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1. Introduction

The main topic of this paper is the study of real-analytic CR-manifolds M with every-
where degenerate Levi form. In particular, for homogeneous manifolds of this type, we
develop methods for the computation of the Lie algebras hol(M,a) of infinitesimal CR-
transformations at every a€ M. We also classify, up to local CR-equivalence, all locally

homogeneous degenerate CR-manifolds in dimension 5.
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In this context, a well-studied example of a homogeneous Levi degenerate CR-

manifold is the quadratic hypersurface
M:={2€C?: (Rez1)*+(Re 22)* = (Re 23)? and Rezz>0};

compare, e.g., [13], [16], [23] and [31]. This 5-dimensional CR-manifold has several
remarkable properties and serves as motivation for various considerations in this paper.

Notice that M can also be written as a tube manifold
M=F+iR*CC? where F:={xcR?: 23 +23 =23 and z3 >0}

is the future light cone in 3-dimensional space-time. A glance at this description shows
that M is homogeneous under a group of complex-affine transformations. It is less obvi-
ous that the Lie algebras of global and local infinitesimal CR-transformations at a€ M,
hol(M) and hol(M,a), are both isomorphic to s0(2,3), and hence have dimension 10;
compare [23]. Also the following ‘globalization’ is known: the group SO(2,3) acts on the
complex quadric Q3 CP4(C) by biholomorphic transformations and has a hypersurface
orbit that contains M as a dense domain.

The cone F clearly is a disjoint union of affine half-lines. Therefore, M is a
disjoint union of complex half-planes, actually M is a fiber bundle with typical fiber
H*:={2€C:Rez>0}. However, the total space M is not even locally CR~equivalent to
a product H* x M’, with M’ a CR-manifold. Notice that the Levi form in both cases,
that is, for M and for a product of H" with a Levi nondegenerate 3-dimensional CR-
manifold M’, has exactly one nonzero eigenvalue at every point. Hence, one needs
more invariants to distinguish those CR-manifolds. While every product Cx M’ is
holomorphically degenerate, the crucial fact here is that the light cone tube M is non-
degenerate in a higher order sense: To be precise, M is 2-nondegenerate at every point,
and we refer to [4] and also to [3, §11.1], for the notion of k-nondegeneracy.

In the nonhomogeneous setting, for every k€N and fixed manifold dimension it is
not difficult to construct large classes of CR-manifolds, even hypersurfaces, which are
k-nondegenerate at some points, but are Levi nondegenerate in a dense open subset. It
seems to be much harder to construct CR-manifolds which are k-nondegenerate every-
where for £>2. Note that the CR-dimension of a homogeneous M is an upper bound for
the degree k of nondegeneracy. Hence, the lowest manifold dimension for which every-
where 2-nondegenerate CR-manifolds can exist is 5. This raises the intriguing question
whether, besides the light cone tube, there exist more 2-nondegenerate homogeneous
CR-manifolds in dimension 5. So far, compare e.g. [14], [23], [16] and [5], all known
examples in dimension 5 finally turned out to be locally CR-isomorphic to M. Even
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the announced ‘new example’ in [17] revealed itself as locally equivalent to M as shown
in [16]. Therefore the desire arose to find examples that are not locally CR-isomorphic
to M.

The main objective of this paper is to show that there are actually infinitely many
locally mutually inequivalent examples and to provide a full classification. The starting
point is the following simple observation: Suppose that F'CR"™ is an affinely homoge-
neous (connected) submanifold of dimension say d<n. Then the tube M:=F+iR" is
a generic CR~submanifold of C™ of CR-dimension d and is homogeneous under a group
of complex-affine transformations. Indeed, every real-affine transformation leaving F' in-
variant extends to a complex-affine transformation leaving M invariant and, in addition,
M is invariant under all translations z+z+iv with v€R™. Clearly, the crucial question
is the following: When is M k-nondegenerate and when are two tubes M and M’ of this
type locally CR~equivalent?

The classification of all affinely homogeneous surfaces F'CR? can be found in [11]
and [12]. In particular, a complete list (up to local affine equivalence and in a slightly
different formulation) of all degenerate types that are not a cylinder, is given by the
following examples:

(1) F=ZF, the future light cone as above;

(2a) F={r(cost,sint,e*!)eR3:reR" and t€R} with w>0 arbitrary;

(2b) F={r(1,t,e’)eR3:reR" and teR};

(2¢c) F={r(1,et,e’)eR3:reR* and teR} with §>2 arbitrary;

(3) F={c(t)+rc (t)eR®*:reR* and teR}, where c(t):=(t,t?,¢3) parameterizes the
twisted cubic {(t,t2,t3):teR} in R? and ¢/(t)=(1, 2t, 3t2).

Notice that the limit case w=0 in (2a) gives the future light cone JF, while the limit
case =2 in (2c) gives the linearly homogeneous surface {x €R3:z123=23 and x1,15>0},
which is locally, but not globally, linearly equivalent to F. In fact, F is linearly equivalent
to the cone {r€R3:x1w3=23 and z1+x3>0}.

As our first main result we show the following theorem (compare Propositions 8.8
and 8.9 for details).

THEOREM 1. For every surface F in (1)-(3) the corresponding tube manifold M :=
F+iR3 is a homogeneous 2-nondegenerate CR-submanifold of C3 and any two of them
are pairwise locally CR-inequivalent. Furthermore, for every F in (2a)—(3) and every
a€EM=F+iR? the following hold:

(i) the Lie algebra hol(M,a) is solvable and has dimension 5;

(ii) the stability group Aut(M,a) is trivial;

(iii) every homogeneous real-analytic CR-manifold M’ that is locally CR-equivalent

to M, is already globally CR-equivalent to M.
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Notice that, a priori, there is no reason why the F in (1)—(3), although known to be
locally affinely inequivalent, should have locally CR~inequivalent tubes (for nondegener-
ate affinely homogeneous surfaces in R3, for instance, there are counterexamples).

We actually prove an analog of Theorem I in every dimension n>3, where the same
trichotomy occurs as above. Consider the following surfaces FFCR™:

(1) F=F":={z€R™:2,>0,2,>0 and z;=2> 'z}~ for 3<j<n};

(2') F={re'?(a)eR™:reR"* and t€R}, where ¢ is an endomorphism of R” having
a€R™ as cyclic vector and the n eigenvalues of ¢ do not form an arithmetic progression
in C;

(3") F={c(t)+rc (t):reR" and teR}, where c(t):=(t,t,...,t") ER™ parameterizes
the twisted n-ic in R™.

In §6 and §7 we show, among other statements, the following: For every F' and F’
from (1')—(3’) the tube manifolds M :=F+iR"™ and M':=F'+iR" are affinely homoge-
neous generic 2-nondegenerate submanifolds of C® with CR-dimension 2. Furthermore,
M and M’ are locally CR-equivalent if and only if F' and F’ are globally affinely equiv-
alent, and this holds if and only if for given a€ M and a’€ M’ the Lie algebras hol(M, a)
and hol(M’', a') are isomorphic. In case F=F", the Lie algebra hol(M, a) contains a copy
of gl(2,R) and hence is not solvable. In all other cases, that is, F' comes from (2") or (3),
the Lie algebra hol(M, a) is solvable of dimension n+2 and the stability group Aut(M, a)
has order at most 2.

Let us briefly comment on the proof of Theorem I. Once the defining equations
for an F' under consideration are explicitly known (this is quite obvious for the types
(1)—(3), compare §8, but seems to be hard for the types (2') and (3')), one can compute,
by standard methods, the order k of nondegeneracy. However, the amount of calculation
necessary to determine k in such a way grows very fast with k£ and with the dimension of
M CC"™. This is one of the reasons, especially with an eye on possible generalizations, to
choose a different approach, which does not use explicit equations. For instance, given
an arbitrary submanifold FCR™ which is (locally) affinely homogeneous, we present a
simple criterion (Proposition 3.7) which allows us to determine quickly the order k of
nondegeneracy for the corresponding tube manifold.

The hard part of the proof is to show that the various tubes F+iR3 are mutually
locally inequivalent as CR-manifolds. Recall that for real-analytic, not necessarily homo-
geneous, hypersurfaces with nondegenerate Levi form there exist local invariants which
determine each M up to local CR-equivalence due to the fundamental work of Cartan,
Tanaka and Chern—Moser, compare [8], [9] and [32]. However, an analogous approach
is not available for M of higher codimensions or when the Levi form is degenerate. To
distinguish the various tubes F+iR3, we develop a method (valid also in greater gener-
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ality) which enables us to determine explicitly the Lie algebras hol(M, a) of infinitesimal
CR-transformations of the various CR-germs (M, a) (see §2 for basic definitions and §6
for further details).

The CR-manifolds occurring in the previous theorem are quite special as they all
are tube manifolds. Moreover, all but one (namely the twisted cubic case in (3)) are
actually conical. In the Levi nondegenerate case, many (homogeneous) examples are
known which are not locally CR~equivalent to any tube manifold. For instance, the unit
sphere subbundle of T'S® with its canonical CR-structure is such an example. Therefore,

our second main result came quite unexpected to us.

THEOREM I1. FEvery 5-dimensional locally homogeneous 2-nondegenerate CR-man-
ifold M is locally CR-equivalent to F-+iR3 with F being one of the surfaces in (1)—(3).

For the precise definition of local homogeneity we refer to §2. A priori, locally homo-
geneous CR-manifolds might exist which are not locally CR-equivalent to any globally
homogeneous one. As a by-product of the above two results we get that such a pathology
does not happen in the case under consideration. A word concerning the regularity in
Theorem II: According to our general assumption in this paper, Theorem II is formu-
lated and proved in the category of real-analytic CR-manifolds. But then it automatically
holds in the smooth situation as well, due to the following well-known fact: If M is a
smooth CR-manifold that is locally homogeneous under a finite-dimensional Lie alge-
bra g of smooth infinitesimal CR-transformations, then there is a real-analytic atlas on
M such that all vector fields in g become real-analytic.

Theorem IT also gives a classification of all (abstract) 2-nondegenerate locally homo-
geneous CR-manifolds in dimension 5 up to local CR-equivalence. In fact, using Cartan’s
classification [8] of the 3-dimensional Levi nondegenerate homogeneous CR-manifolds, the

following result follows.

CLASSIFICATION. FEvery 5-dimensional locally homogeneous CR-manifold M with
degenerate Levi form is locally CR-equivalent to one of the following:

(i) M=F+iR3CC?, where F is one of the surfaces (1)—(3) from above;

(ii) M=CxM', where M’ is one of the 3-dimensional Levi nondegenerate homoge-
neous CR-manifolds from Cartan’s list in [8];

(iii) M=C?xR or M=CxR? with R? totally real.

The manifolds in (i) are all 2-nondegenerate and those in (ii) and (iii) are holomor-
phically degenerate. Also, the manifolds in (iii) are just the Levi flat ones.

With Theorem II the following question arises naturally for higher codimension:
Are there, up to local CR-equivalence, other locally homogeneous 2-nondegenerate CR-

manifolds of CR-dimension 2 besides those that are tubes over the surfaces F in (1')—(3")
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above? Notice in this context that every locally homogeneous 2-nondegenerate CR-
manifold of dimension 6 necessarily has CR-dimension 2.

For 5-dimensional CR-hypersurfaces with nondegenerate Levi form, that is, when
Chern—Moser invariants are available, there already exists a partial classification: Locally
homogeneous CR-hypersurfaces in C* with stability groups of positive dimension have
been classified by Loboda in terms of local equations in normal form; see [25], [26], [27].

The paper is organized as follows. After recalling some necessary preliminaries in §2,
we discuss in §3 tube manifolds M =F @iR™ CC"™ over real-analytic submanifolds F CR™.
It turns out that the CR-structure of M is closely related to the real-affine structure of
the base F. For instance, the Levi form of M is essentially the sesquilinear extension of
the second fundamental form of the submanifold F'*CR". Generalizing the notion of the
second fundamental form, we define higher-order invariants for F' (see Definition 3.4).
In the uniform case these invariants precisely detect the k-nondegeneracy of the corre-
sponding CR-manifold M =F@®iR"™. Tt is known that the (uniform) k-nondegeneracy of
a real-analytic CR-manifold M together with minimality ensures that the Lie algebras
hol(M, a) are finite-dimensional, and is equivalent to this in the special class of locally
homogeneous CR-manifolds. For submanifolds F*CR", which in addition are homoge-
neous under a group of affine transformations, a simple criterion for k-nondegeneracy of
the associated tube manifold M is given in Proposition 3.7.

In §4 these results are applied to the case where F' is conical in R", that is, locally
invariant under dilations z+—tz for ¢t near 1€R. In this case M is always Levi degener-
ate. Assuming that hol(M,a) is finite-dimensional (which automatically is the case for
minimal and finitely nondegenerate CR-manifolds), we develop some basic techniques
for the explicit computation of hol(M,a). The main results in §4 are the following: We
prove that under the finiteness assumption, hol(M, a) consists only of polynomial vector
fields and carries a natural graded structure; see Proposition 4.2. We prove (under the
same assumptions, see Proposition 4.4 (ii)) that local CR-equivalences between two such
tube manifolds are always rational maps (even if these manifolds are not real-algebraic).
Furthermore, jet determination estimates are provided (Proposition 4.4 (iv)). In the
special situation where hol(M,a) consists of affine germs only, these results are further
strengthened.

In §5 we illustrate by examples how our methods can be applied. In Example 5.1
we present for every ¢>1 and k€{2,3,4} a homogeneous submanifold of C*+¢ which
is k-nondegenerate and has codimension ¢. We close this section investigating for all

1<p<n, ¢z=n—p and a€R* the tubes M}  over the cones

Fg, = {xE(RJr)":Zx?: Xn: xy}

Jj=1 Jj=p+1
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Using our methods from the preceding section, we explicitly determine the Lie algebras
hol(My

@
In §6, we construct homogeneous CR-submanifolds M=M%%CC" of tube type,

a) for arbitrary integers a>2.

depending on the choice of an endomorphism p€End(R™), an integer 1<d<n and a cyclic
vector a€R™ for ¢ in the following way: The powers ¢, !, ..., %! span an abelian Lie
algebra h and, in turn, give a cone F:=exp(h)(a) CR™. The corresponding tube manifold
M%1=F44R" is 2-nondegenerate, minimal and of CR-dimension d. The key result here
is the explicit determination of the CR-invariant hol(M*¥*¢ a) for ¢ in ‘general position’
(Propositions 6.5 and 6.17). The precise meaning for ¢ of being in ‘general position’
is stated in Lemma 6.8. Further results are, again for ¢ in general position, that the
tube manifold M is simply connected and has trivial stability group at every point. As
a consequence, the manifolds M of this type have the following remarkable property:
Every homogeneous (real-analytic) CR-manifold locally CR-equivalent to M is globally
CR-equivalent to M.

In §7 the results from §6 are further refined in the case of homogeneous CR-manifolds
M¥:=M%2%:=F%+iR"CC" of CR-dimension 2 but without restrictions on the codimen-
sion. In fact, every minimal and locally homogeneous tube CR-manifold M :=5+iR"
with a conical 2-dimensional SCR" is locally CR-equivalent to M¥ for some cyclic ¢.
In this section also the case is treated, where ¢ is not in ‘general position’, that is, the
characteristic roots do form an arithmetic progression (see Lemma 6.8). The main results
here are: Whether a cyclic ¢ is in general position or not, the Lie algebras hol(M¥, a)
(Proposition 7.3) and the global automorphism groups Aut(M?) (Proposition 7.5) are
determined. Furthermore, the problem of local and global CR-equivalence among the
M*#’s is solved (Propositions 7.6 and 7.7) and a moduli space is constructed (§7.8).

Part I of the paper is concluded with §8, where the examples (1)—(3) from Theorem I
are presented in more detail. The results of the preceding section are applied to this case
of 5-dimensional tube manifolds M. In particular, Propositions 8.8 and 8.11 contain
some additional information to that stated in Theorem I and also complete the proof of
Theorem I.

Part II of the paper is mainly devoted to prove Theorem II. In the preliminary §9
we explain how the geometric properties such as k-nondegeneracy, minimality or the
CR-dimension of an arbitrary locally homogeneous CR-germ (M, 0) can be encoded in
a pure Lie algebraic object, the associated CR-algebra (g,q). This is the key for our
classification and is based on results taken from [15]. Specified to 5-dimensional CR-
germs, we formulate the precise algebraic conditions on a CR-algebra (g, q) ensuring
that the associated CR-germ (M, 0) is 2-nondegenerate.

Once the classification of 2-nondegenerate 5-dimensional locally homogeneous CR-
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germs (M, 0) is reduced to a classification problem of certain CR-algebras, we begin in
810 to carry out the details of the proof. It is subdivided into several sections, lemmata
and claims and will only be completed in §16. Our proof relies on a quite subtle analysis
of Lie algebraic properties of CR-algebras and uses basic structure theory of Lie algebras
and Lie groups. The methods are quite general and can be adapted to handle also
higher-dimensional cases.

A more detailed outline of the proof can be found in the first part of §10.

Part I. Levi degenerate CR-manifolds

2. Preliminaries

In the following let E always be a complex vector space of finite dimension and M CE
an immersed connected real-analytic submanifold. In most cases M will be locally closed
in . Due to the canonical identifications T, E=F, for every a€ M we consider the
tangent space T, M as an R-linear subspace of E. Then H,M:=T,MNiT,M is the
largest complex linear subspace of E contained in T,M. The manifold M is called a
CR-submanifold if dimc H,M does not depend on a€ M. This dimension is called the
CR-dimension of M and H,M is called the holomorphic tangent space at a; compare [3]
as general reference for CR-manifolds. Given another real-analytic CR~submanifold M’
of a complex vector space E’, a smooth mapping g: M — M’ is called CR if for every ae M
the differential dg,: To M — T4, M’ maps the corresponding holomorphic tangent spaces in
a complex-linear way to each other. Keeping in mind the identification T, E=F, a vector
field on M is a mapping f: M —E with f(a)eT,M for all ac M. For better distinction
we also write £=f(2)9/0z instead of f and &, instead of f(a); compare the convention
(2.1) in [16].

An infinitesimal CR-transformation on M is by definition a real-analytic vector field
f(2)0/0z on M such that the corresponding local flow consists of CR~transformations.
Let us denote by hol(M) the space of all such vector fields, which is a real Lie algebra
with respect to the usual bracket. For every f(z)0/0z€bhol(M) and every acM, there
exist an open neighbourhood U CM of a with respect to the manifold topology on M,
an open neighbourhood W of a with respect to F, and a holomorphic mapping h: W —FE
with f(z)=h(z) for all zeUNW; compare [2] or [3, Proposition 12.4.22].

Further, for every a€ M, we denote by hol(M,a) the Lie algebra of all germs of
infinitesimal CR-transformations defined on arbitrary open neighbourhoods of a with
respect to the manifold topology of M. For simplicity and without essential loss of
generality, we always assume that the CR-submanifold M is generic in E, that is,
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E=T,M®iT,M for all ae¢ M. This assumption allows us to consider hol(M,a) in a
canonical way as a real Lie subalgebra of the complex Lie algebra hol(E, a), which we
always do in the following. The CR-manifold M is called holomorphically nondegenerate
at a if hol(M,a) is totally real in hol(F, a), i.e. if hol(M,a)Nihol(M,a)=0 in hol(E, a).
This condition together with the minimality of M at a implies that dim hol(M, a)<oo;
see [3, Theorem 12.5.3]. Here, the CR-submanifold M C E is called minimal at a€ M if
T,R=T,M for every submanifold RCM with a€R, and H,M CT,R for all ze R. By
[3, Proposition 15.5.1], dim hol(M, a) <oo implies that M is holomorphically nondegen-
erate at a.

The CR-manifold M is called locally homogeneous at the point a€ M if there exists
a Lie subalgebra gChol(M, a) of finite dimension such that the canonical evaluation map
g—T, M is surjective. By [33] this is already satisfied if the canonical evaluation map
hol(M,a)—T,M is surjective. In the global setting the situation is quite different: In
[21, p.69], an example of a domain DCC? was given, on which the group Aut(D) of
all biholomorphic automorphisms acts transitively but on which no connected Lie group
of finite dimension can act transitively. In case the CR-manifold M is locally homoge-
neous at a, the condition dim hol(M,a)<oo is equivalent to M being holomorphically
nondegenerate and minimal at a.

By aut(M,a):={¢€hol(M,a):£,=0} we denote the isotropy subalgebra at a€M.
Clearly, aut(M,a) has finite codimension in hol(M,a). Furthermore, we denote by
Aut(M,a) the group of all germs of real-analytic CR-isomorphisms h: W —W with
h(a)=a, where W and W are arbitrary open neighbourhoods of a in M. It is known
that every germ in Aut(M,a) can be represented by a holomorphic map U— E, where
U is an open neighbourhood of a in E; compare, e.g., [3, Corollary 1.7.13]. Further-
more, Aut(M) denotes the group of all global real-analytic CR-automorphisms h: M — M
and Aut(M), its isotropy subgroup at a. There is a canonical group monomorphism
Aut(M),—Aut(M,a) as well as an exponential map exp: aut(M, a)— Aut(M, a) for ev-
ery acM.

By aff(M)Chol(M) we denote the Lie subalgebra of all (complex) affine infinitesi-
mal CR-transformations on M. For every a€ M furthermore aff(M,a)Chol(M, a) is the
Lie subalgebra of all affine germs. The canonical embedding aff(M)—aff(M,a) is an
isomorphism for every a€ M.

Suppose that g: U—U" is a biholomorphic mapping between open subsets U, U’ C E.
Then

9:(f(2)0/02) =g (97" 2)(f (97" 2))0/ 0= (2.1)

defines a complex Lie algebra isomorphism g,: hol(U)—hol(U’), where ¢'(u) €EEnd(E), for
every ucU, is the derivative of g at u. For real-analytic CR-submanifolds M, M'CFE ev-
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ery CR-isomorphism g: (M, a)— (M’, a’) of manifold germs induces a Lie algebra isomor-
phism g.:g—g’, where g:=hol(M,a) and g’:=hol(M’,a’). From (2.1) it is clear that g.
extends to a complex Lie algebra isomorphism [— [, where the sums [:=g®igChol(F, a)
and [":=g’'®ig’' Chol(E, a’) are not necessarily direct. In particular, g g, defines a group
homomorphism Aut(M,a)— Aut(g).

A basic invariant of a CR-manifold is the (vector-valued) Levi form. Its definitions
found in the literature may differ by a constant factor. Here we choose the following
one: It is well-known that for every point a in the CR-manifold M there is a well-defined
alternating R-bilinear map

we: HAM xH, M — E/H, M

satisfying wq (€q, (o) =€, ¢]a mod H, M, where £ and ¢ are arbitrary smooth vector fields
on M with &,,(,€ H. M for all ze M. We define the Levi form

Lo HoM x H,M — E/H,M (2.2)

to be twice the sesquilinear part of w,. By sesquilinear we always mean ‘conjugate linear

in the first and complex linear in the second variable’, that is,
Lo(v,w) =we(v,w)+iwg (v, w) for all v,we H, M.

In particular, the vectors L, (v,v), v€ H, M, are contained in T, M/H, M, which can be
identified in a canonical way with the normal space E/T,M to M CE at a. The following

remark follows immediately from the way the Levi form is defined.

Remark 2.3. Suppose that Z is a complex manifold, ¢: Z— M is a smooth CR-
mapping and a=¢(c) for some c€Z. Then every vector vedp.(T.Z)C H,M satisfies
L, (v,v)=0. In general, v is not contained in the Levi kernel

K,M:={ve HM : L,(v,w)=0 for all we H,M}.

The CR-manifold M is called Levi nondegenerate at a if K,M=0. Generalizing
that, the notion of k-nondegeneracy for M at a has been introduced for every integer
k>1 (see [3] and [4]). As shown in [3, Theorem 11.5.1], a real-analytic and connected
CR-manifold M is holomorphically nondegenerate at a (equivalently, at every z€ M) if
and only if there exists a £>1 such that M is k-nondegenerate at some point be M. For
k=1 this notion is equivalent to M being Levi nondegenerate at be M.

In the second part of our paper we also need a more general notion of a (real-
analytic) CR-manifold. This is a connected real-analytic manifold M together with a
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subbundle HM CTM (called the ‘holomorphic subbundle’) and a bundle endomorphism
J of HM, with J?=—id, such that (HM,J) is involutive; compare [6, §7.4]. By a
theorem in [1], there exists an embedding M < Z into a complex manifold Z, such that
H,.M corresponds to T, MNiT, M, where T,Z—T.Z is simply the multiplication by the
imaginary unit 7 (here the real-analyticity is necessary). The bundle homomorphism
J: HM — HM is then the restriction to H, M, for every z€ M, of that multiplication by
i. For local considerations one can always assume that Z is (an open subset of) C™.

3. Tube manifolds

Let V be a real vector space of finite dimension and E:=V @iV its complexification. Let
furthermore F'CV be a connected real-analytic submanifold and M :=F+iV CFE be the
corresponding tube manifold. M is a generic CR-submanifold of F, invariant under all
translations z+2z+iv, v€V. In case V' is another real vector space of finite dimension, E’
its complexification, F' CV’ a real-analytic submanifold and ¢: V' —V’ an affine mapping
with p(F)CF’, then clearly ¢ extends in a unique way to a complex-affine mapping
E—FE' with o(M)CM’. However, it should be noted that higher-order real-analytic
maps 1: F'— F’ also extend locally to holomorphic maps ©: U—E’, U open in E. But in
contrast to the affine case, we have in general (M NU)¢Z M'. We may therefore ask how
the CR-structure of M is related to the real affine structure of the submanifold F'CV.

For every a€F let T,FCV be the tangent space and N,F:=V/T,F be the normal
space to F' at a. Then T,M =T, F®:V for the corresponding tube manifold M, and N, F
can be canonically identified with the normal space N,M=FE/T,M of M in E. Define
the map l,: Ty F' X Ty F— N, F in the following way: For v, weT,F choose a smooth map
f: V=V with f(a)=v and f(x)€T,F for all x€ F (actually it suffices to choose such an
f only in a small neighborhood of a). Then put

lo(v,w):= f'(a)(w) mod T,F, (3.1)

where the linear operator f’(a)€End(V) is the derivative of f at a. One shows that [,
does not depend on the choice of f and is a symmetric bilinear map. We mention that
if V is provided with a flat Riemannian metric and N,F is identified with T, F~, then
[ is nothing but the second fundamental form of F' (see [30, §I1.3.3]). The form I, can
also be read off from local equations for F'; more precisely, suppose that UCV is an
open subset, W is a real vector space and h: U—W is a real-analytic submersion with
F=h71(0). Then the derivative h’(a): V—W induces a linear isomorphism N,F =W,
and modulo this identification I, is nothing but the second derivative h”(a): V xV —-W
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at a, restricted to T, F' x T, F. By
K, F:={weT,F:l,(v,w)=0for all ve T, F}

we denote the kernel of [,. The manifold F' is called (affinely) nondegenerate at a if
K,F=0 holds. The following statement follows directly from the definition of [,.

LEMMA 3.2. Suppose that o€End(V) satisfies o(x)€T,F for all xt€F. Then @(a)€
K F if and only if p(T,F)CT,F.

Lemma 3.2 applies in particular for p=id in case F' is a cone, that is, rF=F for all
real 7>0. More generally, we call the submanifold F'CV conical if €T, F for all z€F.
Then RaC K, F holds for all acF'.

In the remaining part of this section we explain how the CR-structure of the tube
manifold M is related to the real objects I,, TF, KF and K"F, to be defined below,
which depend only on the affine geometry of F'. In general it needs some effort to check
whether a given CR-manifold M is k-nondegenerate at a point a€M (in the sense of
[4]). For affinely homogeneous tube manifolds, however, there are simple criteria, see

Propositions 3.5 and 3.7. We start with some preparations. For every ac FC M,
HM=T,Foil,FCFE (3.3)

is the holomorphic tangent space at a, and E/H,M can be canonically identified with
N,F®iN,F. Tt is easily seen that the Levi form £, of M at a, compare (2.2), is
nothing but the sesquilinear extension of the form [, from T,F xT,F to H,M x H, M.

In particular,

K M=K, F&iK,F

is the Levi kernel of M at a. In case the dimension of K ,F does not depend on a€F,
these spaces form a subbundle K F'CTF. In this case, for every ve K, F there exists a
smooth function f:V—V with f(a)=v and f(z)€ K, F for all z€F, that is, the tangent
vector v extends to a smooth section in K F'. In any case, let us define inductively linear
subspaces K] F of T, F' as follows.

Definition 3.4. For every real-analytic submanifold FCV, every a€F and every
reN, put

(i) KOF:=T,F, and define

(i) KI*1F to be the space of all vectors v€ K7 F such that there is a smooth map-
ping f: V=V with f/'(a)(ToF)CKLF, f(a)=v and f(z)eKLF for all z€F.
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It is clear that K! F=K,F holds. Let us call F of uniform degeneracy or uniformly
degenerate if for every r€N the dimension of K] F' does not depend on a€ F'. In this case
it can be shown that for every ve K7 F' the outcome of the condition f'(a)(T,F)CKLF
in (ii) does not depend on the choice of the smooth mapping f: V—V satisfying f(a)=v
and f(x)eKLF for all z€F. For instance, F is of uniform degeneracy if F is locally
affinely homogeneous, that is, if there exists a Lie algebra a of affine vector fields on
V' such that every £€a is tangent to F' and such that the canonical evaluation map
a—T,F is surjective for every a€ F'. Clearly, if F' is locally affinely homogeneous in the
above sense, then the corresponding tube manifold M =F+iV is locally homogeneous as
CR-manifold.

Recall our convention that every smooth map f:V —V is considered as the smooth
vector field €= f(x)9/0x on V. Our computations below are considerably simplified by
the obvious fact that every smooth vector field £ on V has a unique smooth extension to
FE that is invariant under all translations z—z+iv, v€V. In case £ is tangent to FCV,
the extension satisfies £, € H, M for all ze M.

In case the submanifold F'CV is uniformly degenerate in a neighbourhood of a€ F,
we call F affinely k-nondegenerate at a if K¥F=0 and k>1 is minimal with respect
to this property. It can be seen that ‘affine k-nondegeneracy’ is invariant under affine
coordinate changes. As a consequence of [23] (compare the last five lines in the appendix

therein) we state the following results.

PRrOPOSITION 3.5. Suppose that F is uniformly degenerate in a meighbourhood of
a€F. Then the corresponding tube manifold M=F+1iV is k-nondegenerate as a CR-
manifold at a€ M if and only if F is affinely k-nondegenerate at a.

COROLLARY 3.6. Suppose that dim F'’>2 and K,F=Rx for all x€F. Then F is

affinely 2-nondegenerate at every point.

Proof. The map f=id has the property that f(z)€ K, F for every x € F. Hence, the
relation f/(z)(T,F)=T,F ¢ K, F implies that ¢ K2F and thus K2F=0 as well as 2#£0.

In particular, F' is uniformly degenerate. O

For locally affinely homogeneous submanifolds F'CV the spaces K/ F can easily be
characterized. For each affine vector field é=h(z)9/dx on V denote by £i":=h—h(0)e
End(V) the linear part of €.

PROPOSITION 3.7. Suppose that 2 is a linear space of affine vector fields on V' such
that every €€ is tangent to F and the canonical evaluation mapping A—T,F is a
linear isomorphism. Then, given any r €N, the vector vE K!'F is in K"t F if and only
if E"(V)EKTE for every €.
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Proof. By the implicit function theorem, there exist open neighbourhoods Y of 0€2(
and X of a€ M such that g(y):=exp(y)a defines a diffeomorphism g: Y — X. Define the
smooth map f: X —V by f(x)=pu,(v), where p, for y:=¢~!(x) is the linear part of the
affine transformation exp(y). Then f(a)=v and f(z)eKLF for every x€X. A simple

computation shows that

f'(@)(g'(0)€) =€ (v)  for every el
In view of Definition 3.4 (ii), this identity implies the claim. O

It is easily seen that a necessary condition for M being minimal as a CR-manifold
is that F' is not contained in an affine hyperplane of V. For later use in Proposition 4.10

we state the following sufficient condition.

PROPOSITION 3.8. Suppose that 2 has the same properties as in Proposition 3.7
and denote by ACEnd(V) the associative real subalgebra generated by {€:6€A}. Then
the tube manifold M=F+iV is minimal at a if V is the linear span of all vectors A(v)
with veT,F and N€A.

Proof. Without loss of generality we assume that the canonical evaluation mapping
A—T, F is a linear isomorphism for every x € F. We also assume that V' is the linear span
of all A(v) as above. Define inductively for every integer r>1 the subbundle H" M CTM
in the following way: H'M:=HM and every H "1 M, € M, is the linear span of H” M
together with all vectors [£,7]., where £ and 7 are arbitrary smooth sections in H" M
over M. For the proof, it is enough to show that T,IM:H(‘IX’M::UT21 T, M.

From T, F&iT, FCH M CT,F®iV we see that for every 1<r<oo there is a unique
linear subspace H'FCV with H'M=T,F®iH'F and H!F=T,F. Therefore, it is
enough to show that HF=V. We claim that ¢ (H? F)C HI*1F holds for all £€2(. To
see this, fix an arbitrary we H]F and an arbitrary vector field £€2(. Choose a smooth
section 1 over F' in the bundle ¢H] F' with 7, =%w and extend n as well as £ in the unique
way to smooth vector fields on M that are invariant under all translations z+—z+iv
with v€V. Then ¢ and 7 are sections in H"M, and [€,7],=i¢"™(w)e HI 1M implies
that ¢in(w)e H' M F as required. Now define inductively the linear subspaces W CV by
Wht=H!F=T,F and letting W"*! be the linear span of W" together with all £(W™),
£€. Then V:U@l W by assumption and W"C H F' by induction give VCHXM CV
as desired. O

LEMMA 3.9. Suppose that F'CV is a submanifold such that for every ceV with c¢#0
there exists a linear transformation g€ GL(V) with g(F)=F and g(c)#c (this condition
is automatically satisfied if F is a cone). Then for M=F+iV the CR-automorphism
group Aut(M) has trivial center.
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Proof. Let an element in the center of Aut(M) be given and let h: U—E be its
holomorphic extension to an appropriate connected open neighbourhood U of M. Since
h commutes with every translation z+—z+iv, v€V, it is a translation itself. Indeed, for
acF fixed and c:=h(a)—a, the translation 7(z):=z+c coincides with h on a+:V and
hence on U by the identity principle. For every g€ GL(V)NAut(M) the identity gh=hg
implies g(¢)=c. This forces ¢=0 by our assumption, that is, h(z)=z. O

PrOPOSITION 3.10. Suppose that the homogeneous CR-manifold M is simply con-
nected and that Aut(M) has trivial center. In case the stability group Aut(M,a) is trivial
for some (and hence every) a€M, the following properties hold:

(i) Let M’ be an arbitrary homogeneous CR-manifold and DCM and D'CM’ be
nonempty domains. Then every real-analytic CR-isomorphism h: D— D’ extends to a
real-analytic CR-isomorphism M — M.

(ii) Let M’ be an arbitrary locally homogeneous CR-manifold and D'CM’ be a
domain that is CR-equivalent to M. Then D'=M’'.

Proof. (i) Fix a point a€D. For every ge G:=Aut(M) with g(a)€D there exists
a transformation ¢'€G':=Aut(M’) with hg(a)=¢'h(a). Since Aut(M’,a’)={id}, the
transformation ¢’ is uniquely determined by g and satisfies hg=g’h in a neighbourhood
of a. Since the Lie group G is simply connected, g g’ extends to a group homomorphism
G— G’ and h extends to a CR-covering map h: M — M’. The deck transformation group
I':={g€G:gh=h} is in the center of G and hence is trivial by assumption. Therefore,
h: M— M’ is a CR-isomorphism.

(ii) The proof is essentially the same as of Proposition 6.3 in [16]. O

The condition ‘locally homogeneous’ in Proposition 3.10 (ii) cannot be omitted. A
counterexample is given for every integer k>3 by the tube M’CC? over

F' = {z eR? :;1c’2c :a:’f_lxg and :chrz% >0}.

Then with R*:=e® the tube M over F:=F'N(R*)?3 is the Example 8.4 below for =k,
and M and M’ satisfy for D’=M the assumption of Proposition 3.10 (ii).

4. Tube manifolds over cones

In this section we always assume that the (connected) submanifold F'CV is conical (that
is, €T, F for every z€F) and that a€F is a given point. Then, for M:=F+iV, the
Lie algebra g:=hol(M,a) contains the Euler vector field §:=20/0z. Denote by P the
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complex Lie algebra of all polynomial holomorphic vector fields f(2)9/0z on E, that is,
f: E—FE is a polynomial map. Then 8 has the Z-grading

P=PB P, [Be. PBi] < Prs (4.1)

kEZ

where Py, is the k-eigenspace of ad(d) in B. Then Py is the subspace of all (k+1)-
homogeneous vector fields in B if k> —1 and is 0 otherwise. Define gr:=gNPy. Clearly,
Dcz 9k is a graded, in general proper subalgebra of g, and aff(M,a)=g_1Sgo.

PROPOSITION 4.2. Retaining the above notation, suppose that g=hol(M,a) has fi-
nite dimension. Then, the following properties hold:

(1) gCP, that is, every f(2)0/0z€g is a polynomial vector field on E=V ®iV.
Furthermore, f(iV)CiV.

(i) 9=y>_1 9k, (96, 8] C Ot and g_1={ivd/0z:veV}.

(iii) For every z€ M the canonical map Hol(M)—hol(M, z) is a Lie algebra isomor-
phism.

(iv) gr=0 for some k€N implies that g;=0 for every j>k.

Proof. Consider [:=g@igChol(E, a), which contains the vector field n:=(z—a)d/0z.
We first show that [CB. Fix an arbitrary &:=f(2)0/0z€(. Then in a certain neighbour-
hood of a€E there exists a unique expansion {=), &, where &y =py(2—a)9d/0z for
a k-homogeneous polynomial map pi: F—FE. It is easily verified that the vector field
ad(n)¢ €l has the expansion ad(n)§=> ; cn(k—1)&x. Now assume that for d:=dim [ there
exist indices ko<ki<...<kq such that &, #0 for 0<I<d. Since the Vandermonde ma-
trix ((k;—1)7) is nonsingular, we get that the vector fields (ad(n))’é=>", .(k—1)7&,
0<j<d, are linearly independent in [, a contradiction. This implies that £ € as claimed.

Since gC*P has finite dimension, every n€g is a finite sum n=>3_,"_ | n), with 1, € Py
and meN not depending on 7. For every polynomial peR[X] then

m

p(ad(®))n=">_ p(k)m
k=—1
shows that 7, €gy for all k, that is, g=€P gx. The identity g_;={ivd/dz:veV} follows
from the fact that g_; is totally real in JB_; and this implies that f(iV)CiV for all
f(2)0/0z€gk, by [9-1,0k] Cgr—1 and induction on k. For the proof of the last claim,
assume that gp=0 for some £>0. Then [P_1,gr+1]C(9rDigr)=0 implies grr1Cg_1
and hence gj4+1=0. O

COROLLARY 4.3. In case g=hol(M,a) has finite dimension, the CR-manifold M=
F+iV is locally homogeneous at a if and only if F is locally linearly homogeneous at
acl.
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Proof. From Proposition 4.2 follows that W:={¢,:{ €@, oy g2x } is a subspace of V,
while {{,:£€@,cn g2x—1}=7V. Hence, M is locally homogeneous at a if and only if
W=T,F. But for every k€N and every €gay, the vector field n:=(ad(iad/dz))?*¢ is in
go and satisfies 7, =(—1)¥(2k+1)!¢,, that is, W={&,:(€go}. O

Notice that the conclusion gC*B together with an eigenspace decomposition as in
Proposition 4.2 can for V=R" be obtained in the same way if instead of ‘F’ conical’ it
is only assumed for M=F+iR"™ that g=hol(M,a) contains a vector field a;210/0z1+
0290/ 029+ ...+ 2,0/ 02y, with o >0 for all k; compare e.g. (7.13).

PROPOSITION 4.4. Assume that g:=hol(M,a) has finite dimension, that F'CV is
another conical submanifold with tube manifold M'=F'+iV, and that g :=hol(M’' da’)
for some o' €F'. Assume that the CR-germs (M,a) and (M',a’) are isomorphic and
let g,g: (M,a)—(M',a’) be arbitrary CR-isomorphisms. Then, the following properties
hold:

(1) dimgr=dimgj, for all k€Z, where g, and @) are given by the decomposition in
Proposition 4.2 (ii).

(ii) g is represented by a rational transformation on E.

(iil) In case g1=0, g is represented by a linear transformation in GL(V)CGL(E)
mapping every K F onto K, F'.

(iv) g=g if and only if g and g have the same d-jet at a, where

d:=min{k € N: g, =0}.

Proof. Let [:=g®ig and [:=[NPy, for all k. The Lie algebra automorphism ¥:=
exp(ad(ad/dz)) of | maps every f(2)0/0z to f(z+a)d/dz. For every k denote by (¥ CI the
subspace of all vector fields that vanish of order at least k+1 at a. Then ¥ (I¥)=@p sk b
implies that dim [, =dim [ /[**1. As a consequence, dimg gx =dimc [}, is a CR-invariant
of the germ (M, a) for every k.

For the proof of (ii) and (iii), put I':=g'+ig’ and extend ¢ to a biholomorphic map-
ping ¢g: U—U’ with g(a)=a’ and g(UNM)=U'NM’ for suitable connected open neigh-
bourhoods U and U’ of @ and ¢’ in E. Consider the induced Lie algebra isomorphism

gx:1—1'; compare (2.1). Its inverse ©:=g_ ! is given by

O(f(2)0/02) = g'(2)~" f(9(2))0/0=. (4.5)

Since [ consists of polynomial vector fields (Proposition 4.2), there exist polynomial maps
p: E—E and ¢: E—End(E) such that

O(20/02)=p(2)0/0z and ©O(ed/dz)=(q(2)e)d/dz
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for all e E. Then (4.5) implies that ¢’(z)"'=q(z) and ¢'(2)"1g(z)=p(2), that is,

9(2)=q(2)""p(2) (4.6)

in a neighbourhood of a€ F and, in particular, g is rational.

Now suppose g1 =0. Then also g =g}, =0 for all £>1 by (i) and Proposition 4.2 (iv).
Clearly O(I’,)=I,, where [,:={{€l:£,=0}, and similarly [/, Cl', are the isotropy subal-
gebras at a and a’. Also, §,:=(z—a)d/0z is the unique element in [, such that ad(d,)
induces the negative identity on the factor space [/l,. As d, has the same uniqueness

property for [/

a’’

we must have ©(d,/)=0,. Since 6=209/0z is the g-component of ¢, as
well as of §,/ in gPig, we actually get ©(5)=4, that is, p(z)=z. Also [_; is O-invariant,
implying that ¢ is constant. Therefore g=q(a)~!.

For the proof of (iv) we assume without loss of generality that M =M', a=a’ and that
g,id€ Aut(M, a) have the same d-jet at a. This implies that g(z)—z vanishes of order >d
and ¢'(z)—id vanishes of order >d at a. Therefore also ¢’(2) ! —id=¢(z)—id vanishes of
order >d at a. Since q is a polynomial of degree <d, there is a d-homogeneous polynomial
s: E=End(V) with ¢(z)=id+s(z—a). Consider the vector field n:=(z—a)d/dz€l and

define the holomorphic mappings h,r:U— E by

h(z)=q(2)(9(2) —a) = (z—a)+7(2).

Then O(n)=h(z)0/0z€g shows that h and r are polynomials of degree <d. But

r(z)=(9(2)=2)+s(2—a)(9(2) —a)

vanishes of order >d at a, that is, 7=0 and ©(n)=n. This implies that ©(I_;)=I[_1, since
[_1 is the (—1)-eigenspace of ad(n). Therefore g is an affine transformation on E. From

g(a)=a and ¢'(a)=id we finally get g=id. O

COROLLARY 4.7. Let M:=F+iV and M':=F'+iV, with F,F'CV being conical
submanifolds, and let a€F and o' €F' be arbitrary points. Assume furthermore that
hol(M, a)=aff(M, a) holds. Then, the following conditions are equivalent:

(i) the manifold germs (M,a) and (M’,a’) are CR-equivalent;

(ii) the manifold germs (M,a) and (M’ a’) are affinely equivalent;

(iii) the manifold germs (F,a) and (F',a’) are linearly equivalent.

Recall that aut(M,a)Cg=hol(M,a) is defined as the isotropy subalgebra at a and
Aut(M, a) is the CR-automorphism group of the manifold germ (M, a), also called the
stability group at a€ M.
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PROPOSITION 4.8. Let FCV be conical and let M=F+iV. In case g=hol(M,a)
has finite dimension, the following conditions are equivalent:

(i) g1=0;

(i) g=aff(M, a);

(iii) the tangential representation g—g'(a) induces a group monomorphism
Aut(M,a) — GL(V).

Each of these conditions is satisfied if aut(M,a)=0.

Proof. Let l:=g®igChol(F,a) and =g, Pigy for all k.

(i)= (ii) Follows from the last claim in Proposition 4.2.

(ii) = (iii) By Proposition 4.4 (iii), every g€ Aut(M,a) is represented by a linear
transformation on V.

(iii) = (i) Let £€g; be an arbitrary vector field. Then there exists a unique sym-
metric bilinear map b: Ex E— F with £=b(z, 2)0/0z. Now,

(ad(iad/0z))*¢ = —2b(a,a)0/0z € g,

i.e., n:=h(2)0/0z is in aut(M,a), where h(z):=b(z, z)—b(a,a). For every tER therefore
the transformation ;:=exp(tn)€Aut(M,a) has derivative ;(a)=exp(th’(a))€GL(E)
in a. But 9¥;(a)eGL(V) by Proposition 4.4 (ili) and thus 2b(a,v)=h'(a)veV for all
v€V. On the other hand, b(a,v)€iV by Lemma 3.9, implying that ;(a)=id for all
teR. By the injectivity of the tangential representation, therefore, 7; does not depend
on t, and we get {=0. This proves (i) and thus the equivalence of (i)—(iii).

Suppose aut(M, a)=0 and that there exists a nonzero vector field {€gy. Then &, iV
and there exists an neg_; with £—necaut(M,a), a contradiction. O

Remark 4.9. Notice that condition (iii) in Proposition 4.8 states that the tangential
representation takes its values in the subgroup GL(V)CGL(E). In general, the tangential
representation is not injective and also takes values outside GL(V). The tube M over

the future light cone can serve as a counterexample for both of these phenomena.

ProrosiTiON 4.10. Suppose that M=F+1V, with FCV being a conical submani-
fold, is locally homogeneous and that g=g_1®go for g=hol(M,a). Then the tangential

representation at a induces a group isomorphism
Aut(M,a)={g€ GL(V):ggog~" =go and g(a)=a},

where go is considered in the canonical way as a linear subspace of End(V).



20 G. FELS AND W. KAUP

Proof. The assumptions imply that H(a)NF' is a neighbourhood of a in F for
H:=exp(go) CGL(V). Let g GL(V') be an arbitrary linear transformation with g(a)=a
and ggog~'=go. Then gHg '=H and hence gH (a)=H g(a)=H (a), that is g€ Aut(M, a).
Conversely, by Proposition 4.4 (iii), every element of Aut(M,a) can be represented by
some g€ GL(V) with g(a)=a. Since ¢ is invariant under the Lie algebra automorphism
©=g, of g, also go is invariant under ©. As a consequence, ©(p)=gpg~! for every p€go,

that is, ggog~'=go. O

The real Lie algebra structure of hol(M,a) is a CR-invariant for the manifold germ

(M, a). For certain classes of conical tube manifolds this gives a complete invariant.

PROPOSITION 4.11. Let F, F'CV be conical submanifolds for which the correspond-
ing tubes M:=F+iV and M':=F'+iV are locally homogeneous CR-manifolds. Let ac€F
and a' €F' be arbitrary points and assume that for g:=hol(M,a) the spaces g occur-
ring in the grading of Proposition 4.2 (ii) satisfy gr=[go,80]=0. Then, the following
conditions are equivalent:

(i) the germs (M,a) and (M’ a") are CR-equivalent;

(ii) hol(M,a) and bhol(M',a’) are isomorphic as real Lie algebras.

Proof. Ouly the implication (ii) = (i) is not obvious. Suppose that
©:g—g :=hol(M',d)
is a Lie algebra isomorphism. We use the same symbol for the complex linear extension:
CHEIS

Our first step is to show that © can be modified in such a way that it respects the
gradings. To begin with, [g’, ¢'] is abelian since our assumption implies that [g, g]=g_1
has this property. With g'=@, ., g;, being the grading for g’ as in Proposition 4.2 (ii),
assume that there exists a minimal integer k>1 with g} #0. Then g’ ;=[d, g’ ;] and ¢:=
[9"1,9,)#0 imply that g’ |, cC[g’, g’] together with [g’ , ¢]5#0, a contradiction. Therefore
o'=g’ B}, with [¢/,g|=g’,, and, as a consequence, O(g_1)=O([g, a]) = [, ') =g ;.
Since ad: gj—gl(g__;) is injective, d+¢g’ ; is precisely the set of all £€g’ such that ad(€)
induces the negative identity on g’ ;. Therefore, there exists neg’; with ©(5)=35—n.
Replacing © by exp(ad(n))O=(id +ad(n))O, we get O(5)=4J and finally O(gx)=g), for
all k.

There exists a linear operator 0€ GL(V)CGL(E) with ©(ed/0z)=0(e)0/0z for all
ecE=V@iV. We claim that H'=0H0~! holds for the abelian subgroups H:=exp g
and H':=exp g{, of GL(V). Indeed, applying © to [ed/0z, A(2)0/0z]=\(e)d/0z yields

M =0) for all \(2)8/0z € go and \(2)9/0z := O(X\(2)d/Dz) € g).
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We may therefore assume (possibly after replacing F' by 0F and a by fa) that H=H',
F=H(a) and F'=H (a'). Denote by ACEnd(V) the associative subalgebra generated by
all \e End (V) with A\(2)9/0z€go. Then A is abelian, contains the identity of End (V) and
HCA. Since dim g<oo, the CR-manifold F'+¢V is minimal and consequently F' cannot
be contained in a hyperplane of V. This implies that A(a)=V, and thus the existence
of a geA with a’=g(a). From gH=Hg we get F'=g(F). Since g(F) also cannot be
contained in a hyperplane of V, finally g€ GL(V) follows. O

In Propositions 6.5 and 6.17 a large class of linearly homogeneous conical sub-
manifolds FF'CV is given for which the corresponding tubes M satisfy the condition
91=1[80, 9o]=0 in Proposition 4.11.

We note that we do not know a single example with dim g<oo and dim g >dim g_
for some k€eN. We also do not know any pair M, M’ of holomorphically nondegener-
ate conical tube manifolds, that are locally CR-equivalent but are not locally affinely
equivalent. For Levi nondegenerate tube manifolds (which necessarily cannot be conical)
such examples can be found in [10]. In [20] even two affinely homogeneous examples are
contained which are locally affinely inequivalent but whose associated tube manifolds are

locally CR-equivalent.

5. Some examples

In this section we present two classes of examples. To our knowledge, the only known
example of a homogeneous k-nondegenerate CR-manifold with k>3 occurs in [15] for
the case k=3: this is a hypersurface M in a 7-dimensional compact complex manifold,
on which the simple Lie group SO(3,4)" acts by biholomorphic transformations with
orbit M. In our first example we give, for arbitrary CR-codimension c¢>1, a minimal
homogeneous 3-nondegenerate as well as a minimal homogeneous 4-nondegenerate CR-

manifold. The second class of examples deals with tubes M over cones of the form

{xe (R*)n;zxyzz;f},

J<p Jj>p

with 1<p<n and a#0,1. Using results from the preceding section, we explicitly de-
termine all Lie algebras g=hol(M,a) for certain a. Among these are all hyperquadrics
(that is, «=2) of signature (p,q) with ¢:=n—p, where g turns out to be isomorphic to
so(p+1,q+1).

The first example of CR-manifolds introduced below consists of tubes M=TI'(a)+iV
over certain group orbits I'(a), where the connected group I':'={g€GL(2,R):det(g) >0}
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acts linearly on the real vector space V. In that way we obtain homogeneous k-nondegen-
erate CR-manifolds for k€{2,3,4}. For dimensional reasons, it is impossible to construct
CR-manifolds of higher nondegeneracy, employing the group I'=GL(2,R)°. We do not
know how to construct k-nondegenerate homogeneous tube manifolds with k=5 (should

these exist) with suitable other groups, either.

Ezample 5.1. For fixed integers k€{2,3,4} and ¢>1 let VCR[u, v] be the subspace
of all homogeneous polynomials of degree m:=k+c—1. Then the group I' (see above)
acts irreducibly on V by prrpog~! for all g€, and has the subgroup {g€Rid:g™=id} as
kernel of ineffectivity. For a::Zf;g uw/v™~J €V the orbit F=F%¢:=I'(a) is a connected
conical submanifold of dimension k in V. With Proposition 3.7 it is easily seen that

k—1—r
K} F= Z Ru/v™ 7 for all r>0.
j=0
In particular, the tube manifold M*€¢:=F+4iV is a k-nondegenerate homogeneous CR-
manifold of CR-dimension k and CR-codimension c¢. The manifolds M?¢ will be dis-
cussed in more detail in §7. In particular, M?! is linearly equivalent to the future light

cone tube M. For easier handling let us identify R™*! with V via

m

m . .

—

(a:o,;vl,...,xm)wg xj<j>u]v 7,
=0

Since I" acts on M*° by (linear) CR-automorphisms, the linear part go of g=hol(M*°, a)
(compare Proposition 4.2 (ii)) contains a copy of gl(2, R). More explicitly, this subalgebra
is spanned by the vector fields

m m—1
Cri=) §20/0z, M=) (m—j)z;410/0,
i=1 =0
. o (5.2)
51’71 = Zijfla/aZj, CQ = (m—j)zja/az]
j=1 =0

In particular, the vector fields ¢t ¢! and {0’0::41f@:z;’;o(?jfm)zjé‘/azj span
a copy of s[(2,R) in go. In case k=2, a straightforward computation shows that

e{(5 2)era

is the isotropy subgroup at a€M?°. Hence,

(5 erf=e

acts transitively on F, that is, M?¢ is diffeomorphic to R™ x C*, where n:=m-+1=dim V.



LEVI DEGENERATE HOMOGENEOUS CR-MANIFOLDS 23

It seems quite hard to find explicit global equations for M*<. For k=2 see (7.2)
and for k=3 we have the following: Denote by SCV =R", n=3+c=m+1, the union of
all T-orbits in V that have dimension <3. Then M?3¢CS+iR"” and M?“t! is contained
in the closure of M3 in S+iR"™. Consider the 4 x n-matrix

0 T1 2o we (m=Dzpr1 ma,
D) = mzy (m—1)zg (m—2)zg ... T 0
0 o 21 we (Mm=Dzpr—o0 Mz
mzg (m—1)z; (m—2)zg ... Ti—1 0

formed by the (real parts of the) coefficients of the four vector fields in (5.2). Then, for
every z€R", the rank of D(z) is just the dimension of the orbit I'(z). In particular,
the algebraic subvariety SCR"™ is given by the simultaneous vanishing of all minors of
order 4 in D(z). For k=4 an explicit equation of the 4-nondegenerate hypersurface M*!
can be found in [22].

For the rest of the example we concentrate on the hypersurface M>'. Then
S={recR*:o(x)=0}

for
o(z) :=det D(x) = 9(x323 +4xoxs — 61071 T2w3 —3TT05+4T5w3).

Every connected component U of R*\ S is an open I'-orbit and U +iR* is an affinely
homogeneous tube domain in C2.

Now consider the subgroup ¥:=SL(2,R)CT". As X is normal in I" and ¥(a) is open in
I'(a), the orbits ¥(a) and I'(a) coincide. As every vector field in s[(2,R) Cgo annihilates
the function p, every hypersurface S,:={z€R*:g(x)=a}, a€R, is invariant under the
group X. For every b€R*\ S the orbit I'(b) has dimension 4, and hence the orbit X(b)
has dimension 3. As a consequence, for every a0 the variety S, is nonsingular and
every orbit ¥(b), b¢S, is a closed hypersurface in R*. Actually it can be shown that for
every beV'\ S near a, the homogeneous tube manifold (b)+iR?* is Levi nondegenerate

and has indefinite Levi form.

Example 5.3. Fix integers p>¢>1 with n:=p+¢>3 and a real number o with o?#a.

Then
F=F = {xe(R*)":Zx?: Z x?‘}

Jj=1 Jj=p+1
is a hypersurface in V:=R"™. Furthermore, F' is a cone and therefore dim K,F>1 for
every a€F. On the other hand, the second derivative at a of the defining equation

for F' gives a nondegenerate symmetric bilinear form on V xV, whose restriction to
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T.F xT,F then has a kernel of dimension <1. Therefore dim K, F =1 for every a€ F and,
by Corollary 3.6, the CR-manifold M =My :=F7 +iV is everywhere 2-nondegenerate
(compare [13, Example 4.2.5] for the special case n=a=3). Since M as a hypersurface

is also minimal, g=hol(M, a) has finite dimension.

For the special case a=2 and ¢=1, the above cone F:F,f_L1 is an open piece of

the future light cone
{reR™: 23 +..+22_, =22 and z,, >0}

in n-dimensional space-time, which is affinely homogeneous. In [23] it has been shown
that for the corresponding tube manifold M the Lie algebra g=hol(M,a) is isomorphic

to so(n,2) for every a€ M. In case ¢>1, the following result seems to be new.

Case a=2. Consider on C™ the symmetric bilinear form

(zlw) =" zjw; = zw;.

J<p Jj>p

Then F is an open piece of the hypersurface {x€R™:2%#0 and (x|z)=0}, on which the
reductive group R*-O(p, q) acts transitively. Therefore, s,:=Rd@so(p, q) is contained
in go. One checks that

§:=g_1D®s,Ds1, 51 :={(2i(c|z)z—i(z|z)c)0/0z:c€R"}

is a Lie subalgebra of g. The radical v of s is ad(d)-invariant and hence of the form
r=t_1Brodry for t,:=tNg,. From so(p, ¢) being semisimple we conclude that toCRJ.
But 0 cannot be in v since otherwise g_; Ct would give the false statement [g_1, ;] CRJ.
Therefore t,=0, and [g_1, t;]=[t_;, $;]=0 implies t=0. Now, [23, Proposition 3.8] implies
that g=s, and, in particular, that g has dimension (";2) In fact, it can be seen that g

is isomorphic to so(p+1, g+1).
Case « an integer >3. Then F is an open piece of the real-analytic submanifold

n

P
S::{zeR”:x#Oand Zx?‘: Z x;‘} (5.4)

j=1 j=p+1

which is connected in case ¢>1 and has two connected components otherwise. For
every z€R" let d(x)€N be the cardinality of the set {j:x;=0}. It is easily seen that
dim K,S=1+d(x) holds for every z€S. Now consider the group

GL(F):={geGL(V):g(F)=F}.
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Every geGL(F) leaves S and hence also H:={zx€R":d(x)>0} invariant, that is, g is
the product of a diagonal matrix and a permutation matrix. Inspecting the action of
GL(F) on {c€F:d(c)=n—2}, we see that GL(F), as a group, is generated by R*-id and
certain coordinate permutations. As a consequence, go=Rd. Now suppose that there
exists a nonzero vector field £€gy. Then £=¢(z, 2)0/0z for some symmetric bilinear map
q:C"*x C"—C™ with g(c, 2)0/02€C¢ for every ceC™. As ¢#0 is symmetric, any two
vectors in C™ must be linearly dependent, which contradicts n>3. Therefore gy =0 and
hence g =0 for all k>1, by Proposition 4.4 (iv). In particular, dim g=n+1<dim M for
the tube manifold M =F+iV, that is, M is not locally homogeneous. For n=3 this gives
an alternative proof for [14, Proposition 6.36].

PROPOSITION 5.5. Let a,a’eF:FZ‘fq be arbitrary points. Then in case 3<a€N the
CR-manifold germs (M, a) and (M,a’) are CR-equivalent if and only if o’ € GL(F)(a).

Proof. Suppose that g: (M, a)—(M,d’) is an isomorphism of CR-manifold germs.
From g'=g’ {®RJ for g’:=hol(M’,a’), Proposition 4.4 (iii) implies that g is represented
by a linear transformation in GL(V') that we also denote by ¢g. But then g(F)CS with S
defined in (5.4). Because g(F') has empty intersection with H, we actually have g(F)CF.
Replacing g by its inverse, we get the opposite inclusion, that is g€ GL(F). O

6. Levi degenerate CR-manifolds associated with an endomorphism

The lowest CR-dimension for which there exist homogeneous CR-manifolds that are Levi
degenerate but not holomorphically degenerate is 2. The construction recipe below will
give, up to local affine equivalence, all affinely homogeneous conical tube submanifolds of
C™ with CR-dimension 2. Indeed, it is based on the following simple observation. Sup-
pose that FFCV:=R" is a conical locally linearly homogeneous submanifold of dimension
2. Denote by a the Lie algebra of all linear vector fields on V' that are tangent to F'. Then,
fixing a point a€F, there exists a ¢ €End(V) with p(z)0/0x€a and T,F=Ra®Ry(a).
Therefore, the orbit H(a) under the subgroup H:={exp(rid+ty):r,teR} is an (im-

mersed) surface in V' having the same germ at a as F.

6.1. Construction recipe

Throughout this section, let 1<d<n be arbitrary integers and V be a real vector space of
dimension n. Let furthermore ¢ €End(V') be a fixed endomorphism and HCEnd(V') the
linear span of all powers ¢* for k=0,1,...,d—1. Then H:=exp(h)CGL(V) is an abelian
subgroup, and for given a€V the orbit F:=H(a) is a cone and an immersed submanifold
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of V' (not necessarily locally closed in case n>4). Furthermore, the tube M=F+iVCFE

is an immersed CR-submanifold of F.

6.2. Cyclic endomorphisms and vectors

A vector a€V is called cyclic with respect to o €End(V) if the ©*(a), k>0, span V. This
is equivalent to a, p(a), ..., " 1(a) being a basis of V. We call o€ End(V) cyclic if it has
a cyclic vector and denote by Cyc(V)CEnd(V) the subset of all cyclic endomorphisms. If
a,beV both are cyclic vectors of ¢ then there exists a transformation g€R[p]CEnd(V)
with b=g(a). But g commutes with every element of the group H=exp(h) and hence
maps the orbit H(a) onto H(b). In particular, the CR-isomorphism type of M =H (a)+iV
only depends on ¢ and d, but not on the choice of the cyclic vector a. To emphasize
this dependence, we also write M#¢ for M and F¥? for H(a), but only if ¢ is cyclic.
We tacitly assume that a choice for a cyclic vector ¢ has been made. In case d=2 we
even write M¥ and F¥ instead of M¥2 and F¥-2, respectively. The following proposition

shows the relevance of these manifolds in our discussion.

PROPOSITION 6.3. For F=H(a) and M=F+iV asin §6.1, the following conditions
are equivalent:

(i) hol(M,a) has finite dimension;

(ii) a is a cyclic vector of .

If these conditions are satisfied, M is a minimal 2-nondegenerate homogeneous CR-
manifold with CR-dimension d and Levi kernel K,M=Ca.

Proof. (i) = (ii) Condition (i) together with the homogeneity of M implies that M
is minimal. Let WCV be the linear span of all vectors ¢*(a), k>0. Then HCR[y]
implies H(a)CW and hence W=V by the minimality of M. Therefore, a is a cyclic
vector, and the ¢*(a), 0<k<d, form a basis of the tangent space T, F. In particular, F
has dimension d, which is also the CR-dimension of M.

(ii) = (i) Suppose that a is a cyclic vector of . Lemma 3.2 gives RaC K, F, since
F is a cone in V. For the proof of the opposite inclusion fix an arbitrary weT, F with
w¢Ra. Then w=37", cj¢? (a) with ¢, #0 for some 1<m<d and %™ (w)¢T,F shows
that w¢ K, F by Proposition 3.7. Therefore, M is 2-nondegenerate by Corollary 3.6 and
K,M=Ca. It remains to show that M is minimal at a. But this immediately follows

from Proposition 3.8. O

For the manifolds M =M% it is possible to compute the Lie algebras g=hol(M, a)
in ‘most cases’. Clearly, the Lie algebra g contains the d-dimensional Lie algebra h (as
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before, g is canonically identified with a linear subspace of End(V)). In Propositions 6.5
and 6.17 we will show that the equality g=g_; ®h holds for all ¢ in ‘general position’.

Suppose that p€End(V) has the cyclic vector a€V and that the integer d satisfies
1<d<n. Let

s
Xw::H(X_Aj)nj eR[X], n;>1, (6.4)

j=1
with mutually distinct eigenvalues A1, ..., A;€C, be the characteristic polynomial of ¢.
Let furthermore aj, ..., a, be the family of all roots of x,, that is, each A; occurs n;
times in this family. As usual, a1, ..., ay, is called an arithmetic progression in C if there

exists a 3€C such that, after a suitable permutation, o;j=c;+(j—1)5 for all 1<j<n.

PROPOSITION 6.5. Let M=M% and g:=hol(M,a) for a cyclic vector ac€V M
of w. Then go=b holds if one of the following conditions is satisfied:

(i) d=2 and the characteristic roots of ¢ do not form an arithmetic progression;

(ii) d=3 and s>d.

For the proof we need several preparations. To simplify the notation at various

places let us introduce
S:={l,..,s}, m:=d—1 and mp:=np—1foral keS. (6.6)
For every K CSS define furthermore
Ag:={Bjx:j€Sand ke K} with SBjr:=(\;— A, A?—)\i, an A=A €CT,(6.7)

and denote by % the set of all nonempty subsets K C.S such that there exist subsets
PcQcCS\K with the following two properties, where the maximum over the empty set
here is defined to be O:

(1) Dker Mkt ,eq Ng=d+max{n,—1:peP};

(ii) for every B€Ag\ Ak there exist uniquely determined j€S and g€ Q with 5=0;,
such that n;<n, and g€ P.

Notice that % contains every subset K CS with }, ;. nx>d (just take Q=2). In
the following lemma we show that (i) or (ii) in Proposition 6.5 will follow from a more
general technical condition that will allow us to give a uniform proof of Proposition 6.5
for all d.

LEMMA 6.8. Suppose that s>d and that (., Ax={0} holds. Then one of the

conditions (1) and (ii) in Proposition 6.5 is satisfied.

Proof. Case d=2. Assume that the characteristic roots ay, ..., @, do not form an
arithmetic progression and that there exists a nonzero €[ Kex Ag. We claim that
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A1, ..., As is an arithmetic progression. Otherwise s>3 and there exists a k with 1<k<s
such that, without loss of generality, A\;=XM+(j—1)3 for all 1<j<k and A\ —(F#\, #
g+ for all r>k. For every j>k the set Ay ;1 contains the number 3, that is, there is
an r€S with A\, =X+ or A, =X\;+ 5. The first possibility violates our assumptions. In
the second case necessarily 7>k must hold, since r <k would imply A;=XA; —(, and thus
the second possibility cannot be true for all j with k<j<s. This proves that Ay, ..., \g
is an arithmetic progression, and also s<n by assumption. In particular, n;>1 for some
j€S. Next, we claim that {1}€.# and {s}€.#". To see that {1}, let ke{1,...,s} be
minimal with ng>1. With P:=Q:={k}\ {1}, condition (ii) after (6.7) is fulfilled and the
first part of the claim follows. A similar argument proves also that {s}€.#". But then
Ag13NAgy=1{0} gives a contradiction.

Case d>3. Suppose that 073, €[\ e Ax and that s>d. Then L:=S\{k}c. 2
(with @Q=2) and there are [€ L and r€ S with 8;,=/,;. Since d>3, the equation 3,5 =0

implies k=I, a contradiction. O

Proof of Proposition 6.5. It is enough to assume that the assumption of Lemma 6.8
is satisfied. Consider the decomposition E=F,®...®FE; with Fj being the kernel of
(o—Ap)™ for every k€S. Let mp: E— E) be the canonical projection and let e: Exy—F
be the canonical injection. Then ay:=7(a) is a cyclic vector for ¢y :=m,per €End(Ey).

k

Furthermore, if we put ai::(apk—)\k)j(ak) for all >0, then a,...,a"* is a basis of Ej.

With m=d—1 as defined above let ®:=(¢!, ..., ™) €End(V)™.

For every real (or complex) vector space W and all tuples t=(t1, ..., t,,) ER™ and
W= (W, ..., W, ) EW™ let us write as shorthand t-w:=3"", t;w;. For every t€R™ the
point e ®(a) is contained in F=MNV.

Now fix an arbitrary p€goCEnd(V). Since the vector field p is tangent to F, for

every tER™ there exist real coefficients rq, r1, ..., 7 With
pet®(a) =Re"®(a) for R:= Z it (6.9)
1=0
Actually, every 7, has to be considered as a real-valued function on R™. Put
pr =7 and N :=(pr—Ag, ..., o5 —AL) € End(E)™
for all k€S. Applying 7 to (6.9) gives

S
Re!Ne(ay) =" V¥ R(ay) = Z e"Pik e Ni(ay)  with
j=1

— m (6.10)
R(ag) = Z de‘ai for oy ;(t):= Z <]) )\Z_jrl (t).
5=0

1=j
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For every subset BCC™ denote by #(B)CC(R™,C) the smallest linear subspace con-
taining all functions h(t)e”? with S€B and heC[t]=Cl[ty,...,t,n] being a polynomial
function on R™. Then, it is well known that every f€.%(B) has a unique representation
f=>"sen fPletB with fI8leClt] and {B€B: fIP1£0} finite. Since ¢-N; is nilpotent, i.e.,

et Ni is polynomial, as a consequence of the identities (6.10) we get for every K CS,

ok; € F(Ak) forevery ke K and 0<j < my. (6.11)

Denote by £ the set of all subsets BCC™ with r,€.% (B) for all [.
CLAM 1. ke p Ax €SB, that is, rcClt] for all 1.

Proof. Fix an arbitrary K €. and let PC(Q be as in the definition of Z". Since %
is closed under intersections, it is enough to show that Ax €. Assume on the contrary
that this is not true. Consider the following linear system of equations for the r; (compare
also Remark 6.16):

m
Ok :Z (;) /\Z_jrl € #(Akug) forall ke KUQ and 0< j < mg. (6.12)
1=

The coefficient matrix is of generalized Vandermonde type and hence has rank d=m+1,
since by the definition of £ the number of equations is at least d. This implies that
re€.F(AxUAg) for all I. Since, by assumption, not all r; are in F(Ag), there is a
B€Ag\ Ak such that the -components rl[ﬁ ] €CJt] do not vanish for all I simultaneously.
By the definition of /', there are uniquely determined p€ S and g€ P with 3=0,,. Define
L:=KUQ\{q}. Since 5¢ AL, we get from (6.10) the linear system

QL’BJJ = Z <]) )\f:]rl[m =0, where k runs through L and 0 < j <my. (6.13)
I=j

By the very definition of K, P and @, it follows that the above linear system consists of

at least d—1 equations. Consequently, we can write it in the form

m—1
l .
Z <,))\2_Jrl[’6] ECT%] for all k€ L and 0 < j < my.
= M
Since its coefficient matrix is of generalized Vandermonde type, every rlm is a complex
multiple of rm] and, in particular, r,[ﬁ] #0. We claim that gt[f (])750. Indeed, otherwise we

could add the equation Qgﬁ’(]):() to the linear system (6.13), which then has a coefficient

matrix of generalized Vandermonde type with rank d, contradicting rlf] #0. Denote by D
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the degree of gq szl -0 Y. rlﬁ]. Then D=deg g[ - =deg r[ﬂ]20 and all r; and g[ﬁ] have
degree <D. The equations (6.10) imply (replace k by g, form the (-components for
B:=0,, and carry out the multiplication by e*™V) that

gt N et NVa ZQLB; a) Z [ﬁ] +g]) (6.14)
7=0

for certain polynomials f;, g; € C[t] with deg(g;) <deg(f;)=j. Comparing degrees on both
sides in (6.14) and keeping in mind that n,<n, (by the definition of J¢'), we get

D+my = deg(fm, gq mq +Gm,) <My <my.

This contradicts r ]750 and Claim 1 is proved. O
CLAIM 2. FEwvery r; is a constant polynomial.

Proof. Fix a keS with D:=deg(ox,0)=max;cg deg(oj,0). With s>d, a Vandermonde
argument applied to the linear system g; o :Zﬁo )\é-rl, j€S, gives that every r; has degree
<D. Asin (6.14), we have

e Nk ( el Nk Z Or,ja) = Z fiono+g;)al, (6.15)
7=0

for polynomials f], g; €CJt] with deg(g,) <deg(f;)=j. All coefficient polynomials in (6.15)
in front of the aj, have degree <my, that is D+my<my, and hence D<0. This proves
Claim 2. 0

The proof of Proposition 6.5 is now complete. Indeed, since F' contains a basis
of V, the endomorphism g is uniquely determined by the function tuple (r;), that is,
dim go<d=dimb. O

Remark 6.16. For given tuples A1,...,As€C and ngy,...,ns€N, with ni>1 for all
k and n:=);_, ng, let L:={(k,j):1<k<s and 0<j<ny} be endowed with the lexi-
cographic order. Then it can be seen that the following n xn-matrix of generalized

Vandermonde type (every entry with [<j is zero)

AN
(G))
J o<i<n, (k,j)EL

TT0

p<q

has determinant
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Notice from the proof of Proposition 6.5 that the condition [, ,, Ax={0} guar-
antees that every pegg leaves every generalized eigenspace Fj, of ¢ invariant, while s>d
guarantees that every such p actually is in . In the next section we will see that condi-

tion (i) in Proposition 6.5 for d=2 is optimal (compare Proposition 7.3).

PROPOSITION 6.17. Let M=M%9 and assume that go=b for g=hol(M,a). Then
g=aff(M,a) and aut(M,a)=0.

Proof. For the proof of g=aff(M,a), it is enough to show that g1 =0 by Proposi-
tion 4.2 (iv). This is more easily done in the more general complex setting (compare the

following Lemma 6.18). Finally, counting dimensions yields aut(M, a)=0. O

It remains to show the next lemma. As before,we identify the spaces End(E) and Po;
see (4.1).

LEMMA 6.18. Let ¢€Cyc(E) be an arbitrary cyclic endomorphism. For a given
integer d<n=dim E, let furthermore b be the complex linear span of all powers @7,
0<j<d. Then

{£€P1:[P-1,¢]Ch}=0.

Proof. We identify F with C” in such a way that the matrix ® of ¢ is in Jordan
normal form. More precisely, ® is a block diagonal matrix with Jordan blocks Ji, ..., Js,
where each block J; is lower triangular, has the eigenvalue )\; on its main diagonal and
is of size n;xn; for some n;>1. We also introduce an equivalence relation on {1,...,n}
in the following way: put j~k if the jth row and the kth column in ® intersect in one
of the Jordan blocks.

Now suppose that there exists a nonzero vector field £ €y with [P_1,£]Ch. This &

has a unique representation
n
£= Z c;,kzjzka/azp with cg)k = c’;j eC.
Jk,p=1

For every j<n the vector field 0/0z; is contained in _;. Therefore

n

&= 510/05,8= 3 dFa/o,

k,p=1

is contained in b, implying that c;kzo if ko¢p and, by symmetry, that c{)k =0 if jlp.
This implies that

&= clFz0/0z, (6.19)

p~j kg
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By assumption, ££0, and therefore &.#0 for some r<n. Without loss of generality, we
may assume that r~1. Replacing ¢ by ¢ — A1, we may also assume that Ay =0. Put b:=nq,
that is, the Jordan block J; has size bx b and is nilpotent. Define, for all 1<p, k<b,

Np :=210/02p+220/0zpt1+...+ 2p11-p0/ 02,
b
Dy:=» Cnj,
j=k

Yp =1 H(@—Al)’” €End(E).
=2
From (6.19), we know that &;€®;Nh for all j<b. In particular,

b i1 .

. . c ifk<p

=Y _c'ny,  where cjk:{ pri=k? o
& = p b P 0, otherwise,

and hence

& :c}lnj+c§177j+1+...+ci}r17jnb
for all j, due to the symmetry of cg;k in the upper indices. As a consequence, there exists
a minimal ¢<b with ¢>1 and ¢;'#0. But then &1_,=c;'n, implies that n,eD;Nh.
We show that this cannot be true: Since 1 as polynomial in ¢ has constant term
A2A3 ... As#£0, we get that vy spans Dy over Dy for every k>1. This implies that
M=y 5y €’ " for suitable real coefficients e;, with e, 70, and thus 7, ¢b. O

For the application of Proposition 3.10 to manifolds of the type M =M% it is
necessary to know when M is simply connected and when Aut(M,a) is the trivial group.

A sufficient condition for M#9 (and F¥?=H(a)) to be simply connected is the
following: There exist eigenvalues A1, ..., \q of ¢ such that det(A+A)#£0, where

A=(\"Y1gk<a

is the corresponding Vandermonde matriz.

To get a partial answer to the second question, suppose that ge GL(V') satisfies
g(a)=a and gpg~l=ep for some e€R. From gp*g~t=(cp)¥ we get g(¢0*(a))=c*¢*(a)
and thus gexp(to*)g~t=exp(teFp¥) for all t€R and k>0. This means that gHg '=H
for the group H=exp(h). But then g(F)=F for F'=H (a) and consequently g€ Aut(M, a).

As an example, suppose that ¢, with cyclic vector a, is nilpotent. For every t€R
there is a unique g; € GL(V) with g;(¢*(a))=e** " (a) for all k>0. Then g;€Aut(M, a)
shows that go#£h as well as aut(M, a)#0.

Notice that we always may assume without loss of generality that ¢ €Cyc(V) has
trace 0 (otherwise replace ¢ by p—cid€End(V) for c:=n"!tr(p), since this procedure
does not change the algebra b).
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LEMMA 6.20. Suppose that 2d<n+1 for n=dimV and that ¢ is trace-free. Suppose
in addition that aut(M,a)=0 holds for the cyclic vector a€V and M:=M%*<. Then

Aut(M,a)={ge GL(V):g(a)=a and gpg~* ==+p}.

In particular, Aut(M, a) has always order <2 and is trivial, for instance, if the spectrum

of ¢ in C is not symmetric with respect to the origin of C.

Proof. By Proposition 4.8, the assumption aut(M,a)=0 implies that g;=0 and
go=h. As a consequence of Proposition 4.10, therefore,

Aut(M,a) ={g e GL(V):g(a)=a and ghg~' =h}

holds. Let g€Aut(M,a) be an arbitrary automorphism. Then gpg~'=377" c;¢’ for
some real coefficients c¢; and m:=d—1. We show, by induction on k, that c¢;=0 holds
for all j>m/k and all 1<k<m. For k=1 this is obvious. So fix a k>1 with k<m. By
the induction hypothesis, g@*g—! :(Z?:O ¢ @j)kzzlz;no e;p' €, with real coefficients e;.
Since 2m<n by assumption, we must have ¢;=0 for all I>m, that is ¢;=0 for all j>m/k.

l—¢p for

For k=m this implies that ¢;=0 for all j>1. Taking traces finally gives gpg~
€:=c1. By the above example, ¢ cannot be nilpotent, that is, ¢ has nonzero spectrum in

C. Since this spectrum is invariant under multiplication by €, necessarily e==+1 holds. O

7. Homogeneous 2-nondegenerate manifolds of CR-dimension 2

In this section we specialize to homogeneous tube manifolds M=F+iV in E=V &V
of CR-dimension 2, that is, where FFCV is a surface of dimension 2. We begin with
manifolds of type M%=M%? that are obtained by the construction recipe in §6.1. Since
Propositions 6.5 and 6.17 of the preceding section do not cover the case where the char-
acteristic roots ay, ..., a,, of 9€Cyc(V), n=dim V, form an arithmetic progression, let us
discuss this case first.

Possibly after replacing ¢ by ¢—rid with an appropriately chosen constant r, we
may assume without loss of generality that ¢ is trace-free. Since multiplication of ¢ by
any nonzero real number does not change the algebra h=Rid @R, there are essentially
three different cases for ¢ with characteristic roots forming an arithmetic progression:
either ¢ is nilpotent or ¢ has pairwise different characteristic roots in R or in iR. Con-
sider the manifold M:=M?""2=F2""2 14V from Example 5.1. As already remarked
in Example 5.1, the conformal subgroup H':=R*-SO(2)CGL(2,R) acts transitively on
F2n=2_ The corresponding Lie algebra is hi:=Rid ®R¢y;, where ¢;:=¢H~t—¢~blegg

is a trace-free semisimple endomorphism with eigenvalues in iR; see Example 5.2 for



34 G. FELS AND W. KAUP

the notation. Next consider the subgroup H':=R*-SO(1,1)CGL(2,R) with Lie alge-
bra h':=Rid ®Ryp,, where @,:=¢ 71 +£7 bl egg is a trace-free semisimple endomorphism
with real eigenvalues. In particular, H*(a) is open in H'(a). Finally, consider the solvable

subgroup

H” = { (g 0> €GL(2,R):a > o} with Lie algebra §?:=Rid ®Rep,,
(0%

where ,:=¢57! has only zero eigenvalues. Again, the orbit H?(a) is open in H'(a).
This implies that the manifolds M¥* and M¥~ are open subsets of M¥ =M?""2 and
hence that all three of them are locally CR-equivalent. Since M?7"~2 is minimal as a
CR-manifold, the endomorphisms ¢;, ¢, and ¢, have a as cyclic vector by Proposition 6.3
(which also can easily be verified directly). By construction, the characteristic roots of
the endomorphisms ¢;, ¢, and ¢, form an arithmetic progression and represent the three
types with imaginary, real and zero characteristic roots. The estimate dim go>4>dim h?
for Y=, @r, Y., together with Propositions 6.5 and 6.17, implies that the characteristic
roots of all three endomorphisms form an arithmetic progression. Summing up, we have

proved the following result.

PROPOSITION 7.1. Let o, ¢’ €End(V') be endomorphisms with cyclic vectors a,a’ €V.
Assume that for both endomorphisms the families of characteristic roots ay, ...,y and
o, ..., o) form arithmetic progressions. Then the germs (M¥,a) and (M¥',a') are CR-

equivalent.

We can use Proposition 7.1 to get explicit global equations for every M¥ where the
characteristic roots of ¢€Cyc(V') form an arithmetic progression. Indeed, we may take
@:=¢H71 from (5.2) on C™*! with coordinates (zo, 21, ..., 2m) and a:=(1,0,...,0). Then
¢ is nilpotent and S:=exp(Ryp)(a)={(1,t,t%,...,t™):teR}. Consequently, M¥=F+iV
is the tube over the cone F generated by S (that is F=R"-S). As a consequence, F is
an open piece of the algebraic surface given by the following explicit system of quadratic

equations on R™*! with coordinates (zg, 1, ..., T ):
Toxj1 =x12; for 0<j<m. (7.2)
This can be reformulated also in the following slightly different form. Let
C:={(t,t?,..,t"): t cR}

be the twisted n-ic in R™ (also called twisted cubic, quartic, etc.; see [18] for interesting
properties of these curves). Then the cone R*-C generated by C is a nonsingular surface
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outside the origin and the corresponding tube manifold is locally CR~equivalent to M%,
with ¢ as in Proposition 7.1. The twisted n-ic will also show up in another type of
examples (compare Proposition 7.10 below).

Next, we extend Propositions 6.5 and 6.17 to the case d=2 where the characteristic
roots of ¢ do form an arithmetic progression. Recall that for the light cone tube M= M2
the Lie algebra g=hol(M, a) is isomorphic to so(2,3); compare [23], [16]. In particular,
g0=2gl(2,R) and dim g; =3 in this case.

PROPOSITION 7.3. Assume that the characteristic roots of @€ Cyc(V') form an arith-
metic progression. Then for M=M¥, n=dimV and g=hol(M,a), the following proper-
ties hold:

(i) go is isomorphic to gl(2,R) and hence has dimension 4.

(ii) g=aff(M,a) in case n=4. In particular, dim g=n+4 in this case.

Proof. (i) We may assume that A\;=3(1—n)+(j—1) for all j€S using the notation
in (6.6) and (6.7). Then (g, Ax={—1,0,1}. Solving (6.9) for ro and r; gives that

all pairs

ro = (n—1)(ue™ " +vo—we),
) ) (7.4)
r1=2(ue " +v; +we'),

with wu, vg, v1, wER arbitrary, form the solution space. This implies that dim go=4. Since
M is locally CR-equivalent to M?"~2 the Lie algebra gy contains a copy of gl(2,R),
that is go=gl(2,R).

(ii) Let n>4. We may assume that for m=n—1 the Lie algebra g is the linear span
of the vector fields (5.2). For every veZ? let g¥:={¢€g:[(;,&]=v;¢ for j=1,2}. Then
g” Cgy for k=(vy+v5)/m and

g=EP e with [g¥,g"]Cg" ",
veZ?

compare also [16, (3.5)]. Clearly i0/0z;,€g= k=™ for all 0<k<m. Because of Proposi-
tion 4.2 (iv), it is enough to show that g; =0. Assume on the contrary that there exists a
nonzero £ €g;. Then we may assume, without loss of generality, that £€€gh™~* for some
keZ. Let ¢ be the cardinality of {0<j<m:[0/0z;,€&]#0}. From go=g 11@g®0@gh !
and [i0/0z;,£]€gh~997F we see that ¢<3. Assume that ¢c=3, which implies 0<k<m.
From [8/8z;,£]#0, for j=k=+1 and the special form of {51 and ¢-~! in (5.2), we see
that £ must depend on all n variables, a contradiction to n>3. But ¢<2 also gives a

—1,1 1
)

contradiction since in all spaces g g%0 and gh~! every nonzero vector field must

depend on at least n—2 variables. O
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Recall that Aut(M) is the group of all global CR-automorphisms and Aff(M) is the

subgroup of all affine transformations of M.

PROPOSITION 7.5. Let peEnd(V) be a trace-free cyclic endomorphism. Then the
groups Aut(M) and Aff(M) coincide. Furthermore, with n=dimV, the following di-
mension estimates hold:

(i) dim Aut(M)=n+4 if the characteristic roots of ¢ are pairwise distinct and form
an arithmetic progression in iR;

(if) dim Aut(M)=n+3 if ¢ is nilpotent;

(iii) dim Aut(M)=n+2 in all other cases.

Proof. Let F:=MNV and denote by aCg=hol(M,a) the Lie algebra of Aut(M).
Since a contains the Euler vector field, we have a=a_; ®ag®a; for a;:=ang;. We first
determine dim ay. Because of h:=Rid PRy Cag, we have dim ag>2.

In case (i), M is CR-equivalent to M?"~2; compare Example 5.1. Therefore
GL(2,R) acts transitively on F' and dim ap=4 by Proposition 7.3.

Next consider case (ii), that is, ¢ is nilpotent. Then ay consists of all £€goCEnd(V)
with £(c)€Re for all c€F:=F\F, where F is the closure of F'in V. We may assume
that a=(1,0,...,0)€R™ and =&~ in the notation of (5.2). This implies that

F={e*(1,t,t%, .., t" 1) eR":5,tcR},

and hence OF =Re for ¢:=(0,...,0,1). Therefore, ay is the linear span of (1, ¢z and £&~1
and dim ag=3 in this situation.

Next consider the case V=V, @ Vo®...®V,,, where every V; is the (%(1—n)+j—1)
eigenspace of ¢, that is, the characteristic roots of ¢ form an arithmetic progression
in R. Here 0F=V;UV, is easily verified. The vector fields in gy are characterized by
the function tuples (r9,71) in (7.4). The condition £{(V;)CV; for j=1,n implies that rg
and r; are constant for every £ €ag, that is ag=~h. On the other hand, if the characteristic
roots of ¢ do not form an arithmetic progression, then also go=H by Proposition 6.5 (i),
that is, dim ag=2 always holds in case (iii).

Next we show that a; =0 in all cases. For n>4 this follows from g; =0, see Proposi-
tion 7.3 (ii). In case (iii) we have ag=»h and the claim follows by Lemma 6.18. Therefore
we only have to consider cases (i) and (ii) for n=3. In case (i), M is the future light
cone tube M and Aut(M)=Aff(M) follows as a special case of [23, Proposition 6.9].
In case (ii), M is a proper domain in M: we realize M=F+iR3 in C® with coor-
dinates (zo, 21, 22) as F={x€R3:z9xy=2% and zo+x2>0}. Then hol(M) is the lin-
ear span of the vector fields (3.5) and (3.7) in [16]. We may assume without loss of
generality that p=¢"11=22,0/020+200/921. This implies that M\ M=R"-c+iR? for
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¢:=(1,0,0)€F. We know already that a is the linear span of the vector fields (1, (» and
¢~ 11 From [16, Figure 1 and (3.7)] we therefore derive that either a; =0 or a; =R¢%2 for
€92:=i220/020+i21200/ 021 +i230/0z5. The latter possibility cannot occur, since £%2 is
not tangent to M\ M: check, for instance, the point (1,4,0). This proves that a=g_;®ag
in all cases. As in the proof of Proposition 4.4 (iii), it is shown that this implies that
Aut(M)=Aff(M). The above dimension estimates for ag imply the dimension estimates
in (i)—(iii). O

Next we solve the local as well as the global CR-equivalence problem for all manifolds
M*¥. Because of Proposition 7.1, in the local situation only the case has to be considered
where the characteristic roots of ¢ do not form an arithmetic progression. Recall that

without loss of generality we always may assume that ¢ is trace-free.

PROPOSITION 7.6. Let o, ¢’ €End(V) be trace-free cyclic endomorphisms with char-
acteristic Toots ay, ..., and o, ..., ol respectively. Suppose that aq, ..., do not form
an arithmetic progression. Then for given cyclic vectors a,a’€V and corresponding
M=M¢¥ and M'=M¥", the Lie algebras hol(M, a) and aff(M,a) coincide. Furthermore,
the following conditions are equivalent:

(i) the Lie algebras hol(M,a) and hol(M’,a) are isomorphic;

(ii) the germs (M,a) and (M’,d’) are CR-equivalent;

(iii) gp'g~t=ry for some suitable g€ GL(V') and r€R*;

(iv) there exists a permutation T€S,, and an reR* with a;:ra,r(j) for all j.

Proof. The fact that g:=hol(M, a)=aff(M, a) and dim g=n+2 follows from Propo-
sitions 6.5 and 6.17.

(i) = (ii) With g, also g’:=hol(M’,a’) has dimension n+2. Therefore o, ...,a}, do
not form an arithmetic progression either; see Proposition 7.3. This implies that go=h
and g{=bh’, and (ii) follows by Proposition 4.11.

(ii) = (iii) Let g be a CR-isomorphism (M, a)—(M’,a’). Then ge GL(V) as a con-
sequence of Proposition 4.4 (iii), and clearly ghg~'=h’. Since R¢’Ch’ is precisely the
subset of all trace-free endomorphisms, (iv) follows.

The remaining implications are easy to check and left to the reader. O

PROPOSITION 7.7. Let ¢, ¢’ €End(V) be trace-free cyclic endomorphisms and let
M:=M¢® and M':=M¥%". Then, the following conditions are equivalent:

(i) the groups Aff(M) and Aff(M') are isomorphic;

(ii) M and M’ are globally CR-equivalent;

(iii) g¢'g~t=re for suitable ge GL(V) and r€R*.

Proof. (i) = (iii) Suppose that (i) holds. By Proposition 7.5, we may assume that
dim Aut(M)=n+2 without loss of generality. Then (iii) follows from Proposition 7.6 if, at
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least for one of ¢ and ¢’, the characteristic roots do not form an arithmetic progression. In
the remaining cases the claim follows from Proposition 7.5, since for both endomorphisms
the characteristic roots form an arithmetic progression in R and are pairwise distinct.
(iii) = (ii) = (i) This is obvious, since Aut(M)=Aff(M) and Aut(M’)=Aff(M’) by
Proposition 7.5. O

7.8. Some moduli spaces

For fixed n=dimV, let .# be the space of all global CR-equivalence classes [M¥] of
manifolds M¥ with o€Cyc(V), that is, every [M¥] is the set of all M¥ that are globally
CR-equivalent to M¥. Furthermore, put

O :={peCyc(V):tr(p)=0} and A*:={[M¥]e M :pec® and " #0}.
The reductive group R* x GL(V') acts on End(V') by
o rggog_l for every (r,g) € R*xGL(V)

and leaves the cone ® invariant. By Proposition 7.7, .# can be identified, as a set, with
the quotient ®/(R* x GL(V)). This quotient can be built in several steps: For every j
let 0;(¢)€R be the jth elementary symmetric function in n variables evaluated on the

characteristic roots of ¢, that is,
X"+ (=1 0;(p) X" €R[X]
j=2

is the characteristic polynomial of pe®. Let W:=R"~! with coordinates (z2,...,z,),
and denote by o: ®—W the mapping given by @ (02(p),...,0n.(¢)). Since every real
polynomial factors into a product of linear and quadratic real polynomials, the map o
is surjective and .# can be canonically identified, as a set, with the quotient W/R*,
where R* acts on W by (22,3, ..., Ty ) (t220, t323, ..., t"x,) for every tER*. The sub-
group {£1}CR* leaves the sphere S"?={zeW:} " ,z7=1} invariant, and .#* can
be identified with the quotient Q"~2:=5"72/{41}. In general, Q"2 can be stratified
into a finite number of manifolds. For instance, Q! is a compact line segment and Q2 is
homeomorphic to the sphere S2. At this point a word of caution is necessary: we do not
give a topology on ., the topology on Q"2 only serves for the readers imagination.
Instead of .#, we can also consider the space of local CR-equivalence classes for
manifolds of type M¥. By our results, this space is of the form .# /~, where the equiv-
alence relation ~ on . just identifies the three equivalence classes [M¥]€.# such that
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the characteristic roots of ¢ form an arithmetic progression. Clearly, .# /~=.#"*/~ can
be obtained by identifying two points in Q" 2. In the special case n=3, the endpoints
of the line segment Q! have to be identified, that is, .# can be thought of in this case
as the circle R:=RUocc (without topology), where the point oo corresponds to the class
represented by the future light cone tube M. To be more specific, in case n=3, for every

ped call
3

w(M*®) ::—Zzgzgz eR (7.9)

the modulus of the CR-manifold M¥ (with ¢/0:=00 for all teR). It is clear that M ¥ and

MY, in case n=3, are locally CR-equivalent if and only if they have the same modulus.

A special meaning has the modulus M05:24*71 For real moduli >y the endomorphism ¢
has three distinct real eigenvalues, while in case of real moduli <y the endomorphism

¢ has one real and two purely imaginary eigenvalues.

7.10. Another type of examples

For k=3 and c>1 let m:=c+2 and V be as in Example 5.1. Then also the subgroup

Z;{<: (1)>:TGR+ anthR}CGL(Z,R) (7.11)

acts on V by prpeg™!

, and the Lie algebra of ¥ corresponds to the linear span of
the two vector fields ¢; and ¢1~! in Example 5.2. For a:=v™+muv™ 1€V the orbit
F:=%(a) is a surface in V, and for 0:=v™ the orbit C:=3(0) is a curve in the closure
of F. Identifying R™*! with coordinates (zq, 1, ...,Z,) and V as in Example 5.1, we

get 0=(1,0,...,0), a=(1,1,0,...,0) and
C={(,t,t* .., t™):tcR}.

Furthermore T,C'=R-b, with b:=(0, 1,0, ...,0), for the tangent space at o€C. On the
other hand, the affine half-line o+R*-b is contained in F. The geometric meaning of
this is the following: The development S:=|J .- (c+T.C) of the curve C is divided by
C' into two X-orbits, one of which is F' (compare [12, p.45] for the special case m=3).
Now identify the X-invariant hyperplane W:={z€V:xq=1} with R™ by ‘dropping the
coordinate’ zg. Then C becomes the twisted m-ic {(¢,t2,...,t™):t€R}, o becomes the
origin and a the first basis vector (1,0, ...,0) in R™. In the coordinates of R™ the vector

fields ¢; and &V~ are affine and have the forms

(=) jz0/0z; and '=0/0m+)  jz10/0z;. (7.12)

Jj=1 Jj=2
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By Proposition 3.7, it is easily verified that K] F={xecR™:z,;=0 if j+r>2} for all r>0.
Since the twisted m-ic is not contained in any hyperplane of R™, we therefore get that the
tube M :=C+iR™ is a homogeneous minimal 2-nondegenerate submanifold of C™ with
CR~dimension 2 and CR-codimension m—2. Notice that for the cone R*-F' generated
by F in V, the tube R*-F+4iV is an open piece of M>*" ™3 n:=m+1, and hence is
3-nondegenerate.

For every integer j, denote by g\/) the k-eigenspace of ad(¢1) in g:=hol(M,a). Then
every £€gU) is a complex linear combination of monomial vector fields z 25 L 2hm 0/ 0z

with vq+2vs+...4+mv,, =j+p. As in the proof of Proposition 4.2, it is shown that g has

g= @ g9, (7.13)

jz—m

the Z-grading

It can be seen that g is the linear span of all i0/0z;, 1<j<m, as well as (; and 81
In particular, g is a solvable Lie algebra of dimension m+2, coincides with aff(M, a) and
has commutator subgroup of dimension m+1. A proof will be sketched for the special

case m=3 in Example 8.5 below.

8. Homogeneous 2-nondegenerate CR-manifolds in dimension 5

In this section we specialize the examples of the previous section to the case V=R>. We
start with manifolds of type M=M¥=F%¥+4iR3 in C3. Then the local CR-equivalence
classes of these manifolds are parameterized by the modules pu(M)€ER; compare (7.9).

The ¢ occurring in the following examples are not necessarily trace-free but easily could

—27

be transformed to be so. As defined in the previous section, let jg:=%

Ezample 8.1. (u=00) Let F:={zeR3:2}+23=x3 and 23>0} be the future light
cone. This surface occurs as F¥ for ¢:=x90/0x1 —x10/0x2 having spectrum {+£%,0}.

Example 8.2. (u<p) For w>0, let FCR? be the orbit of (1,0,1) under the group
of all linear transformations x+s7r(costxy —sintxe, sintry +costrs, e“tas), reRT teR.

With 7:=(2?+23)"/2, the manifold F is given in {x €R3:r>0} by the explicit equa-
tions

x3=rexp(wcos (/1)) =rexp(wsin™t(z2/r)),

where locally always one of these suffices. A suitable choice is
© =x10/0x9— 20/ 0x1 +wx30/0T3

with spectrum {£i,w}.
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Example 8.3. (u=pq) Let FCR3 be the orbit of (1,0, 1) under the group of all linear

transformations x+7(z1, zo+txy, elaz) with reR™ and t€R, that is,
F={zeR%: x>0 and z; =x,e"/1}
Here ¢=x10/0x2+x30/0x3 has characteristic roots 0, 0 and 1.
Ezxample 8.4. (po<p<oo) For 6>2 let
F:={zec(R")>:z3=x(22/21)%}.
Here ¢=x20/0x9+wr30/0x3 has eigenvalues {0, 1,w}.
The following is Example 7.10 specialized to m=3.

Ezample 8.5. Let ¥ be the group generated by the following two one-parameter
groups of affine transformations on R3:

2

s (e'ry, e?tag, e3as) and  x (vy4+t, w0+ 2twy +2, x5+ 3twy+3t72, +12).  (8.6)

Then ¥ is isomorphic to the group defined in (7.11). For a:=(1,0,0), the orbit F:=%(a) is
F={(t,t*,t*)+r(1,2t,3t>) e R®*:r ¢ R" and t € R}.

The tube M:=F+iR3 is an affinely homogeneous 2-nondegenerate CR-manifold. The
Lie algebra of ¥ is spanned by the affine vector fields

C1:=210/021+2200/020+3230/023 and V71 :=0/021 +2,0/020+ 220/ 0z3,

compare also (7.12). The Lie algebra g:=hol(M, a) is of finite dimension and has the
grading (7.13) for m=3, where g(®) is the k-eigenspace of ad(¢;). We claim that g has
dimension 5 and coincides with aff(M,a). The proof consists of several elementary steps
which we only sketch here. To begin with, define a® cg®) by

a3 :=Rid/dz3, a7 :=Rid/Dzy, a7V :=Rid/dz1BRp, a:=R¢

and a®):=0 for all other k. By induction on k, it is seen that g*) =a(*) holds for all k.
For k<—3 this is obvious. For k=—2, suppose that there exists a ﬁeg(’z)\a(d). Then
E£=0a0/0zy+2,0/023 for some a, F€C. From [, al-V]cal"®) we get SR, and then
£, €T, M implies 3=0. But then £¢€al~? since al=2 @ia~2 ¢ g(=?) | a contradiction. For
k>—1 the procedure is as follows. Suppose that there exists £ €g*)\ a(¥). Then write ¢ as
a complex linear combination of monomial vector fields as mentioned above and subtract
from ¢ a suitable element of a(®), thus killing as many coefficients in front of monomial
terms of the form f(2)0/dz as possible. By induction hypothesis, [g*), at)]Calk+5)
holds for all j<0 and gives £=0, a contradiction. This proves the claim and also the first
part of the following statement.
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LEMMA 8.7. Let M:=F+iR3, with F=H(a)CR3, as in Evample 8.5. Then g=
hol(M,a) is a solvable Lie algebra of dimension 5 with commutator algebra [g,g] of
dimension 4. Furthermore, Aut(M,a)={id}.

Proof. Fix a:=(1,0,0)€F and write {;:=10/0z; for j=1,2,3. Let h€ Aut(M, a) and
O be the induced Lie algebra automorphism of l:=g®ig. With g, the subspaces

“1:[979]:@9(k)7 [n,n]=R&PRE and [, [n,n]] =RE;
k<0

are stable under © and hence also
nNK,M=RE and [myn]NH,M =RE,,

where g and the tangent space T, M are identified via the evaluation map. In particular,
O(P_1)=P_1 and h(z)=g(z)+c for a diagonal matrix g€ GL(3,R) with c=g(a)—a;
compare (2.1). Taking commutators of h with all elements in the second 1-parameter
group of (8.6), and then taking the derivative by t at t=0, gives ¢cd/dz€g. From gNig=0,
we conclude that ¢=0 and thus g1 =1 for the diagonal matrix g. Now, % is the unique
vector field in g that has the value 9/0z at both points 0 and a, implying that ©(¢)=1.
Therefore ¢ is the unit matrix and h is the identity in Aut(M,a). O

For every M =F +iR3, with FCRR3 being one of the cones from Examples 8.1-8.4,
the commutator of hol(M, a) has either dimension 10 (Example 8.1) or dimension 3 (all
the others). As a consequence of Proposition 7.6 and Lemma 8.7 we therefore get the

following result.

PROPOSITION 8.8. The CR-manifolds M=F+iR3, with FCR3? occurring in Exam-
ples 8.1-8.5, are all homogeneous and 2-nondegenerate. Furthermore, they are mutually

locally CR-inequivalent.

By an argument from [16] together with [19, Theorem 2.5.10], a holomorphic exten-
sion property for global continuous CR-functions f on M=F@iR?>CC?, F being one of
the cones from Examples 8.1-8.5, can be obtained. Every such f has a unique continuous
extension to the convex hull M of M in C3 that is holomorphic on the interior of M with
respect to C3. Since M is completely contained in the interior of M in case F belongs
to Example 8.2, every global continuous CR~function on such an M is real-analytic.

For the tube M over the future light cone (that is, Example 8.1) there exist many
(even simply-connected) homogeneous CR-manifolds that are all locally CR-equivalent
to M but are mutually nondiffeomorphic; compare [23]. In contrast to this, using already
Theorem II from §9 below, we can state the following global result.



LEVI DEGENERATE HOMOGENEOUS CR-MANIFOLDS 43

PROPOSITION 8.9. Let M be a homogeneous 2-nondegenerate CR-manifold that is
not locally CR-equivalent to the tube M over the future light cone. Then M is simply
connected and Aut(M) is a solvable Lie group of dimension 5 acting transitively and
freely on M. For every a€M the stability group Aut(M,a) is trivial and every homo-
geneous real-analytic CR-manifold M’ which is locally CR-equivalent to M is already
globally CR-equivalent to M.

Proof. By Theorem II, M=F+iV for F' as in one of the Examples 8.2-8.5. It
is easily checked that F and hence M is simply connected. In case F is a cone, the
claim follows by Lemma 6.20. Therefore, we may assume that F' is the submanifold of
Example 8.5. But then Aut(M,a) is the trivial group, by Lemma 8.7, and Aut(M) has
trivial center, by Proposition 3.9. But then the claim follows from Proposition 3.10. [

The affinely homogeneous surfaces F'CR? of Examples 8.1-8.5 already occur in
[12, p.43]. There the surfaces are presented in their affine normal forms. Our Ex-
ample 8.1 (u=00) corresponds to P4, Examples 8.2-8.4 (1€R) to P3 and Example 8.5
to P1. The remaining degenerate types in [12], types P2* and P5, do not show up among
our examples, since the associated tube manifolds are holomorphically degenerate.

Let us consider the type P3 in [12, p.43] a little bit closer. This is the family of

local surfaces in R? given by the local equations in affine normal form
r3 =22 fairy+aiestad +aled Fdrd vy fatey +ax] 4102525 +2ir5 +0(8),  (8.10)

where a€R is an arbitrary parameter and O(8) for every fixed a is a convergent power
series in x=(x1,x9,x3) vanishing of order >8 at the origin and uniquely determined by
the requirement, that (8.10) defines, near the origin of R?, a locally affinely homogeneous
surface. Different values of a€R give locally affinely inequivalent surfaces, and the as-
sociated tubes in C? correspond in a one-to-one way to our Examples 8.2-8.4. It is not
difficult to see that the modulus p of every such surface is related to the parameter a in
(8.10) by the formula 100u=(28a)3.

In [11] and [12] all locally affinely homogeneous surfaces in R3 have been classified
up to local affine equivalence. Inspecting the degenerate surfaces in these classifications

gives together with our results the following proposition.

PROPOSITION 8.11. Let F be a locally affinely homogeneous surface in R® and as-
sume that the corresponding tube M :=F +iR3 in C? is 2-nondegenerate. Then

(i) M is locally CR-equivalent to a manifold occurring in Examples 8.1-8.5;

(ii) for any other locally affinely homogeneous surface F' in R3, the corresponding
tubes M and M':=F'4iR3 are locally CR-equivalent if and only if F and F' are locally

affinely equivalent.
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Part II. The classification

9. Lie-theoretic characterization of locally homogeneous CR-manifolds

In this part of the paper we classify all homogeneous 5-dimensional 2-nondegenerate CR-
manifolds up to local CR-equivalence, that is, we carry out the proof of the following

theorem.

THEOREM II. Let M be a locally homogeneous 2-nondegenerate real-analytic CR-
manifold of dimension 5. Then M s locally CR-equivalent to a tube F+iR3CC?, where

FCR? is one of the affinely homogeneous surfaces occurring in Examples 8.1-8.5.

We call (in accordance with §2) a real-analytic CR-manifold M locally homogeneous
at a point o€ M if there exists a Lie subalgebra gChol(M, o) of finite dimension such that
the canonical evaluation map g— T, M is surjective, that is, such that the tangent vectors
&,,£€g span the tangent space T, M. If this is the case, we also call the corresponding
CR-germ (M, o) locally homogeneous. If a particular locally transitive gChol(M, 0) has
been fixed, we also say that the germ (M, 0) is g-homogeneous.

The proof of Theorem II relies on a natural equivalence (see [15, Proposition 4.1])
between the category of CR-manifold germs with a locally transitive Lie algebra action
and a certain purely algebraically defined category. Before we briefly outline the main
steps of our proof, we recall the notion of a CR-algebra, taken from [28], and introduce

some notation.

Definition 9.1. A CR-algebra is a pair (g,q), where g is a real Lie algebra of finite
dimension and ¢ is a complex Lie subalgebra of the complexification [:=g@®ig. The

CR-algebra (g, q) is called effective if 0 is the only ideal of g contained in gNg.

Remarks 9.2. (i) In [28] also the case is allowed where g has infinite dimension, but
g has to have finite codimension in [. In this part of the paper, however, only finite-
dimensional Lie algebras occur.

(ii) The CR-algebras form a category in an obvious way: A morphism (g,q)—(g’,q’)
of CR-algebras is a Lie algebra homomorphism g— g’ in the usual sense whose complex
linear extension [— " maps q to q’. Unfortunately, the resulting notion of isomorphism
between CR-~algebras is too strict for our purposes. We therefore mainly work with the
coarser notion of geometric equivalence between CR~algebras to be introduced later.

(iii) The geometric situation behind the notion of a CR-algebra is the following.
Let Z be a complex manifold, homogeneous under a complex Lie group L, let 0€Z be
a point with isotropy subgroup QCL at o and let GCL be a connected real form of
L, that is, the connected identity component of the fixed point set L7 for an involutive
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antiholomorphic automorphism o of L. Then each G-orbit M in Z is a generic (immersed)
CR-submanifold. Let g and q be the Lie algebras of G and @, respectively. Then (g, q)
is a CR-algebra that completely describes the CR-germ (M, 0) together with the local
action of GG near o.

(iv) In general, however, not every CR-algebra (g, q) can be obtained from a global
situation as described in (iii), only from a more general local setting. Nevertheless,
the set G of all CR-equivalence classes of locally homogeneous CR-germs and the set
A of all geometric equivalence classes of CR-algebras stand in a canonical one-to-one
correspondence; compare also [15, §4]. For convenience of the reader, we briefly describe
below this correspondence in both directions. As a reference for a general discussion of
‘local’” and ‘infinitesimal’ actions we refer to the original paper of Palais, [29].

In the following let M always be a locally homogeneous real-analytic CR-manifold
with base point o€ M that locally can be embedded in some C" (equivalently, M is an
(abstract) real-analytic involutive CR-manifold as defined at the end of §2). Each such
CR-manifold can globally and generically be embedded into a complex manifold Z [1].
Since we are only interested in the local structure of M at o and therefore mostly deal
with CR~germs (M, 0), we may assume without loss of generality that M is embedded
in a complex vector space E=~C" as a locally closed generic CR-submanifold.

Next we describe the interplay between locally homogeneous CR-germs and CR-
algebras more closely. In particular, we give two canonical constructions that induce the
one-to-one correspondence between the sets G and A mentioned in Remark 9.2 (iv) and
also allow the precise definition of ‘geometric equivalence’ for CR-algebras.

Let (M, 0) be a CR~germ and let gChol(M, o) be a locally transitive Lie subalgebra
of finite dimension. Then an effective CR~algebra (g, q) can be associated in the following
way. To begin with, realize hol(M, o) in the canonical way as a real Lie subalgebra of
the complex Lie algebra hol(E,0). This is possible, since we assumed M to be generic
in E and we can use [3, Proposition 12.4.22]. As in Definition 9.1, we always denote
by [=g®=g@ig the formal complexification of g. Now ZE(£+4in):=E+.Jn defines a Lie
algebra homomorphism Z: [—hol(E, 0), where J denotes the complex structure tensor
J:TE—TE. We will not make a notational distinction between the complex structures
in [ or TZ, and write ‘¢’ for it. The homomorphism Z is in general not injective (it
is, if M is holomorphically nondegenerate). Let qC[ be the Z-preimage of the isotropy
subalgebra {£€hol(FE,0):£,=0}. Then the CR-algebra (g, q) is called a CR-algebra asso-
ciated with the locally homogeneous CR-~germ (M, 0). It is obvious that gNgq is nothing
but the isotropy subalgebra g,={£{€g:£,=0} and the tangent space T, M can be canon-
ically identified with g/g,. Also, the holomorphic tangent space H,M and the partial
complex structure J: H,M — H,M (equivalently: the decomposition H} "M &H' M of
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the complexification HSM=H,M®C) can be read off the CR-algebra (g,q): Let o be
the conjugate linear involution of [ with [7:=Fix(c)=g. Then it is easily verified that
9:=(q+0q)? coincides with {{€g:&,€iT, M}, that is, $/g, is canonically isomorphic to
H,M (the capital letter for § is chosen to indicate that $ in general is not a Lie algebra,
only a linear subspace). Further, H>'M=q/(qNoq) and H}°M=0q/(qNoq). In [15]
it has been shown that the geometric properties of the CR-structure of the CR-~germ
(M, 0) like minimality, k-nondegeneracy and holomorphic degeneracy can be read off
every CR-algebra (g, q) associated with (M, o). The facts relevant for our classification
will be discussed below.

There is also a canonical way to associate a locally homogeneous CR-manifold germ
(M, 0) with a given CR-algebra (g,q) (not necessarily effective): Choose a complex Lie
group L with Lie algebra [=g®ig and a complex linear subspace ECI with [=q®F.
Then there exist open neighbourhoods U of 06 E, V of 0€q and R of id€ L such that
(u,v)—exp(u) exp(v) defines a biholomorphic mapping ¢: U xV —R. Choose an open
neighbourhood P of 0€g with exp(P)CR. Then, in our particular situation, with
m:UxV —=U being the canonical projection, the mapping ¢ :=mop loexp: P—U has
constant rank. Without loss of generality, we therefore may assume that M:=¢(P) is a
connected real-analytic submanifold of F containing the origin 0€ E. The Lie algebra [
can be identified with the Lie algebra of all right-invariant vector fields on L, and every
&€l can be projected along moe~': R—U to a holomorphic vector field éef)o[(U). Thus
the real subalgebra §:={¢:£€g}Chol(U) is a homomorphic image of g and spans at, every
€M the tangent space T, M. In particular, M is a generic CR-submanifold of E and
g is a locally transitive subalgebra. It is not difficult so see that g is obtained from g
by factoring out the kernel of ineffectivity. More precisely, let j be the largest ideal in g
with jCgNg. Then § is isomorphic to g/j. If there exists a Lie group L with Lie algebra [
such that the subalgebra q corresponds to a closed complex subgroup @ C L, then we may
take L/Q for U and the G-orbit through [Q]€L/Q for M. We call (M, o) the CR-germ
associated with the CR-algebra (g, q).

Definition 9.3. The CR-algebras (g,q) and (g',q’) are called geometrically equivalent

if the associated CR~germs are CR-equivalent.

Notice that CR~algebras are always geometrically equivalent if they are isomorphic
in the categorical sense of Remark 9.2 (ii), but not conversely in general. Notice also
that every CR-algebra is geometrically equivalent to an effective one. In the following
§69.4-9.8, we fix for the rest of the paper the basic setup and notation, which are mainly
taken from [15].
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9.4. Notation

Given a CR-algebra (g, q), let (M, 0) be the associated CR-germ. Write [:=g*=g®ig for
the complexification and o: [—[ for the complex conjugation with [“=g. Then

(i) go:=gNq is called the real isotropy subalgebra. Define [,:=q(*):=qNoq and note
that [, is the complexification (g,)® of g,.

(i) g/90 and $/9,Cg/g0, for H:=(q+0q)? Cg, are called the real and the holomor-
phic tangent space, respectively.

(iii) The descending chain q(®>q™®>q?5..5q(®) of complex subalgebras is
inductively defined by q(®:=gq, q®):=qnoq and q**tD:={weq®:|[w,oq)cq® +0q}
for keN.

If (M,o0) is the manifold germ associated with the CR-algebra in §9.4, then the
holomorphic tangent space $/g,Cg/g, in the sense of (ii) can be canonically identified
with the holomorphic tangent space H,M in the geometric sense. As shown in [15], the
mapping q— ), w—w+ow, induces a complex linear isomorphism q/q(*) 2§ /g,. The
former quotient is canonically isomorphic to HO'M (similarly, H}°M=cq/q(>)). The
Levi kernel K,M and its higher-order analogues KM can be considered as complex
linear subspaces of q/q(>). We will make extensive use of some of the main results of
[15], such as Theorem 5.10.

9.5. Algebraic characterization of k-nondegeneracy

For every r>0 the space q(") is a Lie subalgebra of q and the rth Levi kernel KM
is isomorphic to q(7')/ q(°). In particular, for every k>1 the locally homogeneous CR-

manifold M is k-nondegenerate if and only if

qk=1) £ q(k) — g()_

To handle the 5-dimensional case we also introduce the following abbreviations:

(iv) f:=q"={veq:[v,0q]Cq+oq} and F:=(j+0f)".

Then g,CFCHCg are real subspaces stable under ad(g,) and [,CfCq are complex
subalgebras. In [15, Lemma 5.9] it has been shown that actually § is a Lie algebra and
it coincides with Ng($)N$H (here, given W Cg, Ng(W):={veg:[v, W]CW}).

Summarizing the above discussion, the following result is the key for our classifica-

tion.

PROPOSITION 9.6. Let (M,0) be a g-homogeneous CR-germ and let (g,q) be the
corresponding CR-algebra. Then M is 5-dimensional, minimal and 2-nondegenerate if
and only if

codimg(go) =5 and q#f+# q® =q(>) :=qnoq.
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LEMMA 9.7. The Lie algebraic terms in Proposition 9.6 are equivalent to the follow-
ing set of conditions:

(1) dim§/g,=dim$/3=2 and dimg g/H=1=dime /I, =dime q/7;

(1) [90.8]C3, [3.S]CF and [, 9]CH;

(1 [q,09)Zq+04q, if M is not Levi flat;
(IV) [f,oq]Ca+oq and §#1,, if M is Levi degenerate;
(V) [f,oalZi+oq if M is 2-nondegenerate.

We will frequently use the fact that the condition ‘[F, $H]CF (instead of CH) violates
condition (V).

By the canonical bijection between the classes G and A mentioned in Remark 9.2 (iv)
and made precise above, our classification problem is transferred to the classification of
certain effective CR-algebras up to geometric equivalence. Unfortunately, with a given
locally homogeneous CR~germ (M, 0) there may be associated many CR-algebras (g, q)
for which the g’s are nonisomorphic. For instance, if M =M is the tube over the future
light cone, then with (M, 0) there are associated CR-algebras (g,q) with g=so(2,3),
g=s0(1,3) and g=~s0(2,2) together with a bunch of other Lie algebras that are not
semisimple; see [16] for explicit realizations. Therefore, the best we can do in the fol-
lowing is to consider only CR-algebras (g, q) such that dim g is minimal in the geometric
equivalence class of (g,q). But, also then, we are still left in the example (M, 0) with
several nonisomorphic solvable Lie algebras of dimension 5 as well as one nonsolvable Lie
algebra of dimension 5 with 2-dimensional nonabelian radical and Levi part 2sl(2,R).

9.8. Fundamental assumption

In the following, every CR-algebra (g,q) under consideration is assumed to satisfy the
condition in Proposition 9.6 (equivalently, (I)-(V)) as well as the following additional
condition:

(V1) for every CR-algebra (g’, q’), which is geometrically CR-equivalent to (g, q), the
dimension estimate dim g’ >dim g holds.

Condition (VI) implies, in particular, the following two conditions:

(VD1 (g,q) is effective;

(VD)2 there is no proper subalgebra g’ Cg with g’+g,=g for g,=gNgq.

Indeed, (¢’,q") with q":=(g’+ig’)Nq is a CR-algebra that is geometrically equivalent
to (g,q) in case g'+go,=g.
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9.9. Basic structure theory

In the following we frequently use standard facts concerning reductive Lie algebras and
parabolic subalgebras; see [24, Chapters VI and VII] as a general reference. To fix our
notation, let s be a complex reductive Lie algebra and t be a Cartan subalgebra of s.
Denote by @=®(s, t) Ct* the corresponding root system and by IIC ® the subset of simple
roots. A subalgebra tCs is called parabolic if it contains a maximal solvable subalgebra
(also called a Borel subalgebra) b of s. Conjugacy classes of parabolic subalgebras in s are
parameterized by the subsets of II. For every & CII, set (£)):=®NP, 4 Za. Then,
the corresponding parabolic subalgebra is defined by

t=tp =g with .=t @ s, and tMil:= Sop- (9.10)
ae((#) ag(Z)

The case of a reductive real Lie algebra s is a little bit more sophisticated. In contrast to
the complex situation there may exist several conjugacy classes of Cartan subalgebras.
Among these, the class most suitable for our purposes consists of the so-called mazimally
split Cartan subalgebras tCs, defined as follows. Select a Cartan decomposition s=¢Hp
and let a be a maximal abelian subalgebra of p. Consider the centralizer m:=Cl(a) and
put t:=adty, where t;, Cm is a maximal abelian subalgebra. The conjugacy classes of
the real parabolic subalgebras in s are parameterized by the subsets of the simple roots
IIC®(s,a) in the restricted root system ®(s,a)Ca*. Each parabolic subalgebra t in s

red il into the reductive and nilpotent parts (once a maxi-

has the decomposition t=t
mally split Cartan subalgebra tCt is selected, the reductive factor with t™4 >t is unique).
Following a common convention, the roots A occurring in the root space decomposition
of the nilpotent ideal t““:@AeA s, are negative, and we write t™™:=t™! ¢":=¢"*d and
d~:=d(¢"! a)=A. Each parabolic subalgebra t containing t determines the decompo-
sition

s=t"@r'dr " with "= EB s_y, and we put t°PP:=1"xt". (9.11)

AED(rnil a)

We call rk(s):=dimt the rank of s and rkg(s):=dima, with aCp as above, the real

rank of s.

10. The Lie algebra g has small semisimple part

In the preceding section we have explained how 2-nondegeneracy can be expressed in
pure Lie algebraic terms. In this section we start with the actual proof of Theorem II.

Since this proof will be quite involved, we subdivide it into several sections, lemmata
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and claims until the final step is completed in §16. For the convenience of the reader, we
briefly outline the main steps.

As explained above, the classification can be reduced to the determination of all CR-
algebras satisfying the fundamental assumption in §9.8. Once all possible CR-algebras
are known, we have to identify the underlying CR-germs. In general, it may happen that
algebraically inequivalent CR-algebras give rise to equivalent CR-germs. For this last
part of the proof we use results from §8.

Our proceeding will be to show that the assumption in §9.8 severely restricts the
possibilities for (g,q). This will be achieved by a detailed structural study of the Lie
algebras g occurring in (g,q). Recall that every Lie algebra h has a Levi-Mal’tsev de-
composition h=h* xrad(h), where h* is semisimple and is uniquely determined up to
an inner automorphism of . Furthermore, rad(h) is the radical of b, i.e., the unique
maximal solvable ideal in §. In the first part of the proof, we investigate the various pos-
sibilities for g*, where (g, q) satisfies certain conditions stated in the previous section.
To be precise: For the rest of the paper the fundamental assumption in §9.8 remains in
force for all CR-algebras (g,q) under consideration. In particular, every (g,q) is effec-
tive (condition (VI)1, and therefore g can be considered as a transitive Lie subalgebra of
hol(M, 0)). Furthermore, condition (VI)s states that there is no proper Lie subalgebra of
g that also is transitive on (M, o).

Let an arbitrary CR-algebra (g, q) subject to the assumption in §9.8 be given, and
let g** xrad(g) be a Levi-Mal’tsev decomposition of g. In this and in the following few
sections we assume that g**#0 and investigate which simple factors can occur in g®.
Thereby we use the following notation: We fix a simple ideal s in g* and denote the

corresponding complementary ideal by s, that is,
g=g¥®xradg and g®=sx5s" (10.1)

In this section we show that g* only can contain simple factors isomorphic to one of
the Lie algebras s0(2, 3), so(1, 3), su(2) and sl(2, R). This result is obtained by analyzing
which simple real Lie algebras can contain proper subalgebras of very low codimensions.
In the next sections we exclude further possibilities for s. In §11 we show that the factors
$0(2,3) and s0(1, 3) cannot occur in g% as it will turn out that their existence in the Levi
factor would violate the minimality assumption (VI). Nevertheless notice that there exist
CR-algebras (s0(2,3),q) and (so(1, 3), q) satisfying (1)—(V) and (VI);. All the underlying
CR-germs of such CR-algebras are locally CR-equivalent to the light cone tube M. In
812 we find the first examples of CR-algebras which satisfy the assumption in §9.8. In
these cases g** contains a simple factor §=s[(2,R), and then necessarily g=s((2,R) xt,
where t is a 2-dimensional nonabelian Lie algebra. Also, all such CR-algebras give rise
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only to CR~germs locally CR~equivalent to the tube over the light cone. In §13 we finally
eliminate the possibility s2su(2) for the simple factor s in g*. At that stage of the proof,
we will have proved the following dichotomy: Let (g, q) be an arbitrary CR-algebra which
obeys the assumption in §9.8. If g**£0 then g**=s((2, R) and furthermore the underlying
CR-germ is locally CR-equivalent to the light cone tube M. Or g*=0, i.e., g is solvable.

For this reason, from §14 on, we only consider CR-algebras (g, q) with g solvable,
and show that then necessarily dim g=5=dim M. In §15 we look closer at the nilcenter 3
of g and find out that dim3€{1,3}. The Main lemma 15.14, which might be of interest in
itself, gives a sufficient condition for a CR-algebra to be associated with a tube F+iR3C
C3 over an affinely homogeneous surface F'CR3. In the last section, we show by ad-hoc
methods that indeed every 5-dimensional solvable Lie algebra g occurring in the CR-
algebra (g, q) under consideration fulfills the assumption of the main lemma. Hence, due
to the aforementioned assertions and since (up to local affine equivalence) all affinely
homogeneous surfaces in R3 occur among Examples 8.1-8.5, this completes the proof of
the classification theorem.

We now begin with the proof of Theorem II.

LEMMA 10.2. Let (g,q) be a CR-algebra subject to the assumption in §9.8. Then the
simple Lie subalgebra s Cg™ can only be isomorphic to s0(2,3), s0(1,3), sl(2,R) or su(2).

Proof. The proof is carried out in several reduction steps. To begin with, we write

as shorthand
ho:=0goNh, bz:=FNHh and bhg:=9HNh

for every subalgebra hCg. Notice that h,Chz are subalgebras and hg is a linear
ad(hz)-stable subspace of b.

Consider the subalgebras s,Csg of s. The case s,=sz=s, that is sCg,, can be
ruled out since then s'@rad(g) would be a proper locally transitive subalgebra of g,
contradicting assumption (V). Therefore, at least one of the inclusions s,CszCs is
proper. Consequently, there is always a proper subalgebra of codimension <3 in s.
Indeed, in case sz#s the subalgebra sz has this property, and in case sz=s the proper
subalgebra s, has codimension <2. Hence, there exists a maximal proper subalgebra § of
s with either sz Ch or 5,Ch. Such a maximal subalgebra h has codimension <3 in 5. Due
to [7, §VIIIL.10, Corollary 1], every maximal proper subalgebra of s is either reductive or
parabolic. In the following claims we list all simple Lie algebras s which admit proper
maximal subalgebras of such low codimensions. We discuss the reductive and parabolic

cases separately.

CramM 1. Let ¢ be a simple real algebra and hCt reductive with 0<codimg h<3.
Then t can only be isomorphic to s((2,R), su(2) or so(1,3).
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Proof. Let h=h; x...x b, x3 be the decomposition of the reductive subalgebra b into
the simple factors h; and the center 3. Weyl’s theorem implies the existence of an ad(h)-
stable complement vCs. Let o: h—gl(v) be the induced adjoint representation. Every
restriction g;: h; —gl(v) must be faithful since otherwise h; would be an ideal in 5. The
crucial condition here is dim v <3 which, in turn, implies that each bh; is isomorphic either
to sl(2,R), s0(3) or sl(3,R). As a consequence,

8k, if r =2k,

for r:=1k(h) <rk(s).
8k+3, if r=2k+1, (b) (5)

dimf)g{

On the other hand, a glance at the classification of simple Lie algebras shows that

dims {2k2+4k:dimRs[(k+1,(C), if r =2k,
“ | 4k +8k+3=dims[(2k+2,R), if r=2k+1.

Putting both inequalities together and bearing in mind that dim s —dim h <3 shows that
the rank of s can only be one of the numbers 1, 2 and 4. Since 5((2,R) and su(2) are the
only simple real Lie algebras of rank 1, we may assume that s has rank 2 or 4. The case
rk(s)=4 can be ruled out in the following way. Consider first the situation where s is of
complex type, that is, s is the underlying real Lie algebra of a complex simple Lie algebra
¢ of (complex) rank 2. Then c¢ is either s[(3,C) or so(5,C). But in both cases a proper
reductive real subalgebra has at least (real) codimension 4 (in fact, 8). If s is of real type
then the above estimates give dim h<16 and dim s>24=dim s((5,R). For the remaining
case rk(s)=2, either s=~s0(1,3), which is in the list of the claim, or s is isomorphic to a
real form of s((3, C) or so(5,C). In both cases every proper reductive complex subalgebra

has at least codimension 4. This proves Claim 1. O

CLAIM 2. Let € be a simple real Lie algebra and §h CE be parabolic with 0<codimgh<3.
Then s is isomorphic to so(1,3), sl(4,R), su(2) or to a noncompact real form of sl(3,C)
or s0(5,C).

Proof. Since every parabolic subalgebra of a compact Lie algebra is trivial, apart
from s>~su(2) we only have to consider the case where s is noncompact. The estimate
rk(s) <dims—dim b (compare §9.9) implies that rk(s)<3. We work out the various cases
separately.

rk(s)=3. The complexification s® of s is one of the Lie algebras s[(4,C), so(7,C) or
sp(3,C). The latter two can be immediately ruled out since a glance at the corresponding
Satake diagrams shows that every proper parabolic subalgebra of them is at least of
codimension 4. In the remaining case s“=sl(4,C), only the normal real form s((4,R)
has a parabolic subalgebra of codimension 3. (A glance at the Satake diagrams for the
remaining noncompact real forms of s[(4, C) excludes further possibilities).
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rk(s)=1,2. The rank conditions imply that s is the underlying real Lie algebra
of 5[(2,C) or a real form of s[(3,C) or so(5,C). The Lie algebra so(1,3), as well as
every noncompact real form of s[(3,C) or so(5,C), contains a parabolic subalgebra of
codimension less than or equal to 3. Since dimsl(2, R)=dimsu(2)=3, all simple Lie
algebras of rank 1 also contain parabolic subalgebras of the required codimension.

In order to further reduce the list of possibilities for s, we have to look more closely

at the particular real forms obtained in Claims 1 and 2, but not in the list of Lemma 10.2.

Elimination of s=sl(4,R). Up to an automorphism of s[(4,R), there is only one
such parabolic subalgebra § of codimension 3. Let t=aCh be the split Cartan subalgebra
and h=h"xh™™ be the decomposition as in (9.11). Note that here the reductive factor
h*=gl(3,R) acts irreducibly on h**=R3. The only possibility for the flag s, Csz Csg Cs,
which cannot be trivially excluded, is when s,Csz=hCs5Cs and codimy(s,)<2. This
cannot be true since dimsg/s5=2 and [s5:8¢]Csg (condition (I1)), but h=sz acts irre-
ducibly on the 3-dimensional space s/sz>2h".

Elimination of s=su(1,2). In this case of real rank 1, there exists, up to conju-
gacy, only one parabolic subalgebra h. This is the minimal one h=hgyg=mPadn, which
is solvable with codimg; h=3. The reductive part h*=mda=:t of h is a maximally split
Cartan subalgebra. As before, the only situation which cannot be trivially disposed of
is when s,Csz=0h and c:=codimy(s,)€{0,1,2}. Recall that b yields the decomposition
s=h2Ptdh~ ™. If ¢=0, that is s,=h, then h»®rad(g) would be a proper locally transitive
subalgebra of g in contradiction with assumption (V). If ¢=1 then either tNs,#t, and
then h°PP@rad(g) would be a proper locally transitive subalgebra of g (again contradict-
ing (VI)2), or tCs,. But taking into account the particular structure of h==s_,Ps_o),
this also does not occur, since otherwise 5,Nh™" would be a t-stable 2-dimensional sub-
algebra, which is impossible since ad(t) acts irreducibly on the 2-dimensional root spaces
s1 and [y, 5)]=Ss2x.

The case ¢c=2 remains, that is, s=g=su(1, 2) is locally transitive. Then

and q is a subalgebra of complex dimension 5. Consequently g is contained in a maximal
(6-dimensional) parabolic subalgebra h=gl(2,C)x C? of I, that is, either q coincides with
a Borel subalgebra b, or is conjugate to a subalgebra j=s[(2,C)xC2. In both cases
the subgroups @ of L=SL(3,C) corresponding to b or j are closed and the underlying
CR-germ (M, o) is locally CR-equivalent to an SU(1,2)-orbit either in L/B=F(C3), the
complex manifold of full flags in C2, or in the C*-principal bundle L/J over Py(C). A
direct check shows that in neither case there exist 2-nondegenerate SU(1, 2)-orbits.
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Elimination of s2s[(3,R). Then 3<dims,<6 holds except for the trivial case
s5,=6. If dims,=3 and hence s is locally transitive, then as in the previous situation
each CR-germ (M, o) associated with a CR-algebra (sl(3,R), q) is locally CR-equivalent
to an SL(3,R)-orbit either in SL(3,C)/B or in SL(3,C)/J (as discussed above, with
SL(3,R) in place of SU(1,2)). Again, none of these orbits is 2-nondegenerate. The case
dim s,>4 remains. But then there always exists a parabolic (proper) subalgebra hCs
with s,+bh=s, that is, hPrad(g) is a proper locally transitive subalgebra of g excluding
the case s©=sl(3,C).

Elimination of $~so0(1,4). There exists up to conjugacy a unique parabolic sub-
algebra h=h"xh " Cs of codimension 3, and we have to investigate only the cases
§ 054 285=0Ds,. A close look at the minimal (and maximal proper) parabolic sub-
algebra h=m®ads) shows that m=s0(3), and m acts irreducibly on the 3-dimensional
nilpotent ideal h~"=s_,. Consequently, b acts irreducibly on s/h=s/55=R3. This leads

to a contradiction as [sg,54]Csg, i.e., 55/65 would be a 2-dimensional stable subspace.
This completes the proof of Claim 2. O
The proof of Lemma 10.2 is now complete. O

In [5, Theorem 6] it is claimed that for every 2-nondegenerate real-analytic hyper-
surface M CC3 the Lie algebra hol(M, a) has dimension <11 at every point. Using this
result would save a few arguments in the proof of Lemma 10.2. Instead, we preferred to

present a self-contained proof of the proposition.

11. The cases s=2s0(2,3) and s=~s0(1,3)

We continue the proof of Theorem II. So far we have proved that for the CR-algebra
(g,q) under consideration the simple factor s of g™, see (10.1), can only be isomorphic
to one of the simple Lie algebras listed in Lemma 10.2. In this section we show that
among these, the possibilities §2s0(2,3) and §2s0(1, 3) cannot occur. Here and in the
following, upper case roman numerals refer to the conditions in §9.5 and §9.8.

We would like to mention that for the tube M over the future light cone one has
hol(M, 0)=s0(2,3), and that there exists a copy of s0(1,3) in hol(M,a) that is also
locally transitive. Since these Lie algebras have dimensions 10 and 6 and since, on the
other hand, there are transitive subalgebras of hol(M,0) of dimension 5, these two Lie
algebras do not satisfy the minimality condition (VI). In the following we consider both

cases separately.

$250(2,3). The only Lie subalgebras b in the normal real form so(2,3) with
codimg h<3 are the 3-codimensional maximal parabolic subalgebras. We need to take a
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closer look at the structure of these subalgebras. There are, up to isomorphisms of s,
only two such parabolic subalgebras: If II(a)={a, 8} is a basis of the root system ®(a)
(a a split Cartan subalgebra, o long and 3 short), then

hi = (aBsaPBS_o)PS_gPBS_0_gB5_aq_23=hixbh ",
ho:=(aPsgPs_3)BS_ D5 _a_pB5_a_23=hyxhy"

are representatives of the corresponding isomorphy classes. The only instance where the
filtration s,CszCsgn Cs could be nontrivial (recall that s, and sz are subalgebras, sg
is an ad(sgz)-stable subspace) arises when s,Csz=0h; Css Cs for j=1,2. The possibility
h2=sz cannot occur since the adjoint representation of h5 on h}=s/sz is irreducible, con-
tradicting the existence of a 2-dimensional ad(sg)-stable subspace sg, /s5. The possibility
that sz=h1 Ds, remains. From now on, h:=h; and we analyze the various possibilities
for dimsz—dims,€{0,1,2}. The equation sz=s, contradicts condition (VI)z, since in
that case the proper subalgebra (h*@s’) xrad(g) would be transitive on (M, 0). The case
when s, is of codimension 1 in sz=H can also be ruled out: either h~"Cs,, and then
(h°PPps’) xrad(g) would be a transitive proper subalgebra of g, or the intersection of
5o with h ™" =(s_g®s_pg_,)B5_n_23 is a 2-dimensional subalgebra. In such a case the
image 7(s,) of the projection 7: h=h~"xh* —h* coincides with h*. But this also leads
to a contradiction: neither the intersection s,Nh~" can coincide with s_z@&s_g_, (since
it is not a subalgebra), nor (s_3®s_g_qa)Ns, can be 1-dimensional (since h* acts irre-
ducibly on (s_g®s_g_4)). Finally we are left with the case dim sz —dims,=2, that is,
s is transitive on (M, 0). Thus g=s by assumption (VI). But then dimg,=5 and there
always exist proper subalgebras g’ Cg with g’+go=g, a contradiction to condition (VI)s.

ss0(1,3)sl(2,C). We work out this case by investigating various possibilities for
dim s,.

e dims,>3. We claim that then there exists a solvable subalgebra tCs such that
s,+t=s. The case dims,>4 is easily settled as all 4-dimensional subalgebras in s are
maximal, i.e., they are Borel subalgebras of sl(2,C) and consequently have nilpotent
complementary subalgebras. There do not exist (real) subalgebras of s[(2,C) of dimen-
sion 5. If dims,=3 then s is either semisimple or solvable. In the semisimple case we

work with an explicit matrix realization s CC?*2: either s5,%~su(2) or s,~su(1,1), i.e.,

50%{<Zt E% ) :teR and zE(C} fore=1ore=-1.

z —it

In both cases the upper triangular Borel subalgebra b* Csl(2,C)CC?*2 forms a linear
complement of s,. This cannot happen, since then condition (VI); would be violated.
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If s, is solvable then s, is contained as a certain 1-codimensional (real) subalgebra in
a (complex) Borel subalgebra b=tx b of 525[(2,C). We claim that 5, Db otherwise
(that is, if dimgs,Nb"=1) we would have m(s,)=t, where 7:b—t is the projection
homomorphism, and consequently s, would contain a certain complex Cartan subalgebra
t' of b which acts R-irreducibly on b

However, from our claim it follows that the opposite Borel subalgebra is a comple-
mentary subspace of s, in s. The case ‘dims,=3" is now completely ruled out.

e dims,=2. It follows that s, is solvable and either complex or totally real. Since it
is immediate that every complex subalgebra in sl(2,C) has a complementary subalgebra
(a simple check), it remains only to deal with the totally real case, i.e., with s, being a
real form of a Borel subalgebra bCsl(2,C). Let 7: b—b be the conjugation with b”=s,,.
It is well-known that there exists a 7-stable Cartan subalgebra tCb, and consequently
we have the 7-stable decomposition b=tx[b, b]=:txn. Select het and e€n such that
[h,e]=2e. By construction 7(h)=a-h and 7(e)=b-e for suitable a,b€C. Since 7 is an
automorphism, a=1. As 7 is an involution, |b|=1. This shows that, up to a conjugation,
we may assume that b is the upper-triangular Borel subalgebra of s[(2,C) and the real

forms s,Cb* have the realization

50N{<é Si) :t,seR} for some c e C*.

For every ceC* at least one of the Borel subalgebras

1 1 -1 —1 1 )
(C(O )@C( ) or (C((_) ’)@c( ' )
1 0 1 -1 1 0 i —1
is then complementary to s, in s((2, C).

e dims,=1, that is, s itself is locally transitive and thus g=s by the minimality

condition (VI)y. Consider the following matrix realization:
[=50(2,C) xsl(2,C) CC**?2xC**?, o(x,y)=(¥,%), g={(x,%):xe€sl(2,C)}CL

The 3-dimensional complex subalgebra qClI is either simple or solvable.

q simple. Then q=sl[(2,C) and q is either one of the two factors of s[(2, C) xsl[(2, C)
or ¢ is conjugate to g in [. The first case can be ruled out immediately since then
qNg=0=g, which is absurd. In the second case, all simple subalgebras qCI which are

not ideals are conjugate to each other. We may select the particular subalgebra

qg={(x,—x"):xesl(2,C)} CI,
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where x! is the transpose of x. The corresponding Lie subgroup
Q={(a,(a")"):q€eSL(2,C)} € L:=SL(2,C)xSL(2,C)
is closed, and the map (x,y)—x-y® identifies the quotient with the affine quadric
SL(2,C) c C?*2

on which S:=SL(2,C) (considered as a real Lie group) acts by the holomorphic trans-
formations (s,z)~sszst. Hence, in this situation every CR-germ associated with a CR-
algebra (s, q) is globalizable. It is well known (see, for instance [16]) that the hypersurface
S-orbits in L/Q are either Levi nondegenerate or locally CR-equivalent to the tube M
over the light cone. However, dim g=6 and in this case (g, q) satisfies (I)-(V), (VI); and
(VI)2, but not (VI).

q solvable. We will show that also this case contradicts the fundamental assumption
t
0

teC*) then [, is a regular torus in [. Consequently, the centralizer C((I,)=:t; xt3 is a

in §9.8. If [,=C(t, t) is ad-semisimple (and without loss of generality t:( _Ot ) for some
o-stable Cartan subalgebra. Either C((l,)Cq (but then q+oq is of codimension 2 in I)
or Ci(I,)Ng=l,. In the latter case, denote by [*®1 and [*2 the root spaces with respect
to t; Xtz. A direct check shows that g is the direct sum of [, and two other root spaces
(also if t=t). Since q is solvable, there are four possibilities of choosing such pairs of
root spaces. In all four cases either q+oq is too small or f=I,, that is, the corresponding
CR-germ is Levi nondegenerate.

It remains to discuss the case when [,=C(n,n) is ad-nilpotent. Since q is solvable,
it is contained in a Borel subalgebra b of [. Consequently, [, Cb™=C((I,)=CnxCh. Let
7: b—b/b™! be the canonical projection. The image 7(q) cannot be surjective, since there
is no 3-dimensional subalgebra C(n,i)CqCb with this property. Only the possibility
b C g remains, but then qnoq>b™!, which is too big.

Summarizing, we have for the CR-algebra (g, q) satisfying the assumption in §9.8
that g must be a finite direct sum of copies of s[(2,R) and su(2). In the next section
we direct our attention to factors of type sl(2,R).

12. The case s=sl(2, R)

In this section we continue the proof of Theorem IT and consider only CR-algebras (g, q)
subject to the assumption in §9.8, for which the simple factor s of g* is isomorphic to
s[(2,R); compare (10.1). As already proved, the remaining simple factors in s’ (if there
are any) are isomorphic to su(2) or s[(2,R).
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From hol(M, 0)=s0(2, 3) for the light cone tube M it is clear that hol(M, o) contains
copies of 50(2,2)=sl(2,R) xsl(2,R). Fixing a subalgebra tCsl((2, R) (which is necessarily
nonabelian), the 5-dimensional Lie algebra s[(2,R) xt can be embedded into hol(M, o),
and this can be done in such a way that the image is a transitive subalgebra. Therefore,
the simple factor s[(2,R) of g** cannot be avoided in the classification proof. However,
we will show that this factor only occurs in the instance described above, that is, in
connection with M.

Our first result is that in g* the simple factor s[(2,R) can occur at most once. Here
and in the following we repeatedly use the basic fact that each proper subalgebra of
s[(2,R) has a solvable complementary subalgebra. Furthermore, throughout this subsec-
tion we denote by m: g=(sxs’) xrad(g)—s the canonical projection. We analyze various
possibilities for the image of the isotropy subalgebra g, under .

If w(g,)#0 then there exists a solvable complement tCs to 7(g, ), and (txs’) xrad(g)
is a proper transitive subalgebra of g violating (VI)s.

If 7(go)=0 then g, Cs’ xrad(g) and is there of codimension 2. It follows that there is
no factor h=2sl(2,R) in §’: Otherwise, counting dimensions we would have dim hNs,>1,
which implies that there is a proper transitive subalgebra of g, violating (VI)a. This
proves that s’ is a product of factors which all are isomorphic to su(2). Finally, we show
that s’ consists of at most one such simple factor: Indeed, suppose that s'=hxs" for
some ideal h=su(2) of s’. Denote by my: (s X x5”) xrad(g) —h the canonical projection.
Then 7p(g,) has codimension <2 in . Since su(2) does not have a subalgebra of dimen-
sion 2, the dimension of m,(g,) can only be 1 or 3. But dimension 3 violates (VI)2 since
then g=g,+ker(m,). The case dimmy(g,)=1 remains. Then m,(g,) is a torus in h and
7(go)=bNg,. Since g':=sx b is a transitive subalgebra of g, we must have g'=g by (VI)s.

But this is not possible, as we show in the following result.
LEMMA 12.1. s=sl(2,R) implies that g=sxrad(g) and g,Crad(g).

Proof. By the above discussion, we only have to rule out the case g=sxs’ with
goCs =su(2). The key point here is that the isotropy subalgebra g, is toral in su(2)
and that there exists a unique ad(g,)-stable subspace p.Csu(2) on which the adjoint
representation of g, is irreducible. Let 7q,:s®su(2)—su(2) be the projection onto the
second factor. Either gy (§)=su(2) or msy(F)=go. In the first case, we actually have
F=su(2) as [go,F]CF and [s,g,]=0. But this cannot be true: Independently of what
exactly H=W @su(2) would be, we always would have [$), F]CF. But this violates the
nondegeneracy condition (V).

The case 75, (F) =g, remains, that is, F=b®g,, where b=FNsCs is a 2-dimensional
real subalgebra. By a dimensional argument, dim $Nsu(2)>2. But this intersection must
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be ad(g,)-stable, which implies that H=bd®su(2), i.e., § is a subalgebra of g=s®su(2).
Clearly, this violates condition (I11). O

In the next lemma we show that the semidirect product sixrad(g) in Lemma 12.1
actually is a direct product sxrad(g) and that the radical has dimension 2, i.e. g has
dimension 5. Recall the obvious fact that, up to isomorphism, there exist precisely two

Lie algebras of dimension 2, the abelian Lie algebra R?=R xR and a nonabelian one.

LEMMA 12.2. s¥sl(2,R) implies that g=s xt with v:=rad(g) being nonabelian and

of dimension 2.

Proof. Let 7: g—s be the canonical projection. We use the same symbol also for the

complex extension [—s. Because of (I) and g, Crt, the image 7(F) has dimension <2.

e dim 7(§)=0 implies F=r, that is, F is an ideal in g. But this violates (V).

e dim7(§)=1 implies 7(f)=n(of) and dimw(f)=1. Consequently, 7(q) and 7(oq)
are 2-dimensional (Borel) subalgebras which generate s[(2, C) as a linear space (otherwise
(M, 0) would be Levi flat). It follows that 7~ !(w(cq))Ng=f. But this implies that
[f,0q] Cf+04q, a contradiction to (V).

e dim7(F)=2. Note that n(f) and 7(cf) are I-dimensional, since [,Ct". Since
7(f)+m(of) is a 2-dimensional subalgebra, t:==n(f) and t':=n(of)=0t are tori, as follows
with the elementary structure theory of s[(2,C). The case m(f)=mn(q) can be excluded,
since otherwise we would have 7(q+o0q)=7(f+0f) which is a subalgebra, a contradiction
to (Il1). Hence, the only possibility remaining is 7(f)#m(q). This implies that gNrad=
oqnrad=I[,. Furthermore, [, is an ideal in q and in oq, and, since [q, oq]=I, even an ideal
of I. By the effectivity assumption (VI)1, this implies that g,=0, i.e., g has dimension 5
and thus

0sl(2,R)x,R? or g=sl(2,R)xt, with dimt=2, (12.3)
where o:5[(2, R)—End(R?) is the canonical inclusion.
CLAIM 12.4. The first case in (12.3), that is g=sl(2,R)x ,R?, cannot occur.

Proof. Let m:1—sl(2,C) be the canonical projection and o:[—[ be the complex
conjugation defining the real form g of [. The possibility m(q)=0 (=n(oq)) can be
excluded, since then gq=rad(l)=cq, violating (Ill). Also dimm(q)=1 can be ruled out:
Then w(q)#7(f), since otherwise m(q+oq)=m(f+of) would be a subalgebra, violating
(). Hence, f=qNrad(l). But this contradicts (V), since then [f, oq]Crad(l)=f®of.

The most involved case is dim7(q)=2 (that is, gNrad(l)=0). Then 7(q)=b is a
Borel subalgebra of sl(2,C). To rule out also this case we need some preparations. First
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realize [ as
5[(2,C)x,C* = {(X,w): X €sl(C?),weC?}, with [(X,w),(Y,u)]=([X,Y], Xu—Yw)

and complex conjugation o given by (X, w) (X, w). Since (M, o) is not Levi flat (com-
pare (lIl)), we necessarily have b+ob=sl(2,C), and the 1-dimensional intersection bNcb
is a toral subalgebra tCsl(2,C) (we use here the well-known fact that the [o-stable] in-
tersection of any two Borel subalgebras contains a [o-stable] Cartan subalgebra). In the
next two paragraphs we recall some elementary facts from the representation theory of

s[(2,C) which we need to complete our proof.

12.5. o-adapted sl;-triples

Let hetCsl(2,C) be the element for which [h, E]=2F and [h, F|=—2F for every Ecb"
and Feo(b"!)=(ob)"l Since o interchanges the eigenspaces of ad(h), we have o(h)=—h.
There are crucial technical points here: We claim that there exists ecb™! such that
[e,o(e)]=h, i.e., (e, h,f), with f:=0(e), is an slp-triple in s[(2, C) (i.e., [h, e]=2e, [h,f]=—2f
and [e, f]=h).

Construction. We have to be careful here about signs: Since o defines a noncompact
real form of s[(2,C), the nondegenerate Hermitian 2-form s(-,o(-)) has precisely one
negative eigenvalue, where s denotes the Killing form. As s(h,o(h))=s(h,—h)<0, it
follows that »(F,o(F))>0 and consequently [AE, c(AE)]=h for an appropriately chosen
AeC* (keeping in mind the general formula [E, F]=3(E, F)H, where H, the coroot, is a
positive multiple of h). Define then e:=AFE and f:=c(e). Each sly-triple (&, h’,f’), with
e/, h, f'esC=~51(2,C) and o(e’)=f’, is called o-adapted in the sequel.

12.6.  Complexifying s[(2,R)x,R? we briefly discuss how the 2-dimensional abelian
radical C2, considered as an sl(2,C)-module, is related to the real structure. Let a o-
adapted sla-triple (e, h,f) be given. Let C2=V,®V_ be the decomposition into (£1)
h-eigenspaces. They are interchanged by o. We claim that there exists a v, €V, with
v_:=co(e)v;=0(v;)#0: Indeed, choose w, €V, \{0} arbitrarily. Then there is a c€C*
with fw, =co(w,), and a direct check shows that |c[=1. Choose a b€C with b?=¢ and
put v, :=bw,.

We use the linear basis v, ,v_ of the radical rad(l)=C? in the following computations.

We now resume the proof of Claim 12.4. For short, write t©:=rad([) for the abelian
radical. Since qNt®=0, we can write q=C-(e,w;)PC-(h,wy) for suitable wy,w,cC?.
Clearly, the w;’s are not arbitrary: Write wi =M v, +p1v- and wa=Av;+psv_. Note
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that wo#—ws (otherwise qNoq#£0), i.e., A\a#£—fi2. The fact that q is a subalgebra im-
poses one more condition on the coeflicients A; and p;: A simple computation shows
that 9 =0 and pa=-—M\1, i.e., for each A, p€C with A#f we have the two 2-dimensional

complex subalgebras q=q»,, and oq:
q=C-(e, v, )®C-(h,pv, —Mv_) and oq=C-(f,\v_)®C-(=h, v, +v_).

Recall the definition f={u€q:[u,oq]Cq+oq} from §9.5 (iv). A straightforward calcula-
tion shows that in all cases =0 holds. This contradicts (IV) and proves Claim 12.4. O

We proceed with the proof of Lemma 12.2 by restricting the radical of g=s[(2,R) xt
further.

CLAIM 12.7. The Lie algebra g cannot be isomorphic to sl(2,R) xR2.

Proof. Assume on the contrary that g=sl(2,R)xR? and denote by m: [—sl(2,C)
and 7y: [—C? the canonical projections. As in the proof of the previous claim, the cases
dim gNrad(f)>1 can be ruled out immediately. We therefore only have to exclude the case
gNC2=0. In this case, let b be the 2-dimensional m;-image in sl(2,C). It follows that
o(b)#b since otherwise 7s(q+0q)Cb would contradict (lll). Consequently, there exist
ecb, hebnob and f=0(e)€o(b)=n(0oq) with the properties described in §12.5. The fact
that q and oq are subalgebras and that m(q)=Ch@®Ce determines q and oq as follows:
q=C:(h,w)®C:(e,0) and oq=C:(h, —w)®C-(f,0) for a weC?.

We may further assume that w and w are linearly independent, otherwise

ma(q+0q) #C?

would contradict (Ill). As a consequence, (h,0)¢q+cq. The definition of f then shows
that f=C-(h,w). On the other hand, for this f we have [f,0q|Cf®oq, in contradiction
to (V). This proves Claim 12.7. O

The proof of Lemma 12.2 is now complete. O

So far we know that under the assumption $2s[(2,R), necessarily g=sl(2,R)xr,
where v is the 2-dimensional nonabelian Lie algebra. To determine the full CR-algebra

(g, ), we still have to find out how the complex subalgebra qCl sits inside s[(2, C) xtC.

CLAM 12.8. Up to a CR-algebra automorphism of (g,q), the subalgebra qCl is
obtained in the following way. Fiz a linear basis x,z of t©, with [x,z]=z, and a c-adapted
sly-triple (e, h,f), with e, h,fesl(2,C) (see §12.5 for the definition). Then

q=C(h,2x+puz)®C(e, vz)

for suitable p,veC with Im p==+2 and |v|=1.
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Proof. The case q=tC can clearly be excluded. If the intersection qNt® would be 1-
dimensional, then qNt®@oqNt®=tC (as the sum q+oq must be direct). Since f must also
be 1-dimensional, we have f=t®Nq. But then [f, oq] Ct®=f@®0of, violating condition (V).

The case qNt®=0 remains, that is, 7, (q) is a Borel subalgebra Ce®Ch, and

7(oq) = ChaCf,

C

where h, e, f€sl(2,C) are chosen as explained in §12.5. Since qCs® xtC is a Lie subalgebra,

it necessarily has the following form:

q=C-(h, \x+uz)®C-(e,vz) with oq=C-(—h, \x+[iz)BC-(f,vz) (12.9)
12.9
and A\ p,veC satisfying A=2if v#£0.

Case v=0. Then Ax+puz and Ax+/iz must be linearly independent in tC, that
is, A\i#\u (otherwise 7 (q+0q)#t®). Observe that (h,0)¢q-+oq and A#£0. A direct
verification shows that f=C-(h, Ax+pz) if A€iR and =0 otherwise. But then f®oq is a
subalgebra, in contradiction to (V).

Case v#£0. Possibly after replacing z by |v|z, we may assume that |v|=1 in (12.9).
Employing the definition of f in §9.5 (iv), a simple calculation shows that

= { C(hF2ive,2x+(Rep)z), if Im,u.: +2, (12.10)
0, otherwise,
that is, f is 1-dimensional only if Im g==2. This proves the claim. O

LEMMA 12.11. For the CR-algebra (g,q) in Claim 12.8 the associated CR-germ
(M, 0) is CR-equivalent to (M, a), where M is the tube over the future light cone.

Proof. We start by giving a particular representing manifold for the associated germ;
compare [16, Example 6.6]. Let p and v be the constants occurring in Claim 12.8 and con-
sider the affine quadric Z:=SL(2,C)CC2*2, on which the group L:=SL(2,C)xSL(2,C)
acts holomorphically by zr+gzh~! for all (g, h)eji. Then a::SL(Q,R)xSL(ZR) is a

real form of L. Via
(0 1) 1(1 —1)
s zZ:=— She
1 0 2\1 -1

vl 1 0 —
e:=— , h:= , f:=0(e) esC
2(2' —1) (Z 0) ©

C

(12.12)

C

we consider [=sCxtC as a complex subalgebra of [=s[(2,C) xs[(2,C) and g as a subal-

gebra of g.
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We recall some basic facts (compare [16]). The polynomial function
Y(z) :=det(z4+2)—2

on Z is invariant under the action of the group G. Furthermore, the nonsingular part M
of the algebraic subset S:=1~1({£2}) is a (nonconnected) hypersurface in Z, locally CR-
equivalent to M. On the other hand, the singular part of S is a totally real submanifold
of Z. Consider the point

—mi/4 4 _
0= (_*“ o )eZ,
4 ipi(4—p)

which actually is in S because 1(0)=Im u. A direct computation shows that the isotropy
subalgebra [, of [Cl at o€ Z is C(h, 2x+uz)®C(e, vz) and that the isotropy subalgebra
of gCg at o is trivial. This implies that a€M and also that the CR-algebra (g,q) is
associated with the germ (M, o0). Since M is locally CR-equivalent to the tube M over

the future light cone, the proof for Lemma 12.11 is complete. O

13. The case s=su(2)

The status of our proof so far can be summarized as follows. For the CR-algebra (g, q)
satisfying the assumption in §9.8 and g*#0, the simple ideal s of g* can only be iso-
morphic to sl(2,R) or su(2), Furthermore, the case §~s((2,R) only occurs if the asso-
ciated CR~germ is equivalent to (M, 0), with M being the light cone tube, and then
g2sl(2,R) x v with nonabelian 2-dimensional t. Consequently, only the situation needs
to be investigated when g* only contains simple ideals isomorphic to su(2). We assume
this throughout this section and state our main lemma.

LEMMA 13.1. There is no simple factor of g™ isomorphic to su(2).

Proof. The proof will be subdivided into several claims. Note that contrary to
5[(2,R), the only nontrivial proper subalgebras of s1(2) are 1-dimensional tori. As before,
let s be a fixed simple factor of g* and denote by m: g—s the canonical projection. Then,
the image 7(g,) must be a proper subalgebra, since otherwise g’=7"1(0) would violate

(VI)2. Our first observation is the following statement.
CramM 13.2. For g and t:=rad(g) only the following cases may occur:
g=su(2)xr, g=su(2)xsu(2) or

9= (su(2) xsu(2)) xr  with t#0 and go = (Rty xRtz) X (g,Nt) for t; € su(2).
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Proof. Write g=(81Ps2®s”) xt, where 51,59 =5u(2), s” is the complementary ideal
in g%, and m; and 7y denote the projections onto s; and so, respectively. Only one of
the following possibilities can occur:

e 71(go)=0. Then 51 ®ss is already a transitive subalgebra of g and s”=t=0.

o 71(go)#0#m2(g,). Then either g=s; ®sy or

9oN(51DP52) = (goNs1) P (goNs2) = Rt; DRty

for suitable nonzero ti, ta€su(2). In the latter case g,N(s” xt) is of codimension 1 in
s” xt. But then we conclude that s” =0 as there are no 1-codimensional subalgebras in
su(2). O

For the proof of Lemma 13.1, we only need to investigate the above three types of g.
We repeatedly use the fact that each 1- or 2-dimensional representation of su(2)=s0(3)
is trivial and that each toral subalgebra tCsu(2) acts irreducibly on su(2)/t.

CLAM 13.3. g=(su(2) xsu(2)) xt implies that t=0.

Proof. Let m and ms be the projections onto the first and the second simple factor,
respectively. As observed in the preceding claim, g,=(t; xt2) X, with t,:=g,Ntr and
1-dimensional toral subalgebras t;. Recall that we have the g,-stable filtration g>HD
§Dgo. At least one of the images 7;(F) coincides with s;, say for j=2. Since t; acts
irreducibly on s; / t;, it follows that §=s2 X t,. Then, since HNs is at least 2-dimensional,
the irreducibility of the action of t; implies that H=s X s5x t,. But this would imply that
[, H]CH, contradicting (I1I). O

CLamM 13.4. g2su(2) xsu(2).

Proof. Suppose on the contrary that g=su(2)xsu(2). Since FCg is a subalgebra of
dimension 3 and there is no solvable subalgebra of this dimension, necessarily F=su(2).
Consequently, either § is one of the simple factors of g or § is the graph of an automor-
phism of su(2). Both possibilities lead to a contradiction: in the first case § is an ideal
in g, contradicting (V), and in the second case § acts irreducibly on g/§, violating the
existence of the ad(§)-stable proper subspace /§Cg/§. O

The remaining case g=su(2) x t with r:=rad(g) is the most involved. In this situation
the image of g, under the canonical projection 7: g—su(2) is of dimension <1. As usual,
we denote the canonical projection [—s[(2, C) by the same symbol . We investigate the
various possibilities for the m-images of the Lie subalgebras [, CfCq defined in §9.4 (i)—(iii)
and §9.5 (iv).

o 7(l,)=n(f)=n(q). Since m(l,) is a o-stable torus, w(q+oq)=n(l,) would follow.

Counting dimensions, this cannot happen.
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o 7(l,)Cm(f)=n(q). Here, we have to rule out the two possibilities dim 7 ([,)<1.

If dimw(l,)=0 then 7 (§) is a 1-dimensional toral subalgebra in su(2), and conse-
quently 7(f)=n(of)=n(q)=n(0oq) is 1-dimensional. This contradicts the fact that q+oq
is a hyperplane in [. The case when 7([,) is 1-dimensional remains. Then 7(§)=s, and
possibly after replacing s=su(2) by the Levi factor contained in §, we may assume that
sCg§. For dimensional reasons, t,:=g,Nt=3FNt. Further, ¢, is an ideal in § and we have
F=sx1t, as well as H=s Xty with vg:=HNr. As dim vy —dimv,=2, the ad-representation
of s on tg /v, is trivial, that is, [s,ts]Ct,. Since f=I,®Cy for some yes©=s((2,C) and
oq=0f®Cx for some xerf, we would have

[fa O'C” = [[O @(Cyv Jf@cﬂ C f+0f7

in contradiction to (V).

o 7(l,)=7(f)&m(q). The possibility 0=7(f) can be excluded since otherwise F=rt,
i.e. f+of would be an ideal in [, contradicting condition (V). Next, we deal with the case
when 7(l,)=n(f)=n(0f) is a (1-dimensional) toral subalgebra. By assumption b:=7(q) is
then 2-dimensional, that is, a Borel subalgebra, which implies that b+cb=5%25((2, C), or
equivalently 7($))=s. Counting dimensions, vz:=FNr=HNt. Further, [tz, H]CtNH=tz
and since, due to condition (I1), $ generates g as a Lie algebra, we deduce that vz is
an ideal in g. From w(l,)=n(f) follows that f=[,®Cr with retg. But this implies that
[f, ca] =[lo&Cr, oq] Cog+15 Coqef, violating (V).

One last possibility remains for the flag [, CfCq in [, which we consider in the next

claim.

Cram 13.5. If w(l,)em(f)Gn(q) then [,=0 and g=su(2)xt with v:=rad(g) of

dimension 2.

Proof. The properness of the inclusions implies that [,Nt®=fNtC=gNtC=0oqnrC.
Since q and oq generate [ as a Lie algebra, it follows that [,NtC is an ideal in [, or
equivalently g,Nt<ig. By the effectivity assumption (VI);, we have g,Nt=0. Conse-
quently, as dim7([,)<1, the same estimate holds for diml,. Next, we show that the
case 1=dimg 7(g,) (=dimn(l,)=dim[,) cannot happen. Assume on the contrary that
7(go)=1. Then 7 (F)=s and, possibly after replacing the Levi factor s Cg by a conjugate
one, we may assume that sCF. Counting dimensions yields then F=s~su(2). Since
[, 9]C$H by (ll), we have a representation of s on $/F. But this yields the contra-
diction as dim $)/F=2 (compare (1)) implies that this representation is trivial, that is,
[s, 9]=[F, H] CF, violating (V).

We have proved that the only possibility for g is su(2)xt with a 2-dimensional
radical t. Since su(2) can act only trivially on such an t, the above semidirect product
is in fact direct. This proves the claim. O
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CLAIM 13.6. The case g=su(2)xt, dimt=2, cannot occur either.

Proof. We write m=m, and . for the projections onto s¢22s((2,C) and t*, respec-
tively. The proof analyses various possibilities for fCq.

If 75(%)=0 then §=t would be an ideal in g contradicting (V). The case when
75(§), as well as 74 (f), is 1-dimensional remains. In that situation one necessarily has
7s(q) #ms(f), and 7(q) is a Borel subalgebra in s[(2, C). Further, m4(q)+0o(ms(b))=s1(2,C)
and m5(q)N7s(ob) is a Cartan subalgebra of s[(2, C). Similar to the situation considered
in §12.5, we can also here choose a standard triple e,f hes®, with m,(q)=Ch®Ce and
o(h)=—h, but now o(e)=—f for the Cartan involution ¢. The radical t cannot be abelian:
otherwise, exactly as in the proof of Claim 12.7, we obtain a contradiction. In the
remaining nonabelian case, we proceed as in the proof of Claim 12.8 by investigating
the various positions of q in [. The cases dimt®Ng>0 are easily ruled out (the same
argument as in the proof of Claim 12.8, following (12.9)). Hence, we may assume that g
and oq are given by the formula (12.9), except that now oq=C-(—h, Ax+Jiz) C-(—f, vz),
that is, the sign in front of f has changed. This slight difference is precisely the reason
why in the case v#0, contrary to (12.10), the CR-germ (M, o) associated with (g, q)
would be Levi nondegenerate, as shown by a simple computation. This contradicts our

fundamental assumption and concludes the proof of the claim. O

The proof of Lemma 13.1 is now complete. O

14. Reduction to the case where g is solvable and of dimension 5

Striking the balance for the proof of Theorem II obtained so far, we have shown the
following:

Let (M, 0) be an arbitrary locally homogeneous 2-nondegenerate CR-germ of dimen-
sion 5 and let (g,q) be an associated CR-algebra. If the Lie algebra g is not solvable then
M s locally CR-equivalent at o€ M to the tube M over the future light cone.

For the rest of the proof we therefore assume that every CR-algebra (g, q) under
consideration satisfies the fundamental assumption in §9.8 and that g is solvable. The

following is the main result of this section.
LEMMA 14.1. The solvable Lie algebra g has dimension 5, i.e., g,=0.

Proof. The proof will be subdivided into several steps. Recall that by definition the

nilradical g™ of g is the maximal nilpotent ideal in g. It is well known that g"!! contains

the commutator subalgebra [g, g], and each element ¢ € g"!! is ad-nilpotent in g. Similarly,

we denote the (complex) nilradical of [ by [*!. We retain the notation from §9.4 and §9.5.
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CLAIM 14.2. g,Cg"il.

Proof. Since [g, g]Cg™!, the quotient g/g"! is abelian. Let 7:g—g/g™! be the pro-
jection. Assume that g,Zg"!; i.e., 7(g,)#0. Select a subalgebra rCg/g™! (possibly 0)
which is a complement of 7(g,). But then g’:=7"!(r) would violate (VI). Consequently,

we necessarily have 7(g,)=0, that is, g,Cg"! as claimed. O

14.3. Recall that for the CR-algebra (g, q) under consideration there exist flags [, CfCq
and [, CofCoq of subalgebras in [, as defined in §9.4. For the subsequent considerations,
we select the following elements in I: yef\[, and xeq\f, and write x:=o(x) and y:=0o(y),
for short. Then

f=Cya®l,, q=Cx®Cyo®l,, of=Cydl, and ocq=CxeCydl,.

The inclusion [,C ™! is guaranteed by Claim 14.2. Hence, [, acts by ad-nilpotent
endomorphisms on [. In particular, [l,, f]Cl, and [l,, q]Cf. The condition (Il) means that
[x,X]¢q+0q, and (V) is equivalent to [x,y|¢f+oq.

Let 3C ™! be the center of the nilradical (which is nontrivial if [#0), to which we
refer as the nilcenter of [. As for every characteristic ideal, we have o([™!)=["! and
a(3)=3

Cramv 14.4. (i) The nilcenter 3 of | is not contained in q+oq.

(i) 1,=0 if dim3>2.

Proof. (i) Assume that (i) is not true and let x,y,X,y€[ be as in §14.3. Let
¢ := ax~+ax+by+by+,,

with 7,€g, and a,beC, be an arbitrary element in 3°. Then [X,(]€3Cq+o0q, since 3 is
an ideal in [. On the other hand,

[X, ax+ax-+by +by+7,] = af%, x|+ [%, by +by+70] = ax, x| =0 mod g+o7q,

which implies that a=0. This shows that 3Cf+of. Given then (=by+by+~,€3°, the

inclusion [, ¢]C3 holds, since 3 is an ideal. On the other hand,
[X, by +by+70] = bl%, y]+[%, by +70] =b[%,y] =0 mod f+o4.

Hence, b=0 as a consequence of the above equation and (V). But this cannot be true,
since then 3CI[, would be a nontrivial ideal of [, violating (VI);.
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(ii) Assume that dim3>2, that is, 30 (q+0q)#0. Recall that [, C[®! by Claim 14.2,
and consequently [y, [,]Cl, and [y, [,]Cl,. Let an arbitrary

¢ = ax+ax+by+by+v, €3°N(q+0q)
be given. Computing its bracket with [,, we obtain
[C, lo] =alx, o] +a[x,l,] =0 mod [,.
Either a=0 for all such ¢, and then 3N (q+0cq)=3N(f+0f), or a#0, and then
X, lo] Clo D [X, o).

In the latter case, it follows that [, is an ideal in [ (due to Lemma 9.7 (lll), x, y, X, ¥
and [, generate [ as a Lie algebra), hence [,=0 as claimed. The other possibility would
be 3N(q+0q)=3N(f+0f) and we show that this cannot happen. Given an arbitrary
C=by+by+7,€3°N(f+0f), note that

[x,¢l€3n(a+oq) =3N(f+of).

More explicitly, [X, by +by+7o] =b[X, y] +[X, by +70] €b[X, y] +oq. But then the above equa-
tion together with (V) would imply b=0, i.e., 3N (q+0q)=3NI,#0. This is absurd, as

[9+04,3NL] C3N(q+0q) =3NL #0,

i.e., since q+o0q generates [ as a Lie algebra, 3N[, would be a nontrivial ideal in I. O
The case when the nilcenter is 1-dimensional remains.
CrLamM 14.5. Suppose dimz=1. Then [=3®(q+0q) and g,=[,=0.

Proof. Since 3¢ q+o0q by Claim 14.4, the sum 3+ (q+0q) is direct. Recall that the
recursively defined subspaces Co(["):=0 and Cj :=C (") :={ue M [u, MOy (M)}
for every k>0, form the ascending central series of [, Clearly, 3=C} and o(Cy)=C}, for
all k. Either 3=C; =Co=["! and consequently [,=0 (due to (VI);, [, must be a proper
subalgebra of the 1-dimensional algebra [M1), or C'; #Cy. In the latter case CoN(q+0q)#
0. Let n=ax+ax+by+by+v,€CgN(q+0q) be arbitrary. Since [, [,]C3N(q+0oq)=0, we
have

[, L] = alx, l,]+alx, L] =0 mod [,.

If a#0 then [x,[,], [X,l,]Cl, and [, is an ideal in [, that is, [,=0 by (VI);. If a=0 for
every choice of n€C§N(q+0q) as above, then CoN(q+oq)=CoN(f+of). This possibility
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can be ruled out as follows. For a nonzero n=by+by+v,€CgN(f+of) we have [n,x]€
(q+0q)NCo=(f+0f)NCs, that is,

[by +bY+70, %] = by, x|+ ([by +70,x]) =0 mod f+of,

which is only possible if 5=0. This would imply that (q+cq)NCy=[,NCs. On the other
hand, the identity (q+ocq)N Co=1,NC5 implies that [,NC5 is an ideal of I. The effectivity
of (g,q) then forces [,NCy=0, contradicting (q+0cq)NCy#0. This completes the proof
of Claim 14.5. O

The proof of Lemma 14.1 is now complete. O

15. The existence of a 3-dimensional abelian ideal in g suffices

The proof of Theorem II has brought us to the point where we may and do henceforth
assume that the Lie algebra g in the CR-algebra (g, q) satisfying the assumption in §9.8
is solvable. The subalgebra qCI=g®ig then necessarily is of complex dimension 2.

The Main lemma 15.14 of this section states that the CR-germ associated with (g, q)
is represented by the tube F-+iR? over an affinely homogeneous surface FCR? if g is
isomorphic to a semidirect product hxt, with h being a 2-dimensional Lie subalgebra
and t=R? being an abelian ideal. Once this main lemma is proved, our proof of the
classification theorem will be complete as soon as we can show that every 5-dimensional
solvable Lie algebra g occurring in (g, q) indeed is isomorphic to a semidirect product as
above. This will be achieved in the final §16. In this section we only prove the partial
result that if q is abelian, then also the commutator [g, g] is abelian and 3-dimensional.

Moreover, there exists an abelian subalgebra hCg such that g=hx [g, g].

Since there is no general structure theory for solvable Lie algebras, we develop ad hoc
methods and describe the structure constants in [=g® with respect to a particularly cho-
sen basis. Every CR-algebra (g, q) under consideration gives rise to the 1-dimensional sub-
algebras f and of of the 2-dimensional subalgebras q and oq, respectively. We construct
a basis of [ which reflects the conditions (1)—(V) and investigate the various possibilities
for the values of the corresponding structure constants. Select a nonzero z€3~7\ (q+0q)
(this is possible due to Claim 14.5) and an x€q\f such that for x:=ox the congruence
[x,X]=z mod q+oq holds (this is possible due to (lll)). By (V), it is further possible to
select yef\[, such that for y:=coy the structure equations of [ are of the following form
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(in particular, the coefficient in front of X in the second equation is by=1):

[X,X]| =z 4 a1x — a1X+ agy — aqy,

[x,y]= bix+ x4+ bzy+ bay,

[y, y]= cy — ¢y, (15.1)
ly,x|=  dix + day,

[z,n] €5(1™") for every n € L.

The brackets [y, x] and [y, X] are completely determined by the above five equations, due
to the fact that o:[—1[ is an antilinear Lie algebra automorphism. Of course, not for all
values of the constants the above identities give rise to a Lie algebra. In fact the above
structure constants aq, ..., da, are subject to further constraints, imposed by (1) the Jacobi
identity, (2) our assumption that [ is solvable and, (3) our assumption z&3(I"1).

Conversely, let a 5-dimensional solvable complex Lie algebra
[=CzoCx®CxpCyaCy

be given with structure equations as in (15.1) (together with [, y]=x-+b;X+bsy+bsy and
[, X|=d1%+day) for certain ay,..,d2€C and z€377, where 3 is the nilcenter of [. Define

g:=RizOR(x+x) DR (ix—ix) DR(y+y) ®R(iy—iy) and q:=Cx®Cy.

Then the CR-algebra (g, q) satisfies the fundamental assumption in §9.8.
As already mentioned, besides the geometrically motivated conditions in Lemma 9.7,
which are already incorporated in (15.1), further conditions affect the particular values

of the structure constants, for example those given by the Jacobi identity. We use

[[€1, &2, €3]] :=[[&1, &2, &3]+ (€2, &3, &al+[€3, &1 €2

as shorthand. The identity [[x,y,y]]=0 implies that
|C‘ =1, d :E—Bl and ¢b; €R. (152)

Remark 15.3. From c¢#£0, that is, [y,y]#0, it follows that the solvable subalgebra

f4+of, and in turn [, cannot be nilpotent.

Keeping in mind the identities (15.2), it is possible to readjust the basis x, ...,z of [
as follows. Write c=f?2 for the coefficient ¢ in the third equation of (15.1) and replace
x by fx, as well as y by cy. After this replacement, the structure equations (15.1) keep
their form, only ¢ changes to c=1 and b; becomes real.



LEVI DEGENERATE HOMOGENEOUS CR-MANIFOLDS 71

Notational agreement. For the rest of this section we use «, 3, v and § to denote
real numbers, while a;, b;, ¢; and d; stand for complex numbers. In particular, we write

(1:=by to underline that the structure constant b; is real.

The Jacobi identity [[x,y,y]]=0 implies more relations between the coefficients in

the structure equations (15.1):

c=1, Bi:=b€R, di=1-p1, bs—do=by(B1—1), —pB1(b3+do)=bs—bs. (15.4)

15.5. Perfect basis

Summarizing, there exists a basis z,x,%,y,y (x:=0(x) and y:=o(y)) of [=¢* with
z2€37 7\ (9®0q), g=Cx®Cy and §=Cy, such that the corresponding structure constants
in (15.1) satisfy (15.4). We call each such basis perfect.

There are still more constraints for the structure constants given by the Jacobi
identity for other triples of elements and also by the fact that 3 is in the center of
(M1 Later on, we characterize these additional conditions more explicitly. For now, we
elaborate the particular structure of the nilcenter in the next result.

LEMMA 15.6. The nilcenter 3Cg has dimension 1 or 3.

Proof. We closely analyze the conditions in Lemma 9.7 in order to get the dimension
estimates. It is clear that 1<dim 3<4; see Remark 15.3. Assume that dim3=4. Then
dim 3N (q@®oq)=3 follows by Lemma 14.4. But since f+of is not abelian, that is,

dimzN(feof) =1,

there exist elements in 3 of the form x+4m; and x+n, with n;€f4+of. This leads to
a contradiction: indeed, on the one hand [x+n1,X+n2]=0, and on the other hand (V)
implies that [x+n1,X+n2]=[x, X|£0 mod q+ocq. Hence, we have proved that 1<dim 3<3.

The main difficulty is to rule out the possibility dim3z=2. Select a perfect basis
in [ as described in §15.5, keeping in mind (15.1) and (15.4). We have to deal with two

subcases.
Cram 15.7. If [x,y]#£0, i.e., q is not abelian, then dimz=1.

Proof. We first show that 3N (q®oq)=3N(f@of). Select an arbitrary
7' 1= M+ A+ py+iiy €3°N(q@oq).
We have to investigate the two possibilities 3;#1 and 8;=1. In the first case we get

[Z, (1—B1)x+day] = ;\(l—ﬂl)[i, x]=0 mod q+oq,



72 G. FELS AND W. KAUP

since [y, x] €™, Therefore, A=0 by the condition (IIl), i.e., Z’ €f+of. If B1=1, i.e., d;=0,
then, by our assumption, dy#0, and in turn ye ™!, Hence, [/, y]=A[X, y]=0 mod {4+ of,
which, together with (V), also forces A=0. This proves that 3N (q®oq)=3N(fBof).

We claim that this identity can only hold if both sides vanish, i.e., dim3=1 by
Lemma 14.4 (i). Assuming on the contrary that 3N (q®ocq)#£0, then on the one hand
there exists z/=puy+py€zN(fdof) with p#0. On the other hand,

[x,2'] =[x, py+7y] € 3N (qoq) =3N(f0f),

which in view of (V) is only possible if p=0. This shows that dim 3=1. O
It remains to rule out the second subcase.

Cram 15.8. If [y,x]=0, i.e., q is abelian, then [(,1] is a 3-dimensional abelian ideal.
Further, if dim3>2 then [,[|=["] and consequently 3=[I,1] is 3-dimensional.

Proof. This is the most involved case. The assumption [y,x]=0, that is, d; =d2=0,
implies 81=1, b3=0 and by:=04€R, see the table below:

[x,X] Z+ a1X — a1X+ agy — asy,

.yl = x+ X + BaY,

[y, y]= y—9, (15.9)
ly,;x] =0,

(z,n] =cyz+ay, nel, q,€3N(qdoq).

We need to analyze the relations between the structure constants in more detail. Let
Ox = 21X+ 29X+ 23y+24y and qy = WX+ waX+wsy+w4y.

The fact that the g,,’s commute with all elements of [I, []C[™! (and in particular with
y—y) implies that z1 =22, w1 =ws, 24=21 84— 23 and wy=w Sy —ws. The Jacobi identity

[[x,%,y]]=0 yields
w;=0, c,=1,1ie [z,y]=[z,y]=2z, a1=ia; and as=oas+3ia1fs (15.10)
for some a1, az€R; and [[x,y,z]]=0 implies that
Imz; =0, Rez3=%z1ﬁ4 and Recx:—%@;. (15.11)

Summarizing,
[, = CzC (x+X+ 381y + 5 647) C(y—), (15.12)
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and, using the above relations between the structure constants, a simple check shows

that this ideal is abelian. Moreover, the subset
b:=Ri(x—x+ 381y —16:y) ®R(y+Y) (15.13)

is an abelian subalgebra of g (and g=hd][g, g; in fact g=hx [g, g]).

(! properly

It should be noted that the nilcenter 3 may be 1-dimensional, and then
contains [[, [].

We next show that the case dim3=2 does not occur. Assume on the contrary that
dim 3=2. Then 3N (qPcq) is nonzero. Let z/:= x+Ax+puy+ay€3°N(q@oq) be arbitrary.
Either, for all such z’' the coefficient A is 0, that is, 3N (q®oq)=3N(f®of), and then this
case can be ruled out by a similar argument as in the proof of the above claim. Or, there
exists ' with A#£0. In such a situation the identity [z’,y—y]=0 implies that A€ R* and,
without loss of generality, we may suppose that z/=x+X+23y+2z3y for some z3€C. The

condition [z,z']=0 gives Re z3=3 (3. But then
7' = (x+x+ 300 (y+y)) +iTm zg-(y—y) € [1. 1],

compare (15.12). We claim that, in the situation under consideration, [!'=[[, []. To prove
this, we simply compute the ad-action of y+y and x—X on [[, []. Since [x—Xx,z']eCzCZ/,
the relation (3% +4(Im 23)?=4a; Im 23+4as must also be fulfilled. Once again, a simple

computation yields
ad(y+y)|pg=—2-id and [x—X,Z']=2z+2i(o; —Im 23)Z".

The above identities show that for every v:=us-(x—X)+u2(y+y)+usn, u;€C, ne[l,1],
the condition [v,z']=0 implies that u; =u2=0, i.e., the centralizer C((z’) coincides with
[I,1]. This proves [[,[|=[!=C((z). But this is absurd, since then the nilcenter 3 would
coincide with the 3-dimensional abelian ideal [I, [], contrary to our assumption dim 3=2.

Finally, we need to investigate the case dim 3=3. We claim that 3=[l, []=["! To see
this, it is enough to show that " is 3-dimensional, as, due to (15.12), [I, [] is 3-dimensional
too. As already mentioned (see the sentence following (15.2)), [ can be at most
4-dimensional. But the 4-dimensional case can be excluded, otherwise [M'=3®Cn for
ne ™\ [1, ], which would imply that ["! is abelian. Hence, the nilradical is 3-dimensional.
This proves Claim 15.8. O

The proof of Lemma 15.6 is now complete. O

The next statement is one of the key points in our classification of 5-dimensional
2-nondegenerate homogeneous CR-germs. Before stating it, we first fix some nota-
tion. Given a vector space V, write aff(V') for the Lie algebra consisting of affine maps
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of V. This Lie algebra (as well as the corresponding Lie group Aff(V)) has the natu-
ral semidirect product structure: aff(V)=V xgl(V) (with gl(V)={X €aff(V): X (0)=0}).
Let m: aff(V)—gl(V) be the projection homomorphism. We use similar notation on the
Lie group level and write, for instance, m: Aff(V)=V xGL(V)—GL(V) for the corre-
sponding group homomorphism. Sometimes, we simply write 1!"":=7 (1)) for the linear
part of an element in aff(V') or Aff(V).

MAIN LEMMA 15.14. Let (g,q) be a CR-algebra satisfying the fundamental assump-
tion in §9.8 and let g be solvable and of dimension 5. Suppose that there exists a 3-
dimensional abelian ideal vCg and a 2-dimensional subalgebra HCg with hNo={0}.
Then, the associated CR-germ (M, o) is locally CR-equivalent to a tube FxiR3>CC?,

where FCR3? is an affinely homogeneous surface.

Proof. The proof is divided into several steps which give more precise (but also more
technical) information concerning the structure of the Lie groups corresponding to g, [

and ¢, and a realization of the CR~germ (M, o).

CrLamM 15.15. The adjoint representation ad:bh—gl(v) is faithful. Consequently,
identifying b with the subalgebra ad(h)Cgl(v), the Lie algebras g and [ can be realized as

Lie subalgebras of affine transformations:
g=uxh=vxad(h) Caff(v) Zaff(R®) and [=0"xh" C aff(v®) 2 aff(C?).

Proof. Let nCh be the kernel of the adjoint representation ad: h—gl(v). The case

dimn=1 can be excluded, otherwise n®o=g"!

=3 would be 4-dimensional, contradict-
ing Lemma 15.6. The case dimn=2 can be also excluded, otherwise g=vxh would be
abelian or contain a 4-dimensional abelian nilradical which in both cases would contradict

conditions (I11)—(V). O

Write V=R3 for a vector group with Lie algebra v and E:=VC for its complex-
ification. Let Hgr, CGL(V) and HS; CGL(E) be the Lie subgroups corresponding to
the Lie algebras ad(h) and ad(h®), respectively. Since GL(V)=GL(3,R) contains no
compact torus of dimension >2, each subgroup, in particular Hgy,, is closed. This
is in general not true for the complex subgroup HSL. Let H® be the simply con-
nected Lie group with Lie algebra hC, pr: HC— HE; CGL(v®) the homomorphism in-
duced by ad: h®—ad(h®)Cgl(v®) and L:=VCxH®. For simplicity, for each he H® we
also write h'* CGL(FE) instead of 7(h). Let G=V x HCL be the real form. Since every
2-dimensional Lie algebra is solvable, we deduce that also [=0CxhC (as well as g, L
and Q) is solvable.

CLAIM 15.16. Let QCL be the subgroup corresponding to the Lie subalgebra qClI.
Then Q is closed and QNVE={e}. Hence L=VCxQ is a semidirect product.
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Proof. Let m:1—hC be the projection homomorphism. Our first observation is that
7(q)=hC. The case 7(q)=0 can clearly be excluded, as in such a situation qCv®, and in
turn q+o0qCo®, which is absurd.

The possibility dim7(q)=1 can be ruled out as follows. We may assume that
7(q®0q)=hC (otherwise @ oq would be a subalgebra). Either, 7(f)=0, that is, gqno®=f,
and in turn (q@oq)NvC=f@of: this leads to a contradiction, since then [F, H]CHNo=F,
violating (V). Or, 7(f)=7(q). But then q=f@&Cx with a nonzero xcqNv®, and in turn
[9,0q] Cq® g, contradicting (I11). Summarizing, 7(q)=h".

On the group level, since L is simply connected and solvable, every connected sub-
group is closed. The restriction of 7 to @ induces a surjective homomorphism Q— HC.
Since both groups are 2-dimensional, this homomorphism is a covering. Our assumption
that HC is simply connected finally implies that 7|g:Q— H® is an isomorphism. In
particular QNVC=QNker 7={e}. O

CLAIM 15.17. With respect to the identification Z:=L/Q=VC=C? the real form G
acts on L/Q by affine transformations and V CG by translations.

Proof. The existence of the decomposition L=V xQ implies that there are well-
defined functions v: L—V® and ¢: L—Q such that [=v(l)-q(l) for every [€L. Let

g=wheVxH=G
(with weV and h€ H) be arbitrary. Then, for any 2€VC we have
92Q =wh2Q=wv(h)-q(h)2Q=wv(h)-(q(h)zq(h)~")Q

and q(h)-z-q(h) " =v(h) " h-z-h~'v(h)=h"""(z). Hence, with respect to the identifica-
tion V€=L/Q (induced by the inclusion V<L such that 0 corresponds to the point
eQ€eL/Q), the action of G can be written as follows:

g-z=h"(2)+v(h) 4w, withg=w-heL and z€VC. (15.18)
In particular, the subgroup V CG acts by translations zr—z+4w. O
Consequently,

M:=G-0=VH-0=V+FCV@iV

with F:=MniV. It should be noted, however, that in general F:=(G-0)NiV#£H-0.
Nevertheless, as we shortly will see, F' is affinely homogeneous under a slightly different
subgroup of Aff(iV). Clearly, multiplying a tube manifold F+iV CV @iV, FCV, by the
imaginary unit i, we get the CR-equivalent realization V+iF=V +F’ with F'=iF CiV.
The latter form of a tube manifold is more suitable in our particular setup, and we keep
this notation until the end of the proof of the main lemma.
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CLAIM 15.19. Retaining the previous notation, there exists a subgroup
BCiVxGLEV)=Aff(iV)
such that F:=(G-0)NiV=B8-0.

Proof. Let pr’: V@iV —iV be the linear projection. A glance at (15.18) shows that
F=pr{v(h):h€ H}. In order to determine v(h) more explicitly, we need to analyze the
position of Q in V€ x HC in greater detail. Since b is 2-dimensional, there exists a basis
s,n€h such that [s,n]=en with €€{0,1}. Recall that the projection map 7:q—hC is
an isomorphism. Consequently, there exist ws, w, €0€=VC such that the elements wg+s
and w,+n in [=VCPDHC generate q. Then, since 0q=C(Ws-+s)®C(W,-+n), we must have
Ws#Ws and w, AW, (otherwise qNaq#£0). Let exp: [— L and Exp: ad(h®) —GL(VC) be the
exponential maps (that is, Exp(ad(v))=n(exp(v)), with 7 as in the paragraph preceding
the Main lemma 15.14). Furthermore, let ¥ be the entire function defined by

-1 = 2F
U(z)= = .
|

z = (k+1)!

Then, for S':=¥(tad(s)) and N“:=¥(uad(n)), a simple computation shows that
H ={exp(ts)- exp(un): t,u € R},
Q = {expt(ws+s)-expu(wp+n):t,ueC}
= {S"(tws)- exp(ts)-N"(uwy,)- exp(un) : t,u € C}
= {(S*(tws)- Exp(t ad(s))(N“(uw,)))-exp(ts)- exp(un) : t,u € C} c VE-HE = L.

(15.20)

The explicit form of v(h) (compare the proof of Claim 15.17) can be read off the last line
in (15.20):
v(h) =v(exp(ts) exp(un)) = (S'(tws)) " (Exp(t ad(s)) (N" (uwn))) .

Since ad(s), N* and S* are real operators, it follows, for h=exp(ts)-exp(un) as before,
that

pr'(v(h)) = (S*(tws)) ™"+ (Exp(t ad(s)) (N* (uwn))) ™
= exp(t(—w.+s))- exp(u(—w)+n))-0CiV.
(Using additive notation, pr’(v(h))=—S*(tw!)—Exp(tad(s))(N*(uw?))CiV.) Define

(15.21)

b:=R(—wi+s)BR(—w+n)C[=VExh*

and check that this is a Lie algebra. Then B:=exp(R(—w!+s))-exp(R(—w'+n)) is the
subgroup of L with Lie algebra b, and (15.21) shows that F=pri{v(h):h€ H}=B-0. This
finishes the proof of the claim. O

The proof of the Main lemma 15.14 is now complete. [



LEVI DEGENERATE HOMOGENEOUS CR-MANIFOLDS 77

16. The final steps

Our final step toward the complete classification of all 5-dimensional 2-nondegenerate
and homogeneous CR-germs is to deduce that each 5-dimensional solvable Lie algebra g
which occurs in a CR-algebra (g, q) subject to the assumption in §9.8 also satisfies the

assumptions of the preceding Main lemma 15.14.

LEMMA 16.1. Let (g,q) be a CR-algebra satisfying the assumption in §9.8 and sup-
pose g is solvable and of dimension 5. Then there exists a semidirect product decomposi-

tion g=vxh with a 3-dimensional abelian ideal ©Cg and a 2-dimensional subalgebra §.

Proof. We have already observed in Lemma 15.6 that the nilcenter 3 has dimension
1 or 3. If dim 3=3 then, due to Claim 15.7, we can apply Lemma 15.8. Consequently, we
can choose v=[g, g] (compare (15.12)) and b as defined in (15.13).

The situation dimj=1 requires some more elaborate work. We classify all CR-
algebras (g, q) under consideration in terms of the corresponding structure equations with
respect to some perfect basis x,X,y,y,z of [ (see §15.5). Given (g, q), let the corresponding
structure equations be as in (15.1), taking into account (15.4). To handle the various sets
of relations between the structure constants, we divide the class of CR-algebras under
consideration into the subclasses A, B and C, see below.

Case A. B1#=+1. In this situation it is possible to assume that a; =0 (simply replace
x by x+ Ay with A=u+iv defined by u:=(Reay)/(1—061) and v:=Imay)/(1+3;)). The

structure equations then read

XX =z + agy — aqy,

x,y] = Bix+X+ bsy+ bsy,

ly.y]= y=— ¥ (16.2)
ly,x|=  (1=B1)x  +day, da =bs+(1—B1)bs,

[z,n] =cyz for every nel,

and we now work out more constraints imposed on the constants. An explicit evaluation
of the Jacobi identity [[x,X, y]]=0 yields ¢,=c; =261 —1. Furthermore, we obtain the equa-
tions by (1+61)=bs(3?—B,) and bz(1+31)=(bs—bs)(B1—1) which imply bs(1—3;)=by.

In order to investigate most conveniently additional relations between the structure
constants, we deal separately with the following three subcases:

(AI) by€iR* and B, =2, (AII) by eR* and B, =0, (AIII) by=0.

(AI) Put B4:=—ibs. In this particular situation the identity [[x,X,y]]=0 implies
that b3:—%iﬂ4 and agz—%ﬁf, and [[x,¥,z]]=0 implies that ¢,=—if,. There are no
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more conditions imposed by the Jacobi identity and the structure equations of [ are now

[x, %] = z —29%y + 297y

[x,y] = 2x 4+ X — 2ivy + 3ivy,

v,y = I (16.3)
[y, x] = - = iy,

[z,X] = —3ivz,

z,y]= -3z,

where 7::%@1 eR*. Keeping in mind Main lemma 15.14, the structure of [ and g and
the position of q is determined by (16.3). This can be seen more clearly by decomposing
g and [ into the eigenspaces of ad(s), where s:=—3(y+y). Define the elements n, vy, vs

and vs from g by

n:= IX—IX— Yy — Y,
vy = %iyf %iy,
Vo 1= X+ X — 2iyy + 217y,
vz 1= 21z.

It is clear that s, n, vi, vo and v3 form a basis of g. The bracket relations are
[s,vk]=kvg, [s,n]=n, [n,vi]=vz, [n,vo]=v3 and [n,v3]=0.

Further, v:=Rv; ®Rv,SRv3=R? is an abelian ideal in g with [g, g]=g"!=Rn®v.
Hence, g has the structure of the semidirect product v xh with h=Rs®Rn and the Main
lemma 15.14 applies.

Remark. A direct verification shows that for every y€R*, (g, q) in (16.3) is associated
with Example 8.5.

We show that in the next case the Lie algebra cannot be solvable, hence, this case
can be discarded.

(AIl) Write (84:=bys. The Jacobi identity implies that ao=0=bs and dy=p0,, and
(15.9) reads

xx=z

X, y] = X + B4y,

v,y = y— ¥ (16.4)
[Y7X] = X + By,

[va] = Baz,

[z,y]= —z
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But then the linear span of the vectors

e+ = y_}77
h::—éjx+i+@ﬁ—lw+0ﬂ+1ﬁﬁ

!
4n

e (22+(2—2B4)x+(2+281)%— (1—Ba)?y+(1+54)%Y)

is a copy of sl(2,C) in [, that is, [ is not solvable.
(AIIT) The condition by=0 together with the Jacobi identity [[x,X,y]]=0 implies that

az=b3=0 and c¢,=20; —1. Since 1—(;#0, the identity [z, [y,x]]=0 implies that [z,x]=0,
see the table

x,X] =z,

%, y] = Brx + X,

ly.y]= y—Y, (16.5)
ly, x] = (1=B1)x  + pay,

[z,x] =0,

z,y] =~z

Select the following basis of g:

Lies) 1
n:= —71(X—X Si=—m ———
2" ’ 225,

(y+y), vi:=iy—iy, vo:=x+X, v3:=iz.
One checks immediately that v:=Rv; @Rvs @Rvs is an abelian ideal and h:=Rs@®Rn is a
subalgebra with [s,n]=n. Further,
2—9 ) —1
[s,v;]= ij for j=1,2,3 and [n,vi]=va, [n,va]=vs, [n,v3]=0.
=

Hence, g=vxb as claimed, and the Main lemma 15.14 applies. Also in this case, for all
B1#=+1 the CR-algebra (g, q) is associated with Example 8.5.

It remains to discuss the cases f;==1.

Case B. f1=1. Plugging 3 into (15.4) gives do=b3 and d;=0. A direct check shows
that [[x,%,y]]=0 implies that 0=b3=da, i.e., [x,y]=0. Lemma 15.8 then gives that g is
isomorphic to the semidirect product vx b, with v=[g, g], and the abelian subalgebra b
as defined in (15.13).

Case C. B1=—1. We proceed as in the preceding cases. Starting from the structure
equations (15.1) with respect to some perfect basis x,X,y,y,z, we first evaluate (15.4)
for this particular value of 3;. We get d; =2 and dy=b3+2b,. Next, the Jacobi identity
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[[x,X,y]]=0 implies bs:=084€R and a;=pF;. Further, [[x,y,y]]=0 implies by3=—034+1,
~vER. Next, [[x,X,y]]=0 determines the value of as:

az =5 (383+7%) — 3iBs.

Finally, [[x,y,z]]=0 implies [z,x]= (%64— %iv)z, see the diagram

[x, x| = Z+ fax — BaX + azy — azy, az = (368 +7%)— 570s,
[x,y] = —x+ X+ bgy+ P4y, by =—Pa+iv,
[y7 X] = 2x - b4Y7
2. = (36— 317)z,
[z,y] = —3z.
Select the following basis of g:
n:= 2ix — 2iX — ibsy + ibsy,
Si= _%y - i}_/v
V] = %iy — %i)‘/,
Vo 1= 2x+ 2X— by — bsy,

vy :=4iz.

A direct computation (using (16.6)) shows that v:=Rv; @Rvy@Rv; is an abelian ideal
and
[s,n]=n, [s,vi]= —%vl, [s,va] = %vz, [s,v3] = %v;;,

[n,vi]=v2, [n,vo]=v3 and [n,vs3]=0.

Again, this shows that g is isomorphic to the semidirect product v xbh with h=Rn®Rs.
Actually, an explicit realization of the corresponding CR-manifold M along the lines of
proof of the Main lemma shows that (g, q) is associated with the tube over the future

light cone. O

We close by stating that the Main lemma 15.14 together with Lemma 16.1 finishes

the proof of the classification theorem.
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