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1. Introduction

The Riemannian symmetric spaces play an important role in different branches of math-
ematics. By definition, a (connected) Riemannian manifold M is called symmetric if, to every
a € M, there exists an involutory isometric diffeomorphism s,: M — M having a as isolated
fixed point in M (or equivalently, if the differential dgs, is the negative identity on the the
tangent space T, = T,M of M at a). In case such a transformation s, exists for a € M, it is
uniquely determined and is the geodesic reflection of M about the point a. As a consequence,
for every Riemannian symmetric space M, the group G = G generated by all symmetries s,
a € M, is a Lie group acting transitively on M. In particular, M can be identified with the
homogeneous space G/K for some compact subgroup K C G. Using the elaborate theory of Lie
groups and Lie algebras E. CARTAN classified all Riemannian symmetric spaces.

The complex analogues of the Riemannian symmetric spaces are the Hermitian symmetric
spaces. By definition a Hermitian symmetric space is a Riemannian symmetric space M together
with an almost complex structure on M such that the metric is Hermitian and such that every
symmetry s, is holomorphic (i.e. satisfies the Cauchy-Riemann partial differential equations with
respect to the almost complex structure). Also all Hermitian symmetric spaces were completely
classified by E. CARTAN. In particular, every Hermitian symmetric space M can be written in a
unique way as an orthogonal direct product M = M, x My x M_ of Hermitian symmetric spaces
M. with holomorphic curvature of sign € everywhere (possibly of dimension 0, i.e. a single point).
M, is a compact simply connected complex manifold, M_ is a bounded domain in some C" and
My can be realized as the flat space C™ /€ for some discrete subgroup @ C C™. In particular,
the almost complex structure of M is integrable. Furthermore, there exists a remarkable duality
between symmetric spaces which for instance gives a one-to-one correspondence between those
of compact type (i.e. M = M, ) and those of non-compact type (i.e. M = M_), see [14] for
details.

A joint generalization of real smooth as well of complex manifolds are the Cauchy-Riemann
manifolds (CR-manifolds for short) or, more generally, the CR-spaces, where the integrability
condition is dropped and thus also arbitrary almost complex manifolds are incorporated. These
objects are smooth manifolds M such that at every point a € M the Cauchy-Riemann equations
only apply in the direction of a certain linear subspace H, C T, of the tangent space to M, see
f.i. [9] or section 2 for details. The tangent space T is an IR-linear space while H,, also called
the holomorphic tangent space at a € M, is a C-linear space. The two extremal cases H, = 0
and H, =T, for all a € M represent the two cases of smooth and of almost complex manifolds
respectively.

The main objective of this paper is to generalize the notion of symmetry to the category
of CR-spaces. It turns out that for symmetries in this more general context the requirement of
isolated fixed points is no longer adequate. In fact, this would happen only for Levi-flat CR-
spaces (see Proposition 3.8) and hence would not be interesting. Let us illustrate our concept
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on a simple example (compare also section 4). Consider E:= C", n > 1, with the standard
inner product as a complex Hilbert space and denote by S:= {z € E : ||z]| = 1} the euclidean
unit sphere with Riemannian metric induced from E. Then M is symmetric when considered as
Riemannian manifold. But S also has a canonical structure of a CR-manifold — define for every
a € S the holomorphic tangent space H, to be the maximal complex subspace of F contained
in T,S C E, i.e. the complex orthogonal complement of a in . Then T, is the orthogonal sum
H, @ ilRa. It can be seen that for every isometric CR-diffeomorphism ¢ of S, the differential
dgp is the identity on iIRa as soon as it is the negative identity on H,, i.e. there does not
exist a CR-symmetry of S at a in the strict sense. On the other hand, the unitary reflection
Sq(2):= 2(a|z) — z defines an involutory isometric CR-diffeomorphism of S with differential at
a being the negative identity on H,. We call this the symmetry of the CR-manifold S at a and
take it as a guideline for our general definition 3.5.

Among all symmetric CR-manifolds we distinguish a large subclass generalizing the above
example. This class consists of the Shilov boundaries S of bounded symmetric domains D C
C" in their circular convex realizations (Theorem 8.5). A remarkable feature of these CR-
submanifolds is the fact that various geometric and analytic constructions, hard to calculate
in general, can be obtained here in very explicit forms. We illustrate this on the case of polyno-
mial and rational convex hulls.

Recall that the polynomial (resp. rational) convex hull of a compact subset K C C" is
the set of all z € C" such that |f(z)| < supg |f| for every polynomial f (resp. every rational
function f holomorphic on K). If K is a connected real-analytic curve, p(K)\K is a complex
analytic subset of C"\ K, due to J. WERMER [28], where p(K) denotes the polynomial convex
hull. Later, the analyticity of p(K)\K was proved by H. ALEXANDER [1], [2] for compact sets
of finite length and recently by T.C.DiNH [13] for rectifiable closed (1,1)-currents under very
weak assumptions (see also E. BISHOP [§], G. STOLZENBERG [24] and M.G. LAWRENCE]18] for
related results). On the other hand, if K is not a smooth submanifold, p(K)\K is not analytic
in general (see e.g. G. STOLZENBERG [23] or J. WERMER [29]).

In the present paper we calculate the polynomial and the rational convex hulls of S, where
S C 0D is a Shilov boundary as above (see Corollary 8.17). Here it turns out that p(S)\S is
not necessarily analytic but rather a submanifold with “real-analytic corners”, even though S
itself is a connected real-analytic submanifold. Similar is the behaviour of the rational convex
hull of S. Both hulls are canonically stratified into real-analytic CR-submanifolds such that the
(unique) stratum of the highest dimension is complex for the polynomial and Levi-flat for the
rational convex hull.

The paper is organized as follows. Preliminaries on CR-spaces are given in section 2. In
section 3 we introduce symmetric CR-spaces and establish their main properties: The uniqueness
of symmetries and the transitivity of the spanned group. Example 3.11 (a generalized Heisen-
berg group) shows that there exist symmetric CR-manifolds M of arbitrary CR-dimension and
arbitrary CR-codimension having arbitrary Levi form at a given point.

In section 4 we study more intensively the unit sphere S in the complex space C", some
symmetric domains in S and their coverings. In particular, we obtain uncountable families of
pairwise non-isomorphic symmetric CR-manifolds (see Example 4.5). In section 5 we associate
to every symmetric CR-space M a canonical fibration and discuss the situation when the base
is a symmetric CR-space itself. In fact, every symmetric CR-space can be obtained in this way.
As mentioned above, the underlined CR-structure of a symmetric CR-space does not need to be
integrable. In section 6 we give a construction principle for symmetric CR-spaces in terms of Lie
groups and illustrate this with various examples. In section 7 we give Lie theoretic conditions
for M to be embeddable into a complex manifold. We show by an example (see 7.4) that this in
general is not possible — in contrast to the case of Hermitian symmetric spaces.

Finally, in section 8, we consider symmetric CR-manifolds arising from bounded symmetric
domains D C C™. To be a little more specific, we assume without loss of generality that D is
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realized as bounded circular convex domain in C". Then it is known that the Shilov boundary
S C 0D of D (which coincides here with the set of all extreme points of the convex set D)
is an orbit of the group Aut(D) of all biholomorphic automorphisms of D. Furthermore, every
maximal compact subgroup K of Aut(D) still acts transitively on S, and, with respect to a
suitable K-invariant Hermitian metric, S is a symmetric CR-manifold. Our main result states:
In case D does not have a factor of tube type, (i) every smooth CR-function on S extends
to a continuous function on D holomorphic on D, and (ii) the group Autcgr(S) of all smooth
CR-diffeomorphisms of S coincides with the group Aut(D).

Notation. For every vector space F over the base field IK = IR or IK = € we denote by L(F) the
space of all IK-linear endomorphisms of £ and by GL(E) C L(E) the subgroup of all invertible
operators. More generally, for every total subset S C E put GL(S):= {g € GL(E) : g(S) = S}
and denote by Aff(S) the group of all affine transformations of E mapping S onto itself.

IK™*™ is the IK-Hilbert space of all n x m-matrices over IK (n = row-index) with the inner
product (u|v) = tr(u*v) and u* = € IK™*" the adjoint.

By a complex structure we always understand a linear operator J on a real vector space with
J? = —id. If misunderstanding is unlikely we simply write iz instead of J(x).

For complex vector spaces U, V, W a sesqui-linear map ®:U x V — W is always understood to
be conjugate linear in the first and complex linear in the second variable.

With U(n), O(n), Sp(n) etc. we denote the unitary, orthogonal and symplectic groups (see [14]
for related groups). In particular, we put T := U(1) = exp(ilR) and IR": = exp(IR). For every
topological group G we denote by GV the connected identity component. A continuous action of
G on a locally compact space M is called proper if the mapping G x M — M x M defined by
(g,a) — (g(a),a) is proper, i.e. pre-images of compact sets are compact.

For every set S and every map 0:S — S we denote by Fix(c):= {s € §: o(s) = s} the set of all
fixed points.

For Lie groups G, H etc., the corresponding Lie algebras are denoted by small Gothic letters g,
b etc. For linear subspaces m,n C g we denote by [m,n| always the linear span of all [z, y] with
rem,yeEn.

2. Preliminaries

Suppose that M is a connected smooth manifold of (finite real) dimension n. Denote by
T,.=T,M, a € M, the tangent space which is a real vector space of dimension n. An almost
Cauchy-Riemann structure (almost CR-structure for short) on M assigns to every a € M a linear
subspace H, = H,M C T, (called the holomorphic tangent space to M at a) together with a
complex structure on H, in such a way that H, and the complex structure depend smoothly on
a. Smooth dependence can be expressed in the following way: Every point of M admits an open
neighbourhood U C M together with a linear endomorphism j, of T, for every a € U such that
—3j2 is a projection onto H, with j,v = iv for allv € H,, and j, depending smoothly on a € U.
Then, in particular, all H, have the same dimension. A connected smooth manifold together
with an almost CR-structure on it is called in the sequel an almost CR-manifold, or a CR-space
for short. For more details on (almost) CR-manifolds see e.g. [5], [9], [12], [15], [25].

In the following M always denotes a CR-space. Denote by U = U (M) the Lie algebra of all
smooth vector fields on M and by $ = (M) the subspace of all vector fields X with X, € H,
for all a € M. Then, for all a € M, $H,:= {X, : X € H} = H, holds and (JX), = i(X,)
canonically defines a complex structure J on . Define inductively
(2.1) aF=nk 1 4+ [ﬁ,ﬁk_l], where $':=9H and $’:=0 for j <O0.

Then [, H°] C $H™F¢ holds for all integers 7, s and H>°: = Uk 9% is the Lie subalgebra of U
generated by £. Also, we call the quotient vector spaces

T,:=T,/H, and T, :=T,/9°
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the real and the totally real part of T,. The complex dimension of H, and the real dimension of
T7 do not depend on a € M - they are called the CR-dimension and the CR-codimension of M.
Finally, M is called minimal (in the sense of TUMANOV [26]) if U = N holds for every domain
U C M and every closed smooth submanifold N C U with H,M C T,N for all a € N. It is
known that in case M is real-analytic (all CR-spaces we discuss later will have this property,
see 3.7) minimality is equivalent to 7" = 0 for all a € M, i.e. to the finite type in the sense
of BLOOM-GRAHAM [7]. M is called totally real if M has CR-dimension 0. The CR-spaces of
CR-codimension 0, i.e. satisfying H,M = T, M, are also called almost complex manifolds.

The CR-spaces form a category in a natural way. By definition, a smooth map ¢: M — N
of CR-spaces is called a CR-map if, for every a € M and b = ¢(a) € N, the differential
dop: To M — Ty, N maps H,M complex linearly into H,N. For every M we denote by Aut(M)
or Autcr(M) the group of all CR-diffeomorphisms ¢: M — M and endow this group with the
compact open topology.

Suppose, N is a CR-space and M C N is a submanifold. We call M a CR-subspace of
N if the dimension of H,M:= (T,M N H,N) N i(T,M N H,N) does not depend on a € M.
Then M is a CR-space with the induced CR-structure. A CR-space M is called integrable or a
CR-manifold if the following integrability condition is satisfied:

(22) Z:=[JX,Y]|+[X,JY]€$ and JZ=[JX,JY]-[X,Y] forall X,Y €.

In the special case, where M is real-analytic (which includes that the holomorphic tangent space
H,M depends in a real-analytic way on a € M) it is known (compare f.i. [5] or [9]) that (2.2) is
equivalent to the existence of local realizations of M as a CR-submanifold of some C". In that

case there even exist a complex manifold N and a (global) realization of M as a real-analytic
CR-submanifold of N which is generic, i.e. T,M + i{T,M = T, N for all a € M (see [3]).

An important invariant of a CR-space M is the so-called Levi form defined at every point
a € M in the following way. Denote by 7,: T, — T,/H, the canonical projection. Then it is easy
to see that there exists a map

wa:Hy X Hy — Ty /H, with w,(X,,Ys) =7 ([X,Y],) forall XY e

(in the proof of Proposition 3.3 a more general satement actually will be shown). Then w, is
IR-bilinear and skew-symmetric. For all €, p = 1, there exist uniquely determined IR-bilinear
maps

wit H, x Hy, — (T,/H,) @r C  with  wi#(sz,ty) = sTtFwiF(z,y)

for all s,t € T, z,y € H, such that w, = > weH.

2.3 Definition. The sesqui-linear part L,: = w, ! of w, is called the Levi form of M at a, i.e.

4 Lo(2,y) = (wa(@,y) + waliz,iy)) + i(wq(iz,y) — walw,iy))

and in particular 2L,(z,z) = iwe(iz,z) € i(T,/H,) for all x,y € H,. The convex hull of
{Lu(z,z) : x € H,} is called the Levi cone at a € M and its interior always refers to the linear
space i(T,/H,). The CR-space M is called Levi flat if L, = 0 holds for every a € M.

Denote by * the conjugation of (T, /H,) @R C given by ({+in)*: = (=§+in) for all {,n € T,/H,.
The following statement is obvious.

8

2.4 Lemma. The Levi form L, is *-Hermitian, that is, Lq(
In the case, the integrability condition (2.2) holds, we have w

,y) = Lo(y,z)* for all x,y € H,.
bt =w 71 =0 and

Q

2L4(z,y) = wal(z,y) +iw,(iz,y). O

Various authors call —2iL, the Levi form. In [9] L = L, is called the extrinsic Levi form.
If M is a CR~subspace of a complex manifold U, (T,/H,) ®r C can be canonically identified
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with a complex subspace of T,U/H,M. Then, for every x € H, the vector L(z,z) € iT,/H, is
transversal to M and points into the ‘pseudoconvex direction’ of M. BOGGES and POLKING [10]
proved that all CR-functions on M extend holomorphically to a wedge in U ‘in the direction
of the Levi form’. This was generalized by TUMANOV [26] to the case M is minimal, whereas
BAOUENDI and ROTHSCHILD [6] proved the necessity of the minimality condition.

Let us illustrate the Levi form at a simple example: Let M: = {(z,w) € C? : 2Z+ww = 1}
be the euclidean sphere and put a:= (1,0), e:= (0,1). Then M is a CR-submanifold with
T.M = ilRa ® Ce and H,M = Ce. We identify (T,M/H,M) ®r C in the obvious way with
the complex line Ca C €2. Consider the vector field X € § defined by X (zqw) = (=0, %) for all
(z,w) € M. Then [JX, X], = 2ia = w,(ie,e) and hence L,(e,e) = —a. This vector points from
a € M into the interior of the sphere M.

For the rest of the section assume that on M there is given a Riemannian metric, i.e.
every tangent space Ty, is a real Hilbert space with respect to an inner product (u|v), depending
smoothly on a € M. Then we call M an Hermitian CR-space if the metric is compatible with the
CR-structure in the sense that |[iv|| = ||v| holds for all a € M, v € H,, where |jv]| = y/(v,v). In
particular, every H, is a complex Hilbert space. If the CR-structure of a Hermitian CR-space M
is integrable, we call M an Hermitian CR-manifold. In the case of vanishing CR~codimension,
i.e. HoM =T, M, Hermitian CR-spaces are usually called Hermitian manifolds.

For every a € M and every integer k > 0, let $* be as in (2.1) and let H* C T, be the
orthogonal complement of %=1 in §%. Then H? = 0 and H! = H, is the holomorphic tangent
space in a. If we denote by H, ! = T"" the orthogonal complement of $5° in T, we obtain the
following orthogonal decomposition

(2.5) T.= P HE.

E>—1

Denote by ¢ € £(T},) the orthogonal projection onto H¥. Then a ~— 7* defines a (not necessarily
continuous) tensor field 7% of type (1,1) on M. For later use we define

(2.6) T = @Hff and T;::@Hff.
k even k odd

The Hermitian CR-spaces form a category together with the contractive CR-mappings as
morphisms (i.e. ||d,p@)| < ||v|| for all a € M, v € T,M). We always denote by In; C Autcr (M)
the closed subgroup of all isometric CR-diffeomorphisms. Then it is known that Ip; is a Lie
group acting smoothly and properly on M. In particular, Ij; has dimension < n(n+2)+ m(m+
1)/2, where M has CR-dimension n and CR-codimension m. The full CR~-automorphism group
Autcr(M) can be infinite-dimensional. In case of vanishing CR-dimension we have the full sub-
category of (connected) Riemannian manifolds and in case of vanishing CR-codimension we have
the full sub-category of Hermitian manifolds. In both sub-categories there exists the classical
notion of a symmetric space. In the following we want to extend this concept to arbitrary
Hermitian CR-spaces.

3. Symmetric CR-spaces.

3.1 Definition. Let M be an Hermitian CR-space and let o: M — M be an isometric CR-
diffeomorphism. Then o is called a symmetry at the point a € M (and a is called a symmetry
point of M) if a is a (not necessarily isolated) fixed point of ¢ and if the differential of o at a
coincides with the negative identity on the subspace H, '® H! of T,.

3.2 Proposition. At every point of M there exists at most one symmetry. Furthermore, every
symmetry is involutive.

The statement is an easy consequence of the following.
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3.3 Uniqueness Theorem. Let p,v be isometric CR-diffeomorphisms of the Hermitian CR-
space M with p(a) = ¢(a) for some a € M. Then ¢ = 1 holds if the differentials d, and dg,v
coincide on the subspace H; '@ H} of T, = T, M.

Proof. Without loss of generality we may assume that ) is the identity transformation of M.
Then a is a fixed point of ¢ and by a well known fact (compare f.i. [14] p. 62) we only have to
show that the differential A\: = d,¢ is the identity on T,. Now A(X,) = (7X), holds for every
vector field X € U, where 7 is the Lie automorphism of 2 induced by ¢. For all r,s > 0 and
k:=r+ s, every smooth function f on M and all X € ", Y € 9° the formula

™ ([fX.Y]a) = f@-7F([X,Y].)

is easily derived, where the orthogonal projection 7% is defined as above. On the other hand,
every X € " with X, = 0 can be written as finite sum X = Xo + f1X1 + - + fin X, with
Xo€H !, X1,...,X,, €9 and smooth functions fi,..., f,, on M vanishing in a. Therefore,
7% ([X,Y],) only depends on the vectors 7% (X,) and 75(Y,) for X € ", Y € H°.

Since A is an isometry of T, and 7 leaves invariant all subspaces $* C U also all H¥ must be
left invariant by A\. We show by induction on k that actually A is the identity on every H¥. For
k < 1 this follows from the assumptions. For k > 1, fix X € §, Y € $*~! and consider the
vector v: = ¥ ([X,Y],) € H¥. By induction hypothesis we then have (71X), = X,, (7Y), =Y,
and hence

Aw) =15 (AW) = 75 (71X, Y])a) = 75 (71X, 7Y ]a) = 75 (X, Y]a) = 0. O

3.4 Remark. The proof of Proposition 3.3 shows that for every symmetry o of M at a the
differential A\ = d,o satisfies A(v) = (=1)Fv for every v € HF and every k > —1, ie. A =
Yr(—1)*7k, or equivalently, Fix(£\) = T:F. m
3.5 Definition. A connected Hermitian CR-space M is called symmetric (or an SCR-space for
short) if every a € M is a symmetry point. The corresponding symmetry at a is denoted by s,.
i

In the sequel we adopt the following notation: For a given SCR-space M we denote as in
section 2 by I = I; the Lie group of all isometric CR-diffeomorphisms of M. Let G = G be
the closed subgroup of I generated by all symmetries s,, a € M. Fix a base point o € M and
denote by K:= {g € G : glo) = o} the isotropy subgroup at o.

3.6 Proposition. G is a Lie group acting transitively and properly on M. The connected
identity component G° of G has index < 2 in G and coincides with the closed subgroup of I,
generated by all transformations s, o s, with a,b € M. The isotropy subgroup K is compact
and M can be canonically identified with the homogeneous manifold G/K via g(o) — gK. M is
compact if and only if G is a compact Lie group.

Proof. There exists an open subset U # () of M such that for every k > —1 the dimension of H*
does not depend on a € U. Therefore, every tensor field 7% is smooth over U, i.e. the orthogonal
decomposition (2.5) depends smoothly on a as long as a stays in U. We may assume without loss
of generality that for a fixed ¢ > 0 and every a € U, the exponential mapping Exp, is defined
on the open ball B, of radius € about the origin in 7}, and that Exp, is a diffeomorphism from
B, onto a neighbourhood N, C M of a. Every isometric diffeomorphism ¢ € I, is linear in
local normal coordinates, more precisely, for every a € U with ¢: = p(a) € U, the diagram

B, ¥

EXpal l Exp,
@

N, —— N,

B.

commutes. Since dy s, = Y., (—1)*7" depends smoothly on a € U and since G consists of
isometries this implies the smoothness of the mapping U x U — M defined by (a,b) — s,(b).
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Now fix u € U and denote by A:= G(u) the orbit of u under the group G. Then A is a closed
smooth submanifold of M since G acts properly on M. Fix a € A and v € T, M arbitrarily.
Choose a smooth curve ~:[0,1] — U with v(0) = a and 7/(0) = v. Then «(t) = s, (a) defines
a smooth curve in A with a(0) = a and o/(0) = 2v. This proves T, M C T,A and hence
T M C T.A for all c € A since a € A was arbitrarily chosen. Now fix a vector w € T,;” M. Then
there exist smooth vector fields X!,..., X% on M such that XJ € T, M for all 1 < j < 2k,
¢ € A and such that w = Z?Zl[Xj,Xk“]a. But we know already that all X7’s are tangent to
the submanifold A C M, i.e. all their brackets are tangent to A and therefore w € T, A. This
implies T,A =T, M and A = M since A is closed in M. Therefore G acts transitively on M.

The proof of Proposition 3.6 shows that an Hermitian CR-space M is already symmetric
as soon as the set of symmetry points of M has an interior point in M. The transitivity of the
G-action has several consequences.

3.7 Corollary. Every SCR-space M has a unique structure of a real-analytic CR-manifold in
such a way that every isometric diffeomorphism of M is real-analytic. All tensors 7% are real-
analytic on M and also the mapping a — s, from M to G is real-analytic. In particular, the
dimension of H¥ C T, does not depend on a € M for every k. o

In the following we will always consider SCR-spaces as real-analytic manifolds according
to 3.7. The number k = k(M): = max{k > —1: H¥ # 0} does not depend on a € M. Example
7.5 will show that arbitrary values of k # 0 occur. C"x IR is a Levi flat CR-submanifold of
C"™*™ and as another corollary of 3.6 we have:

3.8 Proposition. Let M be a symmetric CR-space with CR-dimension n and CR-codimension
m. Then for every a € M the following conditions are equivalent.
(i) a is an isolated fixed point of the the symmetry s,.
(ii) M is Levi flat.
(iii) M is locally CR-isomorphic to an open subset of C"xIR™. In particular, M is a CR-
manifold.

Proof. (i) = (ii). The differential d,s, is the identity on the subspace H2 C T, due to Remark
3.4. Therefore, if a is isolated in Fix(s,), we have H2 = 0 and hence L, = 0. By homogeneity
then the Levi form vanishes at every point of M, i.e. M is Levi flat.
(ii) = (iil). Suppose that M is Levi flat. Then the holomorphic tangent spaces form an involu-
tive distribution on M and define a foliation of M. Let N be the leaf through a, i.e. the maximal
connected immersed smooth submanifold N of M with T.N = H.M for all c € N. Then N is
an Hermitian almost complex manifold in the leaf topology invariant under every symmetry s,
¢ € N. Therefore, N is an Hermitian symmetric space and in particular a complex manifold, see
[14]. But M locally is CR-isomorphic to a direct product U x V, where U C N and V C IR™
are open subsets.
(iii) = (i). Condition (iii) implies H, ! ® H! = T, and hence d,s, = —id, i.e. a is an isolated
fixed point of s,. O
Every SCR-space M may be considered as a reflection space in the sense of [19], i.e. if a
‘multiplication’ on M is defined by x-y: = s,y for all x,y € M, the following rules hold: z-x = x,
z-(x-y)=y and x-(y-2) = (x-y)-(v-2) for all x,y,z € M. The SCR-spaces form in various
ways a category. We prefer here the following notion (ignoring the Riemannian metrics on M
and N):

3.9 Definition. A CR-map ¢: M — N is called an SCR-map, if p(z - y) = ¢@) - ¢(y) for all
z,y € M.

If v in addition is contractive we also call it a metric SCR-map. In this sense it is clear what
(metric, isometric) SCR-isomorphisms, SCR-automorphisms are. For instance, Gj; consists of
isometric SCR-automorphisms of M. Also, the universal covering 7: M — M of an SCR-space M
has a unique structure of an SCR-space such that locally 7 is an isometric CR-diffeomorphism.

The following statement can be used to construct SCR-spaces.
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3.10 Lemma. Let M be a connected Hermitian CR-space with a base point o and let H C I
be a subgroup acting transitively on M. Suppose that o: M — M is a diffeomorphism with
0(0) = 0 and 02 = id such that the following conditions are satisfied:

(i) coH =Hoo,

(i) the differential d,o € L(T,M) is a linear isometry with (H,M ©T)"M) C Fix(—d,0).
Then o is a symmetry of M.
Proof. Fix a € M and choose g,h € H with g(a) = 0 and ¢ = h o ¢ o g. The claim follows
from the identity d,o = doh o d,o o d,g. O

3.11 Example. Let E, F' be complex Hilbert spaces of finite dimension. Suppose that w — w*
is a conjugation of F' (i.e. a conjugate linear, involutive isometry of F) and let ®: E x E — F be
an Hermitian mapping with respect to the conjugation * (i.e. ® is sesqui-linear and ®(v,u) =
O (u,v)* for all u,v € E). Set

Vi={we F:w+w" =0} and M:={(z,w) e E®F :w+w" =®(z,2)}.
Then M is a CR-submanifold of £ & F with

ToM ={(z,w) e E® F : w+w" = ®(e, z) + P(z,¢e)}
H,M ={(z,w) e E®F :w = ®(e, 2)}

for every a = (e,c) € M. The group
A= {(z,w) = (z+ e,w+ (e, 2) + Pe,e)/2+v):e € BE,v €V}

acts transitively and freely on M by affine CR-diffeomorphisms. Therefore M has a group
structure, a generalization of the Heisenberg group. For o:= (0,0) € M, there exists a unique
A-invariant Riemannian metric on M such that T,M = E®V is the orthogonal sum of E and V.
By Lemma 3.10, M is a symmetric CR-manifold — for every a = (e,c) € M, the corresponding
symmetry s, is given by (z,w) — (2e — z,w + ®(2e,e — z)) and Gy = AU s,A, G, = A. The
full group Autcr (M) does not act properly on M since it contains all transformations of the
form (z,w) — (tz,ttw), t € C*.

For every £ € E, the vector field X on E® F defined by X, ., = (£, ®(2,§)) satisfies X, € H,M
for all @ € M. From this it is easily derived that the Levi form L, at o € M as defined in
(2.3) coincides with the Hermitian map ®: E' x £ — F after the identification H,M = E and
(T,M/H,M) @R C = F. i

The next statement will be used later.
3.12 Lemma. Let E,V C F,M,®, A be as in Example 3.11. Assume that ® is non-degenerate
in the following sense: For every e € E with e # 0 there exists ¢ € E with ®(e,c) # 0. Then
Aff(M) = Ax GL(M) and

GL(M) ={(nxe) € GL(E) x GL(V) : ®(nz,nz) =eP(z,2) forall ze E}.

Furthermore, the group Ip; of all isometric CR-diffeomorphisms of M is given by

Ing = Ax T C Aff(M), where TI':= {(nx¢e) € GL(M) : n unitary, € orthogonal} .

Proof. Let us start with an arbitrary real-analytic CR-diffeomorphism ¢ of M satisfying
©(0) = 0. Then ¢ extends to a holomorphichic map ¢: U — E @ F for a suitable open connected
neighbourhood U of M in E @& F (see e.g. [5], §1.7). The differential g:= d,p € GL(E & F)
leaves H,M = E invariant and hence can be written as operator matrix g = (7%) € GL(E® F)
with a linear operator a: F' — E. Since also T,M = E @ V is invariant under g, the operator
¢ € GL(F) must leave invariant the subspace V C F, i.e. ¢ € GL(V') C GL(F') and, in particular,
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e(w*) = (ew)* for all w € F. There exist holomorphic functions h:U — E , f:U — F vanishing
of order > 2 at o such that

o(z,w) = (nz+aw+ h(z,w),cw + f(z,w))
for all (z,w) € M. For every z € E, v € V and
w=w(z,v):=v+ P(z,2)/2
we have (z,w) € M and hence
(%) e®(z,2) + f(z,w) + f(z,w)* = ®(nz + aw + h(z,w),nz + aw + h(z,w))

for all z € E and v € V. Comparing terms in (%) we derive € ®(z,z) = ®(nz,nz) for all z € E.
Now suppose that ¢ is affine, i.e. f = 0 and h = 0. Comparing terms in (x) again we get
®(aw,nz) =0 for all z € E and v € V. But then the non-degeneracy of ® implies av = 0 for all
v €V, ie. o = 0. This proves that the groups Aff(M) and GL(M) have the claimed forms.

Now suppose that ¢ € I is an isometry. Since there is a unique real-analytic structure on M
such that the Lie group Ip; acts as a real-analytic transformation group. Since the same holds
for the Lie subgroup A, these two structures must coincide, i.e. ¢ is real-analytic. Furthermore,
g = dyp is a linear isometry of E @V, i.e. g = (g g) with n unitary and e orthogonal. Together
with e ®(z,2) = ®(nz,nz) for all z € E this implies g € Iy and hence ¢ = g € GL(M) as a
consequence of the Uniqueness Theorem 3.3. O

For all CR-manifolds M in Example 3.11 with ® # 0 the group G is nilpotent of nilpotency
class 2 = k(M). For examples with nilpotent groups of higher class compare section 7. An explicit
example of class 3 with lowest possible dimension is the following.

3.13 Example. Set
M:={(z,w,v) € C? : Im(w) = 2%, Im(v) = Im (wz)} .

Then M is a CR-submanifold of €* with CR-dimension 1 and CR-codimension 2 and every
(a,b,c¢) € M induces an affine CR-automorphism of M by

(%) (z,w,v) — (24 a, w+2i@z+b, v+ (2i@° —b)z + (a+ 2a)w + ) .
Indeed, if we denote the right hand side of (%) by (z, w,v) then

Im(wz) = Im(wZ + 2izZa + zb + 2ia*z + aw + ab)
= Im(v + (w —W)a — bz + 2@’z +aw +¢) = Im(v).

An elementary calculation shows that the transformations (x) form a nilpotent Lie group G°
acting freely and transitively on M. In particular, M has the structure of a group with the
product (a,b,c) o (z,w,v): = (z,w,v) and the unit o: = (0,0,0). There is a unique G°-invariant
Riemannian metric on M whose restriction to the tangent space T,M = € & R? ¢ €3 is the
one inherited from €. The transformation s, : (z,w,v) — (—z,w,—v) is a symmetry at o by
Lemma 3.10. Hence M is a symmetric CR-manifold. It can be verified that I, = G = G°Us,G°
is the group of all CR-isometries. The action of Autcr (M) is not proper since this group contains
all transformations of the form (z,w,v) — (tz,t?w,t3v), t € R*.

The group Z of all translations (z,w,v) +— (z,w,v + ¢), ¢ € IR, is in the center of G° and M/Z
is CR-isomorphic to the classical Heisenberg group {(z,w) € €* : Im(w) = 2%z} that already
occurred in Example 3.11 in a slightly different form. O
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4. Some examples derived from the sphere

We start with the inclusion of the complex manifolds
(4.1) B, cC"cP,,

where B,,;:= B:= {z € C" : (z]z) < 1} is the euclidean ball and IP,, = IP,,(C) is the complex
projective space with homogeneous coordinates [zg, 21, ..., z,]. We identify every z € C™ with
the point [1, z] € IP,,. It is known that the group Aut(IP,,) of all biholomorphic automorphisms of
IP,, coincides with the group of all projective linear transformations PSL(n+1, C). Furthermore,

Aut(B) = {g € Aut(IlP,) : g(B) =B} = PSU(1,n).

The group Aut(IB) C Aut(IP,,) has three orbits in IP,, — the ball IB, the unit sphere S: = dIB and
the outer domain ID: = IP,,\IB. Actually, it is known that again

Aut(ID) = {g € Aut(IP,,) : g(ID) =D} = Aut(IB)

holds. The spaces IB,,, C™ and IP,, are symmetric Hermitian manifolds with constant holomorphic
sectional curvature < 0, = 0 and > 0 respectively. Also, IB,, and IP,, are dual to each other in
the sense of symmetric Hermitian manifolds.

4.2 Example. The unit sphere S = 0B = {z € C" : (z]z) = 1} is a CR-submanifold of C",
whose holomorphic tangent space at a € S is H, = {v € €C" : (aJv) = 0}. To avoid the totally
real case n = 1 let us assume for the rest of the section that always n > 1 holds. Then S is a
minimal CR-manifold. It is known (compare f.i. [27]) that for every pair U, V of domains in S and
every CR-diffeomorphism ¢: U — V there exists a biholomorphic transformation g € Aut(IP,,)
with ¢ = g|U. In particular this implies

Autcr(S) = {g € Aut(IP,,) : g(S) = S} = Aut(B)

and the maximal compact subgroups of Autcg(S) are in one-to-one correspondence to the points
of IB.

By restricting the flat Hermitian metric of C", the sphere S becomes an Hermitian CR-manifold.
The unitary group U(n) coincides with {g € Autcr(S) : g(0) = 0}, acts transitively on S by
isometric CR-diffeomorphisms and it is easy to see that actually Ip; = U(n) holds. Moreover,
z + 2(alz)a — z defines a symmetry at a € S and Gy = {g € U(n) : det(g) = (£1)""'}. The
group GV = SU(n) is simple whereas Iy = U(n) has center Z = T. For every closed subgroup
A C Z also S/A is an SCR-space with CR-dimension n — 1 in a natural way - for instance for
A = {£id} we get the real projective space IPs,_1(IR) and for A = Z the complex projective
space IP,,_1(C). m

The space of (projective) hyperplanes L C 1P, is again a complex projective space of
dimension n on which the group Autcr(S) C Aut(IP,) acts with three orbits. These consist
of all L meeting S in no, in precisely one and in more than one point respectively. Assume
LN S # ) in the following and consider the domain W:= S\L in S. Let 0 € W be the point
with the maximal distance from the hyperplane L N C". We will see that W has the structure
of a symmetric CR-manifold. We claim that there exists a CR-isomorphic model @ C C" of
W in such a way that @ is closed in C™ and such that every CR-diffeomorphism of @ is the
restriction of a complex affine transformation of C", that is Autcr(Q) = Aff(Q). Indeed, choose
a transformation g € Aut(IP,) with g(L) N C" = () and put Q:= g(W). We call Q an affine
model of W. Let us consider the two cases L NIB = () and L N 1B # () separately.

4.3 Example. Let U:= S\L for a hyperplane L with LNIB #£ (), say U = {z € S : 21 # 0} and
o= (1,0,...,0). The group Autcgr(U) acts transitively on U and has compact isotropy subgroup
U(n—1) at o. Therefore, U is a symmetric CR-manifold with

Iy :AUtCR(U) = U(l,n—l)
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and the symmetry p = s, at o is given by p(t,v) = (t,—v) for all (t,v) € €T~V An affine
model is

(4.4) Ri={ze€C": (pz]z) =1} = {(t,v) € CHT" ™V .47 — (v]v) = 1}

with (¢,v) — (1/t,v/t) a CR-diffeomorphism U — R. The universal covering R of R is again a
symmetric CR-manifold and can be realized via (s,v) — (exp (s),v) as (see also Example 3.12)

R={(s,v) € €TV exp(s +735) — (v]v) = 1}. 0

4.5 Example. Let V:= S\{a} for some point a € S, say a:= (0,...,0,1) and hence 0 = —a.
Then V is a cell in S and the Cayley transform (v,t) — (V2 (v/(1 —t), (1 +t)/(1 —1t)) for all

(v,t) € €D+ ¢ £ 1, defines a CR-diffeomorphism of V onto the affine model
N:={(v,t) € crr=b+ g4 7= (v|v)} .
This SCR-space occurs already in Example 3.11 and as a consequence of 3.12 we have
In = Gy x U(n—1) and Autcr(N) = Aff(N) = Gy x (R" x U(n-1)),

where the groups U(n—1) and IR" act on N by (v,t) — (ev,t) and (v, t) +— (sv, s>t) respectively.
Consider for every s € IRT, the central subgroup T'y:= {(v,t) + (v,t + ins) : n € Z} of Gy.
Then the quotient manifold Ny:= N/T'5 is an SCR-space diffeomorphic to €" x T. But since
the groups I's and 'z are not conjugate in Autcr (V) for s # § the manifolds N and N3 are not
isomorphic as CR-manifolds. We obtain a continuous family of symmetric CR-manifolds that
are pairwise non-isomorphic even in the category of CR-manifolds. |

In analogy to (4.1) we have inclusions
(4.6) Ucvcs.

But in contrast to (4.1) U is not ‘a bounded domain’ (meaning relatively compact) in the cell V.
In all three cases M = U, V, S, the center Z of I, is either T or IR and the quotient CR-manifold
M/Z is B,_1, C" ! and IP,,_; respectively. We call the symmetric CR-manifold R = U the
dual unit sphere in C" (compare also the discussion at the end of section 7). We remark that
the action of T on U given by scalar multiplication has as quotient the complex manifold €™ ~*
which is not biholomorphically equivalent to the bounded domain B,,_; = U/Z.

The group Gy is simple in case M = U, S and is nilpotent in case M = V. Also, the
isotropy subgroup K at a point o € M acts irreducibly on the tangent space T,M if M = U, S
and K is a finite group in the third case. In all three cases the group I; acts transitively on
the subbundle {v € H,M : a € M, |jv|]| = 1} of the tangent bundle TM. In particular, M is an
SCR-space of constant holomorphic sectional curvature.

5. A canonical fibration

Let again M be an SCR-space and let o € M be a fixed point, called base point in the
following. Let G = Gy and K = {g € G : g(0o) = o} be as before. Then s, is in the center of K
and o(g): = s,9s, defines an involutive group automorphism o of G. Therefore K is contained
in the closed subgroup Fix(c) C G. Let L be the smallest open subgroup of Fix(o) containing
K. Then s, is contained in the center of L and s, = s, for all a € L(o). Identify as before M
with the homogeneous space G/K and put N:= G/L. Then we have canonical fibre bundles

G MmN

defined by g — gK +— gL. The typical fibres are K for p and the connected homogeneous space
L/K for v. The following statement follows directly from the definition of o.
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5.1 Lemma. The fibration p satisfies gL o o = s, o (.

Because of Lemma 5.1, o can be seen as a lifting of s, via . On the other hand, s, can
be pushed forward via v:

5.2 Proposition. For every c € N, there exists a unique involutive diffeomorphism s.: N — N
such that vo s, = s.ov for all a € M with v(a) = c. The differential d,v has kernel T,” M
in T, M and hence induces a linear isomorphism from T, M onto T.N. Every s. has c as an
isolated fixed point. Furthermore, N is simply connected if M is simply connected.

Proof. Since the fibration v is G-equivariant we have to establish the map s. only for the
base point ¢ := v(0) of N. But then s. is given by gL — o(g)L since s, can be identified with
the map gK +— o(g)K of M. The tangent space T,F of the fiber F:= v~1(c) = L(o) at o is
T.;" M and hence is the kernel of the differential d,v. Consequently, the differential d.s. is the
negative identity on T.N and hence c¢ is an isolated fixed point of s.. Now suppose that M
is simply connected and denote by a: H — G° the universal covering group of G°. Then the
subgroup a1 (K NGY) of H is connected and hence by the construction of L also the subgroup
a~1(L N GY) is connected, i.e. N = G°/(L N G°) is simply connected. O

The manifold N in Proposition 5.2 together with all involutive diffeomorphisms s., c € N,
is a symmetric space in the sense of [20]. An interesting case occurs when N has the structure
of a symmetric CR-manifold in such a way that

(i) v is a CR-map and M, N have the same CR-dimension.
(ii) v is a partial isometry, i.e. the restriction of d,v to T, M is an isometry for every a € M.
(iii) s. is a symmetry at ¢ for every ¢ € N.

We say that the SCR-space M has symmetric reduction N if the properties (i) — (iii) are satisfied.
For every g € L and a = g(0) we have the commutative diagram

do®,
T-M —2% T-M

daul lday

d.v,
T.N T.N

where for better distinction we denote by ®, the diffeomorphism of M given by g and by
U, the corresponding diffeomorphism of N (that is, ®,(hK) = ghK and U (hL) = ghL ).
Put H.N:= d,v(H,M) and give it the complex structure for which d,v: H,M — H/N is a
complex linear ismorphism. Furthermore, endow T.N with the Riemannian metric for which
dov: T, M — T.N is an isometry. Then the existence of a G-invariant almost CR-structure
on N with property (i) is equivalent to the condition that all operators d.¥,, g € L, leave the
subspace H.N invariant and are complex linear there. In the same way, a G-invariant Riemannian
metric on N with property (ii) exists if and only every d .V, g € L, is an isometry of T, N. This
happens for instance (after possibly changing the metric of M) if the group L is compact, or
more generally, if the linear group {d.¥, : g € L} is compact.

We notice that as a consequence of Lemma 3.10, condition (iii) is automatically satisfied
if (i), (ii) hold. Also, in case that for the fibration v: M — N there exists a Riemannian metric
on N with the property (ii) and such that in addition every v-fibre is a symmetric Riemannian
manifold, the space M is a bisymmetric space in the sense of [16].

The following sufficient condition for the existence of a symmetric reduction is easily seen,
we leave the proof to the reader.

5.3 Lemma. Suppose that the subgroup {g € I : vog = v} acts transitively on some v-fibre.
Then this group acts transitively on every v-fibre and M has a symmetric reduction. |

Not every symmetric CR-space has a symmetric reduction. Consider for instance Example
3.13. Then L is the subgroup of all (0,b,0) € M with b € IR, and N:= G/L can be identified

with € x IR in such a way that v(z, w,v) = (z,Re(v) — 3Re(w)Re(z)). Furthermore, the action
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of L° on € x IR is given by (z,t) — (z,t — 4bRe(z)), b € IR. This implies that there cannot
exist any G-invariant Riemannian metric on N. Also, there is no CR-structure on N satisfying

property (i).

6. A construction principle

In this section we give a Lie theoretical construction of symmetric CR-spaces such that
every SCR-space can be obtained is this way. We start with an arbitrary connected Lie group
G together with an involutive group automorphism o of G°. Then there is a Lie group G with
connected identity component G° and an element s € G with G = G U sG° and o(g) = sgs
for all g. Let g be the Lie algebra of G and denote by 7: = Ad(s) the Lie algebra automorphism
of g induced by o (here and in the following Ad always refers to the group G). Put

(6.1) [:=Fix(7) and m:= Fix(—7)

Then [ is a Lie subalgebra of g and m is a Lie triple system, see [20]. For every g € Fix(o), the
decomposition g = [ @ m is invariant under Ad(g).
Now choose a compact subgroup K C Fix(c), an Ad(K)-invariant Riemannian metric on g and
a linear subspace h C m together with a complex structure J on b satisfying the following
properties:

(i) || Jx| = ||z| for all z € b.

(ii) K contains the element s.

(iii) Ad(g) leaves the subspace h invariant and commutes there with J for every g € K.
Notice that K = {s,e} with arbitrary h C m and arbitrary J always is an admissible choice.
Also, if the compact group K has been chosen, every closed subgroup of K containing s is again
an admissible choice.

Since K is compact there exists an Ad(K)-invariant decomposition [ = ¢@n, where £ is the
Lie algebra of K. With p: = n@®m therefore we get the Ad(K )-invariant decomposition g = ¢®p.
Consider the connected homogeneous G-manifold M:= G/K and declare o:= K € M as base
point. In the following we identify the tangent space T, M in the canonical way with the Hilbert
space p. Denote by ®, the diffeomorphism of M induced by g , that is

oM — M, hK+—— ghK,

(we do not require here that the G-action is effective, this could be easily achieved by reducing
out the kernel of ineffectivity from the beginning). Then for every g € K, the differential d,®, is
nothing but the restriction of Ad(g) to p and hence there exists a unique G-invariant almost CR-
structure with H,M = § and also a unique G-invariant Riemannian metric on M extending the
given Hilbert norm of T,M = p. In particular, s,: = @, is an involutive isometric diffeomorphism
of M with fixed point o. Clearly, s, is a symmetry of M at o if and only if H,; 1M C m, where
H,'M C T,M is the subspace defined in section 2. A more convenient condition for this is given
by the following statement.

6.2 Proposition. Let a and b be the Lie subalgebras of g generated by m and § respectively.
Then a = [m, m] @ m holds, a is an Ad(K)-invariant ideal of g and
(i) M is a minimal symmetric CR-manifold with symmetry s, at o if and only if g =€+ b.
(ii) In case s,: = @ is a symmetry of M at o, the weaker condition g = € + a holds.

Proof. First notice that [m,m] C [, [[[m] C m by (6.1) and hence that a = [m,m] & m holds.
Obviously, a is invariant under ad(l) as well as ad(m), i.e. a is an ideal in g. Now suppose that s,
is a symmetry of M at o. Then M is a symmetric CR-manifold by the transitivity of the group
G and g = £ + a follows as in the proof of Proposition 3.6. Now suppose that in addition that
M is minimal as an almost CR-manifold. Define inductively h*: = p*=1 4 [, h*~!] and §° = 0.
Then h*/h*~! is isomorphic to H¥M and g = & + h* for k sufficiently large, i.e. g = &+ b.
Conversely, suppose that g = € + b holds. Then M is minimal and the differential of sy is the
negative identity on h = H,M, i.e. s, is a symmetry at o. O
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As an illustration of the construction principle fix integers p,q > 0 with n:= p+¢q > 2
and set G:= SU(n). Then the corresponding Lie algebra g = su(n) is a real Hilbert subspace of
C™*". Write every g € C™*" in the form (Zg) with a, b, ¢, d matrices of sizes p X ¢,p X q,q X P,

q X q respectively and denote by o the automorphism of G defined by (ZS) — (fc_s). Fix a
closed subgroup K C F:= Fix(o) and put M:= G/K with base point 0:= K € M. Identify
T, M with the orthogonal complement p of £ in g and put H,M: = m:= {(28) € p} ~ CP*? with
complex structure defined by (S 8) — (_Oic iob). These data give a unique G-invariant Hermitian
metric and a unique G-invariant almost CR-structure on M with ¢K — o(g)K a symmetry at
0 € M. It is easily seen that m + [m, m] = g as well as the integrability condition (2.2) hold, i.e.
M is a compact minimal symmetric CR-manifold with symmetric reduction N:= G/L. Here
N is the Grassmannian G, , of all linear subspaces of dimension p in €™ and in particular is
a symmetric Hermitian space. If we replace G = SU(n) by the group G?: = SU(p, q) and define
o by the same formula, then L = Fix(o) remains unchanged and for every compact subgroup
K C L we get the two minimal symmetric CR-manifolds M = G/K and M%: = G%/K which we
call dual to each other. In particular, N%:= G¢/L is a bounded symmetric domain and is the
dual of the Grassmannian G, , in the sense of symmetric Hermitian spaces.

7. Integrability and complexifications

Assume that M is an arbitrary CR-space with base point o € M, not necessarily symmetric
to begin with. Assume that G is a Lie group acting smoothly and transitively on M by CR-
diffeomorphisms. Let K:= {g € G : g(o) = o} be the isotropy subgroup at o and denote by
£ C g the corresponding Lie algebras. Then the canonical map 0:g — T,M is surjective and
has £ as kernel. Choose a linear subspace h C g such that : ) — H,M is a linear isomorphism.
Then there is a unique complex structure J on h making 0|, complex linear. It is clear that
t®bh=0"1(H,M) does not depend on the choice of b.

Let g: = g®ig be the complexification of g and denote for linear subspaces of g its complex
linear span by the corresponding boldface letter, that is for instance a = a @ ¢a in case of a.
The complex structure J of h extends in a unique way to a complex linear endomorphism J of
h. Denote by h* the eigenspaces of J in b to the eigenvalues +i: hb* = {Jx + iz : = € h}. Put
[: =t P b~ for the following. This space does not depend on the choice of h. The composition of
the canonical maps h < b — h/h~ induces a complex linear isomorphism h = h/h~ = hT. As
a consequence, g/t — g/l realizes T,M = g/t as a linear subspace of the complex vector space
g/l in such a way that there H,M = T,M NiT,M holds. This property will be the key in the
proof of Proposition 7.3.

7.1 Proposition. The CR-structure of M is integrable if and only if | is a Lie algebra.

Proof. Let TM be the complexified tangent bundle of M and denote by U = U & Y the
complex Lie algebra of all smooth complexified vector fields on M, i.e. of all smooth sections
M — TM. Then R:= {X € U : X, = 0} is a complex Lie subalgebra of 23. The almost
CR-structure of M gives a complex subbundle H%'M c TM. Denote by $%! C 23 the linear
subspace of all vector fields of type (0,1), i.e. X, € H*M for all a € M. The integrability
conditon for M is equivalent to $%! being a Lie subalgebra of 23. The action of G on M
induces a Lie homomorphism g — U that uniquely extends to a complex linear homomorphism
p: g — Y. The assumption that G acts by CR-diffeomorphisms implies [go(g),f)o’l] c HOL
For £:= R+ H%! we have [ = p~1(£).

Now suppose that M is integrable. We claim that [ is a Lie algebra and consider arbitrary vector
fields X,Y € ¢(I). It is enough to show for Z:= [X,Y] that Z, € HY'M holds, i.e. that Z is
contained in £. Write X = X' + X", Y =Y’ +Y" with X", Y’ € & and X", Y" € $%!. Then
we have

(X', Y"=[X -X",Y"=[X,Y"] and hence

(%) Z = [X )Y+ [X"Y] = [X,Y']+[X".Y] =0 mod £.
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Conversely, suppose that [ is a Lie algebra. Since G acts transitively on M we have £ = &+ p(I).
We claim that M is integrable. Consider arbitrary vector fields X,Y € $%! and write X =
X' +X" Y=Y 4+Y" with X', Y € & and X", Y" € ¢(I). We have to show that Z:= [X,Y]
is contained in $H%!. Since G acts transitively on M and leaves $H°! invariant it is enough to
show that Z, € HY'M holds, i.e. that Z € £. But this follows as in (x). O

7.2 Corollary. Suppose that M in 7.1 is symmetric with G: = G ;. Then, if h C g is chosen
to be Ad(K)-invariant, M is integrable if and only if [h~,h~] C &

Proof. By the choice of h we have [¢,h] C h and hence [¢,57] C h~. The involution Ad(s,) of
g extends to a complex linear involution 7 of g with h C Fix(—7). Therefore, [ is a Lie algebra
if and only if the inclusion [h~,h~] C [ holds, that is [h~,h~] C INFix(r) = &. O

We remark that 7.1 and 7.2 remain valid for h* in place of h~.

7.3 Proposition. Let M = G/K be a homogeneous CR-manifold as in Proposition 7.1.
Suppose, there exist complex Lie groups L C G with Lie algebras | C g, where | and g = g @ ig
are as before. Suppose furthermore that G can be realized as real Lie subgroup G C G in such
a way that the corresponding injection g — @ is the canonical one and such that GL is locally
closed in G. Then, if LN G = K holds and if L is closed in G, gK — gL realizes M as a locally
closed generic CR-submanifold of the homogeneous complex manifold M:= G/L.

Proof. The assumptions guarantee that M is imbedded in M as a locally closed real-analytic
submanifold with H,M = T,M NiT,M in T,M . The result follows since M is a G-orbit in M.
O

In general, the CR-submanifold M is not closed in M. For instance, if M is a bounded
symmetric domain and G = Aut(M) is the biholomorphic automorphism group of M then
M can be chosen to be the corresponding compact dual symmetric Hermitian manifold which
contains M as an open subset. For the sphere M:= 0IB,, C C" and G = Autcr(M) we may
chose M = IP,,. On the other hand, for the same sphere M = 0IB,, but G = U(n) we may obtain
for M the domain C"\{0} in C™ — but also the Hopf manifold ®n\{0}/az for some complex
number « with |af > 1.

In the following we illustrate the statements 7.1 — 7.3 by various examples. Denote by o
the inner automorphism of C™*" given by (a;;) — ((=D"7a;;).

7.4 Example. On the contrary to symmetric Hermitian spaces, the CR-structure of a symmetric
CR-space does not need to be integrable. For n > 3 let M C C™*" be the nilpotent subgroup
of all unipotent lower triangular matrices, i.e. of all @ = (a;;) with a;; = 1 and a;; = 0 if
i < j. Then for the identity e € M, the tangent space T, M will be identified with the nilpotent
algebra g of all strictly lower triangular matrices. Denote by G the group generated by all left
multiplications with elements from M and denote the restriction of o to M by the same symbol.
Then G = G° U 0GP acts transitively on M and there exists a unique G-invariant Riemannian
metric on N which coincides on T, M with the one inherited from C™*™. Also there is a unique
G-invariant almost CR-structure on M with

HeM:h::{aeg:aijZO lfj#l‘i‘l}

and complex structure on b inherited from C™*". With this structure M is symmetric and
minimal. Because of [h~,h~] # 0 the CR-structure is not integrable. O

7.5 Example. Let n > d > 1 be fixed integers with d < n/2 and denote by g the space of all
matrices in C™"*" having the form (7.6). Also, denote by h C g the subspace of all matrices with
2z = a; = 0 for all £ > d and all j. A simple calculation shows that g is a real Lie subalgebra
of €™ ™ and that h generates g as Lie algebra. Identifying z = (z1,...,2q) € €% in the obvious
way with the corresponding matrix in h we get a complex structure J on h C Fix(—o). For all
x,y € b the identity [Jz,y| + [z, Jy] = 0 is easily verified. M: = exp(g) is a closed nilpotent
subgroup of GL(n,C) invariant under o. Precisely as in Example 7.4 M becomes a symmetric
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0
Z1 0
(651 Z1 0 O
(7 6) Zo —Q1 21 0
(D) Z9 a1 Z1 0
z3 — Qg Z9 -1 21 0

Example 7.5: All zj, arbitrary com-
plex numbers, all o, purely imaginary.

minimal CR-manifold. But this time [h~,h~] = 0 holds, that is, M is integrable. Furthermore,
k(M) =[(n—1)/(2d —1)] and M has CR~dimension d.

Proposition 7.3 gives a prescription for a generic embedding of M. Let G be the connected,
simply connected complex Lie group with Lie algebra g = g @ ¢g. Then exp: g — G is biholo-
morphic and in particular, L: = exp(h~) is a closed abelian complex subgroup of G — notice
that we have £ = 0 in this case. Now, M embeds in the canonical way into the complex manifold
M = G/L which is biholomorphic to the complex vector space g/h~. Easy for explicit calcula-
tions is the case n odd — then gNig = 0 holds in €™*" and we can realize the complexification
g within the complex Lie algebra C"™*". The commutative subalgebra h~ then consists of all
matrices obtained from 7.6 by keeping all Z1,Zo, ..., Z4 and replacing all other entries (including
all zx) by 0. For n = 3, d = 1 we find the realization

M= {(z,w) € C*: w+ W = 27}
which is the classical Heisenberg group, compare Example 3.11. For n = 5, d = 1 one can show
M =~ {(z,w,vl,vg,u) €eC®:w4+w=2%, v —Ty = 2%z —2)/6 + Wz,
u+T = ww + (201 + Zv1) + 2222/4}

which is a symmetric CR-manifold with CR-dimension 1, CR-codimension 4 and k(M) =
4, compare also Example 3.13. The symmetry at the origin is given by (z,w,vy,vs,u) +—
(—z,w, —v1, —vg, u). i

7.7 Example. Fix an integer k£ > 1 and consider in €? the connected CR-submanifold
M:={(s,v) € C*: |s]** — |v|* =1}

which is a k-fold cover of the symmetric CR-manifold R in Example 4.3 via the map (s,v) —
(s¥,v). Therefore also M is a symmetric CR-manifold and GY, is a k-fold covering group of
G% = SU(1,1) = SL(2,IR). Denote by g the Lie algebra of Gps. Then it is known that for
g = g @ ig there does not exist any complex Lie group G into which G admits an embedding
induced by the canonical injection g < g. Therefore the conclusion of Proposition 7.3 cannot
hold for this example.

The group GY, consists of all transformations

(s,0) — ((as® + bv)/* bs + av)

where a,b € C satisfy a@ — bb = 1. It follows that the action of Gj; does not extend to all of
C?. But it extends to the domain

D:={(s,v) € C?:ju] < sI"} = RTM

on which the group IR"xGY, acts transitively and freely. |
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8. CR-manifolds derived from bounded symmetric domains

Suppose that E is a complex vector space of dimension n and that D C F is a bounded
symmetric domain. Then Aut(D) is a semi-simple Lie group and at every point of D the cor-
responding isotropy subgroup is a maximal compact subgroup (see f.i. [14]). It is known that
there exists a complex norm ||-||s on E such that D can biholomorphically be realized as the
open unit ball

(8.1) D={z€FE: |zl <1}

with respect to this norm and that any two realizations of this type are linearly equivalent. In
this realization the isotropy subgroup at the origin is linear, i.e.

{g € Aut(D) : g(0) =0} = GL(D).

Moreover, GL(D) is compact. Therefore there exists a GL(D)-invariant complex Hilbert norm
||| on E that we fix for the sequel and hence consider FE as a complex Hilbert space in the
following. We will also always assume that D is given in the form (8.1). For shorter notation we
use for the whole section the abbreviation

I:=Aut(D)° and K:=GL(D)°.
As a generalization of 4.1 there exists a compact complex manifold ¢ with
(8.2) DcCcEcC@ and Aut(D)={ge€Aut(Q):g9(D)=D}.

@ is the dual of D in the sense of symmetric Hermitian manifolds and Aut(Q) is a complex Lie
group acting holomorphically and transitively on (). The domain F is open and dense in () and
the set Q\E of the ‘points at infinity’ is an analytic subset of @), but not a complex submanifold
in general.

The boundary 0D of D is smooth only in the very special case, where also |||« is a Hilbert
norm. Nevertheless, 0D is a finite union of I'-orbits, which are locally closed CR-submanifolds
of E. Every K-orbit M in D is an Hermitian CR-submanifold of F with respect to the metric
induced from F, where K acts by CR-isometries. We start with an orbit of a special nature:
Denote by S = S(D) the set of all extreme points of the closed convex set D. The following two
statements are well known, but will also be obvious from our discussion below.

8.3 Lemma. S is a connected generic CR-submanifold of E. Moreover, S is the only compact
I-orbit in D, consists of all e € D with K(e) = I'(e) and coincides with the Shilov boundary of
D. |

8.4 Lemma. The CR-submanifold S is totally real if and only if D is biholomorphically
equivalent to a ‘tube domain’ {z € C" : Re(z) € Q}, where Q C IR" is an open convex cone. In
this case D is said to be of tube type. O

A bounded symmetric domain D is called irreducible if it is not biholomorphically equiva-
lent to a direct product of complex manifolds of lower dimensions. This is known to be equivalent
to K C GL(E) acting irreducibly on E. There exists (up to order) a unique representation of D
as direct product D = D; X --- X Dy, where all D; are irreducible bounded symmetric domains
and are of the form D; = E; N D for linear subspaces F; C E/ with E' = E; @ --- @ Ej,. Also,
there exist direct product representations S(D) = S(D;) x - - - x S(Dy,) for the Shilov boundaries
and K = GL(D1)? x - -+ x GL(Dy)?. We call the D; the factors of D.

We are now able to formulate the main result of this section.

8.5 Theorem. Let D be a bounded symmetric domain. Then the Shilov boundary S of D is
a symmetric CR-manifold and the following conditions are equivalent.
(i) The Levi cone of S has non-empty interior at every point.
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(ii) S is a minimal CR-manifold.

(iii) Every smooth CR-function f on S has a unique holomorphic extension to D that has the
same smoothness degree on D as f.

(iV) Aut(D) = AutCR(S).

(v) D does not have a factor of tube type.

For the proof (8.16) we use the Jordan theoretic approach to bounded symmetric domains as
originated by KOECHER [17], for details in the following always compare [21]: There exists a
Jordan triple product E* — E, (z,y, z) — {xyz}, that contains the full structural information
of D. This triple product is symmetric bilinear in the outer variables (x, z), conjugate linear in
the inner variable y and satisfies certain algebraic and spectral properties. The group GL(D) of
all linear ||-||oo-isometries of E coincides with the group of all linear triple automorphisms, more
precisely
GL(D) = {g € GL(E) : g{wyz} = {9z gy gz} forall z,y,z€ E}.

An element e € F is called a tripotent if {eece} = e holds. The set Tri(E) of all tripotents
in E is a compact real-analytic submanifold of F and the group K acts transitively on every
connected component of Tri(E). Except for {0} every other connected component of Tri(E) has
positive dimension and is contained in dD. Tripotents may also be characterized geometrically
as ‘affine symmetry points’ of D in the following sense.

8.6 Proposition. The element a € D is a tripotent if and only if there exists an operator
o € GL(D) with
(i) o(a) = a,

(ii) o(v) = —v for all v € E with |ja+ tv|| <1 for all t € T.

We will postpone the proof of this criterion and fix a tripotent e € F for a moment. The triple
multiplication operator u = p, € L(F) defined by z — {eez} is Hermitian and splits F into an
orthogonal sum E = E © E; /o @ Ey of eigenspaces to the eigenvalues 1,1/2,0, called the Peirce
spaces of the tripotent e. The canonical projection Py: E — Fj maps D into itself and clearly is
a polynomial in g, more precisely

(8.7) Pr=p2p-1), Pp=4pl—p), P=00-p)1-2u).

The ‘Peirce reflection’ p: = exp(2mip) = P — P/ + Py is contained in K, fixes e and leaves
Tri(E) invariant. In particular, also the projection P; + Py maps D into itself.

The tripotent e # 0 is called minimal if F; = Ce holds and is called maximal if Eg = 0
holds. For instance, the Shilov boundary S of D is just the set of all maximal tripotents.
becomes a complex Jordan algebra (depending on the tripotent e) with respect to the com-
mutative product a o b:= {aeb}, and €?: = eoe = e is an idempotent in E. The Peirce space
F) is a unital complex Jordan subalgebra with identity element e and conjugate linear algebra
involution z — z*: = {eze}. For every a € E; and powers inductively defined by a**!:= a* o a,
a’: = e, the linear subspace C[a] C FE; is a commutative, associative subalgebra (notice that
the Jordan algebra FEj is not associative in general). The element a € Ej is called invertible if
a has an inverse a~! € C[a]. The selfadjoint part A:= {z € E; : z* = 2} of E; is a formally
real Jordan algebra, i.e. a real Jordan algebra such that x2 + 2 = 0 implies x = y = 0 for all
x,y € A. Clearly, E1 = A ® 1A holds since the involution is conjugate linear. For all z € E; we
denote by Re(z):= (2 +2")/2 € A the real part of z. The set Y:= {a? : a € A} of all squares in
A is a closed convex cone with A=Y —Y and Y N =Y = {0}. The interior

: = Interior of Y
coincides with exp(A) C A and also with the set of all a € Y that are invertible in A. © is an

open convex linearly-homogeneous cone in A. The sesqui-linear mapping ®: Ey/, © E1/5 — E
defined by ®(u,v) = 2{euv} takes values in F; and satisfies ®(z,2) € Q for all z € E 5, and
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®(u,u) = 0 if and only if w = 0. To indicate the dependence on the tripotent e € E we also
write Eg(e), k = 1,1/2,0, for the Peirce spaces as well as A(e), Y(e), Q(e), pe and P.. Let us
illustrate these objects by a typical example.

8.8 Example. Fix arbitrary integers p > ¢ > 1 and consider the complex Hilbert space
E:= €P*Y of dimension n = pq. Then D:= {z € E : 1 — 2*z > 0} is a bounded symmetric
domain in E, where 1 = 1, is the ¢ x g-unit matrix. ||z||% is the largest eigenvalue of the
Hermitian matrix z*z, i.e. ||z||oc may be considered as the operator norm of z if considered as
operator C? — C?. The triple product is given by {zyz} = (xy*z + zy*x)/2 and K C GL(FE)
is the subgroup of all transformations z +— wuzv with v € U(p) and v € U(q). The Hilbert
norm on E given by ||z]|? = tr(2*2) is K-invariant. Tri(E) is the disjoint union of the K-orbits
So,51,--.,9¢, where S, is the set of all tripotents e € F that have matrix rank k. In particular,

if we write every z € E as block matrix (‘ZZ) with a € C*** and matrices b, ¢, d of suitable sizes,

then e = (%)‘78) is a tripotent in Sy. The corresponding Peirce spaces F1, E) /o and Ey consist of

all matrices of the forms (88), (28) and (82) respectively. Furthermore, A is the real subspace of

all Hermitian matrices in £y and 2 C A is the convex cone of all matrices (gg) with a € ¢F*¥

positive definite Hermitian. For every u = (SS) € H.S); we have @, (u,u) = 2{euu} = (88) with
a = bb* 4 cc. Finally, S = S, is the Shilov boundary of D. S consists of all matrices in & whose
column vectors are orthogonal in C?, or equivalently, which represent isometries C? — C?. The

group I is the set of all transformations

z+— (az+ B)(yz + )" with (: g) € SU(p, q)

and «, 0,7, matrices of sizes p X p, p X ¢, ¢ X p and g X g respectively. In case p = ¢ > 1
the groups GL(D) and Aut(D) have two connected components, in all other cases these groups
are connected. — For the special case ¢ = 1 we get for D the euclidean ball IB in £ = C? with
Shilov boundary the unit sphere S = S; = 0D as studied in Example 4.2. For every e € S then
Ei(e) = Ce holds and Ej /5(e) is the orthogonal complement of e in the Hilbert space £. o

Two tripotents e,c¢ € E are called (triple) orthogonal if ¢ € Ey(e) holds. Then also e €
Ey(c) is true and e £ ¢ are tripotents. An ordered tuple (e, es,...,e,) of pairwise orthogonal
minimal tripotents in F is called a frame in E if there does not exist a minimal tripotent e € E
that is orthogonal to all e; in the triple sense. All frames in F have the same length r, which is
called the rank of the bounded symmetric domain. Every element a € E has a representation

(8.9) a=Aer +Aex + -+ Aey, laflo = A1 > X2 >--- > A\ >0,
where (e1,ez,...,e,) is a frame depending on a. The real numbers A\; = \;(a) are uniquely
determined by a and are called the singular values of a. In general, the frame (e1,ea,...,¢€,) is

not uniquely determined by a. For every a € D there is a unique representation
(8.10) a=e+u with e=:e(a) € Tri(E) and wue DN Eye).
The Shilov-boundary of D is given by

(8.11) S={a€E:\(a)=X(a)="-=A(a) =1}.

In case D is irreducible, the compact group K acts transitively on the set of all frames and hence
any two elements a,b € E are in the same K-orbit if and only if A\;(a) = A;(b) holds for all j.

These considerations can be used to prove the following property.

8.12 Proposition. If S is totally real, it is rationally convex.
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Proof. For every e € S, the Jordan algebra £ = E;(e) has e as the unit element. It is known
(compare for instance [11] or [22]) that there exists a unique homogeneous polynomial function
N:E — C of degree r such that the following is satisfied:

(i) z € E is invertible if and only if N(z) #0 and (ii) N(e) = 1.
N is called the (generic) norm of the unital Jordan algebra E. It is known that there exists
a character x: K — T such that N(gz) = x(g9)N(z) holds for all g € K and all z € E. On
the other hand, for every frame (ey,...,e,) in E with e; +--- + e, = e and every complex
linear combination z = zje; + -+ + z,.e, we have N(z) = 2122 - - - z,.. This implies the following
characterization of the Shilov boundary in the tube type case.

S={z€D:|N(z)|=1}.

In particular, for every a € D\S, the rational function (N — N(a))~! is holomorphic in a
neighbourhood of S and has no holomorphic extension to a, i.e. the rational convex hull of S in
E coincides with S. O

The Shilov boundary S of D in Example 8.8 is totally real if and only if p = ¢ holds, and then
S = U(q) is the unitary group. For the unit matrix e € E = C?*? the Jordan product on E is
given by aob = (ab+ba)/2 and invertibility in the Jordan sense is the same as in the associative
sense. In particular, N(z) = det(z) is the norm of E.

8.13 PROOF OF PROPOSITION 8.6. In case a is a tripotent, every v € E with ||a+tv| <1 for
all t € T is contained in Ey(a) and we may take o:= — exp(mij) = Py —iPy /o — Py € K, where
liq is the triple multiplication operator z +— {aaz} on E. Conversely, suppose that a satisfies
8.6.i-ii and write @ = e+ v as in 8.10. Then o(u) = —u follows from the assumptions. For every
t > 1 with tu € D we have a— (1+t)u = e—tu € D and hence o(a— (1+t)u) = e+ (2+t)u € D,
i.e (t+2)u € D and hence u = 0. Therefore, a = e is a tripotent. O

Fix a frame (ej, es,...,e,) in E and consider for all integers 0 < i,j < r, the refined Peirce
spaces:
Eij:= {z € E : 2eperz} = (0 +0xj)z for 1<k< r} )

Then, if we put eg: = 0,

E = @ Eij s Eii = (Dei and {EijEjkEkl} C Eil

0<i<j<r

hold for all 0 < ¢,7,k,l < r. Also, {E;jEj E} = 0 if the index sets {7,j} and {k,} are disjoint.
Furthermore, D has no tube type factor if and only if F;y # 0 for 1 < i < r. To indicate the
dependence of E;; on the given frame we also write E;;(eq, ez, ..., e.).

Now consider a I'-orbit X C D. Then it is known that there is a tripotent e in E with
¥ = I'(e) and that T.X = iA @© Ey/o @ Ep is the tangent space at e € ¥, where the Peirce
spaces refer to the tripotent e. This implies that ¥ is a homogeneous generic locally-closed CR-
submanifold of £ with holomorphic tangent space H.% = Ey /9 @ Ey. The orbit M:= K(e) is a
compact submanifold of ¥ with tangent space T, M = iA® E, /5 and holomorphic tangent space
H.M = E, 5. Furthermore, M = ¥ N Tri(E) and e:X — M (compare 8.10) is a fibre bundle
with typical fibre D N Ej.

8.14 Lemma. Every connected component M of Tri(E) is a symmetric CR-manifold.

Proof. Fix an arbitrary element e € M. For the decomposition of D into a direct product
Dy x --- x Dy, of irreducible factors we get a decomposition e = e; + --- + e, with tripotents
e; € Ej and a decomposition M = Mj x - - -x M, with M; = GL(D;)°(e;), that is, we may assume
without loss of generality that D is irreducible. To begin with, suppose that M is totally real, i.e.
E; /5 = 0. Then, by irreducibility, also Ey = 0 holds and M = exp(iA) is the ‘generalized unit
circle’ in By = E. Furthermore, s.(z) = z* leaves M invariant and hence is a symmetry of M at
e, i.e. M is symmetric in this case. Now suppose, that M is not totally real, i.e. H.M = E; ;5 # 0.
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Then the Peirce reflection p. maps M into itself and satisfies H.M C Fix(—p.). Therefore, as
soon as we know that M is a minimal CR-manifold we know that p. is a symmetry of M at e
and hence that M is symmetric. For the minimality of M it is enough to show that H2M = iA
holds, where H2M is as in section 2. But this is a consequence of the following Proposition 8.15.

O

8.15 Proposition. Let e be a tripotent in E and denote by M the connected e-component
of Tri(E). Then HZM C iA(e) and the Levi form Ej5(e) X E1/2(e) — Eq(e) of M at e is
given by (u,v) — —2{euv}, ie. L —e = —®.. In case D has no tube type factor, the convex
hull of {®,(u,u) : u € Ey/5(e)} in A(e) has the cone —€)(e) as interior and then, in particular,
H2M = iA(e) holds.

Proof. For every u € H.M = Ej/;(e) define the vector field X" on E by X3 = 4{aau} —
4{aa{aau}} for all a € M. Then X* = w and X* € H,M for all a € M by (8.7). A simple
calculation gives [X“, X"], = 2{evu} — 2{euv} € iA(e). This shows that —®, is the Levi form
at e € M. Let C be the convex hull of {®.(u,u) : u € E1/5(e)}. Then C' C Q(e) is clear. For the
proof of the opposite inclusion fix an arbitrary element a € Q(e). Then there exists an integer
k < r and a representation a = Aje; + -+ + A\pep, where (eq,...,e) is a family of pairwise
orthogonal minimal idempotents in the formally real Jordan algebra A(e) summing up to e and
where all coefficients A; are > 0. This means that we only need to show that e; € C for 1 < j < k.
For this we extend (ey,...,ex) to a frame (e1,...,e,) of E and fix j < k. Since by assumption
D has no tube type factor we have F;y # 0. But then ®.(u,v) = 2{ejuu} cannot vanish for all
u,v € Ejq since otherwise there would exist a tripotent ¢ # 0 in Ejo that is orthogonal to all e;,
1 <4 <r. This implies ¢; € C. O

8.16 PROOF OF THEOREM &.5.

Proof. S is symmetric by Lemma 8.14 since S is a connected component of Tri(E). Fix an
element e € S. Then with @ as in 8.2 there exists an automorphism v € Aut(Q), called Cayley
transformation, mapping D biholomorphically onto the Siegel domain

H:= {(t,0) € By ® Eyjp 1 t+E— ®(v,0) € Q)

in E = Ey ® Ey/3, where the Peirce spaces Ey, the cone 2 C A and the Hermitian map
®: Ey /9 X By — Ey refer to the tripotent e. The transformation v satisfies v =id,
S N Fix(vy) = {£ie}, y(—e) = 0 and is given by

At0) = ((e =) o (e +1),VE (e — ) ov),
where (e —t)~! is the inverse in the unital Jordan algebra E;. The domain
Vi={(t,v) € S:(e—t) isinvertiblein E}
is dense in S and ~ defines a CR-diffeomorphism from V onto the CR-submanifold
N:={(t,v) e By ® Eyp: t+1=®(v,v)} C OH

of F/, compare also Example 4.5.

(i) = (i) is an immediate consequence of the definitions (see 2.3) and holds for every CR-
manifold.

(ii) = (iii). Suppose, S is minimal. Since the Shilov boundary of a bounded symmetric domain
of tube type is totally real, D cannot have a factor of tube type. Then by Proposition 8.15, the
interior of {®(v,v) : v € Ey/2} = {L(v,v) : v € Ey 5} coincides with the cone 2, where L denotes
the Levi form of N at 0 with respect to the obvious identification (ToN/HoN) @ C = E;. Let
v € ) be an arbitrary vector. By the extension result of [10], every CR-function f on N extends
holomorphically to a small wedge in the direction v, in particular, to a neighbourhood of a subset
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of the type (N +IR;v)NU, where U is a neighbourhood of 0 in E; @ E) /5. Furthermore, the wedge
extension is of the same smoothness degree as f (due to [4], see also [5], Theorem 7.5.1, since f
is of slow growth by the Cauchy estimates). Using the transformations (¢,v) — (st,s?v), s > 0,
we see that f automatically extends to a neighbourhood of (N +1R,v). Since v € € is arbitrary,
f extends holomorphically to the whole of IH. This implies via the Cayley transformation that
every CR-function f on S has a smooth extension to D NS which is holomorphic on D. It
remains to prove that the extension of f is of the same smoothness degree on the boundary
OD. For every 0 < r < 1, define the continuous function f, on D by f.(z) := f(rz). Then for
r — 1, the functions f,. converge uniformly on S to f. Since S is the Shilov boundary of D the
convergence is also uniform on D, i.e. f extends continuously to D. The smoothness is obtained
by the same argument applied to the partial derivatives.

(i) = (iv). Aut(D) C Autcgr(S) follows from (8.2). Assume (ii) and consider a transformation
g € Autcr(S). Then g extends to a continuous mapping g: D — E which is holomorphic on
D. As a consequence of the maximum principle, g(D) is contained in the closed convex hull of
g(S) = S, which is D. By the same argument, h: = g~ ! extends to a continuous map h: D — D
which is holomorphic on D. Then ho g = go h = id shows g € Aut(D).

(iv) = (v). Suppose D has a factor of tube type. Then S is a direct product of a CR-manifold
with a totally real CR-manifold of positive dimension. In particular, Autcr(S) cannot be a Lie
group of finite dimension like Aut(D).

(v) = (i) follows from Proposition 8.15. O

Theorem 8.5 together with Proposition 8.12 can be used to calculate both polynomial and
rational convex hulls of S explicitly. In particular, they are finite unions of disjoint connected
real-analytic CR-~submanifolds (forming a stratification in the sense of Whitney). We call a
smooth function on such a union a CR-function if it is CR on each single CR-submanifold (this
notion is independent of the partition into CR-submanifolds).

8.17 Corollary. Let E = Ey ® E5 be the canonical splitting such that D; := D N Eq is of
tube type and Dy := D N Ey has no tube type factor. Denote by Sy C 0D, and Sy C 0D the
corresponding Shilov boundaries. Then the following holds.
(i) Both convex and polynomial convex hulls of S coincide with D.
(ii) The rational convex hull S of S is given by § = S x Ds.
(iii) Every smooth CR-function f on S extends uniquely to a CR-function on S of the same
smoothness degree.

Proof. Since S is the Shilov boundary of D, |P(z)| < ||P||ls holds for every holomorphic
polynomial P and every z € D. Hence D is contained in the polynomial convex hull of S. The
latter is always contained in the convex hull of S, which is D. This proves (i) (the statement
about the convex hull also follows from the classical Krein-Milman theorem).

For the rational convex hull, we obtain S =% by Proposition 8.12. This shows S c
S1 x Dsy. On the other hand, every rational function on Es,, holomorphic in a neighbourhood of
Ss, is continuous on Dy by Theorem 8.5. This implies the opposite inclusion S O S; x Dy and
therefore (ii).

Finally, let f be a CR-function on S. Then, for every 2z; € 51, Theorem 8.5 guarantees
that f has a unique smooth extension f to {z1} x Dy which is holomorphic on {z;} x Ds. By
the smoothness, f is CR on each CR-submanifold of the boundary {z1} x 0D5. To prove the
smoothness of fon S, we fix a convergent sequence 27" — z?. Then f(z’f”, -) converges to f(z?, )
uniformly on Sz and therefore on 9Dz, because Sy is the Shilov boundary. This shows that f
is continuous. The same argument applied to the partial derivatives of f shows that f is of the
same smoothness degree as f. Since S is totally real, the holomorphic tangent spaces to every
CR-submanifold of S are contained in F,. This shows that f is CR and finishes the proof of
(ii). 0
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From the classification of all irreducible bounded symmetric domains into the 6 types I,
II,...,VI (compare fi. [21] p.4.11) it follows that there are precisely the following 3 types of
irreducible non-tube domains:

I,, with p > ¢ > 1 arbitrary integers. Then, as in Example 8.8, E = C?*? and D = {z € E :
1 — 2*2 > 0} is the bounded symmetric domain of rank r = ¢, where 1 is the ¢ X g-unit matrix.
The Shilov boundary of D is the set S:= S, of all matrices in £ whose column vectors are
orthogonal in C?, i.e.

(8.18) S={2zeCP: 2% =1}.

On S the group SU(p) acts transitively by matrix multiplication from the left with isotropy
subgroup 1 x SU(p—gq) at e: = (})) € S,ie. S=SU(p)/(1 x SU(p—q)) is simply connected, has
CR-dimension (p—q)q and CR-codimension ¢?. Also, Autcr(S) ~ U(p, q)/T is connected. Every
closed subgroup L C U(q) acts freely on S by matrix multiplication from the right and S/L
again is a symmetric CR-manifold of the same CR-dimension in a natural way. For L = U(q)
we get the Grassmannian of all g-planes in C? which is the reduction of S as defined in section
5. The typical fibre of the reduction map is the group U(q). o

IT, with p = 2¢+ 1 an arbitrary odd integer > 3. Let E: = {z € C?*P : 2/ = —z} and define the
bounded domain D C E as well as the Jordan triple product by the same formulae as for I, ,.
Then again D is a bounded symmetric domain of rank r = ¢ and I' C GL(F) is the group of all
transformations z — wzu’ with u € U(p). For j:= (° ) € €*?**¢ the matrix e:= (} () € C**?
is in S:= S, and I" has isotropy subgroup Sp(q) x T at e. Therefore S = SU(p)/(Sp(q) x 1) is

simply connected. The holomorphic tangent space H.S is the space of all z = (?} g) € F with

u=—v" € €%, ie. S has CR-dimension 2¢ and CR-codimension q(2g — 1). The reduction is the
projective space [P, (C) = SU(p)/S(U(2¢) x T) and SU(2¢)/ Sp(q) is the typical reduction fibre.
The group Autcr(S) =~ SO"(2p)/{£1} is connected (compare [14] p.451 and p. 518 for the
non-compact type D III). o

V Here D is the exceptional bounded symmetric domain of dimension 16 (non-compact type
E IIT on p.518 of [14]). D has rank 2 and the Shilov boundary S:= S3 has CR-dimension 8
and CR-codimension 8. On S the group Spin(10) acts transitively and the reduction S of S is
the symmetric Hermitian manifold SO(10)/(SO(2) x SO(8)), the complex nonsingular quadric
of dimension 8. The group Autcgr(.S) is a non-compact simple exceptional real Lie group of type
FEgs and has dimension 78. O

As a generalization of Example 4.3 also the dual of (8.18) (compare (4.4) and section 6)
can be described explicitely. Fix e = ((1)) € S and denote by p = p. the corresponding Peirce

reflection of E = CP*9. Then Fix(p) = €99 and Fix(—p) = CP~9*49, On
R={ze€ CP: p()z =1}

the group U(g, p—q) acts transitively from the left with compact isotropy subgroup 1 x U(p—q)
at e. Therefore there is a unique U(q, p— ¢)-invariant Riemannian metric on R which coincides
on T, R with the one induced from FE. The restriction of p to R is a symmetry of R at e, i.e.
is a symmetric CR-manifold. Again, every closed subgroup L C U(q) acts freely on R from the
right and S/L is a symmetric CR-manifold of the same CR-dimension. For L = U(q) we get the
bounded symmetric domain of type I, ,_,, the reduction of R.



10.
11.
12.

13.

14.

15.

16.

17.
18.
19.
20.
21.

22.
23.
24.
25.

26.

27.

28.
29.

24 W. Kaup and D. Zaitsev

References

Alexander, H.: Polynomial approximation and hulls in sets of finite linear measure in €". Amer. J. Math. 93,
65—74 (1971).

Alexander, H.: The polynomial hull of a rectifiable curve in C". Amer. J. Math. 110 (4), 629-640 (1988).

Andreotti, A.; Fredricks, G.A.: Embeddability of real analytic Cauchy-Riemann manifolds. Ann. Scuola Norm.
Sup. Pisa CI. Sci., Serie IV, 6 (2), 285-304 (1979).

Baouendi, M.S.; Chang, C.H.; Treves, F.: Microlocal hypo-analyticity and extension of CR functions. J. Differ-
ential Geom. 18, 331-391 (1983).

Baouendi, M.S.; Ebenfelt, P.; Rothschild, L.P.: Real Submanifolds in Complex Spaces and Their Mappings.
Princeton Math. Series, Princeton Univ. Press, 1998.

Baouendi, M.S.; Rothschild, L.P.: Cauchy-Riemann functions on manifolds of higher codimension in complex
space. Invent. Math. 101 (1), 45-56 (1990).

Bloom, T.; Graham, I.: On type conditions for generic real submanifolds of €™. Invent. Math. 40, 217-243 (1977).

Bishop, E. Holomorphic completions, analytic continuation, and the interpolation of semi-norms. Ann. of Math.,
II. Ser. 78, 468-500 (1963).

Boggess, A.: CR Manifolds and the Tangential Cauchy-Riemann Complex. Studies in Advanced Mathematics.
CRC Press. Boca Raton Ann Arbor Boston London 1991.

Boggess, A.; Polking, J.C.: Holomorphic extension of CR functions. Duke Math. J. 49, 757784 (1982).
Braun, H.; Koecher, M.: Jordan-Algebren. Berlin-Heidelberg-New York Springer 1966.

Chirka, E.M.: Introduction to the geometry of CR-manifolds. Russ. Math. Surv. 46 (1), 95-197 (1991); translation
from Usp. Mat. Nauk 46 (1), 81-164 (1991).

Dinh, T.C.: Enveloppe polynomiale d’'un compact de longueur finie et chaines holomorphes & bord rectifiable.
Acta Math. 180 (1), 31-67 (1998).

Helgason, S.: Differential Geometry, Lie Groups and Symmetric Spaces. Academic Press. New York San Fran-
cisco London 1978.

Jacobowitz, H.: An introduction to CR structures. Mathematical Surveys and Monographs 32. Providence, Rhode
Island (1990).

Kantor, I.L.; Sirota, A.L.; Solodovnikov, A.S.: Bisymmetric Riemannian spaces. Isv. Russ. Akad. Nauk Ser. Mat.
59, 85-92 (1995); Russian Sci. Isv. Math. 59, 963-970 (1995).

Koecher, M.: An elementary approach to bounded symmetric domains. Rice Univ. 1969.
Lawrence, M.G.: Polynomial hulls of rectifiable curves. Amer. J. Math. 117 (2), 405-417 (1995).
Loos, O.: Spiegelungsraume und homogene symmetrische Rdume. Math. Z. 99, 141-170 (1967).
Loos, O.: Symmetric Spaces I/II. W. A. Benjamin, Inc. New York Amsterdam 1969.

Loos, O.: Bounded symmetric domains and Jordan pairs. Mathematical Lectures. Irvine: University of California
at Irvine 1977.

McCrimmon, K.: The generic norm of an isotope of a Jordan algebra. Scripta Math. 29, 229-236 (1973).
Stolzenberg, G.: Polynomially and rationally convex sets. Acta Math. 109, 259-289 (1963).
Stolzenberg, G.: Uniform approximation on smooth curves. Acta Math. 115, 185-198 (1966).

Tumanov, A.E.: The geometry of CR-manifolds. Several complex variables. III. Geometric function theory, En-
cyclopedia Math. Sci. 9, 201-221 (1989); translation from Itogi Nauki Tekh., Ser. Sovrem. Probl. Mat., Fundam.
Napravleniya 9.

Tumanov, A.E. Extension of CR functions into a wedge from a manifold of finite type. Math. USSR, Sb. 64 (1),
129-140 (1989); translation from Mat. Sb., Nov. Ser. 136(178), No.1(5), 128-139 (1988).

Tumanov, A.E.; Khenkin, G.M.: Local characterization of holomorphic automorphisms of Siegel domains. Funct.
Anal. Appl. 17, 285-294 (1983); translation from Funkts. Anal. Prilozh. 17 (4), 49-61 (1983).

Wermer, J.: The hull of a curve in C". Ann. of Math., II. Ser. 68, 550-561 (1958).
Wermer, J.: Polynomially convex hulls and analyticity. Ark. Mat. 20, 129-135 (1982).



