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Abstract

We prove the following finite jet determination result for CR mappings: Given a smooth generic subman-
ifold M ¢ CN, N > 2, that is essentially finite and of finite type at each of its points, for every point p € M
there exists an integer £, depending upper-semicontinuously on p, such that for every smooth generic
submanifold M’ ¢ CN of the same dimension as M ,if hy,hy: (M, p) — M’ are two germs of smooth
finite CR mappings with the same £, jet at p, then necessarily j lljhl =] 11§h2 for all positive integers k. In
the hypersurface case, this result provides several new unique jet determination properties for holomorphic
mappings at the boundary in the real-analytic case; in particular, it provides the finite jet determination of
arbitrary real-analytic CR mappings between real-analytic hypersurfaces in CN of D’ Angelo finite type. It
also yields a new boundary version of H. Cartan’s uniqueness theorem: if £2, 2’ c CV are two bounded
domains with smooth real-analytic boundary, then there exists an integer k, depending only on the bound-
ary 9£2, such that if Hy, Hy : 2 — £’ are two proper holomorphic mappings extending smoothly up to 32
near some point p € 952 and agreeing up to order k at p, then necessarily H| = H».
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1. Introduction

There exists a wide variety of results concerned with the rigidity of automorphisms of a given
geometric structure. In CR geometry, one classical result of this type is given by the uniqueness
result stating that every pseudo-conformal map (or equivalently local biholomorphic map) send-
ing Levi-nondegenerate real-analytic hypersurfaces of CV into each other, N > 2, is uniquely
determined by its 2-jet at any given point; this is a consequence of the solution to the biholo-
morphic equivalence problem for the class of Levi-nondegenerate hypersurfaces, obtained by
E. Cartan [12,13] in CZ and Tanaka [37] and Chern—-Moser [15] in CV for arbitrary N > 2. This
result has been the source of many recent developments and generalizations in several directions,
see e.g. the works [1,3,4,6,8,9,20,21,27,28,30,32-34] and also the surveys [5,26,36,38,39] for
complete references on the subject. Most of the work mentioned above is concerned with estab-
lishing the unique jet determination property for holomorphic automorphisms. In this paper, we
are concerned with understanding the same phenomenon for finite holomorphic mappings (or
even arbitrary CR mappings) between generic manifolds that we allow to be of any codimen-
sion and to have strong Levi-degeneracies. More precisely, we prove the following theorem (see
Section 2 for relevant definitions and notation).

Theorem 1. Let M C CN be a smooth generic submanifold that is essentially finite and of finite
type at each of its points. Then for every point p € M there exists an integer £ ,, depending upper-
semicontinuously on p, such that for every smooth generic submanifold M' C CN of the same
dimension as that of M, if hy,hy: (M, p) — M’ are two germs of smooth finite CR mappings
with the same £, jet at p, then necessarily j,’ﬁhl = jllﬁhg for all positive integers k.

Here and throughout the paper by smooth we mean C°°-smooth. To put our main result into the
proper perspective, we should mention that Theorem 1 improves the very few finite jet determina-
tion results for finite mappings in two important different directions. Under the same assumptions
as that of Theorem 1, Baouendi, Ebenfelt and Rothschild proved in [4] (see also [6]) the finite jet
determination of finite mappings whose k-jet at a given point, for k sufficiently large, is the same
as that of a given fixed finite map; the integer k does actually depend on this fixed map.

Our result allows, on the one hand, to compare arbitrary pairs of finite maps, and cannot be
derived from the mentioned result of [4]. From this point of view, Theorem 1 is more natural
and satisfactory. On the other hand, our main result also provides a dependence of the jet order
(required to get the determination of the maps) on the base point. This explicit control cannot
be obtained by the techniques of [4,6] and is of fundamental importance in order to derive for
instance Theorem 3 below.

Note that Theorem 1 is new even in the case where the manifolds and mappings are real-
analytic, in which case the conclusion is that the mappings are identical. Note also that the upper-
semicontinuity of the jet order with respect to the base point mentioned in Theorem 1 was already
obtained by the authors in [32] in the case of local biholomorphic self-maps of real-analytic
generic submanifolds of CV. The proof that we are giving of this fact in this paper has the
advantage to extend to a more general situation and to be at the same time somewhat simpler
than the proof given in [32].

Theorem 1 offers a number of remarkable new consequences. The first one is given by the
following finite jet determination result for arbitrary CR mappings between D’ Angelo finite type
hypersurfaces (in the sense of [16]). To the authors’ knowledge, this result is the first of its kind
in the Levi-degenerate case. (See also Corollary 30 below for a slightly more general version.)
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Corollary 2. Let M, M’ C CV be smooth real hypersurfaces of D’Angelo finite type. Then for
every point p € M, there exists a positive integer £ = £(M, p), depending upper-semicontinu-
ously on p, such that for any pair hi, hy: (M, p) — M’ of germs of smooth CR mappings, if
jf;hl = j,‘;hz, then necessarily j[]§h1 = j,’jhz for all positive integers k. If in addition both M and
M’ are real-analytic, it follows that hy = h;.

In another direction, a further consequence of Theorem 1 is given by the following.

Theorem 3. Let M be a compact real-analytic CR submanifold of CV that is of finite type at
each of its points. Then there exists a positive integer k, depending only on M, such that for
every real-analytic CR submanifold M' C CN of the same dimension as that of M and for every
point p € M, local smooth CR finite mappings sending a neighborhood of p in M into M' are
uniquely determined by their k-jet at p.

Theorem 3 follows from the conjunction of the upper-semicontinuity of the integer £, on p in
Theorem 1, a well-known result of Diederich—Fornzess [17] stating that compact real-analytic CR
submanifolds of CV do necessarily not contain any analytic disc and hence are essentially finite
(see e.g. [2]) and the combination of the regularity result due to Meylan [35] with the recent
transversality result due to Ebenfelt—Rothschild [22]. In the case of local CR diffeomorphisms,
Theorem 3 was already obtained by the authors in [32].

When both manifolds M and M’ are compact hypersurfaces in Theorem 3, we have the fol-
lowing neater statement as an immediate consequence of Corollary 2.

Corollary 4. Let M, M’ C CV be compact real-analytic hypersurfaces. Then there exists a posi-
tive integer k depending only on M, such that for every point p € M, local smooth CR mappings
sending a neighborhood of p in M into M’ are uniquely determined by their k-jet at p.

We note that the conclusion of Corollary 4 does not hold (even for automorphisms) if the
compactness assumption is dropped, as the following example shows.

Example 5.3 Let @ : C — C be a nonzero entire function satisfying

3/ @ ,
—~(n)=0, j<n,neN,
az/

3

and consider the hypersurface M C C;, .

,.w given by the equation
Imw = Re(zl ) (Zz)).

Then the entire automorphism

H(z1,z2,w) = (21 +iP(22), 22, w)

3 This is an adaptation of an example which appeared in [21], which grew out of a discussion at the workshop “Com-
plexity of mappings in CR-geometry” at the American Institute of Mathematics in September 2006. The authors would
like to take this opportunity to thank the Institute for its hospitality.
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sends M into itself, agrees with the identity up to order n at each point (0, , 0), n € N, but is not
equal to the identity. This example shows that despite of the fact that local holomorphic automor-
phisms of M are uniquely determined by a finite jet at every arbitrary fixed point of M (since M
is holomorphically nondegenerate and of finite type, see [6]), a uniform bound for the jet order
valid at all points of the manifold need not exist in general, unless additional assumptions (like
compactness) are added. Note also that in view of the results in [21], the above phenomenon
cannot happen in C2.

By a classical result of H. Cartan [14], given any bounded domain £2 ¢ CV, any holomorphic
self-map of §2 agreeing with the identity mapping up to order one at any fixed point of £2 must
be the identity mapping. Our last application provides a new boundary version of this uniqueness
theorem for proper holomorphic mappings.

Corollary 6. Let 2 C CN be a bounded domain with smooth real-analytic boundary. Then there
exists an integer k, depending only on the boundary 052, such that for every other bounded
domain §2' with smooth real-analytic boundary, if Hy, Hy : 2 — $2’ are two proper holomorphic
maps extending smoothly up to 952 near some point p € 352 which satisfy Hy(z) = Hy(z) +
o(|lz — p|k), then necessarily Hy = H».

Corollary 6 follows immediately from Corollary 4. The authors do not know any other analog
of H. Cartan’s uniqueness theorem for arbitrary pairs of proper maps. A weaker version of Corol-
lary 6 appears in the authors’ paper [32] (namely when 2 = £2’ and one of the map is assumed
to be the identity mapping). For other related results, we refer the reader to the papers [11,23,24].

The paper is organized as follows. In the next section, we recall the basic concepts concerning
formal generic submanifolds and mappings which allow us to state a general finite jet determina-
tion result (Theorem 9) in such a context for so-called CR-transversal mappings, and from which
Theorem 1 will be derived. In Section 4 we give the proof of Theorem 9 which involves the
Segre set machinery recently developed by Baouendi, Ebenfelt and Rothschild [2—4]. In order to
be able to compare arbitrary pairs of mappings, we have to derive a number of new properties
of the mappings under consideration, when restricted to the first Segre set. As a byproduct of
the proof, we also obtain a new sufficient condition for a CR-transversal map to be an automor-
phism (Corollary 16). The last part of the proof, concerned with the iteration to higher order
Segre sets, is established by a careful analysis of standard reflection identities. During the course
of the proof, we also have to keep track of the jet order needed to get the determination of the
maps so that this order behaves upper-semicontinuously on base points when applied at vary-
ing points of smooth generic submanifolds. This is done in the formal setting by defining new
numerical invariants associated to any formal generic submanifold; such invariants are used to
provide an explicit jet order that behaves upper-semicontinuously on the source manifold when
this latter is subject to arbitrary continuous deformations. The proofs of the results mentioned in
the introduction are then derived from Theorem 9 in Section 5.

2. Formal submanifolds and mappings
2.1. Basic definitions

For x = (x1,...,xx) € Ck, we denote by C[x]] the ring of formal power series in x /and
by C{x} the subring of convergent ones. If I C C[[x]] is an ideal and F : ((C’;, 0) —> ((C];/, 0)
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is a formal map, then we define the pushforward F,(I) of I to be the ideal in C[[x'], x" € C,
Fo(I) :={h e C[[x']): hoF € I}. We also call the generic rank of F and denote by Rk F the rank
of the Jacobian matrix 3 F /dx regarded as a C[[x]-linear mapping (CIx* — (C[[x]])k/. Hence
Rk F is the largest integer r such that there is an r x r minor of the matrix d F /dx which is not O
as a formal power series in x. Note that if F is convergent, then Rk F is the usual generic rank of
the map F. In addition, for any complex-valued formal power series /(x), we denote by A (x) the
formal power series obtained from /4 by taking complex conjugates of the coefficients. We also
denote by ord 2 € N U {400} the order of 4 i.e. the smallest integer r such that 9“4 (0) = 0 for
all & € N¥ with |a| < r — 1 and for which 3#7(0) # 0 for some B € Nf with || =r (if h =0,
we set ord i = +00). Moreover, if S = S(x, x) € C[[x, x']|, we write ord, S to denote the order
of S viewed as a power series in x with coefficients in the ring C[[x'].

2.2. Formal generic submanifolds and normal coordinates

For (Z,¢) € CN x CN, we define the involution o : C[Z, ¢]] = C[Z, ¢TI by o (f)(Z,¢) :=
f({, Z). Letr=(r1,...,rq) € (C[Z, {]])d such that r is invariant under the involution o. Such
an r is said to define a formal generic submanifold through the origin, which we denote by M, if
r(0) = 0 and the vectors dzr1(0), ..., dzr4(0) are linearly independent over C. In this case, the
number n := N — d is called the CR dimension of M, the number 2N — d the dimension of M
and the number d the codimension of M. Throughout the paper, we shall freely write M c CV.
The complex space of vectors of ToC" which are in the kernel of the complex linear map 977 (0)
will be denoted by TO1 O Furthermore, in the case d = 1, a formal generic submanifold will be
called a formal real hypersurface. These definitions are justified by the fact that, on the one hand,
if r € (C{Z, ¢})? defines a formal generic submanifold then the set {Z € CV: r(Z, 7Z) =0} is
a germ through the origin in CV of a real-analytic generic submanifold and Tol’OM is the usual
space of (1, 0) tangent vectors of M at the origin (see e.g. [2]). On the other hand, if X' is a germ
through the origin of a smooth generic submanifold of CV, then the complexified Taylor series
of a local smooth vector-valued defining function for X' near O gives rise to a formal generic sub-
manifold as defined above. These observations will be used to derive the results mentioned in the
introduction from the corresponding results for formal generic submanifolds given in Section 3.

Given a topological space T, by a continuous family of formal generic submanifolds (M;)eT,
we mean the data of a formal power series mapping r(Z, ;1) = (r1(Z,¢;t), ..., rq(Z,¢; 1)) in
(Z, ¢) with coefficients that are continuous functions of # and such that for each t € T, M, defines
a formal submanifold as described above. When T is furthermore a smooth submanifold and the
coefficients depend smoothly on ¢, we say that (M;);c7 is a smooth family of formal generic
submanifolds. An important example (for this paper) of such a family is given when considering
a smooth generic submanifold of CV near some point py € C" and allowing the base point to
vary. In such a case, the smooth family of formal submanifolds is just obtained by considering
a smooth defining function p = (p1, ..., pg) for M near py and by setting r(Z, ¢; p) to be the
complexified Taylor series mapping of p at the point p, for p sufficiently close to pg.

Given a family £ of formal generic submanifolds of CV, a numerical invariant ¢ attached
to the family £ and a submanifold M € £, we will further say that «(M) depends upper-
semicontinuously on continuous deformations of M if for every continuous family of formal
generic submanifolds (M;);cr with M;, = M for some #y € T, there exists a neighborhood w
of tg in T such that M, € £ for all ¢+ € w and such that the function w > ¢ — ((M;) is upper-
semicontinuous.
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Throughout this paper, it will be convenient to use (formal) normal coordinates associ-
ated to any formal generic submanifold M of CV of codimension d (see e.g. [2]). They
are given as follows. There exists a formal change of coordinates in C¥ x CV of the form
(Z,¢)=(Z(z,w), Z(X, 7)), where Z = Z(z, w) is a formal change of coordinates in CVN and
where (2, X) = (21, -+, Zns X1s s Xn) €CPXC", (w, 7) = (W1, ..., W, T1, ..., Tq) € C x C4
so that M is defined through the following defining equations

r((Z, 'LU),(X,T))ZIU—Q(Z, er)v (1)
where Q0 = (01, ..., 0% € (C[z, x, ) satisfies
010, x,1)=0'(z,0,0)=1;, j=1,...,d. )

Furthermore if (M;);cr is a continuous (respectively smooth) family of formal generic subman-
ifolds with M = M,, for some fy € T, then one may construct normal coordinates so that the
formal power series mapping Q = Q(z, x, 7;t) depends continuously (respectively smoothly)
on ¢ for ¢ sufficiently close to .

2.3. Formal mappings

Letr,r’ € (CI[Z,cI)? x (CIZ, cT)? define two formal generic submanifolds M and M’ re-
spectively of the same dimension and let Z(M) (respectively Z(M')) be the ideal generated by r
(respectively by r’). Throughout the paper, given a formal power series mapping ¢ with compo-
nents in the ring C[[Z, ¢]], we write ¢(Z, ¢) =0 for (Z, ) € M to mean that each component
of ¢ belongs to the ideal Z(M). Let now H : (CV,0) — (C¥, 0) be a formal holomorphic map.
For every integer k, the k-jet of H, denoted by j(])‘ H, is simply the usual k-jet at O of H. We
associate to the map H another formal map H:(CVN x CV,0) — (CN x CV,0) defined by
H(Z,¢) = (H(Z), H()). We say that H sends M into M’ if T(M') C Hy(Z(M)) and write
H(M) C M'. Note that if M, M’ are germs through the origin of real-analytic generic sub-
manifolds of CV and H is convergent, then H(M) C M’ is equivalent to say that H sends a
neighborhood of 0 in M into M’. On the other hand, observe that if M, M’ are merely smooth
generic submanifolds through the origin and 4 : (M, 0) — (M’, 0) is a germ of a smooth CR map-
ping, then there exists a unique (see e.g. [2]) formal (holomorphic) map H : (CV,0) — (CV,0)
extending the Taylor series of A at O (in any local coordinate system). Then the obtained for-
mal map H sends M into M’ in the sense defined above when M and M’ are viewed as formal
generic submanifolds.

A formal map H : (CV,0) — (CV,0) sending M into M’ where M, M’ are formal generic
submanifolds of CV is called CR-transversal if

7,°M' +dH(TyC") = T,CV, 3)

where d H denotes the differential of H (at 0). We say that H is a finite map if the ideal generated
by the components of the map H is of finite codimension in the ring C[Z]]. If M, M’ are merely
smooth generic submanifolds through the origin and 2 : (M, 0) — (M’, 0) is a germ of a smooth
CR mapping, we say that & is CR-transversal (respectively finite) if its unique associated formal
(holomorphic) power series mapping extension is CR-transversal (respectively finite).
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Finally, given M, M’ two real-analytic CR submanifolds of CV, h: M — M’ a smooth CR
mapping, k a positive integer and p a point in M, we will denote by j [ljh the usual k-jet of 4 at p.

Note that there exists a (not necessarily unique) formal holomorphic map (CV, p) —> (CN, h( p))
extending the power series of & at p whose restriction to the intrinsic complexification of M at
p is unique (see e.g. [2]). We then say that % is a finite CR mapping if the above restricted map
is a finite formal holomorphic map.

2.4. Nondegeneracy conditions for formal submanifolds and numerical invariants

A formal vector field V in CY x CV is a C-linear derivation of the ring C[Z, ¢]. If M is
a formal generic submanifold of CV, we say that V is tangent to M if V(f) € Z(M) for every
fel(M).

A formal (1, 0)-vector field X in (CIZV X (C?’ is of the form

N
3

X=) aj(Z.05—. ajZ)eClZ.cll j=1.....N. )

Jj=1 !
Similarly, a (0, 1)-vector field Y in (C%’ X (C?' is given by

al 9

Y=Zb,-(z,c)8—§, bj(Z,£) €CIZ,tT, j=1,...,N, 5)
j=1 J

For a formal generic submanifold M of CV of codimension d, we denote by gy the Lie
algebra generated by the formal (1, 0) and (0, 1) vector fields tangent to M. The formal generic
submanifold M is said to be of finite type if the dimension of gy (0) over C is 2N — d, where
a1 (0) is the vector space obtained by evaluating the vector fields in gy at the origin of C*. Note
that if M c CV is a smooth generic submanifold through the origin, then the above definition
coincides with the usual finite type condition due to Kohn [29] and Bloom—Graham [10].

We now need to introduce a nondegeneracy condition for formal generic submanifolds, which
in the real-analytic case was already defined by the authors in [32]. Let therefore M be a formal
generic submanifold of CV of codimension d and choose normal coordinates as in Section 2.2.
For every o € N", we set Oy (x) = (@Oll(x), e, @g(x)) = (Q;a ©, x,0),..., Q?m 0, x,0)).

Definition 7. We say that a formal submanifold M defined in normal coordinates as above is
in the class C if for k large enough the generic rank of the formal (holomorphic) map x —
(Ox (X))|ai<k 18 equal to n. If this is the case, we denote by «y, the smallest integer k for which
the rank condition holds.

If the formal submanifold M ¢ C, we set k) = +00. In Section 4, we will show that for a
formal submanifold M, being in the class C is independent of the choice of normal coordinates.
Further, it will also be shown that k), € NU {400} is invariantly attached to M (see Corollary 15).
Note that if (M;);er is a continuous family of formal generic submanifolds (parametrized by
some topological space T') such that M;, = M for some #op € T and M € C, then there exists a
neighborhood w of #p in T such that M; € C for all # € w and furthermore the map w > ¢ — Ky,
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is clearly upper-semicontinuous. This remark is useful to keep in mind during the proof of The-
orem 9 below. Note also that the definition of the class C given here coincides with that given
in [32] in the real-analytic case. We therefore refer the reader to the latter paper for further details
on that class in the real-analytic case. We only note here that several comparison results between
the class C and other classes of generic submanifolds still hold in the formal category. For in-
stance, recall that a formal manifold is said to be essentially finite if the formal holomorphic map
X = (Ou(x))a|<k 1s finite for k large enough. It is therefore clear that if M is essentially finite,
then M € C. As in the real-analytic case, there are also other classes of formal submanifolds that
are not essentially finite and that still belong to the class C. We leave the interested reader to
mimic in the formal setting what has been done in the real-analytic case in [32].

If M is a smooth generic submanifold of CV and p € M, we say that (M, p) is in the class C
(respectively essentially finite) if the formal generic submanifold associated to (M, p) (as ex-
plained in Section 2.2) is in the class C (respectively is essentially finite).

For every formal submanifold M C CV, we need to define another numerical quantity that
will be used to give an explicit bound on the number of jets needed in Theorem 9. Given a
choice of normal coordinates Z = (z, w) for M, we set for any n-tuple of multiindices ¢ :=

(WD, ..., a®™), o) eN", and any n-tuple of integers s := (s1,...,s,) €{1,...,d}"

551 551

96’ 96’
91 0 Xn

Dfj(a.s) =det| - S (6)

S o S

3@01’;”) d@a’(‘n)
X1 e 0 Xn

Let us write || := max{|a’|: 1 < j < n}. We now define for every integer k > 1,
vf; (k) :=inf{ord Df; (e, s): |a| <k} € NU {+00}. (7)

Note that for a general formal submanifold M, the numerical quantity vAZ,I (k) depends a priori
on a choice of normal coordinates for M ; it will be shown in Section 4.1 that vf,, (k) is in fact
independent of such a choice, and thus is a biholomorphic invariant of M. In view of this result,
we will simply write vy (k) for vf,[ (k) for every k. Observe also that if M € C then for all k > «yy,
vy (k) < 4o00.

We also define the following quantity

vy (00) ::kl—i>nc}o v (k) =kiI€11§VM(k) € NU {+o0}, (8)

and notice that vys(c0) = 0 if and only if for some k, the map x > (@y()))|a|<k 1S Immersive;
this is equivalent to M being finitely nondegenerate (for other possible ways of expressing this
condition, see e.g. [2]).

Given the invariance of vy (k) for each %, it is also easy to see that if (M;);cr is a continuous
family of generic submanifolds, then for every k € N*U{oo}, the mappings T > ¢ > kpy, and T >
t — vy, (k) are clearly upper-semicontinuous. Hence, the numerical quantities «; and vy (k) for
k € N* U {oco} depend upper-semicontinuously on continuous deformations of M. This fact has
also to be kept in mind during the proof of Theorem 9 below.
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2.5. Finite type and Segre sets mappings

We here briefly recall the definition of the Segre sets mappings associated to any formal
generic submanifold as well as the finite type criterion in terms of these mappings due to
Baouendi, Ebenfelt and Rothschild [3].

Let M be a formal submanifold of codimension d in C" given for simplicity in normal coordi-
nates as in Section 2.2. Then for every integer j > 1, we define a formal mapping v/ : (C'V, 0) —
(CN,0) called the Segre set mapping of order j as follows. We first set vih = (¢, 0) and de-
fine inductively the v/ by the formula

It ) = (T (T (e 1)), 9)
Here and throughout the paper, each t* € C" and we shall also use the notation t1/! = (¢!, ... /)
for brevity. Note that for every formal power series mapping & € C[z, ¢]) such that h(Z,5)=0
for (Z,¢) € M, one has the identities h(v/*!,v/) = 0 in the ring C[[¢!,...,+/*] and

h(v'(t'),0) =0in C[¢'].
The following well-known characterization of finite type for a formal generic submanifold in
terms of its Segre sets mappings will be useful in the conclusion of the proof of Theorem 9.

Theorem 8. (See [3].) Let M be a formal generic submanifold of CN. Then M is of finite type if
and only if there exists an integer | <m < (d + 1) such that Rk vk = N for all k > m.

3. Statement of the main result for formal submanifolds

We will derive in Section 5 the results mentioned in the introduction from the following finite
jet determination result for formal mappings between formal submanifolds.

Theorem 9. Let M C CN be a formal generic submanifold of finite type which is in the class C.
Then there exists an integer K depending only on M satisfying the following properties:

() For every formal generic manifold M' of CN with the same dimension as M, and for any
pair Hy, H>: (CN,0) — (CV,0) of formal CR-transversal holomorphic mappings sending
M into M’ it holds that if the K -jets of H\ and H, agree, then necessarily Hy = H,.

(i) The integer K depends upper-semicontinuously on continuous deformations of M.

The upper-semicontinuity of the jet order K on continuous perturbations of M in the above
theorem is of fundamental importance in order to provide the upper-semicontinuity of the in-
teger £, on p in Theorem 1 (see Section 5 for details). We also mention here the following
consequence of Theorem 9 which, under additional assumptions on the manifolds, provides a
finite jet determination result valid for pairs of arbitrary maps. In what follows, we say that
a formal manifold M of CV contains a formal curve if there exists a nonconstant formal map
y :(C;,0) — (CV, 0) such that for every h € Z(M), h(y (1), y (1)) =0.

Corollary 10. Let M, M’ C CN be a formal real hypersurfaces. Assume that M € C and that
M’ does not contain any formal curve. Then there exists an integer K, depending only on M,
such that for any pair of formal holomorphic maps Hy, Hy : (CV,0) — (CV, 0) sending M into
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M’ it holds that if the K -jets of H) and Hy agree, then necessarily Hy = Hy. Furthermore, the
integer K can be chosen to depend upper-semicontinuously on continuous deformations of M.

Proof. The corollary is an immediate consequence of Theorem 9 by noticing that any formal
real hypersurface that belongs to the class C is necessarily of finite type and by using [31, Corol-
lary 2.4] that in the setting of Corollary 10, any formal holomorphic mapping H : (CV,0) —
(CN,0) sending M into M’ is either constant or CR-transversal. O

The proof of Theorem 9 is given the next section. In order to prove this theorem, we need to
establish several new properties of CR-transversal maps along the Segre variety (which is done
through Sections 4.1-4.2). Since the maps we consider will turn out to be not totally degenerate,
that is, their restriction to the Segre variety is of generic full rank, a careful analysis of the usual
reflection identities will suffice to iterate the determination property along higher order Segre
sets (this is carried out in Section 4.3). The well-known finite type criterion (given in Theorem 8)
is finally used to conclude the proof of the theorem.

4. Proof of Theorem 9

In this section, we use the notation and terminology introduced in Section 2. We let M, M’
be two formal generic submanifolds of CV with the same codimension d and fix a choice of
normal coordinates Z = (z, w) (respectively Z" = (z/, w’)) so that M (respectively M’) is defined
through the power series mapping Q = Q(z, x, t) (respectively Q' = Q'(z/, x’, t/)) given in (1).
Recall that we write

@a(X):QZO’(Os X10)7 aeNn' (10)

In what follows, we use analogous notations for M’ by just adding a “prime” to the corresponding
objects.
For every formal map H : (CV, 0) — (CV, 0), we split the map

H=(F.G)=(F'.....F".G",...,G") eC" x C*

according to the above choice of normal coordinates for M’. If H sends M into M’, we have the
following fundamental C?-valued identity

G(z. 0. x. 1)) = Q' (F(z. Qz. x. 1)), F(x. 7). G(x. 1)), (11)

which holds in the ring C[[z, x, t]]. Note that H is CR-transversal if and only the d x d matrix
G (0) is invertible (see e.g. [22]). Recall also that H is not totally degenerate it Rk F,(z,0) = n.

For every positive integer k, we denote by J(’i 0((CN ,CN) the jet space of order k of formal
holomorphic maps (CV, 0) — (CV,0) and by j¥ be the k-jet mapping. (After identifying the
jet space with polynomials of degree k, this is just the map which truncates the Taylor series
at degree k.) As done before, we equip the source space C with normal coordinates Z for
M and the target space C" with normal coordinates Z’ for M’. This choice being fixed, we
denote by A* the corresponding coordinates on J§ o(CV, CV) and by 7 (CV) the open subset

of Jé‘o((CN, CV) consisting of k-jets of holomorphic maps H = (F, G) for which G (0) is
invertible. Hence, for every formal CR-transversal mapping H sending M into M’, we have
JEH e TF(CV).
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4.1. Properties of CR-transversal maps on the first Segre set

We start by establishing here a few facts concerning CR-transversal formal holomorphic map-
pings sending formal generic submanifolds into each other. We will in particular derive the
following list of important properties:

(1) We provide the invariance of the condition to be in the class C for a formal submanifold M
as well as the invariance of the associated numerical quantities x3; and vy (k) for k € N*
(Corollary 15).

(2) We obtain some rigidity properties of CR-transversal mappings between submanifolds in
the class C, e.g. the fact that they are necessarily not totally degenerate with a certain uni-
form bound on the degeneracy considered (see Corollary 12 and Eq. (20)) as well as their
determination on the first Segre set by a finite jet (Corollary 19).

(3) As a byproduct of the proofs, we obtain a new sufficient condition on M that force any
CR transversal formal map sending M into another formal submanifold M’ of the same
dimension to be a formal biholomorphism (Corollary 16).

All the above mentioned properties will be obtained as consequences of the following result,
which can be seen as a generalization in higher codimension of an analogous version obtained
for the case of hypersurfaces in [18].

Proposition 11. Ler M, M’ be formal generic submanifolds of CV of the same dimension. Then
for every a € N, there exists a universal C¢-valued holomorphic map ®,, defined in a neighbor-

hood of {0} x T)*!(CN) € C¥el x T*I(CN), where rjq) := card{f € N*: 1 <|B| < ||}, such
that for every CR-transversal formal map H : (CV,0) — (CV, 0) sending M into M’, we have

Ou(0) = Pa((O4 (F O 0)) 51< o Jo H)- (12)

Proof. We proceed by induction on the length of «. For every j =1, ..., n, we denote by e; the
multiindex of N having 1 at the jth digit and zero elsewhere. Let H be as in the statement of
the proposition. Differentiating (11) with respect to z;, evaluating at z = T = 0 and using the fact
that G(z, 0) = 0 (which follows directly from (11)) yields

Guw(0)- O, () =D 6, (F(x, 0)(FL (0 + Fi(0) - O, (), (13)
k=1

where ©,; is considered as a column vector and Fl'f) (0) as a row vector. We thus define polyno-
mial maps

A:C" x J3o(CN,CY) > Mu(C),  Bj:C" x Jgo(CV.CY) >l j=1,....n,

where M; denotes the space of d x d complex-valued matrices, so that foreach j =1,...,n, so
that for every map H as above
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A((@p(Fx-0)) ey Jo H <0> Zo F(x.0)) - F&(0),
Bi((O4(F(x,0)) p1—1> Jo H) = Z 0}, (F(x.0)FE (0). (14)
k=1

Note also that for all A' € 7! (CV), det A(0, A') # 0. Therefore, @,; := A~!- B} is holomorphic
in a neighborhood of {0} x 7})1 (CNy c Ccan Tol (CN) and satisfies the desired property in view
of (13).

To prove (12) for || > 1, one differentiates (11) with respect to z* and evaluates at z =t = 0.
Using the induction to express every term &g with || < || by @5, we obtain for every formal
map H : (CV,0) — (CV,0) sending M into M’ an expression of the form

A((@/%(F(X’O)))\ﬂ\:l’joll—[) “Ou(X) = Ba((@,/B(F(X’O)))|ﬂ|<|a\’-]O lH)

where B : C?lel x J§ ((CN,CN) — C? is a universal polynomial map and A is given by (14).
As in the case of multiindices of length one, we conclude by setting ®, := A~! . B,. The proof
of Proposition 11 is complete. O

A number of interesting consequences may be derived from Proposition 11. For instance, it
immediately yields the following corollary; we note that we have not yet proved the independence
of the quantities «p; and vy (k) for k € N* U {oo} on the choice of coordinates; however, this
invariance, stated in Corollary 15 below, is an immediate consequence of Corollary 12, so we
already state this latter in the invariant way.

Corollary 12. Let M, M' C CN be a formal generic submanifolds of the same dimension. Sup-
pose that M belongs to the class C (as defined in Section 2.4) and that there exists a formal CR-
transversal map H : (CN,0) — (CN,0) sending M into M'. Then necessarily H is not totally
degenerate, M' € C, kpp < iy, and for every integer k > 1, vy (k) > vy (k) + ord det Fx (x,0).

Proof. We start the proof by introducing some notation which will be used consistently from now

on. For any n-tuple of multiindices of N” o = (1, ..., &™) and integers s = (s1,...,5,) €
{1,...,d}", we write

Oy, = (@;luw e @;'Em)’ (15)
and

Dy 5= (QD;’(I), e <15;’2n)) (16)

for the corresponding map given by Proposition 11. We thus have from the same proposition that
Ogs(X) = qb%g((@;,(i(x, 0)))|/3|<\(1|’ jolng) = qb%s(@(@I (F(x,0), j(l)ng)» (7

where we use the notation @) = (@/’3)| g1<k for every integer k. We also write for any o, s

T (1) 1= Pas (O, 6. Ji ' H), (18)
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where we recall that @y = @Q,E(X,A@') is holomorphic in a neighborhood of {0} x
’]E)lgl(CN) C Cmel x ’Z’O‘gl((CN). Since M € C, we can choose n-tuples of multiindices o and
integers s with |a| = ks such that the formal map x = O ;(x) is of generic rank n. Differen-
tiating (17) with respect to x yields

0.5 s F(x,0)-F,(x,0 19
oy )= 3)(/( (X, 0)) - Fy(x,0). (19)

From (19), we immediately get that Rk F % (x,0) =n ie. that H is not totally degenerate. We
also immediately get that

o

aTH
Rk —=(x") =n,

which implies in view of (18) that the generic rank of the map x> @, (x') is also n, which
shows that M’ € C and that k3 < kp.

Let us now prove the inequality for vys. To this end, for every integer k > 1 and for every
choice of @ = (@, ..., ™) e N" x .. x N* with |a| <k and s = (s1,...,5,) € {1,...,d}",
we consider the resulting equation (17). Differentiating (17) with respect to x yields that the
determinant considered in (6) is expressed as the product of det F s (x, 0) with the determinant of

0Pys nolel a@\/ql 7
X (@@\(X ), Jo H)‘x’:l:"(x,()) ’ 8X/ (F(X’ 0))

Applying the Cauchy—Binet formula (allowing to express the determinant of this matrix product

as the sum of the product of corresponding minors of the factors), we get the equation

D,ﬁ(q,g):( 3 ag,t(x)Df;/(g,z)(x/)|x,zﬁ(x,o)>detFX(x,O).
IBI<k
te(l,...d)"

From this we see that the order of the right-hand side is at least vy, (k) + ord det F ¥ (x,0), and
since thi_s holds for any choice of @ and s as above, we obtain the inequality vy (k) > vy (k) +
orddet Fy (x,0). O

Remark 13. Under the assumptions and notation of the proof of Corollary 12, it also follows
from (19) that the order of the power series

H

d Mas F(x,0
X+ et( iy (F(x, )))

is uniformly bounded by vy (k) for any choice of n-tuple of multiindices ¢ with || < k and of
integers s = (sy, ..., Sy) for which ord D,ﬁ (e, s) = vy (k). This fact will be useful in the proof
of Corollary 19 and Proposition 24 below.
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Remark 14. It is easy to see that the inequality vy, (k) 4+ ord det F s (X, 0) < vy (k) may be strict;
consider for example M = {(z, w) € C* Imw = [z|¥}, M’ = {(z, w) € C?*: Imw = |z|*}, and
H(z,w) = (z, w). Our proof also gives the somewhat better inequality

vy (k) - ord F (x, 0) + ord det Fy (x, 0) < var (k)

(in which equality holds in the above example in C2, but not in general). The inequality given in
Corollary 12 is strong enough in order to derive the invariance in Corollary 15 below, so we will
not dwell on this matter any longer.

From Corollary 12, the invariance of s and vy (k) immediately follows.

Corollary 15. Let M be a formal generic submanifold of CV. Then the condition for M to be in
the class C is independent of the choice of (formal) normal coordinates. Moreover, for M arbi-
trary, the integers «p and vy (k) for k € N* U {00}, defined in Section 2.4, are also independent
of a choice of such coordinates and hence invariantly attached to the formal submanifold M.

Another consequence that is noteworthy to point out is given by the following criterion for a
CR-transversal map to be an automorphism. Note that the inequality for the numerical invariant
vy given in Corollary 12 implies that for any CR-transversal map H sending the formal generic
submanifold M of CV, where M € C, into another formal generic submanifold M’ of CV with
the same dimension, it follows that

orddet Fy (x, 0) < vpr(00). (20)
Recalling that vys(00) = 0 if and only if M is finitely nondegenerate, we therefore get:

Corollary 16. Let M, M' C CN be formal generic submanifolds of the same dimension, and
assume that M € C. Then a formal CR-transversal holomorphic map sending M into M’ is an
automorphism if and only if for some k > ky, vyr(k) = vy (k). Furthermore, if M is finitely
nondegenerate, every formal CR-transversal map is a formal biholomorphism.

Remark 17. (i) A criterion analogous to the second part of Corollary 16 for a formal finite
holomorphic mapping to be a biholomorphism was obtained in [22, Theorem 6.5] under the
additional assumption that M is of finite type. In fact, this latter result can also be seen as a
consequence of Corollary 16 in conjunction with the transversality result [22, Theorem 3.1].
Note also that the second part of Corollary 16 does not hold for finite maps as can be seen
by considering M = M’ = {(z, wi, wy) € C3: Imw; = |z|2, Imw; =0} and H(z, wy, wp) =
(z, wq, w%).

(i1) A nice application of the preceding corollary is also a “one-glance” proof of the fact that
(for example) the hypersurfaces

Mi: Imwzlzllz—i-Rez%Zg%-Rez‘sz—}—0(6),
My: Tmw =|z;|* +Rez3z3 + Rez{z2 + 0(6),
are not biholomorphically equivalent; indeed, both are finitely nondegenerate, and we have

kmy =kmy, =2, vu (k) =vp,(k), fork#2, but2=vy, (2) #vy,(2)=1.
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As a consequence of (20) and [31, Corollary 2.4], we also get following property that under
some additional assumptions on the manifolds, tangential flatness up to a certain order of a given
map implies that it is necessarily constant.

Corollary 18. Let M C CV be a formal real hypersurface given in normal coordinates as
above, and assume that M € C. Then there exists an integer k such that for every formal real
hypersurface M' C CN not containing any formal curve and every formal holomorphic map
H:(CN,0) — (C",0) sending M into M', H = (F, G) is constant if and only if

Fe(0)=0, 1<|of<k.

For the purposes of this paper, the most important consequence of Proposition 11 lies in the
following finite jet determination property.

Corollary 19. Let M, M’ C CV be formal generic submanifolds of the same dimension, given in
normal coordinates as above. Assume that M belongs to the class C. Then the integer

ko := min max{k, vM(k)}
ZKM

satisfies the following property: For any pair Hi, H»:(CN,0) — (CN,0) of formal CR-
transversal holomorphic mappings sending M into M', if the ko-jets of H; and Hj agree, then
necessarily H1(z,0) = H>(z,0). Furthermore, ko depends upper-semicontinuously on continu-
ous deformations of M.

Proof. Let k be an integer with max{k, vM(lE)} = ko. We choose o = (U, ..., ™) with
¢l <k and s = (s1,...,S,) such that ord D% e, s) = vM(k) We use the notation of the proof

of Corollary 12, in particular, we consider the function T% s defined there, with this choice of «

and s and for a given pair Hy, H» of formal CR-transversal maps satisfying j(/;o H = j(/)co H>. In
view of (18), we have

YO =T (0 = Yas (O 1)

We write H; = (F;,G;) € C" x C4, j =1,2. We now claim that Fi(x,0) = F>(x,0) which
yields the desired result. Indeed first note that the identity

O(S

Yoas(V) — T s(x) =@ —x)- / ty+(1—t)X)

gives in view of (17) and (18) that

- = 1 07y, 5
0= (F2(x,0) — Fi(x,0)) - / == (tF2(x,0) + (1 = 1) Fi (x, 0)) dt. (22)
0

ax
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To prove the claim, it is therefore enough to show that

s, - _
det(/ a);;‘(th(X,O)+(1—t)Fl(x,O))dt)géO. (23)
0

ys 5 . ~
T (F2(x,0))) is at most vy (k) and

since Fj(x,0) agrees with F>(x,0) up to order kg > vy (k), it follows that (23) automatically
holds. The proof of Corollary 19 is complete, up to the upper-semicontinuity of the integer ko,
which is a direct consequence of the upper-semicontinuity on continuous deformations of M of
the numerical invariants «; and vy (k) forall k e N* U {o0}. O

By Remark 13, the order of the power series y > det(

4.2. Finite jet determination of the derivatives on the first Segre set

Our next goal is to establish a finite jet determination property similar to that obtained in
Corollary 19, but this time for the derivatives of the maps. For this, we will need a number
of small technical lemmas. In what follows, for every positive integer ¢, we write ij for
(Bgfl(g“))lgmgg and similarly for fﬁH to mean (35 H(Z))1<|«|<¢- We also keep the notation

introduced in previous sections. We start with the following.

Lemma 20. Let M, M’ C CN be formal generic submanifolds of codimension d given in normal
coordinates as above. Then for every multiindex . € N% \ {0}, there exists a universal C?-valued
power series mapping S, = S,.(Z,¢,Z',¢'; +) polynomial in its last argument with coefficients
in the ring C[[Z, ¢, Z', ¢'1| such that for every formal holomorphic map H : (CN,0) — (CV,0)
sending M into M' with H = (F, G) € C" x C%, the following identity holds for (Z,¢) € M:

Fr(©)- Q0 (f(2), H(©))

=S8u(Z,¢, H(Z), HQ); J)'H, (Fer (©), 1<yt (Gor @) < )- (24)

Proof. The proof follows easily by induction and differentiating (11) with respect to 7. We leave
the details of this to the reader. O

The following lemma is stated in [32, Lemma 9.3] for the case of biholomorphic self-maps
of real-analytic generic submanifolds but it (along with the proof) also applies to the case of
arbitrary formal holomorphic maps between formal generic submanifolds.

Lemma 21. Let M, M’ C CN be formal generic submanifolds of codimension d given in normal
coordinates as above. Then for every multiindex . € N \ {0}, there exists a universal C?-valued
power series mapping W, (Z,¢,Z',¢'; ) polynomial in its last argument with coefficients in
the ring C[Z,¢,Z',¢'1) such that for every formal holomorphic map H :(CN,0) — (CV,0)
sending M into M’ with H = (F, G) € C" x C¥ the following identity holds

Gen(¢) = Fen(¢) - 0y (F(). HZ)) + Wu(Z.¢. H(Z), H(©): JU B M) (25)
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In particular, there exists a universal C¢-valued polynomial map Ru=Rulx, x's) ofits argu-
ments with coefficients in the ring C[[x, x'1| such that for every map H as above, the following
holds:

G (6. 0) = Ryu (. F . 0): (0P H(X. 0)), < g1 <y Jo H). (26)
Combining Lemma 20 and Lemma 21 together, we get the following.

Lemma 22. In the situation of Lemma 20, there exists, for every multiindex 1 € N% \ {0},
a universal C¢-valued power series mapping A, =Au(z, x,Z',¢'; ) polynomial in its last ar-
gument with coefficients in the ring Cllz, x, Z', ¢'1 such that for every formal holomorphic map
H:(CN,0) — (CV,0) sending M into M' with H = (F, G) € C" x C? the following identity
holds

Fen(x,0)- Q' (F(z, 0z, x, ), H(x,0))
= Au(z 1 H(z, Q1. 0)) H(x, 0): (0P H) (2, 02 X2 0)) 1 < 1<

(O H 0 0) g1 10" H)- @7
Proof. Setting Z = (z, Q(z, x,0)) and ¢ = (x, 0) in (24) and substituting G (x,0) by its ex-
pression given by (26) yields the required conclusion of the lemma. O

We need a last independent lemma before proceeding with the proof of the main proposition
of this section.

Lemma 23. Let A = A(u, v) be a C*-valued formal power series mapping, u, v € CX, satisfying
detA,(u,v) # 0 and A(0,v) = 0. Assume that ord, (det A, (u, v)) < v for some nonnegative
integer v. Then for every nonnegative integer r and for every formal power series (t,v) €
Clit, v, t € CK, iford, (Y (A(u, v), v)) > r(v + 1), then necessarily ord; ¥ (¢, v) > r.

Proof. We prove the lemma by induction on r and notice that the statement automatically holds
for r = 0. Suppose that ¥ is as in the lemma and satisfies ord, (¥ (A(u, v),v)) > r(v + 1)
for some r > 1. Differentiating v (A(u, v), v) with respect to u, we get that the order (in u)
of each component of ¥, (A(u,v),v) - A,(u, v) is strictly greater than rv + r — 1. Multiply-
ing ¥y (A(u,v),v) - A,(u, v) by the classical inverse of A, (u, v), we get the same conclusion
for each component of the power series mapping (det A, («, v))v¥; (A(u, v), v). By assumption,
ord, (det A, (u, v)) < v and therefore the order (in u) of each component of ¥;(A(u, v), v) is
strictly greater than rv +7r —1 —v = (r — 1)(v + 1). From the induction assumption, we
conclude that the order in ¢ of each component of (¢, v) (strictly) exceeds r — 1. To con-
clude that ord; ¥ (¢, v) > r from the latter fact, it is enough to notice that ¥ (0, v) = 0 since
ord, (Y (A(u,v),v)) >r(v+1) > 1and A(0, v) =0. The proof of Lemma 23 is complete. O

We are now completely ready to prove the following main goal of this section.
Proposition 24. Let M, M’ C CN be formal generic submanifolds of the same dimension, given

in normal coordinates as above. Assume that M belongs to the class C et let ko be the inte-
ger given in Corollary 19. Then the integer ki := max{ko, Ky (v (00) + 1)} has the following
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property: for any pair Hy, Hy : (CV,0) — (CV,0) of formal CR-transversal holomorphic map-
pings sending M into M’ and any nonnegative integer £, if jg oy 1= j(]; 1+ Hj, then necessarily
(0% Hi)(z,0) = (0°H,)(z,0) for all o € NN with |a| < £. Furthermore, k depends upper-

semicontinuously on continuous deformations of M.

Proof. The proposition is proved by induction on £. For £ = 0, the proposition follows im-
mediately from Corollary 19. Consider now a pair of maps Hj, Hy as in the statement of the
proposition with the same kj + £ jet at O, where £ > 1. Then from the induction assumption, we
know that (3% H1)(z,0) = (3° Hy)(z, 0) for all « € NV with |«| < £ — 1. Hence it is enough to
show that for all multiindices p € N¢ with |pu| = £,

aﬂﬁl( O)_aﬂﬁz
acn T Tgen

(x> 0). (28)

This is further simplified by noticing that Lemma 21 (more precisely (25) applied with Z =0
and ¢ = (x, 0)) implies that it is enough to prove that for all . € N¥ as above,

I F 23
m (x, 0) = ——=(x, 0). (29)

oM F;
0t d

T

Next, applying (27) to both H; and H», we get the order in z of each component of the power
series mapping given by

M F , -
Y (x,0)- Q) (Fi(z, 0z, x,0)), Hi(x, 0))
M F, , _
mlrr (x,0)- Q) (F2(z, 0z, x, 0)), Ha2(x, 0)) (30)

is at least k1 + 1. Consider the power series mapping

IF - -
o 00 00+ Q5 (& Hi(x, 0) —

FZ / G
Py (X,O)'QX/(Z,Hz(X,O))7 (31)

(@, x) =
and let f(z, x) € Cl[x1l[z] be the Taylor polynomial (in z) of order k; of Fi(z, O(z, x,0))
viewed as a power series in the ring C[[ x [I[[z]]. Note that it follows from our assumptions that
F (z, x) coincides also with the Taylor polynomial (in z) of order k1 of F>(z, O(z, x, 0)) (also
viewed as a power series in the ring C[[ x [I[z]]). Hence since the order in z of each component
of the power series mapping given by (30) is at least k1 4 1, this also holds for the power series
mapping 1//(;"\ (z, x), x)- Furthermore, we claim that

ord, (det F; (z, x)) < v (00). (32)
Indeed, suppose not. Since

ord; (F(z, x) = Fi(z. Q(z. x, 0))) > ki + 1,



B. Lamel, N. Mir / Advances in Mathematics 216 (2007) 153—-177 171
we have
~ 0

ord; | Fz(z, x) — a_Z[Fl (2. 0@z, %, 0))] ) = ki = var(o0) + 1. (33)
Therefore (33) yields ord, (det 3%[F 1(z, Q(z, x,0)]) = vpr(00) + 1 and hence in particular that

0F

ord deta—(z, 0) ) = vm(oo) +1,
Z

which contradicts (20) and proves the claim. Since ordz(lﬂ(f(z, X x) Z2ki+1>kpy(vy+1)
and since F (0, x) =0, from (32) and Lemma 23 we conclude that ord,’ ¥ (z’, x) > k, which is
equivalent to say that

3“131
ath

I Fy 90’
(x,0) - —
ath ax

00 - _
(X7 0) : 8)(7 (Fl(Xs O)) = (Fz(Xv O))v (34)

for all & € N” with |a| < «ps. By Corollary 12, the formal submanifold M’ € C and «y < k.
Therefore since the formal map x' + O, (x') is of generic rank n, and by assumption
Fi (x,0) = P (x,0), and since this map is not totally degenerate by virtue of Corollary 12, it
follows from (34) that (29) holds which completes the proof of Proposition 24. O

4.3. Iteration and proof of Theorem 9

We now want to iterate the jet determination property along higher order Segre sets by using
the reflection identities from [32] established for holomorphic self-automorphisms. Such iden-
tities could not be used to establish Corollary 19 and Proposition 24, since for CR-transversal
mappings H = (F, G), the matrix F,(0) need not be invertible. On the other hand, they will be
good enough for the iteration process, since F;(z, 0) has generic full rank in view of Corollary 12.
We therefore first collect from [32] the necessary reflection identities. Even though, as mentioned
above, such identities were considered in [32] only for holomorphic self-automorphisms of a
given real-analytic generic submanifold of C", we note here that their proof also yields the same
identities for merely not totally degenerate formal holomorphic maps between formal generic
submanifolds. We start with the following version of [32, Proposition 9.1].

Proposition 25. In the situation of Lemma 20, there exists a universal power series D =
D(Z,¢;-) polynomial in its last argument with coefficients in the ring C[[Z, ¢]| and, for every
o € N"\ {0}, another universal C?-valued power series mapping Py = Po(Z, ;) (Whose com-
ponents belong to the same ring as that of D), such that for every not totally degenerate formal
holomorphic map H : (CN,0) — (CN,0) sending M into M’ with H = (F, G) € C" x C? the
following holds:

@) D(Z,¢; jEH)|(z.0)=(0.x.00) = det(Fy (x, 0)) # 0
(i) (D(Z,¢; JLANY 10 o (F(), H(Z)) = Pa(Z, ¢; J* H), for (Z,8) € M.

We also need the following version of [32, Proposition 9.4].
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Proposition 26. In the situation of Lemma 20, for any . € N\ {0} and o € N \ {0}, there exist
universal C4-valued power series mappings B, o(Z,¢,2',¢'; ) and Q,.4(Z, ¢; +) polynomial
in their last argument with coefficients in the ring C[[Z, ¢, Z', ' and C[[Z, ¢ ] respectively such
that for every not totally degenerate formal holomorphic map H : (CV,0) — (CV, 0) sending M
into M’ with H = (F, G) € C" x C? the following holds:

Fun(2) - (Q'ye 1 (F(©), H(2)) + QL (F(2), H(©)) - Oy (F(§), H(2))) = (1 + (¥)2,

(35)
where (x)1 is given by
(1 = Byo(Z, ¢ H(Z), H@); 3 1, ), (36)
and (%) is given by
Qua(Z, ¢, j M)
()2 1= — g 37)

Lgyy2lel+lpul—1"
(D(Z. £, j}H)led el
and where D is given by Proposition 25.

In what follows, we use the notation introduced for the Segre mappings given in Section 2.5
(associated to a fixed choice of normal coordinates for M). We are now ready to prove the fol-
lowing.

Proposition 27. Let M, M’ be formal generic submanifolds of CN of the same dimension given
in normal coordinates as above. Assume that M’ belongs to the class C and let j be a positive
integer. Then for every nonnegative integer € and for every pair Hy, H>: (CN,0) — (CV,0)
of not totally degenerate formal holomorphic mappings sending M into M’, if (3% Hy) o v/ =
(3% H>) o v/ for all « € NN with |a| < kpp + £ then necessarily for all B € NN with |8] < £, one
has

(3P Hy) o v/ = (3P Hp) 0 0/ 1.
Proof. We prove the proposition by induction on £.

For £ = 0, suppose that Hy, Hy : (CV,0) — (CV,0) is a pair of not totally degenerate formal
holomorphic mappings sending M into M’ satisfying

(0°Hy) ov/ = (3%Ha) o v/, |a| <tprr. (38)

Then setting Z = v/T1(tlJ*1y and ¢ = 9/ (t1/1) in Proposition 25(ii) and using the above as-
sumption, one obtains that for all o € NN with || < kpp

Q' yu(Fiov!, Hiov! ™) = Q) u(Frot/, Hyov't). (39)
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In what follows, to avoid some unreadable notation, we denote by vi=v/ (Tl, T ‘H) the
Segre mapping of order j associated to M’ and also write TVl = (T!,..., T/) e C" x ... x C".
Next we note that we also have

Hyov/t = VIt (F, 0v/™ F 0d/, F0v/7 L), v=1,2. (40)
Since M’ € C, we may choose multiindices aD . a™ eN" and S, ...,8, €{l,...,d} with
la/| < kpp such that the formal map @' : 7' — ((:);(ll)(z’), ey @;(’,’1) (7)) is of generic rank n.

Denote by ¥ the formal map (771!, ..., T!) > (Q"ﬁ o (T VITNTIT U TI T 1<icn.
XO(

As in the proof of Corollary 19, we write

1
W@J“U—W@Jﬂbzm—vy/WﬂHQw+ﬂ—DuTmﬁh
0

and note that it follows from (39), (40) and (38) that
0=¥(Fiov/™ Fiov/,...) =W (Fov/t Frodl,..)

:(F1 o/l —onvj+l)

1
/wml (tFiov ' + (1 =0Fo0v/ ™ Flov/, Flov/™!, . )dr
0

We now claim that detfo1 Wrin(tFov/ T + (1 —=t)F o v/t Flo v/, ..)dt #0. Indeed if
it were not the case we would in particular have, after setting /] = 0 in the above determinant,
that

30’ n)
det( 57 (Fiov )) =0. 41)
But since H is not totally degenerate, (41) implies that Rk ®’ < n, a contradiction. This proves
the claim and hence that Fj o v/*! = F, o v/*! and therefore that H o v/t! = Hy o v/ in view
of (40). This completes the proof of the proposition for the case £ = 0.

Now assume that £ > 0 and suppose that (3°Hj) o v/ = (3% Hy) o v/ for all « € NV with
|a| < kpp + €. From the induction assumption, we know that

(3P H) o v/ ™ = (8P Ha) 00/, VBeNV, 18| < 1. (42)

It remains therefore to show the equality of the £th order derivatives restricted to the (j + 1)th
Segre set. We first prove that this is so for the pure transversal derivatives i.e. that

[l [l
d'"" Hy oijr]_a H;

- ovltl (43)
wh Jwht

VueNd, |ul=¢,
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Let  be such a multiindex. Setting Z = v/*!1(¢l/+11) and ¢ = v/ (¢/1) in (35) applied to both
Hj and H, and using (42), we get for all @ € N with |o| < xppr

lul f . lul g .
<8 IOU]+1>'F0¢=<8 2OU]+1>'FO¢7 (44)

JwH JwH

where
I, = Fa(t[j+1]) = Q;,a’zl(ﬁl ov!, Hyo vj-i-l)
+ Q;/(Fl o vj+1, I'_Il o ﬁj) . Qx/"‘,w/(i o ﬁj, Ho UJ'-H).

To conclude from (44) that aglpl;lﬁl

rank of the family of matrices (Iy)|w|<k,, i 7. This holds trivially since I, (0, ..., 0, tithy =

; glul i .. .
ovitl = "aw—fz o v/*!, it is enough to show that the generic

%(ﬂ +1 and since M’ € C. Next using the identity (25) given by Lemma 21 applied to ¢ =
v/ U1y and Z = v/ (¢l/]), we immediately get that a‘aﬂr‘# o/t = a‘aﬂr‘# o v/ which
yields (43).

To complete the proof of the induction, we need to show that 0P Hy) ov/t! = (3P Hy) o v/ H!
for arbitrary g = (81, ..., By) € NV with |8] = £. We prove it by induction on the number
cg:=p1+ -+ By For cg =0, this follows from (43) proved above. Now if cg > 0, we may
assume without loss of generality that 8; > 0 and write § = (1,0, ...,0) + B with |B| =€ —1.
By (42) we know that 8% Hj o v/ ™! = 88 H, o v/*! and hence by differentiating this latter identity
with respect to first variable of /7! € C", we get

. , 4 atH .
aﬂH10U1+1+QZl(tj+l,l_)j)-(( 1~>0Uj+1>
dwdzh

. . . a'H .
=3P Hy o/ + 0, (VT 07) - (( ?)w/“), (45)
dwdzh

from which the desired equality 8% H; o v/*! = 3 H, o v/*! follows by using the induction
assumption. The proof of the proposition is therefore complete. O

Combining now Propositions 27, 24, Corollaries 12 and 19, one gets the following.

Proposition 28. Let M, M' C CN be formal generic submanifolds of the same dimension. As-
sume that M belongs to the class C. Then for every positive integer j, the integer

kj=ki+xm(j—1),

where ki is the integer defined in Proposition 24, has the following property: If Hy, Hy: (CV,
0) — (CV,0) are two formal CR-transversal holomorphic mappings sending M into M’ such
that jgj H = jgj H,, then necessarily Hy o v/ = Hy o v/. Furthermore, kj depends upper-
semicontinuously on continuous deformations of M.
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Completion of the proof of Theorem 9. Firstly, we may assume that M and M’ are given in
normal coordinates as above and we denote by d the codimension of M. By Proposition 28,
if Hy, H,:(CN,0) — (CV,0) are two formal CR-transversal holomorphic mappings sending
M into M’ with the same kg 1-jet, then necessarily H; o v¢t! = H, o v¥*1. By the finite type
assumption on M, we have from Theorem 8 that Rk v?*t! = N and hence that H 1 = H». Further-
more, it also follows from Proposition 28 that the integer k4| depends upper-semicontinuously
on perturbations of M, which completes the proof of Theorem 9. O

5. Application to smooth generic submanifolds and proofs of Theorem 1 and Corollary 2

We have the following result obtained from Theorem 9 by considering the smooth deformation
of M given by varying its base point as explained in Section 2.2.

Theorem 29. Let M C CV be a smooth generic submanifold that is in the class C and of finite
type at each of its points. Then for every point p € M there exists an integer £, depending
upper-semicontinuously on p, such that for every smooth generic submanifold M' C CV of the
same dimension as that of M, if h1, hy : (M, p) — M’ are two germs of smooth CR-transversal
mappings with the same £, jet at p, then necessarily jlljhl = j}jhz for all positive integers k.

We also have the following slightly stronger version of Corollary 2 which is an immediate
consequence of Corollary 10 and the fact that any smooth real hypersurface of CV that is of
D’ Angelo finite type at some point p € M necessarily does not contain any formal curve at that
point.

Corollary 30. Let M, M' C CN be smooth real hypersurfaces. Assume that M € C and that
M’ is of D’Angelo finite type at each of their points. Then for every p € M, there exists an
integer £ = £(p), depending upper-semicontinuously on p, such that if hy, hy: (M, p) — M’ are
two germs of smooth CR mappings with the same £-jet at p, then necessarily j ’;hl = j/ljhz for
all positive integers k.

Proof of Theorem 1. Theorem 1 follows immediately from Theorem 29 since in the setting of
Theorem 1 smooth CR finite mappings are automatically CR-transversal (see [22]) and since
every germ of an essentially finite smooth generic submanifold of CV is necessarily in the
classC. O

Proof of Corollary 2. Corollary 2 follows immediately from Corollary 30 since any smooth real
hypersurface of CV that is of D’ Angelo finite at some point p € M is necessarily in the class C
at that point. (We note here that Corollary 2 could also be derived directly from Theorem 1 using
some results from [7,22].) The last part of the corollary follows from the first part after applying
the regularity result given in [19] (see also [25] for the case N =2). O

References

[1] M.S. Baouendi, P. Ebenfelt, L.P. Rothschild, CR automorphisms of real analytic manifolds in complex space,
Comm. Anal. Geom. 6 (2) (1998) 291-315.

[2] M.S. Baouendi, P. Ebenfelt, L.P. Rothschild, Real Submanifolds in Complex Space and Their Mappings, Princeton
University Press, Princeton, NJ, 1999.



176 B. Lamel, N. Mir / Advances in Mathematics 216 (2007) 153-177

[3] M.S. Baouendi, P. Ebenfelt, L.P. Rothschild, Rational dependence of smooth and analytic CR mappings on their
jets, Math. Ann. 315 (1999) 205-249.
[4] M.S. Baouendi, P. Ebenfelt, L.P. Rothschild, Convergence and finite determination of formal CR mappings, J. Amer.
Math. Soc. 13 (4) (2000) 697-723 (electronic).
[5] M.S. Baouendi, P. Ebenfelt, L.P. Rothschild, Local geometric properties of real submanifolds in complex space,
Bull. Amer. Math. Soc. (N.S.) 37 (3) (2000) 309-336 (electronic).
[6] M.S. Baouendi, N. Mir, L.P. Rothschild, Reflection ideals and mappings between generic submanifolds in complex
space, J. Geom. Anal. 12 (4) (2002) 543-580.
[7] M.S. Baouendi, L.P. Rothschild, Geometric properties of mappings between hypersurfaces in complex space, J. Dif-
ferential Geom. 31 (2) (1990) 473-499.
[8] V. Beloshapka, On the dimension of the group of automorphisms of an analytic hypersurface, Math. Notes 14 (1980)
223-245.
[9] V. Beloshapka, A uniqueness theorem for automorphisms of a nondegenerate surface in a complex space, Math.
Notes 47 (3) (1990) 239-242.
[10] T. Bloom, I. Graham, On “type” conditions for generic real submanifolds of C", Invent. Math. 40 (3) (1977) 217—
243.
[11] D. Burns, S.G. Krantz, Rigidity of holomorphic mappings and a new Schwarz lemma at the boundary, J. Amer.
Math. Soc. 7 (3) (1994) 661-676.
[12] E. Cartan, Sur la géométrie pseudo-conforme des hypersurfaces de deux variables complexes I, Ann. Mat. Pura
Appl. 11 (4) (1932) 17-90.
[13] E. Cartan, Sur la géométrie pseudo-conforme des hypersurfaces de deux variables complexes II, Ann. Scuola Norm.
Sup. Pisa 1 (2) (1932) 333-354.
[14] H. Cartan, Sur les groupes de transformations analytiques, Act. Sc. et Int., Hermann, Paris, 1935.
[15] S.S. Chern, J.K. Moser, Real hypersurfaces in complex manifolds, Acta Math. 133 (1974) 219-271.
[16] J.P. D’ Angelo, Real hypersurfaces, orders of contact, and applications, Ann. of Math. (2) 115 (3) (1982) 615-637.
[17] K. Diederich, J.E. Fornass, Pseudoconvex domains with real-analytic boundary, Ann. of Math. (2) 107 (2) (1978)
371-384.
[18] K. Diederich, J.E. Fornass, Proper holomorphic mappings between real-analytic pseudoconvex domains in C",
Math. Ann. 282 (4) (1988) 681-700.
[19] K. Diederich, S. Pinchuk, Regularity of continuous CR maps in arbitrary dimension, Michigan Math. J. 51 (1)
(2003) 111-140; Erratum in: Michigan Math. J. 51 (3) (2003) 667-668.
[20] P. Ebenfelt, Finite jet determination of holomorphic mappings at the boundary, Asian J. Math. 5 (4) (2001) 637-662.
[21] P. Ebenfelt, B. Lamel, D. Zaitsev, Finite jet determination of local analytic CR automorphisms and their parame-
trization by 2-jets in the finite type case, Geom. Funct. Anal. 13 (3) (2003) 546-573.
[22] P. Ebenfelt, L.P. Rothschild, Transversality of CR mappings, Amer. J. Math. 128 (5) (2006) 1313-1343.
[23] X. Huang, Some applications of Bell’s theorem to weakly pseudoconvex domains, Pacific J. Math. 158 (2) (1993)
305-315.
[24] X. Huang, A boundary rigidity problem for holomorphic mappings on some weakly pseudoconvex domains, Canad.
J. Math. 47 (2) (1995) 405-420.
[25] X. Huang, Schwarz reflection principle in complex spaces of dimension two, Comm. Partial Differential Equa-
tions 21 (11-12) (1996) 1781-1828.
[26] X. Huang, Local equivalence problems for real submanifolds in complex spaces, in: Real Methods in Complex and
CR Geometry, in: Lecture Notes in Math., vol. 1848, Springer, Berlin, 2004, pp. 109-163.
[27] S.-Y. Kim, Complete system of finite order for CR mappings between real analytic hypersurfaces of degenerate Levi
form, J. Korean Math. Soc. 38 (1) (2001) 87-99.
[28] S.Y. Kim, D. Zaitsev, Equivalence and embedding problems for CR-structures of any codimension, Topology 44 (3)
(2005) 557-584.
[29] J.J. Kohn, Boundary behavior of 8 on weakly pseudo-convex manifolds of dimension two, J. Differential Geom. 6
(1972) 523-542.
[30] R.T. Kowalski, A hypersurface in C? whose stability group is not determined by 2-jets, Proc. Amer. Math.
Soc. 130 (12) (2002) 3679-3686 (electronic).
[31] B. Lamel, N. Mir, Remarks on the rank properties of formal CR maps, Sci. China Ser. A 49 (11) (2006) 1477-1490.
[32] B. Lamel, N. Mir, Parametrization of local CR automorphisms by finite jets and applications, J. Amer. Math.
Soc. 20 (2) (2007) 519-572 (electronic).
[33] B. Lamel, N. Mir, Finite jet determination of local CR automorphisms through resolution of degeneracies, Asian J.
Math. 11 (2007) 201-216.



B. Lamel, N. Mir / Advances in Mathematics 216 (2007) 153—-177 177

[34] A.V. Loboda, On local automorphisms of real-analytic hypersurfaces, Math. USSR Izv. 18 (1982) 537-559.

[35] F. Meylan, A reflection principle in complex space, Indiana Univ. Math. J. 44 (1995) 783-796.

[36] L. Rothschild, Mappings between real submanifolds in complex space, in: Explorations in Complex and Riemannian
Geometry, Amer. Math. Soc., Providence, RI, 2003, pp. 253-266.

[37] N. Tanaka, On the pseudo-conformal geometry of hypersurfaces of the space of n complex variables, J. Math. Soc.
Japan 14 (1962) 397-429.

[38] A.G. Vitushkin, Holomorphic mappings and the geometry of hypersurfaces, in: Several Complex Variables I, in:
Encyclopaedia Math. Sci., vol. 7, Springer-Verlag, Berlin, 1985, pp. 159-214.

[39] D. Zaitsev, Unique determination of local CR-maps by their jets: A survey, Rend. Mat. Accad. Lincei (9) 13 (2002)
135-145.



