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Chapter 1: General introduction for Part I

§1.1. RESUMED HISTORICAL BACKGROUND

1.1.1. Local Lie groups and the no Riemann mapping theorem at the boundary.
Inspired by the general idea that, in analogy with E. Galois’s group theory of algebraic
equations, group analysis of differential equations should provide precious information about
their solvability, S. Lie began around 1873-80 the classification of all continuous local groups
of transformation acting on C”. He quickly succeeded for n = 1 and achieved the case
n = 2 (see [18]), but the unavoidable complexity and richness for n = 3 exhausted his efforts;
moreover, after more than one century, the task has never been achieved. Nevertheless,
especially for n = 2, Lie’s classificationf had the enormous power of providing any possible
application to the study of transformations preserving arbitrary types of geometric structures.
Thanks to the influence of G. Darboux, the works of S. Lie were rapidly known to French
mathematicians. Based on the general approach of S. Lie, H. Poincaré (see [24]) discovered
in 1907 that the automorphism groups of the two-dimensional unit ball B? := {(z1, 29) € C? :
|21|2+|22)? < 1} and of the bidisc A? := {(21, 22) € C?: |21] < 1, |22| < 1} are represented by
rational, but not isomorphic transformations and he deduced immediately that B? and A? are
not biholomorphically equivalent. This discovery was the starting point of the no Riemann
mapping theorem in several complex variables.

In the beginning of the twentieth century, the birth of pluricomplex geometry also coincided
with two other fundamental memoirs of F. Hartogs [13] (1906) and of E.E. Levi [16] (1910).
However, whereas this direction had important ramifications in the years 1930-50, especially
with the works of W. Osgood, of H. Kneser, of R. Fueter, of E. Martinelli, of K. Behnke, of
F. Sommer, of S. Bochner, and culminated in the complete solution of the so-called problem
of Levi given by K. Oka in 1951-52, the direction initiated by H. Poincaré in 1907 lay dormant
for approximatively sixty years, with the major exception of four consecutive and historically
isolated memoirs of B. Segre [25], [26] and of E. Cartan [3], [4] in the years 1931-32. Based
on works of S. Lie, of A. Tresse (a french student of S. Lie), and of the young mathematician
B. Segre, E. Cartan (who also had defended his thesis under the direction of S. Lie) provided
an essentially complete classification of all Levi nondegenerate real analytic local hypersurfaces
in C?, which ultimately relies on S. Lie’s far reaching works about the classification of second
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order ordinary differential equations. Approximatively thirty years later, in 1974, E. Cartan’s
equivalence algorithm has been conducted in C" for n > 2 by S.S. Chern and J.K. Moser
in [5] to provide an a priori complete list of differential invariants for Levi nondegenerate real
analytic hypersurface in C" for n > 2, see also further developments by A.G. Vitushkin [33]
and N.G. Kruzhillin [15]. However, the classification problem (in the sense of S. Lie) for real
analytic Levi nondegenerate hypersurfaces in C" for n > 3 is essentially left incomplete by
the analysis in [5], because the list of differential invariants does not provide immediately a
list of all possible automorphisms groups.

1.1.2. Reflection principle and regularity of CR mappings. The real birth of Cauchy-
Riemann geometry occured in the beginning of the years 1970, especially when in 1974,
C. Fefferman (see [10]) established that every biholomorphism between two smoothly bounded
strongly pseudoconvex domains extend smoothly as a CR diffeomorphism between their
boundaries. It is still conjectured, but up to now unproved, that the result remains true
without any pseudoconvexity assumption. Thus, the classification of bounded domains up to
biholomorphisms reduces to the classification of boundaries up to CR diffeomorphisms. At
the same time, S. Pinchuk discovered in [21], [22], [23] an important local extension theorem
for CR mappings between real analytic hypersurfaces, in which both the Schwarz reflection
principle phenomenon and the Hartogs extension phenomenon contribute to the analytic con-
tinuation of CR mappings. In 1977, generalizing H. Poincaré’s grounding result, S.M. Webster
established in [34] a general result according to which local CR mappings are complex algebraic
as soon as the source and target hypersurfaces are algebraic. Thus, in the aim of generalizing
Carathéodory’s theorems about the boundary regularity of conformal maps in the complex
plane, the grounding works of C. Fefferman, of S. Pinchuk and of S.M. Webster initiated a
completely new subject about the regularity (or the analytic continuation) of biholomorphic
(or proper) mappings (or of local CR mappings). Since then, this subject has been very active
during almost thirty years and a substantial amount of efforts by numerous mathematicians
has led to some remarkable refinements of the original statements!.

§1.2. CONCEPTIONAL DESCRIPTION OF THE TOPICS ADRESSED IN PART I OF THIS MEMOIR

1.2.1. Division in two parts. This memoir is devoted to a synthetic exposition of some
recent results in the direction of the so-called analytic reflection principle. This terminology
justifies by the fact that most arguments and proofs are based on Taylor series considerations.
The main topics adressed in Part I of this memoir is to study ab initio the local geometry
of arbitrary real algebraic or analytic submanifolds of C™ which are generic, namely which
satisfy T, M + 11, M = T,,C" for every p € M. Our main goal is to explain how to go beyond
the classical notion of Levi nondegeneracy, taking account of the complexity due to arbitrary
dimension and codimension, in order to formulate appropriate generalizations of the reflection
principle. In a forthcoming volume of the same collection, Part IT of this memoir, which will be
accompagnied by its own conceptional introduction, will be specifically devoted to the study
of the analytic reflection principle. Thus the present Part I is a kind of thorough preparation,
of which we can now present a quick description.

1.2.2. Canonical pair of foliations attached to the extrinsic complexification of a
local generic submanifold. As will be established in Theorem 2.1.22, a given real analytic
generic submanifold M in C™ of codimension d and of CR dimension m = n—d may be locally
represented, in a neighborhood of one of its points p, thanks to some appropriate coordinates

1However, one should remind of the historical bifurcation between the classification problem and the
reflection principle. It is probable that too much emphasis has been put in the last decade on the reflection
principle, which occulted in part the original motivation of classifying domains. Whereas this memoir is
exclusively devoted to the so-called analytic reflection principle, we believe that it is time to come back to the
original program of research hidden in the mathematical treasures of S. Lie and of E. Cartan, as suggested for
instance in the recent works [29], [31].
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t = (z,w) € C™ x C% vanishing at p, by means of d complex defining fundamental equations
of the form

(123) 7I]j :®j(2,z7w)7 j: 1,...7d.

Here, we assume that the Taylor series of the complex analytic functions ©;(Z, z,w)
> senm, veNm, send 94,87, z8 27w’ converge normally in some polydisc centered at the ori-
gin in C™*t™*4  Ags will be more evident in the sequel, one finds many advantages to deal
with complex defining equations instead of real defining equations. Of course, the conjugate
defining equations w; = @j(z,é,w) = ZBeNm,veNm,éeNd @ngmg 28 27 @ must define the
same generic real submanifold M, and the ambiguity due to complex defining equations dis-
appears thanks to the existence of the following fundamental functional equations, obtained
in Theorem 2.1.32:

(1.2.4) w; =0,(%,2,0(Z,z,w)), j=1,...,d

We say that M is algebraic (in the sense of J. Nash) if the series ©;(Z, z, w) are algebraic (a
power series p(x) € C{z} is (Nash) algebraic if there exists a nonzero polynomial P(z,y) €
Clz, y] such that P(x, p(z)) = 0).

Following S.M. Webster’s general philosophy (cf. [37]), let 7 = ((,&) € C™ x C? be new
independent coordinates corresponding to ¢ = (Z,w) and define the extrinsic complezification
of M to be the d-codimensional complex submanifold M of C?™ defined by the equations

(125) gj :(H)j(gazaw)a j: 17-~-7d7

or equivalently by w; = 0;(2,(,€), j = 1,...,d. Notice that the expressions 0;((,z,w) =
> senm, veNm, send 94,87, ¢? 27w’ are meaningful only because the ©; are converging power
series. This submanifold M comes immediately equipped with two foliations F =: M N {7 =
ct.} and F = M N{t = ct.} by m-dimensional complex submanifolds, which were essentially
discovered by B. Segre in [25], [26] (see also [3], [34]). We call the leaves of F the complexified
Segre varieties and the leaves of F the conjugate complexified Segre varieties. As we shall
argue throughout this memoir, the main features of the geometry of M are hidden behind the
interweaving of this pair of foliations (F, F) lying on its complexification M.

Since we are mainly interested in the study of mappings, let M’ be a second generic

submanifold of codimension @’ in C" defined similarly by complex defining equations W, =

05(Z, 2 w'), ' =1,...,d, where m' =n’ —d" and t' = (2/,w') € C™ x C¥, and let a local
mapping t = h(t) = (h1(t), ..., hp(t)) from C™ to C" be a local power series CR mapping
from M to M’. By this, we mean precisely that there exists a d’ X d matrix of power series
a(t, ) such that if we split h(t) = (f(t),g(t)) € C™ x C%, then the following vectorial formal
power series holds in C[t, 7] :

(1.2.6) 3(0) - ©'(F(D), £(£), 9(1)) = alt, ) [@ — O(Z, 2, w)].

In this memoir, we shall always assume that M and M’ are real algebraic or analytic and
we shall consider three different regularity classes for h, namely either h(t) is a purely formal
power series, or it is complex analytic, or it is complex algebraic. By complexifying (1.2.6),
we trivially obtain the following identity in C[¢,7]%:

(1.2.7) () = ©'(f(7), £(t),9(t)) = a(t,7) [§ — O(C, 2,w)],

which means precisely that the power series mapping (t/,7') = (h(t), h(7)) maps the complex-
ifications M into the complexification M’. We shall denote by h¢(t,7) := (h(t), (7)) this
complexified mapping. A straightforward but crucial observation is that A€ stabilizes the two
pairs of foliations, namely it satisfies h¢(F) C F’ and h(F) C F'. The following symbolic
figure is an attempt to illustrate this stabilization property?.

2However, we warn the reader that the representation is slightly incorrect, because the ambient codimen-
sions d and d’ in M and in M’ of the unions of foliations 7 U F and F’ U E’ is invisible in this picture. One



4 JOEL MERKER

C" x C™ F C* xC" F
ik i
(v 77 VTN ) AR )
$L3(23) | h° = (h,h)
i ION
| B T ~A L
L 1 (h(t), h(7) | |, (
F 4= 1
F ZH ]
T T£2<z(2)>
t 0 '
Y [ Y
. J - J

Some strong rigidity properties are due to the fact that h® = (h, h) must respect these two
pairs of foliations. For instance, a theorem due to S.M. Webster in [34] states that every local
biholomorphism h : M — M’ between two Levi nondegenerate real algebraic hypersurfaces
must be a complex algebraic mapping. This theorem may be interpreted intuitively by think-
ing that h¢ (which is a priori only complex analytic) is forced to be as smooth as the two
pairs of foliations (F, F) and (F’,F') are, namely to be complex algebraic.

1.2.9. Beyond Levi nondegeneracy: Minimality and finite nondegeneracy. In
S.M. Webster’s theorem, behind Levi nondegeneracy are hidden two highly different and
independent concepts, the notion of minimality (in the sense of J.-M. Trépreau and A.E. Tu-
manov, following the general approach of H.J. Sussmann in [32], see also [2]) and the notion
of finite nondegeneracy (introduced for the first time by K. Diederich and S.M. Webster in [9],
and by C.K. Han in [12] and then studied by S.M. Baouendi, P. Ebenfelt and L.P. Rothschild
in [1]).

The first main concept of minimality is of geometric nature and may easily be described in
terms of the pair of foliations (F, F). Let z; € C™. We denote by I'; (z1) the point located in
the (vertical) m-dimensional complex leaf F, passing through the origin which lies at distance
z1 from the origin, see FIGURE 1.2.8. Of course, I';(z1) belongs to M. In other words, we
move vertically from the origin up to distance z; € C™. Let 2o € C™. From this point I'; (1),
we then move horizontally up to distance z5, namely following the m-dimensional complex leaf
Fr,(z)- We denote by L'y (2(2)) the resulting point, see again FIGURE 1.2.8, where we use the
notation z(9) := (21, 22) € C*™. Of course, the point I'y(z(2)) also belongs to M. Let z3 € C™.
We further move vertically up to distance z3 and we denote the resulting point by I'3(2(3)),
where z(3) = (21, 22,23) € C3™. More generally, by following alternately the two foliations
F and F, we may define for every k € N a point 'y (2()), where zx) = (21,...,2k) € Ckm,
which belongs to M. It is easy to see that the mapping zx) +— L (2(x)) satisfies I'; (0) = 0 and
has the same regularity as M, namely it is complex algebraic or analytic. We call this map
the k-th conjugate Segre chain. The precise construction of [';, is presented in Chapter 2 and
there are combinatorial formulas which yield the complete expression of I'; (2(x)) by means of
the fundamental power series 0;(¢, z, w).

The complexification M is then called minimal at the origin if there exists an integer k such
that for every neighborhood Vj, of the origin in C¥™ | its image ', (V) contains a neighborhood
of the origin in M. Intuitively, the concept of minimality says that one can reach every point
in a neighborhood of the origin in M by following alternately the two canonical foliations.
Since the two foliations F and F are biholomorphically invariant, the notion of minimality

should imagine for instance that M and M’ are three-dimensional spaces equipped with pairs of foliations by
horizontal orthogonal real lines.
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at one point p € M so defined is independent of the choice of coordinates vanishing at p. It
is elementary to see that a Levi nondegenerate real analytic hypersurface in C" (n > 2) is
minimal at every point.

The second main concept of finite nondegeneracy is of analytic nature and it may be easily
described by means of a development in power series of the defining equations of M:

(1.2.10) &= ¢"0,s).
BEN™
Here, the ©;3(t) = 0, 3(z,w) are complex algebraic or analytic power series converging

normally in a uniform polydisc centered at the origin. Let & € N. By the k-th Segre mapping
we mean the local complex algebraic or analytic mapping

(1.2.11) Qi C" 3t (8;,8(1))1<j<a, p1<k € TV,

where the integer Ny , 1 denotes the total number of k-th jets of a d-vectorial mapping of n
independent variables, namely Ng 1 = d (Z,H;,) ! The generic submanifold M is then called
finitely nondegenerate at the origin if there exists an integer k such that the k-th Segre map-
ping is of (maximal possible) rank n at the origin. Although the mapping Qj is defined in
terms of a system of coordinates and although it seems to depend on the choice of complex
defining equations for M, it may be established that its properties are essentially biholomor-
phically and invariantly attached to M, and in particular, the notion of finite nondegeneracy
at a point p € M so defined is independent of the choice of coordinates vanishing at p. One
can show that Levi nondegeneracy of M at the origin (in the sense that the kernel of the
vector-valued Levi form of M is zero) is equivalent to the fact that the mapping Q; is of
rank n at the origin, hence the notion of finite nondegeneracy is a generalization of the notion
of Levi nondegeneracy. More generally, M is called holomorphically nondegenerate at the
origin (in the sense of N. Stanton, cf. [28]) if there exists an integer k such that the generic
rank of Qp is equal to n. Further study of nondegeneracy conditions on the mapping Qy
are presented in Chapter 3. Since this has been suggested in [8] and [9], we also endeavour
a self-contained study of jets of Segre varieties, a fundamental topic for which we know no
complete background reference.

1.2.12. Local geometry at a Zariski-generic point. Why are minimality and finite non-
degeneracy adequate concepts from the point of view of local Cauchy-Riemann geometry 7
Firstly, because it may be established that attached to a given arbitrary connected real age-
braic or analytic generic submanifold M in C", there exists an invariant integer ds »s and a
proper real algebraic or analytic subvariety F C M such that for every point p € M\ E, there
exists a neighborhood V,, of p in C™ and a system of complex algebraic or analytic coordinates
(t1,...,tn) centered at p such M NV, is contained in the transverse intersection of ds s Levi
flat hypersurfaces defined by {t1 = t1,...,ta, ,;, = ta,,,} and such that, moreover, for every
constant (c1,...,ca, ,,) € R%M the intersection M. := M N{t1 = c1,...,tay sy = Capn } N Vp
is minimal at every point (Corollary 2.8.5). Here, the M, are elementary “bricks” and there is
no “complex link” between them. Hence one may think that minimality is a good “general”
assumption.

Secondly, it may be furthermore established that there exists an invariant integer n s with
d < npr < n and another proper subvariety ' C M such that for every point p € M\F,
there exists a neighborhood V,, of p in C" and a system of coordinates centered at p in which
M NV, is a product M ; x A"7"M of a d-codimensional generic submanifold M ; in C™™ by a
complex polydisc A"~ ™M guch that moreover M ; is finitely nondegenerate at its central point
(Theorem 3.5.48). In particular, M is holomorphically nondegenerate if and only if n = nyy,
in which case M is finitely nondegenerate at every point of M\ F. Generally speaking, from
the point of view of CR geometry where “Complex” and “Real” concepts should be truly
associated, the factor A" ™M is essentially superfluous, hence one should think that finite
nondegeneracy is a good “general” assumption.
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Whereas minimality and finite nondegeneracy do not impose dimensional restrictions, it is
well known that the assumption of Levi nondegeneracy requires that d < m?2. In addition,
there exist some classes of hypersurfaces in C? whose Levi form is of rank one at every point
and which are finitely nondegenerate at every point (see Examples 3.2.15 and 3.2.20). In sum,
we believe that minimality and finite nondegeneracy are adequate assumptions.

1.2.13. Nondegeneracy conditions for power series CR mappings. In Chapter 4 of
part I of this memoir, we shall introduce various nondegeneracy conditions for power series
CR mappings. As in §1.2.2, let h be a power series CR mapping from M to M’', whose
complexification h® = (h,h) satisfies the fundamental identities (1.2.7), which yields after
replacing £ by O((, t) the following formal identities in C[(, t]:

(1.2.14) 3(C.0(C,1) = O (F(C O, A, J =1,....d"

We consider the following pairwise commuting m vector fields tangent to M

9] 5@

which span the leaves of F at every point. For every 8 = (ﬁl, .oy Bm) € N™ we introduce the
derivation £° = Lfl . ~§g;" of order |3|, which we apply to the equations (1.2.14). After some
computations, this yields an expression of the form R, 5(¢,7, (97h(7T))|a|<|p) ¢ h(t)), Where
R3/7 5 Is a certain analytic expression in its variables. Based on the properties of the infinite
collection of functions R;-,ﬁ 3, we shall formulate five technical nondegeneracy conditions about
h. For further intuitive explanation, we refer to the beginning of the conceptional introduction
of the forthcoming Part II of this memoir.

Note to the Russian translator(s): Since my English has probably some deficiencies,
please, do not hesitate to arrange the translation in classical Russian style. For any question
about the meaning of a phrase or of a paragraph which would be difficult to understand and
difficult to translate, please, do not hesitate to contact me by e-mail, or by regular mail,
asking me to rewrite phrases or paragraphs in a better, more understandable style, which I
would diligently do.

Chapter 2: Geometry of complexified generic submanifolds and Segre
chains

2.1. ELEMENTARY LOCAL GEOMETRY OF CAUCHY-RIEMANN SUBMANIFOLDS

2.1.1. Formal, Analytic, Algebraic. As we shall essentially deal in the two parts of this
memoir with local power series centered at the origin, we start with classical definitions.
Let K be the field R of real numbers or the field C of complex numbers. Let n € N be a
positive integer. Let = (z1,...,2,) € K". We denote |z| := max{|z1],...,|x,|}. Let K[z]
denote the local ring of formal power series in the n variables (x1,...,2,). By definition,
an element p(x) € K[z] writes in the form ¢(z) = >°_ cyn 0o 2%, where 2% = z' - z0n
and ¢, € K for every multiindex a« = (a1,...,a,) € N". We say that ¢ is a K-formal
power series. Such a power series p(z) = > cyn Yo is identically zero if all its coefficients
o are zero. We write this property ¢(x) = 0. If @ = (aq,...,ay) is a multiindex in N™
we denote its length by |a| := a1 + -+ + «,, and the corresponding partial derivative of a
power series by dgp(x) := 0g} - 0grp(r). Sometimes, we use also the equivalent notation

dllp(x) /0" - - Oz, We have o, = [1/a!] 0%¢(x)|—0. If the coefficients satisfy a Cauchy
estimate like |p,] < C p~lol where C > 0 and p > 0, the series converges normally in the
polydisc A, (p) = {x € K" : |z| < p}. We say that ¢ is K-analytic and we write ¢(z) € K{z}.
If there exists moreover a nonzero polynomial P(X,...,X,,®) € K[Xy,...,X,, ®] such that
P(z1,...,&xn,0(x1,...,2,)) =0 for all z € A,(p), we say that ¢ is K-algebraic (in the sense
of J. Nash) and we write ¢(z) € Ag{x}. By classical elimination theory it follows that if,
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more generally, a power series p(x) € K{z} satisfies a polynomial equation P(p(z)) = 0,
where P(®) € Agx{z}|T] is a polynomial in the indeterminate ® with coefficients in Ag{z},
then p(x) is K-algebraic. We have the following inclusions:

(2.1.2) K[z] D K{z} D> Ax{«},

which are all strict. The three rings K[z], K{z} and Ag{z} are local, noetherian and they
enjoy the Weierstrass division property.

2.1.3. Composition, differentiation and implicit function theorem. Furthermore, the
rings K[z], K{z} and Ax{z} are stable under elementary algebraic operations, under com-
position, under differentiation and the implicit function theorem holds true. Only Ax{z} is
dramatically unstable under integration. The following known theorem, that we shall admit,
summarizes these properties.

Theorem 2.1.4. The following three statements hold true:

(1) Letn and d be positive integers, let v € K", let y € K%, let p(z) belong to K[z], to K{x}
or to Ax{z}, let ¥1(y),. .., ¥n(y) belong to K[y], to K{y}, or to Ax{y} and vanish at
the origin. Then (11 (y), ..., ¥n(y)) belongs K[y], to K{y}, or to Ax(y).

(2) Let n be a positive integer and let x € K™. If a power series p(x) belongs to K[x], to
K{z}, or to Ax{x}, then for every multiinder o € N", the partial derivative 0% p(z)
also belongs to K[z], to K{z}, or to Ax{z}.

(3) Let n and d be positive integers, let x € K", y € K% and let Hy(x,y), ..., Ha(x,y) be a
collection of formal, analytic or algebraic power series vanishing at the origin, namely
the H;(x,y) belongs to K[z, y], to K{z,y}, or to Ax{z,y} and they satisfy H;(0,0) =
0 for j =1,...,d. Assume that the functional determinant (0H;, /0y;,(0))i1<j, ja<d
does not vanish. Then there exists a unique K-valued power series mapping ¢(x) =
(p1(z),...,pa(x)), where the p;j(x) belong to K[z], to K{z}, or to Ax{z} and vanish
at the origin, such that Hj(x,p(x)) =0 for j=1,....d.

2.1.5. Local submanifolds and their mappings. By definition, a local submanifold M of
K™ is identified with the data of d < n power series r1(x), ..., r4(x) vanishing at the origin and
which belong to K[z], to K{z}, or to Ag{x} such that the linear forms dr,(0),...,drq(0) are
linearly independent. Two data r(z) = (r1(z),...,rq(x)) and 7(z) = (F1(x),...,74(z)) define
the same submanifold if there exists an invertible d x d matrix a(z) = (aj, j, (%))1<j, joa<d Of
power series in K[z], in K{z}, or in Ax{x}, such that 7;(z) = 27:1 a;(x) ri(z), or in matrix
notation 7(z) = a(x)r(z). Clearly this defines an equivalence relation between d-tuples of
power series 7(z) = (r1(x),...,rq(z)) whose differentials are independent at the origin. A
submanifold identifies with an equivalence class. We shall write M : ri(z) = -+ = rg(x) =
0, keeping in mind that the identification of M with its “zero set” is meaningless in the
formal category. We call d the codimension of M. Let ' = ®(z) be a formal, algebraic or
analytic invertible change of coordinates centered at the origin and let + = ®’(z’) denote
its inverse. The transformed submanifold M' := ®(M) is defined by the collection r’'(z') :=
(ri(®'(2)),...,ra(®'(2"))). It follows from the formal, analytic or algebraic implicit function
theorem, that there exists a local invertible transformation =’ = ®(z) such that ry(®'(z')) =
zh, ..., rq(®'(2")) = ), so the image M’ := ®(M) writes M’ : 2} =--- =2/, = 0.

Let n and n’ be two positive integers. A formal, analytic or algebraic local mapping from
K™ to K™ consists of the datum of a n’-tuple h(z) = (hi(x), ..., hn (z)) of power series hy (z)
in K[z], in K{z}, or in Ag{z}, with h;(0) = 0 for i’ = 1,...,n’. We write 2’ = h(z). If
n' is a third positive integer and if 2" = g(z') is a second formal, analytic or algebraic map-
ping, the composition " = g(h(z)) is the collection of power series (g1 (h(x)), ..., gn (h(x))),
which is a local mapping from K™ to K*'. If ¥ = ®(z) and & = U(z') are changes of co-

ordinates in K™ and in K", the transformed mapping h is the mapping ¥ = E(E), where
h(Z) := W(h(®~1(Z))). The rank at the origin of h is the rank of the Jacobian matrix
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(Ohy#(0)/0xi)1<ir<n’, 1<i<n- We denote it by rko(h). The generic rank of h is the largest
integer e < min(n,n’) such that there exists an e x e minor of the Jacobian matrix Jach(x)
which does not vanish identically, but all (e + 1) x (e + 1) minors do vanish identically. We
denote it by genrky (h).

Let now d and d' be two positive integers and let M : ri(x) = --- = rqg(z) = 0 and
M (') = - = 1l (2') = 0 be two formal, analytic or algebraic submanifolds. We
say that h maps M into M’ if there exists a d’ x d matrix b(x) = (bj ;(z))1<j<d’,1<j<d
of formal, analytic or algebraic power series such that r/,(h(z)) = Z?Zl bjrjri(z), or in

matrix notation r’(h(x)) = b(x) r(z). This definition is meaningful, since if #(z) = a(x) r(z)
and 7' (2') = o’ (2’) r'(2") denote two equivalent defining formal, analytic or algebraic defining
power series for M and for M’, then 7 (h(x)) = o’ (h(z)) ' (h(z)) = a’'(h(z)) b() [a(x)]~* 7(z),
so we have 7 (h(z)) = b(x) F(z) with b(z) := a’(h(z)) b(z) [a(z)] L.

2.1.6. Cauchy-Riemann submanifolds of C". We want to study some aspects of the ge-
ometry of real submanifolds of C™. Most often in this memoir, we shall mainly be concentrated
on the local study of pieces of submanifolds centered at one point. However, we stress that
we shall never use the language of germs, because it might sometimes be confusing. Hence we
have to work within precise neighborhoods of central points.

Without loss of generality, we can assume that the center point is the origin in suitable
coordinates z = x+iy € C™. Thus, we consider a (local) real d-codimensional submanifold M
of C™ =2 R?" passing through the origin which defined by equations r1(z,y) = - -+ = rq(z,y) =
0 where the differentials dry, ..., drq are linearly independent at the origin. If z = x4+ iy € C
or equivalently (z,y) € R?", we use the cube norms || = maxi<g<n |7k|, |y| = maxi<r<n |yl
and the polydisc norm |z| = max; <<, |2|, where |z;| = (22 + y?)'/2. For given v € N with
v >1and p € R with p > 0 we denote by I, (p) the real cube (—p,p)” in R”. If p > 0, we
denote by A, (p) = {z € C™ : |z| < p} the open polydisc of radius p centered at the origin.
Throughout this memoir, we shall always work with cubes and polydiscs.

For useful and complete background about Cauchy-Riemann (CR for short) structures,
we refer the reader to [1], [7]. Here, we only give quick definitions for the purpose of being
self-contained. Let J denote the complex structure of TC", acting on real vectors as if it were
multiplication by /—1, hence satisfying J2 = —Id. Let M be a connected local real algebraic
or analytic submanifold of C" of codimension d. For p € M, the smallest J-invariant subspace
of the tangent space T}, M is given by T7M := T, M N JT,, M and is called the complex tangent
space to M at p.

Definition 2.1.7. The submanifold M is called
(1) Holomorphic if TgM = T, M at every point p € M;
(2) Totally real if TyM = {0} at every point p € M;
(3) Generic if Ty,M + JT,M = T,C" at every point p € M,
(4) Cauchy-Riemann (CR for short) if the dimension of T;y M is equal to a fixed constant at
every point p € M.

In particular, holomorphic and totally real submanifolds are obviously CR. The generic
submanifolds are also CR (and in fact of minimal possible CR dimension), because by the
dimension formula dimg(E + F') = dimg E + dimg F — dimg (E N F') for real vector subspaces,
we deduce from dimg(T,M + JT,M) = 2n that dimg(T,M N JI,M) = 2n — 2d, which is
constant. We shall remember that for generic submanifolds, the CR dimension is given by
m=n—d.

By means of the dimension formula, we also see that if M is totally real, then dimg M < n;
also, if M is generic, then dimg M > n. If M is totally real and generic, then dimg M = n.
In this case, we call M maximally real.

The two J-invariant spaces T, M NJT,M and T, M + JT,M are clearly of even real dimen-
sion. We denote by m,, the integer 3 dimg(7,M N JT,M) and call it the CR dimension of
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M at p. We denote by c, the integer n — %dimR(TpM + JT,M) and call it the holomorphic
codimension of M at p. Of course, we have ¢, = d —n + m,. In terms of these two integers
m, and cp,, we may rephrase the above definition as follows.

Definition 2.1.8. The d-codimensional real submanifold M C C" is

(1’) Holomorphic if 2n — d = dimg M = 2m,, at every point p € M;

(2°) Totally real if m, = 0 at every point p € M;

(3%) Generic if m, = n —d at every point p € M; in this case, m,, is as small as possible and

we call the integer m := n — d the CR dimension of M,

(4’) CR if m, is equal to a fixed constant m at every point p € M; in this case, we call the

integer m the CR dimension of M; also, it follows that the holomorphic codimension

cp:=d—n+mpy =d—n+mis constant and we call it the holomorphic codimension
of M.

For the proof of the following local graph representation theorem, we refer to [1], [7].

Theorem 2.1.9. Let M be a real algebraic or analytic submanifold of C™ of codimension d.

(1)

(2)

(2.1.10)

(3)

Assume that M is holomorphic, let m = % dimg M be the CR dimension of M and
let di = %d. Then for every point pg € M, there exist local complex algebraic or
analytic coordinates (z,w) € C™ x C% wanishing at py and there exists p1 > 0 such that
M N AL (p1) is given by the di complex equations w; =0, j =1,....d1 or equivalently
by the d real equations Rew; =Imw; =0, 7 =1,...,d;.
Assume that M is totally real, let c =d —mn > 0 be the holomorphic codimension of M
and let di := d — 2c. Then for every point py € M, there exist complex algebraic or
analytic coordinates (w,v) € Ch x C¢ centered at py and there exists p; > 0 such that
M N AL(p1) is given by the d real equations

Imwj:O, jzl,...7d1,
{Revklmvk(), k=1,...,c
Assume that M is generic and let m = d — n be the CR dimension of M. Then for
every point pg € M and for every choice of complex affine coordinates (z,w) € C™ x C?
centered at po such that Ty M N {w = 0} = {0}, there exists py > 0 and there ewist
uniquely defined real algebraic or analytic functions p;, j =1,...,d, converging normally

in the cube Loy, +4(2p1) and vanishing at the origin such that M N A, (p1) is given by the
d real equations

(2.1.11) Imw; = ¢;(Rez,Imz, Rew), j=1,...,d.

(4)

(2.1.12)

We can in addition choose the coordinates in order that ToM is given by the equations
Imw; =0, j=1,...,d, in which case we have moreover dp;(0) =0, for j=1,...,d.
Assume that M is CR, let m be the CR dimension of M, let ¢ = d — n + m be the
holomorphic codimension of M and let di := d — 2c¢ > 0. Then for every point pg € M,
there exist local complex algebraic or analytic coordinates (z,w,v) € C™ x Ch x C¢
centered at po with Ty M N{w = v =0} = {0} and there exist real algebraic or analytic
functions @; converging normally in the cube Loy 1a, (2p1) for some p1 > 0 and vanishing
at the origin such that M N A, (p1) is given by the d real equations

Imw; = ¢;(Rez,Imz, Rew), j=1,...,d1,
Revy, = Imwvy =0, k=1,...,c

In particular, M is contained and generic in the complex linear subspace (C™ x Ch x
{0}) N A, (p1), which we call the intrinsic complexification of M. We can in addition
choose the coordinates in order that ToM 1is given by the equations Imw; = 0, j =
1,...,d1, Revy =Imuvp =0, k=1,...,¢c, in which case we have moreover dyp;(0) =0
forj=1,...,d;y.
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2.1.13. Complex defining equations. We now consider a real algebraic or analytic generic
submanifold M of C™ given as in Theorem 2.1.9 by real defining equations v; = ¢;(z, y,u),
j=1,...,d, where (z,w) = (z + iy,u + iv) € C™ x C%. Unless the contrary is explicitely
mentioned, our generic submanifolds will always be of positive codimension d > 1 and of
positive CR dimension m > 1. Without loss of generality, we can assume that dy;(0) = 0 for
j=1,...,d. Replacing = by (z + 2)/2, y by (z — 2)/24, u by (w4 @)/2 and v by (w — @) /24
in the defining equations of M, which yields

wW; — Wj Z+Z z2—2Z w+w
2.1.14 ")
(2.1.14) 2i %(2’21"2)’
for j =1,...,d, then by means of the algebraic or analytic implicit function theorem, we can
solve the w; in terms of (Z, z, w), which yields
(2.1.15) w; = 0;(Z,z,w), ji=1,....,d,

for some complex algebraic or analytic functions ©;, which vanish at the origin and which
are defined in a neighborhood of the origin in C?™+¢. Shrinking p; > 0 if necessary, we can
assume that the ©; converge normally in As,,14(2p1). We call these new equations complex
defining equations for M and we want to compare them with the real defining equations.
Generally speaking, given an arbitrary series ®(t) = > ®., t7 with complex coefficients

@, € C, we are led to define the series ®(t) := > n
coefficients. With this definition, the conjugation operator (overline) can be applied indepen-
dently over functions and over variables, as shown by the functional equation ®(t) = ®(¢).
We shall use this property very frequently.

Let (z,w) € M. Conjugating the defining equations of M, we get w; = ©;(z,z,w) and
replacing the @w; by their value ©;, we get the following equation, valuable for all (z,w)
belonging to M:

(2.1.16) w; = 0;(2,2,0(z,z,w), j=1,...,d.

LuyEN™
®, 7 by conjugating only its complex

But as we may write (z,w) = (z,u+ip(z,y,u)) € M, where u = (uy,...,uq) = Rew, we can
replace in (2.1.16), which yields a power series identity in terms of the variables (z,y,u) for
all (z,y,u) € Iopmya(p1). As the (2m + d)-dimensional real algebraic or analytic submanifold
{(z,y,u+ip(z,y,u))} of C>™+4 is maximally real, by an application of the generic uniqueness
principle, we get the power series identity

(2.1.17) w; =0,(2,2,0(z,2,w)), j=1,...,d

in C{z, z,w} or for all (z,z,w) € Agpmia(p1)-

Conversely, suppose that these power series identities (2.1.17) holds. By the implicit func-
tion theorem, there exists unique complex algebraic or analytic solutions ¢, ((z + ¢)/2, (z —
¢)/2i,w), j=1,...,d, € C™, ( € C™, w € C? of the functional equations

w; —ip; (2 +¢)/2, (2 = €) /2, (,w) =
= 0;(C 2w +ip((z +0)/2, (2 = () /26, w)),
for j = 1,...,d. We then claim that ¢;(z,y,u) is real for x = (21,...,2,) € R™, y =

(Y1, Ym) € R™ and u = (uy,...,uq) € R% Indeed, by replacing first w by u + ip((z +
2)/2,(z — Z)/2i,u) in the functional equations (2.1.17), we get

{uj +ipi((z+2)/2,(2 — 2)/2i,u) =

(2.1.18)

(2.1.19)

0;(2,2,0(z, 2,u +ip((z + 2)/2, (2 - 2)/2i,u))),
for j = 1,...,d. Using the implicit equations (2.1.18) which define ¢ with ¢ replaced by z
and w replaced by u, we may then simplify the terms behind © in (2.1.19), wich yields

(2.1.20) uj +ipj(z,y,u) = 0;(z,z,u —ip(z,y,u)), j=1,...,d



GEOMETRY OF GENERIC SUBMANIFOLDS AND REFLECTION PRINCIPLE 11

Conjugating these identities, we get
(2.1.21) u; —ip; (v, y,u) = 0;(2, 2, u +ip(z,y,u), j=1,...,d.

Comparing with the implicit equations (2.1.18) with ¢ replaced by z and w replaced by u, we
see that o(x,y,u) and P(z,y,u) are solutions of the same implicit equations. By uniqueness
in the implicit function theorem, we obtain @(z,y,u) = ¢(z,y,u), as claimed. Finally, the
identities u; —ip;(z, y,u) = O;(z, Z, u+ip(x, y, u)) show that the set of points (z, w) satisfying
w; = 0;(z,z,w), j =1,...,d, coincides with the real algebraic or analytic generic submanifold
of equations v; = ¢;(z,y,u), for j =1,...d. In conclusion, we have established the following
important theorem which we shall use very often in the sequel.

Theorem 2.1.22. Let M be a real algebraic or analytic generic submanifold of codimension
d > 1 and of CR dimension m =n—d > 1 in C™. Then for every point pg € M, and for
every choice of complex affine coordinates t = (z,w) € C™ x C? centered at py such that
Ty M N {w = 0} = {0}, there exists p1 > 0 and there exist uniquely defined complex algebraic
or analytic functions ©;, j = 1,...,d, vanishing at the origin, defined and converging normally

in Nomtd(2p1) such that M N A, (p1) is given by the d complex defining equations
(2.1.23) w; = 0;(z,z,w), ji=1,...,d,

or equivalently by the d conjugate complex defining equations

(2.1.24) wj =0,(z,z,w), j=1,...,d

Here, the vector-valued mapping © := (01, ...,04) satisfies the two conjugate vectorial func-
tional equations

(2.1.25)

Conversely, given a collection ©® = (0O1,...,04) of complex algebraic or analytic functions
vanishing at the origin, converging normally in Asy,iq(2p1) for some p1 > 0 and satisfying
the functional equations (2.1.25), then the set M = {(z,w) € A,(p1) : w; = O;(Z,z,w), j =
1,...,d} is a real generic submanifold of codimension d. Finally, with these equations, a basis
of (0,1) vector fields tangent to M is given for k=1,...,m by
_ 0 L00, 0

(2.1.26) Lii= g+ ; 7, (%, 2,w) 5

Let 7 = ((, &) € C™ x C? be new independent complex variables. As in §2.2.10 below,
we define the extrinsic complexification M of M to be the complex analytic or algebraic d-
codimensional submanifold of C" x C™ defined by the equations ; —0,(¢,t) =0,5=1,...,d.
The following lemma, which is equivalent to the functional equations (2.1.25), will also be very
useful.

Lemma 2.1.27. There exists an invertible d x d matriz a(t, ) of algebraic or analytic power
series such that

(2.1.28) £—0(¢t) = alt,7) [w— 6(w,7)].

Proof. We consider the involution o defined by o(¢,7) := (,t). Let us say that an ideal J of
Ac{t, 7} or of C{t, 7} is invariant under the involution o if for every element (¢, 7) € J, we
have ¥(o(t,7)) = 9(7,t) € J. Then the ideal J generated by the functions (w; — &;)/2i —
0i((z+¢)/2,(z = ¢)/2i,(w+&)/2), for j =1,...,d, is clearly invariant under the involution
o, since the ¢; are real functions. By the implicit function theorem, we can solve as above

with respect to &, and we have
(2'1'29> J = <EJ - G(Cvt)>1§j§d = 0’*(j) = <wj - @(27T)>1§j§d’

from which the existence of the matrix a(¢, ) follows. O
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2.1.30. Existence of normal coordinates. For notational convenience, it is often more
appropriate in the real algebraic or analytic categories to consider power series not with
respect to (z,y) € R™ x R™ but with respect to (z,zZ) € C™ x C™, which is equivalent
because (z,y) = ((z + 2)/2, (z — 2)/2i) and (z,2) = (v + iy, z — iy).

Convention 2.1.31. As the local generic submanifold M is algebraic, analytic or formal, we
shall write its defining equations v; = ¢;(z,z,u), for j = 1,...,d, in coordinates (z,w) =
(z + iy, u+iv) € C™ x C%, where the ¢; are power series with respect to (z, Z,u) centered at
the origin. In such a representation, we mix the real and the complex variables.

We can now state the existence of normal coordinates, which are coordinates in which the
conditions (2.1.34) below are satisfied. Such coordinates are not unique, as may easily be
verified.

Theorem 2.1.32. Let M be as in Theorem 2.1.22. Then there exists a complex algebraic or
analytic change of coordinates t' = h(t) of the special form
(2.1.33) 2 =z, w' = g(z,w),

a-~7) /!

such that the image M' := h(M) has real defining equatzons of the form v = <pJ( Z' '),

j =1,...,d and complezx defining equations of the form wj = ©(z',z',w’), j = 1 .,d,
satisfymg
/ =/ / / / li
(0,2, u") = p-(2,0,u’) =0,
2130 Rt
20,2, w") = ©4(7,0,w') = w

Proof. After a linear transformation of the form (2.1.33), we can assume that ToM = {v =
0}, hence dy;(0) = 0, j = 1,...,d. Next, the local transformation defined by z = 2/,
w = w' +ip(0,0,w’) straightens the maximally real d-dimensional submanifold

(2.1.35) (0,04 ip(0,0,0)) : j=1,...,d} € {0} x Aa(p1)

to the d-dimensional plane {(0,v')}. Thus, we can also assume that ¢;(0,0,v) =0, j =
.,d. It follows that ©,(0,0,w) = w;. We continue the proof with the complex defining
equations of M.

But before proceeding further, we remark firstly that by reality of the power series <p;,
we have ¢ (2/, 2/, u’) = @}(2', 2',u"), whence the collection of relations ¢(0,z',u') =0, j =
1,...,d, is equivalent to the collection of relations ¢’ (z’,0,u’) =0, j = 1,...,d. Secondly,
using the functional relations (2.1.25), we see immediately that the collection of relations
05(0,2",w") = w}, j =1,...,d, is also equivalent to the collection of relations ©’(z',0,w’) =
wg, 7 = 1,...,d. Thirdly, by inspecting the way how the real and the complex defining
equations of M’ are related (see especially the proof of Theorem 2.1.22), we observe easily
that the collection of relations in the first line of (2.1.34) is equivalent to the collection of
relation in the second line of (2.1.34). Consequently, it suffices to find a change of coordinates
of the form (2.1.33) such that ©(z,0,w") = wj for j =1,...,d.

We then claim that the transformation (z/,w’) := (z,0(0, z,w)) is appropriate. Indeed,
working with the extrinsic complexifications M and M’, we have (z,w, (,§) € M if and only
if (2,0(0, z,w),¢,0(0,¢,€)) € M, which yields

(2.1.36) 0(0,¢,¢) =¢ =0'(¢,2,0(0,z,w)),

again for (z,w,(,§) € M. Replacing £ by its value ©((, z,w) on M and setting z = 0, we
obtain the power series identity

(2.1.37) 0(0,¢,0(¢,0,w)) = 0'(¢,0,0(0,0,w)).

But we remember that the functional equations (2.1.25) hold, which enables us to simplify
the left hand side and we remember that we have already the relation ©(0,0,w) = w, which
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enables us to simplify the right hand side and we obtain the desired power series identity
(2.1.38) w=0'(¢,0,w).

This completes the proof of Theorem 2.1.32. O

2.1.39. The formal case. All the previous computations are meaningful in the purely formal
case. Especially, Theorems 2.1.22 and 2.1.32 hold true in the formal category.

2.1.40. Conclusion. As we shall observe and confirm in the sequel, the representation of M
by complex defining equations is substantially more convenient and more tractable than the
representation by real defining equations. We remind that, unless the contrary is explicitely
mentioned, our generic submanifolds will always be of positive codimension d > 1 and of
positive CR dimension m > 1.

Notation 2.1.41. Throughout this memoir, we shall fix the following notations:

(1) The generic submanifold M of C™ will be of codimension d > 1 and of CR dimension
m =n—d > 1. The coordinates on C™ will be denoted by

(2.1.42) t=(t1, .., tn) = (21, .., 2k, W1, ..., wq) € C™ x C? = C"

and the complex defining equations of M by w; = 0,(Z,z,w), j=1,...,d.

(2) The index i € N will run from 1 to n, namely i = 1, ..., n, for instance in the denotation
of a vector field L = >"" | a;(t) d;,. The letter i will also be used to denote /—1.

(3) The index j € N will run from 1 to d, namely j =1,...,d.

(4) The index k € N will run from 1 to m, namely k = 1,...,m. The letter k£ will also often
be used to denote another integer varying in N.

(5) Also, we denote zx, = Tk + WYk, Wj = Uj + 0, T = (T1,..,Tm), Y = Y1,---,Ym)s
u=(ug,...,uq) and v = (v1,...,vq).

2.1.43. Precise definition of local generic submanifolds. Throughout this memoir, we
shall often need to localize our geometric constructions. It is therefore necessary to formulate
once for all times a firm and precise choice of local representation.

Definition 2.1.44. A local generic submanifold M of C™ of codimension d > 1 and of CR
dimension m = n — d > 1 is defined in coordinates t = (z,w) = (z + iy, u + iv) € C™ x C?
vanishing at a point py € M as a graph

(2.1.45) M = {(z,w) € An(p1) : v; = pj(z,y,u), j=1,...,d},

where the functions ¢; are real algebraic or analytic for |(z, y, u)| < 2p1. We also require that
for all p with 0 < p < p;, we have |p(z,y,u)| < p if |(z,y,u)| < p, namely M is a “good
graph”, as shown in FIGURE 2.1.47 below. Of course, after peharps shrinking p; > 0, this

condition is automatically satisfied if we adjust the coordinates in order that ToM = {v = 0}.
In fact, we shall often prefer the representation by complex defining equations

(2.1.46) M ={(z,w) € An(p1) : w; =0;(%,z,w), j=1,...,d},

where M is again a good graph and the ©; converge normally for |(Z, z, w)| < 2p1.
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FIGURE 2.1.47: LOCAL GENERIC SUBMANIFOLD
The process of localization consists in choosing subsequent smaller polydiscs A, (p2),
An(ps), An(pa), ..., with 0 < -+ < py < p3 < p2 < p1, where the choice of smaller
radii p2, p3, p4 depends on the construction of further geometric objects related to M. We say
that pg is the central point. This process may be illustrated symbolically as follows:

If a globally defined connected generic submanifold M is given, for every point pg € M, we
can obviously localize M at py by choosing complex affine coordinates vanishing at py such
that M in a neighborhood of pg is represented as in Definition 2.1.44.

§2.2. SEGRE VARIETIES AND EXTRINSIC COMPLEXIFICATION

2.2.1. Reality condition. Although we shall mainly work with the complex defining equa-
tions, it will be useful on occasion to work with arbitrary real defining equations. So we
consider an arbitrary set of d real defining equations for M which we denote by p;(t,t) = 0,
j =1,...,d, for instance p;(t,t) := v; — ¢;(z,2,u), with p;(0) = 0. Here, we assume that
the complex differentials dp1,...,0pq are linearly independent at the origin, so that M is
generic. By reality of the p;, we have p;(t,t) = p;(t,t). Developping the p; in power series,
we may write p;(t,t) = Z,u,UGN” pj M7, with pj .., € C. From this functional equation,
we deduce that p; .., = pj,,. for all j,pu,v. Conversely, any such converging power series
with complex coefficients satisfying p; ... = pj,.,. takes only real values. As an application,

we may write p;(t,t) = p;(t,t), so the reality condition on p; is simply

(222) pj(t,E)EﬁJ(t,E), j:L,d

Now, let 7 € C™ be a new independent variable corresponding to the extrinsic complexification
of the variable . We shall write symbolically 7 := ()¢, where the letter “c” stands for the word
“complexified”. As (2.2.2) is equivalent to p; .., = Dj..., we observe that the complexified
series p;(t,T) satisfy the important symmetry functional equation

(2:2.3) pi(t,7) = pi(r.t),  j=1,....d

which is simply obtained by replacing ¢ by 7 in (2.2.2). We can summarize these observations.

Lemma 2.2.4. As the defining functions p;(t,t) =3, ,enn Pjupt"t, j=1,...,d are real
power series, we have pj .., = Py for all j,p, v and
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(1) p;i(t,7) = p;(7,1).
(2) pj(t,7) =0 if and only if p;(7,t) = 0.

Property (2) follows trivially from (1) and will be useful later.

2.2.5. Classical Segre varieties and conjugate Segre varieties. Let p; > 0 such that the
p; converge normally in Ay, (2p1) and consider the zero-set M := {t € A, (p1) : p;(t,t) =0}.
Let p}(t, t) = 0 be an another choice of defining equations for the same generic submanifold.
It follows that there exists an invertible d x d matrix a(t,t) of real power series (of the same
regularity as M, namely algebraic or analytic) such that p'(¢,¢) = a(t,?) p(¢,t). With this
relation, we observe easily that the (classical) Segre variety associated to a point p € A, (p1)
with coordinates t, = (tip,...,tnp) € C”, defined as in [34] by

(2.2.6) Si, i={t € An(p1): pi(ttpy) =0,75=1,...,d},

does not depend on the choice of defining equations for M, namely we also have S7, = {t e
An(p1): p'(t,t,) = 0}. In the litterature, this Segre variety is usually denoted by Q,, cf. [1],
[8], [9], [12], [22], [23], [27], [30], [31], [34], [35], [36]. Here, we choose instead the letter “S”,
because it is the initial of the name Segre. More importantly, we stress the notation Sz, or
S, and not Sy, with the bar of complex conjugation over t,, as in the expresson p;(t,p).

In fact, for reasons of symmetry, we are also led to define the conjugate Segre variety by

(2.2.7) S, ={t € An(p1): pjltp,t)=0,j=1,...,d}.

To the author’s knowledge, conjugate Segre varieties are not considered in the literature. As
a matter of fact, if for an arbitrary subset £ C C™ we define the set of conjugate points of
by E := {t: t € E}, it follows that §tp is just the set of conjugate points of S , as the reader
may verify thanks to Lemma 2.2.4. Tt follows that we can write

(2.2.8) gtp = gt:p = 5%, and S{p = ?{p = g_tp-

with the complex conjugation operator acting separately as an involution over the letter .S and
over its argument ¢,. Finally, we would like to observe that the third (tempting) definition
{te An(p1): pjty,t) =0, 1,...,d} (instead of (2.2.7)) does not provide us with the correct
definition of conjugate Segre variety, because Lemma 2.2.4 implies that this set coincides in
fact with Sg .

We claim that both Segre and conjugate Segre varieties are biholomorphic invariants of M.
Indeed, let ¢ = h(t) be a local biholomorphic change of coordinates and denote by t = h'(t")
its inverse, by M’ := h(M) and by p}(t',t") := p;(h'(t'), R'(f')) the defining equations of M,
for j =1,...,d. Since h maps M into M’, according to §2.1.5, there exists an invertible d x d
matrix a(t, ) of power series such that p’(h(t), h(t)) = a(t,t) p(t,t). From this relation, it
follows easily that h(Sz ) = S}LL(E,))
collect some classical properties.

and h(S;,)) = g%(gp), which proves the claim. Finally, we

Lemma 2.2.9. The following four properties are satisfied:
(1) q €Sy, if and only if p € S, .
(2) p€ S, if and only if pe M.
(3) G€ Sy, if and only if p€ S,
(4) pe Sy, if and only if p € M.
Proof. Indeed, applying Lemma 2.2.4 (2), we have p(tq,t,) = 0 if and only if p(tp,tq) = 0,

which yields (1) and (3). Also, we have p(t,,t,) = 0 if and only if ¢, € M, which yields (2)
and (4). O
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2.2.10. Extrinsic complexification. Now, let ( € C™ and ¢ € C? denote some new inde-
pendent coordinates corresponding to the complexification of the variables Z and w, which
we denote symbolically by ¢ := ()¢ and £ := (@)°, where the letter “c” stands for the word
“complexified”. We also write 7 := (£)¢, so 7 = ((,£) € C". The extrinsic complexification
M = (M)¢ of M is the complex d-codimensional submanifold defined precisely by

(2.2.11) M= {(z,w,(,§) € An(p1) X An(p1) : § =0;(¢z,w), j=1,...,d}.

Let o denote the antiholomorphic involution defined by o(t,7) := (7,f). Since by
Lemma 2.1.27, there exists an invertible d X d matrix a(t,7) of power series such that
w— (2, &) = a(t,7)[¢ — O((, 2,w)], we see that ¢ maps M bi-antiholomorphically onto
M. In this chapter, we shall essentially deal with M instead of dealing with M. In fact, M
clearly imbeds in M as the intersection of M with the antiholomorphic diagonal defined by
A:={(,7) e C"xC": 7 =t}. Also, we shall very frequently use the fact that M can be
represented by the following two equivalent families of d complex defining equations:

(2'2'12) M: wJZGJ(Z’C7£)7 j:]‘?""d’ or Ejzej(c7z7w)7 j:]‘?""d'

§2.3. COMPLEXIFIED SEGRE VARIETIES AND COMPLEXIFIED CR VECTOR FIELDS

2.3.1. Complexified Segre varieties. Next, for 7, € A, (p1) fixed, we define the associated
complexified Segre variety by
(2.3.2) S., ={(t,7) € Aoy(p1) : T=1p, wj = O(2,7p), 5 =1,...,d}.

We shall write symbolically S;, = (Sf,)¢. Clearly, S;, is an m-dimensional submanifold
contained in M and it coincides in fact with the intersection of M with the horizontal slice
{(t,7) : 7 = 1,}. Analogously, for t, € A,(p1) fixed, we define the associated conjugate
complexified Segre variety by

(233) §tp = {(ta T) € AQn(pl) = tpa gj = ®J(C7tp)7 .] = 17 .. 3d}

Clearly again, ﬁt,) is an m-dimensional submanifold contained in M and it coincides in fact
with the intersection of M with the vertical slice {(¢,7) : t =t }.

c" S Ctx C"
: e A
. S| 1S,
/;bo\ gi” ;
7, .
S > “
S .
° « S.
e P M ; M e
q : U J

FIGURE 2.3.4: NON FOLIATION PROPERTY IN AMBIENT SPACE
COMPLEXIFICATION AS A BLOWING UP YIELDING TWO FOLIATIONS

It is very important to notice that the ambient Segre varieties S; and gtp are extrinsic
to M: they lie in general outside M, even in the Levi-flat case. Moreover, the union of
Upea, (p1) Sp never makes a foliation by m-dimensional submanifolds. These assertions may
easily be checked by inspecting the Levi-flat hyperplane {Imw = 0} in C™ and the Heisenberg
sphere Imw = [21]? + -+ + |zp—1|? in C™. Fortunately, by the strange miracle of extrinsic
complexification, we blow-up the two unions U, Sy and U, S, in a double foliation of M by
complex m-dimensional Segre varieties (as explained in Theorem 2.3.9 below). This geometric
observation is of utmost importance, is illustrated symbolically in FIGURE 2.3.4 and will be

explained more closely in the next subparagraphs.
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2.3.5. Complexified CR vector fields. We consider the following “natural” basis of (1, 0)
vector fields tangent to M:

d —_
@ 0
2.3. —(z,Z,W) — =1,... .
(2.3.6) 8zk gz 021 ,Z,W) u; k Se.,m

One verifies immediately that Ly (w; —©;(2,z,w)) =0fork=1,...,mand j =1,...,d. We
also consider the conjugates of these vector fields, which form a basis of the (0, 1) vector fields
tangent to M:

2 29; 9
2.3.7 = e k=1,...,m.
( ) k aZk ; 62 ZZw a’lf}], ) , M
Again obviously, we verify that Ly(w; — ©,(2,z,w)) =0 for k=1,...,mand j = 1,...,d.
Of course, this second system of relations is the conjugate of the first.
By complexification, the vector fields behave as follows: we write [x(¢,1)]° = x(t, 1), if

x(t,%) is a real analytic function of (¢,%) and {Z" p aj(t,8)0/0t; + 370 bi(t, 1) 9/0t;| =
>oioy aj(t,7)9/0t; + 375 bj(t,7)0/07;. Tt follows that (Lx)® = Lx°.

Consequently, we can complexify the pair of conjugate generating families of CR vector

fields tangent to M given by (2.3.6) and (2.3.7), namely the vector fields L1, ..., L,, and their

conjugates L1, ..., L, above. Their complexification yields a pair of collections of m vector
fields defined explicitely over A, (p1) X A, (p1) by
0] 90,
Ek:a—Zk+Z ( gg) kzla"'7m7
— w;’
(2.3.8) !
0 00; 0
L, =—+ =4 S 2, W k=1,...,m.
=~k agk ; agk (C ) aé-j

We write £ = (Ly)¢ and £, = (L)°. The reader may check directly that Lj(w; —
©0,(2,¢,€)) = 0 (this relation also holds by complexication), which shows that the vector
fields Ly, are tangent to M. Similarly, £, (§; —0;(¢, z,w)) = 0, so the vector fields £,, are also
tangent to M. Of course, all of this is obvious, but we prefer to start slowly. Furthermore,
we may check the commutation relations [Lg,, Lk,] = 0, [Lk,, Lk,] = 0, [Lk,, Lk,] = 0 and
(L, Ly,] = 0 for all ki, ky =1,...,m. By the theorem of Frobenius, it follows that the two
m-dimensional distributions spanned by the two collections of m vector fields {L }1<k<m and
{Ly}1<k<m have the integral manifold property. This is not astonishing, due to the fact that
the vector fields £y are just the vector fields tangent to the intersection of M with the sets
{r = 7, = ct.}, which are the m-dimensional complexified Segre varieties S;, already de-
fined above. Similarly, the £, have the conjugate complexified Segre varieties it,, as integral
manifolds. Hence in fact, we do not have to appeal to the theorem of Frobenius.

All the geometric observations which we have done so far may be gathered in the following
statement just below. We shall frequently use the abbreviations £ = {Ly}1<k<m and £ =
{L;}1<k<m- We denote by m; : (t,7) — t and 7, : (t,7) — 7 the two canonical projections.

Theorem 2.3.9. Let M = (M) be as above and let Ly, k =1,...,m be a basis of complex-
ified (1,0) vector fields tangent to M and let L, k = 1,...,m, be their complexified conju-
gates. Recall that {Lr}1<k<m and {Ly}1<k<m are Frobenius-integrable. Then the following
four properties hold true:

(1) £ and L induce naturally two local flow foliations Fr and Fg of M.
(2) If o(t,7) := (7,%), then o(Fz) = Fr and their two leaves passing through a point
p° = (tp,tp) € C* x C" satisfy Fr(p®) N Fe(p®) = p°.
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(3) The fibers of the projections m; and 7, also coincide with the leaves of the flow foliations
Fr and Fr, respectively.

(4) The leaves of the foliation Fr are the Segre varieties Sy, and the leaves of the foliation
Fr are the conjugate Segre varieties Qtp:

TpEAR(p1) tp€AL(p1)

(2.3.10) Fr = U S, and Fp= U S, .

In other words, the leaves of these two flow foliations are the two families of complexified
(conjugate) Segre varieties. In symbolic representation, for these two foliations, we have the
correspondence :

(2.3.11) CR-flow foliations of M <= Foliations by complexified Segre varieties.

2.3.12. Conclusion. The following symbolic picture summarizes this geometrical theorem.
However, we warn the reader that the codimension d > 1 of the union of the two foliations
Fr and Fp in M is not rendered visible in this two-dimensional figure. A three-dimensional
FiGURrE 2.3.3 will be provided below.

i
s £
i
i

™ % {T:Tp}
e
p° tp Tt
L
—_—_ e = —=
s = = S

27 )

/ A?’L

FIGURE 2.3.13: GEOMETRY OF THE COMPLEXIFICATION M

2.4. MULTIPLE FLOWS AND SEGRE CHAINS

2.4.1. Pair of complex flows. Now, we introduce the “multiple” flows of the two col-
lections of conjugate vector fields (Lk)i<k<m and (L;)i<k<m. This multiple flow will
be used frequently throughout the next chapters of Part II. Precisely, for an arbitrary
point p = (wp, 2p, (p, &) € M and for an arbitrary complex “multitime” parameter z3 =
(21,155 21,m) € C™, we define

pag [ ECrnG&) = L0 = el @D La)) ) =
o = (Zp + 21, @(Zp + 217Cp7§p)7 gpa gp) :

With this formal definition, there exists a maximal connected open subset  of M x C™
containing M x {0} such that £, (p) € M for all (z1,p) € Q. Analogously, for (¢1,p) running
in a similar open subset €2, we may define the map

(2.4.3) L, (2ps Wp, Cps &p) = (2ps Wp, Cp + C15 O(Gp + (15 2py W) -

Of course, the two mappings (2.4.2) and (2.4.3) are of the same regularity as M, namely they
are algebraic or analytic.
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2.4.4. Segre chains. Now, let us start from the point p being the origin and let us move
alternately in the (horizontal) direction of F, (namely the direction of S) and in the (verti-
cal) direction of F, (namely the direction of S). More precisely, we consider the two maps
Ii(z1) := £:,(0) and L'y (21) := L., (0), where z; € C™. Next, we start from these endpoints
and we move in the other direction. More precisely, we consider the two maps

(2.4.5) [o(z1,22) = L,,(L£:,(0)),  Ly(z1,22) := L,(L,,(0)),

where 21, 2o € C™. Also, we define I's(21, 22, 23) := L£.;(L,,(£-,(0))), etc. For the sake of
concreteness, let us exhibit the complete expressions of I'y, I's and I's, which follows by a
repeated application of formulas (2.4.2) and (2.4.3):
(2. 4 6)
= (21, ©(21,0,0), 0, 0)..

(

( ) Zl, 21,0 0) Z2, @(22,21,@(21,0,0))) .
£23(£22( .(0)) = (21 + 23, O(21 + 23, 22, O(29, 21, (21, 0,0))), 22, @(22,2:1,@(21,0,0))) .

By induction, for every integer k € N with k > 1, we obtain two maps I'y(z1,...,2;) and
T.(21,...,2k), where z1,...,2z; € C™. Clearly, there are precise combinatorial formulas
generalizing (2.4.6). In the sequel, we shall often use the notation z(z) := (21,...,2x) € Cmk,

We shall call the map I'y, the k-th Segre chain and the map I';, the conjugate k-th Segre chain.
Since I',(0) = L', (0) = 0, for every k € N,, there exists a sufficiently small open polydisc
Ak (01 centered at the origin in C™* with &, > 0 such that I'x(z(x)) and L) (2()) belong to
M for all z() € App(6r).

We also exhibit a simple link between the maps I'y, and I';,. Let ¢ be the antiholomorphic
involution defined by o(t,7) := (7,%). Since w = O(z,(, &) if and only if &€ = O((, z,w),
this involution maps M onto M and it also fixes the antidiagonal A pointwise. Using the
definitions (2.4.2) and (2.4.3), we see readily that (L., (0)) = L (0). It follows generally
that o(I'x(2())) = Lx(Z@). To give a concrete illustration, we may compute the explicit
expressions of I';, I'y and ' and compare with (2.4.6):

(2.4.7)
LZI(O) = (0, O, 21, @(21,0,0)) .

EZZ([: (0)) = (22, @(22,2’1,@(21,0,0)), 21, @(21,0,0)) .

=z

L, (L.,(L,,(0))) = (22, O(22,21,0(21,0,0)), 21 + 23, O(21 + 23, 22, 0(22, 21, O(21,0,0))))

=Zz3 —=Zz1
Also, we observe that I'xi1(z(x),0) = Tk(z(1)), since Lo and L, coincide with the identity
map by (2.4.2) and (2.4.3). So, for k increasing, the ranks at the origin of the maps I'y, are
increasing. We now introduce the following important definition.

Definition 2.4.8. The generic submanifold M is said to be minimal at p if the maps 'y are
of (maximal possible) rank equal to 2m +d = dim¢ M at the origin in A,,x (%) for all k large
enough.

In other words, M is minimal at p if and only if sufficiently high order Segre chains are
submersive. Equivalently, sufficiently high order conjugate Segre chains are submersive. In
the next Section 2.5, we shall show that minimality is characterized by the fact that the maps
are of generic rank equal to 2m + d for all k large enough. First of all, in order to enlighten
this definition, we shall prove a general local orbit theorem in the spirit of H.J. Sussmann [32].

2.4.9. Local orbit theorem in the K-analytic category. Let K =R or C and let A :=
{reXK: |z| <1} and rA :={z € K: |z| < r}. Let n € N with n > 1. In A" equipped with
coordinates x = (z1,..., %), we consider the origin as a center point. Let L = {L%}1<4<a4,
A > 1, be a finite system of nonzero vector fields defined all over A™. We do not require that
this set is stable under taking linear combinations with coefficients being analytic or algebraic
functions over A™. Let L € L. As previously, we shall simply denote the flow map of L by
(t,z) — Li(z) = exp(tL)(z).
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We recall the defining properties of the flow map: Lo(x) = z and %(Lt(x)) = L(L(x)),
where L(z') denotes the value of L at /. As is known, the K-algebraic case is exceptional
because the flow of a vector field L having K-algebraic coefficients is in general transcendent.
This is why we shall in fact make two kinds of precise regularity assumptions:

(Algebraic): The coefficients of all elements of L are K-algebraic and moreover their flow
if also K-algebraic. In fact, the K-algebraicity of the flow implies the K-algebraicity of the
coefficients.

(Analytic): The coefficients of all elements of L. are K-analytic power series centered at the
origin converging in A™, whence their flow is K-analytic.

Choose now r with 0 < r < 1/2. We first define finite concatenations of flow mappings
of vector fields in L as follows. If k € N,, L = (L',..., L) € L¥, t = (t1,...,t;) € K¥ and
z € (rA)", we use again the notation Ly(z) = Lf (--- (L{, (2)) - - - ) whenever the composition
is defined. Anyway, after bounding k < 3n, it is clear that there exists § > 0 such that all
maps (t,z) — L(z) are well-defined for t € (26A)%, z € (5A)" and satisfy Ly(z) € (rA)™.
By definition, the point #’ = Lf, o---o L} (z) is the endpoint of a piecewise smooth algebraic
or analytic curve with origin x: it consists in following L' during time ¢, following L? during
time t5 ... and following L* during time t.

Next, we shall say that an embedded small piece of K-manifold N C A™ passing through the
origin (which is either K-algebraic or K-analytic) is a weak L-integral manifold if T,,N D L(x)
for all x € N. In the formal case, however, this condition is meaningless. Equivalently, we
mean that for each L € L, L|x is tangent to N. Now, this new condition makes sense in the
formal case. We shall in fact consider the formal case afterwards, as a generalization of the
algebraic and analytic cases. In particular, it clearly ensues from the tangency of L|y to N
that any integral curve of an element L € I with origin a point € N which belongs to NV
stays in V.

Now, we introduce the following special definitions. The LL-orbit of 0 in A™, denoted by
OL(0), is the set of all points L;(0) € (rA)" for all t € (§A)*, k < 3n. The reason why we
bound & < 3n will be clear afterwards. We shall say that the open set (rA)™ is L-minimal at
0 if Op(0) contains a polydisc (eA)", where e > 0. If L = (L!,..., L*) € L¥ with k < 3n, we
shall denote by I'(t) the mapping ¢ — Ly (--- (L, (0))---).

We can now state the local orbit theorem. By induction, we shall construct a special
sequence of vector fields L** := (L*!, ... L**) € L¥, k € N,. We state a long but progressively
explained theorem with the purpose of exhibiting all the relevant informations.

Theorem 2.4.10. As above, let L = {L%}h1<q4<a, A € Ny, be a finite nonempty set of
vector fields which are defined over A™ and satisfy one of the two reqularity assumptions
(Algebraic) or (Analytic). Then there exists an integer e > 1 and a multiplet of vector
fields L* = (L*,..., L*¢) € L¢ such that the following seven properties hold:
(1) For every k = 1,...,e, the map (t1,...,tx) — Li¥(--- (L;}(0))--) is of generic rank
equal to k.
(2) For every arbitrary element L' € L, the map (t1,... te,t") — L}, (Li(--- (Li1(0)) -+ +))
s of generic rank e, hence e is the mazimal possible generic rank.
(8) There exists an element t* € A° arbitrarily close to the origin which is of the special form

(t5,...,t5_1,0), namely with t} = 0, and there exists an open connected neighborhood
w* of t. in A° such that the map Up- : t — Li¢(--- (L;1(0))) is of constant rank e over
w*.

(4) After setting L* = (L*Y,...,L*®), K* := (L**7',... L") and s* := (—t:_,...,—t}),

we then have K. o L}.(0) = 0. Furthermore, the map v : w* — A" defined by ¢ : t —
K% o L(0) is of constant rank equal to e over the domain w*.

(5) Then the image (w*) is a piece of K-manifold passing through the origin which is
either K-algebraic or K-analytic, because the flows of the elements of I are K-algebraic
or K-analytic.
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(6) This piece of K-manifold is a weak L-integral manifold. Furthermore, very weak L-
integral manifold passing through 0 must contain Or(0) in a neighborhood of 0.
(7) There exists € > 0 such that Op(0) N (eA)™ = P (w*).

In conclusion, the local orbit Op(0) is represented by the small K-manifold ¥(w*) and its
dimension e is characterized by the generic rank properties (1) and (2).

Proof. If all vector fields in L vanish at the origin, then Op(0) = {0}. We now exclude this
possibility. Choose a vector field L*! € I which does not vanish at 0. The map ¢; — L;!(0)
is of generic rank one. If there exists L’ € L such that the map (t1,t') — L}, (L;1(0)) is of
generic rank two, we choose one such L’ and we denote it by L*2. Continuing this process,
we get vector fields L*!, ..., L*¢ satisfying properties (1) and (2). Since the generic rank
of the map T'p+ ¢ (t1,...,te) — Li*(---(L;1(0))--+) equals e, and since this map is either
K-algebraic or K-analytic, there exist elements t* € A€ arbitrarily close to the origin such
that its rank at ¢, equals e. We claim that we can moreover choose t* to be of the special
form (t3,...,t%_4,0), d.e. with ¢} = 0. This is a consequence of the following lemma.

Lemma 2.4.11. Letn € N, e € Ny, t € K® and t — o(t) = (p1(t),...,on(t)) € K" be a
mapping of generic rank equal to (e — 1) which is either K-algebraic or K-analytic. Let L' € L
and assume that the mapping v : (t,t') — L (p(t)) has generic rank e. Then there exists a
point (t*,0) at which the rank of ¥ is equal to e.

Proof. Suppose on the contrary that at all points (t*,0), the map (¢,t') — L (¢(t)) has rank
< e — 1. Choose t* arbitrarily close to zero at which ¢ has maximal, hence locally constant
rank (e — 1). By the rank theorem, there exists a neighborhood w* of ¢* in K¢ such that
N := p(w*) is a small piece of K-manifold which is either K-algebraic or K-analytic. Let
L’ € L. Since by assumption the rank of (¢,¢') — L} (¢(t)) equals (e — 1) at every point
(t*,0) € w* x K, it follows necessarily that L’ is tangent to N. Consequently, the flow of
L’ stabilizes N. Finally, for ¢(t) € N, we have L} (¢(t)) € N also, whence the rank of
(t,t') — Li,(o(t)) is less than or equal to dimg N = e — 1 at every point in a neighborhood
of (t*,0) in K™ x K. We have proved that the mapping (¢,t") — Li(¢(t)) is of generic rank
(e — 1) in a neighborhood of (t*,0) in K® x K, hence everywhere by the principle of analytic
continuation, which contradicts the assumption that it has generic rank equal to e. This
completes the proof. O

End of the proof of Theorem 2.4.9. Now, we choose a point (¢5,...,t%_,,0) € A® arbitrarily
close to 0 at which the rank of ¢ — L;(--- (L;(0))---) is maximal and equals e, so we get
(3). In (4), the property KX o L}.(0) is obvious, since the mapping:

(4.5.7) LYy o---0Lfy. oLiolj o---oLi()=1d

is the indentity. By (2), the mapping (¢, s) — K o L}(0) is also of generic rank e, whence its
restriction to w* x {s*} is of constant rank e since the mapping K% (-) is a local diffeomorphism.
We get (4) and then (5) obviously. So we have constructed a piece N of K-manifold passing
through the origin. Let L’ € L. We claim that L’ is tangent to N. Otherwise, if L’ would
not be tangent, the mapping (¢,s,t') — L}, (Ks(L(0))) would be of generic rank > e + 1,
contrarily to the definition of e. This completes the proof of Theorem 2.4.9. O

§2.5. SEGRE TYPE AND SEGRE MULTITYPE

We now apply the general considerations of Theorem 2.4.9 to the specific situation where
K = C, where A" is replaced by M and where the collection L. of vector fields is our previous
complexified vector fields {Lg, L }1<k<m. We also bring some refinements.
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2.5.1. Increasing generic ranks. Let us denote by genrkq(®) the generic rank of a C-
algebraic or C-analytic map ® : X — Y of connected complex manifolds. Here of course, we
have genrke(T'1) = genrke (L) = m and genrky(I'2) = genrko(Iy) = 2m, which is evident in
equations (2.4.6) and (2.4.7). We set e; := m and es := m. Next, we set e5 := genrke(I's)—2m
and, by induction eg41 := genrke(Trq1) —e3 — -+ — e — 2m, whence genrkq(T'y) = 2m +
e3 + -+ e if k> 3, and similarly, we can define the sequence ¢;, for I',. We notice at once
that we have e;, = eg, since o(I'r(2x))) = L1, (Z(x))-

We claim that ¢, =0 for all ] > k 4+ 1 if ex41 = 0 and e # 0. In other words, the generic
rank enjoys a stabilization property. Indeed, we first choose a point z(*k) arbitrarily close to the

origin in C™* such that I'y, has (necessarily locally constant) rank equal to 2m+e3+- - -+ey at
zz‘k) and we set q := Fk(z(*k)) € M. Then by the rank theorem, the image H of a neighborhood
W* of szk) is a submanifold of M of dimension 2m + e3 + - - - + ex. We claim that the vector

fields £, and L, are all tangent to H. For instance, to fix ideas, we assume that k is even (the
odd case will be similar). Thus we can write I'y(zx)) = L., (---(£2,(0))---), i.e. the chain
I';, ends-up with a £. This shows that H is fibered by the leaves of F, so the £, are already
tangent to M at every point. By differentiating T'y11 = L., (Tx(2(x))) with respect to zx41
at zp41 = 0, we obtain the m-dimensional space L(I'x(z(x))), namely the tangent space to
the foliation F at the point I'y(2(x)). Then the assumption ej;1 = 0 entails that this space
L(T'k(2(xy)) is necessarily contained in the tangent space to H at I'y(z(x)), which proves the
claim. Finally, as the £ and the £, are all tangent to H, it follows that their local flow at ¢
is contained in H, whence the range of the subsequent I';, [ > k 4 1, is locally contained in
‘H. Because they are either algebraic or analytic, this shows that their generic rank does not
go beyond 2m + e3 + - - - + ey, which proves the claim.

In conclusion, there exists a well-defined integer uo > 2 with ug < d + 2 such that ez >
0,...,e4, >0and e =0, for all I > pug + 1. We call the integer ug the Segre type of M at
the origin and we call the po-tuple (m, m,es, ..., e,,) the Segre multitype of M at the origin.
This Segre multitype simply recollects all the jumps of generic ranks of the I'y,. It is clear that
Segre type and multitype are biholomorphic invariants, because the Segre foliations defined
by £ and L are so. To summarize, we have:

(a) genrke(Tk) =2m+e3+ -+ + e = genrke (L), for 2 < k < py,

(b) genrke(Ty) =2m+e3+ - + ey, = genrke(Ly,), for k> po.
The main advantage of dealing with M, £, £, I'y, and I';, lies in the fact that all these objects
may be understood in a coordinate-free way. Even the two projections m; and 7, can be
defined abstractly, because their fibers are the leaves of the Segre foliations. As §2.4.9, We
may define the orbit O (M, 0) and we have the following theorem.

Theorem 2.5.2. Assume that M is a real algebraic or analytic generic submanifold of C™,
let po € M, let M := (M)¢ be its complexification and let (po)° := (po, o), identified with the
origin in coordinates (t,7). Let Ly and Ly, k = 1,...,n, be vector fields generating the pair
of Segre foliations. Then there exists zz‘#o) € C™#o grbitrarily close to the origin of the form
20y = (3155 25,-1,0) and a small neighborhood W* of z(,, \ in Amyu, (6u,) such that, if we
—2z7), then we have:

* e (%
denote wi, 1y = (=2},1,- -

*

(c) The complex algebraic or analytic map L'y, is of rank 2m +e3 + -+ + e, at Z(00)"

(d) F2“071(Za¢0)’w2‘uo—1)> =0.

(e) The restricted map I'opy—1 : W* X wz‘m_l) — M is of constant rank equal to 2m + es +
e + 6#0 .

(f) The image Ty 1 (V* x w€u071)) is a complex algebraic or analytic manifold-piece,
denoted by Or £(M,0) and called the {L, L}-orbit of the origin with the property that
the vector fields Ly, and Ly, are tangent to it.

(g8) This integer 2m +es + - - - + e, is equal to dimc Of (M, 0).

Of course, the same statement holds with L'y, _; instead of I'apy—1.
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Proof. The proof is similar to the proof of Theorem 2.4.10, with minor modifications. Ac-
cording to (b), I'y, is of generic rank 2m + e3 + --- + e,,,. Consequently, for every point
20y € Ampg (00) outside of some proper complex subvariety, the map I'y,, is of rank
2m+es+ - +ey, at z(, . Infact, we claim that we can even choose such a z¢,  of the
form (z7,...,2;,_1,0), d.e. with 2, = 0. Indeed, as I (2x)) = [Lor L]+, (D'x—1)(2(k-1)));
we can apply the following lemma, which follows directly form Lemma 2.4.11.

Lemma 2.5.3. Let z € C™, 2/ € C", let T'(2') € M be a formal, algebraic or analytic map
of 2/ with T'(0) = 0 and let p(z,2") := L,(L(2')) or ¢(z,2") := L,(L(2")). Then ¢ attains its
mazimal generic rank at some points of the form (0,2'*) € C™ x cm™.

Now, we fix such a z{, , of the form (z{,...,z _1,0), which satisfies (c) and we check that it
satisfies the other claims. Let w(, ;) = (=2, 1,...,—2]). First, (d) is easy: suppose for

instance g is even, then we have F2uo—1('zao)’ wz‘#oﬂ)) = E—z{ 0---0 ﬁ_Z; o oLyo Lz:[ﬁl o

0 L;+(0) = 0, because Ly(q) = ¢, Ly 0 Ly = Id and L_;0oL, =1d. The odd case is
similar. Now, we prove (e). The restricted map z(,,) + L_.z 0---o0 Loox 0T (%(u0))
(again written in case o is even), is clearly of rank 2m + e3 + --- + e, at the point z(*#o),
because the map g +— L_.x0---0 ‘C_Zfiofl (g) is a local biholomorphism, by definition of flows.
Notice that I'g,,—1 is then of constant rank equal to 2m +e3 + - - - 4+ ¢, in a neighborhood of
(zz‘m),wz‘m_l)) in W* x w?uo—l)’ since, by (b), 2m +e3 + - -- + €, is already the maximum
value of all the generic ranks of the I'y. This proves (e). By definition, the orbit O (M, 0)
is the union of the ranges of the maps I'y and [';,. It is easy to check that this double union
coincides in fact with the union of only the T'y (or of only the I';), simply because, setting
z1 = 0, we have I'y(0, 2z2,...,2x) = [y_;(22,...,2;). Thanks to the constant rank property
(e), we already know that this orbit contains the (2m +es+ - - - + €, )-dimensional manifold-
piece passing through 0: N := T, _1(W* x wz‘uo_l)). Because by (b) the next generic ranks
for k > 219 — 1 do not increase and because of the principle of analytic continuation, we then
deduce that all the ranges of the subsequent I'y are contained in this manifold piece A and
it follows that £ and L are tangent to this manifold-piece. In conclusion, we get (f) and (g),
which completes the proof of Theorem 2.5.2. O

In the hypersurface case, we have the following simple criterion of minimality, left to the
reader.

Corollary 2.5.4. If M is a real algebraic or analytic hypersurface, i.e. if d =1, then
(h) M is minimal at 0 < po = 3.
(1) M is nonminimal at 0 < g = 2.

2.5.7. Example. We now give a simple example in the hypersurface case which illustrates
statements (e) and (f) of Theorem 2.5.2 in a very concrete way. We let M be the hypersurface
of C? of equation z = z + iw?w?. We choose p = 0 and here 219 — 1 = 5. We compute:

Fl < )Z(zlv 05 05 0)

—

1
2 21,22) = (21; 07 22, _’LZ%ZS)
1

—

(
(
3(21, 22, 23) = (21 + 23, i23[25 + 22123, 22, —i2723)
Ty(z1, 22,23, 24) = (21 + 23, 12525 + 22123], 22 + 24,

i23(25 + 22123) — i[(22 + 24) (21 + 23)]?)
Ts(21, 22, 23, 24, 25) = (21 + 23 + 25, 12325 + 22123]—
—il(22 + z4) (21 + 23)]*) + i[(21 + 23 + 25) (22 + 20)]7,

20 + 24, zz%[zg + 2z123) —i[(z2 + 24) (21 + 2:3)]2).

(2.5.8)
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The maps I'; have range in M, on which either the coordinates (z,w, () or (¢, &, z) can be
chosen. We do the first choice for k even and the second choice for £ odd. Thus, we view
I's as a map C° — (C?% )y i.e. we forget the second w-coordinate in the above expression
of I's. Now, computing the 3 x 5 Jacobian matrix of I's at the point (zz‘g),wE‘Q)) as in Theo-
rem 2.5.2 which is necessarily of the form (27, 23,0, —z5, —z7), and for which we clearly have
T5(27,23,0,—25,—2F) = 0, we see that the determinant of the first 3 x 3 submatrix is equal
to 2iz}(23)%. Thus, it is nonzero for an arbitrary choice of 2§ # 0 and z3 # 0. By the way, the
question arises whether the integer (2up — 1) in Theorem 2.5.2 is optimal. Incidentally, this
example shows that it is optimal. Indeed, if we ask whether there exists 22‘4) = (27,25, 23, 2)
such that I's(z{;)) = 0 and the rank at z7,) of the differential of I'y equals 3 (the dimension of
M), then looking at eqs (2.5.8), we get first 27 +25 = 0, (23)?23[25 +227] =0 and 25 + 2} = 0,
thus z(y) is necessarily of the form (0,23,0,—23) or (2§,0,—27,0). Viewing now I'y as a map
T = Cugy
rank 2, which proves the claim.

and computing its 3 x 4 Jacobian matrix at such points, one sees that it is of

2.5.9. Segre geometry in the formal category. Replacing the complex defining equa-
tions (2.1.15) by purely formal power series, the reader may verify that all the previous
results are meaningful and may be expressed in terms of purely formal power series.

§2.6. EXTRINSIC COMPLEXIFICATION OF CR ORBITS

2.6.1. Intrinsic CR orbits and their smoothness. On M the complex tangent bundle
T°M 1is generated by the 2m sections Re Ly,Im Ly, ..., Re L, Im L,,. In the formal case,
their flow is formal. In the analytic case, their flow is analytic. However, a very subtle point
occurs in the algebraic category. We have seen that the complex flows of the complexified
vector fields Ly, given by (2.4.2) and (2.4.3), are algebraic. This is untrue about the real flows
of the real and imaginary parts of the vector fields Ly, as shows the following example.

Example 2.6.2. Let M be the real analytic hypersurface passing through the origin in C?
defined by Imw = /T + 2z — 1. The vector field L := 9; +iz(1 +22)~'/2 95 generates T*' M.
Its real and imaginary parts are given by

{ 2ReL = 0, —y(1 + 22 +y?) V20, + 2(1 + 22 + y*) V29,

2.6.3 -
( ) 2ImL = — 9y +2(1 + 2% +32) V20, + y(1 4+ 22 +y*) "2 9,.

We claim that the flow of 2Re L is not algebraic. Indeed, let s denote a real time parameter
and let (z(s), y(s),u(s),v(s)) be the unique integral curve of 2 Re L with z(0) = xo, y(0) = o,
u(0) = up and v(0) = vy with (g + iyo, uo + ivg) € M. We compute first z(s) = zg + s,
y(s) = yo, v(s) = (1 + 32 + (o + 5)?)*/2 — 1 and then u(s) satisifies the ordinary differential
equation

(2.6.4) du(s)/ds = —yo(1 + y2(zo + 5)?) /2,

which may be integrated as

(2.6.5) u(s) =wuo — Yo

o+ S X0
Arcsh | —— | — Arcsh | —
<v1+%> <v1+%>
Consequently, the flow of 2Re L is not algebraic. However, we stress that the complex flow
of the complexified vector field L = 0 + iz(1 + 2¢)71/2 0 is complex algebraic, as shown
by the general expression (2.4.3), which yields in this particular case L;(2p,wp,(p,&p) =
(2p, wp, Cp + ¢, wp + 2i(y/1 + 2¢ — 1))): indeed, this expression is clearly algebraic !

We now consider the set L := {ReLq1,Im Lq,...,Re Ly, Im L,,,} of 2m real vector fields
generating T°M. Applying Theorem 2.4.10, we may construct the local CR orbits of points
p in M, which we denote by Ocr(M,p). Since they are weak T°M-integral manifolds, they
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are of the same CR dimension as M. According to Example 2.6.2 just above, we only know
that Ocr(M,p) is a real analytic submanifold passing through p. Algebraicity seems to be
lost, but naturally, according to Leibniz’ principle of sufficient reason, one expects however
that Ocr(M,p) is algebraic if M is algebraic

The above Example 2.6.2 shows that the algebraicity of the CR orbits of a real algebraic
generic manifold cannot be established by means of sections of the complex tangent bundle
T°M = ReT%'M. Fortunately, by passing to the extrinsic complexification, we may avoid
this difficulty.

Theorem 2.6.6. There is a one-to-one correspondence between the CR orbits and their ex-
trinsic complexifications, namely for all p in a neighborhood of the origin, we have:

(1) Ocr(M,p)¢ = Or £(M,p°), and
(2) Ocr(M,p) =m(AN O (M, p°)),

where we remind the notation p¢ = (p,p) € C* x C™. In particular, if M is a real algebraic
generic submanifold, the complezified orbit Op (M, p°) is complex algebraic, whence by (2)
the CR orbit Ocr(M,p) is real algebraic.

Proof. By Theorem 2.4.10, O¢cr(M,p) is a real analytic closed submanifold of M passing
through p. Even if M is real analytic, the flows of elements of I are not algebraic in general,
as shows Example 2.6.2, so we do not know more than the analyticity of Ocr(M,p). Thus,
let O be a small open connected manifold-piece of Ocr(M,p) through p, and let O° be its
extrinsic complexification. Because Li|o and Li|o are tangent to O, the generic uniqueness
principle (via O C A, where A is maximally real, so O is generic in O°) entails that Li]|o. and
L |oe are tangent to O°. Therefore O° is an integral manifold for {£, £} through p°, whence
0° D Of (M, p°), since a characterizing property of the orbit O, (M, p°) is to say that it
is the smallest integral manifold-piece for {L£, L} through p°.

Conversely, Let N be a manifold-piece of O (M, p¢) through p¢. We have just shown
that N/ C O¢, hence to finish the proof, we want to show that A" D O¢. We claim that we
have o(N) = A in a neighborhood of p°. Indeed, By definition, the orbit is the following set
of endpoints of concatenations of flows of £ and of flows of £ (notice that because £,, 0 L,, =
L, 42, and LCz o Lcl = LCI o but £ and £ do not commute, there can be only two different
kinds of concatenated flow maps; we do not use the abbreviated notation I'y, here):

Oﬁyé(MaPC) = {£Zk o0l Oégl oL (p°):
t21,C1, 22, 2, € C small, k € N} |

U {LCkO”'OéCzoﬁzloégl(pc):
:C1,21,C2,. -, ¢ € Csmall,k € N} := FUF.

(2.6.7)

Now an examination of (2.4.2) and (2.4.3) shows that we have o(L,(q)) = L5(o(q)) and
o(L:(q)) = L&(o(q)), for each ¢ € M. Consequently:

U(Ezk o éCk—l 00 ‘Czl (pc)) = éﬂ)k (U(éCk71 00 ‘Czl (pc))) =
=Ly Oﬁék—l O”'OU(‘CZl(pC)) =L Oﬁék—l © .”Oéﬂ)l(pc)’

Sy,

(2.6.8)

2wy,

since o(p®) = p°. This proves F = o(E), hence (O (M, p)) = O (M, p°), so we have
o(N) = N as announced. By Theorem 2.4.10, A is smooth at p° and satisfies o(N) = N.
To conclude, we need the following lemma.

Lemma 2.6.9. There is a one-to-one correspondence between real analytic subsets ¥ C M
and complex analytic subvarieties X1 of M satisfying 0(X1) = X1 given by ¥ — X¢ =: ¥y,
with inverse X1 — m (X1 NA) =: X. Furthermore, ¥ is a smooth submanifold if and only if
Y1 is smooth.
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Proof. Let ¥ C M be given by real analytic equations y;(¢,f) = 0,1 = 1,...,c. If T is
smooth, we can assume that dp; A -+ Adpag Adx1 A+ Adxi(0) # 0. Let X¢ C M be defined
by xi(t,7) = 0. Clearly, X¢ is again smooth and ¥ = m(X° N A).

Conversely, let 31 C M be given by x;(t,7) = 0,1 = 1,...,c. If 1 is smooth, we can
assume that dp; A--- Adpag Adx1 A--- Adxi(0) # 0. By assumption, ¥ is o-invariant, i.e. we
have x;(t,7) = 0,1 =1,...,cif and only if x;(7,f) = 0,1 = 1,...,c. This implies that if we
set Li={teM: x(t,t)=0,1=1,...,¢} = (X1 NA), then ¥ is real, i.e. satisfies t € X if
and only if £ € ¥ and satisfies (X)¢ = 1. Finally, ¥ is smooth if ¥ is. O

Continuing the proof of Theorem 2.6.6, we now know that there exists N := m(NM NA) a
unique piece of a real analytic submanifold N C M passing through p such that N¢ = N.

Let us denote N' = {p(¢t,7) = 0, x(¢,7) = 0}, so that N = {p(¢,%) = 0, x(t,t) = 0}. Then
Lip=0,Lp=0,Lrx=0,L,x=0o0n{p=yx=0}since N is an {£, L}-integral manifold.
Therefore, after restriction to the antidiagonal {T = #} = A, we have Lyp = 0, Lyp = 0,
Lix = 0 and Lyxy = 0 on {p(t,t) = 0,x(t,f) = 0} = N, so that N is an {L, L}-integral
manifold. Thus by the minimality property of CR-orbits, we have N D O as germs at p. By
complexifying, we get A' D O¢, as desired. O

Thanks to Theorem 4, an equivalent definition of minimality is as follows (¢f. Defini-
tion 2.4.8):

Definition 2.6.10. The generic submanifold M is called minimal at p € M if the CR orbit
Ocr(M,p) is of maximal dimension equal to dimg M.

2.6.11. Segre type of M. Now, let us define the maps ¢! (z1) := m(L'1(21)), ¥2(21, 22) =
7 (T2(21, 22)) and more generally :

(2.6.12) ij(Z(Qj)) =7 (25 (2(2j))) and 7/’2j+1(2(2j+1)) =7t (Tojt1(22541))-
Notice that by the definitions (2.4.2) and (2.4.3)), the action of the flow of £ leaves unchanged
the (¢, £)-coordinates, and vice versa, the action of the flow of L leaves unchanged the (z,w)-
coordinates. Similarly also, we can define the maps yk by y% (2(25)) = m(Lg;(2(25))) and
y%“ (2(2j41)) = 7r(Lg;41(22j41))). We need the following lemma (of course, a similar
statement also holds with I'; ,, and ykﬂ instead):

Lemma 2.6.13. For 0 < k < g, we have:
(2.6.14) m + genrke (PP 11) = genrke (Thy2) = 2m + ez + - + e,
and genrke (YY) =m 4 ez + -+ ey, for k> po.

Proof. For k = 0, we have 1!(z1) = (21,i0(21,0,0)), whence genrks(¢!) = m obviously.
Recall that, by (2.4.6), we have

(2.6.15) [y(21,22) = (21, ©(21,0,0), 22, ©(22, 21,0(21,0,0))) ,

so m + genrke (¢!) = genrke(I'2) = 2m. More generally, for k = 25, we have:
(2.6.16)

£22j+1 (F2j (2(2]))) = £22j+1 (Z(Z(Qj))a w(Z(Qj))a C(Z(2j))7 5(2(2])))
= (Z2j+1 + 2(2(25))s O22j41 + 2(2(25)): C(2(25)), € (2(2)))> C (225> 5(2(2;'))) :
We choose the coordinates (z,(,§) on M, whence we consider the map I'zji1(2(2j+1))
in (2.6.16) to have range in (C?:zgd). It is then the map (z(),22j41)
(22541 + 2(202))): C(2(25))> €(2(25))) - Tt follows immediately that
(2.6.17) genrke (T'2j11) = m + genrke[2(25) — (C(2(25)), §(2(25)))] = m + genrketh?
This completes the proof of Lemma 2.6.13. O
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We now define the Segre type of M at p € M (not to be confused with pg) to be the
smallest integer vy satisfying genrke(¢"°) = genrke ("0 ™1). By (2.6.17), we readily observe
that in fact, we have vy = ug — 1. The Segre type of M can be related to its CR orbits as will
be explained in the next paragraph.

2.6.18. Intrinsic complexification of CR-orbits. By the intrinsic complexification N
of a real CR manifold N, we understand the smallest complex algebraic or analytic manifold
containing N in C". Tt exists and satisfies dim¢ N% = CRdim N + Hcodim N (holomorphic
codimension, cf. §2.1.6). Let O denote a manifold-piece of Ocr(M,p) through p and let O
be its intrinsic complexification, namely the smallest complex manifold of the ambient space
C" containing O. By construction, the ranges of the 1% are contained in C?, but we will
prefer to work in C} (although it is equivalent in principle to work in C”), hence we shall
consider the y% instead. We can now establish that genrke (") = dimcO’ and that the

21/0

range of 1= contains a manifold-piece of O’ through p.

Theorem 2.6.19. There exist some points 421/0) € C™2v grbitrarily close to the origin and

small neighborhoods V* of 5?21/0) in (A™)?0 such that we have:

(j) %21}0 (§z2y0)) =Dp.
(k) The map ¢*™° is of constant rank m + ez + -+ + ey, in V*.
)] %2”“ (V*) is a manifold-piece O of the intrinsically complexified CR orbit of M through
p.
(m) m+es+---+ e, =dime O = CRdim O + Heodim O.

Proof. Recall that in view of Theorem 2.5.2, there exists z(,, ;) € (§A™)20~1 with
£2#071(§2‘2#071)) = p°, such that ['y, _; is of rank 2m +e3 + -+~ + ¢, at gf2#071). Looking

again at (2.6.17) (for k = 25+ 1 odd, which we have not written, but the corresponding equa-
tion is similar), and using the chain rule, we deduce that 92‘“’72 is of rank m 4-e3 +--- + ¢,
at the point 23, = (z7,...,25,,_») and that %2"0 (2{21)) = p (recall v = po — 1). This
yields (j) and (k). For reasons of dimension, we already know that dimc O% must be equal
to m+es+ -+ ey, since CRdim O = m and dime¢ O° = m + dime O'. This yields (m).
Finally, to deduce (1), we claim that it can be observed that the range of ym’“ is a priori
contained in O%, and afterwards for dimensional reasons, the image 2o (V*) will necessarily
be a manifold-piece of O% through p. To complete this observation, we introduce holomor-
phic coordinates (z,wy,wq) € C™ x CéT " Teuo x CP~™M=¢~""€uo vanishing at p in which
the equation of O% is {ws = 0}, which is possible. Using the assumption that M N {wy = 0}
is smooth and of CR dimension m, one shows that the equations of M can then be written
in the form w; = @1(Z,C,£1,€2) and wy = @2(2,(,51,62)] with @2(2,@51,0) = 0. Then an
inspection of the inductive construction of the maps I';, shows that they have range contained
in {we = 0,& = 0}, whence the maps y% have range in {ws = 0}, as announced. The proof

of Theorem 2.6.19 is complete. O

Example 2.6.20. Looking at the map I'y in (2.5.8), we see that the integer 2vy = 2ug — 2
satisfying the assertions (j) and (k) of Theorem 2.6.19 is in general optimal.

§2.7. SEGRE CHAINS AND SEGRE SETS IN AMBIENT SPACE

2.7.1. Segre chains as k-th orbit chains of vector fields. In this section, we shall define
certain subsets of M which are the images of the Segre chains I'y. These last results will
close up our presentation of the general theory of Segre chains. Although we shall not use
them in the sequel, their definition seems to be interesting geometrically speaking. Here is an
illustration:
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T T T T T T
/8 --------- ////O ............... S\\\\

At first, we come back to the concatenated flow maps in (2.4.2) and (2.4.3). For each
k € N, we choose in advance d; > 0 so small that [Lor L], (--- (L (p®))---) belongs to
Aoy (pr) for all zy € App(dr) and all (t,,7,) € M with (t,,7,) € Azn(p1/2). Looking
at (2.5.2) and (2.5.3), we see that (up to a shrinking) the complexified Segre varieties of a
point (t,,7,) € M can be defined by S;, := {L.,(ty,7p) € Aon(p1) : 21 € Ap(d1)} and
Sy, ={L., (tp, ) € Dan(p1) 1 21 € Ay (1)} At order k = 2, we can define:

(2.7.3) {STP ={L., (L (tp,7p)) € A2n(p1) : (21, 22) € Ao (d2)},

87 = {Le (L, (1 7)) € Dan(p1) = (21, 22) € Do (d2)}-

More generally, we want to define the sets Sfp and Q,]fp. By a slight abuse of language, we shall
also call these sets the k-th Segre chain and the k-th conjugate Segre chain. Since we shall
only use the mappings I'y, and ') and not their images, there will be no risk of confusion.
At first, we remind that, because only two “starting actions” L., (t,,7,) and L, (tp, 7p) can
make a difference in a concatenation of flows of £ and of L, there can exist only two different
families of k-th Segre chains. The precise definition of Sfp and of Stkp is as follows:

SH ={L,,, 0 0 Ley (tp,Tp) : (21515 225) € Damj(d25)},

(2 - 4) Sgg-H = {£Z2j+1 0---0 Ezl (tpa Tp) : (Zlv sy Z?j+1> S AQmj+m(52j+1>}a
o S = {Lay 000 L, (tps ) (21,- -+, 225) € Damy(825)},
ﬁfzﬂ ={L,,, oL by, ) ¢ (21,40, 22j41) € Damjim(d2541)}

for k = 2j or k = 2j + 1, where j € N. Clearly, we have S¥ C M and Sf C M. As
7(Lw(q)) = Ly(0(g)), we have o(SF ) = S .

W

2.7.5. Segre sets in ambient space. We can now define Segre sets in ambient space as
certain projections of Segre chains. The following picture gives an idea of the definition of
Segre sets as unions of Segre varieties in the case of a minimal hypersurface in C2.
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M FIGURE 2.7.6: SEGRE SETS AS UNIONS OF SEGRE VARIETIES
peM,p1€Sp, ....,08 €55 q1 €Spy, ---, @8 € Spg

The sets S = (S € Au(p). 5, = w (8P € Aulp). S 1= me(S) C

A, (p1) and gz =T (§tp) C A, (p1) will be called the k-th Segre sets and the k-th conjugate
Segre sets, with k = 25 or k = 25 4+ 1. Notice that by the definitions (2.4.2) and (2.4.3)),
the action of the flow of £ leaves unchanged the ((, £)-coordinates, and vice versa, the action
of the flow L leaves unchanged the (z,w)-coordinates. This is why in the definition of Segre
sets, we alternately project in the C}-space and in the CI'-space.

An equivalent, purely set-theoretic definition of Segre sets is as follows. We define: S 0 .=

{t,}, and Stlp =8 = UteS“ Sz, S, { Utesl S;, and then inductively, for j € N,, S
U,eg2—1 St and S?JH = Useg2 Si- On the other hand, we also define S = {t,}, and
Ftp =5 = UteSO St S ¢, = U£e§ Sz, and inductively, for j € N, Stp = U g Sz, and

= e S¢. Finally, we mention the following two elementary properties:
tp

(1) 5F =5, and 85 =5,  keN.

(2) F(SH) = 2 h(SHH) = S22 () = 5,0, ) RS

2j+1) 2j+1
h(tp)’ h(tp)

Shity) -

§2.8. GENERIC SEGRE MULTITYPE

2.8.1. Segre chains with varying base point. As before, let M be a connected generic real
algebraic or analytic submanifold of C™. Let py € M. In a neighborhood of py, we can consider
the pair of Segre foliations of the local complexification M of M. Let p = (¢p,7,) € M.
Identifying the point pg with the origin in some system of coordinates, we have denoted by
Ik (2(r)) the mapping [LorL]., o --- o L, (po,Po), namely the Segre chain with base point
(po)¢ = (0,0) € C™* x C™. We want to let the base point vary, so we need a new notation. For
p = (tp, 7p) in a neighborhood of (po)® in M, we define

(2.8.2) (), tp, 7p) = [Lor L], 0 0 Lo, (tp, Tp).

Similarly, we define L'y (2(x),p, 7p). In order to indicate the dependence of the Segre type
with respect to p, we shall denote it by p,. Also, we shall denote the Segre multitype at p by
(m,m,e3p, ..., €u,p)

By Theorem 2.5.2., the generic rank of Iy, stabilizes when k > p1,,. We know that p, < d+2
for all p in a neighborhood of pg and that the mapping z(x) +— I'x(2(x), tp, 7p) provides an open
piece of the {£, L}-orbit through p € M for all k > 2u,, — 1. As 2u, — 1 < 2d+ 3, and as
2d+3 < 3(m+d) = 3n, because m > 1 and d > 1 by assumption, we observe that the mapping
I'3n(2(3n), tps Tp) With the uniform integer k& = 3n suffices to construct the {L£, L}-orbits of all
points p in a neighborhood of (pg)¢ in M.
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Thanks to this observation and thanks to the algebraicity or the analyticity of the mapping
L'3n(2(3n), tps Tp), it is easy to see that there is a proper complex algebraic or complex analytic
subvariety £ of M with the property that the Segre type and multitype of M are constant
at every point p € M\E. We shall denote these constants by (m,m,esar,...,€pu,, 1), Where
uar is the constant Segre type of M outside £. In particular, the orbit dimension 2m +
e1,M + -+ + €y, m is constant in a neighborhood of p. Moreover, it also follows from the
algebraicity or analyticity of the mappings I's,(2(3n),tp, 7p) that the functions p ~— p, and
P> €3p,...,P > €, 5, are lower semi-continuous. Finally, using the o-invariance of the CR
orbits of complexified points p© = (t,,t,) € MNA, with p € M, we get the following theorem,
which states that the Segre geometry possesses constant invariants over a Zariski open subset
of M.

Theorem 2.8.3. Let M be a connected real algebraic or analytic generic submanifold of C™
of codimension d > 1 and of CR dimension m = n —d > 1. Then there is a proper real
algebraic or analytic subvariety E of M such that for every point p € M\E, the Segre type of
M at p is constant equal to an integer vay = upr — 1 < d+ 1 and the Segre multitype of M
at p is also constant equal to the multiplet (m,es ar, ..., enpuy ). In particular, the CR-orbit
dimension dimg Ocr(M,p) is constant equal to 2m + ez pr + - -+ + ey for all p € M\E.

We call par the generic Segre type of M and the multiplet (m,m,e3 ar, ..., €u, ) the
generic Segre multitype of M. Let

(2.8.4) dy = es, M+ -+ €un, M-

We call the integer 2m + dj; the Zariski-generic orbit dimension of M. We call the in-
teger d — dps the Zariski-generic orbit codimension of M. Then using again the mapping
I'3n.(2(3n), tps Tp), We can derive the following algebraic or analytic CR foliation theorem which
shows that d — djs coincides with the Zariski-generic holomorphic codimension of the intrinsic
complexification of CR orbits.

Corollary 2.8.5. Let p € M\E and set do i =d—egn—---—e€uy, M- Then a neighborhood
of p in M s real algebraically or analytically foliated by CR orbits, namely there exist da n
complex algebraic or analytic functions hi, ..., ha, ,, with Ohy A--- A Oha, ,,(p) # 0 such that

(1) M is contained in {hy = hi, ..., hay ,; = ha, \ }- In other words, M is contained in a
transverse intersection of do pr Levi flat hypersurfaces in general position.

(2) For every ¢ = (c1,...,¢ay ) € R2M, the manifold M. :== M N {hy = c1, ..., hay ,, =
Cdy. e} 18 @ CR orbit of M.

Proof. Thanks to the mapping I's,(z(sn),tp,7p), We find real algebraic or analytic func-
tions A1, ..., hq, ,, with linearly independent real differentials such that the level sets {h; =
1, ... hay = cay, b are the CR orbits of M in a neighborhood of p. Since the func-
tions hi,...,hq, ,, are constant in each CR orbit, they are in particular trivially CR. By the
Severi-Tomassini extension theorem, they extend complex algebraically or analytically to a
neighborhood of p in C™. This proves the corollary. o

Taking the functions hy,. .., hq, ,, as part of a system of complex coordinates and applying
Theorem 2.1.32, we deduce:

Corollary 2.8.6. For every point p € M\E, there exist complex algebraic or analytic local
normal coordinates (z,wy,wy) € C™ x C4=d2.0 x Cd2.0 yanishing at p such that the complex
defining equations of M are of the form

{ 0 = wy — wo,

2.8.7
( ) 0 :11}1—61(2,2711)1,’11}2),

where ©1(0, z, w1, ws) = wy, where for us, € R2M sufficiently small, the sets M N {wy =
Ug,q = ct.} coincide with the local CR orbit of the points ¢ = (0,0,u2,4) € M and where the
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generic submanifold of C™t4=42.: defined by the equations
(2.8.8) 0=w; — @1(5,2,71]1,’&2,,1)

is minimal at (z,w1) = (0,0) for every us 4.

§2.9. LOCAL REPRESENTATION OF NONMINIMAL GENERIC SUBMANIFOLDS

As a conclusion, we can now produce a general summary of important results which we
will use constantly in the sequel. In advance, we formulate them in the most appropriate way
for later use. As in Definition 2.1.44, let M C C" be a local generic submanifold.

2.9.1. Minimal generic submanifolds. The following theorem is a corollary of Theo-
rem 2.5.2 and Theorem 2.6.19 in the minimal case where 2m + ez +--- +¢e,, = 2m +d. For
later applications to the study of CR mappings, it is more convenient to state it with the
conjugate Segre chain ['y,, .

Theorem 2.9.2. If M is minimal at po, there exists a positive integer vy < d + 1, the Segre
type of M at pg, there exists an element g’&w) € C?>™o grbitrarily close to the origin, there
exists a n-dimensional complex affine subspace H* passing through g&yo) in C2™o gnd there
exists a complex affine parametrization s — z(5,,)(s) of H* with z(5,,)(0) = z{,,,) such that
the mapping defined by composing the projection onto the first factor with the (2vy)-th Segre
chain, namely the mapping

(293) (Cn S8+ 7715(221/0 (§(2V0)(S))) S (Cn

s of rank n and vanishes at s = 0.

We shall use this formulation very frequently in Part IT of this memoir.

2.9.4. General generic submanifolds. In the case where M is not necessarily minimal,
the holomorphic codimension in C™ of the local CR orbit Ocr(M, po) is an arbitrary integer
ds with 0 < ds < d and dy = 0 if and only if M is minimal at py. We set dy := d — do,
s0 Ocr(M,pp) is of dimension 2m + d;. By Theorem 2.6.20, the intrinsic complexification
[Ocr(M,po)]* is a complex algebraic or analytic CR submanifold of C" passing through pg
which is of complex codimension ds. After straightening it, we can assume that in coordinates
(z,w1,wg) € C™ x Ch x C?% it coincides with {z3 = 0}, so there are local defining equations
for M of the form

’lI}L‘l 291,‘1 2,2, W1, W), j1:1,...,d1,
(2.9.5) { J il )

Waj, = ©2j,(Z,2, w1, ws), jo=1,...,ds,

where O3 ;,(Z, z,w1,0) = 0 and where the generic submanifold M; of C™*+% defined by
(2.9.6) My .= M N {we =0}

is minimal at the origin, with Segre type equal to vy. Complexifying (M)¢ := M, we obtain

the equations

(297) {61,]& = @1,]‘1(C,Z,’LU1,’LU2), jl = 17~-~adla

£Q,j2 = 92,j2(€,2,’w1,’w2), j2 = 2,...,d2,
for k =1,...,m and the complexified (1 0) vector fields

8@ 0

awul
(2.9.8)
2 90, )
+ Z a—zk(C7Z7wlaw2) anﬁjz’

Jj2=1
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for k =1,...,m and the complexified (1 0) vector fields

00 0
—k = ack Z LJI £1a€2) 35 17
(2.9.9) e

00
Z 2’” 2,06, 6) =

Jo=1

a§ J2

In the ambient space C?” of the complexification M, we shall denote the six coordinates in
C™ x Ch x C%= x C™ x Ch x C% by

(2.9.10) (z, w1, w2, ¢, &1, &2).

In C2, the set

(2.9.11) 7 :={(0,0,w2,0,04(0,0,0,ws),02(0,0,0,ws), ws2)}
is a transversal in M to the complexification My := (M7)¢ given by
(2.9.12) Mi: we=8&=0, & =61(Cw,0),

namely we have ToM; @ To7T = TyM. Of course, this transversal depends on the choice
of coordinates. To simplify a bit the expression of a choice of 7, we can (without loss of
generality) assume that the coordinates (z, w1, w2 ) are normal, as described in Theorem 2.1.32,
hence ©1(0, z, w1, w2) = w1 and O2(0, z, w1, w2) = we. Then

(2.9.13) T = {(0,0,ws,0,0,ws)}.

With this choice, we may now generalize the definition of Segre chains by including the
transversal parameter wg as follows. Firstly, for z(;) € C™, we set

{El(z(l) : w2) Lzl (0,0,102,0,0,71}2)

2.9.14
( ) = (0,0711)2,21,@1(21,0,0,’11)2),@2(2:1,0,0,’([}2)).

Secondly, for z(5) = (21, 2z2) € C*™, we set

Ly(2() : wa) L, (T1(z1 1 w2)),
La(z3) rwe) = L, (La(22) 1 w2)),

and so on by induction. As a slight generalization of Theorem 2.5.2, we have the following
theorem which describes the local Segre chain geometry in a neighborhood of an arbitrary
point pg of M, without any nondegeneracy condition on M, in the most general setting.

Theorem 2.9.16. If do denotes the holomorphic codimension of the CR orbit of pg in C"
and if the coordinates (z, w1, ws) € C™ x C1 x C% are chosen such that My := M N{wy =0}
is the CR orbit of po, if the integer vy with vy < do + 1 denotes the Segre type of M at
Do, then there exists an element 5?2”,) € C?™0 qrbitrarily close to the origin, there exists a

(2.9.15)

(n — dg)-dimensional complex affine subspace H* passing through 5&»0) in C2™0 | there exists
5?21/0) such that the
projection of the conjugate Segre chains with origin the transversal T to the complexification
My, namely

(2.9.17) C" % x C* 5 (5,w2) > m(Ly,, (Z(20)(8) 1 w2)) =t € C”

is of rank n and vanishes at (s,wz) = (0,0).

a complex affine parametrization s — z,.)(s) of H* with z(9,,)(0) =

In particular, if M is real algebraic or real analytic, if the local CR orbits of points p
varying in a neighborhood of py are all of holomorphic codimension equal to da, it follows
from Corollary 2.8.6 that we can represent M in a neighborhood of py by the equations

{wlajl = 617j1(2527w17w2)5 jl = 17' . '7d17

2.9.18 .
( ) wQajZ = W2,y J2 = 17"'ad23
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where the last two equations represent the transversal intersection of ds Levi-flat hyperplanes
in general position.

Corollary 2.9.19. If M is real algebraic or analytic and if the orbit codimension is constant
in a neighborhood of po, then for every us € R% fized, the image of the mapping

(2.9.20) C" % 3 5+ m(Dyy, (2(20)(8) 1 u2)) =1t € C"

covers a local piece of the intrinsic complexification of the CR orbit of the point in M with
coordinates (0,0, uz).

Chapter 3: Nondegeneracy conditions for generic submanifolds

83.1. SEGRE MAPPING

3.1.1. Definition. Let M be a connected generic submanifold of C" of codimension d > 1
and of CR dimension m = n —d > 1 and let pg € M. As provided by Theorem 2.1.9, we

choose coordinates t = (t1,...,tn) = (21, Zm, W1, ..,wq) € C™ x C? vanishing at po in
which M is represented by the d complex defining equations
(312) 1[)]' :@j(z,t) :@j(z,z,w), ]:1,,d

We remind that for every choice of coordinates (2, w) vanishing at po such that Ty M N ({0} x
C4) = {0}, there exists a unique collection power series ©,(Z,t) such that M is represented
by (3.1.2). Here, we shall assume that the powers series ©;(Z, z,w) are complex algebraic or
analytic, namely they belong to Ac{Zz, z,w} or to C{z, z,w}. In this section, we shall only
work at the central point pg, which is the origin in these coordinates.

By developing the series ©;(Z,t) in powers of z, we may write @; = Y 5eym 2° 0;(t). In
terms of such a development, the infinite Segre mapping of M is defined to be the mapping

(3.1.3) QOO : C"str— (®j,ﬁ(t))1§j§d,ﬁeNm e C*.

Let k£ € N. For finiteness reasons, it is convenient to truncate this infinite collection and to
define the k-th Segre mapping of M by

(3'1'4) Or: C">tr— (Gjﬁ(t))lgjgd, 181<k € (CNd,n,k,

where the integer Ny, 1 denotes the number of k-th jets of a d-vectorial mapping of n inde-

(Z,Jr,’z,y Let ko > ki and let g, , denote the

canonical projection CNa.nkz — CNank1 . Then we obviously have my, k, (Qk, () = Qk, ().
We shall see that these Segre mappings Qk and Q. are of utmost importance among the bi-

holomorphically invariant objects attached to a real algebraic or analytic generic submanifold

M.

pendent variables (t1,...,t,), namely Ng . = d

3.1.5. Transformation of the Segre mapping under a change of coordinates. Ap-
parently, the definition of the mappings 9y, strongly depends on the choice of coordinates and
so the Ok do not seem to represent an invariant analytico-geometric concept. However, we
shall establish some canonical transformation rules which will show that all the definitions
provided in this chapter are biholomorphically invariant.

The necessary ingredients for a biholomorphic transformation are as follows. Let ¢’ = h(t) =
(h1(t),...,hn(t)) be an invertible transformation, where the series h;(t) belong to Ac{t} or
to C{t}, satisfy h;(0) = 0 and det ([Oh;, /0t:,](0)1<iy is<n) 7 0. Let t = B/(t) denote the
inverse mapping and split the mapping b’ = (f',¢') = (fi,..., f1n: 91, - - -, g};) according to the
splitting ¢ = (z,w) of the coordinates t. Furthermore, substitute ¢ by A’(t') and # by h/(')
in (3.1.2), which yields

(3.1.6) g;(t") = 0;(F/ (), )'(t"), j

I
—
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If necessary, we renumber the coordinates in order that after splitting t' =

(21, .-y 20, W, ..., W), after applying the algebraic or the analytic implicit function theorem,
we can solve @’ in terms of (Z’,z’,w’) in the following form which is analogous to (3.1.2):
(3.1.7) w; =05, t') =05,/ v), j=1,...,d

This yields an algebraic or an analytic generic submanifold M’ of C™. Finally, we devel-
ope these series in powers of ', which yields @} = 75 \m (z')° O’ 5(t'), and we define the
transformed k-th Segre mapping of M’ by

(3.1.8) Qi+ C" 3t (0] 5(t)1<j<a, jp1<k € TV,

and we also define the transformed infinite Segre mapping QL  of M'. With such notations
at hand, we can now state the following important transformation rules which we will prove
in Section 3.6 below.

Theorem 3.1.9. For every j =1,...,d and every 8 € N, there exists a mapping R; 3 which
1s complex algebraic or analytic in its variables such that

B+ =
5 a(h(t) + Z AL (£(0,0(0,1)))" ©} 5, (h(1t))
(3.1.10) enmgoy 7T
= Q;,5({051.6: (W h<ji<a, 1511<18))-
Here, the left hand side is the power series developement of % [8?, ;ﬂ](f(o, ©(0,t)),h(t)). A
collection of relations equivalent to the collection (3.1.10) is as follows

(7.1.11)

0 5(h(t) = > (=1) (ﬂﬁ,;j,)' (£(0,0(0,1)))7 Qj. 51+~ ({Ojy,5, (1) }1<jr <d, 181 1< |81 +171)
yEN™
Rj5({0),,8 (t) }1<ji<d, prenm).

for every j=1,...,d and every 8 € N™.

Admitting this theorem, we shall verify in Section 3.3 below that every nondegeneracy
condition on M which is defined in terms of the Segre mapping Q. is invariant under changes
of coordinates, namely such a condition is satisfied for (M, Q) if and only if it is satisfied
for (M’', Q). First of all, we present five such nondegeneracy conditions.

3.2. FIVE POINTWISE NONDEGENERACY CONDITIONS

3.2.1. Levi nondegeneracy. To begin with, we shall say that M is Levi nondegenerate at
po if the first Segre mapping Q; is of rank n at the origin.

We verify that this definition coincides with the usual one, firstly in the case d = 1. After
diagonalizing the Hermitian matrix of its Levi form, a given hypersurface M passing through
the origin in C™ may be represented by the equation @ = w+1i Y ,_, &k |z + O(3), where
0 < r <n—1is the rank of the Levi form of M at the origin and where ¢, = £1. Then
01(t) = (w,ie121,...,ier27,0,...,0)+ O(2). Clearly, the rank of Q; at 0 equals n if and only
if r = n — 1, as announced.

Secondly, in the case d > 2, a generic submanifold of codimension d may be represented
by equations @; = wj + 4 Yy ) Gk, ks Zky Pk + O(3), where ajg, k= TGk ar € C

Introducing the Hermitian forms (A;(2),2) 1= 32" 1 1 @jky ks 2k, Zky» Where the Aj(2) =
(k=1 @ik, Zhys -+ 2op—1 jky,m 2k, ) are complex linear endomorphisms of C™, we know

by definition that M is Levi nondegenerate at the origin if and only if ﬂ‘j:l Ker A; = {0}.
On the other hand, we may write

(3.2.2) Q1(t) = (w),i4(2)), ;g + O(2),
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hence the rank of Q; at the origin equals n if and only if ﬂ;l:l Ker A; = {0} again. In
conclusion, the two definitions of Levi nondegeneracy are equivalent.

Equivalently, we remind that Levi nondegeneracy of M can be expressed directly by means
of a collection of d defining equations ry(t,t) = -+ = r4(t,t) = 0 for M in a neighborhood
of pg, simply by the condition that the intersection of the kernels of the Levi forms of the
defining functions 1, ..., 74 at the origin reduces to {0}. In Lemma 3.2.6 below, this criterion
is generalized.

3.2.3. Finite nondegeneracy. More generally, we shall say that M is finitely nondegenerate
at po if there exists an integer k such that the k-th Segre mapping Qy, is of rank n at the origin.
Of course, this implies that Q; is also of rank n for all [ > k. If £y denotes the smallest integer
k such that Qj is of rank n at the origin, we shall say that M is ¢y-finitely nondegenerate at
po. Evidently, M is 1-finitely nondegenerate at pg if and only if it is Levi nondegenerate. For
the moment, we shall admit that ¢y-nondegeneracy is independent of the choice of coordinates
and of defining equations (this will be proved in Section 3.3 below and it follows in addition
from the proof of Lemma 3.2.6 below). By the definition of Qy, the following characterization
is immediate.

Lemma 3.2.4. The generic submanifold M is {y-finitely nondegenerate at the origin if and

only if there exists multiindices BL,...,5% € N™ with |3L| < {y, i = 1,...,n, and integers
i 0 with 1< ji <d,i=1,...,n, such that the rank at the origin of the mapping
(3.2.5) t= (0511 (t), -, Ojn g (1))

is equal to n, but such a property is impossible with multiindices satisfying |3%| < £o — 1.

Finite nondegeneracy of M at the origin can be expressed directly by means of a collection
of d defining equations (t,t) = -+ = rq(t,t) = 0 for M in a neighborhood of pg. Indeed,
let Ly,...,L,, be a basis of (0,1) vector fields tangent to M in a neighborhood of py. If
8 = (B1,-..,0m) € N™ we use the abbreviated notation fﬁ for the derivation of order
|3| defined by Zfl . ~f§:". Let V¢(r;)(t,t) denote the complex gradient of r;(t,t), namely
([0r;/0t1](t, 1), . .., [0r; /Ot,] (1, 1)).

Lemma 3.2.6. The generic submanifold M is £y-finitely nondegenerate at pg if and only if
the complex linear span of all derivatives fﬁ[vt(rj)(t,f)ﬂt:po, for |8l < £y and for 1 < j <d,
generates C™, a property which we may write symbolically as follows

(327)  Spanc{T’[Vu(r)(t,B)li=o: BEN, |8 < Lo, j=1,...,d} = C",
but such a property cannot be satisfied with multiindices satisfying |B| < o — 1.

Proof. Firstly, we can check directly that this new condition does not depend on the choice of
a basis of (0, 1) vector fields tangent to M. Indeed, if fll, e ,f:n is another basis, there exists
an invertible_171 x m matrix of power series b(t,?) such that L) = S biu(t,t) L. Then
computing (L )? [Vy(r;)(t,%)]|t=0, we obtain a linear combination with constant coefficients
of the vectors (L)% [V,(r;)(t,?)]|t=0, where |31] < |B|. Tt follows that we have the inclusion
relation

Spanc {T7 [V (r;)(t, D]le=o : 18] < lo, j=1,...,d} C
C Spanc{T’ [Vo(r;) (&, Dllizo : 18] < Lo, 5 = 1,...,d}.

As b is invertible, we can reverse the roles of the vector fields Ly and of the vector fields Z;,
which yields the opposite inclusion relation, hence an equality in (3.2.8).

Secondly, we verify that the new condition (3.2.7) neither depends on the choice of defining
equations for M, nor on the choice of coordinates. This is a little bit tedious, but the principle
of proof is also quite simple. Indeed, let ¢ = h(t) be a change of coordinates with £(0) = 0 and

(3.2.8)
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assume that the image M’ := h(M) is represented by equations 71 (t',¢') = --- = r},(¢',t') = 0.
Equivalently, there exists an invertible d x d matrix a(t,t) of complex algebraic or analytic
power series such that 7/(h(t), h(f)) = a(t,t)r(t,f). As we have already checked that the
condition (3.2.7) does not depend on the choice of a basis of (0,1) vector fields tangent to
M’, we may choose the basis f;c := (h)«(Lg), namely f;c = >0 Li(hi) Op. 1f we denote
the complex gradient V(r;) by ([0r;/0t](t,1))1<i<n, we may compute the gradient of both
sides of the vector identity ' (h(t), h(£)) = a(t,t) r(t,t), which yields for j = 1,...,d:

(Z 0 500 h<f>>> -

=1 1<i<n

(3.2.9)

= (Z 001 (tt_)mtf)JrZ%, 0 S f))

=1 1<i<n

Next, we apply the derivations (L)? to this identity. Taking into account that the holomorphic

terms are not differentiated, using the definition of f;c and using the rule of Leibniz for the
differentiation of a product, we get the following expression

n g or', -
(Z T @) (57) <h<t>,h@>>

i'=1

1<i<n

d
(3.2.10) _ daj, 8=,
=X i (;( (52) €0 T o+

¥<B
o 7 (G wn)))

Here, for a multiindex v € N™, we write v < [ if 7 < B¢ for k = 1,...,m. In this
expression, we set t = 0. Since the vector fields Lj are tangent to M, all the expressions
Zﬁ’”(n)(o, 0) in the right hand side vanish. Using the invertibility of the Jacobian matrix

(8hir /0t;(0))1<4,i7<n, We then see that the vectors ((L)” (or/ot;,) (0,0))1§i,§n

are linear

combinations with constant coefficients of the vectors ((fﬁl) (Orj, /0t;) (0,0)) , where
1<i<n

ji=1,...,d and |B1| < |B|. This entails that we have the inclusion relation

{ Spang {(L))°[Ve (rj) (', D)lle—o = 18] < bo, j=1,...,d} C
8 .

C Spanc{L" [Vi(r;)(t, 8)]le=0 : [B] < Lo, j=1,....d}.

Let t = h/(t") denote the inverse of t' = h(t). Reasoning as above, we get the opposite inclusion
relation, hence an equality in (3.2.11), as desired. We notice that the preceding reasoning also
shows that for a fixed coordinate system, the condition (3.2.7) does not depend on the choice
of d defining equations for M.

Finally, we check that this definition of finite nondegeneracy coincides with the first one
given in the beginning of §3.2.3. As we have shown that the second definition of ¢y-finite
nondegeneracy does not depend on the choice of defining equations, we can assume that
ri(t,t) == ©;(z,t) — w;. Then V(r;)(t,t) = ([00;/0t:](Z,t),...,[00;/0t,](Z,t)). We can
also assume that the basis of (0, 1) vector fields tangent to M is the usual one, as in Chap-
ter 2, which is given by Ly := 05, + 2?21 0;z,(2,t) O,, for k = 1,...,m. Then using the
development ©;(2,t) =3 cym (2)7 ©j,(t), we may compute

B
(3.2.12) L7 [Ve(r;)(t Dlli=o = B1([00;,5/0t1](0), . ..., [00;,5/0t4](0)).
As the right hand side coincides up to a nonzero factor with the (j,8)-th column of the
Jacobian matrix of the Segre mapping Qy, : t + (0, 5(f))1<j<d, |8)<e,» We see immediately

(3.2.11)
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that Qy, is of rank n at the origin if and only if (3.2.7) holds. The proof of Lemma 3.2.6 is
complete. O

Example 3.2.13. We provide some elementary examples of finitely nondegenerate hypersur-
faces at the origin:

(1) W =w +i[z°Z 4+ 2°2] in C? is 5-finitely nondegenerate.

(2) w=w+i[z121 + 2722 + Z725] in C? is 2-finitely nondegenerate.

(8) w=w+i[z121 + 222 + 2729 + 2323 + 23 23] in C* is 3-finitely nondegenerate.
More generally, let ©1(z),...,om(z) be a collection of holomorphic functions vanishing at
the origin in C™ such that the mapping z — (p1(2),...,pm(z)) is of rank m at the origin.
Let ¥1(2),...,¥m(z) be an arbitrary collection of nonconstant holomorphic functions with
different order of vanishing at 0 and let ¢y be the highest order of vanishing of the . Then
the hypersurface

(3.2.14) W =w+i |p1(2)1(2) + 1(2)P1(2) + - + Pm(2)m(2) + Pm(2)Pm(2)

is fo-finitely nondegenerate at the origin. On the contrary, w = w + iz2z>

nondegenerate at the origin (it is in fact essentially finite, see §3.2.25 below).

is not finitely

Finite nondegeneracy of M is not a gratuitous generalization of the notion of Levi non-
degeneracy, which would be simply something like a folklore “higher order Levi form”. On
the contrary, it will appear to be a very natural nondegeneracy condition. In particular, we
shall establish that an arbitrary real algebraic or analytic generic submanifold M is, locally
in a neighborhood of a Zariski-generic point p € M, biholomorphic to a product M ; x AF
of finitely nondegenerate generic submanifold M ; C C™ " with a certain polydisc A”. This
property says that up to neglecting the “flat part” A", every real algebraic or analytic generic
submanifold is finitely nondegenerate at a Zariski-generic point. Furthermore, some classi-
cal CR manifolds (as the tube over the two-dimensional light cone for instance), are Levi
degenerate at every point, but are finitely nondegenerate.

Example 3.2.15. The tube over the two-dimensional light cone I'c in C? is the singular
hypersurface defined by u? = 2% + 22, where u = Rew and z, = Rezy, k = 1,2. We consider
the regular part of I'c, which coincides with T'c N {(z1,22) # (0,0)}. In a neighborhood of the
smooth point (1,0, 1), we check that I'c is Levi degenerate. The (0,1) vector fields tangent
to I'c are generated by

Ly := ai, + s ;,
(3.2.16) Lo uow
27 9z u 0w
We observe that the dilatation vector field
— 0 0 0
3.2.17 T := — — —
( ) " o5 T2 95 T an

which coincides with 21 Li+x2 Ly on M, lies in the kernel of the Levi form, since [Ly,T] = % L,
and [L2,T] = % L. We also observe that, according to [7], [11], T'c is necessarily foliated by
complex curves. In fact, the regular locus of I'c is globally foliated by complex lines as
follows: z1 := (r +1is)cosf + i\, zo := (r +is)sinf + ip, z3 := r +is, where r,s,0, \, u are
real parameters. Finally, applying Lemma 3.2.6, we may check rapidly that I'c is 2-finitely
nondegenerate at every point.

Example 3.2.18. A generalization of this example is the regular part M of M. Freeman’s
cubic 23 + x5 —u3 = 0, ¢f. [11]. On {u # 0}, the (0, 1) vector fields tangent to M are generated
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by
2
fl = i_ ﬂ i_a
(3.2.19) 0z1  u? ow
ZQ: a -’L'_% a

- 0zs | w2 0w’
Again, the dilatation vector field lies in the kernel of the Levi form, M is foliated by complex
lines, but M is (2- or 3-) finitely nondegenerate at every point.

Example 3.2.20. Another example of everywhere Levi degenerate real algebraic hypersurface
in C? is the hypersurface My defined in the domain {(z1,22,w) € C3 : |23] < 1} by the
equation

9215 4 225, + 32
(3.2.21) @ = w4 i | 2R + zlzz_-i- Z722)
(1 — 2222)
The (0, 1) vector fields tangent to My are generated by
— 0 921 + 22 9
L1 = — +'L M —,
0z 1 — 2220 ow
(3.2.22) w7
7, = 2 [t Azl 9
e 07y (1= 20%2)% | Ow’

The kernel of the Levi form is generated by the vector field

— z 0 0 > 2 o

(3.2.23) T |Ataz| 0, 0 ,latan)] 0
1—2029 | 0z1 0% (1—29%)2 | 0w

Indeed, we compute:

— 1 — 21+ Z122
3.2.24 LT |=—|—| L Lo, T|=— | — ) L1.
(3.2.29 Totl=- (=) e Eetl=- (G522 1
Finally, according to [7], [11], My is necessarily foliated by complex curves. In fact, My is
foliated by the complex lines z1 := zg — Zo(, 22 := (, w := —izpZo + i(i& + A, where zg € C,

A € R and where the complex variable ¢ € C satisfies |(| < 1. Finally, by a direct application
of Lemma 3.2.4, we see that M is 2-finitely nondegenerate at every point.

3.2.25. Essential finiteness. More generally, we shall say that M is essentially finite at pg
if there exists an integer k£ such that the Segre mapping Qy, is locally finite in a neighborhood
of the origin. Of course, this implies that Q; is also locally finite for all [ > k. Moreover,
finite nondegeneracy implies trivially essential finiteness. For the moment, we shall admit that
essential finiteness is independent of the choice of coordinates and of defining equations (this
will be proved in Section 3.3.). We say that M is {y-essentially finite at po if £ is the smallest
such integer. By D. Hilbert’s Nullstellensatz, the following characterization is immediate.

Lemma 3.2.26. The generic submanifold M is {y-essentially finite at the origin if and only
if the complex algebraic or analytic set defined by

(3.2.27) O,5(t) —0,5(0) =0, j=1,....d, |3 <k,

is zero-dimensional at 0, but the same complex algebraic or analytic subset defined with |3] <
Lo — 1 is positive-dimensional at 0.

Classically, it is known that this property is equivalent to the fact that the ideal generated
by the functions in the left hand side of (3.2.27) is of finite codimension in Ac{t} or in C{t}.
More precisely, we define the integers ¢; and e; as follows: ¢; > {y is the smallest integer
such that the ideal generated by all ©; 5(t) — ©, 3(0) coincides with the ideal generated by
the ©; 5(t) — ©,,3(0) with |3] < k. This integer exists, by noetherianity of Ac{t} or of C{¢}.
Also, we define the integer &1 to be the codimension of the ideal (©;5() — ©;,5(0)); < ;<4 5<¢,
in Ac{t} or in C{t}. By essential finiteness, 1 < co. We shall also observe in Section 3.3
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below that €; is a biholomorphic invariant of M at pg. We call €1 the essential type of M at
po and we denote it by Ess Type(M, pg).

Essential finiteness of M at the origin can be expressed geometrically as follows. We
introduce the locus of coincidence of Segre varieties

(3.2.28) Ay, ={t e Ay(p1) : Sz=Sp}-

Lemma 3.2.29. The set A,, is a complex algebraic or analytic subset of a neighborhood of
po in C™ which is contained in M and which is described in local coordinates by Ap, = {t €

An(p1): ©55(t) =0;5(0), j=1,...,d, € N"}.

Proof. Lett € Ap,. Since pg € M, we have pg € Sp, by Lemma 2.2.9. So py € S, whence again
by Lemma 2.2.9, t € S5, = Sg, whence t € M. This shows that A, is contained in M. Next,
in coordinates, we represent Sp, = {(z,w) € An(p1) 1 wj = 5cym #$0;50),7i=1,...,d}
and Sp = {(z,w) € An(p1) : wj = Y 5enm 2$0;4(t), j=1,...,d}. The two m-dimensional
complex manifolds Sz, and S7 coincide if and only if all the coefficients of their graphing
functions coincide, namely ©; 5(f) = ©; 5(0) for all j and all 3, which completes the proof. O

Example 3.2.30. We provide some elementary examples of essentially finite hypersurfaces
at 0.

(1) @ =w +i[zVz"] in C? has essential type equal to N.

(2) w=w+i[z32} + 2523] in C? has essential type equal to 12.

More generally, let p1(2),. .., pm(z), be an arbitrary collection of holomorphic functions with

(3.2.31) dim (C{z}/ {(¢r(2))1<k<m)) =: €1 < 00.

Then the essential type at the origin of w = @ + i[1(2)p1(2) + -+ + Pm(2)pm(2)] is equal
to 1. On the contrary, the hypersurface @ = w + i[z121(1 + 2222)] is not essentially finite at
the origin (it is in fact Segre nondegenerate, see §3.2.32 just below).

3.2.32 Segre nondegeneracy. More generally, we shall say that M is Segre nondegenerate
at po if there exists an integer k£ such that the restriction to Sj, of the k-th Segre mapping is
of maximal possible generic rank equal to m:

(3.2.33) genrke (Sp, 3¢t — Qi(t)) = m,

which means more precisely that

(3.2.34) genrkc (z — (Gj,g(z,é(z, 0))1§j§d, |ﬁ\§k)) =m.

We say that M is ¢y-Segre nondegenerate at pg if ¢y is the smallest such integer. Then the

following characterization is immediate

Lemma 3.2.35. The generic submanifold M 1is £o-Segre nondegenerate at the origin if and
only if there exist multiindices 3L, ..., ™ € N™ with |3¥| < lo, k = 1,...,m, and integers
g i with 1 < jF <d, k=1,...,m, such that the determinant

(3.2.36) det (([Lkl@jfz,ﬁ?](z,@(z,0)))1<k17k2<m)

does not vanish identically as a power series in z, but such a property is impossible for mul-
tiindices satisfying |B¥| < o — 1.

Example 3.2.37. Let v1(2),...,om(z) be a collection of holomorphic functions defined in a
neighborhood of the origin C™ such that the generic rank of z — (¢1(2), ..., om(2)) is equal
to m. Then the hypersurface @ = w+i[p1(2)p1(2)+- - - +@m(2)pm(z)] is Segre nondegenerate
at the origin. On the contrary, the real algebraic hypersurface M in C? of equation

211 .12 I _
(3.2.38) mw = L2l o Im (212)

1+ Re(2122) 1+ Re(z122)
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is not Segre nondegenerate at the origin (it is in fact holomorphically nondegenerate,
see §3.2.40 just below). Indeed, solving with respect to w, we may compute its complex
defining equation, which yields

(3239) w = —21 2151(1 + 2122) +w (1 + 2122)/(1 + 2122).

Then S5 = {(2,0)} and the mappings Qx|s,, for k& > 2 are (up to zero terms) equal to
(21, 22) — (—2iz1, —2i2?), hence of generic rank 1 < 2.

3.2.40. Holomorphic nondegeneracy. More generally, we shall say that M is holomor-
phically nondegenerate at pg if there exists an integer k such that the k-th Segre mapping is
of maximal generic rank equal to n. This means that

(3.2.41) genrke (t — (0;5(t))1<j<d, |81<k) = N

We say that M is £o-holomorphically nondegenerate at pg if £y is the smallest possible such
integer. Then the following characterization is immediate

Lemma 3.2.42. The generic submanifold M is holomorphically nondegenerate at the origin
if and only if there exist multiindices 3L, ..., 3% € N™ with |3t| < fo, i = 1,...,n, and integers
gro it with 1 <ji <d,i=1,...,n, such that the determinant

8@ Liq ﬁil
(3.2.43) det | | —2—==(¢)
ati2 .
1<iy,i0<m

does not vanish identically as a power series in t, but such a property is impossible for multi-
indices satisfying |3 < o — 1.

3.2.44. Links between the five nondegeneracy conditions. Finally, we shall establish
the following hierarchy between the five nondegeneracy conditions presented in this chapter.

Theorem 3.2.45. Let M be a real algebraic or analytic generic submanifold in C™ and let
po € M. Then the following four implications hold:

M is £y-holomorphically nondegenerate at py <=
<= M is {y-Segre nondegenerate at py <=
(3.2.46) <= M is ly-essentially finite at py <=
< M is Ly-finitely nondegenerate at pg <=
<= M is Levi nondegenerate at pg.

Proof. We prove the first implication, considering that the other three follow from known
results in local complex analytic geometry (see especially Lemma 4.1.4 below). By specializing
the functional equations (2.1.25), we obtain ©(0, z,0(z,0,0)) = 0 and w = ©(0, 0, 6(0, 0, w)).
Remind the notational coincidence O;¢(z,w) = 0,(0,z,w). It follows that the mapping
(0,w) — (0,,0(0,w))1<j<q is already of rank d at the origin. Furthermore, the restriction to Sg
of the zeroth Segre mapping is identically zero: Qo(z,©(z,0)) = (0,.0(2,0(2,0)))1<j<a = 0.

Suppose now that M is £yp-Segre nondegenerate, hence £y is the smallest integer such that
the generic rank of the mapping z — (0;,3(2,0(z,0))1<;<d, 1<|5/<¢,) 18 equal to m (notice
that we have written 1 < || < ¢y and not |8] < £y). Let k € N with k¥ > 1. Tt follows
immediately that the generic rank of the mapping

(3.2.47) (z,w) = ((©;,0(0,w))1<j<d, (0;,5(2,0(2,0)))1<j<a, 1<|8/<k)

is equal to n if only if k > ¢y, hence M is {y-holomorphically nondegenerate. This completes
the proof of Theorem 3.2.45. O
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3.2.48. Expression of the five nondegeneracy conditions in normal coordinates.
Assume now that the coordinates (z,w) are normal, namely we have ©;(0,z,w) = w;
and 0;(z,0,w) = wj, ¢f. Theorem 2.1.32. It follows that in the development w; =
> genm (2)P ©; 5(t) of the defining equations of M, we have ©;(t) = w; and ©,5(0) = 0
for all 57 and all 3. Then we can simplify a little bit the expression of the five nondegeneracy
conditions, which is sometimes useful in applications.

Lemma 3.2.49. In normal coordinates, we have the following characterizations:

m

(1) M is Levi nondegenerate at the origin if and only if there exist multiindices B1,..., ™ €
N™ with |85 =1, k =1,...,m, and integers j},...,j™ with1 < jF <d, k=1,....m
such that det ([a@jfl, o /8Zk2](0))1§k1,k2§m £0.

(2) M is £y-finitely nondegenerate at the origin if and only if there exist multiindices
BL ..., ™ e N™ with |3%| < lo, k=1,...,m, and integers j.,..., 7™ with 1 < j¥ < d,
k=1,...,m, such that det ([anfl 7551/8zk2](0))1§k1,k2§m # 0, but such a property is
impossible for multiindices B% satisfying |3 < fo — 1.

(3) M is essentially finite at the origin if and only if there exists an integer £y such that the
ideal generated by the ©; 5(z,0) for j =1,...,d and |3| < ¥y is of finite codimension in
Ac{z} or in C{z}, but the same ideal for |G| < £y is of infinite codimension.

(4) M is Segre nondegenerate at the origin if and only if there exist multiindices

LB e N™ with |BF| < ly, k=1,...,m, and integers jL, ..., j™ with 1 < jk < d,
k=1,...,m, such that det ([8@ Jy gk /azkz](z, O)) Z 0 in Ac{z} orin C{z},
Ju 5B 1<ki,ka<m
but such a property is impossible for multiindices 3% satisfying |B¥| < €y — 1.
(5) M is holomorphically nondegenerate at the origin if and only if there exist multiindices
LB e N™ with |BF| < ly, k=1,...,m, and integers j1, ..., j™ with 1 < jk < d,
k=1,...,m, such that det ([66jflvf’fl/a%](z’w))lgkl,@gm Z 0 in Ac{z,w} or in
C{z,w}, but such a property is impossible for multiindices 3* satisfying |B¥| < lo — 1.

Proof. Thanks to ©,0(t) = w,;, we observe that the zero-th order Segre mapping already
provides a rank d subset of power series. Then each one of the five characterizations may be
checked easily. O

83.3. BIHOLOMORPHIC INVARIANCE

3.3.1. Finite nondegeneracy. Lett’ = h(t) be a change of coordinates centered at the origin
and let M’ := h(M) as in §3.1.5. Our purpose is to verify that the above five nondegeneracy
conditions are biholomorphically invariant. Then the following lemma is relatively crucial.

Lemma 3.3.2. For every k € N, the ranks at the origin of the two Segre mappings t — Qy(t)
and t' — Q}.(t') are equal.

Proof. Let 1, = (0,...,0,1,0,...,0) € N™ denote the multiindex with 1 at the k-th place and
zero elsewhere. By differentiating (3.1.10) with respect to t; at t; = 0, we have the following
relations for all j =1,...,d and all § € N™:

UaIcH 8h1/ LA of. . 00
> i O Fr @430 3 (B 1) 500 (06541, (0) =
(333) =1 k=1 =1
86'1 1
= Z Z E({04,.6, (0) } 1<y <a, 11 <181) ajtfﬁ (0).
Ao isie OO ‘

Since the Jacobian matrix ([0hi/0t;])(0))1<ii<n is invertible, we deduce immediately from
this relation that each partial derivative [00 ;/0t,](0) is a linear combination with constant
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coefficients of the partial derivatives [00;, g,/0t](0), with ¢ = 1,...,n, j1 = 1,...,d and
|81] < |B]. Consequently, for all k € N, we have the following inequality
(3.3.4) rko (' (05(t)1<j<a. 181<k) < ko (= (8,8(1)1<j<a. 81<k) -

Applying the same reasoning to the inverse transformation ¢t = h/(t’), we also obtain the
reverse inequality. In conclusion, we have the equality of ranks

(3.3.5) rko (¢ (0] 5(1")1<j<a, 181<k) = ko (t = (0,5(t))1<j<d. |81<k) »
which completes the proof of Lemma 3.3.2. o
In particular, it follows immediately that M is p-finitely nondegenerate at pg if and only if

M’ is £y-finitely nondegenerate at p{, = h(pg). This proves that the definition given in §3.2.3
is invariant under complex algebraic or analytic changes of coordinates.

3.3.6. Levy multitype at the origin. More generally, since the ranks of the Segre mappings
Qy, are invariant, we may introduce the successive invariant integers Ay o such that the rank at
the origin of Qy equals Mg g+ A1,0+ -+ Ag,0. Since the mapping w — ©(0,0,w) is invertible,
we have Ao o = d. Since M is fyp-finitely nondegenerate at the origin, we have

(337) d + )\170 + -+ Asz =n.

If M is o-finitely nondegenerate at pg, we call the multiplet (d, A10,...,A¢,,0) the Levi mul-
titype of M at pg.

3.3.8. Essential finiteness. Now, we check that essential finiteness is a biholomorphically
invariant property. It suffices to prove the following lemma.

Lemma 3.3.9. If p(, = h(po), we have h(A,,) = A;){,'

Proof. Let t € A, namely ©; 5(t) = ©,,5(0) for all j =1,...,d and all 3 € N™. The recipe
is again to look at (3.1.10). As ©¢(t) = ©¢(0) = 0 and as f(0) = 0, we obtain from (3.1.10)
{ 5.8(0(1) = Rjs({05,,8. (D h<ji<d. 18:1<181)

= R 5({0;1,6: (0 h<ji<a,1811<18) = ©5,5(h(0)),
so h(t) € A;{), where p = h(po) is the origin in the coordinates t’. In other words, we have
shown that h(A,,) C A} ;- Since h is invertible, we also get similarly h'(A] 6) C Apy. In
conclusion, h(A,,) = A; 15 a8 desired. This completes the proof. O

(3.3.10)

3.3.11. Segre nondegeneracy. Next, we check that Segre nondegeneracy is a biholomorphi-
cally invariant property. At first, we observe that it follows from the first functional equation
in (2.1.25) that ©(0, 2, ©(z,0)) = 0, or equivalently ©¢(z,O(z,0)) = 0. The recipe is again to
look at (3.1.10), replacing t by (z,©(z,0)), which yields

(3.3.12) 5.6(1(2,0(2,0))) = R; 5({6,,8,(2,0(2,0)) 1< <a, 151 1<16))-

Since h is invertible and maps the Segre variety S5, onto the Segre variety S;%, we get the
inequality
(3.3.13) genrke (z’ — Q;(z’,@/(z’, O))) < genrke (2 — Qi(z,0(z,0))).

Reversing the roles of ¢ and of ¢/, we also get the opposite inequality, hence an equality. In
particular, M is Segre nondegenerate at po if and only if M’ is Segre nondegenerate at pj.

3.3.14. Holomorphic nondegeneracy. Using again (3.1.10) and the analogous relation in
which the roles of ¢ and of ¢’ are reversed, we may establish that for k € N, we have

(3.3.15) genrke (t' — Q)(t')) = genrke (2 — Qk(t)) .

In particular, M is holomorphically nondegenerate at pg if and only if M’ is holomorphically
nondegenerate at pj.
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§3.4. MANIFOLDS WITHOUT NONDEGENERACY CONDITIONS

3.4.1. Reflection mapping. It is also interesting to study generic submanifolds without
requiring any nondegeneracy condition on them, as we shall see in our study of the generalized
reflection principle in Part IT of this memoir. Let ¢’ = h(t) be a local complex algebraic or
analytic equivalence defined in a neighborhood of py € M satisfying the same conditions as
in §3.1.5. We do not require that h is invertible. Let w} = ©(z',t'), j = 1,...,d be the
equations of M’. Let 7' := (X, i) € C™ x C?. We define the reflection mapping associated
to such defining equations to be the vectorial power series

(3.4.2) Ryt 7) i= (5 = O5(N h(1))) <y

which belongs to Ac{t, 7'} or to C{t,v'}¢. By developing the right hand side in powers of
N, we can write more explicitely

(3.4.3) R 7) = [, — 3 (V)P 4(h(t))

penT 1<j<d

The datum of R}, is essentially equivalent to the datum of the infinite collection of complex
algebraic or analytic functions ©’ 5(h(t)), or equivalently to the composition of the infinite
Segre mapping of M’ with h, namely the mapping ¢t — Q. _(h(t)).

We observe that R}, is biholomorphic invariant in the following sense. Let t” = h/(t') be
a second local mapping, which we assume to be invertible (do not confuse here A’ with the
notation used in §3.1.5 for the inverse of h). Let M" := h/(M’) and assume that its equations
are wj = ©7(z",2",w"), j =1,...,d. We consider the composition ¢ = h'(h(t)). Applying
Theorem 3.1.9 and (3.1.11), we know that @;{ﬁ(h'(t')) = ;-ﬂ({@;-ﬁ(t')}lgjgd,geNm), where
the R;-ﬁ 5 are certain algebraic or analytic expressions which depend only on h'. It follows that
we can write

Danlt7") = " = 3 (V) )40 (h(1))
BEN™

"= Y (PR} ({6 5(h()) hi<jza, penm)-

BeN™

(3.4.4)

Il
=

So we can essentially express the reflection mapping R}, (¢, 7”) by means of the reflection
mapping R}, (¢,7'), modulo algebraic or analytic expressions R’ ; which only depend on the
change of coordinates t” = h’(t'). In particular, the R 5 are algebraic if M’, h’ and M" are
algebraic and the relation (3.4.4) shows that if R}, (¢,7’') was also algebraic at the beginning,
then its algebraicity is preserved after the algebraic change of coordinates ¢’ = h/(¢'). It is
in this sense that we say that R}, is a biholomorphic invariant object. We shall study the
reflection mapping thoroughly in Part II of this memoir.

3.4.5. Tangent holomorphic vector fields. It is desirable to obtain a rank property anal-
ogous to (3.3.5) for points ¢, close to the origin. Whereas for a fixed integer k, it is in general
untrue that (3.3.5) holds with the first rkg replaced by Ky (¢,) and the second rko replaced by
rk;, (see Example 3.5.16 below), the corresponding property for k = oo is true.

Corollary 3.4.6. For all t, in a neighborhood of the origin, the rank at t, of the infinite
Segre mapping t — Quo(t) of M coincides with the rank at t, = h(tp) of the infinite Segre
mapping t' — Qi (t') of M'.

Proof. There exists an integer ¢, such that the rank n, at ¢, of the infinite Segre mapping
t — Quo(t) coincides with the rank at ¢, of the £,-th Segre mapping ¢ — Qy (). Hence for
every  =1,...,d and every || > {, + 1, the gradient of ©; 5(¢) at ¢, is a linear combination
of the columns of the Jacobian matrix of Jac Qg (t,). Using this fact, using the invertibilty
of h and differentiating the two sides of (3.1.10), we deduce that the rank n}, at ¢, of the
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infinite Segre mapping ¢’ + Q(,(¢') is less than or equal to np, namely n;, < n,. Since h is
invertible, by considering the inverse ¢t = h'(t'), we can reverse the roles of ¢, and of ¢}, and
we get the opposite inequality n, < n;,, which completes the proof. O

In particular, the generic rank ny; = max,cpr n, of the infinite Segre mapping of M is a
biholomorphic invariant of M. We call this integer the essential holomorphic dimension of M.
Concretely, ny is the smallest integer such that there exists a ny; X njy; minor of the infinite
Jacobian matrix

1<i<n
(3.4.7) Jac Qoo (t) = ([3@]',[3/3&]@))1;]-%(1, BeNm
that does not vanish identically, but all its (nas + 1) X (nas + 1) minors do vanish identically.

Theorem 3.4.8. With this integer nyy, there exist (n — nar) holomorphic vector fields

n
(3.4.9) Tk;ai(t)(,%, k=1,...,n—nu,
which have complex algebraic or analytic coefficients a;(t), which are defined in a neighborhood
Vo of the origin, which are tangent to M N'Vy and which are linearly independent at a Zariski-
generic point p € Vy. Conversely, the integer (n—nyy) is the mazimal number of holomorphic
vector fields with complex algebraic or analytic coefficients defined in a neighborhood Vy of the
origin which are tangent to M N Vy and linearly independent at o Zariski-generic point.

Proof. We choose integers jl,...,j"™ with 1 < ji < d, i = 1,...,ny, and multiindices

L,..., 8 € N™ such that the generic rank of the mapping ¢ — (0i g (t))1<i<n,, is equal
to nas. In other words, the Jacobian matrix ([00 ;1 g (t)/0ti](t))1<i<ny, 1<i<n POSSesses a
npyr X npr minor which does not vanish identically. If n — njys > 0, applying classical linear
algebra (Cramer’s rule for solving systems of linear equations), we see that there exist (n—mnyr)
independent power series vectorial solutions (ag,1(t),...,arn(t)), k = 1,...,n — nys, of the
system of nj; equations

~ 00,1 g
(3.4.10) ; ar.i(t) Tti(t) =0, I=1,...,nu.
Equivalently, the (n — nps) vector fields
(3.4.11) Tp = zn: ar.i(t) 9.
= ot
k=1,...,n—nyy, are linearly independent at a Zariski-generic point of V[ and they satisfy
70 g (t)=0fork=1,....,n—ny and [ =1,...,np. Since M is generic, the restriction

to M of the vector fields 7 are also linearly independent at a Zariski-generic point.
Let now (j,8) # (jL,8L), for l = 1,...,ny. By assumption, we also have

(3412) genrkc (t [ ((G)jivﬁi (t))lglgnM; @jﬂ(lf))) =Npn.

In a neighborhood V,, of a point ¢, € V4, at which this rank is equal to its maximum n s, there
exists a complex algebraic or analytic mapping R; g such that we can write

(3.4.13) 0,40 = Rjﬁ(@jlaﬁi (t),..., GjIMﬂIM (1)

for all t € V). Since 7401 g (t) = 0, it follows that 7,0, 5(t) = 0 for ¢t € V},, hence for all
t € Vy thanks to the principle of analytic continuation. In summary, we have shown that
Tk9;p(t) =0forall k =1,....n—np, all j =1,...,d and all B € N™. We conclude
immediately that the 7} are tangent to M, since

(3.4.14) Ti(wj — 0;(z,1)) = Y (2)? Tu©; 5(t) = 0.
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Conversely, suppose that there exist y holomorphic vector fields 7y, k = 1,.. ., x, like (3.4.9)
with complex algebraic or analytic coefficients which are linearly independent at a Zariski-
generic point of V; and such that 7y is tangent to M NVj. By the tangency condition (3.4.14),
we get 7;,0,3(t) =0forallk =1,...,x,all j =1,...,d and all § € N™. By considering
these equations at a point at which the vector fields 7; are linearly independent, we deduce
the inequality x < n —njs. The proof of Theorem 3.4.8 is complete. O

Corollary 3.4.15. The real algebraic or analytic generic submanifold M is holomorphically
nondegenerate at 0, i.e. nyr = n, if and only if there does not exist any nonzero holomorphic
vector field defined in a neighborhood Vy of 0 which is tangent to M NVj.

This property may be considered as an equivalent definition of holomorphic nondegeneracy,
as was done by N. Stanton in [28]. However, we believe that the previous definition in terms
of the generic rank of the Segre mapping is more adequate.

3.4.16. Exceptional locus of M. We define the extrinsic exceptional locus of M to be the
proper complex analytic set £°%¢ which is the zero locus of all ny; X ny; minors of the Jacobian
matrix Jac Qo (t). By Corollary 3.4.6, £ is an invariant complex algebraic or analytic set
which is independent of coordinates. We define the intrinsic exceptional locus of M to the
proper real algebraic or analytic subset M N £*¢. By definition, the rank of t — Q. (t) at
t, € Vo equals nyy if and only if ¢, € M\E*°. We shall come back to £ in Corollary 3.5.53
below.

§3.5. JETS OF SEGRE VARIETIES AND GLOBAL NONDEGENERACY CONDITIONS

3.5.1. Fundamental definitions. Let M be the extrinsic complexification of M given by
the equations &; = 0;(¢,t), 7 = 1,...,d. We shall assume that M is complex algebraic or
analytic and defined in the polydisc Ag, (p1), as in Definition 2.1.44. Recall that the conjugate
complexified Segre variety S, is the m-dimensional complex algebraic or analytic submanifold
defined by the equations &; = ©,((,t), j =1, ...,d, where ¢ is fixed. We consider the mapping
of k-th order jets of S, at one of its point (¢, ©(¢,t)) which is defined by

1

(3.5.2) JES, = (g, ( ) :
1<j<d, |B|<k

In this section, we shall study the mapping JXS, thoroughly. It is complex algebraic or
analytic with values in C™*tNa.mk If ky > k; and if Ty, k, denotes the canonical projection
CmANamky — CmHNam.k1 e obviously have my, i, (JF2S,) = JB1 S,.

Compared to the Segre mapping introduced in §3.1.1, here we notice that the term ( is
present and we may obviously identify J*S,|.—o with Q ().

We shall sometimes denote this mapping by (¢,7) — JES,, where we implicitely mean that
(t,7) € M.

Analogously, we may also consider the mapping of k-th order jets of the complexified Segre
variety S, defined by the equations w; = @j (z,7), j=1,...,d, where 7 is fixed. Its explicit
expression is similar:

1 —
' 1<5<d, |BI<k

The link between these two mappings is very simple:

(3.5.4) JES. = JFS,
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In other words, the following diagram is commutative.

M M

Jf'S.l/ l.}fs, )
O

Cm+Nam e —> Cm+Na,m.k

where () denotes the complex conjugation operator. Since the two jet mappings are therefore
essentially equivalent, we shall only study the nondegeneracy conditions for the mapping J*S,.

3.5.5. Invariance under changes of coordinates. Asin §3.1.5, let ¢’ = h(t) be a change of
complex algebraic or analytic coordinates. We shall prove the following theorem in Section 3.6
below. Notice that for { = 0, we recover Theorem 3.1.9.

Theorem 3.5.6. For every j = 1,...,d and every 8 € N, there exists a complex algebraic
or analytic mapping in its variables Q; g such that

esn L2700 re o)) = @ [ ¢ (iaﬁle«c t))
- pro(gye TP BT i<

Here, the points (¢, t) belong to a neighborhood of the origin, say to the polydisc Agy,ta(p1)-
Fix p = (tp,7,) € M which we identify with ({,,t,) € C*"*? and denote t, := h(t,) and
G = f(7p). Locally in a neighborhood of ({,,t,), the mapping

(3.5.8) (€. 1) = (f(¢, O(C, 1)) k(1)) =: (¢, 1)

is invertible by assumption (remind that ¢ — f(¢,©(¢,0)) is invertible at ¢ = 0). Applying
Theorem 3.5.6, we may deduce:

Corollary 3.5.9. For every k € N, the following equality of ranks holds

(Gt (G = (€ (1/8) (070G, )i, 1)) =

(3.5.10)
= tkier, a0,y ((C8) = (¢ (1/8) (0005 D, 131k ) -

Proof. Indeed, using the change of coordinates (3.5.8), it suffices to show that the rank at
(Gt of the mapping (¢,) = (F(¢,0(¢,1), & OLO}(F(C, O 1), h(1)) is less

1<j<d, |B|<k

than or equal to the rank at ({p,t,) of the mapping (¢,t) — (C, % G?Gj(g,t)) 4 151<k’
’ 1<j<d, |B|<

because after reversing the roles of ¢ and of ¢/, we also get the opposite inequality. But this
inequality follows directly by differentiating the two sides of (3.5.7) with respect to (¢,t) at

(Cpatp)- O

Let p € M. The ranks at (p,p) of the mappings (¢,7) — J*S, are invariant under changes
of coordinates. Thus, we may introduce several pointwise invariants of M at p as follows. We
denote by m + n, < m + n the maximal rank of the mapping (¢t,7) — J¥S, at (¢,%,) for
k =0,1,... and by ¢, the smallest integer k such that the rank at (t,,,) of the mapping
(t,7) — JES, is equal to m + np. More generally, for £k = 0,...,¢), we denote by Ay, the
nonnegative integers satisfying

(3.5.11) vk, i) (6,7) = JES) =m+ Xop + -+ + Ak

Obviously, the functions p +— np, p — £,, p — Aip are lower semicontinuous in the Zariski
topology.
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3.5.12. Generic ranks. To begin with, we observe that it follows from Corollary 3.5.9 that
the generic ranks of the mappings (t,7) — J*S,, which increase with &, are invariant under
changes of coordinates. We need the following stabilization result.

Lemma 3.5.13. If genrke ((¢,7) — JET1S,) = genrke ((¢,7) — JES,), then for alll > 1, we
also have genrke ((t,7) — JFHS,) = genrke ((¢,7) — JFS,).

Proof. By assumption, in a neighborhood V, of a point (t,,7,) € M at which the ranks of
the first two mappings are equal to their generic rank, hence maximal and locally constant, it
follows from the constant rank theorem that for every j = 1,...,d and for every multiindex
B with |3| = k + 1, there exists a complex algebraic or analytic function R; 3 such that we
can write

(3.5.14)

3

5000560 = Ry <<, (5 )
: L 1<j1<d, |B1] <[k

for all (¢,7) € V,. Differentiating these relations with respect to ¢ and making substitutions,
we obtain that for every j = 1,...,d and every multiindex § with |3] = k+1, I > 1, there
exists a complex algebraic or analytic function R; 3 satisfying a relation like (3.5.14). This
implies that the generic rank of the mapping V, 3 (t,7) — JF*'S, is the same as the generic
rank of the mapping V, 3 (¢,7) — JES,. As the generic rank propagates by the principle of
analytic continuation, the lemma follows. o

005, (c.1))

3.5.15. Reformulation of the five nondegeneracy conditions. We shall now observe
that the five nondegeneracy conditions introduced in Section 3.2 may also be expressed by
means of the morphism of jets of Segre varieties. This formulation will be much better than
the formulation in terms of the Segre mapping given in Section 3.2, because it will be valuable
not only for the central point pg, but also for an arbitrary point p varying in a neighborhood
of pg. Before stating the theorem, we observe that, on the contrary, the k-th Segre mappings
t — Qu(t) are not appropriate to express the nondegeneracy conditions for other points than
the origin.

Example 3.5.16. The first Segre mapping Q; of the real algebraic hypersurface M of C3
given by the equation (which is the cubic tangent to the Example 3.2.20)

(3.5.17) W =w+i[22171 + 21 22 + 71 20]
is the map
(3518) (215227w) — (U}, 2i215 sz)v

which is only of rank 2 at every point. This shows that the rank of the Levi form of M at
the origin is equal to 1, which is true. Does this imply that the rank of the Levi form of M
is equal to 1 at every point 7 Of course not, because the Levi matrix

. i 2 2z
(3.5.19) H(p)(z,2) = | 7557 97 | = ( 0 )

271
0210zZ2 022022

is of rank 2 at every point with z; # 0, hence M is Levi nondegenerate outside {z; = 0}. This
example shows that the k-th Segre mappings Qj are appropriate to define nondegeneracy
conditions only at the origin.

We shall therefore make some translations. Let p = ¢, = (2, w,) be a point varying in a
neighborhood of the central point py. To express the five nondegeneracy conditions using the
original definitions given in Section 3.2, we must choose coordinates vanishing at p. Since we
have already argued that the nondegeneracy conditions are then independent of the choice of
coordinates vanishing at p, we can simply make a translation of coordinates by setting

(3.5.20) tii=t—1p, or equivalently t=1tp,+t1.
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We shall assume that ¢, belongs to M, hence p© = (t,,t,) belongs to M. The precise changes
of coordinates will therefore be

21 = Z — Zp, z = 21+ 2p,
wp = W — Wp, w = w1+ Wy,
3.5.21 _ _
(3.5.21) G= (-3 (= G+i
&1 = §—wy, § = &+ wp.

In the coordinates ¢t; = (z1,w) vanishing at ¢,, we can represent the translation M; of M
by complex defining equations

(3.5.22) 15 = 01,;(C1, 1), J=1....d

Of course, we may compute the ©1 ;(¢1,%1) in terms of the ©,((,t) as follows. Since w; ), =
©;(zp,tp), we have

(3.5.23) 01,i(Ct1) =815 =& —jp = 0;(¢, 1) — (2, tp),
which yields for j =1,...,d:
(3.5.24) ©1,j(C1,t1) = 0;(C1 + Zp, t1 + 1) — O;(Zp, tp)-
If we now develope ©1 ;(¢1,t1) in powers of ¢; (as we did for ©(¢, t))
(3.5.25) O1;(C,t) = D (G)O1(t),
BeNWL

then putting ¢; = 0 in (3.5.24), we obtain for § = 0 € N™ the formula
(3.5.26) O150(t) = Y (%)’ 10,8t +1t,) — 0, 5(tp)],

BEN™

and differentiating (3.5.24) at ¢; = 0, we also obtain for all nonzero multiindices 8 € N™\{0}
the important general explicit formulas

!
O1,56(t1) = zN: % (2p)" ©j,p+~(t1 + tp)
(3.5.27) YEN™

-5 [22es¢)

By means of these formulas, we have thus expressed ©1 ;((1,%1) in terms of ©(¢, ).
Consequently, we can introduce the k-th Segre mapping in the coordinates ¢,

C=2p, t=t1+t,

(3.5.28) Oir: C'ot1— (®1J75(t1))1§j§d, 161<k € (CNd,n,k,

and speak of the five nondegeneracy conditions in terms of Q; j, since the coordinates ¢; are
centered at t,,.

However, a better way of considering the nondegeneracy conditions at points p in a neigh-
borhood of py would be to express them in a single system of coordinates.

The following theorem provides the desired characterization of the five nondegeneracy con-
ditions by means of the morphism of jets of Segre varieties, expressed in a single system of
coordinates.

Theorem 3.5.29. Let M be a real algebraic or analytic local generic submanifold of C™ given
as usual by the equations (3.1.2) and let J*S, be the morphism of k-th jets of conjugate Segre
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varieties given explicitely by

B! 1<j<d, |B|<k

|
o | T Cteressm ,
yeEN™

(3.5.30)

1<j<d, |B|<k

which is a complex algebraic or analytic map defined in A, n(p1) with values in C™Nam.k,
Let t, € M with |tp| < p1, let (tp,t,) € M and let Ly € N with £y > 1. Then
(1) M is Levi nondegenerate at t, if and only if J1S, is of rank equal to m +n at (zp,1tp).
(2) M is Ly-finitely nondegenerate at ty, if and only if by is the smallest integer k such that
JES, is of rank equal to m +n at (Z,t,).
(3) M is ly-essentially finite at t, if and only if Lo is the smallest integer k such that JES,
is a locally finite complex algebraic or analytic map in a neighborhood of (Zp,tp).
(4) M is £y-Segre nondegenerate at t, if and only if ¢y is the smallest integer k such that
the restriction of JES, to the second Segre chain, namely

(3.5.31) Sf2p = {(zl + Zp, 6(Zl + ZP’EP)a G1 + Zp,
o O(C1 + Zpy 21 + 2p, O(21 + 2y Tp))) € Aan(p1) : 21 € C™, ¢ € C™}

is of generic rank equal to 2m at (z1,(1) = (0,0), hence all over Stgp.

(5) M is Lo-holomorphically nondegenerate at t, if and only if o is the smallest integer k
such that J*S, is of generic rank m +n in a neighborhood of (2,,t,), hence all over

Am-ﬁ-n(pl)'

Proof. To establish this theorem, it suffices to inspect the five definitions given in Section 3.2
in the convenient system of coordinate ¢; = ¢ —t, vanishing at ¢, which was introduced before
stating the theorem.

Indeed, thanks to the expressions (3.5.26) and (3.5.27) of ©1 ; g(t1), we observe that except
for 3 = 0, the components of J*S, in (3.5.30) after the first m components ({1, ..., (m)
coincide with the components 01 ; 5(t1) of Q1 x(t1), after ()7 has been replaced by (z,)”.
For 8 = 0, according to (3.5.26), the difference between the two mappings is only the constant
— > genm (2)° 0 5(tp) = —wp, which disappears by differentiation.

Consequently, we verify the following relation between the Jacobian matrix of J*S, at
(¢,t) = (%p,tp) and the Jacobian matrix of Q1 at t1 =0, i.e. at t = t:

Imxm 0
(3532) Jac(Jfﬁt)(Zp7tp) = < * ok ok Jac Q1 k(o) >

where 1,;,xm denotes the identity m x m matrix and * * * some terms which we need not to
compute. We deduce at once that

(3.5.33) vk, 0, (G, 1) = JES,) = m + ko (1 — Qi1 k(1)) .

By expressing Levi nondegeneracy and fo-finite nondegeneracy in terms of Qq x(¢1) in the
coordinates ¢, vanishing at ¢,, we immediately get characterizations (1) and (2) of Theo-
rem 3.5.29.

Since more generally, at a point (z1 + Zp, t1 +t,) varying in a neighborhood of (Z,t,), we
have

k = _ Lsxm O
(3.5.34) Jac(JES,)(z1 + Zp, t1 + tp) = < cir JacQup(th) > ,

we deduce at once that

(3.5.35) genrke ((¢,t) — Jfﬁt) = m + genrke (t1 — Q1 1(t1)) .
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By expressing holomorphic nondegeneracy in terms of Q; 5 (¢1) in the coordinates t; vanishing
at t,, we immediately get the characterization (5) of Theorem 3.5.29.
Next, we also observe that

dime C{t1}/ <®1aj73(t1)>1§j§d7 1BI<k =
= dime C{¢ - 7, t =t} /{28, - ES,,).-

We deduce the characterization (3) of Theorem 3.5.29.

For the last case (4) to be considered, we notice that the restriction of Qp r(t1) to the
Segre variety of M; passing through the origin in coordinates ¢;, which is by definition the
map

(3537) zZ1 (@1,]‘75(21,61(21, 0)))1§j§d, 18|<k

coincides thanks to (3.5.27) (neglecting the constant —w, which appears for 5 = 0) with

(3.5.36)

B+, _ —
(3.5.38) 1 Z % (2p)7 0 84~(21 + 2p, O1(21,0) + wp)
YEN™ 1<j<d, |B|<k

But since we have by (3.5.23)
(3.5.39) O1(21,0) + wp = O(21 + 2p, L),

we can rewrite (3.5.38) as

B+ 5 -
(3.5.40) e Z T’Y' (2p)" ©j,4~(21 + 2p, O(21 + 2p, 1))

yenT 1<j<d, |8|<k
We claim that this mapping coincides with the last components of the restriction of the map-
ping JXS, to the second Segre chain (3.5.31). Indeed, computing explicitely this restriction,

we get exactly

_ (B + ) _
(35.41) (21,C1) — | C1 + Zp, ’YGZNW A (G +2)

®jﬂ+’v(zl + Zp’é(zl + Zp; fp)))1§j§d7 W|<k) :

Consequently, we deduce
(3.5.42) genrke ((zl,g“l) — Jf§t|stg ) =m + genrke (21 — Q1 ,x(21,01(21,0))) .

By expressing Segre nondegeneracy in terms of Qg x(¢1) in the coordinates t; vanishing at ¢,
we immediately get the characterization (4) of Theorem 3.5.29.
The proof of Theorem 3.5.29. is complete. O

3.5.43. Essential holomorphic dimension and Levi multitype. If M is a local piece of
generic submanifold as above, we denote by £, the smallest integer k such that Lemma 3.5.13
holds and we call it the Levi type of M. We denote by m + nj; < m + n the generic rank of
the mapping (¢, 7) +— J/¥ S, and we call nys the essential holomorphic dimension of M. This
terminology is justified by the fact that locally in a neighborhood of a Zariski-generic point
p € M, then M is biholomorphically equivalent to a product M ; x A" "M where M ; is a
generic submanifold of codimension d of C™ (see Theorem 3.5.48 below).

By a specialization of the second functional equation (2.1.25), which yields w =
0(0,0,0(0,0,w)), we see that the mapping w +— ©(0,0,w) is invertible. Consequently, the
rank and the generic rank of the zeroth jet mapping genrke ((t, T) > Jgﬁt) = (¢,0((, z,w))
is equal to m + d. Thus, the integer njy; always satisfies the inequalities d < np;r < n.
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Generally speaking, we may define Ao n := genrke ((¢,7) — J2S,) = d and for every
k=1,... .0y,

(3.5.44) At = genrkg ((¢,7) — JES,) — genrke ((t,7) — JET'S,).

By Lemma 3.5.13, we have Ay pr > 1,..., Az, > 1. With these definitions, we have the
relations

(3.5.45) genrke ((t,T) — Jfﬁt) =d+ M m+ -+ A,

for k=0,1,...,¢p and

(3.5.46) genrke ((t, T) > Jfﬁt) =ny=d+Am+ -+ Aoy My
for all k > £,;. It follows that we have the inequality

(3.5.47) Oy <Xim+-+ My, =0 —d.

We are now in position to state and to prove the main theorem of this chapter in which we
remind all the essential assumptions. Up to now, we have worked locally in a neighborhood
of a point pg € M. In the following theorem, we observe that we may easily globalize our
constructions, provided that M is connected.

Theorem 3.5.48. Let M be a connected real algebraic or analytic generic submanifold in C™
of codimension d > 1 and of CR dimension m = n —d > 1. Then there exist well defined
integers nar, Lar and Xo,a, MM, - - -, Aeag, M and a proper real algebraic or analytic subvariety
E of M such that for every point p € M\ E and for every system of coordinates (z,w) vanishing
at p in which M is represented by defining equations w; = 0;(z,t), j = 1,...,d, then the
following four properties hold:
(1) )\O,M = d, d S ny S n and E]u S ny — d.
(2) For every k=0,1,...,¢y, the mapping of k-th order jets of the conjugate complexified
Segre varieties (t,7) — JES, is of rank equal to m~+Xo ar+- -+ Me.ar at (tp,1,) = (0,0).
(3) nar = d+ Aimr + -+ Aoy and for every k > Ly, the mapping of k-th order jets
of the conjugate complexified Segre varieties (t,7) — JFS, is of rank equal to ny; at
(1) = (0,0).
(4) There exists a complex algebraic or analytic change of coordinates t' = h(t) vanishing
at p and defined in a neighborhood of p such that the image M, := h(M) is the product
M;) X A"T"M of q real algebraic or analytic generic submanifold of codimension d in C™M
by a complex polydisc A™~"M . Furthermore, at the central point p' € M; C C™™  the
generic submanifold M; is {ar-finitely nondegenerate, hence in particular its essential
holomorphic dimension nm, coincides with npy.

Proof. We fix pg € M and coordinates (z,w) as above vanishing at pg. Let V,, be small
neighborhood of pg in M. We first define £ N V},: it consists of the set of points p € V),
at which £, is not minimal, n, is not maximal and the My, are not maximal. Clearly, this
set may be described by the vanishing of a collection of minors of the Jacobian matrix of the
jet mapping J*¥S,, so it is a proper real algebraic or analytic subvariety Ep, of V,,. Next,
we verify that the various E,, glue together. Indeed, let assume that V}, and V,, overlap.
Let p € Vp,, N Vg,. In the intersection V,, N Vg, we have to compare three real algebraic or
analytic subvarieties Ey,, I, and Ey, defined in terms of three morphisms of k-th order jets
of conjugate Segre varieties. Using the important relation given by Theorem 3.5.6 (c¢f. also
Corollary 3.5.9), and using an explicit description of the above mentioned collection of minors
we may establish easily that E,, and E,, coincide with E, in V,, N Vg,. Consequently, the
various Ep, glue together. Taking account of the considerations which precede the statement
of Theorem 3.5.48, this proves properties (1), (2) and (3).

Let us now prove (4). Let p € M\E. We choose coordinates t = (z,w) vanish-
ing at p. By assumption, for every k > /j;, the k-th order Segre mapping ((,t) —

¢ 7 (5?9j(C, t))1<j<d,|8|<k) is of constant rank m+nys in a neighborhood of the origin (the
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point p) in C™*™. In particular, this entails that at every point of the form (0,,) in a neigh-
borhood of the origin, the mapping t +— (0, 5(t))1<;<d, |3/<k is of constant rank nps. It follows
from the constant rank theorem that there exists an open neighborhood Vj of the origin in C™
such that the union of level sets F, :={t € V5 : ©,3(t) =0, 3(q), j=1,...,d, 8 € N}, for
¢ running in Vp, constitutes a local complex algebraic or analytic foliation of Vg by (n —nas)-
dimensional complex manifolds. We can straighten this foliation to a product A" x A"="M
where the second factor corresponds to the leaves of this foliation. Let ¢’ = h(t) denote
such a straightening change of coordinates. Let M| := h(M) be of equation @' = ©'(Z',t').
Thanks to Theorem 3.1.9, we observe that this foliation is again defined by the level sets of
the functions © 5(t'), namely Fpy = {t' € Vi : ©’ 5(t') =0 5(p), j=1,...,d, B € N"}. To
conclude that in these coordinates, M{ is a product M, x A"~ it suffices to establish the
following lemma.

Lemma 3.5.49. If a point p' € Vj belongs to M}, then its leaf Fp is entirely contained in
M.

Proof. Indeed, let ¢’ € Fyy, i.e. © 5(t,,) = O 5(t,,) for all j and all 3. It follows first that
(35.50) 0 = 117;; - 9/(21/7/, t;)/) = 71/7/ - 9/(21/7/, t;/)

Next, thanks to the reality of M{, by Lemma 2.1.27, there exists an invertible d x d matrix
of power series a/(¢',7') such that w' — @/(2/,7‘/) =d{t',7)[¢ — 0'(,t)], so we deduce

0=wy, — @/(z;,, t,,) and by conjugating

(3.5.51) 0=, — O (2, th).

Finally, using again the property © 5(t/,) = ©’; 5(t,,) for all j and all 8, we deduce

(3.5.52) 0=w,, —O'(z,,t,),

which shows that ¢’ € M. This completes the proof of Lemma 3.5.49. O
The proof of Theorem 3.5.48 is complete. O

At a Zariski-generic point, the generic submanifold M incorporates a factor A" ="M which is
in a certain sense “flat” with respect to the point of view of CR geometry. After dropping this
innocuous factor, we come down to the study of a finitely nondegenerate generic submanifold.
Thus, in a certain sense, finitely nondegenerate submanifolds M are the “generic” models.
This is why it is interesting to state a direct corollary of Theorem 3.5.48 about holomorphically
nondegenerate submanifolds.

Corollary 3.5.53. Let M be a connected real algebraic or analytic generic submanifold in C™
of codimension d > 1 and of CR dimension m =n—d > 1. Assume that M is holomorphically
nondegenerate. Then

(1) There exists an integer £pr with 1 < £y < m and a proper real algebraic or analytic
subset E of M such that M is £ r-finitely nondegenerate at every point of M\E.

(2) There exists a proper complex algebraic or analytic subset £ defined in a neighborhood
of M in C™ which depends only on M such that M is finitely nondegenerate at a point
p if and only if p € M\EC.

(3) In general, the inclusion (E*N M) C E is strict.

Proof. In a polydisc neighborhood V;j C C™ of an arbitrary point py € M, we have defined
in §3.4.16 a local exceptional locus £;%¢ C Vp such that M N EZXC consists exactly of finitely
degenerate points. Thanks to their biholomorphic invariance, these local complex algebraic
or analytic subsets £7¢ glue together in a well defined global exceptional locus £*¢ defined
in a neighborhood of M in C™. Finally, F\(£%*° N M) consists of points which are k-finitely
nondegenerate for some k > £3; + 1, and so is clearly nonempty in general. This completes
the proof of Corollary 3.5.53. O
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§3.6. TRANSFORMATION RULES FOR JETS OF SEGRE VARIETIES

We now establish the biholomorphic invariance of the mapping of jets of Segre varieties.
As in §3.1.5, let ¢ = h(t) with inverse ¢ = h'(¥') be a complex algebraic or analytic local
biholomorphism fixing the origin and let M’ := h(M). Theorems 3.1.9 follows from the two
relations (8.5.2) and (8.5.3) after putting ( = 0, taking account of the fact that ©;(0,t)
coincides with ©; o(t) (in the notation ©; 3(t)). Theorem 3.5.6 follows immediately from the
two relations (8.5.2) and (8.5.3) just below, if we decide to consider the last argument of @Q; 3
simply as functions of (¢, (0;(¢,t))1<j<d)-

Theorem 3.6.1. For every j =1,...,d and every 3 € N™, there exists a universal rational
mapping in its variables Q; g such that
1 o8l

— 2 (f(¢,0(C, 1), h(t)) =
(3.6.2) OO

=0y (200 (¢.1) O R (6.0 0) i)

Here, the Qjp are algebraic or analytic in a neighborhood of the constant jet

1<51<d, |B1]<18]

((5?193‘1 (0,0)) 1<)y <d, 1811<18]> (O 1y (0,0))1<iy <, jar|<|8])- Equivalently, we have the rela-
tions for all j =1,...,d and all § € N™:
(3.6.3)
B+ 2
O a(h(t) = Y (1) "= F(C.0(¢, 1)

I~
YEN™ Bl

Qjﬂ-i—’)' ((5?193‘1 (C,t)) ) (atalhil (Cv G(Cvt)))lgilgn, |a1<g|+7|) :

Proof. Asin §3.1.5, we may assume that the complex defining equations of M’ are of the form
w} = ©5(z',t'), j = 1,...,d in coordinates t' = (2, w’) € C™ x ce. Geometrically speaking,
this means that the linear mapping 7, odh : T{M — C7} is submersive, where 7, : C* — C7}
is the natural projection onto the z’-space. We decompose the mapping h(t) = (f(t), g(t)) €
C™ x C%. By complexifying the fundamental relations g;(r) = ©/(f(7),h(t)), j = 1,...,d,
which express that h maps M into M’ and by replacing & by ©((, 7'), we obtain the following
power series identities

(3.6.4) 5(6,0(CH) = O)(F(COGHLAM),  j=1,....d
We differentiate this relation with respect to (x, for kK = 1,...,m. Remembering that the
explicit expression of the natural basis of complexiﬁed (0, 1)-vector fields is given by

1<1<d, |B1]<|B]+7

0 00; 0
3.6.5 L, = + ,
(36.5) i ]Zac (OF 2
for k=1,...,m, we immediately see that differentiation with respect to (. of a power series

¥(¢,0(¢, 1)) is equivalent to applying the vector field £, to v, viewed as a derivation. So we
get by the chain rule

- 00,
(36.6) Ly (606 = 3 Lufi(6. 06 0) !

Since 7, o dh : T{M — C7} is submerswe, we have the nonvanishing of the following deter-
minant

(3.6.7) det (Li, fr2(0)) 1<y, 3y 7 O-

Hence we can divide locally for (¢,t) in a neighborhood of the origin by the determinant

(3.6.8) D(¢,t) :=det (Ly, fra (€O ) 10ty tasm -

= (F(CO(¢ 1), A1)
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Viewing (3.6.6) as an inhomogeneous linear system and using the classical rule of Cramer, for
every j = 1,...,d, we can solve the first partial derivatives 00 /0(;, with respect to the other
terms, which yields expressions of the form

00, R ((ék; hiy (¢, 0(¢, 1)) 1<y <n, 1s1cggm)
¢, D(¢,t) '

Here, by the very application of Cramer’s rule, it follows that the terms R;j are certain
universal polyomials of determinant type (some minors). By differentiating again (3.6.9) with
respect to the variables (i, using again Cramer’s rule, we get that for every pair of integers
(k1, ko) with 1 < kq, ko < m and for every j = 1,...,d, there exist a universal polynomial
Rj 1, ko such that we can write

(3.6.9) (F(6 O, 1)), h(t) =

o Rj ko ko ((éki,k;ﬁil(C79(C7t)))1§i1§n,1§k’1,k’2§m)
(3.6.10) T (F(¢,0(¢. 1)), h(t) = D(C, )3 '

The reader should notice the exponent 3 in the denominator, with the decomposition
“37=42"+“1” where “2” comes from the derivatives of the quotient R; /D in (3.6.9) and
where “1” comes from the second application of Cramer’s rule.

Remind that for an arbitrary multi-index § = (81,...,0m) € N™, we denote by L7 the
antiholomorphic derivation of order |3| defined by (£,)% ---(L,,)"".

Differentiating more generally the relations (3.6.4) with respect to (¥ = Cfl (P we see
by an easy induction that for every multindex 8 € N and for every j = 1,...,d, there exists
a complicated but universal polynomial R; g such that the following identity holds:

1 a\[ﬂ@; _ B Rjﬂ ((Lﬁlﬁn(gaG(Ca t)))lgilﬁn,lﬁ\ﬁl\ﬁ\ﬁl)
(B61) 55 (F(¢, (¢, 1)), h(t) = [D(C, PP '

An important observation is in order. The composed derivations L are certain differential
operators with nonconstant coefficients. Using the explicit expressions of the £, , we see that
all these coefficients are certain universal polynomials of the collection of partial derivatives
(017210, (¢, 1)/022) 1< j, <a, 1<|8s|< |3, |- Thus the numerator of (3.6.11) becomes a certain uni-
versal (computable by means of combinatorial formulas) algebraic or analytic function of the
collection

o1 ((00nen) OGO ) i)

A similar property holds for the denominator. In conclusion, we have constructed the rational
mapping Q; g satistying (3.6.2).

For the second part of Theorem 3.6.1, let us rewrite the relations (3.6.2) in the following
more explicit form, simply obtained by developing the left hand side with respect to the

powers (f)7:

(3.6.13)
1 _
> PR fe 60y 65, ti0) =
yEN™

=00 ( (0500 (08" R (6. 006 0) i)

1<j1<d, |6:(<18)
We may interpret this infinite collection of identities as an infinite upper triangular inho-
mogeneous linear system with unknowns being the ©’ 5(h(t)). The inversion of this infinite
triangular matrix is in fact very elementary. Indeed, by interpreting Taylor’s formula at a
purely formal level, we see that if we are given an infinite collection of equalities with complex
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coefficients and with ¢ € C™ which is of the form

!
,YGN’VTL

forall j =1,...,d and all § € N™, then we can solve the unknowns @;75 in terms of the right
hand side terms ;g3 by means of a totally similar formula, except for signs:

B+)!
(36.15) Sy g e,
~yEN™ piAt
for all j = 1,...,d and all § € N™. Applying this observation to (3.6.13), we deduce the
representation (3.6.3) in Theorem 3.6.1, which completes the proof. O

83.7. LOCAL GEOMETRY OF CR SUBMANIFOLDS AT A ZARISKI-GENERIC POINT

Let M C C™ be a not necessarily generic connected real algebraic or analytic CR subman-
ifold of codimension d, of CR dimension m and of holomorphic codimension ¢ = d — n + m.
Combining Theorem 2.1.9, Theorem 2.1.32, Corollary 2.8.6 and Theorem 3.5.48, we obtain
the following local explicit coordinate representation of M locally in a neighborhood of a
Zariski-generic point. This theorem will be useful in Part IT of this memoir.

Theorem 3.7.1. There exists a proper real algebraic or analytic subset E of M and integers
mi, Me, di, do, ¢ which depend only on M and which satisfy

{ d: d1+d2+26,

(3.7.2)
m = mi + ma,

and in the case where my > 1, there exist moreover two integers £y; and vy which satisfy

{EM < mi,

(8.7:3) vy <dp+1

such that for every point pg € M\E, there exist local complex analytic or algebraic normal
coordinates

(374) (21,22,101,102,11)3) e C™ x C™ x (Cdl X Cd2 x C°

vanishing at po and complex algebraic or analytic defining functions ©1 j;, (Z1, 71, w1, w2),
J1 = 1,...,dy which converge normally in Ao, +d,+d,(2p1) for some p1 > 0, which sat-
isfy ©1,5, (0, 21, w1, we) =0 for j1 =1,...,d1, and which are independent of (Z2,z2) such that
M s represented locally in a neighborhood of pg by the complexr defining equations

0= w3,
(375) 0= ’LI)Q — W2,

0= w1 — 01(z1, 21, w1, w2),

in the polydic A, (p1) and such that, moreover, for every constant us, € R? | the generic
submanifold M s, of C™ x C™ defined by the complex equations

(376) 0=w; — @1(21, Zl,wl,UQ,q),

which identifies with the intersection of M with the complex subspace {we = ug 4 = ct., w3 =
0}, is minimal of Segre type vy and €yr-finitely nondegenerate at (z1,w) = (0,0). In the
case where my = 0, the third equation in (3.7.5) should be replaced by the simpler vectorial
equation w1 = wi, hence in this case M identifies in a neighborhood of py with the intersection
of A, (p1) with the Levi-flat product C™2 x R% x R x {0} in C™2 x Ch x C92 x C°.

Chapter 4: Nondegeneracy conditions for power series CR mappings
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84.1. CR-HORIZONTAL NONDEGENERACY CONDITIONS FOR POWER SERIES CR MAPPINGS

84.1.1. Nondegeneracy conditions for power series mappings. The datum of a formal,
or complex algebraic or complex analytic mapping h : C* — C" with h(0) = 0 is equivalent
to the datum of a collection of n’ power series (hi(t), ..., hn/ (t)), where t € C™, with the h; (¢)
being scalar power series vanishing at the origin and belonging to C[[¢], to C{t} or to Ac{t}.
We introduce five classical nondegeneracy conditions, which we formulate in the case where
h(t) € Ct]™.

Definition 4.1.2. A formal power series mapping h(t) = (h1(t),. .., hn (t)), with components
hi(t) € C[t], ' =1,...,n/, is called
(1) Invertible if n' = n and det ([Ohi, /0ti,](0))1<iy in<n # 0.
(2) Submersive if n > n/ and there exist integers 1 < i(1) < --- < i(n’) < n such that
det ([Ohi; /Oti(i)](0))1<iy i, <nr # O
(3) Finite if the ideal generated by the components hi(t),. .., hy (t) is of finite codimension
in C[[¢]. This implies n’ > n.
(4) Dominating if n > n’ and there exist integers 1 < (1) < --- < i(n’) < n such that
det([Ohq /Oti(is)| (1) 1<y i< # O in C[1].
(5) Transversal if there does not exist a nonzero power series G(t/,...,t),) € C[t},...,t./]
such that G(hq(t),...,hn(t)) =0 in C[t].

It is elementary to see that invertibility implies submersiveness which implies domination.
Furthermore, we have:

Lemma 4.1.3. If a formal power series is either invertible, submersive or dominating, then
it is transversal.

Proof. Tt suffices to prove the statement in the case where h is dominating. Suppose on the
contrary that there exists a nonzero power series G(t},...,t.,) € C[t},...,t,,] such that
G(h1(t), ..., hn(t)) = 0 in C[t]. By differentiating this identity with respect to the ¢; and
looking at the linear homogeneous system so obtained, we deduce that all the n’ X n’ minors
(of maximal dimension) of the Jacobian matrix ([0h/0t;](t))1<i<n, 1<i’<n’) vanish identically
in C[t], contradicting domination. O

Lemma 4.1.4. In the equidimensional case n’ = n, invertibility implies (and is in fact equiv-
alent to) submersiveness, which implies finiteness, which implies domination, which finally
implies transversality.

Proof. Classical result from local complex analytic geometry, which may easily reproved by
the reader or found for instance [1], [6] or in the references therein. O

4.1.5. Power series CR mappings and CR-horizontal nondegeneracy conditions.
Let M and M’ be two real algebraic or analytic generic submanifolds of C™ and of C"'. Let
ri(t,t) == w; — 0;(z,t), j = 1,...,d and r;-,(t’,f’) = w), — 04, (1), j/ =1,...,d, be
defining equations for M and for M’. Following the definition given in §2.1.5, we say that h
is a (local) power series CR mapping from M to M’ if there exists a d’ x d matrix a(t,t) of
formal, analytic or algebraic power series such that, in vectorial notation

(4.1.6) Y (h(t), h(D) = alt, D) (1, 7).

Setting ¢ = 0 in this matrix identity, we get

(4.1.7) r’'(h(t),0) = a(t,0) r(t,0).

The set defined by the equations r;(¢,0) = 0 is of course the Segre variety Sp, passing through
the origin. Similarly, the set defined by r%,(#,0) =0, j* = 1,...,d', is the Segre variety Sp; .
Then (4.1.7) shows that h induces a power series mapping from the Segre variety Sp, to 51/56'
We can thus apply Definition 4.1.2 at the level of Segre varieties.
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Definition 4.1.8. A power series CR mapping h : M — M’ is called

(1) CR-invertible at po if m = m' and if the induced formal mapping h|s, : Sp, — SIC){)
between Segre varieties passing through the origin is a formal invertible mapping at 0.

(2) CR-submersive at po if m > m' and if the induced formal mapping h[s, : Sz, — Szl%
between Segre varieties passing through the origin is a formal submersion at 0.

(3) CR-finite at py if the induced formal mapping h|s,, : Sz, — S}'% between Segre varieties
passing through the origin is finite at 0.

(4) CR-dominating at po if the induced formal mapping hls, : Sz, — 51/3{) between Segre
varieties passing through the origin is dominating at 0.

(5) CR-transversal at po if the induced formal mapping hls, : Sp, — 51/3{) between Segre
varieties passing through the origin is transversal at 0.

4.1.9. Complexified mapping. We may reformulate these definitions in a more concrete
way as follows. First of all, we may of course complexify the defining identities (4.1.6), which
yields 7/ (h(t), h(7)) = a(t,7) r(t, 7). These complexified identities show that the complexified
mapping

(4.1.10) he(t, 7) := (h(t), h(T)) € C[t]" x C[r]™

induces a power series mapping from M to M’. As explained in §1.2.2, the complexified map-
ping h¢ stabilizes the two pairs of foliations (F, F) and (F’, '), namely h¢ sends (conjugate)
complexified Segre varieties of M to (conjugate) complexified Segre varieties of M.

After replacing £ by ©((,t) in (4.1.10), we obtain the following power series identities in
CI¢. 1]:
(4.1.11) 3¢, 0(6,1) = O (F(C O AE), ' =1,...,d"
In fact, as may be easily established, these identities are equivalent to the existence of a d’ x d
matrix of formal power series a(t, 7) which satisfies (4.1.6). However, throughout this memoir,

we shall work only with the more convenient fundamental power series identities (4.1.11).
Of course, the Segre variety passing through pg is represented by

(4.1.12) Spo: w; = 0;(2,0), ji=1,...,d.

Similarly, the Segre variety passing through pj, is represented by
. r ’ o /

(4.1.13) Sgor wp =05(2,0), j=1....d.

If we split h = (f,g) € C™ x C¥, then the restriction of & to Sp, coincide with the power
series CR mapping

(4.1.14) C"5 2z (f(z,@(z,o)), 0'(f(2,8(2,0)), o)) ec™ xc?.

By projection onto the Cc™ x {0}, we may of course identify this mapping with the CR-
horizontal part of the mapping defined by

(4.1.15) C" 3 2+ f(2,0(2,0)) € C™.

In the special case where M’ is given in normal coordinates, we have ©'(z’,0) = 0, hence the
last d’ terms in (4.1.7) all vanish and the identification of h|s, with its CR-horizontal part is
trivial in this case (but we shall avoid for the moment to introduce normal coordinates). With
such notations, we can reformulate the above five nondegeneracy conditions more concretely.

Definition 4.1.16. Such a power series CR mapping h : M — M’ is

(1) CR-invertible at py if its CR-horizontal part is a formal invertible map at 0.
(2) CR-submersive at pg if its CR-horizontal part is a formal submersion at 0.
(3) CR-finite at py if its CR-horizontal part is finite at 0.

(4) CR-dominating at py if its CR-horizontal part is dominating at 0.

(5) CR-transversal at py if its CR-~horizontal part is transversal at 0.
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To conclude, as direct corollaries of Lemmas 4.1.3 and 4.1.4, we have

Lemma 4.1.17. If a formal power series CR mapping h : M — M’ is either CR-invertible,
CR-submersive or CR-dominating, then it is CR-transversal. Furthermore, in the CR-
equidimensional case m' = m, CR-invertibility implies (and is in fact equivalent to) CR sub-
mersiveness, which implies CR-finiteness, which implies CR-domination, which finally implies
CR-transversality.

§4.2. SEGRE NONDEGENERACY CONDITIONS FOR POWER SERIES CR MAPPINGS

4.2.1. Preliminaries. After having introduced the five CR-horizontal nondegeneracy condi-
tions on the power series CR mapping h, we may introduce Segre nondegeneracy conditions
on h which are related to the reflection principle, which will be studied in the next chapters of
Part II of this memoir. Consequently, this Section 4.2 is of utmost importance to understand
the whole memotr.

As in §4.1.9, let h¢ : M — M’ be a complexified power series CR mapping, namely start
with the fundamental power series identities in C[¢, ¢]:

(42.2) 357(¢,0(¢, 1) = 05 (f(¢, (¢, 1)), h(t) =0,
for j/=1,...,d". Asin (2.3.8), let L,,...,L,, be the basis of complexified (0,1) vector fields
tangent to M given by

I -NrCY )
(4.2.3) Ly =+ +Z1 ?(Cvt) %,

Let 8= (B1,...,Bm) € N™. Applying the derivations £° = £ ... £ to (4.2.2) and without
writing the arguments, we get

(4.2.4) LPgy = > L)) () =0,

v ENm/

for all 5 € N™, for j' =1,...,d" and for (t,7) € M. By developping the derivations L8, we
observe that

Lemma 4.2.5. For every i’ =1,...,n" and every B € N™, there exists a polynomial Py g in

the jet Jlml_z('r) with coefficients being power series in (t,T) which depend only on the defining
functions & — ©;(¢,t) of M and which can be computed by means of some combinatorial
formula, such that

(4.2.6) LOhi (1) = Pu a(t, 7, JPI (7).

Proof. For || = 1, this follows by inspecting the coefficients of the vector fields £, in (4.2.4).
By induction, assuming that such a formula holds for all § € N™ with |3] = k > 1, applying
the vector fields L£,,...,£L,, to (4.2.6) and using the chain rule, we get a similar type of
formula for all § € N™ with |3| = k + 1. Clearly, the coefficients of Py s depend on the
partial derivatives of the ©,(¢,t) and one can refine this statement by providing an explicit
combinatorial formula (which we shall not need). O

In formula (4.2.6), we have written the first two arguments of Py g to be (¢,7). In fact,
by inspecting the coefficients of the vector fields L, these first two arguments are ((,t).
However, since we are always considering the variables (¢,7) to belong to M, we have to
replace everywhere 7 by ©((,t) or w by ©(z,t). Consequently, we can identify a function
of (t,7) with a function of (¢,t) or with a function of (z,7). Before going further, we shall
make the following convention which will allow us to make some slight abuse of notation on

occasion.
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Convention 4.2.7. Let k,l € N. On the complexification M, we identify (notationally) a
power series written under the complete form

(4.2.8) R(t,7, J*h(t), J'h(7)),

with a power series written under one of the following four forms

(1) R (£,,0(C1), J*h(1), J'h(C, O(C,1)) .
(4.2.9) @) R(t.¢.J*h(®), J'hC OC.)

(3) R(z O(z,7) J h(z,0(z, T)) Jh( ))

(4) R(z,7,J"n(2,0(z, 7)), J'h(T)) .

Admitting this convention, applying Lemma 4.2.5 and using the chain rule, we deduce
that for every 7/ = 1,...,d" and every 8 € N™, there exist formal power series R;/ﬂ =

% 5t T JP ) which depend only on the defining equations of M and on the defining
equations of M’ such that we can rewrite the equations (4.2.4) under the general form

(4.2.10) L]y (r) — O, (F(r). h(t)] = Ry y(t, 7. JPR(r) = h(1)) =0,

for i/ = 1,...,d, where the identity “= 0” is understood “on M”, namely as a formal

power series identity in C[(,t] after replacing £ by ©((, ) or equivalently, as a formal power
series identity in C[z,7] after replacing w by ©(z,7). We shall constantly refer to these
identities (4.2.10) in the sequel.

Importantly, the smoothness of the power series R v g s the minimum of the two
smoothesses of M and of M'. This crucial remark will be the basis of all the various for-
mal reflection principles developed in the next chapters of Part II.

For instance, the power series R;,y 5 are all complex analytic if M is real analytic and if M !
is real algebraic, even if the power series CR mapping h(t) was assumed to be purely formal
and non convergent.

By a careful inspection of the application of the chain rule in the development of (4.2.5),
we even see that each Rg-,7 5 is relatively polynomial with respect to the derivatives of positive

order (8$B(T))1g\a|§|m-

4.2.11. Segre nondegeneracy conditions for CR mappings. We are now ready to define
nondegeneracy conditions for power series CR mappings which generalize the nondegeneracy
conditions for generic submanifolds introduced in Chapter 3. In the equations (4.2.10), we
replace h(t) by a new independent variable ¢ € C"', we set (£,7) = (0,0), and we define the
following collection of power series

(4.2.12) st = L% = > L) O] 4(t) ,

m
veN t=7=0

for j/=1,...,d" and 8 € N™. Here, for § =0, we mean that V', ,(t') = —©7,(0,¢'). Clearly,
an equivalent way of defining W%, 5(¢') is as follows

(4.2.13) W, 5(t) = Rl 50,0, JPIR(0) « ¢').

Now, just before introducing the desired five definitions, we make the following crucial heuristic
remark. When n =n’, M = M’ and h = Id, we drop the dashes and we denote by T (instead
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of t') the new independent variable, hence we may compute

Ua(T) = [L£°G - Y L£°(0)0,4(T)
(4.2.14) e t=r=0
S ACHSHECICIIES I

= p110;,5(0) — ©;,5(T)].
Consequently, we see that up to an affine combination, we recover with ¥; 5(T") the compo-
nents of the infinite Segre mapping (3.1.3). Furthermore, using the computation (4.2.14), we
may check easily that the following five nondegeneracy conditions just below are a general-
ization to CR mappings of the five nondegeneracy conditions introduced in Section 3.2 for
generic submanifolds of C".

Definition 4.2.15. The formal, algebraic or analytic power series CR mapping h is called
(1) Levi-nondegenerate at the origin if the mapping
4.2.16 v (R 50,0, 77R(0) < ¥))

( ) = By 00 TR0 )] i

is of rank n’ at ¢’ = 0. This condition requires the dimensional inequality d'(m+1) < n'.
2) ¢i-finitely nondegenerate at the origin if there exists an integer ¢ such that the mappin
( y g g g pping
4.2.17 v (R 50,0, 71R(0) : 1))
( ) = B0 0. TR0 1)), o1
is of rank n’ at t' = 0, and if £; is the smallest such integer /.
(8) ¢1-Segre finite at the origin if there exists an integer ¢ such that the mapping

4218 % (R’., 0,0, J81R(0) : ¢ )

( ) = ],B( T () ) 1<jr<d’, |B|<t

is locally finite at ' = 0, and if ¢; is the smallest such integer.

(4) ¢1-Segre nondegenerate if there exist an integer ¢, integers G with1 <500 < d

for i/ =1,...,n’ and multiindices 1, ..., 3" with |37 | < £ for i = 1,...,n’, such that

the determinant
!

. i) i’l — — —
(4.2.19) det % (z,@(z,o),o,o,Jlﬁ\h(O) : h(z,@(z,O)))
& 1< ,if <n’
does not vanish identically in C[z], and if ¢; is the smallest such integer .
(5) ¢1-holomorphically nondegenerate at the origin if there exists an integer ¢, integers

Git i with 1< jii/ < d for i = 1,...,n and multiindices 3Z,...,3" with
|37] < ¢ for i =1,...,n', such that the determinant
/
Y Z/1 _
(4.2.20) det % (0, 0,0,0, J18/A(0) : h(t))
£ 1<) iy <n’

does not vanish identically in C[t], and if ¢; is the smallest such integer .

These five nondegeneracy conditions for power series CR mappings are of utmost impor-
tance for the reflection principle and they will be studied in Part II of this memoir. Some of
them are suggested by K. Diederich and S.M. Webster in [9]. The notion of ¢;-finite nonde-
generacy unifies conditions which appear in the works [1], [8], [14], [17], [22], [23], [27], [30],
[34], [35], [36].

We notice that Levi nondegeneracy implies finite nondegeneracy which implies Segre finite-
ness. However, Segre finiteness and Segre nondegeneracy are totally independent conditions,
as shown by the following two examples.
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Example 4.2.21. We already know that essential finiteness of M does not imply Segre
nondegeneracy, hence simply by considering the identity map of the hypersurface v = 2121 (14
2122) of C3, we see that (3) does not imply (4) in Definition 4.2.15 just above.

On the other hand, it is easy to check that the mapping (z1, w) — (21,0, w) from M : @ =
w+iz222 to M - ' = w' + i[zfz_f + 21,2_52 + 2, 2,%] is Segre finite at the origin but it is not
Segre nondegenerate.

We also mention that the above five nondegeneracy conditions are meaningful for suffi-
ciently smooth local CR mappings, by considering the Taylor series of M at pg, of h at pg
and of M’ at pj.

4.2.22. Necessary conditions. Coming back to (4.2.12), noticing that f(0) = 0, we see
that the constant £°(f7)|;—r—o vanishes for |y| > |3|, whence every W%, 5(t') is an affine
combination with constant coefficients of some (but not all) of the power series @;11 8l (t), for
1 <j1 <d and |5]] <|B|. Based on this observation, we deduce immediately properties (1),
(2), (3) and (5) of Lemma 4.2.23 just below, which states necessary conditions for i to be
nondegenerate in each one of the above five senses. The proof of (4) is also elementary.

Lemma 4.2.23. Let h: M — M’ be a power series CR mapping as above.

(1) If h is Levi-nondegenerate at the origin, then M’ is Levi-nondegenerate at the origin.

(2) If h is £1-finitely nondegenerate at the origin, then M’ is £-finitely nondegenerate at
the origin for some £{, < (1.

(3) If h is £1-essentially finite at the origin, then M' is £)-essentially finite at the origin for
some £ < (5.

(4) If h is ¢1-Segre nondegenerate at the origin, then M’ is £-Segre nondegenerate at the
origin for some £ < £;.

(5) If h is ¢1-holomorphically nondegenerate at the origin, then M’ is ({-holomorphically
nondegenerate at the origin for some £ < (7.

§4.3. STUDY OF CR-TRANSVERSAL POWER SERIES CR MAPPINGS

We now show that CR-transversality of the mapping h insures that it enjoys exactly the
same nondegeneracy condition as the target M’. The condition of CR transversality is much
more general than the condition of domination, because for instance it does not impose any
dimensional inequality between m and m’ or between n and n’. We shall end this section
with the proof of the following theorem, which is quite long and technical, but of central
importance. Here, we assume that M and M’ are either algebraic or analytic, and that h is
algebraic, analytic or even formal. According to Lemma 4.1.17, the following lemma applies
to many situtations.

Theorem 4.3.1. Assume that h is CR-transversal at po. Then the following five properties
hold:

(1) If M’ is Levi nondegenerate at py, then h is £1-finitely nondegenerate at pg for some
ly > 1.

(2) If M’ is £,-finitely nondegenerate at p(, then h is {1-finitely nondegenerate at po for
some {1 > 0.

(3) If M’ is £y-essentially finite at py, then h is £1-Segre finite at py for some €1 > ().

(4) If M’ is £,-Segre nondegenerate at p(, then h is £1-Segre nondegenerate at py for some
0>

(5) If M’ is £y-holomorphically nondegenerate at py, and if moreover h is transversal at po,
then h is {1-holomorphically nondegenerate at py for some €1 > £j.

Proof. In order to simplify a little bit the notations and the computations, we shall assume
that the coordinates (z,w) for M near po and (z/,w’) for M’ near p{, are normal. Thus, the
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Segre variety Sp, is given by {(z,0)} instead of {(z,©(z,0))} and similarly for S})g, which will
slightly simplify the presentation of the formal calculations below. -

We remind that by the fundamental definition (4.2.10), the functions R/, 4(t, T, JWBIR(T) :
t') are the power series development of éﬁr}/ (t',h(7)). Here, the integer j’ satisfies 1 < j' < d’
and the multiindex 3 belongs to N™.

We consider the gradient of R;,, 5 with respect to the distinguished variable t':

/ 1817, ’ 8R§, 8 18|17, /
(4.3.2) Vi Ry g(t, 7, JPA(T) : t') = | —5=(t, 7, JPIR(T) : 1) ,

i 1<i' <n/

considered as a vertical vector, i.e. as a n’ X 1 matrix. Also, we shall work in the sequel with
a fixed 7' and we shall consider the expression
433 (v R, (6, JPR(r) : t )
( ) t J 1B( ( ) ) BeN™
as an n’ X oo matrix. We introduce a new notation. Let v € N with v > 1, let z =
(1,...,2,) € K, let p € N with g > 1 and let A(z) by a p X co matrix of power series.
By genMrk A(z), we denote the generic rank of the matrix A(x), which is defined to be the
largest integer k < p such that there exists a k x k minor of A(x) which does not vanish
identically as a power series in x. The letter “M” in genMrk stands for the word “Matrix”.
The notation genMrk should not be confused with the notation genrke introduced in §2.1.5.
In the sequel, we shall in fact put (¢,7) := (0,0) in R;,yﬁ. Then, the generic rank of the
matrix
(4.3.4) genMrk (vt, R!, 5(0,0,.7181R(0) : t’))ﬁ )
; eNm
is of course the largest integer ' such that there exists a £’ X &’ minor of (4.3.4) which does
not vanish identically as a power series in ¢'. In the case where we put ¢’ = 0, we even do not
have to speak of generic rank, hence we simply denote by

R 1817001 -
(4.3.5) Mrk (vt R}, 5(0,0,.J1%R(0) 0))ﬁeNm

the rank of a n’ X co constant matrix. Of course, we use the same notations genMrk and Mrk
for the truncated matrices where we allow only |3| < k, for some integer k € N.

First of all we prove part (2) of Theorem 4.3.1, which contains of course part (1). We
state a technical lemma which holds essentially in the case of codimension d = 1.

Lemma 4.3.6. Fiz j' with 1 < j" <d'. Letn’, be the integer defined by

(4.3.7) nj = Mrk (Vi 5 1(0)) g -
Assume that h is CR-transversal at pg. Then we also have

Bly, . _
(4.3.8) Mrk (Ve R (0,0, 77R(0) : 0))ﬁeNm — .

We first show that this technical lemma implies part (2) of the theorem. Indeed, by
the definition of R}, 5 (see the expression (4.2.5)) Vi R, 5(0,0, JIBR0) : 0) is a linear
combination with complex coefficients of the vectors Vi ©%, _,(0), for [7| <[], namely more
precisely

(4.3.9) Vi Ry 50,0, 770(0): 0) == Y LP(7)(0)[Ve O . (0)].
' eENm/

We notice that this sum is in fact truncated, with |y/| < |3|. Consequently, we deduce that

(4.3.10) Spang {vt, R}, 5(0,0,%1R(0): 0): B e Nm}
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is automatically contained in
(4.3.11) Spang {Vt/ 0 (0): 4 eN" } .

But thanks to the rank condition stated in Lemma 4.3.6 (to be proved below), we deduce
that these two subspaces must coincide. In other words, for each j' = 1,...,d’, there exists
integers £y j; and £ ;, with ¢1 5 > £ ;, such that

Spang {vt, R, 5(0,0,J1R(0) : 0) : |B] < gld,} -
Spanc {Vt/ @;/77/ (0) : |'}/| S 6/07-]/} .

Finally, by assumption of £-finite nondegeneracy of M’ at pj{,, the vector space spanned by
the collection of terms in the right hand sides of (4.3.12), when j' =1,...,d’, is equal to the

(4.3.12)

whole of C"', with of course ly =max(ly 1, ..., 4 ). It follows that the vector space spanned
by the collection of terms in the left hand sides of (4.3.12), when j' =1,...,d’, is also equal
to the whole of C"'. In conclusion, setting of course ¢; = max(¢y 1,...,¢1,n) > £, we have

shown that h is £;-finitely nondegenerate at pg. It remains to establish the technical lemma.

Proof. So we fix j'. We proceed by contradiction. Assume that the rank x’ of the n’ x oo
matrix

(4.3.13) (vt/ Rl 5(0,0,.7191R(0) : 0))

BEN™
is stricly smaller than n/,, namely &' < n’, — 1. Equivalently, there exist multiindices
B1,...,0s € N™ such that for every multiindex § € N™ different from (,..., s, there
exist constanst Ab, e ,Agl such that we can write

Vo Rl 50,0, J91R(0) : 0) = A} [vt, R}y 5,(0,0, 7817 (0) : 0)} 4ot
(4.3.14) , )
+ A% {vt/ R}y 5,(0,0,.71%7(0) : 0)} .

Now, replacing in these linear combinations the terms Vg R;-/ﬁ by their explicit expres-
sion (4.3.9), we obtain

Y. L) Ve O (0)] =

' eNm’

(4.3.15) AL ST 2P (P)0) [V € (O)] | 4+

5 GNWL

A5 YD L ()0) [V O] (0)]

' eNm
As we are in normal coordinates, the conjugate complexified Segre Variety passing through the
orlgm is given by S, = {(O 0,¢,0)} in (z,w,(, &) coordinates. Let 4/ € N™'. The restriction
of f to S, is given by I (¢,0). We develope its Taylor series with respect to the powers of
C as follows

(4.3.16) =Y frs 5,,

HGNWL

where the f.,/ 5 are constants in C. Since the coordinates are normal, with the usual vector
fields £, given by

(4.3.17)
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taking into account that ©;(¢,0,w) = 0;(0,z,w) =0 (¢f. Theorem 2.1.32), we immediately
see that the constants f, g are simply given by

(4.3.18) s =L2(F)(0,0,0,0).

We may now rewrite the expression (4.3.15) as follows

(4.3.19) > (f‘w, —Ab Fyp = =AY fvl,gn,) (Vi 0 _,(0)] = 0.

v’ €Nm’

Let us rewrite this expression temporarily as a linear system of the form

(4.3.20) > Fay [Ve O, (0)] =0,

W/ENm/

where the Fﬁw’ are complex constant. Now, we use the assumption (4.3.7). Since the rank of

the n' x 0o matrix (Vi ©%, _,(0)) /ey’ is equal to n’, it follows that after making some linear

combinations between the lines of the system (4.3.20) that there exist n, distinct multiindices

Viseo Vs € N™" such that for i’ = 1,...,n;-,, we can solve
]‘/
(4.3.21) For,= >, AiFay,
Y EVL Y

where the A}, _, are complex constants.
;

We now replace the Fﬁw’ by their values, which yields for 3 # (1,..., 8. and for i’ =
1,...,n}, the following equalities

_ - ;-
s =D by = = A5 fy 0 =
(4.3.22) = Z A/i’,'y’ [fv’,ﬁ - A%} f%lﬂ - AE fv’,ﬁ,a :
V' FEVL Y
We can now mix linearly the left and the right hand sides to obtain for i’ =1, ... ,n;/ and for

67&515"'751{/

r / n _ 1 r / n
f'vg,ﬁ - E Ai/,w/ f%ﬂ = Aﬁ f’y;,,ﬂl - E Ai/,w/ f’vﬂfh
V' FEN LV V' FEN LV
U U

(4.3.23) -

| F / n
A | Fpe = Air oy v B
V' FEVL Vs
.




GEOMETRY OF GENERIC SUBMANIFOLDS AND REFLECTION PRINCIPLE 65

On the other hand, by the definition (4.3.16) of the constants f,/ g, we can develope the
following expression in power series of ¢

go- > b F1(C0) =
V' FEVL Vs
B
. s
SR FAVED SN S
BF#B1,- 3B V' EY 'v;l,_
Jl
(4.3.24)
: R
+ fV{/ﬁl - Z Az”,'y’ f’Y’ﬁl a0 +o Tt
‘ ’ ’ ’ 51'
VHEV T
_ _ CBN/
+ f’YI{/,ﬁN/ - Z A/Z'/(Y/ fry/,ﬁnl /8,1/!
YV FEVL Y
Now, we introduce the following new complex constants for i’ =1, ... ,n},
Woni=fyom— Y. Auy s,
V' FEV Vs
]/
(4_3_25) .........

D / r
Wow = Fyp0 = D Ait oy fy1 8,0

! ’ ’
v #’er"a’yn;/

and we use the preceding relations (4.3.23) to rewrite (4.3.24) more simply as follows, for
7:/: 1,...,”;/:
(4.3.26)
o) - Y AL TG0 =
VFEV T
J

51 gﬁﬁ/
o T

— Al H AH/ gﬁ g
= E slira + -4 k] Hi’,n’ —' +Hi’,1 T
BBy B p! B!

_ gﬁl ) Cﬁ gﬁmr o gﬁ

=l B! +ﬁ¢ﬁz Aﬁﬁ o g1 " 2. Mg
Ty Br B#B1se 3Bt

=1L 1 G1(Q) + -+ + 1Ly G (€),

where the power series G1(¢),..., Gy (¢) are defined by the last equality. Now, we use the

assumption £’ < n’, —1. Since there are striclty less than n’, functions G in (4.3.26), it follows
that there exist complex constants p1, ..., p,’, not all zero such that
J

O=m | [(G0)— > Ay GO [+t
VFEVL T
J

(4.3.27)

—’Y;/ =/
e, | FCO) = Y Aw FTG0) |

V' FEVL Y
j/




66 JOEL MERKER

and this last equality clearly contradicts the assumption that h is CR-transversal at pg.
The proofs of Lemma 4.3.6 and of parts (1) and (2) of Theorem 4.3.1 are complete. O

We now prove part (3) of Theorem 4.3.1. We also proceed by contradiction. Suppose that
the ideal

4.3.28 <R’-/ 0,0, J1811(0) : ¢ >
(43.28) ” O )
is of infinite codimension in Ac{t'} or in C{¢'}. By the Nullstellensatz, it follows that there
exists a nonzero algebraic or analytic piece of curve passing through the origin

(4.3.29) Css —t(s)eC,
namely #'(s') € Ac{s'}" or t/(s') € C{s'}"", such that
(4.3.30) R}, 5(0,0,J71R(0) : #'(s')) =0,

for all j = 1,...,d" and all B € N™. Replacing the R}, 5 by their definition (4.2.10), this
means that

(4.3.31) LG (0)— > LY)0)6) . (H'(s) =0,
,Y/GNm’
for j=1,...,d". But since the coordinates (z,w) and (z’,w’) are normal, we claim that we
have
(4.3.32) L7 §(0)=0

for all 5 € N™ and all j/ = 1,...,d". Indeed, setting t = 0 in the fundamental power series
identities

(4.3.33) 35 (¢, 0(C, 1) = 05 (F(¢, O(¢, 1)), h(t)),
we get thanks to the normality of coordinates
(4.3.34) 957(¢,0) = ©5(f(¢,0),0) =0,
hence
(4.3.35) L8 g;(0) = 875y (¢,0)l¢=0 = 0,
as claimed. Developing

iy _ gﬁ
(4.3.36) G0 =" frp a

BENWL

where (again thanks to normal coordinates)

(4.3.37) Frp =L FY(0),
we can now rewrite the expression (4.3.31) in under the simpler form
(4.3.38) > Frs® .t () =0.

v’ eNm’

Because M’ is essentially finite at p{), there exists at smallest one integer jj with 1 <
Jo < d’ such that not all @;6 L (t'(s")) vanish identically, for 7" € N, Hence there ex-

ists s{, € C arbitrarily close to the origin such that the infinite family of complex constants
(6967'7’ (t/(S/O)))’Y,ENWL/ are not all zero. We put

(4.3.39) 0., = 63677’@/(5/0)) eC.
Setting s := s(, in (4.3.38), we therefore get for all 8 € N a relation of the form
(4.3.40) > Fysb, =0,

G eNm/
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which yields after integrating with respect to ( the formal identity

(4.3.41) >0 0 =0.
v’ eNm’
But this clearly contradicts the CR-transversality of h at pog.

The proof of part (3) of Theorem 4.3.1 is complete.

We now prove part (4) of Theorem 4.3.1. The proof has some similarities with the proof of
part (2), but is a little bit more technical. We use the notations introduced in the beginning
of the proof of Theorem 4.3.1.

It follows directly from Section 3.2 (c¢f. especially (3.2.47) and Lemma 3.2.49) that in
normal coordinates, and using the gradient notation V, , then M’ is Segre nondegenerate if
and only if

(4.3.42) genMrk (Vi 0] 1/ (2/,0)), iy oapm =1

Notice that here we let the integer j' vary from 1 to d’, but in the following lemma, we shall
fix j'.
Lemma 4.3.43. Fiz j' with 1 <j" <d'. Let n!, be the integer defined by
(4.3.44) n, := genMrk (Vy @;,ﬁ,(z’,o))w,eNm, :
Assume that h is CR-transversal at pg. Then we also have
(4.3.45) genMrk (vt/ Rl 5(2,0,0,0, JP1R(0) : h(z,())))ﬁ =T
6 m

We first show that this technical lemma implies part (4) of Theorem 4.3.1. Indeed, by the
definitions (4.2.5) and (4.2.10) of R, 5, after specifiying on the Segre chain Sp = {(z,0,0,0)},
we have

Vo R} 5 (2,0,0,0,J°h(0) : h(z,0)) =

(4.3.46) == > L(7)(2,0,0,0) V0 6] ((z,0))]

’Y’ENm/
Notice that we write here the first arguments of R;,7 5 and the arguments of the differentiated
expression Qﬂ(f"/) as (z,w,(,§), and not as (¢,7). Here, in the arguments (z,0,0,0) of
this expression £°(f7"), the term z comes from the coefficients of the vector fields £, but
(¢,€) = (0,0). It follows that the sum in (4.3.46) is in fact truncated with || < |f|, since f7'
vanishes to order [7/[ at the origin. Thus, the columns of the matrix (Vi R, 5)genm on the
left hand side of (4.3.46) are obtained as a linear combination (with coefficients being certain
formal power series in z) of the columns of the matrix (V¢ 07, /), cyms on the right hand
side. Thanks to Lemma 4.3.43 (to be proved below), we deduce that the formal linear space
spanned by the columns of the matrix (Vi R, 5)genm on the left coincides with the formal
linear space spanned by the columns of matrix (V,y@é-,ﬁ,),y, enm on the right. Finally, thanks
to the Segre nondegeneracy assumption (4.3.42), we deduce
4.3.47 Mrk ( ‘R, 4(2,0,0,0, J85(0) : (z,0 ) —
(43.47) genMrk (Vi R (= ©O):hzo))
which shows that h is ¢1-Segre nondegenerate, for some ¢1 > ¢(. It remains to establish the
technical Lemma 4.3.43.

Proof. So we fix j/. Again, we proceed by contradiction. Assume that the generic rank x’ of
the n’ X oo matrix

’ I-/ |Br .
(4.3.48) (vt R)) 5(2,0,0,0,.J1%1h(0) h(z,O)))BENm
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is strictly smaller than n’,, namely " < n} — 1. We choose «' distinct multiindices
B1,..., 0 € N™ such that the generic rank of the n’ x k' extracted matrix

(4.3.49) (vt/ Rl 5, (2,0,0,0,J1R(0) : h(z, 0)))

1<i/ <w'

is equal to k. We let A(z) € C[z] denote a not identically zero x’ x ' minor of this matrix.
It then follows from Cramer’s rule and from the rank assumption that for every multiindex
B € N™ different from [, ..., 3., there exist formal power series Aé(z), .. ,Ag/ (2) € C[7]
such that we can write

A(2) Ve R}y 5 (2,0,0,0,J810(0) : h(z,0)) =
(4.3.50) = Aj(2) Vo R 5,(2,0,0,0, JPIR(0) : h(2,0)) + -+
+ A5 (2) Vo R}y 5 ,(2,0,0,0, J71R(0) : h(2,0)).
Replacing the R}, 5 by their values given by (4.3.46), we get
Az) Y L()(2,0,0,0) [V O] (h(2,0))] =
,YIENWL’

(4.3.51) = ) (Ab(z)éﬁl (F)(2,0,0,0)+ -+

W/ENm/

FA% (2) L% (F)(2,0,0, o)) (Ve 0 (h(z,0))] .

We remind that in normal coordinates, we have g(z,0) = 0, hence

(4.3.52) h(z,0) = (f(z,0),0).

Before going further, we need the following elementary observation.

Lemma 4.3.53. Assume that h is CR-transversal at po and fix j' as in Lemma 4.3.43. Then
(4.3.54) genMrk (V0 _/(f(2,0),0))

!
’Y’GNWL/ - nj/ .

Proof. Suppose on the contrary that this generic matrix rank is equal to an integer x" < n’, —1.
By the definition (4.3.45) of n/,, there exists a nj, x n, minor d'(z") of the n’ x co matrix
(Vi ©% 1 (2',0)). enm’ which does not vanish identically as a power series of z’. We deduce
that d'(f(z,0)) = 0, contradicting the CR-transversality assumption on h, which completes
the proof. O

After making a linear combination, we can rewrite temporarily the relations (4.3.51) under
the form

(4.3.55) > Fup(2) [Ve O (h(2,0))] =0.
~'eNm/
By Lemma 4.3.53, there exist multiindices 71, . .. ,7;,‘/ such that a n’, x n’, minor A(z) of the

n’ x n}, matrix

4.3.56 (v 0, _, (h(z,0 )
(43.50) 0O (E0)
does not vanish identically as a power series of z. We deduce that after making some linear
combinations between the lines of the system (4.3.55) that for every i’ =1,.. ., n;-,, there exist
formal power series A}, ,(2) such that we can solve

(4.3.57) AR Fpq, ()= Y. A () Fpp(2).

! ’ ’
vy #vpm,vn;/
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We now replace the Fg. by their values given by (4.3.51) and (4.3.55). We obtain the
following formal equalities, valuable for i’ =1, ... ,n;/ and for 8 # G1,..., B

A(z)A(z) LP(f)(2,0,0, o> A(z) A (2) L7 (F7)(2,0,0,0) — - - —
— A(2) A5 (2) L% (F7)(2,0,0,0) =

= z B V z _
(4.3.58) = 2 ( 2(2) A(2) L7 (f7)(2,0,0,0)

After making some linear combinations, we can rewrite this identity as

A(Z) A(Z> éﬂ(f'yl'-/)(z’o’()’()) - Z A;’,—y’(z) A(Z) éﬁ(f'y’)(z70’070) =

(4.3.59)

— Y AL () L% (F)(2.0,0,0)

V' FEN LV s
'’

Next, we introduce the following new notation

(4.3.60) Frrp(z) = L°(f)(2,0,0,0).

Of course, we have

- ) 3
(4.3.61) o=y fvxﬁ(o)%
BeEN™

and

ot _ CB o8l B

Fleeao = 3 [W (7o 70>>)L_0
(4.3.62) = L°(J")(2,0,0,0)

= ;, Fra2).

BEN™
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With this notation, we can rewrite (4.3.59) as follows, where i’ = 1,...,n/, and 8 #

J
617"'75/{/:

’ ’ ’
v 7&71""7%;,

EAé(Z) A(Z)f'y;,,ﬂ(z)* Z A;/W/(z)f,ylﬁ(z) N

7’ / ’
v 7&71""7%;,

(4.3.63)

+A5(2) [ AG) Fr,8(2) = Y. AL (2) Fys(2)

2z
V' FEN LV s
'’

On the other hand, taking the definition (4.3.60) of f, 5(z) and (4.3.62) into account, we
have the power series development
(4.3.64)

- f —
ol PIEIETAVE IS DR TEPANEE S

BeEN™ VEN T
= A(2)A(2) 7 (6 0(C20) = D A=) A} (2) (¢, 0(C 2,0)).
YV FEVL Y

In this identity, we decompose the sum > genm a8 the sum > 546,....5., blus the k' remain-

ing terms corresponding to 8 = f31,..., B« and we substitute the expressions obtained just
previously in (4.3.63), which yields
(4.3.65)

B _ _
I FOICISRCEED SR CF MO ) B

penNm VFEV Vs
j/

B _ _
> G0 ) - X AR AL @ s |+

B#BL B VI FEN Vs
3t
gﬁl _ ’ i
+ @ A(Z) A(Z) f'y;,,ﬁl (Z) - Z A(Z) Ai’,y/(z) f’y’ﬁl (Z) +
' VAV
+ot
¢

B! ARAR) Frp. () = D AR AL () Fre, (2)

V' FEVL Vs
.
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Now, we make some linear combinations, which yields the following representation of the right

hand side of (4.3.65)
(4.3.66)

! ’ ’
¥ #vla---ﬂn;,

B8 _ _
= > o labe) AR fyom() = Y AL s (2) |+

B#BL- B V' FEN LV
j/

A5 (2) [ A) Frpn (2) = Y AL (2) P (2)

’ ’ ’
v 7&717"'7%;,

B B B
+ % A fp(z) = Y Ay () fra(2)| +
a VFEVL T
Bt _ _
el LOL T NOEID SR My SNE

Y FEVL Vs
j/

If we now set for i =1,...,n%:

Oia(2) = AR fm (=) = Y A y(2) frs(2),

(4.367) L e
i (2) := A(2) JFWO,BN/ (2) — Z A;,ﬂ,(z) fv’,ﬁ,d (2),

V' FEVL Vs
j/

then we can rewrite (4.3.66) as follows

4“51
i, Ex Az) + Z Aé(z) = | +

(4.3.68) B#B1s B

¢
Bf‘i’!

=1Ly 1(2) Gi(2, Q) + -+ + Wi (2) Gir (2, Q).
We now set C'(2) := A(2) A(z) and for i' = 1,...,n}, and v #v,..., 7,

, B
+ T i (2) A+ Y Ag(z)% =

(4.3.69) Bir = AN(z) A}y ().

A(Z) A(Z> .]?’Yl{/ (CvG(C7Z7O)) - Z A(Z) A;/,'y’(z) .]PY/(Cv@(CvaO)) =

A(Z) A(Z) fw;/ (CvG(C7Z7O)) - Z A(Z) A/i’,'y’(z) .]PYI(Ca@(Ca%O)) =
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In summary, we have obtained that for ' =1,..., n;,, we can write

C(2) 7 (¢,0((,2,0)~ > Buy(2) f7(C0(C2,0) =
(4.3.70) 7’7&7{,---77;;/
=1y 1(2) Gi(2,¢) + -+ + i o (2) G (2, Q).

Because £’ < n/, — 1, hence there are less than n’, functions Gi/(z,() in the right hand side

of (4.3.70), it follows that there exist power series u1(2), ...,y (2) € C[z], not all zero, such
J

that
(4.3.71)

0=pm(z) | CE) GO 20)— Y Biy() (¢ 00 20) |+

V' FEN LV
'’

fa () [COFY (OG0~ Y B (0 FCOE20)

’ ’ ’
Y 7&71""’%;,

Finally, we simplify a little bit this expression by writing it under the form

0= (Z) C(Z) .f% (Cv G(Cv 2, 0)) +oe Tt /’Ln;_, (Z) C(Z) f’yn;/ (C, G(Ca 2 0)>+
(43.72) + Y B (GO 20).
VEN T

J

where the E./(z) are formal power series with respect to z. We are now in position to conclude
the proof of Lemma 4.3.53, namely to come to an absurd as announced in the beginning of
the proof.

Indeed, since C(z) # 0 by construction, and since there exists at smallest one power series
wir(z) which does not vanish identically, we can apply the following elementary lemma to
conclude that f(¢,0) satisfies a nontrivial power series identity, which clearly contradicts the
CR-transversality assumption.

Lemma 4.3.73. Assume that there exists a collection of power series E./(z) indexed by ~' €
N™" with the property that there exists at smallest one multiindex v € N™" with Ey (2) £0
in C[z] and assume that f(¢,0((, 2,0)) satisfies the formal power series identity

(4.3.74) Y Eu(2)7(¢.6(6,2,0) =0

in C[z,(]. Then there exists a collection of constants F.» € C indexed by v € N™" which do
not all vanish such that

(4.3.75) Y EfG0)=0

' eN™
in C[¢]. In other words, the formal mapping ¢ — f(¢,0) is not transversal, in the sense of
Definition 4.1.2 (5).

Proof. We put z = 0 in (4.3.74). If there exists a multiindex 7' € N such that E.(0) # 0,
we are done. Otherwise, we differentiate (4.3.74) with respect to z and we put z = 0. If there
exist an integer k with 1 < k < m and a multiindex 7/ € N™' such that [9F,(0)/d2](0) # 0,
we are done. Otherwise, we again differentiate with respect to z and put z = 0. Since
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E.;(z) # 0 in C[z], this process converges towards the conclusion after a finite number of
steps, which completes the proof. O

The proofs of Lemma 4.3.53 and of part (4) of Theorem 4.3.1 are now complete. O

We now prove part (5) of Theorem 4.3.1. Proceeding as for parts (2) and (4), we
shall essentially reason by contradiction, but we shall summarize the main part of the proof
(Lemma 4.3.79 below), because it is very similar to the proof of Lemma 4.3.53.

By assumption of ¢{-holomorphic nondegeneracy of M’ at p(, we have
(4.3.76) genMrk (V¢ 07, (")) =n'.

1<)/ <d’, 7/ eN™
Notice that in (5), we make one supplementary assumption, by requiring in addition that h
is transversal at pg. This to insure that the following holds.

Lemma 4.3.77. Assume that h is transversal at pg and that M’ is holomorphically nonde-
generate at pg. Then

(4.3.78) genMrk (Vy 93”,v’(h(t))) =n.

1</ <d’, v'eN™

Proof. Suppose on the contrary that this generic matrix rank if equal to an integer x’ < n’—1.
By hypothesis, there exists a n’ x n’ minor d’'(¢') of the n’ x co matrix (4.3.76) which does
not vanish identically as a power series of t'. We deduce d'(h(t)) = 0, contradicting the
transversality of h at pg, which completes the proof. o

To establish part (5) of Theorem 4.3.1, we need the following technical lemma.
Lemma 4.3.79. Fiz j' with 1 < j' < d'. Let n}, be the integer defined by
(4.3.80) nf, := genMrk (Vy €7, ("))

v ENm'
Assume that h is CR-transversal at pg. Then we also have
(4.3.81) genMrk (vt, Ry 5(0,0,0,0, J1%17(0) ; h(t)))ﬁ =
eNm
As in the paragraph after the statement of Lemma 4.3.53, we can easily verify that this
technical lemma implies part (5) of Theorem 4.3.1. It remains to prove Lemma 4.3.79.

Proof. So we fix j/. Again, we proceed by contradiction. We summarize the proof. Assuming
that the generic rank of the n’ x co matrix

(4.3.82) (vt, R}, 5(0,0,0,0,.71%1h(0) : h(t))ﬁeNm)
is equal to an integer k' < n;, — 1 and taking into account that
(43.83) genMrk (@;/77/ (h(t)))'y’GNm' = TL;/

(by a slight generalization of Lemma 4.3.77) since h is transversal at pg, we deduce that there
exist £’ distinct multiindices (1, ..., B € N™ and a not identically zero power series A(t) # 0
and for every multiindex 8 # 81, . .., B, power series A%, t),..., Ag, (t) such that we can write

0= > (A(t)é’g(f”’)(o) — AL L (F)0) - -
(4.3.84) o

—AF () L7 (F)(0)) [V ) (h(1))]

Reasoning as in the proof of Lemma 4.3.53, we deduce that there exist n}, distinct mul-
tiindices v1,...,7} € N that there exists a not identically zero power series A(t) % 0,

that for i = 1,...,n, and for o/ # ~1,... ,fy;l;,, there exist power series A}, /() € C[t],
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that there exist power series Iy 1(t),..., I v (t) € C[t] and that there exist power series
G1(t,(),...,Gu(t,¢) € C[t, (] such that we can write for i’ =1,...,n’,:

J
ABA®E) FC00— > A® AL () F(C0) =
(4.3.85) VT,
= Hi/,l(t) Gl (tv g) +-- Hi/,n/(t) GK/ (tv g)
Since k" < nf, — 1, we deduce that there exist power series yi1(t),. .., pun, (t) € C[t] not all

zero such that we can write, after setting C(t) := A(t) A(t) and By 4/ (t) := A(t) A, /(1)

0=m(t) [ CO GO~ D By (G0 |+

’ ’ !
2l #717»»»,%;/

(4.3.86) ot

i, ()| COF GO = S B, (0 1(C0)

VAN
'

Simplifying a little bit this expression by writing it under the form
— —'Y,:l/
0= () C#) f1(C0) + -+ pr, () CW) f 77 (¢, 0)+
+ > By (0,

V' FEVL Y
'

(4.3.87)

we deduce by applying the same reasoning as in Lemma 4.3.73 that there exists a not identi-
cally zero power series relation

(4.3.88) Y E (G0 =0,
' eNm
contradicting the assumption of CR-transversality, which completes the proof of

Lemma 4.3.79. O

This completes the proof of part (5). In conclusion, the proof of Theorem 4.3.1 is complete.
O
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