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0.1 Abstract

This thesis is concerned with the theory of invariant bilinear differential pairings on
parabolic geometries. It introduces the concept formally with the help of the jet bundle
formalism and provides a detailed analysis. More precisely, after introducing the most
important notations and definitions, we first of all give an algebraic description for pair-
ings on homogeneous spaces and obtain a first existence theorem. Next, a classification
of first order invariant bilinear differential pairings is given under exclusion of certain
degenerate cases that are related to the existence of invariant linear differential opera-
tors. Furthermore, a concrete formula for a large class of invariant bilinear differential
pairings of arbitrary order is given and many examples are computed. The general
theory of higher order invariant bilinear differential pairings turns out to be much more
intricate and a general construction is only possible under exclusion of finitely many
degenerate cases whose significance in general remains elusive (although a result for
projective geometry is included). The construction relies on so-called splitting opera-
tors examples of which are described for projective geometry, conformal geometry and
CR geometry in the last chapter.
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0.2 Thesis declaration
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knowledge and belief, contains no material previously published or written by any other
person, except where due reference has been made in the text.

I give consent to this copy of my thesis, when deposited in the University library, be-
ing made available for loan and photocopying, subject to the provisions of the Copyright
Act 1968.
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Before you can fly, you have to learn how to walk!

0.4 Constants and notation used throughout

1.

10.

11.

12.
13.
14.

15.

16.
17.
18.
19.

20.

M: a manifold of dimension n (for CR geometry M will have real dimension
2n+1).

. g: a semisimple Lie algebra of rank [.

[.,.]: the bracket in g.
G': the simply connected Lie group with Lie algebra g.

h: a fixed Cartan subalgebra of g.

. p: a parabolic subalgebra of g.

ko: length of the grading of g.

lo: number of simple roots in S\S,.

a;, t = 1,....1: simple roots of g.

w;, 1 =1, ..., 1: fundamental weights corresponding to the simple roots.

I ¢ {1,...,1}: indices that correspond to simple roots in S\S,, i.e. to crossed
through nodes.

J ={1,...,1}\I: indices that correspond to simple roots in S,.
W: the Weyl group of g.
WP: the Hasse diagram of G//P.

p= Zizl w;: integral weight in the dominant Weyl chamber which lies closest to
the origin.

B(.,.): the Killing form of g.

T'(a): the tensor algebra of a Lie algebra a.

$(a): the universal enveloping algebra of a Lie algebra a.
Z(a): the center of the universal enveloping algebra (a).

gl,C: the endomorphisms of C!. These can be identified with C**.

!'Nolan Wallach, Brisbane winter school in mathematics.
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®: the tensor product symbol.

®: the symbol for the symmetric tensor product.

A: the symbol for the skew symmetric tensor product.

©: the Cartan product of representations.

G: the total space of the principal bundle defining a parabolic geometry.

w: the Cartan connection of G (the Maurer Cartan form of G is denoted by wys¢).
Note that w is also used as a symbol for the geometric weight of a representation,
but the context should make the meaning clear.

A: the adjoint tractor bundle.

V,: the irreducible finite dimensional representation (of g or p) that is dual to
the irreducible finite dimensional representation of highest weight A € h*.

J*V: k-th order jet bundle of a vector bundle V.

J*¥V: k-th order weighted jet bundle.

J*V': k-th order semi-holonomic jet bundle.

J*V: k-th order restricted semi-holonomic jet bundle.

€ or O: the bundle of smooth (or holomorphic) functions of M.

£ the bundle of tangent vectors.

&,: the bundle of one-forms.

V*: the dual of the vector space (representation, bundle, etc.) V.
M,(V): the generalized Verma module associated to a representation V.

. V: a connection.
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0.5 Introduction

0.5.1 What this is all about

It is generally known (see [54], p. 202), that on an arbitrary manifold M one can write
down the Lie derivative Lxwy of a one-form wy, € T'(T* M) = Q' (M) with respect to a
vector field X* € T'(T'M) = Vect(M) in terms of an arbitrary torsion-free connection
V. as

ﬁwa = X“Vawb + anbX“,

where the indices used are abstract in the sense of [54]. This pairing is obviously linear
in X and in wy, i.e. bilinear, first order and invariant in the sense that it does not
depend upon a specific choice of connection. In [43], 30.1, it is shown that all such
bilinear invariant differential pairings

Vect(M) x QY (M) — QY(M)

are given by a two parameter family spanned by £xwy, and X“(dw)p, where d denotes
the exterior derivative. Demanding that a pairing is invariant in the sense that it does
not depend upon a specific choice of connection within the class of all torsion-free con-
nections (in [43] those pairings are called natural) turns out to be rather restrictive.
Instead, one can specify an equivalence class of connections and ask for invariance un-
der change of connection within this equivalence class. This is a standard procedure
in many different geometries. In conformal geometry, for example, one deals with an
equivalence class of connections that consists of the Levi-Civita connections that corre-
spond to metrics in the conformal class. In projective geometry, one is given a projective
equivalence class of connections that consists of all those torsion-free connections, which
induce the same (unparameterised) geodesics. This is equivalent (see [24], p. 2, Propo-
sition 1) to saying that V, and V, are in the same equivalence class if and only if there
is a one form Y,, such that

@awb = Vawb — QT(awb),

where round brackets around indices denote symmetrization, i.e.

1
T(awb) = §(Tawb + waa).

As a consequence, the difference between the two connections when acting on sections
of any weighted tensor bundle can be deduced (see [24], p. 2) and the invariance of any
expression can be checked by hand. For vector fields, for example, we have

VX% = VX% 4+ Tp X+ T X6°,
so the invariance of the Lie derivative can be checked directly. It is also clear that

X“(dw)ab = X“V[awb]



12 CONTENTS

is a first order bilinear invariant differential pairing in that sense, where square brackets
around indices denote skewing, i.e. Vi,wy = %(Vawb — Viwa).

To obtain a more interesting example of a first order bilinear invariant differential
pairing in projective geometry, consider pairings

[(®*TM) x Q8H(M) — O,

where ®2 denotes the second symmetric product and O is the sheaf of holomorphic
(or smooth) functions. The transformation rule for V* € ©*TM under change of
connection is given by V.V = V V% + 27 V% 4+ 27 ,V45 ) This implies

V“b@(awb) = V“bV(awb)—ZVabTawb and
WV Ve = WV V% 4 (n 4 3)wy TV,

where n = dim(M). Therefore the pairing
(n + 3)VOV (qwp) + 2wV, VP

does not depend upon a choice of connection within the projective class.

It is natural to ask the question of whether these are all first order bilinear invari-
ant differential pairings between those bundles and whether one can classify pairings
between arbitrary bundles in general.

In the following we will study exactly this question for a large class of geometries
called parabolic geometries. These are special cases of Cartan’s ‘éspace généralisé’ which
are geometric structures that have homogeneous spaces G/P, where G is a Lie group
and P a subgroup, as their models. They are defined by a generalization of the principal
P bundle

P - G

!
G/P

together with a Cartan connection that generalizes the Maurer Cartan form
w: TG — Lie(G) = g.

Riemannian geometry, for example, can be defined as a (torsion-free) Cartan geometry
modeled on Euclidean space G/P with G = Euc,R, the group of Euclidean motions,
and P = SO, (R), see [55]. In this case there exists a canonical connection, the Levi-
Civita connection, on the principal bundle. If, however, P is a parabolic subgroup of
a semisimple Lie group G, then the name parabolic geometry is commonly used. For
each parabolic geometry there exists an equivalence class of connections (see [20]) and
one can study invariant operators and invariant pairings as indicated above.
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0.5.2 Invariant differential pairings on the Riemann sphere

In this section we will classify all bilinear invariant differential pairings on the Riemann
sphere CIP;. This little warm-up exercise does not only give the reader an idea of how
one might attempt to classify invariant bilinear differential pairings, but also produces
a final formula that will turn out to hold in great generality. More specifically, the
linear equations that we have to solve on the Riemann sphere are exactly those that we
will have to solve twice again in this thesis in a vastly more general setting. One can
see the reason for this phenomena by studying [35], where it is explained how invariant
linear differential operators on CIP; give rise to all standard operators on a general four
dimensional conformal manifold.

The setup

The basic objects that we can pair on CP; are sections of line bundles, traditionally
denoted by O(q), for ¢ € Z, where O(1) is the hyperplane section bundle. For reasons
to become clear later, we will write O(%) for O(q). Invariance on CP; means invariance
under Moebius transformations that act not only on CP;, but also on sections of (9(%)
in a way to be described below.

The sections of O(x) can be described by pairs of functions { fi}iz12 that depend
on one variable z € C and and are related by fi(z) = (79f2(¢) for ( = —%. More
precisely, we are really concerned with local sections of these bundles. In that case the
fi are defined in some (connected) open subset of C and are related on the overlap as
indicated above. We can identify those sections with a function sy : SL,C — C, such

() (0 2)) = (2 )
=5 (1) wmd mo=s( 5 )

o (20) =en (0) = ().

Again, fi, fo and sy need not be defined globally, but may just be given on some
appropriate (open and connected) neighborhood of a point. In the sequel we will neglect
this technicality for this expository example.

SL,C acts on the space of sections by

(¢sp)(h) = s7(¢""h)

Then we have

or equivalently

and hence by

(6f1)(2) = (d — b2)f; (ZZ__bj)
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and

(6£2)(C) = (cC + a)fy (

-(24)
(0f1)(2) = ¢ (D2)(C),

so {@f1,df2} is again a section of (’)(§<). The elements in SL,C are generated by the
following three transformations

¢ +b
CC—HL)’

for

It is easy to check that

L)) = A moro=( L 1)

2. (@) =\ 1fi0%) for o= (01 ) and
3. (6£2)(0) = folC + &) for ¢ = ( Lo )

A general differential pairing in the first coordinate chart z has the form:

!

P:O(X)x0O(%X) — O(%)

P(f.gh(2) = Zaz-j<z><<%)ifl<z>> ((d%)jgxz)),

0]

for some functions a;;(z). P(f,g)2(¢) is defined analogously with ( instead of z. In
order for this to be an invariant differential pairing, the invariance equation

P(of,¢9)(2) = (6P (], 9))(2),

for ¢ € SL,C, has to be satisfied. Moreover, we must have

P(f?.g)l(z) = C_pp(fag)Q(C)7

for ¢ = —z7!, in order to obtain a section of (9(&). The first transformation rule
immediately implies that
) (z+ u))

P (2)e0)
(@2)e+0)

= St () G4

&’

z

<)

u.‘

S8

SN~— /
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and hence that the functions a;;(z) are all constant. The last transformation rule
analogously implies that the a;;(¢) are constant. The second transformation rule implies

Z A2+ =(+d) g ((‘;Zf ) ()\2;;)) ((%) ()\22))
= (@) ) () o)

and hence p = g+ ¢ — 2M for some M € N and every term with ¢ + 7 # M vanishes.
Thus the general M-th order invariant differential pairing looks like this:
! q+q' —2M
X

P:O(X)x0O(X) — O )

P(f.ah(2) = f;w,j«d%)jfl(z)) ((d%)M_jgz(z)),

for some constants vy, ; € C. The equation

P(f,9)1(z) = ¢ 2MP(f,9)5(C),

for ( = —z~!, will determine the constants ;s ; uniquely. This is shown by the following
two lemmata:

Lemma 1. The transformation law

d \ ! dk+1
A (2D) ) = el

holds for an arbitrary function ¥(z), z # 0 and k > —1.
Proof. This lemma is stated in [35] and easily proved by induction. O
Lemma 2. If ¢ ¢ {0,1,....M — 1} or ¢ €{0,1,.... M — 1}, then the equation

Zm (516 (ss0ia))
dM i

= gl Z’VMJ (dga )) <d<M—j92(<)>

uniquely determines the constants yar; as
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Proof. First of all, we use Lemma 1 to compute

ZWM; <d ] )) (%91(2))

Z’}/MJZiMiZ ((22%)j2j+1f1(2>> ((zQ%) o ZM”“91(2)> :

Now we change coordinates ( = —= and therefore 22 ddz = 2. Then we have

Zv s (2L g z2i T gy
M- dz ! dz 91(2)
j=0
_ e (o, A" i1
ch ¢ O | gars 92(0)

- Zv s <Z ()16 ><ﬂ‘—1-q-f%fz<<>>

=0 =1

M J . / M**’L/
M —J . —i—1—g —i' d J
X <Z ( p >H(M—] _q’ _ k)CM j—1—q W@(O)
i'=0 k=1
dM=i

= M Z’YM] (d(i )) (mgz@))

+Obstruct10ns.

Let us look at a general obstruction term

/ d'
CZM*Q*Q —(M—s—t) (dCS f2(<)) (dgtg2(<-)> ,

for arbitrary s,t < M. The constant in front of this term is given by

ing (j i s) ﬁ(j —q-1) (MM—;‘i t) Mﬁ_t(M el

=1 k=1

For s +t = M — 1, we obtain the following M equations:
s(M = $)(M —s—¢ — 1) + ars1(s +1)(s — q) =0, (1)

fors =0,.,. M —1. If ¢ £{0,1,...M —1} or ¢ ¢ {0,1,..., M — 1}, this determines
uniquely (up to scale):

M
TMm,; =
J

o

i 1

M:jl j/ll
J I

1=

.

M-1 7
y(Y) -0l -+
1

q—Z
i=M—j

“i

<.
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Having defined 7, ; like this, the constants in front of the other obstruction terms are
given by

M-1 M-1

. / . Mst 1
[JCEDE ISR s't'z STt

1=s i=t

If t = M — s, then this constant is exactly vass. If s +¢ # M, then this vanishes due

to the fact that .
In
—1)¢ —
> () =

i=0
for all n > 1. So the only terms we are left with are

dM=

M ZVM,J (dcj C)) (dCM jgz(C))-

Therefore, we have proved:
Theorem 1. Ifq ¢ {0,1,.... M — 1} orq ¢ {0,1,..., M — 1}, there is exactly one M-th

order bilinear differential pairing between section of O(x) and O(X) on the Riemann
sphere that is invariant with respect to Moebius transformations. This pairing is given

by:

q+q¢ —2M
X

P:o%) x0%) — o )

P(f.0)(2) = ivM,j«%)jf(Z)) ((%)Mjg@)),

s = (=17 () Tle-n I[ @9

J /g i=M—j

with

The formula in the theorem above also shows a general dichotomy. There is a critical
set of weights K = {0,1,..., M —1}. If g or ¢’ do not lie in K, then there exists exactly
one pairing as described above. However, if ¢,¢" € K, then several peculiar things can
happen. Firstly, for ¢ + ¢ > M — 2, P(f,g) = 0. However, (1) can still be solved
and there exists an invariant bilinear differential pairing. Secondly, in [35] it is shown
that, for ¢ € K, DITL(f) = j;TTl f is a linear invariant differential operator. So, for
example for ¢ = ¢ = M — 1, there are two independent invariant bilinear differential
pairings given by fDMg and gD f. This problem will accompany us throughout this
thesis, where we will always have to exclude certain numbers (weights, representations)
in order to obtain a classification of invariant differential pairings. One main aim will
be to associate a certain meaning to these excluded numbers as we have done here: an
excluded number corresponds to the existence of a linear invariant differential operator.
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Remark

The formula above also appears in [53], Theorem 3.46, as the M-th transvectant of two
polynomials f and g.

0.5.3 Outline of this thesis

In the first chapter we give the basic background to representation theory and parabolic
geometry that is needed in order to understand this thesis. The material (especially
about Lie algebras and representation theory) is fairly standard and may be skipped
by anyone who is familiar with the subject. However, many notations are introduced
that will be used freely throughout this thesis.

In the second chapter the basic notion of an invariant bilinear differential pairing
is introduced. These pairings are the central objects of our study. Firstly, we de-
scribe pairings analytically in terms of (weighted-) jet bundles and define (weighted)
bi-jet bundles. Then we give an algebraic definition and study pairings algebraically
on homogeneous spaces which are the model spaces for the various types of parabolic
geometries. The notion of a generalized bi-Verma module is introduced and we
explain how for invariant bilinear differential pairings these modules play the same role
as generalized Verma modules play for invariant linear differential operators. More pre-
cisely, invariant differential pairings can be described by singular vectors in generalized
bi-Verma modules. A first large class of invariant differential pairings is constructed
with this method. Finally, we discuss in detail the notion of invariance for a general
curved parabolic geometry and end by describing the geometric structures that under-
lie parabolic geometries. Apart from the material in the last section (which is taken
directly from various sources in the literature) the concepts introduced are new. The
computations, however, are modelled on those that are used for describing invariant
differential operators.

The third chapter gives a classification of all first order bilinear invariant differential
pairings for all non-degenerate cases. It is explained how a degenerate case corresponds
to the existence of an invariant linear differential operator. Several examples are given.
The methods used are modeled on the methods of [16]. A (weaker version) of this
chapter has been accepted for publication [45].

The fourth chapter deals with higher order invariant differential pairings for which we
can write down an explicit formula including curvature correction terms. The remark-
able result is that those pairings only depend on the order and neither on the specific
parabolic geometry nor on the vector bundles involved. These pairings are obtained by
using Ricci-corrected derivatives as introduced in [12].

In order to construct higher order invariant differential pairings, the fifth chapter
firstly reviews some deep results about Lie algebra cohomology. Essentially using the
ideas from [7], we then define certain tractor bundles (the M-bundles) that encode
the information about the (weighted) M-jets of sections of vector bundles. An easy
argument shows that the tensor products of those tractor bundles decompose into ir-
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reducible components that are exactly the possible targets for our pairings. The final
step is to define splitting operators that include the bundles in question into these
M-bundles. At this stage, the results cease to be 100% satisfactory. To be more precise,
as in the classification of first order invariant differential pairings, certain representa-
tions (or rather certain geometric weights) have to be excluded. However, we can only
conjecture that every excluded weight corresponds to the existence of an invariant linear
differential operator. We will come back to this point in the last section about open
problems. However, modulo the problem of excluding too many representation than
absolutely necessary, all higher order pairings with exactly the right multiplicity that
we expect to exist and that are curved versions of pairings on the homogeneous model
spaces can be constructed this way. The splitting operators defined in this section are
a generalization of the curved Casimir operator defined in [21]. Finally, we examine
closely higher order pairings for projective geometry. In this case, all the excluded rep-
resentations correspond to the existence of invariant linear differential operators. This
result has also been accepted for publication in [45].

The objective of the last chapter is twofold. Firstly, we take a closer look at three
examples of parabolic geometry that we refer to throughout the thesis: projective ge-
ometry, conformal geometry and CR geometry. Then we describe the tractor calculus
for those geometries which enables one to carry out explicit computations with tractors
in order to get a better understanding of the abstract theory which is used in Chapter
five. Secondly, we explicitly construct some special splittings and show how this leads
to explicit formulae for higher order pairings. In particular, one can in theory write
down all the higher order pairings between sections of those bundles for which we have
written down the splitting, even those pairings with multiplicity. In practice this can
be extremely tedious due to complicated expressions for some tractors. The splittings
that we construct for projective geometry were first written down in [30] and those for
conformal geometry (and conformal weight 0) in [26], but we tried to construct these
splittings in a unified manner which is more adapted to the general flavour of this thesis.

The appendix describes the BGG sequences of projective, conformal and CR ge-
ometry. These sequences are not directly used in any part of the thesis, but they
are mentioned every now and then when we talk about standard operators. For the
convenience of the reader, we have included them as an appendix.

The achievements of this thesis

The most important new results and concepts that we have introduced and proved in
this paper are:

1. The conceptual description of bilinear differential pairings in terms of bi-jet bun-
dles, which are constructed out of jet bundles.

2. The algebraic criterion for the existence of invariant bilinear differential pairings
on homogeneous spaces via singular vectors in generalized bi-Verma modules.
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CONTENTS

. The classification of non-degenerate first order invariant bilinear differential pair-

ings and the characterization of degeneracy in terms of the existence of invariant
linear differential operators.

. A general formula including curvature correction terms for a certain class of higher

order invariant bilinear differential pairings.

. The construction of general higher order invariant bilinear differential pairings

under the exclusion of certain representations.

. A precise analysis of higher order invariant bilinear differential pairings on man-

ifolds with a projective structure including the interpretation of each excluded
geometric weight in terms of the existence of an invariant linear differential oper-
ator.

A note on the length of this thesis

The author is aware that this thesis is probably a bit longer than it necessarily needs
to be. Several calculations are taken from various sources in the literature and have
just been rewritten with our conventions and notations. Wherever this is the case,
an explicit reference to the original source will be given. The reason for including all
those explicit calculations is simple: this text is supposed to be as self contained as
possible and accessible to someone with relatively little background knowledge. The
decisions as to which details to include and which to leave out are obviously based on
the background knowledge of the author. For that I apologize.



Chapter 1

Background

In this first chapter we will give the necessary background needed to understand the
theory of pairings as presented in this thesis. Most definitions are absolutely standard,
but they have to be stated in order to introduce notations that will be used freely
throughout this thesis. The first part of this chapter deals with Lie algebras and rep-
resentation theory, whereas the second part is devoted to the introduction of parabolic
geometries.

1.1 Lie algebras

1.1.1 Root spaces

Let g be a complex semisimple Lie algebra. We fix a Cartan subalgebra § of g and
define
go={X€g: [H,X|=a(H)XVHeh}

for all @ € h*. Then we set
A=A(g,h)={a€eh™: ga #0, a#0}

and call the elements in A(g, h) roots of g relative to h. According to a standard result
in linear algebra we get a root space decomposition

g=bhod @ Ja-

a€A(g,h)

Example

1. Look at
Al = 5[[+1C = {X € g[lJrl(C : tr(X) = 0}

with Cartan subalgebra
n+1 I+1
h= {Z%Hi : Zai :0} )
i=1 i=1

21
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where H; is the diagonal matrix which has a one in the ¢-th entry and zeroes
elsewhere. Therefore we find

I+1
h* = Spaﬂ{@'}i:l ..... l+1/ (Z € = 0) )

i=1

where ¢; is defined by €;(H;) = 6;;. We will denote the equivalence class of ¢; in h*
also by ¢;. If we denote the matrix which has a 1 in the i-th row and j-th column
and zeroes elsewhere by FE; ;, we can calculate

[H, E; | = (a; — a;) Ey,

for H = Zlii a;H;. Therefore E;; € g, and the set of roots in sl;;;C is just

(]
{Ei - €j}i,j:1 ..... I+1-

. The next example is

D; = 509,C = {( é, g ) € gl,C : D= —A" and B, C are skew symmetric} ,
with Cartan subalgebra
b = span{H; = Eii— Eiigyi, 1=1, .., l}.

This yields
f]* = span{ei : EZ'(HJ‘) = (52'7]'}

and one can check that the roots are given by A(g,h) = {£e; £€;}izy.

. The final example is

B :502[+1(C = {( _IiT 8 ) DA 6502[C,U € (CQI},

where we can take h to be the Cartan subalgebra of s05,C included in s09;,;C in
the obvious manner. Hence

h* =span{e; : €(H;) =0,;}

and
A(g,b) = {Fe £ €tz U{Eeitiz,
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1.1.2 Dynkin diagrams
As is proved in [40], p. 48, every Cartan subalgebra h has a basis

S = {al, ...,Oll} - A(Q?h)’

so that every root may be written as a linear combination of elements in S with all
non-negative or all non-positive coefficients. S is then called a system of simple roots
of g. We will fix such a basis &, which induces a partial ordering

Aiu@A—u:ZaiaiwithaiESandaiZO,

7

so that we can set AT(g,h) = {a € A(g,h) : a = 0} for the set of positive roots.
For every X € g, we have a canonical endomorphism ad(X) : g — g with

ad(X)(Y) = [X,Y].
This allows us to define a symmetric bilinear form, the so-called Killing form, by
B(X,Y) = tr(ad(X) ocad(Y))

on g which is non-degenerate if and only if g is semisimple (see [40], p. 22). We restrict
this symmetric bilinear form to a non-degenerate form on b ([40], p. 37) and therefore
on h*. The form on h* can be defined by

B(a, 8) = B(ha,hg) V o, 5 € b7,

where h,, is the unique element in h such that a(H) = B(h,, H) for all H € . For any
root a we define the co-root ¥ = 2a/B(«, «) and obtain the Cartan integers

Cij = B(Oéi, Oé;/),

for all pairs of simple roots a;,; € S. If a, f are roots, then B(«,3Y) € Z ([40],
p. 40). It can easily be seen that S spans A(g, h) over the rational numbers ([40], p. 37
and p. 39) so that the QQ subspace Eg of h* spanned by all the roots has Q-dimension
[ = dim¢ b*. If we also allow real coefficients, we get a real vector space ' = R ®q Ep,
i.e. b* is the complexification of E. In this space E we can look at the angle © of two
roots a, 8 and obtain B(a, 8Y)B(8,a") = 4cos? ©. Therefore our Cartan integers can
only take the values 0,41, 4+2,+3 and we can draw a Dynkin diagram, which is a
graph such that nodes correspond to simple roots, and edges determine ¢;; according to

1. B(a, o)) =2,
2. a; # oy are connected if and only if B(a;, o) # 0,

3. (a) e & Bla,8Y)=—1, B(B,a¥) = —1,
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(b) e+ & B(a,fY) =2, B(f,a") = —1 and

(c) &8 & Bla,8Y)=-3, B(3,aY)=—1.

It is the central theorem of semisimple complex Lie algebras that the structure of F
and the knowledge of the Dynkin diagram determines and is determined by g (see [40],
p. 57,65).

Example

1. In the case of A; we can take
S = {O./i =€ — €41, 1= 1, ,l}

and calculate the Killing form as

1 1
b (Z weis ) bjej) T 20+ 1) (Z b=y 2 aibj) '
A 7 1 ]

Therefore we obtain the Dynkin diagram of sl ;C:

where there are [ nodes.
2. For D; we can take
S={a=€¢—¢€41,i=1,.,l—1, ay=¢_1+¢}
and calculate the Killing form as
1
B (Z aiei,zbﬁj> - <Z b) .
A J i

The Dynkin diagram has the form

HF<

where there are [-nodes.

3. For B; we can take

S:{OKZ'ZEZ'—Q_H, ’izl,...,l—l, al:el}



1.1. LIE ALGEBRAS 25

and calculate the Killing form as

1
) J 7

The Dynkin diagram has the form

where there are [-nodes.

1.1.3 Parabolic subalgebras

Let G be a complex semisimple and simply connected Lie group with Lie algebra g.
Borel subalgebras of g are the maximal solvable subalgebras of g and every Borel
subalgebra is G-conjugate to the standard Borel subalgebra ([40], p. 84)

b=Hhadn

with

- P oo

acAT(g,bh)

A parabolic subalgebra p of g is a subalgebra which contains a Borel subalgebra.
According to the standard form for b we get a standard form for p: Let S, C S be any
subset. Then we set

A(go,b) = spanS, N A(g,h),  A(ps. ) = A%(g,h)\A(go, b)

and accordingly

go = b D @ Ja; P+ = @ Ja-

a€A(go,h) a€A(py,h)

go is reductive and can hence be written as go = g5 +3(go), where 3(go) is the center of gg
and g5 = [go, go] is semisimple of rank | S, |. So finally we get the Levi-decomposition

P=2080Dp+.

To represent p we take the Dynkin diagram for g and cross through all nodes which lie
in S\S,.

If we do not have any crossed through nodes, then S, = & and therefore p = g. If
there are crosses through every node, then S, = () and we get p = b.
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Example

For A;, n consists of strictly upper triangular matrices, because the positive roots are
the differences €; — €¢; where ¢« < j and therefore b consists of all the upper triangular
matrices in A;. We will demonstrate one particular example of a parabolic subalgebra,
the general case being similar.

Let [ =3 and S, = {a, a3}, then p is given by

p= 65[4@

* X X X
* X X X
* X X X

S O O ¥

In this example we have F3y € g_a,, E43 € g_0a; and Fio € g_(ay1ay) lying in p in
addition to the upper triangular matrices. p is represented via the Dynkin diagram as
follows:

X-o-o.

There is indeed more structure to the parabolic subalgebra p given by a so-called
grading.

1.1.4 |ko|-graded Lie algebras

Let S = {a;}i1..; be the simple roots of g with corresponding fundamental weights
{w;}iz1,..4, 1.e. B(wj, ;') = 6; ;. The parabolic subalgebra p is specified by a subset S,
of the simple roots, so that

S\Sp = {ai}iela

where I = {iy,...,45,}. We set J = {j1,...,Ji—io} = {1, ..., 1}\{é1, ..., 7, }. Then we can
define

g; = @ga, where A; —{a—Zn,alEAgh an—]}

a€EA; i=1 el

This yields a |ko|-grading:
=0 4kD. . O 1DgDgLD ... Do,

where [g;, g;] C giv; and g_ = g_j, ® ... g1 is generated by g_;. One can check that
the non-negative part of this grading go ® ... g, = p and py = g1 D ... B gi,- The
integer ky is easily computed: write the highest root v = >, n;a; as a sum of simple
roots. Then kg = .., n;. The following facts are known about this grading (see [18],
Proposition 2.2):

1. There exists a grading element F € 3(go) such that the decomposition of g
corresponds to a decomposition under the adjoint action of E into eigenspaces,
ie. [E,X]|=jX if and only if X € g;.
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2. B(gi,g;) = 0 for all j # —i and the Killing form B(.,.) can be used to define
isomorphisms g_; = gf for ¢ =1, ..., ko.
Remark

In the complex setting, a grading is equivalent to having a parabolic subalgebra p,
see [18]. In the real setting, this is not the case. However, we will start of with a
grading of a real Lie algebra gr that induces a grading of the complexification g and
hence a parabolic subalgebra p C g. The representation theory will then be applied to
the (complex) pair (g,p).

Example

(a) The grading corresponding to the parabolic subalgebra

of A; is given by g =g_1 D go P g1, with

R I S (R R P (R PP

Here we have v,9 € C!, # € C, A € gl,C with tr(A) +z = 0.

(b) The grading corresponding to the parabolic subalgebra

e F<

of Dy is given by g = g_1 @ go ® g1, with

0 0 0 0 2 0 0 0
v 0 0 0A 0 B
g—1: 0 wT O _,UT Eg 790: O 0 —r 0 eg
—w 0 0 0 0 C 0 —AT
and
0 o0 ar
00 —& 0
g1 = o0 o o |€9
00 —5 0

Here we have v, 9, w,w € C1, A, B,C € gl,_,C, x € C and B, C have to be skew
symmetric.
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The grading corresponding to

can be described similarly with

A_l = {—(61 + Ei)}izg 77777 1 U {—61}, Al = —A_l and AO = A\{Al U A_l}.
(¢) The grading corresponding to the parabolic subalgebra

X0 - 0—X

of Ajs1isgiven by g=g 2@ g1 B go D g1 P g2, with

0 00 0 0 0
g o= 000 |€gy,g1= v 0 0 |eg
2 00 0 wh 0
z 0 0
do — 0 A0 cg
0 0 y }
and
0 o7 0 00 z
g = 0 0 w |e€egy,g= 000 |eg
0 0 O 000

Here we have v, 0, w,w € C!, x,y,2,2 € C, A € gl,C and z +y + tr(A) = 0.

1.2 Representation theory

1.2.1 Representations of (complex) semisimple Lie algebras

Let V be a finite dimensional representation of g. We denote the action of g on V by
z.v for all z € g and v € V. An element v € V\{0} is called weight vector of weight
Aebrif

Hv=XH)vV Hen.
We also denote by A(V) the set of all weights that arise via this construction. As in
the last section we write

= P e owd = @ oo
acA*(g,h) a€AT(g,h)

for the raising and lowering subalgebras of g. A vector v € V is called maximal
(resp. minimal) if v is killed by n (resp. n_). A maximal (resp. minimal) vector of
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weight A is called highest weight vector (resp. lowest weight vector) if A = X
(resp. A = X ) for all X € A(V). A weight X\ that satisfies

B(M\a)>0VaeS
is called dominant for g. Moreover \ is said to be integral for g if and only if
B\, aY)eZVa€eS.

We will represent a weight A for g by writing the coefficients B(\, o)) over the i-th
node that represents the simple root a; € S.

Theorem 2 (Theorem of the highest weight). There is a one-to-one correspondence
between finite dimensional irreducible g-modules and dominant integral weights, i.e. ev-
ery finite dimensional irreducible representation of g has a unique (up to scale) highest
weight vector of weight \, which is dominant integral for g and for every dominant in-
tegral weight there exists a finite dimensional irreducible representation of g which has
a highest weight vector of that weight.

Proof. This is the classification theorem of irreducible finite dimensional representa-
tions of semisimple Lie algebras and the proof may be found in [40], p. 113. The
difficult point is to show that the irreducible representation which we obtain for every
A € b* by means of Verma modules (which will be explained in another section) is finite
dimensional if A is dominant integral. O]

1.2.2 Representations of parabolic subalgebras

1. To denote a representation (V, p) of a simple Lie algebra g or a parabolic subalge-
bra p C g we write down the coefficient B(A, o) over the j-th node in the Dynkin
diagram for g, with A being the highest weight of the dual representation (V*, p*).
The details for this construction and the reason for this slightly odd notation is
explained in [3].

2. It is easy to show that the nilpotent part p, of p has to act trivially on any
irreducible p-module. gg = p/p, is reductive and hence the sum of an abelian
algebra 3(go), which has to act via a character on any irreducible representation,
and a semisimple part g5. Since g is semisimple we can apply the above theorem
to g5 and get: the finite dimensional irreducible representations of p are in one-
to-one correspondence with A € h* which are dominant and integral for g5. In our
Dynkin diagram notation that corresponds to having non-negative integers over
the uncrossed nodes. More precisely, a finite dimensional go-module is completely
reducible if and only if 3(go) acts diagonalizably. Unless stated otherwise, we will
always implicitly assume this.
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Example
The go-module g; decomposes into irreducible go-modules
91 - @ E—am
iel

where E,, has lowest weight —a € b* (see [3], p. 129). We will abbreviate E_,, by g} in
the future. Analogously g_; decomposes into irreducible factors g° ,, for i € I, where
the highest weight of g° | is —a.

It is true in general that the dual of an irreducible finite dimensional module of lowest
weight A\ has highest weight —A\.

Example

It can be easily shown ([40], p. 37) that for every oo € A(g, h) and X, € g,\{0} there
exists X_, € g_,, such that X,, X , and H, = [X,, X_,] span a three dimensional
simple subalgebra of g isomorphic to sl;C and that we can calculate B(\, o)) = A\(H,,)
for every o; € S and A € h*. For A4;, X,, and X_,, correspond to E; ;i1 and Ejq;
respectively. We therefore have H,, = H; — H;yq, for ¢ = 1,...;l. So for a weight
A= Zii a;e;, we have

B\, o)) = a; — a4, fori=1,..,1

1.2.3 Composition series and induced modules

Definition 1. We will write composition series with the help of + signs as explained
in [1], p. 1193 and [28], p. 11, so a short exact sequence

0—-A —-A—>A;—0
of modules is equivalent to writing a composition series
A=Ay+ A
If we have two composition series
A=Ay+A; and B=B,+ B,
then we can tensor them together to obtain

Ay @ B,y
AB=A 2B+ © +A QB
A ® By

This can be easily extended to composition series with more composition factors.
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In general, a composition series
B=Aqg+ A +..4+Ap,

denotes a filtration
Ay =AY C ANt C ... CA"=B,

with A; = A"/A™!. We will use the same notation for the composition series of vector

bundles.

Remark

1. It can be noted that every composition series B = Ay + A; + ... + Ay has a
projection B — A and injections A; +.. + Ay — B for j =0,..., N.

2. The dual of a composition series is obtained by writing down the dual of the
composition factors in opposite order, i.e.

B* = A% + A%, + ...+ A

Composition series will occur in our considerations as so-called branching rules
that describe how a finite dimensional irreducible representation of g composes as
a representation of p. In particular, the grading can be looked at as a composition
series of the adjoint representation when restricted to the parabolic p.

Example

The |ko|-grading of the Lie algebra g corresponding to the parabolic subalgebra p can
be understood if we look at g as a p-module. There exits a p-module filtration

_ ~— ko

g_g Dg*kO‘i’lD'.,ngO_

= Bko>
with g = g, ® giy1 ® -+ D gr,- The corresponding composition series is exactly the
grading

=0k Tt Ok

Definition 2. For any Lie algebra a, let 4(a) denote the universal enveloping al-
gebra, which is defined in the following manner: we denote the tensor algebra of a by
T(a) = @P;°, ®"a, then the universal enveloping algebra is defined to be

where [ is the two-sided ideal spanned by X @ Y =Y ® X — [X,Y] for all XY € a.
Every representation of a can in a unique manner be extended to an action of i(a).
Let V be a finite dimensional p-module with dual V*, then

My(V) = U(g) @y V*
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is called an induced module. Here #(g) is a right {(p)-module, V* is a left LU(p)-
module and ®yyy) is the usual tensor product for modules over an algebra. More pre-
cisely

My(V) = (th(g) ®@c V*)/J,

where J is the subspace generated by all uv ® w — v ® v.w for u € U(g), v € U(p) and
w € V* and where the dot denotes the given action of 4(p) on V*. H(g) acts on M,(V)
by multiplication on the left factor.

If V is irreducible, then M,(V) is called generalized Verma module. More infor-
mation about generalized Verma modules can be found in [50], p. 500 and its correlation
to homogeneous vector bundles on G/ P is explained in [3], p. 164.

Remark

Homomorphisms between generalized Verma modules play a decisive role in the classi-
fication of invariant differential operators on homogeneous spaces, see [27]. Bernstein-
Gelfand-Gelfand resolutions ([4]) and generalizations thereof ([50]) have led to the so-
called BGG machinery that produces resolutions of all finite dimensional irreducible
representations of G by invariant differential operators between sections of homogeneous
vector bundles.

1.2.4 The real case

So far we have stated everything in the complex category. However, the theory of
parabolic geometries applies to the complex and the smooth real category. More specif-
ically, we want our theory to apply to real manifolds with a given structure, e.g. real
conformal manifolds. The theory is set up in a way that applies to the real and complex
category at the same time. Although we will, for example, use the usual notation O
for holomorphic objects, we could have also written everything with the symbol C* de-
noting smooth objects. In fact, this is the usual way the theory is presented. For every
real algebra gr, we will always consider its complexification g that can be described
as in the first two sections. In particular, any representation of a real Lie algebra gg
on a complex vector space V extends to a representation of the complexification g and
can be dealt with as described above. In fact, there is a bijective correspondence be-
tween complex representations of real Lie algebras and complex representations of their
complexifications making the complex representation theories of gg and g completely
equivalent (see [19]). This allows us to deal with (almost all) the representation theory
in a complex setting.

If we start with a real representation Vg, we can always form the complexification V
and consider the extension of the representation to g. There are, however, cases when Vg
is irreducible and V is not. A very good example of this phenomena will be encountered
in Chapter 6, when we consider the canonical subbundle of the tangent bundle in CR
geometry. Apart from this example, we will encounter real representations only in the
form of (projective, conformal,..) weights that arise via one dimensional representations
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on R. These representations give rise to line bundles that we tensor other vector bundles
with. This procedure does not affect the representation theory.

The complexification of a |kg|-graded real Lie algebra is |ko|-graded again and the
complexification of the non-negative part of this grading is a parabolic subalgebra as
described in 1.1.4. When referring to specific real manifolds, especially in Chapter 6,
we will state everything in the smooth category.

1.3 Parabolic geometries

Definition 3. We denote the adjoint representation of G on g by Ad. Then we can
define several subgroups of G:

1. P={ge G : Ad(g)(g;) Cg'Vi=—ko,..,ko} and
2. G() = {g eqG Ad(g)(gz) C g Vi= —k’o, ceey ko}

It can be shown ([18], Proposition 2.9) that the Lie algebras of P and G, are p and
go respectively.

Remark

Instead of choosing GG to be the simply connected and connected Lie group with Lie
algebra g, one can alternatively choose G = Aut(g) or G = Auty(g) = Int(g) corre-
sponding to a slightly different geometric structure (orientation, spin, etc.), but our
analysis of pairings is local, so none of these choices affect it.

Remark

In order for an finite dimensional irreducible (complex) representation of p to lift to one
for P, the weight A\ has to be integral for g and not just for p, see [3], Remark 3.1.6
and [19], 3.2.10. Therefore, in our Dynkin diagram notation, the coefficient over every
node has to be an integer and the coefficients over uncrossed nodes have to be non-
negative to yield a representation for P. In the specific examples given in Chapter 6,
we will define real representations that will allow us to have arbitrary real projective
or conformal weights. In other (real) examples, there are different restrictions on the
numbers over the crossed through nodes. We will not discuss this in detail, but give
the precise statements in every case considered in Chapter 6.

1.3.1 Cartan connection

A Parabolic geometry (M, G, g,w) of type (G, P) consists of
(a) a manifold M,

(b) a principal right P bundle G over M and



34 CHAPTER 1. BACKGROUND

c¢) a g-valued 1-form w on e Cartan connection) satisfying the following con-
lued 1-f G (the Cart ti tisfying the followi
ditions:
(i) the map w, : T,G — ¢ is a linear isomorphism for every g € G,

(ii) rhw = Ad(p~") ow for all p € P, where 7, denotes the natural right action
of an element p € P in the structure group, and

(iii) w(Cx) = X for all X € p, where (x is the (vertical) fundamental vector
field on G associated to X € p.
Remark

The dimension n = dimM of a parabolic geometry of type (G, P) is easily computed
to be

dim g — dim g5 — Iy
5 :

Formulae for the dimension of the semisimple Lie algebras g and g are readily available
(see [40]).

Definition 4. We will call the case where the parabolic subalgebra p induces a |1]-
grading, i.e. where kg = 1, the AHS case and parabolic geometries for |1|-gradings
are called almost hermitian symmetric spaces. It immediately follows (in the complex
setting) that a parabolic subalgebra p which induces a |1|-grading must arise from a
subset S, C S, so that S\S, = {a;, }. In the Dynkin diagram notation this corresponds
to having one cross through the node associated to «;,. The reverse statement is
obviously not correct.

n=dimg_=

Definition 5. The curvature of a parabolic geometry is defined to be the curvature
function

k:G — Ag-®g
g — kg with £(X,Y) = dwy(w, (X),w, ' (Y)) + [X,Y], X,V e g_.
One can decompose the curvature in terms of homogeneity degree, i.e.
Rl(g) “Or ® 9s = Bristis L= _kO + 27 D) Sko

or split x in terms of the grading, i.e. x;(g) : A’g_ — g, 1 = —ky, ..., kg. Moreover one
can compose k with a map 0* : A’g* ® g — g* ® g, which is the adjoint to the Lie
algebra differential 0 to be defined in Section 5.1.2. Following [20], we call a parabolic
geometry

1. normal, if 9 ok =0,
2. regular, if it is normal and s’ = 0 for all ¢ < 0,
3. torsion-free, if xk; = 0 for all © < 0 and

4. flat, if kK = 0.
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Remark
The curvature is horizontal, i.e. k,(X,Y)=0forall X e p, Y € gand g € G.
Proof. By definition,

K(X,Y) = —w(w (X),w ' (YV)]) +[X,Y].
Now we use the fact that [w™(X),w (V)] = w™([X,Y]) for X € p which follows
from 1.3.1 (c), (ii) and (iii). O
Example

(a) Projective geometry in n dimensions can be described as a parabolic geometry
with grg = sl(n 4+ 1,R) and a grading whose complexification corresponds to the
grading in Example 1.1.4 (a). The notation via Dynkin diagrams is

X—0o—o ---0—0 -

The first construction of a canonical Cartan connection on projective manifolds
is due to Cartan, see [10]. For a more modern treatment the reader is advised to
refer to [15, 42, 55].

b) A conformal manifold (M, of signature (p, ¢) is equivalent to a normal parabolic
( 9 g
geometry with ggr = so(p+1,¢+1) and |1|-grading as in [16], the complexification
of which is the |1]-grading given in Example 1.1.4 (b). The Dynkin diagram

notation is
X ® - ’_<

for p + q odd. It turns out that this parabolic geometry is automatically regular
and torsion-free (see [18]). The first construction of a canonical Cartan connection
on manifolds with a conformal structure is due to Cartan [9]. See [14] and [15]
for a more modern treatment.

for p + g even and

(¢) A manifold with partially integrable almost CR-structure with non-degenerate
Levi-form of signature (p,q) is equivalent to a regular parabolic geometry with
gr = su(p+ 1,q + 1) endowed with a |2|-grading as in [18], the complexification
of which is the grading given in Example 1.1.4 (¢) with Dynkin diagram

X—o—e - 0—X -
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The torsion-free parabolic geometries are exactly the CR-structures (see [18]).
The original construction of a canonical Cartan connection for CR-manifolds in
three dimensions is due to Cartan ([8]). The general case is due to Tanaka ([60])
and Chern and Moser ([22]).

1.3.2 The homogeneous model

The homogeneous model for a parabolic geometry of type (G, P) is the principal
right P-bundle
P - (

l
G/P

over the generalized flag manifold G/ P together with the Maurer-Cartan form
ch(X> = (lgfl)*X, for X € TgG,

where [, denotes left translation and (/). is the corresponding tangent mapping. The
properties of wy;¢ are easily computed:

1. (lg-1) : T,G — T.G = g is a linear isomorphism with inverse map (l)..
2. Let X € T,(G, then we compute

(rywue)X = wue((ry)X)

= (l(gp)_l)*(rp>*X
= (lp-10lj1071y) X

— (Ad(p ) ol )X
= Ad(p™!) owne(X).
3. We have (1,).X = ((x), € T,G, so obviously wyc((x) = X for all X € p.
The curvature function vanishes identically because of the structural equation
dwne(X,Y) + [wie(X),wne(Y)] =0,

see [55], p. 108. In fact, it is known that the curvature x is a complete obstruction
against local flatness, see e.g. [11, 17].

Examples
(a) The homogeneous model for projective geometry, which we will discuss in some
detail in Chapter 6, is RP,, = G/P with G = PSL, 1R and
% %k
0 =
P=qgelG : g=
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Note that P is the isotropy subgroup of the point e =[1:0:---: 0] € RP,.

(b) The homogeneous model for conformal geometry, which we will discuss in some
detail in Chapter 6, is the sphere S" = G/P with G = SOy(p + 1,q + 1) being
the identity connected component of SO(p + 1,q 4+ 1) corresponding to a non-
degenerate bilinear form g of signature (p +1,q + 1) on R"™2, for example given
by

(20, ¥, Ts) = 20T 00 + (2, ),
where (z,z) is the standard inner product of signature (p,q) in R". P is the
isotropy subgroup of the point

e=[1:0:---:0€S"={[xo:2: 2] €ERPy1 : §(x0,7,25) =0}

(¢) The homogeneous model for CR geometry, which we will discuss in some detail
in Chapter 6, is a real hyperquadric H = G/P in CP,, 4, for example given by

h(z0, 2, Zoo) = 20200 + 20200 + (2, 2),

where (z, z) is the standard hermitian inner product of signature (p,q) in C". So
G =PSU(p+ 1,9+ 1) and P is the isotropy subgroup of the point

e=[1:0:---:0eH={[20:2: 200) € CPyy1 : h(20, 2, 200) = 0}.

1.3.3 Associated vector bundles

For every representation p : P — End(V) we can define a corresponding associated
vector bundle
V=(V,p)=GxpV=(GxV)/~,

where
(gp,v) ~ (g9,p(p)v) Vg €G,p € Pandv e V.

Sections of this bundle can be identified with maps

s:G — Vs.t. s(gp) = p(pil)s(g)

for all g € G and p € P. Equivalently, we can differentiate this requirement to obtain

(Cxs)(g) = =p(X)s(9) V X €p,g € G.

We will write T'(V) = O(G, V)? for the space of sections of V. The tangent bundle T'M
and cotangent bundle 7% M, for example, arise via the adjoint representation of P on
g/p =g =g D... 0 g and its dual (g/p)* = p,. We will denote the bundles and
sections of these bundles by the Dynkin diagram notation for the representation that
induces them.
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Example

1. On a projective manifold M we write

1 00 0 1 -2 10 0 0

Vect(M) = x—e—o ... e = and QI(M) —

2. On a conformal manifold M we write

0
Vect(M) = 248 .. ,< or Vect(M) — L8 33
0

and
0
QM) = F S p< o QM) = F b8
0

3. For CR geometry, the tangent and cotangent bundle are no longer irreducible.
Instead they (or more precisely their complexification) have a filtration given by

1 00 01 -1

Vect(M) = oo .. oex+ S

-1 10 00 1

and

-1 0 0 00 -1

1.3.4 Invariant differential

The Cartan connection does not yield a connection on these associated vector bundles,
but we can still define the invariant differential

VY06, V) — 0G, gt @V)
with
V¥s(g)(X) = Vis(g) = [w ' (X)s)(g), ¥V X €g_,g € Gand s € O(G, V),

It has to be noted that it does not take P-equivariant sections to P-equivariant sections.
In order to ensure that, we can define the fundamental derivative,

D:0G. V)" — 0@G.g V)"
5 = X Vs =w(X)s.
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The distinction between the fundamental derivative and the invariant differential is a
bit artificial and solely done for notational convenience. The bundle G xp g = A is
called the adjoint tractor bundle. The invariant derivative and the fundamental
derivative will be of vital importance in later chapters. Important properties of the
fundamental derivative can be found in [13], Proposition 3.1. We will just prove that
D takes P-equivariant functions to P-equivariant functions.

Proof. Let f € O(G,V)? (where the bundle V is an associated bundle for a represen-
tation p: P — Aut(V)), s € O(G,g)", g € G and p € P, then we compute

Dyf(gp) = w,, (s(gp))f by definition
= W;pl(Ad(p_l)S(g))f by the equivariance of s
= (T’p)*wg_l(s(g )f by the property (c) of the Cartan connection
1

)

d(forpw, (s(g))

p(p_l)dfwg_l(s(g)) by the equivariance of f
)

so Dyf € O(G, V)P, O

Remark

We have

V5 Vy — ViVE = T}(,Y] - V:(X,Y)

for all X,Y € g.

Proof. By definition

K(X,)Y) = dw(w X)), w (Y))+[X,Y]
= —w(w ' (X),w I (Y)]) + [X,Y]

and therefore

Vixy] — Vixy) = W™ (X),w (V)] = V& VY — VE V4.
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Example

In the flat homogeneous model spaces G/ P we have for all X € g, f € O(G,V)? and
g€ G:

(DF@)NX) = wife(X)yf
= 4 rgexp(X))lco

= Flexp1Ad(9) X)g)lico
— (). (Ad(g) X))

Furthermore, the map G — g, g — Ad(g ') X, can be looked at as a section sx € I'(A),
SO we can write

szf = _RXf>

where (Rx), = —(ry)«X is the (right invariant) vector field on G that is derived from
the action of G on O(G, V)T via (g.s)(h) = s(g~'h) for all g,h € G and s € O(G,V)".
Rx takes P equivariant functions to P equivariant functions.

Definition 6. The filtration
g=g P og " o5...og%>{0}

induces a filtration

A= AR o5 gkl 5.5 gho
on the adjoint tractor bundle A = G xp g. For s € A° = G xp p, we have
(Dsf)(9) = wy (s(9)f = (G /) 9) = =A(s(9))f (9)

for all f € O(G, V)", where X : p — gl(V) is the derived action of p. Following [13], we
will denote this action by D,f = —s e f.

Remark

If V is a representation of g, then we can define VY f = D,f + s e f for s € ['(A) and
f€0(G, V). Since VY f =0 for s € I'(A"), this descends to a mapping

VY06, V) = 0G, gt @ V),

which is a linear connection on V, see [13], Proposition 3.2. This connection is called
tractor connection and we will make use of it in Chapter 6.



Chapter 2
Pairings

In this second chapter we will define the notion of an invariant bilinear differential
pairing of a certain weighted order. This will firstly be done analytically with the help
of (weighted) jets. Then we give an algebraic description of pairings on homogeneous
spaces and derive the first important theorem.

2.1 Analytic description

This section is a generalization of the description of invariant differential pairings in [45]
to the case of arbitrary parabolic geometries. In particular, a |ko|-grading with kg > 1
gives rise to the notion of weighted differential operators as detailed in [51].

2.1.1 Filtered manifolds
Weighted modules

Let us examine the universal enveloping algebras of p, and g_ more closely. We will
discuss only the case for p, since g_ can be dealt with by duality. We denote the
tensor algebra of p; by T(p;) = @;-, ®@'p+ and the universal enveloping algebra by
U(py) =T(py)/J, where J is the two-sided ideal spanned by X @Y —Y ® X — [X, Y] for
all X,Y € p,. We can define a weighted grading on those algebras via the following
construction. Let ¢ € N and

E(er) = {u = ZXl’j X...R ij,j < T(er) . Xl,j < gtl,j and Ztm’j =9 VJ}
7 m=1

Since J behaves well with respect to the grading, we can define

Sj

ﬂj(p_i_) = {u = Zlej.'.ijhj € il(p+) : Xlﬂ‘ €O, and Z b = 1 V]}
J

m=1

41
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Definition 7. Let M be a (smooth) complex manifold and
TM=fhr okt 55151 =0

a filtration of the tangent bundle by subbundles. If [s?,s?] is a section of f#*7 for
all sections s? € T'(f7), s € TI'(f) and all integers p,q, then the filtration is called
tangential filtration and M is called filtered manifold.

Example

The grading of g induces a filtration of the tangent bundle on the underlying manifold
M of a parabolic geometry (M, G, g,w):

TM=fhr okt 55151 =0

with |
=G xp(g-i+ ... +8-1)

If the parabolic geometry is regular, then this is a tangential filtration (see [57], Propo-
sition 2.2) and the concept of weighted order is well defined.

2.1.2 Weighted jet bundles

Let M be a filtered manifold with tangential filtration
TM=fhoghtls 55t =0

Following [51], we say that a local vector field X on M has weighted order < i if X
is a section of f~*. The minimum of such ¢ is called the weighted order of X and is
denoted by w —ordX. A differential operator P is said to be of weighted order < p if
P can locally be written as P = 3 X{...X] for local vector fields X{,..., X/ and if
max; {307, w —ordX} } = p.

Let E be a vector bundle (with trivial filtration) over M and denote by E the sheaf
of sections of E. For every z € M, let f*E denote the subspace of E, consisting of
those germs of sections s € £, such that

(Pla, s))(x) =0,

for all a € I'(E*) and all differential operators P of weighted order < k. The weighted
jet bundle is then defined to be

J'E=\J JfE, J'E=E,/iE.

zeM

We can identify J°F = E and obtain exact sequences

O_)fkkyk’Ev_>‘7I€EV_)\7I<J—1_E1_>O7
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for k > 1. A linear differential operator d : I'(E) — I'(F') of weighted order k is a
map

D:J*E - F

with symbol given by the composition map {*J¥E — F. Moreover, we can identify
FTE = (g TM)) @ E, 2.1)

where U(grT, M) is the universal enveloping algebra of the graded algebra

-1
grT.M= P /"

p=—ko

and U_(grT, M) denotes the subset of all homogeneous elements of degree —k (see [51],

p. 237) as defined in 2.1.1. We will give an inductive definition of this space in 5.1.2.
Note that there is a canonical projection J'E — J'E from the first order jet bundle

J'E (as defined, for example, in [59]) of E to the weighted first order jet bundle J'FE.

Remark
We can write down more explicitly
JYE =E,/ff"E = P Hom(U_(9rT.M), E,)

E, /M E 5 [ — Fysuch that Fy(u) = u°f,

where © is defined by (Z,...2))° = (—=1)!Z,...Z; for all Z; € grT,M. Under this isomor-
phism (2.1) becomes apparent.

Example

Let (M, G,g,w) be a parabolic geometry of type (G, P) with the tangential filtration
as in Example 2.1.1. Then we have

grT M= grg- =g, @ D g1

The first order jet bundle J'E of every associated bundle E is an associated bundle
again (see [56], p. 196), which induces the structure of an associated bundle on J'F.
The corresponding p-module

JE=E+g ®FE

has a p-module structure that is induced by the p-module structure of J'E.
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2.1.3 Weighted bi-jet bundles and pairings

For every complex (or smooth) filtered manifold M and holomorphic vector bundle
V over M, we denote by J*V the weighted jet bundle over M as described in the
last section. A bilinear differential pairing between sections of the bundle V' and
sections of the bundle W to sections of a bundle U is a homomorphism

d: TV e JW — U
This pairing is of weighted order M if and only if
(a) k=1= M,
(b) there is a subbundle B of 7MV @ MW, so that there is a commutative diagram

TNV @ MW
! N\ d
TV o JMW)/B % U

and

(c) the map ¢ induces a formula that consist of terms in which derivatives of sections
of V' are combined with derivatives of sections of W in such a way that the total
weighted order is M (i.e. a term may consist of a differential operator of weighted
order k applied a section of V' combined with a differential operator of weighted
order (M — k) applied to a section of W, for k =0,..., M).

In fact, B is characterized by (c) as detailed in the next subsection. We will therefore
write JM(V, W) = (JMV @ JMW)/B for this canonical choice of B. This is not to be
confused with the set of all M-jets of V into W as defined in [43], p. 117, Definition 12.2.

If M = G/P is a homogeneous space, then a pairing is called invariant (some
authors use the term equivariant) if it commutes with the action of G on local sections
of the involved homogeneous vector bundles, which is given by (g.s)(h) = s(g~'h) for
all g,h € G and s € I'(F) (see also Example 1.3.4 and the Introduction 0.5.2).

In general, there is no commonly accepted notion of invariance for manifolds with a
parabolic structure (see [56], p. 193, Section 2). We will deal with this issue by tak-
ing a pragmatic point of view: first of all, every manifold with a parabolic geometry
is equipped with a distinguished class of connections (Weyl connections), as detailed
in [14], p. 42 and [16], p. 54. A pairing is then called invariant, if ¢ induces a formula
that consists of terms involving an arbitrary connection from the distinguished equiv-
alence class, but that as a whole does not depend on its choice. We will discuss this
slightly subtle point further in Section 2.3.
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2.1.4 Description of 7Y (V, W)

Definition 8. Let M be a (smooth) complex filtered manifold and let V; W be holo-
morphic vector bundles (with trivial filtrations) over M. For every holomorphic vector
bundle U (with trivial filtration) over M and every integer k& € N, there exists the
weighted jet bundle J*U and for every 0 < [ < k there is a projection 7} : J*U — J'U
(see [51], p. 237). Let YU_j(grT M) denote the bundle over M whose fibre at z € M is
U (grT, M) as defined in 2.1.2. The projections can be put into an exact sequence

0— (U_p(grTM)) @ U — JU — J*'U — 0

as described in 2.1.2. This exact sequence induces a filtration

k
JU = (grT M) U
=0

= U+ W(grT* M) @ U + Uy (grT* M) @ U + ... + Up(grT* M) @ U

on the jet bundle. The mapping
on = Orp—nm! @M TV @ MW — @ TV o Jw
k+l=M

defines a canonical subbundle B = ker ¢y in MV @ JMW, so that
TV, W) = (TMV @ TMW) /ker .

We will call the bundles 7™ (V, W) weighted bi-jet bundles.

Remark

It is easy to see that the vector bundle J*(V, W) has a filtration

k
TMVIW) = P (grT" M) @V @ thy(grT* M) @ W,

k=0 1=0
which is equivalent to a series of exact sequences

k
0— @ul(ng*M) @V U y(grT* M) @W - THV, W) — TV, W) — 0,

=0

for 0 < k < M. The exact sequence

M
0— P grT M)V &ty i(grT" M)@ W - T (V,W) - " (V,IV) — 0

=0
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gives rise to a symbol o = ¢ o ¢ for every homomorphism ¢ : JM(V,W) — E, i.e. for
every weighted M-th order bilinear differential pairing. As for ordinary jet bundles, we
can define the formal (weighted) bi-jet bundle J>°(V, W) as the projective limit

T2(V,W) — . = TNVW) - T VW) — = TV, W) - VeW — 0.

In the homogeneous case J* (V, W) is a homogeneous bundle with a p-module struc-
ture on the standard fibre 7 (V, W) that is induced by the p-module structures of 74V
and JMW, the standard fibres of 7™V and JMW.

2.2 Algebraic description

This section provides an algebraic description for invariant bilinear differential pairings
on homogeneous spaces. Similar to the situation for invariant linear differential opera-
tors, invariant differential pairings can be described by homomorphism between certain
algebraic objects. There is, however, one major difference. An invariant differential
operator between irreducible homogeneous vector bundles is the same as a homomor-
phism between generalized Verma modules and the existence of such a homomorphism
restricts the possible candidates quite severely. In fact, both generalized Verma modules
have to have the same central character and the theorem of Harish-Chandra implies
that their highest weights have to be related by the affine action of the Weyl group. For
pairings there is no such restriction. In fact, Theorem 4 shows that there are infinitely
many pairings between arbitrary irreducible bundles.

The procedure in this section follows the classification of invariant linear differential
operators on homogeneous spaces as presented by L. Barchini and R. Zierau in the
ICE-EM Australian Graduate School in Mathematics in Brisbane, July 2-20, 2007 and
the author would like to express his gratitude for the the inspiration that these lectures
provided.

For this section define K =R or K = C.

2.2.1 Pairings on homogeneous spaces

Let V,;W and E be K-vector spaces and denote by C*(K™ FF) the space of smooth
(K = R) or holomorphic (K = C) F-valued functions on K" for any vector space F. A
bilinear map

P:C*(K" V) x C*(K", W) — C>*(K",E)
is called a bilinear differential pairing if it is of the form

glal Al
P6.6) = T tas (50 ® 550 ) ¥ (6,4) € CHRAT) X CXENW), (22

a7ﬁ

where a, 5 € C*°(K", Hom(V @ W,E)) and x is a coordinate system. The indices a, 3

are multiindices in the usual sense, i.e. z® = 2{*..2%" for a = (aq, ..., ;) € N™.
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If M is a manifold and V, W, E are vector bundles over M, then a mapping
P:T(V)xT(W) —T'(FE)

is a differential pairing if, in each local trivialization, P is of the form (2.2). The space
of all such pairings is denoted by P(V x W, E).

Let us now assume that M = G/P is a homogeneous space and that V., W and E
are associated bundles that arise from representations A\, v and p of P on the vector
spaces V, W and E respectively. We will denote the derived representations of p by the
same symbols. A pairing is called G-invariant, if

P(l9¢’ lg¢> - lgp<¢7 ¢)
forall g € G, ¢ € I'(V) and ¢ € I'(W) and where [, denotes left translation, i.e.

(lg0)(h) = (¢ oly-1)(h) = d(g~'h) ¥ g,h € G.
The space of all G invariant bilinear differential pairings is denoted by
Po(V x W, E).

We will denote right translation by

(r(X) ) () = 5 Fwesp(t X))o

for f € C*(G,F) and X € g, where F denotes an arbitrary vector space and g is the
Lie algebra of G. It is easy to see that r(X), = (l;).X € T,G is a left invariant vector
field on G. We will write the Lie algebra of G as g = g_ + p, where p is the Lie algebra
of P and g_ is any vector space complement. Let {X;};=1 _, be a basis of g_, then we
can introduce local coordinates on G/ P around gP, g € G:

0:U — G/P
o1, ..y xy) = gexp(z Xy + ... + 2,X,,) mod P,

where U C K" is an appropriate neighborhood of 0. With respect to these coordinates,
we see that
of

(r(X;)f)(9) = 8—%Im:o.

We can canonically extend the action of g via r to the universal enveloping algebra

U(g).

Proposition 1. In each local trivialization, an invariant differential pairing can be
written as

P(¢,¢) =Y Tas(r(X*)g @ r(X7)y),
a,B

where T, 5 € Hom(V @ W, E)), r(X*) = r(X)* - r(X,)* and {X;}iz1
of g_.

n 1S a basis

-----
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Proof. Using the definition of P(V x W, E') and the local trivialization from above, we
can write each bilinear pairing as

P(¢,4) =) aas(r(X*)¢ @ r(X)y),

a?lg

for an g € C*°(G,Hom(V®@ W, E)). If the pairing is to be G-invariant, we can compute:

P(o,9)(g) = (g P(d,9))(e)
= P(lg-10,1-11))(e)
= Zaaﬁ (r(X) 10 @ 7(XP),-110)(e)

_ Zaaﬁ ly-17(X2) ¢ @ ly-17(X 7)) (e)
_ Zaaﬁ r(X*)¢ @ r(X%)¥)(g)
and take T, 3 = a, s(e). -

2.2.2 Generalized bi-Verma modules

Definition 9. Let Y = Y. Y;; ® Y, > be an arbitrary element in 4(p) ® U(p). Then we
define a left (resp. right) 4(p) @ (p)-module structure on (g)®@U(g) and Hom(VRW, E)
by

(u1 ® up).Y ZU1Y;1®U2Y;2

and

(VT ®w)=T (Z eanE u(&@?»w))

respectively. The antiautomorphism © of $(p) is defined by (Z;...2))° = (-1)'Z,...2,
for all Z; € p. Let us denote by

(U(g) ® U(g)) Bup)eup Hom(Ve W, E)

the tensor product of the two U(p) ® LU(p)-modules and abbreviate ®ypyzup) by
Furthermore we define an action of P on (4(g) ® t(g)) Rupeup) Hom(V e W, E) by

p-(uy @ ue®T) = Ad(p)ur ® Ad(p)ue®@pu(p) o T o A(p) ™' @ v(p)~"

and denote by
P
((¢h(g) ® U(9)) Bup)eup Hom(V e W, E))

the space of elements which are fixed under this action.
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Theorem 3. There is an isomorphism
Pe(V x W, E) = ((4(g) ® 4(g)) @up)eup Hom(V e W, IE))
Proof. Let us define a mapping
(U(g) @ U(g)) Rup)oup Hom(VeO W, E) — Po(V x W, E)

\Y%
Z (Z Uij1 @ uijg) ®T; (Z (Z Uij1 @ uij,Z) ®Tg> ;
j i J i

where

<Z (Z Uija1 @ Uz‘j,2> ®TJ> (¢, ) = Z 1; <Z (T(Uij,1)¢ ® T(Uij,QW)) :
We will proceed in several steps:

1. We will first show that this is well defined. Using the fact that
r(uY)f =o(YO)r(u)f
for all uw € U(g), Y € U(p) and f € C>°(G,F)” (and we have denoted the action
of p on F by o), we can prove that the mapping is well defined for the tensor

product ®, i.e.
(1 @u2).Y @T) = (uy @ us @ Y.T)" .

To keep notation simple, let Y =Y} ® Y5 € U(p) @ U(p). Then we compute
(m @u)Y)@T)(¢,9) = (mY1®uYe®T)"(,¢)
= T(r(uY1)¢ @ r(uYa2))
= T )r(ur)o @ v(Yy)r(uz)y)
= YT (r(u1)¢ ®r(uz)y)
= (muweYT) ()

2. Let us first compute for X € g, ¢ € C>®°(G, V)’ g€ G and p € P:
d
(r(X)o)(gp) = d—cb(gpexp(tX))lt:o

= —¢(gexp(tAd(p)X) )i=0
= A( H(r(Ad(p) X)¢)(9)-

The same is obviously also true for ¢ € C*°(G, W)? and we see that

(w1 ® w&T)"(¢,9)(gp) = T((r(w1)¢)(gp) ® (r(uz)v)(gp))
= T(A(p)"'(r(Ad(p)u1)9)(9) ® v(p) " (r(Ad(p)us2)¥)(9))
= M(p)_l( .(U1®U2®T)) ( )( )

So (u1 ® ue®RT)V(p, 1) € C®°(G,E)? if and only if (u; ® us®T) is fixed by the
action of P as defined above.
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3. It is clear that this defines a G-invariant pairing since r and [ mutually commute,
see Proposition 1.
4. Injectivity follows from the fact that, as vector spaces,
(Ug) © Ug)) Supoup) Hom(V o W,E) = (U(g-) ® U(g-)) @c Hom(V @ W, E)
and the differential operators r(X®) are linearly independent for X € $i(g_).
5. The mapping is surjective by Proposition 1.
O

Corollary 1. Let us now specialize to the case that G is semisimple and P is a parabolic
subgroup as described in the last chapter, i.e. G/ P is a generalized flag manifold. More-
over, we assume that the representations of P come from representations of the parabolic
subalgebra p C g. Then we have an isomorphism

Pe(V x W, E) = Homyg) (My(E), (U(g) @ £h(g)) Qupaup V@ W) .
Proof. We have the following isomorphisms:

1(g) ® 4(g) Gupeuiy) Hom(V @ W, E)

1%

U(g) ® U(g) Bupeup (VW) @E
= () @ (o) Bupeup (VO W)") OE,

since the U(p) @ LU(p) action on (V@ W)* ® E as defined in Definition 9 is given by the
derived action of p on (V ® W)* and the trivial action on E. This isomorphism is an
isomorphism of P modules with the action given in Definition 9. Therefore

(Lh(g) ® U(g) up)oum) Hom(V®W E))”
= Homp(E", U(g) ® U(9) @upoup (Ve W)")
= Homy,, (E*, U(g) ® U(g) ®u (p)@U(p) (V ® W) )
= Homyg) (8(g) @uip) B, U(g) ® th(g) © p (VO W))
= Homyg) (My(E), 4(g) @ LU(g) @uipesup (V® W) )

The second but last equality follows from the algebraic Frobenius reciprocity, see [62].
O

Definition 10. Let us define
My(V, W) = (U(g) ® £h(g)) Qupeup V" @ W
and call this module, following [23], a generalized bi-Verma module.
Proposition 2. M,(V,W) is a 4(g)-module with action given by
X.(u1 @ up®@v @ w) = (Xuy @ ug + u; @ Xug) Qv @ w.

Note that the restriction of this action to p is exactly the derived action of P from above.
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Proof. The action of P as defined on
(41(g) ® U(g)) ®Hom(V @ W, E) = (tl(g) ® t(g)) ©V' @ W' ® E
is just the tensorial one. This implies that the action of P on
(4(g) ® U(g)) @V @ W*

as used in Corollary 1 is also just the tensorial one. For simplicity, let X,Y € g and
v* € V' w* € W* and look at the derived action of £ € p:

XY @uw*) = [£X]Yv @ w* + X ® [€,Y]®v* @ w*
+X QYR Qu* + X ® YRu* @ '
= X QY @uw' + X ® Y ou* @ w*.
This action can be extended to g (as in Corollary 1) and it is exactly as described
above. O]
Remark

The module M,(V,W) can be defined as a direct limit as follows. As a go-module, we
have the isomorphism

My(V,W) = H(g-) ®@c U(g-) ®c V' ®@c W*
that allows us to define
M,(V, W), = {u1@ua@v*@w™ € U(g_)oU(g_ )@V @W* : w; € Uy, (g-) and I+l < k}.
This induces a filtration
0C V' @W" C My(V,W); C--- C My(V, W) C Mp(V,W)pyq C--- C My(V,W).

Proposition 3. The notion of invariant bilinear differential pairings on generalized
flag manifolds G/ P as given in Section 2.1.3 is equivalent to the definition given in this
section.

Proof. Let
P:T(V)xI'\W)—I'(E)

be an invariant bilinear differential pairing. According to the last section, this is equiv-
alent to having a homomorphism

TV, W) — E,

for some M. Since the pairing is invariant, it is determined by its action at the identity
coset eP where it determines a p-module homomorphism

TV, W) - E.
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We assert that J%(V, W)* = M,(V,W); for every k > 0 and prove the assertion by
induction. For & = 0 the assertion is trivial. Let us assume that the assertion is true
for kK — 1 and use the exact sequence

k
0= P hips) @V thy(py) ®W 5 THV, W) — TV, W) — 0.
=0

~Y

Taking duals of this sequence together with the isomorphism p, = g* proves the
assertion. Now we can use the dual map

E* — JY(V,W)* 2 M,(V, W)y, C My(V,W)
together with the Frobenius reciprocity
Homy (E*, M,(V,W)) = Homyg) (M, (E), M,(V,W))

and Corollary 1 to prove the claim. O]

2.2.3 Singular vectors in M,(V, W)
Definition 11. A vector © € M,(V,W) is called singular vector of weight p € h* iff
1. X.©=0forall X €nand

2. HO = pu(H)O for all H € b.

Remark

Note that we allow singular vectors to be of the form 1 ® 1&f, where f; is a highest
weight vector of an irreducible component of V* @ W*. These weight vectors correspond
to zero order invariant bilinear differential pairings. So, for example, contraction of a
k-form with a vector field is included.

Proposition 4. Singular vectors in M,(V, W) are in 1-1 correspondence with invariant
bilinear differential pairings, where we assume all modules to be irreducible.

Proof. Using Theorem 3 it is clear that each invariant bilinear differential pairing
['(V) x I'(W) — I'(E) induces a singular vector by looking at the image of a highest
weight vector of My(E) in M,(V,W).

Conversely, for every singular vector © € M,(V, W) of weight pu, it is enough to
define a #(g)-module homomorphism

Mp(E) — Mp(V, W).
This is easily done by
Y.(1®eh) — Y.0,

for Y € 4(g) and e a highest weight vector in E* of weight p. It only remains to show
that there is a finite dimensional irreducible p-module of highest weight p, i.e. that u
is dominant integral for p. The following lemma ensures this. O
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Lemma 3. M,(V,W) is the direct sum of finite dimensional irreducible g, modules.

Proof. As a go-module

I

My(V, W) U(g-) @ U(g-) @ V' @ W~

> My(V) @ My(W).

Now we can use the fact that M,(F) is the direct sum of finite dimensional irreducible
go-modules (see [50], p. 500) for every finite dimensional irreducible representation F of
p. O

Note that the above homomorphism is not a homomorphism of g-modules. In par-
ticular, the sum of the central character of M,(V) and M,(W) cannot be used as the
central character of M,(V,W).

Theorem 4 (Main result 1). Let G/P be a generalized flag manifold with a filtration
of the Lie algebra g as in 1.1.4. Fiz two irreducible finite dimensional representations
V and W and let v§ (resp. wg) be a highest weight vector of V* (resp. W* ) with highest
weight X\ (resp. v). Moreover let oy, i € I, be a simple root. Then there exists an
mwvaritant bilinear differential pairing

L(V)xT'(W) — I'(Eng)

of weighted order M for all M € N and all i € I, where Ey; is the finite dimen-
sional irreducible representation of p that is dual to the finite dimensional irreducible
representation of highest weight A + v — Ma;.

Proof. For i € I as above choose elements X, € g4,, X0, € 9-o, and H,, € h such
that [X,,, X_o,] = Ha, as in Example 1.2.2. Let us define a vector ©%; for every M > 0
and ¢ € I by

M
@% = (Z ,YM,inai ® X%J:j> ®U8 ® U)S, (2?))
=0

for some constants 7,7 ;. To show that @g{_ is annihilated by n it is sufficient to show
that X, annihilates @Q{ for all « € S. If @ # «, then [X,, X_0.] € ga—a, = 0.
Moreover each X, annihilates vj and wg. This implies that ©2' is annihilated by all
Xo, o € S\{a;}. In H(g) we have the equality

XaiXﬁai = XﬁaiXai + kXE;}H% + akXE;il’

where

ar = k(l — k‘)
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Here we have used that [H,,, X_o,] = —i(Ha,) X, = —2X_,,. Using this, we can
compute

M
X0, 0% = O vi(AHa,) +a)) X7} @ X7
j=0

g (M = §)v(Ha,) + an—) X o, © X207 H&0p @ w.

So we obtain M equations that have to be satisfied for ©}; to be a singular vector:

Ve (G +1) (@ —3) + (M —j) (¢ = M +j+1) =0, (2.4)

for j =0,1,... M — 1 and ¢ = A\(H,,) = B(\,«)) and ¢’ = v(H,,) = B(v,«;). These
equations are exactly the equations that we had to consider in (1) in the Introduction.
Since there are more unknowns than equations, this system can be solved for 7, ; to
obtain an (at least) one-paramter family of solutions. The corresponding ©%; has weight

H.0% = (A + v — Ma;)(H)OS,

which is exactly the highest weight of ©" g’ |, ©® V* © W*, where ® denotes the Cartan
product of representations (see [25]). We can now define an inclusion

Mp(Eni) —  Mp(V, W)
Y.(1&e*) — Y.0% VY eig),

where Ej;; is dual to an irreducible finite dimensional representation of p with highest
weight A + v — M«;. This defines an invariant differential pairing of weighted order M

F(V)x (W) — T'(Ew).

Corollary 2. 1. With the situation as above. If
¢= B\ o) ¢{0,...M—1}

or
¢ =Bv,o)¢{0,...M — 1},
then there exists (up to scalars) exactly one singular vector © of the form ©%;.
2. If ¢ > 0, then there exists an invariant linear differential operator

D(V) = D(Ex—gs1a,)

Analogously if ¢ > 0, then there exists an invariant linear differential operator

TW) = T(Ev—(g+1)a:)-
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Proof. The first statement follows immediately by looking at the rank of the matrix
that describes the linear equations (2.4) from the proof of Theorem 4.
Say g > 0, then
Ui =X ®uy € My(V)

is a singular vector of highest weight A — (¢ + 1)a;. This vector can be used to define
a g-module homomorphism

MP(E)\*(qul)ai) - Mp(V)>

which in turn defines an invariant linear differential operator I'(V') — I'(E\_(g+1)a;)
(see [3], Theorem 11.2.1). The situation for W is exactly analogous. O

Remark

A short examination of the linear equations (2.4) shows that if ¢ € {0,1,..., M —1} and
q¢ €{0,1,...., M — 1}, then there could be a one parameter family or a two parameter
family of singular vectors depending on the relation of ¢ to ¢'.

2.2.4 Examples
1. M =1: We define for a,b € C:
O = (al @ X_o, +bX_,, ® 1)Qv; @ wp,
then
X,,. 0% = (av(H,,) + bA(H,,))1 ® 1&v; @ wy.

Choosing a = A(H,,) and b = —v(H,,) yields a singular vector of highest weight

A + v — «; which is exactly the highest weight of V* ©@ W ® g’ ,. But in case
AN H,,;) = v(H,,;) = 0, we can choose a, b arbitrarily and obtain two independent

i

singular vectors. Note that
A(Ha,) = B(A, o),

so these numbers are exactly the numbers that we write over the i-th (crossed
through) node in the Dynkin diagram notation for V.

Of course, the singular vectors described above correspond to the pairings like

v+1 0 0 01 w 0 0 0 0 v+w—1 1 0 01

1
(X% f) — w f(VaXb—ﬁéachXC)

_<U + 1)(vaaf - %5achvcf>’
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0 0
v 1 0 0 0 v+w 2 20 0 0
>< o—o cee >< >< . . . ces

0 0

1
a = wf(v(aXb) _gabchc)

1
_U<X(avb)f - Egachvcf)

or

w 0 0 0 w v 0 0 0 2 wHv 0 0 1 —24w'+’

(f,g9) = w'fVag—1'gVaf.
For the notational conventions used here, we refer to Chapter 6. Note that the
pairing P(f,g) = wfV,g —vgV,f is skew in f, g for v = w, so the corresponding
(non-linear) homogeneous operator of degree two given by f +— P(f, f) vanishes.

This is an example of a situation where the setup in [23] differs from the setup
presented here.

2. We can even go further and define
0 = (al @ X2, +bX_o, ® X_o, + X2, ® 1)Quj @ wg,
for some constants a, b, ¢ € C. This yields the following equations
2a(v(H,,) — 1) + bA\(H,,) 0
2¢(M(H,,) — 1) +bv(H,,) = 0.
On RP,, for example, this corresponds to pairings like

w 0 0 00 v 0 0 00 —A4+v+w 2 0 00

(fvg) = (w_l)wfvavbg
~———

“2w = D= 1)V Vg

b
+ (v —=1)vgV,V,f.
~———

[

In this case a; = «a; with A(H,) = w and v(H,) = v. The general pattern for
these pairings will be determined in Chapter 4.

2.3 Invariance

2.3.1 The homogeneous case

So far we have only properly defined invariance on the homogenous model spaces G/ P.
Invariance here means that a pairing is invariant with respect to the action of G on
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the sections of the vector bundles involved as in Section 2.1.3. In Proposition 3 it was
proved that there is a bijective correspondence between invariant bilinear differential
pairings

L(V)yxI'(W) - T'(E)
and P-module homomorphisms
TV, W) - E,

for some M.

2.3.2 Weyl connections

Definition 12. Let P, = exp(p. ), then it is easy to see ([18], Proposition 2.10) that
P/P, = G and we can consider the following two principal bundles

P — g P/P+:GO — go :g/P+
l  and !
M M

In fact, Gy is the frame bundle of grT M.
A Weyl structure is given by a Gy-equivariant section o : Gy — G. Writing the gq
component of the Cartan connection on G as wy, one can define the pullback

v = U*(Wo),

which is a principal connection, the so-called Weyl connection, on Gy. This defines,
for each choice of Weyl structure, a linear connection on M.

Remark

Similarly to the remark made in the Introduction, we again have to issue a warning at
this stage. Our considerations are of a completely local nature, so we can always restrict
ourselves to an appropriate open set in M and consider local Weyl structures. This
is especially important in the holomorphic setting where a global Weyl structure might
not exist (due to the lack of partitions of unity that exist in the smooth category).
We will ignore this problem throughout the thesis and always implicitly restrict our
considerations to an appropriate coordinate patch.

Definition 13. Let A = G x pg be the adjoint tractor bundle induced by the adjoint
representation of P on g. The grading of g induces a grading on A:

A=Ay, + ...+ Ay,
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Lemma 4. For each parabolic geometry (M, G, g,w) of type (G, P) the space of global
(possibly after restriction to an appropriate open coordinate patch) Gq equivariant sec-
tions o : Gog — G is a non-empty affine space modeled over the space of all one-forms
on M. More precisely, let o and 6 be two such sections, then

o(u) = o(u) exp(Ti(u)) - exp(Ty,(u)),
where T = (Yq, ..., Tg) €A1 & -+ & Ayy) =T(grT*M).
Proof. A proof may be found in [20], Proposition 3.2. ]

Let p : P — GL(V) be an irreducible representation, which is therefore determined by
pla, : Go — GL(V). Then each Weyl structure induces a connection on the associated
bundle V =G xpV = Gy X¢g, V. Let 0 and 6 be two Weyl structures related by T
as in Lemma 4, then we denote the corresponding connections on V' by V and V. An
explicit formula for the difference V — V is given in [20], Proposition 3.9:

. (—1)L . .
Ves = Ves+ Y ~—(ad(Ty,) 0 o+ 0ad(T1)"(&)) e s, (2.5)
i+i=o L
where l = (j1> -"7jk0)7 (_1)1 = (_1)j1+...+jk0a Hl” = ]1+2]2+ ' '+k0jk07 l' = ]1' o 'jk0!7
&= (& k& 1) € T(grTM) and where @ : A° x V' — V is induced by the repre-
sentation p x V — V. We will give an explicit version of this formula for projective,
conformal and CR geometry in Chapter 6.

Remark

Let us choose a Weyl structure with corresponding Weyl connection V on every irre-
ducible associated bundle V' as above. Let F and F' be associated bundles that are
induced by representations of p which, as go-modules, are completely reducible. Exam-
ples are irreducible p-modules or p-modules that are the restrictions of representations
of g, as we shall see later. The Weyl structure induces a trivialization of these bundles
into a direct sum of irreducible subbundles (see the last chapter about trivializations
of tractor bundles for each choice of Weyl structure and how these trivializations vary
when changing from one Weyl structure to another Weyl structure). A semi-invariant
differential operator is given by a formula that consists of terms, each of which is induced
by a mapping
EXL oA o E -2 F

where ¢ is induced by a homomorphism ® : @ p, ® E — F of go-modules. A semi-
invariant differential pairing is defined analogously. For the classical groups, semi-
invariance is usually defined as in [38] via local coordinates. However, Weyl’s classical
invariant theory implies that these two definitions are equivalent for the classical groups,
see [38], Section 4. Hence our definition extends the notion of semi-invariant operators
(pairings) to arbitrary parabolic geometries.
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Definition 14. A bilinear differential pairing (linear differential operator) on a parabolic
geometry is called invariant, if it can be written as a semi-invariant formula as de-
scribed in Remark 2.3.2 for any choice of (local) Weyl connection in such a way that the
formula as a whole does not change (i.e. does not involve any Y-terms) when changing
from one Weyl connection V to another V. In other words, it has to be independent
of the choice of Weyl structure.

2.3.3 Weyl structures and filtrations

Let V=V’ D> V!> ... > V* D> {0} be a filtered p-module, so that
1. 3(go) acts diagonalizably,

2. the associated graded module
grV = grogVe griVe - grsV,
with gr;V = V?/V**! has the property that g;.gr;V C gr;;V and

3. the action of p exponentiates to an action of P.

Then ¢grV is a decomposition into completely reducible go-modules and we can look at
the associated bundles

V=G xpVand grV =Gy xXg, gV =Gy Xg, V.
Every Weyl structure is given by a Gg-equivariant section o : Gy — G. A choice of
such a section gives an identification oy : grV — V by
UV<U7 U) = (O'(U), U)‘
Since o is Gp-equivariant, this is well defined. Let 6(u) = o(u) exp(Y1(w)) - - - exp( Vg, (w))
be a different Weyl structure. Then

ov(u,v) = (o(u), (exp(Ti(u)) - - exp(Tr,(u)))v)

and hence
A1

g, ooy(u,v) = (u, (exp(=TLi,(u)) - - - exp(=T1(u))).v).
This implies that we can write v € V' as

Vo
U1

Vs

for any choice of Weyl structure. Under change of Weyl structure this changes to

—_—
Vo Vo
U1 v — Tl ® Vg

' (=) (ko 1Y o 1
US Z“l“+1:5 ]‘ (Tko O-++0 Tl ) [ ] UZ
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Example 1

Let us look at an irreducible representation V of p. As discussed in the last section
grJ'V =V &g, ® V. According to the above discussion, for every choice of Weyl
structure, we can write
(+)
2

for the elements in J'V. Under change of connection, these elements transform as

v\ v

o) \eo—Tiev |’
The action of Z € g; on groJ'V = V will be determined in the next chapter and can
be written as Z.v = ([Z,.]).v € griJ'V = g*; ® V. Therefore

—

(:2): ( ¢_<ad<§é1)<.>>.v)-

For & 1 € gr_yT M, the transformation law for the Weyl connection is given by
@5—18 = vf—ls - (ad(Tl)(S—l)) ®Ss.

One has to be careful about the abuse of notation here: the actions of p on the various
vector spaces are all denoted by a dot ‘.”, although we refer to different actions. The
corresponding actions of A? are also all denoted by a bullet ‘e’. The above implies that

the mapping
S iy
(v.)

which is written with respect to a specific Weyl structure (more precisely, both the
identification of J'V with grJ'V and the connection V are chosen with respect to
the same Weyl structure), is in fact independent of the Weyl structure and hence an
invariant differential operator

0G, V) — 0G,T'V)F.
We will see in the next chapter that the invariant derivative really takes P-equivariant
sections to P-equivariant sections.
Example 2

Let V be an irreducible p-module, so that the action of p exponentiates to an action of
P. The fundamental derivative D can be written as a pairing

D:VxA—=V.
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The grading of the vector bundle A can be written as grA =A_ @ Ay ® A, according
to the filtration of g = g_ + go + g+ as a p-module. For every choice of Weyl structure
we can therefore write sections of A as a 3-tuple. Under change of Weyl structure, this
3-tuple changes as

T o
Xo | = | Xo+ 2yjeizo %(ad(Tko)jko o---oad(T1))(&)
o *

Now D is given by

I'(V)xIT(grA) — I'(V)
(Uv (5>XO>PJ)) = Vev — Xp e,

Using equation (2.5) to determine how V changes and the description of how the split-
ting changes shows that this definition is independent of the Weyl structure.

Remark

Let V and W be two filtered p-modules satisfying the conditions in Section 2.3.3 and
let gr® : grV — grWw be a go-module homomorphism. We denote the corresponding
mapping between vector bundles by gr¢. Then a choice of Weyl structure determines
a mapping

¢y =owogrooay V. — W.

It immediately follows that ¢ is independent of the Weyl structure (i.e. ¢5 = ¢, ) if and
only if gr® is a p-module homomorphism.

Lemma 5. 1. If there is a P-module map ® : V — W, then the corresponding map
oG, V)" — 0(G,wW)"

s — dos
1S tnvariant.

2. The invariant differential

oG, — 0@G,J'V)"

s — (s,V¥s)
and the iterated fundamental derivative

0G, V)" — 0@G.e'geV)”

s — DFs

are invariant.
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Proof. The first statement follows by taking N = 0 in 2.3.2 and making use of Re-
mark 2.3.3. The invariance of the invariant derivative and the fundamental derivative
was proved in Example 1 and 2 for irreducible p-modules. The general case follows
from the fact that they are constructed by using the Cartan connection w, which is
intrinsic to the parabolic geometry, and they do not make any choice of specific Weyl
structure. In order to obtain explicit formulae like in the examples, one can write down
the corresponding formulae for each gq irrreducible component and keep in mind that
the individual components are not invariant, just the expression as a whole. We will
see many examples of this subtle point in Chapter 6. Finally note that the symbol of
DF is given by
ANV L ARV
with @ : ®@%(g/p)* @V — @Fg* @ V.

Remark

1. All the pairings and operators to be defined in this thesis are combinations of the
invariant operations defined above and are hence invariant the sense of Defini-
tion 14.

2. In the literature ([13, 16, 17]) it is quite common to use the term natural to
describe the operators in Lemma 5. Those natural operators are defined to be
systems of operators D(g . for a certain category of parabolic geometries that
behave well with respect to morphisms of that category. It can be shown (see, for
example, [20]) that natural operators (pairings) on the category of flat parabolic
geometries (which are locally isomorphic to the homogeneous model, see [18],
Proposition 4.12) are exactly the (translation-) invariant operators (pairings) as
defined in Section 2.2.

2.3.4 Geometric structures

The description of certain geometric structures on manifolds as parabolic geometries
is a complicated issue and it is not trivial to show that various familiar structures
(projective, conformal, CR) are equivalent to parabolic geometries of a certain type.
The paper [18] is dedicated to this problem and we will state (following [20]) the upshot
of these considerations without going into too much detail.

Definition 15. 1. An infinitesimal flag structure of type (g,p) on a smooth
manifold M is given by a filtration

TM=T" "M>...>T M,

such that the rank of T"M equals the dimension of g’/p, and a reduction of the
associated graded vector bundle

grTM = gr_, ,(TM) & --- & gr_(TM),
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with gr;(TM) = T°M/T ' M, to the structure group Gy. Since we can take
g =g 1k D - PDg_1 as the modeling vector space for gr(T.M), the reduction is
defined via Ad : Gy — GLg,(g-).

2. Let
TM=T"M>.-.->T M

be an infinitesimal flag structure of type (g, p) that makes M into a filtered man-
ifold. There are two ways of defining a bracket gr(T M) x gr(TM) — gr(TM):
firstly, we can use the reduction of grT’M to the structure group Gy and the
(algebraic) Lie bracket on g_. Secondly, we can use the fact that M has a tan-
gential filtration to define the Levi-bracket that is induced by the usual bracket
of vector fields. The infinitesimal flag structure is called regular, if those two
brackets coincide.

Let us assume that no simple factor of g lies in gy and that g does not contain any
simple factors of type A;. Then the following theorem can be proved.

Theorem 5 ([18]). 1. If (g,p) does not contain any simple factor of the form

X—o—o - -0—@ or X—o—e@ .:<j )

then there is an equivalence of categories between reqular parabolic geometries and
reqular infinitesimal flag structures.

2. If (g,p) contains a simple factor of the form given above, then there is a bijec-
tive correspondence between regqular parabolic geometries and underlying P-frame
bundles of degree two (reductions of the second order frame bundle).

Remarks

1. Infinitesimal flag structures can equivalently (see [20]) be described in terms of
frame forms of length 1 in the sense of [18], Definition 3.2. From this descrip-
tion the theorem above is proved by a prolongation procedure.

2. The condition that the algebraic bracket is equivalent to the Levi-bracket can
equally be stated in terms of structure equations as in [18].

3. The conditions in the theorem above are equivalent to demanding that certain
(Lie-algebra-) cohomology groups H}'(g_, g) vanish (see [18, 65]).

4. The second excluded case in the theorem above corresponds to so-called contact
projective structures. A comprehensive treatment of contact projective structures
can be found in [31].
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Example

If the grading of g is of length one, then the filtration of the tangent bundle is trivial
and an infinitesimal flag structure is equivalent to a reduction of 7'M to the structure
group Gy.

1. For the choice of G and P as in Example 1.3.1 (b) and 1.3.2 (b), we obtain
Go = CO(p,q), so an infinitesimal flag structure is equivalent to the choice of
a conformal class of metrics (with signature (p,q)). For n = 4, for example, a
different choice of G leads to Gy = S(GL(2,C) x GL(2,C)), which is a 4 — 1
covering of CO(4,C). Reductions of the structure group of TM to this group
correspond to spin structures, see [27].

2. For the choice of G and P as in Example 1.3.1 (a) and 1.3.2 (a), we obtain
Gy = GL(n,R), so it is obvious that an infinitesimal flag structure does not carry
any information at all. Rather, we have to look at the underlying P-frame bundle
of degree two. This is the first excluded case in the theorem above.



Chapter 3

The first order case

This chapter describes a classification of all (non-degenerate) weighted first order in-
variant bilinear differential pairings on a general regular curved parabolic geometry
(M, G, g,w) of type (G, P) that we consider fixed throughout the rest of this thesis.
Furthermore we characterize degenerate pairings via the existence of invariant linear
differential operators.

3.1 The obstruction term

3.1.1 The possible candidates

In the following we will fix two finite dimensional irreducible representations given by
A:p— gl(V) and 7 : p — gl(W). Moreover denote the highest weights of V* and W*
by A € b* and v € h* respectively. Sometimes we will want to include this additional
information about a representation in the notation: for any irreducible representation
E of p we will write E,, to record that E;, has highest weight u € b*, i.e. V.=V, and
W=Ww,.

There are two exact sequences associated to the first weighted jet bundles of V' and
W

0— U_1(grTM))* @V — TV -V =0

and

0— U_1(grTM))* @W — T'W — W — 0,

which are the weighted-jet exact sequences as described in the last chapter. All these
bundles are associated bundles, so on the level of p representations we have

0-gV—->TJV-V—-0

and
0—>91®W—>J1W—>W—>O.

65
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In other words, there are two filtered modules
JV=V+g,0V

and
jIW:W+g1®W.

Therefore the tensor product has a filtration

RV W
TVRIT'W=VoW+ ® +019VRg oW,
Vg @W
The p-module structure of
Vg @W
T'VW) =T VeI W/(@geVegaoW)=VeW+ ®
g VW

is such that
OG,V'R0O(G W) 3 (s5,t) = (s®t,s@V“t,Vs@t) € OG, T (V,W))"

is well defined, i.e. maps P-equivariant sections to a P-equivariant section. In order to

,,,,,,,,,,

lemma holds.

Lemma 6. Let

p: IV J'W—J(V,W)
be the canonical projection, let Z € p and let (v, X @ v) @ (wp, Y @ w) € J'V@ J'W.
Furthermore define the action of Z on J*(V,W) by

DN Z)p((vo, X @ v) @ (wo, Y @ w)) =
~ 5\(2)2]0@’(1}0—’—1)0@5(2)’(110
M2 @Y @w+u@ (Y@ Z)w+[Z,Y]g @w+ Y, 1% @0([Z,Ew]p)wo)

X ®v® (2 )wy + (X DNZ v+ 12, X]g @ v+ 0% @ MIZ, 5al]p)fuo) ® wo

where [.,.]q denotes the bracket in g followed by the projection onto a subspace a of g.
Then the mapping

OG,V'@0(G W) 3 (5,t) = (s®t,s@V“t, Vs @t) € OG, T (V,W))"

s well defined, i.e. maps P-equivariant sections to a P-equivariant section and therefore
defines an isomorphism

THWVW)2G xp THV,W).
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Proof. We have the following canonical projections:
J'V— TV, JW— JTW
and
J'VeJ'W— JHV,W).

It is therefore sufficient to define the p-module structure of J'U for an arbitrary repre-
sentation U of p and to check that s — (s, V¥s) is a well defined mapping

06, U)" — 0(gG, J'U)"

that takes P equivariant sections to P equivariant sections. In other words, that the
mapping s — (s, V¥s) defines an isomorphism J'U = G xp J'U.

So let p : p — gl(U) be a representation of p and denote the representation of p on
J'U by j'p. First of all note that

—(z5 = —w HZ)s = —-Vs=p(Z)s

for every Z € p and s € O(G,U)¥. This shows us exactly how to define the represen-
tation j'p.

_CZ(Sa v§8) = (_ %87 _VQZ) &S)
= (p(2)s,=V5V3ys = Viz x5+ Vizx)
= (p(Z2)s,p(Z2)Vks+p([Z, X]p)s — Viz x), 5)
= j'p(2)(5, V%),

for all Z € p and X € g_. Note that we have used the fact that the curvature of any
Cartan connection is horizontal (see Remark 1.3.1). This determines the action j'p on
an arbitrary element (u, ) € J'U =TU @ Hom(g_,U) via

T p(2)(u,0) = (p(Z)u, p(Z) 0 6 + plady(2)())v — @ 0 ady_(2)).

Using the isomorphism Hom(g_, U) = p, ®U, we can write elements in J'U = Udpp, @U
as linear combinations of simple elements of the form (ug,Y ® u). Then the action of
Z € p is given by:

jlp(Z)(UOv Y® u) = (p(Z)U()? Y ® p(Z)u + [Z’ Y] ®u+ Zﬁa ® p([Z, fa]P)u())'
This follows from

Y ®@u)(adg_(2)(.)) = Bladg_(2)(.),Y)u=—B(,[Z,Y])u=—([Z,Y] ® u)
as a map g_ — U, where we have used that B(g;,g,;) =0V i # —j, and from

p(ady(2)())u =Y 1" @ p([Z, Ealp)u.

It can now be easily checked that j 1(5\, ) is exactly the induced representation under
the projections and tensor products given above. O
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Corollary 3. gq acts tensorally on J'(V,W). If Z € g2 ® ... ® g, then

3 ) (2)p((vo, X @ v) @ (wo, Y @ w)) = 0.
If Z € g4, then

0
PPN Z)p((00, X ®0) @ (wo,Y ®w)) = | 10 ® Do 1 @ #([Z, 6]
2 N @AMZ, Er])vo @ wo

We will call this term the obstruction term.

Proof. Using [g;, ;] C gi+; for all 4, j, these considerations follow easily from the fact
that p, acts trivially on W and V. O]

The reason for this setup is given in the following lemma.

Lemma 7. Weighted first order bilinear invariant differential pairings
L(V)xT'(W) - T(E)

in the flat homogeneous case G /P are in one-to-one correspondence with p-module ho-

momorphisms
JHV, W) — E.

In the general curved case, these homomorphisms yield (modulo scalars or curvature
correction terms) all weighted first order invariant bilinear differential pairings.

Proof. The first part of the lemma concerning pairings on homogeneous spaces was dis-
cussed in 2.3.1. In the general curved case, as mentioned above, the p-module structure
of J1(V, W) ensures that the mapping

O(G, V)" © O(G, W)" 3 (s,t) = (s @t,5 @V, Vs @ t) € O(G, T (V,W))”

is well defined. The composition of this mapping with p-module homomorphisms
JHV, W) — E yield, following [17], strongly invariant differential pairings of weighted
order one. These are independent of the choice of Weyl structure, see [12], Section 5.1,
and Lemma 5. An arbitrary invariant differential pairing of weighted order one can be
restricted to the flat model, where it is given by the above construction. The original
pairing on a general manifold with parabolic structure can then differ only by scalars
or curvature correction terms from the strongly invariant operator. 0

Looking at the exact sequence of p-modules

g1V W
0— ® — TV, W) - VoW — 0,
Vg W



3.1. THE OBSTRUCTION TERM 69

it is clear that a p-module homomorphism J!(V, W) — E onto an irreducible p-module
E induces a go-module homomorphism

g1V W
o SE
Vg W

and so the only candidates for E are the irreducible components of g ® V® W viewed
as go-modules (or as g5 modules, since 3(go) acts by a character). However, not every
projection 7 is a p-module homomorphism. In order to determine which 7 are allowed,
we use Corollary 3 to note that the action of go on J'(V, W) is just the tensorial
one, so J1(V, W) can be split as a go-module. But p, does not act trivially as on any
irreducible p-module, so in order to check that a specific projection is indeed a p-module
homomorphism and not just a go-module homomorphism, the image of the action of
p., when acting in J*(V, W), has to vanish under . This is exactly the obstruction
term from above. On the other hand this is obviously sufficient for 7 to be a p-module
homomorphism.

3.1.2 Casimir computations
Lemma 8. Let V be a finite dimensional irreducible representation of go and let A be
the highest weight of V*. Moreover let {Y,}, {Y*} be dual basis of go with respect to

B(.,.) and denote by py = %ZaeAJf(go) half the sum over all positive roots in go. Then
the Casimir operator c =) Y,Y* acts by

c¢(A) = B(A, A+ 2po)

onV.

Proof. 1t is well known that the lowest weight of V is —A. Now let v_) € V be a lowest
weight vector and take

C = Z hzhz + Z (xax—a + x—a-roz)a

a€AT(go)

where {h;}, {h'} are dual basis of b and x, € ga, T_o € g_o are dual with respect to
B(.,.) for all @ € A*(gp). Since v_, is a lowest weight vector, it is killed by all z_,, so



70 CHAPTER 3. THE FIRST ORDER CASE

the action of the second term is given by

Z (oo + T _oTo) vy = Z T qTo-U_x

aeA*(go) a€AT(go)

= Z —[Ta, T_o]v_x
a€AT(go)

= Z —hg.v_y
aEA*(go)

= Y Alha)voy
a€A*(go)

= Y B(ha ha)voy
aEAT(go)

= Z B\, a)v_y
a€AT(go)

= B(\ 2po)v_j.

Here, for every p € b*, h, € b is the unique element with u(H) = B(h,, H) for all
H € by and [z4,2-0] = B(Za,T—a)ha = he as in [40], Proposition 8.3. The first term
obviously yields >, A(hi)A(h')v_x = B(X, A)v_y, see [40], 22.3. By the Schur lemma,
we deduce that the action of ¢ on the whole representation V is given by B(\, A+ 2p).
Finally we note that ¢ is independent of the choice of basis. m

Lemma 9 ([16]). The obstruction term can be written as

0
Vo ® (Ziel Z;n:zl CVO'i,]' ﬂ-l/ai,]-(Z ® wo))
<Z’i€I 23%:1 C/\T@jﬂ-)\TiJ (Z ® UO)) & Wo

where

g V=V, &. .0V, adg,oW=W,, &..6W

Ti,ng Ti,m;

forv=1,....ly, are the decompositions into irreducible go-modules with corresponding
projections Ty, ; and Ty, ; and where

oy = 5 (elhig) — ) = e(—ax)).

Proof. Writing down the obstruction term as a mapping

Vg W
@91®V®W—> @ )
g RIVRW
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with

D(Zovew) = ( 00 ® X ot @ P([Z, €] ) |

Yoo Mot ® :\([Z, Ear])vo ® wo

allows one to use the Casimir operator to turn this into an easier expression.
Let {Y,}, {Y*} be basis of gg, orthonormal with respect to the form B(.,.) as in
Lemma 8. The Casimir operator of gq is ¢ = Y ¥,Y* and we compute

Z,60] = Y B [Z,&))Ya
= ZB([YG,Z],&I/)YM

where in the first equality we have written the element [Z,{,/] € go in the basis {Y,}
and the second equality follows from the associativity of the Killing form. Furthermore

= S 0V, 2], 6a) © MYa)vg

= Y v Z) @ AV,

a

where this time we have written the element [Y* Z] € g; in the basis {n, }. Inter-
changing {Y,} with {Y*}, the same calculation can be done to obtain an analogous
expression

Z[Ya7 Z] ® S‘(Ya)vo = Zna’ ® ;\([27 5@’])” = Z[Yaa Z] ® S‘(YQ)UO'

a a

This yields

IV ZI@ MY v = %ZYQYQ(Z(X)UO)

a

1 a 1 a
—52(3@5/ Z)@v — 522@ (Y, Y 0)

- % Z 2 <C(Ti’j) - C<_ai) - C(/\)) WATi,j(Z & UO)a

iel j=1

where —q; is the the highest weight of (g})* = g*,, 7;; ranges over the highest weights
of the duals of the irreducible components of g} ® V and Tar; ; denotes the corresponding
projection.

Exactly the same calculation can be done for ), 1o ® [Z, £y ].w O
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Lemma 10. With the conventions as above,
_ 2 2 _ 2 2
20, = |75 + plI” = 1A+ plI" and 2¢,0, ; = [loi; + plI” = llv + oI,

where p=>;_ wp = %zaeAﬂg,b) a 1s the half sum over all positive roots in g and

ll* = B, ) ¥V o € b7

Proof. We will do the computation for V, the case of W being analogous. Let u be
the highest weight of E*, where E C gi ® V is an irreducible component. First of all,
we note that E* C g°, ® V*, so p can be written as A plus a weight of g*,. But all
weights of g* | have the form —a; — 37, nja;, s0 A — p—a; = > nja;.

Now use the equation

2B(p, ;) = B(p, o) )| ail|* = [|ews |
to deduce

200 = B, 4+ 2pg) — B(AA+2p0) — B(—a;, —a; + 2pg)
= B, pt+2p) — B\ X+ 2p) — 2B(p — po, pp — A) — [lail|* + 2B(e, po)
= g+ pl? = X+ ol +2B(p — po, A — i — ;)
=l + ol = IX+ 0l

because

B(p—po,\—p—ao;) =B (Zwi,anaj) =0.

il jed

]

If E, is one of the irreducible components of g; ® V® W, then we denote by Wfij u

the projection V., - @ W — IE,(Lk) onto the k-th copy of E, in the decomposition. Wﬁu u

is defined analogously as the projection onto the k-th copy of E, in V& W, .. Every
projection
Vg W
m: &> —E,
G RQVRIW

can be written as
U1 ® Z1 @ wy _ Z k
T < Zy @ Vg @ wo ) - —~ Ui kT s (WATM (Z1®v) ® wl)

+ Z bai,j,kﬂ-ii’j‘u (UZ ® 7TIJO'(Z2 & w2)) )

i7j7k
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for some constants a,,,, and b,, ;. In order for a projection 7 to be a p-module
homomorphism, 7o ®(Z ® v ® w)) = 0 has to hold for all Z € g;, v € V and w € W.
This reads

™o (I)(Z XUV U)) = Z aTi,]’,kc)\Ti,j7T7k':i7j/.t<7r>\7'i7j (Z ® U) ® w)
1,7,k
+ Z bo'i,j7kc’/0'i,j7r(l7€'i’ju(v ® TrVUi,j(Z ® U)))
1,5,k

= 0.

Let z denote the number of copies of E, in gy ® V® W, then there are 2o unknowns
and z equations. Since Z, v and w are to be arbitrary and all Wfi,ju<WATi,j(Z ® V) @ w)
lie in different copies of E,, we can think of those elements as constituting a basis {e;}
of ®E,. The same is true for the different 7r§l_’7, u(0® Ty, ((Z ®w)), which constitute
a different basis {f;}. Hence there is a linear isomorphism f; = Y, A;je; connecting
those two basis and we obtain x equations

aiCrr(i) + Z bjc,,g(j)Aij =0,2=1,.., 2,
J

where 7(i) (resp. o(7)) denotes the representation corresponding to the index i (resp. j),
i.e. the i-th (resp. j-th) copy of E, lies in V. ;3 @ W (resp. in V@ W,;)). If all ey, # 0,
then the constants a; are uniquely determined by the b;’s.

This yields an z-parameter family of invariant bilinear differential pairings if ¢y, ; # 0
for all 7, j such that E, C V., @ W. If ¢\, ; = 0, then there exists an invariant linear
differential operator

D(V) = T(V,,).

where V., . is the associated bundle to the representation V., .. The roles of the a; and
b; can, of course, be interchanged, so that we can alternatively exclude the situation
where ¢,,, ; = 0, which corresponds to the existence of first order invariant differential
operators I'(W) — I'(W,, .). Thus we have proved:

.3

3.2 Classification

3.2.1 The main result

Theorem 6 (Main result 2). Let V and W be two finite dimensional irreducible p-
modules, so that V* and W* have highest weights A\ and v respectively. Furthermore
denote the decomposition of the tensor products by

giov=v, e.aV, ,i=1.,l

and A
g QW = Wo,, @ ... ® Wami, 1=1,... 1.
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If exryy # 0 for all i,5 such that E, C Vo, @ W or ¢, ; # 0 for all i,j such that
E, CVQW,, , then there exists an x-parameter family of first order invariant bilinear
differential pairings

L(V)xL(W)—T(E,),

where x is the number of copies of E,, in g1 QVOW. Modulo curvature terms, all invari-
ant bilinear differential pairings of weighted order one on regular parabolic geometries
are obtained in such a way.

Corollary 4. The situation is considerably simplified if there is only one copy of E,, in
91 @V W. More precisely, let
E,CV

Tij

 OWand E, CVRW,, . .
Then we can choose a = ¢y, ; and b= —cy, ;. if we normalize the projections correctly.
Every multiple of this pairing is obviously invariant as well. It also shows what happens
if weights are excluded:

L. If exr,;, = 0, then we must take b =0 and a is arbitrary. This corresponds to the
existence of an invariant first order linear differential operator I'(V') — I'(Vy, . )
combined with a unique projection I'(V,, . ) @ (W) — I'(E,).

2. If ¢yo, ;, = 0, then there exists an invariant first order linear differential operator
L(W) — T'(W,,,,). This operator can be combined with the unique projection
I(Wo, ,,) @ (V) — T'(E,), i.e. we must take a =0 and b is arbitrary.

3. Iferr, s = Cuoyy, = 0, then the statement of the main theorem is not true anymore.
We obtain two independent pairings corresponding to the two invariant linear
differential operators and the projections mentioned above.

Corollary 5. Let us briefly ezamine the condition cy, = 0 for the special case that
T=AN—q © € 1. This implies

Car = _B(A7 ai)‘

This implies that cyx, = 0 if and only if the number over the i-th node (which is crossed
through) corresponding to the simple root «; in the Dynkin diagram notation for V is
zero. This equation is in accordance with the situation considered in Theorem 4 and the
Introduction.

Remark

Let us write h = h° @ 3(go) for the orthogonal decomposition of b into

bS:span{h% cjeJtandj(go) ={Hebh : a;(H)=0Vje J}
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The duals can be characterized by
(bs)* =span{a; : j € J}, 3(g0)" = span{w; : i € I}.

If we write A = A\g + X\ for the decomposition of an arbitrary element A\ € h* into
Mo € (B%)* and N € 3(go)*, then the following proposition holds.

Proposition 5. The equation cy,, , = 0 is equivalent to

BN, (—w)) = Cgo(n,j)o
1
= —5B((7iz)o: (Tiz)o + 2p0)
—B (Ao, Ao + 2p0) — B((—ai)o, (=)o + 2p0)),
where we have written X = X\ + X for Ao € (h%)* and N € 3(go)* and correspondingly
—Qy = (—Oéi)o -+ (—Oéi)/, Tij = (7'1'7]‘)0 + )\I -+ (—Oéi)/.

Note that the tensor product decomposition of (g%)*@V* only depends on Xy and (—a;)o.
This is a linear equation on X', so in Theorem 6 we have to exclude a codimension one
subspace of weights in 3(go)* for every 7, ; withE, C V., @ W.

Proof. This is a direct computation using the fact that 3(gg)* and (h*)* are orthogonal
with respect to B(.,.). In order to see this take A € 3(go)* and u € (h%)*. Then
hy € 3(go), i-e. a(hy) =0 for all @ € S,. Now use the fact that (h*)* is spanned by S,
to deduce that

B, p) = p(hy) = 0.
[

Corollary 6. We will treat two special cases separately. The case where p induces a
|1|-grading and the case where p = b is a Borel subalgebra.

1. Ifp induces a |1|-grading, then 3(go) is one-dimensional and spanned by the grad-
ing element E. The action of E on any irreducible representation of p is given by
a scalar which we call geometric weight. 3(go)* is then spanned by w;,, where
I = {ig} and we scale the inner product B(.,.) to an inner product (.,.) on h*, so
that (w;y,w;,) = 1.

The highest weight X\ of V* can be written as A\ = Ao — ww;,, where w is the
geometric weight of V and Xy € (h%)*. The geometric weight of g1 is obviously
1, so —ay, = —wjy + (—ai)o. IfF C g7 ® V* has highest weight 7, then F has
geometric weight w + 1 and we can write T = 79 — (w + 1)w;,. Then we obtain

_ 0
Car = W — C)\O7-07

where

1
Sore = 5 (70,70 +2p0) — (Ao, Ao +2p0) — ((—avig)o, (—aig)o + 2p0))

in accordance with [16].
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2. If p = b is a Borel subalgebra, then 3(go) = go = b. In this case g @ V =V,
with 7; = A — «; fori € I ={1,...,n}. It immediately follows that

Car, = —B(A\, o).

Example

Let us look at the |1|-grading given by

%,”,<:.

Then w;, = €; and —a;, = €3 — €;. This implies

-2
1 . ¥
(—y)o = €2 = Zozj + E(al_l +ap) €span{a; : j=2,...,1} = (h%)".

j=2
Moreover py = 2222 wj=(l—2)er + (I —2)ea+ (I — 3)e3 + ... and hence
((—cvigJo, (=g Jo + 2p0) = 20 = 3.

Let us be even more concrete and set

0
A= Yoo - 0»< =(w+1)e + €
0

and look at 7 = vey, i.e. 9 = 0, w = —(v + 1) and A9 = €2. Then
w=c., e 2 -2)+v=0.

Note that n = 2] — 2 is the dimension of the conformal manifold under consideration
(the flat model being the sphere S™). Of course, we could have also calculated

2 2 _
I+ ol = I+l =

(2l —24w).

3.2.2 Examples

We will look at pairings on projective manifolds of dimension n. In this case invariance
means that a given formula does not depend on the choice of connection in the projective
equivalence class. More precisely, recall from the Introduction that if V and V are two
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connections that induce the same unparametrized geodesics, then there is a one form
T, such that
Vawb = Vawb — Tawb — waa

for every one form w, € Q'(M). This formula can be used to deduce the difference of
the two connections when acting on any weighted tensor bundle as shown in [24] and
from this the invariance of any differential operator or pairing can be checked by hand.

1. Let
w 00 00 I4v 0 0 0 1
V= Xxeee.06e and W= x—e-9.. e

so we look at pairings between weighted functions and weighted vector fields. We

have
10 01 00 00
GIRAVOIW= eoo..0-0¢ & oo .. o9
S . . o n o nv+n+1
as go-modules and geometric weights w; = —w 5 for V and wy = —*24= for

W. Taking po = 0 yields ¢}, = 0 and ¢ , = n — 1. This corresponds to the

. . .« . . . . _l’_]_ .
invariant pairing (where we have multiplied everything by —™==):

(n+v+ 1) XV f —w(V, X f.

2. Quite similarly we obtain an invariant paring

w 0 0 0 0 v—=2 1 0 0 0 v+w—4 2 0 00

(f,o0) = (v—2)0 Vi f —w(Voy)f

from the fact that in this case wy — % = —"(v —2) for W = Q'(v).

1000 T n+l

3. A more sophisticated example can be obtained by taking

1+v 0 0 01 w—(k+1) 0 0 010 00
V= x—ee.. 069 JI= X—e=eo ... 0909 . . oo

~-
1 is in the (k+1)th position

and

vtw—(k+1) 0 0 0 1 0 0 0

E = X  -e-e .. e-e-e e-e

~
1 is in the (k+1)th position

i.e. we pair weighted vector fields with weighted k-forms to obtain weighted k-
forms again. This time the multiplicity is two and indeed, for non-excluded ge-
ometric weights, there is a two parameter family of invariant bilinear differential
pairings given by

n+v—w—ovw+vk+1 k+1

X S xe
(n+v+1)(v+1) (Vo X wpe. a o1 (Vi X)whe...q

Xavawbc...d +
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and
(n—k)w
m+v+1)(v+1)(k+1)

w
Xav[awbc...d] + (vaXa>wbc...d - —(v[aXa)wbc...d}-
v+1
It can be seen that the denominators can only be zero when excluded weights are
encountered, because w.l—cgo(ﬁ)o = — 5 (ntvu+l) gnd W= )y = — g (0+1)
for V. If one of these is zero, then the corresponding operator X — V,X* or

X— VX — %VCXC(Sb“ is projectively invariant.

3.3 The Problem with higher order pairings

For higher order pairings the reasoning in the last section quickly gets out of hand. In
the second order case for |1]-graded Lie algebras, for example, we have the following
problem: the possible symbols are given by mappings onto irreducible components of

g VW
®

R VRg QW .
®

Ve olg @W

Therefore we have
IXx{EC @@ @ VOWH+{EC g ®@V®g @ W}

unknowns corresponding to the terms which are second order in V', those which are
second order in W and those which are first order in both. However, there are

2x{EC g ®V®g oW}

obstruction terms. So it is not clear that we should obtain any pairings at all if there are
more obstruction terms than unknowns. In the homogeneous case of M = G/P = CP,,
for example, one can look at all the pairings between

w 00 00 149 00 0 1
V=xeeo..0 and W= x—e-9e..09

that land in
vtw—2 1 0 0

The terms at disposal are
1
fVVLXY Vo fV XY Vi (VX — =V X, "), X'V, V. f
n

and there are four obstruction terms

FYVLXE fYVX (Vo )T X0, (Vo f) T X"
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So one might expect that only the zero paring would be invariant. But, somehow
miraculously from this point of view, this is not the case and we obtain a one parameter
family of invariant pairings spanned by

(w—1)(n+1)
(v+n+1)n

w(w — 1)
CES)CESTES)

XV, V, f VafVyX°

w—1

NV X0
v+ 1 FVaV

1
Vi f(Va X" — EVcXCCSab) +

This formula even has a curved version that describes the invariant bilinear differential
pairing for a manifold with a general projective structure. One only has to add the

curvature correction term
w(v+w)

+1
where P, is the Schouten tensor to be defined in Chapter 6.

Pabbe7
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Chapter 4

Higher order pairings 1

In this chapter we will study certain higher order invariant bilinear differential pairings
for which we can write down explicit formulae for the pairings and the curvature correc-
tion terms. One can only hope for an explicit formula if there is a one-parameter family
of such pairings. It turns out that a certain class of those allows a unified description
which is completely independent of the specific geometry and even of the bundles in-
volved. It only depends on the order of the pairing in the same spirit as the differential
operators described in [12].

4.1 Semi-holonomic jet bundles

In order to study higher order pairings on general (curved) parabolic geometries, it
turns out that we need to consider semi-holonomic jet bundles instead of the usual jet
bundles. The reason for this is that the latter cannot be described as associated bundles
for some representation of P.

4.1.1 Restricted semi-holonomic bi-jets

Definition 16. We will define the k-th restricted semi-holonomic jet prolonga-
tion J*V of a p-module V as in [57] inductively. Firstly, JYW = J'V is the usual first
weighted jet prolongation as defined in 2.1.2. Having constructed J*~'V, there are two
canonical projections

jl(jk71V) N jl (jk72v)

The first one is the usual projection J'V — V for any p-module V followed by the
inclusion J*'V c JY(J*2V) that is assumed to exist by the induction hypothe-
sis. The second projection is induced by the first weighted prolongation of the map
T W — J+72V. Their equalizer is the submodule J*V. The filtration of this module

can be written as

k
jkV:Z(XJigl QR V.

1=0

81
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There are canonical maps 7 : J*V — J'V for all k& > [, so we can define the re-
stricted semi-holonomic bi-jet prolongation J*(V,W) of two p-modules V and
W as in 2.1.4. The filtration of this p-module is given by

k
THV, W) = &) o(@51 0 V) ® (8" g1 @ W)

1=0

and the p-module structure of J*(V, W) is induced by the p-module structures of J*V
and J*W as described in [57].

Remark

The associated bundles 7¥V and J k(V, W) are called the restricted k-th semi-holonomic
jet bundle and the restricted k-th semi-holonomic bi-jet bundle respectively. In con-
trast to J*V the (restricted) semi-holonomic jet bundle J*V is an associated bundle
for each parabolic geometry. This is because J*V is defined by iterating the functor J*
which maps an associated bundle U to an associated bundle J'U. The iteration of this
functor yields an associated bundle J Lo 7YV and J*V as an associated subbundle

k—times
by using the P-module homomorphism

TV gt T,

k—times

Proposition 6. Let V), W, and E, be three irreducible p-modules and let ® be a
go-module homomorphism

&)Ly (@g1 @ Vy) @ (@M g @ W,) — E,.

Then ® extends trivially to a p-module homomorphism ® - TV, W,) — E, if and
only if

o ( o @ Z *Ppr_q,

Zx Qo @ WUVpr—1+ ¢1 @ Z *Par—a,
Zx Qi1 @Unm—j+ ¢ & ZxPpy—j_1,

ZxQpr—2 @Y1 + Par—1 @ Z %y,

Z*¢M—1®¢0> =0,
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fOT’ ¢ = (¢077¢M) S jM(V)\) and w = (¢07"'7¢M) S jM(WV)i i.e. ¢j € ®]gl ®V)\
and V; € g1 QW,, for j =0,...,M. The action % is defined by

Z*(U1®®U]®U): Z ZU1®®Ul®n°‘®[Z,£a](UZ+1®®Uj®u),

0<i<j a
for Z € g1 and dual basis {n*} and {&,} of g1 and g_;.

Proof. Let us write
jM(VMWV) = jM<V>\) ® jM(WV)/B7
then the action of p on J™(V,, W,) is defined by

Zx[p@Yl=[(Z2*9) @Y+ (Zx1)],

where the bracket [.] denotes the equivalence class modulo B and the stars inside the
bracket are the actions of p, on J(V,) and JM(W,) as defined in [56], Proposition
3.9. Furthermore we note that ® extends to a p-module homomorphism if and only
if ® annihilates the image of the action of p, on J*(Vy, W,) that lies in the module
Géjﬂio(@jgl ®@Vy) @ (@M~7g, ®W,). Finally it has to be noted that p, is generated by
g1, SO we can restrict our attention to the action of g;. L]

4.1.2 Extremal roots

Definition 17 (The Weyl group). In the first chapter we have introduced the real
vector space F for a semisimple complex Lie algebra g which is equipped with a positive
definite bilinear form B(.,.). For every oo € A(g, ) we will denote by

7a(A) =A— B\, a)aV A€ E

the reflection on the hyperplane perpendicular to a. The Weyl group W is the group
generated by those reflections. In fact, W is generated by simple reflections, i.e. by o,
for a € S, as can be seen in [40], p. 51. Every w € W has a unique length [(w) which
denotes the minimal number of simple reflections necessary to generate w.

1. For simple reflections we can write down an explicit formula for the node coeffi-
cients for any weight A\ using the Cartan integers c;;:
B(oo,(N), o) = B(A\, of ) = B(A, o )cj.
2. The most significant action of the Weyl group on weights, however, is the affine
action given by
wA=wA+p)—pVAEE, weW,

where p is given by p = 22:1 Wj.
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3. The Weyl group has an important subgraph, the Hasse diagram WP which
is associated to a parabolic subalgebra p of g. It is defined to be the subset
of elements in VW whose action sends a weight A, dominant for g, to a weight
dominant for p. For more information and an easy algorithm to determine W¥
see [3], p. 39-43.

4. For every A € b*, let |[A\||*> = B(\, \). Since B(.,.) is invariant under the Weyl
group (an easy exercise), the Weyl group acts by isometries with respect to this
norm.

Example

An easy calculation shows that the Weyl group of sl,,,1C is isomorphic to the symmetry
group S, 1 and acts on a weight \ = Z?:ll bie; by permuting the b;’s. More precisely,

04, €xchanges b; and ;11 and leaves the other numbers unchanged.

Definition 18. Let 6 be a root of g such that gy € g_;. Then there exists an ¢ € I such
that go € g°,. Let us call all such roots that in addition lie in the same orbit under the
action of W as —q; extremal if «; is a long simple root.

Let V) and W, be two irreducible p-modules so that V3 has highest weight A\ € b*
and W7 has highest weight v € h*. Moreover suppose that «, 3 € h* are extremal roots
such that g.,gs € g°; and A\ + ka and v + k3 are dominant for p for k = 0,..., M.
For the rest of this chapter we will implicitly assume that this setup is given. Finally,
suppose that there is an irreducible component (of the go-module tensor product)

E,CceMg VoW,

of multiplicity 1 so that
Ep © Vitja ® Worar-js

is an irreducible component of multiplicity one for j =0, ..., M.

Remark

This setup excludes exactly those problematic pairings that were considered in 3.3. At
the end of this chapter we will comment on the scope of the construction showing that
it includes a wide class of pairings.

Remark

Let V. be an irreducible p-module and let 6 be an extremal root such that x + k@ is
p-dominant. Then k6 is an extremal weight of ©*g_; and hence the Parthasarathy-
Ranga-Rao-Varadarajan conjecture, that was proved in [47], shows that there is an
irreducible component of highest weight & + kf in ®*g_; ® V* as long as k + k@ is
p-dominant. The triangle inequality shows that x + k6 appears with multiplicity one,
since # is a long root.
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4.1.3 Obstruction terms
For some constants vys; and the setup as above, let us define

o:0l (FnoV,)e (@ 7geWw,) — E,
M

Y b @by Z’YMﬂTg <7TA 5) @ Ty (Pnr- ]))

Jj=0
where

T ®eu VoV, m @ W —-W, andm;: Vy, @W,,, , —E,

VM —j

are the canonical projections and we have used the abbreviations \; = A + i and
Vv, =V -+ 2/6

Lemma 11. With the setup as above,

T, (Zxdjo1) = = (IN+ ja+pll* = [[A+ pl|*) 7, (Z @ ¢j-1)

1
2
and .

T (Zx i 1) = 2 (Il + 38+ plI> = llv + plI?) 7, (Z @ ¥j-1).

Proof. This follows directly from Lemma 9, Lemma 10 and Proposition 6 since

T (Zx (X1 ®- - ® X0 ®0)

= w( 2 ZX1®~--®Xi®na®[Z,faMXm@---@Xj1®v>>

0<i<j—1 o

j—1
(Z(H)mL (i + Do+ pl* = A +ia + p|!2> (29X @ @ X 1 ®v)

1=0

N~ DN

= S (R +jatplP = +plP) m(Z0 X @ @ X0 @),

Here we have used that Vy,;, C ®/g; ® V. The calculation for ¢ is analogous. O]

® is a p-module homomorphism if and only if the obstruction term from above given
by ®(Z * [¢ ® 1]) vanishes. This can be computed as

(Zx[p@Y])) = Z( g (IA+ja+ pl> = A+ pl?)

tazi-1 (v + (M =+ DB+ pl* = v+ olI*))7(Z ® ¢j-1 @ vhar—j) > :
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where 7 is the projection onto E,. Now we note that
1A+ ja+ pl* = [[IA+ plI* = el (BOA + p,a”) + ).
Thus the vanishing of the obstruction term is equivalent to the following M equations:
Va1 (G + Dllel*(a =) + 7 (M = DIBIG +5+1=M) =0, j=0,.. M -1,

where ¢ = —B(A+p,a")—1and ¢ = —B(v+p, 3¥) — 1. Moreover we know that o and
£ lie in the same Weyl orbit and therefore have the same length. Hence the equations
reduce to

a1+ (g —5) + g (M =) (g +j+1=M) =0, j=0,... M — 1|

This is the third (and by far the most general) situation in which we encounter these
equations. They are formally equivalent to the ones that we considered in the Intro-
duction and Section 2.2. If ¢ & {0,1,.... M — 1} or ¢’ & {0,1,..., M — 1}, then (4.1)
determines 7y, ; up to scale:

M M-1 M-—1
vM,j:<—1>f( ) i [[ @«
J 1=j i=M—j

4.2 Ricci corrected derivatives

In this section we will formally define the (weighted) M-th order bilinear differential
pairing I'(Vy) x I'(W,) — I'(E,,) that is induced by the mapping ® described above.

4.2.1 Formal definition of the pairing

Using the full first jet-bundle J'V rather than the weighted first order jet-bundle J'V
of an associated vector bundle V', we can inductively construct the semi-holonomic
jet bundle J*V. This is the next definition.

Definition 19. Let V be a p-module. The k-th order semi-holonomic jet prolongation
J*V is defined inductively as follows: J'V = J'V the usual first jet prolongation. The
k-th order semi-holonomic jet prolongation J*V is defined to be the subbundle of
JY(J*1V) where the two canonical maps to J*(J*~2V) coincide. The associated bundle
J*V = G xp J*V is the k-th order semi-holonomic jet bundle. Moreover the iterated
invariant differential

T(V) 3 s jFs = (5, V9, ..., (V¥)ks) € T(J*V)

defines an embedding of J*V in J*V.
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Remark

The fact that the iterated invariant differential takes P-equivariant sections to P equiv-
ariant sections can be checked by an inductive procedure based on the calculations in
Lemma 6, see [57].

Remark

A Weyl structure o : Gy — G induces an isomorphism between filtered and graded
vector bundles and hence an isomorphism o 4 : gr.A — A as detailed in 2.3.3. Thus, fol-
lowing [12], one can use the fundamental derivative to define the first Ricci-corrected
derivative
1 w
Dg()s == VO.A(X)S,

for X € TM and s a section of an arbitrary associated bundle V. The higher order
Ricci-corrected derivatives are defined analogously, using the Weyl connection to define
an isomorphism between the semi-holonomic jet bundle J*V and the associated graded
bundle grJ*V . Under this isomorphism j*s is mapped to j’%s with components denoted
by DWs € @ T*M @V, for j = 0,...,k. A pairing (differential operator) can then be
constructed by a simple projection from the graded vector bundle and it is invariant
if and only if the projection of the image of the action of p, vanishes, exactly as
described above. The following lemma relates the Ricci-corrected derivative to the
Weyl connection "

Dxs=oyDy (0‘;18),

where oy : grV — V is the isomorphism induced by the choice of Weyl structure.

Lemma 12.
Dgps = Dys+r7(X) e,

where P is a T* M-valued one form on M and the bullet denotes the action of T* M
on V induced by the action of p, on V.

Proof. This lemma is taken from [12], Proposition 4.2. Together with Appendix A
in [12], this proposition also contains the proof that D is the Weyl connection that is
induced by o*wy and that r? is the Rho-tensor induced by o*w,. [

Construction of the pairings

The formal construction of the pairing is carried out in several steps: we take a section
s € T'(Vy), map it via the iterated invariant differential to Ms e JMV,, use the Weyl
connection to map it to j’gs = (s,D(l)s, e D(M)s) € grJMV, and then project onto
grIMV,. The same is done for t € T'(W,). Then we can tensor j¥s and jMt together
and project onto gr 7 (Vy, W,). Using ® as defined above ensures that the procedure is
independent of the choice of Weyl structure involved. Note that the obvious projection
JMY — JMV is a p-module homomorphism.
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4.2.2 Explicit formulae

In order to write down explicit formulae in terms of a Weyl connection, we can use
the Ricci-corrected derivatives as in [12], where a recurrence formula for D®) of j% s =
(s,DWs, ..., D®s) is given. In the following V denotes a choice of Weyl connection and
Dy, denotes the k-th Ricci-corrected derivative. Moreover I' = —1|a;||*r? with 7? as
in Lemma 12. More precisely, we write down a symbolic formula where all indices are
suppressed. To obtain an actual formula, one has to include all indices and combine
them as prescribed by the projection ®. The recursion formula from [12], Theorem 6.2,
takes the form
IDkS = VDk 1S + (1{7 — 1)<q —k+ 2)F’Dk,28

for s € T(Vy), Dj = my, 0o DY and ¢ = —B(A + p,a") — 1. This yields

Dos = s

Dis = Vs

Dys = Vis+4qls

Dis = V3s+2(q—1)I'Vs+ ¢V (Ds)

Dys = Vis+qV*(Ts) +2(q—1)V(I'Vs) +3(q — 2)I'V?s + 3(q — 2)qI%s

Dss = V°s+qV*([s) +2(q — 1)V*(T'Vs) + 3(q — 2)V(I'V?s) + 3(q — 2)gV([*s)
+4(g — 3)T'V?s +4q(q — 3)T'V(T's) +8(¢ — 3)(¢ — )T*Vs

Dss = VOs+qVHIs) +2(q — 1)V*('Vs) + 3(q — 2)VEH(T'V2s) + 3(q — 2)qV?(I'?s)
+4(q — 3)V(I'V3s) 4+ 4q(q — 3)V(I'V(T's)) + 8(¢ — 3)(¢ — 1)V(I'*Vs)
+5(q — 4)I'V*s + 5(q — 4)qI'VA(I's) + 10(q — 4)(¢ — 1)I'V(I'Vs)
+15(q — 4)(q — 2)T?V?s + 15(q — 4)(q — 2)qT®s.

Putting ¢ = j — 1 in D; yields the formulae as in [12].

Remark

With the right scaling, I' is the Rho-tensor in conformal geometry or the Schouten
tensor in projective geometry. It is easy to determine what is the tensor I' in the various
geometries. One just has to write down the simplest invariant differential operator of
order two (for example when acting on weighted functions) and compute the curvature
correction term. The general form will be V2s + T's, where T is some tensor. Then it
follows from the above discussion that 7' = T'. We will demonstrate this for our usual
three examples (and refer the reader to Chapter 6 for the specific notations):

1. In projective geometry, the differential operator
(1) — Ean(1)
f = Vavbf + Pabf

is invariant, where P, is the Schouten tensor to be defined in Chapter 6. Hence
' =Py.
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2. In conformal geometry in n dimensions, the differential operator
EN] = Eapll]
1 1
f = Vavbf - Egabvcvcf + (Pab - ﬁgabpcc)f
is invariant, where P, is the Rho-tensor to be defined in Chapter 6. Hence
I'=Py.
3. In CR geometry, the differential operator
Ew,1) — EP(w—-2,-1)
f — VoVPf —iAPf

is invariant, where A, is the pseudohermitian torsion tensor to be defined in
Chapter 6. Hence I' = —iA*® (for complex conjugate operators including deriva-
tives V,, the right tensor is i4,3).

Remark

It is quite easy to write down a general formula. D, has

> ()

curvature correction terms. Each term is determined by a sequence of ¢ V’s and j I'’s,
so that i + 27 = k, in a precise order. This looks like this:

Visryb-t .. ,F51v1157

so that the I'’s are in position iy,...,%; (j = s1 + ... + s,) counting from the right and
counting each I" twice (taking the leftmost position of each T" as 4,,). Then the constant

is in front of this term is: ‘
j

[T Gim = 1(g = im +2). (4.2)

m=1

Note that this formula is purely algebraic. One can use the Leibniz rule to rearrange
terms, but this only leads to a more complicated expression.

Examples 1

1. The term
VI'VIs,

that occurs in Dgs, has i; = 2 and i3 = 5, so that the constant is given by 4¢q(¢—3).
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'VI?Vs

occurs in Dgs and has iy = 3,75 = 5 and i3 = 8, so the constant is given by
56(¢ — 1)(¢ — 3)(¢ — 6). The invariant operator corresponding to ¢ = 7 has a
correction term, where this term appears with constant 56 x 6 x 4 x 1 = 1344.

Examples 2

Let us write down the full formula for second and third order pairings:

1.
P?(s,t) =

Pi(s,t) =

q(q — 1)s(Dat) — 2(q¢ — 1)(¢" — 1)(D1t)(D15) + ¢'(¢' — 1)(Das)t
q(q — 1)s(V?t +¢'Tt) = 2(¢ = 1)(¢' = 1)(V)(Vs)

+q' (¢ — 1)(V?s + qT's)t

q(q —1)s(V?t) = 2(q — 1)(¢' = 1)(VE)(Vs) + ¢'(¢ — 1)(V?s)t

+qq' (¢ + ¢ — 2)stT

q(qg — 1)(q — 2)s(Dst) — 3(q¢ — 1)(q — 2)(¢' — 2)(D15)(Dat)
+3(q —2)(¢" = 1)(¢' — 2)(D2s)(Dit) — ¢'(¢' — 1)(¢ — 2)(Dss)t
q(q— 1) (g —2)s(V3t +2(¢ — 1)T'Vt + ¢'VIt)

—3(q — 1)(q = 2)(¢' = 2)(Vs)(V?t + ¢Tt)

+3(q = 2)(¢' — 1)(¢' = 2)(V*s + ¢I's) (V)

—q' (¢ — 1) (¢ —2)(V3s +2(q — 1)['Vs + ¢VI's)t

q(q —1)(q —2)s(V?t) = 3(q — 1)(¢ — 2)(¢' — 2)(Vs)(V?*t)

+3(q = 2)(¢ = 1)(¢' = 2)(V25)(Vt) = ¢'(¢' = 1)(¢' = 2)(Vs)t
+q(q —2)(¢ — 1)(2¢ + 3¢ — 8)sI'Vt
—q'(¢ —2)(q—1)(3¢ +2¢ — 8)tI'Vs

+qq' (¢ —1)(¢ — 2)sVI't — q¢'(¢' — 1)(¢' — 2)tVTs.

To summerize, we have shown:

Theorem 7 (Main result 3). Let V, and W, be two irreducible p-modules and let o
and (B be two extremal roots so that A+ ja and v+ 33 are p-dominant for j =1,..., M.
Furthermore let E,, C @M g, @ VA @ W, be an irreducible component of multiplicity one

that lies in

forj=0,...M. If

Viatrja @ W mr—j)s

q=—-B\+p,a’)—1&{0,1,... M —1}
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or

¢ =-BA+pa’)—1¢{0,1,... M — 1},

then there exists a weighted M -th order invariant bilinear differential pairing

PM . T(Vy) x T(W,) — T(E,)

and this pairing is given by

PM(s,t) = Z(—l)j (M) 1:[ (g —1) 1:[ (¢ —i)m(D;s @ Dy—jt),

=0 J

i=j i=M—j

where D; is defined as above. If ¢ € {0,1,..., M —1}, then the linear differential operator
s+ Dyi15 is invariant. The analogous statement holds for q'.

4.3 Examples and scope of the construction

4.3.1 Examples

(a) We can always choose a = = —qy, @ € I, as extremal roots and take p =

A+ v — Maq;. The pairings thus constructed are the curved analogues of the
pairings described in Theorem 4.

(b) Let V, be an irreducible p-module and let @ be an extremal root that lies in the

same Weyl orbit as —q;, i € I. Assume that A+ ja is p dominant for j =1, ..., M,
but that ¢ = —B(A + p,a”) — 1 & {0,1,..., M — 1}. Then there is a unique
irreducible component Ey 7 in ®7g; ® Vy, see Remark 4.1.2. Furthermore let
W, be a one dimensional representation that is given by a character in 3(go)* and
a trivial representation of g, i.e. sections of W, are weighted functions. Then
Exipmar satisfies the requirements of Theorem 7 with § = —a; and we can define
an invariant bilinear differential pairing

L(Vy) x T'(W,) — T'(Extymaty)-

(c) Projective geometry in n dimensions: for every k > 0, there exists an invariant

bilinear differential pairing

g (v) x E(w) — E(v + w)

given by
k = k—1 o
Z(—l)j ( _ ) H(v +n+2k—1—1) H (w— i) (V.. Vy, V) (Vi Vi f)
5=0 b/ i=k—j
+ C.CT.

The curvature correction terms (C.C.T.) are given by the combinatorial for-
mula (4.2), where I' = P, is the Schouten tensor.
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(d) Conformal geometry in n-dimensions: there exists a k-th order invariant bilinear
differential pairing o
g4 y] x Elw] — E[v + w]

given by
k N Al k—1
Z(—l)j( , ) H(v +n+2k—2—1) (w— i)(Vh...VijV““'i’“)(Vijﬂ...Vikf)
=0 b/ i=k—j
+ C.CT.

The formula for each curvature correction term of D;V and Dy,_;f is given by
the combinatorial formula (4.2), where I' = P, is the Rho-tensor.

(e) CR geometry in dimension 2n + 1: there exists an invariant bilinear differential
pairing
S(a1a2~--ak)(wv w') x E(v,v") = E(V' + ')

for every k > 0 given by

k k—1 k—1
Z(—nj (M) [[w +n+k—1-i) TT 0 =i)(V*...V900,.0,) (VHH.V f)

i=j i=k—j
+ C.CT.

The curvature correction terms are again given by the combinatorial formula (4.2),
where I' = —i AP is the pseudohermitian torsion tensor.

4.3.2 Scope of the constructuion

The symbols of the differential pairings described above are linear combinations of terms
Djs ® Dp—;t and the operators D;s are invariant if ¢ = ¢ — 1 (for D;t the analogous
statement holds). These operators are all standard, but do not inculde every standard
operator. But in certain cases, like conformal geometry in even dimensions, all standard
differential operators are of this type. In the Appendix, we have written down the BGG
sequence for our standard three examples of projective, conformal and CR geometry.
Those BGG sequences clearly show which operators are constructed with this method
and which are not. For more exotic geometric structures the reader is advised to
consult [12].

Remark

The fact that the linear equations (4.1) that we had to solve in this chapter are ex-
actly the ones that had to be solved in the Introduction when we dealt with invariant
bilinear differential pairings on the Riemann sphere can be understood as follows: in
the homogeneous case invariant differential operators on G/B, where B is the Borel
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subgroup, give rise to invariant differential operators on G/P via direct images. The
same is true for invariant differential pairings. Let us demonstrate this for compactified
complexified Minkowski space M = e—x—e. There is a double fibration

K—XK—X

w NV o,

where x—>x = GG/B. The maps p and v commute with the action of G, so in particular

the fibres of p, which are isomorphic to the Riemann sphere x, are permuted by G.
Hence an invariant differential pairing on x gives rise to an invariant differential pairing
on G/B. Then one can use the fact that direct images of line bundles on G/ B are vector
bundles on G/P, see [3]. Which direct images to take is determined by the extremal
roots a, 3. More precisely, let A be a dominant integral weight for p and let 6 be an
extremal root with w(—a;) = 6, w € W. Moreover let w.x = A, then

B(k,a)) = Bw '\ a))
= Bw '(A+p),a))—1
= BA+p,w(ag)’) -1
= —BW\+p,0Y)—1

=

This implies that ¢ is the number over the node corresponding to «; in the Dynkin
diagram notation for k. x induces a line bundle V,, on G/B whose [(w)-th direct image

VX (V) is Va, the vector bundle over G/P induced by V.
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Chapter 5

Higher order pairings 2

This chapter deals with general higher order bilinear invariant differential pairings.
The strategy employed is to define a linear invariant differential operator that includes
an arbitrary irreducible associated bundle in some other associated bundle, called M-
bundle (which is in fact a tractor bundle, see [34], p. 7), that encodes all the possible
differential operators up to order M emanating from this bundle. We will then tensor
two of those M-bundles together and project onto irreducible components. First of all,
we have to define the M-bundles:

5.1 The M-module

5.1.1 Formal definition
Throughout this section, we will write s for a vector (sy, ..., s;,) € R%.

We will define a representation Vy,(EY) of g that is induced from a finite dimensional
irreducible representation E° of g5 in the following way: (h)* can be considered as a
subspace of h* in such a way that {a;},cs are the simple roots of g5 with corresponding
fundamental weights {w;};es. The highest weight Ag of (E°)* can then be written as
o = D jesajw; with a; > 0. Vy(E%) is then defined to be the finite dimensional
irreducible representation of g which is dual to the representation of highest weight

A= ZMiwi‘l'/\O eb’,
el
where M = (M;,, ..., M;, ) € N, In the Dynkin diagram notation this is easily de-
scribed. There are [y nodes in the Dynkin diagram for g which denote the simple roots
a;, © € I. If we erase those nodes and adjacent edges, we obtain the Dynkin diagram
for g5. An irreducible representation E° of gj is denoted by writing non-negative inte-
gers over the nodes of this new diagram corresponding to the highest weight of (IE°)*.
Vu (EY) is then denoted by writing those numbers over the uncrossed nodes and M;
over the node that corresponds to «;, ¢ € I, in the Dynkin diagram for g.

95
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Example

For C'R geometry, the Lie algebra of interest is g = sl,,,C with g5 = s[,C. For every

representation
al az An—2 0anp-—1
*—o *——0

E° =
of gg and constants M;, My > 0 we define

My a1 ao an—1 Mo

VM(EO) ~ e -e-e ... e -9
a representation of g.

Lemma 13. Vy(E®) has a composition series
Vyu(E) =Vo+ Vi + ...+ Vy
as a p-module, so that g;V; C V;y; and Vo 2 E° as a g5-module.

Proof. As a highest weight module, V,/(E%)* is a direct sum of its weight spaces and
every weight has the form A — 3" | kjo; with k; € N (see [40], Theorem 20.2). Let
A(A) be the set of all weights of Vj,(E°)* and define

N:maxueA(A){Zkf : ,u:A—Zkfozi}.
i=1

icl
For every element v in the weight space of weight  and every X € g,, the element Xv

lies in the weight space of weight 1+ a. This observation allows us to define a filtration
by p submodules

0C (VO)*Cc (VH*cC---C (VV) = Vy(R),
where (V™)* is defined to be the sum of all weight spaces whose weight is of the form
A— ijozj - Z/{:iai with Zk’ < m.
jeJ il il
The sub-quotients V¥ = (V™)* /(V™~1)* give rise to a composition series
Vu(EY) = Vy + ... + V5,

whose dual
VM(]EO) = V() -+ Vl + ...+ VN

is the desired composition series.
Let us examine those sub-quotients further: for m = 0,1,..., N, V? is defined to
consist of those weight spaces of Vy,(E°)* whose weight is of the form

jedJ il iel
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The action of g; maps Vi ; to V;. Dually we obtain a mapping g; : V; — V;;
as desired. This also shows that the composition series can alternatively be looked
at as a decomposition into go-modules and since gy is reductive (and 3(go) C b acts
diagonalizably), every V; decomposes into irreducible components.

Finally one can observe that V, has acquired the structure of a p-module by being
the unique irreducible quotient of Vj,(E°). Therefore it is dual to a representation of
highest weight A. In particular, Vy is isomorphic to E° as a g5-module. O

From now on we will write V instead of Vj,(IE°) assuming that M and E° are fixed.
Note that we consider EY as a go-module via the isomorphism V, = E°,

5.1.2 Lie algebra cohomology

There is a standard complex of go-modules associated to a finite dimensional irreducible
g-module V:

0-V2p, oVIEAp, 0VS .

where we can identify APp, ® V= Hom(APg_, V) and therefore write the differential 0
as

p

0o(Xo, ..., X,) = Z( 11X, 6(Xo, o0 Xiy ooy Xp)

+Z D[ X5, X1, X0y s Xiy ooy Xy ey Xon),

1<j

for X; € g_ (the hat denotes the element which is left out). One can check that 9* = 0,
see [46], Proposition 4.1, which allows us to define

ker 0: APp, @V — APTlp, @V

HP(g_ = i
(9-.V) imo: AP lp, @V — Arp, V

In [45] Kostant provides an algorithm to compute these cohomology groups in terms of
the Hasse diagram WP associated to p.

Theorem 8 (Kostant). Let F be the dual of a finite dimensional irreducible g-module
of highest weight \. Then as go-modules

= @ IE?w./\v

weWP
Ww)=p

where F,, » denotes the dual of the representation of highest weight w.\.

Proof. This theorem was originally proved in [44] and formulated in a suitable way for
our purposes in [2]. O
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Corollary 7. In the situation described above, we have

Hg-,V)=E" and H'(g_,V)=Pe' g ok,

i€l
where © denotes the Cartan product.

Proof. The first statement is true in general and obvious. The second statement follows
from the fact that the elements of length one in the Hasse diagram WW? are exactly those
simple reflections that correspond to the simple roots a;, i € I and (g})* has highest
weight —a;. Then we compute

Oéi.A =A- (Mz —+ 1)Oél

and note that this is exactly the highest weight of the dual representation given by
(E%)" @ @™ (g))". O

Let us have a closer look at the differential 0. Since it is a go module homomorphism
it preserves the grading and so we must have

ko
0:Vi—» PV,
j=1
where we set Vl =0 for [ < 0. The kernel of the first differential is E°, so the mapping
d:V;, — @] 19 ® V,;_; is injective for all # > 1. The cohomology of the second

differential is
EB @Mt z i RO

el

with
ko

@M o) e EB 9 @ V41—
j=1

and all those have multiplicity one. Schematically this looks like

\% = Vo + \4 + A\ + V3 +
0| 0/ 0/ 0/
g1 ®Vy
01 ®V, ©®
P,V = gV, + S + g2 @V, +
g2 ® Vy @
93 ® Vg
a1l 0/ 0/
g1 A g2 ®Vy
A2p+®V = A291 ® Vo + © +

Ag, @V,
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Weighted gradings

Before we proceed let us give an inductive construction of iL,(p) as defined in 2.1.1.
(1) Lo(ps) = C
(2) th(ps+) =,
(3)

g1 @ th(py)
uQ(p-F) = S /J27
g2 ® to(p+)
where
JHh={X®Y-YX-[X,Y]: X,)Y cg}.
(i+1)
ko
Wi(ps) = (@ gj ®ﬂz‘j(p+)> /i,
j=1
where

- - Xeg,,Yegsu Gﬂi—(r+s)(P+)
Jz_{X®Yu_Y®XU_[X’Y]®U' and 1 <7, s <k '

The construction for g_ is exactly analogous with all integers being negative. We will
also need some notation for the grading of A%g_ which is given by

Ng_=> Ng_,

j<—1

Ng_= P ang,

p+a=j
see [65], 2.4. Schematically this looks like

with

g-1/Ng-3 g-1/Ng4
Ng =MNg . i+giAgat+ &  + &  +.+MNgy, .
—— N—,— ——

Ag_ o Ago
AQ—QQ_ A2—3g_ ~ 3 2 J/ \g QVg 34 A272kog_
A2_49— A2_59—

Proposition 7. We have an isomorphism
Vi = 8(p4) @ B
for all 0 < i < min;e{M;}. Moreover V; C $hi(py) @ E° for all j.
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Proof. We will prove this proposition by induction. The case ¢ = 0 is trivial. Let us
assume that the proposition is true for all integers smaller than z. Then we can use the
induction hypothesis to construct the following commutative diagram.

v, —— @. % Hom(g;, V,.;) -2, @, Hom(A2g_, V)

i=-1

.| | |

d _ P _
vV, — & ko Hom(gj ®ﬂ—(z’+j)(97)aV0) — GBlff% HOYH(A?Q— ®u—(i+l)(g*)av(}>

j=—1

We can make this diagram commute by setting

(L();(X®@u) = u’¢;j(X)for X @u € g; @ U_(i15)(g-),
(TONXAY @u) = uNXAY)for XAY @ue Ag- @U_4)(g-),
O (XANY) = Xo(YV)—=Y.0.(X)—([X,Y]) for X ANY €g,Ngs C A?g,
and
OVUXAY @u) = (X @Yu)— (Y ® Xu) — ¢([X, Y] @ u)

for X ANY @u € g, Ags ®U_(iypy(9-) C Afge @ U_(iyp(g-). It is straightforward to
check that

dotp=rTo00dp.

Note that (Xu)? = —u’X for all u € U(g_) and X € g_. Corollary 7 shows that the

sequence
—ko —2ko

0— Vz i @ HOIn(Q]JVH-J) g @ Hom(A?g—7Vi+l)

j=—1 1==2

is exact for ¢ < min;e;{M;}. Then we can use the description of i;(p,) from above to
deduce that for i < min;e {M;}

V; = ker 0 = Hom(U_;(g_), Vo) = U(p,) @ E°.

The second statement follows from the fact that

—ko
Vi = im0 : Vz — @ Hom(gj,Viﬂ)
j=—1
—ko —2ko
C kero: @ Hom(g,;,Viy;) — @ Hom(A?g_, Vi)
j=—1 1=—2

I

U(py) ® B

for all 7+ > 1. O
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5.1.3 Tensor products

The next step is to look at a tensor product Vy,(E°) ® V,(F°) and decompose it into
irreducible g-modules that themselves will have a composition series as p-modules. The
composition factors of all the irreducible components will then make up the composition
factors of the tensor product.

We will use the following colloquialism: if

V=Vo+..+Vi+..+Vy

is the composition series of a g-module, then we will refer to elements in V; as lying in
the k-th slot.

Remark

Let A and \g be defined as above and define V;(F°) analogously with highest weights
¥ and o of V;(F°)* and (F°)* respectively. All irreducible components in the k-th slot
of Vi (E°) ® V,(F%) are dual to modules with a highest weight of the form

ﬂ:A+E—ZkiQ{i—ijOéj,
el jeJ

with ) .., ki = k and k;, k; > 0. Thus the number over the I > i,-th node, s =1, ..., Iy,
(which is crossed through) will be

B(p, o) = 2M;, — ZkiB(ozi,aivs) — Zk‘jB(aj,a,Z)

icl jeJ

l
= o2M;, — 2k, — Y _ kBl a))
isF#r=1

> oM, — k).

S

Proposition 8. Let E° and F° be two irreducible representations of g5. If we have
k < M = ming{M;}, then for every irreducible component H of Ux(p;) ® EY @ F°
there is a (p-module) projection

Vu(E®) @ Vi (F0) — H.
Proof. Schematically, we have the following situation
Vu(E”) = E + 86 (py) @ E + Lho(py) @ EO + ...

and
Vi (F) =F° + i (pr) @ F + Us(py) @ FO + ...
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Now the tensor product looks like

E° ® Uy(py) @ FO

E°® i (p, ) @ FO ®
E’ @ FO + @ + Uhp ) QE @ty (py ) @ FO + ...
U(py) @ E° @ FO @

Us(py) @ EY @ FO

Every irreducible component G of E°®@TF° (as g5-modules) corresponds to an irreducible
component U of Vj;(E) @ V,,(F°) that has a composition series that starts with G and
then continues with $4(p4) ® G + Us(p;) ® G + ... We will say that the composition
series is predictable up to the a-th slot, if U; & $4;(p, ) @G for all j < z, as gj-modules.
Using Proposition 7 we know that U composes predictably up to the z-th slot if the
minimum of the numbers over the crossed through nodes in G is x.

Removing all those composition factors that correspond to irreducible components
of E° ® FO from the composition series of the two g-modules leaves nothing in the
zeroth slot, exactly one copy of E° @ 4;(py) ® FY in the first slot, one copy of each
Ui(py) @ E® @ Uy (py) ® FO and Us(py) ® E° @ FO in the second slot and so forth.
Therefore the next irreducible components of V;(E%) ® V;,(F?) all have a composition
series that starts with an irreducible component of E° @ 4 (p,) ® F. Removing the
corresponding composition factors again leaves nothing in the first two slots, exactly
one copy of y(ps) ® E® ® FY in the second slot and so forth. So the next irreducible
components of the g-module tensor product have a composition series that starts with
an irreducible component of the g5-module tensor product Us(p,) ® E° @ FY. All this
goes well as long as all the compositions series are predictable. This is the case exactly
up to the M-th slot.

The remark above ensures that in the k& < M-th slot of V;(EY) ® V,(F°) the lowest
number over the I 3 i,-th node, s = 1,...,ly, (which is crossed through) is bigger or
equal to 2(M;, — k). Some of the factors in here correspond to irreducible components
of V(B @ Vy, (F?) as g-representations that themselves decompose according to plan
up to the 2(M;, — k)th slot, which corresponds in the big composition series to the
2M;, — k-th slot. Therefore the predicted decomposition is alright up to & = M. There
could be (and in general this happens) more composition factors of Vj,(E°) ® Vy,(FY),
but those correspond to higher order pairings.

Note that H is defined to be the first composition factor of a composition series and
hence acquires the structure of a p-module. O]

Remark

Each of the g-modules and p modules considered above induces an associated vector
bundle on our manifold M. These may be tensored by a line bundle that is induced
by the irreducible representation which is dual to the one dimensional representation
of 3(go) with highest weight » . (k; — M;)w;. In the Dynkin diagram notation this
corresponds to having k; — M; over the I 5 i-th node (which is crossed through) and



5.2. THE SPLITTING OPERATOR 103

zeros over the uncrossed nodes. Tensoring with this representation does not change the
overall structure of the composition series. It just changes the character by which 3(go)
acts. Let us denote this representation and the associated bundle by O(k — M) and
denote the tensor product of an arbitrary representation U with this representation by
Uk — M).

The p module Vo(k — M) is dual to a representation of highest weight

Z kiwi + Z a;W;

iel jeJ

and by choosing E? and {k;};c; correctly, we can write every finite dimensional irre-
ducible p-module E as E = Vy(k — M) of some module Vy;(E®)(k — M). The idea is
now to define invariant linear differential splitting operators

E — Vy(E®)(k — M) and F — Vi (F°)(L — M).
Once we have such splitting operators, we can tensor
Var(E®)(k — M) ® Vi (F)(L — M)

together and project onto the first composition factor of every irreducible component.
This is clearly an invariant bilinear differential pairing between sections of £ and F.

5.2 The splitting operator
In this section we will define splitting operators
E — Vy(E%)(k - M)

for an arbitrary irreducible finite dimensional p-module E = Vy(k — M) .

5.2.1 Higher order curved Casimir operators

This subsection introduces splitting operators for general curved parabolic geometries.
These splitting operators are defined with the help of general invariant operators, the
higher order curved Casimir operators. These operators are a generalization of the
curved Casimir operator introduced by A. Cap and V. Souéek in [21]. Throughout this
section we will implicitly assume that g is a classical simple Lie algebra A;, B;, C}, D,
or Gs.

Definition 20. Let g be a simple Lie algebra of rank [ with basis {X,}. The Lie
algebra is determined by the structure equation

[X,., X)) =C), X
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Following [52], we will call a set S = {S,} in T'(g) a vector operator, if
(X, 5] = C), 5.
Let
G = tr(ad(X,) cad(X,))

be the Killing form with inverse g"”. Fix a reference representation ¢ : g — gl(A) and

define
Gur.pp = tr<¢(X#1> ©:+0 (b(Xﬂp))

and
gL = G(G(X) 0+ 0 X)),

where X* = g" X,. Then we define elements in T'(g) by

K® = gt X, ®--- @ X, and
S/(f) — g,u‘/'[J"'/'LpXul R QXM

Lemma 14. S®) = {Sl(tp)} is a vector operator and KW is an element in Z(g), the
center of T'(g).

Proof. Using the cyclic property of the trace operator, it is easy to see that

0 = Ztr(¢(XM1> ©--+0 ¢(Xu,j—1) © ¢([XV’ Xuj]) © ¢(X,U4j+1) ©---0 ¢(Xup))

p

= Z Oi\ujtr(gb(Xm) ©0---0 ¢(X,U«j71) © ¢(X>\) © ¢(Xﬂj+1> ©---0 ¢(Xup))

j=1

p

_ A

- E:Cl/ujgﬂlmﬂjfl/\,ufjvqmﬂp'
J=1

In other words

p
A A
- Z Cvujg"illl---ijl/\lijJrl---Np = Ol ey
j=1
The same equation holds for the adjoint representation, i.e.

gAHCzi\n + gﬂ)\czi\,u =0 = gNAOIi\Ii = gl‘i)\cﬁu‘

This yields
(X, X! = g'C X\ = —CH X,
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Then we compute

p
X, 8P = = Cloagp X" @ @XM R XA @XM @@ X

j=1
p
= _ Z Oli\,ujg““l---ﬂj—l>‘#j+l---NpX'ul Q- @XM TR XN QXM R... @ X
j=1
A
.8,
This proves the first claim. The second claim follows immediately from the fact that

K@t — x* g Sip)7

SO
X, K" = [X,, X" oS+ Xe[X,, 57
= ) X'eSY + X e 05 s®
0.
O
Example 1

If g is simple, we can take A = g and the adjoint representation as our reference
representation. Any other choice of representation would lead to g,,,, = Cgy,,, for
some non-zero constant C, see [52]. For sl,C with standard basis (z,h,y) and the
standard representation on C? we obtain

001 00 1
gw=1_020],¢"=|0 1% 0
100 1 00

and hence K® =z @y + %h ® h+y ® x. The usual Casimir operator, see [40], can be
computed by projecting ¢ = g"#? X, ® X,,, onto c € U(g). For sl,C one easily obtains

4

0
glw — 8 0 , g#u —
0 0

= O O
= O O
O Ori-

0
1
8
0
and hence ¢ = %a: Ry + %h ® h+ }ly ® x. This yields ¢ = %xy + %hQ — ih.

Example 2

In order to obtain a non-trivial example, one has to go through a rather lengthly
calculation. So the patient reader is kindly asked to bear with us for a while (while the
impatient reader may skip this part):
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We will explicitly compute the element K for sl5C and see how it acts on a gen-
eralized Verma module M,(V)) of highest weight A € h*. Firstly, we take a basis

1 0 0 00 0
=10 =10, hh=[01 0
0 0 0 00 —1
01 0 00 0
=000, =001
00 0 0 0
00 0 00 0
yi=1 100 ],%=(0020
00 0 01 0
00 1 00 0
a=l000],%=(000
00 0 100
of s[3C and compute

21000000
12000000
00003000
W 1100000300
9"=%1 00300000
00030000
0000000 3
00000030

Thus the dual basis to
{hh ho, 1, T2, Y1, Y2, 21, 22}

is
1
1—8{2h1 + hg, hl + th, 3?/1, 3y2, 3231, 31}2, 32’2, 321}

Now we compute ¢,,,, with respect to the standard representation. The only non-zero
elements in g, are

gi2=1  gzn=1 giz=-1 @gizs=1 gus=-1 gis3=—-1
gis=1  @gun=1 ga2=-1 g1 =—-1 gass=1 gosz=1
9264 = —1 gogr=—1 gais=—-1 g3 =1 gag = 1 gzs1 =1
ga26 = —1 gae1 = —1 gue2 =1 gagz = 1 gs13 =1 gs31 =—1
gsz2=1  gsie=1 gora=-1 geu=1 goaz=-1 gesT =1
gras =—1 gres=1 g1 =1 gair=1 ggsa=1 ggra=—1L
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This allows us to compute 18K ®) to be

(2h1 + ha) ® (2hy + ha) ® (hy + 2ha) + (2h1 + he) @ (h1 + 2hs) @ (2h1 + hy)
—(2hy + ha) ® (hy + 2h2) @ (hq + 2hs)
+(2h1 + hg) ® 3y1 &® 31’1 — (2h1 + hg) X 3y2 X 3{L‘2 - (2h1 + hg) X 3.131 X 3y1
+(2h1 + hg) (9 32’2 ® 321 + (hl + 2h2) & (2h1 + hg) &® (2h1 + hg)
—(h1 + 2hs) ® (2h1 + ha) @ (hy + 2h2) — (hy + 2h2) ® (h1 + 2hs) ® (2hy + ho)
+(h1 + 2hs) ® 3y2 @ 3z2 + (h1 + 2hs) ® 321 ® 3y
—(hl + 2]12) & 3ZL’2 & 3y2 - (hl + th) & 321 & 322 — 3y1 X (2h1 + hg) X 3$1
+3y1 ® (h1 + 2hs) ® 321 4 3y1 ® 3y2 ® 321 + 3y1 ® 321 @ (2hy + h2)
—3y2 &® (h1 + th) Y 31’2 — 3y2 ® 31[2 &® (2h1 + hz) + 3y2 Y 31’2 ® (hl + th)
—|—3y2 ® 321 ® 3y1 + 3.1'1 ® <2h1 + hg) ® 33/1 — 333'1 ® 3y1 ® (2h1 + hg)
+321 ® 3y1 @ (hy + 2h2) + 321 ® 329 ® 32y — 322 ® (2hy + ha) @ 3y
+3$2 (024 (hl -+ 2h2) & 3y2 — 3LL’2 &® 3y2 &® (hl + 2h2) + 31’2 X 31’1 X 322
=32 ® (hy + 2hs) ® 321 + 322 ® 322 ® 321 + 32 ® 321 ® (2hy + ha)
+321 ® (2h1 + ha) @ 329 + 321 ® 3y1 @ 3ya — 321 @ 320 @ (hy + 2ha)

6h1 @ h1 ® h1 — 6ha ® hy ® hy
+3h1 @ hy @ ho + 3hy ® hg ® hy + 3hes ® hy ® hy
—3he ® hy ® hg — 3hy @ ha @ hy — 3hy @ hy ® hy
+18h @Y1 @21 — 9 R Y2 @ T2 — A @ 21 @ Y1 — Y ® T2 @ Yo
—18hs @ £3 @ Y2 + Yho @ Yo @ T2 + Yhe @ 21 @ Y1 + Yhe @ Y1 @ 71
+18h1®22®21—18h2®21®22+9h2®22®21—9h1®21®22
—9y1 @ h1 @1+ 9y1 ® hy ® 11
+18Y1 ® 11 @ h1 + Y1 @ 1 @ ho + 27Y1 @ Yo ® 2
—18ys @ hgy @ x2 + Y2 @ 2 @ ho — Yys @ hy @ 9
—9Ys ® 9 @ hy + 2TYy2 ® 21 @ 1y
+18z1 ® hy @ y1 + 921 ® Y1 @ ho
-9, @Y1 @ h1 + 921 @ ho @ y1 + 2721 ® 29 ® X
—925 ® hy ® Yo + 925 ® ho ® Yo
=182 @ Y2 @ ho — 922 @ Yo @ hy + 2729 @ 71 @ 29
920" ®2 — 182 R ha ® 21 + 1820 ® 21 ® Iy
+922®21®h2+2722®$2®l'1
4921 @ ho ® 20 + 1821 ® hy ® 29 — 1821 ® 29 ® hy
921 @ 22 @ h1 + 2721 @ Y1 @ Y.

Then we use the canonical mapping 7 : T'(sl3C) — U(sl3C) to compute the corre-
sponding element in the universal enveloping algebra.

18r(K®) = 6h3 — 6h3 + Oh2hy — 9h2hy — 54h2 — 2Thihy — 54hy — 108hsy
T o —27h22221 + 27h12221 + 81221‘1.%'2 + 27h1y1$1 + 54h2y11’1
—54h1y2$2 — 27h2y21‘2 + 81y1y22’1 - 162y2$2 - 8].22211.
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Note that we have used the PBW theorem to arrange the terms in two groups. One
group consisting of terms that have a raising operator (x1,z5 or z1) to the right and
another group that consists of terms of elements in . With this ordering, let us define a
homomorphism & : #(g) — 4U(h) that maps each term that does not exclusively consist
of elements in b to zero. Under this map, 187(K®)) is mapped to

6h3 — 6h3 + 9h3hg — 9h5hy — 54h5 — 2Thihy — 54hy — 108hs,.
Moreover let 1 be the homomorphism that maps each h; to h; — 1, then
18n(E(r(K®))) = 6h3 — 6h3 — 27h? — 27h2 + 9h>hy — Ohyh2 — 27Th hy + 81.

Let us write ¢ = 1o {|z(). Every element z € Z(g) in the center of the universal
enveloping algebra acts on a highest weight module of highest weight A by a scalar
xXA(2) € C, called the central character. It is easy to compute (see [40]) that

xa(2) = (A+p)(p(2)), forz € Z(g).

Let us write
hlel—HQ, hQZHQ—Hg.

Thus we get
6(H; + H3 + H3)
—9(H?Hy+ H?H3; + H:H, + HiH; + H2H, + H2H,)

—27(H? + H3 + H3)
+27(H1Hy + HiH; + HyH3)
+81

As expected, this is a symmetric polynomial of degree 3 in the H;’s. Note that the
Casimir operator of sl3C is given by

9p(r(KP)) = H> + H? + H? — H Hy — H Hy — HyHs — 3.

Remark

More generally, the mapping

pi=n0|zq : Z(g) — SH)",

where S(h)" is the algebra of elements in the symmetric algebra S(h) that are fixed by
the Weyl group W, is an isomorphism. For more information about basic generators of

S()" refer to [41].
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Equivalent formulation
We can equivalently say that K® induces a map
B® . ®Pg* — R

by firstly identifying g* with g with the help of the Killing form and then mapping
a simple element @Pg 5 X; ® ... ® X, to tr(¢(Xy) o--- 0 ¢(X,)). This is obviously
a P-module homomorphism (in fact, it is even a G-module homomorphism). Since
there are | non-zero K(%) i = 1,...,1, for the classical Lie algebras and Gy, see [52],
the corresponding B(%) are non-zero as well. Apart form the D series, where an extra
element needs to be defined, see below, the elements (K (%)) € Z(g), for the canonical
mapping 7 : T'(g) — 4U(g), generate the center of the universal enveloping algebra of g.

Examples

1. For A; we can take 7(K®), 7(K®),... m(K!+1) as the generators of Z(A;).

2. For B; (and C)) we can take m(K®), 7(K®), . 7(K®)) as the generators of
Z(Bl) (and Z(Cl))

3. For D; we can define another Casimir invariant by

- 1
K(l) — (_1)l(l+2)/2 Xullfl - Xull/la

2]\ Crvipava...uy

where €, ., is the completely antisymmetric Levi-Cevita tensor taking the values
0 and +£1 and X, = —X,,, are the basis elements of D; (u,v = 1, ..,2[). Then the
elements (K ), 7(K®W),... r(K®=%) and 7(K®) are the generators of Z(D;).

4. For Gy we can take 7(K?) and 7(K(®) as the generators of Z(G5).

These statements can be found in [52] and references therein. Note that in each case

’W’ = Hz d;.

Definition 21. Recall the adjoint tractor bundle A = G xp g and the fundamental
derivative

D:0(G E? — 0G,g @E)"

s — X — Vs,
from 1.3.4. This operator can be iterated to an invariant differential operator
Dr:0(G,E)" — O(G,e"g" 9 E)",

see Lemma 5. Properties of the fundamental derivative are discussed in [13], 3.1. Using
the elements B®) from 5.2.1, we can define an invariant linear differential operator

e 0(G, V)" 5 0(g. ey 0 V) 4 0(G, V)"
as the composition (B® ®id) o DP.
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Example

For p = 2 this procedure yields the curved Casimir operator in [21]. The authors prove
in this paper that the curved Casimir operator in the flat case is given by

SH1p2 T2 — gHip2
9 D (SXN1 ) SXNQ) =9 RXM RXMQ’

see 1.3.4. In [21] the authors prove the following Lemma 15 and Lemma 16 for p = 2
via a direct calculation using an adapted local frame for A.

Lemma 15. Let V be an irreducible representation of P, then C®) : (V) — I'(V) has
to act by a constant.

Proof. Let V and W be associated vector bundles over M. An invariant linear differ-
ential operator D : V' — W arises via a composition

D v e"Alev LW,
where ¢ is induced by a P-module homomorphism
P ®Np+ @V —W.

Now suppose that V=W and V is irreducible. By looking at the action of the grading
element one deduces that N = 0 and Schur’s Lemma forces ® to be a constant multiple
of the identity. ]

Definition 22. Let z € Z(g) be an arbitrary element in the center of the universal
enveloping algebra of g. Then z can be written as a polynomial

Z= Z ailA..ilW(K(dl))il .. .W(K(dz))iz7

where K@) K@) are the [ non-zero elements of Definition 20. Then we define the
higher order curved Casimir operator associated to z by

C.= > an. (€)oo,

Lemma 16. If V is irreducible, then C, acts on I'(V) by the constant xx(z), where
Xx : Z2(g) — C is the central character associated to A € h*, the highest weight of V*.

Proof. Lemma 15 shows that C, acts by a constant. We may as well compute this
constant for the homogeneous model case G/P. For this purpose let us first of all take
V to be an arbitrary homogeneous bundle. We will prove the lemma for z = 7(K (%)),
the general case then follows from the fact that the central character is an algebra
homomorphism. An invariant linear differential operator is determined by a P-module
homomorphism J*V — V for some k. Following [11], we can view J*V as a subset of

o, g V.



5.2. THE SPLITTING OPERATOR 111

The P-module homomorphism that corresponds to C, is given by
Bl & idy,
with k = d;. Dually we obtain a mapping
V¥ — My(V)
that is given by
v = (K9 @ 0" = 2 @ v* € U(g) @y V™
Finally, this corresponds to a g-module homomorphism

Mp(V) — My(V)

UV — e

If V is irreducible, then this action is by definition given by xx(2). O

Example

For the Casimir operator c it is known ([40]) that

xa(e) = A+ pll* = llol”

The constants by which the higher order Casimir operators K9 act on an irreducible
g-module are computed in [52]. It has to be noted that despite the apparent fractional
form of the formulae in [52], these formulae can be proved to be symmetric polynomials
in the coefficients of A4 p, where A can be an arbitrary weight in h*. For A;, for example,
these can be found in [48].

Theorem 9. Let 'V be a representation of P with a P-invariant filtration
V=V'>...oV" > {0},

so that each sub-quotient V'/V*1 s completely reducible. Let W C V'/V* be an
irreducible component whose dual has highest weight X\. Moreover, for each j > i, let
Wik for k=1,...,n; be the highest weights of the irreducible representations which are
dual to the irreducible components of V7 /VIt1 . Suppose that Xy 7 X Jor all j, k,
then there exist elements zj, € Z(g), such that x,,,(zx) 7# Xa(2j) for all j, k. The

operator
N ny

L= H H(Czj’k - XMj,k(zjyk))

j=it+1 k=1

descends to an operator T'(W) — T(V*) that defines an invariant splitting.
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Proof. Let o € T(V7) and denote the projection V7 — VJ/Vit! by 7;. For brevity
write L; = [T,24(Cs, . — Xy, (5x)). The individual operators C., , — xy, , (2jx) commute
with the 7;’s by the naturality properties of D, see [13], Proposition 3.1. Hence

nj

j (LJ<O)) = H(Czjk = Xujk (Zjﬂk))ﬂ-(g) = 0.

k=1

This implies that L; maps T'(V7) to T'(V?*t!) and by induction that L vanishes on
(V). Therefore L descends to an operator I'(V¢/Vi!) — T'(V?) that can be re-
stricted to T'(1W). Moreover, let ¢ € I'(W) and choose a representative 6 € I'(V*), then
we compute

mi(L(6)) = H H(XA(Zj,k) = Xpjo (Zk)) 0

j=it1 k=1

So if Xa(2jk) # X, (Zik) for all j, k, then L(C5) € T'(V*) is an invariant lift for o with

C = (H;V:m IT52: O (zim) — Xw,k(zﬂ"’“)» ' -

Remark

Theorem 9 is a straightforward extension of Theorem 2 in [21].

Corollary 8. Let E be an irreducible associated bundle, choose k and define the M-
bundle Va (E®)(k — M) as in 5.1. Assume that every generalized Verma module that
is associated to the irreducible composition factors of Vy (E°)(k — M) has a different
central character from My(E), then the higher order curved Casimir operators C, can
be used to define an invariant splitting operator

N n;

L= T] TI(Csn — X (230)) : T(E) — D(Vas (E%)(k — M),

j=i+1k=1

where ;. are the highest weights of the duals of the irreducible components of the
composition factors
Vik—M)j=1,..,N

of Vo (E®)(k — M) and zj) € Z(g) are such that Xuj o (Zjk) 7 XA (Z5k)-
Proof. V(%) is a representation of g and hence allows a composition series by com-
pletely reducible sub-quotients as in Lemma 13. Tensoring this representation with

O(k — M) does not change the form of the composition series, it just changes the
character by which 3(go) acts. Hence we can apply Theorem 9. O

Thus we have proved the next theorem.
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Theorem 10 (Main result 4). Let (M, G, g,w) be a reqular parabolic geometry of type
(G, P) and let V and W be two finite dimensional irreducible p-modules such that the
action of p lifts to an action of P and let A (resp. v) be the highest weight of V*

(resp. W*). Moreover denote the corresponding gy modules by V° and WO respectively
and define

Var(VO) (kv — M) and V yr(W°) (kw — M)

to be the appropriate M-modules as in 5.1 and Remark 5.1.3. The different central
characters of the generalized Verma modules associated to the irreducible composition
factors of those M-modules will be denoted by x-,, (j = 1,...,Ny, i = 1,...,n;) and
ngyl (k = 1, ...,Nw, = 1, ,mk) [f

XA 7é Xﬂ',j
and
XV 3& XO'kJ

for all possible k, 7,1,1, then there exists an m-parameter family of invariant bilinear
differential pairings
L(V)xT'(W) - T(E)

for each E = E%(ky + kw — 2M) corresponding to an irreducible component of the a5
tensor product

E° C $h(py) @ VO @ W
of multiplicity m for each t < M = minge;{M;}. This pairing is of weighted order t.

Proof. We can use Corollary 8 to define splittings
V = Var(VO)(k — M) and W — Vi (W°)(L — M)
and Proposition 8 to ensure that there exist the appropriate projections
Vas (V) (k. — M) @ Vg (WO) (. — M) — E.

The weighted order can be determined by looking at the symbol of the differential
operator as described in 2.1.4. O

Remark

In order to minimize the amount of restrictions x\ # Xy, it is best to choose M; = M
for all 7 € I. If one is interested in specific pairings, it might be appropriate to vary the
different values of M for V and W. In those cases one has to examine the corresponding
M-bundles carefully and exclude appropriate weights in the spirit of the discussion
above. This procedure can be a lot more efficient in any specific example (see Chapter 6)
than in the general theory developed above.
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5.2.2 Splitting operators on the flat model

On homogeneous spaces GG/ P, we can define splitting operators with the help of the
following three theorems:

Theorem 11. Invariant linear differential operators between sections of homogeneous
bundles over a flag manifold G/P are in one-to-one correspondence with g-module ho-
momorphisms of induced modules.

Proof. This theorem is proved analogously to Proposition 3 in [27], p. 212. It may
be noted that the theorem is usually stated in terms of generalized Verma modules
(see [3], p. 164). The statement, however, remains true for induced modules with
identical proof. O

Theorem 12. If M,(Vo(k — M)) has distinct central character from the generalized
Verma modules associated to all the other composition factors of Vy (E°)(k — M), then
it can be canonically split off as a direct summand of My(Vuy (E°)(k — M)).

Proof. The composition series Vy, (E°)(k— M) = Vo(k— M)+ ...+ Vy(k— M) induces
a composition series

(Va(E°)(k — M))" = (Vi (k — M))* + ... + (Vo(k — M))*

of the dual representation. Since the functor that associates to every p-module V* the
corresponding induced module (g) @y V* is exact (see [62], p. 303, Lemma 6.1.6),
we have a filtration

Myp(Var(B°)(k — M)) = My(Vy(k — M)) + ... + My(Vo(k — M))

that induces an injection M,(Vo(k — M)) — M,y(Vy (E°)(k — M)). The weight spaces
of My(Vu(E?)(k— M)) can be grouped in terms of central character, so the projection
My(Vy (E%)(k — M)) — My(Vo(k — M)) may be defined by projecting onto the joint
eigenspace of the central character of M,(Vy(k — M)). Since central character is pre-
served under the action of g, this projection is indeed a g-module homomorphism and

provides a g-module splitting of M,(V (E®)(k — M)). O

Theorem 13 (Harish-Chandra). Two generalized Verma modules have the same central
character if and only if their highest weights are related by the affine action of the Weyl

group of g.

Proof. A proof of this theorem can, for example, be found in [40], p. 130, Theorem 23.3.
O
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Remark

The irreducible components of the tensor product ;(pr) ® V®@ W are exactly the
possible targets for invariant bilinear differential pairings of weighted order ¢ between
sections of V and W that are curved analogues of non-zero pairings on the homogeneous
model spaces. This can be seen by looking at the exact sequence

Bi_ohi(p) VR U j(py) @W — JHV.W) — JH(V,W)—0

N l
E

Remark

1. Theorems 11, 12 and 13 combined are the backbone of the Jantzen-Zuckermann
translation functor as used in [28] and [27].

2. In order to define splitting operators we had to exclude weights, i.e. values of
k, for which the central character of M,(Vy(k — M)) is the same as the central
character of a generalized Verma module associated to another composition factor
of Vy(E®)(k — M). A trivial case is k = M, because all the weight spaces of
Vu (EY) apart from the highest weight space, which lies in Vj, have weights u so
that

1A+ plI* >l + ol
The pairings that we obtain via our construction in this trivial case are then
special cases of the parings L, as defined in [11], p. 13, Theorem 3.6.

5.2.3 Comparisons
First order operators via splittings and via p-module homomorphisms

Lemma 10 and Paragraph 4.1.3 show that the results from Chapters three and four are
consistent with the results in this chapter. The first method via bi-jet bundles, however,
is much more efficient, because we only have to exclude those weights that correspond to
operators that actually occur in the pairing. Moreover, the first method shows exactly
what happens for excluded weights whereas the second method using splitting operators
just fails. On the other hand, the construction in this chapter produces the most general
higher order pairings for non-excluded representations.

Splitting operators
Let V., W be two finite dimensional irreducible representations of p with the highest
weight of V* (resp. W*) given by A (resp. v). Then we have the following implications.
There exists an invariant differential operator d : I'(V') — I'(W)
= M,(V) and M,(W) have the same central character
= I +pl? = v+ ol
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where we only deal with curved analogues of flat operators, i.e. those operators that
are non-zero when restricted to flat parabolic geometries. Therefore, if

I+ pll* # 7 + pll?

for all j and k, then none of the irreducible composition factors of Vy,(E°)(k — M)
induces a generalized Verma module that has a central character that is equal to the
one of E, so our construction is more efficient than just using the curved Casimir
operator and the splitting operators defined in [21].

The reverse of the two implications is not true:

Example 1

Let us look at the following weights:
A= X—e—eand = X e

Let V*, W* be the irreducible representations of p with highest weights A and u respec-
tively. Then

2 —4 2 0 -1 0 1 -5 2 1 —4 1 0
OGPV = x—"e0 R x"o0 = x—"90D x——ee

so W appears as a possible symbol for a differential operator emanating from V. The
generalized Verma modules M,(V) and M,(W) do not have the same central character:
in the notation of Section 5.3.1 we have

A+p = (4]4,5,7) and p+ p = (6/3,5,6)

and those numbers do not differ by a permutation. Equivalently, in [48] one can see
that K acts on M,(V) and M,(W) differently. However, A\ + p = —e3 — 3¢; and
i+ p = 3€3 + €3 and hence

3
I+ gl = s+l =5

4
This means that in
v—2 1 0
v 0 0 X—eo—e
2 0 1 v+l 0 1 4 for o2 v—4 2 0
oo o(v—1)= x—eoe | fasy + =K + X -e-e.
v—1 1 1 S
X—e—o v=3 2 1
xX—eo—=o
we would have to exclude v = —2 if we wanted to define a pairing via the curved Casimir

operator. However, with the higher order curved Casimir operators, we do not have
to exclude this weight (in the next chapter we will see that the weights to exclude are
v = —4,-1,0), since X\ and p do not have the same central character. In particular,
there is no invariant differential operator between the corresponding bundles. Finally
note that we will prove in the last chapter that the splitting in the general curved case
can be written down with the help of tractor calculus, see Theorem 15.
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Example 2

Let
000 1 -4 1
A= oexeand = e—x—e
and define V, W as above. The generalized Verma modules M,(V) and M,(W) have
the same central character (see [27]) and

3 3 —6 3 1 —4 1 000 3 —6 3 1 -4 1
g RV =(0—x0 @ 6x0)R exe = ex—o O X9

hence W is a possible symbol for a differential operator emanating from V. But, in
the conformally flat case, the classification in [27] shows that there is no invariant
differential operator I'(V') — I'(W). However, it has to be noted that the weight for

3 v—6 3
2 wv—4 2 *—X—0
*—X—o
030 0 v 0 1 v—2 1 ©®
oo o(U—3)= exe + e xX—o | D + 1 w41 t+ o
\ , 0 v—2 0 *—X—0
(*) o —_——
=p for v=0

that has to be excluded according to the above discussion is v = 0, which has to be
excluded at an even earlier stage (), because for v = 0 the exterior derivative

000 1 -2 1
d:o—%—.eo—%—o

is an invariant operator.

Remark

We have not been able to find an example of a composition series of V,(VO)(k — M)
such that

1. there exists an irreducible composition factor W so that the generalized Verma
modules My (W) and M,(Vo(k — M)) have the same central character and

2. there is no invariant differential operator d : V' — FE, where E is an irreducible
composition factor of V;(V?)(k—M) and V is the bundle induced from Vo(k—M).

It is plausible to conjecture that this is not possible. At present, however, this is still
an open question.

5.3 Higher order pairings for projective geometry

In this section we will work exclusively on an n-dimensional manifold M with a projec-
tive structure that is given in terms of a parabolic geometry (M, G, s, 1C,w) of type
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(SL,11R, P) with P as given in 1.3.1 (a) and 1.3.2 (a). For the notation the reader is
also advised to refer to Chapter 6.

Note that we will use Dynkin diagrams for the visualization of four objects: an irre-
ducible representation of p, the corresponding irreducible homogeneous vector bundle,
its sections and the generalized Verma module associated to the representation. In
every case it should be clear which meaning we refer to and sometimes it is convenient
that two meanings are denoted at the same time.

5.3.1 Branching rules

Definition 23. For every representation

a1 ag an—-2 Aan-—1

]E:

of g5 = s1,C and every constant M > 1 we define

M a1 a2 an—2 Aan-—1

Vu(E)= e—eo—9 ... oe—o |
a representation of g, which we also denote by
n—1
Var(E) = (0D, b1, ba, ooy by ) = (o, M,ay + M,ay +ay+ M, ...y a;+ M) .
i=1

When referring to a representation of p, we will use the notation (alb,c,...,d, e, f) for

b—a c—b —d f- o . :
VARRF e.—f.e' This is important whenever we want to describe the action of the

Weyl group W on the weight, because W = §,,;; and it acts by permutation (and
renormalization to account for the usual ambiguity

(a+mlb+m,c+m,...d+m,e+m, f+m)=(a|b,c,...,d e, f)

for all m € Z).

The g-module V() has, as a p-module, a composition series
VM(E) - VO —+ Vl + Vg + ...+ VN,

where each V; decomposes into a direct sum of irreducible p-modules and

M a1 a2 as an—2 Gn-1

VOI

We may tensor this composition series by O(k — M) to obtain

k a1 a2 as an—2 QAan-—1

Vo(k — M) =
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This is the p-module that we are interested in and we want to define a mapping
Vo(k — M) — Vi (E)(k — M)

using the theorems from the last section. Hence we have to make sure that the
generalized Verma modules associated to all the irreducible composition factors of
Vu(E)(E — M) have a central character which is different from the central character

of M,(Vo(k — M)).

Remark

In the case of projective geometry, Proposition 7 can be proved directly using Pierie’s
formula, as in [32], p. 225, for the tensor product ®'g; ® E and the branching rules
for restrictions of representations of sl,;C to s[,C as in [33], p. 350. The upshot
of this procedure is that we obtain a more precise statement than Proposition 7,
namely that V;(k — M) consists of terms (M — k + 1]50,51, ...,En,l) that interlace
(M — k|bg, by, ..., by—1), i.e.

0<by<by<by <b <by<by<..<bpq<bpy

and S0 b — S by = 1. We can also see that N = 327" a; + M, because for [ > N
it is not possible for any (M — k + l|bg, b1, ..., b,—1) to interlace (M — kl|bg, b1, ..., bp_1).

Proposition 9. The only irreducible components of Vi(k — M) that can induce gener-
alized Verma modules with the same central character as My(Vo(k — M)) are the ones
that are of the form

(M =k + Ubo, by, oo b1, b — L bjst, ooy bur),

forj=0,1,...n—1. If j € {1,....n — 1}, then this is only allowed for a; > 1| and if
7 =0, then this is only allowed for 1 < M. In that case the generalized Verma module
has the same central character as My(Vo(k — M)) if and only if

k:—<2]:ai+j—l+1).

i=1
For 7 =0, this condition reads k =1—1.

Proof. Using the remark in Section 5.3.1, we know that an arbitrary irreducible com-
ponent V;,(k — M) of V;(k — M) has to be of the form (M — k +1|by, ..., b,_1) so that
(M — k +|bo, ..., by_1) interlaces (M — k|bo, ..., bn_1). Let us assume that there are at
least two integers 0 < ¢ < 7 < n — 1 such that Bl < b; and Bj < bj. We can assume that
¢ is the smallest integer with this property and that j is the biggest integer with this
property.

Theorem 13 implies that the central characters of the generalized Verma modules
My (Vo(k — M)) and My(V,;,(k — M)) are identical if and only if there is an element in
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the Weyl group, i.e. a permutation, that maps the weight (M — k + l|b0, ey bnz1) + pg
to (M — k|bo, ..., by—1) + pg. Using pg = (1,2, ...,n,n+ 1), we obtain the condltlon that
the two sets

{M—k+1,bp+2,by+3,....b;+i+2,..,b;+j+2,...,b,_1 +n+ 1}
and
{M —k+141,bo42,by +3,....0;+i+2,...,b;+§+2,....bp 1 +n+1}
have to be equal. This is equivalent to
(M —k+1,b; 40420+ +2y ={M —k+14+1,b;+i+2,...b; + j + 2},

where the sets contain all those by, + m + 2, resp. by, +m + 2, for which b,, # by,
Furthermore, leaving out M —k+1, all numbers in the first set are increasing from left to
right. Since by < by, bi+i+2is smaller than the second entry in the first set and therefore
smaller than everything but the first entry, i.e. we must have b; +i +2 = M — k + 1.
Moreover lN)j < bj implies that there has to be an integer m < j so that

bi+j+2=bn+m+2= bj+j=b,+m.

This is not possible, because 1~)j > b, and 7 > m. That proves the first claim.
Let us now assume that V,,(k— M) = (k— M +1]bo, b1, ..., b;—1,b; =1, bj41, ..., bp_1).
In this case My(V;,(k — M)) has the same central character as M,(Vo(k — M)) if and
only if
{M—k+1+1,b;—1l+j+2} = {M—-k+1,b;+7j+2},

which is equivalent tok:—bj+M—j+l—1:—(Zleaij—l—l—l). m

5.3.2 Excluded weights
Proposition 10. If

J
=1

then there exitst an [-th order invariant linear differential operator

k a1 a2 as An—2 an-1 k—l a1 ao a;j—l aji1+l An—2 an—1

Proof. As proved in [16], p. 65, Corollary 5.3, the condition for this operator to be
invariant is

~ 1 _ -
w = (Oé + 5n,j,p) - 5(1 — 1)(|Oé|2 + 1) — (_Gn—j, )\),
where w = ——5 (nk + Y7 ! (n —i)a;) is the geometric weight of L e

(.,.) is the normalized Kllhng form as in Corollary 6 and & = —e¢,, is the highest weight
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of g1. Moreover p = po.c = Sy (n —i)e;, |af? = (a, @) and A =37 N6 (we can
always assume that \, = 0, which implies \,_; = >_7_, a;) is the highest weight of E.
Using

s _ony
(a+€n—]7p) - TL+17
2 n—1
o = n+1’
- Ay — S\,
i A — n—-Jj i=1""
(€3 }) n+1

and the formula for w from above, we see that

w:(Oé+€n_j,p>—%(l—1)(|6€|2+1)_(—€n_j,5\><:>k:— (Zai—kj—l—i-l).

=1

Note that these calculations for j € {1,...,n — 1} make only sense if a; > {. If j =0,
then [ may be arbitrary.
We could have also proven this proposition utilizing Chapter 4. O

The problem is, when we look at M-th order pairings, we do not really want to
exclude weights that correspond to operators that have a higher order. The following
lemma excludes such a situation at the cost of a restriction on the integers a;.

Lemma 17. Let M > max;{a;}, then no weights have to be excluded for l > M.

Proof. As discussed earlier, an irreducible component of V;(k — M) that induces a
generalized Verma module with the same central character as M,(V,(k — M)) can only
arise by taking

(M — kl|bo, by, ..., by—1)

and subtracting [ from one of the b;’s to obtain
(M — k4 1|by, by, ..., bu1)
so that (M — k + I|bg, ..., by_1) interlaces (M — klbg, ..., b,—_1). But
bi—bi1=a, < M<IVi=1,...,n—1,
so subtracting [ from any bi,]’ > 1, leads to Bl = b; — [ < b;_1, which is not allowed.
Subtracting [ from by leaves by = M — | < 0, which is also not allowed. Therefore all

irreducible components of V;(k — M), for [ > M, induce a generalized Verma module
that has a central character which is different from the one of M,(Vo(k — M)). O
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Examples

(a) Let us look at symmetric two tensors of projective weight v, i.e. sections of the
vector bundle ®?*TM ® O(v) for M = 2:

v 0 00
xX—e ... 0
I4v 0 0 1
X—eo ... oo S2)
20 02 240 0 0 2 v—1 1 0 0 1
oo .. 0o 0o(v) = x—e.. .00 | o -

The weights to exclude are

1. v = =2, —(n + 3) which correspond to the first order invariant linear differ-
ential operators V, V% — niﬂda@vdvc)d and V,V® respectively:

2. v =—1,—(n+2) which correspond to second order invariant linear differen-
tial operators V,V,V + P,V —trace and V,V,V® + P,V respectively.

(b) Another example for vector fields of projective weight v, i.e. sections of TM®O(v),

with M = 1:
v 0 00
10 01 I4v 0 0 1 v—=2 10 00
e .. o0(1) = x—o.. 00 | @ X—e—o .. oo
v—=1 1 0 0 1
The weights to exclude are v = —1, —(n + 1) corresponding to the first order

invariant linear differential operators V,V® — 16,°V.V¢ and V,V® respectively.
n

(c) The last example deals with weighted functions and a general M:

MO 00 w0 00 w210 00 w420 00
oo . .o o(w—N) = Xeo.00+f x—eeo.. 060 | X—oe
w=2M M 0 0 0
+...+ X—e—9 . .. oo

The weights to exclude are w = 0, 1,...M — 1 corresponding to the invariant linear

differential operators V(,...V, f 4+ C.C.T. respectively.
1
w+
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5.3.3 Classification and Examples

To state the main theorem, we have to define precisely what we mean by excluded
weights.

k a1 a2 an—-2 QAan-—1

Definition 24. LLet x—e—e ... e——e be arepresentation of p. Then the excluded
weights up to order M consist of all £ such that thereisal <! < Manda0<j <n—1

with
J
k:—(Zai—i—j—l—i—l) and a; > .
i=1

For j = 0, the excluded weights are k =1 —1for 1 <1 < M.
k a1 ag an—2 Aanp—1 m by by bn—2 bp_1 . .
Theorem 14. Let x—eo—o ... o—e and X—e—e ... e—e be 1rreducible

associated bundles on M. If M > max;{a;,b;} and k and m are not equal to one of the
excluded weights up to order M, then there exists an r parameter family of M-th order
mwvaritant bilinear differential pairings

k a1 ao An—2 Qp—1 m by b bp—2 bp—1 s ¢ c2 Cn—2 Cn—1

. . 7. . c1 2 Cn—-2 Cn-—-1

where r is the multiplicity of e—e ... e—e in
M ap a2 an—-2 QAan-—1 b1 bo bp—2 bn-1
O7gIY e—e ... &e—e K oo ... o—o

Ezxcluded weights correspond to the existence of invariant linear differential operators of
order < M emanating from the bundles in question.

Proof. 1If M > max;{a;,b;} and k and m are not equal to one of the excluded weights

up to order M, we can use Lemma 17, Proposition 9 and Corollarly 8 to define invariant

. . k a1 a2 an—2 Gn-1 m by by bp—2 bp_1 |
differential operators that take x—e—e ... e—e and x—e—e ... e—e into

their M-bundles. Then we decompose the tensor product of the M-bundles as described
in Proposition 8 and project onto the first composition factor of each of the irreducible
components. That also yields all the invariant pairings of order smaller than M, but
we may have to exclude more weights than necessary. Moreover there cannot be more
invariant bilinear differential pairings that are non-zero in the flat case, because then one
would be able to find a linear combination of all those pairings that does not involve the
highest order terms (M derivatives) in sections of one of the bundles. But obstruction
terms involving M — 1 derivatives in the sections of that bundle and one T-term would
therefore only occur in ©"~1g; @ E® g; ® F (if E and F denote the corresponding g5-
modules as before) and one would not be able to eliminate them, because no operator
in the formula is invariant. The last statement follows from Proposition 10. n
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Example

Let us carry out the described construction for first order pairings between weighted
2-forms and weighted vector fields for four dimensions. The corresponding M bundles
have composition series

00 01
X-0-0-@
1010 1010 -2 1 0 1
o090 — X000 | b + xX—eo—o—9
-1 1 1 0
xX—eo—o—0
and
00 0O
1 0 01 1 0 01 -2 1 0 0
o-0-0-0¢ — X-0o-0-9 | ) + X -e-e-eo .
-1 1 0 1
X—eo—0—9

If we tensor these together, we obtain a composition series

2 01 1 1010 0111
X—eo—e—o 4 X oo P 2Xx
1 010 1 0 0 1
o-0-0-0 (< e-0-0-0 — &P —+ &P
21 0 0 02 00 1 0 0 2
X—o—0—0 2X Xxoeo0 P 2X xeo-eo-e
-1 10 2 -1 110 -2 10 1 -1 00 0
IX Xxeoo0 P 66X X—eoeoe X X—eoo0 P 2X X—eoeo-e
) &)
000 1 -2 2 1 1 -3 210 2.0 2 0
+ 5 x-eo—o-o O X—eo—o—9 4] 2X x—eoo0o0 P 2X X—eo--ooe
S%) ISP,
-1 0 2 1 2300 -3 2 0 2 2.0 1 2
X—eo—e—o ©® X—eo—o—o X—e—0—o fan X—eo—o—o
-4 2 0 1
X -0-0-@
S7)
-3 0 1 1
+ X—o—0—o
©®
0100
X—eo—0—o

This composition series can be split up according to

1 010 1 0 01 2 011 0111 21 00
o-0-0-0 X o-0-0-06 — eo-0-0-0 | e-0-0-0  eo-0-0-0
1 0 0 2 02 00
D o—o—0o-90 & o—0—0—0

1010 000 1
P2X o090 O oeo9,
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which compose as

-1 1 0 2
X -o-0-@
1 0 0 2 -2 1 0 1
X-0-0-@ D X -0-0-®
-2 2 11
&) X—eo—0—9 D
2 01 1 2 011 01 1 1 -3 2 10 —4 2 0 1
o9o-00 — X000 | X e oo D + xX—eo-0o0 |+ X—ee0o-o
00 0 1
S S
1 010 -3 2 0 2
X-0-0-8 D X -0-0-0
-1 1 1 0
X—o—0—o
-1 0 2 1 -2 0 1 2
X -o-0-@ X -0-0-@
SY ¥
0111 01 11 -1 1 0 2 -2 1 0 1 -3 0 11
000 — X000 | X o060 | X—eoeoe | X—eee,
S¥ S¥
-1 1 1 0 -2 0 2 0
1 010 -1 1 1 0
21 00 21 0 0 -3 2 1 0
o-0-0-0¢ — X-0-0-0 &P + P + X—e—eo—o
02 00 -2 3 0 0
00 0 1 -1 0 0 O
1 0 0 2 1 0 0 2 01 00
o090 — X—eo0o-0 | ) + ) + X—e—0—o
-1 1 0 2 -2 1 0 1
X -0-0-@
00 01
1 010 1 010 -2 1 0 1
o900 — X—eo0o-o | ) + X—e—o0—9
-1 1 1 0
X -0-0-@
and
02 00 02 00 -1 1 10 -2 0 2 0
0090 — X000 | X000 | X—e-e0,
00 01 00 0 1 -1 0 0 0
o090 — Xeo0o0 |

There are 5 first order invariant bilinear differential pairings according to the projections
onto (including the weights k& = 1 + v for vector fields of projective weight v and
m = w — 3 for 2-forms of projective weight w, i.e. we have to tensor by the line bundle
Ok —-M)0(m—M)=0w+w-—4)):

v+w—4 2 0 0 v+w—3 0 0 2 v+w—4 1 1 1
X——0—0—0 X—0—0—0

Y 9
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and the two projections onto

v+w—3 0 1 0 2
x—eooeo = (v+w),
corresponding to
0 0 1 010 010 111 2 00 00 2
m®91®mzzxm@m@m@m.

The concrete formulae for the two projections onto Q2(v 4+ w) were given at the end
of 3.2.2.

5.3.4 Weighted functions of excluded geometric weight

Returning to Example 5.3.2 (¢), let us assume that the central character of the gener-
alized Verma module M,(Vo(w — M)) equals the central character of M,(V;(w — M)),
ie.0 <w=101—1< M —1. This corresponds to an [-th order invariant differential

operator

w 000 00 w-20 1L 0 00 00
D: X eoeo90..006 — X eoo. .. 0-0. oo

Hence one can invariantly write D(f), for f € O(w). Now we look at the p-module
Vari(C)(w — M) = Vi(w — M) + Vi (w — M) + ... + Vy(w — M),

The central character of M,(V;(k— M)) is different from the central character of all the
other generalized Verma modules, because each M,(V,(w — M)) has the same central
character as M,(Vo(w — M)) if and only if w = s — 1. Therefore we can define an
invariant differential mapping

O(w) 2 Vi(w — M) — Vi y(C)(w — M) < Vi (C)(w — M).

The invariant pairings that we obtain via this construction do not involve derivatives
of f of order smaller than [. This is confirmed by the formulae obtained earlier.
These considerations yield:

Corollary 9. If M > max;{a;} and k does not equal one of the excluded weights up to

k a1 ao an—2 Qnp-—1 . .
order M for V = x—e—e ... e——e | then there exists a one parameter family of

wvariant bilinear differential pairings of order M between sections of V' and arbitrarily
weighted functions onto every bundle that is induced by an irreducible component of

@]\44gl ® al az an—-2 Gan-—1
Remark
Using Pierie’s formula, it is clear that the tensor product ©Mg, ® ‘o—e ... "o o "

does not have multiplicities.
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Example

Let us analyze the example given in 3.3, where we considered second order pairings
Vect(M)(v) x O(w) — QY(v + w). For this purpose we decompose

9 0 0 0 1 2 0 0 1 10 0 0
OgiRXe—e ... 00 — 0. . 060l 060 .. oo

Therefore if v # —1, —(n + 1) (for the other projection we also need to exclude v = 0),
then there should be a second order invariant differential pairing. This is true and the
formula was given in 3.3. Moreover one can clearly see which terms vanish in case the
weight w is excluded.
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Chapter 6

Explicit formulae: Tractor calculus

In this chapter we will review some of the basic properties of projective, conformal and
CR geometry in order to construct some explicit splittings with the help of tractor cal-
culus. These splittings can be used to obtain explicit formulae for invariant differential
pairings for the parabolic geometry in question. All these examples will deal with real
manifolds M and smooth tensor bundles.

To denote the various tensor bundles that occur, we will use Penrose’s abstract in-
dices. The tangent space (and sections thereof) will be denoted by £* and the cotangent
space (and sections thereof) by &,. All tensor bundles have a description in terms of ab-
stract indices that denote the symmetries of the elements involved. (£,%)o, for example,
denotes the bundle of elements X,°, such that X, = 0, i.e. which are trace-free.

6.1 Projective geometry

Throughout this section gr = sl,, 1R with complexification g = A,, and the grading as
given in Example 1.1.4 (a). The description of the tractor calculus for manifolds with
a projective structure follows [1].

6.1.1 Projective manifolds

Definition 25. A projective structure on a manifold M is given by an equivalence
class of torsion-free affine connections which have the same (unparametrized) geodesics.

Proposition 11 ([64]). Two torsion free connections V, V have the same unparametrized
geodesics if and only if there is a one form Y, such that

va(-‘)b = Vozwb - Tawb - waa
for every one-form wy,.

Proof. A proof may be found in [24], Proposition 1. ]

129
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Corollary 10. Since V,f = Vof for every function f and every connection satisfies
a Leibniz rule, the difference of V and V when acting on vector fields can be deduced.
Again using the Leibniz rule, it is then straightforward to deduce the difference of \Y
and V when acting on arbitrary tensor bundles.

Definition 26. For every w € R, let £(w) denote the line bundle of densities of
projective weight w. This bundle (assuming that M is oriented) can be defined as
(A™)" 741, where A™ is the line bundle of n-forms on the manifold M of dimension n.
The tensor product of an arbitrary bundle £?, where ® denotes some indices, and &(w)

will be denoted by £®(w). Note that
Vaf = Vaof + wYof
for f € E(w).
Definition 27. The curvature tensor, defined by
(VaV = ViVa)V© = Ry aV*
for every vector field V* € £%, can be written as
Rap’a = Cap’a + 2010 Pya + Bapdd,

where Cg¢q is the trace-free Weyl tensor, 3, = —2P,4) is skew and Py, is the Schouten
tensor. This tensor has a transformation law

Py =Py —V,Ty + T,y

6.1.2 Tractor calculus

Definition 28. Let A be the standard representation of gg on R™"*!. The associated
bundle £4 = G xp A is called standard tractor bundle and it has a composition

series
000 0 1 000 01 —-100 00
09 ... 00— X909 . . 60| X—00 060

In accordance with 2.3.3, for every choice of connection V, we can write the elements

in &4 as
grsva= (V"
O_ b

where V* € £%(—1) and ¢ € £(—1). Under change of affine connection to V, these
elements transform as

—

(7 )= (5 )

As explained in the remark at the end of Section 1.3.4, there is a canonical connection,
the tractor connection, on the bundle £4 given for each choice of connection by

v VPN [ V.V +06,°
“\ o "\ Vyo—-P,Vb )
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Let A* be the dual of the standard representation of gr on R"!. The associated
bundle £4 = G xp A* is called standard co-tractor bundle and it (or rather its
complexification) has a composition series

1 00 0 0 1 00 0 0 -1 10 0 0

For every choice of connection V, we can write the elements in £4 as

EABVA:(S ),

where V, € &,(1) and ¢ € £(1). Under change of connection to V these elements
transform as

—

(%)Z(Vafna)'

The tractor connection on the bundle £, is, for each choice of connection, given by
v o - Voo —V,
¢ V;) B va‘/b + Pabg '
Remark

This description of €4 can be used to determine descriptions of all tensor powers of
E4 and the corresponding tractor connections by requiring V to satisfy a Leibniz rule.
All bundles that are induced from representations of the whole Lie algebra g are called
tractor bundles and we use capital letters A, B,.. as abstract indices in the same
spirit as small letters a, b, .. are used as indices for tensor powers of the tangent bundle
E?®. Moreover we can tensor any tractor bundle with a line bundle £(w) to change
the projective weight as in Remark 5.1.3. The tractor connection is not invariant on
weighted tractor bundles £2(w), but has a transformation law V,f = V. f +wY,f, for
fe&®(w).

This remark also applies to the tractor calculus for conformal and CR structures to
be presented in the next two sections.

Definition 29. Let f € £*(w) be a section of a tractor bundle of weight w (® denoting
some tractor indices). There exists an invariant operator

DAzé'@(w) — 5¢®5A(w—1)
wf
f = ( Vaf ) )

where V, denotes the appropriate tractor connection on £%.
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6.1.3 Special splittings

-----

exists a unique lift to an element Vil € E0-1x) (y + k) such that
DAVAIZ“I}C = 0.
FEach excluded weight v corresponds to the existence of an invariant differential operator.

Proof. We will regard the elements of £/ (v + k) as elements in E-Tk(v + k)
satisfying certain symmetry relations. This can be easily demonstrated for the case

k= 2:

E4v)
EABw+2)=E%w)+ @ +E,
E¥(v)
so that VAB € £4B can be written as
‘/‘104
v =L+ e+ W,
Wy

where we will use lower indices to indicate the valence of the corresponding tensor. If
VAB ¢ £AB) (y + 2), then

1. Vgt € £@)(y) and
2. Vo =We e £9(v).

For higher valence tensors V11-I* each component Vi has to be totally symmetric
and is equal to all other components with « indices.
We can write V1t2-Ie ¢ ghlzedv) (y 4 k) as

i1lo... I
Vlllg...lk . Vk
- VIQ...Ik
k—1

and

t1l2.. I}, ; Is...1

v il de — v“‘/}cl S 4+ 50'11‘/;631 g
- Is...1 bls... I, .

¢ Vav;iil i Vk 2 kPab

It is then straightforward to compute
DRVt — (Ve (ke m) V).
Moreover, for each [ =1, ..., and a = 1, ..., k, we can compute

il---ilil+1ll+2---la il+1 il---illl+2--1a
v vil~'~illl+lll+2~--la _ ( VQVOC +5a Va—l
a’ o -

il...ilIH,g...I il...ilbll+2...l
Vavail ¢ — VQ aPab
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and hence

aiQ.,.’il’L'l+lll+2...Ia i2~~-ilil+11l+2~~1a
v VaiQ---ilIl+1Il+2---Ia _ VCLVOZ ) g I + Va_Albl s
a’a - ar2...0lj42... Lo a12...0100 9. 1o
vavail — Va Pab

Using this equation one can see that D; VI = 0 is equivalent to the following k
equations

VoViiiot p (v ntk+a— DV = (k= a)Vayi ™ Py =0, (6.1)
fora =1,k Ifvg{—(n+k+a—1)}a=1,.r then these equations can be uniquely
solved starting with V;*~"* = V%% _ This shows the uniqueness of the splitting. The
existence can either be shown by explicitly using the transformation rules under change
of connection as in Remark 6.1.2 or by using the general theory from the last chapter.

If v =—(n+k+a—1), then we can use Proposition 10 from the last chapter to see
that the differential operator

L e A VN e S OX ORI

ik:+1—a

where C.T.T. stands for curvature correction terms, is projectively invariant.

Remark

This proposition was first proved in [30], Proposition 2.1, without explicit use of tractors.
The elements V71 in this paper are written down as elements in £11%) (v + k) and so
are related to our elements V/1/s by the projection &/t — Ik} More explicitly

() (3) 03

Corollary 11. Forv = —(n+k+ao—1), it is possible to write down the full form (in-
cluding curvature correction terms) of the corresponding invariant differential operator
in Proposition 12 using the equations (6.1) from the proof of the proposition.

Proof. We can solve the equation

vavo?il...ia_l _|_ (Oé _ aO)Vii.l.ia71 _ (k — Oé)va‘iillmia,lpab =0,

« «

for a = k,...,ap + 1. The next line

ai]...lon—1 abiy...iqn—1
V Valiaot (k= ag) Vit py =

«

can then be written as V..V, V% 4+ C.C.T.. This line is the first non-zero
projection of D,VA%2+Ix and hence an invariant expression. O



134 CHAPTER 6. EXPLICIT FORMULAE: TRACTOR CALCULUS

Example
Let us take ap = k — 2, then the first non-zero entry of D, VAl Tk-1 g
Vavbvcvabch-..ik—:s + 2va(Pbcvabci1-..ik—3) + 2Pabvcvabci1...ik_3,

for Vit-ie € £01-)(—n — 2k 4 3), in accordance with the expressions for the curvature
correction terms given in Chapter 4. Note that the sign convention of [30] for P, is
different.

Theorem 15. If
v g {_(n + k +a— 1)}04:1,...,16 U {a - k}a:O,...,M—la

then there exists a splitting

i1.. 5.l N e .  es
gl k)(v> - (géJi---Jlj\i))o(U—i_k_ M)= o—-eoo .. oo(v+k— M)

FEach excluded weight corresponds to the existence of an invariant differential operator:

1. Ifv=—n+k+a—-1), a=1,..,k, then

v+k 0 O 0 k v+a—1 0 0 0 a—-1

X—e—9o .. 00 — X -e-e .. e @

1.0 ) ) 110k

V = ViV, .V +C.C.T
s projectively invariant and
2. ifv=—(k+a), a=0,...,M — 1, then

v+k 0 0 0 k v+k—2(a+1) atl 0 0 k
X—e—9 .. 00 — D T S )

Vit s Vg,V VA — trace + C.C.T

Ja+1
s projectively invariant.

These splittings are given explicitly by tractor formulae.

Proof. Let Vit-ik € £ (), then we can use the splitting of Proposition 12 to obtain

an element V71 € £N-Tk(y + k). The element

1..-dg Ilu-I
Dy, Dy Vit (stl_..J’;){))o(v +k—M)

is trace-free by construction of VIi-I and has as its projection onto £4-i(v) the

element
M—1

H (v+k — )V,

a=0
Proposition 12 from the last chapter ensures that the excluded weights correspond
to the existence of invariant linear differential operators. Since those operators can
be constructed as Ricci-corrected derivatives (as we will see in the Appendix), the

machinery in Chapter 4 produces explicit formulae for the curvature correction terms.
O
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Corollary 12. This theorem can be used to explicitly write down the formula for every
invariant bilinear differential pairing between sections of £~ (vy) and &+ (vy).
In practice this can be rather tedious, since the expressions for elements in certain
tractor bundles can be rather complicated. This is due to the fact that the tractor
bundles above encode the information about all invariant bilinear differential pairings.
In specific cases, however, one can use certain tricks to make the computations easier.
We will demonstrate this in Example 2 below.

6.1.4 Examples
Example 1
Let us have a look at weighted vector fields.

5%(1))
((:AB<U) = 5“(1}) + ® + gb(U).
E(v)

For X¢ € £4(v) and v € {—1,—(n + 1)}, we can define X* € £4(v + 1) as in Proposi-
tion 12 and then compute

VX — L 60V, X

DpX* = (v+1)X° " . _n+i+1 ViV X — X Py
_n+v+1vaX
€ (E4)o(v) = o—e-e - os(v).

This can be used to determine the exact form of the two invariant bilinear differential
pairings
E°(v) x E'w) — Ev+w)
(X4Y?) = (DX (DAY E) or (DeY?)(DaAX5)

given by
1 1
(0 )XV — — L g ye - WHEDEED g
n+w+1 n+v+1
and . . .
(w + 1)ya<vaXb . —5avaXc) _ (,U + )(w + )vaaya'
n+uv+1 n+w-+1

Note that by writing down the formulae in terms of tractors we implicitly project onto
the first slot in the composition series.

This result may be contrasted with the theory of natural bilinear differential pairings.
The only natural bilinear differential pairings I'(T M) xI'(T M) — I'(T M) are constant
multiples of the Lie bracket, see [43], Remark 30.5. We can obtain the Lie bracket for
v =w = 0 by taking the first minus the second pairing from above.
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Example 2
The pairing
£ (v) x E(w) — E(v+w)

can be computed by
VAPDADg,
where VAP is the lift of V® € £(9%)(v) as in Proposition 12. The exact formula is given
by
2(w —1)
n+v+3
ww+v+n+1) b
V% P,
v+n+2 / ’

in accordance with 4.3.1 (c).

w(w —1)
(n+v+3)(n+v+2)

VO Vo f — (Vo V) (V) f + A

6.2 Conformal geometry

In this section g will denote s0,,,2C and in the Dynkin diagram notation we will have
to distinguish n even (in which case we use D,,,) and n odd (in which case we use B,,).
The description of the tractor calculus for conformal manifolds follows [1].

6.2.1 Conformal manifolds

Definition 30. A conformal manifold is a pair (M, [g]), where M is an n-dimensional
manifold and [g] is an equivalence class of metrics with equivalence given by

grge =0
for some smooth nowhere vanishing function 2.

Definition 31. Let (M, [g]) be a conformal manifold and define @ to be the bundle of
metrics, which is a subbundle of ®*T* M with fiber RT. For every w € R, write £[w] for
the line bundle that is associated to the principal fiber bundle () via the representation
R* > 2 +— 272 € gl(R). Analogous to the projective case, we will write £®[w] for the
tensor product of £[w] with an arbitrary bundle 2.

Proposition 13. Let M be a manifold endowed with an equivalence class of metrics
[9ab]. Any two metrics are related by Ja, = Q%gay for some smooth nowhere vanishing

function Q. Let T, = Q7 'V, Q = V,logQ, then the Levi-Civita connections V and V
associated to Ga, and ga, are related by

Vof = Vaof +wY,, f€&u]
VoXP= = V X'+ (w+ DT, X" — X, T + X°T.5,°, X e 5w
Vywy = = Vwy+ (w—1)Yqwp — Towa + YweGap, wp € Ep|w]
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Proof. A proof may be found in [54]. O

Definition 32. The Riemann curvature tensor, defined by
(VaViy = ViVa)VE = Ry VY,

can be written as
Raped = Oabcd + 2gc[an}d + 29d[bPa}cy
where C\peq is the conformally invariant totally trace-free Weyl curvature and P, is the

Rho-tensor. Let us write P = P%,. The Rho-tensor has a conformal transformation
law

R 1
Pab = Pab - Vaprb + TaTb - ETCTCgaIr

6.2.2 Tractor calculus

Definition 33. Let A be the standard representation of g on C*" (or C?*"*!) and denote
by €4 the sheaf of sections of the associated standard tractor bundle. This bundle
has a composition series

E4 = E[1] + E—1] + E[-1].
This composition series is a result of the composition series for A as a p-module. For
D,, this composition series has the form

0 0 0
1 0 0 00 -1 1 0 00 -1 0 0 0 0
— Yoo - 4+ % oo - + % oo
0 0 0

and for B,, it takes the form

1 0 0 0,0 1 00 1 10 0,0 -1 0 0 0,0

oo . o :>é—0-0...2%:2—|— X—e-e .. o658 | X—e-o . . .

For every choice of metric, elements in £4 can be identified with tuples

where o € £[1], p* € £*[—1] and p € E[—1]. Under change of metric these elements
transform as

o o

ptol = pt + Yo

p p—Tap® — 3T T
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There is a canonical connection, the tractor connection, on the bundle £4. For each
choice of metric, this is given by

o Vo —
V| p* | = Veu'+o%0+ B |,
P pr - szz,ua

where the V within the bracket is the Levi-Civita connection.

Corollary 13. There is a canonical section X4 € E4[1] given by
x4=10 |,
1

for each choice of metric.

Definition 34. The bundle £4 carries a non-degenerate symmetric form h,p, the
tractor metric, which is, for each choice of metric, defined by

hapX2YP = X, + 08 + pa,

where
ag (8]
XA=| X° | andY®P=| Y©
P B

It is easy to see that this definition is independent of the choice of metric within the
conformal class. This form can be used to identify £4 with its dual £4. In particular,
we will use hap and its inverse h*P to raise and lower tractor indices analogous to
normal tensor indices.

Remark

As in the projective case, these definitions can be used to determine the explicit de-
scriptions of all tractor bundles and the corresponding tractor connections. We will use
capital letters A, B, .. to denote tractor indices.

Definition 35. There exists an invariant differential operator

Dy:E%w] — E3Nw—1]
w(n+ 2w —2)f
f - (n+2w—-2)V.f |,
—(A+wP)f

where ® denotes arbitrary tractor indices, V is the corresponding tractor connection
and A = V,V?* is the tractor Laplacian.
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6.2.3 Special splittings

Proposition 14. Let Vi ¢ Séil”'i’“)[v] be a totally symmetric and totally trace-free
tensor of conformal weight v. If

vE€{-n+k+a—2)} am1
then there exists a unique lift to an element
Vit g gty + k)

such that
X VAL =0 and D, VAT = 0.

The excluded weights v correspond to conformally invariant operators
Vit s 7, LV Vi 1 CLOUT,
fora=1,.. k.

Proof. As in the projective case, we will view elements in Eéh"'l’“) [v+ k] as elements in
EN-I[y 4 k] that satisfy certain symmetry and trace conditions. More specifically, each
component Ve of Vii-Iv g Séh”'f’c) [v+ k| is totally symmetric, totally trace-free and
equal to every other component with « indices and of the same conformal weight. The
equation X,VAL-I = 0 ensures that V- € £y 4 k] has k + 1 independent
components, one for each number of indices.

We can write every V/ifz-Te g gi2-T01, 4 ) with X, Vike-Ie = as

0
Lo i1z Iy
V = Vk[ :
2.1k
Vil
and compute
_(‘/;c)a[2m[k
Lo irIz...T, 112
AVAR VAIRERR L vavkl k+5az1vk_1k

VaVkIf'l"Ik _ kalg...lk P
It follows that

~Va(Vi)a > = VoV — gV
vaavflh...lk _ :

and hence
DAvfl...Ik —

( 0 w(n + 2(w — 1)Vl w(n + 2(w — 1) V2w

% (n+2(w — 1)) (VaVkilI”‘Ik + 8,01 V,fi‘l“lk) ¥ ,

2V, ValzTi 4 pyl2 Ik * *
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with w = v + k. Taking the trace yields
DV = (0420 + ) (VaVie ™ 4 (0 + k4 n = DV

The expression V, V™ 4 (v +k+n— 1)V, is in itself invariant and therefore can
serve as the defining equation. That means that we do not have to exclude the case
that n+2(v+ k) = 0.

Moreover, for every a = 1,....,k and | = 2, ..., o, we have

vil ’il Il+2...Ia
v Vi1-~~izfz+1lz+2-~fa _ \va Vu 2111+1Il+2 do +4 il+1vi1---illl+2--1a
aVq - a a—1
741~-~7flIl+2~~~Io¢ il...ilbll+2...la
Vava,1 - Va Pab

and hence
0
aig...ilfl+1ll+2...l _ asz.. lel+1[l+2 Jo Z-2-~-7;l7;l-§»1Il-|»2-~[o¢
Vaba Bl Iipood - Va_‘lbl I ’
at2...1 ar...1
vavaii 111+2 a Va 2 101142 aPab
since VI-Ir is totally trace-free. Iterating this rule shows that D VAR~ = ( is

equivalent to the following k equations

V Vazl A 1+(U—|—n—i—k;+a—2)V“ da— 1_(k_oé)vaj1_zl1 da— 1]313_()7 (62)

«

for a =1,...,k. In order to see this, note that for « =k, ..., 1 the equation

vvah o 1+(U+7’L—f-l€—1)vh o 1_(k_a>vai111 o 1Pab_0

«

is equivalent to the two equations

V Van[g do—1 +(U+n—|—k)V“12 a1 (k_oé)vaiilllz...]afl b = 0,

«

Vo Vil o (v k= DV — (k= (o — ) Vblepy = 0
and those equations are equivalent to the three equations

v, Vazust o1 + (v—i—n—l—k:—i— 1)Vz12213 da—1 (k— a)va—lf)_illizlg...laflpab = 0,

Vavo?illh a1 + (’U +n4 k)vulg, da—1 (k . (Oé . 1))Vabi113...la_1p — 0,

V VBTt (o bn+ k= DVE Y — (k= (= 2V TP, = 0.
These three equations are equivalent to four further equations and so forth until we
obtain « equations. Carrying out this procedure starting with a = k yields the &

independent equations as glven above. The reason for obtaining k£ equations is as
follows: D,VAL-Ik € & (I>-.-Ti) [v 4+ k — 1] also has the property that

XADBvBAI;;...Ik — 0’
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so D VAR+Ix hag k independent components.
Ifveg {v+ n+k+a-— 2}a=1..k, then those equations can be uniquely solved
starting with V=" = V%% _ This shows the uniqueness. The existence can either be

deduced by considering the explicit description (behavior under change of metric) of

5(511'"1’“)[1) + k] or by the general theory of the last chapter.

If v =—(n+k+ a—2), then one can use the theory developed in [14] to deduce
that the (standard) invariant differential operator

Vi o VLV Vi

lh—at1

has a curved analogue. O

Remark

This splitting was first written down in [26], p. 1658, for the case v = 0. The components
ol in this article differ, however, from our components by a constant. To be more
precise, the components o, ""*~* in [26] are given by

Vit = Claoige
with
C0) = landforl <a<k

Cla) = aC(a—1).

Corollary 14. For each excluded weight v in Proposition 14, the explicit form of the
corresponding invariant differential operator can be explicitly determined using (6.2).

Proof. Let v=—(n+k+ o — 2), then the equations

vavo(éu'l...ia_l + (Oé _ Oé[))vll_lla71 _ (k _ a)vaj)_ill..-iaflpab — 0

« e}

can be uniquely solved for a = k, ..., a9 + 1. The next line

aty...bon—1 abiy...iq—1
ViVae 77 — (kE— )V, orl 7 Pap

[e%

can be written as

Vi,..V Vi 1 1LO.T,

lh—ag+1

where L.O.T. stands for lower order terms combined with curvature terms P,,. This is
the first non-zero part of D4V A2 and hence an invariant expression. O]
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Example

The linear differential operator

Vavbvcvdvabcdil...ik_4 + 3vavb (Vabcdil...ik_4pcd)
4va (Pbcvdvabcdil...ik,AL)

+
+ 3Pab (chdvadeilm’ik—4)
+ 9Pabpcdvabcdi1...ik_4

is invariant in case v + n + 2k — 5 = 0 in accordance with (4.2).
Theorem 16. If we exclude certain weights as follows:
Lvg{—-(n+k+a—2)} a1 s
2. vg€{a—k—1}a—o. k-1,

3. v & {ata—o, m-1 and

then there exists a splitting

. . 0
gézl...lk)[v] _ M ko0 0 O: [U _ M]
0

Eéil'”i’“)[v] — e .. 2%2[1} — M]

for n even or

for n odd, given by an explicit tractor formula. Fach excluded weight v corresponds to
the existence of an invariant linear differential operator on the flat model space S™.

Proof. Let Vit-Ik ¢ Séil‘”i’“)[v]. Then we can define the splitting in three steps, each

time excluding appropriate weights:

0
VIl...Ik egélllk)[v+k] — kl 0' 0. 0‘_<
0

1. Define

or

Vit g gy 4 k) = o-ee .. oo v + k]
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as in Proposition 14. The weights to exclude are
vE{-(n+Ek+a—2)} ootk

and correspond to the existence of invariant linear differential operators

0 0
—(n+k+a—2) k 0 00 R —(n+k+a—2) a—1 0 0 Oi

S .o S .o

0 0

or
—(n+k+a—2) k 0 0.0 —(n+k+a—2) a-1 0 0,0

i1 . , i1
Vit s VLV Vi

2. Set TPRCUE-DS —  pair skew(DPDC...DPVOF-9)  where, following [34], p. 223,
‘pair skew’ means to simultaneously take the skew part over each of the index

pairs BQ,CR, ..., DS. Then

0
TBQCR..DS o § &k 0 0_< [v]
0

TPACR-DS ¢ ¢ 4§ . erelu].

or

From the proof of Proposition 14 one can see that the weights to exclude are
n
v {l— 5 +o—k}omo,. k1 U{a—k—1} om0, k-1,

because the projection onto the first factor in pair skew(DZDC...DPV@E-5) will
be (modulo a non-zero scalar):

k—1
H(n +2+k—a)—-2)(v+k—a+ 1)V,

a=0

These excluded weights correspond to the existence of invariant linear differential

operators
0 0
a—k—1 k 0 0 oi ~k—2 k—a-1 a+l 0 0:
Y e BN % o o
0 0
or
a—k-1 kK 0 0.0 —k—2 k-a-1 a+l 0,0

Vzl...lk — pair SkeWle...v ‘/til...ik?

Ja+1
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which are standard operators, and

0 0
1-24a-k § o 00 —1-%—a-k § o 0 0
e < N e <
0 0

or
1-9+a—k ¢ 0.0 —1-%9-a-k f ¢ 0.0

‘I’i L1 (X+1‘)’i L
1 k A 1 k: e g
which are non-standard operators.

3. Define

0
DDy TPCRDS o e 453 . < (o — M]
0

or
M kO 00
Dy TPRCR-DS _trace € o—e—e ... exe[v — M].

1

Dy
The weights to exclude here are
n
1— =
v fo1- 2

and correspond to the existence of invariant linear differential operators

0 0
a k 0 0 0: —a—2 k+a+l 0O 0 0:
X oo - N X ° o -
0 0
or

+ atazo,. M-1

a k0 0.0 —a—2 k+atl 0 0,0
X—o—o .. e — X——eo—o ... &ro
ik A . ‘ ‘ _
V = Vi Vieo Viaiooinparn) — trace,

which are standard operators, and

0 0
1-5+a o .00 —1-5—-a-2k 1 ¢ .00
X —eo-0 - X——eo—0
0 0

or
I-3+a k0 0.0 —1-3—a=2k 9 0,0
2 2

110k a+k+1 010k
V — A V + ...,

which are non-standard operators.
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Remark

The existence of the invariant linear differential operators for the various excluded
weights in Theorem 16 follows from the classification of invariant linear differential op-
erators on the homogeneous model space S as in [5] and [6]. All the so-called standard
operators (that correspond to individual arrows in the BGG resolution) have curved

analogues (see [17]), but not all higher powers of the Laplacian in even dimensions allow
curved analogues, see [39] and [36].

6.2.4 Examples
Example 1

Let us look at weighted vector fields X € £%[v]:

XA — Xo
ch X¢

- n+uv
and hence

(v+2)(n+2v)X,
DuXp = (n+20)V, Xy - @R2g ye
AXy — 22V, V X+ (0 + 1)PXy — (0 + 20 + 2) P X©

Now we can easily use the formula in Definition 35 for D4 to obtain the explicit de-
scription of D(Jl...DJM)D[AXB] — trace. The excluded weights (up to M = 1) have the
following meaning (on S"):

1. If v +n = 0, then the semi-invariant operator X* +— V,X* is invariant.

2. Ifv+2=0, then X% — V[, Xy is invariant.

3. If n+2v =0, then X*— AX, — %VaVbXb + 2_T”PXa — 2P, X? is invariant.
4. If v =0, then X — V(,Xj) — %(VcXc)gab is invariant.

5. If n+2v —2 =0, then X +— A%2X® + ... is invariant.
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These are exactly the same weights that have to be excluded when we carry out the
construction in the last chapter and compare the central characters:

0 0 U].O].
1 1 0 0 0 v 1 0 00
oo [U—l] = X ee - +

0 0

0
1}220

0

v—3 1 1
Xx—eo—o
v420

v—=2 1 0 1)200
Xx—eo—o

<
<
“<
”<
<
,<

v410
+

*<
’<
*<
e

A similar composition series holds for B,,
This allows us, in theory, to write down the three invariant bilinear differential
pairings
Ev] x E[w] — Ev + w)

according to

0 0 0
3% 210 0 O: [U—{—UJ—Q] Cl 10 0 0: ® 110 0 0: [’U—l—’w—2]
0 0 0
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or
1 110 0,0 1 10

3x%—0—2...2%2[v+w—2}C oo . o0 (¥ Q-H...g%g[v—f—w—Q]

and the projections

0 0
2 10 00 viw 1 0 00
oo >-< W+w—2] > x—e-e - »-<

0 0

210 v+w 1 0 0,0

m...2%2[0+w—2] — X—e-e .. ere.

These pairings can be computed as

(a)

or

(v +2) (v +n) X0V, Y — IR yey, x4 (1 4 n)u(v + n) Y, Ve X
—(w+n)(v+n)(v+2)¥(VEXD — 1g*V.X) ’

(v +2)(v +n) X, Vieyt 4 La2ebt2e-lyag, xb Ly 4 2)0(v 4+ n) Y, Viex

—3(w +2) (v + 2)(v +n) Y (VXD — LgV, X°)

and
(c)
U(’U + 2)(1) + n)Xb(V(ayb) _ %gabvcyc) . wv(v+2)§zj2)(n—1)yavab
_wv(“;z_("”)y;)v[a)(b] + W(v+2)(;;rn)(2fn)yb(v(aXb) — Lgaby xey
Example 2

Let us look at the second order pairing
ES ] x E[w] — E[v + w.
This pairing is given by

2w —1) w(w —1)

VANV f — ———=(VV)(V Va ViV
v+w+n b
—— P,V
wv+n+1 oV

and can be written as o
VABDADgf,



148 CHAPTER 6. EXPLICIT FORMULAE: TRACTOR CALCULUS

where
N wf
DAf = vaf
0

This operator is not generally invariant, however Dy f = Daf + X AP(T), where ® is
just some function of T, see [34]. So we can use the fact that VABX, = 0 for the unique
lift VA8 of V9, to deduce that VABD 4 Dpf is invariant. This formula is in accordance
with 4.3.1 (d).

6.3 CR-geometry

In order to be consistent with [37], the complexification of the underlying Lie algebra
of this parabolic geometry is A, 1. The description of the geometry and the tractor
calculus of CR-manifolds in this section follows closely [37] and the reader is advised to
consult this article for more details.

6.3.1 CR-manifolds

Throughout this section M will be a real 2n+ 1 dimensional manifold with a subbundle
TH° ¢ C ® T M of the complexified tangent bundle such that

dimcTH =n, T NT% = {0}, where T%" = T10,

and

[O(TH2), 0(T)] € D(TH).
Define a complex line bundle (the canonical bundle) by K = A" ((T%!)+). Follow-
ing [37], we will assume that K allows an (n + 2)" root and set £(1,0) = K~ The

bundle £(w,w’) is then defined to be the associated bundle of the C* principal bundle
E(1,0)\{0} corresponding to the representation

C* 3 A= AAY = [ A2 exp((w — w') log(N)) € gl(C).

The representation is defined for w,w’ € C with w — w’ € Z and it will always be
implicitly assumed that this is the case. We will use the notation £ (resp. £%) for the
sheaf of sections of T (resp. T%') and &, (resp. &) for its dual.

Definition 36. A Levi form is a Hermitian form h = h,3 = hz, on T defined by
h(Z,W) = —2idf(Z, W) for a non-vanishing global section § of H+ C T*M (assuming
as usual that M is orientable), where H = (T*"Y @ T%')NTM C T M has the property
that its complexification C® H is TH°@T%!. We will only deal with non-degenerate Levi
forms of arbitrary signature (p, q), p+ ¢ = n. The choice of section 6 is called pseudo-
hermitian structure. It can be shown that a pseudohermitian structure determines
a connection, the Tanaka-Webster connection, see [63] and [61]. This connection
satisfies Vh = 0, so raising an lowering indices commutes with differentiation.
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Remark

The notations and definitions for CR-manifolds are taken from the case where M is a
codimension 1 real submanifold of a complex manifold. Then we can define for every

T e M:
H,={veT,M : v-1lveT, M}

and obtain a complex structure J, : H, — H, given by J,(v) = v/—1v. This allows
one to define T* and T2 as the ++v/—1 and —+v/—1 eigenspaces of .J, when acting on
C® H,.

The canonical bundle is isomorphic to the restriction of the canonical bundle of
(n+1,0) forms on the complex manifold, see [49].

Remark

The two filtrations

Tl,O
C®TM> & D0andTM D HDO
TO,l

of the complexified tangent bundle and the tangent bundle are reflected in the fact that
the complexified Lie algebra g = A, ;1 allows a |2|-grading, where g_; is the direct sum
of two irreducible go-modules, whereas the original Lie algebra gg = su(p+1,¢+1) has
a |2|-grading as in [18], 4.14, where it is clear that (gr)_1 is an irreducible go-module.

Proposition 15. The Tanaka -Webster connection preserves the splitting
CRQTM=T""eT" @span T,

where T is the unique vector field on M satisfying 0(T) = 1 and vrdf = 0.

Proof. Details and a proof may be found in [61]. O

This implies that we can compute the covariant derivative componentwise. To denote
these components we will use the notation V., V5 and V.

Proposition 16. Under change of pseudohermitian structure § = exp(Y)0, the con-
nection transforms as

@af = vaf+wTaf
@af = Vaf +w'Yaf
Vof = Vof +iT7V5f —iY'V,f

1 _
+TL——|—2 ((w+w")To + wY7, — w5 4 i(w' — w)Y'Y,) f
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for f € E(w,w') and
@aT/B = VaTﬁ + (w — 1)TQTB — T/gTa
@@Tg = Va7t + ’LU/T&’TB + hga YT,
Vors = Vors+iT Vs75 —iY'Vor5 — i(T75 — TITs)7,

+ (w4 w) Yo+ iwY", — w5 +i(w — w)Y'Y,) 75

n+ 2
for 7o € Eq(w,w'"). We have used the abbreviation T, =V, T, Y5 = V5T and so forth

to denote the components of the derivative of Y. Using the Leibniz rule (and complex
conjugation) one can easily determine the transformation law on an arbitrary tensor

bundle.

Proof. These explicit formulae can be found in [37], Proposition 2.3. Note that, as far
as invariance and obstruction terms are concerned, Vg should be treated as a weighted
second order operator. O

Definition 37. There are several quantities related to the torsion and curvature of V:
1. The pseudohermitian curvature tensor R,z.,5 € £,5,5(1,1),
2. the pseudohermitian torsion tensor A,z € £(.p),
3. the Webster-Ricci tensor R,5 = R, .5 € &,5,

4. the Webster scalar curvature R = R,* € £(—1,—1),

5. Pz = n+_2 (Rag — mRhQB) € &5,
6. P=PFP,*c€&(—1,-1),
7. T, = (Vo P —iVPAus) € E4(—1,-1) and

n—+2
8 §=-1 (vaTa + VT + P,PoP — AaﬁAaﬁ> € E(~2,-2).

The transformation laws for these objects can be found in [37].

6.3.2 Tractor calculus

Definition 38. Let £4 be the standard representation of su(p+1,¢+1) on R"™2, then
the (complexified) representation of A, ; on C"™ has, as a p-module, a composition
series.

100 00 100 00 -1 10 00 000 0 —1
Efj—000.. . 060=—xX00.. 060 | X 0o0. 6X | Xeoe.. .

In terms of sheaves,

Ea=E(1,0) + E(1,0) + £(0, —1).
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The elements can be identified with tuples

g
gABUA: Va ,
P

where o € £(1,0), va € £4(1,0) and p € £(0,—1). Under change of pseudohermitian
structure, § = exp(Y)6, these elements transform as

o o
Vo | = Vo + Yoo
p p— Tﬁvg - %(TﬁTg +iYo)o

Let us denote the dual bundle by £4 and the conjugate bundle by £;. There is an
invariant Hermitian metric s,z on £4 induced by h,3 that we can use to lower (and its
inverse to raise) tractor indices in the same way that h,; is used.

Via h 5 we can identify

Ex=EP =£(0,1) +&4(0,1) (= E°(—1,0)) + E(—1,0).
We can represent elements in this bundle as
-
SA SwWi = Weg ,

K

where 7 € £(0,1), wa € &(0,1) and k € £(—1,0). Under change of pseudohermitian
structure, 0 = exp(Y)6, these elements transform as

T T
wsg | =  wa+ TaT
K k— Thwg — L(TFY5 —iTo)T
Then the mapping
SA X gg — &

(UA”LUB) — hAB/UA’LUB = 0K + /angha/é + pT

Is invariant.
There is a canonical section X4 € £4(1, 0) that is (for each choice of pseudohermitian
structure) given by
0
Xt=1| 0
1
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Proposition 17. There are two invariant operators defined on arbitrary weighted trac-
tor bundles.

D;i:E%w,w') — EF(w,w —1)
w'(n+w+uw)f
Dif = (n+w+w)Vaf
- (VBng — 'V f +uw (1+ 2= Pf)
and
Dy:E%w,w') — EF(w—1,w)
wn+w+w')f

Daf = (n+w+w)Vaf )
— (VPVsf +iwVof +w (1 + “=2) Pf)

n+2

where the connections V, Vg and Vi are the appropriate tractor connections uniquely
determined by the formulae on €4 and £z given by

o VB‘T T VBT —wg
VB Vo = nga+ha5p+PaBa , VB Wa = nga fiA&BT ,
p VBeriAEava 7TBO' K VganB“wa+TBT
o Vgo — 13 T Vgt
Vg Voy = Vgva +iAqgo , Vg Wa = Vgwa + hagk + PagT
p Vgp — P3%va + Tgo K Vgk —iAg%wa — Tyt
and
o Voo + n+r2p‘7 —ip
Vol 7a = VoTa — quﬂTg + n+r2PTCY +2iT,0 |,
3 - (07 >
p Vop+ 5Pp+ 21T, +iSc
T Vor — ner Pr+ix
VO Wa = Vowa + ZP@BUJB — nLHPw@ — 2Z'Ta7_
_ i 950y g
K Vok n+2P/<a 2iT%ws — 1ST
Proof. These operators are defined and the invariance is verified in [37]. O

6.3.3 Special splittings
Proposition 18. If

then there exists a unique lift for every element v;, ;, € 5(i1_..,~k)(w,w’) to an element
vr, .1, € Eyny(w — k,w'), so that

A
D%var,..1, =0

and
A
X%arp,.., = 0.

Each excluded weight w' corresponds to the existence of an invariant linear differential
operator.
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Proof. Let vy,..1, € Euy..0)(w — k,w') be an element with XAar,..1, = 0, looked at
as an element in &, 5, (w — k,w') with special symmetries. To be more precise, there
are k + 1 independent components realized as totally symmetric tensors v;, ;. with s
indices, s = 0, ..., k, and where the tensor with % indices is exactly v;, .

We can write
0

Un..1n, = Vit Iy...1,
Vry...14,

Then we have
DA?]AIQ_"[k = (n + w + w' —k + 1) (Vﬁvﬁlz...lk + (TL + w')vb_jk) .

Using
0
Vﬁvﬁlg...lk = vﬁvﬂi213...fk + VigIy..1,
VP%sr1,. 1. + 1A 0051, 1,

and the symmetries of vy, j, it is easy to show that D4y AlL..1, = 0 is equivalent to the
two equations

vﬁvﬁiﬂ&u]k + (TL +w' + 1)Ui213--~1k =0
vﬁvﬁlg,...lk + (n+ w1, + iAaﬁUaﬁfg...Ik = 0.

Iterating this process (in the same way as for projective geometry and conformal geom-
etry) yields the following k equations:

Vﬁvml,,is —+ (n + w' —+ S)Uz‘l...is + (/{? —-1- s)iAanaﬁilmis, S = /{? — 1, ceey 0 (63)

This proves uniqueness. Existence can either be proved by using the explicit description
of the transformation laws or by the general theory in the last chapter.
Ifw+n+k—101=0,l=1,.., k, then there exists an invariant differential operator

w—2k k 0O 0 w w—2k+l k-1 0 0 —I+w’

Uh...ik — Vil...Vilvil,_.,-k + CCT .

Remark
w—2k k O 0 w

has the same central character as

w—2k+l k=1 0 0 —l+w

ifand only if w' +n+k—-1=0,1=1,....k.
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Proposition 19. If
w & {—(n+5)}tso,. k-1,

then there exists a unique lift for every element v;, ; € S(;Imgk)(w,w’) to an element
v, 1, € €y (w,w' — k), so that

D45, 1, =0
and

X*ap, 1, = 0.

Fach excluded weight w corresponds to the existence of an invariant linear differential
operator.

Proof. This is proved exactly as Proposition 18. The equations to solve are

VBUB;QH;S +(n+w+s)v;,. 5 —(k—1-— s)z’Aan 3 s=k—1,..,0

dﬁ;l...zsﬁ
and excluded weights correspond to invariant operators

w 0 0 0 k w—2k w—l 0 0 0 k—l w—2k+l

— VA..Viy 5 +C.CT..

U5 1.0k

21...516
[l

Corollary 15. For w' = —(n + s), the corresponding invariant linear differential op-
erator in Proposition 18 can be written down ezplicitly by using the equations (6.3)
in the proof of that proposition. An analogous statement holds for w = —(n + s) in
Proposition 19.

Proof. This is done exactly as in the projective and conformal case. O]

Example

Let us take s = k — 2, then
vavﬁvaﬂil...ik_g - iAalBUaﬁzj...ik_z
is an invariant differential operator for vy, ;, € &y, i) (W, —n — k + 2).

Now we can use the operators Dy and Dy to include vy, ;, in the appropriate
M-bundle just like in the projective and conformal case. We will demonstrate this
procedure for an example where k = 1.
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6.3.4 Examples
Example 1
For first order splittings of v, € &,(w,w’) we have to compute

w—2 1 0 2.32’ _ Ea(w,w/) S vy — DADBD[CUD] c i—i—g 2—: (w —3,w’ _ 1).

Note that DAD4f = 0 for every tractor field f of arbitrary weight. We proceed in
several steps:

1. First of all, we use Propostion 18 to define

0
VA = Va € Ealw —1,w").
1
@Y Uy
The weight to be excluded is w'+n = 0. If w’ +n = 0, then the linear differential
operator v, — V70, is invariant.

2. Then we map vy to Djyvp) € Eap(w — 2,w’). This can be computed by

* (w=1)(n+w+w —1)vg *
Davp = —(n+w+w’—1)v5 * *
* * *
and hence
*
Dpvg = w(n+w+w' — 1)vg *
*
E[Qg](w,w’)
€ Eu(w,w')+ @ +E&(w—1uw" —1) .
E(w—1uw —1)

The following weights have to be excluded:

a w = 0, then v, — V404 1s Invariant.

() 1w =0, then v, Vo is invar

(b) If n+w+w —1 =0, then v, — Av, + ... is invariant, where the operator
is given by A = —(VPV; + VFVj).

3. Next, we compute D4 Dipve) € oo .. u(w — 3,w"). The following weights

have to be excluded:

(a) If w—2 =0, then v, = V(30,) is invariant.

(b) If w+w' +mn —2 =0, then v, — A%v, + ... is invariant.
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. 110 01
4. Finally, we compute D3DpDicvp) € e—e—e ... e—e(w — 3,w’ — 1) and note that
the following weights have to be excluded:
(a) If w' =0, then v, — Vzu, — 2V, hg, is invariant.
(b) If n+w+w' — 3 =0, then v, — A3y, + ... is invariant.
The existence of the differential operators given above can only be guaranteed for the
flat model space H. If the operator in question is standard (as are all cases (a) from
above), [17] guarantees that it allows a curved analogue.
This can be used, for example, as follows: we can compute the two invariant bilinear
differential pairings
Ea(v,0) x Eg(w, ') — Eylv+w—1,0"+w —1)

(Wa, T3) +— 8 Dgws or wPDpwa

_ 1 ,U/

B _ _ B
T (Vﬂwa — mhﬁav’ywv) - W+ nan T3
and
(b) 1 |
Ao - _ w 3
W’ (V5Ta — T nhﬂaVVT,y) T nTaV wg-

Note that we have divided the pairings by n+v+v' —1 and n+w +w’ — 1 respectively.

Example 2
Let vap € Ep)(w,w') and f € E(v,v’), then the pairing

2(v" = 1) V(v —1)

avB f « 6] ax78
VagVIVES w'+n+1(v V) (V f)+(w’+n+1)(w'+n)fvvvaﬁ
1o / _
VWt w +n Uz’AO‘BUng
w' +n

is invariant. It can also be written as

UABDADBf7
where
i v'f
DAf= | var
0

This operator is not invariant in general, but has an easy transformation law given by
DAf = DAf + XA®(T), where ® is some function of T. Now we can use the fact that
X4v4p = 0 to deduce that vagDADPf is invariant. This is in accordance with the
formulae given in 4.3.1 (e).
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Appendix

7.1 The BGG sequence

For the convenience of the reader, we will write down the BGG sequences for the
three geometries that we have considered throughout this paper: projective geometry,
conformal geometry and CR geometry. We will emphasize which of the maps in the
BGG sequence give rise to curved analogues via the construction in Chapter 4 as Ricci
corrected derivatives D;. In this case we will say that an operator arises via extremal
roots. These operators can then be paired in the canonical way described in Chapter 4.

The general theory

The BGG sequences are resolutions of finite dimensional irreducible representations of
G via invariant linear differential operators on GG/P. They arise dually via resolutions
of generalized Verma modules. These resolutions first appeared for Verma modules
(which are generalized Verma modules for the special case that p = b is a borel sub-
algebra) in [4] and were generalized in [50]. The interpretation of these resolutions in
terms of differential operators first appeared in [27] and more details of this construc-
tion can be found in [3]. In [17] these sequences were generalized to general curved
parabolic geometries. In particular, this shows that all standard differential operators
(i.e. those which occur in a BGG sequence) have curved analogues. This is not true
for non-standard operators as mentioned earlier. In fact, the problem of determining
all non-standard differential operators on G/ P is still not solved. Only in certain cases
(including conformal and projective geometry) this has been solved in [5] and [6].

157
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7.1.1 A,: The projective case

Let us have a look at x—e—e ... e—e . All roots in g_; belong to the same orbit of the
Weyl group. Hence all roots in g_; are extremal and we denote them by

{01,000}, 0i = —(e1 — €i41) = —Z%’,
j=1

in the Dynkin diagram notation

210 00 -1 -1 1 00 10 -11 00
0= %x—9oo.. 060 (b= xX—ee0..060 (= xeo0oo. .. 060 ..

-1 0 0 0 —1
0, = Xx—e—o .. o—o

Schematically, the BGG resolution looks like this:
Vi=>Vo—=Vs— .=V, — Vi,

more precisely

a b ¢ e f (a+1)61 —a—2 a+b+1 ¢ e f
(b+1)62 —a—b—3 a c+b+1 e f

(e4+1)0,—1 z+f+1 a b d et+f+1

(f+1)6n z a b d e
— X—eo .. oo

withx = —(a+b+c+ ..+ e+ f+n+1). The meaning of an arrow V M0 W s as
follows: the highest weight of W* is equal to the highest weight of V* plus m#6;, i.e. the
differential operator between those bundles is of order m and arises via the extremal
root 6;. One can see that all standard invariant linear differential operators (which in
fact include all invariant linear differential operators in projective geometry) arise via
extremal roots.

7.1.2 B;: The odd dimensional conformal case

Let us now look at x—e—e ... &8 . ; is the only short simple root. The roots in g_;

can be grouped into two orbits of the Weyl group. One only contains «; = ¢; and the
other one contains all the others, including —a;. In fact

g-1 = Baea 0o With Ay ={—(e1 £ &) }ica, U {—€1}.
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We denote the roots in g_; by

%

Qi:_€1+€i+1 :—ZO{]‘, i:17'~-7l_17

Jj=1
l
6[ = —€1 = — E Oéj
i=1
and
l—1i l
9l+i:_€1_€l+1fi— E aj—2 E Ck], 2—1, ,l—l
J=1 J=l4+1—1
In pictures
-2 10 0,0 -1 -1 1 0,0 -1 0 -1 0,0
0 = x—e-o .. , 0y = x—e—o ... , 03 = Xx—e—e .. e
—1 0 0 -1 2 —1 0 0 0,0 —1 0 0 1, -2
1 = x—oe.. o0 (= x990 .. 69 (, 1= x—90=9.. e
-1 0 1 0,0 -1 1 -1 0,0 0 -1 0 0,0
Oy 3 = X—oo.. .69 () o= xe9o .. .60 (y | =% oo . . ere

Note that all 8; apart from 6, are extremal roots. The BGG schematically looks like
this

0 011 0 0141 0211
Vi—- —= V-V — - — Vi,
more precisely
a b c e f a+1)61 —a—2 a+b+1 ¢ e f
b+1)0 —a—b—3 a c+b+1 e f
(12 X—e—o .. er®

(e+1)0—y y a b d f+2e+2

(f+1)6,  y—f-1 a b  d,_f+2e+2
— X—=e—o

(e+1)0;41 y—f—e—2 a b d+e+1, f
= X—e—o ... e—-e

(a+1)01 z b ¢ e f
— X—o—o ... o,

where y = —(a+b+c+...+e)—land x = —(a+2b+2c+ ... +2e+ f) — 2[. So all
standard invariant linear differential operators apart from the one that occurs in the
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middle of the BGG resolution arise via extremal roots. The form of the operator that
occurs in the middle of the BGG resolution is indeed different from the standard form
of Ricci-corrected derivatives owing to the fact that the target representation occurs in
®Fg; ® V with multiplicity. An example is given in [16], Remark 6.6.

7.1.3 D;: The even dimensional conformal case

For conformal geometry in even dimensions all roots in g_; belong to the same orbit of
the Weyl group, so all roots in g_; are extremal. We have g_1 = ®gea_,go with

A—l = {—(61 + Ei)}i:2 ..... l-

In terms of simple roots these can be written as

01‘:—(61 61_’_1 ZO@,': ,‘..,l—l
and

le_i_l— (€1+62+1 ZO./]—Q Z a; — -1 — O, Z:L,l—l

Jj=i+1

In the Dynkin diagram notation

0
o, _ 2 1o % ,02:71 -1 1
: 0

0
-1 0 0 -1 1 —100 —100
0_3 = x—e—=e - v—< N v—<< , 01 = - >-<
0
1
-1 0 0 0 0 —1 O 0 —1 O 0
0, = x—e—e >-<: , 0141 = - v—< , 0140 = : v—<<
: -1

0
~1 0 1 00 21 0 g
Ogp—g4 = X—eo—e - , 0213 = -
0

This fits into the BGG sequence as follows:

9 g
a b c e‘_< (a+1)01 —a—2 a+b+1l ¢ e f (b+1)6
Y o N % 4 o .< .
h h

71071

, 0212 =
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y—g—1 a b d e !
M oo
(g+1)0— :h+f+g+2
(f+1)bi—2y a b d e g+l
:h-i-f-l-l (h+1)6, ™\
—y—h—1 a b d e gt fth+2
(h+1)8\, !

h
y—g—h—2 a b d e fhtd (f+1)0141
;é . ‘ e é .« o o
(g+1)01 / :f+g+1
(b+1)03—3 2 a+b+l c e f: . (a+1)02; 2 z b c e f: h
g g

where y = —(a+b+c+...+e+f)—l+1and v = —=2(b+c+...+e+f)—g—h—a—2(l—-1).
The general pattern looks like this:

Vi
01/ 0\
0141 0212

s B Vi 5 5 v

01 ™\, 01/
Vie

So we see that all standard invariant linear differential operators arise via extremal
roots.

7.1.4 A, 1: The CR case

In CR geometry g = A, 1, so all roots have the same length. Therefore all roots 6; with
go, € g1 are extremal. In the BGG resolution, however, only those operators arise via
extremal roots that do not involve the g_ part. More precisely, for x—e—e ... e—x, we

have
DBaeal  ba o',
g- = Daear_,8a ¥ =g o+ D
@aeAalga 92—1

with

Al_l = {—(61 - Ei)}i:27...,n+1a AQ_l = {€n+2 - 6i}i:2,...,n+1 and A_y = {—61 + €n+2}-
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Let us write 0; = —(&; — €;41) and ©; = €,40 — €;41 for i = 1,...,n. Schematically the
BGG resolution looks this:

Vat11 <o Watia

Vn+1,2 " Whgta2
Vi1 Wi
Vaa Wa
Via < Vi A Wi > Wiy
Voo Wi
Va3 W33
Vn+1,n " Whtin

Vn—i—l,n—l-l" g Wn+1,n+1

All the arrows, apart from the horizontal ones that are drawn with dotted lines, arise
via extremal roots. For

ay az as an  An+1

Vig=Xx—eo—e ... &—X |

for example,

1.

- W

the map V;; — Vi41; arises via 6, (the order of the operator is a; + 1),
the map V; ; — Vi41 ;41 arises via ©,,41_; (the order of the operators is a,+2—;+1),
the map W, ; — W,_; ; arises via ©,_; (the order of the operator is a; + 1) and

the map W; ; — W;_; ;_; arises via 6,45, (the order of the operator is a,2_;+1).

7.2 Outlook

There are a few points that remain open and we will list them in no particular order.

1.

The most obvious open question is the conjecture stated in 5.2.3. This conjecture
would associate a meaning to every excluded representation (geometric weight).

. Are there invariant bilinear differential pairings on a homogeneous space G/P

that do not allow a curved analogue? This happens for invariant linear differential
operators and the obstruction is given by interesting tensors like the Bach tensor
in conformal geometry. We have not encountered such a situation as yet, so this
is a totally open question.

Other Cartan geometries (not necessarily parabolic). This is a field which has not
been studied very much at all. It would be interesting to see how many concepts
carry over from the parabolic case. One might, for example, find a parabolic
geometry that lies above a given Cartan geometry and then one would be able
use tools such as the BGG sequence. This is a whole new interesting research
area.
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