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Abstract

An almost Grassmannian geometry of type (p, ¢) is a parabolic geometry
modelled on the Grassmann manifold Gr,(RPT?) of p-dimensional subspaces
in RPT4, Tt is well-known that for p = ¢ = 2 the structure is equivalent to the
four-dimensional conformal geometry. In view of the equivalence, there ex-
ists an analogue of the conformally invariant Paneitz operator, transforming
functions to densities. This invariant operator is known as the non-standard
operator for the almost Grassmannian geometry of type (2,2). In this thesis
we deal with almost Grassmannian geometries of type (2,¢q) with ¢ > 2. It
follows from the general theory of parabolic geometries that the complete
obstruction against its local flatness (i.e. isomorphism to the homogeneous
model Grz(R?79)) are two invariants - a torsion and a curvature. Vanish-
ing of the first one ensures existence of a torsion-free connection. In such a
case there exists a family of non-standard invariant operators of order four
between exterior forms. We use curved Casimir operators to construct the
first of these operators, transforming functions to sections of an irreducible
subbundle of four-forms. Next we find a formula for this operator, which is
analogous to the formula for Paneitz operator in the sense that it has the
same form but contractions with metric are replaced by projections to sub-
bundles of exterior forms. In particular, it shows that the operator factorizes
through one-forms and three-forms. The main result of the thesis is theorem
where we prove that this operator can be extended to an invariant op-
erator on arbitrary almost Grassmannian geometries, including torsion. We
also give an explicit formula for this corrected operator and we prove that in
the presence of torsion this operator does not factorize as in the torsion-free

case.






Introduction

An almost Grassmannain structure on a smooth manifold M (briefly an
AG-structure) is given by a fixed identification of the tangent bundle T'M
with the tensor product of two auxiliary vector bundles, together with the
identification of their top degree exterior powers. It turns out that this is a
specific example of a so called parabolic geometry, i.e. a Cartan geometry
of type (G, P), where P C G is a parabolic subgroup of a semi-simple Lie
group (G, and so the rich set of tools of parabolic geometries summarized in
[4] applies. The AG-structure is one of the simplest examples of parabolic
geometries since the Lie algebra corresponding to the group G comes en-
dowed with a |1|-grading. Such structures are known under the name almost
Hermitian symmetric structures (or briefly AHS-structures). They are also
known under the name generalized conformal structures since the prototyp-
ical structure from this class is the conformal structure - probably at most
studied structure since it is the natural setting for the physics of massless
particles and other theories in Physics.

In this text, we will deal with AG-structures for which one of the defin-
ing vector bundles has rank two and the other has rank ¢ > 2. Such
a structure is called the AG-structure of type (2,q). It is a generaliza-
tion of conformal structures in the above sense and moreover, it is well-
known that the AG-structure on a four-dimensional manifold M (the case
g = 2) is even equivalent to the conformal structure on M. This equiv-
alence can be seen from the description of the two structures as classical
first-order G-structures. Namely, the identification of T'M with the tensor
product of two bundles of rank two together with the identification of the
top-degree forms yields the reduction of the frame bundle to the structure
group Gp = S(GL(2,R) x GL(2,R)) C GL(4,R), and this group is known
to be isomorphic to the conformal spin group C'Spin(2,2). Indeed, the ad-
joint action of (A, B) € Gg on T, M = M(R) is given by X + BXA™!
and it is an easy observation that the determinant defines a quadratic form
of signature (2,2) on Ms(R) and satisfies det(BXA™!) = det(B)?det(X)
since det(A) det(B) = 1. Hence the adjoint action defines a homomorphism
Go — (CSO(2,2), which is evidently a two-fold covering of the connected
component of the identity of the conformal group, i.e. Gy = CSpin(2,2). Of
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course, AG-structures of type (2,q) for ¢ > 2 are not equivalent to confor-
mal structures. One of the main differences is that this structure generally
does not allow the existence of a torsion-free connection. Nevertheless, we
may still try to generalize concepts from conformal geometry. One of the
important concepts is that of a conformally invariant differential operator,
like the conformal Laplacian (sometimes called the Yamabe operator), the
Maxwell operator, or the Paneitz operator. Such operators act on sections
of natural vector bundles, and may be defined by universal natural formu-
lae which depend only on the conformal structure and not on any choice
of metric tensor from the conformal class. Similarly, invariant differential
operators for AG-structures are defined by universal natural formulae which
depend only on the structure and not on any particular choice. It turns out
that most of conformally invariant operators have their invariant analogues
for AG-structures. The aim of this text is to construct an analogue of the
Paneitz operator.

The construction of an invariant operator is a difficult task in general.
An easier situation is in the case of a manifold which is locally isomorphic
to a homogeneous space G/P, so called locally flat manifold. There the
problem of the existence and the construction of invariant operators can be
reduced to a purely algebraical problem. Namely, invariant operators are
constructed in an unique way from homomorphisms of so called generalized
Verma modules. The structure of such homomorphisms is well understood in
the literature, and so the full classification of invariant operators on locally
flat manifolds is available. In particular, in the case of a locally flat manifold
M equipped with the AG-structure there is exactly one non-trivial operator
(up to scalar multiples) of order four acting on the bundle of functions &,
see e.g. [18]. Precisely, given an identification TM = E* ® F where E is a
rank two vector bundle and F' is a rank g > 2 vector bundle, the there is an

unique invariant operator
& — HF-2].

The bundle FHH F*[-2] := FHHF* @ £[-2] is an irreducible subbundle of the
bundle of differential four-forms which is induced by the representation FHR9*
of SL(q,R), and the one-dimensional representation R[—2] := (A2R?)2. It
follows from the theory of Verma modules that there is actually a whole
family of invariant operators, namely for each 0 < k < ¢ — 2 we have an

operator
e 2
PR F k) = k2R Pk - 2],

These operators are known as non-standard invariant operators for (flat)
AG-structures.
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In the thesis, we will mainly deal with the non-standard operator on
functions. It is easy to see that in the dimension four, where the AG-structure
is equivalent to a conformal structure, the line bundle £[—2] corresponds
exactly to the bundle of functions with conformal weight —2, and that FH F™*
is the line bundle (A2F*)? which is by the second defining property of the
AG-structure isomorphic to (A2F*)? = (A%E)? = £[-2]. Hence the non-
standard operator on functions in dimension four is an invariant operator
E — &[—4]. It is well known that there is a unique invariant operator
between the respective bundles over flat structures, namely the second power
of the Laplacian. Moreover, it is also well known that it admits a unique
curved analogue - the Paneitz operator. Thus we see that the non-standard
operator on functions in dimension four exists also on curved manifolds, and
coincides with the Paneitz operator. In this sense, we may view the non-
standard operator on functions in higher dimensions as an analogue of the
Paneitz operator.

There is a large class of invariant operators on curved manifolds which
have a similar behavior as the invariant operators on locally flat structures,
so called strongly invariant operators. These operators can be also con-
structed from homomorphisms of induced modules, called semi-holonomic
Verma modules. In particular, this is the case of all invariant operators of
order at most two. However there exist higher-order invariant operators on
curved manifolds which do not have this property, and are of much more sub-
tle nature. One of them is by [10] the conformally invariant critical power
of the Laplacian, i.e. conformally invariant operator on manifold of even di-
mension n with principal part A% . This power is called critical since the all
lower powers are strongly invariant, and moreover there are no conformally
invariant operators with principal part AF for k > 5. This was proved by
Graham for n = 4 and k = 3 in [14], and generalized by Gover and Hirachi in
[17]. We observe that the Paneitz operator in dimension four is exactly the
critical power and thus is not strongly invariant. This can be also shown for
the non-standard operator for AG-structures in higher dimensions, see [19],
which indicates that the construction of a curved analogue will be difficult.

Nevertheless, the curved analogue is known to exist on a class of curved
manifolds. Precisely, the existence of all the non-standard invariant operators
on curved manifolds which admit a torsion-free connection was proved by
Gover and Slovék [1I]. The proof is via an invariant local tractor calculus
developed therein. We give an alternative construction of the non-standard
operator on functions via curved Casimir operators, originally introduced
in [5] in the setting of general parabolic geometries. The curved Casimir

operator is a basic invariant differential operator acting between smooth
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sections of associated natural vector bundles, which on locally flat manifolds
reduces to the action of the quadratic Casimir element well-known from the
representation theory. It may be expressed by a Laplacian like formula in
terms of the fundamental derivative and so it inherits its strong naturality
properties. In contrast to the Laplace operator, the order of Casimir operator
is at most one. In particular, it acts by a scalar on any irreducible bundle,
and this scalar (in sequel called the Casimir eigenvalue) can be computed
from representation theory data. These properties allow to use the curved
Casimir operators to construct in a conceptual way higher order invariant
differential operators. In [6] it was demonstrated on the construction of
several conformally invariant operators, among them the Paneitz operator.
We will proceed along the lines of the construction, and we will construct a
curved analogue of the non-standard operator on functions. The construction
works in the torsion-free case only. However, we can use explicit formulae
obtained from the construction to prove the existence of an invariant operator

also in the case of non-vanishing torsion.

Structure of the text. In the first chapter, we give a short introduc-
tion to the theory of parabolic geometries and we summarize basic facts,
which we will need in the course of the thesis. We also introduce the curved
Casimir operators. The second chapter is devoted to the description of the
almost Grassmannian geometry and related structures. We make explicit
some of the general results from the first chapter. The crucial part of the
thesis is the third chapter, which has two parts. In the first one we use
the curved Casimirs to construct the non-standard operator on functions
for AG-structures admitting a torsion-free connection. In the second one
we prove the main result that there exist correction terms involving tor-
sion which make the non-standard operator into an invariant operator for
AG-structures with arbitrary torsion. Some of the technical computations
concerning Bianchi identity is placed into an appendix. The second part
of the appendix contains a description of an alternative construction of the
non-standard operator in torsion-free case, which then leads to an analogue

of the conformal Q-curvature.
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CHAPTER 1

Background On Parabolic Geometries

1.1. Cartan geometries

The concept of Cartan geometries was introduced by E. Cartan under
the name "generalized spaces" in order to make a connection between differ-
ential geometry and geometry in the sense of F. Klein’s Erlangen program.
This concept associates to an arbitrary homogeneous space G/H a differ-
ential geometric structure on smooth manifolds whose dimension equals the
dimension of G/H. A manifold endowed with such a geometry is called Car-
tan geometry of type (G, H) and it can be considered as a curved analog of

the homogeneous space G/H.

1.1.1. Basic concepts. Let G be a Lie group with Lie algebra g and
let H C G be a closed subgroup. The basic idea behind Cartan geometries
is to endow the homogeneous space G/H with a geometric structure, whose
automorphisms are exactly the left actions of the elements of G. It turns out
that the right ingredient to recognize these automorphisms is the Maurer
Cartan form wM® € QY(G,g) which gives a trivialization of the tangent
bundle T'G by left translations. For { € TyG, it is defined by

wMC(g)(€) = TA-1 - £ € T.G =g,

where A\;-1 denotes left translation by g~ ! € G. One can then prove for
connected homogeneous spaces G/ H that the left translations A, are exactly
the principal bundle automorphisms of G — G/H which pull back w™? to
itself, c.f. proposition 1.5.2. in [4].

Before generalizing this picture to the case of a general manifold, let us
recall some basic properties of the Maurer-Cartan form. Namely, it follows
from its definition that (p9)*wM® = Ad(g~1)owM® where p9 is the principal
right action on the bundle G — G/H given by the right translation by g.
The next obvious property is that wM®(Ly) = X for all X € g where Ly
is left invariant vector field generated by left translations of X. The third
property says that for all vector fields & and 1 on G, the following holds

dw™C (&, n) + W (€),w™C ()] =0,

9
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This equation is known under the name Maurer-Cartan equation and it fol-
lows from the definition of the exterior derivative and the definition of the
Lie bracket on g.

The definition of a Cartan geometry is now obtained by replacing the
cannonical principal bundle G — G/H by an arbitrary principal H-bundle
and wMC by a form which has all the properties of w™¢ that make sense in
the more general setting. Let (x denote a fundamental vector field defined by
the formula (x(z) = &|opexpex(z), for all 2 € M, X € h. The fundamental
vector field thus provides an infinitesimal version of the principal right action
and it coincide with the left-invariant vector field Lx on the cannonical
bundle G — G/H. Then the Cartan geometry is defined as follows.

Definition 1.1. (1) A Cartan geometry of type (G, H) on a smooth manifold
M is a principal H-bundle p : G — M together with a one-form w € Q(G, g),
called the Cartan connection, such that

o (M*w=Adh) towforallh € H.

e w((x) =X forall X €b.

e w(u) : T,G — g is a linear isomorphism for all u € G.
(2) A morphism between two Cartan geometries (G — M,w) and (G —
M ,@) is a principal bundle homomorphism ® : G — G such that ®*0 = w.
(3) The curvature form K € Q%(G,g) of a Cartan geometry (G — M,w) of
type (G, H) is defined by

K(&n) = dw(&n) + [w(§),w(n)],

for £,m € X(G). Since the Cartan connection w trivializes the tangent space
TG, the curvature form K is determined by its values on the constant vec-
tor fields w™!(X). Therefore, the complete information about K is given
by the curvature function k : G — A?g* ® g defined by s(u)(X,Y) =
K(w™(X),w 5(Y)). And since K is horizontal, the curvature function may
be viewed as amap G — A?(g/h)*®g. The formula for the exterior derivative
d then yields

R(u)(X,Y) = [X,Y] = w(w)(w™ (X),w” (V)])

By definition (G — G/H,wM®) is a Cartan geometry of type (G, H),
and by (2) in the proposition 1.5.2 in [4] the automorphisms of this geometry
are exactly the left translations by elements of G. This geometry is called
the homogeneous model of Cartan geometries of type (G, H). Since the
Cartan connection coincides with the Maurer-Cartan form in such case, the
curvature vanishes and so the homogenous case is also reffered to as the flat
case. Moreover, the following proposition shows that the curvature measures
exactly the local difference to the flat model of the given geometry. For more
details, see [4].
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Proposition 1.1. The curvature of a Cartan geometry (G — M, w) vanishes
identically if and only if (G — M, w) is locally isomorphic to the homogeneous

model.

1.1.2. Natural vector bundles. The name "natural" comes from the
general definition in [I5] which defines a natural bundle F' as a regular
functor on the cathegory of n-dimensional smooth manifolds and local dif-
feomorphisms assigning to any manifold a fibre bundle and to any local
diffeomorphism a bundle map. In the case of the Cartan geometries, a sim-
pler concept of natural bundles is sufficient. Namely, it can be easily shown
that the left multiplication on G/H by elements in G lifts to F'(G/H) which
means that the structure of the whole bundle F(G/H) is determined by the
H-action on its standard fibre S := Fy(G/H).

Therefore, given a H-action on a manifold S and a Cartan geometry
(G — M,w), we define the natural bundle as the associated bundle G x g S.
In sequel, we consider exclusively the case when the standard fibre is a vector
space V. In such a case, the H-module V gives rise to natural vector bundle
VM =G xg V. Recall that

ngV::ng/N,

where ~ denotes the equivalence (u,v) ~ (u-h,h=1-v) for all h € H. The
functorial properties of associated vector bundles guarantee that it is also the
natural bundle in the sense described above. The space I'(V M) of smooth
sections of a natural vector bundle is identified with the space C>°(G, V)
of smooth H-equivariant functions. The isomorphism is given by the map
which assigns to an equivariant function f the equivalence class of (u, f(u))
ingGxgV.

We also observe that natural vector bundles depends only on the princi-
pal Cartan bundle G but not on the Cartan connection w. Nevertheless, w is
necessary to identify the natural bundles with traditional objects like tensor
bundles. We clarify this on the example of the tangent bundle.

Let (p: G — M,w) be a general Cartan geometry of type (G, H). We
show that the tangent bundle T'M may be identified via w with the natural
vector bundle G x g g/h. Consider the mapping G x g — T'M defined by
(u, X) + Typ - w1 (X). This map factors to G x (g/b) since for X € b, the
field w=!(X) is the fundamental field (x and thus vertical. Fixing u, one gets
a linear isomorphism g/h — Tpw)M and the equivariancy of w immediately
implies that this factors to a bundle map G x g/b — T M. This map induces
a linear isomorphism in each fiber and covers the identity on M and so it is
an isomorphism of vector bundles. Likewise, the cotangent bundle T M may
be identified with the natural bundle corresponding to (g/h)* and hence all
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tensor bundles may be viewed as natural bundles induced by an appropriate
tensor product of copies of (g/h) and (g/h)*.

1.1.3. Tractor bundles. Tractor bundles form a special class of natu-
ral vector bundles for which the inducing H-representation V is a restriction
of a representation of the whole group G. The main reason for the impor-
tance of such bundles is that the Cartan connection induces a linear connec-
tion on them. So the tractor bundles come equipped with cannonical linear
connections, called tractor connections.

The fundamental example of a tractor bundle is the adjoint tractor bun-
dle. This is a tractor bundle denoted by AM which is induced by a restriction
of the adjoint action Ad : G — GL(g), i.e. AM = G Xy g. According to
the previous identification of the tangent bundle, the short exact sequence
0—bH—g— g/b — 0of H-modules induces a short exact sequence of

natural vector bundles
0—->Gxgh—AM — TM — 0.

Therefore, there is a natural surjective bundle map IT : AM — TM and
so the adjoint tractor bundle may be viewed as an extension of the tangent
bundle. Now let us summarize some important properties which we will need

later. For a proof, see the section 1.5.7. in [4].

Proposition 1.2. Let (G — M,w) be a Cartan geometry of type (G, H),
AM — M its adjoint tractor bundle and 11 : AM — T M the natural projec-
tion. Let VM be the tractor bundle corresponding to a representation of G
onV.

(1) The curvature k of the Cartan connection w can be naturally inter-
preted as a two-form k on M with values in AM .

(2) There is a natural bundle map {, } : AM x AM — AM, which
makes each fibre A, M into a Lie algebra isomorphic to g.

(8) There is an isomorphism between the space I'(AM) of smooth sections
of AM and the space X(G)" of vector field on G which are invariant under
the principal right action of H. This induces a Lie bracket [, | on T'(AM).
For s1,s9 € T'(AM), one has I1([s1, s2]) = [II(s1),I(s2)], where one has the
Lie bracket of vector fields on the right-hand side.

(4) There is a natural bundle map ® : AM x VM — VM. For each point
x € M, this makes the fibre Vo, M into a module over the Lie algebra A, M.
In particular, for sections s1,s2 € I'(AM) and t € T'(VM), we get

{81,52}ot:slo(320t)—520(810t)



1.1. CARTAN GEOMETRIES 13

(5) The operations introduced in (2) and (4) are parallel for the cannon-
ical tractor connections. Denoting them by VA and VY we get

V{1, 80} = {Vis1, 82} + {51, V{'sa}

Vg(s of) = (Vg‘s) ot+se (Vgt)

1.1.4. Fundamental derivative. The property (3) from the previous
proposition which says that smooth sections I'(AM) of the adjoint bundle
are identified with H-invariant vector fields X(G)# has an important conse-
quence. Namely, it gives rise to a family of natural differential operators on
arbitrary natural bundles. Indeed, any section o of natural vector bundle
V' M (which is not ncessarily tractor bundle) corresponds to an equivariant
function f : G — V, which we we can differentiate along the invariant vector
field £ corresponding to section s of AM, and we get a function - f : G — V.

Since

Ew-h)- f=(Tr"-&(u) - f=&(u) - (For™) =h~"-(&(u) - f),

this function is equivariant and thus corresponds to a section of VM which
we dentote by Dgo. Hence we get an differential operator D : T'(AM) x
VM) — T'(VM), called fundamental derivative which is by construction
linear over C*°(M,R) in s.

It follows straight from the definition of the fundamental derivative that
it has strong naturality properties which we describe below. We also show
that although its action is defined by a differntiation, it is tensorial on a
subbundle of AM. Indeed, let o : (G Xy h) x VM — VM denotes the
bundle map arising from the derivative of the representation V' inducing
VM (which is a H-equivariant map h x V' — V), i.e. it coincides with the
map from the part (4) in the proposition in the case that VM is a tractor
bundle. Then the following proposition summarizes the basic prpoperties of

the fundamental derivative. For a proof, see 1.5.8. in [4].

Proposition. (1) For a smooth function f : M — R and s € T'(AM) we
get Dyf = Ti(s) - f.

(2) If s is a section of the subbundle G Xy h C AM, then Dso = —se o
for any o € T(VM).

(8) The fundamental derivative is compatible with all natural bundle maps
coming from H-equivariant maps between the inducing representations. In
particular, for natural vector bundles VM and WM, the dual V*M of VM,
sections o € T(VM), 7 € T(WM) and 8 € T(V*M) and a function f €
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C*(M,R) we get

Ds(fo) = (Il(s) - f)o + [Dso
Dy(c®@7)=Dso®@T+ 0 & DT
I(s) - (B(0)) = (DsB) (o) + B(Dso)

Of course, the fundamental derivative may be also viewed as a differential
operator I'(VM) — I'(A*M ® V. M). Hence it alows iterating, i.e. for k € N
we have DF : T(VM) — T(®*A*M ® VM). In a sense, the fundamental
derivative is an analog of the covariant derivative by the Levi-Civita connec-
tion in Riemannian geometry. Its differential part also satisfies (analog of)
Bianchi and Ricci identities which are obtained by differentiating the basic
identities for the curvature of the Cartan connection.

Observe that the dual of the natural projection Il gives an inclusion
T*M — A*M which means that differential forms on M cannonically extend
to the adjoint tractor bundle. In sequel, we omitt writting this inclusion and
we simply allow appearence of sections of AM in arguments of differential
forms. Then the Bianchi and Ricci identities for the fundamental derivative

have the following form. For a proof, see 1.5.9. in [4].

Proposition 1.3. Let (p: G — M,w) be a Cartan geometry of type (G, H)
with the curvature k € Q*(M, AM) and { , } the algebraic bracket on AM.
(1) (Bianchi-identity) The curvature k satisfies

Z ({31, K(s2,83)} — k({s1, 82}, s3) + K(K(s1, 82), 53) + (Ds, k) (52, 33)> =0

cycl

for all s; € T(AM), where the sum is over all cyclic permutations of the
arguments.

(2) (Ricci-identity) For any natural vector bundle E and any section
o € T(EM), the alternation of the second order fundamental derivative is
given by

(DQU)(81>32) - (DQU)(32781) = _Dn(s1,52)g + D{s1,52}0

Let us mention that in the case that VM is a tractor bundle, we have
also another natural operation available, namely the covariant derivative by

the tractor connection. Its relation to the fundamental derivative is given by
Vet = Dst +s et

for s e '(AM) and t € T'(VM). For more details, see theorem 1.5.8. in [4].
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1.2. Parabolic geometries

Parabolic geometries are Cartan geometries which are of type (G, P),
where the group G is a semisimple Lie group and P is a parabolic subgroup
in G. A parabolic subgroup may be defined in several ways. For our pur-
pose, the most convenient way is the definition below via |k|-gradings. The
important feature of parabolic geometries is that we can use a rich set of

algebraic tools from the theory of semisimple Lie algebras.

1.2.1. |k|-gradings. In order to define parabolic geometries, we need
first to define |k|-gradings on semisimple Lie algebras.

Definition 1.2. Let g be a complex or real semisimple Lie algebra. A |k|—-

grading on g is a vector space decomposition

such that [g;, g;] C gi4+; and such that the subalgebra g_ :==g_1®--- S g_1
is generated by g_1.

One of the basic properties of |k|-graded Lie algebras is the existence of
a unique element E in the center of the Lie subalgebra g, called the grading
element, which satisfies [F, X| =X for X € g; for i = —k,..., k. The next
important property is that the Killing form of g induces an isomorphism
g; = g, of go-modules for each i = 1,..., k. It also induces an isomorphism
of p-modules (g/p)* and p; := g1 @ --- @ gr. The Lie algebras gy and
P :=go D - D gr can be characterized by

go={X€g:ad(X)(gi) Cgfori=—k, ... .k}
p={Xcg:adX)(g") Cg' fori=—k, ... ,k},
where g = g; @ --- @ gr. A proof of these basic facts about |k|-graded Lie
algebras can be found in section 3.1.2. of [4]. It can be also shown that the
Lie subalgebra p contains the Borel subalgebra b, i.e. the maximal solvable
subalgebra in g. Such subalgebras p < g are called parabolic subalgebras. For
details, see e.g. section 3.2.1. in [4].

Closed subgroup P C GG with Lie algebra p is called a parabolic subgroup
(corresponding to the given |k|-grading). This is satisfied for the group

P:={geG:Ad(g)(g") C g fori=—k,... k}

since it has Lie algebra p and it is the intersection of the normalizers of g’
in G and thus closed. Any other parabolic subgroup with Lie algebra p then
lies between this group and its connected component of identity. The closed

subgroup defined by
Go:={g€ P:Ad(g)(g;) Cg;fori=—k,...,k}
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has Lie algebra go and it is called Levi subgroup of P. The relation of the
groups Gp and P is described by the theorem 3.1.3. in [4] which basically says
that the map (go, Z) — goexp(Z) defines a diffeomorphism Gy x py — P.
Moreover, Py := exp(p4) is a closed nilpotent subgroup of G and P/P; =
Go.

After introducing parabolic subgroups, we are now able to formulate the

definition of a parabolic geometry.

Definition 1.3. A parabolic geometry is a Cartan geometry of type (G, P),
where G is a semisimple Lie group with Lie algebra g equipped with a |k|-
grading and P is a parabolic subgroup corresponding to this grading.

For our purposes, we switch now to the case of |1]-gradings, although
most of the concepts we are going to introduce apply to a general parabolic
geometry corresponding to a |k|-grading. Hence we assume that the Lie
algebra g is endowed with a grading of the form

g=9-1PgoDg1-

We refer to a parabolic geometry with such a Lie algebra as |1|-graded par-
abolic geometry. As we shall see, |1|-graded parabolic geometries are equiv-
alent to so called the almost Hermitian symmetric structures, or briefly the
AHS structures. These structures were intensively studied, see e.g. [7], [8],
[9].

1.2.2. Complex [1|-gradings. In the case of a simple complex Lie al-
gebra g, the meaning of a |1|-grading is easy to describe. We know from
above about the existence of the grading element F which acts by ¢ on g; for
1= —1,0, 1. Since the action is diagonizable, we can extend CE by semisim-
ple elements of gg to a Cartan subalgebra. Conjugating by an appropriate
inner automorphism, we may therefore assume that E € . Moreover, the
grading element F lies in a real form of h on which all roots are real and thus
it defines a set of positive roots AT by requiring a(E) = 0 for all a € A™.
The corresponding root spaces then lie in p = gg @ g1 which means that p
contains the standard Borel subalgebra

b=he P ga

acAt
and thus is a parabolic subalgebra. Next to the Borel subalgebra, p also
contains a direct sum of root spaces corresponding to a subset of negative
roots.
In order to describe possibilities for such subsets and hence the structure
of |1|-gradings, let us consider the action of the grading element on the
highest root of g. If we choose a set of simple roots A’ the highest root
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is equal to a9 = ), a;oy; where «; € A% and the coefficients a; are strictly
positive integers. The highest root space obviously lies in the top component
of the gradation, i.e. g1, and thus the evaluation of the highest root on the
grading element then yields the equation ), a;co;(E) = ag(E) = 1. Since
a; =2 1 and «;(F) may only have values 0 or 1, the equation is satisfied if
and only if ay = 1 and ay(E) = 1 for an index k and «;(E) = 0 for all ¢ # k.
Hence the all root spaces corresponding to simple roots must lie in gy exept
the root space g, which is in gy.

In analogy with a general case of |k|-grading, we define a map ht : A —
{—1,0,1} by associating to a root o = ) . a;c; the coefficient aj, correspond-
ing the root aj from above. Then the set {« : ht(a) = 0} is spanned by
simple roots a € A%\ {a;} and the go-component of the |1|-grading has the

form

go = h D @ Ja
ht(a)=

=0

while the gi-part of the grading is given by a direct sum of root spaces gq,
for which ht(a) = 1. Obviously, the g_j-part is a direct sum of root spaces
with ht(a) = —1.

The subalgebras g_; and g; are irreducible gg-modules and the reductive
subalgebra go = 3(go) @ g{° has one-dimensional center 3(go) = CE. It can
also be easily shown that the grading element E' is a multiple of the coroot
H,, € b and thus g_q,,3(90), 8q, form a sl(2,C) tripple in g. The Cartan
subalgebra is equal to h = 3(go) @ h” where b” is spanned by H, with
a€ A%\ {ag} and g5* =" @ @Dht(a)—0 9o is the root decomposition of the
semisimple part of go. For details, see section 3.2.1. in [4], where the general
case of a |k|-grading is treated.

So we obtained that any |1|-grading, or equivalently any parabolic sub-
algebra, is given by a choice of a simple root ay. Thus the |1|-gradings are
classified by Dynkin diagrams, where the simple root ay, in g; is emphasized.
We will use the usual notation with a cross instead of the corresponding
node. Due to the condition a;r = 1, not every simple root can be crossed.
Going through the list of Dynkin diagrams and looking at the corresponding
highest roots, one immediately sees which simple roots satisfy the condition
on the corresponding coefficient and so one obtains the full classification of
|1|-gradings. Namely, for A; series, an arbitrary simple root can be crossed
since the highest root is the sum of all simple roots and thus all the coeffi-
cient are equal to one. For Dj series, there are two different options while for
By, C}, Eg, E7 there is an unique choice of a simple root which may appear
in g;. The table with highest roots corresponding to simple complex Lie
algebras can be found in appendix B of [4]. It follows straight from the root
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decomposition of the semisimple part g3® that the corresponding Dynkin di-
agram is obtained from the diagram for g by removing the crossed node and
all edges connected to this node. The detailed description of all |1|-gradings
is given in the section 3.2.2. of [4].

1.2.3. Real |1|-gradings. In the case of a real Lie algebra g, one can
proceed similarly. A subalgebra p of a real (semi)simple g is called parabolic,
if its complexification pC is a parabolic subalgebra of g€. Now we recall
the form of the root decomposition of g in the real case and then we give a
description of real |1|-gradings.

Choosing a Cartan involution 6 : g — g, the Lie algebra g decomposes
as g = £ q into eigenspaces to the eigenvalues 1 and -1 respectively. Recall
that then € is a subalgebra, [¢,q] C q and [q,q] C €. Now let h be a f-stable
Cartan subalgebra of g such that a := h N q has maximal dimension from
all f-stable Cartan subalgebras. One can easily show that ad(A) for A € a
is simultaneously diagonisable. The eigenvalues are functionals A : a — R,

called restricted roots and denoted by A, and g decomposes as

g=s(a)@ad P o
AEA,

By construction, the elements of A, are restrictions to a of the root system
of g€. If the positive roots AT form an admissible subsystem in A, i.e. for
a o € AT we have either c*a = —a or 0*a € AT, where o* : A — A'is
the involutive automorphism defined by the conjugation of g€ with respect
to the real form g, then the restriction gives a subsystem A of positive
restricted roots and also a subset of simple restricted root AY.

Since we described |1|-gradings in the complex case, it is now easy to see

that go-component of any |1]-grading on a real g is given by

go=s@oae P o
ht(A\)=0
where A € A, is a restricted root and the map ht : A, — {-1,0,1} is
the restriction of the map from the complex case. The gii-component is
a direct sum of root spaces gy for restricted roots satisfying ht(\) = +1.
There is one more restriction on the root o in the real case. Namely, the
simple restricted root given by o*aj must lie in the same grading component.
Hence if o*ay, # ai on a then we cannot obtain |1|-grading on g.

The real simple Lie algebras are classified by Satake diagrams which
one obtains from Dynkin diagrams of the complexifications by denoting the
simple roots in A% by a white dot o and the other, which vanish under
the restriction to a, called compact roots, by a black dot e. Moreover, the
simple restricted roots a and o*« are connected with an arrow if they do not
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coincide. A table with Satake diagrams for real simple Lie algebras can be
found in table B4 in [4]. Similarly to the complex case, the real |1|-gradings

are denoted by crossing an admissible restricted root which then defines g;.

1.2.4. Underlying structures. Let us fix a |1|-grading g = g_1 @
go P g1, a Lie group G with Lie algebra g, parabolic subgroup P C G
corresponding to the grading and consider a parabolic geometry (p : G —
M, w) of type (G,P). From above we know that we have the reductive
subgroup Gy C P and the nilpotent normal subgroup Py C P. Since P acts
freely on the Cartan bundle G, the same is true for P, and so we can form the
orbit space Gy := G/P;. One concludes from the construction of Gy that the
projection p factors to a smooth map pg : Go — M which defines a smooth
principal bundle with structure group Gy = P/Pjy, called the underlying
bundle.

Now observe that T'G := w=!(g) for i = —1,0,1 defines a filtration on
TG which is stable under the principal right action. Since T'G is vertical
subbundle of G — Gp, we have TGy = {0} and so the filtration descends
to a filtration TGy = T 1Gy D TGy D TGy = {0}. Since w reproduces
the generators of fundamental vector fields, the bundle T°G, is spanned
by fundamental vector fields with generators in g° = p and therefore it is
exactly the vertical bundle of the underlying bundle pg : Go — M. One

can also show that the definition w®,(u)(¢) := w_1(@)(¢) for u = (@) and
£ = Tw(g), where 7 is the natural projection G — Gy and w_1 is the g_1-
component of w, does not depend on the choice of @ and é and thus gives a
map w®; : TGy — g_1. Moreover, it turns out that the kernel of this map is
T9Gy and the map is Gg-equivariant. Now fixing a point u € Gy, one obtains
a linear isomorphism 7;,Gy/ TSQQ — g—1. On the other hand, the tangent
map T,p induces a linear isomorphism 7',Go/ Tg Go — Ty M, where x = po(u).
Hence we may interpret w’,(u) as a linear isomorphism T, M — g_; and
so it defines an element in the fibre over x of the linear frame bundle P! M.
And since w?, is Go-equivariant, it defines a bundle map Gy — P'M over
the inclusion Gy — GL(g_1) defined by the adjoint action which covers the
identity on M. But this is exactly the definition of a reduction of the frame
bundle of M to the structure group Gy, i.e. a G-sructure with structure
group Gp.

Thus we get that any |1|-graded parabolic geometry (p : G — M,w)
of type (G, P) gives rise to a classical first-order G-structure on M with
structure group the Levi subgroup Gy C P. A similar result holds for all
|k|-graded parabolic geometries. The induced underlying structures then are
so called infinitesimal flag structures. For details, see sections 3.1.5. and

3.1.6. in [M].



20 1. BACKGROUND ON PARABOLIC GEOMETRIES

In the rest of this section, we discuss the opposite direction, i.e. construc-
tion of a |1]-graded parabolic geometry from a G-structure. It turns out that
such construction is possible and, under certain conditions it is even unique
and thus defines an one to one correspondence between a class of |1|-graded
parabolic geometries and G-structures.

1.2.5. Kostant codifferential and Hodge decomposition. In order
to formulate the condition on |1]-graded parabolic geomeries which then
leads to the equivalence with G-structures, we need to introduce the Kostant
codifferential.

First recall that for an abelian Lie algebra m and its representation V,
Afm* ® V is the space CF(m, V) of k-cochains on m with values in V', and
the coboundary operator C¥(m, V) — C¥*1(m, V) is defined by

k —

06(Xo,. ... Xp) =Y Xi-¢(Xo,... X;..., Xp) (1.1)

i=0
Since it is a differential, it defines the cohomology H*(m, V') of m with co-
efficients in V. Now let consider the complex (C*(g—1,V’),0) which com-
putes the Lie algebra cohomology H*(g_1,V’) of the abelian Lie algebra
g_1. It is easy to see that the cochaines C¥(g_1,V) are go-modules and
that the codifferentials are go-homomorphisms and hence H*(g_1,V) are
naturally go-modules. Although the identification of g_; and g/p makes the
cochains even into p-modules, the codifferential 0 is not p-homomorphism.
On the other hand, one can prove using the formula above that it is a p-
homomorphism if we consider 9 as the coboundary operator in the complex
(C*(g1,V*),d). The space C*(gy,V*) is dual to C*(g/p, V) since the Killing
form induces an isomorphism g; = (g/p)* of p-modules and therefore, dual-
izing the p-homomorphism 0 gives a p-homomorphism 9* : C*+1(g/p, V) —
Ck(g/p,V), called the Kostant codifferential. For V = g, we get a map
0 A**1(g/p)* ®g — A¥(g/p)* ® g and using the identification g; = (g/p)*,
we easily obtain the following formula on decomposable elements.

l
' (ZoA- NZ@A) =D (=) Zg A NZi A N2y @ [ Zi, Al
i=0
Next, one defines the associated Kostant Laplacian by O = 9 0 9* + 9* 0 0.
By construction, it is a go-automorphism of C*(g_1,g). One can construct
an inner product with respect to which the operators 9 and 0* ar adjoint
and use this to prove the following version of Hodge decomposition. For a

proof and results for |k|-grading, see sections 3.1.11. and 3.3.1. in [4].
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Proposition 1.4. For each n > 0, the chain space C*(g_1,g9) naturally
splits into a direct sum of Gg-submodules as

C*(g_1,9) = im(8*) @ ker(0) ® im(d),

with the first two summands adding up to ker(0*) and the last two summands
adding up to ker(9).

It is evident from the proposition that we may naturally identify the G-
module H*(g_1,g) with ker(d) C C*¥(g_1,g). We may also view H*(g_1, g)
as ker(0*)/im(0*), which naturally makes the cohomology groups into P-
modules since 0* is a p-homomorphism and thus P-equivariant. Moreover,
one can compute using the formula for 0* that the action of g; maps ker(9*)
to im(0*) and thus acts trivially on the quotient. This shows that that the
action of g1 and hence the action of Py = exp(g;) on the cohomology groups
HF(g_1,g) is trivial.

The cohomology groups also possess a go-invariant grading induced by
the grading of g. Namely, the spaces H*(g_1,g) decompose into direct
sums @y H*(g_1, g)¢ according to homogeneous degrees of representative co-
cycles. Of course, we also have the associated p-invariant filtration given by
H*(g-1,0)" = @i2¢H"(9-1,0)i-

A complete description of the gg-module structure of the cohomology
spaces H*(g_1,9) in the complex case is given by Kostant’s version of the
Bott-Borel-Weil theorem. This description is in terms of the Hasse diagram
which provides an algorithm for computing the cohomologies. For details,
see section 3.3. in [4].

1.2.6. Normal parabolic geometries. The constructions from the
previous subsection can be directly carried over to a manifold endowed with a
|1|-graded parabolic geometry. Suppose that (p: G — M, w) is such a geom-
etry of type (G, P) and consider the bundle A*T*M ® AM = QF(M, AM),
whose sections are k-forms with values in the adjoint tractor bundle. By
definition, the adjoint tractor bundle is induced by g and the cotangent
bundle is induced by (g/p)*. Consequently, the bundle Q¥(M, AM) is in-
duced by a P-module L(A*(g/p),g) of linear maps A*(g/p) — g and since
the Kostant codifferential 0* is P-equivariant, it gives rise to bundle maps
o : AFHIT*M @ AM — AFT*M ® AM for any k. A formula for this map
is obtained directly from the explicit formula for the P-equivariant map 9*
by replacing the elements of g; by one forms ¢; and the Lie bracket by the
algebraic bracket { , } on AM introduced in the proposition

l

*(Go A A @s)=> (1) oo A Adi ANy @{di s} (1.2)

=0
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Now consider the curvature function of the Cartan connection w. By
definition, it is a P-equivariant map x : G — A%(g/p)* ® g and so it defines
a section in the bundle G x p A%(g/p)* ® g = A?’T*M ® AM. Hence we may
view the curvature k as a two-form with values in the adjoint tractor bundle

and we may act on it by the Kostant codifferential 0*.

Definition 1.4. Let (p: G — M,w) be a (real or complex) parabolic geom-
etry on a manifold M, and let k € Q%(M, AM) be the curvature of w. Then
the parabolic geometry is called normal if 0*x = 0.

It turns out that the normality is the right condition to uniquely associate
a |1|-graded parabolic geometry to an underlying structure. Namely, one can
show that starting with a G-structure, one can construct a Cartan bundle
and a normal Cartan connection. Moreover, this connection is under certain
cohomological condition unique. Consequently, one obtains the following
theorem which relates |1|-graded parabolic geometries and G-structures. It
is a special case of the theorem 3.1.14. in [4], where also a proof can be

found.

Theorem 1.5. Let g =g_1 D go D g1 be a |1|-graded semisimple Lie algebra
such that none of the simple ideals of g is contained in go, and such that
H'(g_1,9) is concentrated in homogeneous degrees < 0. Suppose that G
is a Lie group with a Lie algebra g, and P C G is a parabolic subgroup
corresponding to the grading with Levi subgroup Gy C P.

Then associating to parabolic geometry of type (G, P) its underlying Go-
structure and to any morphism of parabolic geometries the induced morphism
of the underlying Go-structures defines an equivalence between the category of
normal parabolic geometries of type (G, P) and the category of G-structures

with structure group Go.

Using the Kostant’s version of the Bott-Borel-Weil theorem, one can
compute the first cohomology in individual examples. Then it turns out
that H'(g_1,9)?> # 0 only if g contains a simple summand isomorphic to
s0(2). Moreover, H'(g_1,g)! # 0 only if a simple factor of g is a simple |1]-
graded Lie algebra from A, series which corresponds to classical projective
structures. In this case, one needs to choose additional data on the level of
the G-structure to specify a normal parabolic geometry. Namely, one ob-
tains an equivalence of torsion-free projective structures with corresponding
normal geometries.

In all other case, the cohomological condition from the theorem is satis-
fied and the normal geometries are equivalent to their underlying structures.
Therefore, we will use freely both the names "structure" and "geometry" in
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sequel. A panorama of structures corresponding to |1]-gradings is given in
section 4.1. in [4].

1.2.7. Harmonic curvature. The simplest parabolic geometries are
those which are locally isomorphic to their homogenous model. These ge-
ometries are called locally flat, and as mentioned above, they are character-
ized exactly by k = 0. As we shell see, it is not necessary to look at the whole
curvature since a simpler object, called the harmonic curvature, is already a
complete obstruction to a local flatness.

The bundle maps 0* : A¥'T*M ® AM — A*T*M ® AM induced by
the Kostant codifferential give rise to smooth subbundles im(9*) C ker(9*) C
AFT*M®AM. Therefore, we may form the quotient bundles ker(9*)/im(9*).
We know from above that these bundles are induced by the P-modules
H*(g_1,g), and since the action of P, on the cohomologies is trivial, we
get the isomorphism

ker(9*)/im(9") = Gy X, H*(g-1,9)-

In particular, the bundles depend on the underlying G-structure only and
any smooth form ¢ € QF(M, AM) such that 9*p = 0 may be projected to
a section @g of the bundle Gy xg, H*(g_1,g). Now we apply this to the

curvature of a normal parabolic geometry.

Definition 1.5. Let (p : G — M,w) be a normal parabolic geometry with
curvature x € Q*(M, AM). Then the harmonic curvature rp is defined to
be the image of x in the space of sections of the bundle Gy xc, H2(g-1, 9)-

The harmonic curvature is a much simpler object then the curvature since
it is a section of a bundle depending only on the underlying G-structure.
It turns out however that it contains the complete information about the
curvature. The explicit relation between the curvature and its harmonic
part is given in the following theorem which is a special case of theorem
3.1.12. in [4].

Before stating the theorem, recall that H?(g_1, g) is graded according to
degrees of the representative cocycles. Since this grading is go-invariant, it
translates to a grading on Go x¢, H 2(g_1,9). Hence the harmonic curvature
has three components (kz)¢ of homogeneity ¢ = 1,2,3. By definition, the
same grading is on the bundle Gy x ¢, L(A%g_1,g). Since the isomorphism
g-1 = g/p of go-modules gives the identification TM = Gy X, g—1, this
bundle may be identified with A2T*M @ gr(AM), where gr(AM) = Gy X, @
is the associated graded bundle to

AM = A "M > A°M > A'M =2 T*M
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defined by gr;(AM) = A'M/A"1M. Thus a section gr(x) of the bundle
A?T*M ® gr(AM) has also three components gry(k) according to homo-

geneities £ = 1,2, 3. Now we are ready to formulate the following.

Theorem 1.6. Let (p: G — M,w) be a normal parabolic geometry of type
(G, P) and k its curvature. Then the component gr,(k) of lowest homogene-
ity £ is a section of the subbundle ker(OD) C A2°TM* ® AM, and under the
natural identification of this bundle with ker(0*)/im(0*), the section gr (k)
coincides with the homogenous component of degree ¢ of kg. In particu-
lar, for normal parabolic geometries vanishing of the harmonic curvature kg
implies vanishing of the curvature k.

1.3. Weyl structures

As we saw in the previous section, most of the normal |1|-graded par-
abolic geometries are equivalent to their underlying G-structures. Now the
natural task is to describe the Cartan connection and its curvature in terms
of data on the underlying G-structure Go — M. This is the theme of this
section. At the end, we also obtain the Bianchi and Ricci identities from

proposition [I.3]in terms of geometric objects associated to the G-structure.

1.3.1. Weyl structures. Let us consider the same setting as in the
previous section. That is, let g = g_1 ®go® g1 be a |1|-graded semisimple Lie
algebra, G a Lie group with Lie algebra g, let P C G be a parabolic subgroup
for the given grading and Gy C P the Levi subgroup. Let (p: G — M,w) be
a parabolic geometry of type (G, P), and consider its underlying principal
Go-bundle py : Gy — M. By definition, Gy = G/P; and thus there is a
natural projection w : G — Gp, which is a principal bundle with structure
group Py = exp(g1) (which is always trivial by topological reasons).

Definition 1.6. A (local) Weyl structure for the parabolic geometry (p :
G — M,w) is a (local) smooth Gy-equivariant section o : Gy — G of the
projection 7 : G — Gy.

To formulate a proposition on the existence of global Weyl structures,
let us recall that the tangent bundle 7'M is the associated bundle Gy X, g—1
and the cotangent bundle is isomorphic to Gy X, g1. In particular, smooth
sections of T*M can be identified with smooth Gg-equivariant functions
Go — g1. Now the following proposition shows that global Weyl structures
always exist and that they form an affine space. For a proof, see 5.1.1. in
[4].

Proposition 1.7. For any |1|-graded parabolic geometry (p : G — M,w),
there exist a global Weyl structure o : go — G.
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Fizing one Weyl structure o, there is a bijective correspondence between the
set of all Weyl structures and the space T'(T*M) of smooth sections of the
cotangent bundle. Fxplicitly, this correspondence is given by mapping Y €
[(T*M) viewed as a function T : Go — g1 to the Weyl structure 6(u) :=

o (u) exp(Y(u)).

1.3.2. Weyl connections and Rho-tensor. Given a Weyl structure
o :go — G on a |l|-graded parabolic geometry (p : G — M,w), we can
consider the pullback o*w € Q'(Go, g) of the Cartan connection. Equivari-
ancy of ¢ then implies Gg-equivariancy of o*w and since the Gg-module g
decomposes as g_1 P go D g1, we get a Go-invariant decomposition o*w =
o*w_14+0*wo+oc*wi. Then using the properties of w, we easily prove that the
component o*wy € (G, go) defines a principal connection on the bundle
po : Go — M and the component o*w; determine a T*M-valued one-form
P e QYM,T*M). For details, see 5.1.2. in [4]. These facts lead to the
following definitions.

Definition 1.7. Let 0 : Gy — G be a Weyl structure for a |1|-graded para-
bolic geometry (p: G — M, w).

(1) The principal connection o*wp on the bundle Gy — M is called the Weyl
connection associated to the Weyl structure o.

(2) The one-form P € QY(M,T*M) induced by the positive component of
o*w is called the Rho-tensor associated to the Weyl structure o.

Since o*wyq is a principal connection on the bundle Gy, it gives rise to an
induced linear connection on any vector bundle associated to Gy. All these
induced connections will be refered to as the Weyl connections corresponding
to the Weyl structure 0. Moreover, it is easy to see that the map o x idy :
Go x V — G x V composed with the projection G x V' — G xp V factors to
an isomorphism of vector bundles

Go xa, V — G xp V.

Hence each natural vector bundle is via o associated to the principal bundle
Go and the Weyl connection defines a linear connection on it.

For most natural vector bundles, we can formulate this result in a more
coceptual way. Namely, consider that V' is a finite dimensional representation
of P which is completely reducible as a representation of GGo. Now let us put
V0:=V and V?:=g; - Vi~! for i > 0. Then it is easy to prove that each of
the subspaces V? is P-invariant. Essentialy, this follows from the fact that P
is diffeomorphic to Gg x g1. Considering the action of the grading element,
we also find that for each i the subspace V*! is strictly smaller than V*.
Hence we get a P-invariant filtration V =V? > V! 5 ... 5 VN 5 {0} such
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that for each 7, the action of g; maps V¥ to V1. As a Go-module, V splitts
into a direct sum of quotient spaces V*/V?*! which is known as associated
graded module gr(V). Such a filtration is called the composition series of

the representation V' and we write it as
V=vovievvig ... ¢ v vNg vy

In this notation, V¥ € V is a P-submodule, VN1 / VN is a submodule in
V/VN_ etc. Now since the filtration is P-invariant, it induces a filtration
ViM on any natural bundle VM = G xp V. Moreover, the infinitesimal
action of g; defines a P-equivariant map g; x V¢ — V! inducing a bundle
map e : T*M x VM — VM since T*M = Gy X, g1 and thus the
composition series for V' induces an analogous composition series for the
bundle VM.

The associated graded bundle gr(V M) = @;(VIM/V*TIM) is equal to
G xp gr(V) and it may be identified with Gy x¢g, gr(V) = Go x¢g, V since
the action of the nilpotent part of P on gr(V) is trivial and V = gr(V)
as Gp-modules. So the previous result which says that any Weyl structure
induces an isomorphism VM = Gy Xg, V may be reformulated in the way
that any Weyl structure induces an isomorphism

VM = gr(VM),

which defines a splitting of the filtration. Let us note that a complete re-
ducibility of V is rather a weak condition. In particular, it is satisfied for all
representations which are restrictions of a representation of G.

1.3.3. The effect of a change of Weyl structures. Analyzing the
effect of a change of Weyl structure to the isomorphism VM = gr(VM),
to the associated Weyl connection and Rho-tensor, we easily obtain the fol-
lowing proposition which is a special case of the propositions 5.1.5, 5.1.6
and 5.1.8 in [4]. The bracket { , } appearing in the proposition is the alge-
braic bracket from It is induced by the Lie bracket g; X g_1 — go and
g1 X go — g1 respectively. The symbol e is used for both the bundle maps
gro(AM) x VM — VM and T*M x VM — V M since they are induced by

the same infinitesimal action of p on V' (restricted to gg and g1 respectively).

Proposition 1.8. Let 6 and o be two Weyl structures related by 6(u) =
o(u)exp(Y(u)) for an one-form Y. For a representation V' of P which is
completely reducible as a representation of Gy, we have:

(1) The isomorphisms VM > s +— (so,...,sn) € gr(VM) corresponding to
6 and o are related by

t!

=3 S ey (1.3
=0
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(2) For a smooth section s of a bundle VM and & € TM, the Weyl connec-
tions V and V are related by

Ves = Ves — {Y, &} os (1.4)

(8) The Rho-tensors P and P associated to & and o are related by

P(6) = P(§) + VX + {1, {T,€}) (1)

Remark 1.1. For any |1|-graded parabolic geometry (G — M, w) one de-
fines bundles of scales L* as the natural line bundle associated to an one-
dimensional representation \ : Gg — R. Its derivative X' : go — R is a Lie
algebra homomorphism vanishing on the semisimple part of gg, so it is just a
linear functional on the (one-dimensional) center 3(go). Hence the bundle of
scales corresponds to multiples of the grading element F. From the property
(2) in the previous theorem we have V = V implies T = 0 which by propo-
sition [1.7] implies 6 = ¢. Thus the induced linear connections on bundles of
scales are in bijective correspondence with Weyl structures. This correspon-
dence leads to definitions of closed and an exact Weyl structures. Namely,
the closed Weyl structure is a Weyl structure inducing a flat connection on
L» and the ezact Weyl structure corresponds to a connection induced by a
global trivialization of L*. The corresponding connections on the tangent
space form an affine space modelled on closed respectively exact one-forms.

For details, see section 5.1.4 and corollary 5.1.7 in [4].

1.3.4. Description of |1|-graded geometries via Weyl structures.
The goal of this section is to give a description of |1|-graded normal parabolic
geometries in terms of data associated to a Weyl structure. Such a descrip-

tion is provided by theorem 5.2.3 in [4] which we are ready to formulate.

Theorem 1.9. Let pg : Go — M be a G-structure with a structure group
Go C P C G such that H*(g_1,9)! = 0, and let (p : G — M,w) be the
unique normal parabolic geometry of type (G, P) extending this G-structure,
K its curvature and kg its harmonic curvature.

(1) The Weyl connections associated to Weyl structures o : Gy — G are
exactly the principal comnections on Gy with 0*-closed torsion. All these
connections have the same torsion T, which coincides with the homogenous
component of degree one of K.

(2) For such a Weyl connection let R be the curvature. Then the Rho-tensor
satisfies gro(0*)(R 4+ OP) = 0 and is uniquely determined by OP = —9*R.
The remaining components of the harmonic curvature are given by the com-
ponents in ker(O) of R respectively the covariant exterior derivative Y of
P.
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(3) The Cartan curvature k of w is represented by

(T,U,Y) € Q*(M,TM & Endo(TM) & T*M),
where T and Y are defined in (1) and (2) and U := R + OP.

According to (3), the curvature U = R 4 OP is the go-component of the
Cartan curvature. This curvature is called the Weyl curvature due to the
analogy with the conformal case, where this quantity coincides exactly with
the (invariant) conformal Weyl curvature. In contrast to the conformal case,
the Weyl curvature is not invariant in general. The invariant piece is the
irreducible component corresponding to the gg-component of the harmonic
curvature.

Using the data associated to a Weyl structure, we can also express the
two cannonical objects we defined, namely the fundamental derivative and
the tractor conection. Proposition 5.1.10 in [4] specialized to the |1|-graded
case yields

Proposition 1.10. Let 0 : Gy — G be a Weyl structure, V and P the
corresponding Weyl connection and Rho-tensor, VM = G xp V a natural
vector bundle and AM the adjoint tractor bundle. For s € I'(AM) and
t e (VM) let s — (s_1,50,51) and t — (to,...,tn) be the isomorphisms
with associated graded bundles given by o.
(1) The fundamental derivative is given by

(Dst)i = Vs,lti + P(Sfl) ®ef;_ 1 —sp®l; —s1et;_1, (1.6)

(2) If t is a section of a tractor bundle and & € TM, then the tractor con-

nection V7 is given by
(VIit)i=Veti +P(§) oti1 +Eotign (L.7)

1.3.5. Bianchi and Ricci identities. Given a full description of the
Cartan curvature by the previous theorem and the expression for the fun-
damental derivative by the previous proposition, we can reformulate the
Bianchi identities and the Ricci identity from proposition [I.3]and write these
identities in terms of geometric objects associated to the Weyl structure.

Proposition 1.11. Let V be a Weyl connection given by a choice of Weyl
structure, T and R its torsion and curvature, let P be the corresponding
Rho-tensor and U the Weyl curvature. Then for X,Y,Z € TM we have:
(1) Algebraic Bianchi identity

> U, 2)(X)+T(T(X,Y), Z) + (VxT)(Y, Z) = 0
cycl.



1.3. WEYL STRUCTURES 29
(2) Differential Bianchi identity

> (VxR)(Y,Z)+ U(T(X,Y), Z) — {P(T(X,Y)), Z} = 0
cycl.

(3) Ricci identity
(V2Z)(X,Y) = (V?2)(Y,X) = R(X,Y)(Z) = Vo(xy)Z

PROOF. (1) The algebraic Bianchi identity follows by taking the part in
gr_y(AM) = TM of the Bianchi identity (1) in proposition [1.3} Then for
S1, 82,83 € T'M the expression appearing in the sum in this equation has the

form

{s1,K0(s2,53)} — k—1({s1,52},83) + k_1(k—1(51,52),53) + (Vs k_1)(52,53)

One can easily deduce that the algebraic bracket of gro(AM) = End(T M)
and gr_;(AM) is given simply by applying the endomorphism. Hence the
first summand is equal to —kg(s2,s3)(s1) which is equal to —U(s2, s3)(s1)
according to the previous theorem. The theorem also implies that the
second term vanishes and that k_j(k_1(s1,52),s3) = T(T(s1,$2),s3) and
(Vs k—1)(s2,83) = (Vs,T)(s2,s3). The result then follows by renaming the
sections.

(2) The differential Bianchi identity follows by taking the part of the Bianchi
identity (1) in proposition corresponding to gry(AM) = Endo(TM).
Then the interior of the sum appearing in the equation has the form

{s1,K1(s2,53)} — Ko({s1, 52}, 83) + Ko(K—1(51,52), 53) + (Vs K0) (52, 53)

since the part in gry(AM) of the fundamental derivative of kg with respect
to s;1 € T'M coincides with the Weyl connection according to (|1.6)). Using
the theorem and that sq, s9,s3 € T'M, this is equal to

{51, Y (s2,83)} + U(T(s1,52),83) + (Vs U)(52, 53),

where Y = dVP. From the definition of the exterior derivative dV, the
definition of the torsion T" and the differential 9, we conclude

> {51, Y (s2,88)} = = Y _((Vs,0P)(s2, 83) + {P(T(51, 52)), 53})-

cycl. cycl.
Now inserting this into the equation (1) and using that U = R + 9P, the
result (2) follows.

(3) A formula for the Ricci identity in terms of Weyl connection is
obtained by taking the part of Ricci identity from [I.3] corresponding to
gr_1(AM) = TM. By definition, we have D?¢(s1, s3) = Dy, Ds,0 — Dp, 5,0
and using we find that its part in T'M is equal to

Vs, V0 =V, 5,0 + {P(s1), 82} e 0.
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Alternating in s; and sy and the use of definition of the differential 0 then
leads to the equation

D2U(31, 32) — D2U(82, 81> = VZU(Sl, 32) — VQO'(SQ, 81) + GP(sl, 32) .

The term Dy, 4,10 on the right-hand side of (2) in evidently vanishes
and the part in T'M of the first term —Dy,, ,,)0 is equal to

_vlﬁ?_l(Sl,SQ)O- + 50(81, Sg) o0 = _VT(sl,sz)O' + U(Sl, 82) 0,

due to (|1.6) and the theorem. And since U = R + OP, the result of (3)
follows. O

Remark 1.2. The curvature term U(Y, Z)(X) in the algebraic Bianchi iden-
tity can be replaced by R(Y, Z)(X) without any change since

> OP(Y, Z)(X) = (0°P)(Y, Z,X) = 0.

cycl.
This follows from the definition of @ and the fact that the algebraic bracket
{', } is induced by the Lie bracket and thus satisfies Jacobi identity.

1.4. Construction of invariant operators via curved Casimirs

For any natural vector bundle associated to a parabolic geometry, there
is a curved Casimir operator which acts on the space of smooth sections
of the bundle and which reduces to the canonical action of the quadratic
Casimir element on the homogeneous model of the geometry. The essential
properties of the curved Casimir operator are that it is natural in a strong
sense and that it acts by a scalar on a bundle associated to an irreducible
representation. One concludes from these properties that one can use the
curved Casimir operator systematically to construct invariant differential
operators. This is a difficult task in general, since since the classification
via homomorphisms of induced modules of the invariant operators on locally
flat parabolic geometries does not apply to the case of a general (|1|-graded)
parabolic geometry.

1.4.1. Invariant differential operators on homogeneous spaces.
Linear invariant differential operators are linear differential operators intrin-
sic to the given structure. In the case of the homogeneous model M = G/P,
it is evident what it means. The invariant operators are those which inter-
twine the G-action on sections of homogenous vector bundles induced by the
left action of G on G/P. Formally, given two homogeneous vector bundles
VM = G xpV and WM = G xp W on M = G/P, invariant differen-
tial operator is a differential operator D : I'(VM) — T'(WM) such that
D(g-s)=g-D(s) forall s e (VM) and g € G.
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It is well-known that an action on sections of a homogeneous vector bun-
dle VM extends to an action on the jet prolongations J*V M which makes
J¥V M into a homogeneous bundle. Then it is easy to see that any invari-
ant differential opeartor D of order < k between homogeneous bundles VM
and WM corresponds to a morphism D : J*VM — WM of homogeneous
bundles. Next, one defines the k-th order symbol of D as the vector bundle
map S*T*M ® VM — WM given by the restriction of D to the kernel of
the projection 7f_, : JF'VM — J*1V M.

Since the k-th jet prolongation J*V M is a homogeneous vector bundle,
it is induced by a representation which we denote by J*V, ie. J*VM =
G xp J¥V, and any invariant operator D : J*V M — WM corresponds to a
P-module homomorphism J*V — W. Hence the problem of classification of
linear invariant differential operators on M = G/ P boils down to an algebraic
problem of classification of homomorphisms of P-modules. Although the
representations J*V inducing the jet bundles are quite complicated, the
structure of such homomorphisms is known completely.

Let us remark that he proof of this classification is via a duality relating
these homomorphism to homomorphisms of induced modules. Namely, con-
sidering the infinite jet prolongation J*VM = G xp J*V, which is defined
as the direct limit of the system --- — J*1VM — J*V M — ... and hence
allows to let the order k free, one finds that

J>V = (U(g) Qup) V)",

where U(g) is the universal enveloping algebra of the Lie algebra g. In
the case that V is an irreducible representation with highest weight A, the
induced module My()\) = U(g) @) V™ is called generalized Verma mod-
ule. The duality is obtained essentialy by identifying J>*°V with J>°(G,V)
and g with left-invariant vector fields on G which gives an identification
of U(g) with the space of left-invariant differential operators on C*°(G,R).
Thus in the dual picture, the invariant operators between irreducible bundles
(VM) — I'(WM) correspond to P-module homomorphisms W* — M, ().
And since the left action of g on generalized Verma modules makes them into
(g, P)-modules, the algebraic version of Frobenius reciprocity implies that P-
homomorphisms W* — M, () correspond to (g, P)-module homomorphisms
My(p) = My(X), where 1 is the highest weight of W.

The question of existence of such homomorphisms is a purely represen-
tation theoretical task and there is a complete answer in terms of the highest
weights of representations. The homomorphisms between (ordinary) Verma
modules (where p is the Borel algebra), have been completely characterized
by Verma and Bernstein-Gelfand-Gelfand, cf. [I]. The generalization to an
arbitrary parabolic p C g have been given by Lepowsky and Boe, cf. [2] and
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[3]. Let us mention that the existence of a non-zero homomorphism between
Verma modules induces a homomorphism between generalized Verma mod-
ules, called the standard homomorphism. It may be zero, and even when this
happens, there might be some other homomorphism, which is then called a

non-standard homomorphism.

1.4.2. Invariant operators on curved manifolds. In the case of a
parabolic geometry on a manifold M which is not locally flat and thus is not
isomorphic to a homogeneous space, there are several definitions of operators
intrinsic to the given structure. The definition from the flat case does not
apply since there is no induced action of G on sections of natural vector bun-
dles and hence the G-equivariancy has no sense. Nevertheless, we may use
the fact that left multiplications of G are exactly the automorphisms of the
flat geometry G — G/ P, and hence replace the G-equivariancy property by
the property of commuting with automorphisms of the given geometry. This
leads to the notion of natural operators defined in [I5]. But, this naturality
requirement is too weak in our case since there are nearly no morphisms of
geometries on general manifolds. Therefore, the following stronger restric-
tion of the class of operators is mostly specified.

By an invariant operator for geometry (G — M, w), we mean a linear dif-
ferential operator acting between natural bundles on M which one can write
out by a universal formula in terms of Weyl connection and its curvature
such that the formula is independent of the choice of Weyl structure. Obvi-
ously, such invariant operators are natural in the sense as above and thus,
restricted to the subcathegory of locally flat geometries, they coincide with
the invariant differential operators on homogeneous spaces defined in the pre-
vious subsection. The definition of invariant operators may be viewed as a
generalization of the ususal notion of invariant operators from the conformal
geometry. These are defined as formal expressions in Levi-Civita connection
which remain invariant under rescalings of the metric.

In contrast to the case of a locally flat manifold, higher order invariant
operators J*V M — WM on a curved manifold M cannot be constructed in
the same algebraic way as in the flat case since the jet prolongations J*V M
are not associated to the Cartan bundle G for & > 1. Nevertheless, there is a
class of invariant differential operators which correspond to homomorphisms
of P-modules just like in the flat case, with the exception that the P-modules
are different. Namely, one can consider so called semi-holonomic jet prolon-
gation J¥V M of the bundle VM, see [10]. This vector bundle comes with
a natural inclusion J*V M < J*V M and the important property is that, in
contrast to normal (holonomic) jets, this bundle is associated to the Cartan
bundle and thus is induced by a P-module J*V. Hence any homomorphism
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J¥V — W gives rise to an operator
JYVM — J*VM — WM.

The operators arising in such a way are called strongly invariant operators.
For instance, this is the case of all first-order operators since J'VM =
JYWM. Strongly invariant operators behave similarly to invariant opera-
tors on homogeneous spaces. In particular, they can be translated to other
bundles by means of the curved translation principle, see [16].

In the dual picture, strongly invariant operators arise from homomor-
phisms of induced modules, called semi-holonomic Verma modules. In con-
trast to the holonomic case, they do not provide the classification of invariant
operators since it may happen that for a non-zero homomorphism, the com-
position above defining the operator vanishes. On the other hand, it may
also happen that despite the fact that there is no non-zero homomorphism
of semi-holonomic Verma modules, there still exists an invariant operator
between the corresponding bundles, as we shall see.

1.4.3. Curved Casimir operator. The curved Casimir operator is an
invariant differential operator acting between natural vector bundles, which
is a generalization of the well-known Casimir element from the representation
theory. First let us recall its definition. The Casimir element for a semisimple
Lie algebra g is an element from the center of the universal enveloping algebra
U(g) defined by C := ,&° - &, where {¢°} is a basis of g and {&} is the
dual basis with respect to the Killing form. This is well-defined since the
(non-degenerate) Killing form induces an isomorphism g 2 g* of G-modules
and C is independent of the choice of the basis {¢}. It is also easy to see
that C acts on any representation of G by a G-equivariant map. Now the
idea is to let the Casimir operator act on the space of smooth sections of
a homogeneous bundle G xp V' — G/P. This is possible since there is an
induced action of G on the sections and thus also the infinitesimal action of
g. One can easily compute the form of this action. Namely, for X € g and a
section f viewed as a P-equivariant function G — V, we get X - f = —Rx - f,
where Rx € X(@G) is the right invariant vector field generated by X. Hence
the action of C on a section f is given by C(f) = >_, Ree - Re, - f.

The generalization to the case of a general parabolic geometry is ob-
tained by rewritting this formula in terms of the fundamental derivative.
Concretely, since the right invariant vector field Rx is in particular invari-
ant under P, it defines a section sx in the adjoint tractor bundle A(G/P).
And since the differentiation of an equivariant f with respect to such a vec-
tor field is exactly the definition of the fundamental derivative, we can write
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C(f)=> Dy Dse, - f. Now this expression defines the curved Casimir op-
erator on general parabolic geometries. Using the definition of the iteration
D? and naturality of D, one finds that C can be expressed as the following
composition. For details, see proposition 1 in [5].
2 B®id
T(VM) 2= T(®2A*M @ VM) —< T(V M)

Definition 1.8. On general parabolic geometries, the curved Casimir oper-
ator is the operator C := (B ® id) o D%

An immediate consequence of the defining formula is that the curved
Casimir operator inherits strong naturality properties of the fundamental
derivative. Namely, it commutes with with all natural vector bundle mor-
phisms. In particular, it preserves sections of natural subbundles and re-
stricts to the curved Casimir of the subbundle. Similarly, the induced op-
erator on sections of a natural quotient bundle coincides with the curved
Casimir on that bundle.

Further properties of the curved Casimir follows from a fromula in terms
of suitably chosen local dual frames for the adjoint tractor bundle

AM = TM & Endo(TM) & T*M.

Namely, let us choose a local frame ¢! for the subbundle 7% M. This frame is
automatically orthogonal with respect to the bilinear form on T*M x T*M
induced by the Killing form B since T*M is induced by g; and B vanishes
on g1 X g1. On the other hand, B gives a duality g; = g/p of P-modules and
thus induces a non-degenerate bilinear form on T*M x T'M. Therefore, we
can choose a basis 1y for TM which is dual to ¢f. Moreover, one can easily
prove that 1, may be chosen such that it is orthogonal, see lemma 1 in [5].

Now let D denote the fundamental derivative and let ® denote the action
of T*M on VM induced by the representation of g; on V. Further, let (, )
be the inner product on weights of gg, resp. gg, induced by the Killing form.
Then the curved Casimir can be expressed using the local dual frames )y

and ¢! as follows.

Theorem 1.12. For any (|1|-graded) parabolic geometry (G — M,w) and
any natural vector bundle VM, the action of the curved Casimir on a s €

(VM) has the form

C(s)=c(s)—2 Z ¢’ o Dy,s
14

where ¢ : VM — VM 1is a tensorial bundle map which acts on each irre-
ducible component WM C VM by multiplication by cy. If —X is the lowest
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weight of the inducing irreducible representation W , then this scalar is given
by

PRrROOF. The theorem is a combination of proposition 3 and theorem 1
in [5]. O

In particular, the theorem shows that the curved Casimir is a differential
operator of order at most one and that it acts by multiplication by a scalar
on irreducible bundles, which can be easily computed from representation
theory data. This scalar is refered to as Casimir eigenvalue.

Fixing a Weyl structure o, we can express the formula from the theorem
for the curved Casimir in terms of data on the underlying G-structure asso-
ciated to o. Namely, inserting (s), = (¢,0,0) into equation for the

fundamental derivative, we get
Dws = sz + P(T,ZJZ) ®s.

Therefore, the formula for the curved Casimir operator in terms of the Weyl

connection and the Rho-tensor reads as

Cls)=c(s) —2) @' oVy,s—2) @ eP(th)es (1.8)
l V4

1.4.4. Construction of invariant operators. Finally, we show how
to apply the curved Casimir operator to construct invariant operators. Let us
explain the idea in the simplest case first. Therefore, assume a tractor bundle
VM = G xp V induced by a G-representation V with a simple composition

series
V=vvigv!

and assume that the representations V9/V?1 and V! are irreducible. Then
the curved Casimir acts by scalars ¢y and ¢y on the corresponding bundles
VM/VIM and V1M respectively. Now consider the operator C — ¢;. By
definition, it is an invariant operator I'(V M) — I'(V M) which vanishes on
VIM. Hence if ¢y # c1, then it defines a splitting T'(VM/VIM) — T'(VM)
of the tensorial projection I'(VM) — T'(VM/VIM). In the case that the
eigenvalues ¢y and ¢; coincide, we get an invariant operator I'(VM/VIM) —
L(ViM).

Now this idea can be implemented to the case of a longer filtration of
the representation V. Consider a tractor bundle VM = G xp V induced by
a G-representation V with a composition series

V=vvievivie . ..e vt jyNa vy
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For such a V, each of the subquotients V?/Vi*! splits into a direct sum of
irreducible representations of P. Let ct,..., cf” denote the different eigen-
values of the curved Casimir operator on the bundles induced by these irre-
ducible representations. Next, let us form an operator L; := H?;l(C — cz)
which then maps T'(VIM) — T(V*HM) and hence L := L;y10-+-0 Ly
maps T'(ViT1M) — 0. This means that if the curved Casimir eigenvalue
cy on an irreducible bundle WM C VIM/V*IM is different from all
of the numbers ci,...,cﬁli, then L, restricted to WM, defines a splitting
r(WM) —T(VIM).

Now let us assume that cy coincides with an eigenvalue corresponding
to an irreducible bundle WM C VFM/V*+HIM for a k > i. Such a case is of
the main interest since it is easy to see that the operator L := L;110---0 Ly
restricted to WM then defines an invariant operator I'(W M) — I'(W'M).
Indeed, the naturality of the curved Casimir implies that the factors in L can
be commuted freely and so we may act first with the factor C —cyy from Ly to
get amap [(WM) — T(Vi+L1M). Next, the composition with L;;10---0Lj_;
yields an operator I'(WM) — T'(VEM) by definition. Acting further with
the rest of Ly, everything from I'(V¥M) is mapped to I'(VFT1M) up to
the bundle WM. Hence projecting to VFM/V*+1 M, we obtain an induced
operator '(WM) — T'(W'M).

The conclusion is that whenever there is a coincidence of the Casimir
eigenvalues occuring somewhere in the composition series, there is an invari-
ant operator between the respective bundles and we even know a formula
for this operator. Fixing a Weyl structure, the formula can be expressed in
terms of Weyl connection by use of the explicit form of C given by equation
in the previous subsection.

Let us mention that it can also happen that the induced invariant op-
erator vanishes. This may be detected by computing the principal symbol
of the operator which is easier than the computation of the whole formula
for the operator. An algorithm for the symbol computation can be deduced
from the construction of the operators. For general |1|-graded semisimple
Lie algebras it was developed by éap and Gover in a forthcoming article.
A detailed description of the construction of invariant operators vie curved

Casimirs in the case of a conformal geometry can be found in [6].



CHAPTER 2

Almost Grassmannian geometry

2.1. Introduction

In this introductory part, we give a definition of an almost Grassmannian
geometry (in sequel AG-geometry), we introduce the corresponding structure
and basic natural bundles. We also collect some basic properties which we

will need later on.

2.1.1. Almost Grassmannian geometry. Let us consider the Lie al-
gebra g = sl(n,R). It can be viewed as the so called split real form of
a® = sl(n, C), characterized by the property that there exists a Cartan sub-
algebra h < g such that all roots of g€ restricted to b are real-valued. Of
course, this b is the subspace of tracefree real diagonal n x n-matrices. Taking
the usual choice of basis of h and denoting by e; : h — C the linear functional
which extracts the ith entry on the diagonal, the restricted roots of sl(n,R)
are A, = {e; —e; : 1 <i,j <n,i# j} and its subsystem of positive roots
is A = {e; —ej : i < j}. The set of simple roots is then {a1,...,an—1},
where «; = e; — e;41. In terms of the simple roots, the positive roots are
exactly the combinations of the form a; +---+aj for 1 <i < j <n — 1.
Obviously, the Satake diagram for sl(n,R) has white nodes only and thus
coincides with the Dynkin diagram A, 1. For more details on the structure
theory of sl(n,C) and sl(n,R), see sections 2.2. and 2.3. in [4].

Now consider a parabolic geometry of type (G, P), where the Lie algebra
of G is equal to g = sl(n, R) and the parabolic subgroup P C G is determined
by a |1]-grading of g. As we described in the previous chapter, any |1|-grading
of g = sl(n,R) is given by a choice of one simple root, say a,, and has the

form

i= P sectte P e P o
ht(a)=

=1 ht(a)=0 ht(a)=1

where ht(«) = 1 if and only if o contains the simple root a;, as a summand,
ie. a =a; +---+ap+---+ ;. The corresponding diagram then has the
pth node crossed. The grading is easily visible in block form with blocks of

37
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sizes p,n — p:

0 0 x 0 0 x
g1 = , 0= y 91 =
x 0 0 = 0 0

Definition 2.1. A parabolic geometry of type (G, P) on a manifold M with
dim(M) = pq, where p,q > 1 and the parabolic subgroup P is determined

by the grading of sl(p + ¢,R) as above is called the almost Grassmanian
geometry of type (p,q).

In sequel, we exclusively consider the case of almost Grassmanian ge-
ometries of type (2,q), i.e. the |1|-graded parabolic geometry characterized
by the diagram

o X o o .

The simple root which corresponds to the crossed node is as = es — e3 and
S0 it is easy to see that the gi-part of the grading is formed by root spaces
corresponding to roots a; +as+---4+a; and ag+---4q; for 3 <i < g+1. In
the form of block matrices, the elements of the Lie algebra g = sl(2 + ¢,R)

may be viewed as (g 5) with block sizes 2 and ¢ respectively. Then gg

consists of block diagonal matrices ( g 8 ), the subalgebra gy consists of those
matrices for which only the Z-block is non-zero and similarly, g_; consists

of those for which only the Y-block is non-zero. Hence we see that

g-1= R* X RY, do = 5(9[(27R) D g[(%R))a g1 = R? X Rq*a

where X denotes the outer tensor product. Obviously, the component g_;
may be also viewed as the space of linear maps R?> — RY while g; may be
identified with linear maps R — R2.

As a Lie group G with Lie algebra g we take SL(2 + ¢,R) and as the
parabolic subgroup P, we take the stabilizer of R? in R?T9. Since p = go @ g1
is exactly the stabilizer of this subspace in g, it is easy to see that this is
the maximal parabolic subgroup for this grading, In terms of matrices, P
is the subgroup of block upper triangular matrices with block sizes 2 and
q. The resulting Levi subgroup Gy C P is then the group of block diagonal
matrices with these block sizes, i.e. Go = S(GL(2,R) x GL(q,R)) C SL(2+
¢,R). From the definition of P we conclude that the homogeneous model
G/ P of almost Grassmannian geometry is the Grassmannian Gro(R?**9) of

2-dimensional subspaces of R?*4.

2.1.2. Underlying structure. From the description above we see that
the underlying Gg-structure pg : Go — M of an almost Grassmannian geome-
try of type (2, q) is given by the reduction of GL(2¢, R) to the structure group
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Gy formed by block diagonal matrices with blocks (C1,C2) € GL(2,R) x
GL(q,R) such that det(Cy)det(Cy) = 1. Viewing elements Y € g_; as lin-
ear maps R?2 — RY, the adjoint action Ad : Gy — GL(g_1) defining the
Go-structure is immediately seen to be given by Ad(Cy,C)(Y) = CoY Cy L.

The standard representations of GL(2,R) and GL(q,R) define the basic
representations R? and RY of G, which then induce the basic natural vector
bundles associated to Gy: a rank 2 vector bundle ¥ — M and a rank ¢
vector bundle F' — M. Since the tangent bundle T'M can be identified with
Go XG, 9—1 and g_1 = L(R?,RY), we get an isomorphism

TM~E®F (2.1)

Moreover, since (C1,Cq) € Gy acts by det(C;)~! on the one-dimensional
representation A?R?* and by the same scalar det(Cy) = det(Cy)~! on the
one-dimensional representation AYRY, we get an isomorphism A2R?* = AIRY

of Gp-modules, which then results into an isomorphism
A’E* = AIF. (2.2)

Conversely, let us assume that on a manifold M of dimension 2¢ we have
given vector bundles £ and F' of rank 2 respectively ¢ and isomorphisms as
in and . Then it is easy to show that these data define a first order
Go-structure pg : Go — M with structure group Gg. Indeed, we consider
the fibered product GL(R?, E) x 5y GL(RY, F) of the linear frame bundles of
E and F. The fiber of this bundle over x € M is formed by pairs (11, ¢2)
of isomorphisms ¢ : R? — E, and ¢ : R? — F,. Then we define Gy
to be a subspace in this bundle consisting of those pairs which respect the
isomorphism in the sense that the following diagram commutes

A2E* —= o NIF
A2y T TA‘W&
A2RZ* _= . AdRY

The group Gy acts on Gy by composition from the right. Visibly, the action
is free and transitive on the fibers of the natural projection py : Go — M and
hence Gy becomes a smooth principal Gg-bundle. The reduction i : Gy —
PLM is then given by assigning to a frame (11,v2) € Go the isomorphism
T.M — g_1 defined by & — 1/12_1 oot € R¥* @RI = g_1, where the vector
£ €T, M is viewed as a linear map F — F' according to isomorphism ([2.1]).

Hence we conclude that a choice of E, F', and isomorphisms and
is equivalent to a first order Gy-structure pg : Go — M. Such a structure
is called an almost Grassmanninan structure of type (2,q). And since it is
easy to check that the cohomological condition in theorem is satisfied, we
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know that such a structure is equivalent to a normal almost Grassmannian
geometry on M.

It is obvious that for the homogeneous model, the auxilliary bundles F
and F' are the two tautological bundles over the Grassmannian. The bundle
E is the subbundle in Gr(2, R*"?) x R?**? whose fiber over a 2-dimensional
subspace is given by that subspace, while F' is the quotient of the trivial
R2*%-bundle by the subbundle E.

2.1.3. Abstract index notation. In sequel, we use an abstract index
notation, which is similar to the spinorial abstract index notation used in
4-dimensional conformal geometry. For the basic vector bundles, we put
E:= &Y and F := £ and follow the usual convention that dualizing makes
upper indices into lower indices and vice versa, and concatenation of indices
corresponds to tensor products of bundles. Then the isomorphisms and

(2.2) have the form
TM =Ex @ EA =E4 respectively  A2E4 = AIEA.

For the tangent and cotangent bundle we also use the usual tensor inices,
ie. TM = &% and T*M = &,. The tensorial and spinorial notation will be
used alternately in sequel.

We demonstrate the efficiency of the abstract index formalism on com-
puting the explicit form of the algebraic bracket from[I.2] which we will need
later on. Let us recall that the algebraic bracket acts on the adjoint tractor
bundle AM , which under a choice of Weyl structure is a graded bundle with
grading components induced by representations g_1, go and g1 of Gy. These
are isomorphic to the bundles TM, Endg(T'M) and T M respectively.

By definition, the algebraic bracket is induced by the Lie bracket on
the grading components of the matrix algebra g. If we adopt the same
abstract index notation for the representations R? and RY inducing F and
F, then we can write typical elements Y € g_; = R* X RY, (U,V) € go =
s(gl(2,R) @ gl(q,R)) and Z € g; = R?”* X R? as

Y =yh, (UV)=(up,vi), Z=z4.

Now the form of the Lie bracket in these abstract indices can be read off its
form in block matrices. Namely, the Lie bracket go x g_1 — g_1 has the

form

U 0 0 0 0 0

0 Vv Y O VY -YU 0

which leads to the following formula in abstract indices

[(U7 V)7 Y]f&’ - vgyf’ - UE/ yg'
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Hence viewing go as a submodule of endomorphisms of g—1, an element
(uél,, Ug) € go is identified with the map (u, v)‘;‘1 g, = UA(5 uB,dA Passing

to bundles, we see that a section of AgM = Endo(7'M ) may be written as

(a,ﬂ)ﬁlg = 5553/ aB/5A

for some o € End(£4") and 8 € End(E4). Using such an identification, we
have

Lemma 2.1. For &4, € TM, o4 € T*M and (« B)A o= BAB5 ozB,cSA
Endo(T'M) the algebraic bracket has the following form

(1) {(@,B),64 = —aSed + 84S,
(2) {(auﬁ)aw}A, = aC/SOA ngpé/
(3) {307 S}A B — —¥a 53/55 @é’lgg/ég

PROOF. By construction, the bracket Endo(T'M)xTM — TM is simply
given by the application of endomorphisms, while the bracket Endy(T'M) x
T*M — T*M is given by applying the negative of the dual of an endo-
morphism. The equations (1) and (2) then follow from the identification
(a, B)A = = Bpd% — af64. The most interesting point is the bracket
TM x T*M — Endo(TM), which can be deduced from the form of Lie
bracket g1 X g—1 — go. In block matrices, we have

0 Z 0 0 zYy 0

0 0 Y O 0 -YZ

which yields [Z,Y] = (zé'yg,, —zg/yg,) in abstract indices. Viewing go as
g_1 — g_1, this element corresponds to —zglyg,(SA, zC yB,(SA O

2.1.4. Irreducible bundles. By definition, each irreducible natural
vector bundle on an almost Grassmannian geometry (G — M, w) is an asso-
ciated bundle to G, induced by an irreducible representation of the parabolic
subgroup P C G = SL(2 + ¢,R). We will deal here with real representa-
tions only. The description of the complex irreducible representations co-
incides with the real ones since any complex irreducible representations of
SL(2+ q,R) is the complexification of a real irreducible representation, and
the same is true for P.

In sequel, we consider representations of P, which are completely re-
ducible as representations of the corresponding Lie algebra p, since this is
the case of our interest. In such a case, there is a complete description avail-
able. Namely, any finite dimensional completely reducible representation V'
of p is obtained by trivially extending a completely reducible representation
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of go = R@sl(2,R) @ sl(q,R) to p, see e.g. section 3.2.10 in [4] for details.
The irreducible representation of g is given by the irreducible representation
of its semisimple part g§ = sl(2,R) @ sl(¢,R) and a linear functional on its
center 3(go) = R.

It follows from from the theory of semisimple Lie algebras that irre-
ducible representations of gg’ are classified by highest weights of its simple
factors, see e.g. [13] or chapter 2 in [4]. In our case, the simple factors
are s[(2, R) respectively sl(¢,R), and so the highest weights are functionals
on the corresponding Cartan subalgebras bg2) and bgg). Since evidently
the Cartan subalgebra of g is equal to b = by 2) © ha(q) © 3(00), specifying
the highest weights of s[(2,R) and sl(¢,R) and the functional on 3(go) (ie.
specifying the irreducible representation of p) defines a weight of g. We call
this weight the highest weight of the irreducible representation of p. It does
not need to be g-dominant since the functional on 3(gg) may have negative
values. We will denote highest weights in the usual way by labeled Dynkin
diagrams. That is, if A = a1 A1 + -+ + ag+1Ag4+1 is the expression of the
highest weight A in terms of the fundamental weights A1, ... A1 of g, then
for each 1 < ¢ < ¢+ 1 we write the number a; over a node of the diagram

corresponding to the simple root «.

a; a2 a3z a4 ag+1
A= O0—X—0—0— - —0

This weight is a highest weight of a representation of p iff it is p-dominant,
i.e. the coefficients a; are non-negative for all ¢ # 2. We also assume that
the all coefficients are intergral since exactly these representations integrate
to representations of P.

Now let us describe the highest weights of the representations R? and R?
inducing the basic bundles £4" respectively £4. We will use the well-known
fact that any irreducible representation of p with highest weight A for a g-
dominant weight A is given as the subspace in the g-irreducible representation
with highest weight A\ on which g; acts trivially, see e.g. 3.2.11. in [4]. So
to get the highest weight of R?, let us consider the standard representation
R2%49 of g. Of course, it is an irreducible g-representation with highest weight
A1 and it is an easy observation that R? is the subspace in R>*? on which
g1 acts trivially. So we conclude that the highest weight of p-representation
R? is \q, i.e.

1 0 0 0 0

HGW(RQ) = 0—X—0—0— -+ —O0
Next, consider irreducible g-representations A*R?t9 corresponding to funda-
mental weights A for £ > 1. Since the standard representation decomposes
as R?t4 = R? @ R? as a go-module, the k-th exterior power of the standard
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representation decomposes as AFR2T¢ = @i+j:kAiR2 ® AJRY. Tt is an easy
observation that the subspace on which g; acts trivially is given by the part
in which 7 is as large as possible. Hence for k£ = 2, we obtain that weight Ao
corresponding to the crossed node is the highest weight of one-dimensional
representation A?R? =2 AYR%*, where only the center of go acts non-trivially.
For k = 3, we obtain A?R? ® R? and so the highest weight of R is A3 — \o.
Similarly, we deduce that the highest weight of A¥R? is A4 — Ao. Diagram-

maticly:
0o -1 1 o0 0
HGW (R?) = o—x—0—0— - —0
0 -1 0 1 0
HGW (A*RY) = o—x—o0o—o0— - —o0
0 -1 0 o0 1
HGW (AT 'RY) = o—x—o—o0— - —o0

The description of highest weights of the duals of these basic repre-
sentations and their exterior powers follows from the isomorphism R?* =
R? ® (A2R?)* induced by the wedge product. From here we conclude that
the highest weight of R?* is A\; — \o. Similarly, for 1 < k < ¢, we get that
AFR?* is irreducible with highest weight Ag+2—k. Thus we have

1 -1 0 0 0
HGW(R?) = o x—o—o— - —o
0o 0 0 O 1
HGW(R™) = o x—o—o— - —o

Let us next look at representations inducing the tangent bundle TM = 5;;‘,
and the cotangent bundle T*M = Eﬁl, i.e. the adjoint representations g_;
and g respectively. If we use the isomorphisms g_; = R*XR? g; = R¥*XR?,
we conclude from above that these are the irreducible representations of
highest weight A1 — 2Ag + A3 respectively A1 + Ag41, ie.

1 -2 1 0 0
HGW(Q_l) = O0—X—0—0— -+ —O
1 0 0 0 1
HGW(gl) = O0—X—0—0— -+ —O0

2.1.5. Weights. The one-dimensional representations of center 3(go)
can be obviously labelled by scalars which we will call weights. These repre-
sentations give rise to line bundles over M, which we call bundles of densities.
We fix the labelling such that representation A?R? corresponding to the fun-
damental weight Ay has weight -1. The induced line bundle A2£4" = A9E,
of weighted functions of weight -1 will be denoted £[—1]. The dual bundle
A€ = N9€4 is identified with £[1] and via tensor product, we get bundle
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E[w] of weighted functions of weight w for any w € Z. Since we know from
the previous section that A?R? has highest weight \o, the highest weight of

the representation inducing £[w] in Dynkin diagram notation is

0O —w 0 O 0
0—X—0—0— - —O

This labelling fits together with the classical notion of conformal weight
in the sense that both notions coincide in the case of a four-dimensional
manifold, where our structure is eqiuvalent to the conformal structure.

Of course, we can tensorize any bundle F with the bundle £[w] of
weighted functions. We obtain so called weighted bundle, which we de-
note simply by F[w]. In the notation of Dynkin diagrams, F[w] is evidently
obtained from F by adding —w to the label over the crossed node.

We write €4/ for the section of A2€4/[—1] which gives the identification
E[1] =2 A2Ey via f — feap for f € E[1]. The inverse mapping is given

1! rp’o. .
A'B A'B" g inverse to e4rpr. These

by AZEA/ S vA'B > —%UA/BIE , Where €
objects can be used to raise and lower primed indices similarly as a metric
is used in conformal geometry. One must be careful though since €4/pr is
antisymmetric. We use the convention for lowering and raising of primed
indices such that vg = vAe arp and B = A/eA/B/. We have also a sim-

ilar object eA142:Aa (

with inverse €4, 4,... Aq) which gives the identification
AIE4 = E[1]. But the raising of unprimed indices given by this object is
quite different from the previous case. Only in the case that ¢ = 2, we have
A'B’

eap and €8 analogueical to eA'B" and eap’- Then the object eapge is a

section of S2T*M|[2] and thus it defines a conformal metric.

2.1.6. Harmonic curvature. Recall that the harmonic curvature kg
is represented by a P-equivariant function G — H?(g_1, g). The cohomology
H?(g_1,9) can be computed (as a P-module) by Kostant’s version of the
Bott-Borel-Weil theorem, c.f. theorem 3.3.5 in [4]. This theorem gives a
bijective correspondence between the irreducible components of H?(g_1, g)
and certain elements in so called Hasse diagram of the parabolic p. For
details, see sections 3.2 and 3.3 in [4]. It turns out that H?(g_y,g) consits
of two irreducible components with highest weights

3 -3 0 1 1 0o 0 1 O 3

0—X—0—0— - —0 | O—X—0—0— - —O

The corresponding highest weight modules can be described explicitely as
follows. The first one is the intersection of the kernels of the two possible

contractions of

(S?R? ® R?*) W (A’R™* @ RY) C A%g*; ® g1,
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while the second is the kernel of a unique contraction on the space
A’R? K S3R?* @ RY C A%g* | ® go.

This information on H?(g_1,g) directly translates into a description of the
harmonic curvature components. Namely, we obtain two components of two
different homogeneities. The first one is of homogeneous degree one and lies
inT((S?’E® E*)RX(A2F*® F)) € Q2(M,TM). According to theorem [1.9] it
coincides with the torsion of any Weyl connection. The second component is
of homogeneous degree two and is a section of A2E K (S?2F* @ sl(F)). Since
it is a section of a subbundle of

Go X, (M%7 ® go) = A*T*M © End(TM),

it may be interpretated as a part of the curvature of a linear connection on
the tangent bundle. The explicit description of the harmonic curvature in

terms of data associated to the Weyl structure is given in the next section.

2.1.7. Basic tractor bundles. The description of the basic tractor
bundles is simple. Let £% denote the standard tractor bundle, i.e. the
bundle induced by the standard representation of G = SL(2+q,R) on R?*4.
By definition, the parabolic subgroup P C G is the stabilizer of R? in R?*9,
and the associated bundle to the P-representation R? is A" This means
that £4" is a smooth subbundle of £*. On the other hand, the quotient
P-representation R?2T9/R? is the trivial extension of the representation R?
of the subgroup Gy C P. This corresponds to the bundle £4, so we get a
short exact sequence

0 &Y e 5450 (2.3)

of natural vector bundles. Of course, this sequence does not admit a natural
splitting since the P-representation R?*9 is indecomposable. On the other
hand, we can view £4° C £ as a filtration of the vector bundle £%, and so
we have £ = £4@ €4 in the notation introduced in the previous chapter.
Since any irreducible representation of s[(2+ ¢, R) is isomorphic to a subrep-
resentation of some tensor power of the standard representation, any tractor
bundle corresponding to an irreducible representation can be found in some
tensor power of the standard tractor bundle. Thus the filtration £4 & &4’
gives rise to a filtration of any tractor bundle. As an example, consider the
tractor bundles A*E® for k = 2,...,q + 1 which correspond to the other
fundamental representations. For these bundles we get

APEY = APEAG EX R AFTIEA G A2EY R AR2EA,
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2.1.8. Almost quaternionic structures. At the end of this section,
we briefly introduce almost quaternionic geometries and the related struc-
tures. These geometries are similar to Grassmannian geometries in many
aspects due to the fact that both are |1|-graded parabolic geometries with
the corresponding Lia algebra g being a real form of g€ = sl(n,C). In par-
ticular, analogues of our results will apply also to these structures, although
we will mention the almost Grassmannian case exclusively.

The real form g which corresponds to the almost quaternionic geometry
is the Lie algebra sl(n, H) of quaternionic n x n matrices with vanishing real
trace. The Satake diagram of sl(n, H) has 2n—1 dots, alternatingly black and
white starting and ending with a black dot. Similarly to the Grassmannian
case, the almost quaternionic geometry is defined by a parabolic subgroup
given by crossing of the second root, i.e. it corresponds to the diagram

e — X —e—0—@—0— - —@e.

In quaternion block matrices, the parabolic has the form ( % ﬁ) with blocks

ofsize land ¢ :=n—1,ie. X € H?, Z € H™, a € Hand A € M,(H), where
re(a) + re(tr(A)) = 0. The entries a and A span go, X spans g_; = H? and
Z spans g1 = H?*. As the group G we choose the group PGL(1 + ¢, H), the
quotient of all invertible quaternionic linear endomorphisms of H'*¢ by the
closed normal subgroup of all real multiples of the identity. Then we define
the parabolic P C G to be the stabilizer of the quaternionic line spanned by
the first basis vector. Thus the homogeneous space G/P can be identified
with the quaternionic projective space HP? of quaternionic lines in Ht9.
The Levi subgroup Gy C P is the quotient of block diagonal matrices (8 2)
with @ # 0 and A € GL(q,H) by real multiples of the identity and the
adjoint action of Gy on g_; & H" is given by X + A(Xa~!). From this
description, we can deduce the geometric interpretation of the quaternionic
structure. Namely, having a manifold M of dimension 4n, it is equivalent
to a rank three subbundle Q C L(T'M,TM) such that locally around each
point of M we can find with a local smooth frame {I,J, K}, satisfying the
usual relations of the standard basis {7, j, k} of im(H). For details, see 4.1.7
in [4].

By the above description of the Levi subgroup we have Gy = GL(1, H) x g~
GL(q,H). We can multiply on the right by any real multiple of the iden-
tity, so without loss of generality we can reduce the first factor to Sp(1).
Thus we see that the almost quaternionic geometry is a first-order struc-
ture with a reduction to Go = Sp(1) xz, GL(¢,H). The group Gy =
S(GL(1,H) x GL(q,H)) is the universal cover of Gy and the choice of the
structure group Go makes no difference locally. Hence the complexified tan-
gent bundle TCM = T M x C is equipped by the reduction of its structure
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group to G§ = S(GL(2,C) x GL(2¢,C)). In other words, TCM satisfies
the fundamental identifications and for complex bundles F = 4’
F = &4, So the almost quatrnionic structures correspond to (complexified)
almost Grassmannian structures of type (2,2¢). We may therefore include
them into our framework if we deal with the complex P-modules and the
complexified tangent bundle.

2.2. Weyl structures for AG geometries

Let (p: G — M,w) be a normal almost Grassmannian geometry and let
us choose a Weyl structure o : Gy — G. By definition, the Weyl connection
V on the tangent bundle T'M is a linear connection induced by the principal
connection o*w on Gy. In this section, we give a detailed description of
these connections on AG-structures, we also give a geometric description
of the harmonic curvature of Cartan connection and we show how various

geometric objects transform under a change of Weyl structure.

2.2.1. Weyl connections for AG geometries. According to theorem
Weyl connections are exactly those linear connections which have 0*-
closed torsion. And moreover, all Weyl connections have the same torsion
T which coincides with the homogeneous component of degree one of the
harmonic curvature. We know from the above description of the harmonic
curvature that this component is a section of (S?E ® E*) K (A’F* @ F).
Thus we conclude that the torsion of Weyl connection satisfies

£A'B)C

/ /C
Tipce €&apo (2:4)

Now let us describe the 0*-closedness condition in more detail. By (1.2),
a general formula for the bundle map induced by the Kostant codifferential
0* 1 A%g* , ® g_1 — g*; ® go on decomposable elements has the form

" (do NP1 @ &) = do @ {d1,8} — d1 ® {0, £}
The formula for the algebraic bracket in lemma [2.1] yields

O (do A o1 @ EIEC, = —(d0)4 (61)56505 — (¢0)4 (01)7'€L.04
+ (1) (00)5E56B + (61)4 (90) B €L,6G.

Hence we see that in the case of the AG geometry, the condition 9*T = 0 is
equivalent to

1y’

B BT C
Ty proc +Thcdp =0,

and this is visibly equivalent to vanishing of both the traces appearing in
this formula. Thus the full characterization of the Weyl connections is that
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its torsion is totally trace-free and enjoys the symmetry (2.4). Equivalently,
in the Young diagram notation the torsion is a section of

A A
TcT (&Y ® QI@EA[Q]). (2.5)

In sequel, we will deal with Weyl connections which correspond to exact
Weyl structures as introduced briefly in remark [I.]] The bundle of scales
for an almost Grassmannian geometry is the bundle £[1] = A2£4" = A9E,.
Thus any section of £[1] defines an exact Weyl structure which in turn in-
duces exact Weyl connections on all natural bundles. The advantage of using
exact Weyl connections is that they preserve B~ ¢ 4. B and so we ob-
tain simplier formulae. Moreover, the difference of two such connections is
an exact one-form. Observe that the class of exact Weyl connections is an
analogueue of Levi-Civita connections from the conformal geometry. Indeed,
recall that the Levi-Civita connection of a metric g is a torsion-free connec-
tion which preserves g. In almost Grassmannian geometry, the exact Weyl
connection of a scale € is a connection with a totally trace-free torsion with
the above symmetry which preserves €. Of course, in dimension four these

two notions coincide.

2.2.2. Curvature of Weyl connections. Our conventions for the tor-
sion T,¢ and curvature R.;¢; of a connection V, on the tangent bundle T'M
are determined by Ricci identity from proposition which in abstract
indices has the form

(Vavb — VbVa)uc = Rabceue — Tabeveuc.

In almost Grassmaniann geometry, we have TM = £% = Sﬁ/ and thus V, =

A _ mA'B'C _ pA'B'C D’
Vi, T =T4 5 ¢ and for the curvature R,,%g = R4 5 & » we have
'B'C D' _ pA'B'C C' A'B'D' C
Rypep =Rap pdp —Rap ¢9p,

where the components Rﬁlg,CD and R’j'gDé, are the curvatures of the con-

nection Vﬁ/ on the bundles £4 and 4 respectively. Since the Weyl connec-
tion preserves the isomorphism cA'B'

~ A'BT _ _pABT ;
tures satisfy Ry 5, = —RY 5" ,- Moreover, for an exact Weyl connection

> e4..B, we conclude that the curva-

the volume forms are parallel and thus these traces vanish.

By theorem [I.9] the curvature of a Weyl connection decomposes as R =
U — 0P, where the Weyl part U satisfies gry(9*)(U) = 0 and 9P is the part
containing only the Rho-tensor. Let us first look in more detail at the latter
part of the curvature. From the formula for the Lie algebra differential
0:g*;®g1 — A%g* | ®go, we conclude that the action of the induced bundle
map O on P has the form 9P (¢, () = {P(&),(} — {P(¢),&}. According to the
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explicit form of the algebraic bracket in AG geometry from lemma this
equation reads as

{P€), 0358 = P68 — P)F ¢td.

If we fix the abstract index notation which we use for Rho tensor P in such
a way that P(f)ﬁ/ = P?ﬁ, },, then the previous equation may be written as

{P©,GD = —(PAT 506 + P 08 05)€A (5
Therefore, for the part P of the curvature we get
(OP) Y B G = —PA D 8 6G+PE L 54,65 —PA B 6G68 +PE N 6568, (2.6)

Now let us describe the Weyl curvature U. By definition, it is a two-
form with values in the bundle Endy(£4) of trace-free endomorphisms of
the tangent bundle. This bundle is induced by gg and thus decomposes with
respect to the action of Go as Endg(€4/) = £ ® Endo(E4) @ Endo(Ear). Since
(&850 =2 EWBI1] and since two-forms obviously decompose as

/ / A'B’
e NER =&ty @ Eam)l-1),

. . =Uel . .
the domain of U viewed as a subbundle of 5‘:330%,]3 decomposes into irre-

ducibles as follows:

/B/ (AIB/)

AZe4 @ Endo(E5) = 2- €l ©2- Eupl-11©2- Eupl-11@3- &y

A
(AB
A'B'C'D’ A’B"\D
® ED pey, (-1 @ szB] e (ABg)O

(A'B")D
® ELapcy =1 ® Eapei, -

(2.7)
Moreover, the Weyl curvature U lies in the kernel of gr(9*), and so we need
to make this condition explicit in order to describe U. The bundle map
gro(0*) is induced by the Kostant codifferential A%g* | ® go — ¢*; ® g1, and
thus on decomposable elements by (|1.2)) has the form
gro(0%)(do N 91 ® A) = ¢ @ {1, A} — 1 @ {0, A}
According to ([2.1)), this yields

g10(9*) (90 A d1 @ A4 E = (¢0) 4 (01)F Al — (01)5AL)
— (@)1 (¢0)7 Al — (¢0) AL,
and so the equation gry(9*)(U) = 0 reads
VAT s = UaE" =0, (2:8)

where these components of U are the Weyl curvatures of V viewed as a
connection on £4 and €4 respectively, i.e.

A'B'C D' _ 7 A'B'C D' A'B'D' <C
Urgcop =Uxp pdcr — Ul "00p- (2.9)
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Since one can easily conclude from proposition that the map gry(9*) :
A%264" @ Endo(E5) — E’Afllg, is surjective and we have
e4E =iy o &l @ Eupl-1) ® Eup -1,

we see that the 0*-closedness condition on U translates into four equa-
tions for irreducible components corresponding to these bundles. Thus the
Weyl curvature splits according to , but the multiplicity of the "trace"
bundles is less. Namely, each irreducible bundle has multiplicity one with
one exeption - the bundle 8[(:;1]3/) has multiplicity two. The explicit form of
equation gry(0*)(U) = 0 in terms of irreducible components of U is given in
lemma in appendix.

The next ingredients which reveal the structure of the curvature, are the
Bianchi identities. Indeed, we know from that all components of the cur-
vature k of the Cartan connection can be expressed in terms of components
of the harmonic curvature. By this means that we can express in terms
of torsion all components of U, up to its harmonic part. According to the
description of the harmonic curvature given in the previous section, it is the
part of U in 55480)0[_1]' The list of formulae for the other components,

obtained from the Bianchi identity, is given in lemma in appendix.

2.2.3. Linearized transformations. Assume we are given two Weyl
structures o and &, related by 6(u) = o(u)exp(Y(u)) for an one-form Y.
The full transformation of the associated objects for arbitrary one-graded
geometry is described in proposition In the sequel, we will deal with
the linearized transformation only. It is sufficient for our purposes since if
the linearized transformation vanishes then it follows by integration that
the full transformation vanishes. Hence the transformation formula
giving the isomorphism VM > s — (sg,...,sn) € gr(VM) simplifies to
81 = s — Y @ s;_1. The linearized transformation of the covariant derivative
of a section s € VM obviously coincides with the full formula , ie.
@53 = Ves — {Y,&} o s, where £ € TM and e is the bundle map induced
by the action of gg on VM. By , the linearized transformation of Rho-
tensor is evidently equal to P(£) = P(€) + VeT.

Now let us work out in detail the transformations which we will need in
sequel. Let us start with the induced connection on the tangent bundle. In
this case, the action e is induced by the bracket of go and g—; and thus is
given by the algebraic bracket, i.e. @gc =Ve(—{{Y,&}, ¢} for £, € TM.
In abstract index notation for the AG geometry, by lemma we get

(Y, €54 = {1, &4k — {1, e3¢

I'¢A AT I'¢l ~A
= _TI fIICA/ - TI fA/CIIv
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and from here, we conclude
> A’ B A +B I ~BsA A+ B
VA CB/ == VA CB/ + TAC /(5 12 +TI CBléA
Similarly, the linearized transformation of the covariant derivative on ¢ €

T*M has the form @g( = V¢ — {{T,&}, ¢} and its explicit form can be
deduced by applying lemma [2.1] Namely, we have

{{T’ 5}7 90}21/ = T}qlgf/(vpz{; + TIAE{/QDIILV?
and thus we obtain

2 ! ! A/ B/ B/ A/ A/ B/
Vivepg =Vaepg —Tavs —Tppa

These basic formulae for linearized transformations for covariant derivatives
on the tangent and cotangent bundle can be easily extended to arbitrary
tensor bundles. For instance, for the covariant derivative of a torsion 1" €
AN’T*M @ TM, we get

SA'mB'C'D _ xgA'B'C'D B/ A'C'D A'mB'C'D
vATBCD’_VATBC’D’_TATBCD’_TBTAC'D’

SXGTEAR - XATESE + YATEE R 4 T TEEROR
(2.10)
The formula for linearized transformation of the covariant derivative of a
weighted function f € £[w] can be deduced from the transformation of the
connection induced on £l = £[—1]. We compute

al / el ! el ! el ! 7 Al / el ! el
VAEBC :VﬁeBC —TEEAC —TgeBA :VﬁEBC —TﬁGBC

9

since T[f/eBlcl] =0, and hence for a f € £[w]| we conclude
VAF=Vif+uwrif.

Likewise, for a section s of a weighted bundle Flw] = F®&[w], the linearized
transformation of Vs is Vs + wY - s, where Vs is the transformation for F.
The linearized transformation of the Rho-tensor in abstract indices evidently

has the following simple form
PAE =Py B + VA TE. (2.11)
2.3. Invariant operators for AG geometry

As we mentioned in section [1.4.1] invariant linear operators between
natural bundles over locally flat geometries are in bijective correspondence
with homomorphisms of generalized Verma modules and thus they are well-
known from representation theory. In this section, we give their description
in the case of a (locally flat) almost Grassmannian geometry. We introduce
the non-standard invariant operators and known results about their curved
analogues.
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2.3.1. Invariant operators on flat AG geometires. It is well-known
from the literature that all the standard operators (corresponding to stan-
dard homomorphisms between Verma modules) for a locally flat almost
Grassmannian structure are obtained from the de Rham resolution of the
sheaf of constant functions. The de Rham resolution splits according to the
decomposition of bundles of differential forms into irreducible Gg-modules
and the standard invariant operators are exactly components of the exte-
rior derivative and their non-zero compositions. Let us look in a detail at
the de Rham sequence for almost Grassmannian structure of type (2,q).
Obviously, for any k the bundle of k-forms is irreducible as a SL(2q,R)-
module but it decomposes into irreducibles with respect to the action of
SL(2,R) x SL(q,R). This decomposition is easy to deduce if we look at how
the primed indices inherit the symmetry of unprimed indices and vice versa.
The fact that £4” is a rank two bundle and thus each alternation over more
than two primed indices vanishes yields that any k-form which is symmetric
in more then two unprimed indices vanishes and thus the Young diagram of
SL(q,R)-factor must have two columns at most. Moreover, the number of
rows with two boxes is equal to the number of contracted primed indices.

Hence we conclude that the components of Akﬁfl are

[} II
Sk—2i8A’[_ﬂ ® k:l ZVSA,
O

where 0 < i < % Of course, if kK — i > ¢ then the component vanishes,
and if £ —i = ¢ then we get a one more copy of £[—1] = A€, and the
Young diagram contains g boxes less. In particular, we see that for £ < ¢,
the bundle of k-forms decomposes into [g] + 1 components, while for k > ¢
we have ¢ — [g] + 1 components. Thus the split de Rham sequence has a
triangular pattern. The case of a locally flat eight dimensional manifold
with AG structure is shown in figure All standard invariant operators
are components of the exterior derivative (short arrows) and their non-zero
compositions. There are two possible compositions in each square. These
compositions coincide up to the sign and are denoted by the longer arrows.
Hence the standard operators are of order one and two rspectively.

In addition to the standard operators, there is by the theory of Verma
modules a family of non-standard operators, which are of our main interest.

In figure[l] they are the long arrows on the left. They are of order four and

b M VM
transform sections of * €A[—k] to sections of * ¥ QEA[—/{: —2]. In terms

of the flat connection, they are given by

/ / ! !
s+ eapecrp Vi VB VE VD s,
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AN

EY ®Ea
VAR
(ME&a)[-1] meA @ HEA
NN
¥ oPenl-1] | mme o Bea
VAR NVARN
= [@enl-2  |(@er ol ey-y| (cmE)-

NN

€4 e Pea | (e ® a2

/

(@&)[-3} (&Y @ HEA)[-3]
(Y ® @5,4)[_4]
—  £[-0]

FIGURE 1. Non-standard operators and the de Rham reso-
lution on an eight-dimensional manifold equipped with the
AG-structure.

followed by the unique projection to the target bundle. Indeed, one can
easily check that for flat connection this formula remains invariant under
the change of Weyl structure.

Definition 2.2. For each ¢ and 0 < k < ¢ — 2 the fourth-order invariant
operators

M A M
CEEleal—k] = Fr ek —2)

are called the non-standard operators on locally flat AG geometries.
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2.3.2. Invariant operators on curved AG geometries. As men-
tioned in [[.4.2] first-order operators are strongly invariant and thus the
whole triangular pattern of the De Rham sequence lifts to the case of a
general manifold with the AG structure. In contrast to components of the
exterior derivative, the non-standard operators are not strongly invariant,
c.f. [19]. Therefore, their existence on a curved manifold is not obvious. A
partial answer to the question of their existence is given in theorem 5.1 in
[11]:

Theorem 2.2. Let M be a torsion free AG-structure of type (2,q). For each

integer k such that 0 < k < g — 2 there is a fourth order invariant operator,

A M A M
Uagcp : ’3 SE[—I{:] — k‘**QEE[—/{:— 2],

which coincides with the corresponding non-standard operator on flat struc-
tures.

We give an alternative proof of a part of this theorem in the next chapter.
Namely, we construct the first operator from this family (the one acting on
functions) via Curved Casimir operators. We also get an explicit formula
for this operator, and we prove that the operator can be extended to an
invariant operator on AG-structures with non-vanishing torsion.

Before doing this, we compute explicit formulae for some of the compo-
nents of the exterior derivative. Namely, we will need in sequel the formulae
for those components appearing in the beginning of the sequence, i.e. the
upper corner in firgure [I} It is more usual to draw the diagram rotated by
90 degrees, such that the non-standard operators appear in the bottom row.
Then the beginning of the sequence corresponds to the left corner. The no-
tation for components of the exterior derivative appearing in this part of De
Rham resolution is shown in figure[2] The components are basically indexed
by Young diagrams of the SL(q,R)-factor of the target bundles.

EDSA’®H£A
dg &
£ £ & BPEL- 1]
£ DEs[-1] -2

F1GURE 2. Notation for components of the exterior derivatives.
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Realizing bundle H7€4 as the kernel of alternation map Eapic —* €laBa)
(which we denote also by Ep(apcy) and bundle HHE4 as the kernel of Ei4 5V
Elcp) = €lapep), (denoted also by Emapcp) in sequel), we get the following.

’ ’ 1Rt A' B’
Lemma 2.3. For f € &, ,uﬁ € SAf‘ , aap € Eap)l—1], Aﬁg € SFAB] ) and
1/1‘2;30 € géEABC) we have

(df)y =va's

(doi)ap =2V e
(g4 5 =2V ) + T E L
(da)ipe = %VﬁOZB]C

A _ 39C 4A'B 3A B'T AI'C
(dpA)apc =35Ve Aypenc + 514 g A ¢ eper

3C’ AA'B 3TA'B'T AI'C’
—2VieAipese = 31 g Ay ener
A/ B/ Al B/
(dwv)aBep = =2V{yVicppeas = 2VicViap p)ea s

PROOF. The formulae for components of the exterior derivative are ob-
tained essentially as follows. First we embed the given component into the
bundle of exterior forms, then we apply the exterior derivative and then we
project to the target bundle. Thus we need to make explicit the embeddings
and projections. The formula for the exterior derivative is well-known from
the literature. On a (p — 1)-form w it is defined by

p(p—1)
(dw)m...ap = pv[alwag...ap] + TT[alagewMag...ap}‘
Since the first equation is obvious, let us start with the second and third.
The embedding is trivial in this case and so the components are given by the

two projections of
A'B’ A B’ B A A'B'T T
(duap =Varg —Vepa +Thg i -

The result then follows from the symmetry of the torsion, (2.4)). The fourth
and fifth equation follow from the formula for the exterior derivative on

two-forms:

A'B'C' _ oA, B B, O A’ ', A'B
(dw)ABC—VAwBC—I—VchA + Vg wiy 5 (2.12)
L TAB'L I'C" | pBIC'L AT O AT T'B .

ABI%rC BCI'r A cAr¥IB-

The form of the isomorphism £[—1] 2 A2£4" implies that the embedding of
Eap)[—1] into A2€4" is given by wﬁ/g/ = —%aABeA/B'. Inserting this into

(2.12) and projecting to S[AA/ B}C[_l]’ the second torsion-term vanishes due
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to the symmetry of the torsion (2.4) and the other two vanish due to its
trace-freeness, and so we immediately obtain the equation

(d)fy o = V[AaB]C

This formula coincides with the projection to 8 ( A BC)[ 1] since the total
alternation of unprimed indices Vamshes due to the symmetry of a. The
fifth equation is obtained by setting w AA/ 5" in 2.12) and projecting
to 5[AB} [—1]. We get

ABICY B g CIA B AC'A | pABT AT'C! A BT ArCl
(dA)ix gio eper = (Vip Acny—Ve Aa s T4 g A1 ¢ —TemrAns)escr

and since the first term on the right may be written as
! 1 A 1 ! 1Al 3 / 1 Al
B C'A C'A B 4,C'A
Vis Acpa) = —5Ve Aap +5Vie 4ap)
and we may also rewrite in the same way the last term on the right, we

obtain
/ / ! 3 !’ I R/ 3 el
(G RE emer = SVE AN emor + STAE 1AT E epor

modulo terms in 5[‘?430] [—1]. Hence the projection of dA to ESEABC)[_H
yields the resulting equation. The last equation is obtained by applying the
formula for the exterior derivetive on

! ! 4 I ! ! ! I !
LABC A BC' B c o AB
WaBCc T Ty cWameye” © + VB(CA)E Ay Ve )

)

(since this is the embedding inverse to the projection A4 — gEP(ABC)[ 1)),
and then projecting to Egapcp)[—2]- Again, there is no contribution of
torsion. This can be proved either by a direct computation or by the following
represenatation-theoretical argumentation. By , the torsion may be
viewed as totaly symmetric in primed indices. Thus its action on Z/QIBC must
be symmetric in two or four indices. In particular, there is no non-zero

complete contraction and so there is no contribution to Egapcpy[—2]. O

Remark 2.1. The argument from the end of the proof can be generalized
to the whole bottom row of the figure 2l We conclude that formulae for all

components of the exterior derivative appearing there do not depend on the
\

M
torsion. Namely, for s € £4' X ]i EA[—k' +1] C 5[A AB -qu][_k +1]

we deduce

A B Al
(d:S)Al-nAkBl“-Bk = V[Als|_B1 Bk|A2 Ak} A/B/ +V[B15‘A1 Ak|B2 Bk] A/B/
[ Q]
A [

up to a scalar multiple, and for s € * EA[—/{:] C &[A,...A][Br...By] [~ K] we

get

A’ _ oA
(dS)Al...AkJrlBl...Bk - V[Al SAQ...A]C+1}BL..B;C .



CHAPTER 3

Construction of the non-standard operator

3.1. Construction in the torion-free case

We use the curved Casimir operator to construct a curved anologue of the
non-standard operator £ — HE[—2] for the Grassmannian geometry, i.e. for
an almost Grassmannian geometry which allows existence of a torsion-free
connection. We show that although the direct application of the procedure
of the construction via curved Casimirs described in the first chapter yields
a vanishing operator, the operator can be obtained by a modification of this
procedure, similarly as the square of the conformal Laplacian is constructed
in [6].

3.1.1. Suitable tractor bundle. In order to construct the nonstan-
dard operator & — HHE4[—2], we need a suitable tractor bundle first. In
particular, the trivial representation and the representation HH&4 must oc-
cur in the composition series of such tractor bundle. It turns out that the
right tractor bundle is a weighted version of HH&,, i.e. the tractor bundle
induced by the irreducible representation HHC2+t9* of s[(2 + ¢).

The composition series of this bundle is obtained in the following way.
The standard tractor bundle £ by has a natural subbundle £4" and
the quotient £/ &4 is isomorphic to £4. Therefore, the dual bundle &4 is a
subbundle of the cotractor bundle &, := (£4)* and &,/E4 is isomorphic to
Ea. Hence we have a filtration of £, which we describe by the composition
series £, = E4r & E4. Let us write YaA for the cannonical section of 5&4 which
gives the injecting morphism £4 — &,. We have the following exact sequence

which splitts when we choose a Weyl structure. We denote the splitting
Ex — &4 by g;;". Every section of the standard cotractor bundle can be
then written either as an expression in the "injectors” Y, & or simply as a

“row vector* as follows

!/
Vo = vAffé —i—vAYaA = (vA/ ’UA>.

57
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From the composition series of the standard cotractor bundle, we can
easily deduce the form of the composition series of &g

S[O[m = 5[1] G Eap G‘g[AB].

Here we used the isomorphism &£[1] = Elarp) given by earpr. A section
Vag € Eap) can be expressed as

tas = oexm G ER +umanVREh + panyivy

or shortly displayed as a row vector v,g = (U HAB PAB) with pap =
piap)- From the composition series of £,3), we conclude the composition
series for its second symmetric power:
Elap 1]
g[am \/5[75} =E2]dEap (1] & P &E[AB]CD’ G‘E[AB] \/g[CD}-

Eap VvV Ecpr

Now we use the isomorphism 4 22 £4'[1] to raise the all primed indices.

Then we get

Eap (1]
o V Eps) = E21 G EX 2] & o & &gl & Eap V Ecp)-

€4 VEx 2]
If we write its section v,gys5 as a “transposed matrix” for better readibility,
we have
o
H
VapBys = BﬁIBB, aap | o
A/
VaBC
PABCD

where B4 = BEX aup = aup), vige = VQB]C, PABCD = P[AB|[CD] =
P[CD][AB]- The representatives in the interior of this matrix are chosen in

such way that we have
Vags = ocamecnéy €8 vEL & + nll eamecp VAR V€D €5
+B4F 6A'(J/ﬁB//:)/Y 55] vY 55 + aABEC’D’Y vfh 55

'H/ABCeC”D’Y[a Y 5(5] + PABCDY[OCY 8V Y[,?Y(HD
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We are using here a shortened notation
A / ! / o 1 A !/ C/ / A !/ ! !
Vol vy & = 208 € &) YR85 €adly)
= J(YQF T Pl TP e el ATl
So this is a map Eaprorpr — Ejag) V Eys) Which factorizes through E4p/(cpr-
Similarly, the other terms give other injections into &g V &4 and the sym-

metries of tractor indices translates to the indices of the same kind (primed
or unprimed), i.e. Y[ﬁYBJ]3 = Y[EY/;}B}’ f[‘j‘;gml = 5[[2/55/} etc.

We are finally approaching the composition series of the tractor bundle
HHE.. We realize this bundle as the kernel of the alternation map Elag vV
Ers) = Elapys) and denote by Eg(apys). Since the fourth skewsymmetric

power of the standard tractor bundle has the simple composition series

Eiapre) = Eap 1 & Efipe (11 & Empeny,

from the composition series of .5 V 6] We read off

Eap 1]
Epaprs) =ERGEL21E @ & oG Eapep),  (3.1)

(A’B’)
EXE)
where Ep(apc) is the kernel of Eapjc = Elapc), and Egapep) is the kernel
of Eap) V Ecp) = Elapcp)- By definition of Eg(qp,s), its section is exactly a
section vagys of Eag) V ) for which vig,5 = 0. Looking at its expression
via the injectors given above, we find that this condition is equivalent to the

equation

BﬁBB EA'C'ﬁB'DfY[ﬁfg YVBé’g + O‘ABEC’D’Y[QYBBf,Y 55]
S poccp YAYPYCER + pancnY AYPYEYP =
The other terms do not appear because the alternation over three primed in-

dices vanishes. This equation is obviously equivalent to the following system
of three equations

[A'B/

—B4 B]]EA’C/EB'D/ +aapecrpr = 0,
c

Viape) = 0,

piaBcp) = 0.

Tensor B[[ﬁlg]l ], which is by the first equation determined by ap, is one

of the two irreducible components of (in pairs) symmetric tensor Bﬁ/g' =
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Bglﬁ/ The second irreducible component will be denoted AA v B((ﬁlg;)

in sequel. A section vag,s € FHE, is then given by the expression

Vafrys = UGA’B’EC’D"ffng/vggfg/ + MﬁlﬁA/B’EC’D’YSE,g]/th &5
+AYE e pcrep ﬁ&%/vyﬁﬁg + aapecrp (Y, Yvih 55 +Y, 55] v 555]/)

+ipocopYRYVYIE +pancoYa VYTV

A'B/ (A'B’)
where A B A(A B) ’ QAB = Q[AB]; VABC = V[?AB]C’ [ABC] =0, paBcp =
piaB)cp] = Pcp)aB] and papcp) = 0. We will display such section as a
matrix
o
T
AA’B’ ’ aAB
e
PABCD

The action of the nilpotent part g; of the algebra g gives rise to the ac-
tion of one-form on the standard tractor bundle which maps the component
in £4 to £4 and the component in £4 to zero. This action can be immedi-
ately computed from the matrix representation of g. For goﬁl € T*M and a

standard cotractor v, = <v a v A), we have

(@‘U)a=—<UA' UA) Z W;I =<0 —@ﬁ,vA/,)

which we can write using the second notation as (p ® v)y = —@4 Va4 YA,
This shows the form of the action of a one-form ¢ on the injectors Y, &:

(peO)d =—pA YA peY =0.

Now we use these basic relations to compute the action of a one-form on a
tractor vagys € Em(apqs) to obtain the following.
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Lemma 3.1. Displaying sections as matrices, the action of T*M on a sec-
tion of Em(apys) has the form

o 0
i —Apio
po [ AVE | aap | = —QSOEﬁ/Mg/)) | — wﬁu%jm/y
U%BC 7290?514%8/614/3/ — 2gpgaAB — 24,0%(114](;

PABCD _%(VgB[C@B] + VgD[A‘Pg] Jecrpr
(3.2)

PROOF. The action on the first term in the compositon serie of the trac-
tor vagys equals
seaprecn (0o R ER VEL R + ¢ (po )5 Vel ¢
(e TR + R el (00 6)F)
= oeapecp (—pd Y e el — el B vavel ¢
S CE VPR Y — Ga € Ve el i)

When we use the displayed symmetries of tractor indices and we rename some
of the summing indices, we see that the all four summands are equal and
therefore the action on the first term results in —4cpﬁ'ae A BECT D/Yéﬁ g],vf by £ 5] g
Proceeding in the same way term by term we find that

(P ®v)apys =

—4g0£/JEA/B/GC'D’Y[§§EIV€€/§£/ — 2¢g/uﬁleA/C/eB/D/}/[2§g]'vY[fg(sff'
Aareo G M areo NI
—208 aapecrp YRV EVYEER - 205 aucecnYY, ch

—oB V%BCGC’D'Y[Q Y,B] VYH )/5] .

The symmetry of the tractor indices in the second term translate into the
symmetry of the pairs A,C’ and B, D’. Therefore,it decomposes into two
components: one symmetric in A, B and symmetric in C’, D’ and the second
skewsymmetric in A, B and skewsymmetric in C’, D’. The symmetry in
C', D’ translates to A’, B’ and thus we get

—20 i ewcrem p YIEG VYT E]

_ (B" A) A¢C' yBeD! (B" Al A¢cC' N\ BeD'!
= ~20(p tay cacren Yo Sg VY 8y = 2005 oy carcren Yo Sg VY &) -
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The last term can be replaced by —SD%M%GA'B’€C’D'Y[£§gvy[5§5[f, because

our convention for raising and lowering of primed indices yields equations

1Al 1Al . . .
B Yeyorepp = ecrpr and €84 eyp = 2. Inserting this into the formula

for the action of ¢ on vag,s gives

(¢ ® V)apys
= —dp oenpecn YR V&S 2@(3 MA))eA'O/EB/D' aegvviey
—plhnteanecn (YAYEEE €8 + YieG Y EeR)

(SO[BAA]C earp + 0% aap + go[BaA]C)eC/D/Y[ vy chfé]

1/.C’ C
~5(v{piceh) + vepuen e D YR Y YT,

and the result follows by rewritting in the matrix notation. (I

3.1.2. Casimir eigenvalues. To construct the non-standard operator
we need to determine the eigenvalues of the curved Casimir operator on
tractor bundle Egqgys)[w]. Its composition series is obtained from the series
for Eg(apys) by twisting each component of the series by the weight w:

Ea(apye) W] =
Eapylw +1]

Ew+2 & X w+2 & ® & Eupolw+1 & Epasop)wl-
i lw+2]

(3.3)
By the formula for Casimir eigenvalues is ¢; = (A, A; + 2p) where p is
the lowest form which is from definition given by the sum of all fundamental
weights (or equivalently the half of the sum of positive roots), i.e. in Dynkin

diagram notation

The weights —\; are the lowest weights of the irreducible p-representations
inducing the bundles appearing in the composition series. Since we will work
with tensor representations only, the lowest weight —\; of a g-representation
coincides with the highest weight of the dual g-representation. Hence the
lowest weights of representations inducing the basic bundles EY and £4 can
be easily deduced from the description of highest weights in section [2.1.4]
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Namely, in Dynkin diagram notation they are

, 1 -1 o0 0 0
_LOW(EA ) = oO—X—0—0—— -+ —O
0 0 0 O 1
_LOW(EA) = O—X—0—0— -+ —O
For the duals we conclude
1 0 0 0 0
—LOW(gA/) = 0—X—0—0— - —O
o -1 1 o0 0
—LOW(gA) = oO—X—0—0— -+ —O ,

and thus for the tangent and cotangent bundle we get

1 0 0 O 1
_LOW(E" = €4) = o x—0—0— - —0
, 1 -2 1 0 0

CLOW(E, = EX) = o x—0—0— " —0 |

From the lowest weights of the basic bundles we deduce the lowes weights of
all representations appearing in composition series (3.1)) of EHE,. And since
the convention for the bundle of densities fixed in section in Dynkin
diagram notation reads
0 w 0 0 0
—LOW (E]w]) = o—Xx—o0—o0— - —o0 |

we also easily get the expressions for lowest weights appearing in the com-
position series (3.3) of FHE,[w]. Namely, in terms of minus lowest weights
—\;, the composition series has the form

0 w2 0 0 0

0—0—0—0— -+ —O
0 w+2 0 0 0
0—X—0—0— - —O
1 w 1 0 0
O0—X—0—0— - —O

_ 2 w—2 2 0 0 0 w 0 1 0

- O0—X—0—0— - —O 0—X—0—0— - —O0
1 w=2 1 1 0
0—X—0—0— - —O
0 w—2 0 2 0
0—X—0—0— - —O

Now we choose the usual basis e', €2, e3, ..., e9"? of h* with the property

that e! +e2 4+ €3 +--- 4+ €972 = 0 and we express the highest weights in this
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basis. The advantage of this expression is that the inner product of weights
then coincides with the standard inner product in R9*+2.
With this choice of a basis, the fundamental weights equal

el +e?+ed+..-4¢e for i=1,2,...,q+1
which implies that the lowest form equals
p=(g+1)e' +qe* +(g—1)e’ + - + et
This can be written as a vector in R972
p= (q—l—l,q,q—l,...,l,—(c‘l—m;q—m)
For the weights \;, we get

0 wt2 0 0 0
A= o—xX—o0—o0— - —o0 = (w+2)(e!+e?)

=(w+2,w+2,0,...,0,—2w —4)

1w 1 0 0
M= o—x—o—o——o =cltwlel+e?)+el +e%+e3

= (w+2,w+1,1,0,...,0,—2w — 4)

2 w=2 2 0 0
M= o—x—o—o0——0 =2+ (w—2)(e! +e2) +2(e! + e+ e

=(w+2,w,2,0,...,0,—2w — 4)

0 w 0 1 0
/\% = 0—X—0—0— - —0 = w(el + €2> +el +e?+e?+ et
= (w+1L,w+1,1,1,0,...,0,—2w — 4)
1 w=2 1 1 0
Ag= o—x—o—o— - —o =el+ (w—2)(e! +e?)+ 2! +2e? + 2¢3 + ¢

=(w+1,w,2,1,0,...,0, 2w — 4)

M =—=(w,w,2,2,0,...,0,—2w — 4)

Now it is easy to calculate the Casimir eigenvalues. We have

co = (w+2)(w+2+2(q+1))—|—(w+2)(w+2+2q)+(2w+4)(2w+4+W)

If we put
+1)(g+2
p(w, q) = (2w + 4) (2w + 4 + (q)Q(Q))
then we get

co = 2w? + 10w + 4qw + 8¢ + 12 + p(w, q)
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Similarly
o = (wWH+2)(w+2+2q+1)+ (w+1)(w+1+29)
+(1+2(g—1)) +p(w,q)
= 2w? 4 4qw + 8w + 8¢ + 8 + p(w, q)
cd = (w+2)(w+2+2(g+ 1) +w(w+ 2q)
+2(242(g — 1)) + p(w, q)
= 2w? 4 4qw + 6w + 8¢ + 8 + p(w, q)
g = (w+)(w+14+2(¢+1)+(w+1)(w+1+2¢) +1+2(¢—-1)
+1+2(q—2) + p(w, q)
= 2w? + 4qw + 6w + 8¢ + p(w, q)
ez = (w+1)(w+1+2(g+1) +w(w+2g) +2(2+2(g — 1))

+142(q - 2) + p(w, q)
= 20?2 + 4qu + 4w + 8¢ + p(w, q)
ca = ww+2(g+1)) +w(w+2q) +2(2+2(g — 1))
+2(242(q — 2)) + p(w, q)

= 2w? +4qw + 2w + 8¢ — 4+ p(w, q)

Hence the differences of Casimir eigenvalues ¢y — ¢; are

—2w —4
—4w — 4 \ —qw—12| - (3.4)

—6w — 12

—8w — 16

3.1.3. Operators obtained from the curved Casimir construc-
tion. As we can observe from , the coincidence of the Casimir eigenval-
ues in the top-slot and the bottom-slot happens for the weight w = —2. So
this is the case when the construction yields an invariant operator between
the respective bundles, as explained in section [I.4 Hence the right tractor
bundle to consider is FHE,[—2]. It follows from that its composition
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series has the form
Hea[-2] =
HEA[—1]
E & & & @ ¢ eV @ BPeal-1) & HEal-2)

MEA @ MEY

(3.5)
Obviously, the curved Casimir operator acts by zero on the bundle of func-
tions & which appears in the injecting slot and so we have ¢y = 0. Then it
follows from that the next Casimir eigenvalues are ¢; = ¢g3 = ¢4 = 0
and c3 = 4, ¢ = —4. Hence we observe that this case is highly degenerate
in the sense that four out of six eigenvalues coincide. This indicates that the
curved Casimir construction yields more invariant operators. In view of the

composition series (3.5]), the situaton can be schematically displayed as

4 (3.6)
C C
w
C(C—4)(C+4)

This shows that the curved Casimir operator C itself gives rise to invariant
operators

Vi:€— &Y and Vy: &Y @ Fes[-1] — HEA-2],
and the composition C(C — 4)(C + 4) gives rise to a "middle" operator
M: €4 — Y @ BPEA[-1).

These induced invariant operators can be drawn as

Vl VZ
-1
HEA[-1] o
E & & & ® & Y oHPes-1] & B2
M

By construction, the composition C?(C—4)(C+4) induces invariant operators
E — &Y @ FEa[-1] and €7 — HIEa[-2]. Tt is easy to see that these
operators are given by compositions MV7 and VoM respectively. And finally,
we also get an invariant operator & — FHHE4[—2]. Tt is induced by C3(C —
4)(C + 4) and it is obviously given by the composition VoMV.
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Although the construction guarantees that this operator is invariant, we
do not know its order (or even whether it is non-zero) and so we do not know
whether it is an analog of the non-standard operator. Before computing a full
formula, it is helpful to look at the homogenous model. If we assume that the
underlying manifold M is locally flat, then there is an easy general algorithm
for computing formulae for the induced operators from the knowledge of the
Casimir eigenvalues and the action of T*M on the given tractor bundle.
Applying this algorithm, we can easily find that both the compositions MV
and VoM vanish in the locally flat case and hence so does VoMVy. We do
not describe this algorithm here because we are going to compute the full
formulae for Vi, Vo, M on a general (curved) manifold M in the course of
this section and then the vanishing of MV; and VoM on flat manifolds will
become obvious.

Hence we conclude that VoMV is not the curved analog that we wanted
to construct. Nevertheless, vanishing of MV and V2M implies the existence
of another invariant operator in the following sense. Let us consider once
more the composition C?(C—4)(C+4) of the curved Casimir operators acting
on the tractor bundle FHE,[—2]. In view of the Casimir eigenvalues displayed
in , it is easy to see that it acts trivially on the all exept the first
two irreducible pieces of the composition series , and so the operator
C?(C — 4)(C +4) descends to an invariant operator

E & & - V¥ ofPa-1] & HEal-2].

Now the main observation is that the image in £4' @H?E4[—1] by construction
depends only on &, and not on Eﬁl. Concretely, choosing a Weyl structure
o, this operator is by definitions of V1, Vg, M given by

f MV (f)
H

I VaM(u) + Do (f)

, (3.7)

where D, is an operator & — HHE4[—2], which is not invariant in general.
The subscript stresses that it depends on the choice of the Weyl structure
o. But in the same time, it is obvious that D, becomes invariant when the
operators MV and VoM happen to vanish. Indeed, the exact dependence
of D, on a choice of ¢ is easy to compute. Let us consider a change of Weyl

structure o(u) — 6(u) = o(u)exp(Y(u)). Then the invariance of (3.7)) yields

MV1(f) MV (f)

VoM(p — T e f) + Ds(f) VaoM(u) 4+ Do (f) =T e MV (f)
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and from here we read off the transformation formula for D,:
Ds(f) = Do(f) =T e MV1(f) + VaM(Y e f) (3.8)

In particular, D, becomes an invariant operator D whenever the compositions
MV and VoM vanish. This is the case for a locally flat manifold and it turns
out that then D coincides with the non-standard operator. In the rest of this
section, we show that MV and VoM vanish identically also in the torsion-

free case and so we will prove the following

Theorem 3.2. In the case of a manifold endowed with Grassmannian (i.e.
torsion-free almost Grassmannian) structure, the action of C2(C — 4)(C + 4)
on the tractor bundle EHE,[—2] gives rise to an invariant operator D : € —

FHEA[—2] which is a curved analog of the non-standard operator on functions.

In the rest of this section, we compute formulae for the operators Vy,
V2, M and D, and we use them to prove this theorem.

3.1.4. Abstract formulae for Vi, Vo, M. We compute formulae for
Vi, Vo, M in an abstract way first. This means that we do not use the
explicit form of the action of T*M. Let us display again the formula (1.8))
for the curved Casimir operator

C(s) =c(s) — 2Z¢EOV¢£S - 22@80 P(1y) e s.
l l

For the sake of simplicity, we replace C by —%C. Then we can write the
formula for this modified Casimir operator in a simple shortened way as

Cz—%c.—l—Vo—i—Poo.

Now we consider its action on our tractor bundle HFHE,[—2]. In the previous
subsections, we have computed how this tractor bundle decomposes
and we computed the eigenvalues on the individual irreducible pieces, cf.
[3.6 Although we have also computed the explicit form of the action e, we
do not use it now and we write the action of C on FH&,[—2] analogous to

the previous equation as

f 0

p Vef
ClA|la|=]|-24+(Vep)i+(Peef) | 20+ (Veu)s+ (Peef)

v VeA+Vea+Pespy

p Vev+PeeA+Pesn
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where the brackets (); and ()2 denote the projections to the corresponding
irreducible representations in the middle slot.

Now the operators V1, Vo are defined just by this action of C and so we
get

Vi(f)=Vef and Vyv)=Ver (3.10)

The operator M is by definition induced by C(C+2)(C—2) (the eigenvalues are
divided by -2 now) and since we can permute the factors in this composition
freely, its action on u equals

C=2)C+2)Clo|0|=C=2)(C+2) [ (Veu) | (Vepu)

0 Peep

according to (3.9). Acting with the next factor, we get

0
0
(€-2) 0 | 4(V ep)

2Peey+Ve(Veu)+Ve (Ve

Ve(Peeyu)+Poee(Veyu)+Pee(Veyu)

and this equals

0
0
0]0

—4P ooy —2V e (Ve ) +2V e (Vepu)

—2Pee(Vep)+2Pee(Vep)s+VeVe(Veu);+VeVe (Ve

where we used (3.9) again. Now the expression in the upper slot gives a
formula for M. We divide it by the factor -2 for the sake of simplicity and
SO we get

M(p)=Ve(Veu) —Ve(Veu)+2Peey (3.11)
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3.1.5. Explicit formulae for Vi, Vs, M. Now we use the explicit
form of the action e of T*M on the tractor bundle Eg(a,5)[—2] computed
in to make the formulae (3.10) and (3.11]) for the operators V1, Va and
M explicit. From now on, we omit the brackets while expressing the action

of these operators on sections. We write simply Vi f instead of Vi(f), Mu
instead of M(pu) ete.

The case of the operators V; and Vg is very easy. We obtain the corre-
sponding formulae directly from . Namely, we have

(Vif)d = (Ve )4 = —aV4o

for a function f € £ and
(Vav)apep = (Vev)apep = — (V[AV\CD\B] Vievfipp)eas

for a section VQ/BC = Z/[AAIB]C € géEABC)[_l]' These expressions may look
familiar. Indeed, they differ from the expressions for the exterior derivative
from lemma[2:3]just by a scalar multiple. Hence we have proved the following

Proposition 3.3. Up to a non-zero scalar multiple, the operators Vi, Vo

coincide with components of the exterior derivative.

In order to make the formula (3.11) for the operator M explicit, we
first compute what is the result of going from the second slot to the fourth
one (counting from the top) along the two possible paths. Concretely, we

compute @ o (1) @ 1)1 and p o (1) ® 1)s.

Lemma 3.4. Let ¢, 9, u € 5;;‘,. Then the following holds

po(hou)Gpe = (290[AwB e + 290 ¢|C|NB e} Wix“g/

po(o)lipe = ol ving —3eevd nf)ean
PROOF. According to (3.2, the left-hand path gives
QO [ ) (w [ ) ’u)lngC = —2@{%(’(/} [ /,L)lg]lglﬁAlB/
' (B C' B
= 28"? 1/}((3 NC))EA’B’ — 293 ng Mc))fA’B’

When we expand the symmetrizations and we keep the alternation over A

and B, we obtain

%% A B Ol A B A B O AN C B
peo(Yen)iape = (Pa¥p ko +9a¥ppc +eiaticile) +iaticiip))eas
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This can be written also in the following way
/ / ! ! / C!' B’ / B '
peo(the N)lch = (2¢€4¢g] Ng + 290?4%3] /‘C} + 290ﬁ1¢\[0|'“B]}
A .C! B
+2§0[A1/}‘C|,U,B] )GA’B’
The two terms in the middle can be replaced by 2900 1/)[[5 ug] 690[%1/11[5/ ,ug]]

and contracting with e/ pr gives (—p& w[A uB]] +3p CwA I ])eA/B/ There-
fore, we get
po(bemnipe = (efiwpne +20(vitng — vC viing
300l niean
as we claimed. The right-hand path gives
po (Ve )Gpe = —208 (o p)aan — 20050 @ waac
= 208 Vi npean + o Vi nean — oF Vigndean

The expansion of the alternations in the last two terms (and keeping the
alternation over A and B) yields the following expression for the right-hand
path

o (o u)olipe = (206 Vianp + PEUNHE — PRYIEIHE eas

The last two terms can be replaced by (pc zp[ A ,u B] — 3¢ Cw A u B] and thus

we obtain

o (o m2fpe = (el viing — 3evd nieas

From the second equation in the previous lemma we conclude
Lemma 3.5. For any one-form u the Rho-tensor satisfies
(Pe '#)SBC = —20P(p )C[AB] eap + 20P(u )[Cﬁ]ﬁ €A'B’-

PROOF. The action of P on  is defined by Pe ey = >, e P(tpy) e 1 =

S (@ @ (P(1hg) @ 1)1 + ¢ @ (P(10;) ® 11)2). So this term is given by the sum
of the two possible paths and thus by lemma [3.4] we get

(P e op)ipe = 2P G + Piaicing) + PEd ni)ean:. (3.12)

On the other hand, OP viewed as a two-form with values in endomorphisms
of the tangent bundle has been computed in (2.6). From this equation, we
deduce that the value of OP on the one-form p is equal to

PWEAE = —PREuG +PER uf —PAGHE +PER LY. (313)
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Alternating indices A and B and contracting A’ and B’ immediately yiekds

OP(m)Giam ean = (—PiyZiuG + PEE uhy — PAGRE +PaE 1 ean .

Since the alternation over three primed indices vanishes, we observe that the
second term on the right-hand side can be written as

c'B A B'Cc' A A'B" C’
Pera wpears = Pepa mpears +Popa kpeas

Replacing the term by this expression we get

8P(M)C/[A/B]/€A/B/ =

(=P{yieyn) + PO 1) + PER 1) — PLGIHE + PEs Hiearn-

Now the sum of the first and the third term on the right can be written as
A/B/ C/ A/B/ Cl A/B/ C/ A/B/ Cl
_P[A\CPHB}EA/B/ + PC[A /,LB]EA/B/ = _P[AB}MC €A B! + 3P[AB ,LLC]EA/B/,

and similarly
/Cl A/ A/Cl B/ o A/Cl B/ A/C/ B/
PC[A Hp)€A'B" — P[AB} Hc €A B = _P[A|C\:“B]€A/B’ + 3P[AC HpB)€A' B!
The two terms skew-symmetric in all unprimend indices in the two previous
equations sum up to —3P%£/ug}/6A/B/, and thus we obtain

8P( ) [AB] €EA'B = ( élg] 1% P€4|CCV«|MB] Pg[ﬁ MB} BP%ﬁ Mg]eA’B’)EA’B’-

Taking next the alternation over all unprimed indices in (3.13) yields
/A/B/ A B/ / C B A/ A/c/ /

OP(u)eAn eam = (—PHZuG + PLE upy — PG né) + PR 1) ean.
Since the alternation over three primed indices vanishes, the first and the
third term on the right-hand side sum up to —P[%'ﬁ' pg]' €A/, SO we conclude

C/ / / C/A/ B/
8P( )[CAB] €EA'R = _3P[CA MB]GA/B/.

Hence the right-hand side of the equation in the lemma is
—20P(u )CI[QIBE];IEA/B/ + 20P(u )%Q/B],EA/B/

A/ ! A C/
= (2 P[ B]“C + 2P[A‘C|,LLB] + 2PC[A uB])GA/B/
and this is equal to the formula (3.12)) for P e es. ]

The latter two lemmas motivate a simplier notation which makes the
formulae similar to formulae known from conformal geometry. Namely, we
may view 4 ® H2E4[—1] as the image of the bundle map Mg : Eupe —
SE{]‘(ABC)[—H defined by

(WHU ARU

5 (5)9pc = SABIC — S{ABC] JeA'B!s (3.14)

and represent each section S%BC € EEP (ABC) [—1] by its preimage sqp. € ®3&,,
which we denote by the same symbol but with tensor indices. Of course, this
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correspondence is not bijective. For two sections 5<11b . and SZbc of Epe Which
have the same image under the map IIz and thus represent the same section
of ESQABC)[*H’ we use the notation s!, = s2, modulo Ker(Ilg). The
map Iy can be thought of as a projection to a subbundle. Indeed, it is a
composition of the projection from ®3&£4 to our realization of H'E4 as the
kernel of Alt : 4pc — Elapc) with a contraction of two primed indices
such that it factorizes through Ep).. It is obvious that it coincides with

AB in the case of a

the contraction with the conformal metric gqp := €arpr€
four-dimensional manifold (¢ = 2). Hence the projection IIgp can be viewed
as a replacement for that. Using this projection we may reformulate the

previous two lemmas as follows.
Lemma 3.6. The following equations hold modulo Ker(Ilg):

(0o (Y ®p)1)abe = 20atbbtic + 20aetty — Pctalty,
(()0 ° (w hd IUJ)Q)abC = 3%%/%,
(P oo)upe = —20P(1t)cap = 2Papitc + 2Pactip + 2Pcafip- (3.15)

PROOF. By definition ([3.14]) of projection I, the image of the riht-hand
side of the first equation under Ilg is equal to

A’ B C’ A’ C" B’ c’ A", B’
(290[,41%3} Mo + 290[A¢|C|MB} —¥c w[AMB})EA’B’
— (20{4 VB G + 20{40E ) — lCvA 1B ean.
By lemma this is evidently equal to @ e (1) /‘)1%3() modulo terms in
E&IBC]. And since both terms lie by construction in the kernel of the complete
alterantion of unprimed indices, they are equal. One can also check directly

that the second line in the previous expression sum up to 3<p%1/}j3/ ug]/ EAB!-

Analogously, the second and the third equation can be derived directly from

lemma, respectively lemma (and equation (3.12) in the proof) by use
of the definition of the map Ilgp. O

In sequel, we will need the expression for the difference and the sum of
the two paths from the previous lemma since exactly these terms appear in
the formula for the operator M. One verifies directly from the lemma
that modulo Ker(ITy) we have

(po(eu) —pe(ieu))abe = 8PPty + 4patipii (3.16)
(SD L4 (U) L4 ,U)l +pe (T,Z) L4 N)Z)abc = 2§0a¢]c/"b + 2%%% + 29007;[}61/%- (3-17>

Using the latter lemma we immediately obtain an explicit form of the
equation for the invariant operator M. Recall that U denotes the Weyl
curvature defined in section [[.3.4]
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Proposition 3.7. Up to a non-zero scalar multiple, the operator M is given
by the composition M = Ilg o M, where

(M:U')abc = vav[bFLc] + Uacbeﬂe - Taceve,ub- (318)

PROOF. It is a direct consequence of equations (3.15) and (3.16) that
the formula (3.11)) for the operator M can be written as IIgp applied to

(Mp)abe = 8V (o Vettp + 4Va Vst + 40P (1) ach-
Now we use Ricci identity to the first term and we get

(Mﬂ)abc = 4(Racp e — Tac"Vepty + vav[b,uc] + OP (1) ach)-
But R + OP is the Weyl curvature U and the result follows. ([l

Formula for the operator M simplifies in the torsion-free case.
Namely, we show in this case that M is a composition of components of the
exterior derivative, and hence coincides with the standard operator between
corresponding bundles in the split de Rham resolution.

Corollary 3.8. In the case that the torsion of V wvanishes, the operator M
coincides with the composition dd_ of components of the exterior derivative
up to a non-zero scalar multiple.

PROOF. Let us look first at the lower order terms in the formula
for the operator M. The term involving torsion vanishes by assumption. The
term involving Weyl curvature is non-zero but it vanishes when projected to
EA @HPE4[—1]. This can be explained as follows. According to corollary
in appendix, vanishing of the torsion of V implies that the Weyl curvature
Uye® is irreducible, and equal to

E_A'C’ <B/
Ush* =0acp €~ O,

where o4 o g¥ € 55403)0[—1]. Hence we have Uya®ie = @4 ¢ gEul eV,
and this is mapped to zero when projected under Ilg to géEABC) [—1]. Thus
the operator M is given simply by the projection g of Vo Vpug = Vi, (dp)pe-
On the other hand, we have from lemma [2.3] the following formula for the

exterior derivative

3

(dd i) A pe = 5 Vialdap) po-

In the torsion-free case, by the same lemma we also have

’ 3 ’ rn/ / !
(dEPdBN)ﬁBC = §(V8 (deu)ﬁg - V[Cc(dall)fx g])eB’C"
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These formulae can be rewritten as

(ddoi)ipe = 3V (a3l ean = =3V{(dapn)5E enp
(deﬂdaﬂ)ngC = %(Vgl(daﬂ)glg/ _v%(daﬂ)ilgi)%'y

= 3(VA(de)3 & — Via(den) 5 6))earn

and so we see that the equations for exterior derivatives can be written with
the help of the projection IIx simply as

dd 1 = 31 (Vdp)

dpdgp = e (Vdgp).
And since d = d_+dg, we get dd —dgpdg = —3llpoVd = —3M, which shows
that M is given by the difference of the two possible paths in the De-Rham
sequence from one-forms to three-forms. Since d? = 0, these two paths give
the same operator up to the sign and hence we end up with
2

3dEPdB

2

M=—Zdd_ =
3 m

m

Now it is a straightforward consequence of this corollary and the propo-
sition [3.3] that the compositions MV and VaM vanish. Indeed, MV; =
dd_d = 0 since d_d is the projection of d? to ME4[—1] and VoM = dgdd_ =
0 since dgd is the projection of d? to FHE4[—2]. So the existence of the in-
variant operator D from theorem [3.2]is proved.

3.1.6. A formula for the operator D. In order to complete the proof
of theorem 3.2 we need to show that, in the case of a locally flat manifold M,
the operator D coincides with the non-standard operator on functions. This
becomes obvious after we find an explicit formula for D. By definition, D is
induced by an action of C2(C—4)(C+4) on the tractor bundle FHE,[—2] in the
torsion-free case, see [3.1.3] Hence we need to express this operator formed
by curved Casimirs in terms of data associated to a Weyl structure. We
first use formula for the curved Casimir operator to obtain an abstract
formula for D in terms of the action e of T*M on the tractor bundle FH&,,
whose explicit form is given by equation and then we make this formula

explicit.
Lemma 3.9. In terms of the action e, we have
D(f)y=VeVe(VeVef);+VeVe(VeVef)
—2Pee(VeVef) +2Pee(VeVef) (3.19)
—2VeVe(Peef);+2VeVe(Peef)
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PROOF. The operator D is defined by equation for the action of
C%(C — 4)(C + 4) on a section of the tractor bundle HH&,[—2]. By this
equation, a formula for D is obtained by acting on a section that has a non-
zero injecting slot and the all other slots zero. Using formula for the
curved Casimir operator (divided by -2) and the fact that individual factors
of the composition of curved Casimirs commute, we get

0 Vef
C’C+2)(C=2) (o 0]|=CC—-2)(C+2) | (Posf) | (Posf)s

We have already computed the action of (C — 2)(C + 2)C on a section with a
one-form p in the second slot from the top and zero in the other slots while
computing the abstract formula for the operator M in the section[3.1.4] There
we obtained M(u) in the slot above the bottom, and in the bottom-slot we
obtained the following formula

—2Pee(Veyu)+2Pee(Veyu)y+VeVe(Vepu) +VeVe(Vepu,.

Hence inserting g = V e f into this formula, we get the formula appearing
in the bottom slot of C(C — 2)(C + 2)(V e f). Explicitly, this formula reads

—2Pee(VeVef)+2Pee(VeVef)o+VeVe(VeVef) +VeVe(VeVef),.

These terms are already four terms from the formula (3.19)) and thus we only
need to show that the action of C(C — 2)(C + 2) on the middle slot in the
equation above yields the remaining two terms. Applying the factor C 4 2

first, by (3.9) we get
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CC—2)(C+2)| (Poof) | (Poef)

0
0
=C(C-2) 0] 4(Peef),

Ve(Peef);+Ve(Peef),

Pee(Peef), - Pee(Peef),

Now we apply C — 2 and we get zeros everywhere up to the two slots in the
bottom. We do not need to care about the bottom slot since this will be

killed by the remaining factor C. The slot above the bottom equals
—2Ve(Peef) +2Ve(Pesf),
and after an application of C, we get in the bottom slot
—2VeVe(Peef); +2VeVe(Peef),.
O

Having abstract formula for D, it suffices to use equation for
the action e to make formula explicit. But a straightforward use of
this equation leads to complicated formulae with many indices. In order to
reduce their number, we are going to find an explicit formula in a compact
form, which is similar to the formula for M. Namely, we will write
D, =1Ilgo f)g where Dg is a (non-invariant) operator & — ®*E, and g is a
projection ®*&, — HHE4[—2]. It turns out that a suitable projection is the
one defined for any p € ®*&, by

1 > Yrall / 1 s lrall / 'R Y
g (p)ABCD = (ipﬁg”%g} + §pflcg]€4g] — p[ﬁ g g g] )EA’B/GC’D’- (3.20)

It is easy to see that the map Il is a combination of the projection of
Eapep to Emapep), realized as the the kernel of Alt : Eup V Ecp) —
&aBcp), With a contraction of primed indices such that the resulting map
factors through &) V Eq)- In the case of a four-dimensional manifold M,
this map obviously coincides with the contraction of two pairs of indices
with conformal metric. Hence Il may be viewed as a replacement of that.
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Similarly to the case of the map IIg, for two sections p1, p2 € ®*&, that have
the same image under IIg we write p; = p2  mod Ker(Ilg). The following
lemma summarizes basic properties of the projection Ilg, which will be used

systematically throughout the text.

Lemma 3.10. Let ¢ € &, v € ®3&, and p € ®*E,. Then the following
identities hold modulo Ker(Ilg).
(1) pollgp(v) = —lgn(v ® ¢), in particular pavagp. = 0 if g (v) =0,
(2) Pabed = Pbacd = Pabdc = Pcdab;
(3) Pa(be)d = Plalbeld): Pabcld = Plafbeld)s

A'B'C'D' — A'B'C'D' _
(4) PlaBCiD =Papcp =0

[A’C'IB'D" _ A'B'C'D' — o, A'B'C'D’
(5)20°a5cp =PapcD =204 B D

PROOF. (1): By equation (3.2)) for the action e, we have

1 ! ! ! !
p e llp(v)aBcp = _§(HEP(V)£B[CQDg] + e () paes)Jeans

and this is by definition (3.14)) of the projection IIg equal to

1 E'F'A" B’ 1 E'F'A" B
Y e HEP(V)ABCD = _§V[AB][C QOD]EE/F/EA/B/ — iy[CD][ASOB}eE,F/EA/B,
1., E'F'A" B’ E'F'A" B’ E'F'A’ B’ E'F'A" B’
+3(VaBd] $D ~ViaBD] $C T V(CDA] $B T ViCDB] PA JEBTFIEA B

The formula in the second line is evidently skew-symmetric in all unprimed
indices. It can be written as VﬁgéAl¢gieE/F/eA/B/, and thus the formula for
¢ o IIx(v) up to the sign coincides with the defining formula for Ilg
applied on v ® p. The consequence of the first equation says in other words
that the projection Il factorizes through Ilp ® id.

(2): The statement says that Ilg factorizes also through ) V gy which
follows directly from the definition of the map Ilg.

(3): The claim can be easily shown from (2). Namely, we compute

1 1 1

1 1
Pa(be)d = 5 Pabed + o Pacbd = 5 Pabed + o Peadb = 5 Pabed + 5 Pdbea = Plalbcld):

and one can analogously verify the second equation.

(4): Follows directly from definition of IIg. It can be also deduced
from the fact that Il is the projection on irreducible bundle g apcp)
and this bundle does not appear in the decomposition of the tensor product
ElaBc) ® Ep.

(5): By definition, ITg acts on pgpeq by contracting A” and B” and alternating
over A and B. On the other hand, since the alternation over A’, B’ and C’

vanishes, we have

[A’C"|B'D’ _ A'B'C'D!
20°4BcD CAB =PABCD -
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And since the alternation over indices A and B of 2p[ﬁ/g]/ (’;% can be written
as
A'B'C'D’ A'B'C'D’ A'B'C'D’ A'B'C'D’
PlalC|B) D ~ PCIABID = PIABICD ~ SPABCID »
the result follows by applying (4). O

Now we use projections IIg and Ilg and their basic properties sum-
marized in the previous lemmas to make the abstract formula (3.19) for D
explicit. Denoting by Sgp := P(4p) the symmetrization of Rho-tensor, we get

Proposition 3.11. The invariant operator D induced by curved Casimirs in
the sense of equation (3.7)) is given by projection g of

(Df)abcd = 3v(abcd)f - 8Sadvbcf + 8Scdvabf (321>

PROOF. Let us start with the leading part of equation (3.19) defining
operator D. We see that it is given by a sum of the two possible paths from

the top slot to the bottom slot. Namely, it is given by an action of Ve on
v:=Ve(VeVef);+Ve(VeVef) Byequation (3.17), this sum satisfies

Vabe =2V Vy(V @ e+ 2V Ve (Ve f)y +2V.Vo (Ve f)y

modulo Ker(ITg). Since (Vo f), = —4V,f according to (3.2)), this is equal
to

Vabe = _S(V(zvbvcf + va,vcvbf + vcvavbf)'

Now the leading part is given by an action of Ve on this tensor. According
to lemma we have (V o 1) pcq = —VgVape modulo Ker(Ilg) and so the
leading part of D is given by projection Ilg of

(Vo v)aped = 8(VaVaViVef + VaVaVeVyf + VgV Vo Vi f).

It is easy to see that the total symmetrization of an element of &) V E(cq) is
given exactly by the sum of permutations appearing on the right-hand side of
the previous equation, and hence we conclude (Ve v)gpeq = 24V(aVchVd) f
modulo Ker(Ilg).

The lower order terms in abstarct formula are of two kinds. In
both cases, there occurs a difference of the two possible paths from up to
down. Let us strat with the first pair of terms. By definition we have

_QP..(VoVof)l+2P0.(v°v'f)2

=2, 0 e (P(¢y) e (VeVef)—P(ypy)e(VeVef))
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and according to (3.2)) and (3.16]), we get

(P(te) @ (VeVef)—P(y)e(VeVef))u
= QP(@ZJg)aVb(V d f)c + 2P(w€)avc(v g f)b - 4P(w€)cva(v b f)b
= —8P(¥0)aVeVef = 8P(1)a VeV f + 16P (1) Va Ve f

modulo Ker(IIg). Substituting corresponding terms in the equation above
and using lemma leads to

(—2Pee(VeVef)+2Pee(VeVe [
= —16(PaoVoVef + Paa VeV f —2Pa. Vo Vi f) modKer(Ilg).

Now consider the other pair of lower order terms in (3.19)). By definition of

P o e we have
—2VeVe(Peef);+2VeVe(Peef),

= —2VeY (Ve (pleP(iy) e f)1— V(o eP(yy)ef)).

Similarly to the previous case, we apply (3.16]) to the difference occuring in
the sum. Then by lemma we obtain

(—2VeVe(Peef), +2VeVe(Peef))ud
= _16vd(va(Pbcf) + va(Pcbf) - QVC(Pabf)) mod Ker(HEE)-

Putting the partial results together (and removing the overall factor 8) yields

the following formula for the operator D which is a preimage of D under Ig.

(Df)abed = 3V(aVeVeVay f — 2P VyVef — 2PV Vi f + 4PV, Vi f
- 2vdva(Pbcf) - 2vdva(Pcbf) + 4vdvc(Pabf)
By lemma [3:10] this can be rewritten as
(Dfaved = 3V (@VeVeVayf =8P o) VaVaf +8PuVeVaf
_S(VQP(bC))vdf + S(VCPab)vdf - 4(vavdp(bc))f + 4(vcvdpab)f

Hence we see that there appears automatically only the symmetrization S of
Rho-tensor in the formula for D obtained from the curved Casimir construc-

tion. Namely, we can equivalently write

(Df)abed = 3V aVeVeVay f — 854VaVaf + 855 VeVaf

—8(V4Spe — VeSan)Vaf —4(VaVaSee — VaVeSap)f modKer(Ilg).
(3.22)
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The result then follows by observing that the whole second line in this for-
mula vanishes in the torsion-free case. Indeed, lemma in the appendix
shows that the differential Bianchi identity implies

/ ! R/ ! sl Fald >l 1 el !
C'B A'B A'C'B A'C'xoB E
But since the right-hand side lies in 5(‘3{ BO) [—1], it vanishes when projected

to £4 @ H2E4[~1] by IIg and so we have
VaSte = VeSapy mod Ker(Ilg). (3.23)

Then the second line in (3.22)) vanishes since by lemma (3.10)) IIg factorizes
through Iz ® id. O

We can read off the formula for D that it is a true fourth order
operator with the principal part equal to IIg o Symm(V*). In the case
of a locally flat manifold, the operator can be written in terms of a flat
connection for which the covariant derivatives may be commuted freely and

thus by definition of Ilg, D descends to

ﬂ A/ B/ ! D/ ’ ! Cl D/
Disep = (Vi Vi Vie Vo) = ViaVe Ve Vieaseonr,
which is the non-standard operator on functions. This completes the proof
of theorem 3.2

3.1.7. Factorization of D. At the end of this section, we find a simple
formula for the invariant operator D. Although is already quite simple
formula, we can find even a better one in the sense that it is analogous to
the formula for Paneitz operator from conformal geometry and it shows that
the operator D factorizes through the bundles Sﬁ/ and E4 @HIE4[—1]. Such
a formula may be deduced directly from an alternative construction of the
operator D, described in the appendix, c.f. proposition [B.I]

Let S' and S? denote the irreducible components of the symmetric Rho-

(A'B/

tensor S lying in 5(AB)

holds.

) and &ap)[—1] respectively. Then the following

Proposition 3.12. The operator D, which is a non-standard invariant op-

erator on functions on torsion-free structures, is given by D = Ilg o D where
(Df)abed = Va(VpVe — 4St, +4SE)Vaf (3.24)

PrROOF. We start with the formula (3.21]) for D and we show that it is
equivalent to (3.24]). Let us rewrite the leading term first. By lemma

it can be written as

Sv(avbvcvd)f = vavbvcvdf + va,vcvbvdf + v(Jchvdvbf
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modulo Ker(Ilg) for any function f € £. The last two summands are equal
becuse V, is torsion-free. Therefore, we can rewrite the right-hand side as
3VoVeVVaf — 2V (VeVe — V.Vy)Vaf and then the use of Ricci identity
yields
3v(avbvcvd)f =3V VpVVaf — 2vaRbcdevef

We know that the only non-zero part of the Weyl curvature Upeq® = Rpeq® +
O(P)peq® in the torsion-free case is the harmonic curvature. But since the
harmonic curvature is symmetric in three unprimed indices, it vanishes under
our projection and thus we have Rpci*Vef = —0(P)pca®Vef, which by
equals

Rpcd“Vef =PpcVaf +PaVaf +PegVyf mod Ker(Ilg).
This is obviously equivalent to 25,.V4f + ScaVyf and so we conclude
3V(aVeV Vo f =3VoViVeVaf —4AVaSpcVaf — 2VaSea Ve [

Now we distribute the parenthesis and we add lower-order terms from ([3.21]).
Then by lemma [3.10] we obtain

(Df)abea = 3VaVsVeVaf = 4(VaSse)Vaf — 2(VeSa)Vaf
— 1254V Vef +6S.aVaVyf modKer(Ilg),
which, dropping the factor 3, is by equivalent to
(Dfabed = VaVsVeVaf = 2(VaSte) Vaf ~4S1VaVaf +25caVaVef. (3.25)

This formula is the one obtained from the alternative construction described
in the appendix and it is easy to see its equivalence to (3.24). Indeed, it may

be rewritten as

(Df)abed = Va(VeVeVaf — A4S0V af + 25V f) + 2(VaSpe — VeSap)Vaf

and equation says that the second summand on the right-hand side
vanishes. Now we replace the tensor S by the sum S! + S? of its irreducible
components. Since the projection Ilg contracts C’ and D’, it maps the term
with S}:d to zero, and thus we get

(Df)abed = Va(VeVeVaf — 4SEVaf — ASEVaf + 252,V f).

And since from (5) in lemma we conclude V,S%,V,f = 4V,S2.Vaf, we
end up with formula (3.24)). O

The equation (3.24) shows that D can be written as a composition of three
operators: f = e = vaf7 Ha Vabe = vcvaﬂb+4(sga_sia):u'ba and Vabe =
Pabed = Valbed = Valape. The first one is oviously the differential (df),.
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According to the definitions of the projections IIg and Ilg, the composition
of the last operator with the projection Ilg equals

~ ]- !/ - Al / - A/

Vabe = 5 (Vo ()fapic) + Viplle (D)o a)eas
But this is the formula from lemmal[2.3]for the action of the exterior derivative
dg on Ilg (7), and hence we get the following

Corollary 3.13. Let A be a non-invariant operator £4 — 4 @ HPEA[-1]
given by A =1Ilg o A, where

A(N)abc = vcva,ulb + 4(Sga - Sia)ub'

Then the invariant operator D coincides with the (unique) projection of dAd

to the bundle EHEA[—2).

Hence we found out that the case of a torsion-free almost Grassmannian
geometry is completely parallel to the situation in conformal geometry as it
is described in [6] and [12]. Namely, the standard procedure of the curved
Casimir construction yields a vanishing operator dgMd (M is an analog of
the Maxwell operator from conformal geometry). The construction also gives
an invariant operator D in a "non-standard" way which we described above
and it may be viewed as an analog of the Paneitz operator from conformal
geometry. A formula for D is obtained from dgMd by replacing the invariant
operator M by the non-invariant operator A, as illustrated in the following

figure.
mEY @ BEA
AT
€3 - M=dd,, €7 el
/ k / k _
& mEs[—1] FHEA[-2]
D=dgAd

The special form of the operator D in the torsion-free case leads to the
definition of an analog of conformal Q-curvature which was intensively stud-
ied recently, e.g. [12]. It is a polynomial expression in curvature associated
to a scale which is not invariant but enjoys certain special properties with
respect to changes of scale. Namely, changing the scale the Q-curvature
depends linearly on the change and this dependance is described by the
operator D. In contrast to the conformal case, the Grassmannian analog
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Q of the Q-curvature is not a scalar (for ¢ > 2) but it is a section of
MEa[-2] € A*E{ = A*T*M. The precise formulation is given in the

following proposition. For a proof see appendix B.

Proposition 3.14. In the case of a torsion-free almost Grassmannian ge-
ometry, there exists a section Qapcp € Em(apcp)[—2] which transforms as
Q = Q+ Dw under the change of Weyl structure given by an exact one-form

YT = Vw. This section is given by Q = lIg(Q), where

Qabed = —VaVpPeq + 2PucPpg — 2PapPea.

3.2. The case of non-vanishing torsion

In the case that the torsion of the Weyl connection V does not vanish,
the operator M obtained from the curved Casimir construction does not
coincide with the composition dd_, of components of exterior derivatives and
so the compositions Md and dgM do not vanish. Indeed, one can make these
compositions explicit using the formula for M and check that they are
actually non-zero invariant operators of order two with the torsion in symbol.
This means that the construction of an invariant operator D via the curved
Casimir operator, as described in the previous section, fails in the sense that
the operator D, defined by depends on the choice of Weyl structure.
Namely, its linearized transformation is non-zero of order two in the initial
function and of order one in Y.

Nevertheless, we prove in this section that there exists a fix which makes
D, into an invariant operator on structures with arbitrary torsion. A formula
for this operator, which we dentote by D™ is given in theorem below.
The proof is via an explicit calculation of its linearized transformation. Using
the symmetry of the torsion we show that the invariance is a consequence of
the algebraic Bianchi identity. After that we show in proposition that
there is no correction of the form dg(A + corr.)d.

3.2.1. Main result. In order to find a fix of D,, it is worthwhile to
take the simplest formula which defines this operator in the torsion-free case.
Hence we consider that D, is given by formula . Since it is of the form
dpAd, it is natural to try to find a correction of the form dg(A + corr.)d
first. Of course, by a correction we mean a linear combination of lower-order
terms involving torsion (reffered as correction terms in sequel). We find out
that the correction of this form leads to an operator which is not invariant
but has a very simple transformation formula. This formula is quadratic in
the torsion, and can be canceled by adding a correction which we denote
by C, and which is formed by terms of the form 72 - V2f and T - VT - Vf.

Hence we get an invariant extension of D to structures with non-vanishing
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torsion. Precisely, using the projection IIg defined in the previous section
by equation (3.20)) we conclude the following.

Theorem 3.15. There exists an extension D" of the non-standard opera-
tor & — HEA[—2] which is invariant on almost Grassmannian structures of
type (2,q) with an arbitrary torsion. It is defined by applying the projection
HEB to

_ 6 .
Died = Va(VoVe =4S 445}, = 414 Ve = 5 VeThe)WVa + Cavea:
where the correction C is equal to
CA'B'C'D  _ B'E'F pA'F'E xoC' 7D’ 4 B'E'F C'mA'F'E D’
CABCD - _QTBCF’TAFE’VEVD +q—72TBCF’(vETAFE’)vD

12 B/'C'F (v E' mA F'E D’
_q274TB C F’(VE TA F E')VD :

Remark 3.1. It follows from the proof of proposition [3.21] below that the
correction appearing in the first part of operator D™ is the unique correction
of terms in linearized transformation of D,, which are linear in the torsion.
This correction can be obtained by a modification of the construction of D
described in appendix B. On the other hand, it turns out that the form
of correction C is not unique due to the existence of second-order invariant
operators with square of torsion in their leading parts. We can even write
down immediately one of these operators. Denoting by # the algebraic
action of the torsion, it is given by a projection of dT#T#d to EFHEA[-2].

Remark 3.2. The formula for D™ in theorem [3.15l is written in terms of
an exact Weyl connection, and is invariant with respect to exact changes.
As explained in remark the formula for D™ can be easily modified to
a formula invariant to all changes of Weyl structure by adding some other
correction terms, c.f. formula .

PROOF OF THE THEOREM [3.15l The idea of the proof is very simple.
We compute the linearized transformation of D" and we show that it van-
ishes under the projection Ilg. We proceed in three steps. First we use
basic transformation laws for transformations of covariant derivatives of ten-

sors and properties of the projection Il to make explicit the variation of
-1 6
D,peq := Va(Vy Ve — A4S}, +4S2, — 4T},.°V,, — mveTbce)vd. (3.26)

In the second step, we use the algebraic Binchi identity to express this vari-

ation exclusively in terms of torsion. Then we determine the variation of
~ ~1 ~

correction C and we show §(D° +C) =0 mod Ker(Ilg).
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3.2.2. Transformation of D!. First recall that the outer covariant

derivatives define invariant operators d and dg. Hence equation defin-
ing D! has the form D' = dgAld, where A! is a (non-invariant) operator
which is given by applying the projection Il defined by to
(Al,“)abc = VeV — 4Sia#b + 4Scaﬂb 4T..° Vepy — _('S_Q(V Tea )
It is easy to see from this equation that Al is a torsion extension of the
(non-invariant) operator A from corollary and so D! is of the form
dg(A + corr.)d. Thus a computation of the linearized transformation of
D! boils down to a computation of the transformation of Al. Namely, the
variation satisfies 6(D'f) = dmd(A')(df). The variation of Al is obtained
easily by applying basic rules for transformations of covariant derivatives of
tensors and and some properties of the projection Ilg.

Lemma 3.16. For an one-form p the variation §(AY) () is given by applying
the projection g to

Al e e
6(A )(u)abc = 4T[avc}:u'b + 4M[cv\b\’ra} + 20 Tyc Mo — 4T Toc He-

PROOF. Since § satisfies a Leibnitz formula, the variation of Al is equal
to the projection Il of

5(A1)(ﬂ)abc = 6(Ve)(Vamn) + Ved(Va) (un) — 46(Sia)ﬂb + 45(53,1);“,

—4Ta 6 (Vep) — q_%‘s(ve)(Tcae)/‘b'

Now we analyze these summands one by one. Let us start with the first line
of the previous equation. According to the rule for the transformation of the

covariant derivative of a two-tensor described in section [2.2.3] we have
S(VENVAuE) = =YEVG up = YEVA UG =Y VEuE - YE VA ué

Since alternation over three primed indices vanishes, after contracting A’ and
B’ we may replace the first two terms by TC,V£I ,ug/e Aap. After skewing

/

in A and B we may replace the second two summands by TC V[ A B} +
T%VA MB]/ and thus we get

By lemma the alternation over three unprimed indices vanishes under

IIg and so the previous equation implies
d(Ve)(Vap) = —2Y Vaup mod Ker(Ilp). (3.27)

Applying the transformation law for the covariant derivative of a one-form
given in section to the second summand, i.e. V.0(V,)(up), we get

VSV uB) =VE (Y8 up — T ub).
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And since the projection g by definition alternates the indices A, B and

contracts A’, B’ with a two-form e, this equation yields
Vcé(Va)(ub) = 2VcTa,ub = 2(VCTQ),LLb + 2TaVclub. (328)

For next terms, i.e. —46(SL,)us and 45(S2,) s, by [2.11) we get

—45(SHE Y B = —4 B’vgg Y A)>

2\C' A/ B’ B/ [C ArA]
46(S)G A uE = 4B Vie Ty

Now since we compute
’ C!' ANA! / ! /
EmyAhw@#ngTﬂb—émRchme e VA TE),

we get 4ub V{g TA]} = ug/V£/Tg/ modulo Ker(ITg) by definition of the

action of IIp on upV.Y,. For the other term we use the equation
(C/ A/) . 1 [y Y 1 " AnC! [C A]
V(CTA) _§VCTA +§VAT V[CTA]’

and so modulo Ker(Ilg) we obtain

— 46(Sca)/‘b + 45(Sca),ub *4,ubV(CTa) + 20V XTp. (3.29)

Now summing the equations (3.27)), (3.28)) and (3.29) together, we get

S(AR)abe = —2YcVaptp + 205V Yo + 2o Vepty — 45V ( Yoy + 20V T,

and since by definition Il factorizes through &), we may rewrite the
right-hand side as follows,

6(Aﬂ)abc = 4T[avdub + 4M[cv‘b"ra} mod Ker(Ilg). (3.30)

Now let us continue with correction terms of A'. The first term, Teo©0(Vepp)
is computed according to the rule for the transformation of covariant deriv-

ative of an one-form. Namely, we have

’ B’ B FE
S(VEuE) =T up —YEpg =—"Euf — 1§ B+4T{B,U«E]]

Since by definition Il contracts A’ and B’, and since the torsion is trace-free,
we get
C'A'E ~o B’ E} C'E'E
4TC A EIT[B E} = 2TC A E’T[BIU'E} 0 mOd Ker(HEp).
From here and the eqaution above we conclude

Tea®0(Vepn) = —2Tca“Y(epyy  mod Ker(Tlgp) (3.31)

Concerning the second correction term, i.e. (VT..%)up, the transformation
law (2.10]) and the trace-freeness of the torsion directly yields

S(Ve)(Tea®) = (¢ + 2)(TeTta®).



88 3. CONSTRUCTION OF THE NON-STANDARD OPERATOR

By this equation and equations (3.30)) and (3.31]), the variation § (Al W) abe =
5(Au)abc — 4T 0(Veup) — L(S(Ve)(Tme),ub is equivalent modulo Ker(IIg)

a+2
to
<1
5(A N)abc = 4T[avc}Ub + 4M[cv\b\Ta} + 8TcaeT(eub) - G(TeTcae)Mba
and the result follows by rewritting the last two terms on the right. O

Having an expression for the transformation of the operator A!, we can
now easily express the variation §(D! f) = dgd(A)(df). According to the def-

inition of dg, its action on §(A)(df) is obtained as the image of V5(A)(df ) abe
under the projection Ilg. Hence the previous lemma for p, = V, f immedi-
ately implies that

~1
6(D f)abcd = Vd(4ﬂr[avc]vbf + 4(VbT[a)vc]f (3 32)
+2Y T0c Vi f — ATpT4 Ve f) mod Ker(Ilg)

Now we use the Ricci identity and properties of the projection Il summa-
rized in lemma to put this variation into the following simple form.

Lemma 3.17. For a function f € £ the variation 6(D' f) is given by applying
the projection llg to

~1
5(D f)abcd = 4(Rcabe - vaTbce + Tbchafe)T[evd]f (333)
PROOF. Let us treat the terms in (3.32)) which does not contain torsion
first. Acting with the outer covariant derivative we get
VadY VgV + 4V Y1)V f) =4VaT ) VgV f + 4T,V g Vg Ve f
+4(VaVX(o)Vaf +4(Ve X)) VgV f.

Now let us consider the two summands which are of order one in Y. By (2)
in lemma their sum is equivalent to

4(VdT[b)(VC]Vaf — VMVC]f) = —4(VdT[b)Tc]aeVef.

and this obviously is equivalent to 2(V Y)T4.°Vef modulo Ker(Ilg) since
(VaY)Tp*Vef = 0 due to the skew-symmetry of the torsion and by the
definition of IIg. Concerning the term of order three in f, commuting the

derivatives of f we get
AT, Vg VgV f = 4T, VgV Vi f — 4TV g (T Ve f)

Expanding the alternation in the second term on the right we conclude that
this term is equal to 2T,V (T4 Ve f) modulo Ker(Ilg). Thus we get

Va4 @ VaVef +4(VeY o)V f) = 4TV gV Vaf +4(VaVeT )V f

+ 2Tbvd(Tacevef) + Q(VdTb)Tacevefv
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and the last two terms on the right obviously sum up to 2V (YTpT, Ve f).
Now adding the terms in (3.32)) containing torsion we obtain

-1
(D" flabed =4 oV gV Vo f +4(VaVe T o)V f
V(T Tue Vo f — TTucVef) mod Ker(Ilg).

According to the property (3) in lemma [3.10, we may write

~1
6(D fabea = 4TV aVyVef +4(VaVyTa)Vef
+ 2vd(T6Tacevbf - TbTacevef)'

Now applying Ricci identity to both the terms in the first line and removing
the bracket in the second line yields

<1
(D" fabed = 2T a(RaveVef — Tan*VeVef) + 2(RapaYef — Tar®VeXa)Vef

+2(VgYe)Tuc Vo f +2Yc(ViTa)Vef + 2 e T0cVa Vi f
- 2(vd’rb)jﬂacevef - 2Tb(vdTace)vef - 2T‘bT'acevdv~'3f7

and this obviously is equivalent to

~1
(D" flabed = 4Reat* Y Va [ — 4 VaToc) YV f + 4T T4V Vg f
+ 4(v[erb})Tacevdf + 20 T4V f — 2(vdTb)Tacevef-

modulo Ker(Ilg). The first two terms on the right are those appearing in
the formula (3.33]). The sum of the next two terms is by Ricci identity and

by exactness of the Weyl structure equal to
ATy VeV f + 4V L) TacVaf = 2T oLy Tae? Vi f + 215 T TacVaf,

and this is evidently equivalent to 4T}/ T, Y Vq f modulo Ker(Ilg). The
result then follows from the fact that the last two terms in the previous
formula for ¢ (If)1 f) cancel. This can be deduced as follows. Since the torsion
is skew-symmetric, we may apply again the property (3) in lemma to
get

2TeTacevdvbf - 2(VUlTb)Tacevef = 2TeTacev[dvb]f - 2(V[dﬁrb})Tacevef-

This is by Ricci identity and exactness of T equivalent to 2T Tha! YV f
modulo Ker(Ilg), and by (2) in we obtain

QTGCedefT[er]f = 2Tac(edef)T[€Vﬂf =0.
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3.2.3. Use of the Bianchi identity. Although the formula for
the transformation of D! has a nice form, it turns out that there is no simple
correction, which would cancel the curvature term appearing in the formula.
On the other hand, the formula reminds the algebraic Bianchi identity, c.f.
equation (1) in proposition and so it is natural to use this identity to
get a simplification. Indeed, the following lemma shows, that the curvature
term in can be replaced by terms involving torsion, which then leads
to a very simple form of this formula.

Namely, let ¥, be a two-form and let ﬁib,ﬁgb denote its irreducible
components in subbundles isomorphic to 5[(;‘4;?/
Then the action of the curvature on 1, satisfies the following.

) and Eap)[—1] respectively.

Lemma 3.18. For any two-form 94, = 19(1Lb + 192,), we have
Reay™ea = (VaThe)Vea — Toe! Top (02, — 92;)  mod Ker(Ilg).

PRrROOF. First we prove that the curvature R ¢ can be replaced by the
Weyl curvature Ugq¢ by showing (OP)eap®Jeq = 0 modulo Ker(Ilg) for any
two-form ¥.4. According to formula for the action of the differential on
the Rho-tensor, we have

e pA'B oC'D' | pC'B' gA'D'  pA'C! oB'D' | pClA! oB' D!
(OP)eavVea = —P4 V5 p +PeaVpp —Papdcp +PegIap -

Since the projection IIm contracts A’, B’ and C’, D’ with two-form e and
since it alternates the indices A, B and C, D by definition, we get

(0P 00 = ~2PE Y OF R —PAE G - PAG 012

modulo Ker(Ilg). The skew-symmetry of 9! in the unprimed indices and
the skew-symmetry of 92 in the primed indices by (5) in lemma yields
the following two equations:

2PAC (WHED = pAC (1) E'L" mod Ker(Tlg),

2PAC (9H)ED = pAE (92)G'D" mod Ker(Tlg).

Hence replacing the corresponding terms in the equation above, we get
(OP)cab®Ped = —4P(cq)Upq, and this vanishes under the projection Ilg by
property (3) in lemma since it is symmetric in two indices and skewsym-
metric in the other two. Hence we conclude ReqpPeq = Ucap“Fed-

Now we apply lemma from appendix to express the Weyl curvature
in Uegp®eq in terms of torsion modulo terms in Ker(Ilg). In order to do so,
we first write Ugq¢ according to as

C'A'B’ <F C'A'E B’
chotbe =UVcoca EldB - UCA BéE"
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Then by the definition of the projection Ilg, we get

_ 77C'A' B’
Uacbeﬂed = UC 1[4 E]’

OE B —UGA Pep D modKer(llg).  (3.34)
We see that the components of the curvature tensor U we need to express
in terms of the torsion are U (CC[:?/)EB], U[g[/flw B U (g/%’B;]E, and U[g L‘?/B;,.
The latter three components are obtained directly from lemma [A72] The
first component is not listed in this lemma but it can be easily expressed by
means of the other components:

(C'ANE 1 (c'anEe 1 (c'anE

_ U (C'"ANE
ClA B~ 3~ B(C A) 3~ A(C B)

+Uica " B

(3.35)

Before replacing the components of U by the expressions from the appendix,
we make one more simplification yet. If we go through the list of the irre-
ducible components of the curvature tensor U which is displayed in ,
then we see that only four of them can contribute to the projection Ilg.
Namely, the target bundle Eg4pc D)[—2] shows up only in the tensor prod-

uct of the component 5[(1?;]]3/) of AQ(SQ/) with the component of U lying in
ngg]j/) or 6;?;%;;0 and in the tensor product of the component & 4p)[—1] of

A%(£4") with the component of U lying in Ecpyl—1] or 55(0%)0[—1]- This
implies that the other components of U can be neglected. Then equation
(A.24) from the appendix simplifies as follows.

(CANE

_ I' nC'A'E I'(C'|F| A F'E 1 o I'mC'A'I SE
B(C A)——VCTA +T T - —=V;T oy

( )B I B(CIF'|TA)F I q+2 B(C|I7A)
mod terms in 5((?;3?/).
Now we use this equation to replace the corresponding terms in equation
(3.35). We obtain a formula which can be simplified by use of the fact that
the torsion is skew-symmetric in the two lower unprimed indices and that

for any such tensor voap € Ecpap), we have

1 1 1 1
gv(CA)B - gU(CB)A = gUCAB + gU[A\C|B] = Vla|c|B] — Y[ACB]-

Using this we conclude that the first component is equal to

(C'ANE

iy = _vlpAace | pl(CIEpADE'E LT AT SE

u [BTAlC I [BIC F'|TAIF I~ q+2 C[A|1|9B]

. o(A'B) o(A'B)D
mod terms in E(AB) ’5[ABC]0 .

The second component is obtained directly from equation (A.24)), which
simplifies to

(C'AE A U[CF| AFE . &(A'B") o(A'B")D
Ucia B = "Tipjc pTayp p mod terms in & py ", Epe, -
Next, by (A.21) and by (A.23) we get
U S 0 mod terms in S(A/Bl)

(C A FE (AB)
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respectively
C'[A'B 1 C!A|T] B’ :
U[C L‘} E], = —q%Vf T, 1[4 I‘, |5E,} mod terms in & 4p)[—1].

Now we have collected all components we need and we substitute the corre-
sponding terms in (3.34)). We obtain

+ T]I[c/lplTA/}F/E)ﬁB/D/

e _ o I'mAC'E I'(C'|F| A F'E
UeahWea = (VeThcp —T T BCc FFtarr /VED -

BC F’ AF1TI

modulo Ker(Ilg). Since by definition IIg acts by a complete contraction of
primed indices and there is no non-zero complete contraction of £ (4'C")[B'D']
and EWCIE'D)  we may write

! ¥l 1y el At} B'D’ B' D!
Ucab“Ved = (VETA Cﬁ)ﬁg g - TII%C II:’TA F 1}?(19(19 D = Qsl[E D])

modulo Ker(Ilg). The symmetry and trace-freeness of the torsion implies
that the right-hand side allows a unique complete contraction of primed
indices. This implies in turn that we can swap the indices B’ and the upper
I’ in the last expression. Then the desired statement is obtained by renaming
the summing index I’ to E’ and rewriting in the tensor indices. ]

Now we set ¥y := Y[, Vy) f and apply this lemma to the formula (3.33)
for the variation of the operator D'. We immediately get

5(le)abcd = 8Tbchaf619§d mod Ker(ITg) (3.36)

where ﬁzd is the component of T Vg/f in Epy[—1]. Hence we found out
that the operator D! has very simple transformation law. In particular, we
have proved that D! is almost invariant in the sense that it corrects all terms

which are linear in torsion.

3.2.4. Transformation of C. To finish the proof of theorem [3.15 we
need to show that the variation of the correction C cancels the variation of
D!. In order to do so, we make the variations of individual terms which
constitue C explicit by applying basic rules for transformations of covariant
derivatives of tensors and by applying properties of Il and properties of the

torsion.

Lemma 3.19. The following equations hold modulo Ker(Ilg):

B'E'F pA'F'E o C' oD’ — o B'E'F pA'F'E ~ C'o D'
(@) dTgcrTirpVEVDS) = QTBCF’TAFE’T[E VD}f’

() STEERVETYEEIND ) == DTFELTATETEVE |

B'C'F pA'F'E vE' gD’
+3TBC’F’TAFE’TEVDf7

(@ STEERVETYEEIVE ) =@+ ETEEYE VD /,
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PROOF. (a): Since the torsion is invariant, it suffices to determine the
variation of V%IVB, f- Applying the rule for the transformation of a one-
form from 2.2.3 we have

S(VEVE )= -1EVE 15V £,

and after contracting the indices C’ and D’ we obtain 2ecr D/T[%/Vgi f, and
the result follows (by definition of Ilg).

(b): Due to the invariance of torsion, it is sufficient to determine the variation
of VE'T Ifllf /g,. Due to the trace-freeness of torsion, the general formula (2.10))
for the variation of covariant derivative of torsion in our case simplifies to

Cl /F/E o C/ /F/E A/ !’ /E F/ A/C/E I/ ’ /E C/
This can be also written as

/ I / 1 C!' SANF'E C' ~F'NA'E
S(VENTLEE) = (q =) YL THEE 4 ol I E oI I e

' A'F'EsC’
+ YTy r /0

Since primed indices are two-dimensional and the torsion is symmetric in

primed indices, the second term on the right equals
[C'RANF'E AT F'E _C'A
Mg Ty pp = YETvaF e
and the same holds for the third term up to a permutation of A’ and F’.
Therefore, variation (b) satisfies

! ! ! A/ ! ! I ! Al 7 ! !
STEEENGTYEEWD ) = (¢ - TEEETYEEYG VY §

B'E'F (I’ F'E _C'A r A'E _C'F' I'mA'F'E sC' o D’
+TBCF’(TETI’AFE’6 +TETI’AFE’6 +TETAFI’5E/)VD f

and it is sufficient to show that contraction with €4/ grecrpr of terms in the
second line leads to identical terms, which sum up to the contraction of
3Y 1./ T, °Vaf. Since there is no permutation on unprimed indices, we
supress them for a moment. Then the contraction of the second line may be

displayed as
anl / / 1Al !/ ’ I nl ! A nl 4 /
EA/B/€C/D/TB E F/(TI TE/F 1/60 A + TI TE/A 1/60 F + TI TA F [/(Sg/)VD f

and since the torsion is symmetric, it is easy to see that all terms are equal
to TI/TJ,E'F/TE/F/I/VJ/f and thus their sum is equal to

!/ A nllnli 1 anl ! /
3TI TJ EF TE/F/[/VJ/f = 3T§C’ }};’TA F g,Tg VB fEA/BIEC/D/.

(c): Analogously to the previous case, it suffices to compute the variation of

Vng/PE /5,. Since the torsion is trace-free, we get directly from (2.10) that

it is equal to (¢ +2)YET ;14/5 lg, and hence the result follows. O
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Now it is an easy observation that C corresponds to a linear combination

of terms from the previous lemma written schematically as —2(a) + q%*Q(b) -
12

e (c) and thus the variation of C is equivalent to

5(Cf)ﬁ/g/g/ — _4T§/CEVV/}§VVTA4/£‘IEE,T C/lef + 4T§ CEIFFVVTAAIFFV/EEVITC/lef

B'E'FpA'F'E~ C'gD’
- —4TBCF’TAFE’T \Y )f

And since evidently

B'E'F pA'F'E C’ B'C'F mA'F'E
TBC’F’TAFE”r f—QTBC’F’TAFE’T f

modulo Ker(Ilg), we have
8(Cf)abed = —8Tpe! Top®92; mod Ker(Ilg),

where 92, is the component of T Vaf in Egpy[—1]. Visibly this is up to
the sign the same formula as formula (3.33)) for § (f)l f)abea- Hence the sum
of these two variations vanishes under the projection Ilg, and so we obtain

§(D%m) = §(DY) + 6(C) =0,
which shows that the operator D' is invariant. ([l

Remark 3.3. Let us now explain how to get a formula for D" which is
invariant to all changes of Weyl structures. If we trace back where we used
the exactness of the Weyl connection, we find that it was only at the end
of the section [3:2.2] Concretely, there we used twice that the one-form T
describing the change of Weyl structure is closed, i.e.

(dT)ab = 2v[aTb] + TabeTe =0.

In the case of a change described by an one-form Y which is not closed, the

equation ((3.33) has the form

1
5(D f)abcd = 4(Rcabe - vaTbce + Tbchafe)T[evd]f
+ 2(d’r)ebT’acevdf - (dT)deacevef-
We did not use exactness in sections [3.2.3] and [3.2.4] and so we deduce

80" fabed = 2dT)esTucVaf — ([dX)arTuc" Ve
Now we easily find a correction which leads to an operator invariant to
arbitrary change of the Weyl structure since there is an obvious correction
which cancels (dY')qp. Namely, by (2.11]) we have 0(P(q)) = V[, T}, and from
(2.10) trace-freeness of the torsion we conclude 6(V Tpp¢) = (g 4+ 2) T TepC.
Hence

6(2P[ab} + veTabe) = (dT)aln

1
(¢ +2)
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and so the operator invariant to arbitrary change is given by applying the
projection Ilg to

~ COIT 1 1
Dopony — 2(2P1p) + ———V Ty )TV g + (2P + ———V 1T ) T Ve
abed — 2(2Pep] i’ b") d+ (2Pay TE) Tan”)
(3.37)

3.2.5. Non-existence of factorization. Now we prove that there ex-
ists no correction of the form dg(A+corr.)d, which would lead to an invariant
operator. Indeed, there is not much feedom in varying the second order op-
erator A. This is reflected in the following lemma.

Lemma 3.20. Any torsion-extension of A : E4 — EY @ HE4[—1] has the
form AY" = TIg o A" where

(Atorﬂ)abc - (A/L)abc + aTcaeveMb + 6(veTcae)Mb
for some numerical coefficients a, 3.

PROOF. Since p +— T2 - i is invariant, it is easy to see that potential
correction terms of Ay are of the form T'- Vu or (VT) - u. As we described
in the previous chapter, the torsion lies in

YRS € €Yo @ (Eup ) 2 omé? @ qglﬁ Eal2].
Therefore, both correction terms 7' - Vy and (VT) - p lie in
(%Y @ &) © (9264 ® 1 @ £a)[2).
A\

Since there is a unique way of the contraction of primed indices and there are
two projections of the tensor product of £4’s to H2E4[—1], the multiplicity
of the bundle £4" ®HIE4[—1] in this tensor product is two. It means that we
have four potential correction terms - two for each of the two types. Using the
projection Ilg, the representatives may be written as IIp(v) where Vj“/g/g
equals one of the following four expressions

C'A'EwE' B C'AEwE B 'mC'A'EN . B’ 'mC'A'EN . B’
Te 2w VEME To 4 VB e s (VETE 4 50, (VB To 4 g)1E

The first two terms differ by T, g/flg,vgug]/ and this is equivalent to the

invariant expression 7, g ’flgvglugi) modulo Ker(Ilg). Therefore, the first
two terms transform in the same way. We can easily prove (e.g. by a direct
computation) that, up to the sign, the fourth term also transforms in the
same way as the first two terms do. This implies that each torsion-correction
of the "middle" operator A may be written as projection ITp of a linear
combination of the first and the third term, i.e. a linear combination of

TpcVepa and (VeTpet) pa. O



96 3. CONSTRUCTION OF THE NON-STANDARD OPERATOR

Now we observe that the correction terms from this lemma are those
appearing in the formula for the operator D! given by the equation .
Hence an immediate consequence of this lemma is that any torsion-extension
of operator D of a form dg(A + corr.)d is given by a projection under IIg of

~ tor

(D™ fabea == (le)abcd +aVo(To*VeVaf) + BVa((VeToc")Vaf) (3.38)

for some new coefficients «, 8. We prove that demanding the invariance in
some special cases yields & = § = 0. In other words, if D" is invariant,
then it coincides with D!, which is a contradiction. Thus we conclude

Proposition 3.21. There is no extension of the operator D to an operator of
the form d(A+ corr.)d which is invariant on almost Grassmannian structures

with non-vanishing torsion.

PROOF. Assume that such an invariant operator exists. Then we know
that it is given by equation for some scalars «, 8. By assumption, the
variation of D' is zero. On the other hand, we deduce from equation
in the proof of theorem that variations of the correction terms are

Saped = 6(Va(Thc"VeVaf)) = —2Va(Tea Y (Vi) f) (3.39)
5gbcd = 5(Va((VeTbce)vdf)) = (q + 2)vd(TcaeTebe) (340)
modulo Ker(IIg). Now we assume an action of D' on a function f which

satisfies V,f(0) = 0. Then from (3.36)), we get §(D'f) = 0 at the origin and
from (3.39)) and (3.40)), we conclude that at 0 we have

51

bed = —Lea“LeVaVuf — Tea" YV Ve f

Sapea = (4 + 2) T YV aVy f
modulo Ker(Ilg). According to property (3) in lemma we get
TcaeTeVdbe = TcaeTeV[dVb]f mod Ker(HEB)

and this vanishes at the origin since the alternation of the second covariant
derivative of f is given by an action of the torsion on the first derivative.

Thus at the origin, we obtain

Soped = —TeaToVaVe f and 62 =0 modKer(Ilg).

a

Hence demanding invariance of D" yields equation AT TV gV f =0,
which is in the case of non-vanishing torsion satisfied only for a = 0 since
the value of the symmetrized second derivative of f and the form Y, at the
origin can be chosen freely.

Next assume a change of Weyl structures described by a one-form Y,
which satisfies T(0) = 0. In such a case, we also get 6(D') = 0 at the
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origin according to (3.36) and for exact Weyl structures, equations (3.39)
and ([3.40)) simplify as follows

Oapea = —(V(a¥e))Tea Vi f,
Ooped = (@ +2)(V(aTe))TeaVif  mod Ker(Ilg).
Thus demanding invariance of D" in this case yields equation
(—a+ (¢ +2)B)(V( o)) Th Vaf =0

Since the derivative of f and the derivative of T, can be chosen freely at
the origin and since « is fixed to 0, this equation is satisfied only for 5§ = 0.
Hence we see that D" must be equal to D!, which is a contradiction since
D! is not invariant. Indeed, shows that its linearized transformation

contains a non-zero term quadratic in torsion. O

Remark 3.4. It follows from the proof of this proposition that any invariant
torsion-extension of the non-standard invariant operator on functions must
be of a form D'+ terms quadratic in torsion, i.e. terms of the form T2 - V2,
T-(VT)-V. These terms cancel the variation of D! given by equation ,
which has the form §(D') = Y-72.V. In a sense, the invariance of the torsion
can be viewed as the obstruction to existence of an invariant extension of D
in a form dg(A+corr.)d similarly as the invariance of the Bach tensor can be
thought of as the obstruction to the existence of the curved analogue of the
cube of the Laplacian in conformal geometry in the dimension 4, cf. [14].






APPENDIX A
Bianchi identity

Irreducible components of curvature. Let us consider a linear con-
nection Vﬁ/ on the tangent bundle TM = Sfl‘, induced by a Weyl connection
o0*wp. According to the description of its curvature in section [2.2.2] we have

A'B'C  _ fA’B'C A'B'sC | pB'A’sC
R =U — P4 5o +PE 1A

4B D=YaB D
A'B'D' _ 17 A'B'D A'D'sB'  pB'D s A/
Ry g 0 =Ulg "o+ Py dc —Pg g oc,

for the corresponding curvatures of Vﬁ/ on £4 and &4 respectively. Since

/ ! ! I . .
Rﬁ g II = —Rﬁ g II,, taking traces over C' and D and over C’ and D’ in the
. . . / ! / I3
previous equations yields Uﬁ g 4 ;= -U ﬁ g I - Moreover, for exact Weyl

connections these traces satisfy

’

Un' 1 =—Ua'1 = 2Py (A1)

Since the components of Weyl curvature U Q/E/CD and U f/g/DC/,, are sections
of bundles 8;,4/ A Eg/ ® £ p respectively 51‘2/ A Sg/ ® EP' ¢, they decompose
according to the obvious decompositions £4 A E5 = 8[(;‘4;]3/) © Eap)l—1]
and Ep = (E€D)o @ &, respectively EP' o = (EP' 1) ® €. The last two
decompositions are decompositions into a trace-free part and a trace part.
And since we have shown above that these traces are the same up to the

sign, we may write the decompositions as

UNE o =P oapc + Vi Fo = 2" oan + ViI'5)06 (A.2)

A'B'C" _ _A'B’ c’ A'B'C’ A'B’ A'B"\sC’
UA B E — € YAB~ E T+ VA B e+ q(€ wAB + VA B )5E’a

VA’B’
A B ’ / A / / !
A, B and satisfying VfBB Iy = VfBB It =0, and for objects ¢an, Y4B B,

for objets Vfg/cl B Vf?lE ¢ symmetric in A, B’ skewsymmetric in
QDABEC symmetric in A, B and satisfying QDABIII/ = SOABII =0.

In terms of V'’s and ¢’s, we can easily write down the corresponding rep-
resentatives of the irreducible representations occuring in the decomposition

99
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of the Weyl curvature. Namely, for the traces of U we have
(A’B') A B’ A'B'T
2-Eap) ' Woup )I/,V](A B)
I'[A'B/
2-Eapl-1 ~ ena's, VAEE }/EA/B/
2-Eap)l-11 ~ vas era’p

(A'B")

A'B! 1 (A'B) A'B'T
(AB] \% \% V.

3-& AB»'AB I"'I[B C)

and modulo these trace-terms, the representatives of the other irreducible

components are

Eusey,” -1~ pus”o)

(AlBlchl) (A/Blcl) / /
[AB] 1] ~ Vig me’?
(A’B")D — VAB'D
P(ABC)o A(B C)

5£(ABC) [-1]  ~ SOA[BDc]

(A'B')D

A'B'D
[ABC]o v

[AB (]
Now the 9*-closedness of U gives relations between some of these represen-
tatives. To make these relations precise, we substitute the components of U

into equation ([2.8) describing 9*-closedness of U by V’s and ¢’s defined by
(A.2)). We obtain

AB T A'B'I AT B AT B!
e Coarpt Vi B—€ TpapT r = VigTr
A'B A'B
—(q+2)(e" " oap+Vig ) =0.

The term papB 4 = —eX o5 1/ is symmetric in A’ and B’ due to the
definition of ¢ 48 o and the fact that the fibre dimension of €4 equals
two. Thus taking symmetrizations and alternations in A, B and A’, B’ of

the equation above yields the following

Lemma A.1. The 9*-closedness of U is equivalent to the following system

of equations

Vil sy = pap™” (A.3)
"TA" B 1 ot

Vi[B Bl =B o114’ B (A.4)

1 I
= A5
PAB =PI B) (A.5)

g’ ]. 1! I'(A B’
VAT = ——— (VAP T g+ v ) (A.6)

q+2



A. BIANCHI IDENTITY 101

Algebraic Bianchi identity. It follows from the description of the har-
monic curvature in section that its homogeneous component of degree
two is the irreducible component of the Weyl curvature which lies in the
trace-free part of S(ABC)D, i.e. it is the trace-free part of go(ABDC). In the
case that the harmonic curvature of homogeneity one, i.e. the torsion van-
ishes, this is the only non-zero part of the Weyl curvature. It means in turn
that the all other irreducible components of U can be expressed in terms
of torsion. To find these formulae, we apply the algebraic Bianchi identiy
which by [[.1T] has the form

U[abec] = V[aTbc]e - T[abch]fe' (A7>

In order to express irreducible components of U, one should consider various
traces and symmetrizations of this equation. First, let us consider the trace
over ¢ and e. Expanding the alternations, we get

Uab'i +Uia' b+ Ubi'a = VaToi' + VT + Vo Tia" = Tup’ Tij' — Tia? Toj* — Toi? Tuj’

Now observe that equation (2.8) describing the 0*-closedness of U is equiv-

alent to U’y = 0. Together with the trace-freeness of the torsion, we get
Uid's = Upi'a = VaTyi' = VTi" = Ty’ Tij' = 0,

and since evidently —7Tj,7 Tbji — T’ T, aji = 0, the contracted Bianchi identity
simplifies to Uy’ = V;Tw'. Now when we substitute U by expression 1}
we get

~2q(q+2) (P oap + VIE) = VITL 1.
And since Tf’glf, = T[%g/)[{ according to (12.4]), taking the parts which are
symmetric respectively skew-symmetric in A and B gives the following two

equations
oap = 0 (A.8)
! 1 U !
1% = ———  WVT L A9
A B 2(]((] + 2) I1+*ABI ( )
Then identities (A.8)) and (A.5) immediately imply
ora’ sy =0. (A.10)

In order to express the other irreducible components of U, it is convenient
to consider the trace of equation (A.7) over C’ and E’. Expanding the

alternations therein and replacing the tensor U by its components according

to (2.9), we get
A'B'E A'B'I' sE | 11B'A'E I'A'B' sE | 11B'A'E B'I'A sE
205 ¢~ Uip poc+Us s g —Upapoc +Uge "y —Uga1oc

_!'T7A'B'E I'A'J mB'J'E _ nB'I'J mA'J'E
_VCTABI’ TCAJ’TBJI’ TBCJ’TAJI"
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Now we substitute the Weyl curvature U according to (A.2):

248 papP o + QVf?EC —2(q + 2)Vf;§3/5}ca + BV ocaf s+ VéBXVEB
— AP SE — VEAB 168 — (q+ 2 VE V6B + B4 ppcPa

+VEXE ) — o8 — VEEA 168 — (q+ 2)V P o8

— vI’TA'B’E _ TI’A’J TB’J’E _ TB’I'J TA’J'E

C-ABI CAJ BJI BCJ AJTI
(A.11)

In order to obtain trace-terms first, let us now compute the trace over A and

E of this equation.
%A B ol — B o] QVIA’g’Ic _ V[AéB’IB
0o B+ qopcAE & Vé’é’B’p _ qVé’g'A'l, (A.12)
A'B' _ _pI'A'J BT
—(=3)q+2V5e =TT 7T5 51
The symmetrization of this equation in A’ and B’ yields
1 oY /o I'(A'B’
VAR = VI E s + (= Vo™ — (4= 1)V (c )1/
A'B _ _pl'(AJ|B)J'T
—(=3)@+2V5e =T T i

Now we are going to symmetrize and alternate in the indices B and C'in order
to get equations for V’s and ¢’s appearing in this equation. The alternation

yields
A'B'I I'(A’B’) A'B I (AT BT
Vig o~ (@—DVp o 'p—(a=3)a+2)Vge =T &1 Tpy =0
which, combined with equations (A.6]) and (A.9)), implies
/ / / / 1 ’ ’ /
VABTL = ovi B = —— vITd BT A13
I B 0 5C T ygxo) i lBCr (A.13)
I'(A’B") ‘B 1 ' A B'T
On the other hand, the symmetrization yields
A'B'T A'B' I (AT -B))J'T
Viis oyt a—Vesc™ 7 =T 5 0Te) s 1
From here and (A.3) we get
1/t 1! 1 1( Al AW
A'B S ABT LA BT
vBe” " = Vi o) = gTI @ Loy (A.15)

Taking the alternation over indices A" and B’ in (A.12) leads to

A'B’ I A'B’ I I'A’B’ I'[A'\J| B J' T
26 orplc — AP ol g+ (g + V)V o DL = =TT
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It follows from (A.10) that all terms are actually skewsymmetric in B and
C and thus this equation is equivalent to
A'B' I'[A’B’ I'[A'|J| ;-B)J'IT
3¢t P SOI[BIC] +(g+1)Vp [c }/ =T [[c ||J"\TB] }J A
This together with the equation (A.4) yields

I'[A’B’] EA’B’

_ 1 1A BT
BC I~

q+ 4T1 clrBJr:
The equations (A.8), (A.9), (A.10), (A.13), (A.14), (A.15), (A.16) form
a complete list of expressions for traces of V'’s and ¢’s. Now we come back
to the equation (A.11)) in order to express also the trace-free parts. Taking
the alternation of A’ and B’ in (A.11) yields

o’ o) = (A.16)

1 >/ 1 >/ 1 >/ I/ A/Bl Il B/A/
268 o AP0 — e Bpcatp — e Bopeta - VC[A Lok — VCEB ST
_ W pBV'E _ pl'lA BB
=~dcartpir cBrtagr -

The term pap”¢ has two trace-free components. The first one is the har-
monic part of the Weyl curvature which lies in 5(]:34 BCYo and which we ob-
viously cannot express from the previous equation. In order to express the
second one, which is the component in 55( ABC)y Ve alternate the previous
equation in B and C. We get

A'B E LA B)J'E I |[A'J| nB')J E
3T vas o= TieayIear ~TeprTasr

IAB) sp T p
Ve st Vse 194

This equation can be writte also in the form

A'B E _ pl'[AJ BJE I'[A'] BJ'E
< Coas o= Ty Tegr —TacrIer
I/[A/B/] E I/ [A/B/] E
Vae 1% T Viac %8
Then the application of (A.16]) gives
A'B E _ l'[AJ BJE I'A'J B'J'E
e Toas 1= ThepIeor ~Tacrieir

L pl'[ANI| BT B L pl'[AI| BT ok
~graliay T[B J 1/501 + gty [A|J’|TB | 1/\501'
(A.17)

Now we take the symmetrization of (A.11)) in A" and B’. We obtain

VB EC —2(q+2) VB SE + VA B Ep — oo atB 6L
(A" BY
Ve a

I'(B" A’ o))
VB 5B (g4 2)VAB 6

1OE — (g +2) VA B SE+ VAEE  + opc?'P' 68

TB)J'E

I'(A'J ~B)J' E
BJI =T

_ wI'mA'B'E _ pl'(AJ
= VT T, BCJ4tAJI >

ABI cCAJ
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and this can be simplified with the help of (A.14)) to

VAP B+ VA B ER + VIEE , — poa? P68
+opc B 6 — 2V B 6E — oV B6E — 2(q+ 2)V T 08

— virasE _ 7l

7B E
ABT CAJ

I'(A'"J ~B')J'E
BJI' T

BCJTAJI

Alternating over A, B and C and applying (A.9) then yields

A'B'E _ 1(ol' TA'B'E I'(A"J B")J'E
V[A B C — Z(V[CTA Bl 2T[C A J’TB] Jr
(A.18)
q+4 I'TA'B'I §E
~ ataro Vi1 LA B0

while the symmetrization in B and C' gives

’

VAP o) —eac™ P o5 + ool — 200+ DV EOE,

— v[’ TA’B’E, + Til(A/J

BJ'E
Ty 1 T

critpysr:

Then by equations (A.15)) and (A.9) we have

A'B'E  _ I' PA'B'E I'"(A'J B')J'E
Vie o= ~NiToar v TacrTeyr

1l (AT BT cp 1l (A'|J|B)J'I oE
+5T1 Al T(B J 1'50) + ETI B J’TC Jr 04 (A.19)

g+1 I'mA'B'I sE
ViTABL 6B

a(q+2) ABII')7C)
. (ABCY) . .
Now the only bit missing is V', " = %,. In order to obtain a formula for this

term, we come back and consider a trace of the Bianchi identity (A.7)) over
indices C' and E. It has the form

AIBII A/ ! ! C/A/I B/ ! ! ! B/c/I Al Blc/A/
Ui 194 o+ Urs BOp —UpiptUgr 408 —Ugiw

_ oC'mA'B'T _ C' A JB' J'T B/C I AT
=ViTige " Tra; 5 e —Ter T4

and replacing U by ¢’s and V’s according to (A.2) we get

—qe* P oap”  — gV — ala + 2)VEE SG

+e Y oral pog + VICAA/IB55,/ — TN opaP g — VBC:f'B/E,
—(q+2VE Vo8 + PV orpl adfh — VEL 457,
—ePCopat VI e — (a+ 2V 64

_xC'mA'B'I _ pC'AJpB'J I _ B C'JpAJ I
_VI TABE’ TIAJ’TBJE’ TBIJ’TAJE"
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Its symmetrization over A’ B’ and C’ gives

A'B'C’ C'A'|T B’ A'B’ ¢’
@V (Y +2v M en) + (e + 22— oV eg)

(O A BN (C"A'\J| B J'T
=V; TAB E 2TI [AJ TB} JE"

From here and by (A.13]) and (A.9)), we get

(AB'CY 1 g(C A BT (C' AN BT
Vas = 73V Thigp 2T 40Ty e (A.20)

I' (A B|I| $C)
—2(q3-2) \%; TA B I 5E' )-

Now we have expressions in terms of torsion for all irreducible compo-
nents of the Weyl curvature (up to its harmonic part). We can omit the use
of V’s and ¢’s and rewrite these results using only the components UnpE e
and Uy, and algebraic operations applied to its indices.

Lemma A.2. The components of the Weyl curvature Ugy®. = UabEcég —
Uabclp;/(sg satisfy the following equations.

’ / ! I 1 ’ ! /
B'I B'I B'I
Ui 1= -Uip I’:q+2vITABI’
I'A'B ., T'(A'B") _ [A'B1I __ (A'BYT
Uscy r=Usc r =Uis oy=Uripg =0
g UAB) _ (AB 1TI’(A’\J\ B)J'T
(BC) ' “I(B C)_51(8|J/| c)Jr
raA'Bl _ AaBr 1 A BT
U[B c = U, B C] — q+4TI [C|J*BlJI
(A'B'C") 1 (¢ A B)I 2 (C'AJ| BT
U[AB] E/__q_QVI ABE’+q_2TI[A|J’| B] J E
L grp(aB s¢)
+ 2 — 4VI TAB I 5E/
IR0l 2 1Y ARG /
A'B'C' I'C'J| m[A|J'1] ¢B']
Uab)y &= _5T1 @l Ley g1 0 (A.21)
[A'BN1E _ ,I'|[A'J B'|J'E I'[A"J B'J'E
Uy B C] — T, [C\J’|TB} JIr - T[A C|J*BlJT (A.22)

A/[B/C/] S 1 ! A/[B/|I| C/] 1 I/A/J [B/|J/I| C/]
Uap B~ _mvf Ty 'p o + mTI[cmTB] 0 (A23)

L 1A BT B L 1A BT B
g+4 1A 7l o)+ q+4TI (a1 Lp 17 19¢)
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(A/B/)E . 1 / /B/E 1 I/(A/J B/)J/E
U[A B ] ZV[CTA Bl I' §T[c AJTBlJTI
]. ! ! II E
T agro) V1 o
(A’'BYE I' mA'B'E I'(A'J ~B")J'E
UA(B c) 7V(CTB)A rt+Ty (c J’TB) Jr (A.24)

1 1A g-BYJ' T g LWl (AJ| BT B
+ §T1A|J'|T(BJ1/‘SC) + QTI B o lo oA

1 I'mA'B'I <E
PROOF. Taking various traces in the defining equations (A.2)) for ¢’s and
V’s yields

A'B'T _ A'BT A'B
Uig '1=-Uip 1=-2dVip

IA'B A'B | 1 I'AB A'B
Upc’r=wvBc”™ 7 +Vpe” p+dVg e

ABT _ _A'B' I ABT oy AB
Urg ‘c=€¢" "B e+ Vig'c—2Vig

Here we used that 45 = 0 according to (A.8)). From the second equality

and (A.14]), we conclude

I'(A'B’)

I'/A'B"] .
Usey 1 =Upc v =0
I'A’B") A'B’
U(B c) = YBC )
I'[A’B'] _ {,I'|[A'B]
U[BC] I _VBC g

and the third one together with equations (A.10) and (A.13) implies

[A'BNT_ (A'BNT
Ul o _UI[B =0
(A'BI  _ 1,A'B
U, (B C) Vi (5 IC)’

Apl _ ap I
1B ¢ ¢ ¥IBC]

Taking suitable algebraic operations in (A.2]) gives the following expressions
for the non-trace terms.

Uits w=Vis ptaViy oy,
U[QI[BJ;]EC] _ GA’B’()OA[BECP
U[%IBB/)EC] - V[ﬁlg/EC] - 2‘/[32/55]
UG = VAL — VRO,

For the remaining components of the Weyl curvature, we have

13>Yali / ’ 1Al B’
U(A B'C A'B ¢ = —290ABC (A 513']

!
AB) E —€  ¥AB
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and

AB'CY < SABIC A[B O G TAB O] A[B ]
Uap #=Vap wTVapop =Vip 19 +dVy g g

The rest is a direct consequence of equations (A.9), (A.15), (A.16]), (A.17),
(ATS), (A19) and (A20). 0

Corollary A.3. In the torsion-free case, the Weyl curvature Uy,©. satisfies

Uap®c = Wap® e P55,
for some Wag¥o € 55430)0[—1],
By (A.1)) and by equation (1) in the previous lemma, we have

Corollary A.4. The skew-symmetric part of the Rho-tensor associated to

an exact Weyl connection satisfies
—2(q 4 2)Ppp) = ViTa'. (A.25)
In particular, it vanishes in the torsion-free case.

Differential Bianchi identity. According to proposition the dif-
ferential Bianchi identity has the form

V[a]%bc]ed - T[abec}fed =0.

We assume in this paragraph that the Weyl connection V, is torsion-free.
Then the differential Bianchi identity simplifies to V{,Rq°¢ = 0. Now we
rewrite this equation using the structure of the Riemannian curvature Rp g
described in Namely, we replace Rpc¢q by Upc€q— O(P)pccq which yields

ViaUs%d = Va9 (P)pa (A.26)

This equivalent reformulation of the differential Bianchi identity can be fur-
ther simplified because the vanishing of the torsion implies that by the
only non-zero part of Uy is its harmonic part WapPfc € 55430)0[—1].
Hence if we set

Qabe = 2v[an]c7
we conclude from ({A.26) the following.

Lemma A.5. In the case of a Grassmannian geometry (i.e. the torsion-free

case), the differential Bianchi identity implies

apc 1 apoe E
QABC_I_QE VEWag"c,

where Wag® ¢ is the harmonic part of the curvature lying in gch)o[_I]'
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PRrROOF. It follows from the previous discussion that the left-hand side

of (A.26]) equals
]. el / /
5 D VAW P pop
cycl(abe)
while the right-hand side equals

1 / '/ =%
5 D (“PEE0R0p+PE R 0505 — PR 0605 + PCT 050k)

cycl(abe)

according to equation (2.6 for O(P). Now it is useful to use the tensor Qgp.
in order to expand this sum. Then we get that equation (A.26)) is equivalent
to the equation

el / ! 1 Al ! / 'R/ ! /
eB'C V‘g Wg oEpéE + @' VEWe 4 pdE + eA'B Vg W, gEpoE,

—QA/B/DI(S E—QAIBC/(S 6E+QA’C’D’5 55

ABC ABD ACB
A'C'B’ B'C'D’ B'C'A’ E
+QAC’D6 QBC’A(s QBCD(S 5A

Now the claim of the lemma is obtained from here by taking suitable traces
and algebraic operations. Namely, taking the trace over D’ and E’ yields
QEB/C,Vﬁ/WB CED + 260lA/VngC AED + 2€A,B/Vg/WA BED

A'B'C’' SE A'B'C’ s A'C'B' SE
_QABC(S _2QABD QACB‘5

+2Q4C P05 — QEE A 08 — 205 € 5ok
and since
—Qabe + Qach — Qvea = Q[abc = [ Pbc} =0

in the case of vanishing torsion, the previous equation is equivalent to

B'C' g A’ E A" B' E A'B o C' E
BOVIWE o+ e AVEW JEp + e PVEW, 55D

A'B'C' sE A'C'B' sE B'C'A' SE
ABD5 +QACD5 QBCD5
Now the trace over C' and F yields
A'B' >C’ E A'B'C’ A'C'B’ B'C'A’
T VEWapTp=—0Qupp +Q@upD ~@paD (A.27)

since the tensor W is trece-free. The tensor Q)4 is skewsymmetric in the first

two enteries and so it splitts as Q = Q' + @Q?, where (Ql)ﬁ/g/g Qfﬁg/ )<

and (Q2)£/g/g/ QE’:% . Then the symmetrization of (A.27)) over A’, B’

and C’ implies

A'B'C’
(Ql)(A B D) =0

and the alternation of (A.27) in A" and B’ gives

eAIB/VClWA B D= —QQA Y ]C + 2QE€1 g = (1- q)(QQ)ﬁlg/gl
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since 2(Q2)[3/§,|§] (Q2)A/B/C . The alternation of (A.27) in B" and C’
leads to
" —C’ A'[B'C B'C"A!
6Au3thVABED::*( )QAB Q%AD

which is equivalent to

1 ¥all ’ A'[B'C’! q—l 1 AT
—5POVEWA 5 D = —(a+ QY+ 5 (@)FE D

2 2
Inserting the previous equation for Q? into this equation yields
1A' [B'C’
(Q)A%D]:O

All together, we have got

A/B/Cl 2 A/B/C/ 1 A/B/ C/
QA BC — (Q7) = € \4






APPENDIX B

An analogue of Q-curvature

In the first part we give an alternative construction of the invariant op-
erator D : & — HHE4[—2] in the torsion-free case. In the second one we use
this construction to prove proposition which shows the existence of an

Grassmannian analogue of the conformal Q-curvature.

An alternative contruction of D. We will proceed along the lines of
[12] where the second power of conformal Laplacian is constructed since this
is the conformal analogue of our operator D. In contrast with the previous
construction, where we used an operator for splitting the tractor bundle FH&,
induced by curved Casimir operators, we will use an operator for splitting the
tractor bundle A€, and then we act by the analogue of conformal Laplacian.

So let us start with the tractor bundle A&, instead of FHE,, and let us
compute the action of T*M = Eﬁl and TM = 2, on it. It follows from
the elementary action of Y € T*M and £ € T'M on the costandard tractor
bundle &, = E4 & £4 that the action on

A&, = EN) G EL (1] & Eup

is

f 0 f —Eqny
Telwd [ =] -Ydr | & ud | = | Bpape??
PAB QT[LX Mg]/ €A B PAB 0

Now it is easy to express the action of the tractor connection, fundamental
derivative and the differential part of the curved Casimir operator on A2&,.
The tractor connection is defined by Vlt = Vyt + P(¢)) ot + £ o ¢t which
yields

f VA i
THA ’ _ ’ ’ 125% 2=
(VA | W | = [ VA uE —PIE f— et pap (B.1)
pPBC V4 pee + 2P2"£lug]’ €BCr

The differential part of the curved Casimir operator C equals —23, ol e
(Vy,t+P (1) ot) for alocal basis ¢! of T*M and its dual basis 1/!. Therefore,

111
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the action of C on A&, can be written as

/ cof
cluy|= apy +2V4'f
PAB copap — AV e +4PLE fean

where ¢, c1, ca are Casimir eigenvalues on the irreducible bundles £[1], £4’[1]
and A€, respectively. Obviously, the same formula holds for the action of
C on A%2E,[w] but the eigenvalues become polynomial in the weight w. It
follows from the computation of Casimir eigenvalues in the previous section
that the differences to the first eigenvalue are

0
—2w —2
—4w — 8
and so there are two degenerate cases — the first one is w = —1 and the

second one is w = —2.

In a non-degenerate case, the operator (C—c;)(C—c2) induces an invariant
splitting Sy, : E[w+1] — A2E, [w] which is an analog of the conformal tractor-
D operator. Using the formula for the curved Casimir displayed above, we

get
(w+1)(w+2)f
Sw(f) = (w+2)V4f
*Vﬁvg]’feA/B/ + (w+ 1)Pﬁl§,fEA/B/
In the case of w = —1, we have ¢y = 0 (the corresponding bundle is the
bundle of functions on M in such a case), ¢c; = 0 and ¢o = —4. Therefore,

C induces an invariant operator £ — Eﬁl/ which is the exterior derivative of
course. The splitting operator S_1 : & — A%2E,[—1] is induced by C(C + 4)
and has the form

0
S_1(f) = vA'f
—v[ﬁ{;vg}’ fean

We observe that the operator S_; factorizes through & ﬁ‘/ and so we can view
it as an operator Sf/ — A2E,[—1] acting on Vﬁ,f.

Since we have ¢yg = co and ¢; = ¢y + 2 in the second degenerate case
w = —2, the operator (C — ¢p)(C — ¢p — 2) induces an invariant operator



B. AN ANALOGUE OF Q-CURVATURE 113

Ouap : E[-1] — A2E4[-2]. Tt follows form the formula for curved Casimir
that
Ao B’ A'B’
DAB = EA’B/(V[AVB} + P[AB])
This is a strongly invariant operator and so we can replace the connection
V4’ by the tractor connection (V7)4". We obtain an invariant operator

DZB acting on weighted tractor bundles of the weight -1. Therefore, we can

construct the invariant operator
OhpoS_1:&— A28, ® A%E,[-2]

The target space has the following composition series.

HeEa[-2]
ENEAFEA[-1T] i

A2E, @ N2E4[—2] = N2Ea[-1] & @ ¢ Feu-2
EAN3EH[-1] ®

A1EA[-2]

Using the formula for the tractor connection given above, we make the for-
mula for DZB o S_1 explicit. It is easy to show that we get zero in the
projecting slot A2£4[—1]. In the two slots in the middle, we get an expres-
sion which also vanishes in the torsion-free case. Therefore, we can project
0% 5oS—1 to EHEA[—2] which yields an invariant operator € — FHEA[-2]. Tt
turns out that this operator coincides with the operator D and so we obtain

an alternative construction of D which yields also a new formula for D.

Proposition B.1. The action of the operator DZB oS_1 on f €& is given
by

0
DhpoSa(f) = 00
D(f) [ = | =*

PROOF. We compute the action of 07 5 on S_;(f) explicitely using the
expression for the action of the tractor connection. Then we show that only
the slots in the bottom are non-zero and that we obtain the formula defining
the operator D in the slot corresponding to FHEA[—2].

The action of

/

Ohp =ean (V)4 (V5 + ean Pl
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on the section

0
Sa(f) = VS f

—v%vg}’ fecrpr
of A2£,[—1] is obtained by a double use of the expression (B.1)) for the action
of tractor connection on A%E,. In the first slot, we get

e (-Vi4VE = VEVE — e PecpVHVE) =0
In the second slot, we end up with the expression

eA/B/(V[A/VB/VC/f vC’vA/v | f 3V VA/VB}' f 52)

Pae Vil +PEA VR +PABYVE =3P A VEY)

which defines an invariant operator £ — E&IB} ¢~ Now we split this formula
into the irreducible parts according to 5[?4/3}0 = 5[?4/30] @ gBC;EABC)' The
component in 5E€EABC) can be written with the help of the projection Ilg
defined in (3.14)) as Iy applied to

Vavbvcf - vcvavbf + Pacvbf + Pcavbf + Pabvcf-

It follows from the proof of lemma [3.5] that the part with the Rho-tensor
equals 9(P)ap®Vef. Moreover, the first two terms can be rewritten by ap-
plying twice Ricci identity, and so the last expression may be written as [Igp
applied to

_va(Tbcevef) - Tacevevbf + Racbevef + a(P)acbevef-

Now we observe that in the torsion-free case the first two terms vanish and
the second two sum up to U,pVef. The Weyl curvature is by equal
to Uyely = Wact ge?' 53 for some Wacfp € S(ACB) [—1] and thus the
term Uypp®Vef is maped to zero under Iy by the definition of IIg. Hence
we conclude that the projection of to EE(;E ABC) vanish. Similarly, the
projection of to the slot corresponding to 5[?4/301 yields

eap(— U[AC,B/ wVE [+ T‘Z‘{%]E/V g]/f)

which also vanishes in the case of vanishing torsion, and so the whole formula
(B.2)) appearing in the second level of DZB o S_1(f) vanishes. In the bottom

level, we get
eapecpAltapg o AltCD( VA VBIVCIVD/]C + 4PB/C’VAIVD/f

2PNV - PAEVEVE f+2VAPEEVES)
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Since
Altep(PLEVGVD 1) = A’B’vc’v - g’[g’vc’vgjf,

the projection of the bottom slot to SEE(ABCD)[—Q] can be obtained by ap-
plying the projection ITg defined in (3.20) to

_vavbvcvdf + 4Pbcvavdf - 2Pabvcvdf + 2(vanc)vdf~

But up to the sign this is formula (3.25]) for the operator D. O

Proof of proposition Now we use the alternative construction
of the operator D from proposition [B.1I]to construct an analogue Q of the Q-
curvature in such way that the form of its transformation becomes obvious.
At first, let us choose a scale and consider the following non-invariant section
of the tractor bundle A%2&,

-1
I° = 0

/ !
P[Cé D] €c'p’

The reason why we assume such section is that it has a special transfor-
mation. Namely, its linearized transformation under the change of Weyl

structure described by a one-form Tﬁ' is

0
6(17) = e
~VEYBecrp
From here we see that if Tﬁ' is an exact form given by Vﬁlw, we get

0(I%) = S_1(w)
Now we form 0757 which is a section of A2€4 ® A2%E,[—2]. Then the
previous equation together with the invariance of DZB imply

§(Ohpl7) = OhpS-1(w) (B.3)

In the perspective of proposition this equation says that DZBI 7 trans-
forms in the bottom-slot of A2£4 ® A2E,[—2] only and, moreover, the piece
which corresponds to HHE4[—2] transforms essentially via D(w). In order to
state this properly, we compute DZBI 7 explicitely.
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From the definition of DZB, we get

-1

!

17 = (e (97

!’ ’

C'D
—Plopyecrpr

Let us compute the leading term first. From equation (B.1)) for the action of
the tractor curvature, we get

-1 0
T\B’ _ el 1V /
(V )B 0 - Pg g + EB ¢ P[Eég} ER'EY
C'D! B'pC'D’!
_P[C'D} €c'p’ —VB P[C’D} €c'p’

and the action of (V7)4 on the resulting section yields

B'A’ B'A'pE'F'
*PBA — € P[BA}GE’F/

A'pB'C’! B'C'xgA'pE'F' A'C'oB' pE'F’
V4 PBC +€ V4 P[BC]GE/F'+€ Vg P[AC]EE'F’

A/ B/ C/D/ Alcl BIDI A/Bl C/D/ A/Bl CIDI
(=V4 VB Piep +2P4c Pisip) — Pae Pisip + P Pojg Jecrn

We see from here that the first slot of DZBI 7 equals

BA_ BApEF A
eap (=Pipa) — € " Plga€eer) — eanPyp =0

while the second one equals

/

A'pB'C’ C'pA’'B’ C'pA’'B’
ean (ViuPre +ViuPre — ViuPion)
_ A'pB'C’ C'pA'B C'pA'B’
This slot corresponds to the bundle £ 4p ® Eg/[—Z] which splits into two
irreducible parts. The first one is 5[?4/30] [—2] and we find easily that the
projection of the formula to this part equals
(C' o A)B’
And since we consider the torsion-free case, this is by equal to
1 1 Al /
1760 A Vg W[C AEB] =0.
—q
The other part of the second slot lies in Eg E ABC) [—2], and it can be obviously
written as Ilg applied to VoPpe — VPg4p. Since we consider a torsion-free
case, the Rho-tensor P, coincides with its symmetric part Sy, and so lemma
(which is also a consequence of [A.5]) shows that V,Py. —V Py = 0 mod
Ker(ITp). Thus we conclude from the differential Bianchi identity that the
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whole second slot vanishes. The third slot of 07 51 lies in Elap @& cp)[—2]
and equals

AltAB oA]tCD(_Vﬁ,vg/ Pg/g/ + 2Pﬁ/g/ Pg/g/ . Pg/g/ Pé/g/

C'D'pA'B’ A'B'pC'D’
+PAC PDB —P P )EA/BIEC/D/

AB CD
_ AltAB OAltCD(_Vﬁlvg/Pglg/ + QPQIgl Pglgl _ 2P£l§/ Pg/g/

A'B'pC'D’
+ 3PA[B PC D})EA/B/GC/D/.

We conclude from this formula that its projection to Egapcp)[—2] can be

written as IIg(Q)apcp where
Qabed = —VaVpPeq + 2PucPpg — 2PupPea.
Since we have just proved
0
Ohpl® = 00 ,
Qapep | * | *
and from [B.1] we know
0
OhpS-1(w) = 0]0 )
D(w) | * [ *
it follows from that
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