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Abstract

The geodesic graph of Riemannian spaces all geodesics of which are orbits of
1-parameter isometry groups was constructed by J. Szenthe in 1976 and it became
a basic tool for studying such spaces, called g.o. spaces. This infinitesimal structure
corresponds to the reductive complement m in the case of naturally reductive spaces.
The systematic study of Riemannian g.o. spaces was started by O. Kowalski and
L. Vanhecke in 1991, when they introduced the most important definitions, classified
the low-dimensional examples and described the basic constructions of this theory.
The aim of this paper is to investigate a connection theoretical analogue of the
concept of the geodesic graph.

1. Introduction

Let M = G/H be a homogeneous space equipped with an invariant connec-
tion V. Let g and h denote the Lie algebra of the Lie group G and H, respectively.
The space (M = G/H, V) is called affine reductive if there exists an Ady invariant
decomposition g = b + m such that any geodesic v(t) emanating from the origin
o = H € M is the orbit of a 1-parameter subgroup {exptX, ¢t € R} of G, where
X € m, and the parallel translation T(’)):t 1 TyyM — Ty M along the geodesic ~y(t)
is the same as the left translation by the 1-parameter subgroup {exptX, ¢t € R}.
(cf. [6]). A homogeneous manifold M = G/H with an invariant connection V is
called affine geodesic orbit space (g.o. space) if it has the more general property:
each geodesic of M is an orbit of a one-parameter subgroup exptZ (t € R), Z € g.
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If M = G/H is a homogeneous space equipped with an invariant Riemannian met-
ric g then there exists always an Ady invariant decomposition g = h+m. In general
one can find more than one such decomposition. The Riemannian homogeneous
space (M = G/H, g) is called naturally reductive homogeneous space if there exists
an Ady invariant decomposition g = h + m such that any geodesic (¢) emanating
from the origin o = H € M is the orbit of a 1-parameter subgroup {exptX, ¢t € R}
of G, where X € m. The Riemannian homogeneous space (M = G/H, g) is called
a Riemannian g.o. space if it is an affine g.o. space with respect to its Levi-Civita
connection. Obviously, a naturally reductive space (G/H,g) is a Riemannian g.o.
space. Finally, the Riemannian manifold (M, g) is said to be naturally reductive or
g.0. space respectively, if it is naturally reductive or Riemannian g.o. space for some
connected subgroup G of the full isometry group of (M, g).

The first example of a Riemannian g.o. space which is in no way naturally re-
ductive was given by A. Kaplan in 1983 [5]. Before this work it was generally believed
that the Riemannian geodesic orbit property is just equivalent to the natural reduc-
tivity (cf. [1], Theorem 5.4). J. Szenthe in 1976 [14] proposed a deep construction
for the study of affine g.o. spaces with compact isotropy group H, his construction
results the reductive complement m in the special case of affine reductive spaces.
The systematic study of Riemannian g.o. spaces was started by O. Kowalski and
L. Vanhecke in [9], where they introduced the most important definitions, classified
the low-dimensional examples and described the basic constructions of this theory.
They called geodesic graph the infinitesimal structure generalizing the notion of a re-
ductive complement of a subalgebra b in the Lie algebra g the construction of which
was proposed by J. Szenthe for the investigation of affine g.o. spaces. In the last
years interesting papers were devoted to the study of geodesic graphs of Riemannian
g.o. spaces (cf. e.g. [8], [7]). This notion is generalized in Appendix to [8] which more
general structure can be interpreted as an infinitizemial version of some invariant
connection.

The aim of our paper is to show that a connection theoretical version of the
concept of the generalized geodesic graph occurs as a natural canonical connection
of Finsler spaces. This type of connection has been introduced in an early paper of
L. Berwald ([2]) and it is strongly related to the Finsler connection theory of S. S.
Chern (cf. [13]) and of H. Rund ([10], [11]), but it is different from the connections of
Finsler type named as Berwald, Rund or Chern connection. In this paper we give an
invariant treatment of this generalized linear connection, a version of which is used
systematically by Z. Shen for the investigation of Finsler manifolds (cf. [12], [13]).
We reinterpret some results on Riemannian g.o. spaces as informations on invariant
Shen connections. In a following paper we will give a treatment of the curvature
theory of invariant Shen connections and of homogeneous Finsler manifolds.
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2. Shen connections
2.1. Shen connections on the frame bundle

Let M be a differentiable manifold, let w : TM — M and wy, : LM — M be
the tangent bundle and the frame bundle of M, respectively. We denote by 7 M
the open submanifold of T'M consisting of nonzero vectors. We consider the direct
products TM x,, LM and TM x,, LM of the bundles 7'M and LM, respectively
TM and LM, over the base manifold M. Let py : TM x,, LM — TM and
p2 : TM x,, LM — LM be the projections of T'M x,, LM onto the first and the
second components. We have the commutative diagram:

TM x,, LM —2— LM

) |~

TM —~ - M

If z — (2%,...,2") is a local coordinate map on M then we denote by (z,y) —

(', 2™yt y") and (x,2) — (zh,..., 2™ 21, ..., 2") the associated coordi-
nate maps on TM and LM, respectively, where y',... 4™ are the coordinates of
the tangent vector y € T, M and z{,..., 2" are the coordinates of the vectors of the
frame z € L, M with respect to the coordinate basis (6%, e 8%)
DEFINITION 2.1. A map

o:(z,y,2) —o(z,y,2) : TM x,, LM — TLM,

which is C*°-differentiable on 7M x,, LM and continuous on T'M x,, LM, is called
Shen connection on the manifold M, if

o(x,y,2) € Ty, LM, (C1)
TL«0 = P1, (C2)
o(z, Ay, 2) = Ao(z,y,2), VAER, (C3)
(Rp)«0(z,y,2) = o (x,y, Ry 2), (C4)

where R : LM X GL,(R) — LM denotes the right action of the linear group
GL,(R) on the fibers. The Shen connection ¢ is called K-invariant with respect to
a differentiable transformation group p : K — Diff(M) of M if

(i )s0 (2., 2) = o (kz, (k) Hi;2)

for any k € K, where u*~ : K — Diff(LM) denotes the associated representation of
K in Diff(LM). If the manifold M is a homogeneous space G/H and o is invariant
with respect to the group G then we call o an invariant Shen connection on G/H.

For the sake of simplicity, in the rest of the paper we denote the map puy
simply by (4x )
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We remark that every linear connection can be interpreted as a Shen connec-
tion. Indeed, considering the horizontal lift of T'M into T LM associated to a linear
connection we obtain a map o satisfying the above conditions. In this particular
case the map o is linear with respect to the variable y and it is C°°-differentiable
on the whole manifold TM x,, LM.

Using local coordinates (x%) on M and the associated coordinates (x,y") and
(o, z;) on T'M and on LM respectively, we find that the local coordinate expression
of o has the shape

S 0 . 0
Tt i) 0 i 14 k_~ 1
O'(J? Y 7ZJ) Yy ot + k;(x7y)zl azz] ( )
with some functions I‘i (z,y), j,k = 1,...,n, which are homogeneous of degree 1

with respect to the variable y, i.e. Fi(x, Ay) = AFi(x, y) for any A € R.

REMARK 2.2. The notion of Shen connection can be defined analogously for
any principal subbundle 7y : @ — M of the frame bundle 7y : LM — M. If
we consider such case we say that the Shen connection is defined in the subbundle
Q@ — M.

Clearly, if a Shen connection is defined in a subbundle of the linear frame
bundle then it can be extended to the linear frame bundle in a natural way. We can
also define the notion of the reduction of Shen connections.

DEFINITION 2.3. Let mp, : @ — M be a principal subbundle of the frame
bundle 7y, : LM — M and let 0 : TM x,, LM — TLM be a Shen connection. We
say that o can be reduced to the subbundle 7y : Q@ — M if the restriction of the
map o to the submanifold 7'M x ,, ) determines a Shen connection in the subbundle
g @ — M. The restricted map TM x,, Q — T'Q is called the Shen connection
reduced to 7y, : QQ — M.

2.2. Parallelism

A connection gives us the possibility to introduce the notion of parallel frame
field and parallel vector field along a curve of M. Moreover we can introduce parallel
translation of tangent vectors along curves as well as the notion of geodesics on M.

DEFINITION 2.4. Let 7y : [a,b] — M be a differentiable curve on M.
(a) A frame field z;, t € [a, b], along v is called parallel, if

2 = (e, Y, 2t)

for every ¢ € [a, b].
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(b) Let be given a parallel frame field z; along . A vector field U(t) along ~ is
called parallel if the function t — z; (U(t)) : [a,b] — R™ is constant for the
parallel frame field z; along . (Here z; is considered as the canonical linear
map R" — T, M.)

The following assertion is an immediate consequence of this definition:

REMARK 2.5. If a vector field U (t) along  is parallel with respect to a parallel
frame field z; then it is parallel with respect to any parallel frame field. Hence the
notion of parallel vector fields along - is well defined, it is independent of the parallel
frame field used in the definition.

Using the local form (1) of the connection o we obtain that a frame field
z(t) = zj(t) is parallel along v = z(t) if and only if for any i,j = 1,..., n it satisfies
the equation

Zi(t) = Tz, 4)zf = 0.

Now, we can introduce the notion of covariant derivative.

DEFINITION 2.6. The covariant derivative of a vector field U(z) = U(z) 2

PEX
along the vector field V(z) = Vi(x) 3‘3& is given by

ggjw—r;l(xl,...,xl;vl,...,V”)Uﬂ') aii (2)

VVU:<

A vector field U(t) = U'(t) 522 is parallel along + if and only if we have

0
ox'

V.U = (Ul —F;(xl,...,xl;il,...,a’c") Uj>
0
0 xt

_ (Ui(t) ) Uj(t)> —0.

REMARK 2.7. Canonical covariant derivatives V of Finsler spaces having the
local form (2) occured first in [2], p. 45, equation 14, (cf. also [10], p. 83, equation
2.4). In the last years Z. Shen uses the canonical covariant derivative of type (2)
for the global investigation of Finsler manifolds (cf. [13]).

Using parallelism the notion of the parallel translation 7., t € [a,b], along a
differentiable curve v : [a,b] — M can be introduced as follows:

DEFINITION 2.8. Let z(t) be an arbitrary parallel frame along . The parallel
translation 7,  : TyoyM — Ty )M is defined by the equation

Tay = 2(t) - 2(a)™" : TyyM — TyyM, t € [a,b].

Clearly, the parallel translation is a linear map.
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DEFINITION 2.9. A curve 7 is called a geodesic if 4 is parallel along itself.

The differential equation of a geodesic z = (z'(t),...,2"(¢)) in a local coor-
dinate system has the shape
. i i . . 0
Vi = (#(t) = Tj((t), #(t)) # (1)) 5— = 0. (3)

At the end of this section we extend the notion of the holonomy group to Shen
connections.

DEFINITION 2.10. The linear holonomy group at the point o € M of the Shen
connection o is the linear group acting on T, M which is generated by the paral-
lel translation of tangent vectors from 7,M along piecewise differentiable curves
starting and ending at o.

Clearly, if the manifold is connected then the linear holonomy groups at dif-

ferent points are isomorphic.

2.83. Spray associated with a Shen connection

DEFINITION 2.11. A vector field S: TM — TTM on TM is called a spray if
W*(S) = idTM.

A vector field S is a spray if and only if its local expression has the form

o ) , o
S Z, 7 — X2 _ 1 , _ 4

(@ y) =y’ g + fi(z y)—ayl (4)

with some function fi(x,y), i = 1,...,n. The notion of spray can be used for

coordinate free formulation of second order ordinary differential equations. Indeed,
a differentiable curve v : [a,b] — M is called a path of the spray S if its speed curve
4 : [a,b] — TM is an integral curve of S. Clearly, a curve v(t) = x%(t) is a path of
S if and only if it satisfies the second order differential equation

it = fi(x,2), di=1,...,n. (5)

If there is given a Shen connection o then one can associate a spray canonically by
the following way: let us denote the R"™-valued map

Ve(v,2) = 27 (v), veT,M, z€ L, M
by ¥ : TM x,, LM — R" and the map
Bn,z):=n'z,  n=(m,....m) ERY, 2= (21,...,20) € LaM

by B:R™ x LM — TM. We denote by 32 : R® x TLM — TTM the tangent
map of 3 with respect to its second variable. Then the diagram

(2)
TM %, LM 27 R x LM 2 TTM, (6)
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determines the map S = 8 o (9 x o) : TM x,, LM —s TTM.

PROPOSITION 2.12. The value S(v,z) of the map S : TM x,, LM — TTM
depends only on the vector v € T, M, but it is independent of the frame z € L, M.
The vector field S : TM — TTM defined on TM by

S(v) := S(v, z)

s a spray on M.

PROOF. Indeed, using the local expression of o given by (1) we obtain imme-

diately for v = (2*,97), z = (2, 2}), v = («*, 1/ 2}) that

; 0

i

0% 0)(0,2) = [ my' e

(I,Z)

and therefore

S(v,2) =B (¥ x (v, 2))

, , 9
= ,L—, Q. FJ * k—
Y g @iz T k@, y)n'z 39 | oo

D y
ox’ oy (%)
It is clear from this formula that S is independent of the choice of the reference

frame z. Moreover, we can also see from this computation that the local expression
of S'is

: (7)

(z,y)

.0
S(x,y):ylﬁ

, 0
k
(ey) T Th(T: Y)Y oy

Comparing this with (4) we obtain that S is a spray with the functions f*(z,y) =
Iy.(2, ) y*. O

DEFINITION 2.13. The spray associated with the Shen connection o is the
vector field § = 55‘2)0(19x0) : TM — TT M investigated in the previous proposition.

Comparing the differential equation (3) of geodesics of the Shen connection
o, the differential equation (5) of paths of a spray and the local expression (7) of
the spray associated with the Shen connection ¢ we obtain the following

COROLLARY 2.14. A differentiable curve is geodesic with respect to the Shen
connection o if and only if it is a path of the spray associated with o.
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3. Invariant Shen connections

3.1. Reductive Shen connections

Let M be a differentiable manifold on which the Lie transformation group
G acts transitively. Let us fix an origin o € M and denote by H the stabilizer of
0 € M in the group G and by p : G — G/H the projection map. As usual we call
H the isotropy group of the homogeneous space G/H. Then M is isomorphic to
the factor space G/H with origin H and its tangent space at o € M is isomorphic
to g/h, where g and b are the Lie-algebras of the Lie groups G and H respectively.
The action of G on M is determined by the map

Ai(gym)—Agm=g-m:Gx M — M.

We denote by
p:9gH —g-0:G/H — M,

the isomorphism between G/H and M, its tangent map

os:(v+h)— < exp(tv)-o:g/bh — T,M
dt|,_q
gives the isomorphism between g/h and T, M.
In the following we identify the manifold M with G/H and the tangent space
T,M with g/h by the described isomorphisms ¢ and ¢.. Now, we investigate Shen
connections defined on the homogeneous space M = G/H which are invariant under
the transitive transformation group G.

PROPOSITION 3.1. Let M = G/H be a connected homogeneous space equipped
with an invariant Shen connection o : TM x,, LM — TLM. Let zop € LM be a
fized reference frame at the origin o. Then the mapping

Az ig— (Ag)szo: G— LM
is an tmbedding of the Lie group G into the frame bundle LM .

Proor. First, we notice that the maps Ay, g € G are transformations of
M preserving the Shen connection o. Hence the transformations )y, g € G map
geodesics of M into geodesics. It follows that if the transformation A, fixes the origin
o and its tangent map (Ay). fixes the reference frame zo then (Ag)« : TobM — ToM
is the identity map idy, pr on T,M. Hence A, preserves the geodesics emanated
from the origin o € M from which follows that A, is locally the identity map. Let
F Dbe the set fixed points f € M of Ay such that (Ag), induces the identity map on
the tangent space Ty M. Clearly, this set F' is closed in M. But it follows from the
previous arguments that for any f € F' the map A, induces the identity map in a
suitable neighbourhood of f. It follows that F' = M since F' is open and closed in
the connected manifold M, consequently A, : M — M is the identity map. Hence
A, is an injective imbedding. O
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Now we investigate a class of Shen connections which have similar properties
as the canonical connections of reductive homogeneous spaces.

DEFINITION 3.2. An invariant Shen connection o : TM x ,, LM — T LM given
on the manifold M = G/H is called reductive if for any geodesic v(t) emanating
from the origin o € M there exists a suitable X € g such that

(a) 7(t) is the orbit of a 1-parameter subgroup {exptX, t € R} of G, i.e.

V(t) = AexthO = (eXp tX) -0,

(b) the parallel translation 7., : Ty o)M — T, ;)M along ~(t) is the same as the
translation by the 1-parameter subgroup {exptX, t € R}, i.e.

Tot = exptx)s : ToM — Tiexpx)o -

According to 3.1 the Lie group G is diffeomorphic to the total space A, G
of the subbundle 7y, : A,;G — M, where identity element e € G corresponds to
the reference frame 2y € L,M and the Lie algebra g corresponds to the tangent
space 1, LM . The diffeomorphism A,, induces a bundle isomorphism between the
principal bundles p : G — G/H and 7, : A,,G — M.

ProproOsSITION 3.3. Let 0 : TM x,, LM — TLM be a reductive invariant

Shen connection. Then it can be reduced to the subbundle wr : A,,G — M of
7 LM — M.

PROOF. We have to prove that the image o(TM x,, A,,G) of the connection
map o is contained in the manifold T'A, G. We know from the definition of parallel
translation of frames that the subset o(TM x {2p}) of the image o(TM x,, A,,G)
consists of the tangent vectors of parallel translated frames along curves emanated
from the origin 0. Hence it follows from the definition of the g.o. property that
o(TM x {z0}) C (As)«g. Both of the connection map o and the manifold TA,,G
are invariant with respect to the action of the transformation group G from which
we obtain that o(TM x,, A, G) is contained in TA,,G. O

Clearly for a reductive invariant Shen connection o the parallel translation of
frames leaves invariant the submanifold TA, ;G C T LM of frames. It follows that
the linear holonomy group of ¢ is isomorphic to a subgroup of the fibre group of
the principal bundle 7y, : A, ;G — M. Hence we obtain:

COROLLARY 3.4. If o is a reductive invariant Shen connection on the homo-
geneous space M = G /H then its linear holonomy group is isomorphic to a subgroup
of the isotropy group H.
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3.2. (Non-linear) horizontal lift

Let M = G/H be a homogeneous space, where H C G are Lie groups and
h C g are the corresponding Lie algebras. The tangent space T, M at the origin o
can be identified by the factor space g/h. The linear isotropy representation of the
subgroup H on the tangent space T, M is given by

h— (Ap)s : H— GL(T,M), he€H.

The corresponding action of H on the factor space g/b is the induced action of the
adjoint representation h — Ady : H — GL(g) of H on the factor space g/b, i.e. an
arbitrary h € H acts on a coset X + h € g/b by the map X +h+— Adp(X +5) =
Adp(X)+h. We denote this induced action of h € H on g/h by Adgf/") :g/bh— g/b.
If there is given a reductive decomposition g = h + m of the Lie algebra g then a
natural map g/h — m C g can be defined. In the case of reductive invariant
Shen connections we define the notion of (non-linear) reductive lift which is a not
necessarily linear version of the previous map. Such kind of maps are introduced
by J. Szenthe [14] for the investigation of affine g.o. spaces:

DEFINITION 3.5. A map £ : g/h — g is called (non-linear) horizontal lift if
the following conditions are satisfied:

(a) £ is Ad(H)-invariant, which means
E(AdY (X + b)) = Ady(6(X +5)), forallhe H, X €g.

(b) £ is homogeneous, i.e. {(AX + ) = A(X + b), for every X € g and A € R.
(¢) ¢(X+bH)—X)ehforany X €g.
A (non-linear) horizontal lift £ : g/h — g is called C*°-differentiable (or analytic) if
it is continuous on g/h and C*-differentiable (or analytic) on g/b \ {0}.

Clearly, ¢ is differentiable linear map if and only if it is differentiable at the
origin 0 € g/, too. In this case the image £(g/h) is a reductive complement of the
Lie subalgebra b in g.

One can associate (non-linear) horizontal lifts with reductive invariant Shen
connections.

PROPOSITION 3.6. Let M = G/H be a homogeneous space, where H C G
are Lie groups and ) C g are the corresponding Lie algebras. Let o be a reductive
invariant Shen connection. Then the restriction

U|T0Mx{zo}: ToM x {z0} — TyyA» G
of the map o to the tangent space T,M at the reference frame zo determines a
differentiable (non-linear) horizontal lift by the use of the identifications M = G/H,
.M =g/b and T,,A,,G = g.
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PRrROOF. Since the Shen connection map o is reduced to the frame subbundle
7wt AyfyG — M of m, : LM — M, it is left invariant. The property (C4) in
the definition 2.1 of Shen connections implies that ¢ is right invariant on the fiber
77 '(0) and hence the map O’|TO M {20} satisfies the property (a) of a (non-linear)
horizontal lift. The conditions (b) and (c¢) for a (non-linear) horizontal lift follow
from the properties (C3) and (C2) in the definition 2.1 of a Shen connection. [

DEFINITION 3.7. Let o be a reductive invariant Shen connection given on
the homogeneous space M = G/H. The differentable (non-linear) horizontal lift ¢ :
g/h — g determined by the restriction 0|T M (=0} of the map o to the tangent space

T,M at the reference frame zq is called the (non-linear) horizontal lift associated
with the Shen connection o.

PROPOSITION 3.8. Let us identify the manifold M with the homogeneous space
G/H, the tangent space T,M with the factor space g/b, the subbundle wp, : A,,G —
M of frames with the principal bundle p : G — G/H. If £ : g/b — g is a
Ce-differentiable (non-linear) horizontal lift then the map o : TM x,, A,,G —
TA,,G defined at the point (z,u,z) € TM x,, A,,G by the value o(x,u,z) =
(2, A\g)+&((Ng)5 1 (w))) is a reductive Shen connection in the bundle 7r, : A,,G — M,
where A\g (g € G) is the unique map such that Ay : 0 — & and (Ag)« : 20 — 2.

Proor. Clearly, the map o : TM x,, A, G — TA, G is invariant with respect
to the action of G on A, G. It follows from the defining properties of £ that the
map o satisfies the properties (C1) - (C3) of a Shen connection. The property (C4)
is fulfilled, too, since the (non-linear) horizontal lift is Adg-invariant. Hence the
map o : TM x,, A,;G — TA_ G determines an invariant Shen connection in the
principal bundle.

Now, we prove that the Shen connection ¢ is reductive. Let be given a tangent
vector u € ToM and let z(t) = (Aexp te(u))+20 be the orbit of zo with respect to the
1-parameter subgroup expt{(u), t € R. This orbit corresponds to the 1-parameter
subgroup exp té(u), t € R of G by the identification of the subbundle 7y, : A,,G —
M of frames with the principal bundle p : G — G/H. We show that z(t) is
a parallel frame field along the curve 7 (2(t)), or equivalently, that its tangent
vector is given by the value of the map o at the tangent vector of the projection
curve 7 (z(t)) and at the frame z(t). Indeed, the tangent vector at ¢ € R of
the corresponding curve exp t€(u) in G is (Aexp te(u))+&(w) Which corresponds to the
value a(exp tE(w), (Nexp te(u) )+ s (Aexp tg(u))*é(u)) by the identification, which means
that z(t) is a parallel frame field. Similarly we obtain that the tangent vector of
p(expt&(u)), corresponding to 7z, (2(t)), is the vector (Aexp t¢(u))«u Which is a parallel
vector field along p(expté(u)). Hence the projected curve mp(2(t)) is a geodesic
tangent to u € T,M and the parallel translation along this geodesic coincides with
the action (Aexpte(u))+ Of the 1-parameter group expt{(u). This result means that
the Shen connection o is reductive. (]
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The previous propositions give the following

THEOREM 3.9. There exists a bijective correspondance between differentiable
(non-linear) horizontal lifts of the factor space g/b and reductive Shen connections
on the homogeneous space G/H .

3.3. Riemannian g.o. spaces

Let (M = G/H,g) be a homogeneous Riemannian manifold with origin o =
H e M = G/H and let 1o : OM — M denote the orthonormal subbundle of
OM C LM of the linear frame bundle 7wy, : LM — M of M. Let zo € O,M be a
fixed orthonormal reference frame at the origin o. Then the mapping

Ayig— (Ag)ezo: G— OM

is an imbedding of the Lie group G into the frame bundle OM. Since the mapping
A, induces an isomorphism of the isotropy subgroup H onto a subgroup of the or-
thogonal group O(n, R) the Cartan—Killing form of O(n,R) determines an invariant
Riemannian metric on the subgroup H. The following statement is a reformulation
of a

THEOREM OF J. SZENTHE. Let (M = G/H, g) be a Riemannian g.o. space.
For a given Adg-invariant decomposition g = m+ b there exists a canonical (non-
linear) horizontal lift £ : g/b — @ such that for any X + b € g/b\ {0} the orbit of
{expt&(X + ), t € R} through the origin o = H € G/H is a geodesic.

(Cf. [14], [9].) We notice that the construction of J. Szenthe depends on the
chosen Adg-invariant decomposition g = m + h. The construction depends on the
choice of the invariant Riemannian metric on the isotropy group H, but for the
simplicity we fixed this metric previously.

The canonical horizontal lift of J. Szenthe can be described by the following
construction:

For each given coset X + b € g/bh, X # 0 put

qx+p) = 1A €h:[A, X +b] Ch}.
Clearly, q(xp) is a subalgebra of h. Next, let N xq) be the normalizer of q(x 1)
in b, i.e.

N(X+h) = {B €bh: [B,A} € q(x+n) for all A € q(X+h)}.

ProOPOSITION 3.10. Let g = m+ b be an Adgy-invariant decomposition of the
Lie algebra g. We identify the tangent space T,M with the subspace m C g. Let
X € m\ {0} be the tangent vector of a geodesic through o € M which is the orbit of
the 1-parameter isometry group expt(X + A) where A € h. Then A € N(xp).
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ProoOF. Using the Adp-invariant decomposition g = m + b one has that if
X € m then q(x4p) = {A € b: [4,X] = 0}. The detailed proof of the statement
A € N(x4p) is given in [14].

Let g =m+bH and g = m’ + § be two different Adgy-invariant decomposi-
tions and let X € m\ {0} and X' = X + C € m’\ {0} represent the same tangent
vector from T,M, i.e. C € h. Then the subalgebras {A € h : [4, X] = 0} and
{A" € h: [A, X'] = 0} coincide since [A’, X'] = [A’, X + C] = 0 implies [A', X]|=0
and conversely. Hence the result is independent of the chosen Adg-invariant de-
composition of g. (Cf. 8], p. 225.) O

Let N(x4p) = d(x+p) t ¢(x+p) be the orthogonal decomposition with respect
to the Adg-invariant scalar product (, ) on h determined by the given invariant
Riemannian metric of the isotropy group H. Then the (non-linear) horizontal lift
¢ : g/h — g which is determined by the construction of J. Szenthe can be identified
with a map § : m — g uniquely characterized by the condition {(X)—X € ¢(x4y) for
any X € m\ {0}. (Cf. [14]), or equivalently, the value of the map X — (¢(X)—X) :
m — b is orthogonal to the subalgebra q(x ) at each vector X € m.

DEFINITION 3.11. The map X — ({(X) — X) : m — b the value of which
is orthogonal to the subalgebra q(x4p4) at each vector X € m\ {0} is called the
geodesic graph.

Explicit expression for geodesic graphs are described in [4], [8], [3], [7]. All
known examples of Riemannian g.o. spaces which are not naturally reductive show
that the (non-linear) horizontal lifts £ : g/h — g determined by the Szenthe’s
construction have essential singularities. Hence we introduce the following notion:

DEFINITION 3.12. A (non-linear) horizontal lift £ : g/h — g is called dif-
ferentiable with singularities if the map & : g/h — g is differentiable on an open
dense Adpy-invariant subset of g/h. The map o : TM x,, A,,G — TA,,G deter-
mined by the construction of Proposition 3.8 is called a differentiable reductive Shen
connection with singularities.

DEFINITION 3.13. A reductive Shen connection o (with singularities) de-
fined on the orthonormal frame bundle of a homogeneous Riemannian manifold
(M = G/H,yg) is called naturally reductive Shen connection (with singularities)
if the geodesic spray of the Riemannian manifold (M, g) coincides with the spray
associated with the Shen connection o.

From the previous definition follows that the spray associated with a naturally
reductive Shen connection with singularities is differentiable. One can formulate the
following

THEOREM 3.14. Let (G/H, g) be a Riemannian g.o. space. For a given Adp-
invariant decomposition g = m + b the Szenthe’s construction determines a unique
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naturally reductive Shen connection (with singularities) of the Riemannian g.o. space
(G/H,g).

PROOF. According to Szenthe’s theorem there exists a canonical (non-linear)
horizontal lift £ : g/h — g such that for any X + h € g/b \ {0} the orbit of
{expt&(X + b), t € R} through the origin o = H € G/H is a geodesic. This (non-
linear) horizontal lift is differentiable, possibly with singularities. Indeed, according
to Theorem 2.1 in [8] the corresponding geodesic graph X — ({(X) - X) :m —
h can be uniquely expressed by a rational map on an open dense subset in m.
Hence the map o : TM x,, A,;G — TA, G determined by the construction of
Proposition 3.8 determines a differentiable reductive Shen connection, eventually
with singularities. O

O. Kowalski and Z. Nikéevié¢ in Appendix to [8] generalized the notion of
geodesic graph as follows:

DEFINITION 3.15. Let (G/H,g) be a Riemannian g.o. space and g = m + f
an Adpg-invariant decomposition of the corresponding Lie algebra g. A general
geodesic graph for G/H is an Adg-equivariant map n : m — b which is analytic on
a dense open subset of m and such that for each vector X € m \ {0} the orbit of
{expt(X 4+ n(X)), t € R} through the origin o = H € G/H is a geodesic.

In the case of naturally reductive spaces U(3)/U(2) and U(2,1)/U(2) they
constructed examples of general (non-linear) geodesic graphs which are analytic on
m\ {0} and hence the associated naturally reductive Shen connection is differentiable
(cf. equation (A) in Proposition 1). This motivates the following

PROBLEM. Find classes of Riemannian g.o. spaces (G/H,g) which are not
naturally reductive but their geodesic graphs are C*-differentiable or analytic on
m\ {0} and hence there exists an associated naturally reductive Shen connection in
the frame bundle corresponding top: G — G/H.
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