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ABSTRACT. Assume that there exists a hypersurface singularity which cannot
be resolved by iterated monoidal transformations in positive characteristic. We
show that in the set of defining functions of hypersurface singularities which
cannot be resolved, we can find a function satisfying very strong conditions. By
these conditions we may be able to deduce a contradiction under the above as-
sumption. Besides, we introduce essential concepts for the study of resolution
of singularities of germs such as Weierstrass representations, the Abhyankar
condition, “not reductive” and so forth.

1. INTRODUCTION

In this paper we consider the problem of resolution of singularities in the case
of positive characteristic. Since Hironaka’s success in resolution of singularities
in characteristic zero (Hironaka [5].), the solution of this problem has long been
expected. However, it is still open.

This is perhaps because the problem is hard by nature.

Therefore, we consider the problem in the category of germs of varieties. Besides,
we assume that the singularity is a hypersurface.

Recently very clear exposition was given in Appendix of Abhyankar [2] for resolu-
tion of hypersurface singularities in characteristic zero. I have noticed that most of
Abhyankar’s ideas are effective even in characteristic positive. I supply the missing
part to his ideas, and develop the theory of positive characteristic in this paper.

Throughout this paper we fix the ground field k. We assume that k is an alge-
braically closed field and the characteristic number p of k is positive. The prime
number p is used to denote the characteristic number of k.

By B we denote a ring isomorphic to the formal power series ring k[[zo, 21, ... , 2,]]
over k with r+ 1 variables g, 1, . .. , z, for some non-negative integer r. Note that
r 4+ 1 = dim B. The affine scheme Spec(B) associated with B is the space whose
ring of functions coincides with B.

Assume that a ring B and a non-zero element f € B are given. We consider the
following game, which we will call a resolution game of f € B. It has two players (I)
and (I7), and they repeat steps under the same rule. At each step, if f has a normal
crossing in B, then the player (I) wins and they terminate the game. Otherwise,
(I) chooses a non-singular closed subscheme of Spec(B). Let o : ¥ — Spec(B) be
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the blowing-up of the scheme Spec(B) with center in the chosen subscheme. Then,
the player (II) chooses a closed point s € ¥ lying over the unique closed point of
Spec(B). After replacing the pair (B, f) by the pair (B’, f’) where B’ denotes the
completion of the local ring Oy, s of ¥ at s and f’ denotes the image of f by the
ring homomorphism B — Oy, ¢ — B’, they proceed to the next step.

If (I) can always win the game whatever closed points (IT) chooses, then we say
that f € B can be resolved by iterated monoidal transformations, or we say f can
be resolved, in short. Note that we have decided to work in the category of germs,
and we have to use the concept of resolution games to formulate the words “f can
be resolved”.

A ring homomorphism B — B’ in the above form is called a monoidal transfor-
mation. Note that it is defined depending on a non-singular closed subscheme of
Spec(B) and a closed point s € . A composition of a finite number of monoidal
transformations is called an iterated monoidal transformation.

By A* we denote the set of invertible elements of a ring A.

Theorem 1.1. Assume that the set X of pairs (B, f) such that f # 0 and f € B
cannot be resolved is not empty. Let n+1 = min{dim B | (B, f) € X}. There exists
an element (B,g) € X with n+ 1 = dim B such that there are an element t € B,
a positive integer m, an infinite sequence {B, | 0 < v < oo} of complete reqular
local k-algebras with By = B, and an infinite sequence {B, — B,41 | 0 <v < oo}
of iterated monoidal transformations with the following properties: We denote an
element in B, and its image in B =lim , B, = UpZB, or in B, for i > v by the
same symbol. There exist an infinite sequence

{P, ={zv1,202, .. ,2un} | 0<v < o0}
of finite subsets P, C B,,, an infinite sequence
{H, |1 <v <o}
of elements H, € B,, an infinite sequence
{(by1,bu2,... ,bun) | 1 <v< oo}
of n-tuples (b, 1,by.2,... ,b,.n) of non-negative integers b, ;, an infinite sequence
{m |1 <v<oo}
of elements n, € B,,, and an infinite sequence
{(Fo1,Fray... ,Fum) | 0<v < oo}

of m-tuples (F,1,Fy2,...,F,m) of elements F, ; € B, satisfying the conditions

(1.v), (5.v) below for every non-negative integer v, and the conditions (2.v), (3.v),

(4.v), (6.v) below for every positive integer v.

(L.v) The set P, U{t} ={av1,2v2,...,ZTun,t} is a parameter system of a regular
local ring B,,. For simplicity, we write Z, = k[[xy1,Tv2,... ,Zun]| (the closed
k-subalgebra of B, generated by P,), and

(2.v) For every 1 < i <mn, x,_1,; € Z, and x,—1,; has a normal crossing with
respect to the parameter system P, of Z,,.
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(3.v) At least one of by1,by2,... by is not zero. (Note that x5 belongs to the
mazximal ideal of Z,,.)

H, =n, H 332”; M € Z,.
p=1
(Note that H, belongs to the v-th power of the mazimal ideal of Z,,.)
5.v) Wewritet, =t+5>."_ H, € Z,. The pair (g,t,) is a separable Weierstrass
p=1 13
pair over (B,,P,). The element F, ; belongs to the mazimal ideal of Z,, for
every 1 <3 <m, and

m v ‘j
g=t"+y ( a:f;) F, 477,
j=1 \p=1
We understand 22:1 H, =0 and szl xz“ =1 here as a convention.
N7 ote that F,,_1; € Zy,_1 C Z,, for every 1 < j <m.) For every1 <j<m
6.v) (Note that F,_1; € Z Z 1<j<m) F 1<j<
Fuori ¢ Z,, and for some 1 < j<m Foo1i ¢ zZ.

(a2v)7 (z2")7

Remark . 1. See Definition 2.16 and Definition 2.19 for the terminology “separable
Weierstrass pair” in (5.v).
2. By the equality in (5.v) it is intuitively quite plausible that

m v j o0
g=lim ¢+ > (H If;) Fygty ™ b = (lim 6,)™ = (t+ S H,)™
7j=1 \p=1 v=1

since 01deV(<l_[Z:1 :rZ“)J F, ;) > jv,ordgz, (H,) > v,and ordz, > ordz, for v > p.
If this is true, then we can conclude that ¢ = (¢t + H)™ for some H € Z
by a refinement of the Weierstrass preparation theorem in positive characteristic
(Lemma 2.20), and that the set X is empty, since g = (t + H)™ € B has a normal
crossing and thus g can be resolved by definition.
However, it is very hard to give a meaning to the above limit, since the ring
Z = h_n)lVZy is not necessarily noetherian.

We could improve the above result, if we could find wiser strategy for the player
(I). However, I believe that the latter remark above is the essential problem of the
resolution theory, and I write this paper to focus targets of the future study and to
establish essential concepts such as the Abhyankar condition and “not reductive”.
In the subsequent paper we will try to overcome this difficulty, and will give some
results.

The rings B, ’s are complete, because we apply the Weierstrass preparation the-
orem in the essential part of our theory.

I hope that this paper together with several related results in a few years
(Kuhlmann [6], Spivakovsky [8].) will play a key role to open the door toward
the final solution of resolution of singularities.

Let T be a totally ordered abelian group. Often in this paper we associate a
special element oo called the infinity with I'. We assume that the element oo
satisfies the following two conditions:

1. 0o > 00, o0 + o0 = 0o, and noo = con = oo for every positive integer n.
2. For every element v € I' v # 00, v < 00 and v + 00 = 00 + 7 = 00.
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Any positive integer m can be written uniquely in the form m = lq where [ is
an integer prime to p and g = p° is a power of p. The exponent ¢ is a non-negative
integer. The pair (I,q) is called the p-decomposition of m. For simplicity we say
that m = lg is the p-decomposition of m, or that m = Ip° is the p-decomposition
of m.

By Z, Q and R we denote the ring of integers, the rational number field and the
real number field respectively. By Zg we denote the set of non-negative integers.

The number of elements in a finite set X is denoted by t X.

Section 1 is the introduction. Sections 2 is a preliminary part. We collect
results on commutative rings. In Section 3 we give definitions for fundamental ob-
jects in our formulation such as a space germ, a framed space germ, a basic space
germ, an elementary monoidal transform, an iterated elementary monoidal trans-
form (an IEMT, in short), an iterated analytic monoidal transform (an TAMT,
in short), and so forth. In Section 4 we explain the concept of framed resolu-
tion games, which plays an important role in this paper. The concept of Weier-
strass representations is introduced in Section 5. This concept plays the central
role in our theory. The Abhyankar condition, the strong Abhyankar condition
and the condition “reductive” are defined for Weierstrass representations. The
Abhyankar condition is essentially equivalent to the claim (6.v) in Theorem 1.1.
The condition “not reductive” is very important in characteristic positive. Let
G1,Gy, ... ,Gp € Z = K[[z1,22,... ,x5]] and g = t™ + 377" | Gt™ 7. We define
w(g, t) = min{ord(G;)/j | 1 < j < m} € QU {o0}. Note that for any H € Z
there are elements G, G5, ... , G, € Z with g = (t + H)™ + 37" G (t + H)m=3,
Thus w(g, t + H) = min{ord(G%)/j [ 1 < j < m} is defined. The pair (g,t) is
said to be reductive, if there is an element H € Z with w(g, t) < w(g, t + H). In
Section 6 we show that if a Weierstrass representation satisfies both the Abhyankar
condition and the condition “not reductive”, then the singularity can be resolved
even in characteristic positive. By this result our goal becomes to modify a given
Weierstrass representation to satisfy both conditions. An effective tool called a
reduction sequence is introduced in Section 7 to treat both the Abhyankar condi-
tion and the condition “not reductive” simultaneously. Central ideas of a reduction
sequence are like the following: Let Zy = Z. We cousider a pair (g,t9) = (g,t)
as above. Assume that we have already obtained rings Zg, Z1,... , Z,_1 and pairs
(9,t0), (g,t1),---,(g,t,—1). By the induction hypothesis on dimensions there exists
an IAMT Z, of Z,_1 such that the pair (g, ,_1) satisfies the Abhyankar condition,
if we regard the coefficient functions G,_11,Gu-1,2,... ,Go_1,m € Z,_1 of g as ele-
ments in Z, by the iterated monoidal transformation Z,_1 — Z,,. If (g,¢,_1) is not
reductive when we regard G,_1 ;’s as elements in Z,, then we terminate our proce-
dure. Otherwise, we choose an element H, € Z, with w(g,t,_1) < w(g,t,_1+ H,)
and put (g,t,) = (g9,t,—1+H,). The sequence obtained by repeating this procedure
is called a reduction sequence. We will see in Section 8 that if there is a function
which cannot be resolved, then there exists a reduction sequence with infinite length
and that any member G, ; of the coefficient functions of (g,t,) has a very special
form as in Theorem 1.1.

After I sent the first draft of this paper to the AMS preprint server, Joseph
Lipman kindly informed me that Section 4 of Bierstone and Milman [3] (and Section
3 of Bierstone and Milman [4]) contains the same results as ones in Appendix of
Abhyankar [2], and I received envelope containing a lot of results by Bierstone and
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Milman from Bierstone. By Lemma 4.7 in Bierstone and Milman [3] (or Lemma
3.12 in Bierstone and Milman [4]) I could improve some descriptions in Section 3
and Section 5 of my manuscript. Because of difference on how to choose centers of
monoidal transformations among in [2], in [3] and in [4], T take Abhyankar [2] as
the basis of our theory in this paper. (The methods in [2] and [3] are simpler, but
they choose centers even outside the zero-locus of the function under consideration.
Two methods are slightly different. In the third method in [4] they choose centers
inside the singular sets of the zero-locus of the function. The third can be regarded
as the improvement of the second one in [3].)

This work was accomplished during my stay at Max-Planck-Institut fiir Mathe-
matik at Bonn in the period of October 1998 to March 1999. I express thanks to
Max-Planck-Institut for warm hospitality. I thank also Herwig Hauser for hospi-
tality and interesting discussions we held at Innsbruck University.

2. RING THEORY

In this section we review several important points in the ring theory and explain
non-standard concepts.

By a ring we mean a commutative ring with the identity. We use standard ter-
minologies in the commutative ring theory. (Matsumura [7]. Zariski-Samuel [10].)

Let A be a ring. By A* we denote the set of invertible elements of A, i.e.,

A" ={a € A| There exists an element b € A with ab = 1}.

A ring with the unique maximal ideal is called a local ring. For a local ring A
by M(A) we denote the maximal ideal of A. A local ring A is the disjoint union of
A* and M(A).

By Zy we denote the set of non-negative integers.

Let A be a ring. The binomial coefficient <T> is the mapping (r, j) € Z2 —
J

(T> € A satisfying the following two conditions:
J

1. If 0 < r < j, then (r) =0.
J
2. For every non-negative integer r the equality
" (r
(t+1) = (_)tj

holds in the ring A[t], where ¢ is an algebraically independent element over

A.
Lemma 2.1. If0<a <b and a <r, then
b\ (r\ _(r\[(r—a
a)\b) \a)\b-0a)
Proof. Let t, u be algebraically independent elements over A. Computing (tu+u+
1)" in two different ways we obtain the claim. O
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Lemma 2.2. Assume that a ring A contains a field of characteristic p. Let § and
[ be non-negative integers. If a non-negative integer j is not a multiple of p°, then

()

If there is a non-negative integer i with j = ip°, then

(7)-() - ()

Let n be a non-negative integer, and zg,x1,...,x, n + 1 of variables. We
consider the formal power series ring k[[z]] = k[[zo, 21, ... ,x,]] over k. Any element
f € k[[z]] can be written uniquely in the form

[= 2{: faxaa

a623+1
where a = (ag, a1, ... ,an) € Z0T ag, a1, . .. ,a, are non-negative integers, f, €
k for any a € Z§t!, and 2@ = 502t - x0n.
Lemma 2.3. 1. The ring k[[z]] is a noetherian complete regular local ring of

dimension n+ 1, and is a unique factorization domain (UFD, in short.) with
the unique mazimal ideal M (k[[z]]) = {f € K[[x]] | fo.0,..,0) = 0}. The set
{zo,21,... ,2n} is a parameter system of k[[z]].

2. Let yo,Y1,--- ,Yn be n+ 1 elements in k[[z]]. The following three conditions
are equivalent:
(a) The set {yo,y1,-.- ,Yn} is a parameter system of k[[x]].
(b) There exists a unique continuous isomorphism ¢ : k[[z]] — k[[z]] of k-

algebras satisfying ¢(x;) = y; for every 0 < i < n.

(©) yo,y1,- - yn € M(k[[z]]) and det(dy;/0z;) & M (k[[z]]).

Definition 2.4. 1. Let Q@ = {xo,21,... ,2Zn} be a parameter system of the ring
kl[z]] and f € k[[z]]. We say that f has a normal crossing with respect to @,
if there are non-negative integers g, 81, - .. , B, with

f

Bo ,.P1 Bn
xo xl ...xn”

€ kf[=]]".

2. An element f € k[[z]] is said to have a normal crossing, if there is a parameter
system @ of k[[z]] such that f has a normal crossing with respect to Q.

Lemma 2.5. Let Q be a parameter system of k[[z]], and f € k[[z]], g € k[[z]].

1. The following two conditions are equivalent:
(a) The product fg has a normal crossing with respect to Q.
(b) Both f and g have a normal crossing with respect to Q.
2. If the product fg has a mormal crossing, then both f and g have a mormal

Crossing.
Proof. 1t follows from the uniqueness of the irreducible decomposition. O
Let w = (wp,wn,...,wy,) € ZSH, and Q = {xo,21,...,2,} be a parameter

system of k[[z]]. We will define a map
ordy, : k[[z]] — Zo U {0}
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associated with w and @. The value ord,,(f) € ZoU{oo} for f € k[[z]] is called the
order of f with weight w. Let f = Zaezg+1 fax® € Ek[[z]] be an element. If f =0,

then we put ord,,(f) = co. Assume f # 0. Let

ex(f) ={a € Z§™" | fo # 0}
Since f # 0, the set ex(f) is not empty. We define

n

ord,, (f) = min{z wiey | (g, a1,...,a,) € ex(f)} € Zp.
i=0
Lemma 2.6. 1. If f,g € k[[z]], then ord,(fg) = ord, (f) + ordy,(g).
2. If f,g € k[[z]], then ord,,(f + g) > min{ord,,(f),ord,(g)}.
3. Assume that w; = 0 for 0 < i < m and w; > 0 form+1 < i< n. We
have ordy (f) = 0 if and only if fiagan,....am,0.0,..,00 7 0 for some m + 1

non-negative integers g, a1, ... , .
4. Assume that w; > for every 0 < i < n. We have ord,(f) = 0 if and only if
f e k[[z]]".

Let E denote the field of fractions of k[[z]]. We can define an extended map
ordy, : E — Z U {oc}

by putting ord,, (h) = ord,, (f) — ord,(g), where h € E, and f, g € k[[z]] with g # 0
are elements with h = f/g.

If w; = 1 for every 0 <4 < n, we write ord instead of ord,,. The value ord(f) is
called the order of f.

Lemma 2.7. 1. The map ord,, : E — Z U {oo} associated with an element

w e Zg'H and a parameter system Q is a valuation of the field E with the

value group 7.

ord, (f) > 0 for every f € k[[z]].

3. Assume that w; > 0 for every 0 < i <n. If f € k[[z]] and ord,,(f) =0, then
f e k)]

4. Assume w; = 1 for every 0 < i < n. Then, ord,, = ord does not depend on
the choice of the parameter system Q.

o

Proof. We consider claim 4. Under the assumption we have ord,,(f) = max{v |

f € M(k[[z]])"}, which shows the claim. O
Definition 2.8. Let f € k[[z]] be a non-zero element. Let f = uglﬁlggz g
be the irreducible decomposition of f, where g1,92,...,9, € k[[z]] are irreducible
elements such that any two of them are coprime, u € k[[z]]* and £y, 52, ..., [, are

positive integers. We assume that ord(g;) > 1 for 1 < ¢ < s and ord(g;) = 1 for
s+1<1<r.
1. A triplet (v, hg, h,,) satisfying the following conditions are called the singular
non-singular decomposition of f.
(a) f =vhshy,. v € k[[z]]*. hs € K[[z]]. hn € k[[z]].
(b)
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()
h,

Bs Bs -
gt gl gt

2. Let (v,hs, hy) be the singular non-singular decomposition of f. We call
ord(hs) the singular order of f, and denote it by sord(f). We call ord(h,,)
the non-singular order of f, and denote it by nord(f).

Lemma 2.9. 1. The singular order sord(f) and the non-singular order nord(f)
of an element f € k[[z]] — {0} are well-defined. They do not depend on
the choice of the singular non-singular decomposition (v,hs, hy,) of f in the
definition.

2. sord(f) and nord(f) are non-negative integers. ord(f) = sord(f) + nord(f).
sord(f) # 1. sord(fg) = sord(f) + sord(g). nord(fg) = nord(f) + nord(g).

Let w = (wo,ws,...,w,) € Z0T' and Q = {xo,1,... ,2,} be a parameter
system of k[[z]].
Let f = Eaezgﬂ fax® € E[[z]] be a non-zero element. Let iex(f) = {a € ex(f) |

Sor o wicy = ordy(f)}. Putting
in,(f) = Z faz®,

aciex(f)

we call in, (f) the w-initial polynomial of f. For f = 0 € k[[x]] we define in,,(0) = 0.

We can check that in,, (fg) = in,(f)in,(g) for any f, g € k[[z]].

Assume that w; = 0 for 0 <47 <m and w; > 0 for m + 1 < i <n. One sees that
in,(f) € E[[zo, 1, -, Tm )| [Tmat1s Tmaz, -+ 5 Tn)-

We say that f is a w-homogeneous polynomial, if f = in,,(f). If w; > 0 for every
0 < i < n, then any w-homogeneous polynomial contains only a finite number of
terms, and it is a polynomial with coefficients in k.

Consider the case where w; = 1 for every 0 < ¢ < n in particular. In this
case in,,(f) does not depend on the choice of the parameter system Q. We write
in(f) instead of in,(f), and call in(f) the initial polynomial of f. It has only a
finite number of terms. Also in this case a w-homogeneous polynomial is called a
homogeneous polynomial.

In the theorem below one of n + 1 variables plays a special role. Putting t = x,
and y; = z; for 1 < i <n, we write

Kyl = Kty e, ull = K],
Klwll = Kklly,yz, - uall:
Theorem 2.10 (Weierstrass division theorem). Let w = (wq,wy, ... ,wy) € Zgtt.

We assume that w; > 0 for every 0 < i < n. Let f € k[[t,y]]. Assume that
in,(f)(1,0,0,...,0) # 0, where in,(f)(1,0,0,...,0) denotes the result of substi-
tutiont =1, y1 = yo = -+ =y, = 0 in the w-initial polynomial of f.
1. The quotient m = ord,,(f)/ord,(t) is a non-negative integer.
2. For every h € k[[t,y]] there exists a unique set of an element e € k[[t,y]] and
m numbered elements Hy, Ha, ..., H,, € k[[y]] satisfying

h = ef+§:Hjtm*j.

j=1

Proof. Not difficult. O
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Corollary 2.11 (Weierstrass preparation theorem). Let w = (wo, w1, ... ,wy) €
Zott. We assume that w; > 0 for every 0 < i < n. Let f € k[[t,y]]. Assume
that in, (f)(1,0,0,...,0) # 0. Let m = ord,(f)/ord,(t), which is a non-negative
integer.
1. There exists a unique set of an element e € k[[t,y]] and m numbered elements
G1,Ga,... Gy, € K[[y]] satisfying

ef = tm —|— Z Gjtmij.
j=1
2. e € k[[t,y]]*, and ord,(G;) > jordy(t) for every 1 < j < m.
3. The element g = t™ + Z;n:1 Gt™= I € K[[t, y]] belongs to the subring k[[y]][t],
or the ring of polynomials with variable t with coefficients in k[[y]]. ord.(g) =

mord,,(t).
Proof. Tt follows from the special case of Theorem 2.10 where h = t™. O
Lemma 2.12. Let f € k[[z]] = k[[xo, 1, .. ,z,]] be a non-zero element.

1. There exist n elements a1,as,...,a, € k with in(f)(1,a1,a9,--- ,a,) # 0,
where in(f)(1,a1, a9, - ,a,) denotes the result of substitution xo = 1,21 =
a1,Ta = A2y ... ,Tpn =y 0 in(f).

2. Assume that in(f)(1,a1,a2, - ,a,) # 0 for aj,as,...,a, € k. Let t = x9
and y; = x; —a;xg for 1 <i<n. Thent,yi,y2,... ,Yn S a parameter system
of k[[z]], and the result of substitutiont = 1,51 =ya =+ =y, = 0 in in(f)
18 not zero.

Proposition 2.13. Let f1, fa,..., f¢ € k[[z]] = k[[z0, 21, ..., 2n]] be a finite num-
ber of elements with f = f1fa--- fo #0. Let my, = ord(f,) for 1 <v < £.
Let ay,aq, ... ,a, €k be elements with in(f)(1,a1,az,...,a,) #0.
Let t,y1,Y2, ... ,Yn be the parameter system of k[[x]] satisfying t = x¢ and y; =
x; —a;xg for 1 < i < n. We denote k[[t,y]] = k[[t,y1,Y2,---,yn]] = k[[z]] and
El[v]] = klly1,y2, - - - »yn]]. For every 1 < v < £ the following 1-3 hold:
1. The result of substitution t = 1, y1 = yo = --- = y, = 0 in the initial
polynomial of f, is not equal to 0.
2. There exists a unique set of an element e, € k[[t,y]] and m, numbered ele-
ments Gy1,Gu2, ... ,Gyum, € K[[y]] satisfying e, f, = t™ + Z;n:"l G, jtm™ .
3. e, € K[[t,y]]*, and ord(G, ;) > j for every 1 < j < m,,.

Proof. Tt follows from Lemma 2.12 and Corollary 2.11. O
Lemma 2.14. Let f € k[[zo, 21, ... ,x4]]. The following three conditions are equiv-
alent:

1. feklah, 2], .. 2P]].

2. There exists g € k[[xg, Z1,. .. ,Tn]] with f = gP.

3. g—fi:OforeveryOSign.
Lemma 2.15. Let f € k[[z]] = k[[zo,x1, ... ,xs]] be an irreducible element. We

define a k-linear map
Xk — k([2]]/ £k([])

by N ao, a1, as, ... ,a,) = > o qa;i(0f/0x;) mod fk[[z]].

1. The map A is not zero.
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2. There is a homogeneous polynomial h of degree 1 whose zero-locus contains
the kernel of X.

Proof. 1. By Lemma 2.12 we have in(f)(1,0,0,---,0) # 0 after a linear coordinate
change. By Corollary 2.11 we have an invertible element e € k[[z]]* and m numbered
elements G1,Ga, ... ,Gy, € k[[x1,z2, ... ,2,]] where m = ord(f) satisfying

m
ef =g, g=a5" +»_ Gag ™’

J=1

Assume that A is zero. For every 0 < i < n we have

99 _ f
= [e])
Thus, there is e; € k[[z]] with ag =ef.
On the other hand, we can erte
99 _ | 0 famap! +ZJ o(m—j+1)Gjqzy ™ ifi=0,
Ox; 0- f+2§”16w zg if 1 <i<n.

By Theorem 2.10.2 we have e; = 0 and 89 = 0. By Lemma 2.14 there is g; € k[[z]]

with g = g¥. Thus f = g} /e is not 1rredu(31ble which contradicts the assumption.
2. Obvious. O

Definition 2.16. 1. Assume that a parameter system @ of the ring k[[z]] is
given. We call a pair (g, t) of elements g € k[[z]] and ¢ € Q a semi-
Weierstrass pair of k[[x]] under @, if there exist a non-negative integer m
and m elements G1,Ga,... ,Gn € K[[y]] = K[[y1,y2,.-. ,yn]] satisfying g =
"+ G;t™ 9, where y1, Yo, ... , Y are elements in Q) except .

2. A non-empty subset of a parameter system of a regular local ring is called a
partial parameter system.

3. Assume that a partial parameter system P of the ring k[[z]] with §P =
dim k[[z]] — 1 is given. We call a pair (g, t) of elements g € k[[z]] and ¢ € k[[z]]
a semi- Weierstrass pair of k[[x]] over P, if t ¢ P and the union P U {t} is
a parameter system of k[[z]], and if there exist a non-negative integer m
and m elements G1,Ga, ... ,Gpn, € E[[yl] = k[ly1,v2,-- ., yn]] satisfying g =
"+ G;jt™I, where P = {y1,Y2,... ,Yn}.

4. The integer m is called the degree of (g, t), and is denoted by deg(g, t).

5. The m-tuple (G1,Ga,...,Gy) of elements in k[[y]] is called the coefficient
functions of (g, t).

6. If m = deg(g, t) = 0, we define w(g, t) = co. If m = deg(g, t) > 0, we define
w(g, t) = min{ord(G,)/j | 1 < j < m}. We call w(g, t) € QU{oo} the weight
of (g, t).

7. For 1 < j <m = deg(g, t), let

rapi { 0 if ord(G;) > jw(g, t)
J in(G;) if ord(G;) = jw(g, t).

The polynomial t™ + E;"Zl G;t™ 7 is called the initial polynomial of (g, t),
and is denoted by in(g, t).
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8. If the coefficient functions (G1,Ga,... ,Gy,) of a semi-Weierstrass pair (g, t)
satisfies ord(G;) > j for every 1 < j < m, then we say that the pair (g, t) is
a Weierstrass pair.

Lemma 2.17. Assume either that a parameter system Q of the ring k[[x]] is given,
or that a partial parameter system P of the ring k[[z]] with § P = dimk[[z]] — 1 s
given. Let (g, t) be a semi-Weierstrass pair either under QQ or over P.

1. The degree deg(g, t), the coefficient functions (G1, Ga,...,Gp,), the weight
w(g, t) and the initial polynomial in(g, t) of (g, t) are uniquely defined de-
pending on the pair (g, t).
deg(g, t) > ord(g).
3. Let m = deg(g, t). The following three conditions are equivalent:
(a) w(g, 1) = oo.
(b) G; =0 for every 1 < j <m.
(c) in(g, t) =t™.
4. The following three conditions are equivalent:
(a) The pair (g, t) is a Weierstrass pair.
(b) deg(g, t) = ord(g).
(c) w(g,t) = 1.
Lemma 2.18. Let Q be a parameter system of the ring k[[x]], and (g, t) and (¢, t)
semi- Weierstrass pairs under Q with the common second termt € Q. Let D denote
the field of fractions of k[ly]] = klly1, Y2, .- ,yn]] where y1,ys, ... ,yn are elements
in Q exceptt. Let g = glﬁlgg2 -+~ g8 be the irreducible decomposition in the ring

DJt]. We assume that the coefficient of the term with the highest degree in g, € DI]t]
is equal to 1 for every 1 < v <.

o

1. The pair (gg’, t) is a semi- Weierstrass pair. deg(gg’, t) = deg(g, t)+deg(q’, t).
The pair (gq’, t) is a Weierstrass pair, if and only if, both of (g, t) and (¢’, t)
are Weierstrass pairs.

2. For every 1 <v <r, g, € k[[y]][t] C k[[z]]-

3. Assume that (g, t) is a Weierstrass pair. For every 1 < v < r, (g,, t) is
a Weierstrass pair, and the decomposition g = glﬁlgg2 - gB gives the irre-
ducible decomposition in the ring k[[z]].

Proof. The claim 2 follows from Lemma of Gauss. (Zariski-Samuel[10], Vol.I, p.32.)
O

Definition 2.19. Let P be a partial parameter system of the ring k[[z]], and
(g, t) a semi-Weierstrass pair over P. Let D denote the field of fractions of
kllyl] = Elly1, 2, .- ,yn]] where P = {y1,9n,... ,yn}. Let g = g" g5 -~ g% be
the irreducible decomposition in the ring D[t]. A semi-Weierstrass pair (g, t) is
said to be separable, if g, is a separable polynomial in D[t] for every 1 < v < r.

Note Lemma 2.15.

Lemma 2.20. Let f € k[[z]] be a non-zero element, and f = uf{™ f52 - for
(u € K[[z]]*) the irreducible decomposition of f. For every 1 < v < r we define a
k-linear map

Ao K — k([2])/ fo k][]
by A\ (ag,a1,a2,...,a,) = Z;L:O a;(0f,/0x;) mod f,k[[x]]. Let h, be a homo-
geneous polynomial of degree 1 whose zero-locus contains the kernel of \,. Let

U =in(f)[1,_, ho-
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1. There exists elements a1, aq,... ,a, € k with ¥(1,a1,as,... ,a,) # 0.
2. Assume aj,as,...,a, € k and V(1,a1,as,... ,a,) # 0. Let t = x9, y; =
x; —a;xg for 1 < i <m, and Q = {t,y1,Y2,... .Yn}. There is an invertible

element e € k[[z]]* such that (ef,t) is a separable Weierstrass pair under the
parameter system Q).

Proof. 1. It follows from that ¥ is a non-zero homogeneous polynomial.
2. We have in(f) = w(0)in(f1)*in(f2)*2 - - -in(f)* . Thus, (1, a1, as,...,a,) #
0, if and only if, in(f,)* (1,a1,as2,... ,a,) # 0 and h,(1,a1,az,... ,a,) # 0 for ev-
ery 1 < v <r. By definition h, (1, a1, as, ... ,a,) # 0implies A\, (1,a1, a9, ... ,a,) #
0.

Let v be an arbitrary integer with 1 < v < r. By Lemma 2.12.2 and by Corol-
lary 2.11 we have an invertible element e, € k[[z]]* such that (e, f,,t) is a Weier-
strass pair under Q. Let g, = e, f, € D[t]. We have

agv _861/ afl/
o ol
86,, ox; Of,
Z ot Ox;
86;/ afy - afl/
fy + ey ( + Z (‘“)xz)
Since 0 # A\, (1,a1,0a2,... ,a,) = gig + > lalgi” mod f,k[[z]], One has % &
fuE[[z]]. In particular, ag” # 0, and g, is a separable polynomial in D[t]. Since

fo=gv/e, is irreducible 1n E[[x ]] by Lemma 2.18.3 g, is irreducible in D[t].

Let e = ef' el -+ e Ju € k[[z]]*. We have ef = g7 g7" -+ - g. The pair (ef,t)
is a Weierstrass pair under () by Lemma 2.18.1. Since the irreducible decomposition
in D[t] is unique, ef = g g™ -+ - g2 gives the irreducible decomposition in DIt].

Thus (ef,t) is separable. O

3. SPACE GERM

In this section we give the definition of our main objects, a space germ, a framed
space germ, a basic space germ, an elementary monoidal transform, an iterated
elementary monoidal transform (an TEMT, in short), an iterated analytic monoidal
transform (an TAMT, in short) and so on.

Let k[[z]] = k[[zo, 21, ... ,x,]] denote the formal power series ring over k with
r 4+ 1 variables zg,x1,...,2z,.. We give the M (k[[z]])-adic topology to the ring
k[[z]]. Recall that a non-empty subset of a parameter system of a regular local ring
is called a partial parameter system. (Definition 2.16.2.)

Definition 3.1. 1. A ring B is called a space germ over k, if B is a topological

local k-algebra isomorphic to k[[z]] = k[[xo, %1, ... , x,]] for some non-negative
integer 7.

2. A partial parameter system Q of B is called a frame of B.

3. For any partial parameter system Q = {yo,y1,...,yn} of B by k[[Q]] we
denote the minimum closed k-subalgebra k[[yo, y1, ... , Yn]] of B generated by
Yo, Yis- -+ s Yn-

4. A pair (B,Q), where B is a space germ over k, and @ is a frame of B, is
called a framed space germ over k.
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5. The number dim B = r + 1 is called the dimension of a space germ B or of a
framed space germ (B, Q).

6. The number § @ of elements in @ is called the basic dimension of a framed
space germ (B, Q).

Lemma 3.2. Let (B, Q) be a framed space germ. Let A = k[[Q]]. The pair (A, Q)
s a framed space germ over k such that Q is a parameter system of A.

Definition 3.3. 1. Let (B,Q) be a framed space germ. The space germ B
without a frame is called the underlying space germ of (B, Q).

2. We call the framed space germ (A, Q) described in Lemma 3.2 the basic framed
space germ of a framed space germ (B, Q).

3. Let B and B’ be space germs. A continuous local homomorphism ¢ : B — B’
of k-algebras is called a morphism of space germs from B to B’.

4. Let (B,Q) and (B’,Q’) be framed space germs. A continuous local morphism
¢ : B — B’ of k-algebras is called a morphism of framed space germs from
(B,Q) to (B',Q"), if the following conditions are satisfied:

(a) p(k[[Q]) C k[[Q']], and the induced homomorphism ¢ : k[[Q]] — k[[Q']]
are local and continuous.

(b) There exists a parameter system R of B such that Q C R, o(R—Q)NQ’ =
b, and (R — Q) U Q' is a parameter system of B’.

We denote ¢ : (B,Q) — (B, Q).

Lemma 3.4. Let (B, Q) be a framed space germ, and A = k[[Q]].

1. The inclusion homomorphism A C B defines a morphism A — B of space

germs.

2. Let R = {xg,x1,... ,x.} be a parameter system of B containing the param-
eter system Q = {xo,x1,...,2,} of A. Let R = {yo,y1,...,Ys}t be a fi-
nite subset of B containing a parameter system Q" = {yo,y1,... ,yn} of A.

Then, R’ is a parameter system of B, if and only if, s =r, R' C M(B) and
det(ayj/axi)ng’jgr ¢ M(B)

We call the morphism A — B in Lemma 3.4.1 the inclusion morphism.

Lemma 3.5. Let ¢ : (B,Q) — (B, Q') be a morphism of framed space germs. Let
A =K[[Q]], and A" = E[[Q"]].

1. For any parameter system Ry of B containing a parameter system Q1 of A
and for any parameter system Q) of A’, the union p(R1 — Q1) U Q] is a
parameter system of B’.

2. The morphism ¢ induces a morphism e : B — B’ of underlying space germs.

3. The morphism ¢ induces a morphism ¢ : (A, Q) — (A’, Q") of basic framed
space germs. N

Proof. 1. Tt follows from Lemma 3.4.2. O

We call ¢, the underlying morphism of ¢, while we call ¢ the basic morphism
of .

Lemma 3.6. Let ¢ : (B,Q) — (B, Q') be a morphism of framed space germs. Let
Q1 be a partial parameter system of B with Q C Q1.

Let Q) = Q' Up(Q1 — Q). The set Q) is a partial parameter system of B'. It
satisfies Q' C Q) and $(Q1 — Q) = #(Q} — Q'). There exists a unique morphism
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v1 : (B,@Q1) — (B,Q)) of framed space germs such that ¢o = (¢1)e and the
following diagram is commutative:

KQ —— K[@i]] —— B

lf, l(fl)' lw.:wl).

QT —— K@Y —— B

Proof. The claim on @ follows from Lemma 3.5.1. The remaining parts are easy.
O

Definition 3.7. Let (B, Q) be a framed space germ, and @)’ an arbitrary parameter
system of k[[@]]. The pair (B, Q’) is a framed space germ, and we call it a coordinate
transform of (B, Q).

The morphism (B, Q) — (B, Q') of space germs induced by the identity homo-
morphisms of B is called a coordinate transformation.

Note that the morphism (B,Q) — (B, Q') can be defined above, since for any
parameter system R of B containing @), the union (R — Q) U Q' is a parameter
system of B containing Q. (Lemma 3.4.2.)

We will define an elementary monoidal transform of a framed space germ.

Let (B, Q) be a framed space germ. Let C' C @ be a subset containing at least
two elements, zg € C' an arbitrary element, and A : C'—{z¢} — k an arbitrary map
from C' — {z¢} to k. By o : ¥ — Spec(B) we denote the blowing-up with center
in the non-singular closed subscheme of Spec(B) defined by the ideal generated by
elements in C. We denote C' = {zg, z1,... ,2:} and \; = A(z;) € k for 1 <i <t

Consider a B-subalgebra

B =B[22 .. 2
ro o o
generated by t elements 1 /xg, 2/, - - , 2¢/To in the field of fractions of B. The

affine scheme Spec(B) is a coordinate chart of ¥, and t+1 affine schemes Spec(By)’s
obtained when zg runs on C covers X. Let m be the ideal in By generated by the
maximal ideal M (B) of B and t elements ;f—o —Ai, 1 <i <t Wehave Bj/m 2k
and m N B = M(B). Thus m is a maximal ideal of By, and defines a closed point
s € Spec(By) C ¥ lying over the unique closed point of Spec(B). Let By = (B1)m.
One has Oy s = By. Let yo = 20 and y; = (x;/x0) — A; for 1 < ¢ < ¢, and
Q' =(Q-C)U{yo,y1,-.-,¥+}. One sees that By is a regular local ring, and @’ is
a frame of Bs.

Let B’ be the completion of Bs. Ring B’ is a complete regular local ring and Q'
is a frame of B’. Ring B’ coincides with the completion of By with respect to the
ideal m. The inclusion homomorphism B C B, and the canonical homomorphism
By — B’ to the completion define an injective continuous homomorphism B — B’
of k-algebras.

The pair (B’,Q’) is a framed space germ over k.

Let A = k[[Q]], A" = k[[Q']] A1 = A[z1/x0, 2/, ... ,2t/T0], and [ = A3 Nm.
One sees easily that the completion of A; with respect to [ coincides with A’. Thus
composing the inclusion homomorphism A — A; and the canonical homomorphism
A; — A’ to the completion, we obtain an injective continuous homomorphism
A — A’ of k-algebras. Obviously A — A’ coincides with the restriction of the
homomorphism B — B’ to A.
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The homomorphism B — B’ induces a morphism (B,Q) — (B’,Q’) of framed
space germs.

Definition 3.8. Let (B, Q) be a framed space germ over k.

1. A triplet (C, zo, \) satisfying the following three conditions is called a datum
of a monoidal transformation over (B, Q).

(a) C C Q. C contains at least two elements.

(b) zp € C.

(¢) A:C —{=zo} — k is a map.

2. Let (C,x0,A) be a datum of a monoidal transformation over (B, Q). Let
B’ denote the ring described above. For every x € C with x # z¢ we set
Yo = (x/20) — Mz). Let Q' = (Q — C)U {0} U{y, | z € Cyz # x9}. The
framed space germ (B’,Q’) is called the elementary monoidal transform of
(B, Q) associated with a datum (C,zg, A).

3. The induced morphism (B,Q) — (B’,Q’') described above is called the
monoidal transformation associated with the elementary monoidal transform
(B, Q).

4. A space germ B’ without a frame is called an elementary monoidal transform
of B, if there exist a frame @ of B and a datum (C,zp,\) of a monoidal
transformation over (B, Q) such that the underlying space germ of the el-
ementary monoidal transform (B’,Q’) of (B, Q) associated with (C,zo, \)
coincides with B’. The underlying morphism B — B’ of the monoidal trans-
formation (B, Q) — (B’,Q’) is called the monoidal transformation associated
with the elementary monoidal transform B’ of B.

Definition 3.9. Let (B, Q) and (B’,Q’) be framed space germs over k. We con-
sider a finite sequence {(B,,Q,) | 0 < v < w} of framed space germs and conditions
below.

L. (B7Q) - (BO7QO)7 (Bva/) = (Bw7Qw)'

2. For every number v with 1 < v < w, (B,,Q,) is an elementary monoidal
transform of (B,_1,Q,—1) associated with some datum.

3. For every number v with 1 < v < w, (B,,Q,) is an elementary monoidal
transform of (B, _1, Q,_1) associated with some datum, or a coordinate trans-
form of (B,,_l, Qy_l).)

If there is a sequence {(B,,Q,) | 0 < v < w} satisfying 1 and 2, then we say
that (B’, Q) is an iterated elementary monoidal transform, or an IEMT in short,
of (B,Q). If there is a sequence {(B,,®,) | 0 < v < w} satisfying 1 and 3, then
we say that (B’,Q’) is an iterated analytic monoidal transform, or an IAMT in
short, of (B, Q). The composition (B,Q) = (By, Qo) — (B,,Qu) = (B, Q') of w
associated morphisms (B,_1,Q,—1) — (B,,Q,), 1 < v < w is called the iterated
monoidal transformation, or IMT in short, associated with the IEMT or IAMT
(B',Q') of (B,Q).

A space germ B’ without a frame is called an IAMT of B, if there exist a frame Q

of B and an IAMT (B’, Q) of (B, Q) such that the underlying space germ of (B’, Q")
coincides with B’. The underlying morphism B — B’ of the IMT (B, Q) — (B',Q’)
is called the iterated monoidal transformation associated with the IAMT B’ of B.

Definition 3.10. Let (B, Q) be a framed space germ over k, and (C,xo, \) and
(C', x{, A") data of a monoidal transformation over (B, Q). We say that (C,zg, \)
and (C', z(, \') are equivalent, if one of the following two conditions holds:
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1. (C,z0,A) = (C",x(, )
2. C =0C" xg # xh, Map)N(xg) = 1, and A(y) = N(y)/N (x0) for every y €
C — {xg, x{}-

Lemma 3.11. 1. The relation of data of a monoidal transformation defined in
Definition 3.10 is an equivalence relation.

2. Let (C,x9,A) and (C',z(, N') be data of a monoidal transformation over a
framed space germ (B, Q) over k. Assume C = C'. By o : ¥ — Spec(B)
we denote the blowing-up with center in the non-singular closed subscheme of
Spec(B) defined by the ideal generated by elements in C.

Let By be the B-subalgebra generated by elements y/xg, y € C — {xo} in
the field of fractions of B, and m the maximal ideal in By generated by the
mazimal ideal M(B) of B and elements (y/xo) — ANy), y € C — {zo}. Let
Bj be the B-subalgebra generated by elements y/x(, y € C — {x(} in the field
of fractions of B, and w’ the mazimal ideal in By generated by the maximal
ideal M (B) of B and elements (y/xy) — N (y), y € C — {zy}.

Data (C,x0, \) and (C, z(, \') are equivalent, if and only if, the closed point
3 corresponding to the maximal ideal m and that corresponding to the mazimal
ideal m' are equal.

Definition 3.12. 1. Let ¢ : (B,Q) — (B’,Q’) be a morphism of framed space
germs. If, for every z € @, the image ¢(x) € k[[@Q’]] has a normal crossing
with respect to @', then, we say that the morphism ¢ has a normal crossing.

2. Let (B’,Q’) be an IAMT of a framed space germ (B, Q). We say that (B’, Q")
is an TAMT with a normal crossing of (B, @), if the IMT (B, Q) — (B’,Q’)
has a normal crossing.

Lemma 3.13. 1. If a morphism ¢ : (B,Q) — (B’,Q’) has a normal crossing,
then, for any parameter system R of B containing Q and for every element
f € B with a normal crossing with respect to R, ¢(f) € B’ has a normal
crossing with respect to the parameter system (R — Q)U Q.

2. If two morphisms ¢ : (B,Q) — (B,Q') and ¢ : (B,Q') — (B",Q")
of framed space germs have a mormal crossing, then the composition Yy :
(B,Q) — (B"”,Q") also has a normal crossing.

3. The IMT associated with an IEMT has a normal crossing.

Proof. 1, 2. Easy.
3. By 2 we can consider only the case of an elementary monoidal transform.
Assume that yo,y1, ..., y: is a subset of a parameter system R’ of some complete
regular local ring. Assume moreover that elements xg,x1,...,x; satisfy relations
yo = xo and y; = (x;/x0) — A; for 1 < i < ¢, where \;’s are elements in k.
Then, we have z¢g = yo and x; = yo(N\; + y;) for 1 < i < ¢. One sees that every
z; has a normal crossing with respect to R’.
The case of an elementary monoidal transform follows from this observation. [

We can explain our goal of this paper here.

Let (B, Q) be a framed space germ over k. Assume that a positive integer £ and
non-zero £ elements f1, fa,..., fr € k[[Q]] are given.

We consider the first framed resolution game corresponding to fi, fo,... , fe. Itis
a variation of the game in INTRODUCTION. It has two players (I) and (1), and they
repeat steps under the same rule. At each step, if the product fifa--- fo € k[[Q]]
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has a normal crossing with respect to @, and if the ideal in k[[Q]] generated by
any non-empty subset of {f1, f2,..., fe} is a principal ideal, then the player (I)
wins and they terminate the game. Otherwise, (I) has two choices. In the first
choice, (I) chooses a subset C' C @ with §C > 2. Then, the player (IT) chooses
an element xg € C' and a map A : C — {xo} — k. Let (B’,Q’) be the elementary
monoidal transform of (B, Q) associated with the datum (C,xo,\), and by f! for
1 < i < £ we denote the image of f; by the monoidal transformation B — B’. After

replacing the pair (<37 Q)a (fla f2a s 7f€)) by the pair ((B/’ Q/)7 (f{? fé? v 7fé))a
they proceed to the next step. In the second choice, (I} chooses a parameter

system @ of k[[Q]]. After replacing the pair ((B,Q), (f1, fe,.-., f¢)) by the pair

((B,@Q1),(f1, f2,--., fe)), they proceed to the next step.
We consider the following statement RS(B, Q) for (B, Q):

RS(B, Q) : For any positive integer ¢ and for any non-zero £ elements f1, fo,... , f¢
in k[[Q]], the player (I) can always win the above game.

Also we consider another statement RW (B, Q) for (B, Q):

RW (B, Q) : When ¢ = 1, for any non-zero element f; € k[[Q]], the player (I) can
always win the above game.

Obviously RS(B, Q) implies RW (B, Q). Also the converse holds. The following

lemma can be shown easily:

Lemma 3.14 (Bierstone and Milman [3], p.25, Lemma 4.7). Let (B',Q’') be a
framed space germ over k, and Q" = {yo,y1,--. ,yn}. Let a,b,c € k[[Q']]*, and
QQ, 1y« v+ 5 Qs Boy B1s- -5 By Y0,Y1,- -+, Yn be mon-negative integers. If

aygoyst -y = byplylt -yl = cydoylt -y,

then either a; < B; for every 0 < i <n, or o; > f3; for every 0 <i <n.
Let f1, fa, ..., fe € k[[Q]] be finite elements as in RS(B, Q). We can assume that

any two of them are different. Let f = (Hf=1 fi) <H1§i<j§é(fi - fj)) € k[[Q]]. By
Lemma 2.5 and Lemma 3.14 one sees that RW (B, Q) implies RS(B, Q).

Corollary 3.15. Let (B,Q) be a framed space germ over k. Two statements for
(B,Q), RS(B,Q) and RW (B, Q) are equivalent.

Note that if § ) = dim B, then the first framed resolution game above with £ =1
is regarded as the resolution game in INTRODUCTION with additional procedures. It
follows from Lemma 3.11.2. Thus, if @ is a parameter system of B and if RW (B, Q)
is true, then any non-zero element of B can be resolved.

We hope to show that for any framed space germ (B, Q) the statement RW (B, Q)
is true.

Note that if §Q = dimk[[Q]] = 1, then every non-zero element in k[[Q]] has a
normal crossing with respect to Q.

Lemma 3.16. If the basic dimension $Q of a framed space germ (B, Q) is equal
to one, then RW (B, Q) is true.

We hope to apply induction on the basic dimension @ to show the statement

RW(B,Q).
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4. FRAMED RESOLUTION GAMES

In subsequent sections we consider various framed resolution games similar to
the first framed resolution game after Lemma 3.13. They have the same principles.

When we start the game, a framed space germ (B, P) over k and finite numbered
elements f1, fa,..., fe € B called the data of the game are given. The data have to
satisfy certain conditions called the initial conditions of the game. It has two players
(I) and (II), and they repeat steps under the same rule. At each step, if all of cer-
tain statements for (B, P, f1, fa,... , f¢) called the winning rules are true, then the
player (I) wins and they terminate the game. Otherwise, (I) has two choices. In the
first choice, (I) chooses a subset C' C @ with § C > 2. Then, the player (IT) chooses
an element x9 € C and a map A : C — {zo} — k. Let (B’, P’) be the elementary
monoidal transform of (B, P) associated with the datum (C,x¢,\), and by f/ for
1 < i < ¢ we denote the image of f; by the monoidal transformation B — B’. After
replaCing the pair ((Bv P)v (fl; f27 s 7f€)) by the pair ((Blvp/)’ (fi? fé’ s 7fé))a
they proceed to the next step. In the second choice, (I) chooses a parameter
system P; of k[[P]]. After replacing the pair ((B, P), (f1, f2,-.., f¢)) by the pair
(B, P1),(f1, fa,---, f¢)), they proceed to the next step.

The game is characterized by the number ¢ of the data, the initial conditions
and the winning rules.

Example 4.1. At the first framed resolution game, we have

e The number of the data: Any positive integer.
e The initial conditions: For every 1 <4 < /¢ f; # 0 and f; € k[[P]].
e The winning rules:
1. The product f1fa2--- f¢ € E[[P]] has a normal crossing with respect to P.
2. The ideal in k[[P]] generated by any non-empty subset of {f1, fa, ..., f¢}
is a principal ideal.

Some are called a framed resolution game of restricted type, and they have slightly
different (but essentially same) principles. In the game of restricted type the player
(I) cannot exchange the frame. Replacing the latter half of the above principle
of the framed resolution game after “Otherwise,” by the following sentences, we
obtain the principle of the framed resolution game of restricted type:

Otherwise, (I) chooses a subset C C P with §C > 2. The player (II) chooses
an element xo € C and a map A : C — {zo} — k. Let (B’, P’) be the elementary
monoidal transform of (B, P) associated with the datum (C, zg, A), and by f/ for
1 < i < ¢ we denote the image of f; by the monoidal transformation B — B’. After
replacing the pair ((B,P), (f1, f2,..., f¢)) by the pair (B',P’),(f1, f5--- . f0)),
they proceed to the next step.

Also the game of restricted type is characterized by the number ¢ of the data,
the initial conditions and the winning rules.

5. WEIERSTRASS REPRESENTATION

The Weierstrass preparation theorem (Corollary 2.11) provides us a method for
induction on the basic dimension § Q.

Definition 5.1. Let (B, Q) be a framed space germ, and A = k[[Q]]. A triplet
(h, g, t) satistying the following four conditions is called a Weierstrass representation
under (B, Q).
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1. he A,ge Aand t € Q.
We write Q = {t,z1,22,...,2,}, and Z = k[[Q — {t}]] below. Note that
A=E[[t,x1,22,...,2,]] and Z = k[[z1, 22, ... ,24]].

2. There exist non-negative integers si, so, ... , s, with

h
Sn

51 .82
1-1 1’2 B s

€ A"

3. The pair (g,t) is a semi-Weierstrass pair of the ring A under the parameter
system @. In other words, there are a non-negative integer m and m elements
G1,Ga, ... Gy € Z with

m
g=t"+Y Gt
j=1

4. For every integer j with 1 < j < m
ord (G;) > j.

If (h,g,t) satisfies only conditions 1-3, then we call (h, g,t) a semi- Weierstrass
representation. The frame () of the space germ B is called the upper frame of
(h, g,t), while the frame P = Q — {t} of the space germ B is called the lower frame
of (h,g,t). The framed space germ (B, Q) is called the upper framed space germ of
(h,g,t), and (B, P) is called the lower framed space germ of (h,g,t).

We say also that (h, g,t) is a semi-Weierstrass representation over (B, P), refer-
ring to the lower framed space germ (B, P), not to the upper framed space germ
(B,Q). If (h,g,t) is one over (B, P), then (B, P) is the lower framed space germ
of (h,g,t), t ¢ P, and the union P U {t} is a partial parameter system of B. If it
is one under (B,Q), then (B, Q) is the upper framed space germ of (h,g,t) and
teqQ.

Let f € A be a non-zero element. If a semi-Weierstrass representation (h, g,t)
satisfies f = hg, then we say that (h,g,t) is a semi-Weierstrass representation of
I

If a semi-Weierstrass pair (g,t) of A under @ has a certain property X, then,
for simplicity, we say that the semi-Weierstrass representation (h, g,t) under (B, Q)
has a property X.

Lemma 5.2. Let (B,Q) be a framed space germ, and f € k[[Q]] a non-zero ele-
ment.

1. There exists a coordinate transform (B,Q’) of (B,Q) such that there exists
a separable Weierstrass representation (h,g,t) of f under (B,Q’) satisfying
h e kIQY.

2. Any semi- Weierstrass representation (h, g,t) of f satisfies ord(f) = ord(g) +
ord(h), sord(h) = 0, sord(f) = sord(g), and nord(f) = nord(g) + nord(h).

3. Any Weierstrass representation (h, g,t) of f with h € k[[Q]]* satisfies ord(f) =
ord(g) = deg(g, t), sord(f) = sord(g), and nord(f) = nord(g).

Proof. 1. Note that k[[Q']] = E[[Q]] by definition of a coordinate transform. It
follows from Lemma 2.20.

2. See Definition 2.8 and Lemma 2.9 for definition of sord and nord.

3. It follows from 2 and Lemma 2.17.4. O
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Lemma 5.3. Let (h,g,t) be a semi- Weierstrass representation over a framed space
germ (B, P). Let ¢ : (B, P) — (B', P') be a morphism with a normal crossing from
the lower framed space germ. We write h' = ¢(h), ¢' = ¢(g), and t = ¢(t).
1. Q" =P U{t'} is a frame of B'.
2. Triplet (W', ¢, t") is a semi- Weierstrass representation over (B', P") and under
(B,Q).
3. w(g, t) <w(g', t'), ord(g) < ord(¢), deg(g, t) = deg(g’, ).
4. If (g, t) is separable, then also (¢, t') is separable.
5. Assume moreover that (h,g,t) is a Weierstrass representation. Also (W,
g',t') is a Weierstrass representation. ord(g) = ord(g’), nord(g) < nord(g’),
sord(g) > sord(g’).

Proof. 1. It follows from Lemma 3.6.
2. Tt is easy to check the first and the third condition in Definition 5.1. Since ¢
preserves normal crossings, also the second condition is satisfied.
3. For every f € k[[P U {t}]] we have ord(f) < ord(¢(f)).
4. Easy.
5. By Lemma 2.17.4 we have deg(g, t) = ord(g). By 3 and Lemma 2.17.2 we
have ord(g) < ord(g’) < deg(¢’,t") = deg(g,t) = ord(g). We have deg(¢’,t)
= ord(g’), and again by Lemma 2.17.4 one concludes that (k' ¢’,t') is a Weierstrass
representation. The equality ord(g) = ord(g’) follows from the above. Let D
be the field of fractions of k[[P]], and D’ the field of fractions of k[[P’]]. Let
g = g7 g .. g8 be the irreducible decomposition of g in D[t]. We assume that
the coefficient of the term with the highest degree in g, € D][t] is equal to 1 for every
1 <v <r, and that for 1 < v < s deg(g,,t) =1 and for s < v < r deg(g,,t) > 1.
Since deg(g, t) = ord(g), by Lemma 2.18.3 we have deg(g,,t) = ord(g,) for every
1<v<r,and g =g g5 ... g5 gives the irreducible decomposition in k[[PU{t}]].
Thus nord(g) = >.0_, B,. On the other hand, we have a decomposition g’ =
©(g1)"r0(g2)% - - - p(g,)P in D'[t']. Since deg(g’,t') = ord(g'), by Lemma 2.18.1
we have deg(¢(g,),t") = ord(p(g,)) for every 1 < v < r. Thus ord(p(g,)) =
deg(¢(gy),t') = deg(gy,t) = 1 for 1 <v < s. One concludes nord(¢’) > >>_ 3, =
nord(g).

The last equality follows from Lemma 2.9.2. O

The semi-Weierstrass representation (', ¢’,t’) is called the pull-back of (h,g,t)
by ¢. If (h,g,t) is a semi-Weierstrass (resp. Weierstrass) representation of f €
E[[P U {t}]], then the pull-back (h',¢’,t’) is a semi-Weierstrass (resp. Weierstrass)
representation of p(f) € k[P’ U {t'}]].

We denote the integral part of a real number r by [r] (The Gauss symbol), and
the part under the decimal point by (r).

[r] = max{i €Z|i<r},
(ry = r—|r).

Definition 5.4. Let (h,g,t) be a semi-Weierstrass representation over a space
germ (B, P). We write P = {z1,22,... ,2,}, Z = K[[P]]. Let m = deg(g,t)
and G1,Ga, ... G, € Z be the coefficient functions of (g, t).

m

j=1
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1. We say that a semi-Weierstrass pair (g,t) satisfies the Abhyankar condition,
if the following condition is satisfied: If w(g, t) < oo, then there exist n
non-negative integers by, b, ... , b, such that
(a)

Gj
(zbralz .. 2b)i

for every 1 < j <m =deg(g, t) > 1, and
(b)

1
min{ = ord( ) |1<ji<m}<1.

Gj

ol
The non-negative integers by, b, ... ,b, above are called the characteristic
numbers of (g,1).

2. We say that (g,t) satisfies the strong Abhyankar condition, if the following
three conditions are simultaneously satisfied:

(c) Let J={j €Z|1<j<m,G; #0}. For every j € J there exist n

integers bjla bj27 e 7bjn with
G; .
e b © zZ*.
xl x2 B 125
(d) The subset
m!/j
E={eecJ| Weroreveryj€J}

of J is not empty.
(e) There exists an element e € E with
- bei
> (<L

i=1

Remark . The strong Abhyankar condition is due to Abhyankar. (Abhyankar [2],
p-285-p.299, Appendix.)

Note that if (g,t) satisfies the strong Abhyankar condition, then w(g, t) < oo,
while any (g, t) with w(g, t) = oo satisfies the Abhyankar condition by definition.

Lemma 5.5. We consider conditions in Definition 5.4.

1. If (g,t) satisfies the Abhyankar condition, and w(g,t) < oo, then charac-
teristic numbers by, ba, ... b, are uniquely defined depending on (g,t). In
other words, n numbered non-negative integers by, ba, ... b, satisfying (b)
are unique, if they exist.

2. If (g,t) satisfies the Abhyankar condition, w(g, t) < oo, and (g,t) is a Weier-
strass pair, then at least one of characteristic numbers by,bs, ... by, is not
zero.

3. Non-negative integers bj;, j € J, 1 < i < n in (c) are uniquely determined
depending on (g,t), if they exist. Therefore, if (c) is satisfied, then (e) has
definite meaning.

4. If (c) and (d) are satisfied, then for a fized number i with 1 < i < n, the

rational number
bei

€
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does not depend on the choice of an element e € E. Therefore, the inequality
in (e) holds for every element e € E.

Proposition 5.6. Let (g,t) be a semi-Weierstrass pair of a ring k[[z]] over a par-
tial parameter space P. If (g,t) satisfies the strong Abhyankar condition, then (g,t)
satisfies the Abhyankar condition. In other words, the strong Abhyankar condition
implies the Abhyankar condition.

Theorem 5.7 (Abhyankar [2], p.285-p.299, Appendix.). Let (B, P) be a framed
space germ over k.
1. We consider the second framed resolution game characterized by the condi-
tions below:
o The number of the data: § P + 3.
o The initial conditions: Let (h,g,t,&1,&a,...,&,) denote the data.
(a) (h,g,t) is a Weierstrass representation over (B, P) with w(g, t) < co.
(b) P = {51352»'“ agn}
o The winning rules:
(a) The triplet (h,g,t) is a Weierstrass representation over (B, P) sat-
isfying conditions (¢) and (d) in Definition 5.4
(b) The product £1&5 -+ - &, has a normal crossing with respect to P.
Assume that RW (B, P) is true. Then, the player (I) can always win this
game.
2. We consider the third framed resolution game. The third game is of restricted
type and is characterized by the conditions below:
o The number of the data: 3.
o The initial conditions: The data (h,g,t) is a Weierstrass representation
over (B, P) satisfying (c) and (d) in Definition 5.4.
e The winning rules: The triplet (h,g,t) is a Weierstrass representation
over (B, P) satisfying the strong Abhyankar condition.
The player (I) can always win this game.

Proof. Let m = deg(g, t), G1,Ga,... ,Gpy € E[[P]] be the coeflicient functions of
(g,t),and J={j € Z|1<j<m,G; # 0}. Since w(g, t) < oo, we have J # (.

1. Note that at the beginning of each step of the game, the triplet (h,g,t) is
a Weierstrass representation over (B, P), if the product & & ---§, has a normal
crossing with respect to P. Since RW(B, P) is true, also RS(B, P) is true by

Corollary 3.15. Consider finite elements G}n!/j, j€Jand x1,x2,...,%,. Claim 1
follows from RS(B, P).
2. It follows from Lemma 5.8 below. O

Lemma 5.8 (Abhyankar [2], p.290, Reduction Lemma). Let (B, P) be a framed
space germ over k. We consider the fourth framed resolution game. The fourth
game is of restricted type and is characterized by the conditions below: A given
positive integer is denoted by e.

o The number of the data: 1.

e The initial conditions: The data G is a non-zero elements in k[[P]] with a

normal crossing with respect to P = {y1,Y2,- .- ,Yn}-
e The winning rules: The non-negative integers by, ba, ... ,b, defined by the
condition G
by, bs bn € k[[PH*
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satisfy

The player (I) can always win this game.

Remark . Note that the above game is of restricted type. Thus the framed space
germ (B’, P’) obtained after several steps of the game is an IEMT of the originally
given (B, P), and the induced homomorphism (B,P) — (B’,P’) has a normal
crossing (Lemma 3.13.3).

Assume, moreover, that for given a finite number of elements G1,Go, ... ,Gy €
k[[P]] and positive integers a, a1, @a, . .. , a4y, the product GG1Gs - - - Gy has a nor-
mal crossing with respect to P and the ideal in k[[P]] generated by G*, GT*, G52, . ..,
GY* is a principal ideal generated by G°.

Let G € k[[P’]] we denote the image of G; € k[[P]] by k[[P]] — k[[P']]. Then,
the product G'G|GY - - - G} has a normal crossing with respect to P’ and the ideal
in k[[P’]] generated by (G')*, (G})*, (G5)*2,... ,(G,,)*™ is a principal ideal gen-
erated by (G')~.

We can check that Abhyankar’s proof is valid under our formulation with framed
resolution games.

Corollary 5.9. Consider the same situation as in Theorem 5.7. We assume that
RW (B, P) is true.

We consider the fifth framed resolution game characterized by the conditions
below:

o The number of the data: § P + 3.
e The initial conditions: Let (h,g,t,&1,&a,...,&,) denote the data.
1. (h,g,t) is a Weierstrass representation over (B, P) with w(g, t) < co.
2. P={&,%,...,&.}.
e The winning rules:
1. The triplet (h, g,t) is a Weierstrass representation over (B, P) satisfying
the strong Abhyankar condition.
2. The product &1 & -+ - €, has a normal crossing with respect to P.

The player (I) can always win this game.

We introduce another condition “reductive” for semi-Weierstrass pairs, which is
essential in the theory of positive characteristic.

Lemma 5.10. Let (h,g,t) be a semi-Weierstrass representation over a framed
space germ (B, P), m = deg(g, t), and G1,Ga,..., Gn € k[[P]] the coefficient
functions of the semi-Weierstrass pair (g, t).

1. For every element H € k[[P]] the triplet (h,g,t+H) (resp. the pair (g, t+H))
is also a semi-Weierstrass representation over the framed space germ (B, P)
(resp. a semi- Weierstrass pair of k[[P U {t}]] over P). deg(g, t) = deg(g, t +
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2. Let H € E[[P]], and G1,G%,... G}, € E[[P]] be the coefficient functions of
the semi- Weierstrass pair (g, t + H). Let Gy = Gj = 1. We have

j .
m—1i .
¢ = E:(m_j)(—H)J G,
=0
J .
m—i .
¢ = §:<m_j>HJ a,
=0

for every 1 < j <m.

Definition 5.11. Let (B, P) be a framed space germ over k.

1. Let t € B be an element such that t ¢ P and P U {t} is a partial parameter
system of B. The coordinate transform (B,P U {t + H}) of (B,P U {t})
defined for any element H € k[[P]] is called the parallel coordinate transform
of (B,PU{t}) along H.

2. Let (h,g,t) be a semi-Weierstrass representation over (B, P), and H € k[[P]].
The semi-Weierstrass representation (h, g,t + H) (resp. the semi-Weierstrass
pair (g, t + H)) is called the parallel coordinate transform of (h,g,t) (resp.
(g, t)) along H.

3. Anelement H € k[[P]] with w(g, t) < w(g, t+H) is called a reducing element
of (h,g,t) or of (g, t).

4. If (h,g,t) or (g, t) has a reducing element H € k[[P]], then we say that (h, g,t)
or (g, t) is reductive.

Lemma 5.12. Let n be a positive integer and A a ring isomorphic to the formal
power series ring over k with n+ 1 variables. Let P = {xy,xa,... ,x,} be a partial
parameter system of A with § P =n, and (g, t) a semi- Weierstrass pair of A over
P. Let m = deg(g, t) and G1,Ga,... Gy € K[[P]] the coefficient functions of
(9, 1)-
1. If (g,t) is separable, then also (g,t + H) is separable for any H € k[[P]].
2. For any reducing element H € k[[P]] of (g, t), we have ord(H) = w(g, t) < co.
3. For an element H € E[[P]] the following two conditions are equivalent:
(a) H is a reducing element of (g, t).
(b)y m>1, H#0 and in(g, t) = (t +in(H))™.
4. The following four conditions are equivalent:
(a) Pair (g, t) is reductive.
(b) Pair (g, t) is reductive, w(g, t) < co and m > 1.
(¢) m > 1, and there exists an element Hy € k[[P]] such that Hy # 0 and
in(g, t) = (t + Ho)™.
(d) There exists a unique element Hy € k[[P]] satisfying in(g, t) = (¢t+Hoy)™,
and Hy is a non-zero homogeneous polynomial.
5. One and only one of following two claims holds:
(a) Pair (g, t) is not reductive.
(b) Pair (g, t) is reductive, and there ezists an element H € K[[P]] such that
(g9, t + H) is not reductive.

Below we assume that (g, t) is reductive. Let m = lq be the p-decomposition of m.
(See the latter half of INTRODUCTION for the definition.)

6. Weight w(g, t) is an integer.

7. For an element H € k[[P]] the following two conditions are equivalent:
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(a) H is a reducing element of (g, t).
(b) H #0 and in(G,) = lin(H)1.

Proof. Note Lemma 5.10.2 and Lemma 2.2. For every integer j with 1 < j < m and

j # 0 mod ¢ we have (m) = 0. For an integer j with 1 < j <mand j =0 mod ¢

J
we have (m) = <lq> = <l>, where i = j/q. In particular, (m) = (l> =1#0.
J iq i q 1
O

By Lemma 2.1, we obtain implication 3.(b)=-(a).
We here extend the Abhyankar condition for m-tuples of functions.

Definition 5.13. Let (B, P) be a framed space germ over k, m a non-negative
integer, and G1,Ga,...,Gp € Z = K[[P]] m numbered elements. We write P =
{1‘1, T2y ,Jjn}.

1. If m = 0, we define w() = co. If m > 0, we define w(G1,Ga,... ,Gp) =
min{ord(G;)/j | 1 < j < m}. We call w(G1,Gs,...,Gn) € QU {0} the
weight of (G1,Ga,...,Gm).

2. We say that a m-tuple (G1,Gbs,... ,Gy,) satisfies the Abhyankar condition,

if the following condition is satisfied: If w(G1,Ge, ... ,Gy) < 0o, then there
exist n non-negative integers by, bo, ... , b, such that
(a)
G
b1 bz : b ] G Z
(xl 1'2 .. 'I'n")j
for every 1 < j < m, and

(b)

1 G,

J (a'@y? -+t ))
The non-negative integers by, bs,... ,b, above are called the characteristic

numbers of (G1,Ga,... ,Gn).

Lemma 5.14. 1. If (G1,Gs, ... ,Gy,) satisfies the Abhyankar condition, then
characteristic numbers by, by, ... b, are uniquely defined depending on (G,
Ga, ... ,Gp).

2. Lett € B be an element such that t € P and P U {t} is a partial parameter
system of B. Let g =t™ + 3771, Gtm=I,
(a) w(G1,Ga,... ,Gp) =w(g, t).
(b) The m-tuple (G1,Ga,...,Gy) satisfies the Abhyankar condition, if and
only if, the semi-Weierstrass pair (g,t) satisfies the Abhyankar condition.
(¢) If the equivalent conditions in (b) are satisfied, then the characteristic
numbers of (G1,Ga, ... ,Gy,) and the characteristic numbers of (g,t) co-
incide.
3. LetveZ".
(a) w(G1,Ga,...,Gn) =w(vG1,v2Ga, ... ,0"G,y).
(b) An m-tuple (G1,Ga, ... ,Gy,) satisfies the Abhyankar condition, if and
only if, (vG1,v2Ga, ... ,v™G,,) satisfies the Abhyankar condition.
(c¢) If the equivalent conditions in (b) are satisfied, then the characteristic
numbers of (G1,Ga,...,Gwm) and the characteristic numbers of (vG1,
3Gy, ... , 0™ Gyy) coincide.



26

TOHSUKE URABE

Proof. 1. See Lemma 5.5.1.
2. See Definition 5.4.1. O

Lemma 5.15. Let (B, P) be a framed space germ over k, and (h,g,t) a Weier-
strass representation over (B, P). Assume that (h,g,t) satisfies the Abhyankar

condition, w(g, t) < oo, and (h,g,t) is reductive. We denote P = {x1,x9,... ,x,},
Z = k[[P]] = k[[z1,za,...,2z,]], m = deg(g,t). Let G1,Ga,... Gy, € Z be the
coefficient functions of (g,t), and by, be, ... b, the characteristic numbers of (g,t).

Note that m > 1 by assumption. Let m = lq be the p-decomposition of m.
The following claims 1-9 hold:

1.
2.
3.

. Assume that non-negative integers c1,ca, ... ,cn and elements F{, F}, ..

W(Q? t) = Z?:l bi.
At least one of the characteristic numbers by, ba, ... b, is not zero.
There ezists a unique element u; satisfying

_ b1,.b bn
Gj=wuj(z'zy’xr), u; €7

for every 1 < j <m.

. There exists a unique element a € k satisfying

in(g, t) = (t +azi'al? )™, a #0.

- ui(0) = (?)aj for every 1 < j < m, where we denote u;(0) = u; mod

M(Z) e Z/M(Z) = k. Besides, uq € Z*, and uy, € Z*.

. The following three conditions are equivalent for H € Z:

(a) H is a reducing element of (g,t). In other words, w(g, t) < w(g, t + H).
(b) in(Gq) =lin(H)4.

(c) in(H) = azb ab? - albn.

. There exists a reducing element H € Z of (g, t) satisfying

H *
TON — €47
7' Ty Ty

. Let H € Z be a reducing element of (g, t) satisfying the condition in 7. Then,

there exist m numbered elements F1, Fs, ..., F,, € M(Z) satisfying
g= (t + H)m + Z(xllnxg2 . :L‘fl”)ij(t + H)m_j,
i=1

F/
L
€ M(Z) satisfy _

Gj = (af'ay - 2y ) Fj
for every 1 < j < m. Then, (F|,F,... F!) satisfies the Abhyankar con-
dition. Let dy,ds, ... ,d, be the characteristic numbers of (Fy,F5,... F').
The following three claims hold:
(a) by =¢; +d; for every 1 <i < n.
(b) w(F{,F},... . F,)=>"d.
(c) At least one of dy,da, ... ,d, is not zero.

Proof. 1. By Lemma 5.12.6 w(g, t) is an integer. By the Abhyankar condition for
(g, t) we have

Gj
1.
bl.’I}gz . l‘gn)])} <

n 1
0<w(g,t)— Zbi = min{ - ord(
i=1 J (2
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2. It follows from 1 and Lemma 2.17.4.

3. It follows from that (G1,Ga, ... ,Gpy) satisfies the Abhyankar condition.

4 and 5. By 1 min{ord(u;)/j | 1 < j < m} = min{ord(G, /(mlflx;’z coegly) /511 <
j <m} =0. Thus we have in(g, t) = t™+ 3 u;(0)(z} ab2 - - - 2b»)7¢t™=7. On the
other hand, by Lemma 5.12.4 there is a unique element K € Z with in(g, t) = (t +

K)™, and K # 0. Thus u;(0) (20" 2% - abr)i = (m)Kj for every 1 < j < m. By
J

l
Lemma 2.2 (m) = ( ) = [ # 0. Thus we have u,(0)(z5' 252 - - - 20r)? = 1 K9 # 0.
q

1
Let a € k be an element satisfying u,(0) = la?. We have a # 0, since u,(0) # 0. We
have K = axlil:rgz - abn since [(K — axlil:rgz coepbe)d = qu—l(axlilml; cepbn)e =

0. The uniqueness of a follows from the uniqueness of K. Also we obtain the former
half of 5. The latter half of 5 is easy.
6. It follows from Lemma 5.12.7 and above 4.
7. By 6 one knows that H = az}*z5? - - - 2P~ satisfies the condition.
8. Assume that H € Z, h = H/(zlflscgz-~- ) € Z* and w(g, t) < w(g, t + H).
We have h(0)zb1 2% - 2br = in(H) = ax?lx? -« 2bn by 6. Thus h(0) =
Now, we can write
m m
g=t"+> ui(alial byt = (t+ H)™ + Y @yt + H)™
— =
with @1, Po,... ,®,, € Z. Let up = 1. By Lemma 5.10.2 we have

¥, = Z (o _J) (HYui(alpaty ol
= (a7'@3? - )’ i ( > hY ™t

=0

for every 1 < j < m. Putting F; = Y37_, (m_Z)(—h)j_iu,» € Z, we have
m-=J
®; = (zPah? - 2 ) Fj for 1 < j < m. For the constant term F;(0) of Fj we have
J m—1 J ) o Im\
on-E{L - B ()
=0 =0

v
<.

|

-

3 ()0 ) -3 ()(;)e
:aﬂ‘(j>{1+(—1>}j=0.

We used 5 and Lemma 2.1. Thus F; € M(Z).
9. Easy. O

Definition 5.16. Let (h,g,t) be a reductive Weierstrass representation over (B,
{z1.229,... ,x,}) satisfying the Abhyankar condition. Let by, bo,... ,n, be charac-
teristic numbers of (g,t). A reducing element H € Z of (g,t) satisfying
H/ (x5 2b? - 2br) € Z* is called an effective reducing element of (g, t).
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6. THE FIRST REDUCTION

Following Abhyankar’s ideas in [2], p.285-p.299, Appendix, in this section we add
our concept “reductive” to his ideas. We will show that the Abhyankar condition
plus the condition “not reductive” implies that the singularity can be resolved even
in characteristic positive.

Theorem 6.1 (Abhyankar [2], p.292-p.293, Good Point Lemma.). Let (B, Q) be
a framed space germ, f € k[[Q]] a non-zero element, and (h,g,t) a Weierstrass
representation of f under (B, Q).

We write Q — {t} = P = {x1,22,... ,2,}, and Z = k[[P]]. Let m = deg(g, t),
and G1,Ga, ... ,Gy € Z be the coefficient functions of (g, t).

Assume that for every integer j with 1 < 7 < m Gj/a:{ € Z. Let (B',Q’) be the
elementary monoidal transform of (B, Q) associated with the datum ({t,z1},x1,\),
where X is a map A : {t} — k. We denote A(t) € k again by \ for simplicity. We
identify elements in B and their images in B’ by the elementary transformation,
and denote them by the same symbol.

1. Q" ={(t/z1) — A} UP.

2. The set P is also a frame of B’.

3. Let ’

=——X ¢ =-2 1 =hat
T xq
The triplet (b, ¢',t') is a semi-Weierstrass representation of f over (B', P').
deg(g’, t') = deg(g, t).
4. ord(¢’) < ord(g). Besides, ord(g’) = ord(g) if and only if (W,¢',t') is a
Weierstrass representation of f.
5. If (h,g,t) is not reductive and if ord(¢’) = ord(g) > 0, then A = 0 and
(W', g',t') is not reductive, either.

6. If \=0 and if (h,g,t) satisfies the Abhyankar condition, then also (h',g',t')

satisfies the Abhyankar condition.

7. If A =0 and if w(g, t) < oo, then w(g', t') = w(g,t) — 1. If A =0 and if

w(g, t) = oo, then W(g , t') = oo.

8. sord(g’") < sord(g).

Remark . Claim 5 does not appear in Abhyankar [2].

Proof. We have k[[Q']] = k[[t',x1,22,... ,z5]] D K[[Q]] = E[[t, 1,22, ... ,2s]] D
Z:k[[xlax%"' 7$n]] .

3. Obviously f = h'g’. Since g =t™ + Zm, G;t"~7 and t = (t' + A\)z1, we have

= '+ )™ & +N"
o= + Z +
By assumption one knows ¢’ € k[[Q’]].

Since (h,g,t) is a Weierstrass representation, we have non-negative integers
81,82,...,8n with

h h
— k % k ! *.
x.i]-l-ngg . ilffz" xilxgg . :L,;S‘Ln € [[Q]] C [[Q ]]

Let

7 .
_ Ye?
o= "™ Jam M) il
; (m—j) +Z<m—j 7

i=1
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for 1 < 7 < m. By assumption one has G; € Z for 1 < j < m. One can check
g = ()" + Y, G ()
4. By 3 and by Lemma 2.17.2 ord(g’) < deg(¢’, t') = m = ord(g).
5. Since m = ord(g’) = ord(g) > 0, for every 1 < j < m we have ord(G}) > j, and
G € M(2).

On the other hand, we have

5-( Jor gl )ora

Thus, for every 1 < j <m there is an element R; € M(Z) with
m
G; = Nzl + 2l R;.
J (m —j>( a1 + a1
Assume A # 0. We have in(g, t) = (t — Az1)™. By Lemma 5.12.4 (g, t) is

reductive, which contradicts the assumption.
Assume A = 0. For every 1 < j < m we have

() G, ==L

Let o(t) = in(g, t). By (*) one has p(z1t') = 2T*in(g’, t').

Assume that (h', ¢’,t') is reductive. By Lemma 5.12.4 there is an element H € Z
with H # 0 and in(¢/, ') = (¢’ + H)™. We have in(g, t) = (t + z1H)™. Since
0 # x1H € Z, we conclude (h, g,t) is reductive, which contradicts the assumption.
8. We can consider the order ord,, : k[[Q]] — Zo U {oo} associated with the weight
w = (1,1,0,0,...,0) and the parameter system Q = {xo = t,z1,22,... ,2,} of
E[[Q]]. Since G;/a) € Z for 1 < j < m, we have ord,(g) = deg(g, t) = m.

Let 6 = nord(g). By Lemma 2.18.3 we can write

4 m—4
g = (H(t - Hu)) 9s, gs = tm76 + Z thmitsij
=1 j=1

with some elements Hy, Ho,... ,Hs,L1,Lo,... ,L,,_s € Z. We have Zi:l ord,, (t—
H,) + ord,(gs) = ord,(g) = deg(g, t) = Zizl deg(t — H,,t) 4+ deg(ygs, t). Since

ordy, (t — H,) < deg(t — H,,t) and ord,(gs) < deg(gs, t) by definition, we know
ord,, (t —H,) =deg(t—H,,t) =1 for 1 <v <4 and ordy(gs) = deg(gs, t) = m—9.
The last claim is equivalent to the following two conditions hold:

1. H, = H,,/ggl € Z for every 1 < v < 4.

2. Ly = Lj/x1 € Z for every 1 < j <m — 4.

Thus we can write
1) m—¢ , .
g= (H(t + le,L)) s> =m0 4 Z o] Lm0,
v=1 j=1
Substituting ¢ = (¢ + \)x1, we obtain

0 m—4
v (H(t/ o HL)) do gh= (N0 3T L+ A

v=1 Jj=1

Since ord(t' + A+ H,,) =0 or 1 for every 1 < v < §, we have sord(¢’) = sord(g}) <
ord(gl) < m — ¢ = ord(g) — nord(g) = sord(g). O
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Theorem 6.2. Let (B,Q) be a framed space germ, f € k[[Q]] a non-zero element,
and (h, g,t) a Weierstrass representation of f under (B, Q).

Assume that f does not have a normal crossing, (h,g,t) satisfies the Abhyankar
condition, and (h,g,t) is not reductive. Write Q = {t,x1,x2,... , Ty}

1. ord(g) > 1 and w(g, t) < oco.

2. Let by, ba,... b, denote the characteristic numbers of (g,t). There is a num-
ber i satisfying 1 <i <n and b; > 0.

3. Let i be a number satisfying conditions in 2. Let C' = {t,x;}. For any choice
of an element x € C and a map X : C — {x} — k there exists a datum
(C,2', X)) of a monoidal transformation over (B, Q) such that (C,z',\') and
(C,x, \) are equivalent and for the elementary monoidal transform (B’, Q") of
(B, Q) associated with the datum (C,x',X') there exist elements h' € k[[Q’]],
g € E[[Q']] t' € Q" such that one of the following four conditions holds: By
I € k[[Q']] we denote the image of [ € k[[Q]] by the monoidal transformation
k([Q]] — K[[Q]].

(a) The element [’ has a normal crossing.

(B) sord(f’) < sord(f).

() sord(f") = sord(f), nord(¢’) < nord(g) and (W,g',t') is a Weierstrass
representation of ' under (B, Q).

(0) sord(f’") = sord(f), nord(¢g’) = nord(g) and (R',g',t'") is a Weierstrass
representation of f' under (B',Q’). Besides, (h',g¢',t") satisfies the Ab-
hyankar condition, (h', ¢’,t’) is not reductive and 1 < w(g’, t') = w(g, t)—
1.

Remark . By assumption and by Lemma 5.2.2 sord(f) = sord(g). If (W', ¢',t) is
a semi-Weierstrass representation of f/, then sord(f’) = sord(¢’) by Lemma 5.2.2.
Therefore, in condition () and (), the condition sord(f’) = sord(f) is equivalent
to sord(g’) = sord(g).

Proof. We write Z = k[[z1, %2, ... ,2y]], and m = deg(g, t) = ord(g). Let G1, G,
..., Gyy € Z be the coefficient functions of (g, t).
1. If w(g, t) = oo, then f has a normal crossing. We have m > 1 and w(g, t) < cc.
2. By Lemma 5.5.2. ‘
3. By Definition 5.4.1 G;/x] € Z for every 1 < j < m.

Exchanging the numbering of z;’s, we can assume that G /mjl € Z for every
1 < j < m. The assumption in Theorem 6.1 is satisfied. We put C' = {t,z1}. Let
x € C,and let A : C — {z} — k be a map. Let 2’ € C denote an element with
C = {z,2'}. We denote A(z') € k by the same symbol A.

Case x = x3. The assumption (B) in Theorem 6.1 is satisfied in this case, and
we can apply Theorem 6.1. Let (B’,Q’) be the elementary monoidal transform of
(B, Q) associated with the datum ({¢,2z1},21, ). Let Q) = Q. Let t/, ¢’, and A’ be
the elements in Theorem 6.1.3. By Theorem 6.1.3 (', ¢’,t') is a semi-Weierstrass
representation of f' over (B', Q") = (B’,Q}). We have sord(f’) = sord(¢’).

First, we show that in the case ord(g’) = ord(g) one of {«), (), () holds.

By Theorem 6.1.4 (h',¢’,t') is a Weierstrass representation of f’. By Theo-
rem 6.1.5 and by the assumption we have A = 0. By Theorem 6.1.5, 6, 7, (h/, ¢, ")
satisfies the Abhyankar condition, (h', ¢, ') is not reductive, and w(¢’, ') = w(g, t)—
1. By Lemma 2.17.4 we have w(¢’, t') > 1.
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Assume that (&) and (8) do not hold. Since (8) does not hold, we have
sord(f") > sord(f), which is equivalent to sord(g’) > sord(g). On the other hand,
by Theorem 6.1.8, we have sord(g’) < sord(g). Thus sord(g’) = sord(g), which
is equivalent to sord(f’) = sord(f). By assumption and Lemma 2.9.2 we obtain
nord(g’) = nord(g).

Second, we show that if ord(g’) # ord(g), then one of («), (8), () holds. By
Theorem 6.1.4 we have ord(g’) < ord(g)

Assume that (a) and (3) do not hold. By the same argument as above, we obtain
sord(f") = sord(g’) = sord(f) = sord(g) by Theorem 6.1.8. Since ord(g’) < ord(g),
we have nord(g’) = ord(g’) — sord(¢’) < ord(g) — sord(g) = nord(g).

Below, we will show that there are elements h}, ¢ € k[[Q']] such that the triplet
(hi,g1,t") is a Weierstrass representation of f’ under (B’,P’) and nord(g]) <
nord(g’). The triplet (b}, ¢7,t’) satisfies (7).

Let 6 = nord(g). By the proof of Theorem 6.1.8 we know that there are elements
H! HY, ... ,H{ LY Ly, ... L' s¢€ Z satisfying

é m—4
g = (H(t’ ¥ H,’J)) g gh= () S Ty,
v=1 j=1
We have sord(g’) < sord(g,) < ord(g,) < m — ¢ = sord(g). Since sord(g’) =
sord(g) under our assumption, we have sord(g.) = ord(¢.) = m — § = deg(q., t').
In particular, (g, t') is a Weierstrass pair.

Let
A = {veZ|1<v<4§H]¢&MZ)}
I' = {veZ|1<v<4§H]eMZ)}
e (1L = (11
VvEA vell

One can check that (h],g¢},t") is a Weierstrass representation of f’ under (B’, P').
We have nord(g’) = nord(gy) + >, c A nord(t' + H,/) = nord(g;).

Case x =t. Let (B’,Q’) be the elementary monoidal transform of (B, Q) associ-
ated with the datum ({¢,z1},¢,\). We identify elements in B and their images in
B’ by the monoidal transformation.

We consider the case A = 0 first. Let ¢/ = ¢, 2{ = z1/t and 2}, = x; for 2 < i <n.
We have Q' = {t/, 2,25, ... 2.}, and K[[Q']] = K[[t/, 2}, 25, ... ,2]] D K[Q]] =
El[t,z1,T2,... ,2,]] D Z.

TG G
g=t"+ Y Lt = ()" 1+ Y S (ah)

=1 T j=1 le
Thus g/(t")™ € k[[Q']]*. On the other hand,
h h
— k * k ANES
R G L T AR FATI a
where s1, s9,... , s, are non-negative integers in Definition 5.1.2. Thus f' = f = hg

has a normal crossing in k[[Q']]. The condition («) holds in this case.
Assume that A # 0. Let (B], @}) be the elementary monoidal transform of (B, Q)
associated with the datum ({¢,z1},z1,1/A). Data ({t,z1},t,A) and ({t, 21}, 21, 1/A)
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are equivalent. We have treated (B{, Q}) in the above case x = z1. We obtain the
claim by the above case. O

Let (B, P) be a framed space germ over k, and (h, g,t) a Weierstrass represen-
tation over (B, P). We write P = {x1,xa,... , 2y}

We consider the sizth framed resolution game characterized by the conditions
below:

e The number of the data: § P + 3.
e The initial conditions: Let (h,g,t,&1,&, ... ,&,) denote the data.
1. (h,g,t) is a Weierstrass representation over (B, P).
2. P={&,%,..., &}
e The winning rules:
1. There exist an element H € k[[P]] such that the triplet (h,g,t + H) is
a Weierstrass representation over (B, P) satisfying the Abhyankar condi-
tion and (h,g,t + H) is not reductive.
2. The product & &5 - - - &, € k[[P]] has a normal crossing with respect to P.

We consider the following statement AN (B, P) for (B, P).

AN(B,P) : For every separable Weierstrass representation (h, g,t) over (B, P) the
player (I) can always win the game just above.

Recall the statement RW (B, Q) we gave before Lemma 3.14.

Theorem 6.3. Let r be a positive integer. Assume that AN (B, P) is true for every
framed space germ (B, P) with § P < r.
Then, RW (B, Q) is true for every framed space germ (B, Q) with $Q <r + 1.

Proof. Let (B, Q) be a framed space germ over k with Q < r + 1. Let f € k[[Q]]
be an arbitrary non-zero element. Consider the first framed resolution game after
Lemma 3.13 for £ = 1 and f; = f. We follow the procedures described below in
numerical order, and we go back to the line with a number when we encounter a
sentence telling it.

1. If f has a normal crossing in B, then by replacing @ by an appropriate (1
(I) can win the first game.

Below we can assume moreover that f does not have a normal crossing in
B.

2. At a step of the game, by Lemma 5.2.1 the player (I) can choose a parameter
system @7 of k[[Q]] such that there is a separable Weierstrass representation
(h,g,t) of f under (B, Q1). Thus, after one step, we can assume that we have
a separable Weierstrass representation (h, g,t) of f under (B, Q).

3. Let P = @ — {t}. Obviously P is a frame with § P < r and (h,g,t) is a
separable Weierstrass representation of f over (B, P). Note that each step
of the sixth game corresponding to (h,g,t) can be regarded as a step of the
first game corresponding to f = hg, since h'g’ is equal to the image of f
by B — B’. If {I) replaces P by P, in the sixth game, then we replace
Q = PU{t} by Q1 = P, U{t} in the first game. Thus, by assumption, after
a finite number of steps we can assume that @ = P U {¢} and that there
exist an element H € Ek[[P]] such that the triplet (h,g,t+ H) is a Welerstrass
representation of f over (B, P) such that it satisfies the Abhyankar condition
and it is not reductive.
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By replacing Q@ = PU {t} by Q1 = PU {t + H}, we can assume that
(h,g,t) is a Weierstrass representation of f under (P, Q) such that it satisfies
the Abhyankar condition and it is not reductive.

We consider the case w(g, t) = oco. In this case we can write f = ht™
where m = deg(g, t). Thus f has a normal crossing with respect to @, which
contradicts our assumption.

We can assume that f does not have a normal crossing in B and that
we have a Weierstrass representation (h,g,t) of f under (B, Q) such that it
satisfies the Abhyankar condition, and it is not reductive.

4. At the next step of the game the player (I) chooses a subset C' C Q with §C =
2 described in Theorem 6.2. After (II) chooses x € C and A : C—{z} — k we
conclude a step of the first game by replacement. Moreover, after (I) chooses
an appropriate ()7 and we conclude a step by replacement. Here by (B ,Q)
we denote the framed space germ before placements twice. By f € k[[Q]],
g € k[[Q]], h € K[[Q]] and T € Q we denote the function under consideration
before placements twice. The image of f by k[[Q]] — k[[Q]] coincides with f.
By Theorem 6.2 we have elements g € k[[Q]], h € k[[Q]] and t € Q (Note that
g, h and t do not coincide with the images of g, h and .), and we can assume
that one of the four cases (a), (8), (7), (0) in Theorem 6.2 holds.

Assume that case («) holds. Then, f has a normal crossing. We go back
to 1 above. The player (I) can win the game.

Assume that (3) holds. sord(f) < sord(f). In this case we go back to 2
above.

Assume that () holds. sord(f) = sord(f), nord(g) < nord(g) and (h, g,t)
is a Weierstrass representation of f under (B, Q). We go back to 3 above with
a Weierstrass representation (h, g,t).

Assume that () holds. sord(f) = sord(f), nord(g) = nord(g) and (h, g,t)
is a Weierstrass representation of f under (B, Q). Besides, (h, g, t) satisfies the
Abhyankar condition, (h,g,t) is not reductive and 1 < w(g, t) = w(g, t) — 1.
We go back to 4 above with a Weierstrass representation (h, g,t).

We have to show that the described procedure terminates in finite steps.

We consider the totally ordered abelian group Z? with the lexicographic order.
Note that when we enter 4, we have a Weierstrass representation (h,g,t) of f
satisfying strong conditions, and we can associate the element

c(h, g,t) = (sord(g),nord(g), [w(g, t)]) € Z°,

where [ ] denotes the Gauss symbol. Note that sord(g) > 0, nord(g) > 0 and
[w(g, t)] > 1 by definition. Thus c(h, g,t) € Z3

In the middle of 4 we obtain framed space germs (B, Q), (B, Q) and elements
f. h, g, t, f, h, g and t. Then, we go back to 1, 2, 3 or 4 and encounter a lot of
replacements. Though we repeat replacements, we fix notations in the middle of 4
for explanation.

Assume that we have (8). Going back to 2, we have a parameter system 1
of k[[Q]] and a Weierstrass representation (hi, g1,t1) of f under (B, Q). We have
sord(gy) = sord(f). After entering 3 at the end of 3, we have an TAMT (B’, Q")
of (B,Q1) and a Weierstrass representation (h',¢’,t") of f’ under (B’,Q’), where
f’ denotes the image of f by k[[Q1]] — k[[Q']]. Since ¢’ is the image of g1 by
E[[Q1]] — K[[Q']], we have sord(g’) < sord(g:) by Lemma 5.3.5. We have sord(g’) <
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sord(f) = sord(g), and c(h',g’,t') < c(h,g,t). We know that when we enter 4
again, we have a smaller value of ¢(h, g,t).

Assume that we have (y). Going back to 3, at the end of 3 we have an
IAMT (B’,Q’) of (B,Q) and a Weierstrass representation (h',g’,t' + H) of f’
under (B’,Q’), where f’, b/, ¢/, and ¢’ denote the images of f, h, g, and ¢ by
K[[Q]] — k[[Q']] respectively. We have sord(g’) < sord(g) = sord(f) = sord(f) =
sord(g), nord(g) < nord(g), and sord(g’) + nord(¢’) = ord(¢’) = deg(¢’,t' + H) =
deg(g’,t') = deg(g,t) = ord(g) = sord(g) + nord(g). If sord(¢g’) < sord(g), we
have c(h’,¢',t') < c(h,g,t). Otherwise, we have sord(g’) = sord(g), nord(g’) =
nord(g) < nord(g), and again we have c(h',¢’,t') < c(h, g, ).

Assume that we have (§). Since sord(g) = sord(f) = sord(f) = sord(g), we have
c(h,g,t) < c(h,g,t).

In any case we know that when we enter 4 again, we have a smaller value of
c(h,g,t). Since there is no infinite sequence {c¢; € Z3 | i € Zo} with ¢; > ¢;41 for
any ¢ € Zg, the above procedure has to terminate in finite steps. O

By Theorem 6.3 it turns out that the problem below is essential.

Problem: Let r be a positive integer. Show that AN (B, P) is true for every framed
space germ (B, P) with § P < r, assuming that RW (B, P) is true for every framed
space germ with § P < r.

If we could solve Problem, then RW (B, @) would be true for every (B, Q). Note
that if we drop the last condition “(h’,¢’,t'+ H’) is not reductive” from AN (B, P),
then Corollary 5.9 solves Problem.

In the remaining part of this paper, we consider Problem. The concept of re-
duction sequences in Section 7 would be effective.

Remark . In the essential parts until here, we have never used the assumption that
the characteristic number p of the ground field & is positive.

If the characteristic number of the ground field k is zero, then we can easily solve
Problem.

Let (g,t) be a Weierstrass pair with w(g, t) < oo, and Gy, s, ... ,G,, the co-
efficient functions of (g,t). If the characteristic number is zero, then we can make
the parallel coordinate transform of (g,t) along H = G1/m. As the result, we can
assume that (g,t) is a Weierstrass pair with G; = 0 from the beginning. It is easy
to see that if G; = 0 and if the characteristic number is zero, then any pull-back
(¢',t") of (g,t) is not reductive. Thus, by Corollary 5.9 Problem can be solved.

Any hypersurface singularity of a germ of a variety in characteristic zero can be
resolved by iterated monoidal transformations.

In Abhyankar [2] the parallel coordinate transformation along H = Gi/m is
called the Shreedharacharya transformation.

7. REDUCTION SEQUENCE

We introduce an effective tool to treat the Abhyankar condition and the condition
“not reductive” simultaneously for a Weierstrass representation.

Definition 7.1. Let (B, P) be a framed space germ over k, (h, g,t) a Weierstrass
representation over (B, P), and w either a positive integer or symbol co. We con-
sider a sequence

S:{(BV,PyaHU)|1§V<w+1}
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of triplets (B,, P,, H,) numbered by integers v with 1 < v < w+ 1. Let (B, Py) =
(B, P) and (hg, go, to) = (h,g,t). If S satisfies the following conditions 0-2 for every
integer v with 1 < v < w + 1, the condition 3 for every integer v with 1 < v < w,
and the condition 4, then we call S a reduction sequence of (h,g,t). We call w the
length of S.

0. (B, P,) is a framed space germ over k. H, € k[[P,]].
1. (B,,P,) is an IAMT of (B,_1, P,_1) with a normal crossing.
To state conditions 2—4 we define two Weierstrass representations (h,,_1,g.,_1,t,_1)
and (hy,g,,t,) over (B,, P,) by the following conditions (A) and (B):
(A) (h),_1,9.,_1,t,_1) is the pull-back of the Weierstrass representation (h,_1,
Ju—1,tu—1) over (B,_1,P,_1) by the IMT (B,_1,P,—1) — (B, P,).
<B> (hl/7gl/7 tl/) = (h’,u—lng—D t,u—l + HV)
2. (h,_q1,9,_4,t,_ ) satisfies the Abhyankar condition.
3. The element H, € k[[P,]] is an effective reducing element of (g],_,¢,_;).
4. It (h,_1,9.,_1,t.,_1) is not reductive, then H, = 0. If (h/,_;,9/,_1,t,_1) is
reductive, then w(gy, t,) = co.
Besides, if w is a positive integer and if S satisfies the conditions 0-3 for every
integer v with 1 < v < w + 1, then we say that S is a semi-reduction sequence of
(h,g,t) of length w. We call the empty set S = () = {} semi-reduction sequence of
length Q.
We call the above sequence {(h,,9,,t,) | 0 < v < w+ 1} of Weierstrass repre-
sentations the transform Weierstrass representation sequence of (h,g,t) along S.
If w = oo, then we say that S has infinite length. If w < oo, then we say that S
has finite length.

Remark . 1. The length of a reduction sequence is either a positive integer or
00. The length of a semi-reduction sequence is either a positive integer or 0.

2. For simplicity, sometimes we identify an element in B,, and the image of it in
B, for any pair pu, v of integers with 0 < p <v <w+1.

3. Under the identification in 2, h =h,, g =g, and t, =t+ H, + Ho+---+ H,
forany 0 <v<w+ 1.

4. Let S be a reduction sequence of (h,g,t) with finite length w. The last
Weierstrass representation (hy,, ., tw) satisfies the Abhyankar condition, and
is not reductive.

5. By condition 3 of Definition 7.1, for every 1 < v < w (hl,_y,9,_1,t,_1)
is reductive. If S is a semi-reduction sequence, (h/,_,,g/,_1,t,_1) is also
reductive.

6. According to the above condition in 3, in the case that w is a positive integer,
H,, is not necessarily an effective reducing element of (¢/,_4,%/,_4).

If H, =0, then H,, is never an effective reducing element of (g/,_;,t.,_1).

7.1 S={(By,P,,H,) |1 <v <w+ 1} is a reduction sequence, then for every
integer A with 1 < A < w, the subsequence Sy = {(B,,P,,H,) | 1 <v < A}
of § is a semi-reduction sequence.

For a given infinite sequence of quadruples S = {(B,,P,,H,) | 1 <v <
oo}, S is a reduction sequence of (h, g,t) with infinite length, if and only if,
for any positive integer A the subsequence Sy = {(B,, P, H,) | 1 <v < A}
of § is a semi-reduction sequence of (h, g,t).

Recall the statement RW (B, P) we gave before Lemma 3.14.
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Lemma 7.2. Let r be a positive integer. Assume that RW (B, P) is true for every
framed space germ (B, P) such that § P < r.

Let (B, P) be a framed space germ over k with § P < r, and (h,g,t) a Weierstrass
representation over (B, P).

We consider the seventh framed resolution game characterized by the conditions
below:

o The number of the data: 3.
o The initial conditions: The data (h, g,t) is a Weierstrass representation over
(B, P).

o The winning rules: The product hg has a normal crossing in B.

The player (I) of this resolution game can choose a strongly increasing sequence
{i, | 1 < v < w+ 1} of positive integers with the following property: Denote the
framed space germ obtained after the i-th step of the game by (B;, P;). There exists
an element H, € k[[P;,]] for every v such that S = {(B;,, P, H,) |1 <v <w+1}
is a reduction sequence of (h,g,t).

Proof. The empty set Sop = {} is a semi-reduction sequence of (h, g,t) with length
0. Let 79 = 0. Thus by induction, we can assume that we have obtained a strongly
increasing sequence {i, | 0 < v < A} of positive integers for some non-negative
integer A, the i)-th step of the game has terminated and we already have a semi-
reduction sequence Sy = {(B;,, P, H,) | 1 < v < A} of (h,g,t) with length .
Let (Bg, Po) = (B, P), (ho,go,t0) = (h,g,t), and {(hy,gu,t,) | 0 < v < A} be
the transform Weierstrass representation sequence along Sy. Since (B, , P;,) is an
TAMT of (By, Py) = (B, P), we have § P, = 4P <r. Thus RW(B,,, P;,) is true
by assumption.

By Corollary 5.9 there exists an integer ix+1 with 2x41 > ) such that there
exists an IAMT (B, ,,,P;,,,) of (Bi,,P;,) with a normal crossing such that the
pull-back (R}, g4,t3) of (hr,ga,tx) by the IMT (Bi,, P;,) — (Bi,,,, Pi,,,) satisfies
the Abhyankar condition, if they continue the game.

In case where (R}, g),t)) is not reductive, letting Hx;1 = 0, S = {(B,,, P;,,
H,)|1<wv<XA+1}, we have a reduction sequence S of (h, g,t) with length A + 1.

In case where (h), g}, t}) is reductive, by Lemma 5.15.7 there exists an effective
reducing element Hy;1 € k[[ P;,..]], and it satisfies w(g}, t\) < w(g\, t\ + Hxy1)-

If w(gh, th + Hxt1) = oo, letting S = {(B;,, P;,, H,) | 1 <v < XA+ 1}, we have
a reduction sequence S of (h, g,t) with length A 4 1.

In case where w(gh, t\ + Hap1) < 00, Say1 ={(Bi,, P, H,) | 1 <v < A+1}is
a semi-reduction sequence of (h,g,t) with length A + 1, and Sy41 is an extension
of §). We can ascend an induction step.

Assume that for any non-negative integer A a reduction sequence S of (h,g,t)
with length A 4+ 1 is not constructed, when we repeat the above procedure. Then,
for any non-negative integer A\ a semi-reduction sequence Sy of (h, g,t) with length
A is constructed. For any pair p, A of integers with 0 < p < A Sy is an extension of
S, In this case S = {(B,, P,,H,) | 1 <v < oo} is a reduction sequence of (h, g,t)
with infinite length. O

Below we consider reduction sequences with infinite length.

Proposition 7.3. Let (B, P) be a framed space germ over k, (h, g,t) a Weierstrass
representation over (B, P), and S = {(B,,P,,H,) | 1 < v < oo} an reduction se-
quence of (h,g,t) with infinite length. Let (Bo,Py) = (B, P) and (ho,go,to) =
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(h,g,t). Let {(hy,gu,t,) | 0 <v < w+ 1} be the transform Weierstrass represen-
tation sequence of (h,g,t). We denote m = deg(g, t), P, = {zv1,%Zv.2,--- s Tun},
and Z, = k[[P,]] = k[[zv1, 202, ... ,Tun]]. By the IMT B, — B,11 we define an
inductive system {B, | v > 0}, and denote B = lim, B, = Uy oB,. For simplicity,
we identify B, and the image of the canonical homomorphism B, — B. Under
this identification, we have h = h,, g = g, and t, =t + ZZ:1 H,, for every non-
negative integer v. We understand 22:1 H,, = 0 here as a convention. Also we
denote Z = lim , Z, = Uj2Z,. Note that w(g, t) < oo and m > 1, since S with
infinite length exists.
Then, there exist an infinite sequence

{(bv1,b02, ... s bup) |1 <v< oo}
of n-tuples (b, 1,by2,... ,bun) of non-negative integers b, ;, an infinite sequence
{n, |1 <v < oo}
of elements n, € Z, and an infinite sequence
{(Fo1,Foay... . Fym) | 0<v < oo}

of m-tuples (F,1,F,2,... ,F, ) of elements F,, ; € Z satisfying the following con-
ditions (1.v), (2.v), (3.v) for every positive integer v and the condition (4.v) for
every non negative integer v. For simplicity, we write

n

b, _ bui buo b _ by,

T, = Ly1 Ty """ xl/’,/nn - H‘xu,i .
=1

(1.v) Note that F,_1j € Z,_1 C Z, for every 1 < j < m. The m-tuple (F,—11,
F,_12,...,Fy_1m) of elements in Z, satisfy the Abhyankar condition over
the framed space germ (B, P,). The characteristic numbers of (F,—1,1, F,_1,2,
PN aFu—l,m) are equal to (b,,ﬁl, b,/72, ‘e 7b’/,n). W(Fy_l,l’ FV_LQ, ey Fl/—l,m) =
Z?:l bu,i-

(2.v) At least one of by1,by2,... ,byn is not zero. b e M(Z,).

(3.v)

v
H,=mn, H xZ“, € Z).
p=1

(4v) F,; € M(Z,) for every 1 < j <m.

m v J
g=1tr+> (H xl;;> Bty
j=1 \p=1
We understand H2:1 xf[‘ =1 here as a convention.
Proof. By induction on v we define F, ; (1 <j <m), b,,; (1 <i<mn),and n,.

First, let Fo1, Fo2,...,Fom € M(Zy) = M(Z) be the coefficient functions of
(g0,t0) = (g,t). The condition (4.0) holds.

Let v be a positive integer. Assume that in addition to Fy ; (1 < j < m) which
we have just defined, we have already defined F), ;, b, ;, 1, for every integers u, 7,
satisfying 1 < p < v, 1 <j<m,1<1i<n,and they satisfy (4.0) and (1.p), (2.1),
(3.1) (4.pu) for every positive integer p with 1 < p < v.

We will define b, 1,b,2,... ,bun, 7, and (Fy, 1, Fu 2, ... , F, ) so that they will
satisfy (1.v), (2.v) (3.v) and (4.v).
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By definition of the reduction sequence, the Weierstrass representation (h, g, t,_1)

over (B,, P,) satisfies the Abhyankar condition and is reductive. By (4.v — 1) the

coefficient functions of (g,t,—1) is equal to (H: ixﬂ Y F,_1; 1 <j < m. Since

the IMT (B, P,) — (By,P,) for any 0 < p < v has a normal crossing, we have
non-negative integers ci, co, ... ,c, and an element v € Z with

[T = vaitiagy - ai,.

p=1
By Lemma 5.15.9 the m-tuple UjFV_l,j 1 < j < m satisfies the Abhyankar con-
dition, and the weight of it is equal to the sum of the characteristic numbers of
it.

By Lemma 5.14.3 also the m-tuple F,,_;; 1 < j < m satisfies the Abhyankar
condition. Besides, the m-tuple ijy_Lj 1 < j < m and the m-tuple F,_; ;
1 < j <m have common weight and common characteristic numbers.

Let b,1,b,2,...,b,n be the characteristic numbers of the m-tuple F,,_;; 1 <
j < m. By Lemma 5.15.9 one knows that they satisfy (1.v) and (2.v).

By Lemma 5.15.9 the characteristic numbers of (g,%t,_1) are equal to ¢; + b, ;
1 <4 < n. By definition of mﬁ’,” we have

+by +bu
pOtbvreatbue cn+bu "o H 20

v,1 v,2

Since H, is an effective reducing element of (g,t,_1), we have

H, vH, 7
n= c14by,1 _co+tby 2 Cntbun v bu € 2y,
Ty Ty2 rrdun Hp,:l Ty

and w(g, t,—1) < w(g, t,—1 + H,). Thus 7, = n/v satisfies (3.v).
Since t, = t,—1 + H,, by Lemma 5.15.8 there exists an m-tuple F; € M(Z,)
1 < j < m satisfying

m

c+by c+by e +by i —_q
o= 0 Y

Let F, ; = Fj/v’/ for 1 < j < m. The m-tuple F, ; 1 < j < m satisfies (4.v). O

Corollary 7.4. 1. For every positive integer v also the following (5.v) holds:
(5.v) For every 1 <j<m

Fl/—l,' m i
Uy j = (ajg—”); € Zy,, u,;(0)= (j)n,,(O)J, and

g=1 1+Z<H$ ) ity

2. For every positive integer v and for every 1 < j <m

J .
bR — m o bud MmN by
R PR [ LD DI () (SRS



SINGULARITIES WHICH CANNOT BE RESOLVED 39

Proof. 1. By (1.v) we have u,; € Z,. Substituting F,_1; = (2%)7u, ; into
(4.v — 1), we obtain the equality for g.
For simplicity, we write X = xiff_b”’lxif;b“ . ~x,c;j‘7jb”’”. By the equality we

just obtained, one knows
in(g,ty—1) =01 + Z(U(O)X)juu,j )ty
j=1

By (3.v) in(H,) = 1,(0)v(0)X. By Lemma 5.12.3 in(g, t,—1) = (t,—1 + in(H,))™.

Thus for every 1 < j <m
(0(0)X Y 5(0) = (j ) (0(0)X )7, (0)’.

Since v(0)X # 0, we obtain the desired equality.
2. It follows from Lemma 5.10.2. O

m

8. PROOF OF THEOREM 1.1

We give a proof of Theorem 1.1 in INTRODUCTION.

Proof. Assume that AN (B, P) is true for every framed space germ (B, P) with
dimB=n+1and §P <n.

Let B be a space germ with dim B =n + 1, f € B a non-zero element, and Q) a
parameter system of B. One has f € k[[Q]] = B and £@ = n + 1. By Theorem 6.3
RW (B, Q) is true. This implies that (B, f) ¢ X and min{dim B | (B, f) € X} >
n + 1, which contradicts the definition of the integer n.

We conclude that there exists a framed space germ (B, P) such that dim B =
n+1, 4P <nand AN(B, P) is false. Below by (B, P) we denote the framed space
germ with these properties.

Note that RW (B, P) is true. Let A = k[[P]] and f € A an arbitrary non-zero
element. Since dim A = ff P < n, the element f € A can be resolved. We consider
the resolution game of f € A. Assume that the player (I) chooses a non-singular
closed subscheme C of Spec(A). Let A : A — Spec(A) denote the blowing-up
with center C. Let C denote the inverse image of C by Spec(B) — Spec(A), and
o : X — Spec(B) denote the blowing-up with center C. We have the commutative
diagram below.

¥ —7— Spec(B)

A2 Spec(A)

It is easy to see that for every closed point r € A lying over the unique closed point
of Spec(A), there exists a unique closed point s € ¥ lying over the unique closed
point of Spec(B) such that m(s) = r. Thus, for the player (IT), choosing a closed
point 7 € A and choosing a closed point s € X are equivalent. Since the player
(I) can win the game for f € A, (I) can win the first framed resolution game for
(B,P),{=1and f; = f € A.

By Lemma 7.2, for every Weierstrass representation (h,g,t) over (B, P), the
player (I) can choose a sequence {i, | 1 < v < w+ 1} described in Lemma 7.2.1,
when he plays the seventh framed resolution game for (h,g,t).
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Assume that w < co. Then, for t, =t + H; + Hy + --- + H,, (h,g,t,) is a

Weierstrass representation satisfying the Abhyankar condition which is not reduc-
tive. This follows from Definition 7.1. The player (I) can win the sixth framed
resolution game for (h, g,t).

Since AN (B, P) is false, there exists a separable Weierstrass representation

(h,g,t) over (B,P) such that w(g,t) < oo and w = co. By Proposition 7.3
we obtain claims of Theorem 1.1. The separable condition in (5.v) follows from
Lemma 5.3.4 and Lemma 5.12.1. O
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