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A new strategy for resolution of singularities
in the monomial case in positive characteristic

Hiraku Kawanoue and Kenji Matsuki

Abstract. According to our approach for resolution of singularities in pos-
itive characteristic (called the idealistic filtration program, IFP for short),
the algorithm is divided into the following two steps:

Step 1. Reduction of the general case to the monomial case.

Step 2. Solution in the monomial case.

While we have established Step 1 in arbitrary dimension, Step 2 be-
comes very subtle and difficult in positive characteristic. This is in clear
contrast to the classical setting in characteristic zero, where the solution in
the monomial case is quite easy. In dimension 3, we provided an invariant,
inspired by the work of Benito—Villamayor, which establishes Step 2. In
this paper, we propose a new strategy to approach Step 2, and provide a
different invariant in dimension 3 based upon this strategy. The new in-
variant increases from time to time (the well-known Moh-Hauser jumping
phenomenon), while it is then shown to eventually decrease. Since the old
invariant strictly decreases after each transformation, this may look like a
step backward rather than forward. However, the construction of the new
invariant is more faithful to the original philosophy of Villamayor, and
we believe that the new strategy has a better fighting chance in higher
dimensions.

1. Introduction

1.1. Reformulation of the problem of resolution of singularities

The problem of resolution of singularities, i.e., the problem of finding, given an
algebraic variety X, a proper birational morphism X &£ X from a nonsingular
variety X, is reduced, via the formulation of embedded resolution of singularities,
to the following problem of resolution of singularities of a basic object (cf. [13],
[26], [30]): given a basic object, i.e., the triplet (W, (Z,a), E) consisting of a non-
singular variety called the ambient space W over a base field k&, the pair (Z,a) of
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a (nonzero) coherent sheaf of ideals Z C Oy and a positive integer a € Z~, and
a simple normal crossing divisor E on W, construct a sequence of transformations

(VVa (Ia a)aE) = (WOa (Io,a),Eo) -
(Wi, (Zi, a), i) €2 (Wigs, (Tiv1,a), Biy1) - - +— (Wi, (T, a), Er)

such that Sing(Z;,a) = 0. Note that the singular locus of the pair of a sheaf of
ideals and a positive integer is defined to be Sing(Z,a) := {P € W | ordp(Z) > a},
where ordp(Z) = sup{n € Z>¢ | Zp C m’s}. For the precise definition of a trans-
formation m;41, we refer the reader to [13], [26], [30].

1.2. Solution in characteristic zero

In characteristic zero char(k) = 0, the above problem is solved as follows: in year i
of the resolution sequence, we compute the long chain of invariants, defined as a
function on Sing(Z;, a), consisting of the units of the form (dim, w-ord, s),

(inVelassic); =(dim HY, w-ord?, s?)(dim H}, w-ord}, s}) - -

19 2% URE)
. g 7 g . m—1 m—1 m—1
(dim H} , w-ord!, s})--- (dim H" ™", w-ord;" ,s;" ")

(dim H™, w-ord]" = o0) or
(dim H™, w-ord]" = 0,T").

Note that, while the subscript “i” refers to the year proceeding vertically in the
resolution sequence, the superscript “j” refers to the stage in a fixed year proceed-
ing horizontally. Note also that there is no third factor “s” in the last unit. Along
with the computation of the long chain of invariants, we simultaneously construct
the consecutive modifications
(Hzov (Zovb?)vFiO)»' ] (sz?( ij’bg)vFij)»' ] (Hzm»( im»b;'n)vFim)v

where the HZ 's are the so-called hypersurfaces of maximal contact, starting with
H? = W;. The existence of the hypersurface of maximal contact allows us to
introduce the inductive structure by dimension to compute the long chain of in-
variants, leading to the solution in characteristic zero. We choose the center C; of
blow up for the transformation m;;1 to be the maximum locus of the long chain
of invariants (invelassic);- Depending upon the form of the last unit (at a point on
the center), this choice of the center has the following local description.

(i) The oo case, i.e., when the last unit is of the form (dim H™, w-ord]" = c0).
In this case, the center C; is actually the last hypersurface of maximal con-
tact, i.e., C; = H™. After the transformation, the long chain of invariants
strictly decreases, i.e., (inVelassic); > (INVelassic)j41-

(ii) the monomial case, that is, when the last unit is of the form (dim H!", w-ord}"
= 0,I'). In this case, what we have to do is to construct the resolution
sequence for the basic object (H™,(J™,b"), F/™), which is in the mono-
mial case. As the name indicates, the ideal 7" on the last hypersurface of
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maximal contact H" is generated by a monomial of the defining ideals of
the components of the boundary divisor £;". We compute the invariant I
associated to the monomial. The center C; is the maximum locus of the
invariant I' (on H™), which is the intersection of some components of F;™.
After the transformation, the long chain of invariants strictly decreases, i.e.,
(invclassic)i > (invclassic)i+1~

Since the long chain of invariants cannot decrease infinitely many times, this
process must come to an end after finitely many years, achieving resolution of
singularities for the given basic object (W, (Z,a), E) in characteristic zero.

1.3. A further reformulation in the framework of the IFP

The problem of resolution of singularities of a basic object is further reformulated
into the problem of resolution of singularities of an idealistic filtration according
to the IFP (see [23], [24], [25], [26] for the detail): given a triplet (W, R, E), where
the pair (Z, a) in a basic object (W, (Z, a), E) in the classical setting is replaced by
an idealistic filtration R, construct a sequence of transformations

(I/VvRvE) :(W07R07E0) A
(Wi, Riy E;) €2 (Wisa, Rigr, Eig1) -+ +— (Wi, Ry, Ey)

such that Sing(R;) = 0. Note that an idealistic filtration (of i.f.g. type) is a
finitely generated graded Ow-algebra R = €, (Zn,n), satisfying the condition
Ow=ZoD>T1 DIy - DI, D -, where “n” in the second factor specifies the
“level” of the ideal Z,, in the first factor, and that the singular locus of an idealistic
filtration is defined to be Sing(R) := {P € W | ordp(Z,) > n, Vn € Z>o}. For the
precise definition of a transformation 7;41, we refer the reader to [26].

We remark that the problem of resolution of singularities of a basic object
(W, (Z,a), F) is reduced to the problem of resolution of singularities of an idealistic
filtration (W, R, E) if we set R = @REZZO(IH ,n).

We also remark that what we actually discuss in this paper is the following local
version of the above problem (as we discussed only the local version in our previous
paper [26]): starting from a closed point P € Sing(R) C W and its neighborhood,
we have a sequence of closed points and their neighborhoods

P €Sing(R) CcW

|
Py € Slng(Ro) CWy+— P € Slng(Rl) CWy+— - ---«— P € Slng(Rl) cW;

in the resolution sequence. After we choose the center P; € C; C Sing(R;) C W;

and take the corresponding transformation W; piasi W41 to extend the resolution
sequence, the “devil” tries to choose a closed point P, € m; *(P;) N Sing(Rit1)
C W;. If m; (P;) N Sing(Ri41) = 0, then the devil cannot choose a closed point
and he loses the game. If 7, '(P;) N Sing(R;+1) # 0, then the devil chooses a
closed point P41 € W;l(Pi) N Sing(Ri+1) € W; and the game continues. Our
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task is to provide a prescription on how to choose the center each year so that, no
matter how the devil makes his choice, he will end up losing. That is to say, the
prescription should guarantee that we ultimately reach year ¢ = [ — 1 so that, with
the choice of the center C;_1, we have ﬂfl(Pl,l) NSing(R;) = O after the blow up.

1.4. Our approach in positive characteristic

In positive characteristic char(k) = p > 0, our approach tries to provide a solution
to the above problem as follows (note that our approach is also valid in character-
istic zero, where it is indeed complete yielding a slightly different algorithm from
the classical one discussed in 1.2): in year i of the resolution sequence (locally
constructed as described in the local version of the problem), we compute the long
chain of invariants at the closed point P; € Sing(R;) C W;, consisting of the units
of the form (o, i1, s):

. 0 ~0 Oy .1 ~1 1 i ~j o —1 ~m—1 _m—1

(anHEW)i:(Uivﬂivsi)(aivuivsi)"'(Uzqvﬂgvsg)"'(ar mu;n ’s;n )
- o™, " =00,0) or
(o e s = § (O B = 00 0)

(o, 1™ =0,0).

Note that there is the third factor sj* = 0 in the last unit, in contrast to the
classical long chain of invariants (invelassic);. Along with the computation of the
long chain of invariants, we simultaneously construct the consecutive modifications

(WZO’ R’(L)’ EZO)’ (I/I/’L17 Rll’ Ell)’ ttt (Wi]’ R‘Z’ E:L])’ ttt (I/I/’Lm’ R:n’ E:n)’
where actually all the ambient spaces remain the same, i.e., we have

Wi=W)=W)=-.=W/ =W/" =...cwyt =wm
In positive characteristic, the hypersurface of maximal contact does not exist in
general, and hence we have no apparent inductive structure by dimension. Instead
we introduce the notion of the leading generator system (called LGS for short)
with the inductive structure by invariant o to compute the long chain of invariants,
which should lead to the solution in positive characteristic (see Remark 1.1).
Depending upon the form of the last unit, there are two cases to consider.

(i) The oo case, i.e., when the last unit is of the form (¢, il = o0, 0). In this
case, we take the center C; to be the singular locus of the last modified
idealistic filtration R}", i.e., C; = Sing(R}"). After the transformation,

the long chain of invariants strictly decreases, i.e., (inView); > (i0Vnew ), 1-
The analysis of this case is complete.

(ii) The monomial case, i.e., when the last unit is of the form (¢, @* = 0,0).
In this case, what we have to do is to construct the resolution sequence for
the last modification (W™, R, E™), which is in the monomial case in our
setting. Roughly speaking, the idealistic filtration R]* in the monomial
case is generated by the elements of an LGS (cf. 1.5 below) and a monomial,
at a certain level, of the defining ideals of the components of the boundary
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divisor E;". Unlike the monomial case in the classical setting, however, we
cannot determine the center C; simply by looking at the monomial. The
analysis of the monomial case in our setting in positive characteristic is
subtle and difficult. How to choose the center of blow up and how to detect
effectively what 1s tmproved after each transformation in the monomial
case is the central issue of this paper. Once the resolution sequence for
(W™, R™ E™) is complete (or in the middle of the process of constructing
the resolution sequence), the long chain of invariants strictly decreases, i.e.,

(inVpew); > (inVpew), for some i’ > i.

Since the long chain of invariants cannot decrease infinitely many times, this
process must come to an end after finitely many years, and should achieve resolu-
tion of singularities for the given triplet (W, R, E) in positive characteristic.

The remaining task in order for us to complete our approach is to establish
resolution of singularities in the monomial case.

Remark 1.1. We should emphasize that the notion of LGS already appears in
the paper [14] by Giraud, who also studies its behavior under “permissible” blow
ups. Moreover, his setting is more general than ours, where we always assume that
the base field is algebraically closed (even though our algorithm works over any
perfect field, since it is invariant under group action and by the argument of Galois
descent). Therefore, as one of the referees suggests, it is a natural project to see,
using Giraud’s analysis and method, how we can weaken our assumption on the
base field in the IFP. However, this project would require a careful and thorough
re-examination of the entire argument in our previous papers [23], [25], [26], which
goes way beyond the limited scope of this paper to analyze the Moh—Hauser jump-
ing phenomenon and show the eventual decrease of our invariants in the monomial
case in dimension 3. Hence we will carry out the project and publish the re-
sults elsewhere. We should note that Hironaka also uses the notion of LGS in his
papers [20], [21], [22] under the name “edge generators”. However, the way we
construct the long chain of invariants is different from his. Hironaka applies the
process of “cleaning” (cf. Proposition 4.3 and [26]) everywhere in his algorithm,
while we only apply it in the monomial case.

1.5. Strategy in the monomial case

Here we outline the strategy to establish resolution of singularities for the triplet
(W, R, E) in the monomial case. (Strictly speaking, the triplet in the monomial
case only appears as the last modification (W, R7*, EI") in the process of com-
puting the long chain of invariants as described in 1.4. But we suppress the sub-
script “i” and the superscript “m” for the sake of simplicity.)

The strategy is divided into the following five steps:
Five steps of the strategy in the monomial case.
(1) Description of the precise setting for the monomial case.

(2) Inductive scheme in terms of the invariant 7.
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(3) Analysis of the tight monomial case (when 7 = 1, in arbitrary dimension).

(4) Introduction of the new invariant and study of its behavior under trans-
formations (7 = 1, in dimension 3).

(5) Analysis of the jumping phenomenon and eventual decrease (7 = 1, in
dimension 3).

Now we explain each step of the above strategy more in detail.

(1) Setting. In Section 2, we give the precise description of the setting of the
monomial case. Note that we discuss only the local version of the problem, and
hence that our analysis is carried out locally in a neighborhood of a closed point
P € Sing(R) C W. The global version will be discussed elsewhere.

(2) Invariant 7. The first invariant we compute is the invariant 7, which is
just the number of the elements in the LGS. We explain the inductive scheme in
terms of the invariant 7, which reduces our analysis to the case 7 = 1, i.e., to the
case where there is only one element in the LGS. This confirms the folklore, in our
setting, that the essential case to consider in the resolution problem is the case of
a hypersurface singularity, i.e., a singularity defined by one equation.

After this point, we concentrate ourselves on the case where 7 = 1.

Our idealistic filtration R is, roughly speaking, generated by the LGS H =
{(h,p®)} consisting of a unique element, and a monomial (M, a) at level “a”. Via
the Weierstrass preparation theorem, the element A is in the following form with
respect to a regular system of parameters (z1, 22, ...,2q)

b= p° p°—1
=z +ax + + Ape_1T1 + Ape
1 P P

with a; € k[[xe,...,zq]] and ordp(a;) > i for i = 1,...,p° — 1,p° The central
issue turns out to be how to control the last coefficient a,., as the other coefficients
a; (i=1,...,p° — 1) are well-controlled (See 4.1 for the precise meaning.).

Cleaning. For the purpose of controlling aye, we look at its order ordp(aye).
However, this number depends on the choice of a regular system of parameters. For
example, if the initial form In(a,e) is a p®-th power, we may replace the original
o1 with 21 + {In(ape)}'/?" and the order increases. The process of eliminating this
ambiguity and making the order well-defined is called cleaning.

Invariant H: After cleaning and taking the information on the monomial also
into consideration, we define the invariant H (after Hironaka)

H(P) := min {ordp(ap)/p®, ordp(Musual) } -

(3) Tight monomial case. Using the invariant H, we can also define the
tight monomial Mijgns. In general, we have H(P) > ordp(Miight). When the
equality H(P) = ordp(Miignt) holds, we say that we are in the tight monomial
case, following the terminology initiated by Villamayor. We show in Section 4
that, if we are in the tight monomial case, then we can easily accomplish resolution
of singularities by computing the invariant I'jiene and by following the classical
procedure.
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Villamayor’s philosophy

The strategy for resolution of singularities can therefore be summarized sym-
bolically as follows:

general case — monomial case — monomial case with 7 =1
— tight monomial case (with 7 = 1) — finish.

The above argument establishes all the procedures ezcept for the third arrow.

The final remaining task, therefore, is to establish the procedure for the third
arrow. That is to say, we have to establish the procedure to reach the tight
monomial case, after reaching the monomial case with 7 = 1.

(4) The new invariant invyon a. In order to accomplish the final task, we
introduce the new invariant invaon, 4, which should measure how far we are from
the tight monomial case. A more naive version, the invariant invmon,o(P), is
defined to be invmon,o(P) = H(P) — ordp (Miignt ), which is only natural when we
consider the definitions of the invariant H and the tight monomial case. We are
in the tight monomial case if and only if invmon,o(P) = 0. Our new invariant
invmon, s (P) incorporates the information extracted from the Newton polygon
associated to the last coefficient a,e. It is more sensitive to and indicative of
what is improved under some transformations than the naive version invyion,o.
Therefore, it is better suited for the purpose of showing the termination of the
algorithm effectively.

Our ultimate goal is to bring this new invariant down to zero, where our algo-
rithm terminates and we are in the tight monomial case. (We have the inequality
invmon,a(P) > invmon,o(P) > 0 in general, and hence invyion,a (P) = 0 implies
inVMOng(P) = 0.)

In dimension 3, we prescribe an algorithm to reach the tight monomial case,
by analyzing the singular locus of the idealistic filtration.

Our expectation is that the new invariant invaon,a strictly decreases under
each transformation prescribed by the algorithm, and hence that it effectively
shows the termination of the algorithm. When we actually analyze the behavior of
the invariant invyion,a in Section 5, we find that this expectation is met in most
of the cases. However, as our study in Section 6 shows, the invariant invaon,a
strictly increases from time to time in some special cases! That is to say, we
rediscover the famous “Moh—Hauser jumping phenomenon” in our setting.

(5) Moh—Hauser jumping phenomenon and eventual secrease. In Sec-
tion 6, we analyze the “Moh—Hauser jumping phenomenon” more in detail. As a
consequence of this analysis, we show that, when the invariant invmon, s strictly
increases, it eventually decreases after some more transformations to a value lower
than the original one. This eventual decrease is enough to guarantee that our al-
gorithm terminates after finitely many times. Our argument is an extension of the
one given by Moh and Hauser, but it seems to be new in the sense that we remove
the restriction on the power of the leading term of the monic polynomial h used
by Hauser, and we carry out the entire argument in the monomial case to show
the eventual decrease, which can be considered as the “Moh’s stability theorem”
in our setting.
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In the last Section 7 of our paper, we make a brief comparison of the new
invariant invyion,a with the old one invpon in our previous paper [26]. We also
mention why we think that the new invariant invyion, s has a better fighting chance
in higher dimensions than the previous one invyon.

This finishes the description of the outline of our paper.

1.6. Assumption on the base field

In this paper, we always assume that the base filed k is an algebraically closed field
of characteristic zero char(k) = 0 or of positive characteristic char(k) = p > 0 for
simplicity, even though our algorithm can be shown to be valid over any perfect field
by its functoriality (i.e., the invariance under the pull-back by smooth morphisms),
which implies the invariance under group action, and by the argument of Galois
descent.

Acknowledgement. We learned “the philosophy of Villamayor” through his
papers with A. Benito and A. Bravo, and through the numerous discussions with
them and S. Encinas during our stays in Madrid. It is needless to say that, to
Moh and Hauser, we owe most of the ideas used in our analysis of the jumping
phenomenon and eventual decrease.! We thank O. Villamayor, T.T. Moh, and
H. Hauser for their teaching and encouragement both at the professional level and
personal one. The first author thanks S. Perlega for the intensive discussions on the
subject of the jumping phenomenon and eventual decrease during his stay at the
Erwin Schrodinger Institute in the winter of 2012. The main body of this work was
done while the second author was staying at Research Institute for Mathematical
Sciences at Kyoto University in the summers of 2014 and 2015. We would like to
express our deepest gratitude to S. Mori and S. Mukai for their warm hospitality
and consistent support as well as the mathematical vision that has been the guiding
light for us. We would like to thank S. Helmke and N. Nakayama for their critical
advice through long hours of conversations in the seminar. It is the encouragement
of M. Kashiwara that has kept us going with our project over the period of more
than 10 years.

We would like to thank the referee for careful reading of the first draft and
constructive suggestions. We also received the comments from some experts in the
field, that contributed to improve the presentation of the paper.

2. Description of the precise setting for the monomial case

We give the precise description of the setting for the triplet (W, R, E') in the mono-
mial case at a closed point P € Sing(R) C W. Note that, while the description is
given at the analytic level (i.e., at the level of completion) and the invariants are

IThe analysis of the jumping phenomenon and eventual decrease is done in the monomial case
in our setting, while the classical analysis by Moh or Hauser is done in a different setting without
any reference to the monomial case. Therefore, even though we owe most of the ideas to Moh
and Hauser, our argument is carried out logically independent of their papers [16], [17], [28].
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computed also at the analytic level, the center is chosen at the algebraic level and
hence the procedure of the algorithm is carried out at the algebraic level.

There exists a regular system of parameters X = (x1,...,Zs, X441, ..., 2q) taken
from mp C Ow, p satisfying the following conditions.

1. The elements of the LGS H = {(hq,p®)},_; C Rp :=TRp QOw.p 5‘4/,\13,

. . . « —pfaq
with 0 <e; < -+ < e, satisfy the equations h, = ¥ mod mp’ 1 for

a=1,...,t. (See Chapter 3 of [23] for the more detailed explanation and
precise definition of LGS. See Chapter 1 of [25] for more discussions of
LGS related to the invariant o. See also Definition 3 of [26].)

. . B mp .
2. There exist a monomial M = [] DEByoung LD where Fyoung is a subset

of E (see (iii) of the remark on page 147 in [26] for the definition of
Eyoung ), and where the defining equation zp of an irreducible component
D € Eyoung coincides with one of (z¢41,...,24), and a positive integer
a € Zsg such that (M,a) € Rp with > mp > a.

3. For any element (f,\) € Rp with f =" ¢y sHP being the power series
expansion of f with respect to H and X (cf. [25], [26]), we have (M/*)* |

cr.0. That is to say, we have cf,@/acrDmD'/V(ﬂ € O/W,\p for any D € Eyoung-

Since (c¢f,p, max{0, A\ — |[B]|}) € Rp by the formal coefficient lemma (for
the precise statement of the formal coefficient lemma, we refer the reader
to §2.2 in [25]; see also page 146 of [26]), and since (¢f,B)o = cf,B, We
have in general (M1/@)max{OA=IBIl} | ¢, p.

4. The idealistic filtration ﬁ; is closed under the partial differentiations with
respect to (z1,...,x;). That is to say, we have the implication (f,\) €
Rp = (%f,max{o,/\—n}) € Rp for any « = 1,...,¢t and any n €
Z>o. Note tﬁat, when we write 9"/0z7, we include the partial derivatives
OP" /0x?" of Hasse-Schmidt type with 97" /9x? (22 ) = 1.

We refer the reader to Proposition 4 of [26] for the detail of how to find such a
regular system of parameters as above, combined with the condition of definition
of ;1 = 0 in the monomial case.

Remark 2.1. (1) When the idealistic filtration (W, R, E) in the monomial case
appears as the last modification (W™, R, E™) in the process of computing the
long chain of invariants, the corresponding last unit is of the form (o], @*, s*) =
(¢7",0,0). Since s = s} is the number of the components of Eugeqd = E \ Eyoung
passing through the point P, there are actually no components of F,z.q but only
those of Eyoung locally around P.

(2) We remark that condition 3 of the setting above is the exact meaning of
the statement (cf. 1.4 (ii)) “Roughly speaking, in our monomial case, the idealistic
filtration Rp is generated by the elements of an LGS H and a monomial M.”
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(3) In our algorithm, one cannot expect in general to have the idealistic fil-
tration ﬁ; in the monomial case to be D-saturated, Dg-saturated, or DEyoune-
saturated, since we only take the pull-back of the idealistic filtration under trans-
formation, without taking any further saturation, when the invariant o stays the
same (cf. [26]). It seems that the partial saturation as described in condition 4 in
the setting is the best we can hope for in our current algorithm. Nevertheless, we
remark that condition 4 puts very strong restrictions on the idealistic filtration R p
in the monomial case.

3. Inductive scheme in terms of the invariant =

3.1. Invariant 7

The first invariant we look at is the invariant 7, which is just the number of the
elements in the LGS, ie., 0 <7=#H=t <d=dimW.

3.2. Inductive scheme in terms of T

We summarize, in the table below, the procedure for resolution of singularities in
the monomial case, according to the value of the invariant 7 (cf. [26]).

Table of the procedures according to the value of the invariant 7

Case 7 = 0. In this case, the problem of resolution of singularities for the
triplet (W, R, E) is reduced to the problem of resolution of singularities for the
basic object (W, (M), a), E'), which is in the monomial case in the classical sense.
For the latter, we can just compute the invariant I', and carry out the procedure for
resolution of singularities accordingly. (In the middle of the procedure, the value
of the invariant o may decrease for the transformation of the triplet (W, R, E).
Then we go back to the reduction step “general case — monomial case” with
the decreased value of the invariant o.)

Case T = 1. This is the most difficult case.

Case 7 =3, (j =2,...,d —1). The analysis for this case is similar to the one
for the case where dim = d — 1 & 7 = j — 1. Therefore, we can use the induction
on dimension to analyze the case.

Case T = d. This case does not happen.

Therefore, according to the inductive scheme on dimension associated to the
value of the invariant 7 described as above, what remains is the task of figuring out
the resolution procedure in the case 7 = 1, i.e., the case where there is a unique
element in the LGS.

The “similarity” between the analysis for the case dim = d& 7 = j where
j=2,...,d—1 and the one for the case dim = d—1 & 7 = j— 1 is straightforward,
but not trivial. It requires some argument. We publish the detail of the argument
for the similarity, e.g., between the analysis for the case dim = 4 & j = 2 and the
one for the case dim =4 —1=3& 7 =2 — 1 =1 elsewhere.
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Remark 3.1. (1) Our analysis of the algorithm is, after all, reduced to the case
where there is only one element in the LGS discussed as above. This seems to
confirm, in our setting, the folklore, which says: in order to solve the problem
of resolution of singularities, the “essential” case is the case of a hypersurface
singularity, i.e., a singularity defined by only one equation.

(2) In positive characteristic, the case where dim = d & 7 = 1 is not reduced
to the case where dim = d — 1& 7 = 1 — 1. Even after we reach the monomial
case, the analysis of the case dim = d & 7 = 1 remains as a challenge, while the
other cases with 7 > 1 are reduced to the lower dimensional ones. In characteristic
zero, however, the case where dim = d& 7 = 1 is indeed reduced to the case
where dim = d —1& 7 =1—1 = 0. When the value of the invariant 7 = 0, we
achieve resolution of singularities easily by using the invariant I" as in the classical
setting. Therefore, our algorithm is complete in characteristic zero by induction
on dimension.

(3) We refer the reader to 5.1 in [26] for a more detailed case analysis according
to the value of the invariant 7 in dimension d = 3.

In the rest of this paper, we concentrate ourselves on the case where the invari-
ant T =1.

4. Analysis of the tight monomial case

4.1. A further analysis of the monomial case with 7 =1

Note first that, since we are in the monomial case with 7 = 1, there is a unique
element in the LGS H = {(h, p°)}.

(Weierstrass form) Via the Weierstrass preparation theorem, we may further
assume that h is of the following form:
h=at" +a1a? " Haga? P4t ape 17 + ape,
with a; € k[[z2,...,z4]] and ordp(a;) > i fori=1,...,p% —1,p°.

(Control over the coefficients a; for i =1,...,p° — 1) We observe that the
coefficients a; (i = 1,...,p° — 1) are well-controlled in the sense that (M'/¢)!
divides a; for ¢ = 1,...,p° — 1, where (M,a) € ﬁ; is the monomial M =
[peryon, @n" at level a > 0 described in condition 2 of the setting. That is to

say, we have xémD'i/(ﬂ | a; VD € Eyoung for i = 1,...,p° — 1. This can be seen eas-

ily from condition 3 of the setting, if one considers the fact that ( g’i h,p¢—i) € 7/2;
for i = 1,...,p° — 1, which follows from condition 4 of the setting, and that the
constant term ¢y, o of g; = %h, in the power series expansion with respect to X
and H, is g; itself, i.e., ¢g,.0 = -

(Control over the last coefficient a,.) The central issue of the analysis of
the monomial case with T =1 is how to control the last coefficient ape.
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Remark 4.1. The control over the coefficients a; for i = 1,...,p° — 1 mentioned
above allows us to “ignore” these coefficients in our analysis of the monomial case
with 7 = 1, as if we were dealing with the hypersurface defined by the equation
2} + ape = 0, which would provide a purely inseparable extension.

4.2. Invariant p

We define the invariant g by the formula
w(P) :=ordp(M)/a = ZDeEymmg mp/a = ordp(Musual),

where (M, a) € Rp is the monomial M = HDeEymmg zp? at level a > 0 described

in condition 2 of the setting. (See Definition 4.5 for the definition of Mygua1.) For
the generic point £p of a component D € Eyoung, we also define

w(ép) :=orde, (M)/a=mp/a = orde, (Musual)-

4.3. Invariant H

We define the invariant H, which sits at the heart of our analysis of the monomial
case with 7 = 1, through the process of “cleaning”.
Definition 4.2. Let the setting be as described in Section 2 and 4.1 above.

(Slope) We define the slope of h with respect to the regular system of pa-
rameters X = (z1, 2, ...,2q) by the formula

Slopey, x (P) := min {ordp(aye)/p®, n(P)} .

Note that we have Slope;, x(P) < ordp(a;)/i for i = 1,...,p® — 1 because of the
control over the coefficients a;, which implies ordp(a;)/i > ordp(Mysual) = p(P).

(Well-adaptedness) We say h is well-adapted at P with respect to X if one
of the following two conditions holds:

A. Slope, x(P) = u(P), or
B. Slope, x(P) = ordp(ay)/p® < p(P) and the initial form Inp(ape) is not
a p°-th power.

Similarly, we say h is well-adapted at g, with respect to X, where £g, is the
generic point of the hypersurface H, = {x = 0} in Eyoung, if one of the following
two conditions holds:

A. Slopey, x(€u,) = (&u,) = mu, /a, or

B. Slope, x(§n,) = orde,, (ape)/p® < u(€m,) and the initial form Ing, (ape)
is not a p°-th power.

Note that if
I r
=Y X = o )



A NEW STRATEGY IN THE MONOMIAL CASE 1241

where
cr €k, go€k[[wa,.... 2., za]\ {0}, wy € k[wa,...,74]
with 7 indicating the omission of z, and where
m = ordp(ape), 1 =orde, (ap),
then we have

Inp(ape) = Z|I|=m er X1, Ing,, (ape) =" - gp.

Proposition 4.3. (1) (Cleaning makes the system well-adapted) —Given the uni-
que element h (in the Weierstrass form) in the LGS and a regular system of pa-
rameters X = (x1,2a,...,24) as described in 4.1, satisfying the conditions of the
setting 2, we can apply the process of “cleaning” and find another reqular system
of parameters X' = (x},xa,...,x4) such that h is well-adapted at P with respect
to X'. (Note that the only difference between X and X' lies in the first coordinates,
i.e., x1 and xy.) Moreover, by applying the process of cleaning further, we can find
yet another reqular system of parameters X" = (xf ,xa, ..., 24) such that h is well-
adapted simultaneously at P and at the generic points of all the components of
Eyoung passing through P with respect to X". (Note that again the only difference
lies in the first coordinates.) We remark that the process of cleaning is carried
out in such a way that h & X' (and also h & X") satisfy all the conditions of the
setting described in Section 2.

(2) (Independence of the slope when well-adapted) If h is well-adapted at P
(resp. at &m,) with respect to X, then Slopey, x(P) (resp. Slopey, x(&n,)) is inde-
pendent of the choice of h and X .

(3) (Independence of the residual order along a bad divisor when well-adapted)
If h is well-adapted at §p, with respect to X and Slopey, x(§m,) < u(€m,) =

mpy, /a, then res—ordgfe)(:cr - gz) 1s independent of the choice of h & X. Moreover,
by applying the process of cleaning further, we may assume res—ordge) (" gs) =

ordp (z" - g). Note that res-ordge) is the lowest degree of the nonzero and non-
p¢-th power terms appearing in the Taylor expansion.

Proof. 'We refer the reader to Propositions 5 and 7 in [26] for the detail of a
proof. Note that the proof in [26] is given in dimension d = 3, but the same
proof works in arbitrary dimension. Here we only make a quick remark about
the process of “cleaning”: Suppose h is not well-adapted at P with respect to
X = (z1,29,...,24), i.e., we are not in Case A or Case B. This is equivalent to
saying that Slope;, y(P) = ordp(ay)/p® < p(P) and the initial form Inp(ay.) is
actually a p°-th power. We set X* = (27, 72, ..., 24) with 2} = 21+ {Inp(a,)}/?".
Then, using the control over the coefficients (M/%)? | a; for i = 1,...,p° — 1, we
observe ordp(aye)/p® < ordp(ay.)/p®. Since the latter is bounded from above by
w(P) if h is not well-adapted with respect to X*, this process has to come to an
end after finitely many repetitions with A being well-adapted at P with respect to
X' = (a),za,...,24). This is the process of cleaning. O
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Definition 4.4. We define the invariant H by the formula
H(P) = Slopey, x (P)

where h is well-adapted at P with respect to X. This is independent of the choice
of h and X by Proposition 4.3 (2). The invariant H( g, ) is defined similarly.

4.4. Analysis of the tight monomial case

Definition 4.5. We define the tight monomial Mg,y and the usual monomial
M sual by the formulas

H(¢p) 1/a mp/a
Miight = I | x M, =M= I | x .
tlght DeEyouug D ’ usual DeEyouug D

Note that the powers H({p) in Miignt and mp/a in Mysuar are rational numbers.

We say Miight divides Mysual, i-€., Miight | Musual, since we have H({p) < u(ép) =
mp/a VD € Eyoung by definition.

It is convenient in our analysis to introduce the notion of a point (or a divisor)
being “good /bad” according to its behavior in terms of the invariant H.

Definition 4.6. We say P is a good (resp. bad) point if H(P) = p(P) (resp. H(P) <
w(P)). Similarly, we say H, is a good (resp. bad) divisor if H( x,) = u(m,)
(resp. H(¢n, ) < p(én,))-

Remark 4.7. Tt is straightforward to see that if we blow up a good (resp. bad)
point, then the exceptional divisor is accordingly a good (resp. bad) divisor
(cf. Lemma 4 in [26]).

x

Definition 4.8. Let the setting be as described in 2, 4.1 and 4.3. Suppose that
the divisor D = H, = {z = 0} in Eyoung is bad. Then we define the invariants
pp(P) and w-pp(P) by the formulas

{ pp(P)= res—ord(lfe) (" - gs) /p° —r/pc,
w-pp(P) = res-ord®”) (a7 - g2) /p° — ordp(Miignt)-

The invariants pp(P) and w-pp(P) are independent of the choice of h and X by
Proposition 4.3 (2) and (3).

Now we give the definition of our new invariant, which plays the central role in
our new strategy for resolution of singularities in the monomial case.

Definition 4.9. (1) Firstly we define the invariant invyion,o by the following
formula:

invmon, o (P) = H(P) — ordp(Miigns) = Slopey, x (P) — ordp(Miignt)

min {ordp(aye)/p®, p(P)} — ordp(Miight)

= min {ordp(ape)/p—ordp(Miignt), ordp(Musual) —ordp(Miight)} -
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(2) Secondly we define the invariant invaon,a by the following formula, which
is more involved than the naive version above denoted by invyon,o

invmon,a(P) =lex{A, B},

which needs the following explanations:
(i) What we denote by A is the “word”

A = lex (w-psp, (P) | D ranges over all bad divisors D € Eyoung)

consisting of the letters (numbers) w-p,, (P)’s with D varying over all bad divisors
in Eyoung With the letters lined up from the smallest to the largest going from left
to right. When one of the letters w-p,,(P)’s is equal to 0 (actually when this
happens, all of the letters w-p;,, (P)’s necessarily become 0), we set A = 0. When
there is no bad divisor passing through the point P, we also set A = 0. We give
the lexicographical order to the set of words, where “ 0” is the smallest word in
the lexicographical order.
(i) We set
B = OrdP(Musual) - OrdP(Mtight)~

(iii) Now we have the two words A and B. By writing lex { A, B}, we mean the
pair of these two words lined up from the smallest to the largest going from left to
right. We give the lexicographical order to the set of pairs.

When either one of the words is equal to 0, i.e. either A = 0 or B = 0, we
set invpmon, s (P) = lex{A, B} = 0, where the “ 0” on the right hand side of the
above equation is the smallest “pair” in the lexicographical order (and where the
pair “ 0” is identified with the word “ 0” from time to time by abuse of notation).

We also extend the lexicographical order to the union of the set of the pairs
lex{A, B} and the set of words C"

>C if min{A4, B} > C or min{A4, B} = C # 0,
lex{A,B} {=C=0 if min{4,B}=C =0,
<C if min{A, B} < C.

Note that a pair of words and a word cannot be equal unless both are 0.

We give the definition of the “tight” monomial case, following Villamayor.
(Note that we are already in the monomial case with 7 = 1. So the tight monomial
case is a special case of the monomial case with 7 = 1.)

Definition 4.10 (Tight monomial case). We say we are in the tight monomial
case if invyion, o (P) = 0 (while it is presumed that we are in the monomial case
with 7 = 1). It is straightforward to see that this is equivalent to the condition
invmon,a(P) = 0. That is to say,

Tight monomial case PN invpon,0(P) =0 <= invyon,a(P) =0.
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Remark 4.11. (1) If we mix all the letters (numbers) appearing in the word “A”
and the word “B” and if we simply defined the new invariant as the one with these
letters lined up from the smallest to the largest going from left to right, then the
invariant would not behave very well under blow ups. (For example, it may strictly
increase going from configuration (§) to configuration @) (cf. Proposition 5.2).)

(2) We have the inequalities, for any bad divisor D € Eyqung,
res—ord(lf )(mTD “Gup)/p° > ordp(ape)/p® > ordp(Miignt)

and hence w-pp(P) > ordp(aye)/p® — ordp(Myignt) > 0. Therefore, we also have
the inequalities
invmon,a(P) > inviyon,o(P) > 0,

where the inequalities are considered according to the lexicographical order de-
scribed in Definition 4.9. Note that if the second inequality becomes an equality,
the first inequality also automatically becomes an equality.

Proposition 4.12. (1) (Characterization of the tight monomial case) We are in
the tight monomial case if and only if one of the following holds:

Type L. ordp(ape)/p® — ordp(Myignt) = 0.

We are in the tight monomial case of Type I if and only if we have ape =
U - (Mtight)pe, where

e ape is the last coefficient of the unique element h (of the LGS, in the Weiers-
trass form), which is well-adapted at P and at the generic points of all the
components of Eyoung passing through P simultaneously with respect to X,
e H((p) - p® = orde,(ape) is an integer for any component D of Eyoung
passing through P, and hence (Z\Light)pe = [Iper mg(gD)'pe has all

young

the integer powers and can be regarded as an element in Ow,p, and

* u s a unit in Ow,p.
Type IL. ordp(Musua) — ordp(Myigns) = 0.
We are in the tight monomial case of Type II if and only if we have (Miignt)® =
(Musual)® = M, where

e M is the monomial with (M,a) € ﬁ; appearing in condition 2 of the
setting for the monomial case,

e H(p)-a = pulp) a = orde, (M) is an integer for any component D
of Eyoung passing through P, and hence

(Mtight)a = (Musual)a = H l“lﬁ(ED)'a
l)elayouug

has all the integer powers and can be identified with the element M € O/W,\p,

(2) (Resolution procedure in the tight monomial case) We can achieve res-
olution of singularities for (W, R, E) in the tight monomial case by using the in-
variant Uygne. More precisely, we have the following description of the resolution
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procedure we choose the center C' of blow up for the transformation (W, R, E) +—
(W,R,E) to be

C = {z1 = 0} N MaxLocus(I'yight) = Sing(R) N MaxLocus(Iyigne) C Sing(R).

Take a closed point P € 7~ (P)NSing(R) C W (where we assume that the invari-
ant o stays the same). Then depending on whether P € Sing(R) C W is in the
tight monomial case of Type I or Type II, the point Pe T Y(P)N Sing(ﬁ) cw
is again in the tight monomial case of Type I or Type II, respectively. Moreover,
the tight monomial Myigny of the transformation coincides with the transformation
(Mtightf of the tight monomial, i.e., Z\Zight = (Mtightf (up to the multiplication by
a unit). Therefore, we have the strict decrease of the invariant I'iighs:

ftight = 1—‘(Zf\\jtight) = F((Mtight)N) < F(Mtight) = 1_‘tight~

Since the invariant I'iigne cannot decrease infinitely many times, this procedure
must come to an end after finitely many repetitions, achieving resolution of sin-
gularities for (W, R, E) (or the invariant o strictly decreases). (We note that the
explicit formula for the invariant I'ygny and how to compute it is given in the proof
of statement (2).)

Proof. (1) The characterization of the tight monomial case follows immediately
from the definition, and is left to the reader as an exercise.

(2) Recall that the tight monomial is given by Miigns = [] e Eyoungmg(ED ) and
that the invariant I'yjgne is computed, for a point ) in a neighborhood of the point
of our concern P € Sing(R) C W, by the formula

(Ttight,1 (@), Light,2(Q), Teigne,3(Q)) i X gepep,ou, H(ED) = 1,
(Dtignt,1(Q)) = (—00) if 3 gepery o, 1 (D) <1,

where the components of I'iigne(Q)) in the former case are defined by

Ftight (Q) = {

Ftight,l(Q):maX{—n|)\1,.. An S.t. Z €D>\ >1 QEﬂ D)\}

Lugn2(Q) = max {}" H(p,) Q€[ Das =1 =Tugnea Q)]

| - M < < A 1= T (Q),
Ftlght,3(Q) = max {(/\h T ’)‘") | Q c m;;l _D/\i7 Z?:l H(&DAL) = Ftight,2(Q) .

Note that T'iigne,2(Q) and T'yighe,3(Q) are computed only when I'iighe,1(Q) # —oc.
Note also that the components Dy of the boundary divisor (Eyoung C)E are indexed
by the subscripts A in the totally ordered set A. We remark that, in this discussion
of the local version of the resolution problem (cf. 1.3), even when the point Q
varies in a neighborhood of the point P, we are computing the invariant I'yign (Q)
with respect to the fixed monomial Miigne determined solely by the invariant H
computed at the point P of our concern. The discussion of the global version of
the problem will be given elsewhere.
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We start the proof of the resolution procedure.

o Firstly we prove the equality C; = Cs for the center (in an analytic neigh-
borhood of P), where

C1 = {z1 = 0} N MaxLocus(T'tignt), C2 = Sing(R) N MaxLocus(I'tight )

For a pair (f,\) € Rp, we mtroduce the notation Slng(f, A) = {Q € W |
ordg(f) = A}. Since h = :cl + alml 't agml g Gpe_121 + ape and
since we have (Miignt)® | (Musual)” | @i for i = 1,. ..,pe — 1 by Definition 4.5
and 4.1 (control over the coefficients) and have (Mtight)p “ ape by definition, we

conclude
Cy C Sing(h, p®) N MaxLocus(I'tight) = Ci.

On the other hand, by condition 3 of the setting 2, for any element (f, \) € Rp with
f =" csph® being the power series expansion of f with respect to H = {(h,p®)}
and X, we have by the formal coefficient lemma (Musual)max{o’A*b'pe} | ¢fp. This,
together with Miignt|Musual, implies

C1 = Sing(h, p®) N MaxLocus(I'tight) C Sing(f, A).
Since (f,A\) € Rp is arbitrary, we conclude C; C Cy. Therefore, we have the
desired equality C = Cs.

o Secondly we discuss the resolution procedure. We only present the argument
for Type I. The argument for Type II is easy and left to the reader as an exercise.

Firstly observe that the condition of being in the tight monomial case of Type I
with h being well-adapted at P and at the generic points of all the components of
Eyoung passing through P is equivalent to the following set () of conditions:

(i) orde,(ape) < pl(ép) - p°, VD € Eyoung,
(*) < (i) ape =u- (HDeEymmg :UODrng(a”e)) where u € Ow,p is a unit,
(iii) 3D € Eyoung s.t. orde,, (ape) # 0 mod p°.
When (%) is satisfied, we have orilgD((ap; ) = H(¢p) - p° VD € Eyoung and hence
or! a/pﬁ
MT = (Mtight) - l—IDeEyOng D o .
Secondly suppose that MaxLocus(T'ignt) = V(zp | D € Qo) where
Qo={Dy, |i=1,....,n} CQ:={D | D € Eyoung}-
Note that

C = {z1 = 0} N MaxLocus(I'tight) = V({z1} U{zp | D € Qo}).

Casen =1, i.e., codimy C = 2.
Since the singular locus Sing(ﬁ) is empty over the x1-chart of the blow up, we
may assume that P € Sing(R) is in the xg-chart for the unique element G € Qg
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with the regular system of parameters X = (x1,73,...,24), where

x1/xg  if x; = xq,

T, =< xa if x; = z¢,

Z; if Z; #Il,.ﬁg.

Note that the components of Eyoung passing through P are
e the new exceptional divisor F' defined by {z¢ = z 7 =0}, and
e the strict transforms D of D € Q\ {G}.
We compute the transformation (h, p¢) = (ﬂ*(h)/:cg,pe) of (h,p®)
h=n*(h)/aly =T" + @@ G Tn G
where a; = 7 (al)/mG for i = 1,...,p° — 1 and where a,e = 7*(ape )/mg =
™ (u) - (MT)/J:G =0 My with @ = 7*(u )€ (’)~ 5 being a unit, and

T P H(Ea) P —p° H(Ep)-p°
My =" (Mr)/eg =g (Hpen\{c} D )

Observe that, if ords(a,e) = ordﬁ(m) < p®, then P ¢ Sing(R) or the invariant
o strictly decreases, i.e., o(P) > o(P). Therefore, we may assume ordg(aye) =
ords (J\?;) > p¢, which is equivalent to the condition ords(7* (Miignt/za)) > 1.
Slnce we have M{jp, | M. = = M/ | a; fori = 1,...,p° — 1 by Definition 4.5
and 4.1 (Control over the coefficients a; for i = 1,...,p® — 1), we conclude

ords(a;) = ordp (W*(az)/:czc;) > ordp (ﬂ*(Mmght)i/x’é)
=ordp (’N*(Mtight/x(;)i) >qi fori=1,...,p°—1.
On the other hand, we compute the usual monomial Musual at P to be
o ma/a—1 mp/a
Musuat = 2 (HDeQ\{G} D )
Since (x) is satisfied at P, we have H({p) < mp/a VD € Q, which implies
(i) H¢g) — 1 <mg/a—1and H(¢p) < mp/a VD € Q\ {G}.
We obviously have (ii) ape =@ - My, where @ € O/W\ﬁ is a unit.
Moreover, since 3D € Q such that H({p) - p¢ #Z 0 mod p¢, we also conclude
that either
* H() - p® —p° # 0 mod p°, or
e 3D the strict transform of D € Q\ {G} s.t. H(¢p) - p¢ # 0 mod p©.
This implies that condition (iii) is also satisfied at P.
Therefore, we conclude that (x) is satisfied at the point P, which implies that
P € Sing(R ) C W is in the tight monomial case of Type I and that h is well-
adapted at P and at the generic points of all the components of Eyoung. We also
—~ — e T\ 1/p° ~
conclude that Mtight = (MT)l/p = ((Mtight)p ) /p = (Mtight)~
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Casen > 1, i.e., codimy C > 2.

Since the singular locus Sing(R) is empty over the z1-chart of the blow up, we
may assume that P € Sing(R) is in the xg-chart for some G € Qg with the regular

system of parameters X = (1, 32,...,2q), where
x1/xa, if o; = xq,
- Ta if z; = x2q,
€Ty =

(¢p+cep-zg)/ze Hx;=zp, DeEQy\G, for some cp €k,
X ifx; € {1} U{zp | D € Qo}.
Note that the components of Eyoung passing through P are

e the new exceptional divisor F' defined by {zg = 7 =0},

e the strict transforms D of D € {G € Qy\ {G} | c¢ = 0}, and

e the strict transforms D of D € Eyoung with D € Q\ Q.

We compute the transformation (h, p¢) = (ﬂ*(h)/:cg,pe) of (h,p®)
h=n*(h)/at =Z1" + @@ e G 1a + e

where a; = 7*(a;)/xL, fofrvi =1,...,p° =1 aﬂd\where ape = ﬂ*(ape)/mg =

™ (u) - W*(MT)/J:'Z; =u- My with u = 7*(u) € O 5 being a unit, and

My =" (Mr)/2% = 7" (Mugn/7c)"

(ZDeszO H(¢p))-p*—p° I | fH(ED)'pe
: D
DeQ\{G}, ep=0

. —~H(¢p)p° ~ H(¢p)-p©
HDEQ\QO D HDEQO\{G}v cp#0 [:CD CD] '

Noting that the last factor above is a unit, we set

vl (2 H(¢p))p°—p° —~H(¢p)p° —~H(¢p)-p°
My = apiore HDer\{G},cD:o *D HDEQ\QO D :

TR

Observe that, if ord(a,e) = ordﬁ(]\%) < p°, then P ¢ Sing(R) or the invariant o
strictly decreases, i.e., o(P) > o(P). Therefore, we may assume ordz(a,.) =
ords(Mr) > p©, Which is ‘equivalenp to the condition ordp (7* (Miignt/rc)) > 1.
Since we have M, | Mg = M/ | a; for i = 1,...,p° — 1 by Definition 4.5
and 4.1 (Control over the coefficients a; for i = 1,...,p® — 1), we conclude

ordﬁ(@) = Ordﬁ (’/T* (az)/le) > ordﬁ (’/T*(Mtight)i/xg)
- Ordﬁ (W*(Mtlght/xG)z) > i fOI' 1= ]-7 PN 7pe — 1.
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On the other hand, we compute the transformation of the usual monomial M syar:

7 (Musual)?) Jxc® =7" (HDEQ x’BD) Jz6°

:mﬁ@mzo mp)—a H zp™P
DEQ\{G},ep=0

o mp ) —~— mp
HDEQO\{G},CD;ﬁO [#D — ep] HDeQ\QO D

Therefore, we conclude that the usual monomial Musual at the point Pis given by
the formula

Mysual = $ﬁ(2DEQO mp/a)=1 H

AN ) I
DeQo\{G}, cp=0 DENQ

We want to show that (x) is satisfied at the point P.
Since (*) is satisfied at P, we have H(¢p) < mp/a, VD € Q, which implies

ZDEQO H(p)—1< ZDEQO mp/a—1, and H(¢p) < mp/afor D e Q\{G}.

This checks condition (i) at P.
— — —_—
We obviously have (i) ape = - My =u' - My where @' € O 5 is a unit.
Condition (iii) follows immediately from the following claim.

Claim. We have either

D € Q\ Qg s.t. H(Ep) - p© £ 0 mod p* or (Z H(¢p) — 1) -p® # 0 mod p°.

DeQg

Proof of the Claim. First we remark that, in this case of n > 1, we have 0 <
H(p) <1 VD € Q when we look at how the invariant T'yen dictates the algo-
rithm.

Subcase 3D € Q\ Qo such that 0 # H(¢p). In this subcase, we have 0 <
H(¢p) - p° < p© and hence H(¢p) - p® # 0 mod p°.

Subcase otherwise, i.e., H(p) =0, VD € Q\ Qp. In this subcase, we claim to
have 1 < 7o, H(p) < 2. In fact, on one hand, if > © . H({p) > 2, then, since
0 <H(¢p,, ) < 1, we would have ZDEQO\{DM}H@D) > 1. But this is against the
maximality of the value of T'yighe1(P). On the other hand, if ZDEQO H(¢p) <1,
then we would have

ordp(aye) = ordp ((Miign)*" ) = ordp ((Hpeg xg(fD)>pe>

(T, ) ) = (S 1600) 1 <

where the third equation follows from the subcase assumption. But this is against
the description of the Weierstrass form for A in 4.1.

Now we conclude that 0 < (ZDEQO H({p) — 1) - p® < p® and hence that
(ZDEQO H(¢p) — 1) -p¢ # 0 mod p°.

This finishes the proof of the claim. O
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Therefore, we conclude that (x) is satisfied at the point ﬁ which implies that
P € Sing(R ) C W is in the tight monomial case of Type I and that h is well-
adapted at P and at the generlc points of all the components of Eyoung We

also conclude that Mtight = (MT )1/” = (MT)l/p = ((Mtight) ) Vet _ (Mtight)j
where the second equality holds up to the multiplication by a unit.
This completes the proof of Proposition 4.12. O

Remark 4.13. (1) In the resolution procedure in the tight monomial case, no mat-
ter whether it is of Type I or Type II, the center C' = Sing(R) N MaxLocus(Tighy)
is algebraic, being the intersection of the singular locus Sing(R) and some com-
ponents of the boundary divisor (Eyoung C)E. Therefore, the whole resolution
process is algebraic, even though our analysis is carried out at the analytic level.

(2) The proof of Proposition 4.12 above is easy, and may look innocuous. How-
ever, it is worthwhile to note that, if we take the blow up with an arbitrary permis-
sible center, i.e., a center which is nonsingular, contained in the singular locus, and
transversal to the boundary divisor, we may not stay in the tight monomial case
any longer after blow up (even though we will stay in the monomial case). There-
fore, it is essential to choose the center dictated by the invariant I'yjgne. In several
of the existing approaches for resolution of (hypersurface) smgularltles in positive
characteristic, people may regard an equation of the form z§ + aye =0 a “good”
equation when ape = u-M with u being a unit and M being a monomial in terms of
(z2,...,24). However, if we take the blow up with an arbitrary permissible center,
the equation may not stay being “good” after blow up and after cleaning. This
is considered to be one of many pathologies and/or obstacles toward resolution of
singularities in positive characteristic by some people. It was Villamayor who first
realized that this obstacle can be overcome with the introduction of the notion of
the tight monomial case and by the use of the invariant I'gghe.

5. The new invariant and its behavior under transformation

In order to quote the results of our previous paper [26] and compare them to the
results of this paper directly, we try to use the common notations and symbols: in
the description of the setting for the monomial case (with 7 =¢ =1 and d = 3
(cf. 2 and 4.1)), we set (z1,...,%, Ti41,...,2q) = (1 = Ty, T2 = T4y, 23 =
xq) = (z,2,y) so that the unique element h in the LGS H = {(h,p®)} is in the
Weierstrass form h = 2P +a; 2P ~ 4+ agzP "2+ - -4 ape_1 2 +ape with a; € k[[z,y]]

€

and ordp(a;) >ifori=1,...,p°

5.1. Description of the algorithm

The description of our algorithm to reach the tight monomial case in dimension 3
depends upon the analysis of the singular locus, which is determined by looking at
the invariant H as below.
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Proposition 5.1 (Description of the singular locus, see Proposition 6 in [26]).
We have the following description of the singular locus Sing(R) at P, denoted by
Sing(R)p, according to the values of hy = H(ém,) and hy = H(&g,):

V(z,z)UV(z,y) if hy>1andhy, >1,

' e 2> 1 1,
Vi(z,y) if  hy <1 andhy>1,
Viz,z,y) = if hy<1andh, <1,

where “V” denotes the vanishing locus and where (z,x,y) is a regular system of
parameters at P with respect to which h is well-adapted simultaneously at P, &g, ,
and & H,-

Algorithm

Step 1. We ask the question: invpon,4 = 07

If the answer is YES, then we are in the tight monomial case and we are done.
If the answer is NO, then we go to Step 2.

Step 2. We ask the question: dim Sing(R)p = 17

If the answer is YES, then we take the transformation with center V(z,x) (or
V(z,y)), and we go back to Step 1. In case Sing(Rp) = V(z,2)UV (z,y), we choose
V(z,z) as the center if H({q, ) > H(¢y, ), and choose V (z,y) if H(&w,) > H(¢n, )-
If H(m,) = H(&n, ), then we choose V(z,x) if H, = E, has the bigger index o
than the index for H, = Eg3, and vice versa. (Note that locally in a neighborhood
of P the components of the boundary divisor (Eyoung C) E have distinct indices
and hence that o cannot be equal to £.)

If the answer is NO, then we take the transformation with center P and we go
back to Step 1.

We repeat this procedure.

The only issue is: does this algorithm terminate after finitely many procedures?
In order to settle this issue, we analyze the behavior of invyion,a4 under transfor-
mations.

5.2. Behavior of the new invariant under transformations

For the purpose of analyzing the behavior of the new invariant invyon,a, we
introduce the classification of the configurations as in [26].

Configurations

Looking at the boundary divisor(s) in Eyoung at the point P € Sing(R) and
seeing whether they are good or bad, we come up with the following classifica-
tion of the configurations. Note that the pictures depict the configurations in a
2-dimensional manner, taking the intersection with the hypersurface Z = {z = 0}.
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O The point P is only on one boundary divisor (in Eyoung), say H,, which

is good.
>}<good

® The point P is at the intersection of two boundary divisors (in Eyoung),

both of which are good.
»| good
H,
good

® The point P is only on one boundary divisor (in Eyoung), say H,, which

is bad.
>}<bad

@ The point P is at the intersection of two boundary divisors (in Eyoung),
one of which, say, H,, is bad, while the other, say H,, is good.

H_.| bad

H,
P good

(® The point P is at the intersection of two boundary divisors (in Eyoung),
say H, and H,, both of which are bad.

H,| bad

Hy
‘ P bad

Proposition 5.2 (Behavior of invyon,a4 under transformations).

(1) Suppose that the point P is in configuration @) or 2. Then we have
invmon,a(P) =0, and hence we are in the tight monomial case.

(2) Suppose that the point P is in configuration 3), @, or &), and that
invmon,a(P) # 0, i.e., we are not in the tight monomial case.
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Let (W, R, E) <~ (W,ﬁ,f‘?) be the transformation with center C' C Sing(R)
as specified in the algorithm. Take a closed point P € =='(P) N Sing(R) C W.
(If m=1(P) N Sing(R) = 0, then the local version of the resolution problem has
already been solved (cf. 1.3). Therefore, we assume that 7' (P) N Sing(R) # 0.
Ifo(P) > o(P), then we go back to the reduction step general case — monomial
case with the decreased value of the invariant o. Therefore, we also assume that the

invariant o stays the same, i.e., o(P) = o(P), and hence so does the invariant T,

i.e., T(P) = 7(P) = 1.) The behavior of the new invariant iInvmon, a s summarized
as follows.

Case (a): 7 is the blow up with a 1-dimensional center, say, C =V (z,x).

In this case, we have invyon,a(P) = invmon,a(P) and (€, ) > p(ém,) —1 =
M(gHi)'
Case (b): 7 is the blow up with a point center C = P =V (z,x,y).

In this case, we have invpon,a(P) > invmon,a(P) except for the case where
the transformation P € Sing(R) C W <~ P € =~ (P) N Sing(R) C W is “eso-
teric”. The definition of the transformation being esoteric (or standard) is given
below.

It turns out (cf. Lemma 5.4) that an esoteric transformation occurs only when
the point P is in configuration @) or &) and when the point Pisin configuration (3).

Definition 5.3. Let P € Sing(R) ¢ W +— Pe 7 Y(P)N Sing(ﬁ) C W be a
transformation where the point P is in configuration 3), @, or (®) and where the
point P is also in configuration @), @), or 5). We say that the transformation 7 is

esoteric <= A < A, standard <= A > A,

where the “words” A and A are defined as in Definition 6

A = lex(w-py,(P) | D ranges over all bad divisors D € Eyoung) ,
A = lex(w-pxﬁ(ﬁ) | D ranges over all bad divisors Dc Eyoung),

and where the inequalities are given with respect to the lexicographical order.

Proof of Proposition 5.2. (1) The assertions in (1) are obvious from the defini-
tions, and hence their proof is left to the reader as an exercise.

(2) We present a proof for the assertions in (2) below.

Case (a). We note that, in this case, there is possibly only one point P e
71 (P)NSing(R) C W, lying in the a-chart, with the regular system of parameters
X =(2,2,7) = (z/x,2,). Tt is then straightforward to see that h = 7*(h)/aP" is
well-adapted with respect to X, and the rest of the assertions follow easily.

Case (b). For the verification of the assertions in this case, we consider the
following lemma, which is similar to Claim 2 in [26].
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Lemma 5.4. Let (W,R,E) +— (W,ﬁ, E) be the transformation with a point
center C = P =V (z,x,y) € Sing(R), where (W, R, E) with dim W = 3 is in the
monomial case with T =1 at P as described in the setting 2 and 4.1 (cf. the remark
about the notations and symbols at the beginning of Section 5), and where the unique
element h in the LGS H = {(h,p®)} is well-adapted simultaneously at P and at the
the generic points of all the components of Eyoung passing through P with respect to
the reqular system of parameters (z,x,y) (c¢f. Proposition 4.3 (1)). Set Z = {z = 0}.
Then a point P € 7 Y(P) ﬂSing(ﬁ) C W must be on the strict transform Z' of Z,
lying either in the x-chart or in the y-chart. Assume that the invariant o stays
the same, i.e., o(P) = o(P) (and hence that we stay in the monomial case with
T=1at f’) Assume further that invyion,a(P) # 0, i.e., we are not in the tight
monomial case at P. We make the following observations regarding the behavior
of the invariants under blow up. We denote the strict transforms of H, = {x = 0}
and Hy, = {y = 0} by H; and H,, and the exceptional divisor by Ep. Note
that the pictures depict the configuration in a 2-dimensional manner, taking the
intersection with the hypersurface Z before blow up and with its strict transform Z'
after blow up.

(1) The point P is in configuration 3), @, or (5.

(1.1) Look at the point P = Ep NH.NZ" in the y-chart with the reqular system
of parameters (Z,2,y) = (z/y,x/y,y). Then the hypersurface H., = Hz is bad,
and we have w-py(P) > w-pz(P).

(1.2) Suppose P is bad, and hence Ep is also bad (c¢f. Remark 4.7). Look at
the point PeEpn H?'/ N Z' in the x-chart with the reqular system of parameters
(z,2,9) = (z/x,x,y/z). (Note that, if the point P is in configuration (3), then the
point P is any point on (Ep \ H.) N Z'.) Then we have w-py(P) > w-pz(P).

H,| bad

(1.3) Suppose P is bad, and hence Ep is also bad (c¢f. Remark 4.7). Look at
the point P € (Ep \ H.) N Z' with a regular system of parameters (3,%,7) =
(z/xz,x,y/x — ) for some ¢ € k. We further assume, in case the point P is
in configuration (&), that ¢ # 0, i.e., P o4 Hzl;' Then we have ordp(Mysual) —

Ordp (Mtight) > ordﬁ(Musual) — Ordﬁ(Mﬁght),
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H,| bad
Hy
IO Pbad B
H|bad 1 H,)
>i< Ep bad
‘ P or | Ponly when P in @ or @
|

(2) The point P is in configuration 3), @, or &). Suppose P is bad, and
hence Ep is also bad (c¢f. Remark 4.7). Look at the point P € Ep N H, N Z'
with the reqular system of parameters (Z,z,y) = (2/y,x/y,y). Then we have
ordp (Musual) — ordp (Miight) > w-py(P).

H,| bad
o Ne My
P bad

H!| bad 1) H,|

|
&
P | bad

|

|

(3) The point P is in configuration 5). Suppose P is good. Then we have
w-pg(P) > w-p(€n,) and w-py(P) > w-pu(&m, ). Note that the invariant w-p(&m, )
is defined by the formula w-p(€m,) = w(€m,) — H(€m,). Look at the point P =
Ep N H, NZ in the y-chart with the regular system of parameters (Z,%,y) =
(z/y,z/y,y). Since w-p(€p,) = w-p(€m, ), we have as a consequence w-p,(P) >
w-p(€p,) = ordﬁ(Musual) — ordﬁ(]\A/[/tight), We draw a similar conclusion looking
at the point Ep N H?'/ N Z' in the z-chart.

H,| bad
H,
‘ P good bad
H!| bad T H,| bad
Ep

P or P good
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Proof. Our lemma here is different from Claim 2 in [26] in the following two
aspects:

e we study the behavior of the invariant ord(Mysual) — ord(Myigne) more
closely,

e the proof does mot use the condition that, according to the algorithm,
we blow up a point center only when H(D) < 1 for any bad divisor D
passing through P. (Note that the proof of Claim 2 in [26] heavily uses
this condition.)

Despite these differences and some subtleties to be taken care of, the proof of
Lemma 5.4 goes almost identical to that of Claim 2 in [26]. Therefore, we omit the
proof here. For the detailed calculation and proof, we refer the reader to [27]. O

Now the verification of the assertions in (2). Case (b) of Proposition 5.2 follows
directly from Lemma 5.4 and the assumption that we exclude the case where the
transformation 7 is esoteric. We only provide a proof for the case where P is in
configuration ). The argument for the other cases where P is in configuration (3)
or (@ is similar, and left to the reader as an exercise.

Case P is in configuration (5)

Subcase P is in configuration 3). The transformation m is standard.

In this subcase, by the definition of 7 being standard we have the inequality
lex (w-pg (P), w-py(P)) > w-pz(P). By Lemma 5.4 (1) (1. 3) we also have the
inequality ordp(Musual) — ordp (Miighs) > ordﬁ(JT/fusual) —ords (Mmght). Therefore,
we conclude

invmon, s (P) = lex {lex (w-pg (P), w-py (P)) , ord p(Musua1) — ordp (Myigne ) }
> lex{w pz,ordp (Musual) ordﬁ(Mtight)} = invMON,‘(]S).

Subcase P is in configuration &) with Pe H;.

(The verification of the subcase where Pisin configuration @) with Pe Hy is
identical, and hence omitted.)

In this subcase, by Lemma 5.4 (1) (1.1), we have the inequality w-p,(P) >
w-pz (P) By Lemma 5.4 (3) we also have the inequality w-p, (P) > ordﬁ(ﬁusual) -

ord s (Mmght). Moreover, we compute

ordp (Musual) — dP(Mtlght) ={u(a,) —H(nm,)} + {/i(gHy) - H(ny)}
> p€n,) —H(En,) = p(n;) —H(En,) (since H,, is bad)
= {u(€n,) — H(Em,)} + {pEm,) — H(Er,) } (since Hy is good)

= ords (Musual) Ordﬁ(Mtight)~
Therefore, we conclude

invmon, & (P) = lex {lex (w-pg (P), w-py (P)) , ord p(Mygyar) — ordp(Myight) }

> lex{w—px P) ords (Musual) Ordﬁ(Mtight)} = invpon,a (P).
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Subcase P is in configuration (5) with P € H;.

(The verification of the subcase where P is in configuration () with P € Hy is
identical, and hence omitted.)

In this subcase, by Lemma 5.4 (1) (1.1), we have the inequality w-p,(P) >
w—pg(ﬁ). By Lemma 5.4 (1) (1.2), we have the inequality w-p,(P) > w—pg(ﬁ). By
Lemma 5.4 (2), we also have the inequality ord p(Mysual) —ordp (Miight) > w-pg(ﬁ).
Therefore, we conclude

invmon,a (P) = lex {lex (w-pg (P), w-py (P)) , ordp(Musuar) — ordp (Myigne ) }
> lex{lex(w-pg(ﬁ),w—pg(ﬁ)),ordlg(ﬁusual) — ordﬁ(ﬂtight)} = invMON,.(IB).

This completes the proof of Proposition 5.2. O

Now we give the statement of the eventual decrease, whose proof, together with
a more detailed analysis of the esoteric transformation, will be given in the next
section.

Proposition 5.5 (Eventual decrease). Consider a transformation in the procedure

specified by the algorithm given in 5.1 (in the monomial case with 7 = 1) P €
Sing(R) C W < P € 7~ }(P) N Sing(R) C W where the new invariant strictly
increases, i.e., invmon,a(P) < invMONA(]B) (while the invariant o stays the same
and hence we remain in the monomial case with 7 = 1 after the transformation).
By Proposition 5.2 we observe that the transformation w satisfies the following

properties:
e the transformation 7 is necessarily esoteric, where the center of blow up
is the point P, which is bad, and
e the point P € Sing(R) C W is in configuration @ or &), while the point
P € Sing(R) C W is in configuration (3).
Now starting from P in configuration @ or (), followed by P and the points af-
terwards all in configuration 3), we denote by P! the first point to be in configura-

tion @ or ().

Then we have invyion.a(P) > invyon.a(PF).

5.3. Termination of the algorithm

With the analysis of the behavior of the new invariant invyon,a in Proposition 5.2
and the statement of the eventual decrease in Proposition 5.5 at hand, we are now
ready to show that the algorithm terminates after finitely many procedures.

Theorem 5.6. Our algorithm for resolution of singularities in the monomial case
with 7 = 1 in dimension 3, as described in 5.1, terminates after finitely many
procedures. More precisely, after finitely many procedures, we reach the situation
where one of the following holds.

Case 1. The singular locus is empty (over the fiber of the original point P).

In this Case 1, we have already achieved (local) resolution of singularities.
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Case 2. The invariant o strictly decreases.

In this Case 2, we achieve (local) resolution of singularities by induction on
the invariant o. (More precisely, we go back to the reduction process general
case — monomial case, as described in Villamayor’s philosophy 1.5 (3), with the
decreased value of the invariant .)

Case 3. The invariant invyiion,4 becomes zero, i.e., we are in the tight mono-
mial case. In this Case 3, we achieve (local) resolution of singularities by following
the procedure described in Proposition 4.12(2).

In all of the cases above, therefore, we achieve (local) resolution of singularities.

Proof. Suppose we have a sequence of transformations for resolution of singulari-
ties in the monomial case with 7 = 1 in dimension 3, as described in 5.1. We may
assume, throughout the sequence, that the singular locus locally at the point of
reference (over the fiber of the original point) is never empty and that the invariant
o stays the same (and hence we stay in the monomial case with 7 = 1). Note that,
otherwise, we are in Case 1 or Case 2 and we are done.

Observation 1. When the transformation 7 has a 1-dimensional center (say,
C =V(z,z)), we observe the following by Proposition 5.2.

e The new invariant invyon,s stays the same.

e The invariant ;(&p, ) strictly decreases (while the invariant (g, ) remains
the same).

Therefore, there is no infinite consecutive sequence of the transformations with
1-dimensional centers.

Observation 2. When the transformation m has a point center P, we observe
the following by Proposition 5.2.

e If the transformation 7 is standard, then the new invariant invmon,a
strictly decreases after the transformation.

e If the transformation 7 is esoteric, then the transformation cannot be
followed by infinite and consecutive points in configuration (3). When
we reach a point in configuration @ or (&) (after finitely many points in
configuration (), the new invariant invyion a decreases to a value strictly
lower than the original one by Proposition 5.5.

Note that the second item in Observation 2 is verified as follows. Assume that
we have an infinite and consecutive sequence of points in configuration 3). Then,
such a sequence would have to contain infinitely many transformations with point
blow ups by Observation 1. However, if the point is in configuration @), then the
transformation with a point center is necessarily standard by Proposition 5.2, and
the new invariant invmon,a strictly decreases by the first item in Observation 2.
Since the new invariant invmon,a stays the same under the transformation with
1-dimensional center by Observation 1, we conclude that the alleged sequence
would give rise to an infinite and strictly decreasing sequence of the values of the
new invariant invyion,a, a contradiction!



A NEW STRATEGY IN THE MONOMIAL CASE 1259

By Observations 1 and 2, we see that the resolution sequence gives rise to,
by looking at some subsequence of the points, a strictly decreasing sequence of
the values of the new invariant invpon,a. Therefore, we finally conclude that
after finitely many transformations, we reach the stage where the new invariant
invpmon,s becomes 0 and hence we are in Case 3, i.e., in the tight monomial case.

This completes the proof of Theorem 5.6. O

Corollary 5.7. Our algorithm for (local) resolution of singularities of an idealistic
filtration in dimension 3 is complete, realizing the philosophy of Villamayor in the
framework of the IFP.

Proof. This is an easy corollary to Theorem 5.6, once one understands the general
mechanism of our algorithm explained in 1.3, 1.4, and 1.5. Note that this corollary
has been already proved in our previous paper [26], using the old invariant invyon
in the monomial case. Here we use the new invariant invmon, s in the monomial
case. The description of the algorithm in [26] is different in the monomial case,
but it turns out to provide exactly the same procedure as the one provided by the
algorithm described in this paper (cf. 5.1). So the only difference lies in how we
prove the termination in the monomial case. O

6. Analysis of the jumping phenomenon and eventual de-
crease

6.1. Detailed analysis of the “Moh—Hauser jumping phenomenon”

Here we give a more detailed analysis of the “Moh—Hauser jumping phenomenon”
in dimension 3. In short, the transformation that goes through the “Moh—Hauser
jumping phenomenon” (more precisely, the transformation that is esoteric) is char-
acterized by the initial form Inp(ape) of the last coefficient a,e of the unique ele-
ment i in the LGS.

Consider a transformation in the procedure specified by the algorithm given
in 5.1 (in the monomial case with 7 = 1)

P € Sing(R) C W <& P e n '(P)NSing(R) C W,
where the new invariant strictly increases, i.e., invaon,a(P) < iDVMON7Q(ﬁ) (while
the invariant o stays the same and hence we remain in the monomial case with
7 =1 after the transformation). By Proposition 5.2, we observe that the transfor-
mation 7 satisfies the following properties:

e the transformation 7 is necessarily esoteric, where the center of blow up
is the point P, which is bad,

e the point P € Sing(R) C W is in configuration @ or (), while the point
Pe Sing(ﬁ) C W is in configuration ®.
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Observe that
invmon, o (P) = H(P) — ordp(Myight)

- w-pg (P) if P is in configuration (4 < wpe
— | lex(w-pz(P), w-p,(P)) 1if P isin configuration “PE

where the first equality holds because the point P is bad (cf. Definitions 4.6
and 4.9), the second inequality holds in general (cf. Remark 4.11(2)), and the
third inequality follows from the fact that the transformation m is esoteric. Thus
we have the inequality

(@)  invmon.o(P) = H(P) — ordp(Miignt) < w-pz(P).

Let (h,p®) be the unique element in the LGS H of the idealistic filtration R
at P. Suppose that h is in the Weierstrass form (cf. 4.1),

. e 1 e_q
h=22F +a12? +agz? TF 4 ape_12+ ape

with a; € k[[z,y]] and ordp(a;) >4 (i=1,...,p° —1,p°) for a regular system of
parameters X = (z,z,y) of 6{/{;, and that the divisor H, = {x = 0} is the bad
divisor while the divisor H, = {y = 0} is the good one in configuration @ (resp.
the divisors H, and H, are the two bad divisors in configuration (§)). Suppose
further that h is well-adapted with respect to X at the closed point P and at the
generic points of the divisors H, and H, simultaneously. Since the point P is in
configuration 3), we may assume that it lies in the x-chart of the blow up and
that it has a regular system of parameters (2, 7,7 ) = (z/x,z, (y — cx)/z) for some
¢ € k\ {0}. By replacing  with cz, we may further assume that a regular system
of parameters at P is given by X = (zZ,2,9) = (z/x, 2, (y — x)/x).

Let Inp(ape) = ®(z,y) be the initial form (i.e., the lowest degree homogencous
part) of the last coefficient ape of the element h. Note that, since h is well-adapted
with respect to (z,z,y) at P and since P is a bad point, the initial form Inp(aye) =
®(x,y) is not a p°-th power.

Proposition 6.1 (Analysis of the “Moh-Hauser jumping phenomenon” in dimen-
sion 3). Under the situation above, we assert that the homogeneous polynomial
O(x,y) of degree d = deg®(x,y) = ordp(ape) is, up to the multiplication by a
nonzero constant, is in the following form:

O(z,y)=2"y" - (y —2)" d(z,y)
satisfying the conditions below:
(i) d=n-p° for somen € L1,
(ii) 7 =orde, (ap)=H(n,) p® with 0 <r < p°,
(iii) s = [H(¢q,)  p°] with 0 < s < p®, while we remark that

* when P is in configuration @, we have s = [H(¢y,)-p°| > H(Em, ) p°,
where the strict inequality may happen, and that

* when P is in configuration &), we have s = H({g,)-p¢ = [H(Em,)-p°],
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(iv) t= ordey (®(x,y)) = 1-p° for somel € Z>o where Hy_, = {y—x = 0},
while we remark that ¥(x,y) may be divisible by x and/or y, but it is not
divisible by (y — ) according to the definition of t, and

(v) the homogeneous polynomial ¥(x,y) of degv(x,y) =u=d— (r+ s+ 1t)
has the description below.

Description of 1(z,y)

First we write u = a-p®+ 8 with o, 5 € Z>¢ and 0 < § < p°. Then there exist
constants y1,7v2, - --,%a € k such that, writing the Taylor expansion

«a e ~ N N - B
(1+Zi_17ig1p )/(1+y)$ :1+Cly+62y2+”'+Cuyu+cu+1yu+1'-- ,
we see that ¥(x,y) is determined by the equality
YET+TY) =" I+ gty + - +cutd™).

Since y = (y — x)/x and T = x, this is equivalent to saying

w(xvy)::cu-{l—l—cl(y;m) +02(y;x)2+'_'+cu(y—x>“}.

T

Moreover, we see that the following inequality holds:
(&) 0<8<p®—s.

We also have the following upper bounds for the increase:

(®1)  {w-pi, (P) — invaron.0(P)} - p° < s < ",

(®2)  {w-pu, (P) — invmon,o(P)} - p© < ph
(We remark that the second inequality is called “the Moh’s inequality”.)

Remark 6.2. (1) Since 9 (z, y) is not divisible by (y—=z), we conclude that ¢ (z, z+
Zy)/x" is not divisible by ¥ and hence that it starts with the nonzero constant
term ¢g. We multiply 1/co so that this constant term becomes equal to 1, i.e.,
¢o = 1. This is the meaning of “®(z,y) is, up to the multiplication by a nonzero
constant, in the following form” as stated above.

(2) What we actually do in the following proof is to present the characterization
of the initial form Inp(a,e) = @(z,y), which gives rise to the inequality (®).

Proof of Proposition 6.1.
Step 1. Preliminary computation of the invariants after the transformation .
Set h = 7 (h)/aP" =27 + @ 2P " - @pe 12 + ape, where @; = 7 (a;) /7
fori=1,...,p° — 1,p°. We write aye = 972" - {7*(®(z,y))/2¢ + 7 - wz(z,7)},
where 0 # 7 (®(x,y))/z? € k[y] and wz(Z,7) € k[[Z, 7).

We observe that h is well-adapted at & with respect to (2,,7 ), since

Slopey, = » 7 (€41,) = ordey, (a5 )/p* = (d — p)/p° = ordp(ape)/p* — 1
<u(P)—1=pulm,) (since P is bad),
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and since Ing,,(ape) = TP 1 (B (2, y)) /2t = 7 (®(x,y))/2P" is not a p°-th
power, a fact which follows easily from the fact that ®(z,y) is not a p-th power.
We remark that the requirement ords(a;) >4 for i = 1,...,p® —1 follows from

the conditions that P € Sing(R) and that the invariant o stays the same. The
inequality ords(a,e) > p® follows from the same conditions above. However, the
equality can happen when the term z?*° shows up with a nonzero coefficient ~y
in ape (and hence the term 7" shows up with the same nonzero coefficient v in
ape = ape/2P"), and then we have to replace Z with z/ = Z 4+ vY/?°F in order to
have the strict inequality. However, it is easy to see that this replacement does not
affect the computation of w-pz(P), and hence we ignore this replacement.

Therefore, we conclude that H(¢q, ) = (d — p®)/p°.

We also compute

w-pz(P) = res—ordge) (IHEHE (ape))/p® — ord (]\Zight)
= resord ) (747 - 7 (@(x, ) /2?) /p* — H(En, )

= res—ordge)(fdfpe 'W*((I)(:C,y))/xd)/pe —(d—p°)/p°

Step 2. Check the conditions (i), (ii), (iii), (iv) on the numbers d,r, s, t.
Now write the homogeneous polynomial Inp(ape) = ®(z,y) of degree d in the
following form ®(z,y) = 2" - y* - (y — z)' - ¢ (z,y), where
(i) d=deg®(z,y) = ordp(ape),
(ii) r=ordg,, (ap) =H(n,)  p°,
(iii) s =[H(¢n,) Pl

(iv) t=orde,  (®(z,y)) (which implies ¥(x,y) is not divisible by (y — z)),

(v) (z,y) is a homogeneous polynomial of deg ¥ (z,y) =u=d — (r + s+ t).
We compute 7 (®(z,y)) /2% = ®(z, 2+ 77) /7 = @(1,1+75) =1"- (1 +7)* -yt -
¥(1,14+7), where ¢(1,1+ ) is not divisible by ¥.

Claim. The numbers d and t are both multiples of p°, i.e., d=mn-p® andt =1-p°©
for some n,l € Zx>g.

Proof of the claim. Suppose either that d is not a multiple of p¢ or that ¢ is not
a multiple of p¢. Then we compute

w-pz(P) - p® = 1fes—01rd(l§e)(f”l_pe 'W*(q)(x,y))/:cd) — (d—p°)
= resord ) (F977" 17 (14+§)T 7t w(1,1+7)) — (d—p°)
= ordp(ZT - g") — (d=p) = ((d=p) +1) = (d—p°) =1t
<d—(r+s) < ordp(ap) — (H(ém,) + H(Em,)) - p°
= {H(P) — ordp(Miignt)} - p°,

contradicting the inequality (®). This completes the proof of the claim. O
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Thanks to the claim above and the condition that d = ordp(a,-) > p®, we have
d € p®-Zsq and t € p° - Z>, confirming the conditions (i) and (iv).

Claim. The number s is not a multiple of p°.

Proof of the claim. Suppose that s is a multiple of p¢. Then since d and ¢ are both
multiples of p® and since 7 (®(x, y)) /2% = ®(1,1+7) = 1"-(1+7)* -yt -b(1,1+7)
is not a p°-th power because ®(z,y) is not, we would conclude that ¥ (1,1 +y) is
not a p°-th power. Then we compute

w-pz(P) - p° = res-ord?) (7" 7 (B(a,y)) /o ) (d—p°)

:res—ordife)(:cd »* 1—|—y) La(l, 1+y)) —(d—p°)

= I‘eS-OI'dEfP (F?"" P(1,1+ y)) —(d—p°)

— res—ordife)(yt ¥(1,1 +y)) <t+degtp(z,y)=d— (r+s)

< ordp(ay) — (H(ém, ¢m,)) - p° = {H(P) — ordp(Myigne)} - p°,
contradicting the inequality (®). This completes the proof of the claim. O

Observe that s = [H({g,) - p°] < p°. In fact, if s > p°, then H({g,) - p© > p°
and hence h, = H(¢{q,) > 1. But then we would choose the center of blow up
C = V(z,y) for the transformation 7 (cf. 5.1, Description of the algorithm). This
contradicts the description of our center to be the point P as given in the situation.
Combining the claim above with the inequality s < p®, we have 0 < s < p°,
confirming the condition (iii).

Suppose r = H(Egy, ) - p¢ > p¢. But then again we would choose the center of
blow up C' = V(z,z) for the transformation 7 (cf. 5.1, Description of the algo-
rithm). This contradicts the description of our center to be the point P as given in
the situation. Suppose » = 0. Then, since r+s+t+u = s+I-p°+a-p*+5 = d = np°®
and since 0 < s < p® by (iii) and 0 < 8 < p° by definition, we would conclude
s+ 8 = p°. This contradicts the inequality ({). Therefore, we have 0 < r < p©,
confirming the condition (ii).

(We note that, even though the proof of the inequality (<)) appears in Step 4,
it only uses the conditions (i) and (iv) in Step 2, which had been already proved
before the confirmation of the condition (ii), and the description of ¥(1,1 + 7)
given in Step 3, which is independent of the condition (ii) in Step 2, the argument
to confirm the condition (ii) here using the inequality () is NOT circular.)

This finishes Step 2.

Step 3. Check the description of the polynomial ¥ (z,y).

First observe
deg ((y — )" - 9b(z,y)) =d — (r + )
— (H(ém, ) + H(En,)) - p° = (H(P) - OfdP(Mtight)) -p°
< w-pz(P) - p° = res- ord(p ) (T+9) 7" v(1,1+7)).
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Since t is a multiple of p©, this implies

u=deg)(x,y) < resord?) (1+7)* - (1,14 7)).

Therefore, writing u = o - p® + 8 with o, 8 € Z>p and 0 < 8 < p®, we conclude
that there exist constants 1,72, ...,7, € k such that

(1+7)-4(1,1+7) _1+Z 7" mod (7*1).

(Note that we assume that the constant term of (1,1 + %), not divisible g, is
equal to 1 (cf. Remark 8 (1)).) Now multiplying 1/(1 + ¥ )® to both sides of the
equation above, and writing the Taylor expansion of the right hand side as

<1+Z ) A+7) =l+aytey’+ +ef ' +ewny ™,

we conclude that the left hand side is equal to the truncation of the Taylor expan-
sion up to degree u

Y(@,T+7y)/T = p(L,1+y)=14+cig+ g+ +cu§"

knowing that ¢(1,1+y) is a polynomial of degree at most u in y. That is to say,
we have
Y@, T+3y) =" (1+ay+cey’+ - +cy").

Since § = (y — z)/x and T = x, this is equivalent to saying

— y—x 2 Y—T\U
)+C2( x ) +'”+Cu( x ) }

Step 4. Check the inequalities (), (dol), (h2).

Claim. The following inequality holds: () 0< < p®—s.

vlay)=a"- {14+

Proof of the claim. Assuming p®—s < /3, we would conclude that ®(z,y) is a p°-th
power, which contradicts the condition described in the situation that Inp(ape) =
®(x,y) is not a pe-th power.

First note that the Taylor expansion of (1+7)7? =1/(1+7)?" =1/(1+73"")
involves only the powers of 7. Let us denote by [f] <; the truncation of the Taylor
expansion of f up to order j. Then we compute

GL1+G) =1+af+eai®+ o +ai = [(1+>" %™ )/0+7)]
[(1+Z % y”’) 1+7) ™" A+ _s}

= [T@E") - 1+5)" ],

<u

<u

where T(y?") = [(1+ 20, % g™ ) (1+ ﬂ)_pe]<o4)e is a polynomial of 77°. But
if p° —s < B and hence o - p® +p° — s < a - p° + B = u, then we do not have to
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take the truncation (up to degree u) in the last term, i.e., we have (1,1 +y) =
L(7P") - (1 +7)P"~°. Therefore, we conclude that

T (@(z,y))/at = @(L1+7) =1"-(1+7)*- " ¥(1,1+7)
=(1+5) 5" TE")-(L+y) = =0+5)" 5" TE")

is a p®-th power, since t = [ - p° for some [ € Z>¢ by (iv). This implies that ®(x,y)
is a p°-th power, since d is a multiple of p¢ by (i). This contradicts the condition
that ®(z,y) is not a p°-th power.

This completes the proof of the inequality (). O

Claim. The following inequality holds:
(1)  {w-pz(P) — invpon.o(P)} - p° < s < p°.
Proof of the claim. Using the same notation as in Step 1, we compute
{w-pz(P) — invnion,o(P)} - p°
= res—ord(ge) (A+7)° 9" ¥(1,147)) — (ordp(ay) — ordp(Miignt) - p°)

)
= res-ord?) (1 +§)* - g 9(1,147)) = (d— (r+ H(&) - p%))
<(s+t+u)—(d=(r+s)=(6+t+u)—(t+u)=s

S

proving the inequality (d1). O

Set v, =min{v >u+1|¢, # 0}, wo = min{w > G+ 1| (pi;s) # 0} and
(127 % )(1+) 7 = 1k §7 e 5 4 bea P e O

The following claim is used for the proof of the inequality (&2).

Claim. The following inequalities hold.
(1) €q #0.
(2) wo—pB<pt
(B) ap<a-p‘+f=u<v,<a-p+(p*—s)<(a+1) p°

In particular, we have v, # 0 mod p®. Moreover, we have v, —u < p¢~L.

Proof of the claim. We use the same notation as in the proof of the inequality ().
It follows from the definition of ¢; and ¢; that

1+Zi ¢y’ = (1+Z &y ) (1+g)"
(1) Suppose €4 = 0. Then we would have

Py - ~ap® 1 ~\p°—s _
Za'pe§v<(o<+1).pe Co y €a y ( + y) O’
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ie., ¢, =0 for all v with a- p® < v < (a+ 1) - p°. But this implies
Q47 HLLED) = (57 (b aT+al’+o+af)
=@+ { (1420 %) A+ D) (cwnn T+
=(1+7) {(HZ ~“”) (L+5)° = (et pe 77 )}
—1+Z g —(1+7)° Zz(%l).peciﬂ’}
where the equalities above are equalities as the Taylor expansions in y. Since

deg (1+y)* - ¢(l,14+y))<s+tu=s+a-p°+p
<st+a-p°+p°—s=(a+1) p°

where the second inequality follows from () S < p® — s, we have the following
equality as polynomials

~S ~ _ (&3 .Nipe
(1+9)*-v(1,1+Yy) 1+Zi=1%y

But then the equality above implies that

™ (@(z,y))/a =1"-(1+7)* - 5" (1, 1+7) = (1+Z ”p)

is a p°-th power (since ¢ is a multiple of p® by (iv)). Since d is a multiple of p®
by (i), this in turn implies that ®(z,y) is a p°-th power, contradicting the condition
described in the situation. This completes the proof of (1).

(2) We draw the attention of the reader to the following elementary fact about
the binomial coefficients in char(k) =p > 0 (cf. [23]):

N) Suppose that two nonnegative integers x, m have p-adic expansions k =
2 aipt and m = > bip'. Then we have

() -1L(3)

(“) 40 = a >b, Vi
m

Especially, we have

Now write the p-adic expansions of p¢ — s and B(< p® — s) as p® — s = Zle:_ol apt
and 8 = Zle;ol 5p'. Observe that, for an integer w in the range B+ 1 < w < p® —s
with p-adic expansion w = Zle;ol bip', using (R), we have

(p _s>7é0<:>az>bz 0<Vi<e-—1.
w
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Define

B -1 if al25l7 ngge—l,
" |max{0<I<e—1|a; <&} otherwise.

Set iy =min{l, +1<1<e—1|a; >0} Notethata; > l,+1<Vi<e-—1
by the definition of l,, and that {l,+1 <1 <e—1|a; > 6} # 0 since p® —s > .
Set
(=0, +0p"+ D
Li+1<i<e—1
We claim that w, = (.
Firstly, since we have

h=0<a for 1 +1<I<e—1 and 6, <6, +1<a,

we see that 41 < ¢ < p* — s and that (%) = [T, ey () - (1) #0.

Therefore, by the minimality in the definition of w,, we conclude
B4+1<w, << p° —s.

(We remark that actually this first part is already enough to see w, — 8 < (-5 <
plt < pe~1 finishing the proof for (2).)

Secondly, let w be an integer in the range 54+ 1 < w < p®— s with p-adic expan-
sion w = Zle:_ol byp!, satisfying the condition (peq;s) # 0. Since 8 = Zle:_ol apt <
w = Zle;ol bip!, there exists a non-negative integer k,,, uniquely determined de-
pending upon w, such that

6=0b for ky,<l<e—1, and 0, <bi

w w*

We observe 1, < k. In fact, if [, =—1, then, since k,, > 0 by definition, we have
lp, < ky. If0 <1, > ky, then (pw_s) = Hl;élo (‘;ll) . (‘gl’:) = 0, contradicting the
condition (”eujs) # 0. The inequality I, < k,, implies ( < w. Therefore, by the
minimality of w, among all such w’s in the range §+1 < w < p® — s, satisfying
the condition (¥ ) # 0, we conclude ¢ = w,.

Now since w, = ¢ = (6, +1)ph +le+1§l§6_1 8, p*, we conclude that w, — f <
plt < p°~l. This completes the proof of (2).

(3) Note that by (1) we have v, = a - p® + w,. This implies the inequalities
a-p’<a-p’+pf=u<v,<a-p’+(p°—s)<(a+1) p°
and hence v, Z 0 mod p°. The last inequality in (3) follows from (2), since

o —u= (o p° +wo) = (o p° + ) = wo — < p T

This completes the proof of (3). O
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Claim. The following inequality holds:
(#2)  {w-pz(P) — invmono(P)} - p° <p 1.
Proof of the claim. First remember that

™(® (w,y))/wd T4 9) gt (14 7)
(1+7y)*- (1+01y+--~+cuy )
“(T+

v {(1+Z ) /(1+7y)° — (cu+1y“+1+...)}
R (ED ) e 7 4 )

Therefore (3) of the claim above implies

y'
v’

(P°) (_* dy _
res-ord 5 (7 (®(z, y))/a) =t + vo.

Now, from the computation carried out in Step 1, we have

w-pz(P) - p° = res—ord@e) (5‘17”6 . ﬂ*(@(m,y))/xd) —(d—p°)
= res- ord(p )( *(@(z,y))/z%),

where the second equality holds because d is a multiple of p® and because ®(z,y)
is not a p°-th power. Therefore, we conclude that

{w—pg(ﬁ) — invmon,o(P)} - p°
res- ord(p ) (7 (®(z, y))/xd) — (ordp(ape) — ordp(Miignt) - %))
(t+v,) — ( (r+H(m,) - p ))g(t—f—vo)—(d—(?“—i—s))

=(t+v,) — (t+u) =v, —u<p° -

proving the inequality (&2). O

This finishes the proof of Proposition 6.1. O

6.2. Eventual decrease

From the view point that we would like to use the new invariant invyion,a as
an effective measure to see what is improved under the transformations specified
by the algorithm and that it should strictly decrease after each transformation,
the occurrence of the “Moh—Hauser jumping phenomenon” is a bad news, since
the new invariant strictly increases after some special transformations, which are
necessarily esoteric by Proposition 5.2. We gave a detailed analysis of the esoteric
transformations in 6.1. Here in 6.2, using the analysis done in 6.1, we show that,
when invyon,a goes through the “Moh-Hauser jumping phenomenon”, it strictly
decreases to a value lower than the original one after some more transformations.
This eventual decrease as presented in the following proposition is enough to show
the termination of our algorithm (cf. 5.3).
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Consider a transformation in the procedure specified by the algorithm given
in 5.1 (in the monomial case with 7 = 1) P € Sing(R) C W <~ P € 7~ Y(P) N
Sing(ﬁ) C W where the new invariant strictly increases, i.e., invmon,a(P) <
invpon.a(P) (while the invariant o stays the same and hence we remain in the
monomial case with 7 = 1 after the transformation). By Proposition 5.2 we observe

that the transformation 7 satisfies the following properties:

¢ the transformation 7 is necessarily esoteric, where the center of blow up
is the point P, which is bad, and
e the point P € Sing(R) C W is in configuration @ or (), while the point
P € Sing(R) C W is in configuration ).
Observe by Proposition 5.2 that, after each transformation with a point center
going from configuration @) to configuration @), the invariant invyion,a strictly
decreases, and that, after each transformation with a 1-dimensional center starting
from configuration (3), we necessarily end up again in configuration 3) with the
invariant inviyion,4 unchanged, while the value of the invariant j for the bad divisor
decreases by 1. Therefore, after the closed point P followed by finitely many points
in configuration (3), we reach the last closed point P in configuration (3), which is
followed by a closed point P* in configuration @) or () (unless we reach Case 1, 2,
or 3 as described in Theorem 5.6 in the process):

closed points| P « P « — P Pt

configuration | @ or (® ® all in 3 ® @ or (®.

By Proposition 5.2 again, we have the following inequalities among the values of
the new invariant:

inVMON7Q(P) < inVMON,‘(ﬁ) > e > invMON7Q(Pb) > inVMON,‘(Pﬁ).
Proposition 6.3. Under the situation above, we have the following inequalities:
inVMON,‘(P) > inVMON’@(P) > inVMON’ﬁ(Pﬁ).

In particular, compared to the original value at the closed point P, the value of the
new invariant invyion,a Strictly decreases at the closed point Pt i.e., we have the
eventual decrease.

Proof. The first inequality invyion a(P) > invmon,o(P) follows easily from Re-
mark 4.11(2) and the definition of the lexicographical order (cf. Definition 4.9).
We show the following inequalities:
() 2m® >m >m’ > w-py:(P*) + m?,

@

where we set m™~ = invmon,o(P), m = w-pz(P), m’ = w-p,»(P) and

i — ordps (Mﬂsual) — ordps (Mtnight) when P* is in configuration @),
w-ps (P*) when P? is in configuration (5).
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Note that the the second inequality m"¥ = invyon,o(P) > invpon,a(P?) follows
easily from the inequality 2m®~ > w-p,: (P*) +m® and the definitions.

The remaining part of the proof is devoted to showing the inequalities ().
Proof for 2m® > m. Assume m > 2m". Then we have
pe > (ﬁz—mo) .peZmQ?'pe

by (1) or (&2) in Proposition 6.1 and by the assumption. Recall that, by Propo-
sition 6.1, the initial form Inp(ape) = ®(x,y) of the last coefficient ape of h is a
homogeneous polynomial of degree d = np® (n € Z~1) of the following form:

D, y) =a"-y* - (y— )" Pla,y),

where ¢(z,y) is a homogeneous polynomial of degree u and

r=ordgy, (ape) = H(Em,) - 9% s = [H(w,) - p°] 2 H(En,) -p% t=1-p°
with [ € Z>o. Observe that

m? - p® = invmon,o(P) - p° = (H(P) — ordp(Miignt)) - p°
= ordp(ay) — (H(m,) - p° + H(En,) - p°) (since P is bad)
>d—(r+s)=u+t=u+1 p°
Therefore, we have p¢ > m" -p® > u+1-p°. Writing u = a-p® + 8 with , 8 € Z>
and 0 < B < p°, we conclude [ = 0, = 0 and hence v = 5. On the other hand, by
the inequality ({) in Proposition 6.1, we have u = 5 < p®— s and hence s+u < p°.
However, since r < p, this implies d = deg ®(z,y) = deg(z"y*(x,y)) = r+s+u <
2p€, which contradicts the description of d above. This finishes the proof of the
inequality 2m® > m. O

Proof for m > m”. Since the invariant w-p never increases during a sequence of
transformations with consecutive points in configuration (3), we have the inequality
~ b

m>m’. O

Proof for m® > w-py:(P*) +mf.  We first remark that
P! is in configuration @ (resp. ®)) <= P’ is good (resp. bad).
We set
N w(P?)  when P is good,
= d’/p¢  when P’ is bad.
We show the following relations (0), (1) and (2), which imply the inequality m’ >
w-pas (P*) + m? immediately:
H(ngu) = H(gHb) = Tb/pev H(fH u) = ,uh - 1»
(0) ’ b ! b
w€a,,) = wa,,) = p(P’), pa,)=pn(P’) -1
(1) mf <pf—r"/p¢  (the equality holds when P’ is good ),
(2) w-pys(PF) = m” — (u* — 1" /p°).
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The proof of the relations above in the case when P? is good is almost identical
to the one in the case when P’ is bad. (We draw the attention of the reader to
the fact that (1) in the former case is an equality, while (1) in the latter case is
an inequality.) Therefore, in the following, we only give a proof in the latter case
when P’ is bad.

The last two equalities about the invariant p in (0) are obvious. We will verify
the remaining relations. Recall that we are in the monomial case with 7 = 1
at the closed point P°. Let (h°,p°) be the unique element in the LGS H’ of
the idealistic filtration R” at P°. Suppose that h” is in the following Weierstrass
form h* = (2°)P" 4+ a5 (2°)P "t -+ a;e_l(zb) + a;e, where a? € k[[z°,y"]] with
ordps(a}) > i (i = 1,...,p°) for a regular system of parameters (z°,2°,4") of
O;/b,\[,)b, and that the divisor H,» = {2° = 0} is the bad divisor in configuration @).
Suppose further that h’ is well-adapted at P’ and at the generic point of the
divisor H,, simultaneously. Write a), = ()" - {g(W") +2° - wy(2°,y")} where
= H(Em,)  1°,0 # ¢(y") € K[[y’]], and wy(2”,¢") € k[[2",3"]]. Note that

In5Hwb (a;e) = (:ﬂ’)rb - ¢°(y") is not a p°~th power, since h” is well-adapted at n,

with respect to (2°,2°,4”). We may further assume (cf. Proposition 4.3 (3)) that
the equality (+”) res—ord(lf:) ((ﬁlcb)rb 9" (y")) /p° = ordp ((ﬁlcb)rb -9’ (y")) /p° holds. Let
Inpb (a;e) = ®°(2”, 1) be the initial form (i.e., the lowest degree homogeneous part)
of the last coefficient a;e of the element A”. Note that neither In ps (a;e) = ®° (2%, y)

nor Ing , (a)e) = (ﬂvb)rb - ¢°(y’) is a p°th power, since h” is well-adapted at P’

and £y , simultaneously with respect to (2%, 2%, ).

When we take the transformation P’ € Sing(R’) C W*° & pte Wﬂil(Pb) N
Sing(R*) ¢ W* with the center of blow up being the point P’ the closed point P* in
configuration () has a regular system of parameters (2, 2%, y*) = (2°/4°, 2" /v°, v°),
and we compute the transformation

hi = ﬂ.ﬁ*(hb)/(yb)pe _ (Zﬁ)pe + aii(zﬁ)pe—l 4ot age_l(zﬁ) + aﬁe

where ag = 7t (a?)/(y*)" for i = 1,...,p° — 1,p%, and where ordp:(a?) > i for

7

i=1,...,p° —1,p°, since P! € Sing(R¥) and the invariant o stays the same at P*
and since the equality (") holds.
Observe that

o the divisor H,; = {y* = 0} is bad, since P’ is bad, and
o the divisor H,: = {zf = 0} is bad, since it is the strict transform of the
bad divisor H,» = {2” = 0}.

We compute
b e
ape = (TP AR @ 1) + o wye ()],
where Ing,, (aﬁe) = (yﬂ)db_pe 0% (2f, 1) = @°(2°,4°)/(¥°)P" is not a p°-th power

because Inpy (a;e) = ®"(2°,y") is not, and where w,: (2%, y) € k[[z*, y*]].
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We also compute

abe = (287 - ()T (P () + 2ty wpe (@ E D))

where

b b e

Ingku (afoe) = (zF)" -

is not a p°-th power because Ing,, | (aze) = (") -

We also have the inequalities

orde,, n(age) =r" <pln,) p°= = p(€n,,) - p° (since H,, is bad),
ordey , (aje) =d —p° < u(Pb) P —p° =l ) p¢ (since P’ is bad).

Therefore, ht is well-adapted at & H,, and § H simultaneously with respect to
(2%, 2% y*). Therefore, we conclude that the first two equalities in (0) hold:

H(én ) =H(En,) =" /v H(u,) = (@ —p)/p° = /p° = 1=p* —1.
We also conclude that the inequality in (1) holds:
e e b e
w-pyp (PF) = [res-ord 2 (69) 7" - @ (2, 1)) — ordpu (@) - ()" )] /p*
< [{(@ = p*) + &} = {" + (@ = p)}] /p° = (& =) [p° = =1 /p".

We compute, to check the equality in (2),

-pye (PF)
[r ord(p ) ) : (yﬁ)rtpe 'gb(yﬂ)) — ordpy ((ﬂfﬁ)rb ) (yﬂ)dtpe)}/pe
|:Ordpﬁ (yﬁ)rb_pe -gb(yn)) — ordp: ((ﬂfﬂ)rb : (yu)db_pe)} /p°

=[{r" + (" =)+’ Ty = (& = p)}] /b
=m’ — (& —17)[p* =m’ — (uF =" /p°).

In order to obtain the second and third equalities above, we use the equalities (”)
and m” = w-p,» (P”) = ordp» g°(y°). This completes the proof of the relations (O),
(1), (2), and hence the proof of the inequality m” > w-p,: (P¥) 4+ m®.

This completes the proof of Proposition 6.3. O

7. Comparison of the old invariant with the new invariant

7.1. Comparison table

We present the table comparing the descriptions of the old invariant invyion in [26]
and the new invariant invmon, in this paper.
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Configuration || Description
invmon
® . (0,0, )
@ (anamln{uaﬁuy}amax{uxal’[’y})
@ . (paca 0, Mﬁc)
@ (ml.n{Px’ Mﬂc}a maX{Pm Mm})
® (min{pz, py }, max{ps, py})
inVMON7Q
@ 0
® 0
@ lex {w'pxa OrdP(Musual) - OrdP(Mtight)}
= lex {w-py, w-py }
lex {w-pz, ordp (Mysual) — ord p(Miigns) }
@ = lex {w-pa, w-piz }
= (min{w-pz, w- iz }, max{w-pz, w-fiz })
lex {lex (w-pg, w-py) , ord p(Mysual) — ordp (Miight)
®

lex { (min{w-p,, w-py }, max{w-py, w-py}), }
OrdP(Musual) - OrdP(Mtight)

Observation. (1) We hope that the reader can sense the analogies and similarities
between the old invariant invyon and the new invariant invyion, 4 from the table.
The major differences are:

e In the new invariant, we use the “weak” version of the invariants, indicated
by the prefix “w-", where we subtract the appropriate amount of contributions
coming from the boundary divisors.

e In the new invariant, the number ordp(Mysya1) — ordp(Miigns), which mea-
sures the difference between the usual monomial and the tight monomial, shows
up always and more explicitly, where in the old invariant, the number is disguised
as f; (in configuration 3) or @) or does not show up (in configuration (&)).

(2) The original argument of Benito—Villamayor [5] (for showing the termi-
nation of the algorithm for resolution of singularities in the monomial case in
dimension 3) was quite complicated. The old invariant invyon is the result of
our search for a simple invariant which measures effectively what is improved in
the process of the algorithm. Even when the first author finally came up with the
description of invyion in December of 2012 in Austria, it remained something of
a mystery to us why it works. For example, we were wondering why we look at
the invariant u, in configuration @) associated to the good divisor H, = {y = 0},
while we look at the invariant p, in configuration & associated to the bad divisor
H, = {y = 0}. The interpretation of the old invariant invyon in terms of the
new invariant invmon,a, where the latter is based upon the original philosophy
of Villamayor, demystifies the mechanism to some extent, e.g. demystifies the use
of 11, as the disguise of the number ordp(Mysual) — ordp (Miight)-
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7.2. Why “w-", i.e., the “weak” version of the invariant?

Of course this demystification comes with a seemingly hefty price: The old invari-
ant strictly decreases after each transformation, while the new one strictly increases
from time to time. We were happy that, using the old invariant, we did not en-
counter the “Moh—Hauser jumping phenomenon”, one of the well-known obstacles
toward establishing an algorithm for resolution of singularities in positive charac-
teristic. So why are we looking at the new invariant, using “w-", which inevitably
brings back the “Moh—Hauser jumping phenomenon”? The motivation lies in our
attempt to go into higher dimensions.

1. “Weak order” vs “usual order”.

It is well-known and easy to observe that the (usual) order of an ideal Z on
a nonsingular variety W may strictly increase after blowing up along a smooth
center C' (even when C' is taken within the locus of highest order) if dim W > 1,
while the weak order does not increase. This is the very reason, when we face the
problem of resolution of singularities of the triplet (W, (Z,a), E) in characteristic
zero, why we use the weak order and not the usual order (cf. 1.2).

2. Why the old invariant does not increase after blow up in dimension 3, even
though we are not using the weak version?

Consider the definition of the invariant p,. After the process of cleaning, we
look at the last coefficient ape = z" - {g(y) + @ - we(z,y)} and the invariant
px is computed using the usual order p, = ordp(g.(y))/p°. The reason why
the old invariant does not increase after blow up, roughly speaking, is that the
invariant p, is computed using the order on V = {z = 2 = 0} of dimV = 1, the
only dimension where the usual order does not increase after blow up ! It is this
beneficial peculiarity, unique to the low dimension dim W = 3, that guarantees the
old invariant does not increase.

3. What happens if we try to go into higher dimensions?

Let’s consider what happens when dimW = 4. Then the last coefficient is
of the form, after cleaning, ape = " - {g,(y,2) + = - w(x,y, z)} with respect to
a regular system of parameters (w,z,y,z), where h is in the Weierstrass form
h = wP +aywP " 4 +aye with a; € k[[z,y, 2]] and ordp(a;) > ifori =1,...,p°.
If we define the invariant p,, without using the weak version, by the formula
pz = ordp(g.(y,2))/p¢, then it could easily increase strictly after a point blow
up, as the usual order on the surface V.= {w = = = 0} of dimV = 2 could
increase strictly after a point blow up. This is why we want to use the weak
version w-p,, subtracting the appropriate amount of contributions coming from the
boundary divisors, leading to the use of the weak version of the invariants in higher
dimensions. Actually the new invariant in dimension 3 arose from our attempt to
generalize our method in [26] to the case in dimension 4. Our hope is that we can
carry out an analysis of the “Moh—Hauser jumping phenomenon” leading to the
eventual decrease in dimension 4, similar to the one in dimension 3, and hence that
we can show the termination of the algorithm for resolution of singularities in the
monomial case, whose choice of the center, nevertheless, is much more involved in
dimension 4 than in dimension 3. Details will be discussed elsewhere.
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