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Abstract

We prove the following CR version of Artin’s approximation theorem for holomorphic mappings between real-algebraic sets in
complex space. Let M C CN be a real-algebraic CR submanifold whose CR orbits are all of the same dimension. Then for every
point p € M, for every real-algebraic subset S’ C CN x ¢V and every positive integer £, if f: (cV, p) — cNisa germ of a
holomorphic map such that Graph f N (M x CN ,) C §’, then there exists a germ of a complex-algebraic map f ¢V, p)—CN '
such that Graph f tnr xcN /) C S’ and that agrees with f at p up to order £.
© 2011 Elsevier Masson SAS. All rights reserved.

Résumé

On démontre la version CR suivante du théoréme d’approximation d’Artin pour des applications holomorphes entre
sous-ensembles algébriques réels des espaces euclidiens complexes. Soit M C CV une sous-variété CR algébrique réelle dont
les orbites CR sont toutes de méme dimension. Pour tout point p € M, pour tout sous-ensemble algébrique réel S" C cN xcN
et pour tout entier naturel £, si f:(CN, p) - CN "est un germe d’application holomorphe tel que Graph f N (M x CN /) cs,
alors il existe un germe d’application algébrique complexe f¢:(CV, p) - CV " telle que Graph f€ N (M x CN /) C S etdont le
jetd’ordre £ en p coincide avec celui de f.
© 2011 Elsevier Masson SAS. All rights reserved.
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1. Introduction

A well-known theorem in algebraic geometry going back to Artin [1] states that given any system of polynomial
equations P(x,y) =0, x = (x1,...,%x,), ¥y = (V1,..., ym) over the field of real numbers (resp. complex numbers)
and given any germ of an analytic solution y(x) of the above system at a given point p € R" (resp. C"), there exists a
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sequence of germs at p of real-algebraic (resp. complex-algebraic) solutions of the system that converge to the given
solution in the Krull topology.

In this paper, we provide a Cauchy—Riemann version of this approximation theorem. Given a real-algebraic CR
submanifold M C CV, let us say that M has the Nash—Artin approximation property if for every point p € M, every
real-algebraic subset S’ ¢ CN*+V "and every positive integer £, if f:(CV, p) — CV "isa germ of a holomorphic map
such that Graph f N (M x CV Y S (as germs at (p, f(p))), then there exists a germ at p of complex-algebraic map
fé @V, p)—> CV' that agrees with f at p up to order £ with Graph f¢ N (M x CN') C §'. Observe that finding a
sequence (f%), with the above properties consists of finding a sequence of germs of real-algebraic mappings from
M into CV' ~ RV whose graphs are contained in §’ ¢ CN+V "~ R2N+N) put which, furthermore, must satisfy
the tangential Cauchy—Riemann equations (on M). Hence, deciding whether M has the Nash—Artin approximation
property is indeed equivalent to asking for a CR (or more generally PDE) version of Artin’s theorem mentioned above.

We provide a positive solution to this approximation problem by making use of the CR geometry of the manifold
M.Let T°M C T M denote the complex tangent bundle of M. Recall that for every p € M, there exists a unique germ
of a real-algebraic CR submanifold O, through p with the property that every point ¢ € O, can be reached from p
by following a piecewise differentiable curve in M whose tangent vectors are in 7°M (see [2]). We call this germ the
CR orbit of M at p and say that M is minimal at p if this CR orbit is a neighborhood of p in M. We also say that M
is of constant orbit dimension if the CR orbits of M have all the same dimension. Our main result is the following:

Theorem 1.1. Ler M C CV be a real-algebraic CR submanifold of constant orbit dimension. Then M has the
Nash—Artin approximation property.

The study of algebraicity properties of holomorphic mappings sending real-algebraic sets into each other has
been extensively studied in the past years (see e.g. [16,9,10,2,14,8,17,6,4,13,11]). Most of the mentioned results are
concerned with the automatic algebraic extension of all holomorphic mappings between two given real-algebraic sets
and hold under some geometric nondegeneracy conditions on these sets. The situation considered in Theorem 1.1 goes
beyond this setting and deals with the general case where M is allowed to be mapped to an arbitrary real-algebraic set
by a non-algebraic holomorphic map. In such a situation, the only known sufficient condition implying that a (con-
nected) real-algebraic CR submanifold possesses the Nash—Artin approximation property is that of minimality and
goes back to the work of Meylan, Zaitsev and the author [12,13]. Theorem 1.1 provides the same conclusion under
a much weaker sufficient condition, that, in addition, is generically satisfied on every connected real-algebraic CR
manifold (see e.g. [3]). Hence even the following immediate consequence of Theorem 1.1 is new.

Corollary 1.2. For every connected real-algebraic CR submanifold M C CV, there exists a closed proper
real-algebraic subvariety Xy of M such that M \ X'y has the Nash—Artin approximation property.

In the case of real hypersurfaces, we can deduce from Theorem 1.1 the following stronger result:
Theorem 1.3. Any (smooth) real-algebraic hypersurface of CN has the Nash—Artin approximation property.

Indeed, any connected component of any real-algebraic (smooth) hypersurface of CV is either Levi-flat, in which
case it is of constant orbit dimension and Theorem 1.1 applies, or is somewhere minimal, in which case it has the
Nash—Artin approximation property in view of [13, Theorem 3.5].

One noteworthy and typical application of Theorem 1.1 deals with the problem of deciding whether the holo-
morphic equivalence of two germs of real-algebraic CR manifolds of the same dimension implies their algebraic
equivalence (see the works [6,4,11]). Specializing Theorem 1.1 to this situation, we have:

Corollary 1.4. Let M, M’ C CN be two real-algebraic CR submanifolds of constant orbit dimension. Then for all
points p € M and p' € M’, the holomorphic equivalence of the germs (M, p) and (M, p") implies their algebraic
equivalence.

As for Theorem 1.1, Corollary 1.4 was known only when M and M’ are (connected and somewhere) minimal and
goes back in this case from the work of Baouendi, Rothschild and the author [4]. For nowhere minimal real-algebraic
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CR manifolds, partial results towards Corollary 1.4 were previously established by Baouendi, Rothschild and Zaitsev
[6] and more recently by Lamel and the author in [11]. In these two works, the conclusion given by Corollary 1.4
is obtained for all points p in a certain Zariski open subset of M. The proofs of [6,11] require to exclude from M a
thin set of points corresponding to the locus of the degeneracy set of a certain holomorphic foliation. Corollary 1.4
answers one of the main questions left open from [6,11] which was to decide whether one could get rid off this locus.

Let us now discuss briefly the proof of Theorem 1.1. If M is as in Theorem 1.1 and p € M, we assume that
p =0 and we may view the germ of M at 0 as a (small) algebraic deformation of its CR orbits. Namely, there
exists an integer ¢ € {0, ..., N} and a real-algebraic submersion S:(M,0) — (R, 0) such that S~ 1(S(g) = O,
for all ¢ € M near 0. The level sets of S, i.e. the CR orbits, therefore foliate M near the origin by minimal real-
algebraic CR submanifolds. We may hence identify the germ of M at O with an algebraic deformation (M;) for t € R¢
close to 0, where M; C CV~¢ is a germ at O of a minimal real-algebraic CR submanifold (see e.g. Lemma 2.7).
If f: ((CQV_C x Cg,0) — CM is a germ of a holomorphic map such that Graph f N (M x CN') c 8’ for some real-
algebraic subset S’ ¢ CV x CN ', then for every t € R sufficiently small, the holomorphic map f; : ((Cév 05z
f(z,1) € CV' satisfies Graph f, N (M, x CN') C S/, where S/ := {(z.z/) e CN=¢ x CN": (z,1,7') € §'}. Since each
submanifold M; is minimal, the conclusion of Theorem 1.1 boils down to providing a deformation version of the
approximation theorem of [12,13] associated to the deformation (M;),cRre, the analytic family of holomorphic maps
(ft)rere and the family of real-algebraic subsets (S));eRre.

To this end, we devote one part of the paper, namely Section 4, to build a system of polynomial equations with
real-algebraic coefficients fulfilled by the restrictions to RY and R¢ of f and J(u) := (3% £(0, u); |a| < k) for some
suitable integer k. The system is constructed in such a way that it reduces our approximation problem to an application
of a version of Artin’s approximation theorem due to Popescu [15] (see [11] where the use of [15] appeared for the
first time in the subject). To construct the desired system, we introduce a suitable field of partially algebraic power
series, denoted by S/, depending on the mapping f and its derivatives. An appropriate and careful study of the field
extension generated by the field S/ and the components of the mapping f leads to the desired system of real-algebraic
polynomial equations. At this point, we should mention that the above strategy depends on a key technical proposition,
Proposition 3.2, which is an algebraic dependence result for certain power series which might be of independent
interest. We devote Section 3 to the proof of this result: it requires to introduce algebraic power series rings defined
over a field that is itself a field of fractions of partially algebraic power series and depending on the fixed mapping f.
During the proof of Proposition 3.2, we adapt several tools concerning ratios of power series developed in [12] and
also make use of Artin’s approximation theorem over the above defined field of partially algebraic power series. We
should point out that, under the additional assumption that the source manifold M in Theorem 1.1 is connected and
contains minimal points, most of the tools developed in this paper are unnecessary and the proof can be simplified and
reduced to that of [12,13].

The paper is organized as follows. In Section 2, we introduce the notation and preliminary notions that will be used
throughout the article. Section 3 is devoted to the proof of one key algebraicity property for certain ratios of power
series that is used in Section 4 while building the system of real-algebraic equations associated to a given mapping f.
The proof of Theorem 1.1 is completed in Section 5.

2. Preliminaries
2.1. Algebraic power series and two approximation theorems for polynomial systems

Throughout the paper, given a field K, and indeterminates x = (xy, ..., x), 7 2> 1, we denote by K[[x]] the ring of
formal power series with coefficients in the ring K. For T'(x) € K[[x]] and an integer m, we write j™T or (j"T)(x)
for the collection of all partial derivatives of T up to order m. If the indeterminates x split as x = (x’, x”'), we write
(j™T)(0, x") for the power series mapping (™ T') evaluated at x" = 0. We will also be using the notation ;T for the
collection of all partial derivatives with respect to x” up to order m.

We shall frequently make use of the ring of algebraic power series over K: it is the subring Ag{x} of K[x]l
consisting of those 7' (x) € K[[x] for which there exist a positive integer m and, for j =0, ..., m, polynomials
P; e K[x] with P, # 0 such that
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> Pix)T(x)! =0.

j=0

Note that when K = C, Ac{x} is the usual ring of (complex-)algebraic (or Nash) functions over C, which is
contained in the ring of convergent power series denoted in this paper by C{x}. Given any convergent power series
n =n(x) € C{x}, we will also denote throughout the paper by 7 = 1(x) the convergent power series obtained from 7
by taking complex conjugates of its coefficients.

In this work, we will make use of two approximation theorems for polynomial systems of equations with algebraic
coefficients. The first one is due to Artin [1].

Theorem 2.1. (See Artin [1].) Let K be a field, P(x,y) = (P1(x,V),..., Pn(x,y)) be m polynomials in the ring
A {x}yl with x = (x1, ..., %), y = (1, ..., ¥g)- Suppose that Y (x) = (Y1 (x),...,Y,(x)) € K[[x]D? is a formal
solution of the system

P(x,Y(x)) =0. 2.1)

Then, for every integer £, there exists Yt (x) € (Ag{x})? satisfying the system (2.1) such that Y(x) agrees with Y (x)
up to order L.

The second one is a more precise version of Theorem 2.1 and corresponds to Popescu’s solution of the
approximation problem on nested subrings.

Theorem 2.2. (See Popescu [15].) Let K be a field, P(x,y) = (P1(x,y), ..., Pn(x,y)) be m polynomials in the ring
A {x}yl with x = (x1, ..., %), y = (1, ..., ¥g)- Suppose that Y (x) = (Y1 (x),...,Y,(x)) € K[[x])? is a formal
solution of the system

P(x,Y(x)) =0. 2.2)

Suppose furthermore that for every j =1, ...,q, there exists s; € {1, ...,r} such that Y;(x) € K[[xy, ..., xsj]]. Then,
for every integer £, there exists Yé(x) e K{x}? satisfying the system (2.2), such that Yé(x) agrees with Y (x) up to
order € and each Yf(x) € Ag{xi, .. .,xsj}, ji=1,...,q.

Observe that by a noetherianity argument, Theorems 2.1 and 2.2 also hold for a polynomial system with infinitely
many equations.

2.2. K-algebraicity of ratios of formal power series

In Section 3, we will have to study certain types of ratios of formal power series defined over a ground field that is
not the usual field of complex numbers, but, rather a field extension over C. In order to prove a key property of these
ratios, we shall use and modify some concepts about ratios of formal power series introduced in [12] for the case of
C[[x]] to treat ratios of power series over K[[x]] where C — K is a field extension.

Let C — K be a field extension. Given two power series N (x), D(x) € K[[x]l, x = (x1, ..., x,), we write (N : D)
for a pair of formal power series where we both allow N and D to be zero. When D = 0, we can think of (N : D) as
being the usual ratio N/D. In the following, we say that two ratios (N : D1) and (N2 : D) of formal power series in
K[x] are equivalent if Ny Dy — N2 Dy = 0. As in [12], it will be useful to introduce the following notion.

Definition 2.3. Given two ratios (Nj : D1) and (N, : D) of formal power series in K[[x]], a complex linear
subspace £ C C" and a nonnegative integer g, we say that (N : D;) and (N : D7) are g-similar along E if
(J9(N1D2 — N2D1))|g = 0.

We have the following (weak) transitivity property of the notion of g-similarity, whose simple proof is completely
analogous to that of [12, Lemmas 3.2 and 3.3] and is left to the reader.
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Lemma 2.4. Let (N1 : D1), (N2 : D>) and (N3 : D3) be three ratios of formal power series in K[[x]|. Suppose that we
have a splitting of the indeterminates of the form x = (u1, ua,u3) and let E be the linear subspace of C" given by
E ={u; =0, up =0}. Suppose that there exist an integer £ and integers q1, q2 > £ such that

(j* (N2, D2))|; #0, (il jd3 (N1 Dy = NaD)) |, =0,

(Ji\ jis (N3Dy — N2D3))| . = 0.
Then (1~ j2~" (N3 Dy — N1 D3))|£ =0.

We now define the notion of K-algebraicity for (formal) power series along a certain complex subspace that will
be extremely useful in Section 3.

Definition 2.5. Given a ratio (N : D) of formal power series in K[[x]] and a complex linear subspace E C C", we
say that (N : D) is K-algebraic along E if there exist an integer ¢ and for every integer ¢, formal power series
Ny, Dy € Ag{x} suchthat (N : D) and (N, : D) are g-similar along E and such that (j* (Ng, Dyg))|E #0.

Remark 2.6. Using Lemma 2.4, it is easy to see that if two ratios of formal power series in K[[x] are equivalent
and if one of them is nontrivial and K-algebraic along a complex subspace E C C” then the other ratio has the same

property.
2.3. Generic real-algebraic submanifolds and local CR orbits

Let M C CN be a real-algebraic CR submanifold with N > 2 and 7% M its CR bundle. For every point p € M,
we denote by Gy (p) the Lie algebra evaluated at p generated by the sections of 79! M and its conjugate T1:°M . By
a theorem of Nagano (see e.g. [3,7]), for every point p € M, there is a well-defined unique germ at p of a real-analytic
submanifold V), satisfying CT,V, = Guy (q) for all g € V,,. This unique submanifold is necessarily CR and is called
the CR orbit of M at p. In fact, by [2, Corollary 2.2.5], this CR orbit is even a real-algebraic CR submanifold contained
in M. It is not difficult to see that if M is connected, the dimension of the local CR orbits is constant (and of maximal
dimension) except possibly on a proper real-algebraic subvariety X'y, of M (see e.g. [5,6]). If dim V), = dim M for
some point p € M, we say that M is of minimal (or also of finite) type at p.

Assume in what follows that M is a (connected) real-algebraic generic submanifold of CV of CR dimension 7
and codimension d. If p is a point in M \ X, where X, is defined as above, then one may choose holomorphic
(algebraic) coordinates such that M is described near p through the following well-known lemma.

Lemma 2.7. (See [5, Proposition 3.4] and [2, Lemma 3.4.1].) Let M C CN be a connected generic real-algebraic
submanifold through a point p € M whose CR orbit at p is of maximal dimension and let ¢ € {0, ...,d} be the
codimension of this CR orbit in M. Then there exist normal algebraic coordinates Z = (z,1) € C" x C¢, n = (w, u) €
C4=¢ x C¢, such that M is given near the origin by an equation of the form

n=w,u) =021 = (0(Z w,i),i), (2.3)

where Q is a C?=-valued complex-algebraic map near 0 € C"*N . Furthermore, there exist neighborhoods U, V of
the origin in RS and CN~¢ respectively such that for every u € U, the real-algebraic submanifold given by

M, ={zw)eV: w=0Q(z,z,w,u)} .

is generic in CN=¢ and minimal at 0.

As a real-analytic submanifold, M can be complexified and gives rise to its so-called complexification, which we
denote by M. This complexification M is the germ at 0 of the complex-algebraic submanifold of C?¥ given by

{(z,)e(CN xCN,0): 0 =0(x,z, )}, (2.5)
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where Z = (z,1) € C* x C? and ¢ = (x,0) € C" x C?. Recall also that the above choice of normal coordinates
implies that the following two identities hold

0(z,0,0)=0(0,x,0)=0,  O(z,x,0(x,z,m) =n. (2.6)

In what follows, we pick a point p € M \ X'y and choose normal coordinates for M at p as given by Lemma 2.7.
In Section 3, we will need the iferated Segre mappings attached to such a germ of submanifold (see e.g. [5]). These
mappings are defined in the following way. For any nonnegative integer j, we denote by ¢/ a variable lying in C"
and also introduce the variable L] := (tl, ...,tJ) e C" . We also use the notation s for a variable lying in the Eu-
clidean space C4=¢, Then we first set vy (s, u) := (0, s, u) for (s,u) € C4 sufficiently closes to 0 and defines the map
vj: (T x C4=¢ x C°,0) — CN for j > 1 inductively as follows:

v; (t[j], s, 1) = (tj, Uj (t[j], s.u)), where U (t[j], s, u) = o(t, ﬁj_l(t[j_”, s.u)). 2.7

From the construction we clearly see that each iterated Segre mapping v; defines an algebraic map in a neighborhood
of 0 in C"*+4_ In fact, for every point (s, u) € C¢ sufficiently close to the origin, the map v j (-, 5, u) parametrizes the
usual Segre set of order j attached to the point (0, s, u) (see e.g. [2,3]). Notice also that, thanks to (2.6), one has the
following useful identities

v;(0,s,u) =(0,s,u), vj+2(t[j+2], s, u)|ﬂ-+2:[j =v; (t[j], s, u) j =0, (2.8)

and that for every j > 0, the germ at O of the holomorphic map (v;, v;_1) takes its values in M, where M is the
complexification of M as defined by (2.5).

3. An algebraicity property for certain ratios of power series on real-algebraic generic submanifolds

Throughout this section, we assume that M is a germ of a (connected) real-algebraic generic submanifold through
the origin in CV with N > 2 and that f: (CV,0) — CNisa germ of a holomorphic mapping. We also assume that
the CR orbit of M at the origin is of maximal dimension and that normal coordinates Z = (z, w, u) for (M, 0) have
been chosen (and fixed) as in Lemma 2.7. In such a setting, we are going to prove a crucial algebraicity property for
certain ratios of (convergent) power series constructed from the mapping f and whose restriction on M is CR.

3.1. Statement of the algebraicity property

Given any integer k, we denote by Jé‘ (CN,CN') the jet space of order k at the origin of holomorphic maps from CV
to CN'. Throughout the paper, A, I'* and T* will denote coordinates in Jé‘((CN ,CN /) and we write AX = (A§)|a‘<k
where AK € CV' for « € NV (and analogously for I'* and T°%).

In order to state the algebraic criterion given by Proposition 3.2 below, we need to define the following ring of
power series that depend on the above fixed choice of normal coordinates Z = (z, w, u).

Definition 3.1. Let f and Z = (z, w, u) be as above. Let B/ be the subring of C{u}[z, w] consisting of those
power series T(z,w,u) for which _there exists an integer k and S € Clz,w,u, AK, '] such that
T(z,w,u) =Sz, w,u, G*£)(O,u), G*£)(0,u)). The field of fractions of B will be denoted by S/

In what follows, we say that a holomorphic vector X defined near 0 € (Cg X (Cév is a (0, 1) vector field if it
annihilates the natural projection CN x CV 5 (Z,¢) — Z € CV. The goal of this section is to prove the following:

Proposition 3.2. Let M, f and Z = (z, w,u) be as above. Let @1, ¢y € C{Z, ¢} with ¢2|p # 0, where M is
the complexification of M as given by (2.5). Assume that there exist an integer k, and power series @1, Py €
AclZ, o} AR, Ik, TR such that

0 (Z,0)=®;(Z, ¢, (5 £)0,w), (G*F)O,w), G*F)©), j=1,2 (3.1)

Assume furthermore that the ratio ¢1/¢y is annihilated by any (0, 1) holomorphic vector field tangent to M near 0.
Then @1 /> is algebraic over the field ST (as introduced in Definition 3.1).
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Other (different) types of CR ratios of (formal) power series on real-analytic generic submanifolds have been
studied in [12]. Though the technique used in [12] deals only with minimal generic submanifolds, we will use part of
this technique to prove Proposition 3.2.

3.2. Proof of Proposition 3.2

We assume in what follows that we are in the setting of Proposition 3.2. In order to prove Proposition 3.2, we need
to work in appropriate rings of formal power series. All these formal power series will have the same ground field that
is defined as follows:

Definition 3.3. Let ]D),{ be the subring of C{u} consisting of those (convergent) power series T'(u) for which there
exists an integer k and S € Ac{u}[Ak, I'¥] such that T'(u) = S(u, (G* £)(0, u), (¥ £)(0, u)). The field of fractions of
the ring D} will be denoted by K; .

The first step in the proof of Proposition 3.2 relies on the following lemma:

Lemma 3.4. In the setting of Proposition 3.2, there exists power series A1(Z), Ay(Z) € C{Z} N K,{ [z, w]l such that
As £ 0 and such that the ratios (@1 : @2) and (A1 : Ap) are equivalent. In addition, the ratio (A1 : As) (viewed
as a ratio of power series in K,{ [z, w]) is KL]: -algebraic along the (n + c)-dimensional complex subspace {w = 0}
(as explained in Definition 2.5).

Proof. By assumption, we know that

i(qm(Z,x,@(x,Z))):O. (32)

X \¢2(Z, x,Ox, 2))
Since g2| Aq # 0, we can choose a multiindex 8 € N of minimal length such that
@0 (@2(Z. % 6 (X, D))))| =g # 0.

Setting

A2y = (01 (Zox O D)) g B2(2) = (3 (02(Z, X, O (X D)), o>

it follows from (3.2) that (A1 : Aj) is a ratio of convergent power series ~that is equivalent to (¢ : ¢). In addition, it
follows from the chain rule and from (3.1) that there exists power series ®; € Ac{Z}[A*, I'*, T*+IA1], j = 1,2, such
that

Aj(2)=®;(Z, (* £)©0.u), (5 F) 0.0, TP )0, ww), j=1.2. (3.3)

Then (3.3) readily implies that both power series Ay, A belong to K,{ [z, w]l. In fact, one may even notice that for
every integer ¢q, if Ay, and A3 4 denote the truncated power series

VA wY 0" As w”

Al,q(z’uhu): Z W(Z’O’M)W’ AZ,q(ZJU,M): Z W(Z,O,M)W,
veNd—¢ veNd—¢
vi<q vi<q

then Ay 4, Az, € AKf{z, w}, and (Ay 4 : Az ) and (Ag : Ap) are g-similar along the subspace L := {w = 0}.
Furthermore, since there exists an integer ng such that (j"0(Aq, Ay))|p # 0, it follows that for all g > ng, we

have (j"(A1,4, A2,4))|L # 0, which shows that the ratio (Ay, Aj) is KL{ -algebraic along the complex subspace L.
The proof of Lemma 3.4 is complete. O

For the second step of the proof of Proposition 3.2, we shall use the iterated Segre maps introduced in Section 2.3.
For any integer j, recall that v; is the mapping given by (2.7). Note that since each map v; is algebraic and since the

power series A1 = A1(z, w,u) and Ay = Ay(z, w, u) given by Lemma 3.4 belong to the ring K;f [z, w]l, it follows
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from the first identity of (2.8) that the power series Aj o v; = (A1 o v;)(tl) 5, u) and Ay o v; = (Ay 0 v)) (V1 5, u)
both belong to the ring K;{ (1), 57 In what follows, when writing any iterated map v j» we shall sometimes omit to
write the variables for sake of brevity.

Lemma 3.5. In the setting of Proposition 3.2, let j be a positive integer and assume that the ratio (Ajovj : Ay ovj)
of power series in K,{[[t[-/],s]] is K,{-algebraic along the complex subspace E; = {s =0} C Critd=c_ Then

the ratio (Ajovji) :('A%)odij) of power series in KI MeU+21 57 is K;f-algebraic along the complex subspace
Ejip:={s =0} c CrUta+d—c
Jj+2

In order to prove Lemma 3.5, we need the following preliminary result.

Lemma 3.6. Under the assumptions of Lemma 3.5, the ratio (A1 ovjy2: Ay ovjy2) is Kf-algebralc along the
complex subspace E]+2 ={s=0, t/t2 =1/} c CrU+D+d—c

Proof of Lemma 3.6. By assumption, there exist an integer £y and for every integer g, (formal) power series
Ny, Dy € AKf{l[]],S} such that

(jEO(Nq,Dq))|Ej 0, (j1((A20v))N, — (A ovj)Dq))’E/ =0. (3.4)

Consider the algebraic map 1 : (C"V*4,0) > (11}, 5, u) > C+4 given by

UL U@ 7 e s u))  for jodd,

I(tm,s,u):: S | .
(t[f],Uj(tf,tf_ ,...,t,s,u)) for jeven,

(3.5)

where U is the mapping given by (2.7). The reader can check that, by using the second identity of (2.6), the map /
satisfies the following properties

vj(l(t[j],s,u))=(tj,s,u), I(I[jfl],vj(t[f] s, u)) ([” s, u) (3.6)
Consider the algebraic map J(z U421 s u) = 11y +2(t[/+ s,u)) and, for every integer ¢, define

Nq =Ny o0J,and Dq =D, o J. Since J(O 0,u)=(0,0, u) and since J € Ac{tV+2 s, u}, the power series N and

D belong to the ring K [[t[/ +21 57]. In fact, noticing that the last C¢-valued component of J (t[’ +21 5, u) is equal to
u and using the fact that N, D, € .A /{t[f] s} and the second identity of (3.6), we see that Nq, D eA /{t[/+2] s}.

Furthermore, it follows from (3.6) that vj12 =v; o J and therefore we have
(A200j12)Ny — (A1 0vj12) Dy = (A2 0vj)Ny — (A1 0vj)Dy) o J. (3.7)

Noticing furthermore that (3.6) and (2.8) imply that J (E j+2) C Ej, it follows from (3.4) and (3.7) that for every
integer g, the ratios (Aj ov j+2: Az j+2) and (N D ¢) are g-similar along E j+2- In addition, the second iden-

tlty in (3.6) implies N, = N, glpj+2—;j and Dy = D qlri+2—;; which shows, in view of the first identity in (3.4) that
(j* (Nq, D ))|E 0. ThlS proves Lemma 3.6. O

Proof of Lemma 3.5. We first note that in view of (3.1), there exist power series @1 j1» and @3 j1> both in the ring
Ac{tUt2l s, uy[ A%, I, 75 such that for r = 1, 2 one has

(t[j+2], s, u) =@, (Vj12,Vj11)

= @, (Vs u, (4 £) O, ), (5 F) O, 0), (5 F) 0 41).- (3.8)
Note in addition that the (convergent) power series ¢, j42, r = 1, 2, both belong to the ring ]K;f [:l/+2), s]). Using

the fact that 2| o # 0 and that the mapping (vj42, V41) is clearly submersive from CrU+2+d jnto CN, we get that
there exists an integer £1 such that

Dr,j+2

(" (1, j 42, (02,j+2))\gj+2 #0. (3.9)
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Furthermore, since the ratios (¢1 : ¢2) and (A : Aj) are equivalent by Lemma 3.4, it follows that the ratios
(01,j42:92,j+2) and (Ajovjqp: A2 o vj42) are also equ1valent Hence from Lemma 3.6 and Remark 2.6, we get

that the ratio (1,42 : ¢2,j42) is K -algebraic along E j+2. We are now going to follow the strategy of the proof of
[12, Lemma 3.8]. There exists an integer £> and for every integer g, power series A,, B, € A K/ {t7+2, 5} such that the

ratios (Ag : By) and (@1, j42 : @2, j42) are g-similar along Ej+2 with

(/(Aq. By) |5, , #0. (3.10)

Furthermore, we may assume without loss o_f generality that ¢, > £;. For the rest of the proof, we fix an arbitrary
integer m > £ and set Y(t[-/‘H], s,u) = (jkf) o Uj+1. Then for every integer g > m + £, we have

(5 3" (Agen.jra = 01.j12B9)) |, ,, =0. (3.11)
Since A, and By are both in the ring A s (tli+21 5} and in view of (3.8), we may rewrite (3.11) as follows:
Sy (T, (7Y (T 0,u)) =0, Vg =m+ 0o, 3.12)

where S, ,, is a polynomial in its last argument with coefficients in the ring AK +{tl/+11}. By construction, the power

series mapping (j;"Y)(t Li+11/0, u) belongs to the ring Kf [#/*+'] and is a formal solution of the polynomial system
of equations with coefﬁ01ents in A ! {tl/+11} provided by (3.12). By Theorem 2.1, for every integer r, we may find a

power series mapping Y” (Ut u) e A kAt Li+11} such that

(e Y o = Gl () ;o) 02 (3.13)
and satisfying

S (VT v (U u)) =0, Vgzm+ . (3.14)
Choose T" € A f{t[]+l }s]such that (j"T")|s—0=Y" and setfore=1,2

05 2 (V2 s u) o= D o (Vs u, (G5 )0 0), (G5 F) O, w), T (21 5, u)). (3.15)
In view of (3.9), (3.13) and the fact that m > £, > €1, we may choose r such that
i
(7 (el 42 €05,j+2))‘§,~+2 #0. (3.16)

and keep such a choice of r for the remainder of this proof. From the construction of the power series mapping 7", it
follows that ¢ 20 @3, 42 € AKf {rl7+21} and that the following identity holds:

q—m

(G2 1At 10— 07285, =0 Va>m o+t G.17)
Lemma 2.4 together with (3.11), (3.17) and (3.10) implies

—L
(e 04205 o — 0 a2 42)) |5, =0 Vg =m+ Lo, (3.18)

Hence, (3.18) obviously implies

(J'sm_/é2 (‘Pl,.i+2¢5,j+2 - ‘Pf,j+2‘/’2»j+2))|5,+2 =0, (3.19)
which shows that the ratios (¢1 42 : @2, j+2) and ((pf’/.Jr2 : 905,,'+2) are (m — £3)-similar along E;>. Since (3.16)

immediately implies that ( je' ((p{, 420 905’ i +2))| Ejp # 0, we obtain that the ratio (@1 ;42 : @2, j42) is KL{ -algebraic
along E ;. Since the ratio (Aj ovj42: Ay 0 vj42) is equivalent to (@1, 42 : ¢2,j+2), the conclusion of Lemma 3.5
follows from Remark 2.6. O

Completion of the proof of Proposition 3.2. In view of Lemma 3.4, we have to show that A/A; is algebraic over
the field S/. We start by noticing that Lemma 3.4 provides the fact the ratio (Aj o vy : A o vy) of power series
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in Kf: !, T is K,{ -algebraic along the subspace Ep := {s = 0}. Applying Lemma 3.5, we get that for every odd
integer, the ratio (A o vj : Az o v;) (of power series in the ring K,{ [V, s is K{: -algebraic along the complex
subspace E; :={s =0} C Cn+td=c_Choose j = 2d + 3 for the remainder of this proof, where we recall that d is the
codimension of M in CV. There exists an integer £3 and for every integer ¢, power series Ny, Dy, € AK{{t[ZdH], s}

such that the ratios (N, : Dy) and (& o v2443 : A 0 v2443) are g-similar along the subspace {s = 0} with

(j®(Ng. D) |,y #0. (3.20)

Take g = £3 and choose By € N 2d+3)n+d—c with | By| < £3 of minimal length such that

(070N, 870 Dy;)| _ #0.

Then we have

((A20v2j43)0P Ny, — (A1 0v2j43)070 Dy, )| 0. (3:21)

s=0 —
Since the manifold My given by Lemma 2.7 is minimal at the origin, the minimality criterion given in [2,3] shows
that the mapping C24+3n+e 5 (124431 4y 15 1y, 3 (1124431 0, 1) € CV is of generic rank N. Hence (3.21) implies
that (320 Dy;)|s—0 # 0 and that the following identity holds in the quotient field of K 124437

(A1 0v2j43)@29H31,0,u) (3PN, (23,0, u)
(A2 0v213)(t12431,0,u) — (8F0 Dyy) (124431, 0, u) "

(3.22)

Since Ny,, Dy, € AKf {t[2d+3], s}, it follows from (3.22) that the germ of the meromorphic function given by the

left-hand side of (3.22) is also algebraic over the quotient field of the ring KL{ [¢24431] Therefore there exist two
positive integers a, b and, for £ =0, ..., a, polynomials P, = P, (u, 124131 Ab Py € Ac{u}[124+31, AP, 'P] such
that

Pa(u, 12431 (3° )0, w), (7 F) (0, 1)) #0
and such that the following identity holds:

a
[2d+3] (b b7 (A1 0v2j43) (1, 0, “)>M _
/;)Pﬂ(u,t (17 £)©,u), (j° f), u))<(Azov2j+3)(t[2d+3],0,u) =0. (3.23)
In fact, the above mentioned minimality criterion even provides points arbitrarily close to 0 in C2?*3 such that the
(algebraic) map 124131 1 vy5,3(1124131 0, 0) sends those points to the origin and has rank N — ¢ there. Pick a point
79 with this property such that the left-hand side of (3.22) is meromorphic in an open neighborhood V x W of the ori-
ginin C24+3m » C¢ with T € V. From the rank theorem, we may find an algebraic map A : (CV, 0) — (C@4+3n 10)
such that voz43(A(z, w, u), 0, u) = (z, w, u). Composing (3.23) with the algebraic mapping X, we get

Al(z,w,u)>“_

> Pu(u azow. ), (77 £) (0., (7 F) 0. u))<A2(Z — =0, (3.24)

u=0

for (z, w,u) € CN sufficiently close to the origin. It is easy to see that one may choose the mapping A so that
Pa(u, Mz, w, u), G2 £)(O,u), (j° £)(0,u)) # 0, which proves that Aj/A, is algebraic over the quotient field of
.AK 7{z, w}. Since this latter field is algebraic over the quotient field of K,{ [z, w], which is itself algebraic over the

field S/, we see that the proof of Proposition 3.2 is complete. [
3.3. An application of the algebraicity property

We shall now provide an application of Proposition 3.2 in the spirit of [12, Proposition 4.3]. This result will be one
of the key point of the proof of Theorem 1.1.
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Proposition 3.7. Let f:(CN,0) — CV "be a germ of a holomorphic mapping and M be a connected real-algebraic
generic submanifold through the origin. Assume that the CR orbit of M at 0 is of maximal dimension and choose
normal coordinates Z = (z, w, u) for M near 0 as in Lemma 2.7. Let M be the complexification of M as defined in
(2.5) and assume the mapping f splits as follows f = (g, h) € C° x CN'~e for some integer e € {1, ..., N}. Assume
also that there exist an integer ko and a polynomial R € Ac{Z, {}[ A%, T*[€' w'] where (¢', w') € C¢ x C¢ such
that:

() R(Z, &, (j* )0, u), (j* F)O,u), &', @) #£0(Z,¢,§, @) € M x C* x C* near 0,
(i) R(Z, &, (G F)O0,u), G F)O,u), 8(Z),8(5)) =0 for (Z,¢) € M near 0.

Then the components of the mapping g are algebraically dependent over the field S/ (as introduced in Definition 3.1).

Proof. Let £ be the set of all polynomials B € C{Z,¢}[§'] such that there exist an integer m and
D e Ac{Z,¢}[A™, '™, T™][£"] such that
B(Z,¢.&")=D(Z. ¢, (j" )0, u), (j" f)©0,w), (j" F) (). &),

with B(Z,¢,&"Y#0for (Z,¢,8') e M x CV’ near 0 and such that B(Z,¢,8(Z))=0for (Z,¢) € M near 0.
We claim that £ is not empty. Indeed, let R as by the assumption of the lemma. There are two cases to consider.
On one hand, if

R(Z, ¢, (j* £)©0,uw), (j* ) (0,1, €, 8() #£0, (Z,¢,E) € M x C° near0,
then we are clearly done. On the other hand, if for (Z, ¢, &’) € M x C¢ near 0,

R(Z, ¢, (% £)(0,w), (7% £)(0,u),&", () =0,

then we also have

R(¢.Z, (j£)©0,u), (j* )0, u), @', g(2)) =0
for (Z,¢,@w’) € M x C¢. Writing

R(¢, z, ™, A% o &) = Z Ca(¢. 2, Th, A% &) (20")”,
aeNV

where the above sum is finite and each C, € Ac{Z, §}[Fk0, AkO][é’ ], assumption (i) implies that there exists
B e NV such that Cg(¢, Z, (% £)(0,u), (% £)(0,u), &) # 0 for (Z,(,&) € M x C° near 0. Since
Cp(¢, Z, (j* £)(0,u), (j* £)(0,u), g(Z)) =0 for (Z, ¢) € M near 0, the claim is proved.

Since £ is not empty, we may choose By € £ with the minimum number rg of monomials in &’. If ro = 1, we
see that one component of the mapping g necessarily vanishes identically, which proves the proposition in this case.
Otherwise, let m € Z, such that we may write Bo(Z, ¢,&") = Do(Z, ¢, (G £)(0, ), G™ £)(0,u), (G £)(¢), &) for
some Dy € Ac{Z, c}[A™, '™, T™][&']. We expand Dy in monomials in &’ in the following way

ro

Do(Z, ¢, A", ™, Y™ E) = ZDOJ(Z, ¢, A", T, T™VE;(8).

j=1
We alsosetfor j =1...,rg,
Ti(Z,¢):=Do;(Z.¢, (j" £)©O,u), (j" f)©O,u), (j" f)©)), (3.25)
and note that from the definition of rg, it follows that T;(Z, ¢) # 0 for (Z, ¢) € M near 0 and for every j =1, ..., ro.
Let Ly, ..., L, be alocal basis of (0, 1) holomorphic vector fields tangent to M near 0, where we recall that n is the

CR dimension of M. Since M is real-algebraic, we may assume, without loss of generality, that these vector fields
have (complex-)algebraic coefficients. Since

ro
Bo(Z.¢.8(2)) =) Tj(Z,0)Ej(8(2)) =0, (Z.¢) € M near0, (3.26)
j=1
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applying each vector L, to this identity yields,

ro—1
T;(Z,%)
> Lv<17>Ej (g(2)) =0, (3.27)
j:1 Tr()(Z’ {)
forv=1,...,n and (Z,¢) € M near 0. For every v € {1,...,n} and j =1,...,r9 — 1, we note that the ratio of
convergent power series Ev(;’ ((ZZ’?)) may be written in the form T} ,(Z, ¢)/(T,,(Z, )%, where
I‘O £

Tjw(Z,0) =G, (Z, ¢, (" £)©O,u), (" F)0,w), (" £)(©)

for some G, € Ac{Z, {}[A™F!, I+ Y™+1]. Hence, it follows from (3.27) and the minimality of ry that

T;(Z.0)
Lo 75

is algebraic over the field S/ (as given in Definition 3.1). In other words, we may say that in the quotient field of
C{Z, ¢}, the subfield F generated by S/ and all the ratios T;/T,,j=1,...,r9 — 1,is an algebraic extension of S/.
Since (3.26) tells us that the components of the mapping g are algebraically dependent over [, it follows that they are
also algebraically dependent over S/. The proof is therefore complete. O

)=0forallv=1,...,790 — 1. We may therefore apply Proposition 3.2 to conclude that each ratio T/ T,

4. A polynomial system of equations with real-algebraic coefficients associated to a given holomorphic map

In this section, we assume that we are in the same situation as in the previous section. Namely, we assume that
M is a germ of a (connected) real-algebraic generic submanifold through the origin in CV with N > 2 and that
f:(CN,0)—-CN "isa germ of a holomorphic mapping. We also assume that the CR orbit of M at 0 is of maximal
dimension and that normal coordinates Z = (z, w, u) € C" x Cd—¢ x C¢ for (M, 0) have been chosen (and fixed) as
in Lemma 2.7.

Our goal in this section is to construct a system of real-algebraic equations over RV associated to the mapping
f such that f|g~ and ( jkrf )l{0yxRe are solutions of such a system for a suitable integer k. The constructed system
will possess further additional properties (see Proposition 4.3 for the precise statement) that will be crucial in order to
prove Theorem 1.1.

4.1. Field extension associated to a given holomorphic map

We refer the reader to [18] for the basic notions of field theory used in the remainder of this paper and keep using
the notation introduced in previous sections.

Let S (f) denote the field generated by S/ and all the components of the mapping f. Then denoting M{Z} the
field of fractions of C{Z}, we have the following field extensions

S’ < s (f) = M{z}.

Let e = e(f) € {0,..., N’} be the transcendence degree of the field extension S/ s s/ (f). We may therefore
choose e components of the mapping f, denoted by g in the rest of this paper, such that g forms a transcendence basis
of ST (f) over S7.

We shall assume in the rest of Section 4 that e < N'.

If we write f = (g, h) € C¢, x (Cg,/_e, then the components of g are all algebraically independent over S/ and any
other component of # is algebraically dependent over S’ (g). Writing h = (hy, ..., hy—.) and o' = (a)/l, e, a);v,fe),
we may find an integer k and, for every j € {1,..., N' — ¢}, a polynomial P; € C[Z, Ak, Tk, 5’][w;] such that for all
Z=(z,w,u) eCVN sufficiently close to the origin

Pi(Z, (* 1), w), (j* F)O,u), 8(Z), 1 (2)) =0. (4.1)

Furthermore, writing P;(Z, Ak kg a);.) = Z:"-:’O Piv(Z, Ak, Tk, g’)(a);)”, we may assume that
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P (Z, (G5 £)O.0), (j*F)©0.u),g(2)) #£0, j=1,....N —e. (4.2)

We now come to a useful lemma that is a more refined version of [12, Lemma 6.2] (or of [11, Lemma 4.3])

but whose proof is completely analogous. For sake of completeness, we provide the proof of this statement.

In what follows, we write Z' = (§/,w’) € C¢ x CN'~¢ and will denote by @’ another variable lying in C¢ and
=@0],....00_,) € CN'~¢. We also denote ¢ = card{a € NV: |o| < k).

Lemma 4.1. In the above setting, for every real-valued polynomial p(Z, Z.7, Z’) in CN x (CN/, there exists a
nontrivial polynomial QP € C[Z, ¢, A*¥, I'* &' w’1[X] such that the following holds: for all germs of holomorphic
maps H:(CN,0) — CN'=¢, G:(CV,0) — C¢, T:(C¢,0) — C%* satisfying

Pi(Z,Tw), Tw),G(Z),H;(Z2))=0, j=1,....N —e,
and
Pj,m_/ (Z’ T(“)v T(“)? G(Z)) 7_é Oa
then
Q(Z,¢, Tw), T(w),G(Z),G (), p(H(Z),G(Z), H(),G()))=0
forall (Z,¢) € C*N near 0. Furthermore, we may write

8
Q(z.¢. A T* & ' . X) =) Q(z.¢c. A" I* & &) X"
v=0

with § independent of p and with Qg(Z, ., Tw), T(u),G(Z),G () #0 for (Z,¢) € M near the origin.

Proof. For j =1,..., N’ — e, consider
mj
k ik k k v
Pi(z, A5, T & )= P (Z, A5, T &) (o))",
v=0

mj
V(. AN rr @' 07) =) P (¢. TF A &) (0])".

v=0
For every j € {1,...,N' —e}, let A (resp. B;) be the complex-algebraic variety in CN+24+e given by the zero set
of the polynomial P;,; (resp. Pj ;) and set E := U;V:I‘) Aj U U;V:]e B;. For (Z, Ak, Tk gy e CNHF2Ute\ E
(resp. (¢, I'*, A¥, @'y € CN*t2b+e \ E) and for every j € {1,..., N’ — e}, denote by 0;1)(Z,Ak,Fk,§’),...,
o;mj)(Z,Ak,Fk,E’) (resp. g](.l)(g,Fk,Ak,w’),...,g;mj)(z,Fk,Ak,w’)) the m; roots of the polynomial P;
(resp. V;).

Next for (Z, Ak, Tk, &) and (¢, rk, Ak, w’) as above, consider the following polynomial W in X
W(z,¢, A5 T5 & o', X)

mi mpyr_, myr_,

=11 JI 1_[ 1_[ (X =p(Z.¢. &, 0, .. ou = w! ) vy, (4.3)

l] 1 l'N/7 —ln]—l ny

where, for r = 1,..., N’ — e, we have written 0. for o,."”(Z, A%, I'*, &) and ¢\ for ¢ (¢, I, A%, ).
It follows from Newton’s theorem on symmetric polynomials that W can be rewritten in the following form
W(Z. ¢, A5 T E o' X) =X+ > Wy (Z.¢. A T*. & ') X7, (4.4)
y<§

where § is independent of p and where for each y =0, ...,§ — 1,
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Wy (Z, ¢, A5, TX, € o)
P'pv Z,Ak,rk, ! 75'\)‘ aFkaAka !
;:Dy(z,;,é/’w,’« oy (2. A% ké,)> ><<1 /(¢ w)) )) “s)
Pjm(Z, A%, %, &) v/ j Pjm; (. Tk, A* o) o/

for some polynomial D, of its arguments (depending only on p) and where 1 < j < N’ —eand 1 <v; <m;. Setting

N'—e
K(Z,¢, AN THE o) i= T Pim; (2, A5 T8 &) P, (6, TF, AY &),
j=1
we see that for a suitable integer r,, Q° := K"»W e C[Z, ¢, Ak Tk, &, @w'][X]. We leave it to the reader to check

that the construction of the polynomial O provides all the desired properties of the lemma. The proof is therefore
complete. O

4.2. Construction of the polynomial system attached to the mapping f

For every real polynomial p(Z, Z, Z', Z') defined over CN¥ x CV’, let O be the polynomial given by Lemma 4.1.
As in Lemma 4.1, we write

8

Q°(z.¢. A TH & o' . X) =) Q)(Z.¢c. A" T*. & &)X, (4.6)
v=0
and define
pp:=inf{v €{0,....8}: Q(Z.¢. (j*£)(O.w). (*F)0.u).& @")| \( cor #0. near0}. 4.7)

It follows from (4.1) and (4.2) and Lemma 4.1 that each p,, is well defined.
We need the following lemma.

Lemma 4.2. In the above setting, there exists a finite collection of polynomials Sy, . .., Sy € Ac{u}[A*, I'*] such that
for every T € (C{u})%, T satisfies the system of equations

Qﬁ(zs {7 T(“)? T(u)’ 5/7 wl)|MXC2(N/—e) = O’ near Os (48)
forallv e|0,..., p, — 1} and every real-valued polynomial p defined over CN x ¢V if and only if

Sq(u, T (u), T(u)) =0, near0eR® g=1,...,b.

Proof. For every real-valued polynomial p defined over CV x CV "and every 0 <v < p, — 1, we write

Q(z.c. A g o) = Y Q420 A T (E) ()
o, BeNe

Then a convergent power series mapping T as in Lemma 4.2 satisfies (4.8) if and only if for every «, 8 € NV = every
ve{0,..., p,— 1}, we have

Qf,a,,s (Z» ¢, T(u), T(M)) =0, (Z,¢)e M, closeto0. (4.9)

Using Lemma 2.7, we may choose a parametrization (RZV=97¢ x R¢,0) 5 (y,u) — ¢(y,u) € CN of M near 0
such that ¢ is real-algebraic and such that for each fixed u € R sufficiently close to the origin, the mapping
(R2N=4=¢ 0) 5 y > @(y, u) parametrizes (the germ at 0 of) the manifold M,, as defined in (2.4). Hence for all u € C°¢
sufficiently close to the origin and for every y € N?N=9=¢ and every «, 8, v, we may set

v, By \" ’ . 3yV v,a,B ey, u), oLy, u), s .

y=0
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From our construction, each S” € Ac{u}[A*, ). Furthermore a convergent power series mapping 7 (u) as in

v,a, B,y
Lemma 4.2 satisfies (4.9) if and only if for every y € N?¥~4=¢ and every a, B, v as above

Sy T, Tw) =0
for all u € R¢ sufficiently close to the origin. By a noetherian argument, we may extract a finite collection of
polynomials in the family (Sf, By providing the conclusion of the lemma. The proof is therefore complete. O

We are now in a position to prove the main technical result of this section.

Proposition 4.3. Let M and f be above. Let e be the transcendence degree of the field extension ST — S/ (f), and
assume that e < N'. For j e {1,....N' — e} and q € {1,...,b}, let P; € C[z, A, Fk,éj’][a);.] and
S, € Ac{u}[A*, ') given by (4.1) and Lemma 4.2 respectively. For x € R"4=¢ u € R€, consider the following
(complex-valued) polynomial system:

Pi(x,u, A5 AN E o)) =0, Sy(u, AY, AY) =0, je{l,....N'—e}, ge{l,....b}. 4.11)

Then AF = (jkf)(O, u), & =g(x,u), o = (a)/l, cees w;v,_e) = h(x,u) is a complex-valued real-analytic solution
of (4.11). Furthermore, the system (4.11) has the following property: for every real-algebraic set X' C CV x cN
and every sequence A* = T (u), & = g*(x,u), o = h'(x,u) of germs at 0 € RN of real-analytic mappings con-
verging as £ — oo in the Krull topology to (j* £)(0,u), g(x,u) and h(x,u) respectively and satisfying (4.11), if
Graph fN(M x (CN/) C X (as germs at (0, £(0))), then for £ large enough, we also have Graph Fen M x (CN/) cx
(as germs at (0, f(0))) where f*:(CN,0) — CN "is the holomorphic map obtained by complexifying the real-analytic
mapping (g°, h"): (RY,0) - CV'.

Proof. The first part of the conclusion of the proposition follows immediately the construction of the system (4.11)
(e.g. Lemma 4.2 and (4.7) and (4.1)). Let us the prove the second part of the desired conclusion. To this end, let X’
be a fixed real-algebraic subset of CV x CV" and assume that Graph f N (M x CN') ¢ X’ (as germs at (0, £(0))).
Let also (T (u))e, (g‘Z (x,u))e, (W' (x,u))e bea sequence of germs at 0 € RN of real-analytic mappings converging as
¢ — oo in the Krull topology to (j* £)(0, u), g(x,u) and h(x, u) respectively, and, satisfying for every integer £ the
system (4.11). We may assume that X’ % CV x CV " since otherwise the conclusion of the proposition is obvious.
We prove the proposition by contradiction. Assume therefore that there exists a subsequence (f7), such that
Graph f N (M x CN D) ¢ X' for every integer r. Choose a finite number of nontrivial real-valued polynomi-
als pi, ..., pm defined over C¥ x CV such that ¥’ = ﬂ?zl Z‘} where E} is the zero set of the polynomial p;.

Then, by the pigeonhole principle, we may assume that there exists a subsequence (™), of (f"), such that
Graph £ 0 (M x CN D) ¢ X for every integer r. Without loss of generality, we may assume that this subsequence
is the whole sequence (f¢),. Furthermore, in what follows, when complexifying germs at 0 € RV of real-analytic
mappings, we will keep the same notation for the obtained germs at 0 € CV of holomorphic maps. For every integer
£, we thus have

PUZ.¢ fU2D), THO) #£0. (Z,5) € (M, 0). (4.12)

Since for every integer £, the mapping A% = Tt (u), &’ = g*(x, u), » = h®(x, u) satisfies the system of complex-valued
real-algebraic equations given by (4.11), we have, in view of Lemma 4.2 that for every v =0, ..., py, — 1

QN(Z,¢. T w), T' ). &', )|\ coow—o =0, near 0, (4.13)

where QP! is the polynomial associated to p; and given by Lemma 4.1 and written as in (4.6). Note also that we also
have for j=1,...,N'—eand for Z CcN sufficiently close to the origin

Pi(2. T ). T ). g"(2). h'(2)) =0.

Observe that the sequence of germs of holomorphic mappings ( £¢(Z)), and (T¢(u)), converge in the Krull topology
as £ — oo to the holomorphic maps f(Z) = (g(Z),h(Z)) and ( jk (0, u) respectively. This implies in particular
that, in view of (4.2), that for £ large enough, we have
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Pim, (Z. T @), T ), §(2)) £0, j=0,....,N' —e.
Hence by Lemma 4.1, for ¢ large enough and for all (Z, ¢) € C?V sufficiently close to the origin, we have

Q°(Z,¢, T ), Tt ), 8"(2), 8"(0), 1 (Z, ¢, F1(2), F(©))) =0. (4.14)
Then (4.14) and (4.13) imply that, for (Z, ¢) € M near 0, we have

1)
D Q2,6 T w), T W), §°(2), 8° () (01(Z. ¢, £(2), FU©)))" =0. (4.15)

v=pp,

Using (4.12), we may therefore write for (Z, ¢) € M near 0,
Q! (2.6, T ), T'w), 8'(2), 8' )

§
> Oz, 6, T W), TCw), 8°(2), 84 D)) (p1(Z, ¢, £4(2), FL©)))". (4.16)

V:H‘[’/)l

Since Graph f N (M x cNycx (as germs at (0, £(0))), we have p1(Z, ¢, f(Z), f(¢)) =0 for (Z, ) € M near 0.
Hence the restriction to M of the right-hand side of (4.16) converges in the Krull topology, as £ — 0o, to 0, whereas
the left-hand side of (4.16) converges to

00 (2.4, (*£) 0.0, (1 T )(0.), 8(2). 8(D)) | o4
This implies that for (Z, ¢) € M sufficiently close to 0, we have

Q! (2.2, () 0.1), (j* 1) (0.u). 8(2).5(0)) = 0. (4.17)

By the definition of p, (see (4.7)), we have
Q1 (2,6, (j* £)©O.w). (j* F)(0.u), &' ") | o #0. mear 0.

Proposition 3.7 implies that the components of g are algebraically dependent over the field S/. This contradicts the
definition of the mapping g. The proof of Proposition 4.3 is complete. O

5. Proof of Theorem 1.1

Consider first the case N = 1. Then M is a real-algebraic curve in the complex plane. Fix a point p € M. Since we
can algebraically flatten M near p, we may assume without loss of generality that M is a piece of the real line and
that p = 0. Then the conclusion of the theorem follows easily from Theorem 2.1 with K =R.

Assume in the remainder of this section that N > 2. We first prove Theorem 1.1 in the case where M is generic
in CV. Pick a point p € M and choose normal coordinates Z = (z, w, u) € C" x C?=¢ x C¢ vanishing at p as in
Lemma 2.7. As in Section 4, let e be the transcendence degree of the field extension Sf < Sf( f) where S/ is the
quotient field of the ring B/ as given in Definition 3.1. We use in what follows the notation introduced in the previous
section. Let S’ be the real-algebraic subset of CV x CV ' containing the germ at (0, f(0)) of Graph f N (M x CV /).

FIRST CASE. If e = N’, we claim that M x CN' C §' (as germs at (0, f (0))). Indeed, choose a finite collection of
real-valued polynomials ry, ..., ry over CN x CV such that §' = {r; = rm = 0}. Suppose that there exists j €
{1,...,m} such thatr;(Z, Z, Z’ Z/)|M o' # O near the origin. Since r; (Z { f(2), f(¢))y=0for (Z,¢) € (M,0),
Proposmon 3.7 implies that the components of the mapping f are algebraically dependent over S/, which contradicts
the fact that e = N'. Hence for every integer j € {1,...,m}, r;(Z, Z,2',Z"y=0for (Z,Z') e (M x CV',0), which
proves the claim. Therefore, we see that, if for every mteger ¢, f* denotes the Taylor polynomial of the mapping f
up to order £, then the sequence of polynomial mappings (), satisfies the required conclusion.

SECOND CASE. Assume that e < N'. In view of Proposition 4.3, we see that it is enough to find for every integer ¢,
germs at 0 € RN of complex-valued real-analytic mappings A* = T¢(u), &’ = g*(x, u) o' = h*(x, u) that solve the
system (4.11) with the following additional two properties: the sequences (7°¢(u))¢, (g°(x, u))¢, (h(x, u)), converge
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as £ — oo in the Krull topology to ( jk f)O,u), g(x,u) and h(x, u) respectively and the real and imaginary part of
every component of these mappings must belong to the ring Ar{x, u}. But the existence of these three sequences
of germs of real-analytic mappings with the desired properties follows by a direct application of Theorem 2.2 (with
K = R) to the system of real-valued real-algebraic equations associated to the system (4.11). The proof of Theorem 1.1
is therefore complete in case M is generic in CV.

To conclude the proof of Theorem 1.1, we will show as in [12] that the case where M is not generic follows from the
generic case treated above. Indeed, if M is not generic and p € M, then the germ (M, p) is equivalent (through a local
complex-algebraic biholomorphism) to a germ of real-algebraic submanifold of the form (M7 x {0},0) C (Civ T x Ch
where r € {1, ..., N — 1}, M is a real-algebraic generic submanifold in CN-7 of constant orbit dimension near 0 (see
e.g. [3]). We may therefore assume that (M, p) = (M x {0}, 0) and apply the generic case treated above to the holo-
morphic map (CN~",0)s ¢+ f(t,0) e CV ". Hence, for every integer £, there exists a (germ of a) complex-algebraic
mapping ¥¢: (CN=", 0) - CV " such that Graphy¢ N (M x CV ')y C S’ and that agrees with the power series map-
ping f(¢,0) up to order £ at 0. Denoting, for every integer £, by ¢* the Taylor polynomial of order £ of the mapping
(t,8)— f(t,5) — f(t,0) and setting f* := ¢ + ¢*, we get the desired result.
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