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Abstract. We show that the local automorphism group of a minimal real-analytic CR manifold M
is a finite-dimensional Lie group if (and only if) M is holomorphically nondegenerate by construct-
ing a jet parametrization.

1. Introduction

In 1907, Poincaré observed that it is extremely unlikely that one can find an analytic map
between two given real hypersurfaces in C?; in his paper, he formulated the “probleme
local”: Given two hypersurfaces, is it possible to determine all such maps? In this paper,
we shall answer the analogous question for automorphisms of real-analytic CR mani-
folds; we establish a necessary and sufficient condition (known as holomorphic nonde-
generacy) for the finite-dimensionality of the automorphism groups and furthermore give
an algorithm to compute them. We note that this problem is markedly different from the
analogous problem in the complex plane, where it is well known that two real-analytic
arcs can always be mapped into each other by an analytic map, and the space of such
maps is necessarily of infinite dimension.

The first positive answer to this question was given by Elie Cartan in 1932 [6, 7]
for strictly pseudoconvex real-analytic hypersurfaces in C2, by applying his method of
equivalence. This type of result, which establishes a complete list of invariants which can
be used to solve the local equivalence problem, is today known for Levi-nondegenerate
real-analytic hypersurfaces in CV, by the work of Tanaka [17] and Chern and Moser [8],
as well as for minimal real-analytic hypersurfaces in C> by the work of Kolaf [14]. An
important corollary to all of their works is that the local automorphism group of such a
real-analytic hypersurface is a subgroup of the automorphism group of the hyperquadric
(or, in Koléi’s case, a more general model); these groups, however, are well known, and
turn out to be finite-dimensional Lie groups.

The methods used to prove the results for Levi-nondegenerate real-analytic hypersur-
faces do not carry over to degenerate cases, and Kol4i’s techniques only extend to very
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specific cases in higher dimensions [13]. However, Poincaré’s observation was very gen-
eral, and leads us to expect that even though we might not be able to give a complete list
of invariants, there should not be “too many” maps; maybe we can even prove that the
automorphism groups of more general real-analytic submanifolds are finite-dimensional
Lie groups?

Some partial positive answers to these questions have been given over the last decade.
The first results valid for Levi-degenerate real-analytic hypersurfaces, due to Baouendi,
Ebenfelt, and Rothschild [2] and generalized to higher codimension by Zaitsev [18], gave
not only a solution to the problem in the “finitely nondegenerate” case, but also a general
way of attacking the problem through so-called jet parametrizations. In the context of
automorphism groups of germs of real-analytic submanifold M c CV at a distinguished
point p € M, a jet parametrization inverts the natural mapping Aut(M, p) — Gf? (CM)y
from the local automorphism group

Aut(M, p) = {H: (CN, p) - (CVN, p): detH'(p) #0, HMNU)C M
for some neighbourhood U of p}

of germs of biholomorphisms of (CV, p) mapping M to itself endowed with its natural
inductive limit topology, to the jet group of order k at the point p for some k. It thus
provides a mapping W defined near {p} x U for some U C Gf, (CN) with

W(Z, jiH) = H(Z), H € Aut(M, p).

A jet parametrization which is in addition holomorphic in the first argument and real-
analytic in the second shows that the image of the natural embedding of a neighbourhood
of, say, the identity in Aut(M, p) as a neighbourhood of the identity in a subgroup of
Gf; (CN) can be defined by real-analytic equations and thus endows Aut(M, p) with a
Lie-group structure.

Jet parametrizations have turned out to be powerful tools. For minimal real-analytic
hypersurfaces in C?, a jet parametrization was used by Ebenfelt, Zaitsev and the second
author [10] to provide a solution of our question above; Mir and the second author [15]
used it to prove that Aut(M, p) is a finite-dimensional Lie group for any real-analytic CR
manifold M which is minimal at p and “essentially finite”.

All of the results discussed so far provide sufficient conditions for Aut(M, p) to be
finite-dimensional; in order to see what a necessary condition looks like, it is helpful to
look at the Lie algebra of infinitesimal automorphisms. An infinitesimal automorphism of
(M, p) is a germ of a holomorphic (1, 0)-vector field

N 3
X = i(Z)—,
;aj( 55z,

vanishing at p, whose real part is tangent to M; we denote the space of infinitesimal
automorphisms of (M, p) by hol(M, p). Clearly, if X itself is tangent to M near p, then
X € hol(M, p); we shall denote the subspace of all such X by ht(M, p) C hol(M, p)
and refer to them as tangent holomorphic vector fields.
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It is easy to see that if ht(M, p) # {0}, then necessarily dimc ht(M, p) = oo (after
all, ht(M, p) is a module over the ring of germs of holomorphic functions at 0), which in
turn precludes that Aut(M, p) can be given the structure of a finite-dimensional Lie group.
Thus, ht(M, p) = {0} is clearly necessary for Aut(M, p) to be finite-dimensional. We say
that a connected CR manifold M is holomorphically nondegenerate if ht(M, p) = {0}
for one (or, equivalently, for all) p € M. Holomorphic nondegeneracy was introduced
by Stanton [16] and shown to be sufficient for hol(M, p) to be finite-dimensional by
Baouendi, Ebenfelt, and Rothschild [3]. In this paper we show that actually Aut(M, p) is
a finite-dimensional Lie group for all minimal holomorphically nondegenerate CR mani-
folds, thus showing that holomorphic nondegeneracy characterizes the finite-dimension-
ality of Aut(M, p):

Theorem 1. Let M be a connected real-analytic CR manifold which is minimal at p €
M. Then the group Aut(M, p) of real-analytic CR automorphisms of (M, p) is a finite-
dimensional Lie group if and only if M is holomorphically nondegenerate. Furthermore,
in this case, Aut(M, p) can be identified with a real algebraic subgroup of the jet group
Gf, (M) for some k € N.

Let us recall that M is minimal at p € M if there is no proper CR submanifold N C M
containing p of the same CR dimension as M. We shall establish Theorem 1 by construct-
ing a jet parametrization for automorphisms of a holomorphically nondegenerate minimal
CR manifold. Before we state our jet parametrization theorem, let us note the following
interesting corollary of Theorem 1.

Corollary 1. Let M be a connected, minimal real-analytic CR manifold. If Aut(M, p) is
a finite-dimensional Lie group for some p € M, then Aut(M, q) is a finite-dimensional
Lie group forall g € M.

Indeed, as we already noted above, a real-analytic CR manifold has the property that
if ht(M, p) = {0} for some p € M, then ht(M, g) = {0} for all ¢ in the connected
component of M containing p.

Let us now state our main parametrization theorem.

Theorem 2. Let (M, p) C (CN, p) be a germ of a generic real analytic submanifold
of CN, which is minimal and holomorphically nondegenerate at p. Then there exists
k € N, a neighbourhood U C G]; (CN)y of j[],‘ id, and a map V: U — CN, defined on
a neighbourhood U of {p} x U in CN x G’;,((CN ), holomorphic in the first variable and
real-analytic in the second, such that

H(Z)=W(Z, jiH) forall H € Au(M, p) with jiH € U. 1)

Furthermore, there exists a polynomial s with s(j[]f id) # 0 and for every a € NV a poly-
nomial p, on Gf, (CN) and an integer ry such that

Pa(A)

W(Z,A) = Ay

aeNN

ze. 2)
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Furthermore, the integer k = k(M, p) can be bounded by local biholomorphic invariants
of (M, p) and can be chosen in such a way that it remains uniformly bounded on compact
subsets of M.

Let us quickly review how a parametrization as in (1) lets us identify the image of
j;f 1 Aut(M, p) — Gf? (CM). Using a real-analytic defining function p(Z, Z)of M and a
real-analytic parametrization R?V =4 5 & > ¢(&) of M, we see that A € j}’;(Aut(M, p))
if and only if

Ps(A) g
7 0%

’

0=p(¥(@®), A), ¥(p(), A) =

and thus j}f(Aut(M , p)) can be defined by the (real) polynomial equations Pg(A) = 0.
This argument shows that Theorem 1 follows from Theorem 2, since it shows that a
neighbourhood of the identity in Aut(M, p) is homeomorphic to a real-algebraic subset
of a neighbourhood of the identity in G’[‘7 (CN). It actually yields the following, somewhat

more explicit theorem, which identifies Aut(M, p) with a subgroup of G’;, (CN)y:

Theorem 3. Let M be the germ of a generic real-analytic submanifold of CV at p. Then
there exists an integer k = k(p) such that the natural map J[]§ Aut(M, p) — G;‘, (CM)
is an embedding which is a homeomorphism onto its image, which is a real-algebraic
closed subgroup of G’; (CN). Furthermore, the integer k(p) can be chosen in such a way
that it remains uniformly bounded on compact subsets of M.

A typical application of a finite jet parametrization only uses that H € Aut(M, p) is
uniquely determined by j(’)‘H . In our setting, this unique determination property is due
to Baouendi, Mir and Rothschild [5], and in more generality to the first author [12] who
both actually proved it for mappings which are not necessarily automorphisms. We now
state a uniqueness property which follows from our theorem.

Corollary 2. Let M be a real-analytic, holomorphically nondegenerate minimal CR
manifold. Then for any compact subset K C M there exists an integer k = k(K ) such that
if H and H are real-analytic CR automorphisms defined in a neighbourhood of p € M
with jKH = jXH, then H = H.

A further implication of our Theorem 2 is a global statement. For a general real-analytic
CR manifold M, it is well known that for p outside a real-analytic subvariety V, the
germ (M, p) is biholomorphically equivalent to (M x C*,0) where M is a germ of a
holomorphically nondegenerate submanifold of C¥=* through 0. To be exact, the sec-
tions of the sheaf ht(M) with stalks Ht(M, p) defined above define a foliation of M by
holomorphic manifolds which we refer to as the holomorphic foliation of M. Any biholo-
morphism of M has to preserve leaves of this foliation. Let us denote by V the singular
set of this foliation. At points p € M \ V, in terms of the local product decomposition
(M, p) = (M x C*,0), any H € Aut(M x C%, 0) can be written as H = (H\, Hy) where
H, € Aut(M, 0) and H is any map of the form H,(Z, Z;) with det 3—12(0) # 0. Of
course, the set of these maps does not form a finite-dimensional Lie group, but we can
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show that they form an infinite-dimensional Lie group, where we shall define a Lie group
to be a group which is a locally convex manifold (actually, our groups are modelled on
spaces of germs of power series) whose multiplication and inversion are analytic (in the
usual infinite-dimensional sense, i.e. analytic along finite-dimensional subsets and con-
tinuous in the vector space topology). The groups which appear here will be subgroups
of the group of germs of biholomorphisms of CV, which is a Lie group in this sense.

To discuss the structure of Aut(M x C°,0), we use the product decomposi-
tion H = (H;, Hy) where H, € Aut(M, 0) and H; is any map of the form
Hy(Zy, Z>) with det g—gj(O) # 0. Equivalently, H, is a germ of a holomorphic map
(CN=5,0) — Aut(C*,0). The set of all such germs, which we denote by H, =
H((CN~*,0), Aut(C*, 0)), inherits the structure of an infinite-dimensional Lie group
from Aut(C¥, 0). Furthermore, Aut(CY %, 0) acts on H, in an obvious way. The group
of all germs of biholomorphisms of CN of the form (Z1, Z2) — (h1(Z}), ha(Z1, Z)) is
then exactly the semidirect product Aut(CY =5, 0) x H;.

At a point where the holomorphic foliation is nonsingular, we can thus explicitly de-
scribe the infinite-dimensional part of the automorphism group of a general real-analytic
CR manifold at all points p € M \ V where V is the real-analytic subvariety defined
before.

Theorem 4. Let M be a real-analytic, minimal CR manifold. Then there exists an integer
s such that for the subvariety V. C M defined before, for all p € M \ V there exists
an integer k such that Aut(M, p) = F X Hg for a finite-dimensional Lie-group F =
F(p) with the property that F(p) embeds into the jet group G’;,((CN ) as a closed, real-
algebraic subgroup. In particular, Aut(M, p) is an (infinite-dimensional) Lie group for
everype M\'V.

‘We now outline the proof of our main result. The main technical innovation of this paper
is a new kind of parametrization theorem (Theorem 7) for solutions of singular systems
of analytic equations. It replaces the corresponding result used in [15] for the situation
studied here and allows us to “invert” a certain system of equations for our map asso-
ciated to a holomorphically nondegenerate submanifold. This inversion is only valid for
maps which are on a stratum where a certain vanishing order is constant; we relate this
vanishing order to local invariants of (M, p). These invariants are introduced in §3 and
their basic properties are investigated. This step, which is in essence based on mapping
formulas from [12], allows us to construct jet parametrizations “along the Segre maps”
(see Corollary 14); we thus obtain a parametrization of the form H (S(x)) = W(x, jI’,‘H ),
where S is a holomorphic submersion.

In order to pass from this to a parametrization as in Theorem 2, we have to use another
form of inversion. While a technique to overcome this problem is available in the literature
(dubbed as the “doubling trick™), we have decided to attack this problem in a more direct
way, and thus include the relevant theorem, which is another new result of this paper
(Theorem 5): We introduce an inversion formula for the mapping induced by composition
with the germ of a holomorphic map A: (C™, 0) — (C", 0) which is generically of full
rank n on the spaces of germs of holomorphic functions. As a byproduct, we get a new
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proof of a celebrated result due to Gabrielov [11]: for an A: (C™,0) — (C", 0) which
is generically of full rank n, if f o A is convergent for some formal power series f,
than f is necessarily convergent, or equivalently, every formal relation between analytic
functions (A, ..., A,) is necessarily analytic (under the assumption that the rank of A =
(A1, ..., Ap) is generically full). Our Theorem 5 allows us to write an inductive formula
for f given f o A, and we establish the convergence by estimating this induction process
directly. We note that this gives an elementary proof of Gabrielov’s theorem, which we
think is more accessible than the proofs which previously appeared in the literature (see
Eakin and Harris [9]).

Let us note that our parametrization works both in the formal and in the analytic
setting; and the convergent parametrization can be used to conclude that every formal au-
tomorphism between real-analytic CR manifolds which are minimal and holomorphically
nondegenerate is convergent. However, these statements are known in greater generality
from the work of Baouendi, Mir and Rothschild [5], so we shall refrain from stating them.

2. Some basics and notation

This section introduces some basic notation used throughout the paper. Noting that all of
the problems considered here are of a local nature, we may (by considering an intrinsic
complexification of M) assume that M is a formal or real analytic generic submanifold of
CN, which is defined in normal coordinates (z, w) € (C" x C4,0) by w = Q(z,Z, w).
Saying that (z, w) are normal coordinates means that Q satisfies

0z,0,0)=00,x, 1) =7, Q@ x, 0(x, 2z, w)) = w. 3)

The first condition makes the coordinates normal, and the second one is referred to as the
reality condition.

We study mappings (formal or holomorphic) H: (C**4, 0) — (C"*?,0) taking M
into M’, where M and M’ are generic submanifolds of codimension d in C"*¢ defined
in normal coordinates as above by Q and Q’, respectively. We will write H: (M, 0) —
(M’, 0) if H is such a map taking M into M’; this is equivalent to the following power
series identity:

Q'(F(z, 0@z, x, 1)), H(x, 1)) = G(z, Q(z, x, 7)), “

where H = (F, G) is the splitting according to the normal coordinates (7', w’); we often
refer to F' as the tangential part of H and to G as the transversal part of H.

We are now ready to introduce one of the basic tools we will use, the Segre mappings;
we have chosen a little variation of the standard notation which is more suitable for our
purposes.

2.1. Iterated Segre mappings

Assume that we are given a generic manifold M as above defined by Q in normal coor-
dinates (z, w).
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For j > 1, we define the iterated Segre mappings S/ : CV x C¢ — C"*4 iteratively
by the following formulas, where t € C? and x* € C” for all k:
stehin =G,
S h = 6 oG ST G L ), =

&)

We also agree to wriﬁe S0 (1) =(0,1), which makes the second line of (5) valid for all
J = 0. We denote by U’ : CV x C4 — C4 the second component of §/, i.e.,

ol xhin=ahuiat, . x ).
It will be useful to write
AR = (T, xR, j <k
With this notation, the definition of the Segre maps (5) reads
stalin =@hn, s = (61 ot G ).

Remark 1. By setting r = 0 in S/, that is, if we consider S/ (x[1:/1; 0), we get the usual
iterated Segre maps. However, we need to take derivatives with respect to ¢ before setting
t = 0, which is why we will use a nonstandard notation.

We note the following two useful properties of the Segre maps S/
Sj"'](xz, x[l;j]; 1) = Sj—l(x[Z;j]; 1), j=>2, (6)
St % O 2 ) = s L, 22, ™
where the reality condition (3) has been used to prove (6).
The mapping condition (4) is expressed in terms of the Segre maps as the power series

identity B
Q'(F(8*(z. x: 1)), H(x. 1)) = G(5*(z. x: 7). (®)

By setting z = x!,x =x%andr = U/~'(x2,..., x/; t) into (8) and using (7), we get
O'(F(s! M 1)), HE T P 0y)) = G(s7 @l n)). ©)

If we instead substitute z = x2, x = x', v = U/(x!, ..., x/; t) and use (6) and (7), we
get 4 . o . . .
Q'(F(S/' By, HS M 0y)) = G771 37 1)),

Another way of writing the mapping condition (9) is
H (S Y 1) = §2(F(s7 0 0, AT P ). (10)

Let ¢ > 2. By using (10) inductively, together with property (7), we obtain the map-
ping property of the Segre maps for maps H: (M, 0) — (M’, 0), which we refer to as
“H o 89 =870 H”, or more precisely:
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Lemma 3. Let H: (M, 0) — (M’, 0) be a mapping. Then
H (st ) = 900 w),
where
yHH = F(§172 (xiFhal, pyy 2 = F(§9TH T (x4l 1y,

"y G(x4,1) for q even,
|G, 1) forq odd.

2.2. A lemma on derivatives

We will need the following lemma, which roughly tells us that if we know the transversal
derivatives of a function along a Segre map, then we know all of its derivatives along that
map.

Lemma 4. Foreveryq € N, o € N* and B € N, there exists a universal power series
pxB9 ¢ A) (depending on q, a, B, and M, convergent if M is), polynomial in its last
argument, such that for any power series h(z, w), we have

alvl  glél
[L:q] . [L:q].

where [y| + 18] < |a| + |B].

Proof. This is an easy consequence of the chain rule, and the fact that % is invertible

near 0 € C/"*t4_which follows since %"(0; 0) = Izxq by the normality of the coordi-
nates. O

2.3. Jet spaces

We will need the notion of the jet space along a submanifold. Given the germ of a holo-
morphic manifold (X, 0) C (C",0), the jet space J §(((C’ ,0), C) is the quotient of the
local ring O, by the equivalence relation identifying f € O, with g € O, if

f—gel(X)*,

where
1(X)={f€Or: flx =0}

denotes the ideal associated to X. The natural projection O, — J §(((C’ ,0), C) will be
denoted by j§,o~

In suitable coordinates, we can always assume that X is given by the vanishing of
the last, say, ¢ coordinates. In this setting, if C" = C? x C! and we consider jets along
X = {t = 0}, we will denote the corresponding jet space by th (CE x €7, 0), with the jet
map jt]fo. We then have for this choice of coordinates a natural identification

JE(CE x C?,0),C) = (0P,
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where N (k) =) i<k (q;ri Il) denotes the number of multiindices in g variables of order
at most k, given by

, dleln
Jjhoh = (h(x,O),...,W(x,O),...),

and we have to include all multiindices « with || < k.
In a similar way we define the jet spaces J§(((C’, 0), C") and J§(((C’, 0), (C*,0)).
We will use ¢(x, £)[(a1, ov2)] to denote the coefficient of x*1*2? in ¢ (x, t), and for any
multiindex ¢ € NPT4 = N? x N4, o! will denote its projection on the first p entries, and
o will denote its projection on the last ¢ entries. For brevity, we sometimes also write

e, Dla] = ga-
We will be working with the following notion of an “initial term” of a power series
A(x, t). We decompose A into homogeneous terms with respect to x and 7,

Mo 1) = Ajx(x.1),  where Aji(six,sat) = s{s5Aj(x.)
ik

and define the fype tpA of A as the smallest multiindex (1, n2) in the lexicographic
ordering on N2 which satisfies Anpny(x,1) # 0, 1e.

Ay, 20, and Aji(x,t) =0 ifk <mporifk=nzand j <ny. (11)
With the notation introduced above, this just means that
A, a1 =0 if |o?| < na,
A(ed, a3)1 #0  for some (ab, af) with |a)| = n1, |ag| = na.

We write R
itA(x, ) = Z Mol o)X 1

lat|=n1, la2|=n,

and call this the initial term of A(x, t).

3. Invariants

Let (M, 0) be a formal generic submanifold, given as usual in normal coordinates by
w=0(z x,7), (z,w) e C" x C? =CN;to simplify notation, we write { = (x, 7). In
this section, we define an invariant associated to holomorphic nondegeneracy of (M, 0),
namely a descending chain of pairs of integers measuring the vanishing of the Segre map
(descending in the sense of the lexicographic ordering in N?). Recall that holomorphic
nondegeneracy of (M, 0) is equivalent to the map

CH(Qia(O,g):aeN",l <j<d

being of full rank over the field of meromorphic functions in ¢ (see e.g. [4, Lemma
11.3.5]); again, equivalently, writing o = (al, e, aN) andr = (r1,...,ry), the func-
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tions
r
z, . .
0 @O ) s a0,
A, r)(z,8) = : ,  where iy =< i Z"), 12
(@, r)(z,¢) L Qza,;g o0 T (12)
Q N (Zv é‘)
729°5¢
defined fora € NV r € {1, ..., d}N, are not all identically zero. To ease the notation,

we define the index set J by
J =Nt gyt

Now, with the decomposition ¢ = (x, T) we define the type of a power series A(¢),
tp A, as in (11). Using the lexicographic ordering on N2, we define

(n}, n}) = min{tp A, )(0, 2): (a, ) € J}. (13)

The higher order version of this invariant is defined for ¢ > 2 and («, r) € J by the
functions

0", c(xz, §9(x141; 1))
2%
A, ) 1) = Ae 1) (2, 51 1) = : :
Q7y, (% Sl )
2%
again, by holomorphic nondegeneracy, these are not all zero, since
Ao, r)(x1,0,...,0;1) = Aler, 7)(0, x1, 1),

and we have already observed that the latter are not all zero.
As above, we define the type of a power series A(x, ), tpA, as in (11). Using the
lexicographic ordering on N2, we let

(n’f, ng) = minftp A9 (e, 1) (x5 1): (@, r) € J).

Let us show that the definition of (n[f, ng) for ¢ > 1 is indeed independent of the
choice of normal coordinates. We write (n[f, ng), n' (f, n' g) for the numbers defined by
(13) when using Q or Q' respectively.

By differentiating the mapping equation Q/(F(z, 0(z,0)), FI(;)) = G(z, Q(z,¢))
with respect to { we obtain

0/(F(z, 0z, £)), H(©)H (§) = Colz, §) Q¢ (z, 0, (14)

where

Co(z,¢) = Gu(z, 0z, 0)) — QL(F(z, Q(z, 0)), H(E)) Fu(z, Q(z, ).

To continue, we first recall
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Lemma 5. Ler (M, 0), (M’, 0) be given in normal coordinates by w = Q(z, x, 1) and
w' = Q'(Z, x/, t'), respectively, and assume that H: (M, 0) — (M’, 0). Then for any
a € N" with |a| > 0, there exists a polynomial Py such that

(det<8F(z, 0(z, x, 1)

2er|—1 .
Py )) Q’Z/u(F(z, 0(z,¢)), H(?))

31l
= Pa<mH(z, 0@z, 8): 1Bl = Ial)-

For a multi-index « with || > 0, we deduce from Lemma 5 after differentiation with
respect to ¢ that

Q;/a;(F(Z, 0(z,0)), H())He (¢) = Z Cop(z,8)Q 8 (2,0, s)
1BI=lel

where Cyg(z, ¢) are some power series. From (14) and (15) we obtain, for any (o, r) € J,

A'(a, r)(F(z, Q(z, £)), H(()) det He (¢)

- Yoo i@ oaB.E ., (16
(B,s)eJ

max |7 | <max |/ |

where cgjf (z, ¢) are some power series.
Let us start with the case ¢ = 1. By substituting z = 0 into (16), we obtain

A, r)(FO,7), HQ)det He () = Y B30,0A B, 9)@).  (17)
(B.s)el
max \ﬁ-/ |<max \a-/\
By using the identity
918! B! o181
— | fn)= fe, e 1),
b l,_, ,31;:;3 BB 418 5,28 ;;zg

we get, for any y,

glvl _ alvl _
—| AN@nFO, 1), Hx, 1) =+—=| A0 H(x, 1)
oty =0 atvy =0
9l”'l o, .
+Y > ewy—| A0 Hx 1),  (18)
o ey 0T =0

where we have used that derivatives of A'(a, r)(z, ¢) with respect to 7’ are linear combi-
nations of A’(a’, r)(z’, ¢") over (finitely) many o’. Since H (¢) is invertible and G (x, 0)
= 0, we have (n’}, n’%) = min{tp A’ (v, r)(0, H(¢)): (a, r) € J}, so from (18) we obtain

min{tp A'(ct, ) (F(0, 7), H(x,7)): (. 7) € J} = ('}, n'3).
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Hence, we see from (17), that (n’}, n' ;) > (ni, né) lexicographically; and, by using the
inverse mapping to H, we obtain the converse inequality, from which we conclude that
(', n'3) = (nl,nd).

For ¢ > 2, we substitute z = x? and ¢ = S7(x[1:9]; 1) in (16) to obtain
Ao, 1) (F(ST71 20 1), H (ST (B 1)) det e (594 1))

et
=Y st narp, Haldin. 19
B.s

Now Lemma 6 below gives

minftp A'(, 1) (F (ST 24 1)), H(SI (x4 1)) (@, 1) € T} = (0, n'd).
Hence, we see from (19) that also in this case (n/‘f, n/g) > (n(f, ng).

Again, we can repeat the argument with H replaced with its inverse, so we have
n'7,n'5) = (n7, ny) for all ¢, and so (n7, n5) are indeed invariants.
(', w') = @, nd) for all g, and so (n{, n}) are indeed invari
Lemma 6. Let g > 2. With the notation above, we have

it A (e, ) (F(ST' B 1)), HESTG 0)) = it A (@, 1) w),

where

GOt forq even,

I = RO, = RO, G0yt forq odd
» :

Proof. From Lemma 3, we see that
A(e, ) (F(STH 2 1), A ST 1)) = A @ O w),
where

Y = F(§9721 (62t ), 32 = (SR (x4 1),
G(x?,t) for g even.
u = —
G(x9,t) forgq odd.

The lemma now follows from the fact that G(z, 0) = 0, and that the matrices F,(0) and
G, (0) are invertible. ]

In the course of establishing the invariance, we have actually proved the following sta-
bility property of (n(f, ng) for g > 1 for which we will have use later. Here, we use the
convention that §971(x[%41; 0) = 0 for g = 1.
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Lemma 7. Let (M,0), (M’,0) be given in normal coordinates by w = Q(z, x, T)
and w' = Q'(Z, x',t’), respectively, and assume that H: (M,0) — (M’',0).
Then for any choice of (a,r) € J with tp A'(a, r(xthal = (n’f,ng) we have
tp A (a, 1) (F (ST (x 20 1)), H(SY(x1:9); 1)) = (n?, n?), and

it(A (o, 1) (F(S97 2490 1)), H (S (x4 1)) = (it A (@, )14, ),
where

GOt forq even,

= FZ(O)ijH’ = FZ(O)ij, ‘= Gy (0)t  forq odd
w .

4. A concrete version of Gabrielov’s Theorem

One of the new tools which we use in this paper is the following concrete version and gen-
eralization of a theorem of Gabrielov [11]: Given a holomorphic map A(z): (C",0) —
(C", 0), where m > n, we can conclude that g(w) is convergent if (A*g)(z) = g(A(2))
is, provided that the “generic rank” of A is full. This last condition means that the rank
of the Jacobian matrix A’(z) is full over the field of fractions of C{z}. Our Theorem 5
provides a linear inversion of the pullback map A*: C[[w]] — C[[z]] which restricts to a
map C{w} — C{z} if A(z) is convergent. Furthermore, our inversion depends holomor-
phically on A as long as a certain vanishing order associated to A is constant.

For a formal map A(z): (C™,0) — (C", 0) we denote by v(A) the minimum order
of vanishing of minors of size n of the Jacobian of A. To be more precise, we denote

D={61,...,8p)e{l,....m}": 8 <---<é,},and for § € D andamap A € H, we
define
241 9A)
dzs; "7 0zg,
3(A) =| : :
AAn dAn
dzs; "7 0zg,

We can thus define
v(A) = minord§(A).
seD

We write H(m, n) (resp. 7:[(m, n)) for the space of holomorphic (resp. formal holomor-
phic) maps (C™, 0) — (C", 0). If the dimensions are clear, we simply write H or H. We
can thus consider v: H — N; note that the maps of generic full rank are exactly the ones
for which v < oo.

Theorem 5. For every s > O there exists a finite family of polynomials W1, ..., W) on
Jg“ ((C™,0), (C*,0)) and corresponding holomorphic functions

Di(A, f): Uk x Cllz]] - Cllw]], 1<k < £(s),

where Uy = {A € H : We(jgT' A) #0), U = {A € H : W (3T A) # O}, and @y is
linear in its second variable, such that

Dr(A, A*g) =g for A € Ug withv(A) =,
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and
UOiotae#:v@a)y=sh, | JU D {A € H: v(A) =5}
k k

Furthermore, if A € Uy, the operator Oy (A, -) restricts to a linear operator C{w} —
C{z}, and the map ®y: Uy x C{z} — C{w} is holomorphic, where H, C{w}, and C{z}
are all equipped with their natural inductive limit topologies.

This theorem is actually a consequence of the following more explicit theorem. We work
with the weighted lexicographic ordering on monomials, i.e.

o < Bif |a| < |B| or || = |B| and B—« is negative in its first nonvanishing component;
correspondingly, for a series f(z) = ), faz® we write
in f(2) = min{fo #0}, it f@) = fus".

Theorem 6. For every § € D and every 6o € N", writing qo = |50| and £(B) =
|B1(go+1), there exist polynomials Pg on J(f(ﬂ) (Cm,0), (CH,0) x Joe(ﬂ)((Cm, 0), C) and
a polynomial ¢ on ]gO—H ((C™,0), (C*,0)) suchthatif g(A(z)) = f(z) andin§(A) = &,
then LB LB
s = Y LR LD @0)
rl ) AR

Actually, C(jg0+1 A) is given by

9%l (A)
dz%

0),

. 1
el a) =

and thus c(ngHA) # 0 for all A with ind(A) = 8o. Furthermore, for any M, R > 0,
there exist N, S > 0 such that if |Ay| < MR and | fal < MR then

1Ps(ig P A, joP )1 < NSTIEL Q1)

We split the proof of Theorem 6 in two parts: In 4.1 we discuss how the Pg are con-
structed in the formal setting, and we present the estimates in the analytic setting in 4.2.
Let us sketch how Theorem 5 follows from Theorem 6: For this, we choose finitely many
linear maps Ly, ..., Ly : C" — C™ such that for any homogeneous polynomial p €
Clz1, ..., zm] of degree s there exists a k, | <k < Eo(s) within(poLy) = (5,0, ...,0).

We apply Theorem 6 for every § € D and 69 = (s,0, ..., 0); let us call the corre-
sponding polynomials Pg and cs. We define

0%6(A o Ly) .
Uy =~ (O) = s G (Ao Ly)).
1
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Thus, for any A € H with Wy 5(A) # 0, we have

Pi(jp " (Ao L), jo P (f o L)
g(w):Z ,B(O k)s Jo ©)

B —
wh = & s(A, fH(w),
7 el (Ao Lyypi-
provided that g(A(z)) = f(z). The holomorphy of ®; 5 follows from the estimates (21)
by the same arguments as presented in [15, §5], and Theorem 5 is proved.

4.1. Formal construction of the Pg

We assume that §(A)(z) # 0, and write R®(z) for the m x n matrix comprised of the
classical adjoint of the columns in d A/dz corresponding to § in the rows corresponding
to 8, and 0 in the other rows; thus A’(z) R®(z) = 8(A)(z) I, x». From now on, we will only
consider functions f and g such that f(0) = g(0) = 0, and think about ¢ as fixed; we
will write R = R® and A(z) = §(A)(z) for ease of notation.

Given a fixed nonnegative integer go, we define functions Ty g(f, A) for |a| > 0 and
Bl > 1, where f € C[[z]], A € C[[z]]" with f(0) = 0, A(0) = 0 by the following
recursion formulas:

2
ol alel+ly  QlcIRE
Tae) (A= D i 5ty O ©
ol +al=a ’ ’
1<k<m
3
! gla'ly alo |le?
Ta,ﬂ+gf(f, A) = Z mw(o)zx%ek,ﬁ(ﬂ A) 920 (0)
(al,az,a3)eID!
1<k<m
3
al gl dlIRY
—QBI-D Y o st 0T s (A ——20), (22)

(a',(xz,a3)61‘3
1<k<m

where 1 and 72 are index sets defined by

1= (@' o o) a' +a® + o =a, &' = qo. 167] = Q1B — Dgo — 1},

2=(@' o? o) a +a?+ o =a, || = g0 — 1, [?] = Q2IB] — Dqo}.

We will use the following observation to determine the order £(8) in Theorem 6; the proof
is a straightforward induction on |B|.

Lemma 8. With the notation above, Ty g(f, A) is a polynomial in a;;'yf (0) and % 0)

for|y| < la|l—1Blqo+ |8+ qo, which is linear in f. In particular for a 5o with |5o| = qo,
. ..ol Iyl
T1p1-1)60.8(f. A) is a polynomial in 55L(0) and 322(0) for |y| < |Bl(g0 + D).
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We are now in a position to define the Pg by

Toi1-1)s0,8(f, A)
BBl — D!’

L
oGP A, jLP p) =

and ¢ by c(jI*' A) = aq;é,gw (0).

We now need to show that the Pg defined in that way satisfy (20).
For every multi-index 8 with || > 0, we let the function 14 (z) be defined by

A2) 2P 1g 5 (A(2) = Yp(2). (23)
First note that

Ve (2) = Y fo QRS (2);
k=1

indeed, start by taking the derivative of the equation g(A(z)) = f(z) with respect to z;
this gives g’'(A(z))A’(z) = f'(z), which after application of R(z) reads
M2)g'(A@R) = f'(DR ().

If we compare the jth rows in the last equation, we obtain the claimed formula for ;.
Now we take a derivative of (23), after dividing by A(z2)2P1=1 and see that

M) L — 1B = DY) 52
AP ’

)
S8l (A2 A (z) =
Jw

an application of R leads to

1 n a
k(z)gwme,(A(z)):W;(l(z) D it - 0 52 )R,

Thus the 4 satisfy the following recursion formulas:

d
Vpre (@) = Z(/\() V8@ _ 1p1 - st (Z)>R,’f(z>.

k=1

lel
It is now easy to see inductively that W 0) =Ty g(f, A).

4.2. Convergence estimates

To prove the convergence properties, we show that if A is convergent, then the ¥5(z)
defined in (23) satisfy an estimate of the form [yg(0)] < MB!C 18] for some constants
M and C, by adapting a method introduced by the first author in his thesis. We start by
introducing some notation and stating some lemmata which are needed in the proof of the
main estimate in Proposition 11. For a multi-index « = («q, ..., &) and a real number
N > 0, we will use (1 + «)" to denote ]_[;":1(1 +aj)V.
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Lemma9. Let N > 1 be a real number. Then there exists a constant E(N) < 2N+1 Z(N)
(where £ (N) denotes the classical Riemann zeta function) such that for all multi-indices
a=(ug,...,0n),

N
3 (d+a) < E(N)". 24)

N 2\N —
al+al=a I+ +a%)

Proof. Note that it is enough to treat the case m = 1; for m > 1, the estimate follows by
rewriting the sum as a product of sums, and applying the estimate for m = 1:

I+ o A +ap? ) "
(1+a1)N(1+a2)N_H< Za, (A +apHVA +a)V = £

i=1 1 2__
I=0 e tag=

alto?=a

For m = 1, we estimate as follows:

(1+a)V B L%%J (1+a)
= A+aHNA +a>)N = &=~ 1 +0ONA +a — 0N
alta?=a £=0
lee/2] N lee/2] 00
<2 (1N+(x) ¥ = NHZ—I N<2N+1Z—l v <o0. O
1+ 0N +a/2) —(1+0) L (1+0
We define a useful function e(w, k), where @ = («y, ..., &) is a multi-index and k is a

nonnegative integer in the following way: Choose p, 1 < p < m, such that o), = max; o;
and set
e(a, k) = (ap +k)! ]_[ ;! (25)
1<j=m
J#p
We will need the following two properties of e(a, k), the proof of which are left to the
reader:

Lemma 10. e(w, k), defined in (25), satisfies the following:

e(B+ejk)<eB,k+1), 1=<j=<m,
le(arl, k
%1’) <e(@,k), o' <a
o'l
‘We can now state the main result of this section.
Proposition 11. Let N > 1, and assume that

ala\f M, olely
! )

dz” K1+ a)N ‘ dz

where h denotes any of the functions A(z), Azj (2), or entries of the matrix R(z). There

exists a constant C1 = C(K, My) such that for all multi-indices « € N and B € N*
with |B| > 0 we have

M
"Klel(1 + )N’

(26)

(0)‘501 (0)‘501

mclf

|Ty.p(f, A)| < e(a, |ﬂl)m~

27
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Proof. We will prove (27) by induction on |B|. First, we look at the case |§| = 1, so we
estimate, using (26) and Lemma 10:

|Tye (f, A)| < Z Z (! + €)M, (@®)'M,
a.ej =5 1'0!2' K\al|+1(l+a —|—ek)N ‘a2|(1+a2)N
M M> 1 1
= Klal+1 Klel+1 Z Z (1—|—051)N (1 + a2)N

k=1 ot]Jraz—a

mMi M, 1 1
e <@ D 3 I +a)¥ (1 +a2)V

alta?=a
M, C,
KT (1 +a)N
provided that C; > mM, E(N)™. We now turn to the induction step, and prove (27) holds

with 8 replaced by B + ¢; for some j, provided that it holds for all 8 of lesser length. To
estimate Ty, B+ej let us write (22) as

<e(a 1)

o! 3|a 'R
Tapro (LA = D 501 54f, A= -(0), (28)
otl+ot2=a ’ )
lor![>2]Blgo—1
1<k<m
where Qu g 1 (f, A) = Qpy 5, (f, A) + Q3 4, (f, A) with
al  alelly
Qi,ﬁ,k(f, A) = Z T2 W(O)Ta2+ek,ﬁ(f’ A),
o' ta?=a e
lor![>=q0
le?|>(2|B1-1)go—1
) ol gletl+
Qipi(fLA==QIBI-1) ) Tl gaare OTep(foA).
a]+a2=(x
la!|=go—1

o= 21B1-1)q0
We will first establish estimates for Qg{’ Bk and Qi, Bk Again using (26), and Lem-
ma 10 as at the induction start, we have
ol e(a +e, |B)MCY! oM,

1
1A =<
Capulf- M= D, alla?! Kle'+BH1 (1 + ol 4+ e)N KI2I(1 4+ a2)N

alto?=a

MMy E(N)y"C)

s el B+ Dprmpr g r oy

Similarly, we see that

2M Mo CYP E(NY™

|Qapalfe A < efe 11+ D= orgro— o5
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and combining this for Qy g« = Qi,ﬂ,k + Qi’ﬁ’k, we have

MMy CPYE(NY™ (1 + 2K)
KB+ (1 4+ a)N

|Qa.pk(f, A <e(a, |8l + 1)
Finally, using (28) we estimate

MyM2CP E(NY™ (1 + 2K)
Kl HBI+1 (1 4+ )N (1 4+ a2)N

1 !
Tapre (LAY D —pe@ Bl+1)

k=1 ol +o?+a
18l 2m
M{M2(1 4+ 2K)C 'mE(N)
s el i+ D 2\a|+\ﬁ\+1 5
(1+a)
M[CllﬂH_l
<e(a [Bl+1)

Ko HBIHT (] 4 )N
provided that C; > M3(1 + 2K)mE(N)>". We thus obtain (27) with

C1 > mMyE(N)" max(Ma E(N)™ (1 +2K), 1). O
The proposition implies that

1
((218] = Déo)!B!

where 8o,, = max; §y;, which in particular implies the last statement of Theorem 6, the
proof of which is thus finished.

1 2om+1, \ 18] K0
(n+1) 1) M,

IT2181-1)80,8(f, A = ( K200+ "t Do

5. A parametrization theorem

As noted in the introduction, we need a parametrization theorem for solutions to a certain
type of singular analytic equations. While these equations usually do not possess any so-
lutions, if they do, the dependence of the solutions on the right hand side of the equations
is analytic as well. More specifically, we have the following theorem. We refer the reader
back to §2.3 for our notation for the jets appearing in its statement.

Theorem 7. Let P: (C",0) — (C", 0) be a holomorphic map, and assume that A(y) =
det Py(y) # 0. Let hO(x, 1): (CP x C?, 0) — (C", 0) be a holomorphic map, and write
Lo h® =29 g% = P ohO. Furthermore assume that \0(x, t) # 0, and write (n1, ny) =
tp 19 and k(£) = max(2ny — 1, ny + £). Then there exists an integer ko, a neighbourhood
U0 c Jh((CP,0), (T, 0)) of j°h°, and for every € > 0 a neighbourhood V' C
J,k(e)((Cf x C!,0),C") ofjt]fgz)go and a holomorphic mapping ®;: U x Ve0 D Wy —
Jf((@p x C4,0), C"), where U° x Vl0 C Wy, with the property that

jfioh = ®d, (jgoh, jt]fée)(P oh)) whenever tp(roh)= (n,n).
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Following the arguments given in [15, §5], we see that Theorem 7 is an immediate conse-
quence of the following, more explicit theorem, whose proof is the main objective of this
section.

Theorem 8. Let P: (C",0) — (C", 0) be a holomorphic map, and assume that M(y) =
det Py(y) # 0. Let hO(x,1): (CP xC{,0) — (C", 0) be a holomorphic map, and write Ao
h0 = A0, Furthermore assume that Ao(x, t) # 0, and denote (n1,ny) = tp 0. Then there
exists an integer ko, a polynomial e: J* ((CP*4,0), (C",0)) — C with e(jgoho) # 0,
and for every o € NP4 g set N, C NP4, a polynomial py(Y, Zy), where Zy is a
variable in C""Wel, and an integer dy, with the property that for any formal power series
hix,t) = Zﬁ h,g)cﬁltﬁ2 with h(0,0) = 0 and g(x,t) = Zﬁ gﬁxﬁltﬂ2 which satisfy

glvl alvl ) )

a7 t:OP(h(x, 1) = a7 t:Og(x, t), |ly°| <max(2ny —1,n2 + |a”]), (29)

and tp(h o h) = (n1, n2), we have

 palip’h. (88)pen,)

h
) e (K0 n)de

(30)

The sets Ny can be chosen to satisfy No C {(B', B?): |8%] < max(|a?| + na, 2ny — 1),
1B < a + bla!|} for some integers a, b € N.
Furthermore, the p,, can be chosen in such a way that for every multiradius R € Riﬂ,

N > 0, and every compact subset L C JX((CP*4,0), (C",0)) \ {e = 0} there exists a
multiradius C € Rffrq and M > 0, depending on R, N, L and P, with the property that

. N Pa(A, (88)geN,) M

lf |gﬁ|§ﬁ, ﬁGNa, then W fa forallAeL.
We note the following useful corollary, which can be deduced from either Theorem 8 or
Theorem 7 by arguments analogous to the proof of Corollary 3.2 in [15]. We note that
similar statements hold with X replaced by e.g. a smooth or a topological manifold, with
the conclusions valid with the appropriate regularity.

Corollary 12. Let X be a complex manifold, and g(x, t, w) be a map defined on a neigh-
bourhood of (0,0, wy) € CP x C7 x X. Let P: (C",0) — (C",0) be a holomorphic
map, and assume that M(y) = det P,(y) # 0. Let hO(x,1): (CP x C!,0) — (C",0),
write > o h% = A0 and go = P o K% and assume that go(x, t) = g(x,t,wp). Fur-
thermore assume that A\0(x,t) # 0. Then there exists an integer ko, a neighbourhood
U° c Jhocrte,0), (C,0)) ofjgoho, and for every € > 0 a neighbourhood Vlo c X
of wo and a holomorphic mapping ®;: U x Vl0 D Wy — JE(CP x C4,0), C"), where
(n1,n2) =tp A0 which satisfies

Jtoh = @cGgth.w) i 5 (P oh) = jf (gx. 1. ) and tp( o h) = (n1, na).

Here we again set k({) = max(2ny — 1, ny + £).
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Proof of Theorem 8. By assumption, A = det %—’;(ho(x, 1)) # 0, and we recall that we

write (11, n2) = tp A’. We write A(y) for the classical adjoint of d P/dy, that is, A(y) is
the r x r-matrix satisfying %(y)A(y) = A(y)%(y) =AM s
We first make a linear change of coordinates in x and a linear change of coordinates

in ¢ to ensure that
1 g1 +ny )»0

= ——————(0) #£0,
€0 nilny! Bx?latlnz( ) #
and write 8! = (11,0, ...,0) € NP, 82 = (n5,0,...,0) € N7 and § = (8!, §%) e NPH4,
Similarly, if / is any map with tp A o & = tp A?, we write
1 9mtm(Loh
e L G1)

nilna! 9xy'or)?

e is a polynomial in the n| + ny-jet of h at 0.
For the remainder of the proof, we recall that we use the following notation. For any
multiindex & € NP4 = NP x N4, ¢! denotes its projection on the first p entries, and

o2 its projection on the last ¢ entries. We write ¢ (x, ¢)[«] for the coefficient of x®' @ in
@ (x, t). For brevity, we sometimes also write ¢(x, #)[«] = @q.

We first define a weight wy (o) = ki |a!| + k2|a?| by choosing k = (ki, k2), where ki
and k; are positive integers. Let pg = wi(8), and assume k»/kj is chosen large enough
so that |a2| < ny + 1 whenever wg (o) < po. Note that if 20[a] # 0 and wi () < po then
(Ioz1 [, |a2|) = (n1, np). We also introduce a monomial order < by

wi(a) < wi(B), or
a < B e {wr(a) =wr(B), and ! <jex B, or
wr(@) = wp(B), and ' = B!, and o? <iex B2

By Taylor’s Theorem, we can rewrite the equation
P(h(x, 1)) = g(x,1)
for any decomposition of & (x, t) as the sum of two terms, say 2 = T1 + T3, as
P(Ty) 4+ Py(T1)T> + R(T1, Tr) = g(x, 1),
where R(T1, T) is of order at least 2 in 7. After multiplying by A(77), we obtain
AMT)T> = A(T)(g(x, 1) — P(T1) — R(Th, T2)). (32)

We are going to exploit (32) iteratively, and start with the formal statement (i.e. we prove
the existence of the polynomials p,). For any given multiindex y with wi(y) > po, we
let £ = max(|y2|, ny — 1) and write h = Tyh + Sy h, where T, h = T + Tylh and

1 2 1 2
(Thyx. )= > hax® 1, (T}h)(x,1) = D hex*
op(@)=po wp(@)> po. a<y
lo?| <t
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If h satisfies the hypotheses of the theorem, we substitute 71 = T),h, T» = Sy h in (32)
and compute the coefficient of leJ”Sl ﬂ’2+52. On the left hand side, we obtain

ATy h)Syh)ly + 6] = Z ATy m)[a] Sy eh[B] = (T, h)[8] Sy hly] = eh,,.
a+p=y+3

Since £ > ny — 1 and wi (y) > wi (), the right hand side simplifies to A(T, h)(g(x,t) —
P (T, h)), which is a polynomial in the coefficients g, of g(x, ¢) witha < y + 4, |oz2| <
£ + ny, as well as in iy, where @ < y, and a? <.

We define kg = max{|a!| + |a?| : wx(@) < po}. Note that we can regard e =
e((ha)awy (@)<p,) s a polynomial on J(fo ((CExC?,0), Cr). Now a simple induction shows
that we can define polynomials p, (Y, Z) in the variables ¥ = (Y4)w(@)<p, and Z =
(Z8) p<y+5,|82| <t+n, such that with some numbers d,, for any map & (x, 1) satisfying the
hypotheses of the theorem we have

_ Py (ha)wy@)<po> (8) p<y+s.182|<t+n,)

, 33
e((ha)wk(a)fpo)dy ©9)

14

as required.

In order to carry out the estimates, we need to be a bit more precise about how we
define the polynomials p, . To do that, we will use the splitting 7),h = T + Ty]h. We
rewrite the right hand side of (32) (with R removed, as it does not contribute any terms)
by setting 71 = Y1 + Y»:

A(T)(gx, 1) — P(Th)) = A(Y1 + 12)(g(x,t) — P(Y1 + 12))
0A; . .
=AY (gx, ) — P(Y1)) + ;{: aTi(Yl)(g’(x, 1) — PI(Y)Y¥
—AYDY2 + Ra(x,t,Y1,Y2), (34

where R; is at least of order 2 in Y,; we have written ¥ = (¥ Loy ), and denoted
the jth column of A by A;; g/, P/ are the components of g and P, respectively. We will
replace Y7 and Y; by (Toh)(x, t) and (Ty1 h)(x, t), respectively.

To simplify notation, we write

~ 0A; . .
Ao, 1) =Y o (@O, 0)(8) (0 = PLAT ) (x, 1),
J
T, 0y =Y AT x,0)(e/ (x, 1) = PIAT R)(x, 1), (35
J

Ro(x, 1, Y1, Y2) = Y Raji(x, 1, Y1, Y2) Y Y5
j.k
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Using this notation, we define the polynomials p,, satisfying (33) by the recursion formula

e-hy =T, Dy +81+Y Y (THHE, DlalArx, DIl
k  a+p=y+s
o (B)=po+1
— > (@& Dl (TOh) (x, ))B1+ Ra(x. 1, (Th) (x, 1), (T} k) (x, D))y +8].

a+p=y+3
@ (B)=po (36)

Next we turn to the convergence estimates. For this part we will no longer assume that
h satisfies (29) and tp(A o h) = (n1, ny), but we assume that £ satisfies the recursion for-
mula (36). We assume the following convergence estimates for some R € Rfrq, SeR",
and some N > 1:

M

1Ak Cx, Do < sl lo®| < g+ ¢,
~ M2 2
||J(X,l)[a]||oo§m, ] <npy+¢,
0 My 2
[A(T h(x,t)[a]] < m, ] <npy+¢,
M
I1Rs,jx(x, 1, TORCx, 1), V)X 197 Y [l < z 02| < ny + L.

~ ReSN(1 4+ a)N’

We also write

No= Y (T h(x, 0)lel|

wi(e)=po
a>8

We define e from (31). We will regard Ny and e as functions on Jé‘o(((Cfc7 x Cf,0),Cr).
In order to have a common notation, we will assume that we choose the neighbourhood
U? such that e and Np remain bounded above, and e remains bounded below on it, and
we write
e = min |e(A)|, No= max |[Ng(A)|.
AeU® AeU®

We assume that by induction we already have

IT) hx, )]0 < T fora <y, |o?| < L. (37)

(1 +a)V

‘We can assume that the multiradius R is of the form

k k k k
R=(Rg,....,Ry" RS, ..., R})

p entries q entries

for some Ry > 0, and we will choose C of the form

k k k 15 15 k:
C=(Cy,Cs'/K,...,Cy' /K, C, C /K, ...,Ce /1K),

p—1 entries q—1 entries



532 Robert Juhlin, Bernhard Lamel

where Cp and K are real numbers satisfying 0 < Cop < Rg and K > 1. We note that by
our choice of ordering it then follows that

CD[
cs

IA

—  fi = 8), .
X or wg(a) = wr(8), § <«

We also note that

1 CP 1 cP

0 .
R C_(’;O RE = W if wr(B) > po. (38)

We furthermore choose M in (37) to be of the form
M =M Ccl’.

Now, we will successively restrict the constants K, M1, and Cy by requiring that they
satisfy the following inequalities (E denotes the constant given by Lemma 9 for N):

1+ |8)PHONN, e M, 1
-, Co—= ———
K 4 My R21’0+1

0

p+q
rle M2E2(‘n+q) < E’ (r+ 1)CoM>E
4 R670+l

IA
IA

A~ @

(39)

IA

A~ @

and

C: (CPOpy EPHayil
maxR—J OT <1
SR VTR

(40)

Let us now start estimating terms in (36). We start with

1T, Oy + 8llloo < M T
x’ = =

Y FTRTA4+y+HN T CrU+y + 8N MR CLORY
M

€
4CrQ4+pN

M CoM,

< 41
T O+ N RO b

=<

where we have used (39) and (38).

We continue with Y-y, 45— 45 ()2 po (Ty 1) (6, D[] A((TOh) (x, 1))[B], in which we
are going to treat the sums over 8 with wi(8) = pg and with wi (B) > po differently. We
have
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> TR, Dladlleo (TOR)(x, ))IA]
a+f=y+38
wr(B)=po, <P

— M 0
=Y gy MG 0B
M cr 1+ )N o
S a7 L (s D OB

_ M+ sprroy

ct 0 M + |5|)(p+q)NNO
S i & G MT & MIB = —p iy
_e M

=4 Ccrd+y)N (42)

for terms with wg (8) = po, where we have used (39) in the last line. For the other terms,
we use (38) and estimate

> T Dl IM(TOR) (. )BI < Y M M
= v = ’ T4 ce(l+a)N RE(L+ BN
a+p=y+s
ok (B)>po

MM, 1 cP 1 M CoMyEP+a
=&

OR T+ U+ PN =~ Cri+pN gl @

‘We next turn to terms arising from the second term on the right hand side of (36). We
can estimate these terms as in (43) by

oD @R Dl 1Ak, DBl
k  at+p=y+s
i (B)=po+1

M M; M rCoM, EPT4
<ry. <
Ce(l+e)¥ RE(L+ BN = Cv(1+ )N ot

If we combine this with the terms from (43), we see that we can estimate them together
using (39) by

M (r + )CoM, EP T4
Cr(1+y)N RH!

e M
4 Cr(l+y)N° “4)

=<

Now let us turn to the remaining term in (36) containing R,. We write

Ro jx(x, 1, T°h(x, 1)), Y) = Ry jx(x,1,Y)
and claim that

M,

D 1
IRz, jx(x,t, Tyh(x, Nlallleo < m-
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To prove the claim, we first note that it holds for ¢ = 0, so we assume |o| > 0. We
estimate

1Rt TG Dledllloo = | D7 Rojuctes 1, DL YT e 0) 01|

v+o=u
v+n>0

M E(P+a)(nl—1)
- R"‘(1+ot)N + Z RVS’Y(1+1))N (I14+o0)NCe
\n\>0

Now, since C; < R; and || > 0, we have

M, My i
< max ——.
R(1+a)N — C*(14+a)V j R;

Again using that C; < R;, we get

MlnlE(erq)(ln\fl) CPOM]Ep+q)InI

Y )3
e RS A+vY  (+o)Vce ol +a)N o
77>

Hence the claim follows from the assumption (40). We continue to estimate the remainder
by

M, M2E2(p+a)
oo < CrH(l+y + 8N

1R, Cx, 1, T RCx, )T h) (T) hily + 6]

M
< _MME*PtD_ (45)
Cr(1+y)N

So from (45) and (39), we have

M 2p+a)
HZ Rk (E; (Y +81| = Gy MiMaE
e M
< - (46)

4 Cr(1+y)N

We can now combine (41), (42), (44) and (46); we see that with our choices, also
hy| <e————,
=T

which ends the proof of the theorem. O

6. Proof of Theorem 2

After having discussed all the necessary tools, we can finally turn to the proof of The-
orem 2. We start with the following proposition, which acts as the induction step in the
construction of the parametrization.
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Proposition 13. Let (M, 0) be a generic real-analytic submanifold of CN which is holo-
morphically nondegenerate. Then for any q > 1, there exists a sequence {my4(£)}¢>0 of
integers with the following property: If for some £ > 0, there exists a mapping ® defined
on some open neighbourhood U of {0} x V. C C@=bn x Jé‘(((CN, 0), (CN,0)), tak-

ing values in J,mq(z)(((C(q_l)" x C4,0), (CVN,0)), holomorphic in the first variable and
real-analytic in the second, where V is an open neighbourhood of j(])‘ id, such that

.mg (€) _ . . .
Jrg Ho ST BN 1) = o241, i H),

forall H € Aut(M, 0) with j(])‘H € V, then there exists an integer kand a mapping
w: Y x jkcN,0), ,0) >0 - cV
defined in an open neighbourhood U of {0} x V, where V is an open neighbourhood of
j(])‘ id, holomorphic in the first variable and real-analytic in the second, which satisfies
jloHoS1M 1ty = w9 jAH)  forall H € Aut(M, 0) with jiH € V.

Proof. Let us choose normal coordinates for (M, 0) as usual, and choose (¢, r) € J with
tp AY(a, r) = (n?, n?). Let us write

Az, 0) = (O (2, 0., QN (2, 0)),

and recall that we define |«| = max |o/|. Lemma 5 and an application of the chain rule
provide us with a mapping P;, polynomial in its last argument, such that we can write

Pi(z, 85 Hyy s (2, Q2,0 Iy + 18] < |a])
G 2]a|—1 :
(det(dF(z,aQZ(z,g)))) o]

Let us write R(z, ¢; F;(z,¢), Fy(z, ¢)) for the denominator in (47). In (47), we replace
¢ by §9(x11491; 1) and z by x? to obtain

Q(F(z, 0(z, ¢, H(©)) = (47)

Q(F (847 (B4 1)), H(S7(x19); 1))
P (et 1 Hoy s (ST (29 )y 4 18] < o)
a R(x[5:41, 1 F(S9-1(x124); 1)), F,, (S7-1 (x[2:41; 1))

(48)

If we choose m;(€) > ||, we can use the assumption and Lemma 4 applied to the
representation of H o S9~! = @ in order to replace the right hand side of (48) by a
fraction R(x[B4) 15 jEH) = P(xWh4) 15 jKH) /R4 1 jk H) satisfying

g (0)— || - ; TS : g (0)—|e] : .
Jrg QR ), A(S1G ))= g T RGN 1 g 1),

where both P(x,t; A) and R(x,t; A) are convergent in a neighbourhood of
{0} x JF((CN,0), (C,0)), and R(0,0; A) # 0 if A is invertible. We now consider
the system of equations

HoS1 '=®, OQFoST ' HoS%)=nrR,
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and we would like to apply Corollary 12 to it. The system is of the form considered there,
with P(y1, 2, ¥3) = (¥1, y2, Q(¥1, ¥3)), so that A(y) = A(e, r)(y1, y3), with A defined
in (12). Corresponding to H = id, we set h0(x, 1) = (S9-1(x[39, 1), §9 (x4 1Y),
and we have A%(x,1) = 2o h%(x,1) = AYa, r)(xN9; 1), and pA® = ?, nd).
We now use Corollary 12 with X = Jé‘(((CN, 0), (CN,0)), setting g(x,t,w) =
(P(x,t,w), R(x, t, w)), wg = j(])‘ id. It supplies us with an integer kg, a neighbourhood
v of j;* id, and a holomorphic function @ with joh = ®¢(jo’h, w)if h = (h, ha, h3)

satisfies j[’fg)P(hl, hy, h3) = jt’fg)g(x, t, w). Hence, if we set mgy(£) = |a| + k(£) and

use Lemma 7, we see that (i, ho, h3) = (F o S9! GoS?1 Ho 5"1) satisfies all the
assumptions of Corollary 12, and we have, with ®; = (&}, &2, ®3),

JjloH 087 = ®}(jo'H o 89, jEH),

and hence we have the required function W with k = max(k, ko) after substituting
jgoﬁ 087 = ¢( j(';(OI-_I ) and taking the complex conjugate of the last equation. O

Corollary 14. Let (M, 0) be a generic real-analytic submanifold of CN which is holo-
morphically nondegenerate. Then for any q > 1, there exists an integer k(q) and a map
W4 defined on an open neighbourhood of {0} x V, C CI" x Jé{(q)(((CN, 0), (CVN,0))

where V is an open neighbourhood of j(]; @ id, valued in CV, holomorphic in the first
variable and real-analytic in the second, such that

Ho89(xM91 0y = wi(xB9) jXDhy  for H € AutM, 0) with ji'VH € V.

Furthermore, there exists a polynomial s defined on J(];(Q)(((CN,O), (CN,0)) with

s(j(])(@ id) # 0, integers ro and polynomials py, (also defined on J(;((q)(((CN, 0), (CV,0)))
defined for o € N" such that

v (x, w) = Z Mx“.

aequ s (a))ro(

Proof. The corollary follows in a straightforward manner from Proposition 13 after not-
ing that H (0, ¢) satisfies the assumptions for ¢ = 1 trivially for any order; in particular,
for the order m (m2(...my(0)...)). Now we can apply the proposition inductively, end-
ing with an integer k(g) as claimed.

In order to check the second part of the corollary, we refer the reader to the specific
form of the solution used in the proposition which is constructed in Theorem 8; that is,
we use (30) to obtain this result. m]

Proof of Theorem 2. If (M, 0) is minimal, the Baouendi—Ebenfelt—Rothschild criterion
[1] ensures that for some ¢ < d + 1, the Segre map S7(x[1:41; 0) is generically of full
rank. We can thus apply Theorem 5 to the parametrization of H along S9 constructed in
Corollary 14. The result now follows immediately. O
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