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THE GEOMETRY OF HYPERBOLIC AND ELLIPTIC
CR-MANIFOLDS OF CODIMENSION TWO*

GERD SCHMALZ! AND JAN SLOVAK!

Abstract. The general theory of parabolic geometries is applied to the study of the normal
Cartan connections for all hyperbolic and elliptic 6-dimensional CR-manifolds of codimension two.
These structures present a very distinguished case in CR-geometry with many features of the non-
degenerate real hypersurfaces. The geometric meaning of the individual components of the torsion
is explained and the chains of dimensions one and two are discussed.

There have been many attempts to use some ideas going back up to Cartan, in
order to understand the geometry of CR-manifolds. In the codimension one cases,
the satisfactory solution had been worked out in the seventies, see [22, 23, 8], but
the higher codimensions have not been understood yet in a comparable extent. In
general, there are no canonical homogeneous models for higher codimensional CR-
structures (since there is a continuum of non-isomorphic ones) and, furthermore, the
spaces of automorphisms of these homogeneous models are much smaller than in the
hypersurface case. There is an exception, however: the 6-dimensional CR-manifolds of
codimension two. There are just three non-isomorphic non-degenerate homogeneous
models for these geometries and the automorphism groups happen to be semi-simple
for two of them. Compared to all other cases, not much has been known about these
distinguished geometries, see [9] for more historical remarks and a few results.

In this paper, the recent general theory of the so called parabolic geometries is
applied to the latter semi-simple cases. In particular, we use the approach developed
in [4, 21], see also [24, 27] for earlier results. Relying on recent achievements by the
authors, a clean and quite simple construction of the normal Cartan connection is pre-
sented. This Cartan connection replaces the absolute parallelisms from [9] by more
powerful geometric tools and it enables the detailed study of geometrical and analyt-
ical properties of the CR structures. Consequently the resulting geometric picture is
much more transparent and surprising new results are obtained.

The main advantage of our approach is the fully coordinate-free handling of the
normal Cartan connection and its curvature. Thus we are able to translate the coho-
mological properties of the structure algebras into full geometrical understanding of
the curvature obstruction, without writing down the curvature components explicitly.
The initial section introduces the CR structures and provides a brief exposition of
distinguished second order osculations of the surfaces by quadrics. Then we observe,
that this osculation transfers enough data from the quadric to apply the general con-
struction of normal Cartan connections, due to [24, 4]. This leads easily to the main
Theorems 1.2 and 1.3. In fact, the Cartan connections are constructed also for certain
abstract CR-manifolds though the embedded ones have many distinguished proper-
ties. The second section is devoted to the exposition of the generalities on parabolic
geometries modeled over |2|-graded algebras and provides the proof of the existence
of the normal connections.

Next we study the local geometry of the hyperbolic points in detail. We recover
easily all known facts from [9], but we go much further. In particular, we identify
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the complete geometric obstructions against the integrability of the almost product
structure on the tangent bundle (Theorem 3.5), the integrability of the almost com-
plex structure on the tangent CR space (Theorem 3.6), and the compatibility of the
almost product and almost complex structures (3.8). It turns out that the latter two
obstructions always vanish on the embedded hyperbolic CR-structures which results
in automatic vanishing of several algebraic brackets. In particular, the whole hyper-
bolic CR-manifold M C C* is a product of two 3-dimensional CR-manifolds if an only
if its almost product structure is integrable, see Theorem 3.9. Finally we discuss the
chains of dimensions one and two.

Following our intuition, the geometric properties at hyperbolic points have been
expected to have their counterparts in the local geometry at the elliptic points, cf.
remarks and open problems in [9]. This is the subject of Section 4. In particular, we
observe that the roles of almost complex and almost product structures are swapped.
Thus, there is an almost complex structure on the whole tangent bundle TM and we
distinguish the algebraic brackets obstructing its integrability in Theorem 4.3. The
obstructions against the integrability of the almost product structures on the complex
spaces TCEM and their compatibility with the almost complex structures vanish
automatically for the embedded elliptic CR-structures. They are discussed in 4.4,
4.5. The analogy to the product property of torsion-free hyperbolic geometries is the
holomorphic normal Cartan connection in the elliptic case, see Theorem 4.6. Finally
we prove that for torsion-free elliptic geometries, there are unique one-dimensional
complex chains in all complex directions transversal to the complex subbundle T¢EM
(Theorem 4.7).

The last section collects some conclusions and remarks on future applications.
The necessary cohomologies are computed in Appendix A while some more details on
the normalized osculations and the discussion of chains on the hyperbolic and elliptic
quadrics is postponed to Appendix B.

The whole paper stresses the differential-geometric properties and we have con-
fined the analytical problems and consequences to a few remarks. The function theo-
retical aspects will be discussed elsewhere.

ACKNOWLEDGEMENTS. The authors should like to mention very helpful discus-
sions with Andreas Cap and Vladimir Soucek. The research originates in discussions
during the stay of both authors at University of Adelaide. Further support by SFB 256
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1. CR-structures of codimension two. Let M be a real submanifold in the
complex space CV. Then there is the CR-subbundle T¢®M = TM N J(T' M) which
consists of all vectors & € T, M such that the canonical complex structure J on CV
maps & to J(&) € T M. We say that the CR-codimension of M is k if dim M is
2n + k and dim TR M is 2n. By means of the implicit function theorem, we may use
a holomorphic projection of CN — C*** and express M locally as

Imw, = f,(2,2,Rew), v=1,...,k

where 2 = (21,...,2n), w = (w1 = uy + 1,..., W = ug + ivy) are coordinates in
C*tk and f(0) = 0, df(0) = 0. Geometrically this means that the origin belongs to
M and ToM is just {v = 0}. By means of further biholomorphic transformation of
second order we are able to eliminate the “harmonic” part of the second order term
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in f:

will remain, thus we achieve that M is given by
(1.1) v =h(z,2) + 0(3)

at a neighborhood of the origin. For more details see [19]. The vector-valued hermitian
form h shall be denoted by (z, 2) in the sequel. The submanifold M is called Levi non-
degenerate (at the origin) if the scalar components of (z,z) are linearly independent
and do not have a common anihilator. The Levi form :h is given by means of the
standard Lie bracket { , }rie of vector fields modulo the complex subspace TCEM,
€ {&,J& e € TM/TCRM for the CR-vector fields &, J¢ : M — TCRM. The
latter bracket is algebraic since the standard Lie bracket composed with the projection
onto the quotient is clearly linear over functions.
The geometric meaning of (1.1) is that M osculates the quadric

QR:v=(z,2)

in second order. Both M and @ share the same tangent space, CR-tangent space and
Levi form at the origin.

Now, let us assume that M C C* is of CR-codimension 2 and assume further that
M is Levi non-degenerate. Thus M is a smooth real 6-dimensional manifold.

The quadric @ can be always understood as an open domain in the homogeneous
space G/P where G is the group of the automorphisms of the quadric @ and P its
isotropic subgroup of the origin. This means that the tangent space in the origin
carries the P-module structure of g/p in a canonical way and the second order data
that are P-invariant can be carried over to M from g/p to the individual tangent
spaces of M by means of the osculation.

Thus, in order to try to study the geometry of A/ in the spirit of the general theory
as briefly reviewed in Section 2, we have to distinguish the possible non-degenerate
C?-valued hermitian forms by a suitable normalization and to analyze the remaining
freedom in the osculation. This has been done in [16, 19], see Appendix B for a review.
In particular, we can achieve one of the following three forms for h(z,2) = (z,2z) € C?
by a linear transformation in z’s and v’s

(1.2) hl(z,2) = 2171, h%(z,2) = 227
(1.3) hl(z,Z) =22z, h%(z,%2) = Rez1%
(14) hl(z,Z) = Rezlfz, hZ(Z,Z—’) =Im 2122

and we refer to these cases as to hyperbolic, parabolic, and elliptic, respectively. The
normalization (1.1) with one of these hermitian forms h is given uniquely up to the
isotropic subgroup of the origin in the group of all biholomorphic automorphisms of

QCccC.
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We say that a point © € M is hyperbolic or parabolic or elliptic if the osculating
quadric at z is of that type. The set of all hyperbolic points is open and the same for
the elliptic ones. The CR-structure on M is called hyperbolic, or parabolic, or elliptic,
if all points of M are of the same type.

Let M C C* be a CR-structure of codimension two, such that all its points are
either hyperbolic or elliptic. As discussed above, the choice of the canonical form of
the osculating quadric @ = G/P reduces the freedom in the osculation (1.1) to the
isotropic subgroup of the origin in G/P and this allows to transfer the P-invariant
data of first and second order from the origin of @ to the individual tangent spaces
in all points of M.

We recall the details on the resulting groups

(1) G = ((SU(2,1)/Zs) x (SU(2,1)/Z3))  Z»
in the hyperbolic case, and
(1.6) G = (SL(3,C)/Zs3) x Zs

in the elliptic case, P, Gy, and their Lie algebras in Appendix B. At the moment, let
us notice that in both cases the Lie algebra g carries the |2|-gradingg=g_s®g_1 &
90 P g1 D 92, P = go D g1 D g2. In the elliptic case, this grading is just given by the five
diagonals in the matrices in SL(3,C) with g_» corresponding the entry at the lower
left corner of the matrices, etc. This grading survives in the real form SU(2, 1). See e.g.
[8] or [4] for more details on the grading. The subgroups P and Gy corresponding to p
and go have all properties discussed in 2.1 below. In particular P is the subgroup of all
elements whose adjoint action leaves the p-submodules in g invariant, while Gy consists
of all elements which leave the components g; invariant. Thus, the tangent space T, M
at each point z € M is identified with the P-module g/p which is the tangent space
to the osculating quadric @ at its origin, the normalized osculation transfers the P-
submodule g_; C g/p to T°EM C TM, and the algebraic structure of g/p is carried
over to the associated graded tangent space GrTM = (TM/TEM)® TCEM.

LEMMA 1.1. Let M C C* be a hyperbolic or elliptic 6-dimensional CR-manifold.
Then all algebraic brackets T°EM x T°EM — TCREM and T°RM x T°EM —
TM/TEM on the real graded tangent space GrTM, and the analogous algebraic
brackets on the complezified graded tangent space Gr Tc M are obtained via the oscu-
lation from the corresponding brackets at the origin of the quadric.

In particular, the algebraic Lie bracket { , }pie on GrTM coincides with the
algebraic bracket carried over by the osculation (1.1).

Proof. The Lie bracket on g— = g_o®g—1 is Go-equivariant, and so the osculation
(1.1) induces an algebraic bracket on the associated graded vector bundle GrTM. A
neighborhood of the origin in @ can be identified with the exponential image of g_
in G and the Lie bracket in g_ is given by the usual Lie brackets of the left invariant
vector fields on G. By means of the osculation, we can project these fields onto M
locally and clearly the algebraic bracket T°FM x TCEM — TM/TCEM induced by
the Lie bracket of vector fields on M coincides with that one carried over from g_ by
the osculation. Obviously, the result will not be effected by the action of an element
in Py on @ (i.e. by the possible change of the osculation).

All other algebraic brackets on the real graded tangent space can be treated in
exactly the same way, provided they are P-invariant on the quadric. The action of
an element of G always commutes with the osculation while the action of P, is not
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visible in all our cases. Indeed, the action is trivial if all arguments and values are
in T°EM, while the contributions of the action is factored out in the case of the
brackets TCEM x TCEM — TM/TCEM. Similarly, the left invariant vector fields in
the complexified tangent spaces on the quadric can be mapped into complex vector
fields on M and the above arguments apply as well.

Let us notice, however, that the possible algebraic brackets taking some arguments
in TQ/TCEQ are never P-invariant. O

The latter lemma turns out to be the most crucial point for our further develop-
ment. Indeed, there is the general theory of the so called parabolic geometries which we
adapt for our purposes in the next section. In particular, Theorem 2.13 due to [24, 4]
will provide the canonical principal bundles together with canonical Cartan connec-
tions for all hyperbolic and elliptic 6-dimensional CR-manifolds with CR-codimension
two (see the beginning of Section 2 for definitions and more explanation). We should
also like to mention already now that the complete proof of Theorem 2.13 is in fact
constructive, it is based on well known facts from representation theory, and it is even
shorter and simpler than the ad hoc construction of the absolute parallelisms in [9].
The ultimate results read as follows:

THEOREM 1.2. On each 6-dimensional hyperbolic CR-manifold M C C* of CR-
codimension two, there is the unique normal Cartan connection w of type (G/P) on the
principal fibre bundle G — M, up to isomorphisms. The subgroup P is the subgroup of
all elements in G from (1.5) which respect the p-module filtration on su(2,1)®su(2,1).

THEOREM 1.3. On each 6-dimensional elliptic CR-manifold M C C* of CR-
codimension two, there is the unique normal Cartan connection w of type (G/P) on
the principal fibre bundle G — M, up to isomorphisms. The subgroup P is the subgroup
of all elements in G from (1.6) which respect the p-module filtration on sl(3,C).

For the proof of these theorems see 2.14 below. The reason why the methods
of [9] could not produce a principal fibre bundle G with structure group P and a
normal Cartan connection on G, was hidden in the initial choice of the normalization
which had to produce a Cartan connection without torsion. In our approach, the
torsions are the important parts of the curvature which are easily observable on the
CR-manifold itself. The Sections 3 and 4 are basically dealing with the consequences
of the vanishing of the individual components of the torsion of the canonical Cartan
connection for the hyperbolic and elliptic local geometries.

2. Parabolic geometries modeled over |2|-graded Lie algebras. The aim
of this section is to introduce the reader to the so called parabolic geometries, but we
shall concentrate on the cases similar to the real forms of the two-graded complex Lie
algebra g = sl(3,C) @ s1(3,C). Beside well known facts, we shall also have to adapt
and extend some points.

Let us notice first that the general ideas go back to E. Cartan and his notion
of “espace generalisé”. The interest in the parabolic structure groups was pointed
out by Fefferman, [12], in connection with problems in conformal and CR geome-
tries. Extensive study was undertaken even earlier by Tanaka (see [24] and the refer-
ences therein), motivated by a class of equivalence problems for differential systems.
Tanaka’s approach was developed further, see e.g. [18, 27]. Motivation coming from
twistor calculus led to another direction of related research, see e.g. [2, 1, 14]. Gen-
eral background and an introduction to the subject may be also found in [20]. The
exposition in this section extends the development in [5, 4] and follows mainly [21].



570 G. SCHMALZ AND J. SLOVAK

2.1. Graded Lie algebras. Let g be a |2|-graded Lie algebra, p and g_ its
subalgebras:

g=9g-209-1D0g D g1 D g2
g-=9g-2Dg-1, P=90D g1 D Y.

Further, let G be a Lie group with the Lie algebra g. Then there is the subgroup
P C G of elements whose adjoint representations on g preserve the filtration by p-
submodules g; ® g;+1 D - - - ® go and there also is the subgroup Go C P of all elements
whose adjoint representation leaves invariant all g;. Thus the components g; of the
grading can be understood as Go-submodules, but also as the factors in the graded
P-module components associated to the P-module filtration. Similarly we define the
|k|-graded algebras g = g_r @ - - - @ gk

In the sequel, we shall deal with semi-simple |2|-graded Lie algebras exclusively.
It is well known that all graded semi-simple Lie algebras are sums of |k|-graded al-
gebras for suitable k’s and the subgroups P C G are always suitable real forms of
parabolic subgroups Pc C G in the complexification. The exposition below extends
easily to general semi-simple |k|-graded Lie algebras and the corresponding parabolic
structures, as discussed in [4] for example. Many geometric and algebraic properties
of these geometries are deduced in [6].

2.2. Cartan connections. Let G be any Lie group and P be its closed sub-
group. The left Maurer-Cartan form w € Q!(G, g) on the homogeneous space p : G —
G/P is the (homogeneous) prototype of the so called Cartan geometry. In general, a
Cartan gzometry of type G/P is a principal fibre bundle p : § - M over a smooth
manifold M, equipped with a g-valued one-form w € Q!(G, g) satisfying

e w(Cx(u)) = X for all X € p and fundamental fields (x on G,
e w is equivariant with respect to the right action r® on G, i.e. (r®)*w =
Ad(b~Y)owforallbe P,
e the restrictions wr,g : T,G — g are linear isomorphisms, i.e. the obvious
mapping TG — G x g is a diffeomorphism.
See e.g. the recent book [20, pp. 181-184] for a detailed exposition.

The homomorphisms of Cartan geometries are those principal fibre bundle mor-
phisms which respect the Cartan connections. The flat Cartan geometry is the homo-
geneous space G — G /P with the Maurer-Cartan form w.

Let us also observe that the above absolute parallelisms w turn out to be special
cases of principal connections @ on the principal bundle G = G xp G with structure
group G. Indeed, the connection forms of all principal connections on G whose hori-
zontal distributions do not meet the tangent space TG C TG restrict to forms w with
the required properties. See e.g. [20] for more comments.

2.3. Normal coordinates. For each X € g, the parallelism w defines the vector
field w=1(X) on G. The horizontal vector fields w™(X) on G are those with X € g_
and their values span the horizontal distribution on G. Due to the third property of w,
the choice of a frame u € G defines an injective smooth mapping of a neighborhood
of zero in g_

(2.1) X FY ), Xeg

defined by means of the flows of the vector fields w=!(X). The tangent space of its
image at u belongs to the horizontal distribution on G and its composition with the
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projection p: G — M defines the locally defined mapping
(2.2) @ig.» M, X pFY @)

which is diffeomorphic on a neighborhood of the origin. We call & the normal coordi-
nates on M given by the frame u. At the same time, @ induces the local trivialization
Ou,

(2.3) ou: MG, @)= FT M) eg.

Clearly, the normal coordinates around a fixed point * € M are parameterized by
elements in P and they generalize the usual normal coordinates of affine connections
on manifolds. The general concept of the normal coordinates has been introduced and
studied in [21].

2.4. Chains. The notion of normal coordinates suggests a straightforward gen-
eralization of the geodetical curves. For each choice of X € g_ and u € G we define
the 1-chain a®*X : R — M on a neighborhood of 0 € R by

X (t) = p(Fl;” P (w)).
Clearly the tangent direction to the 1-chain a®* at its origin is the vector
Tp.w™!(X)(u) since the tangent bundle TM is identified with the associated bundle
G xp (g/p) via the adjoint representation, {u, X} = Tp.w~!(X). In particular we see
immediately that many different 1-chains may share the same tangent direction.

The 1-chains have been studied under various names like Cartan’s circles or gen-
eralized circles, see e.g. [20], and the chains introduced by Chern and Moser for
CR-geometries of codimension one are exactly the 1-chains with X € g_,. Since
dimg_5 = 1 for these geometries, the latter 1-chains coincide with the chains defined
below.

All 1-chains corresponding to a fixed frame u yield exactly the normal coordinates
with origin at p(u) and the transformation rules for these coordinates under the
change of © may be quite complicated, in general. On the other hand, the 1-chains
corresponding to the parameters {u, X} with X € g_, have very specific properties.
We define the chain 8% : g2 — M by the formula

BY(X) = p(FlY” P (u)).

Thus the chains are parameterized submanifolds in M of dimension dim g_.

REMARK 2.5. The importance of the chains grows whenever they are given
uniquely by their tangent directions in the origin. Another important question is
whether two different chains may intersect nontrivially in each small neighborhood
of their common origin. The answer to these questions is usually very easy because
of the following equivalent definition of 1-chains by means of their developments into
the associated bundle FM = G x¢ (G/P).

The principal connection & on G provides the induced (generalized) connection on
the bundle FM and there is the canonical embedding of M into FM, p(u) — {u, [e]}.
Thus each curve a(t) € M can be mapped by the parallel transport of & into a curve
& in the fibre over a(0). This curve & is called the development of the curve a. Clearly,
the germs of curves through a(0) are in bijective correspondence with the germs of
their developments.
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Now, our definition of the 1-chains can be easily rephrased as follows. The 1-
chains are exactly the curves a whose developments & are given by one-parametric
subgroups in G, i.e. @X = {u, [exptX]}. See e.g. [21] for more details.

Since our chains 8% are obtained via 1-chains, all structural questions mentioned
above are obtained by the discussion of the chains in the homogeneous case.

2.6. Curvature and torsion. The structure equation
1
dw = —'5[&) y (.4)] +K

defines the g-valued horizontal 2-form K € Q2(G,g). If we evaluate the structure
equation on two horizontal vector fields we obtain the so called frame form of the
curvature, the equivariant function x € C*(G, A%g* ® g)*

K(u)(X,Y) = K™ (X),w™ (V))(w)
= [X, Y] - w(fw™ (X),w™ (V)] (w))

The Cartan geometry is locally isomorphic to the flat one if and only if its curvature
vanishes.

If g is semi-simple, then P is a parabolic subgroup of the semi-simple group G
and we then refer to the above geometries as to parabolic geometries of type G/P.

The curvature x has values in the space of cochains of the Lie algebra cohomol-
ogy H*(g—,g). The grading on g induces the grading on the space of cochains. The
homogeneous cochains of degree k are those which map g; A g; into gi+j4++ and this
grading is respected by the Lie algebra cohomology differential 0. For each cochain
n € A¥g_ ® A with values in a g_-module A the differential is given by

k
on(Xo,--- » Xx) = D> _(—1)*Xin(Xo, ", X¢)
(2.4) i=0 .
+ 3 (—1)"n((X;, X;), Xo, -2, Xk)
i<j
where the dot in the first summand means the g_-module action while the hats denote

the obvious omitions.
In particular, the whole curvature splits into the homogeneous parts x(*)

3¢

k= 3 KW

k=—042

where £ = 2 is the length of the grading. On the other hand, we may split x according
to its values. In particular, there is the torsion part x_ with values in g_

¢
A=Zm Ko =K_¢D---DK_1 Ky =Ko®D - © Ky

i=—2

The torsion has a simple geometrical meaning: Let us define the horizontal bracket
[€,m]n on the space X, (G) of all fields belonging to the horizontal distribution on G
by the standard Lie bracket followed by horizontal projection. By the very definition,
the torsion of w vanishes if and only if the mapping g— 3 X — w™!(X) € Xx(G) is a
Lie algebra homomorphism.
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2.7. Regular and normal connections. We say that the parabolic geometry
(G,w) is regular if £K*) =0 for all k < 0.

In the sequel, we shall always assume g is semi-simple. Then there is the adjoint
of the Lie algebra cohomology differential 8, the codifferential 8* : Afg* ® g —
AF1lg* ®g.

We say that w is a normal Cartan connection if its curvature is co-closed, i.e.

ok=0€C*®(G,g" ®9).

Let us recall, that the whole space of cochains decomposes into a sum of irreducible
components as a go-module. Each such component is either in the image of d or in
the image of 8* or in the kernel of both. The latter components are called harmonic
and they are in bijective correspondence with the non-zero cohomologies H*(g_, g).

THEOREM 2.8. ([24, 27, 4]) Let (G,w) be a normal Cartan connection and assume
that all components k%), j < k, vanish. Then 8 o ¥ vanishes and so all non-trivial
irreducible components of k¥ are harmonic.

In particular, the whole curvature of w vanishes if and only if its harmonic part
does.

The latter theorem is a straightforward consequence of the important Bianchi
identity for Cartan geometries:

k-1
M (X,Y,2) == Y s* D (X,Y),2)
(2.5) cyclic i=1
— Z Ew_l(z)n(’“+|zl)(X,Y))

cyclic

where the sum is the cyclic sum over X,Y,Z € g_, and |Z| = j if Z € g;. See e.g. [4]
for more details.

2.9. The underlying geometry on M. A part of the Cartan geometry (G,w)
is visible directly on the underlying manifold M and, fortunately, these data are
sufficient in order to reconstruct the Cartan connection completely. This is the core of
our approach to the CR structures in this paper. As before we shall restrict ourselves
to the |2|-graded cases below, but the discussion extends easily to the general case.

The P-module structure on g (defined via the Ad representation) determines the
filtration by P-submodules

g=VIoVioVoVioviz=yg
Vk=9k®"'@92C97 kz_za_:l’O;l)z'

This in turn defines the filtration on TG

TG=T"2G>T'G>T°G DTG DTG
THG) =w ' (@) (VF), k=-2,-1,0,1,2, u€g.

The right invariance of w yields

(2.6) w (u.b)(X) = Trb.w™ (u)(Ad(b).X)
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where Tr® denotes the tangent mapping to the right principal action of b € P on G,
and so the latter filtration on T'G is P-invariant. The P-invariant projectionp: G — M
defines then the filtration

TM =T M>T'M > {0}.

Moreover, each fixed frame u € G with p(u) = z € M determines the linear isomor-
phism of filtered vector spaces

g =T, M X = Tpw (X)) (u)
and on the level of the associated graded spaces we obtain the linear isomorphism
GV VeV Vo ag sdgo o T, M/T, ' M T, M.

The whole structure group P is a semidirect product of its reductive subgroup Go
(corresponding to the Lie algebra go) and the subgroup Py which corresponds to
P+ = g1 @ ga2. Obviously, the latter identification % does not change if we replace the
frame u by u.b with b € P,. Thus we have identified the graded tangent bundle Gr T M
with the associated vector bundle to the principal bundle Go = G/ P, whose standard
fibre is the Go-module g_. In particular the Lie bracket on g_ is transfered to the
algebraic bracket { , }o by

{51:777:1:}0 = ﬁ([ﬁ_l(fm),ﬁ_l(m)]), 5:::77:1: € Gr T.M,u€q.

Notice that this definition does not depend on the choice of u since 4 is independent of
the action of P, and the Lie bracket on g_ is Gp-equivariant. Since our Gy-structure
on GrTM is defined by the Cartan connection, we may choose representing vectors
& € TiM, 9, € T M, their covering vectors &,,7, € TG and we obtain

{fz, 77@:}0 = W(w_l ([w(éu)a w(ﬁu)])(u))

where 7 is the obvious projection T*tG — T M — THIM /T M.

We shall see in a while that the regular Cartan geometries are exactly those for
which the latter bracket is induced from the Lie bracket of vector fields in an algebraic
way. Since we shall need a good control over the relations between the brackets of the
horizontal vector fields and some brackets on the underlying manifold in its proof, we
shall first formulate a general lemma based on our concept of the normal coordinates.

LEMMA 2.10. Let u € G and let o, be the corresponding distinguished local triv-
ialization of G, see (2.3). Further let X,Y € g_, and consider the projectable vector
fields §~, 7} over M, such that their restrictions to the image of o, coincide with the
horizontal fields w1 (X), w™1(Y), respectively. Then w1 (X),w™1(Y)](u) = [£,7](u).

Thus, in particular

Tp.[w™(X),w™ (V)(w) = [Tp.€, Tp.7](p(w))-

Proof. Let us write £ = w™(X) 4 p, 1= w™1(Y) 4+ v and compute their bracket.
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By the very definition, we obtain

0 = 35, TEE) o @71 +2) 0 FI)(w
= % T(FIE,) o @™ (Y) +2) o (Fy F)(w)
B %l TEE) o @ (V) o (B X))

=W (M@

where the first equality follows from the fact that the flows of € and w™!(X) through
u coincide, the next one results from the vanishing of v on the image of o,. Now,
repeating the same arguments for [w™!(Y"), £], we achieve just the required equality. 0

LEMMA 2.11. Let w € Q!(G,g) be a Cartan connection with a |2|-graded Lie
algebra g. Then k® = 0 for all i < 0 and the Lie bracket of vector fields defines an
algebraic bracket { , }Lie on the graded vector bundle Gr TM. Moreover, k(©) vanishes
if and only if the latter bracket coincides with the algebraic bracket { , }o on GrTM.

Proof. Recall that the defining equation for the homogeneous components
kB (w)(X,Y),k#£0,u€ G, X €g;, Y €9, is

(2.7) B () (X,Y) = —wip ik (w™H (X),w™ (V)] (u))
while the component of degree zero is
(2.8) O W)(X,Y) = [X,Y] - wirj (W (X),w ™ (Y)] ().

Now, consider vector fields £ in T¢M, n in T? M and let us choose elements X, € V?,
Y, € VI such that £ = Tp.Y, frw }(X,), n = Tp. 3, 9°w™1(Y;) with suitable
functions f7, ¢° on G. Then

(&) = (Tp. Y f79°[w™ (X,), ™ (¥,)]) mod THi+1 M.

s

The negative homogeneous components x(¥), k& < 0 have to vanish because the
algebra is |2|-graded and so we have no choice of arguments for cochains with such ho-
mogeneity. The lowest possible case will be a cochain g_; X g_; — g_2 of homogeneity
zero. The fact that the Lie bracket of vector fields produces an algebraic bracket on
the associated graded tangent bundle is obvious.

Now, the two brackets in question may be expressed for all vectors

& = T(w™H(X)(u)) and n, = (w1 (Y)(u)) as
{&z,nz}0 = (W™ (X, Y])(w))
{& e tLie = [Tp-€, Tp.if|(z) mod T+ M
= m(jw™(X),w ™ (¥)](u) mod T*I+1G)
= 1(w ™ (Wit (W™ (X), w0 (V)] ())))

where £ or 7] are some projectable fields from the previous Lemma 2.10. Thus, accord-
ing to (2.8), the two brackets equal each other if and only if (%) vanishes. O
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Now we have got the motivation for the following definition of geometric structures
on manifolds. Let us also remark that the version of the latter lemma which is valid
for all |k|-graded structures needs one more condition. Namely, the existence of the
algebraic bracket induced by the Lie brackets of vector fields, which is equivalent to
the vanishing of all negative components k*), k < 0.

DEFINITION 2.12. Let g, G, P, and Go be as in 2.1. A regular (g, P)-structure
on a smooth manifold M is a filtration of the tangent bundle TM

TM =T M>T M

together with the reduction of the structure group of the associated graded tangent
vector bundle GrTM to the subgroup Gy, such that the algebraic bracket on GrTM
induced by the Lie bracket of vector fields coincides with the algebraic Lie bracket
defined by the Go-structure.

We may understand the above condition as the requirement that the subbundle
T~ M be reasonably non-involutive. Due to our restriction to |2|-graded algebras we
do not need to consider the other condition from Lemma 2.11 on the Lie brackets of
vector fields, namely that they must not be “too much non-involutive”.

Surprisingly enough there is the theorem claiming that, apart from a few excep-
tions, all regular normal parabolic geometries are uniquely given by the underlying
(g, P)-structures on the manifolds M:

THEOREM 2.13. Let M be a smooth manifold, g a graded semi-simple Lie algebra,
G a Lie group with Lie algebra g, and assume that all homogeneous components of
the cohomologies H}(g—,g) with positive degrees £ > 0 are trivial. Then there is a
bijective equivalence between isomorphism classes of the regular (g, P)-structures on
M and the isomorphism classes of regular normal Cartan geometries (G,w) over M.

For the proof see Section 3 of [4]. The computations in [27, 4] show that, apart
from situations with simple components in go, the only exceptions are g = sl(2,C),
specific maximal parabolic subalgebras in special linear algebras in higher dimension
(|1]-graded examples) and specific maximal subalgebras in symplectic algebras (|2|-
graded examples). An equivalent theorem for the cases g simple and G connected was
proved in [24].

2.14. Proof of Theorems 1.2 and 1.3. The relevant cohomologies for the real
forms of s((3,C) @ s1(3,C) are computed in Appendix A. In particular, there is no
obstruction in the construction of the normal Cartan connections out of regular (g, P)-
structures according to Theorem 2.13. The definition of the relevant (g, P)-structures
by means of the fundamental second order osculation (1.1) was discussed at the end
of Section 1, see Lemma 1.1.

3. The hyperbolic structures. In this section, we shall study the consequences
of the algebraic structure of su(2,1) ®su(2,1) for the hyperbolic points on embedded
6-dimensional CR-manifolds of CR-codimension two M C C*. Thus the Lie groups G,
P, Gy, as well as the corresponding Lie algebras will be fixed throughout this section.

3.1. Almost product and almost complex structures. As we noticed al-
ready in the proof of Theorem 1.2, there is the relevant (g, P)-structure on M. Since
the individual left and right components of g are P-submodules up to swapping L and
R, this structure introduces the natural splitting of the whole tangent bundle T M,
i.e. an almost product structure on M. The almost product structure also restricts to
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the complex tangent bundles T¢EM. Following our notation for the left and right
components of the structure group in the Appendix, we shall write

TM =TE*M @ T*M, TRM =T°®EM @ TRLM
GrTM = (T*M/T®E M & T®LM) & (TRM/TREM & TR M)

but we keep in mind that the splitting is available only locally, in general. In particular,
the two components of TM are orthogonal with respect to the algebraic bracket
{, }uie-

Next, we observe that the canonical almost complex structure J defined on T°EM
is induced by the (g, P)-structure. Indeed, we define

J e (TCEM)* @ T°RM, J(Tpw Y(X)(w)) = Tp.(w™ (i X)(w))

and this formula does not depend on the choice of u and X because the adjoint action
of P on g_; C g/p is complex linear.

At the same time, there is the obvious integrable complex structure coming from
the definition T°EM = TM NiTM C TC* on the embedded CR-manifolds. The
fundamental osculation (1.1) then implies that these two almost complex structures
on TCE M coincide.

3.2. The abstract hyperbolic CR-manifolds of dimension six and CR-codimension
two are defined by the specification of a regular (g, P)-structure on M in the sense of
Definition 2.12. In particular, they come equipped by the CR-subbundle T°® M Cc T M
of real codimension two with an almost complex structure, and the compatible almost
product structure on 7M. The general theory then applies as well and so the normal
Cartan connections are given uniquely on all such manifolds. We shall see, however,
that the embedded ones have very specific features. The automatic integrability of
the almost complex structure J on TCEM is an example. We can meet these more
general structures on some 6-dimensional real submanifolds in 8-dimensional almost
complex manifolds.

Our goal is to understand fully the local geometrical properties. For that reason
we shall first discuss all possible algebraic brackets on TM which arise from the Lie
bracket of vector fields and we shall link them to certain components of the curvature
of the canonical Cartan connection w on M. In fact we shall work on the abstract
level, forgetting more or less about the embedding of the manifold M into C*. For
the embedded hyperbolic CR-manifolds, however, some of the obstructions will vanish
automatically.

For example, the algebraic Lie bracket of two vector fields &,n in T°®L M has
no contribution in T¥M/TC®EM and so the projection of the Lie bracket [¢,7] to
TEM = TM/T'M has values in T°®EM. Analogously we can deal with left and
right components exchanged and so there are two obvious algebraic brackets

(3.1) {, }:T®LM x TRL N — TCRE
(3.2) {, Yr:T®EM x T°REM — TCRL N

which have to vanish automatically for all embedded hyperbolic CR-manifolds in
view of Lemma 1.1. We shall see in a moment that these brackets vanish even for the
abstract structures.

Our general strategy will be to link algebraic brackets to certain components of
the curvature k of the Cartan connection w. According to Theorem 2.8, we have to
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homog,. cochains comment

1 |g® x g®, — gL, |real linear in both arguments

—

gL, x gL, — g%, | real linear in both arguments

gL, x g®, — g%, | antilinear in both arguments
gL, x g®, — g%, | sesquilinear
g%, x gL, — g% | antilinear in both arguments

g? x g&, — g, | sesquilinear

gL, x g~, = g¥ |real and complex linear

O O e T

g, x g%, — gf |real and complex linear

TABLE 3.1. Real cohomologies of g— with coefficients in g

start by the description of the real cohomologies

H2(g" ® g%, 5u(2,1)F @ su(2,1)®).

LEMMA 3.3. All irreducible components of these real cohomologies are the one-
dimensional go-modules which are generated by the (real) bilinear cochains listed in
Table 3.1.

Proof. Let us consider the go-modules
A = Hi(g" @ g%, su(2,1)F @ su(2,1)F).

By the general theory we know that the complexifications (A})c of the dual go-
modules A} are the complex cohomologies H2 ,(p4,sl(3,C) @ sl(3,C)) listed in the
table of all complex cohomologies, see Table A.2 in Appendix A. Further, let us notice
that the two components in g_; have a canonical complex structure. Now, we have just
to keep in mind, that a complexification of a real linear mapping ¢ : V — W, defined
on a complex vector space V, splits into two components according to the splitting of
the complexification Ve = V @ V. If the target of such a mapping is complex as well,
then the mapping ¢ itself splits into the complex linear and complex antilinear parts.
Thus the complex cohomologies on the list of Table A.2, and the other half of them,
must come exactly from the components listed in Table 3.1. O

Now we are ready to find the geometric meaning of the individual torsion compo-
nents. First, we shall focus on the obstructions against the integrability of the natural
almost product structure on M.

Thus we are interested in brackets Gr TX M x Gr TE M — Gr TEM and those with
the left and right components exchanged. The restriction of { , }yie vanishes clearly.
Hence, apart from the algebraic brackets (3.1), (3.2), there is another candidate

(33) { , }L . TLM/TCR’LM x TCR,LM 5 TRM/TCR’RM
{, Y :TRM/TORRM x TORRpL — TLpf/TORL .
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Indeed, choosing any representative of the argument from the quotient space, the
ordinary Lie bracket projected to the desired component yields our algebraic bracket.
In contrast to the Levi form, these two algebraic brackets are not coming from the
quadric by the osculation.

LEMMA 3.4. The brackets (3.1), (3.2) vanish identically. The brackets (3.8), (3.4)
are given by the formulae

(3.5) {2 (&),n}L = —mr(Tpw™ (5™ (u)(X,Y))(u))
(3.6) {mr(€),n}r = —mL(Tpw ™ (sM (u)(X,Y))(u))

where u € G, w1 and wr are the obvious quotient projections in the left and right
components of the graded tangent space, and X € gL,,Y € gL orXe gi,,Y € g’fl,
respectively, and

E=Tpw H(X)(u), n=Tpw (Y)(w).

There are no more non-trivial algebraic brackets Gr TYM x GrTYM — GrTEM and
GrTEM x GrTEM — GrTEM.

Proof. We shall discuss only brackets Gr TLM x GrTYM — GrTEM. The other
ones are treated analogously.

The first part is quite easy. Let us consider &;,7, € TS™E M. Further, choose
v € G, z =p(u),and X,Y € gL, such that & = Tp.w=1(X)(u), Nz = Tpw (Y)(u).
According to the Lemma 2.10, there are the projectable vector fields E , 7 on G such
that their projections £ = T'po &, n = T'p.ij satisfy £(z) = &, n(x) =7, and

3.7) €, m)(2) = Tp.[é,A(u) = Tp.fw™ (X),w™ (V)](w).

Now let us recall the general formulae (2.7) and (2.8) for the evaluations of curvatures
and remember there are no curvature components of non-positive homogeneities. In
particular,

w(wH(X),w (Y))(w)) € g2, @ (9%, @ gF;) modp.

Thus applying the projection 7 onto the image TC®FM of { , }L, we may rewrite
(3.7) as

{5&:117:12}[4 = TRO Tp[éa ﬁ]
=mpo Tpw™ () (w(w™(X),w  (Y)](u)))
= —7p o Tp.w ™ (u)(k™W (u)(X,Y)).

In particular, the bracket must vanish because there is no cohomology represented
by cochains gEl x gk, = g, see Table 3.1, and so this component of the curvature
vanishes by Theorem 2.8.

We shall proceed analogously in the case of the bracket (3.3). Let us fix again
a frame u € G, ¢ = p(u), choose the element in TLM/TC®LM represented by
Tpw™(X)(u) with X € g%,, and choose another vector 7, € TS®IM, n, =
Tpw(Y)(u), with Y € gL,. Next, we consider the projectable vector fields ¢ on
G such that w=(X) = € on the image of o, and similarly for 7. Then the value of
Tpo ¢ = € at = represents the right argument in TP M/TCR-L M and we obtain

(3.8) €. n)(2) = Tp.[€, () = Tp.fw™ (X),w™ (V)](w)
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(see again Lemma 2.10). Since X € gZ,, Y € gL, our table of cohomologies implies
D (W) (X,Y) = -0 (W™ (X),w™ (V)W) € g%,

where w¥, is the component of w valued in g%,. In particular we obtain the required
equality (3.5).

There are still two more possibilities for algebraic brackets Gr TYM x Gr TX M —
GrTEM. The first one,

TEM/TREM x TEM/TREM - GrTEM

is obviously zero since the arguments are from an one-dimensional space. The remain-
ing brackets

(3.9 {, Yo :TEM/TCRLM x TCRL N — TORE g
(3.10) {, }r:TEM/TREM x TREM 5 TORL Y

can be well defined and are algebraic if and only if the brackets (3.3) and (3.4) vanish,
respectively. If so, then their values are again defined by considering the representa-
tives of the elements in the quotient spaces in the domain. By the vanishing assump-
tion, their projection to the quotient on the right hand side is zero, thus they lie in
the desired targets.

So let us assume that the bracket (3.3) vanishes. Then tracing the above compu-
tation of the latter bracket step by step, with the target replaced by TC®EM, we end
up with the formula

{71 (¢@),n(2)}1 = —7r 0 Tp(w™ () (x® (u)(X, V).

Thus the vanishing of our bracket is equivalent to the vanishing of the corresponding
component £ : g&, x g£; — gE,. Consider now the homogeneous component of
degree two of the Bianchi identity, see (2.5) in Section 2. Its right hand side includes
terms of two kinds:

(3.11) sVED(X,Y),Z2)  Lo-ze®TD(X,Y).

The differential dx(>) on the left hand side is homogeneous of degree two again. Since
our component of () is not in the list of the available cohomologies and k(? is co-
closed, this component must be in the image of 8*. Further, let us notice that 8 acts
injectively on the image of §* (cf. the Hodge-structure mentioned in 2.7). Thus the
image of £(2) under 8 vanishes if and only if this component vanishes too. Now, we
are interested only in the component gZ,* ® g£,* ® g%, and so its image under 9 will

sit in the subspace (cf. (2.4))
(0F 00l @l ®e) e (gl  0dt, @0k, ®6%,).

Our knowledge of all possibly non-zero components of first degree in x (remember
we assume that the bracket (3.5) vanishes) and a straightforward inspection of the
few possibilities of the placement of the arguments in the two terms in the Bianchi
identity shows that there is no way to get anything non-zero.

Thus the vanishing of the last possible algebraic bracket has been proved. O

THEOREM 3.5. Let M be an abstract hyperbolic 6-dimensional CR-manifold of
CR-codimension two. The left distribution T M is involutive if and only if the bracket



HYPERBOLIC AND ELLIPTIC CR-MANIFOLDS OF CODIMENSION TWO 981

(3.8) vanishes, the right distribution is involutive if and only if the bracket (3.4)
vanishes.

The almost product structure on M is integrable if and only if both these brackets
vanish.

Proof. All projections of the Lie brackets T'M x TYM — TEM are linear over
functions and thus algebraic. Therefore, Lemma 3.4 implies immediately the first
claim. Similarly for the other distribution 72M and the last claim follows by the
standard foliation theory. O

THEOREM 3.6. Let M be a 6-dimensional abstract hyperbolic CR-manifold of CR-
codimension two. The canonical almost complex structure J on T°RM is integrable if
and only if the part ko) € C>®(G,g* 1 Ag*, ®g_1) of k) which is antilinear in both
arguments vanishes. In particular, this part of the torsion vanishes on the embedded
6-dimensional hyperbolic CR-manifolds in C*.

Proof. By the defining properties of the regular (g, P)-structures, the complexi-
fied CR-tangent subbundle TE¢®M C TcM must be involutive. Thus the obstruction
against the integrability of J is the Nijenhuis tensor N € A%2(TYEM)* ® TEM.
Consequently, the theorem will be proved once we verify the following claim: The
Nijenhuis tensor N, expressed by its frame form v € C*®(G,g*; Ng*, ® g_1), equals
to 4&.(11,1).

In order to prove this, let us choose vector fields &, 7 in T°EM, a frame u €
G, p(u) = ¢ € M, and X,Y € g_; such that {(z) = Tpw (X)(u), n(z) =
Tp.w™(Y)(u). We have

N(&(x),n(x)) = [€,n) = [JE, In) + J([TE, 0] + [€, In])

and N(Tp.w™1(X)(u), Tpw™(Y)(u)) = Tp.w (v(u)(X,Y)).

As before, there are projectable vector fields &, 7 over { and 7, such
that [w™3(X),w™ (Y)](u) = [£,7](u) and similarly for Jé(z) = Tp.w=(iX)(u) and
Jn(z) = Tp.w™(iY)(u). Then we can compute

N(¢(@),n(2)) = Tp.([w™(X),w™ (V)] = [wH (iX),w ™ (iY)] +
W™ (Gw(w™ (1 X), T (V)] + [wTH(X), wT (@) () ()
= Tp.(w™' ([X,Y] = [1X,iY] +i[iX, Y] +i[X, Y] +
sW(X,Y) — kM (iX,iY) +isW (X, Y) + i (X, 1Y) (u)) (v)
= Tp.w™ (k) (u)(X,Y)) (w)

3.7. The complexified Cartan connection. The proof of the preceding the-
orem could be also done by the methods of 3.4, with the help of complexification.
Indeed, the complexification of the canonical form w is we : TcG — gc which is a
complex linear automorphism on each complex tangent space. The Lie bracket of real
vector fields extends to the complex ones and again each choice of u € G, X,Y €
(g-)c allows to choose projectable complex vector fields £, 7 such that [£, 7)(w) =
[we'(X),wg' (V)](u). Furthermore, the expansion of we([wg'(X),wg*(Y)]) into the
real and imaginary parts shows that the latter expression yields exactly the complexi-
fication k¢ of the curvature. Thus we may proceed exactly as in 3.5 in order to link the

component of Iig ) acting on two holomorphic vectors in the complexification of g_,
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and valued in the antiholomorphic ones, with the obstruction against the integrability
of the holomorphic tangent subbundle in (TC®M)c. Of course, the same applies if we
swap the holomorphic and antiholomorphic vector fields.

3.8. The rest of the torsion. Similarly, the remaining two components of
the curvature obtain a nice geometric interpretation in form of an algebraic bracket
which is defined as follows. Take a holomorphic vector field ¢ € (T¢®LM)c, an
antiholomorphic 7 € (TF-EM)c and project their Lie bracket to the holomorphic
component in (TCF-EM)c. Clearly, this is an algebraic bracket and it vanishes if and
only if the corresponding curvature component vanishes. Similarly to the involutivity
of the holomorphic and antiholomorphic bundles, this obstruction has an tensorial
interpretation Sg € (TCFLM)* ® (TCRBEM)* @ TCREM,

Swapping the left and right tangent bundle components, we obtain

(3.13) Sy € (T°RRM)* @ (TCREM)* @ TCRL M.

THEOREM 3.9. Let M C C* be a Levi non-degenerate 6-dimensional CR-manifold
of CR-codimension 2 and let ¢ € M be a hyperbolic point. Then M is the product of
two Levi non-degenerate 3-dimensional CR-structures My, My C C2, locally around
z, if and only if the algebraic Lie brackets

{, Yo : T M/T®EM x TORLM — TREM/TORE M
{, Yr:TRM/T®"EM x TREM — TP M/TR LM

vanish on a neighborhood of z.

The abstract 6-dimensional hyperbolic CR-manifolds of CR-codimension two are
locally products of (abstract) 3-dimensional CR-manifolds of CR-codimension 1 if and
only if the above algebraic brackets, as well as the Nijenhuis tensor Ny € A2(TCEM)*®
TCBM and tensors Sg, Sy from (3.12), (3.13) vanish.

Proof. All considerations are local and so we may suppose that the whole M is
hyperbolic. If M is a product of two 3-dimensional CR-manifolds, then we can also
consider the product G — M; x My of the corresponding canonical Cartan bundles
G1 = My, G = M equipped with the product w = w; @ w2 of the corresponding
normal Cartan connections. These bundles and connections were constructed already
by Cartan in [7] and their construction is also covered by Theorem 2.13. By definition,
the new form w € Q1(G, g) has all properties of normal Cartan connections and its
curvature k is the sum of the two curvatures k; and k2 of w; and ws, respectively.
In particular, there is no torsion because the connections wy and ws are torsion free.
Thus the four tensorial obstructions on M C C* have to vanish as well.

Now, let M be an (abstract) hyperbolic 6-dimensional CR-manifold and assume
that all six tensorial obstructions from our theorem vanish globally. According to pre-
vious results, all homogeneous components k(1) of the torsion of the normal Cartan
connection vanish globally. Thus, according to Theorem 2.8 and the table of the rele-
vant cohomologies, all homogeneous components (%), i < 3, vanish too. In particular,
there is no torsion part in . Let us consider next the part £” of the whole curvature
which is represented by cochains of the form gZ x g — g® and analogously x® with
left and right components swapped. We shall use the induction on the homogeneity
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degrees to show, that all these components vanish. Thus, assume we have done this
for homogeneity less than j and consider the components in homogeneity j. Since
there are no cohomologies of the types in question, the corresponding parts of k% and
kf are in the image of 8* and so the differential 8 acts on them injectively. Thus we
can apply the Bianchi identity in order to see that there is no component which could
contribute, cf. the end of the proof of Theorem 3.5. Consequently, both k' and xf
vanish.

The splitting g = g @ g® induces two complementary P-invariant distributions
on G, TG = TG @ TEG. These distributions are involutive if and only if the obvious
algebraic bracket TG x TYG — TEG ~ TG/TLG vanishes and similarly with L and
R swapped. Since the brackets are algebraic, we may use the parallel fields w=!(X),
w™(Y) with properly chosen X,Y for their evaluation. The projection may be realized
by means of the component of w valued in the left or right part of g. But this is
controlled by the curvatures ~, kK and so the brackets vanish, as proclaimed.

Now, we know that the Cartan bundle G locally splits into a product of two
manifolds but we need much more. We wish to prove that there is a neighborhood of
z over which the whole Cartan bundle (G,w) is isomorphic to a product of (Gr,ar)
and (Gr,agr) for some suitable Cartan connections ar, ag. In fact, if we construct
these data only locally around a chosen frame u € G, then the right invariance will
ensure what we need. The normal coordinates determined by the choice of u will be
again our basic tool.

So let @, : g~ ®g® — G be the mapping defined only locally around the origin by
the horizontal flows and let o, be the corresponding section of G —+ M. By abuse of
notation, we shall not mention the definition domains of these and other locally defined
mappings. Let us write P, and Pg for the parabolic subgroups in the individual
components of G and define the trivial principal bundles Gy, = gL x P;, Gr = g& x Pr.
Further, consider the principal fibre bundle morphism ¥ : Gy, x Gg — G (notice P,
and Pr commute and the whole mapping is defined on fibers over a neighborhood of
the origin in g_ only)

¥ : ((X,p),(Y,9) = ¢u(X,Y)pg.
Furthermore, the restrictions of ¥ yield principal fibre bundle morphisms

Ur:Gr =G, (X,p)= pu(X,0)p
Yr:Gr— G, (Y,9) — vu(0,Y)q

and consider the one forms oy = ¥jwi, ap = Ygwr where wy and wg are the
left and right components of w. It remains to prove that (Gr,ar) X (Gr,ar) is a
bundle with Cartan connection (defined locally over a neighborhood of the origin)
and ¥*w = ar ® ar wherever defined.

First notice that, due to our choices and the involutivity of the left and right parts
of T'G, the forms oy, and ag are pullbacks of the whole w (viewed then as forms with
values in g, but without any contribution to one half of the image). Thus the properties
of the Cartan connections are simply transfered by ¥y and ¥g. Furthermore, since
the curvature of w does not mix left and right sides either, the structure equations for
oy, and apg are obtained as pullbacks of the structure equation of w. In particular, the
curvatures are again 0* closed. Thus (G, ar) and (Ggr,agr) are 3-dimensional CR-
manifolds of CR-codimension one (locally around the origin of the base manifolds).
Finally, we observe that ¥*w will (locally) coincide with the product of the newly con-
structed Cartan connections if and only if they will evaluate equally on vectors tangent
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to a fixed section of G1, x Gr. Thus consider the section (X,Y) — ((X,e), (Y, ¢€)), eval-
uate (ar @ ag) at the vector (W,0) + (0,2) € T((x,e),(v,e))(GL % Gr), and compare
this with ¥*w. In fact, we may even deal with the left and right components of the
tangent space separately.

Each such vector £ = %m((x +tW,e), (Y,e)) is mapped by ¥ to T(¥L)(§) =

g F1¥+*W (u) and so we can easily compare the values oz (£) and ¥*w(£):

(ar)(€) = wi(Z I ™M ()
W) = wr (o FIY P (w)).

Next, we observe that w™!(Y) commutes with w™!(X + tW) since there is no coho-
mology mixing the arguments from the left and right components of g_. Thus we may
rewrite the last expression as

T*w(€) = wr (T(F1Y (Y))(al o™ W) M)
= (F]‘{"I(Y)) (at o F1Y “HX+tW) ().

Thus, in order to see that the two values coincide, it suffices to show that
-1
(FI;" )y =wy forall Y € g

We know this for the flow in the time zero, Flo_l(y)

idg, and so we have just

to show that 2 (Fl“’ (Y)) wy, vanishes 1dent1cally Each vector in the left component
of T,,G is of the form w™!(V)(v) with V € g and we compute

FL ) wn (g F VW) =wi (g, Fy O oF V()
= w (W (V)(FET V() = 7.

Since the derivative of this constant mapping vanishes, the required invariance of wy,
has been proved.

Similarly we deal with the other component wg.

Finally we observe that if M is embedded in C*, then we may always find em-
beddings ¢; of the components M; in neighborhoods of z; into C? such that

d=g1 D M > C=C*aC?

is an embedding of M at £ = (z1,z2). In fact, consider the initial embedding 1 :
M — C*. Then the restriction of 1 to My x {z2} is an embedding of M; into C* that
respects the CR-structure of M;. There is a holomorphic projection y; : C* — C?
that is diffeomorphic from (M X {z2}) onto its image. Denote the resulting mapping
by ¢1 and the analogous mapping for the second component by ¢». Then ¢; & ¢» is
the desired embedding. By passing to normal forms (see Appendix B) one can even
prove that the embeddings ¢ and 3 are equivalent, i.e., ¢ = ® o 1) with some locally
defined biholomorphic map ® : C* — C*. 0

3.10. Chains. The last topic we want to discuss are the analogies to the chains
on CR-manifolds of CR-codimension one. We have introduced the general concepts
of chains and 1-chains in 2.4 for all parabolic geometries. These two notions coincide
for the CR-manifolds of CR-codimension one and they also coincide with the chains
defined in [8)].
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Let us recall that the amount of different 1-chains up to parameterizations passing
in fixed direction through a given point x € M, as well as the set of all chains through
z is visible from the homogeneous case (see 2.5).

The detailed discussion on the quadric @ is reviewed in Appendix B with the
following result: There is a one-parametric family of distinguished parameterizations
on each (non-parametrized) 1-chain, and in each direction which does not belong to
the subspace TS®M and does not belong to TLM neither to TXM, there is a 1-
parametric class of 1-chains up to their parameterizations, cf. (B.3). If the direction
does belong to the left or right tangent space then there is a unique 1-chain in that
direction. The chains through a given point £ € M are available only in 2-dimensional
directions of the form {u, X AY} € T,M AT, M with u € G in the fibre over = and
X, Y eg_o.

A general 2-dimensional surface is said to have the chain property at its point y
if there is a chain providing a parameterization of this surface around y.

The vector fields w™!(X), X € g_» span a two-dimensional distribution in T'G
which we call the chain distribution of the CR-structure.

In general, the two-dimensional (non-parameterized) chains 8% rotate around

one fixed 1-chain a¥-X(t) if we move the ruling frame u; = Fl‘t"_l(x)(u) along the
horizontal flow. This is not possible, however, if the whole torsion of our CR-structure
is zero, because then the whole chain distribution is integrable. This is in accordance
with the previous theorem claiming that the whole bundle G is the product of two
canonical Cartan bundles and the Cartan connection is a product, too. Thus, in the
torsion-free case, our chains 3" are obtained as products of the chains in the three-
dimensional CR-manifolds. In particular we have proved the following theorem.

THEOREM 3.11. Let M C C* be an embedded 6-dimensional hyperbolic CR-
manifold and assume that the algebraic brackets { , }r and { , }r from Theorem
3.9 vanish identically. Then each chain B* : U C g_o — M has the chain property at
each of its points.

The same conclusion holds for abstract 6-dimensional hyperbolic CR-manifolds of
CR-codimension 2 without torsion.

4. The elliptic structures.

4.1. Almost complex and almost product structures. Let us recall that
on embedded elliptic 6-dimensional CR-manifolds of CR-codimension two, the funda-
mental osculation (1.1) provides the (g, P) structure on M with g = sl(3,C), and its
standard complex Borel subalgebra p (both viewed as real Lie algebras). The proper
choices for the groups G, Gy, P are discussed in Appendix B.

There are striking general similarities between the hyperbolic and elliptic geome-
tries. Indeed, the decomposition of the subspace g_, C g—

g1 =g~ @ gF,

induces an almost product structure on the complex tangent bundle T¢E M. We shall
write again T¢®LM and TCR-EM for the individual components. Furthermore, the
complex structure of the whole real Lie algebra s[(3,C) induces the almost complex
structure J on T M, given by the formula J(Tp.w™!(X)(u)) = Tp.w™!(iX)(u). Clearly
this formula is independent of the choice of X and uw which give the same vector
Tp.w™(X)(u) € T M because the adjoint action of P on g is complex linear.
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homog. cochains comment

1 g-2 x g£; — g_» | antilinear in both arguments

1 |g-2 x g%, = g_2 | antilinear in both arguments

gL, x g&; — g, | totally real
gl x g% — gL, | totally real
g®, x gL, — gL, | sesquilinear

g%, x gf, = gF, |sesquilinear

g-2 X gL, — g¥ | complex linear in both arguments

O O

g—2 x g%, = gf | complex linear in both arguments

TABLE 4.1. Real second cohomologies of g— with coefficients in g = s((3,C)

As we have seen in the hyperbolic case, the knowledge of the real second coho-
mologies of the algebras in question is most essential. Also now, we shall mostly deal
with the abstract (g, P)-structures defined on 6-dimensional manifolds but we shall
point out the specific properties of the embedded ones. In particular, all obstructions
coming from cohomologies with cochains of the form g_; xg_; — g 1 will disappear
automatically according to Lemma 1.1.

Roughly speaking, the role of the integrability of the almost complex structures
on the complex subbundles on hyperbolic manifolds is played by the integrability of
the almost product structure on TCEM in the elliptic case. In particular the almost
product structure will always be integrable on the embedded elliptic CR-manifolds.
Further, the integrability of the almost product structure of the hyperbolic manifolds
corresponds to the integrability of the almost complex structure J on the elliptic ones.
In particular, the almost complex structure J is intrinsic to the manifold M and it
cannot be induced by the ambient complex structure in C*.

LEMMA 4.2. All irreducible components in H2(g_,sl(3,C)) are the one dimen-
sional Go-modules which are generated by the cochains listed in Table 4.1.

Proof. Exactly as in the hyperbolic case, the complexification of the cohomologies
we want to describe is fully described by Table A.2 in Appendix A. Because of the
complex structure on g_, each of the real components will produce two copies in the
complexification. In order to recognize them, we have to notice that complexifications
of complex linear maps will not swap the two copies in the complexified Lie algebra,
while the antilinear ones will swap them. This simple observation leads immediately
to our Table 4.1.0

THEOREM 4.3. The almost complex structure J on an abstract elliptic CR-mani-
fold of CR-codimension two is integrable if and only if the antilinear part K of the
curvature & of the canonical normal Cartan connection vanishes. This in turn happens
if and only if the algebraic Lie brackets
(4.1) TEOM/TERM x (TORL )10 — TOD A TER M
(4.2) TOOMITERM x (TORRM)MO) — TODM/TERM
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on the complexified graded tangent bundles vanish identically.

Proof. Essentially, all technique we need has been developed already. In particular,
we may repeat the computation of the Nijenhuis tensor from the proof of Theorem
3.6. Since g_ is complex, we can do that with any X,Y € g_. The result tells us that
the Nijenhuis tensor N, evaluated on Tp.w™!(X)(u), Tp.w™ (Y)(u), is equal to

Tpw™ ((4sf) + 46 + 46{D) (X, V) (w) (w).

Now, under the additional condition that the higher homogeneities cannot contribute
whenever n&) (X,Y) vanishes, the Nijenhuis tensor vanishes if and only if nf,la) vanishes.
According to the table of cohomologies, the latter expression must be given by the
algebraic brackets (4.1), (4.2).

Thus we have to show, that if nflla) vanished, then no other antilinear component
valued in g_ could occur in £®, and if so, than even not in k(. Let us assume the
two brackets (4.1), (4.2) vanish. Then there is the algebraic bracket

T(l,O)M/TgﬁM x (TCR,LM)(I,O) N (TCRM)(O,I)

which can be evaluated by means of the complexified curvature component of ho-
mogeneity two. Clearly this must come from an antilinear component and the van-
ishing of this algebraic bracket is equivalent to the vanishing of the antilinear parts
n,(,%,) :g_2 x g&; = g_1. Using the Bianchi identity exactly as in the end of the proof
of Lemma 3.4 we verify that there is no curvature like this.

Similarly we could proceed with the remaining algebraic brackets on the holo-
morphic tangent bundle with values in the antiholomorphic tangent bundle. However,
the only component of homogeneity three is nff’;,) :g_2 X g_o — g—1 and this vanishes
automatically because it is complex antilinear and g_s is of (complex) dimension one.
O

THEOREM 4.4. Let M be an abstract 6-dimensional elliptic CR-manifold with
CR-codimension two. The distributions TC®LM, TCREM in the complex subspace
TCEM are integrable if and only if the algebraic Lie brackets

(43) (TCR,LM)(I,O) x (TCR,LM)(O,I) N (TCR,RM)(I,O)
(44) (TCR,RM)(I,O) x (TCR,RM)(O,I) N (TCR,LM)(I,O)

on the complexified complex spaces Tg EM vanish identically.
In particular, these almost product structures are always integrable on the embed-
ded elliptic CR-manifolds.

Proof. The distributions are integrable if and only if the algebraic Lie brackets
of two fields from the same component projected to the other one vanish. This is
equivalent to the corresponding condition on the complexified bundles Tg R Now we
may use the technique introduced in 3.7. Thus all the algebraic brackets in question
will be linked to specific components of the curvature. Since they are all living on
the CR tangent spaces, they must vanish automatically on the embedded elliptic
manifolds.

On abstract manifolds, this means the brackets of holomorphic fields projected to
the other component vanish automatically and the distribution T¢®L M is integrable
if and only if the algebraic bracket (4.3) vanishes (cf. Table 4.1). The other distribution
is treated similarly. O
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4.5. Remaining torsion components. Let us notice that also the remaining
two components of the torsion part of the curvature k of the canonical normal Cartan
connection allow an expression by algebraic brackets. This time we obtain

(45) (TCR,RM)(I,O) x (TCR,LM)(O,I) - (TCR,LM)(I,O)
(4.6) (TCR,LM)(I,O) x (TCR,RM)(O,I) N (TCR,RM)(I,O)

and they vanish again on all embedded elliptic 6-dimensional CR-manifolds in C*.

THEOREM 4.6. Let M C C* be an embedded 6-dimensional elliptic CR-manifold
of CR-codimension 2 and assume that the algebraic brackets (4.1), (4.2) both vanish.
Then the complex structure J on the entire Cartan bundle G is integrable, the normal
Cartan connection is holomorphic, and there are two integrable foliations of M by
complez curves in C* which span the complex subbundle TEM.

The same conclusion is true on the abstract 6-dimensional elliptic CR-manifolds
if and only if all algebraic brackets (4.1), (4.2), (4-3), (4-4), (4-5), and (4.6) vanish
identically.

Proof. In fact, we have nearly proved all necessary facts. Again, the same com-
putation with the Nijenhuis tensor reveals, that the antilinear part k., of the entire
curvature obstructs its integrability. Once we assume that all the torsion vanishes,
there are no components of the curvature up to homogeneity four. This is not antilin-
ear, however. A simple check with the Bianchi identity shows that the complex linear
curvature components can never produce anything antilinear. Thus the integrability
of the complex structure follows. Since the complex structure J on G has been defined
by the absolute parallelism w, clearly w € Q!(G, g) is holomorphic.

On the abstract manifolds, the same argument applies if we assume that the
whole torsion vanishes. On the other, each of the components of the torsion eventually
produces some antilinear contribution in higher homogeneities via the Bianchi identity.

Now, assume J is integrable and the torsion vanishes. Then also all horizontal
vector fields w™!(X), w™(Y) with X, ¥ € gL, or both in the other component,
commute. Thus we obtain the integrable (real) 2-dimensional distributions in TG
spanned by their values. The integral surfaces can be locally parameterized by the
holomorphic (with respect to J) mappings

ARigR 5 TG, X e FIY Oy
AEighl TG, X e 1Y ()
and also their projections to M will be holomorphic curves. Obviously, we have ob-

tained integral manifolds for the distributions 7¢®® and T¢®L. 00

4.7. Chains. Let M be a 6-dimensional elliptic CR-manifold with CR-codimen-
sion two, z € M, £ € T, M. As discussed in 2.4, the projections of the flows of horizon-
tal vector fields determined by elements in g_, are 1-chains with specific properties,
while

g2 3 X = FIY 7 Xy o p(E1Y T ) ()

is the chain at z determined by a fixed frame u € G over z. A complez chain is a
(locally defined) curve 8 : C =+ M which is holomorphic with respect to the almost
complex structure J and has the chain property in all its points.
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THEOREM 4.8. If the brackets (4.1) and (4.2) vanish on a neighborhood of an el-
liptic point = of an embedded 6-dimensional CR-manifold M C C* of CR-codimension
two, then there are unique complex chains through = in all complex directions which
do not belong to TCEM.

The same conclusion is true for the abstract elliptic CR-manifolds if the other
four obstructions against the vanishing of the torsion equal to zero too.

Proof. Analogously to the hyperbolic structures, there is the chain distribution in
TG spanned by the horizontal fields w1 (X) with X € g_». Again, the straightforward
inspection of the possible curvature components reveals that there is no curvature with
both arguments in g_ if the torsion vanishes. Thus the chain distribution is integrable.
Consequently the flows of the horizontal fields yield holomorphic parameterizations
and the theorem is proved. 00

5. Final remarks and conclusions.

5.1. Relation to other results. Mizner [17] constructed CR-invariant connec-
tions for weakly uniform CR-structures of codimension 2. In the cases considered
there, the automorphisms of the quadrics are always linear (thus, p is absent) and so
[17] does not come even close to our results in the distinguished 6-dimensional case.
Similar results were obtained by Garrity and Mizner for CR-structures of codimension
bigger than 2 with rigid osculating quadrics. The CR-manifolds that are considered
in this paper are not covered there.

In [9] Ezhov, Isaev and Schmalz constructed parallelisms for hyperbolic and el-
liptic manifolds. These parallelisms turn out to be Cartan connections only in very
special cases. The geometric reason for that is the presence of torsion in our Car-
tan connection. We were able to characterize the torsion-free (“semi-flat”) cases as
manifolds with integrable almost product structure in the hyperbolic case and with
integrable almost complex structure in the elliptic case. Thus we give an answer to the
question about the geometric meaning of “semi-flatness” for elliptic manifolds that
has been posed in [9].

Let us also remark that the almost CR-manifolds of CR-codimension one (e.g.
certain real hypersurfaces in almost complex manifolds) have been studied from the
point of view of the general theory of parabolic geometries in [3]. In particular, a nice
geometric specification of the construction from 2.13 is presented there.

5.2. The parabolic CR-geometry. Unfortunately, the automorphism group of
the parabolic quadric (1.3) does not fit into our scheme of general parabolic geometries
at all (notice the abuse of the non-compatible use of the word “parabolic” which is
used in the sense of Section 2 now). This is obvious already from its dimension which
is 17. The structure of its infinitesimal automorphisms is described in detail in [19]
and it turns out that the discrete center Zo of the hyperbolic or elliptic group blows
up into the additional dimension and one copy of su(2,1) sits still inside. So it plays
nicely its role of an intermediate state between the hyperbolic and elliptic points.

In particular the methods of Section 2 which are based on the existence of the
Hodge theory on the cochains in the Lie algebra cohomology cannot work. One should
believe that some specification of the very general approach in [18] could be applicable.
We consider this as a very interesting open problem.

5.3. Webster—Tanaka connections. There is a very rich underlying geome-
try on each manifold equipped with a Cartan connection modeled over graded Lie
algebras. In particular, we always have the principal bundles Go = G/Py — M with
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structure group Go and the principal bundle G — Gy with the structure group Pi.
The latter bundle always admits global smooth Gp-equivariant sections and the set
of all of them is parameterized by one-forms on M. The pullback of the (g— & go)—
component of the Cartan connection w by means of any of these sections provides an
affine connection on TM, i.e. a soldering form on Go together with a principal con-
nection on Gy. This construction has been described in full generality in [21] and it
produces the Webster-Tanaka connections on the CR-manifolds with CR-codimension
one. Thus we have a similar class of linear connections on M underlying our elliptic
and hyperbolic structures.

5.4. Natural bundles and invariant operators. Another very interesting
consequence of our construction of the canonical Cartan connections is the theory
of the semi-holonomic jet modules for general parabolic geometries, which allows to
transfer the problem of finding invariant operators which act on some natural bundles
coming from representations of P into problems in finite dimensional representation
theory. The first application of this theory is worked out in [5, 6].

In particular, there are the Bernstein-Gelfand-Gelfand sequences for all irreducible
G-modules V which specialize to the BGG resolution of the constant sheaf with coeffi-
cients in V on the homogeneous space, see [6]. The analogies to classical complexes on
CR-manifolds with CR-codimension one should be localized inside of these sequences.

A. Cohomologies. The aim of this section is to provide the list of all non-zero
cohomologies in H2(g_, g) for the complex algebras

g =5l(3,C) &sl(3,C) p={all upper triangular matrices in g}

We shall refer to the two copies of sl(3,C) as the left and right ones. The two parts
of go coincide with the parts of the Cartan subalgebra of the diagonal matrices and
all the one-dimensional root spaces are (complex) one-dimensional. We shall denote
them as indicated in the following matrices

e 8% gLé Iy of  of
(A.1) g= E—Ll,o L* 91| S 9-1%,0 R* 96%,1
-2 Bo-1 * g2 8o,-1 *

Here the stars fill up the subalgebra go, p+ consists of the strictly upper triangular
matrices, g1 = 91,0 D go,1 as go-module, etc.

The cohomologies for modules over simple algebras are completely described in
terms of the orbits of the Weyl groups on the weights. We shall use the notation
and technique as developed in [2]. First, we have to recall a few basic facts on the
representations of the parabolic subalgebra p C g.

The Dynkin diagram of sl(3,C) is e—se . The parabolic subalgebras are denoted
by crossing the nodes which correspond to the negative simple coroots which do not
belong to p. In our case this means one x—x for both left and right sl(3,C). The
weights of irreducible representations of p are then denoted by the coefficients in their
expressions as linear combinations of fundamental weights, placed over the corre-
sponding nodes. The g-dominant weights have non-negative integral coefficients, the
p-dominant weights must be non-negative over the uncrossed nodes only. For exam-

ple, the trivial representation and the first and second fundamental representations

of s1(3,C) have the highest weights *—x , *— , %—x . Each p-module enjoys the

filtration of the p-submodules such that the associated graded p module decomposes
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into the direct sum of irreducible p-modules. For example, the filtration and decom-
position of the p-module sl(3,C) is as follows

g-lyo 91,0
(A.2) g2 + @ + go + @ + g
80,—-1 go,1

and in the terms of the highest weights for the one-dimensional irreducible p-modules

1 -2 0 0 -1 2
»—X X¥—X X—x
-1 -1 1 1
(A.3) X + @& + @ 4+ @& 4+ x—x
-2 1 0 0 2 -1
»—X »¥—X *X—X

The whole Weyl group W of sl(3,C) is generated by the two simple reflections
81, Sz with respect to the two simple roots, acting on the weights gg.

a b —a a+bd a b a+b -—b
(A.4) 81 ¥¥—X BB XX S9: ¥—X B XX

Since our parabolic subalgebra p C g is the Borel subalgebra, the corresponding
parabolic subgroup WP coincides with the whole W.

The differential  respects the homogeneities of the cochains and so the coho-
mologies split into homogeneous components Hy (g—, g) too. Moreover, we have the
identification H}(g—,g) ~ H?,(p+,g) (of real vector spaces). Thus the Kostant’s
version of the Bott-Borel-Weil theorem is relevant for our aims as well:

THEOREM A.l. Let p C g be a parabolic subalgebra in a complezx simple algebra
g. If A is a finite dimensional irreducible g-module of highest weight X\, then the
whole cohomology H*(p4, A) is completely reducible as a p-module and the irreducible
components with highest weight y occur if and only if there is an elementw € WP C W
such that p = wA = w(A + p) — p and in that case it occurs in degree |w| with
multiplicity one.

The degree of an element w € W is defined as the smallest possible number of
simple reflections whose composition is w. See e.g. [15, 25] for the proof the Theorem.
Now, we have a simple procedure to compute the cohomologies: First, we write
down the labeled Dynkin diagram depicting the g-dominant highest weight \. For

example, the highest weight of the adjoint representation is %—x . Then we add one
to each coefficient and act by combinations of simple reflections according to (A.4).
Finally we subtract one from each coefficient. The p-dominant results are just the
highest weights of the cohomologies.

Unfortunately, we deal with a sum g = g* @ g% of two simple algebras. In order
to make use of the latter theorem, we shall view the representation spaces of g and
p as the (exterior) tensor products AX B of gf-modules A and gf-modules B. In
particular, we understand the adjoint representation on g = g~ @ gF as

g=(g"®0) @ (CrgF)

with the obvious tensorial actions of p4 = p% @ pE.



592 G. SCHMALZ AND J. SLOVAK

HO(p4,C) | %—x | H(p4,I(3,C)) | *—x
-2 1 -3 3
»*—X »¥—X
Hl(p+’C) 1 —2 Hl(p+,5[(3,(C)) 3 -3
*—x H—xX
0 -3 1 -5
H2(p+’C) _3 o H2(p+,5[(37(c)) _5 1
XX ¥—x
TABLE A.l.

The cohomology with values in a direct sum of modules is just the direct sum of
the cohomologies with values in the submodules. Now, the Kiinneth theorem implies
for each tensor product of our modules AR B

(A5) HY(ph o9}, ARB)= ) (H'(p}, ARH (b}, B)).
i+j=p

Thus, in order to compute the second cohomologies
Hi(p% @ pf,sl(3,C) @ 5l(3,0))

we have to know all cohomologies H:(p+,s!(3,C)), i = 0,1,2, and Hi(p;,C). The
results computed by the procedure as described above are listed in Table A.1.

The homogeneity of the components is given by the sum of the coefficients, which
is the action by the so called grading element E € sl(3,C), E = diag(1,0, —1). There
is another independent element F' € s((3,C), F = diag(1, —2/3, 1), which acts trivially
on go, by 1 on g_i,0, and by —1 on go,—1. Thus the action of F on a weight module
is given by one third of the difference of the coefficients over the nodes in the Dynkin
diagram.

Now, the rest of our computation is quite easy since all irreducible components in
the cohomologies are one-dimensional. Thus in order to localize the representatives of
cohomologies as bilinear mappings, we have just to evaluate the actions of the left and
right go-elements EX, ER, FL| F® on the weight modules in the second cohomologies
and this always describes the possible domain and target of a bilinear representative
in the space of cochains uniquely. A half of the result is listed in Table A.2. The other
half is obtained by mutually replacing all the left and right components.

In fact, we are interested in the real cohomologies H7 (g—,su(2,1) @ su(2,1)) and
H}(g-,s!(3,C)) where g_ is the negative complement to the real Borel subalgebras p.
As we have mentioned already, the latter cohomologies are dual to the real cohomolo-
gies H2 ,(p4,5u(2,1) @ su(2,1)) and H? ,(g-,sl(3,C)). Thus the complexifications of
the requested cohomologies will be dual (as real modules) to those listed in Table A.2.

B. Normal forms. For embedded real-analytic hyperbolic or elliptic CR-mani-
folds one has constructions of normal coordinates in the ambient space in a neigh-
borhood of a given point. These coordinates are uniquely determined up to some
Lie-group action of the isotropy group of the quadric (1.2) resp. (1.4). The equation
of the manifold takes then a special form called normal form that refines the os-
culation (1.1) by the quadric. These constructions generalize Chern-Moser’s normal
form for real-analytic hypersurfaces in C". They were obtained by Loboda [16] in the
hyperbolic and by Ezhov and Schmalz [11] in the elliptic case.
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homogeneities components in H2(p% @ p%, gL ® C)
actions of .
total EL, ER FL FR components cochains
1 1 o -3
-1 2,-3,0,1 —x Rx—x | gff xgffy — o
1 1 -3 0 R R L

-3 3 -2 1 L R L
_1 0, -']., _2, _1 »X—X »—x go’l X gO,l _) 91,0

-3 3 1 -2 L R L
-1 0,-1,-2,1 ¥—x B %—x | gg'1 X 810 — 810

3 -3 -2 1 L R L
-1 0,-1,2,-1 | »—x B X—X | g19 X 95,1 — 601

3 -3 o 1 -2 L R L
-1 0,-1,2,1 X—x B X—X | g0 X 910 = %01
1 -5 o 0 V] L L L
—4 -4,2,0,0 X—X B X—X [ g9 X @810 29210
-5 1 0 0 L L L
—4 —4,-2,0,0 »—x B X—x | g5 X gg1 = Ho,—1
TABLE A.2.

Let us recall the isotropy groups of the quadrics. It is convenient to choose coor-
dinates that reflect the geometric structure of the quadrics. The hyperbolic quadric
is the direct product of two hyperspheres in C? :

v = |21, ve = |2’

The geometric structure of the elliptic quadric will be revealed by passing to coordi-
nates

w% = w; + iwa,, wg = w; — tws.

E gt
Then V = v; + ivy = Y12 and the equation of the quadric takes the form

%
t_ ot
_ W — W

2i

Thus this quadric carries a complex structure; it is a complex hypersurface in C* with
coordinates zy, Zz,wg,u')g. Below we will use these coordinates and omit the sharps.

The automorphism group of any quadric contains a transitive subgroup called

Heisenberg group. For any point (p, q) at the quadric the Heisenberg translation that
takes the origin into (p, ¢) has the form

vV

= 2123.

*

22 =z+p
w* =w + g+ 2i(z, p).

Thus, any automorphism decomposes into a Heisenberg translation and an
isotropic automorphism. The subgroup of isotropic automorphisms will play the role
of the parabolic subgroup P with Lie algebra p.

For both our quadrics the isotropic automorphisms can be described by the well-
known Poincaré formula for sphere automorphisms

Z*=C(Z+ AW)(1 - 26AZ — (R+iAA)W)?
W*=CCW(1 - 2i4Z — (R+ iAW),
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where Z and W are diagonal 2 x 2-matrices with entries 21, 22 and w;, w2, respectively,
C and A are complex diagonal matrices, and R is a real diagonal matrix. There
occurs an additional discrete automorphism that interchanges z; <> 22 and w; ¢ ws.
The group P decomposes into Gp and Py where Gy consists of the linear isotropic
automorphisms (with A = R = 0, including the discrete automorphism) and P,
consists of the “non-linear” automorphisms with C = 1. The Lie algebras of the latter
subgroups are go and p., respectively.

The only difference between the hyperbolic and elliptic case is a different definition
of the complex conjugation. In the hyperbolic case the conjugation is the usual one
and R is real means that it has real entries. Thus, the automorphisms also split into a
direct product. Since the automorphism group of the sphere is SU(2,1)/Z3 this shows
that the automorphism group of the hyperbolic quadric is

((SU(2,1)/Zs3) x (SU(2,1)/Z3)) x Zs.

In the elliptic case the complex conjugation is the usual one combined with in-
terchanging 2z; < 22 and w; ¢ ws. R is real means now that the entries are mutually
complex conjugate numbers. The identification of the automorphism group G as

(SL(3,C)/Zs) » Z

is less evident than in the hyperbolic case. As shown in [19] the Lie algebra of in-
finitesimal automorphisms of the elliptic quadric is isomorphic to sl(3, C). Since G acts
effectively at s[(3,C) via Ad one can consider G as a subgroup of Autsl(3,C). Both
groups have the same dimension and consist of two connected components. Therefore
they must coincide. It is not hard to check that Autsl(3,C) = SL(3,C)/Z3 x Z.

It follows from the explicit description of the action of G' on the infinitesimal
automorphisms that P is exactly the subgroup that respects the filtration of g by the
p-submodules (cf. 2.1).

Let us remark that the hyperbolic and elliptic quadrics have compact comple-
tions in CP? x CP? resp. CP? ® C. All automorphisms extend to automorphisms of
the completion and are then linear with respect to the corresponding homogeneous
coordinates (see [10]). Moreover, these completions can be considered as G/P.

Now we formulate the concrete normal form conditions: In the hyperbolic case
the normalized equation of the manifolds takes the form

(B.1) v; = |z)® + ZN,{,(z, Z,u),

where N ,{, = N_{k are polynomials of degree & in z and of degree [ in Z with coefficients
that are analytic functions of u = Rew. The summation runs over all integral k,1
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with max{k,!} > 1 and min{k,!} > 0 The polynomials satisfy the conditions

1 2
__3.7\9;1 =0 _31\1,;1 =0, fork>2
0z 0z2
0’N}, ~0 0’°N3 —0
021022 021022
MNbH O'N,
02102007,0%2 02102907107
0* N}, —0 0*NZ, 0
(021)%(021)2 |0 (022)2(022)% |, =0
85N, _o 9°N3, —0
(021)3(071)? |30 (022)3(022)* |, =0
(021)%(821)3 |yp=0 (022)3(022)% |y, =0

The manifold M is torsion-free if and only if N7 depends only on zj, Z; and u;. Then
the conditions above coincide with Chern Moser’s conditions.
In the elliptic case the normalized equation takes the form

(B.2) V=nZ+ Y Nu(zzUl),

where Y = 152 and the Ny are polynomials as above (though without additional
reality condition). The summation is also as above and the polynomials satisfy the
conditions

ONm _ N1k _

= = >
7 o7, 0, fork>2
63N21 -0 63N12 =0
021071022 - 072071022 -
*Nyy 0 9" Nyy -0
0210220210Z5 - (321)2(822)2 |7=0 -
85N32 -0 65N23 =0
(021)%(022)% ;=0 (021)2(822)? 59
36N33 -0

021)%(022)° 0

Elliptic torsion-free manifolds are obtained for N = N(z1, Z2,U). Then M is a
complex hypersurface in C* with complex coordinates (21, Z2, w; , Ws)-

From the normal form one can see that the real 2-dimensional surface {z =0, v =
0} resp. {z = 0, V = 0} is always contained in the manifold. It is called standard
2-chain po (with respect to the given normalization). One can define analytic 2-chains
as all possible images of the standard 2-chain under renormalizations. The family
of chains passing through a given point does not depend on the choice of normal
coordinates but it does depend on the initial point. In difference to the situation for
hypersurfaces a 2-chain p for the initial point p need not be a 2-chain for other points

p' € p.
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It is easy to obtain the analytic 2-chains for the quadrics through the origin as the
images of the standard chain under isotropic automorphisms. Thus these 2-chains co--
incide with the geometrically defined chains from 2.4. One obtains that unparameter-
ized 2-chains are the intersections of the quadric with so-called matrix lines Z = AW,
where Z, W, A have the same meaning as above. Automorphisms with C =1, A =0
preserve the standard chain and change only the parameter. Since the renormaliza-
tions of a manifold coincide up to higher order terms with automorphisms of the
osculating quadric this shows that there exists exactly one 2-chain through the origin
tangent to {Z = AU}.

The 1-chains considered in 2.4 can be easily described for quadrics (see [19]). The
projections of the 1-parametric families from g_o are straight lines in py through the
origin. All other 1-chains are obtained by the action of isotropic automorphisms. Since
the latter preserve 2-chains it follows that 1-chains always remain in some 2-chain.
The isotropic automorphisms decompose into one automorphism that preserves pg
and one that maps po to another chain. Therefore it suffices to study the 1-chains
that are contained in puo. For the hyperbolic quadric we have the following situation:

e There are two singular directions at po such that the only 1-chains in these
directions are straight lines: {u; = 0} and {us = 0}.

¢ In all non-singular directions one has a 1-parametric family of 1-chains con-
sisting of one straight line and hyperbolas

aus

(B.3) uy = 1= Buy’

where a indicates the direction and g is the additional parameter.
e 2-chains may intersect at single points or singular 1-chains only.
In the elliptic case we have
e In any direction of po there is a 1-parametric family of 1-chains consisting of
a straight line and circles

(B.4) B(u? + u2) + sinau; — cos aug = 0,

where « indicates the direction and 3 is the additional parameter.
e 2-chains intersect at single points.
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