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We investigate holomorphic Segre-preserving maps sending the complexi-
fication .l of a generic real analytic submanifold M € C" of finite type at
some point p into the complexification .1l of a generic real analytic sub-
manifold M’ € CV' that is finitely nondegenerate at some point p’. We
prove that for a fixed M and M’, the germs at (p, p) of Segre submersive
holomorphic Segre-preserving maps sending (., (p, p)) into (M, (p’, p’))
rationally depend upon their K-jets at (p, p), for some fixed K depending
only on M and M’, and these maps are uniquely determined by their K-
jets. If, in addition, M and M’ are algebraic, we prove that any such map
must be algebraic. It follows that the set of germs at (p, p) of holomorphic
Segre-preserving automorphisms of the complexification .l of a generic real
analytic submanifold M that is finitely nondegenerate and of finite type at
p is an algebraic complex Lie group. We explore the relationship between
this automorphism group and the group of automorphisms of M at p.

1. Introduction

Let M C CV be a real analytic submanifold of codimension d, defined locally near
p € M by the real-valued real analytic function p(Z, Z). The complexification M
of M is a holomorphic submanifold of C*¥ given locally for (Z, ) € CN x CV near
(p, P) by M ={(Z,7): p(Z,7) =0}. Assume M is generic (see Section 2), and
let M’ CCV bea generic real analytic submanifold of codimension d’, let p’ € M’,
and let ' denote its complexification. Let U € CV be an open neighborhood of p,
and define *U :={Z : Z € U}. Consider a holomorphic map ¥ : (U x*U, (p, p)) —
(CN', (p', p)) of the form

(1-1) H(Z,0)=(H(Z), H(©)),

where H : U — CV" and A : *U — CV'. Assume that % (M N (U x *U)) C M.
These maps will be the chief object of study in this paper. We will call such a map
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a holomorphic Segre-preserving map (HSPM) since it preserves Segre varieties in
a sense that will be made precise in Section 2. With the notation #(z) := ¢ (),
we observe that if = H, then H is a holomorphic map defined on U sending
(M NU,p)into (M’, p'). Such maps have been extensively studied. However,
HSPMs are relatively new; see [Zhang 2007; Angle 2008a; 2008b] for related
recent work. Under certain restrictions, the collection of germs of HSPMs sending
L, (p, p)) into (M, (p’, p')) is, in a manner to be detailed in subsequent sections,
“bigger” than the collection of germs of holomorphic mappings sending (M, p)
into (M’, p’). We shall see several examples of this in Section 5.

For py € C™, let T ,(C™) denote the holomorphic tangent space of C" at p.

Let J T?p HM ST, p) (C?M) denote the set of all vectors of the form

N N N
0 0 0
E a]az E a( such that Elaja—zj and Elbja
= j=

are tangent to M at p. A vector of the form Z 1a;(0/0Z)) tangent to M at pis
known as a holomorphic tangent vector, and a vector of the form z _1b;j(0/ 0Z; i)
tangent to M at p is known as an antiholomorphic tangent vector. For any germ
at (p, p) of an HSPM % sending (AL, (p, p)) into (M, (p’, p’)), we have

Doy H(T 0, 5 M) ST, M,

(p,p)

where we define
D ¥ 2 T (5,5 (CN) = T 5y (CN) by (D, 5 H (L)) (9) = L( 0 %)

for any germ at (p’, p’) of a holomorphic function ¢ : C*N' — C. We say that %
is Segre submersive at (p, p) if

D H( Ty M) = T .
This definition is independent of choice of coordinates for M and M’.

Given M and M’ satisfying certain geometric conditions, our main result is
Theorem 1.1, which states that the germs at (p, p) of HSPMs that are Segre sub-
mersive at (p, p) and send (M, (p, p)) into (M, (p’, p’)) rationally depend upon
their K -jets, for some fixed K depending only on M and M’. This result was
motivated by, and is a generalization of, results due to Baouendi, Ebenfelt, and
Rothschild [1999a] and Baouendi, Rothschild, and Zaitsev [2001]. We also men-
tion a recent paper of Lamel and Mir [2007] for related results. Before stating
Theorem 1.1, we present some more notation. Let JX(CV,CN'), ,» denote the
set of K-jets at p of germs of holomorphic maps from (CV, p) into (CV', p’). (In
this paper, we assume that JX(CV, C"")(, 7 includes only derivatives of positive
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order.) Let j f represent the corresponding K -jet map defined on the set of germs
at p of holomorphic mappings given by

lox]
K, _ (0% )
pd= (82“ (p) 1<a|<K
Theorem 1.1. Let M C CV be real analytic, generic, and of finite type at p. Let
M’ € CV' be real analytic, generic, and finitely nondegenerate at p'. Assume that
M is of codimension d, that M' is of codimension d', and that N —d > N' — d'.
Then there exist positive integers

N—d\
K>1 and 1<r< R
N —d

depending only on M and M', and C"'-valued holomorphic functions @1, ..., ®,

defined on an open subset of CN x JK(CV, CN/)(,,,I,/) x JK(CN, CEN/)(,;,F) of the
form

(Z-p),

PI(A, T
(1-2) ©(Z.AT) =2 — yf, ,) ;
7 01(A)7 0y(D)”

where s{, and té are nonnegative integers, P)f are CN'-valued polynomials, and Ql1
and le are C-valued polynomials with real coefficients, such that the following
holds. Let #(Z,¢) = (H(Z), H()) be a germ at (p, p) of an HSPM sending
i, (p, p)) into (M, (p’, p')) such that ¥ is Segre submersive at (p, p). Then
there exists [, with 1 <[ <r, such that

(1-3) H(Z)=®)(Z, j§ (H), j§ (H)),
(1-4) H() =01, jg (H), ) (H)),

for (Z, ©) sufficiently close to (p, p). Furthermore, for any
(Ao, To) € JX (@, CY)p oy x IE @Y, V) .)

such that Ql1 (Ag) #0and le(Fo) # 0, the map @, is holomorphic in a neighbor-
hOOd Of (p7 AO) FO)

The appearance of ®@; in (1-4) is interesting and will be instrumental in the
proof of Corollary 1.4. See Section 2 for precise definitions of finite type and finite
nondegeneracy.
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Define

Aut(M, p):= {H :(CV, p)— (CV, p) | H is a germ at p of a holomorphic map,
H is invertible at p, and H(M) C M},

Autc (L, (p, p)) == {9 : (C*", (p, p)) —> (C*", (p, p)) |  is a germ at (p, p)
of an HSPM, % is invertible at (p, p), and () € A}.

We call Aut(M, p) the group of automorphisms of M at p, and Autc (M, (p, p))
the group of holomorphic Segre-preserving automorphisms of M at (p, p). Let
JE(CN) := JK(CN, CN)(p.p) be a simplification of notation, define GX (CV) to
be the set of all elements of J If (CM) that correspond to invertible mappings at p,
and define a jet map ;7(11(,, 5 on the set of germs at (p, p) of HSPMs such that for
%= (H,H), nk ;) :=(}H,j5 H). Noting that M = M’ implies that r = 1
in Theorem 1.1, we have the following corollary.

Corollary 1.2. Let M € CV be a generic real analytic submanifold of finite type
at p and finitely nondegenerate at p. Then there exists an integer K depending
only on M such that 11{1(,’ 5 restricted to Aute (M, (p, p)) is a homeomorphism onto
a closed, holomorphic algebraic submanifold (Lie group) of Gllf (CM) x Gg (CM).

Remark 1.3. One consequence of Corollary 1.2 is that j f restricted to Aut(M, p)
is a homeomorphism onto a closed, real algebraic submanifold (Lie group) of
G 117( (CM). This fact has already been proven in previous work. For M a hyper-
surface, Baouendi, Ebenfelt, and Rothschild [1997] showed that jlf (Aut(M, p))
is a closed, real analytic submanifold (Lie group) of G[If (C"). However, they did
not show that it is also real algebraic. In [1999a], they proved this fact for M a
submanifold of any codimension.

Since j f (Aut(M, p)) is a real algebraic submanifold, it is natural to consider
its complexification as a holomorphic submanifold of G5 (CV) x GK(CY). We
will denote this complexification C{ jf (Aut(M, p))}. What is the relationship
between C{jX (Aut(M, p))} and 5§ ; (Autc(M, (p, p)))? The following corol-
lary of Theorem 1.1 says that the former is always contained in the latter, and
they are necessarily of the same dimension. In Section 5 we will give examples
demonstrating both equality and strict containment.

Corollary 1.4. Let M and K be as in Corollary 1.2. Let B < G5 (C) x GK (C")
denote the connected component of C{j 5 (Aut(M, p))} containing (1d, 1d"), where
Id (respectively, 1d) is the point in Gf (CN) (respectively, Gl[;( (CM)) correspond-
ing to the identity map on CV. Let € C G[[f (CYyx GII;( (CN) denote the connected

component of 11(’[(,7 »(Autc (UL, (p, p))) that contains (1d, 1d"). Then
() CLjf (Aut(M, p))} S nf 5 (Autc (L, (p, p))).
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(i) B =6, and

(iii) ’7{,{),5) (Autc (UM, (p, p))) and C{jlf (Aut(M, p))} are made up of finitely many
disjoint cosets of %B.

The following application of Theorem 1.1 states that Segre submersive HSPMs
sending (M, (p, p)) into (M, (p’, p’)) are uniquely determined by a finite number
of derivatives.

Theorem 1.5. Let M and M’ be as defined in Theorem 1.1. Then there exists
an integer K, depending only on M and M’, such that the following holds. Let
H1(Z,0) = (HI(Z), B\() and %:(Z, 0) = (Ha(Z), H2(0)) be germs at (p, p)
of HSPMs sending (M, (p, p)) into (M, (p’, p")) such that ¥, and ¥, are Segre
submersive at (p, p). If

Jy (H) = jX(Hy) and ¥ (H)) = j5(H),
then #,(Z, ) = ¥#,(Z, ).

One of the strengths of Theorem 1.1 lies in the fact that the form of ®; leads
to Corollaries 1.2 and 1.4. These maps, however, depend upon the jets of both H
and H. In Theorem 1.6, we see that it is in fact possible to find functions that
express ¥ entirely in terms of the L-jets of H (or of H) for some L.

Theorem 1.6. Let M and M’ be as in Theorem 1.1. Then there exist positive
integers r and L, depending only on M and M', and C*V'-valued holomorphic
functions ®!, ..., ®! defined on an open subset of C*N x J*(CV, (CN,)(I,,],/) and
CD%, ceey CD% defined on an open subset of C*N x JL(CN, CN /)(ﬁ, 7) such that the
following holds. Let #(Z, () = (H(Z), H()) be a germ at (p, p) of an HSPM
sending (M, (p, p)) into (M, (p’, p")) such that ¥ is Segre submersive at (p, p).
Then there exist 1 <1y,1» <r such that

H(Z,) =D (Z, ¢, (H)),
W(Z,0)=DL(Z, ¢, j(H))

for (Z, ¢) sufficiently close to (p, p).

The following example shows that Theorem 1.6 does not necessarily hold if M’
is finitely degenerate at p’.

Example 1.7. Let M = M’ C C? be given by M = {Im w = |z|*} and its complexi-
fication by M = {w — 7 = 2iz% y?}, where (z, w) and (y, 7) are coordinates on C2.
We note that M is of finite type but finitely degenerate at 0. Let H(z, w) = (z, w).
We can find two distinct maps H(y, ) and H,(y, t) such that ¥, = (H, H,)
and ¥, = (H, H;) both send (M, 0) into (M’, 0) and are Segre submersive at 0.
Indeed, let H{(y,7) = (x, ) andlet H>(x, 1) = (—y, 7).
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Finally, we present a result on algebraicity. Recall that a real analytic mapping is
said to be real analytic algebraic if all of its components are real analytic algebraic,
and a real analytic submanifold is said to be real algebraic if it can be given by
real analytic algebraic defining functions; similarly a holomorphic map is said to
be holomorphic algebraic if all of its components are holomorphic algebraic, and
a holomorphic submanifold is said to be holomorphic algebraic if it can be given
by holomorphic algebraic defining functions.

Theorem 1.8. Let M and M’ be as in Theorem 1.1, and assume that M and M’
are real algebraic. Then any germ at (p’, p") of an HSPM sending (M, (p, p)) into
', (p’, p") that is Segre submersive at (p, p) is holomorphic algebraic.

The layout of this paper is as follows. In Section 2, we present some additional
background material. Section 3 contains the reformulations and proofs of three of
the main results as given in Section 1, while Section 4 is dedicated to proving the
main results of Section 1. Section 5 consists of several examples of HSPMs and
automorphism groups. In particular, examples demonstrating both equality and
nonequality of C{ jlf (Aut(M, p))} and ;7(’1(,’ »(Autc (UL, (p, p))) are provided. See
[Angle 2008b] for additional examples.

2. Additional background

Let M C CV be a real analytic submanifold of codimension d. Recall that this
means that given any p € M, there exists a real vector-valued real analytic function
p=(p1, ..., pq) defined in a neighborhood of p, satisfying dp; A- - -Adpg #0 at p,
such that M is given locally near p by the vanishing of p. We refer to p as the local
defining function for M near p. If, in addition, near any p € M, there exists a local
defining function p satisfying the stronger condition dzp; A --- A dzpg # 0 at p,
then we say that M is generic. If M is generic, it can be shown (see for example
[Baouendi et al. 1999b]) that there exists a holomorphic change of coordinates
Z = (z, w) € CN=¢ x C¢ vanishing at p and an open neighborhood Q of 0 such
that in these coordinates M is locally given by {(z, w) e Q:w = Q(z, z, w)}, where
0@z, x,7)=(0QYz, x, 1), ..., 0%z, x, 7)) is a C?-valued holomorphic function
defined near 0 in CV=? x CN=? x C¢ and satistying Q(0, y,7) = Q(z,0,7) = 1.
Such coordinates are called normal coordinates.

A vector field of the form z;v:l a;(Z, 7)(8/0Z ;) tangent to M near p, where
the a; are smooth functions on M, is called a CR vector field. We say that M is
of finite type at p (in the sense of [Kohn 1972] and [Bloom and Graham 1977])
if the CR vector fields, their complex conjugates, and all repeated commutators
of these vector fields span the complexified tangent space of M at p. Letting
(pj)z:=(p;/0Zi,...,0p;j/0Zy)and L* :=LT" --- Ly, wherea = (ai, ..., op)
and Ly, ..., L, is a basis for the CR vector fields of M near p, we say that M is
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finitely nondegenerate at p if there exists a nonnegative integer K such that
2-1) span{L%(p;)z(p) : la| < K, 1< j <d}=CV.

We say that M is k-nondegenerate at p if k is the smallest K for which (2-1)
holds. It is not difficult to show that if M is given in normal coordinates by w =
Q(z, z, w), then M is k-nondegenerate at 0 if and only if the matrix whose rows
are (lexa (0,0,0))1<y<ny—g for o] < K and 1 < j <d hasrank N —d for K >k
and rank less than N —d for K < k.

Let M C CV be the generic real analytic submanifold {Z € Q: p(Z, Z) = 0},
where Q is a nonempty open subset of CV, p(Z, ¢) is holomorphic on Q x *Q,
and ozp(Z, ) # 0 for all (Z,¢) € Q x *Q. The complexification of M is then
given by M ={(Z,0) e Q x*Q: p(Z,) =0}. Given any (Z, () € Q x *Q, we
define the Segre varieties of M by

$,={C€*Q:p(Z,0)=0) and T ={ZecQ:p(Z,{)=0).

Segre varieties are named for the Italian geometer Beniamino Segre who introduced
them [1931]. We note here that Jl is sometimes referred to as the Segre family
associated with M; see [Chern 1975; Faran 1980], for example.

Now let M’ € C"*! be the generic real analytic submanifold given by M’ =
((Z'eQ:p'(Z', Z') =0}, where Q' is a nonempty open subset of C"*1, p'(Z’, ")
is holomorphic on Q" x *Q', and 0z p'(Z’, ") # 0 for all (Z',¢’) € Q' x *Q'.
Denote the complexification of M’ by .l" and its Segre varieties by X’,, and /Z\é,
Let pe M and p’ € M’, and let y : Q x *Q — C?'*2 be a holomorphic map
sending (M, (p, p)) into (M, (p’, p)). Furthermore, we will assume that for any
(Z, ) € M, there exists (Z', ¢’) € M’ such that

(2-2) w({Z} x Xz) S{Z'} x X7,
(2-3) w(Ze x (¢ STl x )
Proposition 2.1. The map v, when restricted to M, is an HSPM of the form (1-1).
Faran [1980] proved this for hypersurfaces, but it also holds in higher codimension.

Proof. We show it is true in a neighborhood of (Z, ) = (Zy, {p) € M. Write
w(Z,0) = (1(Z,0), 92(Z, 7)), where ¢ and ¢, are CV -valued holomorphic
functions, and write (o = (¢}, &) € CV=¢ x C?. As M is generic, the implicit
function theorem implies that (after a possible rearrangement of coordinates) there
exists a C?-valued holomorphic function 6, satisfying 6(Zo, ¢;) = ¢/, such that
(Z, ¢y, 0(Z, &) € M for any Z sufficiently close to Zo. For any Z near Z, define
H(Z) = ¢1(Z, {5, 0(Z,¢))). We claim that H(Z) = ¢1(Z,¢) on L. This is
because (2-2) implies that ¢;(po, {) is constant for all ¢ € X, for any py. A
similar argument applies to ¢». ([
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3. Reformulations

In this section, we will assume unless said otherwise that M C C"*4 and M’ C C"t¢
are real analytic generic submanifolds of codimensions d and e, respectively. We
will additionally assume that there are open neighborhoods 0 € U < C"*¢ and
0 € U’ C C"* such that M is given by

M={(z w)elU:w=0(zz, )},
where Z = (z, w) are normal coordinates, and M’ is given by
M ={E w) el w'=Q'@, 7, o)),

where Z' = (7, w’) are normal coordinates. We also assume that p(z, w, y, 1) :=
w — Q(z, x, t) is holomorphic on U x *U and dzp(z, w, y, t) is nonvanishing
on U x *U. Similarly, we assume that p’(z/, w’, ', ') == w' — Q' (Z, x/, 7) is
holomorphic on U’ x *U’ and 0z p’(z, w’, x’, t’) is nonvanishing on U’ x *U’. So
the complexifications Jit and M’ of M and M’ are respectively given by

M={(z,w, y,7) e U x*U:w=0(z, x,1)}

and
M ={E, 0, ', ) eU xU 1w =0, ', T},
where ¢ =(y, 7)€ C"xC? and ¢’ = (y’, ') € C" x C¢. Unless otherwise specified,

we will assume any (germ of an) HSPM % sends (M, 0) into (M, 0) and is given
in the form

(3-1) H(Z,0)=(H(Z), HQ) = (f(2),8(2), £(), &),

where f = (f!,..., f") and f = (f', ..., f) are C"-valued holomorphic func-
tions, g = (g',..., g% and g = (g, ..., g°) are C°-valued holomorphic func-
tions, and we write z = (21, ..., 2m), W = (W1, ..., W), 2 = (2}, ..., 2,), and
w' = (w}, ..., w,), and similarly for y, 7, ', and 7’.

Reformulation of Theorem 1.1. We begin with a technical definition.

Definition 3.1. Let M C C"t4 be of codimension d and M’ C C"t¢ be of codi-
mension e, and assume m > n. Let 7 be an HSPM. Let y = (u1, ..., 1,) for some
I<pui<---<pp,<mandv=(y,...,v,) forsome 1 <v; <--- <v, <m, and
assume that

ofk o fk
det(i(O)) £0 and det( / (0)) £0.
azm 1<k,l<n 0w, 1<k,l<n

Then we say that the map ¥ satisfies condition D,,,.
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Any given ¥ may satisfy condition D, for several different u and v, as the
following example illustrates.

Example 3.2. Let M C C* and M’ C C be given by

M = {Imw = |z1]” + 2Re(z3%1 — 2322) — |2al’},

M' ={Imw = |z} > +25/%}.
Note that M is of finite type at 0, and M’ is finitely nondegenerate at 0. Let # be
given by #(z, w, x, ) = (z1+23, 21 —22, W, X1 — )2, X2+ X3, 7). Then € satisfies

condition D,,, for any permissible x and v. That is, u can be any one of (1, 2),
(1, 3), or (2,3), as can v.

Our main theorem, from which Theorem 1.1 follows, is Theorem 3.3. Before
we present it, we introduce some notation. Given an HSPM %, we can write

J&H = ((fL O 1<12m,1=j=n> G H),

where ( jOK )'H represents the remaining derivatives of H at 0. Given any A in
JE (@€ C¢)(,0), we will then write

(3-2) A= ((Aj’l)lglgm,lfjfn, A,

where (& H)/'! is exactly £2(0). We define a similar decomposition for J&H.

Theorem 3.3. Let M € C"* be of codimension d and of finite type at 0. Let
M’ C C"* be of codimension e and k-nondegenerate at 0. Then there exists a pos-
itive integer K depending only on M and M’ such that for each a = (a1, . . ., ay)
withl<a;<---<a,<mandeach f=f1,..., ) withl < <--- < f, <m,
there exists a C""¢-valued holomorphic function defined on an open subset of
Crmtd o JE(Cmte, C"*)0,0) X JE(@Cm+, C"*¢)0,0) of the form

Ry (A, T) )
(det(A"% ) <y, j<n) 7 (det(T"Pi)  <p, j<p)orr

3-3) ©P(Z,AT)=_

7y

where R?’ﬁ are C"*¢-valued polynomials and s,p, and tep, are nonnegative inte-
gers, such that if #¥(Z, ) = (H(Z), H(¢)) is a germ at O of an HSPM satisfying
condition D,,,, then

(3-4) H(Z) = ""(Z, jg (H). jo (H)),

(3-5) H() =" (, jg (A). jo (H)),

for (Z, ©) sufficiently close to 0. Furthermore, for any (Ao, I'g) such that
det(AG)i<pjen #0 and  det(Ty") 1<y jon #0,

the function ®*# is holomorphic in a neighborhood of (0, Ag, To).
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Remark 3.4. It is implicit in the hypotheses of Theorem 3.3 that m > n. However,
if we assume that m < n, even if the matrices ( f;(0)) := (fZ{ (0))1<i<m,1<j<n and
( fx 0)):=( f}l (0))1<1<m,1<j<n have maximal rank, the theorem will not hold. Let
M C C* be defined by M = {Im w; = |z;|?, Im wy =|z2|?}. Let M’ C C* be defined
by M' = {Imw’ = |z||> + |25|* + |z5|*}. Then M is of finite type at 0, and M’ is
1-nondegenerate at 0. For any positive integer r, define

#,(z, w, x,7)
. . . 2 - r+1
= (21, 22, w1, w1 Fwa, Y1 =20 171 =2 Y17], x2, T + 71, T T — 2T = 2iT] ).

Observe that #, is an HSPM sending (., 0) into (', 0) and is a biholomorphism
near 0.

The proof of Theorem 3.3 will be based on arguments from [Baouendi et al.
1999a; 2001]. Before proving the theorem, we first introduce a few lemmas.

Lemma 3.5. Let #(Z, ) = (H(Z), H()) be an HSPM that sends (M, 0) into
(M, 0). Then #'(Z, ) = (H(Z), H()) is an HSPM sending (M, 0) into (M’ 0).

Proof. Let p = (p1, ..., pa) be a defining function for M, and let p" = (p}, ..., p.)
be a defining function fqr M'. For j =1,...,eand k = 1,...,d, there exist
holomorphic functions a,i such that

d
(3-6)  pi(H(Z), HQ) =D al(Z,O)p(Z,¢)  implies
k=1

d
G371  PHQ), HZ) =D al(Z,)p(Z,¢)  implies
k=1

d d

3-8)  pHZ), HQO)) =D @ D&, 2) = D @&, Z)pulZ, ().
k=1 k=1

Equations (3-7) and (3-8) follow from the reality of the p;. (|

The following notation will be used in Lemmas 3.6, 3.7, and 3.10. Let M, M’,
and 9 be as in Theorem 3.3. We will write jX H = ((jX)"H, (8:4(Z))0<k),
where the remaining derivatives of H at Z are represented by ( jf )”H. Given any
A€ Jé( (e, C")(z,H(z))» we will also write

(3-9) A= (A1, Ay),
where (jé( H); is exactly (g;«(Z))|a|<x. We do a similar decomposition for jf H.

Lemma 3.6. Let M and M’ be as in Theorem 3.3. Then for any p = (B1, ..., Bn)
and o = (a1, ...,0,), with 1 < a; < --- < a, < m, there exists a C°-valued
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holomorphic function ¢; defined on an open subset of CK# x C"+4 x C"*4 for
some integer Kg, of the form

(A1)
3-10 A, Z.0) = P 77 FONE,
(3-10) $h(A, Z, () y% ety oy 2 €S

where t,p, 5 are nonnegative integers, P, f . are C°-valued polynomials, and ¢/3

identically vanishes whenever ¢ = 0 and Az = 0, such that if ¥ is a germ at 0 of
an HSPM satisfying condition D ,,, then for (Z, () € M sufficiently close to 0,

(3-11) ,ﬂ(f<Z> F©. 800 =4 G H), 2,0,
(3-12) (PO, £(2), 82 = 3G (). ¢, 2).

Also ng; is holomorphic near (Ao, 0, 0) for any Ao such that det(A(j)"a’) 1<ji<n #0.
Proof. For j =1,...,m,

d
0 0
(3-13) Li=5s Z 0%, 1 D)5, -
are vector fields tangent to Jl. Let Z := (z4,, ..., 2u,)- Applying L, ..., Ly, to
(3-14) gz w)=0'(f(z w), H(x, 7))

we get (in matrix notation)
(3-15)  g:(z, w) + Q:(z, x, T)8w(z, W)
= (f2(z, w) + 0:(z, 1, 7) fu(z, w) QL (f(z, w), H(x, 7))

for all (z, w, y,7) € M. By assumption, (f;(0)) is invertible, so we have near
(z,w, x,7)=1(0,0,0,0),

(3'16) Qé/(f(zs U)), H(Xa T))
= (f:(z, w) + Q:(z, x> 1) fulz, w) " (g:(z, W) + Q:(z, X, )guw (2, W)).
We claim that the right hand side of (3-16) can be written in the form

PG
o 2 ezt

where each p;‘ s 1s an n x e polynomial matrix and each s,,s is a nonnegative
integer. This comes from writing the right hand side as

(G-18)  (fr+ Q:f0) (g2 4 Q:80) = U+ £ fu Q)™ (£ (g + Q:80)
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The last factor on the right of (3-18) can clearly be written in the form (3-17),
as it is independent of det(f;(Z)). The second can be written in the form (3-17)
since for any invertible matrix A, we can write A~' as (1/det A)(adj A). The
first can also be written in the form (3-17). Indeed, since f{l 0) f,(0)Q:(0) =0,
then for (z, x, r) sufficiently close to 0, we have (/ + B)™! = Zj’;o(—l)ij,
where we define B := f{l fw Q3. We then use the aforementioned formula for the
inverse of a matrix, and the claim is proved. Defining jLH = ((j1)'H, (j1)'H),
where (j1)'H = (gz;(2)) and (j 1) H represents the remaining derivatives at Z, it
immediately follows that (3-17) can be written in the form

Z pg,éak((jé)/H)

3-1
G-19) det( f-(2)))m

2" () H)"

7 ,0,K
We get (3-11) from (3-16) and (3-19) by inductively applying the L; and using
the chain rule. To complete the proof of the lemma, we use Lemma 3.5 to see that
(H, H) sends . into .’ and satisfies condition D, «- So as we have seen in this
proof,

(3-20) 0.,(F(2). F(©. 50 = 3L (H), Z,0).

Taking the complex conjugate of this entire equation gives (3-12).
The fact that g = 0 whenever ¢ = 0 and A, = 0 follows from (3-16), the
definition of the L ; given in (3-13), and the fact that Q_4(z, 0, 0) =0 for any £. []

Lemma 3.7. Let M and M’ be as in Theorem 3.3. For each B = (B1, ..., Bute)
and a = (a1, ...,0,) with 1 <oy < --- < a, < m, there exists a C"**-valued
function ‘I"é, holomorphic on an open subset of C"+4 x C"*4 x CK# for some
integer Kz, of the form

3-21) S ANSEDY Pyl () 77 PO
' pUE G = 2 (qe(Arany oy ey © ¢

7,0,k

where Pya ’f (A1) are C""-valued polynomials and t,p, 5 are nonnegative inte-

gers, such that if % is a germ at 0 of an HSPM satisfying condition D, then for
(Z, ) € M sufficiently close to 0,

(3-22) P H(Z) =)z, ¢, jEV (@),
(3-23) PHQ) =Y} (. 2. j; ().
Also, 5 is holomorphic near (0, 0, Ao) for any Ao such that det(Ag™)1<1,r<n #0.

Proof. As M’ is k-nondegenerate at 0, assume the vectors @;f);_al ), .. o _;anan (0)
span C", where each jx {1, ..., e}, each|a;| <k,and Q' = (0", ..., 0. From
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Lemma 3.6, we have for each (Z, ) € M

07, (f(©), [(2),8(2) = (¢ DG @A), ¢, 2)
(3-24)

0, (F(©), £(2),8(2)) = (B3, G\(H). ¢, 2),

where ¢5 = ((¢£ Yo, (¢£ )¢). Using this system of equations, coupled with the
fact that normal coordinates for M’ imply that Q' (', 0, w') = Q'(0, 7/, w') = w’,
we can apply the implicit function theorem to find a map B* : C" x C" — C"**,
holomorphic near 0, such that

(3-25) H(Z)=B"(f(©), (437G B. ¢, 2)hzi<n)-
If we Taylor expand, we can write the right hand side of (3-25) as
(3-26) Z ALy, (R)Z°CPRY,

op.y

where we remind the reader that A, corresponds to (84+()), and A corresponds
to the remaining derivatives of H at ;. We claim that each A” opy 1s rational. This
follows from the fact that f(0) =0, the form of qﬁ“ as given in (3-10), and the fact
that ¢g = 0 whenever { =0 and A, = 0O (refer to the statement of Lemma 3.6).

Furthermore, each A}, £ (A1) is of the form given in the right hand side of (3-21).
This can be seen by Taylor expanding B” as given in (3-25) and plugging in (3-10).
Define

(3-27) V(2.0 K= D Arg (R)ZPR].
a,p,y

This proves (3-22) for |f] = 0. For || > 0, as every point in M is of the form
(z, w, x, O(x,z, w)), we have

_ g = .k ~
(3_28) H(Z, U)) = \PO (Za W, X, Q(Xa <, w)a '](){,@(){,Z,U)))(H))'

We inductively differentiate (3-28), applying the chain rule, and (3-22) follows.
To get (3-23), we know from Lemma 3.5 that (H, H) sends .t into M’ and
satisfies condition D, . So

(3-29) FH(z) = (z.¢. )5V ()).
Taking the complex conjugate of both sides of this equation, the lemma follows. [J

Now we define the r-th Segre mappings of M at 0. These mappings were first
introduced by Baouendi, Ebenfelt, and Rothschild [1996] and will prove extremely
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useful in completing the proof of Theorem 3.3. Given a positive integer r, let
19, ..., € C™ and define v” : C"" — C"*? by

(3-30) o (0, Y =0 W (O YY),
where u” : C"" — C? is given inductively by
33D u'(®) =0, W@, ..., =0, w1, ..., 7") forr > 2.

Definition 3.8. Let V and W be finite-dimensional complex vector spaces. Let
Ro(V x W, V) denote the ring of germs of holomorphic functions f at V x {0}
in V x W which can be written in the form f(A,T) =Y, p,(A)T'*, where each
Do (A) is a polynomial function on V.

The following lemma is proved in [Baouendi et al. 2001]:

Lemma 3.9. Let V, Vi, \70, \71 be finite-dimensional complex vector spaces with
fixed bases and xg, x1, Xo, X1 be the linear coordinates with respect to these bases.
Let p € Clxg] and p € C[xy] be nontrivial polynomial functions on Vy and VO
respectively, and let

¢ = (o, ¢1):Cx Vox Vi = Vo x V

be a germ of a holomorphic map with components in Ry(C x Vo x Vi, Cx Vy), such
that ¢(C x Vo x {0}) € Vo x {0}, and satisfying p(¢o(1/p(x0), xo, 0)) 2 0. Then
given any h € Ro(C x Vo x Vi, C x Vo) there exists h € Ro(C x Vo x Vi, C x Vp)
such that

2 W st e ©)) = (e o n)

with q(xo) := p(xo)tp(¢0(1/p(xo) x0, 0)) for some positive integer t. Also, h
vanishes on C x Vy x {0} lfh vanishes on C x Vj x {0}.

Lemma 3.9 will be key in establishing the following lemma.

Lemma 3.10. Let M and M’ be as in Theorem 3.3. Given any = (1, ..., Bn)
and o = (ag,...,on), withl < py <---<fy<mandl1 <o <--- <o, <m,
and any positive integer s, there exists a C""¢-valued function E?ﬁ (x, A, T) holo-
morphic on an open subset of C™ x J**(C"+4, C"F¢) .0y x JE(C™ 4, C"¢) 0.0
of the form

aﬂs
(3-33) 2% (x, A, T) = Z ﬁ

where each P;‘ PS is a C valued polynomial, and

QU (A, T) = (det(A™),_ )" (det(T"1) <y <)

1<rl<n
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for some nonnegative integers uqp, s and vqp, s, such that if ¥ is a germ at 0 of an
HSPM satisfying condition D, then

(3-34) H @, ..., 07 =2020, ..., 7L skl jsv i),
(3-35) HO @, ..., 0™ =200, .. 7Y gt L G HD,

for t°, ..., t*71 sufficiently close to 0. Furthermore, for any (Ao, I'o) such that
det(AS’al)ISr,[Sn # 0 and det(FS’ﬁ’)lgr,lsn # 0, the function E?’ﬁ is holomorphic
on a neighborhood of (0, Ag, o).

Proof. We inductively prove something stronger. First, we simplify notation
slightly. Define

p*(A1(2)) == det(A™™ (Z2))1<r1n,

P (Ki(©)) = det(R™ () 1<rins
where A is as defined in (3-9) (and A; is defined similarly). We will show that
for any y and s, there exist nonnegative integers a; e b}, y: and holomorphic maps

%" with components in
gio(C « Jks-‘rly\((]:m-‘rd’ Cn+e)(0,0) % Jks+|y|(q:rn+d, Cn+e)(0’0) x C™,
C x Jks-i-\yl(@m-i-d, @n+e)(0,0) % Jks+|y I((I:m+d, Cn+€)(0,0))
such that
(3-36) " H@*@(°,...,r*" 1)

1 kst171 4y ksl g L0 s—l)
= @4V - — — H, H,t", ...t
s (P”(/\l (0))% B (A1(0)) 70 70

and
(3-37) " H@w*(,...,r* 1))

_QUET 1 ksty| g ksHy | 0 s—1
= 0O, (pv(Kl(O))ai/‘ﬁ”(A](O))bi”,JO H;]Q H,t",...,t )
First, we reformulate Lemma 3.7 with new notation. Let leH =(( le)/ H, ( jlz)/ "H),
where ( jlz)” H = (8;¢(Z))a)=1> and ( le)/H represents the remaining derivatives
at Z. (A similar decomposition applies to H). According to Lemma 3.7, there
exist maps 0 with components in R (C x Ch x C2m+2d 5 ClY C x Ch ), for some
integers /), and /7, such that for (Z, ¢) € A,

1
PGy )
1
PGy Y H)

63 o H@ =0 YRz GETY R,

(3-39) O H(E) = 07( LGy H ¢ 7, (jé”')”H).



298 R. BLAIR ANGLE

It is easy to show that (3-36) and (3-37) hold for s = 1 by letting (Z, ) = ((z, 0), 0)
in (3-38) and (Z, ¢) = (0, (¥, 0)) in (3-39). So now assume (3-36) and (3-37) hold
for s replaced by s — 1, for some s > 1. We will show they hold for s.

For any s, it is clear from the definition of the Segre mappings that

(3-40) @0, ..., 7,01t ) et
Using this fact in (3-38), we see that

" HW @, ..., )

_ v 1 K+ | ! £y
- 6)’ (ﬁv(jl)c+|y| )’ﬁ) ’ (]Ds—l(tl ..... tx—])) ’

15—]01 ..... ts—])

0 P N | s—1 |y | s
Us(t 5~~'atv )3US (t ""’tsv )’ (‘] l’ril)) H)

But by our induction hypothesis,

k+ly | 77
jlﬁ(tl,“.,tffl)

=(@5fﬁ( __ 1 ek
G E0) pi(A )P

ks+H A=k 575 .1 —1
Jo H,t',...,t )) .
[A|<k+y]

For convenience, we write the tuple on the right hand side of the above as (A, B)
where B corresponds to (g« 1@t ..., t‘v_l)))|a|§k+|y |, and A corresponds to
the remainder. We plug the last equation into the previous to get

_ 1 1y o5 _
O"H@W' (..., ! :0“(~—,A,us AU St U T A St ,B).
v'( =03 (o A0 ) oI )
Thus, (3-36) follows from Lemma 3.9.
To finish the proof, we need only show (3-37). Here we apply Lemma 3.5,
which tells us that (A, H) sends .l into .’ and satisfies condition D, u- S0 by

(3-36), we see that

THW (O, ..., ')

— @V,/J,V

1 ksl | B ksHylm .0 s—l)
— - — —, H, H,t°, ...t )
" o pmar
As p" and p* are polynomials with real coefficients, we take the complex conjugate
of both sides of the above to see that (3-37) holds true. O

We are almost ready to complete the proof of Theorem 3.3. First, however, we
present three lemmas. Lemma 3.11 can be found (using slightly different language)
in [Baouendi et al. 1999a] and is thus presented here without proof. Lemma 3.12
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is a generalization of a lemma found in [Baouendi et al. 2001]. Lemma 3.13 can
be found in [Baouendi et al. 2001] and is presented here without proof.

Lemma 3.11. Let M be as in Theorem 3.3. Then there exists an integer r such that
the matrix

o0 1 -1 -1 1
(3—41) (a(to,t’+1,t’+2,.,,,t2’1)(0’x""’xr ,_xr’_x” ,,..,x)

has rank m +d for all (x',...,x") e U\ V, where U C C'™ is an open neighbor-
hood of the origin, and V' is a proper holomorphic subvariety of U. In addition,

(3-42) 00, x", ... x" X, L xh =0
(Here, v?" is as defined in (3-30).)

Lemma 3.12. Let V : (C" x C™2,0) — (CV,0), r» > N, be a holomorphic map
defined near 0 satisfying V (x, )|e=0 = 0, with (x, ) € C'' x C'?, and assume the
matrix ((0V /9&)(x, 0)) has an N x N minor that is not identically 0. Then there
exist holomorphic maps (defined near 0)

(3-43) §:(C",00—>C and ¢:(C"xCN,0)— (C2,0)

with 6(x) # 0, such that

(3-44) v(x,¢(x, %))) .y

forall (x, Z) € C" x CN such that 5(x) # 0 and both x and Z /(x) are sufficiently
small. Furthermore, if V is holomorphic algebraic, then given any sufficiently
small xq satisfying 0(xo) # 0, the map ¢x,(Z) := ¢ (xo, Z/5(x0)) is holomorphic
algebraic for all Z in a neighborhood of 0.

Proof. Write & = (&', &), where

&=,....én) e and &=(Ensr,..,Ey)eCPTN.

Assume, without loss of generality, that det((6V/d¢)(x, 0)) # 0. We wish to
solve the equation Z = V(x,¢’,0) for &'. Since V(x,0) = 0, we can write
Z=V(x,¢,0)=a(x,), where a(x, &) is an N x N matrix of holomorphic
functions defined near 0. By expanding a(x, '), we can write

(3-45) Z=V(x,¢,0)=alx, 00 + (&) Rj(x, &)éN1<j<n,

where each R (x, ¢’)is an N x N matrix of holomorphic functions defined near 0.
Define d(x) := det((6V/0&")(x, 0)). Using the fact that (adj(A))A = det(A)[
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for any square matrix A, we multiply the far left and far right sides of (3-45) by
b(x) := adj(a(x, 0)), noting that a(x, 0) = (6V /o) (x, 0), to get

(3-46) b(x)Z —d(x)E —b(x)((EN R;(x, &N )1<j<n = 0.

Divide both sides of (3-46) by d(x)? and substitute &’ =¢’/d (x) and Z = Z /d (x)?
to get

b)Z —& — b)) R;j(x,d(x)ENE ) 1<j<n = 0.
By the implicit function theorem, there is a unique holomorphic solution & =
0(x, Z) defined near O such that §(0) = 0. Thus, the first part of the theorem
follows by letting 6(x) := d(x)? and

d(x,y) = (dx)0(x,y),0) for (x,y)eC" xCV.

If V is algebraic, the last part of the theorem follows from the algebraic implicit
function theorem; see [Baouendi et al. 1999b] for example. U

Lemma 3.13. Let Vy and V) be finite-dimensional vector spaces with fixed linear
coordinates xo and x, respectively. Let P(xg, x1, A) € Ro(Vo x V| x C, Vy) with
P(x9,0,0) =0. For a given integer | > 0, consider the Laurent series expansion

(3-47) P (0. 35 2) = D e, x) A"
veZ
Then cy(xo,0) =0, and ¢, € Ro(Vy x Vi, V) for everyv € Z.
Proof of Theorem 3.3. Let r be as in Lemma 3.11. Take x = (x!, ..., x") e C"™ and
y=00 ...,y HeC™ Let L(x, y):=00x", ..., x", x4y~ xl4yh)

and V(x, y) :=0? (L(x, y)). In Lemma 3.12, we take | = r» = rm. From (3-42),
we see that V (x, 0) =0. Also, from Lemma 3.11, we see that the other hypothesis
of Lemma 3.12 holds. Thus we apply Lemma 3.12. Let J and ¢ be as given in the
lemma. We plug these into (3-34) to see that

(3-48) H(z)y =25 (L(x, o(x, <2 ), j2H, 2 A).
d o(x)
We rewrite the right hand side of (3-48) as

=uyvf .or ok 2L
(3-49) H(Z)= :5,”(13 “H, jo"H, %”‘)’
noting that the components of
’E\/zlr,v . Jlrk((]:m-i-d’ Cn+e)(0,0) % JZrk(Cm-i-d’ Cn+e)(0,0) % q:m+d x O™ s Cn+e

are holomorphic on an open neighborhood of

J2rk(Cm+d, Cn+e)(0,0) % J2rk(Cm+d’ Cn—‘re)(O,O) x Cm-i—d N
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Now choose xg € C" such that S(I) = d(txg) # 0, for t € C. Since H(Z) is
independent of x, we can replace x = txg in (3-49). There exists a smallest integer
I such that (d'/dt’ )3(0) # 0. To make our calculations easier, consider a holomor-
phic change of variable A = h(r) near the origin in C, where A is determined by
d(txp) = 2. So we now have

ZHv 2rk 2rk =uv [ 2rk 2rk 1
= H, j¥*H, —,,1) 5 ( H, 28,2 xoh™ ,1)
(3-50) ¥ ( L 2 > 70> Xoh ™ (4)
= H(Z).
A SV

Observe that the components of =, are in

%0(J2rk(cm+d, Cn—‘re)(O,O) x J2rk(Cm+d’ Cn—‘re)(O,O) x Cm-i—d x C,
erk(Cm+d, Cn+e)(0,0) x J2rk(Cm+d’ Cn+e)(0,0))-

To conclude the proof, we expand the left hand side of (3-50) as a Laurent series
in A. Since H(Z) is independent of 1, we can let H (Z) be the constant term of the
Laurent series. By Lemma 3.13 and the form of Egr’v given in (3-33), we see that
this is exactly of the form (3-3).

Applying Lemma 3.5, we see that (H, H) sends L into " and satisfies condi-
tion D, ,. From (3-4), we have

(3-51) A2y =" (2, i (@), if ().

Take the complex conjugate of this entire equation, and (3-5) follows. (]

Reformulation of Theorem 1.6.

Theorem 3.14. Let M and M’ be as in Theorem 3.3. Then there exists a positive
integer L, depending only on M and M’, such that for each o = (a1, . .., a,) with
<o <---<o,<mandeach = (P1,...,P) withl < | <--- < f, <m,

there exist C*"*%¢-yalued holomorphic functions (1)7’/)) and d);’ﬁ defined on an open

subset of C" 4 x Cm+d x JE(C™H | C"F) 0,0y such that if ¥ is a germ at 0 of an
HSPM satisfying condition D, then

(3-52) H(Z,0)=(H(Z), H) =" (Z,¢, jEH),
(3-53) W(Z,0)=(H(Z), HQ) = 0y"(Z. ¢, ji H),
for (Z, ¢) sufficiently close to 0.

Proof. We will prove (3-52); the proof of (3-53) follows similarly. We will show
inductively that there exist C"¢-valued holomorphic functions Bf’ﬁ "7 defined on
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an open subset of J&TII(CmHd C1+e) o) x €™, such that
(3-54) THW (..., 7)) = BT (g 0, e,
(3-55) AW, ..., ) = BT (g g 0, e,

where = H and ¢ = H if s is even, and = H and ¢’ = H if s is odd.

For s = 1, we see that (3-54) and (3-55) hold true by letting (Z, ¢) = ((z, 0), 0)
in (3-22) and (Z, ¢) = (0, (¥, 0)) in (3-23). For some s > 1, assume (3-54) and
(3-55) hold for s — 1. Assume, without loss of generality, that s is even (a similar
proof works for s odd). Since @@, ..o, 0@, L ) e M, we see
from (3-22) that

(3-56) PHW @, ..., 1))
_\{!"( @O, el LT, A . .)H)~

PR (L =

Using (3-55), we see then that
(3-57) HW' @, ..., ")
= \PE (DS(Z’O s—l) l)s__l(l‘l l,s—l)’
(BU SH, y( k(s—1)+]y ‘H t S_l))|y|§k+|ﬂ\)-

Now define B/"#(A, 10, ..., =) to be the right hand side of (3-57), with the
jets of H replaced by the approprlate correspondlng coordinates of A.

Using Lemma 3.5, we see that (H, H) satisfies condition D, « and sends Jt
into Al’. So, we have from (3-54)

(3-58) O"HW O, ...,y =B GO, e,

Taking the complex conjugate of both sides gives us (3-55).
Let r be as given in Lemma 3.11. We know from (3-54) and (3-55) that

(3-59) H@¥ (@, .. 7 ) =BR 0 Ge H, O, Y,
(3-60) AT, .. 1)) = BROGRr R, 10, 2,
Since o/ (10, ..., 7L, 0)=0! (", ..., /71 for any positive integer /, we see from

Lemma 3.11 that the matrix

aUZr-H
(3-61) (a(to, L2 2=

1 r—1 r r—1 1
O,x,....x" 7, x",x", ..., x ,0))

has rank m +d for all (xy,...,x,) €e U\ V, for U € C™ an open neighborhood
of the origin and V a proper holomorphic subvariety of U, and we also see that

(3-62) X, xt, . x L x x  x 0y =0.



PARAMETRIZATION OF HOLOMORPHIC SEGRE-PRESERVING MAPS 303

We can now use (3-59) and (3-60) to obtain (3-52) and (3-53) by following exactly
the proof of Theorem 3.3. O

Reformulation of Theorem 1.8.

Theorem 3.15. Let M and M’ be as in Theorem 3.3, and assume that M and M’
are real algebraic. If ¥ is a germ at 0 of an HSPM satisfying condition D,,, for
some y and v, then ¥ is holomorphic algebraic.

Proof. An inspection of the proof of Lemma 3.6 shows that the ¢; as givenin (3-10)
are holomorphic algebraic (as M is real algebraic). When solving the system of
equations in (3-24), apply the algebraic implicit function theorem to see that BY
as given in (3-25) is holomorphic algebraic (as M’ is real algebraic). Thus, an
inspection of the proof of Lemma 3.7 shows that the ‘I’g as given in (3-21) are
holomorphic algebraic. An examination of the proof of Lemma 3.10 then reveals
that the E?"B as given in (3-33) are holomorphic algebraic. Finally, in the proof of
Theorem 3.3, choose x( sufficiently small and satisfying d(xg) # 0, and substitute
X =Xx¢ in (3-48). By Lemma 3.12, we see then that H (Z) is holomorphic algebraic.
Similarly, A (¢) is holomorphic algebraic. ([

4. Proofs of main results

In Section 1, we presented results 1.1, 1.2, 1.4, and 1.5, all of which follow natu-
rally from Theorem 3.3. We also presented Theorem 1.6, which is a direct result
of Theorem 3.14, and Theorem 1.8, which is a direct result of Theorem 3.15. In
this section, we provide their proofs. First we make the following observations.

Observation 4.1. If M € CN and M’ Cc CV "are generic submanifolds of codimen-
sions d and d’, respectively, given in normal coordinates by w = Q(z, y, t) and
w' = Q'(z, ', ©'), respectively, then a germ at 0 of an HSPM % = (f, g, f, )
sending (L, 0) into (', 0) is Segre submersive at 0 if and only if the matrices
(f%(0)) and ( fx (0)) have rank N’ — d’. This follows from the fact that a basis
for the antiholomorphic vectors tangent to M (respectively, M’) at 0 is given by
{0/0zj 1 1 < j < N — d} (respectively, {6/82;. 1 <j <N —d'), while a
basis for the holomorphic vectors tangent to M (respectively, M’) at 0 is given by
{0/0z; 11 < j < N —d} (respectively, {6/8z’j 11 <j <N —d'}), coupled with
the fact that g;;(0) = g,,(0)=0forj=1,...,N —d.

Observation 4.2. For p € CV, let ¢ : (CV,0) — (C", p) be a biholomorphism
near 0, and for p’ € CV', let ¢’ : (CV', 0) — (CV', p’) be a biholomorphism near 0.
Then for any nonnegative /, there exist vector-valued polynomial functions F; and
G such that if i : (CV, 0) — (CV', 0) is any holomorphic map, and 4 : (CV, p) —
(CV', p')is given by i :=¢'ohog™!, then jlh = Fi(jih) and jih = G,(j!h).
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Proof of Theorem 1.1. This theorem follows from Theorem 3.3, Observation 4.1,
and Observation 4.2. The boundaries on r given in Theorem 1.1 follow from the
fact that there are (") possibilities for x and (") possibilities for v in Theorem 3.3.
Therefore, there are (') (") possible choices for ®*# in (3-3). O

Proof of Corollary 1.2. Without loss of generality, assume p = 0. Since M = M,
we have r = 1 in Theorem 1.1. Define ® := ®; as given in (1-2). It then follows
from Theorem 1.1 that r](’f is continuous and injective on Autc (M, 0). To show
that 116( is a homeomorphism from Autc (i, 0) onto n{f (Autc (M, 0)), we need
to show the continuity of (7X)~!. Let A;, A}, Ao, Ao belong to G§(C") and
assume (Aj,Aj) € 176( (Autc (M, 0)) converges to (Ag, Ag) € ;7(1)( (Autc (UL, 0)).
Then Theorem 1.1 tells us that

() (A, A)) = (D(Z, A}, R)), D, A, A))),
nE) (Ao, Ko) = (D(Z, Ao, Ao), D, Ao, Ao)).

It follows that (176()_1 (A, A ;) converges to (;75)‘1 (Ao, Ao).

We now show 116( (Autc (M, 0)) is a closed, holomorphic algebraic submanifold
of G(I)( (CY) x G(I)( (CN). Let p(Z, Z) be a defining function for M near 0. Write
C=1,0) e CN-4 x C4, where d is the codimension of M. After a possible
rearrangement of coordinates, since M is generic, there exists a holomorphic map
0 : CN x CN=? — ¢4 satisfying #(0) = 0 such that for all Z and ¢ sufficiently
close to 0, we have (Z, {1, 6(Z, (1)) € M. Given (Ao, Ag) € GX(CV) x GE(CM),
(Ao, Ao) € ;7(1)( (Autc (L, 0)) if and only if the following three conditions hold:

4-1) Ao = (Sy (Ao, Ko))py i<k
(4-2) Ro = (Sy (Ao, Ao))py =k
4-3) p(D(Z, Ao, Ko),D(1,0(Z, 1), Ko, Ap)) =0,

where S, are the rational coefficients in the Taylor expansion given in (1-2). Equa-
tions (4-1) and (4-2) can be expressed as a finite set of polynomial equations in
Ao and Ag as each S, is rational. We claim that (4-3) can be expressed as an
infinite set of polynomial equations in A and Ag. Indeed, we can write the Taylor
expansion as

p(P(Z, Ao, Ro), D1, 0(Z, 1), Ko, Ao)) = D Rup(Ao, Koz
a.p

Observe that each R,y is rational. This can be seen by noting that ® (0, I', A)=0
and (0) =0, and by noting the form of @ given in Theorem 1.1. The claim follows
since the set of polynomial equations comes from setting the numerators of R,z
equal to O for all o and f.
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Thus, we see that ng (Autc (U, 0)) is a closed, holomorphic algebraic subvariety
of the space G& (CV) x GX(CV) since it is given by the vanishing of a set of
polynomial equations. To see it is actually a submanifold, note first that it is a
subgroup of Gg (CY) x G(I)( (C") since multiplication can be defined as follows.
Given any (A1, A1), (A2, Ay) € ;7(1)( (Autc (M, 0)), let #H; and H,, respectively,
be the corresponding automorphisms in Autc (L, 0). Now compose 3¢; and 7€,
and apply 116( to this composition. Under this multiplication, ;76( (Autc (M, 0)) is a
closed subgroup of the Lie group G(If (CN) x G(I)( (CM), and is thus a Lie subgroup;
see [Varadarajan 1974], for example. O

Proof of Corollary 1.4.

Lemma 4.3. Let A = (a;j) be a d x d invertible matrix, where each a;; € C.
Let by, ...,bg € C. Let B| be the matrix obtained by replacing row m of A with
(am1 + b1, ...,ang + by) and By be the matrix obtained by replacing row m of A
with (a1 — b1, ..., amg — bg). Then at least one of By or B; is invertible.

Proof. Without loss of generality, assume m = 1. Let A, := (—1)"*! det M,,, where
M, is the (d —1) x (d — 1) matrix obtained by deleting the first row and n-th column
of A. Assume that det By = det B, = 0. Then expanding along the first row of B
gives

(4-4) (a1 +b1)A1+- -+ (a1a +ba)Aa =0,
and expanding along the first row of B; gives
(4-5) (ar1 —b)A1+ -+ (a1a —ba)Aa =0.

Adding (4-4) and (4-5) gives 2a;1A1 + ...+ 2a14A; = 0. However, this implies
that det A = 0, a contradiction. O

We now prove Corollary 1.4. Without loss of generality, assume p = 0. Let
r(A, A) = (ri(A, A), ..., rg(A, A)) be a defining function for j (Aut(M, 0)) as
a real algebraic submanifold of G(If (CN), where A € G(I)( (CN); see Remark 1.3.
The complexification C{ jOK (Aut(M, 0))} of this submanifold is thus a complex
submanifold of Gé( (CN) x Gg (CN) given by the vanishing of r(A, A), where
Ae G(If (CN). Let p(Z, Z) be a defining function for M near 0. Since M = M’, it
is clear from the statement of Theorem 3.3 that we can choose r =1 in Theorem 1.1.
Do so, and define ®@ := ®; as given in (1-2). From Theorem 1.1, we see that for
any A € G(If(CN),

p(O(Z,A,N),D(Z, A, AN)=A(Z, A, Z, Nyr(A, A)+B(Z, A, Z, Np(Z, Z),
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where A is a real analytic d x s matrix, and B is a real analytic d x d matrix.
Complexify to get

p(®(Z, A, R), D, A, A)=AZ, A, ¢, A)r(A,A)+B(Z, A, ¢, AN)p(Z, ().

Notice that this gives us exactly what we want. This equation says that if (A, A)
is in C{j& (Aut(M, 0))}, then (®(Z, A, A), (¢, A, A)) is in Autc (AL, 0). Now
we need only show that

We have the equations

(05D (0, A, A))jaj<k = A+ C(A, Ar(A, A),
@%D(0, A, A)jaj<k = A+ C(A, Mr(A, A),

for C a real analytic matrix. Complexify these to get

05D(0, A, A))joj<k = A+ C(A, A)r(A, R),
@20, A, A<k = A+ C(A, A)r(A, K),

and the first part of Corollary 1.4 is proved.

Since we are assuming p = 0, we take Id = Id’ in Corollary 1.4. To prove the
second part of Corollary 1.4, first we show that 176( (Autc (L, 0)) is a complexi-
fied submanifold near (Id, Id). In other words, ;76( (Autc (M, 0)) = CR, where R
is a real submanifold of G(I)( (CN) (here CR denotes the complexification of R).
We know from Corollary 1.2 that ;76< (Autc (4L, 0)) is a complex submanifold of
GE(CN) x GK(CM). Near (1d,1d), let §;(A, A), ..., 5 (A, A) be defining func-
tions for n(lf (Autc (M, 0)). We will assume without loss of generality that these
functions are defined on a ball B of sufficiently small radius centered at (Id, Id);
this way if (I, A) is a point in B, then so is (A, T) and (A, T). Now we set
s;j(A, A) to one of the following:

5j (A, R) :=8;(A, K) +5;(R, A),
Sj(A, K) = l@j(/\, K) — i§j(/’§, A),

We choose between these options as follows. Start with j = 1. From Lemma 4.3,
we can replace §; with one of the above sy, and in at least one case the differentials

of 51,52, ...,8; will be linearly independent near (Id, Id). Choose 51 so that this
is the case. Now do the same thing for j = 2, then j = 3, and so forth. Let
% be the submanifold defined by s;(A, A) = --- = s,(A, A) = 0. If (A, A) is

in 116( (Autc (M, 0)), then from Lemma 3.5, we have (A, A) € ;7(1)( (Autc (U, 0)).
Thus, §;(A, A) = 0, which implies §;(A, A) = 0. In other words, near (Id, Id),
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;76( (Autc (U, 0)) € R. But these two submanifolds have equal dimensions. So we
see that, in fact, 7§ (Autc (M, 0)) = % near (1d, 1d).

Now we need only show that & = CR for some real submanifold R € GX (CV),
and we will have proved our claim. Let

(4-7) R:={A:s51(A,A)=---=s5,(A,A)=0}.

Clearly R is a nonempty set as it contains the point A = Id. Since each s; is a
real function and the differentials of sy, .. ., s; are linearly independent, R is a real
submanifold.

From Theorem 1.1, we see that if (H, H) € Autc (A, 0) and jX (H) = jX (H),
we must have A = H. Thus, near (Id, 1d),

CLi (Aut(M, 0)} N {A = A} = 7&K (Autc (M, 0) N{A = A}

4-8 -
-9 —CRN{A=A),

implying that jOK (Aut(M,0)) = R. Thus their complexifications must be equal
as well. That is, C{j (Aut(M, 0))} = X (Autc (M, 0)) near (Id, Id). But both of
these are algebraic holomorphic submanifolds. So if they are equal near (Id, Id),
then using the notation given in the statement of this corollary, we must have B =.

The third part of the corollary comes from the fact that ;76( (Autc (L, 0)) is a
Lie subgroup. Thus, each of its connected components is a coset of %B. Since
C{j&(Aut(M, 0))} € 75 (Autc( A, 0)) and they are both algebraic holomorphic
submanifolds, each component of C{ j({< (Aut(M, 0))} is exactly equal to one of the
components of ;16( (Autc (i, 0)). Algebraicity implies that there are finitely many
such components. O

Proof of Theorem 1.5. Assume first that M and M’ are given in normal coordinates
and that p =0 and p’ =0. The equalities of the K -jets imply, in particular, that ¥,
and J(, both satisfy condition D, for some x and v. Theorem 1.5 now follows

from Theorem 3.3 and Observations 4.1 and 4.2. O
Proof of Theorem 1.6. This follows from Theorem 3.14 and Observations 4.1
and 4.2. We leave the details to the reader. O

Proof of Theorem 1.8. As M and M’ are real algebraic, they have real analytic
algebraic defining functions. When M and M’ are expressed in normal coordinates,
the new defining functions can also be chosen to be real analytic algebraic. This
follows by using the algebraic implicit function theorem in the derivation of the
new defining functions; see [Baouendi et al. 1999b] for precise details on deriving
normal coordinates and the algebraic implicit function theorem. Also, if Z= 0(Z)
is a holomorphic algebraic change of coordinates, then ¢ ~! is a holomorphic alge-
braic function; this is also a direct consequence of the algebraic implicit function
theorem. Theorem 1.8 now follows from Theorem 3.15 and Observation 4.1. [
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5. Examples: HSPMs and automorphism groups

For n > 1, there exist M, M’ C C"*! defined near 0 such that there exist no holo-
morphic maps H satisfying

(5-1) H is invertible near 0, H(M)< M', H(0)=0
yet there exist HSPMs satisfying
(5-2) %€ is invertible near 0, (M) C M, FH(0) =

Example 5.1. For n > 1, let (z1, ..., 2,, w) and (z}, ..., z;,, w’) be coordinates
on C"*! and define

n n
={Imw=Zej|zj|2} and M/={Imw’=Zaj|z’j|2],
j=1 j=1

where €;,0; € {—1, 1}. Both M and M’ are of finite type and finitely nondegen-
erate at 0. If Iz €jl # |Z 0|, then there are no holomorphic maps satisfying
criteria (5-1). (Indeed M and M’ have different Levi signatures at 0.) However,
for a, c; € C\ {0}, the family of maps given by

H(z,w, x, 1)

aoq a
= (flclzl,---:En—lcn—lzn—lafncnznaawa 7%1,"'5 Xn 1: Xl’l,a‘[)

satisfy criteria (5-2).
This can also occur in C? as the next example illustrates.

Example 5.2. Let M, M’ C C? be given by

M = {Imw = |z]* + 2Re(z*Z2(1 + iRe w))},

M ={Imw' = |7/|*>+2Re(z*7*(1 — iRe w'))}.
Notice that M and M’ are of finite type and finitely nondegenerate at 0. It can be
shown [Chern and Moser 1974] that there are no maps H satisfying criteria (5-1).
(Indeed, as M and M’ are in Chern—-Moser normal form, the fact that the co-
efficients i and —i are unequal implies that there does not exist a holomorphic

map H satisfying criteria (5-1).) However, it is easy to check that the HSPM
#H(z, w, y,7)=(iz, —w, iy, —7) satisfies (5-2).

Now we will look at some examples of automorphism groups. In Example 5.3,
we find that C{j& (Aut(M, 0))} and 75 (Autc (M, 0)) are equal.

Example 5.3. Let M be the Lewy hypersurface of C2. It is given by

M ={Imw = |z]*}.



PARAMETRIZATION OF HOLOMORPHIC SEGRE-PRESERVING MAPS 309

We note that M is finitely nondegenerate and of finite type at 0. It can be shown
(see [Angle 2008b] for the calculations) that every holomorphic Segre-preserving
automorphism of Jit at 0 is of the form

(5-3) %(z w. T)=( a(z+ pw) adw
o 1—(y +ipfw—2ipz 1—(y +ippw—2ipz’
a(y + pr) 0at )
1= (y —ipp)r+2ipy 1—(y —ipB)r+2iByx )’

where y, 8, f € C and a, @ € C\ {0}. Also, every automorphism of M at 0 is of
the form

o(z+ pw) lo|?w )
1=y +ilBP)w—2ifz" 1—(y +ilf|Hw —2ipz)’

where o € C\ {0}, § € C, and y € R. The automorphisms in (5-4) follow directly
from the automorphisms in (5-3), but those in (5-4) have actually been known for

some time [Chern and Moser 1974].
We use (5-3) and (5-4) to show that C{j (Aut(M, 0))} = 75 (Autc (AL, 0)): Let

(5-4)  H(w)= (

(AL, AL NS A A A S AR

ww? ww? TT?

be coordinates on G%(CZ) X G% (C?), where

ar—i—s ar—',—s
Af,ws corresponds to / , A%, corresponds to g ,
: 07" ow’ z 07" dws
- orts ~ - orts s
A rps corresponds to / , A, ., corresponds to g
X axraz-s 4 aXraTs
Then (5-4) implies that C{ jg(Aut(M ,0))} is given by
55) [ AS =AS=AJAL A8, =AS +2iAJA],
A8, =2iA NS, A8, =—-2iAJA],
A oAb AN MDA
Zw F2 2z f ’ ww f f 4
Ay Ay Az Ay
A =D ATy Ay i A = AfrAT
T " - > TT 7 4
oAl Al AJA!

AS = A8, = A8 =A8 =0}.

It follows from (5-3) that n(z)(Aut@ ({It, 0)) is also given by (5-5).
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More interesting, however, are submanifolds for which C{ jOK (Aut(M, 0))} is
not equal to 75 (Autc (L, 0)).

Example 5.4. Let M C C? be given by
M = {Imw = |z|* + (Re 2°)|z]}.

Note that M is finitely nondegenerate and of finite type at 0. Baouendi et al. [1997]
showed that there are only two automorphisms of M at 0, namely H;(z, w) = (z, w)
and Hy(z, w) = (—z, w). Thus, C{jOK (Aut(M, 0))} also has only two elements.
However, the group of holomorphic Segre-preserving automorphisms of Jt at 0
(which according to Corollary 1.4 consists of a finite number of elements) contains
at least four maps,

%I(Za w, x, T) = (Zs w, x, T), %Q(Z, w, x, T) = (_Za W, —x, T)’
%3(Za w, x, T) = (_Z, —w, X, _T)’ %4(Z: w, x, T) = (Z, —w, —X, _T)'

The next two examples will compare ’75 (Autc (M, 0)) and C{ jOK (Aut(M, 0))}
for the family % given by

F={M={Imw=c|zI” +clzl™} || <m <n,|ci|*+|ca]* #0}.

We exclude the Levi flat case, M = {Im w = 0}, since there is no finite jet determi-
nation for this M. Notice that each submanifold in % is of finite type and finitely
degenerate at 0.

Example 5.5. Assume ¢; # 0 and ¢, = 0. Calculations in [Angle 2008b] show
that any holomorphic Segre-preserving automorphism of Al at O is given by

¥z w, 1, 1) = (f @ w), gz w), f(x,17),8(x, 7))
(5-6) :( az aaw ay a’"&mr)
Y+oaw 1tow’ YTxar 1+at )’

where a,d € C\ {0}, a € C, and f and f are expressed in terms of any branch of
the m-th root.
It immediately follows that any automorphism of M at O is of the form

2m
5_7 H s = az ’ |a| w))
©-7) (2, w) (m I4+aw

where a € C\ {0}, a € R, and f is expressed in terms of any branch of the m-th
root.
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In this case, n(Z)(Aut@(/l/L, 0)) = C{ jOZ(Aut(M ,0))}. Indeed, from (5-7), we see
that C{ jg(Aut(M ,0))} is given by
5-8)  {AL=AT=(A)"(ADY", AY, =2m(A))" (ALY AS,

Zw?

AS, =2m(AD)" (ALY AL,

AL =AL, =AL = A8 =A%, =A%

w ww W
A= AT AT A8 A8 A
=Al =Al, =N, =AS =A8 =AS, =0}
It follows from (5-6) that n(z)(Aut@ (\It, 0)) is also given by (5-8).

Example 5.6. Assume ¢, ¢y # 0. Calculations in [Angle 2008b] show that any
holomorphic Segre-preserving automorphism of Jit at 0 is of one of the n —m forms

(5_9) %C(Z,wa X,T)Z (GZ,Cmu), (C/G)XaCmT),

where a € C\ {0} and ¢ € {¥77/=™) . =0, ..., n—m —1} (that is, c is a primitive
(n —m)-th root of unity).
It immediately follows that any automorphism of M at O is of the form

(5-10) H(z, w) = (¢'?z, w), where 0 € R.
Thus, we see from (5-10) that C{ jol (Aut(M, 0))} is given by
(AS =Af=1, AJA =1, A=A = A$ = AL =0)

and thus has positive dimension. For n =m+ 1, (5-9) implies C{ jo1 (Aut(M, 0))} =
n(l)(Aut@(A/t, 0)). For n > m + 1, however, C{j(} (Aut(M, 0))} & n(l)(Aut@(Jl/L, 0)).
Indeed, we see from (5-9) that 77(1) (Autc (M, 0)) is equal to the disjoint union of
exactly n — m distinct cosets of C{ jo1 (Aut(M, 0))}.
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