Publ. Math. Debrecen
46 / 3-4 (1995), 349-372

On characterizations of Sasakian space forms
and locally p-symmetric spaces by
p-geodesic tubes

By M. DJORIC (Belgrade)

Abstract. This paper continues the study of the problem to which extent the
properties of tubes about ¢-geodesics on a Sasakian manifold influence the geometry of
the ambient space. We characterize Sasakian space forms and @-symmetric spaces by
analysing the action of the shape operator and the Ricci operator on these tubes.

1. Introduction

In this paper, Sasakian manifolds will be studied by investigating
the properties of the extrinsic and intrinsic geometry of tubes on these
manifolds. The strong influence by the features of the geometry of small
geodesic spheres and tubes on the geometry of the ambient space was
ascertained a long time ago. Since then, it has been the topic of numerous
investigations and discussions, such as [2]-[16], [20].

We refer to [16] and [23] as the most comprehensive and detailed
studies of this relation which include a selection of already known and
new results. In particular, these studies have shown that the theory of
Jacobi vector fields is very important in the investigation of Riemannian
geometry, as this is one of the most convenient methods for analysing the
extrinsic and intrinsic geometry of small geodesic spheres and small tubes
about curves and submanifolds of a Riemannian manifold.

This technique was used in treating the relation between the curva-
ture of the ambient space and the properties of the shape operator and
the Ricci operator of small geodesic spheres on an almost Hermitian [9]
and on a Sasakian manifold [10]. This led to several new characteriza-
tions of Kahler and nearly Kahler manifolds of constant holomorphic sec-
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tional curvature, of locally Hermitian symmetric spaces, of nearly Kahler
3-symmetric spaces, of Sasakian space forms and of locally p-symmetric
spaces. In [11] the author, together with L. VANHECKE, initiated the study
of similar problems by considering small tubes on Sasakian manifolds. In
particular, the research of small tubes about the flow lines of the character-
istic vector field resulted in characterizations of Sasakian space forms and
locally ¢-symmetric spaces. Later, (in [12]), the author started analysing
similar problems considering the tubes about geodesics which cut at all of
its points the integral curves of the characteristic vector field £ orthogo-
nally. These particular geodesics are usually called ¢-geodesics and this
study has led to characterizations of Sasakian space forms and of locally
p-symmetric spaces too. Several new characterizations of these spaces are
the main purpose of this paper. More precisely, we analyse the properties
of tubes about p-geodesics o on a Sasakian manifold M (¢, &, n,g) by in-
vestigating the action of the shape operator and the Ricci operator on the
plane {&, pv} which is parallel along a ¢-geodesic 7 tangent to v and pass-
ing through o(t). In this paper 7 is tangent to v while meeting &(¢) and
o (t) orthogonally, whereas in [12] 7 is tangent to v = ¢d(t). Recently
D. BLAIR and B. PAPANTONIOU gave in [2] a characterization of Sasakian
space forms by means of the Weingarten map on sufficiently small geodesic
tubes.

The article is organized in the following way. In Section 2 we recall
some general preliminary facts concerning Sasakian manifolds. After fo-
cussing on the central role of Fermi coordinates and Jacobi vector fields
in Section 3, we compute the explicit formulas for the shape operator of
tubes about yp-geodesics on a Sasakian space form in the above described
points. Then, in Sections 4 and 5, we treat our main results considering
the extrinsic and intrinsic geometry of these tubes.

The author is grateful to L. VANHECKE and P. BUEKEN for several
useful discussions.

2. Sasakian manifolds

A C* manifold M?"*! of dimension 2n + 1, together with a global 1-
form 71 such that nA(dn)™ # 0, is said to be a contact manifold. Given such
a contact form n, it is well known that there exists a unique vector field & on
M?" 1 gatisfying n(€) = 1 and dn(&, X) = 0;¢ is called the characteristic
vector field of the contact structure. Moreover, if there exists a tensor field
@ of type (1,1) such that

(1) ’=—-I+n®E,

then M admits a Riemannian metric g satisfying

9(pX,0Y) = g(X,Y) —n(X)n(Y),
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for any vector fields X,Y. The structure (p,&,n,g) is called a contact

metric structure and a manifold M?"*! with a contact metric structure
is said to be a contact metric manifold. If the contact metric structure
tensors satisfy

(2) (Vxp)Y =g(X,Y){ —n(Y)X,

where V denotes the Riemannian connection of g, M is said to be a
Sasakian manifold. This condition implies

(3) Vxé=—pX

from which it follows that ¢ is a Killing vector field. Hence, its integral
curves are geodesics called &-geodesics. Also, vectors which are orthogonal
to & are called horizontal vectors. The curvature tensor

Rxy =Vxy] — [Vx, Vy]
of a Sasakian manifold satisfies
@ Rxy&=n(Y)X —n(X)Y,
RxeY = g(X,Y)E—n(Y)X.

We refer the reader to [1] and [24] for more details about the study of these
manifolds.

Furthermore, it is natural to consider the notion of a locally -sym-
metric Sasakian space since a locally symmetric Sasakian manifold is a
space of constant curvature 1 (OKUMURA [19]). Here, a Sasakian manifold
is said to be locally p-symmetric if ©?>(VyR)xyZ = 0 for all horizontal
vectors X, Y, Z,V (TAKAHASHI [21]). On the other hand, it is easy to see
from (3) that a geodesic which is orthogonal to £ at one point, remains
orthogonal to it. Such geodesics are called @p-geodesics and Takahashi
used them to define special local diffeomorphisms s,, and afterwards to
give one very helpful characterization of locally p-symmetric spaces (see
Theorem A (i)). A local diffeomorphism s,,, m € M is said to be a ¢-
geodesic symmetry if its domain U is such that, for every p-geodesic 7(s)
for which ~(0) lies in the intersection of U with the integral curve of &
through m,

(smo7)(s) =(—s)

for all s with y(£s) € U, s being the arc length.

We now present some further properties of Sasakian manifolds that
will be useful for the work below.

Let U be a neighborhood in a Sasakian manifold M on which ¢ is

regular (see [1] for a definition of regularity). In [18] it is proved that each

manifold U = U /&, which is the base space of the local fibration U-"Uu,
is a Kéhler manifold (U, G, J) with the Kéahler structure (G,J) on U. If
X*,Y* ... denote the horizontal lifts of X,Y --- € X(U), (the Lie algebra
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of smooth vector fields on /), with respect to the connection form 7, then
we have [18]

(5) (JX)* = pX*

(6) (VxY)" = Vx-Y" = n(Vx-Y7),
where V denotes the Riemannian connection of (U, G). From this we get

(7)) (RxvyZ)" = Rx+y+Z" + g(oX*, Z*)pY ™" — g(oY™, Z*)pX*
+ 29(e X", Y )pZ™,

8)  p(X,Y)" =p(X",Y7") +29(X7,Y7),

9) 7" =74 2n,

where R denotes the Riemannian curvature tensor of (U, G) and p, 7 (resp.,
p, T) are the Ricci tensor (of type (0,2)) and the scalar curvature of (U, G)

(resp., of (U, g)). Further, we have

(10) (VxR)yzvw om = (Vx«R)y+z+yw=,
(11) (Vxplyzom = (Vx«p)y-z-,

for X, Y, Z, VW € x(U).
We shall need the following results:

Theorem A [21]. A Sasakian manifold is locally p-symmetric if and
only if
(i) sm is a local automorphism of the Sasakian structure (g,&,n,y) for
each m € M; or
(ii) each base manifold U of a local fibration is locally Hermitian symmet-
ric.

Related to (ii) we have

Theorem B (see for example [20]). A Kéhler manifold (U, G, J) is
locally Hermitian symmetric if and only if

(VxR)xyxxux =0
for all X € X(U).

Corresponding to this theorem and (ii) in Theorem A we have, by
using (10),
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Theorem C [6]. A Sasakian manifold is locally ¢-symmetric if and
only if
(VxR)x px x px =0

for all vector fields X orthogonal to &.

Next, we give the definition of a special class of locally ¢-symmetric
spaces, namely that of Sasakian space forms. A plane section of the tan-
gent space at a point of M is called a y-section if it is spanned by hori-
zontal vectors X and ¢X. The sectional curvature of a y-section is called
a @-sectional curvature. If a Sasakian manifold has constant ¢-sectional
curvature c, i.e., independent of X, then its curvature tensor is given by

RavZ = 2 g(X, 2)Y — gV, 2)X) + S n( n(2)X
(12) —n(X)M(Z)Y = g(Z, oY )X + g(Z, X )Y

—29(X, pY)pZ — g(X, Z)n(Y)E + g(Y, Z)n(X)ES,

and such a manifold is called a Sasakian space form. Note that c is au-
tomatically globally constant for dim M > 5. Here and in the rest of the
paper we shall suppose, if necessary, that M is a connected manifold. The
Sasakian space forms have been classified completely (see for example [1],
[24]) and locally there are three classes according to ¢ +3 >0, c+3 =0
and ¢+ 3 < 0.

The following characterization of Sasakian manifolds of constant -
sectional curvature was given by Tanno:

Theorem D [22]. A connected Sasakian manifold M of dimension
> 5 is a Sasakian space form if and only if, for every horizontal vector X,
Rx,x X is co-linear with ¢ X.

This theorem is similar to the following one in Kéahler geometry:

Theorem E [22]. A connnected Kéhler manifold (M, G, J) of dimen-
sion > 4 is a complex space form (that is, it has constant holomorphic

sectional curvature) if and only if, for any vector X, Rx jx X is propor-
tional to JX.

Moreover, these two theorems may be related to the following one
which follows at once using (5) and (7):

Theorem F [18]. A connected Sasakian manifold has constant -
sectional curvature if and only if the holomorphic sectional curvature of
each base manifold is constant.
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3. Geometry of tubes

Suppose o : [a,b] — M is a smooth, embedded curve in a connected
n-dimensional Riemannian manifold (M, g) of class C°*° and denote by o+
the normal bundle of ¢ and by exp, the exponential map of this normal
bundle, i.e.,

exp,(a(t),V) = expy(py V

for any t € [a,b] and all V € o(t)* where o(t) denotes the fiber of ot
over o(t). The set

Us(r) = {expyy VIV €a(t)™, V] <7, t € [a,0]}

is said to be the (open) tubular neighborhood or the (open) solid tube of
radius 7 about o. Since [a,b] is compact and since o : [a,b] — M is
an embedding, we shall always assume that the radius r of this tubular
neighborhood is smaller than the distance from o to its nearest focal point.
In this case, the exponential map exp, is a diffeomorphism between U, (7)
and the so-called (open) solid tube N, (r) of radius r about the zero section

of the normal bundle o+ of o, that is,

No(r)= |J {Uea®)* | U] <r}.
t€la,b]

Consequently, for small s > 0 the set

Po(s) ={p € Us(r) | d(o,p) = 5}

is a smooth hypersurface in M called the tubular hypersurface or just the
tube of radius s about o. If ¢ is a geodesic on M, the tubes P, are called
geodesic tubes of M about o.

To study the geometry of tubular neighborhoods and tubes, we use
a special type of coordinate systems, the so-called Fermi coordinate sys-
tems [15], [16], [23], which may be introduced as follows. Suppose that
o : [a,b] — M is a unit speed curve and let {f;, i = 1,...,n} be an
orthonormal basis of T, M such that f; = d(a). Further, let F| be the
unit tangent field ¢ and Fs, ..., F}, the normal vector fields along o which
are parallel with respect to the normal connection V= of the normal bun-
dle o+ and such that Fj(a) = f;, i = 2,...,n. (Note that, in the special
case where ¢ is a geodesic, this translation is just the parallel translation
with respect to the Levi Civita connection V.) Then the Fermi coordinate
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system (x1,...,x,) with respect to o(a) and {F},..., F,} is defined by

T1 | €XPyp) Z t; F; =t—a,
j=2
(13) ]
ZT; eXpU(t) thFj = ti, 1= 2,...,77,.
j=2

The extrinsic geometry of the tube P, (r) is determined by its shape oper-
ator S7 and we shall now show that the use of Jacobi vector fields along
geodesics orthogonal to the curve o leads to a useful expression for this
shape operator. In general, ¢ is not a geodesic, but for our purposes it is
enough to assume that P, is a geodesic tube. Further, let p = exp, ) (rv),

v € o(t)t, ||v]| = 1 be a point of P,(r) and suppose v : s — eXP,(4) (sV)
is the unit speed geodesic connecting o(t) and p. We specify the frame
field {Fy,..., F,} along o such that Fy(t) = &(t) and Fy(t) = +'(0) = v,
and denote by {FE1,..., E,} the frame field along v obtained by parallel
translation of { Fi(t), ..., F},(t)} with respect to the Levi Civita connection

V. Next, let Y7,Ys,...,Y, be the Jacobi vector fields along ~ satisfying
the initial conditions

Yi(0) = Fa(t), Y{(0) = (Y 52;) (0(1)),
Y;(0) =0, Y/(0) = Fy(t), i=3,...,n.

7

(14)

Then it is easy to see that these Jacobi vector fields are related to the basic
vector fields % of the Fermi coordinate system with respect to o(a) and

{F1,...,F,} as follows:

(15)

Yi(s) = sgp (), i=3,...,n.

Now, define an automorphism-valued function B : s — B(s) by
Then it follows that B satisfies the Jacobi equation

(17) B"+RoB=0

with initial conditions

(18) B(0) = (

O
OO
N——
%
~~
[en)
N—
Il
N
oo
~NO
N——
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where R = R,/ - +'. Further, since % is a unit normal vector of P,(r) at
p = exp,)(rv) the shape operator S7 of Py (r) at p is defined by

(19) s7X)0) = (Vg2 )

for any vector X tangent to P,(r) at p. Now, applying this definition to
the special tangent vectors Y;, i = 1,3,...,n (which form a basis for the
tangent space to P,(r) at p) and using (16), the expression for the shape
operator S?(p) takes the form

(20) S7(p) = (B'B~)(r).

From (17) and the initial conditions (18) one can compute a power series
expansion for B in terms of the arc length s along «. Using (19), one
then derives power series expansions for the components of the shape op-
erator Sgﬁ(p) = g(S°E., Eg)(p), o, = 1,3,...,n. In what follows we
shall write Rgyw. for the value of the curvature tensor field on tangent

vectors z,y, w, z at some point m € M. (Since R is a tensor field, we have
(Rxywz)m = Rayw. for any vector fields X,Y, W, Z such that X,, = z,
and so forth.) We have

Stljl(p) = _rRlvlv - évleyly + O(Tg),
(21) Sfa(p) = _gRlvav - évlevav + O(Tg),
2
gﬁ(p) = %dxﬂ - gRav,B'u - %VvRavﬁfu + ()(T’S)7

where a,3 = 3,...,n and R denotes the Riemannian curvature tensor
of the ambient space M. As a notational matter, we have posed here

Ravﬁ@ = RFQ’UFB'U(O-(t)) and vvRova = (V’L)R)FQ’UFB’U(O-(t)) for 0576 =
3,...,n. It should be noted that for these expressions the spaces {7/(0)}+
and {v'(r)}* are identified via the parallel orthonormal basis. For more
details we refer to [13], [15], [16] and [23].

The Ricci operator Q° of the tube P,(r) contains information about
the intrinsic geomery of the tube P, (r) and using the method of Jacobi
vector fields and the Gauss equation one obtains its power series expansion.
This has been done in [13] and we shall need the formulas for the compo-
nents of the Ricci tensor p? of the geodesic tube Py (r) at p = exp, ) (rv):

n
:0?1 (p) = P11 — (77, - ]-)Rlvlv +r (vvpu - §vlevlv)

n+1
6

1
quw Rlvlv + _Rlvlvpvv

].
2 2
+ _§7 0 —
r (2 VU 11 3
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n—l n+1
- T 111111 - Z quu\v) )

/rL_

_VUR vav)
3 1

n—+1 1
V2 R Vv _R vavFvv
3 1 + g in p

pira(p) = Pla — Rlvav +r (vala -

1
2 2
A o« — ——
r (2 ’U’l}pl

3n — 95

n + 1
— 24 Rlvlleva’U - Z Rl’l})\?} Oé'U)\'U) + O( )

n—3

n—1 1
o - —504 aff — —Row v TS vv(sa - _R v v(sa
Pap(P) = — 5 0ap + <P 3 3 By — 3Pvuldap — R0 B)

n

_Ravﬁv -

1 1
1 ~Vupovdas — ZVvaméag)

+r <Vfupag — 1

2
Rav,@vpvv + _RlvlvRav,@U

9 9

1 n+1 1
2 2 2
“ aB T 14 Rav v "
r <2v’U’Up 10 V’UU ﬁ +
n—1 n+1 1 _,
R 'ua'uR vBv T Ra'u vR vyv T _vm; ”u’u(sa
o0 ivevitivv T g ; itur T YV ePuvfas

1
- vilevlvéaﬁ 3R1v1v af 15 Z Rlv'yv

(22) Z R’yv;w Ofﬂ) + O(Ts)a

vu3

where o, 3 = 3,...,n and p denotes the Ricci tensor of M.

Next, we consider the special case of Sasakian space forms and we
study Jacobi vector fields on these manifolds in order to obtain the ex-
pression of the shape operator at some special points of tubes along -
geodesics in these spaces. A similar technique was used in [3] where the
Jacobi vector fields were used to study the shape operator of a geodesic
sphere, in [7] where these fields were used in the treatment of local sym-
metries with respect to ¢-geodesics and in [12] where they were used in a
related study of the shape operator of tubes about (-geodesics.

Let m be a point on a Sasakian manifold M?"*+! with structure tensors
(p,&,m,g9) and of constant p-sectional curvature c. Further, let v be a -
geodesic, parametrized by arc length s, through m = ~(0) with initial
velocity vector 7/(0) = v. Hereafter we shall also write 7/(s) = v at any
point of 7. For a horizontal vector field V' the Jacobi equation

(23) VvVy X+ RyxV =0
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for a given Sasakian space form M?"*! becomes by virtue of (12)

c+3

(24) VyVvX 4+ —— (X —g(V,X)V)
c—1
L ()6 + 9V eX)eV) = 0.
To solve (24), we choose an orthonormal basis {eq, . .., 2,41} at m adapted

to our constructions, i.e., such that: e; = v, €31 = u, €3, = & and
eant+1 = v, (where u is a horizontal vector orthogonal to v and ¢v) and
we denote by {E1, ..., Ea,11} the orthonormal basis along 7 obtained by
parallel translation of the vectors e; along . Since it follows from the
Sasakian condition (2) and its consequence (3) that the two-plane {&, pv}
is parallel along v, we obtain easily along v
(25) Es, = pvusins + £ cos s,
Eoni1 = @vcoss —Esins,

s being the arc length from m along ~.

Further, from our construction of the frame field {Ej, ..., Eo,11} it
is easily seen that any vector field X orthogonal to the yp-geodesic vy can
be written as

2n—2
(26) X = Z laEq + lon—1E2n—1 + lanEon + lon1E2n41

a=2

and hence we easily see that (24) is equivalent to the following system of
differential equations:

(27) w+5}ﬂazm a=2... -1,

(28) { 15, +lop + (¢ — 1) sin s(lap, sin s + lop41 cos s) = 0,

I5y 41 + lons1 + (¢ — 1) cos s(l2p sin s + Iz, 41 cos s) = 0.

The solutions of the 2n — 2 equations (27) are standard and it can be
shown that the equations (28) lead to two other equations where one is of
the same form as (27) and the other is still more elementary. We refer to
[3], [6] and [7] for more details about these solutions, emphasizing that one
has to consider three cases according to c+3 >0, c+3 <0 and c+3 = 0.

In the further text we shall need the solutions of the Jacobi differential
equation along a (p-geodesic v satisfying the following initial conditions:

(29) X;(0) =0, X(0)=¢e; 1=2,...,2n—2,2n,2n + 1,

(2
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(30)  Xon-1(0)=u, X3, ,(0)=0.

We shall therefore give these special solutions for the three cases, where

we use the notation k = v/c+3 if ¢+3 > 0 and k = \/—(c+3) if c+3 < 0.
See [7] for details. First, we compute the Jacobi vector fields X;(s), i =
2,...,2n — 2 along v with the initial conditions (29) and for the special
orthonormal basis {E1(s),..., Ean,t1(s)} established at the beginning of
this section. Using the previous formulas we obtain

| c+3<0 | c43=0| c+3>0
Xi(s) ‘ 2 sinh £sE,(s) ‘ sEq(s) ‘ 2 sin £sE,(s)

for i =2,...,2n — 2. Next, consider the Jacobi vector field Xa,_1(s)
along 7 satisfying the initial conditions (30). From the previous formulas
we get

| c+3<0 | c43=0] c+3>0
Xon-1(s) ‘ cosh & 55Hon_1(s) ‘ Es,—1(s) ‘ cos %sEgn_l(s)

Finally, we consider the Jacobi vector fields X5, (s) and Xo,41(s)
along ~y satisfying the initial conditions (29) and from the previous formulas
we obtain

Xon(s) = (psins + Acoss)Eay,(s) + (pcoss — Asins)Fapy1(S),
Xont1(s) = (vsins — pcos s)Eay(s) + (vcoss + psins)Eapni1(s)

where

| c+3<0 | c+3=0] c+3>0
p Z (cosh ks — 1) 52 —Z(cosks — 1)
A —%smhk‘ —%834-8 ];%sink:s—i- ck}ls
x L ginh k:s S %Sin ks.

Further, consider the tube P,(r) of radius r about the p-geodesic o
embedded in M. Let v denote the unit-speed geodesic meeting o orthog-
onally at m = o(t) and tangent to a horizontal vector v such that v is
also orthogonal to ¢u at m where u = ¢ at m. We close this section by
giving the explicit formulas for the shape operator S? at p = expg(t)(rv)
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of the sufficiently small geodesic tubes about p-geodesics when the ambi-
ent space M is a Sasakian space form. For this purpose we suppose that
{E1, ..., Eony1} is an orthonormal frame field along v defined as above and
use relations (15)—(20) and the previously computed Jacobi vector fields.
An easy calculation shows that the shape operator S? can be represented
by the quasi-diagonal matrix

AFP) ... 0 0 0 0
SR N
0 0 0 C(r) D(r)
0 0 0 D(r) E(r)

with respect to the basis {Fs,..., Fan_1,&, ¢v}. The explicit expressions
for the entries are as follows:

CASE 1. ¢+3=0

Av)=1. B=0. C0)= s
r? 472 +3
D(T)_—ma (T):T(T2+3) ;

k kr k kr
A(T’)—§C0t7, B(T)——§tan?,
K3 k* —4 :
C(r) = — sinkr, D(r) = — (krsinkr 4+ 2 cos kr — 2),
w w
k
E(r)= ;(4 sin kr + kr(k* — 4) cos kr),

where w = k3rsin kr — 4kr sin kr — 8 cos kr + 8;

CASE 3. ¢c+3<0

A(r):—ﬁcothﬁ , B(T)Z Etanhﬁ ,
2 2 2 2
k3 k2 4+ 4
C(r) = —— sinh kr, D(r) = + (krsinh kr — 2 cosh kr + 2),

0 0

k
E(r) = 5(4 sin kr — kr(k? 4 4) cos kr),
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where 0 = 8 cosh kr — k3r sinh kr — 4kr sinh kr — 8.

Finally, it follows easily from the expressions for the curvature tensor
of the Sasakian space form (M, p,&,n,g) and from the Gauss equation
that the Ricci operator Q7 (p) of P,(r) has a similar expression as that of
S?(p) in (31) but with other functions as entries.

4. Extrinsic geometry of tubes about ¢p-geodesics
on Sasakian manifolds

In this section we derive some new characterizations of Sasakian space
forms and locally ¢-symmetric spaces related to the shape operator. We
show that its action has some very particular features when restricted to
the parallel plane {&, v} along a ¢-geodesic v through o(t), tangent to
v and meeting 6(t) and po(t) orthogonally. From now on, we call these

tubes ¢-geodesic tubes and we use the notations as at the end of Section 3.
Here we also note that along v we have v = 7/(s) = % and at p =

exp,, (rv) this vector is a unit normal vector of P, (r).

Theorem 1. Let (M?"*1 . n, &, g) be a Sasakian manifold of dimen-
sion > 5. Then, with the conventions made above, M is a Sasakian space
form if and only if, for every sufficiently small p-geodesic tube P, (r),
S7(p)pv (or S?(p)€, respectively) belongs to the plane {&, pv}(p) for all
m € M and all v, where p = exp,, (rv).

Proor. First, if M is a Sasakian space form, using the explicit ex-
pressions for the shape operator S of the tube P,(r) at p and derived
in Section 3, we see immediately that in this case S preserves the plane

{&, e} (p)-

To prove the converse we first write down the formulas for S7(p)pv
and S (p)§ using (21) and (25):

1
(32) SU (p)gov = ;SOU + S - g [3907) + 2RU<,0UU + Ruvcpvvu]

2
,
- (66 + (Vo R)wvpoott + 3(VyR)ppuv] + O(r?),

1 5
(33)  S(p)E=-E—pv— 1€
r 6
2
n 7{—2 200 + Rypovatt + Rogot] + O(r®).

Now, S?(p)ev belongs to the parallel plane field {£(p), pv(p)} if and only

if
g(S°(p)pv,x(r)) =0
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for all parallel vectors = which are orthogonal to that plane along the
p-geodesic . Using (32), this gives

(34) Rvgmwa: + thpvvug(uv :I:) =0

at all m € M, for all horizontal u and all horizontal v orthogonal to
and pu at m. Further, since u is orthogonal to & and v at m, after
replacing w by x in relation (34), we get Ryupon, = 0. Therefore, (34)
implies Ry, uve = 0 and then, since Ry, 0 = 0, we obtain that R, ,v is
proportional to ¢v. Finally, using Theorem D, we conclude that M is a
Sasakian space form.

To complete the proof, it is enough to use next (33) and to repeat a
similar procedure.

Theorem 2. Let (M?"+1 . n, &, g) be a Sasakian manifold of dimen-
sion > 5. Then with the conventions made above, M is a Sasakian space
form if and only if, for all v and for every sufficiently small p-geodesic tube
P,(r), the integral curves of pv = gp% on P,(r) are geodesics on these
tubes.

PROOF. Let M be a Sasakian manifold and denote by V the induced
Riemannian connection on P,(r). Then the integral curves of pv are
geodesics if and only if .

Vo (¢v) =0,
that is, if and only if
9(Veu(pv), X) =0

for all vectors X tangent to P,(r). Using (1) and (2), we see that this is
equivalent to the condition

9(S?(p)pv, pX) =0,

which means that S7(p)pv must belong to the plane {, pv}(p) and con-
versely. Hence, the result follows from Theorem 1.

Remark. We also note that it is easy to prove when dim M > 5 that a
Sasakian manifold has constant y-sectional curvature if and only if pv =
cp% on each sufficiently small P, (r) satisfies the Killing equation at the
points p = exp,,(rv), for all m € M and all v with the conventions as

above.
To finish this section we give one characterization of locally -sym-

metric spaces. Therefore we consider the geodesic of P, (r) tangent to pv
at p = exp,, (rv). Its curvature 7 (p) in M is given by

(35) k7 (p) = g(S° (p)pv, pv).

Using this real valued function and the p-geodesic symmetry s, centered
at m, we obtain
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Theorem 3. Let (M?"*! p,n,&, g) be a Sasakian manifold. Then,
with the conventions made above, M is locally p-symmetric space if and
only if

(36) R7(p) = K7 (sm(p)), P = expy,(rv),
for allm € M, all v and all sufficiently small r.

Proor. First, if M is a locally p-symmetric Sasakian manifold, owing
to Theorem A (i), s,, is a local automorphism of the Sasakian structure
(¢p,m, &, g) and hence we obtain the result at once.

We now prove the converse. Using (25) and (32), we get for (35)

o 1 8r r? 3
(37) K (p) - ; —3r + ?RULPU vpv Z(VUR)UW) VU + O(T )

Then (36) and (37) imply
(VUR)wpU vpv — 0

for all horizontal v orthogonal to u and pu at m and all m € M. Now, the
required result follows by using Theorem C, since the horizontal vector u
may be chosen arbitrarily.

5. Intrinsic geometry of tubes about p-geodesics
on Sasakian manifolds

This section is devoted to research about the intrinsic geometry of -
geodesic tubes by treating their Ricci operator Q7 and its action restricted
to the parallel plane {&, pv} along a @p-geodesic v as before. Analogous
theorems as for the shape operator S? will be proved here, although in
several cases the proofs require a more elaborated treatment.

Theorem 4. Let (M?"*1 o n, &, g) be a Sasakian manifold of dimen-
sion > 5. Then with the conventions made before, M is a Sasakian space
form if and only if, for every sufficiently small p-geodesic tube P,(r),

Q7 (p)pv (or Q7(p)&, respectively) belongs to the plane {&, pv}(p) for all
m € M and all v, where p = exp,,, (rv).

ProoOF. We start with the “if” part of the theorem. Therefore, let
{E1, ..., E,} be an orthonormal basis parallel along -y defined as in Section
3. In that way, using (22) and (25), we get

2n — 2 2n — 2 2n

Qa(p)spv = T2 v + r 5 + Q(;OU - ?Rmpvv

n 1
- nggofU'uuu - |n-—- 1 + g(/?m; + 2Rvuvu) ®v
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2n+1

1
r{§(3n 11— pov — 2Runen )+ (Vo Q) pv— (VoR) oot

2+l LUTup)on + (VoR) o] o0

12 4
1 1 n+1
+ r2{§@s0v - Rupov + 5(V5,Q)pv =

n+1
RvuvuRvavU - —Rvgm)vuRvu'U

18
2—1Mn 1 1
~ \Fov 2 vuvw) 2 VU

2n+1 2n+1

- 1r R vuvy R R }
15(V1w ) 3 vuvu 15 Z vAvu 45 /\23 vop | P
= H

(V'L)R)vgofu’uuu -
2n+ 3
12

1 2
+ §pvvRvgovU + §

2n+ 2

(V%UR)USOWU

1 1
- Z [(va)vv (V R)UU’UU] f + [ 12RU‘PU”“

n—+1 1 2Tn+7
v2 R VpUvVU v’uRv vou T
20 Vorlugvou & Jgpun e 180

B ™+ 7
180

R'U'LL’U’LLR'UQD'U’U’U,

2n+1

Z Rvgm)v)\Rv)\vu:| u}+0(r3),
A=3

(38)

2n — 2 2n — 2 1
- f_ z _(n+3_pvv_2Rvuvu)£

r2 3
14n + 1 1

{2n—3R +2n—1 N
r vol + ———— =
12 v 12 12 3

+ 2Rvuvu)] @YU — 1 [(va)vv + (VvR)vu'uu] f}

4
2n + 2 n+1
+ 7’2{(V1,Q)90v — (VyR)yppt — 10

5 113n+23 5 1, 1,
vv T T oA _Rvuvu 1A (L R vUVU

2 1 2 1
12 2n+ n+

(39) - nguvu - E ~ UAvu - 45 /\%:3 RU}\’U,u:| } + O<T3)'

Q7 (p)§ =

PpU +

Rvgo'u’uuu + |:_ (va

(VUR)vaUUuu

+ s

First we consider the action of Q7 on v and for this purpose let X be a
parallel vector field along v with X (0) = z and orthogonal to the parallel
plane spanned by &(p) and (¢v)(p). Then it follows that Q7 (p)pv belongs
to that plane if and only if

9(Q° (p)pv, X(p)) =0
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for all such X. Using (38), this implies the following necessary conditions:

(40) 39(@90’0, 113) = QTLRUQDUU;U + 'nvapfuvu.g(u7 JJ),
(41) 129((V,Q)pv,z)=(2n+1) (S(VHR)WUM + (Vo R)vpvoug(u, x)) ;

1 1 2n+3
(42) 59(@90’07:6) + §g<(V%vQ)gpv,x> - TRvgovv:r
n+1 1 2
- 5 (vng)vcpvv:c + §pvvRvavfu:c + §RuvuvRvnpvv:c
n+1 R 2n +2
18 vpvvultvuve 45 VRy o vVT
1 n+1._, 1
= _R'u VVU “an R vpvvu T 1o vvRv vvU
(6 2 + 20 (V’U’U ) ‘2 18p %2}
2n+1
2Tn +7 m+7
WRuvuvRvnpvvu + 180 Z vapvv)\RUAvu>g(u7 1‘)
A=3

Differentiation of (40) leads to

(43) 3g(<va)§0U, CC) = n(z(v’uR)’U(p’U’UCE + (vvR)mpvvug(u7 37))
and then (41) implies
(44) (3 —2n)(VyR)vpvve = (2n — 1)(VyR)vpvoug(u, x).

Since u is orthogonal to § and v at m, replacing x by u in the last relation
gives

(45) (VyR)ypvou = 0.

The last relation yields together with (44)

(46) (Vo R)upune = 0

and hence

(47) (VouR)vpvsz = —Rugpvva-

The local fibration formulas (5) and (10) show that (46) is equivalent to
(18) (VT rany =0,

at m = m(m), where v = w*, x = y*, for all (unit) w orthogonal to Jy. To
handle this condition we use the method of integration, instead of the usual
linearization and contraction technique. (See for example [8], [14],[10], [12]
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for more details.) Using now the well-known integration formulas, the last
relation implies

(49) va? - 7(7,5)(3;, y) + 3(vyﬁ)nyny =0

for all unit vectors y of T};,B.
Further, using the Kahler and the second Bianchi identity in relation

(48) when w € {y,Jy}*, and integrating the obtained relation over the
unit sphere S?"=3(1) in {y, Jy}*+ C TmB, we get
(50) vy? - 4(vyﬁ) (yv y) + Q(WyE)nyny =0.
Then, (49) and (50) yield
(51) va - 2(vyﬁ)(3/7 y) =0.
Linearization and contraction of this relation yields
V.7 =0.
Finally, using (50) and (51), the last relation implies
(52) (vyﬁ)nyny =0,

for all unit vectors y of Tz 8. Theorem A (ii) then implies that B is locally
Hermitian symmetric and using Theorem B we may conclude that M is
locally (p-symmetric.

Further, since u is orthogonal to ¢ and pv at m, replacing x by u in
(40) gives

(53) g(QgDU, U) = nRv(pvvu

and hence, relation (40) implies

(54) 39(Qpv, ) = 2nRyppvs + 9(Quv, u)g(u, x).

On the other hand relation (43), by means of (45) and (46), reduces to

(55) 9((VoQ)pv,z) = 0.

Next, since Q¢ = 2n&, (54) and (55) give

(56) 39((VUQ)S:x) = Qanpvvax +9(Q§0U7u)g(uvx)a
39((V2,Q)¢v, ) = —2nRypuve — 9(Qpv, u)g(u, ).

Now, put x = u in (42) and (56). Then we obtain

n—2 1 23 — 37n
57 Rfu vou \ T 14 ~ FPov —R’UU’UU
(57) o ( 2 6T 180 )
LT TR o + 2

Rv VU Rv vu —Rv vvu — 0.
180 ;3 PrvATIUA A5 wRuee
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Further, from (42), (47), (53), (56) and (57) we get

2n — 3 1 2
—Rv VUL N vvRv VUL _RvuvuRv VUL
Go tvever T gPuvlivpues T g °
n+1 2n+ 2 3—2n
o8 _—Rv vvuRvuvm - Rv VUL <—RU vUU
(58) 18 ¥ 15 Reeves T e

1 n—3 2n + 2
_§pvvRv<p1wu + TRvuvuRvg@vvu + TRvvavvvu>g(ua 'T) = 0.

On the other hand, we get on (B, G, J), using (54) and taking into account
the local fibration formulas (5), (7) and (8),

(59) 3G(@JU), y) - 2'flﬁin'um;y + G(@Jw7 Z)G(Z7 y)>

where v = w*, u = z* and x = y*. First, we consider the case when B is
locally irreducible. Then it is an Einstein space and because y and z are
orthogonal to Jw at m = w(m) € B, (59) then yields

ﬁijw = CJU),

which implies, using Theorem E, that B has constant holomorphic sectional
curvature since dim B > 4. Secondly, if B is locally reducible, it is locally
a product By X --- x By of Kahlerian Einstein spaces. For each factor B;
with dim B; > 4, (59) is satisfied and hence, these B; are complex space
forms. If dim B; = 2, the same result follows from (51). To handle this
case we first note that (59) may be written in the form

(60) 3QJw — 2nRy jw — p(Jw, 2)z = nJw.
Now we project this onto the tangent space of the factor By. Then we get
(61) 3(QJw)1 — 2n(Ryjuw)1 — vz = n(Jw)y,

where v = p(Jw, z). Since this factor has constant holomorphic sectional
curvature, say c1, we have
—(Jw)l, (ijww)l = (01 COS al)(Jw)l

(62) (@th =

ni
where G(wy,wy) = cos? a;. Here n; = dim By and 7; denotes the scalar

curvature of By, that is
(63) 471 = ny(ng + 2)cq.
Using (62) and (63), (61) yields

3

4

(64) (n1 + 2)e1 (Jw)y — 2neg cos® ay (Jw); — vz = n(Jw);.
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Similarly, by taking the projection on the tangent space of the second
factor Bs in (60), we get

3
(65) = (n2 +2)ea(Jw)a — 2nez cos® az(Jw)y — vzz = n(Jw).

Here ny = dim Bs, 75 denotes the scalar curvature of By and G(ws, ws) =
cos? ap. Since the horizontal vectors u and v (orthogonal to pu at m) may
be chosen arbitrarily we obtain from (64) and (65)

(66) c1+cy = 0.

Finally, we shall prove that ¢; = ¢ = 0. For that purpose we first note
that from (58) we obtain on (B, G, J)

n+1— —
18 Rwaszwzw

36 9 9

2n+2—

45 Rwﬁw Jw W

6n—5 1 2 _
( + _ﬁww + _szzw> Rwaw -

5—6n— 1 _
Rw wwz - Ao _wwa wwz
36 J 9P J

n—3— 2n+2—

+ 1—8szszwawz + TRwﬁwawwz>Z = CJUJ,

(67) w+ (

using the local fibration formulas (5), (7) and (8), where v = w* and
u=z".
Moreover, multiplying (67) by Jz we get

(
6n—5 1 2__ _
68 __ww _szzw Rw wwdz
(68) < 36 +9P + ) JwwJ

n+1— — 2n+2—
18 waszwszz - T WRwswwwJz 0.

Further, let w € {y, Jy}*. Then (68) also implies

6n—5 1 2— —
69 __ww _Rz wzJw R wwJwdz
(69) ( 36 + 9" + g tawz] ) JwwJw.J
n+1— — 2n+2—
- 18 RwaszRszJsz - T JWR jww JwJwIz — 07

or, equivalently, taking into account the Kahler identity,

36 9 9

n+1— — 2n + 2 —
18 waszRszwz + TRJwEwaJwaJz =0.

6n—-—5 1 2 _
(70) < - + _ﬁww + _Rszsz> Rwawz
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Now, using (67), (70) and the Kéhler identity, we obtain

6n —>5 1 2 — n+1— _
71 _7ww _szzw Rw w - Rw wszwz
1) (T 4wt S Rewin) R e
2n+2— — —
_TRWEwaww_F <§ijszszwaz
n+1— — n—3— _
- 1—8szszRwasz + Tszszwawz> z = CJw

Finally, projecting this onto the tangent spaces of the factors B; and Bs
and using (66) we get
C1 = Cy = 0.

The same procedure for the other factors leads to the conclusion that B is
flat.

We conclude that B is a complex space form and hence, using Theorem
F, M is a Sasakian space form. This completes the proof of the first part
of the theorem.

To prove the second part, let Q7 (p)§ belong to the plane spanned by

¢(p) and (@v)(p). Then (39) yields
(72) (2n - S)R’Utpv’uw = (1 — 2n)waug(u, :)3)

for all horizontal u, v such that v L pv, u L v at m € M and all horizontal
x orthogonal to pv and £. Putting z = u in the last relation yields

vapvva: =0

for all horizontal v and all horizontal x orthogonal to pv and £ (since u can
be chosen arbitrarily). Finally, we conclude that R,,,v is proportional to
v, and the result follows using Theorem D.
The converse follows directly from the formulas for the Ricci operator
of these p-geodesic tubes in Sasakian space forms mentioned in Section 3.
This concludes the proof of the theorem.

Now we turn to the properties which are similar to the ones derived by
using the function k7. Therefore, let P, (r) be the ¢-geodesic tube defined

earlier. The associated Ricci curvature of P, (r) with respect to puv at p is
defined by

(73) p° (v, v)(p) = 9(Q7 (p)wv, v).
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Using (25) and (38) we get the following expansion for this curvature:

2n—-2 2

pa((pv7 va) (p) = 7“2 + g (pvv - 3Rvuvu - nRvgm; vcpv)
r

1 5(Vyp)uw + (20 + 1)(VUR)U¢U vpv T (vvR)vuvu} + 0(7"2)-

Then we have

Theorem 5. Let (M?"! ¢ n, &, g) be a Sasakian manifold of dimen-
sion > 5. Then, with the conventions as in Section 4, M is locally -
symmetric if and only if, for every sufficiently small p-geodesic tube Py (r)

(74)

(75) P’ (pv, pv)(exp,, (rv)) = p? (¢, pv)(exp,, (—rv))
for all m € M and all v.

Proor. First suppose (75) holds. Then using again the local fibration
technique and with the same convention as above we get

(76) (2n + 1)(vw}_z)wtpw wpw + (vw}_%)wzwz + 5(vwﬁ)ww =0.

After linearizing and contracting the last relation and using the Kéahler
and the Bianchi identities, we obtain

2(n +3)(VaR) 2020 +2(110 4+ 18)(V2P) 2a

(77)  +3G(2,2)(Vep)zr — 2G(2,2)(V.p) 20 + 10G (2, )V, 7 = 0.

Repeating the same procedure in (77) yields

(78) (T +15)(Vwp)zz — 4(n + 2)(V.p) 2w + 2(16n + 23)V,, 7 = 0

and using the same procedure once again in (78), gives

(79) VT = 0.
Finally, doing the same for z in (77) implies
(80) (vyﬁ)yy =0.

This yields (Vyp)zz + 2(V2p)y: = 0 and so, (78) leads to (Vyp).. =

(V.p)wz = 0. Then (76) and (77) yield

(vwﬁ)wa wJw — 0

and hence, from Theorem B, we obtain that (B, G, J) is locally Hermitian
symmetric. Then, using Theorem A (ii) we conclude that (M?"*1 o
n,&,9) is a locally ¢-symmetric Sasakian manifold.

The converse follows easily using Theorem A (i).
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