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ON 7-CURVATURE TENSOR IN K-CONTACT AND SASAKIAN
MANIFOLDS
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(Communicated by Murat TOSUN)

ABSTRACT. Some properties of quasi-7-flat, £-7-flat and ¢-7-flat K-contact
and Sasakian manifolds are obtained. We give the necessary and sufficient
condition for the K-contact manifold to be £-T-flat under some algebraic con-
dition. Among others, it is proved that a compact p-7 -flat K-contact manifold
with regular contact vector field, under an algebraic condition, is a principal
S'-bundle over an almost Kaehler space of constant holomorphic sectional
curvature.

1. INTRODUCTION

Let M be a (2n + 1)-dimensional almost contact metric manifold equipped with
an almost contact metric structure (p,&,7n,9). Then at each point p € M the
tangent space T, M can be decomposed into the direct sum T,M = o(T,M) & {&,},
where {{,} is the 1-dimensional linear subspace of T, M generated by &,. Thus, the
conformal curvature tensor C is a map C : T,M X T,M x T,M — o(T,M) & {&,},
p € M. We have the following well-known particular cases: (1) the projection of
the image of C in ¢(TpM) is zero, (2) the projection of the image of C in {§,} is
zero, and (3) the projection of the image of C|,(rpar)x o(Tpa) xo(Tpar) it @(TPM) is
zero. An almost contact metric manifold satisfying the case (1), (2) and (3) is said
to be conformally symmetric [18], &-conformally flat [17] and ¢-conformally flat [3],
respectively. The first case was studied by Zhen [18] by proving that a conformally
symmetric K-contact manifold is locally isometric to the unit sphere. The second
case was studied by Zhen et al. [17], they proved that a K-contact manifold is
&-conformally flat if and only if it is an 7n-Einstein Sasakian manifold. The third
case was studied by Cabrerizo et al. [3], they gave the some necessary conditions for
a K-contact manifold to be p-conformally flat. In 2008, Tripathi and Dwivedi [12]
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defined and studied quasi projectively flat, £&-projectively flat and p-projectively flat
almost contact metric manifold. Necessary and sufficient conditions for a K-contact
manifold to be quasi projectively flat and ¢-projectively flat were obtained. Finally,
they proved that a compact p-projectively flat K-contact manifold with regular
contact vector field is a principal S*-bundle over an almost Kaehler space of constant
holomorphic sectional curvature 4. In 2010, Dwivedi and Kim [4] defined some
necessary and/or sufficient condition(s) for K-contact and/or Sasakian manifolds
to be quasi conharmonically flat, £&-conharmonically flat and ¢-conharmonically flat.
In last, they proved that a compact ¢-conharmonically flat K-contact manifold with
regular contact vector field is a principal S'-bundle over an almost Kaehler space

of constant holomorphic sectional curvature 3 — o1

Motivated by these studies, we study the 7-curvature tensor [13] in K-contact
and Sasakian manifolds. Section 2 contains some preliminaries. In Section 3, we
give the definition of 7-curvature tensor. In particular, 7-curvature tensor is re-
duced to be quasi-conformal curvature tensor, conformal curvature tensor, conhar-
monic curvature tensor, concircular curvature tensor, pseudo-projective curvature
tensor, projective curvature tensor, M-projective curvature tensor, W;-curvature
tensors (i = 0,...,9), Wj-curvature tensors (j = 0,1). In Section 4, we give
definitions of quasi 7-flat, £-7-flat and -7 -flat almost contact metric manifolds
analogous to those of conformal curvature tensor, projective curvature tensor and
conharmonic curvature tensor. We obtain some properties of £&-T-flat, quasi T-flat
and p-T-flat K-contact manifolds. We give a necessary and sufficient condition for
a K-contact manifold to be &-T-flat under some algebraic condition. In last sec-
tion, we establish that a ¢-T-flat compact regular K-contact manifold with regular
contact vector field, under an algebraic condition, is a principal S'-bundle over an
almost Kaehler space of constant holomorphic sectional curvature.

2. PRELIMINARIES

Let (M, p,&,m,9) be an (2n + 1)-dimensional almost contact metric manifold
consisting of a (1, 1) tensor field ¢, a vector field &, a 1-form 7 and a Riemannian
metric g. Let X(M) be the Lie algebra of vector fields in M. Consider X, Y, Z,
V, W € X(M) throughout the paper, unless otherwise specifically stated. Then

(2.1) PP=—T1+n®& nE) =1, ¢=0, nop=0,
(2.2) 9(eX, oY) = g(X,Y) = n(X)n(Y).

From (2.1) and (2.2) we have

(2.3) 9(X,0Y) = —g(eX,Y),  g(X,§) =n(X).

An almost contact metric manifold is

1. a contact metric manifold if g(X, ¢Y) = dn(X,Y).
2. a K-contact manifold if V€ = — ¢, where V is Levi-Civita connection and
3. a Sasakian manifold if (Vx¢)Y = g(X, V)¢ —n(Y)X.
A K-contact manifold is always contact metric manifold but converse is true
if the Lie derivative of ¢ in the characteristic direction £ vanishes. A Sasakian
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manifold is a K-contact manifold but the converse is true if dimension is 3. A
contact metric manifold is Sasakian if and only if

(2.4) R(X,Y)§ =n(Y)X —n(X)Y.
In a Sasakian manifold (M, ¢, &, 1, g), we easily get
(2.5) R(§, X)Y = g(X,Y){ —n(Y)X,

where R is the curvature tensor.

In a (2n 4 1)-dimensional almost contact metric manifold M, if {ej, ..., e2,,£}
is a local orthonormal basis of vector fields in M, then {ye1, ..., pea,, £} is also a
local orthonormal basis. It is easy to verify that

2n 2n
(2.6) D glee) = glpes, pei) = 2n,
=1 =1

2n 2n
27) > glen, 2)S(Y,ei) = > glepes, Z2)S(Y, pe;) = S(Y, Z) — S(Y,&)n(Z),
=1 =1

2n 2n
(28) Z g(eia QDZ)S(K ei) = Z g(@eia QOZ)S(K (,O@i) = S(Y7 SOZ)7
i=1 i=1
where S is the Ricci tensor. If M is a K-contact manifold then we have
(2.9) S(X,§) = 2nn(X),
(2.10) (Vx)V = —R(X, €)Y,
(2.11) (Vxp)eY + o(Vxp)Y = —g(eX,Y)§ = n(Y)pX.
Then from (2.10) and (2.11), we get
(2.12) PR(X, Y + R(X,£)pY = g(pX,Y)E —n(Y)pX
and, in particular,
(2.13) R(X, 8¢ =X —n(X)E,
(2.14) S(£,€) = 2n.
From (2.14) we get
2n 2n
(2.15) Z S(e;,e;) = Z S(pei, pe;) =r — 2n,
i=1 i=1
where r is the scalar curvature. In a K-contact manifold we also get
(2.16) R(S,Y, Z,§) = g(Y, pZ).
Consequently,
2n 2n
(2.17) > R(ei,Y, Z,e) = > Rlpei,Y, Z,pe;) = S(Y, Z) — g(¢Y, 0 Z).

i=1 i=1
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Definition 2.1. An almost contact metric manifold M is said to be n-FEinstein
manifold [1, p. 105] if the Ricci tensor satisfies

where by,by are smooth functions on the manifold and 7 is 1-form. In particular, if
bo = 0, then M is an Einstein manifold.

Remark 2.1. In [17, Lemma 1.1], the authors proved that for a K-contact metric
manifold

9(VeQ)X — (VxQ)E,§) = 39(Qe X, ).

Since Q¢ = 2n&, therefore

9((VeQ)X — (VxQ)E,§) = 0.

3. T-CURVATURE TENSOR

In a (2n + 1)-dimensional Riemannian manifold M, the 7T-curvature tensor [13]

is given by

(3.1) T(X,Y)Z = aR(X,Y)Z

+ a1 S, 2)X +a2S(X,2)Y +a3S(X,Y)Z
+a19(Y,2)QX +as9(X,2) QY + a6 g(X,Y)QZ
+ a7r(g<Y7Z)X_g<X=Z)Y)7

where R, S, @ and r are the curvature tensor, the Ricci tensor, the Ricci operator
and the scalar curvature, respectively.

In particular, the 7-curvature tensor is reduced to be

(1) the quasi-conformal curvature tensor C, [16] if

1 ap
ag=—ax=a4=—as, az=as=0, a7=-— (7+2a1)7

(2) the conformal curvature tensor C [5, p. 90] if
1 1

ag ) ai a2 Qg as I — 17 as ag ) ar 2n(2n — 1)3
(3) the conharmonic curvature tensor L [6] if
1
ap=1 a1 =—-a=a=—a5=— ; az=ag=0, a7=0,
2n -1

(4) the concircular curvature tensor V ([14], [15, p. 87]) if

ap=1, a1 =ay=az3=a4=as=as =0, a7=—m,
(5) the pseudo-projective curvature tensor P, [11] if
1 ag
ap = —az, az=a4=as=as =0, =5 (%4-@1),
(6) the projective curvature tensor P [15, p. 84] if

1

ap =1, alz_QQZ_%a

a3 = a4 = a5 = ag = a7y = 0,
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the M-projective curvature tensor [9] if

ap=1, a1=—-ar=a4=—a5=——,

1
= = = O
in az = aeg = ar s

the Woy-curvature tensor [9, Eq. (1.4)] if

as =as3 =aq4 =ag = a7 =0,

a2:a3:a4:a6:a7:0,

a3 = a4 = as = ag = a7y = 0,

a1:a2:a3:a6:a720,

a1:a3:a5:a6:a7:0,

a1:a2:a3:a4:a7:0,

1
(10:1, a1:—a5:—%7
the Wi -curvature tensor [9, Eq. (2.1)] if
1
ag =1, a1:7a5:%,
the Wi -curvature tensor [9] if
1
= 1 = — = —
ao y a1 a2 om’
the Wy -curvature tensor [9] if
1 1
an = s a1 = —ao = — -,
0 1 2 on
the Wa-curvature tensor (8] if
1 1
an = 5 aqs = — ar, = — -,
0 4 5 on
the Ws-curvature tensor [9] if
1 1
an = 5 Ao = — Qg = — -,
0 2 4 on
the Wy-curvature tensor [9] if
1 1
ap = 1, a5 = —a¢ = 7,
0 6= 5.
the Ws-curvature tensor [10] if
1
= ]_7 = — = - —,
ao a9 as on
the Ws-curvature tensor [10] if
1
= ]_ = — = - —,
ao » a1 ae on
the Wr-curvature tensor [10] if
1
CL():]., a1:7a4:7%,
the Ws-curvature tensor [10] if
1
=1 = —a3 = — —
ag ) ay as m’

the Wy-curvature tensor [10] if
a =1, a3=—-a4= -,
n

1
2

a1=a2=a5=a6:a7:0.
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Denoting
T(X,Y,Z,V)=9(T (X,Y)Z,V),

we write the curvature tensor 7 in its (0,4) form as follows.

(32) TX,Y,Z,V) = aRX,Y,Z,V)+a1S(Y,2)g(X,V)
+ a2 S(X,2)g(Y,V)+a3S(X,Y)g(Z,V)
+asg(Y,2)S(X,V)+as9(X,2)S(Y,V)
+asS(Z,V)g(X,Y)

(9

+arr(g(Y,Z2)g(X,V)—-g(X,Z)g(Y,V)).

Remark 3.1. In [12], the projective curvature tensor is defined by
P(X,Y)Z = R(X,Y)Z = o-(9(¥, 2)QX — g(X, 2)QY ),

which is Wa-curvature tensor. In [9], the projective curvature tensor is defined by
W(X,Y)Z=R(X,Y)Z + %(Q(X, 2)QY - S(Y,2)X),

which we call Wy-curvature tensor.

4. SOME STRUCTURE THEOREMS

Analogous to the considerations of conformal curvature tensor, conharmonic
curvature tensor and projective curvature tensor, we give the following:

Definition 4.1. An almost contact metric manifold M is said to be
(1) quasi 7-flat if

(4.1) 9(T(X,Y)Z,oW) =0,
(2) &-T-flat if

(4.2) T(X,Y)¢ =0,
(3) p-T-flat if

(4.3) 9(T (X, oY )pZ, W) = 0.

We begin with the following Theorem
Theorem 4.1. Let M be a (2n + 1)-dimensional K -contact manifold satisfying

(4.4) 9(T(pX,Y)Z, W) =0,
1. If
ag + 2na; + ag + ag + as + ag # 0.
Then
(4.5) S=Apg+ Ain®n,
where
(4.6) Ay — ag — ag(r — 2n) — (2n — 1)ayr
ag + 2nay + as + as + as + ag
and
(47) A = 2n(a2+ag+a5+a6)—(ao—i—aﬂ‘).

ag + 2nai + as + az + as + ag
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Therefore M is an n-Einstein manifold. In particular, M becomes an Fin-
stein. manifold provided

2n(as + as + as + ag) — (ag + a7 r) = 0.

Consequently, we have the following:

K -contact manifold Einstein/ | S =
n-Einstein
. ) 1 (2n —1)r
* X7Y Z7 W = 'E t _— ]_ _ 7
9(C.(pX,Y)Z, W) =0 n-Binstein | o oy <( +2n(2n+1)>a
+ | 2n + M a
m+1 )
T
S B (O T S
+a0+2na1 (< * 2n(2n+1))ao
2r
—4
+ < n + 1 a1 |m®n
9(C(eX,Y)Z,oW) =0 n-Einstein (i — 1) g+ (Qn +1- 2L> NN
9(L(eX,Y)Z,oW) =0 n-Einstein | (r—1)g+ 2n+1)n®n
gV (X, Y)Z,oW) =0 FEinstein 2ng
o 2nag + 2n(2n — 1)aq
X, Y)VZ,oW) = Einst
9(Pu(X,Y)Z,oW) =0 instein w0t (2~ D
g(P(eX,Y)Z, W) =0 Finstein 2ng
gM(eX,Y)Z,oW) =0 Finstein 2ng
gWo(pX, Y)Z, oW) =0 Einstein 2ng
2n an
X,Y)Z, W) = Binstei _
g5 (X, Y)Z, W) =0 n-Einstein 47127 79 4n4— @)
o n n
gWi (X, Y)Z,oW) =0 n-Finstein y— 1g I 177 @n
gWi(pX,Y)Z, W) =0 Einstein___| 2ng
gL (9X,Y)Z,oW) = 0 [12] | Einstein 2ng
o 2n(2n +1) an
gWs(0X,Y)Z,oW) =0 n-Finstein ST g— ST 177 ®n
gWs (X, Y)Z, W) =0 n-Finstein | g—n®mn
gWe(p X, Y)Z, oW) =0 Einstein 2ng
IWs(pX,Y)Z, W) = Finstein 2ng
gWoe (X, Y)Z, oW) =0 Finstein 2ng

2. If ap + 2nay + as + az + as + ag = 0 and 4na; + (2n + 1)as # 0 then
2n (ao +as +as+ (2n+ 1)aq + a5 + ag)
dn2a7 + (2n + 1)ay

Consequently, for a K -contact manifold which satisfies g Wi (0 X, Y)Z, oW) =
0, we have

(4.8)

 2n(4n + 1)
o 2n+1
3. If ap + 2nay + as + az + as + ag = 0 and 4n’a; + (2n + 1)ay = 0, then

(4.9) ap + as + a3z + (2n+ 1)ag + as + ag = 0.
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Proof. Let M be a (2n + 1)-dimensional K-contact manifold, then from (3.2) we
have
(4.10) T(pX, Y, Z,oW) = agR(wX,Y, Z, W)
+ a1 S (Y, 2) g(pX, W) + a2 S (X, Z) g(Y, W)
+ a3 S(pX,Y)g(Z, W) + a1 g (Y, Z) S(pX, oW)
+a59(pX, Z) S(Y, W) + a6 (0 X, Y)S(Z, W)
+arr(g(Y,2) g(pX, W) — g (¢ X, 2) g(Y, pW)) .

If {e1, ..., ean, &} is alocal orthonormal basis of vector fields in M, then from (4.10)
we get

2n 2n
(4.11) Z’T(cpeiJ/, Z,pe;) = aOZR(goei,Y, Z, pe;)

i=1 =1
2n

+ Y (a1 S(Y,Z) g(pei, pe:) + az S (ei, Z) g(Y, pe;)
=1

+ a3 S(pei, Y)g(Z, pe;) +asg (Y, Z) S(pes, ei)

+as g (pei, Z) S(Y, pei) + as g(wei, Y )S(Z, pe;)

+arr(g(Y.Z) g(pei, pei) — g (pei, Z) g(Y, ge;))).
Using (2.6), (2.7), (2.15) and (2.17) in (4.11), we get

2n
i=1
= (ap+2na; + as + a3 + a5 + a)S(Y, Z)
—(az +a6)S (Z,§)n(Y) — (as + a5)S(Y,&)n(Z)
+(as(r —2n) + 2narr)g (Y, Z) + (—ao — a7 7)g(pY, p2).
If M satisfies (4.4) then from (4.12) we get

(4.13) (a0 + 2nay + a2 + asz + as + ag)S(Y, Z)

= (a2 +a)S(Z,E)nY) + (asz + a5)S(Y,&)n(2)

+ (a0 + arr)g(@Y,¢Z) — (aa(r —2n) + 2narr)g (Y, Z).

Case 1. If ag + 2nay + a2 + as + as + ag # 0, then by using (2.2) and (2.9) in
(4.13), we get (4.5).
Case 2. If ag + 2na; + as + az + as + ag = 0 and 4n%a; + (2n + 1)ay # 0, we get
from (4.13)

0 = (a0—(2n—1)arr — (r—2n)aq) (Y, Z)

— ((ap + ayr) — 2n(ag + az + as + ag)) (Y )n(Z).

Contracting the above equation, we get
(4.14) (4n*ar + (2n+ D)ag) r = 2n(ap + az + az + (2n + 1)as + a5 + ag) -

From (4.14), we have (4.8).
Case 3. If ag + 2naj + az + a3 + a5 + ag = 0 and 4n2ay + (2n + 1)ay = 0, then
from (4.14), we get (4.9). This proves the result. O
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Remark 4.1. The conclusions of Theorem 4.1 remain true if the condition of the
equation (4.4) is replaced by the condition of being quasi 7 -flat.

Remark 4.2. In [4, Lemma 3.5], it is proved that a (2n + 1)-dimensional quasi
conharmonically flat Sasakian manifold is n-Einstein. But here we prove this result
for K-contact manifold, which is weaker condition than that of Sasakian manifold.

Next, we have the following.

Theorem 4.2. Let M be a (2n + 1)-dimensional is §-T -flat K -contact manifold.
1. If ay # 0, then

(4.15) S=A9+ Asn®n,
where
2
(4.16) A, = _ S0 a1+ a7r
as
and

ag — 2nas — 2naz — 2nas — 2nag + arr

4.1 As =
(4.17) 3 ”

Therefore it is an n-FEinstein manifold. In particular, M becomes an Ein-
stein. manifold provided

ap — 2naz — 2naz — 2nas — 2nag + azr = 0.

Consequently, we have the following:

K -contact manifold | Einstein/ | S =
n-FEinstein

&-quasi-conformally flat | n-Finstein | — a0 +2n — d 20 +2) g

al 2n+1 \ 2na;

Qg T Qg

— +4n — 2

+ a1+ " 2n+1 2na1+ e
&-conformally flat n-FEinstein (2L - 1) g+ (2n +1- 2L) nen
n. n

&-conharmonically flat | n-FEinstein | —g+ 2n+ 1)n®n
&-M-projectively flat Einstein 2ng
E-Wa-flat [12) Einstein 2ng
E-Ws-flat n-Finstein | —2ng+4nn®n
E-Wr-flat n-Finstein | 2nnp ® n
E-Wy-flat Einstein 2ng

2. If ay =0 and a7 # 0, then
__a0+(2n+1)a1+a2+a3+a5+a6

4.18
(118) L
Consequently, if M is £-concircularly flat or £-pseudo-projectively flat then
r=2n2n+1).
3. If ay =0 and ay =0, then
(4.19) ap + (2n + 1)ay + a2 + a3 + a5 + ag = 0.

In particular, for projective curvature tensor, Wy-curvature tensor, Wy -
curvature tensor, Wg-curvature tensor and Ws-curvature tensor, the equa-
tion (4.19) is true.
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Proof. By (3.2) and (2.3), we get
(4200  T(X.Y.&W) = aoR(X,Y,6,W)
+ a1 S (Y,8) g(X, W) + a5 (X, £) g(YV, W)
+ a3 S(X,Y)n(W) + asn(Y)S(X, W)
+ asn(X)S(Y, W) + a6 9(X,Y)S(E, W)
+arr ((Y)g(X, W) = n(X)g(Y, W)).
Using Y = £ in (4.20), we get
(4.21) T(X,6,6W) = aR(X,£EW)
+a15 (68 g(X, W) + a2 S (X, ) g(§, W)
+a3 S(X, (W) + asn(§)S(X, W)
+asn(X)S(E, W) +ae 9g(X,£)S(E, W)
+arr (n(€)g(X, W) = n(X)g(&, W)).
Case 1. If a4 # 0, then using (2.9), (2.13) and (2.14) and the fact that M is
&-T-flat in (4.21), we get (4.15).
Case 2. If ay = 0 and a7 # 0, then by using (2.9), (2.13) and (2.14) and the fact
that M is -7-flat in (4.21), we get
(ao +2nay + a7r) g(Y, Z) = ((ao + az ) — 2n(az + as + as + ag)) n(Y)n(2),
Contracting the above equation, we get
(4.22) arr = —(ag + (2n + 1)ay + a2 + as + a5 + ag) ,
If ay # 0, we get (4.18).
Case 3. If ay = 0 and a7 = 0, from (4.22) we get (4.19). This proves the result. O

Remark 4.3. For W;-curvature tensor, W;-curvature tensor, Wy-curvature tensor
and Ws-curvature tensor (4.19) do not hold.

Remark 4.4. In [4], it is proved that if M is a (2n+1)-dimensional &-conharmonically
flat K-contact manifold, then the Ricci tensor satisfies

—(2n = Dn(X)n(Y).
But from Theorem 4.2, we see that any £-conharmonically flat K-contact manifold

is n-Einstein because in this case S = —g+ 2n+ 1)n @ n.

Theorem 4.3. Let M be a (2n + 1)-dimensional K-contact manifold such that
as #0 and ag + 2nay #0. Then M is £-T -flat if and only if Ricci tensor satisfies
the equations (4.15),

2n (ap + (2n+ 1)ay + a2 + as + as + ag)
4.23 =— =B,
( ) r as + 2”@7 0, (Say)v
and
(4.24) — a0R<X, Y)§ = (2’11@1 + a4A2 + a7Bo>’l7 Y)X

(
+ (2nag + as Az — a7 Bo)n(X)Y
+ (2nag + azAz)g(X,Y)E
+(as +aq + a5)A3n( n(Y)E.
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Proof. From Theorem 4.2, we get (4.15). Then contracting (4.15), we have (4.23).
Using (4.15) and (4.23) in (4.20), we get (4.24).

Conversely if (4.15), (4.23) and (4.24) are satisfied, then the K-contact manifold
is £€-7-flat. (]

In [17], it is proved that a K-contact manifold is £-conformally flat if and only
if it is an 7-Einstein Sasakian manifold. In fact, we have the following

Corollary 4.1. Let M be a (2n + 1)-dimensional K-contact manifold. Then the
following statements are true:

(a) For T € {C.,C,L}, M is &-T-flat if and only if it is n-Einstein and
Sasakian.
(b) For T e {M,Wh}, M is £&-T -flat if and only if it is Einstein and Sasakian.

Remark 4.5. M is &-conformally flat, then from (4.23), the scalar curvature r is in
indeterminate form.

Theorem 4.4. If a (2n + 1)-dimensional K -contact manifold M is p-T -flat such
that
ag + 2nai + ag + as + as + ag # 0,
then
(4.25) aoR(eX, oY, pZ, W)
= —(Asar + Agas + rar)g(eY, 02)g(0 X, W)
— (A4az + Asgas —raz)g(pX, pZ)g(eY, oW)
— (Asaz + Asag)g(p X, 0Y)g(pZ, oW).
Proof. Let M be a (2n + 1)-dimensional K-contact manifold. From (3.2) we have
(4.26) T(pX,0Y,0Z, W) = aoR(pX,¢Y,0Z,oW)
+ a1 5 (9Y,0Z) g(p X, oW) + a2 S (X, 9 Z) g(pY, W)
+ a3 S(0 X, pY)g(pZ, oW) + as g (Y, ¢Z) S(0 X, W)
+ a5 9 (0 X, 0Z) S(9Y, oW) + a6 g(¢ X, ¢Y)S(0Z, oW)
+ arr (g (9Y, 02) g(0X, oW) — g (¢ X, 0Z) g(©Y, W)

For an orthonormal basis of vector fields {ey, ..., ea,, £} in M, from (4.26) it follows
that
(4.27) T(pei, pY, 0Z, pei) = aoR(pei, oY, 0Z, pe;)

+ a1 S (pY, pZ) g(pei, pei) + a2 S (pei, 0Z) g(pY, pe;)
+ a3z S(pei, pY)g(pZ, pei) + as g (9Y, 0Z) S(pei, pei)
+ a5 g (ei, pZ) S(pY, pei) + as g(wei, pY)S(pZ, pei)
+ arr (9 (9Y, 0Z) g(pei, pei) — g (pei, pZ) g(9Y, pei)) .
Using (2.6), (2.8), (2.17) and (4.3) in (4.27), we get
(4.28) 0 = (ag+2na;+as+az+as+ as)S(pY,¢Z)
+ (—ap + (r — 2n)as + (2n — Darr)g(@Y, pZ).
(4.28) can be rewritten as

(4.29) S(pY,0Z) = Asg(¢Y, v Z),
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where
_ (ap — (r —2n)ay — (2n — 1)raz)
1T (ap + 2nay + az + as + as + ag)

and ag + 2na; + as + az + a5 + ag # 0. Using (4.3) and (4.29) in (4.26), we get
(4.25). O

Theorem 4.5. Let M be a (2n+1)-dimensional Sasakian manifold such that ag # 0
and

ag + 2na; + as + az + as + ag 750.
If M is o-T -flat, then

(4.30) —wR(X,Y, Z,W)

= (Aga1 + Agayq + arr)g(Y, Z)g(X, W)

+ (Agaz + Agas — arr)g(X, Z)g(Y, W)
+ (Agaz + Aga6)g(X,Y)g
— (Aga3 + Agag)g(X,Y)n
—(
—(
—(
—
—(

) (
) (

Agag + Agas — azr — ag)n(Y)n(W)g(X,
) (

E

+ (Z ai) Agn(X)n(Y)n(Z)n

If M satisfies (4.30), then

(4.31) T(X,Y, Z,oW)
= (a1 4 a4)(As — Aa)g(Y, Z)g(X, W)
az + as)(As — As)g(X, Z)g(Y, W)
ag + ag)(As — A4)g(X,Y)g(Z,oW)
(a3 + ag)As + ((2n — 1) — As)az)g(Z, W )n(X)n(Y)
(a1 +aq)As + a7r + ag
+((2n = 1) = A5)ar)g(X, e W)n(Y)n(Z)
+ ((az + as)As — arr — ag
+((2n = 1) = As5)az)g(Y, eW)n(X)n(Z).
Proof. Let M be a (2n + 1)-dimensional Sasakian manifold. Now, assume that M

is p-T-flat. In a Sasakian manifold, in view of (2.1), (2.4) and (2.5) we can easily
verify that

+(
+(
+(
+(

(4.32) R(¢*X, %Y, 0*Z,0*W) = R(X,Y,Z,W)
= g(Y, Z)n(X)n(W) + g(X, Z)n(Y)n(W)
+9(Y,Wn(X)n(Z) — g(X, W)n(Y)n(Z).
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Replacing X,Y, Z, W by oX, Y, 0Z, oW respectively in (4.25), we get

(4.33) —aR(¢* X, 0°Y,° Z, W)
= (a1 Ay +asAy + arr)g(@Y, 0 Z)g(pX, W)
+ (a2As + as Ay — a7r)g(p X, 9 2)g(pY, pW)
+ (a3 As + agAd)g(¢ X, Y )g(pZ, W ).

From (4.32) and (4.33), we get (4.30). For an orthonormal basis of vector fields
{e1,...,e2,,&} in M, from (4.30) it follows that

(4.34) S, 2) = As g(¢Y, 9Z) + (2n — 1)n(Y)n(Z),

where

(27’L — 1)(@1144 + agAg + a77") + A4(a2 +as+as + (16) —ayr —ag
agp ’

As=—

Using (4.34) and (4.30) in (3.2), we get (4.31). O

5. COMPACT REGULAR K-CONTACT MANIFOLD

A (2n + 1)-dimensional K-contact manifold M is said to be regular if for each
point p € M there is a cubical coordinate neighborhood U of p such that the integral
curves of £ in U pass through U only once. Moreover, the orbits of £ are closed
curves if M is compact. Let B denotes the space of orbits of £&. Then there is the
natural projection w : M — B and B is a 2n-dimensional differentiable manifold
such that 7 is a differentiable map. In 1958, Boothby and Wang [2] proved that
if M is a (2n + 1)-dimensional compact regular contact manifold, then M is a
principal S'-bundle over B, where S! is a 1-dimensional compact Lie group which
is isomorphic to the 1-parameter group of global transformations generated by &.
Now, we prove the following result:

Theorem 5.1. Let M be a (2n + 1)-dimensional ¢-T -flat compact regular K -
contact manifold such that ag # 0 and

ag + 2na; + ag + as + as + ag # 0.

Then M is a principal S*-bundle over an almost Kaehler space of constant holo-
morphic sectional curvature c given by

a1As + ag Ay + arr — 3ag
agn '

(5.1) c=—
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Consequently, we have the following:

K -contact manifold c
. 2&1 2n—1
- - Il t |- 14+ —
p-quasi-conformally fla (a0 + 2n —2)a) ( + n(2n + 1)r)
22n—1) \ a1
om — Sl e
+ <( n—r)+ —— 7'> o
r 1 2@1
— (=4 ) +3
+ 2n+1 <2n ag +
—4
p-conformally flat [3] QT:TYI) +3
2
p-conharmonically flat [4] | 3 —
2n —1
p-concircularly flat 3

d icctively flat ai (1+7’>+2n71a1
-pseudo-projectively flat | — — —r
P projectivety (ap+ (2n —1)ay) 2n 2n+1 ag
b (L m) gy
2n+1\2n  ag
p-projectively flat 4
p-M-projective flat 4
©-Wo-flat 4
4(3n —1)
W -flat
©-Wi-fla 443n — 11
Wi -flat Bn—1)
dn —1
p-Ws -flat 4
©-Wa-flat [12] 4
4(3n —1
0-W;-flat Bn—1)
dn —1
0-Wy-flat 3
QD-W{;—ﬂat 3
w-Ws-flat 4
@-Ws—ﬂat 4
w-Wo-flat 4
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Proof. Let M be a compact regular K-contact manifold. Since in a K-contact
manifold ¢ is a Killing vector field, the metric g is invariant under the action of the
group S*. Hence a metric § and a (1,1) tensor field J on B can be defined by

(5.2)

(5.3)

g(va) = g(X*’Y*)a

JX = mpX*

for any vector fields X,Y € T B, where * denotes the horizontal lift with respect

to 1. It is well-known that (J,§) is an almost Kaehler structure on B [7]. Let R

denote the Riemann curvature tensor on B. Then we have [3]

R(X,Y,Z,W) =

R(X*Y*, Z*,W*) +29(X™, oY " )g(oZ*, W™)

—9(Z7, pX7)g(eY ", W*) + g(Z7, oY ") g(p X ™, W¥)
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for all X,Y,Z, W € TB. So from (5.3), we obtain [3]

(5.4) R(JX,JY,JZ,JW)
= R(eX", Y™, 0Z", W) 4 29(X", oY " )g(p 2", W)
—9(Z%, e X")g(0Y ", W") +g(Z7, oY ") g(p X, WT).
Moreover, if M is ¢-7-flat then from Theorem 4.4 and (5.4) we have
(5.5) —aoR(JX,JY,JZ,JW)
= (a1ds+asAs+ra7)g(eY ™, 0Z")g(e X", oW™)
+ (a2As + as Ay — rar)g(e X, 0 Z")g(pY ™, oW™)
+ (a3 As + agA4)g(e X", @Y " )g(0Z", oW™)
—2a09(X", @Y )g(pZ*, W™)
+aog(Z*, pX7)g(pY ™, W)
—aog(Z7, Y7 )g(p X, WT).
In (5.5) replacing X and W by JX and JW respectively, we have
—aoR(X,JY,JZ,W) = (a144+ asAs +71a7)g(Y*, Z*)g(X*, W*)
+ (agAs + as Ay — ra7)g(X™, 0 Z")g(pY ™, W™)
+ (a3 Ay + agAs)g(X™, Y7 )g(0 2", W)
— 2a0g(X*, Y*)g(Z, W)
— a0g(Z7, X )g(Y*, W)
—aog(Z”, oY " )g(pX™, W™),
which for a unit vector field X € T'B gives

R(X, JX, X, X) = — AsFaadadrar = 3ao

ao

Thus the base manifold B is of constant holomorphic sectional curvature given by

(5.1).
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