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ABSTRACT

This habilitation thesis discusses geometries with distinguished (local) transfor-
mations and (local) properties of the geometries following from the existence of
these (local) transformations. We focus mostly on parabolic geometries, [CaS109),
that form an important subclass of Cartan geometries, [Sha97].

Main part of the work is based on collaboration with Jan Gregorovi¢ devoted
to various generalizations of symmetric spaces. We combine several methods de-
veloped for parabolic geometries. My viewpoint is more geometric and is based
on studying (local) Weyl connections, their relation to curvatures and their com-
patibility with (local) transformations, [Zal09, [Zall0a] and [ZallOb] (Chapter 1).
The viewpoint of Jan Gregorovi¢ focuses on homogeneous geometries and their de-
scription via functorial constructions based on algebraic methods, [Grel2d, [Grel2al
Grel3]. The combination of the methods allows to give complete description of
(both local and global) geometric properties of generalized symmetric geometries
and their classification, [GrZal6bl [(GrZal5b] and [GrZal](Chapter 2). Generalized
symmetries of almost CR structures, [GrZal8] (Chapter 3), serve as an example.

The next part of the work deals with submaximally symmetric parabolic ge-
ometries. Complex submaximally symmetric parabolic geometries are completely
described in [KrThl14], and it follows from their discussion that real submaximally
symmetric parabolic geometries shall be studied case by case. In the collaboration
with Boris Kruglikov and Henrik Winther we study submaximally symmetric almost
quaternionic structures, which are real parabolic geometries. We give submaximal
dimensions and models in [KrWiZal8] (Chapter 4).

Finally, there are interesting applications in geometric control theory. In my col-
laboration with Jaroslav Hrdina, Ales Névrat and Petr Vasik, we focus on control
theory on Lie groups. For various non—holonomic mechanisms, their configura-
tion spaces are filtered manifolds that often form parabolic geometries modeled on
nilpotent Lie groups. We study controllability and optimal control of these mecha-
nisms (with respect to a suitable sub-Riemannian metric) using properties of these
geometries and their transformations, [HrZal9] (Chapter 5).

We use the CAM system Maple and the package DifferentialGeometry by Ian
Anderson to realize computations, [AnTo12].
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CHAPTER 0: INTRODUCTION



1. MOTIVATION: AFFINE GEOMETRIES

1.1. Homotheties on affine geometries. Affine spaces A,, and their transfor-
mations are the best known examples of geometrical objects, [KoNo63]. The affine
plane As is already studied at secondary schools and affine transformations are de-
scribed there as translations, scalings and homotheties, similarity transformations,
reflections, rotations, shear mappings, and compositions of them in any combination
and order. Affine manifolds generalize affine spaces to the curved setting. An affine
manifold or affine geometry is a smooth manifold M together with a linear con-
nection V. A (local) affine transformation f is a (local) smooth map f: M — M
such that f*V = V. There always are two basic invariants of affine manifolds pre-
served by all affine transformations, the torsion T'(§,n) = Ven — V& — €, 1] and
the curvature R(§,n)(v) = VeVyr =V Vev — Ve v for ,m,v € TM. The space
A, is (globally) the only affine manifold equipped with a connection with vanishing
curvature and torsion.

It is a general principle in geometry that the existence of non—trivial curvature
or torsion implies restrictions on (the existence of) transformations. Conversely,
the existence of a non—trivial transformation can restrict the curvature and the
torsion of the geometry. Let us demonstrate this principle on homotheties. The
affine space A,, carries homotheties f; j of any ratio k # 0 with the center at any
point x. Indeed, since f, x(z) = z, we can identify A, with the vector space V,
with the origin . Then the homothety is given in each basis of V,, by multiplying
the coordinates by the matrix

kO ..
0k ...

+- OO

00 .. k
To define a (local) homothety of the ratio k& # 0 at some point x of a general
(curved) affine manifold (M, V), we identify T, M with V,,. Thus we consider a
(local) transformation such that fy x(x) = z and T, fy 1. = k€ for all £ € T, M.
Let us point out that (local) homotheties f, 5 are (local) affine transformations
with natural tangent action at x which means that

e the (local) morphism preserves the point z, and
e for all bases of T, M, the coordinate descriptions of its differential (viewed
as a linear endomorphism) are equal.

Then, at the center z of the (local) homothety f k, the torsion T" equals to f , T =
kT, because T is an invariant tensor of type (2,1), and the curvature R equals to

o= k*R, because R is an invariant tensor of type (3,1). Thus there cannot
exist (local) non—trivial homotheties at points with non—vanishing torsion. The
only (local) homotheties that can exist on torsion—free but curved affine manifolds
are

e the identity for k =1, and
e the (local) point symmetry for k = —1.

Moreover, if there is a (local) point symmetry f; _1 =: f,, then, at the center z,
VR equals to ffVR = —VR, because VR is an invariant tensor of type (4,1).
Thus if there is a (local) point symmetry at x, then 7" and VR vanish at .
Altogether, there can exist (local) point symmetries on affine geometries (M, V)
only if T = 0 and VR = 0, while there are no (local) homotheties for k # +1.
Conversely, there always exist (local) point symmetries at each point of (M, V) if
T =0 and VR = 0, [KoNo69 Chapter XI] or [Hel0I]. They are given by (local)
geodesic symmetries of the geodesics of V, or equivalently, by symmetries in normal
geodesic coordinates of V (on a normal neighborhood of x). In particular, they are
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given uniquely and they change smoothly from point to point, i.e., form a unique
smooth system of symmetries.

1.2. Homotheties on affine geometries revisited. Let us consider the first
order frame bundle p : P'M — M over an n-dimensional manifold M, which is a
principal bundle with the structure group GL(n,R), the general linear group. The
fiber over each x € M consists of all bases of T, M and elements of GL(n,R) are
transition matrices acting as changes of bases. There is the canonical form 0 €
QY (P M,R™) such that 6(u)(€) are coordinates of the projection T'p.§ € Ty, M at
the basis u. Then we have TM ~ P*M X g1, r)R", where the pair [u, X] € T,y M
represents the tangent vector at p(u) with coordinates X in the basis w. Indeed,
[u, X] = [ut,t~*X] holds for t € GL(n,R), which reflects the fact that the change
of the basis gives the change of coordinates for the transition matrix ¢. Altogether,
(PIM — M,0) is a first order G-structure with the structure group GL(n,R),
[KoMiSIo3].

There is the well known 1-1 correspondence between affine connections V on
M and principal connections v € QY (P*M, gl(n,R)), where gl(n,R) is the general
linear Lie algebra. The correspondence is given by inducing the connection on the
associated bundle TM. Each (local) map f : M — M induces a (local) bundle map
PLf: P'M — P'M preserving 0, and f is a (local) affine transformation of V if
and only if P! f preserves v.

It is now illustrative to study (local) affine transformations f with natural tan-
gent action at x from this viewpoint. If f(x) = x, then P! f(u) = us for u € p~1(z)
and some s € GL(n,R). Then the tangent map T'f satisfies at the point x

(1) TszUﬂX]] - [[Plf(u)vXﬂ - HustII - HU,SXII.

The change of u to ut for some transition t € GL(n,R) gives Pl f(ut) = (ut)t'st.
Then the coordinate description of T}, f in all frames is equal if t~!stX = sX for all
X € R" and t € GL(n,R). Thus maps with natural tangent actions correspond to
elements s of the center Z(GL(n,R)) of GL(n,R). In fact, P! f is constant along
the fiber over z for s € Z(GL(n,R)). Direct computation gives

kO .. 0
0Ok ... 0

(2) Z(GL(n,R)) = S| ikeR* Sy = {k-idgn : k € R¥Y,
00 ..k

where R* := R\ {0}. Thus the only possible (local) morphisms f with natural
tangent action at z satisfy Ty f.Ju, X] = [u, kX] for kK € R* and we are back in the
classical setting from Section [I.I] In particular, homotheties are the only possible
(local) morphisms of affine manifolds with natural tangent actions.

Altogether, we have got a simple algebraic restriction on possible transformations
with natural tangent action. Contrary to the classical viewpoint, this concept can
be generalized to many types of geometric structures that can be described as
Cartan and parabolic geometries, [CaS109).

1.3. Symmetric and (sub)maximal affine geometries. The above concept
leads to so—called (locally) symmetric spaces. A manifold M with an affine connec-
tion V is locally symmetric if T = 0 and VR = 0, [KoNo69, [Hel01]. Then there
are point symmetries defined locally at each point of M. If the symmetries are
globally defined, then the manifold M is homogeneous and the group generated
by symmetries acts transitively on M. Then we call the pair (M,V) symmetric
space, [KoNo69, [Hel01]. Let us remind that there is also algebraic definition of a
symmetric space as a space M together with a map S : M x M — M such that

o S(z,z) =z,
o S(x,5(z,y)) = v,



o S(z,S(y,2)) = S(S(x,y),S(x, 2)), and

e z is an isolated fixed point of S(z, —)
for all z,y,z € M, [Kow80, [Loo67]. In the case M is a smooth manifold and S is
a smooth system of affine transformations, we recover exactly the classical setting.
In particular, (local) symmetric spaces are examples of affine manifolds carrying
many (local) affine transformations. However, there are other interesting affine
geometries with many (local) transformations.

It is well known, [Sha97], that affine transformations of an affine manifold form
a finite-dimensional Lie group. In the case of n—dimensional affine manifold, the
biggest possible dimension of this group is n? + n. This happens in the case of the
affine space A,,, where the group is exactly the group A(n,R) of affine transforma-
tions X — AX + b for the regular matrices A of order n and vectors b € R™.

There is a natural question what are the possible smaller dimensions. Similarly
to symmetric spaces, this question is closely related to the existence of a curvature
and a torsion. It is proved in [Ego67] that if the dimension of the group of affine
transformations is not maximal, than it cannot be bigger than n2. In particular, for
an affine manifold (M, V) with non-zero curvature, the maximal possible dimension
of the transformation group is n? and the group acts transitively on M. Their
realizations can be found in [Ego67, Section 3.A]. It is also proved there that such
manifold is projectively flat. Let us note that the third possible dimension is n? —1
and its realization can be found in [Ego67], Section 3.B].

Consider the action of A(n,R) on A,. The stabilizer of a point x € A, is
GL(n,R) C A(n,R), so the group of affine transformations of A% := A, \ {z}
has dimension n2. However, A% is locally equivalent to 4, and its transformation
group is locally maximal. Moreover, local transformations do not extend generally
to global ones and we are mostly interested in the local viewpoint. To avoid these
problems, it is convenient to swap to infinitesimal level and to study corresponding
Lie algebras instead of the transformation groups. Thus we study infinitesimal
transformations, i.e., vector fields whose flows are affine transformations at all times,
|[Ego67], Section 2]. This leads to the so—called gap phenomenon studied for many
geometric structures with finite-dimensional transformation groups, [KrTh14l [Kr16|
KrMaTh16l [KrMaldl [DoTh14]. The authors ask the following question:

e What is the maximal possible dimension of Lie algebra of infinitesimal
transformations among all manifolds that are not everywhere flat?

The dimension is then called submazimal. In addition to [Ego67], let us mention
here paper [KrMal4] where authors study submaximal metric affine structures. Let
us remark that the submaximal models discovered in [Ego67] are not metric.

2. REsuLTs: CARTAN GEOMETRIES

2.1. Automorphisms with natural tangent actions. The concept of Cartan
geometries provides a natural generalization of affine geometries and G-structures
which allows to study wide class of geometries in a uniform way, [Sha97, [CaS109).
Let G be a Lie group, P C G its closed subgroup and p C g their Lie algebras. A
Cartan geometry of type (G, P) is a principal P-bundle p : G — M together with
a 1-form w € Q(G, g) such that

(1) (r?)*w = Adp-1 ow for all p € P, where Ad denotes (the restriction of) the

Adjoint action of G on g,
(2) w(lx(uw)) =X for all X € p, where (x are the fundamental vector fields,
(3) w(u) : T,G — g is a linear isomorphism for all u € G.

We are interested in local properties, so we can assume M connected and locally
connected. A (local) automorphism of the Cartan geometry is a (local) principal
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P-bundle morphism ¢ : G — G such that ¢*w = w. Each (local) automorphism
¢ determines a (local) underlying morphism f : M — M, and we assume that the
groups P C G are chosen in such a way that there is 1-1 correspondence between
(local) automorphisms ¢ and the (local) underlying morphisms f, [CaS109} Section
1.5.3]. Automorphisms of Cartan geometries always form a finite-dimensional Lie
group Aut(G,w), [CaSl09, Section 1.5]. In fact, a choice of u € G provides an
inclusion Aut(G,w) < G given by ¢ — p(u).

As an example, let us consider G to be the affine group A(n,R) = GL(n,R) xR"
and P = GL(n,R). Then the frame bundle p : P1M — M together with the form
w := 0+ for a fixed principal connection form v forms an affine Cartan geometry.
(Local) automorphisms of affine Cartan geometries are (local) automorphisms of
the bundle P M preserving the soldering form # and the connection form . Their
(local) underlying morphisms are (local) affine transformations of (M,V) for V
corresponding to the principal connection ~.

Affine Cartan geometries are typical examples of reductive Cartan geometries,
i.e., the quotient g/p may be identified with an Ad(H)—invariant subspace of g. In
general, Cartan geometries are not reductive. Cartan bundles can be viewed as ab-
stract analogs of frame bundles. The points of G are (higher-order) frames on which
P acts by transitions, while w is a straight generalization of the affine connections,
[Sha97, |CaS109]. In general, it is not reasonable to speak about homotheties for
general Cartan geometries. Nevertheless, affine Cartan geometries suggest a way
to generalize the concept of automorphisms with natural tangent action to general
Cartan geometries. In fact, automorphisms with natural tangent action give the
only reasonable generalization of homotheties on affine spaces.

Let us consider (local) automorphisms ¢ with underlying (local) maps f such
that f(z) = z and let u € p~!(z). The action of each such (local) automorphism
¢ is described by the transition s € P between u and ¢(u) = us at x. It holds
TM ~ G xp g/p via factorizing of [u, X] — Tp.w™!(u)(X) by the action of P and
we get

(3) Ty f-u, X +p] = [p(u), X +p] = [us, X +p] = [u, Ad (X + p)]

on T, M, where Ad is the truncated Adjoint action. In fact, if we view u € G as
frame, then X +p plays the role of coordinates in T, M ~ g/p in the basis u and Ad,
realizes the change of coordinates for the change of the basis from u to us (viewed as
an endomorphism of g/p). Let ut, t € P, be a different frame from the fiber over z.
If ¢ is represented by the element s at u € p~!(z), then the same ¢ is represented
by the element t~!st at ut € p~!(z). So we get a direct analog of behavior from
the affine case. Motivated by homotheties and affine transformations with natural
tangent actions in the affine geometries, we are interested in the following (local)
morphisms.

Definition 1. We call a (local) automorphism ¢ of a Cartan geometry an auto-
morphism with natural tangent action at z if for the (local) underlying morphism
f:+ M — M induced by the automorphism ¢ it holds

e for the point € M we have f(z) = x, and

e for all frames u € p~!(z) C G, the coordinate descriptions of the endo-
morphism T, f : T,M — T,M (viewed as an endomorphism of g/p) are
equal.

It follows from (3)) that (local) automorphisms with natural tangent actions at x
are exactly (local) automorphisms represented (at arbitrary frame u € p~!(z)) by
elements s € P such that Ad, = Ad, 1., on g/p for all t € P. Thus they correspond
to elements of the center Z(Ad(P)) of the image of P in GL(g/p) for Ad.
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The curvature is the basic invariant of any Cartan geometry (with respect to all
automorphisms). It is given by

kG = A (g/p) @9, KU)(X,Y) = [XY] - w(w™ (X), 0™ (V)])(w).

The curvature k vanishes if and only if the Cartan geometry is locally isomor-
phic with the flat model (G — G/P,w¢). Flat models are the simplest examples
of homogeneous Cartan geometries which are geometries (G — M,w) such that
Aut(G,w) is transitive on M (by means of underlying morphisms). Let us empha-
size that local automorphisms of a flat model can be always globally extended, the
automorphism group of the flat model coincides with G and has maximal possible
dimension among all Cartan geometries of type (G, P), [CaSI09, Section 1.4.].

In general, the existence of special (local) automorphisms like automorphisms
with natural tangent actions can induce restrictions on the curvature of Cartan
geometry. Let us demonstrate it on automorphisms with natural tangent actions on
affine Cartan geometries. Let us write elements of A(n,R) as (1, n)-block matrices
(19), where b € R™ and A € GL(n,R), and GL(n,R) C A(n,R) consists of
elements satisfying b = 0. Then the Lie algebra a(n,R) consists of (1,n)-block
matrices (2 2), where w € R™ and C' € gl(n,R), and the subalgebra gl(n,R)
consists of elements with w = 0. We have

Adg ) (98) = GBI (5 55) = (B nop)-

According to the reductivity, the Ad-action of GL(n,R) on a(n,R) decomposes into
the action on R™ = a(n,R)/gl(n,R) and the action on gl(n,R). Then Ad = Ad|gn
is the map given by B — (X — BX) for all X € R". Computation gives

Z(Ad(P)) = {k -idgn : k € R*} = Z(GL(n,R))

as in (2). Thus (local) automorphisms of affine Cartan geometries with natural
tangent actions are (local) automorphisms represented by elements Z(GL(n,R)),
in accordance with Section Let us emphasize that there is 1-1 correspondence
between Z(Ad(P)) and Z(GL(n,R)), which can be viewed as the preimage of the
center of the image of the Ad—action in P.

In the affine case, k : PLM — A2R™ @ (R" @ gl(n,R)) decomposes (with respect
to the action of GL(n,R)) into the torsion valued in A2R™ @ R" and the curvature
valued in A’2R™ ® gl(n,R). We get k(u) = k(us) = s.k(u) for an automorphism
corresponding to s € Z(GL(n,R)). Assume s = k - idga. Then the restriction of
k(u) to A2R™ ® R", which corresponds to the torsion, equals to k - x(u), while
the restriction of x(u) to A2R™ ® gl(n,R), which corresponds to the curvature,
equals to k? - k(u). So we recover the classical setting. The flat model is the affine
space A, = R" A(n,R) acts transitively on 4,, and, in particular, it contains all
homotheties.

10
0B

2.2. Automorphisms with natural tangent actions on filtered manifolds.
We focus on a special class of Cartan geometries over filtered manifolds. A parabolic
geometry is a Cartan geometry (G — M,w) of type (G, P) for a semisimple Lie
group G and its parabolic subgroup P, [CaSlOQ, Section 3.1]. We assume M is
connected and simply connected and G is simpl(ﬂ We consider g to be |k|-graded
simple Lie algebrag=g_r P - D go D - D gg such that p =go®--- D gr.. We fix
the Levi decomposition P = Gy @ exp(p4), where py := g1 ®-- - D gi, and Gy is the
Lie group of grading—preserving elements of P. We write g_ :=g_1 & --- D g_1.
There always is the P-invariant filtration of g given by g° = g; @ --- @ gi which
induces a filtration T°M ~ G xp g /p of TM.

LA1l results can be formulated with slightly weaker assumptions, [GrZalbh].
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We always consider reqular parabolic geometries, i.e., the curvature x only has
components of positive homogeneity, |CaSI09, Section 3.1.7.]. Each such geometry
is equivalent to the underlying structure on the manifold which consists of

e a filtration T°M of TM such that the associated graded bundle gr(TM) =
gr . (TM)& - @®gr_,(TM) of TM, where gr,(TM) =T'M/T**' M, sat-
isfies gr(T, M) ~ g_ for all x € M, and

e a reduction of the structure group of gr(T'M) with respect to Ad : Gy —
Autg(g-).

This correspondence is 1-1 assuming that the parabolic geometry is normal, i.e.,
0* o k = 0 for the codifferential 0* in the standard complex computing Lie algebra
homology of p, with coefficients in g, [CaSI09, Section 3.1.10.]. Then the basic
invariant of regular normal parabolic geometries is the harmonic curvature kg
defined as the projection of  to ker(9*)/im(0*). The curvature s can be computed
explicitly from rp using a differential operator, [CaSISo01].

The existence of the canonical filtration {T?M} on parabolic geometries (p : G —
M, w) implies that it is not reasonable to ‘fix ratios of homotheties’ on the whole
TM, [Zal06l [GrZal3] and [ZallOb] (Chapter 1). Let us remind that (local) mor-
phisms of Cartan geometries with natural tangent actions correspond to elements
s € P such that Ad, = Ad, 1, on g/p for all t € P. For parabolic geometries,
s=goexpZ and t = hgexpV, go,hg € Gg and Z,V € p,, and

t~tst = hy ' goho exp(—Adg,n, V) exp(Ady, Z) exp V.

In particular, we have Ad,, = Adho—lgoho on g_1 ~ g !/p and p, acts trivially
on g_;. Thus to study the action on T-'M, we can focus on elements of the
center Z(Gp). Let us emphasize that viewing g_; as Go—module, each element
of Z(Gy) acts on each irreducible component of g_; as multiplication by a single
eigenvalue. Thus if X,Y € g_; such that Adg, X = kX and Ad,,Y = lY for
90 € Z(Gyo), then Ady, [X,Y] = [Ady, X, Ad,y, Y] = kl-[X,Y]. In particular, we still
have ‘multiplication by eigenvalue’ as for homotheties, but possible eigenvalues are
different on different components.

In general, we can prescribe the tangent action only on the distinguished distri-
bution T='M ~ G xp g~ /p in TM, because underlying morphisms for parabolic
geometries respect Lie brackets. The above computation shows that on the level
of the associated grading gr(T'M), underlying morphisms with natural tangent ac-
tions are determined uniquely by their actions on T-'M. However, it is generally
difficult to study such morphisms on T'M because of the action of exp(p.).

The above observations motivate to study (local) automorphisms of parabolic
geometries with natural tangent actions on T—'M, [GrZal5bl [GrZal7, [GrZal6h).

Definition 2. A (local) automorphism ¢ of a parabolic geometry has a natural
tangent action at x on T~ 1M if
e the (local) underlying morphism f of ¢ satisfies f(x) = z, and
e the restricted tangent action T, f : T, 'M — T, 'M of f is such that for
all frames u € p~!(z), the coordinate descriptions of the endomorphism
Tof : T, *M — T;'M (viewed as an endomorphism of g=!/p ~ g_1) are
equal.

Thus we get from above that the (local) automorphisms ¢ with natural tangent
actions at x on T~'M enjoy the following two equivalent descriptions:
(1) they are represented by elements s such that Ad, = Ad,—.,, on g~!/p for
allt € P,
(2) they correspond to elements of the center Z(Ad|s-1,,(P)) of the image of
Ad: P — GL(g7'/p).
7



The preimage of Z(Ad|g-1,,(P)) in P has the form Z(Go)xexp(p4 ), where elements
of Z(Gy) determine the action on g_; ~ g~!/p while exp(p,) acts trivially on
g~ !/p. The existence of exp(p,) implies that elements having the same action on
g~ !/p are not unique. Let us remind that there is 1-1 correspondence between
elements of the center of the Ad-action and their preimages in P in the case of
reductive Cartan geometries, while exp(p4) makes the situation more complicated
for parabolic geometries.

We can also describe (local) automorphisms ¢ with natural tangent actions at x
on T~ M corresponding to sexp(Z) € Z(Go) x exp(p) locally on a neighborhood
of x. Let us consider the normal coordinate system at u € p~!(z) given by flows of
constant fields w™1(X) for X in some neighborhood of 0 in g_. Then we have

K Fl‘ffl(x)(u) > Flfﬁl(X)(us exp(Z))

over the normal neighborhood of z. Then s provides a linear change of coordinates
of X in g_ while exp(p+) changes the normal coordinate system itself and its action
is non-linear. (Local) automorphisms represented by elements s € Z(Gy) at some
u then form a distinguished class of automorphisms which are given by a geodesic
transformation in suitable normal coordinates.

Let us emphasize that there is just one normal coordinate system in the case of
affine Cartan geometries which reflects the non—existence of exp(p4) in the affine
case.

Definition 3. We call a (local) automorphism ¢ with natural tangent action at x
on T=YM (local) s—symmetry for s € Z(Gy) or (local) generalized symmetry at x,
if there is a frame u € p~!(x) such that ¢(u) = us. Thus (local) s—symmetries are
morphisms of the form
w (X w (X w M (AdX
p(FIy M (w) = FIY P (us) = FIy A9 (w)

for X in a maximal possible neighborhood of 0 in g_ preserved by Ads, [GrZal5bl
Definition 2], [GrZalT, Definition 1.1](Chapter 2).

The term ‘generalized’ justifies the fact that manifolds carrying generalized
symmetries cover various generalizations of symmetric spaces, [Kow80), [KaZai00,
Loo67]. We study relations of automorphisms with natural tangent actions on
T~'M and generalized symmetries on homogeneous geometries in [GrZal5b]. The
main result of [GrZal5b|] given in Theorem 4.1 states that on homogeneous par-
abolic geometries, there are automorphisms with natural tangent actions at x on
T~1M corresponding to some sexp(Z) € Z(Gp)exp(py) if and only there are s—
symmetries. This result does not apply for general (non-homogeneous) parabolic
geometries. However, it turns out that the existence of (local) generalized symme-
tries implies (local) homogeneity for many interesting types of parabolic geometries
and it is reasonable to focus only on (local) generalized symmetries in general.

2.3. Existence and uniqueness of generalized symmetries. The only non—
identical (local) generalized symmetries that can exist on affine geometries are (lo-
cal) point reflexions and there can be at most one (local) symmetry at each point
depending on the curvature and torsion of the affine geometry, [KoNo69, [Hel01].
They are given by geodesic symmetries in the only normal coordinate system.
This is not necessarily true for parabolic geometries. For example, if there is
an s-symmetry for some s € Z(Gg) at the frame e € P C G on the flat model
(G — G/P,w), then there are infinitely many symmetries at eP represented by
s at arbitrary frame g € P, and transitivity gives symmetries at each point of
G/P. In particular, for G and s € Z(Gp), the flat model G/P is s—symmetric
and there is infinite number of s—symmetries at each point, [Zal06]. We proved
8



in our work |[GrZal7l [GrZal6bl [Zal09l [Zal10bl [GrZal3] that uniqueness of (local)
s—symmetries also often occurs for non—flat parabolic geometries of various types
(G, P) for various elements s € Z(G).

An important feature of (regular, normal) parabolic geometries is that we can
study the actions of generalized symmetries on components of the harmonic cur-
vature kg instead of the whole curvature k. Let us stress that the harmonic
curvature kg : G — ker(9*)/im(9*) is P—-equivariant and exp(p4) acts trivially
on ker(0*)/im(0*). Thus kg descends to a Gp—equivariant function valued in
ker(9*)/im(0*) ~ H?(g_,g), which is completely reducible Go-module, [CaSI09,
Section 3.1.12]. Thus ky decomposes according to the decomposition of H?(g_, g)
into irreducible components p and there is an algorithmic way to describe its com-
ponents using the Kostant’s theorem, [CaLSIO97 Section 3.3.].

Since elements of Z(Gj) act on each irreducible component of g by a multiple,
the same holds for components of H?(g_, g) and we can firstly mimic naively ideas
from the affine case. Assume there is a (local) s—symmetry ¢ for s € Z(Gp) at x
and a component x, : G — 1 C @i Agh, @ @gay of kg (Where p is irreducible as
a Go—submodule of H?(g_,g)). The element s acts (in the frame u € p~1(x)) by
multiples k; on corresponding components of g,,. At the point = then

ks
= @'”u(u),

where . denotes the action on corresponding tensor product. This gives the rough
restriction kg(klkg)’l = 1 on the possible multiples k;. Thus the curvature kg
can have values only in the components of H?(g_,g) satisfying these restrictions
for given s. In this way, we get the following trivial but the crucial result, which

is the first step in restricting possible generalized symmetries and components of
harmonic curvature, [Zal09],[Zal10b](Chapter 1) and |[GrZal7](Chapter 2).

(4) ¢ (k) (1) = Rulp(w) = wu(us) = sru(u)

Theorem 1. If s € Z(Gy) is such that p is not contained in an 1-eigenspace of
the action of s, then there is no s—symmetry at the points with non—zero kg valued
m .

However, it is often not sufficient to study only the Gy—action because of the
possible action of exp(p ). At this point, it is reasonable to swap to the setting of
Lie algebras. For ¢ € u C H?(g_, g), let us denote by

(5) ann(¢) :={Ae€go: A.p =0}

the annihilator of ¢ in gy, which contains the infinitesimal version of elements from
. In the next step, we define the ith prolongation of the annihilator of ¢ by

(6) pr(¢);={Z € g, :ad(X1)...ad(X;)(Z) € ann(¢) for all X1,... X; €g_1}.

Then we define the crucial property of the geometry generalizing classical prolon-
gation rigidity, [KrTh14l Yam93].

Definition 4. For arbitrary fixed s € Z(Gy) and irreducible component p C
H?(g_,g) (viewed as a component of k), we say that the triple (g,p, i) is pro-
longation rigid outside of the 1—eigenspace of s, if for all ¢ € pu, all prolongations
pr(¢); are contained in the 1-eigenspace of s, [GrZal7l, Definition 1.5.].

Assume there are two (local) s—symmetries 1,92 at = for s € Z(Gy). If u €
p~1(x) is such that ¢1(u) = us, then p(u) = usexp(Z). We prove in [GrZal7,
Proposition 3.1] that if Z = Z; + --- 4+ Z for Z; € g;, where i is the smallest
index such that Z; is non—zero, then s acts non—trivially on each component of
Z; € gi;- Moreover, we prove in [GrZal7, Proposition 3.2] that Z; € pr(kp(u))i,
where Z = Z; + --- 4+ Zj, as above. These facts are summarized in the following
statement, [GrZal7, Theorem 1.6] (Chapter 2).

9



Theorem 2. If s € Z(Gy) is such that (g,p,u) is prolongation—rigid outside of
the 1-eigenspace of s, then there is at most one (local) s—symmetry of a parabolic
geometry of type (G, P) at each point x with a non—zero component of harmonic
curvature in (.

Thus prolongation rigidity outside of the 1-eigenspace of s is a crucial algebraic
condition for studying (local) generalized symmetries.

Let us emphasize that although proofs of [GrZal7, Proposition 3.1 and 3.2]
are technical, the main idea of the proofs is based on inductive derivation of kg
with respect to suitable admissible connections and studying actions of both (local)
symmetries 1, @2 on them, so it generalizes the observation on parallel curvature
for affine geometries with (local) point symmetries. In particular, as a consequence
of the proof of [GrZal7, Proposition 3.2] we get that

Verin () = Ve, fin (z)
for a distinguished admissible connection, where {5, € T, M is the component of
& € T, M on which s acts trivially, [GrZalT7, Corollary 3.3].

We give the complete classification of triples that are prolongation rigid outside
of the 1-eigenspace of s for all possible s € Z(Gy) in [GrZalT, Section 5]. We also
provide some geometric properties of corresponding (local) s—symmetric geometries.
These geometries display very diverse properties and therefore the classification list
is split according to them.

Remark 1. The result also follows from [GrZal6h, Theorem 1.3] in the case of
homogeneous geometries. However, we discuss non—-homogeneous s—symmetric ex-
amples in [GrZal6bl Section 6]. For AHS and parabolic contact geometries in the
case of s such that Ady = —id on g_1, the result was already proved using more
direct but less generally applicable methods in [Zal09] and [ZallOb] (Chapter 1).

In general, there need not exist (local) s—symmetries at each point of M. If
there is a (local) s—symmetry ¢, at each * € M, the geometry is (locally) s—
symmetric. Then we consider the system of (local) symmetries S : M — Aut(G,w)
given by x +— ¢, and the corresponding system f : M — Diff(M) of (local)
underlying morphisms f, on M. Contrary to the affine symmetric spaces, such
systems are not necessarily smooth in general. One can easily find non—smooth
systems on flat models. We constructed examples of non-homogeneous locally—flat
s—symmetric geometries that do not carry any smooth system of s—symmetries in
[Zal14l [GrZal5a], motivated by [Pod89], and examples of such non—flat geometries
can be found in [GrZal6al.

However, we give the following crucial characterization of smooth systems on
non—flat geometries, [GrZal7, Theorem 1.8] (Chapter 2).

Theorem 3. Suppose s € Z(Gy) is such that (g,p, 1) is prolongation rigid outside
of the 1-eigenspace of s. Suppose that the parabolic geometry (G — M,w) of type
(G, P) has got an everywhere non-zero component of the harmonic curvature in p.
(1) The geometry is (locally) s—symmetric if and only if there is a smooth sys-
tem S of (local) s—symmetries.
(2) In such case, the system S is unique.

Remark 2. For AHS and parabolic contact geometries in the case of s such that
Ady; = —id on g_1, the result and some further consequences were already shown
in [ZallOal [GrZal3].

The result can be strengthen in the case of homogeneous parabolic geometries,
because the existence of an s—symmetry at one point implies the existence of a
system of s—symmetries, [GrZal6b]. The general result for homogeneous geometries
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can be found in [GrZal6b, Proposition 7.1]. As an example, let us present here
the following result for homogeneous AHS geometries proved also by more direct
methods in [Zal09] [Zal10al.

Corollary 1. Let us consider an AHS structure of type (G, P). Assume k # 0 and
assume there is a non—trivial s—symmetry at a point of a homogeneous parabolic
geometry of type (G, P). Then M is either (locally) symmetric or (locally) Zs—
symmetric space (i.e., 3 equals the identity).

2.4. Invariant admissible connections. In the case of affine symmetric spaces,
there is a distinguished admissible affine connection which is invariant with respect
to all symmetries, [KoNo69, [Hel01]. There is a class of Weyl connections on each
parabolic geometry playing a significant role in the theory of parabolic geometries,
|CaS109, Section 5.1.] and |[CaSI03|. These are admissible affine connections satisfy-
ing a certain normalization condition on their curvature and torsion. They form an
affine space modeled over the space of one—forms on M and there are explicit formu-
las for transformations of Weyl connection in [CaSl03, Proposition 3.9]. Formulas
are generally complicated and one shortly writes V=V + T for T € QY(M).

Analogously to (local) point symmetries in the affine case, there are (local) geo-
desic transformations Iy of geodesics of Weyl connections V with a fixed point ,
which are simply given in the normal coordinate system for the Weyl connection
V as (local) diffeomorphisms with coordinates Ad, € GL(g-) for s € Z(Gy) at x.
Clearly, these (local) transformations can be different for different Weyl connec-
tion. It is natural to question the invariance of Weyl connections with respect to
(local) generalized symmetries. Thus, at a point « we ask whether there is a Weyl
connection allowing (local) s-symmetries as its (local) geodesic transformation. If
there is a (local) s—symmetry at each point, then one seeks for a Weyl connection
(or at least a class of Weyl connections) such that the above holds for the (local)
s—symmetries at all points.

Assume there is a (local) s—symmetry ¢ at some point z. The simplest situation
appears if there is an invariant Weyl connection V, i.e., f*V = V holds on a
neighborhood of z for the underlying morphism f of ¢. The following result,
motivated by the affine case, was achieved in [GrZal7, Theorem 1.8] (Chapter 2).

Theorem 4. Suppose s € Z(Gg) is such that (g,p, p) is prolongation rigid outside
of the 1-eigenspace of s. Suppose that a (locally) s—symmetric parabolic geometry
(G = M,w) of type (G, P) has everywhere non-zero component of the harmonic
curvature valued in p. If Ad(s) € GL(g_) has no eigenvalue 1, then there is exactly
one Weyl connection invariant with respect to the (local) s—symmetries at all points.

Remark 3. Special cases for AHS and parabolic contact geometries were stud-
ied earlier in [Zal09, [Zall0al, [Zall0bl [GrZal5al [GrZal3], based on different direct
methods.

In general, there need not exist invariant Weyl connections. However, there can
still exist an invariant class of Weyl connections. It turns out that the correct
concept is the following, [GrZal7, Definition 1.7] (Chapter 2).

Definition 5. Let [V] be the maximal subclass of the class of Weyl connections
such that
e for all connections V € [@], the corresponding geodesic transformations 1
share the same tangent action T,[Y at each x € M, and
e all connections from [V] restrict to the same partial connection on all
smooth subbundles of T'M for all eigenvalues of T,y different from 1.
Let f be a smooth map assigning to each z € M the (local) diffeomorphism [y for

some Weyl connection V (depending on z) in [V].
11



(1) The class [V] is f-invariant if f(z)*V € [V] and f(z)*V(z) = V(z) for
each Weyl connection V € [V].

(2) The Weyl connections V in the f-invariant class [V] are called almost f-
invariant Weyl connections.

(3) An almost f-invariant Weyl connection V is invariant at x if f(x)*V = V.

(4) An almost f—invariant Weyl connection V is invariant if f(x)*V = V for
all x € M.

Remark 4. Details about invariant and almost invariant Weyl connections can be
also found in |GrZal6bl Definition 5] for homogeneous case, and [Zal09, [ZallOal,
GrZal3| for AHS and parabolic contact geometries.

We summarize the results of [GrZal7](Chapter 2) concerning almost invariant
Weyl connections in the following statement.

Theorem 5. Suppose s € Z(Gy) is such that (g,p, 1) is prolongation rigid outside
of the 1—eigenspace of s. Suppose that the parabolic geometry (G — M,w) of type
(G, P) has everywhere non—zero component of the harmonic curvature in u. The
geometry is (locally) s—symmetric if and only if there is a non—trivial f—invariant
class of Weyl connections.

This statement clearly generalizes the Theorem [4] in which the class consists of
exactly one connection which is invariant.

The complete description of (locally) s—symmetric geometries with invariant
(classes of) Weyl connections and the description of their geometric properties
was given in [GrZal7, Section 5]. These properties depend on the specific type of
the triple which is prolongation rigid outside of the 1—eigenspace of s and on the
properties of (almost) invariant Weyl connections. In particular, they cannot be
summarized easily.

In the case of homogeneous s—symmetric geometries, we can describe geome-
tries with invariant (classes of) Weyl connections and their properties nicely in the
language of holonomy reductions for parabolic geometries, [CaGoHaM]. For homo-
geneous geometries, we can describe explicitly the group generated by all (global)
generalized symmetries and we consider holonomy reductions with respect to this
group, [GrZal6b]. We give two methods of construction of examples of s—symmetric
homogeneous parabolic geometries in [GrZal6b, [GrZal5b]. Many examples and
partial classifications can be also found in [Grel2al [Grel3| [Grel2b].

2.5. Example: Symmetries of almost CR structures. Non—degenerate par-
tially integrable almost CR structures of hypersurface type are the best known
examples of parabolic contact structures, [CaS109, Section 4.2.]. We study s—
symmetries for s such that Ads = —id on g_q, i.e., we consider s—symmetries
inducing —id on the contact distribution. These symmetries on almost CR geome-
tries were firstly studied in [KaZai00, [AltMeNal0], where authors however involve a
compatible metric on the distribution. We get the existence of a compatible metric
as a new result.

An almost CR structure (of hypersurface type) is a smooth manifold M of di-
mension 2n + 1 together with a distribution H C TM of dimension 2n and an
almost complexr structure J on H, i.e., J : H — H is an endomorphism with the
property J? = —id. We assume n > 1. The almost CR structure is non-degenerate
if H is completely non—integrable and thus defines a contact structure on M. The
endomorphism J extends by complex linearity to an endomorphism of the com-
plexification CH of H. It decomposes as CH = H'? @ H"! into holomorphic and
anti—holomorphic bundles which are exactly eigenbundles for eigenvalues i and —i
of J. An almost CR structure is partially integrable if [H*0, H10] ¢ HVO @ HOL
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or equivalently, if [£,n] — [J(€), J(n)] € T(H) for all {,n € T(H). The component of
[HEO H1O) in HO! corresponds (up to a multiple) exactly to the complexification
of the Nijenhuis tensor

N(&n) = J([&n] = [J(), J(m)]) = [J (&), nl = [§, T ()]

for all £,7 € T'(H). An almost CR structure is integrable if the Nijenhuis tensor
vanishes. The signature of an almost CR structure is the signature of its Levi form.

We consider oriented non—degenerate partially integrable almost CR structures
(M, H,J) of signature (p,q). Such almost CR structures can be equivalently de-
scribed as regular normal parabolic geometries of type (PSU(p + 1,9 + 1), P),
where the group PSU(p + 1, ¢ + 1) is the projectivization of the group of matrices
preserving the pseudo—Hermitian form

p n

m((ug, -y Unt1), (Vs -y Vnt1)) = UWoUnt1 + Unt100 + Z URTE — Z URTE
k=1 k=p+1
on C™*2 and P is the stabilizer of the complex line generated by the first basis vector
in the standard basis of C"*2. In particular, the flat model PSU(p+1,q+1)/P is a
smooth real hypersurface in CP™*! that can be also viewed as the projectivization
of the null cone of m in C"*2. The Lie algebra su(p+1,q+1) of PSU(p+1,q+1)
consists of elements represented by (1, n,1)-block matrices

a Z iz
X A Iz ,
ir —X*I —a

where go = csu(p,q) = {(a,4) : a € C, A € u(n), a+tr(A) —a =0}, X €
g1 =C" Zeg =C" ze€g_o=Rand z € go = R* is a contact |2|-grading.
Here I denotes the diagonal matrix with the first p entries equal to 1 and the
remaining ¢ entries equal to —1. The Lie algebra p consists of the (1,n,1)-block
upper triangular matrices and decomposes as p = csu(p,q) & C™* @ R*. We have
P = CSU(p,q) exp(C™ @R*). Then H = T~ M carries natural complex structure
induced from g_; = C", [CaSI09, Section 4.2.4].

A (local) CR transformation of an almost CR structure (M, H,J) is a (lo-
cal) diffeomorphism of M such that the tangent map preserves H and its re-
striction to #H is complex linear. (Local) CR transformations are precisely (lo-
cal) diffeomorphisms covered by (local) automorphisms of parabolic geometries
of type (PSU(p+ 1,q + 1), P). Direct computation gives that the diagonal ma-
trix s = diag(—1,1,...,1,—1) represents an element of Z(CSU(p,q)) satisfying
Ady = —id on g_1.

Definition 6. (Local) symmetries s, on CR geometries are the underlying mor-
phisms of s—symmetries with Ady = —id on g_;.
Thus each (local) symmetry s, at  on CR geometry satisfies
o s5.(z) =z,
e T,s, =—id on H, and
e 5, is a (local) CR transformation.

We can describe all symmetries and compatible metrics on the flat model, [Zal10b]

(Chapter 1) and [GrZalS8](Chapter 3).

Theorem 6. There exists an infinite number of symmetries at each point kP of
PSU(p+1,q+1)/P given by matrices of the form ksz k="' for all Z € C™ and

z € R*, where
-1 -Ziz+321Z"
Sz:=\ 0o B —Iz* .
0 0 -1
Here E denotes identity matriz. In particular:
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(1) There exists an infinite number of involutive symmetries at each point char-
acterized by the condition z = 0. For each such symmetry, there is a dif-
ferent metric preserved by this symmetry compatible with the CR geometry.

(2) There exists an infinite number of non—involutive symmetries at each point
characterized by the condition z # 0. They do not preserve any metric
compatible with the CR geometry.

General (curved) CR geometries have two components of harmonic curvature
which are the harmonic torsion valued in g*; A g*; ® g_1 and the harmonic cur-
vature valued in g* ; A g*; ® go. The harmonic torsion coincides (up to a multiple)
with the Nijenhuis tensor N and the harmonic curvature is known as the Chern-
Moser tensor or Weyl tensor W. The existence of (local) symmetries gives the
following restriction on curvature, [ZallObl [GrZal8] (Chapters 1 and 3).

Theorem 7. Following facts hold for an almost CR structure (M, H,J).

(1) If there is a (local) symmetry at x € M, then N(x) = 0.

(2) If there is a non—involutive (local) symmetry at x, then W(zx) = 0.

(3) There is at most one (local) symmetry at each x with W (x) # 0.

(4) The (local) symmetry at x is involutive if and only if there is an invariant
Weyl connection V at x defined locally on a neighborhood of x.

(5) It holds VW (x) =0 for each invariant Weyl connection at x and § € H.

In particular, T, s, is involutive and T,M decomposes into +1-eigenspaces,
where H,, is the —1-eigenspace and there is the one-dimensional 1-eigenspace T,,” M
complementary to H.

Remark 5. The results were proved in [ZallOb] using methods analogous to the
affine case. We also confirmed the results using prolongation rigidity outside of
the 1-eigenspace of s of the triple (su(p + 1,q + 1),p, W) in [GrZal7, Section 5.4].
Finally, we improved the results and their proofs in [GrZal§].

Altogether, (locally) symmetric almost CR structures are integrable. Moreover,
they admit only systems of involutive (local) symmetries if W is not vanishing.

Let us now swap to global symmetries and globally symmetric CR geometries.
The local version of most of the following result is also available and can be found
in [GrZal®, Section 5.4] (Chapter 2). The results are more difficult to formulate
because of technicalities but they are analogous to global results.

We show in [GrZalT, Section 5.4] that the triple (su(p+1, ¢+1),p, W) is prolon-
gation rigid outside of the 1-eigenspace of s. The results summarized in previous
two sections then imply that if the geometry is symmetric and W # 0, then the
uniquely given symmetries form a smooth system. Let us remark that we have many
smooth as well as non-smooth systems of symmetries on flat geometries (which par-
ticularly satisfy N = 0, W = 0). We describe the smooth system by a smooth map
S: M x M — M given by S(x,y) = s,(y) for the symmetry s, at x € M.

In [GrZal8, Proposition 2] (Chapter 3), we prove an important characterization
of symmetric CR structures. The following object plays an important role there.
A reflexion space (in the sense of [Loo6T]) is a space M together with a map
S M x M — M satisfying the following conditions

o S(z,z) =,

e S(z,S(x,y)) =y, and

e S(@,S(y.2)) = S(S(z,y), S(x, )
for all z,y,z € M. Let us emphasize that contrary to the definition of symmetric
spaces, reflexion spaces do not assume that z is an isolated fixed point of S(x,—).

Theorem 8. Suppose that (M, H,J) is a symmetric CR geometry. Then either
14



(1) W =0 and the CR geometry is locally equivalent to the flat model PSU (p+
1,q+1)/P, or

(2) W # 0 and the group generated by symmetries is a Lie group that acts
transitively on M, i.e., the CR geometry is homogeneous and (M,S) is
a homogeneous reflexion space, where S is the smooth system of uniquely
given symmetries.

Remark 6. The result was firstly proved under stronger assumptions in [GrZalT]
and partially follows from results given in Section 2.3. In [GrZal8|] we give a com-
plete proof of this statement.

We study properties of parabolic contact structures with smooth systems of
symmetries in detail in [GrZal3]. In particular, we get the following more detailed
description of symmetric CR geometries.

Theorem 9. Let S be a smooth system of involutive symmetries on (M, H,J). The
following statements are equivalent:

(1) The pair (M, S) is a reflexion space.

(2) There exists an almost S—invariant Weyl connection.

(3) All symmetries from the system S preserve the subbundle TTM formed by
the subspaces T,F M.

(4) The smooth system S induces a structure of a symmetric space on the leaf
space N of the foliation for the involutive distribution T+ M.

In particular, if (M, H,J) is a CR geometry with a smooth system of symmetries
S such that (M, S) is a reflexion space, then

e M = K/H, where K is the Lie group generated by symmetries from S and
H is the stabilizer of a point,

e the stabilizer L of the leaf F' going through eH is a closed subgroup of K,

e N=K/Land F=L/H.

We discuss in [GrZal3l Section 3] conditions under which the underlying sym-
metric space is a pseudo—Hermitean symmetric space.

Let us finally focus on pseudo—Riemannian metrics compatible with symmetries
on non—flat CR geometries (M, H,J). The following crucial result studies dis-
tinguished compatible Weyl connections and pseudo-Riemannian submetrics and
metrics, [GrZal8| Theorem 16] (Chapter 3).

Theorem 10. Let K be the Lie group generated by all symmetries of a non—flat
symmetric CR geometry (M, H,J). Suppose that Ad(H")|q/s = Ad(H)l|q/5, where
HO denotes connected component of identity of the stabilizer H C K of a point and
q is the 1-eigenspace of s in €. There exist

o q distinguished Weyl connection V preserving the corresponding Reeb field,
o o K—invariant pseudo—Riemannian metric g on H, and
e a K—invariant Webster metric g on TM,

such that

(1) Vg=0,Vg=0,

(2) gl = g and the Reeb field of V is orthogonal to H and has length 1,

(3) choosing the Reeb field of V as a trivialization of TM/H & C, the pseudo—
Riemannian metric g on ‘H coincides with the real part of the Levi form up
to a constant multiple,

(4) the symmetry at x is linear in geodesic coordinates of V at x, reverses the
directions of H, and preserves the direction of the Reeb field of V at x.

15



2.6. Submaximal models for almost quaternionic structures. An infinites-
imal transformation of a parabolic geometry (G — M, w) is a P—equivariant vector
field £ on G such that Lew = 0. The crucial fact is that flows of ¢ at all times
then are automorphisms of the parabolic geometry. For all parabolic geometries
of type (G, P), the maximal possible dimension of the Lie algebra of infinitesimal
transformations is dim(g). This is realized for geometries that are locally isomor-
phic to the flat model (G — G/P,w¢). Let us remark that the maximal possible
dimension of transformation group is dim(g), too, and this is realized for the flat
model. However, it can be smaller for geometries that are only locally flat. One
can e.g. remove a point from the flat model to get a manifold with the dimension
of the Lie algebra of transformations being dim(g) and the dimension of the Lie
group of transformations being dim(p), see Section

There is a natural question on submaximal dimension of the Lie algebra of in-
finitesimal transformations and realizations of corresponding geometries, because
submaximal geometries are other interesting examples of geometries with many
symmetries. Thus we ask the following question:

e What is the maximal possible dimension of the Lie algebra of infinitesimal
transformations among all (regular normal) parabolic geometries of type
(G, P) that are not everywhere flat?

Let us emphasize that regularity and normality are technical assumptions from
this viewpoint, because one is always interested in (infinitesimal) transformations
of underlying structures and among all parabolic geometries that induce the same
underlying structure, there always is a regular normal one, [CaSlOQ, Section 3.1.].

In [KrThl4] authors study submaximal dimensions and corresponding models
for (regular normal) complex parabolic geometries. They use the theory of Tanaka
prolongations, [Tan70, [Tan79], prolongation rigidity, [Yam93], and properties of
minimal orbits, [OnVi90|, to give a complete classification of submaximal dimen-
sions for complex parabolic geometries, [KrTh14, Appendix C]. They also show that
their restriction is sharp which means that they can always realize explicit examples
of submaximal geometries. Indeed, they give a method of construction of these ex-
amples in [KrThi4l Section 4]. The method of construction of submaximal models
is based on deformations of flat models. In fact, the method is closely related to
one of methods of the construction of symmetric parabolic geometries, [GrZalsb].
Indeed, submaximal models are homogeneous and we show in [GrZal5bl [Zal09] that
they are always symmetric for suitable s € Z(Gp).

It turns out that the theory of [KrThl4] cannot be applied in the case of real
parabolic geometries of non—split type, although main ideas still work, and they
must be treated case by case. There are known results e.g. for CR geometries and
c—projective geometries, [Kr16, [KrMaTh16]. There also are results in [DoTh14] for
conformal parabolic geometries developed by slightly different method. We give
results for almost quaternionic structures in [KrWiZal§| (Chapter 4).

Classically, an almost quaternionic structure on a manifold M is a rank three
subbundle @ C End(T'M) such that locally (in a neighborhood of each point) we
can find a basis I, J, K of Q with I? = J? = K? = —id and I.J = K. A manifold M
with a fixed almost quaternionic structure Q) is an almost quaternionic manifold. A
(local) automorphism of (M, Q) is a (local) diffeomorphism of M that preserves @Q,
[AleMar96]. An almost quaternionic manifold (M, Q) can be described as a normal
parabolic geometry (G — M, w) of type (PGL(n+1,H), P), where P is the stabilizer
of a quaternionic line in H™*!, [CaSI109, Section 4.1.8.]. The flat model then is the
quaternionic projective space HP™ which is the set of quaternionic lines in H"t!.
The group PGL(n+1,H) acts transitively on HP" as automorphisms of the natural
quaternionic structure. In particular, maximal possible dimension of a Lie algebra of

16



infinitesimal transformations for quaternionic manifolds of quaternionic dimension
n is dim(sl(n + 1), H) = 4(n + 1)? — 1.

In the case of general (curved) almost quaternionic structures, the harmonic
curvature kg has two components:

o the structure torsion k1 of homogeneity 1 valued in g*; A g*; ® g_1, and
e the quaternionic Weyl curvature ko of homogeneity 2 valued in g* ; Ag*; ®
go-

Let us sketch the idea of finding the submaximal dimension: Each choice of u € G
provides an inclusion Aut(G,w) < G. On the level of corresponding algebra of infin-
itesimal transformations inf(G,w) we get the inclusion inf(G,w) < g, & — w(&(u)).
The image f(u) together with the new bracket [X,YT;,) = [X,Y] — £(u)(X,Y)
for X,Y € f(u) forms a filtered Lie algebra. We consider its associated grading
s(u) = gr(f(u)) = s_1(u) ® so(u) ® s1(u). It holds

dim(inf(G,w)) = dim(s(u)).

In particular, so(u) C ann(kg(u)) C go. Moreover, the annihilator is of maximal
dimension if and only if the Gy—orbit through the component of kg has minimal
dimension in the projectivization of H?(g_1,g). Since almost quaternionic struc-
tures are prolongation rigid, [KxThi4l Corollary 3.4.8], the component s;(u) does
not appear. Thus

s(u) C g—1 @ ann(kp(u) C g-1 @ go-
Finally, there are two possibilities for kK = kg = k1 and Kk = kg = kg giving
the possible maximal bound. In [KrWiZalg| (Chapter 4), we prove the following
statement.

Theorem 11. The mazimal dimension of the Lie algebra of infinitesimal trans-
formations for almost quaternionic structures (M, Q) with dim(M) = 4n > 4 and
K = K1+ Ko # 0 is 4n?2 —4n+9. This is realized in both cases, when k = Ky = K1
and Kk = Kg = Ka.

We exclude the case n = 1 because it is equivalent to a conformal structure and
it is studied in [DoTh14]. In this case, the submaximal dimension is 8.

We give the proof of the submaximal dimension in [KrWiZal8|, Section 4] (Chap-
ter 4). In [KxWiZal8, Section 5], we show that the dimension is realizable in both
cases and we give a complete description of the models. It turns out that the model
for ko # 0 is locally an affine symmetric space which is not Riemannian. Among
all Weyl connections, there is the distinguished Ricci-flat connection with vanish-
ing torsion and parallel curvature, so this is the connection compatible with the
symmetries. The model for the case k1 # 0 is locally representable as a Lie group.

3. APPLICATIONS: GEOMETRIC CONTROL THEORY

Transformations of Cartan geometries find interesting applications in geometric
control theory and robotics. We focus on (local) control theory of various mechani-
cal systems, [HrZal9] (Chapter 5). Instead of reminding the whole theory in detail,
we just review the general concepts and we demonstrate them on the example of
vertical rolling disc, which is one of the simplest mechanical systems, [Blo15] [Bro82].

It is a natural question in robotics to discuss the controllability and find local
extremal trajectories of various mechanisms that move in the plane. Examples of
such mechanisms are snake robots, [HrN&Val6], or trident snake robots, [Ish04l
PiThol4l [HrNaMaVal7]. For example, the 3-link snake consists of thee rigid links
of constant length interconnected by rotating joints and to each link, there is a
wheel attached at the center of the link. The classical trident snake consists of a
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body in the shape of an equilateral triangle and three rigid links of constant length
connected to the vertices of the body by rotating joints.

Configuration spaces of such mechanisms locally coincide with R™ for suitable n.
For example, the configuration space of the 3-link snake is locally R® and local co-
ordinates can be chosen as [z,y, 0, 1, p2| according to Figure[l] The configuration
space of classical trident snake coincides locally with RS, where coordinates can be
chosen as [z,y, 0, p1, 2, p3] according to Figure

(a) 3-link snake (b) classical trident snake

FIGURE 1. Snake robots

We can also generalize these classical mechanisms by changing their configuration
spaces. For example, we consider a generalized trident snake which consists of a
body in the shape of an equilateral triangle and three prismatic links connected
to the vertices of the body, where two of them are attached by fixed joints and
one of them by rotating joint according to Figure 2l Its configuration space locally
coincides with R” and coordinates can be chosen as [,y, 0, pa, 1, {2, l3].

FIGURE 2. Generalized trident snake

Moreover, there are natural non-holonomic constraints coming from natural re-
strictions on the movement of mechanisms given by the fact that wheels cannot
move in directions perpendicular to their velocities. These restrictions give addi-
tional (local) structure on the configuration space. Indeed, such condition on each
wheel determines one pfaffian form and altogether, we get a pfaffian system which
determines (locally, at regular points) a distribution on R™. If this distribution is
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bracket generating at some point of the configuration space, then the mechanical
system is controllable in a neighborhood of this point, i.e., we can reach each point in
this neighborhood, [AgBaBo19]. In such case, the distribution determines (locally,
at these points) a filtration of the configuration space and often carries additional
geometric structure that can be described as a Cartan or even parabolic geome-
try. For example, the 3-link snake corresponds to the famous (2, 3,5)-geometry of
Cartan, [Car1894l [Carl0], and the classical trident snake corresponds to the fa-
mous (3, 6)-geometry of Bryant, [Bryl6]. The generalized trident snake carries the
so-called generalized path geometry in dimension 7, [CaSlOQ, Section 4.4.3].

Example 1. Let us consider a vertical disc rolling in the plane according to Figure
Its configuration space is (locally but not globally) R? with coordinates [z, y, 0]

z

FiGURE 3. Vertical rolling disc

given by the touch point Py = [z,y] € R? and the velocity orientation 6 € [0, 27].
The constraint given by the fact that the disc cannot move in the direction per-
pendicular to its velocity gives the pfaffian — sin(f)dz + cos(0)dy, and its kernel
is (locally) the bracket generating 2-distribution on R? generated by vector fields
vy == 2 and vy := cos(0) 2 + sin(@)a%. In fact, these two fields correspond to two
natural movements of the disc which are

e the rotation around an axis parallel with z at Py, and

e the move in the plane in the direction (cos(#),sin(#)) from P.
Their Lie bracket [v1,v2] = v3 1= —sin(f)2 + cos(@)a% is not contained in the
distribution. Thus we have (locally) a bracket-generating distribution giving a
filtration (2,3) and the system is everywhere controllable. Let us remark that
together with [v1,v3] = —v9 these two brackets are the only non-trivial brackets.

Let us emphasize that the above Cartan and parabolic geometries are defined
locally and they can generally have non—trivial invariants (i.e., the harmonic cur-
vature in the case of parabolic geometries). The usual way to avoid this problem in
robotics is to swap to nilpotent approxzimation at a suitable point, [AgSar87, [Her86].
Geometrically, the nilpotent approximation is a suitable representative of the as-
sociated grading and it can be viewed as the maximally symmetric model of the
geometry (i.e., flat model for Cartan and parabolic geometries).

Example 2. The nilpotent approximation at the origin [0,0,0] of configuration
space of the vertical rolling disc is given by a distribution generated by fields
ny = %, ng = a% + 98%. Their bracket equals to [nq,ns] = ng := 8%' This
is the only non-trivial bracket and all remaining brackets are trivial. We get a
contact distribution giving a filtration (2,3) and the vector fields model the three-
dimensional Heisenberg algebra.
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Methods of control theory can be used efficiently to study extremal trajecto-
ries and local minimizers for optimal control problems that are related to plane
mechanisms, [AgBaBol9| [AgSac04].

Example 3. Let us start with the original mechanical system. Configuration space
of the vertical rolling disc can be (locally) viewed as a Lie group S with solvable
Lie algebra generated by the elements ey, es, e3 corresponding to the vector fields
v1,v2,v3. The Lie algebra is given by [e, ea] = e3, [e2, e3] = e1. So we can use the
concepts of control theory on Lie groups.

To study optimal movements, we consider the canonical control metric gs on the
distribution Dg = (e, e2), i.e., e1, ea are orthogonal and both have the length 1.
Let us emphasize that Dg and gg are invariant with respect to the action given by
multiplication in S and we have an invariant control system (S, Dg, gs). We would
like to study the following optimal control problem

. 0 cos(0)
é(t) = w (0> + ug | sin(6)
1 0
for ¢ C S and the control u = (uy, uz) € R? with the boundary condition ¢(0) = s,
c(to) = so for arbitrary fixed sq, so € S, where we minimize 3 foto (u? + u2)dt.
We use the Hamiltonian viewpoint and the Pontryagin’s maximum principle to

find a system whose solutions are extremal trajectories, [AgBaBol9 Section 7].
Thus on T*S we get the Pontryagin’s system

hi(t) = —hs(t)ha(t),  ho(t) = ha(H)ha(t),  hi(t) = —hi(t)ha(t),
a'(t) = ha(t) cos(6(t)), o' (t) = ha(t)sin(0(t)), 6'(t) = ha(t),

where (z,y,0) are base coordinates and h; = (A, v;), A € T*S are (fiber) coordinate
functions. The system can be solved explicitly but the solution is given using Jacobi
functions, [SaMol0], and it is not possible to use it in practical applications.

Let us thus swap to the nilpotent approximation. It corresponds to the Lie group
N with Heisenberg algebra, i.e., the nilpotent algebra given by elements f1, fa, f3
corresponding to ni,ne, ng such that [f1, f2] = f3. We again consider the canonical
control metric gy on the distribution Dy = (f1, fa2), i.e., f1, f2 are orthogonal and
both have the length 1. Thus we have an invariant control system (N, Dy, gn) on
the nilpotent Lie group N. Thus we study the following optimal control problem

0= (§) o (3

for ¢ € N and the control u = (u3,us) with the boundary condition ¢(0) = py,
c(tg) = po for arbitrary fixed py1,p2 € N, where we minimize %fot(’ (u? +u3)dt. In
this case, we get on T*N the Pontryagin’s system

hll (t) = —h3(t)h2(t), h/2(t) = h3(t)h1(t)7 h/3(t) =0,
'(t) = ha(1), ya(t) = ha(8)0(t),  0'(t) = hu(2),

where (z,y, 0) are base coordinates and h; = (A, n;), A € T*N are (fiber) coordinate
functions. This system can be solved explicitly. Its solutions are extremal trajec-
tories and these project to local minimizers (z(t),y(¢),0(t)). The fiber (vertical)
system has (in the generic case h3 # 0) the solutions of the form

hl = Cg sin(C’lt) + 03 COS(Clt)
hg = 03 sin(Clt) - CQ COS(Clt)
hs = Ch
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for constants Cy,C3 and C7 # 0. Then the base (horizontal) system has solutions
satisfying the initial condition z(0) = y(0) = (0) = 0 of the form

x(t) = C’il

1
y(t) = 4—02(201 (C2 4+ C2)t — 4C5C5 cos(Cht) + 205,C3 cos(204t)
i

(C5 — Cysin(C1t) — C3 cos(Cht))

(7)
— 4C3 sin(Cyt) + (O3 — CF) sin(2C1t) + 2C2C3)

1
0(t) = C—(Cg — Cy cos(Cyt) 4+ C5sin(Cht))
1
for constants C7, Cs, C3 as above. These curves are arc-length parametrized if
C32 + C2 = 1. Let us point out that it is sufficient to consider solutions with

2(0) = y(0) = #(0) = 0 because solutions with different starting point can be found
using multiplication in V.

Finally, let us look at explicit local minimizers in order to see how the solutions
of the nilpotent system approximate the solutions of the original system, in a neigh-
borhood of the origin. We can solve the original system numerically in Maple. Then
we can compare the numeric solutions with solutions of the nilpotent system with
the same initial condition. On the figures, we provide two examples of local mini-
mizers c(t),t € [0, 27] with the initial conditions z(0) = y(0) = 6(0) = 0, h1(0) = %,
h2(0) = ? and for two choices of h3(0), namely h3(0) = 2 and h3(0) = 20. Here
the dot line denotes the numeric solution of the original system and the solid line
denotes the analytic solution of the nilpotent system.

(a) Choice h3(0) = 2. (b) Choice h3(0) = 20.

F1GURE 4. Comparison of solutions

By a transformation of a control system we consider a (local) diffeomorphism
of the configuration space preserving the control distribution and the control met-
ric. As usual, the infinitesimal transformations are vector fields whose flows are
transformations of a control system at each time. In many cases, they simply are
(local) infinitesimal transformations of the corresponding parabolic geometry that
in addition preserve the control metric. In the case of nilpotent control systems
(e.g. nilpotent approximations determined by mechanical systems), infinitesimal
transformations form a Lie algebra which is a subalgebra of g due to the flatness,
see Section In particular, there can be transformations preserving the origin,
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i.e., the isotropy subalgebra is often non—trivial. For example, in the case of the
trident snake, infinitesimal transformations of the corresponding nilpotent control
system form a 9-dimensional subalgebra of s0(3,4), where 6 fields reflect the brack-
ets generating (3, 6)-structure and the isotropy subalgebra is isomorphic to so(3),
[Mya02]. Infinitesimal transformations of corresponding nilpotent control system
of generalized trident snake with filtration (4,7) form a 10-dimensional subalgebra
of sl(5,R), where 7 fields reflect the brackets generating (4, 7)-structure and the
isotropy subalgebra is isomorphic to s0(3), [HrZal9] (Chapter 5). Let us emphasize
that in the (3, 6)-case, the isotropy subalgebra is simply the orthogonal algebra of
the metric on the distribution at the origin while in the (4, 7)-case, it is the restric-
tion of the orthogonal algebra to a 3—dimensional subspace of the distribution at
the origin given canonically by the generalized path geometry, [CaS109].

Infinitesimal transformations of nilpotent control systems are usually easy to find
and they give a tool to study points at which local minimizers ¢(t) stop to be opti-
mal. Consider a trajectory c(t) starting at the origin o of the system (N, Dy, gn)
to some p € N and assume there is a transformation f of (N, Dy, gn) such that
f(o) = o and f(p) = p. If the path ¢(¢) is not contained in the fixed point set of
f, then é(t) := f o ¢(t) gives another local minimizer of the same length such that
¢(0) = o and é(p) = p. In this way, we construct two different paths from o to p of
the same length, so the local minimizer cannot be optimal after the point p. This
is done by [Mya02] [MonMor1T7] for the (3,6)-case. We study infinitesimal transfor-
mations of nilpotent system for the mechanism with the growth vector (4,7) and
their possible action on local minimizers in [HrZal9).

Example 4. In the case of the nilpotent control system (N, Dy, gn) for the vertical

rolling disc form, the Lie algebra of infinitesimal transformations is generated by
2_ 2

fields ¢t; = %, to :xa%Jr%, t3 = a% and t4 :G%fx%Jre 5 8%' The

transformations ¢y, to, t3 satisfy [t1,t2] = t3 and generate the Heisenberg algebra.

The only isotropy transformation is t4,. The fixed point set of t4 is of the form

B ={[0,b,0] : b € R}. One can verify that each local minimizer (7)) intersects with

2 2
B at the point [0, (C"‘g#)ﬁ, 0] at the time t = é—’: This is the first point with this
1

property and there is a one-parametric family of such minimizers. In particular,
each arc-length parametrized local minimizer intersects with B at the point

[0 0] at the time ¢t = (21—’;

z
7cfa

Let us finally remark that the analytic curves (solid-line) in Figure [4|are pictured
exactly to the points where they stop to be optimal.
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SYMMETRIES OF PARABOLIC CONTACT STRUCTURES

LENKA ZALABOVA

ABSTRACT. We generalize the concept of locally symmetric spaces to para-
bolic contact structures. We show that symmetric normal parabolic contact
structures are torsion-free and some types of them have to be locally flat. We
prove that each symmetry given at a point with non-zero harmonic curvature
is involutive. Finally we give restrictions on number of different symmetries
which can exist at such a point.

Affine locally symmetric spaces are well known and studied objects in differential
geometry. The classical definition says that a local symmetry at = on a manifold
M with an affine connection V is a locally defined affine transformation such that
$z(x) = x and Ty,s, = —id on T,, M. We can understand V as a geometric structure
on M such that the symmetry s, preserves this structure. There is a natural
generalization of this concept: For a manifold with an arbitrary geometric structure,
one can define a local symmetry as an automorphism of this geometric structure,
which satisfies the two above conditions. Best known examples of this concept
are Riemannian symmetric spaces, which play an important role in theoretical
physics, see [1, 2], and projective symmetric spaces, see [3]. This concept also
generalizes nicely to geometric structures which can be described as |1|-graded
parabolic geometries, see [4, 5].

In this article, we are interested in symmetries of contact manifolds endowed
with some additional structures which can be described as parabolic geometries,
the so-called parabolic contact structures, see [6]. Discussion of the Levi bracket
implies that we cannot define a symmetry in the classical sense, see [4]. Motivated
by the definition of a symmetry for Cauchy-Riemann structures from [7], we de-
fine a symmetry at x as a morphism of the contact geometry such that s,(z) = x
and T,s, = —id on the contact distribution at x. This definition works nicely
for all parabolic contact structures. Then, to study symmetries on parabolic con-
tact structures, we can use general techniques known from the theory of parabolic
geometries, see [8, 6].

In this article, we discuss the curvature of symmetric parabolic contact geome-
tries in detail. The theory of harmonic curvature for parabolic geometries allows us
to prove that symmetric normal parabolic contact geometries must be torsion-free.
Moreover, some types of them have to be locally flat, if they are symmetric.

Contrary to the classical case, symmetries of parabolic contact structures do not
satisfy s, o s, = id in general, i.e. they are not necessarily involutive. We use the
theory of Weyl structures to study this question. More precisely, we show that only
locally flat geometries can carry non-involutive symmetries at each point. More-
over, for each involutive symmetry on a parabolic contact geometry, there exists
an admissible affine connection which is invariant with respect to the symmetry.
Finally we show that in many cases, there can exist at most one symmetry at points
with non-zero curvature.

The author would like to mention very useful discussions with Andreas Cap during the work on
this paper and the support of Eduard Cech Center for Algebra and Geometry for her participation
in the conference The 30th Winter School Geometry and Physics, 2010.
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2 LENKA ZALABOVA

1. PARABOLIC CONTACT STRUCTURES

We recall here basic definitions and summarize the properties of parabolic ge-
ometries. We discuss parabolic contact structures in detail. We also introduce Weyl
structures, which will be our main tool to deal with parabolic contact geometries.
We follow the concepts and notation of [6, 8] and the reader can find all the details
and proofs therein.

1.1. Contact structures and parabolic geometries. Consider a manifold M
endowed with a distribution H of T'M of corank one. Then H C TM forms a
filtration and, on the graded bundle gr(TM) = H & TM/H, there is the Levi
bracket L : H x H — TM/H which is a bilinear bundle map induced by the Lie
bracket of vector fields. The well known definition says that H C T'M forms a
contact structure on M if the Levi bracket is non-degenerate at each point. The
subbundle H is then called contact distribution.

We will discuss here contact manifolds endowed with some additional structures
which can be described as parabolic geometries. Let us recall that, for a semisimple
Lie group G and its parabolic subgroup P, a parabolic geometry of type (G, P) is
a pair (p : § — M,w) consisting of a principal P-bundle G — M and a 1-form
w € QYG,g), called the Cartan connection, which is P-equivariant, reproduces
generators of fundamental vector fields and induces a linear isomorphism T,G = g
for each u € G. The Lie algebra g of G is then equipped (up to the choice of Levi
factor go in p) with a grading of the form g_ ® - D go ® - - - ® g such that the
Lie algebra of P is exactly p = gg @ --- @ gg. There is the usual notation such
that g =g ®---Dg_1, P+ =91 D --- ® gr and P C P is the subgroup
corresponding to py. By Gy we denote the subgroup in P, with Lie algebra g,
consisting of all elements whose Ad-action preserves the grading of g. Each element
g of P can be uniquely written as goexp Z - --exp Zj for suitable g9 € Gy and
Z; € g;, thus exp Z - - - exp Zy € Py. Let us recall that for each parabolic geometry,
there is an element E € gy with the property [F, X] = i¢X for each X € g;, the
so-called grading element. To study contact structures, we have to focus on a
special case of |2|-grading: A contact grading of a simple Lie algebra g is a grading
g_o®g_1Dgo D g1 D ge such that g_o is one-dimensional and the Lie bracket
[—,—]:9-1 X g_1 — g—_2 is non-degenerate. Let us remark that for each contact
grading, the subspace [g_2, g2] coincides with the subspace generated by E.

It is well known that the Cartan connection w provides an identification T'M ~
G x p g/p. Suppose we have a parabolic geometry corresponding to a contact grad-
ing. Because each contact grading of g induces P-invariant filtration of the form
g=9g2>g ! 2g">g! D g? = go, the subspace g=1/p C g/p defines a sub-
bundle T-1M := G xp gfl/p of corank one in T'M. There is the Levi bracket
on gr(TM) =T M @& TM/T~'M and the geometry is called regular if the Levi
bracket corresponds to the Lie bracket [—,—] : g_1 X g—1 — g—2 under the above
identification. Then, for regular parabolic geometries corresponding to contact
gradings, the underlying filtration T~*M C TM defines a contact structure on
M, and each such geometry is called parabolic contact structure or parabolic con-
tact geometry. Moreover, define Gy := G/P,, which is a principal Gy-bundle over
M. This is the reduction of the natural frame bundle of gr(TM) with respect to
Ad : Gy — Gi(g-1) and, in this way, we get an additional geometric structure on
T-'M.

Let us recall some more facts on parabolic contact structures that will be needed:
The P-bundle G — G/P together with the (left) Maurer-Cartan form wg €
OY(G,g) forms a geometry that is called homogeneous model. A morphism be-
tween geometries of type (G, P) from (G — M,w) to (¢ — M’,w’) is a P-bundle
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morphism ¢ : G — G’ such that p*w’ = w. We will suppose that the maximal
normal subgroup of G which is contained in P is trivial. With this assumption,
there is one-to-one correspondence between morphisms of parabolic geometries and
their base morphisms. Let us recall that such geometries are called effective.

The curvature is described by P-equivariant mapping x : G — A%(g/p)* @ g, the
so-called curvature function. The Maurer-Cartan equation implies that the curva-
ture of the homogeneous model vanishes. Conversely, it can be proved that if the
curvature of a geometry vanishes, then it is locally isomorphic to the homogeneous
model of the same type. If x has its values in a subbundle A%(g/p)* ® p, we call
the geometry torsion-free. The regular geometry is called normal if the curvature
satisfies 0* o k = 0, where 0" is the differential in the standard complex computing
Lie algebra homology of p with coefficients in g. Then we can define the harmonic
curvature kg which is the composition of the curvature function with the projection
ker(0*) — ker(9*)/im(9*). There is the following general statement, see [6]:

Theorem. On a regular normal parabolic geometry, the curvature k vanishes if
and only if the harmonic curvature Ky vanishes.

It can be proved that ker(9*)/im(9*) is a Go-submodule of A%?g* ® g and de-
composes into the direct sum of components each of which is contained in some
9%, N g~; ® gj. According to this decomposition, £y decomposes into the sum of
components of homogeneity ¢ = i + j + k that we denote by x*). One can use
the Kostant’s version of the Bott-Borel-Weil theorem to find all the components of
k. For parabolic contact geometries, it turns out that there can exist only the
following three types of components:

o x(M) valued in g* ; Ag*, ®g_1,

o k) valued in g* ; A g*, ® go and

o x4 valued in g* , A g* | ® g1.
See the Appendix for summary of all contact gradings and corresponding geometries
with their components of harmonic curvature. Detailed description and computa-
tion of components of harmonic curvature for parabolic contact structures can be
found in Section 4.2. of [6].

1.2. Adjoint tractor bundles and Weyl structures. Here, let us briefly intro-
duce the concept of adjoint tractor bundles, which allows us to write formulas and
make computations in a more convenient form. The adjoint tractor bundle is the
natural bundle AM := G X p g corresponding to the restriction of Ad-action of G on
g. For each parabolic contact geometry, the filtration of g induces a filtration AM =
A2M > A 'M > A°M > A'M > A%2M such that A'M = G xp g°, and there is
the associated graded bundle gr(AM) =A_ oM ® A_1M & AM & AL M @ A M,
where ;M = A'M/A™IM equals to Gy xg, g;- Clearly, TM ~ AM/A'M
and T*M ~ A'M. On the graded bundle gr(AM), there is the algebraic bracket
{——}: AAM xA;M — A; ;M defined by means of the Lie bracket on g. Clearly,
its part A1 M x A_1M — A_3M on gr(TM) = A_oM & A_1 M coincides with
the Levi bracket thanks to the regularity. Since each fiber of gr(AM) is isomor-
phic to g, the grading element defines a unique element E(z) € gry(A,M) such
that {E(z), —} is a multiplication by ¢ on gr,;(A,M). In fact, these elements form
a section E of gro(AM) which is called the grading section. Let us also remark
that we simultaneously get an action e of gr(AM) on arbitrary tensor products
of gr(AM) which is given using the tensoriality of the algebraic bracket. In par-
ticular, the grading section acts on each homogeneous component of the tensor as
multiplication by its homogeneity.

Now we should recall basic facts on Weyl structures. For any parabolic contact
geometry (G — M, w) with the underlying Go-bundle pg : Go — M, a Weyl structure
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is a global smooth Gy-equivariant section o : Gy — G of the canonical projection 7 :
G — Gy. Weyl structures always exist, and for any two Weyl structures ¢ and &,
there are Gy-equivariant functions Y7 : Gg — g1 and Y5 : Gy — @2 such that

6(uo) = o(uo) exp T1(uo) exp T2(uo)

for all ug € Go. Clearly, T; € T'(A;M) and T := (Y1, T2) is a smooth section
of gr(T*M). Moreover, the Campbell-Baker-Hausdorff formula implies exp T =
exp T1exp Vo = exp(YTy + T3) = exp Toexp Ty, see [9].

For each Weyl structure o, we can form the pullback o*w € Q'(Go,g). This
decomposes as 0*w = o*w_ + 0*wp + o*w., of which the part o*w_ € Q*(Go,g_)
is called the soldering form. Each Weyl structure ¢ induces, by means of its sol-
dering form, an isomorphism TM ~ gr(TM) which we write as £ — (§_2,&_1).
If oexpYiexpYs is another Weyl structure, the isomorphism changes as & —
(§-2,61—{T1,£-2}). In particular, o and o exp T5 induce the same isomorphism
for an arbitrary Yo : Gy — go-

The part o*wg € Q'(Go,go) defines a principal connection on py : Go — M
which we call the Weyl connection. This connection induces connections on all
associated bundles. In particular, for each o we get a preferred connection on
gr(T'M) = Gy X, 9- and, via the above isomorphism, we get a preferred connection
on the tangent bundle, cotangent bundle and their tensor products. We call each
such connection Weyl connection, too. For a Weyl structure o, we denote the
corresponding connection by V7. For o and 6 = g exp Y1 exp Yo we have

(1) Vis=Vis+ (%{Th {1,623} = {T2,6 0} — {T1,61}) @5,

where £ € X(M) and s is a section of an appropriate bundle. The positive part
o*wy € QY(Go, py) is called Rho-tensor and is denoted by P?. We will not need it
explicitly, see [6, 8] for details.

Let us finally recall the so-called normal Weyl structures. A normal Weyl struc-
ture at u is the only Gg-equivariant section o, : Gy — G satisfying o, o 7 o
Flf_l(x)(u) = Fl“f_l(x)(u), where by Flf_l(x)(u) we denote flows of constant vec-
tor fields w™1(X) € X(G). Each normal Weyl structure o, is defined locally over
some neighborhood of p(u) and depends only on the Gp-orbit of u € G, see [6].

2. BASIC FACTS ON SYMMETRIES

We formulate here the definition of a symmetry on a parabolic contact geometry
and describe its basic properties. We study the action of symmetries on Weyl
structures and describe some interesting subclasses of them. We focus here on the
question of involutivity of our symmetries.

2.1. Definitions. Let (G — M,w) be a parabolic contact structure. A (local)
symmetry with the center at x € M is a (locally defined) diffeomorphism s, on M
such that:
(1) sa(2) =,
(2) Typsy, = —id on T, M,
(3) sy is a base morphism of some (locally defined) automorphism ¢ of the
parabolic contact geometry.

The geometry is called (locally) symmetric if there is a (local) symmetry at each
point x € M.

Clearly, each symmetry is a local symmetry. In this article, we discuss local
symmetries and local properties of locally symmetric geometries and for conciseness
will say ‘symmetry at x’ and ‘symmetric’ instead of ‘local symmetry at z’ and
‘locally symmetric’, respectively. Global symmetries and their systems we will
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discuss elsewhere. Moreover, we will also call the automorphism ¢ of G and its
underlying automorphism ¢g of Gy a ‘symmetry at =’

2.2. Basic properties of symmetries. Let s, be a symmetry on a parabolic
contact geometry and let ¢ be as above. Since each symmetry s, preserves =z,
the (uniquely given) automorphism ¢ has to preserve the fiber over z. Then for
each frame u € p~!(z) we have p(u) = ugoexp Z = ugg exp Z1 exp Zo for suitable
go € Go, Z1 € g1 and Zs € go, where Z = Z; + Zs. Let us describe the element
Jo €xp Z1 exp Zs in detail:

For each £(x) = [u, X] € T, 1M, i.e. for each X € g=!/p, we have

- Tysg.§(x) = [p(u), X] = [ugo exp Z1 exp Zo, X] =
= [[u7Mexp(fZg)Mexp(fZl)Adgo_lX]]

and simultaneously T,s,.(z) = —&(z) = [u,—X]. All together, the element
go exp Z1 exp Zo has to induce —id on g~!/p by the Ad-action. Moreover, exp Z1 exp Z
acts trivially on g=!/p. Indeed, there is the formula

[ee]
(3) AdepzX = %adJZX =X +[2,X]+ %[Z, (Z,X]]+---

j=0
for all X € g_ and Z € p; and if X € g_1, all brackets on the right hand side
belong to p. In fact, along the fiber over z, the P -parts of the above elements
are determined by ¢ and can be arbitrary in general, one only has to impose the
compatibility of ¢ with the right action of P. Then the element gg has to cause
the sign change on g=!/p ~ g_;. Since our geometries are effective, there can exist
at most one element gy € Go which gives —id on g_; and it has to be the same
element along the fiber. In particular, the underlying morphism ¢q is of the form
wo(ug) = upgo for each ug € py 1(:5) Clearly, the element g has to induce identity
ong-2=[g-1,9-1]

One of basic properties of classical symmetries is their involutivity and there is a
natural question on involutivity of our symmetries. Thus let us focus on s2 := s, o
Sg. Let us first point out that g o = idg if and only if s, 0s, = idys, which follows
directly from effectivity. Clearly, ¢ is then involutive, too. Thus it suffice to study
the morphism ¢?2. In the above notation, ¢?(u) = ugg exp Z1 exp Zago exp Z1 exp Zo
holds, and using the known fact exp Xgo = go exp(Adg,X), we can rewrite this as
ugd exp(—Z1) exp Zs exp Zy exp Za. Moreover, g¢ acts as id on g_; and thus on g,
because g_; generates g_, p = g* and go C g* ® g_. Thus it lies in the kernel
of the Ad-action which coincides with the maximal normal subgroup of G which is
contained in P. Effectivity then gives g2 = e. All together, we have got ¢?(u) =
uexp 27Z,. In another frame uh for h € P we then have ¢?(uh) = uhexp 2Ady, Zs.
Thus we can simply view Z, as P-equivariant function Zs : p~1(x) — go. In fact,
we have proved the following statement:

Lemma. On a parabolic contact geometry, each symmetry s, at x defines uniquely
a covector Zy € Ty M through the equation

(4) @2 (u) = uexp2Zs(u)

along the fiber over x. The symmetry s, is involutive if and only if the covector Zs
equals to zero.

Thanks to the above observations, it is easy to describe the differential of each
symmetry at its center.

Proposition. For each symmetry s, at x on a parabolic contact geometry, the map-
ping Tps, : Ty M — T, M is involutive, thus T, M decomposes into two eigenspaces
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with eigenvalues —1 and 1. The eigenspace corresponding to the eigenvalue —1 has
to coincide with T, 1 M, the contact distribution, and there exists a one-dimensional
eigenspace corresponding to the eigenvalue 1.

Proof. For each &(z) = [u, X] from T, M we have

Trsif(x) = ﬂ@z(u),X]] = [[uexp QZQ(U),X]] = [[UﬂMexp(—QZg(u))X]]

= [u, X] = &(=),
which follows directly from formulas (4) and (3). The rest follows immediately from
the definition of the symmetry. O

2.3. Action of symmetries on Weyl structures. Let us now discuss relations
of various Weyl structures to the symmetry s,. For each Weyl structure o we can
write

() (o (uo)) = a(po(uo)) exp Y1 (uo) exp To(uo)

for each ug € Gy and for suitable functions Y; : Gg — g1 and Yo : Gy — g2 which
are generally determined by ¢ and o. With the notation from the last section, we
have Yo(ug) = Za(o(ug)) in the fiber over . The Lemma 2.2 then shows that To
does not depend on the choice of a Weyl structure o and coincides for all Weyl
structures at x. Clearly, To vanishes at x if and only if s, is involutive. The
function Y7 depends on the choice of a Weyl structure o at x and with the above
notation, T1(ug) = Z; for o(up) = u.

Let us now focus on the role of Ty for the isomorphism T'M ~ gr(T'M) given
by the Weyl structure o: For a tangent vector £(z) = [o(ug), X—2 + X_1] where
X; € g; we have

ToszJo(ug), X—o+ X 1] = [o(vo(uo)) exp Y1 (ug) exp Yo (ug), X—2 + X_1]
= [o(uo), X—2 — X_1 = [T1(uo), X—2]],

which follows from the fact that ¢g(ug) = uogo for go giving —id on g_; and from
formulas (5) and (3). In particular, the isomorphism TM ~ gr(TM) given by a
Weyl structure o reflects the decomposition of T, M into +1-eigenspaces for Ts,,
if and only if the Weyl structure o satisfies T1(ug) = 0 for each ug from the fiber
over .

Lemma. On a parabolic contact geometry with a symmetry s, at x, there are
Weyl structures & such that ¢(6(ug)) = 6(wo(uo)) exp T1(ug) exp Ya(ug) holds for
suitable T1 such that T1(ug) = 0 for each ug from the fiber over x.

Proof. Consider an arbitrary Weyl structure o and let (Y1, T3) be determined by
o as above. Let us verify that the Weyl structure

6(up) = o(up) GXP(_%TI(UO»

satisfies the condition: The formula (5) and the Campbell-Baker-Hausdorff formula
allow us to write

(6 (10)) = (0 (u0)) exp(—5 11 (o))
= (i) exp T () exp Ta(to) exp(~3 11 (o)

= o(i0(u0)) exp 5 11 () exp Y (uo).
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Equivariancy of T; gives T1(¢o(uo)) = T1(uogo) = —Y1(up) in the fiber over x for
go giving —id on g_; and we can rewrite the above expression as

1 .
o(o(uo)) exp(—5 T1(wo(uo))) exp T2(uo) = &(w0(uo)) exp T2 (uo)
in the fiber over x. Thus & is the required Weyl structure. O

Let us call each Weyl structure ¢ satisfying the condition in the lemma an almost
Se-tnvariant Weyl structure at x. All almost s, -invariant Weyl structures form a
family of Weyl structures which is parametrized over go at z. Really, all Weyl
structures inducing the same isomorphism T, M =~ gr(T,M) as & are of the form
& exp Fy(up) exp Fa(ug) for arbitrary functions F» : Go — g2 and Fy : Gy — ¢
where F(ug) = 0 in the fiber over z, see 1.2.

Let us finally describe the involutivity of our symmetries in the language of Weyl
structures.

Proposition. On a parabolic contact geometry with a symmetry s, at x, the fol-
lowing facts are equivalent:

(a) the symmetry s, is involutive,

(b) there exists a Weyl structure o such that o(6(ug)) = o(po(ug)) holds in the
fiber over x,

(c) there exists a Weyl structure o, such that p(o,(uo)) = ou(po(ug)) holds
over some neighborhood of x.

Proof. (a) = (b) Let & be an arbitrary almost sg-invariant Weyl structure. The
Lemma 2.2 says that the involutivity implies vanishing of T in the fiber over x.
Thus if s, is involutive, the almost s,-invariant Weyl structure & has to satisfy (b).

(b) = (c) Let & be an arbitrary Weyl structure satisfying ¢(6(uo)) = 6(po(uo)) in
the fiber over z. Consider the normal Weyl structure o, such that o, (ug) = & (ug)
for po(ug) = x. The condition of the normality prescribes o, uniquely on a normal
neighborhood of x € M, see 1.2 for definition. But then, because ¢(o,(ug)) =
ou(po(up)) holds in the fiber over z, it has to hold over some normal neighborhood
of z and o, satisfies (c¢).

(¢) = (a) Consider an arbitrary Weyl structure o satisfying (¢). This can be equiva-
lently written as ¢ =1 (o(¢o(uo))) = o(ug) which means that the corresponding Weyl
connection is invariant with respect to s,. Since the isomorphism T, M ~ gr(T, M)
reflects the decomposition of T, M into +1-eigenspaces, we can describe s, on a
neighborhood of z nicely via geodesics of the invariant connection. Indeed, each
vector (€_o(x),&—1(x)) € T, M determines uniquely a geodesic at x, and the sym-
metry s, maps it on a geodesic at x, which is uniquely determined by a vector
(§—2(x),—€_1(x)). This describes s, on a neighborhood of z and one can see di-
rectly that it has to be involutive. O

Let us call each Weyl structure satisfying the condition (b) of the Proposition
sg-invariant Weyl structure at x and each Weyl structure satisfying the condition
(¢) of the Proposition s,-invariant Weyl structure on a neighborhood of x.

3. SYMMETRIES OF HOMOGENEOUS MODELS

In this section, we focus on homogeneous models, which are the simplest exam-
ples of parabolic contact geometries. We describe explicitly their symmetries and
we give some concrete examples of homogeneous symmetric geometries.



8 LENKA ZALABOVA

3.1. Description of symmetries. Let (G — G/P,w¢) be a homogeneous model
of a parabolic contact geometry of type (G, P). It is well known that all automor-
phisms of the homogeneous model are just left multiplications by elements of G
and an analog of the Liouville theorem states that any local automorphism can be
uniquely extended to a global one, see [10, 6]. Thus if the homogeneous model is
locally symmetric, then it is symmetric. Moreover, because G acts transitively on
G/ P, it suffices to find a symmetry at the origin to decide whether the homogeneous
model is symmetric.

Proposition. All symmetries of the homogeneous model of a parabolic contact
geometry centered at the origin o = eP are given by left multiplications by elements
goexp Zy exp Zoy € P, where Z1 € g1 and Zs € go are arbitrary and gg € Gy is such
that Ady, = —id on g_1. In particular, if there is one symmetry at a point, then
there is an infinite amount of them.

Proof. For homogeneous models, 771 (G/P) = Gx pg~!/p. Then we can write each
tangent vector £(o) € T, 1(G/P) as £(o0) = [e, X] for suitable X € g~!/p. Since
automorphisms of the homogeneous model are left multiplications A, by elements
g € G, all symmetries at the origin are exactly left multiplications A, satisfying
Ag(0) = 0 and T\ ;.£(0) = —£(0) for all contact vectors £(o0). The first condition is
equivalent to the fact that g € P. Then g can be written as g = gy exp Z; exp Zs
and the second condition means that

ToA gy exp Z1 exp 25 -1€, X ] = [go exp Z1 exp Za, X| = [e, Ad7!

and —£(0) = [e, —X] coincide for each X € g=!/p. Thus we look for elements
g € P such that Ad.,,(_z,)Ad Adgng = —X for all X € g~!/p and the

rest follows immediately from observations in Section 2.2. O

X]

22=gp exp Z1 exp Z2

2 exp( exp(—Z1

Let us finally discuss involutivity of these symmetries. The symmetry go exp Z1 exp Zo
is involutive if and only if the element (go exp Z; exp Z2)? induces identity on G/P
and effectivity says that it has to be equal to e. We have

Jo €Xp Z1 exXp Zago €Xp Z1 €xXp Lo = eexp 225.

Thus involutive symmetries at the origin are left multiplications by elements gg exp 2
where gg and Z; are as above and Z5 has to be equal to zero. If Z5 is non-zero, then
the symmetry is not involutive. In particular, there exist non-involutive symmetries
on homogeneous models.

Clearly, if g induces (involutive) symmetry at the origin o = eP, then hgh~*
induces (involutive) symmetry at the point hP.

3.2. Examples. Let us introduce here some examples of parabolic contact struc-
tures and discuss symmetries on their homogeneous models, see [6] for detailed
description.

Lagrangean contact structures. Let us start with g = sl(n + 2,R), the split real
form of sl(n+2,C), for n > 1. This admits a contact grading which is given by the
following decomposition into blocks of sizes 1, n and 1:

go 9 92
ol g0 off |.
a—2 9% g0

The splittings g+1 = g%, @ g, are go-invariant and g~ and g%, are isotropic for
[—,—] : 9-1 X g—1 — g—2. Let us choose G = PGL(n + 2,R), the quotient of
GL(n + 2,R) by its center. Then P consists of classes of block upper triangular
matrices and Gg of block diagonal matrices. In particular, Go coincides by means of
the Ad-action with the group of all automorphisms of graded Lie algebra g_o®g_1
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which in addition preserve the decomposition g_; = g&; @gf,. Thus for a parabolic
contact geometry of type (G, P), the underlying geometry consists of a contact
distribution together with a fixed decomposition of the form T-'M = L @& R into
two subbundles (of rank n), each of which is isotropic with respect to £. These
geometries are known as Lagrangean contact structures. The homogeneous model
is the flag manifold of lines in hyperplanes in R**2.

Let us now discuss symmetries at the origin of the homogeneous model. We look
for an element gy € Go such that Ady X = —X for each X € g_;. Elementary
matrix computation shows that there is a solution which is represented by the
matrix of the form

—-10 0
go = ( 0 E O ),

00 -1
where F is the identity matrix, and thus the homogeneous model is symmetric. All
symmetries at the origin are represented by matrices of the form

-1 -V ~
(7).
0 0 -1
where V*, W € R™ and v € R are arbitrary, and the involutive ones have to satisfy
1

Non-degenerate partially integrable almost CR-structures of hypersurface type. Con-
sider the real form g = su(p + 1,¢ + 1) of sl(n +2,C) for p+¢g =n > 1. For a
suitable choice of Hermitian product, this admits a contact grading of the same
block form as the Lagrangean case. Denoting I the diagonal n X n-matrix with
the first p entries equal to 1 and the remaining ¢ entries equal to —1, we write the

elements explicitly as
a Z iz
X A -1z* ),
ir —X*I —a

where z,2 € R,a € C, X, ZT € C", A € u(n) and a+trA—a = 0. The bracket g_; x
g-1 — g_o is given by [X,Y] = Y*IX — X*IY, which is twice the imaginary part of
the standard Hermitian product of signature (p, q). Choose G = PSU(p+1,q+1),
the quotient of SU(p + 1,¢ + 1) by its center. Then P consists of classes of block
upper triangular matrices, and elements of Gy are represented by block diagonal
matrices. For parabolic contact geometries of type (G, P), the underlying geometry
consists of a contact distribution 7'M together with a complex structure .J such
that £(JE,Jn) = L(€,n) for all £,n € T(T~1M). Such geometries are known as
partially integrable almost CR-structures of hypersurface type. The homogeneous
model is the projectivized null cone of a Hermitian form of signature (p+ 1,9+ 1),
which is a real hypersurface in CP"*1.

Let us now discuss briefly symmetries of the homogeneous model at the origin.
We look for an element gy € G such that Ady X = —X for all X € g_;. Elemen-
tary computation shows that the solution exists and is given by the same matrix
go as in the Lagrangean case. Then all symmetries at the origin are represented by

matrices of the form
-1 —-Z iz
0o E -1z*
0 0 -1

where Z € C™ and z € R are arbitrary, and the involutive ones have to satisfy
iz = Z17*.

4. CURVATURE RESTRICTIONS

In this section, we discuss restrictions on the curvature of a parabolic contact
geometry, which are caused by the existence of a symmetry. We study the torsion of
symmetric parabolic contact geometries in detail. We show that there are relations
between the curvature of a symmetric geometry and involutivity of its symmetries.
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4.1. Torsion restrictions. Let us work with normal parabolic contact geometries
here. In fact, the normality assumption is only some technical restriction which
plays no role, if we understand symmetries as morphisms of the underlying geom-
etry, and this clearly is the most reasonable point of view. For such underlying
geometry, there are various non-isomorphic parabolic geometries inducing this un-
derlying structure and it can be proved that the normal one always exists, see [6].
Assuming normal geometry, we can discuss its components of harmonic curvature,
which are easily computable and provide information on the whole curvature of the
parabolic geometry, see Section 1.1 and Appendix. Let us start with the harmonic
torsion x(1), which has its values in g L Ng ®go.

Lemma. If there is a symmetry s, at x on a normal parabolic contact geometry,
then kN vanishes at x.

Proof. Let ¢ be as usual. For u € p~!(x) we have ¢(u) = uggexp Z for suitable
go € Go and Z € py, see 2.2. Then for each X,Y € g_; we get

KD () (X,Y) = k0 (ugo exp Z)(X,Y) = exp(—Z)gy ' - s (X, Y)

where - denotes the induced Ad-action on g*; A g*; ® g_1. The action of 90_1 is of
the form

g()_1 ’ H(l)(Xﬂ Y)= Adggl (n(l)(u)(AdgoXﬂ Adgoy)) =

—xD(W)(~X,-Y) = =D (w)(X,Y)

since the element gy acts as —id on g_1, and the action of exp(—Z2) is trivial.
Because automorphisms preserve curvature, —x)(u)(X,Y) has to be equal to
x#M(u)(X,Y) in the fiber over 2 and then it has to vanish at x. O

Proposition. FEach normal symmetric parabolic contact geometry is torsion-free.
Moreover, normal symmetric

e Lie contact structures,
e parabolic contact geometries corresponding to exceptional Lie algebras

have to be locally isomorphic to the homogeneous models of the same type.

Proof. Thanks to the regularity, the curvature satisfies s (u)(g%, g7) C g*™7** for all
u € G and for some ¢ > 1 in general. Moreover, it can be proved that the component
of degree ¢ mapping g; X g; to gi1j4¢ corresponds to the component of kg (u) of
degree ¢, see [6]. The above lemma shows that ¢ > 2 for symmetric geometries.
Moreover, if the component of degree 2 is non-zero, then the only possibility is that
it maps g—1 X g—1 to go. Thus it has its values in g* A g* ® p. It follows directly
from the homogeneity reasons that components of degree > 3 have to have their
values in this subbundle, too, and the geometry is torsion-free.

Finally, let us recall that vanishing of the harmonic curvature implies vanishing
of the whole curvature, see Theorem 1.1. This applies if £y coincides with ()
which has to vanish for symmetric geometries, and they are locally isomorphic to
homogeneous models. Now, it suffices to discuss components of harmonic curvature
for concrete geometries, see Appendix. O

4.2. Obstructions to flatness and involutive symmetries. One can see from
the discussion of the harmonic curvature that among all normal parabolic contact
geometries, only

e contact projective structures,

e Lagrangean contact structures,
e partially integrable almost CR-structures of hypersurface type
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can carry a symmetry at a point with non-zero harmonic curvature. For each
such symmetric geometry, there is exactly one obstruction to being locally isomor-
phic to the homogeneous model of the same type. For three-dimensional almost
CR-structures and three-dimensional Lagrangean contact structures, there is the
harmonic curvature £®* valued in 9%, Ng*y ®g1. For the other ones, we have the
harmonic curvature £ valued in g . Ng ®go-

Let us first focus on £®. Let s, be a symmetry at z on a normal symmetric
parabolic contact geometry and let ¢ be as usual. For u € p~!(z) and X,Y € g_;
we have

K@ (p(u)(X,Y) = &2 (ugo exp 2)(X,Y) = exp(=Z)gy ' - 6P (u) (X, Y),

where - is the induced Ad-action on g*; A g*; ® go. For the action of g, ! we can
write

9ot AP (W) (X,Y) = Ady 1 (52 (1) (Ad g, X, Adg, Y)) =
Ady1 (5P () (=X, =Y)) = Ady o (52 (u) (X, V).

Because gg is a subspace of L(g_1,8-1) ~ g*; ® g_1, the element ggl has to act
trivially on go and thus on ) (u)(X,Y) for each X,Y. Because also exp(—2) acts
trivially on x(?) (u), we get no additional restriction. In fact, x?) is a tensor of type
N2T~YM @ T~*M ® T~'M which is invariant with respect to the symmetry s,.
Let us denote this tensor by W.

We try to differentiate W with respect to various Weyl connections. We focus
on connections corresponding to almost s,-invariant Weyl structures, i.e. Weyl
structures o satisfying ¢ (o (ug)) = o(vo(uo)) exp T1(uo) exp Yo (ug) for suitable Yo
and T such that T; = 0 at x, see Section 2.3 for details.

Lemma. On a symmetric normal parabolic contact geometry with a symmetry s,
at x, let o be an arbitrary almost s,-invariant Weyl structure and V? the corre-
sponding Weyl connection. Then

(a) VZW =0 holds at = for each & from the contact distribution,
(b) {Y2,&} @« W =0 holds at x for each & such that Tys,.6(x) = {(x) and Yo
s determined by s, at x.

Proof. In general, p(o(ug)) = o(po(ug))exp Y1 (ug) exp Tao(up) holds for each Weyl
structure o and suitable T; and Yo, and this can be rewritten as

¢~ (o (po(uo))) = o (up) exp(=T1(ug)) exp(=Ta(uo))
or simply ¢*o = gexp(—Y1)exp(—T2). For corresponding Weyl connections we
then have V¢ 7 = Vo exp(=T1)exp(=T2) and if we apply this on W, we get
oo _ voexp(=T1)exp(=T2)
(6) Ve "W =V, w

for each vector field £&. Because we suppose that o is almost s, -invariant Weyl
structure, then moreover Y is equal to zero in the fiber over x.

Let us discuss both sides of Eq. (6) at = in detail. We start with the left hand
side. At the point x we have

VETW (g, 1) (v) = (539°)eW (1,1) (v) =

Twsgl.ViSIfW(Tws$.n, Tosy o) (Tpszv) =

(*1)4v%$eT§W(777 H)(V) = vg}s,&w(na ‘u,)(lj)
for each ¢ € X(M) and n, u,v € T(T~1 M) since Ty s, gives —id on T, 1 M.
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Now we focus on the right hand side of (6). We use the general formula for
the change of Weyl connections, see formula (1) in Section 1.2. Because our Weyl
structure o satisfies T1 = 0 over x, the right hand side of (6) simplifies to

vg—exp(—Tl)eXp(_Tz)W = ng + {T27 5*2} oW

in the fiber over x. If we put the above observations together, we see that Eq. (6)
can be rewritten as

(7) Vs, W =ViW +{T2,§ 2} e W
in the fiber over z. Let us discuss some concrete choices of the vector £(z):

(a) Suppose € is contained in the contact distribution 7-1M. In particular, &(z) =
&_1(x). Then Tys,.£(x) = —¢&(x) and Eq. (7) simplifies to

VI W =VIW
at z. The algebraic bracket simply vanishes because {_o(x) = 0 in this case. This
implies VW =0 at x for each ¢ from the contact distribution.

(b) Let us now suppose that T,.s,.£(x) = £(x). Such vectors exist and for an almost
sg-invariant Weyl structure o, these are exactly the vectors satisfying £ = £_ at
x, see Section 2.3. Then the Eq. (7) simplifies to

VEW = VEW +{Ta, &} o W
and we get the restriction {Y2,£} ¢ W = 0 in the fiber over z. O

Part (a) is not surprising. Actually, VOW defines a tensor of type T-*M ®
NT VP MQT *M@T M, i.e. of odd degree, which is invariant with respect to
sz. The consequences of the part (b) we formulate in the following statement.

Proposition. On a symmetric normal parabolic contact geometry with a symmetry
sz at x, suppose that W is non-zero at x. Then each almost s, -invariant Weyl
structure has to be sg-invariant.

Proof. With the above notation, we will discuss the formula (b) from the lemma
for an almost s,-invariant Weyl structure ¢ and for some vector field ¢ such that
&(x) is non-zero and satisfies T, s,.£(x) = £(x). Let us point out that such vectors
exist and satisfy {(z) = £_a(z) in the isomorphism T'M ~ gr(T'M) given by o,
see 2.3. In some concrete frame u = o(ug) from the fiber over z, we can write
&(z) = [u, X] for suitable non-zero X € g_o. Similarly, To(z) = [u, Z] for suitable
7Z € go and the algebraic bracket { Y2, £} corresponds to [u, [Z, X]] at . Moreover,
if Z # 0, we can choose X such that [Z, X] is exactly the grading element E, see
Section 1.1. Then {9, £} corresponds to the grading section E(x), see Section 1.2.
In particular, it acts by the algebraic action e on W by its homogeneity. Because
W has homogeneity two, we get

{Ys,6} o W = 2W

in the fiber over & and we have a restriction of the form 2W = 0 at x. This
is a contradiction with the assumption that W is non-zero at x. Thus the only
possibility is that Z = 0 and thus Y5 has to vanish at x. But this means that the
almost s -invariant Weyl structure is s,-invariant, see Section 2.3. O

Before we proceed further, let us return to x®* valued in g 1 N9, ®g1. The
discussion of x4 is parallel to the discussion of £ and we summarize it very
briefly. If £® is non-zero, then it defines a tensor of even degree which has to be
invariant with respect to the symmetry s,. Really, for each X € g_; and V € g_o
we have

m(4)(gp(u))(X, V)= n(4)(ugo exp Z)(X,V) = eXp(—Z)gg1 . f<u'(4)(u)(X7 V)=
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Adggl(:‘i(4) (u)(Adg, X, Ady,V)) = kW (W)(=X,V) = W (u)(X, V).

Let us denote this tensor by C. Again, we can differentiate C' with respect to a
Weyl connections corresponding to almost invariant Weyl structures. For an almost
sg-invariant Weyl structure ¢ we have the equation

v?*gc _ vgexp(—Tl) exp(—Tg)C

for each vector field ¢ and suitable T; and Y5 corresponding to o, where 11 vanishes
at x. The left hand side can be rewritten as

VETCm, 1) = (s5V)eCln, 1) = Tusy ' V5, o C(Tosen, Tosep)

= (-1)°V4, .. C(n,p) =V . Cln,p)
for each £ € X(M), n € T(T~'M) and p € X(M) such that p = pu_o via the
isomorphism given by o at x. Really, T,s, gives —id on T, *M and T, s,.u(z) =
w(x). Thus we get the restriction of the form

F05.6C =VEO +{T3,6 5} e C

and we have Vg €' =0 and {Y3,§ 2} ¢ C' = 0 in the fiber over z. Because C is
of homogeneity four, the same arguments as in the proof of the above proposition
shows that Y5 vanishes at  and then each s, -invariant Weyl structure has to be
sg-invariant. All these observations together with the last proposition give us the
following statement.

Theorem. On a symmetric normal parabolic contact geometry with a symmetry s,
at x, suppose that its harmonic curvature is non-zero at x. Then s, is involutive.

Proof. In such case, almost s -invariant Weyl structures have to be s -invariant
and the rest follows from Section 2.3. O

Corollary. On a symmetric normal parabolic contact geometry with a symmetry
Sz at x, suppose that its harmonic curvature is non-zero at x. Then there are
admissible affine connections which are invariant with respect to the symmetry s;:
We take Weyl connections corresponding to s, -invariant Weyl structures.

5. UNIQUENESS OF SYMMETRIES

We discuss here the question how many different symmetries can exist at a
point with non-zero curvature. We first give one general restriction and then some
consequences for concrete geometries.

5.1. Algebraic restriction. Let s, and 5, be two different symmetries at « on a
symmetric normal parabolic contact geometry with non-zero harmonic curvature at
x and denote by ¢ and @ corresponding automorphisms of the parabolic geometry.
Clearly, s, # §; if and only if ¢ # @. Symmetries s, and §, are involutive and
there exist s, -invariant and §,-invariant Weyl structures, see Sections 4.2 and 2.3.

Lemma. For each two different involutive symmetries s, and s, at x on a sym-
metric parabolic contact geometry, si-invariant and S,-invariant Weyl structures
form two disjoint families of Weyl structures.

Proof. Suppose there is a Weyl structure ¢ which is s,-invariant and s, -invariant
at x, i.e. p(o(ug)) = o(wo(up)) and simultaneously @(o(up)) = o(@o(ug)) in the
fiber over x. Then, the corresponding Weyl connection V7 is invariant with respect
to both symmetries s, and §,. But similarly as in the last part of the proof of
Proposition 2.3, the connection V7 determines uniquely the symmetry via behavior
of its geodesics at x. Consequently, s, = 5, on a neighborhood of . O
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Let o0 be an s,-invariant Weyl structure and let ¢ be 5,-invariant Weyl structure.
Then ¢ = ogexp Y1 exp Yo holds for suitable T; : Gg — g1 and Yo : Gg — go. The
last lemma says that T has to be non-zero at x.

Proposition. Suppose there are two different involutive symmetries at x on a sym-
metric normal parabolic contact geometry and let o and & are corresponding invari-
ant Weyl structures. For all € from the contact distribution, the bracket {Y1,&} acts
trivially by the algebraic action on W or'Y, respectively, at x.

Proof. Let us start with W. Let £ be an arbitrary vector field from the contact
distribution, thus { = {_; for each Weyl structure. The Lemma 4.2 gives VI W =
0 and VZ W = 0 at x. Simultaneously, we have 6 = cexpTiexp T, and the
formula (1) from Section 1.2 gives

VZIW =Ve WH{ 1, Ti}eW

at x, since £_o(xz) = 0. Because both covariant derivatives vanish at z, we get
the restriction of the form {{_;,T1} ¢ W = 0 at z for each { from the contact
distribution. One can see from Section 4.2 that the same line of arguments works
for C' and we get the restriction of the form {{_1,T1} ¢ C' =0 at x for each £ from
the contact distribution. ]

Remark. Let us again point out that the existence of a non-involutive symmetry
at x causes vanishing of the harmonic curvature at x, see Section 4.2.

5.2. Examples. Let us now discuss the above restrictions for concrete types of
geometries. The key point is to find sufficiently nice £ such that the action of the
above algebraic bracket is easily understandable.

Lagrangean contact structures. Let us first point out that we use here the notation
from Section 3.2. The decomposition of the contact distribution into two isotropic
subbundles T~'M = L @ R can be interpreted as a product structure on 7'M,
which an operator J : T-'M — T—'M satisfying J? = id. The subbundles L
and R are simply eigenspaces of J. The Levi bracket £ : T7'M x T7'M —
TM/T~*M is non-degenerate antisymmetric bilinear map, and then, £(—, J—) is
a non-degenerate symmetric map which defines a conformal class of pseudometrics
on T~ M of signature (n,n). We denote the class by g. Each pseudometric is then
given by the choice the identification TM/T~'M ~ R. In particular, the question
whether g(£,7) equals to zero for some &, € T~'M makes sense, because the
answer does not depend on the choice of the metric from the class.

Proposition. Suppose there are two different involutive symmetries at x on a sym-
metric normal Lagrangean contact structure, and denote by o and o exp Y1 exp Yo
corresponding invariant Weyl structures. Identify Y1 with its image in T-'M =
L @ R via an isomorphism given by a metric from g and denote by Y¥ and YT
corresponding components in L and R. If (YR, Y1) # 0 at 2, then the harmonic
curvature vanishes at x.

Proof. We discuss the restriction from the Proposition 5.1 for Lagrangean contact
structures in detail. Let us write Y1 (z) = [u, Z] for suitable

o~

which has to be non-zero, see Lemma 5.1. Choose {1 € ['(T~'M) such that
é_1(x) = [u, X] for X of the form

000
x=(Fif) conr

OO ~—

D
61 g1,
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The bracket {{_1, Y1} then corresponds to [u, [X, Z]] at x, where

—-STO0 0
X,Z:( ) .
(X, Z] 000 )€a0

It is easy to verify that with this choice, [X, Z] is simply a grading element multiplied
by a non-zero number —ST'. Then the bracket {{_1, 1} is a non-zero multiple of
the grading section E(z). Via the identification given by the metric from g, the
components S and 7' correspond to components T and T of T; in subbundles
R and L at x and the fact that ST # 0 means that g(TT, TE) # 0 at x. Because
the grading section acts on W by its homogeneity, {£_1, T1} acts trivially on W if
and only W vanishes at x. Clearly, the same arguments work for C. O

Partially integrable almost CR-structures. Let us first point out that we use here
the notation from Section 3.2. Moreover, suppose that the geometry is oriented
and then, we can speak about the signature of the structure. Using the com-
plex structure J given on T~!M, we can define a non-degenerate symmetric map-
ping £(—,J—), which defines a conformal class of pseudometrics on T-'M. The
signature is given by the signature of the structure. Let us denote the class by
g. Each pseudometric from the class is given by the choice of the identification
TM/T'M ~ R. In particular, the question whether g(&,&) # 0 for € € T M
makes sense, because the answer does not depend on the choice of the pseudometric
from the class.

Proposition. Suppose there are two different involutive symmetries at x on a
symmetric normal partially integrable almost CR-structure and denote by o and
oexp Y1 exp Yo corresponding invariant Weyl structures. Identify Y1 with its image
in T=YM wvia an isomorphism given by a metric from g. If g(¥1,T1) # 0 at z, i.e.
if the length of Y1 is non-zero at x, then the harmonic curvature vanishes at x.

Proof. We discuss the restriction from the Proposition 5.1 for CR-structures in
detail. Let us write Y1 (z) = [u, Z] for suitable

0 00
Z:(ls* 0 0)7
0 -S0

which has to be non-zero, see Lemma 5.1. Choose £ 1 € T~'M such that ¢_;(z) =
[u, X] for X of the form

X (8 0 8)6
" \0-5"T0 g1

The bracket {{_1, 1} then corresponds to [u, [X, Z]] at x, where

—SIS*0 0
0 0 0 € go.
0 0SIS*

It is easy to verify that with this choice, [X, Z] is simply a grading element multiplied
by a number —STS5*. Then the bracket {{_1, Y1} is a multiple of the grading section
E(x). Using the identification T~ M ~ T~ M given by a metric from g, —SIS*
corresponds to g(Y1,Y;) and SIS* # 0 means that g(YT1,T1) # 0. Because the
grading section acts on W by its homogeneity, {£_1, Y1} acts trivially on W if and
only W vanishes at . Clearly, the same arguments work for Y. U

Corollary. Suppose there are two different involutive symmetries at = on a symmet-
ric normal strictly pseudoconvex partially integrable almost CR-structure. Then
the harmonic curvature vanishes at x.
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APPENDIX: CONTACT GRADINGS AND CORRESPONDING GEOMETRIES

Let us sketch here briefly a classification of contact gradings of real semisimple
Lie algebras. There is the well know classification of all (complex) semisimple Lie
algebras in the language Dynkin diagrams and description of all their real forms in
the language of Satake diagrams, see [6, 11]. It can be proved that if a Lie algebra
admits a contact grading, then it has to be simple. It turns out that except sl(2,R),
sl(n, H), so(n — 1,1), sp(p,q) and some real forms of Eg and Fy, any non-compact
non-complex real simple Lie algebra admits a unique real contact grading, see [6].

Let us start with real classical Lie algebras, i.e. real forms of Lie algebras of
type A¢, By, Cy and Dy. In the first column of the following table, we indicate a
real simple Lie algebra which admits a contact grading. In the second column we
specify the geometry, which corresponds to the unique contact grading and in the
last column we write its components of harmonic curvature.

real simple g

\ contact geometry

\ components of kg ‘

sl(3,R) Lagrangean contact structuresof | g_o X g_1 — @1
dimension 3 goXg_1— g1
sl(n + 2,R) for | Lagrangean contact structuresof | g_1 X g_1 — g_1
n>2 dimension 2n + 1 g1 X g1 — g1
g-1X8-1— 9o
su(2,1) and | partially integrable almost CR | g_o X g_1 — g1
su(l,2) structures of dimension 3
su(p + 1,q + 1) | partially integrable almost CR | g_1 X g—1 — g1
forp+q>2 structures of dimension 2p+2q¢+ | g—1 X g—1 — go
1
so(p + 2,q + 2) | Lie contact structures of dimen- | g_1 X g—1 — g1
ptqg#4 sion 2p +2¢q +1 g-1Xg-1 =91
s0(p + 2,9 + 2) | Lie contact structures of dimen- | g_1 X g—1 — g_1
forp+qg=4 sion 9 g1 X g1 — g1
g-1X0-1 701
sp(n—+2) for n > | contact projective structures g1 Xg_1— o
1

Let us also give a brief overview of contact gradings corresponding to exceptional
Lie algebras. For types Gy and Fj, there is exactly one real algebra admitting
contact grading, the split real form. For Ejg, there are three real forms which
admit a contact grading, the split form and two su-algebras. For FE7, there are
three different real forms and for Eg, there are two different real forms admitting
a contact grading. The description of corresponding geometries can be found in
[6]. All these geometries have harmonic curvatures only of type k() valued in

g*,l N g*,l ®g_1.
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LOCAL GENERALIZED SYMMETRIES AND LOCALLY
SYMMETRIC PARABOLIC GEOMETRIES

JAN GREGOROVIC AND LENKA ZALABOVA

ABSTRACT. We investigate (local) automorphisms of parabolic geometries that
generalize geodesic symmetries. We show that many types of parabolic ge-
ometries admit at most one generalized geodesic symmetry at a point with
non—zero harmonic curvature. Moreover, we show that if there is exactly one
symmetry at each point, then the parabolic geometry is a generalization of an
affine (locally) symmetric space.

1. INTRODUCTION

Symmetric spaces are extremely useful geometric objects on smooth manifolds.
There are also many generalizations of symmetric spaces appearing in several areas
of differential geometry and the theory of Lie groups and algebras. We are interested
in generalizations of symmetric spaces in the setting of parabolic geometries, see [3,
Section 3.1]. We consider regular normal parabolic geometries (G — M,w) of type
(G, P) on smooth connected manifolds M. We assume that G is a Lie group with
a |k|-graded simple Lie algebra g = @f:_ «9: and P is the parabolic subgroup of G
with the Lie algebra p = @fzogi such that the Klein geometry (G, P) is effective.
We fix the reductive Levi decomposition P = G xexp(py ), where p, := @F_ g; and
G is the Lie group of grading preserving elements of P. We write g_ := @;:1_ oG-

Regular normal parabolic geometries provide a solution to the equivalence prob-
lem for a wide class of geometric structures. In the first step, so called prolongation,
one constructs the P-bundle G over M and the Cartan connection w, which is a
P—equivariant g—valued absolute parallelism on G that reproduces the generators
of fundamental vector fields of the P—action. The precise process of the prolon-
gation is not directly related to the results presented in this article and will not
be reviewed. In the second step, one computes the harmonic curvature kg which
is the basic invariant of all normal parabolic geometries that (in principle) solves
the equivalence problem for normal parabolic geometries. We recall that xp is the
projection of the curvature [w,w] + dw of the Cartan connection w viewed as a
function x : G — A%(g/p)* ® g into the cohomology space H?(g_,g) of cochains on
g_ with values in g.

A (local) automorphism of (G — M,w) is a (local) P-bundle morphism ¢ on G
such that ¢p*w = w holds. We denote by ¢ the underlying (local) diffeomorphism of
@ on M. We say that a (local) diffeomorphism f on M preserves the parabolic ge-
ometry (G — M, w) if f = ¢ for some (local) automorphism ¢ of (G — M, w). Local
automorphisms of parabolic geometries are uniquely determined by the underlying
diffeomorphisms under our assumption of effectivity of the Klein geometry (G, P).
We are interested in a class of (local) diffeomorphisms f on M for which we know
a priori the (local) P-bundle morphisms ¢ on G covering (local) diffeomorphisms f
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Key words and phrases. parabolic geometries; generalized symmetries; generalizations of sym-
metric spaces; automorphisms with fixed points; prolongation rigidity; geometric properties of
symmetric parabolic geometries.
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and we ask when they preserve the parabolic geometry, see the Definition 1.1. Let
us explain that these diffeomorphisms are closely related to geodesic symmetries.

We recall that a normal coordinate system of a linear connection V on M given
by the frame u of T, M is given by projections of flows Flf ) 6f the standard
horizontal vector fields B(X) for X € R™ on the first order frame bundle starting
at u, see [16, Section II1.8.]. Indeed, the projection of Flf(x)(u) onto M is the
geodesic of V going through x in the direction with coordinates X in the frame
u. A geodesic symmetry of V at the point z is the unique diffeomorphism with
coordinates —idg~ in all normal coordinate system given by any frame w of T, M.

The pair (M, V) is an affine locally symmetric space if each geodesic symmetry
of V is an affine transformation. In [14] or [1] the authors studied the theory of
symmetric spaces, where the geodesic symmetries preserve a geometric structure
such as Riemannian metric or quaternionic Ké&hler structure. The first author
classified in [8] all parabolic geometries preserved by all geodesic symmetries on
semisimple symmetric spaces. Typical examples of such parabolic geometries are
provided by the projective class of V of the affine (locally) symmetric space (M, V)
or the conformal class of the metric on the Riemannian symmetric space or the
(para)—quaternionic geometry given by the (para)-quaternionic Kéhler symmetric
space.

A normal coordinate system on the parabolic geometry (p : G — M, w) given by

u € G is given by projections p o F1; 1(X)(u) of flows of the constant vector fields
w1 (X) for coordinates X € g_. If we consider (local) diffeomorphisms f on M that
are linear in some normal coordinate system of (G — M,w), then we know a priori
the (local) P-bundle morphisms ¢ on G covering (local) diffeomorphisms f and we
ask when they preserve the parabolic geometry. The action of Gy on G induces
a linear change of the normal coordinates, but the change of coordinates induced
by the action of exp(p4) is highly non-linear. Nevertheless, we can consider the
class of (local) automorphisms of parabolic geometries with the property that their
underlying (local) diffeomorphisms on M, analogously to geodesic symmetries, have
the same coordinates in all normal coordinate systems in which the coordinates are
linear.

Definition 1.1. For s in the center Z(Gp) of Gy and u € G, let s, be the (local)
P-bundle morphism of G induced by the formula

su(FIY 0 () = FIT 0 () = FL ™ AB0) ()

for all X in a maximal possible neighbourhood of 0 in g_ preserved by Ad(s).

(1) The (local) P-bundle morphism s,, is a (local) s—symmetry of the parabolic
geometry (G — M,w) at x = p(u) if sfw = w.

(2) We write s,, for the underlying (local) diffecomorphism on M of the P-
bundle morphism s, which has coordinates Ad(s) € Gi(g—) in the normal
coordinate system given by wu.

(3) All (local) s—symmetries at all x € M for all s € Z(Gg) together are called
(local) generalized symmetries of parabolic geometries.

(4) The parabolic geometry is (locally) s—symmetric if there is a (local) s—
symmetry at each point of M.

Remark 1.2. We always assume that s is not the identity element e in Z(Gy),
because idg is the unique e-symmetry of each parabolic geometry, and therefore,
the results presented in this article are trivial for e-symmetries.

Firstly, let us focus on the automorphisms ¢ of parabolic geometries such that
¢ has coordinates —idy_ in the normal coordinate system given by u € G. If such
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an automorphism exists, then there is m € Z(Gy) such that Ad(m) = —idg_.
Therefore we will always speak about (local) m—symmetries in this case.

The bundle morphisms m,, (and thus diffeomorphisms m,,) are generally different
for different u from the fiber G, over z and each of them can be a (local) m—
symmetry. In particular, there can be infinitely many (local) m—symmetries at x.
In fact, this is the case of all models G/P of AHS-structures, where the bundle
maps m, are m—symmetries for all u € G. On the other hand, the second author
proved in [23, Theorem 2.5] that projective, conformal and (para)-quaternionic
geometries are the only types of parabolic geometries allowing m—symmetries at a
point = with a non—zero Weyl (harmonic) curvature. Moreover, there is at most
one m—symmetry at the point x with a non—zero Weyl curvature.

The second author showed in [23, Theorem 3.2] that if a geodesic symmetry at
2 for some linear connection on M is an automorphism of (G — M,w), then the
geodesic symmetry has coordinates —idg_ in the normal coordinate system given
by some u € G,. We prove in this article that there is the following characterization
of non—flat parabolic geometries which are preserved by all geodesic symmetries on
affine (locally) symmetric spaces.

Theorem 1.3. Suppose there is a parabolic geometry on a smooth connected mani-
fold M with a non—zero harmonic curvature at one point. Then the following claims
are equivalent:

(1) The parabolic geometry is (locally) m—-symmetric, i.e., at each point x of
M, there is a (local) automorphism of the parabolic geometry such that
the underlying (local) diffeomorphism on M has coordinates —idy_ in the
normal coordinate system for some u € G,.

(2) The parabolic geometry is preserved by each geodesic symmetry on an affine
(locally) symmetric space (M, V).

In particular, if one of the above claims is satisfied, then the parabolic geometry
is (locally) homogeneous, the affine (locally) symmetric space (M,V) from Claim
(2) is unique and V is a distinguished (Weyl) connection of the parabolic geometry.

Remark 1.4. Let us emphasize that (local) m—symmetries can appear only on
|1|-graded parabolic geometries and only the projective, conformal and (para)—
quaternionic geometries (and their complexifications) can satisfy the assumptions
and conditions of Theorem 1.3.

The global version of this statement was proved in [21] for projective geome-
tries and in [24, Corollary 4.5] for conformal and (para)—-quaternionic geometries
under the additional assumption of homogeneity or under the assumption that m-—
symmetries depend smoothly on the point z. In [13, Theorem 1], we proved the
global version of Theorem 1.3 for conformal geometries. In this article, we obtain
Theorem 1.3 as a special case of Theorem 1.8.

There are many other interesting types of parabolic geometries, e.g., parabolic
contact geometries, where there is no element m € P such that Ad(m) = —id,_.
Thus they cannot be preserved by geodesic symmetries of any affine (locally) sym-
metric space. On the other hand, there are generalizations of symmetric spaces
appearing in the literature that are nearly related to contact geometries. In [2] and
[15] the authors study sub—Riemannian and CR geometries preserved by so—called
geodesic reflexions on reflexion spaces, see [19]. A geodesic reflexion on a reflexion
space is given by an endomorphism s € GI(R") such that s> = idg» in a normal
coordinate system of an admissible linear connection on the reflexion space, see
[19].

We studied in [9, 10] parabolic geometries on reflexion spaces preserved by ge-
odesic reflexions. We proved that a geodesic reflexion at = preserving a parabolic
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geometry (G — M,w) is given by an endomorphism Ad(s) € Gi(g_) for some
s € G such that s? = id in a normal coordinate system of the parabolic geometry
given by some u € G,. However, if s € Gg is not contained in Z(Gy), then we
cannot expect the uniqueness of the automorphisms ¢ such that ¢ has coordinates
Ad(s) € Gl(g-) in the normal coordinate system given by some u € G,. Indeed, if
there is an other automorphism ¢ such that 1 has coordinates Ad(go) € Gl(g_) for
some go € G in the normal coordinate system given by u € G, then @y ~! is in
general a different automorphism such that 1@t ~! has coordinates Ad(s) € Gl(g_)
in the normal coordinate system given by ugg € G,. On the other hand, the second
author proved in [25, Section 5] that on some parabolic contact geometries, there
is at most one s—symmetry at a point x with a non—zero harmonic curvature for
s € Z(Gyp) such that Ad(s)|y_, = —id. We prove in this article that this holds for
all parabolic contact geometries.

We classified in [12] all elements s € Z(Gy) that can appear as coordinates of
underlying diffeomorphisms of automorphisms of parabolic geometries in a normal
coordinate system at a point with a non—zero harmonic curvature. For example, we
have found out that for complex |1|-graded parabolic geometries with a harmonic
curvature of homogeneity 3, we have to consider elements s € Z(Gp) such that
s3 = id. Moreover, we constructed in [11, Proposition 6.1] and [12, Proposition
7.2] examples of such parabolic geometries on Zs-symmetric spaces, which are
generalizations of symmetric spaces that are studied in [18].

In fact, there are many known examples of (locally) s—symmetric parabolic ge-
ometries. FEach locally flat parabolic geometry is locally s—symmetric for each
s € Z(Gyp). We classified in [12] the elements s € Z(Gg) for which all locally s—
symmetric parabolic geometries are flat. Further, we showed in [11, Proposition 6.1]
that all submaximally symmetric parabolic geometries constructed in [17, Section
4.1] are locally s—symmetric parabolic geometries for elements s € Z(Gy) that do
not impose flatness. Let us emphasize that some of these examples carry more than
one s—symmetry at each point and explicit examples can be found in [11, Section
6]. This shows that the results we obtain in this article do not hold for all types
of parabolic geometries. There are also further examples of (locally) s—symmetric
parabolic geometries in [2, 7, 8, 13, 21].

Let us now summarize our main results for (local) s—symmetries and (locally) s—
symmetric parabolic geometries we obtain in this article. The first main result states
that there is a large class of types of parabolic geometries whose algebraic structure
enforces uniqueness of (local) s—symmetries at points with a non-zero harmonic
curvature. We characterize these types in a way that is related to the theory
of prolongations of annihilators of the harmonic curvature and the prolongation
rigidity from [17, Section 3.4] as follows.

Definition 1.5. Let u be a component of the harmonic curvature (irreducible as a
Go—submodule of H?(g_, g)) of regular normal parabolic geometries of type (G, P).

(1) For ¢ € u, let us denote by
ann(¢p) :={A € go: A.p =0}

the annihilator of ¢ in go. We define the ith prolongation of the annihilator
of ¢ as

pr(¢); ={Z € g; : ad(X1) ... ad(X;)(Z2) € ann(¢) for all Xy,...X; € g_1}.

(2) For s € Z(Gyp), we say that the triple (g, p, 1) is prolongation rigid outside
of the 1—eigenspace of s if for all weights ¢ € pu, all prolongations of the
annihilator of ¢ in gg are contained in the 1-eigenspace of s.
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We will see that there are triples (g, p, 1) that are prolongation rigid outside of
the 1-eigenspace of s only for some s € Z(Gp). In particular, such triples (g, p, i)
are not prolongation rigid. Indeed, a triple (g, p, i) is prolongation rigid if and only
if it is prolongation rigid outside of the 1—eigenspace of s for all s € Z(G)).

In Section 3.2, we show how to classify all triples (g, p, 1) that are prolongation
rigid outside of the 1-eigenspace of s for some s € Z(Gy) using the results in [17].
The following Theorem shows that for our purposes, it is enough to carry out the
classification only for the components p that are contained in the 1-eigenspace of
s.

Theorem 1.6. Consider a triple (g,p, 1).

If s € Z(Gy) is such that p is not contained in the 1—eigenspace of s, then there
is no (local) s—symmetry of a parabolic geometry of type (G, P) at each point x with
a non—zero component of the harmonic curvature in p.

If s € Z(Gy) is such that (g, p, u) is prolongation rigid outside of the 1-eigenspace
of s, then there is at most one (local) s—symmetry of a parabolic geometry of type
(G, P) at the point x with a non—zero component of the harmonic curvature in fi.

We proved Theorem 1.6 in [12, Theorem 1.3] under the assumption that the par-
abolic geometry is homogeneous, but we can also easily construct non-homogeneous
(locally) s—symmetric parabolic geometries of type (G, Q) for certain triples (g, q, 1)
that are prolongation rigid outside of the 1-eigenspace of s. It suffices to con-
sider correspondence spaces for parabolic subgroups @ C P C G over (locally)
s—symmetric parabolic geometries of type (G, P) for (g,p, 1) that is prolongation
rigid outside of the 1-eigenspace of s, see [12, Proposition 6.1]. We prove Theorem
1.6 in Section 3.1.

Let us now focus on (locally) s—symmetric parabolic geometries. We say that a
map S that picks a (local) s—symmetry at each point of M is a system of (local)
s—symmetries. In general, systems of (local) s—symmetries are neither smooth nor
unique. The conditions in Theorem 1.6 can be used to prove the uniqueness of a
system of (local) s—symmetries.

Our second main result concerns the conditions for the smoothness of a system
of (local) s—symmetries. We consider the following generalization of affine locally
symmetric spaces. There is a class of Weyl connections on each parabolic geometry
playing a significant role in the theory of parabolic geometries, see [3, Chapter 5]
and Section 2.1. Each Weyl connection is given by a reduction of G to Gy, i.e., by
a smooth Gg—equivariant section o of the projection from G to Gy := G/ exp(py).
The sections o are called Weyl structures and we denote by V7 the Weyl connection
given by the Weyl structure o. Each point of 0(Gyp), defines a different frame of
T.M. However, the (local) diffeomorphism with coordinates Ad(s) € Gl(g-) in a
normal coordinate system of a Weyl connection V7 given by a frame o (ug) € 0(Go)x
is independent of the actual choice of ug € (Gp).., see Section 3.2. We denote such
a (local) diffeomorphism by s2.

If we choose a class of Weyl connections satisfying T,s7 = Twsg/ for all Weyl
connections V?,V? in the class and all z € M, then the tangent bundle T'M has
a common decomposition into smooth subbundles according to the eigenvalues of
T,sg for all V7 in the class. We can further consider a subclass [V] of such a
class of Weyl connections that restrict to the same partial connection on all smooth
subbundles of T'M for all eigenvalues of T,s? different from 1. Such a subclass
[V] is equivalently characterized by the condition that the 1-forms T measuring
the ‘differences’ (see the formula (2)) between arbitrary two connections in [V]
satisfy (s2)*Y(x) = Y(x) for all z € M and some (and thus all) Weyl connections
Ve € [V]. In general, (local) diffeomorphisms sZ are different for different Weyl
connections V7 € [V]. Therefore we can consider smooth maps S assigning some
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of these diffeomorphisms to each z € M. Equivalently we can directly assign to
each x € M the Weyl structure o defining s7.

Definition 1.7. Let [V] be a maximal subclass of the class of Weyl connections
satisfying that
o 7,57 =T,s% holds for all Weyl connections V°, V7 € [V] and all z € M,
e all connections in [V] restrict to the same partial connection on all smooth
subbundles of T'M for all eigenvalues of T, sg different from 1.

Let S be a smooth map assigning to each € M the (local) diffeomorphism s for
some Weyl connection V7 (depending on z) in [V].
(1) The class [V] is called S—invariant if S(z)*V? € [V] and S(x)*V7(z) =
V7(z) hold for some (and thus each) Weyl connection V7 € [V] and all
re M.
(2) Weyl connections V in the S—invariant class [V] are called almost S-
mvariant Weyl connection.
(3) The almost S—invariant Weyl connection V is called invariant at x € M if
S(x)*V =V.
(4) The almost S—invariant Weyl connection V is called S—invariant if S(x)*V =
V holds for all z € M.

We show in Section 4.1 that if there is an almost S—invariant Weyl connection,
then each S(x) preserves (G — M,w), i.e., S defines a smooth system S of (local)
s—symmetries such that S(x) are the underlying (local) diffeomorphisms of S(x) for
all z. Thus the notation S is consistent with the Definition 1.1.

If there is a smooth system S of (local) s—symmetries of (G — M,w), then we
need the prolongation rigidity outside of the 1—eigenspace of s to show the existence
of an S—invariant class of Weyl connections, see Section 4.2. For all |1|-graded

parabolic geometries and s such that Ad(s) = —idg_, i.e., s = m, we obtain affine
(locally) symmetric spaces, because the class [V] consists of a single connection. For
all parabolic contact geometries and s such that Ad(s)|q_, = —id we obtain reflexion

spaces, but the S—invariant class [V] is not the class of admissible connections from
[19].

For triples (g, p, pt) that are prolongation rigid outside of the 1-eigenspace of s,
we get the following existence result, which in particular implies Theorem 1.3.

Theorem 1.8. Suppose s € Z(G)) is such that (g, p, 1) is prolongation rigid outside
of the 1—eigenspace of s. Suppose that the parabolic geometry (G — M,w) of type
(G, P) has everywhere non—zero component of the harmonic curvature in p. Then
the following conditions are equivalent:

(1) The parabolic geometry is (locally) s—symmetric.
(2) There is a smooth system S of (local) s—symmetries.
(3) There is an S—invariant class [V] of Weyl connections.

Moreover, the smooth system S is unique and S consists of the underlying dif-
feomorphisms of S on M. The equality S(x) o S(y) = S(S(z)(y)) o S(x) holds
whenever the compositions are defined. If Ad(s) € Gl(g—) has no eigenvalue 1,
then [V] consists of a single S—invariant Weyl connection, which is locally affinely

homogeneous.

We prove the claims of Theorem 1.8 except the last one in Section 4. The last
claim does not hold without additional assumptions on the 1-eigenspace. We prove
the last claim in Section 5, where we study additional properties that follow from
assumptions on the position and shape of the 1-eigenspace of s in g_.

Outline of the article. We recall basic facts and formulas for Weyl connections
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in Section 2. In particular, we characterize automorphisms of parabolic geome-
tries with their actions on Weyl structures. We recall the relation between normal
coordinates and normal Weyl structures.

In Section 3, we prove Theorem 1.6 and we provide the characterization of the
triples (g, p, 1) that are prolongation rigid outside of the 1—-eigenspace of s.

In Section 4, we prove Theorem 1.8. We also obtain further properties of (lo-
cally) s—symmetric parabolic geometries of type (G, P) that have everywhere non—
zero component of the harmonic curvature in p for the triples (g,p, ) that are
prolongation rigid outside of the 1-eigenspace of s.

In Section 5, we classify all triples (g, p, ut) that are prolongation rigid outside of
the 1—eigenspace of s such that u is in the 1-eigenspace of s. The classification is
separated in the tables according to the common properties of the triples (g, p, i)
and elements s € Z(Gy). The notation for the tables and details on the classification
can be found in Section 5.1. We show in Section 5.2 that there are triples (g, p, 1)
for which the S-invariant class [V] of Weyl connections consists of a single S—
invariant Weyl connection. In particular, such an S—invariant Weyl connection is
always (locally) affinely homogeneous. In Sections 5.3 and 5.5, we show that there
are triples (g,p, u) for which the (locally) s—symmetric parabolic geometries are
locally correspondence spaces over some other s—symmetric parabolic geometries.
In Section 5.4, we prove that there are triples (g,p, ) for which the condition of
(local) homogeneity is satisfied for more complicated S—invariant class [V] of Weyl
connections.

In the Appendix A we recall from [11] the construction of (locally) homogeneous
s—symmetric parabolic geometries that we need in Section 5.

2. AUTOMORPHISMS OF PARABOLIC GEOMETRIES

In this Section, we introduce necessary techniques and establish notation from
the theory of parabolic geometries that we will use in the article, see [3, Section 5.1].
We focus here on actions of automorphisms on Weyl structures and connections.

2.1. Weyl structures and connections. Consider a parabolic geometry (G —
M, w) of type (G, P). Many geometric objects on M can be identified with sections
of natural bundles V associated to the P-bundle G for representations V of P.
We can equivalently view the sections of V as P-equivariant functions G — V.
In other words, the points of G are (higher order) frames and the P—equivariant
functions are the coordinate functions. A crucial tool that allows us to reduce the
number and order of the frames are Weyl structures. A (local) Weyl structure is
a (local) Go—equivariant section o : Gg — G of the projection 7 : G — Gy, where
Go :=G/exp(p+) and pg : Go — M is a Go—bundle over M.

Definition 2.1. Assume o : Gy — G is a Weyl structure. Then for a section 7 of a
natural bundle V, we denote by (7), the Gp—equivariant function Go — V satisfying

(T)g :=too,
where ¢t : G — V is the P—equivariant function corresponding to 7.

In particular, vector fields € and 1-forms Y on M are sections of bundles G X pg/p
and G x p p4, respectively, and there are corresponding Gy—equivariant functions
(€)o:Go—g— and (T)y : Go — Pt

Weyl structures always exist on parabolic geometries and for each two Weyl

structures o and &, there exist a 1-form T and Go—equivariant functions Y; : Gy —
g; for i =1,... k such that

d=cexp(T)y, = cexp(Yy)...exp(Ti).
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The Go—equivariant function (1), : Go — p4 is related to the functions Y, via the
Baker—Campbell-Hausdorff (BCH)-formula.

We can decompose the pullback o*w : TGy — g into Gy—equivariant 1-forms
w{ : TGy — g, according to the grading g; of g. These forms clearly depend on the
choice of the Weyl structure o. For a Weyl structure 6 = o exp(Y),, there is the
following formula describing the change of the forms

(1) w;fcxp("f)a _ Z ( Z'l) (ad(»rk)ik o.-. Oad('rl)il) ow]q,

li]+5=1
where we write i! = i1!...4i3!, |i| = i1 + 2ia + - + ki and (—1)" = (=1)a+ -+
for the multi-index ¢ = (i1, ...,4) with 41,...,4, > 0.

The sum w? of the forms w{ for ¢ < 0 is called the soldering form given by the
Weyl structure o. Suppose (§)y = £_ + -+ + €1 holds for the vector field £ on
M and for Go—equivariant functions &; : Go — gi- If (§)g exp(r), = Ep+-+E
holds for Gy—equivariant functions él : Go — g¢; and the Weyl structure o exp(Y),,
then

1
él = Z ( Z}) ad(Tk)Zk 0-++0 ad(Tl)il .gj,
[i|+j=l
where . is the algebraic action of the values of functions Gy — p on the values of
the functions Gy — g_.
The form wg is a principal connection form on Gy. Suppose that the finite—

dimensional representation of P on V is completely reducible as a representation
of Gg. Then

(1) the form w§ induces a linear connection V7 on the space of P-equivariant
functions G — V,

(2) for each P—equivariant function 7 : G — V, the connection V7 preserves
the decomposition of (1), into Gp—equivariant components.

The induced connections V7 on V are called Weyl connections. The Weyl con-
nection V7 P(Me on V is related to the Weyl connection V7 on V by

@ (VI or), = (v2r)e+ 3 T a1 o 0ad(1) (€)).(r)o,

7!
|i]+5=0

where 7 is a section of V and . is the algebraic action of the values of functions
Go — go on the values of the function (1), : Gg — V.

The soldering form w? together with the principal connection form wg form the
Cartan connection w? @ wg on Gy of a reductive type. In fact, we can view the first
order frame bundle P*M as the bundle G x aq GI(g/p) for the adjoint action Ad of
P on g/p. Moreover, each Weyl structure o provides a reduction ¢, : Go — P*M
over Ad : Gy — Gl(g/p) such that

f=w? and iy, =w]

hold for the natural soldering form # on P! M and the principal connection form -,
on P M of the Weyl connection V7. This allows us to describe explicitly geodesics
of Weyl connections. The geodesic of the Weyl connection V7 on T'M through x
in the direction &(x) € T, M is the curve

w? Bwl) " E(x)) o (u

for arbitrary ug € Gp in the fiber over z. Indeed, since (w? & wg) ((£(x)),)
is contained in the kernel of the connection form w§ = tiv, and Tpy o (W2 B
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wd)H(&(2))s)(z) = &(x), the claimed curve is the projection of a flow of a standard
horizontal vector field of 7, and therefore a geodesic of V7.

2.2. The characterization of automorphisms. Let ¢ : G — G be a (local)
automorphism of the parabolic geometry and denote by ¢¢ : Go — Go the underlying
(local) Gp—bundle morphism. Then for each Weyl structure o, there is a 1-form
Y% on M such that

(4) (o (uo)) = o(po(uo)) exp((T%)4(uo))
holds for all ug € Gy. Consequently, the pullback of a Weyl structure is again a
Weyl structure, i.e.,
oo =9 tooopy=aexp(—(Y"%),).
Lemma 2.2. Let ¢ : G — G be a (local) automorphism. Then

(5) (17 P72) 1), = C(=(D)o © 00, C((T79)s, (1))
holds for the Weyl structure o exp(Y),, where C' represents the BCH—-formula.
Proof. We get immediately from the formula (4) that

¢(0(uo)) exp((Y)o(uo)) =

o (o(uo)) exp((1)o(o(uo))) exp((YPTM®) oy (uo))
holds for all ug € G. This implies

exp((T7PM2) oy, ) = exp(—(T)e 0 o) exp((T79)q) exp((T)o),

which gives the formula. O

Therefore if f = ¢ for a (local) automorphism ¢ of the parabolic geometry, then
f*va _ vaexp(f('r”’“’)a)

holds for each Weyl connection V7.

There is a unique lift P f of each (local) diffeomorphism f on M to the (local)
Gl(g/p)-bundle morphism on P'M such that (P1f)*@ = 6 holds. If f*V7 = V7'
is satisfied for some Weyl connections V7 and V°', then (P1f)*vs = 7o holds.
However, this does not imply that such f preserves the parabolic geometry. The
(local) diffeomorphisms f that preserve the parabolic geometry also satisfy that

P f(ter(G0)) = ta(Go)
holds for reductions t,(Go) and t4/(Go) of P*M and it turns out that this is the
crucial property that distinguishes the diffeomorphisms preserving the parabolic
geometry among all diffeomorphisms preserving the set of all Weyl connections.

Proposition 2.3. Let f be a (local) diffeomorphism on M such that for some Weyl
structures o and o' of the parabolic geometry (G — M, w)

o f*V7 =V holds, and

o PLf maps a point of 1,(Go) into the image 1, (Go).
Then f preserves the parabolic geometry.

Proof. The assumptions imply that ¢g := 15! o P1f o1/ is a well-defined (local)
Go-bundle morphism ¢y : Go — Go satisfying @iwg = wg and @iw? = w” . The
associated graded map (6_g,...,0-1): TGy — g_r®---Dg_; corresponding to w?
is independent of the choice of the Weyl structure according to the formula (1). In
fact, the tuple (po : Go — M, (0_r,...,0_1)) is a regular infinitesimal flag structure
with a (local) automorphism g, see [3, Section 3.1.6-8]. Therefore the claim of
Theorem follows from [3, Theorem 3.1.14] except for projective and contact pro-
jective geometries. In the case of projective geometries, the claim trivially follows
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from the assumption f*V7 = V7. In the case of contact projective geometries,
©o is a (local) automorphism of the regular infinitesimal flag structure if and only
if f is a contactomorphism and the claim again follows from f*V? = V7', see 3,
Section 4.2] for details. O

2.3. Normal Weyl structures and generalized geodesics. There is a distin-
guished class of local Weyl structures, so—called normal Weyl structures at x = p(u),
each of which is determined by a choice of u € G. More precisely, we consider local
Weyl structures v, given by

v (r(F1Y ) = FIY ) ()

for X in some neighbourhood of 0 in g_. The Weyl structures v, for all u €
G, exhaust all normal Weyl structures at z, see [3, Section 5.1.12]. These Weyl
structures are distinguished by the fact that

(6) P(FIZ T D (w) = FIY ) (p(u))

holds for all (local) automorphisms ¢ of the parabolic geometry and all X in some
neighbourhood of 0 in g. This particularly means that

PV = Vo)

holds for all (local) automorphisms ¢ of parabolic geometries.
The curves of the form

poFLY M)

for X € g_ and u € G are called generalized geodesics. They always provide the
normal coordinate system given by u. The crucial observation is that the set of
generalized geodesics going through x coincides with the set of geodesics of normal
Weyl connections V¥+ for all u. Therefore there is the following description of
automorphisms of parabolic geometries.

Proposition 2.4. Let ¢ be a (local) P-bundle morphism on G and let f = ¢ be
its underlying (local) diffeomorphism of M. If ¢ is a (local) automorphism of the
parabolic geometry, then the equality f*V"« = V"¢~ holds for alluw € G and f
maps the set of generalized geodesics going through x onto the set of generalized
geodesics going through f(x).

Moreover, if f has coordinates Ad(go) € Gl(g—) for go € Go in the normal
coordinate system given by u € G, then ¢ is a (local) automorphism of the parabolic
geometry if and only if f*V¥+ = V¥ holds.

Proof. Since f*V? = V¥ 7 holds for all Weyl structures ¢ and all (local) automor-
phisms ¢ of the parabolic geometry, the first claim follows from the formula (3).
If f has coordinates Ad(gp) € Gl(g—) in the normal coordinate system given by
u € G, then the second assumption of Proposition 2.3 is satisfied. Then the second

claim is a consequence of the first claim and Proposition 2.3, because V¥+ = v gt
holds. O

3. THE UNIQUENESS OF S—SYMMETRIES AND THE PROLONGATION RIGIDITY

In this section, we prove Theorem 1.6. We also characterize all triples (g, p, 1)
that are prolongation rigid outside of the 1-eigenspace of s.
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3.1. Consequences of the existence of more s—symmetries at one point.
Let us recall that if V is an irreducible Go-module, then the element s € Z(Gy)
acts on V by a single eigenvalue. In particular, we can decompose each completely
reducible Gp—module V into Gp—submodules

Vi(a) ={X e V:s(X)=0aX}

according to the eigenvalues of the action of s € Z(Gg). In particular, we will often
consider the 1-eigenspaces g® (1), g; (1) and p3 (1) in g_, g; and p,, respectively.

The following Proposition is a crucial technical result for the proof of Theorem
1.6.

Proposition 3.1. Let s, be a (local) s—symmetry at x for some u € G,. Then for
each Weyl structure o, there is a 1—form Y%« on M satisfying
(1) 550 = o exp(—(T7%),),
(2) (Yo5u),(m(u)) = C(=Ad(s)"1(Y),Y) for some Y € p,, where C repre-
sents the BCH-formula on the nilpotent Lie algebra p,, and
(3) if (Y7*)p(m(w)) = Z; + --- + Zi holds for Z; € g;, then the component
of Z; contained in g3 (1) is trivial, where i is the smallest index j such that
(Yo%) o (m(u)) has a non—=zero component in g;.

Moreover, if s, is a (local) s—symmetry at x for some v € G, then s, = s, if and
only if Yo%« (x) = T2 (x) holds.

Proof. The normal Weyl structure v, always satisfies v, (m(u)) = u and therefore
the set of all Weyl structures o satisfying o(m(u)) = u is non—empty. Let s,
be a (local) s—symmetry at 2 and consider arbitrary Weyl structure o satisfying
o(m(u)) = u. Then (Y7*+),(m(u)) = 0 holds and Lemma 2.2 implies that (Y7*+),
has the claimed properties (1) and (2) for arbitrary Weyl structure. The claimed
property (3) holds, because the BCH-formula implies that C(—Ad(s)"}(Y),Y); =
—Ad(s)71(Y;) + Y; = Z; holds.

If s, is a (local) s—symmetry at x for some v € G,, then s, = s, if and only
if us = sy(u) = s,(u) holds. Thus we need to show that if Yo% (x) = Y% (x)
holds, then s, = s,. We can assume o(m(u)) = u for the Weyl structure o,
because the equality Y% (x) = Y% (z) is preserved if we change the Weyl struc-
ture 0. Suppose go € Go and Y € p, are such that v = ugpexp(Y) holds.
If 6 is a Weyl structure such that &(w(u)) = ugoexp(Y), then Yo% (z) = 0,
Yosv(x) = 0 and (Y7%),(m(u)) = C(—Ad(s)"(Ad(go)(Y)),Ad(go)(Y)) hold.
Since C(—Ad(s)™1(Ad(go)(Y)),Ad(go)(Y)) = 0 if and only if Ad(s)(Y) = Y, the
element s commutes with goexp(Y') and s, = s, holds. O

The harmonic curvature rp is preserved by each (local) automorphism of the
parabolic geometry. Since kg is a section of an associated vector bundle to G for
a representation of P which is trivial on exp(p), the function (kg), does not
depend on the choice of the Weyl structure o and we will write kg (u) instead of
(K)o (m(u)). Consequently, kg (p(u)) = 0 if and only if kg (u) = 0.

If s, is a (local) s—symmetry at p(u), then s*rxpy = k. Thus s.kg(u) = kg (u)
trivially follows, where we denote by . the tensorial action of gy on kp. This proves
the first claim of Theorem 1.6.

The second claim of Theorem 1.6 is a consequence of the following Proposition
and the Definition 1.5 of the prolongation rigidity.

Proposition 3.2. Assume there are (local) s—symmetries s,, and s, at x for some
u,v € Gy. Suppose that (Y% ), (m(u)) =0 and (Y% ), (n(u)) = Z;+- - -+ Zy, hold
for some Weyl structure o. Then Z; € pr(kg(u));.
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Proof. We show that ad(Xy)...ad(X;)(Z;).kg(u) = 0 holds for all Xy,...X; €
g-1. Consider an arbitrary Weyl structure o and consider the iterated covariant
derivative (V)¢ ., for vector fields ¢',..., &/ such that

(€)o =€ : Go — g1,
(o (m(u) = X°

hold for some X! e gil(a%,) for some ayp for all 1 < b < j. We assume j < ¢ unless

we state otherwise.
We compute

S5V o) = S5V, oo o (s)eran(w)
= (VJ){S g (éu)*gj,‘gH(u).

Su

Since we assume X’ € gs_l(a—lb), we get

((8)+€")g exp(reen), (M(w) = ((84,)46")o (m(w)) = (€")o(m(u)s)
= Ad(s)H(€")o (m(u)) = apX".
Thus
(7) (5iV Vo erim(w) = ava; (V)L in(u).
If (Y75, (n(u)) = Z;+- - -+ Z, holds for the Weyl structure o, then the formula
(2) together with Proposition 3.1 imply
(55 V) errin (u) = VP (u) = Ve (u) + ad(Z:) (X°). ko ().
In particular, if ¢ > 1, then

(5,V erton (u) = Vi g (u) = Ve kg (w).

If we apply the above formulas onto the first connection in (§ZV‘7)£IW’U Kk (u),
then we obtain

(55 (V) )er . ermm(u) = Va (s, V)L rm(u).
In the next step, the same formulas for the second connection lead to the formula
(V) mm(w) = (VO (s5V)52 o (u)
— ad(X2)((V7)er (170 ) (V)2 o ().

Thus before we consider the next step, we need to characterize the components of
(V& T7*) o (r(u)) in g1 @ - D g; for j <i. Firstly, let us view (Y7*); as a section
of the adjoint tractor bundle G xp g. Observe that the covariant derivative ng
coincides with the fundamental derivative on the components in g_©go®g1P- - -Dg;
according to the formula from [3, Proposition 5.1.10]. We know that (Y?°+), has
its values in py and the components of (ng T7%) y(r(uy) N g1 @ -~ D g for j <
are tensorial both in &’ and Y*«. Then, using the formula from [3, Corollary
1.5.8] and the P—equivariancy of w, we get the following equality on the restriction
togi @---®gj for j <i

(VET7 )y = (o (m(w)) ([ (€)™ (Z0)]) = —ad(X*)(Zy).
Therefore
(55 orn(u) = (V)2 (iYL ki ().
If we iterate the computation of (ng'f"’su)a(ﬂ(u)) for j < 4, then we obtain by
the same arguments
(T T )atauy) = (—1ad(X7) ... ad(X1)(Z,)
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for the component in g; @ --- @ g;—;. Thus for j < ¢, we obtain
(S erron(w) = (Vi rom(w) = ad(X)(T) 1 (X7, ) ()
= (V”)él,_,,,g rp(u)
and for j = ¢, we obtain

(Ve erm(u) = (Ve eito (u)

(8) fad(X* '
+ (=1)fad(X?) .. ad(X1)(Zi)km (u).

If we compare the formulas (7) and (8) for (§ZV”)21 .estor(u), we obtain
9 (~(ay---a; — 1)(V”)217___7£]-/<;H(u) =ad(X?)...ad(X1)(Z;). k5 (u)

for all j <.
If the Weyl structure o satisfies (Y7%*), (7(u)) = 0, then we simultaneously have

(a1---a; = 1)V ehm(u) =0

for all j < ¢ if we follow the proof for s, instead of s,,. Thusifa;---a;—1# 0, then
ad(X?)...ad(X")(Z;).ku(u) = 0. But since Z; has a trivial component in g$(1),
we know that ad(X?)...ad(X')(Z;) # 0 implies a1 ---a; — 1 # 0 and the claim of
Proposition holds due to the linearity. U

If we follow the computations from the proof of Proposition 3.2 for a Weyl
structure o satisfying Y%« (z) = 0, then most of the assumptions on the vector
fields £ are vacuous and (s V)erp (u) = V¢ kp(u) holds for arbitrary vector field
&. Therefore we obtain the following corollary using the formula (7) for & from
particular eigenspaces of 1;s,,.

Corollary 3.3. Let s, be a (local) s—symmetry at x = p(u) on a parabolic geometry
and assume Y% (x) = 0. Then we get

Vikn(z) = V¢, ru(z),

where iy € TpyM is the component of & € T, M such that (£5i5)0(m(w)) € g% (1).
In particular, if g° (1) =0, then VgnH(z) =0 holds for all £ € T, M.

Remark 3.4. The authors showed in [22] and [5] that there are projective and
conformal geometries satisfying V7kpy(x) = 0 for all € M for a suitable Weyl
connection V7, but (M, V) are not an affine locally symmetric spaces. Therefore
Theorem 1.3 implies that the condition V7 kpy = 0 is necessarily satisfied on (locally)
m—symmetric parabolic geometries, but is not sufficient to distinguish the (locally)
m—symmetric parabolic geometries among the geometries satisfying Voxkg = 0.

3.2. The characterization of triples that are prolongation rigid outside
of the l1—eigenspace of s. We can estimate the dimension of pr(xgy(u)); in the
following way: The result of [17, Proposition 3.1.1] states that the dimension of
ann(kp(u)) is bounded by the dimension of the annihilator ay := Ny, ann(¢y) of
all minus lowest weights ¢ in (the complexification of) all irreducible go—modules
in which kg (u) has a non—zero component. Moreover, the dimension of pr(xg(u));
is bounded by the dimension of the prolongation a; := Ny, pr(¢o); of ag. The main
result of [17, Theorem 3.3.3 and Recipe 7] states that there is a semisimple Lie
subalgebra g of g and a parabolic subalgebra p of g such that a; = g; for ¢ > 0.

Let us prove that these estimates are compatible with the decomposition of g;
into go—submodules, which allows us to characterize the triples (g, p, ) that are
prolongation rigid outside of the 1-eigenspace of s.
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Proposition 3.5. Suppose Z € pr(km(u)); decomposes as Z = Zg + Zy, for Zg, Zy
in different go—submodules of g;. Then Z, € pr(kg(w)); and Zy € pr(kg(u));.

Therefore the triple (g, p, 1) is prolongation rigid outside of the 1-eigenspace of
s if and only if a; corresponding to p is a subspace of gi(1) for all i.

Proof. Let (a1, ..., ) be an ordering of simple positive roots of g such that the
root space g, satisfies go, € g1. Then we can uniquely assign a j-tuple (a1, ..., a;)
to each irreducible go—component of g;, where a, is the height of all root spaces in
the go—component with respect to ay. This defines a multigrading of g and the Lie
bracket in g is multigraded.

Let us decompose the element Z € pr(kg(u)); as the sum of the elements
ZZ(bl,...,bj) over all possible j—tuples with respect to this multigrading. Simi-
larly, let us decompose the module ®’g_; as the sum of modules ®N(a,,...,a;) OVET
all possible j—tuples with respect to this multigrading. The multigrading of gq is
of the form (0,...,0), and therefore,

ad'(X)(2) = ad" (X(ay0) O Zionoon) = D ad (X, . —))(Z(oy... )

holds for all X =37 X (4, ....a;) € ®N(a,,...,a;)- Thus we get that

.....

adi(X(*blyn-,*bj))(Z(bl,»---,bj)) € ann(ﬁH(u))

holds for all X = X(_y, . _4,) € 0n(_p,,..,.—p;)- Thus Zg, . p,) € pr(km(u)); follows
from the linearity for all components Z, . p,;) of Z.

The first claim implies that the proof of [17, Proposition 3.1.1] can be carried
separately for each component of pr(kg(u)); in go—submodule in g; and thus the
second claim follows from [17, Theorem 3.3.3]. O

One can find in [12, Appendix C] tables containing the classification of the
triples (g, p, ) such that p is contained in the 1-eigenspace of s for some s € Z(Gy)
(different from identity), the classification of the modules a; and the classification
of the 1-eigenspaces of s in p,. This allows us to classify all triples (g, p, u) that
are prolongation rigid outside of the 1-eigenspace of s such that p is contained in
the 1-eigenspace of s.

We would like to present the classification together with additional properties
of the corresponding (locally) s—symmetric parabolic geometries. Therefore we
postpone the classification to Section 5.1 and continue by looking on geometric
properties of generic (locally) s—symmetric parabolic geometries.

4. GEOMETRIC PROPERTIES OF PARABOLIC GEOMETRIES OF GENERAL TYPES

We present here geometric properties that are common for (locally) s—symmetric
parabolic geometries for triples (g, p, ) that are prolongation rigid outside of the 1-
eigenspace of s. In particular, we prove Theorem 1.8. In order to prove that Claim
(3) implies Claim (2), we discuss in Section 4.1 when a geodesic transformation s
of a Weyl connection V7 preserves the parabolic geometry. The Claim (1) follows
trivially from Claim (2) and we discuss the remaining implication in Section 4.2.

4.1. Automorphisms and normal coordinate systems of Weyl connec-
tions. Let us describe the (local) diffeomorphisms sZ in detail. We know from
the formula (3) that the (local) diffeomorphism sZ of M defined by the formula

o oy—1 o N1
" 5% (po o Flgw,@wo) (&(x))a(uo)(uO)) = pyo Flgw*@%) Ad(s)(f(x))g(ug)(uo)
1(wf@w8)*1(£(x))a(uo)<
1

=pyoF upS)
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for some uy € (Gy), does not depend on the choice of ug € (Gp)z. So sZ is the
unique (local) diffeomorphism with coordinates Ad(s) € Gl(g-) for s € Z(Gp) in
the normal coordinate system for the Weyl connection V7 given by some ug € Gp.

We also know from Proposition 2.4 that for a normal Weyl structure v, for
u € G, the equality

z T Sy

holds. Thus s¥* preserves the parabolic geometry (and therefore s, is a (local)
automorphism of the parabolic geometry) if and only if (s¥»)*V¥» = V¥» holds.

The situation is different for a general Weyl structure ¢ and the following Propo-
sition gives a sufficient condition for sg to be a (local) s—symmetry.

Proposition 4.1. Assume the (local) diffeomorphism sZ satisfies

o (52)'V? =voeP(Me for some 1-form Y on M, and

e T(x)=0.
Then s,(yy) s a (local) s—symmetry at x for all ug in the fiber over x such that
Y7%eo) = =, and s g

o(ug) = Sa» L-€., s3 preserves the parabolic geometry.

Proof. Suppose (s7)*V? = V7 *P(T)e holds for T such that T(z) = 0. Then the
inclusions ¢, and (4 exp(r), of Go into PLM coincide in the fiber over = by the
assumption Y(z) = 0. Thus the formula (10) implies that P's? maps the frames
Lo (U0) = Lgexp(T), (U0) in the fiber over x onto frames t;(u0S) = Lo exp(r), (U05)-
Therefore the conditions of Proposition 2.3 are satisfied and s7 preserves the par-
abolic geometry. Since Y (z) = 0, it follows from Proposition 3.1 that the covering
of s7 maps o(up) onto o(ug)s and thus coincides with s,(,,) due to the formula

(6). O

In particular, if there is an S—invariant class of Weyl connections, then all (local)
diffeomorphisms S(x) for all © € M satisfy the conditions of Proposition 4.1 and
therefore Claim (3) of Theorem 1.8 implies Claim (2) of Theorem 1.8.

A consequence of Propositions 4.1 and 3.1 is that the condition T (p(u)) =0
is necessary for the equality s, = sg(u to hold for s—symmetry s, at p(u). On the
other hand, it is clear that the condition Y%= (p(u)) = 0 is far from being sufficient.
There is the following consequence of the fact that the affine maps are determined
by the image of a single point in t,(Go) C P M.

Corollary 4.2. Let s, be a (local) s—symmetry at x and assume Y% = 0 holds
for some Weyl structure o. Then s, = s7.

4.2. The prolongation rigidity for s—symmetric parabolic geometries. Let
(g,p, 1) be prolongation rigid outside of the 1-eigenspace of s. Let U C M be the
open subset of M consisting of points x such that kg (x) has a non—zero component
in the go—module given by u. If the parabolic geometry is (locally) s—symmetric,
then there is a unique (local) s—symmetry s, at each point of U, i.e., there is the
unique system S of (local) s—symmetries on U. This means that if there is an almost
S—invariant Weyl connection on U, then the system S coincides (due to uniqueness)
with the system of (local) diffeomorphisms s,,. We call a Weyl structure o (almost)
S—invariant (at z) if V7 is (almost) S—invariant Weyl connection (at x).

The uniqueness of s—symmetries on U has the following consequences in the case
U=M.

Proposition 4.3. Assume (g, p, 1) is prolongation rigid outside of the 1-eigenspace
of s and kg () has a non—zero component in the go—module given by p at allx € M.
Let S be the unique system of (local) s—symmetries on the (locally) s—symmetric
parabolic geometry (G — M, w) of type (G, P). Then:
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(1) There exists an almost S—invariant Weyl structure o and the map S is
smooth.

(2) If o is an almost S—invariant Weyl structure, then o exp(Y), is an almost
S—invariant Weyl structure if and only if (), has its values in p (1).

(3) For each x € M, there is a local almost S—invariant Weyl structure o,
which is invariant at x, and S(x) = s holds.

(4) The equality S(po(uo)) = Sq(uy) holds for each almost S—invariant Weyl
structure o for all ug € Gy.

(5) The equality S(z) o S(y) o S(z)~! = S(S(z)(y)) holds for x,y € M, where
the compositions are defined.

(6) For each eigenvalue a, the union of the a—eigenspaces T, M*(a) of T, S(x) in
T, M over all x € M defines a distribution TM*(a) on M that is preserved
by all (local) s—symmetries for each a.

(7) The equality TM*(a) = Tpo o (w2 + wg) (g% (a)) holds for each almost
S—invariant Weyl structure o.

(8) The decomposition TM = &,TM?*(a) is preserved by all almost S—invariant
Weyl connections V7.

(9) All almost S—invariant Weyl connections restrict to the same partial linear
connection on TM corresponding to the distribution @qx1TM*(a).

We show that Claim (1) of Theorem 1.8 implies Claim (3) of the Theorem 1.8
and simultaneously obtain all the claims of Proposition.

Proof. Let us pick an arbitrary Weyl structure & and consider the Gy—equivariant
function (S)s : Go — {C(—Ad(s)"1(Y),Y),Y € p;} defined by
S(po(uo))*6(uo) = & (uo) exp(—(5)s (uo))
for all ug € Go. We show that (S)s is smooth.
We decompose

()5 = o mila) ++ 4 Y la)
according to the grading and the eigenvalues a of Ad(s). It follows from Claim (3) of
Proposition 3.1 that 7;(1) = 0. Thus the formula (9) from the proof of Proposition
3.2 that holds under our assumptions at each point of M implies that each 7;(a) is
smooth.

The formula (5) from Lemma 2.2 gives

(S)&exp(T)a = C(_Ad(s)_l(r)fﬂ C((S)37 (T)5))
If we take T = r7;(a) for arbitrary r € R, then
C(=Ad(s) "' (rmi(a)), C((S)s,r7i(a)))i(a) :C(—gn(a),C(Ti(a),m(a)))i(a)

r(l—a)+ an(a)
a
holds for the component of the BCH—formula in g;(a), while the components of
the BCH-formula in g;(b) for the other eigenvalues b # a of Ad(s) remain 7;(b).
Consequently, if we take "
T, = Z p— 17'Z(a)

a#1l
and consider the Weyl structure & exp(Y;) instead of &, then we get

(S)é'exp('ri) = Z%i-i-l(a) +eee Z%k(a‘)

By induction, we obtain in finitely many steps a Weyl structure o such that (S), =0
holds. Since (S), = 0 and all the changes we made are smooth, the function (5)s
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and the Weyl structure o = Gexp(Y;)---exp(Ty) are smooth. Let [V?] be the
class consisting of all Weyl connections for Weyl structures o constructed for all
Weyl structures 6. We complete the proof by showing that [V?] is an S—invariant
class of Weyl connections and thus Claim (1) holds.

It is clear from the construction of o that if we start with 6 exp(Y), for (Y), with
values in p5 (1), then we get o exp(Y),. Thus the class [V?] satisfies Claim (2) and
Claims (6), (7), (8) and (9) are then consequences of Claim (2) and the formulas
for the change of Weyl structures and connections. In particular, the class [V7] is
a maximal subclass of the class of Weyl connections that satisfy T,s3 = T,s for
all Weyl connections V°,V? € [V?] and all z € M, and that all connections in
[V?] restrict to the same partial connection on all smooth subbundles of T'M for
all eigenvalues of T, s different from 1.

If 6 = v, is the normal Weyl structure for u € G, satisfying S(x)(u) = us, then

o exp(—(T75@) ) =v, exp(S(z)*Y;) - - - exp(S(2)*Yi)
=oexp(—=Ty) - exp(C(=T;, S(x)" L)) - exp(S(z) L)

Since the component of C(—7T;,5(x)*Y;) contained in g; has a trivial component
in p% (1) and (Y79@), has its values in p% (1), the equality Y¥; = S(z)*Y; holds.
Thus we get 0 = C(—Y;, S(2)*Y;). Therefore oexp(—(T7°®),) = & follows by
induction, and thus S(z)*c = 0. The Corollary 4.2 and the last claim of Proposition
3.1 implies that

§($) =Sy = S;u exp(Ta) exp(T) = So(n(u))

holds for all x € M, all u € G, satisfying S(z)(u) = us and arbitrary ¢ such that
V7 € [V7]. In particular, S and S are smooth, because o is smooth. Therefore
Claims (3) and (4) hold.

Since

S(x) 0 S(y) o S(z) 7 (S(x)(0(u0))) = S(w)(0(uo))s
holds for ug in the fiber over x, the composition S(z) o S(y) o S(x)~! is an s—
symmetry at the point S(x)(y). The equality S(z) o S(y) o S(z)~t = S(S(z)(y))
then follows from the uniqueness of s—symmetries. Therefore Claim (5) holds.
In particular, S(z) o S(y)(y) = S(S(z)(y)) o S(x)(y) holds. This implies that

o' (vo) exp((T7 5@,/ (vgs)) = (S(x) 0 S(y))* o’ (vo) = (S(S(x)(y)) 0 S(x))*a" (o)
= o' (v0) exp((T7 %)) (vy))

holds for vy in the fiber over y for arbitrary o’ such that Vo' € [V?]. Thus
Ad(s)(X7) 4 (vg) = (Y75)5 (v0)

holds and thus [V?] is an S—invariant class of Weyl connections. O

5. GEOMETRIC PROPERTIES OF PARABOLIC GEOMETRIES OF DISTINGUISHED
TYPES AND CLASSIFICATION

In this section, we study properties of (locally) s—symmetric parabolic geometries
of particular types (G, P) for triples (g, p, 1) that are prolongation rigid outside of
the 1—eigenspace of s for p in the 1-eigenspace of s. The properties follow from
the position and shape of g® (1) inside of g_. We classify all triples (g, p, ) where
g% (1) has such a position and shape for generic s.
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5.1. Classification results and notation. Let us use the characterization from
Section 3.2 for the classification of the triples (g,p, p) that are prolongation rigid
outside of the 1-eigenspace of s € Z(Gg) such that u is in the 1-eigenspace of s.
We separate the classification into the series of tables 1, 2, 3, 4, 5, 6, 7, 8, 9, 10,
11, 12 and 13. The main reason for such a separation is that parabolic geometries
from different tables have different geometric properties and we divide the tables
according to these properties.

Theorem 5.1. Let (g,p, 1) be a triple obtained from one of the tables 1-13 in the
following way:
e The Lie algebra g is a simple Lie algebra of the (complex) rank n that is
at least Ay, By, Cy, D5 or some explicit Lie algebra of lower rank from the
column g.
e The parabolic subalgebra p is the parabolic algebra from [3, Section 3.2.9]
for the set X2 in the column X.
e The component of the harmonic curvature u is specified by an ordered pair
of simple roots of g from the column u that provides the highest weight of
w by the affine action of corresponding elements of the Weyl group, see [3,
Theorem 3.3.5].
o The component i is contained in the 1-eigenspace of s for the elements s €
Z(Gyo) that have the eigenvalues j;, from the columns j;, on the irreducible
go—components that are determined by the i,th element of the set X.

Then (g, p, u) is prolongation rigid outside of the 1-eigenspace of s if the eigenvalues
Ji, of s satisfy the condition in the column PR.

The tables 1-13 contain the complete classification of triples (g,p, ) that are
prolongation rigid outside of the 1—eigenspace of s for p in the 1—eigenspace of s
(except the cases that are conjugated by an outer automorphism of g to one of the
listed entries).

The remaining notation we will use in the tables is the following:

We characterize the real form of g by a number ¢ and a field {R, C, H}.

The set 3 characterizes the set of crossed nodes in the Dynkin or Satake diagram
that provides the parabolic subalgebra p. We use the ordering of nodes which is
consistent with [3, Appendix B] and we will not add the conjugated crossed nodes
to ¥ in the case of complex Lie algebras, su(g,n+1—g) and s0(3,5). We distinguish
the complex conjugated simple roots by ’.

If the column for the eigenvalue j;, is blank, then the value of j;, is generic. If
the eigenvalue j;, ¢ R and In(j;,) = 4, + i¢;,, then either r;, =0 or ¢;,, =0 and
we specify only the non—zero one in the table.

If the column PR is missing or the condition is blank, then the triple (g, p, 1) is
either prolongation rigid or the condition that p is contained in the 1-eigenspace
of s is sufficient for a; corresponding to u to be a subspace of g (1) for all 4.

The classification tables are presented in the following subsections and the triples
(g,p, p) are obtained from the tables according to Theorem 5.1.

5.2. Parabolic geometries with g° (1) = 0. The Table 1 contains all triples
(g,p, ) with the property that if s € Z(Gp) is such that (g, p, u) is prolongation
rigid outside of the 1-eigenspace of s, then g® (1) = 0. In particular, all AHS-
structures that have a component of the harmonic curvature in the 1-eigenspaces
of some s € Z(Gy) are prolongation rigid outside of the 1-eigenspace of s and thus
are contained in this table.

Example 5.2. Before we formulate the general result, let us demonstrate how the
results for (locally) symmetric conformal geometries that we presented in [13] can
be obtained from the Table 1 and Theorem 5.3:
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TABLE 1. Theorem 5.3

g | ¥ 1] H ‘
5[(37(:) {1} ¢1 (alval’)
5[(3,@) {1} \B/I (041/, Oég/)
5[(47 {R,(C}) {1} \ﬁ ((XlaO‘?)
5[(47 ) {1} ®1 (0[1, 011/)
sl(4,C) {1} | V1| (a1,09)
sl(n +1,{R,C}) {1} V1| (a1, a9)
sl(n+1,C) {1} o1 (a1, a10)
sl(n+1,{R,C,H}) {2} V1| (az,a1)
sl(n+1,C) {r} V1 (apr, p417)
50(1,5),80(2,4),50(3,3),50(6,C),
s0(1,6), s0(2,5), s0(3,4), 50(7,C) , ay | V1| (oq,a9)
s50(1,7), s0(2,6), s0(3,5), s0(4,4), s0(8,C)
50(6,C), s0(7,C), s0(8,C) {1} V1| (o, a)
50(7, (C) {3} \3/I (043, ag)
s0(q,n — q), so(n,C) 1y [ V1| (a1,a9)
s0(n, C) {1} V1| (o, a)
s0(2n,C) {n} V1| (anr, n—ar)
s0(2n+1,C) ny | V1] (ap,an_1)
5(1,C) {1y [VI] (anag)
5p(1,C) 1} | V1] (arsaz)
5)3(47 C) {2} \3/1 (042/, 041/)
59(6,C) 2 [ V1| (az.09)
5]3(6, C) {3} % (043/, 042/)
sp(2n,C) n—1} | V1| (@1, )
5p(2n> C) {n} \J/I (an’v anfl’)
¢6(C) {1y [ V1] (a,aw)
e7(C) {1} [ V1] (ar,a9)

There are rows with g = so(g,n — ¢) and ¥ = {1} in the Table 1 and the triples
(50(q,m—q), P{1}> H(a1,az)) are prolongation rigid outside of the 1-eigenspace of s for
n > 5 and g > 0. We read of the corresponding line that the eigenvalue j;, = V1.
Thus s = m and the m—symmetries in question are the symmetries of conformal
geometries presented in [13]. We get immediately from Theorem 5.3 that Theorem
1.3 holds for conformal geometries.

In the following theorem, we summarize geometric properties of geometries from
the Table 1 and prove the last claim of Theorem 1.8.

Theorem 5.3. Assume (g,p, u) is prolongation rigid outside of the 1-eigenspace
of s for s € Z(Gg) such that g° (1) = 0 holds. If the harmonic curvature kg of the
(locally) s—symmetric parabolic geometry (G — M,w) of type (G, P) has a non—zero
component in | at some x, then:

(1) The parabolic geometry is (locally) homogeneous, kg (x) # 0 at all x € M and
there is a unique smooth system of (local) s—symmetries S on M.

(2) There is a unique distinguished Weyl structure o which is uniquely characterized
by one of the following equivalent properties:
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(a) The equalities V°T? = 0, s.(T9)y = (T?)s, V'R = 0 and s.(R%), =
(R7%)s hold for the torsion and the curvature of the Weyl connection V°.

(b) The Weyl connection V? is S—invariant.

(¢) All (local) automorphisms of the parabolic geometry cover affine transfor-
mations of V.

(d) All (local) diffeomorphisms sS are affine transformations of V.

(e) All (local) P-bundle morphisms 54y, are (local) s—symmetries.

(3) The pseudo—group generated by all local s—symmetries is transitive on M and
its connected component of identity is generated by the flows of the Lie algebra |,
which is the vector subspace of g— @ go, generated by g— by the bracket (T + R?),
on AN?g* ® | and the natural bracket on the rest of L.

(4) The equalities
S(x) = $o(ug) = 57
hold for the Weyl structure o from Claim (2). In particular,

o the maps S(x) can be extended to a larger neighbourhood of x as long as
the corresponding geodesic transformations of V° are defined,

e S(x) 0 S(y) 0 S(x) }(2) = S(S(@)())(2) holds for (z,y,2) in some neigh-
bourhood of the diagonal in M x M x M, and

o for each eigenvalue a, the distribution TM?®(a) is preserved by all (local)
automorphisms of the parabolic geometry.

Proof. Let U C M be the set of points x such that kg (x) has a non—zero component
in p. Then there is a unique system of (local) s—symmetries on U due to the
prolongation rigidity of the triple (g,p, ) outside of the l—eigenspace of s. It
suffices to prove Theorem under the assumption U = M, because if we prove Claim
(3) on U, then the equality U = M follows from the (local) homogeneity, i.e., Claim
(1) follows from Claim (3). Then Claim (4) follows from Claim (2) due to Claims
(5) and (7) of Proposition 4.3.

Therefore, it suffices to prove Claims (2) and (3) under the assumption U = M
to complete the proof. If g° (1) = 0, then p3 (1) = 0 and Proposition 4.3 implies
that there is a unique S—invariant Weyl structure o. It follows from Proposition
3.1 and Proposition 4.1 that the Weyl structure o satisfies (2b) if and only if it
satisfies (2e). Further, Proposition 4.1 and the Corollary 4.2 imply that the Weyl
structure o satisfies (2e) if and only if it satisfies (2d).

We show now that (2b) implies (2a). The torsion and the curvature of S-
invariant Weyl connection V are S—invariant. In particular,

5.(T7)o (o) = (S(po(u0))*T7 (Po(u0))) e (u0) = (T7)o (uo)
and

5.(R7)g(uo) = (S(po(uo))” R? (po(uo)))o (uo) = (R7)o (o)
hold for all ug € Gy for the natural action . of Gy on the values of (7T7), and
(R%),. Since the same arguments can be applied on V77 and V°R?, it follows
that (VZT7), = 5.(V{T7)y = a(V{T7), and (VER?), = 5.(VZR?), = a(VIR7),
hold for any vector field £ on M such that (¢),(ug) € g° (a™!) for all ug € Go. Thus
(2b) implies (2a), because g° (1) = 0.

The Claim (2a) implies that V7 is a locally affinely homogeneous connection.
Therefore, according to [9, Section 1.5], the affine geometry (M, V7) can be encoded
as a locally homogeneous Cartan geometry of type (g— x Gl(g—),Gl(g—)) on the
first order frame bundle P!M. Moreover, the assumptions of [11, Lemma 2.2] are
satisfied, because (T7 + R7), (to(uo)) is the bracket of the infinitesimal affine trans-

formation at 1, (ug) € ty(Go) C P*M. Thus there is a (local) affine transformation
A of V7 such that (A),(ug) = s. Therefore Claim (2d) follows from Claim (2a) and
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Proposition 4.1 due to the uniqueness of s—symmetries. In particular, if we consider
a (local) one—parameter subgroup exp(t¢) for an infinitesimal affine transformation
&, then exp(t€)S(x) exp(—t€) is the (local) s—symmetry at exp(t€)(z) and the map
%\f;o exp(t€)S(z) exp(—t£)S(x) ™1 maps ¢ into I. If (P1€),(ug) = X, then the el-
ement X — Ad(s)(X) is contained in [. Thus g_ C [ as a vector subspace. Thus
the flows of the Lie algebra [ generate a sub—pseudo—group, which is the connected
component of identity of the pseudo—group generated by local s—symmetries. Since
Ad(s) preserves [, Claim (3) follows.

We can use the results from [12, Theorem 1.3] due to the local homogeneity and
(2¢) follows from (2a). Clearly (2c) implies (2d), which completes the proof. O

5.3. Parabolic geometries with distinguished parabolic subalgebras g® (1)+
p. There are triples (g, p, ) that are prolongation rigid outside of the 1-eigenspace
of s which admit 1-eigenspace in g_ for some s such that q := g° (1) 4+ p is a para-
bolic subalgebra of g such that the harmonic curvature in p vanishes on insertions
of elements of q/p at all points of M. These are listed in the Tables 2, 3 and 4 due
to [12, Proposition 6.2 and Proposition A.2].

Example 5.4. To demonstrate our results, let us look in the Table 2 on the row g =
sl(n+ 1,R) and ¥ = {1,2} which corresponds to generalized path—geometries (for
systems of second order ODEs), see [3, Sections 4.4.3-5]. These parabolic geometries
generally have two harmonic curvatures, one torsion f(q, ,) and one curvature
K(az,a,)- However, they fall in the Table 2 only when the torsion (4, «,) vanishes
and the harmonic curvature consists only of the curvature (4, q,) corresponding
t0 fi(as,ar)- There are many s € Z(Go) that act trivially on pi(a,,q,), but the triple
(sl(n + 1,R), p11,2}, H(as,a,)) is Prolongation rigid outside of the 1-eigenspace of s
only for s € Z(Go) with eigenvalues j; = 1,j2 = —1. In such case, q = pyoy is the
parabolic subalgebra of g corresponding to ¥ = {2}.

The torsion—freeness of generalized path—geometries implies that the space of
local solutions of the corresponding ODEs carries a Grassmanian structure, which
is a parabolic geometry on the local leaf space of type (G, Q) from Theorem 5.5.
Therefore if (G — M, w) is a (locally) s—symmetric torsion—free generalized path—
geometry with a non—zero harmonic curvature, then we conclude from Theorem 5.5
that the space of local solutions N is a locally symmetric space (N,S), while M
together with the system of (local) s—symmetries S is a reflexion space (M, S) over
(N, S), see [6]. Let us emphasize that due to dimensional reasons and the formula
[3, Theorem 5.2.9], the pseudo—group generated by all local s—symmetries is locally
transitive at x € M if and only if the Rho—tensor P?(n(z)) of the S—invariant Weyl
structure o on N does not vanish on T}, ;) V.

We summarize geometric properties of geometries from the Tables 2, 3 and 4 in
the following theorem.

Theorem 5.5. Assume (g,p, u) is prolongation rigid outside of the 1-eigenspace
of s for s € Z(Gy) such that ¢ = g° (1) + p is a parabolic subalgebra of g and
q/p inserts trivially into the harmonic curvature kg of the (locally) s—symmetric
parabolic geometry (G — M,w) of type (G, P). If kg has a non—zero component in
1 at some x, then:

(1) The inequality kg # 0 holds in an open dense subset of M, and there is a
unique smooth system of (local) s—symmetries S on M.
(2) There are

e a parabolic subgroup QQ of G with the Lie algebra q such that P C @Q,
e a neighbourhood U, of each x € M with the local leaf space n : U, — N for
the foliation given by the integrable distribution Tpow~1(q), and
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TABLE 2. Theorem 5.5, part with |X| = 2.

g | = [ Ju | s p | PR
s((3,C) {1,2} 2ry (o1, 017)
5[(3, (C) {1, 2} —%(]52 (Oéll, a21> ro =0, ¢2 =27
5[(3,@) {1, 2} —%d)l (012/,0{1/) T = 0,(;51 =27
5[(47{ 7((:}) {1a2} .72_2 (0427041) Jo=-1
sl(4,R) {1’2} 322 (a2, a3)
5[(4, (C) {1, 2} 2’/‘1 (()(1, 041/)
sl(4,C) {1,2} [—2¢0 (a1, a) |12 =0,¢0 =27
sl(4,C) {1,2} —2¢1| (az,ar) [ r1=0,¢1 =2m
sl(4,R) {1,3} b (a1, 0)
sl(4,C) {1,3} 2r (0, aqr)
5[(TL +1, {R,(C}) {1’ 2} ];2 (0427(11) j2 =-1
sl(n +1,C) {1,2} 2rq (a1, 0a1/)
5[(n+ 1’R) {1’3} 312 (a17a2)
sl(n +1,C) {1,p} 2rq (o1, 017) r1 =0
2<p<n
5[(n+17{R7C}) {Lp} .712 (0417042) n=-1
3<p<n
sl(n 4+ 1, R) {1,n} J3 (a1, a3)
sl(n+1,C) {1,n} 2rq (a1, 0a1/)
sl(n 4+ 1, R) {2,3} J3 (a2, 1)
5[(77’ +1, {Rach}) {2,p} ]22 (a27a1) J2=-1
3<p<n
5[(n+ 1’{R7H}) {2,71} .722 (a27a1)
sl(in+1,C) {p,p+1} *%Qﬁp (apt1,apr) | 7p =0,0p =27
50(2,5),50(3,4),50(7,C),
50(2,6),50(3,5), {1,2} V1 (a1, az) joa=1
s0(4,4),50(8,C)
s0(4,4) {1,4} Ji (a1, )
s0(q,n — q),s0(n,C) {1,2} V1 (a1, az) jo=1
s0(n,n),so0(2n,C) {1,n} b (a1, a0) j1=-1
TABLE 3. Theorem 5.5, part with |X| = 3.
’ g \ by g [din | Jis | ] PR \
5[(47R) {172,3} ]1]3 (042,0[1) jl =1
5[("’L+ 1,R) {1,2,3} ]1]3 (0427(11) jl =1
slin+1,{R,C}) | {1,2,p} g1z | (ag,n) [ i =172 = -1
3<p<n
sl(n+1,R) {1,2,n} j173 | (a2, aq) ji=1
50(4,4) {17274} ]12 (aq,a2) Jj2 =1
so(n,n), 50(4n,(C) {172,71} j12 (01170(2) ,jl = —l,jg =1

e a (locally) s—symmetric parabolic geometry (G' — N,w') of type (G, Q)
satisfying the assumptions of Theorem 5.3

such that (Glu, — Uy, w|u,) is isomorphic to an open subset of (G' — G'/P,w') for
each x. In particular, there is a unique s—symmetry S(n(y)) on (G" — N,’) at
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TABLE 4. Theorem 5.5, part with |X| = 4.

’ g \ b \ eigenvalues \ o \ PR
siin+1LR) | {1,2,3,p} |jp,=715305 " | (a2, 1) J1=17s =73
3<p<n
siin+ 1L{R,C}) | {1,2,p,q} |Jg=01455," | (ag,cn) |1 =1,52=—1,jp =1
3<p,g<n
sl(n+1,R) {1,2,p,n} | jn=50734, " | (az,a1) n=Lj=1
3<p<n

each n(y) € N such that no S(y) = S(n(y)) on holds for all y € U, in the fiber
over n(y).

(8) The connected component of identity of the pseudo—group generated by all local
s—symmetries is generated by the flows of the Lie algebra I, which is the vector sub-
space of q°F, generated by q%F by the bracket (T° (n(z))+ R’ (n(z)))s on A2(qF)* @1
and the natural bracket on the rest of | for the S—invariant Weyl structure o on
(G — N,uw'), where q°P is the opposite parabolic subalgebra of g to q.

The pseudo—group generated by all local s—symmetries is locally transitive at x if
and only if q/p C 1/(INp), i.e., if and only if (R°(n(x)))s spans the whole q/p.

(4) There is a bijection between

o the almost S—invariant Weyl structures on U, and
o the reductions of the image in G' of the (unique) S—invariant Weyl structure
o on N (that exists due to Theorem 5.3) to exp(g® (1)) x Gy C Qp.

A reduction corresponds to an S—invariant Weyl structure on U, if and only if it
is a holonomy reduction of V7.

(5) In particular,

e the maps S(x) can be extended to a larger neighbourhood of x as long as
the corresponding geodesic transformations of V7 on N are defined,

e S(@) 0 S(y) o S(x)1(2) = S(S(@)())(2) holds for (z,y, =) in some neigh-
bourhood of the diagonal in M x M x M,

o the distribution TM*(1) is the vertical distribution of the local leaf space
n:U, - N,

e for each eigenvalue a, Tn(T,M?*(a)) is the a-eigenspace of Ty S(n(x)) in
TN, and

e for each eigenvalue a, the distribution TM?*(a) is preserved by all (local)
automorphisms of the parabolic geometry.

Proof. The Claim (1) is a direct consequence of Claims (2) and (3), because kg # 0
holds for the harmonic curvature of (G — N,w’) and thus kg = 0 can hold only
in the subset of the fiber corresponding to a (Zariski) closed subset of Q). The
Claim (2) follows from [4, Theorem 3.3] and the fact that (q%”)°(1) = 0. Then
Claim (3) is a clear consequence of Theorem 5.3. The Claim (4) follows from
the comparison of images in G’ of the S—invariant Weyl structure on N and the
almost S—invariant Weyl structures on U,, because they intersect precisely in a
reduction to exp(g® (1)) x Gy C Qo, i.e., in a subbundle with the structure group
exp(g® (1)) ¥ Go. The Claim (5) is a consequence of Claim (4) of Theorem 5.3 and
Claim (2). O

5.4. Parabolic geometries with g° (1) = 0. There are triples (g, p, ;) that are
prolongation rigid outside of the 1—eigenspace of s which admit a 1—eigenspace in
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g_ for some s such that g®,(1) = 0 holds, but which do not generically satisfy
g° (1) = 0. These are contained in the Tables 5 and 6.

TABLE 5. Theorem 5.7, part with |X| = 1.

g IR
su(1,2) {1} | V1| (o, a2
su(l, 3), su(2,2) {1} | ¢1 | (a1,03
511(1,3), 511(2,2) {1} \?ﬂ (041,052
su(g,n+1—q) {1} | @1 | (a1, 00,
su(g,n+1—q) {1} | V1] (e1,00
su(g,n+1—q) {2} | V1] (a2,
50(3,5) 3} | V1| (3,02
5(4,C) T o1

sp(6, {R,C}) {1} | V1] (

sp(6,C) {1} ] o1 | (

s5p(1,2),5p(6,{R,C}) | {2} | VI | (
sp(2n, {R,C}) | Vi qu, o

(

(

sp(2n,C) {1} | &
sp(q,n —q),sp(2n, {R,C}) | {2} [ V1
92({2,C}) {1} | V1

TABLE 6. Theorem 5.7, part with |X| = 2.

| g [ = ] Jia | g | ]
sI(3,{R,CY) | {1,2} V1 VT | (a1, )
s1(3,C) (1,2} U1 IT | (ar, a)
5[(4’ {R,(C}) {1’3} ]1_1 (041,043)
5[(n+1a{R’C}> {1,%} Jfl (alaOM)
50(2,3),50(5,C) | {1,2} V1 VT | (a1, a)
s50(5,C) {L,2} [ji=1orjl =1 ji | (a1,00)
50(3,4) {1,3} 73 (a3, 2)

Example 5.6. We see that partially integrable almost CR—structures of hypersur-
face type are contained in the Table 5, i.e., g = su(¢g,n+1—¢q),¢ > 0,n > 1 and
Y = {1}. With the exception of the case n = 2, there are two possible components of
the harmonic curvature such that the triple (su(q,n+1—q), p{1}, 1) is prolongation
rigid outside of the 1-eigenspace of s for s € Z(G) with the specified eigenvalue.
Moreover, g° (1) = g_» holds in all the cases when (su(g,n 4+ 1 — q),pg1y, 1) is
prolongation rigid outside of the 1-eigenspace of s. Let us emphasize that the pos-
sibility s3 = id is available for both components of the harmonic curvature. Since
g° (1) = g_o, we need some additional assumptions in Theorem 5.7 to show that
(M, S) is (locally, under these assumptions) either a (locally) homogeneous one—
dimensional fiber bundle over (reduced) S!'-space, or a Zs-space or a symmetric
space (due to [12, Proposition 7.3], see also [20]) that carries some S-invariant
Weyl connection on T'M. In particular, all such parabolic geometries can be clas-
sified using [9, Theorem 5.1.4] and Theorem 5.7, if one knows the classification of
S'-spaces, Zs—spaces and symmetric spaces. Let us emphasize that a part of the
classification is done in [7].
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As mentioned in the example, we need an additional assumption on where the
local s—symmetries are defined for parabolic geometries in question.

Theorem 5.7. Let (g,p, 1) be prolongation rigid outside of the 1-eigenspace of s for
s € Z(Gp) such that g° (1) = 0 holds. Assume that for the (locally) s—symmetric
parabolic geometry (G — M,w) of type (G, P), the open subset U of M containing
the points at which kg has a non—zero component in u is non—trivial, and the maps
S(z)(y) and S(x) o S(y)~1(2) are defined on neighbourhoods of diagonals in U x U
and U x U x U for the unique system S of (local) s—symmetries on U. Then:

(1) The parabolic geometry is (locally) homogeneous and U = M, i.e., kp(x) # 0
at all x € M and there is a unique smooth system of (local) s—symmetries S on M.

(2) There is a class of distinguished Weyl structures characterized by one of the
following equivalent properties for each Weyl structure o in the class:

(a) The equalities V°T? =0, s.(T9)y = (T%)s, V'R = 0 and s.(R%), =
(R%)s hold for the torsion and the curvature of the Weyl connection V°.

(b) The Weyl connection V° is S—invariant.

(c) All (local) automorphisms of the parabolic geometry cover affine transfor-
mations of V7.

(d) All (local) diffeomorphisms sg are affine transformations of V.

Two Weyl structures o and oexp(YT), from the class differ by a Go—equivariant
function (Y)s : Go — p%(1) which is invariant with respect to all (local) automor-
phisms of the parabolic geometry and is provided by an invariant element of p3. (1).

(3) The pseudo—group generated by all local s—symmetries is transitive on M and
its connected component of identity is generated by the flows of the Lie algebra |,
which is the vector subspace of g— @ go, generated by g_ by the bracket (T + R?),
on AN’°g* ® | and the natural bracket on the rest of I.

(4) The equalities
S(x) = $5(ug) = 57
hold for any Weyl structure o from (2). In particular,

o the maps S(x) can be extended to a larger neighbourhood of x as long as
the corresponding geodesic transformations of V° are defined,

e for each eigenvalue a, the distribution TM?*(a) is preserved by all (local)
automorphisms of the parabolic geometry.

(5) The distribution TM*(1) is integrable and for each x € M, the leaf F, of the
foliation F of TM?*(1) through x is a totally geodesic submanifold for arbitrary
Weyl structure.

Let n: U, — N be a sufficiently small local leaf space of TM*(1).

(a) There is a unique local diffeomorphism S(n(y)) of the local leaf space N at
each n(y) € N such that S(n(y)) on =no S(x) holds for all y € U,, and

(b) for each eigenvalue a, T,n(T,M?*(a)) is the a-eigenspace of T, (,)S(n(x))
in TN for ally € Us.

Proof. The proof is similar to the proof of Theorem 5.3. However, we need a
different method to prove the local homogeneity in Claim (3), because the existence
of some S-invariant Weyl structure does not follow from Proposition 4.3 anymore.
Therefore we need an additional assumption on the system S on U in order to apply
the following lemma. Nevertheless, the fact from Proposition 4.3 that S(x) = 5,(u,)
holds for any almost S—invariant Weyl structure o implies that the system S is
smooth on U.
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Lemma 5.8. Suppose the smooth system of (local) s—symmetries S on M satis-
fies that the maps S(x)(y) and S(x) o S(y)~"(2) are defined on neighbourhoods of
diagonals in M x M and M x M x M.

e Ifc(t) is a curve in M such that c(0) = z and & = %|i—oc(t), then the
vector field

Le(y) = lemoS(el(t)) 0 S(a) ()

1s defined for y in some neighbourhood of = in M.

o Then L¢(y) is an infinitesimal automorphism of the parabolic geometry.

o If ¢ is contained in the a—eigenspace of T, S(x), then Le(x) = (1 — a)€.

o The map £ — L¢ for & € T, M is a linear map onto the Lie algebra of local
infinitesimal automorphisms of the parabolic geometry. Its kernel consists
of the 1-eigenspace of T,,S(x) in T, M, and it is injective on the sum of the
remaining eigenspaces in T, M.

Proof of Lemma 5.8. Since S(c(0)) o S(z)~! = idg, there is a natural lift of L¢(y)
onto the P-invariant vector field %|,—S(c(t)) o S(z)~*(u) for u € G in the fiber
over y. Since S(c(t)) o S(z)~! is an automorphism, the vector field is P—invariant
and 4 |,_(S(c(t)) o S(z)~')*w = 0. Thus L¢(y) is an infinitesimal automorphism.

Since S(c(t))(c(t)) = c(t), we conclude that L¢(x) + (S(2))«(€) = & Thus

Le(z) = € — (S(2))«(€) and the claim follows due to the linearity of T,S(z). O

Let us continue in the proof of Theorem 5.7. Since the map £ +— L¢ from
Lemma 5.8 is injective on the bracket generating distribution given by g_; due to
the assumption g°,(1) = 0, the local homogeneity follows from the regularity of
the parabolic geometry. This implies Claim (1). Then Claim (4) follows again from
Claim (2).

Since we are on a (locally) homogeneous (locally) s—symmetric parabolic geome-
try, the parabolic geometry can be described as in Theorem A.1. It follows from [12,
Theorem 1.3] that there is a K—invariant Weyl connection V on the K—homogeneous
parabolic geometry described Theorem A.1 such that all local automorphisms of
the parabolic geometry are affine transformations of V. Therefore it follows from
the last claim of Theorem A.1 that the pullback of V to M does not depend on
the local isomorphism with the K-homogeneous parabolic geometry. Therefore we
obtain a Weyl structure o that satisfies (2c), which implies the remaining parts
(2a), (2b) and (2d). It is clear that the K-invariant Weyl connection V from [12,
Theorem 1.3] is not unique and the difference between two such Weyl structures is
the claimed Y provided by a K-invariant element of p? (1).

The Proposition 4.1 implies that the Weyl structure o satisfies (2b) if and only
if it satisfies (2d). Again, results in [12, Theorem 1.3] imply that (2b) implies (2¢)
and the same arguments as in the proof of Theorem 5.3 show that (2b) implies (2a)
and (2a) implies (2d).

To prove Claim (5), we use the fact that s.(T7(x)), = (T7(z)), holds for the
torsion of the S—invariant Weyl connection V7. Thus TM*(1) is involutive, because
each (almost) S—invariant Weyl connection V¢ preserves TM*(1). Moreover, the
formula for the difference between V7 and arbitrary Weyl connection implies that
the difference in the parallel transport is an element of TM*(1) at each point of
Fo. Thus F, is a totally geodesic submanifold for any Weyl connection.

We know that S(x) = s2 and this implies S(z)|z, = s7|z, = idr,. If v =

Flfﬁl(x)(u) for X € g® (1), then S(x)v = vs holds and y = po Fl‘fil(X)(u) € Fu,
because F, is a totally geodesic submanifold. Thus S(z) is covered by the s—
symmetry at y and S(xz) = S(y) holds in some neighbourhood of = due to the
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uniqueness of s—symmetries. Consequently, Claim (5a) holds on a sufficiently small
local leaf space and Claim (5b) is a clear consequence of Claim (4). O

5.5. Parabolic geometries with g°,(1)+p in a distinguished parabolic sub-
algebra. There are triples (g, p, ) that are prolongation rigid outside of the 1-
eigenspace of s that admit a 1-eigenspace in g_ for some s such that g* (1) +p C
q C ¢g° (1) 4+ p holds for some parabolic subalgebra g of g such that the harmonic
curvature vanishes on insertions of elements of q/p at all points of M. These are
listed in the Tables 7, 8 and 9, due to [12, Proposition 6.2 and Proposition A.2].

TABLE 7. Theorem 5.10, part with |X| = 2.

g | 2 [ | g | 1% | PR |
5[(47((:) {1a2} ]S (a27a3)
s((4,C) {1,3} it | (o1, a9)
5u(2,2) {1,2} 27’1 (al,ag) r = 0
slin+1,C) {1,3} bt (a1, o)
sl(n+1,C) {2,3} J3 | (ag,a1)
slin+1,C) {1,n} b (a1, a0)
sl(n+1,C) {2,n} 73 (a2, 1)
su(n,n) {1,n} 2r1 | (1,a9n,—1) | 1 =0
s0(7,C) {1,3} ]g) (a3, az)
50(8,C) {1,3} I (a1, a0)
sp(4,C) {1,2} 2ry | (o, a10) r1 =0
513(67{R7(C}) {1,2} ]52 (a27a1) Jo=-1
5{3(6,{R,(C}) {152} J% (0/17042)
5]3(6,{1&((:}) {1,3} ]% (aq,az)
5p(6, (C) {1, 3} 2r1 (Oll, 061/) r1 =0
5p(67{R7C}) {2’3} ]% (0427a1)
5p(2n7 {R7C}) {1,2} ]52 (a27a1) Jo=-1
EP(QTL, {R’C}) {1,n} J% (0417042) n=-1
5}3(%,%),5]3(271, {R7(C}) {2777‘} ]% (0427(11) j2 =-1
ﬁp(2n7 {R’ C}) {152} .7% (0117042)
sp(2n, C) {1,n} 2r1 | (o, a10) r1 =0

TABLE 8. Theorem 5.10, part with |X| = 3.

! g \ b [ Jin | Jin | Jis | # ] PR
5[(47(:) {1,2,3} ]1]3 (042,041) jl =1
sl(n+1,C) {1,2,3} g1j5 | (ag, 1) J1=1
sl(n+1,C) {1,2,n} J1j5 | (a2, 1) j1=1
siin+1,{R,C}) | {1,p,n}, p>2 J1dn (a1, ) g1 =g, !
50(87(:) {17274} J% (0417042) Jja=1
5]3(6, {R7C}) {17273} jl]% (QQ’al) jl =1
5]3(271, {va}) {1’251)}7 p<n \/.]173 (‘3‘2’&1) jl = la.jQ = _17.jp =1
sp(2n, {R,C}) {1,2,n} g1js | (oo, 1) j1=1,70=—1

Example 5.9. Let us focus on Lagrangean complex contact geometries, i.e., g =
sl(n+1,C) and ¥ = {1,n}. If we consider the triple (sl(n 4+ 1,C), P10}, K(ar,as))
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TABLE 9. Theorem 5.10, part with |X| = 4.

’ g \ by \ eigenvalues \ W \ PR

5[(71 + 17(C) {17273aQ}5 qg<n jq = Jlj%];l (042,051) jl = 17jp = J%
5[(n + 13(C) {172727;”}7 3 < D ]n = ]L?%%;l (()42,@1) jl = 17jp =1

from the Table 7 that is prolongation rigid outside of the 1—eigenspace of s, then
different situations arise depending on the choice of s € Z(Gy). If j; = —1, then
q = g° (1) 4+ p is a parabolic subalgebra satisfying the assumptions of Theorem 5.5.
If j; = V/1, then g° (1) = g_» and we need the assumptions of Theorem 5.7 to state
the results. We can apply Theorem 5.3 for the other values j;.

In general, q can be a proper subspace of g° (1) + p and we can (locally) apply
the general result for parabolic geometries from [4] to obtain the following theorem.

Theorem 5.10. Assume (g,p, p) is prolongation rigid outside of the 1—eigenspace
of s for s € Z(Gy) such that q is a mazimal parabolic subalgebra of g such that
9°,(1)+pCqCg®(l)+p and q/p inserts trivially into the harmonic curvature of
the (locally) s—symmetric parabolic geometry (G — M,w) of type (G, P). Assume
the open subset U of M containing all points at which kg has a non—zero component
in u is non—trivial, and the maps S(z)(y) and S(x) o S(y)~1(z) are defined on
neighbourhoods of diagonals in U x U and U x U x U for the unique system S of
(local) s—symmetries on U. Then:

(1) The set U is an open dense subset of M and there is a unique smooth system
of (local) s—symmetries S on M.

(2) There are

e a parabolic subgroup @ of G with the Lie algebra q such that P C @,

e a neighbourhood U, of each x € M with a local leaf space n: U, — N for
the foliation given by the integrable distribution Tpow~'(q), and

e a (locally) s—symmetric parabolic geometry (G' — N,w') of type (G,Q)
satisfying the assumptions of Theorem 5.7

such that (Gly, — Uyg,wl|u,) is isomorphic to an open subset of (G' — G'/P,w’)
for each x. In particular, there is a unique s—symmetry S(n(y)) of (G' — N,w') at
each n(y) € N such that no S(y) = S(n(y)) on holds for all y € U, in the fiber
over n(y).

(3) The connected component of identity of the pseudo—group generated by all local
s—symmetries is generated by the flows of the Lie algebra |, which is the vector sub-
space of q°F, generated by q%F by the bracket (T° (n(z))+ R’ (n(z)))s on A*(qF)* @1
and the natural bracket on the rest of | for arbitrary S—invariant Weyl structure o
on (G = N,w').

The pseudo—group generated by all local s—symmetries is locally transitive at x if
and only if q/p C 1/(INp), i.e., if and only if (R°(n(x)))s spans the whole q/p.
(4) There is a class of almost S—invariant Weyl structures on U, given by reductions
of the images in G’ of the S—invariant Weyl structures on N (that exist due to
Theorem 5.7) to exp(g® (1)) x Gy C Qo. A reduction corresponds to an S—invariant
Weyl structure on U, if and only if it is a holonomy reduction.

(5) We get that

e the maps S(z) can be extended to a larger neighbourhood of x as long as
the corresponding geodesic transformations of V on N are defined,



SYMMETRIC PARABOLIC GEOMETRIES 29

o the space TM?(1) is integrable, it contains the vertical space of the local leaf
space n : Uy — N, and Tn(T,M?*(a)) is the a—eigenspace of Ty, S(n(x))
m Tn(I)N,

e for each eigenvalue a, the distribution TM?*(a) is preserved by all (local)
automorphisms of the parabolic geometry, and

e all almost S—invariant Weyl connections from Claim (4) restrict to the
same partial linear connection on TM corresponding to the distribution
Go X, 95, which is preserved by S(x) for all x € M.

Proof. The Claim (1) is a direct consequence of Claims (2) and (3). The Claim (2)
follows from [4] and the fact that (q77)*(1) = 0 holds. Then Claim (3) is a clear
consequence of Theorem 5.7. The Claim (4) follows from the comparison of images
in G’ of the S—invariant Weyl structure on N and the almost S—invariant Weyl
structures on U,, because they intersect precisely in the reduction to exp(g® (1)) »
Go C Qo. The Claim (5) is a consequence of Claim (5) of Theorem 5.7 and the
properties of Weyl structures from Claim (4). O

5.6. Parabolic geometries with g°(1) that inserts non—trivially into the
harmonic curvature. There are also some remaining parabolic geometries, which
can have a part of g°(1) that inserts non—trivially into the harmonic curvature.
These are contained in the Tables 10, 11 and 12.

Example 5.11. Let us continue in the discussion of generalized path geometries
from the Example 5.4. The case when the harmonic curvature x(q,,q,) vanishes
and the harmonic torsion K(q, q,) does not vanish can be found in the Table 10.
There are several possible situations depending on the eigenvalues of s € Z(Gj).

If j1 = 1, then we are precisely in the situation which is not covered by any of
the previous theorems and we can apply only the results of Propositions 4.3 and
5.12.

If j; = —1 and jo = 1, then we can apply Theorem 5.5 and we are in the situation
of a generalized path geometry on the projectivized cotangent space of an affine
locally symmetric space.

If j; = —1 and jo = —1, then g° (1) = g_ and we need the assumptions of
Theorem 5.7 to show that we are in the situation of a generalized path geometry
on a (locally) homogeneous (n — 1)—dimensional fiber bundle over an affine locally
symmetric space.

Finally, if j; = —1 and j, # v/1, then we can apply Theorem 5.3.

The properties of these geometries are as follows.

Proposition 5.12. Assume (g, p, 1) is prolongation rigid outside of the 1-eigenspace
of s for some s € Z(Gy). Assume the harmonic curvature kg of a (locally) s—
symmetric parabolic geometry (G — M,w) of type (G, P) has a non—zero compo-
nent in u at all x € M and S is the unique system of (local) s—symmetries on
M. Then the distribution TM?*(1) is integrable and for each x € M, the leaf F, of
the foliation F of TM*(1) through x is a totally geodesic submanifold for arbitrary
Weyl connection.
Let n : U, — N be a sufficiently small local leaf space of TM*(1).

e There is a unique local diffeomorphism S(n(y)) of the local leaf space N at
each n(y) € N such that S(n(y)) on =no S(xz) holds for all y € U,, and
o for each eigenvalue a, Tyn(T,M*(a)) is the a—eigenspace of T),,S(n(y))
for ally € U,.
Proof. The proof is analogous to the proof of Claim (6) of Theorem 5.7, but, instead

of an S—invariant Weyl structure o, we need to consider some almost S—invariant
Weyl structure invariant at « from Claim (3) of Proposition 4.3 for each z € M. O
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TABLE 10. Theorem 5.12, part with |3] = 2.

g \ D [ i [ G | om ]
5[(3,@) {1,2} Z(bg (al,&gl)
sl(4,{R,C}) {1,2} V1 (a1, 0)
5[(4, (C) {1, 2} 2¢2 (Otl, 062/)
5[(4,@) {1,3} 2§Z53 (al,agz)
su(2,2) {1,2} 1 V1 (ag,aq)
s5u(2,2) {1,2} V1 (a1, a2)
sl(n+1,{R,C}) {1,2} V1 (a1, a2)
sl(n +1,{R,C}) {I,p},2<p<n 1 (a1, ap)
slin+1,C) {1,p} 2¢p (a1, o)
su(g,n—q+1) {1,2} fggbl (ag, 1)
50(3,4),50(7,C) {2,3} V1 (as, az)
50(2,5), s0(3,4), so(7,C)
$0(2,6), s0(3,5), {1,2} 1 (a2, 1)
s0(4,4), s0(7,C)
50(3,5 {2,3} V1 (a3, 2)
50(q7n—q),50(n,C) {1’2} 1 (0427a1)
5p(4a {R7C}) {1’2} \S/T (al’OQ)
sp(4,C) {1,2} 2¢2 (a1, aar)
sp(4,C) {1,2} —% 2 (a1, o)
sp(6,{R,C}) {1,3} 1 (a1,a3)
5p(6, {R, (C}) {2, 3} 1 (Oég, 053)
5]3(6, C) {17 3} 203 (ala 043’)
5]3(67 (C) {2, 3} —%qﬁd (Oé2/7 013/)
sp(2n, {R,C}) {1,n} 1 (a1, )
sp(2n, {R,C}) {n—1,n} 1 (n—1,0n)
sp(2n,C) {1,n} 2¢n, (a1, )
sp(2n,C) {n—1,n} —§¢n (n—1/, Q)
9:({2,C}) {1,2} V1 (a1, )
TABLE 11. Theorem 5.12, part with |3] = 3.
’ g \ by | jin | Jin |Jis | | PR |
sl(4,{R,C}) {1,2,3} g2 | (a1, a2)
slin+ 1,{R,C}) {1,2,3} 77 | (a1, a2)
slin+ 1,{R,C}) | {1,2,p},3<p<n 2 | (a1,a9) | 1 =V1
sl(n+1,{R,C}) {1,2,n} g2 | (a1, a2)
slin+ 1,{R,C}) {1,2,n} J1In (a1, am)
50(3,4), 50(7,C) {1,2,3} 73 (az, as)
TABLE 12. Theorem 5.12, part with |3| = 4.
| g | Y% |galdnldis] g [ p | PR |
’ 5[(n+ 11{R’C}) ‘ {17273777’} ‘ ‘ ‘ ‘ Jl]%];l ‘ (a2aal) ‘ jl =1 ‘

5.7. Parabolic geometries that do not admit non—flat examples. There are
triples (g, p, ) that are prolongation rigid outside of the 1-eigenspace of s for some
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s € Z(Gy), but they admit only flat (locally) s—symmetric parabolic geometries

due to the structure of the harmonic curvature and [11, Lemma 2.2]. These are
contained in the Table 13.

TABLE 13. Flat geometries.

| g [ ¥ i i | 1|
s((3,0) {1} N4 1
sl(3,{R,C}) | {1,2} gt # L7 #1 J
s50(5,C) {1} V1
50(2,3),50(5,C) [{1,2} [j1 #1L, 7 #Lji #1]Jj

=W

,_.
—~ ===
o
oy
Q
]
N N Nl Nl

=W

5.8. Parabolic geometries with more non—zero components of the har-
monic curvature. Let us also look at the parabolic geometries that allow a har-
monic curvature kg with several non—zero components p; such that for each u; the
triple (g, p, ;) is not prolongation rigid outside of the 1-eigenspace of s. In the
Table 14, we present the complete classification of all triples (g, p, ;) that are not
prolongation rigid outside of the 1-eigenspace of s for the same s € Z(Gy), but for
which a; in Proposition 3.5 is contained in the 1-eigenspaces of s when the har-
monic curvature has non—zero component in each u;. Geometric properties of the
geometries from the Table 14 can be deduced from the previous sections depending
on the position and shape of g® (1) inside of g_.

TABLE 14. More non—zero components of the harmonic curvature.

’ g \ by \ eigenvalues \ I ‘
51(4,C) (1,2} 1=V jo=v1 | (02, a3), (a2, 1)
si(n+1,C) (In—1} | j1= VT jn1= T | (01,02), (Gn_1,0n)
slin+1,C) {2,n—1} Jo = V1, jn_1 %2 (g, 1), (n—1,0n)
sl(4,C) {1,2,3} jo = V1,js =1 (V1)? | (a2, 1), (a2, a3)
siin+ 1,{R,C}) | {1,2,n — 1,n} | jn1 =75 *sin =175 | (az,1), (n_1,0)

5.9. Remaining parabolic geometries with p in the 1—eigenspace of s. For
the sake of completeness, let us remark that there are triples (g, p, 1) that are not
prolongation rigid outside of the 1—eigenspace of s for any s such that p is in the
1-eigenspace of s. These are contained in the Table 15.

TABLE 15. Remaining parabolic geometries with g in the 1-
eigenspace of s.

sl(n+1,{R,C}) {pp+1},n—1>p>1 1| (aps1,ap)
so(q,n — q),s0(n,C) {2,3} 1 (a3, a9)
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APPENDIX A. A CONSTRUCTION OF LOCALLY HOMOGENEOUS LOCALLY
$—SYMMETRIC PARABOLIC GEOMETRIES

It is proved in [11, Section 2] how to algebraically construct and classify all
homogeneous s—symmetric parabolic geometries. Part of the classification is done
in [7, 8] using the classification of semisimple symmetric spaces. There is the result
from [9, Section 1.3] and [11, Lemma 2.2] stating that for the construction and the
classification of locally homogeneous locally s—symmetric parabolic geometries, it
is sufficient to find the following data:

e an extension («,7) of the Klein geometry (K, H) to (G, P) such that the
action of s preserves a(t) C g, and s acts trivially on the tensor [-,:] —
a(la™!(-),a”!()]) in A’g/p* @ g, and

e the subset A of P consisting of elements g € P, which act as local auto-
morphisms on the parabolic geometry (K x; P — K/H,w,) of type (G, P)
given by the extension (a, ).

If U and V are open subsets of K/H such that there are k € K, g € A and a
maximal open subset W of U such that kg(W) C V, then we can glue K x; P|y — U
with K x; Ply — V by identifying w € W C U with kg(w) € V, and glue the
Cartan connection w,|y with the pullback connection (kg)*wa|v = Wal(kg)(v)-
Of course, we can without loss of generality assume that U, V and W are simply
connected, because we can always choose coverings of our manifolds by open sets
satisfying this condition. Therefore, we can also assume that the automorphism k&
is given by the flow of a local infinitesimal automorphism of (K x; P — K/H, w,).
Then we obtain the following result as a consequence of the construction in [12,
Section 3] and [9, Section 1.3].

Theorem A.1l. Let (G — M,w) be a locally homogeneous locally s—symmetric
parabolic geometry, let € be the Lie algebra of the local infinitesimal automorphisms
and denote by « the inclusion of £ into g given by w(u) at some u € G. Then:

(1) Ad(s)(t) C ¢t is an automorphism of the Lie algebra €,
(2) there exist (see [12, Section 3] for the explicit construction)
e a Klein geometry (K, H) such that ¢ is the Lie algebra of K,
o an extension (a,i) of (K, H) to (G, P),
e an open covering U, of M, and
e isomorphisms ¢, : U; — K/H of parabolic geometries (G|ly, — Ui, w|u,)
and (K x; Ply,w.) — ¢a(Uda);wale,w.)) of type (G, P) such that
¢a © ¢;1 is the restriction of the left action of some element of K
for each a,b.
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ON SYMMETRIC CR GEOMETRIES OF HYPERSURFACE
TYPE

JAN GREGOROVIC AND LENKA ZALABOVA

ABSTRACT. We study non—degenerate CR geometries of hypersurface type
that are symmetric in the sense that, at each point, there is a CR transforma-
tion reversing the CR distribution at that point. We show that such geome-
tries are either flat or homogeneous. We show that non—flat non—degenerate
symmetric CR geometries of hypersurface type are covered by CR geometries
with a compatible pseudo—Riemannian metric preserved by all symmetries.
We construct examples of simply connected flat non—degenerate symmetric
CR geometries of hypersurface type that do not carry a pseudo-Riemannian
metric compatible with the symmetries.

1. INTRODUCTION

In [10], Kaup and Zaitsev generalized Riemannian symmetric spaces to the set-
ting of CR geometries, i.e., smooth manifolds with so—called CR distribution en-
dowed with a formally integrable complex structure. They consider Riemannian
metrics, whose restrictions to the CR distribution is Hermitian. Such manifold is
symmetric in the sense of [10] if, at each point, there is an isometric CR trans-
formation that preserves the point and which, at that point, acts as —id on the
CR distribution [10, Definition 3.5.]. They show that such isometric CR trans-
formations are uniquely determined by the tangent action on the CR distribution
[10, Theorem 3.3]. They also show that such CR geometries are homogeneous [10,
Proposition 3.6]. In fact, these CR geometries may be considered as reflexion spaces
in the sense of [12]. In [1], the authors study these CR geometries in the setting of
so—called CR algebras.

We studied in [9] filtered geometric structures that carry an automorphism at
each point that fixes the point and acts as —id on a distinguished part of the fil-
tration at the point. Let us point out that the non-degenerate CR geometries of
hypersurface type, i.e., those with CR distribution of codimension 1, are among
these geometries. We answered the question whether these filtered geometries are
homogeneous and can be considered as reflexion spaces. However, our result [9, The-
orem 5.7.] holds under weaker conditions than the result of [10] for non—degenerate
CR geometries of hypersurface type. In particular, the sufficient condition for such
non—degenerate CR geometry of hypersurface type to be homogeneous is that it is
non—flat at one point.

In this paper, we study the case of non—degenerate CR geometries of hypersurface
type in more detailed way. We consider point preserving CR transformations which,
at that point, induce —id on the CR distribution. We say that a non-degenerate CR
geometry of hypersurface type is symmetric (in our sense) if there exists a symmetry
at each point, see Definition 1. In particular, our definition does not require the
existence of a metric compatible with the CR geometry. We adapt and significantly
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Key words and phrases. CR geometry, homogeneous manifold, Webster metric.
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2 JAN GREGOROVIC AND LENKA ZALABOVA

improve general results of [5, 8, 9] for our particular class of CR geometries. Let
us emphasize that every non—degenerate CR geometry of hypersurface type that is
symmetric in the sense of [10] is symmetric (in our sense).

Let us say that [9, Theorem 5.7.] is formulated in the general setting of par-
abolic geometries. We provide here the particular results of this theorem for CR
geometries. We also provide new direct proofs, because we will need the presented
ideas to explain new results, see Lemmas 2, 3 and Propositions 1, 2. This allows
us to compare our results with results of [10] and [1].

We prove in Theorem 2 that non—flat non—degenerate CR geometries of hyper-
surface type that are symmetric (in our sense) are covered by symmetric non—
degenerate CR geometries of hypersurface type that carry a pseudo—Riemannian
metric compatible with the CR geometry that is preserved by all our symmetries.
In the Riemannian signature, these coverings are symmetric in the sense of [10], see
Theorem 3. Moreover, we show in Theorem 4 that it is always possible to embed
the CR geometry on these coverings into a complex manifold. In the Riemannian
signature, this embedding is provided by a different construction than the one in
[10, Proposition 7.3].

Finally, we construct examples of non-homogeneous symmetric (in our sense)
flat non—degenerate CR geometries of hypersurface type. These examples do not
admit a pseudo—Riemannian metric that would be preserved by some symmetry at
each point and in particular, they are not symmetric in the sense of [10]. We also
discuss examples of homogeneous CR geometries on orbits of real forms in complex
flag manifolds. In particular, we show that there are homogeneous CR geometries
which are locally symmetric but not globally symmetric. In fact, Proposition 8
provides complete description of all possible cases.

2. CR GEOMETRIES OF HYPERSURFACE TYPE

2.1. CR geometries. Let M be a smooth manifold of dimension 2n+1 for n > 1
together with a distribution H C T'M of dimension 2n and a complex structure J
on H, i.e., J:H — H is an endomorphism with the property that J? = —id. The
triple (M, H,J) is called a CR geometry of hypersurface type if the i—eigenspace
H1O of J in the complexification of H is integrable, i.e., [, H}0] ¢ HO. A CR
geometry (M, H, J) is called non—degenerate if H is completely non—integrable.

On H there exists a symmetric bilinear form A with values in the line bundle
TM/H given by h(¢,n) = 3n([¢, Jn)) for all £,y € T(M,H), where 7 : TM —
T M /H is a natural projection. Let us recall that & is the real part of the Levi form
h of (M,H,J) whose imaginary part is the map given by s7([€,n)). We assume
that M is orientable and denote by (p, ¢) the signature of the Levi form, where our
convention is p < g, p+ ¢ = n. Then the signature of h is (2p, 2q).

The homogeneous space PSU(p+1, ¢+1)/P is usually called the standard model
of a non—degenerate CR geometry of hypersurface type of signature (p,q), where
P in PSU(p+ 1,9+ 1) is the stabilizer of the complex line generated by the first
basis vector in the standard basis of C"*2. We use the convention that elements
of PSU(p+1,q+ 1) are represented (up to a multiple) by matrices preserving the
Hermitian form given for u,v € C"*2 by

0 0 1
m(u,v)=u? [0 I 07,
1 0 0

where [ is a square matrix of order n defining a Hermitian inner product of signature
(p,q). In [2], the matrix I is chosen to be diagonal with the first p entries equal to
1 and the remaining ¢ entries equal to —1.
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The standard model PSU(p+1,q+1)/P is a smooth real hypersurface in CP"**
that can be also viewed as the projectivization of the null cone of m in C"+2.

In the rest of the paper, by a CR geometry we mean a non-degenerate CR
geometry of hypersurface type of signature (p,q) for p < g. Such CR geometries
can be equivalently described as parabolic geometries modeled on standard models
PSU(p+1,q+ 1)/P. This description can be found in [2, Section 4.2.4]. We only
use several consequences of this description later in the text.

2.2. Distinguished connections. There exist many admissible connections, i.e.,
connections preserving H and J, on CR geometries. In particular, there are several
distinguished classes of admissible connections given by a particular normalization
condition on the torsion of admissible connections in the class. The most commonly
used are Tanaka—Webster [2, Section 5.2.12] and Weyl [2, Sections 5.1.2 and 5.2.13]
connections. In this paper we will use the latter, since in some arguments we need
to relate CR and geodesic transformations for the so—called normal Weyl connection
[2, Section 5.1.12].

In fact, Tanaka—Webster connections and Weyl connections induce the same class
of distinguished partial connections V on H. Two distinguished partial connections
V and V are related by

(1) Ve(n) = Ve(n) + F(&)n + F(n)€ — h(&,n)h~(F) for all £,n € T(M,H),

where F' is a one—form on H and h is the duality map associated to the real part
of the Levi form. Note that while the duality map depends on the choice of a local
trivialization of TM/H, the composition h(¢,n)h~!(F) does not depend on this
choice. We will write for short “V = V + F” for the partial connection described
by (1).

FEach Weyl connection D is associated to the choice of decompositions TM =~
H@l, T"M ~H* ® ¢*, for a one dimensional complementary distribution ¢ of H
and with H*, £* being the annihilator bundles of £, H, respectively. The one-form
F in H* from formula (1) then describes the difference of the two decompositions
of TM (and T™*M) associated with D and D. The precise formula for the change
of decompositions can be easily computed using [2, Section 5.1.5].

The explicit formula for the relation between two arbitrary Weyl connections D
and D is complicated and can be computed using [2, Section 5.1.6]. This relation
is given by an action of a one—form T = Y1+ Y5 in T*M = H* & £* on the space of
Weyl connections, which we write as D = D+ 71+ Y5, because this action is linear
in T. Let us point out that the decomposition Y7 + T5 of T is the decomposition
associated with the Weyl connection D and that T coincides with F' from formula
(1) for the corresponding partial connections V, V determined by D, D.

Let us finally point out that admissible connections provide the fundamental
invariant W of CR geometries which is known as Chern-Moser or Weyl tensor
and coincides with the totally trace—free part of the curvature of arbitrary Weyl
or Tanaka—Webster connections. Vanishing of this invariant implies that a CR
geometry is flat, meaning that is locally equivalent to the standard model PSU (p+
l,¢q+1)/P.

3. SYMMETRIES OF CR GEOMETRIES

3.1. Definition of symmetries. A CR transformation of a CR geometry (M, H, J)
is a diffeomorphism of M whose tangent map preserves the CR distribution H and
whose restriction to H is complex linear. We study the following CR, transforma-
tions.
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Definition 1. A symmetry at © € M on a CR manifold (M, ?H,J) is a CR trans-
formation S, of M such that:

(1) Se(z) =,

(2) T,S, = —id on H.
We say that a CR geometry is symmetric if there is a symmetry at each point
x € M. A system of symmetries on M is a choice of a symmetry S, at each x € M.
We call the system smooth, if the map S : M x M — M given by S(z,y) = S.(y)
is smooth.

Let us show that the standard model PSU(p + 1,q 4+ 1)/P is symmetric. The
Lie group PSU(p+1,q+1) is the group of all CR transformations of the standard
model PSU(p + 1,q + 1)/ P, where we consider left action. Direct computation
shows that all symmetries of the standard model PSU(p+1,q+1)/P at the origin
eP are represented by (1,n,1)-block matrices of the form

-1 —Z iz+3212"
(2) sz.=|0 E 1z 7
0 0 —1

where Z € C™, z € R* are arbitrary and F is the identity matrix of the rank
n=p+gq.

Lemma 1. There are infinitely many symmetries at each point kP of PSU(p +
1,q+1)/P given by matrices of the form ksz k= for all Z € C™* and z € R*. In
particular:

(1) There are infinitely many involutive symmetries at each point characterized
by the condition z = 0. For each such symmetry, there is a different metric
preserved by this symmetry compatible with the CR geometry.

(2) There are infinitely many non—involutive symmetries at each point charac-
terized by the condition z # 0. They do not preserve any metric compatible
with the CR geometry.

Proof. An element sz . belongs to a compact subgroup of PSU(p+1,¢+1) if and
only if z = 0. O

The standard model PSU(p+1,q+1)/P is endowed with a pseudo-Riemannian
metric compatible with the CR geometry given by a choice of a maximally compact
subgroup of PSU (p+1, ¢+1), which always acts transitively on the standard model.
Moreover, there is exactly one involutive symmetry at each point of this model that
is contained in the chosen maximal compact subgroup. These symmetries preserve
the corresponding pseudo-Riemannian metric and form a smooth system. This
means that in the Riemannian signature, the standard model PSU(1,n + 1)/P is
symmetric in the sense of [10].

On flat CR geometries, local symmetries are defined as in the standard model,
but may not extend globally. This means that on flat CR geometries, there is
always locally a pseudo—Riemannian metric compatible with some local CR sym-
metry at each point. We show in Example 1 that such pseudo-Riemannian metrics,
compatible with a system of CR symmetries, may not exist globally.

3.2. Involutive and non—involutive symmetries. Suppose that there is a sym-
metry S, at  on a CR geometry (M, H,J). If D is a Weyl connection, then S} D
is a Weyl connection, too. Therefore, there is a one—form Y1 + Yo € H* @ £* such
that

(3) S*D=D+7T,+Ts.
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Lemma 2. Suppose S, is a symmetry at x € M. Let D be an arbitrary Weyl
connection and let Y1+ Yo € H* ® £* be the one—form from formula (3). Then the
following claims are equivalent:
(1) the symmetry Sy is involutive,
(2) YT2(x) =0, and
(3) the diffeomorphism S is linear in the normal coordinates given by the nor-
mal Weyl connection D at x that is uniquely determined by the property
that D coincides with the Weyl connection D + %Tl at x.
Moreover, the partial connection V°+ induced by the Weyl connection DS+ := D +
1Y, does not depend on the choice of D at x and satisfies
2
o S¥(V%)=V5 atx, and
o V5W(z) =0.
Proof. Tterating the formula (3) we compute
SrSrD =D+ 7T+ S;(YT1)+ Yo+ S5(T2).
The component of the (dual) action of TS, on T,* M preserving the decomposition
TxM = H*(xz) ® £*(x) is —id @ id, and the component that maps H*(z) into £*(x)
depends linearly on T; and is antisymmetric as a map H*(z) @ H*(z) — £*(x).
Therefore, SX(T1)(x) = —T1(z) and SE(Y2)(x) = Yo(x).
If the symmetry S, is involutive, i.e., S? = id, then
0 ="Ty(x) + 55 (T2)(z) = 2T2(x)
and thus Yo(z) = 0. B
If To(z) = 0, then the normal Weyl connection D that coincides with the Weyl
connection D + %Tl at x satisfies

1 1
S(D + §T1) =D+71T + S;(?IH).
At the point x, we get
1 1 1
Ti(e) + 855 T1)() = Ti(2) - 5 Ta(2) = 5 Ta(2)

and thus S¥D = D follows from the normality [2, Section 5.1.12]. Thus S, is an
affine map, which is linear in the normal coordinates.

If the symmetry S, at z is linear in the normal coordinates of a Weyl connection,
then its (dual) tangent action preserves the decomposition T M = H*(z) & £*(x)
and therefore (T},S,)? = id. Then it follows from the linearity that S, is involutive.

Finally, the last claim follows, because (V=) (z) is a tensor of type @*H: @H.,
invariant with respect to .S,. (|

Lemma 3. Suppose that there is a symmetry S, at © € M. Let D be an arbitrary
Weyl connection and let Y1 + To € H* © £* be the one—form from formula (3). If
W(z) # 0, then YTo(x) =0 and the symmetry S, is involutive.

Proof. Consider the covariant derivative of W with respect to D + %Tl in the
direction ¢ and compute Si(D + 171), W () for r € £(z). We know that W (z) is
S,—invariant and thus

S3(D+ G X0, W (@) = (D + S T0)sy) W) = (D + 01, W (),

On the other hand, it generally holds that S3(D + Y1) = D + 2T; + T3 and
Yo (z) = ab(zx) for a covector § € £*(x) such that §(r) = 1. Then

1 1
Sx(D+ §T1)TW(3&) =(D+ §T1)TW($) + 2aW ()
and thus a = 0 which implies To(z) = 0. O
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3.3. Smooth systems of involutive symmetries. Let us show that the assump-
tion that W does not vanish at any point not only implies that all symmetries are
involutive, but also that at each point of M there is exactly one symmetry S, and
the S;’s make a smooth system on M:

Proposition 1. Suppose that (M, H,J) is a symmetric CR geometry and that
W(z) #0 for allxz € M. Then

(1) there is a unique symmetry S, at each x € M,

(2) the map S : x +— S, is smooth, and

(3) Sz oSy 0S8, =S,y holds for all z,y € M.

In particular, (M, S) is a reflexion space, i.e., S : M x M — M is a smooth map
that for all x,y,z € M satisfies that

o S(z,x) =u,
o S(z,S(x,y)) =y, and
o S5(z,5(y,2)) = 5(5(x,y),5(x, 2)).

Proof. We show that if there are two different symmetries at  on a CR geometry
(M,H,J), then W vanishes at . Consider two different symmetries S, and S,
at  (both must be involutive). We know from Lemma 2 that V=W (z) = 0 and
VS;W(ac) = ( hold for partial connections V5= V5. These partial connections are
different (at ) due to the claim (3) of Lemma 2, i.e., V5: = V5= F holds according
to the formula (1) for F'(x) # 0. This means that the linear map H, — H, given
by

(4) n = (F(&n+ F(n)é — h(&,n)h™(F))(z)

defines a non—zero element £(F')(z) of a Lie algebra csu(p, ) for each £ € H,, where
we identify csu(p, ¢) with

{X € gl(Ha) : [X, Ja] = 0,ha(X(), ) + ha(§, X (¥) = a- he(§,v), 0 € R}

Moreover, the element &(F)(z) of csu(p,q) has to act trivially on W(x) for all
vectors €. Let us denote by ann(W,) the set of all A € csu(p, q) such that A acts
trivially on W (z). Then we get

F(z) € ann(W,) Y := {F : £(F)(x) € ann(W,,) for all € € H,}.

The result of [11] states that if W (=) is non-trivial, then ann(W,)®) = 0, and thus
E(F)(x) =0 for all £ € H,. Since &(—)(x) : HE — csu(p,q) is a linear map at each
x € M, this implies F'(z) = 0, which is a contradiction. This proves the uniqueness
of symmetries at « in the case W (z) # 0.

Since S, 0 Sy 0 S, is a symmetry at S;(y), the condition S, o S, 0 Sy = Sg_ ()
trivially follows from the uniqueness of symmetries. Thus it remains to prove the
smoothness of S.

Let us fix a partial Weyl connection V. For each y € M, there is F'(y) such that
(VS —V)(y) = F(y) by the formula (1), which is well-defined due to the uniqueness
of V9 at y. Thus VW (y) is given by the algebraic action (4) of £(F(y)) on W (y)
for each £ € H,,. Since VW (y) is smooth, the image of {(F(y)) in csu(p, ¢) depends
smoothly on y for each £ € H,. Since the kernel of the action coincides with
ann(W,)®), we conclude that F(y) depends smoothly on y.

Let D be an arbitrary Weyl connection inducing the partial Weyl connection
V. Then 8y is linear in the normal coordinates of the normal Weyl connection D
constructed for D + $F(y) due to the claim (3) of Lemma 2. Since D depends
smoothly on y, we get that S is smooth.

It clearly holds that S,(z) = x and S2 = id for all x € M. We have proved that
S is smooth and satisfies S, 0 S, = Sg, (y) © St = Ss,(y) © S¢ for all x,y € M.
Thus it follows that (M, S) satisfies the conditions of the reflexion space. O
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Proposition 1 has the following consequence.

Proposition 2. Suppose that (M, H, J) is a symmetric CR geometry. Then either

(1) W =0 and the CR geometry is locally equivalent to the standard model, or

(2) W #£ 0 and the CR symmetries generate a transitive Lie group of CR
transformations of M. In particular, the CR manifold (M, H,J) and the
reflection space (M, S) from Proposition 1 are homogeneous.

Proof. Suppose that U C M consists of all points with non—trivial W. It suffices
to prove that the group generated by symmetries at points in U acts transitively
on U to obtain the claim of the Theorem, because then W is constant on U due to
the homogeneity. The fact that the group generated by symmetries on a reflexion
space is a Lie group can be found in [12].

Let c(t) be a curve in U such that ¢(0) = z and %|,_oc(t) = X € H,. Then
%\tzosc(t) (z) is tangent to the orbit of the action of the group generated by sym-
metries at points in U. Differentiation of the equality c(t) = S.c(t) gives

d d
X = a|t:OSc(t) (c(t) = £|t:OSc(t)(x) +T1.5:.X,
and we get
d
%|t=050(t)(z) =X - TxSxX =2X.

Thus at all z € U, the CR distribution # is tangent to the orbit of the group gen-
erated by symmetries at points in U. Therefore the group generated by symmetries
at points in U acts transitively on U. O

Flat symmetric CR geometries do not have to be homogeneous. We construct
an explicit example in Section 6.

4. NON-FLAT SYMMETRIC CR GEOMETRIES

4.1. Homogeneous CR geometries and their symmetries. There are sev-
eral possible ways of describing a homogeneous CR geometry. We will use the
description from [2, Section 1.5.15] that is closely related to the setting of Cartan
geometries, but as we show in this section, it can be treated independently of the
general theory. We need only to recall that the Lie algebra su(p + 1,¢ + 1) of
PSU(p+1,q+ 1) consists of the (1, n,1)-block matrices

a A 1z

X A —1z*

ix —X*I -—a
where csu(p,q) = {(a,4) : a € C, A € u(p,q), a+1tr(4) —a = 0}, X € C",
Z € C™, x € R and z € R*. This means that we have the following decomposition

su(p+1,g+1) =RBC" @ csu(p,q) @ C™ & R*.

The Lie algebra p of P corresponds to (1,n,1)-block upper triangular part and
decomposes as p = csu(p, q) ® C™ & R*. In fact, P = CSU(p, q) exp(C™* & R*),
where CSU(p, q) consists of all elements of P whose adjoint action preserves the
above decomposition.

)

Lemma 4. Let K be an arbitrary transitive Lie group of CR transformations of
a homogeneous CR geometry (M, H,J) and let L C K be the stabilizer of a point.
Then there is a pair of maps («, i) such that i is an injective Lie group homomor-
phism i : L — P and « is a linear map o : ¢ — su(p + 1,q + 1) satisfying the
following conditions:

(1) a:t—=su(p+1,q+1) is a linear map extending Toi : | — p,
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(2) « induces an isomorphism « : ¢/l — su(p+ 1,q+ 1)/p of vector spaces,

(3) Ad(i(l)) o = awo Ad(l) holds for alll € L,

(4) the linear map N?t — su(p + 1, + 1) given on X AY by [a(X),a(Y)] —
a([X,Y]) for all X,Y € t takes values in p and defines a K—invariant
two—form k on M with values in K X aqo0i P,

(5) the component of k in K X ado; ¢su(p, q) is a tensor that coincides with W,
where Ad is the induced action of P on csu(p,q) = p/(C™ & R*).

Conversely, suppose that («,1) is such pair of maps from (K,L) to (PSU(p +
1,q+ 1), P). Then there is a K—-homogeneous CR geometry (K/L,H,J) satisfying
Her = a H(C" @ p)/l and J.p, = a*(J), where J is the complex structure on C™.

A pair (a,4) satisfying conditions (1)-(3) of Lemma 4 is usually called an ez-
tension of (K,L) to (PSU(p+1,q+ 1), P). The two—form  from condition (4)
is the curvature of the Cartan connection given by the extension («,:). Finally,
the normalization condition (5) on the curvature x can also be expressed by the
vanishing (0*k = 0) of Kostant’s codifferential [2, Section 3.1.11].

Proof. It is shown in [2, Section 1.5.15] that each homogeneous Cartan (and thus
parabolic) geometry can be described by a particular extension and that each exten-
sion determines a homogeneous Cartan geometry. The formula for x in condition
(4) is obtained from [2, Section 1.5.16]. Therefore, it follows from the description
of CR geometries in [2, Section 4.2.4] that conditions (4) and (5) on the curvature
% have to be satisfied. (|

Definition 2. The pair (o, %) from Lemma 4 is called a normal extension of (K, L)
to (PSU(p+ 1,9+ 1), P) describing the homogeneous CR geometry (M, H, J).

Examples of normal extensions describing homogeneous CR geometries and the
explicit formula from condition (5) of Lemma 4 can be found in [4].

It is clear from the second part of Lemma 4 that the maps ¢ and « are sufficient
to determine a CR geometry. This means that there are many normal extensions
(i) of (K,L) to (PSU(p+ 1,q+ 1), P) describing the same CR geometry. The
other parts of a are completely determined by condition (5) from Lemma 4 and
carry the information about Weyl connections. The remaining freedom (for fixed
i) is in the choice of a complex basis of @1 (C™). In general, if h € P, then the pair
(Ad(h)oa, conj(h)oi) is also a normal extension of (K, L) to (PSU(p+1,q9+1), P)
describing the same CR geometry.

Let us summarize the results characterizing symmetric non—flat homogeneous
CR geometries following from [7, 8].

Proposition 3. Let K be the Lie group of all CR transformations of a non—flat
homogeneous CR geometry (M, H,J). Then the following is equivalent:

(1) There is a (unique) symmetry at each point.

(2) There is s € L such that the triple (K, L, s) is a (non—prime) homogeneous
reflexion space, i.e.,

e s commutes with all elements of L,
o 52 =e, where e is the identity element of L, and
e all symmetries are of the form Sy = ksk™! for k € K.

(3) There is a normal extension (a,i) of (K,L) to (PSU(p+1,q+ 1), P) de-
scribing (M, H,J) such that i(L) C CSU(p,q) and soo € i(L) (see the
formula (2)).

(4) For each normal extension (a,i) of (K,L) to (PSU(p+1,q+ 1), P) de-
seribing (M, H, J), there is a (unique) Z € C™ such that Ad(exp(Z))a(t)
is preserved by Ad(soo), and the Lie algebra automorphism of € given by
Ad(so,0) defines an automorphism of the Lie group K.
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The condition (3) of Proposition 3 immediately implies that there are K—invariant
Weyl connections on a symmetric non—flat CR geometry (M, H, J). According to
[2, Proposition 1.4.8], a K—invariant connection on T'(K/L) can be described by a
map 7y : & — gl(£/l) such that

e 7| = ad, and

* Y(Ad(h)(X)) = Ad(h) o v(X) o Ad(h)~!
hold for all X € ¢ and h € L, where Ad : L — GI(/l) is induced by the adjoint
representation.

Proposition 4. Let K be the Lie group of all CR transformations of a non—flat
symmetric CR geometry (M, H,J). Let («,i) be a normal extension of (K, L)
to (PSU(p+ 1,q + 1), P) describing (M,H,J) such that i(L) C CSU(p,q) and
s0,0 €4(L). Then v := a*(adory) describes a K—invariant Weyl connection, where
ro:su(p+1,qg+ 1) — csu(p, q) is the projection along R ® C™ & C™* @ R*.

In particular, there is a bijection between the set of K—invariant Weyl connec-
tions on M and the set of z € R* such that conj(exp(z)) o i(L) C CSU(p,q) holds
for the extension ().

Proof. We proved the existence of K—invariant Weyl connections on non—flat sym-
metric CR geometries in [8]. Therefore it is enough to check that they can be
described by the functions «. Since i(L) C CSU(p,q), the projection rq is i(L)—-
equivariant and «y|; = ad holds. Therefore each 7 describes a K—invariant connec-
tion. The fact that this is a Weyl connection follows directly from condition (5) in
Lemma 4.

It is clear that the one—form Y7 4+ Y5 measuring the “difference” between two K—
invariant Weyl connections is given by an ¢(L)-invariant element of C"* @R*. Since
s0,0 € (L), it has to be an element of R*. It is clear that z € R* is ¢(L)-invariant
element if and only if conj(exp(z)) o i(L) C CSU(p, q) holds. O

4.2. Groups generated by symmetries. The following Theorem significantly
improves the characterization of non—flat symmetric homogeneous CR, geometries
given by Propositions 2 and 3.

Theorem 1. Let K be the Lie group generated by all symmetries of a non—flat
symmetric CR geometry (M, H,J). Let (o, i) be a normal extension of (K, L) to
(PSU(p+ 1,9 + 1), P) describing the CR geometry that satisfies i(s) = so0 and
i(L) € CSU(p,q). Denote by b the 1-eigenspace of s in € and by m the —1-
eigenspace of s in t. Then:
(1) The following conditions hold
e a(l) Cu(p,q),
e a(m) C C"® C™, and
e a(h) CR & csu(p,q) @ R* is a Lie subalgebra.
(2) There is a basis of h/ldm such that for a vector in h/Sm with coordinates
(z, X) holds
aix  Pq1(X) Pa(x)i
a((z,X)+ 1) = Ad(exp(z)) o | X Az —IP(X)* | + (1),
xi —X*I arx
where z € R*, P; : C" — C™*, Py : R = R* and (a, A) € u(p, q) normalizes
a(l).
(3) The maps P1,P2 and the matriz (a, A) are completely determined by con-
dition (5) from Lemma 4.

Proof. We know from Proposition 3 that there exists a normal extension (o, ) of
(K,L) to (PSU(p+1,q+ 1), P) satisfying our assumptions.
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Consider the canonical decomposition € = hPm, where h is 1-eigenspace of s and
m is —1-eigenspace of s. Then a(m) C C*&C™ and a(h) C R®csu(p, ) ®R* follow
from the assumption i(s) = sg o and a(h) is a Lie subalgebra, because dim(h/l) = 1.
We can identify m with C™ via «, because the restriction of a to the map m — C™
is injective. Indeed, if the restriction is not injective, then the elements in its kernel
would be another symmetries at eL, but we know that there is only one symmetry.
This identification uniquely determines the map i : L — CSU(p, q).

Further, [m, m] C b holds and we have the corresponding symmetric space K/H",
where H° is the connected component of identity of the fixed point set of the
conjugation by s. Therefore exp([X,Y]) € H? for each X,Y € m. The map
Ad: HY — GL(m) can be restricted to the connected component of identity L° of
L and the restriction coincides with 7. Therefore, it suffices to show that the element
ad([X,Y]) € gl(m) belongs to sl(m) for all X, Y € m. But we have ad([X,Y]) =
ad(X)oad(Y) —ad(Y) o ad(X) and the trace equals to

tr(ad([X, Y])) = tr(ad(X) o ad(Y) — ad(Y) 0 ad(X)) = B(X,Y) — B(Y, X),

where B denotes the Killing form, which is symmetric. Therefore i(L%) C U(p, q)
and T.i(I) C u(p,q). In particular, the claim (1) holds. The map « can be ex-
pressed as in the claim (2), because there is always z € R* such that the extension
(Ad(exp(—2)) o ar, conj(exp(—=z)) o i) satisfies

aiz 0 Pa(x)i
Ad(exp(—=2))oa((z,0)+ )= 0 Az 0 + Ad(exp(—=2)) o a(l).
hi) 0 atx
Since the CR geometry (M, H,J) does not depend on parts P, Py and (a, A) of «,
these parts are completely determined by condition (5) from Lemma 4. (]

Let us remark that although the Lie algebra homomorphism ¢ is uniquely deter-
mined by the isomorphism m = C” given by «, the converse is not true. See [4] for
examples of non—equivalent CR geometries described by extensions with the same
Lie group homomorphism i.

Let us further remark that we are not aware of any example of an extension («, 7)
of (K,L) to (PSU(p+1,q+ 1), P) where z € R* from the claim (2) of Theorem 1
does not correspond to an invariant Weyl connection. The main reason for this is
the following result.

Proposition 5. Suppose that Ad(L°)|y /1 = Ad(L)|y/i. Then i(L) C U(p,q) and
there is a bijection between R* and the set of K—invariant Weyl connections. In
particular, there is a unique K—invariant Weyl connection corresponding to the
normal extension (o, 1) satisfying i(L) C U(p,q), i(s) = so,0 and

aiz  P1(X) Pa(z)i
(5) al(z,X)+ )= X Az —IP1(X)* | + «a(1).
i —X*I aix

This particularly holds when the transitive group K is semisimple.

Proof. If Ad(L°)|s/1 = Ad(L)|p 1, then i(L) C U(p,q) holds and the claim follows.
It follows from the classification of semisimple symmetric spaces that H is reductive

and there is a complement to [ in the center of ). Consequently Ad(LO)\h/[ =
Ad(L)ly /1 O

4.3. Relations to CR algebras. We explain here relations between our concept
and the concept of CR algebras introduced in [1]. We denote here by nc¢ the
complexification of a Lie algebra n.



ON SYMMETRIC CR GEOMETRIES OF HYPERSURFACE TYPE 11

Let («,¢) be an extension of (K, L) to (PSU(p+ 1,9 + 1), P). We complexify
the linear map « to obtain a map

ac : tc = sl(n +2,C).
The Lie algebra sl(n + 2,C) decomposes as
sl(n+2,C)=Ca (C"adC"™) @ (gl(n,C)dC)p (C™"aC")C,

where pc = (gl(n,C) @ C) ® (C™ & C") & C. The subspace C™* @ pc¢ is a parabolic
subalgebra of sl(n + 2,C) that satisfies
HY = o (C™ @ pe) /e
Therefore, the preimage q of 7—[2}:1 in £¢ is a Lie subalgebra of the form
q=ac (C™ @ pc).

The pair (¢, q) satisfies conditions of a CR algebra from [1, Section 1.2.]. It is
proved in [1] that this is the minimal set of data describing a CR geometry on the
homogeneous space K /L. However, CR algebras do not provide as much informa-
tion as the extension (¢, ). In particular, we cannot obtain directly the curvature
k of the corresponding Cartan connection from the CR algebra. Therefore, it is not
easy to distinguish whether two CR algebras correspond to equivalent CR geome-
tries.

There are conditions in [1, Section 1.4] that characterize CR algebras of CR
geometries that are symmetric in the sense of [10]. One of these conditions en-
sures that there is a Riemannian metric compatible with a CR geometry. Other
conditions are analogous to condition (4) of Proposition 3 which says that the Lie
algebra automorphism of £ given by Ad(sg,0) defines an automorphism of the Lie
group K.

There is the following method to check whether CR geometries corresponding
to CR algebras (£,q) are symmetric (in our sense) and to construct the normal
extensions («, i) that describe them.

(1) We consider [ = tnqgnqand Her = (8/0) N ((q+9)/(qN 7)), where q is the
subalgebra conjugated to q in #c.

(2) We choose a complex basis of H.r. This choice defines a Lie algebra homomor-
phism [ — csu(p, ¢) and the following facts hold:

(2a) If this homomorphism is not injective, then the CR geometry is flat (we will
discuss this situation later).

(2b) If this homomorphism is injective and the CR geometry is symmetric, then it
coincides with the restriction of a to [ for some normal extension («,¢) describing
the CR geometry.

(2¢) If this homomorphism is injective and the CR geometry is not symmetric, then
the homomorphism corresponds only to associated graded map corresponding to
the restriction of « to [ for some normal extension («, ) describing the CR geome-
try.

(3) Each choice of representatives (in €) of the complex basis of H.y from (2) to-
gether with a choice of an element of ¢ complementary to H.r, allows us to define

(3a) a linear map « of the form (5) from Proposition 5 for (at this point) unknown
linear maps a, A, Py, Po,

(3b) a linear map 7 : A%t — su(p+ 1,q + 1) given for all X,Y € € by the formula

T(X,Y) := [a(X), a(Y)] = a([X, Y]),
(3¢) a linear map v : € — ¢ such that v equals to

e —id on the representatives (in £) of complex basis of H.r, and
e id on the element of ¢ complementary to H.;, and on [.
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Moreover, we consider only the choices that satisfy the equivalent conditions of the
following statement.

Proposition 6. The map v is a Lie algebra automorphism of € if and only if the
components

Rea(l) ®C" - R@ csu(p,g) R*, C"®@C"—=C"aC™
of T wanish for all linear maps a, A,P1,Ps.

Proof. A consequence of the formula for 7 is that v is a Lie algebra automorphism
of ¢ if and only if

Ad(s0,0)T(v(X),v(Y)) = 7(X,Y),  Ad(so,0)[a(v(X)), a(v(X))] = [a(X), a(Y)]

)

hold for all X,Y € ¢. If « is of the form (5), then
Ad(s0,0)[a(v(X)), a(v(X))] = [a(X), a(Y)]
holds for all X,Y € ¢ and all linear maps a, A, Py, Po, and
Ad(sp,0)T(v(X),v(Y)) =7(X,Y)
holds for all X,Y € t if and only if the claimed components vanish. O

(4) There are the following possibilities for the choice in the step (3).

(4a) If there is no choice such that v is a Lie algebra automorphism of £, then the
CR geometry corresponding to the CR algebra (&, q) is not symmetric.

(4b) If there is a choice such that v is a Lie algebra automorphism of ¢, then the
CR geometry corresponding to the CR algebra (£, q) is symmetric if and only if v
induces a Lie group automorphism of K and L is contained in fixed point set of v.

(5) We require from now that the CR geometry corresponding to the CR algebra
(¢ q) is symmetric. The remaining step is to determine the choice of an element
of ¢ complementary to H.r and i : L — P such that («,?) is a normal extension
describing the CR geometry. We know that there is a choice such that (Ad(exp(z))o
a,i’) is an extension for some z € R*, where the Lie group homomorphisms i’ :
L — P is induced by (adjoint) action of L on H.r and «(l). Thus it suffices to
check the vanishing of components

al)@R—=su(p+1,g+1), C"xC" =R

of 7 for all linear maps a, A,P1,P2. The condition (5) of Lemma 4 provides lin-
ear equations that determine uniquely the linear maps a, A, P1, Py for which the
extension (a, ) is normal.

4.4. Example of non—flat symmetric CR geometries. Consider the Lie group
E(2) = R? x SO(2) of isometries of Euclidean plane. There is the following normal
extension (a, i) of (E(2),{id}) to (PSU(1,2), P) of the form

i 5 31 15¢
00 0 BooRX-NX
(6) « % 0 *Xl = X1 + ZXQ —% TGXI - TéXQ s
X2 X1 0 1T —X1 +ZX2 %

where the choice of the basis of the Lie algebra of R? @ s0(2) = (z, X2) @ (X1)
reflects the convention from Section 4.2, i.e., (z,(X1,X2)) are the distinguished
coordinates from Theorem 1. Indeed, since 7 is trivial and

7 ((z, (X1, X2)), (y, (Y1,Y2))) =
3 3 37 3
0 ﬁyXl — @yXQ — ﬁin + @Z‘}/Q 5 5 0 5 .
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holds for the linear map 7 determining the curvature &, it follows that («,?) is a
normal extension describing a non—flat symmetric CR geometry.

In fact, any invertible linear map B : R? @ s0(2) — R @ C defines a CR algebra
(¢, q) for

q= B¢ (C* ®pe)

and we ask the following question: Which maps B correspond to non—equivalent
non—degenerate symmetric CR geometries of hypersurface type on the Lie group
E(2) of isometries of Euclidean plane?

We give the answer to this question (using the algorithm from previous section
and [4, Lemma 3.5]) in the following statement.

Proposition 7. The normal extension («,i) of the form (6) describes the unique
(up to equivalence) non—degenerate symmetric CR geometry of hypersurface type
on the Lie group E(2).

Proof. Consider an invertible linear map B : R?@s0(2) — R®C?2. The construction
of the objects from the algorithm is clear in this case. We need to find for which
maps B the components

RC—-Rawu(l)R*, C®C—-CaC", C®C-—-R

of 7 vanish for all linear maps a, A, Py, P5. In fact, this provides three equations on
the entries of the matrix B that can be solved explicitly. In the standard basis of
R? @ 50(2) and R® C, the inverses of matrices B that satisfy these equations define
the following subvariety:

171172;173174 Ps psp3;2p6
(7) D6 Pa P2
0 D1 D3

Thus it remains to check the action of morphisms from [4, Lemma 3.5] that de-
termine which extensions define equivalent CR geometries. In particular, there
are

e four—dimensional Lie group of derivations of R? & s0(2) that in addition
contains the homothethies, and
e two-dimensional Lie subgroup that forms center of C'SU(p, q).
We compute that the induced action of these morphisms on the six—dimensional
variety (7) is transitive and the matrix

1
5 00
0 0 1
0 10
corresponds to the extension (6). 0

5. METRIZABILITY AND CR EMBEDDINGS

In this section, we always consider the K—invariant Weyl connection D cor-
responding to a normal extension (c,7) describing a homogeneous CR geometry
(M, H,J) that satisfies i(L) C U(p,q), i(s) = so,0 and

aiz  P1(X) Pa(x)
al(z,X)+ )= X Az —IP(X)* | + a(1).
r —X*I aix

Moreover, we always assume Ad(L°)|y, = Ad(L)|y/, where L° is the identity
component of L. This gives almost no restriction, because this condition is always
satisfied on the symmetric CR geometry on the covering K°/L° — K/L, where K°
is the identity component of K.
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5.1. Distinguished metrics compatible with the CR geometry. The sym-
metric bilinear form h generally does not define a pseudo—Riemannian metric on H,
because there is no natural way, how to measure the length of elements of T'M/H.
The situation is different, if there is a Weyl connection preserving not only the
decomposition H @ ¢, but also a non—zero vector field r in £. Such Weyl connection
is called exact and the vector field r is called the Reed field. Equivalently, each
exact Weyl connection corresponds to the contact form 6 that annihilates H and
satisfies 0(r) = 1 for the Reeb field r. If there is an exact Weyl connection, then
0 o h is a pseudo-Riemannian metric on H. This metric is compatible with the
CR~structure, because the form h satisfies h(J¢, Jv) = h(§,v) for all sections £, v
of H. The exact Weyl connection preserves this metric and the Reeb field can be
used to construct a pseudo—Riemannian metric on TM, for which the connection
is a metric connection. This metric is usually called a Webster metric. However,
the Webster metric neither has to exist nor has to be compatible with the sym-
metries. Therefore, if we want to find a metric compatible with the CR geometry
that is preserved by all symmetries, we need to show that the distinguished Weyl
connection D is exact.

Theorem 2. Let K be the Lie group generated by all symmetries of a non—flat
symmetric CR geometry (M,H,J). Suppose that Ad(L®)|y, = Ad(L)|y;. The
distinguished Weyl connection D is exact and furthermore, there exists

e a K—invariant contact form 6,
o o K—invariant pseudo—Riemannian metric g := 6 oh on H, and
o o K—invariant Webster metric g:=0oh+60®60 on TM

such that

(1) Dg=0,Dg=0,

(2) glu = g and the Reeb field of D is orthogonal to H and has length 1,

(3) choosing the Reeb field of D as a trivialization of (TM/H)®C, the pseudo—
Riemannian metric § on H coincides with the real part of the Levi form up
to a constant multiple,

(4) the symmetry at x is linear in geodesic coordinates of D at x, reverses the
directions of H, and preserves the direction of the Reeb field of D at x.

Proof. The image of « is contained in RGC" du(p, ¢) C™* GR* and thus y describ-
ing the corresponding K—invariant Weyl connection has values in ad(u(p, q)). Fur-
thermore, the assumption Ad(L°)|y /1 = Ad(L)ly, implies that i(L) C U(p,q) and
therefore the maps ad™" o and i satisfy all conditions of [2, Theorem 1.4.5]. This
means that the Weyl connection D is an associated connection to a K-invariant
principal connection on the bundle K X,y U(p,q) — K/L. Therefore it is an ex-
act Weyl connection, because its holonomy is contained in U(p, ¢). The remaining
claims then follow from general theory. O

In the Riemannian signature, Theorem 2 particularly allows to compare symmet-
ric CR geometries (in our sense) with the symmetric CR geometries in the sense
of [10], because we have found a metric compatible with the CR geometry that is
preserved by all symmetries.

Theorem 3. Suppose that p = 0. Then each non—flat symmetric CR geometry is
covered by a symmetric CR geometry in the sense of [10], where the covering is a
CR map that intertwines the symmetries.

5.2. CR embeddings. Consider the fiber bundle K x;CSU(p, q)/U(p,q) — K/L.
If Ad(LO)\h/[ = Ad(L)|y,( holds, then this bundle is trivial, i.e.,

K x; CSU(p,q)/U(p,q) = K/L x R.
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Let us prove the following statement:

Theorem 4. Let K be the Lie group generated by all symmetries of a non—flat
symmetric CR geometry (M, H,J). Suppose that Ad(L°)|y ;i = Ad(L)|y,i. Then:

(1) the manifold K/L X R is a complex manifold, and
(2) the inclusion K/L — K/L x R given as a zero section is a CR embedding.

Proof. We need some more details from the theory of Cartan geometries from [2,
Sections 1.5.13 and 3.1.2] to proceed with the proof. First, there is a natural
complement of u(p, ¢) in csu(p, q) given by so—called grading element, which is the
unique element Z € csu(p,q) acting by —2 on R, —1 on C", 0 on csu(p,q), 1
on C™ and 2 on R*. Furthermore, there is a Cartan connection on K/L x R
induced by the CR geometry, where we identify R (via exp) with the multiples
of the grading element Z. Then the Weyl connection D provides a reduction of
this Cartan connection to U(p, ¢), which allows us to identify the tangent space of
K /L xR with the fiber bundle (K xR) x; (R&C" S csu(p, q)/u(p, q)). We can extend
the complex structure on C™ to R ® C" & csu(p, ¢) /u(p, q) by declaring R to be the
imaginary part of C and the multiples of the grading element in csu(p, q)/u(p, q)
to form the real part of C. This definition is clearly U(p,¢)—invariant (and thus
K-invariant) and defines an almost complex structure J on K x,;CSU(p,q)/U(p, q).

Let us compute the Nijenhuis tensor [¢,n] — [JE, Jn] + J([J&, n] + [€, Jn]) of J
for &, € T(K/L x R). For each z € K/L x R, there are vector fields £, 7 such
that £(z) = £(z), 7(x) = n(z) and that the element [€,7](z) is identified with the
element

(X, Y] = [a(X +b),a(Y +5)] +a([X +b,Y +b]) modu(p,q) &C" &R,

where £(z),n(z) are identified with X,Y € R@® C" & csu(p, q)/u(p, ¢). This identi-
fication can be obtained using the technique analogous to [2, Proposition 3.1.8] for
T(K/L x R) instead of T'(K/L). Indeed, the Cartan connection in the background
remains the same and we only need to restrict ourselves to normal Weyl connections
that coincide with D at x and project the results given by the Cartan connection
to T(K/L x R) instead of T(K/L). However,

(X, Y] = [a(X +b),a(Y +b)] +a([X +b,Y +b]) = [X,Y] modu(p,q) &C™ &R*
due to condition (5) from Lemma 4. Therefore we have
(& n =&, Inl+ T ([T, n]+[E, In]))(2) = [X, Y] = [JX, JY]+J([JX, Y]+ [X, JY]).

Let us now discuss possible values of this expression for all possible incomes:

e For X,Y € C" we have [X,Y] - [JX,JY]+ J([JX,Y] + [X,JY]) =0.

e For X e C"and Y = JZ € R we have [X,Y] - [JX,JY]+ J([JX,Y] +
[X,JY)) = [JX, Z) — J(IX, Z]) = 0.

e For X € C" and Y = Z we have [ X, Y] - [JX,JY]|+J([JX,Y]+[X,JY]) =
(X, Z]+ J([JX, Z]) = 0.

e For X =JZ e Rand Y = Z we have [X,Y] — [JX,JY] + J([JX.,Y] +
[X,JY)) =[JZ, 2] + |Z,0Z] = 0.

The remaining possibilities vanish trivially. Thus the complex structure is inte-
grable. Then the zero section is a CR embedding, because it is a closed orbit. [

In holomorphic coordinates on U C K/L x R, the hypersurface K/LNU C C**!
may be described as a zero set of a function F': U — R. Theorem 4 and Lemma
2 provide distinguished holomorphic coordinates in which the function F' has a
specific form.
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Corollary 1. Let K be the Lie group generated by all symmetries of a non—flat
symmetric CR geometry (M, H,J). Suppose that Ad(L°)|y,1 = Ad(L)|y;. Then
for every point x € M, there is a holomorphic coordinate system on U C K/L x R
centred at x such that the function F(z,w) defining M satisfies F(z,w) = F(—z,w).

6. LOCALLY FLAT CR SYMMETRIC SPACES

Locally flat CR geometries are always locally symmetric (in our sense). There-
fore, the following question appears: Which local symmetries are globally defined?
The answer depends on the topology of the manifold. We show on series of exam-
ples that various situations are possible. There are two sources of examples that we
study here that are related to flag manifolds. The first series of examples follows
the construction from [15, 6] that we apply to CR geometries. The second series of
examples involves CR geometries on orbits of real forms in flag manifolds from [1].

In the case p,q > 1, it is convenient for the presentation of examples to consider
the Hermitian form m given for u,v € C*+2 by

00 0 01
00 0 10
m(u,v)=ur |0 0 I' 0 0],
01 0 0O
10 0 00

where the matrix I’ is a diagonal square matrix of order n — 2 with the first p — 1
entries equal to 1 and the remaining ¢ — 1 entries equal to —1.

6.1. Non—homogeneous symmetric CR geometries. Let us apply the con-
struction from [15, 6] to CR geometries. We start with the standard model PSU (p+
1,q+ 1)/P. Counsider the CR manifold M := PSU(p+ 1,q+ 1)/P — {{u), (v)},
where u,v € C"*2 are arbitrary non—zero null vectors of m. The group K (u,v)
of CR transformations of the flat CR geometry on M has two connected compo-
nents. The identity component of K (u,v) is the intersection of stabilizers of (u)
and (v). Let us remark that if m(u,v) # 0, then the identity component of K (u,v)
is isomorphic to the group CSU(p,q). If m(u,v) = 0, then p,q > 1 and there is
g € PSU(p+1,q+ 1) such that gu and gv are the first two basis elements of C"*+?2
and thus elements of Lie algebra of K(u,v) are g—conjugated to

ai 0 Z Zn iz
0 ay B ib —Zn
0o o0 A -I'B* -I'Zz*
0 0 O —0s 0
0 0 O 0 —ay

for some a1, as,2, € C, b,z € R*, B,Z € CP*972* and A € u(p — 1,¢ — 1). The
other connected component of K (u,v) contains the elements that swap (u) and (v).

We check whether there is a symmetry at each K(u,v)-orbit on M. Let us
emphasize that if all symmetries at one point of a K (u,v)—orbit preserve or swap
the points (u) and (v), then all symmetries at all points of the whole orbit have the
same property. The orbits of the action of K(u,v) on M are characterized by the
fact that the action preserves

e the subspace (u,v), and
e the (non)-isotropy with respect to the Hermitian form m.

Moreover, the action of K(u,v) on (u,v) depends on whether (u,v) is isotropic
subspace or not.
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Ezxample 1. Assume that p,q > 1, i.e., not the Riemannian signature. Consider
the CR manifold M = PSU(p + 1,q + 1)/P — {{(u), (v)} for arbitrary non-zero
null vectors u,v € C"*?2 isotropic with respect to m, i.e., m(u,v) = 0. Then
(u, vy — {(u), (v)} consists of a single orbit of K (u,v). Furthermore, K (u,v)—orbits
of points (z) such that « ¢ (u,v) — {(u), (v)} depend only on the (non)—isotropy of
r with respect to u, v.

We show that there exist symmetries at all points of each orbit of K(u,v).
Instead of fixing (u), (v) and discussing symmetries at various points (z), we fix
the point (z) as the point (eg) given by the first vector of the standard basis
€0s - - - ent1 of C"*2 and we choose admissible (u) and (v) such that (eq) lies in the
correct orbit. Then we find all symmetries at (eo). Let us recall that all symmetries
of the standard model at the origin (eg) are of the form

-1 —Z iz+3212*

sz.=10 E —1z* ,
0 0 -1
00
where I = (? 10’ é) and Z = (z1,...,2,) € C™ and z € R* are arbitrary. Involutive

symmetries are those satisfying z = 0.

(1) Let us start with the orbit corresponding to the case m(eg, u) # 0 and m(eg, v) #
0. We choose u = ieg+e1+e, —ie,+1 and v = ieg —ej + €, +i€,41. Direct compu-
tation gives that there is exactly one symmetry sz ., where Z = (—2i,0,...,0) and
z = 0. This symmetry is involutive and swaps (u) and (v). There is no symmetry
preserving them.

(2) Let us now consider the orbit for the case m(eg,u) = 0 and m(eg,v) # 0 (which
is the same orbit as the orbit for the case m(eg,u) # 0 and m(eg,v) = 0). We
choose u = v/2e; and v = ie,41. Direct computation gives that there is exactly
one symmetry sz ., where Z = (0,...,0) and z = 0. This symmetry is involutive
and preserves (u) and (v). There is no symmetry swapping them.

(3) The next possibility is the orbit for the case m(eg,u) = m(eg,v) = 0 and
eo € {u,v). We choose u = V2e; and v = eg +1/2e,. Computation gives that there
are (many) symmetries sz ,, where Z = (21, ..., z,) with components zj, = ay + by,
for k = 1,...,n satisfies V2a; +1 =0 and by =0, and az, b for k=2,...,n—1
and z are arbitrary. All these symmetries swap (u) and (v), and there are no sym-
metries preserving them. In particular, there are also non-involutive symmetries

for z # 0.

In fact, this covers all possible orbits for the case p = 1 or ¢ = 1, i.e., the Lorentzian
signature. In the other cases, there is one more orbit.

(4) Consider the orbit for the case m(u,eq) = m(v,eq) = 0 and eg ¢ (u,v). We
choose © = v2e; and v = e + €,_1. Computation gives that there are (many)
symmetries sz ., where Z = (z1,...,2,) satisfies a3 = 0, by = 0, a2 + ap,—1 = 0
and by + b,_1 = 0 and ay,b; for kK = 3,...,n — 2 and z are arbitrary. All these
symmetries preserve (u) and (v) and there are no symmetries swapping them. In
particular, there are also non—involutive symmetries for z # 0.

Altogether, symmetries at different orbits behave differently. Therefore, there is no
smooth system of symmetries. In particular, there is no pseudo—Riemannian metric
compatible with the CR geometry that would be preserved by some symmetry at
every point. O

Let us show that this principle does not work if we remove two points corre-
sponding to non—isotropic vectors.
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Ezample 2. Consider the manifold M = PSU(p + 1,9 + 1)/P — {{u), (v)} for
arbitrary non-zero null vectors u,v € C"*? that are non-isotropic for m, i.e.
m(u,v) # 0. We choose u = ep41 and v = ey + (2 + i)e; — ie,. Computation
gives that there is no symmetry at (ep) preserving or swapping (u) and (v). Let us
remark that the identity component of K (u, v) is isomorphic to the group C'SU (p, q)
and K (u,v) does not act transitively on (u,v) — {{u), (v)}. O

6.2. Flat homogeneous symmetric CR geometries and orbits of real forms
in complex flag manifolds. It follows from Lemma 4 that an extension (a,4) of
(K,L) to (PSU(p+1,q+1), P) corresponds to a flat CR geometry if and only if «
is a Lie algebra homomorphisms. Therefore, we can present examples of extensions
describing flat homogeneous symmetric CR geometries just by specifying the Lie
subalgebra of su(p + 1,¢ + 1) that coincides with the image of «. In general, the
group K does not have to contain symmetries. Moreover, symmetries do not have
to preserve «(€). This is satisfied if K is the group generated by symmetries or the
full group of CR automorphisms.

Ezample 3. Consider the orbits of PSp(1,1) on CP* given by inclusion PSp(1,1) C
PSp(4,C) c PGI(4,C). Due to the isomorphisms PSp(1,1) = PO(1,4), these
orbits can also be interpreted as orbits in the flag manifold of 2—planes in quadric in
CP°®. There is a normal extension given by identifying the following Lie subalgebra
of su(2,2) with the image of a(sp(1,1)) :

Iy +ilo —X14+1Xs —Xs+lg+1 X4+ ils i(ls+ )
X1 +1iXo l1 —ilsy —i($+l3) Xs— 4y +1iXy +ils
X3+ 11Xy —ix -l — il X1 +1iXo ’
T 7X3 + ’LX4 7X1 + ZXQ 711 + ZZQ

where [;—entries generate the Lie algebra of the stabilizer L = C'SO(2) x S?R? of a
point in the minimal orbit. Precisely, (I1,l2) = cs0(2) and (l3,14,15) = S?R?.

Ezample 4. Consider the orbits of PSp(4, R) on CP* given by inclusion PSp(4,R) C
PSp(4,C) c PGI(4,C). Due to the isomorphisms PSp(4,R) = PO(2,3), these or-
bits can again be interpreted as orbits in the flag manifold of 2—planes in quadric in
CP°®. There is a normal extension given by identifying the following Lie subalgebra
of su(2,2) with the image of a(sp(n + 2,R)) :

Iy +ilo X1 —1Xy Xs+4ly—1X4+ils i(ls+x)
X1 +iX2 ll —ilg Z(l3+$) —X3 —l4 —iX4+il5
X3+ 11Xy 1T -1l —ily - X1 —1Xy ’
T 7X3 + ’LX4 7X1 + ZXQ 711 + ZZQ

where [;—entries generate the Lie algebra of the stabilizer L = C'SO(2) x S?R? of
a point in 5-dimensional orbit (which is not minimal). Precisely, (l1,l2) = cs0(2)
and <l3, l4, l5> = 52R2.

In both examples, ¢ is simple and q is a parabolic subgalgebra of ¢c. In [1], the
authors discuss which CR algebras (&, q) for simple Lie algebras ¢ and parabolic
subalgebras g of the complexification of £ are symmetric. In fact, they correspond
to orbits of real forms in complex flag varieties. Therefore, symmetric CR algebras
of these types generalize bounded symmetric domains.

We show that if a CR algebra (¢, q) for a simple Lie algebra ¢ and a parabolic
subalgebra q of the complexification ¢ of € corresponds to a non—degenerate sym-
metric CR geometry of hypersurface type, then the geometry is necessarily flat.
Therefore, we can use the results of [13] to classify all possible cases.
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Proposition 8. Let (t,q) be a CR algebra such that € is simple and q is a para-
bolic subalgebra of ¢ and the corresponding CR geometry is non—degenerate and of
hypersurface type. Then the following statements hold:

(1) If the CR geometry is symmetric, then the CR geometry is flat.
(2) If the CR geometry is flat, then it corresponds to one of the following pos-
sibilities:
(a) t=su(p+1,g+1) and I =p,
(b) €=sp(2E, L) and [ = co(2) @sp(25, 1) @ (RZ@R") @ S?R2,
(c) &=sp(n+2,R) and [ = co(2)Dsp(n—2, R)B(RZQR"2*)®S?R?, where
(R? @ R"=2*) @ S2R? is the positive part of the parabolic subalgebra
corresponding to the stabilizer of a Lagrangian 2-plane in R 12,
(3) If the CR geometry is flat and tc = sp(n + 2,C) is the full Lie algebra
of complete infinitesimal automorphism and n > 2, then the corresponding
CR geometlry is not symmetric.
(4) If the CR geometry is flat and corresponds to a (2n+1)—dimensional orbit of
the real form of sp(n+2,C) in CP™*2, then the corresponding CR geometry
is symmetric if and only if n = 2 or the orbit is minimal, i.e., if ¢ #

sp(n +2,R).

Proof. If such symmetric CR geometry is non—flat, then K has to be generated by
symmetries and it follows from [4, Theorem 3.1] that the complexification of [ does
not contain a Cartan subalgebra of ¢c. On the other hand, if £ is simple and q is a
parabolic subalgebra of £c, then q N g contains a Cartan subalgebra of £¢. This is
a contradiction and therefore, the claim (1) holds.

If such symmetric CR geometry is flat, then £¢ is isomorphic to a Lie subalgebra
of sl(n+2,C), g =tcN(C* @pc) is a parabolic subalgebra of £c and tc/q = sl(n +
2,C)/(C* @ pc). All such cases are classified in [13] and it follows that €c = sl(n +
2,C) or tc = sp(2n+2,C). The first case corresponds to the standard model. The
remaining cases correspond to the symmetric pair (sl(n+2,C),sp(2n+2,C)). Real
forms of this symmetric pair are well-known and correspond to suitable inclusions
sp(2EL, ) Csu(p+1,q+1) or sp(n+2,R) C su(n + 1,n+ 1). If such inclusion
provides an extension, then it is unique (up to equivalence). Therefore, it suffices to
show that the cases in the claim (2) correspond to non—degenerate CR geometries
of hypersurface type. This follows from the fact that co(2) = C defines a complex
structure on the whole €/I with the exception of the trace part of (S?R?)*.

If ¢c = sp(n + 2,C) is the full Lie algebra of complete infinitesimal automor-
phism and the corresponding CR geometry is symmetric, then Ad(sg,) induces an
involution of sp(n+ 2, R). It follows from the description of I that the stabilizer has
to have the form gl(2,C) @ sp(n — 2,C). Therefore the claim (3) follows from the
fact that this stabilizer does not appear in the classification of simple symmetric
spaces if n > 2.

Since sp(n + 2, C) is maximal subalgebra of sl(n 4 2, C), the only possibility for
the orbit to be symmetric is to be equivalent to standard model which is compact.
Since the orbit is compact if only if the orbit is minimal, the claim (4) follows. Tt
follows from [1] that the orbit is minimal if and only if € # sp(n + 2, R). d
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SUBMAXIMALLY SYMMETRIC
ALMOST QUATERNIONIC STRUCTURES

BORIS KRUGLIKOV, HENRIK WINTHER AND LENKA ZALABOVA

ABSTRACT. The symmetry dimension of a geometric structure is the dimension
of its symmetry algebra. We investigate symmetries of almost quaternionic
structures of quaternionic dimension n. The maximal possible symmetry is
realized by the quaternionic projective space HP™, which is flat and has the
symmetry algebra sl(n + 1, H) of dimension 4n? + 8n + 3. For non-flat almost
quaternionic manifolds we compute the next biggest (submaximal) symmetry
dimension. We show that it is equal to 4n? —4n+9 for n > 1 (it is equal to 8 for
n = 1). This is realized both by a quaternionic structure (torsion—free) and by
an almost quaternionic structure with vanishing quaternionic Weyl curvature.

1. INTRODUCTION

An almost quaternionic structure on a manifold M is a rank three subbundle Q C
End(TM) such that locally (in a neighbourhood of each point) we can find a basis
I,J,K of Q with I? = J> = K? = —1 and IJ = K. A manifold M with a fixed
almost quaternionic structure @ is called an almost quaternionic manifold. A (local)
automorphism of (M, Q) is a (local) diffeomorphism of M that preserves (). There
exists a class of the so-—called Oproiu connections [VOP] on (M, Q) that preserve Q
and share the same minimal torsion 7%, which equals to the structure torsion of
[1]. If VOP is torsionfree, then (M, Q) is a quaternionic manifold.

An almost quaternionic manifold (M, Q) can be equivalently described as a normal
parabolic geometry (G — M,w) of type PGL(n+ 1,H)/P, where P is the stabilizer
of a quaternionic line in H"*! [4]. The fundamental invariant of each parabolic
geometry is its harmonic curvature xg, which has two components in the almost
quaternionic case: the torsion kq of homogeneity 1 and the quaternionic Weyl
curvature ko of homogeneity 2. In particular, k1 coincides with the torsion Ty of
arbitrary VOP and vanishes for quaternionic geometries.

The quaternionic projective space HP" is the set of quaternionic lines in H"t!,
and the group PGL(n + 1,H) acts transitively on HP™ as automorphisms of the
natural quaternionic structure. The subgroup P consists of transformations pre-
serving the first basis line in H**!. Then, HP™ = PGL(n + 1,H)/P is the flat
model of (almost) quaternionic geometry. The flat model has vanishing harmonic
curvature and conversely, each almost quaternionic geometry such that kg = 0 is
locally equivalent to the flat model. In particular, every local automorphism of
HP™ uniquely extends to a global one, and it is exactly the left multiplication by
an element of PGL(n + 1,H). The space HP™ has maximal possible dimension of
the symmetry algebra among all (almost) quaternionic manifolds with fixed quater-
nionic dimension n, that is dimsl(n + 1, H) = 4(n+1)? — 1 for dim M = 4n.

For curved almost quaternionic structures, local automorphisms generally do not

extend to global ones. We consider infinitesimal symmetries, which correspond to

local automorphisms. We focus on the problem of establishing the submazimal sym-

metry dimension, i.e. the maximal dimension of the symmetry algebra of an almost
1
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quaternionic structure with Ky # 0 and fixed quaternionic dimension. Specifically,
we answer the following question:

When an almost quaternionic manifold (M*", Q) is not everywhere flat, what
1s the maximal dimension & of its Lie algebra of infinitesimal symmetries?

Remark 1. The submaximal dimension of the automorphism groups (without the
requirement kg % 0) is dim P = 4n? +4n+ 3. This is achieved on the flat manifold
M =HP" \ {p} for some p € HP". However the symmetry algebra of this (M, Q)
is of maximal dimension 4n? + 8n + 3.

From the point of view of parabolic geometry, a model with the symmetry alge-
bra of submaximal dimension typically has exactly one non-zero component of its
harmonic curvature [12]. Sometimes, the same submaximal bound is achieved for
different non-zero components of k. We will show that this is the case with almost
quaternionic structures. Our main result is the following.

Theorem 1. The mazimal dimension of the symmetry algebra of almost quater-
nionic structures (M, Q) with dim M = 4n > 4 and kg = (k1,k2) £ 0 is

S =4n% —4n +09.

This is realized in both cases, when k1 =0 and when ko = 0.

We exclude the case n = 1 due to the exceptional isomorphism s((2, H) ~ so(1,5).
In this case the geometry PGL(2,H)/P can be interpreted as a four-dimensional
Riemannian conformal geometry and kg has two components of homogeneity 2,
which are the self-dual and anti—self-dual parts of the Weyl curvature. The sub-
maximal symmetry dimension is 8 and is achieved by M = CP? [7, 12].

Thus for n > 1 there is a gap 6(2n — 1) = dimsl(n + 1,H) — & in the set of all
possible symmetry dimensions. If k1 # 0 and ko # 0, the symmetry dimension is
strictly smaller than &, so the submaximal symmetry dimension is achieved only
when k1 ® ko = 0. This is explained in the beginning of Section 5.

Acknowledgements: The authors thank Jan Gregorovi¢ for suggesting that the
submaximal symmetry dimensions for n = 2 should be 17. Lenka Zalabova thanks
Norway Grants NF-CZ07-INP-4-2382015 and NF-CZ07-INP-5-4362015 for financial
support and the University of Tromsg for hospitality.

2. BACKGROUND ON ALMOST QUATERNIONIC AND RELATED GEOMETRIES

Almost quaternionic geometries are closely related to projective and c—projective ge-
ometries, so we recall basic concepts common to these. Two (real) affine connections
on a manifold M of dimension n are projectively equivalent if their unparameterized
geodesics, i.e. curves satisfying Vs € (%), coincide. Here (—) denotes the linear
span over C*°(M). Projectively equivalent connections do not necessarily have the
same torsion, but any connection V is projectively equivalent to a torsion—free con-
nection V — %TV. Two connections V and V with the same torsion are projectively
equivalent if and only if there is a one-form T € Q'(M) such that

V-V=1®(YTol)+(Yol)®1l.

A fixed class of torsion—{ree projectively equivalent connections [V] on a manifold M
is a projective structure on M. It is proven in [6] that the submaximal symmetry
dimension in the class of projective structures of dimension n > 2 is equal to
(n—1)%2 +4 (for n = 2 it is 3), see also [12].
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A generalization of this concept to almost complex manifolds leads to almost c—
projective structures. A connection V on M of dimension 2n > 2 with almost
complex structure J is called complex if VJ = 0. Each almost complex manifold
(M, J) admits complex connections, because for arbitrary V the connection %(V —
JVJ) is complex. A complex connection V can be chosen minimal meaning Ty =
%N J, Where

N;(X,Y)=[JX,JY]| - JJX, Y] - JX,JY] - [X,Y]
is the Nijenhuis tensor.

A curve v on M is J-planar if V5% € (¥, J7%) for a complex connection V. Two
complex connections on (M, J) are c—projectively equivalent if they share the same
J-planar curves. Two complex connections V and V with the same torsion are ¢
projectively equivalent if and only if there is a one-form Y € Q!(M) such that

V-V= ) A(A@(ToA)+(ToA)®A).
Ae{1,J}

An almost c—projective structure on (M, J) is a class of c—projectively equivalent
complex connections [V] sharing the same fixed torsion. It is proven in [11] that the
submaximal dimension in the class of almost c—projective structures of (complex)
dimension n is equal to 2n% — 2n + 4 for n # 3 and 18 for n = 3.

Let us return to almost quaternionic structures. Consider an almost quaternionic
manifold (M, Q) of dimension 4n. Analogously to the almost complex case, this
admits a quaternionic connection. Indeed, for any local basis b = (I, J, K) of Q
and a linear connection V, the connection V; := $(V — IVI — JVJ — KVK) is

quaternionic. Any other choice b = (f K ) is related to b via a transformation
from SO(Q), so V; = 1(V = IVI — JVJ — KVK) coincides with V,. Denote
B = %(NI + Nj+ Nk). The canonical structure tensor of @ is given by

To:=B+6(r1 1)+ (17 ®J)+ 0tk @ K),

where 74(X) = 5Tr(AB(X)) for A=1,J,K and 6 : T*M @ T*M @ TM —
A2T*M ® TM denotes the Spencer operator of alternation [1]. A quaternionic
connection can be chosen minimal meaning its torsion coincides with Ti. An almost
quaternionic structure @ is a quaternionic structure if Ty vanishes.

A curve v is called Q-planar if V5 € (3,17, J¥, K7) for a quaternionic connection
V. Two quaternionic connections V and V on (M, Q) with the same torsion share
the same @Q-planar curves if and only if there is a one-form Y € Q!(M) such
that
v-v= Y A?(A®(TOA)+(TOA)®A).
Ae{1,1,],K}

Analogously to the c—projective case, we fix the class of connections [V] sharing the
same (Q-planar curves and with the minimal torsion 7%y = Tg. These are called
Oproiu connections. The Q—planar curves are the (unparameterized) geodesics of
all Oproiu connections [8]. Given an arbitrary quaternionic connection, one can
construct an Oproiu connection by an explicit formula [1, §3.11].

An almost quaternionic structure is quaternionic if and only if some (and thus any)
Oproiu connection V is torsion—free. In that case, the curvature Ry of an Oproiu
connection V decomposes as Ry = Wy + Py, where the totally trace-free part
W+ is the (quaternionic) Weyl tensor of Ry and Py is the Ricci part of Ry[l].
Let us remark that almost quaternionic structures can be viewed as first—order



4 BORIS KRUGLIKOV, HENRIK WINTHER AND LENKA ZALABOVA

Go = Sp(1)GL(n, H)-structures. Then the above decomposition of Ry is just the
decomposition with respect to the action of this structure group.

It turns out that the Weyl part Wy of Ry does not depend on the choice of
Oproiu connection and is a complete obstruction to the flatness of a quaternionic
structure.

Remark 2. The equivalence class of Oproiu connections is already determined by
the quaternionic structure on the quaternionic manifold. But the complex structure
alone does not determine a c—projective structure. The choice of the class of ¢
projectively equivalent connections on a complex manifold is an additional choice.

Remark 3. All three geometries discussed in this section can be described as para-
bolic geometries of type PGL(n+1,K)/P, where K = R, C, H and P is the stabilizer
of a K-line in K™*! [4]. This explains many similarities between them.

3. PARABOLIC GEOMETRY SETUP AND THE GAP PROBLEM

In this section, we summarize basic facts about almost quaternionic structures
from the parabolic viewpoint. We will need the notations describing parabolic
subalgebras p of a real semi-simple Lie algebra g = Lie(G). The conjugacy classes
of such are in bijection with some subsets of the Satake diagram corresponding
to a fixed choice of (maximally non-compact) Cartan subalgebra. These will be
denoted by crossing out certain white nodes on the Satake diagram, cf. [4]. Let X
be the set of crossed out nodes. We denote by py, the standard parabolic subalgebra
corresponding to ¥. The semi-simple Levi factor p§? is given by the Satake diagram
with ¥ removed. A Lie subgroup Py C G is parabolic if its Lie algebra py; is such.
We will use the standard Bourbaki enumeration of the nodes of the Dynkin diagram,
and encode parabolic subgroups Py respectively.

Consider the Lie algebra g = sl(n + 1, H), which is a real form of Ag, 41 = sl(2n +
2,C). The parabolic subalgebra p = Lie(P), for P = P,, corresponding to a
|1]-grading g = g—1 @ go D g1, P = go D g1, is encoded by the following Satake
diagram:

[ J

O ®

X——e—O0— e— -

This grading can be viewed via the matrix (1, n)-block decomposition which is given
by the standard representation of g on H*t! = H x H". Thus g has the matrix form

“ Z , where g_1 = {v e H"}, g1 = {p € H*""} and go = {(a, 4A) € H® gl(n, H) :

Re(a) + Re(tr A) = 0}. In particular, the real part of a € H is determined by
tr A and the imaginary part belongs to sp(1). Thus the reductive Lie algebra go
can be equivalently viewed as sp(1) + gl(n,H), and this further decomposes as
go = sp(1) + RZ + sl(n,H), where the semisimple part is gi° = sp(1) + sl(n,H)
and the grading element Z = diag(nL_H, n;-f—ll’ ey n;+11) generates the center 3(go).
The Lie algebra gg° is encoded by the Satake diagram produced by removing the
crossed node and adjacent edges:

A fundamental invariant of a regular normal parabolic geometry is the harmonic
curvature kp, taking values in the Go-module H?(g_,g) (that is the Lie algebra
cohomology of g_ with values in g; in the quaternionic case the regularity require-
ment is vacuous, i.e. H? = Hi has positive homogeneity because the geometry is |1]-
graded). This is a completely reducible module, and its two irreducible components
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H? and HZ (the subscript denotes homogeneity of the cohomology with respect to
Z) yield the corresponding decomposition of kg into two summands:

e the torsion k1 of homogeneity 1 valued in HZ(g_1,g), and
e the quaternionic Weyl curvature ko of homogeneity 2 valued in H3(g_1, g).

The harmonic curvature x; coincides with the torsion Ty = T of an arbitrary
Oproiu connection, and if the torsion vanishes, then the harmonic curvature ko
coincides with Weyl tensor Wy of an arbitrary Oproiu connection. For an almost
quaternionic structure that is not quaternionic kK = k1 4+ k2 and both components
are non-vanishing in general.

To compute the structure of these modules, where ki and ko have their values,
we invoke the complexification: the corresponding parabolic subalgebra p® c g©
induces a |1|-grading of g© and H?(g_,g) ® C ~ H?(g%, g*). Explicit algorithmic
description of the G§-module structure of the latter follows from Kostant’s version
of the Bott-Borel-Weil theorem [4]. The real curvature module is then a real com-
pletely reducible p-submodule of its complexification, which is a p®-module.

In the case of almost quaternionic structures, the submodules corresponding to the
quaternionic torsion k1 and curvature ko are encoded by minus lowest weights of
the complexified modules (adapting the convention of [2]) as follows, where the
number over the 7’th node is the coefficient of the fundamental weight w;:

3 -3 0 1 0o 1 Ko o -4 3 0 0o 1
*—X—0—0—::-—O0—@ e—X—0—0—::-—0—@

K1

Remark 4. Let us point out that Hi(g_,g) is a real go—module that we identify
with a real go—submodule of Hﬁ (g—,9)®C. Note also that minus the lowest weight
is equal to the highest weight of the dual module.

Let us recall how to get a universal upper bound 4 on the submaximal symmetry
dimension & (the gap problem), and explain the role of the Go-module H?(g_, g).
Each element ¢ of the infinitesimal symmetry algebra inf has to preserve (both com-
ponents of) kg, and thus the isotropy subalgebra of inf embeds into the annihilator
of kg in p. Moreover, for arbitrary fixed u € G there is the inclusion inf — g of
filtered vector spaces, given by & — w(&(u)). Its image f ~ inf is a filtered Lie
algebra with the bracket obtained by a deformation of the Lie bracket [-,-] of g.
The associated graded algebra s = gr(f) is a graded subalgebra of g [3, 12]. The
grading s = @;s; satisfies

50Cao:{¢€go:¢'/<aH:O}.
Furthermore it is proven in [12] that & < 4 for
% = max{dim(a”) : 0 # ¢ € H3 (g-.9)},

where the graded subalgebra a¥ C g is the Tanaka prolongation of the pair (g_, ag),
and ag is the annihilator of 1 in go. Moreover, & < 4 < 4®, where {C is the univer-
sal upper bound for the complexified geometry, and the universal upper bound is re-
alized by the stabilizer of minus the lowest weight vector in the complex case.

By [12, Corollary 3.4.8] the parabolic structures of type As,11/Ps are prolongation—
rigid, i.e. the Tanaka prolongation a:f = 0 for any ¢ # 0. This implies the cor-
responding statement for real geometries [10, Proposition 3]. Thus almost quater-
nionic structures are prolongation-rigid alf =0,and so a¥ = g_1 ® ag} for each

non-zero element ¢ € H% (g_1, g).
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Let &; be the maximal symmetry dimension of the almost quaternionic geometry of
dimy = n in the case k; Z 0. We are going to bound this &; < {I; = max{dim(a¥) :
0 # 1 € H?(g—1,9)} and prove that the submaximal symmetry dimension is

ﬂ1261=6=62=ﬂ2.

We, however, cannot directly apply the methods from complex parabolic geometry.
It turns out that the corresponding upper bounds are strictly less than the upper
bounds for the complexification: l; < U and thus & < $C.

A similar phenomenon was noticed for Lorentzian conformal geometries in [5], where
the submaximal symmetry dimension was computed by listing all subalgebras of
high dimensions that stabilize a non-zero element in the harmonic curvature module.
In this paper, we choose a different approach by identifying a real analogue to the
lowest weight vector in the real harmonic curvature module.

4. MINIMAL ORBITS

Recall that in the case of complex parabolic geometries, obtaining the upper sym-
metry bound is based on the Borel fixed point theorem, which states that there
is a unique closed orbit, which is of minimal dimension, in the projectivization
of H?(g_,g). Then the upper bound is given by dimension of the stabilizer of a
weight vector corresponding to minus the lowest weight (generating the minimal
orbit). The Borel theorem cannot be applied in the case of almost quaternionic
structures, but we still consider the go—orbits in the projectivization of H?(g_1,g)
to find one of the minimal dimension. The following statement is immediate.

Lemma 2. The annihilator of 0 # k; € H? (i = 1,2) is of mazimal dimension in go
if and only if the Go—orbit through k; has minimal dimension in the projectivization
of H*(g-1,9).

We will need the following result on existence of closed orbits. Here we denote by
[v] the projection of a non-zero vector v € V to the projective space PV.

Lemma 3. Let V be a real, finite-dimensional, irreducible L—-module for a real
connected Lie group L, such that the center of L acts by real scalars. Then there
exists 0 # v € V such that for [v] € PV the orbit L - [v] C PV is closed and of
minimal dimension. In fact, any orbit in PV of minimal dimension is closed.

Proof. We may quotient the group by the kernel of the representation, to obtain
a faithful representation, and this will not affect the (projective) orbits. Therefore
we assume without loss of generality that the representation is faithful.

Because the representation is irreducible, [ = Lie(L) is the direct sum of a semi-
simple ideal and a central subalgebra [9, Chapter 3]. Our assumption on the center
action means that the module V is a tensor product of an irreducible module V
over the semi-simple ideal, and a one-dimensional module R over the center.

Let L - [v] be an orbit of minimal dimension d = dim L - [v]. We want to prove it is
closed. Consider the complexification of the group, the action and the representa-
tion. The element v € V40 -4 C V& determines the complex orbit L® - [v] ¢ PV®
of the same complex dimension d (because the annihilator of v in IC intersects [ by
the annihilator of v in [). If the closure of the orbit L - [v] contains another orbit
L - [v'] (necessarily of the same dimension d), then the closure of the complex orbit
LE - [v] contains the complex orbit LC - [v/] (again of the same complex dimension
d). To exclude the latter note that the action of LE on PV is algebraic, because
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both the semi-simple action on V§ and the central action on C are algebraic [13,
Chapter 3]. But then the boundary of any orbit can only contain orbits of strictly
smaller dimensions, which are less than d, cf. proof of Corollary in [13, III;§1.5].
Since such are non-existent in the real case, this proves the claim. O

Let’s consider the minimal orbits in the projectivizations PH? and PH2 of both
irreducible components of H2(g_1, g).

Conjugacy classes of parabolic subalgebras are in bijection with conjugacy classes
of Z-gradings of semi-simple Lie algebras g = g ® ... ® gx. If g has a proper
non-trivial parabolic subalgebra p, then there exists an element Z € g which acts
diagonalizably on g, with an eigenspace decomposition of the form adz|y, = nld,,
such that the direct sum of the non-negative eigenspaces equals the parabolic sub-
algebra p = g>¢. This Z is called a grading element for p. Changing the grading
element Z to Ad,(Z) for any p in P C G we get another grading element and
another grading of g. Moreover, given a grading of g, the subalgebra p = g>¢ of
non-negative gradation is parabolic (all parabolics arise in this way [4]).

Recall that in the quaternionic case go = sp(1) + RZ + sl(n,H). Let V be a go-
module which is irreducible under the restricted representation of sl(n,H). The
group Gy = PGL(n,H) acts effectively on PV, and the Lie algebra go = sl(n, H)
is simple. Consider the following parabolic subgroups of Go: H = P, in the case
n=2,and H = ]5272,1,2 in the case n > 2 (tilde in P indicates that numeration of
the parabolics is with respect to G, the indices indicating the crossed nodes on the
Satake diagram of gg). This parabolic determines the grading on gy with respect to
which the parabolic (go)>o is equal to hh = ho @ by as a vector space, where

bo = sp(1) @ gl(n — 2,H) & sp(1) D RZ’,
by = by @ bha = beis(8n — 12, H).

Here heis(8n — 12, H) is the quaternionification of the real (nilpotent) Heisenberg
algebra heis(2n—3), and Z’ is a grading element in §o. The action of heis(8n—12, H)
on H" is given by n X n quaternionic matrices with zeroes everywhere except for
the first row and the last column, and with zeroes on the diagonal.

To distinguish the summand sp(1) in go from those in hy we will use the notations
5p(1)1ees and sp(1)yigne for the latter (marking them in the appearing order).

The grading element Z’' € gy acts on V, and V decomposes as V = &;Vy, with
respect to the action of Z', where Z'|ly, = 0;Idy, , and 0; is real for all i. Indeed, the
weights \ of the representation V are rational linear combinations of the roots of g,
hence the eigenvalues A\(Z’) of Z’ on V can be rationally expressed via eigenvalues
of Z' on go, which are integers. Therefore, exp(tZ’) = @iew"ldvei. For p € by, we
have [Z',p] = p = Z'p — pZ'. This implies that for all v € Vy, we have

Z'-(p-v)=(p+pZ)-v=(1+06)(p-v),
which implies p-v € Vg, 4.
Lemma 4. Let V be an irreducible go-module and 0 # v € V. Suppose that

the orbit Gy - [v] € PV is closed. Then there exists 0 # w € V, = kerb,,
Omaz = max;{0;}, such that [w] € Gg - [v].

max

Proof. Decompose v = Zai vp, into Z'-eigenvectors as above. Let vg, be the non-
zero component of the greatest index. If 0; < 0,4, then, due to irreducibility,
there exists p € by such that p- v, # 0 (in the opposite case v generates a proper
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submodule). Then wy = exp(7p)v for small 7 > 0 has a non-zero component in
Vo, +1. Repeat this procedure for wg, w1, . . ., wg—1 until wy, has non-zero component
in Vg, (if 0; = Opnas then wy = v). This takes a finite number of operations,
because 0,4, is finite, and the index 0; € [—Opax, Omax] is incremented by a fixed
amount on each iteration. Since the greatest eigenvalue dominates and the orbit of
v is closed, the limit (w) = tligloo et (wy,) € PVy,  exists. Here (wy) = R - wy.

max

Moreover, there exists an element w in Vy, which is projected to the limit (w). O

Note that the proof of Lemma 4 would work if we switched out h for any parabolic
subalgebra in gg, but the particular choice h will turn out to be well adapted to
describing the minimal orbits in those modules we are interested in.

4.1. Minimal orbits in the curvature module. The irreducible Gy-submodule
HZ2 C H?*(g_,g) will be denoted in this subsection by V! to indicate its homogeneity
2. Since the grading element Z acts on it by multiplication by 2, it cannot be in the
annihilator of ko. It follows from the description of the (complexified) curvature
module in the previous section that the action of sp(1) preserves ko and is always
contained in the annihilator. Therefore we can restrict our attention to the action
of go = sl(n,H). With respect to it the curvature module has the highest weight
w1 + 3wan—1 (we flip the Satake diagram), and hence can be identified with an
irreducible real Gofmodule

VH _ SéH*n ® Hn

Here ® denotes the Cartan product (kernel of the tensor contractions), and we use
the complex notations (the complex tensor products are taken with respect to an
arbitrary invariant complex structure, say I € ImH C End(H"), whose choice is
inessential). For real description we refer to [4, Proposition 4.1.8], see also Remark
5, but we use the complex notations (even in describing the real objects).

We would like to find a Gg-orbit of minimal dimension (closed by Lemma 3) in
PV, Due to Lemma 4 we can assume it is represented by a non-zero element
w e Vg = ker ;.. The element w has pure grading with respect to Z’ and hence

max

2 1
its annihilator in §o is also graded: ann(w) = & ann(w), (= @ ann(w), for
s=—2 s=—1

n =2). We already know that ann(w); = bh.
Lemma 5. We have: ann(w) N (go)— =0, d.e. ann(w)_ = 0.

Proof. Let us consider the case n > 2 (The case n = 2 is a simple adaptation).
The ho module (§o)—1 is reducible — it is the sum of two irreps: (§o)_; = (the
first column in the matrix from sl(n,H) with the first and last entries zero) and
(§0)”, = (the last row in the matrix from sl(n,H) with the first and last entries
zero). This is also true when we restrict to sl(n — 2, H) C by.

Let ¢ = ¢’ 4+¢"” € ann(w)_1 be non-zero. Due to the highest weight of the curvature
module, s[(n—2,H) C ann(w), and both (§o)"_; and (§o)”; are sl(n—2, H)-modules,
so we conclude that at least one of (§o)"_; and (§o)”; is entirely in the annihilator.
But then, since h; C ann(w) (and computing the brackets), we conclude that at

least one of sp(1)je; and sp(1)igne is entirely in ann(w), which is impossible.

Thus ann(w)_1 = 0. If there is 0 # ¢ € ann(w)_s, then taking brackets with
b1 C ann(w) we get a non-zero element in ann(w)_1, which is impossible by the
above. This contradiction proves the claim. O
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As already noted in the above proof, due to the highest weight, sl(n — 2, H) acts
trivially on VI and so from h§* only sp(1)? = sp(1)iere ®5p(1)right acts non-trivially.
With respect to this algebra the module V},Im” has highest weight wy + 3we, and
as an irreducible real module it has real dimension 8. We want to maximize the
annihilator of an element w.

Lemma 6. Dimension of the sp(1)2-orbit through a non-zero element w € V‘Iglmw
is either 5 or 6. Thus nontrivial annihilator can be only s0(2) C sp(1)? of dim = 1.

Proof. The complex sp(1)2-module ngc.,x ® C of the highest weight wi + 3ws is
the outer product of the irreducible sp(1)-modules C? and S2C?. The algebra
sp(1)? is a compact real form of the rank 2 algebra sl(2,C) @ sl(2,C), therefore
the subalgebra of dimension 2 is a Cartan subalgebra t?, which is unique up to
conjugation. Any subalgebra of dimension > 2 contains a Cartan subalgebra, but
2 does not annihilate any vector in the module. Therefore the maximal possible
annihilator dimension is 1, and any subalgebra of dimension 1 is isomorphic to
50(2). This is realized by annihilator of the highest weight vector, and its real part
has the same annihilator. This annihilator is generated by 3eiest — €right, Where ejef
and eyigne are generators of Cartan subalgebras in the two ideals of sp(1)2. O

Corollary 7. The largest annihilator of a non-zero w € VIQIMI with respect to the
action of go is sp(1) ® (s0(2) ® R @ gl(n — 2,H)) x by, where R is generated by a
suitable linear combination of the grading elements Z and Z' of g and §o.

We realize this annihilator in complex notations as follows. Let H* = H; &... ¢ H,
and v, be the standard basis of H,, (v = 1,4,7,k), v, be the real dual basis,
m = 1,...,n. Denote by ¢, s € sl(n,H) the matrix that contains ¢ on the r-th
row and s-th column, and that contains zeros elsewhere. The action on H"™ is
qr.s - vt = (qU), 05 ¢ and the action on H*" is minus the transpose.

Let w = 12* ® 1; € VI (this element is contained in the Cartan product because
(1%,11) = 0, so the tensor contractions yield zero). Then ann(w) in go is generated
by ¢rs for 1 <r <mn,1<s<n(q=1,i,75,k), where if r = s and ¢ real we have to
compensate by 1, , +3- 111, and the element i,, ,, + 3 -¢1 1. To get the annihilator
in go we add sp(1) and the element Z + 111 — 1, .

Remark 5. The element w = 133 ® 1; € VI is actually written in complex tensor
notation. To get it as a real tensor, one should project the corresponding real tensor
product to its complex linear submodule, and then take another projection to a self-
conjugate submodule with respect to an invariant complex conjugation. We note
that the first projection depends on the choice of invariant complex structure. We
choose i € Im(H). Then

proj; (1 @ 11) = + (1 ®@ 11 + 3 - 1% @iy — 3 1502 @ 1y — i @ iy).

A complex conjugation can be chosen as (right) multiplication by j of all tensor
factors of a monomial, extended by linearity. A stable element is then given by the
projector projg, to the self-conjugate submodule.

proju. (proj; (15 ®11)) = (12 @ 1, +3 - 1% @4y — 3- 1502 @ 1, — i’ @ i1+
it @30k @k =3 jrk? @ 1 — kP @ k).

Note that the symmetric tensor products come with factors of %, which will cancel

out the factors of 3 in our formula, so that e.g. the coefficient of 1} ® 1% ®i} @iy is L.
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The tensor proj,.(proj;(1:* ® 11)) has the required annihilator, index symmetries,
vanishing contraction, and so can serve as a generator of the real curvature module
under the action of sl(n, H).

Taking the semi-direct product of the annihilator in gg and the Abelian algebra H",
we get the graded algebra a¥" of maximal dimension provided 0 # vy € VI

qbm — (5p(1) ® (s0(2) ®R @ gl(n — 2,H)) x heis(8n — 12,]1-]1)) x H™.

This will be shown to be associated to the filtration on the symmetry algebra s of
a geometry with ko # 0 in the next section.

4.2. Minimal orbits in the torsion module. The irreducible Gy-submodule
H? C H?(g_,g) will be denoted in this subsection by V! to indicate its homogeneity
1. Tt is a quaternionic module. From the weighted Dynkin diagram (our Satake
diagram in Section 3 with all nodes white) we see that the the complexification V!®
C is an outer product of the sp(1)-module SEH and the s[(n, H)-module AZH*" ©H"
(this Cartan product is the kernel of the contraction AZH*" @c H" — H*"). We
refer to [4, Proposition 4.1.8] for the description of V! as the real module.

One could expect that a generator of a minimal orbit can be realized as the tensor
product of such generators in each factor, and this is indeed the case. A minimal
non-zero sp(1)-orbit in SZH can have dimension no less than 2, because the maximal
proper subalgebra of sp(1) is of dimension 1. This means that any element of the
torsion module which achieves maximal stabilizer in sl(n,H) and a stabilizer of
dimension 1 in sp(1) generates a minimal orbit.

Thus, we analyze the torsion module under the action of §o = sl(n, H) alone, which
yields
VI _ C4 ®c A%H*n @Hn,

where the first factor C* is a trivial module. This decomposes as a direct sum of
modules isomorphic to AZH*" ®H". One can always find a minimal orbit in a com-
pletely reducible module which is contained in an irreducible summand. Moreover
this orbit is closed by Lemma 3 and we again utilize Lemma 4 to ensure that the
minimal orbit has an element in ker h,. Using the grading element Z’ of go we
identify Vémw =kerbh,.

Since the module A(QCH*” ® H™ has highest weight w1 + wa,—2 and is quaternionic,
so dimpg Vémz = 4. Taking 0 # w € Vlemw (of pure grade), its annihilator is a
graded algebra (containing b ).

Lemma 8. We have: ann(w) N (go)— =0, i.e. ann(w)_ = 0.

Proof. Let us consider the case n > 2 (The case n = 2 is a simple adaptation).
First, we show that the evaluation map (§o)—1 ® Vj  — V! is injective. Take
any element ¢ = ¢ +¢” € (§o)-1 = (80)_1 @ (80)” 1, where the latter splitting
into irreps is the same as in the proof of Lemma 5. Using the same argument as
in this proof, given a non-zero annihilator element in one of these submodules, we
conclude (because sl(n — 2,H) is in the annihilator) that the whole submodule is
in the annihilator. So it is enough to check injectivity of the action on the two
elements only, which are ¢; ; and ¢;, , for 1 <s <n.

Notice that Vi = {15 Ajr ®wv : v € H}. If ¢ = ¢, then the action is
q- (L, Ajn@v1) = 1, Ajn @ (qu)s # 0, and if ¢ = ¢ ,, then the action is

q- (1 A jp @) = =g Ajp + 15, A(¢")5) @ w1 # 0. Thus ann(w) N (go) -1 = 0.
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The rest mimics the proof of Lemma 5: if a non-zero annihilator element exists in
(§0)—2, then bracketing with h; we obtain a non-zero annihilator element in (gg)_1
which is a contradiction. O

Thus it remains to consider the action of hg on V};m”. Since in the semi-simple part
ho® = sp(1)1ert B 5I(n—2, H) Bsp(1)rigns the last two summands are in the annihilator
(because of the weight of the representation), this reduces to considering VI , as
5p(1) = sp(1)es-module (of the highest weight wy). This is the standard 1eft action
of sp(1) on H, any element of sp(1) acts as a complex structure, and so this part
gives no contribution to the annihilator of any 0 # w € VI . Also, similar to the
curvature module, a combination of the grading elements acts trivially.

Corollary 9. The largest annihilator of a non-zero w € VIQmam with respect to the
action of go is s0(2) ® (R @ gl(n — 2, H) & sp(1)rignt) X by, where R is generated by
a suitable linear combination of the grading elements Z and Z' of g and §p.

Let us give the generators of this annihilator in the complex tensor notations.
Fixing w = 1} A j} ® 11 (again this element is contained in the Cartan product) we
conclude that ann(w) in §o is generated by the elements vy, , (v = 14,7, k) and the
elements ¢, s for 1 <r <n,1<s<n(qg=1,i7k); if r =s and ¢ is real, then
gr,s is compensated by 1,, , +2- 17 ; to belong to go. To get the annihilator in g
we add one element from sp(1) and the element Z + 1,1 — 1, ,

Taking the semi-direct product of this annihilator and the Abelian algebra H", we
get the graded algebra a¥! of maximal dimension provided 0 # 1y € VI

a¥t = (50(2) & (R gl(n — 2,H) & sp(1)sign) ¥ heis(8n — 12,H)> x H.

This will be shown to be associated to the filtration on the symmetry algebra s of
a geometry with x1 # 0 in the next section.

Remark 6. The annihilator algebras from Corollaries 7 and 9 are very similar but
not isomorphic. The following is an explanation of this phenomenon. We reduce
the curvature- and torsion-modules via the parabolic subalgebra ps 2,—2 (or ps for
n = 2) of sl(n,H). This yields the diagrams

3 -3 0 1 0 0 0 O 0 1
o X— 0 —X—e—0—: - —O0—80—X—®
0 —4 3 0 0 0 0 0 0 1
o X— 0 —X—0—0—: -+ —O0—0—X—®

We note that the numbers above connected pieces correspond to the action of a
semi-simple subalgebra, and the numbers above crosses only affects the scaling
factors of the center of go. Omne can express this by the diagram with crosses
removed

0 1 3 0 O 0 0
[ ] L] [ ] *—O0—:: - —O0—0

that is the same for the two modules, after a permutation. Hence the contribution
from g§® to the annihilator must be abstractly isomorphic in the two cases. The
difference then comes from the action of g§° on b.

5. REALIZATIONS OF SUB-MAXIMAL MODELS

In the previous section we found the annihilator algebras a¥' and a%'" of maximal
dimension that is {{ = 4n? — 4n + 9 in both cases. To prove this is realizable, we
follow the idea of [12, §4.2] and deform the graded bracket structure on a to obtain
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a new filtered Lie algebra f. We use the real highest weight vector in our modules
(that correspond to the minus lowest weight vectors of the duals - note that we
used flip of the Satake diagram in our construction).

This is expected to correspond to the symmetry algebra of a submaximally sym-
metric model, which is (non-flat) homogeneous with the isotropy being f>¢ = ag
(because of the prolongation-rigidity), and we show it is the case.

To do this we follow the approach in [12, §4.1] that allows to establish an abstract
model, basing on the extension functor construction. However we also provide
explicit matrix models of the corresponding almost quaternionic manifolds (M, @),
for which the direct computation confirms the amount of symmetry is submaximal
G = 4. We consider the curvature and torsion cases separatetly. The corresponding
theorems imply the main result of this paper.

We consider the cases when non-zero k = (k1, k2) is either (¢1,0) or (0, ). One
could also question if the submaximal symmetry dimension can be achieved when
both torsion and curvature are non-zero, but even though abstractly the maximal
annihilator algebras a¥' ~ a¥1t the discussion in Remark 6 shows that the answer
to the above question is negative.

5.1. Realization of the curvature model. Consider the case of non-vanishing
curvature and vanishing torsion first. In order to realize the symmetry algebra,
the minimal orbit in the abstract curvature module V! needs to be reinterpreted
as a deformation of the graded algebra a¥'. This can be done by finding a G-
equivariant map

b: V= SSH* 0 H" — B = A’H*" ® g,

and using the Lie bracket deformation given by the image b(v) of a generator
0 # v € VI of the minimal orbit Gy - [v].

Lemma 10. The equivariant map b exists and is unique up to scale.

Proof. The real module B is completely reducible, and we compute its decomposi-
tion into irreducible submodules by finding an sl(n, H)-invariant real subspace in the
complexification after applying standard methods from the complex representation
theory of Aa,—1 = sl(n, H) ® C. We have (in complexification H" = C?"):

(AZH*™)C = AZ(2-H*") = 3- AZH* @ S2H*".

Here 2 - H*" means the direct sum of 2 copies of H*", and similarly for 3 - AZH*".
The Cartan product S2H*" ® adg(,, ») has the same highest weight as V', and so
is isomorphic to it as a complex As,_1-module, with the isomorphism mapping the
s[(n, H)-invariant real submodules into each other. This is the unique submodule
in B of the required isomorphism type, so the map b is defined and is unique up to
scalar multiplication (since Endg, (V') = R, this scalar is a real number). O

We construct b in the complex tensor notations as in the previous section.

Proposition 11. The bracket deformation on an extremal generator w € Vi |

max

corresponding to a minimal orbit Gy - [w] in PV is given by the formula:
b(w) =(iz A gy = 1, Akp) ® (i, @ 1y — 15, ® Ji + i, @ by — ki, @ 1)
—(L, A +in ANky) @ (15, @ 1y + 4, ® 41 + Jip, @ J1 + ky, @ k).
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Define the deformed Lie bracket on the space of a¥! via b(w):

[ I = [ Jawn + 0(w) ().

Similarly to [12, Lemma 4.1.1] one can check that this is a Lie bracket (the Jacobi
identity holds), and the space a%! equipped with it is a new (now filtered) Lie
algebra fi1.

This deformation changes the Lie brackets of the previously Abelian subalgebra H",
and this subspace H,, C H" becomes non-Abelian. The new bracket component
takes values in the center of the subalgebra heis(8n — 12, H):

[H,,, H,]s, C 3(heis(8n — 12, H)).

Notice that the semi-simple Levi factor of the symmetry algebra is unchanged by
this deformation: §§f = (a¥1)** = sp(1) ® sl(n — 2,H). Due to the presence of the
subalgebra sl(n — 2,H) x H"~? in fi;, a sub-maximal model can be realized as a
direct product (although this notion is coordinate dependent) of the flat structure
H"~? and a sub-maximal structure of dimension 2.

Although the symmetry algebra is not solvable, its solvable radical acts locally
transitively, which allows us to integrate the algebra and produce a coordinate
description of the model. For n = 2 the operator I on H? = R8(hy, ..., hg) is given
by the matrix

0 -1 0 O
(A G |1t 0 o0 o
I‘(o BI>’AI_ 00 0 1
0O 0 -1 0
0 2h% - a2 —2 hg h4 2 hQ hg
B :i 042—2h% 0 2h2h3 2h2h4
=02 | 2hohy  —2hohs 0 2h3 — o?
—2 hQ h3 —2 h2 h4 a2 — Zh% 0
0 h2(2012 - 3h§) h3 (Oé2 - 3h%) h4(0(2 - 3h§)
Ct _ 1 h2(4042 — Sh%) O *h4(hg + a2) h3(h% + (12)

I _ﬁ h4(3h% - a2) h3(3h% + a2) hg(?)h% + hi) 2hohshy
hs (a2 — 3h%) h4(3h% + 042) 2hohszhy hg(h% + 3h421)

hohs + hgh7 + hyhg  —hahe — hzhg +hshr 0 0

" i hohg — hshg + hah7  hohs — hshy — hshg 0 0
a? | hohy — hshs — hahe —hohg + hshg — hahs 0 0
hohg + hshe — hahs ~ hoh7 4 hahs +hahg 0 0

(note the transpose). Here o = h3 + h3 + hj. The operator J is given by

0 0 1 0
(A Oy 1o o0 01
J‘(o BJ)’AJ_ -1 0 00
0 -1 0 O
0 —2h2h3 2h3h4 0[2 — Qh?))
B, — i 2h2h3 0 a2 — th) —2h3h4
7 a2 —2h3h4 2h§ — a2 0 —2h2h3

2/7,% - Oé2 2h3h4 2h2h3 0
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3h4a2 h3 (Gh% - a2) h2 (6h§ - 0[2) 6h2h3h4
Ct _i hg(Gh% - 5a2) —3h40[2 2h2h3h4 h2 (30[2 — th)
J 74042 —6h2h3h4 3h2(042 — th) h3(/82 - 4h§) h4(30[2 — 4h£2)’)
h2(6h§ — 042) —6hohshy —h4(30¢2 + 4}7%) h3(,82 — 4h421)

hoh7 — hshs + hahg 0  hghe + hshgs — hahy 0

I i —hohg — hshg — hahs 0 —hohs + hshy + hahg 0O
a2 | —hohs — hsh7 +hgshgs 0 hohg — hshe + hahs 0
hohe — hahs — hahe O —hohy — hahs — hahg 0

(note the transpose). Here 32 = h3 — h3 — h3. Then we let K = 1.J.

To get the quaternionic structure for general quaternionic dimension n, re-denote
the above operators for n = 2 by [(5) and J(). Now let I be given as the block
matrix with () in the top 8 X8 block, A; on the following diagonal 4 x 4 blocks and
zeroes elsewhere. Similarly let J be given as the block matrix with Ji,) in the top
8 x 8 block, A; on the following diagonal 4 x 4 blocks and zeroes elsewhere. Define
K = IJ. Denote the obtained quaternionic structure (I, J, K) by Q.

Theorem 12. The quaternionic structure (M,Qr) has symmetry algebra sip of
submazimal dimension Sy = 4n? — 4n + 9.

Proof. The proof of [12, Lemma 4.1.4] gives the abstract parabolic model via the
extension functor construction. The symmetry algebra s of this model contains (by
construction) the deformed algebra fi; constructed above. Thus we already have at
least G2 symmetries. Since this coincides with the universal upper bound s = 41,
there can be no more symmetries: si; = fi1. O

Remark 7. There is a reductive decomposition s = h + m, where m = g_; = H".
Moreover, we have [m, m] C h. Thus (h, m) is a symmetric pair. This reflects the fact
that the submaximally symmetric quaternionic geometry is a locally affine symmet-
ric space in the sense of [14]. Direct computations (in Maple’s Differential Geometry
package, for n = 2) gives locally a unique quaternionic invariant connection and
this connection has vanishing torsion and parallel curvature. Thus the connection
corresponds to the canonical connection on the symmetric space for the pair (h, m).
This local connection is hypercomplex for the above I, J, K, and it is the unique
Obata connection [1]. Because the structure is torsion—{ree, the connection is also
one of the Oproiu connections and determines the class of Oproiu connections on
the submaximal model. Moreover, the connection is Ricci—flat and its curvature
coincides with the quaternionic Weyl curvature (and in particular it is harmonic).
However, Oproiu connections in the class are not Ricci-flat in general. Finally, di-
rect computation shows that there is no invariant metric (of any signature) on the
submaximal model.

5.2. Realization of the torsion model. The case of non-vanishing torsion and
vanishing curvature can be treated similarly. In this case, we immediately interpret
the element
w=1,Ajr 1

as a deformation to the graded algebra a¥!, so the deformed Lie bracket on the
space of a¥! is

[’ ]ﬁ = [’ ]uwl +w(’ )
As in the curvature case, the previously Abelian subalgebra H"™ will become non-
Abelian, but in this case we have

[HLHI]TI Cc H, C Hn,
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which means that H” remains a subalgebra. It is a nilpotent ideal of the algebra
f1 acting locally transitively on the corresponding (local) homogeneous model F'/K
(cf. [12, Lemma 4.1.4]). Therefore, the minimal model is locally equivalent to a left
invariant structure on the nilpotent Lie group corresponding to (H", [, |j,).

As in the curvature case, the semi-simple Levi factor of the symmetry algebra is
unchanged by the deformation, and due to the presence of sl(n—2, H) the model can
once again be realized as a direct product of a submaximal structure in quaternionic
dimension 2 and a flat structure in quaternionic dimension n — 2.

The matrices for n = 2 in the torsion case turn out to be considerably simpler than

in the curvature case. Namely, the operators I and J on H? = R8(hq,...,hg) are
given by the following matrices and IJ = K.
0 -1 0 0 0 hy O O
1 0 0 0 hy 0 0 O
o 0 o0 1 0 O o0 O
| o 0 -1 0 0 O 0 O
o 0 o0 o 0 -1 0 O
o 0 0 o 1 o0 o0 O
o 0 0 o0 o0 0 o0 1
o 0 0 o 0 O -10
0O 0 1 0 0 0 —h7y O
0 0 01 0 0 0 O
-1 0 0 0 —=hy O 0 O
J— 0 -1 0 0 O 0 0 0
0o 0 0 0 O 0 1 0
0O 0 0 0 O 0 0 1
o 0 00 -1 0 0 O
o 0 o0 O -1 0 O

To get the quaternionic structure for general quaternionic dimension n, we again
extend the above I by the 4 x 4 block-matrices that form the block-diagonal of the
8 x 8 matrix, and do similarly for J; then we define K = IJ. Denote the obtained
quaternionic structure (I, J, K) by Q.

Theorem 13. The quaternionic structure (M, Q1) has symmetry algebra sy of sub-
mazimal dimension &1 = 4n? —4n + 9.

Proof. The proof mimics that of Theorem 12, and we conclude &; = 3 = i, and
therefore s7 = fi. O

Remark 8. The submaximally symmetric almost quaternionic geometry of torsion
type is locally representable as a group. Such structures always have at least a one-
parameter family of invariant connections [14]. Direct computations (in Maple’s
DifferentialGeometry package) shows that (for n = 2) there is a six-parameter
family of invariant connections, each with vanishing curvature and parallel torsion.
However, only a two-parametric sub-family is quaternionic, and all the invariant
quaternionic connections are hypercomplex. Among all these connections, we can
find exactly one connection such that its torsion coincides with the structure torsion
of the hypercomplex structure, and this is the Obata connection of the hypercom-
plex structure [1]. However, the structure torsion of the hypercomplex structure
differs from that of the almost quaternionic structure, because the submaximal
model has non-vanishing (harmonic) torsion. There is no invariant quaternionic
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connection such that its torsion coincides with the structure torsion of the almost
quaternionic structure. Thus, no Oproiu connection is invariant. Clearly, the class
of Oproiu connections is invariant, but unlike the quaternionic submaximal model
(torsion—free with curvature), there is no fixed point in the class.

Remark 9. Suppose the almost quaternionic structure @ is induced by an almost
hypercomplex structure I, J, K. Then the hypercomplex symmetry algebra consists
of the quaternionic symmetries that preserve each of I, J, K by itself. In particular,
the almost hypercomplex structure inducing the sub-maximal quaternionic struc-
ture @ has hypercomplex symmetry algebras of dimension 4n? — 4n + 6, while
that for the almost quaternionic structure @Q; has that dimension 4n? — 4n + 8.
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LOCAL GEOMETRIC CONTROL OF A CERTAIN MECHANISM
WITH THE GROWTH VECTOR (4,7)

JAROSLAV HRDINA AND LENKA ZALABOVA

ABSTRACT. We study local control of the mechanism with the growth vector
(4,7). We study controllability and extremal trajectories on the nilpotent
approximation as an example of the control theory on Lie group. We give
solutions of the system an show examples of local extremal trajectories.

1. INTRODUCTION

Originally, the general trident snake robot has been introduced in [11]. Let us
recall that the trident robot is a mechanism composed of three snake-legs, each
connected to an equilateral triangle root block in its vertices [10, 11, 12, 21] for
further details. Generally, the branches can be multi-link, assumed that each link
has its own passive wheel, which provides footing for the robot. Active elements,
which affect controllability, are placed on branches. Its simplest non—trivial version,
corresponding to one-links, has been mainly discussed, see e.g. [12, 10, 21]. In this
case, the control distribution is that of the growth vector (3,6) [20].

We are interested in the modification corresponding to one or more prismatic
joints such that the control distribution will be a that of the growth vector (4, 7).
Local controllability of such robot is given by the appropriate Pfaff system of ODEs.
The solution space gives a control system ¢ = Y u;X; where the vector fields
X1, X5, X3, X4 describe the horizontal distribution and u : R — R* is the control of
the system. Consequently, the system is controllable by Chow—Rashevsky theorem
[1, 14, 5], see Section 2.

We construct a nilpotent approximation to get nilpotent Lie algebra and cor-
responding Lie group to study the controllability of approximated left invariant
control system, see Section 3. We study geometric properties and symmetries of
the nilpotent approximation in Section 4. We use the theory of Hamiltonians and
Pontryagin’s maximum principle to study local control and extremal trajectories,
see Section 5. In particular, we provide analysis of the system and present explicit
solutions.

2. ANALYSIS OF THE MECHANISMS

In this Section we describe a mechanism that is a modification of the trident
snake robot (for more details see [10, 11, 12, 21]). We present our mechanisms
as a new example of non-holonomic systems with multi-generators and discuss
local controllability of our mechanism based on the principles of non-holonomic
mechanics.

2.1. Description of the mechanism and its movement. In the sequel, we
study a generalized trident mechanism which consists of a root block in the shape
of an equilateral triangle with three 1-link branches with variable length. Each of

2010 Mathematics Subject Classification. 53C17, 93C15, 34HO5.
Key words and phrases. local control, sub-Riemannian geometry, Pontryagin’s maximum prin-
ciple, nilpotent Lie group.
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FIGURE 1. Description of the mechanism

the branch is connected to one vertex of the root block and they form prismatic
joints. Second leg is in addition connected to the root block via the revolute joint,
connection of the two remaining is fixed. Each link has a passive wheel on its
branches, which is assumed neither to slip, nor slide sideways.

The configuration space of the planar mechanism in question corresponds to a
manifold that locally coincides with R” (but not globally). Since we study local
problems, we can consider the configuration space to be R? with the coordinates
(z,9,0,p,01,02,05). With respect to a fixed coordinate system, the first three
coordinates describe completely the global position of the mechanism in the plane.
The coordinates x and y give the position of the centre of mass of the root block
in R? and 6 gives the amount of the counter-clockwise rotation. Remaining four
coordinates represent the input for the mechanism’s active elements. Thus as active
elements we consider the revolute joint of the branch £ with the root block, namely
, and prismatic joints, which can change absolute lengths of branches ¢;, /> and
{3, see Figure 1.

To provide the description of the robot’s movement, we shall only point out that
we do not get any singularities as long as the robot’s configuration satisfies that
0 < ¢; and ¢ is not too far from 0.

Using the method of moving frame, the kinematic model is the set of equations

for i—th wheel position in the form
x; =+ cos(f + ;) + £; cos( + ),
yi =y +sin(0 + o) + ¢; sin(0 + o),

(1)

for ¢+ = 1, 3, where oy = *%7‘(, ag = %w, and

) T = x + cos(f) + Lo cos(0 + v),
® y2 =y + sin(f) + Lo sin( + ).

Consequently, we differentiate the position equations (1) and (2) with respect to
time ¢ and obtain the velocity equations as follows
i‘,’ =T — sin(ﬂ + Oéi)é — Ez sin(0 + 047,)0 + COS(0 + O‘i)éia
Ui = 9 + cos(0 + ;)0 + €; cos(0 + a;)0 + sin(0 + a;)é;,
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: 2
for i = 1,3, where oy = — %7, ag = 57, and

2
3
iy = & —sin(0) — Lo sin(0 4 ) (0 + @) + cos(0 + )la,
o =1+ cos(6‘)9 + 45 cos(f + <p)(9 + &) +sin(0 + @)ég.

The conditions preventing slipping lead to the non-holonomic constraints of the
form

(
(

where 1 = 1,3, a; = —%w, ag = %7‘( and - is the Riemannian scalar product on the
Euclidean space R?. We obtain the following differential kinematic equations, so
the movement of the mechanism is described by the Pfaff system of three nonlinear
homogeneous equations

sin(0 + ), cos(0 + o)) - (24, 9;),
sin(6 + ), cos(0 + ¢)) - (£2,92),

0
0

2 2
0=—sin(d — ?ﬂ-)dx + cos(6 — %)dy + (14 41)do,
(3) 0= —sin( + ¢)dx + cos(0 + ¢)dy + (— cos(¢) + €2)d0 — Ladp,

2 2
0= —sin( + %)dx + cos(0 + %)dy + (1 + £5)do.

2.2. Local controllability of the system. The space of solutions to the system
(3) forms four dimensional distribution on the configuration space, so—called hori-
zontal distribution. It follows from (3) that the solution space always contains the
vector fields Xy := 0y, , X3 := Op, and Xy := Oy, as generators. In the case ¢ # 0
the last generating vector field X; is a combination of 0,,0,,0s and J, which is
generically complicated and we do not need to write it here in the biggest generality
while X1 = 0, in the case £ = 0. In fact, from the mechanical point of view, zero
length of each leg makes no sense, so we suppose in the following that ¢; > 0.

We can equivalently rewrite the solution space of the Pfaff system (3) in the
following form

(4) q = u1X1(q) + u2X2(q) +uzX3(q) + uaXa(q),

where ¢ = (x,y,0, ¢, 1,02,03). This is a 4-input symmetric affine control system.
In general, controllability of symmetric affine systems is completely characterized by
the controllability Lie algebra by Chow—Rashevsky’s theorem [14, 23, 19]. Control
system (4) satisfies the Chow’s condition at the point ¢ if Lie(X7, X, X3, X4)(q) =
T,R”, where the controllability Lie algebra Lie(X1, Xa, X3, X4) is the Lie algebra
generated by X;, Xo, X3, X4. In this case point ¢ is regular and can be connected
with any point in a suitable neighbourhood of ¢ by a horizontal trajectory. If the
Chow’s condition is satisfied at all points (of a connected space) then any two points
can be joined by a horizontal trajectory and the system is locally controllable.

In our case, mechanical description leads to an observation that local con-
trollability depends on the shape of the mechanism only, not on its configura-
tion in the plane. In other words, regular points have to be invariant with re-
spect to the rigid body (Euclidean) transformations of the plane. So we choose
x =y =0and 0 = 5 without loss of generality. In particular, for points of the
form qo = (0,0, %, 0, {1, £2,£3) the vector fields

_ (61 — £3)V/3 1 sin(@)v3(¢1 — £3) + 3cos(¢)(L + 1) 4 30,
M= 0o+ =0 = 7O + 30,1

Xo =04, Xg=0, Xi=0y,

9y
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generate the solution space of our Pfaff system, where we denote L = ¢ + {3 +
2. Moreover, at qg, the controllability Lie algebra is obtained by the Lie bracket
operation as

—2(f3 +1 1 —2si l3+ 1) + /3 cos(p) + /3¢
X12 = [X17X2] = \(/5112)81/ — ﬁag + 511’1(()0)( 3 \/)§€2L2 COb(gp) 26¢,
sin(g) (€1 — €3) + V3 cos(p)(L + 1)
Xi3:= X4, X3] = Do,
1= X ) V303L 4
26 +2 1 2sin(p) (61 + 1) + V3 cos(p) + /3¢
X4 = [X1, Xy] = ﬁ y — ﬁae + (p)th NCTNE ) 20,

and remaining brackets are trivial. Then the matrix G consisting of coordinates
of vector fields X1, Xo, X3, X4, X12, X13, X14 spans full tangent space R” as long
as det(G(qo)) # 0 and the system is locally controllable at go. Thus our system
is locally controllable at gy (and without loss of generality everywhere because of
mechanical meaning) because 5 # 0 and L # 0.

We consider the filtration A' = (X1,..., X4) C A? = (Xy,..., X4, X12, X13, X14).
We have dim Al(q) = 4 and dim A?(q) = 7 at all points and we have filtration with
the growth vector (4,7).

2.3. Remark on corresponding dynamical systems. If we restrict our consid-
erations only to nontrivial movements of the root block, i.e. movements in the X;
direction or in the direction of iterated bracket of X; and X; for i = 2, 3,4, we can
use methods of dynamic pairs.

In general, each control affine system

b= X(@)+ Y uyY;(a)

on a manifold M, where X,Y7,...,Y,, are smooth vector fields on M and u =
(u1,...,un,)T are controls, defines a dynamic pair (X, V'), where V is a distribution
spanned by Y7, ..., Y,,. Then there is a sequence of distributions defined inductively,
using Lie bracket, by V9 := V, V*!:= Vi [X, V] and one imposes the regularity
conditions [13, §]:

tkVi=(i+1)m, fori=0,...,k,
VE e (X)=TM.
Then our control system (4) can be adapted to this situation as X := f(q) X1,

where f is an arbitrary non—zero function and Y7 := X5, Y5 := X3,Y3 := X4, and
the regularity conditions are satisfied. Indeed,

Vo = <Y17Y271/3>a
Vl = <Y1’Y27Y37 [Xa Yl]a [X;n]a [X,}fgb,

such that tk V? =3 =m, tk V! =6 = 2m and V! @ (X) = TM. In fact, each f(q)
defines a dynamical system with specific drift and all of them are regular.

2.4. Remark on dual curvature. Following [18, 7], curvature of a distribution
H on a manifold @ is a linear bundle map F : A°’H — T'Q/H defined by F(X,Y) =
—[X,Y] mod H. Denote by H the bundle of covectors that annihilate H. Since
the curvature F is a linear bundle map, the dual of curvature is a linear map
F*: H- — A2H*, called the dual curvature. Because our distribution is equipped
with the growth vector (4,7), the space Im(F™*) is three-dimensional subspace of
AZH*. We can define the Pfafian H- — A*H* as u — F*(u) A F*(u). One can
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see that /\4H;k, q € @, is one—dimensional vector space and the Pfaffian may be
understood as a real valued quadratic form on H+ by choosing a volume form.
Then possible signatures for the Pfaffian are (3,0),(2,1),(2,0),(1,1),(1,0),(0,0).
Note that the signatures (p,r) and (r,p) must be considered as identical because
A*HY is not oriented.

From parabolic geometry point of view, the generic distribution with growth
vector (4,7) corresponds to quaternionic contact structures and split quaternionic
contact structures for signature (3,0) and (2,1), respectively. The distribution
corresponding to our mechanism has signature (0,0) and we will see that it is a
parabolic geometry called generalized path geometry [6]. Let us point out that
there exist different modifications of trident snake robot that lead to the growth
vector (4,7). However, it turned out that all of them have non-regular signature.
We have not found a mechanism with signature (3,0) or (2,1), yet.

3. NILPOTENT APPROXIMATION

We recall a constructive method to approximate vector fields of a nonlinear
control system by a similar system on the same configuration space. The method
leads to an approximate distribution which has a nilpotent basis. The techniques
of nilpotent approximation have been developed by various researchers, see e.g.
[2, 9]. We recall the following concept of orders of functions or vector fields and
distribution weights. Let X;, i = 1,...,m denote a family of smooth vector fields
on a manifold M and C*°(p) the set of germs of smooth functions at p € M.
For f € C*™(p) we say that Lie derivatives X;f, X;X;f,... are non-holonomic
derivatives of f of order 1,2,.... The non-holonomic derivative of order 0 of f at
pis f(p). Then the non-holonomic order ord,(f) of f at p is the biggest integer k
such that all non—holonomic derivatives of f of order smaller than k vanish at p,
ie.

ord,(f) = min{s eEN:Fiy...ise{l,....m}st(Xy - Xi f)p) # O}.

Denote by VF(p) the set of germs of smooth vector fields at p € M. Then the
notion of non-holonomic order extends to vector fields as follows: For X € VF(p)
the non-holonomic order ord,(X) of X at p is a real number defined by

ord,(X) = sup{a eR:ord,(Xf) >0 +ord,(f),Vf € Coc(p)}.

Note that ord,(X) € Z. Moreover, the zero vector field X = 0 has infinite order,
i.e. ord,(0) = co. Furthermore, Xq,...,X,, are of order > —1, [X;, X,] of order
> —2, etc.

3.1. Construction. We construct a nilpotent approximation of the distribution
with respect to the given filtration at point go = (0,0, 5,0,1,1,1). We use Bellaiche
algorithm, which may be found in [4]. Let us point out that all constructions are
local in the neighbourhood of ¢g. In our case, as the first step of Bellaiche algorithm,

the adapted frame
(5) X17X2aX37X43X12aX133X14

was chosen. Then we use four local coordinates (z, ¢, 2, ¢3) as first four adapted
coordinates. The others can be obtained from the original coordinate system by an
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affine change in the form

Y1 = —2x — 2/3y — 86,
4 4 8
6 I P
(6) yp= - gT ot 0,

ys = —2x + 2/3y — 86,
where we use the following conditions:

ar‘qo = Xl(QO)v ah'qo = XQ((]()), af2|qo = Xg((]()), afs|qo - X4(q0),
Iy lgo = X12(90)s Oyslge = X13(q0)s Oyslge = X23(q0)-

Finally, note that the adapted coordinates (z, ¢, {2, {3, y1,y2,y3) are privileged co-
ordinates in the case of adapted frame with growth vector (4,7) [14].

Following [14], we group together the monomial vector fields in Taylor expansions
of the same weighted degree and thus we express X; as a series

X=X 4 XO 4 x4

for i = 1,2,3,4, where Xi(s) is a homogeneous vector field of order s. By [14,
Proposition 2.3.] we set N; := Xi(_l) for i = 1,2,3,4. The family of vector
fields (N7, Na, N3, N4) forms called first order approximation of (X7, X2, X35, X4)
at qo and generates a nilpotent Lie algebra of step r = 2, i.e. all brackets of
length greater than 2 are zero. The family (Ny, No, N3, N4) is called the (homo-
geneous) nilpotent approximation of (X7, Xa, X3, X4) at go associated with coordi-
nates (z, 41, 02,03, y1, Y2, y3)-
In the sequel, by the above algorithm, we obtain the following vector fields:

N1 = 3T - (;/g$+£1 — 1) 6y1 - (62 - 1)3y2 - <\2§I+E3 - 1) 8y3,

Ny =0y, N3 =0, Ny=0y,.

In particular, the family of vector fields (N7, No, N3, N4) is the nilpotent approx-
imation of vector fields (X1, X2, X3,X4) at (0,0,%5,0,1,1,1) in the coordinates
(,y,0, 0,01, L, £3), while it is the point (0,1,1,1, —4, %7?, —47) in the coordinates
(w, 01,02, 03,91, Y2, Y3).-

The remaining three vector fields Nis, N13, N14 are generated by Lie brackets of

(N17N27N33N4) as
Nia = [N1, N3] = 0y,, Ni3=[Ni,N3]=0y,, Nia= [Ny, Ny =0y,.

Note that due to the linearity of coefficients of (N7, No, N3, Ny), the coefficients of
(N12, N13, N14) must be constant.

To show how the nilpotent approximation affects integral curves of the distribu-
tion and the resulting control, we compute the Lie brackets of relevant vector fields.
In Fig. 2, there is a comparison of the Lie bracket motions in the original distribu-
tion (red line) and in the nilpotent approximation (blue line). The following figures
show the trajectories of the root centre point, vertices and wheels when a particular
Lie bracket motion is realized. To simulate the bracket motion of the nilpotent ap-
proximation, we choose the initial state ¢y and apply the periodic input on couples
(N1, N3), (N1, N3) and (N7, Ny4) to receive the displacement approximately parallel
to [N1, Na|, [N1, N3] and [Ny, Ny] respectively [19]. More precisely, for one cycle
we apply

u(t) = —Awsin(wt), u,;(t) = Awcos(wt), u;(t) =0, ur(t)=0
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A) _ B)

> 9 N

— D)

FIGURE 2. Motions of the mechanism in directions: A) Nia, X7,
B) Ni3, X13, C) Nia, X14, D) Ny, X1,

fori € {2,3,4} and j, k € {2, 3,4} — {i}, respectively, all with respect to the control

system (10), amplitude A = 0.4 and angular speed w = %. Then we apply the

same process to original vector fields X7, Xo, X3 and Xj.

3.2. Control theory on nilpotent Lie groups. The above construction led to
vector fields Ny, No, N3, Ny, N12, N13, N14 which determine a 7-dimensional nilpo-
tent Lie algebra n. The computation gives that

[N1, Nao] = Ni2, [N1, N3] = Niz, [N1,Na] = Ny
and the remaining brackets are trivial. The corresponding connected simply con-

nected nilpotent Lie group N ~ R7 with the nilpotent Lie algebra n is then endowed,
in new coordinates (x, 1, £2,¢3,y1, Y2, ys), with the following group structure

x z T+T
£y 0 L+4
€2 EQ £2 + {2
(7) b3 x| 63 = b3+ 13
(7 (7 y1+4+ ?wﬂ? — 0T
() Y2 Y2 + Y2 — o
Ys Us ys + 73 — LBz — 37

and the vector fields Ny, No, N3, Ny, N1s, Ni3, N14 are left—invariant with respect
to the left action given by the group structure. In particular, the vector fields N; for
1 =1,2,3,4 determine a left—invariant distribution D on N, which has the growth
vector (4,7) everywhere.

Altogether, D C T'N defines an invariant 4-input symmetric affine control system

(8) g = u1 Ny + uaNo 4 ug N3 + ug Ny,

with ¢ = (z, 41, 02, ¢3,y1, Y2, ys3), that approximates the original control system. It
clearly satisfies the Chow’s condition and is controllable.

4. INFINITESIMAL SYMMETRIES

We focus on basic geometric properties and infinitesimal symmetries of the nilpo-
tent approximation. By infinitesimal symmetries we mean vector fields such that
their flows preserve the geometric structure at any time [22]. In our case, infinites-
imal symmetries preserve the distribution and also the metric.
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4.1. Generalized path geometries and their symmetries. Let us discuss the
geometric structure that occurs behind the control problem (8). In the previous
section, we constructed a nilpotent Lie group N with a filtered nilpotent Lie algebra
n with the growth vector (4, 7), where the 4-dimensional distribution D is generated
by the left—invariant fields Ny, No, N3 and N4. Consider subbundles E = (Ny),
V = (N3, N3, Ny) in TN. One can see from the structure of Lie brackets that the
following holds:

(1) ENnV =0,

(2) Lie bracket of two sections of V' is a section of E & V, and

(3) for sections £ € T'(F) and v € I'(V) and a point ¢ € N, the equation
[€,v](q) € E; &V, implies that {(g) =0 or v(¢q) = 0.

Such geometric structures are usually called (generalized) path geometries (in di-
mension 7) [6, Section 4.4.3].

General theory [6] says that generalized path geometries have finite-dimensional
Lie algebras of symmetries and in the case of 7-dimensional manifolds, the maximal
possible dimension is 24. This is the case of generalized path geometries that are lo-
cally equivalent to a generalized flag manifold PSL(5,R)/P; 2, where by PSL(5,R)
we denote the projectivised special linear group with Lie algebra sl(5,R), and by
Py 5 the stabiliser of the flag of a line in a plane for the projectivised standard ac-
tion of PSL(5,R). In particular, the Lie algebra of symmetries for such generalized
path geometry is exactly the simple Lie algebra sl[(5,R) and the symmetries with
a fixed point form its 17-dimensional parabolic subalgebra.

There is a general method to find all infinitesimal symmetries of a nilpotent
filtered structure [22]. One can apply this method to our structure (N, EGV C TN)
and it turns out that the symmetry algebra is of dimension 24 and is exactly sl(5, R).
In other words, symmetries of (N, E®V € TN) are left multiplications by elements
of a Lie group with the Lie algebra sl(5,R) and the structure is left-invariant with
respect to this action. From this point of view, N ~ PSL(P,R)/P; 5. Altogether,
nilpotent approximation forms a flat generalized path geometry.

Remark 1. The concept of Cartan geometries [24] generalizes the concept of Klein
geometries [15, 16] and generalized flag manifolds are special cases of Klein geome-
tries for the case of parabolic subgroups in semisimple groups. The Cartan’s gen-
eralization then leads to a wide theory of parabolic geometries [6], that are curved
versions of flag manifolds. Generalized path geometries are examples of such para-
bolic geometries [6, Definition 4.4.3.].

4.2. Sub—Riemannian structure and its symmetries. To study extremal tra-
jectories in the next section, we need the sub—Riemannian structure on the nilpotent
approximation. We consider a control metric g in D = (N7, No, N3, N4) such that
the fields N; for ¢ = 1,2, 3,4 are orthogonal and have the length one with respect to
g. This clearly determines a left—invariant sub—Riemannian structure g of D (with
respect to the action given by group structure (7) on N).

Let us now focus on the symmetries of the nilpotent control problem (M,D =
E +V,g). Thus we are interested in symmetries that preserve not only the flat
generalized path geometry, but also the control metric. The symmetry algebra € of
(M,E+V,g) clearly is a subalgebra of s[(5,R). In fact, both ¢ and s[(5,R) contain
the same nilpotent subalgebra that reflects the nilpotent group structure and that
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acts effectively and transitively on N. It is generated by vector fields

PR P

wo = 841 8y1,

Z0yq,

w3 := Oy, — TOy,,

Wy = Oy — X0y,

W12 ‘= 8y1,
w13 = 5'y2,
W14 ‘= 8y3.

In general, ¢ also contains symmetries preserving arbitrary fixed point. Since all
points are equivalent, we can fix the origin o = (0,0,0,0,0,0,0). If we study sym-
metries preserving the origin, intuition suggests that the sub-Riemannian metric g
shall be preserved by an orthogonal algebra so(4). However, each such symmetry
shall also preserve the control distribution D and its decomposition into E' and V.
Thus it acts trivially on the 1-dimensional subspace F, and restricts to the action
of s0(3) on the 3-dimensional subspace V,. Direct computation gives that there
really is the symmetry algebra so(3) C ¢ preserving the origin generated by fields

V322
4

vy 1= —L30p, + €204, — ( — 2+ y3)0y, — (& — y2)0ys,

32 322
9) vg = 030y, — €100, + (\/?Tx — 2+ y3)0y, + (Q + 2 — y1)0y,,

4
V322

v3 = —82851 + 61852 + (1’ — yg)é)yl - (T +x— y1)8y2
We can write it also in a ‘vector-matrix—like’ notation as
U1 0 _83 82 afl
vy | = 63 0 _61 8[2
V3 —52 Kl 0 8[3
2
0 (B ety —(r-w) | (0,
+ —\/‘Ef —z4y;3 0 ‘fx +r—1 Oy,
T — Yo (f”: +x—y) 0 Dy,
One can verify directly that £,,V C V and £,,N; =0 and £,,g =0 fori=1,2,3,
where £ denotes the Lie derivative, and that [vi,ve] = —vs, [v1,v3] = ve and
[v2,v3] = —v1.

4.3. Properties of the so(3)—action. The action of s0(3) is clear if the action of
the generators vy, v9,v3 is explained: the action decomposes into two independent
actions first of which is on R?® given by 9, 9, and 0y, and the second one on
R* given by 9, 8y,, 9y, and 9,,. Moreover, the algebra so(3) acts trivially on
0, which then defines a one-dimensional invariant subspace. The action of the
algebra 50(3) on (9y,,0s,,0¢,) € R3 corresponds to the rotations around all axes
passing through (0,0, 0) and this does not depend on the remaining variables z, y1,
yo and ys. In particular, v; for ¢ = 1,2,3 corresponds to the rotation around the
axis generated by 0y,. Analogously, for arbitrary fixed z, the algebra so(3) acts on
(Oyy s Oy, Oyy) via rotations around axes going through (x + ‘/imz T, T — f3T””2) In
particular, v; for ¢ = 1,2, 3 corresponds to the rotation around the axis generated
by 0, .

One can also see from the shape of the generators that the rotation around 0O,
is tied to the rotation around 9,, for ¢ = 1,2,3. Thus the action on (0y,,de,,Or,)
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determines the action on (9y,,dy,,dy,) and vice versa. In fact, x parametrizes (in

the coordinates (z, ¢1, £2, {3, Y1, Y2, ys3)) the curve (x,0,0,0,z+ ‘/ixz,x,x— ngﬁ) C

N which can be viewed as a curve of centres of the above ‘double-rotations’.

In particular, the nilpotent sub—Riemannian structure (N,D = V + E,g) is
invariant with respect to the action, and we can study its action on curves passing
through the origin. Assume that c(t) is a (parametrized) curve such that ¢(0) = o.
Consider the flow FI!, of the infinitesimal symmetry v := ayv; + agvs + azvs € s0(3)
for some aq, ag, as. It clearly preserves the origin o. Assume that the point c(tg) # o
for some ty # 0 is preserved by the action of FI{. Then either the curve c(t) is
preserved by this action on [0, o], or the action determines a family of curves of the
same length from o to ¢(tg) on [0,to]. In particular, if such a curve ¢(t) that is not
invariant with respect to the action of F1} is an extremal curve for the invariant
control system, then it is no more minimiser after it reaches the point. Moreover,
if one finds one such point then its orbit with respect to the action of s0(3) consists
of such points. Indeed, a family of curves from o to ¢(to) is mapped to the family of
curves of the same length from o to é(tg), where é(to) is image of ¢(t) with respect
to the action of so(3).

We can describe explicitly the set of such points that are fixed for the action
of (the flow of) some infinitesimal symmetry ajv; + asve + asvs. First, one can
check that each point of the curve (z,0,0,0,x + \/‘f’f? ST, — f3T”2) is preserved by
each such symmetry. Then the fixed points of any symmetry are given by axes of
the corresponding ‘double-rotations’. Explicitly, the fixed points of the symmetry
a1v1 + asvs + asvs form the set

2 2
\/im + kay,x + kas, x — \/ix

{(m, kay, kas, kasg, x + + kas) : kGR}.

Let us finally say that for each k;, ¢ = 2,3,4 it holds that [Ny, ko Ny + k3 N3 +
/{34N4] = koN1s + k3Ni3 + k4N14. So the triple (Nl, koNo + k3N3 4+ kg Ny, ko N1o +
k3Ni3 + k4 N14) determines a subalgebra which has the structure of the Heisenberg
algebra. One can see from the above mentioned that the action of the symmetry
algebra s0(3) simply maps each such Heisenberg subalgebra to another Heisenberg
subalgebra.

5. PONTRYAGIN’S MAXIMUM PRINCIPLE

We study local control of particular mechanisms. We use Hamiltonian formalism
and Pontryagin’s maximum principle to find local length minimisers. We study the
corresponding Hamiltonian system of ODEs in detail. Finally, we model several
explicit movements of the mechanism.

5.1. Formulation of the problem. Consider two configurations ¢i,qs in the
nilpotent approximation N. Among all admissible curves ¢(t), i.e. locally Lips-
chitz curves such that ¢(0) = ¢; and ¢(T') = g2 that are tangent to D for almost all
t € [0,T], we would like to find length minimisers with respect to g.

We would like to minimize the length [ among all the horizontal curves ¢, where
the length is given by I(c) = fOT Vg(¢, ¢)dt for the control metric g. Let us recall
that the distance between two points g1, g2 € N is defined as d : M x M — [0, o0,
d(q1,¢2) = infrees, . 31(c), where Sy, ¢, = {c: ¢(0) = q1,¢(T) = g2,c¢ admissible}
[1, 5, 14]. However, since minimizing of the energy of a curve implies minimizing
of its length, we will rather minimize energy of curves.

We know from Chow—Rashevsky theorem that the control system of the nilpotent
approximation is controllable, see Section 2.2. In particular, any two points can be
joined by a horizontal curve and the distance of arbitrary two points is finite [1].
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We study the following nilpotent control problem

1 0 0 0

0 1 0 0

d 0 0 1 0

(10) Zd=w 0 +uy| O | +us| O | +ug| 1
By +1 0 0 0

—ly+1 0 0 0

7@127&34’1 O 0 O

for ¢ € N and the control u = (uy,us,u3,us) € R* with the boundary condi-

tion ¢(0) = (o, ¢10, 420,430, Y10, Y20, Y30) and q(T) = (@1, 411, l21, 431, Y11, Y21, Y31)
arbitrary but fixed, and we minimize

1 (T
(11) 54(@+@+%+ﬁﬂt

Without loss of generality, we choose the origin o = (0,0,0,0,0,0,0) as the initial
point ¢(0) = ¢;. Since we solve nilpotent control problem, we get curves starting
at different points using the left action coming from the multiplication in N, see
Section 3.2.

5.2. Hamiltonian formalism. Let us consider a cotangent bundle T*N — N
and the coordinate functions h; = (A, N;), where A € T*N. Then we consider the
Hamiltonian of the maximum principle

v
H(\,v) = urhy + usha + ughs + ushy + 5(1@ +ud +ul +ud),

which is a family of smooth functions affine on fibres that is parametrized by controls
(u1,uz2,us3,us) € R* and a real number v < 0. The Pontryagin’s maximum principle
can be formulated as follows [1]: Assume (@(t), c(t)) to be a pair such that ¢(t) is
a length minimizer for (10), (11) with control function u = @(¢). Then there exist
a Lipschitz curve A(t) € T7;)M and a number v < 0 such that

(M), v) #0, A(t) = Hary(A(2))

for Hamiltonian vector field H corresponding to H and Hyy) = max H(A(t),v).

If A\(t) satisfies the principle for v = 0, then it is called abnormal and it is
called normal otherwise. The abnormal minimiser is strictly abnormal, if it is not
normal. It follows from the Goh condition [17, 1] that there are no strictly abnormal
minimisers in the case of 2-step distributions. Thus we will focus on the case v < 0
and we can normalize it in such a way that v = —1.

The extreme is achieved when %1;1# = h;—u; =0fori=1,2,3,4 and this implies
for the controls that u; = h; for ¢ = 1,2,3,4. In this case, the Hamiltonian of the
maximum principle is of the form

1
H = S (WY + h3 + b3 + h).
Then the corresponding Hamiltonian system associated with H is the following

(12) q = h1N1(q) + haNa(q) + haN3(q) + haNa(q),
(13) hi = {H, hi},

where N; are the generators of the sub—Riemannian structure, ¢ € N and { , } is
the usual Lie-Poisson bracket [1]. Using the fact that {h;, h;} = (A, [N;, N;]) we
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conclude that the fibre system (13) is of the form

%ﬁdﬂ:—%@%ﬂﬂ—%@%ﬂ@-%@mdﬂ
L hatt) = hat)ha (1)

(14) é%hg(t):: ho(£)ha (8)
L hatt) = he () (1)
%%@=%%@=%M®=O

The equations are clearly independent of the horizontal coordinates q. The base
system has the form

%ao_mm
d
%fl (t) = hZ(t)
%fg(t) = h3(t)

- %@@_mw
im@)—(l+%§ﬂﬂfﬂ®>hﬂﬂ
d

%yQ(t) = (1 —£2(t)) ha(t)
%ys(t) = (1 - ?x(t) - 53@)) hy(t).

5.3. Analysis of the fibre system. Let us first discuss the fibre system (14).
Obviously, functions hy, hg and h; are constant. If they are all zero, then the
functions hq, ho, hz and hy are constant, too.

Let us denote the solution constants corresponding to hs, hg and h; by Cs, Cg
and C7, respectively, and assume that at least one of them is non-zero. Define

K =/C2 + CZ + C2. Then we get
(16) hy = —Cshy — Cghg — Crhy = —(C2 + C2 + C2) hy = — K.
Since K2 > 0, the solution of (16) is
(17) h1 = Cyy cos(Kt) 4+ Ciasin(Kt),
for some constants C7; and C12. Now, if Cs # 0, we have
hy = Cshy = C5(Ch1 cos(Kt) + Ciasin(Kt))

and hence
Cs )
(18) hg = ?(Cn Sln(Kt) — Clg(COS(Kt)) + 013.

This analogously holds for hg and h7 if Cg # 0 and C7 # 0, respectively. In the
same way we get hs and hy. Indeed, only the equation for function h; merges
everything together.

We know from the above mentioned, that the functions h; for i = 1,2, 3,4 equal
to the controls u; of the system. Thus we control each vector field N; with a
function u; which is either a constant or which oscillates. In fact, V;, i = 2,3,4
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corresponds to 9y;, j = 1,2,3 and reflects the movement of legs which is natural
from the mechanical point of view. The field Ny is the crucial field for the movement
and if it is controlled by a constant, then the remaining fields IV; are controlled by
constant, too.

Let us point out that the choice of hs, hg and hy to be zero or non—zero, in fact,
corresponds to the choice of constants in the solution. Since that corresponds to the
choice of initial conditions, we can interpret the choice of zero or non—zero solution
hs, hg and h7 as the choice of initial conditions, equivalently. Moreover, we are
interested in the solution of the whole system (14, 15) and we are basically interested
in the curves, that are images in N with respect to the canonical projection T* N —
N. There can be curves of that type in N that differ only by the parametrization.
It is reasonable to consider the curves parametrized by the arc-length, only. These
are exactly the images of restrictions of the canonical projection to the solutions of
(14, 15) with initial conditions satisfying h? + h3 + h% + h3 = 1 at the initial point
(and thus everywhere).

Finally, let us remark that the choice h¢ = hy = 0 implies that hgs, hy are
constants and the remaining equations result in the system hl = —h5h2,hg =
hshy, hs = 0, which is the fibre system of the control problem on the Heisenberg

group.

5.4. Analysis of the base system. Let us first say that it is enough to study
solutions with the initial condition ¢(0) = o. Then one can use the action given by
the multiplication on NV to get a solution starting at an arbitrary point in V.

The first four equations of the system depend on h;, ¢ = 1,2,3,4 only and can
be computed by direct integration. Thus the equation & = hy gives that either
x = C1t for some constant C in the case that h; is constant, or

Ci1 C12 C1a
= sin(Kt) — =2 cos(Kt) + —=
T = sin(K't) e cos(Kt) 7
in the case that h; is of the form (17), where K,C11,Ci2 are from the previous
section. Then we compute directly from (18) that

Cs

h=1

(Cll - C11 COS(Kt) — (12 sin(Kt)) + Ci3t.
Analogous observation can be made for /5 and /3.

From mechanical point of view, this simply means that each branch can either
prolong or shorten or does not change its length in the first case, or oscillates in
the second case. In particular, the choice hg = hy = 0 reflects the situation when
lengths /5 and {3 of the second and third branch are constant and the robot uses
only the first branch of the length ¢;. The same principles work for the remaining
two branches and the corresponding choices of h;.

The equations for y; depend on = and ¢; for i = 1,2,3, only. So we can find y;
by considering closed subsystems for x, ¢;,y; for ¢ = 1,2,3. Let us remark that y;,
i = 1,2, 3 have no evident mechanical meaning. One should use the transformation
between these coordinates and the original ones to get some information about the
behaviour of y,¢,0. We do not mention all the solutions explicitly. We rather
provide several examples to demonstrate the explicit paths and movements of the
mechanism in the following section.

Let us finally remark that in the case that hs = hg = hy = 0, we can find for
each solution an infinitesimal symmetry such that the solution is contained in the
fixed points set of the symmetry. The situation is more complicated in the case
when some of hs, hg, h7 is non—zero.
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5.5. Examples of solutions. Let us present several particular solutions (satis-
fying all initial conditions of the system and also constraints coming from the
mechanical setting). To get an information about the movement of our mecha-
nism, we transform the solutions into the original coordinates which express the
kinematics of the mechanism. So we use the transformation between coordinates
(2, 01,02, 03,91, Y2, y3) and (x,y,0,p, 01, s, 3) in the form
5 3 1 1
p = 12/2 + §$+ §y1 + gy?n

1 1 1

GZ—E%—E%—Z

1
= —— 3 —
y 12\[(3/1 Y3),

which is the inverse transformation to the transformations (6). We also add illus-
trative graphs of behaviour of the control parameters which are prismatic joints ¢;
and the revolute joint ¢.

z,

Example 1. In the case that hs = hg = hy = 0, we can choose hy = 1—70, ho = hy =

%, hy = 1—10 and, with suitable choice of constants, we get the solution in the form
IO Y S R T T
—100 Y~ %600 800’ "7 1600 80°
49t 21t ¢ t
QO__%_’_ﬁ) 61_52_57 53_E
3 5
—b, 6
—ZB 4
2 L
3
2
1
1
0 0
0 2 4 6 0 2 4 6

F1GURE 3. The graphs of control parameters: Example 1

Example 2. In the case that hs # 0 and hg = hy = 0, let us choose the constants
in such a way that hs = 1 and hy = —1sin(t) + 3 cos(t), ha = $sin(t) + 1 cos(t)

and hy = hy = % Then we get the solution in the form

. 1
x(t) = 5 sin(t) + 5 cos(t) — ,
V3 : , .

y(t) = T (\/g(sm(t) — 1)(cos(t) — 1) 4 cos(t)* + tcos(t) + (t — 2) sin(t) + ¢ — 1) ,

__1 o, t—10 t—12 | t 11
0(t) o cos(t)” + ol cos(t) + o1 sin(t) o + o

_ 1 2, 3611t 58 — 11t _ t 37
o(1) 39 cos(t) “33 cos(t) + —33 sin(t) + EOREETE

1 1 1 ¢

£1(t) §S1n(t) ~3 cos(t) + 3 Uy =f5 = 3
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15 1
0.5
1

0
05

0.5 —
—b =t p
0 A5

0 1 2 3 0 1 2 3

FIGURE 4. The graphs of control parameters: Example 2

Example 3. Let us finally discuss the case that all hs, hg, hg are non—zero. Let us

choose the constants in such a way that hy = —@ cos(t), ho = —@ sin(t) + 3,
hy = hy = @sin(t) + i, hs = g, heg = hy = —?. We get the solution in the
form
1
= f%TT) sin(t)
% t
= K?;O(l — tsin(t) — cos(t)) + 6—54 cos(t)? — 9% sin(t) cos(t) — 5—6 + % sin(t) — 634
3v10
= ~5re ((t — 8)sin(t) + cos(t) — 1)
13v/3 96 100 50 50
= %(((z& — 13) sin(t) + cos(t) 1)vV10vV3 + (3 — 13 cos(t) sin(t) — T51)
V30 t V30 t
A D (cos(t) — 1) + 5 by =1L D (1 —cos(t)) + 1
3 0
—&
—h=b 05
2
1
-1.5
1
-2
0 -2.5
0 2 4 6 0 2 4 6

FIGURE 5. The graphs of control parameters: Example 3
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