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Abstract

We study first BGG operators and their solutions on homogeneous conformal
geometries. We focus on conformal Killing tensors, conformal Killing—Yano
forms and twistor spinors in particular. We develop an invariant calculus that
allows us to find solutions explicitly using only algebraic computations. We
also discuss applications to holonomy reductions and conserved quantities of
conformal circles. We demonstrate our result on examples of homogeneous
conformal geometries coming mostly from general relativity.
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1. Introduction
Conformal Killing tensors, conformal Killing—Yano forms, or twistor spinors, i.e. conformal
Killing spinors, play an important role in general relativity, [21, 34, 35, 37, 40]. Recently, it

is shown that all of these can be viewed as solutions of so—called first BGG operators on con-
formal geometries, [8, 29, 31]. Moreover, there is a distinguished class of normal solutions of
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the first BGG operators having additional geometric interpretations, [11]. First BGG operat-
ors form an important class of conformally invariant differential operators defined on specific
bundles X — M over conformal manifolds, [5, 7, 8, 29].

In this article, we develop an invariant calculus for first BGG operators on homogeneous
conformal structures (M, [g]) and demonstrate its use in several important examples coming
from relativity. We consider homogeneous conformal structure [g] of signature (p, ¢) on a con-
nected smooth manifold M of dimension n = p + g. This is an equivalence class [g] of pseudo—
Riemannian metrics of signature (p, ¢) spanning a line subbundle £[—2] € (O T*M such that
the group of conformal symmetries of [g] acts transitively on M. Due to the homogeneity, one
can expect all the computations to be pulled back to a single point and then encoded as algeb-
raic objects. The main result of the invariant calculus we present here can be summarized as
follows.

Theorem 1.1. Let (M, [g]) be a conformal geometry with signature (p, q) and consider a first
BGG operator on a bundle X — M. Suppose K is a Lie group of conformal symmetries of [g]
acting transitively on M and let H be the stabilizer of a point x € M. Then there are represent-
ations ¢ : K — GI(G) and p: H— GI(X) and an H-equivariant projection 7 : G — X such
that

(X = M)= (K x,mX—K/H),

and for each v € G, the section of X induced by the function
K—X, ke n(pk)~'(v)

is a solution of the first BGG operator on the bundle X — M.

We prove in theorem 3.1 a local version of this theorem that provides representations ® : £ —
gl(S) and dp : h — gl(X) and an h—equivariant projection 7 : S — X describing the set S of
local solutions of the first BGG operators, where £, h) are the Lie algebras of K, H, respectively.
The maximal subrepresentation G C S of ¢ that can be integrated to a representation ¢ of K
then provides the global solutions. We summarize in section 3.3 an algorithm for computing
the solutions of the first BGG operators using theorems 1.1 and 3.1. Let us emphasize that the
algorithm can be straightforwardly implemented using a computer algebra system and in fact,
we use Maple for our computations.

Let us present here several key facts: As we recall in section 3, the projection 7 comes from
the tractorial approach to BGG operators, [2, 24, 29]; each first BGG operator is encoded by
an (irreducible) representation

p:so(p+1,q+1)—gl(V).

Then X can be identified with the co(p, g)-module of the lowest weight in V, which is usually
called the projective slot. Since the sets of solutions are identified with subsets G C S C V, it
follows that 7 is induced by the natural projection V — X.

The representations ¢ and du can be algebraically computed, as we show in the proof of
theorem 3.1. The data we use in the computation consists of the representation p and a linear
map

a:t—=so(p+1,q+1),

called conformal extension, that can be associated with each homogeneous conformal structure
with a signature (p, ¢). In particular, the map « restricted to  is a Lie algebra homomorphism
de: b — p, where p is the Poincaré Lie subalgebra p of so(p+ 1,g+ 1). Since the repres-
entation p|, can be restricted to X, we obtain dy = pl, o de. Let us remark that the tractorial
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approach to BGG operators in the global setting involves topological obstructions requiring
the existence of a Lie group P with the Lie algebra p for which the Lie algebra homomorph-
isms p|, and dv can be integrated. In our approach, the integrability of du follows from the
existence of the bundle X and we only need to discuss the relation of the sets G and S.

In section 2, we introduce conformal extensions in detail. We describe how to find the
conformal extension associated with a homogeneous conformal structure in proposition 2.1.
We show in sections 2.3 and 2.5 that conformal extensions provide a complete local description
of both the conformal geometry and the associated Cartan geometry, [13]. In particular, there
is a distinguished complement ¢ of § in € that determines suitable exponential coordinates

c:c—M

and a coframe e* : Tc — R” that provides this local description explicitly. We illustrate this
concept on the example of the conformal class given by the famous Gédel metrics, [26], in
sections 2.2 and 2.6.

We prove our main results in section 3. In section 3.4, we discuss in detail how to use the
exponential coordinates ¢ and the coframe e* to describe the bundle isomorphism (X — M)
(K X () X — K/H) and the solutions of the first BGG operators in the local coordinates. We
illustrate this in proposition 3.2 by computing the solutions of several first BGG operators for
the conformal class of the Godel metrics including e.g. Einstein scales or conformal Killing
2-tensors.

In sections 4 and 5, we compute solutions and normal solutions of the first BGG operators
on further examples and also discuss several of their applications. In section 4, we discuss
holonomy reductions provided by normal solutions of first BGG operators, [12]. We provide
three particular examples which are conformal classes of submaximally symmetric pp—wave of
signature (1,3), [18, 20], a non—-reductive version of Godel metric, and an invariant metric on
the Lie group GI(2,R). In the pp—wave case, we describe all normal solutions for all first BGG
operators and determine the holonomy reductions induced by Einstein scales, twistor spinors,
and normal conformal Killing fields. In the case of non—reductive Godel, we also describe all
normal solutions for all first BGG operators and determine the holonomy reductions induced
by twistor spinors and normal conformal Killing fields. In the remaining case, we discuss the
holonomy reduction provided by a normal conformal Killing field that relates this example to
CR geometry, [10].

In section 5, we discuss the application of conformal Killing—Yano 2—forms for finding
conserved quantities on conformal circles, [1, 19, 25]. We consider two examples which are a
conformal structure on the 3—dimensional Heisenberg group, called Nil in [39], and a symmet-
ric space with the split version of the Fubini—Study metric. We compute conformal Killing—
Yano 2—forms, determine the conserved quantities, and discuss how to use them to obtain an
explicit description of the conformal circles.

Since the formulas for first BGG operators in local coordinates are not available in the
literature in many cases, we describe in appendix A how to find such a formula in the expo-
nential coordinates c. We also provide in appendix B an explicit example of computation of
the prolongation connection that is part of the algorithm from section 3.3.

1.1. Notation

Let us fix some conventions that we use throughout the article. We fix the scalar product g on
T:=R"2, n=p+q,p < q, given by the (1,p,q — p,p, 1)-block matrix
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00 0 01
00 0 I, 0
g=10 0 1,, 0 O],
01, 0 0 0
10 0 00

where I, denotes the identity matrix of order r. We fix the Lie algebra so(p + 1, + 1) as the
Lie subalgebra of gl(T) preserving g, i.e. so(p+ 1,4 + 1) consists of elements

a b c d 0

u A E F —d'

v C B —-E -, (SO)
w D —C —-A" —P

0 —w -V —u -—a

where a € R, A € gl(p,R), Beso(q—p), C,E' e RF* @RI, D, F € s0(p), u,w,b",d € R?
and v,c¢’ € R97P. We have several reasons for this convention and summarize them as follows.

e The subalgebra R" C so(p + 1,4+ 1) consisting of (u, v, w)—parts of (SO) together with the
scalar product

0 0 I,
Upg= |0 Iy—p O
L, 0 0

provides a linear model of conformal geometries, i.e. conformal coframes are (local) maps
TM — R" mapping the conformal class [g] to functional multiples of v, .

e The subalgebra co(p,q) C so(p+ 1,q+ 1) consisting of (a,A,B,C,D,E, F)-parts of (SO)
is the Lie algebra of the conformal group CO(p,q) preserving the scalar product v, , up to
multiples.

e The remaining subalgebra R™ C so(p+ 1,qg+ 1) consisting of (b,c,d)-parts of (SO) cor-
responds to the first prolongation of co(p,q). Note that the duality between R” and R™ is
provided by the Killing form of so(p + 1,4+ 1).

e The diagonal of so(p+ 1,4+ 1) forms a Cartan subalgebra and the corresponding root
spaces are compatible with (SO). In particular, all negative real root spaces are below the
diagonal and positive ones are above the diagonal and p := co(p,q) & R"* is the Poincaré
(parabolic) algebra.

Since there will be formulas involving simultaneously Lie brackets from so(p+ 1,q+ 1)
and other Lie algebras, we use the notation { , } for the Lie bracket on so(p + 1,g + 1) and the
notation [, ] for the Lie bracket on other Lie algebras in question.

Further, we denote by @S T the highest weight component of the symmetrized product of
k copies of T, and by A*T the skew—symmetrized product of k copies of T. We denote by ID or
D* the spin or half-spin representations of so(p 4 1,q + 1), respectively. For a general tensor
product V of such representations, we denote by X/(V) the highest weight (Cartan) component
in this tensor product.

The restriction of p: s0(p + 1,g+ 1) — gl(V) to p induces a filtration V' of V, where i are
the half-integers determined by the action of the grading element which is given by (1,n,1)-
block matrix
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Precisely, the eigenspaces V; = {X € V: p(E)(X) = jX} define an associated grading V; to
the filtration V/ = D>, Vi Each V; is a co(p,q)-representation and, if p is irreducible, then
X is irreducible co(p,q)-representation V; with minimal j. Such X is a tensor product of an
irreducible representation of so(p,q) and one—dimensional (—w)—eigen representation R[w]
of E.

Finally, the line bundle £[w] of conformal densities of weight w is (if it exists) the (—%)—th
power of A"T*M.

2. Homogeneous conformal structures

2.1 Description of homogeneous conformal structures

Classically, a K—invariant conformal structure [g] of signature (p, g) on M = K/H is encoded
in a non—degenerate element

2
g€ ()E/b*
of signature (p, q) that is preserved by the isotropy action of the stabilizer H of o € M up to a
positive multiple. Then a linear isomorphism
a1 :T,M=¢t/h > R"
such that g, = a* |1}, 4 induces a Lie group homomorphism
to: H— CO(p,q)

and identifies the bundle of conformal frames (i.e. the CO(p, q)-structure on M) with the bundle
K % i1y CO(p,q). Thus the map a_; contains all the information about the conformal geo-
metry, but to encode all the information we need, we extend ov_; in the following way.

Proposition 2.1. Let (M, [g]) be a K—homogeneous conformal geometry and H C K a sta-
bilizer of a point o € M. Let a_y:T,M =1t/h — R" be a linear isomorphisms such that
a* vy 4 € [8lo. Then there is linear map o : € — so(p+ 1,q + 1) such that

(1) {aY1),a(Yn)} —a([Y1,Ys]) =0forall Y, €€,Y, €D,

(2) a(t/h) =so(p+ 1,9+ 1)/p and moreover, the restriction of o to a map £/t — R" along
p coincides with a_j,

(3) the curvature

k(a(M) +p,a(Y2) +p) == {a(N1),a(Y2)} — o[V, T2])

in N’R™ @ s0(p + 1,q + 1) satisfies the normalization condition

> {Zik(a(Y) +p.a(X;) +p)} =0 (Nor)

1

for all Y € £, where the elements X; € € are representatives of a basis a_(X;) of R" and
the elements Z; € R™ form the corresponding dual basis.

Proof. The existence of such « follows from [13, theorem 1.5.15] and [13, theorem 1.6.7].
We provide here an explicit construction of such a we will use later. Let us emphasize that all
the conditions listed below lead to linear equations that can be always solved.
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We pick a complement ¢ of ) in € and getamap cv_; : ¢ — R" C so(p+ 1,¢ + 1). Without
loss of generality, we can assume dug: h — co(p,q) C so(p+1,q+ 1) is injective because
otherwise, there is a conformal Killing field with higher—order fixed point which makes the
conformal geometry flat. Then £ is a Lie subalgebra of so(p 4+ 1,¢ + 1) and « is just the inclu-
sion. This altogether provides an associated graded map

a_1+dp:t=cdh—oso(p+1,g+1).
Next, we extend d¢p to a map de : h — p by a linear map h — R™ such that the component of

{a—1(Y1),de(Yn)} — (a—1 +de)([Y1, Ya))

in co(p,q) vanishes. This provides an injective Lie algebra homomorphism d¢ : h — p that
satisfies {a_1(Y1),de(Yn)} — (=1 4+ de)([Y1,Yn]) = 0 modulo R™ for all Y; € ¢,Y), € h.
Further, there is a linear map «ay : ¢ — co(p,q) such that

{(a—1+ ap)(Y1),de(Yn)} — (-1 + g+ de)([Y1,Y4]) =0

for all Y; € £,Y), € b and such that the component of the normalization condition (Nor) in
co(p,q) computed for v + g + de instead of « vanishes. Note that «y is not unique and one
can usually observe some freedom depending on the a—part in the block description (SO) of
a9 which we can fix arbitrarily without loss of generality.

Finally, we add a linear map «; : ¢ — R"™* such that the component in R™* of normalization
condition (Nor) vanishes for o := a1 + a9 + 1 + de. Such « then satisfies all the conditions
(1)—(3) of the statement. O

Based on the above proposition, we adopt the following terminology.

Definition 2.1. We call a linear map «: € — so(p + 1,q + 1) a conformal extension (of (¢,5))
if it satisfies the conditions (1), (2) of the proposition 2.1. We call the tensor x from point (3)
of the proposition the curvature of the conformal extension o and we say that the conformal
extension is normal if the normalization condition (Nor) is satisfied.

For a conformal extension « of (&,§), the restriction of o to a map a_; : £/ — R" along p
provides g, := o v, 4 € ®2 t/b*. If K,H are Lie groups with Lie algebras ¢,h and H is a
closed subgroup of K, then the component of identity in H preserves g, up to a multiple. Thus
if also the other connected components in H preserve g, up to a multiple, then K/H carries a
homogeneous conformal structure associated with the conformal extension .

2.2. Conformal extension for Gédel metric

Let us consider conformal class given by the famous Gddel metrics, [26], on a manifold M
with coordinates (t,x,y,z) that is either R* or §' x R? with r mod 4+/27. We pick the following
representative Godel metric

1
g=—(dr+e'dy)> +dx’ + Eehdy2 +dz%.

The Lie algebra of conformal Killing fields of [g] is generated by the time translation 9;, two
space translations 0, d; and further two vector fields 9, — yd, and (2 —2¢™)0; + yo, — (1 +

% — e7?),. The flows of the first four vector fields act transitively on both R* and S! x R3.
The last vector field vanishes at the origin 0 = (0,0,0,0) and is complete only on S' x R3.

6
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Let us fix the following Killing fields
1 1
ki = 0.4 8, ky:=08—ydy, ky:=V2(d,—9,), ky:= —50i+ 50,

because these induce a linear isomorphism o : T,M = £/ — R* such that

000 1

. .01 00
So=@MIa= 110 0 1 0
1000

Further, we choose hj:=(2—2¢ )0, +y0,— (1+ % —e )0, in the stabilizer which
allows us to parametrize € as € = x;k| + x2ky + x3k3 + x4ks + x5h|, where the Lie bracket in
¢ is minus the Lie bracket of the corresponding vector fields, i.e.

1
V2
Lemma 2.1. The normal conformal extension o : ¢ — s0(2,4) corresponding to the Gidel
metric according to proposition 2.1 is a(xy,x2,X3,%4,X5) =

ko, ks] = —=ki + ks — V2ka, [ka,li] = —hy — V2ks, [ks, ] = V2ka.

[0 —Jxi+ x —1% — 5% §%1 — g% 0 ]
X1 0 %Xa — %XQ 0 — %xl + %M
X2 %Xs 0 %xl —x3— %m +/2xs5 —%,@ lexz

X3 —%Xz _§xl +x3+ %M —V2xs 0 %xz Lx;

X4 0 *% 2x3 %xz 0 %x. - %M
_0 —X4 —X2 —X3 —X1 0 |

with the curvature H(a(xl7-x27x37x4ax5)7a(ylayZ,y3ay4ay5)) =

[0 —§223 —%Zw - %134 %le + %224 %ZB 0 |
0 iz, —¢212 — 5213 0 Y22
0 —¢2 0 3223 24P %134 + 27,

;
0 —¢z 1203 0 iz —§224 - %le
0 0 24 £734 —1z Vo
10 0 0 0 0 0 i

where we write z;; = X;y; — X;Yi.

Proof. Elements ki,k;,k3,k4 span a complement ¢ of f in € and o (Z?:l x;k;) is element of
R* with coordinates (x1,x,x3,x4). This induces the given dig(xsh;). Then, as in the proof of
proposition 2.1, we compute that de = di (because the decomposition ¢ & b is reductive) and
compute the given oy, o], where we choose a = 0 for the a—part in (SO) of «y. The curvature
is computed directly by definition. O

2.3. Homogeneous conformal structures in local coordinates

We would like to employ suitable exponential coordinates for our computations and therefore,
we shall consider a decomposition of the Lie algebra £ to subalgebras where the exponential
map can be easily computed. In general, one can always consider the Levi decomposition of £

7
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and the Iwasawa decomposition of a maximal semisimple subalgebra of €, [13, section 2.3.5].
We group these decompositions into a decomposition £ = [ & a & n, where

(1) l'is a maximal compact subalgebra of a maximal semisimple subalgebra of €,

(2) ais a maximal diagonalizable subalgebra (over real numbers) of €,

(3) n is the sum of the remaining nilpotent part of the Iwasawa decomposition of a maximal
semisimple subalgebra of £ and the remaining part of the radical of ¢ that is not diagonal-
izable subalgebra (over real numbers).

Then, we can find (using simple linear algebra and root space decomposition of the maximal
semisimple subalgebra of £) a complement ¢ of h in £ with the following properties

Cl c=(cNl)®(cNa)® (cNn) with dimension ¢ N[ minimal possible in the case we are
interested in local properties or with dimension ¢ N [ maximal possible in the case we are
interested in global properties,

C2 each element ¢ N[ can be written as a sum Ly + --- + L; for some basis L; of [ such that
exp(L;) can be easily computed.

Definition 2.2. We say that C : ¢ — M are exponential coordinates compatible with the decom-
position € =@ a  nif ¢ is a complement of  in € satisfying conditions C1 and C2, and C is
defined by

c(X) :=exp(Ly)...exp(L;)exp(Xq)exp(Xn)o

forX=Li+-+L+Xq+Xn € (cNI) @ (cNa)® (¢Nn). We denote by € : ¢ — K the cor-
responding natural lift

C(X) =exp(L1)...exp(L;) exp(Xq) exp(Xn).

As the first application, these exponential coordinates allow us to (locally) construct the con-
formal class with prescribed associated conformal extension.

Proposition 2.2. Let «: ¢ — so(p+ 1,q + 1) be a conformal extension of (¢,5) and let ¢ be a
complement of Yy in € satisfying conditions CI, C2. Ife* := (e',...,e") : Tc — R" is a coframe
given by ai_y o C" wy for the Maurer—Cartan form w of some Lie group K with the Lie algebra
¢, then the conformal class [e*v), 4(e*)'] on ¢ is locally homogeneous conformal geometry with
associated conformal extension .

Proof. Under the assumptions of the proposition, we have the lift ¢: ¢ — K and thus we
can pullback the Maurer—Cartan form wg : TK — € on K to €*wg : Tc — £. So after compos-
ition with o we get a map Tc — so(p+ 1,g+ 1) and thus a_; o € wy is a coframe e* :=
(e',...,e") : Tc — R". This defines the conformal class [¢*1, ,(¢*)] on ¢, which by construc-
tion is locally homogeneous with associated conformal extension «. Indeed, if we assume
that ¢ : ¢ — K/H are exponential coordinates compatible with the decompositiont =[G a® n
for suitable closed subgroup H of K with Lie algebra b, then [e*v, ,(e*)"] is the description
of the invariant conformal class induced by the element o* v, , € @2 £/h* in these local
coordinates. O

It will be useful later to adopt the following definition.

Definition 2.3. We call the coframe e* from proposition 2.2 a c—coframe and we say that its
dual frame is a c—frame.
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2.4. Exponential coordinates for Gddel metrics
Let us illustrate ideas of section 2.3 on the example from section 2.2.

Lemma 2.2. Let us consider the complement ¢ = (ky,ka,k3,ks) for the conformal class of the
Godel metrics from section 2.2. Then there exists a decomposition £ = [ B a & n such that

1 1
€1 =0, +0uy, €= 2 (D0, +2040,,), €3 = V2(=84, + 04, ) 04 = 5O, — 0us)
1 1
1 2 3
=—(d da, — 2a4d d =2d = —(—2a4d d
e 2( ay + da; — 2a4daz +day), e as, e \/5( asdasz + day),

et =da; — da, + 2a4daz; — day
form the corresponding c—(co)frames in the exponential coordinates
¢ = (a1,a2,0a3,a4) > M
compatible with the decomposition | & a ® n. In particular,
g= da% — da% + 2a4(daydaz + dazday) — (dapday + dagday)
+ (4 — 2a3)da3 + as(dazday + dasdasz) — %daﬁ.

Proof. Let us start with the observation that the parametrization

1 1 1 1
a (2k1 +k4> +a <2k1 - k4) +2azky +ay <2k1 + ﬁk,% —k4) +ash;

identifies € with the following matrix Lie algebra

aq 0 0
0 ar+as+2as %a5 ~2R@gl(2,R),
0 as — as a, —as + 2as

where [ = s0(2), a is the diagonal part and n is the strictly lower diagonal part of this matrix Lie
algebra. Thus we find a complement ¢ parametrized by (a;,a;,a3,a4) satisfying the conditions
C1, C2,because cN (=0, cNa= (aj,a2,a3) and c N n = (as). Then from the parametrization
we obtain

Q_p:C— R47 (a17a27a37a4) = T(a17a27a37a4)lv

where
1
3 3 0 3
T 0o 0 2 0
= 1
0O 0 0 7
1 -1 0 -1
Thus
ai 0 0 0 0 O
clay,az,a3,a4) =exp | 0 ax+as 0 exp|0 0 O]o
0 0 az; —as 0 ag 0

9
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are the corresponding exponential coordinates compatible with the decomposition ¢ =@ a ®
n. Consequently,

da, 0 0
C'wg=1]0 da, + das 0
0 —2a4das+day da; —das

can be restricted to the coframe (da;,das,das, —2asdas + das) valued in c¢. Thus we obtain
c—coframe ¢* = (day,da,,das, —2asdaz + das)T", i.e.

¢ = (day,day,das, —2asdas + das)T'vy 3T(day,day, das, —2asdas + day )’

according to proposition 2.2. O

2.5. Homogeneous conformal Cartan geometries

The key objects for the tractorial approach to first order BGG operators are Cartan geomet-
ries of type (G, P) for Lie groups G with the Lie algebra so(p + 1,4 + 1) and their parabolic
subgroups P with the Lie algebra p. Let us recall that a Cartan geometry of type (G, P) con-
sists of a principal P-bundle G over M together with a Cartan connection w : TG — g, i.e. a
P—equivariant absolute parallelism w that reproduces fundamental vector fields of the right
P-action on G, [13, sections 1.5 and 1.6].

Let PO(p+ 1,q+ 1) be the projectivization of O(p + 1,q+ 1), the orthogonal Lie group
preserving g on T, and P the stabilizer of a line generated by the first vector of standard
basis of T. There always is a Cartan geometry of type (PO(p+ 1,4+ 1),P) that solves the
equivalence problem of conformal geometries, [13, theorem 1.6.7]. However, the represent-
ation p of so(p+ 1,4+ 1) does not have to integrate to a representation of PO(p+ 1,q+ 1)
and thus a global tractorial approach requires different choices of G, namely O(p + 1,4+ 1),
SO(p+1,9+1),80,(p+ 1,9+ 1) or Spin(p + 1,4 + 1) to where p integrates. However, the
existence of Cartan geometries of type (G, P) requires the conformal geometries to satisfy cer-
tain topological obstructions. For example, for G = Spin(p + 1,¢ + 1) the conformal geometry
has to be spin.

In the case of K-homogeneous conformal geometries on M = K/H, [13, theorem 1.5.15]
relates topological obstructions to the integrability of the restriction d¢ of a conformal exten-
sion a:t—so(p+1,9+1) to h onto a Lie group homomorphism ¢ : H— P such that
Ad(e(h)) oav= o Ad(h) for all h € H. The theorems [13, theorems 1.5.15 and 3.1.12] then
imply the following statement.

Proposition 2.3. The pair («, 1) provides the Cartan geometry (G,w) of type (G, P) as follows

(a) G:=KX,mP,and

(b) w:= wq, Where w,, is the unique Cartan connection with the property j*w., = a o wg for
the natural inclusion j : K — K X, g) P and the Maurer—Cartan form wg on K.

(c) The Cartan geometry is normal if and only if the conformal extension is normal.

Let us describe the normal Cartan geometry in local coordinates ¢ : ¢ — M = K/H. Let us
emphasize that locally, this construction can be done under the assumptions of proposition 2.2
with the c—coframe e* = (e!,...,e") : Tc — R" as the key ingredient.

Firstly, the Cartan bundle G = K x um) P is locally trivialized to ¢ X P via the identification
(X,p) = C(X)up



Class. Quantum Grav. 40 (2023) 065010 J Gregorovi¢ and L Zalabova

for u in the fiber over o = eH and we denote the corresponding natural section by
" e X P

Then the pullback (¢*)*w of the Cartan connection w = w,, to ¢ is the matrix of one—forms on
¢ as follows

aed bt et die

e Ak Eiet Fref

* ¥ ¥ ¥ O

étr  Cret Bred  x , (Con)
ete Diek o« *
0 * * *

wherei=1,...,pandj=1,...,g—pandk=1,...,p+ gq. Here blocks are one—forms valued
in parts of (SO).

e Components (ax,Ay,Bx, Ck, D, Ex, Fi)ek of (Con) are one—forms valued in co(p,q) and
provide a connection form of a Weyl connection on ¢. Thus they are determined up to a
choice of the Weyl connection by vanishing of the torsion. If a; = 0, then it is a Levi-Civita
connection for some metric in the conformal class.

e Components (b, cx,dy)e* of (Con) are one—forms valued in R"* and provide the Rho—tensor
P of the corresponding Weyl connection on c. In particular, they are uniquely determined by
the one—forms from the above point.

Finally, the pullback (¢*)*r of the curvature of the Cartan geometry to ¢ is a matrix of
2—forms on ¢ as follows
0 Yklek Ael 0
0 Wyefne x|, (Cur)
0 0 0

where [ = 1,...p +q. The component W taking values in A’R"™ ® s0(p,q) corresponds to
the Weyl curvature of the Weyl connections. The component Y taking values in A?R"™ @ R"*
corresponds to the Cotton—York tensor Y of the Weyl connection from above.

Let us relate the components of (Con) with the map a.

Proposition 2.4. Let (e',...,e") be a c—coframe and u = (0,id) € ¢ x P. There exists normal
conformal extension «: ¢ — so(p+ 1,q+ 1) of (¢,4) such that the pullback (¢")*w to Tc of
the Cartan connection (Con) satisfies

("Y'w=ao ((al)_l o(el,...,e") + ZH,@’)
for certain functions Hy,...,H, : R" — b such that

wK|Tc = (a_l)fl o (61,...,€n) +ZHi€i cechh.
i

Proof. The claim on the existence of « and the pullback is clear from the formula (Con),
because both the Cartan connection w and wg are left-invariant. In particular, this recovers
the construction of o from a_; from the proof of proposition 2.2. So it remains to compare
(e!,...,e") with wg, which provides the claimed functions. O

Corollary 2.1. If ¢ is a complementary Lie subalgebra, then functions Hy,...,H, vanish and
the parts of (Con) coincide with the restriction of « to ¢ in the c—coframe.

1
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Thus if ¢ is a subalgebra of £, then |, can be directly observed from (¢")*w and &y is uniquely
determined by the conditions o Ad(h) = Ad(¢(h)) o and a|p = de. In general, one needs
to compute the maps H; : ¢ — b to observe « from (¢*)*w

2.6. Cartan connection for Gédel metrics

In the case M = R*, we have a solvable Lie group C with the Lie algebra ¢ acting simply
transitively on M. In the case M = S' x R?, we have a Lie group K =R x SO(2) x SI(2,R)
acting transitively on M with stabilizer H= A(SO(2)), that is the diagonal in product of
SO(2) = R/4v/277 and the maximal compact subgroup of SI(2,R). In both cases, we can
use the conformal extension « from lemma 2.1 to describe the Cartan geometry using propos-
ition 2.4 and corollary 2.1.

Lemma2.3. OnbothM =R*and M = S' x R? with the conformal class of the Godel metrics,
we have c—frame and c—coframe as follows

1
e =0 +0., er:=0,, e3:=V2(e 9, — ), e =50+ 28&,

1 e
—(dt+e"dy+dz), €?:=dx, & := —=dy, ¢*:=—dr—e‘dy+dz,

5( y+dz) 7Y y

and the pullback (¢")*w of the corresponding Cartan connection w from proposition 2.4 takes
form

el =

[0 —%el + ée“ —11—262 —11—263 éel — ée“ 0 )
e! 0 §e3 —%ez 0 —%el + %64
&2 §e3 0 %el —a— %e“ f§e3 %ez

&3 _%ez x/1+e+\/4 0 %ez %63

et 0 —%e“% %ez 0 %el — %64

1 0 —e* —é? —e —e! 0 )

In particular, the component of (¢")*w in co(p, q) corresponds to the Levi-Civita connection

of the Godel metric g with Christoffel symbols
Ft _Ft_l Fl‘ _I‘ll‘ —I‘X—I’x—ei Fx_ir}'_:[‘}’_i
Tt xt T ) txy T oty T Tty T yt_27 vy 27 o txt

e}(

and the component of (¢*)*w in R"™ corresponds to the P—tensor
1
—a5 10d#* + 10e*(dedy + dyd) + 2dx* + 11e™dy* +2dz?).

Moreover, the curvature of the Cartan connection w is given by k from lemma 2.1 viewed as a
constant function M — N’R™ ® 50(2,4).

Proof. The conformal Killing fields corresponding to the complement ¢ are parametrized by
(a1,az,a3,a4) in the following way

(cna)® (enn) ={a10; + a20; + a3(20; — 2y0y) } ® {as0,}.

Since the product of exponential maps corresponds to the composition of flows of the con-
formal Killing fields, we can compute that the transition from (ay,as,a3,a4)—coordinates to
(t,x,y,z)—coordinates on M takes the form

—2(13
b
(ar,az,a3,a4) — (az,2a3,ase” ", ay).

12
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Thus the ¢—(co)frame is obtained from lemma 2.1 using the transition. Since c¢ is a subal-
gebra of ¢, the rest is then obtained according to proposition 2.4 and corollary 2.1 using o and
the c—(co)frame. Let us note that these are non-holonomic frames and thus there is a contri-
bution of derivatives of vectors in the c—frame to the Christoffel symbols of the corresponding
Weyl connection, that is the Levi—Civita for g in this case. 0

3. First BGG operators on homogeneous conformal geometries

3.1. On tractorial approach to first BGG operators

Let us summarize some details from [29] that we will need to prove the theorem 1.1. The
basic idea is to prolong the first BGG operator from a bundle X — M with the standard fiber
X to a linear (prolongation) connection on the tractor bundle V — M with standard fiber V,
where X can be identified with the co(p, g)—module of the lowest weight in the representation
p:so(p+1,q+1)—gl(V).

The result of [32] states that the prolongation connection can be constructed from the repres-
entation p using the conformal Cartan connection and that solutions of the first BGG operator
are in bijective correspondence with parallel sections of the prolongation connection. Since on
homogeneous conformal geometries, the prolongation connection is an invariant connection
and the conformal Cartan connection is completely described as in proposition 2.3 by the con-
formal extension «, the tractorial approach provides the correct setting for the computation of
solutions of the first BGG operators. Before we start proving the theorem 1.1, let us recall the
representations p corresponding to the most studied first BGG operators.

(1) The conformal class [g] can be viewed as a section of a trivial line subbundle of (O* T*M[2]
representing the inclusion £[—2] < (D T*M provided by the conformal class. The stand-
ard fiber of this line bundle is X = R. The corresponding tractor bundle has the fiber V=R
for trivial representation of p and the section [g] defines a conformal metric g on the stand-
ard tractor bundle with the standard fiber T. These allow to rise and lower indices at the
price of adding the conformal density.

(2) (Almost) Einstein scales are sections ¢ of bundle £[1] such that o ~2g are Einstein metrics
in [g] (on open dense subsets on M where sections o are non—vanishing), [6, 22, 23]. The
standard fiber is X = R[1] in this case and the corresponding tractor bundle has fiber V = T.
We show later on examples that the zero locus of o inherits a distinguished geometric
structure.

(3) Twistor spinors are sections of bundles where standard fibers X are tensor products of the
spinor representations of so(p,q) with £ [%] satisfying the twistor equation Vyxv + %X .
Dy =0, [3, 4, 35], where V is the connection induced on spinors and D is the Dirac
operator. The standard fibers V of the corresponding tractor bundles are the spinor repres-
entations D, D+,

(4) Conformal Killing vectors are sections of TM whose Lie derivative preserves the conformal
class and thus X = R". The corresponding tractor bundle has the standard fiber V = so(p +
1,q+ 1) = A’T, where the isomorphism is provided by the scalar product g.

(5) Conformal Killing k—tensors are solutions of first BGG operators on @]5 ™ =
@g T*M[2k], [21] and references therein, and X = @I(; R". The corresponding tractor

bundle has the standard fiber V = R(QO so(p + 1,4+ 1)).

13



Class. Quantum Grav. 40 (2023) 065010 J Gregorovi¢ and L Zalabova

(6) Conformal Killing—Yano (k— 1)—forms are solutions of first BGG operators on
NEIT*MIK], [21, 34, 40], and X = AK"1R"[2 — k]. The corresponding tractor bundle has
the standard fiber V = AT.

Remark 3.1. In the case of Lorenz metrics in dimension 4, the conformal Killing k—tensors can
be also viewed as Killing spinors of valence (k, k), [36]. This corresponds to the isomorphism of
the representations }((D" s0(2,4)) and R(&*DT @ @D ™) of 50(2,4), i.e. the Killing spinors
of valence (k, k) are solutions of the first BGG operator for the tractor bundle with standard fiber
V = XK(2*D* ® ®*D~). In general, one can deduce that the solutions of first BGG operators
for tractor bundle with standard fiber V = X(®'D* ® ®*D ™) are the Killing spinors of valence
(r, s) with the conformal weight for which they are solution of conformally invariant operators
(see [36, section 6.7]). In particular, twistor spinors are Killing spinors of valence (1,0) with
conformal weight %

3.2. Local solutions of first BGG operators on homogeneous conformal geometries

In this section, we work with the Cartan connections of type (G, P) for a Lie group G with Lie
algebra so(p + 1,4+ 1) such that p integrates to a representation A of G. We assume K, H and
¢ are such that we can use the description of the Cartan connections of type (G, P) associated
with the conformal extension o : ¢ — so(p+1,¢+ 1) of (¢,h) from section 2.5. In general,
this cannot be done globally. Nevertheless, the local description of this Cartan geometry is
always available using the c—(co)frame. Thus for the claim of the following local version of
theorem 1.1, we can consider this assumption without loss of generality. The theorem 1.1 then
directly follows from this theorem.

Theorem 3.1. Letr (M, [g]) be a homogeneous conformal geometry with associated conformal
extension o : € — so(p+ 1,q+ 1) of (§,h). Let p: g — gl(V) be representation encoding first
BGG operator on bundle X — M. Then there are representations ® : ¢ — gl(S) and dp : h —
gl(X) and an Y—equivariant projection 7 : S — X describing the (local) solutions of the first
BGG operator.

In particular, there is an inclusion S C 'V such that the function

exp(X) — exp(—®(X))(s) €V

for s € S and X in some neighborhood of 0 in ¥ induces a natural prolongation of the (local)
solution of the first BGG operator to a section of a tractor bundle V over M with standard fiber
V that is parallel for prolongation connection on V.

Proof. Firstly, let us consider the tractor bundle
V:i=K X Nov(H) V— K/H

and interpret its sections as H—equivariant functions s : K — V for the right multiplication on
K and the action A o on V. Let us use the notation s € I'(V)* for H—equivariant function s :
K — V*. This allows us to define fundamental derivative Dts := w,;] (¢) - s for H-equivariant
function 7: K — € and s € I'(V), where - is the directional derivative in the direction of the
vector field wy '(¢) on K. Fundamental derivative D® provides a uniform description of K—
invariant linear connections Q°(V) — Q! (V), [13], where we use notation

Qk(V) = F(K X(Adk®>\)OL(H) /\kRn* ®V)

14
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for the spaces of V—valued k—forms on K/H. Precisely, each K—invariant linear connection is
given as

Ve .=D'+ &,

where @ : ¢ — gl(V) is an H—equivariant map satisfying ®(¥) =dXo«(Y) for all Y € b. Its
curvature R® : K — A?R™ ® gl(V) is given for Xo,X; € € as

R (a(Xo) +p,a(X1) +p) = [2(Xo), 2(X1)] — ([Xo, X))

In particular, since the representation p satisfies p o a(¥) =dA o «(Y) for all Y € b, there is a
K—invariant linear connection

vpoa:D?+poa

on V that is the usual tractor connection with curvature R”°“ = po k.
Moreover, there is the Kostant’s codifferential 9* : Q1(V) — Q(V) defined pointwise
via 0* : ATIR™ @ V — ANR™ @ V as

O (Zo N+ NZe@v) =Y (1Y Zy A NZ N+ NZe@ p(Z) (v),
J
and we denote by ; projections onto the cohomology spaces
H'(V) = Ker(0*)/Im(9").

In particular, X = H°(V), i.e. it holds X = Ker(9*)/Im(9*) = V/Im(9*) pointwise and this
induces the representation dg.

The next ingredient is the splitting operator Lo : H*(V) — Ker(9*) = Q°(V) defined as
Lo =id — Q0*V*°* for a particular operator Q : Ker(9*) — Ker(0*) that is polynomial in
0*VP°* with coefficients determined by the representation theory, [14, 15]. Let us note that in
the applications, these coefficients can be determined by the property that both Q9* V*°“ and
0*VP°*Q act as identity on Im(0*). Then the operator

D .= ﬁlvpoa[:o

for the tractor connection V7°¢ is the (standard) first BGG operator.

A difference of two K—invariant linear connections is given by an H-equivariant map
Y € — gl(V) satisfying ¢(Y) =0 for all Y € b. If ¢ € (£* @ gl(V))!, ¢(s) € Im(0*) for all
H—equivariant functions s : K — V, then D = 7, veeetd £o Moreover, by result of [15, 32],
there is a unique ¥ € (£* ® gl(V))? vanishing on b such that 9*RP°*+Y¥ (s) =0 for all s € V.
This way we obtain ® := p o o + ¥ and the corresponding connection V? is the prolongation
connection.

The solutions of D are in bijective correspondence with parallel sections of the invariant
connection V® and thus can be algebraically computed, [33]. In particular, one iteratively
computes the sets

SY:={ve V:R®(a(Xo) +p,a(X;) +p)(v) =0, Xo,X; € £} (S0)

and
Sh:={vesl:aX)(v) e S, X et} (Sk)
Since V is finite—dimensional, we get S = S¥t! = ... =: S for k large enough as the set of

local solutions. By the definition of S°, the map ® : € — gl(V) restricts to the claimed repres-
entation ¢ : £ — gl(S). Then the claimed formula extends it locally to a section of V parallel

15
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for the connection V®. The h—equivariant projection 7 : S — X is induced by the inclusion
S C V and the projection 7 : V = Ker(9*) — X. O

Let us emphasize that the sets (S0O), (Sk) provide the infinitesimal holonomy of the connection
V2, [33].

3.3. Normal solutions and algorithm for computing all solutions

There is a special class of solutions of first BGG operators characterized in the homogeneous
setting by the following property.

Definition 3.1. We call s € S a normal solution if s belongs to a subrepresentation N of S,
where ®|y = po aly.

Let us verify that this coincides with the usual definition of normal solutions as parallel sections
for the tractor connection.

Proposition 3.1. Sections s of the tractor bundle corresponding to normal solutions of first
BGG operators are parallel sections for the tractor connection. In particular, they are anni-
hilated by the action of the curvature of the Cartan connection.

Proof. Since the tractor connection is an invariant connection V*°% with the curvature p o s,
each parallel section is annihilated by the infinitesimal holonomy and in particular, by the
action of the curvature of the Cartan connection. By construction of the prolongation connec-
tion, this implies that each parallel section for the tractor connection is a normal solution in S.
Conversely, if s corresponds to a normal solution, then the condition @ | = p o «|ry implies that
actions of infinitesimal holonomies of both the prolongation and tractor connection coincide
on N. Thus s is a parallel section for the tractor connection. O

Normal solutions have the following remarkable property. If @4 |y, : € — gl(N;) and Py, :
t — gl(N;) describe the normal solutions of first BGG operators corresponding to represent-
ations py :s0(p+ 1,g+1) — gl(Vy) and p2 : s0(p + 1,g+ 1) — gl(V3), then @y |y, @ Pa|, :
t — gl(N; ® N,) describes the normal solutions of the first BGG operators corresponding to
representation p; ® pp : s0(p+ 1, + 1) — gl(V; ® V,). This is usually referred to as BGG
coupling, [31], and can be generalized to all the operations available from the theory of
s0(p + 1,q+ 1)-representations.

Let us now summarize how we compute the representation ¢ and the normal solutions in
the practice.

(1) The starting point is the normal conformal extension « : £ — so(p + 1, + 1) of (£ 6) and
a representation p : so(p+1,q+ 1) — gl(V).

(2) We use the action of p(E) to determine the grading of V, the projective slot X and the
projection mp : V. — X,

(3) Then we consider ® = « and use the formulas used in definition of sets (S0) and (Sk) to
compute the infinitesimal holonomy hol(a) C so(p+ 1,4+ 1).

(4) The normal solutions are elements of V annihilated by p(hol(«)).

(5) We compute the prolongation connection V® := V?°**+¥ by induction with respect to the
irreducible grading components of the map V.

16
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e We start with ¢y = 0.
e In the induction step, we compute
Y =1 — clcb((a* @ idy-)RPOFVT)
for certain integers c;, where 121,- denotes the projection to the lowest non—zero homo-
geneity i that either can be determined by the representation theory, [15], or can be
chosen directly so that it kills some component of (9* ® idy~)RP°*T¥¢ in the given
homogeneity.

e Since the image of 0* ® idy~ does not lower the homogeneity and there is only a finite
number of irreducible grading components in R™ ® gl(V), we get ¥ := ¢y in finitely
many steps.

(6) We iteratively compute the sets (S0) and (Sk) and obtain the set S of all solutions. Then we
restrict ® and 7 to S to obtain the description of the solutions of the first BGG operator

from theorem 3.1.

3.4. Solutions of first BGG operators in local coordinates

Let us show how to use the exponential coordinates and the ¢—(co)frame from section 2.3 to
describe the solutions of the first BGG operators in local coordinates.

Theorem 3.2. Ler (M, [g]) be a homogeneous conformal geometry and 7:S — X and ® :
€ — gl(S) be maps describing (local) solutions of the BGG operator on the bundle X — M
according to theorem 3.1. If

C:c—M, c(X):=exp(Li)...exp(L;)exp(Xq)exp(Xn)o

are exponential coordinates compatible with some decomposition £ = | ® a @ n, then for each
vES

m(exp(—®(Xn))exp(—2(Xq)) exp(—P(L;)) ...exp(—D(L1))v) (Sol)

is a (local) solution of the first BGG operator written in the local trivialization ¢ x X provided
by a c—(co)frame from proposition 2.2.

Proof. Clearly, c—(co)frame from proposition 2.2 induces local trivialization ¢ x X of the
bundle X. The formula for the solution as a function valued in X follows for our choice of
local coordinates and from theorem 3.1. O

Let us describe in more detail how the ¢—(co)frame provides the (local) trivialization ¢ x X of
the bundle X — M with standard fiber X.

e For X with trivial action of the grading element E, the trivialization provided by a ¢—
(co)frame has the usual interpretation, i.e. a c—frame is a trivialization of the tangent bundle,
a c—coframe is a trivialization of the cotangent bundle and so on for their tensor products.

e In this article, we use the trivializations involving spin representations of co(p,q) as a
description of the spin bundles and do not discuss how these relate with other descriptions
of spin bundles.

e For X = R[w], the function f: ¢ — R[w] corresponds to the section f-¢ 7 of £[w] in the
trivialization provided by the c—(co)frame e* = (e',...,¢"), where e :=e' A --- A e

e In general, the trivialization ¢ x X can be interpreted as a tensor product of these.

17
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Our exponential coordinates can provide a global covering ¢ — M. This leads to an altern-
ative way to determine the set G of the global solutions. One just needs to check whether the
formula (Sol) assigns the same value to points in ¢ covering the same points of M.

3.5. Solutions of first BGG operators for Gédel metrics

Consider the manifolds M with the conformal classes of the Godel metrics as described in
sections 2.2 and 2.4.

Proposition 3.2. (1) There are no normal solutions for any first BGG operator. In particular,
there are no Einstein scales nor Killing spinors of valence (1,0) with conformal weight %
(twistor spinors).

(2) The Lie algebra € contains all of the conformal Killing fields.

(3) There is a I-parameter family

9y =9y 2ie T (drAdxAdyAds) T

of solutions of the first BGG operator on E[2].

(4) There is a 14—parameter family of conformal Killing 2—tensors that decomposes into the
following K—invariant families.
e The family of K—invariant Killing 2—tensors of the Gddel metrics

(%V3 —3v, + vl)af + (2¢7v2)(0,0y + 0,0;) — (%V3 —v1)(0,0; 4+ 9,0;)
—VZQ% - 2v2€_2x(93, + (%V3 + vy + Vl)ag.

o The family of Killing 2—tensors of the Godel metrics

—8v2¢ 11 (8,0 + 8.0,) + 2V 2(2yvi1 + vi0) (8,0, + 0.8;)
—%@e‘x(exyzv“ +ye*vip + e*vg — 2e_xv11)(6y32 + 8zay)~

o The family that does not contain any Killing 2—tensors of the Godel metrics

—(18¢ ™14 + € (Vigy? +vi3y +v12)) 02 +2(2v14y + v13)(8:0; + 0:0))

+8¢™%v14(8,0y + 0,0,) — 8¢ *v14(8,0; + 0,0,) — (2¢ 14 + € (viay* + vizy +vi2))0?
=2(2v14y 4+ v13) (0,0, + 0;0%) — 2((1}14)/2 +vizy+vin)e F+ 26_3XV14)8)2,

+2(y*vig +yvi3 +via — 2¢ P v14)(0,0; + 0.0;) — (2e T Via + € (viay* + vizy +v12)0?

o The family that does not contain any Killing 2—tensors of the Godel metrics

(3(vgy* +v7y° +v6y* + vsy + va)e™ + 2(6y*vg + 3yv7 + vg) + 396vge ) 0>
— 48(4vgy + v7)e (0,0 + 0:0;) + (12(6vgy* + 3v7y + ve)e ™ — 216e > vg
— 6¢* (vsy* +v7y° + vey* +vsy +14))(8:0, + 0,0;) + (18(6y*vs + 3yv7 + v6)
+ 12vge ™2 + 3(vey* + 177 + vy 4+ vsy 4 v4)e™) 02 + (24(dvgy +v7)e ™
— 12(4vgy® 4+ 3y%v7 + 2yv6 + v5)) 9.0y + 9,0x) + (30(y*vs + v7y° + vey* + yvs + v4)
— 12(6ng2 +3vy + vﬁ)e_zx + 120(3_4"\/8)3y2 + (3(v8y4 + 17y + vy + vsy + V4)€2X
+2(6y*vg + 3yvy +ve) + 12v8e_2")8f.
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(5) There is a 2—parametric family

((cos(§z) — sin(¥%2z)v,) (didz — dzdr) + YEexp(x)(cos(22)vs + sin(2z2)v, ) -

4
(dxdy — dydx) — ex(sin(%z)vz — cos(?z) )(dydz — dzdy) )

3x

2ie (drAdxAdyAdn) T

of conformal Killing—Yano 2—forms. None of them is normal nor Killing—Yano 2—form of
the Godel metric.

Remark 3.2. Some of the results of this proposition were also obtained by Cook, [16]. In
particular, (2) corresponds to Killing spinors of valence (1, 1) and (4) corresponds to Killing
spinors of valence (2,2) in [16].

Proof. Let us recall that we computed in lemma 2.1 the normal conformal extension o : € —
50(2,4) corresponding to the conformal class of Gddel metrics as «(xy,x;,X3,%4,%5) =

[0 —3xi+ 5 — 5 5% §%1 — g4 0 |
X1 0 %)@ —ng 0 —éxl + éxll
X %)@ 0 %)ﬁ —X3— %M +V2x5 *%M 1'*2)‘2

x3 — 2y 23 s+ YRy — V2xs 0 Y2y 5X3

X4 0 —% 2)63 %Xz 0 %X1 - éX4
L0 —X4 —X2 —X3 —X1 0 J

with the curvature k(c(x1,%2,X3,%4,%5), €(¥1,Y2,¥3,V4,¥5)) =

I 2 p 2 ) 2 2 7
0~z —Y2z3— Yz Yon+ Loy Yoy 0
| 1 1 2
0 3z14 —52n —¢213 0 *%ZB
1 1 1 p) )
0 —g24 0 3223 5212 %234 + %113
)
1 1 i 2 2
0 —zz4 3223 0 5213 —%224 - %212
1 1 | 2
0 0 5224 5234 —3214 Lon
0o o 0 0 0 0 ]

where we write z;; = x;y; — X;y;.
The formulas for a and & allow us to compute directly the infinitesimal holonomy

hol(a) = s0(2,4)

and therefore, there are no normal solutions and claim (1) follows.

To show the claim (2), let us start with the conformal Killing vectors, i.e. V =s0(2,4),
X = R*.Itis well known that the tensor ¥ determining the prolongation connection is the inser-
tion X — —r(a(X),.) into curvature, [9]. Thus, (X)(a(Y) + W) = {a(X), W} + a([X, Y]) for
X,Y € €, W € p and the curvature of the prolongation connection simplifies as

R®(a(X),a(V)(a(2) + W) = {r(a(X), a(Y)), W}
— r(a(X),{a(Y), W}) + r(a(Y),{a(X), W})
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using the Jacobi identity. In particular, this ensures that all elements of the image of o corres-
pond to conformal Killing fields and it is easy to compute that there is no nonzero W annihilated
by R?® and the claim (2) follows.

We compute the remaining claims (3), (4) and (5) in the following steps. Firstly, we realize
in Maple the algorithm from section 3.3 and describe the solutions of the first BGG operators
according to theorem 3.1. Next, in order to present the result obtained according to theorem
3.2 in the exponential coordinates ¢ — M from lemma 2.2 in the original coordinates, we used
the transition t = a,,x = 2a3,y = ase 2%,z = a; between these two coordinates from lemma
2.3. This translates the functions ¢ — X to functions M — X and provides the solutions using
the following ¢—(co)frame we computed in lemma 2.3

1 1
e| = at""au ey = (9)“ ez = \/i(e_xay — 8;), [ —Ea['i‘ 5817

el = %(dr+exdy+dz), e i=dx, &= \%dy7 et = —dr — e"dy + dz.
Let us emphasize that for the global existence of the solutions in the case M = S' x R3, we
checked whether the solutions are periodic in ¢ with the period 4v/27 and indeed, this is the
case for the solutions we computed.

For the claim (3), we consider V = @é']l‘ which does not correspond to a well-known
BGG operator. Therefore in appendices A and B, we provide some more details about this
BGG operator and the prolongation connection. We do not give such details for the remaining
cases, because it would be even more complicated.

Altogether, we compute that S is trivial representation ® of £ and consist of the following
elements of V

[Zvi 00 0 0 1]
0 3w 0 0 =3y 0 S .
0 0 v 0 0 0 :
C |V Vo *
0 0 0 v 0 0 . V. x—v
0 —3» 0 0 3w 0 e
vy 0 0 0 0 9y

Therefore, the solutions are constant functions ¢ — R[2], which have the claimed form as a
section of £[2].

For the claim (4), we consider V = K((D”s0(2,4)) and fix the parametrization (s ..., o)
of the projective slot given by the c—frame as

2 2
QOTM = {s1e] + s2¢1€2 + s22€] + 53€1€3 + 53€3€] + S4€1€4 + Ss4€)
2
+ 85€5 + Seezes + sgezer + s7e2e4 + S7€4€)
2 2
— (254 + 55)e€5 + sgezeq + sgesez + so€y }.

We compute that the radical acts trivially in the representation ¢ on the solutions and they
exist globally in both cases M = R* and M = S' x R3. Therefore, we can express the results
of our computations as representations ® of s[(2,R), which we analyze using the standard
procedures from the representation theory. Altogether, dim(S) = 14 and

(1) there is a 3—dimensional trivial 5[(2, R)—representation R? = (v, v,,v3) with the projection
(V] ) 07 07 V2, —V2, Oa Oa Oa V3)

that correspond to the first family of solutions,
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(2) there is a 5-dimensional s[(2, R)-representation ()" R** parametrized as v4y? + vsy’y, +
VeyTy3 + v7y1y3 + vsya with the projection

(24vs + 4vg + 6v4, —12v7 — 65, —24+/2v5 + 67/ 2v4, —36vg — 6v6 — vy, 125
+ 186 + 3v4, 12v/2v7 — 6V/2v5, 24v7 + 12vs5,48v/2v5 — 12v/2v4,96v5 + 16v + 24v4)

that corresponds to the last family of solutions, and
(3) there is a 6-dimensional sl(2, R)-representation consisting of two copies of @2 R?* that
we parametrize as voy? + vigy1y2 + vi1y3 and vi2y? + vi3y1y2 + viay; with the projection

(= V2(2vi1 +9),V2v10,2v11 — V9,214 + V12, —(2v14 +V12),0,2V 2019 — dvy3,
dvi — 2vg + 2\@(21)12 — 4v14),4\@(2v14 +vg) — 8(V12 + 2V14))

that corresponds to the second and third family of solutions.
For the claim (5), the situation with our computations is analogous to the proof of claim
(4). We fix the parametrization (sy,...,Se) of the projective slot using the c—coframe as

N T*M[3] = {6773 (si(e'e® —e*e') +sa(e'e® —ee!) +s3(e'e* —etel)
+ 54(2€® — &3e?) + 55(2e* — e*e?) + s6(ee* — e4e3))}.

The coordinate a; in the radical is the only part with nontrivial action ® on S and thus solutions
exist globally in both cases M = R* and M = S' x R3. Altogether, dim(S) = 2 and there is a
2—dimensional representation with projection

(0,0,Vl,Vz,0,0),
where

exp(—®(a1,az,a3,a4,as)) (0,0,v1,v,,0,0)

= (0,0,cos <\fa1> y1 — sin <\fa1> v, 8in (?m) V| + cos (?a1> V2,0,0>

and the claim follows. O

To provide some more insight into the algorithm from section 3.3, let us describe how the claim
‘There are no Einstein scales nor Killing spinors of valence (1,0) with conformal weight % on
M with the conformal class of the Godel metrics’ can be proved using steps (1), (2), (5), (6) of
the algorithm. Of course, the prolongation connection coincides with the tractor connection in
these two cases and thus step (5) is trivial and ¥ = 0.

Let us first consider the standard representation T = R®, where p is just multiplication by the
given matrix in s0(2,4). Thus the eigenspaces of the action p(E) have (1,4, 1)-block structure

Ty
To
T 4
with X =T _; being the projective slot. Then we immediately see that the curvature pox

annihilates only T and thus S° = T|. Since the image of a does not preserve T, we conclude
that S! = 0 and there are no normal solutions.
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Further, let us consider the spin representation s0(2,4) — su(2,2) C gl(4,C) (acting on
D=C*as

fa b c1 fo5) d 0 ]
u ay ey en 0 —d
Vi ocr 0 b, —enn —c
va ¢ —bp 0  —epn —o
w 0 —cii —c —ann b
_O -w =V =W —u  —a|
%(a—Fan —iblz) —2\/2(611 —|—i€12) —%(Cl —|—i62) 4d
—%(Cll —ngl) %(a—an—&-ibu) —%b —%(Cl —iCz)
= )
7%(\11 7iV2) —4u 7(%617(111 7ib12) 2\/5(611 71'612)
w —§(V1+ivz) %(6114-1'021) —a+ay +ibyo)

where s11(2,2) corresponds to the pseudo—Hermitian form
((20,21,22,23), (Wo, w1, w2, W3)) = 2W3 +23W0 + 21 W2 + 22W1.

Thus p o av(x1,x2,X3,%4,X5) equals to

—iz —x3 +ixp %(Xz + ix3) %xl — %x4
—é(x3 +ix;) iz %xl — 21—4x4 %(xz —ix3)
*?(Xz —ix3) —4x iz atin |
Xy —%(xz +ix3) (03 —ixa) —iz
where z = %xl - %x3 - %M + %xs, and writing z;; = x;y; — X;y;, p © k equals to
(214 — iz23) é (zi2+iz13)  §(—z13 +izi2) + 5 (—234 +iz24) —V2223
%(12471234) %(*Z14+iZ23) *%223 *%(leJrile) - %(Z34+izz4)
0 0 +(z14 +iz23) g(—zu +iz13)
0 0 —%(Zz4+i234) — 214

We again see that there are no normal solutions.

4. Applications of normal solutions and holonomy reductions

4.1. Holonomy reductions

Let G be a Lie group with the Lie algebra so(p+ 1,4+ 1) such that the representation p :
so(p+ 1,9+ 1) — gl(V) integrates to a representation \ : G — GI(V). Consider a homogen-
eous conformal geometry (K/H, [g]) with an associated conformal extension « of (€,5) such
that « restricted to f integrates to a Lie group homomorphism ¢ : H — P. Then connections on
the tractor bundle V := K X\, () V are in one-to—one correspondence with G/(V)—principal
connections on the bundle K X o,y GI(V). The tractor connection V*°“ provides a reduction
K X xou(i1) M(G) C K X xo,(11) GI(V). For this reduction, the tractor bundle admits a non—linear
decomposition into G-orbits K X x,(zy O C V of type Oy = G/G, = A(G)v C V, where G,
is the stabilizer of v.
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Definition 4.1. We say that an H—equivariant function s : K — O,) C V parallel with respect
to the induced (non-linear) connection on K X ,o,(g) O] is @ holonomy reduction of G-type
O[V] .

If we consider the Cartan geometry (G = K X,y P,w,) of type (G,P) on M =K/H as
described in section 2.5 by the maps «, ¢ and element u € G, then the holonomy reduction
of G-type O}, can be naturally extended to P-equivariant function s : G — Oy,;. Then for any
coset 8 in P\G/G, with the representative w € V, there is

e an initial submanifold M 3 of M consisting of kH such that A(p) ~!(s(k)) = w for some p € P,
and
e a P, := PN G,-bundle G, over Mg consisting of all kup € G such that A(p) ~!(s(k)) = w.

This defines a curved orbit decomposition M = Jgep, /6, Mp to P-types . The basic
results on the holonomy reductions [12, section 2.3] and [12, theorem 2.6] can be reformulated
in the homogeneous setting as follows.

Proposition 4.1. Lets: K — V be an H-equivariant section corresponding to a normal solu-
tionv € N. Then s restricts to a holonomy reduction of type Oy,. Moreover, for any represent-
ative w € V of P-type 3, there is Cartan geometry (G,,,wy,) of type (G,,, P,,) uniquely determ-
ined by the property w,, := wq, o Tj for the natural inclusionj : G, — K X,y P. For kup € G,,
Ad, "(a(t)) N g, is the Lie algebra of the Lie subgroup of K preserving the Cartan geometry
(G, wyp).

Conversely, the inclusion K X xo, iy O,) C V induced by a holonomy reduction s of type
O\, provides a section of the tractor bundle parallel for the tractor connection and thus a
normal solution v = s(e) € N of the corresponding first BGG operator.

Proof. We conclude from [12, section 2.3] that normal solutions of first BGG operators are in
one-to—one correspondence with holonomy reductions and the description G = K x () P then
implies using [12, theorem 2.6] the claimed construction of Cartan geometries (G,, — M3, w,)
of type (G, P,,). Thus the remaining claims follow from homogeneity and construction of the
bundles G,,,. O

Let us summarize how we find and interpret the holonomy reductions in practice.

(1) We start with the normal solution v € N C V and extend it to the holonomy reduction
s : ¢ — Oy, using the exponential coordinates € : ¢ — M.

(2) We determine P—types of points X of ¢ and for the fixed representative w € V of P-type,
we find a representative px,, € P such that A(px,,) ! (s(X)) = w.

(3) Let Gy be the maximal subgroup of P with the Lie algebra co(p, ¢) and let G ,, and Gy ,, be
the kernel and the image of P,, for the projection P,, — P/exp(R™) 2 Gy. The coframe
of TM obtained by the adjoint action of pglv on the c—coframe provides an underlying
G),,—structure on the curved orbit.

(4) Moreover, the set of smooth functions ¢ — G4 ,, C exp(R"™) corresponds to a distin-
guished set of Weyl connections that are connections on the Gy ,,—structure. To compute
this set explicitly, one starts with the Weyl connection provided by the description (Con)
of the corresponding Cartan connection from proposition 2.4 and interprets the smooth
function ¢ — R"™* as the change of the Weyl connection in the usual way, [13, section 1.6].

23



Class. Quantum Grav. 40 (2023) 065010 J Gregorovi¢ and L Zalabova

(5) Let us emphasize that the normality of the original conformal geometry has a consequence
that from the viewpoint of Gy ,,—structures, the connections have special curvature.

In particular, there are the following interesting cases [10, 12, 30].

e Einstein scales with v € N such that g(v,v) # 0 provide decompositions to points of three
P-types determined by positivity, negativity or vanishing of the scalar product g (v, s) for the
value of the corresponding function s : K — Oy,). If we denote M™ UM~ UM the corres-
ponding curved orbits, then on the open orbits M U M~ there is the Einstein metric having
Einstein constant with opposite sign than g(v,v). The closed orbit M? is a hypersurface sep-
arating M and M~ carrying a conformal structure.

e Einstein scales with v € N such that g(v,v) = 0 provide decompositions to points of five P—
types such that the value of s is positive or negative multiple of v, or the value of s belongs
to the orthocomplement of v or g(v, s) is positive or negative for the value of s. If we denote
M+t UM%~ UM%+ UMt UM~ the corresponding curved orbits, then on the open orbits
M+ UM, there is a Ricci flat metric. The closed orbits M*+ UM%~ UM®L consist (if
p # 0) of smooth embedded hypersurface M with (point) edges M+ UM%~ or (if p = 0)
isolated points.

e In signatures (2,3) and (3,3), generic twistor spinors provide a curved orbit decomposition
such that the open orbits carry a generic rank two, or three null-distribution on 5— or 6—
manifold, respectively.

e Normal conformal Killing fields v € N such that v is a non—degenerate tractor 2—form (i.e. n
is even) provide a curved orbit decomposition such that the open orbits are locally Fefferman
spaces of almost CR manifolds.

Since the conformal class of the Godel metrics does not admit any normal solutions, we
need to consider different conformal geometries to provide non-trivial examples of holonomy
reductions.

4.2. Holonomy reductions for submaximal pp-wave

Let us consider the conformal class of the submaximally symmetric pp—wave of signature
(1,3), [18, 20],

g = x*dF + 2drdz + dx® + dy?

on M = (t,x,y,z) = R*. Among the seven conformal Killing fields, we pick the following 4—
dimensional solvable Lie algebra ¢ generated by

ki =0, kp:= e"(@x +x01), ks := a\" ks :=0,.
Since this is an orthonormal frame of g at the origin 0 = (0,0,0,0), we can directly compute

the associated conformal extension.
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Lemma 4.1. Suppose (x1,x2,X3,X4) is the parametrization of € via the frame ky ,ky, k3, k4. Then

[0 ix; 0 0 O 0 |
xxi 0 0 0 0 0
X2 —X2 0 0 0 0
alvxxxa) =10 0" o o9 g 0
X4 0 X2 0 0 *%X]
10 —x4s —x» —x3 —xi 0 |

is the normal conformal extension associated with the conformal class of the pp—wave g with
curvature k(a(xy,x2,%3,%4), «(y1,¥2,3,¥4)) of the form

0 0 0 0 00
0 0 0 0 00
0 1(xiy2—x2y1) 0 0 00
0 I(x3y1 —x1y3) 0 0 00
0 0 %(xZ}’l_xl)Q) %(X1Y3—X3Y1) 0 0
0 0 0 0 0 0

Proof. Since ¢ = c, the construction from proposition 2.1 simplifies to finding the maps «y, o,
that are uniquely determined in the given form by the normalization conditions (Nor) and
vanishing of the a—part in (SO) of «. O

Let us show that this conformal geometry admits normal solutions that we can use for finding
holonomy reductions.

Proposition 4.2. Suppose p=wiA| +wy\y + w33 for the fundamental weights \; of the
complexification of s0(2,4).

o If wp =ws, then |y is obtained by branching the representation wi; of sl(2,R) to

|: 0 —%xl
—X1 0 ’
o If wy # w3, then ®|y is obtained by branching the complexification of the representation
1

wii of sI(2,R) to {_(;1 _(z)xl}.

e In both cases, the projection  : N — X is induced by the identification of N with s((2,R) @
50(2)—orbit of the lowest weight vector, where s1(2,R) @ s0(2) C s0(2,4) corresponds to
the diagonal in the decomposition of s0(2,4) into 2 x 2-blocks.

In particular, there is

(Es) a 2—parameter family of Einstein scales vlvith
@(X],Xz,)@,)m) = |: 0 _ZX1:| - g[(Z,R)
—X1 0
and w((vi,v2)") = va,
(ts) a 2—parameter family of twistor spinors corresponding to constant function (0,v; +

ivy), and

(cKf) a I-parameter family of normal conformal Killing fields corresponding to constant
Sunctions valued in $0(2,4) decomposed as (SO) with w = vy and remaining elements
vanish.
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Proof. It is a simple observation that the image of  is 2—dimensional and the bracket of the
image of a with it is 3—dimensional subspace of R*. Doing further bracketing, we get nothing
new and

0 o 0 0
0 o 0 0
hy  hy 0 0

hol(a) = e I 0 0

hs 0 —h —h
0 —hs —hy —hy

0
0
0
0
0
0

SO OO oo

Thus hol(«) is a Heisenberg Lie algebra corresponding to the negative part of the contact
grading of s0(2,4). If we denote by E; the corresponding grading element, the normal solutions
belong to the eigenspace of E, of the lowest weight vector that is an irreducible s[(2,R) @
$0(2)-module. For wy = wj, it is s[(2,R)—module with the highest weight w;A; and trivial
$0(2)-module. For wy # ws, it is the complexification of s[(2,R)-module with the highest
weight wi A; and s0(2) acts as the imaginary part of C. The branching is then just the restriction
to the last block in the diagonal in the decomposition of the image of «v into 2 x 2—blocks. For
the particular weights A\ of the standard representation, A\, of the spinor representation and
A2 + A3 of the adjoint representation, we obtain the claimed normal solutions. O

As in the case of the Godel metric, we present all the results in the original coordinates rather
than the exponential coordinates C : ¢ — M. So let us compute the ¢—coframe in the original
coordinates.

Lemma 4.2. There is the following ¢—(co)frame on M

el =dt, & =xdt+dx, & = dy, et = —xdx+dz,
e1 =0, —x0y —x°0., er =0, +x0., e3= Oy, es=0..

In particular, the Einstein scales take form
2 2 . _
(sinh ({t) V2 + cosh(\gt)vz> ef(drAdxAdy A dZ)T]

and the normal conformal Killing vectors take form v, 0..

Proof. Since the composition of exponential maps corresponds to composition of flows of the
conformal Killing fields, we compute C : ¢ — M, (a1,a3,a3,a4) — (a1,a2,a3, %a% +aq). If we
consider the matrix representation

_%al ay 0 0
0 —1a; 0 0
0 0 a O

| O 0 0 a
of £, then the Maurer—Cartan form in the exponential coordinates takes form

_%dal arda + day 0 0

0 —1da, 0 0
0 0 day 0
L o 0 0 day

Then we can push-pull the corresponding ¢—(co)frame to M and obtain the claim of the lemma.
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Using the explicit formula for the coordinates, we can translate the results computed accord-
ing to theorem 3.2 in the exponential coordinates to the original coordinates and obtain the
claimed form for the normal solutions. O

Let us discuss the holonomy reductions induced by Einstein scales, twistor spinors, and normal
conformal Killing fields from proposition 4.2. Let us start with the Einstein scales.

Proposition 4.3. All the Einstein scales have the G-type corresponding to a null-vector.

o If §EI+:7 >0, then there are curved orbits M*+UMY UM~ determined by t=
V2 —v,

TIH( ?E'J;) t> fln(f i ﬁln( \\2:;:;) respectively.

o If §V1+V2 < 0 then all of the points of M have the P—type corresponding to open orbit.

Yandt <

The open orbits carry a Ricci flat metric

-2
2 1 2
(F e empag (e

in the conformal class and the closed orbit carries a Cartan geometry of type (SO(1,3) %
R* Py x R3), where R* decomposes as the standard tractor bundle for G = SO(1,3) into a
null-line preserved by P; and its orthocomplement R?. The underlying geometric structure on
the closed orbit consists of

(1) a 1-dimensional distribution v|0, with projection

Lln 7\@‘}1_‘}2 x,¥,2 | = (x,y)
V2 \ Vv ) Y

on the leaf space, and
(2) the flat conformal class [dx* + dy?] on the leaf space.

Proof. We can deduce from the data in proposition 4.2 that the holonomy reduction corres-
ponding to the Einstein scale (vy,v;)" € N is

p p 3
tx,y,2) = [ 0.0,0,0,cosh \[ o 42 o ir -
2

V/2sinh (?t) v1 + cosh <\ft> vz>

which are all null-vectors. The projective slot vanishes for the claimed ¢ and along the

zero locus, we get constant function with value (0,0,0,0, f\/ 2v7 —v3,0)" and thus the
closed orbit is of type M*L. On the open orbits we get the claimed Ricci flat metrics.

On the closed orbit, it is easy to observe that the annihilator of (0,0,0,0, \f\/2vl —v3,0)f
is isomorphic to SO(1,3) x R* and that SO(1,3) x R*NP = Pl WR3, We consider w —

(0,0,0,0,%\/ 2vi —13,0)" for the geometric interpretation and thus we can use the c—
(co)frame to deduce the underlying geometric structure, where the distribution is given by
e4 and the conformal class by the conformal basis e;, e3. O

Since the normal conformal Killing field can be obtained as a tensor product of two twistor
spinors in our case, we discuss them together. For the twistor spinors v € N, we know that
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G-types correspond to the length of v w.r.t. the Hermitian metric on the spin tractor bundle
preserved by SU(2,2). In the case of normal conformal Killing fields, the G-types coincide
with the classification of adjoint orbits in so(p + 1, + 1), [17, table III, 13-16].

Proposition 4.4. The normal conformal Killing field u from proposition 4.2 has the G—type
corresponding to translations and the Lie algebra g, of G, consisting of elements

hg e 0 0 0 0
h; —hg O 0 0 0
hy 0 hy 0 0
hy hy —hy O 0 0

h5 0 —hl —/’l2 hg _h6
|0 —hs —hy —hy —h; —hs]

The twistor spinor v from proposition 4.2 has the null G-type and the Lie algebra g, of G, is
subalgebra of g, for hg = 0.

All points of M have the same P—types and there are homogeneous Cartan geometries of
type (G, P,) and (G, P,) on M, where P, has the Lie algebra generated by hy,hy, he, hs—parts
of g, and P, has the Lie algebra generated by hy,hy,heg,hs,ho—parts of g,. In particular, the
c—(co)frame and the restriction of the map o to @, and g, provides the underlying geometric
structure consisting of

(1) a distinguished vector field e, = 0., that is a reduction of CO(1,3) to P,NCO(1,3) =
(P,NCO(1,3)) x SO(2),

(2) an orthogonal decomposition of e /(es) = (e2) @ (e3) into two distributions of rank 1,
that is a reduction of (P, N CO(1,3)) x SO(2) to (P, N CO(1,3)), and

(3) a subclass of the class of Weyl connections that preserve e4 and the two distributions of
rank 1 induced by the Levi-Civita connection of g, and one—forms proportional to e' via
the usual formula for the change of Weyl connection, [13, section 1.6].

Proof. It follows from proposition 4.2 that the twistor spinor v € N has the null G-type and
the normal conformal Killing field can be obtained as tensor product of two twistor spinors.
There are two possible P—types corresponding to null vectors in the maximal null-plane given
by the first two vectors of the standard (complex) basis of C* and to null vectors outside such
a maximal null-plane. Since they are constant, we can compute g,, = g, and g,, = g, for the
representative w =v and w = u, respectively, i.e. all the points have the same P-type. Since
a(t) = a(t,) Ng, = a(t,) N g, the geometry is homogeneous and we can use the c—(co)frame
to describe it in the claimed way. Indeed, A5 corresponds to e4 and defines a distinguished vec-
tor field on TM, h3, hy correspond to e;,e3 (modulo p,) and provide the orthogonal decompos-
ition of the quotient. Finally, /4 corresponds to e' and describes the change of the Levi—Civita
connections of g to the distinguished subclass of the class of Weyl connections. O

Let us finally remark that we also computed that there is a 27—dimensional family of conformal
Killing 2—tensors and a 2—parameter family of conformal Killing—Yano 2—forms. Therefore,
all of the conformal Killing—Yano 2—forms are normal.

In the next, we discuss holonomy reductions on an example that carries no Einstein scales.
In order to have at least one non-reductive example, we consider a non-reductive analog of
Godel metric.
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4.3. Holonomy reductions on non-reductive analog of Gddel metrics

We pick an example such that its group of conformal symmetries that has a similar structure as
for the Godel metrics, however, we replace SO(2) with a non—trivial 1-dimensional represent-
ation L of R isomorphic to the action of diagonal SI(2, R)-matrices on strictly upper triangular
SI(2,R) matrices, i.e. K = (R x L) x SI(2,R). So this time we fix H = A(L) to be the diagonal
in the product of L and strictly upper triangular matrices in SI(2,R). Thus we can parametrize
the Lie algebra £ as

X3 X5 0 0

0 —x; 0 0

0 0 —Xp +Xx3  2x4+Xx5— X1
0 0 X1 X2 — X3

with x5 parameterizing h. Let us show that if we consider the complement ¢ parametrized by
(x1,X2,X3,%4), then a_y : ¢ — R* given by this parametrization describes a K—invariant con-
formal geometry on the non-reductive homogeneous space K/H.

Lemma 4.3. There is a decomposition € = [ & a & n such that
e = e2x2_2x38X1 — 2x40y, — %(4)@% +1- e4x2_4x3)6x4, €y := Oy, + 2x40y,,
€3 := Oy, — 2x40yx,, €4:= 0Ok,
el = ety o 1= 2wy Pt dx 4+ dxy, € = dxs,
et= (%e’z"ﬁb‘3 - 2)@2‘(3*2"2*2)r3 - %62)‘2*2"3)de — 2x4dxy 4 2x4dx3 + dxy,

are c—(co)frames in the exponential coordinates ¢ = (x1,x3,x3,%4) — K/H compatible with the
decomposition | a®n, i.e.

g =(e7* ™ — 1)dx] + e 72125 (dxy g + dgdxy) + dog + dog
+ 2x4e 2223 (dxady + drydxs)

is a metric in the K—invariant conformal class on K/H. Moreover,

—x2  4x1 4+ 2x4 + x5 0 0 0 0

X1 X2 — 2x3 0 0 0 0

X2 2x1 — 2X4 — X5 0 —X3 0 0

B —2x © 0 0 0
X4 0 —2x1+2x4+x5 2x1 —x2+2x3 —4x; — 2x4 — X5

0 —X4 —x2 —X3 —X1 X2

is the associated normal conformal extension of (¢,5) with curvature

[0 20(x;(y2—y3) —yi(xa—x3)) O O 0O O

0 0 0 0 0 O

A N 0 72()61 (yz + 3y3) 7y1()C2 + 3)63)) 0 0 0 O
K(oz(x,),oz(y,)) - 0 *2()61(3))2*))3)*y1(3X2*X3)) 0 0 0 O )

0 0 x % 0 *

0 0 0 0 0 0]

where the x—entries are determined by (SO).

Proof. It is not hard to check that g, = o™ ;v 3 is an H-invariant element of @2 £/b* and
thus defines a K—invariant conformal geometry on K/H. Further, we can observe that there
is decomposition ¢ = [ @ a @ n, where [ is given by x;, a is given by x,,x3 and n is given by
X4,xs. Since ¢ N[ is given by x;, cNa is given by x;,x3 and ¢ Nn is given by x4, we have the
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claimed exponential coordinates. The pullback of the Maurer—Cartan form of K to T¢ takes
the following form in these coordinates

dx; 0 0 0
0 —dx; 0 0
0 0 —2x4e 2230y —diy +dxy —(dade” P23 4 2223 dxy — dxydx, + dxadas + 2dxy '
0 0 exp 22+23dyx, 2x4e~22+23dx; + dxy — dxs.

This induces the claimed ¢—(co)frame and the metric g in the conformal class according to
proposition 2.2. With this information, we can directly compute the normal conformal exten-
sion a: € — 50(2,4) in the following steps.

(1) We start with the above a_;.

(2) We find the image do(xs) in co(1,3) with the same graded action on (x;,x2,x3,x4) in ¢ and
then we compute the full de(xs) using the conditions from the proof of proposition 2.1.

(3) We compute vy (x1,x2,x3,x4) and o (x1,x2,X3,%4) using the normalization condition (Nor)
and we find the least possible a—part in (SO) of ¢ (it is not generally possible to get a =0
on non-reductive homogeneous space).

The formula for the curvature follows the definition. O

Further, let us show that this conformal geometry admits normal solutions that we can use for
the holonomy reductions.

Proposition 4.5. Suppose p = wiA| +wy Ay + w33 for fundamental weights \; of complexi-
fication of s0(2,4).

o Ifwy # 0, then the corresponding first BGG operator does not have any normal solutions.
o Ifwy =0 and wy # ws, then there is a 2—-parameter family of normal solutions with
<I>(x1,x2,x37X4)(v1 + in) = ((W2 + W3)X3 + E(Wz - W3)i)63) (Vl + in)

and m : N — X identifying vi + iv, with (vi + ivy)—multiple of the lowest weight vector in
X

o If wy=0 and wy=ws, there is a I-parameter family of normal solutions with
D(x1,%2,X3,%4)v1 = 2woxzvy and 7 : N — X identifying v; with vi—multiple of the lowest
weight vector in X.

In particular, there is a 2—parameter family of twistor spinors given by function
ste—X=C1], s(x1,x2,x3,%) := (O,e‘”“"‘éi) (v +in))’

and there is a I-parameter family of normal conformal Killing vectors vie=>30,,.

Proof. We start by computation of the infinitesimal holonomy hol(«). Firstly, the image of
curvature is the 2—dimensional space of elements

0 20 —4h 0 0 0 0
0 0 0 0 0 0
0 M 0 0 0 0
0 M 0 0 0 0
0 0  —h —h O —2h+4h
0o o 0 0 0 0
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Then the bracket of the image of the curvature with the image of a provides 6-dimensional
space of elements

[2h3 — 4hy he 0 0 0 0
0 —2h3+4hy O 0 0 0
hs hy 0 0 0 0
hy hy 0 0 0 0
hs 0 —hy —hy 2h3—4hy —hg
i 0 —hs —hy —hy 0 —2hs3 + 4h4_

The next bracket of the above 6—dimensional space with the image of « provides 8—
dimensional space of elements

hs he O O 0 0
Wy —hs O O 0 0
s hh O 0 0 0
hy b, O O 0O O

hs 0 —h —h hg —hg
(0 —hs —hy —hy —hy; —hg)

The next bracket does not provide anything new and thus we have got 8—dimensional hol(«).
Let us emphasize that hy, hy, h3, ha, hs form the Heisenberg Lie algebra corresponding to a
contact grading of s0(2,4) and h¢, by, hg form s[(2,R).

Now, we can use the representation theory to deduce all the normal solutions. Since
hol(«) contains all negative root spaces, the normal solutions are precisely the so(2)-modules
of the lowest weight on which hg acts trivially, which provides the projection . If the
highest weight is wj A} + wy Ay + w3 A3, then the lowest weight is —w; A — w3y —wp A3 and
(—wiA1 — w3y — waA3)(hg) = hg(—w1). Thus the existence claims on the normal solutions
follow, because the s0(2)-module of the lowest weight is complex for w, # ws and is real for
wy = w3. We can then use the conformal extension « to obtain the representation ®.

The claims on the twistor spinors and normal conformal Killing vector fields can also be
observed from the image

0 0 0 0
— Y2 (hy 4 ihy) hs —Lhg 0
— Y2 (hy — ihy) —4h, —hg 0
Lps —2(h3 +ihy)  L2(h —ihy) O

of hol(«) under the spin representation of s0(2,4) and from the fact that the normal conformal
Killing field can be also seen as a tensor product of two twistor spinors. 0

Let us discuss the holonomy reductions induced by the twistor spinors and normal conformal
Killing fields from proposition 4.5.

Proposition 4.6. The twistor spinor v from proposition 4.5 has the null G-type, and the normal
conformal Killing field u from proposition 4.5 has the G-type corresponding to translations.
In particular, g,, 94, P, P, are as in proposition 4.4.

All the points of K/ H have the same P—type and there are Cartan geometries of type (G,, P,)
and (G,,P,) on K/H. The Cartan geometry of type (G, P,) is not homogeneous and its sym-
metry group has orbits of codimesion 1. The Cartan geometry of type (G, P,,) is homogeneous.
The underlying geometric structure consists of
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(1) a choice of null-vector U := e~>%0,, that is a reduction of CO(1,3) to (P, N CO(1,3) =
(P,NCO(1,3)) x SO(2),
(2) an orthogonal decomposition of

UL /(U) = (cos(x3)(Ox, + 2x40y,) — sin(x3)(0y, — 2x40y,))
@ (sin(x3)(Oy, + 2x40x, ) + c08(x3) (O — 2x40y,))

into two distributions of rank 1 that is reduction of (P,NCO(1,3)) xSO(2) to (P,N
CO(1,3)), and

(3) a subclass of the class of Weyl connections that preserve U and the two distributions of
rank 1 formed by Levi-Civita connections of the metrics e\ g in the conformal class
for arbitrary function f. Their Ricci tensor vanishes on insertion of vectors in Ut as a
consequence of normality of the solutions.

Proof. Itfollows from proposition 4.5 that the situation is similar to the situation in proposition
4.4. The difference is that the section (O,O,O,e‘x3(‘+%i)v)’ of the spin tractor bundle is not
constant. We compute that the element py, ,, given by exponential of the element of co(1,3)
with a;; = a = —x3, b;p = —x3 in (SO) and remaining parts vanishing normalizes the sections
to w=v or w=u from proposition 4.4, respectively, i.e. all the points of M have the same P—
type. Thus by proposition 4.1, there is a Cartan geometry of type (G, P,) and Ad,, : (a(®))N
gy is a subalgebra of £ with x3 = 0 and thus has the action of codimension 1 on M. Similarly,
there is a Cartan geometry of type (G,, P,) and Ad,, 3M («(®)) N g, = £ and the Cartan geometry
is homogeneous. For the interpretation of the underlying geometric structure, it is not hard to
deduce that the objects (1), (2), and (3) are equivalent to the claimed reductions. Indeed, the
coframe corresponding to the reduction is obtained from our coframe e’ by the adjoint action
of pi, }W and has the claimed form. O

To highlight the similarity with the conformal class of Godel metrics, we describe all conformal
Killing 2—tensors and conformal Killing—Yano 2—forms using the data computed according to
theorem 3.1. The explicit formulas for the conformal Killing 2—tensors and conformal Killing—
Yano 2—forms can be obtained using the formula (Sol) and the ¢—(co)frame from lemma 4.3.

Proposition 4.7. There is a 15—dimensional space of conformal Killing 2—tensors that decom-
poses into the following K—invariant families. We use the parametrization (sy,...,9) of the
projective slot given by the c—frame

2 2
oTM = {s1e7 + s2e1€2 + s2epe1 + s3e1e3 + s3e3e1 + sqe1eq + sgeqeq
2
+ 85¢5 + Sgere3 + Sgezer + s7e2e4 + S7€4€2
2 2
— (254 + 55)e€5 + sgezeq + sgeqez + so€y }

for the particular components of the projection 7 : S — @%TM.

(1) There is a 1-dimensional trivial t—representation R = (v;) with projection
(0,0,0,v1,v1,0,0,0,4v).
(2) There is a 3—dimensional representation R} = (v2,v3,Vv4) that is trivial as the represent-
4)63 X5 0
ation of sI(2,R), while the radical acts by the matrix | 0  2x3 xs5| with projection
0 0 O

(070707 _2V4a —V4,V4,V3,V3, _6V4 + 2V2)7
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where v, corresponds to the normal solutions that are symmetrized products of normal
conformal Killing vectors with themselves.

(3) There is a 5—dimensional s1(2,R)-representation
4

CORY = {vsy} + veytya +viyiy3 + vay1y3 + voys }
with trivial action of the radical and with projection
(24vs,6v6,0, —2v7 + 6v5,4v7 — 6vs,0, —3vg + 36,0, 6v9 — 2v7 + 6v5).

(4) There is a 6-dimensional s((2,R)-representation consisting of two copies of @2 R?*
that we parametrize as VlOy% +viyiy: + vlzy% and V13y% +vuayiy: + v15y% with the action
2
[ 33 )ﬂ of radical intertwining these two copies and with projection

(0, —4vi3,—4vi3,via — 2vi0, —3Vi4 + 2vi0, —2v14,

2vis —2vi3 — 2v11,2vi5 — 2v13,4vi0 — 4vyg).

There is a 2—dimensional space of conformal Killing—Yano 2—forms that are all normal and
can be obtained as symmetrized products of twistor spinors with themselves.

Proof. We present here only the minimal set of data from theorem 3.1 that were computed
using Maple. We know that in the case of conformal Killing 2—tensors, w; = 0 and w, = w3 =
2 and thus there is a 1—parameter family of normal conformal Killing 2—tensors according to
proposition 4.5. Similarly in the case of conformal Killing—Yano 2—forms, w; = 0 and w, # w;
and thus, there is a 2—parameter family of normal conformal Killing—Yano 2—forms. O

4.4. Example related to CR geometry

Let us consider the manifold M to be the Lie group K = GI(2,R). Consider the K—invariant
metric defined by

1 V3 _
Q1 \/%ZX4+ZXI 67(3x2 X3) = (xl;x27-x3ax4)t'
% (3XQ +X3) 13%4 + 2x;

We use proposition 2.1 to compute the corresponding conformal extension « and the infinites-
imal holonomy hol(c).

Lemma 4.4. The normal conformal extension « : gl(2,R) — s0(2,4) for the above o._; and
the infinitesimal holonomy are as follows

[0 —x X2 —2x3 2xy 0
x1 0 %X3 X2 0 f%xz;
Lxg+2x £(3x —x3) 0 1 )
oy 1244 1 6 2 3 _|* T 1 —X1 — 3X4 %3 ;xz
Plutx)  fxtn X3 X Xt gX4 0 35
X4 0 X3 —X2 0 X1
_0 —X4 —X2 —X3 —X1 0
(hs  —he hy —h hg 0
he  hs h hy 0 —hg
hy  —hy 0 2he —hy —hy
hol = = 2,1
M) =1h he 2k 0 - m | T MED
h7 0 hy —hy —hs kg
0 —hy  —hs  —hy —he —hs
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Proof. Since £ = c, the construction from proposition 2.1 simplifies to finding the maps o,
that are uniquely determined in the given form by the normalization conditions (Nor) and
vanishing of the a—part in (SO) of . Thus the curvature « takes form

0 0 —(3xays— 2x4y3)  —(2x0ys — x432) 0 0 T
0 0  2(xoys—axuy2)  —32(x3ys—xay3) 0 0
00 0 0 —2(x2ys —xay2) 2 (X3y4— X4y3)
0 0 0 0 2(xays —x4y3) 2 (X2ys —x4y2)
0 0 0 0 0 0

10 0 0 0 0 0 ]

and its image corresponds to &y, p,—entries of hol(«). In two steps, the bracket of the image
of k with the image of « generates the given hol(«). Simple analysis of this subalgebra of
$0(2,4) shows that it is a simple Lie algebra su(2,1). O

Consequently, normal solutions correspond to trivial s1(2, 1)-submodules in the branching of
the representation p : 50(2,4) — gl(V) to su(2, 1). In particular, we have the following normal
conformal Killing field inducing a holonomy reduction to a CR geometry.

Proposition 4.8. The center of gl(2,R) is generated by a normal conformal Killing field and
GI(2,R)/R carries an SI(2,R)—invariant CR geometry with CR—distribution generated by
Xy, x3—entries of gl(2,R) and complex structure identifying it with x, + ix3.

Proof. The adjoint representation of s0(2,4) contains a single trivial su(2, 1)~submodule cor-
responding to the x;—entry of the image of « and thus, the center of gl(2,R) is generated by a
normal conformal Killing field. The entries k3, hq, h7 clearly determine a negative part of the
grading of su(2, 1) corresponding to the CR geometry, and comparison with the image of «
determines the claimed description of the CR geometry. 0

Note that this is (up to covering) an example of a CR geometry contained in a 1-parameter class
of symmetric CR geometries on SO(2, 1) (for the value of the parameter t = V/3) constructed
in [27].

5. Applications of all solutions, conserved quantities and conformal circles

5.1 Conformal circles via conserved quantities

There is a distinguished family of curves defined on each conformal geometry called conformal
circles generalizing geodesics of Riemannian geometry, [1]. Let v : R — ¢ be a curve on (M =
K/H,|g]) in some exponential coordinates € : ¢ — M. In this section, we consider more general
exponential coordinates than those compatible with decomposition [ & a & n, because it will
simplify some computations. According to [25, 38], we assign to nowhere null curve -, where
we always omit writing the argument ¢ for v and its components in the local coordinates, a
conformally invariant curve 7 : R — A3T as follows. For a chosen g in the conformal class,
we denote

w:=|1y'll=vel,)
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and we can define three curves X7, U7, A7 : R — T as

X7 =

S O=I=

U= (X7 +p(a((0m) ™ (€ (), () + Do HE () ) (7).
A= (U 4 p(a((@) T (€ (). (0) + D HE () ) (U,

where p(ao (1)~ o(el,....e") + ", H;e')) is the algebraic part of the tractor derivative
along the curve vy expressed according to proposition 2.4 using the c—coframe (e',...,e").

Then
Y i=X"AUYANAY.

Conformal circles are characterized by the property, [38],
=7 A ((A”)’ +p(a(la) ™ (e (), se () + Yo Hie (1)) (A”)) =0.

The basic result from [25] on conserved quantities along the conformal circles we consider
in this article is the following.

Proposition 5.1. Let s: ¢ — AT be the function corresponding to a Killing—Yano 2—form.
Then g(s,X") is constant along conformal circle ~y, where g is the induced tractor metric on
A3T.

Thus if we have enough Killing—Yano 2—forms, then we can use the corresponding conserved
quantities to describe the conformal circles. Note that the representation of K on the functions
corresponding to Killing—Yano 2—forms induces a representation on the conserved quantities.
One can then use this action to set the conserved quantities into a particular form and obtain
some representatives of the K—orbits of conformal circles. Let us illustrate this with examples.
We start with the conformal structure on 3—dimensional Heisenberg group which is studied in
[39] under the name Nil.

5.2. Conformal circles on 3—-dimensional Heisenberg group

We consider the group K of lower triangular 3 x 3—matrices with ones on the diagonal

1 0 O
K= X2 1 0
x3 x1 1

We define a conformal class on M = K by choosing the following c—coframe

1 1
el = ﬁ(dxl —dxy), € :=dx3 —xdxy, € := 7
i.e. g =dx? — dx} + (dx3 — x1dx,)? determines a conformal class of signature (1,2) and €? is
the usual contact form on the Heisenberg group.

Note that in comparison with [39], we have different conventions and thus the conserved

quantities from [39, section 4.2] become

(dx; + dxz),

1
E=2aa; +a§ +u§, J=—aszu; +aju; — Euz,
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where
0 0 o0
y@)=|%@E 0 0| €ccx~t
() () 0

is a curve parametrized by arc—length w.r.t. the metric g and

1 0 [ u% —% T
0 Uy = %(7{ —9) ap == —ujup + uj
X":= 0, U :=| wp:=~—m5 |, AV := ap :=u
0 U3 = %(7{ +) az = uzuy + u}
_0_ i 0 | i —1 |

In such a non-holonomic coordinates, we have the following equations for the conformal
circles

1 1
a/1 = 7141(2(11613 +a§) + ulug + Eulaz + Euzal,
! 2 3 1 1
ay =—uy(2a1az +a;) +uy —up + Sisa1 — suas,
1 1
dy = —uz(2ara3 +a3) + uzul — SUsay = S u2as,

uias + upay +uza; =0,

where the last equations is a consequence of the assumption 2ujus +u3 = 1.
Let us compute the conserved quantities provided by the conformal Killing—Yano 2—forms.

Proposition 5.2. The following quantities are constant along the conformal circles on (M, [g])

o~

2V2
C = T(ZMSCH —2ujaz —up) (1 +72) + 5(143 —2u3a + 2ura3),

—_—

2
(2up(ay + as) — 2az(uy + uz) — uy +uz) i

C2 = 7(1,{3[1] —uas — u2)(7]2 - 7%) + 5

W

V2 8
+ ?(2’42(“1 —a3) +2ax(uz —uy) —uy —u3) v + g(”?»al —u1as),

1 V2
C3:= Z(Zugal —uy —2ua3) (v 4+3) — T (2(u1 +usz)a, —2(ay +az)up +uy — ug)’y]
V2
- (2(uy — uz)az +2(az — ay)us + uy + uz)v2 + ua,

2V/2 4
Cy:= T(zulaS —2uza; +uz)(y1 —72) + g(zulaz +u; —2usay)

Proof. Let us firstly collect the data necessary for computation of the Killing—Yano 2—forms.
The first ingredient is the conformal extension

0 —%% 2 —3m O

1 0 0 0 yio—3n —snm 0 0
a: |75 (=yi+y3) 0 Of = |y, —Iys 0 lyy =3y,
»2 %(M +y3) 0 y» 0 Vi3 3y

0 -y -» -»n 0
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where the parametrization of £ is given by evaluation of the dual conformal frame to e',e?, ¢

at the origin o = (0,0,0) and then the map « is computed according to proposition 2.1. The
coordinates (xj,x,,x3) are not the exponential coordinates corresponding to this parametriza-
tion and comparing them we obtain the transition

V2 1

2
y = T(xl —X2), Y2 = BRI +x3, y3 = ——(x1+x2).

2
This allows us to present the conserved quantities in (x;,x,,x3)—coordinates.

Now we can compute the characterization of conformal Killing—Yano 2—forms from the-
orem 3.1. In particular, we compute that S C A>T has coordinates

Vi,V iv V4,V iv O—§v §v —§v
1, 273 1,V4, 373 4,Y, 3 175 2y 34

in the standard basis 7y, 1 <i<j<k<5 of A3T (ordered lexicographically, i.e. v3 corres-
ponds to multiples of 7[135],) and

4 4 8 8 8
D (y1,y2,y3) (V1,V27 FVLVa Vs, §V4707 3V 5V —3V4>

3 3 5 +5 1 2 3 +3 4
=|——V -y —=Vv =V ——=V3y; — =V —V —V -V
10 2V1 — 3 3V1;5 3 1Y3 3 4Y15 3 3)1 5 2V15 10 2Y3 3 3}’373 1Y3

4 2 1
—=Vay1, z=Vvay3 + =v3y3,0,v3y1 + Zvayi,

3 5 2 5 3 3 5

8 8 4
—ZV1Y3 T ZVay1, —V3y3 — £Vay3 | .

Then we can extend the elements of S to sections of the tractor bundle in (x;,x,x3)—
coordinates. Finally, we obtain the claimed conserved quantities by contracting them with
3.7 using the tractor metric induced by g. O

We can now analyze all the equations together and find out that we obtain only two new con-
served quantities. However, they are enough to simplify the equations for the conformal circles
to the following form

_ V2(6u3(u5 — 1)(C1 — C4) —
4Lt3 5C2—4C3)(u2— 1) ’

(22 +18 — 1)(1s(5C; — 4C3) + 81k — 4 — S))
(
\5(61/!3(14% — 1)(C1 + C4) (214% — u2 + )(M2(5C2 — 4C3) + 81/{% —4— S))
(

= 4u3(5C; —4C3) (2 — 1) ’
1
L= 6uz (15 — 1)(2u3 +u3 — 1)(Cy — Cy4) — 4(2u3 — 1
73 8u%(5C2—4C3)(u2—1)( us (14 ) uz +uy )(Ci 4) (2u; )
(23 +u3 = 1)? —ur (213 — ud + 1)*(5C; — 4C3) + S(2u3 — 3 + 1) (23 +u3 — 1)),
;o (*8M%*SM2+ 12uy +5C; —4C3)us ;o S
Uz = y Uy =—

8(u —1) 8’
§? = 64us + (18C,Cy + (5C, + 12C3)(5C; — 4C3) — 64)u3 + 8(5C; — 4C3)us

—18C1C4 — 16C5(5C, — 4C3) + 16.
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The particular solution from [39] corresponds to the special case with

5 1 1 9 1
J=-C—-C3=0, E=—-——-CC4— —

5C, +12C3)(5C, —4C3) =0
8 2 4 32 64( 2+ 1265)(56, 3)

and some other special choices can also simplify the equations so they can be solved explicitly.

5.3. Conformal circles on split version of Fubini-Study metric

The Fubini—Study metrics are the unique (up to a constant multiple) invariant metrics on the
symmetric space SU(1 + n)/U(n) and conformal circles on this space are studied in [19]. We
consider the split version of this space that takes the split real form as the isometry group,
so we consider the unique (up to a constant multiple) invariant split signature metrics on the
symmetric space SI(1 +n,R)/Gl(n,R). We assume here n > 1.

Lemma 5.1. The normal conformal extension « : sl(n+ 1) — so(n+ 1,n+ 1) corresponding
to the split version of the Fubini—Study metric is

. <[_,r(A) X;D: X, A+tr(A)id 0 — X
X, A X, 0 —A'—tr(A)id —ﬁxg
0 —X) X 0

with curvature

5 5 )

_ |0 £F00Y - X))+ (XY - VX)id g ER (XY - YiX) 0
0 SoE (Xa Y — Y2 X5) * 0

Proof. Since we have an invariant conformal structure on a symmetric space, we can use the
general result from [28] on the structure of the map «, and the only missing component we
need to compute is the part «;. It is not hard to verify that the claimed « provides the given
curvature and that it satisfies the normalization conditions (Nor). O

Let us start with the case n =2 and consider the exponential coordinates

0 X3 X4 1 0 0 1 X3 X4
c:|lx; 0 O|l—=|xx 1 00 1 Ofo.
xx 0 O x 0 1[0 O 1
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Firstly, we find the metric, the c—coframe, and the pullback of the Cartan connection from
proposition 2.4 in our exponential coordinates.

Lemma 5.2. In the above exponential coordinates, we have c—coframe

e = dxy, &= dx,, &= dx; — x3x4dxo —x%dxl, = dxg — x3x4dx; — xidxz
and thus

g = dxdxs + dxsdx; + doadig + dxgdx, — 2(x3dxg + xgdx;)?.

The component oy He') is as follows, where x—entries depend on the others

[0 0 0 0 0 0]
0 2x3dx; + x4dx; x4dx 0 0 0
0 )C3d)C2 X3d)C1 + 2X4d)€2 0 0 0
0 0 0 * 0
0 0 0 * 0
0 0 0 0 0 0]

Proof. Since we are dealing with a matrix Lie algebra, we can use the standard formula for
the Maurer—Cartan form, which provides a ¢—coframe and the component a(}_, He'). We can
then use the c—coframe to write the metric g. O

In the above exponential coordinates, let us consider a curve

0 7 M
¥y =|m 0 0] €c.
> 0 0

We conclude from lemma 5.2 that

17 _uT] M’ —2u(u’’)+4(u')? ]
u u? 2u3
0 up aj
0 u a
X7 = ol U" = 2 , AT = 2
usz as
0 Uy as
_0_ (- 0 - - _uz -

Let us compute the conformal Killing—Yano 2—forms and determine the corresponding con-
served quantities.
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Proposition 5.3. In the case n =2, the following quantities are constant along the conformal
circles of (M, [g]), where we write aju; — aju; = ry;

1
G = u (- YV’ + (—yatau® — r3; + rao)ys + usu’ +2yar23),
1
G = 0 ( - ’YZMZMZ + (—’Y3M1M2 +r31 —r)ya + ugu® + 2’73V14)7
_1 2 2 2 2
G = - ((3ur +y3vauz — uz)u” — 24123 + 73 (r31 — ra2))vi + (311 + Yauz — ua) vz

+ 29311 + a2 + ((ra2 — r31) s — 293714) 72 + 131 — ra2) 1+ un (s + Du® — 2’Y2r14)7
1
Cy= " (((%%Mz + y3yaur — ug)u’ — 27y3r1a — a(r3 — r42))7§ + (((’Y%Ml + V3Yaur — u3)yi
+ st + 2ya)u” + (131 — ra2) s — 2rs)n — 131 + )2 + (s + D’ — 2’71&3),

G = (( — 273U+ (=271 = Yaur )4 — 2u)y3 — V2viez + ugys + 2w — yau)u’

1
u
+ ((=2r31 4 2ra2) 1 + 2m2r14) 3 + (4n1rs +72(r31 — raz))ya — ran + r4z),

1
Co=— (( — i + (—yatau’ — 31 + 1)y + usi’ + 2yar23) 12 — yuau” + 2rzs)

1
=Cim— p (’Y3u2u2 — 2r23),

1
G = . (( — Yauru® + (—3uru® + 31 — rap)va + ugi’ + 2y3r1a) 1 — Yauru® + 2r14)

1
= Cz’yl — ; (74141142 — 2"|4)7

Cs= (( —yyaur + (=12 — 27201 )ys — w)y3 — 272%auz + 2usy2 + usyy — 2yaun )i’

1
u
+ ((=r31 + ra2) 1 +4v2r14) 13 + (2y1r23 + 272(r31 — ra2) ) ya + 131 — r42) ,
1
Co = ——(r31 +142).
u
Proof. As before we use Maple to compute the data from theorem 3.1 for conformal Killing—

Yano 2—forms. We obtain that S € A3T has the coordinates

(Oa %(VS +V3),0,V1,0, %(VS +‘}8),‘}2707‘)3,"47"’23*Vla

0,v4,vs5 — Vg + V9, 2vs, —V3,2V7, —Vs + Vg + 19,0)

in the standard basis 7}y, 1 <i<j <k <6 of A3T, i.e. v corresponds to I1246) 1 I[356)- The
representation ® is the adjoint representation of £ on

Vg — V5 — Vg V3 V4
Vi Vo + Vs Ve )
V2 V7 Vg + Vg
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If we replace the exponential coordinates from the formula (Sol) with our exponential coordin-
ates, we get the following sections of the tractor bundle

Vi (O, %x3,0, 1,0, %x3,0,0, —x%, —x3x4,0,—1,0, —x3X4,x3,2x4,x§,0, —x370)

+ vy (O, %X4,0,0,0, %x4, 1,0, —x3x4, —xi, 1,0,0, —xi, —x4,07x3x4,2x3,x4,0)

+ 3 (O, —%xl (x1x3 +x2x4 + 1),0, —x12,0, —%xl (x123 +x0x4 + 1), —x1%2, 0,
x%x% + x3 (XX + 2)x1 + x2x04 + 1, x1 x4 (X123 + X0x4 + 1), —xlxz,x%, 0,

X124 (X103 4 Xox4 4 1), =21 (123 — x0x4 + 1), =207 x4, —x7 (X103 + 23 + X2x3X4)
—xpxg — 1, =2x (%133 + 1), x1 (3133 — x0x4 + 1),0) 4 vy (07 —%xz(x2x4 +xx3+ 1),
0, —x1x2,0, —%xz(x2x4 +x1x3 + 1), =x3,0, 0023 (X103 + Xox4 + 1),

XoXa (X1 X3 + x0X4 +2) +x1X3 + 1,—x§,x1x2,0,xzx4(x1x3 +x2x4 +2)

+xrx3 4+ 1xa (g — xpx3 + 1), =21 (s + 1), —x0x3 (13 + X034 + 1),

= 2x22x3,x2(—x2x4 4 x1x3 — 1),0)V5 (0,3x1x3 + %(x2x4 +1),0,2x1,0,3xx3

+ %(x2x4 +1),x2,0, —x3(2x1x3 + x2x4 + 2), —x4(2x1 X3 + x4 + 1), %2, —2x1,0,
X4(2x1x3 + xox4 + 1), 23103 — x0x4 + 1, 4x1x4, 203 (2X1X3 + x2%4 + 2),

2XpX3, —2X1X3 + XpX4 — 1,0) + ve (0, %x2x3,0,x2,0, %x2x3,0,0,

— xzxg, —xoX3%4 — X3,0, —x2,0, —X223%4 — Xx3,X2%3, 2(x2X4 + 1),x2x§, 0, —xx3, 0)
+ vy (0, %X1X4,0,0,0, %x1x4,x1,0, —x4(x1x3 + 1), —xlxﬁ,xl,0,0,

—xlxﬁ, —x1%4,0,x4(x1x3 + 1),2(x1x3 + 1),x1x4,0)

+vg (0, 3x0x4 + %(xl)g +1),0,x1,0,3xx4 + %(xp@ +1),2x2,0, —x3(x1x3

+ 2x0x4 + 1), —x4 (X103 + 20024 +2), 222, —x1,0, —x4 (X1x3 + 22024 + 2),
X123 — 2x%4 — 1,2x1 x4, 23 (X123 4 2x2%4 + 1), 4x0x3, —x1x3 + 2x0%4 + 1,0)

+19(0,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,1,0),

After contracting these sections with >7 using the tractor metric induced by g, we obtain the
claimed conserved quantities. O

Now, we can compute a co-homogeneity one K—orbit of conformal circles. Note that the con-
served quantities implicitly describe all the conformal circles, but we need an ansatz on the
conserved quantities to get explicit equations.
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Theorem 5.1. The following curves are conformal circles (up to parametrization) for all ¢ €
R, ¢>0

o 202 —t
M= N
o 1
"= 25

o 1
V3= p
V4 =1

and their K—orbit is of co-homogeneity one.

Proof. We investigate the action of SI(3,R) on the conserved quantities from proposition 5.3.
This leads us to us an ansatz

(()7()7_\2E Lo V2, V2 3’())

for the value of the conserved quantities, because under this ansatz, we can derive the following
equalities for conformal circles from the conserved quantities

’7// _ '74/( ’7// _ '74/1/'74 - 2%/12 n__ 13 (7411/74 - 2’74/12)
! 2vay3cd 2 2733 3 V3 ’
’ / ’
r_ T r__Ta r_ 3N
M 2’)’3’}/4C3 y N2 2’}/4%63 V3 Y4
2v3¢? — 1 1
M=

233 n= 2

Thus we can pick -4 arbitrarily, compute the remaining functions and act by SI/(3,R) on the
curves to check that the orbit is codimension one K—orbit. One can choose 74 to get paramet-
rization by arc—length, but for simplicity, we have chosen 4 = ¢ in our claim. O

Let us prove that the theorem 5.1 can be generalized to an arbitrary dimension.

Theorem 5.2. The following curves are conformal circles (up to parametrization) for all ¢ €
R,c>0

. 20—t
"= 5
o 1
V2= 503
vi=0n>i>2
1
Yn+1 1= 7
Ynt2 =1

Y:=02n>2i>n+2

in the exponential coordinates

c: 0 X, . 1 0|1 X5
X0 X, id| |0 id|°
and their K—orbit is of codimension one.
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Proof. We conclude for the claimed curve that X” is just the above X for n = 2 competed by
zeros to the correct size, and therefore, the same holds for U”. For A7, we need to look at the
component of «()_;He') and verify that it does not induce any non—zero difference from the
above A7 for n=2. It is not hard computation to show that apart from the diagonal, we have
Xn+;dx; which indeed evaluates to zero on our curve in the difference from the above A”. To
check that we have a conformal circle we need to use the tractor connection one more time and
check that the result is still linearly dependent on X7, U™, A" . In this case also the difference in
the o —parts of a appear, but this shifts the result by multiple of U” and thus does not influence
the linear independence, i.e. the claimed curves are conformal circles (up to parametrization).

By the structure of SI(n+ 1,R), it suffices to check the property that the K—orbit is of
codimension one for n = 3, because then it extends for the general n by similar computations.
It is not hard to achieve this using Maple. 0

Data availability statement

No new data were created or analysed in this study.

Acknowledgments

J G is supported by the Austrian Science Fund (FWF): P34369. L Z is supported by the Grant
GACR 20-11473S: Symmetry and invariance in analysis, geometric modelling and control
theory.

Appendix A. First BGG operators on homogeneous conformal geometries in
exponential coordinates

Not all of the first BGG operators are described explicitly in the literature. Let us provide
some details on how to describe them on homogeneous conformal geometries. Let us start by
summarizing the necessary ingredients from the proof of theorem 3.1 in the local coordinates
c:c—M.

(1) We have the formula

VPods = ds—l—poa ] ((Oéfl)_l o (ela ce 7en) + ZH[ei))(S)

for the action of the tractor connection on a section of the tractor bundle V = ¢ X V rep-
resented by a function s: ¢ — V.

(2) We need the coefficients of the polynomial Q in 0*V*°%, that is either provided by the
representation theory, [15], or by solving

9*V7°% (id — Q9" V*°*)s = 0

for a general polynomial Q in 0*V*°* and all 5 : ¢ — X. Let us note that if A is irreducible
representation of G, then the degree of Q is the number of irreducible co(p, g)—submodules
in V minus 2.

(3) We need the projection 7 : Ker(9*) C QY(V) — H!(V) that is obtained from the
Kostant’s version of Bott—Borel-Weil Theorem, [13, section 3.3].
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Having these we can write the first BGG operator
Ds =m VP (id — Q0" V*°%)s

for s : ¢ — X. If 5; are components of s in a basis of X corresponding to sections o' induced
by a ¢—(co)frame, then ds gets replaced by d (sicri ) — s;do’. For example, if the c—frame has the

form ¢; = 0}(9%. in (ay,...,a,)—coordinates on ¢, then for X = R” the section s corresponds to
the vector field § = s;07d,, and ds gets replaced by (d(s;io}) — sid})d,,. Similarly, if £ induced
by c—coframe has the form det(c)~'da; A --- Aday, in (ay,...,a,)—coordinates, then for X =

R[w] the section s corresponds to the conformal density 7= - e and ds gets replaced by
dr — “Tr(0~'do)7. In particular,

VS = (d(sio}) — 5:d0}) D, + [(v0 © (a_1) Yo (day,...,da,) (")) (s)
+ (dg o (day,...,da,) (")~ (Hy,. .. ,Hn)’)(s)]iojlfagj

Vr=dr— ETr((f_]dU)T — warer
n

are the actions of the corresponding Weyl connections, where a; is from the formula for the
Cartan connection according to decomposition (Con). Note that if e; is an orthonormal frame
for a metric preserved by the Weyl connection, then Tr(c~'do) = —naie* and thus V7 = dr.

Example 1. We investigate for n = 4 the tractor bundle that is the trace—free symmetric product
of the standard tractor bundle, i.e. V = Oé T. The grading on V has the following (1,4,1)-
block structure

A\ * *
Vl VO * )
* V_l V_z

where the *—entries depend on the other entries and X = V_, = R[2]. There are six irreducible
components in V and thus Q is a polynomial of degree four. We compute

35 7 3 1
— T _ _HF\YPree _ *\7po\2 _ xy7poa\3
0 2 98V 16(3V ) 48(8V )

1
o*\yree 4
1152 ( )
(one can for simplicity assume that £ = R*, a = «_ is identity on R* and thus H; = 0,i =
1,2,3,4, and do the computations explicitly for general polynomial of degree four). The pro-
jection 7 is then a projection R* @ V — @3 R**[2] given by the trace—free part of complete

symmetrization of R** @ Vo = R** ® (O° R**[2]. Finally, let us mention that the leading terms
are third order partial derivatives that are trace—free and there are uniquely determined lower
order terms making this operator conformally invariant. Thus finding the solutions of this BGG
operator classically involves solving sixteen third—order equations for a function of four vari-
ables. However, the use of the corresponding tractor bundle and prolongation connection as in
section 3 provides a simpler way, how to obtain the solutions of this BGG operator. Indeed,
this way one needs to compute the parallel sections for the prolongation connection and project
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them to X'. The construction of prolongation connection is an algorithmic process and the next
section provides more details about it.

Appendix B. Example of construction of prolongation connection

The construction of the prolongation connection is given by the algorithm from section 3.3,
however, the computation can be tedious. Therefore, we provide just one example of this con-
struction, for the case of the Godel metric and the tractor bundle V = @S T and we follow the
notation of section 3.3, i.e.

[ w * * x|

Vg %« % up r * * * *

Vi Voo v, O
« V., V_, 3 8 te 13

Uy ro ri rp r4 %

| —ro — %(rz +r3) v ova vz Vg s

We start with the tractor connection V#°® and according to the algorithm, we compute
Py = 7%Q2 ((8* ® idy+ )RPOQ), where we observe that the lowest nonzero component lies

in homogeneity 2 and leave c¢; as unknown. Then we compute g ((8* ® idy« )RPOO‘*w‘) and
choose a value of ¢ for which some part of this expression disappears. We repeat this in the
following seven steps to find ¥ and thus the prolongation connection. We indicate in i-th step
the homogeneity a of the lowest nonzero component, value g, ((0* ® idy« )RV +i-1)
and value of ¢; we have chosen. Let us emphasize that we do not need to check whether the
value of ¢; we have chosen is correct or not, because V*°*+¥1++¥i provides (independently
on ¢;) the same first BGG operator and the final ¥ with (0* ®idy-)R?°*+¥ =0 is unique
among all of these tractor connections.

(1) In the homogeneity 2, we find ¢; = 6 and v (x,x2,x3,%4,0) then equals to a é—multiple
of

0 * * * * *

((r2+ rs — 2r9)x1 — x2r5s — x373) + X471 2x (Vi * * * *

2 (ro —r3)xy — %(X1V|0+x4r5)+x3r6 *%212 214 — 2X3V3 * * *
(r9 - rz)x3 - %(Xl ry *xzxrx) + x2r6 *%213 223 214 — 2x2v2 * x|

%((r2+r3 —2r9)x4—Xario—x3r7)+X1ra  XaVa+X3V3—zi4 *%224 *%ZSA PATAVIES

0 0 0 0 0 0

where we write z;; = vx; + vjx;.
(2) In the homogeneity 3, we find ¢, = 6 and (¢, — v1)(x1,%2,x3,%4,0) then equals to a z—
multiple of

|—

[(2r7 —4r)xy +4(rs — srio)x3 % * * ok ]
%(stz —x2v3) 0 * * * %
\[2. %(M - 2)61)\/3 - 2(V1 - %v4)X3 —%)@s 0 * * %
20 —x)n 20 — v Gos 0 0 %

2 (x2v3 —x312) 0 3x3s —3x;s 0
I 0 o o0 0 0 o0
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(3) Next, in the homogeneity 3, we find ¢z = 12 and (¢3 — 12)(x1,X2,x3,X4,0) then equals to
a ﬁ—multiple of

[ (10rg —5r7)x, — 10(rs — 3ri0)xs % % % % ]
%(xzvs — X3v2) 0 * * *x %

V2 | 5100 = 5x)vs+6(vi —3va)xs 0 0 x k%
6 . %(_10)61 +5x4)v2 — 6(v; — %V4)X2 0 0 0 * =*
X3V — X2V3 0 00 0 =

L 0 00 0 0 0]

(4) Next, in the homogeneity 3, we find ¢4 = 8 and (104 — 3) (x1,X2,x3,%4,0) then equals to a
z—multiple of

[y (14rs —Tr)x, — L(rs — Jrio)xs * = %« %
%(xwz —xov3) 0 * * x x
V2 %v3(2x1 —X4) 0 0 *x * =x
9 %(—2x1 +x4)v2 0 0 0 * =
X2V3 — X3V2 0 0 0 0 =«
i 0 0000 0
(5) Next, in the homogeneity 3, we find cs = 12 and (s — 14)(x1,x2,x3,X4,0) then equals to

a %—multiple of

[L(=2rs+r)xo+(rs—3ro)xs * * x x x|

0 0 * * *x x

V2 0 0 0 * =% =«
4 0 0 0 0 * =x
0 0 0 0 0 =«

I 0 0 0 0 0 O]

(6) In the homogeneity 4, we find ¢ = 8 and (1) — 15)(x1,X2,x3,X4,0) then equals to a é—

multiple of

[(16x; — 8x4)vi + (—8x1 +4xg)va + 12(voxp +v3x3) * % * % %
$(5x1 — 2x4) 0 *x * % x

1 —5x,8 0 0 * *x =«
9 —5x38 0 0 0 % =x
(—8x1 4 5x4)s 0 00 0 =«

L 0 0 0 0 0 0]

(7) Finally, in the homogeneity 4, we find ¢; = 12 and (¢)7 — 16 ) (x1,%2,x3,X4,0) then equals

toa le—multiple of

[—vixs —voxy —vaxs —vax; % %k k%]

0 0 * * x x

1 0 0 0 * x =
9 0 0 0 0 * =«
0 0 0 0 0 =«

i 0 000 0 0
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Let us note that there is nothing in homogeneity 5 and the computation is finished.
Altogether, the prolongation connection V® is given by ® = p o a + )7, where one gets 17
by adding appropriate multiples of the above matrices.
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