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A PREPARATION THEOREM FOR WEIERSTRASS SYSTEMS

DANIEL J. MILLER

ABSTRACT. It is shown that Lion and Rolin’s preparation theorem for globally
subanalytic functions holds for the collection of definable functions in any
expansion of the real ordered field by a Weierstrass system.

INTRODUCTION

Given a real analytic function f : U — R defined on an open neighborhood U of
[—1,1]™, define f : R™ — R by

J}'(:I:) _ { f(x), ifxel[-1,1]",

10, otherwise.

Any such function fis called a restricted analytic function. Consider the structure
R.n, the expansion of the real ordered field by all restricted analytic functions, and
denote its language by L.

The definable sets of R,, are known as the globally subanalytic sets and have
been extensively studied by both geometers and model theorists alike. Gabrielov’s
theorem of the complement [9] shows that R,, is model complete, that is, all of
its definable sets are projections of quantifier free definable sets. Denef and Van
den Dries [§] strengthened Gabrielov’s result by using Weierstrass preparation and
Tarski’s theorem to show that the expansion of R,, by division admits quantifier
elimination. Van den Dries, Macintyre and Marker [23] then showed that if not only
division but also all nth roots are added to the language (to obtain the structure
we shall denote by RY, with language £ ), then the theory is universally axiom-
atizable. Coupling this with the quantifier elimination shows by a simple model
theoretic argument that all globally subanalytic functions are piecewise given by
L9 -terms. They then used this result to show that R,,(exp,log), the expansion
of R, by the unrestricted exponential and logarithm functions, admits quantifier
elimination and is universally axiomatizable, and hence its definable functions are
also piecewise given by terms. C. Miller [I7] generalized the result for R2 by show-
ing that REX admits quantifier elimination and is universally axiomatizable, where
K is an arbitrary subfield of the reals and RE is the expansion of R,, by all power
functions z +— " : R>? — R>0 for r € K.

The fact that the definable functions of RE and R, (exp, log) are piecewise given
by terms are fundamental geometric results, and thus one would expect that they
should have purely geometric proofs with no recourse to model theoretic techniques.
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Lion and Rolin [I3] supplied such proofs by showing that these structures have
preparation theorems. Here we shall only discuss the preparation theorem for RX .
(See [13] or Speissegger and Van den Dries [24] for the preparation theorem for
R.n(exp,log).) The preparation theorem for RE states that given any function
f(z,y) definable in RE | where x ranges over R” and y over R, R"*! can be covered
by finitely many quantifier free definable sets of a certain form such that on each
of these sets,
f(zy) = a(@)ly — 0(z)["u(z,y)

for some 7 € K and LE -terms a(z), 6(z) and u(z,y), where u(z,y) is a unit of a
certain form. When f is written as such we say that f is “LE -prepared”.

The question behind this paper is whether the entire system of restricted analytic
functions is really needed to obtain the preparation theorem. For any collection
F of real analytic germs and subfield K of the reals, one can ask whether every
function definable in Rf is L’g—prepared, where Rg is the expansion of the real
ordered field by all restricted “F-analytic” functions and power functions z” for
r € K. It would be desirable for the members of F to be represented by some finite
amount of information, such as being the solutions to some polynomial algebraic
equations, or even more interestingly, some polynomial differential equations. With
this motivation in mind we consider a Weierstrass system JF, of which the system of
algebraic analytic germs and the system of differentially algebraic analytic germs are
examples. A Weierstrass system is a collection of R-algebras of real analytic germs
containing the coordinate projections and closed under composition and Weierstrass
preparation. (See Section [2] for a precise definition.)

Main Theorem. If F is a Weierstrass system, then every function definable in
Rz is Eg—prepared. More generally, if K is a subfield of the field of exponents of
F, then every function definable in Ré 18 E?-prepared.

A set or function is called sub-Pfaffian if it is definable in the expansion of the
real field by the collection of restricted Pfaffian functions [I0]. Gabrielov has asked
whether the collection of sub-Pfaffian functions has a preparation theorem in the
sense of Lion and Rolin. The Main Theorem provides a partial answer: sub-Pfaffian
functions may be prepared within the larger system of restricted differentially al-
gebraic functions. Whether or not the sub-Pfaffian functions have a preparation
theorem themselves can be viewed as a particular case of the open question of
whether or not Rz has a preparation theorem for any quasianalytic class F closed
under composition, division by variables and implicit functions. This is an ax-
iomatic framework used by Rolin, Speissegger and Wilkie [21I] to study the sets
definable from quasianalytic Denjoy-Carleman classes[] Because these classes are
not closed under Weierstrass preparation [6], we shall be explicit in pointing out
the step in our proof that uses Weierstrass preparation. The rest of the proof goes
through under the weaker framework.

A detailed outline of the proof of the Main Theorem is postponed until the
end of Section [ so that we may first give all the definitions required for a precise

1During the refereeing and subsequent revising of this paper, I learned that Rambaud proves
in his thesis [20] that if F is such a quasianalytic class, then R% has quantifier elimination and
a universal axiomatization, and therefore its definable functions are piecewise given by terms.
Combining this with [24] shows that Rz has a preparation theorem in the sense given here, except
that the units u(z,y) appearing in the expressions f(z,y) = a(x)|y—0(x)|"u(x, y) are not required
to be of any particular form.
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understanding of its statement. We begin by fixing some notation to be used
throughout.

Notation. Given a set A C R", int(A) and cl(A) denote the interior and closure of
A.

The set of natural numbers {0, 1,2, ...} is denoted by N. The letters 4, j, k, I, m,n
and d always range over N, and o = (ay,...,ay), 8 = (61,...,0,) and v =

(71, - -,7n) range over N unless specified otherwise.

When n is given, = denotes the tuple of variables (zi,...,z,), and z% :=
7t x2m. The letters y and y1,y2,¥s,... denote single variables, if not speci-
fied otherwise. We denote the coordinate projection (z,y1,...,ym) — « by II, :

R™*™ — R™. We shall frequently work over R"*! using the variables (x, ).
For any differentiable map f = (f1,..., fm) : R*™™ — R™ and tuple of variables

z=(21,-..,2m), we denote the matrix (gfJ (z,2)){%=1 by %(w, z).

1. TERMINOLGY FROM MODEL THEORY

The point of Lion and Rolin’s preparation theorem is to prove a model theoretic
result without using any nonconstructive model theoretic techniques. So this paper
does not need to assume that the reader has any background in model theory. But,
since the very statement of the problem is model theoretic, it is most convenient to
use some of its most basic terminology, which we now recall.

Consider a language £ and an L-structure R on R. This means the following:
R consists of the set of real numbers R, called the “universe” of R, along with a
collection of distinguished subsets of R", called “n-ary relations”, and distinguished
functions from R"™ to R, called “n-ary functions”, for possibly various n € N. This
collection of distinguished relations and functions is called the “signature” of R.
The functions in the signature of R are total, that is, defined on all of R™. Also,
by convention R? := {0}, and we identify the 0-ary function 0 — 7 with the real
number r and call it a “constant”. The “language” £ of R is simply a collection
of names for the members of the signature of R, that is, a collection of symbols
placed in a one-to-one correspondence with the signature of R.

A string of symbols is called an “L-term” if it is built from the function symbols
of L, parentheses ( and ), and an infinite list of variables x1, z2, 23, . . ., and if it can
be constructed in the following inductive manner:

(i) any constant symbol in £ is an L-term;
(ii) any variable x1,za,x3, ... is an L-term;
(iii) if f is an m-ary function symbol in £ and ¢1,..., ¢, are L-terms, then the
string of symbols
fl1, . tm)
is an L-term.

In the obvious manner, every L-term names a function obtained by composing the
coordinate projection functions, x — x; for ¢ = 1,...,n, with functions in the
signature of R.

In this paper the fact that £ is a collection of names for the members of the
signature of R is an unneeded formality: for any particular language £ we shall
only consider one L-structure R, so we shall abuse model theoretic terminology
and simply consider £ to be the signature of R. Also, many different £-terms can
name the same function (for example, if £ contains names for all rational power
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functions, then (22)%/2 and (2%)'/* are different £-terms naming the same function
x1 — |z1]), but we shall not be concerned with this issue. So we shall further abuse
model theoretic terminology and identify all £-terms with the functions they name,
thereby arriving at the following definition.

Definition 1.1. An L-term is a function that can be obtained by composing
coordinate projection functions with functions in the signature of R. A function
f:R™ — R is said to be piecewise given by L-terms if there are finitely many
L-terms t1(x),...,t,(x) such that for each a € R™ there exists ¢ € {1,...,k} such
that f(a) =t;(a).

Note that because all functions in the signature of R are total, all L-terms are
total.

Example 1.2. For an example of this framework take £ to be Lg :={<,+, -, —,7 }rer
and R to be Rg, the expansion of the real ordered field by all real constants. This
structure consists of the set R as its universe, along with the distinguished relation
{(z,y) € R? : 2 < y}, distinguished functions (z,y) — x + v, (z,y) — zy, v — —,
and a constant r for each » € R. The set of Lg-terms consists of all polynomial
functions with real coefficients.

We shall only work with £-structures R which are “expansions” of Rg by func-
tions: this means the signature of R contains the signature of the real ordered field
and all real constants, along with possibly more distinguished functions.

A subset of R™ is called “L-atomic” if it is of the form {z € R" : f(z) = 0} or
{x € R": f(z) > 0} for some L-term f. A subset of R™ which is a finite boolean
combination of L£-atomic sets is called “quantifier free £-definable”. A set obtained
from L-atomic sets through the finite use of boolean operations and coordinate
projections is called “L-definable”. A function f : D — R™, where D C R", is
called (quantifier free) £-definable if its graph is (quantifier free) £-definable. The
structure R has “quantifier elimination” if every L-definable set is quantifier free
L-definable.

The quantifier free definable sets of Ry are commonly called the semialgebraic
sets, and by Tarski’s theorem Rg has quantifier elimination.

2. WEIERSTRASS SYSTEMS

For any point a € R™ we can define an equivalence relation ~, on the set of all
functions defined in some neighborhood of a by saying that f ~, ¢ if and only if
f(x) = g(z) on some sufficiently small neighborhood of a. The germ of f at a is
defined to be the ~,-equivalence class of f. Any function which is the member of
a germ is called a representative of the germ.

We will not distinguish between germs and functions in our notation, using single
letters such as f, g and h to denote both germs and functions, and using f + g, fg
and f o g to denote the operations of addition, multiplication and composition of
germs and of functions. Since any statement about germs can be reinterpreted as
a statement about functions by simply taking representatives and sufficiently small
neighborhoods, using the same notation facilitates this transition from germs to
functions.

A germ of functions at a point a € R"™ is called real analytic if it has a represen-
tative which is real analytic at a. We write O,, for the collection of all real analytic



PREPARATION THEOREM 4399

germs at the origin in R”, and also write O := |J,,cjy On. An important property
of O is the Weierstrass preparation theorem: for all f(x,y) € O,41 “regular in y

of order d”, meaning that f(0) = --- = gz;—i{(O) = 0 and %(0) # 0, there exist
unique wy,...,wq—1 € O, and u € O, 41 such that wo(0) = --- = wy—1(0) = 0,
u(0) # 0 and

f@,y) = (" + war(2)y?™" + -+ wo(z))u(z, y).
When f is written as such we say that f is “Weierstrass prepared” and that
w(z,y) = y? +wa_1(2)y? L + -+ +wp(z) is the “Weierstrass polynomial” of f.

Definition 2.1. An analytic system of germs is a collection F = (J, oy Fn,
where Fyp = R and for each n > 0, F,, is an R-algebra of real analytic germs at the
origin in R™ which contains the germs at 0 of the coordinate projection functions
r—x; fori=1,...,n.

Given an analytic system of germs F, a function f : U — R"" defined on an open
set U C R™ is called F-analytic if (F,,)™ contains the germ of f at each point of U.
(More generally, for any set A C R™ we shall say that a function f: A — R™ is F-
analytic if it extends to an F-analytic function on an open neighborhood of A.) The
structure Rz is the expansion of the real ordered field by all functions f: R™ — R
for which there exists an F-analytic function f : U — R on a neighborhood U of
[—1, 1]™ such that

~ n
f(.’L') _ { f(l‘), T < [_1’1] )

0, otherwise.
We call fa restricted F-analytic function. For any K C R the structure Rf
is the expansion of Rz by all power functions

- x", forxz >0,
0, otherwise,

for r € K. The languages of Rz and Rg are denoted by Lz and Eé , respectively.
An analytic system of germs F is called a Weierstrass system if it is closed
under composition and Weierstrass preparation, as defined below:
(i) Composition = (Composition of Germs) + (Local Translation):
(a) Composition of Germs: for all f € F,, and g € (F,,)™ such that g(0) =
0, foge Fn.
(b) Local Translation: every member of F,, contains a representative f :
U — R such that F,, contains the germ of f at each point of U.
(ii) Weierstrass Preparation: if f(x,y) € Fpn41 is regular in y of order d, and if

f@y) = (y* + war(@)y? " + -+ wo(x))u(z, y)
is the Weierstrass prepared form of f, then wo, ..., wq—1 € F,, and u € F11.

(See Section [ for a comparison of Weierstrass systems with Van den Dries’s
nearly identical notion of a “convergent Weierstrass system” [22].)

Examples 2.2. Clearly O is the largest Weierstrass system. We say that f € O,
is algebraic (over R[z]) if p(x, f(x)) = 0 for some nonzero real polynomial p(z,y).
We say that f € O, is differentially algebraic (over R) if the field extension

lal . .
R C R(%)QEN" has finite transcendence degree. The smallest Weierstrass system
is

A:={f €O: fis algebraic},
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and a Weierstrass system strictly containing A and strictly contained in O is
D :={f € O: f is differentially algebraic}.

Proof. See Bochnak, Coste and Roy [5], Section 8.2] and Van den Dries [22], Section
5] for proofs that A and D are Weierstrass systems, respectively.

Van den Dries [22] Section 1] remarks that A is the smallest Weierstrass system
(though using a slightly different definition). This fact can be proved as follows.
Let & be the intersection of all Weierstrass systems. Clearly S is the smallest
Weierstrass system. To show that A = S it suffices to show that A C S, so fix
f e A,. It follows from [5, Theorem 8.1.4] that f(z) = p(x, g(z)), where

(i) p(z,2) is the germ of a real polynomial in (z,z), where z = (21, ..., z,) for

some m;

(ii) g(x) = (91(x),- .., gm(x)) is the analytic germ implicitly defined by the con-

ditions ¢g(0) = 0 and ¢(z, g(z)) = 0 for some ¢(z, z) € (R[z, z])™ such that

¢(0) = 0 and the matrix %(O) is nonsingular.

But S contains all polynomials and is closed under a composition of germs and
under implicit functions (see Remarks [2Z3)), so f € S,,. Hence A = S.

The fact that the exponential function is differentially algebraic and transcen-
dental shows that the inclusion A C D is proper. To show that the inclusion D C O
is proper we point out two sources of algebraic analytic functions which are not dif-
ferentially algebraic: Mahler [I6, Section 137 (Theorem of J. Popken)| shows that
a one-variable power series f(z) = Y =, fxz® will not be differentially algebraic
if its coefficients are algebraic and tend to 0 too quickly, and Lipshitz and Rubel
[15] show that f will not be differentially algebraic if the size of the “gaps” in its
support {k € N: f # 0} grow too quickly. O

We now gather together in Remarks B3] some basic properties of Weierstrass
systems we shall need. In each remark we are explicit with our hypotheses in order
to emphasize the relationships between the various closure properties of Weierstrass
systems.

Remarks 2.3. Consider an analytic system of germs F.

1. If F is closed under Weierstrass preparation, then F is “closed under implicit
functions”:

If f € Fna1 is such that f(0) = 0 and 2—5(0) #0,and if g € O, is
implicitly defined by the conditions ¢(0) = 0 and f(z, g(z)) = 0, then
g € Fn.

Proof. Obvious. 0

If F is closed under Weierstrass preparation and a composition of germs,
then F is “closed under division by variables”:

If f € Fpy1 is such that f(x,0) =0, then f(z,y) = yg(z,y) from some
g € Fnt1-

Proof. Fix A € R™ such that f(z + A\y,y) is regular in y, apply Weierstrass
preparation to f(x + Ay,y), divide by y, and then apply the inverse trans-
formation (z,y) — (x — Ay, y). O
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2. If F is closed under a composition of germs and under implicit functions (as

defined in the preceding remark), then F satisfies the following more general
version of the implicit function theorem:

Iff=(f1, - fm) € (Faxm)™ is such that f(0) = 0 and det %(O) # 0,
where z = (21,...,2m), and if g € (O,)™ is implicitly defined by the
conditions g(0) = 0 and f(z,g(z)) =0, then g € (F,)™.

Proof. We proceed by induction on m. The case m = 1 is assumed, so
consider m > 1. Since %(0) is nonsingular, by possibly perlmuting the
components of f we may assume that gzﬂ(O) # 0 and that gg, (0) is non-

singular, where f' = (f1,..., fm-1) and 2’ = (21,...,2m—1). Define A =

(Moo Amo1) by A = —88];’”(0) gZL::(O) fori = 1,...,m — 1, and let
L(z,2) := (x,2', 2m + X+ 2'), where X - 2’ denotes the scalar product. Then
O(fmolL O(fmolL .
%(0)#Oand %(0):0forz:1,...,mfl.
m (3

Because the matrix %(O) and linear map L are both nonsingular, %(0)
is nonsingular. Moreover, the determinant of this matrix is the product of

mg%L)(O) and det %(O), S0 %(O) is nonsingular. Therefore by

the induction hypothesis we may fix h € (F,+1)™ ! such that h(0) = 0
and f'o L(xz, h(z, 2m), 2m) = 0. Put F(z,2;) := fm o L(z, h(x, 2m), 2m) and
observe that by (1), 8821; 0) = 6%%2”(0) # 0, so we may fix H € F,

such that H(0) = 0 and F(x, H(x)) = 0. Therefore the germ g(x) satisfying
9(0) =0 and f(x,g(x)) =0 is given by

9(x) = (h(z, H(z)), H(x) + A - h(z, H(z))),

which is in (F,)™. O

. If F is closed under division by variables and a composition of germs, then

F is closed under differentiation.

Proof. Let f(x,y) € Fpy1; we show that g—g € Fny1. Define D(z,y,2) :=
f(z,y+2)— f(z,). Then D(z,y,0) =0, 50 D(z,y, 2) = 2g(,y, 2) for some
g € Fnyo. Hence g—g(x,y) = g(z,y,0) is in Fp4q. O

If F is closed under implicit functions, then F is closed under “multiplicative

inverses” and “radicals of positive units”:

(a) If f € F, is such that f(0) # 0, then 1/f € F,.

(b) If k is a positive integer and f € F, is such that f(0) > 0, then
fYr e F,.

If F is also closed under a composition of germs, then more generally,

(b") if 0 #r € R and f € F, are such that (14 z1)" € F; and f(0) > 0,
then f1/7 € F,.
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Proof. The germs 1/ f(x) —1/f(0), f(x)"/* — f(0)'/* and f(z)"/" — f(0)*/7
are implicitly defined by the following nonsingular equations:

(y+1/f(0)f(x)—1 = 0,
(y + FO)VF)F — f(a) 0,

10 (s 1)~ f@)

0.

O

5. If F is closed under composition of germs and implicit functions, it follows
easily from the preceding remark that {r € R : (1 +x1)" € F1} is a field,
which we shall call the field of exponents of F.

3. LION-ROLIN PREPARATION
From now through Section [7 fix a Weierstrass system F and a field K C R.

Definition 3.1. A set C C R**! is an E?-cylinder if B :=11,(C) is a quantifier
free LXf-definable set, called the base of C, and C = {(z,y) € B x R : p(z,9)},
where ¢(x,y) is a formula either of the form

(3.1) y = t(z),
or of one of the forms
(3.2) y < s(x), s(z) <y<t(r), or t(z)<y,

for LX-terms s(z) and t(z) which are F-analytic on B. We say that C is thin if
o(x,y) is as in B) and that C is fat if p(x,y) is as in (BZ). Furthermore, by
induction on n we say that the cylinder C C R"*! is an LE-term cell if

(i) when n =0, C is a point or an open interval;

(ii) when n > 0, its base B is an £LX-term cell.

A finite collection C of L& -term cells in R” is a decomposition of R" if {II(C) :
C € C} is a partition of R* for k = 1,...,n. A partition C of R” is compatible
with a collection D of subsets of R™ if for all C' € C and all D € D, either C C D
or CND=0.

We shall frequently use the fact that the collection of subsets of R"*! which are
finite unions of £X-cylinders is a boolean algebra.

Definition 3.2. A function u : A — R, where A C R", is called a unit if u has
constant positive or negative sign on A. If the domain of u needs specification, we
say that u is a “unit on A.”

Definition 3.3. Given a set A C {(z,y) € R""!: y # 0} which is a finite union of
Lg—cylinders, a function F': A — R is called an E?-special function if it can be
written as F' = f o ¢, where

(i) ¢: A — RN*T2m i5 a bounded F-analytic function of the form
(al(x), cooan(@), bi(@) |yl . b (@)Y, e (2)|y] T, ,cm(x)|y|fr’”) ,

where the a;(),bi(z),c;(z)’s are all LE-terms and the r;’s are all positive
numbers in K;
(ii) f:RN*2m R is F-analytic on cl(p(A)).
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If fis a unit on cl(p(A)), we call F an LX-special unit. As in the previous
definition, we shall call F' an £X-special function/unit “on A” if the domain of F
needs specification.

If K = Q in Definition B.3] then by partitioning A into smaller cylinders we can
assume that m = 1 and 1 = 1/p for some positive integer p. More precisely, we
have the following.

Lemma 3.4. Let F : A — R be an L’g-special function. Then there is a finite
cover C of A by Cg-—cylinders such that for each C' € C there is a bounded F-
analytic function 1 : C — RM*2 of the form

’(/J(I7y) = (dl(x)v s 7dM(x)7dM+l(x)|y|1/p7 dM+2(x)‘y|_1/p)

for some L’g-terms dy(z),...,dy12(x) and positive integer p, and there is a func-
tion g : RM*2 — R which is F-analytic on cl(¢)(C)) and is such that F = got on
C.

Proof. We write w for the tuple of variables (wy,...,wy) and use the notation of
Definition B3l We show how to successively mutate f, ¢, N and A into g, ¥, M
and C.

First, by considering each set

{(x,y) € A :sign(b;(z)) = 0y,sign(c;(z)) =0} for i=1,...,m}

separately for all possible sign conditions 0,0’ € {—1,0,1}™, we may assume that
all the b;’s and ¢;’s have constant sign on A. Then by absorbing the signs of the
b;’s and ¢;’s into f, we may assume that b;, c; > 0 for all 4.

Second, fix positive integers ¢, ..., ¢m, p such that r; = ¢;/p for all i, and write
Byl = (bi(e) /o[y /)5 and ci(e)ly] /7 = (ci(w)/ly| /7). Therefore
by replacing f(w,Y1,. . Ym, 21y« 2m) With flw,yd*, ... ydm 28 00 28) and

redefining ¢ accordingly, we may assume that r; = 1/p for all 4.

Finally, by considering each condition “b;(x) > b;(x) for all 77 and “c;(x) > ¢;(x)
for all 5”7 separately for ¢ = 1,...,m, and then reindexing in 7, we may assume that
bi(x) > ba(x),...,bm(x) and ¢1 () > ca(x), ..., cm(x) on A. For i =2, ... m write

bi(x)
Iy /p — 222y 1/p
@y = P bl
and
|1 — G2 ~1/p

Cl($)|y‘ Cl(x)cl(x)kg‘ .
By extending the list a1, ..., ay of bounded functions to include all the b;/b;’s and
¢i/c1’s, we may simply assume that by = --- = b, and ¢; = -+ - = ¢,,. Modifying f
accordingly finishes the proof. O

Definition 3.5. A function f : R"*! — R is LX-prepared on A C R"'! if
there is a finite cover C of A by LX-cylinders such that for each C' € C, f is of an
“ﬁf-prepared form on C”, meaning that either
(i) C is thin, say C = {(z,y) € Bx R:y = t(x)} for some LE-term ¢(z), and
there is an LX-term s(z) such that f(z,t(z)) = s(z) for all z € B, where
both t(x) and s(x) are F-analytic on B; or
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(ii) C is fat and

(3-3) f(@,y) = a(@)ly — 0(x)["u(z,y — 0(x))

on C, where r € K, both a(z) and 6(z) are LE-terms which are F-analytic
on the base of C, y # 6(x) on C, and u(z,y) is an LX-special unit on

{(z,y —0(z)) : (z,y) € C}.
If A=R"", we simply say that f is Cﬁ?—prepared.

For f and C in the previous definition and (z,y) € C, in case (i) the sign of
f(z,y) equals the sign of s(z), and in case (ii) the sign of f(x,y) equals the sign of
a(z), assuming, as we may, that u is a positively valued unit. So by partitioning
the base sets of the C’s, we can always assume that f has constant sign on each
CecC.

In the course of proving the preparation theorem it is convenient to distinguish
what are essentially two special types of E%—preparation. In the definition of “f is
Lq}i—prepared on A", if instead of (B3] we have

fla,y) = a(@)(y — 0(x) u(z,y — 0(x))

on C, where d € Z, a(z) and 0(x) are E%-terms7 and u(x,y) is a “Z-special unit”,
that is, of the form

0(b1 (@), bar (), bara (2)y, barga(2)y ™)

for Eg—terms b1,...,bapryo and F-analytic unit v, then we say that f is Z-prepared
on A. If we additionally require that d € N, we say that f is N-prepared on A.
If d € N and bys42 happens to be 0, so we do not divide by y — 0(x), then we do
not require that y # 6(z) on C. The concept of N-preparation is a special case of
Z-preparation, and any function which is Z-prepared can also be Lg—prepared by
further partitioning the cylinders given by the Z-preparation.

Example 3.6. The function f : R? — R given by f(z,y) = y? — x is N-prepared.
Indeed, let 1 < § < € and put

Ci = {(z,y) eR?:x=0},
Co = {(z,9) €R*:2 >0,y > 5z},
Cs = {(z,y) eR?:2>0,e Vo <y<e/a},
Cy = {(z,9) € R? cx>0,-0Wr <y <5 ),
Cs = {(x,y)GRz:x>O,75\/5<y<7671\/5},
Ce = {(z,9) eR?:2>0,y < -6V},

1
Cr = {(z,9) eR?:2 <0,y > E\/—x}’
Cs = {(z,y) ¢ R?:z < 0,—2vV—x <y<2vV—z},

1

Cy = {(x,y)€R2::c<0,y<—§w/_g;}.
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i

FIGURE 1. Zero set of f(z,y) = y? — x, and cylinders C1, ..., Co.

Then C = {C,...,Cy} is an /jg-cylinder covering of R?, and f is of an N-prepared
form on each C' € C (in the following, the expressions in square brackets are posi-
tively valued Z-special units):

y? on (1,
yQ[ _#} on CyUCsUC;UCy,
f(x,y) _ —z [1 _ y?:| on 04 U Cg,

Valy=va) [P 42 o G,
—Vz(y + V) |:_y<1»/\§/§+2:| on Cs,

See Figure [ for a rough picture showing the zero set of f and the cylinders
Ci,...,Cq. So as not to clutter the picture, it ignores the fact that the cylinders
actually overlap.

The cylinders involving the zeros of f, namely C5 and C'5, can be made as thin as
we want by taking e to be sufficiently close to 1. A preparation with this property
is called “tight”, and the next section shows that any preparation can be modified
into a tight preparation.
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This N-preparation of f can be made into an E%—preparation by simply parti-
tioning the cylinders C5 and C5. For instance, partition C5 into

Cz> = {(z,y) eR*:2>0,Vr <y < ez},

Cz3— = {(v,y) eR*:y=/x},

Cs« = {(z,y) eR*:2>0,¢ o <y<r},
and note that

Valy—val [B2 o] on Gy,
f(xvy): 0 on 037:7

~Valy - val |- 2] on Gy
where expressions in square brackets are Eg—units.

The Main Theorem states that if F is a Weierstrass system and K is a subfield
of the field of exponents of F, then every function definable in R¥ is £LX-prepared.
The first step in proving this is to see that to prepare all definable functions, it
suffices to prepare all terms. In fact, if all terms are prepared, we easily obtain a
very strong cell decomposition theorem.

Lemma 3.7. The following hold if every L% -term is L% -prepared:
(i) RE has quantifier elimination.
(ii) For any finite collection D of L% -definable subsets of R™, there is an LX-
term cell decomposition of R™ compatible with D.
(iil) All E?-deﬁnable functions are piecewise given by L’g-terms and are L'g-
prepared.

In the following proof, and in subsequent proofs and informal discussions in which
the structure R§ is clear from context, we shall frequently drop the prefix “Lg—”
in our terminology and simply say “term”, “cylinder”, “special unit”, “prepared”,
etc.

Proof. To show (i), consider terms fi,...,fr : R"™ — R and a sign condition
o €{-1,0,1}* and let

A= {(x,y) € R" :sign fi(x,y) = o fori =1,...,k}.

It suffices to show that II,(A) is quantifier free definable. By preparing each f;,
there are quantifier free definable sets By, ..., B; partitioning R™ and a finite col-
lection C = U;Zl C; of cylinders partitioning R"*! such that for each i € {1,..., k},
jeA{l,...,l} and C € C;, I1,,(C') = B; and f; has constant sign on C. Therefore
A ={JC for some C" CC, so II,,(A) = U;c; B; for some I C {1,...,1}.

To show (ii), by quantifier elimination it suffices to consider a finite collection D
of quantifier free definable subsets of R®*! and show by induction on n that there
is a term cell decomposition of R"*! compatible with D. Fix a finite partition
D’ of R™! compatible with D such that each member of D’ is defined by a sign
condition, such as the set A above. By the above analysis, each member of D’ is a
finite disjoint union of cylinders. We may inductively assume that there is a term
cell decomposition of R™ compatible with {II,,(D) : D € D’}, and hence via the
cylinder partition of each D € D', this term cell decomposition lifts to a term cell
decomposition of R™*! compatible with D', and so also with D.
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To show (iii), let f : R®™ — R be definable. From (ii) the graph of f is a finite
union of cylinders. Since f is a function, each of these cylinders must be thin, so f
is piecewise given by terms. Since each of these terms are prepared, so is f. O

Outline of the proof of the Main Theorem. The primary task at hand is to establish
the Main Theorem in the special case of K = Q. The theorem for a general K
follows from the theorem for K = Q and from some of the concepts developed in
its proof.

Sections [ and [l present the arguments from [I3] which reduce the problem of
preparing all terms to that of preparing functions of the form F'(z, y)=f(x, g(z)/y, y)
for F-analytic functions f and g. Section [ shows that a finite list of functions can
be prepared in a very special, uniform manner called “simultaneous tight prepa-
ration.” Using this and the assumption that such functions F' can be prepared,
Section [l prepares all E%—terms by an induction over the terms. So it remains to
prepare F.

In [I3] they use the finiteness property [8, Lemma 4.12] and Weierstrass prepa-
ration to prepare all restricted analytic functions. Then F' is prepared by observing
that there are functions f; and f_, analytic at the origin, such that F(z,y) =
fe(zy) + (9(x)/y) f—(z,9(x)/y), the so-called “Splitting Lemma”. Preparing
fi(z,y) and (g9(x)/y))f-(z,g(z)/y) separately then enables F(z,y) to be L2 -
prepared. The problem is that this argument does not show that F' is Lg—prepared
because there seems to be no reason that f, and f_ should be F-analytic given
that f and g are F-analytic.

So the goal of Sections [6l and [ is to give a way of preparing F' that only uses
Weierstrass preparation. Section [ presents the workhorse behind the preparation
theorem, a local resolution of singularities procedure which performs local blowings-
up and power substitutions to transform an analytic function to normal crossings. It
is a slight variant of Rolin, Speissegger and Wilkie |21, Theorem 2.5], which in turn
is a simple version of the local resolution procedures that have occurred in Bierstone
and Milman’s work, such as in [2, Theorem 4.4]. The reason for the use of power
substitutions, and not just local blowings-up, is that the transformations used in
the resolution procedure must be carefully chosen so as to behave well with respect
to the given coordinate projection II,,(z,y) = . This enables the transformations
to be unwound to prepare the given analytic function in the original coordinate
system.

Section [ prepares F' by combining the resolution procedure with a technique
of Parusinki’s involving Weierstrass preparation to find the zeros of F. The way
these two ideas are combined is modeled after Parusiriski’s proof of his preparation
theorem for locally blow-analytic functions [19], Theorem 7.5] but is much more
elementary so that it can be seen to go through for Weierstrass systems. Thus
Section [7] completes the proof of the preparation theorem for K = Q. This is the
only section which actually uses Weierstrass preparation.

For completeness, Section [§] presents an exposition of Lion and Rolin’s argu-
ment that shows how the preparation theorem for K = QQ can be used to give the
preparation theorem for a general subfield K of the field of exponents of F.

We conclude the paper with Section @ which is an appendix discussing various
closure properties one might want to impose upon an analytic system of germs. We
compare Weierstrass systems to Van den Dries’s notion of a “convergent Weierstrass
system” [22], discuss the question of whether Weierstrass preparation is closed under
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definability, and discuss closure properties related to Lion and Rolin’s splitting
technique and their globally subanalytic integration theorem [14]. The primary
purpose of the appendix is to point out the merits and deficits of our assumption
that F is a Weierstrass system.

4. SIMULTANEOUS TIGHT PREPARATION

The goal of this section is to prove Lemma [£4] a technical improvement on the
notion of “prepared” which will be frequently used in subsequent sections. The
definitions and lemmas of this section are stated and proved for Eé-preparation
but clearly also apply to both N- and Z-preparation as well.

Definition 4.1. The functions fi,..., fm : R""1 — R are simultaneously £X-
prepared on A C R™*! if there is a common Eg—cylinder covering of A preparing
each f;, i = 1,...,m, such that the 0(x)’s given by this preparation are uniform
for all . More precisely, there is a finite cover C of A by LX-cylinders such that for
each C € C, if C is thin, then the graph of each fi|o is given by an L’f—term in z,
and if C' is fat, then there is an £¥-term 6(z) which is F-analytic on IL,(C) such
that fori=1,...,m,

(4.1) filz,y) = ai(z)|ly — 0(z)|"wi(z,y — 0(x)),
on C , where a;, r; and u; are as in Definition

Definition 4.2. Given € > 1, a set A C R" and two functions f,g : A — R, we
say that f is e-equivalent to g on A, written f ~. g on A, if for all z € A,

e f(x) <glz) <ef(x) if f(z)>0,
ef(x) <g(x) <e'f(x) if fz)<O0.

We say that f is equivalent to g on A, written f ~ g on A, if f ~. g on A for some
e> 1.

Definition 4.3. Let ¢ > 1. Consider functions fi,..., f,, : R®™! — R which are
simultaneously £X-prepared on A C R™*1; we use the notation of Definition Bl If
we further have that either y ~. 6(z) on C or else (z) is identically zero on II,,(C),
then we say that the simultaneous preparation of the f;’s on A is e-tight. We say
that the simultaneous preparation of the f;’s is tight if it is e-tight for some € > 1.

Lemma 4.4 (Simultaneous tight preparation). Suppose that K is a subfield of the
field of exponents of F, € > 1, and A C R™*! is a finite union of E?—cylinders.
If fi,..., fm : R — R are L% -prepared on A, then there is a simultaneous
E?—prepamtion of fi,---, fm on A which is e-tight.

To prove Lemma [£.4] we need two other lemmas.

Lemma 4.5. Suppose that 0(x) is an LE-term, A C R is a finite union of
Lg—cylinders and € > 1. Then there is a finite cover C of A by E?—cylinders such
that for each C € C at least one of the following holds:
1. y~e 0(z) on C;
2. y—0(z) = a(z) u(z,y) on C, where u(z,y) is an LX-special unit on C and
a(x) is an LE-term;
3. y—0(z) = yu(z,y) on C, where u(z,y) is an LX-special unit on C.
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Proof. We may assume that 6 has constant sign on A. If § = 0 on A we are in case
3, so assume that 6 > 0 on A (the case § < 0 is similar). Fix § € (1,¢), and let

A = {(z,y) € A: 6719(99) <y <ed(x)},
Ay = {(z,y) € A: —eB(x) <y < 6 0(x)},
Ay = {(my) € A:lyl > 50()).

Each of these sets is a finite union of cylinders, and they cover A. We claim that
we are in case i on A; for ¢ = 1,2,3. Indeed, we have y ~. 6(x) on A;. On Ay we
have y — 0(x) = 0(x)[y/0(x) — 1], and the second term is a special unit. On Az we
have

y —0(z) =y[1 —0(z)/yl,
and the second term a special unit. O

Lemma 4.6. Suppose that 01(z) and 02(z) are LX-terms and that A CR"*1 is a
finite union of Ef-cylmders. Then there is a finite cover C of A by Eg-cylinders
such that for each C € C at least one of the following holds:

Ly —0s(x) = a(x) u(z,y — b1(x)) on C;

2. y—01(x) = a(x)u(z,y — 02(z)) on C;

3. y—0a(x) = (y—01(x)) u(z,y — 61(x)) on C;

4. y—01(x) = (y — O02(z)) u(z,y — O2(x)) on C;

where a(z) is an LK -term and u(z,y) is an L -special unit.

Proof. We may assume that 6; — 65 has constant sign on A. Since we are in both
cases 3 and 4 if #; = 65, and the other two cases are symmetric, we may assume
that 6, > 6.

Choose constants a and b such that % <a<1l<b<1+a, and consider the
following sets, each of which is a finite union of cylinders:

A = {(z,y) € A:01(z) —a(01(z) — O2(x)) <y < O1(x) + a(61(x) — O2(x))},
As = {(z,y) € A:05(z) — a(b1(z) — 02(7)) < y < O2(z) + a(b1(z) — 02(x))},
As = {(z,y) € A:y <bi(x)—b(01(z) — b2(x))},
Ay = {(z,y) € A:y > 0s(x)+b(01(z) — 62(x))}.

By the choice of a and b, these sets cover A. We claim that for i = 1,...,4, we are

case 7 on A;. Indeed, on A; we have

y = 02(x) = (02(x) — O2(2))[1 + (y — 01(2))/(62(x) — O2())];

and the second term is a special unit. The set A, is similar. On A3 we have

y = 02(x) = (y — 02(2))[1 + (02(x) — O2(2))/ (y — 02(2))];

and the second term is a special unit. The set A4 is similar. Il

Proof of Lemma 4l By induction on m. Consider m = 1, and let C be a finite
covering of R™*! by cylinders such that f; is of a prepared form on each C € C.
We have to show that this preparation can be made e-tight. Consider a fat C' € C,
and write

fi(z,y) = a(x)ly — 0(x)"u(z, |y — 0(x)])



4410 D. J. MILLER

on C. By Lemma we may assume that on C either y ~. 0(z), y — 0(x) =
b(x)v(z,y) or y —O(x) = yv(x,y), where b(x) is a term and v(z, y) is a special unit.
We are done in the first case. In the second case

on C, where A(z) := a(z)|b(x)|" and U(z,y) := |v(z,y)| u(z, |b(x)v(z,y)|), which
is a special unit since K is a subfield of the field of exponents of F. Similarly, in
the third case
fi(z,y) = a(z)[y|"U(z, y)

on C for an appropriately defined special unit U(z,y). Hence the preparation is
e-tight.

Now consider m > 1. Fix a finite cover C of R"*! by cylinders such that f; is of
an e-tight prepared form on each C € C. Consider a fat C' € C and write

filz,y) = ar(@)|y — 01(2)["wa(, |y — 61(x)]),
where y ~ 01 (z) on C, provided that 6;(z) is not identically zero. By applying the
induction hypothesis and possibly dividing each of the cylinders of C into smaller
cylinders, we may assume that fs,..., f,, are of an e-tight simultaneous prepared
form on C. Write
filz,y) = ai(x)|y — O2(x)|"*u; (x, |y — 62(2)|), fori=2,...,m,

where y ~ 03(z) on C, provided that () is not identically zero.
By Lemma we may further assume, for example, that

y—bi(x) = (y — b2(x))v(z,y — Oa())
for some special unit v (the other cases given by Lemma 6] are handled similarly).
Then
fi(z,y) = ar(z)ly = O2(2) [ Uz, [y — O2(2)])

on C for some special unit U(x,y). Hence f1,..., fi, have a simultaneous e-tight
preparation. O

5. LION AND ROLIN’S INDUCTION OVER THE TERMS

Modulo Proposition [5.1 which is proved in Sections [6] and [7 this section shows
how to E%—prepare all E%—terms.

Proposition 5.1 (Main Proposition). Define ¢ : {(x,y,2) € R**2 : 2 #£ 0} —
Rn+2 by

o(x,y,2) = (z, y/z, 2),
and let A C dom(p) be a finite union of Eg-cylmdem such that p(A) is bounded.
If f : R"2 = R is F-analytic on cl(o(A)), then f o ¢ is Z-prepared on A.
Lemma 5.2. Define @ : Rt — RN+ py

p(z,y) = (a(x),b(x)ly — 0(x)|'/7),
where p is a positive integer and 0(x), a(x) = (a1(x),...,an(x)) and b(x) are all
L?ﬁ-—terms. Let A C RN*! be a finite union of E%—cylmde'rs. Then

(i) o~ Y(A) is a finite union of L%—cylinders;
(i) if f: RN SR s C%—pr@par@d on A, then fop is C%—prepared on p~1(A).
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Proof. Statement (i) is clear. To show (ii), fix a finite cover C of A by cylinders
such that f is of a tight prepared form on each C € C; we use coordinates (X,Y) =
(X1,...,XN,Y) in RN*HL Let C € C. If C is thin, f(X,Y) is given by a term in
X on C, so fop(x,y) is given by a term in 2 on ¢ ~1(C). So we may assume that
C is fat and write

FXY) = (XY = (X)|"u(X,Y — (X))
on C. So

fop(r,y) = coal(@)|bx)ly—0(x)|"? —¢oal)]"
u(a(z),b(x)|y — 0(x)|"? — ¢ o a())
on ¢ 1(C). We are done if 1) = 0, so we may assume that ¢ is not identically zero
and that Y ~ ¢(X) on C since the preparation of f is tight. By dividing ¢~ 1(C)
into smaller cylinders we may assume that y > 6(z) on p~1(C) (the case y < 6(x)
is similar). Now, put o := b(z)(y — 0(z))"/? and  := v o a(x), compute
aP — P aP — 3P 1

(5-1) A S VT BT SN ([

and note that v(z,y — 0(z)) := (3_0_,(8/a)"*)~! is a special unit since o ~ 3 on
¢~ H(C). Put 0'(z) = 0(x) + (¢ o a(z)/b(x))”. By BI)
fowley) = coal@)b(@)|” - ly—6' @) ly—0@)" "7 - v(z,y —6(z))
u(a(z), b(x)(y — 0'(2))(y — 6(2) " Po(a,y — 6()))

on ¢~ }(C). Now apply Lemma to y — 0(x) and y — ¢'(x) to finish preparing
foponp=H(0). O

Lemma 5.3 (Composition Lemma). Let A C R"*! be a finite union of C%—
cylinders, let g = (g1,---,9m) : A — [=1,1]™ be such that each g; is Eg—prepared
on A, and let f : [-1,1]" — R be F-analytic. Then fog is E%—pr@par@d on A.
Proof. By Lemma [£4], the g;’s are simultaneously prepared on A. It follows that
fogisan Eg—special function: for example, if m = 1 and
9(z,y) = a(@)ly — 0(x)|Pu(b(@), c(x)|y — 0(z)["/?, d(w)]y — 6(x)|~*/7)

on a cylinder C', where u is an F-analytic unit, ¢ and p are positive integers, and
a(x), 0(x), b(x) = (b1(x),...,bp(x)), c(x) and d(x) are all terms, then

fog(z,y) = F(b(x),c(z)|y —0(x)["/?,d(@)|y — 0(z)| /7, a(z)"/ |y — 6(x)|/")
for F(x1,...,2pm43) := f(@},, gu(z1,. .., 2042)), assuming as we may that a(x) >
0.

By Lemma 3.4l there is a finite cover C of A by cylinders such that for each C € C,
fog(z) = Fop(x,y) on C, where F : RN*2 — R is F-analytic on cl(¢(C)) and
¢ : C — RN*2 is a bounded function of the form

p(a,y) = (a(x), b(@)ly — 0(2) [/, c(x)]y — O(x)| /)

for a positive integer p and terms a(z) = (a1(z),...,an(x)), b(x), c(x) and 6(x).
Consider new variables X = (X3,...,Xy), Y and Z, and view the map ¢ as the
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composition ¢ = s 0 @1, where @1 : C — RV*2 and ¢y : {(X,Y,Z) ¢ RN*2 . 7 +£
0} — RN*2 are given by
pi(r,y) = (a(@),bx)e(z), bx)ly — O(x)]P),

Let U be a bounded neighborhood of cl(¢(C)) on which F' is F-analytic; we may
take U to be a finite union of open boxes. Now, g02_1 (U) is a finite union of cylinders,
and its image under @9, namely U, is bounded. So by the Main Proposition, F o,
is Z-prepared on @, '(U). Also, ¢1(C) C ¢, (U), so C = @7 (w5 1(U)). Therefore
by Lemma [5.2] F o 5 0 ¢ is prepared on C. d

Proof of the Main Theorem for K = Q. We show that every E%—term is C%—
prepared. This follows directly from the following claims.

Claim 1. If f,g: Rt — R are LZ%—prepaured7 then so are f - g, f/g and f" for all
re Q.

Claim 2. If fi, fo : R — R are E%-prepared, then so is f1 + fo.

Claim 3. If g = (g1, ..., gm) : R"™* — R™ is such that each g; is E%—prepared, and
f:R™ — R is a restricted F-analytic function, then f o g is C%—prepared.

Claim 1 is obvious by simultaneous preparation, so we prove Claims 2 and 3.

Proof of Claim 2. Fix a finite cover C of R"*! by cylinders such that f; and f, are
of a simultaneously prepared form on each C € C. If C' € C is thin, (f1 + f2)’c is
given by a term in z. So it suffices to consider a fat C' € C and write

filz,y) = ai(@)ly = 0(z)["ui(x, [y — 0(x)])
on C for i = 1,2. Fix 0 < ¢ < M such that € < |u;(z, |y — 0(x)])| < M on C, and
cover C' with the following three sets, each of which is a finite union of cylinders:

€ a1 () v 2M
= — < — 1-Tr2 <&
Chints {(%y) €C:g < () ly — 6(2)] <X }
ar( 2M
Cf1>>f2 = {(xyy) eC: 1( ) |y — e(x)‘ﬁfrz > } ’
a9\ T €

@)
1)), e < 5 ).

IN

Cf1<<f2 = {(x,y) eC: a2(x) |y m

On Cfngy, i + f2 = fi(1 + f2/f1) and fao/f1 is prepared and bounded. By
applying Lemma 53] to compose fo/f1 with the function ¢ — 1 + ¢, we see that
1+ fa/f1 is prepared, so fi(1+ fo/f1) is too.

On Cy,s¢,, 1+ f2/ f1 is a special unit, so f1 + fo = fi(1+ fa/f1) is prepared.
On Cf «f,, f1/f2+1is a special unit, so f1 + fo = fa(f1/f2+ 1) is prepared.

Proof of Claim 3. Claim 2 shows that
{(z,y) eR"™: —1 < gj(w,y) < 1fori=1,...,m}

is a finite union of cylinders, because by preparing each function 1+ g; and 1 — g;,
we may obtain a finite cover C of R™*! by cylinders such that for all C € C and
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i=1,...,m, 1+ g; and 1 — g; have constant sign on C. Therefore for each C € C,

either fog=0on C or |¢g1],...,|gm| <1 on C. In the latter case apply Lemma
0

6. TRANSFORMING TO NORMAL CROSSINGS
AND PREPARING FUNCTIONS IN F

Definitions 6.1. For r = (r1,...,7,) and s = (s1,...,8,) in R” we write r < s
if ry < s1,...,m, < 8, and write r < s if ry < s1,...,7m, < S,. In particular for
a,B € N, a < f3if and only if ® divides 2.

For r = (r1,...,rn) € (0,00)™ let

B, :={xeC": |z <rfori=1,...,n}

and B, := B, NR". Let F,, , denote the set of all functions from B, into C which
extend to a holomorphic function in a neighborhood of B, and whose restriction to
B, is F-analytic.

Call u € F,,, a unit if u(z) # 0 for all x € B,. A function f € F,, is normal
crossings if f(z) = z%u(x) for some o € N and unit u € F,, .. We also say that
a germ in F,, is normal crossings if it has a normal crossings representative in F,
for some r. A function f :R™ — R is F-normal crossings on B, if f ] 5. extends
to a function in F;, , which is normal crossings. ’

Remark 6.2. In real analytic geometry one speaks of an analytic function f being
“locally normal crossings”; this is a diffeomorphically invariant definition meaning
that every point in the domain of f admits a local system of coordinates such that
f is normal crossings in those coordinates. In our proof we do not have use for
this definition because the notion of “preparation” is not invariant under arbitrary
diffeomorphisms.

Let 1 <m < n,let U C R"™ be an open neighborhood of the origin, let C' = {z €
U : 1, (z) = 0}, let P™~1(R) denote the (m — 1)-dimensional real projective space
of all lines through the origin in R™, and finally let

U = (2,8 cUxP"R):1I0,,(z) € &}
= {(z,) e U xP" YR): 2;&; = ;& for i,j =1,...,m},
where [§] : -+ : &) are homogeneous coordinates for £&. Then the projection map

IT: U’ — U given by II(z,£) = «x is called the blowing-up of U with center C.
More generally, if ¢ : U — V is an F-analytic diffeomorphism (so M := ¢(C) is a
closed F-analytic submanifold of V'), then the composition ¢ := oIl : U’ — V is
called the blowing-up of V' with center M.

The exceptional divisor of the blowing-up ¢ : U’ — V is the inverse image
of its center, E := ¢~1(M). Observe that the restriction of 1 to U'\E is an F-
analytic diffeomorphism onto its image, and that ¥ ~(a) = {p~!(a)} x P™~1(R)
for all a € M. Using these observations, it is an easy exercise to show that for any
a € U and any neighborhood W of ¥~ 1(a), (W) is a neighborhood of a. The
restriction of ¥ to any such open neighborhood W of ¥~1(a), for a € M, is called
a “local” blowing-up of V' “at o” with center M.

Given a function f(z,y) analytic in a neighborhood of the origin, by Bierstone
and Milman [2, Theorem 4.4] there is a finite collection T' of analytic maps which



4414 D. J. MILLER

are compositions of local blowings-up with smooth analytic centers such that for
each € T, fou is locally normal crossings, and such that for each p € T there is a
compact set K, C dom(p) such that (J,cp p(K),) is a neighborhood of the origin.
This section presents a simple variant of Bierstone and Milman’s procedure due to
Speissegger which is particularly well suited to proving the preparation theorem.
The source of the differences between this procedure and that of Bierstone and
Milman’s is that we need the transformations in T to behave well with respect to
the given coordinate projection IT,(z,y) = x so that the resolution procedure can
be unwound to prepare f back in its original coordinates. To achieve this we shall
restrict ourselves to local blowings-up which have a center C' C R"*! constructed
from a smooth center C’ C R™ in one of the following two ways: either C = C’ x R,
or else C is the graph of some F-analytic function 6 : ¢/ — R (i.e., the lifting of C”
via a smooth section @ of II,, : R**! — R™). As a result, we shall find it necessary
to also use local power substitutions in our procedure. Moreover, even though
there is no real advantage or disadvantage in regards to proving the preparation
theorem, it simplifies the presentation to inductively require that the center C’ is
constructed from a smooth center C”” C R™! in the same fashion, and so forth.
It also simplifies the presentation, and is in fact sufficient because of the use of
power substitutions, to only consider local blowings-up with centers of codimension
2. The upshot is that we shall consider transformations which are compositions of
finite sequences of “F-admissible transformations” as defined below.

Definition 6.3. A function p € (F, )" is an F-admissible transformation in
x if it is one of the following three types of maps:

(1) translation by a function: for 1 < i < n and § € F;_1 , such that 6(0) =0,
where s = (r1,...,7i-1),

to(z) = (21, @1, + 0(21, -, Tio1), Tig s+ -+, T
(ii) power substitution: for integers k > 1,1 <i<n and o € {—1,1},
p?,o'(x) = (xlv sy Ti—1, 0$f,$i+1, o 7x’n)7
(iil) blow-up substitution: for A € RU{oo} and 1 < i < j <,
bf\](:c) - { (@1, zj—1, 22 + A), Zjg1, ..., 2n), ifAER,

(@1, B 1, LT, T 15 -+ - Ty if A= oo.
If wlz) = (v(z,...,2;),Tix1,-..,2,) for some F-admissible transformation v
in (z1,...,x;), we shall also say that p is an “F-admissible transformation in
(xl, cee 71'2')”'

The set of maps {bg’j : A € RU{oo}} is a collection of (complexifications of) local
charts for a local blowing-up of R™ at the origin with center {z € R" : z; = ; = 0},
in the following sense. Let U C R™ be a neighborhood of the origin, let

U = {(z,8) €U xP(R) : (z,x;) € &}

= {(x,§) € UXP(R) : z:&; = 256},
where [§; : §;] are homogenous coordinates for ¢, and let II : U’ — U be the
blowing-up II(x,£) = x. Note that II-1(0) = {0} x P(R) = {(0,[1 : \]) : X\ €
R} U {(0,[0 : 1])}. We can coordinatize a neighborhood of (0,[1 : A]) in U’ by

letting xj vary near 0 for all k£ # j, letting &; vary near A, setting { = 1 and
determining x; by the relation z; = x;§;. Changing notation by replacing &; with
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z; and translating by A, this means that the image of the chart Ef\J Uy — U’
given by Fl;;] (z) = (bg’j (x),[1: &; + A]) is a neighborhood of (0,[1 : A]), where Uy
is a sufficiently small neighborhood of the origin in R™. Similarly, the image of the
local chart b : Uy, — U’ given by b (z) = (b3 (2), [2; : 1]) is a neighborhood of
(0,[0 : 1]) for any small neighborhood U, of the origin in R™. By the compactness
of P(R) there exists a finite set A C R U {oco} such that U,\eAEi{j(UA) is a neigh-
borhood of IT7(0) in U’. Therefore |Jy, b5’ (Uy) is a neighborhood of the origin
in R™, since b;’j =11 ogf\’j for each \.

We shall also apply the terminology and notation of Definition to the cor-
responding germs of functions at the origin. The notation ty, pﬁg and b}’ is then
well defined. But when working with actual functions, the notation tg, pﬁ » and by’
is somewhat deficient because the same notation may be applied to different func-
tions with different domains but the same germ at 0. So when working with actual
functions we will always assume that some domain of polyradius e(ty), e(pf’a) or
e(bf\’j) has been chosen.

Since tg is a homeomorphism taking 0 to 0, its range over the reals, to(Be(,)),
is a neighborhood of the origin. Similarly, the union of the ranges over the reals
of pﬁ _, and pﬁ 1 is a neighborhood of the origin (and both functions are necessary
when £ is even). Finally, given the collection {bi’ﬂ : A € RU{oo}} with any choice
of polyradii e(by’) for A € R U {oo}, by the preceding discussion there exists a
finite A C R U {oo} such that J,, by’ (Bs(bg\,j)) is a neighborhood of the origin.

The choice of A of course depends on the choice of the e(bi’j )’s. Because of these
observations it is natural not to study just single F-admissible transformations, but
rather their “families”, as defined below.

Definition 6.4. Given (the germ at 0 of) an F-admissible transformation p in =,
define the family of u as the set {tp} if u = tg, the set {Pﬁppﬁq} if p= pi—“’a for
some o € {1,—1}, and the set {bf\’j A e RU{oo}}ifpu= b;’j for some A € RU{o0o}.

Definition 6.5. Given a family 7" of an F-admissible transformation in x, define
the center of T, Cen(T), as follows:
(i) Cen(T)=0if T = {to};
(ii) Cen(T)={x e R":2; =0} if T = {pﬁl,pﬁ_l};
(iti) Cen(T) = {x € R : 2y = ; = 0} if T = {b}7 : X € RU {oo}}.
For any p € T, Cen(p) := Cen(T).
Given an F-admissible transformation p in x, define the exceptional divisor
of u, Exc(u), as follows:
(i) Exc(tg) = 0;
(ii) Exc(pﬁg) ={z eR": z; =0};
iy {.%'ER”::L‘Z-ZO}, if A € R,
(111) EXC(b)\ ) - { {Z‘ cR”: z; = 0}, if A = oo.

If T'is a family of an F-admissible transformation, then for each u € T', B,y N
Exc(p) = p~!(Cen(T')) and the restriction of 11 to Be(,)\ Exc(p) is a diffeomorphism
onto its image.
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For F-admissible transformations to be useful, we need to see how the notions
of “cylinder” and “preparation” behave under these transformations.

Lemma 6.6. Let C C R"! be an £%-cylz’nder, and let p be an F-admissible
transformation in (x,y) which is not of the form by, 1 <i <mn. Then
(i) the set u(C) is a finite union of L’g—cylinders;
(i) if f : R"*Y — R is such that fou is L%—prepared on C, then f is E%—prepared
on p(C)\ Cen(u); the same holds for both N-preparation and Z-preparation.

Lemma 6.7. Letr € (0,00)" ™! and 1 <i < n.
(i) The set bi"TY(B,.) is a finite union of E%-cylinders.
(ii) Suppose that f : R"*1 — R is such that f o by" Tt is F-normal crossings on
B,., say of the form f o bi" (2, y) = 2%y u(z,y) for some unit u € Fp i1 .
Then f is Z-prepared on b5+ 1(B,.)\ Cen(bi*Y). If we further have that
d > «y, then f is N-prepared on by (B,)\ Cen(by ).

We leave most of the verification of Lemmas and [6.7] to the reader. But it is
instructive to show a little bit of their proofs to see why Lemma deals with a
box B, and a function f o u which is normal crossings instead of a general cylinder
C and function f oy which is prepared. Consider an Eg—cylinder C C R say

C={(z,y) € BxR:s(x) <y<t(zr)}

with s(z) < t(z) on B. Let u = by" ™" for some A € RU {0}, and suppose that
fopis of an N-prepared form on C| say

(6.1) fopla,y) = al@)(y — () *u(z,y - 0(z)).

First suppose that A € R. Then p~!(z,y) = (z,y/x; — \) for ; # 0. So u(C) is
the union of the cylinder p(C) N Cen(u) = {(z,y) € BxR:2; =0,y =0} and the
cylinders

uw(CN\ Cen(p) = {(z,y) € BxR:2 > 0,zi(s(x) + A) <y <zi(t(z) + A)}
U{(z,y) € BxR:x; <0,2;(t(z) + ) <y < zi(s(x) + A)}.
Applying 1! to (61) shows that

) = 2D (0@ (:c

d
€Ty

y—zi(A+ 9(33)))
i
on u(C)\ Cen(u), which is N-prepared.
Now suppose that A = co. Then u~(z,y) = (21,...,7/y,...,7n,y) for y # 0.
Therefore p(C) is the union of the two sets (B x R) N Cen(u) = {(z,y) € BxR:
x; =y =0} and pu(C)\ Cen(u), which is given by

nitl . Y#0,(x1,...,2/y,...,2,) € B,

{(x,y) €R Cos(xr, i Yy ) <Y < BT, T Yy, Th) }
Because B could be a rather complicated quantifier free definable set, and s(x) and
t(x) could be rather complicated £%-terms, it is not at all clear that ;(C)\ Cen(z)
is a finite union of C%—cylinders, as it in fact must be by the preparation theorem
we are trying to prove. Similarly, it is not at all clear that f is prepared on
1(C)\ Cen(p), because it is the product of a(z1, ...,z /y, ..., ), (y—0(x1, ..., z;/
Y,...,7,))* and a unit, and both a(z) and (x) could be rather complicated E%—
terms. But in the special case that C' = B, and f o p is F-normal crossings, say of



PREPARATION THEOREM 4417

the form f o u(z,y) = x%y%u(x,y) for an analytic unit u, p(B,) is indeed a finite
union of cylinders and

(62) f(xﬂy) :xayd_aiu(xlv‘"?xi/ya"'7xn7y)
on p(By)\ Cen(u), which is Z-prepared. If d > «;, f is N-prepared.

Definition 6.8. Given F-admissible transformations p/ € (F, ¢(.i))" for j =
1,...,m, we call the sequence y = (u!,...,u™) an F-transformation sequence
in zif /o op™(Beumy) € Be(uiy for j = 1,...,m—1. We identify p with the
map plo---opume (Fre(um))"- We say that p is an “F-transformation sequence
in (z1,...,2;)", where 1 < i < n, if each p/ is an F-transformation in (x1,...,z;).

Since an F-admissible transformation is a continuous function taking 0 to 0,
the notion of an F-transformation sequence can also be applied to the correspond-
ing germs at 0. And conversely, given any F-transformation sequence p of germs
pt, ... ™, polyradii e(p’) can be chosen so that the functions p/ : By — C",
for j = 1,...,m, representing these germs form an F-transformation sequence, and

such that the range of the map p lies in any given neighborhood of the origin.

Definition 6.9. Given a set T of F-transformation sequences, define the height
of T by ht(T) := sup{m € N : {(u*,...,u™) € T} € NU{co}. The set T is “in
(x1,...,2;)" ifeach p € T is in (z1,..., ;).

Given some 0 # f € F, ,, we are interested in constructing a finite set S of
F-transformation sequences such that for each p € S, f o p is normal crossings,
and such that the ranges over the reals of the maps in S cover a neighborhood of
the origin contained in B,.. To do so we will construct a set T' of F-transformation
sequences such that ht(7T') < oo and such that for each u = (ut,...,u™) € T and
7=1....,m,

(1) <N17 v 7/1'j71> ¢ T

(i) {7 : (ub,...,p771) Cv € T} is exactly the family of p?, where C denotes

sequence inclusion (i.e., the initial segment relation).
The desired S will then be chosen as a finite subset of T'.

Note that 7" := {v : v C p for some p € T'} is a tree under the inclusion ordering
and that 7" always branches according to entire transformation families. The set T'
is the set of maximal members of 77 and can be identified with the set of branches
of T'. Since T' and 7" uniquely determine one another, we abuse terminology and
consider T to be a tree.

Definition 6.10. A full F-transformation tree is a set T of F-transformation
sequences of finite height satisfying (i) and (ii) above for all (u!,...,u™) € T
and j = 1,...,m. Any subset of a full F-transformation tree is called an F-
transformation tree. Letting id denote the identity map, by convention T' := {id}
is the unique full F-transformation tree of height 0.

Note that a full F-transformation tree of height 1 is simply the family of an F-
admissible transformation with some choice of domains. Therefore combining the
discussion prior to Definition with a straightforward induction on ht(7") shows
the following.

Lemma 6.11. For any full F-transformation tree T, there is a finite S C T such
that U = U5 #(Be(w)) is a neighborhood of the origin.
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The choice of the set S of course depends on the choices of the domains of each
of the maps in T'. Also, by first shrinking the domains of each of the maps in 7', U
can be made as small as possible.

Given f € F,41,r, not only do we want to construct a full F-transformation tree
T in (z,y) such that f o u(z,y) is normal crossings for all u € T', but we also want
to be able the unwind the coordinate transformations of u to prepare f(x,y) back
in the original coordinates. Therefore because of Lemmas and 67 we want T
to have the following property.

Definition 6.12. Given a set T of F-transformation sequences in (x,y), T re-
spects y if for every p = (ut,....,p™) €T, j€{l,...,m—1} and i € {1,...,n},
@’ is not the transformation b4 +1.
Definition 6.13. Given fi,..., fn € F,r, the set of functions {f1,..., fm} is
normal crossings if each f; is normal crossings, say f;(z) = ®u;(x) with o; € N”
and u;(z) a unit, and if {a1,...,a,} is linearly ordered (cf. Definitions [61]). We
use similar terminology for sets of germs in F,.
Lemma 6.14. Let fi,..., fm € Frr.

(i) The function f1-- - fum is normal crossings if and only if f; is normal crossings

foralli=1,...,m.
(i) If fi and f;— f; are normal crossings for alli, j =1,...,m such that f; # f;,
then the set of functions {f1,..., fm} s normal crossings.
Proof. See Bierstone and Milman [2] Lemma 4.7]. O

Theorem 6.15. For every n € N and nonzero f € F,y1, there is a full transfor-
mation tree (of germs) T in (x,y) such that for all p = (u*,...,u™) € T, fopu
is normal crossings; write f o u(z,y) = xyu(x,y) with a = (ay,...,a,) € N,
d € N and u(z,y) a unit. (We say T “transforms f to normal crossings”.) We
may choose T so that, in addition, T respects y and

if p™ = bt for some i € {1,...,n}.

Corollary 6.16. If f : R"™1 — R is F-analytic on a compact set A C R™" 1, then
f is N-prepared on A.

As usual, because F is fixed, we will frequently drop the prefix “F-” in our
terminology.

Before proving the theorem and corollary in general, let us prove them for the
simple function f(z,y) = y?> — = considered in Example in order to get the
picture of what is going on. In our construction we shall use only needed blow-up
substitutions, so the transformation tree we construct transforming f to normal
crossings will be finite. By unwinding the coordinate transformations of this trans-
formation tree, we obtain the preparation of f given in Example The cylinder
(1 is the center of a power substitution, and the cylinders Cj, ..., Cy are obtained
from the images of each of the maps in our transformation tree. See Figures [2] and
[l for pictures of the domains of our functions under discussion, showing their zero
sets and rough sketches of the preimages of the cylinders Cs, ..., Cy. As in Figure
[, our sketches will ignore the overlap of the cylinders.

The idea is to separate the two branches y = /= and y = —/z of the zero set
of f by applying blow-up substitutions. But to ensure that our desingularization
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Y
y= Ve
x
y=—Vve
p%,—1 pPia
Y Y

FIGURE 2. Zero sets of f(x,y) =y* —x, and of fop?, and fopi ;.

process stops once a blow-up substitution b2 is applied, we first want to make
the order of our function at 0 (which is 1) to be the same as the order in y of our
function at 0 (which is 2). This can be done by applying the power substitutions
x — %2 to make our new functions of order 2:

fopii(zy) = y*—a

fori_i(zy) = v*+a%
This has the effect of making the branches of the zero sets of the transformed func-
tions analytic at the origin. (In contrast, rather than applying power substitutions
in x to increase the total order to the order in y, Bierstone and Milman [2] apply
a linear coordinate transformation to reduce the order in y to the total order.)

Let 1 < 6§ < e. To transform f o p%l to normal crossings, apply b}\’2 for A =
—1,0,1,00:

f Opil Ob:;f(x,y) = y2[1 — x2] for |x| < o
f OP?,l o bé’Q(x,y) = x2[y2 —1] for |y| < o

fopilob%g(:c,y) = z¥yly+2] forel-1l<y<e—1,
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z = 0 (Exc)
A
-y=0
Y
z = 0 (Exc)
A
A Y
1,2
1,2 &l
b B
z = 0 (Exc)
A
< -y =0 < -y=0
(Exc)
Y

FIGURE 3. Zero sets of f opi17 and of f op%)l o bi’Q for A = 00, 1,0, 1.

fopd ot (my) = afyly—2 forl-e<y<l—cl,
where expressions in square brackets are units on the specified set.

Consider the picture in the upper left of Figure Bl which shows the zero set of
fo pil. The vertical wedge which is the image of b;? contains no zero of f o p%l
other than the origin. As a result, the only zero of f o p%l o bL? is the exceptional
divisor of bL;2, y = 0. This was the point of applying the power substitution; no
branch of the zero set of f o pil is vertical at the origin, so the process stops once
b2 is applied.

To transform f o p%ﬁl to normal crossings, apply 61’2 for A = 0, co:

fopi 1 obli(x,y) =y*[2> +1] for |2| <2,
f opi_l o b(l)’2(:c, y) = 22[y* +1] for |y| < 2.

We omit the picture of the inverse images of the zero set of fo p%’_l under b(l)’2 and
b2 since it is similar in spirit to Figure Bl

Thus f has been transformed to normal crossings. By considering the centers
of our transformations separately, unwinding the given coordinate transformations
gives the N-prepared form of f given in Example For example, f o p%l )

by (z,y) = 22yly + 2] for e —1 < y < e — 1. By applying the “inverse” of b}?,



PREPARATION THEOREM 4421

namely (z,y) — (z,y/z—1) for z # 0, we get fop? , (z,y) = 2*(y/z—1)[(y/z—1)+2]
fore ' —1<y/r—1<e—1,2#0. Thatis, fopi,(z,y) = z(y—x)[(y —2)/z+2]
for 7'z <y < ex, x # 0. Now applying the “inverse” of p%l, namely x +— /z for
2> 0, we get that f(z,y) = V&Y — vVa)|(y — v)/VE+2] for VT <y < eV,
x > 0, which is the prepared form of f on the cylinder Cj.

Of course, the function f(z,y) = y? —  is quite simple. In general the construc-
tion is only local, not global as above, and involves translating by implicitly defined
functions.

Proof of Theorem [618. By induction on n. If n = 0, f(y) is normal crossings. So
fix n > 0, and assume the theorem holds for all germs in F,,. The following lemma
is needed for both the current proof and for later use.

Lemma 6.17. Let x := (z1,...,2y,) and z := (21,...,2m), and let f € Fpim.
There is a full transformation tree (of germs) T in x such that for each p € T,
fou(x,z) =x%(x,2) for some a € N* and g € Fpym such that g(0,z) # 0.

~

Proof. Let ™ : F, — R[z] denote the map taking f to its Taylor series f(z) at the
origin. Write f(x, 2) =2 genm flg(x)zﬁ, and note that f3 € F,, for each 3 since F
is closed under differentiation and composition. From the Noetherianity of R[z, ],
there is a finite B C N™ such that

fla,2) =" fal2) 2 us(x, 2),

pBeEB

where for each 8 € B, ﬁg(x) # 0 and ug(z, z) € Rz, 7] is a formal unit . Let F(z)
be the product of all the fg(x) and nonzero fg(x) — fy(x) for 8,7 € B. By the
induction hypothesis in the proof of Theorem [6.15] there is a full transformation tree
T in z transforming F'(x) to normal crossings. Fix p € T. By Lemmal[6.I4 the set of
germs {fgop : § € B} is normal crossings. So for each § € B, fgou(zr) = z*vg(x)
for some ag € N and unit vg(x), and there exists v € B such that a := o, < ag
for all 8 € B. Let

G(z,z) := Z =2 Phs(2)up(x, 2),
BeB

and observe that ﬂ\/ﬁ(% z) = 2*G(x, z) and G(0,z) # 0. Since fop € Fyym and
F is closed under division by variables, f o u(x,z) = 2%g(z, z) for some g € Fpym.
But g(z,2) = G(z, 2), so g(0, z) # 0 as desired. O

To prove Theorem [6.15] apply Lemmal6.I7to f(z,y) to get a full transformation
tree S in z such that for each p € S, f o u(x,y) = 2%g(z,y) for some o € N™ and
g € Fpni1 such that g(0,y) # 0. Now proceed as in the proof of [21] Theorem 2.5]
to construct a tree S, transforming f o u to normal crossings. Then T := {po v :
p e S, veS,} transforms f to normal crossings. We review the construction of S,
to observe that T has all the desired properties.

Since ¢(0,y) # 0, g(x,y) has a finite order in the variable y. That is, there is a

d € N such that %(0) # 0 and g;%(O) =0fori=0,...,d — 1. In addition to n

we also induct on d. The case d = 0 is trivial, since then ¢ is a unit. So we assume
that d > 0.
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If we let 6 € F,, be the germ implicitly defined by the conditions (0) = 0 and

%(m, 0(x)) = 0, then by taking v to be ty, we may write
(6.4) gov(z,y)=>_ gix)y' +y u(z,y),
iel

where u € Fy, 41 is a unit and I C {0,...,d — 2} is such that g;(x) # 0 for all i € I.
Note that g; € F,, and ¢;(0) = 0 for all i € I. We are done if I is empty, so assume
otherwise. A ‘

Let G(z) be the product of  and all the g; and nonzero g;”/(dfj) —gf!/(dﬂ) for
i,j € I. By the induction hypothesis in n, there is a full transformation tree in x
transforming G to normal crossings. By extending v by each of the transformation
sequences from this tree, we may assume that the set of germs {gg!/(d_i) i1 eI}
is normal crossings. By further extending v by performing power substitutions in

x, we may in fact assume that {gz1 M= Ger } is a collection of F-analytic germs
which is normal crossings.

So we may write f o u(z,y) = 2*gov(z,y) and

(6.5) gov(z,y)=>_ ay'v(x) + y ulx,y)
iel

with {3;/(d — i) : i € I} C N™\{0} linearly ordered and each v;(0) # 0. Write
a=(o,...,a,) and B; = (Bi1, ..., Bin), and put |3 = 22‘;1 Bi,;. In addition to
n and d, we now also induct on ), |3;|. Fix k € I smallest such that 3 /(d—k) <
Bi/(d—1i) for all ¢ € I, and fix 1 < j < n such that 8, ; > 0. We shall extend v by
the family of blow-up substitutions {b7""" : X € RU {oo}}.

A simple calculation shows that g o v o b1 (z,y) = y?U(x,y) for some unit
U e fn+1. So

(6.6) fovobl™ (z,y) = 2%y U(,y),

which is normal crossings. Another simple calculation shows that for A € R, govo
b&’"“ = x?GA(x, y) for some G € F,41. Since g ov(z,y) has no term involving
y?=1 for A # 0 the order of Gy(z,y) in ¥ is less than d. On the other hand,
either the order of Go(x,y) in y is less than d, or Go(x,y) is of the same form
as g o v(r,y) given in (G.0), but the new value of ), ;[8;| is decreased. By our
induction hypotheses, this finishes the construction of 7. We need only observe
that T has the desired properties.

First, T' was constructed by successively extending transformation sequences by
transformation families, and each such extension either transformed f to a germ
which is normal crossings in the new coordinates or decreased some parameter n,
d or ) ;c;|Bi|, which can occur only finitely many times. So T" has finite height,
branches according to transformation families and does in fact transform f to nor-
mal crossings. Second, the construction stops once a blow-up substitution 6571 is
applied, so T respects y. Finally, (G.6]) verifies (G.3]). O

Proof of Corollary [616l By induction on n. By considering each function f(z + a)
for a € A and using the compactness of A, it suffices to assume that f € F,, 11,
for some r and show that f is N-prepared on some neighborhood of the origin. By
Theorem and Lemma [6T1], there is a finite transformation tree T in (z,y)
which respects y, is such that U = UueT 1(Be(,) is a neighborhood of the origin
contained in B,, and is such that for each u € T, f o  is normal crossings and
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(6.3) holds when g ends in a blow-up substitution b%"*1. We claim that f is N-
prepared on U. Indeed, put 73 = {p! : (u},...,u™) € T} and T, = {(V2,..., ™) :
{u,v%,...,v™) € T} for each p € Ty. By inducting on ht(T) we may assume that
f op is N-prepared on U, = UVGTH V(Be(uov)) for each p € T1. Then by applying
Lemmas and we get that f is N-prepared on U\ Cen(T}y). But Cen(T})
is the (possibly empty) intersection of coordinate hyperplanes of codimension 1.
The function f(x,0) is simply a term in x, and by the induction hypothesis in n,
f(x,y)|wi:0 is N-prepared on B, for i = 1,...,n. So f is N-prepared on B, N
Cen(T}), and hence on U. O

Remark 6.18. The full strength of our assumption that F is a Weierstrass system
was not used in the proof of Theorem The assumption of closure under Weier-
strass preparation may be weakened to the assumptions of closure under division by
variables and closure under implicit functions (cf. Remarks [23]). This weaker set
of assumptions is advantageous because in any expansion of the real field, the col-
lection of definable functions is clearly closed under the operations of composition,
division by variables and implicit definition of functions. I do not know whether
Weierstrass preparation preserves definability in general, but this seems unlikely
(cf. Section [)).

Furthermore, if one wishes to work with a collection of real valued C'*° functions
with real domains, the proof of Theorem also shows that the assumption of
analyticity can be weakened to the assumption of quasianalyticity, that is, that the
Taylor map ~ : F,, — R[] is injective. This is of interest because of the following
two examples of such systems of functions:

1. the quasianalytic Denjoy-Carleman classes considered, for instance, in [3],
[4] and [21];

2. given any polynomially bounded o-minimal expansion of the real field, the
collection of functions f : B, — R which expand to a definable C'*° function
f: U — R on some neighborhood U of B, (see C. Miller [I8]); the collection
of C'*° sub-Pfaffian functions is a particular example.

Because of the heavy reliance in the proof of the preparation theorem on Theorem
[6.15] it is tempting to ask whether R% has a preparation theorem when F is such
a quasianalytic class of functions subject to this weaker set of assumptions. As
mentioned in the Introduction, this question (in full strength) remains open. We
shall see that the key step in our proof, found in the proof of Lemma [7H], uses
Weierstrass preparation in a seemingly essential way (cf. Remark[7.6]). In a possibly
less essential way, our proof will also use the assumption of analyticity in its reliance
on Lemma in the proof of Proposition [T7

7. PROOF OF THE MAIN PROPOSITION

This section completes the proof of the Main Theorem in the case of K = Q by
proving Proposition 5.1l

Definition 7.1. For any sets A C D C C" and function f: D — C let
Za(f):={xz € A: f(x) =0}.

Lemma 7.2. Consider f,g,h € F, , such that g and h are normal crossings, and
put B =B, and E = Zg(h). If Zp\p(f) € Zp\e(g), then f is normal crossings.
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Proof. Since g and h are normal crossings, so is their product. Put g(x)h(z)
z%u(x) with o € N” and u a unit on B. Since Zp\g(f) € Zp\r(9), ZB(f)
Zp(g)uZp(h) = Zp(gh) = Zg(z®). Fix f < o« minimal such that Zg(f) C Zg(x
(s0 B € {0,1}").

We claim that Zp(f) = Zp(2®). To see this, apply the fact that the set of
regular zeros of a holomorphic function is dense in its set of zeros, and hence there
is a set U C B which is open and dense in B and is such that Zy(f) and Zy(2?)
are both (n — 1)-dimensional complex manifolds. But Zy (f) C Zy(2?), so in fact
Zy(f) = Zy(2®) by dimensional considerations. Since the closed sets Zp(f) and
Zp(x%) agree on a dense subset, they must be equal.

Now apply the claim to f to get fi € F,, such that f(z) = 2P f;(x). But f
satisfies the same hypotheses as f1, so we are done if f is a unit and can apply the
claim to f; otherwise. By repeatedly applying the claim as such, a process which
must eventually stop since f has finite order, we prove the lemma. O

21N |l

Our goal is to Z-prepare a function of the form f(z1,...,2,_1,2,/y,y) for an
F-analytic function f. Our strategy in doing this is modeled after Parusinski’s
proof of his preparation theorem [I9, Theorem 7.5]. We consider the slightly more
general form F(z,y) = f(z,9(x)/y,y) for F-analytic functions f and g and con-
struct a finite transformation tree T respecting y such that F o u(z,y) is normal
crossings for each p € T and such that {(z,y) € R"™ 1y £ 0, |z|,|g9(z)/yl, |yl <
6} € U,er #(Be(u) for some 6 > 0. Since T respects y, we can unwind its transfor-
mations to prepare F' back in the original coordinates. To construct T we will first
use Weierstrass preparation to construct a full transformation tree S in = such that
for each p € S there is an F-analytic function ®,(z,y) such that the complex zero
set of F'o u is contained in the complex zero set of ®,. We then apply Theorem
[6.15]to construct a full transformation tree S, in (z,y) which respects y and is such
that for all v € S, either ®,, ov is normal crossings and F'ouowv is analytic, or else
the image of p o v misses the set {(z,y) € R"*! .y £0, |z|,|g9(z)/yl, |yl < §} for
sufficiently small § > 0. In the first case Lemma shows that F'o pov must also
be normal crossings, and in the second case p o v is irrelevant and may be ignored.
Thus T can be extracted as a suitable finite subset of the full transformation tree
{pov:peSves,}

Just as in the proof of Theorem 6.15] the construction of {pov:pe S,v e S,}
is completely local. So instead of cluttering up the construction by keeping track
of continually shrinking neighborhoods, it is more convenient to phrase most of the
argument in terms of germs, for which the following notation will be useful.

Definition 7.3. Consider a function ¢ : D — C™ defined on a set D C C" such
that 0 € cl(D) and also a function f : U — C defined on a neighborhood U C C™
of the origin. For any V C U and V' C C™ let

Zvi(flyop)={ze DNV :p(x) €V, fop(x) =0}

Given a function g : W — C defined on a neighborhood W C C" of the origin, we
write

Z(floy) € Z(g)

to mean that ZV/(f|V o) C Zy/(g) for some neighborhoods VC U and V' C W
of the origins in their respective spaces.
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In other words, Z(f| o) C Z(g) simply means that for all z € C", fop(z) =0
implies that g(z) = 0 provided that ¢(z) is defined and both x and ¢(x) are
sufficiently small. This concept can therefore also be applied to the germs of f, ¢
and g at the origins in their respective spaces. Similarly, given any germ at 0 of a
continuous function p : C* — C” such that (0) = 0, this concept can be applied
to the germs of f, ¢ o u and g o u. We shall frequently use the obvious fact that
given such a germ pu, if Z(f| o) C Z(g), then Z(f|owou) C Z(go u).

Lemma 7.4. Let A € R, f € F,41 and g € F,, be such that g(0) = 0. Let D be
the germ at 0 of {(z,y) € C"™ : y # 0}, and define the germ ¢ : D — C"T! by
o(z,y) = (z,9(x)/y— Ny). Then there is a full F-transformation tree (of germs) T
in « such that for each p € T there exists ®,, € Fpi1 such that Z(flopop) C Z(D,,).

Proof. By Lemma [6.17 there is a full transformation tree T in x such that for all
weT, foulx,y) =x*h(zx,y) for some o € N* and h € F,,;1 such that h(0,y) # 0.
Let d be the order of h(0,y). Fix u € T and the corresponding «, h and d. Put
w(z,y) = (1 (x),y), where p’ is an admissible transformation in x.

By Weierstrass preparation h(z,y) = w(z, y)u(z,y) for some w,u € Fp41, where
w is a Weierstrass polynomial in y of degree d and w is a unit. So f oo u(z,y) =
f(' (x),gop(x)/y — A\y) is the product of x%w(x, go ' (x)/y — Ay) and a unit. By
letting @, (z,y) = 2*y%w(z,g o i (z)/y — \y), which is a polynomial in y having
coefficients in F,,, we see that Z(f|opopu) C Z(®,). d

Lemma 7.5. Let f € F42 and g € F,, be such that g(0) = 0. Let D be the
germ at 0 of {(x,y) € C"™! : y # 0}, and define the germ ¢ : D — C"T2 by
o(x,y) = (z,9(x)/y,y). Then there is a full F-transformation tree (of germs) T in
x such that for each o € T there exists ®,, € Fpy1 such that Z(flopou) € Z(P,).

Proof. Let z denote a single variable. By Lemma [6.17] there is a full transformation
tree S in x such that for each v € S, fov(z,y,2) = 2*h(z,y, 2) for some o € N"
and h € F, ;2 such that h(0,y,z) # 0. Fix v € S and the corresponding « and h.
Since v is in x, we may consider it to be a map in (x,y) and put v(z,y) = (V' (x),y)
for some admissible transformation v/ in z. So

(7.1)  foypou(z,y) = f(V(x),gov (z)/y,y) = 2h(z,g o V() /y,y)-

We now use a method of Parusinski’s to study the complex zero set of fopow.
Fix A € R such that h(z,y + Az, z) is regular in z, which may be done since
h(0,y, z) # 0. By Weierstrass preparation,

(7.2) h(z,y + Az, 2) = w(z,y, z)u(x,y, 2)

for some w, u € F, 42, where w is a Weierstrass polynomial in z and u is a unit. Now
consider (a,b) € C"*! such that b # 0, put ¢ = gov/(a)/b—Ab, and assume that (a, b)
and powv(a,b) are sufficiently small so that (1) and (Z2) make sense as functions,
not just germs, evaluated at (z,y) = (a,b) and (z,y,2) = (a,c,b), respectively.
Suppose that h(a, gov'(a)/b,b) = 0. Then w(a,c,b) = 0 and \b*>+cb—gor/(a) = 0,
so the two polynomials in y, w(a, ¢,y) and \y? +cy — gov/(a), have a common root
b, and hence a common factor. Letting R(x,z) be the resultant in y of w(z, z,y)
and \y? + zy — g o V/(z), it follows that R(a,c) = 0. Observe that R € F, 1, and
put ¥, (z,y) = (x,gov'(z)/y — A\y) and F,(z,y) = 2*R(z,y). This argument and
([Z1) show that Z(f|opov) C Z(F,|01,).
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Now apply Lemma [4] to obtain a full transformation tree S, in z such that for
eachne S, Z(F,| o, on) C Z(Pyoy) for some @0, € F,q1. But

Z(flopovon) CZ(F,| oy, on),
soif weput T'={von:veSnesS,} weget that Z(f|opop) C Z(P,) for all
p=voneT. O

Remark 7.6. So as not to lose the main point among all the details, it should
be pointed out that Lemma is the key step in the proof of the preparation
theorem presented here. It is essentially a quantifier elimination result and makes
full use of our assumption of closure under Weierstrass preparation. The proof
uses Weierstrass preparation and polynomial algebra to show that the image of
{(z,y,t) : f(V(2),t+ Ay, y) = 0, \y? +ty — g o v/(x) = 0} under the projection
(z,y,t) — (x,t) is contained in the zero set of an F-analytic function. This seems
like a very essential use of Weierstrass preparation. LemmalZ.5lalso uses Weierstrass
preparation in its reliance on Lemma [Z.4] but this is done out of convenience rather
than necessity (see Remark [7.10]).

Proposition 7.7. Let f € Fnhi0s and let g € F,r be such that g(0) = 0. Let
D = {(z,y) € B, xC:y # 0}, and define ¢ : D — C"*2 by p(x,y) = (z,9(x)/y,y).
Then there is a finite F-transformation tree T in (xz,y) which respects y as described
below. For p € T we write p = (i1, .-, pins1) and @ = (1,. .., 1n); S0 with this
notation

pou(z,y) = (zy), gop' (@y)/tns1(2,y), pn+1(z,y))-
For all p € T the following hold:
(i) g oy’ and pny1 are both normal crossings on Bey; put g o p'(x,y) =

(zy)*Wu(z,y) and pnii(z,y) = (2y)°Wo(z,y) for a(p), B(u) € N** and
units u, v € Fry1 e(u);

(i) a(u) > B(p); it follows that there is an analytic function ®,, € (Frp1,e(u))™ >
such that g o =@, on {(z,y) € Be() : (zy)?® #0};

(iii) fo ®, is normal crossings on Be(,);

(iv) there are a neighborhood U C R™*1 of the origin and § > 0 such that

{(z,y) € U :|g(@)| < dlyl} € | n(Bew)-
neT

Proof. By Lemma there is a full transformation tree (of germs) S; in x such
that for all v € Sy, Z(f|opov) C Z(V,) for some ¥, € F,, ;1. Put

Yo (2,y) =Wy (,y)-gov'(z) -y (y—gov(x)),
where v(z,y) = (v/(z),y). By Theorem there is a full transformation tree (of

germs) 51, in (z,y) which respects y and transforms Y, to normal crossings. Note
that

(7.3) Z(flo@ovon) C Z(¥, o)

for each n € S1,. Put So = {von:v e Sy,n € S1,}. Since S; is in = and each
S1,, respects y, So also respects y. We now choose functions on suitable domains
which are representatives of each of the germs in Ss.

For each p € Sy choose () € (0,00)" " so that there is an admissible transfor-
mation in (}}H_l,e(u))”“ whose germ at 0 is . We also call this function g and now
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consider Sy to be a transformation tree of functions, not of germs. Consider some
fixed p € Sy, and put p = von for v € Sy and n € Sq,,. By possibly shrinking e(p),
we can ensure that p'(Be,)) C B, and that T, o7 is normal crossings on Be(,). So
by Lemma the functions ¥, on, go p’ and p,11 are all normal crossings on
B.(), and using the notation established in statement (i), either a(u) > B(u) or
a(p) < B(p). Since p is currently fixed, we shall simply write a and § instead of
o(p) and B(p).

It follows from ([.3]) that by possibly shrinking e(u), and by choosing 6(u) > 0
sufficiently small, we may assume that

ZD(e,é;,u,) (f oo M) c ZD(E,S;M)(‘IIV © 77)’

where

D(e,8; 1) = {(z,y) € Begy : tins1(2,y) # 0, |gop(z,y)/pns1(z,9)] < (p)}.

The proof now breaks down into three cases depending on the relationship between
«a and f.

First suppose that & > 8 and « # 3. Then by possibly shrinking e(u) we may
assume that |(zy)* Pu(z,y)/v(z,y)| < 6(p) on Bey. So D(e,d;p) = {(z,y) €
Be(y ¢ (zy)? # 0}, and by putting

Dy (x,y) = (W (2,y), (xy)* Pulz,y) /v(z,y), (zy) v(z,y)),

we get that @, is is a function in (F,41,¢(,))"* which agrees with oy on D(e, 6; ).
Hence Zp(e,5.)(f © Pu) € Zp(e,s;)(¥y ©1), so by Lemma [Z.2 the function fo @,
is normal crossings on B(,).

Next suppose that & = 3. Then by shrinking §(x) we can assume that |u/v| >
d(p) on Be(yy, so D(e, 0; p) is empty.

Finally, suppose that o < 8 and « # 3. Then by shrinking €(x1) we may assume
that |(zy)* Pu(z,y)/v(z,y)| > §(k) for all (z,y) € Be(,) such that pu,41(2,y) # 0.
Again, D(e,0; 1) is empty.

For each p € Ss the values of e(u) and d(p) are now set. We extract the
desired finite tree T as a suitable subset of S;. By Lemma there is a finite
Sz C Sy such that U = g, #(Be()) is a neighborhood of the origin in R™*'.
Let 6 = min{é(u) : p € Ss}. It follows that

(7.4) {(z,y) €U 1y #0,l9(x)/y| <6} € |J n(D(e,8; ).
HES3

Put T = {p € S3 : a(p) > B(p),alp) # B(r)}. Since D(e,d;p) = O for all
p € S3\T, ([T4) holds with T in place of S3, so {(x,y) € U : |g(x)| < dly|} C

UMET 1(Be(u))- O

There are now only two things left to do to prove Proposition Bk 1) observe
that preparing f(z, g(z)/y,y) is easy for values of (z,y) for which (z, g(x)/y,y) is
not small; 2) unwind the transformations of T' given by the previous proposition
to prepare f(x,g(z)/y,y) for values of (z,y) for which (x, g(z)/y,y) is small. For
both we need the following obvious fact.

Lemma 7.8. For Eg-terms si(x), ..., sn(z), t1(z) and ta(x), let

L(z,y) = (s1(2), ..., sn (@), ta(2)y + t2(x)),
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and let C CRNVYL be an E%—cylinder. Then

(i) L7Y(C) is a finite union of Eg—cylmde'rs;
(i) if f: RN - R is E%—prepared on C, then folL is E%—prepared on L=Y(C);
the same holds for both N- and Z-preparation.

Lemma 7.9. Let f € Foy25 and let g € Fp» be such that g(0) = 0. Let D =
{(z,y) € B, xC:y # 0}, and define p : D — C"*? by p(z,y) = (x,9(x)/y,y). Let
A C DNR™! be a finite union of L%—cylinders such that (A) C Bs. If y ~ 1(x)
on A for some E%-term Y(x), then f oy is N-prepared on A.

Proof. Since y # 0 on A and y ~ ¢(x) on A, ¥(xz) # 0 on A. By considering
{(z,y) € A: Y(x) > 0} and {(z,y) € A : ¢¥(z) < 0} separately, we may assume
that ¢ has constant sign on A. Both sign conditions are handled similarly, so we
assume that ¢(z) > 0 on A.

Fix 0 < a < b such that ay(x) <y < bip(x) on A. For each \ € [a,b] let Ay =
{(z,y) € A: Ixp(z) <y < 3Mp(z)}. By choosing a = Ay < --+ < Ay = b such that
Xitv1/Ni <3 fori=1,....k—1, we have that A C Ule Ay,. So by considering
each Ay, and \;9p(z) separately, we may simply assume that 1¢(z) < y < 34(z)
on A. Therefore, since p(A) C Bs, the following hold on A:

’g(x) :‘ y 9@|_3
@] @)y |2
()] < 20yl < 28042,
’y—w(x) <1

) |72

View <P|A as the composition of maps ¢ = g 0 1, where ¢; : A — R"™3 and
9 : R"2 x (=1,1) — R"*2 are defined by

ei(z,y) = (9(x)/v(@), 2, ¢(x), (y — ¥ () /P (),
pa(w,2,y,2) = (z,w/(1+2),y(1+2)).
Put 6 = (38541/2, 51, - -+, Sn, 28n42, 1/2), and note that p1(A) C Bs and that ¢ is

F-analytic on Bs. Therefore by Corollary [6.16] f o o is N-prepared on Bs. So by
Lemma [Z.8] f o @3 0 is N-prepared on A. (]

Proof of Proposition [5.1l. It suffices to prove the following statement by induction
on n:

Consider a bounded function ¢ : A — R"*2 of the form

o(z,y) = (z,9(2)/y,v),

where A C {(z,y) € R"! : y # 0} is a bounded set which is the finite
union of ,C%-cylinders and g : R” — R is F-analytic on cl(II,,(4)). If
f:R"2? - R is F-analytic on cl(¢(A)), then f o ¢ is Z-prepared on
A.
We begin with some reductions that apply to any n > 0. Since IL,(A) is bounded,

we may work locally in = and thereby assume that II,(A) C B, and g € F,,, for
some polyradius r which can be taken to be as small as we wish. Let 6 > 0 and
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consider the following three sets which cover A:

As = {(z,y) € A:lyl,]g(x)/yl <},
As = {(z,y) € A:ly| >},
Ay = {(z,y) € A:g(z)/y| > 6}

Now, f o ¢ is F-analytic on cl(Af). So by Corollary [6.10] f o ¢ is N-prepared on
A§ for any § > 0. Also, since ¢(A) is bounded, there is an M > 0 such that
0 < |g(z)/y| < M on Af. So up to dividing A} into smaller sets to account for
signs, y ~ og(z) on AY for some o € {—1,1}. Hence by Lemma [[9 f o ¢ is
N-prepared on AY for any ¢ > 0. So it suffices to show that f o ¢ is Z-prepared on
As for some 6 > 0. We may therefore assume that f € F,, 42 s for some s > (1,9, d),
and also assume that 0 € cl(A) and ¢g(0) = 0, since otherwise As would be empty
for sufficiently small § and r.

If n =0, then fop(x,y) = f(g9/y,y) for some g € R. But g = 0 by our reduction
above, so f o ¢ is clearly N-prepared on Ajy.

So let n > 0. We need some notation: for any transformation sequence p =
(phy...,p™) and 0 < k < m, let p=F = (!, pF) and p>* = (uF+L oo u™).
Let T be the transformation tree given by Proposition [[.71 We use the notation
given in the proposition: so T respects y, and for each p € T, py,41 is normal
crossings on B,y and ¢ o u extends to an analytic function ®,, on B, such that
f o ®, is normal crossings. Also, by possibly shrinking r and § we may assume
that As € U,er t(Be(u))- To finish we simply have to unwind the coordinate
transformations in 7" to show that f o ¢ is Z-prepared on U, p(Be(uy) N {(z,y) :
y # 0}. To do this we show by backwards induction that the following holds for
k=nht(T),...,0:

For any p = {(u',...,u™) € T such that m > k, fopopuskis
Z-prepared on

V(p k) = J{r""(Bew)) : 1=F Cv e Tyn{(z,y) : pt (z,y) # 0}

(When k = 0, this is the statement we want to prove.)

Suppose k = ht(T). Then p=* =y and V(u, k) = {(2,y) € Be() : fnt1(,y) #
0}. But fo®, and p,41 are normal crossings on B, so f o @ o u is clearly
N-prepared on V(u, k).

Now consider k& < ht(T). Let u = {(u',...,u™) € T be such that m > k,
and assume that for all v € T such that p=F C v, f o o v=Ftl is Z-prepared
on V(v,k+1). Put § = {**! : y=F C v € T}. By Lemmas and [6717
fopouStis Z-prepared on V(u, k)\ Cen(S). But Cen(S) is the (possibly empty)
intersection of coordinate subspaces of codimension 1, so it suffices to show that
fopouSk(zx, y)|y=0 and fopou<k(z, y)|mi=O fori =1,...,n are Z-prepared on As.
The first function is prepared since it is a term in x. For the second function, note
that since u=F is a composition of translations by functions, power substitutions
and blow-up substitutions, it follows that

fopou=t(z,y) = F(z,G(z)/(Li(2)y + La(x)), L1(2)y + L2(x))

for some F-analytic functions F, G, Ly and Ls. So by applying Lemma [.8 and
the induction hypothesis in n, f o p o u=F(, y)|w_:0 is Z-prepared on As. O
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Remark 7.10. For the sake of giving a simpler proof, we used Weierstrass prepara-
tion twice in the proof of Proposition 5.1} once to perform the “quantifier elimina-
tion” in the proof of Lemma (cf. Remark [7.6]), and once in the proof of Lemma
[4, upon which Lemma 7.5 relies. We now sketch an alternate proof of Proposition
B which circumvents this second use of Weierstrass preparation, and thus only
uses it to perform the quantifier elimination.

It suffices to study f(z,g(x)/y,y) for values of (x,y), y # 0, for which p(z,y) =
(z,9(x)/y,y) is sufficiently small. Start the proof of Lemmal[Z5lin the same way: by
performing admissible transformations in x, we may assume that f(0,y,z) # 0. So
we may fix A € R such that f(z,y+ Az, z) is regular in z, and hence by Weierstrass
preparation, f(x,y + Az, z) = w(z,y, z)u(z,y, z) for some Weierstrass polynomial
w(z,y,2) in z and unit u(z,y, z). Let R(x,t) be the resultant in y of w(x,t,y) and
Ay? +ty — g(x) = 0, and consider the following sets, where z, y, g(z)/y, t are all
complex and sufficiently small:

Zy = {(z,y):y#0, f(z,9(x)/y,y) = 0},

Z2 = {(x,y,t):y;éO,f(x,t—F/\y,y)=)\y2+ty—g(x)=0},
Zy = {(z,t): Jy s.t. (x,y,t) € Zo},
Zy = {(z,t): R(z,t) = 0}.

We have two surjections, 71 — Zs : (z,y) — (x,y,9(z)/y — \y) and Zy — Z3 :
(z,y,t) — (x,t). The first is injective but the second is 2-to-1, so Z3 is the image
of Z; under the 2-to-1 mapping (z,y) — (z,g9(z)/y — A\y). Since Z3 C Z,, we get
that f(x,g(z)/y,y) = 0 implies R(x, g(z)/y — Ay) = 0.

Now the two proofs diverge. The two “inverse” maps of (z,y) — (z, g(z)/y—Ay)

are
Qul,y) = <x y+0\/y2+4)\g(x)>

2\

for 0 € {1,—1}, 80 fop o Q,(z,y) =0 implies R(z,y) = 0. Because

0o Qs(x,y) = (x y+oVy? + (@) y+om>

2 ’ 2\

fowpoQ, is not analytic simply because y/y? + 4\g(x) is not analytic. Put D(z,y) =
y? + 4\g(z). Now, there is a full transformation tree T' in (z,y) which respects y
and transforms R(x,y) - D(z,y) to normal crossings. So for any p € T, both Ro
and D oy are normal crossings. Put D o pu(z,y) = 2%y%u(z,y), and note that
d > 2 because the order of a function in a given variable cannot drop by performing
admissible transformations. By possibly extending p by power substitutions in =z,
we may also assume that o; > 2 for i = 1,...,n. Therefore foypoQ,opu is analytic,
and its complex zero set lies in the complex zero set of Ro p, so fowo @y o p is
normal crossings.

We already know how to unwind F-admissible transformations, so it suffices
to see that we can also unwind the transformations Q,, o € {1,—1}. Namely, it
suffices to show that given a cylinder C C R"*!, Q,(C) is a finite union of cylinders,
and that given a function F(z,y), if F o Q,(x,y) is Z-prepared, then so is F(x,y).

Suppose that C = {(z,y) € B xR : s(z) < y < t(x)}; we may assume that

y # 0 for (z,y) € C. Then Q,(C) = {(z,y) : (Qo) '(z.y) € C} = {(z.y) €
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B xR : s(z) < g(z)/y — My < t(x)}, which is a finite union of cylinders because
\y? + s(x)y — g(x) and M\y? + t(z)y — g(z) are easily prepared.

Now suppose that F o Qy(z,y) = a(z)(y — 0(z))%u(x,y — 6(x)), and apply
(Qo)~H(,y) = (z,9(x) [y — Ay) to get

F(z,y) = a@) (9(x) /y = My — 0(x))" (2, g(x) Jy — Ny — 6(x)).

But g(z)/y — Ay — 0(z) = (Ay® — 0(x)y — g(z))/y. The numerator is easily N-
prepared, and the denominator is trivially N-prepared, so the result follows from
simultaneous preparation.

8. PROOF OF THE PREPARATION THEOREM FOR A GENERAL FIELD K
This section completes the proof of the Main Theorem by showing the following.

Proposition 8.1. Let F be an analytic system of germs closed under composition
and implicit functions, and let K be a subfield of the field of exponents of F (which
is indeed a field by our hypotheses). If every Eg—deﬁnable function is L%—prepared,
then every Ef-deﬁnable function is /Jf-prepared.

Proof. To show this, it suffices to show that the three claims in the proof of the
preparation theorem for K = Q found in Section [l are true for a general K.
It is clear that if f(z,y) is LX-prepared, then f(z,y)" is LX-prepared for any
r € K. The rest of the content of the three claims are special cases of the following
statement which we shall prove:

Suppose that f: R™ — R is L?ﬁ-—deﬁnable and that ¢ = (g1,...,9m) :
R — R™ is such that each g; is LX-prepared. Then f o g is
LX-prepared.
By simultaneous preparation, it suffices to show that f o g is Eé—prepared on
A CR™! where A is a fat £LE-cylinder such that for i = 1,...,m,

gi(z,y) = bi(z)ly — ()" ui(z,y — 6(x))

on A for some L’g—terms b; and 0, r; € K and £§—Special unit u;. We could always
work in the variables +(y — 6(x)), so to simplify notation we assume that § = 0
and that y > 0 on A. We may therefore rewrite f o g(x,y) as F o p(z,y), where
¢+ A — RIFF is an F-analytic function of the form p(z,y) = (a(z),y"™,...,y™)
for some [-tuple of Eé-(—terms a(x) and numbers ry,...,7, € K, and F : RHF - R
is E%—deﬁnable. By possibly adjusting the definition of F', we can take rq,...,7k
to be linearly independent over the rationals.

Lemma 8.2. Let ¢ and F be as in the discussion above.
(i) If Fop(z,y) = G(b(x),y) on A for some p-tuple of LE-terms b(x) and
£%-deﬁnable function G : RPT! R, then F o is E?-prepared on A.
(ii) If y ~ 0(x) on A for some LK -term 0(x), then there is a finite cover C of A
by E?—cylinders such that on each C € C, F o ¢ satisfies the hypothesis of
(i).
Proof. To prove (i) simply £%—prepare G(21,--.,2p,y). This induces an LX-prepa-
ration of G(b(z),y) on A.

To prove (ii) proceed as in the proof of Lemma and use the fact K is a
subfield of the field of exponents of F. Namely, first reduce to the case that
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\(y;@(x))/@(l‘ﬂ < 1/2 on A, and then write y™ = 0(x)" (1+ (y — 0(x))/0(x))" foDr

By (i) in the previous lemma and the reductions above, it suffices to show the
following:

(Iy) Let A CR™x(0,00) be a fat LX-cylinder, let ¢ : A — R"™** be an F-analytic
function of the form ¢(z,y) = (a(x),y™,...,y"*) for an l-tuple of LE-terms
a(x) and numbers rq,...,r, € K which are linearly independent over the
rationals, and let F': R“%* — R be E%—deﬁnable. Then there is a finite cover
C of A by Eé-(-cylinders such that for each C' € C either

(a) Fo(z,y) = G(b(z),y) on C for some p-tuple of LE-terms b(z) and
E%—deﬁnable function G : RPT!1 — R, or

(b) Fo(x,y) = b(z)y*u(z,y) on C for some LE-term b(z), LE-special
unit u(z,y) and s € spang(ry,. .., %)

Given 0 <@ <k and a set D C R'*, and given a(w) and r1,..., 7t as in (Iy), let
Da:={(x,y) € A: (a(x),y",...,y") € D}.

We prove (I) by induction on k, and for the induction to go through we need to
also induct on the following statement:

(1) Let A and ¢ : A — R"™* be as in (I;). Then for any E%—deﬁnable set
C C RI** (O, is a finite union of £&-cylinders.

Both (Ip) and (IIp) are obvious, so let £ > 0 and assume (Iy_1) and (II_q).

Proof of (Iz). If £ > 1, then we can reorder r1,...,r; to ensure that ri ¢ Q. If
k=1 and r; € Q, then we are in case (a). We may therefore assume that 7 is
irrational.

Fix a tight E?ﬁ-—preparation of F(z,y,yx) in the variable yx, where z = (21, ..., 2)
and ¢y = (y1,...,Yk—1). By (IIx_1) we know that for any L?ﬁ-—cylinder C given by
this preparation, say with base D, D4 is a finite union of Lg—cylinders. Therefore
by partitioning A into finitely many smaller £X-cylinders and considering each of
these cylinders separately, we may reduce to the following situation: there is finite
collection C of C%—cylinders in R"* such that

(i) all the C’ € C have the same base D C RI**—1;

(ii) Da =

(iii) A= UCeC Ca;

(iv) there are E -terms t1(2,y'),...,tp(2,y") which are F-analytic on D, are
such that —oco = to(2,y’) < -+ < tpp1(2,y’) = 00 on D, and are such that
C={C%, C’l7 ...,CP, C””pH}, where

C' = {(z,9,yx) € D xRy, =t;(2,9)},
CV = {(z,9 k) € DX R:ti(z,y) <y < tina(z9)};

(v) F(z,y,yx) is of a tight E%—prepared form on each C € C.
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Because D is quantifier free £X-definable, the proof of Lemma [B7](ii) shows that
D is the union of finitely many £X-term cells, so we may further assume that D is
an LE-term cell.

Now, the idea of the proof is to use the E%—preparation of F(z,y',yr) on C to
obtain an L¥-preparation of F(a(z),y™,...,y™) on C4 for each C € C. But it is
not at all clear that C, is a finite union of £&-cylinders, as it in fact must be by
the proposition we are trying to prove. This problem can be circumvented with the
help of the following claim.

Claim. By possibly dividing A into smaller E_I;-(—cylinders, we may assume that for
each i =1,...,p there is an £LEX-term 1);(z) which is F-analytic on II,,(A) and such
that y ~ ;(z) on CY.

Because A = Dy, C4 = {(z,y) € A: y™ = t;(a(z),y™,...,y"*~1)}. By apply-
ing (Iy_1) to t;(a(z),y™,...,y"™ 1) and dividing A into smaller £X-cylinders ac-
cordingly, we may assume that ¢;(a(z),y", ...,y 1) = b(x)|y—0(z)|*u(z, y—0(z))
on A, where b and 0 are L-terms, u is an £%-special unit and the following holds:

(i) if @ £ 0, then s € Q and y ~ 6(x) on A;

(i) if#=0, then either s € Q or s€spang{ri, ..., rx—1}; hence y ~ (b(x))'/("=*)

on C.
This proves the claim.

Fix ¢; > 1 such that E' = {(z,y) € A: ¢; ' < y/i(z) < ¢} contains C%. By
possibly dividing D into smaller Eg—term cells, we may assume that the sets E? are
all LK term cells with base D, and that A\|J/_, E' has finitely many connected
components, each of which is an L£X-term cell with base D. We are in case (a)
on each E’, so it suffices to consider a component E’ of A\ |J/_, E*. Because ¢
is continuous, p(E’) is connected. Also, ¢(E')NC* = () for all i = 1,...,p, so
o(E") c J_, C»F1. But the C%*1’s are exactly the connected components of

P, CH T so p(E') C CH*L for some i. Therefore by simply taking A to be
the cell E’, we have reduced to the following situation: C consists of a single fat
L?ﬁ-—cylinder. Therefore on A,

Fla(z),y™,....y™)
=b(a(x),y",...,y"™ ) [y = O(alx), y", .y )|
U(G(I), yrla LR ka71 ’ yrk - 9(0/(.’15)7 yrla s 7yrk71))
for some Eg—terms b(z,y') and 0(z,y'), ¢ € Q and £%—Special unit u. If 6 # 0, then
y™ ~ 0(a(z),y™,...,y™ ), so by applying (Ix—1) to O(a(z),y™,...,y"™) and
proceeding as in the proof of the Claim, we reduce to case (a). We may therefore as-
sume that § = 0. But then by applying (Ix_1) to b(a(z),y™, ...,y " ~1), we either re-

duce to case (a) in a similar manner or else to the case that b(a(z),y™,...,y"1) =
c(x)y*v(x,y) on A for some LE-term c(x), s € span{ry,...,r;} and LE-unit v(z,y).
We are then in case (b). O

Proof of (I1,). Tt suffices to consider an £%-cylinder €' C R'** and show that C4
is a finite union of L& -cylinders. So C = {(z,v',yx) € DxR : ¢(2,y',yy)} for some
formula o(z,y’, yx) of the form yr = t(2,7'), s(2,¥') < yr < t(2,¥), s(z,9) < yx
or yr < t(z,y’) for Eg—terms s and t. By (IIy_1) we may divide A into smaller
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LX-cylinders to assume that A = D4. So Ca = {(z,y) € A: o(a(x),y™,...,y"™)}.
By (Ix) the functions y"™* — s(a(z),y"™,...,y"*-1) and y™ — t(a(x),y™, ...,y 1)
are Cg—prepared on A, so by further dividing A into smaller Lﬁ?—cylinders, we may
assume that these functions have constant signs on A. Then Cj, is either A or is
empty. ([l

This completes the proof of Proposition Bl O

9. APPENDIX: VARIOUS CLOSURE PROPERTIES
OF ANALYTIC SYSTEMS OF GERMS

We now discuss various closure properties one might want to impose upon an
analytic system of germs. We break the discussion down into two parts:

1. We compare Weierstrass systems with Van den Dries’s notion of a “conver-
gent Weierstrass system” [22] and discuss the question of whether Weier-
strass preparation is closed under definability.

2. We discuss closure properties relating to Lion and Rolin’s splitting technique
and their globally subanalytic integration theorem [14].

9.1. Closure under definability. The Weierstrass division theorem states that
for all f,g € Onq1, if f(x,y) is regular in y of order d, then there exist unique
q € Opq1 and 1g,...,7q—1 € O, such that

d—1
(9.1) g9(x,y) = (2 y)q,y) + Y ri(@)y"
=0

An analytic system of germs F is “closed under Weierstrass division” if for all
fyg € Fni1 such that f(z,y) is regular in y of order d, if ¢ and rg,...,rq_1 are
the analytic germs given by (@), then ¢ € F,y1 and rg,...,rq—1 € Fp,. If an
analytic system of germs is closed under Weierstrass division, it is also closed under
Weierstrass preparation: indeed, if f(z,y) is regular in y of order d, to Weierstrass
prepare f simply Weierstrass divide y¢ by f.

In Definition 2] we defined a Weierstrass system to be an analytic system of
germs closed under composition and Weierstrass preparation. An analytic system of
germs closed under composition and Weierstrass division is exactly a “convergent
Weierstrass system” in the sense of Van den Dries [22] (cf. Denef and Lipshitz
[T, 1.3 Remarks]), disregarding the merely cosmetic difference that [22] states its
definitions in terms of convergent power series rather than real analytic germs. To
compare the two concepts we use the following notation: for any G C O closed under
local translation, let WP (G) denote the smallest analytic system of germs containing
G which is closed under composition and Weierstrass preparation, and likewise let
WD(G) denote the smallest analytic system of germs containing G which is closed
under composition and Weierstrass division. To construct WP(G) or WD(G) from
G, first consider the collection of all functions g : U — R, with U a neighborhood
of the origin, such that G contains the germ of g at each point of U, along with
the collection of all real constants and all coordinate projection functions z +—
x;. Then close under the operations of addition, multiplication, composition, and
either Weierstrass preparation or Weierstrass division, respectively. One obtains a
collection of analytic functions defined in neighborhoods of the origin in R”, for
all n € N, and WP(G) or WD(G) is the collection of germs at the origin of this
collection of functions. (From this one sees that the assumption that G is closed
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under local translation is needed for WP(G) and WD(G) to be well defined. Indeed,
since WP(G) and WD(G) are by definition closed under local translation, for each
germ ¢ in G there must be a representative g : U — R such that WP(G) and
WD(G) contain the germ of g at each point of U. If G was not closed under local
translation, we could choose U to be arbitrarily small. But the smaller we choose
these U’s, the smaller the generated system of germs would be, so there would be
no smallest collection of germs with the desired closure properties.)

Of course WP(G) C WD(G), but in spite of the fact that the Weierstrass prepara-
tion and division theorems are commonly treated as being equivalent, I do not know
if equality holds. Namely, is every Weierstrass system closed under Weierstrass di-
vision? I am primarily interested in the following weaker form of this question.

Question 1. Is every member of WD(G) necessarily the germ of some function
definable in Ryp(g)?

This question may relate to the following.

Question 2. For every analytic system of germs F which is closed under compo-
sition, is every member of WP(F) the germ of some function definable in Rz?

The potential relationship between these two questions lies in the following
proposition which I learned from Chris Miller, whose proof is due mainly to Van
den Dries to the best of my knowledge.

Proposition 9.1. (i) If F = WD(F), then F is “closed under complexifica-
tion” in the following sense: for each f € F,, there exist R,C € Fa, such
that f(z +iy) = R(z,y) +iC(z,y), where i = /—1.

(ii) If F is an analytic system of germs closed under local translation and com-
plezification, then every member of WD(F) is the germ of some function
definable in Rx.

(iii) Question 2 has a negative answer if WP(F) is replaced with WD(F).

Proof. To prove (i) consider variables x = (1,...,Zn), ¥y = (Y1,---,Yn), w and z.
By Weierstrass division there exist rg,r; € Fant+1 and ¢ € Fa,io such that

(9.2) flz+2zy) = (22 + wiq(z,y,w, 2) + ro(z, y, w) + r1(z,y, w)z.

Pass to representatives of these germs, which we shall also denote by f, ¢, rg and
r1. For a sufficiently small ¢ > 0 we may apply the substitution (z,y,w,z) —
(z,y/¢, €, i€) to ([O2) to obtain

flx+1iy) =ro(x,y/e, €) +ier1(x,y/¢, €).
So R(z,y) and C(z,y) are in Fa, since they are the germs at 0 of ro(x, ye, €) and
er1(z,y/¢, €), respectively. This proves (i).

Statement (ii) follows from [22]. Statement (iii) follows from (i) and Bianconi
[1]. Indeed, if we let F be the smallest analytic system of germs closed under
composition and containing the germ at the origin of the exponential function, then
sinx is in WD(F) but is not the germ of any function definable in Rr. (Likewise
with the roles of exp 2 and sinz reversed.) O

I would like to discuss Question 1. Because every naturally occurring Weierstrass
system of which I am aware (namely A, D and O) is closed under Weierstrass
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division, this question is not currently of practical interest to me. Nevertheless, it is
of theoretical interest because if Question 1 has a positive answer, Question 2 would
have a negative answer by Proposition [0.I](iii). (Although, I actually suspect that
both questions have negative answers but have no proof.) I am only aware of two
classical proofs of the Weierstrass division theorem from the Weierstrass preparation
theorem, and both use additional closure properties of analytic functions other than
just closure under composition.

Grauert and Remmert [T1] pg. 43] prove the division theorem by using the prepa-
ration theorem, along with multiplication of Laurent series. The latter operation
uses a certain partitioning of terms very reminiscent of Lion and Rolin’s splitting
technique. The whole purpose of this paper is to avoid such techniques, as it seems
highly doubtful that Weierstrass systems in general should be closed under such
splitting operations.

A more well-known proof of the division theorem uses the preparation theorem
and contour integration (see Gunning and Rossi [12]). This is bad for two reasons.
First, since contour integrals involve holomorphic functions on open subsets of C™,
to use this proof our Weierstrass system F must be closed under complexifications,
an assumption we cannot make without risk of circularity. Second, to compute
contour integrals and stay within F, the system F must be “closed under antid-
ifferentiation”: namely, for every f(z,y) € Fn41 there exists F' € F, 1 such that
%—F = f. But this property is not generally true of Weierstrass systems since it fails
for both A and D.

Proof. The failure for A is easy: (1 +z)~' € A; but In(1 + z) ¢ A;. The fail-
ure for D follows from [I5, Proposition 6.3], which shows that > p 2" /k! and
>oreo 2% are differentially algebraic but their Hadamard product Yoo a* J(k2)!
is not. Therefore Proposition below shows that D is not closed under antidif-
ferentiation. 0

In addition to Question 2, another reason to discuss the potential difference
between the Weierstrass preparation and division theorems is that not only does the
Lion-Rolin preparation theorem hold for Weierstrass systems, but the Weierstrass
preparation theorem is also sufficient to obtain Denef and Van den Dries’s quantifier
elimination for the expansion of Rz by division (cf. [8] and [22]). They never use
Weierstrass division directly, but rather just two of its consequences:

(i) faithful flatness (i.e., [22] 1.3 Lemmal) in the proof of [8, 4.12 Lemmal];
(ii) Weierstrass preparation in the proof of [8, 4.13 Local Basic Lemma].

But, faithful flatness is not needed because in Denef and Van den Dries’s argument,
[8) 4.12 Lemma] can be replaced with a suitable variant of Lemma simply
replace our local resolution procedure involving local blowings-up and power sub-
stitutions with the procedure of [2] involving only local blowings-up so that only
division, and not rational powers, are needed to unwind its coordinate transforma-
tions.

9.2. Lion and Rolin’s splitting technique. Since the properties of closure under
complexification and closure under antidifferentiation have already been mentioned,
to conclude I would like to point out a simple relationship between them and Lion
and Rolin’s splitting technique.
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Proposition 9.2. Let F be an analytic system of germs closed under composition
and complexification.

(i) If F is closed under antidifferentiation and multiplicative inverses, then F
is “closed under Hadamard products”: namely, if f(x,z) =3 cnm fa(2)2®
and g(x,2) = Y cnm 9a(x)2% are in Fpym, then their Hadamard product
in 2z, Y penm fa(2)ga ()2, is i Fpym.

(ii) If F is closed under Hadamard products and contains In(1 — x1), then F is
closed under antidifferentiation.

Note that In(1 — 21) € F; if F contains the exponential function and is closed
under implicit functions. Also, if F is closed under composition, multiplicative in-
verses, complexification and antidifferentiation, then by the use of classical contour
integral representations it is not hard to show (in the stated order) that F is closed
under differentiation, Weierstrass preparation and finally Weierstrass division.

Proof of Proposition [3.2l To prove (i) we use the variables x = (z1,...,2,), ¥y =
Y1,y Ym), 2= (21,..., 2m), and w = (wy, ..., wy,). Let C be a sufficiently small
square about the origin in C, viewed as a positively oriented contour. Then by the
residue theorem,

> fal@)ye®

aeNm
1 // f(l'vylwl;-"7ymwm)g(xazl/wl,-~-72m/wm)
C C

(2mi)™ Wy - Wy

dwy -+ dw,y,,

which is in F by our assumptions. Substituting (y,z) — (y/e,€) for sufficiently
small € € (0,00)™ proves (i).

Statement (ii) follows from the fact that an antiderivative of f(z,y) € Fp41 in
y can be expressed as the Hadamard product in y of yf(x,y) with —In(1 —y). O

Proposition 9.3 (Lion and Rolin splitting). Suppose that F is closed under com-
position, multiplicative inverses, complezifications and antidifferentiation, and let
f(z,y,2) be F-analytic at the origin in R™ x R x R. Then for sufficiently small x,
y/z and z # 0,

f(IC,y/Z, Z) = f+(x>y7 Z) + (y/z)f_(x,y,y/z)
for some fi and f_ which are F-analytic at the origin.

Proof. Write f(x,y,2)=3"71_ fi; (x)y*27. Notethat H(z,y, 2) =2 i<s fii (7)ytsd
is the Hadamard product in (y, 2) of f(z,y, z) with

1 o
D(x,y,z) = T — y'zl.
(ERT Ry
i<j
Then fi(z,y,2) = H(z,y/z,2), and by Cauchy’s integral formula,
1 H
Hizy/sz) = - / zH(z,w,2) |
2 Jo 2w —y
for some contour C' which is a square centered at the origin. Note that zw —y is a

unit on C' since y/z may be made sufficiently small. Hence f (x,y, z) is F-analytic
at the origin. The proof for f_(z,y, z) is similar. O
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The significance of Proposition is not that a natural set of assumptions has
been found for F which ensures that Lion and Rolin’s proof of their preparation
theorem goes through for R%. Rather, the significance lies in finding a reasonable
answer to the following question, loosely stated:

What must we assume about F to ensure that the globally subanalytic
integration theorem proved in [I4] goes through for Rz?

Lion and Rolin’s proof relies on their preparation theorem for RY,, so we should at
least assume that F is a Weierstrass system. Also, to be practical, further assuming
closure under Weierstrass division seems to be no significant loss. Thus F is closed
under complexification. But F must surely be closed under antidifferentiation if we
are to have any hope of proving an integration theorem for the definable functions
of Rz. Then Proposition shows that under these assumptions we can perform
Lion and Rolin’s splitting techniques, so the arguments of [I4] go through for F

without any needed modifications.
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