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1. INTRODUCTION

Complex contact manifolds has an old history same as real contact manifolds but because of some difficulties and
restrictions researchers could not give their attention to subject. The first work on complex contact manifolds was
done by Kobayashi [6] in 1959. In 1980, Ishihara and Konishi [4,5] showed the presence of almost contact structure on
complex contact manifolds, obtained the Hermitian metric associated with the contact structure, and gave the definition
of complex almost contact metric manifold.

Although there are many articles on real Sasakian manifolds, studies on complex Sasakian manifolds were not
available until 2000. In 2000, Foreman published his first work on complex Sasakian manifolds [3]. In 2006, Fetcu
studied harmonic map between complex Sasakian manifolds [2]. In 2021, present author et al. define a complex
Sasakian manifold by considering the real case, and curvature, Ricci curvature and GH —sectional curvature of complex
Sasakian manifolds are studied [9].

Properties of many tensors and curvatures on real Sasakian manifolds have been studied, and there are many articles
in the literature on this subject. Complex Sasakian manifolds are very difficult to work with, the calculations are
complex and long. For this reason, obtaining the properties of tensor fields and curvature tensor fields on a complex
Sasakian manifold requires a very laborious work. The best known of the curvature tensor fields are the projective,
concircular and conharmonic curvature tensor fields. So, these tensors are studied on a complex Sasakian manifold.

In this paper, firstly the basic concepts of complex Sasakian manifolds are given, then the definitions of projective,
conharmonic and concircular curvature tensors on a complex Sasakian manifold are given, and the properties of these
tensors are investigated.
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2. PRELIMINARIES

For details of complex contact manifolds we recommend [1].

Definition 2.1. Let N be a complex manifold of odd complex dimension 2n + 1 covered by an open covering C = {A;}
consisting of coordinate neighborhoods. If there is a holomorphic 1-form 7; on each A; € C in such a way that for any
A;, A; € C and for a holomorphic function f;; on A; N A; # @

ni A (dn)" # 0in A,
ni = ﬁjl]j, A; ﬂﬂj * J,
then N is called a complex contact manifold.
The complex contact structure determines a non-integrable distribution H; by the equation 1; = 0 such as
H; = {Wp : T]i(Wp) =0, Wp S TpN}
and a holomorphic vector field &; is defined by
ni€) =1

and a complex line bundle is defined by E; = Span{¢;}.
Let T°(N) be complexified of tangent bundle of (N, J, 77;) and let define vector fields

Ui=&+&, Vi=—i&+§&)
and 1-forms
1 _ 1, _
up = 5(’7:’ +7),  vi= El(ni = 17i).
The complexified H; and E; is defined by

H
Ef

{WeTMWlu(W) =v(W) =0},
Span{U, V}.

We use notation H and V for the union of H; and EY, respectively. H is called horizontal distribution and V is called
vertical distribution and we have

TN=HeaV.

Definition 2.2. Let N be a complex manifold of odd complex dimension 2n + 1 with complex structure J, Hermitian
metric g and C ={A;} be open covering of N with coordinate neighbourhoods {A;}. If N satisfies the following two
conditions, then it is called a complex almost contact metric manifold:

(i) In each A; there exist 1-forms u; and v; = u; o J, with dual vector fields U; and V; = —JU, and (1, 1) tensor
fields G; and H; = G;J such that

H =G} =-1+u;@U; +v;®V,
Gl’J = —JG,', GU, = 0,
sW,G,Z) = —g(GiW, Z2),
where W, Z are vector fields on N.
(ii)) On A; N A; # © we have

uj = auj—bv;, v;=bu;+av,
Gj = aG; - bH;, HijG,‘-i-ClH,'

where @ and b are functions on A; N A; with a* + b* = 1 [4,6].
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By direct computation we have

HG, = -GHi=Ji+u;®V;-v;®U,,
JiH; = -HiJ; =G,
GU; = HU=HV;=0,
u,G; = viG;=uH; =v;H; =0,
JiVi = U, gU;, Vi) =0,
gHW.Z) = —g(W,HZ).

Define fundamental 2-form G and H on N by

G(W.2)
H(W.Z2)

du(W,Z) — (o Av)(W, 2),
dv(W,Z) + (o A u)(W, 2),

where (W) = g(Vw U, V), V being the Levi-Civita connection of g [4].
Ishihara and Konishi [4] defined local tensors

SW,K) = [G,GIW,K)+2g(W,GK)U - 2g(W,HK)V
+2(K)HW — v(W)HK) + o(GK)HW
—~(GW)HK + o(W)GHK - o(K)GHW,

TW,K) = [H HI(W,K)-2g(W,GK)U +2g(W, HK)V

+2W(K)GW — u(W)GK) + o(HW)GK
~(HK)GW + o(W)GHK — o-(K)GHW,

where
[G,GI(W,K) = (VewG)K — (VoxG)W — G(VyG)K + G(VkG)W

is the Nijenhuis torsion of G, and K is vector fields on N.
Definition 2.3. A complex almost contact metric manifold is called IK-Normal ifS =7 = 0.
Korkmaz gave a weaker definition for normality in [7].

Definition 2.4. A complex almost contact metric manifold is called normal if
SW,Z2)=TW,Z)=0 forall W,ZinH and S (W,U) = T (W, V) = 0 for all W.

Complex Sasakian manifold are normal due to Korkmaz’s definition.

Deﬁl_ljtion 2.5. Let (N,G,H, J,U,V,u,v, g) be a normal complex contact metric manifold. If fundemental 2- forms G
and H is defined by

G (W,Z) = du(W,Z) and H(W,Z) = dv(W,Z),

then N is called complex Sasakian manifold [9].
Thus, we get following result;
Theorem 2.6. [9] A normal complex contact metric manifold N is complex Sasakian if and only if
(VwG)Z = =2v(W)HGZ — w(Z)W — v(Z)JW + g(W,Z)U + g(JW,Z)V,
(VwH)Z = 22u(W)HGZ + w(Z)JW — v(Z)W — g(JW,Z)U + g(W, Z)V.
On a complex Sasakian manifold, we get

VwU = -GW, VyV=-HW.
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In [9], the properties of the curvature tensor of a complex Sasakian manifold are studied. The properties of the curvature
tensor of a complex Sasakian manifold are as follows

R(U,V)V=R(V,U)U =0,

RW,U)U = W + u(W)U + w(W)V, 2.1)

RW, V)V = W — u(W)U — w(W)V,

RW,U)V = =3JW = 3u(W)V + 3v(W)U,

R(W,V)U =0,

R(W,Z)U = v(W)JZ = W(Z)IW + 20(W)u(Z)V — 29 Z)u(W)V 2.2)
+ U)W — u(W)Z - 2g(JW, Z)V,

RW,Z)V = 3u(W)JZ - 3u(Z)IW — 2u(W)WZ)U + 2u(Z)W(W)U
+ V)W = w(W)Z + 2g(JW, Z)U,

RU, VW = JW + u(W)V — w(W)U,

R(W, UNZ = =2v(Z)W(W)U + 2u(Z)W(W)V — g(Z, W)U 2.3)
+u@Z)W + g(JZ, W)V,

ROW, V)Z = 3u(Z)JW + 2u(Z)u(W)V + 3g(JZ, W)U
— 20(2uW)U — g(Z, W)V + w(Z)W — 2u(W)JZ,

where W, Z € I'(TN). Present author and Unal [8] presented properties of Ricci curvature tensor of a normal complex
contact metric manifold. For complex Sasakian case we have the following relations;

p(U,U) = p(V,V)=4n, p(UV)=0, (2.4)
oW, U) = 4nu(W), p(W,V) = 4nv(W), (2.5)
pW,2) = p(GW,GZ) + 4n (u(W)u(Z) + vIW)v(Z)),
pW,2) = p(HW,HZ) + 4n (u(W)u(Z) + vIW)»(2)),

where W, Z € T'(TN).

3. THE PrOPERTIES OF PROJECTIVE, CONCIRCULAR AND CONHARMONIC CURVATURE TENSOR FIELDS ON A COMPLEX SASAKIAN
MANIFOLD

In this section, we will investigate the properties of projective concircular and conharmanic curvature tensors, which
are important curvature tensor fields, on a complex Sasakian manifold. First, the definition of the projective curvature
tensor field of a complex Sasakian manifold is given.

Definition 3.1. The projective curvature tensor is defined as follow on a complex Sasakian manifold N;

PX,Y)Z =R(X,Y)Z - ;[p(Y, )X - p(X,2)Y], (3.1)
4n + 1

where X, Y,Z e I'(TN).

The properties we get from the definition of the projective curvature tensor field are expressed in the following
theorem.
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Theorem 3.2. The projective curvature tensor field of a complex Sasakian manifold N provides the following proper-
ties:
1
PUWU = ——W,
( ) dn+1
PY, WU = -28(JY, W)V,

PQY, W)U = -2¢(JQY, W)V,

4n
HQWU_M+”C
P, U)U =0,
1 1
PU, QUYU = P QU - P lp(QU, u)U,

1
PUWYY = -g(JY, W)V + g(Y, W)U - mp(W, U,

PU,W)QY = —g(JQY, W)V + p(Y, W)U — ﬁp(W, orv,

where Q is Ricci operator of N, U,V vertical and W, Y horizontal vector fields on N.

Proof. If wetake X = U,Y = Wand Z = U in eq. (3.1) we have

P(U, W)U = R(U, W)U —

(4n + 1)L0(W U)U - p(U, U)W].

From eq. (2.4) and (2.5), we get

U W)U = -R(W,U)U + W.
P ) ( ) 4n +1
Using eq. (2.1), we have
4n 1
PUWU =W+ 2mgW=— 7V

Similarly, by taking X = Y, Y = Wand Z = U in eq. (3.1) we have

1
P, W)U = R(Y, WU - m[ﬂ(W, U)Y —p(Y, U)W].

From eq. (2.2) and (2.5) we get
P, W)U = -2g(JY, W)V.
On the other hand, by taking X = QY,Y = Wand Z = U ineq. (3.1) we get

1
PEY. W)U = R(QY, WU — ———=[p(W,U)QY — p(QY, U)W].
(4n+1)

From eq. (2.2) and (2.5) we have
PQY, WU = =2g(JQY, W)V.
We choose X = U, Y =V and Z = U in eq. (3.1). Then,

P(U,V)U = R(U,V)U — [p(V, U)U - p(U, U)V].

An+1)

From eq. (2.1) and (2.4) we get
4n
U, VU =
P ) 4n + 1

We choose X = U,Y = U and Z = U in eq. (3.1), we have

V.

1
PWU,U)U = RU, U)U - m[p(U, U)U - p(U, U)U],
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and from eq. (2.1) and (2.4)
PU,U)U = 0.
We choose X = U,Y = QU and Z = U in eq. (3.1). Then,

P, QU)U = R(U, QU)U — [p(QU, U)U - p(U, U)QU],

4n+1)
and from eq. (2.1) and (2.4)

1 1
Cdn+ IQU_ n+ 1p(QU, .

4
Wetake X = U,Y = WveZ =Y ineq. (3.1). So, we get

P, QU)U =

PU, W)Y = R(U, W)Y — [o(W,Y)U - p(U,Y)W],

@n+1)

and from eq. (2.3) and (2.5) we have
1
PU,W)Y = —g(JY, W)V + g(Y, W)U - mp(W, nu.
n
Wetake X = U, Y = Wve Z = QY ineq. (3.1). Then, we obtain
1
PU,W)QY = R(U, W)QY — ———[p(W, OY)U - p(U, QY)W],

@n+1)

and from eq. (2.3) and (2.5)

PU,W)QY = —g(JOY, W)V + p(Y, W)U — 4H%P(W, onvu. o

Definition 3.3. The concircular curvature tensor is defined as follow on a complex Sasakian manifold

ZX,Y)Z = R(X, Y)Z - [e(Y. D)X - g(X,Z)Y], (3.2)

T
An+2)@dn+1)
where X, Y,Z € I'(T N) and 7 is scalar curvature of N.

Theorem 3.4. The concircular curvature tensor field of M provides the following properties:

L Un+2)@n+1) -1
ZU, V)W = —g(JW, Y)V + @t 2)@n+ ) g, W)U,

T—@n+2)@dn+1)

ZW.NU = @nt2dn+n v 3-3)

ZWU, Y)QW = —g(JOW, V)V + p(W, Y)U -

-
mp(x W)U, 3.4

where U,V vertical and W, Y horizontal vector fields on N.
Proof. If wetake X = U,Y = Wand Z = Wineq. (3.2), and using eq. (2.3), we have

ZWU. YW =RU W - [e(Y, W)U — g(U, W)Y]

.
(4n+2)(dn+1)

-
==8UW, V)V +g(W. 1)U - mg(l’, wu

An+2)@n+1)-71

= UW Y = A 1y S WU

In order to find eq. (3.3), write X = U, Z = U in eq. (3.2) and replacing eq. (2.1) to get

Z(U,NU =RU,NU - [e(Y, U - g(U, U)Y]

.
(4n+2)dn+1)
_T-(@n+2)dn+1)

T Gn+2)dn+1)
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To find eq. (3.4), write X = U, Z = QW in eq. (3.2), and using eq. (2.3) we have

ZWU,Y)QW = R(U, Y)W - [e(Y, QW)U — g(U, QW)Y]

-
@n+2)(4n+1)

=—g(JOQW. )V + p(W,Y)U — p(Y, W)U.

.
An+2)dn+1)

Definition 3.5. The conharmonic curvature tensor is defined as follow on a complex Sasakian manifold
1
KX, Y)Z =R(X,Y)Z - 4—[P(Y, D)X —pX,2)Y +g(Y,2)0X - g(X,2)QY],
n
where X, Y,Z e I'(TN).

Theorem 3.6. The conharmonic curvature tensor field of M provides the following properties:

KU, W)U = —Q—W,
4n

KU, U)U =0,
1 1

KU, QU)U = -QU — 4—P(QU, O)U + —0(QU),
n 4n

\%4
KUVU =V + Q—,
4n

KEY, WU = =2g(JY, W)V,
KUW)Y =-g(JY, W)V + g(Y, W)U — %[.O(W, NU +g(W, Y)QU],

KU, U = iQY,
4n
KQY. WU = -2g(JQY, W)V,

1
KU, W)QY = —g(JOY, W)V + p(Y, W)U - E[p(W, onu
+pU, QN)W + p(W,Y)QU],
where U,V vertical and W, Y horizontal vector fields on N.

Proof. If wetake X = U,Y = W and Z = U in eq. (3.5), then we have
1
KU,W)U = RU, WU - E[P(W, DU = p(U, U)W + g(W,U)QU — g(U, U)QW].

From eq. (2.1),(2.4), and (2.5) we get

ow

KUWU = -W — i[—4nW + QW] = -
4n 4n

Wetake X = U,Y = U and Z = U in eq. (3.5). Thus, we have
1
KU, U)U = RWU,U)U - E[p(U, U - p(U, U + g(U, U)QU - g(U, U)QU].
Using eq. (2.1) and (2.4) we get

KU, U)U =0.

IfX=U,Y=WandZ = U are written in eq. (3.5) and eq. ( 2.1) and (2.4) are used, eq. (3.6) is obtained.
IfX=U,Y =VandZ = U are written in eq. (3.5) and eq. (2.1) and (2.4) are used, eq. (3.7) is obtained.
IfX=Y,Y=WandZ = U are written in eq. (3.5) and eq. (2.2) and (2.5) are used, eq. (3.8) is obtained.
Ifwetake X = U, Y = Wand Z = Y in eq. (3.5), then we have

KU, W)Y = R(U, W)Y — ﬁ[p(W, Y)U - p(U, Y)W
+8(W,Y)QU - g(U,Y)QW].

(3.5)

(3.6)

(3.7)
(3.8)

3.9)
(3.10)

@3.11)
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From eq. (2.3) and (2.5), we get
KWU,W)Y =-g(JY, W)V + g(Y, W)U - %[P(W, NU +g(W, Y)QU].

If X = Y and Z = U are written in eq. (3.5) and eq. (2.1), (2.5), (2.4) are used, eq. (3.9) is obtained.
If X = U and Z = U are written in eq. (3.5) and eq. (2.1), (2.5), (2.4) are used, eq. (3.10) is obtained.
IfX=U,Y =WandZ = QY are written in eq. (3.5) and eq. (2.3) and (2.5) are used, eq. (3.11) is obtained. |
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