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ON THE CONVERGENCE OF FORMAL MAPPINGS
NORDINE MIR

ABSTRACT. Let f: (M,p) — (M’,p’) be a formal (holomorphic) nonde-
generate map, i.e. with formal holomorphic Jacobian J; not identically
vanishing, between two germs of real analytic generic submanifolds in
C",n>2,p' = f(p). Assuming the target manifold to be real algebraic,
and the source manifold to be minimal at p in the sense of Tumanov, we
prove the convergence of the so-called reflection mapping associated to f.
From this, we deduce the convergence of such mappings from minimal
real analytic generic submanifolds into real algebraic holomorphically
nondegenerate ones, as well as related results on partial convergence of
such maps. For the proofs, we establish a principle of analyticity for
formal CR power series. This principle can be used to reobtain the
convergence of formal mappings of real analytic CR manifolds under a
standard nondegeneracy condition.

1. INTRODUCTION

A formal (holomorphic) mapping f : (C™,p) — (C",p'), (p,p) € C" x
C", n,n’ >1,is a vector (f1,..., fn) where each fj € C[[z—p]] is a formal
holomorphic power series in z—p, and f(p) = p’. In the case n = n’, a formal
mapping f is called nondegenerate if its formal holomorphic Jacobian J;
does not vanish identically as a formal power series in z — p. An important
class of nondegenerate formal maps f consists of those which are invertible,
namely those for which J¢(p) # 0. We call such maps formal equivalences or
formal invertible maps. 1f M, M’ are two smooth real real analytic generic
submanifolds in C* and C" respectively (through p,p’ respectively) and
of real codimension ¢ and ¢ respectively, we say that a formal mapping
f:(C" p)— (C”,p') sends M into M’ if

P(f(2), f(2)) = a(z,2) - p(2, 2),
where p = (p1,... ,pc) and p' = (p},... , pl,) are local real analytic defining
functions for M, M’ respectively and a(z, %) is a ¢ X ¢ matrix with entries
in C[[z — p, Z — p]]. It is easy to see that such a definition is independent of
the choice of defining functions for M and M’. If f is formal mapping as
above sending M into M’, we may also say that f is a formal CR mapping
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2 NORDINE MIR

from M into M’. This is motivated by the fact that, if, in addition, f is
convergent near p, then f is a real analytic CR mapping from M into M’.

A natural question which arises is to give necessary and sufficient con-
ditions so that any formal equivalence between real analytic generic sub-
manifolds must be convergent. Chern and Moser [9] gave the first results
in this direction by proving the convergence of formal equivalences between
Levi nondegenerate real analytic hypersurfaces. Later, Moser and Webster
[22] showed the analyticity of formal invertible mappings between certain
real analytic surfaces of dimension two in C2, but which are not CR. Other
related work was done by Webster [27] and Gong [15]. (We also refer the
reader to the bibliography given in [6] for further information.) More re-
cently, Baouendi, Ebenfelt and Rothschild proved the convergence of formal
equivalences between minimal finitely nondegenerate real analytic generic
submanifolds [4, 5], as well as between minimal essentially finite ones® [6]
(other situations are also treated in [5, 6]). The conditions of finite nonde-
generacy and essential finiteness are closely related to the notion of holo-
morphic nondegeneracy introduced by Stanton [24]. Let us recall that a
connected real analytic generic submanifold is holomorphically nondegen-
erate if, near any point p € M, there is no non-trivial holomorphic vector
field, with holomorphic coefficients, tangent to M near p. Such submanifolds
have the property to be generically essentially-finite in the sense that, for
any such manifold M, there always exist a proper real analytic subvariety
S C M (which may be empty) such that any point p € M \ S is essentially
finite. Moreover, it was observed in [4] that the condition of holomorphic
nondegeneracy is necessary for the convergence of formal equivalences be-
tween real analytic generic submanifolds. Thus, to complete the previous
results, one has to treat the case of the non-essentially finite points of such
holomorphically nondegenerate submanifolds.

In the one-codimensional case, these non-essentially finite points were re-
cently treated in [21] where, in particular, it was shown that any formal CR
equivalence between minimal holomorphically nondegenerate real analytic
hypersurfaces must be convergent. The goal of this paper is to study the
higher-codimensional case. Assuming the target manifold to be real alge-
braic i.e. contained in a real algebraic subvariety of the same dimension, we
establish a result which gives a description of the analyticity properties of
formal CR nondegenerate maps from minimal real analytic generic subman-
ifolds of C" into real algebraic ones (Theorem 2.1 below). As in [20, 21],
we prove that, given a formal map f : (M,p) — (M',p’) with Jy #£ 0, if M
is minimal at p, then the so-called associated reflection mapping (cf. [17])
must be convergent. As we shall see (¢f. §8), such a result can be seen
as a result of partial convergence for formal CR nondegenerate maps. This
allows one also to deduce the convergence of such maps from real analytic

1See 83 for precise definitions.



ON THE CONVERGENCE OF FORMAL MAPPINGS 3

minimal generic submanifolds onto real algebraic holomorphically nondegen-
erate ones (Theorem 2.2 below). We should point out that our arguments
give also a quite simple proof of such a fact (see Proposition 7.2). In fact,
the algebraicity of the target manifold allows us to use certain tools from
basic field theory that we introduced in our previous works [19, 20].

2. STATEMENT OF MAIN RESULTS

Let (M',p") C C™ be a germ at p’ of a real algebraic generic submanifold
of CR dimension N and of real codimension ¢. This means that there exists

(¢, 0 = (Py(¢, Q). .., pL(¢,Q)) creal polynomials such that near p/
M' = {C € ((Cn7p,) : p%c:&) = 0}7
with 9p) A...A0pl. # 0, on M. We shall assume, without loss of generality,

that p’ is the origin. Then, for any point w close to 0, one defines its
associated Segre variety to be the n — ¢ dimensional complex submanifold

QL ={Ce(C",0):/(¢,w) =0} (2.1)

Moreover, since M’ is generic, renumbering the coordinates if necessary, and
after applying the implicit function theorem, one can assume that any Segre
variety can be described as a graph of the form

Q,={Ce(C0): =W, ()} ¢(=(.¢)eCxcC,

P = (_,17--;7‘52) denoting a convergent power series mapping near 0 €
Cn*tN, with ®'(0) = 0. Our main result is the following.

Theorem 2.1. Let f: (M,0) — (M’',0) be a formal nondegenerate CR map
between two germs at 0 of real analytic generic submanifolds in C™ of the
same CR dimension. Assume that M is minimal at 0 € M and that M’ is
real algebraic. Then, the formal holomorphic map

C" x CN 3 (2,0) — ®'(f(2),0) e C°
18 convergent.

Such a result was established in [21] in the one-codimensional case (for
unbranched mappings) without assuming that the target manifold M’ is
real algebraic. As in [21], Theorem 2.1 allows us to derive the following
convergence result.

Theorem 2.2. Let f: (M,0) — (M’',0) be a formal nondegenerate CR map
between two germs at 0 of real analytic generic submanifolds in C™ of the
same CR dimension. Assume that M is minimal at 0 € M and that M’ is
real algebraic and holomorphically nondegenerate. Then, f is convergent.

As mentioned in the introduction, Theorem 2.2, for unbranched maps,
follows from [21] in the hypersurface case, but in the higher codimensional
case the result is new and was not previously known even in the case where
M and M’ are both algebraic. Another application of Theorem 2.1 is given
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in §8 and deals with partial convergence of formal CR nondegenerate maps.
For this, we refer the reader to Theorem 8.1 and Corollary 8.3.

Our approach for proving Theorem 2.1 is essentially based on two steps.
The first step is a formulation of the reflection principle via the jet method
and follows [20]. The general idea is to show that, under the assumptions
of Theorem 2.1, the composition of any component of the Segre variety
map of M’ (as defined in §4) with the map f satisfy certain polynomial
equations restricted on M, and more precisely, is algebraic over a certain
field of formal power series. The second step consists in proving that a formal
CR power series (i.e. a formal holomorphic power series) which satisfies such
a polynomial identity, is necessarily convergent (Theorem 5.1). This is based
on the theory of Segre sets by Baouendi, Ebenfelt and Rothschild [3], and
on some of their techniques of propagation. One should, however, point out
several differences with the methods of [3, 6] (see especially Proposition 5.5).

The paper is organized as follows. §3 contain some background material
for the reader’s convenience. In §4, we use some ideas from [20] to prove our
reflection identities. §5 is devoted to the proof of a principle of analyticity for
formal CR functions. Such a result (Theorem 5.1) seems to us interesting in
itself. In §6, we prove the main results of the paper. In §7, we formulate some
remarks concerning Theorem 2.2 which show that, under the assumptions of
that Theorem, the convergence of formal nondegenerate maps can be derived
in a quite simple manner. In §8, we apply Theorem 2.1 to the study of partial
convergence for formal CR maps. Finally, in §9, we apply the principle
proved in §5 to establish the convergence of formal mappings between real
analytic CR manifolds under a standard nondegeneracy condition.

ACKNOWLEDGEMENTS. This work has been completed while I was invited
by the department of Mathematics of the university of Wuppertal, Germany,
during the period May-July 1999. I would like to thank Prof. K. Diederich,
C. Eppel and Prof. G. Herbort for arranging my visit. I would like also
to thank Prof. K. Diederich for interesting conversations. I am indebted
to Prof. M. Derridj for his precious help, all his encouragements and for
having spent many of his time thinking of my numerous questions. Finally,
I wish also to thank the referee for many valuable comments and helpful
suggestions.

3. PRELIMINARIES, NOTATIONS AND DEFINITIONS.

3.1. Finite nondegeneracy, essential finiteness and holomorphic non-
degeneracy of real analytic generic submanifolds. Let M be a real

analytic generic submanifold through p € C™, of CR dimension N and of

real codimension ¢. We shall always assume that ¢, N > 1, and, for conve-

nience, that the reference point p is the origin. Let p = (p1,... ,pc) be a set

of real analytic defining functions for M near 0, i.e.

M ={z¢€ (C"0):p(zz) =0}, (3.1)
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with Opy A ... Adp. # 0, on M. The complexification M of M is the
2n — c-dimensional complex submanifold of C?" given by

M = {(z,w) € (C*,0) : p(z,w) = 0}. (3.2)

We shall assume, without loss of generality, that the matrix dp/0z* is not
singular at the origin, z = (2/,2*) € CN x C°. In this case, we define the
following vector fields tangent to M,

) ap o
Ej—a—wj—pwj(z,w){aw*(z,w)] %,]—1,...,]\7,

(3.3)

which are the complexifications of the (0,1) vector fields tangent to M. Let
us also recall that the invariant Segre varieties attached to M are defined
by

Qu ={z € (C",0) : p(z,w) = 0},
for w close to 0. A fundamental map which arises in the mapping problems is
the so-called variety Segre map A : w +— Qy, (cf. [14, 12, 13]). A real analytic
generic submanifold M is called finitely nondegenerate at p =0 € M if

Spanc{L%p; .(p,p) :a e NV 1< j<d}=C"

Here, for 1 < j < d, pj;. denotes the complex gradient of p; with respect
to z. In this case, one can show that the Segre variety map X is actually
one-to-one near p = 0. More generally, M is called essentially finite at
0 € M if the Segre variety map A is finite-to-one near 0 [14, 7]. The interest
of such conditions lies in the fact that, given a holomorphically nondegen-
erate generic real analytic submanifold M (as defined in the introduction),
the set of finitely nondegenerate or essentially finite points is always, at
least, dense in M (see [3]). Furthermore, the set of points w € M such
that A=1(Q,,) is positive-dimensional forms a proper (possibly empty) real
analytic subvariety S C M, provided that the submanifold M is holomorphi-
cally nondegenerate. This set of points is precisely the set of non-essentially
finite points of M.

3.2. Minimality condition in terms of Segre sets. Another nondegen-
eracy condition which will be used in this paper is the minimality condition
introduced by Tumanov [25]. Let us recall that a real analytic generic sub-
manifold M is said to be minimal at p € M (or of finite type in the sense of
Kohn and Bloom-Graham) if there is no proper CR submanifold contained
in M through p, and with the same Cauchy-Riemann dimension. In or-
der to give a characterization of minimality for real analytic CR manifolds,
Baouendi, Ebenfelt and Rothschild introduced the so-called Segre sets in [3].
These sets will play an important role in our proofs. They are defined as
follows. Define the first Segre set Ny(p) attached to M at p € M to be the
classical Segre variety Q,. Inductively, for £ € N, define

Nemlp)= U Qo

qEN(p)
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Recall that the sets N;(p) are in general not analytic for j > 1. If M is
given by (3.1) near p = 0, as in §3.1, by the implicit function theorem, one
can choose coordinates z = (2/, 2*) € C¥ x C° so that any Segre variety can
be described as a graph as follows

Qu = {2z € (C",0): 2* = ®(w, )},

® = (by,...,®P.) being a Cvalued holomorphic map near 0 € CN+7,
®(0) = 0. The reality of M also implies that
d(w', (<, 2%, w'),2) = 2%, (z,u') e C" x CV. (3.4)

(Here and in what follows, for any formal power series g(x) € C[[z]], z =
(z1,...,xk), g(x) is the formal power series obtained by taking the complex
conjugates of the coefficients of g.) The coordinates are said to be normal
for M if, moreover, the condition ®(z,0) = z* holds. It is well known (cf.
[9, 7]) that given a real analytic generic submanifold M, one can always
find such coordinates. With these notations (and without assuming that
the z-coordinates are normal for M), the Segre sets can be parametrized by
the following mappings (vg)ren, called the Segre sets mappings. First set
vg := 0 € C™. Inductively, Nox11, k > 0, can be parametrized by the map

(CERFIN0) 5 (t1,ta, ... topr1)
Vo1 (t1y- - stopr1) = (t1, ®(Vop(ta, ... ,topy1),t1))  (3.5)
and Ny by
(C**N0) 3 (t1,ta, ... tog)
vor(t1,- .- s tox) = (t1, ®(Vop_1(t2,- .. ,tox),t1)). (3.6)
Notice that, for any nonnegative integer b, (vpr1(t1,... ,tpr1), Op(ta, ... ,tpr1)) €

M. We can now state a useful characterization of minimality which is con-
tained in [2].

Theorem 3.1. [2] If M is minimal at 0, there exists dy € N large enough
such that, in any neighborhood O of 0 € C®N there exists (19, . .. ,tgo) €0,
such that vg, (9, . .. ,tgo) = 0 and such that vy, is submersive at (¢}, ... ,tgo).

4. FORMAL NONDEGENERATE CR MAPS WITH VALUES IN REAL
ALGEBRAIC CR MANIFOLDS

4.1. Real algebraic CR manifolds and field extensions. In this sec-
tion, we collect and recall some facts from [18, 19, 20] which will be used in
the proof of Theorem 2.1.

As in §2, let (M’,p’) be a germ through p’ = 0 € C" of a real algebraic
generic submanifold of CR dimension N and of real codimension c. Following
the notations of that section, let p’ = (p},...,pl) be a set of defining real
polynomials for M’ near 0. Thus,

M= {C e (C"0): §/(¢.0) =0}, (4.1)
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with dpj A... A dpl. # 0, on M’. We can assume that the coordinates ¢ at
the target space are chosen so that if ¢ = (¢/,¢*) € CV x C¢, the matrix
9p'/0C* is not singular at the origin. This allows one to represent M’ as
follows

M’ ={¢ e (C",0):¢" =2}, (4.2)

P = (9],.. . ,®") being a C®valued holomorphic algebraic map near 0 €
CN*™ with ®'(0) = 0. (We recall here that a holomorphic function in &
variables near 0 is called algebraic if it is algebraic over the quotient field of

the polynomials in &k indeterminates.) Write, for v = 1,... , ¢, the expansion
O, (w,0) = > qgu(w)d”. (4.3)
BENN

Here, w € C" and § € CN. We also write

Dpa (W, 0) = (Pha 1 (@, 0),- -, Ppa o(w, 0)) = (05 P (w,0), ... , I De(w, ?))- )
4.4

With these notations, the Segre variety map X : (C™,0) 3 w — @/, associ-
ated to M’ can be identified with the holomorphic map

(€",0) 3 — (43,()) e (45)

1<v<c

Here, the Segre variety @, for w close to 0, is defined by (2.1). The fam-
ily of holomorphic algebraic functions defined by (4.5) will be denoted C.
For k € N*, let Fj, be the quotient field of the germs at 0 € CF of al-
gebraic functions in C*. For any positive integer | € N, we define P; to
be the smallest field contained in Fpy4, and containing C and the family
(0, @;ﬂ’j(w, 0))j=1,.. c,|3)<i- We then define P C Fn, to be the set

P = UienPy. (4.6)

One can easily check that P is also a subfield of Fyy,, since, for any [,
Py C Pry1. By definition, an element b = b(w, ) € Fyi, belongs to P if
there exists a positive integer [ and two holomorphic polynomials @)1 and

Q2 such that Qs (@) (w,0));<cp<1,0) # 0 in Faryn and such that

B @1 ((‘i’lgﬁ,j(wa9))jgc,\ﬁ|3179)
Q2 (B ,(w,0)) 15121, 0)

We need to state the following proposition, established in [20] (Proposition
1) in the hypersurface case, but which follows with the same proof in the
higher codimensional case.

b=bw,b)

Proposition 4.1. Let M’ be a real algebraic generic submanifold of CR
dimension N through the origin in C"™. Assume that M' is given near 0 by
(4.2). Let C be the family of algebraic holomorphic functions (inn variables)
defined by (4.5) and P be the field of algebraic holomorphic functions (in
N + n variables) defined by (4.6). Then, the following holds. The family C
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is contained in the algebraic closure of P, and hence, the algebraic closure
of C is contained in the algebraic closure of P.

Remark 1. An inspection of the proof of Proposition 1 from [20] shows
that there exists ly, which depends only on M’ such that C is contained
in the algebraic closure of P;,. Moreover, if M’ is holomorphically non-
degenerate, lp is nothing else than the so-called Levi-type of M’ (see [3]).
Indeed, we define [y as follows. Consider, for any positive integer [, the
map ¢ : (CNT0) 3 (w,0) — (6, (‘i)’aﬁﬁj(w,e))qum‘g) and denote by 7
the generic rank of such a map. Finally, put r(M’) = maxjey 7. Then,
lo=if{l e N:r; =r(M")}. When M’ is holomorphically nondegenerate,
then it is well-known (cf. [3]) that, in that case, the integer r(M’) equals
N + n and, by definition, Iy is the Levi-type of M’.

We recall also the following criterion of holomorphic nondegeneracy from
[18, 19].

Theorem 4.2. Let M’ be a real algebraic generic submanifold through the
origin in C". Assume also that M’ is given near 0 by (4.2). Let C be the
family of algebraic holomorphic functions (in n variables) defined by (4.5)
and P be the field of algebraic holomorphic functions (in N + n variables)
defined by (4.6). Then, the following conditions are equivalent:

(i) M’ is holomorphically nondegenerate (at 0)
(ii) The algebraic closure of the field P is Fnin
(iii) The algebraic closure of the field generated by C is F,

4.2. Jets and the reflection principle. In this section, we assume that
we are in the following setting. Let f : (M,p) — (M’,p’) be a formal CR
map between two real analytic generic submanifolds in C", with the same
CR dimension N and same real codimension c¢. We assume that f is a
nondegenerate map, i.e. that its formal holomorphic Jacobian J; is not
identically vanishing. We also assume that M’ is a real algebraic generic
submanifold and, without loss of generality, that p and p’ are the origin. We
use the notations introduced in §3 for M, and those introduced in §4.1 for
M'. The goal of this section is to prove the following proposition.

Proposition 4.3. Let M C C" be a real analytic generic submanifold
through the origin and M’ C C™ be a real algebraic generic submanifold
through the origin with the same CR dimension. Assume that M’ is given
near 0 by (4.2). Let C be the family of algebraic functions (in n vari-
ables) associated to M’ defined by (4.5). Let x € C and f : M — M’
be a formal CR map between M and M’ with Jy # 0. Then, there exists
lo € N* (depending only on M'), a positive integer ko (depending only on M’
and x) and a family of convergent power series 0; = 0; ((Av)h\élovsz) €
C{(Ay =07 f(0))yj<ts 2sw}, i = 0,... , ko, such that the formal power series
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identity
ko )
> 8 (0" F(w)sjziys 2 w) (x o F(2))' =0,
1=0

holds for (z,w) € M such that &, ((87f(w))‘7‘§lo,z,w) # 0 in M. Here,
M is the complezification of M as defined by (3.2).

To prove Proposition 4.3, we will use an approach which is contained in
[20]. We shall first state several preliminary results needed for its proof.

Recall first that the coordinates at the target space are denoted by (. We
write

f=UL) = I ) (4.7)

in the ¢ = (¢/,¢*) € CN x C¢ coordinates. Since f maps formally M into
M, there exists a(z,Z) a ¢ X ¢ matrix with coefficients in C[[z, z]] such that
the following formal vectorial identity

fr(2) = @' (f(2), ['(2)) = a(z,2) - p(2, 2), (4.8)
holds. Equivalently this gives
Fr(w) = @'(f(2), f'(w)) = az,w) - p(z,w), in C[z,w]]. (4.9)
Define
D(z,w) = det (Ejfi/(w))lgi,jgN € Cl[z, w]]. (4.10)

Here, L, for j =1,... , N, is the vector field defined by (3.3). By applying
the vector fields £;, j = 1,...,N, to (4.9) and Cramer’s rule, one obtains
the following known lemma (cf. [5, 12]).

Lemma 4.4. Let f : (M,0) — (M’,0) be a formal CR mapping as in Propo-
sition 4.3. With the notations introduced in (4.10) and (4.4), the following
holds. For any multi-index o € NV, one has the following c-dimensional
formal identity

DIz ) B (£(2), F(w)) = Var (07 F(w))pisiads )
for (z,w) € M. Here, Vo = (Va,... ,VE) € (C{(Ag =97 f(0))5<|a|, 2 w})°.
The following lemma contains two known and easy facts.

Lemma 4.5. Let f : (M,0) — (M',0) be a formal CR mapping as in
Proposition 4.3. Let D be as in (4.10). Then, the following holds.
(i) There exists a convergent power series U = U(z,w,(Ag)g=1) €
C{z,w, (Ag=07(0))5=1)} such that D(z,w) = U (z,w, (9 f(w)) p=1 ).
(ii) D(z,w) # 0 for (z,w) € M.
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Proof of Proposition 4.3. Let P be the subfield of Fx,, defined by (4.6).
We also recall that for the positive integer [y mentioned in Remark 1, P,
is the smallest field contained in Fy4, and containing C and the family
(0,&)’950.((4),9))1§j§c,w|§lo). Let x € C. Since, by Proposition 4.1, x is al-
gebraic over P and, according to Remark 1, also over P;,, we obtain the
existence of a positive integer ky and a family (bj(w,6))o<j<r,—1 C P, such
that the following identity

ko—1

(@)™ + D7 bi(w,0) (x(¢)) =0 (4.11)
j=0

holds in the field Fy4y. By definition, for j = 0,... , kg — 1, there exist
holomorphic polynomials Q1 ;, @2,; such that

Qa5 (B ;(w,0))j<cisi<in¥) £ 0, (4.12)
and such that
Q1 (((i)lgﬁd'(w?H))jSC,W‘Slo? 9)
Qa5 (B (@, 0))j<cipii¥)

)

Now, one sees that (4.11), (4.12) and (4.13) imply that there exist holo-

bj(w,H) = (4.13)

morphic polynomials s;, j = 0,... , ko, such that, in some neighborhood of
0 € C?"~¢, the following identity
ko A
> 85 (@ (@, 0)ucerpoltys 0) (x(w)) =0 (4.14)
i=0

holds, with the additional non-degeneracy condition

Sko ((‘i’,aa,u(% 0))u§c,\a|§lov 9) 5—'& 0. (4'15)
Note that ko and the family (s;);<y, depend only on x and M’. Putting,
for (z,w) € M, w = f(2) and 6 = f’(w) in (4.14), one obtains the following
formal identity (cf. [20])
ko

3 50 (Bhe (). F (0D ceiatzto: 7)) (0 ) =0
~ (4.16)

From Lemma 4.4 and Lemma 4.5 (ii), we have the following formal identity
Ve (0% F(w))pi<fal 2 w)
D2|a\—1(2’ w)
for any a € NV, and 1 < p < ¢. Thus, plugging this in (4.16), we obtain,

for (z,w) € M,

1% ((8ﬂf(w))|mga\=2v “’)

ko
Si - J'w) | ((xe f)2))' =0.
; ( D2‘a| I(Z’w) >1<,u,<c,a<lo ' (417)

Ppou(f(2), ['(w)) = ; in M,
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We claim that for (z,w) € M

Ve (07 F () pisfas 2 w) )
: = Jw) | #0.
ok ( D2\01| 1(,2711)) L<p<eal<lo v (418)

Indeed, we have first to notice that, by definition, the left hand side of (4.18)
is equal to

st ((@he u(F(2), ' ()1 <pe o<ty F(w)) -

Denote Q(w,0) = sk, ((‘i)/ea (wve))uéqla\élm‘g)' Assuming (4.18) false, we

would get Q(f(z), f'(w)) =0, for (z,w) € M. Since f is nondegenerate, one
can easily show that the rank of the formal holomorphic map M 3 (z,w) —
(f(2), f'(w)) € C>¢is 2n — c. (By the rank of a formal holomorphic
mapping g(x) = (g1(x),...,gr(z)), we mean its rank in the quotient field
of C[[z]].) By standard arguments about formal power series, this implies
that Q is identically zero as a formal power series, and hence, identically
zero as a convergent one. This contradicts (4.15) and thus proves (4.18). To
conclude the proof of Proposition 4.3, we observe the following. Since each
si, 0 < i < ko, is a polynomial, one sees that multiplying (4.17) by enough
powers of D(z,w), we have reached the desired conclusion in view (i) and
(i) of Lemma 4.5. This finishes the proof of Proposition 4.3.0

Remark 2. By Proposition 4.1, Proposition 4.3 also holds for any function
X belonging to the algebraic closure of the field generated by C.

Remark 3. Tt is worth mentioning that if, in Proposition 4.3, M’ is further-
more assumed to be holomorphically nondegenerate, then one can obtain a
more precise statement. Indeed, when M’ is holomorphically nondegenerate,
by Theorem 4.2, the algebraic closure of the field generated by the family C
coincides with F,. Thus, in view of Remark 2, we can apply Proposition 4.3
to the algebraic functions x(w) = w;, for i = 1,... ,n, taken as coordinates.
This gives the following proposition. (Recall also that by Remark 1, when
M’ is holomorphically nondegenerate, Iy = [(M'), the Levi-type of M'.)

Proposition 4.6. Let M C C"™ be a real analytic generic submanifold
through the origin and M' C C™ be a real algebraic generic submanifold
through the origin with the same CR dimension. Let f : (M,0) — (M’,0)
be a formal nondegenerate CR map and assume that M’ is holomorphically
nondegenerate. Then, for j = 1,... ,n, there exists a positive integer k;
(depending only on M') and a family of convergent power series 6;; =

(5i,j ((A’Y)\’y\SZ(M/)vsz> € C{(A’Y - a’yf_(o))|'y|§l(M’)7sz}; = 0,... 7k:j7
such that the formal identity

kj A
>0 (07 F @) y<iary, 2 w) (f5(2)) =0
=0
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holds for (z,w) € M, with d; ; ((8Vf(w))|v|§l(M/), z,w) #0 on M.

Remark 4. In view of the works of Baouendi, Ebenfelt and Rothschild [3,
5, 6], Proposition 4.3 can be viewed as a generalized reflection identity. We
shall propose in the next section an algebraic interpretation of this identity,
which can be compared to the work of Coupet, Pinchuk and Sukhov [10].

5. A PRINCIPLE OF ANALYTICITY FOR FORMAL CR POWER SERIES

Throughout this section, which is independent of §4, we shall consider
one real analytic generic submanifold M, of CR dimension N and of real
codimension ¢ through the origin in C*, n > 1. We shall also use the
notations introduced for M in §3. In particular, the complexification of M
is still denoted by M. The purpose of §5 is to prove the following principle of
convergence for formal CR functions. Recall that by a formal CR function,
we mean a formal holomorphic power series.

Theorem 5.1. Let M be a real analytic generic submanifold at 0 € C™. Let
h(z) be a holomorphic formal power series in C[[z]], z € C™. Assume that:
(i) M is minimal at 0.
(i) there exists a formal power series mapping X (w) = (X1(w),... , Xpn(w)) €
(Cllw])™, w e C*, X(0) =0, and a family of convergent power se-
ries U;(X, z,w) € C{X,z,w}, j =0,...,l, | € N*, such that the
relation

[
ST U(X (w), z,w) (h(2))) =0 (5.1)
7=0

holds as a formal power series identity for (z,w) € M, and such
that

U (X (w), z,w) #0, for (z,w) € M. (5.2)
Then h(z) is convergent.

The proof of Theorem 5.1 will be divided in three distinct steps.

5.1. Algebraic dependence of the jets.

Proposition 5.2. Let M be real analytic generic submanifold through the
origin in C™ and h(z) be a formal holomorphic power seriesinz = (z1,... ,2n)-
Assume that h satisfies (ii) of Theorem 5.1. Then, for any multi-index
uw € N there exists two positive integers 1), p(p), a family of conver-
gent power series U;, ((Av)\v\§|u|7z7w) € C{(Ay — X(0))y<|ul> 2> W},
i=0,...,l1(1), such that the formal identity

U

> Ui (07X (W)} 2 w) (9#h(2))" = 0
=0
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holds for (z,w) € M, and such that Uy, ((OVX(w))th,z,w) £ 0, for
(z,w) € M. Here, X(w) is the formal power series mapping given by (ii) of
Theorem 5.1.

Proof. Since h(z) satisfies (ii) of Theorem 5.1, there exists a formal power
series mapping X (w) = (X1 (w),... , Xpn(w)) € (Cllw]])™, w € C*, X(0) =
0, and a family of convergent power series U;(X, z,w) € C{X,z,w}, j =
0,...,l, such that the formal identities (5.1) and (5.2) hold. For the proof
of the proposition, we assume that the complexification of M is given by
M = {(z,w) € (C*,0) : w* = ®(z,w')}, with ® as defined in §3.2. (Recall
that w = (w',w*) € CN x C¢.) It will be convenient to introduce for any
integer k, a subring Ay, C C[[z,w']] which is defined as follows. Let

Hl;( : C{(AW - 87X(0))h\§k7 z,w'} - C[[Z¢w/]]
be the substitution homomorphism defined by
(A"/)|'y|§k = (a’yx(w/’ (i)(sz/)))|»y|§k> Z= 2z, w' = w'.

Ay, is, by definition, the ring image IT% (C{(Ay — 87X (0))}y|<k, 2, w'}). Fi-
nally, we define By, to be the quotient field of Ag. The reader can now easily
check that, to prove the proposition, it is equivalent to prove that

(*), VueN" 9"h(z) is algebraic over the field By,

We shall prove (x), by induction on [u|. For [u| = 0, (x), follows from
(5.1) and (5.2) and the definition of By. Assume that (x), holds for all
|| = k. This means precisely that, for any p € N™ such that |u| = &, there
exist two positive integers [(u), p(u), a family of convergent power series

i (A pps 20 € C{Ay = OVX ()l 2w} i = 0, ,1(p), such
that the formal identity

L)

> aip (VX (W, B(z,0)))j<ip 220 ) (h(2) =0 (5.3)
1=0

holds in C[[z,w']], and such that

a1y (07X (W', ®(2,0)))js <) 200" ) # 0. (5.4)

Moreover, we can choose (x) minimal satisfying a non-trivial relation such
as (5.3). This implies that

I(w) |
> g (07X (W', (2 0y, 200') (@"h(2)Y ™ 20,
-~ (5.5)

in C[[z,w']]. In what follows, for j = 1,... ,n, 1; is the multiindex of N"
with 1 at the j-th digit and O elsewhere. Applying 0., for j =1,... ,n to
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(5.3), we obtain

!
(07719 h(=)) D Gag (07X (W', ®(z, 0 )iy 2,0 ) (9"R(2)) " € Apsa[0"h(2),
j=1 (5.6)
where Ay 1[0*h(z)] is the subring of C|[[z, w']] generated by A1 and 0*h(z).
By (5.5) and (5.6), we see that 911 h(z) is algebraic over the field By 1(0"h(z)),
which is the subfield of Frac C|[[z, w']] generated by Byy1 and 0*h(z). Since
(*), holds, 0h(z) is algebraic over By C Bji1, and thus, we see that

OMFlip(z) is algebraic over By, 1 according to the transitivity of algebraicity
over fields [28]. This shows that (x), holds for all multiindeces v € N such
that |v| = k+1. This completes the proof of (x), for all multiindeces y € N"
and thus the proof of Proposition 5.2.0

5.2. Non-trivial relations at the level of the Segre sets. In this sec-
tion, we shall make use of the Segre sets mappings v;, j € N, associated to
M as defined by (3.5) and (3.6). We shall also keep the notations introduced
in §3 for M. Our main purpose here is to establish the following result.

Proposition 5.3. Under the assumptions and notations of Theorem 5.1, the
following holds. For any multi-index p € N, and for any d € N, there exist
two positive integers T = T(u,d), p = p(pu,d), and a family of convergent
power series Giud = Yipd ((Aw)wgp,z,w) e C{(A, - 8“’X(0))|,Y|§p,z,w},
1=0,...,7, such that the formal identity

-
> Giud ((WX ° Ud) |y|<p> vd+1ﬂ7d) (OFhowgp1) =0
§=0
holds in the ring of formal power series in (d+1)N indeterminates, and such
that grua ((8“’X o@d)wgp,vdﬂ,@d) # 0. Here, X(w) is the formal power

series mapping given by (ii) of Theorem 5.1 and N is the CR dimension of
M.

Remark 5. If M is a generic real analytic submanifold through the origin in
C™, and h(z) is a formal holomorphic power series in z € C™ satisfying (ii) of
Theorem 5.1, then, by applying Proposition 5.2, for any multi-index p € N™,
there exist two positive integers I(u), p(p), a family of convergent power

series U; ((A“f)l'YIS\M’ z,w) € C{(Ay =97 X(0))y|<|pl» 2> W)y @ = 0, , (1),
such that the formal identity

L) '
> Ui (07X (w))yippps 2w) (97R(2)) =0 (5.7)

1=0

holds for (z,w) € M, and such that U, , ((ZWX(w))MQM,z,w) # 0 on
M. If, furthermore, M is minimal at 0, then for dy large enough, it follows
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from Theorem 3.1 and the definition of the Segre sets mappings given by
(3.5) and (3.6) that, for d > dp, the holomorphic map

((CdN,O) S (ty,te, ... ,tq) — (vgu1(t1, ta, ... ), v4(te,...)) € M

is generically submersive. Thus, by elementary facts about formal power
series, this implies that for d > dy,

Uy (), ((WX © Q_’Ul)\w\élul’UﬁlJrl’@Ul) # 0.
This means that the algebraic relations

()

> Uiy ((WX o ’L_)d)\'y\§|u|avd+1>?7d) (0"hovg)' =0
i=0

will still be non-trivial for d > dy. This proves Proposition 5.3 for d > dy.
However, in general, plugging z = v441 and w = 9,4 in (5.7) for d < dy, could
lead to trivial relations. Thus, one has to work a little bit more to prove
Proposition 5.3 for d < dj.

For the proof of Proposition 5.3, we need to introduce the following defi-
nition, in which only the generic submanifold M is involved.

Definition 5.1. Let M be a generic real analytic submanifold through the ori-
gin, of CR dimension N, and v, k € N, the associated Segre sets mappings
as defined by (3.5) and (3.6). Let Y (w) = (Yi(w),... Y (w)) € (C[[w]])",
be a formal power series mapping in w = (wy,... ,w,). Given d € N and
a formal power series ¢(z) € C[[z1,... , 2y,]], we say that ¢ satisfies property
P(M,Y,d) if there exists a family of convergent power series A;(Ag, z,w) €
C{(Ao — Y(0),z,w}, j=0,...,p, p€ N* such that the identity

p .
> Aj(Y 004, v441,7a) (g0 vap1)’ =0
=0

holds in the ring of formal power series in (d+ 1) N indeterminates and such
that Ap(Y 0 Ug, Vg+1,0q) Z 0.

We will need the following lemma to derive Proposition 5.3.

Lemma 5.4. Let M be a real analytic generic submanifold through the
origin in C". Let Y(w) = (V1(w),...,Y,(w)) € (C[[w]])", be a formal
power series mapping in w = (wi,...,wy,). Let d € N and q(z) € C[[z]],
z2=(21,-..,2n). Then, if q(z) satisfies property P(M,Y,d+2), there erists
an integer ny (depending on Y, q and d) such that q(z) satisfies property
P(M, (aﬁy)\mgnov d).

Proof of Lemma 5.4. Let Y, ¢(z) and d be as in the Lemma. We assume
that q(z) satisfies property P(M, Y, d+2). By definition, there exists a family
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of convergent power series A;(Ag, z,w) € C{(Ag — Y (0),z,w}, 7=0,...,p,
p € N*, such that the formal identity

p

> A;(Y 0 Bar2, Vays, Vate) (¢ 0 vags)’ =0 (5.8)
5=0

holds and such that A,(Y o Ugy2, V443, 0ar2) # 0. Here,
Va3 = Vaps(ti,ta, ... s tars) = vays(ti, ') = vays(t),

Va2 = Ugta(ta, ... taps) = Vaga(t).

Thus, (5.8) holds in the ring C[[t1, ... ,t44+3]]. For simplicity of notations,
we put, for j =0,... ,p,

O;(t) = Aj (Y 0 Var2)(t'), var3(t), Dara(t')) - (5.9)

Thus, (5.8) can be rewritten as

p .

3 6,() (g 0 vass)()’ =0, with (5.10)
j=0

O©,(t) #0, in CJ[[t]]. (5.11)

Consider the set £ defined by
lal@ .
{a e NV :3j € {1,...,p}, such that laﬁt?J (t)] £ 0, in C[[t']]}.
1 t1=t3

Observe that by (5.11), there exists a multiindex o € NV such that

oo
l f%?p“)] e

in C[[']]. This implies that £ is not empty. Let a® € NV such that |a?| =
9le’
min{|5] : B € £}. Then, if we apply s to (5.10), it follows from Leibniz’s
1

formula that

9l*’le P 9le’lg. . 9%,
S D+ O (ovas)O)Y = 3> (Is,0),
5} j=1 £y BENN,|B|<|al] oty (5 12)

1<j<p

where, for any 3, j, 95;(t) € C[[t]]. By the choice of a’, we have, for
18] <[],

[aﬁ@j

5 (tl,t’)] =0, nC[[]], j=1,... ,p. (5.13)
1

t1=t3
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Thus, if we restrict equation (5.12) to t; = t3, we get by (5.13) the following
identity in the ring C[[¢']]

2 ol 0\@ y ;
Z prrol GELY ((qovass)(ts,tasts, .. ,tars)) = 0.
= t t1=t3 (514)
Here again, for simplicity of notations, we put
8le’le;
@’( "= 70(t1,t’) . (5.15)
1 3

We observe that, by the choice of o, there exists j € {1,... ,p} such that
©(t') # 0. Denote my = Sup{j € {1,... ,p} : ©4(t') # 0}. It follows from
the reality condition (3.4) and the definition of the Segre sets mappings
given by (3.5) and (3.6) that

Vays(ta, ta,t3, ... star1) = vayi(ts, ..., tars)-

Thus, (5.14) reads as
mi )
> OLt) ((govar1)(ts, - .- o tars))’ =0, (5.16)
=0

with, moreover,

o), (t) # 0. (5.17)
First case : d > 1. (5.17) implies that there exists 3° € NV such that

e
[Wl(tmt:sy oo tars) Z 0. (5.18)
Oth -

917
Thus, applying W to (5.16) and after evaluation at ty = t4, we obtain in
ts

the ring C|[t3, t4, ... ,tay3]]
m [aﬂ()@;.

0

7=0 8t§

(t’)} ((q o vagr1)(ts, - .. stae3))! = 0.
to=t4 (5.19)

We shall now see that (5.19) gives the statement of the Lemma. By definition
of the Segre sets mappings given by (3.5) and (3.6) and by the definition of
the ©; given by (5.9), we have, for 0 < j < my,

Qj(t1,t") = Aj (Y oUaya(t), t1, @(0ar2(t), tr), Dara(t))
= G} (Y 0 Tgy)(t'), Daya(t), t1)
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where G} (Ao, w,t1) € C{Ag — Y (0), w, t1}. Using (5.15), we obtain

/ / a|aO|G; = !/ - /
05(t) " (Y 0 0g42)(t), Vata(t'), 3)
al’lat _ _
= ataOJ ((Y(tg,@(’Ud+1,t2)),t2,@(’l)d+17t2),t3) .
1
Here, vgy11 = vgi1(ts, ta, ... ,tqr3). As a consequence, we have
TP :
W(t ) =G; ((avy(t%‘I)(’Udﬂ,t2))|'y|§\ﬁ0|a’0d+1,t2,t3) )
2
where G? = G? ((A’y)w‘gmo‘,w,tg,tg) S C{(A»Y — 87Y(O))|,Y|§mo‘,’w,tg,tg}.
Here again, by (3.4), (3.5) and (3.6), we have Va4 2(t4,t3, 4,15, . .. ) = Va(ta, ts,. .. ),
and thus
91%°le. ) )
70 J (t ) = Gj (((EJWY o @d+2)(t4, ts, tq,... ))|,\f|§‘ﬁ0|,vd+1(t3, tg,... ), t4, tg)
Ot to—ts
= G? (((871/ 0 Ug)(ta,- - ,td+3))|7|§‘50|,’0d+1(t3, tgy ... ), ta, tg)
= Bj ((a’yyOﬂd)|7|§‘ﬁ0|,vd+1,5d) s (520)
where B; for j = 0,... ,mq, is a convergent power series in its arguments.

Consequently, from (5.19) and (5.20) we have the relation
mi )
Z Bj ((87}/ o @d)|,y|§m0‘,vd+1, @d) (q o Ud+1)J = O, in C[[tg, cee 7td+3H7
=0

which is non-trivial according to (5.18) and (5.20). In conclusion, ¢(z) sat-
isfies property P(M, (07Y),|<|0); d)-

Second case : d = 0. In this case, almost the same procedure used in the
case d > 1 can be applied. Indeed, by (5.17), we have ©;,, (t2,t3) # 0 and

therefore, there exists a multi-index ¢ € NV such that

ole’ler
[790 - (ta,t3) # 0. (5.21)
atQ to=0
1°l
Thus, applying o to (5.16) and after evaluation at to = 0, we obtain in
ta
the ring C[[t3]]
mi [5lelg! ,
[ 7 (t2, t3)] ((gov1)(ts)) = 0. (5.22)
j=o L 0t t2=0
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As in the case d > 1, we have for j =1,... ,mq,
ol’le”. 5 _
o (t2:ta) = G ((07Y (2, (w1 (t3), 2)) y <101, V1 (E3), 2, 3
2
where G? = G? ((A'Y)|’Y|§‘g0‘7w7t27t3) € (C{(A’Y - a’yy(o))|’y|§‘go‘7w7t27t3}’
By the normality of the coordinates for M, we have for j =0,... ,mq,
a\gole);. .
5 (t2,13) =G ((my(o))hmg%Ul(t3),0,t3) :
oty ta=0 (5.23)

We leave it to the reader to check that, similarly to the case d > 1, (5.23),
(5.22) and (5.21) give the desired statement of the lemma for d = 0, i.e.
that q(z) satisfies property P(M, (97Y)4/<|g0|,0). This completes the proof
of Lemma 5.4.0

Proof of Proposition 5.3. Let u € N™. Since h(z) satisfies (ii) of The-
orem 5.1, by Proposition 5.2, there exist two positive integers I(u), p(u)

hilul: %) € C{(Ay —

z,w}, i =0,...,l(u), such that the formal identity

and a family of convergent power series U; , ((A«,)

97X (0))

Iy<|ul>
L) '
> Uiy ((3”X(w))|y|gw,z,w) (0"h(2))" =0 (5.24)
i=0
holds on M and such that
ul(#)v# ((a’yX(w))\'y\Smh Z, w) #0 (525)

for (z,w) € M. Notice that to prove the proposition we have to show
that for any d € N, there exists p = p(p,d) such that 0*h(z) satisfies
property P(M, (8°X)5<p,d). Since M is minimal at 0 € M, it follows
from Theorem 3.1 and the definition of the Segre sets mappings given
by (3.5) and (3.6) that there exists dyp € N (which can be assumed to
be even) such that the holomorphic map C@W+DN 5 (¢t . t, 1) —
(Vdg4+1(t1,t2, -+ s tdg+1), Udg (t2, ... stdo+1)) € M is generically submersive.
By elementary facts about formal power series and by (5.25), this implies
that

Uiy (07X 0 By o<l Yty +1, Ty ) 7 0.

This means that the following algebraic relation obtained from (5.24),

()

Zu@# ((8'YX o 6d0)|’y|§\u\7vd0+1’@d0) ((éwh) o /Ud()-i-l)l =0,

=0 (5.26)
is still non-trivial, i.e. that O"h(z) satisfies property P(M, (8ﬁX)\ﬁ|§\u\>do)-
(Observe that in Remark 5, we have shown that 0"h(z) satisfies property
P(M, (35X)|m§|u|,d) for any d > dp.) Applying Lemma 5.4 to ¢(z) =
OFh(z) and YV = (aﬁX)ng, we obtain that there exists p(u,dy —2) € N
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such that 0"h(z) satisfies property P(M, (8ﬁX)W|§p(“7dO_2), dp — 2). Hence,

using inductively Lemma 5.4, we obtain that for any even number 0 < d <

do, there exists p(u, d) € Nsuch that 0*h(z) satisfies property P(M, (8ﬁX)w|§p(u7d), d).
Since by Remark 5, 0*h(z) satisfies also property P (M, (8ﬁX)W|§w,do +1),

we can again, in the same way, use Lemma 5.4 to conclude that for any odd

number 1 < d < dy, there exists p(p,d) € N such that 0/h(z) satisfies

property P(M, (8/6X)|,g‘§p(#,d), d). This completes the proof of Proposition

5.3.0

5.3. Propagation procedure. We prove here the last proposition needed
for the proof of Theorem 5.1.

Proposition 5.5. Let M be a generic real analytic submanifold through the
origin, and vy, k € N, the associated Segre sets mappings as defined by (3.5)
and (3.6). Let h(z) € C|[z1,... ,2n]] andd € N. Let p € N and assume that
there exists Y,q(w), a formal power series mapping in w = (wi,... ,wy),
such that O*h(z) satisfies property P(M,Y,q,d +2) as defined in Definition
5.1. Then, the following holds. If for any multiindices v € N, 0" howvgyq is
convergent, then 0*h o vgy3 is convergent.

For the proof of Proposition 5.5, we need the following two lemmas which
are both consequences of the Artin approximation theorem [1]. We refer the
reader to [21] for the proof of the first one and to [6, 21] for the proof of the
second one.

Lemma 5.6. Let T (z,u) = (T1(z,u),... , T (z,u)) € (C[z,u]])", z € CY,
u € C*, with T(0) = 0. Assume that T (x,u) satisfies an identity in the ring
Cllz, w 4]}, y € €, of the form

80(7(1’714)733:”7.@) = O,
where ¢ € C[[W,z,u,y|]] with W € C". Assume, furthermore, that for

BIE
any multi-index 3 € N9, the formal power series la—;p(W;x,u,y) 18
Y
y=x
convergent, i.e. belongs to C{W,z,u}. Then, for any given positive integer
e, there exists an r-tuple of convergent power series 7T¢(x,u) € (C{z,u})"
such that o(T¢(z,u);x,u,y) = 0 in C[[z,u,y|] and such that T¢(x,u) agrees
up to order e (at 0) with T (z,u).

Lemma 5.7. Any formal power series in r indeterminates, which is al-
gebraic over the field of meromorphic functions (in r wvariables), must be
convergent.

Remark 6. We would like to mention that the use of the Artin approximation
theorem is not a novelty in the study of many mapping problems (cf. [11,
8, 20, 6, 21] as well as many other articles).

Proof of Proposition 5.5. Let p € N” and d € N be as in the statement
of the proposition. We assume that for any multiindex v € N", 0”h o v441
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is convergent. By assumption, there exists Y,q(w) € (C[[w]])", r = r(u,d) €
N*, a formal power series mapping in w = (wy,... ,w,) such that O*h(z)
satisfies property P(M, Y4, d+2). By definition, this means that there exists
a family of convergent power series A; = A;(Ag, z,w) € C{Ag—Y,4(0), z, w},
j=0,...,k k= k(ud), such that the formal power series identity

k
S A5 (Vi © 1a2) (1), vas3(8), 5aral®)) ((0°1) 0 vays) () = 0
=0 (5.27)
holds in C[[t]], with ¢ = (t1,t") = (t1,t2,... ,t4+3) and such that

Ap((YVd © ar2) ('), vars(t), Daya(t)) # 0. (5.28)

We would like to apply Lemma 5.6 with y = t1, x = t3, u = (t2,t4,t5,... ,tq13),
T(a:,u) = (Yud o 6d+2)(t2, [P ,td+3) - Y#d(O), W = A6 (A6 S CT) and

©(Apits, (b2, tasts, ... tars),t1) =

k
> Aj (MG + Ya(0), vags(t), Daga () (((0h) o vars)(t))’ . (5.29)
=0

For this, one has to check that any derivative with respect to ¢ of ¢ evaluated
at t; = t3 is in fact convergent with respect to the variables Aj and t'.

Because of the analyticity of the functions A;, i =0, ... ,k (and of the Segre
sets mappings), we see that we have only to consider the derivatives of [0*ho
vg3(t))?, for 5 = 0,...,1, evaluated at t; = t3. These derivatives involve

analytic terms coming for the differentiation of v4,3 (which are convergent)
and products involving powers of derivatives of h evaluated at t; = t3. Let
[(OTh) o vg43(t)]t,=t; be such a derivative for some v € N™. By the reality
condition (3.4) and by (3.5) and (3.6), we have

Va3 (ta, to, t3,ta, ... stars) = vay1(ta, ta, ... ,tars).

Thus, [(07h) o vg4+3(t)]t,=ts = ((OTh) o vg41) (ts,... ,tat+s) which is conver-
gent by our hypothesis. As a consequence, ¢ satifies the assumptions of
Lemma 5.6. Thus, by applying that Lemma, one obtains for any positive
integer e, a convergent power series mapping 7¢(¢'), which agrees up to
order e with (Y4 © 442)(t') and such that

k

S A (T, vaya(t), vasa(t)) ((0"h) 0 vays) (1)) = 0.
j=0

Observe that (5.28) implies that, for e large enough, say e = eg, the following
condition will be satisfied

A (T(t'), va43(t), 0a42(t')) # 0,

in C[[t]]. This allows one to apply Lemma 5.7 to conclude that 0*h o v443
is convergent.O
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5.4. Completion of the proof of Theorem 5.1. Let h(z) be the formal
power series of the Theorem and X (w) the associated formal power series
mapping given by (ii). By Proposition 5.3, for any multi-index p € N”, and
for any d € N, there exists two positive integers 7 = 7(u, d), p = p(u,d), and
a family of convergent power series giug = ipd ( (Ay)|41<ps z,w) e C{(A, —
97X (0))y|<p> 2, w}, i =0,... , 7, such that the identity

.
Z Giud ((8'YX o T}d)\'y\g;m Vd+1, @d) ((0"h) o vd+1)] =0
j=0

holds in C[[t] where t = (t1,... ,tqy1) € CDN and with the additional
nondegeneracy condition gr,q ((8“’X oz’zd)wgp,vdﬂ,@d) Z 0. In view of
Definition 5.1, this means that, for any multiindex p € N™ and for any
d € N, 0"h(z) satisfies property P(M, (07 X)|y|<p(u,a)> d)- Observe first that
since for any v € N", 0”h(z) satisfie property P(M, (07 X),|<p(,0),0), it
follows from Lemma 5.7 (and from Definition 5.1) that 0”h o v1 is con-
vergent for any multiindex v € N™. From this and the fact that 0*h(z)
satisfies property P(M, (07 X)|y<p(u,2),2), it follows from Proposition 5.5
that 0"h o vg is convergent, for all multiindices u € N™. Thus, by induction,
we see that Proposition 5.5 gives that for any odd number d, and for any
multiindex p € N 0Fh o vy is convergent. Choose dy € N satisfying the
statement of Theorem 3.1. Without loss of generality, dy can be assumed
to be odd. By the previous considerations, we know that h o vg, is conver-
gent in some neighborhood U of 0 € C%N. By Theorem 3.1, there exists
... ,tgo) € U such that vg, (¢9, ... ,tgo) = 0 and such that vg, is submer-
sive at (9, ... ,tgo). Thus, we may apply the rank theorem to conclude that
vg, has a right convergent inverse 0(z) € (C{z})%" defined near 0 € C"
such that 0(0) = (17, ... ,t3,) and such that vg, 00(z) = z. This implies that
h(z) is convergent. The proof of Theorem 5.1 is complete.

6. PROOFS OF THEOREM 2.1 AND THEOREM 2.2

Proof of Theorem 2.1. Recall that M’ is given near 0 by (4.2) and that
C is the family of algebraic holomorphic functions (in n variables) defined
by (4.5) and constructed from M’. By Proposition 4.3, for any x € C, there
exists lgp € N*, a positive integer kg and a family of convergent power series

0; = 6; ((Av)lvlﬁmz’w) e C{(A, — 8'Yf(0))wglo,z,w}, 1=0,...,ko, such
that the formal power series identity

ko .
> 6 (07 F(w)sitg 2 w) (xo )(2))* =0, (6.1)
=0

holds for (z,w) € M such that Jg, ((va(w))h‘go,z,w) # 0 in M. Since
M is minimal at 0 and x o f satisfies (ii) of Theorem 5.1 by (6.1), we may
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apply that theorem to conclude that y o f is convergent. In other words, for
any o € NV and for any 1 < v < ¢, da,v © [ is convergent. To conclude the
proof of Theorem 2.1, we have to show that this implies that the reflection

mapping
C" x CN 5 (2,0) — ®'(f(2),0) € C° (6.2)

is convergent. To see this, it suffices to observe that since M’ is real algebraic,
the map C" x CN 3 ((,0) — @' (w,0) € C, 1 < v < ¢, is algebraic,
and thus, an approximation argument similar to the one used in the proof
of Proposition 1 from [20] shows that for any v € {1,... ¢}, @, (w,0) is
algebraic over the field generated by C and the family of algebraic functions
C and 6. Since f is nondegenerate, this implies that the formal power series
C"xCN 3 (2,0) — @ (f(2),0) is algebraic over the field generated by C, the
family of formal power series Cy = ((gg,, © f)(2)) genv and 6. But since the

1<v<ec
family Cy is a family of convergent power series, Lemma 5.7 implies that the

formal power series @/ (f(z),0) is actually convergent for any v € {1,... ,c}.
This completes the proof of Theorem 2.1.0

Remark 7. If, in Theorem 2.1, the target manifold is given in normal coor-
dinates i.e. if ®(w,0) = w* where ®' is given by (4.2), then the following
holds. The normal components f* € C¢ (as in (4.7)) of a formal nondegener-
ate CR map f from a real analytic generic submanifold into a real algebraic
one are necessarily convergent provided that the source manifold is minimal.
Indeed, this follows from Theorem 2.1 by taking 8 = 0.

Proof of Theorem 2.2. By the Taylor expansion (4.3) and by Theorem
2.1, we know that for any 3 € NV and any 1 < v < ¢, qp, © f is convergent.
Equivalently, we have the convergence of y o f for any algebraic function
X € C, where C is the family of algebraic functions defined by (4.5). Observe
that since f is nondegenerate, Lemma 5.7 implies that for any algebraic
holomorphic function ¢ = ¢(w) in the algebraic closure of the field gener-
ated by the family C, g o f must also be convergent. To conclude that f
is convergent when M’ is holomorphically nondegenerate, it suffices to ap-
ply Theorem 4.2 (iii) which states that this algebraic closure, in that case,
coincides with all the field of algebraic functions F,,.0

7. REMARKS CONCERNING THEOREM 2.2

The purpose of this section is to show how the convergence result given
by Theorem 2.2 can be derived from the arguments of §5 more simply than
the arguments given in §6. Thus, let f : (M,0) — (M’,0) be a formal
nondegenerate CR map from a real analytic generic submanifold into a real
algebraic one. We also assume that M’ is holomorphically nondegenerate.
Then, by Proposition 4.6, we know that for each component f; of f, j =
1,...,n, there exists a positive integer k; and a family of convergent power

series 6; ; = 0; ((Aw)wgl(Mf),z,w) e C{(Ay — D f(0)y<i(arry, 2w}y i =
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0,...,k;, such that the formal identity

K
> 61 (07 F ) y<iary, 2 w) (£5(2)) =0 (7.1)
=0

holds for (z,w) € M, with 6y, ; ((8“’f(w))‘7‘<l(M/ ) # 0 on M. Here,
we recall that [(M') is the Levi-type of M’ as in Remark 1 and that M is
the complexification of M as defined in §3.1. Equation (7.1) means that for
each j = 1,...,n, f;j(2) satisfies the statement (ii) of Theorem 5.1, with
associated formal power series mapping X (w) = (07 f (w))}y<i(mry- Thus, if
we apply Proposition 5.2 to h(z) = f;(2) (and to X (w) = (97 f(w))y<i(a))
for j =1,...,n, we obtain the following result.

Proposition 7.1. Let M C C" be a real analytic generic submanifold
through the origin and M’ C C™ be a real algebraic generic submanifold
through the origin (with the same CR dimension). Let f : M — M’
be a formal nondegenerate CR map between M and M’ and assume that
M’ is holomorphically nondegenerate. Then, for any multi-index p € N"
and for any j € {1,...,n}, there exists a positive integer I(p,7), a family
of convergent power series 0juj = Oiyj ((A,y)‘,y‘gl(M/)Hm,Z,w) e C{(A, —
a7 f(0 Niy<i(mty+iuls 2w}, = 0,...,1(p, 5), such that the formal identity

U(,g

) .
X b (@ F @) <ty iuls 2 w) (@ 15())" =0,

holds for (z,w) € M with &y, j).; ((8 fw ))W‘SZ(M/)jL‘M‘,z,w) #0 on M.

If furthermore M is assumed to be minimal at 0, then, in view of (7.1), we
may apply Proposition 5.3 to h(z) = f;(z) and X (w) = (97 f(w))}<iamr)s
for j =1,... ,n. This gives the following proposition.

Proposition 7.2. Let M C C"™ be a real analytic generic submanifold
through the origin and M' C C™ be a real algebraic generic submanifold
through the origin. Let f : M — M’ be a formal nondegenerate CR map
between M and M' and assume that M is minimal at 0 and that M’ is
holomorphically nondegenerate. Let N be the CR dimension of M (and of
M') and vj, j € N, be the Segre sets mappings for M as defined by (3.5)
and (3.6). Then, for any multi-index n € N™, for any d € N and for any j €
{1,...,n}, there exist two positive integers | = 1(u,d,j), p = p(u,d,j), and
a family of convergent power series w“d = 1/)’“-1 (( Vl<ps w) e C{(A —

87f(0))|,y|§p, zy,w}, v= .1, such that the formal identity

Z¢ (@) © Ba) pyp B a1 ) (9% f) 0 vaz1)” =0
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holds in the ring of formal power series in (d + 1)N determinates and such

that Q/ijd (((mf) o 5d)m§p,?7d,vd+1) Z= 0.

From Proposition 7.2, one sees that the convergence of the mapping f
(under the assumptions of Theorem 2.2) follows from successive applications
of Lemma 5.7. Indeed, for d = 0, Proposition 7.2, and Lemma 5.7 yield
the convergence of f and of all its jets on the first Segre set. From this,
Proposition 7.2 and Lemma 5.7, we obtain the convergence of f and of all
its jets on the second Segre set, and so on. This leads to the convergence of
h on the dg-th Segre set, where dy is given by Theorem 3.1. As in the proof
of Theorem 5.1, this implies the convergence of f under the assumptions of
Theorem 2.2.

8. PARTIAL CONVERGENCE OF FORMAL CR MAPS

In this section, as in [21], we indicate several results which show how
Theorem 2.1 can be seen as a result of partial convergence for formal non-
degenerate CR maps. Before explaining what we mean by this, we have to
recall several facts.

Let M be a real analytic generic submanifold in C™ and p € M. Let K(p)
be the quotient field of C{z — p}, and H(M,p) be the vector space over
K(p) consisting of the germs at p of (1,0) vector fields, with meromorphic
coefficients, tangent to M (near p). The degeneracy of M at p, denoted
d(M,p), is defined to be the dimension of H(M,p) over K(p). It is shown
in [8, 3] that the mapping M > p — d(M,p) € {0,... ,n} is constant on
any connected component of M. Consequently, if M is a connected real
analytic generic submanifold, one can define its degeneracy d(M) to be the
degeneracy d(M,q) at any point ¢ € M. Observe that the germ (M, p),
p € M, is holomorphically nondegenerate if and only if d(M) = d(M,p) = 0.

If f is a formal nondegenerate CR map as in Theorem 2.1, f can or cannot
be convergent. The following result, which is of more interest when f is not
convergent, shows however that the map f is partially convergent in the
following sense.

Theorem 8.1. Let f : (M,0) — (M’,0) be a formal nondegenerate CR
map between two germs at 0 in C™ of real analytic generic submanifolds.
Assume that M is minimal at 0 and that M’ is real algebraic. Let d(M') be
the degeneracy of M'. Then, there exists a holomorphic (algebraic) mapping
(independent of f) G(w) = (G1(w), .- , Gn—q(m)(w)) defined near 0 € C" of

generic rank n — d(M') such that G o f is convergent.

Proof. We use again the notations of §2 and §4.1. As in the proof of
Theorem 2.2, by using the expansion (4.3), we obtain for v =1,... ,¢,

®,(f(2),0)= D (g0 f)(2)6".

BeNN
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Recall also that the ¢g,(w) are algebraic functions. By Theorem 2.1, we
have that for any 8 € NY and for any v = 1,...,c, qpy o f is con-
vergent in some neighborhood of 0 in C". According to [8, 3], we can
choose gg1 ,1(w), ... ,qpr (W), 7 = n —d(M’), of generic rank n — d(M’)
in a neighborhood of 0 in C". Then, if we define G;(w) = ggi ,i(w), for
i=1,... ,n—d(M’), we obtain the desired statement of the Theorem.O

A suitable invariant which also measures the lack of convergence of a
given formal (holomorphic) mapping is its so-called transcendence degree.
We recall first how such an invariant is defined (cf. [21]). Let H : (CV,0) —
(cN " 0) be formal holomorphic mapping, N, N’ > 1, and V be a complex
analytic set through the origin in CV x C'. Assume that V is given near

the origin in CN*N by V = {(z,y) € CN xCN": o1 (z,y) = ... = g4(z,y) =
0}, oi(z,y) € C{z,y}, i = 1,...,q. Then, the graph of H is said to be
formally contained in V if p1(x, H(x)) = ... = g4(x,H(x)) = 0 in C[[z]].

Furthermore, if V3 is the germ of the complex analytic set through the
origin in CV+N' defined as the intersection of all the complex analytic sets
through the origin in CV+N' formally containing the graph of H, then the
transcendence degree of H is defined to be the integer dim¢ Vi — N. This
definition is in complete analogy with the one introduced in [10] in the C*°
mapping problem. The following proposition from [21] shows the relevance
of the previous concept and why this transcendence degree is related to the
convergence properties of formal mappings.

Proposition 8.2. Let H : (CN,0) — (CY',0) be formal holomorphic map-
ping. Then, the following conditions are equivalent:

i) H is convergent.

ii) The transcendence degree of H is zero.

The following is a consequence of Theorem 8.1.

Corollary 8.3. Let f: (M,0) — (M’,0) be a formal CR mapping between
two germs at 0 of real analytic generic submanifolds. Assume that M is
manimal at 0, M’ is real algebraic and that f is nondegenerate, i.e. Jy # 0.
Denote by Dy the transcendence degree of f. Then, Dy < d(M'), where
d(M') denotes the degeneracy of M'. FEquivalently, there exists a complex
analytic set of (pure) dimension n+d(M') which contains formally the graph

of f.

Proof. The proof is similar to the one given in [21]. For the sake of
completeness, we recall it.

From Theorem 8.1, there exists G(w) = (G1(w), - - , Gn—qm)(w)) € (C{w})n—dM")
of generic rank n — d(M') such that G o f is convergent. Put §;(z) =
(Gjo f)(z) € C{z}, for j = 1,...,n —d(M'). Then, the graph of f is
formally contained in the complex analytic set

A={(z,w) € (C*™0):G;(w) =d;(2), j=1,...,n—d(M)}.
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Let A = UY T, be the decomposition of A into irreducible components. For
any positive integer o, one can find, according to the Artin approximation
theorem [1], a convergent power series mapping f?(z) € (C{z})" defined
in some small neighborhood U? of 0 in C", which agrees with f(z) up to
order o (at 0) and such that the graph of f?, denoted G(f?), is contained
in A. Since G(f?) is contained in A, it must be contained in an irreducible
component of A. Thus, at least one subsequence of (f?),en+ is contained in
one of such irreducible components, say I';. We can assume without loss of
generality that such a subsequence is (f7)yen+ itself. We first observe that
this implies that the graph of f is formally contained in I';. Moreover, since
f is a formal nondegenerate map, for oy large enough, the family (f7)y>0,
is also a family of holomorphic maps of generic rank n. In particular, this
implies that the generic rank of the family of holomorphic functions

((Gio fao)(z))lgign—d(M’) )

is n — d(M'). As a consequence, if zy is close enough to 0 in C" and is
chosen so that the rank of the preceding family at zy equals n — d(M'), the
implicit function theorem shows that A is an n+d(M’)-dimensional complex
submanifold near (zp, f7°(20)) € I'1. Since I'y is irreducible, it is pure-
dimensional, and thus, 'y is an n+d(M") pure-dimensional complex analytic
set containing formally the graph of f. By definition of the transcendence
degree, this implies that Dy < d(M').O

Remark 8. One should observe that Theorem 2.2 also follows from Corollary
8.3. Indeed, if, in Corollary 8.3, M’ is furthermore assumed to be holomor-
phically nondegenerate, then d(M’) = 0 and thus the transcendence degree
of f is zero. By Proposition 8.2, this implies that f is convergent.

9. CONCLUDING REMARKS

In this last section, we indicate how Theorem 5.1 can be applied to the
study of the convergence of formal mappings between real analytic CR man-
ifolds in complex spaces of possibly different dimensions. Our last result will
be expressed by means of a standard nondegeneracy condition which takes
its source in [23, 26, 12]. The situation is the following one.

Let f:(M,0) — (M',0) be a formal CR mapping between two germs at
0 of real analytic generic submanifolds in C* and C" respectively, n,n’ > 2.
(We wish to mention that all the following considerations are also valid for a
target real analytic set, but for simplicity, we restrict our attention to generic
manifolds.) We shall use the notations defined in §3 for M. In particular,
the CR dimension of M is N and its real codimension is c¢. Following the
terminology of [10], we define the characteristic variety of f at 0 € C" as
follows. If M’ is a real analytic generic submanifold through 0 as above, of
CR dimension N’ and of real codimension ¢/, we can assume that it is given
near 0 by

M = {C S ((Cnlao) : p’((f) = O}v
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with

Opy N...NOpls #0, on M.
Here, p' = (p},... ,pl,) is a set of local real analytic defining functions for
M’ near 0 € C". Consider the vector fields Lj,7=1,...,N, tangent to the
complexification M of the source manifold M as defined by (3.3). It will be

better to see these vector fields, for fixed z € (C™,0), as a basis of holomor-
phic vector fields tangent to the Segre variety @z, and thus, we shall denote

them [,%Z w) for j = 1,...,N. For any multi-index v = (v1,... ,yn) € NV,
we define EZZ’w) = [ﬁ%z’lw)rl {Eé\;w)}wl. Finally, for any multi-index
v € NV, let E, be the C¢ formal map defined by

C"x C" x C¥ 3 (2,w,¢) = L], 0 (¢, F(w)) € C7. (9.2)

Observe that there exists a C¢-valued convergent power series mapping
Ny =Ny (Ag)pipa 7 0,€) € (C{Ao, 2w, CH(Ag))1<ipi<y] ) such that
‘E"/(Z’wag) :N"/ ((aﬂf(w))\mgw%w@) , In C[[Z,’U),CH ( )

9.3

The characteristic variety of f at 0 € C" is then defined to be the germ at
0 € C" of the complex analytic set

C(f,0) ={¢ € (C™,0) : £,(0,0,¢) = 0,y € N}

This set is the infinitesimal analog of the usual determinacy set for holomor-
phic mappings

{Ce(C,0): f(Qo) C QL)

where Q¢ is the Segre variety associated to M’ and ¢ € (C™,0). With this
in mind, we have the following natural result.

Theorem 9.1. Let f : (M,0) — (M’,0) be a formal mapping between two
germs at 0 of real analytic generic submanifolds in C™ and C" respectively.
Assume that M is minimal at 0 and that the characteristic variety C(f,0)
1s zero-dimensional. Then f is convergent.

Proof. Since f maps formally M to M’, we have

as a formal power series identity for (z,w) € M. Thus, if, for v € NV, we
apply L to (9.4), it follows from the definition of =, given in (9.2), that

(z,w)
£, 0y (0 (F(2), F)) = 2, (2w, £(2)) = 0, (9.5)
for (z,w) € M. Observe that it follows from (9.3) and (9.5) that
Ny (0 F(w)) pipags 2w, f(2)) =0, for (2,w) € M. (9.6)
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Since the characteristic variety C(f,0) is zero-dimensional, in view of (9.3),
the holomorphic mapping Z, (%)

CrAmRIERE 5 (Ag) ks 2w, Q)

((Aﬁmsw’w, (Nv((f\ﬂ)wsm’z’wv@)M) (9.7)

is finite-to-one near Jo = ((8° f(0))5<,0,0,0) € k) 2040 for | large
enough. It then follows from [16] (p.15) (see also [18]) that, for any j =
1,...,n/, ¢ is integral over the ring formed by all the convergent power
series of the form

(B OIk) ((Aﬁ)m\gk)Z?va) ’

B running over all the convergent power series centered at
J = ((aﬁf(o))wgh()’ 0,0) € Cnd(n.k)+2ntcd(N k)

Explicitly, for any j = 1,... ,n/, there exists a positive integer v; and con-
vergent power series By ; near Ji, t = 0,... ,v; — 1, such that the following
identities hold in a neigborhood of Jy:

g]l'/j + Z (Bt,j OIk) ((A,@)|ﬂ\§k727w7C) Cjt = 0. (98)

t<v;

Putting ¢ = f(2) and (Ag)ig<k = (9°f(w)) i<k for (z,w) € (C*",0) in
(9.8), we obtain that for (z,w) € (C?",0) and for j = 1,... ,n’, the following
formal identities hold in Cl[z, w]]:

()7 + 3 (Brg o Ti) (0P F(w) g 2w, £(2)) (f5(2))! = " oo

But in view of the definition of Zj given in (9.7) and in view of (9.6), we
have for j=1,... ,n/, for t =0,... ,v; — 1 and for (z,w) € M,

(Brj o Ti) (9 F(w)) ks 25w, f(2)) =
By, <(8ﬁf(w))|ﬁ<kazaw7 (Nv((aﬁf(w))ﬂl<v’Z’w’f(z)))w) -

Bij ((0°F(w))gi<kr w,0) . (9.10)

!/

Thus, from (9.9), we obtain for j =1,... ,n/,
(£ + 3 Buy ((0°F(w)) gi<ir 2 w,0) (f3(2))" =0,

i<, (9.11)
on M. As a consequence, we see that for each j = 1,... ,n/, the formal holo-
morphic power series f;(z), j =1,... ,n’, satisfies (ii) of Theorem 5.1. Since

M is minimal at 0, from that theorem, we conclude that f is convergent.O

Remark 9. It should be mentioned that Theorem 9.1 above could also be
derived from the techniques of [6].

2d(i,j) = Card{a € N* : |8| < 5}, i, € N*.
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We conclude by mentioning several situations where Theorem 9.1 applies.
It contains the cases of formal invertible mappings of Levi-nondegenerate
real analytic hypersurfaces, finite mappings of minimal essentially finite real
analytic generic manifolds or, more generally, mappings with injective Segre
homomorphim (in the sense of [6]) from minimal real analytic generic man-
ifolds into real analytic essentially finite ones (the proof is contained in [6]).
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