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1. Introduction

The aim of this paper is to study some properties of regularity of homomorphisms of local
k-algebras, in particular when k is a field of positive characteristic. In characteristic zero, the geomet-
ric rank of a homomorphism of local algebras ¢ : A — B (denoted by grk(¢)) is a nice invariant that
gives information about the structure of this homomorphism. In particular, a result due to P.M. Eakin
and G.A. Harris [E-H] asserts that a homomorphism between rings of formal power series (or conver-
gent power series) over a field of characteristic zero can be monomialized, and after monomialization
the geometric rank is equal to the dimension of the image of the monomial homomorphism. Ho-
momorphisms with maximal geometric rank have nice properties that we can summarize in the
following theorem:

Theorem 1.1. (See [Ga2,E-H,Mi,Be-Za,Iz3].) Let ¢ : A —> B be a homomorphism of analytic C-algebras where
B is an integral domain. Then the following properties are equivalent:

(i) grk(g) = dim(A/Ker()).
(ii) grk(ep) = dim(z/l(er(éi)) = dim(A/Ker(¢)).
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(iii) 3a > 1, b > 0 such that " (mI"?) € Ker(@) +m’} ¥n € N.
(iv) (A) N B =p(A).

Moreover S. Izumi proved (ii) <= (iii) for any homomorphism of local rings of equicharacteristic
zero [1z4)].

In characteristic zero, the geometric rank of ¢ :A — B is equal to the rank of the B-module
generated by .Qﬂl(A)/(']m’/”q in .Qﬂl(B)/ﬂm’;. Unfortunately this definition does not extend well
to positive characteristic for some obvious reasons (for instance look at the k-homomorphism
¢ :k[x] — k[x] defined by ¢(x) = xP where char(k) = p: this homomorphism obviously satisfies
a linear Chevalley estimate).

In this paper we extend the definition of geometric rank in positive characteristic, using the tran-
scendence degree of the mp-adic valuation restricted to A (cf. Section 2). This last definition was first
given by M. Spivakovsky in [Sp1]. In Section 3 we prove a result (cf. Theorem 3.4) about the structure
of k-homomorphisms between rings of power series over an infinite field of positive characteristic
(similar to the result of P.M. Eakin and G.A. Harris [E-H] valid in characteristic zero). This result in-
volves our definition of geometric rank and shows that it is the right analogue of the geometric rank
defined usually in characteristic zero. This result is very close to a monomialization result of domi-
nant homomorphisms in positive characteristic. Moreover the proof of it is algorithmic and allows us
to compute the geometric rank.

In Section 4 we can deduce our first main result which is the positive characteristic analogue of
the main result of [Iz3], i.e. (ii) <= (iii) of Theorem 1.1 (Linear Chevalley’s Lemma):

Theorem 4.2. Let ¢ : A —> B be a homomorphism of local k-algebras where k is a field of positive character-
istic. Assume that A is an integral domain and B is regular. Then the following conditions are equivalent:

(i) grk(e) =dim(A).
(ii) There exist a, b € R such that avy, , (f) +b > vm, (@(f)) forany f € A.

Homomorphisms satisfying these equivalent conditions are called regular homomorphisms.

We would like to mention the work of R. Hiibl [Hu] who gave sufficient conditions for general
homomorphisms of local rings to satisfy condition (ii). He uses a deep result of S. [zumi and D. Rees
about the so-called Rees valuations. Unfortunately these conditions are difficult to check in practice
and we do not know if they are necessary conditions.

In characteristic zero, the result of Izumi is important in subanalytic geometry, since Bierstone and
Milman showed the paramount importance of the dependence of linearity of the Chevalley function
on parameters for the composite function property (cf. [B-M1,B-M2] or see [B-M3] for a general survey
about the importance of the Gabrielov’s Theorem and the Izumi’s Theorem in subanalytic geometry).

The end of the paper is devoted to show how we can use the monomialization theorem (The-
orem 3.4) in any characteristic in order to obtain new results or generalizations of known results
about regular homomorphisms of local k-algebras in any characteristic. For example in the second
part of Section 4 we give an interpretation in terms of diophantine approximation of the fact that the
Chevalley function of a homomorphism that is not regular is not bounded by an affine function.

In Section 5 we study homomorphisms of Henselian k-algebras, where k is a field of any char-
acteristic (for definitions, see Section 5), which are generalizations of homomorphisms of convergent
or formal power series rings, and we give some cases where such a homomorphism ¢ : A — B sat-
isfies 1 (B) = A or Ker(®) = l(er(<p)ﬁ. For this we first state a preparation theorem for Henselian
k-algebras (cf. Proposition 5.10). Indeed the Weierstrass Preparation Theorem is essentially the only
tool that we need for this study. Then we give a Henselian version of Theorem 3.4 in any charac-
teristic (cf. Theorem 5.19). We deduce from it a weak version of a theorem of A.M. Gabrielov [Ga2]
(the analogue of (ii) = (iv) of Theorem 1.1) for good Henselian k-algebras in any characteristic (cf.
Definition 5.14 for the definition of a good Henselian k-algebra). This is our second main result:

Theorem 5.21. Let k be a field of any characteristic. Let ¢ : A —> B be a homomorphism of good Henselian
k-algebras, where A and B are regular. If grk(p) = dim(A) then ¢ is strongly injective (i.e. 1 (B) = A).
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In Section 6 we study two particular cases of homomorphisms of local rings that are regular. First,
using the algorithmic proof of Theorem 5.19, we prove that ¢ is injective if and only grk(¢) = 2,
when A is a two-dimensional integral k-algebra with respect to a W-system (cf. Theorem 6.1). We
deduce from this a generalization of a theorem due to S.S. Abhyankar and M. van der Put [Ab-vdP]
(who studied the case when A is an analytic regular k-algebra in any characteristic):

Theorem 6.3. Let k be a field of any characteristic. Let ¢ : A —> B be a homomorphism of good Henselian
k-algebras where A is regular and dim(A) = 2. If ¢ is injective then it is strongly injective.

The second particular case is the case of homomorphisms of analytic algebras defined by algebraic
power series over any valued field. This case has been previously studied for k = C in [To2,Be,Mi]
using transcendental methods. We show here how to prove that such homomorphisms are regular
using the monomialization theorem (cf. Corollary 6.8).

Finally, there are still remaining open problems. One of them is to know if the Gabrielov’s Theorem
(that asserts the following: if ¢ : A— B, a homomorphism of analytic C-algebras, satisfies grk(p) =
dim(ﬁ/l(er@ )) then Ker(¢) = I(er(go)ﬁ) extends to positive characteristic for analytic k-algebras (and
even for good Henselian k-algebras in any characteristic). The proof of A. Gabrielov is quite difficult
and the attempts to give a simpler proof (even over the field of complex number numbers C) have
not been successful. An other one is to extend these results in mixed characteristic.

1.1. Terminology

In this paper, rings are always assumed to be commutative Noetherian rings with unity. In any
case k denotes a field. A local k-algebra will be a local ring A, with maximal ideal my4, along with
an injective homomorphism k — A such that the induced homomorphism k — A/my4 is a finite
field extension. A homomorphism of local rings ¢ : A —> B means a ring homomorphism such that
@(my) C mp and the induced homomorphism A/m4 —> B/mp is a finite extension of fields. The
my-adic order vy, is defined by vy, (f) :=max{n e N| f em}} for any f € A. For any f € A, where
A is a local ring, in(f) will denote the image of f in Gry, A.

2. The geometric rank

Let ¢ : A —> B be a homomorphism of local k-algebras and let us assume that A is an integral
domain and B is regular. Consider the valuation v = vp o ¢ defined on Frac(A/Ker(¢)), the quotient
field of the domain A/Ker(¢). We denote by A, the valuation ring associated to v and by m, its

maximal ideal. We denote by tr.deg, v the transcendence degree of the field extension k — Q—i.
The Abhyankar’s Inequality says in our context that

tr.degy v + 1 < dim(A/Ker(¢)) (< dim(A)).

Definition 2.1. (See [Sp1].) If Ker(¢) # my, the integer tr.deg,v + 1 is called the geometric rank of ¢
and denoted grk(¢). If Ker(¢) = my, then grk(¢) :=0.

Lemma 2.2. et ¢, A and B as above. Assume moreover that Aisan integral domain. Then grk(¢) = grk(@).

Proof. We denote by A, (resp. Zg) the valuation ring associated to v = vg o ¢ (resp. to V= vg o @)
and m, (resp. my) its maximal ideal. We have my N A, = m, thus the quotient homomorphism

":—VV — % is injective, hence grk(®) > grk(¢).

On the other hand, if the images of f1,.... fg € Ay in the field ks = 42 are algebraically indepen-
dent over k, then we can consider elements f},..., fq € A, such that f{ - fi e my. Thus the images of
floo fé in kg are algebraically independent over k because their images coincide with the images

of fi1,.... fg. Hence grk(p) = grk(¢). O
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Lemma 2.3. Let ¢ : A —> B be a homomorphism of local k-algebras where Aisan integral domain and B is
regular. If grk(p) = dim(A) then ¢ and @ are both injective.

Proof. Since dim(A) = dim(ﬁ) and Ker(p) and Ker(¢) are prime ideals, the assertion follows from
the Abhyankar’s Inequality. O

Lemma 24. Let ¢ : A —> B and 0 : A’ —> A be homomorphisms of local k-algebras, where A and A’ are
integral domains and B is regular. If o is finite and injective then grk(¢ o o) = grk(¢).

Proof. We may assume that ¢ is injective by replacing the local k-algebras A and A’ by A/Ker(p)
and A’/o " (Ker(p)) respectively. We denote by v and v’ the valuations induced by ¢ and ¢ o &
respectively. Let f € A,. Then there are a; € A/, and k € N such that

aoff+arfl 4 g =0

because Frac(A") C Frac(A) is finite. We can assume that at least one of the a;’s satisfies v'(a;) =0 by
dividing the last relation by an element a;, satisfying v'(a;,) = min; v'(a;). Then, if v(f) =0, we see
that the image of f in k, satisfies a non-trivial integral equation over k, . Then the field extension
k,» — k, is algebraic and grk(p) =grk(p oo). O

Lemma 2.5. Let ¢ :Kk[X1,...,%] — K'[¥1,..., ym] be a homomorphism of formal power series rings
where k — k' is finite. Let ¢y denote the induced homomorphism k'[x1, ..., xn] — K'[¥1,..., Ym]. Then
grk(e) = grk(gy).

Proof. The homomorphism k[x1, ..., xn] — k'[x1,...,%,] is finite and injective. Thus the result fol-
lows from Lemma 2.4. O

Finally we give a combinatorial characterization of the geometric rank. For any f e k[y1,..., Ym],
we denote by in(f) the form of lowest degree in the power series expansion of f. We define a total
ordering < on N™ in the following way: for any «, 8 € N, we say that o < 8 if (|a|, &1, ...,am) <
(Bl, B1, ..., bm) for the left-lexicographic ordering, where || := a1 + - - - + oy This ordering induces
a monomial ordering on k[[y1,...,ym]. If M =a,y% is a monomial, we define exp(M) := «. For any
f ek[y1,..., ym], we define in_(f) to be the monomial of least order in the power series expansion
of f and exp(f):=exp(in.(f)).

Proposition 2.6. Let ¢ : A :=k[x1,...,x,] —> B :=Kk[y1,...,ym] be a homomorphism of formal power
series rings. Let C be the minimal cone of R™ containing exp(¢(f)) for any f € k[x1, ..., X1]. Then grk(p) =
dim(C).

Proof. Let us denote by ord the (y1,..., ym)-adic valuation on B and v the valuation on A equal to
ord o ¢.

Let f €k, being the image of f € A,. We may write f = % where g, h € k[[x1,...,x,] and v(g) =
v(h). The homomorphism ¢ induces an injection k, — korq = ]k(y—;, e %), and the image of f

e imiaction ic i in(¢(g))
under this injection is just AR

Let us denote B’ :=Kk[in(¢(f))]fek[x,
dim(B’).

We have dim(B’) = dim(Spec(B’)). But we can look at B’ as a graded ring because any homo-
geneous component of any element of B’ is in B’. If we consider Proj(B’), we see that dim(B’) =
dim(Proj(B’)) + 1. So we have to prove that tr.deg,k, is equal to the maximal number of algebraically
independent elements of K’ of the form g/h where g and h are homogeneous of same degree.

x,] and K’ := Frac(B’). First we will prove that grk(g) =

,,,,,
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Let us choose f7,..., f/ € K’ algebraically independent over k, such that f/ = % for any i, where
g, h; € B’ are homogeneous of same degree. By definition there exist g; and h; € k[x1, ..., ;] such
that in(p(g;)) = gl’ and in(¢(h;)) = h’ for any i. Let us denote f;:= g" for any i. Then f; € A, for all i

and their images in k, are algebralcally independent over k. Then We see that grk(¢) > dim(B’).
On the other hand, let f1,..., fs €k, be algebraically independent over k. Let f; € A, be a lifting

of fi for 1 <i<s. For any i we may write f; = & where gj, h;j € k[x1,...,x;] and v(g;) = v(h;).
Let f/ denote :2%%’;; for 1 <i<s. Then fj,..., fs e K’ are algebraically independent over k. Thus

grk(p) = dim(B’).

Now let us denote by B” the sub-k-algebra of k[y1, ..., ym] generated by the in. (f) where f € B'.
Then, because B’ is a k-subalgebra of k[y1,...,ym] generated by homogeneous polynomials, the
Hilbert function of B’ is the same as the Hilbert function of B” (for instance look at Proposition 6.6.1
of [K-R]). It implies that dim(B’) = dim(B”). But dim(B”) is exactly the dimension of C. Thus we have
proved the proposition. O

Corollary2.7.Let ¢ : A :=Kk([x1, ..., Xn]] — B :=Kk[y1,..., ¥ym] be a homomorphism of formal power series
rings. Let t be a variable over k and let K :=k(t). Let ¢ : A" :=K[x1,...,x] — B :=K[y1,..., ym] be
the homomorphism of formal power series rings induced by ¢. Then grk(¢k) = grk(¢).

Proof. According to the proof of Proposition 2.6, grk(¢) = dim(k[in(f), f € A]) and grk(¢k) =
dim(K[in(f), f e A).If g=in(f) with f € A’ then g=in(A1f1+---+Asfs) with ;e K and fi € A
for 1 <i<'s. We may assume that A; € k[t] for 1 <i <'s by multiplying g by a non-zero element of K.
We write A; = Z] oA jt! w1th Aijjek for 1<i<s and 0< j<r. Then we get g = ZJ o0 &jt! with
gji= in(zl:1 Ai,jfi) for 0 < j <r because t is transcendent over k. It follows that K[in(f), f € A’]
and K ®g k[in(f), f € A] are Ik—isomorphic, hence grk(¢) = grk(gx). O

Proposition 2.8. Let ¢:A —> B, 01: A —> A and 02 : B —> B be homomorphisms of local k-algebras.
Let us assume that there exist a;, ay > 0 such that ma‘" C oq(m?) and mazn C o3 (m}) for any n € N. Then
grk(oq) = dim(A), grk(oz) = dim(B) and grk(¢) = grk((p 001) = grk(az o).

Proof. We will prove the result for oy, the proof for o1 being similar. Using the notation used in
the proof of Proposition 2.6, grk(¢) = dim(B’) is the degree of the Samuel polynomial P(n) equal

to d'mk(q;(,q)mm”) for n > 0. In the same way grk(o; o ¢) is equal to the degree of the Samuel
polynomial Q (n) equal to dlmk(%) for n > 0. By assumption we have maZ" C oz (m}) Cmf

for any n € N. Thus we get the following k-linear maps:

02(¢(A)) 02(¢(A)) @A) 02(¢(A))
o2(p(A)) Nmg" 02(p(A)) N o2 (mig) @(A) Nmy 02(¢(A)) Nmy

where the first and last arrows are obvious quotient homomorphisms (thus they are k-linear) and
where the second arrow is a surjective k-linear map defined by choosing a lifting in A of any

p(A)Nmi
02(¢(A)
element of ARG

Hence we have Q (azn) > P(n) > Q(n) for n > 0. Thus we see that deg(P) = deg(Q), hence
grk(oy o ) = grk(p). We get grk(o) = dim(B) by choosing ¢ =idg. O

3. Algorithm for modifying a homomorphism of a given rank

We give here a positive characteristic version of a theorem proved by Eakin and Harris [E-H] in
characteristic zero. This result is about the structure of homomorphisms of rings of formal power
series over an infinite field of positive characteristic. First we give the following definition:
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Definition 3.1. Let ¢ :k[xi,...,x,] — Kk[y1,..., ym]] be a homomorphism of formal power series
rings. An admissible transformation of ¢ is a homomorphism @ related to ¢ in one of the following
ways:

(1) Modification by automorphisms: There exist a k-automorphism 7 of k[x1,...,x;] and a k-auto-

morphism o of k[y1,...,ym] suchthat p =0 o@or.
(2) Modification by blowing-up: There is k € {1, ..., m — 1} such that ¢ = ¢ o ¢ where ¢ is defined by

vy =y fori<k,

Y (yi) =yryi fori>k.
(3) Modification by ramification: There is d € N* such that ¢ = ¢ o ¥4 where 4 is defined by

Yax)=x], and Yyx)=x; Yi#l

(4) Modification by contraction: There is k € {1,...,n — 1} such that ¢ = @ o  where ¢ is defined by

Y(x;)=x fori<k,

W (xj) =xjx, fori>k.
Remark 3.2. We define the local k-homomorphism q:k[[x1, ..., xn] — k[x1,...,%n] by q(x1) =x1x2
and q(x;) = x; for i > 1. It is clear that the homomorphisms ¢ defined in (4) of Definition 3.1 are
compositions of g with permutations of the x;’s. Thus we may use q instead of i in modification (4)

of Definition 3.1. The same remark remains true for modifications by blowing-up.

Lemma 3.3. Let ¢ : A :=K[x1,..., %] — B:=Kk[y1,..., Ym] be a homomorphism of formal power series
rings. Let us consider a modification ¢ of ¢. Then grk(¢) = grk(¢). Moreover if there exist a and b such that

Ay (f) +b = vy (@(f))
forany f € A, then there exist a’ and b’ such that

@'V, () +b" = vy (9(f))
forany f € A.

Proof. The lemma is obvious for modifications of type (1).
The second statement is a consequence of the following inequalities:

ve(f) <ve(¥(f)) <2vp(f) Vf € B, for modifications of type (2),
va(f) <va(va(f)) <dva(f) Yf e A, for modifications of type (3),
va(f) <va(v(f)) <2va(f) Vf €A, for modifications of type (4).

Finally Proposition 2.8 gives us grk(¢) = grk(¢) in any cases. O

Now we can state the key result of this article. The proof of this theorem is inspired by the proof
of a similar result in characteristic zero proved by Eakin and Harris [E-H].
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Theorem 3.4. Let k be an infinite field of characteristic p > 0 and consider a homomorphism ¢ : A =
k[x1,..., %] — B:=Kk[y1,..., ym] of power series rings. Then there exists a finite sequence of admissible
homomorphisms of formal power series rings ((pi){.‘:O :k[x1,...,xn] — Kk[y1...., ym] such that g = ¢

and @i (x;) = yfai uj, for some units u;, for i < grk(e), and @y (x;) = 0 for i > grk(¢). Moreover, for any i,
uj=1ifa; =0, and in(u;) =1 and u; ¢ B ifa; > 0.

Proof. If grk(¢) =0, then ¢(f) =0 for all f € my. So we have the result.

We assume now that grk(e) > 0.

We will proceed by induction on the g-tuple p = (u1,..., 1q) € (N U {4+o0})9, defined later,
ordered with the lexicographic order where q < n. At the beginning, ¢ = n and this g-tuple is
(+o00,...,+00).

Step 0. If ¢(x1) =0 we exchange x,; and x;. Then we define q=n—1 and w©:= (U1,..., Un-1) =
(+o0,...,+00).

Step 1. If @(x1) # 0, then we denote d := ord(¢(x1)) € N*. We denote by g4(¥1,...,¥Ym) the
initial term of @(xq). Let (a; )i j=1,..m be a non-singular matrix with entries in k such that
84(a11,...,am1) #0 (k is infinite). We define an automorphism ¢ of k[y1,..., ym] by

m
Yy =) gy Yi=1.....m.
k=1

So we get

Vo) =gi@11,...,am 1)y + {terms of degree d not divisible by y‘lj}

+ {terms of degree > d}.

By composing y o ¢ on the right by the automorphism of k[x1,...,x,] consisting in dividing x; by
g4(ai,1,...,am,1), we may assume that

QX)) = y‘lj + {terms of degree d not divisible by y‘f} + {terms of degree > d}.

Now we define the homomorphism by

v (y1) =1,
Y(yi):=y1yi, fori>1.

We have ¥ o ¢(x1) = uyd, u being a unit of k[y1,..., ym] with in(u) = 1.

Step 2. If d = ep® with gcd(e, p) =1, then we see that ¥ op = ¢’ o7’ where 7/(x1) =x§ and 7/(x;) =x;
fori=#1, and ¢'(x1) = u/yfa, @' (i) = o@(x;) for i #1 and in(u’) = 1. So we can replace ¢ by ¢'.

In particular, if gcd(d, p) = 1, then we may assume @ (x1) = y1.

a—p
Then, if u € BP, with B < «, then we have ¢(x1) = u?’ (yf )P*. So we see that Yop=¢ ot
B a—f

where ©/(x1) = xﬁ’ and t/(xj) =x; for i #1, and ¢'(x1) = u/yf , @' (X)) = o@(x;) for i #1 and
inw)=1.

So we may assume that ¢(x1) = uyf 1, in(u) =1 and u ¢ BP if o # 0. At this step, the g-tuple
(K1, ..., mg) = (a1, +00, ..., +00).
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Step 3. We assume that ¢(x;) = yfuiui, for i < j, with in(u;) =1 and u; ¢ BP if o; # 0,
and ¢(x;) =0 for i > q. Moreover we assume that a; < a < --- < @j_1. We denote p =
(@1, ...,0j_1,400,...,400) € NU {+o0})9.

We assume that in(¢(x;)) contains a monomial of the form cy’;‘ ~-~y’;.j_’]1. If p% divides k; for

. . ky/p1 kj_1/p*i-1
all i < j — 1, then we replace x; by the element x; — cx; X . We can go on and by

induction, there are two cases. In the first case we can replace x; by an element of the form x; —

o ki_q/p&i—1 . . .
P C]SX,;]/p ! _..in;/p , where the sum is finite, and then we can assume that in(¢(x;)) has no

. ki S .
monomial of the form cy’;‘ ~~~y;i11 where p% divides k; for all i. In the second case we can replace

a . o1
x; by an element of the form x; — le ckxllﬁ/p ! -..xl;’_‘]] /e , Where the sum is not necessarily finite,
and then we have ¢(x;) =0.

If ¢(x;) =0, then we exchange x; and x;. Then we replace g by ¢ — 1 and p := (1,..., tg) =

(otq,...,aj_1,+00,...,+00).

Step 4. We assume that ¢(x;) = ylpalu,-, for i < j, for some units u; with in(u;) =1 and u; ¢ BP if
a; #0, and ¢(x;) =0 for i > q. Moreover we assume that o <ap <--- < oj_1. As before we denote
mw=(aq,...,0j_1,400,...,+00) € (NU {400})9.

Let us consider cyl]<1 -~-y’,‘n’” a monomial of in(¢(x;)). If one of kj, ..., ky is different from zero,
then after a permutation of the elements yj, ..., y;, we can assume that k; # 0. According to Step 3

j—1

", where p% divides k; for

we can assume that in(¢(x;)) has no monomial of the form cyll<1 y’;
all i, and we assume that ¢(x;) # 0.

Assume that for any non-zero monomial M = cyl;] e yl;fll of in(p(x;)), p* divides k; for any i <1,
but for at least one such monomial p* does not divide k;. After a change of variables of the form
o(y)) =y fori<land o(y;) =yi +ylk" for i > 1 and for some 1; € N, we may assume that in(¢(x;))

contains a non-zero monomial of the form cy’;1 ~~~y;<' where p% divides k; for any i <[ and p* does

not divide k;. Then after a composition with a homomorphism of the form ¥ (y;) = y; for i <[ and
yi =y1y; for i > I, we may assume that each monomial of in(¢(x;)) depends only on y1,...,y;. And
by Step 3, we may assume that for any monomial cy’{l ~-~y:<’ of in(@(x;)), ki is divisible by p® for
any i <1, and that k; is not divisible by p*. Finally we can exchange x; and x; and we can apply the
following lemma with o = oy:

Lemma 3.5. Under the hypothesis of Theorem 3.4, we assume that ¢(x;) = yfai for all i < and that the

monomials of in(¢(x;)) depend only on y1, ..., y;. We assume moreover that for any monomial cy’1<1 --Ay;(’
of in(¢(x))), ki is divisible by p*i for any i < I, and that k; is not divisible by p“. Then there exists a finite
sequence of modifications of ¢, such that @, the last homomorphism of the sequence, satisfies

) =y" u fori<l,

— p¥
ox) =y, u
for some units uj and with &’ < a.

Proof. We have ¢(x)) = M1vq + --- + M;v, for some units v; and some monomials M;. We assume
that this expression is minimal: it means that none of these monomials divides another one. The con-
vex hull in N™ of the set of elements (w1, ..., wn) such that in(¢(x;)) contains a non-zero monomial
of the form cy‘l’v1 ... ymm is a convex polyhedron P of dimension strictly less than [ (because all such
elements satisfy wj,1 =--- = wp =0). Let (wy,...,w,0,...,0) be a vertex of this polyhedron. In

particular w; is not divisible by «. We may assume that M; corresponds to this vertex. We denote
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by (W1k, ..., Wn) the element of N that corresponds to M for k > 1. Because M is a vertex of P
the cone defined by the following equations in the variables e;:

!
Z(Wz‘,k —wie; >0

i=1

for all k such that the monomial My depends only on yq,..., Y, is a non-empty open set of (R;o)l.
Moreover for any C > 0, using modifications by blowing-up on the variables y;i1,..., ym, we may
assume that the monomials My depending on at least one of yjy1, ..., ym satisfy wq g +---+wp > C.
Hence the cone defined by the equations:

I

> Wik —wiei >0, k=2,....r, (1)
i=1
is a non-empty open set of (Rgo)l. Let (e1,...,e;) be I linearly independent vectors of this cone with
coefficients in N: we write e; = (e 1, ..., e;) for each i. We can choose these vectors such that their

determinant is not divisible by p and such that p does not divide e;;. Next we consider v defined
by:

€i1 €il

V(i) =y, -yt for1<i<l,
v (yi)=y; fori>L

Hence, because the vectors e; satisfy (1), ¥ o ¢(x;) is of the form ¥ (M1)u; for some unit u;. More
precisely we have:

p%ie;q p%ieiy

Y op(xi) =y, -~y Mup fori <l

Yl wiein 'yZL] wiei
1 I

Yopx)=y uy.

Because the vectors are linearly independent and because their determinant is not divisible by p, we
can reduce to the following case by using modifications of type (4):

p%i .
Yop)=y; u fori<l,
d .
Vop(x) = ylwzeu Et(e!.k)u’
for some units u;. And because e;; and det(e; ;) are not divisible by p, according to the Cramer’s rule
and using Step 2, we may assume that:
C(/
e =y u

where «’ < &, because w; is not divisible by p%*. O

Finally, using Step 2, we may assume that

o) =yP Ui fori<l,

for some units u;, where (o], ..., ) <px (@1, ..., o) (this can be achieved by permuting the xs and
the yis). Then, if we denote ' = (o}, ..., ¢, 400, ..., 400), we have 1 > 1.
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Step 5. We assume that we have ¢(x;) = yfal u; for some units u; with in(u;) =1, where u; ¢ BP
whenever «; > 0, for any i < j, and @(x;) =0 for i > g. We assume that oy <ap <--- <«j_q and we
denote p = (@1, ...,0j_1, 400, ...,4+00) € NU {+o0})9.

According to Step 4, we may assume that none of the monomials of in(¢(x;)) depends only on
Y1,...,Yj—1. After a change of variables in y;,..., ym we may assume that one of the monomials of
in(¢(x;)) depends only on y1, ..., y;. By composing with the homomorphism s defined by

V(i) =y, fori<j,

Y(yi)=yiyj, fori>j

we can assume that in(¢(x;)) depends only on y1,...,y;, but any of its monomials depends on y;.
So we have in(¢(x;)) = y’]‘. Py_r(y1,...,yj) where Py_j is a homogeneous polynomial of degree k not
divisible by y;.

Thus, we may use Lemma 3.5 and assume that

Qi) =y{'u; fori<j,
P(xj) = yiu;

/

o,
for some units u; and some integer «. Finally, using Step 2, we may assume that ¢(x;) = yf luj

for some units u; with in(u;) =1 and u; ¢ BP if o # 0. Moreover we see that (ag,...,a;_l) Llex
(a1, ..., j_1). Hence after permutation of the variables we may assume that a{ << a} and y' =
(a{,...,a},—f—oo,...,—i—oo) < M.

Step 6. Eventually, we have ¢(x;) = ylpaiui, for i <q and ¢(x;) =0 for i > q, where o1 <oy <--- <y
and u; are units. In this case one checks that

A, ( Xq X2
m. ag—dg_q "0 pap—ap J°
my, P XP

71 1

and we have grk(¢) = q. Because the geometric rank is invariant under modifications, we get the
result. O

Remark 3.6. If char(k) = 0, the proof of the result of Eakin and Harris is similar. Namely, at Step 2

we get ¢(x1) = y1 because any unit u with in(u) =1 is a d-power for any d € N*. Then we can

skip Steps 3 and 4 because if g(y1,...,yj-1) == @&*))(¥1,...,Yj-1,0,...,0), then we replace x; by
k1 kj_q

x} =Xj—g(x1,...,xj—1) and (p(x’j) has no monomial of the form cy; Y-

4. Linear Chevalley’s Lemma

The aim of this section (and originally of the present paper) is to give an answer to a question that
S. Izumi asked the author. This question is related to the following result of C. Chevalley on complete
local rings:

Theorem 4.1. (See [Ch].) Let A be a complete local ring with maximal ideal m. Let (a;,) be a decreasing sequence
of ideals of A such that (), an = {0}. Then there exists a function B :N —> N such that agu) C m" for any
positive integer n.
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In particular, if we consider an injective homomorphism of local rings ¢ : A —> B where A is
complete, then there exists a function g:N — N such that ¢! (m§<n>) C mY for any natural num-
ber n. This can be restated by saying that B(vim, (f)) = vm, (¢(f)) for any f € A. The least function g
satisfying this inequality is called the Chevalley function of ¢. If g is bounded from above by a linear
function we say that ¢ has a linear Chevalley estimate.

S. Izumi (in [Iz3] and [Iz5]), in the case of equicharacteristic zero local rings, proved that ¢ has
a linear Chevalley estimate if and only if grk(¢) = dim(A). The question asked by S. Izumi was the
following: is it possible to extend this result for local k-algebras with char(k) > 0? We can state such
an analogue of the main result of [Iz3] in positive characteristic:

Theorem 4.2. Let ¢ : A —> B be a homomorphism of local k-algebras where k is a field of positive character-
istic. Assume that A is an integral domain and B is regular. Then the following conditions are equivalent:

(i) grk(p) = dim(A).
(ii) Thereisa,b € R such that avy, (f) +b = v,y (@ (f)) forany f € A.

Definition 4.3. A homomorphism of k-algebras ¢ : A — such that grk(¢) = dim(A/Ker(¢)) is called
a regular homomorphism of k-algebras.

4.1. Proof of Theorem 4.2

In order to give a proof of this theorem, we first state the following two lemmas:

Lemma4.4. Let 0 : A —> B be afinite and injective homomorphism of complete local rings (we do not assume
that the rings are local rings of equal characteristic). Then o satisfies property (ii) of Theorem 4.2.

Proof. By induction we only need to prove the lemma when B is generated by a single element
over A. We denote by z this element which is integral over A. If z ¢ mp, then mp = myB, thus,
for any ne N*, mj NA=m}BNAC m’}fc for some C € N not depending on n (by the Artin-Rees
Lemma).

Let us assume from now on that z € mp. The k-algebra B/my4B is a finite k-module generated by
1,...,2%1 modulo my for some d € N*, Let us assume that 1, ..., z4-1 is a k-basis of this k-algebra.
Thus, by Theorem 30.6 [Na], we see that 1, z, ..., 24~ generate B as an A-module. It means that there
exists an irreducible polynomial P(Z) := Z9 4041291+ ... 4 ap € A[Z] such that B is isomorphic
to A[Z]/(P(Z)). Moreover a; € mga, for 0 <i<d— 1, because 1, ..., 2% 1 is a k-basis of B/maB. Let
o 1= minggigd—1{orda(a;)} (in particular o > 0). Then 724 e m9B. By induction, 2 e m4"B for any
n € N. Hence, for any n € N:

)(oH—d)n-H

mgx-ﬁ-d)nﬂ _ (mAB 1+ (2 c m/(L‘oz+d)n+lB + (Z)m;a+d)n3 4ot (Zdnﬂ)mc/x\nB + (Zdn)

c m%"B + (') c m§"B.

Thus m%‘”d)nﬂ NACm{"BNAC m%"‘c for some C € N not depending on n. This proves the lemma
because > 0. O

Lemma 4.5. (See [Iz1].) Let ¢ : A —> B and o : A —> A be two homomorphisms of local rings where o is
finite and injective and A is an integral domain. Then ¢ satisfies (ii) if and only if ¢ o o satisfies (ii).

Proof. Because o is finite and injective, if ¢ satisfies (ii) then ¢ o o satisfies (ii) by Lemma 4.4. In
order to prove the “if”-part we follow the proof of Theorem 1.2 (1) = (2) of [Iz1] using the fact that
there exist two positive constants c, d such that va(fg) <c(wa(f)+va(g)+dVf,ge A (cf. [Re]). O
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Now we can begin the proof of Theorem 4.2. We will first reduce to the case where A and B are
complete. We remark that for any f € A we have vm,(f) = vm; (f) because A is flat over A. So the
order is invariant under completion. The Krull dimension and the geometric rank are also invariant
under completion. Moreover, the inequality (ii) of Theorem 4.2 is equivalent to a similar estimate for
@:A —> B following remark 4.4 of [Iz1].

From now on we assume that A and B are complete and ¢ = @. Then we show that (i) and (ii)
are always true if dim(A) = 0: grk(¢) = dim(A) is trivially true because grk(¢) < dim(A) = 0. So (i)
is true. In particular, using Lemma 2.3, ¢ is injective. On the other hand A is Artinian and so the
following descending chain of ideals stabilizes: A > ¢ 1(mg) > --- D> <p*1(m'§) D ---. So there exists b
such that vy, (@(f)) <b for any f € A\Kerg = A\{0}, and (ii) is true.

From now on we assume that A and B are complete, B is regular and dim(A) > 1. In particular
B =Kk'[y1,-...,¥m] where k — Kk’ is finite (it follows from the definition of a homomorphism of
local k-algebras).

Step 1. Assume that k =k’ and k is an infinite field.

(I) Implication (ii) = (i). We may reduce to the case A is regular by using Lemma 2.4, i.e. A=
k[x1,...,%]. Moreover we have B =Kk[y1,..., ¥ym]. We need to prove that grk(¢) =n.
Using Theorem 3.4, we get a commutative diagram as follows:

¢
k[[x],...,Xn]] —— k[[}/],-ua}/m]]

-k

2
k[[xla"-vxﬂ]] Hk[[y]s~'~aym]]

where o7 and oy are compositions of homomorphisms defined in Definition 3.1 and @(x;) = ylpa'ui
for 1 <i<grk(p) and @(x;) =0 if i > grk(¢). Let us denote r := grk(¢). In particular we have n >r.
By Lemma 3.3, we see that 0y o ¢ satisfies property (ii). If f € k[[x1, ..., %] then o200 (f) =@oo1(f),
thus the homogeneous component of minimal degree in the Taylor expansion of o3 o @(f) de-
pends only on yi,...,yr. Thus, if we denote by m :k[y1,...,¥m] — k[¥1....,yr] the canonical
projection, we see that the order of 07 o ¢(f) is the same as the order of 7 o 0, o @(f) for any
f ek[x1,...,x:]. Thus 7 0 02 o ¢ satisfies property (ii). Moreover grk(w o 02 0o ) =grk(m c @ o 01) =
r = grk(¢). Thus we may assume that A =Kk[x1,..., %], B=Kk[y1,..., ym] and grk(p) =m < n.

By assumption there exist a and b such that qfl(m%“b) C m’j\ for any k € N. So, for any k € N, we
may define surjective k-linear maps

P(A) /(Mm% N p(A)) — A/mk

by choosing a lifting in A/m’j‘ of any element of gp(A)/(m‘ék*b N@(A)).

Because (p(A)/(m‘g‘er N @(A)) is a k-subspace of B/m%k+b, we have the following equalities and

inequalities for any k € N:
@k +b+m—1)!/((ak+b — 1)!m!) = dimy B/m% ™ > dimyp(A)/(mF™ N p(A))
> dimA/m¥ = (n+k — 11/ ((k — Din!).

Hence, by comparing the degree in k of these two polynomials, we get m > n. Thus n = grk(¢).

(II) Implication (i) = (ii). First of all we may assume that A is regular by using Lemmas 2.4
and 4.5. )

Using Theorem 3.4, we may assume that ¢(x;) = yf’ ‘uj for 1<i < grk(e) and @(x;) =0 if i >
grk(¢). In this case (ii) is satisfied by taking a = max; p* and b =0.
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Step 2. Assume that k =k’ and k is a finite field.

As before we may reduce to the case A=Kk[x1,...,x;] and B=Kk[y1,..., ym]. Let t be a variable
over k and let K :=k(t). Let A" := K[x1,...,x] and B’ :=K[y1,..., ¥m]. The homomorphism ¢
extends to a homomorphism ¢k : A" —> B’ in an obvious way. According to Corollary 2.7 grk(¢) =
grk(pK).

On the other hand let us denote by ¢ the homomorphism k[x1, ..., X J[K] — k[y1, ..., ym][K]
induced by ¢ (where k[x1,...,x,][K] is the image of K ®y k[x1,..., %] — K[x1, ..., xn] defined
by A ® fr+— Af). Let f € k[x1,...,x:][K]. By multiplying f by an element of K we may assume
that f=>"1_, fit! with f; e k[[x1,...,x,]. Then @(f) € (y)¥ (resp. f € (x)¥) if and only if ¢(f;) € (y)¥
(resp. fi € (x)¥) for 1 <i<r and any k € N. Thus ¢ satisfies (ii) if and only if ¢ satisfies (ii). It is clear
that g satisfies (ii) if and only if ¢ satisfies (ii), ¢k being the completion of @.

Thus we use Step 1 to conclude.

Step 3. Assume that k # k’. Using Lemma 2.4 and Cohen’s Theorem (for example Corollary 31.6
of [Na]), we may find an injective finite homomorphism of k-algebras o : A” —> A such that grk(p) =
grk(¢ o o) and such that A’ is regular. By Lemma 4.5 we can replace A by A’. So we assume that
A=Kk[x1,....x;] and B=K'[y1...., ym]. We denote by Ay the k'-algebra A &y k' =k'[x1,...,x].
We denote by ¢ the homomorphism Ay —> B induced by ¢. Because k —> k’ is finite, then
grk(¢) = grk(¢r) by Lemma 2.5. Using Lemma 5.4 [Iz3], we see that ¢ satisfies (ii) if and only if
@i satisfies (ii). Then the result follows from Step 2.

Finally, following W.F. Osgood [Os], S.S. Abhyankar [Ab1] and A.M. Gabrielov [Gal], we give an
example of injective homomorphisms of local rings for which the growth of the Chevalley function is
greater than any given increasing function «:

Example 4.6. Let o : N — N be an increasing function and let k be a field. Let (n;); be a sequence
of natural numbers such that n;1; > a(n;) for any i and such that the element &£(Y) := Zi>] Y™ is
transcendental over k(Y) (such an element exists according to the constructive proof of Lemma 1
in [ML-S]). Let us define the homomorphism ¢: A :=k[x1, X2, x3] — B :=k[y1, y2] by

(p(x1), (x2), 9(x3)) = (¥1. y1¥2. Y1£(¥2))-

Because 1, y,, £(y>) are algebraically independent over k, ¢ is injective (cf. Part 1 of [Ab1]): indeed,
let f € Ker(p). We write f =", fa, where fy is a homogeneous polynomial of degree d. Then ¢(f) =

Zy‘lifd(l, v2,&(y2)) = 0. Hence, we have f4(1, y2,&(y2)) =0 for all d. This implies that f; =0 for
all d because 1, yo, £(y2) are algebraically independent.
For any positive natural number i we define:

i1 L ni—1 JNi—Ni—1 1j
fir=x T ks — (KT xy X +x5').

Then we get:
i
i i i+n; i
O(f) = YiE(y) — Vi Sy el cmd ™,
k=1

But f; ¢ m’}{“ thus B(n; + 1) > a(n;) where B is the Chevalley function associated to ¢. Because

n; — +oo when i — +o00, we get limsup % >1.

4.2. Chevalley function and diophantine approximation
The aim of this section is to give an interpretation in terms of diophantine approximation of the

fact that the Chevalley function of a homomorphism of complete local rings is not bounded by an
affine function as soon as ¢ is not regular.
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Let ¢ :Kk[x1,...,%] — k[¥1,..., ym] be a homomorphism of local k-algebras, where k is an
infinite field. Let us assume that grk(¢) =n — 1 and that ¢ is injective. Using Theorem 3.4, there
exists a commutative diagram as follows:

K[x] —— k[y]

\L " l ”
@
k[x] —— k[y]
such that the homomorphism o7 is a composition of homomorphisms of k[x] defined in Defini-
tion 3.1 and such that the homomorphism ¢ satisfies
Q) = yfuiui for some units u; e k[y] and o; € N, fori <n—1, if char(k)=p >0, or
o) =y; fori<n-—1, if char(k) =0, and
@(xp) =0.

Moreover, if char(k) = p > 0, for any i, u; =1 whenever «; =0, and in(u;) =1 and u; ¢ k[y]? when-
ever o > 0.

The homomorphism o is injective and grk(¢) = grk(oz o @), thus grk(oz o ¢) =n — 1. From now
on we will replace ¢ by 03 o ¢. Hence we have the following commutative diagram:

K[x] — "~ k[y]

k[x]

where ¢, := @, and v}, for 1 < j <, is one of the homomorphisms used in the modifications (1), (3)
and (4) of Definition 3.1 (resp. called homomorphisms of types (1), (3) and (4)).

We can remark that if ¢;;1 is not injective and ;11 is a homomorphism of type (1) or (3), then
@j is neither injective.

It is trivial for homomorphisms of type (1). If vj1 is a homomorphism of type (3), let f €
Ker(¢;j;1) and let us write d = p"e with e A p = 1. Then let us define g := ]_[%Ue(f(sxl J X2y e xd))l’r
where U, is the multiplicative group of the e-roots of unity in a finite extension of k. Then
g €Im(¥jt1). Let g’ € k[x] such that yj1(g) = g. Then ¢;(g) = ¢j4+1(g) = 0. Thus ¢; is not in-
jective.

Nevertheless, if 1,1 is a homomorphism of type (4), ¢; may be injective while ¢;, is not injec-
tive. Let us assume that ¢j, for 1 < j <k, is injective and ¢y is not injective. In particular ¥ is a ho-
momorphism of type (4). Because ¢y is not injective, we have dim(k[x]/Ker(gy)) =n — 1 = grk(gy)
thus there exist a, b such that (pk_l((y)””*b) C Ker(gy) + (x)" for any n € N according to Theorem 4.2.
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Let us remark that, for any j, there exist a; > 1 and bj > 0 such that 1//]._1((x)ai”+bj) c (x)" for

any n € N. Then there exist @’ >1 and b’ > 0 such that (¥_q 0 --- 0 ¥1)~(X)*™") C (x)" for any
n e N. If B denotes the Chevalley function of ¢ and Sy_; denotes the Chevalley function of ¢;_1,
then Bo(n) < Br_1(a’n+ b) for any n € N. Thus By is not bounded by an affine function because B;_1
is not bounded by an affine function. We will investigate the reason why B_; is not bounded by an
affine function.

We have to consider the following situation (here ¢ represents @y_1, ¢ represents ¢ and q rep-
resents v ): we have the following commutative diagram

k[x] —— k[y]

)
q
k[x]

where ¢ is injective and r1(¢) =n — 1; q is the homomorphism defined by q(x;) = x; for i #1 and
q(x1) = x1x2. Moreover ¢ is not injective: grk(¢) =n — 1 = dim(k[x]/Ker(¢)). From Theorem 4.2,
there exist a > 1, b > 0 such that ¢~ 1((y)™*?) c Ker(@) + (x)" for any n € N. Let Z € k[x] be a gen-
erator of Ker(¢). Let us denote, for any g € k[x],

3(g):=max{keN|ge(2)+ (x)"}

with the assumption vz(g) = +oo if g € (Z). In particular v3(g) < ord(@(g)) < avz(g) + b for any
g € k[x]. Then B is the Chevalley function of ¢ means exactly the following:

Vfek[x] ord(e(f))<B(ord(f)) and
vn e N3f, ek[x] | ord(fn) =n, ord(¢(fr)) = B(ord(fr)).
This is equivalent to the fact that there is a function y :N — N such that
Vfek[x] vz(q(f)) <y (ord(f)).

vn e N3f, ek[x] |ord(fp) =n, vz(fp) =y (ord(fa)) and
vneN ym) <Bm) <ay@® +b. (2)

Let us consider the following three rings along with the canonical injections

i kfxq,...,x]|[t i kfxq,...,xq,t
AZ:]k[[Xl,...,Xn]] ! B .= [[1 nﬂ[] 2 C:.= [[1 n ]]
(x1 —tx2) (x1 —tx2)
The homomorphism 7:C —> k[x, ..., ] defined by T(x1) =x1x2, T(x;) =x; for i > 1 and t(t) = x4
is an isomorphism and 7 o iy o i1 =¢q. We will often omit the notations i; and iy in rest of the paper.
Let us remark the following fact:

The element T~ (Z) e C is not algebraic over A.

Indeed, if Z was algebraic over A, then we would have a relation ag +a;Z+--- + a42¢ =0, such that
a; € A for 0<i<d and ag # 0. Because C is an integral domain, we may assume that agp # 0 by
assuming that d is minimal. Thus we get ¢(ag) =0, because @(Z) = 0, thus ¢ would not be injective
which would contradicting the hypothesis. Hence Z is not algebraic over A.
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Let us denote by v; the valuation on A defined by its maximal ideal and let us denote by v, the
valuation on C defined by its maximal ideal. We still denote by v, its restriction on A or B. Let us
remark that vi(f) < va(f) <2v1(f) for any f € A and that vy(f) =v1(q(f)) for any f € A.

Let us denote by K4 (resp. K¢) the field of fractions of A (resp. C). Let us remark that K, is also
the field of fractions of B. Let us denote, for any f € Ka, |f]; :=e 1), and for any g € K¢ let us
denote |g|, :=e "2 Then |- |; and |- |, are non-Archimedian norms on K, and K¢ respectively.
Let us denote byAK the completion of K4 with respect to | - |,. We can remark that there is a natural
injection K¢ — K.

Let us come back to Z, the generator of Ker(¢). We have the following lemma:

Lemma 4.7. The element t—1(Z) satisfies the following property: there exists a decreasing function
o :RTY — Rt such that

s

T @ >aflgl) VfeA, geB.

2

Moreover, the Chevalley function of ¢ is not bounded by an affine function because of the following fact: If « is

the greatest function satisfying the above inequality, then '“("‘((L;)) —> 0 as u goesto0.

Proof. The fact (2) means that for any f € A and for any g € C, we have v(f — g7t~ (2)) <y (1 (f))
and this inequality is the best possible. This is equivalent to v(f — gt~ (Z)) < y (v1(f)) for any
f €A and any g € B, where the inequality is the best possible, because C is the completion of B
for v,. Thus for any f € A and for any g € B, we have

v(f—gt (@) <y (va()), 3)

with y(%) <y’'(n) < y(n) for any n € N, and this inequality is the best possible. We do not make any
restriction if we assume that vo(f) = vo(gTt~'(Z)): if it is not the case we have v, (f — g7 1(Z)) <
v2(f), but clearly the least function y’ satisfying the inequality (3) for any f and g satisfies y ‘M) >=n
for any n € N. Thus we get |f — Y@ > (gl for any f € A, g € B with or(u) := e~? W) for

any u > 0. We get l“(o‘(“)) — 0 as u goes to 0, because y’ is not bounded by an affine function, this

following from the fact that B, thus y, is neither bounded by an affine function. O

Remark 4.8. Let us remark the following fact: if z € C is algebraic over A, then there does not exist
any function o : Rt — R¥ such that |— — 2zl > a(lgl2) Yf € A, g € B. Indeed since z is algebraic
over A there exists a relation agz? + - - - +ayz+ag such that a; € A for 0 <i<d and ag # 0. Because C
is an integral domain, we may assume that ag # 0. Thus z.w = ag with w := —(adzd‘1 +---+ay)eC.
For any n € N, let us denote by w;, an element of B such that w; — w € m{ and vp(wy) = va(w).
Such a w;, exists because C is the completion of B. Thus we have v,(z — “/’721) =n—vy(w) for any
neN. Thus |z — 3721'2 —> 0 as n — oo, but |wy|, =|w|; #0 for any n € N.

5. Homomorphisms of Henselian k-algebras

In this section and the next one, we study a particular example of homomorphisms of local
k-algebras: namely the homomorphisms of W-system. Such homomorphisms generalize homomor-
phisms of analytic local rings in the sense that the local rings that we consider satisfy the Weierstrass
Division Theorem. In particular we have been inspired by the work of S.S. Abhyankar and M. van der
Put [Ab-vdP] on analytic k-algebras.

5.1. Terminology

From now on we assume that k is a field of any characteristic.
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Definition 5.1. (See [D-L].) By a Weierstrass System of local k-algebras, or a W-system over k, we mean
a family of k-algebras k[[x1, ..., %], n € N, such that:

(i) For n =0, the k-algebra is k.
For n > 1, k[x1, ..., Xnlxy,.ox) Ck[[X1, ..o, xn || Ck[x1, ..., %] and k[[x1, ..., Xp4m || NKk[x1, ...,
xn] =k[[x1,...,%,]] for m € N. For any permutation of {1,...,n}, denoted by o, k[xs(1, ...,
Xg(n)ﬂ = ]k”—X], ey Xnﬂ.

(ii) Any element of k[[x]], x = (X1, ..., Xn), which is a unit in kx], is a unit in k[[xT.

(iii) Let f e (x)k[[x]] such that f(0,...,0,x,;) # 0. We denote d := ordy, f(0,...,0, ;). Then for any
g € k[[x]| there exist a unique q € k[[x]] and a unique r € k[[x1,...,X,—1]|[xn] with deg, r <d
such that g=qf +r.

(iv) (If char(k) > 0.) If h € (y1,..., Yym)k[¥1,..., ym] and f € Kk[[x1,...,x,]] such that f # 0 and
f(h) =0, then there exists g € k[[x]| irreducible in k[[x]] such that g(h) =0 and such that there
does not exist any unit u(x) € k[[x]] with u(x)g(x) =3 cppn 0aXP* (ay € k).

Remark 5.2. Let k[[x]| be a W-system over k.

(i) From [D-L] the ring k[[x1,...,x,]] (n € N) is a Noetherian regular local ring with maximal ideal
(X1, ..., %) and its completion at its maximal ideal is k[x].

(ii) For any f ek[[x1,...,Xp4m || and any g1, ..., &m € Ok[[x1, ..., %],
fx, o X 810, ..., gn(®) €K[X1, ..., %]

[D-L].

(iii) For any f € k[[xT|, if there is g € k[[x] such that f =Xx;g, then g € k[[x]| [D-L].

(iv) From Theorem 44.4 [Na], (iii) implies that k[[x]] is a Henselian local ring. In fact it is proven in
[D-L] that k[[x]] has the Artin Approximation Property, and by [Po] and [Ro] (where it is proven
that a local Noetherian ring has the Artin Approximation Property if and only if it is Henselian
and excellent), we see that k[[x]] is excellent. In [D-L, Remark 10] it is said that if a family of
excellent rings satisfies (i)-(iii), then it satisfies (iv).

(v) Let d > 1, d Achar(k) =1, let a € k* be a d-th power in k and let f(x) € (x)k[[x]]. It means that
PM=T{—(@a+ f(x) e k[[xT)[T] has a non-zero solution modulo (x). Thus, because k[[x]] is
Henselian, P(T) has a solution in k[[x]]. Hence a + f(x) has a d-th root in k[[xT|.

If d = char(k) > 0, a € k* is a d-th power in k and f(x) € (0)k[[x]] is a d-power in k[x], then
P(T)=T9 — (a+ f(x)) has d-root in k[x], thus it has a d-root in k[[x]] by the Artin Approxima-
tion Theorem [D-L].

In fact we can give a quick proof of the fact that W-systems satisfy the Artin Approximation Prop-
erty if we assume that the rings of the family are excellent, using the Popescu’s Smoothing Theorem
(cf. [Po] or [Sp2]):

Theorem 5.3. (See [D-L].) Let k[[x]| be a W-system over k and let us assume that k[[x1, ..., x,]] is excellent
forany n € N. Then forany f = (f1,..., fp) ek[[x, y]| withx = (x1,...,xp) and y = (1, ..., Ym), for any
c € Nand for any y € (x)k[x]™ such that f(¥) = 0 there exist y. € (x)k[[x]|™ such that f(y.) =0 and

Vi —Yei € (X"

Proof. We may assume that p =1 by replacing (f1,..., fp) by

F=frx(B+xa(fF+xal-+ard)h)?)>
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By assumption there exist h;(x, y) € k[x, y], 1 <i<n, such that

f +Z — Ji)hi(x, y) =

Because the ring k[[yT/(x) is Henselian and excellent, it satisfies the Artin Approximation Prop-
erty for algebraic equations [Po] (k[[yT/(x) is the Henselization of k[[yT/[X](y,x))- Thus there exist
fitx, ), hix, y) € k[yT(x)", 1 <i<n, such that

hi(x, y) —hi(x, y), fi(x,y) = yix) € (x,y)°, 1<i<n, and

f(y)+2 — fix, ))hi(x, y) =0.

We may assume that ¢ > 2. In this case the Jacobian matrix of (y; — fi(x, ¥), 1<i < n) with respect
to y1,...,yn has determinant equal to 1 modulo (x, y). The Henselian property asserts that there
exist y;i c(x) € k[[x]| such that

Yie®) = fi(% Y1), ..., ync(®) =0 for1<i<n
Then
f(1.c®,..., ync) =0 and
Yie@) —yie®" 1<i<n. O
Remark 5.4. In the same way we may prove that the rings k[[x]| satisfy the Strong Artin Approxima-

tion Property (cf. Theorem 7.1 [D-L]) using the fact that a ring that satisfies the Artin Approximation
Property satisfies also the Strong Artin Approximation Property [P-P].

Example 5.5.
(i) The family k[x1,...,x,] is @ W-system over k.
(ii) Let k(xq,...,xn) be the Henselization of the localization of k[xi,...,X;] at the maximal ideal
(X1, ...,Xp). Then, for n > 0, the family k(xq, ..., xy) is a W-system over k.
(iii) The family k{xi,...,x,} (the ring of convergent power series in n variables over a valued field k)

is a W-system over k.
(iv) The family of Gevrey power series in n variables over a valued field is a W-system over k [Br].

Definition 5.6. Let k[[x]] be a W-system over a field k. A local ring A is a local k-algebra with respect
to this W-system if A is isomorphic to k[[x1,...,x,]|[k’']/I for some n > 0, where k’ is a finite field
extension of k and I is an ideal of k[[x1, ..., %, ]|[k'] (k[[x]|[k'] is the image of the k-homomorphism
k[TxT[t1, ..., ts] — k'[x] where x; is sent on x; and t; is sent on &, where &1, ...,¢&; is a k-basis
of k).

A homomorphism of local k-algebras A —> B is called a homomorphism of Henselian k-algebras if
A and B are local k-algebras with respect to the same W-system over k and the homomorphism is
a homomorphism of local k-algebras.

Remark 5.7. If A is a local k-algebra with respect to a W-system, then its residue field is a finite
extension of k. If A— B is a homomorphism of Henselian k-algebras, then the residue field of B is
a finite extension of the residue field of A.
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Remark 5.8. Since an integral extension of a local Henselian ring is a Henselian ring [Na, 43.16],
any local k-algebra with respect to a W-system is a Henselian ring. Let k[[x]] be a W-system. Thus,
from [La], k[[x]|[k'] satisfies property (iii) of the definition of a W-system if k — k' is a finite field
extension. Moreover it is straightforward to show that k[[x]|[k'] satisfies (i) and (ii) in the definition
of a W-system. Finally, from Remark 5.2(iv), and since any finite extension of an excellent ring is an
excellent ring, we see that k[[x]|[k'] satisfies (iv) of the definition of a W-system. Hence k[[x]|[k'] is
a W-system with respect to k' if k[[x]] is a W-system over k and k —> k' is a finite field extension.

Qeﬁnitionl 5.9. A homomorphism ¢ : A —> B of Henselian k-algebras is strongly injective if the map
A/A — B/B induced by ¢ is injective (or equivalently if # ~1(B) = A).

Finally we give the following version of the Weierstrass Preparation Theorem:

Proposition 5.10 (Weierstrass Preparation Theorem). Let A and B be local k-algebras with respect to a W-
system and ¢ : A —> B be a homomorphism of Henselian k-algebras. Then ¢ is finite if and only if ¢ is
quasi-finite (i.e. B/maB is finite over A/my).

Proof. It is well known that (ii) of Definition 5.1 is equivalent to the proposition when there exist
surjective homomorphisms k[[x1,...,x,]] —> A and k[[y1,..., ym|| — B for some W-system k[[x]|
([To1] or [Ab2] for example). Because k[[x|[k’] is a W-system over k" as soon as k[[x]] is a W-system
over k and k — Kk’ is a finite extension of fields, the proposition is proven. O

Corollary 5.11. Let A be a regular local k-algebra with respect to a W-system k[[x]| and let (a1, ..., ay) be
a regular system of parameters of A. Let k' be the coefficient field of A. Let ¢ :Kk[[X1, ..., X, [|[k'] —> A be the
unique homomorphism of local k’-algebras such that ¢ (x;) = a; for 1 < i < n. Then @ is an isomorphism.

Proof. Follows from Proposition 5.10. O

5.2. Strongly injective homomorphisms

We state now the following results about homomorphisms of Henselian k-algebras:

Lemma 5.12. (See [Ab-vdP, Lemma 2.1.2].) Let ¢ be a homomorphism of Henselian k-algebras. If ¢ is injective
and finite, then @ is injective and finite and ¢ is strongly injective.

Proof. Local k-algebras are Zariski rings (cf. Theorem 9, Chapter VIII of [Z-S]). Then, using Theorems 5
and 11, Chapter VIII of [Z-S], we see that @ is finite and injective. Then using Theorem 15, Chapter VIII
of [Z-S], we see that ¢ is strongly injective. O

Let k be a field of any characteristic and k[[x]| be a W-system with respect to k. We define the lo-
cal k-homomorphism q:Kk[[x1,..., %, ]] — k[[X1, ..., %] by q(x1) = x1x2 and q(x;) = x; for i > 1. For
any d € N* we define the local k-homomorphism g : k[[x1,..., %, ]| — k[[x1, ..., %] by ¥g(x1) = x‘li
and 4(x;) =x; for i #1.

Lemma 5.13. Let A be a k-algebra with respect to a W-system denoted by k[[x1, ..., X, ]|. Any composition of
k-automorphisms of A and of homomorphisms of the form q and 4 is injective. Moreover k-automorphisms
and homomorphisms of the form 4 are strongly injective.

Proof. It is clear that k-automorphisms, homomorphisms ¥4 and q are injective. Moreover it is clear
that k-automorphisms are strongly injective.
Let f(x1,...,Xn) €k[X1,..., %] such that ¥q(f) = f(x‘f,xz, ..., Xp) € k[[x]]. We have

f(X({,sz-an) = (qu _y)q(xvy)—‘f_r(xvy)
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with r(x, y) € k[[x2, ..., %n, ¥|[¥1] and deg,, (r) < d according to (iii) of Definition 5.1. On the other
hand,

f@aox) = =y, y) +7

with 7 € k[x2, ..., xn, y] according to the formal Weierstrass Division Theorem. Thus

(. x20 o x) = (6 = y)a(. %2, .. X y) + 7
and because the division is unique in k[x, y], we see that q(x, y) = q(x‘f, X2,...,Xn,y) and r =1 does
not depend on x1. Since r(x2, ..., X5, X1) = f(X1,...,.X0), f €k[[X]]. O

Definition 5.14. Let k[[x]] be a W-system over k. We say that it is a good W-system if the homomor-
phism q:k[[x1, ..., %, ]| — k[[x1,...,xn]] defined by q(x1) = x1x2 and q(x;) = x; for i > 1 is strongly
injective. A homomorphism of local k-algebras A — B is called a homomorphism of good Henselian
k-algebras if A and B are local k-algebras with respect to some good W-system and the homomor-
phism is local. O

Remark 5.15. It would be interesting to know if any W-system is a good W-system.

Lemma 5.16. The W-systems k[[x]| presented in Example 5.5 are good W-systems over k. The same is true for
the respective W-systems over k', k[[x]|[k'], where k — k' is a finite field extension.

Proof. It is clear for k[x]. For the convergent power series, we have just to remark that for any
=X, ao[x‘l)‘1 - xy" e k[x] such that q(f) is convergent, there exist Ry >0, ..., Ry > 0 such that
>y 0o IR RS T¥2RS? .. Ry" < +o0. Thus f is convergent because Y, [ay|(R1R2)* R§?RS® -+ Ry" <
+o00. The proof is the same when we take a finite extension of the residue field (see [Ab-vdP,
Lemma 2.2.1]). The proof is similar for Gevrey power series.

Let f € k'[x1,...,x,]. We have f =" figy where f; € k[x1,...,x,] for 1 <I<r. Assume that
q(f) e k(xq,...,xp)[K']. It is clear that q(f;)) € k{xq,...,x,) for 1 <I<r. It is enough to prove that
if fek[x1,...,xy] satisfies q(f) € k(x1,...,xn) then f ek(xq,...,X,). So let f € k[x1,...,x;] such
that

g:=f(x1x2, %2, ..., Xn) €kX1,..., Xn).
There exist s € N and a; e k[x1, ..., X;](x) for 0 <i <s such that
asg’+ -+ +a1g+ap=0. (4)
We write a; =), a,;,,)(x‘;‘1 <..xyt for any i with a; 4 € k. Multiplying relation (4) by some power
of x;, we may assume that any o € N such that a; 4 # O satisfies oz > «q. Then there exist
b; € k[x1, ..., %] such that q(b;) =a; for 0 <i <s. We have bsfS + .-+ b1 f + bg =0, hence

fekixy,...,xy) and q is strongly injective. O

Lemma 5.17. (See [Ab-vdP, Lemma 2.1.3].) Let ¢ : A —> B and ¢’ : B—> C be homomorphisms of Henselian
k-algebras. If ¢’ o @ is strongly injective then ¢ is strongly injective.

Proof. Follows from the definitions. O
Lemma 5.18. Let k[[x]] be a W-system over k. Let ¢ :Kk[[x1,...,%,]] — Kk[[¥1,.... ym[|[K'] where

k —> Kk’ is a finite field extension. Let ¢y denote the induced homomorphism of Henselian k’-algebras:
k[[x1, ..., 20 J[K'] —> k[[y1, ..., Ym |[K']. Then grk(p) = grk(gy).
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Proof. By Lemma 2.2, we may replace the Henselian algebras by their completions. Then the result
comes from the fact that k[[x1,...,x,] —> k'[[x1,...,%,] is finite and Lemma 2.4. O

Theorem 3.4 is still valid for homomorphisms of Henselian k-algebras:

Theorem 5.19. Let k be an infinite field of any characteristic and let k[[x]| be a W-system over k. Let us con-
sider a homomorphism ¢ : A —> B, where A =Kk[[x1,...,%;]| and B=K[[y1, ..., ¥m]]. Then there exists an
admissible finite sequence of homomorphisms ((p,-)i.(:O k[x1, ..., x| — Kk[[¥1, ..., ym]| such that go = ¢.
The last homomorphism @y satisfies

o (X)) = ylpai u; for some units u; if char(k)=p >0, or
@r(xi) =y; if char(k) =0, fori<grk(p), and
ok(xi)) =0 fori> grk(p).

Moreover, if char(k) = p > 0, for any i, u; = 1 whenever o; = 0, and in(u;) = 1 and u; ¢ BP whenever
a;j>0. O

Proof. Modifications of types (2) and (4) are allowed according to (i) of the definition of W-systems
and Remark 5.2(iii). Steps 0, 1, 4 and 5 involve only k-automorphisms of k[xi,...,x,] and of
k[y1,..., yn] that are defined by polynomials. For Steps 2, 4 and 5, using modifications of type (3),
we take d-roots of elements of k[[x]] in k[x]] and they are in k[[x]] from Remark 5.2(v). The only prob-
lem may occur at Step 3, where we replace x; by an element of the form x;. =Xj— le ckx';‘ x’;:‘
such that (p(x;.) =0 (and the sum is not finite) because we do not know if x’j € k[[x]]. When
char(k) = 0 this is obvious because ¢(x;) =y; for 1 <i < j—1 by assumption (see Remark 3.6).

From now on we assume that char(k) = p > 0. We assume that A = k[[x1,...,X,]| and B =
k[[y1,...,ym]| and we will prove that x} € A. We will use the following lemma:

Lemma 5.20. Assume that char(k) = p > 0. Let us consider ¢ :k[[x1,...,xj—1]| — k[[y1,..., ¥m]| such
that (x;) = yfa' u; for some units u;, for 1 <i < j — 1. Then ¢ is strongly injective.

In particular, because @ (x;) = (p(Z,_{ q(xl]<1 -~~x’]<.f11) ek[[y1,..., ¥m]|, we see that

k ki_
Y ax X €klya . yml,
K

and so x} ek[ly1,....ymll. O
Now we give the proof of Lemma 5.20:

Proof. Let us denote by 7 the quotient homomorphism k[[y1,..., ym|| — k[[y1,...,¥j-1]. Then
the homomorphism induced by 7 o ¢:

K[Tx1, ..o xjca T/ 1s e, xjm1) — K[y1s o yica /(o o((xa, ... xj21)))

is finite. Using Proposition 5.10, we see that m o ¢ is finite. Moreover, 7 o ¢ is injective because
grk(;r o @) = j — 1. Using Lemma 5.12, we see that m o ¢ is strongly injective, and from Lemma 5.17
we see that ¢ is strongly injective. O
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In particular we get the following result, which is a weak version of a theorem of A.M.
Gabrielov [Ga2]:

Theorem 5.21. Let k be a field of any characteristic. Let ¢ : A —> B be a homomorphism of good Henselian
k-algebras, where A and B are regular. If grk(¢) = dim(A), then ¢ is strongly injective.

Proof. Using Corollary 5.11, we may assume that A = k[[x1,...,%;]] and B =Kk[[y1,..., ym[[K]
where k —> k' is finite and k[[x]] is a W-system over k. If we replace A by k[[x]|[k'] then
the geometric rank will not change by Lemma 5.18. Moreover if the induced homomorphism
ok k[[x1, ..., %0 |[K'] — Kk[[y1, ..., ym]|[K'] is strongly injective, then ¢ is strongly injective. So from
now on we assume that k =k’.

From Corollary 2.7 we may assume that k is an infinite field. Using Theorem 5.19, we see that
01 0@ = @ o 03 where the homomorphisms o1 and o, are compositions of k-automorphisms of A

and B, of homomorphisms of the form q and g4, and @ is defined by @(x;) = ylpaiui, for some
units u; and some «; € N, for all i. Then using Lemmas 5.13, 5.17 and 5.20, we see that ¢ is strongly
injective. 0O

6. Two particular cases
6.1. The two-dimensional case

Example 4.6 shows that we can construct injective homomorphisms ¢:A — B with grk¢ <
dim(A) as soon as dim(A) > 3. We prove here that it is not possible to find such examples when
A is a Henselian k-algebra and dim(A) < 2.

In fact, it is obvious that if dim(A) =1 and ¢ is injective then grk(p) = 1. Indeed, using Lemma 2.4,
we can replace A by k[[x]], where x is a single variable and B by k[[y1, ..., ¥m]|[k']. Then the result
is immediate.

When dim(A) =2 we have the following result that shows us that dim(A) =2 is a nice case as
remarked by S.S. Abhyankar and M. van der Put in [Ab1] and [Ab-vdP]:

Theorem 6.1. Let ¢ : A —> B be a homomorphism of Henselian k-algebras where Aisan integral domain of
dimension 2 and B is regular. Then ¢ is injective if and only if grk(p) = 2.

Proof. From Lemma 2.3, we see that grk(¢) = 2 implies that ¢ is injective. So from now on we
assume that ¢ is injective.

By Theorem 2.1 [D-L] there exists an injective and finite homomorphism of Henselian k-algebras
7 :k[[x1,x2]]| — A (where k[[x]] is a W-system over k), so using Lemma 2.4, we can replace A by
k[[x1,x27]. Because B is regular we assume that B =k[[y1,..., ym[|[k’] (Corollary 5.11) where k' is
a finite field extension of k. Then, we can replace k[[x1, x2] by k[[x1, x2]|[k’] using Lemma 5.18.

Let t be a variable over k and let K := k(t). Let ¢k :K[x1,x] — K[y1,...,ym] be the ho-
momorphism induced by ¢. If ¢ is injective then ¢ is also injective: otherwise there would exist
a sequence (fn)n € ]1«{[[)(1,)(2]][11{]N such that ¢ (fy) € ()" and f — fat1 € (x)" for any n € N. Let
d :=ord(f,) for n large enough and let us denote by g the Chevalley function of ¢. Let N € N such
that ord(¢x (fn)) > B(d). We may assume that g := fy € k[x1, x2][k(t)] by multiplying it by an ele-
ment of K. We write g=)"_, gjt! with g ek[x1,x;] for 0 < j<r. Then gg(g) = Z;Zl p(gpt) e
(y)P@+1 by assumption thus ord(¢(g;)) > B(d) +1 for 0 < j <r, hence ord(gj) >d+ 1 by definition
of B. This contradicts ord(g) =d. Hence @i is injective and we may assume that k is infinite from
Corollary 2.7.

To compute grk(p) we use the algorithmic proof of Theorem 3.4.

We first give the proof when char(k) = p > 0. Using Step 1, we may assume that ¢(x1) = y‘fu for
some unit u. Then we define

A= {oc eN | 3z e k[[x1, %2 ]| [k'] with ord(z) = 1, and ¢(2)(y1,0,...,0) = yﬁ’adu

such that p Ad =1 and u is a unit}.
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By assumption A is not empty. Let us denote by « the least integer of A. Let us choose an element
z1 € k[[x1, x2]|[k'] such that ¢(z1) = p “dy with pAd=1 and u a unit. By using the following mod-
ification of type (2): W(y1) =y and w(yk) = yxy1 for k > 1, we can replace ¢ by ¢ := = yk o g, for
k >0, such that ¢(z1) = y] 4y for some unit u, with p Ad = 1. Let us choose z; € k[[x1, x2]][k’] such
that (z1, z2) is a regular system of parameters. Now, because « is the least integer of A, in(¢(z)) has

no monomial of the form cyk such that p“ does not divide k. Then we can skip Step 4, and using
P “dey 1 p%deq '191 1+izez1 i€y 2+izes

Step 5, we can replace @ by @ such that (p(z1) = Yy uy, p(z2) = ¥, Uy
for some units u; and uy, and with g =y’ o @ where ¥’ is a composition of blowing-ups and auto-
morphisms of k[[y1, ..., ¥ym]|[k']. Moreover the matrix (el .j)i,j 1s invertible. Then using modifications

of type (4) we transform <p in @ such that <p(x) u1 and (p(z) = y2 uz for some units u
and u;. Hence grk¢o = 2.

Now, if char(k) = 0 then we can do almost the same, but we do not need A. We just choose
z1 =x1 and z = x,. After that the proof is the same as above. O

Corollary 6.2. Let ¢ :k[[x1,x2]] — k[[¥1, ..., Ym]| be an injective homomorphism of Henselian k-algebras
where k is infinite. Let k —> Kk’ be a finite field extension and let us assume that there is a W-system
kK'[[x]] over k' such that k'[[x]] N k[x] = Kk[[x]]. Then the induced homomorphism @y Kk [[x1,x2]] —>
K'Ty1,...,ym]| is injective.

Proof. By Theorem 6.1 grk(¢) = 2. Thus, if char(k) = p > 0, ¢ can be transformed using modifications
into a homomorphism @ such that ¢(x1) = yf ]u1 and @(xp) = y’zJ Zuz for some units. Then ¢ can
be transformed in the same way and grk(¢y) = 2. Then ¢y is injective by Lemma 2.3. The proof in
characteristic zero is the same. 0O

Using this result we deduce the following two results, the first being a generalization to the case
of Henselian k-algebras of a theorem of S.S. Abhyankar and M. van der Put (cf. Theorem 2.10 of [Ab-
vdP]):

Theorem 6.3. Let ¢ : A —> B be a homomorphism of good Henselian k-algebras where A and B are regular
and dim(A) = 2. If ¢ is injective then it is strongly injective.

Proof. We have grk(¢) =2 from Theorem 6.1. Hence from Theorem 5.21 ¢ is strongly injective. O

Corollary 6.4. Let ¢ : A —> B denote a homomorphism of complete local k-algebras where A is a two-
dimensional integral domain and B is regular. Then ¢ is injective if and only if ¢ has a linear Chevalley estimate.

Proof. It is obvious that ¢ is injective if it has a linear Chevalley estimate.
On the other hand the result follows from Theorems 6.1 and 4.2. O

6.2. The algebraic case

Here we give a generalization of the main theorem of [To2,Be,Mi]. The result is the following: any
homomorphism of analytic k-algebras defined by algebraic power series has maximal geometric rank. This
result has been proven for homomorphisms of analytic C-algebras defined by polynomials in the
three papers cited above.

Definition 6.5. Let ¢ : A — B be a homomorphism of local k-algebras. We define r; := dim(Frz(@)
and r3 := dim(ﬁ). Moreover r1 := grk(¢).

It is clear that ry(¢) < r3(p). Moreover, from the deﬁmtlon we see that ri(¢) is equal to the
geometric rank of the homomorphism A/Ker(@ — B induced by @, and using the Abhyankar’s
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Inequality [Ab1] and Lemma 2.2 we see that ri(¢) < r2(¢). Thus we always have r1(p) < r2(p) <
r3(p). If r1(p) =r2(¢) we say that ¢ is regular. A difficult theorem of A. Gabrielov asserts that if
¢ :A —> B is a regular homomorphism when A and B are quotients of convergent power series rings
over C then ry(¢) =r3(¢), i.e. Ker(p) = Ker(p)A (cf. [Ga2]).

Definition 6.6. A homomorphism A —> B of Henselian k-algebras is said to be a homomorphism of
algebraic k-algebras if A and B are local k-algebras with respect to the W-system of algebraic power
series (Example 5.5(ii)).

Theorem 6.7. Let ¢ : A —> B a homomorphism of algebraic k-algebras where B is regular if char(k) = p > 0.
Thenry(¢) =r3(¢).

Proof. If char(k) =0 and B is not regular, by the existence of a resolution of singularities for Spec(B),
there exists a homomorphism of Henselian k-algebras which is a composition of local blow-ups
¥ :B —> k(y1,..., ym). In particular r{ (¢ o ¢) =11(¢) by Proposition 2.8. Thus we may assume that
B is regular.

Let us denote A’ := A/Ker(¢). Then d := dim(A") = r3(¢). There exists a finite injective homo-
morphism k(xi,...,xq) —> A’ from the Weierstrass Preparation Theorem. Let us denote by t the
homomorphism induced by ¢ on k(x). By Lemma 2.4, r;(r) = ri(¢), and because t is injective,
r3(t) =d =r3(¢p).

Let t be a variable over k. We may replace k by k(t) since Corollary 2.7 and since the homo-
morphism induced by t on k(t)(x) is clearly injective. Now we apply Theorem 3.4 to 7. We get the
following commutative diagram:

k(x) —— k(y)

T

k(x) — k(y)

where T is as defined in (iii) of Theorem 3.4. In particular we see that r3(T) =r(7T) because Ker(T) =
(Xry(z)4+15 - - -» X4). We have r1(t) =r1(0207) and r3(t) =r3(02 0 T). Moreover r1(t) =r1(T) according
to Proposition 2.8. Thus we only have to prove that r3(t) =r3(7).

Let us consider the following commutative diagram:

T

k{x) —— k(y)

-

k(x)

where 7 is injective and o is one of the homomorphisms defined in (ii) of Theorem 3.4. We will prove
that v is still injective. Thus this will prove by induction that T is injective and that r3(t) =r3(7).

In order to prove that ¢ is injective, we have to check the three following cases: If o is an
isomorphism, then it is clear that v is injective.

If 0 = x4 (d e N*) is defined by x4(x1) =x‘1’, and xq(xi) = x; Vi # 1, we can write d = p"e with
eAp=1.1If f eKer(y), then let us define g := HseUe(f(exsz,...,xd))Pr, where U, is the set
of e-roots of unity in a finite field extension of k. Then g € k(x) and g € Im(o). Let g’ € k(x) such
that o(g’) = g. Then 7(g') = ¥(g) = 0. Thus g’ =0 because t is injective, hence f =0 and v is
injective.

Finally, let us assume that o = q defined by q(x;) = x; for i #2 and q(x2) = x1x2. Let f € Ker(y).
Let P(Y) € k[x][Y] be an irreducible polynomial having f as a root. Let us denote by a; € k[x], 0 <
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i <r, its coefficients (i.e. a,f" +--- +a;f +ap =0). Then ¥(ag) =0 and ap #0 if f #0. If d :=
deg,, (ao), then g := x‘ljao € Im(o) and ¥ (g) = 0. Let g’ € k[x] such that o(g') = g. Then 7(g') =
¥(g) =0. Thus g’ =0 because t is injective, hence ap =0, then f =0 and v is injective. O

Corollary 6.8. Let ¢ :k{x} — k{y}/Ik{y} be a homomorphism of analytic k-algebras where k is a valued
field, I is an ideal of k(y) and such that ¢(x;) € k(y)/I for 1 <i < m. Assume moreover that char(k) =0 or
I =(0). Thenr1(p) =r3(@).

Proof. Let ¢ :k(x) — k(y)/I be the homomorphism of Henselian k-algebra defined by ¥ (x;) :=
o) for 1<i<<n. Then we have r{(¥) =r3(y) by the precedmg theorem. Moreover, by Lemma 2.2,

we have r1(y) =1y (1//) =11(Q) =1r1(Y) because 1// @. Clearly Ker(y)k{x} C Ker(¢), thus r3(¢) <
r3(¥). Thus r1(p) <r3(p) <r3(¥) =r1(¥) =r1(¢) and we get the conclusion. O
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