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Algebraic Properties of Separated
Power Series

Abstract We study the commutative algebra of rings of separated power
series over a ring F and that of their extensions: rings of separated (and
more specifically convergent) power series from a field K with a separated
E-analytic structure. Both of these collections of rings already play an im-
portant role in the model theory of non-Archimedean valued fields and we
establish their algebraic properties. This will make a study of the analytic ge-
ometry over such fields through the classical methods of algebraic geometry
possible.
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1 Introduction

We investigate the commutative algebraic properties of two specific types of
power series rings with a view toward establishing a basis for future geometric
and model theoretic investigations of non-Archimedean fields with analytic
structures. These rings are the separated power series rings over an integral
domain E (which is complete and separated in the topology induced by an
ideal I) and extensions of those with parameters from a field K which has a
separated E-analytic structure. Both of these classes of rings were introduced
in [5] by Cluckers, Lipshitz and Robinson, and were used to prove important
geometric and model theoretic results such as the Cell Decomposition Theo-
rems for analytically definable sets. In general, the results in [5] can be seen
as a part of a preparation of a foundation for the analytic motivic integration
theory where one of the key tasks is to understand properties of sets over
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which the integration occurs. In algebraic motivic integration theory, such an
understanding comes from several results bordering model theory and geom-
etry, such as the Cell Decomposition Theorem for algebraically definable sets
over non-Archimedean valued fields in [17] by Pas, which was also the initial
inspiration for the main result in [5]. In particular, the importance of this
theorem and other geometric results in algebraic motivic integration theory
can be seen in [8] by Denef and Loeser, and [6] by Cluckers and Loeser and
one expects that a study of analytically definable sets over non-Archimedean
fields to enable similar results in analytic motivic integration theory.

However, cell decomposition theorems and their corollaries, such as the
quantifier elimination theorems, are only a part of the necessary tools for
understanding definable sets. One also needs an elaborate dimension theory
as well as several topological results, and deeper results in this direction in
the analytic setting above require some tools not readily available in [5]. In
particular, one needs to know the existence of some of the algebraic proper-
ties that these rings share with the polynomial algebras, such as regularity
or the existence of a suitable Nullstellensatz. The purpose of this paper is to
establish those properties so that the familiar methods of algebraic geometry
can be applied to study various types of sets defined over fields with sepa-
rated F-analytic structures using the separated power series. In that purpose,
but not in scale, this paper is comparable to [12] by Lipshitz and Robinson
which established many algebraic properties of quasi-affinoid algebras. As for
applications, a quantifier elimination theorem for the theory of algebraically
closed valued fields with analytic structure, in a language which utilizes the
rings of separated power series discussed here as a source of analytic func-
tions, is reported by this author in [4] and another article on the dimension
theory of certain definable sets and subassignments over non-Archimedean
valued fields with analytic structures is in its final stages. The results in the
latter project will generalize those in [3] by the author and in [9] by van den
Dries and will be reported in an upcoming paper by this author.

Let us continue with a brief overview of the history of model theory and
geometry over non-Archimedean fields. After the ground-breaking quantifier
elimination theorems for the algebraic theories of various non-Archimedean
valued fields by Ax and Kochen in [1] and Macintyre in [14], and for the
analytic theories by Denef and van den Dries in [7] and by Lipshitz in [11],
there has been a growing literature in the definable geometry and model
theory of such fields. Here, one should note that given a model M of a theory
T in a language £, a subset X of M™ is called definable if there is a formula
1 of L such that

X={peM":4()}

and is called quantifier-free definable if there is such a formula 1 which does
not contain quantifiers (V and 3). Oftentimes one works with a subclass of the
class of definable sets, such as algebraic varieties, semialgebraic sets, or their
analytic counterparts. The quantifier elimination theorems above guarantee
that the class of quantifier-free definable sets are closed under coordinate
projections.

One difficulty in the study of the analytic properties of non-Archimedean
valued fields, compared to the study of algebraic ones, is coming up with the



most useful notion of analyticity for the problem at hand. Because the met-
ric topology of a non-Archimedean field is totally disconnected and because
many questions concerning the analytic functions over non-Archimedean
fields involve power series, one often uses a suitable power series ring as
the source of analytic functions over a bounded domain as opposed to the
classical definition of analyticity. This was also the case in [7] and [11]. How-
ever the problem of how one picks the ring of power series to work with
is also non-trivial. An often preferred method is to construct a ring where
there is a suitable version of the Weierstrass Preparation Theorem so that
it is possible to reduce some questions about analytic functions to questions
about polynomials. In order to guarantee that the Weierstrass Preparation
Theorem holds, most of the times one requires that the coefficients of the
power series in the utilized ring to belong to a ring R which is complete.
On the other hand, while studying the geometry of definable sets, there are
many cases where one wants to be able to substitute values from a suitable
domain in for parameter variables in a power series and obtain another power
series in a suitable ring where Weierstrass Preparation Theorem still holds.
This is problematic if the values which are substituted do not come from the
complete ring R. So one way to satisfy both of these needs, if one is only
interested in the definable sets over a single complete field K, is to work
with the Tate algebra T,,(K) over K, which was the approach in [7]. For
example, there the ring T,,(Q,) was the source of analytic functions over
Z,'. However this approach is not helpful if one is interested in the definable
geometry over non-complete non-Archimedean valued fields, especially over
those whose valuations are not of rank 1. Also the above mentioned approach
does not allow us to fully utilize the tools from model theory as completeness
is not a property expressible in the first order languages we use.

An alternative strategy, which is an extension of the ideas initiated in [10]
by van den Dries and in [13] by Lipshitz and Robinson, and which was further
developed in [5], is to have two separate classes of power series rings: one in
which power series which we interpret as our universal analytic functions
live and another class we obtain by substituting values in for the parameter
variables for working on the definable geometry of a fixed field K. Here, we
follow this particular strategy and use the power series rings introduced in

[5].

Definition 1.1 Let E be a Noetherian integral domain, I be an ideal of F,
and let E be complete and separated in the I-adic topology. Let (21, ..., T, )
and (p1, ..., pn) be variables. The ring of strictly convergent power series in
x over E is

Tn(E)=E{x):={ Z aax® : | lim a, =0}

aenm al—oo

where the limit is taken in the I-adic topology. The ring of separated power
series in (z, p) over E is the ring



We postpone the definition of the second class of power series we men-
tioned earlier, the ones which will be used for geometric investigations over a
fixed field K, until Section 3, but continue with observations about the rings
defined above.

Remark 1.2 We will make use of the following facts without further reference.

i. E comes naturally with an order function ordg : E — N U {oo}, which
takes the value i at any a € I*\ I*"!. Note that the semi-norm on E
which is defined by |a|g := 27°"9#(%) gatisfies the ultrametric inequality.
Note also that ordg can be extended to act on S, ,(E) as follows: for
f=2,,uu2"p” € S y(E), define ordg(f) as

ordg(f) :=infordg(a,,,) = minordg(a,,.).
v v

ii. If one gives E [[p]] the topology induced by I and (p), then Sy, ,(E) is
isomorphic to E [[p]] (x).

ili. E (x) is the completion of of E[z] in the topology induced by I - E[x],
E (x) [[p]] is the completion of E[z,p| in the topology induced by the
ideal (I U{p}) - E[z, p)].

We are now going to explain the usefulness of the rings Sy, .(E) as
a source of analytic functions over (K°)™ x (K°°)"™ where K is a non-
Archimedean valued field with a separated FE-analytic structure. The first
step is to explain the terminology and the notation in the preceding sen-
tence.

Definition 1.3 A field K is called a non-Archimedean, non-trivially valued
field if there is an ordered group (I, +, <) and a function ord gk : K — I'U{oo}
such that, when + and < are extended to I' U {oo} in an obvious way, we
have

i. ordg(z) = oo if and only if 2 = 0,

ii. ordg(zy) = ordg () + ordg (y) for all z,y € K,
iii. ordg(x +y) > min{ordg (z),ordk (y)},
iv. there is an element a € K such that ordg(a) # 0.

When the last condition above is not satisfied then ordy is said to be
the trivial valuation on K. From now on we are going to use the term ”non-
Archimedean valued field” to mean ”non-Archimedean, non-trivially valued
field”. Such a field K comes equipped with a topology determined by the
function ordg. That is the topology whose basis elements are given by the
sets of the form

DK(pvr)i = {(je K : OrdK(ﬁch > T}v

where p € K and r € I'. Note that in this topology both the sets above and
also the sets of the form

DK(137T)+ = {(j e K: OI‘dK(ﬁ— q_) > T},



are simultaneously open and closed. It is customary to have special notation
for two of these sets, namely

K° = Dic(0,0)", and K := Dc(0,0)".

We are now ready to explain the meaning of the term ”separated FE-
analytic structure”. Once again, following [5]:

Definition 1.4 Let E be as in Definition 1.1. A non-Archimedean valued
field K is said to have a separated E-analytic structure if there is a collection

of homomorphisms ¢, ,, from S, ,,(E) into the ring of K°-valued functions
on (K°)™ x (K°°)™ for each m, n € N such that

i. (0)#1C oy (K),

il. Ou,n(x;) is the i-th coordinate function on (K°)™ x (K°°)" fori = 1,...,m
and oy, n(p;) is the (m + j)-th coordinate function on (K°)™ x (K°°)"
for j=1,...,n,

iii. o, nt1 extends oy, 5, where we identify, in the obvious way, functions on
(K°)™ x (K°°)™ with functions on (K°)™ x (K°°)"*! that do not depend
on the last coordinate, and 0,1, extends oy, , similarly.

For example if K is a complete non-Archimedean field containing E and if
I is contained in K°°, then K is a field with separated E-analytic structure.
However, we are not going to assume the completeness of fields with separated
E-analytic structures. Below are some properties of separated FE-analytic
structures.

Remark 1.5 1. By Proposition 2.8 of [5], separated E-analytic structures
preserve composition. Furthermore by Lemma 2.12 and Theorem 2.13
of [5], if E’ is a finitely generated oo(FE)-subalgebra of K° generated by
a1, ..., Qm, and if B/ N K°° is generated by by, ..., b,, then

BT = {omn(f)(a,b) : f € Spn(E)}

is independent of the choices for a and b. Also, E”F is Noetherian
complete and separated with respect to the J-adic topology where J =
oo(I) - EF  and ¢ induces a unique E°F -analytic structure 7 on K.
Moreover, o and T are compatible and each 7, , is injective. We are go-
ing to abuse the notation and use ¢ instead of 7 when we consider such
algebras throughout in this paper.

ii. By Theorem 2.18 of [5], a separated E-analytic structure on K extends
uniquely to give an analytic structure on the algebraic closure of K.

ili. By Theorem 2.17 of [5], if K is a valued field with a separated E-analytic
structure for some F # 0, then K° is a Henselian valuation ring.

We end this section by briefly discussing the relation between the func-
tions in o (S, (E)) and the classical definition of analyticity. Put



and let F(xz,p) € S(E), say F = o(f(x, p)) for some f € Sy, n,(E) for some
mo and ng. Let o' = (21,...,27,,) and p' = (pi,...,p;,,) be new variables.

Then we have o
Fz+a',p+p") =o(f(z,p) +g(z,2, p, p)),
for some g € (2/,p') - Somg,2n, (E) and hence we can write
Flo+2',p+ ) = F@,p) + Gz, ', p, )

where G € (2, p')-S(E). Therefore, given € € I', for all p € (K°)™ x (K°°)"0
and ¢ € D(p,e)" we have (F(p) — F(q)) € D(0,&)*. This shows the uniform
continuity of the members of S(F, K).

Now let p € (K°)™° x (K°°)" be given and let us write F; ) for the
k*P-Taylor polynomial of F' at p. Then one can argue as above to show that
given € € I', for all § € D(p,e)™, we have (F(q) — F(5.1) (7)) € D(0, (n+1)e).
This version of Taylor’s Theorem is a justification for our implicit designation
of members of S(F, K) as “analytic functions”.

2 Algebraic Properties of Sy, »(FE)

In this section we discover some of the algebraic properties of the rings
Sy.n(E) which make them useful for model theoretic and geometric investiga-
tions. We start by proving the crucial property of the strong Noetherianness
and hence the Noetherianness of the Sy, »,(E). Establishing this property was
a key step in proving the main theorems in [7] and [11]. However as the power
series rings used in [7] and [11] were quite different from what we use here, we
provide a statement and a proof for the version of this property for Sy, »(E).
First we define a new valuation, ord,, on the members of S, ,,(E) as follows.
We put ord,0 = oo and for any f € (p)*\ (p)"! we define ord,(f) := i.

Theorem 2.1 (Strong Noetherian Property) Let J C S, ,(E) be an
ideal, then there are g1, ..., g € J such that for all g € J, there are aq, ...,a; €
Smon(E) such that

g = 0191 + ... + axYk,
and ordg(g) = min{ordg(a;g;)}; and ord,(g) = min{ord,(a;g;)}:.

Proof We will prove the statement by treating three cases separately.
Case 1: m =n = 0.
Because F is separated and Noetherian, it has a natural filtration

Ey:=EDE,:=IDFEy:=I’>...20.

Let
Jo=JD>Ji=INJDJ:=I’NJ>D..D0

be the induced filtration. For each ¢ € N, let g;1,...,gix, € J; be such that
their canonical images generate J;/J;+1. Observe that by the Artin-Rees



Lemma, there is an N € N such that Jy,; = I’ - Jy and therefore, for
g € Jnti \ INtit1, there are aq, ..., ar, € F and hq, ..., hy, € I' such that

g—hiaigng + ... + Ay Gy IN Ny € INFit1-

Hence by completeness of E, {g; 1, .., §i.k; }1\ i a generating set which sat-
isfies the desired property.
Case 2: n = 0.

In this case we induct on m. Notice that E (z1,...,2,,) has a natural
filtration

El{x1,..;xm) = FEo (1, ..., @m) D E1{(x1, .., Tp) D .... DO

which is inherited from the filtration of E. Now let us write g for the image
ofagé€ Ei(x1,....,tm) in B (x1,...,Zm) /Eit1 (X1, ..., Tm). Define

L;:={f € E{(x1,...,xm_1): there exists g € J such that
g = fl‘:n +Zi—1xi;1 + ... +Zo,
for some b;_1,....,b0 € E; (x1, ..., Tm—1)}

and let J; denote the ideal generated by L;. It is clear that J; C Jo C ... and
by inductive hypothesis there is an NV such that Jy = Jy4; for all i and each
J; has a finite generating set of elements consisting of members of L;. Now let
Gil, - 9ik; € J be such that the leading coefficients of g; 1, ..., gi,k; generate
J; for i = 0,..., N. Then again by the inductive hypothesis, for any g € J,
there are a1 1,...,anky € F (21, ..., m—1) such that ordg(g) < ordg(ai ;gi,;)
for all 4 and j, and

l l’i»k: /
g=a112 911+ ... + Qi g, Tm Gik, TG,

for some ¢’ with ordg(g’) > ordg(g). Now the result follows as the complete-
ness of E in the I-adic topology implies the completeness of F (a1, ..., Z,,) in
the I-adic topology.
Case 3: The general case.

Now we will induct on n. For ¢ € N, define

Ji ={f € E{x)[lpr, s pu—]l : foi, +ho € T
for some h € E(z) [[p1, .-, Pn—1]]}-

It is clear that each J; is an ideal and that ... D Jo D J; D Jy. By the
inductive hypothesis there is an N € N such that Jy = Jy4; for all i. Also
by the inductive hypothesis, for each ¢ € N, there are f; 1, ..., fi r, generating
J; and satisfying the statement of the theorem. Now for each 0 < i < N
and 1 < j < k; let g; ; € J be such that g; ; = f; jpi, + hpl;™* for some h €
E (z)[[p1,---s pn—1]]- Then the set {gi 1, ..., gi k; fo<i<n satisfies the statement
of the theorem. O

From the theorem above follows another important property of Sy, »(E).

Proposition 2.2 Let J C Sy, (E) be an ideal, then J is a closed set in the
(I U{p})-adic topology of Sm n(E).



Proof Let a € Sy, (E) be a limit point of J. Then there is a sequence {a;};
of elements of J which converges to a in the (I U {p})-adic topology. Set
by := ag, and for ¢ > 0 put b; = a; —a;—1 € J, so that {b;}; converge to 0 and
{bo + ... + b; }; converge to a, again in the (I U {p})-adic topology. Now let
{91, .-, gr} be a generating set of J satisfying the statement of Theorem 2.1.
For each i, let ¢;q,...,c;x € E be such that

bi = cing1 + ... + cik gk,
ordg(b;) = min{ordg(cijg;) hr<j<k,
ord,(b;) = min{ord,(ci;g;) h1<j<k-

Now notice that for each 1 < j < k, {¢;;}; converges to 0 in the (IU{p})-
adic topology. Hence by Remark 1.2 (iii), ¢; = >, ¢ij € Smn(E) for all
j. Furthermore, clearly we have a = c1g1 + ... + crgx and cjg; € J for all
1 < j <k and therefore we have a € J. a

The proposition above easily yields the following useful fact about exten-
sion ideals.

Corollary 2.3 Let J be an ideal of Sy ,(E) and let z be a variable not
appearing in in the presentation of Sy, n(E), then

T Smn(E)(z) = {>_ a:iz" € Spn(E)(2) 1 a; € J for all i}, and
1=0

J - Smn(E) [[2]] = {Z ;2" € S p(B) [[2] - a; € J for all i}.

Now suppose that J C E is a prime ideal so that F/J is an integral
domain. As Proposition 2.2 guarantees that .J is closed in the I-adic topology
of E, it is easy to see that E/J is separated in the (I - E/J)-adic topology.
Also, by Theorem 8.1 of [16] we see that E/J is complete in this topology.
Hence it is possible to use the method of Definition 1.1 to construct rings of
separated power series Sy, ,(E/J) over E/J. Then it is natural to ask about
the relation between the rings Sy, n(E)/J - Spn(E) and Sy, (E/J).

Proposition 2.4 Let J and Sy, ,(E/J) be as above, then
Sn(E)/J - Smn(E) = Spn(E/T).

Proof Clearly it is enough to show that F (x) /J-E (z) ~ (E/J) (z). Observe
that by Theorem 8.1 of [16] and Proposition 2.2 we have

E(x) /J-E(x) =~ (E[z]/J - Elx])~,

where ~ denotes the completion with respect to the quotient topology of the
I - E[z]-adic topology. This is the same as the topology induced by the ideal
I-(E[z]/J-El[z]). But E[z]/J - E[z] ~ (E/J)[x] and (E/J)[z])” ~ (E/J) (z)
where ~ denotes the completion with respect to I - (E/J)[z], and hence the
statement of the proposition. a



Next we turn our attention to a flatness result. Working with flat exten-
sions is often very advantageous and the result below is a step in establishing
one of our main results in Theorem 2.6.

Proposition 2.5 Let m’ < m, and n’ < n, then the natural inclusion
Syt (B) = Smon(E) s faithfully flat.

Proof Because Spmn(E) = Sps s (Tm/415 ooy Tm) [P/ 415 ---» pu]], it is enough
to show that the inclusion E — S, ,(E) is faithfully flat. On the other hand,
because the inclusion E (z) — E (z)[[p]] is faithfully flat, by induction we
only need to show that

E — E(z)

is faithfully flat in the case x is a single variable. Also, because for any
maximal ideal m of E, m - E (z) # (1), by Theorem 7.2 of [16], it is enough
to prove the flatness of the above map to have faithful flatness. For proving
that, we start by noting that by completeness of E (z) in the I-adic topology,
for any a € I - E(z), 1 + a is a unit of E (z) and so I - E (z) is contained
in the nilradical of E (x). Therefore, in the terminology of [16], I - E (x) is
I-adically ideal separated as an F-module and hence, by Theorem 22.3 of
[16], it is enough to check that the canonical map E/I" — E (x) /(I - E {x))"
is flat for each r. But this is clear as E (z) /(I - E (x))" is a free module over
E/I". O

In addition to being an important ingredient of algebraic investigations,
Krull dimension is an important tool in model theory as it provides an in-
strument of induction. Hence we consider the Theorem 2.6 below as one of
the main results of this paper. Also, note that as a pair, Theorem 2.6 and
Proposition 3.9 form a potent tool in the study of the geometry of definable
sets.

Theorem 2.6 Let d denote the Krull dimension of E, then Sy, ,(E) has
Krull dimension d +m +n.

Proof If the Krull dimension of Sy, o(E) is e, then by Theorem 15.4 of [16],
the Krull dimension of S, ,(E) is e + n. Therefore, by induction, we only
need to show that the Krull dimension of E (z) is d + 1, when z is a single
variable.

For this, let m be a maximal ideal of E (z) and note that I - E (z) C m,
as for any a € I - E (), 1 4+ a is a unit of F (x). Define

S:={ax"+..+ap € Elz]Nm:a; €mNE for all i}.

We claim that for any f € m, there are f; € S and fo € (mN E) - E(x)
such that f = fi + fo. This is easy to see, because writing f = >, a;2", and

setting
fi1:= E a;z*, and fo := E a;x’,
a; gmNE a, EmNE

we immediately have that f1 € S, as I - E(z) Cm, and fo € (mNE) - E (x)
by Corollary 2.3.
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Next we observe that (mNE)-E (x) # m, as (mNE)U{z})-E (z) is a non-
unit ideal strictly containing (mNE)-E (z), and thus S # (. Now, let g € S be
of lowest degree; we claim that g generates m-(E (z) /(ENm)-E (z))m. To see
this, let h € m and write h = hy 4+ hg where by € S and he € (mNE) - E (z).
Then by the division algorithm it is clear that there are u,hs € Ennglz],
and an hy € (mN E) - Enqplx], such that hy — ug = hg + hy. But if it is the
case that hz # 0, then there is an hy € S which is of lower degree than g.
This contradicts with ¢ being of minimal degree and the claim follows. Now
as a corollary to the claim, we easily see that (E (z) /(ENm) - E (z))n has
Krull dimension 1. Now by Theorem 15.1 of [16], the height of the ideal m
is one more than the height of the ideal m N E and therefore the dimension
of E(x) is at most d + 1. On the other hand, for any maximal ideal n of
E, nU{z} is a non-unit ideal of F (x) which is of height at least d + 1 by
the Going Down Theorem for flat extensions (Theorem 9.5 of [16]) and the
assertion follows. O

As is the case with most of the power series rings one considers in model
theory of valued fields, having suitable Weierstrass Division and Preparation
Theorems for the rings Sy, »(E) is essential. Before we discuss these theorems,
we recall a definition from [5].

Definition 2.7 Let f € Sp, (E), then f is said to be regular in x,, of degree
d if f is congruent modulo (IU{p})-Sm.»(E) to a monic polynomial in z,, of
degree d. Similarly f is said to be regular in p, of degree d if f is congruent
modulo I U {p1, ..., pu—1} to plg(z, p) for some unit g of Sy, n(E).

Next we continue with the Weierstrass Division and Preparation Theo-
rems themselves. Both of these theorems are from [5] and we repeat their full
statements here as they are central to our later discussions. We are especially
interested in extending these theorems to a more general class of power series
with a more general sense of regularity in the next section. The proof of the
division theorem below follows from a standard inductive argument making
use of the completeness property stated in Remark 1.2.

Theorem 2.8 (Weierstrass Division) Let f,g € Sy, n(E).

i. Suppose [ is reqular in x., of degree d. Then there exist uniquely deter-
mined elements ¢ € Spmn(E) and 1 € Sp—1.n(E)[xm] of degree at most
d—1 such that g =qf +r. If g € J - Sy n(E) for some ideal J of Sp—1,n,
then q,r € J - Spyn(E).

1. Suppose f is reqular in p, of degree d. Then there exist uniquely deter-
mined elements ¢ € Sy, n(E) and r € Spypn—1(E)[pn] of degree at most
d—1 such that g =qf +r. If g € J - Sy n(E) for some ideal J of Sy pn—1,
then q,r € J - Spyn(E).

We immediately get the following theorem by setting g = z¢, and applying
the above theorem.

Theorem 2.9 (Weierstrass Preparation) Let f € S, ,(E).
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i. If f is reqular in x,, of degree d, then there exist a unique unit u of
Sm.n(E) and a unique monic polynomial P € Sy_1 p[xm] of degree d
such that f = uP.

i. If f is reqular in p, of degree d, then there exist a unique unit u of
Sm.n(E) and a unique monic polynomial P € Sy, n—1[pn] of degree d such
that f = uP, moreover P is reqular in p, of degree d.

Let f =3 aas(z,p)y*N € Sy n(E), where x = (21, ..., 7)), p =
(P1y s Pn)s ¥ = (Y15 s yar) and A = (Aq, ..., An). In geometric and model the-
oretic investigations, one often needs to consider the behavior of f when the
parameter variables x and p are specialized at a point p € (K°)™ x (K°°)".
We finish this section by establishing the existence of a finite set of candidates
for the “dominant” coefficient of f(p,y, A) in terms of ordk. Similar results
were the key steps in [7] and [11] where one applies the Weierstrass Division
and Preparation Theorems to power series with parameters. In addition to
establishing this theorem for the first time for Sy, ,(F), the version below
improves on the earlier versions as it guarantees the existence of a candidate
set to work uniformly over any field K with an E-analytic structure.

Proposition 2.10 Let f be above, then there is a finite set Z C NM x
NV such that for each non-Archimedean valued field K with a separated E-
analytic structure o and for each point p € (K°)™ x (K°°)", either we have
P € V({aas(x,p)tas)x or there is an (o, Bo) € Z such that

(p)), for all a, B3;
(p)), for all B < By and all
)(D)), for all a > a,

01dr (0(Aayp, ) (D)) < 0rdi (0(ang)
ordg (U(aaoﬁo)(p>) < ordgk (U(Gllﬁ)
ord (0 (aayp,)(P)) < ordi (o(aag,

with respect to the lexicographical ordering of N™ and N™.

Proof We start by observing that S, ,(E) is a Noetherian ring which is
complete and separated with respect to the I’ :== (I U {(p)}) - Spm,n(E)-adic
topology, and that Sy+an+n(E) = Su,n (Smon(E)). Let g1,..., g5 be as in
Theorem 2.1 for the ideal J := ({@a,5}(a,8)enm xnv) * Smn(E), and let the
indices (a1, 81), .-, (ar, Br) € NM x NV be such that for all i = 1, ..., k, there
exist ¢ 1, ..., Ci,r € Smn(E) such that

9i = Ci,10ay,6; T - F Cirla, 8,

Then {aq, g, }i—; generate J, and by the ultrametric inequality, for any non-
Archimedean valued field K with separated F-analytic structure ¢ and any
point p € (K°)™ x (K°°)™, there is an ig € {1, ...,7} such that

ordg (0(aa,,,,,)(P)) < ordg (o(aa,s)(P)), (2.1)
for all  and . Put

Zy = {B e NV 1|8 < max{|B[}icq1,....r} }
and for each § € Z;, let g € N be such that |a| > 5 implies

Ordsnz,n(E) (gl) < Ordsnz,n(E) (aaaﬁ)’
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for all ¢ € {1, ..., k}. We claim that the index set

Z:={(a,B): BE€ Z1,|a| <5}

satisfies the statement of the lemma.
To see this, we first fix a field K as in the statement. It is clear that for
any 0 € Z; and |a| > 3 one has

Ao, B; = dlaalfﬁl +.+ dTaamﬁrv

where ordg,  (g)(d;) > 0. Then, by the ultrametric inequality, for p €
(K°)™ x (K°°)™ we see that if p € V({aa.5(2,p)}a,8) K, then

OrdK(U(aai,ﬁi)(ﬁ)) < OrdK(U(aaﬁ)(ﬁ))> (2'2)

for all i. Next we choose 3y to be the lexicographically the first element of
Z, such that there is an ag, such that

ordg (0(@ag,5,)(P)) < ordk (0(aa,)(P)); (2:3)

for all @ and §. Note that such a 3y exists by Inequality (2.1), and by In-
equality (2.2) such an «p necessarily satisfies |ag| < 9. Then we choose ay
to be the lexicographically the last o which makes Inequality (2.3) true for
all o and 3, and see that the conditions in the statement of the proposition
are all satisfied. O

3 Power Series with Parameters from K

Although the rings Sy, »(E) exhibit very nice algebraic properties, for pur-
poses of geometric investigations it is essential to use a larger class of power
series. This is especially so if one needs results like the Nullstellensatz (The-
orem 3.8) and Noether Normalization (Corollary 3.7). For this, we fix a non-
Archimedean valued field K with a separated E-analytic structure and study
rings of separated and strictly convergent power series with parameters from
K. The definition of our main objects of study once again come from [5].

Definition 3.1 Let K be as above and let us write F(o, K) to denote the
collection of all finitely generated E-subalgebras of K°. Using the notation
of Remark 1.5, define

Seom(0,K) = lim B (2 [[p]].
E°E ¢ F(0,K)

Then the rings of separated power series with parameters from K are defined
to be
Smun(0, K):=K®S;, ,(0,K).

We will call a ring of the form Sy, o(co, K) a ring of strictly convergent
power series with parameters from K, and use the more customary notation
Tyn(0, K) to denote it. Similarly 77, (o, K) will denote Sy, (o, K). Moreover,
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for e € K, we will write Ty, . (0, K) and T}, _(0, K) for the respective images
of Ty, (0, K) and T, (o, K) under the map
Ao

e : K[[z]] — K [[z]]; Zaaxo‘ — Z mxo‘.
«@ o
Although we are not going to be working with the rings T}, . (o, K) in this
paper, they are included in the above definition as they are indispensable for
investigations of local properties of definable sets. A few easy observations
are in order.

Remark 3.2 i. Note that ker(¢.) = 0, and for any € € K°°, T, 1p (0, K)
contains Sy, » (o, K).

ii. Givenan f € T, (0, K), we can naturally treat f as an analytic function
over D}(0,0ordge)™ by the following conventional interpretation: given
P € (D (0, 0rdge))™, define f(p) = o(w- ' (f))(2D)-

Our first task is to establish the Weierstrass Division and Preparation
Theorems for Sy, » (o, K). For this, we start by defining a sense of regularity
which is more useful when working with the members of Sy, ., (0, K).

Definition 3.3 Let f(z) € Sy n(0, K). We say that f is regular of degree
d in Ty (or pn) if there are aq,...,ap € K°, by, ..., by € K°°, a c € K, an
E' € F(o,K) and an F(z,y, p,\) € Sminrnsn(E7F) such that F is regular
of degree d in x,, (or p,) and

Cf = F(l’,p, at, '~7aM7b17 "'7bN)'

Using the above definition we arrive at the following generalization of
Theorems 2.8 and 2.9.

Theorem 3.4 (Weierstrass Division and Preparation for S,, (o, K))
Theorems 2.8 and 2.9 still hold if one replaces Sy, n(E) by Sm.n(0, K) and
uses the notion of regularity in Definition 3.3.

Proof We are just going to show the Weierstrass Division Theorem assuming
f is regular of degree d in x,,; the case when f is regular in p,, is similar. This
is going to imply that any f € Sy, »(o, K) which is regular in any variable of
degree 0 is a unit and then the preparation theorem follows from the division
theorem through a standard argument.

Let E' € F(0,K),c€ K, F € SerMerN(E"’E/), a = (ay,...,apr) and
b = (b1,...,bn) be such that cf = F(x,p,a,b), and let e € K be such that
eg € Sy i vy n (0, K). We may, for some G(x,p,y,\) € Sm+M,n+N(E‘77E/),
assume that eg(z, p) = G(z, p,a,b). Let E” € F(o, K) contain a; and b; for
all ¢ and j. Then by Theorem 2.8, there exists a g € Sm+M7n+N(E"’E") and
a polynomial 7 € Sy, 11 a1.ns N(E7F )] of degree at most d —1 such that

G(z,p,y,A) = h(z, p,y, ) F(z,p,y,\) + 7(x,p,y, A).
From this, by substituting a and b for y and A, and dividing by e, we get

c 1
g(z, p) = ;h(w,a, b)f(z, p) + gT(x,p, a,b).
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Now the theorem follows as £h(x, p,a,b) and %r(x,p, a,b) are clearly mem-
bers of Spt+nnt+n (0, K). O

Weierstrass Division and Preparation Theorems yield many algebraic
properties of T,, (o, K), but first we need a lemma.

Lemma 3.5 For any non-zero f € T,,(0,K), there exist a constant ¢ € K
and an automorphism ¢ of Tp, (o, K) such that ¢(cf) is reqular in x.,.

Proof Let ¢ € K be such that ¢f € T,,(E®F") for some E' € F(o,K),
and write c¢f = > aqz®. Let g1,...,gr be the generators for the ideal

({aa}aenm) C E®F satisfying the statement of Theorem 2.1. Also, let
Aoy s ooy Gy, € E%F" be such that for each i € {1,...,k} there are ¢; 1, ..., ¢i.r €
E"?El, such that

9i = Ci10q, + ... + Ci rQq,. -

Observe that by Proposition 2.10 there is an index ay € N™ such that

ordg (0(aq,)) < ordg(o(ay)) for all , and
ordg (0(aq,)) < ordg (o(as)) for all a > ap.

Next, define

Zy = {a; :ordg(0(ay,;)) = ordgo(aa,),l <i < r},
Z5 = {ay :ordg(0(ay,;)) > ordgo(aa,),l <i <r},

and note that a; < «q for all o; € 2 lex,icographically. Note also that, after
a Weierstrass automorphism of T},,(E°F") given by

@ Ty — T, x; — x; + 1, for i #m,

for a suitable s, we may assume that oy = (0, ..., 0,d) for some d.
Now by our assumption on the set {aq,, ..., dq, }, for all @ € N™, there
are Cu,1,---, Ca,r Such that

and lim|q,| oo Ca,; = 0 for all i. Put

F(l’,y,p) = Z < Z Ca,iYi + Z Ca,ipi> % +x(71n7

a#(0,...,0,d) \a;€21 ;€29

and observe that

e (efied). o))

and also that F(z,y, p) is regular in x,, of degree d as desired.

From the above lemma and Theorem 3.4 the following easily follows.
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Proposition 3.6 T,,(o0, K) is Noetherian.

Proof The proof is by induction on m. Assume that 7,1 (o, K) is Noetherian
and let J be an ideal of T}, (0, K). By Lemma 3.5, we may assume that there
is an f € J which is regular of degree d in x,,.

For i > 0, define

Ji:={a € T,—1(0,K) : a is the leading coeflicient of some
g€ JNTy_1(0, K)[xy] of degree i}.

Note that each J; is an ideal and, by Theorem 3.4, J; = (1) for ¢ > d. By the
inductive hypothesis there exist ¢; 1, ..., gi.k; € J NTm—1(0, K)[zm] such that
leading coefficients of g; 1, ..., g, generate J; for i < d. Then, by Theorem
3.4, {fU{gi1, s Gik; Fi=o0,...d—1 is a generating set for J. O

An immediate and important corollary to Lemma 3.5 is the following
version of the Noether Normalization Lemma for T, (o, K).

Corollary 3.7 (Noether Normalization) Let J be an ideal of T, (0, K),
then there is an integer m’ < m and a Weierstrass change of variables ¢ of
Tin(o, K) such that Ty (0, K) — T (0, K)/&(J) is finite.

Of course a suitable version of the Nullstellensatz is also essential for
any geometric investigation. That is one of the most important reasons for
working with T3, (o, K) as opposed to Sy, »(E).

Theorem 3.8 (Nullstellensatz) Let Ky, denote the algebraic closure of
K with the valuation extending that of K, then the following hold.

. For any mazimal ideal m of T, (0, K), T)n(0, K)/m is an algebraic exten-
sion of K.
i. For any mazimal ideal m of Ty,(0, K) there is a point p € (Kg;,)™ such
that m = mg- T, (0, K) where my is the mazimal ideal of K|x] correspond-
g to p.
iii. For any proper ideal J C Ty, (o, K),

VI = ﬂ{m :m is a maximal ideal of Ty, (o, K)}.

Proof Let m be a maximal ideal of T,, (o, K). By Lemma 3.5, we may as-
sume that there is an f € m such that f is regular in x,,, in which case by
Theorem 3.4 one has a finite inclusion

Tm—1(o, K)/(mNTpn_1(0,K)) — Tyn(o, K)/m.

Notice that by the Going-up Theorem for integral extensions (Theorem 9.4 of
[16]), mNTy,—1 (0, K) is maximal, and by induction the first assertion follows.
The proof of the second assertion is exactly as in the proof of Theorem 4.1.1
(iii) of [12].

To prove the third assertion, we will assume that the statement holds for
Tn—1(0, K) and argue inductively. First, observe that by the second assertion
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of the theorem, the intersection of all maximal ideals of T}, (o, K) is the zero
ideal. Define

W := {monic regular polynomials in T,,_1(c, K)[zm]},

and observe also that by Theorem 3.4 and Lemma 3.5, W satisfies the
conditions in Definition 5.2.5.1 of [2]. Therefore T;, (o, K) is Riickert over
Tin—1(o, K). But then, By Proposition 5.2.5.3 of [2], the third assertion is
satisfied for all non-zero ideals of T,, (0, K), and by the above observation
and by induction the theorem follows. a

Proposition 3.9 For any mazimal ideal m of Ty, (0, K), (T (0, K))m is a
reqular local ring of dimension m.

Proof Let m be as above. Then by Theorem 3.8, we see that n := mnN K|z] is
also maximal and that n - T, (0, K) = m. Therefore for each r € N* we have

Klz]/n" ~ Tp(o, K) /m".

But, because each K[z]/n" is local, we have (K[x]y)” =~ (T (0, K)m)~, where
~ denotes the completion with respect to the maximal ideal of a local ring.
Note that (K[z],)” is a local ring which is faithfully flat over K|x],. Notice
also that the maximal ideal n-(K[xz],)” of (K|z],)" is generated by at most m
elements. Hence, by the Going Down Theorem for flat extensions (Theorem
9.5 of [16]) and the Principal Ideal Theorem (Theorem 13.5 of [16]), we see
that the Krull dimension of (K[z],)” is m. Now the assertion follows by
Theorem 19.3 of [16]. O

Next we state a series of properties of the rings 7}, (o, K) which easily
follow from the regularity result above. The first one below is an immediate
corollary of Theorem 17.8 of [16].

Corollary 3.10 T,,(0, K) is a Cohen-Macaulay ring.
In addition, from Theorem 17.9 of [16] follows:

Corollary 3.11 T,,(0, K) and all its quotients are universally catenary.
With a little work we also get:

Proposition 3.12 T,,(c, K) is a UFD.

Proof By Theorem 20.1 of [16], we only need to show that every height one
prime ideal of T}, (o, K) is principal. Let p be such a prime, then T, (o, K),
has Krull dimension 1. Now we are done by Proposition 3.9 which guarantees
that pj is principal. a

Finally, by combining Theorem 3.8, Proposition 3.9 and Theorem 2.7 of
[15] by Matsumura we obtain:

Proposition 3.13 If Char K=0, then T,,(o, K) is an excellent ring.

Acknowledgements The author wishes to thank Leonard Lipshitz and Zachary
Robinson for helpful remarks.



17

References

1.
2.
3.

10.

11.

12.

13.

14.

15.

16.
17.

J. Ax and S. Kochen, Diophantine problems over local fields, III, Annals of
Mathematics 83 (1966), no. 2, 437-456.

S. Bosch, U. Giintzer, and R. Remmert, Non-Archimedean analysis, Springer-
Verlag, 1984.

Y. F. Celikler, Dimension theory and parameterized normalization for D-
semianalytic sets, Journal of Symbolic Logic 70 (2005), no. 2, 593-618.

, Quantifier elimination for the theory of algebraically closed valued
fields with analytic structure, Mathematical Logic Quarterly 3 (2007), 237-246.

. R. Cluckers, L. Lipshitz, and Z. Robinson, Analytic cell decomposition and an-

alytic motivic integration, Annales Scientifiques de I’Ecole Normale Supérieure,
39 (2006), no. 4, 535-568.

. R. Cluckers and F. Loeser, Constructible motivic functions and motivic inte-

gration, Preprint, available at: arXiv:math.AG/0410203.

. J. Denef and L. van den Dries, p-adic and real subanalytic sets, Annals of

Mathematics 128 (1988), 79-138.

. J. Denef and F. Loeser, Definable sets, motives and p-adic integrals, Journal of

the American Mathematical Society 14 (2001), 429-469.

. L. van den Dries, Dimension of definable sets, algebraic boundedness and

Henselian fields, Annals of Pure and Applied Logic 45 (1989), 189-209.

, Analytic Az-Kochen-Ershov theorems, Proceedings of the International
Conference on Algebra, Part 3 (Novosibirsk, 1989), vol. 131, Contemporary
Mathematics, no. 3, American Mathematical Society, Providence, Rhode Is-
land, 1992, pp. 379-398.

L. Lipshitz, Rigid subanalytic sets, American Journal of Mathematics 115
(1993), 77-108.

L. Lipshitz and Z. Robinson, Rings of separated power series, Astérisque 264
(2000), 3-108.

, Uniform properties of rigid subanalytic sets, Transactions of American
Mathematical Society 357 (2005), no. 11, 4349-4377.

A. Macintyre, On definable subsets of p-adic fields, Journal of Symbolic Logic
41 (1976), 605-610.

H. Matsumura, Formal power series rings over polynomial rings, Number The-
ory, Algebraic Geometry and Commutative Algebra, in honor of Yasuo Akizuki,
Kinokuniya, 1973, pp. 511-520.

, Commutative ring theory, Cambridge University Press, 1989.

J. Pas, Uniform p-adic cell decomposition and local zeta-functions, Journal fiir
die reine und angewandte Mathematik 399 (1989), 137-172.




