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ON LOCAL DEFINABILITY OF HOLOMORPHIC FUNCTIONS

GARETH JONES, JONATHAN KIRBY, OLIVIER LE GAL, AND TAMARA SERVI

ABSTRACT. Given a collection A of holomorphic functions, we consider how to describe all the holo-
morphic functions locally definable from A. The notion of local definability of holomorphic functions
was introduced by Wilkie, who gave a complete description of all functions locally definable from
A in the neighbourhood of a generic point. We prove that this description is no longer complete in
the neighbourhood of non-generic points. More precisely, we produce three examples of holomorphic
functions which suggest that at least three new operations need to be added to Wilkie’s description in
order to capture local definability in its entirety. The constructions illustrate the interaction between
resolution of singularities and definability in the o-minimal setting.
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1. INTRODUCTION

There has long been interaction between the theory of first-order definability and functional tran-
scendence. For instance [Bia97, JKS16, Sfol2, LGR09, LG10, Ranl4] use various results on alge-
braic independence of certain functions to establish results on definability and nondefinability in o-
minimal expansions of the real field. The nondefinability results give in turn natural strengthenings
of statements from functional transcendence. For instance, van den Dries, Macintyre and Marker,
showed, among many other things, that [exp(—z?)dx is not definable in Rap, exp (Theorem 5.11 in
[vdDMMO97]). This gives a much stronger form of Liouville’s result that this antiderivative is not an
elementary function ([Lio33]).

In this spirit, we investigate the holomorphic functions which are locally definable from a given
collection A of holomorphic functions. Roughly speaking, these are the functions whose graph (seen
as a subset of R2V | for a suitable N) can be described, locally, by a first order formula involving finite
sums, products and compositions of (the real and imaginary parts of) functions in A (see Definition
2.1). It is natural, both from the logical point of view and also from the perspective of analytic
geometry, to seek a complex analytic characterization of the holomorphic functions locally definable
from A.

Wilkie gave such a characterization around generic points in [Wil08]. He showed that if f is a locally
definable holomorphic function then around a generic point f is contained in the smallest collection
of holomorphic functions containing both the functions in A and all polynomials, and closed under
partial differentiation, Schwarz reflection, composition and extraction of implicit functions. Wilkie
conjectured that the same result would hold even without the genericity hypothesis. The aim of this
paper is to show that in fact this description is no longer complete around non-generic points. We
give three examples of functions which between them suggest that at least three further operations
need to be added to those considered by Wilkie in order to capture local definability. We construct
functions f1, fo, f3 and g1, g2, g3 with the germ of f; definable from g;, but not obtainable from g; by
the operations above. To obtain f; from g; requires further operations: f; needs monomial division,
f2 needs deramification and f3 needs blowing-down (Theorems A, B and C, respectively, in Section 2).
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These three new operations arise naturally in resolution of singularities [BM88], which is an essential
tool from analytic geometry used in o-minimality (see for example [RSW03, RS15]). This is consistent
with Wilkie’s observation that his conjecture is related to resolution of singularities. It is natural
to ask whether the operations introduced so far would suffice to give a complete description of the
holomorphic functions locally definable from A (see Question 2.9). Indeed exactly these operations
appear in the piecewise description of definable functions given in [RS15]. And based on the latter, it
will be shown in the forthcoming [LGSVB17] that, if A is a collection of real analytic functions, then
the real analytic functions which are locally definable from A can be obtained from A and polynomials
by the same list of operations (except Schwarz reflection). Since in the description given in [RS15],
the operations involved do not respect any underlying complex structure (for example, exceptional
divisors of blow-downs generally have real co-dimension 1), we cannot directly deduce an answer to
Question 2.9 from an answer to its real counterpart.

It is also natural to ask if these three new operations are independent, and indeed what the depen-
dencies between them and the other operations are. We introduce the new operations in the order
monomial division, deramification, and blowing-down, and our proofs show that each one cannot be
obtained from the previous operations. We do expect that none of these three is obtainable from all
the other operations, but we do not prove it. However, one can define differentiation using mono-
mial division and the other operations, for example, so giving a complete description of dependencies
between all the operations is not a completely trivial matter.

We now briefly discuss the proofs of Theorems A, B and C.

For Theorem A, we use Ax’s functional version of Schanuel’s conjecture to prove that the function
(e* — 1)/z cannot be obtained from e* without monomial division. There is a connection here with
previous work on nondefinability, for example [Bia97, JKS16]. However, these papers concerned ar-
bitrary first-order definability, reduced to existential definability via model completeness. Here, we
consider a restricted form of definability characterized by analytic rather than logical considerations.

The proofs of Theorems B and C are less explicit. For Theorem B, we first observe that deramifica-
tion is independent from the operations used by Wilkie and monomial division (see Proposition 5.2).
It is however not easy to witness this independence with a natural function. So instead we build on
some of the ideas contained in [LG10]. In particular, we adapt the notion of strongly transcendental
function considered there to the setting of several complex variables. A related notion of strongly
transcendental function was also independently introduced by Boris Zilber [Zil02] under the name of
‘generic functions with derivatives’, in connection with finding analogues of Schanuel’s conjecture for
other complex functions. Our present work then proves the existence of such functions, which was not
considered by Zilber.

For Theorem C, the independence of blow-downs from the other operations simply follows from the
fact that, unlike the other operators considered here, blow-downs are not local operators: they are
applied to all the germs of a function along the exceptional divisor of the corresponding blow-up. As in
the case of theorem B, it is not clear how to find an explicit function which witnesses this independence,
and we again make use of strongly transcendental functions.

The paper is organized as follows. In Section 2 we introduce some operators and algebras which
allow us to give the precise formulations of our results. In Section 3 we define a notion of strong
transcendence for holomorphic functions in C2, and prove that the notion is not void and implies
an independence property which is the key point for constructing our last two examples. Finally, in
Sections 4, 5 and 6 we prove Theorems A, B and C, respectively.

2. MAIN DEFINITIONS AND RESULTS

In this section we introduce some notation, and the various operators and functions we consider.
We then give precise statements of our results.

Throughout this paper, we will use the word definable in the sense of first-order logic. Unless
otherwise specified, sets and functions definable in a given first-order structure will be understood to
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be definable with parameters from the domain of the structure. We will use the term (-definable to
denote sets and functions definable without parameters.

Following Wilkie in [Wil08], we say that the restriction g [ A of a holomorphic map g : U — C
defined on an open set U C C" is a proper restriction if A C U is an open box, relatively compact
in U. Given a family A of holomorphic functions defined on open subsets of C™ (for various n € N), we
denote by AJ the collection of all proper restrictions to boxes with corners in the Gaussian rationals,
Q(2), of all functions in A. We let R4 = (R;0,1,+, -, <, A[') be the expansion of the real ordered field
by the functions in A[, seen as functions from some (even) power of R to R?, by identifying C with
R2.

Definition 2.1. A function g : U C C" — C is locally definable in R 4 if all its proper restrictions,
interpreted as real functions, are definable in R 4;. If all the proper restrictions of g to boxes with
Gaussian rational corners are (-definable in R, we say that g is locally (-definable.

The symbol A will always denote a collection of holomorphic functions defined on open subsets of
C™, for various n € N. More precisely, A is a family {4, (U): n € N, U C C" open}, where A, (U) is
a collection of holomorphic functions defined on U. It is convenient to suppose that A is closed under
gluing and restrictions, which can always be done, by enriching A. More precisely, we suppose that, if
(Ux)xen is a collection of open subsets of C™, then

f cA, (U U)\> S Ve A,fo)\ S An(U,\).

A€EA

Thus A,, can be viewed as a sheaf, for each fixed dimension n, whose stalk at z € C™, denoted by
A, is the collection of all germs at z of the functions which belong to some A, (U) with z € U. Note
that closing A under gluing and restrictions does not affect local ((-)definability in R 4;. By a classical
argument of local compactness, writing f, for the germ of f at z, we have f € A(U) if and only if for
all ze U, f, € A,.

By abuse of terminology, we will say that A is a sheaf, and write A C B as a shorthand for
Yn € NVU C C*, A,(U) C B,(U). In the same way, if A,, is the sheafification of a family of
functions, we will often drop the index n. For instance, we will write A = {exp} as a shorthand for

0 ifn#1

YU CccC®, A,U) = .
- ) {{expw} ifn=1

We fix a collection A of holomorphic functions as in the discussion above. We now construct new
sheaves B,C, D, £, F by closing A under certain operations. The operations involved in the definition
of B,C, D are local, hence we define them by their action on germs. We denote by O,,(U) the collection
of all holomorphic functions defined on U C C™ and by O, the collection of all holomorphic germs at
a € C". We let P be the collection of all complex polynomials (in any number of variables) and Pg
be the subcollection of all polynomials with Gaussian rational coefficients. We also use the following
notation: 2’ = (21,...,2,_1) and z = (¢, z,). If a € C" then we write a = (a’,a,) € C"~! x C.

Definition 2.2. We define the following operators:

(1) Polynomial and Gaussian polynomial operators. The polynomial operators are operators
of arity 0, defined for each P € P and a € C™ which map the empty set to the germ P, € O,.
The Gaussian polynomial operators are similar, but restricted to polynomials P € Pg.

(2) The Schwarz reflection operator at a € C™ maps a germ f € O, to the germ z — f(Z) € O.

(3) Composition operators: if a € C™ and b € C™, then we consider the operator that maps
(f;915- -+, 9n) € Oa X (Op)™ to the germ fo (g1, ..., 9n) € Op, whenever (g1(b), ..., gn()) = a.

(4) Partial derivative operators: for a € C" and j € {1,...,n}, the j-th partial derivative is the
operator that maps f € O, to the germ ngj € O,.

(5) The implicit function operator at ¢ € C" maps a germ f € O, satisfying f(a) = 0 and
(%;(a) # 0 to the (unique) germ ¢ € Oy satisfying f(2/, ¢(2')) = 0 and ¢(a’) = ay,.
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(6) Monomial division operators: if a € C", then we consider the operator that maps f € O,
f(z)

(zn—an)’

to the germ at a of the extension by continuity of z +— whenever the germ z’ —
f(Z,a,) € Oy is identically zero.
(7) Deramification: if a € C" and m € N*| then we consider the operator which maps f € O,

to the germ z — f(2/,a, + Vzn — an) € O, whenever the germ f satisfies
2in
fiz)=f (z’7an+e m (2p —an)).

Here the condition on f implies that this expression does not depend on the choice of an
m-root for z,, — a,.

Notice that elementary operators can be composed as long as their arities match.

Definition 2.3. We define B* to be the set of all operators which can be expressed as finite composi-
tions of polynomial, Schwarz reflection, composition, partial derivative and implicit function operators.
The collection B?* is defined similarly, with Gaussian polynomial operators in place of polynomial op-
erators. Analogously, we let C* and C%* be the sets of all operators which can be expressed as finite
compositions of monomial division operators and operators in B* and B?*, respectively. And we let
D* and D% be the sets of all operators which can be expressed as finite compositions of deramification
operators and operators in C* C%, respectively.

Once we have defined these operators, we can construct the set of all functions which are “locally
obtained from A” by the action of such operators. For example, 5 will denote the set of all functions
which are locally obtained from A U P by composition, Schwarz reflection, taking partial derivatives
and extracting implicit functions.

More formally:

Definition 2.4. We let B,8%,C,C%, D and D? be the smallest sheaves containing A with stalks stable
under the action of the operators in B*, B, C*,C%, D* and D%, respectively.

Remark 2.5. If U is an open subset of C" and f € A(U) satisfies f (2/,0) = 0, the germ at (a’,0)

of g(x) = f(ITI") belongs to C(, o) by construction. One might wonder if the germ of g at any
a € U belongs to C,, to ensure g € C(U). Actually, if a,, # 0, the germ g, is the implicit function of
Tnp1Zn — f (2, 2) at a, s0 g, € B,. A similar argument holds for functions obtained by taking an
mt-root. Along the same lines, if ¢ : U — C is the implicit function of f, its germ at any a € U is
obtained by applying the implicit function operator to f at (a,¢(a)). In particular, B? coincides with
the algebra denoted by F in [Wil08, Definition 1.7].

It remains to define the functions locally obtained by blow-downs. For this, we say that a sheaf
G C O is stable under blow-downs if for every n € N, every open subset U C C" and every blow-up
m:V — U of a smooth analytic manifold X C U, which is locally defined by a system of equations in
G, we have that if for € G(V) then f € G(U). A more precise (but heavier) definition could be given
with no mention of G(V') (note that V is not an open subset of a power of C), using local coordinates,
but in this paper we will only mention the blow-up of 0 € C? and introduce the corresponding local
coordinates in Section 6.

Definition 2.6. Let £ and £ be the smallest sheaves which are stable under blow-downs and under
the action of the operators in D* and D%, respectively.

Finally, we denote by F and F? the sheaves of all locally definable holomorphic functions and all
locally (-definable holomorphic functions, respectively.

Thanks to the compactness of the fibres of blow-ups, if f is the blow-down of g and ¢ is locally
definable in R 4;, then f is also locally definable in R 4;.

By construction we have :

A cCc B c ¢ ¢ p? c & Fo
IN N IN IN IN (%)
B C C D &

N

N
N
N
k,.l
N
S
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We can now give a precise formulation of the results announced in the introduction.
Wilkie proposed the following conjecture.

Conjecture 2.7 ([Wil08, Conjecture 1.8]). Let A be a family of complex holomorphic functions. Let
z € C™, U be an open neighbourhood of z and f : U — C be a holomorphic function which is locally
(0-definable in R 4. Then there is an open box with Gaussian rational corners A C U such that z € A
and f1A can be obtained from AUPg by finitely many applications of composition, Schwarz reflection,
taking partial derivatives and extracting implicit functions.

Conjecture 2.7 can be restated as follows: B? = F?. By adding all constant functions to A, the
conjecture implies also that B = F. The conjecture is however not true in general. We show that the
six horizontal inclusions between B? and £ in diagram (*) are strict in general:

Theorem A (Monomial division). Suppose A = {exp} is the complex exponential function. Then the
function f : z +— (e* — 1)/z (extended by continuity at z = 0) is holomorphic and locally O-definable
in Ry, but no restriction of f to any neighbourhood of 0 can be obtained from AU Pg by finitely
many applications of composition, Schwarz reflection, taking partial derivatives and extracting implicit
functions.

More precisely, the germ at 0 of f belongs to Cg \ By. In particular, BY £¢C" and B+#C.

Theorem B (Deramification). There exists a holomorphic function g, with domain a neighbourhood
of 0 € C, such that the function f : z — g(\/2) is well defined, holomorphic in a neighbourhood of 0
and locally 0-definable in R 4, (where A = {g}), but no restriction of f to any neighbourhood of 0 can
be obtained from AU Pg by finitely many applications of composition, Schwarz reflection, monomial
division, taking partial derivatives and extracting implicit functions.

More precisely, the germ at 0 of f belongs to Dg \ Co. In particular, C? £ DY and C £ D.

Theorem C (Blow-down). Let m be the blow-up of the origin in C2. Then there exists a holomorphic
function f, with domain a neighbourhood of 0 € C2, such that, if A = {f ow}, then f is locally
(0-definable in R 4}, but no restriction of f to any neighbourhood of 0 can be obtained from AU Pg
by finitely many applications of composition, Schwarz reflection, monomial division, deramification,
taking partial derivatives and extracting implicit functions.

More precisely, the germ at 0 of f belongs to 88) \ Dg. In particular, DY £ EY and D+ E.

Remark 2.8. Wilkie proves in [Wil08, Theorem 1.10] that Conjecture 2.7 holds for all points z which
are generic with respect to a suitable pregeometry associated to A. Since the points at which we
apply the operators in £* \ B* are not generic, the theorems above are consistent with Wilkie’s result.
In particular, if z is generic point, then we can restate Wilkie’s result [Wil08, Theorem 1.10] in the
following form: B? = C? = DY = £ = FP.

The purpose of [Wil08, Conjecture 1.8 and Theorem 1.10] was to describe the holomorphic functions
locally definable from A in terms of the functions in A, using purely complex operations. Since our
examples are obtained by means of three natural complex operations, we could consider a modification
of conjecture 2.7. But we prefer to formulate this as a question.

Question 2.9. Let A be a family of complex holomorphic functions. Let z € C™, U be an open
neighbourhood of z and f : U — C be a holomorphic function which is locally 0-definable in R4;. Is
there an open box with Gaussian rational corners A C U such that z € A and f[A can be obtained
from AU Pg by finitely many applications of composition, Schwarz reflection, monomial division,
deramification, blow-downs, taking partial derivatives and extracting implicit functions?

Question 2.9 can therefore be restated as follows: do £? and F? coincide?

We conclude this section with some considerations on the local operators defined above, which will
be useful to prove our main results.

The operators in D* act on germs of holomorphic functions, hence they can also be seen as acting
on the Taylor expansion of such germs (we do not make a distinction between an analytic germ and
its Taylor expansion). Let us fix some notation.
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Notation 2.10. We will often use the following notation for tuples: if k € N\ {0}, then z = 2(*) means
that z is a k-tuple of variables. Similarly, we write a = a(¥) for a point in C*.

Ifa € N¥and z = (z1,...,2;) € C¥ then 2% = 20292 ... 27, Weset al = aq!...axl, |a| = Zle Q;
. . . le] .
and denote by 0, f the partial derivative Bazaf of a function f:C* — C. If & = 0, then O,f = f.

Definition 2.11. If U CC™, f € O(U) and a = (agm), .. .,aS{”)) € U™, the jet of order k of f at a
is the tuple j* f(a) of all partial derivatives 9, f for |a| < k, evaluated at the points a;, for i = 1,...,n:

inf(@) = @af@™), ... daf (@™))aik-
We omit the subscript n if n = 1.
For given a = (a1,...,a;) € C™ x ... x C™ and N € N, we denote by Z» the set

ZN ={(hy,...,hy) € Opy X -+ x O, : Yi=1....k, j¥hi(a;) =0}.

These ZY, when N varies, form a base neighborhood of 0 for a topology on O,, x - -+ x O,, called the
Krull topology.

The action of our operators on Taylor expansions can be described as follows.

Proposition 2.12. Let k,n,my,...,mi € N and a; € C™ ... a € C™ b e C". Let L : O, X
<o X Oq,, = Oy be an operator in D*, and (f1,..., fx) € Ofy X -+ x Oy, be a k-tuple of germs in the
domain of definition of L. Then, there exist

o a neighbourhood W of (f1,..., fr) for the Krull topology,

e a tuple of constants ¢ = (c1,...,c;) € C* (for some £ € N),

e for each a € N, an integer n,, € N and a polynomial P, € Q[y, 7], where y = yNe) and N,

can be a computed from k,mq,...,mg, L, ng,
such that, for each (g1,...,91x) € W, L(g1,-..,9r) has a Taylor expansion at b of the form

L(gr, - g1)(@) = Y Paler,... e, 5" g1(ar), .., 5" gr(ar))(z — b)*.
aeNn

Proof. We first prove that the proposition is true if £ is an elementary operator.

For all but the implicit function operator, the neighbourhood W will be the whole space. Note that
for all but the polynomial and the composition operators, we have k = 1 (hence in these cases we will
write ¢ instead of ¢1).

(1) If £ is a polynomial operator, then n, = 0 and the constants ¢; can be computed from the
coefficients of the polynomial and the coordinates of b.

(2) If £ is the Schwarz reflection operator, then n, = |a| and P, (j*g(a)) = (a!)~10ag(a).

(3) If L is a composition operator, then the proposition follows from the so called Fad Di Bruno
formula (see for example [Arb00, p. 92. §115]), with n, = |a].

(4) If L is the partial derivative operator aiz,-v then n, = |a|+1 and P, (j™ g(a)) = %4 -2 (9a9(a)).

al 0z;

—1
(5) If £ is the implicit function operator, then set ¢; = ( of (a)) , Mo = |a, and

Ozn
99 of
W=1g: —0, )= 2\,
{o: sw=0 0=}
It is easy to see that the coefficients of the Taylor expansion up to order |a| of £ (g) at the
point b = (aq,...,a,—1) can be expressed as polynomials (with coefficients in Z [c;]) in the

derivatives up to order |a| of g at the point a. Hence, n, = |a| and P, is a polynomial in the
jet of order |a| of g and ¢;.
In order for P, to be a polynomial and not a rational function, we need 887‘1(@) to be constant
and hence to restrict our claim to the neighbourhood W'.

(6) If £ is a monomial division operator, then n, = |a| + 1 and

Pali*lg(a)) = ((an +1)-a) " 5 (9g (@).
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(7) If £ is the mth-deramification operator, then n, = m|al; we leave it to the reader to find the
expression for P, in this case.

Each operator in D* is a composition of elementary operators. Suppose that the proposition holds
for an operator L. If f € O is in the image of £ and V' C O, is an open neighbourhood of f
in the Krull topology, then £~ (V) is an open neighbourhood of £=1 (f). This observation and an
easy computation show that the conclusion of the proposition is preserved under composition. We
illustrate the proof for the composition of two operators £ : O, — Op and M : O, — Oy, the general
case following as a straightforward but tedious exercise. Suppose that

L) = Y Palec,i™ f(a)(y—b)",
M(9)(2) = D Qplemi™ g () (z—d)".
B

Then j™7 L (f) (b) = (05 (X4 Pa (e, 5" f (@) (¥ = 0)*)(B)) 1y <my = (VPy (e, 5™ £ (a)))} <y, - Hence

we can write

ML) ()= Qplec,ems ™ f (@) (2 = d)°,
8

for some suitable polynomials Qg.

3. STRONG TRANSCENDENCE

To prove Theorems B and C, we will need to work with holomorphic functions which satisfy very
few functional relations. For this reason, we extend to the complex and multi-dimensional setting the
notion of strong transcendence, which was introduced in [LG10] in a real and one-dimensional context.
Thanks to Proposition 3.4 below, the germs of a strongly transcendental holomorphic function satisfy
very few relations. Proposition 3.2 shows that the definition is not empty: strongly transcendental
holomorphic functions do exist.

We will use the notation introduced in 2.10 and 2.11.

Definition 3.1. A holomorphic function f: U C C™ — C is strongly transcendental if, for every

(k,n) € N? and for every z = (z§m), e z,(Lm))

trdeggQ(2, 7, j f(2), 45 F(2)) = length(jy £ (2), j& f(2))-

We first show that such functions exist, then we prove an independence result for their germs at
distinct points.

an n-tuple of distinct points of U, we have

Proposition 3.2. Let U be an open subset of C™. Then the set
ST(U)={f € OU); f is strongly transcendental }

is residual in O(U) with respect to the topology induced by uniform convergence on the compact subsets
of U. In particular, by the Baire Category Theorem, ST(U) # 0.

Note that strong transcendence is preserved under restriction but not under gluing, so ST is a
presheaf but not a sheaf.

Notation 3.3. If F : U — V is a differentiable map between C' manifolds, the differential of F at
u € U is denoted by DF'(u); it belongs to the space of linear maps L(T,U, Tr.,)V'), where T,,U denotes
the tangent space of U at u.

Proof. The proof goes as follows. First we express ST(U) as a countable intersection of subsets B,, x p
of O(U). Each B,, i, p is the complement of the image of a certain map 7. We apply a version of the
Sard-Smale Theorem for Fréchet manifolds, due to Eftekharinasab in [Eft11], to this 7, and obtain
that the set of regular values of 7 is residual. Moreover, we observe that 7 is everywhere critical, so
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the set of its regular values is the complement of its image, then coincides with B,,  p. Hence, ST(U)
is a countable intersection of residual sets, therefore also a residual set.

Let us recall that a point (p,q) € (C?™" x C2V) has transcendence degree over Q at least 2N if and
only if (p, q) does not satisfy any nonsingular system of 2mn + 1 polynomial equations over Z. Hence,
given an open subset U of C™, a function f € O(U) belongs to ST(U) if and only if

Vn € N*, Vk € N, VP € (Z[y?mn+2N)])2mntl
Vo= (2", ™) e (C™)"\ A,
if tk(DP (2,7, ji f(2), j5 f(2))) = 2mn + 1
then P(z,%,j*f(2),755f(2)) # 0,
m+k

where N =n ) is the cardinality of the tuple j% f(z) and A, = {(2\™, ..., ™) e (C™)"

k
Fi # 4, zi(m) = zj(m)}.
In other words, ST'(U) can be described as the following countable intersection

ST(U) = N Bu kP
neN' kel
Pe Z[y(an+2N)]

where
Borp ={fe0O): Vz= (=", ... ™) e @™\ A,
tk(DP(2,Z, 5 f(2), 35 f(2))) = 2mn + 1 = P(2,Z, 55 f(2), ik f(2)) # 0}
We fix n, k, P as above, define the set V :

Vi={(z /) € (C™)"\ An) x OU) : P(2,7,4if(2),5f(2) =0,
rk(DP(z,%,j5 f(2), 35 f(2))) = 2mn + 1},

and equip V with the topology induced by the family of seminorms, indexed by the compact subsets
K of U:

- lls (1) o max{||z|, sup f<x>|}.
zeK

We can see By, p as O(U) \ 7 (V), where 7 : V. — O (U) is the restriction to V' of the projection
(C™)" x O(U) — O(U) onto the second factor.

Since the equations which define V' involve conjugations, V' does not inherit a complex structure.
However, V' is a real Frechet manifold, whose tangent space T(, sV at (z, f) € V is the real vector
space given by

T(z,f)v = {(xhg) € ((Cm)n X O(U) :
DP (2,451 (), 357 () - 2.7, Djk (2) -+ 3o (=), DIEF () - + o (2)] = 0).

Let us show that the Sard-Smale Theorem for Fréchet manifolds applies to w. We fix (z, f) € V,
and denote by MP* the subset of O(U) of all the functions whose jets of order k at z are equal to zero:

ME={geOU): jrg(z) =0}.

First observe that 7 is a C'-Lipschitz-Fredholm function:

e 7is a C! function, and
Dr(z, f): (v,9) € Tio,pV = g € O(U)

is a Lipschitz (with constant 1) operator;
e The kernel of Dr(z, f) is included in (C™)™ x {0}, hence it has finite dimension;
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e Since (0,9) € T, 1)V if g € M, we have
ML C Im(Dx(z, ),
so the co-kernel of D7 (z, f) is a quotient of O(U)/M¥%. The space O(U)/M?* has finite
dimension 2N over R, so co-ker(Dn(z, f)) has finite dimension too.
It remains to compute the index of D7 (z, f). For this, observe that
e ker Dm(z, f) C (C™)™ x {0}. In particular,
ker Dr(z, f) N ((C™)™ x M¥) C (C™)™ x {0};
e the equations which define T{, )V only involve (in terms of g) the jet j¥g(2) of order k.
Let TZ;:)/V be the quotient of T, )V by ({0} x M¥)NT{, sV and /_(\U/) = O(U)/ME. Tt follows

from the previous observations that D7 (z, f) factors to

e~ e~~~

D’IT(Z, f) : T(z7f)V — O(U)

and that the index of Dm(z, f) is equal to the index of Dn(z, f). Since Dn(z, f) is a linear map

—_~—

between the finite dimensional spaces T(; )V and O(U), the index of D7 (2, f) is simply dim T;;c)/v —

P

dim O(U). Now,

—_~

TepV ={(z.g e @) =x0U):
DP (27,55 (2). 35T () - [, DitS (2) - + kg (=) DIEF (=) - + 59 (2)] = 0}

is a subspace of a real (2mn 4 2N)-dimensional space given by 2(2mn + 1) equations. Among this

equations, at least 2mn + 1 are independent, since rk (DP (z,?, gk f(2), 5k f (z))) = 2mn + 1. Hence

dim(7{.,5)) < 2N — 1. On the other hand, dim O(U) = 2N, therefore
index(D7(z, f)) < (2N —1) = 2N = —1.

We can now conclude. The version of the Sard-Smale Theorem in [Eft11, Theorem 4.3] applies to 7
since 7 is C! and 1 > 0 = max {0, index (D7 (2, f))}. We deduce that the set of regular values of 7 is
residual in O(U). On the other hand, since it has negative index, Dx(z, f) has non trivial co-kernel,
so 7 is nowhere a submersion. In particular the set of its critical values coincides with its image.
Hence B, i, p, the complement of this image, is residual. Being a countable intersection of residual
sets, ST(U) is residual, which completes the proof.

O

The following proposition expresses strong transcendence in terms of the lack of relations between
the germs at distinct points: except for the trivial operator, no operator in D* vanishes at any tuple
of germs of any strongly transcendental function.

Proposition 3.4. Let U be an open subset of C™, f € ST(U) be a strongly transcendental holomorphic
function on U, a = (ay,...,ax) € (C™* be a k-tuple of distinct points of U, b € C" and L :
Ouy X -+ X Oy, — Oy be an operator in D*. If L(fa,,. .., far) =0, then there exists a neighbourhood
W of (fays- -, fai) for the Krull topology such that L,y = 0.

Proof. We follow the main steps of the proof of Lemma 3.6 in [LG10]. Suppose that £ satisfies the
hypotheses of the proposition. Apply Proposition 2.12 to £ and f; = f,, to obtain, for all (g1, ..., gx)
in some neighbourhood W’ of (fa,,. .., fay)s

‘C(ghvgk)(x) = Z Pﬂé(cla" '7c€vjnagl(a‘1)a" '7jnagk(ak>))('r - b)a'
aeN"

From the fact that L(fa,,--., fa,) =0, we deduce that
Va € Nn, Pa(Cl, . ,ij]?af(ah e 7ak)) =0.
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Denote by ¢ € C? the tuple ¢ = (c1, ..., ¢). Since f € ST(U), for all & € N” the tuple (a, @, Jrefla), jp> f(a))
satisfies at most 2mk algebraically independent relations. Since the transcendence degree is sub-
additive,
trdegg(c, @, ji* f(a), ji* f(a)) = trdegg (= f(a), ji" f(a))

> trdegg(a, @, jg* f(a), i f(a))

> trdegg (7 f(a), ji;" f(a)) — 2¢,
s0 (¢, G, 7, f(a),jp> f(a)) satisfies at most 2¢ + 2mk independent algebraic relations. In particular, all
but finitely many of the relations P, (c, j,* f(a)) = 0 are dependent (recall that the P, are polynomials
over Q in their arguments and their conjugates). This implies that {n, : & € N} is bounded by some
constant K € N.

Let W be the neighbourhood of (fq,, ..., fa,) given by

W =W n{(g1,--,91) € O, X -+ x O, : Yi=1,....k j%gi(a;) = j* f(a;)}
Then, for every (g1,...,9x) € W and every a, we have j™g;(a;) = 7" f(a;). It follows that

E(gla"wgk)(x) = Z Pa(cl7~~~7céajnagl(a1)7’"7jnagk(ak))(x_b)a
aeNm

= Z Pa(cl7~-~7cﬁaj]:;laf(a1a"'7a'k))(x_b)a
QGN”L

= L(fars--» fa)(@)
= 0.

Therefore £y = 0, which finishes the proof. O
4. MONOMIAL DIVISION

In this section we let A = {exp}, and define

e —1

fz)= . for z #£ 0 and f(0) =1,

so that f is holomorphic and locally (-definable in R 4;.

We shall prove Theorem A. This amounts to proving that the germ of f at zero belongs to C? \ B
(so in particular B® C C? and B C C).
The strategy is the following. Using the differential equation satisfied by the exponential function,
it is easy to see that the germs in B satisfy certain nonsingular systems of exponential polynomial
equations (Lemma 4.3). Therefore, if f € B?, then there is a tuple ¥ of analytic germs (and some
é f(dz) is one of them) such that the germs and their exponentials satisfy a nonsingular system of
polynomial equations. This gives a certain upper bound M on the transcendence degree of the tuple
(U, exp(¥)) over C. On the other hand, by Ax’s Theorem [Ax71, Corollary 2], the components of the
tuple (U, exp(V¥)) satisfy few algebraic relations, so that the transcendence degree of the tuple must
be at least M + 1. This contradicts the fact that f € B? and proves Theorem A.

Notation 4.1. Let k,l € N, x = (x1,...,2;) and 2’ be a sub-tuple of z. If F (z) = (Fy (z),..., F (x))
is an I-tuple of functions and i € {1,...,l}, then we denote by 95, (1) the column vector whose entries

ox’
are gf] (x), for x; belonging to 2’. We denote by gf, () the matrix whose columns are the vectors

% (x), for i € {1,...,1}. Finally, we denote by e* the k-tuple (e**,...,e"*).

Definition 4.2. Let n € N, © = (z¢,21,...,2,) and 2’ = (21,...,2,). Let a € C, g € O, and
G a sheaf of holomorphic functions. We say that g is n-implicitly defined from G if there exist
F = (Fi,...,Fy) € (Gos1)" and U = (Yo, 11,...,%n) € (Og)"" such that vy (2) = 2, ¥y (2) =
g(2), F(¥(2)) = 0 and the matrix gf, (U (a)) is invertible. In this case, F' is called an implicit
system (with coordinates in G) of size n and ¥ is an implicit solution.

Lemma 4.3. Let a € C and g € O,. Then g € B, if and only if there exists n € N such that g is
n-implicitly defined from C [x,e"].
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The proof of the lemma is routine and is postponed to the end of the section. We now prove
Theorem A.

Proof of Theorem A. The germ fo of f at zero belongs to C? since it is obtained from the germ
expg € Ap by monomial division.

Suppose for a contradiction that fy € By.

By Lemma 4.3, there exists n € N such that fy is n-implicitly defined from C [z,e®]. Choose n
minimal with respect to the following property:

1
3d € N* s.t. gfo (dz) is n-implicitly defined from C [z, €”].

1
In other words, for all n’,d € N*, if Efo (dz) is n’-implicitly defined, then n’ > n.

Let z = (wo,71,...,%,) and @’ = (z1,...,2,). Let F = (Fy,...,F,) € (C[z,e”])" and ¥ =
(0,91, . .-, n) € (O0)" " be such that g (2) = 2z, ¥y (2) = 1fo(dz), F(¥(2)) =0 and the matrix
F
% (¥ (0)) is invertible. Write F' (z) = P (x,€”), where P = (P, ..., P,) is an n-tuple of polynomials
x
in 2 (n + 1) variables.
Our first task is to use the minimality of n to prove that the components of the vector

(Z’wl (Z) - ’(/}1 (O> 7’(/}2 (Z) - ¢2 (0) Y 7wn (Z) - wn (0))
are Q-linearly independent.
If this is not the case, then there are J, ag,---,0n—1 € Z where we may suppose without loss of
generality that d € N, and there is K = t,,(0) — anol a;1;(0) € C such that

d% Z a; i (2
Let ~ .
T = (x07x17"'51‘n—1)7 r = (zla"'vxn—l)
n—1
¢ (7) = <07$0,Ci931, ceerdry Z a;z; + K)
i=0
¥ (2) = (WZ), %EZ),...,W—E(Z)) ,
d d d
so that @ o W = W. Let G = F o . Note that G € (C [Z,e"])™ and G(¥(z)) = F(¥(z)) = 0. Remark
that
0G Do -
93 10) - o w0) - 52 (W(0)).
Since gf, (2(0)) i ( (0)) has rank n — 1, there exist n — 1 components of G, say
Gy,...,Gp_1, such that a(Gli(\I/(O)) is invertible. It follows that ¥ (dz) satisfies the implicit

system G = 0. Hence, @ fo (ddz) is (n — 1)-implicitly defined, which contradicts the minimality of n.
We have thus proved that the components of the vector
(2,91 (2) =41 (0), 92 (2) = ¥2(0) ;. .., ¥ (2) — Y0 (0))

are Q-linearly independent.
By Ax’s Theorem [Ax71, Corollary 2], we have that

trdeg C (\IJ (=), e‘I’(z)) >n+1)+1=n+2.

On the other hand, we claim that the tuple (¥ (z),e¥(®)) satisfies a nonsingular system of (n + 1)
polynomial equations in 2 (n 4 1) variables, and hence

trdegC (\I/ (z),e‘l’(z)) <2(n+1)—(n+1)=n+1
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This will provide a contradiction and will prove the theorem.

To prove this second claim, let y = (yo,¥1,---,%n) = (¥0,¥’) and Py (z,y) = drozx; + 1 — (yo)%.
Notice that, if Fy (x) = Py (z,e"), then Fy (¥ (2)) = 0.

We know that

oF oP P
(@) = —— (x,€") + € Ty VWi=1,...
oz, T e (z,e”)+e a9, (z,e®) ¥y )

F
and that the matrix % (T (0)) is invertible.
x

Hence there are uq,...,u, € {1,...,Zn,Y1,...,Yn} such that the vectors
oP oP
o (w(0), @) o (W (0), €7
o (V0.7 2 (9(0).e

are C-linearly independent. Let P = (Po, Py,...,P,). Since the first coordinate of the vector

0P o,

(¥ (0),e¥®) is 3 (¥ (0),e¥®) = f(0) = 1 and the first coordinate of the vectors
To

3x0
op ¥(0) op 2(0)
aiyq(‘l’(()),@ )7,87%(\11(0),6 )
P,
is % (\I/ (0) ,e‘l’(o)) = 0, these (n + 1) vectors are C-linearly independent. This proves the claim and
J

finishes the proof of the theorem. O
We finish this section by giving a proof of Lemma 4.3.

Proof. We first proceed to prove, by induction on the size n of the system, that B, contains the coordi-
nates of all implicit solutions of every implicit system with coordinates in B. Since A C C [z, e”] C B,
this will prove the right-to-left implication.

If n = 1, then the assertion follows from the fact that B, is closed under extracting implicit functions.
If n > 1, then suppose that B, contains the coordinates of all implicit solutions of all implicit systems
of size n — 1 with coordinates in B.

Let F' be an implicit system of size n with coordinates in B and let ¥ be an implicit solution. After
possibly permuting the variables and the coordinates of F', we may suppose that gf = (U (a) # 0.

Let 2 = (zo,21,...,2n-1) = (20,2), ¥ (2) = (Yo (2),%1(2),...,¥n-1(2)) and let ¢ (2) € By,
be the implicit function of F, at U (a), so that v, (a) = ¢ (li/ (a)). If we let F; (Z) = Fy (&, ¢ (%)) for

t=1,...,n, then for j =1,...,n — 1, we have

oF, . OF, _ . ¢ _ OF ,_
5. ()= 5 @e @)+ 57 @) 5 (5.0 (7).
) oF OF . . . .
Since the vectors - (T (a)),..., . (T (a)) are linearly independent, there are iy, ...,i,—1 € {1,...,n}
1 n
such that ¥ is an implicit solution of the implicit system F = (Fil yees ,F‘in_l), which has coordinates

in B, since B is closed under composition.
By the inductive hypothesis, ¥ € (B,)"~!, and, since

we also have ,, € B,.

It remains to prove the left-to-right implication. Let A’ be the family of all holomorphic functions
such that for every £ € N and a = a(®) € C*, A/, is the collection of all germs f € O, such that f is
n-implicitly defined from C [z, €®] (for some n € N). More precisely, let z = 2(*) and t = (™) be tuples
of variables and define
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A, ={f€0O,: IneN, 3F € (C [z7t,ez,et])k+n, 30 e ((’)a)n*1 such that,
(%) it U (z)=(z,f(2),®(2)), then F (¥ (z)) =0 and %—}; (T (a)) is invertible}.

We prove that A’ is stable under the operators in B*. Since A’ O A and B is the smallest collection
containing A and stable under the action of B*, this will imply that B C A’.

(1) Schwarz reflection.
It suffices to note that

F(¥(z))=0and 88—1; (¥ (a)) is invertible & F' (W) =0 and %—f (‘lf (a)) is invertible.
Hence, if f (2) € Al then g (2) := f (Z) € AL.

(2) Composition.
Let f € A/, be n-implicitly defined (following the notation in (x)). Let s € N, b = b(*) € C*
and g = (g1,...,9%) € (Ag)k. Suppose that g (b) = a and let h := fog € O,. We aim to prove
that h € Aj.
It is easy to see that we may suppose that the components of g are implicitly defined by the
same implicit system G. In other words, we may suppose that there exists m € N such that,
if z = 2(®), uw = u(™) are tuples of variables, then there exist G € (C [x,z7u,e$,ez,e“])k+m

and T' € (Op)™ such that, if Q(z) = (2,9 (z), (x)), then G (Q(z)) = 0 and % (©(b)) is

invertible.
Let

H(z,z,u,t) = (G (z,2,u), F (2,1)) € (C [x,z,u,t,ew,ez,e“,et})ﬂm*”
and
O (z) == ((z),h(z),® (g (x))) € (Op) TFTm"
Then H (© (b)) = 0 and

OH _ aicfu) (2(0)) 0
5Gup O (a@(w)) %f(wlf(a)))’

which is invertible. Hence, up to a permutation, h is (k + m + n)-implicitly defined.
(3) Derivatives.
Let f € A/, be n-implicitly defined (following the notation in (x)) and let ¢ € {1,...,k}. We
aim to prove that % € A, Let w = w™ be a tuple of variables and
~ __OF oF

‘(th)jLa(th)'w'

and

Then F* (¥* (2)) = 0 and

OF" e oy (55 (¥(2) 0
3wy (U )= ( OF (3 (1)) 2 (1 () )

which is invertible. Hence, up to a permutation, % is 2n-implicitly defined.
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(4) Implicit function.
Let f € A/, be n-implicitly defined (following the notation in (%)) and suppose that 867’; (a) #0.
Write a = (a’,a;) € C*! x C and z = (2, 2,), where 2’ = (21,...,2,_1). Let ¢ € Oy be
the implicit function of f at a. We aim to prove that ¢ € A/,. Write t = (t1,t'), where
t' = (t2,...,tn), and let

’ n+1
F* (Zlazkat) = (F (Z/wzlmt) atl) € ((C |:Z/azk’ataez 762k76t])

and
T (Zl) - (Zl7 o (Z/)) c (Oa/)(k—l)—i-(n—i-l) '
Then F* (¥* (2)) = 0 and
W(\If () = ( e O o )(\I’(z,(p(z))).

(Here we mean the derivative of F* is evaluated at U*(2')).

Differentiating the identity F'(¥(z)) = 0 with respect to the variable z; we find that
OF OF o of OF 0P

oy -7 2L (W (2) — 2 (T(2)) -

o () = 5 () 5 (W)~ 5 (W) 5 (2
hence the vector g—i (U* (a’)) (which is equal to g—i (¥(a))) is C-linearly independent from
the (C-linearly independent) vectors

OF OF

o v (@)),-.., o (v (a)) .

so that 8717*) (T*(a’)) has full rank.

O(zk,t1,t’

5. DERAMIFICATION

In this section we prove Theorem B.
In order to do this, we associate to each operator £ in D* a function which measures the index shift
between a (tuple of) series in the domain of £ and the image under £ of such series.

Definition 5.1. Let £: O,, X --- x O,, — O be an operator in D*. The shift of £ is the function
ds : N — N given by

de(n) =min{k e N: V(f1,..., fm), (g1 9m) € Oay X -+ X Oy, ,
if Vi = 1am7 jkf’b (al> :]kgl (ai)7 then ]n‘c(fhafm)(b) :jnﬁ(glaagm)(b)}

The shift function has the following interpretation: to compute the terms of order n of L(F) it
suffices to consider the set of terms of F' of order k& with k < dg(n). Thanks to Proposition 2.12,
the function dgz(n) is well defined for all £ € D*. We can be more precise: dg(n) = n if £ is either
the Schwarz reflection, or the composition, or the implicit function operator; dz(n) =n+ 1if £ is a
monomial division or a partial derivative operator; finally, dz(n) = mn if £ is the mth-deramification
operator. Moreover, we have:

Proposition 5.2. Let £ be an operator in C*. Then, there exists a constant Ny € N such that
de(n) <n+ Nz Vn eN.

Proof. The operators in C* are finite compositions of operators among polynomials, Schwarz reflec-
tions, compositions, implicit functions, for which we set N, = 0, and monomial division and partial
derivation, for which we set N, = 1. To obtain a bound on the shift for a general operator £ € C*, we
first note that if M, N7,..., Ny are operators in D*, then the shift of the composition satisfies

dpo(,... N (1) < maxdy; (dm(n)).
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Hence, setting
! ! !
N, n) = Naq + max Ny,

we find integers N, associated to the representation of £ as a particular composition of elementary
operators in C*. We can then take N, to be the minimum of these integers over all representations of
L as a composition of elementary operators in C*. O

This proposition shows in particular that no operator of composition with roots belongs to C*.
However, there are examples of functions f such that z — f(/z) is obtained from f via operators in
C*. For instance, if f(z) = -5, then we have f(,/z) = f(z) + 2f(z). Hence, to produce our example
we need a function which do not satisfy these kind of relations. Strongly transcendental functions have
this property.

The following proposition, together with Proposition 3.4, implies Theorem B.

Proposition 5.3. Let f € ST(U), where U is an open neighbourhood of 0 € C. Set g(z) = f(22) and
A= {g}. Then, the germ fo of f at 0 belongs to DY\ Co.

Proof. Since g(z) = f(z?), the germ f, is the image of gy under the square deramification operator,
and hence belongs to Dg.

Suppose now for a contradiction that fy € Cy. Then there exist distinct points ag,...,ar € C and
an operator £ € C* such that fo = L(ga,,- - - Ja,); We may assume that ag = 0, so that the germ g
does indeed occur in the list. Since g(z) = f(2?), if we denote by N; the operator N : Og2 = Oy, of
composition with the polynomial z — 22, we can rewrite this equality as

fO = ‘C(NO(fO)aNl(fa%)a"'aNk(fai))'

Hence the operator M : (¢, ..., ¢r) — LNo(¢0),N1(¢1), ..., Ni(dr)) — ¢o, vanishes at the tuple of
the germs at distinct points of a strongly transcendental function. By Proposition 3.4, since M € C*,
this operator vanishes identically on a neighbourhood of (fo, faz, oo, faz). For a large enough ¢, we

have that M vanishes at (fo + Az?, fa% .oy fa2) for all A € C, from which it follows that

VYAEC, fo+Az5=L(go+ A gay, .- Gay)-

From this expression we deduce that d.(¢) > 2¢ for all sufficiently large ¢. This, together with
Proposition 5.2, contradicts the hypothesis £ € C*. O

6. BLOW-DOWNS
In this section we prove Theorem C.

Notation 6.1. We fix the usual coordinate system for the blow-up of 0 € C2.
Recall that the blow-up of 0 € C? is the map 7 : V — C? where

V ={(z,p) €C?* xCP' : 2 € p}

and 7(z,p) = z. Let D = 7=1(0) = {0} x CP! be the exceptional divisor. On the analytic manifold V'
we consider the atlas given by the following charts cy, for A € C := CU {oc}:

ex:C? 3 (21,22) = (21, A+ 22)21, [L 2 A+ 22]) if A £ 00
Coo : C? 3 (21, 22) = (2122, 22, [21 : 1]),

which, after composition with 7, give rise to the following system m) = 7 o ¢ of local expressions for
T

mx : C2 3 (21,22) = (21, (A + 22)21) if X # 00

Too - C2 > (21,22) — (2122,22) ’
If f: U C C? — C is a function, then the blow-up of f is the function fon : 7=1(U) — C, and f is
the blow-down of f o . Since we do not want to introduce sheaves on manifolds other than C™, we
will only use local coordinates. Hence, the blow-up of f : U C C? — C centered at ) is the function
fomy: W;l(U) — C; we then say that f is the blow-down of the family (f o), s Note that
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the blow-ups of f are obtained from f by composing with polynomials (operators in B*). Hence, the
fact that £ is stable under blow-downs implies that

fo€& VAT, (fom)o € &.

The key idea which allows us to construct our counterexample is the observation that blow-downs
are not local operators. Let g : V — C be a function and suppose that the blow-down f of g exists.
Choosing f wisely, we can show that to obtain the germ fy, we need the germs of g at all points of the
exceptional divisor D, whereas if f were obtained from g via operators from D*, one would only need
the germs of g at finitely many points to construct fy. To make this argument work we need to choose
an f which satisfies very few relations. The following proposition is useful to establish that strongly
transcendental functions have this desired property.

Proposition 6.2. Let f € ST(U) be strongly transcendental on an open subset U of C2, let L be
an operator in D* of arity n and let (bo,b1,...,b,) € U™ be distinct points in U. Then f,, #

‘C(be' . '7fbn)'
Proof. Suppose fv, = L(fby,-- -, fb, ). Then the operator M defined by
M(ho,hay ..o hy) = L(h1, ..., hy) — by

belongs to D* as the composition of the operator of composition with a polynomial and the operator
L. Moreover, M vanishes at (fp,, fo,,---,fp,), and hence, according to Proposition 3.4, on some
neighbourhood W of (fu,, for,-- - fo,)-

For every k € N| let

B ={(ho,...,hy) € Opy X -+ x Oy, = j%ho(bo) =0,...,*hn(by) = 0}

and choose k € N sufficiently large such that (fy,,..., fp,,) + Bx € W. Denote by b; = (b1,,b2,) the
coordinates of b; for i = 0,...,n, and let P be the polynomial

n

]D(Zl7 Zg) = H(Zl — b17i)k(22 — bQ,i)k.

i=0
and (0, Py, ..., P, ) both belong to By, we have
£(fb1 +Pb17-~-,fb” +an) - (fbo +Pb0> =0
and L(fo, + Poys- -, fo, + Bo,) = (foo) =0,

from which we deduce Py, = 0, which is absurd. 0

Since (PbU,Pbl gy Pb

ni)

The following proposition, together with Proposition 3.4, implies Theorem C.

Proposition 6.3. Let U be a neighbourhood of 0 € C? and f : U — C be a strongly transcendental
function. Let w be the blow-up of 0 € C? and A= {fomy: A€ C}. Then fo € EL\ Do.

Proof. The germ fo is in ) since it is the blow-down of the family {(fomy)o : A € C}, whose elements
belong to Ajg.

Let us suppose for a contradiction that fy € Dy. Then there exist N' € D*, (ay,...,ax) € (C2)F
and (A1,..., M) € (C)* such that

(1) fO:N((fOﬂ—)\l)al7"‘7(fo7r)\k)ak)'

Let U’ be a neighbourhood of {cy, (a1),...,cx,(ax)} in V such that D U’ (so that w(U’) is not a
neighbourhood of 0). Define A" = {(f o)) ey A € C} and let D’ be the closure of A’ under the
action of D*.

Equation (1) above shows that fy € Dj), so by definition there exists a neighbourhood U” of 0 such
that fiy» € D'(U"”). Since w(U’) is not a neighbourhood of 0, U” \ w(U’) # (. We fix by € U" \ n(U’).
Now, since fjy» € D'(U"), the germ of f at by can be expressed in terms of some of the germs of the
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restriction of f o7 to U’. So there exist M € D*, (u1,...,un) € (C)* and (a},...,a),) € (C?)" with
aj € ¢, (U') for i = 1,...,n, such that

Joo :M((fowm)a’lw"J(foﬂ—ﬂn)a’n)'

This equation can be reformulated as a relation between the germs of f at by and by, ..., b,, where
bi = my,(a}). If Nj: Op, — Og is the operator of composition with the polynomial 7, then N; € B*
and (f o7y, )a; = Ni(fp,). So we obtain

foo = MNL(for); -+ Nua(fo))-

Setting £ = M(N,...,N,), the operator L is in D*, since it is a composition of operators of D*,
and we have fy, = L(fp,,--., [b,)- Up to decreasing n, we may suppose that the points by, ..., b, are
all distinct. Moreover, observe that by ¢ {b,...,b,}: for i = 1,...,n, aj € ¢, (U’), so b; € n(U’)

while by has been chosen outside w(U’). Hence the points by, . .., b, are all distinct, so Proposition 6.2
applies. But this contradicts the fact that fi,, = L(fo,s-- -, fv,,)- O
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