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ANALYTIC REGULARITY OF CR-MAPPINGS

FRANCINE MEYLAN, NORDINE MIR AND DMITRI ZAITSEV

1. INTRODUCTION

In this paper we give general conditions that guarantee the analyticity of C*°-smooth CR-
mappings between real-analytic CR-submanifolds M C CY and M’ ¢ C' (see Theorem 1.1).
The proof of the analyticity is based on results on holomorphic and meromorphic extension of
functions on wedge-like domains to boundary points (see Theorems 2.4 and 2.6) that may be of
independent interest.

The analyticity problem for CR-mappings f: M — M’ between real-analytic CR-submanifolds
goes back to the work of LEWY [Le56, Le77] and PINCHUK [Pi75], where the analyticity of a CR-
diffeomorphism f was shown for M, M’ C CV Levi-nondegenerate hypersurfaces. The condition
of Levi-nondegeneracy of M (resp. of M’) can be seen as a nonvanishing condition involving first
and second order partial derivatives of a local defining function p(z,z) of M (resp. p/'(2',2) of M").
Motivated by this and other conditions due to subsequent work of other authors (see below), one
may pose the analyticity problem in the following more precise form:

(%) Find open conditions, each involving finitely many derivatives of f and of p and p' at the
reference points which imply, in the above setting, that f is real-analytic.

Here, by an open condition, we mean a condition on finitely many derivatives that holds on
an open subset in the space of derivatives. For instance, the condition of minimality (which is
equivalent to that of finite type in the sense of KOHN and BLOOM-GRAHAM for a real-analytic
CR-manifold M), as well as that of essential finiteness of M (see e.g. [BER99]), can be expressed
as open conditions on the derivatives of p. The reader is referred to the papers [W78, DWS8O0,
W82, Ha83, CKS84, BJTS85, BBR8S, BR88, BP88, DF8&8, Fo89, BRI0b, Fa90, Su92, DFY94,
Hu94, DP95, Me95, Hu96, BHR95, HP96, Ha97, CPS99, La01, BER0O] containing as main results
analyticity statements for CR-mappings under open conditions in the above sense. In a different
direction, the analytic regularity of CR-mappings has been studied by many authors under other
types of conditions, for instance assuming a priori holomorphic extension of f to a wedge. Other
results assume weak pseudoconvexity that is, in contrast to strong pseudoconvexity, not an open
condition in the above sense (see also [E00] for another kind of such non-open condition). These
results are beyond the scope of the present work.

In this paper we prove a new analyticity result for CR-mappings between real-analytic CR-
submanifolds, of any CR dimension, in complex spaces of arbitrary dimension. The analyticity
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2 F. MEYLAN, N. MIR AND D. ZAITSEV

is proved for a source manifold M minimal and under a condition that holds, to the authors’
knowledge, in all previous works in the context of (k).
To formulate our result, consider the family of Segre varieties associated to M and M’ given by

(1.1) Qu:=1{z:p(z,w) =0}, Q. :={:p(w) =0},

for w and w’ near the reference points p € M and p’ € M’ respectively, where p(z,%) and p/(2',2’)
are any real-analytic (vector-valued) defining functions of M and M’ near p and p’ respectively.
Given a C*®-smooth CR-mapping f: M — M’ with f(p) = p/, it is known (see e.g. [BER99,
Proposition 1.7.14]) that the Taylor series of f at p extends to a formal (holomorphic) power series
mapping F,: (CV,p) — (CV',p') sending (formally) @, into @, Define a germ of a complex-
analytic subset of C' through p’ by

(1.2) rp = {w' QD F(Qp)},

where the inclusion is understood in the sense of formal power series (see §3 for more details).
Subsets similar to 7, have been considered by many authors (see e.g. [DW80, BJT85, BR88, DF88,
Fo89, DP95, Hu96, CPS99, 799, Mi00]).

The main result of this paper is the following.

Theorem 1.1. Let M C CN, M’ ¢ CV' be real-analytic CR-submanifolds and f: M — M’ a
C>*-smooth CR-mapping. Assume that M is minimal at a point p € M and that p' = f(p) is
isolated in r,. Then f extends holomorphically to a neighborhood of p in CV.

The equivalence of the analyticity of f and its holomorphic extension is a consequence of a
theorem of TOMASSINI [To66]. In the case when M C CY is a real hypersurface, Theorem 1.1 is
due to COUPET-PINCHUK-SUKHOV [CPS99]. One additional difficulty for a source manifold M
of higher codimension is that a one-sided extension for CR-functions on M has to be replaced by
a wedge extension, where the additional directions of the wedges may change as M is shrinked
(see [BGNO8] and Example 4.1 below). As a consequence, we need to establish Theorem 2.4 and
2.6 below whose proof requires the full machinery of TuMANOV’s CR-extension theory.

The condition in Theorem 1.1 plays an important role also in different questions. For instance,
under the same assumptions on M and M’, the second author showed that a formal mapping is
always convergent [Mi00, Theorem 9.1].

Remark 1.2. The statement of Theorem 1.1 holds (with the same proof) when the target M’ is
any real-analytic subset of CV'.

Observe that the condition that p’ is isolated in r, in Theorem 1.1 involves all the data M, M’
and f. It may be of interest to give independent conditions on M, M’ and f. We conclude by
giving a corollary of Theorem 1.1 assuming separate conditions on M, M’ and f. For this, recall
that M’ is called essentially finite (see [DW80, BJT85]) at a point p’ € M’ if p is isolated in the
set {w': @, D Q,}. Furthermore, we say that f is not totally degenerate at p if the (generic)
rank of the formal map between @, and @, induced by the above map F}, equals the dimension
of @}, (see §3 for more details).



ANALYTIC REGULARITY OF CR-MAPPINGS 3

Corollary 1.3. In the setting of Theorem 1.1, suppose that M is minimal at a point p € M, M’ is
essentially finite at p' = f(p) and f is not totally degenerate at p. Then f extends holomorphically
to a neighborhood of p in CV.

In the case N = N', dimM = dim M’ and dim @, = dim @)}, Corollary 1.3 was obtained
by BAOUENDI-ROTHSCHILD [BR90b] when M and M’ are hypersurfaces and by the first author
[Me95] in higher codimension. We would like to point out that, even in the case when M, M’ c CV
are real hypersurfaces of the same dimension, the situation considered in Theorem 1.1 is more
general than that in Corollary 1.3 as will be illustrated by Example 6.5.

The paper is organized as follows. In §2 we present the statements of the main tools needed for
the proof of Theorem 1.1. In §3 we introduce and explain the necessary notation and terminology
needed throughout the paper. In §4 we study holomorphic hulls of wedges, introduce the notion
of generalized wedge and prove Theorem 2.4. §5 is devoted to the proof of Theorem 2.6 obtained
by combining Theorem 2.4, a separate meromorphicity result due to SHIFFMAN and a result due
to IVASHKOVICH concerning envelopes of holomorphy and meromorphy. Finally in §6 we prove
Theorem 1.1 and show how Corollary 1.3 can be derived from it.

Acknowledgements. Part of this work was done while the authors were visiting the Univer-
sity of Padova. They would like to thank this institution for its hospitality. They are grateful to
G. ZAMPIERI for many helpful discussions about analytic discs and to M.S. BAOUENDI, P. EBEN-
FELT and L.P. ROTHSCHILD for numerous suggestions and remarks. The third author would also
like to thank A. BOGGESS for calling his attention to Example 4.1 below.

2. MAIN TOOLS

We begin with the case of real hypersurfaces in C" which is essentially simplier than that
of higher codimension. An important phenomenon in several complex variables is the “forced”
extension of holomorphic functions from one side of a real hypersurface M C C¥ to the other
side. For strongly pseudoconcave sides, such an extension is a consequence of the classical Hartogs
theorem. More generally, by a theorem of TREPREAU [Tr86] (see also BAOUENDI-TREVES [BT84]
for M real-analytic), such an extension holds for at least one of the two sides if and only if M does
not contain complex hypersurfaces. As a corollary, one has holomorphic extension of CR-functions
on M to the same side.

A similar phenomenon for generic submanifolds M C CV of higher codimension is much less
understood and is one of the main subjects of the present paper. Here the natural substitutes for
one-sided neighborhoods are wedges with edge M and the necessary and sufficient condition for
holomorphic extension of CR-functions on M to such a wedge is the minimality (see §3) due to
the theorems of TUMANOV [Tu88| and of BAOUENDI-ROTHSCHILD [BR90a].

A significant difficulty when working with wedge extensions instead of one-sided extensions is
due to the fact that the normal directions of the wedges, where the extension takes place, depend
not only on the local geometry of M but also on the size of M near a given point as e.g. an example
of BOGGESS-GLENN-NAGEL [BGNOS] (see Example 4.1) shows. This difficulty becomes visible
when studying extension properties of CR-mappings between real-analytic generic submanifolds.
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Here the reflection principle yields natural reflections associated to real-analytic submanifolds
going back to the Schwarz reflection in one complex variable. More generally, we define:

Definition 2.1. Let M C R" be a real submanifold of class C*, k = 1,...,00. A reflection with
respect to M is a diffeomorphism v: w — w of class C¥, where w is a neighborhood of M in R”,

such that v|p = id and the induced self-map of the normal space T,R"/T, M equals —id for each
qe M.

If M and w are as above, any involution v : w — w for which the fixed point set is M is
a reflection as in Definition 2.1. Furthermore, for a real hypersurface M, any reflection locally
exchanges the sides of M. Motivated by this case, we are led to study the following question:

If M is minimal at a point p € M and v: w — w s a reflection with respect to M, is there a
wedge W C w with edge M such that

(i) all CR-functions on M extend holomorphically to W;
(i) all holomorphic functions on v(W) extend holomorphically to a fixed neighborhood of p?

It turns out that, for wedges in the classical sense obtained by adding transversal cones to
neighborhoods of p in M, the answer to the above question is negative. In fact we show that
Example 4.1 provides a counterexample. However, the answer becomes positive if one allows W
to have variable normal directions. Such W will be called a generalized wedge and is defined as
follows:

Definition 2.2. Let M C R" be a real submanifold through a point p € M and II C R” a linear
subspace with T, M @11 = R". A generalized wedge with edge M at p (relative to II) is a connected
open subset W C R" of the form

W={z+y:zelU yel,NQ},

where U C M is an open neighborhood of p, I', C Il is an open convex cone with vertex the origin
for each x € U and Q2 C Il is an open neighborhood of 0. We call U the base of W. In the classical
case when I', = I' C II is independent of z € U, we call W a standard wedge (in the direction I")
and write W = W (U, Q,T).

Remark 2.3. Note that if VW is a generalized wedge as in Definition 2.2, then there exists € > 0
and a C*-smooth mapping U 3 x +— v, € [, C Il such that for any point x € U, there exists a
(standard) wedge W, C W with edge M at x with x + tv, € W, for t € R, |t| <e.

We have the following result answering positively the above question for generalized wedges:

Theorem 2.4. Let M C CVN = R2?YN be a generic submanifold of class C* which is minimal
at a point p € M. Fiz II C R*N as in Definition 2.2. Then for any sufficiently small open
neighborhood U of p in M, there exists a generalized wedge VW with edge M at p with base U
satisfying the following properties:
(i) all continuous CR-functions on M extend holomorphically to W;
(i) for any reflection v: w — w with respect to M, all holomorphic functions on v(WW N w)
extend holomorphically to a fized neighborhood of p in CV.



ANALYTIC REGULARITY OF CR-MAPPINGS 5

As will be explained in §4, the statement of Theorem 2.4 does not hold for standard wedges
instead of generalized wedges. Theorem 2.4 will be one of the main steps in proving the analyticity
result for CR-mappings provided by Theorem 1.1. The authors know of no other examples of an
analyticity result of this kind whose proof requires the use of generalized wedges instead of standard
ones.

Property (ii) in Theorem 2.4 expresses the fact that the envelope of holomorphy of the open
subset v(W Nw) contains a neighborhood of p in CV. Together with a theorem of Ivashkovich
[192], we obtain:

Corollary 2.5. In the setting and with the notation of Theorem 2.4, all meromorphic functions
on v(W Nw) extend meromorphically to a fived neighborhood of p in CV.

As an application of Corollary 2.5, we shall prove in §5 the following result on meromorphic
extension:

Theorem 2.6. Let U C CV, V C C™ be open subsets, M C U a connected generic real-analytic
submanifold, g: M — V a continuous CR-function and u,v: U x V* — C holomorphic functions,
where V* 1= {z : z € V}. Assume that M is minimal at every point and that there exists a

nonempty open subset of M, where v(z, g(z)) does not vanish and where the quotient

2.1) u(z, 9(2))

~—

v(z, 9(2))
is CR. Then v(z,g(z)) does not vanish on a dense open subset My C M and the quotient (2.1)
extends from My meromorphically to a neighborhood of M in CV.

In the case when M is a real hypersurface, analogous results were obtained by BAOUENDI-
HuaNG-RoOTHSCHILD [BHRI6] in an algebraic context and later by COUPET-PINCHUK-SUKHOV
[CPS99] for M real-analytic (see also [Pu90a, Pu90b, CPS00]). In each of these papers the
corresponding meromorphic extension result was an important step in proving analyticity of CR-
mappings. Theorem 2.6 in the hypersurface case is stronger than the corresponding results in the
two papers mentioned above. Indeed, the quotient (2.1) is required here to be CR only on an open
subset instead of an open dense subset and ¢ is only required to be continuous instead of C* in
[CPS99]. Another application of Theorem 2.6 to the analyticity of CR-mappings will be given in
the forthcoming paper of the authors [MMZ01].

3. PRELIMINARIES

We say that a submanifold M C R” is of class C*¥, k > 1, 0 < a < 1, if, near each of its
points, M has a set of defining functions of class C* with k-th order partial derivatives satisfying
a Holder condition with exponent a. Recall that M is called a CR-submanifold if the dimension
of the complex tangent space T3 M := T, M N1, M is independent of ¢ € M; M is called generic
if dim¢7;M = dimg M — N for all ¢ € M. Recall also that a CR-submanifold M is called
minimal (see [Tu88]) at a point p € M if there is no real submanifold S C M through p with
dim S < dim M such that T/M C T,S for all g € S.
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A continuous function on M is called a CR-function if it is annihilated, in the sense of dis-
tributions, by the CR vector fields of M (i.e. (0,1) vector fields tangent to M). A continuous
mapping between two CR-submanifolds M C CV and M’ ¢ CV' is called a CR-mapping if all its
components are CR-functions.

Let X ¢ CN and X' ¢ CV' be complex-analytic submanifolds through p € CV and p’ € CV'
respectively. We say that a formal (holomorphic) power series h € C[[z—p]], z = (21, ..., 2n), van-
ishes on X if hov = 0 for one (and hence for any) complex-analytic parametrization v: (C#X () —
(X,p) of X near p. We further say that a formal power series mapping F: (CV,p) — (CN',p))
sends X into X’ and write F'(X) C X' if, for any formal power series ' € C[[z’ — p']] vanishing
on X', 2/ = (z],...,2\), the composition A’ o F' vanishes on X. In this case the map F' induces
a formal power series mapping F'|x between X and X’. Then, by the (generic) rank of F|x we
mean the largest integer r such that some r x » minor of the Jacobian matrix of F' o v, where v is
as above, does not vanish identically.

We give here more precise details on the complex-analytic set r,, defined in (1.2). Let M C CV
and M’ C CM' be real-analytic CR-submanifolds through points p and p’ respectively. Let p(z,%),
0 (2',2") be vector-valued local real-analytic defining functions for M near p and M’ near p’
respectively, with complex differentials of constant rank. For sufficiently small neighborhoods
UcCCN, U c CN of pand p/, the family of Segre varieties of M and M’ is the family of complex
submanifolds given by Q,, = {z € U : p(z,w) = 0} and Q', = {2’ € U’ : p/(z,w’) = 0} for w
and w' sufficiently close to p and p’ respectively. Given a C*-smooth CR-map f : M — M’ with
f(p) = p/, we denote, as in §1, by F, a CV'-valued formal (holomorphic) power series centered
at p which extends the Taylor series of f at p. (Note that if M is generic, such a formal power
series mapping is unique.) Choose a holomorphic parametrization v = ~(¢) of the Segre variety
Qp, t = (t1,...,tn), with n = dimg Ty M and ~(0) = p. Then, for a point w’ close to p, the formal
inclusion Q' , D F,(Q,) is equivalent to the identity p'(F,(v(t)),w’) = 0 in the ring C[[¢]]. From
this, we see that (1.2) defines a germ of a complex-analytic set through the point p’. It is also
easy to see that the set 7, is independent of the choice of F},, v and local vector-valued defining
functions for M and M’.

4. HOLOMORPHIC EXTENSION OF FUNCTIONS ON WEDGES; PROOF OF THEOREM 2.4

In this section we shall prove Theorem 2.4. Given a generic submanifold M C CV as in Theorem
2.4 which is minimal at a point p, a natural attempt would be to apply TUMANOV’s theorem [Tu88]
to get a standard wedge W with edge M at p satisfying property (i) of that theorem. Then, given
any reflection v with respect to M (as in Definition 2.1), in order to show (ii), one can try to
“push” the manifold M a little to get a submanifold M inside v(W). Then any holomorphic

function on v(W) would restrict to a CR-function on M which, in turn, would extend to the
“pushed wedge”. This last wedge would contain a neighborhood of p because it is “pushed” in
the opposite direction with respect to that of W.

However, this simple attempt leads to the following problem: in general, the base U C M of the
wedge W, as in Definition 2.2, is strictly smaller than M. Hence the reflected wedge v(W) will

not contain the “pushed” manifold M but only the “pushed” base U or even a smaller domain.



ANALYTIC REGULARITY OF CR-MAPPINGS 7

Of course, one may use TUMANOV’s theorem again for the submanifold U to get a new standard
wedge W;. However, the wedge W7 may not have any direction that is opposite to any direction
of (W) and thus Wy, when “pushed” into (W), may not cover any neighborhood of p.

This problem does not appear if M C CV is a real hypersurface. In that case, by applying
TREPREAU’s theorem [Tr86], one finds a base of neighborhoods of p in M such that the holomor-
phic extension takes place to the same side of M for all neighborhoods. Therefore any smaller
one-sided neighborhood with holomorphic extension can be chosen to be opposite to that of v(W)
and, hence, the above argument applies.

In contrast to the hypersurface case, if M C CV is a generic submanifold of higher codimension
which is minimal at p, the direction of a wedge of holomorphic extension may change when
shrinking the base U. This phenomenon is illustrated on the following example.

Ezxample 4.1. Consider the generic submanifold M C C? of codimension 2 given by
M = {(z,wy,wy) € C* : Imw; = |z|*, Imwy = |2|*}.

The neighborhood

(4.1) U. .= {(z,wy,wy) € M : |z| < e}

of 0 in M is contained in the closure of the convex tube domain V. given by

(4.2) Ve = {(z,w1,wy) € C*: (Imw)? < Imwy < e%lmaw; }.

Hence any wedge W, with edge U, at 0, where all CR-functions on U, holomorphically extend, must
be contained in V.. Indeed, otherwise one has a CR-function on U; of the form f(z) = 1/(A(z) — ¢),
where ) is a complex-linear form and c is a constant, that does not extend to the whole W,.Then,
given any such W, for U,,, if 1 > 0 is sufficiently small, any wedge W, C V., will not share any
direction with W, .

Furthermore, we claim that any neighborhood Mj of 0 in M yields a counterexample to the
statement of Theorem 2.4 with “generalized wedge” replaced by “standard wedge”. Indeed, set

e :=sup{|z| : (2, w1, wq) € My for some wy, wy} < 0o

and suppose that a standard wedge W = W (U, 2, ") satisfies the conclusion of Theorem 2.4. Then
U is contained in U, and property (i) in Theorem 2.4 together with the above remark implies that
W is contained in V.. Hence the convex cone I is of the form {(vi,v2) € R? : @?v; < vy < 3?01}
for some 0 < o < 3 < ¢e. Since z + (I'N Q) C W C V; holds for any x € U C M, it follows that
U C U, (asin (4.1)) and therefore U is contained in the closure of the convex domain

D = {(z,wy,wy) € C*: Imwy < a®lmw, }.
Finally we choose the reflection v to be

vi (2w, we) — (2,0 + 2|23, W, + 2i|2]Y).

Then it is easy to see that v(W) is also contained in the domain of holomorphy D and hence
property (ii) in Theorem 2.4 cannot hold.
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The above mentioned problem is exactly the reason for us to state Theorem 2.4 for a generalized
wedge instead of a standard one. We apply TUMANOV’s theorem twice: first to the generic
submanifold M to get a wedge W; with a base U C M and then to a smaller neighborhood
U CC U to get another wedge Ws. We then use a theorem of AJRAPETIAN-HENKIN [AH81] to
“connect” W7 and W5 through a third wedge W3. The generalized wedge VWV is then chosen to be
contained in the union of Wy, W5 and Wj3. Following the above strategy, given any reflection v
with respect to M, we “push” U’ inside v(W). However, in order to get the opposite direction near
p, we have to push U’ along a nonconstant transversal vector field. The fact that U’ is “deformed”
along a nonconstant vector field makes it impossible to use the statement of TUMANOV’s theorem
[Tu88, Tu90] directly, since the statement does not contain any information about the deformation
of the wedge W5 when the edge is deformed. In order to get control of the size and of the direction
of the “deformed wedge” W5, we have to use TUMANOV’s explicit construction of W5 based on
the method of analytic discs and solving Bishop’s equation.

In the explicit construction of TUMANOV’s wedge, we follow his approach in [Tu96]. The
construction consists of two steps. The first one is to construct d analytic discs attached to M
through p whose directions spans the normal space to M at p, where d is the codimension of M.
Recall that an analytic disc in CN attached to M is a continuous map A: A — CV, where A ¢ C
is the unit disc, such that A is holomorphic in A and A(0A) C M. Each disc A;, j = 1,...,d,
is constructed such that A;(1) = p and 0,A;(1) ¢ T, M, where 0, is the radial derivative. Then,
each A; can be deformed with A;(1) moving in a neighborhood of p in M to fill a submanifold
M with boundary M. In fact, the submanifold M} is filled by pieces of radii of analytic discs of
the form A((1 —¢,1]), € > 0. The second step is an application of a theorem of AJRAPETIAN-
HENKIN. It implies that any CR-function on the union of the M;’s extends holomorphically to a
wedge W. Again, we have to use the explicit construction in order to get the control of W under
deformations of the M;’s. The construction of W is also given in [Tu96], where W is obtained as
a union of centers of analytic discs attached to U;lle . The control of the analytic discs entails
the control of the wedge W. Such a control is based on the solution of Bishop’s equation and its
regularity with respect to parameters is obtained by TuMANOV in [Tu93].

We now state deformation versions of the CR-extension results from [Tu96] that we shall need
for the proof of Theorem 2.4. Recall that a map ¢ : S — R™, where S C R", is in the Holder space
C* (0 < a < 1) if there exists a constant C' > 0 such that for all z,y € S, |p(z) —p(y)| < Clz—y|*.
The map ¢ is of class C*® (k > 1) if it extends to be C* to a neighborhood of S in R™ such that each
partial derivative of ¢ up to order k is of class C*. When considering analytic discs A : A — CV, it
is convenient to assume that they belong to the Holder spaces C¥©, since such discs are preserved
by the Hilbert transform (see e.g. [BER99]). In what follows, given an analytic disc A: A — CV
of class C**, by a small analytic disc we mean an analytic disc with small C** norm.

We say that a family (M;);er, where T C R is an interval, of real submanifolds in C¥ is of
class C*“ if near each point there exists a joint local parametrization x — () € M; which is
Ch with respect to (t,z). In particular, for each ¢t € T, the submanifold M, is of class C“. In
a similar fashion, one may define a family of submanifolds with boundaries of class C*“. Note
that, if a submanifold M C C is generic, any submanifold with boundary M is automatically
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generic. Similarly to wedges we say that M’ is a submanifold with boundary M at p € M if the
boundary of M’ is an open neighborhood of p in M. The following fact is a deformation version
of Lemma 6.4 in [Tu96].

Proposition 4.2. Given a generic submanifold M C CN of class C** (K > 1,0 < a < 1)
through 0 and a sufficiently small analytic disc Ay : A — CV of class C** with Ag(1) = 0 and
€ :=0,A0(1) ¢ ToM, the following hold:

(i) For any 0 < B < «, there exists a (generic) submanifold M’ of class C*° with boundary
M at 0 such that ToM' = RE ® TyM and all continuous CR-functions on M extend to be
CR on M'.

(ii) Moreover, the submanifold M’ given in (i) can be chosen with the following property. Given
a Cko-family (M;)o<i<c of generic submanifolds with My = M and given any 0 < 3 < «,
there exists a C*P-family of (generic) submanifolds M!, 0 <t < &' < e (for some €'), with
boundaries My such that M§ = M' and all CR-functions on M, extend to be CR on M.

(iii) Each submanifold M in (ii), 0 < t < &', can be chosen to be the union of open pieces of
radii of the form A((1 —~,1]), v > 0, of sufficiently small analytic discs A of class C**
attached to M,.

The proof can be obtained by following the proof of Lemma 6.4 in [Tu96] and using Theorem 1.2
in [Tu93] to show the required regularity for the solutions of Bishop’s equation with parameters.
The details are left to the reader.

For the next statement, recall that, given two open cones IV C I' C R, IV is said to be finer
than T", if the intersection of I with the unit sphere in R™ is relatively compact in I'. The
following result is a deformation version of a theorem of AJRAPETIAN-HENKIN [AH81]. We keep
the notation from Definition 2.2.

Proposition 4.3. Let M C CV be a generic submanifold through 0 of codimension d. Let
My, ..., My be (generic) submanifolds with boundary M at 0 of class C** (k> 1,0 < a < 1) with
&; € TyM; pointing into M; such that T)CN = ToyM ®R&E @ -+ - DRE,. Set T =R &+ -+ R &,
Then for any finer cone I'" C T, the following hold:

(i) All continuous functions on ]\/[LJU;l:1 M; that are CR on each M; extend to be holomorphic
in a (standard) wedge W with edge M at 0 in the direction I'.

(ii) Moreover, given a CH“-family of (generic) submanifolds (M;)o<i<. with My = M, CH°-
families M;,, 0 <t < ¢, of (generic) submanifolds with boundaries M; with M;o = M,
1 <j <d, and given any 0 < 3 < «, there exists a C*P-family of open subsets U, C M,,
0<t<e <e (for somee’), with 0 € Uy, and a neighborhood Q of 0 in the linear span of T’
such that all continuous functions on M; U U;l:1 M;, that are CR on each M;,;, 1 < j <d,
extend to be holomorphic in the (standard) wedge Wy := W (U, Q,TV) for each 0 <t < €'

(iii) Each wedge Wy given in (i), 0 < t < &', can be obtained as a union of centers A(0) of
sufficiently small analytic discs A of class C** attached to M, U U?:1 M;s.
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The proof can be obtained by following the proof of Theorem 4.1 in [Tu96] and using Theorem 1.2
in [Tu93] as before to show the required regularity with respect to the parameters. We omit further
details.

Proof of Theorem 2.4. We may assume that p = 0. Since the generic submanifold M is minimal
at 0, it follows from [Tu88, Tu90] that there exists a (standard) wedge W = W (Ui, y,T'!) with
edge M at 0 (whose base is some neighborhood U of 0 in M) such that all CR-functions on M
holomorphically extend to W. We shall prove that any open neighborhood U C U; satisfies the
conclusion of Theorem 2.4. For this set W, := W(U,;,T'!) and note that any CR-function on
M holomorphically extends to W;. Let My C U be an open relatively compact neighborhood of
0 and denote by d the codimension of M in C¥.

By applying TUMANOV’s theorem again to the open subset My C M, we obtain another (stan-
dard) wedge W, with edge My at 0, where all CR-functions on Mj holomorphically extend. We
shall need more precise information about the wedge W5 that can be obtained from the theory of
defects of analytic discs [Tu88] (see also the geometric definition due to BAOUENDI-ROTHSCHILD-
TREPREAU [BRT94] that has been used in [Tu96]). Here the C**-smoothness of My is required
to guarantee the C1®-smoothness of the conormal bundle to M, needed for Bishop’s equation. By
the theory mentioned above (see e.g. the proof of Theorem 6.1 in [Tu96]) and the minimality of
My at 0, there exist d arbitrarily small analytic discs 4; of class C**, 1 < j < d, attached to M,
such that A;(1) =0 and

TO(CN == T()M @va D--- @R’Ud,

where v; := 0,A;(1) for 1 < j < d. Therefore, from Proposition 4.2 (i), for any fixed 0 < § < «, we
obtain submanifolds M;, j = 1,...,d, with boundary M at 0 of class C** with TyM; = TyM ®Ruv;
and such that all CR-functions on M extend to be CR on U?ZlM ;. According to Proposition 4.3 (i),
the wedge W5 can be chosen to have the form Wy := W (Uy, Qy,T?), where I? C R v, @ - ®R vy
is any finer cone and Uy C M is some neighborhood of 0 in M.

Choose (d —1) vectors &1, ...,&-1 € ' and one vector &; € I'? such that T,CY = ToM ©RE @
- @®RE,. Applying Proposition 4.3 (i) to these d vectors (with suitably chosen submanifolds with
boundary M in their directions), we obtain a new (standard) wedge W3 := W (Us, Q3, ') with
edge M at 0, U3 C U,y, where all CR-functions on M holomorphically extend, and such that the
direction cone I'* has nonempty intersection with both I'* and I'’?. Fix a vector & € I'* N T2 We
claim that any generalized wedge VW (as in Definition 2.2) with base U, directions (I';).cr, such
that W C W, U Wy U W3 and & € Ty, satisfies the conclusion of Theorem 2.4. The existence of
such a generalized wedge W is obvious from the construction. Note that unless & € I't, W cannot
be chosen to be a standard wedge.

For the rest of the proof, we fix W satisfying the above properties. Then conclusion (i) of
Theorem 2.4 follows directly from the construction and the inclusion W C W; U Wy U W3, To
show (ii), we fix a smooth section n: U — TCY with n(z) € [', for every x € U and such that
n(0) = &. We choose the section 7 to be C*-extendable to a neighborhood of U in CV. Fix also
a reflection v: w — w with respect to M as in Definition 2.1. Then, by the construction of n, we
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have
(4.3) M, ={z—tn(x):x € My} CvWNw)

for all sufficiently small ¢ > 0, say 0 < ¢t < e. Unless & € I'', we cannot choose 1 to be
constant. This is the exactly the reason why, in what follows, we need the deformation parts of
Propositions 4.2 and 4.3 that we shall apply to the C** family of generic submanifolds (M;)o<;<.
given by (4.3).

From Propositions 4.2 and 4.3 (ii), we conclude the existence of wedges W; := W(V;, Q,T?),
Vi € My, 0 <t <& < ¢, such that all CR-functions on M; extend holomorphically to W;.
Here it is very important that all wedges W;, 0 < t < €', have the same direction I'> and the
same “size” given by Q. Since n(0) = & € I'?, it follows from the construction of M; that there
exists o > 0 sufficiently small such that W;, contains a neighborhood U(0) of 0 in CV. Since all
holomorphic functions in (W Nw) restrict to CR-functions on M, it follows that they extend
holomorphically to Wy, and therefore to U(0). This finishes the proof of (ii) and hence completes
the proof of Theorem 2.4. O

5. MEROMORPHIC EXTENSION OF CR-FUNCTIONS; PROOF OF THEOREM 2.6

In this section, we prove Theorem 2.6. We follow the proof of [CPS99] in certain parts and
deviate from it at other places, where another approach is required. We also apply different
methods to avoid removing singularities.

The first step is to use a real-analytic reflection v with respect to M (as in Definition 2.1)
which is antiholomorphic only in certain coordinates. The following standard lemma is implicitly
contained in [BJT85]. For the reader’s convenience we give a short proof. As in §3, for a point
q € M, we denote by T;M the complex tangent space to M at g.

Lemma 5.1. Let M C CV be a generic real-analytic submanifold of through a point p € M and
L a complex linear subspace of CV such that

c _ m™N
(5.1) TM @ L =CV.

Then there exists a connected neighborhood w of p in CV and a real-analytic reflection v: w — w
with respect to M Nw which sends each affine subspace q+ L, ¢ € M Nw, antiholomorphically into
itself. For any given w, the reflection v with the above property is unique.

Proof. Let d be the codimension of M in CV and n the (complex) dimension of TM so that
one has, in particular, N = n + d. We choose complex-linear coordinates z = (x,7) € C* x C?
vanishing at p such that L = {x = 0}. Then, near 0, there exists a real-analytic parametrization
of M given by
C" xR 3 (x,8) = (., ¥(x; X, 5)) € M

whose complexification with respect to s is denoted by ¥(y,X,7), where (x,7) € C* x C?. It is
easy to see that W is a local diffecomorphism of C near 0 which is holomorphic in 7 and sends
each subspace ¢ + L into itself. It remains to define 7(x, ) := (x,7) and to set v := Worvo ¥l
If v is defined in a neighborhood U of p in CV, by setting w := U Nv(U), it is then easy to check
that v satisfies the desired properties. (If U Nv(U) is not connected, we take for w the component
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of UNv(U) containing p.) The uniqueness of v is due to the facts that v is antiholomorphic on
q+ L and, by (5.1), M N (g + L) is generic in ¢ + L near ¢, for ¢ € M near p. O

We shall use the following notion:

Definition 5.2. Let L C CV be a complex vector subspace. We say that a function h defined on
an open subset of CV is holomorphic along L if, for each fixed ¢ € CV, the restriction of h to the
affine subspace ¢ + L C C¥ is holomorphic on its domain of definition.

We then have the following obvious extension property:

Lemma 5.3. Let M, p and L be as in Lemma 5.1 and v: w — w be the corresponding real-
analytic reflection. Let g: M — C be a continuous function that extends holomorphically to a
generalized wedge VW C w with edge M at p (and continuous up to M). Then the conjugate
function M > z +— @ € C extends to a real-analytic function on v(W), holomorphic along L,
and continuous up to M. Moreover, for any continuous function on M, such an extension to
v(W), if it exists, is always unique.

Proof. The required extension is given by v(W) > z — g(r(z)). The uniqueness follows from
the boundary uniqueness theorem applied to the intersections of M with the affine subspaces
q+ L C CN for ¢ € M near p. OJ

Our proof of Theorem 2.6 will use the following result of SHIFFMAN [Sh91]:

Theorem 5.4. Let U C C" and V. C V C C™ be domains and h a meromorphic_function on
UxV. Assume that, for each fixed x € U, either h(x,-) extends meromorphically to V' or {x} xV
1s contained in the pole set of h. Then h extends meromorphically to U x V.

Proof of Theorem 2.6. To prove Theorem 2.6, it is sufficient to show the local statement that, for
each point p € M, v(z, g(z)) does not vanish on a dense subset of a neighborhood of p in M and
the quotient (2.1) that we denote by h extends meromorphically to a neighborhood of p in CV.
Let Q C M be the set of all points p € M with the above property. Clearly €2 is open in M.

We first show that €2 is nonempty. Indeed, by the assumption, there exists a point p € M such
that h is defined and CR in a neighborhood of p in M. By the minimality of M at p, both ¢ and
h extend holomorphically to a (standard) wedge W with edge M at p. Choose any L satisfying
the assumptions of Lemma 5.1 and let v: w — w be the reflection given by that lemma. We
may assume that W C w. Then by Lemma 5.3, g(z) and therefore h(z) extend to real-analytic
functions on (W) N U(p), holomorphic along L and continuous up to M, where U(p) is some
neighborhood of p in CV. Finally, it follows from the edge-of-the-wedge theorem (see e.g. [BER99,
Theorem 7.6.1] and the references there) and from Proposition 1.7.5 in [BER99] that h extends
holomorphically to a neighborhood of p in CV. Hence Q is not empty. (The above holomorphic
extension of h can be also obtained as a special case of the argument below showing meromorphic
extension instead of the holomorphic one.)

We need to prove that 0 = M. We claim that it is sufficient to show that, if C' C M is any
real-analytic curve with T,,C' ¢ TSM for each z € C, then C N Q # ) implies C' C Q. Indeed,
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any two points of M can be connected by a chain of curves with the mentioned transversality
property.

We now fix such a curve C' € M with C' N Q # () and suppose, by contradiction, that C' ¢ €.
Then, from the fact that € is open, we see that there exists a point p € C'\ € that is contained
in the closure of C'N Q). We choose local holomorphic coordinates in C vanishing at p such that
C becomes a real line. Because of the property 7,C' ¢ TM, we can choose a complex vector
subspace L C CN (possibly different from the previous one) passing through C' and satisfying
(5.1). By a linear change of coordinates (x,7) € C" x C?¢, we may assume that L = {y = 0} and
M is locally given by Im 7 = (¥, X, Re 7) for some real-analytic function ¢ defined near 0 € R?"+4,
(Here the integers d and n are as in the proof of Lemma 5.1.) We further define a neighborhood
basis (Uy)g>1 of p in M by

(5.2) Ug:={(x,7) € M :|x| < e, |[ReT| < 1/k},

where 0 < g, < 1/k is chosen such that (¢ + L) N U, N Q # 0 for every ¢ € Uy. Such a choice of
£ is always possible because C' C L, p is contained in the closure of C'N 2 and 2 is open in M.

Let v: w — w be the real-analytic reflection given by Lemma 5.1 (for the new subspace L). By
shrinking M around p, we may assume that M C w. We finally set II := {x = 0,ReT = 0} so
that T,M @ Il = CV. By Theorem 2.4, there exists a generalized wedge W C w with edge M
at p, whose base is Uy for some k, satisfying properties (i) and (ii) of that theorem. By (i), the
CR-function g admits a holomorphic extension to W denoted by g.

By Lemma 5.3, g(z) extends to a real-analytic function on v(W) that is holomorphic along L.
By composing with holomorphic functions u and v, we conclude that the functions u(z, g(z)) and
v(z,g(z)) extend to real-analytic functions u(z) and v(z) respectively in a neighborhood of M
in (W), holomorphic along L and continuous up to M. By shrinking w and then W, we may
assume that this extension takes place in (W) C w. The assumption C' N Q # () implies that
the extension v cannot vanish identically and therefore vanishes on a closed proper real-analytic
subset ¥ C v(W). Moreover, the uniqueness part of Lemma 5.3 implies that v(z, g(2)) does not
vanish on a dense subset of the base Ug. It follows then that the quotient h extends to a real-
analytic function h := u/v on v(W) \ X that is holomorphic along L. Hence, for each q € Uy

either (¢ + L) Nv(W) C {z € v(W) : v(z) = 0}, or h|,¢r, is meromorphic.

We claim that A extends to a meromorphic function on v(W). Since I is already defined
on a dense open subset of v(W), it is sufficient to show that h extends meromorphically to a
neighborhood of any given point zy = (xo,70) € ¥(W). By the construction and by Definition 2.2,
for any zo € v(W), there exists a point gy € (z0+ L) N U N2 By the definition of the set Q C M,
h extends to a meromorphic function I in a neighborhood G of ¢y in CV. On the dense subset of
Uy, where h is defined, we have the identity

(5.3) v(z,9(2))h(z) = u(z, 9(2))-

Without loss of generality, G N (W) is connected. Then, by the uniqueness part of Lemma 5.3,
(5.3) implies 0h' = @ on G Nv(W). In particular, we obtain 2’ = h on G N (v(W) \ ). Now
it is clear that there exist domains U C C" and V C V C C? such that o € UxV CG
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and zyp C U X V CcGuU v(W). We may thus apply Theorem 5.4 to conclude that h extends
meromorphically to U x 1% and, in particular, to a neighborhood of zy as required.

Since zo € v(W) was chosen arbitrarily, we conclude that & extends meromorphically to v(W).
Therefore Corollary 2.5 yields the required meromorphic extension of hto a neighborhood of p
and hence that of h. This contradicts our assumption that p &€ ) and thus proves that 2 = M.
The proof of Theorem 2.6 is complete. 0

6. ANALYTICITY OF CR-MAPPINGS; PROOF OF THEOREM 1.1

Let M C C" be a generic real-analytic submanifold through a point p € CV. Following [CPS99],
we denote by A, (M) the ring of germs at p of C*°-smooth functions ¢ on M that can be written
near p in the form

(6.1) p(z) = 0(z,9(2)), z € M,

where ¢ is a C*®-smooth CR-function in a neighborhood of p in C¥ with values in C* for some k,
and ¢ is a holomorphic function near (p,@). Note that the ring of germs at p of real-analytic
functions on M is contained in A,(M). In what follows, we write O, (M) for the subring of A, (M)
consisting of all restrictions of germs (at p) of holomorphic functions in CV. Observe that, if the
submanifold is furthermore assumed to be minimal at p, it follows from TUMANOV’s theorem and
Lemma 5.3 that the ring A,(M) is an integral domain. We further need the following lemma.

Lemma 6.1. Let M C CV be a generic real-analytic minimal submanifold through a point p € C,
¢ a germ in A,(M) and L a real-analytic (0,1) vector field on M defined near p. Then Ly is also
in A,(M).

Proof. We first consider the case when ¢(z) = g(z), where g is a CR-function in a neighborhood
of pin M. Write L = Zjvzl aj(z,%)(0/0%z;) with a;(z,Z) real-analytic near p. By TUMANOV’s
theorem, ¢ extends holomorphically to a wedge W with edge M at p. Moreover, this extension
that we call g is smooth up to the edge (see e.g. [BER99, Theorem 7.5.1]). The partial derivatives
0g/0z;, 7 = 1,..., N, are holomorphic in W and have boundary values on M that are smooth

CR-functions. Denote by L = Zé\f:laj(z, Z)(0/0Z;) any real-analytic extension of L as a (0,1)
vector field in a neighborhood of p in CV. Then Ly is the boundary value of the function

N
Lg = a;(z2)95/0z,
j=1
and therefore can be written as a holomorphic function in z, Z and the boundary values of
0g/0z,...,09/0zy. This shows that Ly € A,(M).

To prove the statement for an arbitrary ¢ € A, (M), write ¢(2) = ®(z,9(2)) as in (6.1),
® = &((, z), and apply the chain rule to conclude

(Le)() = 3 @, (2,92 (L) (2):
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Since Lg; € A,(M) by the first part of the proof, we have Ly € A,(M) as required. O

Proposition 6.2. Let M C CV be a generic real-analytic submanifold through a point p € CN
and h a germ at p of a C*°-smooth CR-function on M. Assume that M is minimal at p and that
h satisfies a nontrivial polynomial identity with coefficients in A,(M). Then h also satisfies a
nontrivial polynomial identity with coefficients in O,(M).

Proof. Choose a nontrivial polynomial P(T) = »"_, P;Ti, P; € A,(M), of minimal degree r
satisfying for z € M close to p,

(6.2) Z P;(2)(h(2))? =0, and P,(z) £ 0.

For j = 1,...,r, we may write Pj(z) = ®;(z,9(z)), where g : M — C* is a CR-map near p and

each ®; is holomorphic near (p, g(p)). Therefore, we may rewrite (6.2) as

<

(6.3) ’ ©;(2,9(2))(h(2)) =0,

for z € M close to p.
We claim that the quotients

05(2,9(2))
®,(2,9(2))
are CR on their domains of definition. Indeed, otherwise we could choose one real-analytic (0, 1)
vector field L for M near p and some 1 < j, < 7 such that LO;, # 0. Then we could divide
both sides of (6.3) by the nontrivial function ®,(g(z), z) and apply L to obtain, in view of Lemma
6.1, another nontrivial polynomial P(T) of degree strictly less than r with coefficients in A, (M)

0,(2) =

i=0,...,r—1,

satisfying P(h) = 0. This would contradict the choice of P and hence the claim follows.

Now, by Theorem 2.6, each quotient ©;(z), j = 0,...,r — 1, extends meromorphically to a
neighborhood of p in CV. By writing each meromorphic extension as a quotient of two holomorphic
functions near p, we obtain the required conclusion in view of (6.3). This completes the proof of
Proposition 6.2. 0

As a consequence of theorems of MALGRANGE (see e.g. [BHR96]) and TOMASSINI [To66], Propo-
sition 6.2 implies the following:

Corollary 6.3. Let M C CV be a generic real-analytic submanifold through a point p € CV
and h be a germ at p of a C>®-smooth CR-function on M. Assume that M is minimal at p
and that h satisfies a nontrivial polynomial identity with coefficients in A,(M). Then h extends
holomorphically to a neighborhood of p in CV.

Finally, we mention the following well-known fact (see e.g. [BER99, Theorem 5.3.9]) which will
be needed for the proof of Theorem 1.1:
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Proposition 6.4. Let A C C™ x C!, be a complex-analytic subset through 0 such that AN ({0} x
CY) = {0}. Then for j =1,...,1, there exist Weierstrafy polynomials
7‘j—1
Q](Z7w]) :w;j +2ij(z)w;€7 w = (wla"'7wl)7
k=0
such that for every (z,w) € A near 0, Q;(z,w;) =0 holds for all j.

Proof of Theorem 1.1. Let M, M', f and p € M satisfy the assumptions of Theorem 1.1. Without
loss of generality, we may assume M to be generic. Denote by d’ the codimension of the subman-
ifold M’ in CV', by n the (complex) dimension of T 5 M (cf. §3). Choose a set of real-analytic
defining functions p'(2',2’) = (p|(2/,2'), ..., ply(2',2’)) for M’ defined in some neighborhood U’ of
p in CN'. Shrinking M if necessary around p, we may assume that, for every z € M, we can
fix a holomorphic parametrization ~,: (C™,0) — (Q., z) depending real-analytically on z. Recall
here that (). denotes the Segre variety of z associated to the generic submanifold M, as defined
n (1.1). We may also assume that f(M) C U' N M'.

Recall that for all points z € M, the Taylor series of f at z extends to a formal (holomorphic)
power series mapping F, : (CV,z) — (CV', f(z)). In view of (1.2) (see also §3), a point w' € U’
belongs to r, if and only if the following formal power series identity

(6-4) P (Fe(7:(t),w) = 0
holds in the ring C[[t]], t = (t1,...,t,). Differentiating (6.4) with respect to ¢ and evaluating at
t = 0 yields that w’ € r, if and only if, for all k¥ € N,

(6.5) 0 = J1 (o (F2 (). ) (0) := (3 (0! (F.(:(0)). ) 1=0) ,
It follows from the chain rule that there exists a universal polynomial mapping P, such that
(6.6) gt (P (Fo(72(1)), ) (0) = PH((550) (f(2), w'), (2 ) (2), (G£7:)(0)).

Here as in (6.5), we have used standard notations relative to jet spaces i.e.

(150) (2 2) = ((020)(, 7)) <
(]f’yz)(t) = ((atﬁwz)(t))‘mgka
(Jff)(z) 1= (07 f(2))al<k-

The last derivatives are understood as boundary values on M of the partial derivatives of the
holomorphic extension of f to a wedge with edge M (such an extension is a consequence of the
minimality of M at p). We write the mapping in the right-hand side of (6.6) as

(6.7) Wi(Z, g(2), w'),

where gi(2) = (2,5 f(2)) is CR on M and ¥}, is holomorphic in a neighborhood of (p, p, 5% f(p), f(p)).
Note also that, for all z € M, the map w’ — V.(Z, gx(2),w’) is defined and antiholomorphic in
U’. By the definition of r,, z € M, we have

(6.8) r,={w e U : ®y(z,gx(z),w’) =0 for all k € N},
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where @, is the conjugate of Wy.

By the Noetherian property, there exist a neighborhood U c U of p’ and a positive integer k
such that w' € r, N U’ if and only if ,(p, g.(p),w’) = 0. If JE(CN,CN') denotes the jet space at
p of order  of holomorphic mappings from CV to CV' equipped with coordinates A = (Ag)81<k:
B €NV AgeCV, we define a complex-analytic subset A C CY x C¥ x J;(CN, CN)x CN in a

neighborhood of the point J; := (p, D, j5f(p), f(p)) by setting
A={(z,w, A, 0') : (2, (w,A),w") =0}.

Then, for z € M and w' € U’, it follows from (6.8) that if w' € r,, then (z,Z, j5f(2),w') € A.
Since, by assumption, p’ = f(p) is isolated in r,, we conclude that AN ({(p,D,j5f(p))} X [7/) =
{/1}. Hence, by Proposition 6.2, we obtain Weierstra polynomials Q;(z,w, A;w’) in w} for
j=1,....,N w' = (wi,...,wh,), defined near J; such that, if (z,w, A, w’) € A is close enough to
Ji, then Q;(z, w, A;w}) = 0 for all j. Since, for z € M, one always has f(z) € 7., it follows that

(2,2,75f(2), f(2)) € A. As a consequence, we have

(6.9) Qj(2. 2, j£ f(2); [3(2)) = 0

for j = 1,...,N', and z € M close to p. From (6.9), we conclude that each component of f
satisfies near p a nontrivial polynomial identity with coefficients in A,(M) (as defined above).
To conclude that f extends holomorphically to a neighborhood of p in C¥, it suffices to apply
Corollary 6.3. O

Proof of Corollary 1.3. The proof follows from Theorem 1.1 and the fact that, under the assump-
tions of Corollary 1.3, the point f(p) is isolated in r,. The latter fact can be proved by following
the techniques of [BR88, Me95]. We leave the details to the reader. O

We conclude by giving, as mentioned in the introduction, an example of a situation of Theo-
rem 1.1 which is not covered by Corollary 1.3.

Example 6.5. Consider the unit spheres M, := 0B C C? and M’ := 0B C C? and the map
f: My x C — M’ given by f(z,w,v) := (2%,v2zw,w?). It is easy to check that f is totally
degenerate but p’ = (1,0, 0) is isolated in r, with p = (1,0, 0).
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