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Preface

The present thesis entitled, “Characterization of some solitons within the
framework of various differentiable manifolds” consists of five chapters. The
first chapter provides an introduction to different types of smooth manifolds
and solitons.

In chapter two, first we study conformal Ricci soliton on generalized Sasakian
space form and characterize the soliton in terms of shrinking steady and ex-
panding. We consider the cases when the potential vector field is, pointwise
collinear with the Reeb vector field and when it is of gradient type.

Next, we characterize almost coKéahler manifolds admitting conformal Ricci
soliton. We also investigate conformal Ricci soliton on a (k, p)-almost coKahler
manifold and prove the non-existence of conformal gradient Ricci soliton in
this setup.

Then, we give some characterization of conformal Ricci soliton on (LC'S),,-
manifolds and also consider the cases when the manifold is {-projectively flat,
&-conharmonically flat and &-concircularly flat. After that, conformal Ricci
soliton on (LC'S),-manifolds satisfying certain curvature conditions are stud-
ied.

Next, we prove that if an warped product of two Riemannian manifolds
admits a conformal Ricci soliton, then the base and the fiber both admit
conformal Ricci soliton. Then, the converse of this result is discussed when the

potential function is of gradient type. Also, we show that an warped product

vi



admitting conformal Ricci soliton is an Einstein one provided the potential
vector field is Killing or concurrent. Finally, some applications of conformal

Ricci soliton on generalized Robertson Walker spacetime are discussed.

In chapter three, we consider e-Kenmotsu manifold admitting conformal
n-Ricci soliton. Then, conformal n-Ricci solitons are characterized on e-
Kenmotsu manifold with Codazzi type, cyclic parallel and cyclic n-recurrent
Ricci tensor and satisfying certain curvature conditions. After that, we study
e-Kenmotsu manifold admitting conformal n-Ricci soliton with torse-forming
and gradient type potential vector field.

Next, we study conformal 7-Ricci soliton on almost pseudo symmetric
Kahlerian spacetime manifold and characterize the nature of the soliton when
the manifold is projectively flat and conharmonically flat. Finally, we study

gradient conformal n-Ricci soliton on Kahlerian spacetime manifold.

In chapter four, first we study some curvature properties of 3-dimensional
quasi-Sasakian manifold with respect to Zamkovoy connection and then, the
nature of Ricci soliton on 3-dimensional quasi-Sasakian manifold with respect
to Zamkovoy connection is characterized.

Next, we study the nature of n-Ricci-Yamabe soliton on almost pseudo
symmetric Kéhlerian spacetime manifold. Finally, it is shown that on a gen-
eralized Sasakian space form, a quasi-Yamabe soliton, with potential vector

field pointwise collinear to the Reeb vector field, reduces to a Yamabe soliton.

In chapter five, we characterize n-Einstein soliton on a 3-dimensional trans-
Sasakian manifold. Then, n-Einstein solitons are studied on 3-dimensional
trans-Sasakian manifold with Codazzi type and cyclic parallel Ricci tensor
and satisfying some curvature conditions. Finally, n-Einstein solitons with
torse forming vector field are characterized on 3-dimensional trans-Sasakian

manifold.

Vil



The thesis contains the subject matter of the fol-
lowing papers whose titles, journal information and
chapterwise distribution are given below:

Authors Title of the paper and journal information | Chapter
Dipen Ganguly, | “Conformal Ricci soliton and quasi-Yamabe soli- | 2 and 4
Santu Dey, Akram | ton on generalized Sasakian space form”, Journal
Ali  and Arindam | of Geometry and Physics, 169 (2021) 104339.
Bhattacharyya
Dipen Ganguly and | “Conformal Ricci soliton on almost co-Kahler 2
Arindam Bhat- | manifold”, Advances in Mathematics: Scien-
tacharyya tific Journal, 9 (2020) no.10, 8399-8411.

Dipen Ganguly and | “A study on conformal Ricci solitons in the 2
Arindam Bhat- | framework of (LCS),-manifolds”, GANITA,
tacharyya Vol.70(2), 2020, 201-216.

Dipen Ganguly, | “Characteristics of conformal Ricci soliton warped 2
Nirabhra Basu and | product spaces”, has been accepted for publication
Arindam Bhat- | in Thai Journal of Mathematics.

tacharyya

Yanlin Li, Dipen | “Conformal n-Ricci solitons within the framework 3

Ganguly, Santu Dey | of indefinite Kenmotsu manifolds”, AIMS Math-
and Arindam Bhat- | ematics, 2022, 7(4), 5408-5430.
tacharyya
Dipen Ganguly, Santu | “Certain metrics on Kahlerian spacetime mani- | 3 and 4
Dey and Akram Ali folds”, Communicated
Dipen Ganguly “A note on quasi-Sasakian manifold with respect 4

to the Zamkovoy connection” Communicated.
Dipen Ganguly, Santu | “On trans-Sasakian 3-manifolds as n-Einstein soli- 5

Dey and Arindam

Bhattacharyya

tons”, Carpathian Math. Publ., 2021, 13(2),
460-474.

viil




Contents

1 Introduction
1.1 Introduction to manifolds . . . . . . . . . . ...

1.2 Introduction to solitons . . . . . . . . . . ..

On conformal Ricci solitons
2.1 Imtroduction . . . . . . . ..
2.2 Preliminaries . . . . . . . ...
2.3 Conformal Ricci soliton on generalized Sasakian space form . . . . . . . . .
2.4 Examples of generalized Sasakian space form admitting conformal Ricci
soliton . . . ..
2.5 Conformal Ricci soliton on almost coKahler manifold . . . . . . . ... ..
2.6 Conformal Ricci soliton on (k, u)-almost coKahler manifold . . . . . . . ..
2.7 Conformal gradient Ricci soliton on (k, )-almost coKéhler manifold . . . .
2.8 Conformal Ricci soliton on (LCS),-manifolds . . . ... ... .. .. ...
2.9 Conformal Ricci soliton on (LC'S),-manifolds satisfying certain curvature
conditions . . . . . ...
2.10 Conformal Ricci soliton on warped product manifolds . . . . . . . ... ..
2.11 Effect of certain special types of vector fields on conformal Ricci soliton on

warped product manifolds . . . . . ... ... L Lo

1X



2.12 Warped product manifolds admitting conformal Ricci soliton with concur-
rent vector field . . . . . ...
2.13 Application of conformal Ricci soliton on generalized Robertson-Walker

Spacetimes . . . . . .. . e e e e e

On conformal 7n-Ricci solitons
3.1 Imntroduction . . . . . . . ..
3.2 Preliminaries . . . . . . ...
3.3 e-Kenmotsu manifold admitting conformal n-Ricci soliton . . . . . . . . ..
3.4 Conformal n-Ricci soliton on e-Kenmotsu manifold with certain special
types of Ricci tensor . . . . . ..o
3.5 Conformal n-Ricci soliton on e-Kenmotsu manifold satisfying some curva-
ture conditions . . . ... Lo
3.6 Conformal n-Ricci soliton on e-Kenmotsu manifold with torse-forming vec-
tor field . . . ..
3.7 Gradient conformal n-Ricci soliton on e-Kenmotsu manifold . . . . . . . ..
3.8 Example of a 5-dimensional e-Kenmotsu manifold admitting conformal 7-
Riccisoliton . . . . . . . . . L
3.9 Conformal n-Ricci soliton on almost pseudo symmetric Kahlerian spacetime
manifold . . . . ...
3.10 Gradient conformal 7-Ricci soliton on almost pseudo symmetric Kahlerian

spacetime manifold . . . . .. ... oL

On some Ricci solitons and Yamabe solitons

4.1 Introduction . . . . . . . .. L

4.2 Preliminaries . . . . . . . . .

4.3 Geometry of quasi-Sasakian 3-manifold with respect to the Zamkovoy con-
Nection . . . . . . L. e e e

4.4  Ricci soliton on quasi-Sasakian 3-manifold with respect to the Zamkovoy
connection . . . . . . .. L.

4.5  Almost pseudo symmetric Kéhlerian spacetime manifold admitting n-Ricci-

Yamabe soliton . . . . . . ..



4.6 Quasi-Yamabe soliton on generalized Sasakian space form . . . . . . . . .. 108

5 On 7n-Einstein solitons 111
5.1 Introduction . . . . . . . . . .. 111
5.2 Preliminaries . . . . . .. ... 111
5.3 n-Einstein soliton on trans-Sasakian 3-manifold . . . . .. . ... ... .. 113
5.4 Example of an n-Einstein soliton on a trans-Sasakian 3-manifold . . . . . . 115

5.5 n-Einstein soliton on trans-Sasakian 3-manifold with Codazzi type and
cyclic parallel Ricci tensor . . . . . . . . . . ... 116

5.6 n-Einstein soliton on trans-Sasakian 3-manifold satisfying R(£, X) S =0

and Wo(6,X)-S=0 . . . . . . 119
5.7 Einstein semi-symmetric trans-Sasakian 3-manifold admitting n-Einstein
soliton . . . .. 121

5.8 n-Einstein soliton on trans-Sasakian 3-manifold satisfying B(, X)-S =0 . 123
5.9 n-Einstein soliton on trans-Sasakian 3-manifold satisfying S(&, X)-R=0 . 125
5.10 n-Einstein soliton on trans-Sasakian 3-manifold with torse-forming vector

field . . . . 126

Bibliography 128

X1



Introduction

1.1 Introduction to manifolds

In the study of geometry, a manifold is a topological space that mimics Euclidean space
locally around each point. FEach point on a n-dimensional manifold has a neighbour-
hood that is homeomorphic to the n-dimensional Euclidean space. Lines and circles are
examples of one-dimensional manifolds. Surfaces are another name for two-dimensional
manifolds. The plane, sphere, and torus are all examples of objects that can be embedded
(made without self-intersections) in three-dimensional real space. While a manifold may
resemble Euclidean space locally, it may not do so globally. The sphere’s surface, for
example, is not an Euclidean space. As solution sets of systems of equations and graphs
of functions, manifolds emerge spontaneously. Since it permits more sophisticated struc-
tures to be represented and understood in terms of the relatively well-known features of
Euclidean space, the concept of a manifold is important to many sections of geometry

and current mathematical physics.

Additional features may be present in manifolds. Differentiable manifolds are an
important subclass of manifolds. Calculus on manifolds is possible thanks to this differ-
entiable structure. Distances and angles can be measured using a Riemannian metric on
a manifold. In the Hamiltonian formalism of classical mechanics, symplectic manifolds
serve as phase spaces, whereas four-dimensional Lorentzian manifolds model spacetime in

general relativity.

A differentiable manifold is a type of manifold that is comparable enough to an

Euclidean space to allow calculus to be performed on it. A collection of charts, usually



called as an atlas, can be used to describe any manifold. Since each chart sits within an
Euclidean space to which the standard principles of calculus apply, ideas from calculus can
therefore be applied while working within the various charts. Calculations performed in
one chart are valid in any other differentiable chart if the charts are adequately compatible

(that is, the transition from one chart to another is differentiable or smooth).

A topological manifold with a globally defined differential structure is called a differ-
entiable manifold. Any topological manifold can be equipped with a differential structure
locally with the help of the homeomorphisms in its atlas and the standard differentiable
structure on an Euclidean space. From the local coordinate systems induced by the
homeomorphisms, a global differentiable structure can be induced by taking their compo-
sition on chart intersections in the atlas as differentiable functions on the corresponding

Euclidean space.

We start with, some curvature tensors which play an important role in the study of

differential geometry and are used frequently throughout this thesis.

The projective curvature has an one-to-one correspondence between each coordinate
neighbourhood of an n-dimensional Riemannian manifold and a domain of Euclidean
space such that there is a one-to-one correspondence between geodesics of the Riemannian
manifold with the straight lines in the Euclidean space. A transformation of a Riemannian
manifold M of dimension n, which transforms every geodesic circle of M into a geodesic

circle, is called a concircular transformation.

Definition 1.1.1. On an n-dimensional Riemannian (or, pseudo-Riemannian) manifold
(M, g) the projective curvature tensor P [100], the concircular curvature tensor C [97],

the conharmonic curvature tensor H [99], the Wy-curvature tensor [74], are defined by

P(X,Y)Z = R(X,Y)Z— T 9(QY, 2)X — ¢(QX, 2)Y],  (1.1.1)

C(X,Y)Z = R(X,Y)Z - m[g(Y, )X — g(X, 2)Y], (1.1.2)
H(X,Y)Z = R(X,Y)Z - ﬁ[g(y, 2)QX — (X, Z2)QY

+S(Y, 2)X — S(X, Z)Y] (1.1.3)

Wo(X,Y)Z = R(X,Y)Z+ ﬁ[g(x, 2)QY — g(Y, Z)QX], (1.1.4)

where 1 is the scalar curvature, Q) is the Ricci operator given by g(QX,Y) = S(X,Y),

2



S denotes the Ricci tensor and R is the Riemannian curvature tensor defined by
R(X,)Y)Z =VxVyZ —VyVxZ —VixyZ, (1.1.5)

for all vector fields X,Y,Z € x(M), where x(M) denotes the set of all smooth vector
fields on the manifold M.

In differential geometry and mathematical physics, an Einstein manifold is a Rieman-
nian (or pseudo-Riemannian) differentiable manifold whose Ricci tensor is proportional
to the metric. M. C. Chaki and R. K. Maity [23] introduced the concept of n-Einstein

(or, quasi-Einstein) manifold as a natural generalization of Einstein manifolds.

Definition 1.1.2. A Riemannian (or, pseudo-Riemannian) manifold (M, g) of dimension

n is said to be an n-FEinstein manifold if its Ricci tensor S satisfies
S(X,Y) = ag(X,Y) + bn(X)n(Y), (1.1.6)
for all X, Y € x(M) and smooth functions a,b on the manifold (M, g) and n is a 1-form

given by g(X, &) = n(X), where & is a unit vector field.

Definition 1.1.3. A Riemannian (or, pseudo-Riemannian) manifold (M, g) of dimension

n with non-zero Ricci tensor S is said to have,
i) Codazzi type [44] Ricci tensor if,
(VxS9)(Y, Z) = (VyS)(X, 2), (1.1.7)
ii) cyclic parallel [44] Ricci tensor if,
(VxS)(Y, Z) + (VyS)(Z,X) + (VzS)(X,Y) =0, (1.1.8)
for all vector fields X,Y,Z € x(M).
Definition 1.1.4. A smooth vector field V' on a Riemannian (or, pseudo-Riemannian)
manifold (M, g) of dimension n is said to be a conformal vector field [99, 100] if

Lvg = 2pg, (1.1.9)

for some smooth function p on M and Lyg denotes the Lie derivative of the metric g

along the direction of the vector field V.



In particular, if the smooth function p vanishes, i.e., if, Ly g = 0, then the vector field
V is called a Killing vector field. In this case, V is also called an infinitesimal isometry,
as the local 1-parameter group of transformations generated by V' in a neighbourhood of

each point of M consists of local isometries.

K. Yano [97] investigated concircular vector fields to study concircular mappings,
which are basically conformal mappings that preserve geodesic circles. In Mathematical
Physics and General Relativity concircular vector fields have many applications. B.Y.
Chen in [24] proved that a Lorentzian manifold is a generalised Robertson-Walker space-

time if and only if it admits a timellike concircular vector field.

Definition 1.1.5. [24] A vector field V' on a Riemannian (or, pseudo-Riemannian) man-

ifold M is called a concircular vector field, if the vector field V' satisfies
ViV = aX, (1.1.10)
for all vector fields X € x(M) and where a is a non-trivial smooth function on M.

Furthermore, the vector field V' is called a concurrent vector field [25], if the smooth

function « is constant function one, i.e., if
ViV = X. (1.1.11)

for all vector fields X € x(M).

Definition 1.1.6. A smooth vector field V on a Riemannian (or, pseudo-Riemannian)

manifold (M, g) of dimension n is said to be a torse-forming vector field [99] if
ViV = fX +1(X)V, (1.1.12)

where f is a smooth function and v is a 1-form.

We start with the definition of contact manifold. D. E. Blair [15] introduced the

notion of an almost contact manifold, given by the following definition:

Definition 1.1.7. Let M be a (2n+ 1)-dimensional diffferentiable manifold and ¢,&,n be
a field of endomorphisms of the tangent spaces TM as a (1, 1)-tensor field, a vector field
and a 1-form on M respectively. If this triplet (¢,&,m) satisfies

¢ =—-IT+n®¢& n(§) =1, (1.1.13)

4



for all vector fields X,Y € x(M) and I is the identity endomorphism, then (¢,&,n) is
called an almost contact structure and M is called an almost contact manifold. Further-
more, if the manifold M is equipped with a Riemmanian metric g, then the almost contact
manifold is called an almost contact metric manifold or an almost contact Riemannian

manifold with almost contact metric structure (¢,&,1,9).

Theorem 1.1.1. For an almost contact metric manifold the following relations hold:

nX) = g(X,8), &) =0, nX)=0, (1.1.14)
90X, 0Y) = g(X,Y) —n(X)n(Y), (1.1.15)
9(X,0Y) + g(Y,6X) = 0, (1.1.16)

for all vector fields X,Y € x(M).

Definition 1.1.8. A smooth differentiable manifold M?*"* with 1—form n is said to be a
contact manifold if n A (dn)™ # 0. In particular, n A\ (dn)™ # 0 is a volume element on M.
The structure (¢,€,m,9) on M** 1 is called contact metric structure or contact Rieman-
nian structure and the manifold M*"* with a contact metric structure (¢,€,n,g) is said

to be a contact metric manifold or contact Riemannian manifold.

The fundamental 2-form ® on an almost contact metric manifold is defined as:
B(X,Y) = g(X,6Y) = dn(X,Y), (1.1.17)
for all vector fields X, Y € x(M).

Definition 1.1.9. A smooth vector field V' on a contact metric manifold is said to be an
infinitesimal contact transformation [90] if Lyn = hn for some smooth function h. In

particular, if h =0, then V is said to be a strict infinitesimal contact transformation.

Now we mention some of the important contact manifolds which forms the basis of

this thesis. These manifolds have been used extensively throughout the thesis.

Definition 1.1.10. Let M be a (2n+1) dimensional contact metric manifold with contact
metric structure (¢,€,m,q). If the contact metric structure of M is normal, then M is
said to have Sasakian structure or normal contact metric structure. The manifold M 1is

called the Sasakian manifold or normal contact metric manifold.

5



We recall the following theorems on almost contact metric structure:

Theorem 1.1.2. An almost contact metric structure (¢,&,n,g) in M is called a Sasakian
structure if

(Vx9)Y = g(X, V)€ —n(Y)X.
for all vector fields X, Y € x(M) and V is the Levi-Civita connection.

K. Kenmotsu [55] introduced a special class of contact Riemannian manifolds, satis-
fying certain conditions, which was later named as Kenmotsu manifold. Kenmotsu proved
that a locally Kenmotsu manifold is a warped product I x s N of an interval I and a Kéhler

manifold N with warping function f(t) = ke', where k is a non-zero constant.

Definition 1.1.11. If the Levi-Civita connection V of an almost contact metric manifold

(M., g,¢,&,m) satisfies
(Vx@)Y = g(¢X,Y) —n(Y)oX,
for all X, Y € x(M), then the manifold (M, g, ¢,&,n) is said to be a Kenmotsu manifold.

In differential geometry, the sectional curvature of a Riemannian manifold plays a
very important role. A Sasakian manifold with constant ¢-sectional curvature c is called
a Sasakian space form. Similarly, a Kenmotsu space form is a Kenmotsu manifold with
constant ¢-sectional curvature c¢. As a natural generalization of these spaces, P. Alegre,

D. E. Blair and A. Carriazo [3] introduced the concept of generalized Sasakian space form.

Definition 1.1.12. An almost contact metric manifold (M, g, $,&,n) is called a general-
ized Sasakian space form if there exist three smooth functions fi, fa, f3 on M such that

the curvature tensor R satisfies
RX,Y)Z = f[lg(Y,Z)X —g(X, Z)Y]
+f2l9(X, 0Z)pY — g(Y, 92)pX + 29(X, ¢Y)pZ]
+/3l9(X, Z)n(Y)§ = g(Y, Z)n(X)¢

+n(X)n(2)Y —n(Y)n(Z)X], (1.1.18)
for all vector fields X,Y,Z € x(M).
In particular, for fi = %, fo=f3= % M becomes a Sasakian space form. Again, if

fi = %; Jo=[f3= cz—l then M is a Kenmotsu space form. M is a cosymplectic space

Jorm if fr = fa = f3= 1.



In [4] the authors constructed various examples of generalized Sasakian space forms
and showed that any three dimensional trans-Sasakian manifold under certain conditions
is a generalized Sasakian space form. Also in [35], it has been proved that a conformally

flat generalized Sasakian space form is locally ¢-symmetric if and only if f; is constant.

The notion of trans-Sasakian manifold was introduced by J. A. Oubina [70] as a
generalization of Sasakian and Kenmotsu manifolds. Later J. C. Marrero [60] completely
characterized the local structures of trans-Sasakian manifolds of dimension n > 5 and
showed that, a trans-Sasakian manifold of dim > 5 is either cosymplectic or a-Sasakian
or f-Kenmotsu. So, proper trans-Sasakian manifold exists only for dimension 3. The
geometry of the almost Hermitian manifold (M x R, G, J) gives rise to the geometry
of the almost contact metric manifold (M, g, ¢,&,n), where G is product metric of the
product manifold M x R with the complex structure J defined by

d d

for all X € x(M) and smooth function f on the product manifold M x R.

Definition 1.1.13. An almost contact metric manifold (M, g, ¢,&,n) is called a trans-
Sasakian manifold if the product manifold (M x R, G, J) belongs to the class Wy [45].
Equivalently, the expression for which an almost contact metric manifold (M, g, ¢,&,n)

becomes a trans-Sasakian manifold is given by

(Vx9)(Y) = afg(X,Y)§ —n(YV)X] + Blg(6X, V)€ — n(Y)oX], (1.1.19)

for all X, Y € x(M) and for some smooth functions «,  on the manifold M. Then such
kind of manifold is called a trans-Sasakian manifold of type (e, B). In particular trans-
Sasakian manifolds of type (0,0), (a,0) and (0, 8) are called cosymplectic, a-Sasakian and

B-Kenmotsu manifolds respectively.

In 1967, D. E. Blair [14] introduced the notion of quasi-Sasakian manifold as a normal
almost contact metric manifold with closed fundamental 2-form ¢, with an intention to
unify the concepts of Sasakian and cosymplectic structures. He also proved that a quasi-
Sasakian structure is locally the product of a Sasakian manifold and a K&ahler manifold.
Later, S. Tanno [92], S. Kanemaki [54], J. A. Oubina [70] and many other mathematicians
studied quasi-Sasakian manifolds and developed some very important properties of these

structures.



Definition 1.1.14. An almost contact metric manifold M is said to be a quasi-Sasakian
manifold if the almost contact structure (¢,&,n) is normal and the fundamental 2-form ®

is closed (i.e., dP =0).

Z. Olszak [67] proved that, in a conformally flat three-dimensional Quasi-Sasakian
manifold if the structure function § is constant, then (a) the manifold is a cosymplectic
manifold, which is locally a product of the real line R and a two-dimensional Kéhler
space of constant Gauss curvature, or, (b) the manifold is of constant positive curvature
and its structure can be obtained by a homothetic deformation of a Sasakian structure.
Lately, Quasi-Sasakian manifolds have become a subject of great interest not only to
mathematicians but also to theoretical physicists as it has wide applications in super

gravity and string theory [1, 42].

The notion of Zamkovoy connection was introduced by S. Zamkovoy [101] in 2009,
as a canonical paracontact connection whose torsion is the obstruction of paracontact
manifold to be a para-Sasakian manifold. He further showed that the torsion of this
connection vanishes exactly when the structure is para-Sasakian and also computed the
gauze transformation of its scalar curvature. Later, this connection was studied by various
researchers, within the framework of para-Kenmotsu manifold [9], Sasakian manifold [58]

and LP-Sasakian manifold [59] etc.

Definition 1.1.15. On an n-dimensional almost contact metric manifold (M, g, ,&,n)
equipped with a (1,1) tensor field ¢, a vector field €, a 1-form n and a Riemannian metric

g, the Zamkovoy connection V* is given by
ViY = VxY + (Van)(Y)§ = n(Y)Vx€ +n(X)eY, (1.1.20)

for all X, Y € x(M), where V is the Levi-Civita connection on M.

The geometry of coKahler manifolds as a special case of almost contact manifolds
was studied primarily as an odd-dimensional analogy of the Kahler manifolds in complex
geometry. Now, it is known that the product manifold M?"*! x R equipped with the
structure .J, as defined earlier, becomes an almost complex structure and if this almost
complex structure J is integrable we say that the almost contact structure (M?"! ¢, &, n)
is normal. Now we are in a position to define the concept of coKahler manifold [15, 22]

and almost coKéahler manifold.



Definition 1.1.16. An almost contact metric manifold is called an almost coKdahler man-

ifold if both the 1-form n and the fundamental 2-form ® are closed.

In particular, if the associated almost contact structure is normal or equivalently
V¢ =0 or VO = 0: then the almost coKéahler manifold is called a coKéhler manifold.
Also, it is to be noted that, examples [27, 70] of almost coK#hler manifolds exist, which

are not globally the product of a almost Kahler manifold and the real line.

Definition 1.1.17. An almost coKdhler manifold is said to be a (k,p)-almost coKdhler
manifold if the characteristic vector field & belongs to the generalised (k, p)-nullity distri-

bution i.e; if the Riemannian curvature tensor R satisfies
R(X,Y)E = kn(Y)X —n(X)Y] + p[n(Y)hX —n(X)nY], (1.1.21)

for all X, Y € x(M) and for some smooth functions (k, ).

Here, we call a (k, )-almost coKéhler manifold with & < 0, a proper (k, u)-almost
coKahler manifold. Proper almost coKahler manifolds with & and p being constants
were introduced by H. Endo [39] and later Dacko and Olszak [30] further studied it
in generalised cases. According to Dacko and Olszak [30] a (k, i, v)-almost coKahler
manifold with £ < 0 becomes a (—1, %)—almost coKahler manifold, under some D-

Iz
homothetic deformation.

We now give the definition of Lorentzian manifolds.

Definition 1.1.18. [69] A smooth connected paracompact Hausdorff n dimensional man-
ifold (M, g) is said to be a Lorentzian manifold if the metric g is Lorentzian metric,
i.e; M admits a smooth symmetric tensor field g of type (0,2) such that for each point
p € M, the tensor g, : T,M x T,M — R is a non-degenerate inner product of signature
(—,+,+,...,+), where T,M denotes the tangent space of the manifold M at point p and
R is the real line.

A non-zero vector v € T,M is said to be timelike(respectively; non-spacelike, null, space-

like) if it satisfies g,(v,v) <0 (respectively;< 0,=0,>0).



Definition 1.1.19. [61] Let M be an n-dimensional differentiable manifold equipped with
a triple (¢,&,n), where ¢ is a (1,1) tensor field, & is a vector field, n is a 1-form on M
such that,

¢ =I+n®¢ n(E)=-1 (1.1.22)

where I denotes the identity map on T,M. Then M admits a Loretzian metric g such
that,
9(¢X, 0Y) = g(X,Y) + n(X)n(Y), (1.1.23)

and M 1is said to admit a Lorentzian almost paracontact structure (g, ¢,&,n). The manifold
M equipped with a Lorentzian almost paracontact structure (g,¢,&,m) is said to be a

Lorentzian almost paracontact manifold.

Definition 1.1.20. A Lorentzian almost paracontact manifold M equipped with the struc-
ture (g, ¢,&,m) is said to be Lorentzian para Sasakian (in brief, LP-Sasakian) manifold, if
for all vector fields X,Y € x(M), the following relation holds,

(Vx9)Y = g(¢X, Y )+ n(Y)p* X.

In 2003, A. A. Shaikh [78] introduced the notion of Lorentzian concircular structure
manifolds (or, briefly, (LCS),-manifolds) which generalizes the notion of LP-Sasakian
manifolds introduced by Matsumoto [61]. After that, a lot of study has been carried out
on locally ¢-symmetric (LC'S),-manifolds [80] and applications of (LC'S),-manifolds to
the general theory of relativity and cosmology [79].

Next, we give the definition of a concircular vector field in a Lorentzian manifold,

which is essential for the study of (LC'S),-manifolds.

Definition 1.1.21. Let (M, g) be a Lorentzian manifold and P is a vector field in M
defined by g(U, P) = B(U), for any vector field U in M. Then the vector field P is said

to be a concircular vector field if
(VuB)(Y) = alg(U,Y) +w(U)B(Y)],

where a is a non-zero scalar and w 1s closed 1-form and V denotes the covariant differ-

entiation operator of the manifold M with respect to the Lorentzian metric g.
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Let (M, g) be a Lorentzian manifold of dimension n and let M admits a unit timelike
concircular vector field ¢ satisfying ¢g(§,&) = —1. The vector field ¢ is called the char-
acteristic vector field of the manifold (M, g). Then £ being unit concircular vector field,

there exists a non-zero 1-form 7 such that
9(X,8) = n(X) and (Vxn)(¥) = alg(X,Y) +n(X)(V)], a#0.  (11.24)
Also the non-zero scalar « satisfies the equation
(Vxa) = (Xa) =da(X) = pn(X), (1.1.25)

where p is a scalar function given by p = —(£a) and V denotes the covariant differentiation
operator of the manifold M with respect to the Lorentzian metric g. Now we consider a
(1,1) tensor field ¢ given by, ¢X = %V x&. Note that the tensor field ¢ is a symmetric

(1,1) tensor field, called the structure tensor of the manifold.

Definition 1.1.22. Let (M, g) be an n-dimensional Lorentzian manifold. Then the man-
ifold (M, g) together with the unit timelike concircular vector field £, associated 1-form
n, an (1,1) tensor field ¢ and the non-zero scalar function « is said to be a Lorentzian

concircular structure manifold (M, g,&,n, ¢, «) (briefly, (LC'S),,-manifold).

It is to be noted that, if we consider the scalar function o = 1, then we can obtain the
LP-Sasakian structure introduced by Matsumoto [61]. So, in that sense (LC'S),-manifolds

are a generalization of LP-Sasakian manifolds.

In 1915, Albert Einstein introduced the theory of general relativity which realizes
the gravitational field as the spacetime curvature and views the energy-momentum tensor
as its source. In fact the Einstein field equations forms the basis of astrophysics, plasma
physics and many other branches of the modern physics. Differential geometry plays an
important role to understand general relativity in the mathematical language with the
help of relativistic fluid models. In the study of general relativity the spacetimes can be
modeled as a special subclass of pseudo-Riemannian manifolds namely the 4-dimensional
Lorentzian manifolds. Einstein’s gravitational equation can describe the characteristics of
a perfect fluid inside spherical object which in turn helps us to understand the evolution

of the universe.
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A perfect fluid behaves isotropic in its rest frame and has no viscosity, shear stress
and because of that it is used to model an isotropic universe. The form of the energy-

momentum tensor [68] in a perfect fluid is given by
T(X,Y) = pg(X,Y) + (o + p)n(X)n(Y), (1.1.26)

for all X,Y € x(M), where p denotes the isotropic pressure, g is the metric tensor of
the Minkowski spacetime, o denotes the energy density and 7 is the g-dual 1-form of ¢
given by n(X) = g(X,¢ with £ being the velocity vector of the perfect fluid satisfying
9(&,€) = —1. In particular, if ¢ = 3p, the medium is a radiation fluid and if ¢ = —p, it

is the vacuum case where the energy-momentum tensor becomes Lorentz-invariant.

The Einstein’s gravitational field equation [68] that governs the motion of the perfect
fluid is
r

KT(X,Y) = S(X,Y) + (w - 5) g(X,Y), (1.1.27)

where k is the gravitational constant and w is the cosmological constant.

Definition 1.1.23. Let (M, g) be a four-dimensional smooth Riemannian manifold having
the structure of a general relativistic perfect fluid spacetime. Then (M, g) is said to be a

Kahlerian spacetime manifold if it admits a (1,1) tensor field J satisfying

JA(X) = —X, (1.1.28)
g(JX,JY) = g(X)Y), (1.1.29)
(VxJ)(Y) = 0, (1.1.30)

for all smooth vector fields X,Y € x(M).

Now, we define warped product of two Riemannian manifolds. The concept of warped
product was introduced by Bishop and O’Neill [8] to construct examples of complete
Riemannian manifolds of negative sectional curvature. Also note that, the notion of

warped product generalizes the concept of surface of revolution.

Definition 1.1.24. Let (B, ggp) and (F, gr) be two Riemannian manifolds and f > 0 be
a smooth function on B. The warped product B x ¢ F' is the product manifold M = B x F'
with the Riemannian structure such that || X||? = [|7*(X)||> + f2(x(p))||o*(X)||?, for any

12



vector field X on M and 7w : Bx F — B and 0 : B x F' — F are natural projections on
M. Thus we have that

gu = 9B + f2gp, (1.1.31)

holds on M. Here B is called the base of M and F is called the fiber. The function f is

called the warping function of the warped product.

An example of a very well-known warped product space is a generalized Robertson-
Walker spacetime which is an extension of the classical Robertson-Walker spacetime. It is
to be noted that, generalized Robertson-Walker spacetime also obeys the Weyl hypothesis,
i.e; the world lines should be everywhere orthogonal to a family of spacelike slices. M.
Sénchez [76] characterized generalized Robertson-Walker spacetimes in terms of timelike
and spatially conformal conformal vector fields. Also, a characterization of generalized
Robertson-Walker spacetimes in terms of timelike concircular vector field has been studied

by B.Y. Chen [24].

Definition 1.1.25. A generalized Robertson-Walker spacetime is a warped product man-

ifold M = I x¢ I endowed with the Lorentzian metric
g=—dt*® [*gr, (1.1.32)

where the base is an open interval I of R with its usual metric reversed (I, —dt?), the
fiber is an n-dimensional Riemannian manifold (F,gr) and the warping function is any

positive function f >0 on I.

Next, we discuss about indefinite structures on manifolds which are used in our study.
A. Bejancu et.al. [7] in 1993, introduced the concept of an idefinite manifold namely e-
Sasakian manifold and after that, X. Xufeng et.al. [96] established that the class of
e-Sasakian manifolds are real hypersurfaces of indefinite Kaehlerian manifolds. On the
other hand K. Kenmotsu [55] introduced a special class of contact Riemannian manifolds,
satisfying certain conditions, which was later named as Kenmotsu manifold. U. C. De
et.al. [32] introduced the concept of e-Kenmotsu manifolds and further proved that the
existence of the new indefinite structure on the manifold influences the curvatures of the
manifold. After that several authors [50, 51, 87| studied e-Kenmotsu manifolds and many

interesting results have been obtained on this indefinite structure.
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An n-dimensional smooth manifold (M, g) is said to be an e-almost contact metric
manifold [7] if it admits a (1,1) tensor field ¢, a characteristic vector field £, a global

1-form 7 and an indefinite metric g on M satisfying the following relations

¢*=—-T+n®¢ nE) =1, (1.1.33)
n(X) =eg(X,8), 9(§,§) =« (1.1.34)
9(0X,9Y) = g(X,Y) — en(X)n(Y), (1.1.35)

for all X,Y € x(M). Here the value of the quantity e is either +1 or —1 according as the
characteristic vector field £ is spacelike or timelike vector field. Also it can be easily seen

that rank of ¢ is (n — 1) and ¢(§) =0, no ¢ = 0. Now if we define
dn(X,Y) = g(X, ¢Y), (1.1.36)
for all X,Y € x(M), then the manifold (M, g) is called an e-contact metric manifold.
If the Levi-Civita connection V of an e-contact metric manifold satisfies
(Vx9)(Y) = —g(X, oY) —en(Y)¢X, (1.1.37)

for all X,Y € x(M), then the manifold (M, g) is called an e-Kenmotsu manifold [32].

Again an e-almost contact metric manifold is an e-Kenmotsu manifold if and only if,

for all X € x(M) the manofold satisfies

Vxé =e(X —n(X)E). (1.1.38)

1.2 Introduction to solitons

In 1982, R. S. Hamilton [47] introduced the Ricci soliton as a self similar solution to the
Ricci flow equation given by:

9 (9(1)) = ~25(9(1)),

where S denotes the Ricci tensor and ¢(t) is an one parameter family of metrics on the

manifold.
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Definition 1.2.1. A Riemannian (or, pseudo-Riemannian) metric g defined on a smooth
manifold M, of dimension n, is said to be a Ricci soliton, if for some real constant \ there

exists a smooth vector field V- on M satisfying the equation
1
S+ E,Cvg = \g, (1.2.1)

where Ly denotes the Lie derivative along the direction of V.

The Ricci soliton is called shrinking if A > 0, steady if A = 0 and expanding if A < 0.
Ricci solitons can also be viewed as natural generalizations of Einstein metrics which

moves only by an one-parameter group of diffecomorphisms and scaling [49].

A. E. Fischer [41] in 2005, introduced conformal Ricci flow equation which is a mod-
ified version of the Hamilton’s Ricci flow equation that modifies the volume constraint of
that equation to a scalar curvature constraint. The conformal Ricci flow equations on a

smooth closed connected oriented n-dimensional manifold M are given by

dg g
-2 19 2y = — 1.2.2
ET (S + n) P9, ( )

where p is a non-dynamical (time dependent) scalar field and r(g) is the scalar curva-
ture of the manifold. The term —pg acts as the constraint force to maintain the scalar
curvature constraint. Thus these evolution equations are analogous to famous Navier-
Stokes equations in fluid mechanics where the constraint is divergence free. That is why

sometimes p is also called the conformal pressure.

Recently, in 2015, N. Basu et.al. [6] introduced the concept of conformal Ricci soliton

as a generalization of the classical Ricci soliton.

Definition 1.2.2. A Riemannian (or, pseudo-Riemannian) metric g on an n-dimensional
smooth manifold M, is called a conformal Ricci soliton, if there exists a real constant A

and a vector field V' such that
2
Lvg+25=[2A=(p+)lg, (1.2.3)

where p is the conformal pressure.
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It can be easily checked that the foregoing soliton equation satisfies the conformal
Ricci flow equation (1.2.2). Conformal Ricci solitons have been studied by many authors
on Lorentzian a-Sasakian manifold [38], f-Kenmotsu manifold [52], Lagrangian subman-
ifold in a complex space form [84]. M. D. Siddiqi et al. [85], established that a conformal
Ricci soliton, on a perfect fluid spacetime with torse-forming vector field and without

cosmological constant, is expanding.

Furthermore, if the soliton vector field is gradient of some smooth function on the
manifold, that is if, V = grad f = Df, for some smooth function f, then the soliton is

called conformal gradient Ricci soliton. In that case the soliton equation (1.2.2) becomes

S+VVf= [A—(§+%)]g, (1.2.4)

where V is the Riemannian connection on the manifold.

J. T. Cho and M. Kimura [28] introduced the concept of n-Ricci soliton and later C.
Calin and M. Crasmareanu [18] studied it on Hopf hypersufaces in complex space forms.
A Riemannian manifold (M, g) is said to admit an n-Ricci soliton if for a smooth vector

field V', the metric g satisfies the following equation
Lyvg+25S+2 g+ 2un®n =0,

where A, € R. Note that, for u = 0 the n-Ricci soliton becomes a Ricci soliton.

Very recently M. D. Siddiqi [83] introduced the notion of conformal n-Ricci soliton.

Definition 1.2.3. A Riemannian (or, pseudo-Riemannian) metric g on an n-dimensional
smooth manifold M, is called a conformal n-Ricci soliton, if there exists a smooth vector
field V' such that

Lyvg+2S+[2X—(p+ %)]9 +2um®@n =0, (1.2.5)

where n is the dimension of the manifold, p is the non-dynamical scalar field, n is the

g-dual of V and X\, p are real constants.
It is easy to see that, for 1 = 0 the conformal n-Ricci soliton (g, V, A, 1) reduces to

the conformal Ricci soliton (g, V, A).

The notion of Yamabe flow was introduced by R. S. Hamilton [49] as a tool for

constructing metrics of constant scalar curvature in a given conformal class of Riemannian
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metrics on a Riemannian manifold of dimension greater than or equal to three. The
Yamabe flow on a smooth Riemannian manifold (M, g) is defined as the evolution equation

of the Riemannian metric g = g(¢) as follows

2 (9(1)) = ~r(o(t), (12:6)
where r denotes the scalar curvature of the manifold. It is to be noted that, in dimension
two the Yamabe flow is equivalent to the Ricci flow, but in dimension greater than two the
Yamabe flow and the Ricci flow do not agree in general, as the Yamabe flow preserves the
conformal class of the metric whereas the Ricci flow does not. In mathematical physics,

the Yamabe flow corresponds to the fast diffusion case of the plasma equation.

Definition 1.2.4. [/9] Let (M, g) be an n-dimensional complete Riemannian manifold.

If the Riemannian metric g satisfies
1
551/9 = (r—o)g, (1.2.7)

for some smooth vector field V' and some o € R, then it is known as a Yamabe soliton.

The Yamabe soliton is said to be shrinking, steady or expanding according to o < 0,
o =0 or o > 0 respectively. Just like Ricci solitons are self similar solutions of the Ricci
flow, Yamabe solitons are also self similar solutions to the Yamabe flow which moves by
an one parameter family of diffeomorphisms and scaling. Over the years many authors

have studied Yamabe solitons [20, 26, 74].

As a generalization of Yamabe soliton, recently, B. Y. Chen and S. Deshmukh [26]

introduced the notion of quasi-Yamabe soliton.
Definition 1.2.5. A Riemannian metric (M, g) is said to be a quasi-yamabe soliton if
1 * *
iﬁvg: (r—o)g+pV eV, (1.2.8)
for some smooth function u, real constant o and V* is the dual 1-form of V.
In particular, if ¢ = 0 then the quasi-Yamabe soliton (g,V, o, ) reduces to the

Yamabe soliton (g, V, o). Quasi-yamabe solitons are studied on contact metric manifolds

in [37] and on warped product manifolds in [15].
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In 2016, G. Catino and L. Mazzieri [22] introduced the notion of Einstein soliton
which can be viewed as a self-similar solution to the Einstein flow
% — —2(S — gg), (1.2.9)
where g denotes the Riemannian metric. It is evident that, the Einstein soliton is analo-
gous to the Ricci soliton. Since the study of Ricci soliton has tremendous contribution in
solving the longstanding Thurston’s geometric conjecture, so, it is interesting to study the
Einstein soliton from various directions to solve many physical and geometrical problems.
Here, we consider a slight perturbation of the Einstein soliton by the term n ® 7, called

the n-Einstein soliton [10].

Definition 1.2.6. A Riemannian (or, pseudo-Riemannian) metric g on an n-dimensional
smooth manifold M, is said to admit an n-Finstein soliton, if there exists a smooth vector
field V' such that

Leg+25+2N—r)g+2un®n=0, (1.2.10)

where L¢ denotes the Lie derivative along direction of & and A, jp € R.

The n-FEinstein soliton is called shrinking if A < 0, steady if A = 0 and expanding

if A > 0. In particular, if © = 0, the n-Einstein soliton reduces to the Einstein soliton
(9,&A)-

Very recently, in 2019, S. Giiler and M. Crasmareanu [46] introduced the geometric
flow Ricci-Yamabe map, which is a scalar combination of Ricci flow and Yamabe flow.
The Ricci-Yamabe map is also called the Ricci-Yamabe flow of type («, ) and on a

Riemannian or semi-Riemannian manifold (M,g) it is defined by

0

“alt) = —2a5(t) + fr(t)g ),
where S is the Ricci tensor, r is the scalar curvature and «, § € R. According to the
choice of the scalars «, § the Ricci-Yamabe flow can be a Riemannian or semi-Riemannian
or singular Riemannian flow and for this reason it is very useful in various geometrical
and general relativistic models. A self-similar solution to this Ricci-Yamabe flow of type

(ar, B) is called a Ricci-Yamabe soliton of type (a, ).
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Definition 1.2.7. A Riemannian (or, pseudo-Riemannian) manifold (M,g) is said to
admit a Ricci-Yamabe soliton of type («, 8), if for some smooth vector field V', the metric
g satisfies

Lyg+2aS+[2\— pr|g=0, (1.2.11)

where X\, a, B € R.

In particular, a Ricci-Yamabe soliton of type
e (1,0) is called a Ricci soliton.
e (0,1) is called a Yamabe soliton.

e (1,—1) is called an Einstein soliton.

M. D. Siddiqi [86] extended this notion of Ricci-Yamabe soliton to n-Ricci-Yamabe
soliton. On a Riemannian manifold (M,g) the data (g, V, A, u, o, B) is said to be an 7-
Ricci-Yamabe soliton of type («, 3) (or, simply an n-Ricci-Yamabe soliton) if the metric
g satisfies

Lyvg+2aS + 2\ — Brlg+2un@n =0, (1.2.12)
where A\, u, o, § are real constants.

Among the five chapters of this thesis, this first chapter consists an introduction to
different types of smooth manifolds and solitons.

In chapter two, first we study conformal Ricci soliton on generalized Sasakian space
forms and characterize the soliton in terms of shrinking steady and expanding. It is
proved that a generalized Sasakian space form admitting a conformal Ricci soliton having,
potential vector field pointwise collinear with the Reeb vector field, is an Einstein one.
Then we find the condition which makes the potential function of a conformal gradient
Ricci soliton constant.

Next, we investigate almost coKahler manifolds admitting conformal Ricci soliton
and we show that conformal Ricci soliton on a (k, u)-almost coKéhler manifold the soliton
becomes expanding, depending on the conformal pressure p. After that, it is proved that
a (k,p)-almost coKéhler manifold, with the potential vector field V' pointwise collinear

with the Reeb vector field £, does not admit conformal gradient Ricci soliton.
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Then, we give some characterization of conformal Ricci soliton on (LC'S),-manifolds
and we show that the manifold becomes an n-Einstein manifold. Also it is proved that, an
(LC'S),-manifold admitting a conformal Ricci soliton is {-projectively flat. Next, we find
necessary and sufficient conditions for an (LC'S),-manifold admitting a conformal Ricci
soliton, to be &-conharmonically flat and &-concircularly flat. After that, conformal Ricci
soliton on (LC'S),-manifolds satisfying certain curvature conditions like R(¢,X) - P =0
and R(€,X) - M = 0; are studied.

Next, we prove that if an warped product of two Riemannian manifolds admits a
conformal Ricci soliton, then the base and the fiber both admit conformal Ricci soliton.
Then, the converse of this result is discussed when the potential function is of gradient
type. After that, we show that, an warped product admitting conformal Ricci soliton is
an Einstein one provided the potential vector field is Killing or concurrent. Finally, some

applications of conformal Ricci soliton on generalized Robertson Walker spacetime are

discussed.

In chapter three, first we study e-Kenmotsu manifolds admitting conformal 7-Ricci
solitons and establish the relation between the soliton constants A and p. Then, conformal
n-Ricci solitons are characterized on e-Kenmotsu manifolds with Codazzi type, cyclic
parallel and cyclic n-recurrent Ricci tensor. Moving further, we investigate conformal 7-
Ricci solitons on e-Kenmotsu manifolds satisfying curvature conditions R-S =0, C-S = 0,
Q - C = 0. After that, we consider torse-forming vector field on e-Kenmotsu manifolds
admitting conformal n-Ricci solitons. Then we characterize gradient conformal n-Ricci
soliton on e-Kenmotsu manifold.

Next, we consider conformal n-Ricci soliton on almost pseudo symmetric Kahlerian
spacetime manifolds and characterize the nature of the soliton when the manifolds are
projectively flat and conharmonically flat. Finally, we study gradient conformal 7n-Ricci

soliton on Kahlerian spacetime manifolds.

In chapter four, first we study some curvature properties of 3-dimensional quasi-
Sasakian manifolds with respect to Zamkovoy connection. Then, the nature of Ricci
soliton on 3-dimensional quasi-Sasakian manifolds with respect to Zamkovoy connection
is characterized. It is proved that, if a quasi-Sasakian 3-manifold with respect to Zamkovoy
connection admits a Ricci soliton, with the Reeb vector field as the potential vector field,

then it is a steady Ricci soliton.
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Next, we characterize the nature of n-Ricci-Yamabe soliton on almost pseudo sym-
metric Kahlerian spacetime manifolds. Finally, it is shown that, if a generalized Sasakian
spaceform admits a quasi-Yamabe soliton, with potential vector field pointwise collinear
to the Reeb vector field, then it becomes a manifold of constant scalar curvature and the

soliton reduces to a Yamabe soliton.

In chapter five, we prove that, a 3-dimensional trans-Sasakian manifold admitting an
n-Einstein soliton becomes an eta-Einstein manifold of constant scalar curvature and we
also characterize the soliton in terms of shrinking, steady and expanding. Then, n-Einstein
solitons are characterized on 3-dimensional trans-Sasakian manifolds with Codazzi type
and cyclic parallel Ricci tensor. Moving further, we study some curvature conditions
R-S=0W,-S=0,R-E=0,B-5=0,95-R =0 admitting n-Einstein solitons
on 3-dimensional trans-Sasakian manifold. Finally, n-Einstein solitons with torse forming

vector field are characterized on 3-dimensional trans-Sasakian manifolds.
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On conformal Ricci solitons

2.1 Introduction

In this chapter we study conformal Ricci soliton on generalized Sasakian space form,
almost coKahler manifold, (LC'S),-manifold and warped product space. This chapter
is divided into thirteen sections. The first and second section contain introduction and

preliminaries respectively.

In section three, we study conformal Ricci soliton and conformal gradient Ricci soliton
on generalized Sasakian space forms and we characterize the soliton in terms of shrinking
steady and expanding. Then in section four, some illustrative examples of generalized
Sasakian space forms are given and some of our results for conformal Ricci soliton are

verified within this framework.

In section five, we investigate almost coKahler manifolds admitting the conformal
Ricci soliton. Section six is devoted to the study of conformal Ricci soliton on a (k, u)-
almost coKahler manifold and we show that in this case, depending on the conformal
pressure p, the soliton becomes expanding. After that in section seven, it is proved that
a (k,p)-almost coKdhler manifold, with the potential vector field V' pointwise collinear

with the Reeb vector field £, does not admit conformal gradient Ricci soliton.

In section eight, we study (LCS),-manifolds admitting conformal Ricci soliton and
we give some characterization of the soliton. After that, conformal Ricci soliton on &-
projectively flat, ¢-conharmonically flat and £-concircularly flat (LC'S),-manifolds are

taken into consideration. Section nine deals with conformal Ricci soliton on (LC'S),-
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manifolds satisfying curvature conditions like R(¢,X)-P = 0 and R(£,X)- M = 0; where
R is the Riemann curvature tensor, P is the pseudo-projective curvature tensor and M is

the M-projective curvature tensor.

In section ten, we study conformal Ricci soliton on warped product spaces and try
to see its impact on the base and the fiber spaces. Sections eleven and twelve deal with
warped product spaces admitting conformal Ricci soliton whose potential vector fields
are Killing and concurrent respectively. Finally in section thirteen, we present some

applications of conformal Ricci soliton on generalized Robertson Walker spacetime.

2.2 Preliminaries

Definitions of generalized Sasakian spaceforms, almost coK&hler manifolds, (LC'S),,-manifolds
and warped product spaces are given in the introductory chapter one. Now we discuss

some basic results on these spaces.

From hereon, the notation M(fi, f2, f3) denotes a (2n + 1)-dimensional generalized
Sasakian space form with f; # f3 in general. According to [3], in a (2n + 1)-dimensional

generalized Sasakian space form M (f1, f2, f3), the following relations hold:

Vx& = (fs— fi)o(X), (2.2.1)
(Vxn)(Y) = (fs = f1)g(¢(X),Y), (2.2.2)
(Vxo)(Y) = (fs = f)[n(Y)X — g(X,Y)E], (2.2.3)
RX,Y)§ = (fi— fs)n(YV)X —n(X)Y], (2.2.4)
R(EX)Y = (fs = f)In(Y)X —g(X,Y)¢], (2.2.5)
S(X.Y) = @nfi+3fa = fs)9(X,Y) = 3fa+ (2n = D fs)n(X)n(Y), (2.2.6)

QX = (@nfi+3f— f5)X = (3f2+ (2n = 1) fs)n(X)E, (2.2.7)

S(X.8) = 2n(fi — fo)n(X), (2.2.8)

Q¢ = 2n(fi = fs)¢, (2.2.9)

for all vector fields X,Y € x(M) and where R is the curvature tensor, S is the Ricci

tensor and () is the Ricci operator respectively.

Next, we set two symmetric operators h and b’ given by, h = %Eg(b and ' = ho¢ on
the almost coK#hler manifold (M2, g, ¢, &,n). Then setting | := R( ., £)&, the following
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relations can be obtained on an almost coKahler manifold [see [70],[30]]

he =0, hé+¢h=0, tr(h)=tr(h') =0, (2.2.10)
Vep =0, VE=TN, divé =0, (2.2.11)
S+ Irl* = o, (2.2.12)

Pl — 1 = 2h?, (2.2.13)

Veh = —h*¢ — ¢l. (2.2.14)

Again, on an n-dimensional (LC'S),,-manifold the following relations hold [78, 79, 80]

¢’X = X+n(X)E , nE)=-1, (2.2.15)

€ = 0, nog=0, ( )
9(¢X,0Y) = g(X.Y)+n(X)n(Y), ( )
(V)X — n(X)Y], (2.2.18)
( )

( )

( )

2

R(X,Y){ = (a" —p)

R(EX)Y = (o’ = p)g(X,Y)E—n(Y)X], 2.2.19
N(R(X,Y)Z) = (o = p)[g(Y. Z)n(X) - 9(X, Z)n(Y)], 2.2.20

S(X,¢) = (n—1)(a*—p)n(X), 2.2.21

for all vector fields XY, Z € x(M).

Next, we recall a very important result (for details see [8]) on warped products, which

is used in later sections of this chapter.

Lemma 2.2.1. Let (M, g) = (BxF, g® f?gr) be an warped product of two Riemannian
manifolds (B, gg) and (F, gr) with dimB = m and dimF = n. Then for all X,Y € X(B)
and U,V € X(F)

i) DxU = DyX = U,

i) S(X,U) =0,
iii) S(X,Y)=SB(X,Y) — “HI(X,Y),

i) S(U,V) = 87U, V)~ (55 + (n - )54 Byg(U, V),

where DxY is the lift of VxY on B and SB, ST are the lifts of the Ricci tensors on the
base B and the fiber ' respectively.
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2.3 Conformal Ricci soliton on generalized Sasakian
space form

In this section we characterize generalized Sasakian space form admitting conformal Ricci
soliton with various conditions on the potential vector field. Then we study conformal

gradient Ricci soliton on generalized Sasakian space form. First we prove the following:

Theorem 2.3.1. If a (2n+ 1)-dimensional generalized Sasakian space form M(f1, fa, f3)

admits a conformal Ricci soliton (g,V, \) then the soliton is
i) shrinking if p < [4n(fs — f1) — gnzﬁ];
ii) steady if p = [4n(fs — f1) — WQH] and

i) expanding if p > [4n(fs — f1) — 2n2ﬁ]

Proof. Let (g,V,\) be a conformal Ricci soliton on a (2n + 1)-dimensional generalized

Sasakian space form M (f1, f2, f3). Then for all vector fields X, Y € x(M), from (1.2.3)

we have
(Lvg)(X.Y) +25(X,Y) = 2A = (p+ 5~ - g(X,Y). (2.3.1)
Now consider a (0, 2) tensor field defined by
T = L9+ 28. (2.3.2)

It can be easily seen that the tensor field T is a symmetric tensor field. Again since g is a
metric connection, we have Vg = 0 and hence from (2.3.1) note that £y g+ 25 is parallel
with the Levi-Civita connection. Therefore (2.3.2) implies that ¥ is a parallel, symmetric

(0,2) tensor field. Thus we have VT = 0, which can be written as
T(RX,Y)Z, W)+ % (Z,R(X,Y)W) =0.
Putting X = W = Z = £ in the above equation and using (2.2.5) we get
Y, €) = TEOn(Y). (2.3.3)

Taking covariant differentiation of (2.3.3) along arbitrary vector field X, then recalling

(2.2.1) and (2.2.2) we obtain
T(VxY, O+ (fs — )TV, 0X) = T(E O — f)g(@X,Y) +n(VxY)].
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In view of (2.3.3) the above equation reduces to
Y, 0X) = T(£,£)g(¢X,Y).
Replacing X by ¢X in the foregoing equation and then using (2.3.3) we arrive at
T(X,Y) =F(£89(X,Y). (2.3.4)
Again fron (2.3.2) we can write
T(X,Y)=(Lyvg)(X,Y)+25(X,Y).
Taking X =Y = £ in above, the using (2.2.2) and (2.2.8) yields
T, &) = 4n(fr — f3).

Using the above value in (2.3.4) and then recalling (2.3.2) we get

(Lyg)(X,Y)+25(X,Y) =4n(fi — f3)9(X,Y). (2.3.5)

Finally equating (2.3.1) and (2.3.5) we obtain

1
2n+1

A=2n(fi — f3) + <§ + ). (2.3.6)

Hence the soliton is shrinking if A > 0, steady if A = 0 and expanding if A < 0. This

completes the proof. O
Again for a Sasakian space form f; = % and f3 = %, then from (2.3.6) we get
A =2n+ (§ + 5:7). Thus we have the following

Corollary 2.3.1. A conformal Ricci soliton in a (2n + 1)-dimensional Sasakian space
form is shrinking if (p + 4n +
(p+4n + 2n+1) > 0.

< 0, steady if (p+ 4n + = 0 and expanding if

2n+1) 2n +1)

Similarly in a Kenmotsu space form f; = % and f3 = %, then from (3.6) we

deduce A = —2n + (§ + 5:15). Thus we have the following

Corollary 2.3.2. A conformal Ricci soliton in a (2n + 1)-dimensional Kenmotsu space
form s shrmkzng if (p—4n+
(p—4n + ) > 0.

—=—=) < 0, steady if (p — 4n +

o +1 2n+1) = 0 and expanding if

2n+1
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Now we consider a conformal Ricci soliton (g, V, A\) with V' pointwise collinear with

the Reeb vector field &. In this regard our next theorem is

Theorem 2.3.2. Let M(fi, fo, f3) be a (2n + 1)-dimensional generalized Sasakian space
form admiting a conformal Ricci soliton (g,V,\), whose potential vector field V' is point-
wise collinear with the Reeb vector field &. Then V' is a constant multiple of & and the

manifold M is an Einstein manifold of scalar curvature r = 2n(2n + 1)(f1 — f3).

Proof. Let us assume that V' = b¢ for some smooth function b, then from the definition

of the conformal Ricci soliton equation (1.2.3) we can write

bg(Vx&,Y) + X (b)n(Y) + bg(X, Vy€) + Y (b)n(X)

=2X\—(p+

o 9K Y) = 25(XY),

Using (2.2.1) the foregoing equation reduces to

XO)nY)+Yd)n(X)+25(X,Y)=2\—(p+ T 1)]g(X, Y). (2.3.7)
Replacing Y by ¢ in (2.3.7) and recalling (2.2.8) we have
X(0) = A~ (- 2g) — An(fi — fs) — E@n(X). (238
Taking X = £ in the previous equation yields
1
§0) = A= (5 + 5=) = 20(h = f)] (2:3.9)
In view of (2.3.9), the equation (2.3.8) becomes
== Gt ) 2l - Sl (2.3.10)

2 2n+1

Operating d on both sides of (2.3.10) and using Poincare lemma d? = 0 we get

(£ —on(fi — =0.
A= G+ )~ 2000 — fldn =0
But as dn # 0, the foregoing equation gives us

1
2n+1

A=2n(fi — fi) + (g + ). (2.3.11)
Now using (2.3.11) in (2.3.10) we obtain db = 0, which eventually implies that
b = constant. (2.3.12)
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Therefore V' is a constant multiple of £. This proves first part of the theorem.

Again considering an orthonormal basis {e; : 1 <1i < (2n+ 1)} of the tangent space
at each point of the manifold and then putting X =Y =¢; in (2.3.7) and summing over
1<i<(2n+1) we get

é0)+r=(n+ DA G+ )

Using (2.3.12) in the previous equation infers that

p 1
= (2 DIAN— (% . 2.3.1
r=@nt )= (Gt st (2313)
Combining (2.3.11) and (2.3.13) we obtain
r=2n(2n+1)(fi — f3). (2.3.14)
Also recalling (2.3.7) and then using (2.3.12) we get
SXY) = — (24 (X, Y) (2.3.15)
R R T .

Thus in view of (2.3.14) and (2.3.15) we can conclude that the manifold M is an Einstein
manifold of scalar curvature r = 2n(2n + 1)(fi — f3), which proves the second part of the

theorem. Hence completes the proof. O

Corollary 2.3.3. Let M (f1, f2, f3) be a (2n+1)-dimensional Sasakian space form admit-
ing a conformal Ricci soliton (g, V, \), whose potential vector field V is pointwise collinear
with the Reeb vector field &. Then V' is a constant multiple of & and the manifold M is

an Einstein manifold of constant scalar curvature r = 2n(2n + 1).

Corollary 2.3.4. Let M(f1, fa, f3) be a (2n+1)-dimensional Kenmotsu space form admit-
ing a conformal Ricci soliton (g,V, \), whose potential vector field V' is pointwise collinear
with the Reeb vector field . Then V' s a constant multiple of & and the manifold M 1is

an FEinstein manifold of constant scalar curvature r = —2n(2n + 1).

Next we characterize the potential vector field V' of a conformal Ricci soliton (g, V, A)
on a (2n + 1)-dimensional generalized Sasakian space form M/(f1, fa, f3) which satisfies

the curvature condition Ricci semi-symmetry. Regarding this we prove the following:
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Theorem 2.3.3. If a (2n + 1)-dimensional Ricci semi-symmetric generalized Sasakian
space form M(f1, fo, f3) admits a conformal Ricci soliton (g,V, \), then M is an Einstein

manifold and the potential vector field V' is a conformal vector field.

Proof. Let us assume that M(f1, f2, f3) be a (2n + 1)-dimensional generalized Sasakian
space form admitting a conformal Ricci soliton (g, V,\), and the manifold is Ricci semi-

symmetric. Then we have R(X,Y’) - S = 0, which can be written as
S(RX,Y)Z,U)+ S(Z,R(X,Y)U)=0.
Replacing U by £ in above yields
S(R(X,Y)Z,&)+ S(Z,R(X,Y)¢) = 0.
Using (2.2.4) and (2.2.9) in the previous equation we obtain
20(fy = fa)n(R(X,Y)Z) + (1 = fo)n(Y)S(X, Z) = (fr = fs)n(X)S(Y, Z) = 0.
Taking X = ¢ in the foregoing equation, then recalling (2.2.5) and (2.2.8) infers that
S(Y,Z)=2n(fr — f5)9(Y, Z), (2.3.16)

which implies that the manifold is an Einstein manifold and this proves the first part of

the theorem.

Again, as (g, V, ) is a conformal Ricci soliton on the (2n+1)-dimensional generalized

Sasakian space form M (f1, fa, f3), equation (1.2.3) holds and using (2.3.16) in it we have

(Lvg)(X,Y)=[2A—4n(fi — f3) — (p +

o £ 19T, (2.3.17)

for all vector fields X,Y € x(M). Thus from it can be written that

Lyvg = 2pg,

where p = [A = 2n(f1 — f5) — (5 + 2n1+1)]. Thus in view of the equation (1.1.9), we can

conclude that V' is a conformal vector field. This completes the proof. n

Finally, we concentrate on the generalized Sasakian space form M (f1, fo, f3) admit-
ting conformal Ricci soliton whose potential vector field V' is gradient of some smooth
function f, i.e; we characterize conformal gradient Ricci soliton on M(f1, fa, f3). But

before proving our main theorem, let us first prove the following:
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Lemma 2.3.1. If a (2n + 1)-dimensional generalized Sasakian space form M(fi, fo, f3)

admits a conformal gradient Ricci soliton (g, Df,\), then the curvature tensor R satisfies
RX,Y)Df = (2ndfy + 3dfz — dfs)(Y)X — (3dfz + (2n — 1)dfs) (Y)n(X)€
+(3df2 + (2n — 1)dfs)(X)n(Y )€ — (2ndfy + 3dfs — dfs)(X)Y
+(fi = [5)Bf2 4+ (2n = 1) f3)[g(X, ¢Y )€ — g(¢ X, Y)¢
+n(X)oY —n(Y)epX], (2.3.18)

for all vector fields X,Y € x(M).

Proof. Let us assume that (g, D f, A) be a conformal gradient Ricci soliton on M (f1, fa, f3).

Then from the conformal gradient Ricci soliton equation (1.2.4) we can write

VxDf == 2n(fi — f3) = (5 + 5=)1X —QX. (2:3.19)

2n + 1

for any vector field X on M and () is the Ricci operator.

Taking covariant differentiation of (2.3.19) along an arbitrary vector field Y we obtain

VyVxDf = [A—2n(fi — f3) — (g + )IVy X — VyQX. (2.3.20)

2n+1
Interchanging X and Y in the foregoing equation infers that

1
n+1

ViVyDf = [\ —2n(fi — f3) — (g + VY — ViQY. (2.3.21)

Also from (2.3.19) it can be written that

VixyiDf =[A=2n(f1— f3) - (g + N(VxY —VyX)—Q(VxY —VyX). (2.3.22)

2n—+1

Using (2.3.20)-(2.3.22) in Riemannian curvature tensor expression (1.1.5) we obtain
R(X,)Y)Df = (VyQ)X — (VxQ)Y. (2.3.23)
Again recalling (2.2.7) and covariantly differentiating it along Y yields

VyQX = (2nfi+3fy— f3)Vy X + (2ndfi + 3dfs — df3)(Y)X
—(3f2+ (2n = 1) f3)[Vyn(X)E + n(X)Vy{]
—(3df2 + (2n — 1)df3)(Y)n(X)E. (2.3.24)
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Also from (2.2.7) we can write

Q(VyX) = (2nfi +3fa — f3)VyX — Bfa + (2n — 1) f5)n(Vy X)E. (2.3.25)

Using (2.3.24) and (2.3.25) in (VyQ)X = VyQX — Q(VyX), then recalling (2.2.1) and
(2.2.2) we obtain

(VyQ)X = (2ndfi + 3dfs — dfs) (V)X
—(3dfy + (2 — 1)dfs) (Y )n(X)é
H(fi = F) Bz + (20— 1) f3)[9(X, 0Y)E +0(X)oY].  (2.3.26)

Interchanging X and Y in (2.3.26) yields

(VxQ)Y = (2ndf1 + 3dfy — dfs)(X)Y
—(3dfz + (2n — 1)dfs)(X)n(Y)E
+(fi = f)Bfa+ (2n — 1) f5)[g(¢ X, Y)E +n(Y)pX].  (2.3.27)

Finally making use of (2.3.26) and (2.3.27) in (2.3.23) completes the proof. O

Now we conclude this section with our main result on conformal gradient Ricci soliton

which is the following:

Theorem 2.3.4. If a (2n+ 1)-dimensional generalized Sasakian space form M(fi, fa, f3)
admits a conformal gradient Ricci soliton (g, D f,\) then the potential function f is con-

stant, provided f and f3 are both constants. Furthermore, the soliton is shrinking if
p < [2fs —6fy —2nf; — ﬁ], steady if p = [2f3 — 6fy — 2nf; — Til] or, expanding if
p>[2fs —6fa—2nf — Q,fﬁ]

Proof. Let us assume that (g, Df, \) is a conformal gradient Ricci soliton on the gener-

alized Sasakian space form M (f, f2, f3). Now putting X = ¢ in (2.3.18) and then taking

inner product with arbitrary vector field Z we obtain

g(R(EY)DS, 2) = 2n(dfy — dfs)(Y)n(Z)
—2n(dfy — dfs)()[9(Y, Z) = n(Y)n(Z)]
+ = f5)Bfa + (2n = 1) f3)9(¢Y, 2), (2.3.28)
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for all vector fields Y, Z on the manifold.
Again in view of (2.2.5) and making use of the curvature property g(R(§,Y)Df,Z) =
—9(R(&,Y)Z,Df), we can write

g(R(EY)Df, Z) = (fs — f)lg(Y, Z)(Ef) —n(Z)(Y f)]. (2.3.29)
Equating (2.3.28) and (2.3.29) we deduce
(s — PV, Z)(EN) = n(Z) Y F)] = 2nldfs — dfs) (VIn(2)
—on(dfy — dfs)(©)lg(Y, Z) — (Y )n(Z)]
+(fi = f3)(B3fa + (2n — 1) f3)g(9Y, 2).
Now replacing Z by &, the foregoing equation infers that
2n(dfy — dfs)(Y) = (fs — fL)n(Y)(&f) — (Y f)],
which reduces to
m(Y)(Ef) — (Y )] =0,
provided f; and fs3 are both constants. Also this can be rewritten as
9(Y, (££)€) = g(Y, D).

Since the above holds for all vector field Y on the manifold, we obtain

Df = (£f)¢. (2.3.30)
Differentiating (2.3.30) covariantly along arbitrary vector field X and then using 2.6 yields
VDf = (XN + (fs — F)ENOX, (2.3.31)

Equating (2.3.31) with (2.3.19) we deduce
OX = A= (£ + )X — (X(£0)E — (fs — F)(ENOX. (2:3.32)

2 2n+1
Comparing the coefficients of ¢X from (2.3.32) and (2.2.7) we get ({f) = 0. Using this in

(2.3.30) infers that Df = grad f = 0, which eventually implies that f is constant. This

proves first part of the theorem.

Again comparing the coefficients of X from (2.3.32) and (2.2.7) we obtain

_yP
A_[(2+2n+1

Hence the soliton is shrinking if A > 0, steady if A = 0 and expanding if A\ < 0. This

)+ (2nfi —3fa — f3)]. (2.3.33)

completes the proof. O
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2.4 Examples of generalized Sasakian space form ad-

mitting conformal Ricci soliton

In this section we discuss examples of generalized Sasakian space form admitting conformal

Ricci soliton and Yamabe soliton.

P. Alegre, D. E. Blair and A. Carriazo in their seminal work [3] constructed an

example of generalized Sasakian space form as follows:

Example 2.4.1. Consider the manifold R x C™ endowed with three smooth functions

given by 2 2 "
1= —%, fo=0, f3= —(‘;3 + % (2.4.1)

for some smooth real valued function f = f(t) and f' denotes the derivative of f with

respect to t.

Now if we consider f(t) = e®, for some real number «, then from (2.3.6) we can

1
2m—+1-

compute X = —ma + 5§ + Therefore we can comment that the generalized Sasakian
space form (R x C™, f1, fa, f3) admits a conformal Ricci soliton with the soliton constant
A as computed above. Furthermore the conformal Ricci soliton is shrinking if p < [2ma —

2 2

—22], steady if p = [2ma — 23] and expanding if p > [2mao — 25].

Next, we give a non-trivial example of a conformal Ricci soliton on a three dimensional

generalized Sasakian space form as constructed in [77].

Example 2.4.2. Let us consider the 3-dimensional manifold M = {(u,v,w) € R>\
{(0,0,0)}}. Define a linearly independent set of vector fields {E; : 1 < i < 3} on the
manifold M given by

0 0 0 0
=50 Ve BTy B=gy

Let us define the Riemannian metric g on M by

Ey

1, for i=7

0, for i#j
foralli,7 = 1,2,3. Now considering E5 = &, let us take the 1-form n, on the manifold
M, defined by

g(Eiv Ej) =

n(U) = g(U, Es), VU € x(M).
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Then it can be observed that n(§) = 1. Let us define the (1,1) tensor field ¢ on M as
¢(Er) = —Ey,  o(E) = Er,  ¢(E3) = 0.
Using the linearity of g and ¢ it can be easily checked that
¢*(U) = U +n(U)s, g(oU,¢V)=g(U,V)=nU)n(V), YU,V € x(M).

Hence the structure (g, ¢,&,m) defines an almost contact metric structure on the manifold
M. Now, using the definitions of Lie bracket, after some direct computations we get
[E, Es) = E5 and [Ey, Es| = [Es, Es] = 0. Again the Riemannian connection V of the

metric g is defined by the well-known Koszul’s formula which is given by

20(VxY,Z) = Xg(Y,2)+Yg(Z,X)—Zg(X,Y)
—g(X, [K Z]) +g(Yv [Z>X]) +g(Zv [Xv Y])

Using the above formula one can easily calculate that

1 1
Vi By =0, Vg b, = §E3, Vg B3 = _§E27

1 1
szEl = _§E37 vEzﬁ% =0, VE2E3 = §E1,

1 1
vEgEl = _§E27 VE'3Ew2 = §E17 VE3E3 = 0.

Thus from the above relations and using (1.1.5), the non-vanishing components of the

Riemannian curvature tensor R can easily be computed as

3 1 1
R(Ey, E) By = ZEQ’ R(Ey, E3) By = _ZE3’ R(Es, E»)Es = ZE27
3 1 1
R(Ey, E3)Ey = _ZEb R(Es, E3)Ey = _ZlEg’ R(F,,F3)Es = ZEl'

Hence we can calculate the non-vanishing components of the Ricci tensor as follows
1 1 1
S(Ey, Ey) = —5 S(Ey, Ey) = —5 S(E3, E3) = 5
Therefore in view of the above values of the Ricci tensor, we can say that the manifold M
1s a generalized Sasakian space form with the functions f; = —%, fo=0and f3 = —%.
Now if we take the soliton vector field V = & = Es, then from the equation (1.2.3)
we obtain A\ = (2 — 1). Hence for this value of \ the data (g,&,\) defines a conformal

2 6
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Ricci soliton on the generalized Sasakian space form M (f1, fa, f3). Moreover we can see
that (M, g) is a manifold of constant scalar curvature r = —3 = 2 x 3 X (f1 — f3) and

hence the theorem (2.3.4) is verified.

Again on this generalized Sasakian space form M(f1, fa, f3), considering V' = & in
the equation (1.2.8), we compute that o = —% and p = 0. Therefore for this values of o
and p the data (g,€,0, 1) defines a quasi-Yamabe soliton, which eventually reduces to a

Yamabe soliton as =0 and hence the theorem (4.6.1) is verified.

2.5 Conformal Ricci soliton on almost coKahler man-

ifold

Let us consider (M*"1 g, ¢,&, 1) be a (2n + 1)-dimensional almost coKéhler manifold
that admits a conformal Ricci soliton (g, V, \), then equation (1.2.3) holds. In view of the
definition of Lie derivative, it follows from (1.2.3) that, for all Y, Z € x(M)

9(Vy B¢, 2) +9(Y, Vz88) +25(Y, Z) = 2A — (p +

19 2). (2.5.1)

Now, let the vector field V' be pointwise collinear with the Reeb vector field &, i.e; V =
BE, where [is a non-zero smooth function on the corresponding manifold. Then taking

covariant differentiation of both sides of V' = ¢, along the direction of X we get

VxV = X(B)§ + BV ¢,
and using V& = b’ from equation (2.2.11) the above equation eventually becomes

VxV = X(B)¢+ Bh X. (2.5.2)
Then using (2.5.2) in the equation (2.5.1) we get

gYBE+BNY, Z)+ g(Y, ZBE+ BN Z)+2S(Y, Z) = 2A — (p +

(Y. 2).

Again using from the fact that A’ is symmetric and after simplification the above equation

finally becomes

Y(B)n(Z) + Z(B)n(Y) + 289(h'Y, Z) +25(Y, Z) = [2A — (p +

on + 1)]9(Yv Z)- (2.5.3)
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Next, we consider a local ¢-basis {e; : 1 < j < 2n+1} on the tangent space T, M for
each point p € M?"*1. Then putting Y = Z = ¢; in (2.5.3) and taking summation over
1 <j<2n+1 and also using tr(h') = 0 from (2.2.10) we get

é6)+r=n— L+ 2n1+ Dl(2n+ 1), (2.5.4)

Again putting Z = ¢ in the equation (2.5.3) and using symmetry of A’ we have

2
2n +1

Y(B) +&@)m(Y) +25(Y, ) = 2A = (p + )In(Y'). (2.5.5)

Now, combining equations (2.5.4) and (2.5.5) and after some calculations we get

Y(8) +25(%,6) = (A — (B + s

I =2n) +rln(Y).
Thus, from the above it is easily seen that

P 1
68 +2560 = - G+ 37—

(1 —2n) +r. (2.5.6)

Eliminating £(f5) from equations (2.5.4) and (2.5.6) and after simplification we arrive at

P
onx— (£
nA =G+ o

)] —r+5(6¢) =0.

Using equation (2.2.12) in the above equation and using the fact that for conformal Ricci
flow the scalar curvature r = —1, and then simplifying we get the value of the soliton
constant as

hl|? — 1 1
N T S

2n 2 2n+1

Therefore in view of the fact that the soliton is shrinking, steady or expanding according

(2.5.7)

as A > 0, A = 0 or, A < 0; from the above equation (3.8) we can state the following

theorem

Theorem 2.5.1. Let (M*"*1 g ¢,.€,m) be an almost coKdhler manifold such that the
metric g s a conformal Ricci soliton. If the potential vector field V' be non-zero pointwise

collinear with the Reeb vector field &, then

i) the soliton is shrinking if, p > W;
ii) the soliton is steady if, p = %7
ii1) the soliton is expanding if, p < %
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Again, if we have S = L1g, then from conformal Ricei soliton equation (1.2.3)

and using value of the soliton constant A from (2.5.7) we have Ly g = 0. Therefore we
can see that V' = ¢ is a Killing vector field and hence the soliton becomes trivial. Hence

we can state the following corollary.

Corollary 2.5.1. Let (M*"*! g, ¢,&,n) be an almost coKdhler manifold such that the
metric g is a conformal Ricci soliton. If the potential vector field V' be non-zero pointwise
collinear with the Reeb vector ﬁeld£ and the Ricci tensor S be a constant multiple of the

metric g, with the constant ”h” L (e if S = [HhH _l]g) then the soliton s trivial.

2.6 Conformal Ricci soliton on (k, u)-almost coKahler

manifold

This section is devoted to the study of (k, u)-almost coKé&hler manifold which admits a

conformal Ricci soliton. Then equation (1.1.21) holds.

Now, putting Y = ¢ in (1.1.21) we get
R(X,§)§ = k[X = n(X)E] + p[hX —n(X)he].

Then using the definition of [ := R(.,£)¢ and from equation (2.2.10) using the fact
that hé = 0, we can write

| = —ko?* + uh.

Combining the previous equation with (2.2.13) and after a brief calculation we get
h? = k¢?. Thus, it is clear that the manifold M?"*! is K-almost coKahler if and ony if,
k= 0.

Now, we state a lemma (for proof see lemma 4.1 of [95]) which is used later in this

section and in the next section of this chapter.

Lemma 2.6.1. Let (M*"* g, ¢,&,n) be a (k, p)-almost coKdhler manifold of dimension
greater than 3 with k < 0. Then the Ricct operator is given by

Q = ph+2nkn® ¢, (2.6.1)
where k is a non-zero constant and p is a smooth function satisfying du An = 0.
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Now let us consider the metric g of the (k, u)-almost coKéhler manifold admits a
conformal Ricci soliton. Then from the soliton equation (1.2.3) and using the definition

of the Lie derivative we can write

g(VxVY)+g(X,VyV)+25(X,)Y) =2\ — (p+ )g(X,Y). (2.6.2)

2n+1
Then, substituting V' = ¢ in the above equation (2.6.2) and using the result V& = A’ from
(2.2.11) we get

2
g X,Y) + g(XWY) +25(X,Y) = [2A = (p+ 5=—)]g(X. V)
Again as h' is symmetric the above equation implies
1
WXY Xy)=pn—(& X,Y). 2.6.3
oHX,Y)+9QX,Y) =\ = (B + —)lg(X,Y) (263)

Now, in view of the lemma(4.1) putting value of the Ricci operator (), from equation

(2.6.1), in the above equation (2.6.3) we get

/ p 1
MNX)Y hX,Y)+2nkn(X)n(Y) =[A— (%

Thus putting Y = £ in the above (2.6.4) and using h¢ + ¢h = 0 from (2.2.10) we finally

Ng(X,Y). (2.6.4)

get

ok = [\ — (g + 2n1+ ). (2.6.5)

Now, as it is mentioned in the lemma(4.1) that £ < 0, so from the above relation

(2.6.5) we can conclude that [A — (§ + 555)] < 0 that is; X < (§ + 515). Thus if

(5 + 2n1+1) <0, ie;if, p < ﬁ then A < 0 and therefore the soliton is expanding. So, in

view of the above we have the following theorem.

Theorem 2.6.1. Let (M*" ™ g, ¢,&,n) be a (k, u)-almost coKdahler manifold of dimension

greater than 3 with k < 0 and the metric g admits a conformal Ricci soliton. Then the

=2

soliton is expanding if the conformal pressure p satisfy the inequality p < 5=

2.7 Conformal gradient Ricci soliton on (k, u)-almost

coKahler manifold

This section is devoted to the study of conformal gradient Ricci soliton on (k, )-almost

coKahler manifold. So, let us first give the statement of our main theorem of this section.
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Theorem 2.7.1. Let (M*" ™ g, ¢, &, 1) be a (k, p)-almost coKdahler manifold of dimension
greater than 3 with k < 0. Then there exist no conformal gradient Ricci soliton on the

manifold, with the potential vector field V pointwise collinear with the Reeb vector field €.

Proof. Let us assume that the manifold admits a conformal gradient Ricci soliton (g, V, ).
Then equation (1.2.4) holds. Now as the soliton is of gradient type, i.e; V = D f, for some
smooth function f and D is the gradient operator. Thus for any vector field X € y (M),
the equation (1.2.4) can be rewritten as

ViDf+QX = - (Lt 2n1+ lx (2.7.1)

Replacing X by Y in the above equation (2.7.1) we get

VyDr+ Qv =0 (0 2n1+ )% (2.7.2)

Similarly replacing X by [X,Y] in (2.7.1) we get

VDS +QIX Y] = - (4 + 2n1+ OIX, Y] (2.7.3)

Using equations (2.7.1)-(2.7.3) in the Riemannian curvature formula (1.1.5) and after

some simple calculations we get
R(X,Y)Df = (VyQ)X — (VxQ)Y. (2.7.4)
Again for any vector fields X,Y € x(M), using equation (2.6.1) we obtain

(Vy@Q)X — (VxQ)Y = pu((Vyh)X — (Vxh)Y)
k(XY — p(Y)W'X) + Y()hX — X(hY.  (2.7.5)

Now we recall an equation from Proposition 9 of the paper [71]. The result is, for any

vector fields X, Y € x(M),

(Vxh)Y = (Vyh)X = k(n(Y)¢X —n(X)Y +29(6X,Y)S) + p(n(X)A'Y —n(Y)h'X).
(2.7.6)
Then using (2.7.5) in (2.7.4) and then using (2.7.6), a simple computation gives that

R(X.Y)Df = ku(n(X)pY —n(Y)oX +29(X,9Y)E) — p*(n(X)W'Y — (Y)W X)
+ Y (u)hX — X(p)hY + 2nk(n(X)K'Y —n(Y)h'X), (2.7.7)
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for any vector fields X,Y € x(M). Putting X = ¢ in the above equation (2.7.7) we get
R(E,Y)DJ = kp(gY) — EGuRY — p2(KY) + 20k(HY).

Replacing Y by X in the above equation and then taking inner product with respect to

arbitrary vector Y gives us
g(R(& X)DJ.Y) = kug(6X,Y) — &(u)g(hX,Y) — p*g(W'X,Y) + 2nkg(h'X,Y). (2.7.8)
Again for a (k, u)-almost coKéhler manifold, using equation (1.1.21) we can write
R(§, X)Y = k[g(X, Y)§ = n(Y)X] + plg(hX, Y)E = n(Y)hX].

Taking inner-product of the equation with respect to the vector field Df and using the
fact that g(X, Df) = (X f) we get

9(R(§, X)Y, Df) = k[g(X,Y)(&f)—n(Y)(X )] +p[g(hX, Y)(Ef)—n(Y)(RX)f)]. (2.7.9)
Now combining (2.7.8) and (2.7.9) and using g(R(X,Y)Z,U) = —g(R(X,Y)U, Z), for
any vector fields X, Y, Z, U € y(M), yields

kpg(¢pX,Y) = £()g(hX,Y) — p?g(W X, Y) + 2nkg(h' X, Y')
= kn(Y)(X[) = kg(X,Y)(&f) — pg(hX,Y)(Ef) + pn(Y)((RX)f).  (2.7.10)
Antisymmetrizing the above equation we get

kulg(eX,Y) —g(X,0Y)] = k[n(Y)(Xf) —n(X)(Yf)]
+uln(Y)(hX) )] = n(X)((RY)f).  (2.7.11)

Now as per our assumption V' = b¢, it is easy to see that h'(Df) = 0. This again implies,
(WX)f=9gWX,Df)=g(X,h(Df)) =0. Similarly (R'Y)f = 0. Thus

(h(¢X))f =0, (h(¢Y))f =0. (2.7.12)
Using antisymmetry of ¢ and then putting X = ¢.X in equation (2.7.10) and using (2.7.11)
we get
—2p9(X,Y) + pun(X)n(Y) = n(Y)((¢X) ). (2.7.13)
Putting Y = £ in the above (2.7.12) yields
—1g(X,§) = g(¢X, Df). (2.7.14)
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Then again using X = ¢ X in the above equation (2.7.13) we get g(X, Df) = g(X,£(Ef)).

This gives us
Df = (£f)E. (2.7.15)

Covariant differentiation of equation (2.7.14) along the direction of X we get

VDS = (X(EN)E + (E£)HX) (2.7.16)
Again from the equation (2.7.1) we have
S _
VxDf =\ (2 + T 1)]X QX. (2.7.17)

Thus combining equations (2.7.15) and (2.7.16) we get

P 1
2+2n—|-1

)X = (X(€6)§ — (€)W X). (2.7.18)
Again, the value of @ from lemma(4.1) gives us
QX = phX + 2nkn(X)E. (2.7.19)

Now, comparing right hand sides of (2.7.17) and (2.7.18) we get, d*f = —2nk, where d
is the exterior derivative of f. Again from the well-known Poincare lemma of exterior
differentiation we know that, d*> = 0 and this implies, —2nk = 0, which is a contradiction

to our assumption that & < 0. This completes the proof. ]

2.8 Conformal Ricci soliton on (LC'S),-manifolds

Let us consider (M, g,&,n, ¢, a) be an n-dimensional (LC'S),-manifold. Again we know
that, for all vector fields X,Y € x(M), the 1-form 7 satisfies the equation

(Vxn)(Y) = Vxn(Y) —n(VxY). (2.8.1)

Using the equation (1.1.24) in the above equation (2.8.1), after a simple calculation, we
get
(Leg)(X,Y) =2a[g(X,Y) +n(X)n(Y)]. (2.8.2)

Now applying the conformal Ricci soliton equation (1.2.3) in the above equation (2.8.2)

we have
SOGY) = [0 a) = (5 + lg(X, ¥) — an(X)n(Y). (283)
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Let us take 0 = [(A — a) — (2 4+ 1)]. Then we can rewrite the above equation (2.8.3) as

S(X,Y)=09(X,Y) —an(X)nY). (2.8.4)

which shows that the manifold is an 7-Einstein manifold.

Now since the above is true for all vector fields X and Y, using the relation S(X,Y) =
9(QX,Y) in the above equation (2.8.4) we have

QX =0X — an(X)E. (2.8.5)
Again taking Y = ¢ in the equation (2.8.4) we get
S(X, &) = (0 + a)n(X). (2.8.6)

Let us consider an orthonormal basis {e; : 1 < i < n} of the manifold (M,g). Then

putting X = Y = ¢; in the equation (2.8.4) and summing over 1 < i < n, we have

r(g9) = no + a. But we know that for conformal Ricci flow, r(g) = —1, which leads us to
get 0 = —(%H). Again we have 0 = [(A — a) — (§ + +)], using this in the previous result
we get
D 1
A== 1——)a. 2.8.7
P (1~ a (2.8.7)

So, from the above discussions, using equations (2.8.4) and (2.8.7), we can state the

following theorem

Theorem 2.8.1. Let (M, g,&,n,¢,a) be an n-dimensional (LC'S),,-manifold admitting a

conformal Ricci soliton. Then
i) The manifold becomes an n-Finstein manifold.
it) The value of the soliton scalar X is equal to X =5 + (1 — L)a.

iii) The soliton is shrinking, steady or expanding according as the conformal pressure

p < 2(%)04, p= 2(1*7")& orp > 2(%)@.

Next, we present some results regarding various curvature tensors. Let us first con-
sider the projective curvature tensor on an n-dimensional (LC'S),-manifold. Now for an

(LC'S),,-manifold of dimension n, putting Z = ¢ in (1.1.1) we get

P(X,Y)¢ = R(X,Y)¢ - [S(Y, )X = S(X,§Y].

1
(n—1)
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Using (2.2.18) and (2.8.6) the above equation becomes

o+«

POXYIE= (02 =) = 55

JIn(Y)X —n(X)Y]. (2.8.8)
Again combining equations (2.2.21) and (2.8.6) we have
[(0® = p)(n —1) = — aJn(X) =0, (2.8.9)

which essentially gives us

[(a* —p)(n—1)] = (¢ + ). (2.8.10)

Now in view of (2.8.10), the equation (2.8.8) yields us P(X,Y)¢ = 0 for any vector fields
X,Y € x(M). Thus we have the following

Theorem 2.8.2. If (M,qg,&,m,0,a) is an n-dimensional (LCS),-manifold admitting a
conformal Ricci soliton, then the manifold becomes &-projectively flat, & being the charac-

teristic vector field of the manifold.

Now we consider the concircular curvature tensor on an n-dimensional (LCS),-

manifold. So, for an (LCS),-manifold of dimension n, putting Z = £ in (1.1.2) we

get
CXY)E = RIXY)E = s i) X = n(X)Y)
Using (2.2.18) the above equation becomes
CXY)E = (07 = p) = s Tn(NX = n(X)Y) (2.8.11)

Again in view of equation (2.8.10), the above equation (2.8.11) becomes

COYIE = [ = )X = (Y] (2812)

Now in view of equation (2.8.12), we can say that C(X,Y)¢ =0 iff r = n(oc + a). Again
using the fact that for conformal Ricci flow r = —1 and using o = [(A — a) — (2 + )] we

2 n
eventually get C(X,Y )¢ = 0 iff X = L. This leads to the following theorem

Theorem 2.8.3. If (M, qg,&,m,0,a) is an n-dimensional (LCS),-manifold admitting a
conformal Ricci soliton, then the manifold becomes §-concircularly flat iff A = %, § being

the characteristic vector field of the manifold and p is the conformal pressure.
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Let us now consider the conharmonic curvature tensor on an (LCS),-manifold of

dimension n. Then, putting Z = ¢ in (1.1.3) we have

1

H(X,Y)t = R(X,Y)¢ — oD

[(Y)QX —n(X)QY + S(V,§)X — 5(X,£)Y].

Using (2.2.18), (2.8.5) and (2.8.6) the above equation yields

(20 + o)

H(X,Y)E=[(o*—p) — h=2)

M) X —n(X)Y]. (2.8.13)

Again in view of equation (2.8.10), the above equation (2.8.13) becomes

(—no — «a)

HX,Y)e = [(n— 1)(n—2)

[In(Y)X —n(X)Y]. (2.8.14)

Thus from the above (2.8.14) we can conclude that H(X,Y)¢ = 0 iff no = —a. Moreover,

using the value 0 = [(A — ) — (5 + 1)] and after few steps of calculations we have

H(X,Y){=0iff A=2+ 2+ (1 —2)a. Thus we can state the following:

Theorem 2.8.4. If (M, qg,&,n,¢,a) is an n-dimensional (LC'S),-manifold admitting a
conformal Ricci soliton, then the manifold becomes §-conharmonically flat iff X = £ + % +
(1— %)a, & being the characteristic vector field of the manifold and p is the conformal

pressure.

Next, let us consider a conformal Ricci soliton (g, V, \) on an n-dimensional (LCS),,-
manifold M and hence equation (1.2.3) holds. Now assume that, the potential vector field
V' is pointwise collinear with the Reeb vector field &, that is, V = b&, where b is a smooth
function on M. Then for any vector fields X,Y € x(M), from equation (1.2.3) we can

write

Loeg(X,Y) + 25(X, V) = [2A — (p + %)]g(X, Y). (2.8.15)

Again from the property of the Lie derivative of the Levi-Civita connection we know that
Lz9(X,Y) = g(VxZ)Y)+ g(VyZ,X). Applying this formula in the above equation
(2.8.15) and then using ¢X = gvxg we get

2
bag(¢X,Y) + (Xb)n(Y) + bag(¢Y, X) + (Yb)n(X) +25(X,Y) = [2A = (p + —)lg(X, Y).
(2.8.16)
Putting Y = ¢ in (2.8.16) and using the equations (2.2.16) we obtain

25(X,8) = (Xb) + (€b)n(X) = 22— (p + %)]H(X)- (2.8.17)
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Using equation (2.8.6) in the above (2.8.17) and then putting the value o = [(A — a) —
(5 + 1)) gives us

(Xb) = (£b)nX. (2.8.18)

Again putting X = ¢ in the equation (2.8.17) we have

S8 - @)+ -+ D=0 (2.8.19)

Now, in view of equation (2.8.6) and o = [(A — @) — (£ + 1)], the above equation (2.8.19)

yields (£b) = 0. Furthermore, using (£b) = 0 in equation (2.8.18) we can conclude that
(Xb)=0, for any vector field X € x(M). And this implies that the function b is constant

and hence V' is a constant multiple of £. Therefore we have the following theorem

Theorem 2.8.5. Let (M, g,&,1n, ¢, ) be an n-dimensional (LCS),,-manifold which admits
a conformal Ricci soliton (g, V,\), V being the potential vector field of the manifold. If
the potential vector field V is pointwise collinear with the characteristic vector field &, i.e;

if V=0, then b is constant, i.e; V' becomes constant multiple of &.

Next, we study an important curvature property called £-Ricci semi symmetry.

Let (M, g,&,1n,¢,a) be an n-dimensional (LCS),-manifold. Then we say that the
manifold M is £-Ricci semi symmetric if, R(&, X)-S = 01in M, where £ is the characteristic

vector field, R is the Riemannian curvature tensor, S is the Ricci tensor.

Let us start with the known formula that for any vector fields X, Y, Z on M,
R(&,X)-S=SREX)Y. Z)+S(Y,R(&,X)Z). (2.8.20)
Now, using (2.2.19) the above equation (2.8.20) yields
R(E,X) - S = (0 — p)[g(X, V)S(€, Z) — n(Y)S(X, Z) + S(Y, €)g(X, Z) — n(Z)S(Y, X)].
Using (2.2.21) in the above equation and after few steps we get
R(§,X) - S =a(a® = p)g(X,Y)n(Z) + g(X, Z)n(Y) + 2n(X)n(Y)n(Z)].  (2.8.21)

Now note that (a* — p) = 0 implies A = £ + £, which is the trivial case. Thus for non-
triviality we assume (a® — p) # 0. Again as « is a non-zero scalar, from (2.8.21) we can

state the following:
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Theorem 2.8.6. If (M, g,&,n,¢,a) is an n-dimensional (LCS),-manifold admitting a
conformal Ricci soliton, then the manifold becomes &-Ricci semi symmetric, i.e; R(€, X) -

S = 0 iff the Lorentzian metric g satisfies the relation
9(X,Y)n(Z) + g(X, Z)n(Y) + 2n(X)n(Y)n(Z) = 0,

for any vector fields X,Y,Z € x(M), £ being the characteristic vector field.

2.9 Conformal Ricci soliton on (LCS),-manifolds sat-

isfying certain curvature conditions

In this section we characterize conformal Ricci soliton on (LC'S),-manifolds satisfying

certain types of curvature conditions.

First let (M,g) be an n-dimensional (LCS),-manifold and then the conharmonic
curvature tensor on M is given by equation (1.1.3). Interchanging Z and X and then

putting Z = ¢ in (1.1.3) we get
H(E X)Y = RE X)Y — —5[S(X, V)€~ (6 V)X + g(X, )€ ~ 9(€,Y)QX].

Using (2.2.19), (2.8.4), (2.8.5) and (2.8.6) in the previous equation yields

HEX)Y = [0 = p) = ST (X, V)6 = n()x] (29.)
Also from (2.9.1) we can write
(6 X)) = ~[0* = ) = SR ) +on). (202

Now we assume that H (¢, X) - S = 0 holds. Then we have
S(H(&,X)Y, Z) + S(Y,H(¢£,X)Z) = 0. (2.9.3)
In view of (2.8.4) the above (2.9.3) yields
olg(H (& X)Y, Z) + g(Y, H({, X)Z)| — a[n(H (&, X)Z)n(Y) +n(H(, X)Y)n(Z)] = 0.

Using (2.9.1) and (2.9.2) in the above equation we get

(20 + «)

(n—2) g(X,Y)n(2) + 9(X, Z2)n(Y) + 2n(X)n(Y)n(2)] = 0. (2.9.4)

al(e® —p) -
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Finally taking Z = ¢ in equation (2.9.4) and then using (2.2.17) we arrive at

ol(a® - p) - %wx oY) = 0. (2.9.5)

Since « is non-zero and g(¢X, ¢Y) # 0 always; then [(a® — p) — %] =0ie A=

L+ L4 (1—2)a. Therefore we can state the following theorem:

Theorem 2.9.1. If (M, g,&,1n,¢,a) is an n-dimensional (LC'S),-manifold which admits
a conformal Ricci soliton, and satisfies the condition H(&, X) - S = 0 i.e; the manifold is
§-Ricci conharomnically symmetric. Then the soliton constant is given by A\ = § + % +
(1-— %)a; where H s the conharmonic curvature tensor and S is the Ricci tensor of the

manifold and & is the characteristic vector field.

Next we study another important curvature tensor called M-projective curvature

tensor [5]. The M-projective curvature tensor on an (LC'S),-manifold is given by

M(X,Y)Z = R(X,Y)Z — [S(Y,2)X — S(X,2)Y +g(Y,2)QX — g(X, Z)QY].

2(n—1)
(2.9.6)

Taking inner product with respect to the vector field £, the above (2.9.5) yields

n(M(X.Y)Z) = U(R(X,Y)Z)—ﬁ[S(KZ)n(X)—S(X,Z)U(Y) (2.9.7)

+9(Y, 2)5(X, &) — g(X, 2)S(Y, §)].

Using (2.2.20), (2.8.4) and (2.8.5) in the above equation we get

(20 + )

n(M(X,Y)Z) =[(a® - p) — 2 —1)

Jlg(Y, Z)n(X) = (X, Z2)n(Y)]. (2:9.8)
Now we assume the condition that R(&, X) - M = 0. Then we have

R(& X)M(Y, Z)W — M(R(§, X)Y, Z)W
— M(Y,R(&,X)Z)W — M(Y, Z)R(&, X)W = 0. (2.9.9)

Using (2.2.19) in (2.9.8) and then taking an inner product with respect to & we get

— g(X (Y, 2)W) — n(Xn(NI(Y, 2)W) - g(X, Y ) (NI(&, Z)WV)
(Y I(I(X, Z)W) — (X, Zn(VI(Y, )W) + n(Z)n(¥(Y, X))
— g(X, WYn(NI(Y, 2)€) + n(W)n(M (Y, Z)X) = 0. (2:9.10)
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Then in view of (2.9.7) the above (2.9.9) becomes

(0= p) = S Y. W)g((X. 2) (X, V)g(Z. W)+ (X, (Y, 2)W) =0. (29.11)
From (2.9.5) and (2.9.10) we get
(0 = ) = S oY, Whg(X. 2) = (X, V)a(Z. W)+ 9(X ROV, Z)W)
1

_m[S(Z, Wg(X,Y)=S(Y,W)g(X, Z)+g(Z,W)S(Y, X)—g(Y,W)S(Z,X)] = 0.

(2.9.12)
Let us consider an orthonormal basis {e; : 1 <1i < n} of the manifold (M, g). Then

putting X =Y = e; in the equation (2.9.11) and summing over 1 < i < n, we get
2nS(Z,W) = 2(n — 1)*(a® — p) — (n — 1)(20 + ) — r]g(Z, W). (2.9.13)

Again putting Z = W = £ in above and using equation (2.8.6) we get

2(n — 1)%(a? — p) — (5n — 2)[A — (g + %)] + 2na = 0. (2.9.14)

Now using (2.8.10) in the above equation (2.9.13) and after a simple calculation we arrive
at

P 1
A= (=4+—)—2a. 2.9.1
& +-) -2 (29.15)

Thus we have the following theorem

Theorem 2.9.2. Let (M, g,&,n,¢,a) be an n-dimensional (LCS),-manifold admitting
a conformal Ricci soliton and the manifold is &-M-projectively semi symmetric i.e; it
satisfies the condition R(&, X) - M = 0; € being the characteristic vector field, M is the
M -projective curvature tensor of the manifold. Then the soliton is shrinking, steady or

expanding according as p > (4o — %)7 p = (4a — %) orp < (4a — %)

Next we prove an interesting result on (LC'S),-manifold admitting a conformal Ricci
soliton and satisfying the condition R(, X) - P = 0, where P denotes the well-known
Pseudo-projective curvature tensor. But before that let us recall some well-known results

that will be used later in this section:

Theorem 2.9.3. [69] If S : g(x,y,2) = ¢ is a surface in R? then the gradient vector field
Vg (connected only at a point of S) is a non-vanishing normal vector field on the entire

surface S.
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S.R. Ashoka et.al. in their paper [5] have given the higher dimensional version of the

above theorem as follows:

Corollary 2.9.1. [5] If S : g(x,y,2) = c is a surface (abstract surface or manifold) in
R™ then the gradient vector field Vg (connected only at points of S) is a non-vanishing

normal vector field on the entire surface (abstract surface or manifold) S.

Then the above mentioned authors in [5] also gave the following remark from the

above corollary as:

Remark 2.9.1. [5] Taking a real valued scalar function a associated with an (LCS),-
manifold with M = R? and g = o in the above corollary we have, Va as a non-vanishing

normal vector field on S C M and directional derivative of o with respect to &, Ea = &,

Va = [¢]|[Valcos({, Va)
i) If & is tangent to S then o = 0.
i1) If € is tangent to M but not to S then Ea # 0.

iii) If the angle between & and Va is acute then 0 < cos(é, Va) < 1, then o = k|Val,
0<k<1and&a>0.

iv) If the angle between € and Vo is obtuse then —1 < cos(€, Va) < 0, then Ea = k|Va,
—1<k<0andéa<O.

Now we see the dependance of the conformal Ricci soliton on £ for (LC'S),,-manifolds

satisfying R(&, X) - P = 0. The Pseudo projective curvature tensor P is defined by

P(X,Y)Z = aR(X,Y)Z +b[S(Y, Z)X — 5(X, Z)Y]

-

nn—1

L 0)[g(Y, 2)X — g(X, Z)Y], (2.9.16)

where a,b # 0 are constants. Taking Z = ¢ in (2.9.15) we get

P(X,Y) =aR(X,Y){+b[S(Y,§) X — S(X,€)Y]
B %(n— 1

Using (2.2.18) and (2.8.6) the above equation (2.9.16) yields

a

FO)[Y)X —(X)Y]. (2.9.17)

P(X,Y)¢ = [a(a® = p) +b(o +a) = = (——

+b)][n(Y)X —n(X)Y], (2.9.18)
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where o is as described in the previous section. Again from (2.9.15) we can write

n(P(X,Y)Z) = an(R(X,Y)Z) + b[S(Y, Z)n(X) — S(X, Z)n(Y)]

— L D) [e(Y, 2n(X) — g(X, Z)n(Y).

nn—1

Using (2.2.20) and (2.8.4) the above equation becomes

N(P(X.Y)Z) = [a(a® = p) +bo — —(——

+0)]g(Y, Z)n(X) — g(X, Z)n(Y)]. (2.9.19)

Now we assume the condition that R(, X) - P = 0. Then we have

R(& X)P(U V)W — P(R(&, X)U, V)W
— P(U,R(&, X)VYW — P(U,V)R(&, X)W =0, (2.9.20)

for any vector fields X, U,V,W € x(M). Using (2.2.19) in the above equation and then

taking an inner product with respect to ¢ we get

— g(X, P(U V)W) = n(X)n(P(U V)W) — g(X,U)n(P(&, V)W)
+n(U)n(P(X, V)W) = g(X, U)n(P(U, )W) + n(V)n(P(U, X)W)

— g(X, W)n(P(U,V)€) +n(W)n(P(U,V)X) = 0.

Then using (2.9.17) and (2.9.18) the above equation becomes

aa® = p) +bo — ~(—

7 HOllg(X, V)g(U W) — g(X, U)g(V, W)]
+g(X, P(U V)W) =0. (2.9.21)
Now in view of (2.9.15) and then using (2.8.4) in the equation (2.9.20) we get
ag(X, R(U, V)W) = baln(V)n(W)g(X, U) = n(U)n(W)g(X, V)]
+a(a® = p)[g(X,V)g(U,W) — g(X,U)g(V,W)] = 0. (2.9.22)

Let us consider an orthonormal basis {e; : 1 < i < n} of the manifold (M,g). Then
putting X = U = ¢; in the equation (2.9.21) and summing over 1 <i < n, we get

aS(V,W) —b(n — 1)an(V)n(W) — a(n — 1)(a® — p)g(V,W) = 0. (2.9.23)

Again setting V = W = £ in (2.9.22) and after a few steps of simple calculations we get

A= (n—1a®—p) — ga] + (g + %). (2.9.24)

Therefore in view of (2.9.24) and Remark 2.9.1 we can state the following:
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Theorem 2.9.4. Let (M, g,&,m, ¢, ) be an n-dimensional (LC'S),,-manifold which admits
a conformal Ricci soliton and the manifold is &-pseudo-projectively semi symmetric i.e; if
it satisfies the condition R(€,X) - P = 0; & being the characteristic vector field, P is the
pseudo-projective curvature tensor of the manifold and « is a positive function, then

i) If & is orthogonal to YV the soliton is expanding if o > g, p > —%; steady if a = %,

p=—2 and shrinking if o < 2, p < =2

ii) If the angle between & and Va is acute; the soliton is expanding if o® + k|Va| > ca,

p > —2; steady if &* 4+ k|Va| = ga, p = —2 and shrinking if o* + k|Va| < [—1204,
p<—2

i) If the angle between & and Va is obtuse; the soliton is expanding if o® > k|Va| + ga,
p > —%; steady if o* = k|Val| + ga, p = —% and shrinking if o < k|Va| + goz,
p<—2.

2.10 Conformal Ricci soliton on warped product man-

ifolds

This section deals with the study of conformal Ricci soliton on warped product manifolds.
Basically here we want to see if a warped product manifold admits a conformal Ricci
soliton then how its effect is on the base and the fiber i.e; we try to find out under which

conditions they become conformal Ricci soliton.

So, let us assume that (M, g) = (B x; F,gg & f*gr) be an warped product of two
Riemannian manifolds (B, gg) and (F, gr) with dimB = m and dimF = n. Now let
(M, g,11,€) be a conformal Ricci soliton, where p = [2A — (p 4+ 2)]. Then from equation
(1.2.3) we get

2
Leg+25S =02N—(p+ E)]g = ug. (2.10.1)

Again note that from the lemma 2.2.1 (for details see [8]) following two well-known

formulas for warped product manifolds can easily be deduced

Leg = LL gs+ [PLEgr +2f¢s(f)gr, (2.10.2)
S = 8- ?Hf +8F — fap, (2.10.3)
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where f = fAf + (n — 1)|Vf||%. Now in equation (2.10.1) using the definition of the
warped metric from equation (1.1.31) and then applying the values from the above two

equations (2.10.2) and (2.10.3) we have

wlgs + fP9r) = g

= £§g4—23
= L2 gp+ f2LL gr +2f€s(f)gr +25°
—Q;Hf +25" —2fgr, (2.10.4)

Again for all U,V € x(B), using the definition of Lie derivation we can write
(L8 95)(U,V) = gs(Dfés, V) + g(U, Di¢p). (2.10.5)
Now from the definition of Hessian and the above equation (2.10.5) we have

(L2 g5 — 2§Hf><U, V) = g5(DEep, V) + gp(U, DEEs) — 2§93<05v3f, V).

The above equation can be rewritten as

<£fBgB—2§Hf><U,v> = <gB<D%?sB,v>—§gB<D5va,v>>
n

+(95(U, Dy¢p) 7
= gB(Dg(gB — TLVB In f), V)
+95(U, DY (&g —nVPIn f)). (2.10.6)

ge(DEVIL,V))

Using the definition of Lie derivative again equation (2.10.6) becomes

(LE g5 — 2§Hf><U, V)= (£2

§g—n

voin198) (U, V), VU,V € x(B).
Since the above equation is true for all U,V € x(B), in operator notation we can write
n
Le,95 — 2?Hf = L B 9B (2.10.7)

Now using the value from equation (2.10.7), the equation (2.10.4) finally yields

(‘CgBB—nVBlnng + 253) + (f2£gFgF + 2SF)
= pgs + (uf* = 2f€6(f) +2f)gr). (2.10.8)

Hence from the above discussion and equation (2.10.8) we have the following theorem
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Theorem 2.10.1. Let us consider that (M, g) = (Bx ¢ F, gg® f?gr) be an warped product
of two Riemannian manifolds (B, gp) and (F, gr) with warping function f, dimB = m
and dimF = n. If (M, g, 1, &) be a conformal Ricci soliton, then the base (B, gp, i, {5 —
nVP1n f) and the fiber (F, gp, uf2—2fE5(f)+2f, f26p) are both conformal Ricci solitons;
where f = fAf+ (n— D||Vf|%, p= 22— (p+ 2)], X is the soliton constant and p is

the conformal pressure.

Now we study a special case when the soliton vector field ¢ of the conformal Ricci
soliton (M, g, i1, &) becomes gradient of some smooth function ¢ i.e; when £ = grad¢ =
V. In this case we call the soliton a conformal gradient Ricci soliton and the function ¢
is then called the potential function of the soliton. Also for notational purpose without
any confusion we denote a conformal gradient Ricci soliton as (M, g, i1, ¢), where the last

term specifies the potential function of the soliton.

Let us assume that (M,g) = (B x; F,gp @ f2gr) be an warped product of two
Riemannian manifolds (B, gg) and (F,gr) with dimB = m and dimF = n. Then if
(M, g,p,¢) be a conformal gradient Ricci soliton, for any vector fields X, Y € (M),
equation (1.2.4) implies

2H?(X,Y) +2S(X,Y)=[2A— (p + %)]g(X, Y) = pg(X,Y). (2.10.9)

Now if we take X = Xp and Y = Yp, where Xp, Yy are the lifts of the vector fields
X,Y € x(B), then the equation (2.10.9) gives us

2H¢(XBaYB) + 2S(XB7YB) - ILLg(XB’YB)

Using the value of the Ricci tensor for the base manifold from lemma 1.1, the above

equation becomes
n
2H (X, Y) + 25" (X, Yp) — Q?Hé(XB, Vi) = pugp(Xp, Yn),

where ¢p = ¢ at a fixed point of the fiber F'. Finally using the properties of Hessian in

the above equation we get
2HEP " (X, Vi) + 287 (X, Y5) = pgs(Xs, Ya). (2.10.10)
This shows that (B, gg, it, 5 — nln f) is a conformal gradient Ricci soliton.
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Again taking X = Xp and Y = Yp, where Xp, Y are the lifts of the vector fields
X,Y € x(F), then the equation (2.10.9) gives us

20%(Xp,Yr) +25(Xp, Yr) = pg(Xp, Yr).
Using equation (2.10.3) and lemma 1.1 the above equation becomes
2HGE (Xp,Yr) + 257 (Xp, Yr) — fgr(Xp, Yr) = uf*gr(Xr, Yr),

where ¢ = ¢ at a fixed point of the base B and f = fAf + (n —1)||V f||%. Thus finally

we get from the above equation
2H" (Xp, Yp) + 257 (Xp, Yr) = (1f* + f)gr(Xp, Yr).

Therefore if the warping function f is constant, the term f = fAf + (n — 1)||Vf||%

vanishes from the right hand side of the above equation and we get the following

Thus (F, gr, uf?, ¢r) is a conformal gradient Ricci soliton. Hence from the above obser-

vations and equations (2.10.10) and (2.10.11) we can state the following

Theorem 2.10.2. Let (M,g) = (BXF,gg® f*gr) be an warped product of two Rieman-
nian manifolds (B, gg) and (F, gr) with warping function f, dimB = m and dimF = n.
If (M, g, i1, @) be a conformal gradient Ricci soliton, then

i) the base (B, gp, i, ¢ — nln f) is a conformal gradient Ricci soliton with ¢p = ¢ at
a fixed point of the fiber F.

i) the fiber (F,gp, uf? ¢r) is a conformal gradient Ricci soliton with ¢r = ¢ at a fized

point of the base B, provided the warping function f is constant.

2.11 Effect of certain special types of vector fields
on conformal Ricci soliton on warped product

manifolds

The main purpose of this section is to study the effects of some special types of smooth
vector fields on conformal Ricci solitons on warped product spaces. In particular, we focus

on Killing vector fileds, conformal vector fields and concurrent vector fields.
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Proposition 2.11.1. Let (M,g) = (B X; F,gp ® f?gr) be an warped product of two
Riemannian manifolds (B, gp) and (F,gr) with warping function f, dimB = m and
dimF = n. If (M,g,pn,&) is a conformal Ricci soliton and any one of the following

conditions holds

i) £ =¢&p and &g is a Killing vector field on the base B.
ii) & =&p and r is a Killing vector field on the fiber F'.
Then the manifold (M, g) becomes an Einstein manifold.

Proof. As per our assumption (M, g, pu, &) being a conformal Ricci soliton, it satisfies
equation (1.2.3) and we get
Leg+ 25 = pg, (2.11.1)

Now let, £ = &g, and £p is Killing on B, we get EfBgB = (. Then using it in equation
2.10.2) we have L9 = 0. Therefore equation (2.11.1) gives us S = £¢g and this implies
( ) ¢g q g 59 p
(M, g) is Einstein manifold.

Again if £ = £p and &p is a Killing vector field on the fiber F, ﬁ?FgF = (0. Then using
equations (2.10.2) and (2.11.1) and proceeding similarly as the first part of the proof, it

can be easily shown that in this case also (M, g) is Einstein. O

Theorem 2.11.1. Let (M, g) = (Bx;F, gp® f2gr) be an warped product of two Rieman-
nian manifolds (B, gg) and (F, gr) with warping function f, dimB = m and dimF = n.
If (M, g,u,§) is a conformal Ricci soliton and &g is Killing vector field on the base B;
then the base (B, gp, t, —n1n f) is a conformal gradient Ricci soliton; where {g is the lift

of the vector field & to x(B).

Proof. Since it is given that (M, g, u,€) is a conformal Ricei soliton from theorem 2.1 it
follows that the base (B, gp, u, £ —nV P 1In f) is also a conformal Ricci soliton and hence

it satisfies equation (1.2.3). Thus we can write
EfBB—nVB lnng + 2SB = UgB- (2112)

Again using equation (2.10.7) the above equation (2.11.2) becomes

n

fo +25% = ugs.

E?BgB -2
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Now, as &g is Killing vector field on the base B, we have E?B gp = 0. Thus with the help

of this, the above equation gives us
n
f

Thus using the properties of Hessian, the above equation finally yields

—2—H' + 288 = ugp.

2H " 1288 = jgp. (2.11.3)

Hence compairing the above equation (2.11.3) with the conformal gradient Ricci soliton

equation (2.10.9) completes the proof. ]

We conclude this portion of study of Killing vector fields on conformal Ricci soliton

warped product manifolds with the following result

Theorem 2.11.2. Assume that (M, g) = (B x; F,g @ f?gr) be an warped product of
two Riemannian manifolds (B, gg) and (F, gr) with warping function f, dimB = m and
dimF =n. Let (M,g,un,&) be a conformal Ricci soliton and both the lifts {g and &g are
Killing on the base B and the fiber F' respectively. Then the manifold (M, g) is Einstein

if §s(f) = 0.

Proof. Since it is given that both {5 and & are Killing, we have 55393 = (0 and L'gFgF = 0.

Then using these values in equation (2.10.2) we get

Leg=2fEp(f)gr. (2.11.4)

Again as per our hypothesis (M, g, i, &) being a conformal Ricci soliton, from equation
(1.2.3) we get
Leg + 28 = pg.

Now using equation (2.11.4) in the above equation, gives us
2f€s(f)gr +2S = pg. (2.11.5)

Thus if {p(f) = 0, the above equation (2.11.5) yields S = £g, which implies the manifold
(M, g) is Einstein and this completes the proof. H

Now we shall focus on the effect of conformal vector fields on warped product mani-
folds admitting conformal Ricci solitons. In this direction a very immediate result is the

following
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Proposition 2.11.2. Let (M,g) = (B X; F,gp ® f?gr) be an warped product of two
Riemannian manifolds (B, gp) and (F,gr) with warping function f, dimB = m and
dimF =n. Let (M, g, 1, &) is a conformal Ricci soliton. Then the manifold (M, g) becomes
an Einstein manifold with factor (5 — p) if and only if the vector field § is conformal with

factor 2p.

Proof. (M, g, i, &) being a conformal Ricci soliton, from (1.2.3) we can write
Leg+ 25 = pg. (2.11.6)

Since the vector field & is conformal with factor 2p, by definition we have L9 = 2pg,
where p is a smooth function. Thus using this value in equation (2.11.6) finally we get

S = (g — )g. (2.11.7)

This implies (M, g) is an Einstein manifold. Similarly by reverse calculation process it
can be shown that if (1/, g) is an Einstein manifold with factor (§ — p) then § becomes

conformal with factor 2p. This completes the proof. O

It is to be noted that in the above result we have discussed on conformal Ricci solitons
with the vector field £ is taken conformal. So it is natural to ask whether it is necessary to
consider ¢ conformal as a whole, or is there a weaker condition than this. The following

theorem could put some light on it.

Theorem 2.11.3. Assume that (M, g) = (B x; F,gp & f?gr) be an warped product of
two Riemannian manifolds (B, gg) and (F, gr) with warping function f, dimB = m and
dimF =n. Let (M, g, u,&) be a conformal Ricci soliton and both the lifts £ and Ep are
conformal on the base B and the fiber F with factors 2pp and 2pr respectively; where

pp and pp are two smooth functions. Then the manifold (M,g) is Einstein provided

ps = pr +&p(In f).

Proof. Since £g is conformal on the base B with factor 2pg, we have EfBgB = 2pBYB.
Also &p being conformal with factor 2pp, we get /L?F gr = 2prpgr. Then using these two

values in equation (2.10.2) we get

Leg = 2(psgs + [*prgr + fE8(F)gr). (2.11.8)
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Again (M, g, 1, &) being a conformal Ricci soliton, from equation (1.2.3) and the previous
equation (2.11.8) we have

2(ppgs + fprar + fEs(f)gr + S) = ng.

The above equation can be rewritten as

S = gg — pgs — [ (pr + Es(In f))gp. (2.11.9)

Hence if pp = pr + p(In f), and using equation (1.1.31), the above equation (2.11.9)
finally gives us S = (5§ — pg)g. This implies (M, g) is Einstein and thus completes the
proof. O]

We end this section with our last theorem, which actually gives the converse part
of the previous theorem. In the previous result we characterised the conformal Ricci
soliton (M, g, i1, ) whereas our next result gives conditions under which a warped product

manifold (M, g) admits a conformal Ricci soliton.

Theorem 2.11.4. Let (B, gg, 1, &p) be a conformal Ricci soliton and (F,gr) be an Fin-
stein manifold with factor 8, where dimB = m and dimF = n. Let (M,g) = (B Xy
F, g5 ® f2gr) be an warped product of (B, gg) and (F,gr) with warping function f and
&r is conformal vector field with factor 2p. Then (M, g, i, &) is a conformal Ricci soliton
if H' = 0 and the warping function f satisfies the quadratic equation

(2p = W f* +2f&(f) + 28+ 2(1 = n)k* = 0,
where k* = |V f||% = gs(V [,V f) for some real number k.

Proof. (B, gp, i,£g) being a conformal Ricci soliton, from equation (1.2.3) we get
LE gp + 257 = pgp. (2.11.10)

Again as (F, gr) is an Einstein manifold with factor 3, the Ricci tensor is given by Ricl” =

Bgr. Using this value in equation (2.10.3) gives us

S =98 ?Hf + Bagr — for, (2.11.11)

where f = fAf + (n—1)||Vf|%. Now, using equation (2.11.10) in the equation (2.10.2)
we get

Leg = ng — 257 + f2LE gp + 2fE5(f)gr- (2.11.12)
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Multiplying both sides of the equation (2.11.11) by 2 and then adding it with equation
(2.11.12) yields

Leg+ 25 = ugp + f2£§FgF +2f&s(f)gr + 2(—?Hf + Bgr — fgr).

Now since the vector field &r is conformal with factor 2p i.e; E?F gr = 2pgr, the above

equation becomes

Leg+2S = pgp +2f°pgr + 2f&6(f)gr + 2(—;Hf + Bgr — far). (2.11.13)

As it is given that H/ = 0, then it implies that Af = 0 and hence f = fAf+(n—1)||Vf||%
becomes f = (n —1)||Vf||3 = (n— 1)k?, where k* = ||V f||% = g5(V.f, Vf) for some real

number k. Therefore using these results in the above equation (2.11.13) we get

Leg+2S = pgp+2fpgr +2f6(fgr + 2(Bgr — (n — 1)k*gr)
= wlgs + [2gr) + 2Fp — ufT2f&s(f) +2(8 — (n — 1)k?))gp.

Thus if (2f%p — uf? + 2fEp(f) + 2(8 — (n — 1)k?)) = 0 i.e; if f satisfies the quadratic
equation (2p — u) f2+2fEs(f) + 28+ 2(1 —n)k? = 0; the above equation finally becomes

Leg+2S = p(gs + fgr) = ng. (2.11.14)

Therefore from equation (2.11.14) we can conclude that (M, g, u,€) is a conformal Ricci

soliton and this completes the proof. O]

2.12 Warped product manifolds admitting conformal
Ricci soliton with concurrent vector field

In this section we study conformal Ricci solitons with the soliton vector field ¢ being
concircular (also, concurrent) vector field. Definitions of concircular and concurrent vector

fields are discussed in chapter one. So in this direction our first result is as follows

Theorem 2.12.1. Let (M, g, 11, &) be a conformal Ricci soliton on an n-dimensional Rie-

mannian manifold (M, g) and the soliton vector field & is concircular with factor «, then

i) the manifold (M, g) is an Einstein manifold with factor (un — 2a) and
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i) the soliton is expanding, steady or shrinking according as (p+ 2a+ %) <0, (p+2a+
%) =0 or (p+2a + %) > 0 respectively.

Proof. As per our assumption the soliton vector field £ is concircular with factor «, then
from equation (1.1.10) we get Vx& = aX. Then using it in the definition of Lie differen-

tiation we get

(Leg)(X,Y) = g(VxEY) +g(X, VyE)
= g(aX,Y)+g(X,aY)
= 2a9(X,Y), (2.12.1)

for all vector fields X,Y € x(M). Again, (M, g, u,&) being a conformal Ricci soliton,
using the value from (2.12.1) in the equation (1.2.3) we get

S(X,Y) = (14— 2a)g(X,Y), (2.12.2)

for all vector fields X,Y € x(M), and p = [2X — (p + 2)]. Thus equation (2.12.2) proves
that (M, g) Einstein with factor (u—2«) and this completes the first part of the theorem.

Again we know that for conformal Ricci flow, the scalar curvature r(g) = —1. So
taking an orthonormal basis {e¢; : 1 < i < n} of the manifold M and summing over

1 <i < n in both sides of the equation (2.12.2) gives us

—1=r(g) = n( — 20).

Finally using the value g = [2X — (p + 2)] in the above equation and after simplification

we get
p

1
A= -+ —. 2.12.3
o+ 5 + on ( )

We know that the soliton is expanding steady or shrinking if A <0, A =0 or A > 0, thus
applying it in equation (2.12.3) completes the proof. O

Next, we have a result on concurrent vector field which immediately follows from the

above theorem.

Corollary 2.12.1. (M, g, 11,€) be a conformal Ricci soliton with the soliton vector field &

1s concurrent, then
i) the manifold (M, g) is an Einstein manifold with factor (u — 2) and
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i) the soliton is expanding, steady or shrinking according as (p+2—|—%) <0, (p+2+%) =0
or (p+ 2+ L) > 0 respectively.

Proof. Proceeding similarly as theorem 4.1 and then putting o = 1 in the equations

(2.12.2) and (2.12.3) completes the proof. O
We conclude this section with the following theorem on concurrent vector field:

Theorem 2.12.2. Assume that (M,g) = (B x; F,gp @ f?gr) be an warped product of
two Riemannian manifolds (B, gg) and (F, gr) with warping function f, dimB = m and
dimF =n. Let (M, g,u, &) be a conformal Ricci soliton with concurrent vector field . If
f is constant and both the lifts £g and Ep are concurrent on the base B and the fiber F
then

i) the soliton (M, g, 11,€) is expanding, steady or shrinking according as (5 ++1+1) <0,
(B+1+1)=0or (5+241)>0 respectively,

ii) all the three manifolds M, B and F are Ricci flat manifolds and
iii) all the three manifolds M, B and F admit conformal gradient Ricci solitons.

Proof. Since (M, g, 1, &) is a conformal Ricci soliton on M with concurrent vector field &,

from first part of the corollary 2.12.1 we can write

for all vector fields X,Y € x(M).
Now if we set X = Xp and Y = Yp, then from lemma 1.1 and equation (2.10.3) we get

S(XF,YF) = SF(XF,YF) - ng(XF,YF), (2125)

where f = fAf 4 (n—1)|Vf|%. Now using equation (2.12.4) and (1.1.31), in the above
equation (2.12.5) yields

SE(Xp,Yr) = fgr(Xe, Yr) + (11— 2) f29r(Xr, Yi),

where f = fAf + (n—1)||Vf]|%. Since it is given that f is constant, say f = ¢ for some

constant ¢, then it implies that f = 0 and thus the above equation becomes
SF(XF,YF> :C2<,U/_2>9F(XF7YF)7 (2126)
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for all vector fields Xp,Yr € x(F). Thus from the above equation (2.12.6) we can say
that F' is Einstein. Now as the equation (2.12.6) is true for any vector field in x(F), by
putting Xz = Yr = £r in above we get

SF(r.ér) = Au—2)gr(Er,&p)
= A(p—2)|r7- (2.12.7)

Let {&p, €1, €9, €3, ....,e,_1} be an orthonormal basis of x(F'). Then the curvature tensor

of the manifold F'is given by

RF(fF, €i, Ers Gi) = gF(RF(ny ei)§F7 €i)-

Using the well-known formula for curvature, the above equation can be rewritten as
R (Ep,ei,6r,€) = gr(VEVEER — VIV €p - Vng,ei]ﬁF, €;)- (2.12.8)

Also since &p is concurrent vector field, from equation (1.1.11) we have Vx&p = X, for

all X € x(F') and using this in equation (2.12.8) we get

RF(fF) €, €F7 ei) = gF(ngez - vgé-F - [fFa ei]a ei) =0.

This implies Ric(ép,&r) = 0 and then from equation (2.12.7) we get u = 2, i.e; u =
[2A — (p + 2)] = 2. After simplification this gives A = (£ 4+ £ + 1) and the soliton is
shrinking, steady or expanding according as A > 0, A = 0 or A < 0. This proves the first
part of the theorem.

Now, using this value p = 2 in equations (2.12.6) and (2.12.4) we have S = S = 0.
This proves that both the manifolds M and F' are Ricci flat.

Again if we set X = Xp and Y = Yp, then from lemma 1.1 we can write
S(Xp,Yp) = SB(Xp,Yp) — ;Hf(XB, Ya),
for all Xp,Ys € x(B). Now since we just proved S = 0, the above equation becomes
SB(Xp, Vi) = ?Hf(XB,YB). (2.12.9)

Since we assumed that f is constant, it implies H/ = 0 and thus the above equation

(2.12.9) finally gives us SB(Xp, Yg) = 0, for all X5, Yy € x(B). Therefore we get S? = 0
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and this proves that the manifold B is Ricci flat. This completes the proof of the second
part of the theorem.

To prove the last part of the theorem, let us assume that ¢ = 3¢(£,€). Then

9(X, gradg) = X(¢) = g(Vx&,¢), (2.12.10)

for all X € x(M). Again £ being concurrent, from equation (1.1.11) we have Vx& = X

and using this value in equation (2.12.10) we get

9(X, grade) = g(X,§),

for all X € x(M). Since the above equation is true for any vector field X € x(M), we
can conclude that & = grad¢. Hence (M, g) admits a conformal gradient Ricci soliton.

Again taking ¢p = 39(¢p, &) and ¢p = L9(&r, &r) and proceeding similarly we can show
that g = grad¢p and g = grader. Also from theorem 2.1 we know that since (M, g) is
conformal Ricci soliton, B and F' both are conformal Ricci soliton. Hence can conclude

that both the manifolds B and F' admit conformal gradient Ricci soliton. O

2.13 Application of conformal Ricci soliton on gen-

eralized Robertson-Walker spacetimes

This section deals with the study of conformal Ricci solitons on generalized Robertson-
Walker spacetimes. The definition of a generalized Robertson-Walker spacetime is given
in chapter one. Based on that definiton we consider a generalized Robertson-Walker
spacetime and study the effect of conformal Ricci soliton on it. Our main result of this

section is the following

Theorem 2.13.1. Let M = I x ¢ F' be a generalized Robertson- Walker spacetime endowed
with the metric g = —dt* ® fgr and let ¢ = fct f(2)dz, for some constant ¢ € I. If
(M, g, p, ) admits a conformal gradient Ricci soliton, then

i) the generalized Robertson-Walker spacetime (M, g) becomes Ricci flat if the soliton

constant \ satisfies the relation A = f + P+ % and

ii) the generalized Robertson-Walker spacetime (M, q) is an Finstein manifold if the

warping function f is of the form f(t) = at + b, where a,b are constants.
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Proof. As per our assumption, (M, g, i, ») being a conformal gradient Ricci soliton, set-

ting & = grade, from equation (1.2.3) we can write
2

for all X,Y € x(M).

Again since ¢ = fctf(z)dz, then £ = grad¢ implies that £ = f(t)% and it can be seen
that the vector field ¢ is orthogonal to the manifold F'.

Let us assume that {2, 8%1, 6%2, ey %} be an orthonormal basis of x(M). Then the

Hessian of the function ¢ is given by
H?(X,Y) = g(Vxgrade,Y). (2.13.2)

Now, we consider the following three cases.

Case 1: First let us consider X =Y = %.

Then from equation (2.13.2) we get

0 0 0
o Ty — =
(555 = 9(Vggrads, )
. 0 0
= —,=). 2.13.
fols57) (2.13.3)
Case 2: Next we consider X = % and Y = % fori=1,2,....,n.

Then in this case equation (2.13.2) implies

g 0 0
b Ty — =
. 0 0
= Jolgp 50 (2.13.4)

Case 3: Finally we consider X = % and Y = % for 1 <i,5 <n.
Then from equation (2.13.2) we have
g 0 0
y N = V d y
8277; 8$]) g( aizigral gb 893])

o 0
= fg(v%&’a_xj)
B fa a

= fg(a%, %). (2.13.5)

H?(
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Therefore combining equations (2.13.3), (2.13.4) and (2.13.5) and using it in (2.13.2)
we get

H®(X,Y) = fg(X,Y). (2.13.6)
Now, since £ = gradg, using the definition of Lie differentiation we can write

(Leg)(X,Y) = g(Vxgrade,Y) + g(X, Vygrade)
= 2H°(X,Y).

Thus using equation (2.13.6), the above equation becomes
(Leg)(X,Y) =2fg(X,Y). (2.13.7)

Using the value of equation (2.13.7) in the equation (2.13.1) and after simplification we
get

S(CY) = f - b - %]g(x, Y). (2.13.8)

Thus if A = f + P+ %, from equation (2.13.8), it implies that (M, g) is Ricci flat. This
completes the first part of the theorem.

Again if f is a constant, say f = a, ie; if df = adt, i.e; if f = at + b for some
arbitrary constant b, then from equation (2.13.8) we can conclude that (M, g) is Einstein.

This completes the proof. n
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On conformal n-Ricci solitons

3.1 Introduction

In this chapter we study conformal n-Ricci solitons on e-Kenmotsu manifold and Kahlerian
spacetime manifold. This chapter is divided into ten sections. In sections one and two we

give introduction and preliminaries respectively.

In section three, we study e-Kenmotsu manifold admitting conformal 7-Ricci soliton
and establish the relation between the soliton constants A and p. Section four deals
with conformal n-Ricci soliton on e-Kenmotsu manifold in terms of Codazzi type Ricci
tensor, cyclic parallel Ricci tensor and cyclic n-recurrent Ricci tensor. Then Section five
is devoted to the study of conformal n-Ricci soliton on e-Kenmotsu manifold satisfying
curvature conditions R-S =0, C -5 =0, Q- C = 0. In section six, we consider torse-
forming vector field on e-Kenmotsu manifold admitting conformal n-Ricci soliton. Section
seven characterizes gradient conformal n-Ricci soliton on e-Kenmotsu manifold. In section
eight, we construct an example to illustrate the existence of conformal 7-Ricci soliton on

e-Kenmotsu manifold.

In section nine, we characterize the nature of conformal n-Ricci soliton on projectively
flat and conharmonically flat almost pseudo symmetric Kahlerian spacetime manifold. Fi-
nally section ten is devoted to the study of gradient conformal n-Ricci soliton on Kahlerian

spacetime manifold.
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3.2 Preliminaries

Here, we discuss some preliminaries of e-Kenmotsu manifold and almost pseudo symmetric

Kahlerian spacetime manifold.

The defintion of e-Kenmotsu manifold is given in chapter one. Furthermore, in an

e-Kenmotsu manifold (M, g) the following relations hold,

(Vxm)(Y) = g(X,Y) —en(X)n(Y), (3.2.1)
R(X,Y)¢ = n(X)Y —n(Y)X, (3.2.2)
REX)Y = n(Y)X —eg(X,Y)E, (3.2.3)
R(§, X)§ = —R(X,§¢ =X —n(X)E, (3.2.4)
n(R(X,Y)Z) = e(g(X, 2)n(Y) = g(Y, Z)n(X)), (3.2.5)
S(X,6) = —(n—1)n(X), (3.2.6)

Q¢ = —e(n—1), (3.2.7)

where R is the curvature tensor, S is the Ricci tensor and () is the Ricci operator given
by g(QX,Y) = S(X,Y), for all X|Y € x(M).
Moreover, It is to be noted that for spacelike structure vector field £ and € = 1, an

e-Kenmotsu manifold reduces to an usual Kenmotsu manifold.

The definition of Kahlerian spacetime manifold is given in the introductory chapter
one. So, combining equations (1.2.11) and (1.2.12) we can see that the Ricci tensor S

becomes a functional combination of the metric tensor g and n ® n satisfying
r
S(X,Y) = = (w =5 = #p) g(X.¥) + k(o + p)n(X)n(Y), (3.2.8)

for all smooth vector fields X,Y € x(M). Recall that, manifold having such type of Ricci
tensor is called quasi-Einstein manifold [23] and they arose during the study of exact

solutions of Einstein field equations.

Furthermore, in a Kahlerian spacetime manifold the Riemannian curvature tensor R

and the Ricci tensor S satisfy the following

RX,Y,UW) = R(JX,JY,UW), (3.2.9)
S(X,Y) = S(JX,JY), (3.2.10)
S(X,JY)+S(JX,Y) = 0, (3.2.11)
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for all X,Y,U, W € x(M) and R(X,Y,U,W) = g(R(X,Y)U,W).
Let us consider an orthonormal frame field {E; : 1 < i < 4} such that
g(E;i, E;) = €01 for all 1 <14, j <4; with ¢; = —1 and ¢;; = 0 for ¢ # .

Then assuming £ = 37 | €'E; we can write

—1=g(&8) = ) 9B, E)=eq(&) (3.2.12)

1<,5<4

Also we can deduce the following

n(E:) = g(E;, €) = ZﬁgEZ,E)—emé* (3.2.13)

In Kahlerian spacetime manifold, contractlng the equation (3.2.8) over X and Y and using
(3.2.12) we obtain
r=4w + k(o — 3p). (3.2.14)

Recalling equation (3.2.8) and making use of the above value in it yields
/ﬁ‘/ p—
S(X,Y) = (w + y) g(X,Y) + k(0 + p)n(X)n(Y), (3.2.15)
for all vector fields X,Y € x(M). Hence in view of the above, we can state the following

Proposition 3.2.1. A Kahlerian spacetime manifold is a quasi-Einstein manifold.

Next, we discuss the notion of almost pseudo symmetric manifold which was intro-
duced by U. C. De and A. K. Gazi [31] in 2008. Let (M,g) be a non-flat Riemannian
manifold of dimension greater than three. Then it is said to be an almost pseudo sym-

metric manifold if its Riemannian curvature tensor satisfies

(VZR)(X,Y,UW) = [AZ)+ B(Z)|R(X,Y, U W)+ AX)R(Z,Y,U,W)
+AY)R(X, Z, U W) + AU)R(X,Y, Z, W)
+AW)R(X,Y, U, Z), (3.2.16)

where A and B are two non-zero 1-forms on M defined as
A(Z)=9(2,P), B(Z)=yg(ZN). (3.2.17)

After B. O’Neill [68] investigated the applications of semi-Riemannian geometry in
general relativity, many authors have studied the curvature tensors and geometrical struc-
tures in spacetimes of general relativity [2]. Venkatesha and Kumara [94] studied Ricci
solitons and geometrical structure in a perfect fluid spacetime with torse forming vector

field. Blaga [12] investigated curvature properties and solitons in perfect fluid spacetime.
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3.3 e-Kenmotsu manifold admitting conformal 7-Ricci

soliton

Let us consider an e-Kenmotsu manifold (M, g) admits a conformal n-Ricci soliton (g, &, A, i).

Then from equation (1.2.5) we can write
2
(Leg)(X,Y) +25(X,Y) + 24 = (p+ —)]g(X, V) + 2un(X)n(Y) = 0, (3.3.1)

for all X,Y € x(M).
Again from the well-known formula (L¢g)(X,Y) = g(Vx&, Y )+9(Vy€, X) of Lie-derivative

and using (1.1.38), we obtain for an e-Kenmotsu manifold
(Leg)(X,Y) = 2€[g(X,Y) — en(X)n(Y)]. (3.3.2)

Now in view of the equations (3.3.1) and (3.3.2) we get

SCY) = [+ = (4 X Y) — (= DoY), (333

This shows that the manifold (M, g) is an n-Einstein manifold.
Also from equation (3.3.3) replacing Y = ¢ we find that

p 1
S(X,8) = [e(5 + —) = (A + wn(X). (3.3.4)
Compairing the above equation (3.3.4) with (3.2.6) yields
p 1
EX+p= 6(5 + ﬁ) +(n—1). (3.3.5)

Thus the above discussion leads to the following

Theorem 3.3.1. If an n-dimensional e-Kenmotsu manifold (M, g) admits a conformal
n-Ricci soliton (g,&, \, ), then (M, g) becomes an n-FEinstein manifold and the scalars A
and p are related by eX + p=e(2 + 1)+ (n — 1).

Furthermore if we consider ;1 = 0 in particular, then from equations (3.3.3) and

(3.3.5), we get

SGY) = [0k~ C 4 Dlg(X, V) +a(X)n(r),
A= (§+%)+e(n—1).

This leads us to write
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Corollary 3.3.1. If an n-dimensional e-Kenmotsu manifold (M, g) admits a conformal
Ricci soliton (g,&, N), then (M, g) becomes an n-Einstein manifold and the scalars A and
1 are related by A = (5 + 1) + e(n — 1). Moreover,

1. if € is spacelike then the soliton is expanding, steady or shrinking according as,

E+4)>(1-n), E+3)=1-n)or (E+1)<(1—n); and
2. if £ is timelike then the soliton is expanding, steady or shrinking according as, (5 +
D>m-1),¢+3)=n-1) or &+ 1)< (n—1).

n n

Next we try to find a condition in terms of second order symmetric parallel tensor
which will ensure when an e-Kenmotsu manifold (M, ¢g) admits a conformal n-Ricci soliton.
So for this purpose let us consider the second order tensor 7" on the manifold (M, g) defined
by

T:=Leg+25+2un . (3.3.6)

It is easy to see that the (0,2) tensor T is symmetric and also parallel with respect to the
Levi-Civita connection.

Now in view of (3.3.2) and (3.3.3) the previous equation (3.3.6) we have
2
T(X,Y)=[(p+=)—2\Ng(X,Y); VX,Y €TM. (3.3.7)
n
Putting X =Y = ¢ in the above equation (3.3.7) we obtain
2
7(6.6) = cllp+ 2) 2] (338)

On the other hand, as T is a second order symmetric parallel tensor; i.e; VT = 0, we can

write

T(R(X,Y)Z,U)+T(Z R(X,Y)U) =0,

for all X,Y,Z U € TM. Then replacing X = Z = U = £ in above gives us
T(R(EY)EE +T(EREY)E) =0, VY eTM. (3.3.9)
Using (3.2.4) in the above equation (3.3.9) we get

T(Y,§) =T(&,n(Y). (3.3.10)

70



Taking covariant differentiation of (3.3.10) in the direction of an arbitrary vector field X,

and then in the resulting equation, again using the equation (3.3.10) we obtain
T(Y,Vx§) =T((Vxn)Y + 2T (VxE On(Y).
Then in view of (1.1.38) and (3.2.1), the above equation becomes
T(X,)Y)=€eT(&&g(X,Y), VXY €TM. (3.3.11)
Now using (3.3.8) in the above equation (3.3.11) and in view of (3.3.6) finally we get
(Leg)(X,Y) +25(X,Y) + 22 = (p + %)]Q(X, Y) 4 2pun(X)n(Y) = 0.
This leads us to the following:

Theorem 3.3.2. Let (M,g) be an n-dimensional e-Kenmotsu manifold. If the second
order symmetric tensor T := L¢g+ 25 + 2un ®n is parallel with respect to the Levi-Civita

connection of the manifold, then the manifold (M, g) admits a conformal n-Ricci soliton

(g7€7>\7u)'

Now let us consider an e-Kenmotsu manifold (M, g) and assume that it admits a
conformal n-Ricci soliton (g, V, A, i) such that V' is pointwise collinear with &, i.e; V = a&,

for some function «; then from the equation (1.2.5) it follows that
ag(Vx&Y) + (Xa)n(Y) + ag(Vyg, X) + (Ya)n(X)
F25(X,Y) + (20— (o D)X, Y) + 2un(X)n(¥) =0,
Then using the equation (1.1.38) in above we get
2eag(X,Y) — 2an(X)n(Y) + (Xa)p(¥) + (Ya)n(X)
FRS(X,Y) 420~ (0 + (X, V) + 2un(Xn(Y) = 0. (3.3.12)
Replacing Y = £ in the above equation yields
(Xa) + (Ea)n(X) +25(X, &) +€2A - (p+ %)]U(X) +2un(X) = 0. (3.3.13)
By virtue of (3.2.6) the above equation (3.3.13) becomes
(Xa)+ [(Ca) +€[2XA — (p + %)] +2p—2(n —1)n(X) = 0. (3.3.14)
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By taking X = ¢ in the above equation (3.3.14) gives us

p 1
(o) =(n=1) —p—eA=(G+ ) (3.3.15)
Using this value from (3.3.15) in the equation (3.3.14) we can write
p 1
da=(n-1)=p= A= G+ 2y 3:3.16)

Now taking exterior differentiation on both sides of (3.3.16) and using the famous Poincare’s

lemma i.e; d> = 0, finally we arrive at

(n=1) == &+ ) =0

Since dn # 0 in e-Kenmotsu manifold, the above equation implies

preh=CE ) =(-1) (3.3.17)

In view of the above (3.3.17) the equation (3.3.16) gives us da = 0 i.e; the function « is

constant. Then the equation (3.3.12) becomes

S(X,Y) = [(g + %) — A= ea]g(X,Y) + (o — p)n(X)n(Y), (3.3.18)

for all X,Y € x(M). This shows that the manifold is 7-Einstein. Hence we have the

following

Theorem 3.3.3. If an n-dimensional e-Kenmotsu manifold (M, g) admits a conformal
n-Ricci soliton (g, V, A\, i) such that V' is pointwise collinear with &, then V is constant
multiple of & and the manifold (M, g) is an n-Einstein manifold. Moreover the scalars A

and 1 are related by i+ (A — (5 + 1)) = (n —1).

In particular if we put © =0 in (3.3.17) and (3.3.18) we can conclude that
Corollary 3.3.2. If an n-dimensional e-Kenmotsu manifold (M, g) admits a conformal
Ricci soliton (g, V, A\, 1) such that V is pointwise collinear with &, then V is constant

multiple of & and the manifold (M, g) is an n-Einstein manifold, and the scalars A and u
are related by X = (8 + 1) + e(n — 1). Furthermore,

i) if § is spacelike then the soliton is expanding, steady or shrinking according as, (5 +

D+n>1, E+3)+n=1or(5+21)+n<1;and

i) if £ is timelike then the soliton is expanding, steady or shrinking according as, (5 +

D+l1>n, E+3)+1l=nor(E+i)+1<n.
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3.4 Conformal 7-Ricci soliton on e-Kenmotsu mani-

fold with certain special types of Ricci tensor

The purpose of this section is to study Conformal n-Ricci soliton on e-Kenmotsu manifold
admitting three special types of Ricci tensor namely codazzi type Ricci tensor, cyclic

parallel Ricci tensor and cyclic n-recurrent Ricci tensor.

Let us consider that, an e-Kenmotsu manifold having Codazzi type Ricci tensor
admits a conformal n-Ricci soliton (g,&, A, i), then equations (3.3.3) and (1.1.7) hold.

Now taking covariant differentiation of (3.3.3) and using equation (3.2.1) we obtain
(VxS)(Y, 2) = (1 = wlg(X,Y)n(2) + 9(X, Z)n(Y) = 2en(X)n(Y)n(2)].  (34.1)
Since the manifold has Codazzi type Ricci tensor, in view of (1.1.7) equation (3.4.1) yields
(1 =wlg(X, 2)n(Y) —g(Y, Z)n(X)] = 0, VX,Y,Z € x(M).

The above equation implies that ;4 = 1 and then from equation (3.3.5) it follows that
A= (24 1)+ ¢€(n—2). Therefore we can state the following

Theorem 3.4.1. Let (M, g) be an n-dimensional e-Kenmotsu manifold admitting a con-
formal n-Ricci soliton (g,&, A\, ). If the Ricci tensor of the manifold is of Codazzi type
then A= (5+ 1) +e(n—2) and p=1.

Corollary 3.4.1. Let an n-dimensional e-Kenmotsu manifold admits a conformal n-Ricct

soliton (g,&, \, ) and the manifold has Codazzi type Ricci tensor then

i) if  is spacelike then the soliton is expanding, steady or shrinking according as, (5 +

D+n>2 E+2)+n=2o0r(5+21)+n<2;and

i) if £ is timelike then the soliton is expanding, steady or shrinking according as, (5 +

D+2>n, (E+3)+2=nor(E+3i)+2<n.

Now, we consider an e-Kenmotsu manifold, having cyclic parallel Ricci tensor, admits
a conformal n-Ricci soliton (g, £, A, i), then equations (3.3.3) and (1.1.8) hold. Now taking

covariant differentiation of (3.3.3) and using equation (3.2.1) we obtain
(VxS)(Y, Z) = (1 = p)[g(X,Y)n(Z) + g(X, Z)n(Y) = 2en(X)n(Y)n(Z)].  (3.4.2)
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In a similar manner we can obtain the following relations

(Vy95)(Z,X) = (1 = p)[g(X,Y)n(Z2) + g(Y, Z)n(X) = 2en(X)n(Y)n(Z)]  (3.4.3)
and

(VzS)(X,Y) = (1= p)[g(X, Z)n(Y) + g(Y, Z)n(X) = 2en(X)n(Y)n(Z)].  (3.4.4)
Now using the values from (3.4.2), (3.4.3) and (3.4.4) in the equation (1.1.8) we get

2(1 = wg(X, Y)n(Z) + (Y, Z)n(X) + (X, Z)n(Y) — 3en(X)n(Y)n(Z)] = 0.
Replacing Z = ¢ in the above equation yields

2(1 = p)[g(X,Y) —en(X)n(Y)] =0 VX,Y € TM.

The above equation implies that = 1 and then from equation (3.3.5) it follows that
A= (24 1)+ €(n—2). Hence we have

Theorem 3.4.2. Let (M, g) be an n-dimensional e-Kenmotsu manifold admitting a con-
formal n-Ricci soliton (g,&, A\, ). If the manifold has cyclic parallel Ricci tensor, then
A=CE+1)+e(n—2) and p=1.

Next we focus on another important curvature tensor namely the cyclic-n-recurrent
Ricci tensor. An e-Kenmotsu manifold is said to have cyclic-n-recurrent Ricci tensor if its

Ricci tensor S is non-zero and satisfies the following relation:

(Vx9)(Y, 2) + (Vy5)(Z, X) + (V29)(X,Y)
= (X)S(Y, Z) +0(Y)S(Z,X) +n(Z2)S(X,Y) VX,Y.Z € x(M). (3.4.5)

Let us consider an e-Kenmotsu manifold, having cyclic-n-recurrent Ricci tensor, that
admits a conformal 7n-Ricci soliton (g,&, A\, i), then equation (3.3.3) holds. Now taking
covariant differentiation of (3.3.3) and using equation (3.2.1) and proceeding similarly as
the previous theorem we arrive at equations (3.4.2), (3.4.3) and (3.4.4). Then putting
these three values in (3.4.5) we get

(201 = p) = Ag(X, Y )n(Z) + g(Y, Z)n(X) + g(X, Z)n(Y)]
—(B3+66)(1 —pn(X)n(Y)n(Z) = 0,  (3.4.6)
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where 8 = (2 4+ 1) — (A +¢). Now putting Y = Z = £ in (3.4.6) we obtain
3ef+(1—pu)n(X)=0. VX eTM. (3.4.7)

Since n(X) # 0 and replacing the value of 5 in (3.4.7), after simplification we get A =

(8 + ) — epu. Therefore we can state

Theorem 3.4.3. Let (M, g) be an n-dimensional e-Kenmotsu manifold admitting a con-
formal n-Ricci soliton (g,&, \, p). If the manifold has cyclic-eta-parallel Ricci tensor, then

A= (2+ 1) —eu and moreover

i) if € is spacelike then the soliton is expanding, steady or shrinking according as, (5 +

W) > (5+ ) =por (§+5) < p; and

i) if £ is timelike then the soliton is expanding, steady or shrinking according as, (§ +

D+p>0,E+3)+pu=00r(E+21)+p<0.

Corollary 3.4.2. Let (M, g) be an n-dimensional e-Kenmotsu manifold admitting a con-
formal Ricci soliton (g,&, A\, p). If the manifold has cyclic-eta-parallel Ricci tensor, then

the soliton constant X is giwen by A = (5 4 1).

3.5 Conformal 7-Ricci soliton on e-Kenmotsu mani-

fold satisfying some curvature conditions

Let us consider an e-Kenmotsu manifold which admits a conformal n-Ricci soliton (g, &, A, )
and also the manifold is Ricci semi symmetric i.e; the manifold satisfies the curvature con-

dition R(X,Y)-S =0. Then for all X, Y, Z W € x(M) we can write
S(RIX,Y)Z, W)+ S(Z,R(X,Y)W)=0.
Taking W = £ in the above equation implies
n(R(X,Y)Z)+ S(Z,R(X,Y)¢) =0. (3.5.1)
Now using (3.2.2) and (3.2.5) in (3.5.1) we get
NX)IS(Y, 2) — eglY, 2)] — n(Y)[S(X, Z) — eg(X, Z2)] = 0.
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In view of (3.3.3) the previous equation becomes

(4 D) A= 24(X)g(¥: Z) — n(V)g(X, 2)] = 0.

Putting X = ¢ in the above equation and then using (1.1.34) and (1.1.35) we finally

obtain

[(g + %) — A —2€¢lg(¢Y, ¢Z) = 0. (3.5.2)

Since g(¢Y, ¢Z) # 0 always, we can conclude from the equation (3.5.2) that [(2 + 1) —

A—2¢ =01ie; A= (%+ 1) —2e Then from the equation (3.3.5) we have p = (n + 1).

Therefore we have the following

Theorem 3.5.1. Let (M, g) be an n-dimensional e-Kenmotsu manifold admitting a con-
formal n-Ricci soliton (g,&, A\, p). If the manifold is Ricci semi symmetric i.e; if the
manifold satisfies the curvature condition R(X,Y)-S =0, then A = (2 + 1) — 2¢ and
w=(n+1). Moreover

i) if § is spacelike then the soliton is expanding, steady or shrinking according as, (5 +

%)>2, (§+%):2 0r(§+%)<2;and

i) if § is timelike then the soliton is expanding, steady or shrinking according as, (5 +

D+2>0, 4+ +2=00r(2+31)+2<0.

Next we consider an n-dimensional e-Kenmotsu manifold satisfying the curvature

condition C'(§, X) - S = 0 admitting a conformal n-Ricci soliton (g, &, A, ). Then we have
S(C(€, X)Y, Z) + S(Y,C(6,X)Z) =0 VX,Y,Z € x(M). (3.5.3)
Now from equation (1.1.2) we can write

C(& X)Y = R(§, X)Y — [9(X,Y)E —en(Y)X].

”
n(n —1)
Using (3.2.3) the above equation becomes

n(n —1)

In view of (3.5.4) the equation (3.5.3) yields

C(&, X)Y =1+ (Y)X — eg(X, Y)e]. (3.5.4)

er

1+ n(n —1)

JIS(X, Z2)n(Y) — eg(X,Y)S(E, 2)

+S(Y, X)n(Z) — eg(X, Z2)S(,Y] = 0.
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By virtue of (3.2.6) the above equation eventually becomes

1+ IS 200 + 507 X00(2)
+eln = D(g(X.Y)n(Z) + g(X, Z)n(¥))] = 0. (3.5.5)

Putting Z = ¢ in (3.5.5) and then using (1.1.34), (3.2.6) we arrive at

er
14+ —]S(X,Y —1)g(X,Y)] =0.
1+ o g SCEY) + el = 1)g(X, V)]
Thus from the above we can conclude that either r = —en(n — 1) or
S(X,Y)=—€e(n—1)g(X,Y). (3.5.6)

Combining (3.5.6) with (3.3.3) we get

() = (Z ot ) = el — DJg(X,Y) + (u — Dn(X)n(¥) = 0.

Taking Y = £ in above gives us

P
2

Since 1(X) # 0 always, from the above we have A = €(n — 1) + (5 4+ +) — epu. Therefore

n

(= p) +e(E -~ A= n(X) =0, X € (M)

we can state

Theorem 3.5.2. Let (M, g) be an n-dimensional e-Kenmotsu manifold admitting a con-
formal n-Ricci soliton (g,&, \, ). If the manifold satisfies the curvature condition C (&, X)-
S = 0, then either the scalar curvature of the manifold is constant or the manifold
is an Einstein manifold of the form (3.5.6) and the scalars A and p are related by
A=en—1)+(E+2)—epu.

Next we prove two results on &-projectively flat and &-concircularly flat manifolds.
For that let us first consider an e-Kenmotsu manifold (M, g, &, ¢, ) admitting a conformal

n-Ricci soliton (g,&, A, p1). We know from definition that the manifold is &-projectively
flat if P(X,Y)¢ =0, VX,Y € x(M). Then putting Z = ¢ in (1.1.1) we obtain

P(X,Y)¢ = R(X,Y)E — ﬁ[sm X — S(X,€)Y]. (3.5.7)

Now since it is given that (g, &, A, p1) admits a conformal 7-Ricci soliton, using (3.2.2) and

(3.3.4) in the above (3.5.7), we obtain

cB+3)—ed—p
n—1

P(X,Y)§ = |1+ M(X)Y —n(Y)X].
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In view of (3.3.5) the above equation finally becomes P(X,Y )¢ = 0. Hence we have the

following

Proposition 3.5.1. An n-dimensional e-Kenmotsu manifold (M, g,&, ¢,n) admitting a
conformal n-Ricci soliton (g,&, A\, i) is E-projectively flat.

Again consider an n-dimensional e-Kenmotsu manifold (M, g, €&, ¢,n) admitting a
conformal 7-Ricci soliton (g, &, A, ). Then from definition we know that an e-Kenmotsu
manifold is &-concircularly flat if C'(X,Y)¢ =0, VX,Y € x(M). So taking Z = £ in
(1.1.2) we get

er

CXY)E = ROXY)E = s (V)X = n(X)Y], (358)
Using (3.2.2) in (3.5.8) we obtain
XY = (14 ()Y = n(1)X]

Thus from the above we can conclude that C'(X,Y )¢ = 0 if and only if, [1 + n(;—il)] =0,
i.e; if and only if, r = —en(n—1). Again since (g, &, A, ) is a conformal n-Ricci soliton, the
equation (3.3.3) holds and thus contracting (3.3.3) we obtain r = [(5+1)—A—p]n—(u—1).
Thus combining both the values of r we have, A = (§ + %) — £ —2¢. Therefore we can

state

Proposition 3.5.2. An n-dimensional e-Kenmotsu manifold (M, g,&, ¢,n) admitting a
conformal n-Ricci soliton (g,&, A, ) is {-concircularly flat if and only if, A = (5 + %) —

£ _ e,
n

We now assume that an n-dimensional e-Kenmotsu manifold (M, g,&, ¢,n) admits
a conformal n-Ricci soliton (g, &, A, 1) which satisfies the curvature condition @ - C' = 0,

where C denotes the concircular curvature tensor of the manifold. Then we can write
QICX,Y)Z)-C(QX,Y)Z —-C(X,QY)Z - C(X,Y)QZ = 0. (3.5.9)
Using (1.1.2) in (3.5.9) yields

QR(X,Y)Z) - R(QX,Y)Z — R(X,QY)Z — R(X,Y)QZ
2r

TS HX - S, 2)Y] = 0. (3.5.10)
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Taking inner product of (3.5.10) with respect to the vector field £ we get

N(Q(R(X,Y)Z)) = n(R(QX,Y)Z) — n(R(X,QY)Z)

—n(R(X,Y)QZ) + - (nQi 3

[S(Y, Z)n(X) = S(X, Z)n(Y)] = 0.

Putting Z = ¢ in above we obtain

N(Q(R(X,§)Z)) — n(R(QX,£)Z) — n(R(X,Q¢)Z)

~n(R(X.)Q2) + = [S(6 Zn(X) = S(X.2)] =0 (35.11)

Again from (3.2.3) we can derive
WQR(X,§)7)) = n(R(X,Q8)2) = (n — Dlen(X)n(Z) —g(X,2),,  (3512)
MRQX,6)2) = n(R(X,0Q7) = dS(X.2) + (n - Dn(X)m(Z)].  (35.13)

By virtue of (3.5.12) and (3.5.13), the equation (3.5.11) becomes

r

el(n = Dn(X)n(2) + S(X, 2)] — -y

[S(&: Z)n(X) — S(X, Z2)] = 0.

Using (3.2.6) in above we arrive at

Jl(n = Dn(X)n(2) + S(X, 2)] = 0.
Hence we can conclude that either r = —en(n — 1) or,

S(X,Z)=—(n—1)n(X)n(2). (3.5.14)
Now combining equations (3.5.14) and (3.3.3), we get

A+ — 2+ 209X, 2) + (u— myn(X)n(2) = 0.

2 n
Taking Z = ¢ in above yields
p 1
A =G+ )+ (p+1-n)n(X) =0, ¥X &x(M).

Since n(X) # 0 always, from the above we can conclude that A = (2 + 2) +e(n — p — 1).

Hence we can state the following
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Theorem 3.5.3. Let (M, g) be an n-dimensional e-Kenmotsu manifold admitting a con-
formal n-Ricci soliton (g,&, A\, ). If the manifold satisfies the curvature condition @Q-C =
0, then either the scalar curvature of the manifold is constant or the manifold is a special
type of n-Einstein manifold of the form (3.5.14) and the scalars X and p are related by
A=+ +e(n—p—1).

We conclude this section by this result on Ws-curvature tensor. For this let us
consider an n-dimensional e-Kenmotsu manifold admitting a conformal 7n-Ricci soliton
(g,&, A\, ) and assume that the manifold satisfies the curvature condition W5(£,Y)-S = 0.

Then we can write
S(Wa(,Y)Z,U)+ S(Z,Wo(&,Y)U) =0, VY, Z U € x(M).
Putting U = ¢ in above we get
SW(&,Y)Z,€) + S(Z,W5(&£,Y)E) = 0. (3.5.15)
Now taking X = ¢ in (1.1.4) we obtain
Wal&,Y)Z = REY)Z + ——=In(Z)QY — n(Y)Qe.
Using (3.2.3) in above yields
Wa(&,Y)Z =n(Z)Y — cg(¥, )6 + ——=In(Z)QY —n(Y)QE. (3.5.16)
putting Z = ¢ in (3.5.16) we arrive at
Wa(&.Y)E =Y = n(¥)E + ——[QY — n(¥)Qg. (3:5.17)
Using (3.5.16) and (3.5.17) in the (3.5.15) we get

N(Z)S(Y,€) + e(n = Dg(Y. 2) + ——[n(2)S(QY.€) ~ n(¥)S(QE.&)]

+8(Y,2) = n(Y)5(2,§) + —15(2,QY) —n(Y)S5(Z,Q¢)] = 0.

€
n —

In view of (3.2.6) the above equation becomes

S(Y,Z) +e(n —1)g(Y, Z) + e[n(Y)n(QE) — n(Z)n(QY)]

T - [[5(2,QY) =n(Y)S(Z,Q€)] = 0. (3.5.18)
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Taking Y = ¢ in (3.5.18) and then using (3.2.7) we have
S(Z,E+(1+e)(n—1)n(Z) =(n—-1). (3.5.19)

Making use of (3.3.4) in (3.5.19) and then taking Z = £ we finally get

A= (g + %) Fel(n—1)(n—2) — 4. (3.5.20)

Thus we arrive at the following

Theorem 3.5.4. Let (M, g) be an n-dimensional e-Kenmotsu manifold admitting a con-
formal n-Ricci soliton (g, &, A\, p). If the manifold satisfies the curvature condition Wy(€,Y)-
S =0, then the scalars X and p are related by A = (5 + +) 4+ ¢[(n — 1)(n — 2) — p).

3.6 Conformal 7-Ricci soliton on e-Kenmotsu mani-

fold with torse-forming vector field

This section is devoted to the study of conformal n-Ricci solitons on e-Kenmotsu manifolds

with torse-forming vector field.

Now let (M, g,&, ¢,n) be an e-Kenmotsu manifold admitting a conformal n-Ricci
soliton (g, &, A\, 1) and assume that the potential vector field £ of is a torse-forming vector
field. Then ¢ being a torse-forming vector field, by definiton from equation (1.1.12) we

have

Vx€=fX+~v(X), (3.6.1)

VX € x(M), f being a smooth function and ~ is a 1-form.
Recalling the equation (1.1.38) and taking inner product on both sides with £ we can

write
9(Vx¢&, &) = eg(X, &) — en(X)g(&, €),

which, in view of (1.1.34), reduces to

9(Vx¢§,€) =0. (3.6.2)

Again from the equation (3.6.1), applying inner product with £ we obtain

9(Vx§, &) = efn(X) + ey(X). (3.6.3)
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Combining (3.6.2) and (3.6.3) we get, v = —fn. Thus for torse-forming vector field ¢ in

e-Kenmotsu manifolds, we have
Vx€ = f(X —n(X)§). (3.6.4)
Since (g,&, A, 1) is a conformal n-Ricci soliton, from (1.2.5) we can write
9(VAEY) + g(VrE, X) +25(X,Y) + 2~ (p-+ 2)Jg(X, ¥) + Zun(X)(¥) = .
In view of (3.6.4) the above becomes
SCCY) =15+ = O Mgl Y) + (ef —pu(Xn(¥). (365)
This implies that the manifold is an n-Einstein manifold. Therefore we have the following

Theorem 3.6.1. Let (g,&, A\, ) be a conformal n-Ricci soliton on an n-dimensional €-
Kenmotsu manifold (M, g), with torse-forming vector field &, then the manifold becomes
an n-Einstein manifold of the form (3.6.5).

In particular if £ is spacelike, i.e; € = 1, then for u = f, the equation (3.6.5) reduces
to
p

SECY) =15+ 1) (A fla(x, V), (36.6)

which implies that the manifold is an Einstein manifold. Similarly for ¢ timelike and
for p = —f, from (3.6.5) we can say that the manifold becomes an Einstein manifold.

Therefore we can state

Corollary 3.6.1. Let (g,&, A\, ) be a conformal n-Ricci soliton on an n-dimensional €-
Kenmotsu manifold (M, g), with torse-forming vector field &, then the manifold becomes

an Finstein manifold according as & is spacelike and = f, or; & is timelike and p = —f.

3.7 Gradient conformal n-Ricci soliton on e-Kenmotsu

manifold

This section is devoted to the study of e-Kenmotsu manifolds admitting gradient conformal
n-Ricci solitons and we try to characterize the potential vector field of the soliton. First,

we prove the following lemma which will be used later in this section.
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Lemma 3.7.1. On an n-dimensional e-Kenmotsu manifold (M, g, $,&,n), the following

relations hold

9(VzQ)X)Y) = g((VzQ)Y, X), (3.7.1)
(VzQ) = —eQZ —(n—1)Z, (3.7.2)

for all smooth vector fields X,Y,Z € x(M).

Proof. Since we know that the Ricci tensor is symmetric, we have g(QX,Y) = g(X, QY).
Covariantly differentiating this relation along Z and using ¢(QX,Y) = S(X,Y) we can
easily obtain (3.7.1).

To prove the second part, let us recall equation (3.2.7) and taking its covariant derivative

in the direction of an arbitrary smooth vector field Z we get

(VzQ)E+ Q(VzE) +e(n —1)VzE = 0. (3.7.3)

In view of (1.1.38) and (3.2.7), the previous equation gives the desired result (3.7.2). This
completes the proof. O

Now, we consider e-Kenmotsu manifolds admitting gradient conformal n-Ricci soli-
tons i.e.; when the vector field V is gradient of some smooth function f on M. Thus if
V = Df, where Df = gradf, then the conformal 7n-Ricci soliton equation becomes

Hessf+ S+~ (5 + %)]ngm]@n — 0, (3.7.4)
where Hessf denotes the Hessian of the smooth function f. In this case the vector field
V' is called the potential vector field and the smooth function f is called the potential

function.

Lemma 3.7.2. If (g,V, A\, u) is a gradient conformal n-Ricci soliton on an n-dimensional

e-Kenmotsu manifold (M, g, $,&,n), then the Riemannian curvature tensor R satisfies
R(X,Y)Df = [(VyQ)X — (VxQ)Y] + euln(X)Y —n(Y)X].  (3.75)

Proof. Since the data (g, V, A, u) is a gradient conformal n-Ricci soliton, equation (3.7.4)

holds and it can be rewritten as

VaDf = QX — = (5 4 o)X — (X0, (3.7.6)
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for all smooth vector field X on M and for some smooth function f such that V =D f =
gradf. Covariantly diffrentiating the previous equation along an arbitrary vector field Y

and using (1.1.38) we obtain

VyVxDf = —Vy(QX)—[A— (g + 2n1+ )]V X
—ul(Vyn(X))§ + (Y —n(Y)En(X)]. (3.7.7)

Interchanging X and Y in (3.7.7) gives

VaVyDf = ~Vx(QV) - - (4 2n1+ VY
—u[(Vxn(Y))§ + e(X —n(X)E)n(Y)]. (3.7.8)
Again in view of (3.7.6) we can write
VixyiDf = —Q(VxY —VyX) —un(VxY — VyX)§
- ey - v, (3.7.9)

2 2n+1

Therefore substituting the values from (3.7.7), (3.7.8) (3.7.9) in (1.1.5) we obtain our
desired expression (3.7.5). This completes the proof. O

Now we proceed to prove our main result of this section.

Theorem 3.7.1. Let (M, g, ¢,&,m) be an n-dimensional e- Kenmotsu manifold admitting a
gradient conformal n-Ricci soliton (g, V, A, i), then the potential vector field V' is pointwise

collinear with the characteristic vector field £.
Proof. Recalling the equation (3.2.2) and taking its inner product with D f yields
g(R(X.Y)E, Df) = (Y f)n(X) — (X [)n(Y).

Again we know that ¢(R(X,Y){, Df) = —g(R(X,Y)Df,£) and in view of this the previ-

ous equation becomes
g(R(X,Y)Df, &) = (X f)n(Y) = (Y [)n(X). (3.7.10)
Now taking inner product of (3.7.5) with £ and using (3.7.2) we obtain

g(R(X,Y)Df, &) = 0. (3.7.11)
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Thus combining (3.7.10) and (3.7.11) we arrive at

(X)n(Y) = (Y f)n(X).

Taking Y = ¢ in the foregoing equation gives us (X f) = (£f)n(X), which essentially
implies g(X, Df) = g(X,e({f)€). Since this equation is true for all X, we can conclude
that

V = Df = e(¢f)E. (3.7.12)

Hence, V' is pointwise collinear with £ and this completes the proof. O

Corollary 3.7.1. If (g, V, A\, u) is a gradient conformal n-Ricci soliton on an n-dimensional
e-Kenmotsu manifold (M, g,¢,&,m), then the direction of the potential vector field V is
same or opposite to the direction of the characteristic vector field €, according as & is

spacelike or timelike vector field.

Again covariantly differentiating (3.7.12) and then combining it with (3.7.6), and

after that taking X = £ in the derived expression we obtain

V2§f:)\-|—,u—(§+%)—e(n—1).

Hence we can conclude the following

Corollary 3.7.2. If (9,V = Df, A\, u) is a gradient conformal n-Ricci soliton on an
n-dimensional e-Kenmotsu manifold (M, g,$,&,n), then at the particular point &, the
potential function f satisfies the Laplace’s equation V2f = 0, if and only if,

A= (g—l—%)—i-e(n—l).
3.8 Example of a 5-dimensional e-Kenmotsu manifold

admitting conformal 7-Ricci soliton

In this section an example of a conformal n-Ricci soliton on a 5-dimensional e-Kenmotsu

manifold is constructed.
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Example 3.8.1. Let us consider the 5-dimensional manifold M = {(uy, us,v1,v9, w) €

R® : w # 0}. Define a set of vector fields {e; : 1 < i < 5} on the manifold M given by
0 0 0 0 0

€1 = EW—7, €y =€EW—0>\, €3=€€W—\, €4 =€€W—-, €5= —EW—

ouy Ous ovy’ Ovy’ ow’

Let us define the indefinite metric g on M by

e, for i=3j

g(eiae') =
! 0, for i#j

foralli,j =1,2,3,4,5. Now considering es = &, let us take the 1-form n, on the manifold
M, defined by
n(U) =eg(U,e5) = eg(U,§), VU € x(M).

Then it can be observed that n(es) = 1. Let us define the (1,1) tensor field ¢ on M as

¢(€1) = €2, ¢(€2) = —eyq, ¢(€3) = €4, ¢(€4) = —é€g, ¢(€5) =0.

Then using the linearity of g and ¢ it can be easily checked that
¢*(U) = =U+n(U)E, g(eU,¢V) = g(U,V) = en(U)n(V), VU,V € x(M).

Hence the structure (¢,&,n,qg,€) defines an indefinite almost contact structure on the
manifold M.
Now, using the definitions of Lie bracket, direct computations give us
lei,e5] = ee;; Vi = 1,2,3,4,5 and all other [e;, e;] vanishes. Again the Riemannian
connection V of the metric g is defined by the well-known Koszul’s formula which is given
by

20(VxY,Z) = Xg(Y,2)+Yg(Z,X)—Zg(X,Y)
Using the above formula one can easily calculate that
Ve = —ees, Vees = —ee;; for 1=1,2,3,4 and all other V.e; vanishes. Thus it fol-

lows that Vx& = e(X —n(X)¢), VX € x(M). Therefore the manifold (M,g) is a

5-dimensional e-Kenmotsu manifold.

86



Then, the non-vanishing components of the Riemannian curvature tensor R are

=

(e1,e2)ea = R(e1,e3)es = R(e1, es)es = Rier, e5)es = —e,

R(Gl,

D

2)€1 R(e1,e3)er = R(e, e3)ea = R(er, e3)es = e3,
R(e1,ez)es = R(er, ea)es = R(er, e2)es = —ea, R(er,ez)eq = —es,
R(e1,e2)ex = R(er, ex)er = R(eq, ex)eq = R(ey, ea)es = es,
( Jer = R(e1,e0)es = R(eq, ea)es = R(eq, ex)es = ey.
From the above wvalues of the curvature tensor, we obtain the components of the Ricci

tensor as follows
8(61, 61) = S(@Q, 62) = S(@g, 63) = 3(64, 64) = 3(65, 65) = —4. (381)

Therefore using (3.8.1) in the equation (3.3.3) we can calculate X = 3¢ + (5§ + %) and

p = 1. Hence we can say that for X = 3¢+ (5 + %) and p =1, the data (g,&, \, ) defines

a b-dimensional conformal n-Ricci soliton on the manifold (M, g, $,&,n).

3.9 Conformal n-Ricci soliton on almost pseudo sym-

metric Kahlerian spacetime manifold

This section is devoted to the study of a four dimensional almost pseudo symmetric
Kahlerian spacetime manifold admitting conformal 7-Ricci solitons and we try to char-
acterize the nature of the soliton. For this, we will make use of two types of curvature

conditions namely the projective curvature tensor and the conharmonic curvature tensor.

First, we consider the projective curvature tensor in a Kahlerian spacetime manifold

(M, g) of dimension 4 and hence taking n = 4 in equation (1.1.1) we have
- - 1
P(X,Y,U,W) = RX,Y, U W)+ Z[g(X, U)SY, W) —g(Y,U)S(X, W), (3.9.1)

for all vector fields X,Y,U, W € x(M) and P(X,Y,U, W) = g(P(X,Y)U, W), where P is

the projective curvature tensor.

Now, let us consider a projectively flat almost pseudo symmetric Kahlerian spacetime
manifold of dimension 4 and study the nature of the conformal n-Ricci soliton within this

framework. In this regard our first result is
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Theorem 3.9.1. A conformal n-Ricci soliton (g,&, A\, 1), on a projectively flat almost

pseudo symmetric Kdihlerian spacetime manifold, is shrinking if p < 8w+ 2k(0 — 3p) — %,

steady if p = 8w + 2k(c — 3p) — 5 and expanding if p > 8w + 2k(c — 3p) — 3; provided &

1s solenoidal.

Proof. Since by hypothesis the manifold is projectively flat, i.e; P(X,Y)U = 0, from

(3.9.1) we can write

RIX,Y,UW) = —%[g(X, U)S(Y,W) — g(Y,U)S(X,W)], (3.9.2)

for all X, Y, U, W € x(M).
Now, covariantly differentiating the relation (3.2.9) along the arbitrary vector field Z and
using (1.1.28), (1.1.29) we obtain

(VZR)(JX,JY,UW) = (VzR)(X,Y,UW), (3.9.3)

for all X, Y, U W € x(M).
Making use of equation (3.2.16) in above (3.9.1) and recalling (3.9.2) yields

AX)R(Z,Y, U W)+ AY)R(X, Z, U W)
= A(JX)R(Z,JY,UW)+ A(JY)R(JX,Z,UW). (3.9.4)

By virtue of (3.9.2) the foregoing equation becomes

AX)[g(U, Z)S(Y, W) — g(Y,U)S(Z, W)]
+AY)[g(U, X)S(Z,W) — g(Z,U)S(X, W)]
— AWUJX)[g(U, 2)S(TY, W) — g(JY,U)S(Z,W)]
YA [g(U, TX)S(Y, W) — g(Z.U)S(JX, W) (3.9.5)

Taking an orthonormal basis {E; : 1 <1 < 4} and putting X = P = E; in (3.9.5), then

after contraction we get

g(Z,U)S(Y,W)—g(Y,U)S(Z,W) = 0. (3.9.6)
On contracting the above equation over Z = W = F; we arrive at

SY,U)=rg(Y,U) VYUY e€x(M). (3.9.7)
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Since, (g,&, A, 1) is a conformal n-Ricci soliton, from (1.2.5) we can write

V) + 90X T5) + 25001 + |22 = (4 5 ) [ oy

+F2un(X)myY) = 0. (3.9.8)
Plugging in the value from (3.9.7) in the above equation (3.9.8) we get
1
(VxE) + 90 9y + 2+ 2= (1) [ ox )+ unx0nr) 0. 399

Multiplying both sides of (3.9.9) by e€;, then taking summation over 1 < ¢ < 4 for
X =Y = E; and making use of equations (3.2.12), (3.2.13) yields

divg + 2 [27‘ +2) — (p + %)] —pu=0. (3.9.10)

Again setting X =Y = ¢ in (3.9.9) and recalling (3.2.12), (3.2.13) we get

{2r+2A— (p—i—%)] —2u=0. (3.9.11)

From equations (3.9.10) and (3.9.11) after solving we finally obtain

p 1 divé
_ (p Ly dng 9.12
A (2+4) T3 (3.9.12)
§ o= —%. (3.9.13)

Therefore using the condition ¢ is solenoidal, i.e; divé = 0 in (3.9.12) and then by virtue
of (3.2.14) we get

2 4

Hence from the above the soliton is shrinking, steady and expanding according to A < 0,

A= (B + 1) — 4w — k(o — 3p). (3.9.14)

A =0 and A > 0 respectively. This completes the proof. O

Now, note that from (3.9.13) it is evident that if div{ = 0 then p = 0 and vice versa.

Therefore we have the following

Corollary 3.9.1. A conformal n-Ricci soliton (g,&, X\, p), on a projectively flat almost
pseudo symmetric Kdahlerian spacetime manifold, reduces to a conformal Ricci soliton

(9,&, \) if and only if, the potential vector field & is solenoidal.
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Remark 3.9.1. We know that, for radiation fluid o = 3p, then from (3.9.14) it follows

that, A\ = (’—2’ + i) — 4w. Hence in this case the soliton is shrinking, steady or expanding

according to p < 8w — %, p= 8w — % orp > 8w — % respectively.

Next, we consider another important curvature tensor, namely the conharmonic cur-
vature tensor [99] in a Ké&hlerian spacetime manifold (M, g) of dimension 4 and hence

taking n = 4 in equation (1.1.3) we have

H(X,Y,UW) = R(X,Y,UW)+ %[g(X, U)S(Y, W) — g(Y,U)S(X, W)
+S(X, U)g(Y, W) — S(Y, U)g(X, W), (3.9.15)

for all vector fields X,Y,U,W € x(M) and H(X,Y,U,W) = g(H(X,Y)U, W), where H

denotes the conharmonic curvature tensor.

Now, we focus our study on the nature of the conformal n-Ricci soliton on a conhar-
monicly flat almost pseudo symmetric Kéahlerian spacetime manifold. We precisely prove

the following

Theorem 3.9.2. A conformal n-Ricci soliton (g,&, A\, i), on a conharmonically flat almost

1

pseudo symmetric Kihlerian spacetime manifold, is shrinking if p < —4w — k(0 —3p) — 3,

steady if p = —4w — k(o — 3p) — % and expanding if p > —4w — k(o — 3p) — %; provided &

1s solenoidal.

Proof. Since by hypothesis the manifold is conharmonically flat, i.e; H(X,Y)U = 0, from

(3.9.15) we can write

RXY,UW) = —[g(X,U)S(V, W) — (¥, U)S(X, W)
FS(X, U)g(Y, W) — S(Y, U)g(X, W], (3.9.16)

for all X, Y, U W € x(M).
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Then, making use of (3.9.16) in (3.9.4) we obtain

AX)[g(U, 2)S(Y, W) = g(Y,U)S(2Z, W)
+S(U, 2)g(Y, W) = S(Y,U)g(Z, W)]
AY)[g(U, X)S(2,W) — g(Z,U)S(X, W)
S(U, X)g(Z,W) — S(Z,U)g(X,W)]
(JX)[g(U, 2)S(JY, W) — g(JY,U)S(Z,W)
SWU,2)g(JY, W) = S(JY,U)g(Z,W)]
+AJIYV)[g(U, JX)S(Z, W) — g(Z,U)S(JX, W)
S(U,JX)g(Z, W) — S(Z,U)g(JX,W)]. (3.9.17)

I
=4 E

+

+

On contracting the above equation over X =P = E; we get
g(Z,U)S(Y, W) —g(Y,U)S(Z W)+ S(Z,U)g(Y,W)—=S(Y,U)g(Z,W)=0. (3.9.18)
Setting Z = W = E; in (3.9.18) we arrive at
S(Y,U) = —gg(Y, U) YUY € y(M). (3.9.19)
As (g,&, A, 1) is a conformal n-Ricci soliton, from (1.2.5) we can write

9(Vx&) +g(X, Vy§) +25(X,Y) + {2)\ — <p + %)] 9(X,Y)
+2un(X)n(Y) = 0. (3.9.20)

Using (3.9.19) in the previous equation (3.9.20) we obtain
1
9(Vx&) +9(X, VyE) + [% —r = (p + 5)} 9(X,Y) +2un(X)n(Y) = 0. (3.9.21)

Multiplying both sides of (3.9.21) by €;, then taking summation over 1 < i < 4 for
X =Y = E; and making use of equations (3.2.12), (3.2.13) yields

dive + 2 [m —r— (p + %)} —pu=0. (3.9.22)

Again setting X =Y = ¢ in (3.9.21) and recalling (3.2.12), (3.2.13) we get
1
[2)\ —r— (p + 5)] —2u=0. (3.9.23)
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Solving equations (3.9.22) and (3.9.23) we finally obtain

N
A= S (73 + —) - %, (3.9.24)

po= 2% (3.9.25)

Therefore using the condition ¢ is solenoidal, i.e; div€ = 0 in (3.9.24) and then by virtue
of (3.2.14) we get

K p 1
=2 —(o — -+ - . 9.2
A w+2(a 3p)+<2+4) (3.9.26)

Hence completes the proof. O

Now, note that from (3.9.25) it follows that u = 0 if and only if div€ = 0. Therefore

we can state the following:

Corollary 3.9.2. A conformal n-Ricci soliton (g,&, A\, 1), on a conharmonically flat al-
most pseudo symmetric Kdahlerian spacetime manifold, reduces to a conformal Ricci soliton

(9,&, ) if and only if, the potential vector field & is solenoidal.

Remark 3.9.2. We know that, for radiation fluid o = 3p, then from (3.9.26) it follows
that, A\ = 2w + (g + }1) Hence in this case the soliton is shrinking, steady or expanding
1 1

according to p < —4w — %, p = —4w — 5 or p > —4w — 5 respectively.

3.10 Gradient conformal 7-Ricci soliton on almost

pseudo symmetric Kahlerian spacetime mani-

fold

This section is devoted to the study of almost pseudo symmetric Kéahlerian spacetime

manifolds admitting gradient conformal n-Ricci soliton.

On a Kéhlerian spacetime manifold (M, g) a conformal n-Ricci soliton (g, V) A, p) is
said to be a gradient conformal n-Ricci soliton if the potential vector field V' is the gradient
of some smooth function f on the manifold M. Hence in this case V' = Df, where D f

denotes the gradient of f and then equation (1.2.5) becomes

1
Hessf+5+{)\—(g—kz—l)]g—i—w)@n:O, (3.10.1)
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where Hessf denotes the Hessian operator of the function f. Moreover, the gradient

conformal 7-Ricci soliton is called proper if o # 0.

Now we prove our main theorem of this section on gradient conformal 7-Ricci soliton

on almost pseudo symmetric Kéahlerian spacetime manifolds.

Theorem 3.10.1. Let (g, Df, A\, 1) be a proper gradient conformal n-Ricci soliton on a
projectively flat almost pseudo symmetric Kdahlerian spacetime manifold of non-zero scalar
curvature. Then the integral curves generated by the velocity vector field & are geodesics

if and only if the potential function f is constant.

Proof. Given that (g, D f, A, i) is a proper gradient conformal n-Ricci soliton, the equation

(3.10.1) can be rewritten as

ViDf +OX + [A _ (g n }L)} X + pn(X)€ = 0, (3.10.2)

for all X € x(M) and @ is the Ricci operator given by g(QX,Y) = S(X,Y).
Taking covariant differentiation of (3.10.2) along Y we get

VNS = ~(TQ)(X) - Q) - A= (B4 1) o
—ul(Vyn)(X)E +n(Vy X)€ +n(X)VyE]. (3.10.3)
Interchanging X and Y in (3.10.3) we obtain
ViVyDf = —(VxQ)(Y)—Q(VxY) [A (p+ 1)} VY
xVy = —(Vx - x¥)=1A={5+] b
—ul(Vxn)(Y)E +n(VxY)E+n(Y)Vx]. (3.10.4)
Again from (3.10.2) we can write
ViarDf = —Q(VxY)+Q(VyX) — [A - (g + i)] (VxY — VyX)
—un(VxY)E —n(Vy X)E]. (3.10.5)

Now using (3.10.3), (3.10.4), and (3.10.5) in (1.1.5) we arrive at

RX,Y)Df = (VyQ)(X) = (VxQ)(Y) — u[(Vxn)(Y)E +n(Y)Vx{]
+u[(Vyn)(X)€ +n(X)VyE]. (3.10.6)
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Contracting the foregoing equation (3.10.6) along X and in view of (3.2.12), (3.2.13) we
obtain

S, Df) = =pl(Ven)(Y) + n(Y)div]. (3.10.7)

Since by our hypothesis, the manifold is projectively flat, from (3.9.7) we can write
S(Y,Df)=rg(Y,Df). (3.10.8)
Combining the equations (3.10.7) and (3.10.8) we get
—u[(Ven)(Y) +n(Y)div€] = rg(Y, Df). (3.10.9)
Finally putting Y = £ in (3.10.9) and using (3.2.12) we arrive at
r
Vel = —Df. (3.10.10)
o

Hence V£ = 0 if and only if Df = 0 i.e; if and only if f is constant. This completes the
proof. n
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On some Ricci solitons and Yamabe solitons

4.1 Introduction

In this chapter we consider Ricci soliton and some types of Yamabe soliton on some
differentiable manifolds. This chapter is divided into six sections. In sections one and two

we give introduction and preliminaries respectively.

In section three, we study some curvature properties of 3-dimensional quasi-Sasakian
manifolds with respect to Zamkovoy connection. Then section four characterizes the Ricci

soliton on 3-dimensional quasi-Sasakian manifolds with respect to Zamkovoy connection.

Section five deals with the study n-Ricci-Yamabe soliton on almost pseudo symmetric
Kahlerian spacetime manifolds. Finally in section six, we characterize quasi-Yamabe

soliton within the framework of generalized Sasakian spaceform.

4.2 Preliminaries

In this section we discuss some basic results From now on we assume that the manifold
M is a 3-dimensional quasi-Sasakian manifold. According to Z. Olszak [66], an almost

contact metric manifold M of dimension 3 is quasi-Sasakian if and only if

Vx§ = —Bo(X), (4.2.1)

for all X € x(M) and for some smooth function § on the manifold M, V being the

Levi-Civita connection of M. This function § is called the structure function of M [67].
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For a 3-dimensional quasi-Sasakian manifold it is known that the structure function [
satisfies the relation £ = 0. In particular, a quasi-Sasakian structure with 5 = 0 is a

cosymplectic manifold of rank 1.

Olszak [67] established the necessary and sufficient condition for a three-dimensional
quasi-Sasakian manifold to be conformally flat with the help of its structure function .
In [36], the authors studied 3-dimensional quasi-Sasakian manifolds with semi-symmetric

non-metric connection.

In a 3-dimensional quasi-Sasakian manifold the following relations hold [67]

(Vxd)(¥) = Blg(X,Y)E—n(V)X), (422)

(Vxn)(Y) = —Bg(6(X),Y), (4.2.3)
SOLY) = (5= F)g(X,Y) + (3682 = Sn(Om(Y)

—n(X)dB(6Y) = n(Y)dB(6X), (4:24)

RX.Y)E = F@)X —n(X)Y) — (XB)eY + (YB)6X,  (425)

S(X,€) = 28%(X) - dB(6X), (4.2.6)

for all X,Y € x(M), S denotes the Ricci tensor, R is the curvature tensor of M and
df (X) = g(gradf, X) relates the gradient of a function f to the exterior derivative df.

4.3 Geometry of quasi-Sasakian 3-manifold with re-

spect to the Zamkovoy connection

This section is devoted to the study of some geometrical properties of a 3-dimensional
quasi-Sasakian manifold M admitting Zamkovoy connection. First we try to establish the
relations between the Riemannian curvature tensors and Ricci tensors of M with respect

to the Levi-Civita connection and the Zamkovoy connection.

Using equations (4.2.1) and (4.2.3) in (1.1.20), we obtain the expression for the

Zamkovoy connection in a 3-dimensional Quasi-Sasakian manifold M as follows
ViY = V¥ = B(g(6(X), V)¢ — n(Y)6X) +(X)aY, (4.3.)
for all X,Y € x(M), where V is the Levi-Civita connection on M.
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Furthermore, it can be easily seen that in this case the torsion tensor with respect

to the Zamkovoy connection is

T"(X,Y) = (1= B)(n(X)Y —n(Y)¢X) + 289(X, oY), (4.3.2)
for all X, Y € x(M).

Again, in a 3-dimensional quasi-Sasakian manifold M we can easily calculate that,
with respect to the Zamkovoy connection, V*g = 0, i.e., the Zamkovoy connection is a

metric compatible connection on the manifold M.

Now, in view of (4.3.1), it can be easily obtained that,

VXVyZ = VxVyZ +n(VxY)oZ +n(Y)6(VxZ) - g(8Y, Z)(XB)E
+0(Z2)(XB)PY +n(X)d(Vy Z) — n(X)n(Y)(Z — n(Z)¢)
+BI(Vx2)oY +n(Z2)p(VxY) +n(Vy Z)¢X — n(Z)n(X)Y
+9(VxY,0Z)¢ —n(Z)n(Y)X — g(6X,VyZ)¢
+2n(X)n(Y)n(Z)€ — 9(¢ X, Y)pZ]
+329(X, Z)n(Y)E = g(6X, Z)pY —n(Y)n(Z)X
(XY )n(2)§ — 9(X, Y)n(Z)E], (4.3.3)

for all X, Y € x(M), where V is the Levi-Civita connection on M. Again, interchanging
X and Y in (4.3.3) we get the value of Vi Vi Z

Recalling the following curvature formula
and then using the values of (4.3.3) and V3 V% Z, after simplification we obtain

RY(X,Y)Z = R(X,Y)Z+[(XB)oY — (YB)oX]n(Z) +269(X,¢Y)dZ
+g(0X, 2)(Y B) — g(oY, Z)(XB)IE + B[9(0Y, Z)pX — g(¢X, Z)¢Y ]
+B%9(X, Z)n(Y) = g(Y, Z)n(X)]€ + B [n(X)Y = n(Y)X]n(Z), (4.3.4)

for all X,Y € x(M), where R(X,Y)Z is the Riemannian curvature tensor with respect

to the Levi-Civita connection on M.
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Contracting (4.3.4) yields the Ricci tensor S* of a quasi-Sasakian 3-manifold with

respect to Zamkovoy connection
SUX)Y) = S(X,Y) +n(Y)dB(¢X) +289(X,Y) = 28(1 + B)n(X)n(Y),  (4.3.5)

for all X, Y € x(M).

Again contraction of (4.3.5) gives the scalar curvature 7* of a quasi-Sasakian 3-

manifold with respect to Zamkovoy connection
r*=r+26(2-75). (4.3.6)

Now, taking inner product of (4.3.4) with an arbitrary vector field W, we obtain the

following two relations
g R (X, Y)Z W)+ g(R(Y,X)Z,W) =0 (4.3.7)

and

G(R*(X,Y)Z,W) + g(R*(Y, X)W, Z) = 0, (4.3.8)
for all X)Y, Z, W € x(M).

Therefore, summarizing all the discussions above, we have the following

Theorem 4.3.1. Let (M, g) be a quasi-Sasakian 3-manifold with respect to the Zamkovoy

connection, then

i) The Riemannian curvature tensor R*, the Ricci tensor S* and the scalar curvature

r* are given by (4.3.4), (4.3.5) and (4.3.6) respectively,
ii) The Ricci tensor S* is not symmetric,

iii) The Riemannian curvature tensor R* satisfies

(a) g(R*(X,Y)Z, W) =—g(R*(Y,X)Z,W) and
(b) g(R*(X,Y)Z, W) = —g(R*(X, Y)W, Z),

for all X,Y, Z, W € x(M).
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Now, we focus on two important curvature tensors in a quasi-Sasakian 3-manifold

with respect to the Zamkovoy connection.

First, let us consider a quasi-Sasakian 3-manifold with concircular curvature tensor.
Then equation (1.1.2) holds and taking n = 3 in it, we can write the expression for the
concircular curvature tensor C* in a quasi-Sasakian 3-manifold with respect to Zamkovoy
connection as follows:

*

C(X,Y)Z = RU(X.Y)Z = T (9(Y. 2)X = g(X. 2)Y), (4.3.9)
for all X, Y, Z € x(M).

The manifold is called &-concircularly flat if C*(X,Y)& =0 for all X, Y € x(M).

Using (4.3.4) and (4.3.6) in (4.3.9) we get

CY(X,Y)Z = R(X,Y)Z+[(XB)oY — (YB)oX]n(Z) +2B9(X, Y )pZ
+[9(0X, Z)(Y B) — g(¢Y, Z)(XB)IE + B°[g(dY, Z)pX — g(¢ X, Z)Y ]
+8%[9(X, Z)n(Y) = g(Y, Z)n(X)]€ + B2 [n(X)Y —n(Y)X)]n(Z),

_%M[g(y, Z)X —g9(X,2)Y],

for all X,Y,Z € x(M).

Replacing Z = £ in the previous equation yields

C(X,Y)E = R(X,Y)E+[(XB)oY — (YB)oX] + B n(X)Y —n(Y)X)]n(Z)

_%é%ﬁ)[g(y, 2)X — g(X, 2)Y). (4.3.10)

In view of (4.2.5), the above (4.3.10) becomes

o (xv)e =" D0y )X, (43.11)

for all X,Y € x(M). Hence, C*(X,Y)¢ = 0 if and only if r = 25(2 — /3). Therefore, we

can conclude the following

Theorem 4.3.2. A quasi-Sasakian 3-manifold with respect to the Zamkovoy connection
is &-concircularly flat, if and only if, the scalar curvature with respect to the Levi-Clivita

connection is given by r = 25(2 — f3).
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Corollary 4.3.1. Let (M,g) be a &-concircularly flat quasi-Sasakian 3-manifold with
respect to the Zamkovoy connection. Then the manifold M is Ricci flat with respect to the
Levi-Civita connection if and only if, either it is a cosymplectic manifold or the structure

function 5 = 2.

Next, we study another curvature tensor, namely the conharmonic curvature tensor
in a quasi-Sasakian 3-manifold. Then equation (1.1.3) holds and using it we can write
the expression for the conharmonic curvature tensor H* in a quasi-Sasakian 3-manifold

w.r.to Zamkovoy connection as follows:

HY(X,Y)Z = R'(X,Y)Z—(9(Y,2)Q"X — g(X, 2)Q"Y
+5*(Y, Z)X — S*(X, Z)Y), (4.3.12)

forall XY, Z € x(M). The manifold (M, g) is called &-conharmonically flat if H*(X,Y)¢ =
0 for all X,Y € x(M).

Now, from (4.3.4), taking Z = £ we obtain
RY(X,Y)E = R(X,Y)E + [(XB)SY — (YA)OX] + B(X)Y —n(V)X].  (43.13)

Again (4.3.5) can be rewritten as

Q"X = QX +dB(¢X)E+ 28X —25(1 + B)n(X)E. (4.3.14)

So, if we consider a é-conharmonically flat quasi-Sasakian 3-manifold with respect to the
Zamkovoy connection, we have H*(X,Y )¢ = 0 and then in view of (4.3.12), (4.3.13) and
(4.3.14) we have

R(X,Y)E = [(YB)¢X — (XB)oY] + B n(Y)X —n(X)Y]
+n(Y)[QX + dB(¢X)¢ + 28X — 28(1 + B)n(X)¢]
—n(X)[QY +dB(dY ) + 28Y — 2B(1 + B)n(Y)¢]
+S(Y,6)X — 28 n(Y)X — S(X, )Y + 28 n(X)Y.

Recalling, (4.2.5) and (4.2.6), then using them in the foregoing equation gives

(M(Y)QX —n(X)QY]+ [Y +n(Y)¢ldB(9X)
= [X+n(X)EJdB(9Y) —26[n(Y)X —n(X)Y]. (4.3.15)
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Taking inner product of (4.3.15) with an arbitrary vector field Z we obtain

m(Y)S(X, Z) —n(X)S(Y, Z)] + [g(Y, Z) + n(Y)n(Z)]dB(¢X)
= [9(X,Z) +n(X)n(2)]dB(sY) — 28[n(Y)g(X, Z) — n(X)g(Y, Z)].

Putting Y = Z = £ in the previous equation yields

for all X € x(M). Since, n(X) # 0 always, we can conclude that 5 = 0. Hence we can

state the following:

Theorem 4.3.3. Let (M, g) be a &-conharmonically flat quasi-Sasakian 3-manifold with
respect to the Zamkovoy connection. Then the manifold M becomes a cosymplectic man-

ifold.

4.4 Ricci soliton on quasi-Sasakian 3-manifold with

respect to the Zamkovoy connection

In this section we focus on characterizing a Ricci soliton (g, V, \) on a quasi-Sasakian
3-manifold with respect to the Zamkovoy connection. We say that the manifold (M, g)

admits a Ricci soliton (g, V, A) with respect to Zamkovoy connection if
Ly g+ 25" =2\g, (4.4.1)

where L£*,, denotes the Lie derivative with respect to Zamkovoy connection along the
direction of the vector field V' and is given by (L*yg)(X,Y) = g(VXV,Y) + g(X, V3 V),
for all X,Y € x(M).

Now, let us consider a quasi-Sasakian 3-manifold (M, g) that admits a Ricci soliton

(g9, V, A) with respect to the Zamkovoy connection. Then from (4.4.1) we can infer that
G(VEV,Y) + g(X, VEV) + 255(X,Y) = 20g(X,Y), (4.4.2)

for all X,Y € x(M).
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Recalling (4.3.1) and (4.3.5) and using them in the previous equation gives

2S(X,Y) +g(VxV.Y) +g(X,VyV) = 2(A=28)g(X,Y) —2dB(¢X)n(Y)
+B(g9(¢ X, V)n(Y) + g(¢Y, V)n(X))
—(g(aV, X)n(Y) + g(6V,Y)n(X))
+45(1 + B)n(X)n(Y). (4.4.3)

Moreover, If (g,V, ) is also a Ricci soliton with respect to the Levi-Civita connection,

then (1.2.1) holds, and in view of that equation (4.4.3) reduces to

Blg(oX, VIn(Y) + g(oY, Vn(X)) = 48(g9(X,Y) — (14 B)n(X)n(Y)) + 2dB(¢X)n(Y)
+(g(@V, X)n(Y) + g(@V, Y)n(X)). (4.4.4)

Taking X =Y = ¢ in (4.4.4), we obtain § = 0 and this implies that the manifold (M, g)

is a cosymplectic manifold. Hence we can state the following

Theorem 4.4.1. Let (M, g) be a quasi-Sasakian 3-manifold which admits a Ricci soli-
ton (g, V, ) with respect to the Zamkovoy connection. If (g,V,\) is also a Ricci soliton
with respect to the Leuvi-Civita connection, then the manifold M becomes a cosymplectic

manifold.

Again, if (g,V, ) is a Ricci soliton with respect to the Zamkovoy connection on a

quasi-Sasakian 3-manifold (M, g), then from (4.4.3) we can write

25(X,Y) +9(VxV.Y) +g(X, VyV) = 2(A=26)g9(X,Y) = 2dB(¢X)n(Y)
+B(9(¢ X, V)n(Y) + g(¢Y, V)n(X))
—(g(8V, X)n(Y) + g(6V,Y)n(X))
+4B(1 + B)n(X)n(Y).

Considering an orthonormal basis {e, €2, e3} of (M, g) and replacing X =Y = ¢; in the

foregoing equation, then summing over ¢ = 1,2, 3 we get
r=3\+28%—48 — divV, (4.4.5)

where r is the scalar curvature of M and divV denotes the divergence of the vector field

V. Therefore, we can write
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Theorem 4.4.2. Let (M,g) be a quasi-Sasakian 3-manifold admitting a Ricci soliton

(9, V, A) with respect to the Zamkovoy connection, then the scalar curvature is given by

r=3\+28%— 48 — divV.

Corollary 4.4.1. Let (M,g) be a quasi-Sasakian 3-manifold admitting a Ricci soliton
(g, V,\) with respect to the Zamkovoy connection. If V is a solenoidal vector field, then

the soliton s
i) shrinking if r > 2B(8 — 2),
ii) steady if r = 26(5 — 2) and

iii) expanding if r < 26(8 — 2).

Next, we consider V' = gradf, for some f € C>°(M) and we focus our study on the
Laplacian equation satisfied by the function f. Laplace equation is a second order partial
differential equation which is frequently used in physics. Solution of Laplace equation
is widely known as harmonic functions and they appear in various physical problems in
magnetic and gravitational potentials of steady state temperature. For example, real and
imaginary parts u and v of a complex analytic function f = u+1iv both satisfy the Laplace

equation.

Let us consider a a Ricci soliton (g, V, \) with respect to the Zamkovoy connection
on a quasi-Sasakian 3-manifold (M, g) and assume that the potential vector field V' is

gradient of a smooth function f on M. Then from (4.4.1) we can write
g(ViDJ,Y) +g(X,VyDf) +25°(X,Y) = 2Ag(X,Y), (4.4.6)

for all X|Y € x(M) and Df = gradf = V. Then using (4.3.1) and (4.3.5) in (4.4.6)
yields

25(X,Y) 4+ g(VxDf,Y)+g(X,VyDf) = 2(A—28)g9(X,Y) —2dB(¢X)n(Y)
+6(g9(¢X, Df)n(Y) + g(¢Y, D f)n(X))

—(g(e(Df), X)n(Y) + g(6(V),Y)n(X))
+4B(1 + B)n(X)n(Y).
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Putting X = Y = ¢; in the foregoing equation, where {ej,es,e3} constitute a local

orthonormal basis of (M, g) and then summing over i = 1,2,3 we get
divV 4+ 48 +r = 3\ + 262, (4.4.7)

where r is the scalar curvature of M and divV denotes the divergence of the vector field
V. Since, our potential vector field V' is the gradient of a smooth function f on M, the

above equation (4.4.7) becomes
A(f) =3\ —r—48+ 283,

where A(f) = div(gradf) denotes the Laplacian operator of f. Hence we have the follow-

ing

Theorem 4.4.3. Let (M,g) be a quasi-Sasakian 3-manifold admitting a Ricci soliton
(g, V, A) with respect to the Zamkovoy connection. If the potential vector field V' is gradient

of some smooth function f on M, then the Laplacian equation satisfied by f becomes
A(f) =3\ —r — 43 +25°. (4.4.8)

Remark 4.4.1. Laplace equation has applications in the theory of gravity also. If the
gravitational acceleration field is represented as the gradient of a scalar potential function

h, then the Poisson’s equation for gravitational field is given by
V2h = —47nG)p,

where G denotes the universal gravitational constant and p denotes the mass density. This
physical significance is equivalent to the above Theorem 4.4.3 and the equation (4.4.8) of

this section, which is a Laplace equation with potential vector field of gradient type.

Finally, we conclude this section with our last result on Ricci soliton and for this we

consider the case when the potential vector field is same as the characteristic vector field,

ie, V =¢.

So, let us assume that (g,&, A), be a Ricci soliton on a quasi-Sasakian 3-manifold

(M, g) with respect to the Zamkovoy connection. Then by (4.4.1) we have
9(Vx&EY) +g(X, Vy£) +257(X,Y) = 20g(X,Y), (4.4.9)
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for all X,Y € x(M). Using (4.3.1) and (4.3.5) in (4.4.9) and then recalling (4.2.1) we

arrive at
S(X,Y) = (A=2B)g(X,Y) +28n(X)n(Y) — dB(oX)n(Y). (4.4.10)
Taking X =Y = ¢ in the previous equation (4.4.10) gives
S(€,€) = +26% (4.4.11)
Again, replacing X = £ in equation (4.2.6) we get
S(&,6) =282 (4.4.12)

Thus, combining (4.4.11) and (4.4.12), we can conclude that A = 0 and this implies that

the Ricci soliton is steady. Hence, we can state

Theorem 4.4.4. Let (M,g) be a quasi-Sasakian 3-manifold admitting a Ricci soliton

(g,&, \) with respect to the Zamkovoy connection, then the soliton is a steady Ricci soliton.

4.5 Almost pseudo symmetric Kahlerian spacetime

manifold admitting n-Ricci- Yamabe soliton

In this section we investigate the nature of n-Ricci-Yamabe soliton on four dimensional
almost pseudo symmetric Kahlerian spacetime manifolds which are projectively flat and

conharmonicly flat respectively. First we prove the following

Theorem 4.5.1. If (g,&, A\, u, o, B) is an n-Ricci- Yamabe soliton on a projectively flat
almost pseudo symmetric Kahlerian spacetime manifold, then the scalars X\ and pu are
related by A = 2u + (g —a) [4w + k(o — 3p)]. Moreover, the n-Ricci-Yamabe soliton
reduces to the Ricci- Yamabe soliton (g,&, A, o, B8) if and only if the potential vector vector

field & is solenoidal.

Proof. Since the data (g, &, A, 1) is an n-Ricci-Yamabe soliton, from (1.2.12) we can write
9(VxEY) + g(X,VyE) +2a5(X,Y) + (2A — Br)g(X,Y) + 2un(X)n(Y) = 0. (4.5.1)

By hypothesis, as the manifold is projectively flat, we proceed similarly as Theorem-3.9.1
and then using the equation (3.9.7) in the above equation (4.5.1) we get

g(VxEY)+g(X,Vy&) + 2ra+2X— Br)g(X,Y) + 2un(X)n(Y) = 0. (4.5.2)
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Multiplying both sides of (4.5.2) by €;;, then considering an orthonormal basis {F; : 1 <
i < 4} and taking summation over 1 < ¢ < 4 for X = Y = E;, and making use of
equations (3.2.12), (3.2.13) yields

div€ + (dra+4X —20r) — u = 0. (4.5.3)
Again setting X =Y = ¢ in (4.5.2) and recalling (3.2.12), (3.2.13) we get
(2ra 42X\ — fr) =2 = 0. (4.5.4)

From equations (4.5.3) and (4.5.4) after solving we finally obtain

o i
A= (g - a) r— d;vﬁj (4.5.5)
di
po— (4.5.6)
3
Therefore using (3.2.14) and (4.5.6) in the equation (4.5.5) we get
A=2u+ <§ - a) [Aw + k(o — 3p)]. (4.5.7)

This completes the proof of the first part.

Again from (4.5.6) we can see that p = 0 if and only if div = 0 i.e; if and only if £

is solenoidal. This completes the proof. O]

Now taking 1 = 0 and (o, 5) = (1,0) in (4.5.7) we obtain A = —4dw — k(o — 3p).

Hence we can state the following

Corollary 4.5.1. A Ricci soliton (g,&, ) on a projectively flat almost pseudo symmetric
Kdhlerian spacetime manifold is shrinking if w > —%(0 — 3p), steady if w = —5(c — 3p)

and expanding if w < —5 (0 — 3p).

Again for p = 0 and (o, ) = (0,1) in (4.5.7) we arrive at A = 2w — (0 — 3p).

Therefore we have

Corollary 4.5.2. A Yamabe soliton (g,&, \) on a projectively flat almost pseudo symmet-
ric Kdhlerian spacetime manifold is shrinking if w < —%(0—3p), steady if w = =% (0 —3p)

and expanding if w > —5 (o — 3p).

Also setting 4 = 0 and (o, 8) = (1,—1) in (4.5.7) we get A = —6w — 3(0 — 3p).

Hence we can state the following
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Corollary 4.5.3. An Finstein soliton (g,&,\) on a projectively flat almost pseudo sym-

metric Kdhlerian spacetime manifold is shrinking if w > —%(0 — 3p), steady if w =

_E

&(0 — 3p) and expanding if w < —%5(0 — 3p).

Next we focus on conharmonically flat almost pseudo symmetric Kahlerian spacetime
manifold and we study the nature of the n-Ricci-Yamabe soliton within this framework.

We precisely prove the following

Theorem 4.5.2. If (¢,&, A\, i, «, 8) is an n-Ricci- Yamabe soliton on a conharmonically
flat almost pseudo symmetric Kahlerian spacetime manifold, then the scalars A and p are
related by A = p + (a—;’ﬂ) [4w + k(o — 3p)]. Moreover, the n-Ricci-Yamabe soliton reduces
to the Ricci- Yamabe soliton (g,&, A\, «, 8) if and only if, the potential vector vector field &

1s solenoidal.

Proof. Since the data (g, &, A, 1) is an n-Ricci-Yamabe soliton, from (1.2.12) we can write
9(Vx&,Y) +9(X, Vy&) +2a5(X,Y) + (22X = fr)g(X,Y) + 2un(X)n(Y) = 0. (4.5.8)

By hypothesis, as the manifold is conharmonically flat, we proceed similarly as Theorem-

3.9.2 and then using the equation (3.9.19) in the previous equation (4.5.8) we get
9(Vx&Y) +g(X, Vy&) + A — ar — fr)g(X, V) + 2pun(X)n(Y) = 0. (4.5.9)

Multiplying both sides of (4.5.9) by e€;, then taking summation over 1 < ¢ < 4 for
X =Y = E; and making use of equations (3.2.12), (3.2.13) yields

div€ + 2(2\ — ar — pr) — u = 0. (4.5.10)
Again setting X =Y = ¢ in (4.5.9) and recalling (3.2.12), (3.2.13) we get
2N\ —ar —pr) —2u = 0. (4.5.11)

Solving equations (4.5.10) and (4.5.11) we obtain

 (a+p divé
§o= —dg’g. (4.5.13)
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Therefore using (3.2.14) and (4.5.13) in the equation (4.5.12) we get

A= p+ (#) [dw + k(0 — 3p)]. (4.5.14)

This completes the proof of the first part.

Again from (4.5.13) we can see that g = 0 if and only if div€ = 0 i.e; if and only if £

is solenoidal. This completes the proof. O]

Now taking p = 0 and for different values of (a, ) = (1,0) in (4.5.14) we obtain

A= 2w — §(0 — 3p). Hence we can state the following

Corollary 4.5.4. A Ricci soliton (g,&, \) on a conharmonicly flat almost pseudo symmet-
ric Kahlerian spacetime manifold is shrinking if w < —%(0—3p), steady if w = —% (0 —3p)

and expanding if w > —5 (o — 3p).

Again for p = 0 and (o, 3) = (0,1) in (4.5.14) we arrive at A = 2w — §(o — 3p).

Therefore we have

Corollary 4.5.5. A Yamabe soliton (g,&, ) on a conharmonicly flat almost pseudo sym-

metric Kdhlerian spacetime manifold is shrinking if w < —%(0 — 3p), steady if w =

—k

8(0 — 3p) and expanding if w > —%5(0 — 3p).

Also setting = 0 and («, 5) = (1, —1) in (4.5.14) we get A = 0. Hence we can state
the following

Corollary 4.5.6. An Einstein soliton (g,£,\) on a conharmonicly flat almost pseudo

symmetric Kdahlerian spacetime manifold is always steady.

4.6 Quasi-Yamabe soliton on generalized Sasakian space

form

This section is devoted to the study of generalized Sasakian space form admitting quasi-
Yamabe soliton whose the potential vector field is pointwise collinear with the Reeb vector

field. In this regard, our main result of this section is as follows:

Theorem 4.6.1. If a (2n+ 1)-dimensional generalized Sasakian space form M(fi, fa, f3)
admits a quasi-Yamabe soliton (g,V,o, 1) with the potential vector field V  pointwise

collinear with the Reeb vector field &, then
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i) M becomes a manifold of constant scalar curvature,
i) the soliton reduces to the Yamabe soliton (g,V, o),
ii1) V' becomes a constant multiple of & and

i) V is a strict infinitesimal contact transformation.

Proof. Let us assume that (g, V, o, 1) is a quasi-Yamabe soliton on the generalized Sasakian
space form M (f1, fa, f3) such that the potential vector field V is pointwise collinear with
&, the there exists a non-zero smmooth function b on M such that V' = b¢. Then from

the equation (1.2.8) we can write
1
5 (Lueg)(X,Y) = (r = 0)g(X,Y) + pb*n(X)n(Y), (4.6.1)

for all vector fields X,Y € x(M).

Again, from the definition of Lie derivative we have

(Loeg)(X,Y) = g(VxbE,Y) + g(X, VybE)
= bg(Vx&Y)+ X ()n(Y) + bg(X, Vy§) + Y (b)n(X),

which in view of (2.2.1) and (1.1.16) reduces to
(Logg)(X,Y) = X(b)n(Y) + Y (b)n(X). (4.6.2)
Substituting (4.6.2) in (4.6.1) infers that
X(®)n(Y) +Y (b)n(X) = 2(r — 0)g(X,Y) + 2ub*n(X)n(Y). (4.6.3)
Now taking Y = £ in (4.6.3) we obtain
X(b) = [2(r — 0 + ub®) — £(0)In(X). (4.6.4)
Again replacing X by £ in the foregoing equation yields
Eb) = (r — o) + ub*. (4.6.5)

Now consider an orthonormal basis {e; : 1 < i < (2n 4+ 1)} of the tangent space at
each point of the manifold. Then setting X = Y = ¢; in (4.6.3) and summing over
1<i<(2n+1) we get

Eb) = (r—o)(2n 4+ 1) + ub?. (4.6.6)
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Equating (4.6.5) with (4.6.6) we arrive at
r = 0 = constant, (4.6.7)
which implies that M is a manifold of constant scalar curvature and this proves part 7)

of the theorem.

Again, in view of (4.6.5), the equation (4.6.4) gives us
db = pub*n. (4.6.8)

Taking exterior differentiation on the above equation and using Poincare lemma d? = 0,
we obtain pb?> = 0. This eventually implies that g = 0 and hence the quasi-Yamabe

soliton reduces to the Yamabe soliton (g, V, o). This proves part ii) of the theorem.

Now using p = 0 in the equation (4.6.8) we get db = 0, which implies b is constant.

Therefore V' is a constant multiple of £ and this proves part iii) of the theorem.

Again setting Y = ¢ in (4.6.1) and using (1.1.14) we obtain
(Lvg)(X,€) = 2(r — o + pb*)n(X). (4.6.9)
Using (4.6.7) and the fact that g = 0 in (4.6.9) yields (Ly¢)(X, &) = 0, which implies
(Lym)(X) = g(X, Lv€). (4.6.10)

Recalling that V' = b¢ and b is a constant it can be easily deduced that £, = 0. Therefore
from (4.6.10) finally we obtain (Ly7n)(X) = 0 for any vector field X on M. Hence the
potential vector field V' is a strict infinitesimal contact transformation. This proves part

iv) of the theorem and hence completes the proof. O

According to Corollary 1.1 of [74], in a generalized Sasakian space form M (fi, fa, f3)
with the Yamabe soliton metric, the scalar curvature is harmonic. Thus in view of this

and from our previous theorem we can conclude the following

Corollary 4.6.1. If a (2n+ 1)-dimensional generalized Sasakian space form M(fi, fo, f3)
admits a quasi- Yamabe soliton (g, V, \), whose potential vector field V is pointwise collinear

with the Reeb vector field &, then the scalar curvature is harmonic.
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On n-FEinstein solitons

5.1 Introduction

This chapter deals with 3-dimensional trans-Sasakian manifolds admitting n-Einstein soli-
tons and the chapter is divided into ten sections. Chapter one and two are introduction

and preliminaries respectively.

In section three, we characterize the nature of n-Einstein soliton on a 3-dimensional
trans-Sasakian manifold and find the conditions when the soliton is shrinking, steady and
expanding. Then in section four, we construct an example of a trans-Sasakian 3-manifold
admitting an n-Einstein soliton and we verify some of our results. Next section five is
devoted to the study of n-Einstein solitons on 3-dimensional trans-Sasakian manifolds
with Codazzi type and cyclic parallel Ricci tensor and the nature of the manifold is
characterized. In Sections six to nine, we study some curvature conditions R - .S = 0,
Wy-S=0,R-E=0,B-5=0,5-R =0 admitting n-Einstein solitons on 3-dimensional
trans-Sasakian manifold. Finally in section ten, we consider 3-dimensional trans-Sasakian

manifolds admitting n-Einstein solitons with torse forming vector field.

5.2 Preliminaries

The definition of trans-Sasakian manifold has been given in the introductory Chapter
one. In what follows, by a trans-Sasakian 3-manifold, we mean a 3-dimensional trans-

Sasakian manifold (M, g,¢,&,n) of type (a,B). Now recalling the definition of trans-
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Sasakian manifold, from the expression (1.1.19), it can be derived that

Vx¢ = —ad(X) + B(X —n(X)S), (5.2.1)
(Van)(Y) = —ag(¢(X),Y) + Bg(6(X), o(Y)), (5.2.2)

for all vector fields X,Y € x(M). Again from equation (20) of corollary 4.2. in the paper

[35], the Riemannian curvature tensor in a trans-Sasakian 3-manifold (M, g) is given by

RIX,Y)Z = (5+268 —2(a® = B)[g(Y. 2)X — g(X, Z)Y]
(V. 2)[(5 + 6 = 3(a® = B)n(X)¢

—n(X)(8(grada) - gradB) + (X + (6X)a)¢]

+9(X, 2)[(5 + €8 = 3(a> = B)n(Y )¢
(

Y)(¢(grade) — gradf) + (Y + (9Y )a)¢]

-9

=1
(26 + (9Z)a)n(Y) + (Y3 + (¢Y)a)n(Z)

-|
+(5 + 88— 3(a” = F)n(Y)m(2))X

(28 + (#Z)a)n(X) + (X8 + (6X)a)n(2)

+(5 + €8 = 3(a” = B)m(X)n(2)]Y. (5.23)

Furthermore, if the functions «,  are constants then, in a trans-Sasakian 3-manifold

(M, g) the following relations hold,

RIX,Y)E = (a2 = B)In(Y)X = n(X)Y], (5.24)
REX)Y = (o= B)g(X,Y)E —n(V)X], (5.2.5)
REX)E = (o= B)(X)¢ — X, (5.2.6)
S(LY) = [5= (= Bg(X.Y) = [5 = 8(a> = B)(Om(Y),  (5:2.7)
S(X,) = 2(a* = B)n(X), (5.28)

for all smooth vector fields X,Y € x(M), where R is the curvature tensor and S is the
Ricci tensor of the manifold M.
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5.3 n-Einstein soliton on trans-Sasakian 3-manifold

Let us consider a trans-Sasakian 3-manifold (M, g) admitting an n-Einstein soliton (g, &, A, i).

Then from equation (1.2.10) we can write
(Leg)(X,Y) +25(X,Y) + 24 = r]g(X, Y) + 2pun(X)n(Y) = 0, (5.3.1)

for all X,Y € x(M).
Again from the well-known formula (L¢¢)(X,Y) = ¢(VxE, Y)+9(VyE, X) of Lie-derivative

and using (5.2.1), we obtain for a trans-Sasakian 3-manifold

(Leg)(X,Y) = 26[g(X,Y) = 26n(X)n(Y)]. (5.3.2)

Now in view of the equations (5.3.1) and (5.3.2) we get

S(XY) = (5= A= B)g(X.Y) + (8= wn(X)n(Y). (5.33)

This shows that the manifold (M, g) is an n-Einstein manifold.
Also from equation (5.3.3) replacing Y = ¢ we find that

S(X.€) = (5= A= mn(X). (5.3.4)

Comparing the above equation (5.3.4) with (5.2.8) yields
r=4(a® — %) + 2\ + 2p. (5.3.5)

Again, considering an orthonormal basis {eq, ez, e3} of (M, ¢g) and then setting X =Y = ¢;

in equation (5.3.3) and summing over ¢ = 1,2,3 we get

r = 6A+45+ 2. (5.3.6)
Finally combining equations (5.3.5) and (5.3.6) we arrive at

A= (a? - B —B. (5.3.7)
Thus the above discussion leads to the following

Theorem 5.3.1. If a trans-Sasakian 3-manifold (M, g) admits an n-Einstein soliton
(9,&,\, ), then the manifold (M,g) becomes an n-Einstein manifold of constant scalar
curvature r = 6\ + 408 + 2u. Furthermore, the soliton is shrinking, steady or expanding

according as; o® < B(B+1), a* = B(B+ 1), a® > B(B + 1) respectively.
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Next we consider a trans-Sasakian 3-manifold (M, g) and assume that it admits an
n-Einstein soliton (g, V, A, i) such that V' is pointwise collinear with &, i.e; V = b, for

some function b; then from the equation (1.2.10) it follows that
bg(Vx&Y) + (X0)n(Y) + bg(Vy &, X) + (Yb)n(X)
+25(X,Y)+ 22X —r)g(X,Y) + 2un(X)n(Y) = 0.
Then using the equation (5.2.1) in above we arrive at
(905 + 27— r)g(X,¥) + (XB)n(¥) + (Yn(X)
+25(X,Y) +2(b8 + p)n(X)n(Y) =0. (5.3.8)
Replacing Y = £ in the above equation yields
(Xb) + (Eb)n(X) +25(X, &)+ 2A +2pu —r)n(X) = 0. (5.3.9)
Again taking X = ¢ in (5.3.9) and by virtue of (5.2.8) we arrive at
2(€b) = (r — 2\ — 2u) — 4(a® — 7). (5.3.10)
Using this value from (5.3.10) in the equation (5.3.9) and recalling (5.2.8) we can write
db=[L—\—p—2(®— ). (5.3.11)

2

Now taking exterior differentiation on both sides of (5.3.11) and using the famous Poincare’s

lemma i.e; d*> = 0, finally we arrive at
7 =2+ 2+ 4(a® — 7). (5.3.12)

In view of the above (5.3.12) the equation (5.3.11) gives us db = 0 i.e; the function b is

constant. Then the equation (5.3.8) reduces to
r
S(XY) = (4 = A= bA)g(X,Y) + (b — (X (Y), (5.3.13)
for all X,Y € TM. Hence we can state the following

Theorem 5.3.2. If a trans-Sasakian 3-manifold (M, g) admits an n-Einstein soliton
(9, Vo A\, ) such that V is pointwise collinear with &, then V is constant multiple of &
and the manifold (M,g) becomes an n-FEinstein manifold of constant scalar curvature

r=2\+2u+ 4(a® — B?).
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5.4 Example of an n-Einstein soliton on a trans-Sasakian

3-manifold

In this section we construct an example of a trans-Sasakian 3-manifold admitting an

n-Einstein soliton and we verify some of our results.

Example 5.4.1. Let us consider the 3-dimensional manifold M = {(u,v,w) € R? : w #
0}. Define a linearly independent set of vector fields {e; : 1 < i < 3} on the manifold M

given by
e—eQwa 6—62“’8 e—a
T 2T 5T dw
Let us define the Riemannian metric g on M by
1, for 1=
g(ei, ej) = . .
0, for i#]

foralli,j = 1,2,3. Now considering e = £, let us take the 1-form n, on the manifold
M, defined by
n(U) =g(U,es), VU € x(M).

Then it can be observed that n(§) = 1. Let us define the (1,1) tensor field ¢ on M as
¢ler) = ez, Plea) = —er,  ¢les) = 0.
Using the linearity of g and ¢ it can be easily checked that
¢*(U) = U +n(U)§, g(oU,¢V) = g(U, V) =nU)n(V), VU,V € x(M).

Hence the structure (g, ¢,&,n) defines an almost contact metric structure on the manifold

M. Now, using the definitions of Lie bracket, after some direct computations we get
[617 62] == 07 [ela 63] = _2617 [627 63] = _262-

Again the Riemannian connection V of the metric g is defined by the well-known Koszul’s

formula which is given by

29(VxY,2) = Xg(V,2)+Yy(Z X) - Zg(X,Y)
—g(X, D/a Z]) +9<Y7 [Z’X]) +g(Z7 [X7 Y])
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Using the above formula one can easily calculate that

V6161 = 2637 veleQ = 07 vele3 = _2617
Vee1 =0, Vees =2e3, Ve3=—2es,
Vee1r =0, Veea=0, Ve =0.

Thus from the above relations it follows that the manifold (M, g) is a trans-Sasakian 3-
manifold. Now using (1.1.5) the non-vanishing components of the Riemannian curvature

tensor R can be easily obtained as

R(61, 62)62 = 3(61, 63)63 = —4ey,
R(ez, e3)es = Rles, e1)er = —4ey,

R(€3, 62)62 = 462, R(ez, 61)61 = 463.
Hence we can calculate the components of the Ricci tensor as follows
5(617 61) = 0, 5(62, 62) = O, 5(637 63) = —8.

Therefore in view of the above values of the Ricci tensor, from the equation (1.2.10) we
can calculate X = —2 and p = 6. Hence we can say that the data (g,&,—2,6) defines
an n-Finstein soliton on the trans-Sasakian 3-manifold (M, g). Also we can see that the
manifold (M, g) is a manifold of constant scalar curvature r = —8 and hence the Theorem

5.3.1 is verified.

5.5 n-Einstein soliton on trans-Sasakian 3-manifold

with Codazzi type and cyclic parallel Ricci tensor

The purpose of this section is to study n-Einstein solitons in trans-Sasakian 3-manifolds
having certain special types of Ricci tensor namely codazzi type Ricci tensor and cyclic

parallel Ricci tensor.

Let us consider a trans-Sasakian 3-manifold having Codazzi type Ricci tensor and
admits an n-Einstein soliton (g,&, A, 1), then equation (5.3.3) holds. Now covariantly
differentiating the equation (5.3.3) with respect to an arbitrary vector field X and then
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using (5.2.2) we get

(VxS)(Y,2) = 206 = p)In(Y)(—ag(9X, Z) + By(¢ X, $2))
+1(Z)(—ag(6X,Y) + Bg(oX, ¢Y))]. (5.5.1)

Similarly we can compute

(VyS)(X,Z) = 2(6 — wn(X)(—ag(¢Y, Z) + Bg(6Y, 62))
+1(2)(—ag(¢Y, X) + Bg(oY, 6 X))]. (5.5.2)

Since the manifold has Codazzi type Ricci tensor, using (5.5.1) and (5.5.2) in the equation
(1.1.7) and then recalling (1.1.15) we arrive at

28 — W) (—ag(eX, Z) + Bg(X, Z)) — n(X)(—ag(sY, Z)
+89(Y, Z)) = 2am(Z)g(¢X,Y)] = 0. (5.5.3)

Putting Z = £ in above and in view of (1.1.14) we finally obtain

da(u — B)g(¢X.Y) =0, (5.5.4)

forall X,Y € x(M). Therefore from (5.5.3) we can conclude that either « = 0 or p = .

Hence we have the following

Theorem 5.5.1. Let (M, g) be a trans-Sasakian 3-manifold admitting an n-FEinstein soli-
ton (g,&, A\, ). If the Ricci tensor of the manifold is of Codazzi type then the manifold
becomes a [-Kenmotsu manifold provided p # .

Now using o = 0 in equation (5.3.7) we get A = —3(8 + 1). Thus we can state the

following

Corollary 5.5.1. Let (M,g) be a trans-Sasakian 3-manifold admitting an n-Einstein
soliton (g,&, \, p) with p # 5. If the Ricci tensor of the manifold is of Codazzi type then
the soliton is shrinking if 5 < —1 or, B > 0; steady if 3 = —1 or f = 0; and expanding if
—1 < B < 0 respectively.

Again from the equation (5.5.3) we can write that 4 = f if @ # 0. Then from
equation (5.3.3) we obtain

S(X,Y) = (g — A= B)g(X,Y), (5.5.5)

for all X,Y € x(M). Then contracting the equation (5.5.4) we get r = 6\ + 6. Hence

in view of this and equation (5.5.4) we have the following
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Theorem 5.5.2. Let (M, g) be a trans-Sasakian 3-manifold admitting an n-FEinstein soli-
ton (g,&, A\, ). If the Ricci tensor of the manifold is of Codazzi type then the manifold

becomes an Finstein manifold of constant scalar curvature r = 6\ + 63 provided o # 0.

Let us now consider a trans-Sasakian 3-manifold, having cyclic parallel Ricci tensor,
admits an n-Einstein soliton (g, &, A, 1), then equation (5.3.3) holds. Now taking covariant
differentiation of (5.3.3) and using equation (5.2.2) we obtain relations (5.5.1) and (5.5.2).

In a similar manner we get the following
(Vz9)(X,Y) = 2(8 = p)n(X)(—ag(¢Z,Y) + Bg(¢Z,$Y))
+n(Y)(—ag(9Z, X) + g(¢Z, ¢X))]. (5.5.6)

Now since the manifold has cyclic parallel Ricci tensor, using the values from (5.5.1),

(5.5.2) and (5.5.6) in the equation (1.1.8) and then making use of (1.1.15) we arrive at

AB(B — w)n(X)g(eY, 0Z) +n(Y)g(6Z, ¢X) + 1(Z)g(¢X, ¢Y)] = 0. (5.5.7)

Replacing Z = £ in the above equation (5.5.7) yields

AB(B — 1)g(o X, 9Y) =0, (5.5.8)
for all X,Y € x(M). Since g(¢X,¢Y) # 0 always, the above equation (5.5.8) implies

that either 5 = 0 or, u = . Thus we can state the following

Theorem 5.5.3. Let (M, g) be a trans-Sasakian 3-manifold admitting an n-FEinstein soli-
ton (g,&, A\, ). If the manifold has cyclic parallel Ricci tensor, then the manifold becomes
an a-Sasakian manifold provided p # (3.

Now using 8 = 0 in equation (5.3.7) we get A = @* > 0. Therefore we have

Corollary 5.5.2. Let (M,g) be a trans-Sasakian 3-manifold admitting an n-FEinstein
soliton (g,&, A\, p) with p # B. If the manifold has cyclic parallel Ricci tensor then the

soliton s expanding.

Again if 8 # 0 then from (5.5.8) it follows that u = (. Therefore after a similar

calculation like equation (5.5.5) we can state

Theorem 5.5.4. Let (M, g) be a trans-Sasakian 3-manifold admitting an n-FEinstein soli-
ton (g,&, A\, ). If the manifold has cyclic parallel Ricci tensor, then the manifold becomes

an Finstein manifold of constant scalar curvature r = 6\ + 63 provided 5 # 0.
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5.6 n-Einstein soliton on trans-Sasakian 3-manifold
satisfying R(£, X)-S=0and W5(£,X) -5 =0

Let us first consider a trans-Sasakian 3-manifold which admits an 7-Einstein soliton
(9,€,\, ;) and the manifold satisfies the curvature condition R({,X) S = 0. Then
VX.,Y,Z € x(M) we can write

S(R(E, X)Y, Z) + S(Y, R(¢, X)Z) = 0. (5.6.1)
Now using (5.3.3) in (5.6.1) we get

(5 = A= Mg(RE X)Y, Z) + (8 = un(R(E, X)Y )n(Z)

+ (5 = A= B)g(R(EX)ZY) + (B = wn(R(E X) Zm(Y) = 0. (56.2)

In view of (5.2.5) the previous equation becomes

(0 = B%)(B = WX, Y)n(Z) + 9(X, Z)n(Y) — 29(X)n(Y)n(Z)] = 0. (5.6.3)

Putting Z = ¢ in the above equation (5.6.3) and recalling (1.1.15) obtain

(@ = B2)(B — mg(¢X,¢Y) =0, (5.6.4)

for all X,Y € x(M). Since g(¢pX,»X) # 0 always and for non-trivial case o # 32, we
can conclude from the equation (5.6.4) that pn = 8. Then from equation (5.3.3) we obtain

S(X,Y) = (g — A= B)g(X,Y), (5.6.5)

for all X,Y € x(M). Then contracting the equation (5.6.5) we get r = 6\ + 6. Hence

in view of this and equation (5.6.5) we have the following

Theorem 5.6.1. Let (M, g) be a trans-Sasakian 3-manifold admitting an n-FEinstein soli-
ton (g,&, A\, p). If the manifold satisfies the curvature condition R(§,X)-S =0, then the

manifold becomes an Finstein manifold of constant scalar curvature r = 6\ + 60.

Our next result is on Ws-curvature tensor, which is defined in the introductory chap-
ter one. So, the equation (1.1.4) holds and taking n = 3 in it, we can write the expression

for the Ws-curvature tensor in a trans-Sasakian 3-manifold as follows:
1
Wo(X,Y)Z = ROX.Y)Z + 3[9(X, 2)QY — g(¥, 2)QX]. (5.6.6)
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Now assume that (M, g) is a trans-Sasakian 3-manifold admitting an 7-Einstein soliton
(g9,€, A\, p) and also the manifold satisfies the curvature condition W5(&, X)-S = 0. Then

we can write
S(Wa(€, X)Y, Z) + S(Y, Wa(£,X)Z) =0, VX,Y,Z € TM. (5.6.7)
In view of (5.3.3) the above equation (5.6.7) becomes

(5 = A= B)lg(Wa(€ X)Y. 2) + g(Wa(& X)Z,Y)

+ (B = 1) [In(W2(§, X)Y)n(Z) + n(Wa(§, X)Z)n(Y)] = 0. (5.6.8)

Again from (5.3.3) it follows that

QX = (5= A= A)X + (8~ wn(X)e. (5.6.9)
which implies
Q¢ = (g — A= p). (5.6.10)

Replacing X = £ in (5.6.6) and then using equations (5.2.5), (5.6.9) and (5.6.10) we obtain
W2(&Y)Z = Bg(Y,Z)§ — An(Z)Y + (A = B)n(Y)n(Z), (5.6.11)

where A = (o — %) — 2(3 = A — ) and B = (a® — ?) — 3(3 — A — p). Taking inner

2 2
product of (5.11) with respect to the vector field £ yields

n(Wa(&.Y)2) = Blg(Y. 2) = (Y )n(2)) (5.6.12)
Using (5.6.11) and (5.6.12) in the equation (5.6.8) and then taking Z = & we arrive at
(4= B)2B ~ (5= A= Al[g(X.Y) = n(X)n(¥)] =0,
which in view of (1.1.15) implies
(A= B)2B — (5= A= B)lg(¢X.6Y) =0, (5.6.13)

for all X|Y € x(M). Since g(¢X,pX) # 0 always, we can conclude from the equation
(5.6.13) that either A = B or, 2B = £ — A\ — 3. Thus recalling the values of A and B it

r
2

implies that either y = § or,
200 — B3 =1 —2\ —u— B. (5.6.14)
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Now for the case p = (3, proceeding similarly as the equation (5.6.5) we can say that the

manifold becomes an Einstein manifold. Again combining (5.6.14) with (5.3.5) we get
r =2\ + 2. (5.6.15)
Therefore we can state the following

Theorem 5.6.2. Let (M, g) be a trans-Sasakian 3-manifold admitting an n-FEinstein soli-
ton (g,&, A\, ). If the manifold satisfies the curvature condition Wo(&, X) - S = 0, then
either the manifold becomes an Einstein manifold or it is a manifold of constant scalar

curvature r = 2\ + 2.
Again in view of (5.3.6), the equation (5.6.15) implies A = —1(u+ ). Hence we have

Corollary 5.6.1. Let (M,g) be a trans-Sasakian 3-manifold admitting an n-FEinstein
soliton (g,&, A\, ) with p # 5. If the manifold satisfies the curvature condition Wy(&, X) -
S = 0, then the soliton is expanding, steady or shrinking according as p < —p, p = —p
or, > —[ respectively.

5.7 Einstein semi-symmetric trans-Sasakian 3-manifold
admitting n-Einstein soliton
This section is devoted to the study of n-Einstein solitons on Einstein semi-symmetric
trans-Sasakian 3-manifolds.
A trans-Sasakian 3-manifold (M, g) is called Einstein semi-symmetric [89] if R.E = 0,

where F is the Einstein tensor given by

E(X,Y)=S(X,Y) - gg(X, Y), (5.7.1)

for all vector fields X,Y € x(M) and r is the scalar curvature of the manifold.

Now consider a trans-Sasakian 3-manifold is Einstein semi-symmetric i.e; the man-
ifold satisfies the curvature condition R.E = 0. Then for all vector fields X,Y, Z W €

X(M) we can write
E(R(X,Y)Z,W)+ E(Z, R(X,Y)W) = 0. (5.7.2)
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In view of (5.7.1) the equation (5.7.2) becomes
ﬂRuﬂqzwq+S@Jm&YmQ:nganqzwq+nguﬂqwn (5.7.3)

Replacing X = Z = £ in the above equation (5.7.3) and then using (5.2.5), (5.2.6) we

arrive at
(o = B)S(Y, W) = (o = B)[n(Y)S(E W) +n(W)S(E,Y) — g(Y,W)S(&,€)].  (5.7.4)
So, now in view of (5.2.8) the above equation (5.7.4) finally yields
S(Y, W) = =2(a” = p%)g(Y. W) + 4(a” — B4)n(Y )n(W), (5.7.5)

for all Y, W € x(M). This implies that the manifold is an n-Einstein manifold. Hence we

have the following

Lemma 5.7.1. An Einstein semi-symmetric trans-Sasakian 3-manifold is an n-Einstein

manifold.

Now let us assume that the Einstein semi-symmetric trans-Sasakian 3-manifold (M, g)
admits an n-Einstein soliton (g, &, A, ). Then equation (5.3.3) holds and combining (5.3.3)
with the above equation (5.7.5) we get

r=2\+p+ 8. (5.7.6)
Again recalling the equation (5.3.6) in the above (5.7.6) we have
1
A= —Z(u+3ﬁ). (5.7.7)
Therefore we can state the following

Theorem 5.7.1. Let (M, g) be a trans-Sasakian 3-manifold admitting an n-FEinstein soli-
ton (g,&, A\, ). If the manifold is FEinstein semi-symmetric, then the manifold becomes
an n-FEinstein manifold of constant scalar curvature r = 2\ + p + 8 and the soliton is

expanding, steady or shrinking according as p < 33, p = 30 or, u > 33 respectively.
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5.8 n-Einstein soliton on trans-Sasakian 3-manifold
satisfying B({, X)-S =0

In 1949, S. Bochner [16] introduced the concept of the well-known Bochner curvature
tensor merely as a Kahler analogue of the Weyl conformal curvature tensor but the ge-
ometric significance of it in the light of Boothby-Wangs fibration was presented later by
D. E. Blair [13]. The notion of C-Bochner curvature tensor in a Sasakian manifold was
introduced by M. Matsumoto, G. Chuman [62] in 1969. The C-Bochner curvature tensor

in trans-Sasakian 3-manifold (M, g) is given by

B(X,Y)Z = R(X,Y)Z+ é[g(X, 2)QY — S(Y, Z) — g(Y, 2)QX
+S(X, Z2)Y + g(¢X, Z)QoY — S(¢Y, Z)9X — g(¢Y, Z)QdpX
+S(X, Z)pY + 25(6X,Y)pZ + 29(0 X, Y ))QdZ
+n(Y)n(Z)QX —n(Y)S(X, Z2)§ +n(X)S(Y, Z)§ — n(X)n(Z)QY]

~DE219(0X, 2)0 — g(oY, 2)0X + 29(0X, ¥)07]
F2 )X, 206~ (Y M(Z)X + u(X)n(Z)Y ~n(X)g(¥, 2)e]
—%[g()(, 2)Y —g(Y, Z)X], (5.8.1)

where D = %.

Let us consider a trans-Sasakian 3-manifold (M, g) which admits an n-Einstein soliton
(9,€, A\, p) and also the manifold satisfies the curvature condition B(&, X ) -S = 0. Then
VX.,Y,Z € x(M) we can write

S(B(&,X)Y, Z)+ S(Y, B(§, X)Z) = 0. (5.8.2)
Now using (5.3.3) in (5.8.2) we get

(5 = A= B)lg(B(& X)Y. 2) + g(B(¢, X)Z.Y)]
+ (B = w(B(& X)Y)n(Z) +n(B(& X)Z)n(Y)] = 0. (5.8.3)

Again from (5.3.3) it follows that

QX = (5= A= A)X + (8~ wn(X)E. (5.84)
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which implies
Q¢ = (5 —A—pk. (5.8.5)
Also taking X = ¢ in (5.8.1) we obtain

BEY)Z = REY)ZZSE2)Y — oY, 2)QE + (Y Jn(2)Q¢

~1(¥)S(& 2)€] + SnZ)Y — g(¥, 2)¢]. (5.56)
Using equations (5.2.5), (5.3.4) and (5.8.5) in (5.8.6) yields
BEYV)Z=[(~ ) - 5G-A-w - V.2 — 0¥, (687)

Replacing Z = ¢ in the above equation and recalling (1.1.15), finally we arrive at

4
[(a® = 3%) — 55 = A—#) = Gl6 = p)g(eX, ¢Y) =0, (5.8.8)
for all vector fields X, Y € x(M). Hence from (5.8.8) we can conclude that either

(0~ 5~ (b~ A—p) — g =0, (589
or, i = . Also for pn = f proceeding similarly as equation (5.5.5) it can be easily shown
that the manifold becomes an Einstein manifold. Again if p # f using (5.3.7) in the
equation (5.8.9) we have

r =10\ +2u+ 123 — 8§, (5.8.10)
which implies that the manifold becomes a manifold of constant scalar curvature. There-

fore we can state the following

Theorem 5.8.1. Let (M, g) be a trans-Sasakian 3-manifold admitting an n-FEinstein soli-
ton (g,&, A\, ). If the manifold satisfies the curvature condition B(&,X) - S = 0, then
either the manifold is an FEinstein manifold or it is a manifold of constant scalar curva-

ture r = 10\ 4+ 2u + 125 — 8.

Now for the case v # [3, using the equation (5.3.6) in (5.8.10) we obtain A = 2(1—f).

Hence we have
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Corollary 5.8.1. Let (M,g) be a trans-Sasakian 3-manifold admitting an n-FEinstein
soliton (g, &, A\, u) with p # B. If the manifold satisfies the curvature condition B(§, X) -
S =0, then the soliton is expanding, steady or shrinking according as < 1, 8 =1 or,

B > 1 respectively.

5.9 n-Einstein soliton on trans-Sasakian 3-manifold
satisfying S(£, X)- R=0

In this section we study the curvature condition S(¢, X) - R = 0, where by - we denote

the derivation of the tensor algebra at each point of the tangent space as follows:

S((& X) - R)(Y, Z)W

(€ As X) - R)(Y, Z)W
(ENs X)R(Y, Z)W + R((§ Ns X)Y, Z)W
+R(Y, (ENs X)Z)W + R(Y, Z) (€ A X)W, (5.9.1)

where the endomorphism X Ag Y is defined by
(XNsY)Z:=5Y,Z2)X —S(X,2)Y.

Now let us consider a trans-Sasakian 3-manifold (M, g) which admits an n-Einstein soliton
(9,€, A\, 1) and also the manifold satisfies the curvature condition S(§, X) - R = 0. Then

using this condition and the equation (5.9.1) we can write

S(X, R(Y, Z)W)E — S(€, R(Y, Z)W)X + S(X,Y)R(¢, 2)W
—S(E,Y)R(X, 2)W + S(X, Z)R(Y, W — S(£, Z)R(Y, X)W
+S(X,W)R(Y, 2)¢ — S(E, W)R(Y, Z)X = 0, (5.9.2)

for all vector fields X,Y, Z, W € x(M). Taking inner product of the above (5.9.2) with
the vector field £ and then replacing W = £ we obtain

=S(&Y)In(R(X, 2)§) + S(X, Z)n(R(Y,£)§) = S(&, Z)n(R(Y, X)§)
+HS(X On(R(Y, 2)§) = S, On(R(Y, 2)X) = 0,

~—  —
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In view of (5.2.4) and (5.2.6) the above equation becomes
(o = BS(X,Y)n(Z) = S(X, Z)n(Y) — S(&Y)n(X)n(Z)
+S(6, Z)n(X)n(Y)] = S(&On(R(Y, Z2)X) = 0. (59.3)
Putting Y = ¢ in (5.9.3) and then recalling (5.2.5) we get
(® = B*)S(X,)n(Z) — S(X, Z) = S(& En(X)n(Z)
+5(8, Z)n(X) = S(& O[o(X, Z) —n(X)n(Z)]] = o (5.9.4)
Using equations (5.3.3) and (5.3.4) in the above (5.9.4) yields
(@® = B)[(r — 22 = 2u + B)n(X)n(Z) = (r — 2X — p— B)g(X. Z)] = 0.
Replacing X = ¢ in above we arrive at
(@® = BH12B8 —un(X) =0, VX eTM. (5.9.5)

Since for non-trivial case o # 3%, from the above equation (5.9.5) it follows that u = 24.
Therefore in view of this and recalling (5.3.6) we finally obtain r = 6\ + 83. Therefore

we can state the following

Theorem 5.9.1. Let (M, g) be a trans-Sasakian 3-manifold admitting an n-FEinstein soli-
ton (g,&, A\, ). If the manifold satisfies the curvature condition S(§, X) - R = 0, then it

becomes a manifold of constant scalar curvature r = 6\ + 80.

5.10 n-Einstein soliton on trans-Sasakian 3-manifold
with torse-forming vector field

This section is devoted to study the nature of n-Einstein solitons on trans-Sasakian 3-
manifolds with torse-forming vector field. The definition of a torse-forming vector field is

given in the introductory chapter one and hence (1.1.12) holds.

Now let us consider that (g,&, A, 1) be an n-Einstein soliton on a trans-Sasakian 3-
manifold (M, g) and assume that the Reeb vector field £ of the manifold is a torse-forming

vector field. Then ¢ being a torse-forming vector field, from equation (1.1.12) we have
Vxé=fX+~(X), (5.10.1)
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VX € x(M), f being a smooth function and ~ is a 1-form.

Recalling the equation (5.2.1) and taking inner product on both sides with £ we can write

9(Vx&, &) = (68— in(X). (5.10.2)

Again from the equation (5.10.1), applying inner product with £ we obtain

9(Vx§, &) = fn(X) +~(X). (5.10.3)

Combining (5.10.2) and (5.10.3) we get, v = (6 — 1 — f)n. Thus from (5.10.1) it implies

that, for torse-forming vector field £ in a trans-Sasakian 3-manifold, we have

Vx€ = f(X =n(X)§) + (8 — 1n(X)¢. (5.10.4)
Now from the formula of Lie differentiation and using (5.10.4) yields

(Leg)(X,Y) = g(VxEY) +9(VyE, X)
= 2f[g(X,Y) = n(X)n(Y)] +2(8 — )n(X)n(Y).  (5.10.5)

Since (g, &, A, 1) is an n-Einstein soliton, the equation (1.2.10) holds. So in view of (5.10.5),
the equation (1.2.10) reduces to

S(X,Y) = (5 = A+ Ng(X,Y) + (= = B+ Dy(X)n(Y). (5.10.6)

This implies that the manifold is an n-Einstein manifold. Again putting Y = ¢ in (5.10.6)
we get

S(X,€) = (g — XA —p— B+ Dn(X). (5.10.7)
Combining (5.10.7) with the equation (5.2.8) implies

(5—A=n—B+1) =2 5. (5.10.8)

Again tracing out the equation (5.10.6) we obtain
r=06\A+2u+4f+28—2. (5.10.9)
Using the above equation (5.10.9) in (5.10.8), finally we get A = f — (o — 3%). Therefore

we have the following

Theorem 5.10.1. Let (g,&, A\, 1) be an n-Einstein soliton on a trans-Sasakian 3-manifold
(M, g), with torse-forming vector field &, then the manifold becomes an n-Einstein man-

ifold and the soliton is expanding, steady or shrinking according as f > (a® — [3?),

f=(a?—=pB% or, f<(a®— %) respectively.
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1. Introduction

In 1982, R. S. Hamilton [15] introduced the Ricci soliton as a self similar solution to the Ricci flow equation given by
%(g(t)) = —2Ric(g(t)), where g(t) is an one parameter family of metrics on a certain manifold.

A Riemannian metric g defined on a smooth manifold M of dimension n is said to be a Ricci soliton if, for some constant
A, there exists a smooth vector field V on M satisfying the equation

1
Ric + Eﬁvgzkg, (1.1)
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where Ly denotes the Lie derivative in the direction of V and Ric is the Ricci tensor. The Ricci soliton is called shrinking if
A > 0, steady if A =0 and expanding if A < 0. Ricci solitons can also be viewed as natural generalizations of Einstein metrics
which moves only by a one-parameter group of diffeomorphisms and scaling [16].

In [12] A. E. Fischer introduced conformal Ricci flow equations a modified version of Hamilton’s Ricci flow equation
that modifies the volume constraint such that equation scalar curvature constraint. The conformal Ricci flow equations on a
smooth closed connected oriented manifold M of dimension n is given by

)
22 L a(Ric+E)= —pg, (1.2)
ot n

r(g)=-1,

where p is a non-dynamical (time-dependent) scalar field and r(g) is the scalar curvature of the manifold. The term —pg
acts as the constraint force to maintain the scalar curvature constraint. Thus these evolution equations are analogous to
famous Navier-Stokes equations in fluid mechanics where the constraint is divergence-free. That is why sometimes p is also
called the conformal pressure.

N. Basu et al. [3] introduced the concept of conformal Ricci soliton as a generalization of the classical Ricci soliton.

A Riemannian metric g on a smooth manifold M of dimension (2n + 1) is called a conformal Ricci soliton if there exists
a constant A and a vector field V such that

2
L 2Ric =21 — —~ g, 13
ve+ [ (p+2n+])]g (1.3)

where S = Ric is the Ricci tensor, A is a constant, and p is the conformal pressure. It can be easily checked that the
above soliton equation satisfies the conformal Ricci flow equation (1.2). Further, Ganguly and A. Bhattacharyya studied the
conformal Ricci soliton within the framework of almost co-Kdhler manifolds [13] and (LCS),-manifolds [14] and authors
generalized conformal Ricci soliton and obtained some interesting results in [11]. M. D. Siddiqui [20] proved that if a
compact Lagrangian submanifold in a complex space form under certain conditions admits a conformal Ricci soliton, then it
is either totally geodesic or flat with parallel mean curvature vector field.

Furthermore, if the soliton vector field is a gradient of some smooth function on the manifold, i.e., V = grad f =V f, for
some smooth function f then the soliton is called conformal gradient Ricci soliton [13]. In this case, the soliton equation
(1.2) becomes

D 1
S+VVf=I[a (2+2n+1)]g, (1.4)
where V is the Riemannian connection on the manifold M".

The notion of Yamabe flow was introduced by R. S. Hamilton [16] as a tool for constructing metrics of constant scalar
curvature in a given conformal class of Riemannian metrics on a Riemannian manifold of dimension greater than or equal
to three. The Yamabe flow on a smooth Riemannian manifold (M, g) is defined as the evolution equation of the Riemannian
metric g = g(t) as follows

9
3% (g®) =-r(g®), (1.5)

where r denotes the scalar curvature of the manifold. It should be noted that two dimensional the Yamabe flow is equivalent
to the Ricci flow. Still for dimensions greater than two, the Yamabe flow and the Ricci flow do not agree, as the Yamabe flow
preserves the metric’s conformal class whereas the Ricci flow does not. The Yamabe flow corresponds to the fast diffusion
case of the plasma equation inmathematical physics.

Let (M, g) be an n-dimensional complete Riemannian manifold. If the Riemannian metric g satisfies

1
Eﬁvg =(r—o)g, (1.6)

for some smooth vector field V and some o € R, then it is known as a Yamabe soliton [16]. The Yamabe soliton is said to be
shrinking, steady, or expanding according to 0 <0, 0 =0 or o > 0 respectively. Like Ricci solitons are self-similar solutions
of the Ricci flow, Yamabe solitons are also self-similar solutions to the Yamabe flow, which moves by a one-parameter family
diffeomorphism and scaling. Over the years, many authors have studied Yamabe solitons [4,6,7,17,10,18,21].

As a generalization of Yamabe soliton, recently, B. Y. Chen and S. Deshmukh [7] introduced the notion of quasi-Yamabe
soliton. A Riemannian metric (M, g) is said to be a quasi-yamabe soliton if

1
Eﬁvgz(r—a)g—i—uv*@V*, (1.7)

for some smooth function u, real constant o and V* is the dual 1-form of V. If u =0 then the quasi-Yamabe soliton
(g,V,o0, ) reduces to the Yamabe soliton (g, V, o). Chen-Deshmukh [7] proved that a Euclidean hypersurface is totally

2
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umbilical if and only if it admits a Yamabe soliton with the tangential component of the position vector field as the soliton
vector field. In [9], authors showed that if a contact metric manifold admits a quasi-Yamabe soliton whose soliton vector
field is a V-Ric vector field, then the Ricci operator Q and ¢ commutes with each other. A. M. Blaga [5] investigated almost
quasi-yamabe solitons on warped product manifolds and derived a Bochner-type formula for a gradient almost quasi-Yamabe
soliton.

Motivated by the above studies, we study conformal Ricci soliton and quasi-Yamabe soliton in generalized Sasakian space
forms. The paper is organized as follows: After the introduction, Section-2, we discuss some basic notions and curvature
formulas of generalized Sasakian space forms. Section-3, we study generalized Sasakian space forms admitting conformal
Ricci soliton and conformal gradient Ricci soliton. Finally, Section-4, we investigate quasi-Yamabe solitons on generalized
Sasakian space forms.

2. Generalized Sasakian space form

A 2n + 1-dimensional smooth Riemannian manifold (M, g) is said to be an almost contact metric manifold [5] if it
admits a (1, 1) tensor field ¢, a characteristic vector field &, a global 1-form 7 and a Riemannian metric g on M satisfying
the following relations

P’ =—1+n®E nE =1,
n(X)=g(X.&), ¢&) =0, n(@X)=0,
g(PX.pY) =g(X.Y) — n(X)n(Y),
g(X, )+ g(Y.$X) =0,

for all vector fields X,Y € TM, where TM is the tangent bundle of the manifold M.

A Sasakian manifold with constant ¢-sectional curvature c is called a Sasakian space form. Similarly, a Kenmotsu space
form is a Kenmotsu manifold with constant ¢-sectional curvature c. As a natural generalization of these spaces, P. Alegre, D.
E. Blair and A. Carriazo [1] introduced the concept of generalized Sasakian space form. An almost contact metric manifold
(M, g,¢,&,1n) is called a generalized Sasakian space form if there exist three smooth functions f;, f, f3 on M such that
the curvature tensor R satisfies

RX,Y)Z = f1lg(Y, 2)X — g(X, 2)Y]

+2[8(X, 9Z)pY — g(Y, 9pZ)pX +28(X, pY)PZ]

+f3l8(X, 2n(Y)§ — g(Y, 2)n(X)é

+nXOn(2)Y —n(Y)n(2)X], (2.5)
for all vector fields X,Y, Z € I'(TM). In particular, for f1 = %, fo=f3= % M becomes a Sasakian space form. Again,
if f1= %, fo=f3= % then M is a Kenmotsu space form. M is a cosymplectic space form if f; = fo = f3 = 3. In
[2] the authors constructed various examples of generalized Sasakian space forms and showed that any three dimensional
trans-Sasakian manifold under certain conditions is a generalized Sasakian space form. U. C. De and A. Sarkar [8] proved
that a conformally flat generalized Sasakian space form is locally ¢-symmetric if and only if f; is constant. From hereon,
throughout this article, the notation M(f1, f2, f3) will be used to denote a (2n + 1)-dimensional generalized Sasakian space

form with fi # f3 in general.
Now a (2n + 1)-dimensional generalized Sasakian space form M(f1, f2, f3), we have the following relations from [1];

Vxé = (f3 — f1)9(X), (2.6)
(Vxm(Y) = (f3 — f1)&(¢(X),Y), (2.7)
(Vxo)(Y) = (f3 = fOIn(Y)X — g(X, Y)&], (2.8)
R(X,Y)é = (f1i — fIMY)X —n(X)Y], (2.9)
R(E, X)Y = (f3 — fOn(Y)X — g(X, Y)&], (210)
S(X,Y)=@nf1 +3f2— f3)g(X,Y) = Bf2+ 2n—1) f3)n(X)n(Y), (211)
QX=@nf1+3f2— )X - CBf2+2n—1)f3)n(X)§, (212)
S(X, &) =2n(f1 — f5)n(X), (213)
Q& =2n(f1 - f3)&, (2.14)

for all vector fields X,Y in TM and where R is the curvature tensor, S is the Ricci tensor and Q is the Ricci operator
respectively.
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Definition 2.1. A smooth vector field V on a (2n + 1)-dimensional Riemannian manifold (M, g) is said to be a conformal
vector field [23,24] if

Lvg=2pg, (2.15)

for some smooth function p on M.

Definition 2.2. A smooth vector field V on a contact metric manifold is said to be an infinitesimal contact transformation
[22] if Lyn = hn for some smooth function h and Ly n denotes the Lie derivative of n by V. In particular, if h =0, then V
is said to be a strict infinitesimal contact transformation.

3. Conformal Ricci soliton on a generalized Sasakian space form

In this section we characterize a generalized Sasakian space form admitting a conformal Ricci soliton with various con-
ditions on the potential vector field. Then we study conformal gradient Ricci soliton on a generalized Sasakian space form.
So let us first state our first result of this section:

Theorem 3.1. If a (2n + 1)-dimensional generalized Sasakian space form M(f1, f2, f3) admits a conformal Ricci soliton (g, V, A) then
the soliton is

1. shrinking if p < [4n(f3 — f1) — ﬁ],
2. steady if p =[4n(f3 — f1) — ﬁ] and
3. expandingif p > [4n(f3 — f1) — ﬁ].

Proof. Then for all vector fields X, Y in TM, from (1.3) we have

2
(Lve)(X,Y)+25(X,Y)=[21—(p + 2—)]g(X, Y). (31)
n+1

Now consider a (0, 2) tensor field defined by

T=Lyg+2S. (3.2)

It can be easily seen that the tensor field ¥ is a symmetric tensor field. Again since g is a metric connection, we have
Vg =0 and hence from (3.1) note that Ly g + 2S is parallel with the Levi-Civita connection. Therefore (3.2) implies that ¥
is a parallel, symmetric (0, 2) tensor field. Thus we have V¥ = 0, which can be written as

T(RX,Y)Z,W)+Z(Z,R(X,Y)W)=0
Putting X = W = Z = ¢ in the above equation and using (2.10) we get

T(Y, &) =T, 6)n(Y) (3.3)

Taking covariant differentiation of (3.3) along arbitrary vector field X, then recalling (2.6) and (2.7) we obtain

T(VxY, &)+ (fs = fOTY,0X) =T (&, E)I(f3 — f1g@X,Y) +n(VxY)].

In view of (3.3) the above equation reduces to
Y, 9X) =T(E, £)g(PX, Y).
Replacing X by ¢X in the foregoing equation and then using (3.3) we arrive at
X, Y)=%(,6)8(X, Y). (3.4)
Again from (3.2) we can write
TX,Y)=(Lvg(X,Y)+25(X,Y).
Taking X =Y = £ in above, the using (2.7) and (2.13) yields
T, &) =4n(f1 — f3).
Using the above value in (3.4) and then recalling (3.2) we get

4
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(Lvg(X,Y)+25(X,Y)=4n(f1 — f3)8(X,Y). (3.5)
Finally equating (3.1) and (3.5) we obtain

r=2n(f - )+ E o). (36)

2n+1
Hence the soliton is shrinking if A > 0, steady if A =0 and expanding if A < 0. This completes the proof. O

f llAga.in for a Sasakian space form f; =<2 and f3 = <1, then from (3.6) we get A =2n+ (5 + 515). Thus we have the
ollowing

Corollary 3.2. A conformal Ricci soliton in a (2n + 1)-dimensional Sasakian space form is shrinking if (p + 4n + ﬁ) < 0, steady if
(p+4n+ 2n2+1 ) = 0 and expanding if (p + 4n + ﬁ) > 0.

Similarly in a Kenmotsu space form f; = % and f3 = %, then from (3.6) we deduce A = —2n + (% + ﬁ). Thus we
have the following

Corollary 3.3. A conformal Ricci soliton in a (2n + 1)-dimensional Kenmotsu space form is shrinking if (p — 4n + ﬁ) < 0, steady
if (p —4n+ ﬁ) =0 and expanding if (p — 4n + ﬁ) > 0.

Now we consider a conformal Ricci soliton (g, V, 1) with V pointwise collinear with the Reeb vector field &. In this
regard our next theorem is

Theorem 3.4. Let M(f1, f2, f3) be a (2n + 1)-dimensional generalized Sasakian space form admitting a conformal Ricci soliton
(g, V, 1), whose potential vector field V is pointwise collinear with the Reeb vector field &. Then V is a constant multiple of & and
M is an Einstein manifold of scalar curvature r =2n(2n + 1)(f1 — f3).

Proof. Let us assume that V = b& for some smooth function b, then from (1.3) we can write

2
bg(Vx§,Y) + X(b)n(Y) +bg(X, Vy§) + Y (b)n(X) = [24 — (p + m)]g(X, Y) —25(X.Y).

Using (2.6) the foregoing equation reduces to

2

XbnY)+YBnX)+25X,Y)=[21—(p + m)]g(X, Y). (3.7)

Replacing Y by & in (3.7) and recalling (2.13) we have
2

X(b)=[2l—(p+m)—4n(f1 — f3) = &b In(X). (3.8)

Taking X =& in the previous equation yields
— p 1

g(b)—[)»—(i‘i‘m)—zn(fl - f3)1 (3.9)

In view of (3.9), the equation (3.8) becomes
ok 1
db—[k—(5+m)—2n(f1 = fn. (3.10)

Operating d on both sides of (3.10) and using Poincare lemma d? =0 we get

p 1 .
(A — (E + m) —2n(f1— f3)ldn=0.

But as dn # 0, the foregoing equation gives us

»=2n(fy —f3)+<§+ ). (311)

2n+1
Now using (3.11) in (3.11) we obtain db = 0, which eventually implies that

b = constant. (3.12)
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Therefore V is a constant multiple of &. This proves first part of the theorem.
Again considering an orthonormal basis {e; : 1 <i < (2n + 1)} of the tangent space at each point of the manifold and
then putting X =Y =e¢; in (3.7) and summing over 1 <i < (2n+ 1) we get

1
E(b)+r =21+ 1)k — (g o)

Using (3.12) in the previous equation infers that

r=Q@n+ 10— (% + ). (313)

2n+1
Combining (3.11) and (3.13) we obtain

r=2n2n+ 1)(f1 — f3). (3.14)
Also recalling (3.7) and then using (3.12) we get
p 1
SX,Y)=r—(=4+ —— X, Y). 3.15
X, Y)=1 (2+2n+1)]g(, ) (3.15)

Thus in view of (3.14) and (3.15) we can conclude that the manifold M is an Einstein manifold of scalar curvature r =
2n(2n + 1)(f1 — f3), which proves the second part of the theorem. Hence completes the proof. O

Corollary 3.5. Let M(f1, f2, f3) be a (2n 4 1)-dimensional Sasakian space form admitting a conformal Ricci soliton (g, V, 1), whose
potential vector field V is pointwise collinear with the Reeb vector field &. Then V is a constant multiple of & and the manifold M is an
Einstein manifold of constant scalar curvature r = 2n(2n + 1).

Corollary 3.6. Let M(f1, f2, f3) be a (2n+ 1)-dimensional Kenmotsu space form admitting a conformal Ricci soliton (g, V, 1), whose
potential vector field V is pointwise collinear with the Reeb vector field &. Then V is a constant multiple of & and the manifold M is an
Einstein manifold of constant scalar curvature r = —2n(2n+ 1).

Next we characterize the potential vector field V of a conformal Ricci soliton (g, V, 1) on a (2n + 1)-dimensional gen-
eralized Sasakian space form M(f1, f2, f3) that satisfies the Ricci semi-symmetric curvature condition. Regarding this we
prove the following:

Theorem 3.7. If a (2n + 1)-dimensional Ricci semi-symmetric generalized Sasakian space form M(f1, f2, f3) admits a conformal Ricci
soliton (g, V, 1), then M is an Einstein manifold and the potential vector field V is a conformal vector field.

Proof. Let us assume that M(f1, f2, f3) be a (2n + 1)-dimensional generalized Sasakian space form admitting a conformal
Ricci soliton (g, V, A), and the manifold is Ricci semi-symmetric. Then we have R(X,Y)-S =0, which can be written as

S(R(X,Y)Z,U)+S(Z,R(X,Y)U)=0.
Replacing U by & in above yields

S(R(X,Y)Z,6)+S(Z,R(X,Y)§) =0.
Using (2.9) and (2.14) in the previous equation we obtain

2n(f1 = fHINRX, Y)Z) + (fi — f[HNY)SX, 2) — (f1 = fHInX)SY, Z) =0.
Taking X =& in the foregoing equation, then recalling (2.10) and (2.13) infers that

S(Y,Z)=2n(f1 - f3)g(Y, 2), (3.16)

which implies that the manifold is an Einstein manifold and this proves the first part of the theorem.
Again, as (g, V, A) is a conformal Ricci soliton on the (2n+ 1)-dimensional generalized Sasakian space form M(f1, fa2, f3),
recalling the soliton equation (1.3) we have

2
(Lv@(X,Y)+25(X,Y) =21 — (p + s—)1gX, Y).
2n+1
Now in view of (3.16) the previous equation reduces to

Lve)(X,Y)=[2x —4n(f1 — f3) — +L]xy (3.17)
Lvg)X,Y)= n(f1—f3)—(p 2n+1)g( YD), .



D. Ganguly, S. Dey, A. Ali et al. Journal of Geometry and Physics 169 (2021) 104339
for all vector fields X, Y in TM. Thus from (3.17) it can be written that

Lvg=2pg,
where p =[A—2n(f1— f3)— (% + ﬁ)]' Thus in view of the equation (2.15), we can conclude that V is a conformal vector

field. This completes the proof. O

In the last part of this section, we now concentrate on the generalized Sasakian space form M(fy, f2, f3) admitting
conformal Ricci soliton whose potential vector field V is gradient of some smooth function f. But before proving our main
theorem in this direction, let us first prove the following

Lemma 3.8.If a (2n + 1)-dimensional generalized Sasakian space form M(f1, f2, f3) admits a conformal gradient Ricci soliton
(g, Vf, M), then the curvature tensor R satisfies

R(X,Y)Vf = @2ndfi +3df; —df3)(Y)X — Bdf2 + (2n — Ddf3)(Y)n(X)§
+@Bdf2 + 2n — 1)df3)(X)n(Y)§ — 2ndfr + 3df2 —dfs)(X)Y
+(fi = 3)Bf2+2n—1) f3)[g(X, 9Y)E — g(@X,Y)E
+n(X)9Y — n(Y)¢X], (3.18)
for all vector fields X, Y on the manifold.

Proof. Let us assume that (g, Vf,A) be a conformal gradient Ricci soliton on M(f1, f2, f3). Then from the conformal
gradient Ricci soliton equation (1.4) we can write

1
VXV S =[x —2n(fi - f5) - & —l—m)]X QX, (3.19)

for any vector field X on M and Q is the Ricci operator.

Taking covariant differentiation of (3.19) along an arbitrary vector field Y we obtain

1
VyVxVf=[r—2n(f1 - f3)—( +m)]VyX VyQX (3.20)

Interchanging X and Y in the foregoing equation infers that

1
VxVyVf=[k—2n(f1 - f3)—( +m)]VxY VxQY. (3.21)

Also from (3.19) it can be written that

1
VixyiVf =[k—2n(f1 - f3)—( +m)](vxy VyX) — Q(VxY — Vv X). (3.22)

Now using (3.20)-(3.22) in R(X,Y)Z =VxVyZ — VyVxZ — V[x,y1Z we obtain
RX,Y)Vf=(VyQ)X —(VxQ)Y. (3.23)

Again recalling (2.12) and covariantly differentiating it along Y yields

VyQX=@2nf1+3f2— f3)VyX + 2ndfy +3df; — df3)(Y)X
—Bfz+ 2n—1) f)[Vyn(X)§ + n(X)Vyé]
—@Bdf2 + 2n — Ddf3)(Y)In(X)§. (3.24)
Also from (2.12) we can write
Q(VyX)=@nf1+3f2— f3)Vy X = Bf2 +2n—1) f3)n(Vy X)&. (3.25)

7
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Using (3.24) and (3.25) in (VyQ)X =VyQ X — Q (Vy X), then recalling (2.6) and (2.7) we obtain

(Vy Q)X = (2ndfy +3df; —df3)(Y)X
—@dfz + 2n — Ddf3)(Y)n(X)§
+(f1 = B2+ @2n—1) f)[g(X, pY)& + n(X)Y]. (3.26)
Interchanging X and Y in (3.26) yields

(VxQ)Y = (2ndfy +3df; —df3)(X)Y
—@df2 + 2n — Ddf3)(X)n(Y)é
+(f1 = f3)Bf2+ 2n—1)f3)[g(dX, V)& + n(Y)$X]. (3.27)
Finally making use of (3.26) and (3.27) in the equation (3.23) completes the proof. O

Now we conclude this section with our main result on conformal gradient Ricci soliton which is the following:

Theorem 3.9.If a (2n + 1)-dimensional generalized Sasakian space form M(f1, f2, f3) admits a conformal gradient Ricci soliton
(g, Vf,)) then the potential function f is constant, provided fi and f3 are both constants. Furthermore, the soliton is shrinking if
p<I[2f3 —6f —2nf1 — ﬁ],steady ifp=I[2f3 —6f2 —2nf] — ﬁ] or, expanding if p > [2f3 — 6 f, — 2nf] — ﬁ].

Proof. Let us assume that (g,Vf,A) is a conformal gradient Ricci soliton on the generalized Sasakian space form
M(f1, f2, f3). Now putting X =& in (3.18) of Lemma (3.8) and then taking inner product with arbitrary vector field Z
we obtain

g(RE,Y)V,Z)=2n(df1 —df3)(Y)n(2)
=2n(df1 —df3)E)[gY, Z) —n(Y)n(Z)]
+(f1— B2+ 2n—-1)f3)g(eY, 2), (3.28)

for all vector fields Y, Z on the manifold.
Again in view of (2.10) and making use of the curvature property g(R(&,Y)Vf,Z)=—g(R(&,Y)Z, Df), we can write

gRE,Y)Df, Z) = (f3— fOlg(Y, 2)E ) = n(2)(Y )] (3.29)
Equating (3.28) and (3.29) we deduce

(f3—= fIgY, Z2)Ef) —n(Z)(Y )] =2n(df1 —df3)(Y)n(Z)
=2n(df1 —df3)&)[g(Y, Z) —n(Y)n(Z)]
+(f1— 3B+ 2n—-1)f3)g@Y, Z).

Now replacing Z by &, the foregoing equation infers that

2n(dfy —df3)(Y) = (fs = fOln()(E f) — (YO,

which reduces to

(n(EH) = (YHI=0,

provided fi and f3 are both constants. Also this can be rewritten as

gY.ENE) =g, Vf).

Since the above holds for all vector field Y on the manifold, we obtain

Vf=(Ef. (3.30)
Differentiating (3.30) covariantly along arbitrary vector field X and then using 2.6 yields
VxVf=XEMNE+fs— foENHPX. (3.31)

Equating (3.31) with (3.19) we deduce
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1
QX =[r— (g + m)]x —(XGEfNE - (fs— fENPX. (3.32)

Comparing the coefficients of ¢X from (3.32) and (2.12) we get (£ f) = 0. Using this in (3.30) infers that Df = grad f =0,
which eventually implies that f is constant. This proves first part of the theorem.
Again comparing the coefficients of X from (3.32) and (2.12) we obtain

_(P 1
)»—[(E‘i‘m)‘i‘(znfl -3f2—-f3)]. (3.33)

Hence the soliton is shrinking if A > 0, steady if A =0 and expanding if A < 0. This completes the proof. O

4. Quasi-Yamabe soliton on generalized Sasakian space form

This section is devoted to the study of generalized Sasakian space form admitting quasi-Yamabe soliton whose the
potential vector field is pointwise collinear with the Reeb vector field. In this regard, our main result of this section is as
follows:

Theorem 4.1. If a (2n + 1)-dimensional generalized Sasakian space form M(f1, f2, f3) admits a quasi-Yamabe soliton (g, V, o, i)
with the potential vector field V pointwise collinear with the Reeb vector field &, then

1. M becomes a manifold of constant scalar curvature,
2. the soliton reduces to the Yamabe soliton (g, V, o),
3. V becomes a constant multiple of & and

4. V is a strict infinitesimal contact transformation.

Proof. Let us assume that (g, V, o, u) is a quasi-Yamabe soliton on the generalized Sasakian space form M( f1, fa2, f3) such
that the potential vector field V is pointwise collinear with &, the there exists a non-zero smooth function b on M such
that V = bé. Then from the equation (1.7) we can write

1
7 Lo X, Y) = (r—0)g(X.Y) + ub?n(X)n (), (41)

for all vector fields X,Y in TM.
Again from the definition of Lie derivative we have

(Lbs8)(X,Y) = g(Vxb§,Y) + g(X, Vyb§)
=bg(Vx§,Y) + X(b)n(Y) +bg(X, Vy&) + Y (b)n(X),

which in view of (2.6) and (2.4) reduces to

(Lpe&)(X,Y) = X(b)n(Y) + Y D)n(X). (4.2)
Substituting (4.2) in (4.1) infers that

Xbn(Y) +Yb)nX) =2(r — 0)g(X, Y) + 2ub*n(X)n(Y). (4.3)
Now taking Y =& in (4.3) we obtain

X(b) =[2(r — o + ub*) — £(B)In(X). (44)
Again replacing X by & in the foregoing equation yields

£(b) = (r — o) + ub?. (4.5)

Now consider an orthonormal basis {e; : 1 <i < (2n + 1)} of the tangent space at each point of the manifold. Then setting
X =Y =e;j in (4.3) and summing over 1 <i < (2n+ 1) we get

E()=(—o)@n+1)+ ub®. (4.6)
Equating (4.5) with (4.6) we arrive at

r =0 = constant, 4.7)

which implies that M is a manifold of constant scalar curvature and this proves (1).

9
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Again, in view of (4.5), the equation (4.4) gives us

db = ub®n. (4.8)

Taking exterior differentiation on the above equation and using Poincare lemma d? = 0, we obtain ub? = 0. This eventually
implies that © =0 and hence the quasi-Yamabe soliton reduces to the Yamabe soliton (g, V, o). This proves (2) of the
theorem.

Now using = 0 in the equation (4.8) we get db = 0, which implies b is constant. Therefore V is a constant multiple of
& and this proves (3).

Again setting Y =& in (4.1) and using (2.2) we obtain

(Ly &)X, &) =2(r — 0 + ub*)n(X). (49)
Using (4.7) and the fact that © =0 in (4.9) yields (Ly g)(X, &) =0, which implies

(Lvm(X) = g(X, Lv§). (4.10)

Recalling that V = b& and b is a constant it can be easily deduced that Ly & = 0. Therefore from (4.10) finally we obtain
(Lyn)(X) =0 for any vector field X on M. Hence in the sense of definition (2.2), the potential vector field V is a strict
infinitesimal contact transformation. This proves (4) and hence completes the proof. O

According to Corollary 1.1 of [17], in a generalized Sasakian space form M(f, f2, f3) with the Yamabe soliton metric,
the scalar curvature is harmonic. Thus in view of this and from our previous theorem we can conclude the following

Corollary 4.2. If a (2n + 1)-dimensional generalized Sasakian space form M(f1, f2, f3) admits a quasi-Yamabe soliton (g, V, 1),
whose potential vector field V is pointwise collinear with the Reeb vector field &, then the scalar curvature is harmonic.

5. Examples of generalized Sasakian space form

In this section we discuss examples of generalized Sasakian space form admitting conformal Ricci soliton and Yamabe
soliton.

Example 5.1. P. Alegre, D. E. Blair and A. Carriazo in their seminal work [1] constructed an example of generalized Sasakian
space form on the manifold R x C™ endowed with three smooth functions given as follows:

(f"? M*
R T
for some smooth real valued function f = f(t) and f’ denotes the derivative of f with respect to t.

Now if we consider f(t) = e*!, for some real number ¢, then from equation (3.6) we can compute A = —ma + g + anﬁ
Therefore we can comment that the generalized Sasakian space form (R x C™, f1, f>, f3) admits a conformal Ricci soliton

fi=

f2=0, f3=

(5.1)

with the soliton constant A as computed above. Furthermore the conformal Ricci soliton is shrinking if p < [2ma — miﬂ],
steady if p = [2ma — 2] and expanding if p > [2ma — 25].

Example 5.2. Here we give a non-trivial example of a conformal Ricci soliton on a three dimensional generalized Sasakian
space form as constructed in [19]. Let us consider the 3-dimensional manifold M = {(u, v, w) € R3\ {(0, 0, 0)}}. Define a
linearly independent set of vector fields {E; : 1 <i < 3} on the manifold M given by

d a a a
=——v—, E=—, e3=——.

ou ow av ow

Let us define the Riemannian metric g on M by

Eq

1, for i=j
g(EhE])_{O’ fOl‘ l7é]

for all i, j =1, 2, 3. Now considering E3 =&, let us take the 1-form 7, on the manifold M, defined by
n(U)=g(U,E3), YUeTM.

Then it can be observed that n(§) = 1. Let us define the (1, 1) tensor field ¢ on M as
¢(E1)=—Ez, ¢(E2)=E1, ¢(E3)=0.

10
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Using the linearity of g and ¢ it can be easily checked that

¢*(U) =—U+ )&, g@U,¢V)=g(U,V)—nU)nV), YU,V eTM.

Hence the structure (g, ¢, &, ) defines an almost contact metric structure on the manifold M. Now, using the definitions of
Lie bracket, after some direct computations we get [E1, E2] = E3 and [eq, e3] = [e2, e3] = 0. Again the Riemannian connection
V of the metric g is defined by the well-known Koszul’s formula which is given by

2g(VxY,Z) =Xg(Y,Z)+Yg(Z,X) — Zg(X,Y)
—8X,[Y, Z) +g(Y,[Z, X]) + g(Z, [X, Y]).

Using the above formula one can easily calculate that
1 1
Ve, E1 =0, VElEz=§E3, V5153=—552,

1 1
Ve, E1 = —553, Ve, E2 =0, Vg,E3= 551,

1 1
Ve, E1 = _EEL Vi Bz = EEL Ve, E3 =0.

Thus from the above relations and using the well-known formula R(X,Y)Z = VxVyZ —VyVxZ — V[x y1Z the non-vanishing
components of the Riemannian curvature tensor R can easily be computed as

3 1 1
R(E1, E2)Eq = ZEZ’ R(E1, E3)E1 = —ZEB, R(E3, Ex)E3 = ZEz,

3 1 1
R(E1, E2)Ep = —2151, R(E3, E3)E; = —21153, R(E1, E3)E3 = ZEL

Hence we can calculate the non-vanishing components of the Ricci tensor as follows

1 1 1
S(E1,E1)=—=, S(E3,Ez)=—=, S(E3,E3)=-.
(E1, E1) 3 (E2, E2) 2 (E3, E3) 2
Therefore in view of the above values of the Ricci tensor, we can say that the manifold M is a generalized Sasakian space
form with the functions f; =—1, fo=0and f3=—-1.
1

Now if we take the soliton vector field V = & = E3, then from the equation (1.3) we obtain A = (% — ). Hence for
this value of A the data (g, &,)) defines a conformal Ricci soliton on the generalized Sasakian space form M(f1, f2, f3).
Moreover we can see that (M, g) is a manifold of constant scalar curvature r = —% =2 x 3 x (f1 — f3) and hence the
theorem (3.4) is verified.

Again on this generalized Sasakian space form M(f1, f2, f3), considering V =& in the equation (1.7), we compute that
o= —% and p = 0. Therefore for this values of o and u the data (g,&,0, 1) defines a quasi-Yamabe soliton, which

eventually reduces to a Yamabe soliton as i = 0 and hence the theorem (4.1) is verified.
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CONFORMAL RICCI SOLITON ON ALMOST CO-KAHLER MANIFOLD
DIPEN GANGULY' AND ARINDAM BHATTACHARYYA

ABSTRACT. In this paper, we study almost coKéhler manifolds admitting the
conformal Ricci soliton and determine the value of the soliton constant A and
hence the condition for the soliton to be shrinking, steady or expanding. Then
we find the condition on the conformal pressure p under which, a conformal
Ricci soliton on a (k, u)-almost coKéhler manifold becomes expanding. Finally
we show that a (k, u)-almost coKédhler manifold, with the potential vector field
V' pointwise collinear with the Reeb vector field ¢, does not admit conformal
gradient Ricci soliton.

1. INTRODUCTION

A Riemannian metric ¢ defined on a smooth manifold M",of dimension n, is
said to be a Ricci soliton if for some constant A, there exists a smooth vector
field X on M satisfying the equation

1
(1.1) Ric + §£Vg = \g,

where Ly denotes the Lie derivative in the direction of VV and Ric is the Ricci
tensor. The Ricci soliton is called shrinking if A > 0, steady if A\ = 0 and ex-
panding if A < 0. In 1982, R.S. Hamilton [11] first studied the Ricci soliton as a
self similar solution to the Ricci flow equation given by: 2 (¢(t)) = —2Ric(g(t)),
where ¢(t) is a one parameter family of metrics on M1,

Lcorresponding author
2020 Mathematics Subject Classification. 53C25, 53D15.
Key words and phrases. Ricci soliton, Gradient Ricci soliton, Conformal Ricci soliton, Almost
CoKéhler manifold, (k, u)-Almost CoKéhler manifold.
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Ricci solitons can also be viewed as natural generalizations of Einstein metrics
which moves only by a one-parameter group of diffeomorphisms and scaling
[12]. Again a Ricci soliton is called a gradient Ricci soliton [3] if the concerned
vector field V' in the equation (1.1), is the gradient of some smooth function f,
i.e; if V = Df, where D is the gradient operator of g. This function f is called
the potential function of the Ricci soliton.

A.E. Fisher, in 2005, introduced [9] conformal Ricci flow equation which is
a modified version of the Hamilton’s Ricci flow equation that modifies the vol-
ume constraint of that equation to a scalar curvature constraint. The conformal
Ricci flow equations on a smooth closed connected oriented manifold M", of
dimension n, are given by

dg ) AN
1.2) % + 2 (ch~|— E> = —pg,

where p is a non-dynamical(time dependent) scalar field and r(g) is the scalar
curvature of the manifold. The term —pg acts as the constraint force to maintain
the scalar curvature constraint. Thus these evolution equations are analogous
to famous Navier-Stokes equations in fluid mechanics where the constraint is
divergence free. That is why sometimes p is also called the conformal pressure.

Recently, in 2015, N. Basu and A. Bhattacharyya [2] introduced the concept
of conformal Ricci soliton as a generalization of the classical Ricci soliton.

Definition 1.1. A Riemannian metric g on a smooth manifold M™,of dimension n,
is called a conformal Ricci soliton if there exists a constant \ and a vector field V
such that

2
(1.3) Lyg+2S = {2)\ - (p + ﬁ)} g,
where S = Ric is the Ricci tensor; \ is a constant and p is the conformal pressure.

It can be easily checked that the above soliton equation satisfies the conformal
Ricci flow equation (1.2). Later, T. Dutta. et.al. [7] studied this conformal Ricci
soliton in the framework of Lorentzian a-Sasakian manifolds. Moreover, if the
vector field V is the gradient of some smooth function f on M", we call the
soliton a conformal gradient Ricci soliton and then the soliton equation (1.2)
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becomes

1

(1.4) S+VVf= {A— (§+—)] 9,
n

where V is the Riemannian connection on the manifold M™.

Motivated by the above studies, here we study conformal Ricci soliton in the
framework of almost coKédhler manifold and on its various versions. We find
conditions to determine the nature of the soliton for different cases. The pa-
per is organised as follows: in section-2, we discuss some preliminary concepts
of almost coKdhler manifolds. Then in section-3, we study almost coKdhler
manifolds admitting the conformal Ricci soliton and we calculate the value of
the soliton constant A\ and hence we find the condition for the soliton to be
shrinking, steady or expanding. After that in section-4, we find the condition
on the conformal pressure p under which, a conformal Ricci soliton on a (k, p)-
almost coKédhler manifold becomes expanding. Finally in section-5, we show
that a (k, u)-almost coKédhler manifold, with the potential vector field V' point-
wise collinear with the Reeb vector field £, does not admit conformal gradient
Ricci soliton.

2. PRELIMINARIES ON ALMOST COKAHLER MANIFOLDS

The geometry of coKédhler manifolds as a special case of almost contact man-
ifolds was studied primarily as an odd-dimensional analogy of the Kdhler man-
ifolds in complex geometry. So, let us first recall some preliminaries on almost
coKéhler manifolds. A smooth (2n + 1) dimensional manifold M*"*! is said to
admit an almost contact structure (¢, £, n) if there exist a (1,1) tensor field ¢, a
vector field ¢ and a global 1-form n on A/?**! such that

(2.1) ¢ =T +n®&andn(&) =1,

where [ is the identity endomorphism on M. Then the manifold M equipped
with this almost contact structure (¢, &, n) is called an almost contact manifold
(see [1]) and is denoted as (M?"*1¢, £, n). The vector field ¢ is called the char-
acteristic vector field or Reeb vector field.

From (2.1) it can easily be seen that, for an almost contact structure the
following relations hold; ¢(¢) = 0 and no ¢ = 0.
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Furthermore, on an almost contact manifold (M?"*1 ¢, £ n) if there exists a
Riemannian metric ¢ satisfying;

for all vector fields X,Y in TM, where TM is tangent bundle of M, then the
metric ¢ is called compatible with the almost contact structure. The manifold
M?*+1 together with the almost contact metric structure (¢, &, 7, g) is called an
almost contact metric manifold and we denote it as (M***1 g, ¢,&,n).

We define the fundamental 2-form ® on an almost contact metric manifold as

(2.2) O(X,Y) = g(X,90Y) = dn(X,Y),

for all vector fields X, Y in T'M. Now, it is known that on the product manifold
M?+1 < R, if we define a structure J as;

J(X,f%) = (d)X—ff,n(X)%),

for all X in TM, where t is the coordinate of R and f is a smooth function
on M?"*! x R: then J becomes an almost complex structure and if this al-
most complex structure J is integrable we say that the almost contact structure
(M? 1 ¢, ¢ n) is normal. Again, D.E. Blair [1] expressed the condition for nor-
mality of an almost contact structure as: [¢, ¢| = —2dn ® &; where the Nijenhuis
tensor [¢, ¢] is defined as

[0.0(X,Y) = ¢*[X, Y] + [0X, 0] - [0.X, Y] = 6[X, ¢Y],

for all X,Y in T'M and [X,Y] is the Lie bracket operation. Now we are in a
position to define the concept of coKdhler manifold [see [1], [4]] and almost
coKahler manifold.

Definition 2.1. An almost contact metric manifold is called an almost coKdhler
manifold if both the 1-form n and the fundamental 2-form ® (as defined by equa-
tion (2.2)) are closed.

In particular, if the associated almost contact structure is normal or equiva-
lently V¢ = 0 or V® = 0: then the almost coKahler manifold is called a coKéh-
ler manifold. Also, it is to be noted that, examples (see [5], [13]) of almost
coKéahler manifolds exist, which are not globally the product of a almost Kahler
manifold and the real line.
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Next, we set two symmetric operators h and i’ given by, h = 1L¢¢ and b’ =
h o ¢ on the almost coKahler manifold (M?" ! g, ¢,&,n). Then the following
relations can be obtained (see [13], [6])

(2.3) he =0, hép+ ¢h =0, tr(h) = tr(k') =0,
2.4 Vep =0, VE=h, divg =0,

(2.5) S+ 1nl* =0,

(2.6) Pl — 1 = 2h2,

Veh = —h*¢ — ¢l
where we set [ := R(.,£)¢ and R is the Riemannian curvature tensor defined by
2.7) R(X,Y)Z =VxVyZ —-VyVxZ —Vxy|Z,
for all vector fields X,Y, Z € T M.

3. CONFORMAL RiIccCI SOLITON ON ALMOST COKAHLER MANIFOLD

Let us consider (M?" ! g ¢, £, n) be an almost coKdhler manifold which sat-
isfies the conformal Ricci soliton equation given in equation (1.3); then for all
vector fields X,Y in T'M i.e; we have

(3.1) (Lyg)(X,Y)+2S(X,Y) = [2A — (p + )| g(X,Y).

Now, let the vector field V' be pointwise collinear with the Reeb vector field
&, ie; V = p¢, where [is a non-zero smooth function on the corresponding
manifold. Then taking covariant differentiation of both sides of V' = g¢, along
the direction of X we get

2n+1

VxV = X(B)§ + BV ¢,
and using V¢ = I’ from equation (2.4) the above equation eventually becomes
(3.2) VxV = X(8)¢+ ph X.

On the other hand, from the definiton of Lie derivative it follows from equation
(3.1) that

(33) 9(ri6.2) + oY, 4250 2) = |22 (4 52 )] a2,
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for all Y, Z in TM. Then using equation (3.2) in the above equation (3.3) we
get

gYBE+BRY, Z) + g(Y, ZBE+ BN Z) +2S(Y, Z) = 2 — (p +

oY, 2),

Again using from the fact that 4’ is symmetric and after simplification the above
equation finally becomes

B4 Y(Bn(Z2)+2(B)n(Y)+289(R'Y, Z)+25(Y, Z) = [2A~(p+5—lg(Y, Z).

Next, we consider a local ¢-basis {¢; : 1 < j < 2n + 1} on the tangent space
T,M for each point p € M?"™'. Then putting Y = Z = ¢; in the equation (3.4)
and taking summation over 1 < j < 2n + 1 and also using tr(h’) = 0 from
equation (2.3) we get

p

(3.5) £(ﬂ)+r:[A—(§+2n+1)](2n+1).
Again putting Z = ¢ in the equation (3.4) and using symmetry of 4’ we have
(3.6) Y(B) +&BmY) +25(Y,6) = 2A = (p+ o i D).
Now, combining equations (3.5) and (3.6) and after some calculations we get
(P, 1 _

V(8)+25(,6) = [\ (& + 51 = 20) +rJn(Y).

Thus, from the above it is easily seen that
_n_ (P _

(3.7) §6) +25(69 = - B+ 50— 2m) + 7,

Eliminating (/) from equations (3.5) and (3.7) and after simplification we ar-
rive at

20r = (5 + )=+ 56,6 =0

Using equation (2.5) in the above equation and using the fact that for conformal
Ricci soliton the scalar curvature » = —1 (see equation(1.2)) and then simplify-
ing we get the value of the soliton constant as
[ S B

2n 2 2n+1
Therefore in view of the fact that the soliton is shrinking, steady or expanding
according as A > 0, A = 0 or, A < 0; from the above equation (3.8) we can state
the following theorem

(3.8) A= +(
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Theorem 3.1. Let (M*"* g, ¢, &, n) be an almost coKdhler manifold such that the
metric g is a conformal Ricci soliton. If the potential vector field V' be non-zero
pointwise collinear with the Reeb vector field &, then

(i) the soliton is shrinking if, p > P((é"rl;r—iﬂ')h'w,
(ii) the soliton is steady if, p = W’
(iii) the soliton is expanding if, p < %

Again if we have S = [M] g, then from equation (3.1) and using value of

the soliton constant A from (3.8) we have Ly g = 0. Therefore we can see that
V = (¢ is a Killing vector field and hence the soliton becomes trivial. Hence we
can state the following corollary.

Corollary 3.1. Let (M?"*! g, ¢,£,m) be an almost coKdhler manifold such that
the metric g is a conformal Ricci soliton. If the potential vector field V be non-zero
pointwise collinear with the Reeb vector field ¢ and the Ricci tensor S be a constant
multiple of the metric g, with the constant ”hgn , (Le if S = [=5— ‘hH L1g), then the

soliton is trivial.

4. CONFORMAL RICCI SOLITON ON (k, 1t1)-ALMOST COKAHLER MANIFOLD

In recent years, many authors studied (k, u)-contact metric manifolds as a
generalization of Sasakian and K'-contact metric manifolds. Also R. Sharma
[15], and later A. Ghosh [10] proved some interesting results in the field of
Ricci solitons on (k, y1)-contact metric manifolds. Let us now give the definition
(k, pv)-almost coKéahler manifold.

Definition 4.1. An almost coKdhler manifold is said to be a (k, u)-almost coKdhler
manifold if the characteristic vector field £ belongs to the generalised (k, p)-nullity
distribution i.e; if the Riemannian curvature tensor R satisfies

(4.1) R(X,Y)¢ = kn(Y)X —n(X)Y] + p[n(Y)hX —n(X)nY],
forall X,Y in TM and for some smooth functions (k, ).

Remark 4.1. Here, in this paper, we call a (k, p1)-almost coKdhler manifold with
k < 0, a proper (k, u)-almost coKdhler manifold . Proper almost coKdhler mani-
folds with k and . being constants were introduced by H. Endo [8] and later Dacko
and Olszak [6] further studied it in generalised cases.
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Now, putting Y = £ in (4.1) we get
R(X,§)§ = k[X = n(X)E] + p[hX —n(X)he].

Then using the definition of [ := R(.,£){ and from equation (2.3) using the fact
that h{ = 0, we can write
| = —k¢?* + uh.

Combining the equation (2.6) and the above equation and after brief calcula-
tions we get h? = k¢?. Thus, it is clear that the manifold M/?"*! is K-almost
coKahler if and ony if, £ = 0. According to Dacko and Olszak [6] a (k, i, v)-
almost coKahler manifold with £ < 0 becomes a (—1, ﬁ)-almost coKéhler
manifold, under some D-homothetic deformation.

Now, we state a lemma [for proof see Lemma 4.1 of [16]] which will be used

in the later theorems.

Lemma 4.1. Let (M*"*! g, ¢,&,n) be a (k, u)-almost coKdhler manifold of dimen-
sion greater than 3 with k < 0. Then the Ricci operator is given by

4.2) Q = ph+2nkn ® ¢,
where k is a non-zero constant and p is a smooth function satisfying du A n = 0.

Now let us consider the metric g of the (k, 1)-almost coKéhler manifold admits
a conformal Ricci soliton. Then from the soliton equation (1.3) and using the
definition of the Lie derivative we can write

(4.3) g(VxV)Y)4+g(X,VyV)+25(X,Y) =12\ — (p+ T 1)]g(X, Y).

Then, substituting IV = ¢ in the above equation (4.3) and using the result V¢ =
I’ from (2.4) we get

9IX,Y) + g(X,WY) +25(X.Y) = A= (p+ 5——)lg(X,Y).
Again as b’ is symmetric the above equation implies
/ (P 1
(4.4 gHX,Y) +9(QX.Y) = A= &+ —)g(xX.7).

Now, in view of the Lemma 4.1 putting value of the Ricci operator (), from
equation (4.2), in the above equation (4.4) we get

1
(4.5)  g(WX,Y)+g(uhX,Y) + 2nkn(X)n(Y) = [ — (g L

Ng(X,Y).
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Thus putting Y = ¢ in the above (4.5) and using h¢ + ¢h = 0 from equation
(2.3) we finally get

4.6) ok =~ (£ + 2n1+1)].

Now, as it is mentioned in the Lemma 4.1 that & < 0, so from the above

relation (4.6) we can conclude that [\ — (5§ + 515)] < 0 thatis; A < (§ + 515).

Thus if (5 + 555) < 0, i.e; if, p < ;=% then A < 0 and therefore the soliton is

expanding. So, in view of the above we have the following theorem.

Theorem 4.1. Let (M*"*! g, ¢,&,n) be a (k, p)-almost coKéhler manifold of di-
mension greater than 3 with k < 0 and the metric g admits a conformal Ricci
soliton. Then the soliton is expanding if the conformal pressure p satisfy the in-

equality p < =%

5. CONFORMAL GRADIENT RICCI SOLITON ON (k, ;1)-ALMOST COKAHLER
MANIFOLD

This section is devoted to the study of conformal gradient Ricci soliton on
(k, u)-almost coKéahler manifold. So, let us first give the statement of our main
theorem of this section.

Theorem 5.1. Let (M?*" ™! g, ¢, &, m) be a (k, u)-almost coKdhler manifold of di-
mension greater than 3 with k < 0. Then there exist no conformal gradient Ricci
soliton on the manifold, with the potential vector field V' pointwise collinear with
the Reeb vector field .

Proof. We prove this theorem by the method of contradiction. So, let us assume
that the manifold admits a conformal gradient Ricci soliton. Then from equation
(1.4) we have

S+VVf=[\— (g+ znlﬂ)]g.

Now as the soliton is gradient, i.e; V' = Df for some smooth function f and
here D is the gradient operator. Thus for any vector field X € T'M, the above
equation is equivalent to

(5.1) ViDf +QX =\ = (5 + 53—
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Replacing X by Y in the above (5.1) we get

_n_ (P 1
Similarly replacing X by [X, Y] in the equation (5.1) we get
_n_ (P 1
(5.3) VinDf + QX Y] = A= G+ o)X, Y]
Now from the well-known formula for Riemannian curvature, using (2.7) we
can write
(5.4 R(X,Y)Df =VxVyDf -=VyVxDf —VixyDf.

Using equations (5.1), (5.2) and (5.3) in the equation (5.4) and after some
simple calculations we get

(5.5) R(X,Y)Df = (VyQ)X — (VxQ)Y.

Again for any vector fields X, Y in T'M, using equation (4.2) of Lemma 4.1 we
obtain

(5.6) (VyQ)X = (VxQ)Y = p((Vyh)X — (Vxh)Y)
+ 2nk(n(X)WY —n(Y)W'X) + Y (u)hX — X (p)hY.
Now we shall use an equation from Proposition-9 of the paper [14]. The result
is, for any vector fields X,Y in T'M,
(Vxh)Y = (Vyh)X = k(n(Y)6X — n(X)gY
+29(¢X,Y)E) + p(n(X)RY —n(Y)h'X).

Then using (5.6) in (5.5) and then using (5.7), a simple computation gives that

R(X,Y)Df = kp(n(X)oY —n(Y)eX +29(X, 9Y)E) + Y (u)hX

= X (WY — 2 (n(X)NY = (Y)W X) + 2nk(n(X)R'Y —n(Y)W'X),

5.7)

(5.8)

for any vector fields X, Y in TM. Putting X = £ in the above equation (5.8) we
get

R(&,Y)Df = k(oY) = E()hY — 2 (W'Y) 4 2nk(h'Y).
Replacing Y by X in the above equation and then taking inner product with
respect to arbitrary vector Y gives us

g(R(&, X)DS.Y) =kug(¢X,Y) — &(u)g(hX,Y) — p*g(W X, Y)

(5.9) .
+2nkg(h'X,Y).
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Again for a (k, u)-almost coKdhler manifold, using equation (4.1) we can write
R(& X)Y = k[g(X,Y)E = n(Y)X] + ulg(hX,Y)E —n(Y)hX].

Taking inner-product of the equation with respect to the vector field D f and
using the fact that (X, Df) = (X f) we get

9(R(&, X)Y, Df) = k[g(X,Y)(&f) = n(Y)(Xf)] + pulg(hX, Y)(ES)
—n(Y)((hX)f)].

Now combining (5.9) and (5.10) and applying the property g(R(X,Y)Z,U) =
—g(R(X,Y)U, Z), for any vector fields X,Y, Z, U in T M, yields

(5.10)

kug(9X,Y) — E(u)g(hX,Y) — p’g(WX,Y) + 2nkg(W' X, Y) =
— kg(X,Y)(f) + kn(Y)(X ) = pg(hX,Y)(Sf) + pun(Y ) (RX) ).
Antisymmetrizing the above equation we get
kulg(9X,Y) — g(X, ¢Y)] = k[n(Y)(Xf) —n(X)(Y f)]
+ pn(Y)((RX) )] = n(X)((RY) f).

Now as per our assumption V' = b¢, it is easy to see that 4'(Df) = 0. This again
implies, (M’ X)f = g(M"X,Df) = g(X,h'(Df)) = 0. Similarly ('Y") f = 0. Thus

(5.13) (h(6X))f =0, (h(éY))f =0.

(5.11)

(5.12)

Using antisymmetry of ¢ and then putting X = ¢X in equation (5.11) and using
(5.12) we get

(5.14) —2p9(X,Y) + pn(X)n(Y) = n(Y)((¢X)f).
Putting Y = £ in the above (5.13) yields
(5.15) —ng(X, &) = g(¢X, Df).

Then again using X = ¢X in the above equation (5.14) we get g(X,Df) =
g9(X,&(¢f)). This gives us

(5.16) Df =(&f)E.

Covariant differentiation of the equation (5.15) along the direction of X we get

(5.17) VxDf = (X (&) + (€)W X).
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Again from the equation (5.1) we have

p

(5.18) VXDf:[/\—(§+2n+1)]X—QX.
Thus combining equations (5.16) and (5.17) we get
1
(5.19) QX=n-(C+ X — (X(EA))E — (€N (X)),

2 2n+1

Again, the value of () from Lemma 4.1 gives us
QX = phX + 2nkn(X)E.

Now, compairing right hand sides of (5.18) and (5.19) we get (X({f)) =
—2nkn(X) i.e; D(Ef) = —2nké or equivalently, d°f = —2nk, where d is the
exterior derivative of f. Again from the well-known Poincare lemma of exterior
differentiation we know that, d> = 0 and this implies, —2nk = 0, which is a
contradiction to our assumtion that & < 0. This completes the proof. 0
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Abstract

The main aim of this paper is to study Lorentzian concir-
cular structure manifolds (briefly, (LCS),,-manifolds) admitting
the conformal Ricci soliton and to characterize when the soliton
is shrinking, steady or expanding. Next we establish some re-
sults on the (LCS),-manifold whose metric is a conformal Ricci
soliton. Finally some interesting results have been obtained by
applying certain curvature conditions on (LC'S),-manifolds ad-
mitting conformal Ricci solitons.

Subject Classification: 53C15, 53C25, 53D10.
Keywords: Ricci soliton, Conformal Ricci soliton, (LCS),-manifold, pseudo-
projective curvature tensor, concircular curvature tensor.

1 Introduction

In 1982, R.S. Hamilton [7] introduced the Ricci soliton as a self similar solution
to the Ricci flow equation given by: %(g(t)) = —2Ric(g(t)), where g(t) is an one
parameter family of metrics on the manifold.

A Riemannian metric g defined on a smooth manifold M ,of dimension n, is said
to be a Ricci soliton if for some constant A, there exists a smooth vector field V on
M satistying the equation

1
(1.1) Ric + iﬁvg = Ay,

where Ly denotes the Lie derivative in the direction of V' and Ric is the Ricci tensor.
The Ricci soliton is called shrinking if A > 0, steady if A = 0 and expanding if A < 0.
Ricci solitons can also be viewed as natural generalizations of Einstein metrics which
moves only by an one-parameter group of diffeomorphisms and scaling [8]. After
Hamilton’s work many authors have studied Ricci flow and a rigorous literature on
this topic can be found in [4, 17].

A E. Fischer [6] in 2005, introduced conformal Ricci flow equation which is a
modified version of the Hamilton’s Ricci flow equation that modifies the volume
constraint of that equation to a scalar curvature constraint. The conformal Ricci
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flow equations on a smooth closed connected oriented manifold M, of dimension n,
are given by

dg .
1.2 —Z 42
(1.2) Y + 2(Ric +

9

5) = —py,

r(g) =—1,

where p is a non-dynamical (time dependent) scalar field and r(g) is the scalar
curvature of the manifold. The term —pg acts as the constraint force to maintain the
scalar curvature constraint. Thus these evolution equations are analogous to famous
Navier-Stokes equations in fluid mechanics where the constraint is divergence free.
That is why sometimes p is also called the conformal pressure.

Recently, in 2015, N.Basu et.al. [3] introduced the concept of conformal Ricci
soliton as a generalization of the classical Ricci soliton.

/

Definition 1. A Riemannian metric g on a smooth manifold M ,of dimension n,
is called a conformal Ricci soliton if there exists a constant A\ and a vector field V
such that

2
(1.3) Lvg+25=[22—(p+ )lg,
where S = Ric is the Ricci tensor, A is a constant and p s the conformal pressure.

It can be easily checked that the above soliton equation satisfies the conformal
Ricci flow equation(1.2). Later, T. Dutta et.al. [5] studied the conformal Ricci
soliton in the framework of Lorentzian a-Sasakian manifolds.

A.A. Shaikh [14] in 2003, introduced the study of Lorentzian concircular struc-
ture manifolds (or, briefly, (LCS),-manifolds) which generalizes the notion of LP-
Sasakian manifolds introduced by Matsumoto [10]. After that, a lot of study
has been carried out on (LCS),-manifolds and on locally ¢-symmetric (LCS),-
manifolds [16]. Moreover, in 2005, A.A. Shaikh et.al. [15] have shown the applica-
tions of (LC'S),-manifolds to the general theory of relativity and cosmology.

Motivated by the above studies, here we study conformal Ricci soliton in the
framework of (LCS),-manifold. We find conditions to determine the nature of the
soliton for different cases. The paper is organised as follows: After introduction,
we discuss some preliminary concepts of (LCS),-manifolds, in section-2. Then in
section-3, we study (LCS),-manifolds admitting the conformal Ricci soliton and we
calculate the value of the soliton constant A and hence we find the condition for the
soliton to be shrinking, steady or expanding. After that, we prove that, if a (LCS),,-
manifold admits conformal Ricci soliton then it is &-projectively flat. In this section
we also find conditions for a (LCS),-manifold admitting conformal Ricci soliton
to be &-conharmonically flat and &-concircularly flat.  Finally, in section-4 and
section-5 we obtain some interesting results on conformal Ricci soliton on (LC'S),,-

manifolds satisfying curvature conditions R(£,X) - P = 0 and R(¢,X) - M = 0;
where R is the Riemann curvature tensor, P is the pseudo-projective curvature

tensor and M is the M -projective curvature tensor.
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2 Brief overview of (LCS),-manifolds

A smooth connected paracompact Hausdorff n dimensional manifold (M, g) is said
to be a Lorentzian manifold if the metric g is Lorentzian metric, i.e; M admits
a smooth symmetric tensor field g of type (0,2) such that for each point p € M,
the tensor g, : T,M x T,M — R is a non-degenerate inner product of signature

(—,+,4+,...,+), where T),M denotes the tangent space of the manifold M at point p
and R is the real line. A non-zero vector v € T, M is said to be timelike(respectively;
non-spacelike, null, spacelike) if it satisfies g,(v,v) < 0 (respectively;< 0,= 0,> 0)
[11].

Next, we give the definition of a concircular vector field in a Lorentzian manifold,
which is essential for the study of (LC'S),-manifolds.

Definition 2. Let (M, g) be a Lorentzian manifold and P is a vector field in M
defined by g(U, P) = B(U), for any vector field U in M. Then the vector field P

is said to be a concircular vector field if
(VuB)(Y) = alg(U,Y) + w(U)B(Y)],

where a is a non-zero scalar and w is closed 1-form and V denotes the covariant
differentiation operator of the manifold M with respect to the Lorentzian metric g.

Let (M, g) be a Lorentzian manifold of dimension n and let M admits a unit
timelike concircular vector field £ satisfying g(£,£) = —1. The vector field & is
called the characteristic vector field of the manifold (M, g). Then & being unit
concircular vector field, there exists a non-zero 1-form 7 such that

2.1)  g(X,§) =n(X) and (Vxn)(Y)=a[g(X,Y) +n(X)n(Y)], a#0.

Also the non-zero scalar « satisfies the equation
(2.2) (Vxa) = (Xa) = da(X) = pn(X),

where p is a scalar function given by p = —({a) and V denotes the covariant
differentiation operator of the manifold M with respect to the Lorentzian metric g.

Now we consider a (1, 1) tensor field ¢ given by, ¢X = évxg. Therefore it is to be
noted that the tensor field ¢ also satisfies X = X + n(X)¢ and this implies that
¢ is a symmetric (1, 1) tensor field, called the structure tensor of the manifold.

So now, we are in a position to define (LC'S),-manifolds, introduced by A.A.
Shaikh [14] to generalize the notion of LP-Sasakian manifolds of Matsumoto [10].

Definition 3. Let (M,g) be an n-dimensional Lorentzian manifold. Then the
manifold (M, g) together with the unit timelike concircular vector field &, associated
1-form n an (1,1) tensor field ¢ and the non-zero scalar function « is said to
be a Lorentzian concircular structure manifold (M, g,&,n, ¢, «)(briefly, (LCS),-

manifold) [14].
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It is to be noted that, if we consider the scalar function o = 1, then we can
obtain the LP-Sasakian structure introduced by Matsumoto [10]. So, in that sense
(LCS),-manifolds are a generalization of LP-Sasakian manifolds. Furthermore, in
a (LCS)y-manifold (n > 2), the following relations hold [14, 15, 16]:

(2.3) P*X = X+n(X)E , 0§ =-1,

(2.4) o) = 0, nop=0,

(2.5) 9(@X,9Y) = g(X,Y)+n(X)n(Y),

(2.6) RX,Y)¢ = (o= p)n(Y)X —n(X)Y],

(2.7) R X)Y = (o®—pg(X,Y)E—n(Y)X],

(2.8) n(RX,Y)Z) = (o®—p)g(Y, Z)n(X) — g(X, Z)n(Y)],
(2.9) S(X,8) = (n—1)(a® - p)n(X),

for all vector fields X,Y, Z in TM, where TM is tangent bundle of M. Here R is
the Riemannian curvature tensor of the manifold M defined by

R(X,Y)Z =VxVyZ -VyVxZ —Vixy|Z

and S is the Ricci tensor defined by S(X,Y) = ¢g(QX,Y), where @ is the Ricci
operator.

Next, we discuss an illustrative example of an (LCS),-manifold of dimension
n = 3 as follows:

Example: Let us consider the manifold M = {(u,v,w) € R : u # 0}, where
{u,v,w} are usual Euclidean coordinates in R®. Now we choose a set {E; : 1 <i <
3} of linearly independent vector fields on the manifold M as follows,

ﬁ, Egzua Egzui.
ou

FE = —
L=y ov’ ow

Define the Lorentzian metric g on M as,
g(ElaEl):_la g(E2>E2):g(E3>E3):17 g(ElﬂE]):(LVZ#]

Now if we choose { = E; and define a 1-form n on M by, n(X) = g(X, Ey),
VX € TM, where TM is the tangent bundle of M, then it is easy to see that

n(€) = —1.
Next let us define a (1, 1) tensor field ¢ on M as,

¢(E1) =0, ¢(E2) = E3, ¢(E3)= En.

Again as g and ¢ are both linear maps, for all X, Y € TM, from the above one
can easily check that,

¢*(X) X +n(X)E,
9(¢X,9Y) = g(X,Y)+n(X)n(Y).
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Now, it is well known that the connection V of the metric g is given by the
Koszul’s formula,

29(VxY,Z) = Vxg(Y.Z)+Vyg(X,Z) - Vzg9(X,Y)
—g(X, [V, Z]) - gV, [X, Z]) + g(Z, [X, Y]),
for all X,Y,Z € TM and the Lie bracket operation [X,Y] is given by [X,Y] =
VxY —VyX. Then one can easily calculate [E1, Eq] = Ea, [E2, E3] =0, [Eq, E3] =
E3. Again using the above Koszul’s formula and after a straightforward calculation

we get,
Ve, E1=0, Vg FEy,=0, VgFE3=0,

ViEr= B, Vp,Ez=—Ei, Vp,E;=0,
Ve, By = —E3, VpEy =0, Vg Ez=—-L.

Thus from the above we can easily verify that for « = —1, the relation ¢.X = éV x¢&

holds for all X € TM. Hence we can conclude that (M, g,&,n, ¢, «) is an (LCS),-
manifold of dimension n = 3.

3 Conformal Ricci soliton on (LCS),-manifolds

Let us consider (M, g,&,n, ¢, «) be an n-dimensional (LC'S),-manifold. Again we
know that, for all vector fields X, Y in T'M, the 1-form 7 satisfies the equation
(3.1) (Vxn)(Y) = Vxn(Y) = n(VxY).

Using the equation (2.1) in the above equation (3.1), after a simple calculation, we
get

(3.2) (Leg)(X,Y) = 2a[g(X,Y) + n(X)n(Y)].

Now applying the conformal Ricci soliton equation (1.3) in the above equation (3.2)
we have

(33) SOGY) =[0-a) = (5 4+ g(X.¥) — an(X)n(y).

Let us take 0 = [(A — a) — (5 + 1)]. Then we can rewrite the above equation
(3.3) as

(3.4) S(X,Y)=09(X,Y) —an(X)n(Y).

which shows that the manifold is an n-Einstein manifold.

Now since the above is true for all vector fields X and Y, using the relation
S(X,Y)=¢(QX,Y) in the above equation (3.4) we have

(3.5) QX =0X —an(X)¢E.
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Again taking Y = ¢ in the equation (3.4) we get
(3.6) S(X, &) = (o + a)n(X).

Let us consider an orthonormal basis {e; : 1 < i < n} of the manifold (M, g).
Then putting X =Y = ¢; in the equation (3.4) and summing over 1 < i < n, we

have r(g) = no + a. But we know that for conformal Ricci flow, r(g) = —1, which
leads us to get 0 = —(2t). Again we have 0 = [(A — ) — (§ + 1)], using this in
the previous result we get
p 1
3.7 A=-4+(1--)a
(3.7 P (- Da

So, from the above discussions, using equations (3.4) and (3.7), we can state the
following theorem

Theorem 1. Let (M, g,&,m, ¢, «) be an n-dimensional (LCS),-manifold admitting
a conformal Ricci soliton. Then

a) The manifold becomes an n-Einstein manifold.
b) The value of the soliton scalar X is equal to A =5 + (1 — 1)a.

¢) The soliton is shrinking, steady or expanding according as the conformal pressure
p < 2(177")04, p= 2(177”)& orp > 2(177")&,

Next, we discuss about the projective curvature tensor which plays an important
role in the study of differential geometry. The projective curvature has an one-to-
one correspondence between each coordinate neighbourhood of an n-dimensional
Riemannian manifold and a domain of Euclidean space such that there is an one-to-
one correspondence between geodesics of the Riemannian manifold with the straight
lines in the Euclidean space. The projective curvature tensor in an n-dimensional
Riemannian manifold (M, g) is defined by [19]

(3.8) P(X,Y)Z =R(X,Y)Z — (nil)[g(QY’ )X —9(QX,2)Y],

for any vector fields X,Y,Z € x(M), x(M) being the Lie algebra of vector fields
of the manifold M, R is the Riemannian curvature tensor of M and @ is the Ricci
operator.

The manifold (M, g) is called &-projectively flat if P(X,Y )¢ = 0 for any vector
fields X,Y € x(M) and £ is the characteristic vector field of the manifold. Now for
an (LCS),-manifold of dimension n, putting Z = ¢ in (3.8) we get

P(X,Y)¢ = R(X,Y)¢ ~ [S(Y,)X — S(X,)Y].

n—1)
Using (2.6) and (3.6) the above equation becomes

o+«

(3.9) PYE=[(0" ~p) ~

In(Y)X —n(X)Y].
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Again combining equations (2.9) and (3.6) we have

(3.10) (0 = p)(n—1) — o — aJ(X) = 0,
which essentially gives us

(3.11) (2 = p)(n—1)] = (0 +a).

Now in view of (3.11), the equation (3.9) yields us P(X,Y){ = 0 for any vector
fields X,Y € x(M). Thus we have the following

Theorem 2. If (M,g,&,n, ¢, a) is an n-dimensional (LCS),-manifold admitting
a conformal Ricci soliton, then the manifold becomes &-projectively flat, € being the
characteristic vector field of the manifold.

A transformation of a Riemannian manifold of dimension n, which transforms
every geodesic circle of the manifold M into a geodesic circle, is called a concircular
transformation [18]. Here a geodesic circle is a curve in M whose first curvature is
constant and second curvature (that is, torsion) is identically equal to zero. The
concircular curvature tensor in a Riemannian manifold (M, g) of dimension n is

defined by [13, 18]

r

(3.12) CX,Y)Z =R(X,Y)Z - n(n—1)

[9(Y, 2)X — g(X, 2)Y],

for any vector fields X,Y,Z € x(M), x(M) being the Lie algebra of vector fields
of the manifold M and r is the scalar curvature of M.

The manifold (M, g) is called {-concircularly flat if C(X,Y)¢ = 0 for any vector
fields X,Y € x(M) and £ is the characteristic vector field of the manifold. Now for
an (LCS),-manifold of dimension n, putting Z = £ in (3.12) we get

CXY)E = ROXY)E = s ln() X = n(X)Y )
Using (2.6) the above equation becomes
(3.13) CXY)E = [(0 = p) = s lIn() X = n(X)Y )

Again in view of equation (3.11), the above equation (3.13) becomes

Bl o= [TE T X (0]

Now in view of equation (3.14), we can say that C(X,Y){ = 0 iff r = n(o + «).
Again using the fact that for conformal Ricci flow » = —1 and using 0 = [(A — «a) —
(5 + 1)] we eventually get C(X,Y)¢ = 0 iff A = L. This leads to the following
theorem
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Theorem 3. If (M, g,&,n, ¢, «) is an n-dimensional (LCS),,-manifold admitting a
conformal Ricci soliton, then the manifold becomes §-concircularly flat iff A = 5, €
being the characteristic vector field of the manifold and p is the conformal pressure.

The conharmonic curvature tensor plays an important role in the study of mani-
folds. The conharmonic curvature tensor of an n-dimensional Riemannian manifold
(M, g) is defined as [9]

(3.15)
1

H(X.Y)Z = R(X.Y)Z ~ —[g(Y, 2)QX —g(X, Z)QY +5(Y, Z)X = S(X, Z)Y]

for any vector fields X, Y, Z € x(M), x(M) being the Lie algebra of vector fields of
the manifold M, R is the Riemannian curvature tensor of M, S is the Ricci tensor
and @ is the Ricci operator.

The manifold (M, g) is called {-conharmonically flat if H(X,Y )¢ = 0 for any vector
fields X,Y € x(M) and £ is the characteristic vector field of the manifold. Now for
an (LCS),-manifold of dimension n, putting Z = ¢ in (3.15) we have

H(X,Y)§ = R(X,Y)¢ - [M(Y)QX —n(X)QY + S(V,§)X — S(X, Y]

(n—2)
Using (2.6), (3.5) and (3.6) the above equation yields

(20 + «)

(3.16) H(X,Y)¢ = [(a® = p) - -2

(V)X —n(X)Y].

Again in view of equation (3.11), the above equation (3.16) becomes

(—no — a)

(3.17) H(X,Y)¢ = [m

JIn(¥Y)X —n(X)Y].

Thus from the above (3.17) we can conclude that H(X,Y)¢ = 0 iff no = —a.
Moreover, using the value o = [(A—a) — (8 + 1)] and after few steps of calculations
we have H(X,Y)é =0iff A\ =2+ 1 4+ (1 — 1)a. Thus we can state the following:

Theorem 4. If (M,g,&,n, ¢, a) is an n-dimensional (LCS),-manifold admitting
a conformal Ricci soliton, then the manifold becomes &-conharmonically flat iff

A=L4+ % +(1- %)a, & being the characteristic vector field of the manifold and p
is the conformal pressure.

Next, let us consider a conformal Ricci soliton (g,V, ) on an n-dimensional
(LCS)p-manifold M as

(3.18) Lyg(X,Y)+25(X,Y)=02\—(p+ %)]g(X, Y),

where Ly g denotes the Lie derivative of the Lorentzian metric g in the direction of
the vector field V. This vector field V is also called the potential vector field.
Now assume that the vector field V' be pointwise collinear with the characteristic
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vector field &, that is, V' = b§, where b is a smooth function on the manifold M.
Then for any vector fields X, Y € x(M, the equation (3.18) implies

(3.19) Loeg(X,Y) +2S(X,Y) = [2X — (p+ %)]g(X, Y).

Again from the property of the Lie derivative of the Levi-Civita connection we
know that Lz¢9(X,Y) = ¢(VxZ,Y) + g(VyZ,X). Applying this formula in the
above equation (3.19) and then using ¢X = éVXE we get

(3.20)

bag(pX,Y)+(Xb)n(Y)+bag(oY, X)+(Yb)n(X)+25(X,Y) = [2)\—(p+%)}g(X,Y).
Putting ¥ = ¢ in (3.20) and using the equations (2.4) we obtain
(3.21) 25(X, &) — (Xb) + (€b)n(X) = 2A - (p+ %)]U(X)-

Using equation (3.6) in the above(3.21) and then putting the value 0 = [(A — «) —
(B + 1)) gives us

(3.22) (Xb) = (€b)nX.

Again putting X = ¢ in the equation (3.21) we have

(3.23) SE6 -+ -+ ly=o.

Now, in view of equation (3.6) and o = [(A — &) — (5 + 1)], the above equation

(3.23) yields (¢€b) = 0. Furthermore, using (£b) = 0 in equation (3.22) we can
conclude that (Xb)=0, for any vector field X € x(M). And this implies that the
function b is constant and hence V' is a constant multiple of £. Therefore we have
the following theorem

Theorem 5. Let (M, g,&,m, ¢, ) be an n-dimensional (LCS),,-manifold which ad-

mits a conformal Ricci soliton (g,V,\), V being the potential vector field of the
manifold. If the potential vector field V' is pointwise collinear with the characteris-
tic vector field €, i.e; if V = b, then b is constant, i.e; V becomes constant multiple

of &.

Next, we study an important curvature property called £-Ricci semi symmetry.

Let (M, g,&,n,¢,a) be an n-dimensional (LC'S),-manifold. Then we say that
the manifold M is &-Ricci semi symmetric if R(§, X) - S = 0in M, where & is the
characteristic vector field, R is the Riemannian curvature tensor, S is the Ricci
tensor.

Let us start with the known formula that for any vector fields X,Y, Z on M,

(3.24) R, X)-S =S(R(E XY, Z) + S(Y,R(¢, X)Z).
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Now, using (2.7) the above equation (3.24) yields

R(&,X)-S = (a®~p)[g(X,Y)S(&, Z2)-n(Y)S(X, Z2)+S(Y, €)g(X, Z)-n(Z)S(Y, X))
Using (2.9) in the above equation and after few steps we get

(325) R(&,X) S =a(a® = p)g(X,Y)n(Z) + g(X, Z)n(Y) + 20(X)n(Y)n(Z)].

Now note that (a? — p) = 0 implies A = & + 1 which is the trivial case. Thus for

non-triviality we assume (a? — p) # 0. Again as « is a non-zero scalar, from (3.25)
we can state the following:

Theorem 6. If (M,g,&,n,¢,a) is an n-dimensional (LCS),-manifold admitting
a conformal Riccr soliton, then the manifold becomes &-Ricci semi symmetric, i.e;
R(&,X) - S = 0 iff the Lorentzian metric g satisfies the relation

9(X,YIn(Z) + g(X, Z)n(Y) + 2n(X)n(Y)n(Z) =0

for any vector fields X,Y,Z on M, & being the characteristic vector field, R is the
Riemannian curvature tensor and S is the Ricci tensor.

4 Conformal Ricci soliton on (LC'S),-manifolds satisfying certain
curvature conditions

First let (M, g) be an n-dimensional (LC'S),-manifold. Then from equation (3.15)
the conharmonic curvature tensor on M is given by

(A1)
H(X,Y)Z = R(X,Y)Z— %[g(y, 2)QX —g(X, 2)QY +S(Y, Z)X — S(X, Z)Y].

Interchanging Z and X and the putting Z = &, we can rewrite the above equation
(4.1) as

H(E X)Y = R(& X)Y = ——[S(X, V)~ S(E,Y)X + g(X, Y)Q€ — 4(6, Y)QX].

Using (2.7), (3.4), (3.5) and (3.6) in the above we get

42 HEXY = (@ - ) - Py )]
Also from (4.2) we can write
(20 + o)

(4.3) N(H(EX)Y) = ~[(a® —p) — [lg(X,Y) +n(X)n(Y)].

(n—2)
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Now we assume that H(&, X) -.S = 0 holds. Then we have
(4.4) S(H(E, X)Y, Z) + S(Y, H(§, X)Z) = 0.
In view of (3.4) the above (4.4) yields
olg(H(, X)Y, 2)+g(Y, H(E, X)Z)|—aln(H(E, X)Z)n(Y)+n(H (£, X)Y)n(Z)] = 0.
Using (4.2) and (4.3) in the above equation we get

(45) al(e = p) = TGV )0(2) + (X, Z3(Y) + 2 I(2)] =0,
Finally taking Z = ¢ in equation (4.5) and then using (2.5) we arrive at
(4.) al(e? - p) - BT E Digox,ov) 0.

Since « is non-zero and g(¢X,¢Y) # 0 always; then [(a? — p) — (?gf;;)] =0 ie;

A=2+14(1- L)a. Therefore we can state the following theorem:

Theorem 7. If (M, g,&,m, ¢, «) is an n-dimensional (LCS),-manifold which ad-
mits a conformal Ricci soliton, and satisfies the condition H(&,X) - S =0 i.e; the
manifold is €-Ricci conharomnically symmetric. Then the soliton constant is given

by A =15+ % +(1- %)a; where H 1is the conharmonic curvature tensor and S is
the Ricci tensor of the manifold and £ is the characteristic vector field.

Next we study another important curvature tensor called M -projective curva-
ture tensor. The M-projective curvature tensor on an (LC'S),-manifold is defined
by [1]

(4.7)

M(X,Y)Z = R(X,Y)Z— [S(Y, Z)X—S(X, Z)Y+9(Y, 2)QX —g(X, Z)QY].

2(n—1)
Taking inner product with respect to the vector field &, the above (4.6) yields

(4.8) n(M(X,Y)Z)=n(R(X,Y)Z) - 2(”1_1)

+9(Y, Z)n(QX) — g(X, Z)n(QY)].
Using (2.8), (3.4) and (3.5) in the above equation we get

[S(Y, Z)n(X) = S(X, Z)n(Y)

(20 + «)

(49)  n(M(X,Y)Z)=[(a®—p) - =1

g(Y, Z)n(X) — g(X, Z)n(Y)].

Now we assume the condition that R(£, X) - M = 0. Then we have

(4.10) R(¢, X)M(Y,Z)W — M(R(&, X)Y, Z)W
— M(Y,R(&, X)Z)W — M(Y, Z)R(&, X)W = 0.
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Using (2.7) in (4.9) and then taking an inner product with respect to { we get

(4.11) = g(X, MY, Z2)W) = n(X)n(M(Y, Z)W) — g(X, Y )n(M (&, Z)W)
+n(Y)n(M(X, Z2)W) — g(X, Z)n(M (Y, )W) + n(Z)n(M (Y, X)W)

—9(X, W)n(M(Y, Z)€) + n(W)n(M(Y, Z2)X) = 0.

Then in view of (4.8) the above (4.10) becomes
(4.12)

(a2 - p) - 272

m”g(}/a W)g(Xv Z) —g(X,Y)g(Z, W)] —|—g(X,M(Y, Z)W) = 0.

From (4.6) and (4.11) we get

(4.13)
(o = p) - mHg(K W)g(X,Z) — g(X,Y)g(Z,W)] + g(X, R(Y, Z)W)
_2(711—1)[5@’ W)g(X,Y)=S(Y,W)g(X, Z)+g(Z, W)S(Y, X)—g(Y,W)S5(Z, X)] = 0.

Let us consider an orthonormal basis {e; : 1 < i < n} of the manifold (M, g).
Then putting X =Y = ¢; in the equation (4.12) and summing over 1 <1i < n, we
get

(4.14) 2nS(Z, W) = [2(n — 1)*(a® — p) — (n — 1)(20 + a) — r]g(Z, W).

Again putting Z = W = £ in above and using equation (3.6) we get

(4.15) 2(n — 1)%(a? — p) — (5n — 2)[\ — (g + %)} + 2na = 0.

Now using (3.11) in the above equation (4.14) and after a simple calculation we
arrive at

(4.16) A=(5+-) 2

Thus we have the following theorem

Theorem 8. Let (M, g,&,n, ¢, ) be an n-dimensional (LCS),-manifold admitting
a conformal Ricci soliton and the manifold is {-M-projectively sems symmetric i.¢;

it satisfies the condition R(§, X)- M = 0; £ being the characteristic vector field, M

1s the M -projective curvature tensor of the manifold. Then the soliton is shrinking,

steady or expanding according as p > (da— 2), p= (da — 2) or p < (4o — 2)

n n

Next we prove an interesting result on (LC'S),-manifold admitting a conformal

Ricci soliton and satisfying the condition R(¢,X) - P = 0, where P denotes the
well-known Pseudo-projective curvature tensor. But before that let us recall some
well-known results that will be used later in this section:
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Theorem 9. [11] If S : g(x,y,2) = c is a surface in R® then the gradient vector
field Vg (connected only at a point of S) is a non-vanishing normal vector field on
the entire surface S.

S.R. Ashoka et.al. in their paper [1| have given the higher dimensional version
of the above theorem as follows:

Corollary 1. [1] If S : g(x,y,2) = ¢ is a surface (abstract surface or manifold)
in R™ then the gradient vector field Vg (connected only at points of S) is a non-
vanishing normal vector field on the entire surface (abstract surface or manifold)

S.

Then the above mentioned authors in [1] also gave the following remark from
the above corollary as:

Remark 1. [1] Taking a real valued scalar function o associated with an (LCS),,-
manifold with M = R3 and g = « in the above corollary we have, Va as a non-
vanishing normal vector field on S C M and directional derivative of o with respect
to €, €a = €, Va = [¢[|Vacos(é, Va)

1) If € is tangent to S then {a = 0.

2) If € is tangent to M but not to S then Ea # 0.

3) If the angle between & and Va is acute then 0 < cos(é, Va) < 1, then Ea =
ElVal, 0 <k <1 and Ea > 0.

4) If the angle between & and Vo is obtuse then —1 < cos(E,Va) < 0, then
Ea=k|Val, -1 <k <0 and {a < 0.

Now we see the dependance of the conformal Ricci soliton on &a for (LCS),,-

manifolds satisfying R(&, X) - P = 0. The Pseudo projective curvature tensor P is
defined by

(4.17) P(X,Y)Z =aR(X,Y)Z +b[S(Y,Z2)X — S(X,Z)Y]
— L + D)oY, 2)X — (X, 2)Y),

where a,b # 0 are constants. Taking Z = ¢ in (4.16) we get

(4.18) P(X,Y)¢ = aR(X,Y)E+b[S(Y,6)X — S(X,€)Y]

- L DX — g(0)Y].
Using (2.6) and (3.6) the above equation (4.17) yields
(419)  P(X,Y)¢ = [a(0® = p) +b(0 + @) — —(—— + D)][p(Y)X — n(X)Y],

nn—1
where ¢ is as described in the previous section. Again from (4.16) we can write

n(P(X,Y)Z) = an(R(X,Y)Z) + b[S(Y, Z)n(X) — S(X, Z)n(Y)]

— L 0V, Z)n(X) — 9(X, Z)n(Y)].

nn—1
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Using (2.8) and (3.4) the above equation becomes

(4:20) n(P(X,Y)Z) = [a(a®~p)+bo — - (= +b)][g (¥, Z)n(X) —g(X, Z)n(Y)]

Now we assume the condition that R(¢, X) - P = 0. Then we have

(4.21) R(&, X)P(U, V)W — P(R(&, X)U, V)W
— P(U,R(¢, X)V)W — P(U,V)R(£, X)W =0,

for any vector fields X, U, V, W on M. Using (2.7) in the above equation and then
taking an inner product with respect to & we get

—g(X, P(U, V)W) = n(X)n(P(U V)W) — g(X,U)n(P(£, V)W)
+n(U)n(P(X, V)W) = g(X,U)n(P(U, W) + n(V)n(P(U, X)W)

= g(X, W)n(P(U,V)E) +n(W)n(P(U,V)X) = 0.

Then using (4.18) and (4.19) the above equation becomes

(422) [a(a® = p) +bo — = (——= + B)][g(X, V)g(U. W) — g(X, U)g(V. W)]

+ g(X, P(U, V)W) = 0.
Now in view of (4.16) and then using (3.4) in the equation (4.21) we get

(4.23) ag(X, R(U, V)W) = ban(V)n(W)g(X,U) —n(U)n(W)g(X, V)]
+a(a® = p)[g(X, V)g(U W) — g(X,U)g(V,W)] =

Let us consider an orthonormal basis {e; : 1 <1 < n} of the manifold (M, g). Then
putting X = U = ¢; in the equation (4.22) and summing over 1 < i < n, we get

(4.24) aS(V,W) = b(n — Dan(V)n(W) — a(n — 1)(a® — p)g(V,W) =0

Again setting V =W = ¢ in (4.23) and after a few steps of simple calculations we
get

(4.25) A= (n—1)[(a®—p) - Sa] + (E + l)

Therefore in view of the above equation (4.24) and Remark-4.1 we can state the
following :

Theorem 10. Let (M,g,&,n, ¢, ) be an n-dimensional (LCS),,-manifold which
admits a conformal Ricci soliton and the manifold is §-pseudo-projectively sems

symmetric i.e; if it satisfies the condition R(&, X)- P = 0; £ being the characteristic

vector field, P is the pseudo-projective curvature tensor of the manifold and « is a
positive function; then
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1) If € is orthogonal to Va; the soliton is expanding if o > g, p > —%; steady
if a = g, p= —% and shrinking if a < g, p<—2

n’

2)If the angle between & and Va is acute; the soliton is expanding if o® + k|Va| >
b 2. 2 _ b _ 2 S r 2 b
oa, p 2> —=2; steady if o +k|Va| = Ja, p= —= and shrinking if o® +k|Va| < Ja,
p<—2.

3) If the angle between & and Va is obtuse; the soliton is ewxpanding if o >
kE|lVa| + goz, p > —%; steady if o> = k|Va| + ga, p = —% and shrinking if
a? < k|Va|+2a, p< -2,
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1. Introduction

The scientists and mathematicians across many disciplines have always been fascinated to study
indefinite structures on manifolds. When a manifold is endowed with a geometric structure, we have
more opportunities to explore its geometric properties. There are different classes of submanifolds
such as warped product submanifolds, biharmonic submanifolds and singular submanifolds, etc.,
which motivates further exploration and attracts many researchers from different research areas
[26-37,40-50]. After A. Bejancu et al. [7] in 1993, introduced the concept of an idefinite manifold
namely e-Sasakian manifold, it gained attention of various researchers and it was established by X.
Xufeng et al. [53] that the class of e-Sasakian manifolds are real hypersurfaces of indefinite Kaehlerian
manifolds. On the other hand K. Kenmotsu [25] introduced a special class of contact Riemannian
manifolds, satisfying certain conditions, which was later named as Kenmotsu manifold. Later on U. C.
De et al. [14] introduced the concept of e-Kenmotsu manifolds and further proved that the existence of
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the new indefinite structure on the manifold influences the curvatures of the manifold. After that several
authors [20,21,52] studied e-Kenmotsu manifolds and many interesting results have been obtained on
this indefinite structure.

A smooth manifold M equipped with a Riemannian metric g is said to be a Ricci soliton, if for some
constant A, there exist a smooth vector field V on M satisfying the equation

1
S + Eljvg = 1g,

where Ly denotes the Lie derivative along the direction of the vector field V and S is the Ricci tensor.
The Ricci soliton is called shrinking if 4 > 0, steady if 4 = 0 and expanding if 4 < 0. In 1982,
R. S. Hamilton [22] initiated the study of Ricci flow as a self similar solution to the Ricci flow equation
given by
og
i
Ricci soliton also can be viewed as natural generalization of Einstein metric which moves only by
an one-parameter group of diffeomorphisms and scaling [11,23]. After Hamilton, the significant work
on Ricci flow has been done by G. Perelman [38] to prove the well known Thurston’s geometrization
conjecture.

-2S.

A. E. Fischer [16] in 2005, introduced conformal Ricci flow equation which is a modified version
of the Hamilton’s Ricci flow equation that modifies the volume constraint of that equation to a scalar
curvature constraint. The conformal Ricci flow equations on a smooth closed connected oriented n-
manifold, n > 3, are given by

9¢

o r2AS+ = pg re)=-1.
t n

where p is a non-dynamical (time dependent) scalar field and r(g) is the scalar curvature of the
manifold. The term-pg acts as the constraint force to maintain the scalar curvature constraint in the
above equation. Note that these evolution equations are analogous to famous Navier-Stokes equations
where the constraint is divergence free. The non-dynamical scalar p is also called the conformal
pressure. At the equilibrium points of the conformal Ricci flow equations (i.e., Einstein metrices with
Einstein constant —%) the conformal pressure p is equal to zero and strictly positive otherwise.

Later in 2015, N. Basu and A. Bhattacharyya [6] introduced the concept of conformal Ricci soliton
as a generalization of the classical Ricci soliton and is given by the equation

2
Lyvg+2S = [2/1—(P+;)]g, (1.1)

where A is a constant and p is the conformal pressure. It is to be noted that the conformal Ricci soliton
is a self-similar solution of the Fisher’s conformal Ricci flow equation. After that several authors
have studied conformal Ricci solitons on various geometric structures like Lorentzian a-Sasakian
Manifolds [15] and f-Kenmotsu manifods [24]. Since the introduction of these geometric flows,
the respective solitons and their generalizations etc. have been a great centre of attention of many
geometers viz. [1-5,8,9,13,17,40-47] who have provided new approaches to understand the geometry
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of different kinds of Riemannian manifold. Recently Sarkar et al. [48-50] studied *-conformal n-Ricci
soliton and #-conformal Ricci soliton within the frame work of contact geometry and obtaind some
beautiful results.

Again a Ricci soliton is called a gradient Ricci soliton [11] if the concerned vector field X in the
Eq (1.1) is the gradient of some smooth function f. This function f is called the potential function
of the Ricci soliton. J. T. Cho and M. Kimura [12] introduced the concept of n-Ricci soliton and
later C. Calin and M. Crasmareanu [10] studied it on Hopf hypersufaces in complex space forms. A
Riemannian manifold (M, g) is said to admit an n-Ricci soliton if for a smooth vector field V, the metric
g satisfies the following equation

Lyg+2S +21g+2un®n =0,

where Ly is the Lie derivative along the direction of V, § is the Ricci tensor and A, u are real constants.
It is to be noted that for u = 0 the n-Ricci soliton becomes a Ricci soliton.

Very recently M. D. Siddiqi [51] introduced the notion of conformal n-Ricci soliton given by the
following equation

2
Lyg +28 +[21—(p+;l)]g+2un®n=0, (1.2)

where Ly is the Lie derivative along the direction of V, § is the Ricci tensor, n is the dimension of
the manifold, p is the non-dynamical scalar field (conformal pressure) and A, u are real constants. In
particular if u = 0 the conformal n-Ricci soliton reduces to the conformal Ricci soliton.

The outline of the article goes as follows: In Section 2, after a brief introduction, we give some notes
on e-Kenmotsu manifolds. Section 3 deals with e-Kenmotsu manifolds admitting conformal 7-Ricci
solitons and establish the relation between A and u. In Section 4, we have contrived conformal n-Ricci
solitons in e-Kenmotsu manifolds in terms of Codazzi type Ricci tensor, cyclic parallel Ricci tensor
and cyclic n-recurrent Ricci tensor. Section 5 is devoted to the study of conformal 7-Ricci solitons on
e-Kenmotsu manifolds satisfying curvature conditions R-S =0,C-S§ =0, Q- C = 0. In Section 6, we
have studied torse-forming vector field on e-Kenmotsu manifolds admitting conformal n-Ricci solitons.
Section 7 is devoted to the study of gradient conformal -Ricci soliton on e-Kenmotsu manifold. Lastly,
we have constructed an example to illustrate the existence of conformal r-Ricci soliton on e-Kenmotsu
manifold.

2. Preliminaries

An n-dimensional smooth manifold (M, g) is said to be an e-almost contact metric manifold [7] if it
admits a (1, 1) tensor field ¢, a characteristic vector field &, a global 1-form 7 and an indefinite metric
g on M satisfying the following relations

¢ =-1+n®& n@ =1, 2.1)
n(X) = eg(X, &), & &) =¢ (2.2)
g(@X, ¢Y) = g(X, Y) — en(X)n(Y), (2.3)
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for all vector fields X, Y € TM, where T M is the tangent bundle of the manifold M. Here the value of
the quantity € is either +1 or —1 according as the characteristic vector field £ is spacelike or timelike
vector field. Also it can be easily seen that rank of ¢ is (n — 1) and ¢(¢) = 0, n o ¢ = 0. Now if we
define

dn(X,Y) = g(X, ¢Y), (2.4)

for all X,Y € T M, then the manifold (M, g) is called an e-contact metric manifold.

If the Levi-Civita connection V of an e-contact metric manifold satisfies

(Vxp)(Y) = —g(X, ¢Y) — en(Y)$X, (2.5)

for all X,Y € T M, then the manifold (M, g) is called an e-Kenmotsu manifold [14].

Again an e-almost contact metric manifold is an e-Kenmotsu manifold if and only if it satisfies

Vi = e(X — n(X)é), VX € TM. (2.6)

Furthermore in an e-Kenmotsu manifold (M, g) the following relations hold,

(Vxm(¥) = gX.Y)—en(X)n(¥), (2.7)
RX. V)¢ = nX)Y —nY)X, (2.8)
RE.X)Y = n(Y)X - eg(X,Y)E, (2.9)
R, X)¢ = -R(X,6)E = X - n(X)E, (2.10)
NRX,Y)Z) = e@X,ZnY) - g, 2)n(X)), (2.11)
SX.&) = —(n-DnX), (2.12)
Q¢ = —e(n—-1)¢, (2.13)

where R is the curvature tensor, S is the Ricci tensor and Q is the Ricci operator given by g(QX, Y) =
S(X,Y), forall X, Y e TM.

Moreover, it is to be noted that for spacelike structure vector field £ and € = 1, an e-Kenmotsu
manifold reduces to an usual Kenmotsu manifold.

Next, we discuss about the projective curvature tensor which plays an important role in the study
of differential geometry. The projective curvature has an one-to-one correspondence between each
coordinate neighbourhood of an n-dimensional Riemannian manifold and a domain of Euclidean space
such that there is a one-to-one correspondence between geodesics of the Riemannian manifold with the
straight lines in the Euclidean space.

Definition 2.1. The projective curvature tensor in an n-dimensional e-Kenmotsu manifold (M, g) is
defined by [55]

P(X,Y)Z = R(X,Y)Z -

[e(QY.2)X - g(QX,Z)Y], (2.14)
(n—1)

for any vector fields X, Y, Z € TM and Q is the Ricci operator.
The manifold (M, g) is called &-projectively flat if P(X,Y)é =0, forall X,Y € TM.
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A transformation of a Riemannian manifold of dimension n, which transforms every geodesic
circle of the manifold M into a geodesic circle, is called a concircular transformation [54]. Here a
geodesic circle is a curve in M whose first curvature is constant and second curvature (that is, torsion)
1s identically equal to zero.

Definition 2.2. The concircular curvature tensor in an e-Kenmotsu manifold (M, g) of dimension 7 is
defined by [54]

;
nn-1)

for any vector fields X, Y,Z € T M, and r is the scalar curvature of M.

The manifold (M, g) is called £-concircularly flat if C(X, Y)é = O for any vector fields X, Y € TM.

CX,Y)Z=RX,Y)Z -

[e(Y,2)X - g(X,Z)Y], (2.15)

Another important curvature tensor is W,-curvature tensor which was introduced in 1970 by
Pokhariyal and Mishra [39].

Definition 2.3. The W,-curvature tensor in an n-dimensional e-Kenmotsu manifold (M, g) is defined
as

Wo(X,Y)Z =R(X,Y)Z + nlj[g(X, 2)QY - g(Y,Z)QX]. (2.16)

Definition 2.4. An e-Kenmotsu manifold (M, g) is said to be an n-Einstein manifold if its Ricci tensor

S satisfies
SX,Y)=ag(X,Y) + bn(X)n(Y), (2.17)

for all X, Y € T M and smooth functions a, b on the manifold (M, g).

3. e-Kenmotsu manifolds admitting conformal 7-Ricci solitons

Let us consider an e-Kenmotsu manifold (M, g) admits a conformal n-Ricci soliton (g, &, 4, 1). Then
from Eq (1.2) we can write

2
(Leg)(X, V) + 28 (X, Y) +[24 = (p + )X, ¥) + 2un(X)n(¥) =0, (3.1

forall X, Y e TM.
Again from the well-known formula (L:8)(X,Y) = g(Vx&,Y) + g(Vyé, X) of Lie-derivative and
using (2.6), we obtain for an e-Kenmotsu manifold

(L)X, Y) = 2€[g(X, Y) — en(X)n(Y)]. (3.2)
Now in view of the Eqgs (3.1) and (3.2) we get
1
SX,Y)=—[(A1+¢€) - (g + Z)]g(X, Y) = (u = DnX)n(Y). (3.3)

This shows that the manifold (M, g) is an n-Einstein manifold.
Also from Eq (3.3) replacing Y = & we find that

1
SX.8) = [6(% + )~ (ed+ i)]n(X). (3.4)

AIMS Mathematics Volume 7, Issue 4, 5408-5430.



5413

Compairing the above Eq (3.4) with (2.12) yields
p 1
el+pu= 6(5 +-=)+@m-1). (3.5)
n

Thus the above discussion leads to the following

Theorem 3.1. If an n-dimensional e-Kenmotsu manifold (M, g) admits a conformal n-Ricci soliton
(g,&, A, ), then (M, g) becomes an n-Einstein manifold and the scalars A and u are related by €A+ u =
et + i) +(m-1).

Furthermore if we consider u = 0 in particular, then from Eqs (3.3) and (3.5), we get

S(X,Y)

1
“[(1+6) - <§ + )9, )+ 70ON(Y),

A

(g + %)+6(n— 1.

This leads us to write

Corollary 3.2. If an n-dimensional e-Kenmotsu manifold (M, g) admits a conformal Ricci soliton
(g,&,Q), then (M, g) becomes an n-Einstein manifold and the scalar A satisfies A = (g + %) +e(n—1).
Moreover;

1. if € is spacelike then the soliton is expanding, steady or shrinking according as, (% + %) > (1 —n),
E+D=U-nor&+1)<(-n);and

2. if € is timelike then the soliton is expanding, steady or shrinking according as, (5 + %) >n-1),
E+H=m-DorE+H<@m-1.

Next we try to find a condition in terms of second order symmetric parallel tensor which will ensure
when an e-Kenmotsu manifold (M, g) admits a conformal n-Ricci soliton. So for this purpose let us
consider the second order tensor 7 on the manifold (M, g) defined by

T :=L:g+2S +2un®n. (3.6)
It is easy to see that the (0, 2) tensor 7' is symmetric and also parallel with respect to the Levi-Civita

connection.
Now in view of (3.2) and (3.3) the above Eq (3.6) we have

TX,Y)=[(p+ %) -2g(X,Y); VX, YeTM. 3.7
Putting X = Y = £ in the above Eq (3.7) we obtain
2
T8 =€llp+ Pl 24]. (3.8)

On the other hand, as T is a second order symmetric parallel tensor; i.e., VT = 0, we can write

T(R(X,Y)Z,U) + T(Z,R(X,Y)U) = 0,
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forall X,Y,Z,U € TM. Then replacing X = Z = U = £ in above gives us
T(REYEE+TEREYE) =0, VYeTM. (3.9)
Using (2.10) in the above Eq (3.9) we get
T(Y,&) = T(&, OmY). (3.10)

Taking covariant differentiation of (3.10) in the direction of an arbitrary vector field X, and then in the
resulting equation, again using the Eq (3.10) we obtain

T(Y,Vx&) =T E(VxmY + 2T (Vx&, En(Y).
Then in view of (2.6) and (2.7), the above equation becomes
T(X,Y)=€T(,6€)gX,Y), VX, YeTM. (3.11)
Now using (3.8) in the above Eq (3.11) and in view of (3.6) finally we get
2
(L)X, V) + 25X, Y) + 24— (p+ Z)]g(X, Y) + 2un(X)n(Y) = 0.

This leads us to the following

Theorem 3.3. Let (M, g) be an n-dimensional e-Kenmotsu manifold. If the second order symmetric
tensor T := L:g + 25 + 2un ® n is parallel with respect to the Levi-Civita connection of the manifold,
then the manifold (M, g) admits a conformal n-Ricci soliton (g, &, A, p).

Now let us consider an e-Kenmotsu manifold (M, g) and assume that it admits a conformal n-Ricci
soliton (g, V, 4, w) such that V is pointwise collinear with &, i.e., V = aé, for some function «; then
from the Eq (1.2) it follows that

ag(Vx¢, Y) + e(Xam(Y) + ag(Vy¢, X) + e(Ya)n(X)

2
+25XY)+[24-(p+ ;)]g(X, Y) + 2un(X)n(Y) = 0.
Then using the Eq (2.6) in above we get

2eag(X,Y) — 2ean(X)n(Y) + eXa)n(Y) + e(Ya)n(X)

2
+2SX, )+ 24— (p+ —)]gX, Y) + 2un(X)n(Y) = 0. (3.12)
n
Replacing Y = £ in the above equation yields
2
eXa)+ e(la)n(X)+2S(X, &) + €24 - (p + Z)]U(X) +2un(X) = 0. (3.13)
By virtue of (2.12) the above Eq (3.13) becomes

2
eXa)+ €[(la)+21-(p + Z)]U(X) +2[u— (- 1DInX) =0. (3.14)
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By taking X = £ in the above Eq (3.14) gives us

1
eéa) = (n— 1)—#—6[/1—(5 + r—l)]- (3.15)
Using this value from (3.15) in the Eq (3.14) we can write
eda=[(n—1)—u—e€[ld- (g + %)]]17. (3.16)

Now taking exterior differentiation on both sides of (3.16) and using the famous Poincare’s lemma,
i.e., d*> = 0, finally we arrive at

1
1= 1) - = el = (5 + )1l = 0.
n
Since dn # 0 in e-Kenmotsu manifold, the above equation implies
p 1
,u+e[/l—(5+—)] =(mn-1). (3.17)
n

In view of the above (3.17) the Eq (3.16) gives us da = 0 i.e., the function « is constant. Then the
Eq (3.12) becomes

1
SX,Y) = [(g + o)~ A ealg(X. Y) + (a — n(X)n(Y), (3.18)

for all X,Y € TM. This shows that the manifold is 7-Einstein. Hence we have the following

Theorem 3.4. If an n-dimensional €-Kenmotsu manifold (M, g) admits a conformal n-Ricci soliton
(g, V, A, p) such that V is pointwise collinear with &, then V' is constant multiple of ¢ and the manifold
(M, g) is an n-Einstein manifold. Moreover the scalars A and y are related by pi+e[A—(5 + %)] = (n—1).

In particular if we put u = 0 in (3.17) and (3.18) we can conclude that

Corollary 3.5. If an n-dimensional e-Kenmotsu manifold (M, g) admits a conformal Ricci soliton
(g, V, A, u) such that V is pointwise collinear with &, then V is constant multiple of ¢ and the manifold
(M, g) is an n-Einstein manifold, and the scalars A and u are related by A = (g + }1) + e(n - 1).
Furthermore,

1. if € is spacelike then the soliton is expanding, steady or shrinking according as, (5 + %) +n>1,
E+hH+n=lorG+YH+n<1;and

2. if & is timelike then the soliton is expanding, steady or shrinking according as, (% + %) +1>n,
EC+hH+1=norE+H+1<n

4. Conformal 7-Ricci solitons on e-Kenmotsu manifolds with certain special types of Ricci
tensor

The purpose of this section is to study conformal n-Ricci solitons in e-Kenmotsu manifolds
admitting three special types of Ricci tensor namely Codazzi type Ricci tensor, cyclic parallel Ricci
tensor and cyclic n-recurrent Ricci tensor.
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Definition 4.1. [19] An e-Kenmotsu manifold is said to have Codazzi type Ricci tensor if its Ricci
tensor S is non-zero and satisfies the following relation

(VxS)Y.Z) = (VyS)X,Z), VX,Y,Z e TM. (4.1)

Let us consider an e-Kenmotsu manifold having Codazzi type Ricci tensor admits a conformal n-
Ricci soliton (g, &, 4, u), then Eq (3.3) holds. Now taking covariant differentiation of (3.3) and using
Eq (2.7) we obtain

(VxS)(Y.Z) = (1 = wleX, V)n(Z) + (X, Z)n(Y) = 2en(X)n(Y)n(2)]. (4.2)
Since the manifold has Codazzi type Ricci tensor, in view of (4.1) Eq (4.2) yields
(I =wgX, 2n¥) - g(Y,ZnX)] =0, VX, Y,ZeTM.

The above equation implies that 4 = 1 and then from Eq (3.5) it follows that 4 = (15’ + %) + e(n — 2).
Therefore we can state the following

Theorem 4.2. Let (M, g) be an n-dimensional e-Kenmotsu manifold admitting a conformal n-Ricci
soliton (g, &, A, ). If the Ricci tensor of the manifold is of Codazzi type then A = (% + %) + €e(n—2) and

u=1

Corollary 4.3. Let an n-dimensional e-Kenmotsu manifold admits a conformal n-Ricci soliton
(g, €&, A, ) and the manifold has Codazzi type Ricci tensor then

1. if &€ is spacelike then the soliton is expanding, steady or shrinking according as, (% + %) +n>2
E+hH+n=20rE++n<2; and

2. if & is timelike then the soliton is expanding, steady or shrinking according as, (% + %) +2>n,
E+hH+2=nort+H+2<n

Definition 4.4. [19] An e-Kenmotsu manifold is said to have cyclic parallel Ricci tensor if its Ricci
tensor S is non-zero and satisfies the following relation

(VxS$YY, Z2)+ (VyS)Z, X))+ (V)X Y)=0 VX, Y,ZeTM. 4.3)

Let us consider an e-Kenmotsu manifold, having cyclic parallel Ricci tensor, admits a conformal
n-Ricci soliton (g, &, 4, 1), then Eq (3.3) holds. Now taking covariant differentiation of (3.3) and using
Eq (2.7) we obtain

(VxS$)Y,2) = (1 — w[gX, Y)n(Z) + g(X, Z)n(Y) — 2en(X)n(Y)n(2)]. 4.4)

In a similar manner we can obtain the following relations

(VyS)Z, X) = (1 = we(X, V)n(Z) + g(Y, Z)n(X) = 2en(X)n(Y)n(Z2)). (4.5)

and
(Vz8)(X,Y) = (1 — wleX, Z2)n(Y) + g(¥, Z)n(X) — 2en(X)n(Y)n(2)]. (4.6)
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Now using the values from (4.4), (4.5) and (4.6) in the Eq (4.3) we get
2(1 = wle(X, V)n(Z) + (Y, 2)n(X) + (X, Z)n(Y) = 3en(X)n(Y)n(Z)] = 0.
Replacing Z = £ in the above equation yields
2(1 —plgX,Y) —en(X)m(Y)] =0 VX,Y € TM.

The above equation implies that 4 = 1 and then from Eq (3.5) it follows that 4 = (’5’ + %) + €(n — 2).
Hence we have

Theorem 4.5. Let (M, g) be an n-dimensional e-Kenmotsu manifold admitting a conformal n-Ricci
soliton (g, &, A, ). If the manifold has cyclic parallel Ricci tensor, then A = (% + }1) +e(n—-2)and u = 1.

Definition 4.6. An e-Kenmotsu manifold is said to have cyclic-np-recurrent Ricci tensor if its Ricci
tensor S is non-zero and satisfies the following relation

(Vx$)(Y,Z) + (VyS)Z, X) + (V28 )X, Y)
= nX)SY.2) +n(V)S(ZX)+nZ)S(X,Y) VX, Y,Ze TM. (4.7)

Let us consider an e-Kenmotsu manifold, having cyclic-n-recurrent Ricci tensor, admits a conformal
n-Ricci soliton (g, &, 4, u), then Eq (3.3) holds. Now taking covariant differentiation of (3.3) and using
Eq (2.7) and proceeding similarly as the previous theorem we arrive at Eqs (4.4)—(4.6). Then putting
these three values in (4.7) we get

Q1 =) = PIeX, V)n(Z) + g(Y, Z)n(X) + g(X, Z)n(Y)]
—@B +6e)( - wWnX)n(¥Y)n(Z) = 0, (4.8)

where 8 = (£ + 1) — (1 + €). Now putting Y = Z = £ in (4.8) we obtain
3B + (1 - w)n(X) = 0. VX € TM. (4.9)

Since 17(X) # 0 and replacing the value of S in (4.9), after simplification we get 1 = (% + i) — €.
Therefore we can state

Theorem 4.7. Let (M, g) be an n-dimensional e-Kenmotsu manifold admitting a conformal n-Ricci
soliton (g,&, A, w). If the manifold has cyclic-eta-parallel Ricci tensor, then 1 = (g + %) — eu and
moreover

1. if € is spacelike then the soliton is expanding, steady or shrinking according as, (% + %) > U,
G+ =porE+3) < and

2. if & is timelike then the soliton is expanding, steady or shrinking according as, (5 + ﬁ) +u >0,
E+H+u=00rE+H+pu<0.

Corollary 4.8. Let (M, g) be an n-dimensional e-Kenmotsu manifold admitting a conformal Ricci
soliton (g,&, A, ). If the manifold has cyclic-eta-parallel Ricci tensor, then the soliton constant A
is given by A = (£ + 1).
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5. Conformal n-Ricci solitons on e-Kenmotsu manifolds satisfying some curvature conditions

Let us consider an e-Kenmotsu manifold which admits a conformal 7-Ricci soliton (g, &, 4, 1)
and also the manifold is Ricci semi symmetric i.e., the manifold satisfies the curvature condition
R(X,Y)- S =0. Then VX, Y,Z W € TM we can write

S(RX,Y)Z,W) + S(Z,RX,Y)W) = 0.
Putting W = £ in above and taking (2.12) into account, we have
— (n— DRR(X, Y)Z) + S(Z,R(X, Y)&) = 0. (5.1)
Now using (2.8) and (2.11) in (5.1) we get
nXIS(Y,Z) — e(n - 1)g(Y, Z)] - n(Y)[S (X, Z) — e(n — 1)g(X,Z)] = 0.

In view of (3.3) the previous equation becomes

1
[(g + ;) — A+ e(n=2)]nX)gY,Z) - n(Y)g(X,2)] = 0.
Putting X = ¢ in the above equation and then using (2.2) and (2.3) we finally obtain

1
[<§ +2) = A+ e(n = 2)]g(dY.62) = 0. (5.2)

Since g(¢Y, ¢Z) # 0 always, we can conclude from the Eq (5.2) that [(%’ + %) —A+e(n-2)] =0i.e.,
A= (’—27 + ,ll) + €(n — 2). Then from the Eq (3.5) we have u = 1. Therefore we have the following

Theorem S5.1. Let (M, g) be an n-dimensional e-Kenmotsu manifold admitting a conformal n-Ricci
soliton (g,&, A, w). If the manifold is Ricci semi symmetric i.e., if the manifold satisfies the curvature
condition R(X,Y)-S =0, then A = (g + %) + e(n —2)and u = 1. Moreover

1. if € is spacelike then the soliton is expanding, steady or shrinking according as, (g + %) > (2 —n),
E+H=2-mort+1)<2-n);and

2. if ¢ is timelike then the soliton is expanding, steady or shrinking according as, (g + }1) +(2-n) >0,
(%+%)+(2—n):00r(§+%)+(2—n)<0.

Next we consider an n-dimensional e-Kenmotsu manifold satisfying the curvature condition C(€, X)-
S = 0 admitting a conformal 7-Ricci soliton (g, &, A, ). Then we have
SCEX)Y,Z)+SY,CE,X)2)=0 VX, Y,ZeTM. (5.3)

Now from Eq (2.15) we can write

C,X)Y =R(E,X)Y -

-
" =) [8(X, Y)& — en(Y)X].
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Using (2.9) the above equation becomes
er

CEXY =[1+- -

IIn(Y)X — eg(X, Y)E]. (54)
In view of (5.4) the Eq (5.3) yields

[1 + n(;il)][s (X’ Z)U(Y) - Eg(X, Y)S (é:’ Z)
+S(Y. XnZ) - eg(X,2)S (&£, Y] = 0.

By virtue of (2.12) the above equation eventually becomes

[1+ 5518 (X, DY) + S (Y, X)n(Z)

n(n—1)
+e(n - DX, Y)nZ) + (X, Z)n(Y))] = 0. (5.5)
Putting Z = £ in (5.5) and then using (2.2), (2.12) we arrive at
[1+ n(nei FIS 06 Y) + e(n = 1gX, 1] = 0.
Thus from the above we can conclude that either r = —en(n — 1) or
SX,Y)=—-e(n—-1)g(X,Y). (5.6)

Combining (5.6) with (3.3) we get

1
[(A+€) - (1—2) + ) — €= DIgX. Y) + (u = Dn(X)n(¥) = 0.

Taking Y = £ in above gives us
1
[0 — 1) + e(g LS A-om(X)=0, ¥YXeTM.
n

Since n(X) # 0 always, from the above we have 1 = e(n — 1) + (5 + }l) — eu. Therefore we can state

Theorem 5.2. Let (M, g) be an n-dimensional e-Kenmotsu manifold admitting a conformal n-Ricci
soliton (g,&, A, ). If the manifold satisfies the curvature condition C(&(,X) - S = 0, then either the
scalar curvature of the manifold is constant or the manifold is an Einstein manifold of the form (5.6)
and the scalars A and u are related by 1 = e(n — 1) + (% + ﬁ) — €U

Next we prove two results on &-projectively flat and &-concircularly flat manifolds. For that let us
first consider an e-Kenmotsu manifold (M, g, &, ¢, n) admitting a conformal n-Ricci soliton (g, &, 4, w).
We know from definition 2.1 that the manifold is &é-projectively flat if P(X,Y)é = 0, VX,Y € TM.
Then putting Z = € in (2.14) we obtain

1
PX,Y)¢ = R(X,Y)§ - m[S(Y, HX -SX, Y] (5.7)
Now since it is given that (g, &, 4, ) admits a conformal n-Ricci soliton, using (2.8) and (3.4) in the
above (5.7), we obtain

e+ —el—p

PX,Y)¢é=|1+
n-—1

(XY —n(V)X].

In view of (3.5) the above equation finally becomes P(X, Y)¢ = 0. Hence we have the following
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Proposition 5.3. An n-dimensional e-Kenmotsu manifold (M, g, &, ¢, n) admitting a conformal n-Ricci
soliton (g, &, A, u) is E-projectively flat.

Again consider an n-dimensional e-Kenmotsu manifold (M, g, &, ¢, ) admitting a conformal n-Ricci
soliton (g, &, 4, u). Then from definition 2.2 we know that an e-Kenmotsu manifold is &-concircularly
flatif C(X,Y)é =0, VX,Y € TM. So taking Z = £ in (2.15) we get

€

CX,V)E = RXVE = 55

[n(Y)X — n(X)Y]. (5.8)

Using (2.8) in (5.8) we obtain

€r

CLYE =1+~

1(X)Y = n(¥)X].

Thus from the above we can conclude that C(X, Y)¢ = 0 if and only if, [1 + n(,fi 1)] =0, i.e., if and only
if, r = —en(n — 1). Again since (g, &, A, 1) is a conformal n-Ricci soliton, the Eq (3.3) holds and thus
contracting (3.3) we obtain r = [(g + %) — A —uln — (u—1). Thus combining both the values of r we

have, A = (4 + 2) — £ — 2¢. Therefore we can state

Proposition 5.4. An n-dimensional e-Kenmotsu manifold (M, g, &, ¢, n) admitting a conformal n-Ricci
soliton (g,€, A, ) is &-concircularly flat if and only if, A = (5§ + 2) — & - 2e.

We now assume that an n-dimensional e-Kenmotsu manifold (M, g, &, ¢,17) admits a conformal
n-Ricci soliton (g, &, A, ) which satisfies the curvature condition Q - C = 0, where C denotes the
concircular curvature tensor of the manifold. Then we can write

OCX,Y)Z2)-C(QX,Y)Z-C(X,0Y)Z-C(X,Y)0Z = 0. (5.9)
Using (2.15) in (5.9) yields

ORX,Y)Z) - R(OX,Y)Z — R(X,QY)Z — R(X,Y)0Z
N 2r
nn—1)

Taking inner product of (5.10) with respect to the vector field & we get

[S(Y,Z)X - S(X,Z)Y] = 0. (5.10)

n(QR(X, Y)Z)) — n(R(QX, Y)Z) — n(R(X, QY)Z)
2r

~ IR V)0Z) + s

[S (Y, 2n(X) — S (X, Z)n(Y)] = 0.
Putting Z = £ in above we obtain

M(QR(X, £)Z)) — n(R(QX, $)Z) — n(R(X, Q&)Z)

2r
- n(R(X,$0Z) + n=1)

[S (€, Zm(X) - S(X,Z)] = 0. (5.11)
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Again from (2.9) we can derive

N(QR(X,§)2)) = n(R(X, Q§)Z) = (n — D]en(X)n(Z) - g(X, 2)], (5.12)

NR(QX,)Z) = n(R(X,§)0Z) = €[S (X, Z) + (n — Dn(X)n(Z)]. (5.13)
By virtue of (5.12) and (5.13), the Eq (5.11) becomes
r

el(n = DnXn2) + S(X,2)] - [S (€, Zm(X) - S(X,Z)] = 0.

nn—1)

Using (2.12) in above we arrive at

[e + 1[(n = DnX)n(Z) + S (X, 2)] = 0.

r
nn—1)
Hence we can conclude that either »r = —en(n — 1) or,

S(X,Z) = —=(n— Dn(XOn(2). (5.14)

Now combining Eqgs (5.14) and (3.3), we get

1
[(A+6) =&+ )1g(X.2) + (u = mnXn(@) = 0.
Taking Z = ¢ in above yields

[e(A - (g + %)) +u+1-mnX) =0, YXeTM.

Since n(X) # 0 always, from the above we can conclude that A4 = (g + i) + e(n —u—1). Hence we can
state the following

Theorem 5.5. Let (M, g) be an n-dimensional e-Kenmotsu manifold admitting a conformal n-Ricci
soliton (g, &, A, ). If the manifold satisfies the curvature condition Q - C = 0, then either the scalar
curvature of the manifold is constant or the manifold is a special type of n-Einstein manifold of the
form (5.14) and the scalars A and u are related by A = (’—27 + }1) +e(n—u—1).

We conclude this section by this result on W,-curvature tensor. For this let us consider an n-
dimensional e-Kenmotsu manifold admitting a conformal n-Ricci soliton (g, &, A, 1) and assume that
the manifold satisfies the curvature condition W,(¢&,Y) - S = 0. Then we can write

SWL&,Y)Z,U)+ SEZWL(EY)U) =0, VY, Z,U€eTM.
Putting U = £ in above we get
S(Wa(é,Y)Z,&) + S(Z, W1(&,Y)¢) = 0. (5.15)

Now taking X = £ in (2.16) we obtain
1

n-—1

Wa(€.Y)Z = R(£.Y)Z + [en(2)QY — g(¥, 2)Q<].
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Using (2.9) in above yields

1
Wa(é, Y)Z = n(2)Y — eg(Y, 2)¢ + P len(Z2)QY — g(¥, Z)Q<]. (5.16)
putting Z = £ in (5.16) we arrive at
WaE, Y)éE =Y —n(Y)é + ﬁ[QY - n(Y)Q¢]. (5.17)

Using (5.16) and (5.17) in the Eq (5.15) and taking (2.1), (2.12) into account, we get
S(Y,Z) + ;5[S(Z, QY) - n(Y)S (Z, Q)]
+e(n— 1)g(Y,Z) — en(Z)n(QY) + g(¥, Z)n(Q¢) = 0. (5.18)
Taking Y = ¢ and taking (2.12) and (2.13) into account, the previous equation identically satisfies:
e(n—1)g&,2) + (n— Dn(Z) — e(n — 1)g(¢,2) + S(Z,¢) = S(Z,8)(n — Deta(Z) = 0.
(5.19)
Thus we arrive at the following

Theorem 5.6. Every n-dimensional e-Kenmotsu manifold (M, g) admitting a conformal n-Ricci soliton
(g,€&, A, ) satisfies the curvature condition W»(€,Y)-S = 0.

6. Conformal n-Ricci solitons on e-Kenmotsu manifolds with torse-forming vector field

A vector field V on an n-dimensional e-Kenmotsu manifold is said to be torse-forming vector
field [56] if
VxV = fX+yX)V, (6.1)

where f is a smooth function and vy is a 1-form.

Now let (g, &, A, u) be a conformal n-Ricci soliton on an e-Kenmotsu manifold (M, g, &, ¢,n) and
assume that the Reeb vector field & of the manifold is a torse-forming vector field. Then & being a
torse-forming vector field, by definiton from Eq (6.1) we have

Vxé = fX +y(X)E, (6.2)

VX € TM, f being a smooth function and vy is a 1-form.
Recalling the Eq (2.6) and taking inner product on both sides with & we can write

8(Vxé€, &) = €g(X, &) — en(X)g(£, &),

which, in view of (2.2), reduces to

8(Vx¢,6) = 0. (6.3)
Again from the Eq (6.2), applying inner product with & we obtain
8(Vxé€, &) = efn(X) + ey(X). (6.4)
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Combining (6.3) and (6.4) we get, v = —fn. Thus for torse-forming vector field £ in e-Kenmotsu
manifolds, we have

Vx¢& = f(X = n(X)E). (6.5)

Since (g, &, 4, 1) is a conformal 7n-Ricci soliton, from (1.2) we can write
2
8(Vx&. ¥) + g(Vy&, X) + 25 (X ¥) + [24 = (p + )Ig(X. ¥) + 2un(X)n(Y) = 0.

In view of (6.5) the above becomes

1
SX,Y) = [(% + ) — (A + DIgXY) + (ef —pmXn(Y). (6.6)
This implies that the manifold is an n-Einstein manifold. Therefore we have the following

Theorem 6.1. Let (g,&, A, u) be a conformal n-Ricci soliton on an n-dimensional e-Kenmotsu manifold
(M, g), with torse-forming vector field &, then the manifold becomes an n-Einstein manifold of the
form (6.6).

In particular if € is spacelike, i.e., € = 1, then for u = f, the Eq (6.6) reduces to
1
sy =1E + ) - @+ Pl 1), (6.7)
which implies that the manifold is an Einstein manifold. Similarly for & timelike and for 4 = —f,

from (6.6) we can say that the manifold becomes an Einstein manifold. Therefore we can state

Corollary 6.2. Let (g, ¢, A, 1) be a conformal n-Ricci soliton on an n-dimensional €-Kenmotsu manifold
(M, g), with torse-forming vector field &, then the manifold becomes an Einstein manifold according as
¢ is spacelike and p = f, or & is timelike and u = —f.

7. Gradient conformal n-Ricci soliton on e-Kenmotsu manifold

This section is devoted to the study of e-Kenmotsu manifolds admitting gradient conformal 7-Ricci
solitons and we try to characterize the potential vector field of the soliton. First, we prove the following
lemma which will be used later in this section.

Lemma 7.1. On an n-dimensional e-Kenmotsu manifold (M, g, ¢, &, n), the following relations hold
g((Vz0)X.Y) g((VzQ)Y, X), (7.1)
(Vz0)¢ —€0Z - (n-1)Z, (7.2)
for all smooth vector fields X, Y,Z on M.

Proof. Since we know that the Ricci tensor is symmetric, we have g(QX,Y) = g(X, QY). Covariantly
differentiating this relation along Z and using g(QX,Y) = S (X, Y) we can easily obtain (7.1).

To prove the second part, let us recall Eq (2.13) and taking its covariant derivative in the direction of
an arbitrary smooth vector field Z we get

(Vz0)¢ + Q(VzE) + e(n — 1)Vz¢ = 0. (7.3)
In view of (2.6) and (2.13), the previous equation gives the desired result (7.2). This completes the
proof. O
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Now, we consider e-Kenmotsu manifolds admitting gradient conformal r-Ricci solitons i.e., when
the vector field V is gradient of some smooth function f on M. Thus if V = Df, where Df = gradf,
then the conformal n-Ricci soliton equation becomes

1
Hessf+S+[/1—(§+—)]g+,u77®77:0, (7.4)
n

where Hess f denotes the Hessian of the smooth function f. In this case the vector field V is called the
potential vector field and the smooth function f is called the potential function.

Lemma 7.2. If (g,V, A, ) is a gradient conformal n-Ricci soliton on an n-dimensional e-Kenmotsu
manifold (M, g, ¢, &, 1), then the Riemannian curvature tensor R satisfies

RX,Y)Df = [(VyQ)X = (VxQ)Y] + eu[n(X)Y — n(Y)X]. (7.5)

Proof. Since the data (g, V, 4, u) is a gradient conformal n-Ricci soliton, Eq (7.4) holds and it can be
rewritten as

VyDf = —QX — [1 - (§ + 5—)IX — (0, (7.6)

for all smooth vector field X on M and for some smooth function f such that V. = Df = gradf.
Covariantly diffrentiating the previous equation along an arbitrary vector field ¥ and using (2.6) we
obtain

VyViDf = —V(0X) -1~ (5 + —)IVyX
n+1
—ul(Vyn(X))¢ + e(Y — n(Y)§n(X)]. (1.7)
Interchanging X and Y in (7.7) gives
- -
VxVyDf = =Vx(QY)-[4 (2 o 1)]VXY
—pI(Vxn(Y))§ + e(X — n(X)Hn(Y)]. (7.8)
Again in view of (7.6) we can write
VixnDf = —0(VxY = VyX) —un(VxY - VyX)¢&
p 1
—[A - (5 + m)](VXY - Vyx) (79)

Therefore substituting the values from (7.7), (7.8) (7.9) in the following well-known Riemannian
curvature formula
R(X, Y)Z = VXVYZ - VYVXZ - V[X,Y]Za

we obtain our desired expression (7.5). This completes the proof. O

Remark 7.3. A particular case of the above result for the case € = 1 is proved in Lemma 4.1 in the
paper [18].

Now we proceed to prove our main result of this section.
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Theorem 7.4. Let (M,g,¢,&,n) be an n-dimensional e-Kenmotsu manifold admitting a gradient
conformal n-Ricci soliton (g, V, A, i), then the potential vector field V is pointwise collinear with the
characteristic vector field &.

Proof. Recalling the Eq (2.8) and taking its inner product with D f yields

gRX,Y)E,Df) = (Y finX) — (Xf)n(Y).

Again we know that g(R(X,Y)é,Df) = —g(R(X,Y)Df, &) and in view of this the previous equation
becomes
8RX,Y)Df, &) = (X n(Y) - (Y inX). (7.10)

Now taking inner product of (7.5) with & and using (7.2) we obtain
8RX,Y)Df,&) = 0. (7.11)
Thus combining (7.10) and (7.11) we arrive at

Xfim¥) = X FinX).

Taking Y = £ in the foregoing equation gives us (X f) = (£f)n(X), which essentially implies g(X, Df) =
g(X, e(£f)€). Since this equation is true for all X, we can conclude that

V =Df = e(&f)E. (7.12)
Hence, V is pointwise collinear with & and this completes the proof. O

Remark 7.5. Since, the above result is independent of ¢, it is also true for € = 1, i.e., for the case of
Kenmotsu manifold (for details see [18]).

Corollary 7.6. If (g, V, A, 1) is a gradient conformal n-Ricci soliton on an n-dimensional e-Kenmotsu
manifold (M, g, $,&, 1), then the direction of the potential vector field V is same or opposite to the
direction of the characteristic vector field &, according as & is spacelike or timelike vector field.

Again covariantly differentiating (7.12) and then combining it with (7.6), and after that taking X = &
in the derived expression we obtain

|
szf:/l+,u—(§+z)—e(n—l).

Hence we can conclude the following

Corollary 7.7. If (g,V = Df,A,n) is a gradient conformal n-Ricci soliton on an n-dimensional e-
Kenmotsu manifold (M, g, ¢,&,n), then at the particular point &, the potential function f satisfies the
Laplace’s equation V*f = 0, if and only if,

1
Avu=C 1+ Hrem-.
2 n
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8. Example of a 5-dimensional e-Kenmotsu manifold admitting conformal r-Ricci soliton

Let us consider the 5-dimensional manifold M = {(u;, uz, v1, V2, w) € R’ : w # 0}. Define a set of
vector fields {e; : 1 <i < 5} on the manifold M given by

0 0 0 0 0
el = EW—, €)= EW—, €3=€EW—, €4=€EW—, €5=—EW—.
ouy’ ouy’ ov,’ ov,’ ow

Let us define the indefinite metric g on M by

€, for i=j
g(e"’ef)‘{o, for i# j

foralli,j=1,2,3,4,5. Now considering e5s = &, let us take the 1-form 7, on the manifold M, defined
by
n(U) = eg(U, es) = eg(U, &), YU € TM.

Then it can be observed that n7(es = 1). Let us define the (1, 1) tensor field ¢ on M as
Ple1) = ez, Ple2) = —e1, Ples) = es, Plea) = —e3, ¢les) = 0.
Then using the linearity of g and ¢ it can be easily checked that
¢$*(U) = =U +n(U)¢, g(¢U,¢V) = gU,V)—en(Un(V), YU,V eTM.

Hence the structure (¢, £, 17, g, €) defines an indefinite almost contact structure on the manifold M.
Now, using the definitions of Lie bracket, direct computations give us

lei,es] = €e;; Yi=1,2,3,4,5 and all other [e;, ;] vanishes. Again the Riemannian connection V of
the metric g is defined by the well-known Koszul’s formula which is given by

28(VxY,Z2) = Xg(Y,2) +Yg(Z, X) - Zg(X.Y)
—8X, [V, Z]) + g(Y [Z, X]) + 8(Z, [ X, Y]).

Using the above formula one can easily calculate that

V,e; = —ees, V,es = —ee;; for i=1,2,3,4 and all other V,e; vanishes. Thus it follows that
Vxé = e(X — n(X)¢), VX € TM. Therefore the manifold (M, g) is a 5-dimensional e-Kenmotsu
manifold.

Now using the well-known formula R(X,Y)Z = VxVyZ — VyVxZ — Vixy;Z the non-vanishing
components of the Riemannian curvature tensor R can be easily obtained as

R(e1, ex)ex = R(ey, e3)e3 = R(ey, e4)es = R(ey, es)es = —ey,
R(ey, ex)e) = ey, R(ey, e3)er = R(ey, e3)ex = R(ey, e3)es = es,
R(ey, ex)es = R(ey, e2)eq = R(ey, e2)es = —ea, R(ey, ex)eq = —es,
R(e1, e2)ex = R(ey, ex)er = R(ey, e2)es = R(ey, ex)es = es,

R(ei,e2)er = R(e1,ex)e; = R(ey, ex)es = R(ey, ex)es = ey.
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From the above values of the curvature tensor, we obtain the components of the Ricci tensor as
follows
S(er,e1) = S(ex, €2) = S(e3,€3) = S(es, eq) = S(es,e5) = —4. (8.1)

Therefore using (8.1) in the Eq (3.3) we can calculate A = 3e + (£ + %) and u = 1. Hence we can say
that for 4 = 3e + (5 + é) and u = 1, the data (g, &, A, u) defines a 5-dimensional conformal 7-Ricci
soliton on the manifold (M, g, ¢, &, 1).

9. Conclusions

The effect of conformal n-Ricci solitons have been studied within the framework of e-Kenmotsu
manifolds. Here we have characterized e-Kenmotsu manifolds, which admit conformal -Ricci soliton,
in terms of Einstein and n-Einstein manifolds. It is well-known that for e = 1 and spacelike Reeb
vector field &, the e-Kenmotsu manifold becomes a Kenmotsu manifold. Also we know that Einstein
manifolds, Kenmotsu manifolds are very important classes of manifolds having extensive use in
mathematical physics and general relativity. Hence it is interesting to investigate conformal r-Ricci
solitons on Sasakian manifolds as well as in other contact metric manifolds. Also there is further
scope of research in this direction within the framework of various complex manifolds like Kaehler
manifolds, Hopf manifolds etc.
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On trans-Sasakian 3-manifolds as 77-Einstein solitons

Ganguly D."™, Dey S.2, Bhattacharyya A.!

The present paper is to deliberate the class of 3-dimensional trans-Sasakian manifolds which
admits 7-Einstein solitons. We have studied #-Einstein solitons on 3-dimensional trans-Sasakian
manifolds where the Ricci tensors are Codazzi type and cyclic parallel. We have also discussed some
curvature conditions admitting 7-Einstein solitons on 3-dimensional trans-Sasakian manifolds and
the vector field is torse-forming. We have also shown an example of 3-dimensional trans-Sasakian
manifold with respect to 7-Einstein soliton to verify our results.
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Introduction

In 2016, G. Catino and L. Mazzieri [7] introduced the notion of Einstein soliton, which can
be viewed as a self-similar solution to the Einstein flow

%25 %).

where g is the Riemannian metric, S is the Ricci tensor and r is the scalar curvature.

It can be easily seen that the Einstein soliton is analogous to the Ricci soliton, which is also
generated by a self-similar solution to the very famous geometric revolution equation Ricci
flow. The term “Ricci soliton” [11] arose as a need for a more general self-similar solution, to the
Ricci flow equation, than the uniformly shrinking or expanding solutions in case of Einstein
manifolds. It is a well-known fact now that the study of Ricci soliton has tremendous contribu-
tion in solving the longstanding Thurston’s geometric conjecture. Similarly it is also interesting
to study the Einstein soliton from various directions to solve many physical and geometrical
problems. In [7], the authors characterized the nature of complete three-dimensional, posi-
tively curved, Riemannian manifold satisfying gradient Einstein soliton equation. Motivated
from their work, in this paper we consider a slight perturbation of the Einstein soliton by 7 ® 1,
called the #-Einstein soliton. The mathematical expression for the #-Einstein soliton [1] is given
by the following equation

L:g+254+ (2N —1)g +2un @1 =0, (1)
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where Lz denotes the Lie derivative along the direction of the vector field ¢, S is the Ricci
tensor, r is the scalar curvature and A, u are real constants. The #-Einstein soliton is called
shrinking if A < 0, steady if A = 0 and expanding if A > 0. In particular, if p = 0, the
n-Einstein soliton reduces to the Einstein soliton (g, &, A).

J. T. Cho and M. Kimura [6] introduced the concept of #-Ricci soliton and later C. Calin and
M. Crasmareanu [5] studied it on Hopf hypersufaces in complex space forms. A Riemannian
manifold (M, g) is said to admit an #-Ricci soliton if for a smooth vector field V, the metric g
satisfies the following equation

Lzg+25+20g+2un@n =0, (2)

where L¢ is the Lie derivative along the direction of ¢, S is the Ricci tensor and A, u are real
constants. It is to be noted that if the manifold has constant scalar curvature, then the data
(8,¢,A — %, 1) of the equation (1) satisfies the equation (2), i.e. the 7-Einstein soliton reduces to
an 1-Ricci soliton. Hence we can remark that the two notions are different for the manifolds of
non-constant scalar curvature and if the scalar curvature of the manifold is constant then the
concepts of #-Ricci soliton and #-Einstein soliton coincide.

In [18], the authors studied Ricci solitons within the framework of three-dimensional trans-
Sasakian manifolds. They proved that if a compact three-dimensional trans-Sasakian manifold
with constant scalar curvature admits Ricci soliton, then the manifold is either x-Sasakian or
B-Kenmotsu. Later T. Dutta et al. [8] investigated three-dimensional trans-Sasakian manifolds,
which admits conformal Ricci soliton. Furthermore they showed that on a three-dimensional
trans-Sasakian manifold, under some condition on the potential vector field, almost conformal
Ricci soliton reduces to conformal Ricci soliton. Very recently, in [15] the author studied #-Ricci
soliton on three-dimensional trans-Sasakian manifolds satisfying various tensorial conditions
S'R=0,R-S=0,W,-S=0and S-W, =0.

Motivated by the above papers, here we propose to study various geometric aspects of
three-dimensional trans-Sasakian manifolds admitting #-Einstein solitons.

The paper is organised as follows. After a brief introduction, in Section 2, we recall some ba-
sic knowledge on trans-Sasakian manifolds. Section 3 deals with 3-dimensional trans-Sasakian
manifolds admitting #-Einstein solitons and also the nature of the soliton is dicussed. In this
section, we have constructed an example of a 3-dimensional trans-Sasakian manifold satisfy-
ing n-Einstein soliton. In Section 4, we have contrived 7-Einstein solitons in 3-dimensional
trans-Sasakian manifolds in terms of Codazzi type and cyclic parallel Ricci tensor and charac-
terized the nature of the manifold. Sections 5, 6,7, 8 are devoted to the study of some curvature
conditionsR-S =0,W,-5S=0,R-E=0,B-5 =0, S-R = 0 admitting 77-Einstein solitons in
3-dimensional trans-Sasakian manifold. In last section we have studied torse forming vector
tield when 3-dimensional trans-Sasakian manifolds admitting #-Einstein solitons.

1 Preliminaries

An n-dimensional smooth Riemannian manifold (M, g) is said to be an almost contact met-
ric manifold [3] if it admits a (1, 1) tensor field ¢, a characteristic vector field ¢, a global 1-form
1 and an indefinite metric ¢ on M satisfying the following relations
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¢* = —I+379¢
n@G) =1, 3)
n(X) = g(X,4),
g@X,9Y) = (X Y)—n(X)n(Y), (4)
(X, 9Y) +g(Y,¢X) = 0,

for all vector fields X, Y € TM, where TM is the tangent bundle of the manifold M. Also it can
be easily seen that ¢(&) = 0, 7(¢X) = 0 and rank of ¢ is (n — 1).

The geometry of the almost Hermitian manifold (M x R, G, J) gives rise to the geometry
of the almost contact metric manifold (M, g, ¢, ¢, n7), where G is product metric of the product
manifold M x R with the complex structure | defined by

I F Sy = (px — fen0 D),

for all vector fields X on the manifold M and smooth function f on the product manifold
M x R. An almost contact metric manifold (M, g, ¢, &, 17) is called a trans-Sasakian manifold if
the product manifold (M x R, G, J) belongs to the class Wy [10]. The notion of trans-Sasakian
manifolds was introduced by J.A. Oubina [14] and later ].C. Marrero [12] completely character-
ized the local structures of trans-Sasakian manifolds of dimension n > 5. The expression for
which an almost contact metric manifold (M, g, ¢, ¢, 17) becomes a trans-Sasakian manifold is
given by
(Vx¢)(Y) = ag(X,Y)§ —n(Y)X] + Blg(¢X, V)G — n(Y)$X], )

for all X,Y € TM and for some smooth functions «, 8 on the manifold M. Then such kind
of manifold is called a trans-Sasakian manifold of type («, ). In particular trans-Sasakian
manifolds of type (0,0), («,0) and (0, B) are called cosymplectic, a-Sasakian and p-Kenmotsu
manifolds respectively.

In what follows, by a trans-Sasakian 3-manifold, we mean a 3-dimensional trans-Sasakian
manifold (M, g, ¢, ¢, 1) of type («, B) and we will use the notation (M, g) to denote it through-
out this article. Now from the expression (5) it can be derived that

Vx¢ = —ap(X) + B(X —7n(X)8), (6)
(Vx)(Y) = —ag(¢(X),Y) + Bg(¢(X), ¢(Y)), (7)

for all vector fields X, Y in TM. Again from equation (20) of corollary 4.2 in the paper [19], the
Riemannian curvature tensor in a trans-Sasakian 3-manifold (M, ) is given by

R(XY)Z = (5+258—2(a* = B)) [3(Y, 2)X — g(X, Z)Y]
—8(Y,2) | (5 +28 —3(a> = B) )n(X)E — (X)(9(grad ) —grad B) + (XB + (¢X)a)¢]
+2(X,2) | (5 +8B—3(e? = B)) 1 (X)& = 1(Y)(¢(grad «)—grad B) + (YB + (¢Y)a)¢]
|28+ (@Z)a)n(¥) + (YB + (9¥)w)y (2 >+(g+Cﬁ—3<a2—52>)n<y>n<z>]x
+ (2B + (92)2)1(X) + (XB+ (9X)a)n(2) + (5 +EB =302 = B2) ) (X (2) | Y.
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Furthermore, in a trans-Sasakian 3-manifold (M, g), if the functions &, B are constants then,
taking Z = ¢ (similarly for the second relation taking X = ¢ and taking X = Z = ¢ for the
third relation) in the above equation, the following relations can easily be deduced

RX,Y)E = (& =B)n(YV)X —n(X)Y], 8)
R(EX)Y = (&2 =PB)X,Y)E—n(Y)X], 9)
R(EX)E = (2= B)[n(X)E — X]. (10)

Also, taking both «, B constant in corollary 4.2 in [19], we obtain the relations for the Ricci
tensor

r T
SXY) =[5 (@@= p)]a(X,Y) = |53 = B n(X)n(¥),
S(X,8) = 2(a®—p)n(X), (11)
for all vector fields X, Y in TM and where R is the curvature tensor and S is the Ricci tensor.

Definition 1. A trans-Sasakian 3-manifold (M, g) is said to be an y-Einstein manifold if its
Ricci tensor S is of the form

$(X,Y) = ag(X,Y) + by (X)n(Y),
forall X,Y € TM and smooth functions a,b on the manifold (M, g).

2 py-Einstein solitons on trans-Sasakian 3-manifolds

Let us consider a trans-Sasakian 3-manifold (M, g) admitting an 7-Einstein soliton given
by the data (g, &, A, ). Then from equation (1) we can write
(Leg)(X,Y) +25(X,Y) + 24 —r]g(X,Y) + 2un(X)y(Y) =0 (12)

forall X,Y € TM.
Again from the well-known formula (£:¢)(X,Y) = ¢(Vx¢,Y) + g(Vy¢, X) of Lie-deriva-
tive and using (6), we obtain for a trans-Sasakian 3-manifold

(Leg)(X,Y) = 2B[g(X,Y) — 2By (X)n(Y)]. (13)
Now in view of the equations (12) and (13) we get
S(X,Y) = (5= A= B)g(X,Y) + (B—m(X)y(Y). (14

This shows that the manifold (M, g) is an y-Einstein manifold. Also from equation (14) replac-
ing Y = ¢ we find that

r
$(%,8) = (3= A= )n(X). (15)
Compairing the above equation (15) with (11) yields
r=4(a® — B?) + 21 +2u. (16)

Again, considering an orthonormal basis {e1, e, e3} of (M, g) and then setting X = Y = ¢; in
equation (14) and summing over i = 1,2, 3 we get

r=6A+4B+2pu. (17)
Finally combining equations (16) and (17) we arrive at
A= (=B - B. (18)

Thus the above discussion leads to the following result.
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Theorem 1. If a trans-Sasakian 3-manifold (M, g) admits an y-Einstein soliton (g,¢, A, u),
then the manifold (M, g) becomes an 1n-Einstein manifold of constant scalar curvature
r = 6A + 4B + 2u. Furthermore, the soliton is shrinking, steady or expanding according as
a? < B(B+1),a>=B(B+1),a%> > B(B+1) respectively.

Example 1. Let us consider the 3-dimensional manifold M = {(u,v,w) € R3 : w # 0}. Define
a linearly independent set of vector fields {e; : 1 < i < 3} on the manifold M given by

d d d
2w 2w
a=e o 27T 5 8T sw

Let us define the Riemannian metric § on M by

[ 1, for i=],
g(e”ef)_{ 0, for i#],

for alli,j = 1,2,3. Now considering ez = ¢, let us take the 1-form 1, on the manifold M,
defined by n(U) = g(U,e3), for all U € TM. Then it can be observed that 11() = 1. Let us
define the (1,1) tensor field ¢ on M as

pler) = e, Pler) = —e1, Ples) =0.
Using the linearity of g and ¢ it can be easily checked that
P2(U) = —U+y(U)E, g(eU,¢V) =g(U, V) —y(U)y(V), YU,V ETM.

Hence the structure (g, ¢, ¢, 1) defines an almost contact metric structure on the manifold M.
Now, using the definitions of Lie bracket, after some direct computations we get

[61162] = 0/ [61163] = _261/ [62/ 63] - _262-

Again the Riemannian connection V of the metric g is defined by the well-known Koszul’s
formula, which is given by

24(VxY,Z) = Xg(Y, Z) + Yg(Z,X) — Zg(X,Y) — g(X,[Y, Z)) + g(¥,[Z,X]) +g(Z, [X, Y)).
Using the above formula one can easily calculate that

Velel = 263/ Velez =0, vele:’) = _261/
Vezel = O, VEZBZ = 263, V3263 = —262,
Vee1 =0, Veer =0, Vees=0.

Thus from the above relations it follows that the manifold (M,g) is a trans-Sasakian
3-manifold. Now using the well-known formula R(X,Y)Z = VxVyZ — VyVxZ — V(xy|Z
the non-vanishing components of the Riemannian curvature tensor R can be easily obtained
as

R(e1,e2)e2 = R(eq, e3)e3 = —4ey,
R(en, e3)e3 = R(es, e1)e; = —4ey,
R(es, en)ep =4ep, R(ep, e1)er = 4es.
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Hence we can calculate the components of the Ricci tensor as follows
S(er,e1) =0, S(ez,e2) =0, S(es e3) = —8.

Therefore in view of the above values of the Ricci tensor, from the equation (1) we can calculate
A = —2 and p = 6. Hence we can say that the data (g, &, —2,6) defines an 1j-Einstein soliton on
the trans-Sasakian 3-manifold (M, g). Also we can see that the manifold (M, g) is a manifold
of constant scalar curvature r = —8 and hence the theorem 1 is verified.

Next we consider a trans-Sasakian 3-manifold (M, g) and assume that it admits an
n-Einstein soliton (g, V, A, u) such that V is pointwise collinear with ¢, i.e. V = b for some
function b. Then from the equation (1) it follows that

bg(VxE,Y) + (Xb)n(Y) +bg(VyE, X) + (Yb)n(X)
+25(X,Y) 4+ (2A —1)g(X,Y) +2un(X)n(Y) = 0.

Then using the equation (6) in above we arrive at
(2B +2A —1)g(X,Y) + (Xb)n(Y) + (Yb)n(X) +25(X,Y) + 2(bp+ u)n(X)n(Y) = 0. (19)
Replacing Y = ¢ in the above equation yields
(Xb) + (Gb)n(X) +25(X,¢) + (2A +2u —1)n(X) = 0. (20)
Again taking X = ¢ in (20) and by virtue of (11) we arrive at 2(Zb) = (r —2A —2u) — 4(a? — B?).
Using this value in (20) and recalling (11), we can write
S A—n—2—p)]r. (21)

Now taking exterior differentiation on both sides of (21) and using the famous Poincare’s
lemma, i.e. d*> = 0, finally we arrive at r = 2\ + 2y + 4(a?> — B?). Therefore, the equation
(21) gives us db = 0, i.e. the function b is constant. Then the equation (19) reduces to

ab = |

r

S(X,Y) = (5 = A= bB)g(X,Y) + (b8 — w)y(X)n(Y)
for all X,Y € TM. Hence we can state the following result.

Theorem 2. If a trans-Sasakian 3-manifold (M, g) admits an 1j-Einstein soliton (g, V, A, u) such
that V is pointwise collinear with ¢, then V is constant multiple of ¢ and the manifold (M, g)
becomes an 1j-Einstein manifold of constant scalar curvature r = 2\ + 2y + 4(a? — B?).

3 n-Einstein solitons on trans-Sasakian 3-manifolds with Codazzi type and
cyclic parallel Ricci tensor

The purpose of this section is to study 5-Einstein solitons in trans-Sasakian 3-manifolds
having certain special types of Ricci tensor, namely Codazzi type Ricci tensor and cyclic paral-
lel Ricci tensor.

Definition 2 ([9]). A trans-Sasakian 3-manifold is said to have Codazzi type Ricci tensor if its
Ricci tensor S is non-zero and satisties the following relation

(VxS)(Y,Z) = (VyS)(X,Z), VX,Y,Z € TM. (22)
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Let us consider a trans-Sasakian 3-manifold having Codazzi type Ricci tensor and admits
an n-Einstein soliton (g, &, A, i), then equation (14) holds. Now covariantly differentiating (14)
with respect to an arbitrary vector field X and then using (7) we get

(VxS)(Y,2) = 2(8 = w(Y)(~ag(9X, Z) + B(#X,92)) .
+1(Z)(—ag(@X, ) + (90X, 9Y))].

Similarly we can compute
(VyS)(X, Z) = 2(B — w)[n(X)(—ag(¢Y, Z) + Bg(¢Y, 7))
+1(Z2)(—ag(¢Y, X) + Bg (Y, ¢X))].

Since the manifold has Codazzi type Ricci tensor, using (23) and (24) in the (22) and then
recalling (4) we arrive at

2(p = wn(Y)(—ag(¢X, 2) + Bg(X, Z))
—1(X)(—ag(¢Y, Z) + pg(Y, 2)) —2a1(Z)g(¢X, Y)] = 0.
Putting Z = ¢ in above and in view of (3) we finally obtain
da(p = p)g(@X,Y) =0 (26)

forall X,Y € TM. Therefore from (25) we can conclude that either « = 0 or 4 = . Hence we
have the following result.

(24)

(25)

Theorem 3. Let (M,g) be a trans-Sasakian 3-manifold admitting an n-Einstein soliton
(g,G, A, u). If the Ricci tensor of the manifold is of Codazzi type then the manifold becomes a
B-Kenmotsu manifold provided u # .

Now using « = 0 in equation (18) we get A = —B(p + 1). Thus we can state the following
assertion.

Corollary 1. Let (M,g) be a trans-Sasakian 3-manifold admitting an n-Einstein soliton
(8,G6,A, u) with u # B. If the Ricci tensor of the manifold is of Codazzi type then the soli-
ton is shrinking if p < —1 or p > 0; steady if p = —1 or p = 0; and expanding if -1 < f < 0
respectively.

Again from the (25) we can write that y = B if &« # 0. Then from equation (14) we obtain

5(X,Y) = (% . 5) (X, Y) 27)

for all X,Y € TM. Then contracting the equation (26) we get r = 6A 4 6. Hence in view of
this and (26) we have the following result.

Theorem 4. Let (M,g) be a trans-Sasakian 3-manifold admitting an 1-Einstein soliton
(g,&, A, u). If the Ricci tensor of the manifold is of Codazzi type then the manifold becomes an
Einstein manifold of constant scalar curvature r = 6A + 6 provided « # 0.

Definition 3 ([9]). A trans-Sasakian 3-manifold is said to have cyclic parallel Ricci tensor if its
Ricci tensor S is non-zero and satisties the following relation

(VxS)(Y,Z) + (VyS)(Z,X) + (VzS)(X,Y) =0 VX,Y,Z € TM. (28)
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Let us consider a trans-Sasakian 3-manifold, having cyclic parallel Ricci tensor, admits an
n-Einstein soliton (g, ¢, A, ), then equation (14) holds. Now taking covariant differentiation of
(14) and using (7) we obtain relations (23) and (24). In a similar manner we get the following

(VzS)(X,Y) =2(B — w)[n(X)(—ag(9Z,Y) + Bg(9Z, 9Y))
+n(Y)(—ag(9Z,X) + Bg($Z, X))].

Now since the manifold has cyclic parallel Ricci tensor, using the values from (23), (24) and
(29) in the equation (28) and then making use of (4) we arrive at

4B(B — W)n(X)g(¢Y, 9Z) +1n(Y)S($Z, ¢X) +1(2)8(9X, $Y)] = 0.
Replacing Z = ¢ in the above equation yields
4B(p — m)g(¢X, ¢Y) =0 (30)

forall X,Y € TM. Since g(¢X, ¢Y) # 0 always, the above equation implies that either f = 0
or u = PB. Thus we can state the following result.

(29)

Theorem 5. Let (M,g) be a trans-Sasakian 3-manifold admitting an n-Einstein soliton
(8,6, A, ). If the manifold has cyclic parallel Ricci tensor, then the manifold becomes an
n-Sasakian manifold provided y # PB.

Now using B = 0 in equation (18) we get A = a?> > 0. Therefore we have the following
assertion.

Corollary 2. Let (M,g) be a trans-Sasakian 3-manifold admitting an n-Einstein soliton
(8,6, A, u) with u # B. If the manifold has cyclic parallel Ricci tensor then the soliton is ex-
panding.

Again if B # 0 then from (30) it follows that = . Therefore after a similar calculation like
equation (27) we can state the following assertion.

Theorem 6. Let (M,g) be a trans-Sasakian 3-manifold admitting an 1-Einstein soliton
(g,E,A, u). If the manifold has cyclic parallel Ricci tensor, then the manifold becomes an Ein-
stein manifold of constant scalar curvature r = 6A + 6 provided B # 0.

4 p-Einstein solitons on trans-Sasakian 3-manifolds satisfying R(Z,X)-S=0
and W,(¢,X)-S=0

Let us first consider a trans-Sasakian 3-manifold, which admits an #-Einstein soliton
(g,¢,A, u) and the manifold satisfies the curvature condition R(¢, X) -S = 0. Then for all
X,Y,Z € TM we can write

S(R(E X)Y,Z) +S(Y,R(§,X)Z) =0. (31)

Now using (14) in (31) we get

(57— B)S(REX)Y,Z) + (B — wn(R(E X)V)(2)
+ (5= 2= B)8(REX)Z,Y) + (B = wn(R(E X)Z)(Y) =0,
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In view of (9) the previous equation becomes

(& = B)(B— WX, Y)n(Z) + (X, Z)n(Y) — 27(X)n(Y)n(Z)] = 0.

Putting Z = ¢ in the above equation and recalling (4), we obtain

(a® = B*)(B — m)g(¢X, pY) =0 (32)

for all X,Y € TM. Since g(¢pX,¢X) # 0 always and for non-trivial case a> # B2, we can
conclude from (32) that 4 = B. Then from equation (14) we obtain

5(X,Y) = (% . 5) (X, Y) (33)

for all X,Y € TM. Then contracting (33) we get r = 6A + 6. Hence in view of this and
equation (33) we have the following result.

Theorem 7. Let (M,g) be a trans-Sasakian 3-manifold admitting an 1-Einstein soliton
(8,6, A, ). If the manifold satisfies the curvature condition R(¢, X) - S = 0, then the mani-
fold becomes an Einstein manifold of constant scalar curvature r = 6A + 6p.

Our next result of this section is on W,-curvature tensor. It is an important curvature tensor,
which was introduced in 1970 by G.P. Pokhariyal and R.S. Mishra [16]. For this let us recall the
definition of W,-curvature tensor.

Definition 4. The W,-curvature tensor in a trans-Sasakian 3-manifold (M, g) is defined as
1
Wa(X,Y)Z = R(X,Y)Z + 2(X, 2)QY - g(Y,2)QX|. (34)

Now assume that (M, g) is a trans-Sasakian 3-manifold admitting an #-Einstein soliton
(,¢,A, u) and also the manifold satisfies the curvature condition W5(¢, X) - S = 0. Then we
can write

SWa (&, X)Y,Z)+S(Y,Wa(¢,X)Z) =0, VX,Y,Z e TM.

In view of (14) the above equation becomes

(52— B) [s(Wa(&, X)Y, Z) + (W2 (&, X)Z, V)]

2 (35)
+ (B — 1) [1(W2(&, X)Y)n(Z) + 1 (Wa(Z, X)Z)y(Y)] = 0.
Again from (14) it follows that
QX = (5 =A=B)X+(B—mn(X)5, (36)
which implies
Qz = (5-A—n)é. (37)

Replacing X = ¢ in (34) and then using equations (9), (36) and (37) we obtain

Wa(8,Y)Z = Bg(Y,Z)¢ — An(Z2)Y + (A — B)n(Y)n(2), (38)
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where A = (a? — B%) — 3(5 — A — B) and B = (a? — %) — 3(4 — A — p). Taking inner product
of (38) with respect to the vector field ¢ yields

n(Wa(¢,Y)Z) = B[g(Y, Z) —n(Y)n(Z)]. (39)
Using (38) and (39) in (35) and then taking Z = ¢ we arrive at

r

(A=B)[2B— (5 =1 =B)|lg(X, ) —n(X)n(V)] =0,

which in view of (4) implies

(A=B)[2B— (5 —1—B)|3(¢X,¢¥) =0 (40)

forall X,Y € TM. Since g(¢X, ¢X) # 0 always, we can conclude from (40) that either A = B
or 2B = 5 — A — B. Thus recalling the values of A and B it implies that either =  or

200> =) =r—2A—u—p. (41)

Now for the case 1 = B, proceeding similarly as the equation (33) we can say that the manifold
becomes an Einstein manifold. Again combining (41) with (16) we get

r=2A+2p. (42)
Therefore we can state the following assertion.

Theorem 8. Let (M,g) be a trans-Sasakian 3-manifold admitting an 7-Einstein soliton
(8,G,A, u). If the manifold satisfies the curvature condition W»(§,X) - S = 0, then either
the manifold becomes an Einstein manifold or it is a manifold of constant scalar curvature
r=2A+2B.

Again in view of (17), equation (42) implies A = —1(u + ). Hence we have the following
result.

Corollary 3. Let (M,g) be a trans-Sasakian 3-manifold admitting an n-Einstein soliton
(g, A, u) with u # B. If the manifold satisfies the curvature condition W,(¢,X) - S = 0,
then the soliton is expanding, steady or shrinking according as y < —, 4 = —foru > —p,
respectively.

5 Einstein semi-symmetric trans-Sasakian 3-manifolds admitting #-Einstein
solitons

Definition 5. A trans-Sasakian 3-manifold (M, g) is called Einstein semi-symmetric [17] if
R.E = 0, where E is the Einstein tensor given by

E(X,Y) = S(X,Y) — gg(X,Y) (43)

for all vector fields X,Y € TM and r is the scalar curvature of the manifold.
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Now consider a trans-Sasakian 3-manifold is Einstein semi-symmetric, i.e. the manifold
satisfies the curvature condition R.E = 0. Then for all vector fields X,Y,Z, W € TM we can
write E(R(X,Y)Z,W) + E(Z,R(X,Y)W) = 0. In view of (43) the last equation becomes

S(R(X,Y)Z, W) + S(Z,R(X,Y)W) = g [g(R(X, Y)Z, W) +g(Z,R(X, Y)W)] L 44
Replacing X = Z = ¢ in (44) and using (9), (10) we arrive at
(o = B)S(Y, W) = (a® = B)[(Y)S(2, W) +5(W)S(E,Y) — g(Y, W)S(Z,)].
So, now in view of (11) the above equation finally yields
S(Y, W) = =2(a® — B)g(Y, W) + 4(a® — B*)(Y)5 (W) (45)
for all Y, W € TM. This implies that the manifold is an #-Einstein manifold.
Lemma 1. An Einstein semi-symmetric trans-Sasakian 3-manifold is an -Einstein manifold.

Now let us assume that the Einstein semi-symmetric trans-Sasakian 3-manifold (M, g)
admits an y-Einstein soliton (g, &, A, it). Then equation (14) holds and combining (14) with
the above equation (45) we get r = 2A + u + B. Again recalling (17) in the last equation we
have A = —1(u +3B).

Theorem 9. Let (M,g) be a trans-Sasakian 3-manifold admitting an n-Einstein soliton
(3,G6,A, u). If the manifold is Einstein semi-symmetric, then the manifold becomes an
n-Einstein manifold of constant scalar curvature r = 2A + u + 3 and the soliton is expand-
ing, steady or shrinking according as u < 3p, i = 3p or u > 3 respectively.

6 7-Einstein solitons on trans-Sasakian 3-manifolds satisfying B(¢,X)-S=0

In 1949, S. Bochner [4] introduced the concept of the well-known Bochner curvature ten-
sor merely as a Kéhler analogue of the Weyl conformal curvature tensor but the geometric
significance of it in the light of Boothby-Wangs fibration was presented later by D.E. Blair [2].
The notion of C-Bochner curvature tensor in a Sasakian manifold was introduced by M. Mat-
sumoto, G. Chiiman [13] in 1969. The C-Bochner curvature tensor in trans-Sasakian 3-manifold
(M, g) is given by

B(X,Y)Z = R(X,Y)Z +% [g(X,Z)QY— S(Y,Z)— (Y, Z)QX+ S(X, Z)Y+g(¢pX, Z)QpY

= S(PY, Z)pX = g(¢Y, Z)QPpX+ S(¢X, Z)pY + 25(¢X, Y)pZ+ 28(¢X,Y))Q¢pZ

+1(0)n(Z)QX = n(V)S(X, 2)& +n(X)S(Y, 2)¢ = n(X)y(Z)QY]
- 22 (50X, 2)9Y — 5(9Y, 2)0X + 259X, V)97 ]
+ % [1(N)8(X, 2)& = n((Z)X +n(X)n(Z)Y —n(X)g(Y, 2)¢]

- 22 s 2)y - g(v,2)x],

(46)

where D = %.
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Let us consider a trans-Sasakian 3-manifold (M, g), which admits an #-Einstein soliton
(g,¢, A, u) and also the manifold satisfies the curvature condition B(¢, X) - S = 0. Then for all
X,Y,Z € TM we can write

S(B(¢,X)Y,Z)+S(Y,B(¢, X)Z) =0. (47)
Now using (14) in (47) we get

(52— B)[&(B(Z X)Y, Z) +g(B(Z, X)Z, )]

(48)
+ (B—m(B(E X)Y)n(Z) +n(B(E, X)Z)y(Y)] = 0.
Again from (14) it follows that QX = (5 — A — B)X + (B — p)1(X)g, which implies
Q= (3-A-n)e (49)
Also taking X = ¢ in (46) we obtain
B(EY)Z = R(EYV)Z + £[S(E2)Y — 3(Y, Z)QE +n(Y)(Z)QE — 1(¥)S(E 2)¢]
4
+[1@)y (v, 2)¢].
Using equations (9), (15) and (49) in the above equation yields
1 4
BEY)Z = [(@2 =) == (5 -2 —n) — 2| (¥, 2)E = n(2)Y]. (50)
In view of (50) the equation (48) becomes

(@ = )~ 2 (52— 1) = 2] (B~ Wls(X,V)n(2) +5(X,2)1(¥) = 20(X)(X)(2)] =0.

Replacing Z = ¢ in the above equation and recalling (4), finally we arrive at

1/7 4
2 g2y /Ty N2 _ _
for all vector fields X, Y € TM. Hence from (51) we can conclude that either
1/r 4
2_p2y_ (T N _F L
(@ =p)-5(5-2-n) 5] =0 (52)

or u = B. Also for y = B proceeding similarly as equation (27) it can be easily shown that the
manifold becomes an Einstein manifold. Again if 1 #  using (18) in (52) we have

r=10A 4 2u + 125 — 8, (53)

which implies that the manifold becomes a manifold of constant scalar curvature. Therefore
we can state the following assertion.

Theorem 10. Let (M,g) be a trans-Sasakian 3-manifold admitting an n-Einstein soliton
(8,8, A, ). If the manifold satisfies the curvature condition B(¢, X) - S = 0, then either the
manifold is an Einstein manifold or it is a manifold of constant scalar curvature
r=10A +2u + 123 — 8.

Now for the case u # B, using the equation (17) in (53) we obtain A = 2(1 — B).

Corollary 4. Let (M,g) be a trans-Sasakian 3-manifold admitting an n-Einstein soliton
(8,6, A, u) withu # B. If the manifold satisfies the curvature condition B(¢, X) - S = 0, then
the soliton is expanding, steady or shrinking according as < 1, =1 or > 1 respectively.
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7 n-Einstein solitons on trans-Sasakian 3-manifolds satisfying S(¢,X)-R=0

In this section, we study the curvature condition S(&, X) - R = 0, where by - we denote the
derivation of the tensor algebra at each point of the tangent space as follows

S((&, X) - R)(Y, Z)W := ((§ As X) - R)(Y, Z)W
1= (£ As X)R(Y, Z)W + R((§ As X)Y, Z)W (54)
+R(Y, (ENs X)Z)YW + R(Y,Z)(E Ns X)W,
where the endomorphism X Ag Y is defined by (X As Y)Z := S(Y,Z2)X — S(X,Z)Y.
Now let us consider a trans-Sasakian 3-manifold (M, g), which admits an #-Einstein soliton

(g,¢,A, u) and also the manifold satisfies the curvature condition S(g, X) - R = 0. Then using
this condition and the equation (54) we can write

S(X,R(Y, Z)W)E — S(&,R(Y, Z)W)X + S(X, Y)R(E, Z)W — S(&, Y)R(X, Z)W
+S(X, Z)R(Y, &)W — S(&, Z)R(Y, X)W (55)
+S(X, W)R(Y, Z)& — S(& W)R(Y, Z)X =0

for all vector fields X, Y, Z, W € TM. Taking inner product of (55) with the vector field ¢ and
then replacing W = ¢ we obtain

S(X,R(Y, Z)¢) = S(& R(Y, Z)§)n(X) + S(X, V) (R(E, 2)¢) — S(& Y)n(R(X
+5(X, Z)n(R(Y,€)¢) — S(&, Z)n(R(Y, X
+5(X,8)n(R(Y, Z)¢) = S(E, En(R(Y, Z)X) = 0.

In view of (8) and (10) the foregoing equation becomes

(0 = BA)S(X, Y)n(Z) = S(X, Z)n(Y) = S(&, V)n(X)n(Z) + 5(&, Z)n(X)y(Y)

| (56)
= S(GEmR(Y,Z)X) =0
Putting Y = ¢ in (56) and then recalling (9) we get
(o = B*)[S(X,8)n(Z) = S(X, Z) = S(&, ) (X)n(2)
+5(8,2)n(X) = S(Z,8)[3(X, Z2) =n(X)n(2)]] =0.
Using equations (14) and (15) in the previous equation yields
(o = B2)[(r =24 = 25+ B)y(X)y(Z) — (r =21 — 1 = B)g(X, Z)] = 0.

Replacing X = ¢ in above, we arrive at

(=B (2B —w)n(X) =0, VX € TM. (57)

Since for non-trivial case a? # B2, from the above equation (57) it follows that = 28. There-
fore in view of this and recalling (17) we finally obtain » = 6A 4 8. Therefore we can state the
following assertion.

Theorem 11. Let (M,g) be a trans-Sasakian 3-manifold admitting an y-Einstein soliton
(8,8, A, ). If the manifold satisfies the curvature condition S(¢, X) - R = 0, then it becomes a
manifold of constant scalar curvaturer = 6\ + 8.
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8 p-Einstein solitons on trans-Sasakian 3-manifolds with torse-forming
vector field
This section is devoted to study the nature of #-Einstein solitons on trans-Sasakian 3-mani-
folds with torse-forming vector field.

Definition 6. A vector field V on a trans-Sasakian 3-manifold is said to be torse-forming vector
field [20] if

VxV = fX+v(X)V, (58)
where f is a smooth function and vy is a 1-form.

Now let (g, ¢, A, 1) be an r-Einstein soliton on a trans-Sasakian 3-manifold (M, g) and as-
sume that the Reeb vector field ¢ of the manifold is a torse-forming vector field. Then ¢ being
a torse-forming vector field, by definiton from equation (58) we have

Vx& =X +7(X)& VXeTM, (59)

f being a smooth function and -y is a 1-form.
Recalling (6) and taking inner product on both sides with ¢ we have

8(Vx¢,¢) = (B —1)n(X). (60)
Again from the equation (59), applying inner product with ¢ we obtain
8(Vx¢,¢) = frn(X) +(X). (61)

Combining (60) and (61) we get v = (B — 1 — f)y. Thus from (59) it implies that for torse-
forming vector field ¢ in a trans-Sasakian 3-manifold we have
Vx& = f(X = n(X)¢) + (B —1)n(X)¢E. (62)
Therefore using (62) from the formula of Lie differentiation it follows
(Le8)(X,Y) = g(VxE,Y) +8(VyE, X) = 2f[g(X,Y) = n(X)n(Y)] +2(B — 1)n(X)n(Y). (63)

Since (g, &, A, i) is an 77-Einstein soliton, the equation (1) holds. So in view of (63), equation (1)
reduces to

r
S(X,Y) = (5=A+F) X Y) + (f == B+ Dy(X)y(Y). (64)
This implies that the manifold is an #-Einstein manifold. Again putting Y = ¢ in (64) we get
r
S(X,8) = (5 =A—p—B+1)n(X). (65)
Combining (65) with (11) gives us
r
<§—A—y—ﬁ+1>:2(a2—,82). (66)
Again tracing out the equation (64) we obtain
r=06A+2u+4f +2p—2. (67)

Using the above equation (67) in (66), finally we get A = f — (x? — B?). Therefore we have the
following result.

Theorem 12. Let (g,, A, jt) be an n-Einstein soliton on a trans-Sasakian 3-manifold (M, g)
with torse-forming vector field . Then the manifold becomes an 1-Einstein manifold and
the soliton is expanding, steady or shrinking according as f > («*> — B?), f = (a®> — B?) or
f < (a? — B?) respectively.
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LIst craTTst Mae Ha MeTi 06roBopeHHSI KAacy 3-BuMipHUX TpaHc-CacaksHOBMX MHOTOBMAIB, IITO
AOIYCKAaIOTh 7J-COAITOHM AViHINITaltHa. Mu BUBUMAM 7]-COAITOHM AVHINTaliHa Ha 3-BUMIipHIX TpaHC-
CacakstTHOBMX MHOTOBMAAX, Ae TeH30pu Piudi Marors Ty Koaarmnii Ta € IMKAIYHO MapaseAbHMMI.
Mu TakoX 06roBOpMAM AesIKi YMOBM KPWMBM3HM, IIIO AOIYCKAIOTh #/-COAITOHM AlHINTaliHa Ha 3-
BUMipHMX TpaHc-CacaksTHOBUX MHOTOBMAAX, @ BEKTOPHe IIOA€ TOpLEeyTBOpooUe. Mu TakoX Moka-
3aAM IpuKAa 3-BuMipHoOro TpaHc-CacaksTHOBOTO MHOTOBMAY BiAHOCHO #-COAITOHY AJHINITaltHa AAST
MepeBipKy HalllMX pe3yAbTaTiB.

Kntouosi cnoea i ppasu: coniToH AVHIIITalHA, 1j-COAITOH AMHINITalHa, TpaHc-CacakssHOBIMII MHO-
roBuA, TeH3op Piuui Tvmy Koaammi, C-tersop xpuBusHu boxaepa.
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