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C®°-hypoellipticity and extension of CR functions

MAURO NACINOVICH AND EGMONT PORTEN

Abstract. Let M be a CR submanifold of a complex manifold X. The main
result of this article is to show that CR-hypoellipticity at py € M is necessary
and sufficient for holomorphic extension of all germs at pg of CR functions on
M to an ambient neighborhood of py in X. As an application, we obtain that
CR-hypoellipticity implies the existence of global generic embeddings and prove
holomorphic extension for a large class of CR manifolds satisfying a higher order
Levi pseudoconcavity condition. We also obtain results on the relationship of
holomorphic wedge-extension and the C°°-wave front set for CR distributions.
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Introduction

The main result of this paper is the proof of the equivalence, for a smooth embed-
ded CR manifold M, of CR-hypoellipticity and the holomorphic extension prop-
erty. CR-hypoellipticity means that germs of distribution solutions to the tangential
Cauchy-Riemann equations are C*°-smooth, while the holomorphic extension prop-
erty means that germs of C®-smooth solutions to the tangential Cauchy-Riemann
equations are restrictions of germs of holomorphic functions in a complex ambient
space. In particular, we obtain the holomorphic extension property for essentially
pseudoconcave manifolds (see [2,20]).

Both CR-hypoellipticity and holomorphic extendability imply minimality.
Thus our main result can be restated by saying that CR-hypoellipticity and holo-
morphic extendability are equivalent at minimal points.

Despite several contributions, the problem of finding a geometric characteriza-
tion for the holomorphic extension property is still wide open, even for real analytic
hypersurfaces. The interest of our main result is that it establishes a link between
holomorphic extension and C* regularity, a central and better understood topic in
PDE theory. We illustrate this point of view by recalling in Section 5 the weak
pseudoconcavity assumptions of [2], which generalize the essential pseudoconcav-
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ity of [20], and insure CR-hypoellipticity, and illustrating in Section 6, by some
examples, how this approach leads to the proof of the holomorphic extension prop-
erty for manifolds with highly degenerate Levi forms. Extension theorems had
been obtained before under stronger non-degeneracy assumptions on the Levi form
(see e.g. [9,14,31]), or for CR manifolds satisfying a third order pseudoconcavity
condition (see [3]).

An interesting consequence is the existence and uniqueness result for the ge-
neric local embeddings of M of Theorem 3.7 and Corollary 3.8, where we also
deal with non-generic local embeddings (this topic recently got some consideration;
view e.g. [17]). An equivalent formulation is that, when M is CR-hypoelliptic and
locally embeddable at all points, its CR structure completely determines its hypo-
analytic structure (see [36]).

We also point out that our result applies to give concrete applications for the
Siegel-type theorems proved in [21,22] about the transcendence degree of the fields
of CR-meromorphic functions.

We notice that, by [7], minimality is a necessary condition for C R-hypoelliptic-
ity, and that some sort of pseudoconcavity is also necessary, as holomorphic exten-
sion does not hold e.g. when M lies in the boundary of a domain of holomor-
phy.

In general, when germs of CR functions on a generically embedded CR mani-
fold M — X fail to holomorphically extend to a full neighborhood U/ of pg in X,
we can instead look for open subsets VW of X for which M N 9V is a neighbor-
hood of pp in M. A fundamental result of Tumanov [37] states that holomorphic
local wedge extension is valid if M is minimal at py. By [7], this condition is
also necessary. However, the known proofs of local holomorphic wedge extension
merely yield existence, but no explicit information on its shape. The analytic or
hypo-analytic wave front sets tautologically give the directions of holomorphic ex-
tension. We conjecture that, in analogy with Theorem 1.4, the union of the C*°
wave front sets of all germs of CR distributions and that of their hypo-analytic wave
front sets coincide. The results of Section 4 give some first partial results in this
direction.

Let us shortly describe the contents of the paper. In Section 1 we set notation,
make precise the notion of CR-hypoellipticity, and formulate our main result (The-
orem 1.4). Section 2 and Section 3 are devoted to its proof. In Section 3 we also
establish various equivalences of the extension property and show that this leads to
the uniqueness of the generic CR embeddings. Section 4 contains our result about
wedge extension and the common C* wave front set of germs of CR distributions.
In Section 5 we review the subellipticity result of [2], obtaining a substantial ame-
lioration of the extension result of [3]. In Section 6 we give some examples.

Finally, we want to thank the referee for his comments, which helped us to
improve and make more understandable the exposition, and especially for outlining
a serious gap in the original proof of Theorem 4.6, that has been filled by utilizing
some results of [11,15].
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1. Statement of the main Theorem

Let M be an abstract smooth CR manifold, of CR dimension m and CR codimension
d. The CR structure on M is defined by the datum of a C®°-smooth m-dimensional
subbundle 79! M of its complexified tangent bundle CT M, with

T"'MNTOM =0 and [T'(M,T%'M),T(M, T"'M)] cT(M,T"'M).

We say that the CR manifold M is real-analytic when, in addition, T791M is a real-
analytic subbundle of CT M for a given real-analytic structure of M.

For U°P*" C M and areal a > 0, let C*(U) be the space of complex valued
functions on U, which are Holder continuous of exponent a — [a] with all their
derivatives up to order [a]. For a > 0, we set C~%(U) for the space of distributions
u on U which have bounds in terms of continuous seminorms in C4(U). We write
C®°(U) and C~°°(U) for the spaces of smooth functions and of distributions on U,
respectively.

For each a € [—00, oo] we denote by O, (U) the set of C*-smooth solutions
on U to the tangential Cauchy-Riemann equations:

“U)={ueCU)| Zu=0,vZeT (U, T"'M)}.

When a < 1 the homogeneous Cauchy-Riemann equations are understood to be
satisfied in the weak sense, i.e. u € OF,(U) if

ueC'U) and /u Z'pdu=0, V¢ eCPW), VZeT (U, T M),

where p is a positive measure with smooth density on M and the formal adjoint Z’
of Z e T'(U, T"' M) is defined by

/ZU(bd,u:/vZ/qbd,u, Yo, ¢ € C3°(U).

The assignments UP*" — O (U) define sheaves of germs. We denote by O}, 20)

the stalk at pg € M. Note that O&O?po) = Uaer 0%, (70)" Likewise, if M is

real-analytic, we denote by OO}, the sheaf of germs of real-analytic CR functions
on M. When M is a complex manifold we drop the superscript a, because the
sheaves corresponding to different exponents coincide by the regularity theorem
for holomorphic functions.

Definition 1.1. We say that M is CR-hypoelliptic at pg € M if (9;,10?1)0) =0% (Po)"

A real-analytic M is CR-analytic-hypoelliptic at py € M if (’);,,O?po) =0 (7o)

A local CR-embedding of M at pq is the datum of C*°-smooth solutions
21, ..., Zv to the homogeneous tangential Cauchy-Riemann equations on a neigh-
borhood U of pg in M such that the map p — (z1(p), ..., zv(p)) is a smooth
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embedding U < CY. We have v > m +d = n, and when we have equality we
say that the local CR-embedding is generic. From any local CR-embedding we can
obtain a generic local CR-embedding of a smaller neighborhood of pg, by choosing
any subset z;,, ..., zi, of z1, ..., zv wWith dz; (po) A --- AN dz;,(po) # 0.

We will consider in the sequel different instances of the local holomorphic
extension property:

Definition 1.2. Let —co < a < co. We say that:

(H}) M has the weak holomorphic extension property for Of, at p if for every

germu € OF, (Po) there are an open neighborhood U, of pp in M, a generic

local CR-embedding ¢, : U, < C", and a germ of holomorphic function
ue OC",(cb(p())) such that d)x(ﬁ) =u;

(Ha) M has the strong holomorphic extension property for Of, at po if there are
an open neighborhood U of pp in M and a generic local CR-embedding
¢ : U = C", such that, for every germ of smooth CR function u € Of, 20

there is a germ of holomorphic function it € Ocn (¢(py)) sSuch that * (i) = u.

We drop the clause “at pp” when the property holds at all points of M.

For —oo < a < b < oo we have the obvious implications

L
(Ha) (Hj)-
\

(Hp)

We shall prove in Section 3 that actually H, < H} < H, = Hj, for all —oco <
a < b < 00, leading to a nicer and simpler notion of local holomorphic extension.

Note that the validity of any of the properties (H,), (H) includes local CR
embeddability at pg, as the constants are CR functions.

Remark 1.3. In [7, Theorem 2, Corollary 1] it is shown that, for a generic CR
submanifold M of a complex manifold X, minimality is not only a sufficient, but
also a necessary condition for wedge extendability of all smooth CR functions. The
argument in [7] only works in the case of a fixed CR embedding of M. Thus, in
particular, although Hy, implies minimality at pg, the sufficiency of the weaker
condition H} for minimality remains an open question.

Theorem 1.4 (Main Theorem). Let M be a CR manifold, locally CR-embeddable
at po € M,and a, b € [—00, o0], with a < 0o. Then the following are equivalent:

(1) M is CR hypoelliptic at pg;
(2) M has the weak extension property (H}) at po;
(3) M has the strong extension property (Hp) at po.
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The proof of the main theorem will be done in the next two sections. First we will
prove in Section 2 that CR-hypoellipticity is equivalent to (H_) and (H* ). This
gives in particular that (H_,) < (H* ) and shows that CR-hypoellipticity implies
(Hy) and (H}) for all —oo < a < oo. In Section 3 we will complete the proof by
deriving the equivalence (H_o) < (H}), for all —oo < a < oo, which implies
that all different (H}) and (Hy), with a, b € [—o0, 0o] and a < oo, are equivalent.
We conclude this section by stating a straightforward consequence of Theo-
rem 1.4 for the real-analytic case. Since real-analytic CR manifolds are locally
CR-embeddable (see [5]), and holomorphic functions are real-analytic, we obtain:

Corollary 1.5. Assume that M is a real-analytic CR-manifold, and let py € M.
Then the following are equivalent:

(1) M is CR-hypoelliptic at po;

(2) M is CR-analytic-hypoelliptic at po;
(o] —_ w

3 O3 o) = Oty

Condition (3) means that all smooth solutions to the homogeneous tangential Cauchy-

Riemann equations on a neighborhood of pg are real-analytic at pg.

2. CR-hypoellipticity and holomorphic extendability of CR distributions

In this section we prove that CR-hypoellipticity is equivalent to (H_) and (H* ).
Since the implications (H_) = (H* ) = CR-hypoellipticity are trivial, it suf-
fices to show that, if M is locally embeddable at pg, then CR-hypoellipticity implies
(H_~) at pg. We consistently keep the notation of Section 1. In particular, M is a
C*-smooth CR manifold, of CR dimension m and CR codimension d.

Since we are dealing with local properties, we can as well assume that M is a
generic CR submanifold of an open subset 2 of C", with n = m + d, that pg = 0,
and that the holomorphic coordinates of C" have been chosen in such a way that M
is the graph

y =h(x',2") 2.1)

of asmoothmaph : V — R4, with h(0) = 0,dh(0) = 0, for an open neighborhood
Vof0inRY x C". Here z = (2/,7") € C¢ x C™,and 2/ = x' + iy, 2" = x" +iy”
withx’, y' e R?, x”, y" € R™.

Every open wedge attached to M near O contains an open wedge VV which, in
the chosen coordinates, is described by

W={z+(iy,0)|z€ E, y' eC}, (22)
for an open set E = Edge(V/) C M and a truncated open cone C C R?, with vertex

at the origin. The wedge W is foliated by the translates Ey = {z+(iy’,0) : z € E},
y' € C, of the edge, approaching Eg = E, for y — 0. Recall that f € Ocn(WV)
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attains the weak boundary value f* € O, °(E) along E if, for every test function
¢ € C°(V), we have

lim / F+in(x'2") +iy, 2o (X', 2") dmasom = f¥[]. (2.3)
y'eC
y'—=0

Here dmg 2, denotes the standard Lebesgue measure on R? x C™. A function
f € Ocn (W) has polynomial growth along E if, for every compact K € E, there
are an integer Nx > 0 and a constant ag > 0 such that

limsup ||| £ (' + iy, 2")| <ak, Vo= (2, Z) € K, ¥y € C.  (24)
y'eC
y'—0

Holomorphic functions of polynomial growth attain unique distribution boundary
values on E, which weakly satisfy the homogeneous tangential CR equations.

Proof that CR-hypoellipticity implies (H_). I part

We assume CR-hypoellipticity at 0 and we want to show that it implies holomor-
phic extension of CR distributions defined on a neighborhood of 0 in M to full
neighborhoods of 0 in C”.

First we note that M is minimal at 0. Indeed, otherwise, M contains a germ
of proper CR submanifold N through 0, of the same CR dimension m, and CR
codimension d’ < d, which would be the support of the germ of a non smooth
CR-distribution (see [7,34]).

We will argue by contradiction. We begin by taking an open neighborhood U
of 0 in M for which we assume there is a u € O;,IOO(U ) that cannot be holomorphi-
cally extended to a full neighborhood of 0 in C".

By the approximation theorem [36, Theorem I1.3.2] we know that there is an
open neighborhood U’ of 0 in U such that for all w € (’);,IOO(U ), w|y is the limit,
in the sense of distributions, of the restrictions to U’ of a sequence of holomorphic
polynomials. By the minimality of M at 0, we can find an open neighborhood E
of 0 in U’ and an open wedge W, of the form (2.2), such that the restrictions to E
of all elements of (’);,IOO(U ) are boundary values of holomorphic functions on W
(see [34,37]).

Runge Hull

To continue our argument, we need first to review some facts on open Runge subsets
of C" (see e.g. [25, Section 2.7]).
For a compact K ¢ C", let

K ={zeC 11/ @) = sup QL Y € Ocr(C)
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denote its polynomial hull. An open U C C" is Runge if K C U for every compact
K C U. For an arbitrary open U C C", let us define its Runge hull by
i= |J K
K compact
KcU
where we used A for the set of interior points of a subset A of C".

Lemma 2.1. For every open U C C" the set U is open and Runge. If f € Ocn(U)
can be uniformly approximated by entire functions on compact subsets of U, then
f admits a unique holomorphic extension to U. If U is connected, then U is also
connected.

Note that, since envelopes of holomorphy may be multi-sheeted, there may be
functions f € Ocn (U) which have no holomorphic extension to U.

Proof. Let K be compact in U. By the maximum modulus principle we have

K = int N 2eC" 1) < sup | f(Q)
f€Clzy,....za]\C ek

We claim that K is Runge. Indeed, each Vy = {z € C" | | f(2)| < supsex | F(OI}
is polynomially convex and hence Runge. To verify that the interior part of the
intersection of the Vs is still Runge, we can use the distance functions o v, (2) =

infegy, |z — C|. Since Vy is Runge, we have inf_ 7 8(z) = 1an€1: 0(2) for all
compact F' C V¢. Thus, if F is any compact subset of the interior of K , we have
inf &, 2(2) = inf inf dgy . (2)
zeF Ck f€Clz1,.sza\C ;e F Cvy
= inf inf =inf &, = > 0,
fE(C[m ,,,,, 2 \C zeF Cvy @ Z€F CK(Z)
showing that also FC I%.
Let {K,} be any sequence of compact subsets of U with K, € K, and
*,K, = U. Then U = |2, K, is Runge, because it is the union of an
increasing sequence of Runge open sets.
If f € O(U) can be uniformly approximated by entire functions on compact

subsets of U, there is a sequence {f,} C Clzi, ..., z,] of polynomials approxi-
mating f on all compact subsets of U. By construction, the sequence {f,} also
converges on compact subsets of Utoa holomorphic function f € Ocn(U), with
f=fonU. _

Assume now that U is connected. Clearly U is the smallest Runge open set
which contains U. Then U is connected because all connected components of a
Runge open set are Runge domains and hence U coincides with the unique con-
nected component of U containing U. O
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Proof that CR-hypoellipticity implies (H_,.). II"¢ part

Let V = W be the Runge hull of W. The CR distribution u € (’);,IOO(U ) is,
on the edge E, the boundary value of a holomorphic function # on /. By the
continuous dependence of the extension on its boundary value, i can be uniformly
approximated by holomorphic polynomials on compact subsets of V. Then, by
Lemma 2.1, the function # has a holomorphic extension to 1, that for simplicity we
shall still denote by ii.

By the uniqueness of the limit and of the boundary value, it follows that, if
0 € V, then u holomorphically extends to a neighborhood of 0 in C". Thus, to find
a contradiction, it will suffice to show that, if 0 ¢ ), and therefore O € 9, then M
is not CR-hypoelliptic at 0.

We shall consistently use in the following the notation 8 4(z) = inf{|z — (| |
¢ € A} for the distance function from a subset A of C".

For each nonnegative integer &, let

Og‘,?(V) = {f € Ocn(V)) | élév-f is bounded on V}

be the space of holomorphic functions on V, with k-polynomial growth along 0.
It is a Banach space with the norm ”f”O(k) (v) = SUPpey |6]EV(p)f(p)|.
cn

Lemma 2.2. Let W be any open wedge of the form (2.2), contained in V. Assume
that 0 € V. Then there is a sequence {p;}j=1,. in W', with pj — 0, and a

function f € (’)gfﬂ)(V) such that | f(p;j)| — oo.

yeen

In the proof of this lemma, we will use the following result, which is a partic-
ular case of [26, Proposition 2.5 .4]:

Lemma 2.3. There is a constant C > 0, only depending on V), such that
VpeV, 3f, € (98,{’“)(1/) with f,(p) =1 and ||fp||og:+1>(v) < Cdgp(p).

Proof of Lemma 2.2. We construct by recurrence a sequence {p;};-o of points in

W', and {f;} >0 of functions in O (V), with fo = 0, which satisfy, for all
integers j > 0,

@ pj e W.Ipjl <7,

®) 1fippl = J, ‘

© Ifj— f;—lllog;+1>(v) <2/, and

(d) supx,  1fj = fi-1l =2'7,

where we set §; = 0gy,(p;) and K, = {p € V : 8¢, (p) = r}. Note that {K,},-¢

is a decreasing family of closed sets, and that V = | J,_, K,. Set By(r) = {|z| <
r} c C".

r>0
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Conditions (a)-(d) are satisfied with f; = 1 and any choice of p; € W' N
Bo(1). This is our first recursive step. Assume that, for some k£ > 1, we already
found py, ..., px—1and f1, ..., fr—1 € O((Cz,,nJr])(V) satisfying (a)-(d) for 1 < j <
k — 1. Choose px € W' N Bo(1/k) such that 8§ < 87"+ /(k2KC). If | fio1 (pi)| = k
holds, the choice f; = fy—1 obviously satisfies (a)-(d) for j = k. Otherwise, we
utilize Lemma 2.3 to pick a function f}, corresponding to the choice p = py, and

set fx = fr—1 +ktfp,, witht = 1if fr_1(px) =0and v = fi—1(pr) /| fi—1(pr)|
otherwise.

This yields (a) and (b) for j = k.
We get (¢) for j = k from the estimate

1fie = fimillp@nen ) = Kllfpll g@an ) = KCB = 2%

Let us show that, with this choice of f, (d) is also satisfied.
From || fp, ||0(2n+1)(v) < Cé; we obtain that
Cn

| fo(P)] < C8/82H () < Co /52t < 2Kk

holds for p € KCs,_,, which shows that

sup |fi = fimt| =k sup [fp] <27

Sk—1 Sk—1

This completes the proof of the recursive step. Because of (¢), the sequence { f;}

converges in O%' "V (V). By (b) and (@) the limit f € OG"" (V) satisfies
|f(pj)l = j— 1forall j. This completes the proof of Lemma 2.2. ]

Since WW C V, we have 0gy(p) < dgy(p) for all p € W. Moreover, for a
sufficiently large constant C; > 0, there is a cone YW C W, with edge E, such that
Sr(p) < C1dsw(p) for p € W. The function f obtained in Lemma 2.2 from a
sequence {p} in W’ is holomorphic and has polynomial growth while approaching
the edge E within W'. In particular, f |y has a boundary value f*, which is a CR
distribution on E. By [10, Lemma 7.2.6], f is continuous up to the edge near every
point in E near which f* happens to be continuous. Hence f* is not continuous
on a neighborhood of 0, because f is unbounded on a sequence in YV’ which con-
verges to 0. This completes the proof of the equivalence of CR-hypoellipticity and

(Hooo), (HE ).
3. On the holomorphic extension property
In this section we prove that the holomorphic extension properties (H,) and (Hj),

with —00 < a < oo and —oco0 < b < oo are all equivalent and that, when they
are valid, all local generic CR embeddings are related by changes of holomorphic
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coordinates. To that end, it will be convenient to consider also, in Theorem 3.1
below, holomorphic extensions related to non generic CR embeddings.

Let us fix the notation. Let M be a CR submanifold, of CR dimension m and
CR codimension d, of a v-dimensional complex manifold X . This means that M is
a smooth real submanifold of X and 7'M = 791X N CT M.

Let po € M and let (G; z1, ..., Zv) be any coordinate neighborhood in X,
centered at pg. When v = n = m + d, the embedding M < X is generic and
(G; z1,...,2zn) provides a generic CR-embedding of M N G into an open neigh-
borhood of 0 in C". If v > n, we can reorder the coordinates in such a way that
the restrictions of dz1(p), ..., dz,(p) are linearly independent in (CT;M , for p
in an open neighborhood of pp in M N G. Then the map ¢ : p — d(p) =
(z1(p), ..., za(p)) yields a generic CR-embedding of a neighborhood U of pg in
M N G into an open neighborhood © of 0 in C". Denote by oy : U — Q
the restriction of ¢ to U C M. We can also assume that (U, 11, ..., tjy+n), With
ti =Reziforl <i <n,t; =Imz;_, forn <i <m + nis asmooth real chart on
M.

With this notation, we have:

Theorem 3.1. The following are equivalent:

(1) the restriction map Ox(py) = Of (,\ is onto;
(2) the restriction map Ox,(py) = O)p () is 0nto;
(3) the map &%, : Ocn () — C’)X’fl”(po) is an isomorphism;
(4) the map &3, : Ocn (py) — (9;,1??1]0) is an isomorphism.

Proof. The implications (2)=-(1) and (4)=-(3) are obvious and both (2) and (4)
imply CR-hypoellipticity at po. Moreover, since ¢}, is the composition of ¢* :
Oc,(py) = Ox,(po) and the restriction maps Oy, (py) — O/t??po)’
that (3)=-(1) and (4)=(2).

Thus it suffices to prove that (1)=-(4). To that end, we will show that (1)
implies CR-hypoellipticity and then use the fact, proved in Section 2, that CR-
hypoellipticity implies (H_,). In the proof, to simplify the notation, we reduce, as
we can, to the case where X is an open neighborhood of 0 in CY and py = 0. With
UcM, QcC", ¢y asabove, we can also assume for simplicity that U = M,
so that Gy (M) = M isa generic CR submanifold of an open neighborhood €2 of 0
in C".

We need to show that any CR-distribution, defined on an open neighborhood
W of 0 in M, is equivalent to a smooth function, on some possibly smaller neigh-
borhood W’ of 0 in M.

Fix an open neighborhood W of 0 in M and let V be another open neighbor-
hood of 0 in M, whose dependence on W will be made precise later. Denote by
B, = {z € CV| |z| < r} the open ball in C" of radius r > 0, centered at 0.
By using the approximation theorem of Baouendi and Treves of [8] in the stronger
formulation of [36, TheoremI1.2.1], we can choose a sufficiently small » > 0 in

we also obtain
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such a way that B, N M & V and, for every integer £ > 0, all u € Oﬁ,,(V) can
be approximated, uniformly with all their derivatives up to order £, on B, N M, by
holomorphic polynomials of z1, ..., zj.

Next we consider, for every positive integer &, the set

FK = {(u, v) € O}o\/[o(Br NM) x O(C”(Br/ZK)

u:vonMﬂB,/zk}.

It is a closed subspace of the product O%; (B, N M) x Ocv(B;2¢), endowed with
its standard Fréchet topology, and hence a Fréchet space. The projections into the
first coordinate restrict to continuous linear maps 7 : Fy — O% (B, N M). By
Assumption (1), [, T (Fx) = Of5; (V). Hence some 7, (IF) is of the second Baire
category. Then 71, : IF, — OF7 (V) is surjective and open by the Banach-Schauder
theorem. In particular, the image of

{(u,v) e Fe | sup |v| <1}

By/2k+1
contains an open neighborhood of 0 in OF7 (V). Thus we get:

iC >0, L €Z,, K €@ BrNM such that
Vu € O%(B, N M) i € Ocv(By«,)

with i|mnB, c = ulmns, . and - sup i < Cllullek.
B,-/2K+l

(3.1)

31y
3o |

From (3.1) we obtain that every u € O},(V) is C*-smooth on B, et N M.
Let indeed { f.} be a sequence of polynomials in C[zy, .. ., z,] which approximates
u uniformly with all derivatives, up to order £, on B, N M. For each 1 we can find
vy € Ocv(Bryae) with vy = fyron Byyae 0 M and [vulo s, ., < Cll fulle, -
Then the sequence {v,,} is uniformly bounded on B, 5+ and, by Montel’s Theo-

rem, after passing to a subsequence, we may assume that the sequence {v|p o }
A

converges to a it € Ocv (B, jpe+1), which agrees with u on B, 51 N M. Since i
is C*°-smooth on B, /c+1, by taking its restriction to B, pe+1 N M we find that u is
C*-smooth on B, pet1 N M.

To show that all CR distributions defined on W are smooth on a neighborhood
of 0 in M, we will reduce to the previous argument by a regularization technique.
This process is intrinsic on M, so that we are allowed to work on the projection
M c Q c C". Following [8], we construct a second order linear elliptic partial
differential operator on M, with C* coefficients, in the following way. We may
assume that dzy, ..., dz,,dz1, ..., dZ, define a maximal set of independent dif-
ferentials on M. We obtain a set of commuting smooth complex vector fields

where [lull¢,x = supg supjq <

Liv....Ln, Z1, .., Zom
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on M by requiring that
LiZj = 5,-,], Lizy =0, Zth =0, Zpzk = On, forl <i,j<n,1<h,k<m.

Then, for a large ¢ € R,
n n
ALez=)Y Li+c*> 7, (32)
i=1 h=1

is elliptic on a neighborhood U’ of 0 in M. Asa special case of a general theorem
proved in [36, Theorem I1.5.2], we have the following:

Lemma 3.2. Let W be any open neighborhood of 0 in M. Then we can find an
open neighborhood V of 0 in W, with V.€ WNU’, such that for every nonnegative
integer £ and for every u € (9;7100(W) there is w € O%(V) and an integer k > 0
such that

uly = A} Lw. (3.3)

Now we can conclude. Having fixed W, we choose the open neighborhood V above
insuch away that V.€ WNU’ and W, V satisfy the statement of Lemma 3.2. If u €
O;loo(W), then, by the first part of the proof, a solution w of (3.3) is C*°-smooth
on a neighborhood of 0 in M and therefore also u is C°°-smooth on a neighborhood
of 0 in M. This completes the proof of Theorem 3.1. O

Remark 3.3. Fix any £ with —oo < £ < +o00. Clearly (1) and (2) are also equiva-

. . Y4 .
lent to the fact that the restriction map Ox, (py) = Oy ( o) 18 Onto.

We also explicitly state, as a corollary, the equivalence of the different notions
of holomorphic extendability.

Corollary 3.4. The following are equivalent:

(1) There is an a € [—00, 00) such that (H};) holds at po;
(2) There is an a € [—00, 00] such that (H,) holds at po;
(3) (H}) holds at pg for all a € [—00, o0];
(4) (Hp) holds at pg for all a € [—o0, 00].

Definition 3.5. We say that M has the holomorphic extension property (H) at pg if
any of the equivalent condition of Corollary 3.4 is valid.
As a corollary of Lemma3.2, we also state the following regularity result,

which will be useful to apply [2] to obtain holomorphic extension.

Corollary 3.6. Let M be a CR submanifold of a complex manifold X, po € M and
assume that, for some £, with —oco < { < 00, all germs in Oﬁ,, (py) 4T€ actually in

O;(I),(po)‘ Then M is CR-hypoelliptic at po, i.e. Ol?l??po) = (’)X’fl”(m).

Next we turn to investigate CR-embeddings.
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Theorem 3.7. Let M be a CR submanifold of a complex manifold X. If M has the
holomorphic extension property at all points, then we can find a complex submani-
fold Y of X, containing M, such that the embedding M — Y is generic.

The submanifold Y is essentially unique, in the sense that, if Y' is another
complex submanifold of X in which M embeds generically, then Y N'Y' is still a
complex submanifold of X containing M as a generic CR submanifold.

Proof. We begin by constructing a local embedding near a chosen point py € M.
We use the notation set up at the beginning of the section.
We can assume that M N G is, in the coordinates z1, ..., zv, a graph

Z]:Z](q)’ j:n—l—l,...,V,

where g ranges in a neighborhood of the origin in ]\71(; = ¢(M N G), on which the
Z;’s are smooth CR functions. By (3.1) of Theorem 3.1 the Z;’s uniquely extend
to holomorphic functions Z j» defined on an ambient neighborhood wy of 0 in C".
Then

Yoo ={p € G| d(p) € wo, zi(p) = Zi(21(p). ... 2a(p)). n < i <V}

is a complex submanifold of X in which an open neighborhood of py in M generi-
cally embeds.

The submanifold Y will be constructed by patching together, using the argu-
ments of [5], the local Y, constructed in this way about different points p of M.
To finish the proof, we only need to show that a different choice of the coordinates
about p yields the same germ of complex manifold (Y}, po) at po.

Let (E; (1, ..., Gv) be another holomorphic chart at pg in X. We rearrange the
indices in such a way that d(y, . .., d(, are linearly independent on an open neigh-
borhood of pg in M. We write for simplicity z = (z1,...,2v), 2 = (21, -+ Zn),
"= @pgts - szv)and (= (Cr, oo, G, =Gy oo G, = (Cngets -+ Gy).
We have, on an open neighborhood Gg of pgin G N E,

z=0(0 and ( = E(z),

for functions ® = (®1,...,0,) = (0,0 and E = (E,..., Ey) = (E/, &)
which are holomorphic on an open neighborhood of 0 in C".

Repeating the preceding construction in the new coordinates, we obtain a ge-
neric CR embedding of an open neighborhood of pg in M into a complex subman-
ifold Y 1/70 of X, which is described, with obvious notation, by

Yy ={peEIl(p) emo. G(p)=Ai(l(p). n<i=<v}

where 1 is an open neighborhood of 0 in C" and the A;’s are holomorphic on 1g.
To show that (YI/,O, o) = (Yp,, po) we observe that

Y,,NGo={peGolz=0i'(p)Ap) 1=i=<v]
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where A = (1~\n+1, ..., A+). Then we notice that, by (3.1) of Theorem 3.1,

(' (p). Zi(Z(p))) = O(¢(p). A(p))

for ¢(p) on an open neighborhood of 0 in C”, because this is true for p on an open
neighborhood of pg in M. This shows that Y, and Y ;,0 define the same germ of
n-dimensional complex submanifold at pg. The proof is complete. O

Corollary 3.8. Let M be a CR manifold of CR dimension m and CR codimension
d, and n=m+d. Assume that M is locally CR-embeddable and CR-hypoelliptic at
all points. Then M admits a global smooth generic CR-embedding M — X into
an n-dimensional complex manifold X .

This embedding is essentially unique. Indeed, assume M is CR-hypoelliptic,
that X1, Xo are complex manifolds and that there are generic CR embeddings §; :
M — X;,i = 1,2. Then we can find open neighborhoods Y; of ¢; (M) in X; and
a biholomorphism\p : Y| — Y; that fit into a commutative diagram

M

2N
34
v Y.

Proof. The first part of the corollary is proved by using the abstract construction
of [5] to patch together the different generic local CR-embeddings.

Let us turn to the proof of uniqueness. We consider the product manifold
X = X x X3 and the CR-embedding ® : M > p — (d1(p), d2(p)) € X. Denote
by 7; : X — X; the canonical projection of the Cartesian product onto its X;-
factor. By Theorem 3.7, the image ® (M) of M is a generic CR submanifold of a
complex submanifold Y of X, which, after substituting to Y an open neighborhood
of ®(M) in Y, can be taken to be the graph of a biholomorphic { : ¥} = m(Y) —
Y, = m(Y), that fits into the commutative diagram (3.4). ]

b4}

4. Holomorphic wedge extension and the C*> wave front set

Theorem 1.4 relates holomorphic extension to a full neighborhood to C*°-regularity.
Here we make some remarks on the relationship between holomorphic wedge ex-
tension and the C*° wave front set. It is known that the directions of wedge ex-
tension are nicely reflected by the analytic wave front set, which provides infor-
mation on the extension of any individual CR distribution. We will prove below a
result which relates the local wedge of simultaneous extension of all the elements

o0 —0Q
of O M. (p0) to the wave front sets of the elements of O M.(po)”

We need to introduce some notation. Let M be a C°°-smooth CR manifold,
of CR dimension m and CR codimension d. We denote by HM the subbundle of
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T M consisting of the real parts of vectors in T%'M and by Jyy : HM — HM
the anti-involution which associates to X € H,M the unique Jyy X € H,M such
that X +iJX € TO'M. Let T*M be the cotangent bundle of M minus its zero
section and D'(U), for UP" C M, the space of complex valued distributions in U'.
The wave front set' of u in D/(U) is a closed conic subset WE(u) of 7*U. When
u e (’);j’o(U ), its wave front set is contained in the characteristic bundle

HOM = [£€T*"M | E(X) =0, VX € Hpe)M}

for the tangential Cauchy-Riemann equations on M.
The following is a simple consequence of [11,15].

Theorem 4.1. Assume that the CR manifold M, of CR dimension m and CR codi-
mension d, is a smooth real hypersurface in a CR manifold N, of CR dimension
m + 1 and CR codimension d — 1. We also assume that M divides N into two open
submanifolds Nt N, withNTUN- =N \ M, and NtNN~— =M.

Let f € (’)11\, (N7T) be such that, for every compact K in N, there are constants
Ck, Lk > 0 such that

|£(p)| < Ck dist(p, M)~k Vpe Nt NK. 4.1

Then f admits a boundary value u € D' (M), which is a CR distribution on M .
Let po € M and X 5, a nonzero tangent vector in Hy,N pointing into* N7,
with INX p, € TpyM. Then

WF@u) N T M C {& e Hy M| (€ IyX,) <0}. 4.2)
Remark 4.2.

(a) In (4.1) we can use any distance which is locally quasi-isometric to a Rieman-
nian distance on N.

(b) The boundary value u of f can be locally described in the following way. If
V:U>p— (t(p),s(p) e R! x R?m+d i5 a coordinate chart in N, defined
on an open subset U of N and with Pp(U) = R! x R?"*+4 suchthat M NU =
{t=0}and NT N U = {t > 0}, then, consistently with (2.3),

(nos, d)) = 1im,_>0+(f,, , q)>’ V(b c D(2m+d) (RQ’”"“Z),

where D@n+d) (R2m+d) s the space of smooth complex valued top degree
alternated forms with compact support in R4 and we indicate by f; the
complex valued C' function s — f o1 (¢, s) on R¥"+<,

1 For basic definitions and a thorough introduction to this topic we refer to [23].
2 This means that X po & TM and there is a smooth curve y : [0, 1] — N with y(0) = py,
y() € Nt for0 <t < land y(0) = Xp,.
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(¢) The vector X, in (4.2) exists and is uniquely determined modulo Hp, M and
multiplication by a positive scalar.

(d) The analogue of (4.2) for the hypo-analytic wave front set W Fj,, (1) is stated
in [35].

Proof. The intersection TM N HN is a real vector bundle of rank 2m 4+ 1 on M,
which contains H M as a subbundle of hyperplanes, and X, is a vector of the form
—JInYp, fora Y, € Hy N \ Hp,M. We can find an open neighborhood w of pg
in M and a section Y € I'(w, TM N HN) such that —JyY), points into N for
every p € w. We can extend Y to a section Y € T'(U, HN), defined on an open
neighborhood U of pg in N. After shrinking, we can assume that on U a coordinate
patch is defined as in point (b) of Remark 4.2, with JyY = %. Then a multiple of

JNY —iY € T(U, T®!' N) has the form

L=—+ Z a,'(t,s)i

ot = as;

An f € (911\, (N) satisfies in particular the equation Lf = 0 on Ny N U. Thus, if

(4.1) is also satisfied, its boundary value u € O;,IOO(M N U) is well defined by [11,
Lemma 1.2]. The inclusion (4.2) is then a consequence of [11, Theorem2.1]. [J

Then we have:

Proposition 4.3. Let M, N be as in the statement of Theorem 4.1. Let pyp € M,
and assume that N is locally CR embeddable at py. Assume that

Yw open in M with pg € w andV f € O3 (w), 3V open in N, with

5 1 0, ~ 4.3)
poeVand3IfeOn(NTNV)NCONT NV), 50 that f=fonwNV.
Let X p, be a nonzero tangent vector in Hy N pointing into N, with JyXp, €
TyyM. Then

0 —

WFu) NT,M C {§ € H)M | (§, InXp,) <0}, Yue O,  (44)
Proof. Using a functional analysis argument and the approximation theorem of
Baouendi and Treves, we obtain, as in the proof of Theorem 3.1, that, having fixed
an open neighborhood w of pg in M, there exist a fixed open neighborhood V' of
po in N and an integer £ > 0O such that

Vi e 04w 3f € OL(NTAVINCONTNV) sothat f=fonwNV. (45)

Then we obtain (4.4) by using Lemma 3.2: if U is an open neighborhood of pg
in M and u € O};°(U), then the restriction of u to a neighborhood U’ € U
belongs to O4,(U’) for some integer a. Using Lemma 3.2, we can write u|y =
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Alli, oz f» where Ap .7 was defined in (3.2), w is an open neighborhood of py in

U'and f € O%(w). By (4.5) and Theorem 4.1 we have WF (f) N M C

{& e HSM | (€, JNX) < 0} and (4.4) follows because Ay, .z is elliptic and hence
WF(u|w) C WFE(f). O

Let us consider now a more general situation. Namely, we assume that M is
a generic CR submanifold, of CR dimension m and CR codimension d, of a CR
manifold Q of CR dimension u and CR codimension K, with m < |,d > K and
m+d = p+K = n. Let Q be an open subset of Q. If p € 982, we say thatv € T, Q
points into €2 if, for every y € C'([0, 1], Q) with y(0) = p and y(0) = v, there
isal0 < § < 1suchthat y(r) € Qfor0 < ¢t < §. Assume now that M C 9S2.
We consider the subset of the pullback T'Q|y on M of the tangent bundle of O
consisting of the vectors that point inside €2 and denote by T M its interior part in
T Q| p. We set:

ToM = int{v € T Q| | v points into 2},
Ta.poM = TaM N Ty, 0,
Hq poM = {X € TyyM N Hp Q| JoX € Tq pM},

for po € M. We note that TQ,[)OM and Hg , M are cones, and that Hg , M C
Ty,M N Hp 0.
As a consequence of Proposition 4.3 we obtain:

Corollary 44. Let M, Q, Q be as above. Let pg € M and assume that

YU open in M with pg € U andV f € O3 (U), 3V openin Q, with 4.6)
poeVand3fe OLQNV)NCO(QUM)NV) with f=fonUNV. '

Then

0 —

WFu)NTx MC{&eH) M|(£,X)>0, VX € Hg p,M}, Yu € (CIVAPRAN )
Proof. 1t suffices indeed to apply Proposition 4.3 to CR submanifolds N of CR
dimension m + 1 and CR codimension d — 1 of a neighborhood of pp in Q, with
N\M = NtUN~,N*" and N~ connected and open in N, N* C N N €, and
NT N N~ containing an open neighborhood of pg in M. O

Let M be locally CR embeddable and minimal at pg. Fix a local generic CR
embedding P : U — Q C C" of an open neighborhood U of pg in M into an
open neighborhood of 0 in C”, with P (pg) = 0 and P (U) having the form (2.1).
We know from [34,37] that there is an open neighborhood w of pg in U such that,
for every CR distribution u € O;loo(U ), the restriction u|, is the pullback of the
boundary value of a holomorphic function, defined on an open wedge W C €,
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with edge E = P (w), that can be chosen in the form (2.2). We note that, in the
corresponding coordinates, we have

HY M = (dx1(0), ..., dx4(0)) ~ R,

d
ad
Hy.poM = HpyM & {Z“f (B_)n)x—o
i=1 -

d

4.8
Zaiei € C} , ( )
i=1

where ey, ..., e; is the canonical basis of RY.
Then, from Corollary 4.4 we obtain:

Corollary 4.5. Assume that M is minimal at py and that, for every u € (’);,IOO(U )
there is an open neighborhood V of po in C" such that, for E = \p(M N'V), the
restriction u| ynvy is the pullback of the the boundary value of some it € Ocn (VW N
V), for the wedge VW described by (2.2). Then

WF@u) N Hy M C {£] &€ C°}. 4.9)

Here we used the identification HSOM ~ R4 of (4.8) and C* = (& | (§,v) <
0, Yv € C} is the polar cone of C.

In the last part of this section, we shall discuss the relationship of C*>° wave
front set and minimality. For each p € M we denote by Oy (p) its CR orbit in M,
i.e. the set of points in M that can be linked with p by a piecewise smooth curve
with velocities in H M. A fundamental result of Sussmann ( [33]) tells us that each
CR orbit Oy (p) is a smooth CR submanifold of the same CR dimension of M. If
U is an open neighborhood of p in M we can consider the orbit Oy (p), computed
by restricting to piecewise smooth H M-curves with support in U. Clearly, if U
and V are open subsets of M with V C U, then Oy (p) C Oy (p) forall p € V.
For a fixed p, the family of CR orbits Oy (p), indexed by the filter of its open
neighborhoods, uniquely defines a germ of CR manifold ©Oy 1o (p), which is called
its local CR orbit. Tumanov’s theorem in [37] yields local holomorphic extension
to open wedges if Oy (po) is open (see also [7,27,29,30,34]), so that Corollary 4.5
applies to this case. More generally, the dimension of Oy (py) is related to the
maximal number of linearly independent directions of CR extension (cf. [38]).

Given an open subset U of M and a distribution u € D’(U), it is convenient,
to state the next theorem, to introduce the notation WF(u) for the union of its C*
wave front set and the zero section of T*U .

We prove the following:

Theorem 4.6. Let M be a smooth CR submanifold, of CR dimension m and CR
codimension d, of a complex manifold X, and po € M. Then the following are
equivalent

(1) dimg @ 10c(po) = 2m +k (0 < k < d);

(2) there is a CR distribution u, defined on an open neighborhood U of py, such
that WF(u) N T;‘OM contains a (d —k)-dimensional R-linear subspace, and k
is the smallest integer with this property.
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Assume that (1) holds true and that Oy 1oc(po) does not have the holomorphic
extension property (H) at py. Then there exists a CR distribution u, defined on an
open neighborhood U of po, such that WE(u) N T;OM properly contains a (d—k)-
dimensional R-linear subspace.

Remark 4.7. Using Theorem 4.6, Tumanov’s theorem (see [37]) can be restated
by saying that all CR functions defined on any fixed neighborhood of pg admit a
holomorphic extension to an open wedge with edge containing po if and only if no
CR distribution u has a WF(x) which contains a real line of T;‘OM . Theorem4.6
can be considered a generalization of that result to the non minimal case.

Proof. Since (1) and (2) are local statements, we can assume in the proof that M is
a generic CR submanifold of an open subset 2 of C".

Let dimg Oy 10¢(po) = 2m + k. Fix an open neighborhood U of pg in
M. By Tumanov’s theorem [37], there are generic CR manifolds with bound-
ary M, M,j in C", of dimension 2m +d + 1, whose boundary contain an
open neighborhood E of pg in M, and such that every continuous CR function
u on U uniquely extends to each M;.r as a CR function, continuous up to the
boundary. These M; can be chosen so that there are smooth real vector fields
X1,...,Xx € I'(E, TM), with X{(p), ..., Xr(p) linearly independent modulo
H,M at all points p € E, and with J X ;(p) pointing into M;r forall p € E and

j=1,...,k. According to [27, Lemma 10], we can assume fhat the M;T are C°-
smooth up to M. Thus each M; can be slightly enlarged to a C°°-smooth open
manifold M, containing E. Thus, by Proposition 4.3 we have

WF@u)NTyMC {&e H'M|EX;) =0}, (4.10)

and hence W F (1) cannot contain any real linear subspace of dimension larger than
d—k.

On the other hand, assume that there are on M an open neighborhood U and a
CR submanifold E through pg of U, having the same CR dimension m of M. By
taking U small, we can find a nonzero CR distribution on U carried by E.

Indeed: When E is open, there is nothing to prove. If E has a smaller di-
mension, we fix a positive measure p with smooth density on E. A construction
in [7] yields a function v which is C*°-smooth in a neighborhood of pg in E, with
v(po) = 1, and such that

Telp] = /E vbdu, ¢ DU, @.11)

is a CR distribution on a possibly smaller neighborhood U of pg in M. In this
case WF(u) N T;,"OM = (Tp, E)L. This completes the proof of the implication
(1)=(2). The argument also shows that, if there is a CR distribution u, defined
on a neighborhood U of pg, such that WF(x) N T;‘OM contains an ¢-dimensional
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R-subspace, then dimg Oy 10c(po) < 2m—+d —£. Thus we obtain also the opposite
implication (2)=(1).

Let us turn to the proof of the last statement of Theorem 4.6. If Oy 10c(po) is
open, it is a consequence of Theorem 1.4, because a distribution u with WF(u) N
T;‘OM = ( is smooth near pg. If Oy 10c(po) is lower-dimensional, let E be a CR

submanifold of an open neighborhood U of py in M with (E, po) = Ops10c(po)-
After shrinking, we can assume that there is a CR isomorphism = : E — E’,
where E’ is a CR submanifold of an open subset ' of C"', with n’ = n + k < n.
By choosing holomorphic coordinates as at the beginning of Section 3, we may
assume that 7 is induced by the projection of C" onto the complex subspace c”
of the first n’ coordinates zy, . . ., z,7. The Baouendi-Tréves approximation theorem
says that there is a measure u' on E’, with a smooth density on E’, such that any
CR distribution S on E’ can be approximated by polynomials Q;(z1, ..., Zy), in
the sense that

/E/ Qjpdu’ — S[pl, V¢ € D(U), 4.12)

holds on an appropriate neighborhood U’ € E’ of 0 = m(pg). We can choose
w=m*u in(4.11).
To complete the proof, we will use the following lemma:

Lemma 4.8. There is a neighborhood U C M of pg such that for any CR distribu-
tion u on E' the formula

Tul¢) = u[(vp) o ™'], V¢ € D), (4.13)
defines a CR distribution T,, on U with support contained in E N U .

Proof of Lemma 4.8. Let {Q; = Q;(z1,...,2zy)} be a sequence of holomorphic
polynomials, approximating u on some neighborhood U’ of 0 in E’, as in (4.12).
Since u = m*u/, the distributions Q ;Tg : ¢ +—> f g Qjvéd du approximate the
distribution in (4.13), provided we take ¢ with compact support in an open neigh-
borhood U of po in M, with U N E € =~ '(U’). Being the products of a CR
distribution by the restriction to U of holomorphic functions, the Q ; Tg are CR dis-
tributions on U, and therefore also their limit in the sense of distributions is a CR
distribution on U . This completes the proof of the lemma. O

End of the proof of Theorem4.6 Since E’ does not have the extension property,
by Theorem 1.4 there is a CR distribution # with WFg: (u) N T E " £ (. It remains
to check that WF(T},) has the desired properties.
For this purpose, we introduce smooth coordinates (s, ..., S2m+ks 15 - - -5 te),
¢ =d — k,centered at pg, such that £ = {r; =0, ..., t, = 0}. The distribution 7},
is a tensor product
T, = (vgu™) ® &,

where u* is the pullback of u on E, and §; is the Dirac delta in the ¢-variables and g
is a smooth nonvanishing function such thatdu’ = gdsy . ..dson1x. Since v(pg) =
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1, we can assume after shrinking that v # 0 on U. Then WF(u*vg) = WF(u#*) and
the general rule to compute the wave front set of a tensor product [23, Theorem
8.2.9] yields

WE(T;) N Ty M = (WEg(u*) x (d11, ..., dt)) \ {(0, 0)}. (4.14)
The proof is complete. O

Theorem 4.6 is closely related to continuity properties of CR measures. We
say that a CR manifold M has the Riesz property at po € M if every CR measure
W, defined on a neighborhood U of pg in M, is absolutely continuous with respect
to the Lebesgue measure on a neighborhood w of pg in U.

As a consequence of Theorem 4.6 we reobtain a result of Chirka and Rea [16].

Theorem 4.9. Let M be a CR manifold, locally CR embeddable at pg € M. Then
M has the Riesz property at pg if and only if it is minimal at py.

Proof. If M is not minimal at pg, the existence of CR measures as in (4.11) excludes
the Riesz property. If M is minimal at pg, and @ is a CR measure defined on an
open neighborhood U of pg in M, it follows from Theorem 4.6 that there is an open
neighborhood w of pg in U such that WF(p) N T*w does not contain any real
line, because, for p € O, (U), the set of points p € U such that WE(Ww) N T[;"M
contains a real line is closed in U. Then [15, Theorem 1.4] implies that |, is
absolutely continuous with respect to Lebesgue measure. O

For recent generalizations of the F. and M. Riesz theorem to the solutions of
more general differential operators we refer to [11-13,15].

5. Some subellipticity conditions

In this section we recall some results of [2] that are relevant for our applications. In
the following, M is an abstract CR manifold, ZAM) = I'(M, 791 M) is the distri-
bution of complex vector fields of type (0, 1) on M, and (M) = I'(M, HM) the
distribution of the real vector fields which are real parts of elements of Z{M).

5.1. The system ® (M)

Definition 5.1. Set
Ir >0, AZy, ..., Z, € (M), so that

r

OM)=1Zec M) i1z, 7 +iZ[Zj, Zj] € 7 (M) . (5.1)
j=1

We denote by «7(M) the Lie subalgebra of X(M) generated by the real parts of

vectors in @(M). If ' (M) ={Re Z | Z € ©(M)},

A(M) = " (M) + [ (M), 2" (M) + [ (M), [ (M), " (M) +- - -

We showed in [2, Lemma 2.5] that:
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Proposition 5.2. With the notation introduced above, ® (M) is a left C°°(M)-sub-
module of XC(M). For every Z € © (M) and every relatively compact open subset
U of M there are a finite set Z1, ..., Z, of vector fields in Z (M) and a constant
C > 0 such that

,
|Zul; < C (IIuII(Z) +) ||Z,-u||8) , VueCg ).

i=1
Hence, by [2, Corollary 1.15], we obtain:
Theorem 5.3. Let .# (M) be the «/(M)-Lie submodule of X(M) generated by

I (M):
(M) = H (M) + [, (M), 7 (M)]

52
+ [y (M), [ (M), S (M)]] + - - (5-2)

If
{Xpo | X € (M)} =TpyM, (5.3)

then the system % (M) is subelliptic at py. This means that there exists an open
neighborhood U of po in M, vector fields Z1, ..., Zy, € Z (M), and constants
C, & > 0 such that

m
lull? < € (nun% +y ||Ziu||§) . VueCW). (54)

i=1

5.2. The system ¢ (M)

Under a certain constant rank assumption on 2 (M), we can give a more explicit
description of ®(M).

Definition 5.4. The characteristic bundle H'M of % (M) is the set of the real
covectors & with (Z, &) =0forall Z € Z(M).
The scalar Levi form at & € H[?M is the Hermitian symmetric form

L£e(Z1,22) = i€([Z1, Z2]) for Zy, Zy € Z(M). (5.5)

The value of the right hand side of (5.5) only depends on the values Z;(p), Z2(p)
of Z1, Z; at the base point p = 7 (§). Thus (5.5) is a Hermitian symmetric form on

Ty ' M. Set:

H®M = {g e HOM | L¢ 20}, (5.6)

HM)={Z e (M) | L(Z,Z) =0, VE € HOM}, (5.7)

KM = | JK,M with K,M = {Z,, | Z € Z(M))}. (5.8)
pPeEM

We have (see [2, Proposition 2.13])
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Proposition 5.5. #(M) is a left C>°(M) submodule of ® (M). Assume in addition
that H® M and KM are smooth vector bundles on M. Then

H (M) = O(M). (5.9)

5.3. Hypoellipticity

Subelliptic estimates imply regularity. We have indeed (see [2, Theorem 4.1], [20,
Theorem 4.3]):

Theorem 5.6. Let M be a v-dimensional smooth manifold. Let U be an open subset

of M, and Zy, ..., Zy complex vector fields on U such that, for some positive
constants C,e > 0 (54) isvalid. If u € LIZOC(U), ai € LY. (U), fi € L%OC(U)for
i =1,...,nsatisfy

Ziu+aiu=f;, fori=1,....m onU, (5.10)

then:

(1) u e Wi (U);
(2) if0 <s <%, a; €C(U) and f; € Wi (U), thenu € Wt (U);

() ifs > %, a; € Wi (U) and fi € W (U), thenu € Wt (U);

loc
(4) in particular, if a; € C®(U), fi € W (U), thenu € W (U).

loc
Here we indicate by Wy, (U) the L2-Sobolev space of order s.
Then we obtain from Lemma 3.6:

Corollary 5.7. If (5.3) holds true, then ®;4O,<(JPO) = (DOA;’( 20

54. Trace concave CR manifolds

We elaborate the above results for a class of CR manifolds for which we obtain a
geometric characterization of the extension property. A CR manifold M is said to
be trace concave at p € M if for every & € HgM the directional Levi form £ is
either indefinite or identically zero. A trace concave CR manifold is a CR manifold
which is trace concave at every point. We set

G (M) =7 (M),
and define inductively for k > 1
Gir1 (M) = G (M) + [ (M), G, (M)].

Moreover we set Gy ,M = {Z(p) : Z € 4 (M)}. Trace concavity implies that
H[?M is the annihilator of G» , M. The following result gives a geometric charac-
terization of the extension property under a constant rank condition.
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Theorem 5.8. Let M be a trace concave CR manifold, locally CR-embeddable at
po € M. Assume that dim Gy , M is constant for all k. Then M has the holo-
morphic extension property at pg if and only if dim Gy p,M = dim M holds for k
sufficiently large.

Note that this result substantially strengthens the main theorem of [3].

Proof. The condition is sufficient by Theorems 5.3, 5.6 and 1.4. If dim G4 , M <
dim M for all k, these dimensions eventually stabilize and the Frobenius theorem
implies that the CR orbit through pg is lower-dimensional. In the same way as at the
beginning of the proof of Theorem 1.4, it follows that the holomorphic extension
property fails at pg. Hence the condition is necessary. O

In particular we see that for the CR manifolds of Theorem 5.8, extension to
open wedges and extension to full neighborhoods are equivalent. Several examples
of such manifolds arise in the study of homogeneous CR manifolds, as outlined in
the next section.

6. Examples

A large class of examples of CR submanifolds of complex manifolds is provided by
the orbits of the real forms in complex flag manifolds. We recall that a complex flag
manifold is a compact homogeneous space X of a semisimple complex Lie group G.
The isotropy of a point of X is a parabolic subgroup Q of G, i.e. a closed connected
subgroup whose Lie algebra ¢ contains a maximal solvable Lie subalgebra b of the
Lie algebra g of G. If Gy is a real form of G, i.e. a connected real Lie subgroup
of Go with Lie algebra go such that g=go®igo, then Go has finitely many orbits
in X. In particular, there are open orbits and a minimal orbit M which is compact
(see [39]). The structures of the orbits only depend on the Lie algebras involved,
and are therefore completely determined by the pairs (go, q), which are called CR
algebras, consisting of the Lie algebra of the real form G and of the Lie algebra of
the parabolic subgroup Q.

The embedding of M in X defines a CR structure on M. The minimal orbits are
classified by their cross-marked Satake diagrams. A complete list of these diagrams
is given e.g. in the appendix to [4]. Many properties of the minimal orbits are read
off from these diagrams: minimality is equivalent to the fact that the corresponding
CR algebra (go, q) is fundamental and is described by [4, Theorem 9.3]. In [4, Sec-
tion 13] all essentially pseudoconcave minimal orbits are classified in terms of their
associated diagrams. Since essential pseudoconcavity (see [20]) implies (5.3), all
these orbits are at every point CR-hypoelliptic and therefore have the holomorphic
extension property by Theorem1.4. Globally defined CR functions on this class of
CR manifolds and their properties were considered in [1].

We give below some more explicit examples to illustrate this application.
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Let X be the complex flag manifold consisting of the flags
01 Cl3C - Clog—1 Clogy2 C -+ Clag— c C*,

where k is an integer > 2 and ¢; is a C-linear subspace of dimension i of C* . LetM
be the minimal orbit for the action of the group SU(2k, 2k) of complex 4k x 4k ma-
trices that leave invariant a Hermitian symmetric form of signature (2k, 2k). Then
M has CR dimension 2k and CR codimension 8k> — 6k — 1 and we need 2k com-
mutators of S#(M) to span T M (these numbers were computed in [28]). However,
M is minimal and essentially pseudoconcave and therefore is CR-hypoelliptic and
has the holomorphic extension property at all points.

Another example is the minimal orbit of the special group Go of type Eel 11
corresponding to the cross-marked Satake diagram

L —

O O —0
X

>

/)
X

O—¢

It corresponds to a CR manifold of CR dimension 4 and CR codimension 25, with 6
commutations needed to span 7'M from SZ°(M). This is also essentially pseudocon-
cave and therefore is CR-hypoelliptic and has the holomorphic extension property
at each point.
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