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ABSTRACT. Suppose that (K,v) is a valued field, f(z) € K[z] is a unitary and irreducible
polynomial and (L,w) is an extension of valued fields, where I = K[z]/(f(z)).A4 Let A
be a local domain with quotient field K dominated by the valuation ring of vA&and such
that f(z) is in A[z].

This paper is devoted to the problem of describing the structure of the associated
graded ring gr A[z]/(f(2)) of A[z]/(f(z)) for the filtration defined by w as an extension
of the associated graded ring of A for the filtration defined by v. In particular we give
an algorithm which in many cases produces a finite set of elements of A[z]/(f(z)) whose
images in gr A[z]/(f(z)) generate it as a gr, A-algebra as well as the relations between
these images. We also work out the interactions of our method with phenomena which
complicate the study of ramification and local uniformization in positive characteristic,
such as the non tameness and the defect of an extension. For a valuation v of rank
one and a separable extension of valued fields (K,v) C (L,w) as above our algorithm
produces a generating sequence in a local birational extension A; of A dominated by
v if and only if there is no defect. In this case, gr A1[z]/(f(z)) is a finitely presented
gr, Ai-module.

1. INTRODUCTION

Given a field K and an extension L of K, the study of the problem of extending a valua-
tion from K to L has a long history motivated in part by its close relation with ramification
theory, whether in number theory or in algebraic geometry. It has an incarnation in logic,
the model theory of valued fields which provides another viewpoint on ramification the-
ory. After fundamental work by E. Artin, H. Hasse, A. Ostrowski and others, S. MacLane
created a method for describing all extensions of a discrete rank one valuation on a field
K to a primitive extension K (z), be it algebraic or transcendental. The method is based
on the existence of key polynomials in K|[z] which provide successive approximations of a
given extension of the valuation and, by the behavior of their degrees, a measure of its
complexity.

On the side of algebraic geometry, Zariski’s approach to resolution of singularities of
algebraic varieties using local uniformization of valuations provides a strong motivation for
the study of valuations on local domains essentially of finite type over a field, which waned
after Hironaka’s proof of resolution in characteristic zero but later revived as an approach
to resolution in positive characteristic.

In the 1970’s and 1980’s appeared (see [33], [32], [15]) the idea that the associated graded
ring gr, A of a local domain A with respect to the filtration of A associated to a valuation
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v of its field of fractions centered in A (non negative on A and positive on its maximal
ideal) encoded in a geometric way essential characters of the valuation and could be used
at least in special cases to obtain local uniformization. For example, representatives in
A of the generators of the graded algebra associated to the unique valuation of a one
dimensional integral complex analytic algebra can be used to embed the corresponding
curve in an affine space where a single birational toric modification provides an embedded
resolution of singularities (see [15]). It also became apparent that some of MacLane’s
essential definitions are better understood using associated graded rings.

Somewhat later, MacLane’s theory was generalized by Vaquié who extended to all Krull
valuations the construction of sequences of key polynomials, now indexed by ordinals (see
[36], [37], [38] and section 7 below). He also described the extension gr, K C gr K|[z]
of graded rings corresponding to an extension of valuations from v on K to w on K|z],
for z algebraic or transcendental over K. It appeared that the images of MacLane’s and
Vaquié’s key polynomials in the graded algebra gr K |[z] were related to its generation as
a gr, K-algebra.

In the last three decades or so the problem of describing a generating sequence for a
valuation, which is a set of elements of a ring A whose images in gr,, A provide a presentation
by generators and relations has become of major interest for the ramification theory of
extensions of valued fields as well as for local uniformization in positive characteristic,
which is still an open problem.

In fact it has become apparent that given an extension (A, r) C (B,w) of valued rings the
extension gr, A C gr B of the associated graded algebras, as well as the similar extensions
obtained after birational extensions of A and B encodes in a comparatively simple lan-
guage, such as the condition of being finitely generated, essential information about the
ramification of the original extension. This concerns especially the defect and the possibil-
ity to uniformize w on B if we can uniformize v on A. But we can access this information
only if we have descriptions by generators and relations of gr, A and gr, B, or of gr B as
a gr,, A-algebra. This is the main motivation for this work. !

Here we consider the case where the essence of the difficulty resides: suppose that (K, v)
is a valued field, f(z) € K|[z] is a unitary and irreducible polynomial and (L,w) is a finite
field extension, where L = K[z]/(f(z)). Further suppose that A is a local domain with
quotient field K such that v dominates A and that f(z) is in A[z]. We provide an algorithm
producing the first significant part of a generating sequence for extensions of a valuation
v to A[)/(f(2).

The valuations v and w also induce filtrations of K and K{z]/(f(z)) respectively and the
associated graded ring of K[z]/(f(z)) along w as an extension of the associated graded ring
of K along v has been constructed implicitly, in the papers [23], [24] of MacLane for discrete
rank one valuations, and for general valuations by Vaquié in [36], [37], [38]. Further papers
on this topic, and comparison with the method of pseudo convergent sequences (introduced
by Ostrowski in [28, Teil III, §11| and developed by Kaplansky in [17]) are [2], [27], [31],
[16] and [10]. Finding generating sequences for A[z]/(f(z)) in the case where A is no longer

1We think that the problem of constructing generating sequences in a Noetherian local domain A which
is dominated by a valuation w is very difficult, and little is known about it in general. The difficulty
reflects the fact that the structure of the semigroup of values S*(w) = w(A\ {0}) is closely related to some
of the birational maps providing embedded local uniformizations of w and can be extremely complicated.
It is well understood in the case that A has dimension one (see [33], [15]), and for regular local rings of
dimension two ([32], [9], [25]). It is known for certain valuations dominating two dimensional quotient
singularities [12] and for certain valuations dominating three dimensional regular local rings [18].
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a field but an arbitrary noetherian subring dominated by R, and with the same field of
fractions is much more closely related to resolution of singularities via local uniformization
and correspondingly more difficult.

This paper is devoted to this problem. We describe the relationship of our method with
the key polynomials of MacLane and Vaquié. We also work out the interactions of our
method of computation with phenomena which complicate the study of ramification in
positive characteristic, such as the lack of tameness and the defect of an extension.

We now give more details about the content of this paper:
Let G, be the value group of v and R, be the valuation ring of v, with maximal ideal m,,.
Given a subring A of the field of fractions of R, the associated graded ring of A along v

is defined as
= D P(A)/Pf(4)
veG,

where

Py(A) = {g € A\{0} | v(g9) =~} and P (A) = {g € A\ {0} | v(g) >~}
The ring gr,, (A) is an algebra over its degree zero subring. It is a domain which is generally
not Noetherian. In this text we shall consider subrings of R, so that the semigroup SA(V)
of values of elements of A \ {0} which indexes the homogeneous components of gr,(A) is
contained in the positive part of GG,. We shall see more about this semigroup below.
Important invariants of a finite extension (K, v) C (L,w) of valued fields are the reduced
ramification index and residue degree of w over v, which are

e(w/v) =[Gy : Gy] and f(w/v) = [Ry/my, : R,/m,).

Another, very subtle invariant is the defect §(w/v) of the extension, which is a power of the
characteristic p of the residue field R, /m,. The defect and its role in local uniformization
is explained in [19]. We give the definition of the defect in (43) below. In the case where
w is the unique extension of v to L we have that

(1) [L: K] = e(w/v)f(w/v)i(w/v).
If A and B are local domains with quotient fields K and L such that w dominates B and
B dominates A, we have a graded inclusion of graded domains

gr,(A) — gry(B).
The index of quotient fields is:
[QF(gr,,(B)) : QF(gr,(A))] = e(w/v) f(w/v)

by Proposition 3.3 of [3]. The defect seems to disappear, but it manifests itself in mysterious
behavior in the extensions of associated graded rings of injections A’ — B’ of birational
extensions of Noetherian local domains A, B. For instance, if v has rational rank 1 but is
not discrete, the defect 6(w/v) is larger than 1 and A and B are two dimensional excellent
local domains, then gr,(B’) is not a finitely generated gr, (A’)-algebra for any regular local
rings A — B’ which are dominated by w and dominate A and B as shown in [6].

The construction of generating sequences is closely related to the problem of local uni-
formization. In [7, Theorem 7.1], it is shown how reduction of multiplicity along a rank
1 valuation can be achieved in a defectless extension A — A[z]/(f(z)). The statement
“defectless” means that the rank 1 valuations v and w satisfy 6(w/v) = 1. From this
assumption, it follows that either w(z — K) has a largest element, or the limsup of this
set is oco. If the limsup of this set is oo, then in an appropriate extension, the valuation
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w corresponds to a linear factor of f(z), and it is not difficult to realize a reduction of
multiplicity by blowing up. So assume that w(z — K) has a largest element v € G,,. We
then have v € GG,. After a birational extension A; of A and a change of variables of z in
Ai1[z], we obtain that w(z) = v and then after a Cremona transformation involving z, we
obtain a reduction of the multiplicity of the strict transform of f.

In [34] and [35], it is shown how associated graded rings along a valuation can be used to
prove local uniformization, at least when the associated graded rings are finitely generated
algebras over A/m4. A suitable toric resolution of singularities of the associated graded
ring induces a local uniformization of the given valuation.

The subring of degree zero elements of the graded ring gr,(A) is (gr,(A))o = A/Q where
Q is the prime ideal in A of elements of positive value. A generating sequence for v on
A is an ordered set of elements of A whose classes in gr,(A) generate gr,(A) as a graded
(gr,(A))o-algebra. To be meaningful, a generating sequence should come with a formula
for computing the values of elements of A, and their relations in gr,(A). In particular, a
generating sequence should give the structure of gr,(A) as a graded (gr,(A))o-algebra.

In the case of an inclusion A C B of domains, and an extension w of v to the quotient
field of B such that w has nonnegative value on B, a generating sequence of the extension is
an ordered sequence of elements of B whose classes in gr,,(B) generate gr,,(B) as a gr, (A4)-
algebra. A generating sequence for an extension should come with a formula for computing
the values of elements of B, relative to the values of elements of A, and give their relations
in gr,(B). That is, a generating sequence should give the structure of gr,(B) as a graded
gr, (A)-algebra.

In this paper, we give a very simple algorithm which allows us to compute a generating
sequence and the structure of gr (A[z]/(f(z)) in many situations. Throughout this paper,
we have the assumption that A is a local domain which contains an algebraically closed
field k such that its residue field A/m4 = k, v dominates A and the residue field of the
valuation ring R, of v is R, /m, = k (v is a “rational valuation”). This algorithm is derived
in Section 4. The algorithm is valid for an arbitrary extension w of an arbitrary valuation
v dominating A (m, N A =ma).

A realization of our algorithm produces a subring of gr (R, [z]/(f(z)) which is the quo-
tient of a graded polynomial ring C over gr,, (R, ) in either finitely many or countably many
variables, and a set of generators of the graded prime ideal I of C' such that C'/I is isomor-
phic to the subring of gr, (R,[z]/(f(2))). Our algorithm gives an explicit representation of
the subring as

gry(RV)[¢17 cee 7¢k7 o ]/I
where

(2 (k)—j2(k)  —jr—1(k) )

I= (P — ¢, P52 — &) ),...,a’,j’f — e e e
with ¢1,...,¢,... € gr,(R,) homogeneous elements. The elements ; are homogeneous
with strictly increasing values. If our algorithm terminates in a finite number of steps k,
then elements @1, ..., @, € R,[z] whose classes are @y, .., form a generating sequence
of R,[z]/(f(2)) over R, and we have built up the entire associated graded ring

gr, (Ru[2]/(f(2)) = g, (R)[@1, - - - i/ 1

where

I=@ a7y —op®, .o —ap) Pep® gl ),
In this case, we have that gr,(R,[2]/(f(z)) is a finitely generated and presented gr, (R, )-
module.
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When we compare our algorithm to the theory of Vaquié ([36], [37], [38]) in Subsection
7.1, we conclude in Proposition 7.1 that a realization of our algorithm produces the “first
simple admissible family” S™) of an “admissible family” S determining the valuation w.

Our algorithm produces in many situations a finite sequence of elements of A[z] whose
images generate the gr, A-algebra gr A[z]. It does this even in cases where there are
infinitely many key polynomials.

More precisely, if the characteristic p of k does not divide the degree of f, A is a domain
as above and w is the unique extension of v to a valuation of the quotient field L of
Alz]/((f(2)), then we show in Theorem 5.1 that our algorithm produces a finite generating
sequence in A[z]/(f(z)). The associated graded ring of A[z]/(f(z)) along w is then a
finitely generated and presented module over the associated graded ring of A along v.

Since the defect d(w/v) is always a power of p, the assumption that p does not divide
the degree of f in Theorem 5.1 and the assumption that w is the unique extension of v
forces the defect d(w/v) to be 1 by (1).

We show that if any of the above assumptions are removed, then the conclusions of
Theorem 5.1 do not hold (Examples of Section 4 and Section 11). For instance, the
assumption that R,[z]/(f(z)) is a “hypersurface singularity” is shown to be necessary for
finite generation to hold in Example 11.3.

To illustrate the power of Theorem 5.1, we compute in Example 5.2 the associated
graded ring when f(z) is a quadratic polynomial, k£ has characteristic not equal to 2 and
w is the unique extension of v. It has the simple form

gt (Al2]/(£(2)) = gr, (A)[@)/ (@ ~©)

for some homogeneous ¢ € gr,(A). From the classification of associated graded rings of
valuations dominating a two dimensional regular local ring A ([32]| and [9])) we see that we
are able to completely calculate the associated graded ring along an extended valuation in
the local rings of two dimensional rational double points, when the extension w is unique.
In constrast, if w is not the unique extension of v, then gr (A[z]/(f(z)) might not be a
finitely generated gr,(A)-module, as shown in Examples 5.2 and 11.4.

In Theorem 8.2, we consider an arbitrary separable extension (with no assumption on
the degree) and assume that A is an excellent local domain. We show that an extension
of a rank one valuation v is without defect if and only if there exists a realization of our
algorithm with coefficients in a birational extension A; of A which constructs w, either
as a valuation or a limit valuation. A birational extension A; of A is a localization of a
finitely generated A-algebra whose quotient field is K and which is dominated by v.

An example showing that the conclusions of Theorem 8.2 may not hold if v has rank
larger than one is given in Section 10. In Example 8.3, it is shown that the conclusions of
Theorem 8.2 may not hold if f(z) is not separable over K.

In Section 9 we analyze our algorithm in a rank 1 example with defect from [11] to
motivate the necessary condition of Theorem 8.2. We explicitely show that a generating
sequence does not exist in Aj[z] for any birational extension A; of A which is dominated
by v, and the valuation w is not realizable as a limit valuation.

In the final section, Section 11, we give examples showing that the finite generation of
extensions of associated graded rings and valuation semigroups ensured by Theorem 5.1
may fail if any of the assumptions of the theorem are removed. The semigroup S4(v) of
values of v on A is

S4w) = {v(9) | g € A\{0}}.
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In Example 11.3, it is shown that there exists an extension L of the quotient field K of
A of degree prime to p, a valuation v of K which dominates A and has a unique extension
to L such that if B is the integral closure of A in L, then gr (B) is not a finitely generated
gr, (A)-module and the semigroup SP(w) is not a finitely generated S4(v)-module. In
particular, the conclusions of Theorem 5.1 do not hold for this extension. This example
shows that we must have the condition that B = A[z]/(f(z)) is a “hypersurface singularity”
for the conclusions of Theorem 5.1 to be true.

We make use of the theory of MacLane, [23|, [24], which he developed to construct the
extensions of a (rank 1) discrete valuation v of K to a discrete valuation w of k[z] or of
K|[z]/(f(z)) for some irreducible unitary polynomial f(z) € KJz]. Our algorithm can be
viewed as a realization of MacLane’s method in the context of a general valuation, in a
specific, nice form. MacLane’s theory is surveyed in Section 3.

We also make use of Vaquié’s generalization of MacLane’s method in [36], [37], [38] to
construct extensions of general valuations in K [z] and K[z]/(f(z)) in our proof of Theorem
8.2. The essential new concept in Vaquié’s work is that of a “limit key polynomial”. He
gave in [38, Exemple 4.1] an example of infinite sequences of key polynomials due to the
non uniqueness of valuation extension. Vaquié’s method is surveyed in Section 7, as well
as a study of its relationship to our algorithm. In the situation of this paper we shall meet
only finite sequences of limit key polynomials since the number of limit key polynomials
is bounded by the degree of f(z). In Section 6 we collect and derive some results about
Henselizations of rings and valued fields which we need for the proof of Theorem 8.2.

In this paper, a local ring is a commutative ring with a unique maximal ideal. In
particular, we do not require a local ring to be Noetherian. We will denote the maximal
ideal of a local ring A by m 4. The quotient field of a domain A will be denoted by QF(A).
We will say that a local ring B dominates a local ring A if A C B and mpNA=m4y.

We will denote the natural numbers by N and the positive integers by Z..

2. VALUATIONS AND PSEUDO VALUATIONS

We shall in the sequel consider sequences of valuations which approximate w. For that
reason we change notations and denote these sequences by Vo, V1, ... as in [23]| and [24]. A
general valuation will be denoted by V' and the reader may think of v as V4.

Suppose that V is a valuation on a field K. We will denote the valuation ring of V' by
Ry and its maximal ideal by my . The value group of V will be denoted by Gy .

Suppose that A is a Noetherian local domain with quotient field K and A — A; is an
extension of local domains such that A; is a domain whose quotient field is K and A;
is essentially of finite type over A (A is a localization of a finitely generated A-algebra).
Then we will say that A — A is a birational extension.

If A is a domain which is contained in Ry, then the associated graded ring of A along V'
is gri/(A) as defined in the introduction, The initial form Iny (g) of g € A is the class of ¢ in
Py(g)(A)/ P;“(g)(A). The semigroup of V on A has also been defined in the inyroduction.

A pseudo valuation V on a domain A is a surjective map V : A — Gy U {oco} where Gy
is a totally ordered Abelian group and a prime ideal

I(V)oo = IA(V)OO = {g €A ‘ V(g) = OO}

of Ay such that V : QF(A/I(V)s) \ {0} — Gy is a valuation.
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3. THE MACLANE THEORY OF KEY POLYNOMIALS

Suppose that V is a valuation or a pseudo valuation on a domain A. Following MacLane
in |23] in the case A = K|[z], we can define an equivalence ~ on A defined for g,h € A by
gr~gin Vif V(g —h)>min{V(g),V(h)} or V(g) = V(h) = co. We say that g € A is
equivalence divisible by h in V| written h|g in V, if there exists a € A such that g ~ ah in
V. An element g is said to be equivalence irreducible in V' if g|ab in V' implies gla or g|b
in V.

These conditions can be expressed respectively as the statement that Iny (h)) = Iny (g) in
gri/(A), that Iny (k) divides Iny (g) in gri(A) and that the ideal generated by Iny (g) in
gry (A) is prime.

3.1. MacLane’s algorithm. We review MacLane’s algorithm [23] to construct the ex-
tensions of a valuation Vj of a field K to a valuation or pseudo-valuation of the polynomial
ring K[z]. MacLane applied his method to construct extensions of rank 1 discrete valu-
ations of K to K[z]. This algorithm has been extended to general valuations by Vaquié
[36]. MacLane constructs “augmented sequences of inductive valuations”

(2) Vi,eoi Vi, ...

which extend Vp to K[z]. An augmented sequence (2) is constructed from successive
inductive valuations

(3) Vie = Vi—1: Vi(or) = pg] for 1 < k

of K|[z], where ¢y, is a “key polynomial” over V},_1 and py is a “key value” of ¢y over Vj_.
We always take ¢; = 2.
We say that ¢(z) € K|z] is a key polynomial with key value p over Vj_1 if
1) ¢(z) is equivalence irreducible in Vj_;.
2) ¢(z) is minimal in Vj_y; that is, if p(z) divides g(z) in Vi_1, then deg, ¢(z) <
deg, g(z2).
3) ¢(z) is unitary and deg, p(z) > 0.
4) p> Vi1 (p(2)).
Following MacLane (|23, Definition 6.1]) we also assume
5) deg, vi(z) > deg, @i—1(z) for i > 2.
6) @i(z) ~ wi—1(2) in V;_; is false. Here the equivalence is to be understood for
polynomials in K|z].
It follows from [23, Theorem 9.3] that
(4) if p(z) is a key polynomial over Vj_; then deg, vi_1(z) divides deg, p(z).

The key polynomials ¢ (z) can further be assumed to be homogeneous in Vi_1, which
will be defined after (7).

MacLane shows that if Vj is discrete of rank 1, then the extensions of Vj to a valuation
or pseudo valuation of K[z] are the Vj arising from augmented sequences of finite length
(2) and the limit sequences of augmented sequences of infinite length (2) which determine
a limit value Vi, on K|[z] defined by

Vaolg(2)) = Jim Vi(g(2)) for g(2) € K[2).

We have that Vi(g(2)) is well defined whenever Vj has rank 1, and is a valuation or
pseudo-valuation by the argument of [23, page 10].
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MacLane’s method has been extended by Vaquié [36], to eventually construct all exten-
sions of an arbitrary valuation Vj of K to a valuation or pseudo valuation of K|[z]. We will
discuss Vaquié’s method in Section 7.

To compute the “k-th stage” value Vi (g(2)) for g(z) € K|z] by MacLane’s method, we
consider the unique expansion

(5) 9(2) = gm(D)EF'(2) + g1 (2) + -+ 90
with ¢;(z) € K[z], deg, gi(2) < deg, @i (z) for all i and g,,(z) # 0. Then
Vi(9(2)) = min{Vi—1(gm(2)) + mpus, Vii—1(gm-1(2)) + (m — Dk, - .., Viem1(g0) (2) }-

This expression suffices to prove by induction, assuming the existence of a unique expansion
of the coefficients g;(z) in terms of the polynomials ¢;(z) with j < k, that every g(z) € K|[?]
has a unique expansion

(6) g(z) = Z a/j(Z)(p;nl’j (2)80312,1 (Z) . (pzlk,j (Z)
J

witha; € K and 0 < m; ; < deg, pit1/deg, p; for i =1,...,k—1. Recall that deg, ¢; 11/ deg, ¢;
is a positive integer by (4). Then

(7) Vk(g) = IIbln Vk(ajsolnl’j 90;7742’3' e (p’;:’k,j).

If all terms in (6) have the same values in Vi then g is said to be homogeneous in V.
We shall often, as we just did, simplify notations by writing g for g(z), etc. when there is
no fear of confusion.

Remark 3.1. If A is a subring of K such that p; € Alz] for 1 <i <k and g € A[z], then
the coefficients a; in (6) are all in A.

The polynomial g, with expansion (5), is minimal in Vj if and only if g, € K and

(8) Vi(9) = Vi(gmer")

by 2.3 [24] or Theorem 9.3 |23].
By 3.13 of [24] or [23, Theorem 6.5], for k > i,

9) Vie(¢i) = Vi(p;) and Vi(g) = Vi(g) whenever deg, g < deg, ©;11.
Further, by [23, Theorems 5.1 and 6.4], or [24, 3.11 and 3.12],
(10) For all g € K|z, Vi(g) > Vi—1(g) with equality if and only if ¢ Jg in Vi_1.

3.2. MacLane’s algorithm in a finite primitive extension. Suppose f(z) € K|z]
is unitary and irreducible. The extensions of Vj to valuations of K|[z]/(f(z)) are the
extensions of Vj to pseudo valuations V' of K|[z] such that I(V ). = (f(2)). MacLane [24]
gives an explicit explanation of how his algorithm can be applied to construct the pseudo
valuations V' of K[z] which satisfy (V). = (f(2)) in Section 5 of [24| (when Vj is discrete
of rank 1). Vaquié shows in [37] and [38] how this algorithm can be extended to arbitrary
valuations Vj of K.

Suppose Vi, ..., Vi is an augmented sequence of inductive valuations in K|[z]. Expand

f= fn@ o+ fo
as in (5). Define the projection of Vi by proj(Vi) = o — 3 where « is the largest and j is
the smallest amongst the exponents j for which Vi (f(2)) = Vi(fj¢}.). A k-th approximant
Vi to f(2) over Vj is a k-th stage homogeneous (meaning that the key polynomial ¢; is
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homogeneous in V;_; for i < k) inductive valuation which is an extension of Vj and which
has a positive projection (|24, Definition 3.3]).

First approximants Vj to f are defined as Vi = [Vo; Vi(p1) = 1], where ¢ = 2z and
w1 is chosen so that proj(Vi) > 0. MacLane shows in [24, Lemma 3.4] that if Vj is
a k-th approximant to f(z), then so is V; for ¢ = 1,...,k — 1. Further, ¢i|f in Vj_1
and Vi(f(2)) > Vi—1(f(2)) > --- > Vi(f(2)). In |24, Theorem 10.1|, MacLane shows
that if Vj is a discrete valuation of rank 1 then every extension of V to a valuation of
K|[z]/(f(z)) is an augmented sequence of finite length of approximants Vi,...,V} such
that Vi(f(z)) = oo or a limit of an augmented sequence of approximants of infinite length
such that Vo (f(2)) = co. If V} is not discrete of rank 1, then there is the possibility that
the algorithm will have to be continued to construct a pseudo valuation W of K|[z] with
W(f(z)) = oo. If this last case occurs, then the situation becomes quite complicated, as
we must then extend the family {Vj | k € Z.} to a “simple admissible family” and possibly
make some jumps. This is shown by Vaquié in [36, Theorem 2.5] and is explained in Section
7. An essential point is that for every construction Vi, ..., Vi of approximants to f over Vj
by MacLane’s algorithm, there exists an extension W of V4 to a pseudo valuation of K|x]
such that (W) = (f(2)) and W (pg) = Vi(¢x) for all k (This will be deduced from [38,
Theorem 1] in Theorem 3.4).

We will assume now that V) has rank 1, so we may assume that Gy, is an ordered
subgroup of R. We will now look a little more at the case where we have an infinite
sequence of approximants, leading to a limit valuation V... In this case, there exists kg
such that ¢, = @i, + hi, with deg, hy, < deg, ¢y, for k£ > kqg. Thus for k& > ko,

Vi(er) > Vie1(er) = Vio1(pr-1).

Thus limg_,o V(@) exists, and is either equal to co or an element of R.

Lemma 3.2. Suppose that Vi has rank 1 and Vi,...,Vi,... is an infinite sequence of
approximants to f over Viy. Then the following are equivalent:

1) Voo = limy,00 Vi s a pseudo valuation on K|[z] (but not a valuation).
2) IREI(V ) = (1(2)).
3) limg 00 Vi (k) = 0.
Proof. We first prove 1) implies 3). By assumption, there exists 0 # h € I(Voo)oo. There
exists ko such that for & > ko, deg, ¢, = deg, ¢r,. Expand
h = hmh, + hm_lgozz_l + -+ ho

with deg, h; < deg, @i, for all i and Ay, # 0. There exists A € Z;, 1 < X\ < degyy, such
that deg, 2 h,, = deg, ¢k, and so there exists 0 # o € K such that My, = Pko + Mm
with deg 7, < deg p,. This implies that az*h has an expansion

az*h = G 4 el + a2 1ol 4 oaz)‘hm_jwzz)_j + -+ azthy
with deg, z)‘hm_j < 2deg, ¢, for all j. Now we can expand each az)‘hm_j = Nm—jPho +

Om—j, with deg, ny,—; and deg, 0,,,—; less than deg, ¢y, so that finally we can expand

m

ath = G Wl e B, e

with deg, A}, ., ; < deg, py, for all j. Thus, substituting az h € I(Voo)oo for h and
continuing to denote by m the degree of its expansion in ¢y, we may assume that h,, = 1.

The same argument shows that for k > kg there exist h;(k) € K|[z] for i < m such that
h= @O + him—1 (k)" + -+ + ho(k)
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with deg, h;(k) < deg, ¢r. Now by definition of V}, we have
Vi(h) < mVi(er)

for k > kg, so limg_,o Vi(pr) = 0.
We now prove that 3) implies 2). In the expansion

f=Fnfl 4+ o

with deg, f; < deg, ¢k, we have that at least two distinct terms have the same value
Vie(f(2)) = min{Vi—1(fs) +iVi(or)}-
Thus Vi (f(2)) > Vi(pg) for all k, which implies
lim Vi(f(2)) = o0

so that f € I(Vx)oo. Now I(Vio)oo is a proper principal ideal in K[z] and f is ireducible
in K[z] so I(Vo)oo = (f(2)).
Finally, 2) implies 1) follows since (Vi )so 7 (0). O

We observe that if the equivalent conditions of Lemma 3.2 hold and g € K]|z] is such
that f /g, then there exists k such that Vji(g9) = Vo(g). This follows since we can find
a @y such that Vi(pr) = Voo(@r) > Vi(g). Then, expanding g = gme}' + -+ + go with
deg, g; < deg, pk, we have that Vo (g9) = Vi(9) = Vi(90).

For the rest of this section, we will assume that V{ has arbitrary rank. MacLane gives the
following explanation of how to find all of the extensions of a (k — 1)-st stage approximant
Vi—1 to f over Vy to a k-th stage approximant Vi to f over Vj.

We say that e € K|[z] is an “equivalence unit” for Vj if there exists an “equivalence-
reciprocal” h € K|z] such that eh ~ 1 in Vj. It is shown in Section 4 of [24] that e
is an equivalence unit if and only if e is equivalent in Vj to a polynomial g such that
deg, g < deg, vy

By [24, Theorem 4.2 |, f has an essentially unique (unique up to equivalence in Vj_1)
expression

(11) [~ e ™
in Vi_1, with mg € N and mq,...,m; > 0. Here e is an equivalence unit for V;_; and
Y1, ..., are homogeneous key polynomials over Vj_; all not equivalent to ¢;_1 in Vi

and not equivalent in V;_; to each other. We have that ¢t > 0 since proj(Vx—1) > 0. We
have that ¢k_1 is a homogeneous key polynomial in Vi1 by [24, Lemma 4.3].

If f is a homogeneous key polynomial for Vi_q, then Vi = [Vi_1; Vi(f(2)) = ] is a
pseudo valuation of K[z] with I(V)s = (f(2)).

If f is not a homogeneous key polynomial for V4 _1, then none of the ¢; are equal to f,
and we may define a k-th stage approximant to f over Vy which is an inductive valuation
of Vi1 by Vi = [Vik—1; Vi(pr) = pg] where ¢y is one of the v;. In the expansion (5) of f,

f=Fmpi 4o+ fo

ux must be chosen so that proj(Vy) > 0. All k-th stage approximants Vi to f extending
Vi—1 are found by the above procedure.
Let T'= R x Gy,. Given o, 8 € Gy, and g € R, we have the line

D ={(z,y) €T |qy+ax+ =0}
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in T. When ¢ # 0, we define the slope of D to be —% € Gy, ®z R. Associated to D are
two half spaces of T,

HY? ={(z,7) €T | qy+ oz + B > 0}
and
HEZ ={(x,7) €T | gy + oz + 3 < 0}.

Given a subset A of T, the convex closure of A is Conv(A) = NH where H runs over the
half spaces of T" which contain A.

The Newton polygon is constructed as on page 500 of [24] and page 2510 of [38]. These
constructions are equivalent but slightly different. We use the convention of [24]. The
possible values py can be conveniently found from the Newton polygon N (Vj_1, ¢x). This
is constructed by taking the convex closure in T' of

A={(m—1,0)|6>Vi_1(f:),0 < i <m},

where the union is over ¢ such that f; # 0. A segment F' of Conv(A) is a subset F' of
Conv(A) which is defined by F' = Conv(A) N D where D is a line of T such that Conv(A)
is contained in one of the half spaces HY or HZ defined by D and F = Conv(A) N D
contains at least two distinct points. - -

The slopes of the segments of N(Vj_1,pr) whose slope p satisfies p > Vi_1(pp) are
the possible values of . The polygon composed of those segments of slope p with p >
Vi—1(¢k) is called the principal part of the Newton polygon N (Vi_1, ¢k).

In the proof of Theorem 5.1 of [24], it is shown that for 1 <4 < ¢, the principal polygon
of N(Vi—1,%i) (from(11)) is

(12) {(z,y) € N(Vi1,4) | & = m —m;}.

Further, mg is the smallest exponent i such that in the expansion f = > fiSOi;_l with
deg, fi; < deg, px_1, we have that Vi_1(fig)_;) = Vim1(f(2)).

Remark 3.3. If the coefficients of f(z) are all in the valuation ring Ry, of Vo, then the
coefficients of all key polynomials ¢y are also in Ry, as is established in [24, Theorem
7.1].

The following theorem follows from a criterion of [38].

Theorem 3.4. Suppose that Vi is a k-th approximant to f over V. Then there exists a
pseudo valuation W of K[z]| such that W|K = Vy, I(W)s = (f(2)), W(g) > Vi(g) for all
g € K[z] and W(y;) = Vi(pi) for 1 <i<k.

Proof. As explained in the construction of Vi above, we have that ¢g|f in Vi_1, and there
exists a key polynomial ¢ for Vi with ¢ not equivalent to ¢y in Vj and such that |f in
Vk. The theorem now follows from [38, Theorem 1]. O

4. AN ALGORITHM TO CONSTRUCT GENERATING SEQUENCES

Let V4 be a valuation of a field K. Suppose that there exists an algebraically closed
field k such that k C Ry, and Ry,/my, = k. Let f(z) € Ry,[z] be an irreducible unitary
polynomial.

In this section we give an inductive construction of a sequence of approximants to f over
Vb, so that the key polynomials constructed have a particularly nice form. We will call the
sequence of approximants “a realization of the algorithm of Section 4”. We will prove the
following theorem by induction on k.
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Theorem 4.1. Suppose that W is a pseudo valuation of K|z] extending Vi such that
I(W)eo = (f(2)). Then we can construct a sequence of approzimants to f over Vj

(13) Vieoo o Vi, oo,
where
(14) Vi = [Vic1; Viles) = W)

for all i such that the key polynomials p; satisfy p1 = z in Vi and

- o i
(15) 0 = o7t — it T L gl

in Viq for 2 <i <k with ¢;_1 € Ry,, ni = [Gv,_, : Gy, ,] and 0 < j;(m) < ny for all
and m. The sequence (13) is either of finite length k with pr = f and Vi(f(z)) = oo or
the sequence is infinite.

Observe that we have that

(p;bi ~ CiSojll(Z) .. 90?’:11 (4)

in V; for 1 <4 <k —1, since ;11 is a key polynomial over V;.
The proof of the theorem will be given after we have established Lemmas 4.2 and 4.3
and Theorem 4.4.

Lemma 4.2. Suppose that Vi, ..., Vj satisfy the conclusions (14) and (15) of Theorem 4.1
and we have an equality

Vi (or) = Vilewpl ® - o)

in Vi, with ¢, € K, ny, =[Gy, : Gy,_,] and 0 < ji(k) < ny for all l. Then c, € Ry,.
Proof. In the case that k = 1, we have that W (z) > 0 since f is unitary and the coefficients
of f are in Ry,. Thus Vj(c1) > 0.

Now suppose that k& > 2. Since n; is the smallest positive integer m such that mV;(p;) €

Gy, ,, we have by repeated Euclidean division that every element v € Gy, has a unique
decomposition as

(16) Y= + Jipr o ek

where v9 € Gy, i = W(yp;) for 1 <i <kand 0 < j; <n; for 1 <i < k. We have from
(15) that

(17) nip; < pivq for all 1 <7 < k.
There is a unique representation
iy = Yo + Jjip + o+ g1
of the form of (16). It follows from (17) that
Jipr e giep—1 < ngpy.
Thus Vo(cx) = o > 0. O

Lemma 4.3. Suppose that Vi, ..., Vi satisfy the conclusions (14) and (15) of Theorem 4.1
with I(Vi)eo = (0) for all i < k. Let A be a local domain whose quotient field is K and
suppose that f(z) € Alz]. Further suppose that A is dominated by Vi and that A contains
k (so that A/ma = k). Suppose that ¢; € A fori < k—1. Then we have a graded k-algebra
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isomorphism of gry, (A[z]) with the quotient gry, (A)[py, ..., Pyl/I of the graded polynomial
ring gry, (A)[@1, ..., Pg| over gry, (A), where

_ _ _ _j(2 o1 = —ji(k=1)  _jpoa(k—1
[= @ —e,ap —op @, g — e g ),
Here ¢1,...,¢k—1 are the initial forms of c1,...,cx—1 in gry, (A) and p; has the weight

Vie(@i) for all i.
Suppose there exists c € A and j; € N for 1 < i < k—1 with 0 < j; < n; such that

Vie(opk) = Vk(ap{l e gpif_‘f). Then (gp* — w{l . -@i’“_‘f) is a prime ideal in gry, (A[2]).
Proof. Every g € A|z] has the unique decomposition of (6) and Remark 3.1,
9= ajpl" gy g
J
with a; € A, myj,...,my; € N and 0 <m;; <n; for ¢ < k and
Vi(9) = min;{Vo(a;) +mi;Vi(pr) + -+ me;Vi(er)}
= ming{Vi(a;) +ma;Vi(er) + - - +meiVi(or)}
by (9).
Since gry, (A[z]) is generated by the initial forms of elements of A[z], the natural graded
gry, (A)-algebra map
U vy, (B Bl — ey (Al2])
is a surjection and I is contained in the kernel. A homogeneous element G of gry, [@;, . . ., @]
has a unique representation

G= w{l e goi’“:f@ik mod [
with ¢ € A, j1,...,5k € N and 0 < j; < n; for i < k. Now ¥(G) = 0 implies that ¢ = 0
which implies that G = 0 mod I. Thus ¥ is an isomorphism, and the first statement of
the lemma follows.
We now prove the second statement. Let

—Jk—1

V=9t - B
We have that gry, (A[z]) = B[@y] is a graded polynomial ring over the domain

_ _ _ _ g1~ —gi(k—1 ju_a(k—1
B =gy (A1, Booa /@1 — 1 B —aed Y g ),
Let L be an algebraic closure of the quotient field of B. Choose t € L such that t" =

—Jk—1

@{1 -+ @y, - Then giving ¢ the weight Vj(¢), we have that B[t] is a graded domain
which is a free B-module of rank ng, since Vi(¢x) has order ni in Gi/Gi—1, and so
1,t,...t" ! is a B-basis of B[t]. We have a natural surjection of graded B-modules

(18) Blgl/ () = Bt].
Now B[g,]/ (%) is a also a free B-module of rank ny, as 1,5, . .. ,@Z’“fl is a B-basis. Thus
(18) is an isomorphism, and so B[@,]/(¢) is a domain. O

Suppose that G is a totally ordered Abelian group. Let U = GRz R, d € Z1 and v € G.
Since Z is a principal ideal domain, we have that

1 1
(19) (Zv) NG = —Z~ for somem € Z,.
d m

Indeed, we must have (éZ’y) NG
so there exists m € Z, such that
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This implies:

1
(20) —(dy) €Z&G.

We shall need the following fact:
(21)
For n,q € Z, 1(d,v) € Z® G if and only if n divides gd and 1 = < for some e € Z .

For the reader’s convenience, we give a proof of (21). Suppose that %(d, v) € Z®G. Then
n divides qd and writing qd = rn we see that 7Z~y C G so that it follows from (19) that
L =4 is an integral multiple of L. The converse follows from (20).

Theorem 4.4. Suppose that we have constructed approzimants V; = [Vi—1,Vi(pi) =
W(pi)] for 1 < @ < k —1 to f over Vy satisfying the conclusions of Theorem 4.1,
Vi—1(ok—1) < 00 and we have an equivalence in Vi_q

(22) f eyt -y
of the form of (]Q with mg € N and my,...,my € Zy such that e is an equivalence unit
for Vi1, ¥y ..., ¢, are homogeneous key polynomials to f over Vi_1 such that there are
exTPTesSIons

— _ 1 (k—1 o (k—1

B = o7t — e pickapt BT plk2 (D)

with cy—1 € Ry, non zero, ex_1,; € k distinct and nonzero, and 0 < j;(k—1) < n; for alli.

Then there exists a unique 1; such that W (i;) > Vi_1(3;) and setting ¢ = 1;, there
exists a unique segment S of the principal part of the Newton polygon N(Vi_1,¢k) which
has slope s = W (¢y).

Defining Vi, = [Vi—1, Vi(pr) = W(pr)], we have that Vi is an approximate to f over Vjy,
such that the approximants Vi, ..., Vi satisfy the conclusions of Theorem 4.1.

Now suppose that Vi(pr) < 0o. The Newton polygon N (Vi_1,pr) is computed from the
exTpansion

(23) f=) fivh

with deg, fi < deg, vr. Let (m — i1,a1) be the lowest point on the segment S and let
(m — dg,ap) be the highest point. Let

(24) Frs(or) =Y figh,

where the sum is restricted to i such that (m — i, Vik_1(fi)) is on S. Then there exists a
polynomial in @y,

(25) Grs(er) = gioh

with g; € K|[z]| such that the i such that g; is not zero are exactly the i such that f; is a
coefficient of Fy s and g; ~ f; in Vip—1 for all such i. Further, factoring the right side of
(25) as a polynomial in @y,

(26) Ghs(pr) = fIH QRapft - -t
where

i1(k i._1(k
(27) i = @ — epacpel ®) o oIk 1(B)
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with ¢, € Ry, nonzero, e ; € k are distinct and nonzero, 0 < j;(k) < n; for all i. Further,

we have that ffﬂ s an equivalence unit in Vi,

ne = [Gk . Gk—l]
and the v; are homogeneous key polynomials in Vi,. Also, there is a Vj equivalence
(28) [~ Grs(or)

m Vi.

Proof. The fact that there exists a 1), such that W (1);) > Vi_1(1;) follows from the equiv-
alence relation (22), since W (f(z)) = co and W (ep;'?;) = Vi_1(e¢;,). Uniqueness of 1;
follows since the €;,_1; are distinct. The existence of a segment S of the principal part
of the Newton polygon N(Vi_1,pr) with slope s = W (pyg), follows from Theorem 3.4
and the discussion of Subsection 3.2. The fact that upon setting ¢, = 1;, we have that
Vie = [Vie—1, Vie(pr) = W(pg)] is an approximate to f over Vj then follows since proj(Vy)
is positive, as W(f(z)) = oo., and the fact that the approximants Vi, ..., V) satisfy the
conclusions of Theorem 4.1 follows from our assumptions on the ; for i < k.

Let y = sx + r be the equation of the line containing the segment S, so that
ag — aj
§=—.
11— 1%
Let m be the largest positive integer such that

1. .
(29) %(21 —ig,a0 —a1) € Z @ Gi_1.

Here m is as defined before (21), with d = i1 — ig, v = ap — a1 and G = Gj_;. Let
(b,€) = (i1 — i, a0 — a1). If Ve_1(fi) — s(m — i) = r, then

(m =4, Vo1 (fi)) = (m — i1, a1) + A(b,¢) = < m — iy + A\b,ag + A (“Omal>>

for some A € N with 0 < A < 7 (this follows from (21)). Using the relations (15) for
2 <1 < k, there exists

B — Ck(pjld( ) SD?: 11( ) ¢ K[z
with ¢, € K and 0 < ji(k) < n for 1 <1 < k such that V;_1(h) = *="1. We have that

Frs = ZT 0 zo+7b8020+7b
e (T io+75Pk )
where
(30) Vk_l(fz.OJrTg) = s(m—(ig+7b)) +r=—7 (“0 “1) + ag

— (m — T) (ao a1) +a; = kal(hm ) =+ kal(fil)-
By (30), and since Vj is rational (Ry, /my;, = k), there exist v, € k such that

(31) 'YTIn(hm_T)In(fh) = In(fio_;.q—g)
in gry, | (K[z]). Define Gy s(or) by
Gk,s(@k) = SOZ (Erﬁ O’YTh‘min’ngo 7)

= IO (ST e (B R)T)
fiaa AT (0 el - )
fm+1 j:1(<Pk ajh)
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for suitable nonzero o € k.
We will compute the order

[Gk : kal] = [(kal + SZ) : kal]-

apg—al

We will show that the order ny is ny = b = % Since s = prpel

ag — ai

58 = S Gk*l-

Now with a as defined in the analysis preceding this proposition, with d = i1 —ig, v = ap—ay
and G = Gy_1, we have that a = £ = b.
Suppose n € Z,; and ns € Gi_1. Now

ap—a n
ns:n<,0 ‘1> =—v€Gp_1.
11 — 10 d

3

which implies that a = b | n.
Thus we have that
ne = b = [Gk : Gk—l]-
We now have that ¢;, € Ry, by Lemma 4.2.
The fact that f ~ Gy s in Vj, follows since v-h™ ™7 f;, ~ fio +rp 0 Vi, which follows from
(31), the facts that by (9),

k-1 k-1
Vie(h) = Vie(ew) + > Gi()Vi(er) = Voler) + D 4i(k)Vi(ps) = Viea (h)
i=1 i=1

and
Vie(fi) = Vi1 (fi)
for all 7 since deg, f; < deg, .

We know that ¢y, is a key polynomial in Vj, as discussed after (11). Finally, we verify
that each 1; = ¥ — ak,ickgojll(k) e goff_’f(k) is a key polynomial in V. By Lemma 4.3, the
ideal

— _ _j1(k —Jr—1(k
() = @ —enazt ™ -7 ™)
is a prime ideal in gry, (Ry,[2]), where ¢, = In(cy), and @; = In(y;). Thus 1); is equivalence
irreducible in V}, as a polynomial in Ry, [z]. Since every non zero element of Ry, [2] is a unit
in K this implies that it is equivalence irreducible in Vj as a polynomial in K[z]. We have
that 1); is minimal in Vj by (8). Since v; has the leading coefficient 1 and deg, ¥; > 0, we
have that 1; is a key polynomial over Vj. g

We now give the proof of Theorem 4.1. Set ¢ = z and Vi = [Vo; Vi(e1) = W(e1)],
which is an approximant to f over Vj since W(f(z)) = oo. By a simplification of the proof
of Theorem 4.4, we have that f ~ ezm@;”l @;nt in Vi, where e is an equivalence unit
in V7 and @z = 2™ —ey14c1 with ¢1 € Ry, and €1; € k are nonzero and distinct.

Now the conclusions of the theorem follow from induction using Theorem 4.4.

Proposition 4.5. Suppose that there is a unique extension of Vi to a pseudo valuation
W of K[z] with I[[W)s = (f(2)) and we have constructed a finite or infinite sequence of
approzimants Vi,..., Vi, ... to f over Vy satisfying the conclusions of Theorem 4.1. Then
we have that for k > 2, with notation as in (26), setting e, = 1o,

(32) fr~e in Vi
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where

n 1 i 1(k
(33) it = O — a1 ()
with ¢y, € Ry, nonzero, 0 < ji(k) < n; for all i and
(34) deg, f = erdeg, vk.

Proof. We use the notation of the statement and proof of Theorem 4.4. By Theorem 3.4,
every realization of the algorithm to construct a k-th stage approximant Vi to f over V)
extends to the construction of a pseudo valuation U extending Vp with I(U) = (f(2)).
Since W is unique, every realization of the algorithm must extend to the construction of
U=Ww.

We will prove that the following equations,

(35) [~k in Vi_y with deg, f = ej deg, pr
and for all k> 2, (25) of Theorem 4.4 satisfies
(36) [~ in Vi, with deg, f = aqdeg, Y1 + -+ - + ap deg, ¢y

We will establish (35) and (36) for £ = 2. Since the extension is unique, every realization
of the algorithm must extend to the construction of W, so N(Vp;¢1 = z) has a unique
segment. Let u; = s = W(z) be the slope of this segment, so that

Vi = [Vo; Vi(er) = pul.
Expand
f=2"+ farz 4+ fo

with f; € K. Since N(Vp, 1) has a unique segment, ig = 0, i1 = d and f;, = 1 in (26) for
k =1, so by (28) and (26) for k =1,

(37) f~Gurs(pr) =91 -y
in V7, where
(38) Yy = ot — €101

from (27). Suppose that t > 1. Any choice of 9; is a key polynomial for V;, and if
Wy = [V1; Va(;) = pe] is an approximant extending Vi, then since every realization of the
algorithm must extend to the construction of W, we have that

as observed in the first part of the proof,

W (i) = Wa(i) = p2 > niVi(er) = Vo(er).
For j # i,
Vi =i+ (1 —e15)a
so for j # i,
W (i) = W(¢i + (€14 — e15)c1) = Voler).
This contradiction shows that t = 1 in (37) and so f ~ 5% in Vi with deg, f = ez deg, 2,

establishing (35) for k = 2.
From (35) for k = 2, we have that there is an expression

f=08+ feam195 -+ fo
with deg, f; < deg, o for all i. From (12), we then have that the principal part of the
Newton polygon N (Vi,ps) is the entirety of N(Vi,p2). Further, by uniqueness of the
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extension of Vj, we have that N(Vi,p2) has a unique segment, so ig = 0, i; = ez and
fi, =11n (26) for k = 2, so

[~ Gos(p2) =91 -4
in V5 with the v; given by (27) for k = 2, establishing (36) in V5 for k = 2, with deg, f =
ay deg, Y1 + - - + ap deg, .
Now by induction on k, repeating the argument for the case k = 2 with the application
of Theorem 4.4, we obtain the conclusions of Proposition 4.5. O

Formulas (32) and (34) also follow from [38, Theorem 3.1], and then formula (33) follows
from Theorem 4.4.

5. WHEN THE DEGREE IS PRIME TO p AND THE EXTENSION IS UNIQUE

Theorem 5.1. Suppose that A is a local domain which contains an algebraically closed
field k such that A/my = k. Let K be the quotient field of A and suppose that Vy is a
valuation of K which dominates A, such that the residue field of the valuation ring of Vy is
k. Suppose that f(z) € Alz] is unitary and irreducible, there is a unique extension of Vy to
a valuation w of K[z]/(f(z)) and the characteristic p of k does not divide deg, f. Let W
be the associated pseudo valuation of K|[z] such that I(W)so = (f(2)) in K[z]. Then there
ezists a realization of the algorithm of Section 4 constructing approximants Vi, ..., Vi to f
over Vi satisfying equations (14) and (15) for all i < k such that W = V.. We have that

deg, [ = [Gw : Gy] = [GVk : G-
Further, with the notation of (15), ¢; € A for all 1 <i <k, and
gr,(Al2]/(f(2))) = gry, (A) @1, - B ]/]
where
o~ e — (2 g1 = 1 (k=1)—ja(k— p_a(k—1
I=(@ —o,ep —apl @, gy — g g gl )
is a finitely generated and presented gry, (A)-module.

Proof. Suppose by induction on ¢ that we have constructed approximants Vp,...,V; to f
over Vj satisfying equations (14) and (15) with ¢1,...,¢;—1 € A and that ¢; is not equal to
f. By Theorem 4.4 and Proposition 4.5, f ~ G; = gpf_fll in V;, with ;41 a key polynomial
over V; such that

(39) pivr = @) — cip] ol and deg, f = eij1 deg, pisi
for some nonzero ¢; € Ry;,. Expanding
(40) F=>_ 1l

in K|[z], with deg, f; < deg, @;, let F' = ijgog where the sum is restricted to f; such
that Vi_1(f;) + jps (with p; = W(e;)) is minimal, and expanding G; as a polynomial in
ni€it1 j1(2) Ji—1(3) Tli(ei+1*1)+”

i, we see that the coefficients of G; = ¢, —eip1cip) - @i s - asa

polynomial in ¢; and of the coefficients f; in the expansion F' = >~ fj¢? must be equivalent
in V;_1 by Theorem 4.4.

Now e;11n; deg, p; = deg, f, so since we assume that p does not divide deg, f, we have
that p does not divide e;11. Comparing the expansions of F' and G;, we see that

0 7é fni(ehqfl) ~ Gni(ejy1—1) — _€i+1ci90]11(2) e 9031:11(7’)
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in Vi—1. Since deg, fy,(e,.,—1) < deg, @i and c1,...,¢c;i—1 € A by induction, by (6) and
Remark 3.1, fy;(c;,,—1) has a unique expansion (with only finitely many terms)

(41) fni(ei+1—1) = Zaal(a),...,ai,ﬂa)@clrl( “. 901111(&)
a>1
with
o1(a O o1(a+1 ogi—1(a+1
W (@gy(@),or (@1 07 ) < Wlagy(as1), s @en @] O o7 )

for all @, 0 < oy(a) < my for 1 <1 <i—1and as(a),..00_,(a) € A Thus the minimum
value term in V;_1 in this expansion is

o1(1 g 1
aol(l),..‘,ai_l(l)spll( ) SO’L 11( )

and so
Ji(t) =0y(1) for 1 <1 <i—1
and
—Ci+1Ci ™~ Qg (1),...,04_1(1)

in Vp. Replacing ¢; with _aaol(l),...,aiq(l) in (39), we have that ¢; € A.
Suppose n; = 1, so that e;1; = e;. Then substituting (39) and (41) into (40), we obtain

(k) . i (k j
z+1+ Zao'l )seesTi—1( )(ptl;1 903 11 ‘P@+1 + Zf@i+1
k>2

where deg, f]’ < deg, @;+1 = deg, p; for all j. Since (41) is a finite sum, we can only have
n; = 1 for finitely many consecutive i.
Since deg, f = e;ny ---n;—1 for all i, we must have that the algorithm terminates in a
finite number of iterations k. We then have that ¢ = f and W = V.
The final statement on the structure of gr ,(A[z]/(f(z))) now follows from Lemma 4.3.
O

As an immediate consequence of Theorem 5.1, we have the following example, which
allows us to easily compute the associated graded rings and valuation semigroups of many
examples, including the rational double point singularities in dimension two, since the
semigroups of valuations dominating two dimensional regular local rings are completely

known ([32]. [9]).

Example 5.2. Let k be an algebraically closed field of characteristic p # 2, and A =
k[[x1,...,2,]] be a power series ring over k. Let f(z) = 2> + az + b with a,b € m4 be
irreducible and let B = A[z]/(f(2)). Suppose that v is a valuation of the quotient field of
A which dominates A and such that R, /m, = k.

Suppose that v has a unique extension w to the quotient field of B which dominates B.
Then there exists g € ma such that setting Z = z — g, we have that

1) w(z) is a generator of G, /Gy, = Zs and
2) gr,(B) = gr,(A)[in(2)] = gr, (A)[P]/(¥° —©) for some T € gr, (A).
In constrast, if v does not have a unique extension to the quotient field of B which

dominates B, then it can happen that gr,(B) is not a finitely generated gr,(A)-module (as
will follow from Exzample 11.4).
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The good conclusions of Theorem 5.1 may fail if either the extension is not unique or
p divides deg, f. In [35, Example 8.1|, an example of Guillaume Rond is presented which
shows that the conclusions of Theorem 5.1 may fail if the extension of Vj to a valuation of

K[z]/(f(2)) is not unique and p fdeg, f.

Example 5.3. The conclusions of Theorem 5.1 may fail if the characteristic p of the field k
divides the degree of f(z). In our example, f(z) is separable and Vi has a unique extension

to K[21/(f(2))-

We now give the construction of the example. Let k be an algebraically closed field of
characteristic 2 and let A = k[z1, %2](3, 4,) be a localization of a two dimensional polyno-
mial ring over k. Let K be the quotient field of A. Let V4 be the rank 1 valuation on K
defined by Vp(x1) = 1 and Vy(x2) = v/37, so that Gy, = Z + /37Z. Let

f(z) =24+ 23172 + 2fad + 231
We have that f(z) is an irreducible, separable polynomial in K|z].

Setting 1 = z, we have that the Newton polygon N(Vp, 1) has only one segment,
from (0,0) to (4,4 + 2v/37). The slope of this segment is 1 + %\/37, giving the first step
approximant to f over Vo, Vi = [Vo; Vi(p1) = 1 + $v/37]. We have that Gy, = Z + @Z.

Now f ~ (22 +2%x2)? in Vj and V4 (2) € Gy, 50 @9 = 22+ 2325 is a key polynomial over
Vi. We have that

F= il o
so the principal part of N(Vi, y2) is equal to N(V1, ¢2), which has only one segment, from
(0,0) to (2,314/37). The slope is %/37, giving the 2-nd step approximant to f over Vj,
Vo = [Vi; Va(ipe) = 31/37], with Gy, = Gy;. We have that

—1_15\2 —2.30 317
f=(p2+za] 23°)" + oz ‘a5 + 27 2

so that f ~ (@9 + 2z x3%)? in Vo. Thus

(42) 3 = o + 2z T

is a key polynomial for V5. We have that

_9 _
f=03+a%03 05 + o323’z + 23172

so the principal part of N (Va, ¢3) is equal to N(Va, ¢3) which has only one segment, from
(0,0) to (2, % 37 — 2). The slope is %1 37 — 1, giving the 3-rd stage approximant to f
over Vo, V3 = [Va; Va(p3) = %V/37 — 1], with

91 37
Gy, = Gy, + (4\/ﬁ—1>zzz+{z.

Now f ~ 3+ 27232 in V3 and V3(p3) € Gy, 50 @4 = @3 + 27 °23%2 is a key polynomial

over V3. We have that

f=pata’aPos +a}'z
so the principal part of N(V3, p4) is N(V3, p4), which has only one segment, from (0,0) to
(1, -3+ % 37). The slope is —3 + %\/ﬁ, giving the 4-th stage approximant to f over
Vo, Va = [V3; Via(pa) = =3+ 12—1 37]. We have that Gy, = Gy,. Now f ~ ¢4 + .%‘1_2%%0(,03
in V4 so

Y5 = Y4+ $f2$30903
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is a key polynomial over V4. We have that f = @5 + 2372 so the principal part of
N(Va,¢s5) is N(V4, ¢5), which has only one segment, from (0,0) to (1,318 + 3v/37). The
slope is 318 + %\/?7, giving the 5-th stage approximant to f over Vi, V5 = [Vi; Vs(p5) =
318 + 2/317]. We have that Gy, = Gy,.

Now f = @5 + 2372 is a key polynomial for Vz, so Vs = [Vs; Vs(f(2)) = 0] is a pseudo
valuation with I(Vs)eo = (f(2)).

Let w be the induced extension of Vj to K[z]/(f(z)). We have that G, = Gy, and thus

G, :Gyl=4=deg, f=I[L: K]

showing that w is the unique extension of Vj to a valuation of L, and that §(w/Vp) = 1, so
that the extension is defectless (Section 8). Observe that we cannot avoid substitutions like
(42), leaving the ring A in any realization of the algorithm. Notice that the conclusions of

Theorem 5.1 are verified, if we take A; to be a birational extension of A containing mflmg’.

Remark 5.4. In the example, the valuation Vy is an Abhyankar valuation, which means
that there is equality in the fundamental inequality of Abhyankar (|1, Theorem 1]),

dimQ Gy, ®z Q + trdegA/mARVO/mVO = dim A.

It is known (|20, Theorem 1|) that Abhyankar valuations have “no defect”, a fact which
plays a role in this example. We will come back to the study of the effect of defect in
Sections 6, 7, 8 and 9 below.

6. HENSELIZATION AND COMPLETION

A valued field (K,v) is Henselian if for all algebraic extensions L of K, there exists a
unique valuation w of L which extends v. Some references on the theory of Henselian fields
are [19], [14], [30] and [37].

An extension (K" v") of a valued field (K,v) is called a Henselization of (K,v) if
(K", v") is Henselian and for all Henselian valued fields (L,w) and all embeddings \ :
(K,v) — (L,w), there exists a unique embedding A : (K", ") — (L,w) which extends .

A Henselization (K", v") of (K,v) can be constructed by choosing an extension v* of
v to a separable closure K5 of K and letting K" be the fixed field of the decomposition
group

{0 € G(K*?/K) | v° o0 =1}
of v*, and defining v"* to be the restriction of v* to K" (|14, Theorem 17.11]).

Lemma 6.1. Suppose that (K,v) is a valued field and let (K" v") be a Henselization
of (K,v). Suppose that f(z) € K|z] is unitary, irreducible and separable, so that f(z) is
reduced in K"[2]. Let f(2) = f1(2)fa(2) - - - f-(2) be the factorization of f(z) into irreducible
unitary factors in K"[z]. If the coefficients of f(z) are in R, then the coefficients of the
fi(z) are in R, n.

Let vl be the (unique) extension of v"* to K"[z]/(f;). Then the distinct extensions of v
to K[2]/(f(2)) are the r restrictions v; of v to K[2]/(f(2)), under the natural inclusions

K[2]/(f(2)) = K"[2]/(fi(2))-

Proof. The polynomial f(z) is reduced in K"[z] since the separable polynomial f(z) is
reduced in K®P[z] where K*P is a separable closure of K.

Let Z be a root of f;(z) in K®P. Then f(z) is the minimal polynomial of Z in K|z],
and K[z]/(f(z)) = KJ[z]. If Z is integral over R, then Z is integral over R, .. Thus the
coefficients of f; are in R,» since R,» is normal ([39, Theorem 5, page 260)).
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If L is a finite separable extension of K, then we have two associated sets,
Mon(L, K) = K-embeddings of L in K*P

and

&(L,v) = Extensions of v to a valuation of L.

By [37, Lemma 1.4 | or [14, Section 17|, the map ® : Mon(L, K) — £(L,v), defined by
®(N\) = v° o X is surjective, with ®(\) = ®()\') if and only if A ~zn A'. The equivalence
~en is defined by A ~pn X if and only if there exists a K"-isomorphism o : K5P — K5P
such that ' = oo A\

The valuation v® o A is obtained from the embedding

L= \NL)— ML) - K"

into the join of A(L) and K" in K*°P and the restriction of the valuation v*|\(L) - K" to
L.

Let L = K|z]/(f(z)). The elements A € Mon(L, K) are in one to one correspondence
with the distinct roots ay of f(2) in K*P. We have A(L)- K" = K"[a,]. Thus \(L)- K" =
K"2]/(f;) for some i. Further, A ~n X if and only if ay and o have the same minimal
polynomial f; in K"[z].

Since K" is Henselian, for each 4 there is a unique extension of v* to K"[2]/(f;), and so
the last assertion of the lemma follows. O

Suppose that A is a local ring and g(z) € A[z] is a polynomial. Let g(z) € A/ma[z] be
the polynomial obtained by reducing the coefficients of g(z) mod m 4.

A local ring A is a Henselian local ring if it has the following property: Let f(z) € A[z] be
a unitary polynomial of degree n. If a(2) and o/(z2) are relatively prime unitary polynomials
in A/ma[z] of degrees r and n —r respectively such that f(z) = a(z)a/(z), then there exist
unitary polynomials ¢g(z) and ¢’(z) in A[z] of degrees r and n — r respectively such that
9(2) = a(z), 7'(z) = o/(2) and f(2) = g(2)g'(2).

If A is a local ring, a local ring A" which dominates A is called a Henselization of A
if any local homomorphism from A to a Henselian local ring can be uniquely extended to
A" A Henselization always exists (|26, Theorem 43.5]). The construction is particularly
nice when A is a normal local ring. Let K be the quotient field of A and Let K be a
separable closure of A. Let A be the integral closure of A in K®P and let T be a maximal
ideal of A.

Let H be the decomposition group

H = G*(Am/A) = {0 € G(K’P/K) | 0(Am) = Am}.
Then A" = (A7)" is the fixed ring of the action of H on Az;. We have

Al = (AN KH)mm(ZmKH) = Amn K" = (A)mmﬁ

where A is the integral closure of A in K.

We remark that if A is an excellent local domain with quotient field K and v is a
valuation of K which dominates A, then there exists a directed system of normal birational
extensions A; of A such that UA; = R,.

Lemma 6.2. Continuing the assumptions of Lemma 6.1, suppose that A is an excellent
local domain with quotient field K such that v dominates A, and that A; is a directed
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system of birational extensions of A such that the A; are normal local domains which are
dominated by v and UA; = R,. Then there are natural equalities

R,» = (R,)" =uAl.
Proof. Let v® be an extension of v to K®P and
H = {0 € Gal(K**?/K) | v° o 0 = 1},

so that K" = (Ksep)H Let V be the integral closure of R, in K% and let m =V Nmys,
a maximal ideal in V. Since K*P is algebraic over K, we have that R,s = V,, by [40,
Theorem 12, page 27|. Now, as is shown on the bottom of page 68 of [40], H is the
decomposition group

H = G*R,/Ry) = {0 € G(E*P/K) | 0(Ry) = Ry},

so that
(R)'"=V,,NK"=R,sNK" =R,

v

establishing the first assertion of the lemma.
Suppose that A is a normal local ring with quotient field K. Let A be the integral

closure of A in K". if A is dominated by V = R,,, then A .nA Is dominated by Vm AT

(where V is the integral closure of V in K™). Suppose g, h € V with h & mys NV. Since A;
is a directed system, there exists i such that g, h € 4;, so h & mysNA; and { € (A )
Thus

mys ﬂAi

Ui(Ai)muSmAi = R,}j.
Let A; be the integral closure of A; in K*P. By [4, Lemma 3.3], we have inclusions of
decomposition groups
G*(Rys/Ry) C G*((Ai),,, o va, [ Ai)
for all 4, and by [4, Lemma 3.4], there exists iy such that
G*(Rys/Ry) = G*((Ai),y,, o i3,/ A3)

for i > ip. Thus AP C (Ay),, .z forall i and A" = (4;), ; fori>> 0. The last
assertion of the lemma now follows. O

Let (K, v) be a valued field such that v has rank 1. The completion (K, ?) (when v has
rank 1) is defined in Section 2 of [14]. The completion K is defined to be the ring of v-
Cauchy sequences in K modulo the maximal ideal of v-null sequences (v-Cauchy sequences
whose limit is 00). The extension ¥ of v is defined by (h) = lim;_,o v(h;) if (h;) is a v-
Cauchy sequence in K which converges to h. We have that K is a Henselian field (|14,
Lemma 16.7]). The following lemma is proven in [14, Theorem 2.12 |.

Lemma 6.3. Suppose that (K,v) is a rank 1 valued field and (K, v) is a completion of
(K,v). Suppose that f(z) € K|z] is unitary, irreducible and separable, so that f(z) is
reduced in K[z]. Let f(z) = fi(2)f2(2)-- f(2) be the factorization of f into irreducible
unitary factors in K|z].

Let 0; be the (unique) extension of v to K[z]/(fi). Then the distinct extensions of v
to K[z]/(f(2)) are the r restrictions v; of v; to K[z]/(f(2)), under the natural inclusions

K[2]/(f(2)) = K[2]/(f2).
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Lemma 6.4. Let notation be as in the statement of Lemma 6.3. We then have a factor-
ization K — K" — K of valued fields. Further, the factorizations of f(z) into products of
unitary irreducible polynomials in K"[2] and K|[z] are the same.

Proof. We have a natural inclusion of K" into K since K is a Henselian field. The ir-
reducible factors of f(z) in K”(z) remain irreducible in K[z] since there is a 1-1 corre-
spondence of the irreducible factors of f(z) in K|[z] with the distinct extensions of v to
L = K|z]/(f(z)) by Lemma 6.3 and there is a 1-1 correspondence of the irreducible factors
of f(z) in K"[z] with the distinct extensions of v to L by Lemma 6.1. O

Some references on the defect of a finite field extension are [19], [14], [30] and [37].

Suppose (K,v) — (L,w) is a finite separable extension of valued fields. Let K*P be a
separable closure of K with an embedding of L in K®P. Let v® be an extension of w to
a valuation of K. As discussed above, we can use v° to define the Henselization K" of
(K,v), with valuation " = v*| K" and then L" = L- K" the join of L and K" in K%, is
a Henselization of (L,w) with valuation w” = v*|L" ([37, Lemma 1.3|, [19], [14, (17.16)]).
The defect of w over v is defined as

(43) d(w/v) = [L": K"]/e(w" ") f(" ") = [L" : K" [e(w/v) f(w/v).

The defect is a power of the residue characteristic p of the valuation ring of v by Ostrowski’s
lemma ([19, Theorem 8.2|).

7. VAQUIE’'S ALGORITHM

Suppose that K is a field, f(z) € K|[z] is unitary and irreducible, v is a valuation of K
and p is a pseudo valuation of K[z] which extends v such that I'(u)s = (f(2)). Vaquié
shows in [36, Theorem 2.5] that there exists a “finite admissible family of valuations” S
which determines p. We will take the last element of S to be the pseudo valuation p. This
result follows from [36, Proposition 2.3|, which gives an algorithm for constructing such a
family.

We summarize the definition of an “admissible family of valuations” approximating u
(from [36, Section 2.1]), which takes the following form since I(u)oo = (f(2)) # 0. A
family S of iterated augmented valuations is called a “simple admissible family” if it is of
the form & = (u;)ier where the set of indices I is the disjoint union I = B[] A with B a
finite set and A a totally ordered set, where all elements of A are larger than all elements
of B and A does not have a largest element.

A family of valuations A = (u;);es is called an “admissible family” for p (defined
on page 3473 of [36]) if it is a finite or countable union of simple admissible families

SO = (,ul(t))ie 1. The first valuation of SU) is an inductive valuation of the form

ugl) = [uo; ugl)(gogl)) = 1] where pp = v is the given valuation of K and Lpgl) is a polyno-

mial of degree 1. For t > 2, the first valuation ,ugt) of SO is a “limit augmented valuation”
for the family (f1,0-1))g¢-1eca¢-1. The construction of limit augmented valuations will
be explained below.

Write 1) = B ] A® as above and write B®) = {1,...,n(®}. Then for i > 2 in B®),
) _ [ (t) (t)( (t)) _ A

% i1y (0 +”] is an inductive valuation (Section 3). For a € A®) we have
that ug) = [, ®; ug)(cpg) = 'yc(f)] is an inductive valuation, where deg, (pgf) = deg, Wﬁ:()t)-
Vaquié requires that deg, gogi)l < deg, gogt) for i > 2 in B® but we do not assume this.

By the definition of an inductive value, we do have that deg, ‘PEZ < deg, <p(t) for i > 2 in

7
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B® . By the construction of limit key polynomials, we have that deg, cpf;)t) < deg, <pgt+1)

for all t.
We require that for g € K[z] and i < j € I,

(44) 1i(g) < wi(g) < p(g).

Further, u;(p;) = p(p;) for all 7.

We now discuss the construction of limit augmented valuations.

Suppose that A = (114 )aca is an admissible family of valuations for . Define ([36, page
3473|)

S(A) = {g € K[2] | 1alg) < p(g) for all p; € A}.
Define d(A) = oo if (A) = §) and

d(A) = inf{deg, ¢ | p € B(A)}
if (A) # 0. Now define
Y(A) = {¢ € X(A) such that ¢ is unitary and deg, ¢ = d(A)}
and

(45) AA) = {ulp) | ¢ € B(A)}-

Suppose that A(A) does not have a largest element. We then define a totally ordered index
set C', which does not have a largest element, so that

AA) ={1alael},

where a < § if and only if 7, < 3.

A “limit key polynomial” ¢ for A is defined on page 3465 of [37]. It satisfies the three
properties that ¢ is A-minimal, ¢ is A-irreducible and ¢ is unitary. The elements of ¥(.A)
are limit key polynomials for A by [36, Proposition 1.21|. Choose ¢, € X(A) for each o € C
so that p(¢a) = Va. We then have a limit augmented valuation pg = [A; o (Pa) = Yal
(36, Proposition 1.22]), which is defined by

(46) ta(g) = Ijl.g{miin{uj (9i) +ip(pa)}}

for g € K|[z], where

9=">_ 9%},
with deg, g; < deg, ¢q.
The “associated family of iterated augmented valuations” to A is

(47) (Noc)aeC-

We will explain here how the algorithm proceeds if we are given a discrete simple admis-
sible family S = {1, ..., un} such that X(u,,) is nonempty. We will produce an admissible
family of valuations B such that d(B) > d(u,).

All elements of ¥(u,) are key polynomials for y,, by [23, Theorem 8.1] or [37, Theorem
1.15 page 3453].

First suppose that the set of values A(u,) has a largest element 4" (which could be c0).
Then we can define ' = [un; V' (¢') = 7] where ¢’ € X(uy,) satisfies p(¢’) = . We then
have two cases, depending on if deg, ¢’ > deg, o, or if deg, ¢’ = deg, .

Assume that deg, ¢’ > deg, ¢,. Set 41 = ¢, Tnt1 =7 and

g1 = 1 = [t fing1 (Pnt1) = Ynt1)-



26 Generating sequences on hypersurfaces

Then define B = {p1,..., tin, in+1} which is a discrete simple admissible family, with
d(B) > deg.(pn+1) > deg, pn.

Now assume that deg, ¢’ = deg, p,. Then define B = {u1,..., in, '} which is again a
discrete simple admissible family with d(B) > d(y') (by [23, Lemma 15.1] or [36, Corollary,
page 3448]).

The last case is when A(u,) does not have a largest element. Define the associated
family of iterated augmented valuations (fiq)acc of (47) for p,. For all v, € A(un),
define fig = [fin; fta(¢a) = Vo). Define S by adding to S the family C = (ta)acc,
so SM is indexed by I' = {1,...,n}[[C (which does not have a largest element). We
have that S™) is a simple admissible family. The family C is an “exhaustive, continuous
family of iterated augmented valuations” with the property that deg, ¢, = d(u,) for
all « € C. We have that f ¢ 3(uy) since C does not have a largest element. Thus
3(C) # 0. By [36, Proposition 1.21], all polynomials of ¥(C) are limit key polynomials for
the family C. We now choose a polynomial <p§2) € X(C), and define the “limit augmented
valuation” ,qu) = [(Ma)aec;V@ (90?)) = ,u(gog))] (by the definition on page 2465 of [36]
and [36, Proposition 1.22] and as explained in (46)) and the discrete, simple admissible
family S©) = {ugz)}. By [36, Proposition 1.27], deg, @&2) is greater than the degree of the
polynomials in X(u,). Define the admissible family B = S M USSP which is indexed by
I" = I'T[{1®} (where 1 is larger than every element of I').

7.1. Comparison of the algorithms of Section 4 and Vaquié. Suppose that W is a
pseudo valuation of K[z] which extends a valuation Vj of K, such that I(W)s = (f(2))
where f is unitary and f(z) € Ry, |[z]. Let

(48) Viyooi Vi,

be a sequence of approximants to f over Vy constructed by the algorithm of Section 4
which satisfy (44) (with p; = V; and p=W).

We then either have that @3, = f or Vo, Vi,..., V4, ... is infinite with deg, @1, = deg, ¢i,
for k > ko In the first case, we have that S = {Vj,...,Vi} is a discrete simple admissible
family of valuations which determines W.

Suppose that Vi,..., Vi, ... is infinite. Then ¢, € ¥(Vy,) for k > ko, and so d(Vj,) =
deg, @ -

If A(Vj,) has a maximal element v, ¢’ € X(Vj,) is a key polynomial with W(¢') =~
and corresponding valuation ' = [Vi,; 1/ (¢") = W(¢')], then {Vi,..., Vi, 1’} is the first
part of the discrete part of S0 constructed by Vaquié’s algorithm. If W(y') = oo, then
S=80=1{w,..., Vi ' = W} is an admissible family of valuations which determines
w.

Suppose that A(V},) does not have a largest element. Let C = (p1q)acc be the associated
family of iterated augmented valuations associated to Vi, of (47). Choose a limit key

polynomial @%2) for C. The next step in Vaquié’s algorithm is to construct S = S US®)

where SO = {V4,..., Vi, }UC and S@ = {V? = [c; VP (o?)) = W (o]}

Looking again at the case where A(Vj,) has a maximal element v and ¢’ € X(Vj,) is
the corresponding key polynomial, we have an expression ¢’ = ¢y, +h where h € K|z] has
deg, h < deg, vi,. We further have that h € Ry, [z] by Remark 3.3. We have an expression
(for some r)

T
o1(j Tky—1(J)
hzzaj(pll(ﬂ'”(pkso—ll
j=1
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with a; € Ry, 0 < 04(j) < n; =[Gy, : Gy;_,]| for all ¢ and j and
; Org—1(i) ‘ Tko—1(J)
W (aip? ™ oo M) < Wage]t V) oot
if1 <j. Let

1 —1(1) ‘ -1(9)
(49) i = rg + a1l oot i@ - oo

for 1 <1i <r. We then have (for instance by the criterion of [36, Proposition 1.9]) that
(50) Viseo Vi Vit Vi
is a (ko + r)-th stage approximant to f over Vp, where
Vigsr = [Vios Vig1 (1) = W (@) and Vi i = (Vi yi15 Vi (i) = W(ehi)] for 2 <i <.
Further, either W (¢') < oo and

d({Vi,..., VkO,Vk'OH, e V1€/0+T}) > deg, Yk,

or W(¢') = oo, in which case f = ¢’ (since f and ¢’ are unitary in z of the same degree)
and ¥, = f.

We may now continue the algorithm of Section 4 to construct higher stage approximants,
starting from Vk/o 4, After a finite number of iterations of this procedure, we construct a
sequence of approximants to f,

(51) Viyoo Vi,

so that deg, ¢; < deg, wiq1 if @ < k1 and deg, ¢; = deg, ¢; for i > kj. which is either of
finite length ki, so that Vi, = W, or there is a jump (¢ > 1) in the construction of the
admissible family S = S U--- US® determining .

Suppose that (51) is infinite and the equivalent conditions of Lemma 3.2 hold for (51).
Let C = (fta)acc be the associated family to Vj, of (47). Suppose g € K[z] and W (g) < oo
and k is so large that W (pr) > W(g). Write g = gmpi* + -+ - + go with deg, g; < deg, vi
for all i. We have that

Vi(g) = Vi(90) = Vio—1(90) = W(go) = W(g).

Thus g ¢ ¥(C) and so deg, f is the smallest degree of an element of 3(C). Thus S = SMU
S®@ where SM = {V3,...,V}, }UC and S@?) = {Vl(z)} where V1(2) = [C; V1(2)(f(z)) = 0.
The following proposition follows from our analysis.

Proposition 7.1. Suppose that Vi has finite rank. Then there exists a realization of
the algorithm of Section 4 which produces the first simple admissible family S of an
admissible family S = SO U --- U S® determining W, where all key polynomials are in
R, [7].

7.2. Invariants of ramification and jumps. Suppose that W is an extension of a val-
uation V' = Vj of K to a pseudo valuation of K[z] with I(W)s = (f(2)) in K|[z] with f
unitary. Let w be the induced valuation on L = K[z]/(f(2)).

The jumps sU~1(S) in a family S = SM U --- U S® realizing W are defined by the
equations

(52) deg. ¢/ = sU71(8) deg. o
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where go,(lj Visa key polynomial of a member of the continuous family CU~1) associated
to SU=Y. The total jump of the family S is

$°US) =T s 1(S).
Jj=2

We have by Lemma 2.11 and [37, Corollary 2.10| that
(53) deg, f = [L: K] =e(w/V)f(w/V)s*S).

We have that s*°*(S) = 1 if and only if there are no jumps in the construction of approxi-
mants. Here e(w/V) = [G,, : Gy] where G, and Gy are the respective value groups of w
and V, and f(w/V) is the index of the respective residue fields of the valuation rings of w
and V.

In the case where w is the unique extension of V to a valuation of L, we have by
Ostrowski’s lemma that

(54) [L: K] = e(w/V)f(w/V)é(w/V)

where the defect §(w/V') is a power of the residue characteristic p of V. Comparing with
(53), we have that s*°*(S) = §(w/V) in this case. Thus (assuming w is the unique extension
of V') there is no jump if and only if there is no defect and in this case,

(55) L2 K] = e(w/V)f(w/V).

In constrast to the good property of key polynomials of (4), we have examples of the
following type for limit key polynomials.

Example 7.2. The jumps s and total jump s*°* can be rational numbers which are not
integers.

We now construct such an example. Let k be an algebraically closed field and K = k(x)
be a rational function field in one variable over k. Let v be the valuation of K with
valuation ring R, = k[z];) and such that v(z) = 1. Let L = K[z]/(2% — 2* — 2) = k(2).
Let w be the extension of v to L with valuation ring R, = k[2](;) and w(z) = 3. Then
e(w/v) =2 and f(w/v) = 1. Thus by (53),

2

tot _ degz(23 — k= CE) _ 3

ew/v)flw/v)y 2

8. DEFECTLESS EXTENSIONS

Lemma 8.1. Suppose that (K,v) is a valued field containing an algebraically closed field
k such that R,/m, = k and f(z) € R,[z] is unitary, irreducible and separable. Let L =
K[z]/(f(2)) and let w be an extension of v to L. Let W be the induced pseudo valuation on
K[2]. Let f(z) € K"[2] be the irreducible factor of f(z) which induces w (by Lemma 6.1)

and let W be the (unique) extension of V" to K"2]/(f(2)). Let W be the induced pseudo
valuation on K"[2]. Let Vo = v and Wy = v"". Then the following hold:

1) gryh (Ruh) = grl/(RV)'
2) Set p1 = z, let Vi = [Vo; V(1) = W(p1)] and let Wi = [ Wi(p1) = W(p1)].
Then gryy, (R [2]) = grys (o).
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3) Suppose that Vi = [Vi_1;Vi(gi) = W(p:)] for 1 < i < k is a realization of the
algorithm of Section 4 in R, [z] such that W; = [W;_1; Wi(p:) = W (g;)] for 1 <
i < k is a realization of the the algorithm of Section 4 in R,n[z] and

(56) gry, (Ryn[z]) = gry. (Ry[2]) for 1 <i < k.

Suppose that 11 € Ry[z| has an expression i1 = @} — ckgo{l e cpi/,k_*ll of the

form of (15), pr+1 is a key polynomial for Wi and Wii1 = [Wi; Wi1(pr+1) =
W (pg+1)] is a (k+1)-st approzimant of f over Wy. Then i1 is a key polynomial
for Vi, and Vg1 = [Vi; Vis1(0kr1) = Wiprs1)] is a (k + 1)-st approximant of f
over Vo. Further, gry, . (R,n[2]) = gry, ,, (Ru[2]).

Proof. Statement 1) follows since G,n = G, and R, n/m,» = R,/m, by [14, Theorem
17.19]. Statement 2) follows since

grw, (Ryn[2]) = gron(Ron)[inw; (91)] = gr, (Ry)[inv; (91)] = gry; (Ry[2])-

Now we will prove statement 3). To show that ¢y, is a key polynomial over Vi, we
must verify that 1) - 6) of the definition of a key polynomial, given after (3) hold for
g1 over Vi. This follows since these conditions hold for @11 over Wy. The fact that
Wiy1 is a (k + 1)-st approximant to f over W}, implies that ¢y 1 equivalence divides f in
Wi, Thus inyw, (¢r41) divides inw, (f) in gry, (R,[z]). Now inw, (f) divides iny, (f(2))
in gry, (R,n[2]). So inw, (wr+1) divides inw, (f(2)) in gry, (R,n(2]) = gry, (Ry[z]). Thus
©k+1 equivalence divides f(z) in Vi and so Vi1 is a (k + 1)-st approximant to f(z) over
Vi. We have that n = [Gw, : Gw,_,] = [Gv, : Gv,_,]| as Gw,_, = Gy,_,. Finally, we have
that gry,  (Ru[2]) = gry, , (R,r[2]) by Lemma 4.3. O

Theorem 8.2. Suppose that A is an excellent local domain which contains an algebraically
closed field k such that A/ma = k. Let K be the quotient field of A and suppose that Vo = v
1s a rank 1 valuation of K which dominates A and such that the residue field of the valuation
ring of Vo is k. Suppose that f(z) € Alz] is unitary, irreducible and separable and W is a
pseudo valuation of K|[z] such that I(W)s = (f(2)) in K[z] which extends Vy. Let w be
the induced valuation of L = K[z]/(f(z)). Then w is defectless over v (§(w/v) =1) if and
only if there exists a normal birational extension Ay of A which is dominated by v such
that there exists a realization
Viyoo oy Vi, oo
of the algorithm of Section 4 in A1[z], satisfying (14) and (15) for all k with ¢, € Ay for
all k > 1, such that W =V}, for some finite k or W = limg_, o Vi.
If these equivalent conditions hold, then there exists a positive integer k such that

gr,(Ailz]/(f(2))) = gr, (A (@1, - @] /1

where - - -
I=(@" -2l —ep' @ o —gp Wk . gl )

is a finitely generated and presented gr,(A;)-module.

An example showing that the conclusions of Theorem 8.2 may not hold if v has rank
larger than one will be given in Section 10. In Example 8.3, it will be shown that the
conclusions of Theorem 8.2 may not hold if f(z) is not separable over K.

Proof. First suppose that §(w/v) = 1. Let notation be as in Section 6. By Lemma 6.1,
there exists an extension W of v to a pseudo valuation of K"[2], such that I(W)e = (f)
where f(z) is an irreducible factor of f(z) in K"[z], and W is an extension of WW.
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h

We will construct a special sequence of approximants Wi, ..., Wy, to f over v" such

that W = Wy,. In particular,
Wiy = Who—15 Who (o) = 0]

where ¢y, = f.
Set o1 = z and let Wy = [V Wi(p1) = W(p1)]. Suppose by induction on k that we

have constructed a sequence of approximants to f over yh,

Wi,..., Wy
giving a realization of the algorithm of Section 4, such that expressions

i =@ — c¢—1s0{1(i71) e 9051722(1'_1)
of the form of 15) hold for ¢ < k with ¢; € R, for ¢ < k — 1. After replacing A with a
birational extension A; of A, we may suppose that ¢; € A for i < k — 1.

If A(W}) does not have a largest element, then we have a jump s(!) > 1 by (52) and the
analysis of this case in Subsection 7.1. But by (53) and (54), there cannot be a jump, and
we have a contradiction, showing that A(W}) has a largest element.

Suppose we are in the case where A(WW}) has a maximal element v # oo and ¢’ € X(Wy)
is a corresponding key polynomial. We will modify the resulting sequence (50) of the
analysis in Subsection 7.1, which we will write as

(57) Wi, Wi, Wiy Wi,

by modifying the 1; of (49), replacing the a; with suitable b; € R, for 1 < i < r. With
the notation of Lemma 6.2, since aj,...,a, € R,n, there exists A; such that a; € Ag‘
for 1 < i < rand ¢1,...,0k € Aj[2]. Thus, since W induces a rank 1 valuation on
K"2]/(f(2)), there exists n € Zy such that nVo(mA;l) > W(¢') = 7. Now A, — Al is
unramified with no residue field extension, so there exists b; € A; such that a; — b; € mg?
for 1 <4 < r. Thus Vo(b;) — v"(a;) > @W(¢') for 1 < i < r and we can replace v; with

Y1+ bisoil(i) e gpi’“_’f(z) in (49) for 1 <1 < r, to produce a sequence (57) with ¢; € R, |z]
for all i. We then have a corresponding sequence to (57),

! !
VI,...,Vk,VkJrl,...,VkJrT

of approximants to f over V{ by Lemma 8.1.

Now we can continue, using the algorithm of Section 4, applying the above argument
as necessary until we reach Wy such that the maximal element of A(W}) is oo, so that
fex(Wy).

With this assumption, there exists [ (with the notation of Lemma 6.2) such that the
coefficients of f are in A;‘ and the coefficients of 1, ...,y are in A;. We have f = ¢, +h
where h € Alh[z] and deg, h < deg, pi. Set Yy = ¢g. By induction, we may construct
a sequence v; € A;[z] of monic poynomials with deg,v; = deg, ¢k, such that for all i,
f = ; + h; with h; € (A;)"[2] a polynomial of degree < deg, ¢y and

() Ohg—1(%)

Yir1 = Vi +bip] " o0

with b; € 4; and 0 < 0;(i) < n; for 1 < j < ko — 1 such that W (1) > W () for all i.

Since A; is Noetherian, and W induces a rank 1 valuation on K”[2]/(f(2)), we have that
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W takes on A;[z] only a finite number of values which are less than or equal to a given

finite upper bound. Thus we either obtain that ; = f(z) for some i, or that
lim W (y;) = lim W (x;) = oo.
1—00 1—00

By Lemma 8.1, inductively defining V; = [Vi_1;Vi(pi) = W(g;)] for 1 < i < k and
Vitk = [Vigr—1; Vi(e;) = W ()] for k < i, we construct a sequence

Vit Vi, ...

of approximants to f(z) over Vj such that lim; o Vj(¢;) = 00, so that W = lim;_,, V; by
Lemma 3.2.

Now suppose there exists a normal birational extension A; of A and a realization
Vi,...,Vi,... of the algorithm of Section 4 as in the statement of the theorem. We will
show that the defect §(w/v) = 1.

First suppose that the sequence is of finite length, terminating with V, = W, so that
the last key polynomial is ¢ = f (with Vi(pg) = 00). We have that deg, ¢1 = 1 and
deg, p; = n;j_1deg, p;—1 for ¢ > 2. Thus

Gy : Gy ]o(w/Vo) < deg, f =ning---ng_1 =[Gy : Gy |
so that d(w/v) = 1.

Now suppose that Vi, ..., Vk,... is of infinite length. We have (by Lemma 6.4) natural
extensions of valued fields

(K, v) = (K" v") = (K, D).
Let f(z) be the irreducible factor of f(z) in K"[z] which induces w (from Lemma 6.1).
Then f(z) is irreducible in K[2] (by Lemma 6.4) and so is the irreducible factor of f(z) in
K [z] which induces w (by Lemma 6.3). Thus the pseudo valuation W extends to a pseudo
valuation W" of K"[z] and to a pseudo valuation W of K[z] such that I(W"),, = (f(z))
in K"[2] and I(W)s = (f(2)) in K[z]. By (43),
(58) S(w/v) =[L": K"/|G, : G,)] = deg, f/|G. : G].

There exists ko such that deg, ¢, = deg, i, for k > ky. There exist a; € A; and
J1(3), ... Jke—1(i) with 0 < j;(i) < ng for 1 <1 < kg — 1 such that

B A - G169) kg —1(4)
Pko+i+1 = Pho+i — GiP1 " Pri1

for ¢ > 0. Now
» "
W (prori) = W(aig]® - .. 802;0_11 ))
for ¢ > 0 and
(59) W(S"ko+i) — 00 as 1 — 00

by Lemma 3.2. Thus v(a;) — oo as i — oo.
For fixed (by,...,bk,—1) such that 0 < b < n; for 1 <[ < kg — 1, define

Cl(blv cee 7bk0—1) = Zaiv
where the sum is over ¢ < [ such that (j1(7),..., jr,—1(7)) = (b1,...,bx,—1). Let

by —
fe S e g

b15esbkg—1
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where the sum is over by,...,by,—1 such that 0 < b; < n; for 1 < j < kg — 1. We have
that r,+i = Y, — 7i. Thus

W(rj — 1) = W(proti — Prorj) = min{ W (oro1i), W(orot5)}

so W(rj —1;) = 00 as j > i — oo. We have that

. b —
W(rj — 1) = min{v(c;i(b, ..., brg—1) — ¢j(b1,. .., bky—1)) + W((pl{1 e gok’;(’_ll)}

where the minimum is over by, ..., by,—1 with 0 < b; < n; for 1 < j < kg — 1. So for all
bi,...,bgy—1, v(ci(b1,... bgy—1) — ¢j(b1,...,bgy—1)) = 00 as j > i + oo. Thus for each
bi,... bkg—1, (ci(b1,...,bgy—1)) is a v-Cauchy sequence.

Thus these sequences have limits in K, and so (¢g,1;) is a v-Cauchy sequence in K|[z]
which has a non zero limit o in K[z] (poo is necessarily unitary of degree equal to

deg, vr,). Now poo € I(W)so = (f) by (59). Thus deg, oo > deg, f. Now

deg, f < deg. poo = deg, wr, = [Gv;, : Gy] = (G : G-
Thus deg, f =[G, : G,] and 6(w/v) =1 by (58). O
Example 8.3. The conclusions of Theorem 8.2 may fail if f(z) is not separable over K.

An example of F.K. Schmidt of a discrete valuation ring (with value group Z) and an
inseparable extension of its quotient field which has defect is explained in [22, Example
3.1]. The example is as follows. Let k be an algebraically closed field of characteristic
p >0, A=kx,y] (z,y) b€ the localization of a polynomial ring in two variables and K be
the quotient field of A. Let k[[t]] be a power series ring and let s € k[[t]] be transcendental
over k(t) and such that ord;(s) > 0. The k-algebra embedding K — k[[t]] defined by = + ¢
and y — sP induces a valuation v on K which dominates A by v(g(x,y)) = ord(g(t, sP)).
We have that G, = Z and R,/m, = k. Let f(z) = 2P —y € K[z]. There is a unique
extension of v to a valuation w of L = K|[z]/(f(z)) (since L is purely inseparable over K)
which is an immediate extension of v (G, = G, and R, /m,, = R, /m,,). Thus the defect
d(w/v) = deg, f = p by Ostrowski’s lemma (1). Since v is a rank 1 discrete valuation, by
MacLane’s theorem (Section 3), w is a limit valuation which is realized by his algorithm.
We will give an explicit construction.

Let W be the pseudo valuation induced by w on K|z], and let Vj = v. We will construct
a sequence of approximants Vi,...,V;, ... to f over Vj which realize W.

Expand s = Y%, a;t’ with a; € k. We have that s? = > :2, a?t”P. Define

i=1""
o(1) = ordy(s) = min{i | a; # 0}
and for j > 1,
0(j) =min{i | o(j — 1) < i and a; # 0}.

The first approximant is V; = [Vo; Vi(¢1) = o(1)] where 1 = z. For i > 1, Vj4q is
defined by Viy1 = [Vi; Vig1(@ir1) = o(i + 1)], where ;41 = ¢; — %(z‘+1)$a(i+1)- Then
lim; 00 Vi(p;) = 0o and so W is the limit valuation W = lim;_,~, V; by Lemma 3.2.

9. A RANK 1 SEPARABLE EXAMPLE WITH DEFECT

We consider an example from |11, Theorem 7.38|, with regard to the algorithm of Section
4. Let k be an algebraically closed field of characteristic p > 0. Let K = k(u,v) be a two
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dimensional rational function field over k, and, using the method of [32] and [9], define a
valuation v of K by the following generating sequence:

Po=u,P=v,Ph= vP° — u and Py = Pp - up%_QPi_l for ¢ > 2.

We normalize the valuation v so that v(u) = 1. We have the defining relations vP2 ~ u in
v and pZ,P2 ~uwP*?P_1 in v for i > 2. As shown in [11], the value group G, = p%.OZ =
u@#z, Let f = 2P +uxP~! —u € K|[x]. By [11, Theorem 7.38], v has a unique extension
to a valuation w of L = K[z]/(f(2)). Further, w is an immediate extension, so it is a defect
extension with [L : K] =6(w/v) = [L: K] = p.

Let W be the pseudo valuation induced by w on K[x]. We will construct a realization of
the algorithm of Section 4, giving an infinite sequence of approximants to f over Vy = v,

Vi Vi, ...

satisfying (14) and (15) with ¢; € R, for all i.

Setting ¢1 = x, we have that N(Vp,¢1) has a single segment, which has the slope
Yolw) %. Thus the first approximant to f over Vp is Vi = [Vp; Vi(e1) = %]

We will make use of the following observation when constructing our sequence of ap-
proximants. Suppose we have constructed the sequence Vi, ..., Vi of approximants, where

deg, p; = 1 for all . Then for ¢ <k, ¢; = v;—1 + a;—1 with a;—1 € R, and
W{(pi) > W(pi-1) = v(ai-1).
Expanding
uzP™! = gp—l@i_l + gp—QQOi_Q +--+ g0
with g; € R,, we have that

: : —1 4
(60 Valao) 2 min{W (gieh)} = Ve(ua?™) = Waat ™ =1+ 2215 P
Now f ~ ¢} —win V; and u = vP° — Py ~ vP" in Vj. Thus f~ (p1 —vP)P in Vi, and we
take our second key polynomial to be w3 = p1 — P = ¢; — Pf'. We thus have that the
second approximant is Vo = [V1; Va(p2) = W(p2)]. Expanding

—1
=08+ fomreh "+

with f; € R,, by (60) with k = 2, we have that

-+ fie2 + fo

p4

pt—1

2
fo=v" —u+ terms of value >

and vP2 —u = P». Now since w is the unique extension of v, we have that the principal part
of N(Vi; <p2) is N(Vi,¢2) and N(Vi,p2) has a single segment, which has slope M

Vo(ppz) 5 + F’ which is less than p4i1. The second approximant is Vo = [Vi; Vg(cpg) =

L5l

2
By (60), we have that f ~ @} + Py in V. Now Py ~ "4t in Vp, s0

Pp P.
I~ <902+u5’3> in V3,
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and so p3 = @2+ 5731; is a key polynomial for V5. We thus have that the third approximant
is Vg = [Va; Va(p3) = W (p3)]. We expand

f = 90133 + fp—lwg_
with f; € R,. By (60), we have that

"t fips S

2

p p?
fo= _uf"l + P, + terms of value > AT
Also,
pY P
_ 3 + 2 = —74
ur* up’

Now since w is the unique extension of v, we have that the principal part of N(Va,p3) is
N(Va,p3) and N(Va, ¢3) has a single segment, which has slope

Vc 1 P 1 1 1 4
O(fo):VO<_ 4): flor

p p wt) popt o p? pt-1
The third approximant is V3 = [Va; Va(p3) = % + z% + ]%]
Continuing in this way, we construct an infinite sequence of approximants Vi,..., Vg, ...
to f over Vp with Vi, = [Vi—1; Vie(pr) = px) and for k& > 3,
PP

he1 2(k—2)+1
up3+p7+,,,+p4(k—3)+3

ok = pr—1+ (—1)

with
1 1
“’f‘{f"?"’fg‘k +p4(k—1)+1'
We have that
Pt
61 li =
(61) A = e
In particular, we have by Lemma 3.2, that the limit valuation V = limg_, Vi is a

valuation, and thus is not equal to W.

We observe that there does not exist a birational extension A of k[u,v](,,) which is
dominated by Vj such that ¢; € Aj[z| for all i, as there can only be finitely many values
of elements in a Noetherian local ring which is dominated by a rank 1 valuation that are
less than a fixed finite bound.

We now analyze the extension W of v in the context of Vaquié’s algorithm. We will
construct an admissible family of valuations & which determines W.

In the above realization of the algorithm of Section 4, we started by defining ¢ = z,
and Vi = [Vo; Vi(er) = %] With the notation of Section 7, we have

YXVi)={z—glge K and W(z —g)>W(z)}

and

A1) ={W(p) | ¢ € Z(W1)}.
Let (ia)acc be the associated family of iterated augmented valuations to A = {Vi} of
(47).

The concept of distance of an element of L from K and the concepts of dependent and
independent Artin-Schreier extensions are introduced in [21]. In [13], our extension w of v
is analyzed, and it is shown that it is a dependent Artin-Schreier extension. We will make
use of a calculation in their proof, to determine lim sup{A(V})}. Suppose that g € (V).
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Then W(x — g) > W(z) so v(g) = W(x) = %. Thus g € R,, and by 2) of [13, Theorem
4.4], we have that

1 1
Wi(gP — 2P R R
(9" —aP) <1+ p4 Tt pA+D)
for some k > 0. Thus
1 1 1 1 p?
W _ = _W(d°? — 2P) < = _
& -9) P (g =) < p T T G S it — 1)

By (61), we have that limsup{A(V})} = ;;(;;1317471) and p(pliiéil) & A(V1). In particular, A(V7)

does not have a largest element. Thus the first simple admissible family associated to W
is

S = (Vi} U{(sta)acc?}

and § is the union of ¢t > 1 simple admissible families. Since w is an immediate extension
of v, we have by (53) that

t
p=deg, f =5""(S) = [[sV7(S).
j=2

Since the sU~1(S) are positive rational mumbers with sU~1(S) > 1 for 2 < j < t, we
have that ¢ > 2.

Thus an admissible family of valuations S which determine W starts with S() and has
at least one jump.

10. A DEFECTLESS EXTENSION OF A RANK TWO VALUATION WITH MANY JUMPS

In this section we construct the following example, which shows that the conclusions of
Theorem 8.2 may not hold if v has rank larger than one.

Example 10.1. Let k be an algebraically closed field of characteristic not equal to 2, and
let k[z,y] be a polynomial ring in two variables over k. Let K = k(x,y) and let v be the
rank two valuation on K defined by v(x) = (0,1),v(y) = (1,0) € (Z2)1ex and v|(k\0) = 0.
Let
(62) f=((" =2 = 2%)? —y?(a® +227))* - (° + ")
and let w be an extension of v to K|[z|/(f(z)). Let W be the induced pseudo valuation of
Kl[z]. Then a family S = SM U ---U SO (with notation of Section 7) realizing W has at
least three jumps; that is, t > 3.

We ﬁrst~establish that f is irreducible in K[z]. Setting z = 0 in f, we obtain the
reduction f = 2% — (y® 4+ y”) € k(y)[z]. We have that

7
F=T]~ryi+y)3)
=0

over an algebraic closure of k(y), where 7 is a primitive 8-th root of unity in k. A unitary
factor of f of degree r must have the constant term Ts(y%(l + y)é)r for some s € N. But
(y%(l + y)é)r € k(y) only if r = 8, so f is irreducible in k(y)[z], and thus f is irreducible
in K[z].

Henselization is discussed in Section 6.
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Lemma 10.2. The polynomial f factors into a product of linear unitary polynomials in
K"[z], where (K", v") is a Henselization of (K,v).

Proof. We will solve the equation f(z) =0 in R, n. Let
Q=2 — (2 +2°),U = Q* — (2% + 22%).
With these substitutions, the equation f(z) = 0 becomes U? = (y5 + 7). Let (1 + y)% be

a square root of 1+ y in the Henselization A" of A = k[z, ] (z,y) Then U = y3(1+ y)% in
AP Thus we have that

Q%=L +y)% + 122 +22%) = 2 (2 + 22° + y(1 + )
Set x =x1 and y = m%yl. We have that x1,y1 € R,. Then

N|—=

).

1 1
Q* = 21yi (27 + 227 + iy (L + 27y1)2) = 2y (1 + 221 + y1 (1 + 27y1) 2).

Let (142x; —l—yl(l—l—m%yl)%)% be a square root of 14+2x; +y1(1—|—x%y1)% in the Henselization
A}f of A1 = k:[:z:l,yl](xhyl). Then

)2

N

Q = 23y (1 + 221 + y1 (1 + ziy1)
in A?. We now have that
22 = Q+a?+2°
— 2y (14 220 + (1 +23y1)2) 2 + a2 + 2
231+ 21 + 21y (1 + 221 + 3 (1 + 231)7)3).

Let (1421 +z1y1(1 4+ 221 +y1 (1 + x%yl)%)%)% be a square root of

1.1
l+x+xp1 (14221 + 1 (1 + x%y1)5)5
in A", Then

2=z (42 + 21y (14201 + 1 (1 + 2391)2)2)7 € A} C Ry

by Lemma 6.2.

Since all eight roots of f(z) can be found this way, by making different choices of
square roots, we have the desired factorization of f(z) in K"[2] into a product of linear
polynomials. O

By Lemma 6.1, w is the restriction to K[2]/(f(2)) of the extension of v to a valuation
wh of K"[2]/(f) for some factor f of f in K"[2]. Since f is a linear polynomial by Lemma
10.2, we have that

(63) Gy : Gy =[Gy, : Gl =deg, f=1
by (53).

We will require the following remark.

Remark 10.3. An element g € k(z) is a square of an element of k(z) if and only if all
zeros and poles of g(z) in A}, have even order.

The remark follows since every element g(z) of k(z) has a unique factorization
g(z)=clz—a)™ - (z—a)™

with ¢ € k, a1,...,a; distinct elements of £ and nq,...,n; nonzero integers.
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We now turn to the construction of the family S. We will use the notation of Section 7.
To begin with, we observe that the total jump s°*(S) of S satisfies

(64) 5'(8) = deg, f(2) =8

by (53) and (63).

Let Vo = v. Since W (f(z)) = oo, we have that W (z) = (0,1) and so the first approxi-
mant is Vi = [Vo; Vi(z) = (0,1)]. As above, let Q = 2> — (z*+12?). Since W(f(2)) = oo, we
have that W (Q) = (1,1). Let >°, a;z° with a; € k be a square root of 22+ 12 = 2%(1+2)
in k[[z]]. Let Z =2z — (1x + - - - + apa™) for some n € Z. Then

Q = EF+az+-+apa™)? — (22 +2°)
= 2242z + -+ )z + (aqz + -+ apz™)? — (22 + 23)
so that W(Z(Z + 2(a1z + - - - + apz™)) > (0,n). Thus

(65)  W(z—arzx—- - —anz™) > (0, g) or W(z+ajz+ -+ apz™) > (0,-).

n
2
Thus d(V7) = 1 and so
YXV)={¢e=z+h|heKand Vi(p) < W(p)}.

We will show that
(66) A1) ={W(p) | ¢ € Z(V1)} C {0} x Z.

We now prove equation (66). Suppose there exists h € K such that setting ¢ = z + h,
we have that W(p) > (1,0). Then
(67) W(h) = (0,1).
Substituting into @, we have that Q = ¢? — 2hp + h? — (22 + 23). Now W(Q) = (1,1)
implies
(68) W(h? — (2* + 23)) > (1,0).
By (67), we have an expression

b ao(z) + yth
Bo(z) + yS2o

with a(z), (x) € klz] nonzero and Qy,Qs € k[z,y]. Now substituting into (68), we have
that

W ((ao(z) +y)* + (2% + 2°) (Bo(2) + y22)*) > (1,0)

w ((ggg;)Q —(2® + 333)) > (1,0)
(5) ==+

a contradiction by Remark 10.3. Thus (66) holds.
Let

which implies

so that

A= {ta = [Vii tta(pa) = W(pa) | pa € E(V1)}-
By (65) and (66), we have that (1,0) is the least upper bound of A(A) in (Z?))x but
(1,0) ¢ A(A). Thus A does not have a maximal element.
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Suppose that o € A. Then po = [Vi; pa(pa) = W(pa] with ¢, = z + h for some

h € K. Expand
Q = ¢ — 2hpa + (h* — (2 + %)),
so that
1a(Q) < 2pa(pa),

and 114(Q) < (1,0) by (66). Thus Q € %(A), and since @ has the smallest possible
degree that a polynomial in 3(A) can have (it must have degree greater than 1 = d(V;))
we have that d(A) = 2 and @ € X(A), and so @ is a limit key polynomial for A. Let
Vo = [A; Va(Q) = (1,1)]. Then the first simple admissible family in S is S = {V;}U{A},
and the second admissible family S@ begins with V5. Thus the first jump in S is

deg,
D(g) = 8% _ o
sY(S) deg 2 .

We have that f = (Q? — y?(2% + 22%))? — (v° + y7). Let
U=@Q" —y*(a* +22%
as above. We have that W (U) = (3,0) since W(f(z)) = oco. Let 22, B;ix’ with 3; € k be

a square root of 224223 = 22(1+2) in k[[z]]. Forn € Z,,let Q = Q —y(Brz+- - -+ Bnz™).
Then

U=0Q" +2y(Bra+ -+ Bua")Q + v (Brz + - + fra")? — y2(2? + 22°),
so that L
W(QQ+2y(Brz + -+ + Bna"))) > (2,n).
Thus
(69) W(Q—y(Brx+--+Buz™) > (1,5) or W(Q+y(Bra+ -+ Bua™) > (1 3).
Thus d(V2) = 2 and so
YWV)={p=Q+ A2+ B| A, Be K and Va(p) < W(p)}.
We will show that
(70) AVa) = (W(p) | ¢ € S(Va)} € {1} x Z..
We now prove equation (70). Suppose there exist A.B € K such that setting
p=Q+ A2+ B,
we have that W () > (2,0). We have that W(Q) = W(Az + B). Expand
U=¢?—2(Az+ B)p+ (Az + B)? — y*(2* + 223).
Now W (p?) > (4,0) and W ((Az + B)g) > (3,0). Since W(U) = (3,0), we have that
W((Az + B)? — y*(2* 4 22%)) > (3,0).
Thus
(1,1) = W((Az + B)) = min{W(A) + (0,1), W(B)}.

with Q1,Q9,Q3 € k[z,y], 70(z) # 0 and at least one of ag(x), So(z) # 0. Thus
W ([(eo(@) +y21)z + (Bo(x) + y)]* — (vo(@) +ys)* (2 + 22°)) > (1,0),

We can thus write
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and so
(1,0) < W((ao(x)z + Bo(z))* — vo(z)?(2* + 223)
= Wla(w)222 + 200(2)o(x)z + fo(w)? — 0(2)?(a? + 209))
— W (ap(@)2Q + 200(x)Bo(x)= + (a0(2)?(% + 29) + fo(@)® — 0()2(a + 20%))
Thus

W (2a0(x)Bo(x)z + (ao(2)*(2® + &%) + Bo(x)? —y0(2)*(a? + 227)))
But this implies that
(1) o (x)fo(x) = 0
by (66) and thus
(72) ao(2)*(z” + %) + Bo(z)? — y0(2)*(2® + 22%) = 0.
We have that ag(z) =0 or So(z) =0 by (71). If ag(x) = 0, then (72) becomes

(i) ==

which is not a square in k(z) by Remark 10.3, giving a contradiction. If fy(z) = 0, then
(72) becomes
ap(z)\? _x+2
(70(@) BEESS

again giving a contradiction by Remark 10.3. Thus (70) holds.
Set

Y

(1,0).

B ={vs = [Va;vs(pp) = W(pp)l | s € 2(V2)}-
Suppose vg € B. Then vg = [Va;1v5(ps) = W(gpg)] with g = Q + Az + B for some
A, B € K. Expand

U =5 —2(Az+ B)ps + (Az + B)? — y*(a” + 22%)

to see that vg(U) < 2u5(p), and thus vg(U) < (3,0) by (70). Thus U € %(B). We thus
have that d(B) =4 or d(B) = 3.

Let ¢ € ¥(B), and define V3 = [B; V3(y)) = W (%)]. Then the second admissible family
in § begins with V3. Thus the second jump is

deg, vy 3
2)(8) = aee. vy _ 92 9.
s¥(S) des. 0 2 or
Thus

s1(8)sP(8) < 4 < 8 = s(S)

so there must be at least one more jump in the construction of S so that ¢ > 3.

11. EXTENSIONS OF ASSOCIATED GRADED RINGS AND SEMIGROUPS

We will consider in this section the conditions of finite generation of extensions of associ-
ated graded rings along a valuation and relative finite generation of extensions of valuation
Semigroups.

In this section, we will have the following assumptions. Suppose that A is a Noetherian
local domain which contains an algebraically closed field k such that A/my = k. Let K
be the quotient field of A and suppose that v is a rank 1 valuation of K which dominates
A, such that the residue field of the valuation ring of v is k.
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Suppose that S is a sub semigroup of a semigroup 7. We say that T is a finitely
generated module over S if there exists a finite number of elements ¢1,...,%. of T such
that

T=(t+S)U---U(t+9).

With our assumptions, gr,(A) is isomorphic to the semigroup algebra k[tsA(” )]. Thus if

A — B is an inclusion of domains and w is an extension of v to the quotient field of B

which is nonnegative on B such that the residue field of w is k, then gr, (B) is a finitely

generated gr,(A)-module if and only if SB(w) is a finitely generated module over S4(v).
We have the following immediate corollary of Theorem 5.1.

Corollary 11.1. Suppose that f(z) € Alz] is unitary and irreducible and there is a unique
extension of v to a valuation w of K[z]/(f(z)) and the characteristic p of k does not divide
deg, f(2). Then gr (A[2]/(f(2))) is a finitely generated gr,(A)-module and SAF/ () ()
is a finitely generated module over the semigroup S (v).

The following corollary addresses the case when the extension of valuations is not unique.
It is an immediate corollary of Theorem 8.2.

Corollary 11.2. Further suppose that A is excellent. Suppose that f(z) € Alz] is unitary,
irreducible and separable and w is a valuation of K[z]/(f(2)) which extends v and there is
no defect in the extension (0(w/v) =1). Then there exists a birational extension Ay of A
which is dominated by v such that gr,(A1[z]/(f(2))) is a finitely generated gr,(A1)-module
and S/ ) (W) is a finitely generated module over the semigroup S (v).

If we remove any of the assumptions of Corollary 11.1, then the conclusions of the
corollary are false, as is shown in the following three examples. We consider finite extensions
A — B where A and B are excellent, B is a domain with quotient field L and w is an
extension of v to L which dominates B.

Example 11.3. There exists a finite extension A — B such that w is the unique extension
of v to L = QF(B), p does not divide [L : K| but gr,(B) is not a finitely generated
gr, (A)-module and SB(w) is not a finitely generated module over the semigroup S (v).

In particular, the representation of B as a “hypersurface singularity” over A is essential
to the conclusions of Theorem 5.1 and Corollary 11.1.

Example 11.4. There exists an extension A — B = Alz]/(f(z)) where f(z) is unitary
and irreducible, such that p does not divide deg, f(z) but the extension w of v to a valuation
of L = QF(B) is not unique such that gr,(B) is not a finitely generated gr,(A)-module
and SB(w) is a not a finitely generated module over the semigroup S4(v).

Example 11.4 shows that the condition that w is the unique extension of v is necessary
in Theorem 5.1 and Corollary 11.1, and that the birational extension A — A;j in the
conclusions of Corollary 11.2 is necessary.

Example 11.5. There exists an extension A — B = Alz]/(f(z)) where f(z) is unitary
and irreducible, such that the extension w of v to a valuation of L = QF(B) is unique but
p divides deg, f(z) such that gr,,(B) is not a finitely generated gr, (A)-module and S®(w)
is not a finitely generated module over SA(v). In the example, §(w/v) = 1.

Example 11.5 shows that the condition that p fdeg, f(z) is necessary in Corollary 11.1.
In the remainder of this section, we will construct these three examples.
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Examples 11.3 and 11.4 will be obtained from Example 9.3 of [9]. In [9, Example 9.3|, k
is an arbitrary field. We will make the further restriction that k is an algebraically closed
field of characteristic p > 2. Let T' = k[z,y](, ), a localization of a polynomial ring in two
variables, and R be the subring R = k[2?, xy, y2]($2,xy,y2)' Let w be the rational rank 1
valuation dominating 7" which is determined by the generating sequence

PD:x7P1:yaP2:y3_x5

and
Py =P} —z%P;_ fori>?2

where a; is even, and chosen so that S7(w) is not a finitely generated module over S (v),
where v is the restriction of w to the quotient field M of R. Let N be the quotient field of
T.

Since the characteristic of k is not equal to 2, N is Galois over M, and the Galois group
is generated by the involution o defined by o(x) = —x and o(y) = —y. Given 0 # g € T,
we expand

g = Z aio)ilruyirpéoplil e P;/”
with & 4,...i, € k, 10 € N and 0 <7; < 3 for 1 < j, so that
w(g) = min{ipw(FPy) +i1w(Pr) + -+ + 6w (Pr) | Qigiy,...i, # 0}
Then
0(9) = Y Qigyig,...in (1) PO P P

and thus w(o(g)) = w(g). Since the extensions of a valuation in a finite Galois extension
are conjugate (|40, Corollary 3 to Theorem 12, page 66]), we have that w is the unique
extension of v to N.

We now give a direct verification that 7" is not isomorphic to R[z]/(f(z)) for some
f(2) € R[z]. This follows since for a maximal ideal m in R[z]/(f(2)), we have that

dimy, m/m? > 3 > 2 = dimy mp/m3.

We thus have that R — T gives Example 11.3.

In |9, Example 9.4], it is shown that in the natural extension S — T, where S =
ku, v](u,v) and u = z2,v = 32, with valuation u obtained by restricting w to the quotient
field of S, that ST (w) is not a finitely generated S°()-module. Now we have a factorization
of our extension § — U — T where U = k[z,0].). Now U = S[z]/(z* — u) and
T = U[z]/(2? — v). Let 7 be the restriction of w to the quotient field L of U.

Now we must have that SY(7) is not a finitely generated S°(u)-module or ST'(w) is not
a finitely generated SY(r)-module since S (w) is not a finitely generated S°(u)-module.

We necessarily have by Corollary 11.1 that either 7 is not the unique extension of p to
L or w is not the unique extension of 7 to N, giving Example 11.4.

In [12], a general theory of eigenfunctions for a valuation is developed for two dimen-
sional quotient singularities, and a complete characterization is given of when the resulting
extension of associated graded rings along the valuation is finite.

We now construct Example 11.5. Let A = k[u, v] (uw) With quotient field K and let v be
the valuation of K which dominates A constructed in [11, Theorem 7.38] and analyzed in
Section 9. Let f(x) = 2P + uzP~! — u. It is shown in Theorem 7.38 [11] that there is a
unique extension of v to a valuation w of L = K{[z]/(f(x)). The extension is immediate,

with defect 6(w/v) = p. Let B = Alx]/(f(x)).
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We see from the generating sequence Iy, ..., P, ... recalled in the beginning of Section
9 that gr, (A) = k[Po, P1,...]/I where
7]72 — 7p2 7p27ﬁ727
It is shown in formulas (35) and (36) of [5] that

U=z, U =v,Uy=7" —x

and for j > 2, A
Ujpr = UP — 2P Uy if j is odd,
Ujy1 = U]ps - :Ep2j71Uj,1 if j is even

is a generating sequence for w in B. Thus gr,(B) = k[Uq, Uy, ...]/J where

J = (ﬁll) — UO,U]; — Uﬁ’Qi_QE,l for ¢ > 2 odd,Uf3 — Ug U;_q fori>2 even).

Thus U, = P, if n is even and U, = P, if n is odd, and so gr,(B) is not a finitely
generated gr, (A)-module and S¥(B) is not a finitely generated S”(A)-module.
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