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Abstract: Some of the well known Fefferman like constructions of parabolic
geometries end up with a new structure on the same manifold. In this paper,
we classify all such cases with the help of the classical Onishchik’s lists [10]
and we treat the only new series of inclusions in detail, providing the spinorial
structures on the manifolds with generic free distributions. Our technique
relies on the cohomological understanding of the canonical normal Cartan
connections for parabolic geometries and the classical computations with
exterior forms. Apart of the complete discussion of the distributions from
the geometrical point of view and the new functorial construction of the
inclusion into the spinorial geometry, we also discuss the normality problem
of the resulting spinorial connections. In particular, there is a non—trivial
subclass of distributions providing normal spinorial connections directly by
the construction.
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1. INTRODUCTION

This paper is motivated by two recent examples of conformal structures natu-
rally associated with non-degenerate rank 2 vector distributions on 5-dimensional
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manifolds [9] and with non-degenerate rank 3 distributions on 6-dimensional man-
ifolds [2]. In both cases there are natural parabolic geometries associated with
these distributions, which serve as an intermediate structure between the distri-

bution and the conformal geometry.

Example 1 (Nurowski [9]). Let D be a rank 2 non-degenerate vector distribution
on 5-dimensional manifold M. The non-degeneracy condition means that the
derived spaces D? = D+[D, D] and D3 = D?+[D, D?] have the maximal possible
dimensions 3 and 5 respectively. Elie Cartan proved in his famous paper [6],
that there is a natural Go—geometry associated with any such distribution. Pavel
Nurowski noticed that this geometry can be extended into the conformal geometry
of signature (3,2) using the classical embedding of the split real form of G2 into
50(4,3). Thus, there exists a natural cone of null-vectors C C T'M associated
with any such distribution.

Example 2 (Bryant [2]). Similarly, let D be a rank 3 vector distribution on a
6-dimensional manifold M. We assume that D is non-degenerate, that is D? =
D + [D, D] coincides with all TM. Robert Bryant [2] showed that there is a
natural SO(4, 3)-geometry associated with each such distribution and then used
the spinor representation s0(4,3) — s0(4,4) in order to extend it to the conformal
geometry of type (3,3) on the manifold M. In particular, there is also a natural
cone of null-vectors C C T'M associated with any such distribution.

Both examples have striking similarity. Firstly, they both start with non-
degenerate vector distributions, which generate parabolic geometries. All such
distributions were described by K. Yamaguchi [15] using the theory of geometric
structures associated with filtered manifolds [13]. Secondly, the associated para-
bolic geometries can be embedded into another parabolic geometry, the conformal
one.

This raises the natural question: What are all possible embeddings of one par-
abolic geometry into another, and what geometric meanings do they have? We
answer these questions, using the classical Onishchik’s list [10] of all possible in-
clusions between complex parabolic homogeneous spaces. It appears that there
are only three such examples (two of them are series of geometries in appropri-
ate dimensions). One of the series provides the trivial inclusion of the contact
projective geometry (cf. D. Fox, [7]) into the projective geometry. The second
example is the embedding of Go geometry into the conformal (3,2) geometry
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used by P. Nurowski. Finally, the third example produces the embedding of B;-
geometry into Dj;1-geometry, which was used in the smallest dimension [ = 3 by
R. Bryant.

We explore the latter series for an arbitrary [ in more detail. As a result,
we show that any non-degenerate I-dimensional vector distribution on [({ 4 1)/2
dimensional manifold M induces a natural almost spinorial structure on M as-
sociated with it. An almost spinorial structure on a manifold M is given by an
isomorphism of the tangent bundle TM with the vector bundle A%S for some
vector bundle S over M. This structure can be considered as a way of identifying
each tangent space T,M, p € M, with the set of skew-symmetric matrices with
(I +1) rows and columns. In particular, for odd ! each such structure defines a
cone C in T'M consisting of all degenerate skew-symmetric matrices, which are
given as zeros of the Pfaffian. For example, in the case of [ = 3 which was consid-
ered by R. Bryant, we get the quadratic non-degenerate cone. So, in this smallest
possible dimension the almost spinorial structure coincides with the conformal
structure of signature (3, 3).

After providing a very brief review of the main concepts of parabolic geome-
tries, the inclusions are studied and classified for the homogeneous models. This
leads to the complete classification in Theorem 2 and a full understanding of
the simple construction of the spinorial geometry for the distributions. At the
same time this raises many natural questions about the relations between the two
geometries. Quite straightforward computations exploiting the understanding of
the normal Cartan connections lead to detailed description of the fundamental
invariants of the geometries in Theorems 3 and 4. Finally the study of the main
geometric objects is continued and the normality questions are discussed in the
rest of the article, c¢f. Theorem 5 and Example 3.

2. GENERAL PARABOLIC GEOMETRIES

The parabolic geometries are curved deformations of the homogeneous spaces
G/P with G semisimple and P parabolic. Thus, a parabolic geometry of type
(G, P) on a manifold M is a principal fiber bundle G — M with structure group
P, equipped with an absolute parallelism w € Q'(G,g) which is Ad-invariant
with respect to the principal P—action and reproduces the fundamental vector
fields.
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The form w is called the Cartan connection of type (G,P) on M. Origi-
nally, Cartan built more general absolute parallelisms by means of his famous
equivalence method. Nowadays, the Cartan connections appear in many areas of
geometric analysis and there is a rich theory introducing various types of calculi
and general structural results, see [5] for a detailed treatment.

Most general features of the individual types of the parabolic geometries are
read off the algebraic properties of the so called flat models G — G/P, where
w is the Maurer—Cartan form. On the other hand, at curved manifolds, the
parabolic geometry is rather given by some explicit and simple structure visible
at the manifold itself, while w is uniquely determined by a construction based
on a natural normalization. We have mentioned the well known examples of

projective, conformal and spinorial geometries above.

The crucial algebraic structures are derived from the grading g =g_,®---Dgr
of the semisimple Lie algebra g giving rise to the parabolic subalgebra p = go ®
- -@gr. At the level of the curved geometries, this yields the P—invariant filtration
on T'G which projects also to the filtration on TM. Let us also notice that the
Cartan—Killing form identifies p; = g1 @ - - - ® g with (g/p)* as P-modules and
g/pequalstog. =g @D --Dg_1 as Go—module, where Gy is the reductive part
of the parabolic subgroup P (with Lie algebra gg).

It is also well known, how to understand the structure of the geometries in
cohomological terms. The curvature form Q € Q%(G, g) of the Cartan connection
w is given by the structure equation

Q=dw+ %[w,w]

and the absolute parallelism allows to express the curvature by the curvature
function k : G — A%py @ ¢, k(X,Y) = K(w™}(X),w }(Y)). Thus, the curvature
function has values in the cochains of the Lie algebra cohomology of g_ with
coefficients in g. This cohomology is explicitly computable by the Kostant’s
version of the BBW theorem, cf. [8, 12, 5], and we may compute it either by
means of the standard differential d or by its adjoint co—differential 0*. The

formula in the special case of the above two—chains is
O(ZoNZ1 @ X) = -2y R [Z1, X] + Z1 ® [Zo, X] — [Z0, Z1] @ X.

Another important property of the parabolic geometries imposes conditions on
the behavior of the filtrations and is called regularity. In words, the filtrations
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have to respect the Lie brackets of vector fields. In terms of the curvature, this
says that no curvature components of non—positive homogeneities are allowed.

The Tanaka theory, further extended and worked out in last thirty years, shows
that normalizing the regular Cartan connections properly defines an equivalence
of categories of certain filtered manifolds (with additional simple geometric struc-
tures under some cohomological conditions, like for all |1|-gradings or contact
gradings) and categories of Cartan connections, cf. [13, 4, 5]. Then the harmonic
part of the curvature defines all the rest and, in particular, the geometry is locally
isomorphic to its flat model if and only if the curvature vanishes. Moreover, the
entire curvature tensor is computable explicitly by a natural differential operator
from its harmonic part, cf. [3].

3. INCLUSIONS BETWEEN PARABOLIC GEOMETRIES

Quite often, there are natural constructions linking together different parabolic
geometries. For example, the Fefferman’s celebrated construction of a conformal
structure on a circle bundle over each hypersurface type CR—manifold allows to
exploit the much simpler invariant theory of the conformal Riemannian structures
in order to understand that of the CR—geometry.

Of course, each such construction is of functorial character and it is determined
at the algebraic level already at the homogeneous models. Thus we shall start
at the level of Lie groups and we describe the main ingredients of the Fefferman
like constructions.

Let G/P and G/P be two (real or complex analytic) parabolic homogeneous
spaces, i.e. G is any semisimple Lie group and P C G a parabolic subgroup, and

consider an homomorphism i: G — G which is infinitesimally injective.

Second, we require that the G-orbit of 0 = eP € G / P is open. This means
that the map g — g/p induced by i’ : g — g is surjective.

Now, the subgroup Q := i~(P) is a closed subgroup of G, which is usually
not parabolic. The homomorphism i then induces a smooth map G/Q — G / P,
whose image is the G—orbit of o.

Finally, we need that P C G contains ). Having secured all this, there is the
natural projection 7 : G/Q — G/P. The homomorphism i : G — G induces the
smooth map G/Q — G / P which is a covering of the G—orbit of 0, and as an open
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subset in G/P carries a canonical geometry of type (G, P). This can be pulled
back to obtain such a geometry on G/Q.

Of course, if we replace Lie groups G, G and their Maurer—Cartan forms by
the principal fiber bundles and Cartan connections, the same construction applies
with the Lie subgroups P, P and Q, see [5, Section 4.5] for general theory and

several examples.
Especially, it may happen that
i(G)P = G and i(P) =i(G)N P

i.e. Q = P is the parabolic subgroup. Then both parabolic geometries turn out
to live over the same base manifold G/P = G / P. We say that i is an inclusion
of parabolic homogeneous spaces. For curved geometries of these types we talk

about inclusions of parabolic geometries.

This is equivalent to the conditions that i(G) acts transitively on the manifold
G / P and the stationary subgroup of this action at 0 = eP coincides with i(P).

All such non-trivial inclusions in complex analytic case were described by
A. Onishchik [10] (see also [11, §15] for more details). It appears that if G is

simple, there is a very limited number of such examples.

Theorem 1 (Onishchik, [10]). Let M = G/P be a complex parabolic homo-
geneous space. Let G = (Bih M) be the connected component of the group of
all biholomorphic automorphisms of M. If G is simple, then G is also simple.
Moreover, G always coincides with G with the following exceptions:

(1) G = PSp(2l,C), P = Py, where ¥ = {ay,...,q}, M = CP?~1, G =
PSL(2l,C);

(2) G=Ga, P = P,,, M =Q° G=PSO(7,C);

(3) G = SO(21+1,C), P = Ps, where $ = {au,...,a;_1}, M = I° Gryj1 (C2+2),
G = PSO(2l +2,C).

The first exceptional geometries are the complex versions of the so called pro-
jective contact structures. The real split form of the symplectic algebra is the only
one allowing this complexified parabolic subalgebra, cf. [5, Section 2.3]. The in-
clusion can be also nicely interpreted with the help of the distinguished geodesics
related to the projective geometry and these questions have been studied in great
detail by D. Fox, [7].
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In the second case, Q° denotes the quadric in CPS given by the equation
(2,2) = 0, where the scalar product on C” is given by the standard SO(7,C)
representation, and G is embedded into SO(7,C) by its unique (up to the con-
jugation) irreducible 7-dimensional representation, which has an invariant non-
degenerate symmetric form. Thus this corresponds to the Nurowski’s example
above. Again, the split real form is the only one allowing this complexified par-
abolic subalgebra.

The space 1° Gry; 1 (C#+2) denotes the connected component of the manifold of
isotropic Lagrangian subspaces in C?*2 which contains V = (e1,...,e141). Here
{e1,...,eg42} is a basis in C?**2, such that SO(2l + 2, C)-invariant symmetric

form has the matrix:
0 Ei
Eipr 0

In order to understand better the third example in the list of exceptions, let
us work out the explicit description of the algebraic inclusion. Again, only the
split real form allows for such parabolics and so we shall deal with these real Lie
algebras.

Let us identify SO(I,l + 1) with the set of matrices preserving the following
symmetric form:
0 0F;
010
E00

Then the embedding i: G — G can be described infinitesimally by the following
injective mapping of the corresponding Lie algebras:

a:so(l,l+1)—so(l+1,1+1),
A X EX Y

V2t V2
(1) A XY 1zt o o —Lxt
~Z'0 —X' | | 2 V2
-——5=Z" 0 0 ——=X'
T 7 —At V2 V2
T %Z %Z — At

where A,Y,T € Mat;(R), X, Z ¢ RL, Y +Y! =T 4+ T = 0.

Clearly, the P-module structure on g reveals that the filtration of a parabolic
geometry of type (G, P) is given by the distribution of rank / on a manifold of
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dimension %(l + 1)I. Since the first cohomology H'(g_,g) concentrates in nega-
tive homogeneities only, the filtration determines the normal parabolic geometry
completely, cf. [5, Section 4.3]. Concerning the geometry of type (G, P), we have
mentioned already that this is one of the examples of geometries with trivial
filtration and determined by a classical G—structure, which is given by an iden-
tification of T'M with the second exterior tensor power of an auxiliary vector
bundle S of dimension ! + 1, cf. [5, Section 4.1].

Theorem 2. The only inclusions of real parabolic geometries with simple Lie

groups G and G are the following ones:

(1) The obvious projective structure induced by the contact projective geome-
tries (see [7] and [5, Section 4.5]).

(2) The Cartan’s example of distributions with grows vectors (2,3,5) on five—
dimensional manifolds carrying the conformal Riemannian geometry of
signature (3,2) (see [9]).

(3) The generic free distribution with grows vector (1, 3(14+1)l), 1 > 3 carrying
the spinorial structures (well known only in dimension | = 3, [2]).

Proof. If an inclusion of parabolic geometries of given types should exist, then
there must be the corresponding inclusion of the homogeneous spaces. However,
at the level of the Lie groups everything is realized by real analytic objects. Thus,
complexifying, there must exist the appropriate inclusion in the holomorphic
category and the Onishchik’s list together with the above observations complete
the proof. O

In the rest of this paper, we shall work out more details on the new series
of examples. In order to understand the functorial construction of the spinorial
geometry from the rank [ distribution, we need a bit more knowledge of both
geometries. On the other hand, we shall see that the Gg—module structure of
g_ and the standard representations of G and G are enough to construct quickly
the almost spinorial structure on M directly from the Cartan connection (G,w)
associated with the rank [ distribution D on M. The more interesting and difficult

questions are:

o How much of the Cartan connection w do we need to recover the spinorial

geometry?



Inclusions between Parabolic Geometries 763

e Under which conditions will the induced spinorial Cartan connection o be

normal again?

We shall come back to these questions in the subsequent sections.

Now, let us consider the associated standard tractor bundle TM = G xp V,
where V' is the standard SO(l,1 + 1) representation. The action of the parabolic
subgroup P preserves the filtration V = V9 > V! 5 V2 5 0, where dim V? = [,
dim V! = [ + 1. It induces the filtration of the tractor bundle:

TM=T°M >T'M >7T?M > 0.

As a Gy module, the standard representation splits as V = R! @ R @ R!, where
R is the trivial representation while R! = V/V! is isomorphic to g_;. Thus, the
Go—module

S=V/VZP=R@R!

has the property A%2S = g_. It is easy to see, that this Gy module structure is
compatible with the inclusion Gy — Go.

At the level of the parabolic geometry determined by the distribution D, we
simply consider the auxiliary vector bundle § = G xp S and we see that the
tangent bundle TM is naturally isomorphic to A%2S. Since the identification is
compatible with the inclusion of the reductive parts of the parabolic subgroups,

this is the right spinorial structure as obtained from the general construction.

4. CANONICAL CARTAN CONNECTION FOR LENGTH 2 DISTRIBUTIONS

Let us notice, that we have not exploited the entire Cartan connection w in the
construction above. Rather we have only used the splitting of the Gp—modules
g_ and V. Moreover, only the homogeneity one part of the total splitting of V'
was necessary (we have split V/V?2 only).

In the Cartan—Tanaka procedure, this amount of information is obtained after
the first prolongation step (the bottom up approach). The construction in [5,
Section 3.1] provides the entire Cartan connection and the complete information
on the structure of the curvature, without the explicit prolongation steps. We
shall combine these two approaches by using the detailed knowledge on the curva-
ture during the explicit prolongation computations. For the sake of simplicity, we
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shall ignore the lowest dimensional case with [ = 3 since the curvature structure
is different and this case is well known.

Let D be a rank [ > 4 vector distribution on a manifold M of dimension
I(1+1)/2. We say that D is non-degenerate, if D + [D,D] = TM. In other
words, if Xq,...,X; is any local basis of sections of D, then the vector fields
Xi, [ X, Xi], 1 <i <1, 1< j <k <1 should form a basis of the tangent space
TM at all points where sections X; are defined.

Under this non-degeneracy condition, the general theory implies that there is
a natural regular and normal Cartan connection of type (G, P) on M, with the

corresponding pair of Lie algebras (g,p) given by:

AXY A0 0
g=4|-Z'0-x"|3, p=<|-2'0 0 |3,
T Z-A T Z-A

where A, Y, T € Mat;(R), X, Z€R, Y +Y!=T+Tt=0.

Theorem 3 ([13], [5]). For each non—degenerate distribution of rank l on a man-
ifold of dimension %(l—i—l)l, there is the unique reqular normal Cartan connection
of type (G, P) on M (up to isomorphisms). The only fundamental invariant of
these parabolic geometries is concentrated in the homogeneity degree 1 and corre-
sponds to the totally trace-free part of the sl(l, R)-submodule Hom(g_1 Ag_2,9—2)

i the curvature.

Proof. The existence and uniqueness of the Cartan connection follow from the
Tanaka theory (see also [5, Section 3.1]), for the explicit computation of the
curvature see [5, Section 4.3] or compute following the algorithm of Kostant, see
8, 12]. O

In more detail, let mq,...,m_1 be the fundamental weights of s[(l,R). Then
g_1 has weight 71, g_o is isomorphic to A?g_; and has weight 79, and by the
trace-free part of Hom(g_1 A g—2,9—2) we mean the unique submodule with the
highest weight 7o + m_o + 1.

Remark 1. Unlike the case of rank 3 distributions, the fundamental invariant
for this Cartan connection is a part of the torsion for distributions of rank I >
4. In particular, in this case any regular and normal torsion-free geometry is
automatically flat, i.e. locally isomorphic to its homogeneous model.
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Now we start our computations. Let {X7i,..., X;} be any (local) frame of D.
Denote then by X;;) vector fields —[X;, X;]. Then vector fields {X;, X{;z} will
form the frame on M. Denote by {6,001} the dual coframe and by Dt the set
of all 1-forms on M annihilating D. It is clear that D is generated by QU

Note that

6V (X5, Xy,) = —6UM (X, Xi]) = 1
This implies that
do) = 97 A 0% mod (")),
So, the structure equations of the coframe {6?, U} have the form:

T 7 i kl
do" = fl0" A OUM + g1 ]kl]e[ﬂAe[ 1

dolsl = 0" A 0° + f. ["Sk]m A QLR 4 f

[k’l]] [i] A gl }

where f k] f[ i)k f [rs] ik f[[f;j‘}[kl}] are the structure functions of the coframe
{67, 0UFY on M un1quely determined by the choice of the frame {Xi,...,X;}.
Note that these families of functions do not form any tensor, since their trans-
formation rule under the change of the frame involves derivatives. The natural
Cartan connection associated with the distribution D will allow us to construct
the coframes behaving much nicer and we shall obtain the components of the

curvature tensor at the same time.

Let w: G — M be any principle P-bundle on M and w: TG — g any regu-
lar Cartan connection of type G/P. For any section s: M — G we can write
explicitly:

w} w' wli]
sS‘w= | —wj 0 —w'
wiij) wj —w]

7

where Wl wiij), Wi, w', wj are 1-forms on M.

We say that the Cartan connection (G,w) is adapted to the distribution D, if
D = (wlidl)+ Tt is easy to see that this definition does not depend on the choice
of the section s.

Let (G,w) be an adapted Cartan connection. Then we have
D* = (i) = (91,

where, as above, the forms 07! are defined by fixing a frame {X1,...,X;} on D.
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We can always choose such section s: M — G that
(3) w'=6" mod D*.
This condition defines s uniquely up to the transformations s — sg, where
g: M — Py is an arbitrary P,-valued gauge transformation.
Consider the component Q) of the curvature tensor:
QUi = dulial — i A W 4 wh A wikil — wi A wl¥]
(here and below we use the Einstein summation convention).

Let us remind that w is regular and so only positive homogeneities may appear
in the curvature. This immediately implies that

dwl = AW = 0P AT mod DT,
and, hence

(4) Wil = gl forall 1 <i < j <l

Compute now the curvature coefficients of degree 1 together with the section
normalizations of the form s — § = sg, where g takes values in exp g;. Any such
transformation leads to the following transformation of the pull-back forms §*w:

olid) = lid),
& = o + pyuli,
where functions p; define the mapping dg: M — g;. Assume that
wz — 01 + C[ij]w[] ]7
wé = Azjwk mod D+
for some functions A};j, C[ijk]. They are transformed by the gauge transformation
g according to the following formula:
~§'k = A;"k - 5§pk;
i i i
Clim = Cliwg + 0;Pn)-

We can always find such functions p; that ), Aﬁk = 0. This determines the
section s uniquely up to the transformations s +— sg, where g takes values in

exp(g2).
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We have:
Qlil = Pifgl]wr Awbt mod A2 D+,
0= ers]wr Aw® mod A'(M) A Dt
where
r[st] =1 iz[i]t oL Ai}t] + 5gc{ﬁt]v

QL) = Cliwg + Aljug-

Assuming that the connection does not have the torsion in the term Hom(A2g_1,g_1)
(as it is implied from the normality assumption via Kostant theorem), we get

Z' _ .
Q[jk] =0, that is

Cli) = ~ A
Substituting this equality to the expression of Pr[l[g] we get:
pli] (1] [i 4] i pJ]
() Pty = Fofay + 0 ALy — o) Al

Let us remind that [ > 4. It turns out that we can uniquely determine coeffi-
cients A}k by the following two conditions:

° >, Al e —[ ? according to the choice of the section s;

e tensor P/ [

] is totally trace-free.

Indeed, the traces of A’s do not contribute in the right hand side and the trace—
free condition on P just determines the rest.

7]

r[st
fundamental invariant of the non—degenerate rank l distribution D on a manifold

Theorem 4. The trace-free part of the tensor plis ] computed above s the only
of dimension 5 (l +1)I. Hence, the Cartan connection associated with D is flat if

and only if this tensor vanishes identically.

Proof. The statement is a direct consequence of Theorem 3 and the computations
above. g

In particular, this gives us an explicit condition when an arbitrary non-degenerate
distribution D of rank [ > 4 is locally equivalent to the left-invariant distribution
on the nilpotent Lie group corresponding to the algebra g_.
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Remark 2. Let us also comment on the link between the coefficients A and C. In
general terms, these objects correspond to the choice of partial Weyl connections
(the coefficients A;k) and the splittings of the filtration (the improvement of
the coframe by deforming 6"), cf. [5, Chapter 5]. Both of these objects have
to be fixed together because they influence the same curvature components in
homogeneity one. This has been reflected by the explicit link between A’s and
C’s.

Having fixed these homogeneity one objects, all the necessary ingredients for
the construction of the spinorial geometry are available, see the end of Section 3
above. Still, in general, we cannot replace the normal Cartan connection of the
distribution by the simpler construction of the spinorial normal Cartan connection
(although regularity is not an issue for one—graded geometry) since we do not
know whether the normality will be preserved.

5. COMPUTATION OF COEFFICIENTS OF DEGREE 2

Let as continue the computation of the regular normal Cartan connection w
associated with the distribution D and its curvature tensor €. Let us now consider
curvature coefficients of degree 2 together with the normalization of the section
s +— sg, where g € exp(g2). Any such transformation leads to the following

transformation of the form @:
P i
&y = wj + g™,
w; = wj + q[ik]wk mod D+
Assume that
j ik j ki
w; = Fi;w® mod D*,

where the functions AZJ‘ were determined above, and E;[kl]’ F}; are functions to
be found. They are transformed by the gauge transformation g by the following

formulas:

Ejtw = Ejgy + Okt = Sidng
Fyi = Fi + qki)-
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We see that we can make Fj; symmetric by an appropriate choice of gp;. This
determines uniquely the section s: M — G.

Let us now proceed with computations of the curvature coefficients of degree
2. We have

QI = duldl — AWl + wh A wlkil — ij[ik} =

FE WAl 4 Bl b Al B Wl A = R Al
where

(6) R = Sl + 01 Bl

Next,

o :dwi—f—w,’;/\wk—}-w[ik] Nwy =
d (Gi - Afjk]w[jk]) + wi AwP + Wl A wp = (mod A2D)

Mw
(JJ

E,Zc[rs]w[m] AWk + ijw[ik] Awl = Sj[kl]wj A wlkl,

fi[st]wr Awlstl — Wb A Wik fjk] fi{ﬁ]wr A w[st]_|_

where

7 G i 8‘4@61] Al flrsl i 5
(7) ity = Fiwn — 55— A fie — Eiwy — Fjpdy-
Finally,

Q; - dw; +w2/\w; —wi/\wj +w[ik] /\w[kj] — (IHOdDL)
d(Ajj)w* + Af;d(0* — AWl + Bl dw4
(A5w™) A (Afjw") = Fiyow' Aot = Tigge® Ao,
where
A}

g k 7 3
(8) Ty = — — L g AL+ Al Al + Bl — 00,5

O’ J*

Let us now compute normalization conditions on coefficients R, S,T that are
implied by the normality condition. In order to do this we explicitly compute 0*
for each of these tensors.
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Fix a basis in g: g2 = (E};;)), -1 = (Ei), g0 = (EJZ>7 a1 = (EY), go = (ElW,
Let us note that Killing form B on g is given by tr XY, X,Y € g, and, in

particular, we have:

B(E[ij}aE[iﬂ) = -2
B(E;, EY) = —2;
B(Ei, El) =2.

For simplicity we can always multiply B by —1/2 and assume that the dual
elements to E; and Ejj; are equal to E' and EUM respectively.

Using the identification g* with p,, we can write the tensor R € Hom(A%g_5,g_2)

as an element of A%go ® g_o:

kl s
[[kl][rs]}E[ "AET @ By

Then we have:

"R = Rl

(k0] [rs]] (E[kl] ® [E], By — BV @ [EW, E[ij]]) =

[iJ] [rs] k
> Bl B @ EF.

J
So, we see that 0* R lies in go ® go and can be symbolically written as * R = tr R.
Similarly, we have

and

; j l j Kl j
Z SiyE ® B' - Sy EM @ EY.
1
Thus, we see that 0*S lies in g1 ® g1 + go ® go and can be symbolically written
as 0*S =trS —S.

Finally, we have



Inclusions between Parabolic Geometries 771

and
O'T = Tiyy (B @ (B B ) - E' o [EY B - EM @ B]) =
i j ! i Kl J
> Tja B @ B! = Ty BM @ B,

Consequently, 0*T lies in g1 ® g1 + go ® go and can be symbolically written as
T =trT —T.

Summarizing, we get

Lemma 1. Let ko be the degree 2 part of the curvature of the reqular and normal
B; geometry associated with a non-degenerate distribution D. Then it can be

expressed as a sum of three tensors:
R € Hom(g_2 A g—2,8-2),
S € Hom(g-1 ® g-2,9-1),
T € Hom(g—1 Ag-1,9-1)-
They satisfy the normality conditions:
trR—S5S—-T=0;
trS+tr7T =0.

Remark 3. These normality conditions determine both coefficients Ej?[kl] and Fj;
uniquely assuming that F' has been normalized to be symmetric by the appro-
priate choice of the section s: M — G. Indeed, according to (7) and (8), the
condition tr.S + tr T = 0 reduces to a linear equation on the symmetric part of
Fij:
tr(84, Fy;j + Fjudh) = (1= D (Fjk + Fig) = ...

where the right-hand side depends only on the known terms. This equation
determines the symmetric part of F' uniquely. Similarly, the condition tr R — S —

T = 0 determines E]i.[kl] in a unique way.

Let us also comment on the geometric contents of the computed coefficients
F and F. While the E;'.[k” have completed the definition of the Weyl connection
(describing the differentiation in the g_s—directions as given by the splitting fixed
by the coefficients C'; whereas Aék already fixed the differentials in the g_1—
directions), the symmetric coefficients Fj; represent the homogeneity two part of
the Rho tensor.
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6. NORMALITY OBSTRUCTIONS

Let us compute when our inclusion maps normal Bj-geometry to a normal

Dy 1-geometry. The map a: g — g induces an isomorphism:
a:g/p— g/p.

On the other hand, we can identify g/p and g/p with p, and p, respectively
using Killing forms on g and g respectively. This immediately implies that the
induced isomorphism (of vector spaces) ¢: p4 — p4 has the form:

0 00 0 0 00
. 0 0 00

: , —-Zt00
T V2700

We can fix a similar basis El], E;-, E[ij] in g, where the indices run now from
0 to I, in such a way that

(M) = B,
$(E") = V2E,
o Bpyj = ),
a(E;) = —=(E) + Ejy),

The problem of mapping normal Bj-connections to normal D;iq-connections
can be reformulated as follows. Let k € A?p, ® g be the structure function of the
normal Bj-connection., i.e., it satisfies the equation 0*x = 0. The mapping ¢ can
be naturally extended to the morphism AFp, ® g — A*p, ® g, which is defined
as the natural extension of ¢ on A¥p, and as the embedding o on g.

The normality question can be stated as follows: Under which conditions is the
element ¢(k) € A*py @ g co-closed too?

Let us introduce the operator [0*,¢] = 0*¢ — ¢pO*. It acts from A%p, ® g to
A%py ® g. As k itself is coclosed, it is clear that ¢(x) is coclosed if and only if

0%, 6](r) = 0.



Inclusions between Parabolic Geometries 773

Define the following elements in g:

AB = B —
AEZ == E[Ol] - El

We shall also need the following commutation relations that are easy to com-
pute:

[AE' a(ET)] = —6! AES;
[AEY, of S)]:—d"AEo,
[AE, a(Eppg)] = 6,4
[AE", a(E")] = 0;
[AE", a(Eh] = 0.

Let us compute the operator [0*, ¢| explicitly. For example, for any x =
Eliil A BRIl @ X X e g we have:

¢(r) = BV A B @ o(X);
0" ¢(r) = B @ [EM, a(X)] — EM @ [EF), a(X));
8 (k) = Ell @ [EF] X] — M ¢ B X7,
0" (r) = Bl @ o([EW], X)) — EM @ o([EW], X]) =

B9 B, a(X) - F 5 (B, ().

Here we use the fact that « is a homomorphism of Lie algebras. We get:

(9) [0, ¢]: B A EF @ X — 0.



774 Boris Doubrov and Jan Slovak

Similarly, for k = E* A EUF @ X, X € g we have:
d(rk) = V2EL A EVF @ o(X);
0 ¢(r) = V2E @ [EUF o(X)) = V2EVH @ [ELT o(X);
9% (k) = B' @ [EV X] — EVFl @ [E? a(X));
0" (k) = V2E" @ [a(EVM), (X)) — EVH @ [a(EY), o X)]

_ V2R @ [ o (X)] - %EU’“] ® (B}, a(X)]

1 - i
— — EUM o E0] (X)),
Thus, we get:

(10) [0, ¢]: B' A EVF @ X _%EW ® [AE', a(X))].

Finally, for k = E° A B9 ® X, X € g we have:
o(k) = 2B A BV @ o(X);
§"6(x) = 2B © [EI, o(X)] — 2B @ [E), (X))
Ok=F® B, X]- B o[E,X] - B g X;
60" () = B @ [BY) + B, (X))
B0 g (B0 4 B a(x)] — B @ a(X).
Thus, we get:
(11) [0%,6]: BE°ANFT @ X —
Bl @ o(X) + B @ [AET, a(X)] — EY @ [AE, a(X)).
Lemma 2. The kernel of the mapping
0%, ¢]: A’ py@g— A*hy ®F
contains the following spaces:
(a) A’g2 ® g;

(b) EPAEUM @b, i = 1,...,1, where b; is a subalgebra in g is given by
hi = {X € g | [AE", a(X)] = 0}.

In particular, N._h; = g1+g2, and the kernel of [0%, ¢] contains g1@g2®@(g1+92).
Moreover, the intersection of the kernel with N*g1 ® g is trivial.
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Proof. Ttem (a) follows immediately from (9). To prove the rest we need to show
that the images of g1 ® go ® g and A?g; ® g under the map [0*, ¢] do not intersect.

Let s: g — g be a non-trivial second order automorphism that stabilizes a(g).
Then it is easy to see that a(g) coincides with the +1 eigenspace g'(s) of s in g,
while the elements AE" lie in §~'(s). Hence, for any element X € g the bracket
[AE’, a(X)] lies in g~ !(s) and is either 0 or is linearly independent of a(Y") of any
non-zero Y € g. According to equations (10) and (11), we see that any non-zero
elements in the images of g1 ® go ® g and A?g; ® g under the map [9%, ¢] are
indeed linearly independent.

In particular, the intersection of the kernel of [0*, ¢] with A%g; ® g is trivial.
And the intersection of this kernel with g1 ® g2 ® g is described by item (b). O

Let us decompose k as k1,1 + K12 + k22, Where x;; € g; A gj ® g. Note that

this decomposition is Gg-invariant, but not, in general, P-invariant.

Up to now we have not used the fact that x is coclosed and is concentrated in
the positive degree of the space Hom(A?(g_), g). Using these additional facts, we
arrive at the following result.

Theorem 5. The extension of Bj-geometry to D;i1-geometry is normal if and
only if k1,1 vanishes identically.

Proof. According to Lemma 2 the condition [0%, ¢|(k) = 0 implies that x;; = 0.

Let us prove the converse.

The assertion (a) of Lemma 2 implies [0*, ¢](k2,2) = 0, and it remains to prove
that [6*, ¢](K172) =0.

Let us decompose k = Y. k' according to the homogeneity. In particular,

oy . Z
we have the decomposition k12 =, (K] 5.

The Bianchi identity can be written as:
8’{’(X) Y, Z) = {KJ(K’(X) Y)7 Z)} - {(LZ*)K’(Xa Y)} )

where the bracket {, } denotes the complete anti-symmetrization by X,Y, Z. Ap-
plying this formula to the case X,Y,Z € g_1, we immediately see that the right-
hand side vanishes identically due to the assumption ;1 = 0. Thus, Ox vanishes
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identically on A%g_;. In more detail, for X,Y,Z € g_; we have:
(12)  Or(X,Y, Z) = {([X, Y], 2)} = {[X, r(Y, 2)]} = {r12([X, Y], 2)} = 0.

Note that the map X AY s [X,Y] establishes an isomorphism of A%g_; and
g—2. Then equation (12) means that the complete anti-symmetrization of k12
interpreted as an element of gy ® A?g ® g is identically 0.

Next, consider the normality condition 0*x = 0 in more detail. Denote by pr;
the projection of p; ® g to g1 ® g along go ® g. Note that pr; 9*(k22) = 0. Since
k1,1 = 0 by assumption, the equation 0*k = 0 implies that pr; 9*(k12) = 0. In
more detail, pry 0* restricted to g; ® g2 ® g and applied to x can be written as:

(13) prid g ®epeg—gnes XYeZeXelY, Z],
where X € g1,Y € ¢2,Z € g.

Now, let us prove [0%,¢](k],) = 0 for each i. As j, takes values in g; s,
according to Lemma 2 this equation is satisfied automatically for ¢ > 3. It
remains to consider the cases ¢ = 1,2, 3.

For ¢ =1 we have /1%,2 € g1 @ g2 ®g_o, and it is the only harmonic part of the
curvature. As the space of harmonic curvatures coincides with the traceless part
of g1 ® go ® g_o, we derive that all traces of /4;%’2 should vanish.

We can explicitly write 5%72 as P[[T Sk]] F'@ EUH @ Ejy.g)- Then according to (10)

we have:

1 rs| 1alj ~
[a*a ¢](/€%,2) = _7P[[ ]}E[Jk] & [AEl E[rs] \[ZP Jk] ® E

\/i i[jk

As the tensor P is totally traceless (this can also be derived directly from (12)

and (13)), we see that >, P[ﬂl] = 0 and, thus, [0*, ¢](k] 5) = 0.

Next, for i = 2 we have /1172 =g []k]EZ ® EU¥ @ E;. Then according to (10):

[8*7¢](H%,2) = _TSZ[JHE[]’C] & [AE’ Z [jk]E[]k ® EO

But equation (12) implies that S[Ilm = 0, and the condition pr; 8*(/{%’2) =0is

rewritten as:

l i i k
St B © [EVM, By = Z SiinE' ® B* =0.
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Hence, »_; S i) = 0 and together with S[ j = 0 it implies that > Sf[jk] =0.
Thus, [0*, (15](%%72) =0 as well.

Similarly, for i = 3 we have /1‘12 = Ei @ EUF g E?. Then according

o (10)

z[a k]r

* 1 s il o 7" 3 T
[a 7¢](/€?,2) = _E i[jk}rEUk} ® [AE (E \/’ Z ZZ[]k]T‘ [ ] ® E

As above, equation (12) implies that Z e = 0, and the condition pry 8*(/&?’2) =
0 is rewritten as:

s i k T 7 rk
Zi. B @ [EVM, E7] ZZJJWE ® B = 0.

Hence, > _; V4l ik = 0 and together with Zp . = 0 it implies that > Zf[jk]r =0.
Thus, [0*, qb](ﬁ%Q) 0.

This completes the proof of the theorem. O

Geometrically, the condition k11 = 0 from Theorem 5 means that the curva-
ture tensor of the normal Cartan connection associated with the non-degenerate
distribution D vanishes identically on A%2D. It is clear that this condition is
well-defined and defines a certain subclass in the class of all non-degenerate I-
dimensional distributions on (I 4 1)/2-dimensional manifolds. The example from
S. Armstrong [1] shows that this subclass is not empty.

Example 3 ([1]). Let [ be any integer greater or equal to 4. Let {x;, y;;} be
a local coordinate system on M, where 1 < 4,5,k <[, j < k. We also define
functions yz;) as —y[;x) for k > j. Define a frame:

0
Yiji=5— Xi= TpYiip)-

7 Oy 3% p;l "
1<j<k<Il,1<1<1. As before, we define also Y;) = —Y[;;) for & > j and
Yjjj=0forany 1 <j <l

Clearly, we have [X;, X;] = Y};;) and [X;, Y]j;] = 0 for all 1 < 4,5,k <1 The
distribution D spanned by X1, ..., X; defines a flat normal Cartan connection of
type B; and has a maximal possible symmetry algebra of dimension [(I + 1)/2

among all non-degenerate distributions of rank .
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Now let Xj = X1 + ypgVjzq and Xj = X; for i > 2. Define D’ as a span

of X1,X5,...,X]. Is is easy to see that we still have the commutation relation
[X{, Xj] = =Y} forall 1 <4, j <. But now we also get an additional non-trivial
relation [X{,}/uQ]] = *3/[34].

Thus, using structure equations (2), we see that the only non-vanishing struc-

1[?& = 1. Note that the tensor P defined by (5) with A =0

is already trace-free. So, we see that functions A;k and C[ijk] vanish in this case,

ture coefficient is f

and the only non-vanishing coefficient of the tensor P is P1[i[3142]] = 1. Proceeding to
the coefficients of degree 2, in the same way we get £ = F = 0 and all curvature
parts of degree 2 (tensors R, S and T') vanish identically. Thus, we get w;- =0

and w; =0 mod D+.

In fact, assuming that w; = 0 and wy;;) = 0 (on M), we get a g-valued 1-form
on M, whose curvature is concentrated in degree 1. We can always extend this 1-
form in a unique way to a well-defined Cartan connection w on the direct product
Gg=M x P.

In particular, the structure function x of the constructed normal connection
satisfies the condition k17 = 0, and the connection itself extends to a normal
almost spinorial Cartan geometry. On the other hand, x # 0, and the distribu-
tion D’ is not equivalent to the model distribution D.
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