﬂ Pioi o Rj0k~
htp=1 k
Therefore there exists some k such that
Vigk(U

o)
9¢ P Rk = U5 Rjok,
which contradicts to the choice of g. Thus we have b = R’.
Step 2. We show g € a".
Since 1 € b by Step 1, there exists F(X4,..., Xs) € R[Xy, ..., Xg] suchthat F(0,...,0) =0

and F (% o UE) = 1. Setting deg F = n, we obatin

u? n )
0=g”{1—F(El,...,%)}=g”+clg”‘1+---+cnwithciea',

a monic equation which shows g € a". This completes the proof of Lemma 2.3.2.5.

LemMma 2.3.2.6. Letr € R. Then,

0u(r) = Ba(r) = min{ VidD) } cQ.

ik Vik(uj)

Moreover, for n,m € Zso with n > 0, r" € am if and only if < Ba(r).

Proor. Step 1. We show the first equation 6.(r) = 0a(r). ~
Since a™ c a™, it is immediate that 6,(r) < 6,(r). We show 6,(r) > ,(r). Take n,m € Z
with n > 0 such that r" € a™. By definition, there exists a monic equation

(rn)c+1 + al(rn)c + 4 ac = 0 with a € C(im.
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We show
o Y e d™("R+a™°  (teZso)
by induction on t. Looking at the monic equation above, we have
rn(c+1) e C[m(rn)c Feee 4 C[(c+1)mrn(c+t) . (rnR + am)c’
thus ©1 holds. For the case t > 1, we have
rn(c+t) = . rn(c+t—1) € rnam(t—l)(rnR + am)c (By Q7171)
am(t—l) (rn(c+l)R + c(m(rnR + C(m)c)
a™D (@™(r"R + a™)°) (By 1)
a™(r"R + a™M°.

n N

Thus @, and hence r"+) ¢ o™ holds for any t € Z.q. It follows that

mt m
0.(r) > sup{m yte Z>o} > o

Since th_e numbers n,m € Zo with n > 0 such that r" € o™ are taken arbitrarily, we have
6a(r) = 6a(r).

Step 2. We show the second equality.
By Lemma 2.3.2.5, we have

e qm — M e urjnR]_k Vj,k) = ij(rn) = ij(Urjn) (Vj, k)
= nvi(r) 2 mvi(u) (YK

= m < min{ Vidr) N k}
n Vik(uj)

Therefore 6,(r) = min {\ZLK((J,)) i, k} € Q. The “Moreover” part is now obvious.

This completes the proof of Lemma 2.3.2.6.
We now go back to the proof of Proposition 2.3.2.4.

Proor or Proposition 2.3.2.4. Take a finite set T = {(f;,a)}1ca € R x Q such that
I=G(T).

Step 1. We mayassume T c R x {L} for some L € Z..
Replacing T with T N R x R.g, we may assume T C R x Q.. Set

. n L
L=m|n{neZ>o;a—eZ>0 \//leA} and T’:{(fa",L)}

A AeA

Then it is clear that R(G(T)) = R(G(T’)). Therefore, by replacing T with T’, we may
assume T c R x {L}.
Step 2. Description of R(I) in terms of the function 6.

Let I = I, be the ideal of the idealistic filtration I at level L. Define J ¢ R x R by setting
Jla = {f €R; 6/(f) > a} fora € R. We show R(I) = J. Since I = G(T) = G(I x {L}), we
have I 4 = 1"@ for any a € R by Lemma 2.2.1.2 (1). (We use the convention that I " = R
forn € Z.q). Thus, by Lemma 2.2.1.2 (3), R(I) = K where K c R x R is defined by

Kia = {f €eR;Vb<a, AneZ.gst f"elyp = |(nb1} (aeR).
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The condition above can be rephrased as follows:
(Vb <a dneZyost fhe |rnb1)
= (sup{b €Rsg:IN€Zgst. fMe |rnb1} > a)

o (sup{rn—nb] :An€Z.yg, dbeRygst. fM e |rnb1} > a)

& (sup{%;Hn,meZ>owithn>Os.t. f“elm}za)
o 6(f)=a

Thus R([)La = Kia = Jia fora € R, hence R(I) = J.
Step 3. There exists p € Z.g such that J5 = Jj,a7,, forany a e R.

We apply Lemma 2.3.2.6 with a« = | to our setting. Let p be a common multiple of
{vijk(u;); J. k). Take f € Jia. Then, we have 6,(f) > a. Since p6, (f) € Z by Lemma 2.3.2.6,
we have pL6,(f) > [pLa]. Therefore, we have f € Jj,Lay,, and hence Jia C Jjpwayyp. The
opposite inclusion is clear by condition (iii) in Definition 2.1.1.1 for the idealistic filtration
I.

Step 4. We show S, describes R(I) and S; = S_OR1 in the following notation:

Consider the graded R-algebras

Ro=R[X"] > So=HI™x""

NeZsg

Ri=R[X’] > Si=(PIax’
NEZsg
where X is an indeterminate. We denote by S_OR1 the integral closure of Sg in R;.
It is clear from Step 3 that S; describes J = R(I). We have only to prove S; = S_ORI.

Firstly we show S, c S_oRl. Let gXE € S1 be a homogeneous element of S;. Since
g€ Jr, we have 6,(g) = 6(g) > [ﬁ Thus, by Lemma 2.3.2.6, we have g¢- € In. Therefore
there exists a monic equation

1 .
(gpL)m +Cy (gpL)rTF +--+Cn=0withg e (I
This in turn provides a monic equation of ng'n' over Sy, i.e.,

()" + eax) (x4

Therefore, we have S; S_ORI. . .

Secondly we show S1 5 Sg . Take g = Ynez, ggxf € So . Then we have a monic
equation of g over Sy, i.e.,

(#) g"+ci(XDg™ 4+ +em(XH) =0 with c(Xb) € So.
SetG = Ynez, gEXf'n’Y” € Ry[Y] where Y is another indeterminate. By replacing X by XY*
in (s), we have a monic equation of G over So[Y], i.e.,
G™+ e (XLYPHG™ L 4k ep(XEYPY) =0 with  ci(XEYPY) € So[Y].

Since SO[Y]Rl[Y] = S5 [Y] (cf. Alg. Comm., chap. V, §1, n°3, prop.12 in [Bou64]), each
coefficient of Y™ in G are integral over Sy, i.e.,

ot CpXEM = .

g:X? €80" (n€Ze)
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Thus we may assume g is a homogeneous element in Ry, say, g = ng%. Looking at the

coefficient of X7 in (s), we have

g+ a9t + - +am=0
where ap, is the coefficient of X7 in Ch € So € R1. Note that @, = 0if nl ¢ pLZ, and
nl
an € 1+t if nl € pLZ. Thus, forany 1 < n < m, we have

anp € |f?_IL =Tu CcR(D)a.
Since R(D) is integrally closed by Proposition 2.2.2.1, we have

g1 €R@: =T andhence ¢ =glxi NG cSi.

L

5

Therefore, we have S1 5 So .
Step 5. We see that S is finitely generated over R.

It is clear when I = (0), since S; = R. We assume | # (0).
Since R is normal, sois Ry = R[XZI]. Thus

S, = S_()Rl _ S_OQ(RI)-
Note that Q(Ry) is a finite extension of Q(So) = Q(R[X"]). By §33 of [Mat86], it follows
that S, = S_OQ(RI) is a finite So-module. On the other hand, S¢ is finitely generated over R.

Indeed, taking generators of I as | = (rq, ..., ry), we have Sg = R[r: X%, ..., X ]. Thus Sy
is also finitely generated over R.

Step 6.  Finishing argument.
By Steps 2 and 3, we see that S ; describes the idealistic filtration R(I). Since S is finitely
generated over R, we conclude that R(X) is r.f.g. type (cf. Lemma 2.3.2.2). This completes
the proof of Proposition 2.3.2.4.

CoroLrary 2.3.2.7. LetT c R x R be an idealistic filtration. Assume I is of r.f.g. type.
Then its R-saturation coincides with its integral closure, i.e.,

R(D) = 1C(1).

Proor. By Proposition 2.2.2.1, R(X) is integrally closed.

Therefore, we have R(I) o IC(I). Thus we have only to show R(I) c IC(I).

By the same argument as in Step 1 of the proof of Proposition 2.3.2.4, we may assume
that I is generated by a finite number of elements at level L. In fact, using the same notation,
we see that R(G(T)) = R(G(T")) and IC(G(T)) = IC(G(T")). Then as shown in Step 4 of
the proof of Proposition 2.3.2.4, the integral closure S; c R[XZI] of Spin R[XZI] describes
R(I), while S describes 1.

Take an element (f,a) € R(D). Then we have (f, @) € R®) (cf. Lemma 2.3.1.1),

which implies X7 e S1. Now since X5 s integral over So, by the same argument
as in Step 4 of the proof of Proposition 2.3.2.4, we see that (f, @) is integral over I, i.e.,

(f, @) € IC(I). Finally, since a < @, we conclude (f, a) € IC(I). This shows the desired

inclusion.
This completes the proof of Corollary 2.3.2.7.



42 2. IDEALISTIC FILTRATION

§2.4. Localization and completion of an idealistic filtration.

In this section, we discuss the notion of localization and completion of an idealistic
filtration over R, associated to the localization and completion of R, respectively. Our
main observation here is the compatibility of the operations of taking the generation, ®-
saturation, and R-saturation with localization and completion. The compatibility allows
us to reduce the analysis of the global properties of these operations to the local or to the
analytic ones, to which we may apply some explicit computations.

In this section R denotes the coordinate ring of an affine open subset of a nonsingular
variety W over k.

2.4.1. Definition.

Derinition 2.4.1.1. LetI c R x R be an idealistic filtration over R.
(1) (Localization) Let S be a multiplicative set of R. Consider the subset Is ¢ Rs x R
defined by
(Is)a= (la)s =Ia®rRs (a€R).
Then Is is an idealistic filtration, called the localization of T by S.

In case P € SpecR is a point corresponding to a prime ideal P c R (we use the same
symbol for the point and prime ideal by abuse of notation) with S = R\ P, we often denote
Is by Ip.

(2) (Completion) Let R be the completion of R with respect to a maximal ideal m c R.
Consider the subset T ¢ R x R defined by

(Ma=I.=I.®R (acR).

ThenT is an idealistic filtration, called the completion of I (with respect to m-adic topol-
0gy).
Remark 2.4.1.2. We remark that, for idealistic filtrations I,I" c R x R, the following

conditions are equivalent:

Q) Iicr,

(2) L, c I, for any maximal ideal m c R,

3) T c T, where the completion is taken with respect the m-adic topology, for

any maximal ideal m c R.

In fact, fixing the level a € R, we see that the equivalence of the conditions on the ideal-
istic filtrations follows from the equivalence of the corresponding conditions on the ideals,
which is a standard result in commutative ring theory.

2.4.2. Compatibility.

ProposiTion 2.4.2.1.
(1) (Compatibility with generation) Let T ¢ R x R be a subset. Then we have

GR(T)s = Gry(T), Gr(T) = Gx(T).

In particular, if I = G(T) is of r.f.g. type, then so are Is and T.
(2) (Compatibility with D-saturation) LetI c RxR be an idealistic filtration. Then we have

(W)s = D(s), D) = (D).
Let E be a simple normal crossing divisor. Then we have

De()s = De(ls), De() = De(D.
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(3) (Compatibility with R-saturation) Let I c R x R be an idealistic filtration of r.f.g. type.
Then we have
RDs = R(Ts), R = RD.

PrOOF.
(1) This follows easily from the explicit construction of the generation in Lemma
2.2.1.2(2).
(2) We verify D(I)s = D(Is). Firstly we show the inclusion D(I)s c D(Is). Note that
D(Is) N {R x R} is an idealistic filtration over R containing I, and being D-saturated by
Lemma 1.1.2.1 (4). Therefore, we have

(M) c D(Is) N {R x R} c D(Is).

At level a € R, this implies D(I)a ¢ D(Is)a and hence (D(I)a)s < D(Is)a. That is to say,
we have D(D)s c D(Is).

Secondly we show the opposite inclusion D(I)s > D(Is). Note that D(I)s is an ide-
alistic filtration over Rg containing I, and hence containing Is. We claim that D(I)s is
D-saturated. In fact, suppose (f,a) € D(I)s, i.e., f € {D([)a}s. Then, ford € Diﬁ‘Rs, we
see by Lemma 1.1.2.1 (7)

d(f) € Diffk, ((DWals) = {Diffk (DWa)]g € (DWDa-tls -

That is to say, we have (d(f),a —t) € D(I)s, checking condition (differential) for D(I)s.
Thus we have D(I)s > D(Is).
This completes the verification for D(I)s = D(Is).

The verification for 5(\11) = D@ is identical to the one above using again Lemma
1.1.2.1 (7), and left to the reader as an exercise.

The verification for the compatibility of localization and completion with Dg-saturation
goes almost verbatim to the one above, replacing © and Diffy, with De and Diff . We
leave the verification of the statement of Lemma 1.1.2.1 (7) obtained by replacing Diffy
with Diff}iE as an exercise to the reader, since it is identical to the one we gave in Chapter
1.

(3) We use the same notation and argument as in Step 1 through Step 4 of the proof of
Proposition 2.3.2.4 (See also Remark 2.4.2.2 (1) below). First, since I, Is, and T share the
same set of generators T, we may take in Step 1 the common replacement T at level L,
which keeps the left hand side and right hand side of the equation for compatibility intact.
Therefore, we may assume from the beginning that I is generated by T c R x {L}. Let
I =L and A = P I"X"" c RIX']. Note that A describes the idealistic filtration I
(cf. Definition 2.3.2.1, Lemma 2.3.2.2). Moreover,

As =P 13X cRs[X] and A= HTX" ¢ RXH]
NeZso NeZso
describe the localization Is and completionf, respectively.
Step 2 goes without any change for all I, Is, and I _
We take p in Step 3 so that p works for all I, Is and T simultaneously. Set A, Ag, A
1 1 —_ _ 1
as the integral closures of A in R[X~], of As in Rs[X~], and of A in R[X~], respectively.
Then, in Step 4, we see that A, As, A describe the idealistic filtrations R(I), R(Is), R(D),
respectively.
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On the other hand, since A describes R(I), it follows by definition that (A)s and A
describe the localization %(I)s and completion R(I), respectively.

Now since the operation of taking the integral closure commutes with localization, we
have (A)s = As. Thus we conclude R(I)s = R(Is).

As to the question of commutativity of the operation of taking the integral closure with
completion, recall that R is a finitely generated k-algebra or its localization, hence that it
is a Grothendieck ring. Since A is a finitely generated R-algebra by Step 5 of Proposition

2.3.2.4, A'is also a Grothendieck ring. This allows us to conclude thaiﬂ is normal, since
A is also normal (See Remark 1 to Theorem 32. 6 in [Mat86]). Now A is integral over A,

since A is integral over A. Therefore we conclude A = A, and hence R(T) = R(D).
This completes the proof of Proposition 2.4.2.1.

REMARK 2.4.2.2.

(1) In §2.3, the base ring R was assumed to be the coordinate ring of an affine open subset
of a variety W smooth over k, or its localization. We did not deal with the case where the
base ring is the completion R. Note that the proof of Proposition 2.3.2.4 works just as well
over the base ring being the completion R from Step 1 through Step 4, but fails in Step 5,
where Q(ﬁ[X]) is not finitely generated over k. Therefore, we do not claim the stability of
the idealistic filtrations of r.f.g. type over R under R-saturation.

Nevertheless, we should emphasize that the following assertion is valid:

If an idealistic filtration T over R is of r.f.g. type, then so is 5R(1f)

Indeed, since R(I) is of r.f.g. type by Proposition 2.3.2.4, the assertion is a direct conse-
quence of compatibility *R(T) = 9@

(2) The assumption of I being of r.f.g. type is indispensable in Proposition 2.4.2.1 (3). The
following gives a counterexample to the assertion of compatibility with R-saturation when
I'is not of r.f.g. type: LetI = G(T) be an idealistic filtration over R = K[x, y] where the set
of generators T is an infinite set given as below

T={(y.1-iY;ieZeol, ¢i = [ [(x- ).

j=1
We claim that, m = (X, y) being the maximal ideal corresponding to the origin, we have
s‘R(]Im) = GRm ({(y» 1)}), (y, 1) ¢ 9%(H)m-

This implies that R(L,,) # R(T),, and also that R(T) = Ga({(y, 1)}) # R(D) 2 (v 1) where the
completion is taken with respect to m.

Since R(I,,) = G({(y, 1)}) is clear, we only show the second part of the claim (y,1) ¢
R(D),,. Assume (y,1) € R(D),,. Then there exists f(x,y) € K[x,y] such that f(0,0) # 0
and that fy € R(I);. Let K be as in Lemma 2.2.1.2 (3). Then, for any | € Z.o, we have
fy € Ky and hence f™y™ e Iy_m for some m € Z.o. Since the generators in T are
homogeneous with respect to y, we see that I,y_n, is @ homogeneous ideal with respect to y
(cf. Lemma 2.2.1.2 (1)). This implies f(x,0)™y™ € I;y_m. By Lemma 2.2.1.2 (1), we then
conclude

r
f,0)™ e, ---¢i;r<ml, r—Zi{lzml—m )
t=1
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Looking at the range {i1, ..., i}, we have
r r
1-rt Y it =t (r - itl] > ml)y Y ml-m)=1-17,
t=1 t=1
and hence

r -1

1> r’ltzl: it > (mtax |t) .
This implies that each range {is, ..., i} contains at least one i; with i; > I. Therefore, we
have ¢|f(x,0)™ and hence ¢|f(x,0). Since | € Z.q is arbitrary, we conclude f(x,0) = 0,

contradicting the assumption f(0, 0) # 0. This contradiction shows (y, 1) & R(I) .

We end this section by stating a corollary which says that the results of 2.2.3 hold for
an idealistic filtration I over R which is essentially of finite type over k, without assuming
it has a regular system of parameters, if I is of r.f.g. type.

CoroLrary 2.4.2.3. Let I be an idealistic filtration of r.f.g. type over R which is essen-
tially of finite type over k. Then, we have

DRI c RDD),  B() = RD().
Let E be a simple normal crossing divisor. Then we have
DE‘R(]I) C %EE(JI), %E(H) = %DE(H).

In particular, the operation of taking the B-saturation or Bg-saturation is compatible with
localization or completion for an idealistic filtration of r.f.g. type, and the property of being
r.f.g. type is stable under the operation.

Proor. Firstly we show the inclusion DR(I) ¢ RD(I). By Proposition 2.4.2.1, it suf-
fices to check the inclusion over the localization of R at an arbitrary maximal ideal. Then,
since the localization admits a regular system of parameters, we can apply Proposition
2.2.3.1 to verify the inclusion. Secondly, in order to prove B(I) = DR(I), we can repeat
the argument in Corollary 2.2.3.2, which is valid regardless whether R has a regular sytem
of parameters or not, once we have the inclusion.

The proof of the logarithmic case is almost identical to the one above.



CHAPTER 3

Leading generator system

The purpose of this chapter is to analyze the leading terms of the elements of an
idealistic filtration, i.e., the lowest terms of their power series expansions. Even though
our analysis is elementary, it leads to the most important notion in the Kawanoue program,
i.e., that of a leading generator system. In this chapter, we only give the definition of a
leading generator system. However, it could be said that a large portion of our entire series
of papers, though written with resolution of singularities in mind as the principal goal, is a
treatise on the properties of a leading generator system in its own light.

Our analysis in this chapter is local, or even analytically local. Accordingly, we con-
sider an idealistic filtration I over R where R is taken to be the localization at a maximal
ideal corresponding to a closed point P € W of the coordinate ring of an affine open sub-
set of a variety W smooth over an algebraically closed field k of char(k) = p > 0, or its
completion. We denote by m the maximal ideal of R.

It is worth emphasizing that the main results of this chapter are obtained assuming that
the idealistic filtration is D-saturated.

The main object of our study is the graded k-subalgebra L(I) = EBH%O L(I), formed
by the leading terms of the idealistic filtration (cf. §3.1), of the graded ring G = @>0 m"/mt =
@n€Z>O Gn, which is isomorphic to a polynomial ring with d(= dim W)-variables over k.

In characteristic zero, if I is D-saturated, L(I) is generated as a graded algebra over k
by its degree one component L(I)4, i.e., L(I) = K[L(I)1]. Moreover, the hypersurfaces of
maximal contact correspond exactly to the elements of the form (h, 1) € I whose leading
terms belong to L(I)1 \ {0}, i.e., h = (h mod m) € L(I); \ {0}. A fundamental observation of
the Kawanoue program is then that the invariants we need to build a sequence of blowups
for resolution of singularities can be all constructed from a collection {(h;, 1)} c I with thi}
forming a basis of L(I); and hence generating the graded algebra L(I), instead of taking a
hypersurface of maximal contact one by one.

In characteristic char(k) = p > 0, in contrast, L(I) may not be generated as a graded
algebra over k by its degree one component L(I); even if I is D-saturated. Or worse, L(I)1
may be 0, i.e., there is no hypersurface of maximal contact. However, if I is D-saturated,

pure

L(I) is generated as a graded algebra over k by Uecz,, L(D) e i€,

LO =k [ LD

eEZZ()

where L(}I)"iﬂre C L(I)e is the subspace consisting of “pure” elements. (We call an element
w € L(I)p “pure” if w = vP* for some v € G;.) Observing that there is a sequence of
inclusions
LM = LOK®  (LOFP < LOSS  (LOEEP c LOE® -,
46
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which stabilizes to a sequence of equalities after some point, i.e., there exists
eN € Zso such that for e > ey the above inclusions become equalities

(LR = LOR™

we are led to the following notion of a leading generator system.

We call a subset H = {(h;;, p%)} c I a leading generator system if it satisfies the
following conditions:

(1) hij e mP and h_,] = (hij mod m*® +l) c L(]I)z:re,

(i) {h_i,-p ) ; & < e} consists of #{(i, j); e < e}-distinct elements, and forms a basis of
LD forany e € Zso.

Therefore, if Iis D-saturated, the leading terms of the elements in the leading generator
system generates L(I) as a graded algebra over k, i.e.,

L(D) = K[thi}].
(Note that we have dimy L(I)};" < dimW for any e € Zo and hence that condition (ii)
implies #H < dimW.)

The Kawanoue program in its simplest terms is a program to construct an algorithm
for resolution of singularities using a leading generator system as a collective substitute for
a hypersurface of maximal contact, which in the existing algorithms in characteristic zero
is the key for the inductive structure.

§3.1. Analysis of the leading terms of an idealistic filtration.
3.1.1. Definitions.

Dermnirion 3.1.1.1.
(1) LetIbe an idealistic filtration over R with its maximal ideal m. Recall that the maximal
ideal m corresponds to a closed point P € W. Set

G= @ m?/m™t = @ Gn.
NeZsg NeZsg
We define the graded k-subalgebra
L®) = P LWn 6.
NeZsg

which we call the leading algebra of the idealistic filtration I at P, by setting
LD, = (f = (f mod m™Y); (f,n) €L, f € m"}.

Note that L(I)o = k by condition (0) in Definition 2.1.1.1 (2).
(2) Set p = char(k) when k is of positive characteristic, or p = co when k is of characteristic
zero. For e € Zo with p® € Z..o, we define the pure part L(I)}" of L(I)e by the formula

LR = LD N F(G1) < LD
where F€ is the e-th power of the Frobenius map of G (cf. Definition 1.3.1.1).
An element w e L(I)e is called pure if w € L(T)p.".

ReEmark 3.1.1.2.
If we choose a regular system of parameters (Xg, ..., Xg) for R, there is a natural isomor-
phism G = K[Xy, ..., Xq]. Through this isomorphism, we may identify G with the polyno-
mial ring over k.
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We use the convention that co” = co for n € Z.q and «o® = 1 (cf. 0.2.3.2.1). Therefore, the
only pure part we consider in characteristic zero is in degree one, where we have

LD = L@ = LD):.

In other words, in charactersitic zero, all the pure elements are in degree one.

We see that L(I), is a k-vector subspace of Gp, which follows from the definition of an
idealistic filtration I. Using the assumption that k is algebraically closed, we also see that
LD} is a k-vector subspace of L(I)pe.

3.1.2. Heart of our analysis. The following lemma sits at the heart of our analysis,
though its statement and proof are quite elementary.

Lemma 3.1.2.1. Let G = K[Xy,..., Xq] be the polynomial ring over k with d variables
X = (Xg,...,Xq). We regard G as a graded k-algebra with natural grading defined by
the degree. We define “p” as in Definition 3.1.1.1 and we use the same convention as in
Remark 3.1.1.2.

LetL = EBH%O L c G be a graded k-subalgebra of G with Lo = Gg = k. Suppose
that L is D-saturated in the sense that it satisfies the following condition:

f €L, 0 e Diffg = d(f) € L.

Then L is generated as a graded algebra over k by its pure part L™ := | |,  LE."™ where
Lo = Lpe NFS(G1) C Ly, i€, L = K[LP"].
Moreover, we can choose {e1 < -+ < en} C Zsgand ViU ---UVy € G with V; = {vjj};
satisfying the following conditions:
(i) Fe(Vi) cLpaforL<i<N,
(ii) [g<e FE(Vi) is ak-basis of LE." for any e € Zso.
In particular, we have L = k[| Y, F&(Vi)] with 2}, #V; <d.
Proor. We prove the following assertion
(@)a L =KL

by induction on the number of variables d. When d = 0, we have G = L = k and LP® = 0.
Thus we obviously have (9)o.

Now we prove (9)q assuming (©)q-1. Take f € L. It suffices to show f e k[LP'"¢]. We
may assume that f is homogeneous of degree r € Z.o, i.e., f € L;. Set

s=max(t e Zo; f € F(G)), r=rp®

and take g € G- such that f = gps. We write g = 3 5= c3XJ € Gy with ¢y € k.

By the maximality of s (and since k is algebraically closed), we observe that there
exists Jo with |Jo| = r” such that ¢;, # 0 and that p AJo = (jots---» jod), i-€, P A Joo TOr
some a. By renumbering the variables, we may assume p /[ jog-

We compute

d-1
2= 05,00 = JoaC,  Xa+ Y (Jon + 1Coegre, - Xo-
a=1
Since jogcy, € k\ {0}, we may take (Xy, ..., Xd-1,Z) as a new system of variables for the
polynomial ring G. We set G’ = Kk[xy, ..., Xg-1] to be the polynomial ring with (d — 1)-
variables and L’ = LNG’. Note that L’ is D-saturated. Rewrite g = 3'I_, aiz' witha € G/, _,
in terms of the new system of variables.
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Note that, for any h € G and K € 9, we have
dxrx () = dxx ()",
which follows from the equations (cf. Remark 1.2.1.3 (2))

s s p°
(XPY = p3J p5(3-K) p®J _ J _ J
Opsk (XP) (pSK)X and (pSK K K

Thus we have
Ay () = Oy (OF) = Oxx (@) =27, K = Jo — ey,

y
dps(f) = 0p9(9") = 0(9)” = a” + Z (:)af’szﬂi)ps (O0<i<r).
t=i+1
Recall that L is D-saturated. Thus the first formula implies z*° € L, and the second formula
implies aips e L for 0 < i < r’ by descending induction on i.
On one hand, we have zP° e LP® by definition. On the other hand, since L’ = k[L’P"®]
by inductional hypothesis on the number of variables, we have

@ 0<i<rycLnG =L =KL ™ c k[LP"].
Therefore, we conclude

v
f=g"= Z aP’ 2P e k[LPUe].
i=0

This completes the inductional step and hence the proof for L = k[LP"¢].

In order to see the “Moreover” part of the statement, observe that there is a sequence
of inclusions among the pure parts

ngre — L]_, {L[’))I(.)Jl'e}p c L[’))Lljl'e, {thljre}p c thzjre’

Lete; <--- < g <--- < ey bethe integers indicating the stages where the above inclusions
are not equalities, i.e.,

Lh)P S LR (L<i<N)
(LestP = LE"° e¢fe;1<i<N).

Note that the set of such integers is a finite set, since the dimension of the pure part is
uniformly bounded, i.e., dim L™ < dim Gy = d for any e € Zso.
Now we have only to take Vi c G; (i = 1, ..., N) inductively so that
Fev) Ul JFevy) c Li®
j<i
forms a basis of LP;° for 1 < i < N.
This completes the proof of Lemma 3.1.2.1.

3.1.3. Leading generator system. The statement of Lemma 3.1.2.1 leads us to the
following notion of a leading generator system of a ©-saturated idealistic filtration.

Dermnition 3.1.3.1. Let I be a D-saturated idealistic filtration. We call a subset H =
{(hij, p®)} c I a leading generator system if it satisfies the following conditions:

(i) hij e mP” and h_IJ = (hij mod mP¥ +1) c L(I[)?):re’
(i {h_”p&q ; & < e} consists of #{i; e; < e}-distinct elements, and forms a basis of

L(D}© for any e € Z.o.
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Proposition 3.1.3.2. A leading generator system exists for a D-saturated idealistic
filtration I.

Proor. Since I'is D-saturated, it follows that L(I) is ©-saturated and hence that we can
apply Lemma 3.1.2.1to L = L(I) c G. Take a collection H = {(h;j, p%)} so that h;j = viqu,
where {e1 < --- <en}and ViU---UVy € Gy with V; = {v;;}; are taken as stated in Lemma

3.1.2.1, satisfying conditions (i) and (ii). Then H is a leading generator system for L.

Remark 3.1.3.3.
(1) Condition (i) in Definition 3.1.3.1 can be rephrased in terms of the differential operators
as follows:

(i) D(hij) € m forany D € Diff®™,
where Diffg’q) is defined by the following formula

Difff":= > Diff§oDiff}.
a+b=p&,0<ab<p®
(2) We often study a subset H = {(h;;, p*)} c I which satisfies some slightly weaker con-
ditions than those for a leading generator system. Namely, we require condition (i), and

instead of full condition (ii) where {h;;" " - & < e} should form a basis of L(D)F", we only
require {h_iijﬁ ; € < e} to be k-linearly independent.

The class of the subsets described above, which is slightly bigger than the class of
the leading generator systems, is often better suited for the purpose of setting up some

inductional proofs. We refer the reader to Chapter 4 for the examples of such proofs.

§3.2. Invariants o and p.

In this section, we present the definitions of the two of the most basic invariants (at
the closed point P € W) that we use in our algorithm, o and 1, in relation to the notion of
a leading generator system.

We warn the reader, however, that in the actual process of our algorithm, the definitions
of o and i will be slightly modified. For example, in order to determine the invariant i in
our setting, we also have to take the boundary divisor of reference into consideration, just
as we do to determine the weak order in the classical setting.

The purpose of this presentation is to bring a flavor of how these invariants may func-
tion in our algorithm, while the details, including their fundamental properties, will be
discussed in Parts 11, I11, and IV.

3.2.1. Invariant o.
DerniTion 3.2.1.1. Let I be a D-saturated idealistic filtration. Then the invariant o is
defined to be the infinite sequence indexed by e € Z, i.e.,

ure ure ure
o=(d- -1 d- 1% )

where
d=dimWw, I',’)‘eJre = dimy L(I[)';‘e“e.
More precisely, o should be considered as a function o : Zso — Zso defined by
o(e)=d- I,”);"e.

Remark 3.2.1.2.
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(1) The reason why we take the (infinite) sequence of d — IF;" instead of the (infinite)
sequence of IF;" is two-fold:

(i) When we consider the invariant I, fixing e but varying P € W, we see (cf. Part

I1) that it is lower semi-continuous. Taking its negative, we have our invariant
upper semi-continuous as desired.

(In other words, the bigger I7;" is, the better the singularities are. Therefore,
as the measure of how bad the singularities are, it is natural to take our invariant
to be its negative.)

(if) We reduce the problem of resolution of singularities of a variety X to that of
embedded resolution. Therefore, it would be desirable or even necessary to come
up with an algorithm which would induce the “same” process of resolution of
singularities, no matter what ambient variety W we choose for an embedding
X — W (locally).

While 1% is dependent of the choice of W, dimW — I is not. There-
fore, the latter is more appropriate as an invariant toward constructing such an
algorithm.

(2) As observed before, the dimension of the pure part is non-decreasing (with respect to
the power e € Z. of p®), and is uniformly bounded from above by d = dimW, i.e.,

0<I® << PR <IF®<. <d=dimw

and hence stabilizes after some point, i.e., there exists ey € Zsg such that for e > ey the
above inequalities become equalities

|pure _ |pure
p&l - 'p®

Therefore, though o is an infinite sequence by definition, essentially we are only looking
at some finite part of it.

(3) In characteristic zero, the invariant o- consists of only one term (d — dim L(I)4), where
dim L(I); can be regarded as indicating “how many linearly independent hypersurfaces of
maximal contact we can take” for L.

3.2.2. Invariant u.

Dermnition 3.2.2.1. Let I be a D-saturated idealistic filtration. Take a leading generator
system H = {(hij, p%)} of I. Set H = {h;;} and () c R to be the ideal generated by H.
For f € R, define its multiplicity (or order) modulo () to be

ordy (f) = sup{n € Zo; f € m" + (H)}
and
p3(1) = inf {M,(f,a) - % (f,a)elLa> 0}.
(Note that we set ordy(0) = co by definition.) We define the invariant u by

= pen (D).

REMARK 3.2.2.2.
(1) We will see in Part Il that uq/(T) is independent of the choice of a leading generator
system, and hence that the invariant iz is actually an intrinsic one associated to the idealistic
filtration I.
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(2) In characteristic zero, where H forms (a part of) a regular system of parameters, the
upper semi-continuity of the invariant i (along the locus where the invariant o~ is constant)
follows immediately from the upper semi-continuity of the usual multiplicity defined on
the nonsingular subvariety defined by the ideal (). In positive characteristic, however, it
is highly non-trivial, and its verification is one of the main subjects of Part II.

(3) In our algorithm, the invariant  is actually computed as pq¢ g(I), using not only the
information about a leading generator system but also the one about the boundary divisor
E in reference. For all the details, we refer the reader to Parts II, 111, and IV.

(4) In Part I1, we study the power series expansion of f € R with respect to (the elements in
9H associated to) a leading generator system. There the invariant ordy(f) can be computed
as the multiplicity of the “constant” term. Again we refer the reader to Part Il for its detail.

(5) In characteristic zero, the invariant iz corresponds to the multiplicity of what is called the
coefficient ideal (restricted to a hypersurface of maximal contact) in the classical setting.



CHAPTER 4

Nonsingularity principle.

The purpose of this chapter is to establish the nonsingularity principle, which guaran-
tees the nonsingularity of the center of each blowup in our algorithm
(cf. 0.2.3.2.4 in the introduction).

In §4.1, we prepare some technical lemmas that we use in the proof of the nonsin-
gularity principle. They describe the behavior of a leading generator system, which we
expect to be parallel to the behavior of a collection of hypersurfaces of maximal contact
forming (a part of) a regular system of parameters. We will use these lemmas again later
in our series of papers.

§4.2, where we present the statement and proof of the nonsingularity principle, is
literally the culminating point of Part I.

In this chapter, R represents the localization at a maximal ideal, or its completion, of
the coordinate ring of an affine open subset of a variety W smooth over an algebraically
closed field k of char(k) = p > 0, or characteristic zero where we formally set p = o in the
arguments below. We denote by m the maximal ideal of R, which corresponds to a closed
point P € W.

§4.1. Preparation toward the nonsingularity principle.

4.1.1. Setting for the supporting lemmas. We fix the following setting for the three
supporting lemmas we present in 4.1.2:
Let H = {hy,...,hn} C R be a subset of R consisting of N elements, and let 0 < e; <
- < en be nonnegative integers associated to these elements, satisfying the following
conditions:
(i) hy € mP and hy = (hy mod mP"*1) € F®(Gy) for | = 1,...,N. (See Definition
3.111)
(i) {h_|pes ) ;€ < eg} consists of #{1; e, < eg}-distinct and k-linearly independent
elements in the k-vector space F&(G;) fors =1,...,N.
We set

=max{l;1=1,...,N,ee=¢e}=#{l;1=1,...,N, e, =¢}.
e’ =e4 (ifL=N, thenwe sete’ = ).
Let (xq,..., Xq) be a regular system of parameters for R such that

{e ::elzmin{6|;|=1,-.-,N}a
L

..... d
e M(d x L,R)
L

.....

has the invertible L x L first minor, i.e.,
i=1,...L
M = [a ,,e(h.)] € GL(L,R).
% I=1,...L
LL € GL(L, R) be the inverse matrix of M so that CM = I .

=1,..,

53
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We introduce the following multi-index notations:

L
t.
Ti=(t,....t) ez, ¢l = H(CLJ)’
=1
Remark 4.1.1.1.
(1) Condition (i) in Setting 4.1.1 can be rephrased in terms of the differential operators as
follows (cf. Remark 3.1.3.3 (1)):
(i) D(h) e m VD e Diff®".
(2) We are not assuming in our situation that the subset 4 is associated to a leading gener-

ator system of an idealistic filtration. See Remark 3.1.3.3 (2).
(3) Conditions (i) and (ii) imply that for any regular system of parameters
d

(Y1, .. .,Yd), the matrix My = [6 pe(h|)] """ is of size d x L and has the full rank, i.e.,
L

.....

rank My = L. Therefore, by a linear change of variables, we may always come up with a
regular system of parameters (X, . . ., Xq) satisfying the condition in our situation.

4.1.2. Statements and proofs of the supporting lemmas. Given a regular system of
parameters (Xy, . . ., Xa), We have the corresponding partial differential operators dx (U €
Zso) for 1 < i < d. Given a set of elements (hy, ..., hy) as described in the setting (e.g. the
set associated to a leading generator system), we would like to have their corresponding
partial differential operators. The next lemma constructs a differential operator D, which
behaves like “One” in spirit when we look at the initial terms of our concern.

Lemma 4.1.2.1 (Supporting Lemma 1). Let u, r be integers such that
O<u<p®® and O<r.

Define
Dy:= ) c'dpr € Diffy and D4 =0
[TI=u
where we use the abbreviated notation d; = dx..
Thenforany e m"and1 <1 < N, we have

Dy (Bh) = (DyB)hy + 6L Dy_18  mod m' P -up+L,
Proor. By the generalized product rule, we have
Du(Bh) = Z cT et (BN) = Z c’ Z (6peT—JIB) (95hy).
[T|=u Tl=u  J<peT
We remark here that
{p® 13} or {p® < I} = ordp(dshi) > p* — JI.

Thus, in the process of continuing the above computation modm'™P*~UP"*1 the term a;h
is relevant only when J = p®¢; (1 < j <L) orwhen J = O. Therefore, we have

Dy (ﬂhl) = [Z c 6peTﬂ] h + Z Z 6peT peleJ (3erj hl)

[Tl=u j=11T|=u

where the first and the second term in the right hand side correspond to the case J = O and
J = p%e; forl < j < L respectively.
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We remark here that in the generalized product rule we only consider the case where
O < p°T - p®e;. Looking at the j-th components, we conclude

0 < p°tj - p® < p9T| - p® < p®- p°—p% = p - p°.
This implies that we only consider the case where
g =eandtj > 1.

Therefore, setting T” = T — ej, we have

L
Du(gh) = (D) +6eq ) CT*® (3pe1B) (Opee,)
=1 [T/|=u-1
L
= (DuB)hi + begq [Z CL, lapeel h|)[ Z CT/apeT/ﬂ)
j=1 |T’|=u-1

(DuB) hi + deg (CM), | Dy-18
(Duﬂ) h + oL1Dy-18.

Therefore, we conclude
Du (Bh) = (DyB) hy + 6 Dy_18  mod m'+P U+,
This completes the proof of Lemma 4.1.2.1.

The next lemma computes the coefficient of hi, using the differential operator con-
structed in the previous lemma, in terms of the coefficients of the other elements h; (I # L)
and terms of higher multiplicity.

Lemma 4.1.2.2 (Supporting Lemma 2). Let v, s be integers such that
1<v<p®® and O<s.

Define
\

Fv= > (-1)*h{~'Dy.
u=1
Suppose that the elements a, 81, . . ., Bn € R satisfy the following conditions:

N
a + Zﬂ|h| e mS+t
1=1

ordp(B) =s—p% (L<I<N).
Then we have

BL = Fya + (=1)'hYD\BL + § (F8)h mod mS P2,
1<I<N,
l£L

(We use the convention that m” = Rwhenn < 0.)
Proor. From Supporting Lemma 1 it follows thatfor 1 <1 <N

Du (8iM) = (D) i +6L1Du-18i mod m™ P2,
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Multiplying by (—1)“h‘ﬁ‘1 and adding them up with u ranging from 1 to v, we obtain

\%
(FuB) i + 601 ) (-1)*hiDy 18 mod m Pt

u=1

v-1
(FuBi) hy =6 Z(—l)“h‘ﬁDu,B|.
u=0

Fv (Bihy)

Since @ + leilﬂlhl e mS*1, we have F, (a' + leilﬂlhl) € mSt-p°
Therefore, we obtain
N

Z Bi h|] mod ms*-%°

{(Fvﬂl)h| 5LIZ( 1) h“Du,8|} mod mS*-%°

1]
|
Mz EMZ Rl

Fya

(FuBi) hy + Z( 1)*h{DuL.

1
-

Therefore, we conclude

Fva + Z (FyB)h = - (FyBL) he + Z( 1)Uh!'DyBL  mod mSH-F°
1<I<N,
L

\Y% v-1
= = > (-D'hIDyBL + D (-1)°hiDysL = DoBL — (~1)'h DyBL.
u=1 u=0
Since Dg = idg, we conclude
pu=Fua+ (“1'NDBL+ D (R mod ms P2,

1<I<N,
[E3N

This completes the proof of Lemma 4.1.2.2.

The next lemma shows that, given a linear combination of (hy,...,h.), we can re-
take the coefficients so that they have the expected multiplicities. This paves the way to
the coefficient lemma in the next subsection, where we extract more information on the
coefficients when (h;, p®) (I =1,...,N) are in a (D-saturated) idealistic filtration.

Lemma 4.1.2.3 (Supporting Lemma 3). We have

N N
(Z Rh|] nm = Z m P h, for any r € Zso.
I=1 I=1

(We use the convention that m” = R whenn < 0.)

Proor. We have only to show the inclusion

N N
(©) O Rmynm ¢ > m ",
1=1 1=1

while the opposite one is clear.
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We prove the inclusion by induction on the triplet (y, L, r) where
x=1{e;1=1,...,N},
and where the set of the triplets is endowed with the lexicographical order.
Casel. (y,L)=(1,2),ie,N=1
In this case, take Bhy € (Rhy) N m" with 8 € (m" : hy). Then since h; ¢ mP*1 we have
B € m"~". Thus we have

(Rhy) nm" = (m" : hy)hy c m™Phy,

which shows the inclusion (¢). (Note that the inclusion (¢) holds even when r < p®.)
Case2. (y,L)>(1,1),r < p®.
In this case, set M = min{l; e, = en}. Since r < p®, we observe

N N
() Y Rh= m P h
1=M =M

Assume y = 1. Then we have M = 1, and (x) implies the inclusion (¢) immediately.
Assume y > 1. Then we we have

(IEN; Rhl] nm'

I
—_—
ME
iR
T
=
N —
)
3—x
+
T
M=
3—x
5,
=
—~~
O
<
—~~
*
N
N

M-

1 N N
C mr_pq h| + Z ]11r_pq h| = Z ]11r_pq h|,
1=1 1=M 1=1

which implies the inclusion (). Note that the inclusion on the third line is obtaind by
induction on y;, since
#le;1<l<M-1}=x-1

Case 3. (x,L)>(1,1),r > p*.
Note that this case happens only when we are in positive characteristic 0 < p = char(k) <
oo, In this case, we take an element

N N N
g= Zﬂ|h| € [Z Rh|] nm' c (Z Rh|] Am2L
=1 I=1 =1
By induction on r, we may assume
Bem P (1<I<N).
By applying Supporting Lemma 2 with
0<p¥®-1=v, O0<r-1=s, a=0,

as we check the conditions
N
a+ Zﬁ|h| em®™, ordp(B)>s-p® (L<I<N),
=1

we conclude

BL=Fu+ (-D'hDSL+ > (B mod ms P2,
1<I<N,
1L
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Since Fya = 0, we conclude

BL € Rhfeue_l + Z Rhy + m™,

1<I<N,
L

Therefore, we have

N
g = Z,Blh|= Zﬁ|h|+,3LhL

=1 1<I<N,
1L

€ Z Rh; + Rhl'felie +mPh | nm

1<I<N,
1L

= Z Rh; + RhEeLe Am" +m P h.

1<I<N,
1L

Now instead of looking at the original
H =1{hy,....,hi_1,h, hiyg, .. ha} o with (y, L),
we look at
H' = {hy,... b bl =P hig ) with (L),

If L =1, then we have y’ = y — 1. If L > 1, then we have (y’,L’) = (v, L — 1). Hence we
always have (y’, L") < (x, L). Therefore, by induction, we conclude

e -e _m e, pf-e
>R +RAE A c T m Py PR
1<I<N, 1<I<N,
1L 1L

Plugging in this inclusion for the third line of the analysis for g, we conclude

g € Z Rh; + Rhl’je/_e Am +m Ph.

1<I<N,
1#L

o & -e
= Z m =P hy +m P Y+ m P hy

1<I<N,
1L

N

= Z m P h +mPh, = Zmrqu hy.

1<I<N, 1=1
l#L

Sinceg e (Z,’\il Rh|) Nm' is arbitrary, we have the inclusion

N N
©) (Z Rh|) nm' c Z m P hy.
=1 I=1

This completes the proof of Lemma 4.1.2.3.
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4.1.3. Setting for the coefficient lemma. We describe the setting for the coefficient
lemma:

Let I be a D-saturated idealistic filtration over R.

Let H = {hy,...,hy} € Rbe asubset of R, and let 0 < e; < --- < eN be nonnega-
tive integers associated to these elements, satisfying conditions (i) and (ii) as described in
Setting 4.1.1, and satisfying one more condition

(iii) (h,p®) eiforl=1,...,N.
We denote by (H) c R the ideal generated by the set H.

For f e R, set
ordy (f) = sup{n € Zo; f € m" + (H)}
and
p3(1) = inf {M,(f,a) - % (f,a)elLa> 0}.

Note that we set ordg(0) = co by definition.
We also bring the attention of the reader to the following notation:

For B = (by,...,bn) € Zgo, we set [B] = (b1p®, ..., byp®) and hence
N

I[B]I = > bip®.
1=1

4.1.4. Statement and proof of the coefficient lemma.

Lemma 4.1.4.1 (Coefficient Lemma). Let u € R, be a nonnegative number such that
u < ug(D). Set
If = I nm* M,

where we use the convention that m” = R for n < 0. Then for any a € R, we have
’ B
=) T ygH®
B

Proor. We set
B
B

Our goal is to show I; = qa.
When a <0, since R = I, C qa, We have Iy = R = qa, the desired equality.
Therefore, in the following, we assume a > 0.
Step 1.  Proof for the inclusion (%) defined below.

Force Z.gandr € Zq, we set

Jor =m™™ 4 qa+ Z m BB,
I[BlI=c

We prove the inclusion
(K)er Tanm' cder (L <c<Tal,reZs)

by induction on c.
Casel. c=1.
In this case, if [ua] < r, then the inclusion (x)4, holds since

Tanm' clanmH@ =T, c g C Jy.
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If [ua] > r + 1, then we have

lLham" ¢ (m“’a] + ('H)) nm"  (by definition of p4(T) and )

N
c m*ty (Z R|h|] nm"  (since m @ c m™1 c m")
=1

N
= m*ly Z m' P h,  (by Supporting Lemma 3)
=1
- mtly Z arBIHB o+ 4 Z mIBlIYB i
|B|=1 I[B]I>1
and hence the inclusion (x)1;.

Case 2. ¢ > 2 assuming the inclusion (x)c-1;.
Using the inclusion (x)c-1, we have

Ionm" c [m”rl +0a + mf—I[B]IHB) NI,
I[B]lzc-1

= Qqa+t [m”l + mr"[B“HB) Nla.
[B]zc-1

Since qa C Jc, in order to show the inclusion ()¢, we have only to prove
[m”l + Z m’[B]'HB] NIaC Jey.
I[Bllzc-1

Let f be an element in the left-hand side of the desired inclusion above, so that there exists
a finite set
{og e m™ B Bl > ¢~ 1} R
such that
f— Z aBHB € m”l.
[[B]l>c-1

Fix a multi-index B, with |[Bo]| = ¢ — 1.

Choose a regular system of parameters (X, . . ., Xg) such that

h—x" emP (1<I<N).

The partial derivatives in the following computation are taken with respect to this regular
system of parameters X = (Xg, ..., Xg). We use the abbreviation 9; = dxs. The symbol “="
denotes an equality modulo m™©D+1 = 1n"=¢+2 \We compute

Oeaf = ), ImalesH®)
I[Bll>c-1

Z (6[30]—JQB)((9JHB) (by the generalized product rule)
[BlI=c-1 J<[By]

D (Ora-sas)(@:X1)

[BlI=c-1 J<[By]

Z B
[B]I=c-1 J<[Bo]
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In the last formula, the binomial coefficient (“3’]) is zero unless J = [K] for some K < B,.

Therefore, we have
> (5[BOK16VB)({E})X[BK]
|[B]l>c-1 K<Bq

B
> (3[BO—K1aB)(K)X[B‘K]
|[B]l=c-1 K<Bq

ny (5[BOK16VB)(E)HB_K~

|[B]l>c-1 K<B,

Ig,) f

In the last formula, the binomial coefficient (E) = Ounless K < B.
If K < B, we have |[B-K]| > 1 and

Oy, e € m BB yr=(e-D-[B-KI

If K = B, we have B = B,, since B = K < By and |[B,]| = ¢ — 1 < |[B].
Therefore, we have
(*) Ogyf —as, € Z mf—CHIHB-KlIyB-K | r-c+2
K<B
S BB | ree2
I[BlI=1
On the other hand, since f € I, n'm" and since the idealistic filtration I is D-saturated, we
have
a[BD]f € ]Ia*(c—l) N ml’*(Cfl) — ]Iafcﬂ N mr7C+l.

Using the inclusion (%)1r-c+1, We obtain

(+%) Oy f €lacrr N M Ccm ™2 4 g gy + Z m' BB,
I[BlI>1

From (=) and (=) it follows that

aBOHBO c mr—c+2HBo +qa—C+lHBO + Z mf—C+l—|[B]|HB+BO
I[B]I>1

c mtly a + Z mr—(:+1—|[B]|HB+Bo c Jer.
[[B+Bo]l>c

Since B, is arbitrary with |[B,]| = ¢ — 1, we conclude that agH® € J, for all B with
[[B]l = ¢ — 1. Therefore, we have

fe Z agHB + m™*! = Z aBHB+[m”1+

B
E a/BH ]C Jc,r»
I[B]l>c-1 I[B]|l=c-1

I[BlI=c
which implies the desired inclusion (x)c,.
This completes the proof for the inclusion (x)c;.
Step 2. Finishing argument.
We finish the proof of Coefficient Lemma using the result of Step 1.
Applying the inclusion (x)par for r € Zso, we have

Tanm cm™4+q,+ Z m BB = L 4 g,
I[B]1=[a

since I = R for B with |[B]| > [a].

a-|[B]|
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Therefore, we have

r+1

Lanm Cl[aﬂ(m +qa)=1[aﬂm”1+qa,

which implies
Lanm' +qa=Ianm™*t+ qa
for any r € Z.o. In particular, we have
Ia=Tanm®+qa=TaNnm* 4 g3 =T, + 94 = qa.
This completes the proof of Lemma 4.1.4.1.

ReEMARK 4.1.4.2.

(1) The purpose of having a nonnegative number u € Ry With p < ug(I) involved in our
statement of Lemma 4.1.4.1 is to make it valid even when p4(I) = oo, the case to which
we often apply Coefficient Lemma. When ug(I) < co, we may of course apply Coefficient
Lemma, setting u = pg (D).

(2) We can restrict the range of B in the expression Iy = ZBI[;H[B]IHB to a specific finite
range, e.g., B with |[[B]| < a + p®. In fact, if [[B]| = a + p®™, there exists B’ < B such that
a<|[B] <a+p™. Thenwe have I’ .. H® c RHE =T’ H®. Therefore, if B is out

. S Sy a-[[B]l
of this range, the term I[;—\[B]|HB is redundant, i.e.,
’ B _ ’ B
QL= D TagH®
B [[B]l<a+p™

(3) In Part 11, given an element (f,a) € I of a D-saturated idealistic filtration, we analyze
“the power series expansion of f with respect to a set H satisfying conditions (i), (ii), (iii)
(e.g. a leading generator system of I)”. This provides a different approach to Coefficient
Lemma and an alternative proof.

§4.2. Nonsingularity principle.
4.2.1. Statement of the nonsingularity principle.

Tueorem 4.2.1.1. Let I be an idealistic filtration which is B-saturated. Let H =
{h1,...,hn} € R be asubset of R, and let 0 < e; < --- < eN be nonnegative integers
associated to these elements, satisfying conditions (i), (ii), (iii) as described in Setting
4.1.3. Suppose pg(I) = co. Then

(1) H={(h,p®); 1 =1,...,N} generates the idealistic filtration I, i.e.,
I=G(H).
(2) The elements in H are all concentrated at level p° = 1, i.e.,
HcRx{1}.

(Note that in characteristic zero, where we take p = co according to our convention, we set
p® = 0% = 1. ¢f. 0.2.3.2.1)

Consequently, we conclude that the support of the idealistic filtration is defined by #,
i.e., Supp(l) = V(H), and hence that it is nonsingular.

REMARK 4.2.1.2.
(1) In Theorem 4.2.1.1, we see from assertion (1) that
{hi = (hy mod m™); 1=1,...,N}

generates L(I) (cf. Definition 3.1.1.1), and hence conclude that H is a leading generator
system, even though we do not a priori assume so.
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(2) In Part 11, we will look at the invariant i, which is a priori defined to be g = us /()
with respect to the set H associated to a leading generator system. We will see, however,
that uq (1) is independent of the choice of a leading generator system, and hence that u
is actually an invariant intrinsic to the idealistic filtration I. Therefore, the nonsingularity
principle above can be regarded as the description of an idealistic filtration with z = oo,
with the conclusions holding for any leading generator system H.

(3) Recall that, as we construct the strand of invariants in our algorithm, we enlarge the
idealistic filtration and construct its modifications (cf. 0.2.3.2.2 and 0.2.3.2.4). At the end
of the construction of the strand of invariants, we reach the last modification, which is an
idealistic filtration (which is both R-saturated and D-saturated) whose leading generator
system satisfies the conditions described in the above. The maximum locus of the strand
of invariants, which we take as the center of blowup, coincides with the support of this
last modification (in a neighborhood of each point of the maximum locus), and hence
is nonsingular according to Theorem 4.2.1.1. This is why it is called the nonsingularity
principle of the center.

(4) In order to show I = G(H), we only need I to be D-saturated, while in order to show
H c R x {1}, we need I to be B-saturated.

4.2.2. Proof of the nonsingularity principle.

Proof for assertion (1).

We show that H generates the idealistic filtration I, i.e., I = G(H).

Since ug(I) = oo, we can apply Coefficient Lemma with an arbitrary non-negative
number Zsg 3 u < ug(I) = co and obtain

_ ’ B _ / B ’ B
L= > TLygH®= > LygH®+ > LgH
B Bla [B]<a

c Z RHEB + I a1 C Z RHB 4 mln@-Tal+1)1
I[Bllza I[Bllza

Since a —Ja] + 1 > 0, this implies by Krull’s intersection theorem that

00

Hacﬂ[z RHB+mf]= Z RHE.
r=0 \|[B]|>a I[B]l>a

This shows that H generates I, i.e., I = G(H).

Proof for assertion (2).
We show that the elements in H are concentrated at level p° = 1, i.e., H c R x {1}. Set

Ho ={(h,p®) €H; e =0} =HnN (R x{1}).

We will derive a contradiction assuming Hg # H. Set e = min{e, ; & > 0}.

Step 1. We show thatI, = (H) for 0 < a < 1 and that (H) = /(H).
In fact, since I = G(H) and since H c R x R»1, Lemma 2.2.1.2 (1) implies that

N
Ha=ZRh| =(H) for O<a<l.
=1
Suppose g € +/(H), i.e.,, g" € (H) = I, for some n € Z.o. Since I is R-saturated, this

implies g € Iy, = (H). Therefore, we have (H) = +/(H).
Step 2. We show that (H) = ((H) N RP) + (Ho).
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Set .
D = {d € Diff *; d((Ho)) C (Ho)}-

Observe

() D((H)) < (H).
In fact, for d € D, since H \ Ho C | Jg»0lpa = Ipe and since I is D-saturated, we have

d (H\ Ho)) < d (Ie) € Ipe_(pe-1y = Ia = (H).
Therefore, we conclude
d((H)) = d((Ho)) + d (H \ Ho)) < (Ho) + (H) = (H).
Now (x) implies
(%) Diffg‘1 (m) c (H) and hence Diffg_1 (m) = (H)
where _ L
R=R/(Ho) and (H)=(H)/(Ho)-

Then, by Proposition 1.3.1.2, (xx) implies

0 = (70 nR").

Therefore, we have
(H) = ((H) NR™) + (Ho).

Step 3. Finishing argument.
By Step 2, we conclude

(H) = (Ho)+((H)NR™) = (Ho) +({g” e (H); g e R})
= (Ho)+({o" ;g€ @)}) by (H) = V()
= (Ho) + ({07 g € (H\ Ho)}) < (Ho) +mP*,
i.e., (H) c (Ho) + mP™+L,
Choose a regular system of parameters (X, . . ., Xg) SO that
X| = h forl<l<L whereL=#{l;e =0}
{ xlpq = h modmP*  forL+1<I<N.
Then the above inclusion would imply
{(7{) + mpe+1} JmPL ¢ {(7{0) + mpe+l} JmPHL ¢ R/mP L
and we identify R/mP™*t = K[xq, ..., Xdl/(X1, . . ., Xq)**L.

On the other hand, however, we have the following element in the first quotient
pel_+1

(the leading term of hy 1) = x"2' = x € {(H) + mP ) mP™,
which obviously is not in the middle quotient
(Xa, - XU) = {(Ho) + mP*H} /mP,

a contradiction !
This contradiction is derived from the assumption that Ho # H.
Therefore, we conclude Hy = H, i.e.,

HcRx{1}.
This completes the proof of Theorem 4.2.1.1, the nonsingularity principle.
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