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PREFACE

The present thesis entitled “A Study on Certain Almost Contact Man-
ifolds and Invariant Submanifolds” is an outcome of the research carried out
by the author under the supervision of Prof. Jay Prakash Singh, Professor and
Head, Department of Mathematics and Computer Science, Mizoram University,
Aizawl, Mizoram.

This thesis has been divided into seven chapters and each chapter is subdi-
vided into smaller sections. The first chapter is the general introduction which
includes the literature reviews and the basic definitions such as topological man-
ifold, smooth manifold, symmetric manifolds, almost contact metric manifold,
(K, pu)-contact metric manifold, Sasakian space forms, Kenmotsu manifold, al-
most Kenmotsu manifold, submanifolds, generalized m-quasi-Einstein structure,
Ricci-Yamabe soliton and Lorentzian manifold.

The second chapter is dedicated to the study of (k, p)-contact metric mani-
fold and the semiconformal curvature tensor. This chapter is divided into three
sections. In the first section, we introduce two types of generalized ¢-recurrent
(K, p)-contact metric manifolds known as hyper generalized ¢-recurrent (k, u1)-
contact metric manifolds and quasi generalized ¢-recurrent (k, p1)-contact metric
manifolds, and investigate their properties. We prove their existence by con-
structing the non-trivial examples. Then in the second section, the geometric
structures of generalized (k, p)-space forms under certain curvature restrictions
and their quasi-umbilical hypersurface are analyzed. Also, the results obtained
are verified by constructing an example of 3-dimensional generalized (k, u)-space
form. Finally in the third section, we introduce a type of Riemannian manifold,
namely, an almost pseudo semiconformally symmetric manifold which is denoted
by A(PSCS),. Several geometric properties of such a manifold are studied under

certain curvature conditions. Some results on Ricci symmetric A(PSCS),, and



Ricci-recurrent A(PSC'S),, are obtained. Next, we consider the decomposability
of A(PSCS),. Finally, two non-trivial examples of A(PSCS), are constructed.

In the third chapter, we study the generalized m-quasi-Einstein structure. In
the first section, we analyze the properties of H-contact manifolds and K-contact
manifold admitting the generalized m-quasi-Einstein structure whose potential
vector field satisfies certain conditions. Also, 3-dimensional normal almost con-
tact manifold admitting generalized m-quasi-Einstein metric is considered. In
the second section, we analyze the generalized m-quasi-Einstein structure in the
context of almost Kenmotsu manifolds and gave its classification. Moreover, gen-
eralized m-quasi-Einstein metric (g, f,m, A) in almost Kenmotsu 3-H-manifold
is considered. Finally, some examples of generalized m-quasi-Einstein structures
are constructed.

In the fourth chapter, we study the properties of almost Ricci-Yamabe soli-
tons (shortly, ARYS). In the first section, ARYS in the context of a complete
contact metric manifold with the Reeb vector field £ as an eigenvector of the
Ricci operator, K-contact and (k, pt)-contact manifolds are analyzed. An illus-
trative example is given to support the obtained result. In the second section,
we obtain some isometric results while examining ARYS in the Kenmotsu mani-
fold, (k, u)’-almost Kenmotsu manifold and 3-dimensional non-Kenmotsu almost
Kenmotsu manifolds. Finally, a few non-trivial examples of Kenmotsu manifolds
and almost Kenmotsu manifolds admitting ARYS are constructed.

The fifth chapter is divided into two sections. The first section is devoted
to the study of invariant submanifolds of f-Kenmotsu manifolds under certain
conditions on the second and third fundamental forms. We also consider the f-
Kenmotsu space form and give two examples supporting the obtained results. In
the second section, we obtain Chen’s inequalities for the submanifolds of general-
ized Sasakian-space-forms endowed with a quarter-symmetric connection. As an

application of the obtained inequality, we derive first Chen inequality for bi-slant

vi



submanifold of generalized Sasakian-space-forms.

In Chapter 6, we obtain some results on spacetime. This chapter includes two
sections. In the first section, we study the geometrical aspects of a perfect fluid
spacetime with torse-forming vector field ¢ under certain curvature restrictions,
and Ricci-Yamabe soliton and 7-Ricci-Yamabe soliton in a perfect fluid spacetime.
We also give a non-trivial example of perfect fluid spacetime admitting n-Ricci-
Yamabe soliton. Then in the second section, we classify the Einstein-type metric
on Kenmotsu, non-Kenmotsu (k, u)"-almost Kenmotsu and almost Kenmotsu 3-
H-manifolds. Finally, we construct some non-trivial examples to verify our main
results.

In Chapter 7, we give the summary and the conclusion. The references of the
mention papers have been given with the surname of the authors and the years

of the publication, which are decoded in chronological order in the Bibliography.
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ABSTRACT

In 1828, Gauss formulated an important property of surfaces known as Gaussian cur-
vature in his famous work, “ Theorema FEgregium”.Then, Riemann extended Gauss’s
theorem to spaces known as manifolds. Later on Einstein used Riemannian geom-
etry and its generalization, Finsler geometry, to formulate general relativity theory.
Riemannian geometry are used in information geometry, probability and statistics,
group theory, representation theory analysis and statistics. Contact geometry has
been matured from the mathematical formalism of classical mechanics. It has broad
applications in geometrical optics, integrable system, thermodynamics and control
theory. In this thesis, we attempt to further understand the properties of Riemannian
manifold and almost contact manifolds along with their submanifolds by considering

the following objectives.
1. To study semiconformal curvature tensor.
2. To study geometrical properties of (k, pt)-contact metric manifolds.
3. To study the properties of certain Ricci solitons.
4. To characterize the invariant submanifolds of certain almost contact manifolds.

In Chapter 1, we give the definitions of topological manifold, smooth manifold,
Riemannian manifold, almost contact metric manifolds, Kenmotsu manifolds, f-
Kenmotsu manifold, almost Kenmotsu manifolds, space forms, Lorentzian manifolds,
generalized m-quasi-Einstein structure, almost Ricci-Yamabe soliton and Submani-
folds, along with the review of literature.

In the first section of Chapter 2, we introduced and studied hyper generalized
¢-recurrent (k, p1)-contact metric manifolds and quasi generalized ¢-recurrent (k, p)-
contact metric manifolds. Then in the second section, the geometric structures of

generalized (k, u)-space forms and their quasi-umbilical hypersurface are analyzed.



Finally, the third section is devoted to the introduction of almost pseudo semicon-
formally symmetric manifold. Moreover, in each sections, we constructed non-trivial
examples.

In Chapter 3, we considered generalized m-quasi-Einstein metric. In the first sec-
tion, H-contact manifold, K-contact and 3-dimensional normal almost contact man-
ifold admitting generalized m-quasi-Einstein metric are studied. In the second sec-
tion, we showed that a complete Kenmotsu manifold admitting generalized m-quasi-
Einstein metric is isometric to a hyperbolic space H*"*!(—1) or a warped product
M X, R. Then, (k, pt)-almost Kenmotsu manifold with A’ # 0 admitting generalized
m-quasi-Einstein metric is locally isometric to some warped product spaces. Also,
some examples of warped product manifolds admitting generalized m-quasi-Einstein
metric are given. Finally, almost Kenmotsu 3-H-manifold are also considered.

In Chapter 4, we gave classification of almost Ricci-Yamabe solitons in the context
of almost Kenmotsu manifolds as well as K-contact and (k, j)-contact metric mani-
fold. In the first section, we focus on complete contact metric manifold with the Reeb
vector field as an eigenvector of the Ricci operator whose metric admits an almost
Ricci-Yamabe soliton and potential vector field collinear with the Reeb vector field.
Then, complete K-contact manifold and non-Sasakian (k, u)-contact metric manifold
admitting gradient ARYS are studied. In the second section, ARYS in the context of
almost Kenmotsu manifolds are considered. Non-trivial examples of manifolds whose
metric admits ARYS are also constructed.

In Chapter 5, we derived Chen’s inequalities for submanifolds of generalized
Sasakian-space-forms endowed with a quarter-symmetric connection. Moreover, a
detail study on invariant submanifold of f-Kenmotsu manifold is done.

In Chapter 6, the first section is focused on analyzing the geometrical properties
of perfect fluid spacetime with torse-forming vector field admitting Ricci-Yamabe
soliton and n-Ricci-Yamabe soliton. Then in second section, we classified Einstein-

type metric in Kenmotsu manifold as well as non-Kenmotsu (k, pt)’-almost Kenmotsu



manifolds.Also, almost Kenmotsu 3-H-manifold with Einstein-type metric are stud-
ied.

Chapter 7 is devoted for summary and conclusion.
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Chapter 1

Introduction

1.1 Topological Manifold

Definition 1.1. Suppose M is a topological space. We say that M is a topolog-
tcal manifold of dimension n or a topological n-manifold if it has the following

properties:

1. M s a Hausdorff space: for every pair of distinct points p,q € M, there

are disjoint open subsets U,V C M such that p € U and q € V.
2. M s second-countable: there exists a countable basis for the topology of M.

3. M s locally Euclidean of dimension n.

1.2 Smooth Manifold

Let M be a topological n-manifold. A coordinate chart on M is a pair (U, ¢),
where U is an open subset of M and ¢ : U — U is a homeomorphism from U to
an open subset U = o(U) C R™. If (U,¢) and (V,) are two charts such that
UNV # &, the composite map o o™! : o(UNV) — »(UNV) is called the

transition map from ¢ to 1. Two charts (U, ¢) and (V1)) are said to be smoothly
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compatible if either UNV = @ or the transition map ¢ oy~ is a diffeomorphism.
An atlas A is a collection of charts whose domain cover M. If any two charts in
A are smoothly compatible then A is said to be a smooth atlas. A smooth atlas

A on M is maximal if it is not properly contained in any larger smooth atlas.

Definition 1.2. If M is a topological manifold, a smooth structure or differen-
tiable structure (C®-structure) on M is a mazimal smooth atlas A. A smooth
manifold is a pair (M, A), where M is a topological manifold and A is a smooth

structure on M.

1.3 Riemannian Manifold

The Riemannian metric allows us to define geometric concepts such as lengths,
angles and distances on smooth manifolds. Similar to the inner product on vector
space, for manifold, the appropriate structure is a Riemannian metric, which is
essentially a choice of the inner product on each tangent space, varying smoothly

from point to point.

Definition 1.3. Let M be a smooth manifold with or without a boundary. A
Riemannian metric on M is a smooth symmetric covariant 2-tensor field on M
that is positive definite at each point. A Riemannian manifold is a pair (M, g),

where M s a smooth manifold and g is a Riemannian metric on M.

1.4 Connections on Riemannian Manifold
An affine or linear connection on a smooth manifold M is a R-bilinear mapping
VX (M) x x (M) = x(M),

which satisfies the following properties:
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1. V,xY = fVyY,
2. VxfY = fVxY + (X f)Y,

for any X,Y € x(M) and smooth function f. On a Riemannian manifold M
of dimension n, the affine connection V is said to be Levi-Civita connection or
Riemannian connection if it satisfies the following:

1. V is symmetric or torsion-free i.e., VxY — Vy X = [X,Y] and

2. V is a metric compatible i.e., (Vxg)(Y,Z) =0 for all X|Y, Z € x(M).

Let M"™ be an n-dimensional Riemannian manifold with Riemannian metric g.
A linear connection V is known as a quarter-symmetric connection if its torsion

tensor T is given by
T(X,)Y)=VxY - VyX — [X,Y]
satisfies
T(X,Y) = A(Y )X — A(X)Y.

where A is a 1-form and P is a vector field given by A(X) = g(X, P) and ¢ is
(1,1)-tensor. Quand Wang (2015) introduced a special type of quarter-symmetric

connection defined as:
VxY =VxY + 9 AY)X — hg(X,Y)P, (1.1)

where V denote the Levi-Civita connection. It is easy to see that the quarter-
symmetric connection V include the semi-symmetric metric connection (¢; =

1 = 1) and the semi-symmetric non-metric connection (11 = 1,1 = 0).
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1.5 Symmetric Manifolds

Riemannian symmetric spaces have been a primary topic of research in differ-
ential geometry theories. It was Cartan, who first initiated the study of Rieman-
nian symmetric spaces and gave its classification (Cartan, 1926). According to
him, an n-dimensional Riemannian manifold M is said to be locally symmetric
if its curvature tensor R satisfies Rpijr; = 0, where “,” represent the covariant
differentiation with respect to the metric tensor and Ry;j;, are the components of
the curvature tensor of the manifold M. The notion of locally symmetric spaces
has been extended by many geometer throughout the year, some of which are
Recurrent (Walker, 1950), locally ¢-symmetric (Takahashi, 1977), pseudo sym-
metric (Chaki, 1987) and weakly symmetric (Tamdssy and Binh, 1989). Sen and
Chaki (1967) obtained an expression for the covariant derivative of the curvature

tensor while studying conformally flat space of class one with certain curvature

restrictions on the curvature tensor, which is as follows:

J J ijk

where ); is a non-zero covariant vector. Later, Chaki (1987) introduced a manifold
whose curvature tensor satisfies (1.2) and called it a pseudo symmetric manifold
(PS),. Extending (PS),, De and Gazi (2008) introduced almost pseudo sym-
metric manifold (APS),. A Riemannian manifold (M", g), (n > 2) is said to be
an almost pseudo symmetric (De and Gazi, 2008) if its curvature tensor R of type

(0,4) satisfies the following relation:
(VeR)(X,Y,W, V) = [A(E) + B(E)|R(X,Y,W,V) + A(X)R(E,Y,W,V)

+ AY)R(X,E,W,V)+ AW)R(X,Y,E,V)
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for all X, Y, W,V € x(M), where A, B are non-zero 1-forms given by
g(E,p)=A(E),g(F,0) = B(E), (1.4)

for all vector field £ € x(M), where x (M) being the Lie algebra of vector fields
on M. Further extending the notion of (APS),, Tamdssy and Binh (1989) intro-

duced weakly symmetric manifolds.

1.6 Recurrent Manifolds

Walker (1950) introduced the notion of a locally recurrent Riemannian mani-
fold as an extension to locally symmetric spaces. A non flat Riemannian manifold
is said to be locally recurrent (Walker, 1950) if there exists a non-zero 1-form A

such that
(VxR)(Y, Z)U = A(X)R(Y, Z)U, (1.5)

for all X,Y,Z, U € x(M). Then, De et al. (2003) studied y-recurrent Sasakian
manifolds as an extension to locally ¢-symmetric manifolds (Takahashi, 1977).
As a weaker version of the locally recurrent Riemannian manifold, Dubey (1979)
introduced the notion of the generalized recurrent manifold. A non-flat Rieman-
nian manifold is said to be a generalized recurrent manifold if its curvature tensor
R satisfies

VR=A® R+ B®G, (1.6)

where A and B are non-vanishing 1-forms defined as (1.4) and the tensor G is
defined by

for any X,Y,Z € x(M). Shaikh et al. (2011) extended this concept to general-

ized p-recurrent Sasakian manifold. Hui (2017) studied generalized p-recurrent
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generalized (k, 1)-contact metric manifold and obtained interesting results. A
non-flat Riemannian manifold is said to be a generalized -recurrent manifold if

the curvature tensor R satisfies the condition
S(VwR)(X,Y)Z) = AW)R(X,Y)Z + BIW)G(X,Y)Z,  (1.8)

for any X, Y, Z, W € x(M).

1.7 Almost Contact Metric Manifolds

A (2n+1)-dimensional smooth manifold M is called an almost contact metric
manifold if it admits a (1, 1)-tensor field ¢, a unit vector field £ (called the Reeb

vector field) and a 1-form n such that

P=-I+n®¢ =1 n-e=0, (1.9)

this is equivalent to a reduction of the structural group of the tangent bundle
to U(n) x 1 (see (Sasaki, 1960; Sasaki and Hatakeyama, 1961)). A Riemannian

metric g is said to be an associated (or compatible) metric if it satisfies

g(pX,9Y) = g(X,Y) = n(X)n(Y), (1.10)

for all X,Y € x(M). An almost contact manifold M?"(¢p, £, 1) together with a
compatible metric g is known as an almost contact metric manifold (Blair et al.,
1995; Blair, 1976, 2010). Chinea and Gonzalez (1990) obtained a complete clas-
sification for almost contact metric manifolds through the study of the covariant
derivative of the fundamental 2-form. The fundamental 2-form ® of an almost

contact metric manifold (M, ¢, &, 7, g) is defined by

D(X,Y) = g(X,pY),
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for all X,Y € x(M), and this form satisfies n A ®" 2 0. This means that every
almost contact metric manifold is orientable. Moreover, an almost contact metric
manifold is said to contact metric manifold if dyp = ®. The following formulas

hold on a contact metric manifold (Blair, 2010)
Vxé=—pX — phX, (1.11)

Further we define two self-adjoint operators h and ¢ by h = %(Egcp), where
Lep denotes the Lie-derivative of ¢ along £ and ¢ = R(-, )¢ respectively, where

R is the Riemannian curvature of M. These operators satisfy

he =0 =0, hpo+ph=0, Tr.h="Tr.hp=0. (1.12)
Trd = S(€,€) =2n— ||h|%. (1.13)
Here, “Tr.” denotes trace. When a unit vector ¢ is Killing (i.e. h =0 or Tr.f =

2n) then the contact metric manifold is called K-contact. On the K-contact

manifold, we have
R(X, )¢ = X —n(X)¢, (1.14)

An almost contact structure (¢,7n,¢) and almost contact manifold M is said to
be normal if the almost complex structure on M x R defined by J(X, fd/dt) =
(pX — f€,n(X)d/dt), where f is a real function on M x R and ¢ a coordinate
on R, is integrable (Blair, 1976, 2010). The necessary and sufficient condition for

the almost contact structure (¢,n, ) to be normal is
[0, ] +2dn @ & =0,
where the pair [p, ] is the Nijenhuis tensor of ¢ defined by

[, 0](X,Y) = [0X,pY] + @*[X, Y] — ¢lpX, Y] — [ X, Y],
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for all X,Y € x(M). A normal almost contact metric manifold is a Sasakian
manifold. It was shown that an almost contact metric manifold is Sasakian if

and only if
(Vx@)Y = g(X,Y)§ —=n(Y)X, (1.15)

for any X,Y € x(M). A Sasakian manifold is K-contact but the converse is true
only in dimension 3. Olszak (1986) showed that a 3-dimensional almost contact

metric manifold M is normal if and only if V& - ¢ = ¢ - V&, or, equivalently,
Vx{ = —apX + B(X — (X)), (1.16)

where 2a = divé and 25 = Tr.(eVE), divg is the divergence of £ defined by
div€ =Tr{X — Vx&} and Tr.(9VE) = Tr{X — ¢Vx&}. On a 3-dimensional

normal almost contact metric manifold the following relations hold (Olszak, 1986)

S(X,€) = —Xa — (pX)B — {§a + 2(a® — f*}n(X), (1.17)

Ea+2ab =0. (1.18)

for any X € x(M).

1.8 Generalized Sasakian space forms

A plane section 7 in the tangent bundle 7,M at a point p of a Riemannian
manifold is called a p-section if it is spanned by X and ¢ X, where X is a unit
tangent vector orthogonal to £. The sectional curvature of a ¢-section is called a
p-sectional curvature. A Sasakian manifold with constant ¢-sectonal curvature
¢ is said to be a Sasakian space form and is denoted by M(c) (Blair, 1976).
Some examples of Sasakian space forms are R***! and S?"*!, with the standard
Sasakian structures (Blair, 1976). Alegre et al. (2004) introduced generalized

Sasakian space forms as almost contact metric manifolds M whose curvature
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tensor R can be written as

R(X.Y)Z = fi{g(Y,2)X — g(X, 2)Y}
+ f2{9(X,02)pY — g(Y, 0Z)pX +29(X, oY )pZ}
+ [s{In(X)n(2)Y —n(Y)n(2)X + g(X, Z)n(Y)€ — g(Y, Z)n(X)E},
(1.19)
for any vector fields X,Y,Z on M, where fi, fo and f3 are functions on M.
Sasakian-space-forms appear as natural examples of generalized Sasakian-space-
e+l -1

forms, with constant functions f; = <=, fo = f3 = <. Many authors have

studied generalized Sasakian-space-forms in different context such as Alegre and

Carriazo (2008), Carriazo et al. (2020), Rehman (2015) and Sarkar et al. (2015).

1.9 (k, u)-contact metric Manifold

The (k, p)-nullity distribution of almost contact metric manifold M (¢, &, n, g)

is a distribution (Blair et al., 1995):

N(k,p) :p— Np(k,p) ={Z e x(M) : R(X,Y)Z = r{g(Y, Z2)X

—g(X, Z)Y} + M{g<Y7 Z>hX - g(X7 Z)hY}},

for any X,Y, Z € x(M) and real numbers x and u. If u = 0, the (k, p)-nullity dis-
tribution N (k, u) is called the s-nullity distribution N (k) (Koufogiorgos, 1993).
An almost contact metric manifold M with £ € N(k, ) is called a (k, p)-contact
metric manifold. A (s, u)-contact metric manifold becomes Sasakian manifold

for k =1 and = 0. In a (k, u)-contact metric manifold the following relations

10
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hold (Blair et al., 1995; Papantoniou, 1993)

R = (k—1)p* k<1, (1.20)
R(X,Y)E=kn(Y)X —n(X)Y] + pu[n(Y)hX —n(X)nY], (1.21)
S(X,Y)=1[2(n—1) —nplg(X,Y) + [2(n — 1) + plg(hX,Y)

+2(1 — n) + n(2k + p)n(X)n(Y), (1.22)

for any vector fields X,Y € x(M).

1.10 Curvatures on Riemannian Manifold

A conformal transformation is an angle preserving map. If g and g are two

metrics of an n-dimensional Riemannian manifold M such that
g(X,Y)=¢e"g(X,)Y),

for all vector fields X,Y on M and o is a scalar function, then the angle between
two tangent vectors at a point p € M does not change with respect to the change
of metrics. Under such case M and M are conformally related and the cor-
responding between them is known as conformal transformation (Obata, 1970).
One of the most important curvature tensors for analyzing the intrinsic properties
of the Riemannian manifold is the Weyl conformal curvature tensor introduced
by Yano and Kon (1984). This curvature is invariant under conformal trans-
formation. The conformal curvature C' of type (1,3) on a (2n + 1)-dimensional

Riemannian manifold (M, g),n > 1, is defined by

C(X,Y)Z = R(X,Y)Z 2n1_ L[SV 2)X — S(X, 2)Y + g(Y, 2)QX
—(X, 2)QV] + m [9(Y, 2)X — g(X, Z)Y], (1.23)

11
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where r is the scalar curvature of M, @) is the Ricci operator and S the Ricci
tensor.

It is known that a harmonic function is defined as a function whose Laplacian
vanishes. In conformal transformation, harmonic functions are not invariant,
in general. To tackle this, Ishi (1957) obtained the condition under which a
harmonic function becomes invariant by introducing conharmonic transformation

as a subgroup of conformal transformation (1.23) satisfying
afl- + 07107" =0.

The tensor H which remains invariant under conharmonic transformation is
known as conharmonic curvature tensor. For a Riemannian manifold M of

dimension-(2n + 1), the conharmonic curvature tensor is given by

1
(2n —1)

- 9(X, Z)QY], (1.24)

H(X,Y)Z = R(X,Y)Z - [S(Y, 2)X = S(X, 2)Y + g(Y, 2)QX

for all vector fields X,Y, Z on M.
According to Kim (2016), the semiconformal curvature tensor P of type (1,3)

on a Riemannian manifold (M™, g) is defined as follows:

P(X, V)W = —(n—2)bC(X, Y)W + [a+ (n — 2)b] H(X, Y)W, (1.25)

where a,b are constants not simultaneously zero, C'(X,Y )W denotes the con-
formal curvature tensor of type (1,3), and H(X,Y )W denotes the conharmonic
curvature tensor of type (1,3).

Mantica and Suh (2013) introduced and studied @ curvature tensor. In a
(2n + 1)-dimensional Riemannian manifold (M, g), the @ curvature tensor is
given by

QX,Y)Z =R(X,Y)Z — % [9(Y, 2)X — g(X, Z)Y], (1.26)

12
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for any X,Y,Z € x(M) and v is an arbitrary scalar function on M. If v = 55,

then @ curvature tensor reduces to concircular curvature tensor (Yano, 1910).

1.11 Kenmotsu Manifold

To study the manifolds of negative curvature Bishop and O’Neill (1969) intro-
duced the warped product as a generalization of the Riemannian product. Tanno
(1969) gave a classification of connected (2n + 1)-dimensional almost contact
metric manifold M based on its automorphism groups possessing the maximum
dimension (n+1)?. For such a manifold, the sectional curvature of plane sections
containing £ is a constant, k(say). Then there are three classes.

i) k > 0, M is a homogeneous Sasakian manifold of constant holomorphic sec-
tional curvature.

ii) k =0, M is the global Riemannian product of a line or a circle with a Kdahler
manifold of constant holomorphic sectional curvature.

iii) £ < 0, M is warped product space R x  C".

Kenmotsu (1972) studied the third case and obtained its geometric properties.
The structure so obtained is now known as the Kenmotsu structure and the
manifold with a Kenmotsu structure is called the Kenmotsu manifold (Janssens
and Vanhecke, 1981). In general, a Kenmotsu manifold is not Sasakian. A
Kenmotsu manifold can be defined as a normal almost contact metric manifold
such that dnp = 0 and d® = 2n A ®. Kenmotsu proved that such a manifold is
locally a warped product I x ; N?" where I is an open interval with coordinate ,
f = ce' is the warping function for some positive constant ¢ and N?" is a Kdhlerian

manifold (Kenmotsu, 1972). It is well known that a Kenmotsu manifolds can be

13
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characterized, through their Levi-Civita connection V satisfying the following:

Vi =X —n(X)E, (1.27)
(Vxp)Y = —n(Y)pX — g(X, oY )¢, (1.28)

for any X, Y € x(M). On a Kenmotsu manifold M the following holds (Ken-

motsu, 1972):

R(X,Y) = n(X)Y — n(Y)X. (1.29)

Q& = —2n¢, (1.30)

for any vector fields X,Y on M.

1.12 Almost Kenmotsu Manifolds

Kim and Pak (2005) and Olszak (1989) studied almost contact metric man-
ifolds such that n is closed and d® = 2n A ¢ and called it as almost Kenmotsu
manifold. A normal almost Kenmotsu manifold is a Kenmotsu manifold. In

almost Kenmotsu manifold M, we have
Vxé=—p?X — phX, (1.31)

for any vector field X on M. Dileo and Pastore (2009) studied almost Ken-
motsu manifolds satisfying (k, u)-nullity distribution and (k, u)’-nullity distribu-
tion. Later, Pastore and Saltarelli (2011) extended it to generalized nullity distri-
bution. An almost Kenmotsu manifold M?" ™ (p, £, 7, g) is said to be a general-
ized (K, p)-almost Kenmotsu manifold if £ belongs to the generalized (x, p)-nullity

distribution, i.e.,

R(X,Y)E = s[n(Y)X = n(X)Y] + pln(Y)hX —n(X)hY], (1.32)

14
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for all vector fields X, Y on M, where k, y are smooth functions on M. An almost
Kenmotsu manifold M?**1(p, £, n, g) is said to be a generalized (k, u)-almost
Kenmotsu manifold if ¢ belongs to the generalized (x,p)-nullity distribution,

R(X,Y)§ = &[n(Y)X = n(X)Y]+ uln(Y)W'X = n(X)R'Y], (1.33)

for all vector fields X, Y on M, where &, u are smooth functions on M. Moreover
if both x and p are constants in (1.33), then M is called a (k, p1)"-almost Kenmotsu
manifold (Pastore and Saltarelli, 2011; Wang and Liu, 2016a; Dileo and Pastore,
2009). On generalized (k,u) or (k,u)"-almost Kenmotsu manifold with h # 0

(equivalently, A’ # 0), the following relations hold (Dileo and Pastore, 2009):

h?=(k+1)¢? b= (k+1)¢% (1.34)

Q& = 2nkE. (1.35)

1.13 f-Kenmotsu Manifold

If the fundamental 2-form ® and the 1-form 7 are closed, then M is said
to be an almost cosympletic manifold (Goldberg and Yano, 1969). A normal
almost cosympletic manifold is cosympletic (Blair, 2010). Equivalently, an almost
contact metric structure is cosympletic if and only if Vi = 0. On almost contact

metric structure, the conformal transformation is defined by

*

=, &= nt=en, g = ey,

where p is a differentiable function. M is said to be a locally conformal almost
cosympletic manifold (Olszak, 1989) if every point of M has a neighbourhood
U such that (U, p*, &, n*, g*) is almost cosympletic for some function p on Y. A

normal locally conformal almost cosympletic manifold (Olszak and Rosca, 1991) is

15
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called the f-Kenmotsu manifold. Equivalently, an almost contact metric manifold

is called the f-Kenmotsu manifold (Mangione, 2008) if it satisfies

(Vxp)(Y) = fg(pX,Y)E —n(Y)pX), (1.36)

where f € C°°(M) is strictly positive and df An = 0 holds. In particular, if
f = constant = a > 0, then M is called a-Kenmotsu manifold, if f =1 then M
is the Kenmotsu manifold (Kenmotsu, 1972) and when f = 0 then M becomes
cosympletic manifold. An f-Kenmotsu manifold is called regular if f2 + &f # 0.

The following relations holds in an f-Kenmotsu manifold (Kim et al., 2002;

Olszak and Rosca, 1991):

Vxé =—f¢*X, (1.37)
R(X,Y)E = fP(n(X)Y —n(V)X) + Y (f)e’X — X(f)e?Y, (1.38)
Q¢ = —2nf?¢ — £(f)€ — (2n — 1)gradf, (1.39)

for all vector fields X,Y on M.
An f-Kenmotsu manifold M of dimension > 5 is of pointwise constant -

sectional curvature c if and only if its curvature tensor R is of the form (Olszak,

1989)

RX,Y)Z = c_ff(gxzyX—gogznq
c 2
Zf(%KXwﬂU¢Z+gCK¢ZMﬂ”—gﬁi@@wX)

L axmz)y - a2

+ g(X, Z)H(Y)f - g(Y7 Z)n(X)f)u (1'40)

+

for all XY, Z € x(M). An f-Kenmotsu manifold with pointwise constant -

sectional curvature c is called f-Kenmotsu space form M(c).
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1.14 Some Vector Fields

A vector field V' is said to be harmonic vector field if it is a critical point of

the energy functional E defined by
B(V /HdVH aM = Zvol(M, g) / 1VV|[2dM

on the space x! of all unit vector fields on M. A contact metric manifold whose
Reeb vector field is harmonic is called an H-contact manifold. Perrone (2004)
proved that a contact metric manifold is an H-contact manifold, that is £ is a
harmonic vector field, if and only if & is an eigenvector of the Ricci operator.
This implies Q¢ = (T'r.l)§. This is valid for K-contact manifolds, (k, u)-contact
manifolds and unit sphere S?"*! with standard contact metric structure.

A vector field V on a contact metric manifold M is said to be contact if there

exists a smooth function p: M — R satisfying

(Lvn)(Y) = on(Y), (1.41)

for all Y € x(M) and if o = 0, then the vector field V is called strict.
A smooth vector field X on a Riemannian manifold is said to be a conformal

vector field if there exists a smooth function ¢ on M that satisfies

Lxg = 2¢g.

We say that X is non-trivial if X is not Killing, that is, ¢ # 0.

A vector field € is called torse-forming (Blaga, 2018) if it satisfies
Vx{ =X +n(X)§, (1.42)

for any X € x(M) and 1-form .
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1.15 Ricci-Yamabe Soliton

The theory of geometric flows plays a significant role in understanding the ge-
ometric structure in Riemannian geometry. Ricci flow is a well-known geometric
flow introduced by Hamilton (1998), who used it to prove a three-dimensional
sphere theorem (Hamilton, 1982). The Ricci flow plays a crucial role in forming
proof of Thurston’s conjecture, including as a special case, the Poincare conjec-
ture. The Ricci soliton on a Riemannian manifold (M, g) are the self-similar

solutions to Ricci flow and is defined by
1
§£Vg + S5 =)y, (1.43)

where Ly g denotes the Lie-derivative of g along potential vector field V', S is
the Ricci curvature of M?"*! and A, a real constant. When the vector field V
is the gradient of a smooth function f on M?"*! that is, V = V£, then we say
that Ricci soliton is a gradient (For details see (Cao, 2009; Petersen and Wylie,
2009)). According to Petersen (2009), a gradient Ricci soliton is rigid if it is a
flat N xp R¥, where N is Einstein and gave certain classification. The notion
of almost Ricci soliton was introduced by Pigola et al. (2011) by taking A as a
smooth function in the definition of Ricci soliton (1.43).

To tackle the Yamabe problem on manifolds of positive conformal Yamabe
invariant, Hamilton (1998) introduced the geometric flow known as Yamabe flow.
The Yamabe soliton is a self-similar solution to the Yamabe flow. On a Rieman-

nian manifold (M, g), a Yamabe soliton is given by
1
SLvg=(r— Ny (1.44)

where r is the scalar curvature of the manifold and A, a real constant. The

Yamabe soliton preserves the conformal class of the metric but the Ricci soliton
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does not in general. However, in dimension n = 2, both the solitons are similar.

If A is a smooth function in (1.44), then it is called almost Yamabe soliton.
Guler and Crasmareanu (2019) introduced a new type of geometric flow which

is a scalar combination of Ricci flow and Yamabe flow under the name Ricci-

Yamabe map and define the following:

Definition 1.4. (Guler and Crasmareanu, 2019) The map RY @59 . [ —
T5 (M) given by:

RY(@59) = %(t) + 2aS(t) + Br(t)g(t),

is called the («, 8)-Ricci- Yamabe map of the Riemannian flow (M, g). If

RY (P9 =

?

then g(.) will be called an («, 5)-Ricci- Yamabe flow.

The Ricci-Yamabe flow can be Riemannian or semi-Riemannian or singular
Riemannian flow due to the involvement of scalars o and (. These kind of
different choices can be useful in some physical models such as relativity theory.
The Ricci-Yamabe soliton emerges as the limit of the solution of Ricci-Yamabe

flow.

Definition 1.5. A Riemannian manifold (M", g),n > 2 is said to admit almost

Ricci-Yamabe soliton (g, V, \, a, B) if there exist smooth function A such that
Lyvg+2aS = (2\ — pr)g, (1.45)
where o, f € R.

Almost Ricci-Yamabe soliton is of particular interest as it generalizes a large

group of well-known solitons such as:

1. Ricci almost soliton (o = 1,5 = 0).
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2. almost Yamabe soliton (a« =0, = 1).
3. Ricci-Bourguignon almost soliton (o =1, 5 = —2p).

Also, if X is constant, then it includes Ricci soliton, Yamabe soliton and Ricci-
Bourguignon soliton among others.
If V is a gradient of some smooth function f on M, then the above notion is

called gradient almost Ricci-Yamabe soliton and then (1.45) reduces to
9 1
Vof+aS=(\- 557")9, (1.46)

where V2f is the Hessian of f.

The almost Ricci-Yamabe soliton (ARYS) is said to be expending, shrinking
or steady if A < 0, A > 0 or A = 0 respectively. In particular, if \ is constant,
then almost Ricci-Yamabe soliton reduces to Ricci-Yamabe soliton.

Extending the notion of Ricci soliton, Cho and Kimura (2009) introduced the
n-Ricci soliton which is obtained by perturbing the equation (1.43) by a multiple
of a certain (0, 2)-tensor field n» ® n. A more general extension is obtained by
Siddigi and Akyol (2004) and called such soliton as n-Ricci-Yamabe soliton of

type (o, 5) which is defined as:

Lyvg+2aS+ (2u—pr)+2wn®n=0. (1.47)

1.16 m-~quasi-Einstein Structure

The study of Einstein manifolds and their several generalizations have received
a lot of attention in recent years. Extending the notion of the m-Bakry-Emery
Ricci tensor, Case (2010) introduced an interesting generalization of gradient

Ricci soliton and Einstein manifold. The m-Bakry-Emery Ricci tensor is defined
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as follows
m 2 1

where the integer m satisfies 0 < m < oo, V2f denotes the Hessian form of the
smooth function f. The m-Bakery-Emery Ricci tensor arises from the warped
product (M x N, g) of two Riemannian manifolds (M", g) and (N™, h) with the
Riemannian metric g = g + e~ h. We called a quadruple (g, f,m,\) on a Rie-

mannian manifold (M, g), m-quasi-Einstein structure if it satisfies the equation
9 1
S+ Vof— Edf ® df = Ag, (1.48)

for some A € R. Notice that for m = oo, Eq. (1.48) gives gradient Ricci soliton
and for constant f, it becomes Einstein. The m-quasi-Einstein structure has been

deeply studied by Case (2010), Case et al. (2010) and Ghosh (2020a).

Later on Barros-Ribeiro Jr. (2012a) and Limoncu (2010) generalized and
studied equation (1.48) independently, by considering a 1-form V” instead of df,

which satisfies
1 1., b
S+ -Lyg— —V"®V’ =g, (1.49)
2 m

where V? is the 1-form associated with the potential vector field V. In particular,
if the 1-form V"’ is closed, we called (1.49), a closed m-quasi-Einstein structure.
When V' = 0, the m-quasi-Einstein structure is said to be trivial, and in this case,
the metric becomes an Einstein metric.

Extending the notion of quasi-Einstein structure, Catino (2012) introduced
and studied the concept of the generalized quasi-Einstein manifold. A particular
case of this was proposed by Barros-Ribeiro Jr. (2014) which is defined as follows:

A Riemannian manifold (M",g) is said to be generalized m-quasi-Einstein
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(g, f,m, \) if there exists function A : M™ — R such that
9 1
S+ Vof——df @df = \g. (1.50)
m

Notice that for m = oo, (1.50) reduces to gradient Ricci almost soliton. Also
when df is replaced by V?, then we called (1.50), generalized m-quasi-Einstein

(g9, V,m, \) structure. Moreover, if V' = 0 then it is said to be trivial.

1.17 Submanifold

Let M and N be smooth manifolds, where dim(M) < dim(N),let F : M — N
be a smooth map, and let p be a point in M. We say that F'is an immersion at
p if the differential map d,(F) : T,,(M) — Tpp)(N) is injective, and that F' is an

immersion if it is an immersion at every p in M.

Definition 1.6. Suppose (N, §) is a Riemannian manifold of dimension m, M
s a manifold of dimension n and ¢t : M — N is an immersion. If M is given the
induced Riemannian metric g := 1xg, then v is said to be an isometric immersion.
If in addition v is injective, so that M is an immersed submanifold of N, then M

s said to be a Riemannian submanifold of N.

The geometry of submanifolds in recent decades has become a topic of grow-
ing interest for its significant applications in applied mathematics and theoretical
physics. The notion of invariant submanifolds can be used to discuss the prop-
erties of a non-linear autonomous system. In general, the invariant submanifolds
inherit almost all the geometric properties of the ambient manifold. Another im-
portant type of submanifold is a totally geodesic submanifold. The significance of
this submanifold is that the geodesics of the ambient manifolds remain geodesics
in the submanifolds. Moreover, the notion of geodesics plays an important role

in the theory of relativity.
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Let M be an immersed submanifold of Riemannian manifold M with induced
metric g. By ['(T'M) and I'(T+M), we denote the tangent and normal subspaces
of M in M. Also let V and V* denotes the induced connection on the tangent

bundle 7'M and the normal bundle T+ M of M respectively. Then the Gauss and

Weingarten formulae are given by

VxY = VxY +0(X,Y), (1.51)
and

VxV = —AyX + ViV, (1.52)

for all X,Y € I'(TM) and V € I'(T+ M), where o and A are called the second

fundamental form and shape operator of M respectively. They are related by
The mean curvature vector H of M™ is defined to be

H=-T
~Tr(a),

where Tr denotes the trace. A submanifold M in a Riemannian manifold is called
minimal if its mean curvature vector vanishes identically. The submanifold M is
called totally geodesic if o(X,Y) =0 for any X,Y € ['(T'M).

The covariant derivative of the second fundamental form o is defined by
(Vxo)(Y,2) =Vxo(Y,Z) - o(VxY,Z) —o(Y,VxZ), (1.54)

for all X,Y,Z € T'(T'M), where V is called the Vander-Waerden-Bortolotti con-
nection on M. Then Vo is a normal bundle valued tensor of type (0,3) and is
called the third fundamental form of M. Whenever Vo = 0, then M is said to be

have parallel second fundamental form. The Gauss equation for the Riemannian

23



Chapter 1

curvature R of the submanifold M is given by

R(X,Y)Z = R(X,Y)Z + Aoix)Y — Aoy X, (1.55)

for any XY, Z € I'(T'M).

In submanifold theory, obtaining the relationships between the intrinsic in-
variant and extrinsic invariant has been the primary goal of many geometers in
recent decades. Chen invariants were introduced by Chen (1993) to tackle the
question raised by Chern’s concerning the existence of minimal immersions into
a Euclidean space of arbitrary dimension (Chern, 1968).

Suppose L is an r-dimensional subspace of T, M, z € M, r > 2 and {eq, ..., e, }
an orthonormal basis of L. The scalar curvature 7 of the r-plane section L is given

by

T(L)= > Ky, (1.56)
1<i<j<r
where Kj; is the sectional curvature of the plane section spanned by e; and e; at

x € M. Let I C T, M be a 2-plane section and K (II) be the sectional curvature

of M for a plane section II in T, M,x € M. Then
K(H) = [R(61,€2,62,61) —R(el,eg,el,ez)]. (157)

The scalar curvature 7(z) of M at the point z is given by

T(x) =) Ky, (1.58)

i<j
where {ey, ..., e,,} is an orthonormal basis for T, M.

Chen’s d-invariant d,; of a Riemannian manifold M introduced by Chen is
Op(x) = 7(x) — inf{ K(IT)|II is a plane section C T,M}, (1.59)

where 7 is the scalar curvature of M.
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1.18 Lorentzian Manifold

An n-dimensional pseudo-Riemannian (or sometimes called semi-Riemannian)
manifold is a pair (M, g), where M is an n-dimensional smooth manifold and ¢ is
a symmetric, nondegenerate 2-tensor field on M (called the metric). A pseudo-
Riemannian manifold is said to be Riemannian if g has a signature (4, +, ..., +),

and is said to be Lorentzian if ¢ has a signature (—, +,...,+) or (+,—, ..., —).

1.19 Review of Literature

Koufogiorgos (1997) introduced and studied (s, u) space forms. The (k, p)-
space forms are studied by Akbar and Sarkar (2015), De and Samui (2016) and
Shashidhar and Nagaraja (2015). Carriazo et al. (2011) introduced the general-
ized (k, 1) space form which generalizes the notion of (k, p1)-space forms. Carriazo
and Molina (2011) studied D,-homothetic deformations of generalized (s, p)-
space forms and found that deformed spaces are again generalized (k, ut)-space
forms in dimension 3, but not in general. Carriazo et al. (2013) studied gen-
eralized (k, p)-space forms in contact metric and Trans-Sasakian manifolds. In
recent years, many geometers studied generalized (k, u)-space forms under sev-
eral conditions (Shivaprasanna et al., 2014; Faghfouri and Ghaffarzadeh, 2015;
Shivaprasanna, 2016; Hui et al., 2018; Kumar and Nagaraja, 2019; Shammukha
and Venkatesha, 2019 ). De and Majhi (2019) studied @) curvature tensor in a
generalized Sasakian space form.

A Ricci soliton is a self similar solution to the Ricci flow (Hamilton, 1982).
Some applications of Ricci flow are Ricci flow gravity (Graf, 2007), nonlinear
reaction-diffusion systems in biology, chemistry and physics (Ivancevic and Ivance-
vic, 2011), brain surface conformal parametrization with the Ricci flow ( Wang

et al., 2012) and in the economy (Sandhu et al., 2016). Cao (2006, 2009) and
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Petersen and Wylie (2009) introduced and studied gradient Ricci soliton. Cao
and Zhou (2010) studied complete shrinking Ricci solitons, Munteanu and Wang
(2017) showed that positively curved shrinking Ricci solitons are compact and
Wylie (2008) showed that a complete shrinking Ricci solitons have finite funda-
mental group. Deshmukh et al. (2020) gave a characterization of trivial Ricci
solitons. A Ricci solitons with Jacobi-type vector fields were studied by Desh-
mukh (2012). Cho and Sharma (2010) initiated the study of Ricci solitons in
contact geometry. The notion of almost Ricci soliton was introduced by Pigola
et al. (2011). Barros et al. (2021) studied the rigidity of the gradient almost
Ricci solitons and showed that it is isometric to the Euclidean space R™ or sphere
S™. Cao et al. (2011), Barros et al. (2013) and Yang and Zhang (2017) obtained
several rigidity results.

Chu and Wang (2013) gave scalar curvature estimates for gradient Yamabe
solitons. Then, Wang (2016) and Suh and De (2020) studied Yamabe solitons.
Shaikh et al. (2021) gave some characterizations of gradient Yamabe solitons.
Chaubey et al. (2022) gave complete classification of Yamabe solitons on real hy-
persurfaces in the complex quadric @™ = SO,,11/50250,,. Extending Yamabe
solitons, Barbosa and Ribeiro (2013) introduced almost Yamabe solitons. Seko
and Maeta (2019) gave classification of almost Yamabe solitons in Euclidean
spaces. Alkhaldi et al. (2021) gave a characterization of almost Yamabe soliton
with conformal vector field.

After Guler and Crasmareanu (2019) introduction of Ricci-Yamabe soliton
many geometers such as De et al. (2022), Dey (2020) and Sardar and Sarkar
(2022) analyzed Ricci-Yamabe solitons. Siddiqi and De (2022) and Singh and
Khatri (2021) studied Ricci-Yamabe soliton in different spacetimes. Siddiqi et al.
(2022) consider almost Ricci-Yamabe soliton on static spacetimes.

Barros and Gomes (2017) obtained some triviality of compact m-quasi-Einstein

manifolds.Case et al. (2011) studied the properties of quasi-Einstein metrics
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and proved several rigidity results. Ghosh (2015a, 2019a) studied contact met-
ric manifolds with quasi-Einstein structures (1.48) and (1.49). Recently, Chen
(2020) studied quasi-Einstein structure in almost cosympletic manifolds and De
et al. (2021) studied quasi-Einstein metric (g, f,m, ) in the context of three-
dimensional cosympletic manifolds. Hu et al. (2015, 2017) studied generalized
m-~quasi-Einstein metric with restriction on Ricci curvature and scalar curvature.
Barros and Ribeiro (2014) obtained characterizations and integral formulae for
generalized m-quasi-Einstein metrics. Ghosh (2015b) considered generalized m-
quasi-Einstein metric in Sasakian and K-contact manifolds and showed that it is
isometric to the unit sphere S?"*!. Barros and Gomes (2013) proved that a com-
pact gradient generalized m-quasi-Einstein metric with constant scalar curvature
must be isometric to a standard Euclidean sphere S™ with the potential function
well determined.

The study of the geometry of invariant submanifolds of almost contact mani-
folds were initiated by Yano and Ishihara (1969). Later on many geometers stud-
ied invariant submanifolds of certain classes of almost contact manifolds such as
Anitha and Bagewadi (2003), Endo (1986), Kon (1973), De and Majhi (2015b),
Shaikh et al. (2016) and Atceken (2021). Chen (1993) obtained an inequality for
a Riemannian submanifold M™ of a real space form M with constant sectional

curvature c as

m2(m — 2)

<DV
Om < 2(m — 1)

| H ||? —|—%(m+1)(m—2)c, (1.60)

where H is the mean curvature of the submanifold M™. Eq. (1.60) is known as
first Chen inequality.
Then Chen (1996) gave the inequality for Riemannian submanifold M™ of

complex-space-form M"(4c) as follows:

m2(m — 2)

om < 2(m — 1)

1 3
| H ||? +5(m+1)(m = 2)e+ || P 1?2 ¢ — 30(n)e. (1.61)
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Afterward, many authors obtained Chen’s inequalities for different submanifolds
in various ambient spaces, like the Sasakian space form (Cioroboin, 2003), gen-
eralized space forms (Mihai, 2004; Alegre et al. 2007), Kenmotsu space form
(Kumar et al., 2010), Riemannian manifold of quasi-constant curvature (Ozgiir,
2011), Cosympletic space form (Gupta, 2013), quaternionic space forms (Vilcu,
2013), Statistical manifolds (Aytimur et al., 2019; Decu and Haesen, 2022; Lone
et al., 2022) and GRW spacetime (Poyraz, 2022).

Qu and Wang (2015) introduced the notion of a special type of a quarter-
symmetric connection as a generalization of a semi-symmetric metric connection
(Hayden, 1932) and a semi-symmetric non-metric connection (Agashe and Chafle,
1992). They studied the Einstein warped product and multiply warped products
with a quarter-symmetric connection (Qu and Wang, 2015). Wang and Zhang
(2010) obtained Chen’s inequalities for submanifolds of real space forms endowed
with a quarter-symmetric connection. Mihai and Ozgiir (2011) obtained the
Chen inequalities for submanifolds of complex space forms and Sasakian space
forms with a semi-symmetric metric connection. Wang (2019) obtained Chen
inequalities for submanifolds of complex space forms and Sasakian space forms
with quarter-symmetric connections which improved the results of Mihai and
Ozgiir (2011). Sular (2016) obtained Chen inequalities for submanifolds of gen-
eralized space forms with a semi-symmetric metric connection. Al-Khaldi et al.
(2021) obtained the Chen-Ricci inequalities Lagrangian submanifold in a general-
ized complex space form and a Legendrian submanifold in a generalized Sasakian
space form endowed with the quarter-symmetric connection.

In the last decade, a great deal of work had been done on n-Ricci soliton and
n-Yamabe soliton in the framework of Riemannian geometry. Recently, geometric
flows are initiated in the investigation of the cosmological model such as perfect
fluid spacetime. Blaga (2020) studied 7-Ricci and n-Einstein soliton in perfect

fluid spacetime and obtained the Poisson equation from the soliton equation when
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the potential vector field £ is of gradient type. Kumara and Venkatesha (2019)
analyzed Ricci soliton in perfect fluid spacetime with torse-forming vector field.
Also, Conformal Ricci soliton in perfect fluid spacetime is studied (Siddigi and
Siddiqui, 2020). Praveena et al. (2021) studied solitons in Kdhlerian space-time
manifolds.

Qing and Yuan (2013), Leandro (2021) and Patra and Ghosh (2021) studied
the properties of Einstein-type manifolds. The interesting idea of Einstein-type
manifolds is characterized in many papers (Catino et al., 2017; Leandro, 2021).
Leandro (2021) classified Einstein-type manifold under the assumptions of zero-
radial Weyl curvature and harmonic Weyl curvature. As a physical application,
Leandro proved that there are no multiple black holes in static vacuum Einstein
equation with null cosmological constant having zero radial Weyl curvature and
divergence free Weyl tensor of order four. Catino et al. (2017) investigated it
under Bach-flat condition. Recently, Patra and Ghosh (2021) considered the
Einstein-type equation within the context of contact manifolds. Moreover, an
Einstein-type compact contact manifold with zero radial Weyl curvature was
considered. The critical point equation, Miao-Tam equation and Fischer-Marsden
equation on Kenmotsu and almost Kenmotsu manifold were studied by many
authors in Patra (2021), Patra and Ghosh (2018), Wang and Wang (2017) and
Chaubey et al. (2021). Kumara et al. (2021) characterized the static perfect

fluid space-time metrics on almost Kenmotsu manifolds.
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Chapter 2

On (k, u)-contact metric
manifolds and semiconformal

curvature

This chapter is divided into three main sections. The first section deals with
generalized recurrent (k, pt)-contact metric manifolds. In the second section, gen-
eralized (k, p)-space forms are considered and the third section is devoted to

almost pseudo semiconformally symmetric manifolds.

2.1 On a Class of Generalized Recurrent (x, u)-

contact Metric Manifolds

After Cartan’s (1926) introduction of locally symmetric spaces. Many authors
introduced weaker version of symmetric spaces, one of which is a hyper genral-

ized recurrent manifold which is an extension of a generalized recurrent manifold

M. Khatri, J.P. Singh (2020), On a class of generalized recurrent (s, u)-contact metric
manifolds, Commun. Korean Math. Soc., 35 (4), 1283-1297.
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(Dubey, 1979). A Riemannian manifold is said to be hyper generalized recurrent

manifold if its curvature tensor R satisfies the condition
VR=A®R+B®(gNS), (2.1)

where A and B are 1-forms defined in (1.4).

Recently, Venkatesha et al. (2019) extended the notion of hyper general-
ized recurrent manifolds (resp. quasi generalized recurrent manifolds) to hyper
generalized @-recurrent Sasakian manifolds (resp. quasi generalized p-recurrent
Sasakian manifolds) and obtained interesting results. Continuing this, we stud-
ied hyper generalized @-recurrent (k, ut)-contact metric manifolds and prove its
existence by giving a proper example. Similarly, quasi generalized y-recurrent

(K, p)-contact metric manifolds are investigated.

2.1.1 Preliminaries

In a (k, p)-contact metric manifold the following properties are true (Blair et
al., 1995):

h? = (k—1)¢* k<1, (2.2)
Vx§=—pX —phX, (Vxp)(Y)=g(X +hX,Y)§—nY)(X+hX), (2.3)
R(X,Y)§ = rn(Y)X —n(X)Y] + pu[n(Y)hX —n(X)RY], (2.4)

R(& X)Y = r(X,Y)E = n(Y)X] + plg(hX,Y)E — n(Y)hX], (2.5)

S(X.Y) = [2(n— 1) = nulg(X,Y) + [2(n — 1) + plg(hX,Y)

+2(1 = n) +n(2k + p)In(X)n(Y), (2.6)
S(X,€) = 2nkn(X), (2.7)
r=2n2n—2+ Kk —np), (2.8)

S(pX, oY) =S(X,Y) = 2nen(X)n(Y)—2(2n — 2+ u)g(hX,Y), (2.9)
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for all X, Y € x(M).

Definition 2.1. A (2n+1)-dimensional (k, j1)-contact metric manifold is said to

be n-Einstein if its Ricci tensor S is of the form
S(X,Y) = ag(X,Y) + Bn(X)n(Y),

for any vector fields X and Y, where o and B are constants. If B = 0, then the

manifold M is an Einstein manifold.

2.1.2 Hyper generalized y-recurrent (k,)-contact metric

manifold

Shaikh and Patra (2010) studied hyper generalized recurrent manifolds. Re-
cently, Venkatesha et al. (2019) studied hyper generalized ¢-recurrent Sasakian
manifold and obtained important results. By observing this, we extended it to
(K, p)-contact metric manifold. In this subsection, we study hyper generalized

@-recurrent (k, pt)-contact metric manifold.

Definition 2.2. A (2n + 1)-dimensional (k, p)-contact metric manifold is said

to be a hyper generalized p-recurrent if its curvature tensor R satisfies
SP(VwR)(X,Y)Z) = AW)R(X.Y)Z + B(W)H(X,Y)Z. (2.10)

for all vector fields X,Y and Z. Here, A and B are two non-vanishing 1-forms

such that A(X) = g(X, p1), B(X) = g(X, p2) and the tensor H is defined by
H(X,Y)Z = S(Y, 2)X — S(X, 2)Y + (Y, 2)QX — (X, 2)QY,  (2.11)

for all vector fields X,Y and Z. Here, () is the Ricci operator, py and ps are vector
fields associated with 1-forms A and B respectively. If the 1-form B vanishes, then

(2.10) reduces to the notion of p-recurrent manifolds.
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Theorem 2.1. In a hyper generalized p-recurrent (K, p)-contact metric manifold,

the 1-forms A and B satisfy the relation
KRAW) + [n(26 — p+2) = 2]B(W) = 0.

Proof. Let us consider hyper generalized p-recurrent (x, u1)-contact metric mani-

fold. In view of (2.10) and (1.9) we obtain

—(VwR)(X,Y)Z +n(VwR)(X,Y)Z)¢

= AW)R(X,Y)Z+ B(W)H(X,Y)Z. (2.12)
Taking an inner product with U in (2.12), we get

—9(VwR)(X,Y)Z) + n((Vw R)(X,Y) Z)n(U)

— A(W)g(R(X,Y)Z,U) + B(W)g(H(X,Y)Z,U). (2.13)
Contracting over X and U in (2.12) gives

—(Vw9) (Y, Z) +n(VwR)(£,Y)Z)

= [A(W) + (2n — 1)BW)|S(Y, Z) + rB(W)g(Y, 2). (2.14)
Taking Z = ¢ in (2.14) and using the fact that n((Vw R)(,Y)€) = 0 we obtain
—(VwS)(Y;€) = 2na(A(W) + (2n — 1)B(W)) + rB(W)n(Y).  (2.15)
Putting Y = £ in the above equation gives
2k[A(W) + (2n — 1)B(W)] + rB(W) = 0. (2.16)
Using (2.8) in (2.16), we obtain
RAW) + [n(2k — p+ 2) — 2] B(W) = 0. (2.17)

for any vector field W. This completes the proof. O
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Taking r = 0 in (2.16), we are in a position to state the following corollary:

Corollary 2.1. In a hyper generalized p-recurrent (k, j)-contact metric manifold,
if the scalar curvature of the manifold vanishes then, either
1. 1-forms A and B are co-directional, or

2. it is (O, @) -contact metric manifold.

Let {e;}2"f! be an orthonormal basis of the manifold. Putting Y = Z = ¢; in
(2.14) and taking summation over 7,1 < i < 2n + 1, and using (1.9), (2.3) and
(2.7) we obtain

—dr(W) = r[A(W) + 4nB(W)]. (2.18)
This led us to the following theorem:
Theorem 2.2. In a hyper generalized @-recurrent (k, p)-contact metric mani-

fold, if the scalar curvature of the manifold is a non-zero constant then, A(W') +

AnB(W) =0, for any vector field W.

Theorem 2.3. In a hyper generalized p-recurrent (K, p)-contact metric manifold,
the associated vector fields p; and py corresponding to 1-forms A and B satisfy

the relation

rn(p1) +2(2n — 1)(r — 2nk)n(pe) = 0.

Proof. Changing XY, Z cyclically in (2.13) and using Bianchi’s identity we get

AW)g(R(X,Y)Z,U) + A(X)g(R(Y,W)Z,U) +
A(Y)g(R(W, X)Z,U) + BW)g(H(X,Y)Z,U) +

B(X)g(H(Y,W)Z,U) + B(Y)g(H(W, X)Z,U) = 0. (2.19)
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Contracting over Y and Z and using (1.9), we obtain

AW)S(X,U) — A(X)S(W,U) — kg(X, U)A(W) + rkg(W,U) A(X)
— pg(WW,U)A(X) 4+ BW)[rg(X,U) + (2n — 1)S(X,U)]
+ B(X)[=rg(W,U) — (2n — 1)S(W,U)] + B(QX)g(W. U)

— BQW)g(X,U) + B(X)S(W,U) — B(W)S(X,U) = 0. (2.20)
Again contracting (2.20) over X and U yields

(r 4+ 2nk)A(W) — A(QW) + pA(RW)

+(4nr —2r)B(W) — (4n — 2)B(QW) = 0. (2.21)

Replacing W by £ in (2.21) results in
rn(p1) +2(2n — 1)(r — 2nk)n(p2) = 0. (2.22)
This completes the proof. O

Theorem 2.4. A hyper generalized @-recurrent (k, p)-contact metric manifold is

an n-Einstein manifold.

Proof. Since we have
(VwS)(Y,€) = VwS(Y,€) = S(VwY, §) = S(Y, V). (2.23)
Using (2.3) and (2.7) in (2.23) we get
(VwS)(Y,€) = —2nkg(eW + ohW,Y) + S(Y, oW + phW). (2.24)
From (2.17) and (2.24) we obtain

2nkg(eW + ohW,Y) — S(Y, oW + phW)

- [gm{A(W) + (2n— 1)B(W)} + rB(W)|n(Y). (2.25)

36



Chapter 2

Taking Y = @Y in (2.25) gives

S(Y, W)+ S(Y,hW) = 2nkg(Y, W)+ 2nk +2(2n — 2 + p)]g(Y, hW)

+ 202n =2+ p)(k — Dg(Y, =W + n(W)E).  (2.26)
Using

S(Y,hW) = 2n—2—nu)g(Y,hW) — (2n — 2+ p)(k — 1)g(Y, W)

+ (20 =2+ p)(k = Dn(W)n(Y),
and (2.6) in (2.26) led us to the following relation
SY, W) = ag(Y,W) + Bn(Y)n(W), (2.27)

where

2(nk+n—1)4+ pn+2)][2(n—1) —nu] — [2(n — 1) + p][u(l — k) + 2(n — 1) + 2k]
2nk + p(n + 1)

)

[2(nk +n—1) + p(n+2)][2(1 — n) + n(26 + p)] — (k — 1)[2(n — 1) + p)?
2nk + p(n + 1) '

8=

This completes the proof. O

Theorem 2.5. In a hyper generalized p-recurrent (k, ju)-contact metric manifold,

the 1-forms A and B satisfy the relation
2nkA(eW) + [r + 2nk(2n — 1)]B(eW) = 0.
Proof. In view of (1.9), (2.3) and (2.4) we get

(Vi R)(X,Y)E = k(W + W, oY)X — g(W + bW, 0X)Y]
+ pulgW + AW, oY )hX — g(W + hW, o X)hY + {(1 — r)g(W, pX)
+ g(W, heX)In(Y )€ — {(1 — x)g(W, YY) + g(W, hY') }n(X)E

+ p(W){n(X)phY —n(Y)phX}| + R(X,Y)pW + R(X,Y)phW.  (2.28)
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Using (2.28) in (2.12) results in the following relation

KW +hW, oY )n(X) — g(W + hW, Y )n(Y )€ + pl(1 — 5)g(W, o X)n(Y')
+ g(W,hoX)n(Y) = (1 = k)g(W, oY )n(X) — g(W, hY )n(X)]€

+ K(Y, oW)n(X) — g(X, oW)n(Y') + g(Y, phW)n(X) — g(X, phW)n(Y)]¢
— k(W + hW, oY) X — g(W + hW, pX)Y] — u[g(W + AW, oY )hX
—g(W +hW, o X)hY +{(1 = r)g(W, 0 X) + g(W, he X)}n(Y)§

— {1 = r)g(W, oY) + g(W, hoY) }n(X)& + pn(W ){n(X)ohY
—n(Y)phX}] + R(X,Y)eW + R(X,Y)ohW = AW){sn(Y)X
—n(X)Y ]+ pln(Y)hX —n(X)hY]} + BW){2nkn(Y)X

—n(X)Y]+n(Y)QX —n(X)QY}. (2.29)
Putting Y = £ in (2.29) we get

AW)[K(X = n(X)€) + phX] + B(W)[2nkX

— dnkn(X)E + QX] + pPn(W)phX = 0. (2.30)
Taking W = W and contracting over X in (2.30) gives
2nkA(eW) + [r + 2nk(2n — 1)]B(eW) = 0. (2.31)

This completes the proof. n

2.1.3 Example of hyper generalized p-recurrent (k, ;1)-contact

metric manifold

In this subsection, we construct an example of hyper generalized ¢-recurrent
(k, p)-contact metric manifold. We consider a 3-dimensional manifold M? =

{(z,y,2) € R®: x # 0} where (z,y, z) are the standard coordinates in R3. Let
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{E\, Ey, E3} be linearly independent vector fields in M? which satisfy

[El, EQ] = 2$E1, [EQ, E3] = 0, [El, Eg] = 0

Let g be Riemannian metric defined by

Q(EhEl) = 9(E2>E2) = 9(E3>E3) =1,

g(Ey, Ey) = g(Es, E5) = g(Ey, E3) = 0.

Let 1 be the 1-form defined by

n(X) = g(X, Es),

for any vector field X. Let ¢ be (1,1)-tensor field defined by

Then we have

and

Moreover

pEy = Ey, ¢Ey=—L;, ¢lk3=0.

n(Es) =1, ©*(X) =—X 4 ¢o(X)E;

9(pX,pY) = g(X,Y) = n(X)n(Y).

hEg - O, hEl == —El, hE2 - EQ.
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Thus for E3 = &, (¢,&,n, g) defines a contact metric structure on M3. Let V be

the Riemannian connection of g. Using the Koszul formula we obtain

vElEl = —21‘E2, VE1E2 = 2$E1, VElEg = O,
VB =0, VB =0, VgE;=0,

VE3E1 - O, VEgEQ - 0, VE3E3 - 0

Thus the metric M3(p, £, 7, g) under consideration is a (k, p1)-contact metric man-
ifold. Now, we will show that it is a 3-dimensional hyper generalized yp-recurrent
(K, p)-contact metric manifold. The non-vanishing components of curvature ten-

sor and Ricci tensor are

R(E,,E)E, = 42°E,, R(E\, Ey)Ey = —42%F),

S(El,E1> = S(EQ,EQ) = —4(]32.

Since { 1, By, E5} forms the orthonormal basis of the 3-dimensional (k, u)-contact

metric manifold any vector fields can be expressed as

X =a By + b1 By + ¢ B,
Y = ayE) + by By + co B,

Z = CL3E1 + b3E2 + CgEg.

Then,
R(X,Y)Z = w1 Fr + usEs, (2.32)
where u; = 422b3(asb; — aibs) and uy = —4x?az(asb; — aibs).
and
F(X,Y)Z = 0By + v2E5 + vsEs, (2.33)
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where
V1 = 4[L’2 [CLl (a1a2 + b1b2>(a1a3 + b1b3 -+ 0103>
+ 53(@51 - alb2) — as(ajas + 5152)((12@3 + bobs + 0203)],
vy = 4a*bi(araz + bibs + cic3)(ajay + biby)
— ag(agbl — albg) — bg(alag + blbg)(a2a3 + bgb3 + 6203)]
and

V3 = 41’2[01 (a1a3 + b1b3 + 0103)(CL16L2 + blbg) — C1 (CLQCLg + bgbg) + 02(a1a3 —+ blbg)

—  ca(arag + biba)(azas + babs + cacs)].

By virtue of (2.32), we have the following

(VEIR)(X, Y)Z = 81’3(6“62 — agbl)(ngl — agEQ), (234)
(Ve,R)(X,Y)Z = 0,

(Ve,R)(X,Y)Z = 0.
Form (2.32) one can easily obtain the following

(Ve R)(X,Y)Z = p;By + By, i=1,2,3, (2.35)
where p; = —8x3b3(aiby — asby), q1 = 8x3az(aibs — asby),

p2:07 q2:0, p3:O, Q3:0

Let the 1-forms be defined as

A(E ) _ P1Us — V1q1 B(E ) _ U1q1 — P1U2
! U1V — 1}1U2’ ! U1V — Ulu27

A(Ez) =0,  B(Ez) =0,

(2.36)

A(E3) =0,  B(E3) =0,
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satisfying, pivs — viqi # 0, u1v2 — viug # 0, u1q1 — prug # 0 and vz = 0.

In view of (2.32), (2.33) and (2.35) it is easy to show the following relation:
(V5 R)(X.Y)Z) = A(E)R(X,Y)Z + B(E)F(X,Y)Z, i=1,23. (2.37)

Hence, the metric M3 under consideration is a 3-dimensional hyper generalized
@-recurrent (k, pt)-contact metric manifold which is neither p-symmetric nor ¢-

recurrent.

We can state the following.

Theorem 2.6. There ezists a 3-dimensional hyper generalized p-recurrent (K, ju)-

contact metric manifold which is neither p-symmetric nor p-recurrent.

2.1.4 Quasi generalized p-recurrent (k,p)-contact metric

manifold

Recently, Venkatesha et al. (2019) studied quasi generalized @-recurrent
Sasakian manifolds. A brief study on quasi generalized recurrent manifolds was
done by Shaikh and Roy (2010) and obtained interesting results. In this subsec-

tion, we will study quasi generalized p-recurrrent (k, p1)-contact metric manifolds.

Definition 2.3. A (2n + 1)-dimensional (k, u)-contact metric manifold is said

to be a quasi generalized p-recurrent if its curvature tensor R satisfies
O?(VwR)(X,Y)Z) = DIW)R(X,Y)Z + EOW)F(X,Y)Z, (2.38)

for all vector fields X,Y and Z. Here, D and E are two non-vanishing 1-forms
such that D(X) = g(X, 1), E(X) = g(X, u2) and the tensor F is define by

F(X,Y)Z =g(Y,2)X — g(X, 2)Y +n(Y)n(2)X —n(X)n(2)Y

+9(Y, Z)n(Y)§ — g(X, Z)n(Y)E, (2.39)
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for all vector fields X,Y and Z. Here, uy and ps are vector fields associated with

1-forms D and E respectively.

Theorem 2.7. In a quasi generalized p-recurrent (k, p)-contact metric manifold,

the associated 1-forms D and E are related by kD(W) + 2E(W) = 0.

Proof. Consider a quasi generalized ¢-recurrent (k, p)-contact metric manifold.

From (2.38) we get

—(VwR)(X,Y)Z) + n((VwR)(X,Y)Z)¢

= DW)R(X,Y)Z+EW)F(X,Y)Z. (2.40)
Taking the same steps as in Theorem 2.1, we obtain the relation:
kD(W) 4+ 2E(W) = 0. (2.41)
This completes the proof. n
Contracting over X in (2.40) gives

—(VwS)(Y,2) + n((VwR)(£,Y)Z) = DW)S(Y, Z)

+ [@2n+1)g(Y, 2) + (2n = On(Y)n(Z2)|E(W).  (2.42)
Putting Y = Z = ¢;, (2.42) reduce to
—dr(W) =rD(W) +2n(2n + 3)E(W). (2.43)
We are in a position to state the following:

Theorem 2.8. In a quasi generalized p-recurrent (k, p)-contact metric manifold,

iof the scalar curvature is a non-zero constant then
rD(W) +2n(2n + 3)E(W) = 0.
Theorem 2.9. In a quasi generalized p-recurrent (K, p)-contact metric manifold,

43



Chapter 2

the scalar curvature of the manifold satisfy the relation r = k(5+2n%)]+2(2n—1)].

Proof. Changing X,Y, Z cyclically in (2.40) and making use of Bianchi’s identity

we get
D(W)R(X,Y)Z + D(X)R(Y,W)Z + D(Y)R(W, X)Z
+E(W)F(X,Y)Z + E(X)F(Y,W)Z + EQY)F(W,X)Z =0.  (2.44)
Contracting over X in (2.44) we get
DW)S(Y,Z)+ D(R(Y,W)Z) — D(Y)S(W, Z) + E(W)[(2n+ 1)g(Y, Z)
+@2n = n(Y)n(Z)] + EY)g(W, Z) = g(Y, Z)EW) +n(W)n(Z) E(X)

—n(Y)(Z)EW) + g(W, Z)n(Y )n(p2) — g(Y, Z)n(W)n(u2)

—EMW)[2n+1)g(W,2) + 2n+ 1)n(Z)n(W)] = 0. (2.45)
Putting Y =7 =e¢;,1 <i <2n+ 1 in (2.45) we obtain
rD(W) — 2nxD(W) + uD(hW) — D(QW) +2(2n* +n — 1) E(W)
+2(1 = 2n)n(W)n(usz) = 0. (2.46)
Replacing W with £ in (2.46) gives
r = k[(5+2n%) +2(2n — 1)]. (2.47)
This completes the proof. O

Corollary 2.2. In a quasi generalized @-recurrent (k, iv)-contact metric manifold,

if kK =0 then the scalar curvature is constant.

Proceeding like in Theorem 2.4, one can easily show that the manifold is an

n-Einstein manifold. Hence, we get the following statement:

Theorem 2.10. A quasi generalized p-recurrent (k, ji)-contact metric manifold

15 an n-Einstein manifold 1.e.,
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S(Y,W) = ag(Y,W) + Bn(Y)n(W),

where

2(nk+n—1)+pu(n+2)][2(n —1) —nu] — [2(n — 1) + p][p(l — &) +2(n — 1) + 2k]
2nk + pu(n+ 1)

)

[2(nk +n —1) + p(n+2)][2(1 — n) +n(2k + p)] — (k — 1)[2(n — 1) + p)?
2nk + p(n+1) '

8=

2.1.5 Example of a quasi generalized ¢-recurrent (k,u)-

contact metric manifold

In this subsection we give an example of a quasi generalized p-recurrent (&, p)-
contact metric manifold. We consider a 3-dimensional manifold M = {(z,y, z) €
R3 : 2 # 0,y # 0}, where {x,y, 2} is the standard coordinates in R3. Let

{E1, E5, E3} be the global coordinate frame on M given by

0 0 0 0
El——y E2—2xy£+a—y, Eg—&

Hui (2017) has shown that M is a 3-dimensional (s, u)-contact metric manifold
with k = —i and p = —%. We will show that the manifold M is a 3-dimensional
quasi generalized p-recurrent (rk, pu)-contact metric manifold. Any vector fields

X, Y, Z on M can be expressed as

X =a1F + b FEs + ¢ F3,
Y =as By + boEs + o E3,

Z = a3k + b3Ey + c3 B3,
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where a;, b;,¢; € R (set of positive numbers). Then the Riemannian curvature

R becomes

R(X, Y)Z = U1E1 + /UQEQ, (248)
where v = —Qyif(ale — agbl) and Vo = %(albg — agbl).
Also

F(X, Y)Z = (b3u1 + 203U2)E1 + (203U3 — agul)Eg

— 2(@3U2 - bgUg)Eg, (249)

where Uy = (Cllbg — blag), U = (a102 — agcl), Uz = (b1€2 — szl).

From (2.48) we obtained

(Vi R)(X,Y)Z = %(albg — ashy)(bsFs — asF), (2.50)
(VEQR)<X’ Y)Z = 07 (2.51)
(Ve R)(X,Y)Z = 0. (2.52)

Making use of (2.50), (2.51) and (2.52) we get the following
P(VER)(X,Y)Z) = piEy + By, i=1,2,3, (2.53)
where

4b 4a
b1 = _y_;(ale - @251), q1 = y—;(@ﬂh - CLle):

po=0, =0, p3=0, g3 = 0.
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Let us define 1-forms A and B by

asp1(2c3uy — bzur) — qibs(bsug + 2c3uz)
 wias(2csug — byuy) — byvsug(as + 2¢3)
B(E,) = bs(q1vr — p1v2) ’
viaz(2cgug — byuy) — byvsus(as + 2¢3)
A(Ey) =0, B(Ey) =0,

A(E)

where asp;(2cgus — bguy) — q1bs(bsuy + 2c3us) # 0, bs(qivy — prve) # 0 and
vias(2czug — byuy) — byvsus(as + 2¢3) # 0.
Using (2.50), (2.53) and (2.54) one can easily show that
(Vg R)(X,Y)Z) = A(E))R(X,Y)Z + B(E))F(X,Y)Z, i=1,2,3. (2.55)

Hence, the manifold under consideration is a 3-dimensional quasi generalized -

recurrent (k, p)-contact metric manifold. Thus we can state the following.

Theorem 2.11. There exists a 3-dimensional quasi generalized p-recurrent (K, jt)-

contact metric manifold which is neither @-symmetric nor p-recurrent.

2.2 On the Geometric Structures of Generalized
(k, p)-space forms

An almost contact metric manifold (M?"*1 ¢ & g,7n) is said to be a general-
ized (k, p)-space form if there exists differentiable functions f1, fo, fs, f1, f5, fo on

the manifold whose curvature tensor R is given by

R = fiRi + faRo + fsR3 + faRs + f5Rs + fo R, (2.56)

J.P. Singh, M. Khatri (2021), On the Geometric Structures of Generalized (k, p)-space
forms, Facta Univ., Math. Inform., 36 (5), 1129-1142.
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where Ry, Ry, R3, Ry, R5, Rg are the following tensors:

R(X,Y)Z = g(Y,2)X —g(X, 2)Y,

Ro(X,Y)Z = g(X,pZ)pY — g(Y,0Z)pX +29(X, oY )pZ,

Ry(X,Y)Z = n(X)n(Z)Y —n(Y)n(Z)X + g(X, Z)n(Y)E — g(Y, Z)n(X)¢,
R(X,VZ = g(Y,2)hX — g(X, Z)hY + g(hY, Z)X — g(hX, Z)Y,
Rs(X,Y)Z = g(hY,Z)hX — g(hX, Z)hY + g(phX, Z)phY — g(phY, Z)phX,

Re(X,Y)Z = n(X)n(2)hY —n(Y)n(Z)hX + g(hX, Z)n(Y)E — g(hY, Z)n(X)¢,

for any X,Y,Z € x(M). Here, h is a symmetric tensor given by 2h = L¢p,
where L is the Lie derivative. In particular, for f; = f5 = f¢ = 0 it reduces
to the generalized Sasakian space form (Alegre et al., 2004). It is obvious that

(K, pu)-space form is an example of generalized (k, 1) space form when

c+3 c—1 c+3

f1:T7f2:Taf3: 4

1
_I{7f4:1ﬂf5:§7f6:1_u

are constants.
De and Samui (2016) studied quasi-umbilical hypersurface on (s, u)-space
forms. A hypersurface (]/\\/[/ 2l g) of a Riemannian manifold M?" ™! is called

quasi-umbilical (Chen, 1973) if its second fundamental tensor has the form
o(X,Y) = ag(X,Y) + Bu(X)w(Y), (2.57)

where w is the 1-form, «, 8 are scalars and the vector field corresponding to the
1-form w is a unit vector field. Here, the second fundamental tensor o is defined
by o(X,Y) =g(A,X,Y), where A is (1,1) tensor and p is the unit normal vector

field and X, Y are tangent vector fields.

In this section, the geometric structures of generalized (k, p)-space forms and

their quasi-umbilical hypersurface are analyzed. First ¢&-Q and conformally flat
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generalized (k, pu)-space form is investigated and shown that a conformally flat
generalized (k, pu)-space form is Sasakian. Next, we prove that a generalized
(k, )-space form satisfying Ricci pseudosymmetry is n-Einstein. We obtain the
condition under which a quasi-umbilical hypersurface of a generalized (k, u)-space
form is a generalized quasi Einstein hypersurface. Also -sectional curvature of a
quasi-umbilical hypersurface of generalized (k, 1)-space form is obtained. Finally,
the results obtained are verified by constructing an example of a 3-dimensional

generalized (k, p)-space form.

2.2.1 Preliminaries

In a generalized (k, u1)-space form (M?***1  g) the following relations hold (Ale-
gre and Blair, 2004):

RX, V)¢ = (fi— fo){n(Y)X —n(X)Y}

+ (fa= Jo){n(V)hX —n(X)hY'}, (2.58)

QX = (2nfi+3f— f3)X — Bf2+ (2n = 1) f3)n(X)§

+ (2n—1)fs— fo)hX, (2.59)
r=2n{(2n+1)fi +3f2 — 2f5}, (2.60)
S(eX,¢Y) = S(X,Y) = 2n(f1 — fo)n(X)n(Y). (2.61)

where, R,S,Q,r are respectively the curvature tensor of type (1,3), the Ricci
tensor, the Ricci operator i.e. g(QX,Y) = S(X,Y), for any X,Y € x(M) and

the scalar curvature of the manifold respectively.
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2.2.2 Flatness of generalized (k, ;1)-space form

De and Samui (2016) studied conformally flat (x, ut) space form and De and
Majhi (2019) analyzed &-Q flatness of generalized Sasakian space form. General-
izing the results obtained, in this subsection we studied ¢-Q flat and conformally

flat generalized (k, u1)-space form.

Definition 2.4. A generalized (k, p)-space form (M*"*1 g), is said to be £-Q flat
if Q(X,Y)E =0, for any X,Y € x(M) on M.

We have, from (1.26)

QX Y)E = RIX,Y)E — o [n(¥)X = n(X)Y], (2.62)

for any X,Y € x(M). Using (2.58) in (2.62) we get

QXYV)E = (fi—fs—5) [nV)X —n(X)Y]

+ (fa=fo)n(Y)hX —n(X)hY]. (2.63)

Suppose non-Sasakian generalized (k, p)-space form is £ — @ flat. Then from

(2.63) we get

(%

(fi = fs = 52 ) N X = n(XOY] + (fa = fo) In(Y)hX = n(X)hY] = 0. (2.64)

Taking X = ¢X in (2.64), we obtain

v
{(fl - f3— %)@X + (fa — f6)h90X}77(Y) = 0. (2.65)
Since 1(Y') # 0 and taking the inner product with U in (2.65) gives

()

(fi—fs— %)g(sz, U)+ (fs— fo)g(eX . hU) = 0. (2.66)

Since g(pX,U) # 0 and g(pX,hU) # 0, we see that f; — f3 = 5~ and fy = f;.

Conversely, taking fi — f3 = 5~ and f4 = f6, and putting these values in (2.63)
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gives Q(X, Y)¢ = 0 and hence M is € — Q flat. Therefore we can state the

following;:

Theorem 2.12. A non-Sasakian generalized (k, p)-space form (M*" T g), is £-Q
flat if and only if fi — f3 = 5= and fy = fs.

i

snp7 then @ tensor reduces to concircular curvature ten-

In particular, if v =

2n{(2n+1) f1+3f2—2f3} )

sor. Making use of (2.60) in the forgoing equation gives v = ST}

3f2
1-2n

In regard to Theorem 2.12, for {-concircularly flat we obtain f3 = and hence

we can state the following corollary:

Corollary 2.3. A non-Sasakian generalized (k, j1)-space form (M?"T1 g), is &-

concircularly flat if and only if f3 = 1?’_f22n and fy = fg.

We can easily see that Theorem 3.1 and Corollary 3.1 obtained by De and

Majhi (2019), are particular cases of Theorem 2.12 and Corollary 2.3 respectively
for fa1=fs=foe =0.

Substituting the values, fy — f¢ = p and f; — f3 = k in Theorem 2.12; we

obtained the following corollary:

Corollary 2.4. A (k, p)-space form (M**1,g), is £&-Q flat if and only if k = 2

and = 0.

Definition 2.5. A generalized (k, p)-space form (M* g).n > 1, is said to be
conformally flat if C(X,Y)Z =0, for any X,Y,Z € x(M) on M.

Suppose generalized (k, p)-space form is conformally flat. Then from (1.23),

we get

R(X.Y)Z - ﬁ{sm 2)X - S(X, 2)Y + g(Y, Z)PX — g(X, Z)PY'}

+ m{g(x Z)X — g(X,Z)Y} =0. (2.67)
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As a consequence of taking X = ¢ in (2.67) and using (1.9), (2.58) and (2.59).
Eq.(2.67) becomes

(fr = f){9(Y, 2)€ = n(2)Y} + (fa — fo){9(hY, Z)§ — n(Z)hY '}

L {S(2) — 2n(fi — FIN(D)Y +2n(f — Fa(Y. 2)¢

—n(Z2)PY} + h{g(x Z)¢—n(Z)Y} =0, (2.68)

(2n

Putting Z = ¢Z in (2.68) and making use of (2.58), (2.59) and (2.60) results in
the following

2(n + 1) feg(hY, 9Z) = 0. (2.69)

This shows that either fs = 0 or wh = 0. In the second case, from (1.9) we have

h = 0. Therefore we can state the following:

Theorem 2.13. If a generalized (k, j1)-space form (M*"*1 g),n > 1, is confor-

mally flat, then either fo =0 or M is Sasakian.

Corollary 2.5. If a (k, u)-space form (M**1 g),n > 1, is conformally flat, then

either =1 or M is Sasakian.

2.2.3 Pseudosymmetric generalized (k, u)-space form

In this subsection certain pseudo symmetry such as Ricci pseudo symmetry
and conformal Ricci pseudo symmetry in the context of generalized (k, u)-space

form are studied. First, we review an important definition

Definition 2.6 (Deszcz, 1992; Shaikh et al., 2015). A Riemannian manifold
(M,g),n > 1, admitting a (0, k)-tensor field T is said to be T-pseudosymmetric
if R-T and D(g,T) are linearly dependent, i.e., R-T = LrD(g,T) holds on the
set Up={x € M :D(g,T)#0 at x}, where Ly is some function on Ur.

In particular, if R- R = LrD(g,R) and R-S = LsD(g,S) then the manifold

is called pseudosymmetric and Ricci pseudosymmetric respectively. Moreover if
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Lr =0 ( resp., Lg = 0) then pseudosymmetric (resp., Ricci pseudosymmetric)
reduces to semisymmetric (resp., Ricci semisymmetric) introduced by Cartan in

1946.

Definition 2.7. A generalized (k, p)-space form (M?*" g), is said to be Ricci

pseudosymmetric if its Ricci curvature satisfies the following relation,
R-S= fSQD(g7 S)a

holds on the set Us, = {x € M : D(g,S) # 0 at x}, where fs, is some function

on Usg,.

Suppose a generalized (k, u1)-space form (M?" ™ g), is Ricci pseudosymmetric
ie.,

R-5 = fs,D(g,5),

which can be written as

S(R(X,Y)U,V)+ S(U,R(X,Y)V) = —f,[S(Y,V)g(X,U)

—S(X,V)g(Y,U) + S(U,Y)g(X,V) = S(U,X)g(Y,V)] (2.70)
Taking X = U = ¢ in (2.70) and using (2.58), (2.59) and (2.61), we get

(fs— i+ fs,) S V) + [2n(fr = f3)(fr — fs — fs,) — (5 — 1)(f4
— fe)(2n— 1) fa— f6)]g(YV, V) — (k= 1) (fs — fo) ((2n — 1) f4

— fo)n(Y)n(V) + (fa— fo) (1 — 2n) fs — 3f2) g(hY, V) = 0. (2.71)

Considering fg, # f1 — f3 and further taking (1 — 2n)f; — 3f, = 0 in (2.71), the

manifold is n-Einstein. Hence we can state the following:

Theorem 2.14. A Ricci pseudosymmetric generalized (r, i1)-space form (M1 g),
with fs, # f1 — f3, is n-Einstein manifold if f3 = %

If fs, =0, then Ricci pseudosymmetric generalized (k, p1)-space form reduces
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to Ricci semisymmetric generalized (k, p)-space form. In view of Theorem (2.14)

we obtain the following:

Corollary 2.6. A Ricci semisymmetric generalized (k, pi)-space form (M**+1 g),

with f1 — fs # 0 is n-Einstein manifold if f3 = 3f2

1-2n"

Definition 2.8. A generalized (k, ju)-space form (M***1 g),n > 1, is said to be

conformal Ricci pseudosymmetric if
C-S= fs,D(g,9),

holds on the set Us, = {x € M : D(g,S) # 0 at x}, where fg, is any function on
Us,.

Suppose a generalized (k, pt)-space form is conformal Ricci pseudosymmetric.

Then, we have

S(CX,Y)U,V)+ S(U,C(X,Y)V)=—fs,[S(Y,V)g(X,U)

—S(X,V)g(Y,U)+ S(U,Y)g(X,V)—S(U, X)g(Y, V)] (2.72)

Taking X = U = £ and f; = fs in (2.72) and making use of (1.23),(1.9) and
(2.59), we obtain

S2(Y,V) = (4nf1 +3fo— (2n+1)f3+ 2n(2n — l)fs4)S<Y, V)
—(2n = 1) fsn(Y)n(V) = (2nfi +3fs — f3)g(Y, V). (2.73)
Thus, we can state the following:

Theorem 2.15. If a generalized (k, pi)-space form (M*"*1 g),n > 1, is conformal

Ricci pseudosymmetric with fy = fe, then the relation(2.73) holds.
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2.2.4 Quasi-umbilical hypersurface of generalized (k, u)-

space form

Let us consider a quasi-umbilical hypersurface M of a generalized (k, pt)-space
form. From Gauss, for any vector fields X,Y, Z, W tangent to the hypersurface

we have

RIX,Y,Z,W) = R(X,Y,Z,W)— g(a(X,W),0(X, 2))

+ g(o(X, 2),0(Y, W), (2.74)

where, R(X,Y, Z,W) = g(R(X,Y)Z,W) and R(X,Y,Z W) = g(R(X,Y)Z, W).

Here, o is the second fundamental tensor of M given by
o(X,Y) = ag(X,Y)p+ Bu(X)w(Y)p, (2.75)

where, p is the only unit normal vector field. Here, w is the 1-form, the vector
field corresponding to the 1-form w is a unit vector field and «, 8 are scalars.

Using (2.75) in (2.74), we obtain the following result

filo(Y, 2)9(X, W) = g(X, Z)g(Y,W)] + fo[9(X, 0Z)g(¢Y, W)
—9(YopZ)g(pX, W) +29(X, Y )g(0Z,W)] + fs[n(X)n(Z)g(Y, W)
—n(Y)n(Z)g(X, W) + g(X, Z)n(Y)n(W) — g(Y, Z)n(X)n(W)]

+ falg(Y. Z)g(h X, W) — g(Y, Z)g(hY, W) + g(hY, Z)g(X, W)
—g(hX,Z)g(Y,W)] + f5|g(hY. Z)g(hX, W) — g(hX, Z)g(hY, W)
+9(phX, Z)g(phY, W) — g(phY, Z)g(ohX, W)] + fo [n(X)n(Z)g(hY, W)
= n(Y)n(2)g(hX, W) + g(hX, Z)n(Y )n(W) — g(hY, Z)n(X)n(W)]

= R(X,Y, Z,W) = a?g(X,W)g(Y, Z) — aBg(X, W)w(Y)w(Z)

—afg(Y, Z)w(X)w(W) + a?g(Y,W)g(X, Z) + aBg(Y, W)w(X)w(Z)

+ aBg(X, Z)w(Y)w(W). (2.76)
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Contracting over X and W in (2.76), we obtain

S(Y,2) = (2nf1 +3f2 — fs+2na® + aB)g(V, 2)
— (Bfa+ 2n+ 1) fs)n(Y)n(Z) + ((2n — 1) fa — fs)g(hY, Z)

+af(2n — Nw(Y)w(Z). (2.77)
Hence, we can state the following:

Theorem 2.16. A quasi-umbilical hypersurface of a generalized (k, v)-space form

6
2n—1

s a generalized quasi Finstein hypersurface, provided fq =

In particular, for a (k, u)-space form, the above Theorem 2.16 reduces to the

following;:

Theorem 2.17 (De and Samui, 2016). A quasi-umbilical hypersurface of a (K, p)-
contact space form is a generalized quasi-Einstein hypersurface, provided p =

2—2n.

Corollary 2.7. A quasi-umbilical hypersurface of a generalized Sasakian space

form 1s a generalized quasi-FEinstein hypersurface.

For any vector fields X, Y, the tensor field K (X,Y) = R(X,Y,Y, X) is called
the sectional curvature of M given by the sectional plane {X,Y}. The sectional
curvature K (X, ) of a sectional plane spanned by £ and vector field X orthogonal

to £ is called the &-sectional curvature of M.

Theorem 2.18. A &-sectional curvature of a quasi-umbilical hypersurface of gen-

eralized (K, pu)-space form is given by

K(X. &) = (fi— fs +a*)g(eX, 0X) + (fs — f6)9(hX, X)

+af[(w(8)? + (W(X))*] = 2087 (X )w(X)w().
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Proof. Taking W = X and Z =Y in (2.76) results in following

fla(Y Y)g(X, X) = g(X,Y)g(Y, X)] + fa[g(X, 0Y)g(#Y, X)

— 9(Y,9Y)g(pX, X) + 29(X, pY)g(0Y, X)] + fa[n(X)n(Y)g(X,Y)
—n(Y)n(Y)g(X, X) = g(X, Y )n(X)n(Y) — (Y, Y)n(X)n(X)]

+ fag(YV.Y)g(hX, X) — g(X,Y)g(hY. X) + g(hY,Y)g(X, X)
—g(hX,Y)g(Y, X)] + fs[g(hY,Y)g(hX, X) — g(hX,Y)g(hY, X)
+9(phX, Y)g(phY, X) — g(phY,Y)g(phX, X)] + fo[n(z)n(Y)g(hY, X)
=1 In¥)g(hX, X) + g(AX, VI n(X) = g(hY, ¥)n(X)n(X)]

= K(X,Y) - a’g(X, X)g(Y,Y) — afg(X, X)w(Y)w(Y)

— afg(Y,Y)w(X)w(X) + a’g(X,Y)g(X,Y) + aBg(X, Y)w(X)w(Y)

+ afg(X,Y)w(Y)w(X). (2.78)
Putting Y = £ in (2.78) gives
K(X,&) = (fi = fs+a?)g(oX, 0X) + (fs — fo)9(hX, X)
+aB[(w()? + (W(X))*] = 2a8n(X)w(X)w(E).

This completes the proof. O

2.2.5 Examples of generalized (k, j1)-space forms

Now we will show the validity of obtained result by considering an example of
a generalized (k, u)-space form of dimension 3. Koufogiorgos and Tsichlias (2000)
constructed an example of generalized (k, 1)-space of dimension 3 which was later
shown by Carriazo et al. (2013) to be a contact metric generalized (s, u)-space

form M3(f1,0, f3, f1,0,0) with non-constant fi, f3, f4.

Example 2.1. Let M3 be the manifold M = {(z1, 79, 73) € R3|z3 # 0} where
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(w1, 9, 73) are standard coordinates on R3. Consider the vector fields

0 2z, 0 1 0 1 0
€y = —2ToT3— + €3 = ———

Ory a3 Oxg 23 0x3 T3 OTs

N 81'1’

are linearly independent at each point of M and are related by

2
[61762] = —5€s, [62, 63] = 2e1 + —3€3, [63761] = 0.
T3 T3

Let g be the Riemannian metric defined by g(e;,ej) = 0;5,1,7 = 1,2,3 and n
be the 1-form defined by n(X) = g(X,e1) for any X on M. Also, let ¢ be
the (1,1)-tensor field defined by pe; = 0, ey = e3 @es = —es. Therefore,
(p,e1,m,9) defines a contact metric structure on M. Put \ = %, k=1-— é and

p=2(1- x%), then symmetric tensor h satisfies he; = 0, hea = Xey, hes = —Aes.
3

The non-vanishing components of the Riemannian curvature are as follows:

R(€17€2)€1 = —("i + )‘:U’)e% R(€17€2)€2 = (’i + )‘:u)ela
R(€17 63)61 - (_’i + )\M)eg, R(@ - ]-7 63)63 = ("i - /\:U’)eh

R(€2, 63)62 = (:‘i + w— 2)\3)63, R(eg, 63)63 = —(K + om— 2)\3)62.

Therefore, M is a generalized (k, pu)-space with Kk, not constant. As a contact
metric generalized (K, pu)-space is a generalized (K, p)-space form with k = f1 — f3
and pu = fy — fo (Theorem 4.1 (Carriazo et al., 2013)), the manifold under

consideration is a generalized (k, p)-space form M3(f1,0, f3, f1,0,0) where

2 1 2
fi = —3—|——2+—4+—6,
T3 T3 I3
2 2 2
T A T Rl
A
1
= 2(1- ).
f4 ( xg)

Neat we obtain the non-vanishing components of Q-curvature tensor for arbitrary
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function v as follows:

Q(€17€2)61 = —(Fv‘ + A — —)62; Q(61,€2)€2 = (’i + A — E)61,

2 2
~ v ~ v
Qler,ez)er = (—k + A+ 5)63, Qler,ez)es = (k — Ap — 5)61,

~ v ~ v
Qlea,e3)es = (K +p— 22 + 5)63, Qles,e3)es = —(k + pp — 2X% + 5)62-

From the above equations we see that Q(X, Y)ey = 0 for all X,Y on M if and

only if v=2(1 — %4) and 3 = 1. Hence, Theorem 2.12 is verified.
3

Example 2.2. Alegre et al. (2004) showed that the warped product R x y C™ with

AV N2 "
Xtid (2,1

h= 2t

f2:07 f3:_

s a generalized Sasakian space form. Since every generalized Sasakian space form
is a particular case of generalized (k, jt)-space form, R x;C™ with fi, fa, f3 define

as above and fy = f5 = fo = 0 is a generalized (k, j1)-space form.

2.3 On almost pseudo semiconformally symmet-

ric manifold

A Riemannian manifold (M",g) of dimension n > 4 is said to be pseudo
semiconformally symmetric (Kim, 2017) if its semiconformal curvature tensor P

of type (0,4) satisfies the relation

+ A(Y)P(X,E,W,V)+AW)P(X,Y,E,V)

+ A(V)P(X,Y,W,E). (2.79)

J.P. Singh, M. Khatri (2020), On almost pseudo semiconformally symmetric manifold,
Differ. Geom.-Dyn. Syst., 22, 233-253.
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for all vector fields X, Y, W,V and F on M. Extending the notion of pseudo
semiconformally symmetric manifold we introduced a type of non-flat Riemannian
manifold (M", g), (n > 4) whose semiconformal curvature tensor P of type (0,4)

satisfies the condition

(VeP)(X,Y,W,V) = [A(E)+ B(E)|P(X,Y,W,V)+ AX)P(E,Y,W,V)
+ AY)P(X,E,W,V)+ AW)P(X,Y,E,V)

+ A(V)R(X,Y,W,E), (2.80)

where A and B are non-zero 1-forms and are called the associated 1-forms.

2.3.1 Preliminaries

In this subsection, we will derive some formulas, which we will be using in
the study of A(PSCS),, throughout this subsection. Let {e;} be an orthonormal
basis of the tangent space at each point of the manifold where 1 < i < n.

Now from equation (1.25), we have

iP(X,Y,ei,eZ: Z (e, €5, X,Y), (2.81)

and,

S Ple, Y, Woe) =Y P(Yere,W) = — {a +<T(L”__2§)b}r gV, W),  (2.82)

i=1 =1

where, r = > S(e;, ;) is the scalar curvature.

60



Chapter 2

Making use of equation (1.25) we obtain the following relations:

(i) P(X,Y,W, V) =PW,V,X,Y),

(iv) P(X,Y,W,V)+P(Y,W,X,V)+P(W,X,Y,V)=0. (2.83)

2.3.2 An A(PSCS),,(n > 4) with non-zero constant scalar

curvature and Codazzi type of Ricci tensor

Theorem 2.19. In A(PSCS),, (n > 4) the scalar curvature is a non-zero con-

stant if and only if (4 + n)A(F) +nB(E) = 0, provided [a + (n — 2)b] # 0.

Proof. Taking the covariant derivative of equation (1.25) with respect to E we

get,

a(VER)(X,Y,W,V) = (VgP)(X,Y,W,V)+ gS)(Y,W)g(X,V)

e
C(VES)(XW)g(Y.V) + (VeS)(X, V)g(Y, W)
bdr(E

(n—1)

~—

C (VeS)(V.V)g(X, W)} n {ga/, W)g(X. V)

- gX W)}, (284
Inserting equation (2.80) in equation (2.84) we obtain,

a(VER)(X,Y,W,V) = [A(E)+ B(E)|P(X,Y,W,V)+ A(X)P(E,Y,W,V)
—+MHHXEWW+A VP(X,Y,E,V)

+ A(V)R(X,Y,W,E) + (VES)(Y,W)g(X, V)

(n -2)
— (VeS)(X,W)g(Y,V) + (VeS)(X,V)g(Y,W)
bdr(E)
(n—1)

- X W)} (2.85)

(VS (V. V)g(X. W>}+ {gm W)g(X, V)
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{a+ (n—2)b}r

Putting X =V =¢;, (1 =1,2,...,n) and A = =2

in equation (2.85),

we obtain

a(VeS)(Y,W) = [A(E)+ B(E)| [—Arg(y, W)] + AP(E,Y)W)

+OA®Y) [—)\rg(E, W)] +AW) [—Arg(y, E)] — A(P(W,E)Y)
(n—2)

— (VES)(Y, W)} L bdr(B)g(Y, W). (2.86)

(VES)(Y. W) = (TeS)(W,Y) + dr(E)g(Y, W)

Contracting over Y and W in equation (2.86), the above equation reduces to
nla+ (n —2)bldr(E) = [a + (n — 2)b]r[(4 + n)A(E) + nB(E)]. (2.87)
Assuming [a + (n — 2)b] # 0, then equation (2.87) reduces to
ndr(E) =r[(4 +n)A(E) + nB(E)]. (2.88)

Clearly if [(4 + n)A(F) +nB(E)] = 0 then r is a non-zero constant.
Conversely, if 7 is a non-zero constant then [(4 + n)A(E) + nB(FE)] = 0.

This completes the proof. n

Theorem 2.20. In A(PSCS),, if the semiconformal curvature tensor P satisfies
Bianchi’s second identity then A(PSCS), reduces to a pseudo semiconformally

symmetric manifold, provided [a + (n — 2)b] # 0 and r # 0.

Proof. Suppose that the semiconformal tensor P in A(PSCS),, satisfies Bianchi’s

second identity. Then making use of equation (2.80), we get

[B(E) — A(E)|P(X,Y,W,V) +[B(X) = A(X)|P(Y, E,W,V)

HBY) - AY)P(E,X,W,V)=0.  (2.89)
Let Q(E) = B(F) — A(F) and p; be a basic vector such that
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for all E. Equation (2.89) with the help of equation (2.90) may be written as
QUEYP(X.Y.W.V) + QUX)P(Y, E,W,V) + Q()P(E, X, W.V) = 0. (2.91)

Putting X =V = ¢; in equation (2.91), the above equation reduces to

{2 v+ oo e
B B l[a+ (n — 2)b]r _
Q(Y){ (=2 g(E, W)} 0, (2.92)
and contracting over Y and W, we infer
[a+ (n—2)bjrQ(F) = 0. (2.93)

Suppose r # 0 and [a + (n — 2)b] # 0 in above equation implies Q(F) = 0.

This completes the proof. O

Theorem 2.21. [f A(PSCYS),, satisfies Bianchi’s second identity then the scalar

curvature is constant provided [a + (n — 2)b] # 0.
Proof. Suppose A(PSC'S),, satisfies Bianchi’s second identity. Then, from equa-
tion (1.25), we obtain

a

| (TG0 V) = (To8) (X W0, V) + (V8) (X, V). )

= (VeS)(Y,V)g(X, W) + (VxS)(E,W)g(Y, V) = (VxS)(Y, W)g(E, V)
+ (VxS (Y, V)g(E, W) = (VxS)(E, V)g(Y, W) + (VyS)(X, W)g(E, V)

(VY S)E W)X, V) — (Vy S)(X,V)g(E, W) + (Vy S)(E, V)g(X, W)}
b ot BN V) = X W)g( V)
+ dT(X){g(E, W)Q(Y7 V) - g(Y’ W)g(E’ V>}

(V) {g(X.W)g(E.V) — g(E,W)g(X. v>}} o (2.94)
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Contracting equation (2.94) over Y and W, the equation reduces to

(n —2)

SAr(E)g(X, V) + (n—2)(VsS)(X, V) + (2~ n)(VxS)(E, V)
5 dr(X)g(E,V) ~ (VeS)(X,V) + (VxS)(E, V)} T bg(X, V)dr(E)

—bg(E,V)dr(X) + dr(X)g(E,V) —dr(E)g(X, V)} =0. (2.95)

b
(n—1)

Substituting X =V = ¢; in equation (2.95) yields
l[a+ (n—2)bldr(E) =0. (2.96)

This completes the proof. n

2.3.3 Ricci Symmetric A(PSCS),, (n > 4) and Ricci-recurrent
A(PSCS),, (n > 4).

Theorem 2.22. In a Ricci symmetric A(PSCS),,(n > 4), Bianchi’s second

wdentity holds for semiconformal curvature tensor.

Proof. Since A(PSCS), is Ricci symmetric, the Ricci tensor S satisfies the con-
dition
VS =0

and dr = 0.

Using this, we have
(VEP)(X, Y, W, V) =a(VgR)(X,Y,W, V).
Hence,

(VEP)(X, Y, W, V)+ (VxP)(Y,E,W,V)+ (VyP)(E,X,W,V) =
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implies,
(VeP)(X,Y,W.V) + (VxP)(Y,E,W,V) + (VyP)(E,X,W.V) = 0. (2.98)

Hence, the theorem is proved. O]

Theorem 2.23. In a Ricci symmetric A(PSCS),, (n > 4) the vector fields cor-
responding to the 1-forms A and B are in opposite direction, provided r # 0 and
[a+ (n—2)b] # 0.

Proof. Contracting equation (2.80) over E, we get

(divP)(X, Y)W = A(P(X,Y)W) + B(P(X,Y)W)

B A(X){ [a —1—(7(17%_—2?)6]7“ }Q(K W)

+ A(Y){ lo +(7(1”__2§)b}7" } g(X, W) + A(P(X,Y)W). (2.99)

Moreover we have,

(divP)(X, Y)W = “(ZL_—;)) {(WS)(K W) — (VyS)(X, W>}
flan =) +b(m =2\ f .
{ 2(n —1)(n - 2) }{d (X)g(Y, W) — dr(Y)g(X, W)}. (2.100)

Combining equations (2.99) and (2.100), the above equations reduces to

A(P(X,Y)W) + B(P(X,Y)W) — A(X) { [a +( 7(;1_—2?)8)]7“}

a+ (n—2)blr 5
D }g(X, W) + A(P(X,Y)W)
_a(n—3) B

R {(VXS)(Y, W) — (Vy9)(X, W)}

_flaln =1 +bn -2\ [ .
{ 2(n — 1)(n—2) }{d (X)g(Y, W) —d (Y)g(X,W)}. (2.101)

GV, W) + A(Y){[
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Suppose the manifold is Ricci symmetric, then equation (2.101) becomes

2A(P(X,Y)W) + B(P(X,Y)W) — A(X){ la +(£”__2§)b]r } g(Y, W)
[a+ (n—2)blr B
+ A(Y){ =3 } g(X, W) = 0. (2.102)

Inserting Y = W = ¢; in equation (2.102) and taking summation over 1 < i < n,
we obtain

[a+ (n — 2)br[(n + 1)A(X) + B(X)] = 0. (2.103)

If r # 0 and [a+ (n—2)b] # 0, then above equation gives B(X) = —(n+1)A(X).

Therefore, this led to the statement of the above theorem. O

Corollary 2.8. In a Ricci symmetric A(PSCS),,(n > 4) the scalar curvature

vanishes if [(n + 1)A(X) + B(X)] # 0, provided [a + (n — 2)b] # 0.

Theorem 2.24. In a Ricci-recurrent A(PSCS),, (n > 4), if the scalar curvature
is non-zero and [a + (n — 2)b] # 0, then H(E) = 3A(E) + B(E), for all E.

Proof. Equation (1.25) making use of (2.80) results in the following

[A(E) + B(E)P(X,Y,W,V) + A(X)P(E,Y,W,V) + A(Y)P(X, E,W,V)

+ AW)P(X,Y,E, V) + A(V)R(X,Y,W,E) = a(VsR)(X,Y,W,V)

—5 { (VES)(Y,W)g(X,V) — (VeS)(X,W)g(Y,V)

bdrE
(n—1)

]
T (VaS)(X, V)g(¥. W) — (VeS)(V. V)g(X, W)}
()

{avwiax.v) - gt g | (2,104
Now, contracting the above equation yields

dr(E) =rH(E). (2.105)
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The use of equation (2.105) in equation (2.104) gives

[A(E) + B(E)|P(X,Y,W,V) + A(X)P(E,Y,W,V) + A(Y)P(X, E,W, V)

+ AW)P(X,Y,E, V) + A(V)R(X,Y,W,E) = a(VsR)(X,Y,W,V)

(n —2)

S(Y> W)g(X> V) - S<X7 W)Q(K V)

T S(X,V)g(Y, W) — S(Y, V)g(X, W) }H(E)

B brH(E)
(n—1)

{g(Y7 Wg(X, V) — g(X,W)g(Y, V)} (2.106)

Putting X =V = ¢; in equation (2.106), we get

)+ e -2 w4 a vy

B A(Y){ [a +(7(zn_—2§)b]r }g(E, W) - A(W){ [a +(7(1n_—2§)b]7" }Q(Y, E)
—AP(W,E)Y) = —T{W} gV, W) (E). (2.107)

Moreover, inserting Y = W = e; in equation (2.107), the above equation becomes
[(n+4)A(E) + nB(E)] = nH(E). (2.108)

Similarly, taking £ =Y = e; in equation (2.107) gives,

(1+n)A(W) + B(W) = H(W), (2.109)

and replacing W = E in the above equation, we get

(1+n)A(E) + B(E) = H(E). (2.110)

Again, contracting the equation (2.107) over E and W, we infer

(n+ DAY) + B(Y) = H(Y). (2.111)
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Substituting Y = F in equation (2.111) gives

(1+n)A(E)+ B(E)=H(E). (2.112)
Combining equations (2.108),(2.110) and (2.112), we obtain
H(E)=3A(E)+ B(E). (2.113)

Hence, H(E) = 3A(E) + B(E) provided r # 0 and [a + (n — 2)b] # 0. O

2.3.4 Decomposition of A(PSCS),, (n > 4)

A Riemannian manifold (M",g) is said to be decomposable or a product
manifold (Schouten, 1954) if it can be written as M¥ x My for 2 < p < (n—2),
that is, in some coordinate neighborhood of the Riemannian manifold (M™,g)

the metric can be expressed as

ds® = gijda'da? = Gapda®da® + g} sdada”, (2.114)

where g, are functions of !, 22

,..., ¥ denoted by T and g5 are functions of
Pt 2P+2 2™ denoted by z* : a,b, ¢, ...run from 1 to p and o, 3,7, ...., run from
p+1ton. In(2.114), g, and g}, 4 are the matrices of MY (p > 2) and My "(n—p >
2) respectively, which are called the components of the decomposable manifold
M" =M} x My P(2<p<n-2).

We will assume throughout this section that all objects indicated by a ‘bar’
belong to M; and all objects indicated by a ‘star’ belongs to M.

Let B, X, Y, W,V € x(M;) and E*, X* Y* W* V* € x(M,). Then in a

decomposable Riemannian manifold M™ = MY x My 7(2 < p < n — 2), the
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following relations hold

R(E*, X, Y W)=0=R(E,X*)Y,W*) = R(E,X*,Y*, W*),

(Ve-R)(X, Y, W,V)=0= (VgR)(X,Y* W, V*) = (V-R)(X,Y*, W, V*),
R(E,X, Y, W)=R(E,X,Y,W);R(E*, X*,Y* W*) = R*(E*, X*,Y*, W*),
S(E,X)=S(E,X);S(E*, X*) = S*(E*, X*),

(VES)(X,Y) = (VES)(X,Y); (Ve S) (X", Y*) = (V.9) (X", Y7¥),

(2.115)

where 7,7 and r are scalar curvature of M;,My and M respectively and are related

asr =7+ Also S(E, X*) =0 and g(E, X*) = 0.

Theorem 2.25. Let an A(PSCS), be a decomposable space such that M™ =
MY x My for(2 < p <n-—2), then the following holds:

i) In the case of A = B = 0 on My, the manifold My is Ricci symmetric and

—p—2
scalar curvature r* is constant in My, provided dr(E*) = 0 and —a(rz p2) ) +
n p—
bp(n — p)
1)

i) when M is semiconformally flat, then M is an Finstein manifold.

Proof. Let us consider a Riemannian manifold (M™", g) which is a decomposable

A(PSCS),, then

M" =M} x My P2<p<n-2).
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Now from equation (1.25), we obtain

P(X* Y, W,V) = 0=P(X,Y* W* V¥

P(X*,Y,W,V*) = _(ni2) SOV, W)g(X*, W) + S(X, V)g(V, )]
- e e v

P(X*,Y*,W.V) = 0=P(X,Y,W*, V")

PXY W) = s SV, V)g(X*, W) + S(X*, W*)g(Y, V)]
g o e ).

+AW)P(X, Y, E,V)+ AV)P(X,Y, W, E). (2.116)
Putting X = X* in equation (2.116) gives
AX*)P(E,Y,W,V)=0. (2.117)
Also, inserting £ = E* in equation (2.116), we have
[A(E*) + B(E")|P(X,Y,W,V) =0. (2.118)
Similarly inserting £ = E* and X = X* in equation (2.116), we infer
AW)P(X*,Y,E*,V)+ AV)P(X*,Y,W,E*) = 0. (2.119)
Putting £ = E* and W = W* in equation (2.116), we get

AX)P(E*) Y, W* V) + AY)P(X,E*,W*,V) = 0. (2.120)
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And, taking X = X*,Y =Y* and W = W* in equation (2.116) results in
AXHP(E,Y*,W* V) + AY*)P(X*, E,W*, V) = 0. (2.121)
Substituting Y = Y*, W = W* and V = V* in equation (2.116), we have
AWHP(X,Y*, E,V*)+ A(V*)P(X,Y* W* E) = 0. (2.122)
Moreover, using equation (1.25) gives

(Vi P)(X*, Y, W, V") = [A(E*) + B(E")|P(X*",Y*,W*, V")
FA(XY)P(ES,Y* W*, V*) + A(Y*)P(X*, E*, W*, V)

FAWHP(X*, Y E* V) + AV)P(X*, Y* W* EY).  (2.123)

From equation (2.123), we obtain

[A(E + B(B)P(X*,Y*,W*,V*) =0, (2.124)

and,

A(X)P(E*,Y*,W*,V*) =0. (2.125)

Putting £ = E*, X = X* and V = V* in equation (2.116) gives

(Ve P) (XY, W, V*) = [A(E*) + B(E")|P(X*,Y,W,V*¥)

+AXHP(E*)Y , W, V*) + A(VHP(X*,Y, W, E*). (2.126)
Similarly, putting £* = E, X* = X and V* = V in equation (2.123) gives

(VeP)(X,Y*, W* V) = [A(E) + B(E)]P(X,Y*, W* V)

YAX)P(E,Y*, W*, V) + A(V)P(X,Y",W*, E). (2.127)
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In regard to equations (2.117) and (2.118), we have the following two cases:

Z) A:B:OODMQ.

i1) M is semiconformally flat.

First, we consider the case (i). Then, equation (2.126) becomes

(Ve P)(X*, Y, W,V*) =0, (2.128)
implies,
(Vi R) (X", Y, W, V) — ﬁ(v,ﬂ*sxx*, V(Y W)
—b(iriEl? g(V,W)g(X*, V) =0.  (2.129)

Now, Putting Y = W = é,,1 < a < p in equation (2.129), we get

bdr(E*)
(n—1)

Also, taking X* =V* =¢f,p+ 1 <i < n in equation (2.130) gives

a(n —p - 2)

(n—2) (VE*S>(X*>V*)_

pg(X*,V*) = 0. (2.130)

a(n —p—2)
(n—2)

_ bp(n —p)

dr*(E™) n=1)

dr(E*) = 0. (2.131)

If possible let dr(E*) = 0. The equation (2.131) becomes

an—p—2) bp(n=p)] . g _
oD o) | ED =0 (2.132)

(n—p—2) y bp(n — p)

(=2 =1y Then from equa-

Thus r* is constant in M, provided, a4
tion (2.130), we get
(VEe:9) (X", V*)=0.

Therefore, M, is Ricci symmetric.
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Secondly, we will consider case (ii). Since M; is semiconformally flat, we get

aR(XY, V) = s SOV, W)g(X, V) = S(X, W)g(V,V)
+S(X, V)g(Y, W) = S(V,V)g(X, W)
- % 9V, W)g(X, V) = (X, W)g(¥, V)] = 0. (2.133)

Putting X = V = ¢, in equation (2.133), the above equation becomes

- - ar(n—1)+br(p—1)(n—-2)| o =
SY, W)= Y, W). 2.134
v = [T DR g, s
Therefore, M; is an Einstein manifold.
Hence, this completes the theorem. O

Theorem 2.26. Let an A(PSCS), be a decomposable space such that M™ =
MY x My for(2 < p <n-—2), then the following holds:

i) In the case of A = B = 0 on M, the manifold M is Ricci symmetric and scalar
curvature 7 is constant in M, provided dr*(E) =0 and alp = 2) =+ bp(n = p)

(n—2) (n—1) "
ii) when My is semiconformally flat, then My is an Finstein manifold.

Proof. Making use of equations (2.124) and (2.125), we get the following two

cases:

i) A= B=0onM,.

i1) M, is semiconformally flat.

Proceeding in a similar manner as in Theorem 6.1,

Hence, we will obtain the required result. O

Corollary 2.9. If A(PSCS), is a decomposable space such that M™ = M? x
M3 7P for(2 < p < n—2), then one of the decomposed manifold is semiconformally

flat while on other manifold both the associate 1-form A and B vanishes.
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2.3.5 Examples of A(PSCS),

In this subsection, we have constructed two examples of an A(PSCS), on
coordinate space R* (with coordinates(z', 2% x3,2*)) and obtain all the non-
vanishing components of the curvature tensor, the Ricci tensor, the scalar curva-
ture and the semiconformal curvature tensor along with its covariant derivatives.

Then we verified the relation (2.80).

Example 2.3. Let us consider a Riemannian metric g defined on 4-dimensional

manifold M* = {(2', 22, 23, 2*) € R* : 21 # —1} given by
ds® = (z' + 1)(z")?(dz")? + 2dz' da® + (d2®)? + (dx*)?. (2.135)

A similar Riemannian metric g is given by De and Gazi (2009).

Then the covariant and contravariant components of the metric are as follows

g1 = ($1 + 1)@4)27912 =gn=1,g33=9g1a=1

gll — 07912 — 921 — 1’933 — g44 — 17922 — _(ajl + 1)(1,4)2 (2136)

All non-vanishing components of the Christoffel symbols and the curvature tensor

in the considered metric are as follows:

1
[y =@ + 1)), T = 5@ Ty = (o' + (")

R1441 = (.T1+1) (2137)

From equations (2.136) and (2.137), the non-vanishing components of Ricci ten-

sSOT are

Sppo=a' +1. (2.138)

The scalar curvature of the metric considered is given by,

r=0. (2.139)
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The only non-vanishing components of the semiconformal curvature tensor

are

P1441 = g(.??l + 1) # 0. (2140)

Clearly, the only non-vanishing term of V Py, are
a
ViPun = 5 # 0. (2.141)

In term of the local coordinate system, let us define the components of the 1-form

A and B as
1
T fori=1
A = J 6(zt +1) fori
0, otherwise
and,
1
— fori =1
B, ={ 2t +1) (2.142)

0 , otherwise

at any point in M*.
In (M*,g) the considered 1-form reduces the equation (2.80) in the following

equations
V1P = (3A1 + B1)Pryar + AsPrig + AgPran. (2.143)

V4P = [As+ Byl Py + A1 Py + A1 Prygt + AgPrig + A1 P (2.144)
VP = [A4 + Ba]Prain + A1 Puny + AgPrann + A1 Prag + At Piag. (2.145)

In all other cases excluding (2.143),(2.144), and (2.145), the relation (2.80) either

holds trivially or the components of each term vanish identically.
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By (2.142), we get

RHS of (2.143) = (3A1+ By)Praar + AsPiigy + AsPran

LA 2@t +1)

= —(

6(xt +1) 22 +1)]2
. a+a
44
. a
2
- v1P1441
= LHS of (2.143). (2.146)

By proceeding in a similar manner, it can be shown that the equations (2.144)
and (2.145) are also true.
Thus, (M*,g) is an A(PSCS),.

Example 2.4. Let us consider a Riemannian metric g defined on 4-dimensional

manifold M* = (z1, 2%, 23, 2*) € R? given by

ds* = (1 + 2¢)[(dz")* + (dz?)*] + (dz®)* + (dz*)?, (2.147)

2l

e .
where q = 7z where k is a non-zero constant.

Then the covariant and contravariant components of the metric are as follows:

g1 =92 =1+2q, gs3=guu =1

1
11 22 33 44
= = = =1 2.148
9 9 1+2¢ 9 9 ( )

All the non-vanishing components of the Christoffel symbols and the curvature

tensor in the considered metric are

11 12 1+ 2q7 22 1+ 2q
Riz = 5 f2q (2.149)
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By (2.148) and (2.149), the non-vanishing components of the Ricci tensor are

q

Sp=-—"7". 2.150
(14290 (2150)
The Scalar curvature is given by
r= gijSij = ¢g"S11 + g% S + g% S5 + g*'Su
= 1 (2.151)

(1+2¢)%

The only non-vanishing components of semiconformal curvature tensors are

q a b
Py = —+ 4224 2.152
o = {25 ) (2.152)

From equation (2.152), it can be shown that only non-zero terms of NV Ppiji, are

1 a b
V1P = m{§ — 5}’ (2.153)

and all other components of VPy;ji vanish identically.
In terms of the local coordinate system, let us consider the components of the

1-form A and B as

1
Ai — 6(](1 -+ 2(])

0, otherwise

fori =1

and,

1
— fori=1
B, = { 24(1+2q) (2.154)

0 , otherwise

at any point in M*.
In (M*,g), the considered 1-form reduces equation (2.80) into the following equa-

tions
Vi1 Pioo1 = (3A1 + B1)Piao1 + AaPrio1 + AsProgs. (2.155)
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VaPiio1 = (As + Ba)Prio1 + A1 Po1o1 + A1 Proor + Ao Priog + A1 Prise. (2.156)
VaPio11 = [A2 + BQ]P1211 + A1 Pyo11 + AsPio1s + A1 Piogr + A1 Prota. (2.157)

The relation (2.80) either holds trivially or the components of each term vanishes

identically excluding the above cases.

By (2.155) we get

RHS of (2.155) = (3A1 + B1)Piaz1 + A2 Prioy + Ao Prony.

[661(1:12(1) N 2q(11+2(J)] (1 ‘32(1){% - g}

I N K
(1429212 3
- V1P1221

= LHS of (2.155). (2.158)

By proceeding similarly it can be shown that the equations (2.156) and (2.157)
also holds.
Thus, (M*,g) is an A(PSCS),.
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Chapter 3

Properties of GGeneralized

m~quasi-Einstein Structure

This chapter is divided into two sections. First section is devoted to the study
of generalized m-quasi-Einstein metric on certain almost contact manifolds and in
the section, almost Kenmotsu manifolds admitting generalized m-quasi-Einstein

structure are considered.

3.1 Generalized m-quasi-Einstein metric on cer-
tain almost contact manifolds

Firstly, we will give some examples of generalized m-quasi-Einstein structures.

Example 3.1. On a standard unit sphere (S, go),n > 2, considering the function

f=—m In(t — ), where 7 is a real parameter lying in (1/n,+00) and h, is

some height function. Then considering A\ = (n—1) —m™*, we find that (S™, go)

u

admits generalized m-quasi-FEinstein metric. For details, see (Barros and Ribeiro,

2014).

J.P. Singh, M. Khatri (2022), Generalized m-quasi-Einstein metric on certain almost contact
manifolds, Filomat,(Accepted).
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Example 3.2. On the Fuclidean space (R™, go),n > 2 together with function
f=—m In(t+|x|?), where T is a positive real perimeter and |x| is the Euclidean
norm of x, we see that u = e~m = 1 + |z|? and considering X\ = —2™ it admits

generalized m-quasi-Einstein structure (Barros and Ribeiro, 2014).

Next, we will construct an example in a warped product manifold. Let us
consider M = R x, N"~! with the product metric g = dt* + o*(t)go, where g is

a fixed metric in N*~! and o is a positive function on R.

Example 3.3. For a positive m € R, let us assume,

fla,t) = f(t) = m(t — ), o(t) =e’

Inserting the value of o in Eq. 2.3, 2.4 (Wang, 2011) together with the assumption

that N1 is a Ricci flat manifold we get
9 1
S+V f—adf@)df:)\g,

where A = e'(e' +2 —m) —n. Hence M admits generalized m-quasi-Einstein

metric.

Example 3.4. Consider a Hyperbolic space H*(—1) C R*"™! : (z,z)y = —1,.
Now, consider a height function h, : H"(—=1) — R given by h,(X) = (x,v)q for
a fivred point v € H"(—1). Let us assume u = e wm =71+4+h,, T>—1, then

H"(—1) admits generalized m-quasi-Einstein metric for X = —(n — 1) — m™*.

For details, see (Barros and Ribeiro, 2014).

Ghosh (2019a) on H-contact manifold proved, “Let M*" (., & n,g) be an
H-contact manifold. If g represents an m-quasi-Einstein metric with non-zero
potential vector field V' collinear with &, then M is K-contact and n-Einstein.”

Generalizing this we prove the following result.
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Theorem 3.1. Let M*" (¢, &,n, g) be an H-contact manifold. If g represents a
generalized m-quasi- Einstein metric with non-zero potential vector field V' collinear

with &, then M s K-contact and n-Einstein. Moreover, \ is constant.

Proof. A potential vector field V' collinear with Reeb vector field ¢ implies V' = o€,
for some smooth function o on M. Differentiating this along any X € x(M) we

get
VxV =X(0)¢ —o(pX + phX). (3.1)
In consequence of (3.1), Eq. (1.50) reduces to the following

X(o)n(Y) +Y(o)n(X) — 209(phX,Y)

+25(X,Y) %azn(X)n(Y) —2g(X,Y), (3.2)

for any X, Y € x(M). Replacing X and Y by £ in (3.2) and using (1.13) yields
o2
Eo+Trd —— =\ (3.3)
m
Putting Y = ¢ in (3.2) and using (3.3) we obtain

Q¢ — (Tr0)¢ =~ 5{Do — (€0}, (3.4

Moreover, contracting (3.2) we obtain the following result

o2

So+r——=2n+ 1)\ (3.5)

m
By hypothesis, H-contactness implies £ is an eigenvector of the Ricci operator
at each point of M ie. Q& = (Tr.f){. Making use of this in (3.4), we get
Do = (¢0)¢. By Lemma 1 (Patra, 2021), o is constant on M. Then (3.2) reduces
to

2

OX = —ohpX + %n(X)é X, (3.6)
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for any X € x(M). Differentiating (3.6) along arbitrary Y € x(M) and using
(1.11) we obtain

2
(VyQX = —o(Vrhg)X = [g(X. @Y + phY )¢

+ (X)X + ehY)] + (YN X. (3.7)

Contracting (3.7) over Y and making use of (1.12) gives

% Xr = —o(divhe) X + (XN). (3.8)

Recalling that for any contact metric manifold div(ph)X = 2nn(X) — g(Q¢, X).
By hypothesis, since Q¢ = Tr.l¢, we get div(ph)X = (2n—Tr.L)n(X). Applying

this in the forgoing eq. (3.8) infers
1
§X7“ =o0(2n—Trn(X)+ (X\). (3.9)

Also differentiating (3.5) along X € x(M) gives X7 = (2n + 1)(X\). Using this
in (3.9) and replacing X by ¢ X gives g(¢X, DA) = 0, which implies DX = (§A)€.
Then by Lemma 1 (Patra, 2021), we have \ is constant and hence Xr =0 i.e. r
is constant on M. In consequence of this (3.9) reduces to o(2n —Tr.f) = 0. Thus
either 0 = 0 or Tr.{ = 2n. Since V is non-zero implies o # 0. Hence, Tr.¢ = 2n
which implies the manifold is K-contact. From (3.6) we see that m is n-Einstein

Le. QX = X + "—njn(X)f, where %2 = A — 2n. This completes the proof. O

Boyer and Galicki (2001) studied Einstein K-contact and n-Einstein K-contact
manifolds. In particular, they proved that a compact Einstein K-contact is
Sasakian. This is also true for compact n-Einstein (S = ag + n ®n for constant
a, ) K-contact with a > —2. These results are also valid if one relaxes com-
pactness by completeness (Sharma, 2008). Because of the above theorem and the

Boyer-Galicki result, we can state the following:

Corollary 3.1. Let M* (o, &, n,9) be a complete H-contact manifold. If g ad-
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mits shrinking generalized m-quasi- Einstein metric with non-zero potential vector

field V' collinear with & then M is compact Sasakian and n-Einstein.

Replacing H-contactness by a compact contact metric manifold and general-

izing Theorem 3 (Rovenski and Patra, 2021) we prove the following result.

Theorem 3.2. Let M*""(p,&,1m,9) be a complete contact metric manifold. If g
admits a generalized m-quasi-Finstein metric with non-zero potential vector field
collinear with & and ||V (0?) — 5=0°V +2(2n — 1)o€)||, € L'(M,g) then M is

K-contact and n-FEinstein.

Proof. By our assumption V = ¢{ and hence Eq. (3.1)-(3.5) are valid. Making

use of (3.1) generalized m-quasi-Einstein equation becomes

OX + %[g(X, Do) + n(X)Do] +

2
oheX = AX + %n(X)g. (3.10)

Differentiate (3.10) along arbitrary Y € x(M) then contracting the obtained

result along Y and taking X = & together with div(ph)¢ = ||h||* we get
1 . 2 2
5{57’ +¢(&o) + divDo} — ol |h||* = Ea(&r) + &N (3.11)
Differentiating (3.5) along £ yields
20
r = (204 DEN) + 22 (60) ~ £(£0). (3.12)
Using convention divDo = —Ac and combining (3.11) and (3.12) we obtain
S0+ al|hlP + 2 (60) = £ (2n — 1)(EN) (313
sA0 +o (o) = 5(2n : .
In contact metric manifold divé = 0 and hence g(Do,&) = o = divV. Now

contracting the well-known formula Vy(c?V) = X(6*)V + 0*(VxV) over X
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gives
div(o®V) = g(Vo?, V) + o*divV = 30°¢(0). (3.14)

Multiplying (3.13) by o and using (3.14) and (Ac)o = A(0?)+||Ac||* we obtain

1
2

the following relation
4
div(V(o?) — %UQV +2(2n — 1)aé ) = 40?||h||* + 2||Va||?, (3.15)

Here we have used the fact that div(§A) = Adiv€ + £(N). Applying Proposition 1

(Caminha et al., 2010), the foregoing equation (3.15) infers
20°||h||* + || Vel |* = 0. (3.16)

This implies Vo = 0 and h = 0, hence M is K-contact and o is constant.

Moreover, from (3.10) it is n-Einstein. This completes the proof. ]
Using a similar argument as in Corollary 3.1, we can state the following:

Corollary 3.2. Let M*"*(p,&,n,9) be a complete contact metric manifold. If
g admits shrinking generalized m-quasi- Finstein metric with non-zero potential
vector field collinear with & and ||V (0?) — 5=02V +2(2n — 1)oé\||, € L*(M, g)

then M is compact Sasakian and n-FEinstein.

Theorem 3.3. Let M*" " (p,£,m,9) be a complete K-contact manifold. If g
admits a closed generalized m-quasi-Finstein metric whose potential vector field
is contact then M 1is compact, Einstein and Sasakian. Moreover, V is strict and

A 18 constant.

Proof. Taking the exterior derivative of (1.41) and by properties of Lie-derivative

we obtain

(Lvdn)(X,Y) = d(Lyn)(X,Y)
%[X(@”(Y) —Y(on(X)] + edn(X,Y),  (3.17)
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for any X,Y € x(M). Taking the Lie-derivative of dn(X,Y) = g(X, ¢Y) along

V and using (3.17) gives

(Lve)Y = S[Don(¥) — Y (0)¢] + opY

2
—Evb(w)v +2QpY — 2 pY. (3.18)
Replacing Y by £ in a generalized m-quasi-Einstein equation becomes
2
(Lvg)(X,) = —V!(X)n(V) — dnn(X) + 22n(X), (3.19)

for any X € x(M). Combining the forgoing equation and (1.41) on the Lie-
derivative of n(X) = ¢g(X, &) yields

9(X, Lv€) = o+ 4n — 2\)n(X) = ZV(X)n(V) (3.20)

for all X € x(M). Replacing Y by £ in (3.18) and making use of the fact that
@& = 0 implies (Lyp)¢ = 0 we obtain Do = £(p)¢. By Lemma 1 (Patra, 2021),

we see that g is constant. As a consequence of this (3.18) becomes
2

(Lve)Y = opY — Evb(w)v +2QpY — 2)\pY. (3.21)

On the other hand, taking Lie-derivative of ¢g(&,£) = 1 and using (3.19) we get
1
A=2n+p— EU(V)U(V)' (3.22)

Now taking Lie-derivative of (1.9) along V' we obtain

(Lvp)pX + p(Lvp) X = (Lyn)(X)E +n(X)LvE, (3.23)
for all X € x(M). Making use of (1.41), (3.20) and (3.21) in (3.23) infers

(A~ 0)X + —[VAX)V ~ Vi(pX)pV]

—QX + pQpX — An(X)E =0. (3.24)
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Replacing X by ¢ in (3.24) and inserting (3.22) we get n(V)[V —n(V)¢] = 0
which implies V' = n(V)¢ or n(V) = 0 ie. V = 0. Assume V # 0, then
taking derivative of V' = (V)¢ along arbitrary X € x(M) and using (1.27) gives
VxV =g(VxV, &) —n(V)pX, which implies

dVP(X,Y) = 2n(V)g(X,0Y) + g(VxV.n(Y) — g(VyV,En(X).

Replacing X by ¢X and Y by ¢Y in the forgoing equation and using the fact
that V? is closed we get n(V)dn(X,Y) = 0. Since dn is non-vanishing everywhere
on M implies n(V) = 0, a contradiction. Hence V = 0, consequently M is
Einstein i.e. QX = AX. Making use of this in (3.24) shows ¢ = 0. Then (3.22)
implies M is Einstein with Einstein constant 2n. Suppose M is complete. Since
M is complete Einstein by Myer’s theorem (Myers, 1935) it is compact. Finally,
applying the Boyer-Gallicki (2001) theorem we can conclude that M is Sasakian.

This completes the proof. n

Finally, we studied the generalized m-quasi-Einstein metric in the framework
of 3-dimensional normal almost contact metric manifold and prove the following

result.

Theorem 3.4. If a 3-dimensional normal almost contact metric manifold with
B =constant admits a generalized m-quasi- EFinstein metric whose non-zero poten-
tial vector field is collinear with & then M3 is either n-Einstein, B-Kenmotsu or

locally the product of a Kahler manifold and an interval or unit circle S*.

Proof. In a 3-dimensional Riemannian manifold the curvature tensor is given by

(Blair, 2010)

R(X,Y)Z =g(Y, Z)QX — g(X, Z)QY + ¢(QY, Z)X

~9(QX. 2)Y = S{g(Y. )X — g(X, Z)Y }. (3.25)

By our hypothesis, V' = ¢&, for some smooth o. Differentiating this and using
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(1.16), the generalized m-quasi-Einstein equation becomes

2

QX = (08 + Tn(X)E+ (A~ 0B)X — J(X)Do + (Xo)e.  (3.26)
Inserting (3.26) in (3.25) and replacing Z by & gives

R(X, V)€ = 5[(Vo)n(X)E — (Xo)n(Y)g] + 5[(Xo)Y — (Yo)X]

(- %" Y2\ — 08— g)[n(y)x “p(X)Y].  (3.27)

o
m
Replacing X by ¢ X and Y by ¢Y in (3.27) we obtain

X (0)pY = Y (0)pX. (3.28)

Taking X = Do in (3.28) gives ¢Y (0)pDo = 0 which implies Do = £(0)¢.

Differentiating forgoing equation along any X € x(M) infers

(VxDo) = X(§0)§ — a(éo)pX + X —n(X)E](§o). (3.29)

Making use of the fact that ¢(VxDo,Y) = g(Vy Do, X) from (3.29) we get

X(Eo)n(Y) =Y (§o)n(X) — 2a(§0)g(pX,Y) = 0. (3.30)

Choosing X, Y L £ above equation reduces to a(£0) = 0. Therefore, either & = 0
or o = 0. If @« = 0 then M is either S-Kenmotsu (for 5 # 0) or cosympletic
manifold (for § = 0). Assuming the next case when o = 0, implies Do = 0 and
hence o is constant. In consequence, from (3.26) we see that M is n-Einstein.

This completes the proof. n
Replacing X by £ in (3.26) and differentiating it along any Y € x(M) results
in

2 2

(VyQ)§ = A+ )Wy +Y (A + )¢

—Sl(Vy Do) + Y (E0)e + (€0) (VvE)] (3:31)
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Contracting the foregoing (3.31) yields
1 o? 20 1
—&r =20A+ —)+ &N+ —(&0) — =[Ac + &(&o) + 26(&0)). (3.32)
2 m m 2
Contracting (3.26) and then differentiating the obtained result by ¢ and finally
inserting it in (3.32) we obtain
LA = (60 + (2 + B)(a) + 2000 + Z + ao) (3:39
yA0 = - o — +ao). .
For the case when a = 0 and [ a non-zero constant, M is S-Kenmotsu manifold.
In a S-Kenmotsu manifold we have Q¢ = —23%¢. Replacing X by £ in (3.26) and
using the forgoing equation along with Do = (£0)¢ infers
o2
o=+ — +26% (3.34)
m
Making use of the fact Ao = div(Do) = (o) + 25(£0) and inserting (3.34) we

get
Ao = EX+2(B + %)(50). (3.35)

Combining (3.35) and (3.33) infers
o2
EX=—48(A+ —). (3.36)
m
Now, for the second case when o is constant, Eq. (3.33) gives

2

EN= —28()\ + % +ao). (3.37)

o2

Choosing A as constant, Eq. (3.36) implies either 3 = 0 or A = —2-. Assume
f # 0 then o is constant. Therefore, inserting the value of A in (3.34) shows
£ =0, a contradiction. Hence, § = 0 and M is cosympletic. In the second case,
(1.13) implies either 8 = 0 or A+ Z +ac = 0. Fix # # 0 then it is obvious
that « is a non-zero constant. Therefore M is a-Sasakian manifold and hence

has constant scalar curvature. Hence we can state the following:
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Corollary 3.3. If a 3-dimensional normal almost contact metric manifold with
B =constant admits m-quasi- Finstein metric whose potential vector field is collinear
with & then M3 is locally the product of a Kahler manifold and an interval or unit

circle S* or has constant scalar curvature. Moreover, o is constant.

3.2 Generalized m-quasi-Einstein structure in al-
most Kenmotsu manifolds

The goal of this section is to analyze the generalized m-quasi-Einstein struc-
ture in the context of almost Kenmotsu manifolds. Firstly we showed that a
complete Kenmotsu manifold admitting a generalized m-quasi-Einstein struc-
ture (g, f,m, \) is locally isometric to a hyperbolic space H*"*1(—1) or a warped
product M X, R under certain conditions. Next, we proved that a (k, pt)’-almost
Kenmotsu manifold with A’ # 0 admitting a closed generalized m-quasi-Einstein
metric is locally isometric to some warped product spaces. Finally, generalized
m-quasi-Einstein metric (g, f,m, A) in almost Kenmotsu 3-H-manifold is consid-
ered and proved that either it is locally isometric to the hyperbolic space H3(—1)

or the Riemannian product H?*(—4) x R.

3.2.1 On Kenmotsu manifold

Firstly, we construct some examples of the Kenmotsu manifold admitting

generalized m-quasi-Einstein metric.

Example 3.5. Let (N, J, go) be a Kahler manifold of dimension 2n. Consider
the warped product (M, g) = (R x, N, dt* 4+ c2gy), where t is the coordinate on R.
We set n = dt, & = % and the tensor field ¢ is defined on R x, N by pX = JX

for vector field X on N and ¢ X = 0 if X s tangent to R. Then the warped

product R x, N,o? = ce* with the structure (¢,&,n,g) is a Kenmotsu manifold
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(Kenmotsu, 1972). In particular, if we take N = CH?*", then N being Finstein,
the Ricci tensor of M becomes S = —2ng. Further we define a smooth function
f(t) = ke',k > 0. Then it is easy to verify that (M, f,g,\) is a generalized

m-quasi-Einstein with X = % (m — ke') — 2n on R x, CH*",

‘m
Similarly, a large group of examples of generalized m-quasi-Einstein metric on

the Kenmotsu manifold can be constructed by taking different potential functions

on the warped product.

Example 3.6. Consider the warped product R x, H" with metric g = dt* + o2gq
where gy is the standard metric on the hyperbolic space H" (Ghosh, 2019b). Let
o(t) = cosht, then the warped product becomes Finstein manifold with Ricci tensor
S = —ng and it admits a generalized m-quasi-Einstein structure (R x,H", f, g, A)

with f(x,t) = sinht and \(x,t) = sinht — %”Qt -

Example 3.7. Let M?"*! = R X o0, CH*" with metric g = dt*+(cosh?t) gy, where
go is the standard metric on the complex hyperbolic space CH?" (Ghosh, 2019b).
Then M becomes Einstein manifold with the Ricci tensor SM = —2ng (see
Lemma 1.1 (Pigola et al., 2011)). Consider a function f(x,t) = sinht, then
cosh?t

(M2 f g, \) is a generalized m-quasi- Einstein structure if X\ = sinht —

2n.
Next, we state and proved the following result:

Theorem 3.5. If the metric of a Kenmotsu manifold M*""(p, £, n, g) represents
a generalized m-quasi-Einstein structure (g, f,m, \), then it is n-FEinstein, pro-

vided 1 + Y # 0. Moreover, if M?"*! is complete and Reeb vector field £ leaves

m

the scalar curvature invariant, then we have

1. If f has a critical point, then M is isometric to the hyperbolic space H*"*1(—1).
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2. If f is without critical points, then M 1is isometric to the warped product
M X R of a complete Riemannian manifold M2 and the real line R with

warped function v : R — R such that ¥ —~v = 0,~v > 0.
Proof. From (1.50), we have
VXDf:)\XjL%g(X,Df)Df—QX. (3.38)
Taking the covariant derivative of (3.38) along arbitrary vector field Y we get

VyVaDf = (YA)X + A(Vy X) + %{g(X, VyDf)Df

+9(X, D)(VyDf); = (VyQ)X = Q(Vy X). (3.39)

Making use of (3.38) and (3.39) in the relation R(X,Y)Df = VxVyDf —
VYVXDf - V[X,y}Df we obtain

R(X,Y)Df = (XN)Y — (YNX + (VyQ)X — (VxQ)Y

+209¥, DX g(X. DY] + ~[g(X, DA)QY ~ g(¥; D)QX].  (3.40)

Taking an inner product of (3.40) with £ and using (1.30) yields

g(R(X,Y)Df, &) = (XA)n(Y) = (Y A)n(X) + 9((VyQ)E, X)

~o(VxQUE )+ P2V g Dpy(x) - (X, DY) (341

Taking an inner product of (1.29) with D f and inserting it in the last equation
(3.41) we obtain

(X)n(Y) = Y A)n(X) + 9((VyQ)E, X) = g(VxQ)E,Y)

+W[Q(K Df)n(X) —g(X,Df)m(Y)] =0. (3.42)

Replacing Y by £ in (3.42) and making use of the relation (V Q)Y = —2QY —4nY
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(see Lemma 2 (Ghosh, 2019b)) we get

oDf —mDX = {o(£f) —m(EN)}E, (3.43)

where 0 = m + A + 2n. Contracting (3.40) along arbitrary vector field X gives

=Ygy, pp) = %(W) S (YA + = (2nA —)g(Y. D). (3.44)

m m

Replacing Y by ¢ and using (1.30) in (3.44) we get

L no — an? — v — 2n)(€f) — 2n(EN) + %(57”) 0. (3.45)

m

Also on the Kenmotsu manifold, we have &r = —2(r + 2n(2n + 1)) (Lemma 2

(Ghosh, 2019b)). Inserting this in the last equation infer

2 o)~ mien) = fr + 2n(n + 01+ Dy (3.40
Replacing Y by € in (3.40) and using the relation R(X,§)Y = g(X,Y){—n(Y)X,
we obtain
gx.onf —mpe = T2 e x
—(ENX —(1+ Sf)QX —2nX. (3.47)

Combining (3.43), (3.46) and (3.47) we obtain the following relation

L8 L8

Dm0 = a4 r X —0x) B4s)

If possible take 1 + % # 0. Then from the last equation we get

T on 4 Dp(X)e, (3.49)

2 Gl G

for any vector field X on M. Therefore, M is n-Einstein.
Suppose that & leaves the scalar curvature r invariant i.e., &r = 0. Conse-

quently, 7 = —2n(2n + 1). By virtue of this in (3.49) we get QX = —2nX, i.e.,
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M is Einstein. Inserting r = —2n(2n + 1) in (3.46) gives o(§f) — m(EX) = 0
and hence (3.43) implies DA = ZDf. Now we consider a function u = e~m on

M. Then it follows Du = —%Df. Taking covariant derivative of the forgoing

m

expression along arbitrary vector field X we get
1 m
VxDf — Eg(X, Df)Df = —EVXDU. (3.50)

Using (3.50) along with the fact that QX = —2nX, (3.38) yields

(A +2n)u
m

VxDu = — X. (3.51)

Also we have (A+m+2n)D f = mDA, simplifying it gives D(Au) = —(m+2n)Du
which implies Au = —(m + 2n)u + k, k is a constant. Inserting the forgoing

relations in (3.51) we get

VxDu = (u— E)X

m

Applying Kanai’s theorem (Kanai, 1983), we conclude that if f has a critical
point then M is isometric to the hyperbolic space H*"*1(—1) or if f is without
critical points then M is isometric to the warped product M X, R of a complete
Riemannian manifold 12" and the real line R with warped function v: R — R

such that v —~v=0,v > 0. O]

Remark 3.1. Suppose 1—1—% = 0 in some open set O of M. Then &f = —m, since
the Kenmotsu manifold is locally isometric to the warped product (—€, €) Xt N,
where N is a Kahler manifold of dimension 2n and (—e,€) is an open interval

of _

. . . . o a
(Kenmotsu, 1972). Using the local parametrization: = 4. then we have % =

—m hence the potential function is f = —mt,t > 0.

Theorem 3.6. If a Kenmotsu manifold admits a non-trivial generalized m-quasi-
FEinstein structure (g,V,m,\) whose potential vector field is pointwise collinear

with the Reeb vector field & then it is n-Einstein.
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Proof. Suppose potential vector field V' is pointwise collinear with the Reeb vector
field € then V = F¢, where F' is a smooth function. Differentiating covariantly

along arbitrary vector field X of V = F¢ and using (1.27) we get
VxV = (XF)é + F(—p*X — phX). (3.52)
Inserting (3.52) in (1.50) gives

SOY) 4 GI(XF)(Y) + (Y E)(X)] + Fg(HX.Y)

—(—+ F)n(X)n(Y) = (A = F)g(X,Y), (3.53)

m

for all vector fields X,Y. Replacing X,Y by ¢ in (3.53) and using (1.9) we get
EF = A+2n+ %2 Further taking Y as £ and using the last expression in (3.53)
we obtain

2

XF=(\+ % +2n)n(X). (3.54)

Contracting (3.53) and inserting in the above equation (3.54), yields
r=2nA—F—1). (3.55)

In consequence of (3.54) and (3.55) in (3.53) gives

r

QX = (- +1)X - (% + 20+ (XS, (3.56)

for any vector field X. Thus manifold is n-Einstein. This completes the proof. [J

Suppose F'is constant, then (3.54) gives A = —2n — %2 This in (3.55) implies
r is constant. Hence &r = 0 which implies r = —2n(2n + 1). Inserting the values
of r and A in (3.55) gives F' = —m which further implies A = —m — 2n. Hence

we can state the following:

Corollary 3.4. If a Kenmotsu manifold admits a non-trivial generalized m-quasi-

FEinstein structure (g, V, m, \) whose potential vector is a constant multiple of Reeb
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vector field & then it is Finstein i.e., QX = —2nX with A = —m — 2n.

3.2.2 On almost Kenmotsu manifolds

Lemma 3.1 (Wang and Liu, 2016a). Let M*"*(p, &, 1, g) be a generalized (k, j1)'-
almost Kenmotsu manifold with ' # 0. For n > 1, the Ricci operator Q) of M

can be expressed as
QX = —2nX +2n(k + 1)n(X)¢ — [ —2(n — 1)K X,

for any vector field X on M. Further, if k and u are constants and n > 1, then

1= —2 and hence
QX = —2nX + 2n(k + 1)n(X)¢ — 2nh' X, (3.57)

for any vector field X on M. In both cases, the scalar curvature of M is 2n(k —

2n).

Proposition 3.1. There does not exist a generalized m-quasi- Finstein structure

with oV =0 in (k, n) -almost Kenmotsu manifold with h' # 0.

Proof. By hypothesis we have ¢V = 0. Operating this with ¢ gives V' = (V)¢
i.e., V = F¢ where F'is a smooth function. Taking the covariant derivative along

arbitrary vector field X of the last equation and inserting it in (1.49) we obtain

SOXY) + SXF)(Y) + (VF)n(X)] + Fy(W'X, )

—(— 4 Fn(X)n(Y) = (A = F)g(X,Y), (3.58)

Replacing X by ¢ in (3.58) yields

LwE) = B onw - Lem), (3.59)
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for any vector field X on M. Contracting (1.35) and using Lemma 3.1, we get
2

EF =(2n+ 1A —2n(k —2n) + % — 2nF. (3.60)

Replacing Y by ¢ in (3.59) and combining it with (3.60) gives F' = X + 2n.
Inserting (3.59) in (3.58) and using it in Lemma 3.1, we obtain
2
{2\ + o F—2nk+2n— EF)In(X)n(Y)+ XX, Y)=0.  (3.61)
Replacing X by A’'X in (3.61) implies A(k + 1)g(pX, ¢Y) = 0. Since b’ # 0 and
k < —1, we get A = 0 and using it in F' = A+ 2n gives F' = 2n. In a consequence

of this, in (3.60) we get kK = %”, a contradiction. This completes the proof. O]

Now using the above Lemmas and proposition we proved the following:

Theorem 3.7. Let M*"*(p,&,n,g) be a (k, ) -almost Kenmotsu manifold with
h #0. If g admits a closed generalized m-quasi-FEinstein metric then we get one
of the following:

1. M*"*1 s locally isometric to H" ™ (—4) x R".

2. M1 s locally isometric to the warped product

H" (a) x s R, B" (/) x pr R™
where H" ™ (a) is the hyperbolic space of constant curvature o« = —1 — 277" - ’::—22,
B (a/) is a space of constant curvature o/ = —1 + QTm — ’:—22, f=ce'=%)t and
= et where ¢, ¢ are positive constants.
Proof. Since V" is closed, Eq. (1.49) implies
1
VxV =XX+ —g(X, V)V - QX. (3.62)
m

Making use of the relation R(X,Y)V = VxVyV —VyVxV = Vixy|V in (3.62)
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we get

R(X,Y)V = (XAN)Y —(YNX + (VyQ)X — (VxQ)Y

PV V)X (X V)Y + (gL V)QY — gV VIQXY. (36)

Taking an inner product of (3.63) with ¢ and using Lemma 4.4 (Patra et al.,

2020) we obtain

g(R(X, V)V, &) = (XN)n(Y) = (Y A)n(X) + g(QphY, X)

—g@ehx.¥) + A2 () g V). (36

Contracting (3.63) and making use of the fact that scalar curvature is constant

yields

=) Sy, v) = —2n(YA) + - (200 — r)g(V, V). (3.65)

m m
Taking an inner product of (1.33) with V' and inserting it in (3.64) we get
(ENE — DX — %{/\ — (2n+ m)Kr}PV + 20V = 0. (3.66)
Operating by ¢ in (3.66) yields
%{)\ 2+ m)K}oV — oD+ 20H'V = 0. (3.67)

Making use of the second equation in Lemma 3.1 in (3.65) and operating the

obtained expression by ¢ we get
{2nX —r+2n(m — 1)}V — 2nmeDA + 2n(m — 1)ph'V = 0. (3.68)
Combining (3.67) and (3.68) we get
n(m—1)

2n(A+m—1) —r— T_l{)\ — 20+ m)r}]eV — n(1+m)pDA = 0,
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implies
n(m —1)
2nA+m—1)—r— —{A—=2n+m)s}|V —n(l + m)DX € RE.
m
Therefore we can write
DX =aV + s¢, (3.69)
where
1 n(m —1)
-2 S D LS 2 § W)
Q n(m+1)[n()\+m )—r p- {A=(2n+m)k}]

and s is a smooth function on M. Inserting (3.69) in (3.66) gives
(EN)E —aV — s& — %{)\ — (2n +m)k}*V + 20'V = 0. (3.70)
Operating (3.70) by b’ we get
%{)\ — (2n+m)k — am}h'V 4+ 2(k + 1)*V = 0.
Inserting the last equation in (3.70) we obtain

A+ 1@V = [\ (20 4 m)s — am][(EN)E
—aV —s& — %{)\ — (2n + m)x}?V], (3.71)

then operating (3.71) by ¢ and using Proposition 3.1, we get
A= (2n+m)x — am]® +4m*(k + 1) = 0, (3.72)
implies A is constant. Replacing Y by ¢ in (3.65) and taking A as constant, gives
A — % — k(m — D)]n(V) = 0. (3.73)

So we get either n(V) =0 or A — &= — k(m — 1) = 0.

Case-I: Suppose n(V) = 0. Then taking covariant derivative along ¢ and using
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(3.62) gives A = 2nk. Inserting this in (3.72) we get k = —2. Without loss
of generality, we may choose v = 1. As a consequence of this in Theorem 5.1

(Pastore and Saltarelli, 2011) we get
R(Xw YI/)ZV = _4[g<Yl/7 ZI/)XI/ - g(Xw Zy)Yu]a

R<X7V7 Y7V>qu = 07

for any X,,Y,,Z, € [v] and X_,,Y_,, Z_, € [-v]. Making use of the fact that
p = —2 it follows from Proposition 4.1 (Dileo and Pastore, 2009) and Propo-
sition 4.3 (Dileo and Pastore, 2009) that K(X,{) = —4 for any X € [v|" and
K(X,¢&) =0 for any X € [—v]. As shown by Dileo and Pastore (2009), the dis-
tribution [¢] @ [v]’ is integrable with totally geodesic leaves and the distribution
[—v]" is integrable with total umbilical leaves by H = —(1 — v)¢, where H is the
mean curvature vector field for the leaves of [—v] immersed in M?"!. Taking
v = 1, then the two distribution [¢] & [v] and [—v| are both integrable with
totally geodesic leaves immersed in M?"*1. Hence M?"*! is locally isometric to
H ! (—4) x R™

Case-II: If A\ — - — k(m — 1) = 0, then inserting the value of scalar curvature
from Lemma 3.1 gives A = mx — 2n. Using this in (3.72) implies k = —1 — Z’;—;

By applying Dileo-Pastore (2009) result we complete the proof. O

Remark 3.2. WhenV = Df, it is clear that V° is closed. Therefore if the non-
normal (k, 1)’ -almost Kenmotsu manifold admits a generalized m-quasi-Einstein
structure (g, f,m, \) then we get similar results as in Theorem 3.7. In a particular

case of Theorem 3.7, for m = oo we easily obtain Theorem 3.1 (Wang, 2016).

Let U, be the open subset of a 3-dimensional almost Kenmotsu manifold M3
such that h # 0 and U, the open subset of M3 which is defined by Uy = {p €
M?3 : h = 0 in a neighbourhood of p}. Therefore U; U U, is an open and dense

subset of M3 and there exists a local orthonormal basis {e; = e, e3 = e, e3 = £}
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of three smooth unit eigenvectors of h for any point p € Uy Uly. On U; we may

set he; = ¥e; and hes = —iey, where ¥ is a positive function.

Lemma 3.2 (Cho, 2014). On U; we have

Vel =0, Vee = aype, Vepe = —ae,
V€ = e — e, Ve = =& — bye, Vepe = 9€ + be,
Ve = —Ue + e, Ve = U + cpe, Vepe = =€ — ce,

where a,b, ¢ are smooth functions.

From Lemma 3.2, the poisson brackets for {e; = e,e5 = pe,e3 = £} are as

follows:
leg, e1] = (a +V)eg — e, |e1, ea] = bey — cea, [ea, €3] = (@ — V)ey +eq.  (3.74)
Then the expression for the Ricci operator are as follows:

Lemma 3.3. The Ricci operator @ with respect to the local basis {, e, pe} on U

can be written as

QE = —2(9* + 1)¢ — (pe(V?) + 20b)e — (e(V) + 29¢) e,
Qe = —(pe(V) + 20b)E — (A + 20a)e + (£(0) + 20)pe,

Que = —(e(V) 4+ 20¢)€ + (£(V) + 29)e — (A — 20a)pe,
where we set A = e(c) + b* + ¢ + pe(b) + 2 for simplicity.
Now we state and prove the following:

Theorem 3.8. If a 3-dimensional almost Kenmotsu 3-H-manifold with ' # 0 ad-
mits a generalized m-quasi-Einstein (g, f,m, ) structure whose potential function
s constant along the Reeb vector field, then it is Einstein or is locally isometric

to a non-unimodular Lie group with a left-invariant almost Kenmotsu structure.
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Proof. For an almost Kenmotsu 3-H-manifold from Lemma 3.3, we have
e(¥) = =20¢,  pe(V) = —vb. (3.75)

By our assumption, since the potential function is constant along the Reeb vector

field, we can write

Df = fie+ fope, (3.76)

for smooth functions f; = f(e) and fo = we(f). Substituting X = & in (3.38)
and using Lemma 3.2, Lemma 3.3 and (3.76) gives

(

ffl - af2 = 07

afi +€(f2) =0, (3:77)

A=2(0%+1).

\

Again, putting X = e in (3.38) and then using Lemma 3.2, Lemma 3.3 and (3.76)

gives

;

e(f1) +bfs = A+ 1L — A—20a,

Ofs— 1 =0, (3.78)

\6(f2) —bfi= % —£(9) = 29.

Similarly, for X = pe, we get

¢

pe(fi) —cfe = % — &) — 29,

ve(fo) + cfi = A+ 22 + A — 240, (3.79)

Ufi— fa=0.

Comparing the second argument of (3.78) and the third argument of (3.79), we
get (9?2 —1)fy = 0. If fo =0, then the third argument of (3.79) implies f; = 0,

then (3.76) gives D f = 0, that is, f is constant.
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For the case fo # 0, we have ¥ = 1. In consequence, the second argument of
(3.78) and the third argument of (3.79) gives f; = fy. Moreover, taking ¥ = 1 in
(3.75), we get b = ¢ = 0. Also, first and second equation of (3.77) gives a = 0

when f; = fo. Inserting the above values in (3.74), we get
les,e1] = ea — €1, [e1,ea] = 0, [e2, €3] = —e1 + ea.

Using Milnor’s result (Milnor, 1976), we can conclude that M?3 is locally isometric
to a non-unimodular Lie group with a left-invariant almost Kenmotsu structure.

This completes the proof. n
In consequence of Theorem 3.8, we can state the following corollary.

Corollary 3.5. If a 3-dimensional almost Kenmotsu 3-H-manifold admits a non-
trivial generalized m-quasi-FEinstein (g, f, m, ) structure whose potential function
is constant along the Reeb vector field, then it is locally isometric to either the

hyperbolic space H*(—1) or the Riemannian product H?(—4) x R.

Proof. We shall divide the proof into two cases:

Case-I: When h = 0, then M is a Kenmotsu manifold. Then we have

OX = (g L)X — (g 4 3)(X)E. (3.80)

By assumption, £ f = 0. Replacing X = £ in (3.38) then taking the inner product
with £ gives A\ = —2n under our assumptions. In consequence, (1.29) gives &r = 0.
Since {r = —2(r+6), we get 7 = —6 which reduces (3.80) to QX = —2X. Clearly,
M3 is conformally flat.

Case-II: When h # 0, then by Theorem 3.8, we have a = b = ¢ = 0. From
Lemma 3.3, we see that r = —2(9% + 1) — 2A. Making use of the fact that
a="b=c=0implies r = —8. It is easy to see that M? is conformally flat.

Applying Wang’s theorem (Theorem 1.6 (Wang, 2017)), we can conclude that
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M?3 is locally isometric to either the hyperbolic space H?(—1) or the Riemannian

product H?*(—4) x R. O

Corollary 3.6. If a 3-dimensional almost Kenmotsu 3-H-manifold admits a non-
trivial m-quasi-Einstein (g, f,m, \) structure whose potential function is constant
along the Reeb vector field, then either it is locally isometric to the hyperbolic space

H?*(—1) or the Riemannian product H*(—4) x R.

Next, we constructed an example of almost Kenmotsu manifold admitting a

generalized m-quasi-Einstein structure.

Example 3.8. Let (N, J, g) be a strictly almost Kahler Einstein manifold. We set
n=dt = % and the tensor field ¢ is defined on Rx s N by o X = JX for vector
field X on N and ¢ X = 0 if X is tangent to R. Consider a metric g = gy + 027,

where o

= ce?, gy is the Euclidean metric on R and c is a positive constant.
Then it is easy to verify that the warped product R x, N,o0? = ce*, with the
structure (p,&,n,g) is an almost Kenmotsu manifold (Dileo and Pastore, 2007).
Since N is Einstein S = —2ng. We define a smooth function f(z,t) = t*. then

it is easy to verify that the warped product R x, N, 02 = ce?* admits a generalized

m-quasi-Einstein structure (g, f,m, ) with A = 2(m(1 — n) — 2¢%).
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Chapter 4

Characterization of Almost

Ricci-Yamabe Solitons

This chapter is divided into two sections. First section is devoted to the study
of almost Ricci-Yamabe soliton on certain almost contact metric manifolds and in
the section, we considered almost Ricci-Yamabe soliton in the context of almost

Kenmotsu manifolds.

4.1 Almost Ricci-Yamabe Soliton on Contact Met-

ric Manifolds

4.1.1 Almost (o, 5)-Ricci-Yamabe solitons with V = o¢

Ghosh (2014) obtained a result for contact metric manifold with potential
vector field collinear with the Reeb vector field. Motivated by this study, we

extended it to an almost («a, #)-Ricci-Yamabe soliton. We prove the following:

Theorem 4.1. Let M@ (o, €. n,g) be a complete contact metric manifold
where the Reeb vector field £ is an eigenvector of the Ricci operator at each point

of M. If g admits an almost (o, 5)-Ricci- Yamabe soliton with o # 0 and non-
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zero potential vector field collinear with the Reeb vector field &, then M is compact
Finstein Sasakian and the potential vector field is a constant multiple of the Reeb

vector field &.

Proof. Suppose the potential vector field is collinear with the Reeb vector field
ie., V = o0&, where o is a non-zero function on M. Differentiating it along

arbitrary vector field X gives
VxV = (X0)¢ — o(pX + phX). (4.1)
Using this in (1.45) and simplifying we obtain

(Xo)n(Y) + (Yo)n(X) — 20g(phX,Y)

+208(X,Y) = (2X — Br)g(X,Y). (4.2)
Taking X = Y = ¢ in (4.2) yields
€0+ 20Trl = 2\ — Br. (4.3)
Replacing Y by & in (4.2) gives
Do + (£0)€ + 20Q€ = (2\ — Br)E. (4.4)

Suppose that the Reeb vector field ¢ is an eigenvector of the Ricci operator at
each point of M, then Q¢ = (T'rl)é. Using this in the forgoing equation along

with (4.3) gives, Do = (£0)¢. Differentiating it along with vector field X yields
VxDo = X(§0)§ — (£0)(pX + phX). (4.5)

Making use of the Poincare lemma in (4.5), we obtain
X(Eo)n(Y) = Y(Eo)n(X) +2(£0)dn(X,Y) = 0. (4.6)

Choosing X,Y L £ and using the fact that dn # 0 in (4.6), we see that o = 0.
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Hence, Do = 0 i.e. o is a constant. Then (4.2) becomes,
20QY +20heY = (2)\ — pr)Y. (4.7)
Contracting (4.7) and using the fact that Trhe = 0, we get
2a 4+ (2n 4 1)8]r = 2(2n + 1)A. (4.8)
Differentiating (4.7) along arbitrary vector field X gives
20(Vx Q)Y +20(Vxhe)Y =2(XN)Y — 5(Xr)Y. (4.9)

Contracting (4.9) and using the fact that in contact metric manifold, div(he)Y =

9(QE,Y) — 2nn(Y), in the forgoing equation result in the following
(a+ B)(Yr) + 20[Trl — 2n]n(Y) — 2(Y'A) = 0. (4.10)

Taking Y L ¢ and using (4.8) in (4.10) gives @ = 0 or Yr = 0. Assuming o # 0
and replacing Y by ©?Y shows Dr = (£r)€. Differentiating along arbitrary vector
field X gives, VxDr = X(ér)€ — (&r)(¢X 4+ ¢hX). Applying Poincare lemma,

the forgoing equation yields

X(&r)n(Y) =Y (&r)n(X) — (&r)dn(X,Y) = 0. (4.11)

Choosing X,Y L &, it follows that &r = 0. Hence, Dr = 0 i.e. 7 is constant.
Then (4.8) implies A is constant and consequently from (4.3), T'r( is constant. In
view of (4.10) we get T'r¢ = 2n i.e. h = 0. Hence manifold is K-contact and then
from (4.7), it is Einstein provided a # 0. Suppose M is complete, then making
use of results in Sharma (2008) and Boyer and Galicki (2001), we see that the

manifold is compact Einstein Sasakian. This completes the proof. O

From (4.3) we get, 2aTr{ = (2)\ — pr). Using this in (4.4) gives

20[Q€ — (Trl)¢] + Do + (£0)€ = 0. (4.12)

108



Chapter 4

Making use of result by Perrone (2004) and (4.12), we can state the following

Corollary 4.1. Let M**(p,&,n,9) be a contact metric manifold such that g
represents an almost («, )-Ricci- Yamabe soliton with o« # 0. Then M is an
H-contact metric manifold if and only if the potential vector field is a constant

multiple of the Reeb vector field &.

In consequence of Theorem 4.1, considering a particular case when potential

vector field V' is the Reeb vector field £, we can easily prove the following:

Corollary 4.2. There does not exist almost Ricci- Yamabe soliton in a non-
Sasakian (k, pv)-contact metric manifold whose potential vector field is the Reeb

vector field &.

4.1.2 Almost Ricci-Yamabe soliton on K-contact Mani-

fold

Sharma (2008) proved that if a compact K-contact metric is a gradient Ricci
soliton then it is Einstein Sasakian. Extending this for gradient Ricci almost
soliton, Ghosh (2014) proved that compact K-contact metric is Einstein Sasakian
and isometric to a unit sphere S***!. However, this result is also true if one relax
the hypothesis compactness to completeness (Patra, 2021). In this section we
consider the gradient almost Ricci-Yamabe soliton and extend these results and

prove

Theorem 4.2. If a K-contact manifold M@ (¢, €. n,g9) admits a gradient al-
most Ricci- Yamabe soliton with o # 0, then it is Finstein with constant scalar
curvature r = 2n(2n+1). Further, if M is complete, then it is compact Sasakian

and isometric to a unit sphere S** 1.

Proof. A gradient almost Ricci-Yamabe soliton is given by

VxDf +20QX = (2X — 8r)X. (4.13)

109



Chapter 4

Taking the covarient differentiation of (4.13) along arbitrary vector field Y yields

VyVxDf +20(VyQ)X + 2aQ(VyX)

— 2(YN)X — B(YT)X + (2\ — Br)(Y X). (4.14)

Since R(X,Y)Df = VxVyDf —VyVxDf —VX,Y]|Df, then in consequence
of (4.14) we get

RIX,Y)Df = 2[(XNY — (YN)X] - B[(Xr)Y — (Y7)X]

— 20[(VxQ)Y — (VyQ)X]. (4.15)
Differentiating (1.13) along vector field Y and using (1.14) gives

(VxQ)¢ = QuX — 2npX. (4.16)

Taking the inner product of (4.15) with £ and replacing Y by ¢ and using the fact
that g(R(X,Y)Df, &) = —g(R(X,Y)&, Df) along with R(X,£)§ = X — n(X)¢
and (4.16), Eq. (4.15) reduces to X (f +2X — fr) = {(f + 2A — Br)n(X), which
can be written as d(f + 2\ — Br) = £(f + 2A — Br)n. Then operating the last
equation by d and using Poincare lemma i.e., d> = 0 we get d&(f + 2X\ — fr) A
n+&(f 4+ 2\ — Br)dn = 0. Taking the wedge product of forgoing equation with
n and using the fact that n An = 0 yields {(f + 2\ — Sr)dn A n = 0. Therefore
E(f+2\—pr) =0on M as dn is non-vanishing everywhere on M, consequently,
D(f 42X\ — gr) = 0. Hence f + 2\ — fr is constant on M.

Taking Lie differentiation of (4.13) along ¢ and noting £Q) = 0 (as £ is Killing)

we obtain
L(VxDf) +20Q(LeX) = 206N X — BEX + (A — Br)LeX.  (4.17)
Lic differentiating D f along ¢ and using (1.11) yields
LDf =8 Df]=VeDf —Vpg§=(2A—pr)§ —dna +eDf. (418
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Differentiating covariantly (4.18) along vector field Y and using (1.11) we obtain
VyLeDf =2(YA)E — B(YT)E+ 4napY + (Vye)Df —200QY  (4.19)

According to Yano (1970), we have the commutative formula
LyVyX —VyLyX —Vyy X = (LyV)(Y, X). (4.20)

Setting V' = ¢ and X = Df in (4.20) and noting £,V = 0 and using (4.17)-(4.19)

yields

[2(64) = B(Er)]g(X,Y) = YV (2X = Br)n(X) — dnag(eY, X)

+9((Vy) X, Df) + 2ag(0QY, X) = 0. (4.21)
Replacing X by ¢X and Y by ¢Y along with well known formula
(Vyo)X + (Vore)eX = 29(Y, X)§ — n(X)(Y +n(Y)S)
we get

28(f 42X = pr)g(X,Y) =Y (f + 2 = fr)n(X)

—&(f + 2\ = Brin(X)n(Y) + 2ag9(QeY, X)

+ 2ag9(pQY, X) — 8nag(pY, X) = 0. (4.22)

Suppose « # 0. Since f + 2\ — fr is constant Eq. (4.22) reduces to
QX + pQX = 4npX, (4.23)
for any X € x(M). O
Taking an inner product of (4.15) along with f + 2\ — fr = constant yields
9g(VyQ)X — (VxQ)Y,Df) = 0. (4.24)
Let {e;, pe;, &0 = 1,2,...n} be an orthonormal ¢—basis of M such that Qe; =
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o;e;. Using this in (4.23) we get Qpe; = (4n — 0;)pe;. Then the scalar curvature
is given by

n

r=g(Q§ &) + Z[Q(Qei-ei) + g9(Quwe;, pe;)] = 2n(2n + 1).

i=1
Replacing X by ¢ in (4.24) and using (4.16) yields QeDf — 2npDf = 0. In
consequence of this in (4.23), it reduces to pQDf = 2npDf. Operating last
equation with ¢ and using (1.13) gives QDf = 2nDf. Then taking covarient

derivative results in
(VxQ)Df —2aQ*X + (2)\ — Br + 4na)QX — 2n(2\ — fr)X = 0.  (4.25)

Since r = 2n(2n + 1) is constant, then divQ = idr = 0. Making use of this
and contracting (4.25) we obtain ||Q||> = 2nr. As a consequence of this with

r = 2n(2n + 1), we can easily see that ||Q — 575I]|*> = 0 ie., the length of

the symmetric tensor () — 5751 vanish, we must have QX = 2nX. Thus M is
Einstein with Einstein constant 2n. Suppose M is complete, then by the result
of Sharma (2008) we can conclude that M is compact. Applying Boyer-Galicki
(2001) we conclude that it is Sasakian. Also, Eq. (4.13) can be rewritten as
VxDf = —pX, where p = 4an + fr — 2, then by Obata’s theorem (1962) it is

isometric to a unit sphere S***!. This completes the proof.

4.1.3 Almost Ricci-Yamabe soliton on (k, j1)-contact met-

ric manifold

Theorem 4.3. If a non-Sasakian (k, 1) -contact metric manifold M@ (o, €. n, g)
admits a gradient almost Ricci- Yamabe soliton with o # 0, then M? is flat and
the soliton vector field is homothetic, and for n > 1, M s locally isometric to
E"tl x S™(4) and the soliton vector field is tangential to the Euclidean factor

En—i—l
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Proof. Making use of R(X,Y)Df = VxVyDf — VyVxDf — Vixy|Df and
(4.13), we get

R(X,)Y)Df =2a[(VyQ)X — (VxQ)Y] + 2[(XN)Y — (YA)X].  (4.26)
Taking the covariant derivative of (1.22) and using it in (4.26) yields

R(X,Y)Df =2a{[2(n — 1) + p][2(1 — k)g(Y, X )&
+n(X){h(PY + ohY'} = n(Y){h(pX + ph X} + un(X)phY
— un(Y)phX] + [2(1 —n) +n(2k + p)]{29(Y, pX)¢

— (@Y + ohY In(X) + (X + phX)n(Y)}} +2[(XN)Y — (YN X].  (4.27)
Taking the inner product of (4.27) with £ gives

g(R(X,Y)Df.§) = dalu+2k — kp+np)g(Y, pX)

+ 2[(XN)Y — (YN X]. (4.28)
Taking the inner product of (1.21) with Df, we get

9J(R(X,Y)E, Df) = kn(Y)g(X,Df) —n(X)g(Y, Df)]

+un(Y)g(hX, Df) —n(X)g(hY, Df)]. (4.29)
Combining (4.28) and (4.29) we get

kn(Y)g(X,Df) —n(X)g(Y,Df)]
+un(Y)g(hX, Df) —n(X)g(hY, Df)]
+a(p + 2k — kp +np)g(Y, oX)

+2[(XM)n(Y) — (Y )n(X)] = 0. (4.30)

Taking X = ¢X and Y = ¢Y and using the fact that R(¢X, Y )¢ = 0, Eq.
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(4.30) for av # 0 reduces to

G0} (4.31)

w—2
Replacing Y = ¢ in (4.30) gives
(k+ ph)Df +2(DX) — [k(£f) + 2(EN)]E = 0. (4.32)
As a consequence of (1.22), replacing X with D f and simplifying we obtain
QDf = —4n(DX). (4.33)
Making use of (4.33) in (4.32) gives

2n(k + uh)Df — QDf — 2n[k(Ef) + 2(EN)]E = 0. (4.34)

Taking an inner product of (4.34) with & we get, k(¢f) 4+ 2(€N\) = 0 and using

this in forgoing equation
2n(k + puh)Df = QDF. (4.35)
Differentiating (4.35) and simplifying, we obtain
(2np® — p[2(n — 1) + p))phD f — 2nph(2X — Br — 4nak)é = 0. (4.36)

Taking inner product of (4.36) with £ gives, uh(2\ — fr — 4nak) = 0, and using
it in (4.36)

(2np? — p[2(n — 1) 4+ p))phDf = 0. (4.37)
Operating h in the above equation and using (1.20), we get
(k—1)p2(n—1) 4+ p—2nuleDf =0. (4.38)

We get the following cases:

Case-I: For p = 0. In consequence, equation (4.31) gives k& = 0. Hence,
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R(X,Y)¢ = 0.

Now Blair (1977) proved that a (2n + 1)-dimensional contact metric manifold
satisfying R(X,Y )& = 0 is locally isometric to E"™! x S*(4) for n > 1 and flat if
n=1.

Therefore, we conclude that the manifold under consideration is locally iso-

metric to E"™ x S"(4) for n > 1 and flat if n = 1.

Case-11: For ¢ Df = 0. Operating ¢ on both sides gives Df = (£f){. Differenti-

ating along arbitrary vector field X gives

VxDf = X(§f)§ = (£f) (X + ohX). (4.39)

Applying Poincare lemma in the above equation yields

X&) =Y (Ef)n(X) + (£f)dn(X,Y) = 0. (4.40)

Taking X,Y 1 ¢ and since dn is nowhere vanishing on M, it follows £f = 0.
Hence Df = 0 ie., f is constant. Then from (4.13) we see that M is Einstein
(i.e.,, 20QY = (2\ — Br)Y). Taking a trace of the last equation yields 2ar =
(2n 4 1)(2X — Br). Also, replacing Y by ¢ in the second last equation and using
the previous equation results in QY = 2nkY . Consequently the scalar curvature
is r = 2nk(2n+1). Now proceeding similarly as in Theorem 4.1 of Ghosh (2014),
we also find that for n = 1, M is locally flat ( as p = 0 and k& = 0 consequently
R(X,Y)¢ = 0), using p = 2(1 —n) in (4.31) we see that k = n—+ > 1, a
contraction. Since M? is flat and A is constant in view of (4.13) we see that the

vector field is homothetic.

2(1—n)
1-2n °

Case-III: For 2(n — 1) + p — 2np = 0 implies g =

Using this value of p in the expression of k in (4.31), we get k = % —n.
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Making us of (4.41) in (4.35) yields

2(1 = n) +n@2k + p(Df = (£)E) + [2np —2(n — 1) — plhDf = 0. (4.41)

Inserting u = 21(1__22) and k = % —n in (4.41), we obtain Df = (£f)¢. Then
proceeding similarly as in Case II we obtain a similar conclusion. Since QX =
2nkX, taking covarient differentiation gives V@ = 0 and consequently (4.26)

reduces to

R(X,Y)Df = 2[(XN)Y — (Y\)X].

Since R(X,Y)¢ = 0 and taking the inner product of forgoing equation with &
and replacing Y by & gives XA = (£A)n(X). Similarly as above we can easily see
that A is constant and consequently R(X,Y)Df = 0 i.e., Df is tangent to the
flat factor E"*!. This completes the proof.

]

Example 4.1. Finally, we construct an example for verifying the obtained result.

Replacing o = 0 and = x,x # 0 in an example of (k, p)-spaces given by Boeckx

z?

(2000), we obtain a non-Sasakian (k, p)-contact metric manifold with k = 1 — ¢

and p = 2—1—‘%2. We consider a 5-dimensional manifold M = {(z1, xe, x3, T4, x5) €
R®:x; # 0,1 =1,2,..,5} where (v1, T, T3, T4, 75) are standard coordinates in R®.
Let {e1, e, e3,¢e4,e5} be a linearly independent global frame on M such that

$2 2

T
[657 61] = 07 [65, 62] = 07 [657 63] = 5617 [65, 64] = 362,
le1,e2] =0, le1, €3] = —zeq + 2e5, le1,e4) =0,
lea, e3] = xer,  [ea,eq] =2e5,  [es, 4] = —wes.

Let g be the Riemannian metric defined by
gler,e1) = glez, €2) = g(es, e3) = 1,

gles,eq) = gles,e5) =1, gle;,ej) =0,i # .
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Let n be the 1-form defined by n(X) = g(X, e5) for any X € x(M). Also, let ¢ be
(1,1) tensor field defined by pe; = e3, pes = €4, pe3 = —e1, pey = —ey, pes = 0.
Then for £ = es, (¢,&,9,m) defines a contact metric structure on M. Let V be

Levi-Clivita connection on M. Then using the Koszul formula we calculate
Vees = pes, Vees = pes, Vees =—(p+2)er, Vees =—(p+2)ey,

Ves€1 = pes, Ves€a = pes, Vesez = per, V€4 = pes,
Veer =0, Ve =0, V.es=—pes, Ve, =0,
Ve,e1 =0, Vgea=0, Vg,e3=0, Ve, =—pes,
Ve,e1 =xey — (p+2)es, Ve,eo = —zey, Vees =xey, Veeq = —zes,
Vee1 =0, Veea=—(p+2)es, Vees=0, Ve, =0,

72

where p = (% — 1). Moreover using (1.11) in the above expressions gives hey =
—(/)—i— 1)617 heg = —(p+ 1)62, h€3 = —(p+ 3)63, h64 = —(p—i— 3)64, h€5 =0.
From the above it can be easily seen that M°(p,n,&, g) is a non-Sasakian (k, j1)-

contact metric manifold.

The non-vanishing components of Riemannian curvature on M are as follows
R(e1,ex)es = —pes+2pes, R(er,ez)es = —2pes, R(er,es)er = —p(p+2)es—2pes,

R(ey,e3)es = —2peq, Rley,ez)es = —p(p+ 1)ex — 2per, R(er,e3)es = —2pes,
R(er,eq)es = —p(p+2)es, Rlei,eq)es = —p(p+2)ea, Rler,es)er = —pes,
R(e1,es5)es = —pPer, Rleg,es)er = —p(p+2)es, Rlea,e3)es = —p(p+2)ey,
R(ea,eq)er = —2pes, R(es,eq)es = —p(p + 2)ea — 2pea,  R(eq, eq)es = —2pey,
R(eg,eq)es = —p(p+2)ea — 2pes, Rey, es)es = —p’es, R(ey, es)es = pes,

R(es, e4)e; = :17262—(p+2)262, R(es, e4)es = (p+2)261—l‘261, R(es, eq)e3 = ey,
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372 1'2
Rles, eq)eq = —a’e3, R(es, es)es = —P(P+2)€5—7P657 R(es, e5)es = P(P+2)€3+5P637
x? 2
R(es, e5)eq = —p(p +2)es — < Pes; R(es,e5)es = p(p +2)eq + o Pes-

The non-vanishing components of Ricci curvature are

4 4

S(ey,e1) = S(eq,e2) = f—6 —2, S(es,e3) = S(eq,eq4) = % — 222 + 2,
4
S(es, e5) = 3% —z? -2

The scalar curvature on M is r = x* — 522 — 2. Clearly, one can see that for
V' = es, the metric g under consideration does not satisfy (1.45). Thus, Corollary
4.2 1s verified.

4.2 Almost Ricci-Yamabe soliton on Almost Ken-
motsu Manifolds

In this section, we examine ARYS within the framework of certain classes
of almost Kenmotsu manifolds. Firstly, we prove that a complete Kenmotsu
manifold, admitting ARYS with « # 0 is locally isometric to hyperbolic space
H?"*1(—1) when Reeb vector field leaves the scalar curvature invariant. Secondly,
we show that ARYS on the Kenmotsu manifold reduces to Ricci-Yamabe soliton
under the certain conditions on the soliton function. Next, it is proved that if a
(k, p)"-almost Kenmotsu manifold with A’ # 0 admits gradient ARY'S then either
it is locally isometric to H?"*1(—4) x R" or potential vector field is pointwise
collinear with the Reeb vector field. Moreover, 3-dimensional non-Kenmotsu
almost Kenmotsu manifolds admitting gradient ARYS are considered. Several
examples have been constructed of ARYS on different classes of warped product

spaces.
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4.2.1 On Normal almost Kenmotsu manifold

In this section, we deal with a normal almost Kenmotsu manifold, that is,
Kenmotsu manifold admitting ARYS and gradient ARYS. Firstly, we give some

examples of gradient ARYS.

Example 4.2. Let (N, J, go) be a Kahler manifold of dimension 2n. Consider
the warped product (M, g) = (R x, N, dt* 4+ c%gy), where t is the coordinate on R.
We setn =dt, £ = % and (1,1) tensor field by X = JX for vector field X on
N and X = 0 if X is tangent to R. The above warped product with the structure
(p,&,m,9) is a Kenmotsu manifold (Kenmotsu, 1972). In particular, if we take
N = CH?, then N being Finstein, the Ricci tensor of M becomes SM = —2nyg.
Then it is easy to verify that (M, f, g, \) is an ARYS for f(x,t) = ke, k > 0 and

Az, t) = —2na —nfB(2n + 1) + ke'.

Therefore, a large number of examples can be constructed by considering
different potential functions f on warped product spaces. Next, we constructed

an example by using Kanai’s result (Kanai, 1983).

Example 4.3. Let N?" be a complete Finstein Kahler manifold with SV =
—(2n — 1)go. Now consider the warped product M*" "' = R X psns N2 with the
metric g = dt* + (cosht)?gy. Then by using the result by Kanai (1983), there

exists a function f on M without critical points satisfying V2f = —fg. Then it
is easy to see that (M, g,V f,\) is an ARYS for A = —2na — f —npB(2n + 1).

Ghosh (2011) initiated the study of Ricci soliton in Kenmotsu 3-manifold.
He later studied the gradient almost Ricci soliton in the Kenmotsu manifold and
obtained Theorem 3 (Ghosh, 2019b). Here, we generalized these results for ARY'S

and prove them.

Theorem 4.4. If the metric of a Kenmotsu manifold M**(p,€,n, g) admits a

gradient ARYS with o # 0, then it is n-Einstein. Moreover, if M is complete and
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¢ leaves the scalar curvature invartant then it is locally isometric to Hyperbolic
space H?"T1(=1). Also, X\ can be expressed locally as N\ = Acosht + Bsinht —

2na —nf(2n + 1), where A, B are constants on M.

Proof. Suppose the metric g of Kenmtosu manifold admits gradient Ricci-Yamabe

soliton, then from (1.46) we have

VyDf =X — aQX, (4.42)

Br

for any vector field X on M and o = X\ — = is a smooth function on M.

Taking an inner product of (4.42) along arbitrary vector field Y, we obtain:
VyViDf = (Yo)X +a(VyX) — a(VyQ)X —aQ(VyX).  (4.43)

Making use of (4.43) in the well-known formula R(X,Y)Df = VxVyDf —
VYVXDf - V[X,y}Df yields

R(X,Y)Df = (Xo)Y — (Yo)X — a[(VxQ)Y — (VyQ)X]. (4.44)

Taking a covariant derivative of (1.30) and using (1.27), we get (VxQ)§ =
—2n(X — n(X)E). Because of this the inner product of (4.44) with £ gives

g(R(X.Y)Df,§) = (Xon(Y) — (Yo)n(X). (4.45)
Now, taking an inner product of (1.29) with D f yields
gR(X,Y)E,Df) = (Y [)n(X) — (X f)n(Y). (4.46)

Combining (4.45) and (4.46) and replacing Y by ¢ in the obtain relations we

obtain

d(o = f) =&(o = fn, (4.47)

where d is the exterior derivative. This means that ¢ — f is invariant along the
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distribution D (i.e., D = kern) hence o — f is constant for all X € D.

Contracting (4.44) infer
S(Y,Df) = —2n(Y ) + %(Yr), (4.48)

for any vector field Y on M. Replacing Y by £ in (4.44) and taking an inner

product with Y gives
g(R(X,)Df,Y) = (Xo)n(Y) — (€0)g(X,Y) — aS(X,Y) + 2nag(X,Y).(4.49)
As a consequence of (1.27) and (1.29) in (4.49), we get
(XF) = (X)n(Y) + &0 — Hg(X,Y) +aS(X,Y) + 2nag(X,Y) = 0. (4.50)
Contracting (4.50) over X gives
(o — )+ afr +2n(2n +1)] = 0. (4.51)

Replacing Y by ¢ in (4.48) and making use of (4.51) and (1.30), we see that
&r = —2(r +2n(2n+ 1)), for a # 0. In consequence, (4.51) in (4.47) gives

d(o — f) = —a(% +2n+ ). (4.52)

Applying Poincare lemma and using the fact that dn = 0 on (4.52), we obtain

—adr An =0, and making use of the value of £&r we have
Dr = —=2(r +2n(2n+ 1))¢. (4.53)

Taking an inner product of (4.52) with vector field X, then inserting it along with
(4.51) in (4.50) we get

OX = (% F1)X - (% +on 4+ )n(X)E, (4.54)

for any vector field X on M. Therefore, M is n-Einstein.

Suppose that &r = 0, i.e., & leaves the scalar curvature invariant. In con-
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sequence of this we get r = —2n(2n + 1), a constant. Inserting this in (4.54)
implies QX = —2nX i.e., M is Einstein. Now suppose that M is complete. As r

is constant, (4.52) gives Df = DA. In consequence of this, (4.42) becomes
VxD\= A+ k)X, (4.55)

where k = n(2a + 5(2n + 1)). Applying Tashiro’s theorem (Tashiro, 1965), we

see that it is locally isometric to hyperbolic space H**™!(—1). Replacing X by &

and taking inner product with &, (4.55) gives £(EX) = A+ k. But as we know that

a Kenmotsu manifold is locally isometric to the warped product (—¢,€) Xt N,

where N is a Kdhler manifold of dimension 2n and (—¢,¢€) is an open interval.
0

Using the local parametrization: { = 5 (where ¢ is the coordinate on (—¢, €)) we

get from (4.55)

0%\

Its solution can be exhibited as A = Acosht + Bsinht — 2na —nf(2n+ 1), where

A, B are constants on M. This completes the proof. O

Lemma 4.1. If the metric of a Kenmotsu manifold M*"*(p,&,n,9)(n > 1)
admits ARYS then

1. E(EN) +EX=22na+ A+ np(2n+1)).

2. DX = (ENE+ B{(r +2n(2n + 1))¢ + 21},

Proof. Taking the covariant derivative of (1.45) along arbitrary vector field X,

we get
(VxLyg)(Y, Z) = 2(X0o)g(Y, Z) — 2a(VxS)(Y, Z), (4.56)
where o = A — £, We know the following commutative formula (Yano, 1970):

(ﬁvvxg —VxLyg — V[V,X}Q)(Ya Z)

= —g((LyV)(X,Y), Z) — g((LyV)(X, Z),Y), (4.57)
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for all vector fields X,Y, Z on M. Since g is parallel with respect to Levi-Civita

connection V, the above relation becomes:
(VxLvg)(Y,Z) = g((LvV)(X,Y), Z) + g((LvV)(X, Z),Y). (4.58)

We know that £yV is a symmetric tensor of type (1,2) and so it follows from

(4.58) that
29((LyV)(X,Y), Z) = (VxLvg)(Y, Z) + (VyLvg)(Z, X) = (VzLyg) (X, Y(4.59)
Inserting (4.56) in (4.59), then replacing Y by £ we obtain

(LyV)(X,§) =20QX + (dna+ &0)X + g(X, Do) —n(X)Do. (4.60)
Taking the covariant derivative of (4.60) along arbitrary vector field Y gives

(Vy Ly V)(X, &) + (Lv V) (X, Y) = n(Y)(Lv V)(X,§)
=2a(VyQ)X +Y({0)X + g(X,VyDo)¢

—g(X, Do)¢*Y + g(X,0*Y)Do — n(X)(VyDo). (4.61)
Making use of this in the formula (Yano, 1970)
(LvR)(X,Y)Z = (VxLyV)(Y.Z) — (Vy Ly V)(X, Z)
we obtain

(LvR)(X,Y)E = 20{(VxQ)Y — (VyQ)X} + X(£0)Y — Y (§0) X
+9(Y, Do) X — g(X, Do)Y +n(X)Vy Do —n(Y)Vx Do

+20{n(X)QY —n(Y)QX} + (4an + o) {n(X)Y —n(Y)X}. (4.62)
Now differentiating {o = ¢g(§, Do) along vector field X and using (1.27) we get

X (o) = g(X, Do) — (§o)n(X) + g(Vx Do, §). (4.63)
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Replacing Y by £ in (1.45), then inserting it in the Lie-derivative of (1.29) yields

(LvR)(X,Y)E+ R(X,Y)LvE = g(X, Ly )Y

—g(Y, Ly )X +2(0 + 2an){n(X)Y —n(Y)X}. (4.64)
Combining (4.62), (4.63) and (4.64), we obtain

9(X, Ly )Y —g(Y, Lv&) X — R(X,Y)LyE
=20{(VxQ)Y — (VyQ)X +n(X)QY
—n(Y)QX} +g(VxDo,§)Y — g(Vy Do, §) X

+n(X)VyDo —n(Y)VxDo —20{n(X)Y —n(Y)X}. (4.65)

Replacing X and Y by X and Y in (4.65) then contracting the obtained

equation and using Lemma 4.2 (Ghosh, 2020b) results in
S(Y, Ly€) + 2ng(Y, Ly€) = a(YT) + 2a(r +4n? + 2n)n(Y) — g(VeDA, p*Y).
Contracting (4.65) and combining it with the forgoing equation yields

2(n — 1)g(VeDo,Y) + £(Eo)n(Y) + n(Y)divDo = 4n(2na + o)n(Y). (4.66)

Replacing Y by ¢ in (4.66), we get (2n — 1)¢(o) + divDo = 4n(2na + o). In
view of this in (4.66) infer ¢(V¢Do, X) = £{(&o)n(X) for n > 1. Now taking ¢

instead of Y in (4.65) and making use of the above relations we obtain
VxDo = —22na + 0)p*X + £(o)p* X + £(Eo)n(X)E. (4.67)
As a consequence of (4.67), the expression of the curvature tensor is as follows:

R(X,Y)Do =2(Y0o)p*X — 2(Xa)p*Y + Y (£(£0))X

—X(§(£0))Y +2(£(60) — 0 = 2na){n(Y)X —n(X)Y}. (4.68)

Replacing Y by ¢ in (4.68), then inserting the obtained equation back in (4.68)
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gives

R(X,Y)Do = (Xo)Y — (Yo)X —2{(Xo)n(Y)¢
— Yo)n(X)€} + {£(£(60)) — o H{n(Y) X —n(X)Y'}

+2{¢(0) — 0 — 2na}{n(Y)X - n(X)Y}, (4.69)

Replacing X and Y by ¢X and ¢Y in (4.69) and then contracting the obtained

result yields
S(Y, Do) = —2ng(Y, Do).

As a consequence of this in the contraction of (4.69) and further replacing Y by
Y in the obtained expression yields ¢ Do = 0. Differentiating this along vector
field X and inserting it in (4.67) along with the fact that o = X — % and (1.27)

gives
E(EN) +EX=2(2na+ A+ np(2n+1)). (4.70)

This completes the proof. n

Theorem 4.5. Let M*" " (p,&,n,9)(n > 1) be a Kenmotsu manifold whose met-
ric represents an ARYS. If Hessy (€, &) is constant along Reeb vector field then it

reduces to Ricci-Yamabe soliton with A\ = —2na —nf(2n + 1).

Proof. By hypothesis, Hessy(&,€) is constant along the Reeb vector field ¢ i.e.,
£(£(EN)) = 0 implies £(£N) is constant along €. In view of this in the covariant
derivative of first relation in Lemma (4.1) along &, we get £(§A) = 2(EN). Again
differentiating this along & yields £A = 0, that is, A is constant along £. Making
use of this in first relation of Lemma (4.1) gives A = —2na—nf(2n+1). Therefore

ARYS reduces to Ricci-Yamabe soliton. This completes the proof. m

Remark 4.1. The above Theorem 4.5 is a generalization of Theorem 4.1 in

Ghosh (2020b), where he obtained the condition under which a Ricci almost soli-
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ton reduces to an expanding Ricci soliton with X = —2n. It 1s easy to see that
fora=1 and =0 Theorem 4.1 (Ghosh, 2020b) can be obtained from Theorem
4.5. Moreover, the first condition of Theorem 4.1 (Ghosh, 2020b) is also true for

this choice of scalars.

A Kenmotsu manifold is said to be n-Einstein if there exists smooth functions

a and b such that
S(X,Y) = ag(X,Y) + bn(X)n(Y), (4.71)
for all vector field X,Y on M. If b = 0, then M becomes an Einstein manifold.

Theorem 4.6. If the metric of an n-Einstein Kenmotsu manifold M*" (o, &, n,9)(n >
1) admits Ricci- Yamabe soliton with o # 0 then it is Einstein with constant scalar

curvature v = —2n(2n + 1), provided 2ac + nf # 0.

Proof. Replacing Y by & in (4.71) and using (1.30), we get a + b = —2n. Then

contracting (4.71) gives r = (2n+ 1)a + b. In view of this (4.71) becomes

S(XY) = (5 + Dg(X,Y) = (5 + 20+ Un(X)n(Y), (4.72)
for any vector field X,Y on M. Making use of (4.72) in (1.45) yields
(Lvg)(Y, Z) = {20 = Br = 2a(5- + D}g(Y. Z) + 2a{(2n + 1) + - In(Y )n(Z4.73)
Taking the covariant derivative of (4.73) along arbitrary vector field X we obtain

(VxLrg)(Y, 2) = =(5 + B)(Xr)g(Y, Z) + S(Xr)n(Yn(2)

+204(% +2n + D{g(X,Y)n(Z) + 9(X, 2)n(Y) = 2n(X)n(Y)n(2)}.  (4.74)
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Making use of (4.74) in (4.59) yields

2Ly V)(X,Y) = —(% + (XY + (Y1) X — g(X,Y)Dr}
+ SV + (Yrn(X)E = n(X)n(Y) Dr)

tda(2n+1+ %){g(X, Y)e — (X)n(Y)e). (4.75)

Setting X =Y =¢; wheree; : i =1,2,..,2n+1 is an orthonormal frame in (4.75)

and summing over 7, we get

2n+1

23 elLy V) ene) = —{B(1L—2n) + %(1 —n)}Dr
- 200 r

—1—7(57“)5 + 8na(2n +2n + 1)¢€. (4.76)

Now taking the covariant derivative of (4.73) give
(VxLvg)(Y,Z) = =p(Xr)g(Y, Z) = 2a(VxS)(Y, Z),

which on contracting yields 2377 &;(LyV) (e, e;) = f(2n — 1)Dr. In conse-
quence of this in (4.76), we obtain

r

2a(n — 1) Dr + 2a(ér)€ + 8na(2n

+2n+1)E=0. (4.77)

Taking an inner product of (4.77) with £, we get {&r = —2(r + 2n(2n + 1)) for
a # 0. In view of this, (4.77) yields Dr = (£r)¢ for n > 1. Then, replacing Y by

¢ in (4.75) results in

2ALyV)(X.€) = —AXr)E+ (5 + B)(Er)¢’X. (4.78)

Taking the covariant derivate of (4.78), then inserting it in Yano’s result (Yano,
1970):
(LvR)(X,Y)Z = (VxLyV)(Y. Z) — (VyLyV)(X, Z)
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, for Z = £ yields

2Ly R)(X,Y)E = —B{X(V1)E = Y (Xr)¢} = B{(X1)p"Y — (Yr)p* X}
(= 4+ BX ()Y = V(€)X +2(6r){n(Y)X = n(X)Y}}. (4.79)

Contracting (4.79) over X gives (LyS)(Y, &) = —npB(&r)n(Y). In consequence of

this in the Lie-derivative of (1.30), we obtain

(5 + 1g(¥: £€) — (5= + 20+ (Y Jn(Lr€) =
nBErN(Y) — 2n(2\ — Br + dan)n(Y) — 2ng(Y, Lv€). (4.80)

Replacing Y by ¢ in (4.80) then inserting back in (4.80) gives A = —2an—nf(2n+
1). In view of this in (4.73) we get n(Ly§) = —g(r +2n(2n+1)). In consequence
of this and Dr = (£r)¢ in the Lie-derivative of S(X, &) = —2nn(X) we get

(r+2n2n+1)){2Lv¢ — g(fr)f} = 0. (4.81)

Thus we get either r = —2n(2n + 1) in this case M is Einstein or L€ = g(fr)f
Suppose r # —2n(2n + 1) in some open set @ on M. Then using (1.27) and

(4.81) implies

VeV =V —n(V)§ - é(&")é- (4.82)

Taking Y = £ in the commutative formula (LyV)(X,Y) = VxVyV = Vg vV +
R(V,X)Y and using (4.82), (4.81) and (4.78), we obtain

(2a +nB)(Er)¢* X =0,

for any vector field X on O. This shows that {&r = 0, that is, r = —2n(2n + 1), a

contradiction. This completes the proof. O

In particular, if we take scalar o = 1 and § = 0 then in regard to the Theorem

4.6, we can state the following:
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Corollary 4.3 (Ghosh, 2013). If the metric of an n-Einstein Kenmotsu manifold
M* 1 (p, &, 9),n > 1 is a Ricci soliton then it is Finstein and the soliton is

expanding.
For the case a = 1 and § = —2p, we can state the following:

Corollary 4.4. If the metric of an n-Einstein Kenmotsu manifold M*" ™ (p,&,n,9)(n >
1) admits p-Finstein soliton then it is Einstein with constant scalar curvature

r=—2n(2n+ 1), provided p # +.

It is known that the warped product R X .+ V (k) where V (k) is a Kahler
manifold of constant holomorphic sectional curvature of dimension 2n admits

Kenmotsu structure (Kenmotsu, 1972)). Moreover, its sectional tensor is given

by (Bishop and O’Neill, 1969)

R(X,Y)Z = H{g(Y,Z)X — g(X, Z)Y'} + (H + 1){g(X, Z)n(Y)§
—g(Y, Z2)n(X)E +n(X)n(2)Y —n(Y)n(2)X + g(X, Z)pY

—9(Y.9Z)pX +29(X, oY )pZ}.
Contracting the above equation we see that
SX,Y)=2{(n—-1)H - 1}g(X,Y) = 2(n — 1)(H + 1)n(X)n(Y),

that is, it is n-Einstein. Now making use of Theorem (4.6) we get H = —1.

Hence, we can state the following:

Corollary 4.5. If the metric of the warped product R X . V(k), (n > 1) is a
Ricci-Yamabe soliton with « # 0 then it is of constant curvature -1, provided

20+ npB # 0.

4.2.2 On Non-Normal almost Kenmotsu manifolds

First, we give some examples of almost Kenmotsu manifold admitting ARYS.
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Example 4.4. Let (N, J,g) be a strictly almost Kahler Einstein manifold. We
taken =dt, £ = % and (1,1)-tensor ¢ by o X = JX for vector field X on N and
©X = 0if X is tangent to R. Then it is known that (M, g) = (R X et N, go+ce?'g)
together with the structure (p,&,m,q) is an almost Kenmotsu manifold (Ken-
motsu, 1972). Also since N is Einstein, we see SM = —2ng. We define a
smooth function f(x,t) = t? then it is easy to see that (M, g, f,\) is an ARYS

for XM(z,t) = —2na —np(2n+ 1) + 2.

We can also construct an example of ARYS in almost Kenmotsu manifold

constructed by Barbosa-Ribeiro (2013).

Example 4.5. On the warped product M = R X, H?" consider the metric
g = dt* + o*(t)go, where gy is the standard metric on the hyperbolic space H>".
Then by Algere et al. (2004) result, it is easy to see that it is almost Kenmotsu
manifold. Let o(t) = cosht and f(x,t) = sinht then (M, g, f,\) is an ARYS with

A = sinht —nfB(2n + 1) — 2na.

Here, we consider the gradient almost Ricci-Yamabe soliton in the context of
(K, pv)'-almost Kenmotsu manifold and generalized Theorem 3.5 (Dey, 2020) and

Theorem 3.1 (Wang, 2016). We state and prove the following:

Theorem 4.7. If M*"(p,&,n,9) be a (k, p)'-almost Kenmotsu manifold with
h' # 0 admitting gradient ARYS then either M is locally isometric to H?" T (—4) x

R™ or potential vector field is pointwise collinear with the Reeb vector field.

Proof. Suppose that (k,u)’-almost Kenmotsu manifold admits gradient ARY'S
then Eq. (4.42)-(4.44) is valid. Taking an inner product of (4.44) with £ and

inserting Lemma 3.1, we obtain

g(R(X,Y)Df,§) = (XMn(Y) = (Y \)n(X) — a{g(QN'Y, X) — g(QI'X,Y)§4.83)
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Taking an inner product of (1.21) with D f, then inserting it in (4.83) and replac-

ing X by & gives

—(EN)E + DA = w{(£f) — Df} — uk'DF. (4.84)

Contracting (4.44) over X, we get QD f = —2nDX. As a consequence of this in

Lemma 3.1 gives
DX\ —Df + (k+ 1)(Ef)E = W' DF. (4.85)
Combining (4.84) and (4.85), we obtain
R{(ES)E = Df} + DX+ (ENE = 2Df +2(k + 1)(£)§ = 0. (4.86)
Operating the forgoing equation by ¢ yields
DX — (k+2)pDf =0,

implies,

DA — (k+2)Df € RE,

Therefore, we can write DA = (k + 2)D f + s£, where s is a smooth function. In

view of this in (4.84) infer
206+ 1)Df + (s —EXN— KES)E =21 DY. (4.87)
Operating (4.87) by k' and then inserting the obtained expression in (4.87) gives
(k+2)pDf =0.

Thus we have either Kk = =2 or Df = (£f)<.
Suppose k = —2. Then without loss of generality, we may choose v = 1. Then

we have from Theorem 5.1 (Pastore and Saltarelli, 2011) we get
R(Xw YIJ)ZI/ = _4[9<Yua ZZ/)XZ/ - g(XlM ZIJ)YI/]7
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R<X7V7 Y*V>Zfll =0,

for any X,,Y,,Z, € [v] and X_,,Y_,,Z_, € [-v]. As a consequence of this,
Proposition 4.1 and Proposition 4.3 (Pastore and Saltarelli, 2011) along with
v = 1 show that it is locally isometric to H?"™!(—4) x R™. This completes the

proof. O

Suppose k # —2. Then in regard to Theorem 4.7, we have V = D f = ({f)¢E.
Take F' = &f and taking the covariant derivative of V' = F¢ along arbitrary

vector field X we get
VxV = (XF)¢+ F(—p*X + h'X).
Making use of this in (1.45) yields

(XF)n(Y) + (YF)n(X) +2Fg(X,Y) = 2Fn(X)n(Y)

F2Fg(HX,Y) = (2) — Ar)g(X,Y) — 2aS(X,Y). (4.88)
Replacing Y by ¢ in (4.88) gives
XF =2\ — pr —4dnarx — EF)n(X), (4.89)

for any vector field X on M. Contracting (4.88) then inserting it in (4.89) and

replacing X by ¢ in the obtained expression we obtain

F=X— % + 2na. (4.90)

Inserting (4.89) in (4.88) and comparing it with Lemma 3.1 yields (F' —2na)(k +
1)p?X = 0 for any X on M. As k < —1, we see that I = 2nq, in view of
this in (4.90) implies A\ = % i.e., a constant. Therefore, M reduces to gradient
Ricci-Yamabe soliton. Hence using Corollary 3.7 (Dey, 2020) we can state the

following:
Corollary 4.6. Let M*" " (p,£,n,9) be a non-Kenmotsu (k, ) -almost Ken-
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motsu manifold with k # —2 admitting a gradient ARYS then
1. The potential vector field V' is a constant multiple of €.
2. V is a strict infinitisimal contact transformation.

3. V leaves h' invariant.

Consider a generalized (k, 1t)'-almost Kenmotsu manifold of dimension three
with k < —1. If we assume that x is invariant along £, then from (Proposition
3.2 (Pastore and Saltarelli, 2011)) we have {(k) = —2(k + 1)(u + 2) implies
= —2. Moreover, from (Lemma 3.3 (Saltarelli, 2015)), we have h'(gradu) =
gradr — &(k)€ which implies x is constant under our assumption. Therefore M?
becomes a (k, —2)"-almost Kenmotsu manifold. By applying Theorem 4.7, we can

conclude the following:

Corollary 4.7. Let M3(p,n,&,9) be a generalized non-Kenmotsu (k, i) -almost
Kenmotsu manifold with k < —1 invariant along the Reeb vector field admitting
gradient ARYS then it is either locally isometric to the product space H?" 1 (—4) x

R™ or potential vector field is pointwise collinear with the Reeb vector field.

4.2.3 On 3-dimensional Almost Kenmotsu manifolds

Suppose that the non-trivial potential vector field of gradient ARY soliton
(o # 0) is orthogonal to the Reeb vector field &, then we can write V' = fie+ faope,
where fi, fo are smooth functions. Replacing X by ¢ in (4.42) and making use of

Lemmas 3.2 and 3.3, we get
(
—20(? +1) =\ -2,

pe(9) = —2b0, (4.91)

e() = —2¢0.

\
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Similarly, taking X = e in (4.42) gives

;

ﬁfl_f2:07

e(fi) +bfs — (A +2a0) = A - &, (4.92)

e(f2) = by +a(§() +29) = 0.

Also for X = pe, we obtain

(

ﬁfl_f2:07

we(f1) — cfs + a(&(9) +29) =0, (4.93)

kcfl + ve(fa) — a(A —2a9) = X — %

Comparing the first arguments of (4.92) and (4.93), we see that (92 —1)f; = 0.
If fi =0, then from first argument of (4.93) we get fo = 0, which further implies
V =0, a contradiction. Therefore, we must have ¥ = 1. As a consequence of
this in second and third statement of (4.91) yields b = ¢ = 0 and first argument
of (4.92) gives f1 = fo.

Combining the first equation of (4.91) with the second eqn. (4.92) and third eqn.

(4.93), then making use of the fact that ¥ = 1 yields
e(f1) = pe(fr) = cfi = bfi + 4aa =0, (4.94)
where we use f; = fy. Similarly from (4.92) and (4.93), one can get
ee(f1) —cfi = e(f1) = bfi. (4.95)

Making use of (4.94) and (4.95), together with b = ¢ = 0 gives a = 0. In

consequence, Eq. (3.74) becomes

[, e] =pe—e, [e,pe] =0, [pe {]=—e+ e
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Using Milnor’s result (Milnor, 1976) we can conclude that M? is locally isometric
to a non-unimodular Lie group with a left-invariant almost Kenmotsu structure.
Moreover, it is obvious that V¢h = 0 and it is conformally flat with constant
scalar curvature r = —8. Now making use of Wang’s result (Wang, 2017) which
state that, “An almost Kenmotsu 3-manifold satisfying Veh = 0 is conformally
flat with constant scalar curvature if and only if it is locally isometric to either the
hyperbolic space H*(—1) or the Riemannian product H?*(—4) x R” we can state

the following:

Theorem 4.8. If a 3-dimensional non-Kenmotsu almost Kenmotsu manifold ad-
mits a gradient ARYS (« # 0) whose non-trivial potential vector field is orthogo-
nal to the Reeb vector field, then it is locally isometric to the Riemannian product

H?(—4) x R.
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Chapter 5

On Invariant Submanifolds and

Chen’s Inequalities

This chapter is divided into two sections. The first section involved the study
of invariant submanifolds of the f-Kenmotsu manifold and in the second section,
we obtained Chen’s inequalities for submanifolds of generalized Sasakian-space-

forms endowed with the quarter-symmetric connection.

5.1 Invariant Submanifolds of f-Kenmotsu Man-

ifolds

Definition 5.1. A submanifold M of an f-Kenmotsu manifold M is said to be
mwvariant if the structure vector field & is tangent to M at every point of M and
wX is tangent to M for any vector field X tangent to M at every point of M,
that is, (T M) C T M at every point of M.

M. Khatri, S.K. Chaubey, J.P. Singh (2022), Invariant Submanifolds of f-Kenmotsu Man-
ifolds , Int. J. Geom. Methods Mod. Phys., (Accepted).
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It is easy to see that for invariant submanifolds of f-Kenmotsu manifolds, we

have
o(X,€) =0, (5.1)

for any X € I'(T'M).

Proposition 5.1. Let M be an invariant submanifold of an f-Kenmotsu manifold

M. Then the following relations hold:

Vxé = —fo’X, (5:2)

0o (X,Y) = 0(pX,Y) = o(X, pY), (5.3)

(Vxe)Y = f(9(eX,Y)E = n(Y)pX), (5.4)
R(X,Y)¢ = [P (n(X)Y —n(Y)X) + ¢*(Yf) — ¢*(X ), (5.5)

where V, o and R denote the induced Levi-Civita connection, shape operator and

Riemannian curvature tensor of M, respectively.

Proof. By using (1.36), (1.37), (1.38), (1.51), (1.55) and (5.1) we can directly

compute the required results. O
Thus we can state the following:

Lemma 5.1. An invariant submanifold M of f-Kenmotsu manifold M is again

an f-Kenmotsu manifold.

Lemma 5.2. Any invariant submanifold M of f-Kenmotsu manifold M is a

minimal submanifold.

Proof. Since an invariant submanifold M of f-Kenmotsu manifold M is again f-

Kenmotsu manifold, M is of odd dimension, say (2n + 1)-dimension. Consider an
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orthonormal basis ey, ..., €341 of M such that e,y = pe,(t = 1,...,n), e9,41 = &.

Then by (5.1) and (5.4) we have

U(@@NP@') = 902(7(61‘, ei) = _U(Bia ei)'

Now,
2n+1
Tr(o) =Y (o(ei, &) + o(pes, per)) + o(€,€) = 0.
i=1
This shows that M is a minimal submanifold. O

Now R - o is given by

(R(X,Y)-0)(Z,U) = R*(X,Y)o(Z,U) — o(R(X,Y)Z,U)

for all XY, Z, U € I'(T M), where
RL(Xv Y) = [V‘J{(, V}J;] o V[JE(,Y}'

If R-o = 0, then the submanifold is called semiparallel. Arslan et al. ((1990)
defined and studied submanifolds satisfying the condition R(X,Y) - Vo = 0 for

all X,Y € I'(T'M) and called it as 2-semiparallel. We can write

(R(X,Y)-Vo)(Z,UV)=RYX,Y)(Vo)(Z,UV) - (Vo)(R(X,Y)Z,U,V)

—(Vo)(Z,R(X,Y)U,V) — (Vo)(Z, U, R(X,Y)V)(5.7)

for all XY, Z, U,V € I(TM) and (Vo )(Z,U,V) = (Vz0)(U,V).

For a (0, k)-type tensor field T, & > 1 and a (0,2)-type tensor field G on a
Riemannian manifold M. D(G,T')-tensor field is defined by (Atceken and Uygun,
2021)

D(G,T)(X,Y, . Tis X,Y) = —~T((X A V)X, Y, ... T})

e = T(X,Y, Tt (X A Y)T) (5.8)
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for all XY, ... Ty, X,Y € [(T'M), where
(X AcY)Z =G(Y,2)X — G(X, 2)Y.

Definition 5.2 (Atceken, 2021; Atceken et al., 2020). Let M be a submanifold

of a Riemannian manifold (M,g). If there exist functions Ly, Lo, Ly and Ly on

M such that
R-o=1,D(g,0), (5.9)
R-Vo = Ly D(g, @U), (5.10)
R-0 = L3D(S,0), (5.11)
R-Vo = L,D(S,Vo), (5.12)

then M 1is, respectively, pseudoparallel, 2-pseudoparallel, Ricci-generalized pseu-
doparallel and 2-Ricci-generalized pseudoparallel submanifold. In particular, if
Ly =0 or Ly =0 (resp., Ly =0 or Ly = 0), then M is said to be semiparallel

(resp., 2-semiparallel).

Next, we give some characterization theorems for totally geodesic submani-

folds of f-Kenmotsu manifolds.

Theorem 5.1. Let M be an invariant submanifold of an f-Kenmotsu manifold
M. Then M is totally geodesic if and only if the second fundamental form is

parallel, provided M s non-cosympletic.

Proof. Suppose that the second fundamental form o is parallel, then form (1.54)

we have
(Vxo) Y, Z) =Vio(Y,Z) —o(VxY,Z) - o(Y,VxZ) = 0. (5.13)
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Replacing Z by £ in (5.13) and using (1.9), (5.1) and (5.2) gives
fo(X,Y)=0.
As M is non-cosympletic, f # 0. Hence o = 0. This completes the proof. n

Theorem 5.2. Let M be an invariant submanifold of an f-Kenmotsu manifold

M. If M is a pseudoparallel submanifold then it is totally geodesic or the function
Ly satisfies Ly = —(f2+£f).

Proof. Consider that M is pseudoparallel, then from (5.9) we have

(R(X,Y)-0)(Z,U) = LiD(g,0)(Z,U; X,Y), (5.14)
for all X,Y, Z,U € I'(TM). Making use of (5.6) and (5.8) in (5.14) gives

RY(X,Y)o(Z,U) — o(R(X,Y)Z,U) — o(Z,R(X,Y)U)

=—Li{o(X A, Y)Z,U)+0(Z,(X N Y)U)}. (5.15)
Substituting X and Z by £ and using (5.1) in (5.15) we get
(Li+ [P+ &f)o(X,Y) =0,
for all X,Y € I'(T'M). This completes the proof. O

Corollary 5.1. Let M be an invariant submanifold of a regular f-Kenmotsu

manifold M. Then M is totally geodesic if and only if it is semiparallel.

Theorem 5.3. Let M be an invariant submanifold of an f-Kenmotsu manifold
M. If M is 2-pseudoparallel submanifold then it is either totally geodesic or

cosympletic or the function Lo satisfies Ly = —(f? + £f).
Proof. Under our assumption, from (5.10) we have
(R(X,Y)-Vo)(U,V,Z) = LyD(g,Vo)(U,V, Z; X, Y), (5.16)
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for all X,Y,Z, U,V € I'(T'M). Making use of (5.6) and (5.8) in (5.16) gives

RYX,Y)(Vuo)(V. Z) = (Vrxyywo)(V, Z) — (Vo) (R(X,Y)V, Z)
— (Vuo)(V,R(X,Y)Z) = —Lo{(V(xn,vywo) (V. Z)

+ (Vuo) (X Ay V)V, Z) + (Vo) (V, (X A, Y)Z)}. (5.17)
Putting X =V = ¢ in (5.17) yields

R(&,Y)(Vuo) (&, 2Z) = (Vreywo)(& Z) — (Vuo)(R(EY)E, Z)
- (@UU) (57 R(§7 Y)Z) = _LQ{(@(ﬁ/\gy)U0-> (57 Z)

+ (Vuo)(§ g Y)E Z) + (Vuo) (& (§ Ay Y)Z)}. (5.18)

Computing each term of (5.18) individually and using (1.9), (1.54), (5.1), (5.2)

and (5.5), we obtain the following:

(Vign,yywo) (& Z) = fo(@*(ENg YU, Z)

= f(U)o(Y, 2). (5.19)

(Vuo)(EngY)E, Z) = (Vyo)(n(Y)E—Y, Z)
= —a(Vu&, Z)n(Y) = (Vyo) (Y, Z)
= fo(¢’U, Zn(Y) — (Vuo)(Y, Z)

— —fo(U.Zm(Y) - (Vuo)(Y,Z).  (520)

(Vo) (& (E A Y)Z) = —o(Vué, g(Y, Z)E = n(2)Y)

= fo(U,Y)n(Z). (5.21)

R(&,Y)(Vuo)(€ Z) = —R*(€,Yo(VuE, 2)

— —fRM(,Y)o(U, 2). (5.22)
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(Vreywo) (&, Z) = —o(Vreywé, Z)
= fo(¢*R(§,Y)U, Z)

== [Po(Y, Z)n(U) - fo(gradf, Z)g(¢*U.Y) = f(Uf)o(Y, Z).

(5.23)
(Vuo)(R(&,Y)E, Z) = 2 (Vuo) (Y, Z) = f*n(Y)(Vuo)(E, 2)
— (€N (Vuo)(¢*Y, Z). (5.24)
(Vo) (&, R(EY)Z) = = fPo(Vul,Y) — o(Vué, gradf )g(9*Z,Y)
+(Zf)o(Vué, @*Y). (5.25)

Combining (5.18)-(5.25) and then replacing Z by £ in the forgoing equation we
lead

F(f?+E&f + Lo)o(Y,U) =0,

for all Y,U € I'(T'M). This completes the proof. O

Corollary 5.2. Let M be an invariant submanifold of a reqular f-Kenmotsu

manifold. If M s 2-semiparallel, then it is totally geodesic or cosympletic.

Theorem 5.4. Let M be an invariant submanifold of a reqular f-Kenmotsu
manifold M. If M is a Ricci-generalized pseudoparallel submanifold then M is
1

either totally geodesic or the function Lz satisfies Lz = 5-.

Proof. Suppose that M is a Ricci-generalized pseudoparallel submanifold then

from (5.11) becomes

(R(X,Y)-0)(Z,U) = LyD(S,0)(Z,U; X, Y), (5.26)
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for all X,Y, Z, U € I'(T'M). Making use of (5.6) and (5.8) in (5.26) gives

RY(X,Y)o(Z,U) — o(R(X,Y)Z,U) — o(Z, R(X,Y)U)

=—Li{oc(X As Y)Z,U) +0(Z,(X NsY)U)}. (5.27)
Inserting X = U = £ in (5.27) and then using (5.1) and (5.5) we obtain
(1= 2nLs)(f* +£f)o(2,Y) =0,
for all vector fields Z,Y. This completes the proof. O

Theorem 5.5. Let M be an invariant submanifold of a reqular f-Kenmotsu

manifold M. If M is a 2-generalized Ricci pseudoparallel submanifold then M is

either totally geodesic or cosympletic or the function Ly satisfies Ly = %

Proof. By hypothesis, from (5.12) we have
(R(X,Y)-Vo)(U,V,Z) = LyD(S,Vo)(U,V, Z;: X,Y), (5.28)
for all vector fields X, Y, Z, U, V. Making use of (5.6) and (5.8) in (5.28) gives

RH(X,Y)(Vuo)(V. Z) = (Ve o) (V. Z) — (Vuo) (R(X,Y)V, 2)
~ (Vuo)(V.R(X.Y)Z) = ~La{(Vixasriwo) (V. 2)

+ (Vo) (X As Y)V.Z) + (Vuo) (V. (X As Y)2)}. (5.29)
Replacing X =V = ¢ in (5.29) gives

RL(& Y) (6UU) (57 Z) - (@R(f,Y)UU) (5, Z) - (6U0-> (R(€> Y)éa Z)
- (@UJ) (57 R(fa Y)Z) = _L4{(€(§/\SY)UU) (ga Z)

+ (Vuo)(EAs Y)E Z) + (Vuo) (€, (Ens Y)Z)} (5.30)
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Computing each terms separately gives

(Viensyrivo) (€ Z) = —0(Viensvoé, Z)
= fo(@*(ENs YU, Z)

= 1S(&,U)a(Y, 2). (5.31)

(Vuo)((EAs Y)E, Z) = (Vuo)(S(Y,€)E — S(£,€)Y, Z)

= S(Y,&)(Vuo)(& 2) = S(&,€)(Vuo)(Y, Z).  (5.32)

(Vuo)(&, (EAs Y)Z) = (Vuo) (€, S(Y, 2)¢ = S(&, 2)Y)

= —S(6 Z2)(Vuo) (&, Y). (5.33)

Making use of (5.22)-(5.25) and (5.31)-(5.33) in (5.30) then replacing Z by & we

get
f(L=2nLy)(f*+&f)o(Y,U) =0,

for all Y, U € I'(T'M). This completes the proof. O

5.1.1 3-dimensional invariant submanifold of f-kenmotsu

manifold

Lemma 5.3. Let M be an invariant submanifold of f-Kenmotsu manifold M,

then there ezists the distributions D and D+ such that
TM=D&D'®<¢>, (D) C Drand ¢(DY)C D

Proof. The proof is similar to the proof of Lemma 4.1 (Chaubey et al., 2022) and

Proposition 6.1 (Shaikh et al., 2016). O

Theorem 5.6. A 3-dimensional submanifold M of f-Kenmotsu manifold M is
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totally geodesic if and only if it is invariant.

Proof. Suppose that a 3-dimensional submanifold M of f-Kenmotsu manifold M

is invariant, then form (5.3) for X;,Y; € D we have
wo(X1,Y)) = o0(pX1, Y1) = o(Xy, oY1). (5.34)
Operating (5.34) by ¢ and using (1.9) gives
po (X1, oY1) = p?o(X1, Y1) = —o (X1, Y1) + (o (X1, Y1))E. (5.35)

Since o(X1,Y1) C THM, o(X1,Y}) is orthogonal to € € TM. In consequence,

from (5.34) and (5.35) we get
O(QOXl?QO)/l) = O(X2’§/2> = _O-(Xh)/l)a (536)

where X, = 0X;,Y; = Y] € DY, Now for any X;,Y; € D and X,,Y, € D+ we

see that

o(X1+Xo+ 6, Y1) =0(X1, Y1) + 0(Xs, Y1) +0(§, Y1),
U<X1 + X2 + 67 YvQ) = U(Xla }/2) + U(X27 }/2) + U(§7 )/é)a

o(X1+ Xo +&,§) = (X1, ) + 0(Xy, ) + (&, 6).
In view of the above equations and (5.22), we can write
o(Xi+Xo+ Y1+ Yo +8&) =0(Xo, Y1) +0(X1,Y2). (5.37)
Taking U,V € TM asU = X3+ Xo+and V =Y; + Y5 + &, (5.37) becomes
o(U, V) =0(X2, Y1)+ 0(X1,Y2).
Operating the last equation by ¢ then using (5.34) and (5.36) yields

oo (U, V) = 0(Xa, oY1) + 0(Xq, pY2) = 0,
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Again operating by ¢ gives o(U, V') = 0, for any vector fields U, V. Therefore, M
is totally geodesic
The proof of the converse part is similar to the proof of Theorem 4.6 (Chaubey

et al., 2022). This completes the proof. ]

5.1.2 n-Ricci soliton on invariant submanifolds of f-Kenmotsu

manifolds

Let M be an invariant submanifold of an f-Kenmotsu manifold. Consider the

equation
S (Leg) (X,¥) + S(X,Y) + Ag(X, V) +wn(X)n(¥) =0, (5.38)

for any X,Y € I'(T'M), where L¢g is the Lie-derivative of g along £, S is the
Ricci tensor of g, and A and w are real constants. The data (g,&, A\,w) satisfies
(5.38) is called n-Ricci soliton on M (Cho and Kimura, 2009). In particular, if
w = 0 then it is called Ricci soliton (Hamilton, 1998) and it is expanding, steady
or shrinking according to A > 0,A =0 or A < 0 (Chow et al., 2006).

Making use of (5.2), we can write

(Leg)(X,Y) =g(VxEY) +9(X, VyE)

= 2f{g(X,Y) = n(X)n(Y)}.
In consequence of the last expression in (5.38) gives
S(XY) = =(f +Ng(X,Y) + (f = w)n(X)n(Y), (5.39)

for any vector fields X,Y on M. Thus we can state the following:

Theorem 5.7. If (g9,&,\,w) is an n-Ricci soliton on an invariant submanifold

M of an f-Kenmotsu manifold M, then M is n-Einstein.
In particular for w = 0 we have
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Corollary 5.3. If (g9,&,\) is a Ricci soliton on an invariant submanifold M of

f-Kenmotsu manifold M, then M is n-Einstein.

Replacing X =Y = ¢ in (5.39) and using (5.5), we get

A=2n(f*+£f) —w.

Theorem 5.8. Let an invariant submanifold M of f-Kenmotsu manifold M
admit an n-Ricci soliton (g,&,\, 1) then X = 2n(f* + £f) — w.

9

%> then for Ricci soliton (g,&,\) on M, X assumes the form

Suppose £ =
A=2n(f*+ %). Obvious that f = HLF is the general solution of f2 + % =0,
for some function F'(independent of t), provided ¢ + F' # 0. Thus, we can write
Corollary 5.4. Let an invariant submanifold M of an f-Kenmotsu manifold M
admits a Ricci soliton (g,&,X). Then the soliton (g, \,§) is shrinking, expanding

or steady if [ < HLF,f > HLF or f = HLF, respectively.

Corollary 5.5. Let an invariant submanifold M of Kenmotsu manifold M ad-
mit a Ricci soliton (g,&,\). Then M is n-Einstein and the soliton (g,&,\) is

expanding.

Corollary 5.6. Let an invariant submanifold M of a cosympletic manifold M
admit a Ricci soliton (g,&,\). Then M is Einstein and the soliton (g,&, \) is

steady.

Suppose that invariant submanifold M of an f-Kenmotsu manifold M admits
an 7-Ricci soliton. Let the Reeb vector field ¢ of M is the gradient of some smooth

function 1, that is, £ = gradi. Then equation (5.38) becomes

1

519(Vxgrad,Y) + g(X, Vygradi)} + S(X,Y) + Ag(X, Y) + wn(X)n(Y) = 0.
Contracting the above equation over X and Y, we find

V) =, (5.40)
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where U = —(7+ (2n+ 1)\ +w) and V? denotes the Laplacian operator of g and
T represents the scalar curvature of M.

A smooth function ¢ on a Riemannian manifold M is said to satisfy the
Poisson’s equation if it satisfies the partial differential equation (5.40) for some
smooth function ¥ on M. Particularly if we choose W = 0, then the above Poisson
equation reduces to the Laplace equation, and 1) is said to be harmonic.

By considering the above facts, we can state the following:

Theorem 5.9. Let an invariant submanifold M of an f-Kenmotsu manifold M
admits an n-Ricci soliton (g,&, \,w). If the Reeb vector field of M is the gradient

of some smooth function 1, then 1 satisfies Poisson’s equation (5.40).

Theorem 5.10. Let an invariant submanifold M of an f-Kenmotsu manifold M
admits an n-Ricci soliton (g,&, \,w). If the Reeb vector field of M is the gradient

of some smooth function 1, then 1 satisfies the Laplace equation if and only if

= _Ttw
A= 2n+1°

Remark 5.1. To study celestial mechanics, Pierre-Simon de Laplace used the
Laplace operator. Laplacian represents the fluxz density of the gradient flow of a
function. Laplacian occurs in differential equations that describes many physical
phenomena, such as electrical and gravitational potentials, the diffusion equation
for heat and fluid flow, wave propagation, quantum mechanics, Hodge theory, de

Rham cohomology, image processing and computer version.

5.1.3 Invariant submanifold of f-Kenmotsu space forms

Let M be a (2n + 1)-dimensional invariant submanifold of f-Kenmotsu space
form M?™*+'(¢). We consider an orthonormal basis ey, ..., eanpq1 of M such that

enit = wer(t = 1,...,n),ea,11 = & Then, using (1.40), (1.55) and (5.1) the
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expression for the curvature tensor of M is given by

R(X,Y,Z,U)

_ 6_43f2(g(Y, 2)9(X,U) — g(X, Z)g(Y.U))
b L (X Va0 Z.U) + 9(X. p 20l 1)

+f2

+Ef)(Xn(Z2)g(Y,U)
— n(Y)n(2)g(X,U) + g(X, Z)n(Y)n(U) —g(Y, Z)n(X)n(U))

+ g(O'(X, U),O'(Y, Z)) _g(U(X7 Z),O’(Y, U))v (541)

forall X,Y, Z, U € I'(T'M). From (5.41), the Ricci curvature and scalar curvature

of M is given by

stv.2) = 2 ngv 2y 2 D gy )
HEEL w22 - o(v. 2))
- Zg oles, Z),0(Y, e:)). (5.42)
and,
=nn+ 1)c—n(l +3n)f2 —4néf — ||o|f?, (5.43)

where, ||o||* =

>oij=19(0(ei ), o(ei e5)).

Now, for 1 <i,5 <n,n+ 1< a < 2p, where p = m — n we define

and its derivatives as

and

o = g(o(ei e)), ea), (5.44)
Sk = Ve o = 9((Ve,0)(es, €5), €a), (5.45)
U%kl = @el@ekaiaj = g(<@€l@6ko’)((ei7 ej)7 ea)- (546)
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n

SAIEIP) = Y 9((Ve Vo)), olese;)) + Vol

i7j7k:1

where,

lo|* = Z Z

1,j,k=1 a=n+1

|VO-||2 Z Z zgkk )

3,5,k=1 a=n+1
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(5.47)

where A denotes the Laplacian operator of g. For Ricci-generalized pseudoparallel

submanifold for L = 5-, from (5.26) we have

~ 1

R(ej,er) -0 = %(el Ns €g) -0

Also we have

(Rlerer) - 0)(eires) = (Vo Veo)(es, ¢5) = (Ve Vo) (e, ¢5)-
Making use of (5.1) and (5.8) we get

((e1 Ns ex)o)(ei e;) = —=S(ex, ei)o(er, e;) + S(e, e)o(ex, e;)

—S(er, ej)o(ei, e) + S(er, e;)o(e;, ex).

Combining (5.48), (5.49) and (5.50) gives

(Ve Fer0) et 65) = (Ve Veo)eis ) = 5[~ Sler,e)oer, ;)

+S (e, ei)o(ex, ej) — Sex, e5)o (e, e) + S(er, e5)o(es, ex)].
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Now using (5.51) we compute

9(Ve Veo)(eies),oleie;) = g((Ve,Veo)(er e)),0(eie;))

— Sleier)g(o(ex, e5), (e €5))
+ Slew,ej)g(o(e, ex),o(ei,e;5))

— S(ei,ej)g(o(er, er),o(eie;))].  (5.52)

Inserting (5.52) in (5.47) we get

A(lloll?) — [IVal* = Z{g o)(ex; ¢;),0(ei ¢5))

i,j,k=1

1

+ %[5(% er)g(o(ei, e;),0(ei, e5)) — Slei, ex)gl(o(er, e;), o(es, e;))

+ S(ex, e5)g(a(eis ex),o(ei e5)) — S(ei, ej)g(o(ex, ex), o(ei, e5))]}- (5.53)

Now we compute each term separately.

Z Slex, er)g(o(eie;),o(eie;)) = |lo| [ (5.54)
i,5,k=1
Z S<€i7ek)g( <€k7€j 6176] Z Z el7ek a€k7Aaei>
1,5,k=1 1,7,k=1 a=n+1

Z Z cn+1) f (1-n) — 1D)g(e;, ex)g(Aner, Anei)

i,j,k=1 a=n+1

_((n+1)(c—|—f2)

+(2n = 1)Ef)n(er)nle;)g(Aack, Aae:)

2
— g(Aner, Anei)g(Aner, Ane;)]. (5.55)
n 2p
Z S(ei7€j>g(0(ek:ek)70(ei7€j Z Z S GZ,GJ)TTAQQ(A ez7€j> (5 56)
i,5,k=1 1,7,k=1 a=n+1
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Combining (5.53)-(5.56) and using the minimality we get

n

_ 1 3
SAUIEIP) = Y 9((VeVe,o)(en en), oleis e;)) + 57 lloll” +1IVall*. (5.57)
i k=1
Take H* =% ,_ o, then (5.57) becomes
A(lloll) Z Z 05 (Ve, Ve, H) + —nTH0H2+|WU||2-
1,7,k=1 a=n+1

Then by Lemma 5.2, last equation becomes
1 .
A(llo]l*) = g-rlleol + Vel (5.58)
n
Hence, we can state the following.

Theorem 5.11. Let M be a (2n + 1)-dimensional invariant submanifold of f-
Kenmotsu space form ]\ZlQmH(C). If M is a Ricci-generalized pseudoparallel sub-

manifold with L3 = =, then we obtain the following relation:

1 .
A(llol]?) = %TIIUH2 +|Val]?.

5.1.4 Examples of an invariant submanifold of f-Kenmotsu

manifolds

Example 5.1. Consider a 5-dimensional manifold M = {(z1, 9, 23, 24,1) €
R® : t # 0} where (w1, 9,73, 14,t) are the standard coordinates in R5. Now

let {e1, ea, €3, €e4,€5} be a linearly independent global frame on M given by

N B R RN R
X2

81’17

Let g be a Riemannian metric on M define as

L af =7,
g(eiﬂej) =
0, if i#j, where 1<14,7<5.
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Set es = &, then we see that n(es) = 1 and n(e;) =0 fori=1,2,3,4.

Also, we define (1,1)-tensor ¢ as

pler) = —ea, w(e2) =e1, ples) = —es, @leg) =e3, p(es) = 0.

As a consequence of the above equations its easy to see that p*X = —X +n(X)E
and g(eX, oY) = g(X,Y) =n(X)n(Y), for any vector fields X,Y on M. Clearly,
M(cp,f,g, n) forms an almost contact metric manifold. Let V be the Levi-Civita
connection with respect to the metric g. Then we have

—te;, if i=1,2,34;7=05,
[ei, ej] = (559)

0, otherwise.

Making use of the Koszul formula and (5.59), we obtained the following

V., e1 = 2tes, 66162 =0, @eleg =0, 66164 =0, 66165 = —2teq,

V,e2 = 2tes, 66263 =0, 66264 =0, 66265 = —2teq, @egeg = 2tes,

Veseq =0, 66365 = —2tes, 66465 = —2tey, 66464 = 2tes, Ve,e5 = 0.

The above relations imply that the manifold satisfies Vx& = —f@2 X, for € = es
and f = —2t. Therefore, M is an f-Kenmotsu manifold with f = —2t. More-

over, M is reqular as f>+ &f #0.

Let M be a subset of M and consider the isometric immersion © : M —
M defined by m(xy,z5,t) = (x1,0,23,0,t). Clearly, M = {(x1,25,1t) € R? :
(z1,x3,t) # 0} is a 3-dimensional submanifold of M, where (21, x3,t) are standard

coordinates in R3. We choose the vector fields

2 0 2 0 0
ep=¢€¢ —, e3=¢€ —, e5= —.

8x1’ 81’37 ot
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We define g1 such that {eq,es, es} is an orthonormal basis of M as follows:

L oaf i=7,
g1(ei,e5) =
0, if i#j, where i,7=1,35.

Set & = e5. Then define 1-form ny and (1,1)-tensor field ¢y as 71(-) = g1(-, e5)

and p1(e1) = —es, p1(e3) = e1, p1(es) = 0.

Making use of the above relations, it is easy to see that
mies) =1L gi(X) = =X +m(X)es,
g1 X, 1Y) = g1 (X, Y) = m(X)m(Y),
for vector fields X,Y on M. Clearly, M(ni, g1, €5, p1) is an invariant submanifold

of M. Let V be the Levi-Ciwita connection induced by the metric g1, then by using

Koszul formula, we derive the following:

Ve, e1 = 2tes, Ve, e3 =0,V e5 = —2tey,
Ve363 = 2'[565, V53€5 = —2t63, Ve5e5 = 0.

One can see that M(g1,m, p1,e5) forms a 3-dimensional f-Kenmotsu manifold

with f = —2t. Thus, Lemma 5.1 is verified.

Let o be the second fundamental form, then using (1.51) and the above rela-

tions we obtained

o(X,Y) =0,

for any vector field X,Y on M. Thus, M is a totally geodesic submanifold of M.

Hence, Theorem 5.6 and Corollary 5.1, 5.2 are verified.

Example 5.2. Let R be an n-dimensional real number space. Define M° =

{(z1, 29, 23,24, 25) : x; E R,i=1,2,....5 and x3 # 0}. Let {e1,ea,e3,64,e5} be

155



Chapter 5

a set of linearly independent vector fields of M given by

;) s O ) s O ;)
e =e€ —,63 = ¢€ —,3 = —,64 = ¢ —,€6 = ¢ -
81’1 8ZE2 81‘3 81'4 8135

Let g be the associated metric of M?® which is define as

L af =7,
g(eiaej) =
0, if i#j, where 1<14,7<5.

Also, we define (1,1)-tensor field o of M® as

pler) = —ez, wlex) =e1, wlez) =0, ples) = —e5, @les) = eq.

By the linearity property of g and ¢, we can easily show that the following relations
p’e; = —e;+(ei)es, glei, e3) = n(e;) and glpe;, pe;) = glei, e;) —nlei)n(e;) holds
fori,j=1,2,3,4,5 and & = e3. Thus, M°(g,0,n,& = e3) is an almost contact
metric manifold.
Now by simple computation, we get the following relation:

6:mei) Zf 1= 1a274757] :37

=2 ej] =

0, otherwise.

Let V denote the Levi-Civita connection, then by using Koszul’s formula and

above relations, we can obtain the following:

Ve e1 = —e"e3, Ve ea =0,V e3 =e"e, Ve, e4 =0,
Vees =0,Ve,e0 = —€e"eg, Ve,e3 = €6y, Ve,e4 = 0,
Ve,e5 =0,Ve,e3 =0,Ve,es = —e™ey, Ve,e5 = —ees,
Veeqa = —€™e3, Veges; =0,V e5 = —ees.

Clearly, from the above relations, we can see that M°(g, ,&,n) is an f-Kenmotsu

manifold for £ = e3 and f = €*3. Moreover, M? is a reqular f-Kenmotsu mani-
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fold as f? — £f = e*s £ 0.

Let M3 be a subset of M®. Now consider an isometric immersion © : M3 —
M?® define as w(x1,T9,13) = (x1,2,73,0,0) where (x1, 12, 23) is the standard
coordinates in R3. Clearly, M® = {(x1,29,73) € R® and (z1,x9,23) # 0} is a

submanifold of M®. Let {e1, ey, e3} be the basis of M?® which is define as

e O e O 0
e =e —,6=¢€ —,63 = —.

8I1 85172 81’3

Let us define the associate metric g, of M? as

L af i=7,
g1(ei, €5) =
0, if i#j, where 1<14,7<3.
Also, 1-from ny and (1,1)-tensor field o1 are define as follows:
pi(e1) = —ez, @i(e2) =e1, wi(es) =0 and () = gi1(-, e3)
Making use of the above relations, it is easy to see that
7]1(63) = 17@%(‘){) =—-X +771(X)€37

911X, 1Y) = g1(X,Y) = mu(X)m(Y),

for any vector fields X, Y on M?3. Clearly, M3(ny, g1, €3, 1) is an invariant sub-
manifold of M®. Let ¥V be the Levi-Civita connection induced by the metric gy,

then by using the Koszul formula, we derive the following:

xX x
Ve e1 = —e"es, Ve ea =0,V e3 = ePeyq,

Ve, = —ees, Vo, e3 = e"eq, Ve,e3 = 0.

It is obvious that M3(gy,p1,m1,e3) is also an f-Kenmotsu manifold for f = e*s.

Thus, Lemma 5.1 is verified.
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Let o be the second fundamental form, then using (1.51) and the above rela-
tions we obtained

o(X,Y)=0,

for any vector field X,Y on M?3. This shows that the 3-dimensional invariant
submanifold of an f-Kenmotsu manifold is totally geodesic. Hence, the statement
of Theorem 5.6 is verified. Also, we can show that Corollary 5.1 and Corollary
5.2 holds on M3.

5.2 Improved Chen’s Inequalities for Submani-
folds of Generalized Sasakian-space-forms

Let M™ be an m-dimensional submanifold of a (m + p)-dimensional Rieman-
nian manifold M™*? endowed with the quarter-symmetric connection V and the
Levi-Civita connection % Let V and V denote the induced quarter-symmetric
connection and the induced Levi-Civita connection on the submanifold M. The

Gauss formula with respect to V and ¥ can be written as

Vi, Xo=Vx, Xo+h(X1,Xs), X,Xocl(TM)

Vi, Xo =V, Xo+h(X1,Xs), Xi,Xo€D(TM)

where h and h are the second fundamental forms associated with the quarter-
symmetric connection V and the Levi-Civita connection v respectively, and are

related as follows:

(X1, X) = h(X1, X) — thag(Xy, Xo) P, (5.60)

Y. Li, M. Khatri, J.P. Singh, S.K. Chaubey (2022), Improved Chen’s Inequalities for Sub-
manifolds of Generalized Sasakian-space-forms, Azioms, 11(7), 324.
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where P+ is the normal component of the vector field P on M. If PT represents
that tangent component of the vector field P on M, then P = PT + P+,
The curvature tensor R with respect to the quarter-symmetric connection V

on M™P can be expressed as (Qu and Wang, 2015):

A~

R(X1, X5, X3, Xy) = R(X1, Xy, X3, Xy) + U1 51(X4, X3)9(X2, X3)
—¢151(X2, X3)9(X1, X4) + ¢29(X1, X3>B1<X27 X4) - ¢29(X2, Xs)ﬁl(Xh X4)

Fa (V1 — ) g( X1, X3)Ba(Xa, Xa) — V(01 — ¥02)g( X2, X3)Ba( X1, X45.61)

where §; and fy are symmetric (0, 2)-tensor field defined as

Bi(Xy, Xp) = (%XlA)(X2> — 1 A(X1)A(X2) + %Q(XMXQA(P%

and

BQ(X17X2) = @g(Xl,XQ) + A(Xl)A(XQ)

Moreover, we assume that tr(5;) = A and tr(82) = p.
Let R and R be the curvature tensors of V and V respectively, then the Gauss
equation with respect to the quarter-symmetric connection is as follows (Qu and

Wang, 2015):

R(Xl,XQ,Xg,Xgl) = R(Xl,XQ,Xg,X4) — g(h(Xl,X4), h(Xg,Xg))
+g(h( X2, Xa), (X1, X3)) + (1 — 2)g(M( X2, X3), P)g(X1, X4)

+(W2 — n)g(h(Xy, X5), P)g(Xa, X4).  (5.62)

Let {ei1,...,en} and {emt1,...,€mspt be an orthonormal frame of T, M and
T:-M at the point z € M, then the mean curvature vector of M associated to
Vis H = 3" h(e;,e;). Similarly, the mean curvature vector of M associ-
ated to V is H = %Zﬁlﬁ(ei,ej). Also, the squared length of h is | h [|*=

Zzljzl g(h(ela 6j)7 h(eia 6])
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First, we recall the well-known lemma obtained by Chen (1993), which is as

follows:

Lemma 5.4. If ay, ..., Gy, a1 are m+ 1 (m > 2) real numbers such that

(zm:az)Q: (m—l)(éaf—i—amH),

1=

then 2aya9 > a1, with equality holding if and only if a1 + as = a3 = ... = ayy,.

Let M™ be a submanifold of a generalized Sasakian space form M (f1, f2, f3)
of dimension (2n + 1). For any tangent vector field X; on M, we can write
wX1 = TX; + FXy, where T X; is the tangential component and FX; is the
normal component of ¢ X;. The squared norm of 7 at x € M is defined as

1T 1P= D" 6 (weiey), (5.63)

ij=1
where {eq,...,e,,} is any orthonormal basis of the tangent space T, M and de-
composing the structural vector field & = &7 + &+, where €7 and ¢+ denotes the
tangential and normal components of £. Moreover, we set ©2(IT) = g?(T ey, e2) =

g*(per, ez), where {e1, es} is the orthonormal basis of 2-plane section II.

Theorem 5.12. Let M™,m > 3 be an m-dimensional submanifold of a (2n+1)-
dimensional generalized Sasakian space form M (f1, fa, f3) endowed with a quarter-

symmetric connection V, then

7(x) — K(II) < (m —2) ($ I +m+ %)

H(BIT I 60" m) 2 4 (e 12 —m—1) 1€ 1 ) £

A0 (15 ) — am = 1) + 2 (i,

—p(m—1)) + M (AGtr(h ) = m(m = DA(H)),

where 11 is a 2-plane section T,M, x € M.
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If in addition, P is a tangent vector field on M™, then H = H and the
equality case holds at a point x € M if and only if there exists an orthonormal
basis {e1, ...,em} of TuM and an orthonormal basis {€m1, ..., €ans1} of T M such

that the shape operators of M in M(fl, f2, f3) at x have the following forms:

R0 0 0
0 At 0 0
Ao = 0 0 RAth BRIt 0
0 0 0 R AR e
and
Ry, hi, 0 ... 0
A, =10 0 0 ... 0|l m+2<r<2n+1
0 0 0 ... 0

Proof. Let x € M and {ey,eg,...,em}, {€ms1, s €ans1} be an orthonormal basis

of T, M and T} M, respectively, then from (5.62), (1.58), (5.61) and (1.19) we get

2r(z) =m? [| H ||* = [ 2 || +m(m = D fi + 3 | T |
=2(m = 1) fs [| €7 [P =(¢1 + h2)A(m — 1)
—tha(P1 — Y2)pu(m — 1) —m(m — 1)(¢r — o) A(H). (5.64)

We set,

¢=27(x) = 2| H | —m(m — 1) fi = 3f | T |I?

+2(m = 1) fs [ €7 |7 +(¢1 + h2)A(m — 1)

(1 = Pa)u(m — 1) + m(m — 1)(¢r — o) A(H), (5.65)
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then (5.64) becomes
m? || H |P= (m = 1)( || h ||* +¢). (5.66)

For a chosen orthonormal basis, (5.66) can be written as:

2n+1  m
(o) == 0[S e S Sougd
i=1 i#£j r=m+21i,j=1
then using Lemma (Zhang et al., 2014), we have
2n+1 m
) e N U R S S (1 (5.67)
1#] r=m+21i,j=1

Now, let IT = span{e;, e2}, then from (5.62), (5.61) and (1.19) we get

2n+1

Rler es,ea,e1) = Y [Piihhy — (hDy)*] = (¥ — ¢)g(h(ea, e5), P)

r=m+1
+/1+3f2g%(per, e2) — fs(nP(e1) + 1 (e2))

—¢151(€27 62) - ¢251(€17 61) - ¢2(@/11 - ¢2)52(61, 61)- (5-68)

and

2n+1

Rler,ea,e1,65) = Y [(ha)” = Aiyhby] + (Y1 — ¢n)g(hler, 1), P)

r=m+1

—f1 = 3fag?(per, e2) + fs(n*(e1) + 1°(e2))

+181(e1, e1) + Pafi (e, e2) + a1 — o) Ba(ea, €2).  (5.69)

Making use of (5.68) and (5.69) in (1.57), we obtain

K= 3 (b — ()]~ P2 A )

r=m+1

+f1+3£0°(10) — (I & 1)

~Ltr(By 1 11) — 24051 ) — 20— )t (5 ). (5.70)
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Combining (5.64) and (5.70) gives

2

rla) = () = (m=2) (525 | H P +m o+ D))
H(3 17 12 —6020) 2+ (1&a 12 ~0m—1) 1€ 1 ) £
A () 2 — 1)) + P20 (s, 1y
—utm = 1))+ I (At (h ) — (o — 1)AH))

+ Mfl [1<Z< BB — Byl — 1<Z< (B + (R (5.71)

Making use of Lemma 2.4 (Zhang et al. 2014), we have

2n+1

S [ w3 (P 0] < G H s

r=m+1 1<i<j<m 1<i<j<m
In view of the last expression in (5.71), we obtain

m2

(z) — K(I) < (m — 2) (m

H(EIT 1P -602m) 2 4 (& IF ~(m—1) 1€ 1) 5

| H P +m+ )2

SO (40 ) A - 1)) + 2 (g,
—u(m — 1)) + M (A(tr(h ) — m(m — 1)A(H)>. (5.73)

Now, if P is a tangent vector field on M, then (5.60) implies h = h and
H = H. If the equality case (5.73) holds at a point x € M, then the equality
cases of (5.67) and (5.72) hold, which gives

herl hm+1 hm+1 — herl

Wt = hgtt = 0,5 > 2
hiy+hy=0r=m+2,....2n+1
hi; =0,i#jr=m+1,....2n+1

hitt = 0,0 # 40,5 > 2
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So choosing a suitable orthonormal basis, the shape operators take the desired

forms. O
Corollary 5.7. Under the same arqguments as in Theorem 5.12,

1. If the structure vector field & is tangent to M, we have

rle) — KD < (= 2) (5o | 8 P o+ 02

)
(3171 —00m)F o+ (e -m=1)s,
(0
)) +

PO (05, 1) — A — 1)+ ) (5, 1)
~utm =) + P2 (e ) — mm — DAG)).

2. If the structure vector field & is normal to M, we have

2

rla) = K < (m=2) (525 | H P +m+ D)
H(317 12 —serm) 24 L (5,

Afm =) + 2O (g,

—atm = 1)) + D (N ) — m(m — DAG)).

Remark 5.2. [t should be noted that Theorem 5.12 generalizes the Theorem 6
obtained by Wang (2019). Moreover, taking different values of f;,i = 1,2,3, we
can obtain similar inequalities as Theorem 5.12 for the Kenmotsu space form and

Cosympletic space form endowed with certain types of connections by restricting

the values of ¥;,1 =1, 2.

Remark 5.3. Ifin Theorem 5.12, we take 1, = 1o = 1 then we obtained Theorem
5.1 (Sular, 2016).

Corollary 5.8. Let M™,m > 3 be an m-dimensional submanifold of a (2n+ 1)-

dimensional generalized Sasakian space form M(fl, f2, f3) endowed with a semi-
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symmetric non-metric connection, then

m2

7(r) — K(II) < (m — 2)(m

+(31 T I —602m) 2+ (eal? —on 1) 1 €717 ) £
b5 (B 1) = Mm = 1)) + 5 (AGer(h ) — m(m — DA(H)),

o2+ 1)
| H 2 m 1)

where 11 is a 2-plane section T, M, x € M.

For an integer k > 0 we denote by S(m, k) the set of k-tuples (mq,...,my)
of integers > 2 satisfying m; < m and my,...,m; < m. Also, let S(m) be the
set of unordered k-tuples with & > 0 for a fixed m. Then, for each k-tuples
(mq,...,mg) € S(m), Chen introduced a Riemannian invariant é(my, ..., mg) as

follows (Chen, 1995)

d(my,...,mg)(x) =7(x) —inf{r(L)+ -+ 7(Ly)}, (5.74)

where Ly, ..., L run over all £ mutually orthogonal subspaces of T, M such that

dimL; =mj,j € {1,...,k}. For simplicity, we set

Ui(L) = Y P(Teney), Ua(Ly) = > [9(6" &) +9(¢" €;)?

1<i<j<r 1<i<j<r
Us(Ly) = D [Bulener) + Bules.e)], WalLy) = > [Balei i) + Balej )]
1<i<j<r 1<i<j<r
Us(Ly) = > Ah(ei e) + hiej, )
1<i<y<r

As the generalization of Theorem 5.12, we state and prove the following results

using the methods used by Zhang et al. (2014).

Theorem 5.13. Let M™,m > 3 be an m-dimensional submanifold of a (2n+1)-

dimensional generalized Sasakian space form M (f1, fa, f3) endowed with a quarter-
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symmetric connection V, then

5(m1)' - 7mk) S b(mh s 7mk) || H ||2 +a(m17‘ - 7mk)f1
TP <
+3f2<” 5

- Zwm) (GRS i%@j))
) (1 - zmg 1) = 2w — o) ((m — 1)

= MLJ)) W — ) 5 () <m(m —1DA(H) — ﬁ: \Ifs(Lj)),

for any k-tuples (mq,...,my) € S(m). If P is a tangent vector field on M, the

equality case holds at x € M™ if and only if there exists an orthonormal basis
{e1,...,em} of TuM and an orthonormal basis {€mi1, ..., €any1} of T-M such that

the shape operators of M in M(fl, fa, f3) at x have the following forms:

@ 0 ... 0 AL .0 0
0O ay ... O : o :

AenH»l: 7A€T: ,T:m+2,72n+1’
. . <. . 0 Az O
0 0 ... ap 0 ... 0 ¢I

where ay, ..., ay, satisfy

ap+ -t amy =0 = gy 41 T Gy 1 = 00 = G
and each A% is a symmetric mjxm; submatriz satisfying tr(A7) = - - = tr(Ay) =

S, I is an identity matrix.

Proof. Choose an orthonormal basis {eq, ..., €,,} of T, M and an orthonormal basis

{€ma1, s Cony1} of T;M such that mean curvature vector H is in the direction
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of the normal vector to e, 1. We set

_ pm+1 s
a;=h;", i=1,...,m
bl:a17b2:a2+"'+am17b3:am1+1+"'+am1+m27"‘7

bk+1 = Omy4dmp_1+1 + Amy+-mp_1+mys - - - 7b"/+1 = G,

and consider the following sets

Dlz{l,...,ml}, Dgz{m1+1,...,m1+m2},...,

Dk:{(ml—i_"'—f—mk—l)+1""7(m1+."+mk_1)+mk}‘

Let Ly, ..., L; be mutually orthogonal subspace of T, M with dimL; = m;, de-
fined by

Lj = Span{em, 4tm;_1 415+ Cmygotm; f» J = 1,..., k.

From (5.62), (1.56), (5.61) and (1.19), we get

T(L;) = 4_1)1?1 +3f2V1(L;) — f392(Ly)
_T\%( i) — @(@/)1 Vo) Wa(Ly) — () 9 w2) Ws5(L;)

2n+1

- Z Z a]aj ﬁjﬁj _(hajﬁj>2]' (5.75)

r=m+1 o;<B;

We set

e =21 —2b(my,...,mp) | H |2 —=m(m —1)fi —3fo | T |I2
+2(m = 1) fa || €7 |1 +(¢1 + o) A(m — 1)
Fo (1 — o) pu(m — 1) + m(m — 1)(¢1 — o) A(H), (5.76)
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where,

k
m2<m+k —-1- ij)
=1
b(my,...,mg) = kj :
2<m +k— Z mj>
j=1
for each (my,...,mg) € S(m).
k
Also, let v = m+k — Z m;. Then in view of this and (5.76), Eq. (5.64) becomes
j=1

m?® || H "= ([ h [I* +e)7,

which can be written as

v+1 y+1 2n+1 m

(Z bi>2 = ’y[e FY DY (T DY) ()
i=1 i=1 i r=m+2ij=1
-2 Z Aoy Qpy, — -+ — 2 Z aaka/gk}, (5.77)
a1<p k<P

where o, 8; € D forall j=1,... k.

Now applying Lemma 2.3 (Zhang et al., 2014) in (5.77), we obtain

Z Aoy Apy + -0 F Z oy, Qg =

a1<p1 o <P
1 2n+1 m
m—+1\2 r\2
Slet e 30 S,
itj r=m+2i,j=1

which further implies

2n+1

Z Z Z [hgéjaj Eyﬂj = géjﬁj)z} =

J=1 r=m+1 a;<p;

N ™

2n+1 2n+1
1 T 2 r 2 £
+§ Z Z ( OCB) + Z Z (hajaj) S 57 (578)
r=m-+1 (‘Lﬁ)%DQ r=m-+2 OLJ'ED]‘

where D? = (D X Dy)U---U (Dy x Dy). Combining (5.64), (5.75) and (5.78)
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gives
T— ZT(Lj) <blma,....mp) || H|? +a(my,...,mp)fa
37(LLE =S waw) - s (tm - 1€ 17 -3 wan)

k
where, a(mq,...,my) = %[m(m —-1)— ij(mj — 1)]
j=1
The equality case (5.79) at a point x € M holds if and only if all the previous

inequalities hold, thus, the shape operators take the desired forms. O]

Remark 5.4. Restricting the values of f;,1 = 1,2,3 and ; for i = 1,2, we can
obtain similar bounds as Theorem 5.13 for certain contact space forms endowed

with certain connections.

Theorem 5.14. Let M™ m > 3 be an m-dimensional submanifold of a (2n+1)-
dimensional generalized Sasakian space form M(fl, fa, f3) endowed with a quarter-

symmetric connection V, then

(1) For each unit vector Xy in T, M, we have

Ric(Xy) < (m—=1)fi+3f2a 21, (X1, €;) + fa((2 —m)n*(X1)— [ €7 |1*)
+th1 + (1 = m)ahe] 81 (X1, X1) — 1A + Yo (Y1 — ) (1 — m) Ba( X1, X1)

— (1 — o) [mA(H) — A(X,, X)) + 22 || H |)?. (5.80)

(i1) If H(x) = 0, then a unit tangent vector Xy at x satisfies the equality case
of (5.80) if and only if X1 € M(x) ={X; € T,M | h(X1,X3) = 0,VX, €
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T,M}.

(11i) The equality of (5.80) holds for all unit tangent vectors at x if and only if

either

1. m#2,hi;=0,1,j=12..mr=m+1,....2n+1, or

2. m =2l = hhy, Wy = 0,7 =3,...,2n+1.

Proof. Choosing the orthonormal basis {e,...,e,} such that e; = X;, where
X, € T, M is a unit tangent vector at the point z on M. In view of (5.62), (5.61)
and (1.19) then proceeding similarly as the proof of Theorem 4 (Wang, 2019),

one can easily obtained the desire results. O]

By choosing an orthonormal frame {es, ..., ex} of L such that e; = X, a unit

tangent vector, Chen (1995) defined the k-Ricci curvature of L at X; by
Ricp(X1) = Ko+ K3+ -+ + K. (5.81)

For an integer k,2 < k < m, the Riemannian invariant ©; on M is defined by

Ok(z) = inf{Ric (X1)| L, X,},x € M

k—1
where L runs over all k-plane sections in T, M and X; runs over all unit vectors
in L. From Zhang et al. (2014), we have

m(m — 1)

T(x) > 5

Or(). (5.82)

Let us choose {eq,...,en} and {€41, ..., €2n41} as an orthonormal basis of T, M
and T}+M,z € M, respectively, where e, ; is parallel to the mean curvature

vector H. In addition, let {ei,...,e,} diagonalize the shape operator A, ..
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Then,
a; 0 0
AemH: 0 ay 0
0 0 ... ap
and
A, =hy, ,j=1....m, r=m+2,....2n+1, trA., =0.

(5.83)

In consequence of the above assumptions, Eq. (5.64) can be written as follows:

m? || H ||>= 2T+Za + Z Z 2_m(m—1)f
=3f | T |? +2(m—1)f3 [rs ||2 +(¥1 + o) A(m — 1)
2 (1 — Po)pu(m — 1) +m(m — 1)(¢1 — ¥2) A(H). (5.84)

Using the Cauchy-Schwartz inequality we have

da=ml|H|. (5.85)
i=1
Combining (5.82), (5.84) and (5.84), we are able to state the following:

Theorem 5.15. Let M™,m > 3 be an m-dimensional submanifold of a (2n+1)-
dimensional generalized Sasakian space form M(fl, fa, f3) endowed with a quarter-
symmetric connection ¥V, then for any integer k,2 < k < m and any point v € M,

we have

3f2
m(m — 1)

P2 ) - B — ) (1 — ) ACED).

2f3

IH |* () = Or(z) = fi = T +== 11" |1®

As a particular case of Theorem 5.15, we obtained Theorem 6.2 (Sular, 2016)
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which is as follows:

Corollary 5.9 (Sular, 2016). Let M™ m > 3 be an m-dimensional submanifold
of a (2n + 1)-dimensional generalized Sasakian space form M(fl, fo, f3) endowed
with a semi-symmetric metric connection, then for any integer k,2 < k < m and

any point x € M, we have

2fs

| HIP (@) 2 0uw) ~ fi— 2 7P+ 22

(m—1)

Corollary 5.10. Let M™,m > 3 be an m-dimensional submanifold of a (2n+1)-

2\
=

dimensional generalized Sasakian space form M(fl, f2, f3) endowed with a semi-
symmetric non-metric connection, then for any integer k,2 < k < m and any

point x € M, we have

3f2 2f3 A
H|? > - fi——— 22T P+ 4+ A(H).
17 (@) 2 Oula) = fi = s | TP 422 €7 42+ AH)
Remark 5.5. Restricting function f;;v = 1,2,3, we can easily obtain similar

inequality in the case of Sasakian, Kenmotsu and Cosympletic space forms.

5.2.1 Some Applications

The notion of slant submanifolds in almost contact geometry was introduced
by Lotta (1996). A submanifold M of an almost contact metric manifold (]T/[/ L 0,6,1,9)
tangent to the structure vector field £ is said to be a contact slant submanifold if,
for any point x € M and any vector X; € T, M linearly independent on &,, the
angle between the vector ¢.X; and the tangent space T}, M is constant. This angle

is known as the slant angle of M. The concept of slant submanifold is further

generalized as follows:

Definition 5.3 (Algahtani et al., 2017). A submanifold M of an almost contact

metric manifold M is called a bi-slant submanifold, whenever we have
1. TM =Dy, & Dy, B¢
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2. ©Dy, L Dy, and ©Dy, L Dy, .
3. Fori=1,2, the distribution D; is slant with slant angle ;.
Now, as a consequence of Theorem 5.12, we can state the following:

Theorem 5.16. Let M be a (m = 2d,+2dy+1)-dimensional bi-slant submanifold
of a (2n + 1)-dimensional generalized Sasakian space form M(fl, fa, f3) endowed

with a quarter-symmetric connection V, then we have

7(x) — K(II) < (m —2) (% I +m+ %)

+3<(d1 —1)cos?0; + d2003202>% —(m—1)f3

+(¢1 42-%) (tT(@ ) — A(m — 1)) n ¢2(¢12— o) (tr(ﬁg )
—pulm — 1)) ¥ M (A(tr(h ) — m(m — 1)A(H)>,

for any plane 11 invariant by T and tangent to slant distribution Dy, and

1

m? f

7(x) — K(II) < (m —2) (m | P +m+1)7)

+3 <d1608291 + (dy — 1)003292>% —(m—=1)fs

PO (05, ) — 2 — 1)+ ) (5, 1
“pton = 1)) P (70 )~ mom 01D,

for any plane 11 invariant by T and tangent to slant distribution Dy,. Moreover,

the ideal case is the same as Theorem 5.12.

Proof. Let M be a bi-slant submanifold of a generalized Sasakian space form
M(fy, fo, f3) of dimension (m = 2d;, + 2ds + 1) and let {ey, ..., em = £} be an

orthonormal frame of tangent space T, M at a point x € M, such that

e1,e2 = sechiTeq, ..., e,-1,€24, = secliT €24,-1, €2d, 41, €24, +2

= 56C92T€2d1+17 v o3 €2d142do—15 €2d14+2d2 = 56092T62d1+2d2717 €2dy+2do+1 = &,
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which gives

) cos’y, for i=1,2,...,2d; —1
g (peis, ;) =
cos®ly, for i=2d;+1,...,2d, +2dy — 1.

Thus we have

| 7 I*= 2{d1cos*0; + dycos®0y}
Making use of the above facts in Theorem 5.12, the proof is straight forward. [J

In a similar manner Theorems 5.13, 5.14 and 5.15 can be stated for bi-slant
submanifold of a generalized Sasakian space form. Moreover, restricting the val-
ues of 0;,7 = 1,2, similar results can be obtained for a large class of submanifolds
such as slant, semi-slant, hemi-slant, semi-invariant submanifolds. Also, by tak-
ing different values of f;,7 = 1,2, 3 we can derive similar inequalities for Sasakian,

Kenmotsu and Cosympletic space forms.
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Chapter 6

Some Results on Spacetime

6.1 On Ricci-Yamabe soliton and Geometrical
Structure in a Perfect Fluid Spacetime

As Ricci-Yamabe soliton is a scalar combination of Ricci and Yamabe soliton,
it is fruitful to study it in the context of perfect fluid spacetime and obtain results

that generalize the previously known results in perfect fluid spacetime.

6.1.1 Geometrical structure of perfect fluid spacetime with

torse-forming vector field

According to Einstein’s field equation, the energy-momentum tensor describes
the curvature of spacetime and hence plays a crucial role in the theory of rela-
tivity. The spacetime of general relativity is regarded as a connected four dimen-
sional semi-Riemannian manifold (M*, g) with Lorentzian metric g with signature

(—,+,+,+). A spacetime is said to be a perfect fluid spacetime if the Ricci tensor

J.P. Singh, M. Khatri (2021), On Ricci-Yamabe soliton and geometrical structure in a
perfect fluid spacetime, Afr. Math., 32(7), 1645-1656.
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is of the form:
S=ag+b®n, (6.1)

where a, b are scalars and 7 is non-zero 1-form.
The general form of energy-momentum tensor T for a perfect fluid is (O’Neill,

1983)
T(X,Y) = pg(X,Y) + (o + p)n(X)n(Y), (6.2)

for any X, Y € x(M), where o is the energy density, p is the isotropic pressure, g
is the metric tensor of Minkowski spacetime, n(X) = —g(X, ) is 1-form, equiv-
alent to unit vector £ and ¢(§,&) = —1. If p = p(o) then perfect fluid spacetime
is called isentropic (Hawking and Ellis, 1973) and if 0 = 3p then it is a radiation
fluid.

Einstein’s field equation (O’Neill, 1983) governing the perfect fluid motion is
defined as:
SOLY)+ (A= 5)g(X.Y) = RT(X,Y), (6.3)

for any X,Y € x(M), where A is the cosmological constant, k(~ 87G, where G
is universal Gravitational constant) is the gravitational constant.

Combining (6.2) and (6.3) we obtain
ﬂXJV=—@—£+%MMXJV+HU+MMXMQW (6.4)

Taking trace of (6.4), the scalar curvature becomes r = 4\ + k(o — 3p), using in

(6.4) we infer
S(X,Y)=ag(X,Y) +bn(X)nY), (6.5)

Wherea:)\+@andb:k(a+p).

177



Chapter 6

Lemma 6.1 (Blaga, 2018; Venkatesha and Kumara, 2019; Siddiqi and Siddiqui,
2020). In perfect fluid spacetime with torse-forming vector field &, the following

relations hold:

n(Ve) = 0, V£ =0,
(Vxn)(Y) = g(X,Y) +n(X)n(Y),
R(X,Y)E = n(YV)X —n(X)Y,
(Leg)(X,Y) = 2[g(X,Y) +0(X)n(Y)],

Let (M%,g) be a semiconformally flat perfect fluid spacetime with torse-
forming vector field £&. As P = 0, we have divP = 0 where “div” is the di-
vergent. Since r is constant, implies X (r) = 0 for any X € x(M). From (1.25)

for divP = 0 we obtain
k(o + p)n(Y)X —n(X)Y] = 0. (6.6)

As k # 0, in this case the equation of state p + 0 = 0 emerges. This is the
characteristic equation of state for dark energy in the universe and corresponds to
the cosmological constant (Stephani et al., 2003). Essentially, as density cannot
be negative, the pressure p must be negative which is useful in explaining the
observed accelerated expansion of the universe problem.

Making use of p = —o in (6.5) and (1.25) gives

L (3a —48) (A + ko)lg(Y, 2)X — g(X, 2)Y). (6.7)

3a

R(X,Y)Z =

Therefore, spacetime has constant curvature. As de-Sitter space is a Lorentzian
manifold of constant curvature with implied negative pressure driving cosmic

inflation (Schmidt, 1993) we can state the following:

Theorem 6.1. If perfect fluid spacetime with torse-forming vector field £ is semi-
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conformally flat, then the spacetime represents de-Sitter space, provided o # 0.

We know that manifold of constant curvature is Einstein. Also from (6.7) we
easily see that R- R = 0. A perfect fluid spacetime satisfying R - R = 0 and
R -S = 0 are called semi-symmetric and Ricci semi-symmetric respectively. A

semi-symmetric implies Ricci semi-symmetric but conversely not true.

Proposition 6.1. A semiconformally flat perfect fluid spacetime with torse-
forming vector field & is
i) Einstein.

ii) semi-symmetric and Ricci semi-symmetric.

According to Karchar (1992), a Lorentzian manifold is called infinitesimal
spatially isotropic relative to timelike unit vector field p if its curvature tensor R

satisfies relations

for all X,Y,Z € p* and
R(X,p)p=mX,

for all X € p*, where [, m are real-valued functions on the manifold.
Let ¢+ denote the 3-dimensional distribution in a semiconformally flat perfect
fluid spacetime orthogonal to torse-forming vector field &, then from (6.7) we get
1
R(X.Y)Z = = (@a = 45)(\ + ho)g(Y. Z)X — (X, 2)Y], (6.9)
«
for all X,Y,Z € £+, Also taking Y = Z = £ in (6.8) gives

L (30— 48)(\ + ko) X, (6.9)

«

R(X7 p)p =

for every X € &*+. Hence we can state the following:
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Theorem 6.2. A semiconformally flat perfect fluid spacetime with a # 0 and
torse-forming vector field & is infinitesimally spatially isotropic relative to unit

vector field &.

Theorem 6.3. Let (M*,g) be a general relativistic perfect fluid spacetime with
torse-forming vector field &.

1. If P(&,:)- S =0 thenp=—0 orp= 3a(’\;1k)€;€(§)”kg).

2. [fs(ga ) - P =0 then p= % or p= 30‘()‘_3:2(‘;6(;))\-"-k0) )

Proof. 1. Suppose perfect fluid spacetime with torse-forming vector field ¢ satis-

fies P(§, X) - S(U,V) = 0, implies
S(P&X)U,V)+ S(U, P, X)V) =0, (6.10)

for all X, U,V € x(M). Inserting (6.5) and (1.25) in (6.10) results in

— 2ak(o + p)(A + g(a = p)n(XOn(U)n(V) + k(o + p)(a — %—
(A —kp))[—g(X, Un(V) = 2n(X)n(U)n(V) — g(X,V)n(U)]
+ 2ak* (o + p)*n(X)n(U)n(V) = 0. (6.11)

3a(A—1)+B(4A+ko)
3k(a—pB) ’

2. Suppose perfect fluid spacetime satisfies S(§, X) - P(U, V)W = 0, implies

Replacing U by £ in (6.11) we obtain that either p = —o or p =

S(X, P(U,VYW)E — S(&, P(U,V)W)X + S(X,U)P(E, V)W

- SEU)PX, VW + S(X,V)P(U, )W — S(&,V)P(U, X)W

+ S(X,W)P(U, V)¢ - S(,W)P(U, V)X =0, (6.12)
for all X, U, V,W € x(M).

Taking V=W = ¢ in (6.12) and using (6.5) and (1.25), we obtain the following

relation

(A —kp) (o — % — (A = kp))[g(X,U) +n(X)n(U)] = 0.
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3a(A—1)+B(4 +ko)
ha—B) "

Thus either p = % or p=

This completes the proof. O

6.1.2 Ricci-Yamabe soliton in a perfect fluid spacetime

In this subsection, we study Ricci-Yamabe soliton in the framework of perfect
fluid spacetime admitting a torse-forming vector field &.

Taking potential vector field, V' = ¢ in (1.45) and using Lemma 6.1 we obtain

OS(X,Y) = [n— o~ 1Jg(X.¥) ~ n(X)n(Y). (6.13)

Inserting X =Y = ¢ in (6.13) yields

u:/\(a+26)+%(a—3p)—%k(a—f-?)p). (6.14)

Hence we can state the following:

Theorem 6.4. If a perfect fluid spacetime with torse-forming vector field & admits
Ricci-Yamabe soliton (g,&, p, «, 3), then the Ricci-Yamabe soliton is expanding,
steady or shrinking according to as \ > m&x(a +3p) — B(c —3p)}, A =
Q(Q—i%){a(a—l—Sp) —B(c—=3p)} or A < m{a(aj%’)p) —B(c—3p)} respectively,
provided o + 23 # 0.

Remark 6.1. Now we will look at some of the particular cases of Theorem 6.4.
If a perfect fluid spacetime with torse-forming vctor field & admits:

1. Ricci soliton (« = 1,8 = 0), then the Ricci soliton is expanding, steady or
shrinking according as X > £(c43p), A = £(c+3p) or A < £(c+3p) respectively.
This was shown by Venkatesha and Kumara (2019).

2. Yamabe soliton (o« = 0, 8 = 2), then the Yamabe soliton is expanding, steady or
shrinking according as X > ¥(3p—0), A = £(3p—0) or A < £(3p—0) respectively.
3. Einstein soliton (a = 1,8 = —1), then u = —\ — ko implies Einstein soliton

s expanding if A < —ko, steady if A = —ko and shrinking if A > —ko.
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Theorem 6.5. If a perfect fluid spacetime with torse-forming vector field & admits
Ricci-Yamabe soliton (g, V, u, a, ), then either every perfect fluid spacetime with
torse-forming vector field & is a spacetime with the equal associated scalar or the

Ricci-Yamabe soliton is expanding, steady or shrinking according to as Theorem
6.4.
Proof. Inserting (6.5) in (1.45) we get

(£vg)(X.Y) = 21— — an)g(X,Y) ~ 2abn(X)n(Y). (6.15)

Taking Lie-differentiation of (6.5) and using it in (6.15) yields

(£vS)(X.Y) = 2a(p—"F — aa)g(X,Y) — 2uabn(X)n(Y)
£ By (X)n(Y) + (Lrm) (Y (X)) (6.16)

Differentiating covariantly (6.5) along vector field Z and using Lemma 6.1 infer
(V2S)(X,Y) =blg(Z, X)n(Y) + g(Z,Y)n(X) + 2n(X)n(Y)n(Z)]. ~ (6.17)
According to Yano (1970), we have the following commutative formula:

(LvVzg — VzLyg—Vyz(X)Y)

= —g((LvV)(Z,X).Y) = g((LvV)(Z,Y), X).  (6.18)
Combining (1.45) and (6.18) we obtain
g(LyV(X,Y), Z) = (V29)(X,Y) = (Vx9) (Y, Z) = (VyS)(X, Z). (6.19)
Inserting (6.17) in (6.19), we get the form
(LvV)(X,Y) = =2b[g(X,Y)E + n(X)n(Y)E]. (6.20)
Again consider the commutative formula given by Yano (1970):

(LyR)(X,Y)Z = (Vx Ly V(Y. Z) — (Vy Ly V)(X, Z). (6.21)
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Taking covariant differentiation of (6.20) and using it in (6.21), yields

(LvR)(X,Y)Z = 2b[g(X,Z2)Y —g(Y, Z2)X

+ n(X)n(2)Y —n(Y)n(2)X]. (6.22)
Contracting (6.22) with respect to X gives
(LvS)(Y, Z) = =6b[g(Y, Z) +n(Y)n(Z)]. (6.23)
Putting Y = Z = ¢ in (6.23), we have

(LvS)(&,€) = 0. (6.24)

Inserting X =Y = ¢ in (6.16) we obtain

—2a(p — % — aa) — 2aab 4 2b(Lyn)(€) = 0. (6.25)

Also, taking X = ¢ in (6.15) infer

(£v6)(X.&) = 20— 2~ aa) + 20bJn(X). (6.26)

Taking Lie-differentiation of n(X) = ¢(X,¢) and using it in (6.26) give us the

relation:
br
(Lym)(X) = g(LvE, X) = [2(n — = — aa) + 2ba]n(X) = 0. (6.27)
Again, taking Lie-differentiation of g(¢,&) = —1 along V and using (6.16) gives

n(LyE) = u— % — aa + ab. (6.28)

Making use of (6.28) and (6.25) and substituting the values of a and b we obtain

the following relation:

2\ — k(o +3p)|[p — Ma+28) + %(0 —3p) — %k(a +3p)]=0. (6.29)
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Thus we see that either A = £(0+3p) or = Aa+28) +Z(0—3p) — % (0 +3p).
We obtain the following two cases:

Case-I: If \ # %(o + 3p), then p = ANa + 28) + 2 (0 — 3p) — %(0 + 3p). In
this case Ricci-Yamabe soliton is expanding, steady or shrinking accordingly as
Theorem 6.4.

Case-II: If A = £(0 + 3p) and 11 # Ao+ 283) + %(a —3p) — %(0 + 3p), implies

i # 3Bk(c + 3p). Then we get
S(X.Y) = k(o + p)[g(X,Y) + n(X)n(Y)], (6.30)

i.e. perfect fluid spacetime is a spacetime with equal associated scalar constant.

This completes the proof. O
Taking X =Y = ¢ in (6.20) yields
(LvV)(&.€) = 0. (6.31)
Using the commutative formula:
(LyV)(X,Y)=VxVyV = Vg vV + RV, X)Y. (6.32)
Replacing X, Y by ¢ in (6.32) and using (6.31) gives
VeVeV — Vg eV + R(V,€)E = 0. (6.33)
Since ¢ is torse-forming vector field, V£ = 0 then (6.33) becomes
VeVeV + R(V,EE = 0. (6.34)

This implies that potential vector field V' is a Jacobi vector field along the geodesic

of £&. Hence we can state the following:

Theorem 6.6. If a perfect fluid spacetime with torse-forming vector field & admits

a Ricci- Yamabe soliton (V, g, i, o, B), then the potential vector field V' is a Jacobi
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vector field along the geodesics of &.

6.1.3 n-Ricci-Yamabe soliton in a perfect fluid spacetime

In this section we consider 7-Ricci-Yamabe soliton in the context of perfect
fluid spacetime admitting torse-forming vector field £ and obtain the Poisson
equation.

Writing explicitly the Lie derivative L¢g and taking potential vector V = £ in
(1.47) we get

[9(VxEY) + g(X, Vyé)] + 2aS(X,Y)

+(2u— pr)g(X,Y) 4+ 2wn(X)n(Y) =0, (6.35)

for any X,Y € x(M). Contracting (6.35) yields

Br

div(§) + ar + (pu — 7)dim(]\/[) =w. (6.36)

Let (M*,g) be a general relativistic perfect fluid spacetime and (g, &, u, w, «, 3)

be an n-Ricci-Yamabe soliton in M. From (1.47) and (6.5) we get

SI9(VXEY) + 90X, VyE)] + (a0 + i — T )g(X, )
+(ab + w)n(X)n(Y) = 0. (6.37)

Consider {e;}i1<i<4 an orthonormal frame field and let £ = 3} &%, we have
¥ eu(€)? = —1 and n(e;) = ;"
Multiplying (6.37) by €; and summing over i for X =Y = e; we obtain
dp —w = (2 — a)r — div(§). (6.38)
Taking X =Y = ¢ in (6.37) gives
Br

w—,u:oz(a—b)—?. (6.39)
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Therefore,
y
e P D B LY ()
w = —aHa+p)—dﬁ§) (6.41)

Hence we can state the following:

Theorem 6.7. Let (M, g) be a 4-dimensional pseudo-Riemannian manifold and
let n be the g-dual 1-form of the gradient vector field & = grad(f) with g(&,€) =
—1. If (1.47) defines an n-Ricci- Yamabe soliton in M, then the Poisson equation
satisfies by f is

A(f) = =3lw + ak(a + p)].

In view of (1.47), taking a = 0 and 5 = 1 it gives -Yamabe soliton. Thus we

can state the following:

Corollary 6.1. Let (M, g) be a 4-dimensional pseudo-Riemannian manifold and
let  be the g-dual 1-form of the gradient vector field & = grad(f) with g(&,§) =
—1. If (1.47) defines an n-Yamabe soliton in M, then the Poisson equation
satisfies by f is

A(f) = 3.

Remark 6.2. Now we look at some of the particular cases of Theorem 6.7. Under
similar hypothesis as in Theorem 6.7, if g admits:

1. m-Ricci soliton (a = 1,8 = 0), then the Poisson equation satisfies by f is
A(f) = ~3lw+ k(o + p)].

2. n-Einstein soliton (o = 1, f = —1), then the Poisson equation becomes A(f) =
—3|w + k(o + p)|. This result was shown by Blaga (2018).

Example 6.1. An n-Ricci- Yamabe soliton (g, &, p, w, «, ) in a radiation fluid is
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given by
= (468 — )\ — akp — du;)(f)
w = —4akp — dzz;)(f)

From this example, we deduce that Ricci- Yamabe soliton in radiation fluid is

(a— 4,8) (a— 4B))\

and shrinking if p < (o= 45 for

steady if p = , expanding if p >

a # 0.

Example 6.2. In this section, we constructed a non-trivial example of a per-
fect fluid spacetime admitting n-Ricci- Yamabe soliton in a 4-dimensional pseudo-
Riemannian manifold. Let M = {(z,y,z,t) € Rt # 0}, where (x,y,2,t) are

the standard coordinates of R*. Consider a Lorentzian metric g on M is given by
ds® = e*'[dz’® + dy* + dz?] — dt*. (6.42)

The non-vanishing components of the Christoffel symbol, the curvature tensor and

Ricci tensor are

4 _ 4 _ 4 2tPl T2 _ 73 _
Iy =T =0yp=e"T, =13 =T3 =1,
Risa1 = Rouz = Raus = €', Rizo1 = Rizz1 = Rogzo = —¢!
1441 = 1lg442 = 113443 = €, [11221 = 111331 = {12332 = —€

S11 = Sy = Sa3 = —3€2t7 Sus =3

Therefore, the scalar curvature of the manifold is r = —12. Thus, (M*, g) is
a perfect fluid spacetime whose isotropic pressure and energy density are p =
(A +3) and o = —1(\ + 3) respectively.

Let n be the 1-form defined by n(Z) = —g(Z,t) for any Z € x(M). Take & = t.
Replacing V = & in (1.47) and using (Leg)(X,Y) = 2[g(X,Y) + n(X)n(Y)] we

see that the soliton equation becomes

2(gi; + 1 @ ;] + 225y + (2p — Br) gy + 2wn; @ m; = 0, (6.43)
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foralli € {1,2,3,4}. Thus the data (&, g, u,w, o, ) is a n-Ricci- Yamabe soliton
on (M*, g) where p = 3a—48—1 and w = —1, which is expanding if 3a— 45 > 1,
shrinking if 3a — 48 < 1 and steady if 3o — 40 = 1.

6.2 Einstein-type metric on Almost Kenmotsu
manifolds

In general relativity, obtaining the global solutions to Einstein field equations
has been an important topic for both Mathematics and Physics. One such special
solution is the static space-time which is closely connected to the general rela-
tivity’s cosmic no-hair conjecture (Boucher et al., 1984)). Recently, the authors
Leandro (2021), Qing and Yuan (2013) and Patra and Ghosh (2021) studied a
generalized version of static space that contains several well circulated critical
point equations that occur as solutions of the Euler-Lagrange equations on a

compact manifold for curvature functionals.

Definition 6.1 (Patra and Ghosh, 2021). A smooth Riemannian manifold (M™, g)

1s named an Einstein-type manifold if 1 : M™ — R solves
YRic = V*) + og, (6.44)

where 1) s a non-constant smooth function. Here, o, Ric and V21 indicate a
smooth function, the Ricci tensor and the Hessian of 1, respectively. Moreover,

contracting (6.44) yields
rp = Ay + no, (6.45)

where A being the Laplacian of 1 and r denotes the scalar curvature.

As highlighted by authors Patra and Ghosh (2021) and Leandro (20210, the

above stated two equations generalize numerous fascinating geometric equations
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such as the static perfect fluid equation (Leandro and Solérzano, 2019; Coutinho
et al., 2019; Masood-ul-Alam, 1987), Miao-Tam equation (Miao and Tam, 2009,
2011; Barros et al., 2015) and critical point equation (Baltazar, 2017; Ghosh and
Patra, 2017; Qing and Yuan, 2013), Einstein equation (Hwang et al., 2016) and
static vacuum equation (Ambrozio, 2017) with null and non-null cosmological
constant, respectively.

Also, we recall the results obtained by Kanai (1983).

Lemma 6.2. Suppose that (M, g) is a complete Riemannian manifold of dimen-
sion n(> 2) and that k < 0. Then there is a non-trivial function f on M with a

critical point which satisfies
Hessf +kfg=0

if and only if (M,g) is the simply connected complete Riemannian manifold
(H", —(1/k)go) of constant curvature k, where gy is the canonical metric on the

hyperbolic space of constant curvature —1.
Lemma 6.3. Let (M, g) and k be as Lemma 6.2. Then there is a function f on
M without critical points which satisfies

Hessf +kfg=0

if and only if (M, g) is the warped product (M, 9)e < (R, go) of a complete Rieman-
nian manifold (]\N/[, g) and the real line (R, go) warped by a function £ : R — R

such that E+kE = 0,€ > 0, where gy denotes the canonical metric on R; gy = dit>.

6.2.1 Kenmotsu manifolds satisfying Einstein-type equa-

tions

Before proceeding to the main result, we construct an example of a Kenmotsu

manifold admitting a non-trivial smooth function 1 which is the solution of the
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equation (6.44).

Example 6.3. Let (N*",J, go) be a Kahler manifold and the WP (M, g) = (R X5

N, dt* + 62gy). If we set n = dt, & = % and the tensor field ¢ is defined on
R x5 N by X = JX for any X on N and X = 0 if X is tangent to R, then
the WP R x5 N,62 = ce* with the structure (¢,&,n,9) is a Kenmotsu manifold
(Kenmotsu, 1972). Specifically, if we set N = CH?", then N is Einstein and the
Ricci tensor of M becomes Ric = —2ng. Further, we set a smooth function as

Y(t) = ket k > 0. Hence, it is very easy to verify that 1(t) solves the equation
(6.44) for o = —(2n + 1)ke'.

Next, we establish the following:

Theorem 6.8. If (g,v) is a non-trivial solution of equation (6.44) in a Kenmotsu
manifold (M1 o, €. n,g), then it is n-Finstein manifold, provided & # .
Moreover, if M is complete and the Reeb vector field leaves the scalar curvature

invariant, then we have

1. If ¢ has a critical point which satisfies (6.44), then M is isometric to the

hyperbolic space H?""1(—1).

2. If ¢ is without critical points which satisfies (6.44), then M is isometric to
the warped product M X, R of a complete Riemannian manifold M2 and

the real line R with warped function v : R — R such that ¥ — v = 0,y > 0.

Proof. Executing the covariant derivative of (6.44) along Y, we obtain
VyVxDy = (YY)QX +¢(VyQ)X — (Yo)X. (6.46)
As a consequence of (6.46), we get the curvature tensor as follows:

R(X,Y)Dy = (X¢)QY — (Y¥)QX + p{(VxQ)Y
—(Vy@Q)X} + (Yo)X — (X0)Y, (6.47)
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for any X,Y on M. Executing the covariant derivative of (1.30) and using (1.27)

gives
(VxQ) = —-QX —2nX. (6.48)

Now taking an inner product of (6.47) with £ and inserting the last expression

along with (1.30) we obtain

9(R(X,Y) Dy, §) = 2n{(Y¢)n(X) — (X¢)n(Y)} + (Yo)n(X) — (Xo)n(Y')6.49)
Taking an inner product of (1.29) with D), then combining it with (6.49) gives
(2n + DDy — (§)E} + Do — (§0)€ = 0. (6.50)

Contracting (6.47) infers
4nDo — ¢ Dr — 2rDyp = 0. (6.51)

Taking the trace of (6.48) and then using it in the inner product of (6.51) with

&, we acquire
dn(éo) + 20 (r+2n(2n+ 1)) — 2r(&y) = 0. (6.52)

Replacing Y by ¢ in (6.47), then taking an inner product with Y gives

g(R(X, &) D, Y) = =2n(X¢p)n(Y) — (§¥) Ric(X,Y)

+{Ric(X,Y) 4+ 2ng(X,Y)} + (€0)g(X,Y) — (Xo)n(Y). (6.53)

As a consequence of taking an inner product of (1.29) with D1 and combining it

with (6.53) we get

9(X, 2n+1)Dy + Do)n(Y) — (2n¢ + & + §0)g(X,Y) = (¢ — EP) Ric(X, Y(6.54)
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Combining (6.51), (6.52) and (6.54) gives

(V=) {(5; + DX = (5 + 2+ Un(X)E} = (6 ~€H)QX,  (655)

for any X on M. Hence, M is n-Einstein or £y = .

Let £ leave the scalar curvature r invariant, i.e., {&r = 0 implies r = —2n(2n +
1). In view of this (6.55) gives QX = —2nX. Utilizing the fact that r is constant
in (6.51), we get 0 = —(2n+1)1+k, where k indicates a constant. In consequence

of last equation and QX = —2nX in (6.44) infer
VDY = (i) — k) X.

By applying Kanai’s theorems (Kanai, 1983), that is, lemma 6.2 and lemma 6.3
we can conclude that if 1 has a critical point which satisfies (6.44), then M is
isometric to the hyperbolic space H?"*1(1) or if ¢ is without critical points which
satisfies (6.44), then M is isometric to the warped product M xR of a complete
Riemannian manifold 12" and the real line R with warped function v : R — R

such that 4 — v = 0,7 > 0. This completes the proof. m

Remark 6.3. From (6.55), we see that either M is n-Einstein or ¢ — & = 0.
Suppose P — & = 0, then since Kenmotsu maifold is locally isometric to the
warped product (—€, €) Xt N, where N is a Kihler manifold of dimension 2n and
(—€,€) is an open interval (Kenmotsu, 1972). Using the local parametrization:

¢ =2 (where t is the coordinate on (—¢,€)) we get

o

i

Solving gives 1 = ce', where c is a constant. Therefore, assuming & # 1 in

Theorem 6.8, implies M is n-FEinstein.
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6.2.2 Almost Kenmotsu manifolds satisfying Einstein-type
equation

Making use of Lemma 3.1 and the result by Dileo and Pastore (Theorem 4.2,

2009), we can prove subsequent:

Theorem 6.9. Let M*"(p,n, €, g) be a (k, u) -akm with the condition b/ # 0. If
(g,%) is a non-trivial solution of the equation (6.44) then M? is locally isometric

to the Riemannian product H?(—4) x R and M is locally isometric to the WP
H"™ (o) x5 R, B"* (o) x5 R,

for n > 1. Here, H"™(a) and B""(a’) are the hyperbolic space of constant

curvature « = —2 — L — 1 and space of constant curvature o = -L+2-1,
n n n n
. - _1 - _1 .
respectively. Also, 1 = ¢, and ' = e "% where ¢y, ¢ are positive

constants.

Proof. We first replace X by & in (6.47), then take its an inner product with £

and utilizing Lemma 3.1, infer that
9(R(§,Y) D, &) = 2ns{(&)n(Y) — (Y)} + (Yo) — (§o)n(Y).  (6.56)

Also, we replace X by ¢ in (1.33) and after taking inner product with D1 gives
9(R(&§,Y)E, DY) = r{(EP)n(Y) — (Y)} — ph/(Yo)). (6.57)

Since scalar curvature r = 2n(k — 2n) is constant, in view of this (6.51) becomes

dnDo — 2rDvy = 0. Combining (6.56), (6.57) and the last expression, we get

2n(k + D{(§¥)€ — Dy} = uh' D). (6.58)

Operating (6.58) by A’ and using (1.34) yields —2n(k+1)h' Dy = u(k+1){—Dy+

193



Chapter 6
, then combining the obtalned equation wit .08), we obtaln
&Y€}, th bini he obtained i ith (6.58 btai
{?(k + 1)+ 4n*(k + 1)*}* Dy = 0. (6.59)

Thus we get the following two cases, ¢>D1) = 0 or 2D # 0.

Case-I: > D) # 0, then (6.59) gives k = —1 — %. Since p = —2, in view of this
in last expression yields kK = —1 — # By using Dileo and Pastore (Theorem 4.2,

2009) we can conclude that M? is locally isometric to the Riemannian product

H?(—4) x R and M is locally isometric to the WP
H*" (o) xg R, B"(a/) x5 R,

for n > 1.
Case-II: > Dy = 0 which implies Dy = ()€, Taking the covariant deriva-

tive and using (6.44) and (1.31), we get

PRX —0X = X(EY)E + (§)(X = n(X)§ — phX). (6.60)

Replacing X by & in (6.60) gives £(&¢) = 2nky — 0. In view of this in the
contraction of (6.60), we obtain £ = —2ny — o.

Comparing (6.60) with Lemma 3.1, then operating the obtained result by ¢ gives
(2ny + (€¢))hX = 0. Making use of £ = —2n1) — o and the fact that h # 0, we
see that o = 0. In consequence, (6.51) becomes (k —2n)Dy = 0. As k < —1, we

get D1 = 0, that is, ¢ is constant, a contradiction. This completes the proof. [

Consider a generalized (k, u)’-akm of dimension three with x < —1. If we
assume that  is invariant along &, then from (Proposition 3.2 (Pastore and
Saltarelli, 2011)) we have £(k) = —2(1 + x)(p + 2) implies p = —2. Moreover,
from (Lemma 3.3 (Saltarelli, 2015)), we have h/(gradu) = grads — &(k)€ which
implies x is constant under our assumption. Therefore M? becomes a (k, —2)'-

akm. By applying Theorem 6.9, we can conclude the following:
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Corollary 6.2. Let M3(p,n, &, g) be a generalized (k, ) -akm with k < —1 in-
variant along &. If (g,v) is a non-trivial solution of the equation (6.44) then M?

is locally isometric to the Riemannian product H?(4) x R.

Next, we investigate 3-dimensional akm admitting a non-trivial solution to

the equation (6.44).

Theorem 6.10. Let M3(p,&,m, g) be an almost Kenmotsu 3-H-manifold equipped
with b’ # 0. If (1, g) is a non-trivial solution of the equation (6.44) with smooth
function ¥ constant along the Reeb vector field, then it is locally isometric to a

non-unimodular Lie group with a left invariant almost Kenmotsu structure.

Proof. Under our hypothesis, from the first argument of Lemma 3.3, we obtain
e(¥) = —2ve, ve(9) = —10b. (6.61)

Taking the inner product of (6.44) with vector filed Y, the equation (6.44) can

be rewritten as the following:

for all X, Y on M. Since the smooth function v is constant along the Reeb vector

field &, we can write
Dw = wle + ¢290€7

for smooth functions v, ¥y on M.
Replacing X and Y by & in (6.62), then making use of Lemma 3.2 and Lemma

3.3 we get
o= =2 +1). (6.63)
Substituting X = e and Y = £ in (6.62) and using Lemma 3.3, Lemma 3.2 yield

L (6.64)
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Similarly, taking X = ge and Y = £ in (6.62) gives

Dy — 1y = 0. (6.65)

Combining (6.64) and (6.65), we get (92 — 1)1y = 0. If ¢b; = 0 then from (6.65)
we see that ¢y = 0 which implies D1 = 0, that is, ¢ is constant, a contradiction.
Therefore, we must have 92 = 1 which implies ¥ is constant. Since 9 is a positive
function, we get ¥ = 1. Making use of the fact that ¥ = 1in (6.61) gives b = ¢ = 0.
Moreover, eq. (6.64) implies 1); = 5.

Now consider the following open set:
O={pe€l Y =1y #0 in a neighborhood of p}
Since Poincare’s lemma d*y) = 0, i.e. the relation
9(VxD,Y) = g(Vy Dy, X) (6.66)

holds for any vector fields X,Y in M, letting X = £ and Y = e in (6.66) using

Lemma 3.2, we obtain

(Y1) = avs. (6.67)

Also, taking X = £ and Y = ge in (6.66) gives (1) = —at); and combining this
with (6.67), we get 2ay; = 0, that is, a = 0 in O.
Making use of the fact that a = b= c =0 and ¥ = 1 along with Lemma 3.2, we
obtain

[e,pe] =0, pe,fl=pe—e,  [{e]=ve—e.
According to Milnor’s theorem (Milnor, 1976), we can conclude that M? is locally
isometric to a non-unimodular Lie group with a left invariant almost Kenmotsu

structure. This completes the proof. O

Applying Wang’s Theorem (Wang, 2017) and Theorem 6.10, we can now
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establish the following:

Corollary 6.3. Let M3(p,&,n, g) be an almost Kenmotsu 3-H-manifold. If (1, g)
is a non-trivial solution of the equation (6.44) with smooth function ¢ constant
along the Reeb vector field, then it is locally isometric to either the hyperbolic

space H3(—1) or the Riemannian product H?(—4) x R.

Proof. We shall establish the theorem via the subsequent cases:
Case i: Let h = 0, then M? be a Kenmotsu manifold. The Ricci operator of
M3 is written by (see Cho (2014))

Q= (% +1)id — (g 13 ®E. (6.68)

Replacing X by £ in (6.44), then taking it inner product with £ and using (1.30),
we get £(&Y) = =2+ o. If £ = 0, last equation becomes o = 21 which further
implies £ = 0. In consequence, for n = 1 Eq. (6.52) becomes r = —6, i.e.
scalar curvature is constant. Moreover, (6.68) infer Q = —2id. Clearly M? is
conformally flat.

Case ii: h # 0 on some open subset of M3. By the proof of Theorem 6.10, we

see that a = b =c =0 and ¥ = 1. Using this in Lemma 3.3, we get

Q¢ = —4E,
Qe = 2pe — 2e,
Qe = 2e — 2ype.
Also, the scalar curvature is constant, i.e. » = —8. Since r is constant and by
(6.69), it is easy to see that M? is conformally flat.
By applying Wang’s theorem (Theorem 1.6, 2017), we conclude that it is lo-

cally isometric to either the hyperbolic space H?(—1) or the Riemannian product

H?(—4) x R. This completes the proof. O

Under the assumptions of Theorem 6.10, for non-Kenmotsu almost Kenmotsu
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3-H-manifold, V¢h = 0. Also, it is known that a akm of dimension 3 is Kenmotsu
if and only if h vanishes (see Dileo and Pastore (2009)). In regard of Corollary
3.3 (Wang, 2017) and Corollary 6.3, we can write:

Corollary 6.4. Let M3(p,&,n, g) be an almost Kenmotsu 3-H-manifold. If (1, g)
is a non-trivial solution of the equation (6.44) with smooth function ¢ constant
along the Reeb vector field, then it is locally isometric to either the WP R X ..t N (k)

K). Space o] consiant curvature k) or (& emannian proauc — X .
N tant t the Ri ‘ duct H?(—4) x R

Example 6.4. In a strictly almost Kahler Einstein manifold (M, J, g), we set
n=dt, = % and the tensor field ¢ is defined on R <, N by o X = JX for vector
field X on M and ¢X = 0 if X is tangent to R. Consider a metric g = gy + 527,
where 62 = ce?, gy indicates the Euclidean metric on R and ¢ denotes a positive
constant. Then it is easy to verify that the WP R x5 M, 5% = ce?®, with the
structure (¢,&,m,9) is an akm (Dileo and Pastore, 2007). Since M is Einstein
S = —2ng. If we set a smooth function (x,t) = t, then 1 solves the equation
(6.44) for o = —2nt*> — 2.

Now, we recollect the subsequent definition:

Definition 6.2. A 3-dimensional akm is named a (k, ji, v)-akm if the Reeb vector

field obeys the (K, u, v)-nullity condition, that is,

R(X,Y)E = r(n(Y)X —n(X)Y) + pu(n(Y)hX

—n(X)hY) +v(n(Y)W'X —n(X)h'Y),
for any X,Y and u, k and v indicate smooth functions.

Example 6.5. Let G® be a non-unimodular Lie group admitting a left invariant

local orthonormal frame fields {v,,0,,05} obeying (see Milnor (1976)):
[0,,0,] =0, [v,,0,] =av,+ po;, [v,,05] =90, + (2 — a)v;, (6.69)
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where o, B,v € R. We define g on G by g(v;,0;) = 6;; for 1 <i,5 < 3. Take
& = —v, and its dual 1-form by n. Also, we define a (1,1) tensor field ¢ by

©(€) = 0,p(v,) = vy and (v;) = —v,. We can easily verify that (G, p,€,n,9)
admits a left invariant almost Kenmotsu structure. From (Theorem 3.2 (Wang,

2016)), we get that G has a (k, i1, v)-almost Kenmotsu structure where
2 _1 2 9 By

k= —a+ 2« 4(6—1-7) 2, u=0—7yv=-2

Moreover, from Wang (2016), we have
1 1
ho, = (a —1)o; — 5(/6 +7)0,, hoy = 5(5 + )05+ (= 1)v,. (6.70)
The Ricci operator is determined as follows (see Wang, 2016):
1
Q6= (56—~ o? = " — (a =2 ~ )t

Clearly, taking o« = [ = v = 1 in the above expressions shows that G is a

non-Kenmotsu (k, —2)'-akm with k = —2. In view of this, we get Q¢ = —4¢

and the scalar curvature as r = —8 ( from Lemma 3.1). We define a function
Y =e"2 t>0. Then by Laplace transformation, we get Ap = Sj%?, where s 1S a
complex number. In view of this in (6.45) gives 0 = —8e~2'. Then it is easy to

verify that 1 is a non-trivial solution of Finstein-type metric (6.44). Moreover, by
Dileo and Pastore result (Theorem 4.2, 2009), we state that G is locally isometric

to H2(—4) x R, the Riemannian product. Hence, Theorem 6.9 is verified.

Next, we produce an example of almost Kenmotsu 3-H-manifold of dimension

three ( for detail see Wang (2017)).

Example 6.6. Consider a cylindrical coordinates (r,0,2) of R3. On M? which

is a simply connected domain of R® excluding the origin, we define an almost
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Kenmotsu structure as (see Blair and Yildrim (2016)):

2 0 Y _72 2 2 192 2
£ = 55’77_ §dr,g_ Z(dr + r2df* + dz*),
0 10 0 0 0
90(&) —;%,90(5) —0790(%) U

where v = Cl\/l;_r,ﬁ > ¢ > 0 or /1 < c1, ¢ being a constant. If we set

2 0

e = =5 2 then in Wang (2017) it is shown that & is

and es = pe; = —%
an eigenvector field of the Ricci operator. Therefore M? is an almost Kenmotsu

3-H-manifold.
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Chapter 7

Summary and Conclusion

In the present thesis, we give classification of almost contact metric manifolds
admitting some geometrical structures and also studied their submanifold. The

following objectives are taken up in the study:
1. To study semiconformal curvature tensor.
2. To study geometrical properties of (k, p)-contact metric manifolds.
3. To study the properties of certain Ricci solitons.

4. To characterize the invariant submanifolds of certain almost contact mani-

folds.

In Chapter 1, we give the general introduction of the study which includes
the basic definitions and formulas of differential geometry such as topological
manifolds, smooth manifolds, Riemannian manifolds, almost contact metric man-
ifolds, Kenmotsu manifolds, f-Kenmotsu manifold, almost Kenmotsu manifolds,
space forms, Lorentzian manifolds, generalized m-quasi-Einstein structure, al-
most Ricci-Yamabe soliton and Submanifolds, along with the review of the liter-

ature.
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Chapter 2 is divided into three main sections. In first section, we introduce
two types of generalized ¢-recurrent (k, p1)-contact metric manifolds known as hy-
per generalized ¢-recurrent (k, 1)-contact metric manifolds and quasi generalized
¢-recurrent (k, p1)-contact metric manifolds, and investigate their properties. We
prove their existence by constructing non-trivial examples. In the second sec-
tion, the geometric structures of generalized (k, p)-space forms and their quasi-
umbilical hypersurface are analyzed. First ¢&-() and conformally flat generalized
(k, pu)-space form are investigated and shown that a conformally flat generalized
(k, p)-space form is Sasakian. Next, we prove that a generalized (k,u)-space
form satisfying Ricci pseudosymmetry is n-Einstein. We obtain the condition
under which a quasi-umbilical hypersurface of a generalized (k, u)-space form is
a generalized quasi Einstein hypersurface. Also &-sectional curvature of a quasi-
umbilical hypersurface of generalized (k, )-space form is obtained. Finally, the
results obtained are verified by constructing an example of a 3-dimensional gener-
alized (k, p)-space form. In the third section, we introduce a type of Riemannian
manifold, namely, an almost pseudo semiconformally symmetric manifold which
is denoted by A(PSCS),. Several geometric properties of such a manifold are
studied under certain curvature conditions. Some results on Ricci symmetric
A(PSCS), and Ricci-recurrent A(PSCS),, are obtained. Next, we consider the
decomposability of A(PSCS),. Finally, two non-trivial examples of A(PSCS),
are constructed.

In Chapter 3, an extension of the m-Bakery-Emery Ricci tensor known as gen-
eralized m-quasi-Einstein metric is investigated. This chapter include two main
sections. In the first section, we studied the generalized m-quasi-Einstein metric
in the context of contact geometry. First, we prove if an H-contact manifold
admits a generalized m-quasi-Einstein metric with non-zero potential vector field
V' collinear with &, then M is K-contact and n-Einstein. Moreover, it is also true

when H-contactness is replaced by completeness under certain conditions. Next,
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we prove that if a complete K-contact manifold admits a closed generalized m-
quasi-Einstein metric whose potential vector field is contact then M is compact,
Einstein and Sasakian. Finally, we obtain some results on a 3-dimensional nor-
mal almost contact manifold admitting generalized m-quasi-Einstein metric. In
the second section, we analyze the generalized m-quasi-Einstein structure in the
context of almost Kenmotsu manifolds. Firstly we showed that a complete Ken-
motsu manifold admitting a generalized m-quasi-Einstein structure (g, f,m, \) is
locally isometric to a hyperbolic space H?"™!(—1) or a warped product M X4 R
under certain conditions. Next, we proved that a (x, )’-almost Kenmotsu mani-
fold with A’ # 0 admitting a closed generalized m-quasi-Einstein metric is locally
isometric to some warped product spaces. Finally, generalized m-quasi-Einstein
metric (g, f,m, ) in almost Kenmotsu 3-H-manifold is considered and proved
that either it is locally isometric to the hyperbolic space H?(—1) or the Rieman-
nian product H?(—4) x R.

Chapter 4 is devoted to the characterization of almost Ricci-Yamabe solitons
(shortly, ARYS). In the first section, we consider ARYS in certain contact metric
manifolds such as K-contact and (k, p)-contact metric manifolds. Firstly, we
prove that if the metric g admits an almost (o, 8)-Ricci-Yamabe soliton with o #
0 and potential vector field collinear with the Reeb vector field £ on a complete
contact metric manifold with the Reeb vector field ¢ as an eigenvector of the Ricci
operator, then the manifold is compact Einstein Sasakian and the potential vector
field is a constant multiple of the Reeb vector field . Next, if the complete K-
contact manifold admits gradient ARYS with o # 0, then it is compact Sasakian
and isometric to unit sphere S?"*!. Finally, gradient ARYS with o # 0 in non-
Sasakian (k, u1)-contact metric manifold is assumed and found that M? is flat and
for n > 1, M is locally isometric to E™™! x S™(4) and the soliton vector field
is tangential to the Euclidean factor E™*!. An illustrative example is given to

support the obtained result. In the second section, we examine ARYS within the
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framework of certain classes of almost Kenmotsu manifolds. Firstly, we prove that
a complete Kenmotsu manifold, admitting ARYS with « # 0 is locally isometric
to hyperbolic space H*"*!(—1) when Reeb vector field leaves the scalar curvature
invariant. Secondly, we show that ARYS on the Kenmotsu manifold reduces to
Ricci-Yamabe soliton under the certain conditions on the soliton function. Next,
it is proved that if a (k, )"-almost Kenmotsu manifold with A’ # 0 admits gradient
ARYS then either it is locally isometric to H?*™!(—4) x R™ or potential vector field
is pointwise collinear with the Reeb vector field. Moreover, 3-dimensional non-
Kenmotsu almost Kenmotsu manifolds admitting gradient ARYS are considered.
Several examples have been constructed of ARYS on different classes of warped
product spaces.

Chapter 5 is divided into two sections. The Invariant submanifolds of f-
Kenmotsu manifolds are studied in the first section. Firstly, we show that any
invariant submanifold of f-Kenmotsu manifold is again f-Kenmotsu manifold and
minimal. Then, we give some characterizations of totally geodesic submanifolds
of the f-Kenmotsu manifolds. Moreover, we study a 3-dimensional submanifolds
and prove that a 3-dimensional submanifold of the f-Kenmotsu manifold is to-
tally geodesic if and only if it is invariant. Also, n-Ricci soliton is considered
on an invariant submanifold of f-Kenmotsu manifolds. Lastly, some non-trivial
examples are constructed to verify the obtained results. In the second section, we
derive Chen’s inequalities involving Chen’s d-invariant d,;, Riemannian invariant
d(my,...,my), Ricci curvature, Riemannian invariant ©4(2 < k < m), the scalar
curvature and the squared of the mean curvature for submanifolds of generalized
Sasakian-space-forms endowed with a quarter-symmetric connection. As an ap-
plication of the obtain inequality, we derived first Chen inequality for bi-slant
submanifold of generalized Sasakian-space-forms.

In Chapter 6, we obtained some results on spacetime. This chapter include

two sections. In the first section, we studied the geometrical aspects of a perfect

205



Chapter 7

fluid spacetime with torse-forming vector field £ under certain curvature restric-
tions, and Ricci-Yamabe soliton and n-Ricci-Yamabe soliton in a perfect fluid
spacetime. Conditions for the Ricci-Yamabe soliton to be steady, expanding or
shrinking are also given. Moreover, when the potential vector field ¢ of n-Ricci-
Yamabe soliton is of gradient type, we derive a Poisson equation and also looked
at its particular cases. Lastly, a non-trivial example of perfect fluid spacetime
admitting n-Ricci-Yamabe soliton is constructed. Then in the second section, we
classify the Einstein-type metric on Kenmotsu and almost Kenmotsu manifolds.
In Kenmotsu case, we find that it is n-Einstein and if it is complete with the scalar
curvature invariant along the Reeb vector field, then it is isometric either to the
hyperbolic space H*"*!(—1) or the warped product M X, R, provided £y # .
Next, we investigate non-Kenmotsu (k, p)’-almost Kenmotsu manifolds obeying
the Einstein-type metric and give some classification. Finally, we establish that
if (¢, g) is a non-trivial solution of Einstein-type metric with smooth function
1 constant along the Reeb vector field on almost Kenmotsu 3-H-manifold, then
it is locally isometric to either the hyperbolic space H3(—1) or the Riemannian
product H?(—4) x R. Finally, we construct several non-trivial examples to verify
our main results.

Lastly, we conclude that most of our works are an extension of previous works
done by many geometers, some of which is A. Ghosh, U. C. De, D. M. Naik, A.
De, V. Venkatesha and D. S. Patra. Some important geometrical structures such
as generalized m-quasi-Einstein, almost Ricci-Yamabe soliton and Einstein-type
metric were studied in the context of almost contact metric manifolds and several
isometric classifications are obtained. Also, Chen’s inequalities involving the in-
trinsic and extrinsic invariants are obtained for generalized Sasakian-space-forms
by considering special connection. We also obtained some results which might
be useful in theoretical physics, especially in the study of general relativity and

spacetime. Moreover, we constructed several examples supporting our obtained
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results. Due to the abstract nature of the topic, most of our results are com-
pletely theoretical and do not have an immediate application at present but we
are hopeful that it will help in our understanding and future research in the field

of differential geometry.
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ABSTRACT. The goal of this paper is the introduction of hyper generalized
¢-recurrent (k, pu)-contact metric manifolds and of quasi generalized ¢-
recurrent (k, pt)-contact metric manifolds, and the investigation of their
properties. Their existence is guaranteed by examples.

1. Introduction

The concept of a (k, u)-contact metric manifold was introduced by Blair et
al. [4], and there are several reasons for studying it. One of its key features is
that it contains both Sasakian and non-Sasakian manifolds. Sasakian manifolds
were first studied by Sasaki [20]. A full classification of (k, u)-spaces was given
by Boeckx [5]. Recently, the properties of (k, u1)-spaces under certain conditions
has been studied by many geometers; see [1,2,23] and references therein.

Cartan [6] introduced the concept of locally symmetric space, which has
been weakened and studied by many geometers throughout the years to a great
extent. The notion of locally ¢-symmetric Sasakian manifolds was introduced
by Takashi [24]. The generalization of ¢-symmetric Sasakian manifolds was
made by De et al. [9] and called it ¢-recurrent Sasakian manifolds. Jun et al. [16]
studied ¢-recurrent (k, u)-contact metric manifolds. De et al. [14] studied ¢-
Ricci symmetric (k, p)-contact metric manifolds. Dubey [11] introduced the
notion of generalized recurrent manifold. A non-flat Riemannian manifold is
said to be a generalized recurrent manifold if its curvature tensor R satisfies

(1) VR=A®R+B®G,

where A and B are non-vanishing 1-forms defined by A(X) = ¢g(X,v1) and
B(X) = g(X,72) and the tensor G is defined by

(2) GX,Y)Z =g(Y,2)X —g(X,2)Y
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for any vector fields X,Y, Z. Here, V denotes the covariant differentiation with
respect to the metric g. If the 1-form B vanishes, then (1) reduces to recurrent
manifold [27].

A non-flat Riemannian manifold is said to be generalized Ricci-recurrent
manifold [10] if the Ricci tensor S satisfies

(3) VS=A4®S+B®yg,

where A and B are 1-forms defined in (1). If 1-form B vanishes, then it reduces
to the notion of Ricci-recurrent manifold [19].

Shaikh et al. [21] extended this concept to generalized ¢-recurrent Sasakian
manifold. Hui [15] studied generalized ¢-recurrent generalized (k, p1)-contact
metric manifold and obtained interesting results. A non-flat Riemannain man-
ifold is said to be generalized ¢-recurrent manifold if the curvature tensor R
satisfies the condition

(4) *(VwR)(X,Y)Z) = AW)R(X,Y)Z + BW)G(X,Y)Z

for all vector fields X, Y and Z. Here, tensor G is defined as in (2).
A Riemannain manifold is said to be hyper generalized recurrent manifold
if its curvature tensor R satisfies the condition

(5) VR=A®R+B®(gAS),

where A and B are 1-forms defined in (1).

Recently, Venkatesha et al. [25] extended the notion of hyper generalized
recurrent manifolds (resp. quasi generalized recurrent manifolds) to hyper gen-
eralized ¢-recurrent Sasakian manifolds (resp. quasi generalized ¢-recurrent
Sasakian manifolds) and obtained interesting results. Continuing this, we stud-
ied hyper generalized ¢-recurrent (k, pv)-contact metric manifolds and prove its
existence by giving a proper example. Similarly, quasi generalized ¢-recurrent
(k, p)-contact metric manifolds was investigated. This paper has the following
organization. After preliminaries, in Section 3, we study hyper generalized ¢-
recurrent (k, p1)-contact metric manifolds. And in Section 4, we construct an
example to prove the existence of hyper generalized ¢-recurrent (k, p1)-contact
metric manifolds. Next, in Section 4, we study quasi generalized ¢-recurrent
(k, u)-contact metric manifolds. Its existence is proved in Section 5 by con-
structing an example.

2. Preliminaries

In this section, we listed some of the basic formulae and definitions on
(k, p)-contact metric manifolds which will be used throughout the paper. It is
well known that, the concept of (k, u)-contact metric manifold contains both
Sasakian and non-Sasakian manifolds. Recently, geometry of contact metric
manifolds under various conditions has been studied by [10,12,13,18,19,26]. A
detailed study on (k, u)-contact metric manifolds are available in [3-5,8] and
references therein.
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Let M be a smooth connected manifold of dimension (2n + 1). Then, M
is called an almost contact metric manifold if it is equipped with an almost
contact structure (¢, &, n, g) which satisfies the following relations:

(6) P°X = —X +n(X)E, n(€) =1, g(X,&) =n(X),
(7) ¢§:Oa 775207 g(X7¢Y):_g(¢XaY)a g(Xad)X):O»
(8) 9(¢X,0Y) = g(X,Y) —n(X)n(Y),

where 7 is a 1-form, £ is a vector field, ¢ is a tensor field of type (1,1) and g
is a Riemannian metric on M. An almost contact metric manifold satisfying
9(X,9Y) = dn(X,Y), is called a contact metric manifold. We consider on
M(p,€,m,g), a symmetric (1,1) tensor field h defined by h = %ngb, where L
denotes Lie differentiation, and satisfies h{ = 0, h¢p = —ph, trh = tréoh = 0.
The (k, u)-nullity distribution on the manifold M (¢, &, n, g) is a distribution
]
N(k,p) :p = Np(k,p) ={Z € T,(M) : R(X,Y)Z = k(g(Y,2)X — g(X, 2)Y)
(9) +u(g(Y, 2)hX — g(X, Z)hY)}

for any X,Y € T,M and k,uu € R%. A contact metric manifold with ¢ belong-
ings to (k, u)-nullity distribution is called a (k, s)-contact metric manifold. A
(k, u)-contact metric manifold becomes Sasakian manifold for k = 1, u = 0;
and the notion of (k, u)-nullity distribution reduces to k-nullity distribution for
w=0.

In a (k, p)-contact metric manifold the following properties are true [4]:

(10) R = (k—1)¢* k<1,

(11) Vx&=—0X —ohX, (Vxo)(Y) = g(X +hX,Y){ —n(Y)(X + hX),

(12) R(X,Y)E = k[n(Y)X = n(X)Y]+ pn(Y)hX —n(X)hY],

(13) R X)Y = k[g(X,Y)§ —n(Y)X] + plg(hX,Y)E — n(Y)hX],
S(X)Y) = [2(n—1) —nulg(X,Y) + [2(n — 1) + u]g(hX,Y)

(14) +[2(1 = n) + n(2k + w)n(X)n(Y),

(15) S(X,§) = 2nkn(X),

(16) r=2n(2n—2+k —np),

(17)  S(¢X,9Y) = S(X,Y) = 2nkn(X)n(Y) — 2(2n — 2+ p)g(hX,Y),

where S is the Ricci tensor of type (0,2) and r is the scalar curvature of the
manifold M. So

(18) (Vxn(Y)) = g(X + hX, ¢Y),
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(VxhY) = [(1 - k)g(X,8Y) + g(X, hoY)]¢
(19) +0(Y) [M(¢X + phX)] — um(X)phY
for all X,Y € x(M).

Definition. A (2n + 1)-dimensional (k, i1)-contact metric manifold is said to
be n-Einstein if its Ricci tensor S is of the form

S(X,)Y) = ag(X,Y) + Bn(X)n(Y),
for any vector fields X and Y, where o and 3 are constants. If 8 = 0, then the

manifold M is an Einstein manifold.

3. Hyper generalized ¢-recurrent (k, p)-contact metric manifold

In the paper [22], the author studied hyper generalized recurrent manifolds.
Recently, the author [25] studied hyper generalized ¢-recurrent Sasakian man-
ifold and obtained important results. By observing this, we extended it to
(k, w)-contact metric manifold. In this section, we study hyper generalized
¢-recurrent (k, p)-contact metric manifold.

Definition. A (2n + 1)-dimensional (k, u)-contact metric manifold is said to
be a hyper generalized ¢-recurrent if its curvature tensor R satisfies

(20) O*(VwR)(X,Y)Z) = AW)R(X,Y)Z + BW)H(X,Y)Z

for all vector fields X,Y and Z. Here, A and B are two non-vanishing 1-forms
such that A(X) = g(X, p1), B(X) = g(X, p2) and the tensor H is defined by

(21)  H(X,YV)Z=8(Y,2)X — S(X,2)Y + g(Y, 2)QX — g(X, Z)QY

for all vector fields X,Y and Z. Here, @ is the Ricci operator, p; and ps are
vector fields associated with 1-forms A and B respectively. If the 1-form B
vanishes, then (20) reduces to the notion of ¢-recurrent manifolds.

Theorem 3.1. In a hyper generalized ¢-recurrent (k, u)-contact metric mani-
fold, the 1-forms A and B satisfy the relation

EAW) + [n(2k — p+2) —2]B(W) = 0.
Proof. Let us consider hyper generalized ¢-recurrent (k, u)-contact metric man-
ifold. In view of (20) and (6) we obtain
— (VwR)(X,Y)Z +n((VwR)(X,Y)Z)¢

(22) = AW)R(X,Y)Z+BW)H(X,Y)Z.
Taking an inner product with U in (22), we get

—9(Vw R)(X,Y)Z) + n((Vw R)(X,Y) Z)n(U)
(23) = AW)g(R(X,Y)Z,U) + B(W)g(H(X,Y)Z,U).
Contracting over X and U in (22) gives

—(VwS)(Y, 2) +n((VwR)(£,Y)Z)
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(24) =[AW)+ (2n—1)BW)]S(Y,Z) + rB(W)g(Y, Z).

Taking Z = ¢ in (24) and using the fact that n((Vw R)(£,Y)£) = 0 we obtain
(25)  — (VwS)(V,€) = 2nk(A(W) + (2n — DBW)) + rBW)]n(Y).
Putting Y = £ in above equation gives

(26) 2nk[A(W) + (2n — 1)B(W)] +rB(W) = 0.

Using (16) in (26), we obtain

(27) EAW) + [n(2k — p+2) —2]B(W) =0

for any vector field W. This completes the proof. O

Taking » = 0 in (26), we are in a position to state the following corollary.

Corollary 3.2. In a hyper generalized ¢-recurrent (k, u)-contact metric man-
ifold, if the scalar curvature of the manifold vanishes then, either
1. 1-forms A and B are co-directional, or

2. 1t 1s (O, %)-contact metric manifold.

Let {e;}?"1" be an orthonormal basis of the manifold. Putting Y = Z = ¢;
in (24) and taking summation over 4,1 < i < 2n + 1, and using (6), (11) and
(15) we obtain

(28) —dr(W) =r[A(W) + 4nB(W)].
This led us to the following theorem.

Theorem 3.3. In a hyper generalized ¢-recurrent (k, )-contact metric mani-
fold, if the scalar curvature of the manifold is a non-zero constant, then A(W)+
AnB(W) = 0 for any vector field W.

Theorem 3.4. In a hyper generalized ¢-recurrent (k, p)-contact metric man-
ifold, the associated vector fields p1 and py corresponding to 1-forms A and B
satisfy the relation

rn(p1) +2(2n = 1)(r — 2nk)n(p2) = 0.
Proof. Changing XY, Z cyclically in (23) and using Bianchi’s identity we get
A(W)g(R(X,Y)Z,U) + A(X)g(R(Y, W) Z,U)
+ AY)g(RW, X)Z,U)+ B(WW)g(H(X,Y)Z,U)
(29) +B(X)g(HY,W)Z,U)+ B(Y)g(HW,X)Z,U) =0.
Contracting over Y and Z and using (9), we obtain
AW)S(X,U) — A(X)S(W,U) — kg(X,U)A(W) + kg(W, U) A(X)
— ng(hW,U)A(X) + BIW)[rg(X,U) + (2n — 1)S(X, U)]
+ BX)[-rg(W,U) = (2n — 1)S(W,U)] + B(QX)g(W,U)
(30) —B(@W)g(X,U)+ B(X)S(W,U) — B(W)S(X,U) =0.
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Again contracting (30) over X and U yields
(r+2nk)A(W) — A(QW) + pA(hW)

(31) + (4nr — 2r)B(W) — (4n — 2)B(QW) = 0.

Replacing W by & in (31) results in

(32) rn(p1) +2(2n — 1)(r — 2nk)n(p2) = 0.

This completes the proof. O

Making use of relation g((VwR)(X,Y)Z,U) = —g((VwR)(X,Y)U, Z) we
obtain the following relation

g(VwR)(&,Y)Z,€) = pl{(1 = k)g(W, ¢Y) + g(W, heY)
(33) — g(hY, oW + hW))}n(Z) — pn(W)g(ohY, Z)].
Considering (33) and (23) we can state the following theorem.

Theorem 3.5. A hyper generalized ¢-recurrent (k, pv)-contact metric manifold
is generalized Ricci recurrent if and only if the following relation holds:

9(VwR)(§,Y)Z,8) = pl{(1 = k)g(W,¢Y) + g(W, hoY')
— g(hY, o(W + hW))in(Z) — pn(W)g(ohY, Z)] = 0.

Theorem 3.6. A hyper generalized ¢-recurrent (k, pv)-contact metric manifold
is an n-FEinstein manifold.

Proof. Since we have
(34) (VwS)(Y,§) = VwS(Y,§) = S(VwY,§) = S(Y, Vw§).
Using (11) and (15) in (34) we get
(35)  (VwS)(Y,€) = —2nkg(6W + GhW,Y) + S(Y, oW + hW).
From (27) and (35) we obtain
2nkg(pW + ohW,Y) — S(Y, oW + ¢phW)
(36) = [20k{A(W) + (20— DBW)} + rBW)|n(¥).
Taking Y = ¢Y in (36) gives
S(Y, W) + S(Y,hW) = 2nkg(Y, W) + [2nk + 2(2n — 2 + 1)]g(Y, kW)

(37) +2(2n =2+ p)(k = 1g(Y, =W + n(W)E).
Using

SOV, W) = (20— 2 — npu)g(V, V) — (20 — 2+ o) — 1)g(Y, W)

+(2n =24 p)(k = Hn(W)n(Y),

and (14) in (37) led us to the following relation
(38) S, W) = ag(Y, W) + Bn(Y)n(W),
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where
o = Rktn—D)+un+2)]2(n=1) —nu]—[2(n—1)+p][p(1—k)+2(n—1)+2k]
2nk+p(n+1) )
B = [2(nk+n—1)+p(n+2)][2(1—n)+n(2k+u)] = (k=1)[2(n—1)+u]?
2nk+p(n+1) .
This completes the proof. O

Theorem 3.7. In a hyper generalized ¢-recurrent (k, u)-contact metric mani-
fold, the 1-forms A and B satisfy the relation

2nkA(pW) + [r + 2nk(2n — 1)|B(¢W) = 0.
Proof. In view of (9), (11) and (12) we get
(Vo B)(X, V)€ = Klg(W + hW, V)X — g(W + AW, 6X)Y]
4 ulg(W + hW, oY )hX — g(W + hW, $X)hY
+{(1 = k)g(W,¢X) + g(W, hg X ) }n(Y)E
— {1 = k)g(W,¢Y) + g(W, hY) }n(X)§
+ (W) {n(X)phY —n(Y)phX}]
(39) + R(X, Y)W + R(X,Y)ohW.
Using (39) in (22) results in the following relation
klg(W + hW, ¢Y )n(X) — g(W + hW, oY )n(Y)]¢
+u[(1 = k)g(W, ¢ X)n(Y) + g(W, h¢X)n(Y)
— (1= k)g(W, oY )n(X) — g(W, hoY )n(X)]¢
+ klg(Y, oW)n(X) — g(X, oW)n(Y')
+ g(Y, GRW ) (X) — g(X, ShW (Y]
[g(W + hW, ¢Y)X — g(W + hW, ¢ X)Y]
[g(W + hW, $Y)hX — g(W + hW, 6X)hY
(1= K)g(W,6X) + (W, o X) b (Y )¢
—{(1 = K)g(W, 0Y) + (W, hoY ) (X )¢
(W) [(X)6hY — (¥ )8hX)]
+ R(X, Y)W + R(X,Y)phW
— AKX — n(X)Y] + plg(Y)RX — n(X)hY])
(40) - BOV){20k[(Y)X — n(X)Y] + n(Y)QX — n(X)QV}.
Putting Y = ¢ in (40) we get
AMWHE(X —n(X)E) + uhX] + B(W)[2nkX — 4nkn(X)E + QX
(41) + 12 n(W)phX = 0.
Taking W = ¢W and contracting over X in (41) gives
(42) MmkA(GW) + [r + 2nk(2n — 1)) B(6W) = 0.

—k
—p
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This completes the proof. O

4. Example of hyper generalized ¢-recurrent (k, pu)-contact metric
manifold

In this section, we construct an example of hyper generalized ¢-recurrent
(k, 1)-contact metric manifold. We consider a 3-dimensional manifold M3 =
{(x,y,2) € R®:x # 0} where (x,vy, 2) are the standard coordinates in R3. Let
{E,, By, E3} be linearly independent vector fields in M?® which satisfy

(B, EBs] = 22, [Es, B3] =0, [y, Es] = 0.
Let g be Riemannian metric defined by
9(Ev, Er) = g(Es, Ep) = g(E3, E3) = 1,
9(En, BEs) = g(E2, E3) = g(E1, E3) = 0.
Let n be the 1-form defined by
n(X) = g(X, Es)
for any vector field X. Let ¢ be (1,1)-tensor field defined by
¢E1 = Ea, ¢y = —Fy, ¢E5 = 0.
Then we have
n(E3) =1, ¢*(X) = X + ¢(X)E3
and
9(0X,9Y) = g(X,Y) = n(X)n(Y).
Moreover
hEs =0, hEy = —E,, hEy = Es.

Thus for E3 = &, (¢,€,7,9) defines a contact metric structure on M3. Let V
be the Riemannian connection of g. Using Koszul formula we obtain

Ve, B =—-2zE,;, Vg, Ey=2zFE,, Vg, E3 =0,

Vie,E1=0, Vg, E2 =0, Vg,E3 =0,

Ve, EB1=0, Vg, Ey =0, Vg, E3 =0.
Thus the metric M3(¢,&,7,g) under consideration is a (k, u)-contact metric
manifold. Now, we will show that it is a 3-dimensional hyper generalized ¢-

recurrent (k, p)-contact metric manifold. The non-vanishing components of
curvature tensor and Ricci tensor are

R(Ey, E2)Ey = 42*Fy, R(Ey, Fy)Ey = —42*F),
S(E1, EBy) = S(E,, Ey) = —4a”.
Since {E1, E2, E5} forms the orthonormal basis of the 3-dimensional (k, u)-
contact metric manifold any vector fields can be expressed as
X =a1E1 + b1 By + 1 E3,
Y =axE; + b2Ey + caE3,
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7 = a3E1 + b3E2 + CgEg.

Then,
(43) R(X,Y)Z = u1Fy + upFo,
where u; = 422b3(agb; — a1be) and ug = —4x%az(azb; — a1be),
and
(44) F(X,Y)Z = v By + v2Es + v3 3,
where
V] = 4x2[a1(a1a2 + b1bg)(aras + bibs + c1c3)
+ b3(agby — arbe) — az(ajas + b1ba)(azas + babs + cacs)],
vy = 4a*[by (aras + bibs + c1c3)(arag + biby)
— az(agby — a1ba) — ba(aras + bib2)(azas + babs + cacs)]
and

v3 = 42”[c1(aras + bibs + cic3)(aras + biba) — c1(azaz + babs)
+ co(aras + bibs) — ca(aras + b1ba)(azaz + babs + cacs)].
By virtue of (43), we have the following
(45) (Ve R)(X,Y)Z = 82" (a1bs — asb1)(bsEy — azEs),
(VE,R)(X,Y)Z =0,
(Ve,R)(X,Y)Z =0.
Form (43) one can easily obtain the following
(46) (Ve R)(X,Y)Z = piBy + qiBa, i=1,2,3,

where p; = —8z3b3(a1b2 —azb1), ¢1 = 8x3az(arba—asby), p2 =0, ¢2 =0, p3 =
Oa q3 = 0.
Let the 1-forms be defined as
A(El) _ P1v2 — V1q1 7
U1V2 — V1U2
(47) A(Ey) = 0, B(Es) =0,
A(E3) =0, B(FE3) =0,

U1q1 — p1u2

B(E,) =
( 1) U102 _U]_UQ,

satisfying, piva —v1q1 # 0, u1ve — viugs # 0, u1qn — prue # 0 and vz = 0.
In view of (43), (44) and (46) it is easy to show the following relation:

(48) ¢2(Vp,R)(X,Y)Z) = A(E)R(X,Y)Z + B(E;)F(X,Y)Z, i=1,2,3.

Hence, the metric M3 under consideration is a 3-dimensional hyper generalized
¢-recurrent (k, pv)-contact metric manifold which is neither ¢-symmetric nor ¢-
recurrent.

We can state the following.
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Theorem 4.1. There exists a 3-dimensional hyper generalized ¢-recurrent
(k, w)-contact metric manifold which is neither ¢-symmetric nor ¢-recurrent.

5. Quasi generalized ¢-recurrent (k, pu)-contact metric manifold

Recently, the author [25] studied quasi generalized ¢-recurrent Sasakian
manifolds. A brief study on quasi generalized recurrent manifolds was done
by Shaikh [23] and obtained interesting results. In this section, we will study
quasi generalized ¢-recurrent (k, p)-contact metric manifolds.

Definition. A (2n + 1)-dimensional (k, u)-contact metric manifold is said to
be a quasi generalized ¢-recurrent if its curvature tensor R satisfies

(49) »*(VwR)(X,Y)Z) = DW)R(X,Y)Z + E(W)F(X,Y)Z

for all vector fields X,Y and Z. Here, D and F are two non-vanishing 1-forms
such that D(X) = g(X, p1), E(X) = g(X, u2) and the tensor F is define by

F(X,Y)Z =g(Y,2)X —g(X,2)Y +n(Y)n(Z2)X —n(X)n(2)Y
(50) +9(Y, Z)n(Y)§ — 9(X, Z)n(Y)§

for all vector fields X,Y and Z. Here, 1 and po are vector fields associated
with 1-forms D and E respectively.

Theorem 5.1. In a quasi generalized ¢-recurrent (k, pu)-contact metric mani-
fold, the associated 1-forms D and E are related by kD(W) +2E(W) = 0.

Proof. Consider a quasi generalized ¢-recurrent (k, u)-contact metric manifold.
From (49) we get

— (VwR)(X,Y)Z) + ((Vw R)(X,Y)2)¢
(51) = DW)R(X,Y)Z+ EW)F(X,Y)Z.
Taking the same steps as in Theorem 3.1, we obtain the relation:
(52) kD(W)+2E(W) =0.
This completes the proof. (I
Contracting over X in (51) gives
= (Vw9 (Y, Z) + n((VwR)(&,Y)Z)

(63)  =DW)S(Y,2)+[2n+1)g(Y,Z) + (2n — Ln(Y )n(Z)|E(W).
Putting Y = Z = ¢;, (53) reduce to
(54) — dr(W) = rD(W) + 2n(2n + 3)E(W).

We are in a position to state the following.

Theorem 5.2. In a quasi generalized ¢-recurrent (k, pu)-contact metric mani-
fold, if the scalar curvature is a non-zero constant, then

rD(W) +2n(2n + 3)E(W) = 0.
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From (53), we can state the following.

Theorem 5.3. A quasi generalized ¢-recurrent (k, u)-contact metric manifold
is a super generalized Ricci recurrent manifold if and only if

g(VwR)(&,Y)Z,&) = pl{(1 — k)g(W, ¢Y) + g(W, hoY)
= g(hY, ¢(W + hW))n(Z) — pn(W)g(phY, Z)] = 0.

Theorem 5.4. In a quasi generalized ¢-recurrent (k, p)-contact metric mani-
fold, the scalar curvature of the manifold satisfy the relation r = k[n(5+2n?)]+
2(2n — 1)].

Proof. Changing X,Y, Z cyclically in (51) and making use of Bianchi’s identity
we get
DW)R(X,Y)Z + D(X)RY,W)Z+D(Y)R\W,X)Z
(55) +EWF(X,Y)Z+ E(X)F(Y,W)Z+ E(Y)F(W,X)Z =0.
Contracting over X in (55) we get
DW)S(Y,Z) + D(R(Y,W)Z) = D(Y)S(W, Z)
+EW)[(2n+1)g(Y, Z) + (2n — D)n(Y)n(Z2)] + E(Y)g(W, Z)
—9(Y, Z)E(W) +n(W)n(2)E(X) —n(Y)n(Z2)E(W)
+9W, Z)n(Y)n(p2) — (Y, Z)n(W)n(p2)
(56) —EX)[2n+1)g(W, Z) + (2n+ Ln(Z)n(W)] = 0.
Putting Y = Z =e;,1 <i < 2n+ 1 in (56) we obtain
rD(W) — 2nkD(W) + uD(hW) — D(QW) +2(2n* + n — 1) E(W)
(B7)  +2(1 = 2n)n(W)n(uz) = 0.
Replacing W with £ in (57) gives
(58) r = k[n(5+ 2n?)] +2(2n — 1)].
This completes the proof. [l

Corollary 5.5. In a quasi generalized ¢-recurrent (k, p)-contact metric man-
ifold, if k =0, then the scalar curvature is constant.

Proceeding like in Theorem 3.6, one can easily show that the manifold is an
n-Einstein manifold. Hence, we get the following statement.

Theorem 5.6. A quasi generalized ¢-recurrent (k, u)-contact metric manifold
is an n-Finstein manifold i.e.,

SY,W) =ag(Y,W) + Bn(Y)n(W),

where
[2(nk4+n—1)4+p(n+2)][2(n—1)—np]—[2(n—1)+p][p(1—k)+2(n—1)+2k]
2nk+p(n+1) 5
§ = [k tn=1) tulnt D[RO 0 bn(2h4)] - (=20 1)+l
2nk+p(n+1) .

o =
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6. Example of a quasi generalized ¢-recurrent (k, p)-contact metric
manifold

In this section we give an example of a quasi generalized ¢-recurrent (k, u)-
contact metric manifold. We consider a 3-dimensional manifold M = {(z,y, z)
€ R3: a1 # 0,y # 0}, where {z,y, 2} are the standard coordinates in R3. Let
{E1, Ea, E5} be the global coordinate frame on M given by
0

Elig, EQZQ‘TyQ :&

E
Oy 9z ®

Hui [15] has shown that M is a 3-dimensional (k, p1)-contact metric manifold
with k = —i and pu = —i. We will show that the manifold M is a 3-dimensional

quasi generalized ¢-recurrent (k, u)-contact metric manifold. Any vector fields
X,Y,Z on M can be expressed as

X = a1E1 + b1E2 + ClElg7
Y =asEy + boEs + 2,
7 = a3E1 + b3E2 + CgE‘g7

where a;, b;, c; € RT (set of positive numbers). Then the Riemannian curvature
R becomes

(59) R(X,Y)Z = v1 E1 + vo s,
where v = —%(albg —agby) and ve = %(albg — agby).
Also l ‘

F(X, Y)Z = (b3U1 + 263U2)E1 + (263U3 — CL3U1)E2
(60) — 2(azug — bzuz) F3,

where Uy = (a1b2 — blag), U9 = (alcg — 0,2(31), us = (b102 — bQCl).
From (59) we obtained

4

(61) (VElR)(X, Y)Z = E(albg - (l2b1)(b3E1 - a3E2),
(62) (Ve,R)(X,Y)Z =0,
(63) (Ve,R)(X,Y)Z =0.
Making use of (61), (62) and (63) we get the following
(64) ¢2((VE1R)(X7Y)Z) :p’iEl +%‘E27 1= 172737
where

4b3 das

p1 = —F(ale - O,le), q1 = ?(ale - G,Qb1),

p2=0, g2=0, p3 =0, g3 =0.
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Let us define 1-forms A and B by

A(Ey) = azp1(2cauz — baui) — qibz(bus + 2c3uz)
V103 (203’LL2 — bgul) — byvsus (CL3 + 203)
b3(q1v1 — p1v2)
B(FE) = ,
(65) ( 1) v1a3(203uQ — b3u1) — b3U3U2(a3 + 2(}3)
A(Ez) =0, B(Ez) =0,
A(Eg) =0, B(Eg) =0,

where agp1(2csus — bsug) — qibs(bsus + 2c3ua) # 0, bs(givr — p1v2) # 0 and
’U16L3(203U2 — bgul) - b3’U3’lL2(CL3 + 203) # 0.
Using (61), (64) and (65) one can easily show that

(66) ¢*((Ve,R)(X,Y)Z) = A(E)R(X,Y)Z + B(E;)F(X,Y)Z, i =1,2,3.

Hence, the manifold under consideration is a 3-dimensional quasi generalized
¢-recurrent (k, 1)-contact metric manifold. Thus we can state the following.

Theorem 6.1. There exists a 3-dimensional quasi generalized ¢-recurrent
(k, w)-contact metric manifold which is neither ¢-symmetric nor ¢-recurrent.
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Abstract. In this paper, the geometric structures of generalized (k, u)-space forms and
their quasi-umbilical hypersurface are analyzed. First £-Q and conformally flat gener-
alized (k, p)-space form are investigated and shown that a conformally flat generalized
(k, p)-space form is Sasakian. Next, we prove that a generalized (k, u)-space form satis-
fying Ricci pseudosymmetry and Q-Ricci pseudosymmetry conditions is n-Einstein. We
obtain the condition under which a quasi-umbilical hypersurface of a generalized (k, u1)-
space form is a generalized quasi Einstein hypersurface. Also {-sectional curvature of a
quasi-umbilical hypersurface of generalized (k, u)-space form is obtained. Finally, the
results obtained are verified by constructing an example of 3-dimensional generalized
(k, p)-space form.

Keywords:(k, u)-space form, Q curvature, Hypersurface, Sasakian, n-Einstein.

1. Introduction

The curvature tensor R of the Riemannian manifold mostly determines the nature
of the manifold and the sectional curvature of the manifold completely determines
the curvature tensor R. A Riemannian manifold having a constant sectional curva-
ture ¢ is known as real space-form. The sectional curvature K (X, ¢X) of a plane
section spanned by a unit vector X orthogonal to £ is called a ¢-sectional curva-
ture. If the ¢-sectional curvature of a Sasakian manifold is constant, then it is called
Sasakian space form. Alegre et al. [2] introduced the notion of generalized Sasakian
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space forms and gave many examples of it. Throughout the years, many geometers
[3, 4, 13, 15, 16, 17] focused on generalized Sasakian space forms under different
geometric conditions.

Blair et al. [5] introduced the notion of (k, u)-contact metric manifolds. Follow-
ing this, Koufogiorgos [23] introduced and studied (k, u) space forms. The (k, u)
space forms are studied by [1, 14, 23, 30]. Carriazo et al. [8] introduced generalized
(k, 1) space form which generalizes the notion of (k,p) space forms. An almost
contact metric manifold (M2"*1 ¢ &, g,n) is said to be a generalized (k,p) space
form if there exists differentiable functions f1, f2, f3, f4, f5, f6 on the manifold whose
curvature tensor R is given by

(1.1) R= fiR1 + foRa + f3R3 + [f4Ra + f5R5 + foRe,
where R1, Rs, R3, R4, R5, Rg are the following tensors:
Z = gV, 2)X —g(X,2)Y,

Z = g(X,62)0Y — g(Y,62)6X + 29(X,6Y)0Z,

(X,Y) (

(X,Y) (

(X, Y)Z = n(X)n(2)Y —n(Y)n(2)X + g(X, Z)n(Y)§ — g(Y, Z)n(X)g,
Ry(X,Y)Z = g(Y,2)hX — g(X,Z)hY + g(hY,Z)X — g(hX, Z)Y,

(X,Y) (

(X,Y) (

Q

Z = g(hY,Z2)hX — g(hX,Z)hY + g(¢hX,Z)phY — g(phY, Z)phX,
Z = n(X)n2)hY —n(Y)N(Z2)hX + g(hX, Z)n(Y)¢ — g(hY, Z)n(X)E,

for any X,Y,Z € x(M). Here, h is a symmetric tensor given by 2h = L¢¢, where
L is Lie derivative. In particular, for fy = f5 = fg = 0 it reduces to the generalized
Sasakian space form [2]. It is obvious that (k,u) space form is an example of
generalized (k, 1) space form when

c+3 c—1 c+3
f - af2 4 7f3_ 4 -

1
kaf4:17f5:§af6:1_:u

are constants. In [8], the author studied generalized (k,u) space forms in con-
tact metric and Trans-Sasakian manifolds. Carriazo and Molina [9] studied D,-
homothetic deformations of generalized (k, u)-space forms and found that deformed
spaces are again generalized (k, u)-space forms in dimension 3, but not in general.
In recent years, many geometers studied generalized (k, u)-space forms under sev-
eral conditions [21, 28, 22, 20, 27, 29].

n [26], Mantica and Sub introduced and studied @ curvature tensor. In a
(2n + 1)-dimensional Riemannian manifold (M, g), the @ curvature tensor is given
by
(12) QUX.Y)Z = R(X.Y)Z — - [9(Y. 2)X - g(X. 2)Y],

for any X,Y,Z € x(M) and v is an arbitrary scalar function on M. If v = P
then @ curvature tensor reduces to concircular curvature tensor [32]. In [13], De
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and Majhi studied @) curvature tensor in a generalized Sasakian space form.

One of the most important curvature tensors for analyzing the intrinsic proper-
ties of Riemannian manifold is the conformal curvature tensor introduced by Yano
and Kon [33]. This curvature is invariant under conformal transformation. The con-
formal curvature C of type (1,3) on a (2n + 1)-dimensional Riemannian manifold
(M, g),n > 1, is defined by

[S(Y,Z)X — S(X,2)Y +g(Y,Z)PX
2n(2n — 1)

1
CX.V)Z=RX.Y)Z ~ 3—

(1.3) —9(X,Z)PY] + [9(Y. 2)X - g(X, 2)Y],

where R, S, P,r denote the Riemannian curvature tensor, the Ricci tensor, Ricci-
operator and the scalar curvature of the manifold respectively. Kim [25] studied
conformally flat generalized Sasakian space forms. De and Majhi [15] studied ¢-
conformal semisymmetric generalized Sasakian space forms.

Cartan [10] first initiated and completely classified complete simply connected
locally symmetric spaces. A Riemannian manifold is said to be locally symmetric
if the curvature tensor satisfies VR = 0. The notion of local symmetry is weak-
ened by many authors throughout the years. One such notion is pseudosymmetric
spaces introduced by Deszcz [19]. It should be noted that pseudosymmetric spaces
introduced by Deszcz is different from those introduced by Chaki [11]. In [31], au-
thors obtained the necessary and sufficient condition for a Chaki pseudosymmetric
manifold to be Deszcz pseudosymmetric. De and Samui [14] studied Ricci pseu-
dosymmetric (k, u)-contact space forms and show that it is an 7-Einstein manifold.

The authors in [14], studied quasi-umbilical hypersurface on (k, 1)-space forms.
A hypersurface (M?"+1 §) of a Riemannian manifold M?"*1 is called quasi-umbilical
[12] if its second fundamental tensor has the form

(1.4) H,(X,Y)=0ag(X,Y) + fw(X)w(Y),

where w is the 1-form, «, 8 are scalars and the vector field corresponding to the
1-form w is a unit vector field. Here, the second fundamental tensor H, is defined
by Hy(X,Y) = g(A,,Y), where A is (1,1) tensor and p is the unit normal vector
field and X, Y are tangent vector fields.

A Riemannian manifold is called a generalized quasi-Einstein manifold [18] if its
Ricci tensor S satisfies

S(X,Y) = ag(X,Y) + bn(X)n(Y) + cA(X)A(Y),

where a,b and ¢ are non-zero scalars and 7, A are 1-forms. If ¢ = 0, then the mani-
fold reduces to a quasi-Einstein manifold.
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The paper is organized as follows: After preliminaries, £-Q) and conformally flat
generalized (k, u)-space forms are investigated in section 3. Next in section 4, it is
shown that Q-Ricci pseudosymmetric and Ricei pseudosymmetric generalized (k, u)-
space forms are 7-Einstein under certain conditions. Moreover, conformal Ricci
pseudosymmetric generalized (k, u)-space forms are studied. In section 5, quasi-
umbilical hypersurface of generalized (k, p)-space form are investigated and shown
that it is a generalized quasi Einstein hypersurface. Also &-sectional curvature of a
quasi-umbilical hypersurface of generalized (k, u)-space form is obtained. Finally,
the obtained results are verified by using an example of a 3-dimensional generalized
(k, w)-space form.

2. Preliminaries

In this section, we highlight some of the formulae and statements which will be used
later in our studies.

A (2n + 1)-dimensional smooth manifold M is said to be a contact metric
manifold if there exists a global 1-form 7, known as the contact form, such that
n A (dn)™ # 0 everywhere on M and there exists a unit vector field &, called the
Reeb vector field, corresponding to 1-form 71 such that dn(£,-) = 0, a (1,1) tensor
field ¢ and Riemannian metric g such that

(21)  ¢°X =X +n(X)¢, n(X)=g(X,¢), dn(X,Y)=g(X,Y),

for all X,Y € x(M), where x(M) is the Lie-algebra of all vector fields on M. The
metric g is called the associate metric and the structure (¢,&,7,g) is called con-
tact metric structure. A Riemannian manifold M together with contact structure
(¢,€,m, g) is called contact metric manifold. It follows from (2.1) that

for any X, Y € x(M). Further we define two self-adjoint operators h and [ by

h = %(ﬁgqﬁ) and [ = R(-,£)¢ respectively, where R is the Riemannian curvature of
M. These operators satisfy

(2.3) he =16 =0, h¢+o¢h=0, Trh=Trhe=0.

Here, “Tr.” denotes trace. When unit vector ¢ is Killing (i.e. h =0 or Tr.l = 2n)
then contact metric manifold is called K-contact. A contact structure is said to
be normal if the almost complex structure J on M x R defined by J(X, f4) =
(X — fﬁ,n(X)%), where ¢t is the coordinate of R and f is a real function on
M x R, is integrable. A normal contact metric manifold is called Sasakian. A
Sasakian manifold is K-contact but the converse is true only in dimension 3. The
(k, p)-nullity distribution of a contact metric manifold M (¢, &, n, g) is a distribution

N(k,p) :p— Nplk,p) ={Z e x(M) : R(X,Y)Z =k{g(Y,Z2)X
—9(X, 2)Y} +1{g(Y, Z2)hX — g(X, Z)hY }},
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for any X,Y,Z € x(M) and real numbers k and p. A contact metric manifold M
with & € N(k, p) is called a (k, p)-contact metric manifold.
In a generalized (k, uu)-space form (M?"+1 g) the following relations hold [2]:

R(X,Y), = (fi— f3){n(Y)X —n(X)Y}
(2.4) +  (fa— fo){n(Y)hX — n(X)hY'},
PX = (2nfi+3fa— f3)X — (3fa+ (2n — 1) f3)n(X)§
(25) + ((27L — 1)f4 — f@)hX,
(2.6) r=2n{(2n+1)f1 +3f2 — 2f3},
(2.7) S(¢X,9Y) = S8(X,Y) —2n(f1 — fs)n(X)n(Y).

where, R, S, P, r are respectively the curvature tensor of type (1,3), the Ricci tensor,
the Ricci operator i.e. g(PX,Y) = S(X,Y), for any X,Y € x(M) and the scalar
curvature of the manifold respectively.

3. Flatness of generalized (k, u)-space form

De and Samui [14] studied conformally flat (k, ) space form and De and Majhi
[13] analyzed &-@ flatness of generalized Sasakian space form. Generalizing the
results obtained, in this section we studied £-@ flat and conformally flat generalized
(k, u)-space form.

3.1. ¢&-Q flat generalized (k, u)-space form

Definition 3.1. A generalized (k, u)-space form (M?"*1, g), is said to be £&-Q flat
if Q(X,Y) =0, for any X,Y € x(M) on M.
We have, from (1.2)

(3.1) QX,Y)E = ROX,Y)E = 2 [n(Y)X = n(X)Y],

for any X,Y € x(M). Using (2.4) in (3.1) we get

QUXY)E = (A—fr— 5 ) ¥)X —n(X)Y]

(3.2) + (fa= fo)n(Y)hX —n(X)hY].
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Suppose non-Sasakian generalized (k, pu)-space form is & — @ flat. Then from (3.2)
we get

(B3 — fs = 5-) V)X = n(X)Y] + (fa = fo)[n(Y)RX = n(X)hY] = 0.

Taking X = ¢X in (3.3), we obtain

(3.4) {(f1 —f3— 2?;)¢X+(f4—f6)h¢X}77(Y) =0.
Since 1(Y) # 0 and taking inner product with U in (3.4) gives
(3.5) (i = fs = 5,)9(0X.U) + (fs = f)g(6X . hU) = 0.

Since g(¢X,U) # 0 and g(¢X,hU) # 0, we see that f1 — f3 = 5~ and fy = fe.
Conversely, taking f1 — f3 = 5= and f; = fs, and putting these values in (3.2) gives

Q(X,Y)¢ =0 and hence M is £ — @ flat. Therefore, we can state the following:

Theorem 3.1. A non-Sasakian generalized (k, ui)-space form (M?*"+1 g), is £-Q
flat if and only if f1 — f3 = 5= and fy = fe.

_r

2n+1
Making use of (2.6) in the forgoing equation gives v =

then @ tensor reduces to concircular curvature tensor.

2n{@nt) 1432205} |
2n+1 :

32 and hence we
1-2n

In particular, if v =

n

regard of Theorem 3.1, for &-concircularly flat we obtain f3 =
can state the following corollary:

Corollary 3.1. A non-Sasakian generalized (k,u)-space form (M?>"*1 g), is &-
concircularly flat if and only if f3 = 13,f22n and fy = fg.

We can easily see that Theorem 3.1 and Corollary 3.1 obtained by the geome-
ters in [13], are particular cases of Theorem 3.1 and Corollary 3.1 respectively for

fa=fs=fs=0.

Substituting the values, fy — f¢ = p and f; — f3 = k in Theorem 3.1, we obtained
the following corollary:

Corollary 3.2. A (k,u)-space form (M*"*1,g), is £&-Q flat if and only if k = 5=
and p = 0.
3.2. Conformally flat generalized (k, it)-space form

Definition 3.2. A generalized (k, 1)-space form (M?"*1 g),n > 1, is said to be
conformally flat if C(X,Y)Z =0, for any X,Y,Z € x(M) on M.
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Suppose generalized (k, u)-space form is conformally flat. Then from (1.3), we
get

R(X,Y)Z — in_ AS(Y2)X ~ S(X, 2)Y +9(Y, Z)PX — 9(X, Z)PY}
(3.6) +m{g(x Z)X — g(X,Z2)Y} =0.

In consequence of taking X = & in (3.6) and using (2.1), (2.4) and (2.5). Eq.(3.6)
becomes

(fr = fs){9(Y, 2)§ =n(2)Y'} + (fa = fo){g(hY, 2)€ —n(Z)hY'}

5 (SO 20~ 2y — Fan(Z)Y + 2m(fy — )oY, 2)¢
(3.7) —n(Z)PY} + m{g(x Z)¢—n(Z)Y} =0.

Putting Z = ¢Z in (3.7) and making use of (2.4), (2.5) and (2.6) results in the
following

(3.8) 2n + 1) fog(hY, 6Z) = 0.

This shows that either fg = 0 or ¢h = 0. In the second case, from (2.1) we have
h = 0. Therefore, we can state the following:

Theorem 3.2. A generalized (k,p)-space form (M?*"1 g),n > 1, is conformally
flat, then either fo =0 or M is Sasakian.

Corollary 3.3. A (k,p)-space form (M*" 1 g),n > 1, is conformally flat, then
w=1or M is Sasakian.

4. Pseudosymmetric generalized (k, u)-space form

In this section certain pseudo symmetry such as Ricci pseudo symmetry, @-Ricci
pseudo symmetry and conformal Ricci pseudo symmetry in the context of general-
ized (k, u)-space form are studied. First, we review an important definition

Definition 4.1. [19, 31] A Riemannian manifold (M, g),n > 1, admitting a (0, k)-
tensor field T is said to be T-pseudosymmetric if R -T and D(g,T) are linearly
dependent, i.e., R-T = LyD(g,T) holds on the set Upr = {x € M : D(g9,T) # 0 at
x}, where L is some function on Ur.

In particular, if R-R = LrD(g, R) and R-S = LgD(g, S) then the manifold is called
pseudosymmetric and Ricci pseudosymmetric respectively. Moreover, if Lr = 0 (
resp., Lg = 0) then pseudosymmetric (resp., Ricci pseudosymmetric) reduces to
semisymmetric (resp., Ricci semisymmetric) introduced by Cartan in 1946.
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4.1. Ricci pseudosymmetric generalized (k, 1)-space form

Definition 4.2. A generalized (k, uu)-space form (M?"*1 g), is said to be Ricci
pseudosymmetric if its Ricci curvature satisfies the following relation,

R-5= fs,D(g,5),

holds on the set Us, = {z € M : D(g,S) # 0 at x}, where fs, is some function on
Us,.

Suppose a generalized (k, u)-space form (M?"F1 g), is Ricci pseudosymmetric
ie.,

R-S= fSQD(g7S)7

which can be written as

S(R(X,Y)U,V) + S(U,R(X,Y)V) = —f,[S(Y, V)g(X,U)
(4.1) —S(X,V)g(Y,U) + S(U,Y)g(X,V) = S(U, X )g(Y, V)]

Taking X = U =¢ in (4.1) and using (2.4), (2.5) and (2.7), we get

(fs = fi+ [s) S V) + [2n(f1 = f3)(fr — f3 — fs.) — (k= 1)(fa
—f6)(2n—1)fs — f6)]g(Y, V) = (k = 1)(fa — fo)((2n — 1) f4
(4.2) —fe)n(Y)n(V) + (fs — f6) (1 — 2n) f3 — 3f2) g(hY, V) = 0.

Considering fs, # f1 — f3 and further taking (1 — 2n)fs — 3f2 = 0 in (4.2), the
manifold is 7-Einstein. Hence we can state the following:

Theorem 4.1. A Ricci pseudosymmetric generalized (k, p)-space form (M?"+1 g),
with fs, # f1 — f3, is n-Finstein manifold if f3 = %

If fs, = 0, then Ricci pseudosymmetric generalized (k, u)-space form reduces
to Ricci semisymmetric generalized (k, p)-space form. In view of Theorem (4.1) we
obtain the following;:

Corollary 4.1. A Ricci semisymmetric generalized (k, p)-space form (M>"*1 g),

with f1 — f3 # 0 is n-Einstein manifold if f3 = 13’]22“.

4.2. @-Ricci pseudosymmetric generalized (k, 1)-space form

Definition 4.3. A generalized (k, u)-space form (M?"+1 g), is said to be Q-Ricci
pseudosymmetric if

Q-5 = fs,D(g,5),

holds on the set Ug, = {x € M : D(g,S) # 0 at =}, where fs, is any function on
Us,.
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Proceeding similarly as in Theorem 4.1, one can easily obtain the following
relation:

Theorem 4.2. A Q-Ricci pseudosymmetric generalized (k, p)-space form (M?*"+1 g),

with fs, # f3 — f1 — 55 is n-Einstein manifold if f3 = 1?’_f22n.

Taking fg, = 0 in Theorem 4.2, we easily obtain the following:

Corollary 4.2. A Q-Ricci semisymmetric generalized (k, j1)-space form (M?"+1, g),

with f3 — f1 # 5~ is n-Einstein manifold if f3 = lifgn,

4.3. Conformal Ricci pseudosymmetric generalized (k, u)-space form

Definition 4.4. A generalized (k, u1)-space form (M?2"*1 g),n > 1, is said to be
conformal Ricci pseudosymmetric if

C-5= fS4D(ga 5)7
holds on the set Ug, = {z € M : D(g,S) # 0 at z}, where fg, is any function on
Us,.

Suppose a generalized (k, pu)-space form is conformal Ricci pseudosymmetric.
Then, we have
S(O(Xv Y)Ua V) =+ S(Ua C(X7 Y)V) = _fS4 [S(Y7 V)Q(X, U)
(4.3) —S(X,V)g(Y,U) + S(U.Y)g(X,V) = S(U, X)g(Y,V)].
Taking X = U = ¢ and fy = fe in (4.3) and making use of (1.3),(2.1) and (2.5), we
obtain
S2(Y,V) = (4nfi +3fo — 2n+ 1) f3 + 2n(2n — 1) fs,) S(Y, V)
(4.4) —(2n— 1) fs,n(Y)n(V) — (2nf1 +3f2 — f3)g(Y, V).

Thus, we can state the following;:

Theorem 4.3. If a generalized (k,p)-space form (M?"*t g),n > 1, is conformal
Ricci pseudosymmetric with fy = fg, then the relation(4.4) holds.

5. Quasi-umbilical hypersurface of generalized (k, u)-space form

Let us consider a quasi-umbilical hypersurface M ofa generalized (k, p)-space form.
From Gauss [12], for any vector fields X,Y, Z, W tangent to the hypersurface we
have

R(X,Y,Z,W) = R(X,Y,Z,W)—g(H(X,W),H(X,Z))
(5.1) + g(H(X,2), HY,W)),
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where, R(X,Y,Z,W) = g(R(X,Y)Z,W) and R(X,Y,Z,W) = g(R(X,Y)Z,W).
Here, H is the second fundamental tensor of M given by

(5.2) H(X,Y) = ag(X,Y)p+ fuw(X)w(Y)p,

where, p is the only unit normal vector field. Here, w is the 1-form, the vector field
corresponding to the 1-form w is a unit vector field and «, 8 are scalars.
Using (5.2) in (5.1), we obtain the following result

filg(Y, 2)g(X, W) = g(X, Z)g(Y,W)] + fa[g(X,$Z)g(¢Y, W
—9(Y,02)g(¢X, W) + 29(X, 6Y)g(6Z, W) + f3[n(X)n ( ) (
—n(Y)n(Z2)g(X, W) + g(X, Z)n(Y)n(W) — g(Y, Z)n
+fa[g(Y, Z)g(h X, W) — g(Y, Z)g(hY, W) + g(RY, Z) (
—g(hX, Z)g(Y,W)] + fs[g(hY, Z)g(hX, W) — g(hX, Z)g(hY,W
+9(ohX, Z)g(dhY, W) — g(¢hY, Z)g(¢ohX, W)| + fs[n(X)n(Z ) (hYW
—n(Y)n(2)g(hX, W) + g(hX, Z)n(Y)n(W) — g(hY, Z)n
— R(X,Y,2,W) — a?g(X,W)g(Y, Z) — afg(X, W> ( ) (z
—afg(Y, Z)w(X)w(W) + a?g(Y,W)g(X, Z) + aBg(Y, W)w(X)w(Z
(5.3) +aBg(X, Z)w(Y )w(W).

)
W)
W)
W)
)
)
W)
)
)

Contracting over X and W in (5.3), we obtain

S(Y.Z) = (2nfi +3f2 — fs + 2na® + aB)g(Y, Z)
—(3f2+ Cn+ 1) fs)n(Y)n(Z) + ((2n — 1) fs — fs)g(hY, Z)
(5.4) +af(2n — Nw(Y)w(2).

Hence, we can state the following:

Theorem 5.1. A quasi-umbilical hypersurface of a generalized (k, p)-space form

is a generalized quasi Einstein hypersurface, provided fy = 27{31

In particular, for a (k,u)-space form, the above Theorem 5.1 reduces to the
following:

Theorem 5.2. [14] A quasi-umbilical hypersurface of a (k,u)-contact space form
is a generalized quasi-Einstein hypersurface, provided p = 2 — 2n.

Corollary 5.1. A quasi-umbilical hypersurface of a generalized Sasakian space
form is a generalized quasi-Einstein hypersurface.

For any vector fields X,Y’, the tensor field K(X,Y) = E(X, Y,Y, X) is called
the sectional curvature of M given by the sectional plane {X,Y}. The sectional
curvature K (X, &) of a sectional plane spanned by £ and vector field X orthogonal
to ¢ is called the £-sectional curvature of M.
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Theorem 5.3. A {-sectional curvature of a quasi-umbilical hypersurface of gen-
eralized (k, p)-space form is given by
K(X,8) = (fi— fs+a*)g(¢X,0X) + (fs — fo)g(hX,X)
+aB(w(€))? + (w(X))*] = 2aBn(X)w(X)w(E).

Proof. Taking W = X and Z =Y in (5.3) results in following

flg(YV,Y)g(X, X) - g( X)] + f2lg( X¢>Y> (4Y,
—g(Y,¢Y)g($X, X)+2g<X ¢Y ¢YX ]+ fa[n(x ) (
—n(Y)n(Y)g(X, X) — g(X,Y)n(X)n(Y) — (YY
+1[g(Y,Y)g(hX, X) — g(X,Y)g(hY, X) + g(hY, Y) (
—g(hX,Y)g(Y, X)] + f5[g(hY,Y)g(hX,X) — g(hX,Y)g(hY,
+9(¢hX,Y)g(¢hY, X) — g(¢hY,Y )g(¢hX, X)] + fs[n(z)n(Y ) (hY
—n(Y)n(Y)g(hX, X) + g(hX,Y)n(Y)n(X) — g(hY,Y)n
=K(X,Y) - a’g(X, X)g(Y,Y) - afg(X, X)w ( > (Y
—aBg(Y,Y)w(X)w(X) + ?g(X,Y)g(X,Y) + afg(X, Y )w(X)w(Y
(5.5) +afBg(X,Y)w(Y)w(X).

X)
Y)
]
X)

X)

X)

X)]

)

)

Putting Y = £ in (5.5) gives

K(X,8) = (fi = fs + ) g(6X,0X) + (f2 — fo)9(hX, X)
+aB[(w(€))? + (w(X))?] = 2087 (X )w (X )w(E).

This completes the proof. O

6. Examples of generalized (k, u)-space forms

Now we will show the validity of obtained result by considering an example of
a generalized (k,u)-space form of dimension 3. Koufogiorgos and Tsichlias [24]
constructed an example of generalized (k, p1)-space of dimension 3 which was later
shown by Carriazo et al. [8] to be a contact metric generalized (k, u1)-space form
M3(f1,0, f3, f1,0,0) with non-constant fi, f3, f1.

Ezample 6.1: Let M3 be the manifold M = {(x1,72,23) € R3|z3 # 0} where
(71,22, 73) are standard coordinates on R3. Consider the vector fields
0 0 2z 0 1 0 19

—, =203 — + —5——— — 5, €3=
Ox

€] = 3
dry  x% Ory % Oz’ 73 01y’

are linearly independent at each point of M and are related by

2 1
le1,e2] = —es, [e2,e3] = 2e1 + —es, [es,e1] = 0.
T3 a3



1140 J. P. Singh and M. Khatri

Let g be the Riemannian metric defined by g(e;, e;) = 6;5,4,j = 1,2,3 and 7 be the
1-form defined by n(X) = g(X, e;) for any X on M. Also, let ¢ be the (1, 1)-tensor
field defined by ¢e; = 0, ¢es = e3 de3 = —ey. Therefore, (¢, e1,n,g) defines a
contact metric structure on M. Put A = 5,k =1— :714 and p = 2(1 — w%), then
symmetric tensor h satisfies he; = 0, hes = Aes, hes :3—)\63. The non—vgnishing
components of the Riemannian curvature are as follows:

II wam"_‘

R(ei,ea)er = —(k+Ap)ez, Rler,ez)ex = (k+ Apes,
R(ey,ez)er = (—k+Ap)es, R(e—1,e3)es = (k— Au)eq,
R(ea,e3)es = (k+pu—2)%)es, R(ea,es)es = —(k + pu—22%)es.

Therefore, M is a generalized (k,p)-space with k, u not constant. As a contact
metric generalized (k, u)-space is a generalized (k, p)-space form with k& = f1 — f3
and p = fi— f¢ (Theorem 4.1, [8]), the manifold under consideration is a generalized
(k, u)-space form M3(fy,0, f3, f1,0,0) where

2 1 2
= —3 —_— — 7,
f +$§+x§+xg
2 2 2
= —4 —_— — —
f3 +x§+x§+xg
1
= 2(1—-—=).
f4 ( xg)

Next we obtain the non-vanishing components of Q-curvature tensor for arbitrary
function v as follows:

Qer,ea)er = —(k+ A — E)62, Qer,e2)ea = (k+ Ay — 8)617

2 2
Q(el7 63)61 - (_k + A,U + g)e3a Q(ela 63)63 = (k - A,U; - g)eh
Q(ez,e3)er = (k4 p— 22 + %)63, Q(e, e3)es = —(k +p—2)° + %)62-

From the above equations we see that Q(X,Y)e; =0 for all X, Y on M if and only
ifo=2(1- T%() and 22 = 1. Hence, Theorem 3.1 is verified.
3

Ezample 6.2: In [2], it was shown that the warped product R x ; C™ with

2,1
f1:_ ’ f2:ov f3:_ + =,
f? f? f
is a generalized Sasakian space form. Since every generalized Sasakian space form
is a particular case of generalized (k, n)-space form, R x ; C™ with f1, fo, f5 define
as above and f4 = f5 = fs = 0 is a generalized (k, u)-space form.

(f')?
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Abstract

In this paper, we studied the geometrical aspects of a perfect fluid spacetime with torse-
forming vector field £ under certain curvature restrictions, and Ricci—Yamabe soliton and
n-Ricci—Yamabe soliton in a perfect fluid spacetime. Conditions for the Ricci—Yamabe soliton
to be steady, expanding or shrinking are also given. Moreover, when the potential vector field
& of n-Ricci—Yamabe soliton is of gradient type, we derive a Poisson equation and also looked
at its particular cases. Lastly, a non-trivial example of perfect fluid spacetime admitting -
Ricci—Yamabe soliton is constructed.

Keywords Ricci—Yamabe soliton - Perfect fluid - Poisson equation - Semiconformal
curvature - Einstein’s field equation

Mathematics Subject Classification 53B50 - 53C44 - 53C50 - 83C02

1 Introduction

Geometric flows plays a significant role in analyzing the geometric structures in Riemannian
geometry. In 1982, Hamilton [12] introduced the concept of Ricci flow, defined as follows:

0
5,80 =-251), 120, ¢g0) =g, (D

where g is the Riemannian metric and S denotes the (0, 2)-symmetric Ricci tensor. Solitons
are physically the waves that propagate with little loss of energy and retains its shape and
speed after colliding with another such wave. Solitons are important in the analytic treatment
of initial-value problems for nonlinear partial differential equations describing wave prop-
agation. It also explained the recurrence in the Fermi—Pasta—Ulam system. A Ricci soliton
emerges as the limit of the solution of Ricci flow if it moves only by a one-parameter group
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1646 J. P.Singh, M. Khatri

of diffeomorphism and scaling. A Riemannian manifold (M", g) is said to be a Ricci soliton
if there exists a vector field V and a constant p such that

Lyg+2S=2ug, 2)

where Ly denotes the Lie derivative along V.

To tackle the Yamabe problem of finding a metric on a given compact Riemannian manifold
(M"™, g) which is conformal to g such that it has a constant scalar curvature, Hamilton [11]
introduced the concept of Yamabe flow, defined as follows:

9
8 =—rg®), 120, g0) =g )

Like Ricci soliton, Yamabe soliton is a self-similar solution to Yamabe flow and is defined
as follows:

1

Eﬁvg =(u—r)g, 4)

The Ricci soliton and Yamabe soliton are the same in the two-dimensional study, but in a
higher dimension, Yamabe soliton preserves the conformal class of the metric but the Ricci
soliton does not in general. In the last two decades, the theory of geometric flows such as Ricci
flow and Yamabe flow and their soliton has been the focus of attraction of many geometers.

Recently, Guler and Crasmareanu [10] introduced a new geometric flow which is a scalar
combination of Ricci flow and Yamabe flow, and called it as Ricci—Yamabe map. The Ricci—
Yamabe flow of type (o, B) is defined as follows:

Definition 1 [10] The map RY @A) . | — T, (M) given by:

RY@A.) — z_f(;) +2a8(1) + Br(ng(®),

is called the («, B)-Ricci—Yamabe map of the Riemannian manifold (M, g). If
Ry @B.8) — 0,
then g(.) will be called an («, fB)-Ricci—Yamabe flow.

The Ricci—Yamabe flow can also be a Riemannian or semi-Riemannian or singular Rieman-
nian flow due to the sign of the two scalars o and B. This flexibility of multiple choices
can be useful in analyzing geometry or when dealing with the physical model of relativistic
theories. The notion of (¢, 8)-Ricci—Yamabe soliton or simply Ricci—Yamabe soliton [9] is
defined as follows:

Definition 2 A Riemannian or pseudo-Riemannian manifold (M", g) is said to be a Ricci—
Yamabe soliton (g, V, u, a, B) if

Lyvg+2aS=Q2un—prg. &)

If u >0,u <0orpu =0, then the Ricci—Yamabe soliton is expanding, shrinking or steady
respectively. This is said to be a gradient Ricci—Yamabe soliton if there exists a smooth
function f : M — R such that V = Df, where D denotes the gradient operator of g. The
Ricci—Yamabe soliton is a generalization of Ricci and Yamabe soliton. Also, (1, —1)-type of
Ricci—Yamabe soliton is a well-known Einstein soliton (for details see [5,26]). Therefore, it is
worthwhile to study Ricci—Yamabe soliton as it generalizes a large group of solitons. Recently,
in [9], the author studied Ricci—Yamabe soliton on almost Kenmotsu manifolds. He showed
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that a (k, u)’-almost Kenmotsu manifolds admitting a Ricci—Yamabe soliton or gradient
Ricci—Yamabe soliton is locally isometric to the Riemannian product H"*!(—4) x R”".

Extending the notion of Ricci soliton, Cho and Kimura [1] introduced n-Ricci soliton
which is obtained by perturbing the equation (2) by a multiple of a certain (0, 2)-tensor field
n®n. A more general extension is obtained by Siddiqi and Akyol [22] and called such soliton
as n-Ricci—Yamabe soliton of type («, B) which is defined as:

Lyg+2aS+ 2u—pBr)g+2wn®n=0. (6)

Itis worth remarking that n-Ricci soliton [ 1] and n-Yamabe soliton [6] are n-Ricci—Yamabe
soliton of type (1, 0) and (0, 2) respectively. If w = 0 in equation (6) then it reduces to Ricci—
Yamabe soliton. For more details on n-Ricci soliton and 7-Yamabe soliton see [3,4,7,8,18,19]
and references therein.

In the last decade, a great deal of work had been done on n-Ricci soliton and n-Yamabe
soliton in the framework of Riemannian geometry. Recently, geometric flows are initiated in
the investigation of the cosmological model such as perfect fluid spacetime. In [2] , Blaga
studied n-Ricci and n-Einstein soliton in perfect fluid spacetime and obtained the Poisson
equation from the soliton equation when the potential vector field & is of gradient type.
Kumara and Venkatesha [25] analyzed Ricci soliton in perfect fluid spacetime with torse-
forming vector field. Also, Conformal Ricci soliton in perfect fluid spacetime [23] is studied.
Praveena et al. [20] studied solitons in Kahlerian space-time manifolds. As Ricci—Yamabe
soliton is a scalar combination of Ricci and Yamabe soliton, it is fruitful to study it in the
context of perfect fluid spacetime and obtain results that generalize the previously known
results in perfect fluid spacetime.

The paper is organized as follows: Sect. 2 is devoted to the investigation of the geometrical
structure of perfect fluid spacetime with torse-forming vector field £ under certain curvature
restrictions. Next in Sect. 3, the conditions under which it is expanding, steady and shrinking
are obtained for Ricci—Yamabe soliton in perfect fluid spacetime. Generalizing the results
obtained by Blaga [2], in Sect. 4, we analyzed n-Ricci—Yamabe soliton in perfect fluid
spacetime and obtained the Poisson equation satisfied by function f where & = grad f.
Section 5 is about the application of Poisson equation in Physics. Lastly, in Sect. 6, we
constructed an example of perfect fluid spacetime admitting n-Ricci—Yamabe soliton.

2 Geometrical structure of perfect fluid spacetime with torse-forming
vector field

According to Einstein’s field equation, the energy-momentum tensor describes the curvature
of the spacetime and hence plays a crucial role in the theory of relativity. Spacetime of general
relativity is regarded as a connected four dimensional semi-Riemannian manifold (M*, g)
with Lorentzian metric g with signature (—, +, 4+, +). A spacetime is said to be a perfect
fluid spacetime if the Ricci tensor is of the form:

S=ag+bn®n, (7

where a, b are scalars and 7 is non-zero 1-form.
The general form of energy-momentum tensor 7 for a perfect fluid is [17]

T'(X,Y)=pg(X,Y)+ (o +p)n(X)n(Y), )
for any X,Y € x(M), where o is the energy density, p is the isotropic pressure, g is the

metric tensor of Minkowski spacetime, n(X) = —g(X, &) is 1-form, equivalent to unit vector

@ Springer
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&and g(&,&) = —1. If p = p(o) then perfect fluid spacetime is called isentropic [13] and
if o = 3p then it is a radiation fluid.
The Einstein’s field equation [17] governing the perfect fluid motion is defined as:

S(X.Y) + (x _ %) ¢(X,Y) =kT(X,Y), 9)

forany X, Y € x (M), where A is the cosmological constant, k(* 87 G, where G is universal
Gravitational constant) is the gravitational constant.
Combining (8) and (9) we obtain

S(X,Y) = — (x — % 4 kp) 2(X,Y) + k(o + p)n(X)n(Y). (10)

Taking trace of (10), the scalar curvature becomes r = 4X + k(o0 — 3p), using in (10) we
infer

S(X,Y) =ag(X,Y) + bn(X)n(Y), (11)
where a = A + @ and b = k(o + p).
Definition 3 A vector field & is called torse-forming [1] if it satisfies
Vx§ = X +n(X)§, (12)
for any X € x (M) and 1-form n.

Lemma 1 [1,23,25] In perfect fluid spacetime with torse-forming vector field &, the following
relations hold:

n(Veg) =0, Ve& =0,
(Vxm(Y) = g(X,Y) + n(X)n(Y),
R(X,Y)§ =n(¥)X —n(X)Y,
(Leg)(X,Y) =2[g(X,Y) + n(X)n(Y)],
R(X,8)§ = —X —n(X)§.

In [15,16], Kim introduced curvature like tensor which is a scalar combination of confor-
mal and conharmonic curvature tensor which is defined as follows:

P(X,Y)Z = aR(X,Y)Z — %[S(Y, )X — S(X,2)Y +g(Y,Z)0X

Br
3
for scalar & and B. Here, Q is the symmetric endomorphism of the tangent space at each
point corresponding to the Ricci tensor §, thatis, S(X,Y) = g(QX, Y). If P vanishes then

the spacetime is said to be semiconformally flat.
Let (M*#, g) be a semiconformally flat perfect fluid spacetime with torse-forming vector

field £. As P = 0, we have divP = 0 where “div" is the divergent. Since r is constant,
implies X (r) = 0 for any X € x(M). From (13) for divP = 0 we obtain

k(o +p)n(¥)X —n(X)Y]=0. (14)

—8(X,2)QY] = —[g(Y, Z)X — ¢(X, 2)Y], (13)

As k # 0, in this case the equation of state p + o = 0 emerges. This is the characteristic
equation of state for dark energy in the universe and corresponds to the cosmological constant
[24]. Essentially, as density cannot be negative, the pressure p must be negative which is useful
in explaining the observed accelerated expansion of the universe problem.

@ Springer
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Making use of p = —o in (11) and (13) gives
R(X,Y)Z = %(30{ —4B) (A +ko)g(Y,Z)X — g(X, 2)Y]. (15)

Therefore, the spacetime has constant curvature. As de-Sitter space is a Lorentzian manifold
of constant curvature with implied negative pressure driving cosmic inflation (see [21]) we
can state the following:

Theorem 1 [f perfect fluid spacetime with torse-forming vector field & is semiconformally
flat, then the spacetime represents de-Sitter space, provided o # 0.

We know that manifold of constant curvature is Einstein. Also from (15) we easily see
that R - R = 0. A perfect fluid spacetime satisfying R - R = O and R - § = 0 are called
semi-symmetric and Ricci semi-symmetric respectively. A semi-symmetric implies Ricci
semi-symmetric but conversely not true.

Proposition 1 A semiconformally flat perfect fluid spacetime with torse-forming vector field
Eis

(1) Einstein.

(i1) semi-symmetric and Ricci semi-symmetric.

According to Karchar [14], a Lorentzian manifold is called infinitesimal spatially isotropic
relative to timelike unit vector field p if its curvature tensor R satisfies relations

R(X,Y)Z =1[g(Y,Z)X — g(X, 2)Y],
forall X, Y, Z e ,oL and
R(X, p)p =mX,

forall X € ,OJ‘, where [, m are real-valued functions on the manifold.
Let £+ denote the 3-dimensional distribution in a semiconformally flat perfect fluid space-
time orthogonal to torse-forming vector field &, then from (15) we get

R(X,Y)Z = %(30{ —4B8) (A +ko)g(Y,Z2)X — g(X, Z2)Y], (16)
o
forall X, Y, Z € £+. Also taking Y = Z = £ in (16) gives
1
R(X, p)p = —3-CBa —4B)(h + ko)X, (17)

for every X € £1. Hence we can state the following:

Theorem 2 A semiconformally flat perfect fluid spacetime with a # 0 and torse-forming
vector field & is infinitesimally spatially isotropic relative to unit vector field &.

Theorem 3 Let (M*, g) be a general relativistic perfect fluid spacetime with torse-forming
vector field &.

L IfPE ) S=0then p=—0 or p = 20 HCIH0)

2. IfS(€,-)- P=0thenp="%orp= 3‘”‘“‘31,3&{(/;‘)“"“%
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Proof 1. Suppose perfect fluid spacetime with torse-forming vector field & satisfies
P&, X)-S(U,V) =0, implies

S(PE, X)U,V)+SWU, P, X)V) =0, (18)
forall X, U,V € x(M). Inserting (11) and (13) in (18) results in

k
k(o + p) (x + oo - p)) nX)nU)(V) + k(o + p) (a -£

—a(h — kp)) [—&(X, U)n(V) = 2n(X)n(U)n(V) — g(X, V)n(U)]

+2ak* (o + p)*n(X)n(U)n(V) = 0. (19)

Replacing U by £ in (19) we obtain that either p = —o or p = 30‘@_3],3;& ’i (g;‘ tho)

2. Suppose perfect fluid spacetime satisfies S(&, X) - P(U, V)W = 0, implies

SX,PWU, VW), =S¢, PU, VWX +SX,U)PE, V)W
—SEU)PX, VW4 SX,V)PWU,&EW -SE,V)PWU, X)W
+S(X,W)P(U,V)E —SE W)P(U,V)X =0, (20)

forall X, U,V,W e x(M).
Taking V = W = & in (20) and using (11) and (13), we obtain the following relation

(A —kp) (a - % —a(d — kp)) [¢(X, U) +n(X)nU)] = 0.

Thus either p = £ or p = 3“@_31,{)&’3(2;‘%0).

This completes the proof. O

3 Ricci-Yamabe soliton in a perfect fluid spacetime

In this section, we study Ricci—Yamabe soliton in the framework of perfect fluid spacetime
admitting a torse-forming vector field &.
Taking potential vector field, V = £ in (5) and using Lemma 1 we obtain

aS(X,Y) = [M—%—l] 8(X,Y) —n(X)n(Y). (21)
Inserting X =Y = & in (21) yields
Bk ak
u:k(a+2ﬂ)+7(a —3p) — 7(0—!—3,0). (22)

Hence we can state the following:

Theorem 4 Ifaperfect fluid spacetime with torse-forming vector field & admits Ricci—Yamabe
soliton (g, &, u, o, B), then the Ricci—-Yamabe soliton is expanding, steady or shrinking

according to as . > 2(#2/3){0{(04-3,0)—,8(0—3/0)},)\ = 2(#2/5){ox(o—l—3,0)—ﬁ(a—3,0)}
ori < 2(#2/3){&(0 + 3p) — B(o — 3p)} respectively, provided o + 2 # 0.

Remark 1 Now we will look at some of the particular cases of Theorem 4. If a perfect fluid
spacetime with torse-forming vector field & admits:
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1. Ricci soliton (¢ = 1, B = 0), then the Ricci soliton is expanding, steady or shrinking
according as A > %(a +3p),A = %(a +3p)or A < %(a + 3p) respectively. This was
shown by Venkatesha [25].

2. Yamabe soliton (@« = 0,8 = 2), then the Yamabe soliton is expanding, steady or
shrinking according as A > %(3,0 —0), A= %(3/0 —0o)ora < %(3,0 — o) respectively.

3. Einstein soliton (¢ = 1,8 = —1), then u = —A — ko implies Einstein soliton is
expanding if A < —ko, steady if A = —ko and shrinking if A > —ko.

Theorem 5 [faperfect fluid spacetime with torse-forming vector field & admits Ricci—Yamabe
soliton (g, V, u, o, B), then either every perfect fluid spacetime with torse-forming vector
field & is a spacetime with the equal associated scalar or the Ricci—Yamabe soliton is expand-
ing, steady or shrinking according to as Theorem 4.

Proof Inserting (11) in (5) we get

(Lyvg)(X,Y) =2 (M - % - aot) g(X,Y) = 2abn(X)n(Y). (23)

Taking Lie-differentiation of (11) and using it in (23) yields

(LyS(X,Y)=2a <M — % — aoe) g(X,Y) —2aabn(X)n(y)

+bo[(Ly ) (X)n(Y) + (Lym(Y)n(X)]. (24)
Differentiating covariantly (11) along vector field Z and using Lemma 1 infer
(VzS)(X,Y) = blg(Z, X)n(Y) + g(Z, Y)n(X) 4+ 2n(X)n(Y)n(Z)]. (25)

According to Yano [27], we have the following commutative formula:

(LyVzg —VzLyg — Vv, z21(X,Y)
= —g((LyV)(Z,X),Y) —g((LyV)(Z,Y), X). (26)

Combining (5) and (26) we obtain
gLy V)X, Y), Z) = (Vz9)(X,Y) — (Vx9)(T, Z) — (VyS)(X, Z). 27)
Inserting (25) in (27), we get the form
(LyV)(X,Y) = =2b[g(X, Y)§ + n(X)n(Y)§]. (28)
Again considering the commutative formula given by Yano [27]:
LyR)(X,Y)Z = (VxLyV)(Y,Z) = (VyLyV)(X, Z). (29)
Taking covariant differentiation of (28) and using it in (29), yields

(LyR)(X,Y)Z =2blg(X,2)Y —g(Y,Z2)X
+n(X)n(2)Y —n(¥Y)n(Z)X]. (30)
Contracting (30) with respect to X gives
(LyS)Y, Z) = —6b[g(Y, Z) + n(Y)n(2)]. (3D
Putting ¥ = Z = £ in (31), we have
(LyS)(E,8) =0. (32)
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Inserting X = Y = & in (24) we obtain

~ 2 (/L _ % — aa) — 2aab + 2b(Lyn)(E) = 0. (33)
Also, taking X = & in (23) infer
<cvgxxys>::[2<u-—§§-—aa)-+2ab]ncxy (34)
Taking Lie-differentiation of n(X) = g(X, &) and using it in (34) give us the relation:
(EanX)—quvépX)—[2<u-é;-—aa>-+2ba]nCY)=(l (35)

Again, taking Lie-differentiation of g(&, &) = —1 along V and using (24) gives

Br
n(Lyé) = — > ao + ab. (36)

Making use of (36), (33) and substituting the values of a and b we obtain the following
relation:

k ak
[2X — k(o 4+ 3p)] [u — Mo +28) + %(o —3p) — 7(0 + 3,0)] =0. (37)
Thus we see that either A = ’%(o +3p)oru = Al +28)+ %(o —3p) — %(o +3p). We
obtain the following two cases:
Case L If ). # &(0 +3p), then 1 = 1(a +28) + £ (0 — 3p) — % (0 + 3p). In this case
Ricci—Yamabe soliton is expanding, steady or shrinking accordingly as Theorem 4.
Case ILIf A = X(0 +3p) and u # Al +28) + (06 — 3p) — % (0 + 3p), implies
u # 3Bk(o + 3p). Then we get

S(X,Y) =k(o + p)g(X,Y) +n(X)n¥)], (38)
i.e. perfect fluid spacetime is a spacetime with equal associated scalar constant. This com-
pletes the proof. O

Taking X = Y = £ in (28) yields
(LyV)(§,8) =0. (39)
Using the commutative formula:
(LyV)(X,Y)=VxVyV —Vy,yV + R(V, X)Y. (40)
Replacing X, Y by & in (40) and using (39) gives
VeVeV = Vy. eV + RV, §)E =0. 41)
Since £ is torse-forming vector field, Ve& = 0 then (41) becomes
VeVeV + R(V,£)E = 0. (42)

This implies that potential vector field V' is a Jacobi vector field along the geodesic of &.
Hence we can state the following:

Theorem 6 If a perfect fluid spacetime with torse-forming vector field & admits a Ricci—
Yamabe soliton (V, g, u, a, B), then the potential vector field V is a Jacobi vector field
along the geodesics of .
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4 n-Ricci-Yamabe soliton in a perfect fluid spacetime

In this section we consider n-Ricci—Yamabe soliton in the context of perfect fluid spacetime
admitting torse-forming vector field & and obtain the Poisson equation.
Writing explicitly the Lie derivative L¢ g and taking potential vector V = & in (6) we get

[8(VxE, Y) + g(X, Vy§)] + 2aS(X, ¥)

+Q2u — Br)g(X,Y) +2wn(X)n(Y) =0, (43)
for any X, Y € x(M). Contracting (43) yields
div(§) +ar + <M— %) dim(M) = w. (44)

Let (M 4. g) be a general relativistic perfect fluid spacetime and (g, &, 1, o, «, B) be n-Ricci—
Yamabe soliton in M. From (6) and (11) we get

1
E[g(Vxé, Y)+g(X, Vy§)] + <aoe +u— %) g(X,Y)

+(ab + w)n(X)ny) = 0. (45)

Consider {e; }1<i<a an orthonormal frame field and leté = 21.4: 16 le;, wehave 21.4:1 €i(& i )2 =
—l and n(e;) = €;;&".
Multiplying (45) by €;; and summing over i for X = Y = ¢; we obtain

du —w = Q2B —a)r —div(§). (46)
Taking X =Y = & in (45) gives

a)—,u:oz(a—b)—%. (47)

Therefore,
= (2ﬂ—a>x+%(o—3p)—¥<o—p>— d”f) (48)
0= —ak(o + p) — T (49)

Hence we can state the following:

Theorem 7 Let (M, g) be a 4-dimensional pseudo-Riemannian manifold and let n be the
g-dual I-form of the gradient vector field § = grad(f) with g(&,&) = —1. If (6) defines an

n-Ricci—Yamabe soliton in M, then the Poisson equation satisfies by f is
A(f) = 3lo + ak(o + p)].

In view of (6), taking « = 0 and S = 1 it gives n- Yamabe soliton. Thus we can state the
following:

Corollary 1 Let (M, g) be a 4-dimensional pseudo-Riemannian manifold and let n be the
g-dual 1-form of the gradient vector field § = grad(f) with g(§,&) = —1. If (6) defines an
n-Yamabe soliton in M, then the Poisson equation satisfies by f is

A(f) = —3w.
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Remark 2 Now we look at some of the particular cases of Theorem 7. Under similar hypoth-
esis as in Theorem 7, if g admits:

1. n-Ricci soliton (¢« = 1, B = 0), then the Poisson equation satisfies by f is A(f) =
—3lw + k(o + p)].

2. n-Einstein soliton (@ = 1,8 = —1), then the Poisson equation becomes A(f) =
—3[w + k(o + p)]. These results were obtained by Blaga [1].

Example 1 An n-Ricci—Yamabe soliton (g, &, u, w, a, B) in a radiation fluid is given by

div(§)
3

=4 — )k — akp -

div(§)
3

From this example, we deduce that Ricci—Yamabe soliton in radiation fluid is steady if

= (O’;::f )% expanding if p > % and shrinking if p < (O‘g;f ) for a # 0.

w = —4dakp —

5 Applications of Poisson equation in physics

The fundamental forces of nature such as gravity and electrostatic forces could be modeled
using functions called gravitational potential and electrostatic potential both of which satisfy
the Poisson equation. For example, Gauss’s law of gravitational in differential form is

vy = —47Gp. (50)

where 1/ is the gravitational field, p the mass density and G the gravitational constant. Since
¥ 1s conservative and can be expressed as the negative gradient of gravitational potential i.e.
Y = —grad f then the Poisson equation of gravitation is

V2 =47Gp. (51)
Similarly, Poisson’s equation for electrostatics is

Vip= -2, (52)

where p is charge distribution, € permittivity of the medium and ¢ is gradient scalar function
such that £ = —Vyg for electric field E. Solving the Poisson equation amounts to finding
the electric potential ¢ for a given charge distribution.

These physical phenomenon’s are directly identical to above Theorem 7 which is a Poisson
equation with potential vector field of gradient type.

6 Example of n-Ricci-Yamabe soliton in a perfect fluid spacetime

In this section, we constructed a non-trivial example of a perfect fluid spacetime admit-
ting n-Ricci—Yamabe soliton in a 4-dimensional pseudo-Riemannian manifold. Let M =
{(x,y,2,1) € R4 ¢ # 0}, where (x, y, z, t) are the standard coordinates of R*. Consider a
Lorentzian metric g on M is given by

ds® = ¥ [dx* + dy* + dz*] — di’. (53)
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The non-vanishing components of the Christoffel symbol, the curvature tensor and Ricci
tensor are

4 _ 4 4 2t ol 2 3
I=Ip=Iy=¢" I'yu=I)=5=1,

2t 41
Ri441 = Roaan = R3443 = €™, R1221 = R1331 = R332 = —e€™,
2
S11 = 820 = 833 = —3e”, S44 = 3.

Therefore, the scalar curvature of the manifold is » = —12. Thus, (M 4 g) is a perfect fluid
spacetime whose isotropic pressure and energy density are p = % (A+3)ando = — % (A+3)
respectively.

Let n be the 1-form defined by n(Z) = —g(Z,t) for any Z € x(M). Take & = t.
Replacing V = & in (6) and using (L£g)(X,Y) = 2[g(X,Y) + n(X)n(Y)] we see that the
soliton equation becomes

2[gii +ni @nil+2aS8;; + 2u — Br)gii +2wn; ® n; =0, (54)

foralli € {1, 2, 3, 4}. Thus the data (¢, g, i, w, «, B) is n-Ricci—Yamabe soliton on (M4, g)
where © = 3o — 4 — 1 and w = —1, which is expanding if 3¢ — 48 > 1, shrinking if
3 — 4B < 1 and steady if 3o — 48 = 1.

7 Conclusions

This work is an extension of previous work done on perfect fluid spacetime by Blaga [2]
and Venkatesha and Kumara [25]. Blaga [2] obtained the Poisson equations in perfect fluid
spacetime admitting n-Ricci soliton and n-Einstein soliton. We generalized the result of Blaga
in Sect. 4 and obtained a more general expression of the Poisson equation in perfect fluid
spacetime admitting n-Ricci—Yamabe soliton. The significance of this result is that it holds
for a large group of solitons. Next, the conditions under which a perfect fluid spacetime
admitting torse-forming vector field & is expanding, shrinking and steady Ricci—Yamabe
soliton is obtained. Further, it is shown that the results in [2,25] are particular cases. Ricci—
Yamabe soliton in the context of Riemannian and semi-Riemannian manifolds need further
research.
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On weakly cyclic B symmetric spacetime

J.P. Singh, M. Khatri

Abstract. The object of the present paper is to investigate some geo-
metric and physical properties of weakly cyclic B symmetric (WCBS)4
spacetime under certain conditions. At first, the existence of (WCBS)y
spacetime is showed by constructing a non-trivial example. Then it is
shown that a (WCBS), spacetime with harmonic Weyl tensor is a Yang
Pure space or the integral curve of vector field p are geodesic and vector
field p is irrotational, provided r = 2. Moreover some geometric properties
of (WCBS), spacetime satisfying certain curvature restrictions are inves-
tigated and shown that conformally flat (WCBS), spacetime is infinites-
imally spatially isotropic relative to the unit timelike vector field p. Next
we characterize viscous fluid, dust and perfect fluid (WCBS), spacetimes
and obtained interesting results. Finally, we showed that in a (WCBS),
spacetime with non-constant scalar curvature satisfying divC' = 0 and ful-
filling the condition r = 2, if p is Killing vector then it is Weyl compatible,
purely electric spacetime and its possible Petrov types are I or D.

M.S.C. 2010: 53B30, 53C50, 53C80.
Key words: B tensor; Einstein’s field equation; perfect fluid spacetime; weakly cyclic
symmetry; Weyl tensor.

1 Introduction

A Lorentzian manifold is a special case of pseudo-Riemannian manifold. A pseudo-
Riemannian manifold of dimension n is a smooth n-dimensional differentiable manifold
equipped with a pseudo-Riemannian metric of signature (p, ¢) where n = p+¢. Due to
non-degeneracy of Lorentzian metric, the tangent vector can be classified into timelike,
null or spacetime vector. A Lorentzian manifold has many applications especially in
the field of relativity and cosmology. The casuality of the vector fields plays an
important role and hence it becomes a convenient choice for researchers for the study
of General Relativity. If a Lorentzian manifold admits a globally timelike vector field,
it is called time oriented Lorentzian manifold, physically known as spacetime. In
general, a Lorentzian manifold may not have a globally timelike vector field. For
more details see [1, 8, 23, 4, 17] and references therein.

Balkan Journal of Geometry and Its Applications, Vol.27, No.2, 2022, pp. 122-138.
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In [6], it is showed that a generalistic spacetime with covariant constant energy
momentum tensor is Ricci symmetric, that is, V.S = 0, where S is the Ricci tensor of
the spacetime and V denotes the covariant differentiation with respect to the metric
tensor g. If however, VS # 0, then such a spacetime may be called weakly Ricci
symmetric [26]. De and Ghosh [9] studied weakly Ricci symmetric spacetimes and
proved that if in a weakly Ricci symmetric spacetime of non-zero scalar curvature the
matter distribution is perfect fluid, then the acceleration vector and the expansion
scalar are zero and such a spacetime can not admit heat flux. A non-flat Riemannian
or pseudo-Riemannian manifold (M™,g)(n > 2) is called weakly Ricci symmetric if
the Ricci tensor S is of the form

(VxS)(U,V) = AX)S(U,V)+DU)S(V,X)
(1.1) + B(V)S(X,U),

where A, D and E are 1-forms which are non-zero simultaneously. Such an n-dimensional
Riemannian manifold is denoted by (WRS),,. If A= B = D = 0, then the manifold
reduces to a Ricci symmetric manifold.

A (0,2) symmetric tensor is a generalized Z tensor if

(1.2) Zij = Sij + 09ij;

where ¢ is an arbitrary scalar function. Recently, Mantica and Molinari [19] intro-
duced weakly Z symmetric manifolds. It is further weaken by De et al. [10] into
weakly cyclic Z symmetric manifolds and it is denoted by (WCZS),. A non-flat
Riemannian or pseudo-Riemannian manifold (M™, g)(n > 2) is called weakly cyclic Z
symmetric if the Z tensor is non-zero and satisfies the following condition

(VxZ)(U, V) + (Vu2)(V. X) + (Vv Z)(X,U)
(1.3) = A(X)Z(U,V)+DU)Z(V,X) + E(V)Z(X,U),

for all vector fields X, U and V. Here, Z is the generalized Z tensor. De et al.
[11] studied weakly cyclic Z symmetric spacetimes and showed that if a (WCZS),
spacetime satisfies divC = 0 and fulfills the condition r = a, then the spacetime is the
Robertson-Walker spacetime. De et al. [20] introduced a new symmetric (0,2) tensor
Bij as

(14) Bij = Clsij + brgij,

where a and b are non-zero arbitrary scalar functions and r is the scalar curvature.
For a =1 and b = % the tensor reduces to generalized Z tensor. Thus generalized
Z tensor is a particular case of B tensor and hence it give us a reason to study B
tensor. Contracting (1.4) we get, scalar B as B = (a + nb)r. In [20], the authors
introduced pseudo B symmetric manifold which is a generalization of pseudo Z sym-
metric manifold [21]. Motivated by this we introduced weakly cyclic B symmetric
manifold. A non-flat Riemannain or pseudo-Riemannain manifold (M™,g)(n > 1) is
called a weakly cyclic B symmetric manifold of dimension n if the B tensor is non-zero
and satisfies the condition

(VxB)(Y,Z)+ (VyB)(Z,X)+ (VzB)(X,Y)
(1.5) _ A(X)B(Y,Z) + D(Y)B(Z, X) + E(Z)B(X,Y),
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where A, D and E are non-zero 1-forms. It will be denoted by (WCBS),, manifold.
In [11], the authors investigated weakly cyclic Z symmetric spacetime and obtained
interesting results. This inspired us to study weakly cyclic B symmetric spacetime.

The notion of quasi Einstein manifolds arose during the study of exact solutions
of the Einstein’s field equation as well as during the considerations of quasi-umbilical
hypersurfaces of semi-Euclidean spaces. Chaki and Maity [5] introduced the notion
of quasi Einstein manifolds as a generalization of the Einstein manifolds. A pseudo-
Riemannain manifold (M™,g)(n > 2) is said to be a quasi Einstein manifold if its
Ricci curvature is non-zero and satisfies the condition

(1.6) S(X,Y) = ag(X,Y) + BAX)A(Y),

where o and 8 are real valued non-zero scalar functions on M. In [12], it is proved
that a quasi Einstein manifolds can be taken as a model of perfect fluid spacetime in
General Relativity. Also, the Robertson-Walker spacetimes are quasi Einstein mani-
folds. Thus quasi Einstein manifolds are important in theoretical physics, especially
in General Relativity and cosmology.

The Weyl (or conformal curvature) tensor plays an important role in differential
geometry and also in General Relativity providing curvature to the spacetime when
the Ricci tensor is zero. The Weyl conformal tensor C' in a Lorentzian manifold
(M™, g)(n > 3) is defined by [29]

CXYIU = RECYIU = —— [V, U)QX — g(X,U)QY

+ S(Y,U)X — S(X,U)Y]
+

(L.7) lg(YV, U)X —g(X,U)Y],

r
(n—1)(n—2)
where @ is the symmetric endomorphism of the tangent space at each point corre-
sponding to the Ricci tensor S, that is, g(QX,Y) = S(X,Y). The Lorenzian manifold
of dimension n(n > 3) is said to be conformally flat if the conformal curvature tensor
C is identically zero. In [16], Endean studied cosmology in conformally flat spacetime.

Ahsan and Siddiqui [1] proved that a concircularly flat perfect fluid spacetime ad-
mits a conformal Killing vector field if and only if the energy-momentum tensor has

a symmetry inheritance property. The concircular curvature tensor in a Lorentzian
manifold (M™, g)(n > 3) is defined by

C(X,Y)U = RX,Y)U

L g, X)Y —¢(Y, 2)X],

(1.8) T

for all vector fields X,Y,Z in M. For n = 3, the Weyl tensor as well as concircular
curvature tensor vanishes identically. The Lorenzian manifold of dimension n(n > 3)
is said to be concircularly flat if the concircular curvature tensor Cis identically zero.

The paper is organized as follows:

In Section 2, the existence of (WCBS)4 spacetime is established by constructing a
non-trivial example. Next in Section 3 it is shown that a (W CBS), spacetime is quasi
Einstein spacetime. Moreover conformally flat (WCBS), spacetime and (WCBS)4
spacetime with divC = 0 are studied and prove that a (WCBS), spacetime satisfying
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divC' = 0 with assumption r = g, the integral curve of vector field p are geodesic
and vector field p is irrotational or the spacetime is Yang Pure space. In the next
section, we investigate some geometric and physical properties of this spacetime under
certain curvature conditions. The last section deal with the application of (WCBS),
spacetime in General Relativity. We prove that if a perfect fluid (WCBS),4 spacetime
with vanishing scalar B obeys Einstein’s field equation without cosmological constant
then the spacetime is characterized by the following cases:

(i) The spacetime represents inflation and the fluid behaves as a cosmological constant.
This is also termed as a phantom barrier.

(ii) The spacetime represents quintessence barrier and the fluid behaves as exotic
matter.

The energy density and isotropic pressure for viscous fluid (WCBS)4 spacetime are
obtained and also we prove that a relativistic fluid (WCBS)4 spacetime obeying
Einstein’s field equation with the cosmological constant admit heat flux, provided
A+ ko # %. Finally, it is shown that in a (WCBS), spacetime with non-
constant scalar curvature satisfying divC = 0 and fulfilling the condition r = g, if p
is Killing vector then it is Weyl compatible, purely electric spacetime and its possible
Petrov types are I or D.

2 Existence of (WCBS), spacetime

In this section, we prove the existence of the (WCBS), spacetime by constructing a
non-trivial example (see [24]). Now, we shall consider a Lorentzian metric g on the
4-dimensional real number space R* by

(2.1) ds® = e**[(dz')? + (dx?)* + (dz®)?] — (dz)?,
where z = 2* # 0 and ', 22,23, 2% are the standard coordinates of R*. Then the

non-vanishing components of the Christoffel symbol, the curvature tensor and the
Ricci tensor are

(2:2) 1ﬂlll = F§2 = F§3 = 6227 Fh = F§4 = F§4 =1,
(2.3) Rissn = Rosss = Rauus = €%, Riag1 = Rizg1 = Rasga = —¢*,
(24) Sll = 522 = 533 = —362Z, S44 — 37

and the components which can be obtained from this by symmetric properties. One
can easily show that the scalar curvature r of the manifold is r = —12.

Let us choose an arbitrary scalar function as a = e™* and b = e~2%. Making use
of (1.4) the non-vanishing components of symmetric B tensor and their covariant
derivatives are as follows

(25) B11 = BQQ = 333 = *3(62 =+ 4), B44 = 3(€_Z + 46_22,
(2.6) 31174 = 822,4 = 33374 = *3, B44,4 = *3(6_2 + 86_22).
Let us choose the associate 1-forms as follows:
1
for i =4
(2.7) Ay =4 e+a O

0, otherwise,
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L fori =4
—— fori=
(2.8) D;(z) = { (e* +4)2
0, otherwise
and
—3e%* — 13
—— fori=4
(2.9) Eix)={ (e+42 '
0, otherwise,

at any point x € R%. In consequence of (2.5), (2.6), (2.7), (2.8) and (2.9) we obtain

(2.10) Bi1,4+ Bia1 + By = A4Byy + D1 By + E1 By,
(2.11) Boo 4 + Boso + Bayo = AyBog + DaByg + E2Bay,
(2.12) Bss 4 + B3a3 + B3y 3 = AyBss + D3By3 + E3 B3y,
(2.13) Baga+ Baaa + Baga = AyBag + DyByg + E4Byy,

for all other cases (1.5) holds trivially. Therefore, this proves that the manifold (R?, g)
under consideration is a (WCBS), spacetime with non-zero scalar curvature. Hence
we can state that:

Theorem 2.1. Let (R*, g) be a Lorentzian manifold endowed with the metric given
by

ds® = gijdr'da? = e**[(dx')? + (d2?)? + (dz®)?] — (dz*)?

where z = x* # 0 and ', 2%, 23, 2* are the standard coordinates of R*. Then (R*, g)
is an (WCBS)4 spacetime with non-zero scalar curvature r = —12.

3 (WCBS), spacetime

A Lorentzian manifold (M*,g) is said to be weakly cyclic B symmetric (WCBS)4
spacetime if the B tensor is non-zero and satisfies

(VxB)(Y,Z) + (VyB)(Z,X) + (VzB)(X,Y)
(3.1) =AX)B(Y,Z)+ D(Y)B(Z,X)+ E(Z)B(X,Y),
for all vector fields X,Y, Z in M*. Here, 1-forms A, D and E are given by
A(X) = g(X, p1), D(X) = g(X, p2), E(X) = g(X, p3),

where p1, pa, p3 are timelike vector fields, that is, g(p;, p;) = —1,4 = 1,2,3 corre-
sponding to 1-forms A, D and E respectively.
Interchanging Y and Z in (3.1) we obtain

(VxB)(Z,Y)+ (VzB)(Y,X)+ (VyB)(X,Z) =
(3.2) A(X)B(Z,Y) + D(Z)B(Y,X) + E(Y)B(X, Z).
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Combining (3.1) and (3.2) yields
(3.3) [D(Y)— E(Y)|B(X,Z)=[D(Z)— E(Z)|B(X, Z).

Define a 1-form as H(X) = D(X) — E(X) = g(X, p) for all vector fields X. Using
this in (3.3) gives

(3.4) H(Y)B(X,Z) = H(Z)B(X,Y).

Taking a frame field and contracting X = Z = e¢; where {¢;} is the orthonormal basis
of the tangent space at each point in spacetime we get

(3.5) BH(Y) = B(p,Y).

Taking Z = p in (3.4) gives

(3.6) H(Y)[aS(X,p)+brH(X)] = —B(X,Y).
Replacing X by p in (1.4) in using it in (3.5) we obtain

(3.7) aS(p,Y) = (a+3b)rH(Y).

In regard of (3.6) and (3.7), we see that

(3.8) S(X,Y) = ag(X,Y) + BH(X)H(Y),

where a = —%’" and = —g. Hence we can state the following:
Theorem 3.1. A (WCBS), spacetime is a quasi Finstein spacetime.

Theorem 3.2. A conformally flat (WCBS)4 spacetime is infinitesimally spatially
isotropic relative to the unit timelike vector field p.

Proof. Suppose (WCBS),4 spacetime is conformally flat. Making use of (3.8) and
(1.7) in conformally flat (WCBS)4 spacetime we obtain

RX,Y)Z = %[f %Mg(y, Z)X — gH(Y)H(Z)X
+ ?g(X, Z)Y + gH(X)H(Z)Y

- gH(X)g(Y, Z)p+ gH(Y)g(X, Z)p}

(3.9) %[g(y, 2)X — g(X, Z)Y}.

Let p* denote the 3-dimensional distribution in a conformally flat (WCBS), space-
time orthogonal to p, then from (3.9) we get

br r
(3.10) R(X,Y)Z = (= = D)lgY. 2)X = g(X. 2)Y),
for all X,Y,Z € pt. Also taking Y = Z = p in (3.9) gives
(3.11) R(X,p)p = —(6b+ a)X,

6a
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for every X € pt.

According to Karchar [18], a Lorentzian manifold is called infinitesimal spatially
isotropic relative to timelike unit vector field p if its curvature tensor R satisfies
relations

R(X,Y)Z = l[g(Y, 2)X — g(X, Z)Y],

for all X,Y,Z € p* and
R(X,p)p=mX,

for all X € pt, where [, m are real valued functions on the manifold. Thus in view of
(3.10) and (3.11) we see that a conformally flat (WCBS), spacetime is infinitesimal
spatially isotropic relative to timelike unit vector field p.

This completes the proof. O

Theorem 3.3. In a (WCBS)4 spacetime satisfying divC = 0 with assumption r = g,
the integral curve of vector field p are geodesic and vector field p is irrotational or the

spacetime is Yang Pure space.

Proof. Suppose (WCBS), spacetime has harmonic conformal curvature, that is,
divC = 0. Then (1.7) gives

(VxSHY,U) - (VusS)(Y, X)
1

(312 = I (X) (X, Y)dr ()]

Making use of (3.8) in (3.12) we obtain

{ adr(U) —rda(U)

_ Fbg(X, ¥) + (a -+ 40) H(X)H(Y))

+£ [db(U)g(X, Y) + {da(U) + 4db(U)}H(X)H(Y)
+(a+40){(Vu H)(X)H(Y) + (Vo H)(Y ) H(X)}]

_{ adr(X) — rda(X)
P

Hbg(¥,U) + (a -+ 40) H(Y) H (V)]
—2 [db(X)g(Y, U) + {da(X) + 4db(X)YH(Y ) H(U)

+a+ 40){(VxH)(Y)H(U) + (Vx H)(U)H(Y)}]
1

(3.13) = <[g(¥,U)dr(X) — g(X,Y)dr(U)}

Taking a frame field and contracting (3.13) over X and Y gives

br (a + 4b)

—(1 + g)dr(U) + gda(U) - [adr(p)

—rda(p)| H(U) = ~db(U) - = [da(p) H(U)

+adb(p)H(U)] — g[(éH)H(U)

(3.14) HY,H))] =~ 5dr(U),
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where (0H) = X7 1€,(Ve, H)(e;). Putting X =Y = p in (3.13) we get

i

{adr(U) ; rda(U)

}(a +3b) + 2 [3db(U) + da(U)]

a o+
—rda(p) VH(U) + g{adb(p) +da(p) Y H(U)

D) faar(p)

7%{adr(p) — rda(p) } H(U) +

(3.15) +§(VPH)(U) - é[dr(p)H(U) +dr(U)].

Combining (3.14) and (3.15) yields

—2br
a2

da(U) + %Tdb(U) - gdb(p)H(U)
—g(éH)H(U) + (;‘ b)dr(U)
(3.16) - (é + g)dr(p)H(U) n Z—Zda(p)H(U) —0.

a

Replacing U by p in (3.16) and using it in (3.16) results in the following

2r {adb(U) — bda(U)} n 2r {adb(p) — bda(p)}H(U)
(3.17) +(5- S) [dr(U) + dr(p) H(U)] = 0.
If possible, suppose r = 3, then

adb(U) — bda(U)

2 )

(3.18) dr(U) = -

for any vector field U. In consequence of (3.17) and (3.18) we see that either 4a+3b = 0
or dr(U) = —dr(p)H(U). Considering the case when 4a + 3b = 0, we see that r = 5!
is a constant, and hence dr = 0. Using this facts in (3.12) gives

(VxS (Y, U) = (Vo) (Y, X) =0.

This means that (WCBS), spacetime is a Yang Pure space [30].
Suppose 4a + 3b # 0. Replacing Y by p in (3.13) and using dr(U) = —dr(p)H(U)
yields

(3.19) (VxH)(U) = (Vv H)(X) = 0.
This means that the 1-form H is closed. Thus we get
9(Vxp,U) = g(Vup, X)
for all X,U. Taking U = p gives
9(Vpp, X) = g(Vxp, p)-

Since g(Vxp, p) = 0 implies g(V,p, X) = 0 for all X. Hence V,p = 0. This means
that the integral curve of the vector field p are geodesic and vector field is irrotational.
This completes the proof. O



130 J.P. Singh, M. Khatri

A vector field p is a Killing vector if
(3.20) 9(Y,V,X) +g(V,Y, X) =0,
for any vector fields X,Y. Hence we can state the following:

Corollary 3.4. If a (WCBS)4 spacetime with non-constant scalar curvature satisfies
divC = 0 and fulfills the condition r = g, then the vector field p is a Killing vector if
and only if p is parallel vector.

4 Some geometrical properties of (WCBS),
spacetime

The k-nullity distribution N (k) of a pseudo-Riemannian manifold M™ is defined by
[27]

N(k) = p— Ny(k)
= {ZeT,(M)|R(X.Y)Z =k[g(Y,Z2)X — g(X, Z)Y]}

for all X, Y € TM, where k is some smooth function. If the generator p of the quasi-
Einstein manifold M™ belongs to the k-nullity distribution N(k) for some smooth
function k, then M™ is called N (k)-quasi Einstein manifold [28].

According to Deszcz [2, 13, 14], for (0,4)-tensor field T if R-T and Q(g,T) are
linearly dependent, that is, R-T = LrQ(g,T) holds on the set Up = {z € M :
Q(g,T)#0 at z}, where Ly is some function on Ur. In particular, if T = R(resp.,
S, C, 6’) then the manifold is called pseudosymmetric (resp., Ricci-pseudosymmetric,
conformally pseudosymmetric, concircularly pseudosymmetric). De and Velimirovié
[8] studied spacetimes with semisymmetric Energy-Momentum tensor and showed
that such a spacetime is Ricci semisymmetric.

In this section, (W CBS)4 spacetime under certain curvature conditions such as Ricci-
pseudosymmetric, conformal Ricci semisymmetric and concircular
Ricci-pseudosymmetric are studied.

Theorem 4.1. Every Ricci-pseudosymmetric (W CBS)4 spacetime with non-vanishing

scalar B is an N(Z:20)-quasi Einstein spacetime.

Proof. Suppose (WCBS), spacetime is Ricci-pseudosymmetric, that is, R - S =
LsQ(g,S) holds on Us and Lg is a certain function on Ug. Thus we get
S(R(X,Y)U,V)+ S(U,R(X,Y)V) =
Lslg(Y,U)S(X,V) — g(X,U)S(Y, V)
(4.1) +9(Y,V)S(U, X) — (X, V)S(Y,U)].

In consequence of (3.8) in (4.1) we obtain

H(R(X,Y)U)H(V)+ HU)H(R(X,Y)V) =
Ls[g(Y, U)H(X)H (V) = g(X, U)H(Y)H(V)
(4.2) +g(Y,V)H(X)H(U) - (X, V)H(Y)H(U)].
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Contracting (4.2) over X and V and using (3.8) yields
B br

(4.3) R(p,Y)U = Lsg(Y.U)p+ | = = = = 4LS] H(Y)U.

Substituting Y = U = p in (4.3) we get the following relation

(4.4) Ls = %.
Taking U = p in (4.2) gives
(4.5) R(X,Y)p = Ls[H(Y)X — H(X)Y].

Making use of (4.4) in (4.5) we obtain

B-b
(4.6) R(X,Y)p = = "[H(Y)X - H(X)Y].
a
This means that the vector field p belongs to the (B;abr)—nullity distribution. This
completes the proof. O

If we take Lg = 0, then the manifold satisfies the condition R -S = 0 and so it is
Ricci semisymmetric. In this case, we see that B = br implies a = —3b. Hence we
can state the following:

Corollary 4.2. In a Ricci semisymmetric (WCBS)y spacetime with non-vanishing
scalar B the relation a + 3b = 0 holds.

Theorem 4.3. In a (WCBS)4 spacetime with non-vanishing scalar B satisfying

C(X,Y)-S=0, (53153’") is an eigenvalue of the Ricci operator Q.

Proof. Proceeding similarly as in Theorem 4.1, we obtain the following relation

5B — 8br
IR YVIU.p) = (T )oY D)H(X)
(4.7) - 9(X,U)H(Y)).
Contracting (4.7) over X and U yields
5B — 8br

4. Y,p)=(——)g(Y,
(4.8) S(.p) = (5 )9(¥on),
ie, QY = (531521”)}’ for all vector field Y. Thus (531531”“) is an eigenvalue of the
Ricci operator ). This completes the proof. O

Suppose (WCBS), spacetime is concircularly pseudosymmetric, that is, R - C =
LsQ(g,S). Then proceeding similarly as in Theorem 4.1 and Theorem 4.3 one can
easily obtained the following;:

Theorem 4.4. In a (WCBS)4 spacetime with non-vanishing scalar B satisfying

R-C = LsQ(g,5), 3(]35?” is an eigenvalue corresponding to Ricci operator QQ and

the timelike vector field p belongs to the N(Bgabr)-quasi FEinstein spacetime.
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5 Application of (WCBS), spacetime in General Rel-
ativity

The general theory of relativity postulate that the spacetime should be described as a
curved manifold. The Einstein’s field equation [23] relate the geometry of spacetime
with the distribution of matter within it. Einstein’s field equation is conferred by

(5.1) S(X,Y) - gg(x, Y) + \g(X,Y) = kT(X,Y),

for all vector fields X,Y where S is the Ricci tensor of type (0,2), r is the scalar
curvature, A is the cosmological constant and k is the gravitational constant. Eq.
(5.1) imply that the matter detrmines the geometry of spacetime and conversely that
the motion of matter is determined by the metric tensor of the space which is not
flat. Here, T is the energy momentum tensor which is a symmetric (0, 2)-tensor with
divergence zero.

The energy momentum tensor is said to describe a perfect fluid [23] if

(5.2) T(X,Y) = (o +pH(X)H(Y) +pg(X,Y),

where o is the energy density and p is the isotropic pressure of the fluid, H is a
non-zero 1-form such that

9(X,p) = H(X),
for all X, p being the velocity vector field of the fluid which is a timelike vector, that
is, g(p,p) = H(p) = —1.
Combining (3.8) and (5.1), the energy momentum tensor can be written as

rla(2A — 1) — 2] B

(5.3) T(X,Y)= 5ak g(X,Y) — @H(X)H(Y),

Thus we can state the following;:

Proposition 5.1. A (WCBS)4 spacetime satisfying Einstein’s field equation with
cosmological constant can be considered as a model of perfect fluid spacetime, in Gen-
eral Relativity.

Inserting (5.2) in (5.1) without cosmological constant, we obtain
(5.4) S(XY) = k(o + p)H(X)H(Y) + (kp+ 5)g(X, ).
Comparing (3.8) and (5.4), we see that in a perfect fluid (WCBS,) spacetime the
following relations hold

(5.5) a:f%:(karg) and ﬁ:fgzk(owLp).

Replacing X by QX in (5.4) and using (3.8) gives
S*(X,Y) = k(o +p)(a— B)H(X)H(Y)

(5 (o = p)lag(X,Y) + BHOX)H(Y)]



On weakly cyclic B symmetric spacetime 133

where S%(X,Y) = S(QX,Y). Taking a frame field and contracting (5.6) over X and
Y yields

(5.7) QI = k2(0* + 2p* — op).
Hence we can state the following:

Theorem 5.2. If a perfect fluid (WCBS)4 spacetime obeying Finstein’s field equation
without cosmological constant, then the square of the length of the Ricci operator is
k(02 + 2p? — op).

In view of (5.4), if perfect fluid (W CBS)4 spacetime satisfies the timelike conver-
gence condition, that is, S(p, p) > 0 then o+ 3p > 0, thus the spacetime obeys cosmic
strong energy condition. Thus we can state

Proposition 5.3. If a perfect fluid (W CBS)4 spacetime obeying Einstein’s field equa-
tion without the cosmological constant satisfies timelike convergence condition, then
the spacetime obeys strong energy condition.

In cosmology we know that when o = —p this lead to rapid expansion of the
spacetime which is termed as inflation. Also o 4+ p = 0 is known as Phantom Barrier
[7]. Here the fluid behaves as a cosmological constant [25]. And if o + 3p = 0 then
strong energy condition begins to violate and fluid behaves as exotic matter. This
is termed as a Quintessence Barrier. Recent observations have indicated that our
universe is in quintessence era [3].

In consequence of (5.5), we get o +p = 7% and o +3p = —1.

Suppose that the scalar B vanishes, it follows that either (i) a +4b =0 or (ii) r = 0.
Now (i) a+4b = 0 implies o +p = 0. Thus the spacetime represents phantom barrier.
Again (ii) » = 0 implies 0 + 3p = 0. Thus the spacetime represents quintessence
barrier. Hence we can state the following:

Theorem 5.4. If a perfect fluid (WCBS)4 spacetime with vanishing scalar B obeys
FEinstein’s field equation without cosmological constant then the spacetime is charac-
terized by the following cases:

(i) The spacetime represents inflation and the fluid behaves as a cosmological con-
stant. This is also termed as a phantom barrier.

(ii) The spacetime represents quintessence barrier and the fluid behaves as exotic mat-
ter.

Next we state and proof the following:

Theorem 5.5. A relativistic fluid (W CBS)4 spacetime obeying Einstein’s field equa-
tion with the cosmological constant admit heat flux, provided \ + ko # %.

Proof. For a relativistic fluid matter distribution, the energy momentum tensor is as
follows [15]

T(X,Y) = pg(X,Y)+ (0 +pAX)AY)
(5.8) + A(X)B(Y)+ B(Y)A(Y),
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where A(X) = g(X,p), A(p) = -1, B(X) = g(X, ), B(p) > 0,9(p, ) = 0. Here p is
the velocity vector field and p is the heat conduction vector field.
Making use of (5.8), the Einstein’s field equation becomes

S(X,Y) = (kp— A+ g)g(X, Y) + k(o + p)A(X)A(Y)
(5.9) + K[AX)B(Y) + B(X)A(Y)).
Inserting (3.8) in (5.9) gives

(¢ = kp+a=3)g(X.Y) + (8- k(o +p)AX)AY)
(5.10) — K[A(X)B(Y) + B(X)A(Y)] = 0.
Replacing X by p in (5.10) we obtain

(5.11) B(Y) :%(%-%-W&-A)A(Y)

Thus the spacetime admit heat flux if A + ko # 3[32;(12(;7-' This completes the proof. (I

Next we consider viscous fluid matter, under which the energy momentum tensor
is of form:

(5.12) T(X,Y)=pg(X,Y)+ (0 +p)H(X)H(Y) + P(X,Y),

where P denotes the anisotropic pressure tensor of the fluid.
Combining (5.12), (5.1) and (3.8) yields

(a=Z—kp)g(X.Y) + [B—k(o+pIH)H(Y)

(5.13) = kP(X,Y).
Replacing X and Y by p in (5.13) we get

(5.14) —(a— g —kp) + B — k(o +p) = kI,
where I = P(p, p). Contracting (5.13) over X and Y gives
(5.15) A(a — g — kp) — B+ k(o +p) = kJ,

where J = Trace of P. Adding (5.14) and (5.15) the expression for isotropic pressure
is given by

{-5-5- 1

(5.16) =y

(5.17) o= (Tl a2,

Thus we can state the following:
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Theorem 5.6. In a viscous fluid (WCBS), spacetime obeying Finstein’s field equa-
tion with cosmological constant the energy density and isotropic pressure are given by
(5.17) and (5.16) respectively.

For a pressureless fluid spacetime (dust), the energy momentum tensor is of form
T(X,Y) = cH(X)H(Y). Proceeding similarly as in Theorem 5.6 one can easily
obtain the follow:

Proposition 5.7. A dust (WCBS)4 spacetime obeying Einstein’s field equation with
cosmological constant is vacuum if and only if scalar B vanishes.

Definition 5.1. A symmetric tensor b;; is Weyl compatible if
(5.18) bimCiy + bjmCrip + bem Ciy = 0.

Now we examine the Weyl compatibility of (WCBS), spacetime. In accordance
of Corollary 3.4, suppose p is Killing vector field then p is parallel vector and hence
we get

(5.19) R(X,Y)p=[Vx,Vy]p—Vxy)p=0.
Contracting (5.19) over X and using (3.8) we see that (a + 3b)r = 0. But, r # 0,
hence a + 3b = 0. Making use of this in (3.8) yields

(5.20) S(X,Y) = —=[g(X,Y) + H(X)H(Y)].

1
9
In consequence of (5.20) the Weyl tensor is of the form

1 1
Cijri = Rijri + ﬁ[gjkgil — gikgji] + E[gilHij
(5.21) —gyH;Hy + g Hi Hy — gi, H; H).

Since the generator p is parallel so transvecting (5.21) by H' we get

1
(5.22) H'Cijp = %[giji — gaHjl.

In view of (5.22) we can obtain the following relation
(5.23) (Hicjklm + H;Citm + chijlm)Hm =0.
Thus we can state the following;:

Theorem 5.8. In a (WCBS), spacetime with non-constant scalar curvature sat-
isfying divC = 0 and fulfilling the condition v = £, if p is Killing vector then the

a’
spacetime is Weyl compatible.

In General Relativity, given a timelike vector field u with u'u; = —1, then the
electric and magnetic components of Weyl tensor are defined by

(5.24) Ey = ujuijklm,
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1 i ;
(5.25) Hy = §€jkrsujumcﬁza

where the components C]? is of type (2,2) of the Weyl tensor and €jirs denotes
the completely skew-symmetric Levi-Civita symbol. In [22] it is shown that on a
4-dimensional spacetime a timelike vector field is Weyl compatible if and only if the
magnetic part of the Weyl tensor vanishes i.e., Hy; = 0. In regard of Theorem 5.8
and above result we obtain the following:

Proposition 5.9. In a (WCBS)4 spacetime with non-constant scalar curvature sat-
isfying divC = 0 and fulfilling the condition r = g, if p is Killing vector then it is a
purely electric spacetime.

If the electric and magnetic parts of the Weyl tensor are proportional i.e., YE = pH
for some scalar fields v and p including the case when one of them is zero, then the
space is of type I, D or O. But Ey, = % # 0, the Weyl tensor is non-vanishing so
the space cannot be of type O. Thus we can state

Proposition 5.10. In a (WCBS), spacetime with non-constant scalar curvature
satisfying divC = 0 and fulfilling the condition r = g, if p is Killing vector then the
possible Petrov types are I or D.
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1. Introduction

In submanifold theory, obtaining the relationship between an intrinsic invariant and
an extrinsic invariant has been the primary goal of many geometers in recent decades. Chen
invariants were introduced by B.Y. Chen [1] to tackle the question raised by Chen concern-
ing the existence of minimal immersions into a Euclidean space of arbitrary dimension [2].
Chen’s é-invariant dps of a Riemannian manifold M introduced by Chen is

Ipm(x) = t(x) — inf{K(IT)|IT is a plane section C TyM}, 1)

where 7 is the scalar curvature of M.
In [1], Chen obtained an inequality for a Riemannian submanifold M™ of a real space
form M with constant sectional curvature c as

m?(m — 2)

om < 2(m—1)

1
I H {1 +5 (m+ 1) (m = 2)c, @
where H is the mean curvature of the submanifold M™. Equation (2) is known as the first
Chen inequality.
Then in [3], Chen gave the inequality for a Riemannian submanifold M™ of complex-
space-form M" (4c) as follows:

m?(m — 2) s 1 3 ’

<2 = — = - .

oy < 2m—1) | H || +2(m +1)(m—2)c+ 5 | P |7 c—30(m)c 3)
Afterward, many authors obtained Chen’s inequalities for different submanifolds in

various ambient spaces, such as the Kenmotsu space form [4], the Sasakian-space-form [5],

the Cosympletic space form [6], the Riemannian manifold of quasi-constant curvature [7],

generalized space forms [8,9], Statistical manifolds [10-12], quaternionic space forms [13]

and the GRW spacetime [14].

Axioms 2022, 11, 324. https:/ /doi.org/10.3390/axioms11070324
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Qu and Wang [15] introduced the notion of a special type of quarter-symmetric connec-
tion as a generalization of a semi-symmetric metric connection [16] and a semi-symmetric
non-metric connection [17]. They studied the Einstein warped product and multiple warped
products with a quarter-symmetric connection [15]. In [18], the authors obtained Chen’s
inequalities for submanifolds of real space forms endowed with a quarter-symmetric
connection. Mihai and Ozgﬁr [19] obtained the Chen inequalities for submanifolds of
complex space forms and Sasakian-space-forms with a semi-symmetric metric connec-
tion. Wang [20] obtained Chen inequalities for submanifolds of complex space forms and
Sasakian-space-forms with quarter-symmetric connections which improved the results of
Mihai and Ozgﬁr [19]. Sular [21] obtained Chen inequalities for submanifolds of general-
ized space forms with a semi-symmetric metric connection. Al-Khaldi et al. [22] obtained
the Chen—Ricci inequalities Lagrangian submanifold in generalized complex space form
and a Legendrian submanifold in a generalized Sasakian-space-form endowed with the
quarter-symmetric connection.

As a continuation of their studies, we obtained Chen inequalities for submanifolds of
generalized Sasakian-space-form admitting a quarter-symmetric connection. The signifi-
cance of this study is that it generalizes a large number of previously obtained results, some
of which are [20,21]. The paper is organized as follows. In Section 2, we recall the properties
of the quarter-symmetric connection. In Section 3, we establish the B.Y. Chen inequalities
for submanifolds of a generalized Sasakian-space-form endowed with a quarter-symmetric
connection. First, we prove the following inequality and also look at its equality case.

Theorem 1. Let M™, m > 3 be an m-dimensional submanifold of a (2n + 1)-dimensional general-
ized Sasakian-space-form M(f1, f2, f3) endowed with a quarter-symmetric connection ¥, then

m2

2(m—1)
£(3 1712 ~602(0) 2 1 (e |2 ~(m—1) [ 7 17 ) £
P (g ) = A1)+ 2P (4

= 1)) + P2 (A 1)~ m(m — 1)),

v(x) ~ K(11) < (m - 2) | H 2+ )

where 11 is a two-plane section TyM, x € M.

Next, we obtain bounds for the Riemannian invariant é(my, . .., my) and a Ricci curva-
ture in terms of the scalar curvature of the r-plane section L, squared mean curvature and
some special functions. Among others, we obtain the inequality involving the Riemannian
invariant @y, 2 < k < m, as follows:

| H 2 () 2 04x) — fi— -2 T 2428 g

m(m—1)
2 92+ Ega(gr — g2) + (91— ) ACH).

Using Theorem 1 in Section 4, we derive Chen inequalities for the bi-slant submanifold
of generalized Sasakian-space-forms.

2. Preliminaries

Suppose that M"*? is an (m + p)-dimensional Riemannian manifold with Riemannian
metric g. A linear connection V is known as a quarter-symmetric connection if its torsion
tensor T is presented by

T(X1,X2) = Vx, Xo — Vx, X1 — [X1, Xo]
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satisfies
T(X1, X2) = A(X2) X1 — A(X1)9Xa,

where A is a 1-form, P is a vector field given by A(X;) = g(Xj,P), and ¢ is (1, 1)-tensor.
In [15], the authors introduced a special type of quarter-symmetric connection defined as:

Vx, X = Vx, Xo + 1A (X2) X1 — $08(X1, X2) P, 4)

where V denote the Levi-Civita connection. It is easy to see that the quarter-symmetric
connection V includes the semi-symmetric metric connection (y; = ¥, = 1) and the
semi-symmetric non-metric connection (1 = 1,1, = 0). Let the curvature tensor of V be

R(X1,X2)X3 = Vx,Vx,X3 — Vx,Vx, X5 — v[XLXZ]XS'

Similarly, the curvature tensor R of V can be defined as the same.
Let M™ be an m-dimensional submanifold of an (m + p)-dimensional Riemannian
manifold M" 7 endowed with the quarter-symmetric connection V and the Levi-Civita

connection V. Let V and V denote the induced quarter-symmetric connection and the
induced Levi-Civita connection on the submanifold M. The Gauss formula with respect to
V and V can be presented as

Vx, X2 = Vx, Xo + h(X1,X2), X1, X2 € [(TM)
Vi, X2 = Vx, Xa +h(X1,X2), Xi,Xa € T(TM)

where /1 and I are the second fundamental forms associated with the quarter-symmetric
connection V and the Levi-Civita connection V, respectively, and are related as follows:

~

h(X1, X2) = (X1, X2) — $2g(X1, X2) P+, (5)

where P is the normal component of the vector field P on M. If PT represents that tangent
component of the vector field P on M, then P = PT + P+,

The curvature tensor R with respect to the quarter-symmetric connection V on M7
can be expressed as [15]:

ﬁ(Xl,Xz,Xg, X4) = ﬁ(Xl, Xz,X?,, X4) —+ 1/11‘31 (Xl,Xg) (Xz, Xg)
—1B1(Xa, X3)8(X1, Xa) + ¥28(X1, X3)B1(X2, X4) — 28 (X2, X3)B1(X1, Xa)
+p2 (1 — ¥2)8(X1, X3) B2(X2, Xa) — (1 — $2)8(X2, X3)B2(X1, X4), (6)

where 1 and p; are symmetric (0, 2)-tensor fields defined as

B1(X1, X2) = ($X1A)(X2) — 1A (X)) A(X2) + %g(XLXz)A(P)I

and
A(P)
2

B2(X1, X2) = g(X1, Xa) + A(X1)A(X2).

Moreover, we assume that t7(f1) = A and tr(B2) = .
Suppose that R and R are the curvature tensors of V and V, respectively. Then the
Gauss equation with respect to the quarter-symmetric connection is as follows [15]:

E(Xl,Xz, X3, X4) = R(Xl,Xz, X3, X4) — g(h(Xl,X4),h(X2, Xg))
+8(h(X2, Xq), (X1, X3)) + (1 — $2)g(h(X2, X3), P)g (X1, X4)
+(p2 — ¢1)g(h(Xq, X3), P)g(X2, X4)- )
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Let {e1,...,em} and {ey11,...,emtp} be an orthonormal frame of T M and T M at the
point x € M. Then the mean curvature vector of M associated with V is H = - Y7 | h(e;, ;).
Similarly, the mean curvature vector of M associated to V is H = Lym, h(e;, ¢j). In addition,
the squared length of i is || h ||>= Yo g(h(ej ej), hie;, e;).

Now, we recall some of the Riemannian invariants introduced by Chen [23] in a
Riemannian manifold. Let L be an r-dimensional subspace of TyM, x € M, r > 2 and
{e1,...,e} an orthonormal basis of L. The scalar curvature T of the r-plane section L is
given by

(L)= ) Ky (8)

1<i<j<r

where Kj; is the sectional curvature of the plane section spanned by ¢; and ¢; at x € M.
Suppose that IT C Ty M is a two-plane section and K(IT) is the sectional curvature of M for
a plane section ITin TyM, x € M. Then

—_

K(TT) = E[R(elzezf e2,e1) — R(ey, ez, e1,2)]. )

The scalar curvature 7(x) of M at the point x is presented by

T(x) =) Kj;, (10)

i<j
where {ey,...,en} is an orthonormal basis for Ty M.

3. B. Y. Chen Inequalities
First, we recall the well-known lemma obtained by Chen [1], which is as follows:
Lemma 1. Ifay, ..., a4y, a1 are m + 1 (m > 2) real numbers such that
m 2 m
(La) =m=1)( L +am),
i=1 i=1
then 2a1ap > a,,41, with equality holding if and only if a1 +a, = a3 = ... = ay,.
Now, let Mbea (2n 4 1)-dimensional almost contact metric manifold with the struc-

ture (¢, 1,8,&) where g isa (1,1)-tensor, 77 is a 1-form which is dual to the Reeb vector field
¢, and g is a Riemannian metric on M which satisfies the follows [24]:

P =-I1+1®E (&) =1, g(eX1,9X2) = g(X1,X2) — 7(X1)7(Xa).

Because of these conditions, we have

p;=0, 1-¢=0, n(X1)=g(X1,9),

for any vector fields X, X, € T(TM). N
An almost contact metric manifold (M, ¢, 1, , g) whose curvature tensor satisfies

R(X1,X2) X3 = fi{g(X2, X3) X1 — g(X1, X3) X2} + fo{ (X1, 9X3) X5
—8(X2, 9X3) Xy +28(X1, 9X2) X3} + fa{n(X1)n(X3) Xz
—11(X2)1(X3) X1 + (X1, X3)1(X2)¢ — 8(X2, X3)n(X1)G}, (11)
for any vector field Xj, Xp, X3 € F(TA7I )and f1, f2, f3 being differentiable functions on M is

said to be a generalized Sasakian-space-form denoted by M(f1, f2, f3). The notion of a general-
ized Sasakian-space-form M( f1, f2, f3) was introduced by Alegre et al. [25], generalizing three
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important contact space forms, that is, the Sasakian-space-form (f; = <2, fo = f3 = 1),

the Kenmotsu space form (f; = <2, f = f3 = %) and the Cosympletic space form
(A=h=f=1).

From (6) and (11), we obtain

R(X1,Xp, X3, Xs) = fi{g(X2, X3)8(X1, Xa) — §(X1, X3)8(X2, Xs)}

+2{g(X1, 9X3)g(9X2, Xs) — (X2, 9X3)g(9X1, X4)

+28(X1, 9X2)g(9X3, X4) } + f3{1(X1)1(X3)8(X2, X4)

—11(X2)1(X3)8(X1, X4) + §(X1, X3)11(X2)1(X4)

—8(X2, X3)1(X1)n(X4) } + ¢151(X1, X3)8 (X2, X3)

—1B1(X2, X3)8(X1, Xy) + $28(X1, X3)p1(X2, X4)

—28(Xa, X3)B1(X1, Xa) + 2(¢1 — $2)8(X1, X3)B2(X2, X4)

— 2 (1 — 92)8(X2, X3)B2(X1, X4), (12)

Let M™ be a submanifold of a generalized Sasakian-space-form M(fi, f2, f3) of dimen-
sion (2n + 1). For any tangent vector field X; on M, we can write ¢X; = 7 X1 + FX;,
where T Xj is the tangential component, and FXj is the normal component of Xj. The
squared norm of 7 at x € M is defined as

1T IP="Y &*(geie)), (13)
ij=1

where {e1,..., ey} is any orthonormal basis of the tangent space T, M and decomposing
the structural vector field ¢ = ¢T + &+, where &7 and ¢ denotes the tangential and normal
components of &. Moreover, we set @*(I1) = g?(Te1,e2) = g*(pey, e2), where {e1,e5} is
the orthonormal basis of two-plane section I1.

Theorem 2. Let M™,m > 3 be an m-dimensional submanifold of a (2n + 1)-dimensional general-
ized Sasakian-spaceform M(f1, f2, f3) endowed with a quarter-symmetric connection ¥, then

mZ
2(m—1)
£(3 1712 ~6020) 2+ (e |2~ —1) [ 712 £

) (8, 1) = A - 1)) + 2O (4
= 1)) + 2 (A 1)) - m(m - )A(h)),

v(x) — K(11) < (m - 2) | H 2+ 1))

where I1 is a two-plane section TyM, x € M.

If in addition, P is a tangent vector field on M™, then H = H and the equality case holds
at a point x € M if and only if there exists an orthonormal basis {ey, ..., en} of TxM and an
orthonormal basis {ey 11, - .., €41} of To- M such that the shape operators of M in M(f1, fo, f3)
at x have the following forms:

hith 0 0 0
0 hpt! 0 0
1 1
Agpn=1 0 0 hytt+mptt o 0

6 6 6 ) w4 hm+1
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Theorem and

hil h{% 0 ... 0
h, —hij; 0 ... 0O

A, = 0 0 0 ... O my2<r<on+1
0 0 0 0

Proof. Letx € M and {e1,ez,...,em}, {€ms1,---, €11} be an orthonormal basis of TyM

and T M, respectively, then from (7), (10) and (12) we obtain

21(x) =m? | H|* = | h|> +m(m —1)fi + 3% || T |I> —=2(m = 1)f5 || &" |2
—(1 + P2)A(m = 1) — a1 — ) p(m — 1) —m(m — 1) (1 — 2) A(H).

We set,

mz(m 2)

¢=2t(x) - I H | =m(m =1)fi =3f2 || T |> +2(m = 1)f5 || " |I?

+(¢1+4’2) ( = 1) +2(¢1 — po)u(m — 1) + m(m — 1) (1 — ¢2) A(H),

then (14) becomes
m* || H = (m = 1) (|| 1 |* +c).
For a chosen orthonormal basis, (16) can be written as:

2n+1 m

(L) = m-n[Eogr e pogrs 5 ogeed

i=1 i=1 i#j r=m+21i,j=1
then using Lemma 1, we have

2n+1 m

Zhﬁ+1h£n2+l > Z hm+1 + Z Z (h:jj)z +e.

i#f r=m+21i,j=1
Now, let IT = span{ey, e}, then from (7) and (12) we obtain

2n+1
R(ei,e,e0,01) = ) [Highhy — (h1)] = (1 — ¢2)g(h(ez,e2), P)

r=m+1
+f1+ 31287 (ger, e2) — f3(n*(e1) + 7 (e2))
—1B1(e2,€2) — YaPi(er er) — a(¢1 — ¥2)Baler, e1).

and

2n+1
R(ey ex,e1,02) = Y [(Hip)* — Wiyhbo) + (1 — ¢2)g(h(e1, e1), P)

r=m+1
—f1 = 3f28% (per, e2) + f3(n*(e1) + 77 (e2))
+p1B1(er,e1) + paPilea, e2) + a1 — o) Balen, e2).

Making use of (18) and (19) in (9), we obtain

(14)

(15)

(16)

(17)

(18)

(19)
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2n+1 —
R S NI
r=m-+
i+ 3£ ~ f5(] & )
~Bir(pr 110~ Loy ) s~ p)ir(Ba ). 0)
Combining (14) and (20) gives
v(3) — K(TD) = (m—2) (52 [ H 2+ (m 1))
2(m—1)
F(31 T2 ~602) 2 4+ (e 12 ~m—1) 1712
P02 (1, 1) — am - 1) + 2O (5, 1y
~plm = 1)) + 2 (0 1)) - m(m — ) (1))
2n+1
+ Y [ Lm0+ ). 1)
r=m+1 ~1<i<j<m 1<i<j<m
Making use of Lemma 2.4 [26], we have
2n+1 2
O [ A D (e U e Y P el
r=m+1 ~1<i<j<m 1<i<j<m
In view of the last expression in (21), we obtain
2
() = K@) < (m=2) (=5 1 H P +(m+ 1))
£(3 1712 ~602(0) 2+ (e |2~ —1) [ 712 ) £
) (48, ) = A - 1)) + 2O (4,
p(m = 1)) + M(A(tr(}l 1)) — m(m — A(H) ). (23)

Now, if P is a tangent vector field on M, then (5) implies h = hand H = H. If the

equality case (23) holds at a point x € M, then the equality cases of (17) and (22) hold,
which gives

1 1 1 1
h;’}+1:hg1j+1:0l]->2

Wi +hy=0r=m+2,...2n+1
h;jzofi#j,7=m+1,...,2n+1

Wit =0,i # i, j > 2

Therefore, choosing a suitable orthonormal basis, the shape operators take the de-
sired forms. [

Corollary 1. Under the same arguments as in Theorem 2,
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1. If the structure vector field ¢ is tangent to M, we have

m2
2(m—1)
£(31 T 1P ~602(m) 2+ (e |2~ - 1) 5

) (4 ) — A1) + 2P (4
1)) + P (At 1)) - O - DA,

v(x) ~ K(ID) < (m—2) | H 2+ )

2. Ifthe structure vector field ¢ is normal to M, we have
_m
2(m—1)

FBITI —6@2(11))% y1ten) ;"’2) (81 o)

) + Yalts =42 (tT(ﬁz 1)
(- 1)) + W1 )( Altr( In)) = m(m = DA(H)).

v(x) ~ K(11) < (m —2) I H P+

Remark 1. It should be noted that Theorem 2 generalizes the Theorem 6 obtained in [20]. Moreover,
taking different values of f;,i = 1,2,3, we can obtain similar inequalities as Theorem 1 for the
Kenmotsu space form and the Cosympletic space form endowed with certain types of connections by
restricting the values of ¢;,i = 1,2.

Remark 2. If in Theorem 2, we take 1 = o = 1 then we obtain Theorem 5.1 [21].

Corollary 2. Let M™,m > 3 be an m-dimensional submanifold of a (2n + 1)-dimensional general-
ized Sasakian-space-form M( f1, f2, f3) endowed with a semi-symmetric non-metric connection, then

mZ
2(m—1)
£(3 1712 ~6020) 2+ (Y |2~ —1) [ 712 ) £

3 (0B 1) = Am = 1)) + 3 (Al (1)) = m{m — 1) A(H) ),

7(x) — K(II) < (m—z)( | H |2 (m+1)f1)

where 11 is a two-plane section TyM, x € M.

For an integer k > 0, we denote by S(m, k) the set of k-tuples (my, ..., my) of integers
> 2 satisfying my < m and my, ..., m; < m. In addition, let S(m) be the set of unordered
k-tuples with k > 0 for a fixed m. Then, for each k-tuple (my,...,m;) € S(m), Chen
introduced a Riemannian invariant é(my, . .., my) as follows [23]

S(my,...,mp)(x) =t(x) —inf{t(L1) + -+ 1t(Lg)}, (24)

where Ly, ..., Ly run over all k mutually orthogonal subspaces of Ty M such that dimL; =
mj,j € {1,...,k}. For simplicity, we set
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Yi(L)= ), (Tene), Toly) = ) [8(E7e)* +8(E"¢)%

1<i<j<r I<i<j<r
Bl)= L [bilee) + Aol Yall) = 1 [Baleie) +paleie)]
<i<j<r <i<j<r
11’5(L]')= Z A euez +h(e]re]>)
1<i<j<r

As the generalization of Theorem 2, we state and prove the following results using the
methods used in [26].

Theorem 3. Let M™,m > 3 be an m-dimensional submanifold of a (2n + 1)-dimensional general-
ized Sasakian-space-form M(f1, f2, f3) endowed with a quarter-symmetric connection V, then

S(my,...,mg) <b(my,...,my) || HI? —l—a(m1, o) f1

2 k
vap(1Z1E “ L) (- 1R - ZTz )
) (- 1) - B2 ) (- 0
j=
k k
-y ) + ) (g A) - Y ¥s(L),
= =

for any k-tuples (my, ..., my) € S(m). If P is a tangent vector field on M, the equality case holds at
x € M™ if and only if there exists an orthonormal basis {e1, . ..,en } of TxM and an orthonormal

basis {ey41, . - ., ant1} Of To M such that the shape operators of M in M(f1, fa, f3) at x have the
following forms:

aq 0 ... 0 A{ ... 0 0
0 a ... 0 : .. . :
Aem+1: . . . . /AEy: i ’ '7‘ ! ,r=m+2,...,2n—|—1,
: : L 0 ... AL O
0 0 ... ay 0 ... 0 gl

where ay, . .., ay satisfy

Ayt Ay = = Ay 41 T T A1 = 0 = Am

and each A]r» is a symmetric m; X m; submatrix satisfying tr(Aj) = - --

= tr(A}) =Gy, Lisan
identity matrix.

Proof. Choosean orthonormal basis {e, . . ., e, } of Ty M and an orthonormal basis {e,;, 11, - - -, €241}
of T+ M such that mean curvature vector H is in the direction of the normal vector to e, 1.
We set

a; :hzﬁl, i=1,...,m
by =ay,bp=ay+ - +am, b3 =y 41+ + Gy pmy, - -

.7

bk+1 = Ayt +my_q+1 +ooe Amy+-+myg_qy+mys - - '/b"/-i—l = am,

and consider the following sets

D1:{1,...,m1}, Dzz{m1+1,...,m1+m2},...,
Dy={(my+--+mp_q)+1,...,(my+---+m_q)+mg}.



Axioms 2022, 11, 324 10 of 16

Let Ly, ..., Ly be a mutually orthogonal subspace of TxM with dimL; = m;, defined by

L= Span{em1+...+mjfl+1,...,em1+..4+mj}, ji=1,...,k

From (7), (8) and (12), we obtain

T(Lj)zwfﬁr?’fz‘f’l( Lj) — f3¥2(L))
Sty ) - By g - B2
2n+1
+ L L[ wjaj ﬁ; (h“fﬂj)z]' (25)
r=m+1ua;<p;

We set

e =21 —2b(my,...,m) | H|?> —m(m—1)fi =3f> | T |I?
+2(m—=1)f3 | &7 > + (91 + 2)A(m — 1)

+2(p1 — ) p(m — 1) +m(m — 1) (1 — ¢2) A(H), (26)
where )
m2<m+k—1 = Zm])
j=1
b(my,...,my) = p ,
2 k— ;
(m + ]; m]>

for each (my,...,my) € S(m).
k
In addition, let v = m + k — 2 m;. Then in view of this and (26), Equation (14)

j=1
becomes

m* || H |[2= (| 1 |? +e)7,

which can be written as

v+1 2n+1 m
():b) [e+2b2+2 2 Y Y ()
i=1 i#j r=m+21i,j=1
—2 Z Aoy Apy — =2 Z a“k”ﬁk}’ 27)
a1<B1 <Py

where aj, Bj € D; forallj=1,...,k
Now applying Lemma 2.3 [26] in (27), we obtain

Z Ay Ay + o+ Z A Ay =

a1<py we<Pr

2n+1 m
Serremr ey y o,

i#j r=m+21i,j=1

which further implies
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2n+1

E Y X { “]“jh/rgjﬁj a (hz‘/ﬁj)z} = ;

j=lr=m+1a;<p;
n+ n+
1 2n41 2n+1

€
p— r p—
s L et Y Y (M) <5, (28)
r m+1 (a,B) gDZ r= m+2a]eD
where D? = (Dy x D1) U - - - U (Dy x D). Combining (14), (25) and (28) gives

T—ZT <bm1,...,mk) ||H||2 —l—a(ml,...,mk)fl
=

wap(LTE - f:w’ L))~ fa(m—1) €7 P - Ej%a ))

_M ((m — 1)/\ —];T:;(LD) - %(U’l - lIJZ)((m - 1);”

k k
~y ) + ) (1A - Y ¥s(L), @)
4 )

where, a(my, ..., my) = % {m(m -1) - gmj(mj - 1)}

The equality case (29) at a point x € M holds if and only if all the previous inequalities
hold; thus, the shape operators take the desired forms. O

Remark 3. Restricting the values of f;,i = 1,2,3 and ; for i = 1,2, we can obtain similar bounds
as Theorem 3 for certain contact space forms endowed with certain connections.

Theorem 4. Let M™,m > 3 be an m-dimensional submanifold of a (2n + 1)-dimensional general-
ized Sasakian-space-form M(f1, f», f3) endowed with a quarter-symmetric connection ¥, then

(i)  For each unit vector X1 in Ty M, we have

Rie(Xy) < (m—1)f1 +3f2 igz(fpxlfej) + (2 =mp*(Xy)— (1 g7 1*)
=

+p1 + (1= m)g] B1 (X1, X1) — 1A + a1 — o) (1 — m) B2 (X1, X1)
mZ
= (1 = 2)[mA(H) = A(h(Xy, X0))] + - [| H 1. (30)

(i) If H(x) = 0, then a unit tangent vector Xy at x satisfies the equality case of (30) if and only if
Xi € /\/l(x) = {X1 cTyM | h(Xl,Xz) =0,VX, € TXM}.

(iii) The equality of (30) holds for all unit tangent vectors at x if and only if either
1. m#Z,hf].:0,1',]':1,2...,m.r:m+1,...,2n+1,0r
2. m=2h} =h,h,=0,r=3,...,2n+1
Proof. Choosing the orthonormal basis {ey, ..., en } such that ey = X;, where X; € T,M is

a unit tangent vector at the point x on M. In view of (7) and (12), then proceeding similarly
as the proof of Theorem 4 in [20], one can easily obtain the desire results. [
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By choosing an orthonormal frame {e, ..., e} of L such that ey = X, a unit tangent
vector, Chen [23] defined the k-Ricci curvature of L at X; by

Ricp (X1) = K12 + Kiz + -+ - + Ky (31)

For an integer k,2 < k < m, the Riemannian invariant ®; on M is defined by

O(x) =

1
k_linf{RicL(Xl) |L X1}, xeM

where L runs over all k-plane sections in TyM and X; runs over all unit vectors in L.
From [26], we have

=2 @, (x). 32)
Let us choose {ey, ..., ey} and {ey 1, .., €411} as an orthonormal basis of T,yM and

Tj-M,x € M, respectively, where e, is parallel to the mean curvature vector H. In
addition, let {ey, ..., e, } diagonalize the shape operator A, ,. Then,

a 0 0
0 a ... 0
Aem+1 = : .
0 0 ... ap

and

Ay, =hi;, i,j=1,....m, r=m+2,....2n+1, trA, =0.

r 17

(33)
In consequence of the above assumptions, Equation (14) can be written as follows:
2n+1  m

w? | H |P= 27+ ia% YY) m(m— 1),

r=m+21i,j=1
=3 | T 1> +2(m = 1)f5 | &7 1> +(¢1 + ¢2)A(m — 1)
+p2(p1 — o) p(m — 1) +m(m — 1) (1 — 2) A(H). (34)

Using the Cauchy-Schwartz inequality, we have
) 2
Yoaizm|H|. (35)
i=1

Combining (32) and (34), we can state the following:

Theorem 5. Let M™,m > 3 be an m-dimensional submanifold of a (2n + 1)-dimensional general-
ized Sasakian-space-form M(f1, fa, f3) endowed with a quarter-symmetric connection V. Then for
any integer k,2 < k < m and any point x € M, we have

| HI? () 2 O) — fi— - 2 || T2 422 g

m(m—1)
2 92+ Ega(gr — g2) + (91— p2) AR,

As a particular case of Theorem 5, we obtained Theorem 6.2 [21] which is as follows:
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Corollary 3 ([21]). Let M™,m > 3 be an m-dimensional submanifold of a (2n + 1)-dimensional
generalized Sasakian-space-form M(f1, fa, f3) endowed with a semi-symmetric metric connection.
Then for any integer k,2 < k < m and any point x € M, we have

3 2 2A
1512 ()2 0t~ - P T2 22 ¢ g 4 2

)

Corollary 4. Let M™, m > 3 be an m-dimensional submanifold of a (2n + 1)-dimensional gener-
alized Sasakian-space-form M(f1, f2, f3) endowed with a semi-symmetric non-metric connection.
Then for any integer k,2 < k < m and any point x € M, we have

I HIP () = Ox) == e

_ 3 A
m—1)

2 2f3 T 12
7| t et |l +E+A(H)-

Remark 4. Restricting function f;,i =1,2,3, we can easily obtain similar inequality in the case of
the Sasakian, Kenmotsu and Cosympletic space forms.

4. Some Applications

The notion of slant submanifolds in almost contact geometry was introduced by
Lotta [27]. A submanifold M of an almost contact metric manifold (M, ¢, &, 7, ) tangent to
the structure vector field ¢ is said to be a contact slant submanifold if, for any point x € M
and any vector X; € TxM linearly independent on ¢y, the angle between the vector ¢X;
and the tangent space Ty M is constant. This angle is known as the slant angle of M. The
concept of slant submanifold is further generalized as follows:

Definition 1 ([28]). A submanifold M of an almost contact metric manifold M is called a bi-slant
submanifold, whenever we have

1.  TM =Dy, & Dy, &8
2. ([)Dgl 1 Dez and q)'Dgz 1 Dgl.
3. Fori=1,2, the distribution D; is slant with slant angle ;.

Now, as a consequence of Theorem 2, we can state the following:

Theorem 6. Let M be a (m = 2dy + 2d, + 1)-dimensional bi-slant submanifold of a (2n + 1)-
dimensional generalized Sasakian-space-form M(f1, fa, f3) endowed with a quarter-symmetric
connection V, then we have

m2

sy | H P+ + D)

7(x) — K(IT) < (m — z)(
—1-3((111 —1)cos*6; + dgcoszez)% —(m=1)f3

) (48, ) = A - 1)) + O (4,
1)) + I (A ) — m(m 1) A()),

for any plane 11 invariant by T and tangent to slant distribution Dy, and

m2

7(x) — K(1) < (m = 2) (50— |

(HI2 +m 1))
+3 (d1c05291 + (dy — 1)505292)% —(m—1)f3
PO (48 ) A - 1))+ 2O (4

= 1)) + I (A 1)~ m(m — 1) (1)),
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References

for any plane 11 invariant by T and tangent to slant distribution Dg,. Moreover, the ideal case is
the same as Theorem 2.

Proof. Let M be a bi-slant submanifold of a generalized Sasakian-space-form M(fi, f2, f3)
of dimension (m = 2d; 4+ 2d, + 1) and let {ey,..., e, = ¢} be an orthonormal frame of
tangent space TyM at a point x € M, such that

ey, e2 = sectiTeq, ..., e 1,624, = secO1T €4, 1,624, 41, €24, 42

= secOrT exd, 11, - - -1 €2dy +2dy—1, €2dy +2d, = 5€C02T €24, 124, 1,€2d, +2d,+1 = G,

which gives

2( e: e,) _ C05291, for i= 1,2, .. .,2d1 —1
8 \Peit1, 6 c0s20,, for i=2d,+1,...,2d; +2dy — 1.
Thus we have

| 7 |12= 2{d1cos?01 + dacos>6,}

Making use of the above facts in Theorem 2, the proof is straightforward. [J

In a similar manner, Theorems 3, 4 and 5 can be stated for a bi-slant submanifold of
a generalized Sasakian-space-form. Moreover, restricting the values of 0;,i = 1, 2, similar
results can be obtained for a large class of submanifolds such as slant, semi-slant, hemi-slant,
semi-invariant submanifolds. Moreover, by taking different values of f;,i = 1,2,3, we can
derive similar inequalities for the Sasakian, Kenmotsu and Cosympletic space forms.

5. Conclusions and Future Work

In this article, we established the general form of Chen'’s inequalities are obtained for
generalized Sasakian-space-forms endowed with a special type of quarter-symmetric connec-
tion. This work is in continuation of the previous works by Wang [20], Mihai and Ozgiir [19],
Sular [21] and Wang and Zhang [18]. By using the obtained inequality, we derived the Chen
inequality for the bi-slant submanifold of generalized Sasakian-space-forms. Recently, Chen
inequality for lightlike hypersurfaces of GRW spacetime was obtained by Poyraz [14]. For
future research, we would try to combine the methods and results in [29-52] to obtain the
Chen inequalities for submanifolds of indefinite space forms such as spacelike and lightlike.
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On almost pseudo semiconformally
symmetric manifolds

J. P. Singh and M. Khatri

Abstract. The object of the present paper is to study a type of Rie-
mannian manifold, namely, an almost pseudo semiconformally symmetric
manifold which is denoted by A(PSCS),,. Several geometric properties of
such a manifold are studied under certain curvature conditions. Some re-
sults on Ricci symmetric A(PSCS),, and Ricci-recurrent A(PSCS),, are
obtained. Next, we consider the decomposability of A(PSCS),,. Finally,
two non-trivial examples of A(PSCS),, are constructed.

M.S.C. 2010: 53C25, 53C35.

Key words: Pseudo semiconformally symmetric manifold; symmetric manifold; con-
formal curvature tensor; semiconformal curvature tensor; conharmonic curvature ten-
sor.

1 Introduction

Riemannian symmetric spaces have an important role in differential geometry. They
were first classified by Cartan [4] in the late twenties and he also gave a classification
of Riemannian symmetric spaces. In 1926, Cartan [4] studied the certain class of
Riemannian spaces and introduced the notation of a symmetric space. According to
him, an n-dimensional Riemannian manifold M is said to be locally symmetric if its
curvature tensor R satisfies Ry, = 0, where “,” represent the covariant differentia-
tion with respect to the metric tensor and Ry, are the components of the curvature
tensor of the manifold M. This condition of locally symmetry is equivalent to the fact
that the local geodesic symmetry F(P) is an isometry [20] at every point P € M.

After Cartan, the notation of locally symmetric manifolds has been reduced by
many authors in several ways to a different extent such as pseudo symmetric manifolds
introduced by Chaki [6], recurrent manifolds introduced by Walker [27], conformally
symmetric manifolds introduced by Chaki and Gupta [5], conformally recurrent man-
ifolds introduced by Adati and Miyazawa [2], weakly symmetric manifolds introduced
by Tamdssy and Binh [26], etc.

In 1967, Sen and Chaki [24] obtained an expression for the covariant derivative of
the curvature tensor while studying conformally flat space of class one with certain

DirrERENTIAL GEOMETRY - DYNAMICAL SYSTEMS, Vol.22, 2020, pp. 233-253.
(© Balkan Society of Geometers, Geometry Balkan Press 2020.
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curvature restrictions on the curvature tensor, which is as follows:

(1.1) Ry = 2MNRE, + MR + MRl + ARl + MR,

where Rfjk are the components of the curvature tensor R, Ry = gthfjk, A; s
a non-zero covariant vector. Later in 1987, Chaki [6] introduced a manifold whose
curvature tensor satisfies (1.1) and called it a pseudo symmetric manifold. In the
index-free notation this can be defined as:

(VER)(X,Y)W = 2A(E)R(X,Y)W + A(X)R(E,Y)W
+ A(Y)R(X,E)W + AW)R(X,Y)E
(1.2) + g(R(X, Y)W, E)p,

where A is a non-zero 1-form called the associate 1-form of the manifold. Here, p is
a vector field corresponding to 1-form A and is defined by

(1.3) 9(E, p) = A(E),

for all vector field FE, and V represents the operator of covariant differentiation with
respect to the metric tensor g. Taking A = 0 in (1.2) the manifold reduces to a
symmetric manifold in the sense of Cartan. An n-dimensional pseudo symmetric
manifold is denoted by (PS),. It should be taken into account that the notation of
pseudo symmetric manifold studied in particular by Deszez([3],[8],[9],[10]) differ from
that of Chaki [6].

In 2008, De and Gazi [11] introduced a type of Riemannian manifold which is
a generalization of pseudo symmetric manifolds. Such manifold is called an almost
pseudo symmetric manifold and is denoted by (APS),. A Riemannian manifold
(M, g), (n > 2) is said to be an almost pseudo symmetric [11] if its curvature tensor
R of type (0,4) satisfies the following relation:

(VER)(X,Y,W,V) = [A(E)+ B(E)R(X,Y,W,V) + A(X)R(E,Y,W,V)
+ AN)R(X,E,W,V)+ AW)R(X,Y,E,V)
(1.4) + A(V)R(X,Y,W,X),

where A, B are non-zero 1-forms given by
(1.5) 9(E,p) = A(E),g(E,0) = B(E),

for all vector fields E. In the paper ([12],[13]) it has been mentioned that (PS),, is a
particular case of an (AP),.

Gray[16] introduced two groups of Riemannian manifolds based on the covariant
differentiation of the Ricci tensor. The first group contains all Riemannian manifolds
whose Ricci tensor S is a Codazzi tensor, that is,

(1.6) (VES)(X,Y) = (VxS)(E,Y).

The second group contains all Riemannian manifolds whose Ricci tensor S is cyclic
parallel, that is,

(1.7) (VS)(X,Y) + (VxS)(E,Y) + (VyS)(E, X) = 0.
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In 1952, Patterson [22] introduced the notion of Ricci-recurrent manifolds. A non-
flat Riemannian manifold (M, g), (n > 2) is said to be a Ricci-recurrent manifold [22]
if its non-zero Ricci tensor S of type (0,2) satisfies the following condition

(1.8) (VeS)(X,Y) = H(E)S(X,Y),
where H is non-zero 1-form called 1-form of recurrence, which is defined by
(1.9) 9(E,n) = H(E).

In 2016, Kim [18] introduced a type of curvature tensor which is a combination of
conformal and conharmonic curvature tensor, called semiconformal curvature tensor.
The semiconformal curvature tensor of type (1,3) remains invariant under conhar-
monic transformation [1]. More precisely, the semiconformal curvature tensor P of
type (1,3) on a Riemannian manifold (M, g) is defined as follows:

(1.10) P(X,Y)W = —(n—2bC(X,Y)W + [a+ (n— 2)b H(X, Y)W,

where a, b are constants not simultaneously zero, C(X,Y )W denotes the conformal
curvature tensor of type (1,3), and H(X,Y)W denotes the conharmonic curvature
tensor of type (1,3). The conformal curvature tensor and the conharmonic curvature
tensor[25] are given as follows:

CX,Y)W = R(X,Y)W — ﬁ [S(Y, W)X — S(X, W)Y + g(Y, W)LX
(1.11) ~ g(X, W)LY} + m [g(Y, W)X — g(X,W)Y],
and,

HX,Y)W = R(X,Y)W — ﬁ {S(K W)X — S(X, W)Y + g(Y,W)LX
(1.12) — (X, W)LY},

where L is the symmetric endomorphism of the tangent space at each point corre-
sponding to the Ricci tensor S, that is, g(LE,X) = S(FE,X) and r is the scalar
curvature of the manifold. From equations (1.10),(1.11) and (1.12) we obtain an
expression for semiconformal curvature tensor P(X,Y, W, V) of type (0,4) as follows:

P(X,Y,W,V) = aR(X,Y,W,V)— ﬁ S(Y, W)g(X, V)
— S(X, W)Y, V) + S(X, V)g(¥, W) = S(V,V)g(X,W)]
(113) g [ ey = x|

where P(X,Y,W,V) = g(P(X, Y)W, V).
For a =1 and b = _ﬁ’ the semiconformal curvature becomes conformal
n—
curvature tensor and for a = 1 and b = 0, such a tensor reduces to conharmonic
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curvature tensor. A Riemannian manifold (M, g) of dimension n > 4 is said to be
pseudo semiconformally symmetric [17] if its semiconformal curvature tensor P of
type (0,4) satisfies the relation

+ AY)P(X,E,W,V)+ AW)P(X,Y,E,V)
(1.14) + A(V)P(X,Y,W,E).

The semiconformal curvature tensor is further studied in the recent paper by De
and Suh [14]. An almost pseudo symmetric manifold introduced by De and Gazi
[11] is an important generalization of symmetric space which is studied by several
geometers ([15],[7],[21],[19]), and many others. Motivated by there studies in an
almost pseudo symmetric manifold and semiconformal curvature tensor, in the present
paper, we introduced a type of non-flat Riemannian manifold (M,, g), (n > 4) whose
semiconformal curvature tensor P of type (0,4) satisfies the condition
AY)P(X,E,ZW,V)+ AW)P(X,Y,E,V)

(
AV)R(X,Y, W, E),

+
(1.15) +
where A and B are non-zero 1-forms and are called the associated 1-forms, defined
as in (1.5), and V has the meaning previously introduced. The vector fields p and o
corresponding to the associated 1-forms A and B respectively shall be called the basic
vector fields of the manifold. We shall be calling such a manifold as an almost pseudo
semiconformally symmetric manifold and an n-dimensional manifold of this kind shall
be denoted by A(PSCS),. If in (1.15) A = B, then the manifold becomes a pseudo
semiconformally symmetric manifold defined by (1.14). The manifold A(PSCS),
includes an almost pseudo conformally symmetric manifold [13] and an almost pseudo
conharmonically symmetric manifold [21].

The present paper is organized as follows: After preliminaries, in section 3 we in-
vestigated some geometric properties of A(PSC'S),, with non-zero constant scalar cur-
vature and Codazzi type of Ricci tensor. In section 4, Ricci symmetric A(PSCS),, and
Ricci recurrent A(PSCS),, are studied. Section 5 deals with an Einstein A(PSCS),,.
In section 6, it is concerned with the decomposition of A(PSC'S),, and exactly defined

each product manifolds of an A(PSCS),. Finally, we constructed two non-trivial ex-
amples of A(PSCS),.

2 Preliminaries

Let r and S denote the scalar curvature and the Ricci tensor of type (0,2) respectively
and L has the meaning already mentioned, that is,

(2.1) g(LE, X) = S(E, X).

In this section, we will derive some formulas, which we will be using in the study of
A(PSCS), throughout this paper. Let {e;} be an orthonormal basis of the tangent
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space at each point of the manifold where 1 <i < n.
Now from equation (1.13), we have

n

(22) ZP(X7Y;ei7ei) :Ozzp(eiaeiaX7Y)7

i=1 i=1
and,

n

(2.3) > P(ei,Y,W,e)) = > P(Y,ei,e, W) =
=1

i = =1

{a+(n—2)b}r

=2 g(Y, W),

where, r = Y7 | S(e;, €;) is the scalar curvature.

Making use of equation (1.13) we obtain the following relations:

(i) PX,Y,W,V)=-PY,X,W,V),
(i) P(X,Y,W,V)=-PX,Y,V.W),
(ii)) P(X.Y,W.V)=P(W.V.X,Y),
(2.4) (iv) P(X,Y,W,V)+ P(Y,W,X,V)+ P(W,X,Y,V)=0.

3 An A(PSCS),, (n > 4) with non-zero constant scalar
curvature and Codazzi type of Ricci tensor.

Theorem 3.1. In A(PSCS),, (n > 4) the scalar curvature is a non-zero constant if
and only if (4+ n)A(E) + nB(E) = 0, provided [a + (n — 2)b] # 0.

Proof. Taking covariant derivative of equation (1.13) with respect to E we get,

AVER(X.Y.WY) = (VEPIXY.WY) + o (Tes) mg(x,v)

= (VeS)(X, W)g(Y, V) + (VeS) (X, V)g(Y, W)

eV gCe ) b+ L E g wgcxv)

(3.1) — g(X,W)g(Y, V)}

Inserting equation (1.15) in equation (3.1) we obtain,

W(VeR)(X,Y,W,V) = [A(E)+ B(E)P(X,Y,W,V)+ A(X)P(E,Y,W,V)
+ A(Y)P(X,E,W, V) +A(W)P(X,Y,E,V)
+

A(V)R(X,Y, W, E) + @{(VES)(Y, W)g(X,V)
= (VES)(X,W)g(Y,V) + (VeS)(X,V)g(Y, W)
— (TSI ) T v W) X )

(3.2) - 9(X, W)g(Y, V)}-
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{a + (n—2)b}r

Putting X =V =e¢;,(i = 1,2,...,n) and A = (n—2)

in equation (3.2), we

obtain

a(VeS)(Y, W)

[A(E) + B(E)] [~Arg(Y, W)] + A(P(E,Y)W)

+OA®Y) [—)\rg(E, W)} +A(W) [—Arg(x E)] — A(P(W,E)Y)
(n—2)

(3.3) — (VeS)(Y,W)| + bdr(B)g(Y, W).

H(VES)(Y.W) = (VES)(W.Y) + dr(E)g(Y, W)

Contracting over Y and W in equation (3.3), the above equation reduces to
(34) nla+ (n—2)bldr(E) =[a+ (n—2)b]r[(4+n)A(E) +nB(E))].
Assuming [a + (n — 2)b] # 0, then equation (3.4) reduces to

(3.5) ndr(E) =r[(4 4+ n)A(E) + nB(E)].

Clearly if [(4 4+ n)A(E) + nB(E)] = 0 then r is a non-zero constant.
Conversely, if r is a non-zero constant then [(4 + n)A(F) + nB(E)] =
This completes the proof. O

Theorem 3.2. If Ricci tensor in A(PSCS),, is of Codazzi type then the semiconfor-
mal curvature tensor P satisfies Bianchi’s second identity.

Proof. Making use of equation (1.13) we can obtain
(VeP)X,Y,W.V) + (VxP)(Y,EW,V)+ (VyP)(E X, W,V)
= a[(VER)(X.Y,W,V) + (Vx R)(Y. E, W, V)

(VYR X W) = s (V8)(Y W)g(X, V)

(
)
(VES)(X,W)g(Y, V) + (VeS)(X,V)g(Y, W)
(VesS)(Y,V)g(X, W) + (VxS)(E, W)g ( V)
- (VxS)(Y,W)g(E,V) + (Vx9) W)
( + )
(
(

(E,

(Y, V)g(

(X, W)g(E \%
(X

) ( )
Mwmwwmxm

VxS)(E,V)g(Y, W)+ (VyS
Vy S)(E,W)g(X,V) = (VyS)
b

(E,

V)g(x, )| -

)
W)

V) o)
GO W)g(¥, V) +dr(X){g(B, W) (Y, V)

— gVW)g(B.V)} +dr(Y ){g(X, W)g(E. V)
(3.6) — 9B W)g(X.V)}].

Since the Ricci tensor is of Codazzi type, S satisfies the relation:

(37) (VES)(XaY) = (VXS)(Evy)a



On almost pseudo semiconformally symmetric manifolds 239

implies r = constant.
Moreover, inserting equation (3.7) in equation (3.6), we have

(38)  (VeP)(X.Y,W,V)+ (VxP)(Y.E,W,V) + (VyP)(E,X,W,V) = 0.
Hence, the theorem is proved. O

Theorem 3.3. In A(PSCS),, if the semiconformal curvature tensor P satisfies
Bianchi’s second identity then A(PSCS),, reduces to a pseudo semiconformally sym-
metric manifold, provided [a + (n — 2)b] # 0 and r # 0.

Proof. Suppose that the semiconformal tensor P in A(PSCS),, satisfies Bianchi’s
second identity. Then making use equation (1.15), we get

[B(E) — A(B)|P(X, Y, W, V) + [B(X) — A(X)|P(Y, E,W, V)

(3.9) +[B(Y) — AY)|P(E, X, W,V) = 0.
Let Q(F) = B(E) — A(E) and p; be a basic vector such that
(3.10) 9(E, p1) = Q(E),

for all E. Equation (3.9) with the help of equation (3.10) may be written as
(311)  QE)PX,Y, W, V)+QX)P(Y,E,W,V)+QY)P(E,X,W,V) =0.
Putting X = V = ¢; in equation (3.11), the above equation reduces to

Q(E){— [a+ (n—2)b]r

(n2)
B a+(n—2)br _
(3.12) Qu{ - | o

and contracting over Y and W, we infer
(3.13) [a+ (n—2)blrQ(E) = 0.

Suppose  # 0 and [a + (n — 2)b] # 0 in above equation implies Q(E) = 0.
This completes the proof. O

o, w>} L QB(Y. W)

Theorem 3.4. If A(PSCS),, satisfies Bianchi’s second identity then the scalar cur-
vature is constant provided [a + (n — 2)b] # 0.

Proof. Suppose A(PSCS),, satisfies Bianchi’s second identity. Then, from equation
(1.13), we obtain

a

5 { (TESI V) = (T8 W)Y V) + (T28) (X V)

W)
—(VeS)(Y,V)g(X, W) + (VxS)(E, W)g(Y, V) — (VxS)(Y,W)g(E,V)
HVxS)(Y, V)g(E, W) = (VxS)(E,V)g(Y, W) + (Vy S)(X, W)g(E, V)

(Vy S)(E.W)g(X. V) — (VyS)(X. V)g(E. W) + (VyS)(E.V)g(X, W)}

o { BN V) = 90X W)Y )} + O a5, W)Y, V)

(3'14) —g(Y, W)g(E, V)} + dT(Y){g(X, W)g(E, V) - g(E, W)g(X, V)}} =0.
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Contracting equation (3.14) over Y and W, the equation reduces to

(n—2)
—%dr(X)g(E, V) — (V5S)(X,V) + (VxS)(E, V)] + bg(X, V)dr(E)

Sdr(B)g(X,V) + (n — 2)(V5S)(X, V) + (2~ n)(Vx S)(E, V)

(3.15) —bg(E,V)dr(X) + dr(X)g(E, V) —dr(E)g(X, V)} =0.

b
(n—1)
Substituting X =V = e; in equation (3.15) yields
(3.16) [a+ (n—2)b]dr(E) = 0.

This completes the proof. O

4 Ricci Symmetric A(PSCS),, (n > 4) and Ricci-recurrent
A(PSCS),, (n > 4).

Theorem 4.1. In a Ricci symmetric A(PSCS),, (n > 4), the Bianchi’s second iden-

tity holds for semiconformal curvature tensor.

Proof. Since A(PSCS),, is Ricci symmetric, the Ricci tensor S satisfies the condition
VS=0
and dr = 0.

Using this, we have
(VEP)(X,Y,W,V) =a(VgR)(X,Y,W,V).

Hence,

(VEP)(X,Y,W,V)+ (VxP)Y,E,W,V) + (VyP)(E,X,W,V) =
(4.1) a[(VER)(X,Y,W,V)+ (VxR)(Y,E,W,V)+ (VyR)(E,X,W,V)],
implies,
(4.2) (VeP)(X,Y,W,V)+ (VxP)Y,E,W,V)+ (VyP)(E,X,W, V) = 0.
Hence, the theorem is proved. O

Theorem 4.2. In a Ricci symmetric A(PSCS),,(n > 4) the vector fields corre-
sponding to the 1-forms A and B are in opposite direction, provided r # 0 and
[a+ (n —2)b] # 0.

Proof. Contracting equation (1.15) over E, we get

(divP)(X,Y)W = A(P(X,Y)W) + B(P(X,Y)W) — A(X){W}

[a+ (n—2)b)r

(4.3) g(Y, W) + A(Y){ o2

}g(X, W)+ AP(X,Y)W).
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Moreover we have,

(n—2)

(4.4) { [a(n = 1) +b(n — 2)] }{ r(X)g(Y, W) — dr(Y)g(X, W)}.

(divP) (X, v)W = U =3) {(VXS)(Y, W) — (VyS)(X, W)}
2(n—1)(n—2) d

Combining equations (4.3) and (4.4), the above equations reduces to

A(P(X,Y)W) + B(P(X,Y)W) — (X){ n_g

[a+ (n—2)b]r

g(Y, W) +A(Y){ D) } (X, W) + A(P(X,Y)W)

_a(n—3)
=3 {(VXS)(Y W) — (VyS)(X, W)}

(4.5) —{ [“(g(n i)&fﬁ 2)2)] }{dr(X)g(Y, W) — dr(Y)g(X, W)}.

Suppose the manifold is Ricci symmetric, then equation (4.5) becomes

2A(P(X,Y)W) + B(P(X,Y)W) - A(X){W } g(Y, W)
(4.6) +A(Y){W}g(X, W) = 0.

Inserting Y = W = ¢; in equation (4.6) and taking summation over 1 < i < n, we
obtain

(4.7) [a+ (n — 2)b)r[(n + 1)A(X) + B(X)] = 0.

If r #0 and [a + (n — 2)b] # 0, then above equation gives B(X) = —(n + 1)A(X).
Therefore, this led to the statement of the above theorem. O

Corollary 4.3. In a Ricci symmetric A(PSCS),, (n > 4) the scalar curvature van-
ishes if [(n + 1)A(X) + B(X)] # 0, provided [a + (n — 2)b] # 0.

Theorem 4.4. In a Ricci-recurrent A(PSCS),, (n > 4), if the scalar curvature is
non-zero and [a + (n — 2)b] # 0, then H(E) = 3A(E) + B(FE), for all E.

Proof. Equation (1.13) making use of (1.15) results in the following

[A(E) + B(E)|P(X,Y,W,V) + A(X)P(E,Y,W,V) + A(Y)P(X,E,W,V)
+A(W)P(X,Y,E,V)+ A(V)R(X,Y,W,E) = a(VgR)(X,Y,W,V)

n - 2) {(VESXK W)g(X, V) = (VES)(X, W)g(Y,V

)
+H(VES)(X,V)g(Y, W) — (VES)(Y,V) (XW}

_bdr(E)
(n—1)

(4.8) {g(Y, W)g(X,V) —g(X,W)g(Y,V)
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Now, contracting above equation yields
(4.9) dr(E) = rH(E).
The use of equations (1.8) and (4.9) in equation (4.8) gives
A(E) + BIE)P(X,Y,W,V) + ACX)P(E,Y,W, V) + A(Y)P(X, E,W,V)
+AW)P(X,Y,E,V)+ A(V)R(X,Y,W,E) =a(VgR)(X,Y,W,V)

‘(n_g){S(K W)g(X,V) — S(X,W)g(Y,V)

LS(XV)g(Y, W) — S(Y,V)g(X, W)}H(E)

_brH(E)

(4.10) oD

{gm W)g(X. V) - g(X, W)g(¥, V>}.

Putting X = V = ¢; in equation (4.10), we get

[a+ (n—2)b]r

(n—2)
—aen{ I ) - aan { BB g

(4.11) _AB(W,E)Y) = —T{W

A(E) + B(E)]{— }g(x W) + A(P(E.Y)W)

}g<Y, W) (E).

Moreover, inserting Y = W = ¢; in equation (4.11), the above equation becomes
(4.12) [(n+4)A(E) + nB(E)] = nH(E).
Similarly, taking E =Y = e; in equation (4.11) gives,

(4.13) (1+n)A(W)+ B(W) = H(W),

and replacing W = FE in above equation, we get

(4.14) (1+n)A(E) + B(E) = H(E).
Again, contracting the equation (4.11) over E and W, we infer
(4.15) (n+1)AY)+ B(Y)=H(Y).
Substituting Y = F in equation (4.15) gives

(4.16) (1+n)A(E) + B(E) = H(E).
Combining equations (4.12),(4.14) and (4.16), we obtain

(4.17) H(E) =3A(E) + B(E).

Hence, H(E) = 3A(E) + B(E) provided r # 0 and [a 4 (n — 2)b] # 0. 0
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5 Einstein A(PSCS),,(n > 4)

Theorem 5.1. If an Einstein A(PSCS),,(n > 4) is an A(PS), and 2a(n —1) —
bn(n —2) # 0 and 3A(E) + B(E) # 0, then its scalar curvature vanishes, provided

a#0.

Proof. In Einstein manifold the Ricci tensor is given by

(5.1) S(E, X) = %g(E,X),
implies,
(5.2) dr(E) =0 and (VgS)(X,Y)=0.

Using equations (1.13),(5.1) and (5.2), we obtain

PIXYIWV) = (X Y. ) = | 20D D o (x,v)
(5.3) — (X, W)g(v, V)]

The covariant derivative of equation (5.3) gives
(5.4) (VEP)(X,Y,W,V) = a(VER)(X,Y,W,V).

Now, inserting equation (5.4) in equation (1.13), we obtain

o(VER)(X,Y,W.V) = [A(E)+ B(E)}{aR(X, YW, V)

B T{[Za(n—l)—bn(n—Q

n(n _ 1)(TL _ 2) )] } [Q(K W)g(X, V)

— (X, W)g(Y, V)}} + A(X){aR(E Y, W, V)

?"{ [2a(n — 1) — bn(n —

n—l(n—2 {(YW

— g(E,W)g YV)} A(Y)S aR(X, E,W,V)

)
- T{[Za(nfl ) — bn(n — }{
il

n—1)(n—2) {(EU
— g, U)g( } aR(Y,Z E,V)
f r{”“";i; o,
- g(X,E)g }—l—A(V{aRXYWE
— r{”“";if&“iz o ncn

(5:5) - X W B) |,



244 J. P. Singh and M. Khatri

Assume a # 0. Suppose that an Einstein A(PSCS),, is an A(PS),. Then equation
(5.5) becomes

[T{Qa(n —1)—bn(n—2)}
n(n—1)(n—2)

—g(X, W)g(¥, V)| + A(X) [g(¥, W)g(E. V) = g(E.W)g(Y, V)]

| [ty + By s wiax.v)

FAWY) [9(B, W)g(X, V) = g(X, W)g(B. V)| + AW)|g(Y. E)g(X. V)

(5.6) —g(X, B)g(¥, V)| + A(V)[g(¥, W)g(X, B) - g(X, W)g(¥, E)H: 0.
Putting X = V = ¢; in equation (5.6), the above equation reduces to

r[2a(n = 1) = bn(n — 2)] [{A(E) + B(E)}n — 1)g(¥, W) + A(E)g(Y, W)
—A(Y)g(E, W) + A(Y)(n — D)g(E, W) + A(W)(n — 1)g(Y, E)
(5.7) +A(E)g(Y, W) — AW)g(Y. E)| = 0.
Moreover, taking Y = W = e; in equation (5.7) gives
(5.8) r[2a(n — 1) = bn(n — 2))[(n + 4) A(E) + nB(E)] = 0.
Similarly, contracting equation (5.7) over Y and E we infer
(5.9) r[2a(n — 1) — bn(n — 2)][(n + DAW) + B(W)] = 0.
Substituting W = E in equation (5.9) gives
(5.10) r[2a(n — 1) — bn(n — 2)][(n + 1) A(E) + B(E)] = 0.
Again, putting W = E = ¢; in equation (5.7), we get
(5.11) rl2a(n — 1) = bn(n — 2)][(n + D) A(Y) + B(Y)] =0,
and substituting Y = F in equation (5.11) gives,
(5.12) r[2a(n — 1) — bn(n — 2)][(n + 1) A(E) + B(E)] = 0.
Combining the equations (5.8),(5.10) and (5.12), we obtain the following result
(5.13) r[2a(n — 1) — bn(n — 2)|[3A(E) + B(E)] = 0.
Hence, the theorem is proved. O

Suppose r = 0 in equation (5.5) then Einstein A(PSCS),, is an A(PS),,, provided
a # 0. Thus, we can state the following:

Theorem 5.2. Ifa # 0 and scalar curvature vanishes in Einstein A(PSCS),, (n > 4)
then such a manifold is an A(PS),,.
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Theorem 5.3. If the vector field p1 defined by g(E, p1) = B(E) — A(E), for all E, is
a parallel vector field in an Einstein A(PSCS),, (n > 4) with a # 0 and ||p1]||?> # 0,
then it is an A(PS),.

Proof. Let us consider that the vector field p; defined in equation (3.10) is parallel in
an Einstein A(PSCS),,. Then, we get

(5.14) VEPI = 0,
for all E.

Which gives,
R(E,X,p1,V)=0.

Contracting the above equation we get

S(X, pl) = 0.

Then, from equation (5.1), we have
(5.15) rg(X, p1) = 0.
If ||p1]|? # 0, then above equation follows that r = 0.

Therefore, by equation (5.5), Einstein A(PSC'S),, reduces to A(P.S),,, provided a # 0.
Hence, this completes the theorem. O

6 Decomposition of A(PSCS),, (n > 4)

A Riemannian manifold (M™, g) is said to be decomposable or a product manifold[23]
if it can be written as MT x M3~ for 2 < p < (n — 2), that is, in some coordinate
neighborhood of the Riemannian manifold (M™, g) the metric can be expressed as
(6.1) ds? = gijda’da? = Gapda®da® + gzﬁdx“dxﬁ,

where gg; are functions of z!, 2, .
denoted by z* : a,b,c,...run from 1 to p and «, 8,7, ...., run from p+1 to n. In (6.1),
Gab and g}, 5 are the matrices of MY (p > 2) and My ”(n — p > 2) respectively, which
are called the components of the decomposable manifold M™ = MY x M, P(2 <p <
n—2).

We will assume throughout this section that all objects indicated by a ‘bar’ belong
to M; and all objects indicated by a ‘star’ belongs to Ms.

Let B, X, Y , W,V € x(My) and E*, X*,Y* W* V* € x(M3). Then in a decom-
posable Riemannian manifold M™ = M? x My ?(2 < p < n — 2), the following
relations hold

* X,Y,W)=0=R(E,X"Y,W*) = R(E,X*,Y*, W),
Y, ) = (VER)(X,Y*, W, V*) = (Ve-R)(X,Y*, W, V*),
W) =R(E,X,Y, VT/) R(E*, X*,Y*,W*) = R"(E*, X*,Y* W*),
(E X)=8(E,X);S(E*, X*) = S*(E*, X*)
(VeS)(X,Y) = (VgS)(X,Y); (Ve-9)(X*,Y") = (V- 9)(X*, V™)

)

)

..,2? denoted by Z and g, 5 are functions of P!, 2P +2, ..

, L

n
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where 7,r* and r are scalar curvature of My,Ms and M respectively and are related
asr=T7+7r" Also S(E,X*) =0 and g(F,X*) =0.

Theorem 6.1. Let an A(PSCS),, be a decomposable space such that M"™ = MY x

MJ7F for(2 < p < n—2), then the following holds:

i) In the case of A= B =0 on M, the manifold My is Ricci symmetric and scalar

g Un—p—2) y bp(n —p)
-2 7 (o)

i1) when My is semiconformally flat, then My is an Einstein manifold.

curvature r* is constant in Ma, provided dr(E*) =0 an

Proof. Let us consider a Riemannian manifold (M",g) which is a decomposable
A(PSCS),, then
M™ =MV x My P(2<p<n-—2).

Now from equation (1.13), we obtain

P(X*Y,W,V) = 0=P(X,Y*,W*, V")
= PX,Y*,W,V)=PX,Y,W*V);
P(X* Y, W, V") = —ﬁ{S(Y,W)g(X*,W*)+S(X*,V*)g(}7,V_V)]
- e e v
P(X*Y*\W,V) = 0=P(X,V,W* V*);
POCY, W V) = o - 5 [S(Y, V)g(X*, W*) + S(X*, W*)g(Y, V)}
(6.3) + %[Q(Y,V)Q(X*,W*)]

Further simplifying the above equation, we get

(VeP)(X,Y,W,V)=[A(E) + B(E)|P(X,Y,W,V)+ AX)P(E,Y, W,V
(6.4) +AY)P(X,E,W, V) + AW)P(X,Y,E,V)+ AV)P(X,Y,W,E
Putting X = X* in equation (6.4) gives
(6.5) AX*YP(E,Y,W,V) =0.

Also, inserting E = E* in equation (6.4), we have
(6.6) [A(E*) + B(E")|P(X,Y,W,V) =0.

Similarly inserting E = F* and X = X* in equation (6.4), we infer
(6.7) AW)P(X*,Y,E*,V)+ A(V)P(X*,Y,W,E*) = 0.
Putting £ = E* and W = W* in equation (6.4), we get

(6.8) AX)P(E*,Y,W* V) + AY)P(X,E*,W*, V) =0.
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And, taking X = X*Y =Y* and W = W* in equation (6.4) results in
(6.9) AX*)PE,Y*W* V) + AY*)P(X*, E,W* V) =0.
Substituting Y = Y* W = W* and V = V* in equation (6.4), we have
(6.10) AWHP(X,Y* E, V) + AV*)P(X,Y* W* E) = 0.
Moreover, using equation (1.13) gives

(V- P)(X*,Y*, W*, V*) = [A(E*) + B(E*)|P(X*,Y*, W*, V*)
FAX*)P(E*,Y* W* V*) + A(Y*)P(X*, E*,W*,V*)
(6.11) FAW*P(X*,Y* E*, V*) + A(V)P(X*,Y* W* E*).

From equation (6.11), we obtain

(6.12) [A(E + B(E)|P(X*,Y*, W* V*) =0,
and,
(6.13) AX)P(E*,Y*,W*, V*) = 0.

Putting £ = E*, X = X* and V = V* in equation (6.4) gives

(Vg P)(X*, Y, W,V*) = [A(E*) + B(E")|P(X*,Y,W,V*)
(6.14) +A(X*)P(E*,Y,W,V*) + A(V*)P(X*,Y, W, E*).

Similarly, putting E* = E, X* = X and V* = V in equation (6.11) gives

(VeP)(X,Y*,W* V) = [A(E) + B(E)|P(X,Y*,W* V)
(6.15) +AX)P(E,Y*,W*, V) + AV)P(X,Y* W*, E).

In regard of equations (6.5) and (6.6), we have the following two cases:

i) A=B=0onM.

#4) M is semiconformally flat.

First, we consider the case (i). Then, equation (6.14) becomes

(6.16) (Ve-P)(X*,Y,W,V*) =0,
implies,

a(Vg-R)(X*, Y, W,V*) - ﬁ(vE*S)(x*, Vo Yg(Y, W)
(6.17) —%g(?, W)g(X*,V*) =0.

Now, Putting Y = W = é,,1 < a < p in equation (6.17), we get

(6.18) a(n_i_p;%(VE*S)(X*,V*) - %pg@(*,‘/*) =0.

(n—2)
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Also, taking X* = V* = e, p+ 1 <i < n in equation (6.18) gives

bp(n — p)
(n—1)

aln—p—2)

(6.19) o)

dr*(E*) — dr(E*) = 0.

If possible let di(E*) = 0. The equation (6.19) becomes

aln—p—2) bp(n—p)

(-2  (n-1)

(6.20) dr*(E*) = 0.

(n—p—=2) , bp(n—p)
-2 7 (-1

(V- 8)(X*,V*) = 0.

a
Thus r* is constant in My provided,

(6.18), we get

. Then from equation

Therefore, Ms is Ricci symmetric.
Secondly, we will consider the case (ii). Since M; is semiconformally flat, we get

QR(X, Y, W, V) = s [ SOV, W)g(X, V) = S(X, W)g(V. V)
+S(X, V)g(V, W) = S(V, V)g(X, W)
(6.21) g L9V WX 7) = (X W V)] = 0

Putting X = V = &, in equation (6.21), the above equation becomes

o = arln =) +br(p—1)(n—-2)] - =
6.22 SY,w)= Y, W).
(6:22) o) = | e L
Therefore, M is an Einstein manifold.
Hence, the theorem is proved. O

Theorem 6.2. Let an A(PSCS),, be a decomposable space such that M"™ = MY x
M3 7P for(2 < p < n—2), then the following holds:
i) In the case of A = B =0 on My, the manifold M, is Ricci symmetric and scalar
_ —9 bo(n —
curvature 7 is constant in My, provided dr*(E) =0 and alp =2) # p(n p)'
(n—2) (n—1)

i1) when My is semiconformally flat, then Ms is an Einstein manifold.

Proof. Making use of equations (6.12) and (6.13), we get the following two cases:

i) A=B=0onM.
1) Msis semiconformally flat.

Proceeding in a similar manner as in Theorem 6.1,
Hence, we will obtain the required result. O

Corollary 6.3. If A(PSCS), is a decomposable space such that M™ = MY x
M37? for(2 < p < n—2), then one of the decomposed manifold is semiconformally
flat while on other manifold both the associate 1-form A and B vanishes.
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7 Examples of A(PSCS),

In this section, we have constructed two examples of an A(PSCS)4 on coordinate
space R* (with coordinates(z!, 2,23, 2%)) and obtain all the non-vanishing compo-
nents of the curvature tensor, the Ricci tensor, the scalar curvature and the semi-
conformal curvature tensor along with its covariant derivatives. Then we verified the
relation (1.15).

Example 7.1. Let us consider a Riemannian metric g defined on 4-dimensional
manifold M* = {(2!, 2% 23, 2%) € R* : 2! # —1} given by

(7.1) ds* = (' + 1) (2" (dz")? + 2d2tdz® + (da®)? + (dzt)2

A similar Riemannian metric g is given by De and Gazi[13].
Then the covariant and contravariant components of the metric are as follows

g1 = (' +1)(@")? g12 =921 = 1,933 = gas = 1
(72) gll — O,ng — 921 — 1’953 — g44 — 17,922 — _(xl + 1)(1,4)2

All non-vanishing components of the Christoffel symbols and the curvature tensor in
the considered metric are as follows:

Th=—@ D@ T = S@ T =6+ )6

(7.3) Rua = (¢'+1)
From equations (7.2) and (7.3), the non-vanishing components of Ricci tensor are
(7.4) Spp=a' +1.
The scalar curvature of metric considered is given by,
(7.5) r=0.

The only non-vanishing components of the semiconformal curvature tensor are
(7.6) Pras = g(xl +1) £0.
Clearly, the only non-vanishing term of VP are
(7.7) V1Pl = % £0.

In term of the local coordinate system, let us define the components of the 1-form A
and B as
1
————fori=1
A, =< 6(zt+1)
0, otherwise

1
_ fori=1
(7.8) Bi={2@+1) "

0 ,otherwise

N
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at any point in M.
In (M*, g) the considered 1-form reduces the equation (1.15) in the following equations

(7.9) V1Piaa1 = (3A1 + B1)Praar + AsPrian + AsPraas.
(7.10) V4Pi1a1 = [A4 + Ba]Pi1a1 + A1Paian + A1 Praas + AgPiiar + A1 Priaa.

(7.11) VaPiai1 = [As + By Pra11 + A1 Puaiy + AsPrann + A1 Praar + A1 Praaa.

In all other cases excluding (7.9),(7.10), and (7.11), the relation (1.15) either holds
trivially or the components of each term vanishes identically.
By (7.8), we get

RHS of (79) = (3A1 + Bl)P1441 + A4P1141 =+ A4P1411
3 1 a, 4
= - 1
6w+ 2w any)2@ Y

a
4

+

N

= ViPun
(7.12) = LHS of (7.9).

By proceeding in a similar manner, it can be shown that the equations (7.10) and
(7.11) are also true.
Thus, (M*, g) is an A(PSCS),.

Example 7.2. Let us consider a Riemannian metric g defined on 4-dimensional
manifold M* = (2!, 2%, 23, 2%) € R* given by

(7.13) ds® = (14 2¢)[(dz")? + (d2?)?] + (dz®)? + (da*)?,

fL‘l

€
where ¢ = —,

Then the covariant and contravariant components of the metric are as follows:

where k is non-zero constant.

g11 =922 =1+2q, g33 =gaa =1

1
7.14 1 22 33 _ 44 _
(7.14) g g i 9 =9

All the non-vanishing components of the Christoffel symbols and the curvature tensor
in the considered metric are

q 1 q
My =T}=—— Tjp=—"""—
11 12 1+2q7 22 1+2q
7.15 R =——
( ) 1221 1+2q

By (7.14) and (7.15), the non-vanishing components of Ricci tensor are

q
7.16 Si = :
(7.16) (14292
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The Scalar curvature is given by

r= gijsij = ¢S+ ¢%%S20 + g3 S35 + g** Sua
q

717 = —

(7.17) (14 2¢)3
The only non-vanishing components of semiconformal curvature tensors are

q a b

7.18 P = ——<—— -5

(7.18) 122 1+2q{2 3}

From equation (7.18), it can be shown that only non-zero term of V;Py; i are

1 a b
7.19 V1P, = ——={—-— -5,
(719 P = 5 5

and all other components of V; Py, vanishes identically.
In term of the local coordinate system, let us consider the components of the 1-form
A and B as
1
A; = 6q(1+29)
0, otherwise

fori =1

and,
1

(7.20) B; = 2q(1+29)
0 ,otherwise

fori=1

at any point in M*%.
In (M*, g), the considered 1-form reduces equation (1.15) into the following equations

(7.21) Vi1Pi221 = (3A1 + Bi1)Pia21 + Ao Pria1 + A2 Pio1i.
(7.22) VaPii21 = (A2 + B2)Pri21 + A1 Paig1 + A1 Piao1 + AsPrio1 + A1 Prise.

(7.23) VaPio11 = [As + Ba|Pio11 + A1 Pog11 + A2 Pio11 + A1 Pig2o1 + A1 Pioia.

The relation (1.15) either holds trivially or the components of each term vanishes
identically excluding the above cases.
By (7.21) we get

RHS of (7.21) = (3A1 + B1)Pio21 + AaPr191 + AsPio11.

3 1 q a b
[Gq(l +29)  2q(1+ 2q)} (1+29) {2 - 3}
1 a b
(1+29)2 {2 B 3}
Vi1Pi2o1
(7.24) — LHSof (7.21).
By proceeding similarly it can be shown that the equations (7.22) and (7.23) also

holds.
Thus, (M*,g) is an A(PSCS),.
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