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Abstract

The present paper deals with the study of a D-homothetic deformation of an extended generalized ¢-recurrent (LCS)2,+1-
manifolds their geometrical properties are discussed. Finally, we construct an example of an extended generalized ¢-
recurrent (LCS)3-manifolds that are neither ¢-recurrent nor generalized ¢-recurrent under such deformation is constructed.
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1 Introduction

Matsumoto et al.( [1], [2]) introduced the idea of a Lorentzian para Sasakian manifold (briefly LP-Sasakian
manifold) in 1988. Shaikh in 2003, gave the notion of a Lorentzian concircular structure manifolds (briefly LCS-
manifold) [3], which is the generalization of an LP-Sasakian manifold. Since then, many geometers studied the
properties of this manifold, for instance ( [4], [5], [6], [7], [8]). The notion of local symmetry of a Riemannian
manifold has been studied by many author in several ways to a different structures. As a weaker version of local
symmetry, Takahashi [22] introduced the notion of a local ¢-symmetry on a Sasakian manifold. Generalizing
the notion of a local ¢-symmetry of Takahashi [22], De et al. [10] introduced the idea of ¢-recurrent for the
Sasakian manifolds. Locally symmetric and ¢-symmetric LP-Sasakian manifolds were studied by Shaikh and
Baishya [21]. The properties of the locally ¢-symmetric and the locally ¢-recurrent (LCS),-manifolds were,
respectively, studied in [4] and [5]. The notion of a generalized recurrent manifold has been introduced by
Dubey et al. [12] and then studied by others. Again, the notion of a generalized Ricci-recurrent manifold has
been introduced and studied by De et al. [11].

A Riemannian manifold (M",g), (n > 2), is called a generalized recurrent manifold [12], if its non-vanishing
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curvature tensor R satisfies
VR=A®R+BRG, (1.1)

where A and B are non-vanishing 1-forms such that A(.) = g(., p1), B(.) = g(., p2) and the tensor G is defined
by

for X,Y,Z € x(M), where x (M) is the collection of all smooth vector fields of M and V denotes the operator of
covariant differentiation with respect to the metric g. The 1-forms A and B are called the associated 1-forms of
M.
A Riemannian manifold (M",g), (n > 2), is said to be a generalized Ricci-recurrent manifold [11], if its
Ricci tensor S of type (0,2) satisfies
VS=A®S+B®g, (1.3)

where A and B are non vanishing 1-forms defined as (1.1).

In 2007, Ozgiir [15] studied generalized recurrent Kenmotsu manifolds. Generalizing the notion of
Ozgit’r [15], Basari and Murathan [9] introduced the notion of the generalized @-recurrent Kenmotsu manifolds.
In addition, the properties of the generalized ¢@-recurrent Sasakian, LP-Sasakian, Lorentzian o-Sasakian,
Kenmotsu manifolds, generalized Sasakian space-forms and (LCS);,+1-manifolds are, respectively, studied
in [7], [16], [17], [19]. The properties of the extended generalized ¢-recurrent 3-Kenmotsu, Sasakian and
(LCS)2+1-manifolds have been studied in [20], [18] and [7], respectively. As a continuation of above studies,
we characterize the (LCS)y,+1-manifolds under D-homothetic deformation. The outline of this paper is as
follows:

After introduction in Section 1, we brief the known results of the (LCS),,+1-manifolds in Section 2. In Section
3, we prove our main results in the form of theorems and corollaries. It is proved that the structure tensor of
the manifold commutes with the Ricci tensor under the D-homothetic deformation. This section also covers
the properties of extended generalized ¢-recurrent, @-sectional curvature tensor, locally ¢-Ricci symmetric,
n-parallel Ricci tensor and extended generalized concircularly ¢-recurrent (LCS),,41-manifolds. In the last
section, we give a non-trivial example of an extended generalized ¢-recurrent (LCS)z,;-manifold under D-
homothetic deformation and validate our results.

2 Preliminaries

A Lorentzian manifold M of dimension (2n+ 1) is a smooth connected para-contact Hausdorff manifold
with the Lorentzian metric g, that is, M admits a smooth symmetric tensor field g of type (0,2) such that for
each point p € M, the tensor g, : T,M x T,M — R is a non degenerate inner product of signature (—,+,...,+),
where T,M denotes the tangent space of M at p and R are the real number space. A non-zero vector field
V € T,M is said to be time like (respectively, non-space like, null, and space like) if it satisfies g,(V,V) < 0
(respectively, <0,=0,>0) ([1], [2]).

Definition 2.1. A vector field p on (M,g) defined by g(X,p) = A(X), VX € x(M) is said to be a concircular
vector field if
(VxA)(Y) = a{g(X.Y) + o(X)o(Y)},

where Q is the non-zero scalar and ® is the closed 1-form [14].

Let M is a Lorentzian manifold admitting a unit time like concircular vector field &, which is called the
generator of the manifold. Then we have

g(&,8)=—1. 2.1)
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Since & is a unit concircular vector field on M and therefore there exists a non-zero 1-form 1 such that

8(X»§)=’7(X)a (2.2)

which satisfies
(Vxm)(¥) = a{g(X,Y)+nX)n(Y)} (a #0), (2.3)

for all the vector fields, X and Y, where « is the non-zero scalar function that satisfies

(Vxa) =Xo =da(X) =pn(X). (2.4)
Here, p is the certain scalar function such that p = — (£ o). If we put
oX = Ly 3 (2.5)
- a X6, .
then from (2.3) and (2.5), we have
X =X+n(X)¢, (2.6)

from which it follows that ¢ is a tensor field of type (1,1), which is called the structure tensor of M. Thus M
together with the unit timelike concircular vector field &, its associated 1-form 1 and (1, 1)-tensor field ¢ is said
to be a Lorentzian concircular structure manifold (briefly (LCS)-manifold) [3]. Especially, if we take a = 1,
then we can obtain the LP-Sasakian structure of Matsumoto [2]. Thus, we can say that the (LCS)-manifold is the
generalization of the LP-Sasakian manifold. In the present paper, we consider the LCS-manifold of dimension
(2n+1). We have the following basic results of (LCS)2,+1-manifold as:

and g(9X,9Y) = g(X.Y)+n(X)n(Y), 27
NRX,Y)Z) = (¢ = p){n(X)g(¥,Z) —n(Y)g(X,2)}, (2.8)
RX.Y)& = (o —p){n(¥)X —n(X)Y}, 2.9)
R(E.X)Y = (a® —p){g(X,Y)E —n(Y)X}, (2.10)
(Vx9)(Y) = a{g(X,Y)E +2n(X)n(Y)E +n(¥)X}, 2.11)
S(X,&) =2n(a’ —p)n(X), 2.12)

S(9X,9Y) = S(X,Y) +2n(a” — p)n(X)n(Y), (2.13)
Xp =dp(X)=pn(X) (2.14)

for all the vector fields X, Y, Z on M [3].

Definition 2.2. A Lorentzian concircular structure manifold M*"*'(¢,&,m,g) is said to be a locally ¢-Ricci
manifold symmetric if

9*((VxQ)(Y)) =0, (2.15)
where Q denotes the Ricci operator defined by S(X,Y) = g(0X,Y) and X, Y are the vector fields orthogonal to

&
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The notion of n-parallelism on a Sasakian manifold was introduced by Kon [13]. An (LCS),+-manifold
is said to be n-parallel if its Ricci tensor S satisfies

(VxS)(¢Y,0Z) =0, (2.16)

forX,Y,Z € y(M*).

If M(¢,&,m,g) is an almost contact metric manifold of dimension (2n+ 1) (i.e., dimM = m = 2n+ 1), then
the equation 7 = 0 defines an (m — 1)-dimensional distribution D on M [24], and if we change the structure
tensors of an almost contact metric manifold by

_ : 1 - _
n=an, §:5§’ ¢:¢7 g:ag+a(a_1)n®n7

where a is the non-zero positive constant. Then such transformation is known as the (m — 1)-homothetic de-
formation or D-homothetic deformation [23]. The study of D-homothetic deformation has been noticed in
([26], [27]). If M(¢, &, 7, g) is an almost contact metric structure with contact form 1, then M(¢, &, i, 2) is also
an almost contact metric structure [23]. If we denote the difference 1_“3.,( — F;k of Christoffel symbols by Vj? , then
we have

V) = (=@ {n0)eX +n(X)9¥H+ 5 (1= HTm )+ (m K @1

for X, Y € x(M) [23]. If R and R denote, respectively, the curvature tensors of the manifolds M(¢,&,1,g) and
M(9,&,7,8), then it is related to the expression

R(X,Y)Z=R(X,Y)Z+ (VxV)(Z,Y) = (VyV)(Z,X)+V(V(Z,Y),X) =V (V(Z,X),Y), (2.18)

for arbitrary vector fields X, Y, Z [23].

A plane section in the tangent space T,,(M) is called a ¢-section if there exists a unit vector X in 7,,(M)
orthogonal to & such that {X,¢X} is an orthonormal basis of the plane section. A sectional curvature of the
form

K(X7¢X) - g(R(X7¢X)Xa¢X)
is known as a ¢-sectional curvature in T,(M). A para contact metric manifold M(¢,£,n,g) is said to be of
constant ¢-sectional curvature if at each point of the manifold, the sectional curvature K(X,¢X) is independent
of the choice of non-zero vector X € D), where D denotes the contact distribution of the para contact metric
manifold defined by the equation n = 0.

3 Main Results

In this section, we study the extended generalized ¢-recurrent, ¢-sectional curvature, locally ¢-Ricci sym-
metric, N-parallel Ricci tensor and extended generalized concircularly ¢-recurrent (LCS),,,+1-manifolds under
D-homothetic deformation. In consequence of (2.3) and (2.17), we get

V(X,Y) = (1-a){n(Y)$X + n(X)9Y} + (1 - é){gor,m +nX)N(¥)}E, 3.1
In view of (2.3), (2.4), (2.7) and (2.11), (3.1) it yields
(VZV)(X.Y) = a(1 - a){g(Y,Z)9X +g(Z,X)9Y +1(Y)n(2)9X

NX)N(Z)OY +8(X. Z)N(V)E +g(Z.Y)N(X)E
+2n(X)N(Y)Z+4nX)n(¥)n(2)&}
F (- D) {e(Z X)) +0(2)g(X.Y)
HE VM) + 30N (2)}E +5(9X,Y)Z]
(g r) + nXmE)In@)E, (32)
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Using (3.1) and (3.2) in (2.18) and then by virtue of (2.3) and (2.9), we obtain
R(X.Y)Z = R(X.Y)Z ~ (1 - a){g(¥.Z)0X +1(Y)N(Z)9X g(X,zw
~NONE)0Y + £ DMX)E + @Y (V)2
~2n@MX} + () E@) (n(neZ,X) - n(X)e(Z, ¥ )}é‘
(1= 0P (X)N @0 —n()n(Z)¢X)
(N {ZX)Y + @)Y ~g(ZY)X @)X}

Y
U= (o(z.v)0x + (@) (¥)0X —s(2.X)0¥

—N(Z)N(X)PY +[n(X)g(9Z,Y) —g(¢Z,X)n(Y)]E }. (3.3)
Taking Y = Z = & in (3.3) and then use of (2.7) it gives

-

RX,E)E=R(X,E)E+(1—a)2a+a—1)p>X. (3.4)

Let {e;,0¢;,E},i=1,2,...,n, be an orthonormal frame at any point of the tangent space 7 (M) of the manifold
M. Then replacing Y = Z = ¢; in (3.3), taking summation over i, | <i < n, and using 1(e;) = 0, we obtain

n —
Z Xe,e,—Z&‘, (X,ei)ei— ( p

1
o(a—1)

1

)(Go)n(X)&

ala—1)(a+1)

[(@+1Dn—1n(X)¢ +

(n—1)X, (3.5)

where € = g(e;,e;). Again, taking Y = Z = ¢e; in (3.3) and taking summation over i, 1 <i < n, and using the
fact that n o ¢ = 0, we get

-1

Y eR(X. geer = Y. R(Y, ge)ger —n(“ ) (Em(x):

a(a_l)[(a—kl)n—l]n(X)é—i— ala—1)(a+1)

+

(n—1)X. (3.6)

In view of (3.5) and (3.6), we have

OX —R(X,&)E = OX —R(X,&)E —2n(“
L2002 1m0 +

In consequence of (2.7) and (3.4), (3.7) it yields

D Eamx)e
2oc(a— D(a+1)

(n—1)X. (3.7)

S(X,¥) =S 1) 4 () 2a@ 1) (- 1) - ala+a- D}g(X )

a_
+( p

D{2a(a+1)(n—1)—ala—1)—2n(Ea)n (X)), (3.8)
which implies that

0X = QX+( ){2a(a+1)(n—1)—a(2a+a—1)}X

a

+(;

){206(a+1)(n—1)—a(a—1)—2’1(506)}71( )5 (3.9)
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Applying ¢ = ¢ on both sides of (3.9) and using (2.7), we have

90X = 90X + (1) 2a(a+ 1)(n— 1) ~a(2a +a—1)}9X. (3.10)
Again applying ¢X = ¢X in (3.9) and using (2.7) give

00X = 00X + (%){206(06—!— (n—1)—aRo+a—1)}¢X. (3.11)
By virtue of (3.10) and (3.11), we obtain
{00-00}X={90-0¢}X. (3.12)

The Ricci operator Q commutes with the structure tensor ¢ in an (LCS)2,+1-manifold [6]. Thus we can state the
following theorem as:

Theorem 3.1. In a (2n+ 1)-dimensional Lorentzian concircular structure manifold M*'*1 (¢, &, 1, g), the Ricci
operator Q and structure vector field ¢ are commuted with respect to the D-homothetic deformation.

3.1 Extended generalized ®-recurrent (LCS),,-manifolds

In this subsection, we study the properties of the extended generalized ¢-recurrent (LCS)z,1-manifolds
under D-homothetic deformation.

Definition 3.2. A Lorentzian concircular structure manifold M*"+'(¢,E,m,g), n > 1, is said to be an extended
generalized §-recurrent (LCS) 1 1-manifold under D-homothetic deformation if its curvature tensor R satisfies

0°((VwR)(X.Y)Z) = A(W)9>(R(X,Y)Z) +B(W)$*(G(X,Y)Z), (3.13)

for X, Y, Z, W € x(M**1), where A and B are non-vanishing 1-forms such that A(X) = g(X,p1), B(X) =
g(X,p2) and G is a tensor field of type (1,3) defined as (1.2). The 1-forms A and B are called the associated
1-forms of the manifold.

Let us suppose that the Lorentzian concircular structure manifold M>"+!(¢,&,n,g), n > 1, is an extended
generalized ¢-recurrent under D-homothetic deformation. Then from (2.7) and (3.13), we have

(VwR)(X,Y)Z+n((VwR)(X,Y)Z)E = A(W){R(X,Y)Z
+N(R(X,Y)Z)E} +BW){G(X,Y)Z+n(G(X,Y)Z)E}, (3.14)

from which it follows that

g(VwR)(X,Y)Z,U) +n((VwR)(X,Y)Z)n(U) = A(W){3(R(X,Y)Z,U)
+N(R(X,Y)Z)n(U)} +BW){g(G(X,Y)Z,U) +n(G(X,Y)Z)n(U)}. (3.15)

Let {e;;i =1,2,...,2n+ 1} be an orthonormal basis of the tangent space at any point of the manifold. Replacing
X =U =¢; in (3.15) and taking summation over i, 1 <i < 2n+ 1, and then using (2.9), we have

(VwS)(Y,Z) +g((VwR)(E,Y)Z,8) = A(W){S(Y,2)
+N(R(E.Y)Z) +BW){(2n - 1)g(¥,Z) —n(Y)n(2)}. (3.16)

In consequence of (2.1), (2.2), (2.4), (2.6), (2.7), (2.8) and (3.3), we can find that

o2a—1)(a+1—a)+p

a

NR(X,Y)Z) = {n(X)e(y,2) —n(¥)e(X,2)},
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which becomes
o2a—1)la—a—1)+p

NR(E.Y)Z) = p {e(Y,2)+n(¥Y)n(2)}.

The covariant derivative of the above equation along the vector field W, after long calculations, gives
— 2a—1)(a—2 Ddo(W)+dp(W
((VuRE 12,8 = (= em2e DR oy 2) v 2)).
In view of the above relations, it follows from (3.16) that
(VwS)(Y,Z) = A(W)S(Y,Z) +B(W)g(Y,Z)
2a—1)(a—o—1
(AR EE IR ) A w) (o1, 2) (1 n(2)
2a—1)(a—2 Ddo(W)+dp(W
- (e Dlez2e AeERD) (v 2) 4 n(rn @)
+BW){2(n—1)g(Y,Z) —n(Y)n(Z)}. (3.17)

Analogous to the definition of (1.3), we can define:

Definition 3.3. A Lorentzian concircular structure manifold M*"*'(¢,E,m,g), n > 1, is said to be a general-
ized Ricci-recurrent manifold under D-homothetic deformation if its non-vanishing Ricci tensor S satisfies the
relation

(VwS)(Y,Z) =AW)S(Y,Z) +B(W)g(Y, Z),
for all vector fields W, X, Y € x(M*"*1), where the 1-forms A and B are defined in (1.1).

From equation (3.17) and the above definition, it follows that an extended generalized ¢-recurrent
(LCS)2+1-manifold under D-homothetic deformation is a generalized Ricci-recurrent manifold if and only if

(Oc(Za—l)(a—Ot—l)-i—p

>MWHﬂKa+nWMQH

- ((Za— 1)(a—20+1)da(W) —i—dp(W)) (60,24 101D}
+B(W){2(n—1)g(Y,Z) —n(Y)n(Z)} = 0. (3.18)

This leads to the following:

Theorem 3.4. An extended generalized ¢-recurrent Lorentzian concircular structure manifold
M* 1 (9,E n,g), n > 1, under D-homothetic deformation is generalized Ricci-recurrent manifold if and
only if the relation (3.18) holds.

Let {e;;i=1,2,...,2n+ 1} be an orthonormal basis of the tangent space at any point of the manifold. Setting
Y =Z =¢; in (3.18) and taking summation over i, 1 <i <2n+ 1, we have

(2n(2a— 1)(a—o—

a

1)> {aA(W)—da(W)}+ za—n{pA(W) —dp(W)} + (4n*> —=2n—1)B(W) =0.

In particular, if we suppose that ¢ is constant, then last the expression becomes
a1A(W) +blB(W) =0,

where a; = 2no(2a —1)(a—a — 1) # 0 and b; = a(4n> —2n— 1) # 0. This shows that the 1-forms are in
opposite directions.

Corollary 3.5. If an extended generalized ¢-recurrent Lorentzian concircular structure manifold M*"*', n > 1,
under D-homothetic deformation is a generalized Ricci-recurrent manifold, then the 1-forms A and B tend to be
in opposite directions, provided o is constant.
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3.2 ¢-sectional curvature of (LCS),,--manifolds

In this section we consider the ¢-sectional curvature of a (2n + 1)-dimensional LCS-manifold under D-
homothetic deformation. In view of (2.7) and (3.3), we have

'RIX,Y,Z,W)="R(X,Y,ZW)—a(l—a){g(Y,Z)g(¢X,W)
NY)N(2)g(9X, W) —g(X,Z)g(¢Y, W) —n(X)n(Z)g(¢Y, W)
+8(Y,Z)n(X)n(W) +2n(Z)n(X)g(Y,W) —n(Y)g(Z,X)n(W) —2n(Z)n(Y)g(X, W)}

~( 1)(€a){n(Y)g(Z,X)—n(X) (Z,Y)In(W)+(1-a)*{n(X)n(2)g(9?Y,W)

—nIN@)(6°X, W)} — a?(“—— ){g(Z X)g(Y;,W)+n(Z)n(X)g(Y,W)

N2
—g<z,Y>g<X,W>—n<z>n<Y>g<wi>}+a“ gl 1)gl0x W)

+n(Z)nY)g(9X, W) —¢(Z,X)g(¢Y, W) —n(Z)n(X)g(9Y, W) +[n(X)g(9Z,Y)
+8(0X,Y)n(Z) —g(0Z,X)n(Y) — (oY, X)n(2)]n(W)}.

Replacing Y by ¢X, Z by X and W by ¢X in the above equation, we find that

oo+ 1)(1 —a)'

F(X7¢X)_K(X7¢X) =

(3.19)

This leads to the following:

Theorem 3.6. The ¢-sectional curvature of an (LCS)z,+1-manifold is not an invariant property under D-
homothetic deformation.

If a Lorentzian concircular structure manifold M(¢,&,7,%) of dimension (2n + 1) satisfies R(X,Y)&E =0
for arbitrary vector fields X and Y, then the ¢-sectional curvature of the manifold M(¢,&,n,g) vanishes i.e.,
K(X,¢X) = 0. This shows that the ¢-sectional curvature K (X, ¢X) is not vanishing and therefore we can state
the following:

Corollary 3.7. There exists a (2n + 1)-dimensional LCS-manifold M(¢,&,7,8) with non-zero non constant
¢-sectional curvature.

3.3 Locally ¢-Ricci symmetric (LCS),,+1-manifolds

This subsection deals with the study of locally ¢-Ricci symmetric (LCS)2,+1-manifolds under D-homothetic
deformation. Differentiating (3.9) covariantly with respect to W, and using (2.3), (2.5) and (2.11), we get

(VWD)(X) = (Vw0)X) + “—a(a +a— 1)+ 2afa(3n—2) — (n—1)]

F20(E)H(Vwm)(X)E + (X)W + n(X)m(W)E}
29D (o Gn - 1)~ (- 1)}da(W) — ndp (W) n(X)E

a

2(a—1)

—+

{Qa+2a—1)(n—1)+alda(W)X. (3.20)

Operating ¢ on both side of (3.20) and suppose that X is an orthogonal vector to &, we find that

) — 2(a—1
W) X) = Vo) X)+ 2D at2a 1) tadawix. G2
Since a # constant, in general, therefore we lead to the following:
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Theorem 3.8. The property of locally ¢-Riccisymmetry on an (LCS)p.+1-manifold is not invariant under the
D-homothetic deformation.

In particular, if we suppose that ¢ is constant, then from equation (3.21) and Theorem 3.8, we can state the
following:

Corollary 3.9. The property of locally ¢-Riccisymmetry on an (LCS)2,41-manifold is an invariant under the
D-homothetic deformation if and only if o is constant.

3.4 n-parallel Ricci tensor of (LCS),,+1-manifolds

In this subsection, we study the properties of n-parallelism of Ricci tensor on an (LCS),,+1-manifold under
D-homothetic deformation. Differentiating (3.8) covariantly with respect to W and then using (2.3), we get

a—

(VwS)(X.¥) = (VS)(X. 1)+ 4 L taata—1)+2alaBn—2)— (n—1)]
F20(E o) (V) (X)) + (Vi) 017 (X))
24D aan— 1) — (0= 1))daW) —nap(W)] m(x)n(r)

+2(a— 1)

{2a+200—1)(n—1)+a}lda(W)g(X,Y). (3.22)
Replacing the vector fields X by ¢X and Y by ¢Y in (3.22) and then using (2.7), we obtain

(VwS)(9X,9Y) = (VwS)($X,9Y)
+2<aa_ D {a+2a—1)(n—1)+alda(W)g(dX,9Y). (3.23)

Thus we can state to the following:

Theorem 3.10. The property of n-parallelism of the Ricci tensor on a (LCS) .+ 1-manifold is not invariant under
D-homothetic deformation.

If we suppose that « is constant, then with the help of (3.23) and Theorem 3.10 we can state the following:

Corollary 3.11. The property of n-parallelism of the Ricci tensor on a (LCS)2,+1-manifold is invariant under
D-homothetic deformation if and only if o is constant.

3.5 (EGC) ¢-recurrent (LCS),,+1-manifolds

The properties of extended generalized concircularly (EGC) ¢-recurrent (LCS)2,+1-manifolds are studied
in this subsection.

Definition 3.12. A Lorentzian concircular structure manifold M*"*1(¢,E,m,g), n > 1, is said to be an extended
generalized concircularly @§-recurrent (LCS)n+1-manifold under D-homothetic deformation if its concircular
curvature tensor C satisfies the condition

*(VwC)(X,Y)Z) = A(W)9*(C(X,Y)Z) +B(W)9*(G(X,Y)Z), (3.24)

forallX, Y, Z, W € x(M*"*1), where A and B are non-vanishing 1-forms defined in (1.1) and G is the tensor of
type (1,3) defined in (1.2).

The concircular curvature tensor C [25] of type (1,3) is given by
T

C(X,Y)Z=R(X,Y)Z— @i 1)

G(X,Y)Z, (3.25)
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where 7 is the scalar curvature of the manifold under D-homothetic deformation. Let us consider an extended
generalized concircularly ¢-recurrent Lorentzian concircular structure manifold M>"+1(¢,&,1n,g), n > 1, under
D-homothetic deformation. Taking covariant derivative of (3.25) along the vector field W, we have

dF(W)

(VwC)(X,Y)Z = (VwR)(X,Y)Z — mG(X,Y)Z,
which is equivalent to
— — dFr(W)
g((VWC)(X7Y)Z7 U) = g((VWR)(X7Y)Z7 U) - mg(G(X,Y)Z, U)‘

Let {e;;i = 1,2,...,2n+ 1} be a set of orthonormal basis of the tangent space at any point of the manifold.
Replacing X = U = ¢; in the above equation and taking summation over i, 1 <i <2n+ 1, we have

2n+1 . B . df(W)
l_; g((VwC)(ei,Y)Z,e;) = (VwS)(Y,Z) — 2n+ 1)

With the help of (2.7), (3.24) assumes the form
(VwO)(X,Y)Z+1((VwC)(X.¥)Z)E = A(W){C(X.Y)Z
+n(C(X,Y)2)EY + BW){G(X,Y)Z+n(G(X,Y)Z)EY, (3.27)

g(Y.2). (3.26)

from which it follows that

g(VwO)(X.Y)Z,U) +n((VwC)(X.Y)Z)n(U) = A(W){3(C(X,Y)Z,U)

+n(CX,Y)Z)nU)} +BW){g(G(X,Y)Z,U) +n(G(X,Y)Z)n(U)}. (3.28)
Putting X = U = ¢; in (3.28) and taking summation over i, 1 <i < (2n+ 1), and then using (3.26), we have
_ dr(W _
(VuS)(1.2) S (1,2) 4 g((VC)(E7)2.8)
= AW){S(Y,2) ~ 57 8(V.2) + n(C(§.7)2))
+B(W){(2n—1)g(Y,Z) —n(Y)n(2)}. (3.29)
In view of (1.2), (2.7), (2.10) and (3.3), equation (3.25) reduces to

NCEN2) = (s~ et 1-0C D42 ) 2 n0m@). 620

By virtue of (2.3), (2.4), (2.11), (3.25) and (3.30), it is obvious that

g(VwC)(E,Y)Z,&) = {2’1‘2;%)1) (2a— 1)(aa— 1—20)

d
+ P v 2) 4 n @), (3.31)
In view of (3.30) and (3.31), equation (3.29) takes the form

da(W)

(VwS)(Y,Z) = A(W)S(Y,Z)+B(W)g(Y,Z) + ‘W) 2(Y,Z)

7 o(oc+1—a)(2a—1)—
+{<2n(2n+ 1) a >A(W)
B ( dr(W) (2a—1)(a—1-2a)

2n(2n+1)
n)n(2)}+BW){2(n—1)g(Y,2) —n(Y)n(2)}. (3.32)

do(W)+ d

This leads to the following:
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Theorem 3.13. An extended generalized concircularly ¢-recurrent Lorentzian concircular structure manifold
M. & n,g), n> 1, under D-homothetic deformation is generalized Ricci-recurrent if and only if the rela-
tion

dr(W)—7A(W) 7 o(a+1l—a)(2a—1)—0p
( 2n+ 1 )g(Y’Z)+{<2n(2n+l) - a >A(W)
daFW)  (2a—1D(a—1-2a) dp (W)
B <2n(2n—|— 1) + a da(W)+ a )}{g(Y,Z)
+n¥)N(2)} +BW){2(n—1)8(Y,Z) —n(¥)n(2)} =0, (3.33)

holds for all W, Y, Z € y(M***1).

If we replace the vector field Z by & in (3.33), then we can observe that A = A B, provided that 7 is a non-zero

constant. Here A = 4”27_1(;”é 0) is a constant. With the help of the above discussion and Theorem 3.13, we can
state the following:

Corollary 3.14. Let an extended generalized concircularly ¢-recurrent Lorentzian concircular structure mani-
fold M*"*'(¢,E,m,g), n > 1, with constant scalar curvature, under D-homothetic deformation is a generalized
Ricci-recurrent manifold, then the associated 1-forms A and B are co-directional, i.e., A = AB.

4 Example

We consider a 3-dimensional manifold M = {(x,y,z) € R> : z # 0}, where (x,y,7) are the standard coordi-
nates in R>. Let {E, E», E3} be linearly independent global frame on M given by

8 8
z Z —
E1 =e <x; +y5y), Ez—e 75)77 E3—e EZ.

Let g be the Lorentzian metric defined by
8(Ey,E3) = g(Ea, E3) = g(E1,E2) =0, g(E1,E1) = g(Ea,En) =1, g(E3,E3) = —1.

Let 1 be the 1-form defined by n(V) = g(V, E3) for any V € x(M). Let ¢ be the (1,1)-tensor field defined by
OFE, =E, 0E, = E>,  E3 = 0. Then using the linearity of ¢ and g, we have

N(Es) =—1, >V =V +n(V)Es, g(@V,0W) =g(V,W)+n(V)n(W),

forany V, W € x(M). Let V be the Levi-Civita connection with respect to the Lorentzian metric g and R be the
curvature tensor of g. Then we have

[Et,Ey) = —€'Ey,  [E1,Es] = —¢*E1, [E,E3]=—¢"Ey.
For the Levi-Civita connection V of the metric g, we have
28(VxY,Z) = Xg(¥,Z) + Yg(X,Z) — Zg(X,Y) — g(X, [V, Z]) - (¥, [X, Z]) + 8(Z, [X,Y]).

This expression is known as Koszul’s formula. Taking E3 = £ and using Koszula’s formula for the Lorentzian
metric g, we can easily calculate the following:

Vi Es = —¢*E|, Vg E =—e¥E;, VgE,=0,

Vi,Ey=—e*E), VgEy=0, VgE =k,

VE3E3 = 0, VEZEZ = —BZZE3 — eZEl, VE3E1 =0.
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From the above calculations it can be easily see that E3 = & is a unit timelike concircular vector field and hence
(¢,&€,7m,g) is an (LCS)3-structure on manifold M>. Consequently M3(¢,&,7,g) is an (LCS)3-manifold with
a = —e* # 0 such that (X&) = pn(X), where p = 2¢*. Using the above relations, we can easily calculate the
non-vanishing components of the curvature tensor R as follows:

R(E2,E3)E3 = —e¥Ey, R(E),E3)E; = —€*E},
R(E\,E3)E| = —e¥E3, R(E|,E>)E| = —e*{e* +1}Es,
R(E|,E2)Ey = {€¥ —¢*)E|, R(Ey,E3)E; = —*(*E3 + E))

and the components that can be obtained from these by the symmetric properties. With the help of the above
equations, we can find the Ricci tensors and scalar curvature as:

S(E1,E1) = g(R(E\,E2)Ey, Ey) + g(R(E1, E3)E3, Ey ) = —€*.
In the same fasion, we can find that
S(Ey,Ey) = €%, S(E3,E3) = 2¢%

and
r= S(El,El) JrS(Ez,Ez) *S(E3,E3) = *264Z.

It is well known that in a three dimensional (LCS)3;-manifold, the curvature tensor R satisfies the relation
R(X,Y)Z = S(V,2)X — S(X,Z)Y +g(¥,Z)0X —g(X.Z)QY — _{3(¥.Z)X —¢(X,Z)Y}.

In consequence of (2.1), (2.2), (2.9) and (2.12), we have

S(X,Y) = {5~ (6 = p)}g(X,¥) +{5 = 3(a’ = p)}n(X)n(¥).
From the last expressions, we can find that
R(X.Y)Z = {r—2(o" —p)Hg (Y. 2)X —g(X.2)Y}
+{5 —3(a? =) Hn ("X —n(X)¥}n(2)
+{5 —3(e? —p)Hn(X)g(¥,2) - n(¥)g(X.2)}¢. (.1
which is equivalent to
R(X,Y.Z,U) = {r—2(a = p) He(¥.2)g(X,U) — g(X,2)g(¥,U)}
+{5 —3(a? =) Hn(1)g(X.U) = (X)g(¥.U)}n(2)
+{5 —3(e® —p)Hn(X)g(r.2) - n(¥)g(X,2)}n (V). (42)

where 'R(X,Y,Z,W) = g(R(X,Y)Z,W). In view of (4.2), the ¢-sectional curvature of the manifold M? is given
by

K(X,0X)=2(a>—p) —r.
for any vector field X orthogonal to &. Also, in this example, we have K(E,9E,) = g(R(E1,9E)E1,¢9E;) =0
and K(E»,9E») = 0. Again from the above relations, we can find

o(o+1)(1—a) _%

K(E|,0E) —K(E|,9E;) = (E2,9E>) — K(Ey, OF>).
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Hence the Theorem 3.6 and Corollary 3.7 are verified.
Since {E|,E»,E3} forms a basic of the 3-dimensional (LCS)3-manifold, therefore the vector fields X, Y, Z
€ x(M?) can be written as

X=aEi+bEx+c\E3, Y =amE| +byEr+cE3, Z=a3E +b3Ey +c3E3,
where a;, b;, c; € R (the set of all positive real numbers), i = 1,2,3. Then

R(X,Y)Z = [¢*{(b2b3 — cyc3)ay +as(cic3 — byb3) — bicabs}
+e3z(clb2 —bicy)bs +ezz(b1a2 —a1by)b3|E| + [641{(171612 —aiby)az
+(c1by —bica)es} + e¥(arby — a1by)az)Es
+[e*{(c1a2 — aic2)az + (c1b2 — bica)bs }E3, (4.3)

G(X,Y)Z = (araz + bybz — cr¢c3) (a1 E1 + b1 Ey + ¢ E3)
—(a1a3 +b1b3—0163)(a2E1 +b2E2+CQE3). 4.4)

With the help of the above results, we can find the following after a long calculation

(VE] E) (X, Y)Z = {eSZ(albz - blaz)b3 + €4Z<b16‘2 — C1b2)b3}E1
—|—{b1C2b3€6Z + eSZ(blcz — Clbz)b3 + €4Z(a1b2 — blaz)b3}E3
+e*{(bica — c1b2)az + (b1az — a1by)c3 } Ea, (4.5)

(VE,R)(X,Y)Z = [¥{c1bab3 + cac3(a) — b))} + €¥{(bicy — c1b2)as
+(b1ay — a1b)c3 — arcabs} +2¢*(arby — azby )az]Ey
+[65Z{2C1612€3 —cacs(ar+b1)}+ 641{(01612 —ajc)as
+(c1by — bicp)b3} 4 2¢% (bray — aiby)bs]|Es

+[e**{ (a3 — b3)aica + e*(a1by — arb) )as | E (4.6)
and
(Ve,R)(X,Y)Z=0. 4.7)
In view of (4.3) and (4.4), we get
0*(R(X,Y)Z) = LE| +mEy, ¢*(G(X,Y)Z)=bLE|+mkE;, (4.8)

where
L= €4Z{(b2b3 — 62C3)al +a2(c1(33 — b1b3) — b102b3} +63Z(Clb2 — b]Cz)b3 + 62Z(b1a2 — albz)b3,
nmy = €4Z{(b1a2 — albz)a3 + (C1b2 — b1C2)03} + ezz(azbl — albz)a3,
I = (a1by — azb1 )bz — (ajc2 — axcy)cs,
myp — (azbl —a1b2)613 — (b16‘2 —b2c1)03.

With the help of equations (4.5)-(4.7), we can observe that
¢2((VE1F)(X7Y)Z) = piEl +61iE2, i= 172737

where
pP1 = esz(albg — blag)b3 +€4Z(b1C2 — C]bz)bg,,
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q1 = €*{(b1cy — c1by)az + (biay — aybs)c3},
p2 = e{c1baby +cacz(ar — by) Y +e¥{(bicy — c1by)as + (bray — a1by)cs — aycabs } +2¢%(ayby — azby ) as,
g2 = €{2c1azc3 — caes(ar +by) Y+ ¥ {(cray — aycr)az + (c1ba — bica)b3 } +2e%(byas — a1by)bs,
p3 =0 and g3—o.

Now, we consider the 1-forms A and B as follows:

_ hqi—mip;

map; — bg;
A(E;) = 2P 20 =
(E) Limy —myly’

= B(E;
Limy —myly’ (Ei)

4.9)

fori =1,2,3 such that [ymy —mly # 0, mop; — bq; # 0 and lyq; —mp; # 0, i = 1,2,3. From (3.13), we have
0*((VER)(X,Y)Z = A(E)¢*(R(X,Y)Z) + B(E)¢*(G(X,Y)Z), (4.10)

where i = 1,2,3. From (4.8) and (4.9), it can be easily show that the manifold satisfies the relation (4.10). Hence
the manifold under consideration is an extended generalized ¢-recurrent (LCS)3-manifold under D-homothetic
deformation, which is neither ¢-recurrent nor generalized @-recurrent. Therefore, we have the following:

Theorem 4.1. There exists an extended generalized @-recurrent (LCS)3-manifold M>(¢,&,7,g), under D-
homothetic deformation which is neither ¢-recurrent nor generalized ¢-recurrent.
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