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Abstract.  We consider automorphisms of homogeneous parabolic geometries
with a fixed point. Parabolic geometries carry the distinguished distributions
and we study those automorphisms which enjoy natural actions on the distribu-
tions at the fixed points. We describe the sets of such automorphisms on homo-
geneous parabolic geometries in detail and classify whether there are non—flat
homogeneous parabolic geometries carrying such automorphisms. We present
two general constructions of such geometries and we provide complete classifica-
tions for the types (G, P) of the parabolic geometries that have G simple and
the automorphisms are of order 2.
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Introduction

In this article, we will investigate automorphisms of Cartan geometries

(m : G - M,w) of type (G, P) over a connected smooth manifold that have
fixed points and a natural tangent actions at that points. The crucial fact we will
use is that the choice of a point u € G in the fiber over the fixed point allows us
to identify such automorphisms with elements of P. In particular, we can view
v as a (higher order) frame of T5(, M, and the elements of P then prescribe the
action of the automorphisms in this frame. The reduction to the first order frame
of TrwyM is then represented by the Lie group homomorphism P — Gi(g/p)
induced by the adjoint action. We would like to investigate automorphisms with
natural tangent actions that do not depend on the choice of a preferred frame. In
other words, we are interested in the elements that are mapped into the center of
the image of the above Lie group homomorphism P — Gi(g/p).
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The affine symmetric spaces are our main motivation for the investigation
of such automorphisms. Indeed, the unique non—trivial choice of a natural tangent
action for the affine Cartan geometries is —idg/,, i.e., the action of the geodesic
symmetry. Thus the investigation of such automorphisms for Cartan geometries
of an arbitrary type will give natural generalizations of symmetric spaces.

In this article, we will focus on regular parabolic geometries. These are
Cartan geometries of type (G, P), where G is semisimple and P is parabolic sub-
group of GG, and which are equivalent to a specific underlying geometric structures
on M. The geometric data, which describe the underlying geometric structures
depend on the type (G, P). But in all cases, there is a distinguished maximally
non-integrable distribution 7-'M in T M, which is invariant under the action of
all automorphisms. The remaining geometric data then restrict the possible frames
of T"'M and admissible (partial) connections on T-'M . Thus we investigate the
automorphisms with a fixed point # € M and a natural action on T, *M instead
of the whole T, M .

In particular, we investigate, which types of parabolic geometries admit
non-flat homogeneous examples carrying automorphisms acting by a natural ac-
tion on T.7'M. We will see that there are more possible natural actions than in
the case of affine geometries.

In the first section, we recall basic facts on Cartan and parabolic geometries
and their automorphisms. We distinguish the automorphisms according to their
type 3 (see Definition . In particular, we consider the types > ;, which dis-
tinguish automorphisms with the same natural action J on T, 'M (see Definition
1.3). Further, we distinguish the types of automorphisms, which generalize the
geodesic symmetries of the affine symmetric spaces to parabolic geometries, and
we call them generalized symmetries (see Definition . We also introduce all
necessary notations and assumptions we use in this article.

We recall the structure of homogeneous parabolic geometries and the con-
struction of them in the second section. We also describe the basic properties
of automorphisms of arbitrary type > on homogeneous parabolic geometries and
discuss how to compute all of them (see Theorem [2.6)).

In the third section, we focus on the automorphisms of type »;. We
describe them in detail and classify all possible natural actions J on T, 'M that
can arise (see Proposition . The main result of this section is the Theorem ,
which describes the set of all automorphisms of type X .

The fourth section contains the results, which relate the existence of auto-
morphisms of type ¥, to the existence of generalized symmetries (see Theorem
4.1). This allows us to describe the curvature restrictions on these geometries in
detail. Conversely, we give the restriction on the number of the generalized sym-
metries given by the existence of a non—trivial harmonic curvature (see Theorem
13).

We describe important classes of generalized symmetries in the fifth section.
We show that these classes are in many cases closely related to symmetric spaces,
and that the generalized symmetries in these cases are often coverings of the
geodesic symmetries.

We describe two general constructions of non-trivial examples of homo-
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geneous parabolic geometries with generalized symmetries in the sixth section.
Moreover, we use the constructions to give several remarkable examples explicitly.

In the last section, we provide tables with the complete classifications for the
types (G, P) of the parabolic geometries that have G simple, the automorphisms
are of order 2 and that admit non—flat homogeneous parabolic geometries with
these types of generalized symmetries.

1. Structure of parabolic geometries and their automorphisms

Basic facts on Cartan geometries. Before we start to study the parabolic
geometries, let us recall several general facts on Cartan geometries of an arbitrary
type from [I, 12] we will use later. In particular, we discuss the automorphisms
with a natural action on T'M .

In the article, we will always consider a Cartan geometry (7 : G — M, w) of
type (G, P) over a connected smooth manifold M with the curvature (function)
kG — A(g/p)* ® g. We denote by Aut(G,w) the automorphism group of the
Cartan geometry (7 :G — M,w). Let us summarize here the crucial facts about
Aut(G,w) we mentioned in the Introduction.

Fact The choice of u € G provides the inclusion Aut(G,w) — G given by the
evaluation of each automorphisms at .

In particular, the transition s € P between the frames v and ¢(u) = u - s
completely describes the action of the automorphisms ¢ with the fixed point 7(u).
Since the Cartan connection w identifies TM with G X aq(p) g/p, where Ad is the
truncated adjoint action on the quotient, the automorphism ¢ acts as

on Tﬂ(u)M .

The consequence of the first Fact is that we can identify the Lie subgroup
in Aut(G,w) of all automorphisms ¢ with fixed point 7(u) with the Lie subgroup
A, C P of all transitions between u and ¢(u). Then Ad is a Lie group homo-
morphism of A, to Gl(g/p), and the kernel of Ad describes the automorphisms
with the same tangent action in the frame w. If we change the frame u to u-p for
p € P, then p~'sp is the element of A,, representing the action of automorphism
¢. We will use the following notion for automorphisms with the distinguished
action in some frame in the fiber over m(u).

Definition 1.1. Let (7: G — M,w) be a Cartan geometry of type (G, P) and
Y} be a subset of P stable under the conjugation by elements of P. We say that
an automorphism represented by s € A, as above is an automorphism of type %
at w(u) if s € 3. For a fixed u, we call the elements of A, automorphisms, too.

Since the set ¥ is stable under the conjugation, the definition is independent
of the actual choice of the frame w. On the other hand, the automorphisms of
the same type ¥ at m(u) can have different tangent actions in the given frame u,
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because a priory Ad, # Ad,-1,. However, there are automorphisms, which share
the same tangent action independently of the choice of the frame u. These are
given by the elements of the center Z(Ad(P)) of the image of Ad. Such tangent
actions are natural, and we can consider the types of automorphisms given by
the preimage of elements in Z(Ad(P)). Let us demonstrate this on affine Cartan
geometries.

Example 1.2. Let us consider affine geometries, i.e., Cartan geometries of type
(R™ x Gl(n,R),Gl(n,R)). Then R™ can be identified with g/p in a canonical
way, and Ad is injective. In particular, the types of automorphisms with natural
tangent actions correspond to ¥ = {a - idgn} C Z(Gl(n,R)) for a € R. Since
the automorphisms of the Cartan geometry are exactly the affine transformations,
they have to preserve the torsion 7" and the curvature R of the corresponding
affine connection. It is clear that the automorphism of type {a - idg-} at 7(u)
act as = on T'(m(u)) and as & on R(m(u)). Thus if we want to consider non—flat
affine geometries with a - idg» € A,, then the only possible values of a are +1.
So the only non-trivial affine transformations we can consider are the geodesic

symmetries corresponding to a = —1. The well known fact is the following:

Fact A homogeneous affine geometry such that the geodesic symmetry is at one
(and thus at each) point of M a (global) affine transformation is a symmetric
space.

Let us remark that for homogeneous affine geometries, the vanishing of the
torsion is sufficient for —idp- to be an affine transformation.

Structure of the type (G, P) of parabolic geometries. Before we discuss
the automorphisms of parabolic geometries with a natural action on the distin-
guished distribution 7'M, let us make some assumption and recall the necessary
technicalities on the structure of parabolic geometries. We follow here the book
.

Let g be the Lie algebra (or the underlying real Lie algebra) of the real
(complex) semisimple Lie group G. Then we will denote by «; the simple restricted
roots of g, and we consider their ordering according to [1, Appendix B]. There
is the following crucial fact about the structure of the type (G, P) of parabolic
geometries.

Fact There is a bijection between standard parabolic subalgebras of g and subsets
= of simple restricted roots (which are stable under the complex conjugation
0*). Each parabolic subalgebra of g is conjugated to a standard one.

In this article, we will assume (without loss of generality) that the Lie
algebra p of P is the standard parabolic subalgebra of g. Further, we will assume
that the maximal normal subgroup of G contained in P is trivial, i.e., that the pair
(G, P) is effective. For such parabolic geometries, idg is the unique automorphism
acting as id on M.

We use the notation P, ;. for the parabolic subgroup corresponding to
the set = := {a;,,...,a;,}. The set Z defines a functional htz on the weight space
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of g given on simple restricted roots by ht=(c;) = 1 if oy € = and htz(a;) = 0
otherwise. We will denote by p® the highest root of g and define k := hi=(u?).
Then the structure of g is described as follows:

Fact (a) The functional htz defines a |k|-grading g, ®--- B goD--- D gy of g
by ga C @ht=(a) for the restricted root space g, of the root «.

(b) There is an induced P—invariant filtration of g of the form g=* > ... >
g®=p>D---Dgfgivenby g =g, - Dgp.

(¢) The subgroup P is contained in the subgroup of filtration preserving
elements of GG, and contains its component of identity.

There always are distinguished subalgebras go, p;+ = g' and g_ = g_;, @
-++ @ g_1. The parabolic group P decomposes into a semidirect product of the
Lie group G, with the Lie algebra g, which consists of elements of P preserving
the grading of g, and exp(p.), where Gy naturally acts by the adjoint action.
Moreover, the grading induces a finer structure of P, and we can write each p € P
uniquely as p = gpexp 2 ...exp Zy, where gy € Gy and Z; € g; for i =1,... k.
Automorphisms with a natural action on 7 !'M. The consequence of

the structure of the pair (G, P) is that all objects of the parabolic geometry
(r:G — M,w) of type (G, P) are filtered. In particular, there is a filtration 7% M
of TM which is induced by the filtration of g/p, and there always is a distinguished
distribution 7'M, the smallest piece of the filtration of T'M , which is isomorphic
to G Xaqp) 871 /p. As we mentioned before, the distribution 7'M is the basic
part of the geometric data describing the underlying geometric structure, so it is
natural to study automorphisms with a fixed point m(u) and a natural action on
Tﬂ_(i)M. In particular, the preimage of Z(Ad|;-1/,(P)) in P = Go x exp(py) is
Z(Gy) x exp(py), because exp(p) acts trivially on g=!/p.

Definition 1.3.  Let J € Z(Ad|;-1/,(P)). We denote by ¥; the preimage of J
in P,ie.,

5, = {sexp(Z) € Z(Go) x exp(ps) : Ad, = J}.

Thus we can fix an arbitrary frame u and use the Lie group A, to study the
Lie group of automorphisms fixing m(u), because the results for the automorphisms
of type X, does not depend on the actual choice of . In particular, this choice of
u allows us to identify the Lie algebra of infinitesimal automorphisms T,Aut(G,w)
with the linear subspace inf(u) C g given by the trivialization of T,Aut(G,w) C
T.G = g. We note that the curvature x(u) measures the difference between the
Lie algebra structure of g and T,Aut(G,w). In particular, we will view inf(u) as
the Lie algebra of Aut(G,w), and denote by a, C inf(u) the Lie algebra of A,.

Let us look on the action of automorphisms of type > ; on the neighborhood

of the fixed point 7(u). If we consider the normal coordinates 7 o Flfﬁl(X)(u) for
X in some neighborhood of 0 in g_, then we can easily write down the action of
automorphisms sexp(Z) € A, NX;. Precisely, the automorphism sexp(Z) acts
as

o Flbfil(X)(u) T o Fl“fil(X) (usexp(Z2)).
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Then s provides the linear change of coordinates of X in g_, but the exp(p;)—
part changes the normal coordinate system itself. Thus apart the automorphisms
of type X, there is another distinguished class of automorphisms with natural
properties.

Definition 1.4. Let (7 : G — M,w) be a parabolic geometry of type (G, P)
and s € Z(Gy). We say that automorphisms of type

Y(s):={ptsp:pec P}

are s-symmetries. We say that automorphisms of type (J,cy(q,) Z(s) are general-
1zed symmetries.

We see immediately that (Ad|s-1/,)(23(s)) = {Ad,} holds, i.e., s—symmetries
have a natural action on T-'*M . Thus we will always write the elements of Z(Gy)
in the form s; for J = Ad, € Z(Ad|y-1/,(P)). We will show in Proposition
that there is bijection between the actions J and elements s;. Our main result of
the fourth section states that on homogeneous parabolic geometries, the existence
of automorphisms of type > ; induces the existence of the generalized symmetries
with the same action on T—'M.

Regularity and normality of parabolic geometries. Finally, let us add some
further natural assumptions on the parabolic geometries we will investigate.

We will always assume that the parabolic geometry (7 : G — M, w) of

type (G, P) is regular. In particular, the distribution 7'M is maximally non—
integrable with the symbol g_ at all points of M. This means that T 1M
generates the whole filtration 7T°M of TM, and it is reasonable to consider
automorphisms with natural action just on T-'M and not on the whole TM.
Indeed the action on T-'M of regular parabolic geometry induce the action on
associated graded of T'M .
Further, we will for simplicity assume that the parabolic geometry (7 : G — M, w)
of type (G, P) is normal, i.e., that 9*x = 0 holds for the curvature, where 0* is the
Kostant codifferential. This allows to study the harmonic curvature (function) kg,
which has its values in ker(9*)/im(9*) = H?*(g_, g), instead of the whole curvature
k. In fact, ky is a basic invariant of regular, normal parabolic geometries, because
there is a differential operator L such that k=L(kp), see [2].

The go-module H?(g_,g) decomposes into a sum of isotypical components
(go—submodules) of go—dominant weights, which have multiplicity 1. There are
several possible ways, how to represent these isotypical components. We will use
in this article the following ways:

1. Each component in H?(g_, g) is uniquely given by the ordered pair (4, j) such
that the go—dominant weight i has the lowest weight vector X # mapping
G—a; N Bsa,(—ay) 1O Fou, s, (—u0) where we denote by s,, the reflexion over the
simple root «;.

2. Each component in H?(g_,g) is uniquely given by the go—dominant weight
ft in H%*(p,,g) given by the affine action of distinguished elements of the
Hasse graph of the parabolic geometry (G, P) on the highest weight 9.
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The relation between the weights i and p is induced by the non-trivial isomor-
phism H?(p,,g) = H?*(g_,g) and there are algorithms for the computation of
both g and i for all components of the harmonic curvature, see [13].

Since (g_)*=p,, we can equivalently view X # as an element of p,Ap, ®g.
Precisely, X" = X% A X%i(@) @ X %% (0 where X is a root vector in
the root space g, -

2. Homogeneous parabolic geometries and automorphisms of type X

Construction of homogeneous parabolic geometries. There is a general way
how to construct all homogeneous parabolic geometries, see [I] or [7]. We recall
the following definition.

Definition 2.1. Let (K, H) and (G, P) be types of Cartan geometries. Then
the pair of maps (i, «) is called an eztension of (K, H) to (G, P) if it satisfies the
following conditions:

—_

1: H — P is a Lie group homomorphism,
«a:t— g is a linear map extending T.i: h — p,
a induces an isomorphism £/h — g/p of vector spaces,

. Adjy oo = a0 Ady, holds for all h € H.

o

Each extension (i,«) determines the eztension functor F, from the cate-
gory of Cartan geometries of type (K, H) to the category of Cartan geometries of
type (G, P). We have F,(B) = B x;m) P for the Cartan geometry (B — M, w)
of type (K, H), Fa(w) is the unique Cartan connection, which pulls back to w via
the natural inclusion B — F,(B) and F,(¢) for an automorphisms ¢ € Aut(B,w)
is the induced automorphism of the associated bundle B x ;) P.

There can be many extensions giving the same parabolic geometry. If we
consider the natural inclusions Aut(G,w) — G, then we obtain the inclusions
A,, C P and inf(uy) C g (which depend on the choice of ) which naturally
satisfy all conditions of the extension for each choice of ug € G. We adopt the
following terminology:

Definition 2.2.  We say that the homogeneous parabolic geometry (G — M, w)
of type (G, P) is given by the extension (i,«) of (K,H) to (G,P) at ug € G,
if there is an isomorphism between parabolic geometries F, (K — K/H,wy) and
(G — M,w) such that the class [e,e] € K X, P corresponds to ug.

Let us point out that the kernel of the evaluation map at uy coincides with
the kernel of ¢ and consists of elements, which act as id on K/H. In particular,
we will for simplicity assume that the pair (K, H) is effective, K C Aut(G,w) and
¢ injective and we will omit writing it.

Automorphisms of type ¥ on homogeneous parabolic geometries. Let
(m : G — M,w) be a homogeneous parabolic geometry of type (G, P). Then
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we can consider the P-invariant subset (J,q(u, A,) of the bundle G x P with
the right action of P given by (u,q)p := (up,p~'qp). The homogeneity allows to
describe all automorphisms of the given type ¥ at all points of M.

Proposition 2.3.  Let (7 : G — M,w) be a homogeneous parabolic geometry of
type (G, P) and let uy € G. Then there is one—to—one correspondence between
automorphisms of type X at any fixed point of M of the parabolic geometry
(m:G — M,w) and elements of A,, NX. In particular,

U (@A.nY) = Aut(G,w)(ug) x (A, NY).

uEAut(G,w)(uo)

Proof.  Clearly, ¢~'p¢ € Ay, holds for each (¢(u0),p) € Uneui(w)(uo) (s Au)-
Thus, since ¢ is invertible and unique for each point of Aut(G,w)(ug), the second
claim follows.

Since there always is ¢ € Aut(G,w) such that 7(¢(ug)) = x for any point
x € M, it follows that ¢(A,, NX)p~! is the set of automorphisms of type ¥ at z,
because the type of automorphism ¥ is stable under conjugation. ]

Let (7 : G — M,w) be a homogeneous parabolic geometry of type (G, P)
given by the extension (i,a) of effective (K, H) to (G,P) at uy € G. There
is a natural question, how to find all automorphisms of a chosen type ¥ of this
geometry, i.e., how to describe explicitly the set 4,, N X7

The trouble is that K can be much smaller than the whole Aut(G,w).
For example, we can view the flat model of (G, P) as an extension given by an
inclusion of the maximal compact subgroup K into G. In particular, H N can
be empty, even if A,, N ¥ is non-empty.

Lemma 2.4. Let (7: G — M,w) be a homogeneous parabolic geometry of type
(G, P) given by the extension (i,«) of effective (K,H) to (G,P) at ug € G.

1. Let h € P be such that Adp(a(t)) C a(t) and h.k(ug) = K(ug) (for the
action induced by Ad-action). Then there is local automorphism ¢ of the
parabolic geometry such that ¢(ug) = uph. In particular, such h induces an
automorphism of € and if M is simply connected, then h € A,,.

2. Denote
Y i={h e X : hrlug) = k(up), Ady(a(t)) C a¥)}.

Then there exists an effective pair (K',H') and an extension (a/,7') of
(K',H') to (G, P) such that i'(H')NY =X and Fou(K' — K'/H' wy) is
simply connected covering of (m: G — M,w). In particular, the parabolic ge-
ometries For(K' — K'/H' ,wi/) and (7 : G — M,w) are locally isomorphic
and each automorphism of Fo(K' — K'/H' wg) is a local automorphism
of (m:G — M,w).

Proof. If h € A,,, then x(uy) = k(h(u)) = k(uoh) = h.k(ug). Conversely, the

following equality holds for the curvature:

F(uo)(X,Y) = hor(ug) (X, Y) = Ady,* ([a(X), (V)] — o[ Xn, Yal)),
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where X,Y} are arbitrary elements of inf(ug) congruent with Ad,(X), Ad,(Y)
modulo p, see [I, Section 1.5.16] for description of the curvature of homogeneous
geometries. Since Adp(a(t)) C «a(t) and « is injective due to effectivity, we
can take X} to be the preimage of Ad,(a(X)) in € with respect to « for each
X € t. Thus Ady([X,Y] — a([X,Y])) = [@(Xh), a(Ys)] — a([Xn, Ya]). Comparing
of the terms in the expression gives [X,Y], = [Xj, Y] due to injectivity of a,
i.e. h induces an automorphism of €. Let K¢ be connected, simply connected
Lie group with the Lie algebra €. Then we can form the semidirect product
K=Kex{ht:kelZ}.

If M is simply connected and M = K¢/H¢, then H€ is connected and
we can form the semidirect product H = H¢ x {h* : k € Z}. Then if we define
i(W, %) = i(rg(W))h* for my the covering homomorphism H¢ — H, then (a,1)
is the extension of (K, H) to (G, P) giving the geometry (7 : G — M,w) at uq.
Thus if M is simply connected, then h € A,,.

If M is not simply connected, then we consider the simply connected
covering K¢/H¢ of K/H. Then (o, 1) is the extension of (K, H) to (G, P) giving
the parabolic geometry F,(K — K°¢/H¢ wg) on the simply connected covering.
Clearly, F(K — K¢/H¢ wg) is locally isomorphic to (7 : G — M,w) and thus
the claim (1) follows.

The same construction can be done for the whole X instead of {h* : k € Z},
which implies the claim (2) directly. Precisely, we define (K’ H') to be the effective
quotient of (K°x H', H®x H'), where H' is the subgroup of P generated by i(H)
and ¥, and we define o/ = a+idy and ¢'((h, 1)) = i(7g(h))h', which define the
extension (o/,4) of (K',H') to (G, P). |

In particular, we get the following consequence of the previous Lemma.

Corollary 2.5. For 6 € Aut(g) such that 6(p) C p, there is a pair (G, P)
satisfying all our assumptions such that 0 = Ad,, for h € P.

The distinguished case & = inf(ug) allows to describe the set A,, N 3
explicitly.

Theorem 2.6. Let (m : G — M,w) be a homogeneous parabolic geometry of
type (G, P). Then

o) — fh e 32 hok(ug) = w(ug), Adp (inf(ug)) C inf(ug)}

consists of local automorphisms of type ¥ and A,, N C L") - In particular, if
M is simply connected, then ™) = A, N3,

There is an algorithm for computation of the local infinitesimal automor-
phisms of homogeneous parabolic geometries, see [7]. Then inf(ug) consists of
complete local infinitesimal automorphisms, and the above Theorem shows how to
compute automorphisms of type ¥, which are contained in X (v0)

We will see in the next chapters, that the set 3" (%) can be computed more
easily in the case of X .
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3. Homogeneous parabolic geometries and automorphisms of type X;

Description of ¥; and structure of Z(Gy). We focus here on types ¥, of
automorphisms with a natural action on 7-'M . In particular, we describe the set
¥y for J € Z(Ad|s-1/,(P)) in detail.

Proposition 3.1.  For the pair (G, P), there is a bijection between actions
J € Z(Ad|g-1/(P)) and elements s; € Z(Gy). In particular, for each J €
Z(Ad|g-1/p(P)), there is a unique sy € Z(Gy) such that

Yy ={ssexp(Z2): Z € p.}

and J = Ady, |y, -

Proof.  The action of Ad, € Ad|s1/,(X;) on g~'/p coincides with the action
of Ads; on g_y. Let s, € Z(Gy) be another element such that Ady, = Adg, on
g-1. Then Ady,(s)-1 = id holds on g, because g is generated by g_;. Since
the geometry is effective, there is no ideal of g contained in go. This means that
Ad,,(v)-1 = id holds on the whole g thanks to the duality g* = p; and the
fact go C g* ® g_. Thus the effectivity of (G, P) implies s; = s/, and the claim
follows. [

Let us describe the elements of Z(Gy) in the form of a functional on the
space of weights.

Proposition 3.2.  Let g be a semusimple Lie algebra and p its parabolic sub-
algebra, which does not contain any simple ideal of g. Then the following facts
hold:

1. For each pair (G, P) and each s; € Z(Gy), there is a complex valued linear
functional \; given on the space of weights of g given by

Ad,,(X?) = M@ xe
for the restricted root «v. In particular, the following conditions are satisfied:

(a) If X* € go, then A\j(a) =0.
(b) If go is a real Toot space, then A;(a) € R mod mi.

(c) If go is a complex root space, then Aj(a) and Aj(o*a) are complex
conjugate.

2. Let \; be a compler valued linear functional on the space of weights of g
satisfying (a)-(c). Then there is a pair (G, P) satisfying all our assumptions
with s; € Z(Gy) satisfying

Ad,, (X?) = M@ xe

for all restricted roots «.
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3. In particular, the unique eigenvalue of s; € Z(Gy) on the component of the
harmonic curvature (i,j) is e for the corresponding weight v, and if
X# = X g Xowla) @ Xty T phen

AdsJ (X*M) — (@) T A (50 ()= A (S0 80 (W9)) xr—n

Proof.  We get the claim (1) just by the restriction of the adjoint representation
of G to Gy and by the complete reducibility. Then the properties (a)—(c) trivially
follows. Conversely, if the conditions (a)—(c) are satisfied, then the formula in
the claim (2) induces an automorphism of g, and the claim (2) follows from the
Corollary because Ad,,|q, = id implies s; € Z(Gp). The claim (3) is then a
direct consequence of the description of components of the harmonic curvature. =

Clearly, the set ¥ ; is a union of P—conjugacy classes of suitable elements
of P. We show that there are distinguished representatives of the P-conjugacy
classes.

Lemma 3.3.  There is a finite amount of Z; € pjc‘z’x such that
Yy=%(ss) U U Y(syexp(Z;)),
where

P =A{Z €py 1 Ady,(2) = Z}.
In particular, for syexp(Z) € ¥ there is Y € p, such that

exp(—Y)s;exp(Z) exp(Y) € syexp(p},) and

S(ss) = {ssexp(C(—=Ad/(Y),Y)) : Y € ps},

where C' denotes the application of the Baker—Campbell-Hausdorff (BCH) formula
on the elements, see [9, Theorem 4.29.].

Proof. For s; € Z(Gy), there always is only a finite amount of P-conjugacy
classes

S(ssexp(Z)) = {ssexp(—Ad,]Y) exp(AdgolZ) exp(Y) : g0 € Go,Y € pi}

for Z € p,, because there always is a finite amount of Ad(Gj)—orbits in p, .
Let us consider an element exp(Y’) € exp(p). The conjugation of s;exp(Z)
by this element is of the form

exp(—Y)syexp(Z) exp(Y) = syexp(—Ad;'Y) exp(Z) exp(Y).

Thus if Z;+ Z' is the decomposition of Z into p;‘jx and the remaining eigenspaces
of Ad

because (id — Ad;Jl) is invertible on eigenspaces of Ad,, for eigenvalues different
from 1. Then the right hand side is of the form

s,, then we can choose Y := (id — Ad;]l)_lZ’ to change the representative,

syexp(Ad, ! (id—Ad ) ' 2+ Z;+ 2" — (id—Ad, ) ' Z'+- - ) = syexp(Zp+- ),
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where --- are given by the BCH-formula. Since --- are in the higher order
part of the filtration than Z, we can repeat the computation for ---. Then
the result follows by induction, because the new terms appear in the part of the
filtration containing [Zy,---| due to BCH-formula, and thus vanish after k& steps
of induction for |k|-graded geometry due to nilpotency.

The last formula then corresponds to the case Z = 0. [ |

Jordan decomposition of automorphisms of type X ;. It is clear from the
Proposition[3.2that s; € Z(Gy) are semisimple elements. This gives the following
alternative conditions on s; being an element of XY := (3,)*.

Lemma 3.4. Let (7 : G — M,w) be a homogeneous parabolic geometry given
by the extension (i, ) of effective (K, H) to (G, P) at ug € G. Then the following
claims hold:

1. The following facts are equivalent:

(a) Ads,.k(up) = k(uo),
(b) the components of the harmonic curvature such that A;(p) # 0 mod 2mi
for the corresponding weight p vanish at .

2. The following facts are equivalent:

(a) Ad,(a(t)) C a(k),
(b) o(®) splits into eigenspaces of Ads, in g.

In particular, if one of the points (a) or (b) is satisfied for both claims (1) and (2),
then s; € 3.

Proof. (1) If Ad,,.x(up) = k(ug), then the same holds for ky and we know
that Asj(x) = 0 mod 2mi for the corresponding weight g from Proposition [3.2]
Conversely, the condition (b) implies Ads,.kg(ug) = ku(upss) = ku(up) and the
claim follows from the general theory, because the splitting operator giving the
whole curvature is Gy—equivariant, see [2, [1].

(2) The condition (b) clearly implies (a). Conversely, since s; is a semisim-
ple element, there is a basis of () consisting of eigenvectors of Ad,, and the
claim follows.

In particular, s; € 3% holds if the points (a) are satisfied for both claims
(1) and (2) by the definition of Y. m

We know from the Lemma that there is ug such that s;exp(Z7) is the
Jordan decomposition of an element of ¥, i.e., s; is semisimple element, exp(Z)
unipotent element and Ad,,(Z) = Z. This has the following consequence.

Lemma 3.5. Let (m: G — M,w) be a homogeneous parabolic geometry of type
(G, P). Then thereis ug € G such that s; € ¥ for the extension (i,«) of effective
(K, H) to (G, P) giving the geometry at ug with X% # ().
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Proof. Let us choose the point ug such that Ad,(Z) = Z holds for the
element s;exp(Z) € X%. Then since sjexp(Z) is the Jordan decomposition,
Ad,, (a(€)) C o) holds, i.e., the condition (a) of the claim (2) of the Lemma [3.4]
is satisfied. Moreover, since syexp(Z) € XY, the condition (b) of the claim (1) of
the Lemma is satisfied, and the claim follows. n

Let us adopt the following notation
by :=bHNp..

Lemma 3.6. Let (7 : G — M,w) be a homogeneous parabolic geometry given
by the extension (i,«) of effective (K, H) to (G, P) at uo € G. Then

HNexp(py) =exp(hy) = Efdg,l/p-
Proof. Let us write X; + ... for the element X € g' such that 0 # X; €
g'/g"t! ~ g,, and suppose Z = Z;+... for exp(Z) € HNexp(p,). Then it follows
from the general theory that there is an s[(2)-triple (X_;, Ao, Z;) for X_; € g_;
and Ag € go, see [8, Section X.3]. Since j > 0, there is X € «(¥) such that
X = X_;+... and we define A := (ide—Adexp())(X), L., a(A) = —[Z;, X_;]+
holds. Thus

(1dg - Adexp(Z))2(X) = [A(],Zj] +--- = QZ + Y S b+,

where Y € p, is in the higher order part of the filtration than Z. In particular, if
Y =0, then Z € h. Otherwise, (exp(Z))? exp(—2Z—Y) = exp(Y’) € HNexp(p4),
where Y’ € p, is in the higher order part of the filtration than Z.

Thus the above computations can be seen as an induction step. If Y’ € b,
then exp(27) = exp(Y’')exp(2Z +Y), and thus Z € h. Clearly, the filtration
component of Y’ grows by each step, and thus, we get Y’ = 0 € h after k steps
for |k|—graded geometry and the claim follows by induction.

Then consider for h € X ,,, the extension (a,7) giving the simply con-

nected covering from proof of Lemma 2.4 Thus h € exp(hy) as above and

Efdg,l/p = eXP([JJr)- [ ]

There is the following crucial consequence of the above Jordan decomposa—
tion from the Lemma which in particular simplifies the computation of Emf uo)

Theorem 3.7. Let (m : G — M,w) be a homogeneous parabolic geometry of
type (G, P). Then there is ug € G such that

Y ={ssjexpZ:Z b}

for the extension (i,a) of effective (K, H) to (G, P) giving the geometry at ug
with 3% # 0.
In particular, if me(uO) # (), then there is ug € G such that

Z?f uo) ={sjexpZ :Z € (ay,)+}

and either A,y NX; =0 or A,y NYE; = me ") holds.
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Proof. = We know from the Lemma that there is ug such that if 3% # 0,
then s; € X% holds. Since s;' - X% = %, ., the first claim follows from the
g P

Lemma [3.6] In particular, the second claim follows for the case € = inf(ug) and if
Ay Ny # D, then sy € A,, and the last claim follows. n

4. Homogeneous parabolic geometries and generalized symmetries

Characterization of generalized symmetries. Now, we are ready to start the
investigation of the generalized symmetries of a particular type Y(s;) for s; €
Z(Gy). In particular, our results about automorphisms of type ¥; provide several
equivalent characterizations of homogeneous parabolic geometries admitting s;—
symimetries.

Theorem 4.1. Let (m : G — M,w) be a homogeneous parabolic geometry of
type (G, P) and sy € Z(Gg). Then there is ug € G such that the following claims
are equivalent:

1. A, NX;#0, ie., the geometry admits automorphisms of type 3,

2. s;€ Ay, te., the geometry admits sy —symmetries.

Moreover, there is ug € G such that the following claims are equivalent:
1. xite) g,
2. there is local sj—symmetry preserving inf(ug) .

3. inf(ug) splits into eigenspaces of Adg, in g and the components of the
harmonic curvature such that Aj(n) # 0 mod 2mi for the corresponding
weight v vanish at ug.

Proof.  The first equivalence is consequence of the Theorem [3.7 In the case of
the second equivalence, the description of E?f(u") at ug € G in the Theorem
shows that (1) and (2) are equivalent. Further, claims (1) and (2) of the Lemma
show for the choice € = inf(ug) that (2) is equivalent with (3). n

We proved in the Theorem that the automorphisms of type ¥, are in
bijection with elements of (a,,)+. The following Corollary of the Lemma shows
which elements of (a,,)+ correspond to generalized symmetries of type 3(s;).

Corollary 4.2.  Let (7 : G — M,w) be a homogeneous parabolic geometry of

type (G, P) such that s; € A,,. Then sj-symmetries are in bijection with the
elements of the set

(aue)+ N{C(=Ad (V). Y) : Y € p},

where the operator C' is given by the BCH-formula.



GREGOROVIC AND ZALABOVA 691

Generalized symmetries and harmonic curvature. Let us now describe how
. . . in . . .

the remaining curvature restricts X Jf(uO) and vice versa. There is the following

action of a,, on the harmonic curvature for each one-parameter group of auto-

morphisms ¢; generated by X € a,,:

0= S leconn(uo) = Flecomar(6:(u0)) = X i)

This action together with the results in [10] allows us to formulate the following
Theorem describing the relations between (a,,); and g (uo).

Theorem 4.3. Let (7 : G — M,w) be a homogeneous parabolic geometry of
type (G, P) and assume (a,,)+ # 0. Then the following facts hold:

1. Denote
ao(ke(ug)) :={X € go: X.kg(up) =0},

Cli(liH<uO>) = {X cg;: [X, g,l] C Clz;l(liH(UQ))}.

Then gr(ay,/(tu,)+) C ao(km(uo)) and gr(al, /aitt) C a;(kp(uo)), where gr
is the chosen identification of g'/g"™ with g;.

2. For an arbitrary component p of the harmonic curvature in H*(g_,g) with
non—trivial intersection with Kg(ug) holds:
dim(gr(at, /i) < dim(ai(sn(uo))) < dim(a(X ).

3. There is a simple restricted root v of a positive height such that (7, fi;) =0
for fi; in H*(p,,g) corresponding to non—trivial components of rg(ug)-

4. Assume Ei;f(uO) # 0. Then the eigenspaces of Ads, in (ay,)+ can have
eigenvalues only of the form e*(®) for restricted roots o spanned by roots ~y
satisfying the claim (3).

Proof. The first step to prove all the claims is to complexify g, p, kg, 1, Go
and (ay,)+ -

Since (a,,). acts trivially on the harmonic curvature, we get gr(ay,/(ay,)+) C
ao(k(up)). Since g~'/p C inf(ug)/ay,, we get gr(al, /abi') C a;(kpm(ug)) for all i
and we proved the claim (1).

Then we can apply the results from [10]. Namely, the Proposition 3.1.1
implies the claim (2), and the Theorem 3.3.3 implies the claim (3).

We will use the claim (2) of the Lemma to modify the Proof of [10
Proposition 3.1.1] in order to prove the claim (4). We again consider the com-
plexified situation and let Z belong to gr(al /ait') C a;(kg(up)). Then the
components of Z in different eigenspaces of Ady, are in a;(kg(up)), too. Thus we
only have to prove that the eigenspaces of Ady, in a;(km(ug)) satisfy the claim.

According to the proof of [10, Proposition 3.1.1], for any weight y' in
H?*(g_,g) in a non—trivial component u of ky(ug), there is a sequence g; of
elements of complexified Gy such that g;.u/ converges to —p. Thus ¢;.a;(kg(uo))
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converges to a subset of a;(X #), which is described by [10, Theorem 3.3.3]. The
consequence of the description of a;(X#) is that Ad,, has only the claimed
eigenvalues on a;(X~#).

We modify the proof of [10, Proposition 3.1.1] to prove that the dimension of
the eigenspace of Ady, in a;(kg(ug)) is lower than the dimension of that eigenspace
in a;(X*). Precisely, the consequence of claim (2) of the Lemma [3.4] is that we
can discuss each eigenspace of Ad;, separately, and the argumentation in the proof
[10, Proposition 3.1.1] is still valid. Thus the dimension of the eigenspace of Ady,
in a;(g;.X*") does not drop, and the claim (4) follows. n

Remark 4.4. There are tables presented in [I0] giving the classification of
possible roots v for components of the harmonic curvature of simple complex
parabolic geometries. We will complete the list for the real cases of our interest in
the last section.

The above Theorem has a simple but important consequence.

Corollary 4.5. Let (mr : G — M,w) be a non—flat homogeneous parabolic
geometry of type (G, P), and assume that A;(y) = 0 mod 2w for all simple
restricted roots satisfying the claim (3) of the Theorem . Then there 1s at most
one sjy—symmetry at any point.

5. Important classes of generalized symmetries of homogeneous
geometries

Automorphisms with higher order fixed points. The first natural action
on T 'M we can consider is simply the identity. In such case, the Theorem
states that automorphisms of type ¥iq on a homogeneous parabolic geometry are
precisely the automorphisms with higher order fixed points investigated in [3].
The existence of s;q—symmetry provides no new informations about the parabolic
geometry, because the only siq—symmetry is the identity on M. Thus the harmonic
curvature can only be restricted by the number of automorphisms of type ¥iq as
in Theorem K.3]

Symmetries of parabolic geometries. The second most natural action on
T M we can consider is —id. We already investigated geometries with automor-
phisms of type X_iq in [4 [6] [15], 16] and called them symmetries in these articles.
In this article, we will call them wusual symmetries to distinguish them from the
other types of generalized symmetries. Moreover, for comparison with the other
types of generalized symmetries, it is convenient to denote J as tuple (—,...,—)
representing the action —id of J on the root spaces of each simple restricted root
in Z. It is simple to decide about the existence of J for a given parabolic geometry
according to the Proposition

Proposition 5.1.  Let g be a semisimple Lie algebra, and let p be a parabolic
subalgebra of g corresponding to = = {iy,...,i;}, which does not contain any
simple ideal of g. Then there exists a type (G, P) with sy € Z(Gy).
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We can describe the eigenspaces of Adg in a fairly simple way as

follows.

Proposition 5.2.  Let (G — M,w) be a parabolic geometry of type (G, P) such
that s,y € Z(Gyo). Then the following facts hold:

1. The —1-eigenspace of Ads, in g equals to ), .q9i, and the 1-eigenspace

of Ady, in g equals to Y, . .. i
2.
Prw = Z gi-
>0 even
3. A usual symmetry is s(_ . _y-symmetry if and only if the symmetry is invo-

lutive. In particular,

Y(S(—my)) = {8, yexp(Z) : Z € Z gi}-

>0 odd

Proof.  The first claim follows from a simple computation with A\_ __ _y, and
then the second claim follows, too.

If s . .—yexp(Z)s,.. yexp(Z) = id for Z € p,, then Ads<, """ 7)(Z) =
—Z,ie, Z €Y, oqq8i- Thus

1 1
S(—,..—yexp(Z) = exp(—éZ)s(,,m,,) exp(§Z) € X(5—,..1))

is s _y-symmetry. Conversely, it is clear that p~'s _yp € X(s,. _)) is
involutive. In particular, the description of ¥(s_ __)) follows. (]

Thus the Theorem can be rephrased due to the previous results as
follows.

Theorem 5.3.  Let (G — M,w) be a homogeneous parabolic geometry of type
(G, P) such that s; € Z(Gg) for J =(—,...,—). Then there is ug € G such that
the following facts are equivalent:

1. There is a usual symmetry at one (and thus at each) point of M .

2. There is an involutive usual symmetry at one (and thus at each) point of M .

Moreover, there is ug € G such that the following claims are equivalent:
1. i) g
2. there is local usual symmetry preserving inf(ug).

3. The space inf(ug) splits into Y . 448 and > . ... 8, and the non-zero
components of the harmonic curvature have even homogeneity.
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In particular, there is the following consequence of the condition on the
harmonic curvature.

Corollary 5.4.  If a homogeneous parabolic geometry does not admit a harmonic
curvature of even homogeneity, and there is a usual symmetry at one point of M,
then the whole curvature vanishes.

The classification of parabolic geometries with g simple that admit a har-
monic curvature of even homogeneity can be found in the tables in the last Section.

Let us point out some important consequences of the classification in the
tables in the last Section.

Proposition 5.5.  The following facts hold for homogeneous parabolic geome-
tries:

1. There is more than one usual symmetry if and only if there is more than one
1mvolutive usual symmetry.

2. If there is no simple restricted root v of positive height such that {7y, fi;) =0
for fu; in H*(py, @) corresponding to non—trivial components of kg (uo), then
the non—flat homogeneous parabolic geometry has at most one (involutive)
usual symmetry at each point.

3. If |k| <2 and g is simple, then the non—flat homogeneous parabolic geometry
has at most one (involutive) usual symmetry at each point.

Proof. It follows from the Proposition[5.2] that there is only one involutive usual
symmetry if and only if (a,,)y C pjéi; """ 7 = 3720 even i, but this is not possible
for obvious reasons. Thus the claim (1) follows.

The claim (2) follows from the Theorem [4.3l The claim (3) then follows

from the tables in the last Section. ]

In particular, this Proposition extends the known restrictions on the number
of usual symmetries to all AHS—structures and parabolic contact structures.

The homogeneous parabolic geometries with a unique usual symmetry at
each point can be immediately related to the classical symmetric and reflexion
spaces, see [L1].

Theorem 5.6. Let (G — M,w) be a homogeneous parabolic geometry with a
single (involutive) usual symmetry at one (and thus at each) point of M. Then
M with these symmetries has a structure of a homogeneous reflexion space, i.e.,
it 1s a correspondence space to a symmetric space.

Proof. We know that ps(_,”_,_)pfl is an automorphisms of type X _) for
any p € Ay,. Then it is clear that s_ _y € Z(A,,) due to the uniqueness of the
symmetry and thus the result follows from [5, Theorem 3.4.4]. [ |
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Remark 5.7.  We recall that although the group generated by usual symmetries
acts transitively on M, the whole Aut(G,w) does not have to act effectively on
the symmetric space from the previous Theorem.

Let us briefly discuss the semisimple case. For arbitrary semisimple Lie
algebra g, we will write g = >",_, g, where gV are simple factors of g, which are
naturally |k;|-graded. Then p® = @{:lugm, i.e., the component of the harmonic

curvature (i,7) decomposes into factors (i,j)'. Thus the components of the
<a'7ai>
(@)

following types can appear, where 1 < [y,ls,l3 < j are different, b = 2
(13)
and ¢ is the homogeneity of X @ X %ai(=# e P ®g:

Table 1: Possible types of components of the harmonic curvature for the semisimple
Lie algebra g

(i,75)" homogeneity restrictions
(1) Ga; C g(l1)7 Yo C g(l2)> [ =13 1 ]{713 =1
<2) 9o, Cg(ll)’ 9o Cg(ll)’ l:l3 1_b_k13 j ¢ Elg(ll)a b7é07 klg <1-10
(3) Yo, - g(l1)7 gOéj C g(ll)) [ = l3 2—b— kl3 j S E|g(11), klg <2-b
(4) | 80 € 0", g0, C g™, I=14 1+c —1<c
(5) Ga; C g(ll)a Yo C g(l1)> [ = ll

There is the following trivial but crucial observation about usual symmetries
in the semisimple case.

Lemma 5.8.  If g is semisimple, then there generically is more than one (invo-
lutive) usual symmetry at a single point of M. It suffices to take a simple factor
g which does not contribute to the ky according to the Table .

So we will discuss only the usual symmetries, which are different after
restricting to simple factors g} which contribute to sz . Let us present here facts
about possible components of the harmonic curvature of homoneous parabolic

1

geometries with El(n_("())_) # () according to the line in the Table I

(1) The component always vanishes due to its homogeneity.

(2) The component vanishes with the exception of the cases given in the following
table (and their complexifications).

g(ll) E]gal) contains | restrictions
92(2) {1} ki, =2
fa(4) {2} ki, =1
so(n,n +1) {n} ki, =1
sp(2n, R) {n—1} ki, =1

In particular, if E|g(l3) contains ¢ such that (ug(lg),o@ = 0, then non—flat homoge-

neous parabolic geometries of the corresponding type admit more than one usual
symmetry at each point.

(3) The component vanishes with the exception of the cases given in the following
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table (and their complexifications).

g(ll) E|g(11) contains | restrictions
92(2) {172} ki, =1,3
f4(4) {27 3} ki, =2
so(n,n+1) {n—1,n} ki, =2
sp(2n, R) {n—1,n} ki, =2
arbitrary {i,j} b=1,k,=1

In particular, if Z| a,) contains ¢ such that </Lg(l3),045> = 0, then non-flat homoge-
neous parabolic geometries of the corresponding type admit more than one usual
symmetry at each point.

(4) The component vanishes with the exception of the cases satisfying ¢ = 1, which
are exactly projective and contact projective types. Then, if there is ¢ € Z| g0i2)
such that o*(ay) # £a; and (ay, ;) = 0, then non-flat homogeneous parabolic
geometries of the corresponding type admit more than one usual symmetry at each
point.

(5) The component is an element of H2(g(,ll), 197 | and results from the simple
case apply.

Generalized symmetries of order 2 and parabolic geometries with weak
para—complex structures. Let us now consider automorphisms of type >,
where J is a natural weak para—complex structure on T, 'M, i.e., J? = id holds.
We will show that there can be many different para—complex structures on 7'M,
and it is convenient to denote J as tuple with entries + or — that indicate, whether
the action of J is id or —id on root spaces of each simple restricted root in =Z. The
possible para—complex structures J for a given parabolic geometry are determined
by the Proposition [3.2]

Proposition 5.9.  Let g be a semuisimple Lie algebra, and let p be a parabolic
subalgebra of g corresponding to = = {iy,...,i;}, which does not contain any
simple ideal of g. Then there exists a type (G, P) with s; € Z(Gy) such that the
corresponding J is a weak almost para—complex structure on T M if and only if
J>2,0rj=2 and o (a;,) # Q.

All possible para—complex structures J correspond to decompositions of =
into 2= ={iy€=:Jy=—} and ET = {iy € =: J, = +}, which are stable under
the complex conjugation o*.

The structure of eigenspaces of Ad;, is more complicated in this case. We
have to consider the bi-grading g(ss C get+s of g with respect to == and =*.
Then we can characterize the P—conjugacy class 3(s;) as follows.

Proposition 5.10. Let (G — M,w) be a parabolic geometry of type (G, P)
such that s; € Z(Gg) for the para—complez structure J. Then the following facts
hold:

1. The —1-eigenspace of Ads, in g is Y., .qq 9ab), and the 1-eigenspace of
AdSJ i g is Za even g(avb) :
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pj‘ix - Z 9(ab)-

a+b>0, a even

3. An automorphism of type ¥ is sj—symmetry if and only if the symmetry is
mvolutive. In particular,

S(ss))={ssexp(Z): Z€ > Gan}

a+b>0, a odd

Proof.  The first claim follows from a simple computation with A; on g,
and then the second claim is clear.

If sjexp(Z)syexp(Z) =1id for Z € p, then Ad,,(Z) = —Z holds, i.e.,
Ze Zaer>07 a odd g(a,b) - Thus

1 1
sy exp(Z) = exp(=52)ss exp(52) € X(ss)

is s;—symmetry. Conversely, it is clear that p~ts;p € ¥(s;) is involutive. In
particular, the description of Y(s;) follows. n

The condition (3) of Theorem 4.1 implies the following.

Proposition 5.11.  Let (G — M,w) be a homogeneous parabolic geometry of
type (G, P) such that E?f(%) # O for the para—complex structure J. Then the
bi-homogeneity (a,b) of each component kg has a even.

The classification of parabolic geometries with g simple that admit non—
trivial harmonic curvatures can be found in the tables in the last Section.

The statement analogous to the Proposition [5.5] is more complicated, be-
cause we have to distinguish between the number of automorphisms of type X,
and the number of s;—symmetries.

Proposition 5.12.  The following facts hold for non—flat homogeneous parabolic
geometries:

1. If there is no simple restricted root 7y of positive height such that (v, fi;) =0
for fu; in H*(py, @) corresponding to non—trivial components of rk(uo), then
there is at most one automorphism of type ¥; at each point.

2. If there is no simple restricted root v such that g, € g0y and (v, fi;) =0
for fi; in H*(p,,g) corresponding to non—trivial components of kg (ug), then
there 1s at most one sj—symmetry at each point.

Proof.  The claim (1) follows from the Theorem [£.3] and the claim (2) is a
simple consequence of the Corollary ]

Let us point out the important consequence of the Theorem 4.3
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Theorem 5.13. Let (G — M,w) be a homogeneous parabolic geometry with
a single sj—symmetry at one (and thus at each) point of M. Then M with
these sj-symmetries has a structure of a homogeneous reflexion space, i.e., it
is a correspondence space to a non—effective homogeneous symmetric space.

Proof. We know that ps(_,”_,_)pfl is an automorphisms of type X  _) for
any p € Ay,. Then it is clear that s_ _y € Z(A,,) due to the uniqueness of the
sy—symmetry and thus the result follows from [5, Theorem 3.4.4]. However, since
the group generated by s;—symmetries does not have to act transitively on M,
then Aut(G,w) does not have to act effectively on the symmetric space. ]

Since the 1-eigenspace of Ad,, is too big, there are to many possible cases
we have to distinguish, when g is semisimple. So although it is possible to derive
the analogous restrictions as in the case of usual symmetries, we will not discuss
them here explicitly. We only recall that the Lemma is still valid for this type
of generalized symmetries.

Generalized symmetries of order 4 and parabolic geometries with com-
plex structures. Finally, we consider automorphisms of type >;, where J is
a natural complex structure on T, M, i.e., J> = —id holds. We will show that
there can be many different complex structures on 7'M, and it is convenient
to denote J as tuple with entries ¢ or —i that indicate, whether the action of
J is 7 -id or —i -id on the root space of each simple restricted root in =. The
possible complex structures J for a given parabolic geometry are determined by
the Proposition as follows.

Proposition 5.14.  Let g be a semisimple Lie algebra, and let p be a parabolic
subalgebra of g corresponding to = = {iy,...,i;}, which does not contain any
simple ideal of g. Then there exists a type (G, P) with s; € Z(Gy) such that
J is an almost complex structure on T~'M if and only if o*(a;,) # —au, for
l=1,...,7.

All possible complex structures J correspond to decompositions of = into
E={uec=Z:J==i} and Zt ={iy € =: J, =i} such that o*(Z7) =Z=".

These generalized symmetries can be naturally related to the previous two
classes of generalized symmetries.

Corollary 5.15. Let (G — M,w) be a homogeneous parabolic geometry with
sy —symmetry at one (and thus at each) point of M. Then there is s5 = s _)-
symmetry at one (and thus at each) point of M . In general, the composition Jo J'
of two complex structures J and J' is a weak para—complex structure.

In other words, if there is at least one complex structure, then we can use
the results from the previous two cases to get all of them.

There again is the bi-grading g5 C gats 0f g With respect to =~ and
=*. The eigenspaces of Ads, can be described as follows.
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Proposition 5.16. Let (G — M,w) be a parabolic geometry of type (G, P)
such that sy € Z(Gy) for the complex structure J. Then the following facts hold:

1. The i°~eigenspace of Ads, in g is D 4,11 o moaa Bab) - In particular, the
1 -eigenspace of Ads; i § 05 D 5,110 mod 4 B(ad) -

p;z]x = Z g(a,b)'

a+b>0, 3a+b=0 mod 4

Proof.  The first claim follows from a simple computation with A; on g,
and then the second claim is clear. [ ]

The condition (3) of the Theorem [4.1] implies the following.

Proposition 5.17.  Let (G — M,w) be a homogeneous parabolic geometry of
type (G, P) such that Z?f(uo) # () for the complex structure J. Then the the
bi-homogeneity (a,b) of of each component of kg satisfies 3a+b =0 mod 4.

The classification of parabolic geometries with g simple that admit such
harmonic curvatures can be found in the tables in the last Section.

Proof. Since (—4)%(i)? =1 if and only if 3a +b =0 mod 4, the first claim is
clear.

In order to get the results in the tables, we discuss the condition on the bi—
homogeneity in more detail. Since the homogeneity has to be even, the possible
homogeneities are 2 with (a,b) = (3,—-1),(1,1),(—1,3), and 4, which appear only
in special dimensions and can be computed directly.

If g is simple, but the complexification g¢ is not simple, then gc = g® g
with the highest root p% = uf + (u9)’, where we denote by o’ the roots of the
other copy of g. In particular, o*(a) = /. So J can be chosen arbitrarily on each
root a € Z, and the values on o/ € Z are determined by the above choice. Then,
according to the line in the Table [I| we have the following facts for corresponding
components of the harmonic curvature of homogeneous parabolic geometries with
Sy € Auo :

(1) These components cannot appear.
(2) These components cannot appear, because b < k.
(3) These components cannot appear, because b < k.

(4) These components have to have homogeneity 2, i.e., they arise only on complex
projective and complex contact projective geometries.

(5) There are two possibilities for the homogeneity of the component (i,7). If
a; ¢ =, then the homogeneity has to be 4. If a; € =, then the homogeneity can
be 2 or 4, and we simply check the bi-homogeneity for each of them.

If g¢ is simple, we have to distinguish if ¢*(c;) = a; or not for the
component of the harmonic curvature (i,7). If not, then the possibilities are the
same as in (5). Otherwise, the bi-homogeneity has to be (1,1) or (2,2), which is
possible only in the g = su(p, ¢)—case. n
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The Proposition naturally holds in this case, too, and we get the fol-
lowing result in the same way as for usual symmetries.

Theorem 5.18.  Let (G — M,w) be a homogeneous parabolic geometry with a
single sj—symmetry at one (and thus at each) point of M. Then M with these
(s5)? —symmetries has a structure of a homogeneous reflexion space, i.e., it is a
correspondence space to a complexr symmetric space. This is particularly true,
when g is simple, |k| <2 and the geometry is non—flat.

Again, there are too many choices involved for the action of J, when g is
semisimple. So although we can derive the analogous restrictions as in the case of
usual symmetries, we will not discuss them here. We only recall that the Lemma
5.8| is still valid for this type of generalized symmetries.

6. Two general constructions of examples

Extensions of correspondence spaces over symmetric spaces. Let us recall
the construction of symmetric parabolic geometries from [4] 5], which particularly
allows to construct symmetries of all types discussed in the Section [5] The
construction can be summarized in the following steps:

1. We take the effective pair (K, H) such that there is h € H such that H is
contained in the centralizer of h in K, and K/H is connected.

2. We find the extension (i,«) of (K, H) to (G, P) such that i(h) € X(s;) for
some s; € Z(Gy).

3. Then Fo(K — K/H,wg) will be s;-symmetric, where J = Ad;,|g-1/p-

If h? = id, then K/H — K/Zy(h) is a correspondence space over the
symmetric space K/Zk(h), where Zk(h) is the centralizer of h in K, and the
corresponding generalized symmetries cover the symmetries on K/Zk(h). In
particular, one can start with the known classifications of symmetric spaces and
homogeneous bundles over them.

However, without any distinguished properties of the elements h € H,
there is no classification of the homogeneous spaces K/H , and we cannot use the
construction explicitly.

There are many examples of non—flat homogeneous parabolic geometries
constructed by the construction from symmetric spaces in [4, [5]. We present one
family of them here.

Example 6.1 (Extension « : s0(3) — su(2,1)).  Consider the one-parameter
class of linear maps «; : 0(3) — su(2,1) for ¢ > 1 given by

4. — (1563 —34¢1+15) .
i3 * ( o Vizy
— ] 1+t —3tt t1—3
(w1, 2, 23) = | twy 4 twy —Hing e 4+ X Finy |,
. 4 .
2123 * 1;3 1T3
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where the entries denoted by * are determined by the structure of su(2,1), and
(1,9, x3) represents the element

0 r3 —I1
—x3 0 —x9 | €s0(3).
T T 0

The curvature of the homogeneous parabolic geometry given at uy by an extension
with such «; is of the form

K((71, 2, 73), (Y1, Y2, Y3)) (U0) =

0

48 N
3(1161:; )(y3x2 — T3Y2) + %Z(y:ﬂl —x31) |

o O O
o O %

where the entries denoted by * are determined by the structure of su(2,1), and &
vanishes for ¢ = 1.

Thus the map «; is a Lie algebra homomorphism and thus determines the
Lie group homomorphism ¢; : K := Spin(3) — G := PSU(2,1). Let H be
the preimage of ¢1(Spin(3)) N Pio. Then (u1|p, ;) for arbitrary ¢ > 1 is an
extension of (Spin(3),H) to (PSU(2,1), P12) giving a regular normal parabolic
geometry with the above curvature. We recall that (PSU(2,1), P 2) is the type
of CR—geometries.

It follows from the construction that

1 0
0

O = O

S =1 0
0 ~1

is the usual symmetry for the geometry given by any of the above extensions.
Further, we can consider the element

0
8(7"771') = O 6 Z(GO)7
7

S O =
o = O

and it is easy to check that Ads, ,a;(s0(3)) C ay(s0(3)) and Ads, , k(ug) =

r(up) hold if and only if ¢ = 1. Thus there is s(; _;)—symmetry on the parabolic
geometry of type (PSU(2,1), P 2) given by the extension (i1|m, 1), which is flat.

Deformations of nilpotent groups by the lowest weight of harmonic
curvature. We introduce the construction, which generalizes the construction
from [I0] to the real case. The construction can be divided into the following
steps:

1. We start with g_ of the chosen type (G, P). (In general, we can start with
the sum b_ of all negative root spaces.)
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2. We choose a component of the harmonic curvature, which should not vanish.
We know that the lowest weight vector X # of the weight p representing the
component of the harmonic curvature can be seen as a map X :g_Ag_ —
g. In our examples, the map X # has its image in g_. (Generically, the
image is in b_, and there are several rank two geometries such that the image
is in p; (for example see Example [6.1]).)

3. We consider the Lie algebra n coinciding with g_ as a vector space together
with the Lie bracket [, ], + X™#. The proof that n is a Lie algebra can
be found in [I0, Lemma 4.1.1]. The natural identification o, : n — g_
is an extension of (exp(n),{e}) to (G, P) with the curvature —X#. (In
general, by := b_ N p is nilpotent, and o, : n P by — b_ is an extension of
(exp(n @ by), exp(by)) to (G, P).)

4. We compute (A,,)o following the Lemma 2.4 and we compute (a(—X ")),
following the Theorem [4.3]

5. We describe Z(Ggy) N (Ay,)o in order to find all types of generalized symme-
tries that the geometry admits. If (a(—X~#)); = 0, then we end here. But
if (a(—X*))4 # 0, the corresponding infinitesimal automorphisms are not
complete on exp(n), and we need to modify our construction in the following
way to get (ay,)+ = (a(=X"")),:

We consider the decomposition of G/P into Schubert cells of the form

G/P = |_| exp(b_)w.eP,

weWw?r

where WP is the Hasse graph of p in g, and w are the corresponding elements
of G. Then we define the manifold M as

where WP is Hasse graph of p in § C g, which consists of connected
components of Dynkin diagram containing only the simple restricted roots
a; such that (ay, 1) = 0 for the corresponding i in H*(p,,g) and p =
gNyp. The following Proposition shows that there is a non—flat homogeneous
parabolic geometry on M with the stabilizer (Ay,)oexp((a(—=X"#))4).

Proposition 6.2.  There is a Lie group K with the Lie algebra n & a acting
transitively on M, which is homotopically equivalent to a subgroup of G with
the Lie algebra g_ @& a. Moreover, this determines an extension of (K,H) to
(G,P), where H = (Ay,)o x exp((a(—=X"#))1) is the stabilizer of a point in
M. The parabolic geometry over M = K/H of type (G, P) given at ug by this
extension 1s reqular and normal, and K coincides with the automorphism group
of the geometry.

Proof. It follows from the results in [10, Section 3.3| that (a(—X"")); = p,,
and thus, there is a subgroup K’ of G with the Lie algebra g_ @ a(—X*) acting
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transitively on M. If we look on the intersection of K’ with the Iwasawa decom-
position of G, then it is clear that the group K’ can be written as exp(b_)AC,
where NAC is the Iwasawa decomposition of the subgroup of K’ with the Lie
algebra g, which is homotopically equivalent to K.

Since exp(b_) is simply connected, we can modify its Lie group structure
to exp(n + by), and K := exp(n + bo)AC is a Lie group with the Lie algebra
n @ a(—X"*) acting transitively on M, which is homotopically equivalent to K.

So we get an extension of (K, H) to (G, P), and since the only component
of the curvature is harmonic, the geometry on K/H given by the extension is
regular and normal. Since the action of any other element of P on the curvature
is non—trivial, K coincides with the automorphism group of the geometry. [ |

Now, we will present several examples of the above construction. We will
discuss the details of the construction only in the first example. The remaining

examples are analogous, and we will summarize here only the results.

Example 6.3 (Type (s[(4,R),p;23) with curvature (2,1)).

1. The pair (g,p) = (sl(4,R),p123) has g_ of the form

0 0 0 O
|z 0 00
g__b__ T2 T3 0 0
Ty Tg T4 0

2. There are five possible components of the harmonic curvature, and we choose
the component (2,1).

3. The curvature of the geometry given by the modified Lie bracket of n is of

the form
0 0 0 0
0 0 0 0
k((x1, ... @6), (2, ..., 2g)) (ug) = 00 0 0

4. We compute

zw 0 0 0
0 2z 0 0
Awho=19 0 1 0o |
0 0 0 L
T7T]
0 29 0 0
(a)_oooo
w/ o 0 0 0
0 0 00
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5. It is obvious that Z(Gp) N (Au)o = (Auy)o, and g—; decomposes into the

eigenspaces with eigenvalues 28, L L of possible generalized symmetries.
x7? xg ! x7IY

Thus there are generalized symmetries of all possible types according to the
Table 5] namely:

1 0 0 0
) o =10 0
=== 1o o 1 o |
0 0 0 —1
100 0
0 10 0
T lo 01 0|
0 00 —1
and S(+7_7+) = S(_7_7_) (e} S(_7+7_).

Since (a,,)+ # 0, there is infinitely many generalized symmetries of the first
two types at each point, and there is infinitely many automorphisms of type

Z(+’,7+) .

Remark 6.4. In this example, we get n = R@®ny 35, where R is spanned
by the z;—entry, and ny 35 is the negative part of the grading of the famous
parabolic geometry (G2(2), P;) corresponding to the generic distribution of
the growth rate (2,3,5).

It is easy to check that K = GI(2,R) x exp(ng3s) C G2(2), and M is
homotopically equivalent to S' x R5.

Example 6.5 (Type (s50(3,5),p12) with curvature (1,2)).  In this example, the
data for the construction are the following:

0 0 0 0 0 0 0 0
;0 0O 0 0 0 0 0
To T3 0 0 0 0 0 0
. 0 —Ty4 —Ts 0 —xr1 —X9 —T19 —Y
g-= T4 0 —Xg 0 0 —xr3 —T7 —XTg ’
Ts  Tg 0 0 0 0 0 0
10 T 0 0 0 0 0 0
Ty T 0 0 0 0 0 0
’i((a"lv“'vxlo)v(x/l? 71‘30))(“’0) =
0 0 0 00 0O0O0
0 0 0 00 0O0O0
0 0 0 000O0O
0 0 0 00 0O0O0
0 0 rxh—xize 00 0 0 O’
0 —zxh + 2ixs 0 00000
0 0 0 00 0O0O0
0 0 0 000O0O
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:|:ZL'14£L‘15 0 0 0 0 0 0 0
0 Ty 0 0 0 0 0 0
0 0 15 0 0 0 0 0
0 0 0 == 0 0 0 0
(Aug)o = 0 0 0 0 = 0 0 0 ’
0 0 ==t g 0 L gy ~Z1y
0 0 11 0 0 0 cos(xiz) —sin(xi3)
0 0 T12 0 0 0 sin(xyz) cos(xs)
00 0 O 0 0 00
0 0 x5 O 0 0 00
00 0 O 0 0 00
(au,), = 00 0 O 0 0 00
o/t 00 0 0 0 000
00 0 O —z 0 0 O
00 0 O 0 0 00
00 0 O 0 0 00

It is easy to check that Z(Gp) N (Ay,)o is given by x11 = 12 = 213 = 0
and 15 = 1, and g_; decomposes into the eigenspaces with eigenvalues +1, 214
of possible generalized symmetries. Thus there are generalized symmetries of all
possible types according to the Table [3| namely:

1 0 00 0 000
0 -1 00 0 000
00 10 0 000

oo 01 0 000

7o 0 00 =100 0"
00 00 0 100
00 00 0 010
00 00 0 001
1 0 0 0 0 000
0 =10 0 0 000
0O 01 0 0 000
0 0 0 -1 0 000

=0 0o 0 0 1000
0O 0 0 0 0 100
0O 0 0 0 0 010
0O 0 0 0 0 001

and S(_ 4y = S(_,_) O S(4,_).
Since (a,,)+ # 0, there is infinitely many generalized symmetries of the
first two types at any point, and there is infinitely many automorphisms of type

E(—,'i‘) .
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Remark 6.6. The Lie group K can be expressed in the following way: We
decompose n as n = R® ny7g9, where R is spanned by the x3—entry, and the
part of A,, not contained in G is the opposite parabolic subgroup (P)° in
PSO(1,3). Then we can write K = PGI(2,R) x (exp(ngzg9) X (P1)).

Example 6.7 (Type (sp(8,R),p124) with curvature (2,1)). In this example,
the data for the construction are the following:

0
T
Zg
X7
T15
T14
T12
T10

X

SO DOD DD OO oo
SO DO Do oo oo —™

8
N

(AUO)O =

O O O oo o o

(au0>+ =

—~

0O 0 0 0 O
0O 0 0 0 0
2 0 0 0 O
z3 0 0 0 O
Ty T2 w1 0 —ay
r13 T11 I8 0 0
T11 X9 Ty 0 0
T Ty Ts 0 0
L1, . 7~T15)7($/17 71./15)
0 0 00
0 0 00
0 000
0 0 00
0 0 00
0 0 00
xexh —xowg 0 0 0
0 000
o o0 0 0 O
B0 0 0 0
0 17 0 0 0
0 T19 X118 0 0
0O 0 0 ﬁ 0
0 0 0 0 e
17
0O 0 O 0 O
0o o0 0 0 O
0 20 0 0 0 0
0O 0 00 0 O
0O 0 00 0 O
0 0 00 0 O
0 0 00 0 O
0 0 0 0 —T20 0
0 0 00 0 O
0O 0 00 0 O

0 0
0 0
0 0
0 0
x5 —x7 |’
—T2 —T3
0 0
0 0
):
00
0 0
0 0
00
0 01’
00
00
00
0 0
0 0
0 0
0 0
0 0 ’
0 0
1 =Zzi9
ﬁi? ${zﬁ?8

x18

O O OO oo oo
OOOO§ o O O

It is easy to check that Z(Gp) N (Ay,)o is given by x17 = 215 and 19 = 0,

1

4
and g_; decomposes into the eigenspaces with eigenvalues %, =3¢, - of possible
16 17 17
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generalized symmetries. Thus there is the generalized symmetry

-1 0
—1

O O O OO

2

+

I

N

|
[echlevianil el el e i e
S OO o oo
OO O OO OO
[l el el S =l =)

|

—
O O OO O oo
_ o O O O o OO

Since (a,,)+ # 0 is contained in pjc(i;"’“ , there is infinitely many automor-
phisms of type X _ 4.

But why we did not find any generalized symmetry of type ¥ _ _ although
they are indicated in the Table The reason is that A\ _ _) induces an outer
automorphism of Sp(8,R). Thus we have to consider

G':={B € GI(8,R) : BIB" = 4]},

where J gives the Lie group Sp(8,R). It is not hard to check that the short exact
sequence Sp(8,R) — G' — G'/Sp(8,R) = Zy splits according to the choice of the
block matrix (_Sd 1%) € G'/Sp(8,R). If we repeat the construction for the type
(G', P[5,4), then we get the following additional generalized symmetries:

—1

|CDCD

—_

o O O
o O O o O

o

OO OO o oo
OO O OO o+ O
o O o oo
OOOO'

—
S oo OO oo
@)
O RO OO o oo
_ o O O O o oo

and S(_ 4 ) = S(—_ )0 S4,—4). oince (ay,)+ # 0, there is infinitely many of
them at any point.

Example 6.8 (Type (s[(5,R), ps3) with curvature (2,1) or (3,2)).

1. In this example, we will discuss three cases for the pair (s[(5,R), po3) with

0O 0 0 00

0O 0 0 00
g=|x1 22 0 0 0
rqy x5 x3 0 0

x7 xg xg 0 O

2. We consider the harmonic curvatures (2,1), (3,2) or both of them at once.
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3. The curvature in the case p = (2,1) is given by

0 0
0
0
0 0

/ /
0 zay— 207

o O O

k(ug)((z1, ..., x8), (2],...,25)) =

o O OO
S OO OO
S OO OO

the curvature in the case p = (3,2) is given by

o O O

k(ug)((z1, ... xs), (2, ..., 25)) =

o O OO

0

T3 TE — Ty Th

o O O OO
o O O OO
o O O OO

and the curvature in the remaining case is the sum of the above.

4. In the case u = (2,1), Ay, = (Ay,)o and is given by

Tg T10 0 0 0
11 T12 0 0 0
0 0 T13 0 0
0O 0 0 x—}g 0

3

0 0 0 T14 13

L9T12—T10%11

In the case u = (3,2), we compute

w00 0 0
10%¥11¥12
T9 10 0 0 0
(Aug)o = 0 0 1 0 01,
0 0 0 22323, 0
0 0 0 T13 12
and
00 0 0O
0 0 z1u OO
(ay)+ =10 0 0 0 O
00 0 00O
00 0 0O

Finally, in the case of both curvatures together, A,, is the intersection of
both previous results, i.e.,

6
3, 0 0
T9 10 0

AUO = (AUO)O = 0 0 zn
0 0 0

0 0 0 T12

|~©oo

8
=

=

- O O O O

Ile?l
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In the case u = (2,1), elements of Z(Gy) N A, are of the form

a®” 0 0 0 0
0 a” 0 0 0
S(a—5,a—1o) = 0 0 a2 0 0
0 0 0 a® 0
0 0 0 0 a8
for a € R, and s 4y for a = —1 is the unique s_ )—symmetry.

In the case u = (3,2), elements of Z(Gy) N A,, are of the form

a® 0 0 0 0
0 a3 0 0 0
8((157@4) = 0 0 CL2 0 0
0 0 0 a* 0
0 0 0 0 a
for a € R, and s_ ;) for a = —1 is s_ ;)—symmetry and there is infinitely

many of them.

In the case of both curvatures, Z(Gy) N Ay, is generated by s ), which is
the unique s_ ;)—symmetry.

7. Tables

We present the tables describing the possibilities for the existence of non—trivial
homogeneous parabolic geometries with generalized symmetries discussed in the
Section [} We will present here the complete list of the cases with g simple. Here:

g ..

[1]

Rg ...

simple Lie algebras and/or their real forms, if there are any restrictions
on parameters, we will write them behind or below.

... the set of roots, which gives the parabolic subalgebra p of g, if there are
any restrictions on parameters, we will write them below and we will omit
the restrictions in the cases g = sl(n + 1, H), sp(p, ¢), where the elements of
= are even.

components of the harmonic curvature of the parabolic geometry associ-
ated to the pair (g,p), we indicate by ' that the corresponding root is in the
other copy of g in the complexification of complex Lie algebra g.
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v ... simple restricted roots that satisfy the condition (3) from the Theorem
for the given components of the harmonic curvature, if there are any
restrictions on parameters, we will write them behind or below.

J ... all the endomorphisms J discussed in the Section |5| such that s; acts
trivially on the given component of the harmonic curvature, except the case
that all complex structures J can be obtained by the composition of the
given complex structure with the remaining entries. If the both + and
— possibilities are available, we will simply write 4+ on the corresponding
position.

The source of the data for the pairs (g, =) of simple parabolic geometries
admitting a non—trivial curvature are the results in [I, 14]. The data about the
components of the harmonic curvature and roots 7y comes partly from the tables
n [I0], and partly are computed by the algorithm presented in [13]. Finally, using
the results from the Section [5| and the explicit description of the components of
the harmonic curvature, we compute, which elements s; act trivially on the given
components of the harmonic curvature.

We order the tables by the size of = or number of non-trivial components
of k. We omit the cases which are equivalent to the other cases via outer
automorphisms.

Table 2: The case |Z| =1

g = Ry J
slin+ 1,{R,C}),n>2 | {1} (1,2) (—)

slln+1,C), n>1 {1} (1,17 (=), (@)
slin+ 1,{R,C,H}), n > 2 | {2} (2,1) (—)
5[<4> {Rv Cv H}) {2} (27 1)7 (27 ) (_)
slln+1,C), n>2 {1} | (1,2),(1,1") (—)
so(p,n—p),n>6,p>0 | {1} (1,2) (—)
s0(n,C), n > 6 {1} (1,2) (—)
sp(2n, {R,C}), n > 2 {1} (1,2) (—)

sp(2n,C), n > 1 {1} (1,1) (=), (4)
sp(2n, {R,C}), n > 2 {2} (2,1) (—)
sp(p,n—p),n>2p>0 | {2} (2,1) (=)
5]3(271, (C), n>2 {1} (1, 2), (1, 1/) (—)
g2(2) {1} (1,2) (=)

92(C) {1} (1,2) (=), (4)
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Table 3: The case |=| = 2, one component of ky
g = Ki 0 J

5u<172) {172} (1’2) (_? _)
siin+1,{R,C}),n > 1 {1,2) (1,2) (+,+)
sl(in+1,{R,C}),n > 2 {1,2} (2,1) ay (+,-)
sl(in+1,{R,C}),n > 2 {1,3} (1,2) (—,+)
slin+1,R),n > 2 {1,n} (1,n) (—, —)
sl(n+1,C),n>1 {p.p+1t | (p+1).1) ap (= +)
slin+1,C),n>1 {1,p} (1,p) (+,—)
5u(p+1,n—p) {17n} (1777’) (_7_)a
n>2 (2, —1)
5[<n+ 17{R7C}) {17p} (172) Qp (_7+>

n> 2 p>3 n—1>p
sl(n +1,{R,C}) {1,p} (L, p) (+,-)

n>3J3 n>p>2

sl(n+1,C) {1,n} (1,n) (—,—),
n>2 (i, —1)
sl(n+1,{R,C, H}) {2,p} (2,1) a, (—,+)

n>2 p>2 n>p>3
si(n+1,{R,C}) prt1} | wtLp) | o (= +)

n > 2 n—1>p>1 n>p+1
sl(n+1,C) {1,p} (1,1) a, (—,+)

n>1 n>p>2
50(3,4), s0(7,C) {1,3} (3,2) (—,—)
so(p,n—p),n>4,p>2 {1,2} (1,2) ag,n > 6 (£, +)
so(n,C),n >4 {1,2} (1,2) ag,m > 6 (£, +£)
so(p,n—p),n>6,p>1 {1,2} (2,1) (—,+)
so(n,C),n > 6 {1,2} (2,1) (= +)
so(p,n —p),n>6,p> 2 {2,3} (3,2) ag,m > 7 (—,+)
s0(n,C),n > 6 {2,3} (3,2) ag,n > 7 (—,+)
so(n,n), so(2n,C),n > 3 {1,n} (1,2) Qp,n >4 (—,+)
sp(2n, {R,C})),n > 1 {1,2} (1,2) (—,+)
sp(2n, {R,C})),n > 2 {1,2} (2,1) o (+,—)
sp(2n, {R,C})),n > 2 {1,n} (1,2) ap,m >3 (—,+)
sp(2n, {R,C}),n > 2 {1,n} (1,n) (+,—)
sp(2n, {R,C})),n > 2 {2,n} (2,1) Qp,n > 3 (—,+)
sp(2n, {R,C}),n > 2 {n,n —1} (n—1,n) (+,-)
sp(n,n),n>1 {2,2n} (2,1) o, (—,+)
sp(2n,C),n > 1 {1,n} (1,17 a, (—,+)
sp(2n,C),n > 1 {1,n} (1,n) (+,—)
sp(2n,C),n > 2 {n—1,n} | ((n—-1),7) (+,—)
92(2) {172} (172) (iai)

92<C> {172} (172) (iv:l:>7 (Zvl)
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Table 4: The case |Z| = 2, more component of kg
g = KH vy J
5[(37 {R’C}) {172} (172)7(271) (_7 _)
s((3,C) {1,2} (1,2"),(1,2),(2,2) (+,-)
sl(4,R) {1,2} (2,3),(1,2),(2,1) (+,-)
5((4,C) {1,3} (1,2),(1,1),(3,1") (—,+)
5((4,C) {1,3} (3,2), (1,3, (3,3 (+,-)
slin+1,R),n > 2 {1,2} (1,2),(2,1) (+,-)
sl(n+1,C),n >3 {1,2} (1,2), (2,1, (1,1 (—,+)
sl(n+1,C),n >3 {1,3} (1,2),(1,1) (—,+)
slln+1,C),n >3 {1,n} (1,2), (1,1"),(n, 1) (—,+)
slin+1,R),n > 2 {2,n} (2,n),(2,1) (—,+)
slin+1,C),n >3 {2,n} (2,m),(2,1),(n,2) (—,+)
sl(n+1,C) {1,p} (1,p),(1,p) (+,—)
n>3J3 p > 2
sl(4,C) {1,2} (2,3),(1,2),(2,1), (+,-)
(1,2),(1,2)
sl(n+1,C) {1,2} (1,2), (2,1), (+,—)
n>3 (1,21, (1,2
slin+1,C) {1,p} (1,2),(1,1) oy (—,+)
n>3J3 p>3 n—1>p
sl(n+1,C) {pp+1} | (p+1,p),((p+1), ¢ ayp (= +)
n>3J3 p > 2
so(p,n —p) {1,2} (1,2),(2,1) (= +)
n>4p>1
s0(n,C), n >4 {1,2} (1,2),(2,1) (—,+)
5]3(4,C) {172} (172)7(27 1)7 (_ +)7
(1/72/>7(172/) (+7_)
sp(2n,C) {1,n} (1,2),(1,1) Q, (—,+)
n > 2 n>3J3
5}3(6,@) {2)3} (273)7(2/731) <_7+>
sp(2n,C),n > 2 {1,n} (1,n),(1,n") (+,—)
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Table 5: The case |Z| = 3,4, one component of ry
g E KH gl J
sl(n+ 1,{R,C}) {1,2,p} (1,2) a, (—, —,+),
n>p>3 | (+—,+),(—+ +)
sl(n+ 1,R) {1,2,p} (2,1) aq, oy (—, —,—),
n>p>3 | (—,+,-), (+,—,+)
5[(71+1,C) {1,2,]3} (271) ay, Qp (_7_7_)7(_’+7_)7
n>p>3 (+,—,+), (—1,1,1)
slin+1,{R,C}) | {1,p,n} (1,n) a, (—,—,+),
p>2 (+7—7_)>(_7+7_)
su(2,2) {1, 2,3} (2,1) (—,—,—),
( ’+7_)7(+’_7+)
su(n,n) {1,n, (1, ay, (—,+,—)
2n — 1} 2n — 1 n>2
su(2,2) {1,2,3} (1,2) (+,—,+)
s50(2n,C), {1,2,n} (1,2) g, Oy, (—,—,+),
so(n,n), n >3 n >4 (+,—,+), (=, +,+)
50(3,5) {2,3,4} (4,2) (— +,+)
s0(7,C), {1,2,3} (3,2) (—, —,—),
50(3,4) (—+,—),(+,—,+)
sp(2n, {R,C}) {1,2,p} (2,1) aq, o (+,—,—),
n>3 p<n (+,+,—), (+,—,+)
sp(2n, {R,C}) {1,2,n} (2,1) ar, 0, (=, —,—),
n>3 (—+,—), (+ —+)
slin+1,{R,C}) | {1,2,p,q} | (2,1) a1, Qyp, Ay (—, +,—,+),
n>4,p>3, (+,+,—,—),
p;én’qsén (_7:|:7+7_)
su(n,n + 1) {1,2, (2,1) (— +, + —)
2n —1,2n}
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Table 6: The case |=| = 3,4, more component of ry
g = KH ¥ J
sl(4,{R,C}) {1,2,3} (2,1),(2,3), (—+,—)
(1,3)
sl(4,{R,C}) {1,2,3} (2,1),(2,3), (+,—,+)
(1,2),(3, 2)
slin+1,{R,C}) {1,2,p} (1,2),(2,1) a, (+,—,+)
n>p>3
sl(4,{R,C}) {1,2,3} (2,1),(2,3) (——,—)
5u(2,2) {1,2,3} (1,3),(2,1) (—,+,—)
5u(2,2) {172,3} (1,2),(2,1) (—l—,—,—l—)
sl(n+ 1,{R,C}) {1,2,n} (1,2),(1,n) (—, —,+)
sl(n 4+ 1,R) {1,2,n} (1,n),(2,1) (— +,—)
50(4,4),50(8,C) {1,2,4} (1,2),(4,2) Qg (+,—,+)
slin+ 1,{R,C}) | {1,2,n—1,n} | (2,1),(n—1,n) (— —,—,+),
( y T 0T _)7
( RERE _)
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