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PREFACE

The present thesis entitled “A Study on Certain Classes of Almost
Contact Manifolds and Spacetimes” is an outcome of the research carried out
by me under the joint supervisor, Prof. Jay Prakash Singh, Professor, Department
of Mathematics, Central University of South Bihar, Gaya-824236, Bihar, and
supervisor, Prof. S. Sarat Singh, Professor, Department of Mathematics and
Computer Science, Mizoram University, Aizawl-796004, Mizoram.

This thesis has been divided into six chapters and each chapter is subdivided
into smaller sections. The first chapter is the introduction which includes the
basic definitions and formulas of differential geometry such as topological man-
ifolds, smooth manifolds, Riemannian manifolds, almost contact metric mani-
folds, Kenmotsu manifolds, almost Kenmotsu manifolds, hyperbolic Kenmotsu
manifolds, almost cosymplectic manifolds, Vaidya spacetime, Submanifolds and
Ricci-Yamabe solitons, and review of literature.

The second chapter is the classification of Ricci-Yamabe solitons. This chap-
ter is divided into three sections. In the first section, we examine the isometries
of almost Ricci-Yamabe solitons. Firstly, the conditions under which a compact
gradient almost Ricci-Yamabe soliton is isometric to Euclidean sphere S™(r) are
obtained. Next, we have studied complete gradient almost Ricci-Yamabe soli-
ton with a # 0 and non-trivial conformal vector field with non-negative scalar
curvature and proved that it is either isometric to Euclidean space E™ or Eu-
clidean sphere S™. Also, solenoidal and torse-forming vector fields are consid-
ered. Then, some non-trivial examples are constructed to verify the results. In
the second section, we characterize Lorentzian concircular structure manifolds
(briefly, (LC'S),-manifolds) admitting Ricci-Yamabe solitons. It is shown that
an (LCS),-manifold which admits the Ricci-Yamabe soliton becomes flat when

the soliton is steady. Next, we have constructed examples of 3-dimensional and



5-dimensional (LC'S),-manifold satisfying the result. Moreover, we extend our
study to n—Ricci-Yamabe soliton on a conformally flat (LC'S),, (n > 4) manifold
and we have shown the conditions for the soliton to be shrinking, steady and
expanding with & being a torse forming vector field. Lastly, the third section
investigates almost *—Ricci-Yamabe solitons on a Sasakian manifold in which we
have proved that the manifold is isometric to the unit sphere S?**! if its metric
represents a complete almost x—Ricci-Yamabe solitons with a # 0. Certain con-
ditions under which the soliton reduces to *-Ricci-Yamabe soliton and when it
becomes steady are also obtained.

In the third chapter, we study almost cosymplectic manifolds and its exten-
sion. In the first section, we investigate almost cosymplectic manifolds admit-
ting almost Ricci-Yamabe solitons and show the conditions for local isomorphism
to Lie group G ,—;. Non-existence of such solitons on compact (, zt)-almost
cosymplectic manifolds with x < 0 is established. Scalar curvature equations
are derived and the findings are validated with a 3-dimensional example. The
second section characterizes almost Kenmotsu manifolds admitting conformal
Ricci-Yamabe solitons and it is shown that (k, )’ manifolds M?"*! are locally
isometric to H"™(—4) x R" under specific conditions. Conditions for conformal
pressure and the potential vector field as an infinitesimal contact transformation
are given with an example of a 3-dimensional manifold.

In the fourth chapter, we study the characterization of invariant submanifolds
of hyperbolic Kenmotsu manifolds. First, we have proved that an invariant sub-
manifolds of a hyperbolic Kenmotsu manifold is again a hyperbolic Kenmotsu
manifold and is minimal. Next, the conditions for the invariant submanifolds
to be totally geodesic are obtained. Also, it is shown that a 3-dimensional sub-
manifolds is totally geodesic if and only if it is invariant. Moreover, an invariant
submanifold of a hyperbolic Kenmotsu manifold admitting n-Ricci-Bourguinon

soliton is examined and verified with an example.
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The fifth chapter is geometrical properties of spacetime and it is divided into
three main sections. The first section is devoted to the study of Vaidya spacetime
under the effect of a conformal Ricci soliton vector field. The study demonstrates
the reduction of spacetime to Schwarzschild spacetime and the existence of a
conformal gradient Ricci soliton in Vaidya spacetime determining its shrinking,
steady or expanding condition. The second section investigates relativistic mag-
neto fluid spacetime stuffing in f(R)-gravity. We characterize the spacetime and
obtain the expressions for Ricci tensor, scalar curvature and equation of state.
We explore the emergence of a black hole and a trapped surface. The study also
reveals that gravitational dynamics are influenced by magnetic field strength,
permeability, and density affecting total pressure on the spacetime. Finally, the
third section explores the dynamics of a string cloud using f(R)-gravity theory
analyzing its properties. We have found that there is a balance between particle
density and string tension. We also use the Ricci soliton metric to determine
conditions for its behavior under different vector fields and explore the formation
of black holes and trapped surfaces.

In Chapter 6, we present the summary and conclusion followed by a list of

references.
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Chapter 1

Chapter 1

Introduction

1.1 Topological Manifold

Definition 1.1. Let M be a topological space. We define M as a topological
manifold of dimension n or a topological n-manifold if it meets the following

criteria:

1. M is a Hausdorff space: for any two distinct points p,q € M, there exist

open sets U and V in M such thatp € U, ¢ €V, and UNV = ().

2. M 1is second-countable: there is a countable collection of open sets that forms

a basis for the topology of M.

3. M 1is locally FEuclidean of dimension n.

1.2 Smooth Manifold

Let M denotes a topological n-manifold. A coordinate chart for M is a pair
(U, ¢), where U is an open subset of M and ¢ : U — U is a homeomorphism
that connects U to an open subset U = ¢(U) C R™. If (U, ¢) and (V,v) are two

charts with U NV # @, the composite map Yo' : (UNV) = »p(UNV) is



Chapter 1

termed as the transition map from ¢ to ¢. The charts (U, ¢) and (V) are said
to be smoothly compatible if either U NV = @ or the transition map v o =1 is
a diffeomorphism. An atlas A consists of charts that cover M. A smooth atlas is
defined as any two charts in A that are smoothly compatible. The smooth atlas

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

Definition 1.2. Suppose M 1is a topological manifold, a smooth or differentiable
structure (C*®-structure) on M is a mazimum smooth atlas. A smooth manifold is
defined as (M, A), where M is a topological manifold and A is a smooth structure
on M.

1.3 Riemannian Manifold

The Riemannian metric enables the definition of geometric concepts such as
lengths, angles and distances on smooth manifolds. Much like the inner product
in a vector space, the Riemannian metric on a manifold is a smoothly varying

inner product on each tangent space.

Definition 1.3. Consider a smooth manifold M, which may or may not have
a boundary. A Riemannian metric on M is a smooth, symmetric, covariant 2-
tensor field on M that is positive definite at every point. A Riemannian manifold
is defined as the pair (M, g), where M is a smooth manifold and g represents the

Riemannian metric on M.

1.4 Connection on Riemannian Manifold

An affine or linear connection on a smooth manifold M is an R-bilinear map-
ping
Vi x(M) x x(M) = x(M),
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which satisfies the following conditions:
1. VixY = fVxY,
2. Vx(fY) = fVxY + (X))Y,

for any vector fields X,Y € x(M) and smooth function f. On a Riemannian
manifold M of dimension n, the affine connection V is termed as a Levi-Civita
connection (Myers, 1935) or Riemannian connection if it meets the following

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

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

1.5 Almost Contact Metric Manifolds

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

vector field) and a 1-form n such that

¢’ =—I+n®& nE)=1, n-¢=0, (1.1)

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

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

9(dX,0Y) = g(X,Y) = n(X)n(Y), (1.2)

for all X,Y € x(M). An almost contact manifold M?""!(¢, £, n) together with
a compatible metric g is known as an almost contact metric manifold ( Blair,
1976). Chinea and Gonzalez (1990) obtained a complete classification for almost

contact metric manifolds through the study of the covariant derivative of the
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fundamental 2-form. The fundamental 2-form ® of an almost contact metric

manifold (M, ¢,&,n, g) is defined by
O(X,Y) = g(X,¢Y),

for all X,Y € x(M), and this form satisfies n A ®" £ 0. This means that every
almost contact metric manifold is orientable. Moreover, an almost contact metric
manifold is said to be a contact metric manifold (Perrone, 2004) if dn = ®. The

following formula holds on a contact metric manifold (Blair, 2002):
Vb = —0X — ohX. (1.3)

Further, we define two self-adjoint operators h and ¢ by h = %(ﬁggb), where L¢¢

denotes the Lie-derivative of ¢ along &, and ¢ = R(+,£){. These operators satisfy

he=06=0, he¢+o¢h=0, Trh=Tr(he)=0, (1.4)

Tel = Ric(€,€) = 2n — ||h|| (1.5)

Here, “Tr” denotes trace. When a unit vector £ is Killing, i.e., h = 0 or Tr ¢ = 2n,
then the contact metric manifold is called K-contact. On the K-contact manifold,

the following condition holds:

R(X,§)§ =X —n(X)¢. (1.6)

An almost contact structure (¢, 7, &) and almost contact manifold M are said to
be normal if the almost complex structure on M x R defined by J(X, f0;) =
(¢X — f€,n(X)0;), where f is a real function on M x R and ¢ a coordinate on R,
is integrable (Blair, 1976, 2002). The necessary and sufficient conditions for the

almost contact structure (¢, 7, &) to be normal is

[0, ¢] + 2dn ® & =0,
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where the pair [¢, ¢] is the Nijenhuis tensor of ¢ defined by

[0, 0)(X,Y) = [6X, ¢Y] + ¢°[X, Y] — 9[¢X, Y] = ¢[X, ¢V,

for all X,Y € x(M). A normal almost contact metric manifold is a Sasakian
manifold. It is shown that an almost contact metric manifold is Sasakian if and

only if
(Vx9)Y = g(X,Y)§ —n(Y)X, (1.7)

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

metric manifold M is normal if and only if V& - ¢ = ¢ - V& or equivalently

Vx&§ = —agpX + (X —n(X)E), (1.8)

where 2a = div¢, 26 = Tr(¢VE), divE is the divergence of ¢ defined by div{ =
Tr{X — Vx¢} and Tr(¢VE) = Tr{X — ¢Vx&}. On a 3-dimensional normal

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

Ric(X,€) = —Xa — (¢X)B — {€a +2(a” = ) In(X), (1.9)

Eo+ 2a =0, (1.10)

for any X € x(M).

1.6 (k, p)-contact metric Manifold

The (k, p)-nullity distribution of an almost contact metric manifold M (¢, &, n, g)
is a distribution (Blair et al., 1995; Shaikh and Yadav, 2019):

Ny(k. 1) = {Z € T,M|R(X,Y)Z =r(g(Y, 2)X — g(X, Z)Y)

+:U/(g(§/a Z)hX_g(Xv Z)hY)}, (1'11)
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where k0 € R and X,Y,Z € x(M). If p = 0, the (x,p)-nullity distribution
N(k, u) is called the -nullity distribution N (k) (Koufogiorgos, 1993). An almost
contact metric manifold M with & € N(k,u) is called a (k, u)-contact metric
manifold (Singh and Khatri, 2021). A (k, p)-contact metric manifold becomes a
Sasakian manifold if K = 1 and p = 0. In a (x, u)-contact metric manifold, the

following relations hold (Papantoniou, 1993; Blair et al., 1995):

= (k—1)¢* k<1, (1.12)
R(X,Y)§ = k[n(Y)X = n(X)Y] + p[n(Y)hX — n(X)hY], (1.13)
Ric(X,Y)=1[2(n—1) —nulg(X,Y) + [2(n — 1) + plg(hX,Y)

+2(1 — n) + n(2k + w)n(X)n(Y), (1.14)

for any vector fields X, Y € x(M).

1.7 Curvatures on Riemannian Manifold

A conformal transformation is a map that preserves angles. Suppose g and g

are two metrics on an n-dimensional Riemannian manifold M related by
g(X,Y) = e¥g(X.Y), (1.15)

for all vector fields X, Y on M and some scalar function o. The angle between any
two tangent vectors at a point p € M remains unchanged under this transforma-
tion. In this case, M and M are said to be conformally related, and the mapping
between them is called a conformal transformation (Obata, 1970). One signifi-
cant curvature tensor for investigating the intrinsic properties of a Riemannian
manifold is the Weyl conformal curvature tensor, introduced by Yano and Kon
(1984). This curvature tensor is invariant under conformal transformations. The

conformal curvature tensor C of type (1,3) on a (2n+ 1)-dimensional Riemannian
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manifold (M, g), where n > 1, is defined by

C(XY)Z = RIX,Y)Z - !

n—1

[Rz'c(y, Z)X — Ric(X, 2)Y + g(Y, Z2)QX

~ (X, Z)QY] n [g(Y, 2)X — g(X, Z)Y], (1.16)

r
2n(2n — 1)
where 7 is the scalar curvature of M, () is the Ricci operator, and Ric is the Ricci
tensor.

A harmonic function is defined as a function whose Laplacian is zero. Gener-
ally, harmonic functions are not invariant under conformal transformations. To
address this, Ishi (1957) identified the condition under which a harmonic function
remains invariant by introducing the conharmonic transformation as a subgroup

of conformal transformations (1.15) satisfying
afi + 00" =0.

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

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

H(X,Y)Z = R(X,Y)Z-— Ric(Y,Z)X — Ric(X, 2)Y + g(Y, Z)QX

ool
~ g(X, Z)QY], (1.17)

for all vector fields X,Y,Z on M. Also, Yano and Kon (1984) defined the pro-

jective curvature tensor as

1
(n—1)

P(X,Y)Z =R(X,Y)Z — [9(QY, Z)X — g(QX, 2)Y]. (1.18)

The Riemannian curvature tensor is also defined by Ozgur (2003) as

R(X,Y)Z =VxVyZ - VyVxZ — Vixy 2. (1.19)
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1.8 Kenmotsu Manifold

To investigate manifolds with negative curvature, Bishop and O’Neill (1969)
introduced the concept of a warped product as a generalization of the Riemannian
product. Tanno (1969) classified connected (2n + 1)-dimensional almost contact
metric manifolds M based on their automorphism groups having the maximum
dimension of (n + 1)?. For such manifolds, if the sectional curvature of plane

sections containing & is a constant k, then there are three categories:

1. If £ > 0, M is a homogeneous Sasakian manifold with constant holomorphic

sectional curvature.

2. If k =0, M is the global Riemannian product of a line or a circle with a

Kahler manifold of constant holomorphic sectional curvature.
3. If k <0, M is a warped product space R x ; C".

Kenmotsu (1972) studied the third category and derived its geometrical prop-
erties which lead to what is now known as the Kenmotsu structure, and the
corresponding manifolds are called Kenmotsu manifolds (Janssens and Vanhecke,
1981). Generally, a Kenmotsu manifold is not Sasakian. A Kenmotsu manifold
can be characterized as a normal almost contact metric manifold satisfying dn = 0
and d® = 2n A . K. Kenmotsu demonstrated that such a manifold is locally a
warped product I x ; N** where [ is an open interval with coordinate ¢, f = ce’
is the warping function for some positive constant ¢, and N?" is a Kihlerian
manifold (Kenmotsu, 1972). A Kenmotsu manifold can be further characterized

by its Levi-Civita connection V satisfying:

Vx§ =X —n(X)g, (1.20)

(Vx@)Y = —n(Y)oX — g(X, 9Y)¢, (1.21)
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for any X,Y € x(M). In a Kenmotsu manifold M, the following properties hold

(Kenmotsu, 1972):

R(X,Y)E =n(X)Y —n(Y)X, (1.22)

Q¢ = —2n¢, (1.23)

for any vector fields X,Y on M.

1.9 Almost Kenmotsu Manifolds

Olszak (1989) and Kim and Pak (2005) investigated almost contact metric man-
ifolds where 7 is closed and d® = 2n A @, referring to them as almost Kenmotsu
manifolds. A normal almost Kenmotsu manifold is a Kenmotsu manifold. In an

almost Kenmotsu manifold M, the following relation holds
Vxé=—¢*X — ohX, (1.24)

for any vector field X on M. Dileo and Pastore (2009) examined almost Kenmotsu
manifolds with (k, u)-nullity distribution and (k, u)’-nullity distribution. Pastore
and Saltarelli (2011) later extended this to generalized nullity distributions. An
almost Kenmotsu manifold M?" "1 (¢, £, 7, g) is termed a generalized (k, u)-almost

Kenmotsu manifold if £ belongs to the generalized (k, p)-nullity distribution, i.e.,
R(X,Y)¢ = k[n(Y)X = n(X)Y] 4+ p[n(Y)hX —n(X)hY], (1.25)

for all vector fields X,Y on M, where x and p are smooth functions on M.
Similarly, an almost Kenmotsu manifold M?"™(¢, £, n, g) is termed a generalized
(K, pv)'-almost Kenmotsu manifold if £ belongs to the generalized (k, p)'-nullity

distribution, i.e.,

RX,Y)E=w[n(Y)X —n(X)Y]+ pu(Y)VX —n(X)R'Y], (1.26)
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for all vector fields X,Y on M, where x and p are smooth functions on M.
Furthermore, if both x and p are constants in (1.26), then M is called a (k, p)'-
almost Kenmotsu manifold (Dileo and Pastore, 2009). For generalized (s, )
or (k,p)-almost Kenmotsu manifolds with h # 0 (equivalently, A" # 0), the

following relations hold (Dileo and Pastore, 2009):

h? = (k+1)¢°,  h*=(k+1)¢? (1.27)

Q¢ = 2nkE. (1.28)

Almost contact metric manifolds such that 7 is closed and d® = 2n A ® are
studied by many geometers (Blair et al., 1995; Dileo and Pastore, 2007, 2019;
Pastore and Saltarelli, 2011; Wang and Liu, 2016; Khatri and Singh, 2024b) and
this type of manifolds are called almost Kenmotsu manifolds. A normal almost
Kenmotsu manifold is called a Kenmotsu manifold (Kenmotsu, 1972). Let us
denote the distribution orthogonal to £ by O defined by Dey and Majhi (2019)
as

O = Ker(n) = Im(¢),

where © is an integrable distribution on an almost Kenmotsu manifold as 7 is
closed.

Many geometers studied and characterized almost Kenmotsu manifold ad-
mitting solitons and deduced some notion and conditions on the manifold (For
details see Basu and Bhattacharya, 2015; Naik et al., 2020; Venkatesha et al.,
2020). Let M?"*! be an almost Kenmotsu manifold (in short, akm). We denote

by h = 3Le¢¢ and | = R(-,£)€ on M?"*!. The tensor fields [ and h are symmetric

10
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operators and satisfy the following relations (Pastore and Saltarelli, 2011):

he =0, 16 =0, tr(h) =0, tr(h¢) =0, hé = ¢h =0, (1.29)
Vxé =X —n(X)E — ¢hX, (1.30)
Pl — 1 = 2(h* — ¢?), (1.31)
R(X,Y)§ =n(X)(Y = ohY) = n(Y)(X — ¢hX) + (Vyoh)X — (Vxoh)Y,
(1.32)

for any vector fields X,Y. From (1.30), we see that
V€ =0. (1.33)

We define the (1, 1)-type symmetric tensor field by A" = h o ¢, where b’ is anti-

commuting with ¢ and A’ = 0. Also, it satisfies the following relations

h=0 < W =0, h"?=(k+1)¢*( <= h*=(k+1)¢?). (1.34)

1.10 Hyperbolic Kenmotsu Manifold

A (2n + 1)-dimensional smooth manifold M is called an almost hyperbolic
contact metric manifold (Upadhyay and Dube, 1976) if it admits a timelike vector

field ¢, 1-form 1 and a (1, 1)-tensor ¢ satisfying (Singh et al., 2024):

P*X = X +n(X)C, (1.35)

n(¢) = -1, ¢(¢) =0, (1.36)

rank ¢ = 2n, no¢ =0, (1.37)
9(0X,9Y) = —g(X,Y) —n(X)n(Y), (1.38)
9(¢X.Y) = —g(X, ¢Y), (1.39)
9(X, ¢) = n(X), (1.40)

11
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for all X,Y € x(M). The structure (¢,(,n,g) is said to be hyperbolic almost
contact metric structure (see Dube and Niwas, 1978; Joshi and Dube, 2001;
Zulekha et al., 2016; Pankaj and Chaubey, 2021). Therefore, the manifold M is

called hyperbolic Kenmotsu manifold if and only if

(Vxo)Y = g(6X,Y)¢ —n(Y)oX. (1.41)
It is obvious that
dn=0, Vx¢=—-X —n(X)¢ (1.42)
and
(Vxn)Y = —g(X,Y) = n(X)n(Y). (1.43)

In hyperbolic Kenmotsu manifold, we have

R(X,Y)¢ =n(Y)X —n(X)Y, (1.44)
R(X, ()¢ = =X —n(X)(, (1.45)
R((, X)Y = g(X,Y)¢ —n(Y)X, (1.46)
Ric(X,¢) = 2nn(X), (1.47)

Q¢ = —2n(, (1.48)

for all vector fields X,Y, where R, Ric,Q are the Riemann tensor, Ricci tensor

and the Ricci operator of M respectively.

1.11 Almost Cosymplectic Manifolds

An almost cosymplectic manifold is a smooth manifold with a 1-form 7 and
a metric g that meets certain compatibility constraints. Let (M,7,g) denotes

a smooth manifold M with a non-degenerate 1-form 1 and a metric g. If the

12
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following criteria hold, then (M, n, g) is an almost cosymplectic manifold:

1. Compatibility condition:The metric g is compatible with the 1-form 7,

which means that for all vector fields X,Y € x(M), the condition

g(X,Y) =n(X)n(Y) + g(¢X, ¢Y), (1.49)
holds.

2. Closedness condition: The 1-form 7 is closed, which means that dn = 0,

where d is the exterior derivative.

Almost cosymplectic manifolds are generalization of symplectic manifolds with a
relaxed non-degeneracy requirement. In a symplectic manifold, the 1-form must
be closed and non-degenerate, but in an almost cosymplectic manifold, just the
non-degeneracy requirement is necessary.

The investigation of almost cosymplectic manifolds provides a rich frame-
work for investigating geometric structures and their interactions with curvature
features. These manifolds are related to many different fields of mathematics, in-
cluding Riemannian geometry, symplectic geometry, and mathematical physics.
The features and categorization of almost cosymplectic manifolds are important
to examine the relationship with the almost Ricci-Yamabe solitons.

For any X,Y € x(M), the fundamental 2-form on M is defined as w(X,Y) =
9(¢X,Y). An almost a-cosymplectic manifold is an almost contact metric man-
ifold in which the basic form w and 1-form 7 satisfy dw = 0 and dw = 2an A w
(Shaikh and Yadav, 2019). An a-cosymplectic manifold is a normal nearly a-
cosymplectic manifold. When a = 0, M is a nearly cosymplectic manifold. Ad-
ditionally, if & = 1, the manifold represents the Kenmotsu manifold.

Suppose that M is a nearly a-cosymplectic manifold. We remember that there

is a self-dual operator h = %qub. If dim M = 3 and A = 0, then M is normal.

13
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We know from Ozturk et al.(2010) that
29((Vx @)Y, Z) = 2a9(g(¢X, Y)§ = n(Y)oX, Z) + g(N(Y, 2),¢X),  (1.50)

for any vector field X,Y, where N is the Nijenhuis torsion of M. Then the

following relations hold (Blair, 1976)

trace(h) =0, h&=0, h=—hyp (1.51)

g(hX,Y) = g(X,hY), VX,Y € TM.
Using equation (1.50), a simple calculation provides
Vxé=—ap’X — ¢phX, Vep=0. (1.52)

For an almost a-cosymplectic manifold (M1 ¢, £ 0, g), the following equations

were proven in Ozturk et al.(2010):
R(XJ f)§ - SOR“OX? £)€ = 2[0&2@2)( - th]? trace(gph) - 07

R(X,6)¢ = a*0* X + 2aphX — h*X + p(Veh) X,

for any vector fields X,Y on M.

The Study of almost cosymplectic manifolds requires an understanding of the
(k, p)-nullity distribution. It decomposes the tangent space geometrically into
subspaces corresponding with distinct eigenvalues of the k operator. This de-
composition results in the categorization of almost cosymplectic manifolds and
aids in the comprehension of the geometrical characteristics and curvature re-
quirements. An almost cosymplectic manifold is known as a (k, )-almost cosym-

plectic manifold when £ connects to the (k, p)-nullity distribution. Furthermore,

14
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Cappelletti-Montano (2013) provided the following relationships:

Q =2nkn ® & + ph, (1.53)

h* = ko?. (1.54)

1.12 Submanifold

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

that F'is an immersion if it is an immersion at every p in M.

Definition 1.4. Suppose (N, §) is a Riemannian manifold of dimension m, M
15 @ manifold of dimension n and ¢ : M — N is an immersion. If M is given the
induced Riemannian metric g :== 1xg, then ¢ is said to be an isometric immersion.
If, in addition, v is injective, so that M 1is an immersed submanifold of N, then

M s said to be a Riemannian submanifold of N.

In recent decades, the geometry of submanifolds has garnered substantial
interest due to its significant applications in both applied mathematics and the-
oretical physics. Submanifolds constitute a fundamental concept in the realm of
differential geometry, serving as essential building blocks for understanding the
geometric properties of higher-dimensional spaces. Essentially, a submanifold is
a subset of a manifold that retains its own intrinsic manifold structure, inheriting
certain geometric properties from the ambient space. Notably, the study of in-
variant submanifolds offers insights into the properties of non-linear autonomous
systems and such submanifolds inherit “almost all geometric properties of the
ambient manifold”. Another crucial type of submanifold is the totally geodesic
submanifold which is distinguished by the fact that geodesics of the ambient man-

ifold remain geodesics within these submanifolds. The concept of geodesics plays

15
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a pivotal role in the theory of relativity. The foundational work on the geometry
of invariant submanifolds within almost contact manifolds was initiated by Yano
and Ishihara (1969).

Consider that M be an immersed submanifold of a Riemannian manifold M
with an induced metric g. The tangent and normal subspaces of M in M are
denoted by I'(TM) and T'(T+M), respectively. The induced connections on the
tangent bundle, TM and the normal bundle, T+M of M are denoted by V and

V+, respectively. The Gauss and Weingarten formulas are given by

VxY =VxY + u(X,Y) (1.55)
and

VxV =—-Ay X + VLV, (1.56)

for all XY € I(TM) and V € I'(T+ M), where p and A are second fundamental

form and shape operator of M respectively. These are related by:
9g(Av X, Y) = g(u(X,Y), V). (1.57)
The mean curvature H of M is defined as:

H=-T
nf@%

where Tr denotes the trace.
A submanifold M is called minimal if H = 0. It is termed as totally geodesic
if u(X,Y) =0 for any X,Y € I'(T'M). The covariant derivative of the second

fundamental form p is defined by (Atceken, 2021):
(Vx)(Y, Z) = VY, Z) = i(VxY, Z) = u(Y, Vx 2), (1.58)

for all X|Y,Z € T'(T'M), where V represents the Vander-Waerden-Bortolotti

connection on M. The tensor Vi is a tensor of type (0, 3) and it is valued in the
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normal bundle as the third fundamental form. If Vy = 0, then M is said to have
a parallel second fundamental form. The Gauss equation for the Riemannian

curvature R of the submanifold M is given by

R(X, Y)Z = R(X, Y)Z + AM(X,Z)Y - AM(Y,Z)Xa (159)

for any X, Y, Z € I'(TM).

1.13 Vaidya Spacetime

The exploration of spacetime geometry and its connections to physical phe-
nomena has been a captivating subject of investigation spanning the domains of
both physics and mathematics. Over time, the intricate interplay between ge-
ometry and gravity has evolved into a vibrant field of research and give rises to
various mathematical frameworks which are aimed to understand the complex
interrelationships. With its profound implications in mathematical physics and
cosmology, the study of spacetime has experienced significant growth in recent
years. Albert Einstein’s iconic theory of general relativity (Einstein, 1915) serves
as a pivotal bridge between the physical attributes of spacetime and its underlying

geometrical structure which is expressed by the field equation

Ric — Eg—i—Ag = 8rG

5 . (1.60)

where A represents the cosmological constant, while ¢ represents the speed of
light in a vacuum, G, Ric, R and T are the gravitational constant, the Ricci
tensor, the scalar curvature and the energy-momentum tensor respectively. The
best known non-trivial exact solution of the field equation when A = 0 is the

Schwarzschild metric (Griffiths and Podolsky, 2009) given by

2 om\ !
ds? = — (1 _ —m> dt? + (1 . —m) dr? + r2(d6? + sin0d¢?),  (1.61)

r r
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where m is an arbitrary parameter, r is the areal radius. This metric (1.61)
specifies the geometry of a non-rotating, non-charged black hole, and it has
been researched by numerous physicists and geometers such as Lindquist et
al.(1958), Vishveshwara(1970), Vaidya (1999a,1999b), Simpson and Visser(2019)
and Hashimoto et al.(2020).

Vaidya (1951) proposed a spacetime metric which characterizes the behaviour
of spherically symmetric (i.e., non-rotating) stars or black holes interacting with
null dust, either emitting or absorbing it. Consequently, their mass undergoes cor-
responding decreases or increases which is different from the Schwarzschild space-
time, where the mass remains constant. In reality, astronomical bodies experience
mass variations as they absorb or emit radiation rendering the space-time around
them time-dependent. The Vaidya metric offers a relatively straightforward yet
captivating framework for exploring the attributes of such dynamic space-times,
notably the presence of a photon sphere and the formation of a shadow.

Now, in Eddington—Finkelstein coordinates, the Vaidya metric is given by

(Vaidya, 1951):

2
PN <1 _ M) du® — 2drdu + r* (d6* + sin*0d¢?) . (1.62)
T

If m(u) =constant in the above equation, then the metric becomes Schwarzschild’s
metric. In the absence of matter or energy sources, the Schwarzschild metric
describes the geometry of spacetime.

The non-vanishing components of the curvature tensor R in (1.62) are given

by (Shaikh et al., 2019):

2m 2m? + r’m’ — mr m
Rurur = T 3 Ru0u9 = - 2 ) Ru@rG =
T r T
msin20 (2m? + r*m’ — mr)sin®0
Ruqbrd) = r > Ru¢>u¢ = - r2 ’

Rogop = 2mr sin? 6.
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Furthermore, the expression for Ricci curvature is provided by:

2m’

o (1.63)

Ric,,, =

Here, m’ denotes the derivative of m with respect to the coordinate, u.

1.14 f(R)-gravity theory

The relationship between spacetime and gravity constitutes a cornerstone of
modern theoretical physics (Thorne et al., 2000). Massive objects induce cur-
vature in spacetime and create gravitational fields that controls the trajectories
of nearby objects. This curvature alters the path of particles and compelling
them to follow geodesics dictated by the underlying spacetime geometry. The re-
cent detection of gravitational waves further confirms the profound link between
spacetime and gravity. These waves propagate as ripples in spacetime which carry
energy and provide insights into cataclysmic cosmic events.

General Relativity (GR) is an important theoretical framework for compre-
hending the Universe’s large-scale structure (Hawking and Ellis, 1973) yet it
fails to explain the cosmic acceleration events. To solve this, researchers inves-
tigated theoretical revisions that include the ideas such as inflation and Dark
Energy (DE). Einstein’s gravitational field equations are altered to better ac-
count for observable cosmic dynamics. This often requires an introduction of an
additional speculative component known as Dark Matter (Overduin and Wesson,
2004) which aims to reconcile theoretical predictions with observable data. Dark
energy is believed to be the driving force behind cosmic expansion, while modified
gravity theories propose alterations to the gravitational framework without dark
energy. Both approaches aim to reconcile theoretical predictions with observa-
tional data but each presents unique challenges.

Beyond the fundamental Einstein-Hilbert action, Nojiri and Odintsov (2005)
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proposed f(G)-gravity, Sotiriou and Faraoni (2010) discussed f(R)-gravity and
Cai et al. (2016) introduced f(T')-gravity theory. These modified gravitational
frameworks give novel insights that go beyond Einstein’s gravitational theory.
Furthermore, these alterations are expected to give effective approximations to
the elusive domain of quantum gravity (Parker and Toms, 2009). The addition
of a function f(R) allows General Relativity (GR) to be extended into the world
of f(R)-gravity beyond the Einstein-Hilbert Lagrangian density. The Einstein-

Hilbert action for f(R)-gravity has the expression

M=y / F(R) + L]y =gd"z, (1.64)

where f(R) represents an arbitrary function of the Ricci scalar R and £,,, denotes
the Lagrangian of the scalar field. The integration of higher-order curvature
components causes the equations of motion within this framework to exhibit
bigger degrees giving a solution to the dilemma encountered by massive neutron

stars (Astashenok et al., 2013, 2015, 2017).

1.15 Lie Derivative

For any smooth vector fields X and Y on a manifold M, let 8 be the flow of
X, we define a vector (LxY'), at each p € M, called the Lie Derivative of Y with

respect to X at p, by

d . (eft)*ybt(p) - YE’
(LXY)P = % tzo(e—t)*%t(p) - llfgl(l) t )

provided the derivative exists.
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1.16 (Generalized Quasi Einstein and Some Vec-
tor Fields

Definition 1.5 (Barros and Ribeiro, 2012). A smooth vector field X on a Rie-
mannian manifold is said to be a conformal vector field if there exists a smooth

function b on M that satisfies

Lxg=2yg.
We say that X is non-trivial if X is not Killing, that is, ¥ # 0.

Definition 1.6 (Chaki, 2001). A semi-Riemannian manifold M (n > 3) is a gen-
eralized quasi-Einstein (GQE) manifold if its Ricci tensor (Ric) does not vanish

wdentically and satisfies the equation:
Ric=ag+b@n+cy®7,

where a,b, and c are scalars, with the condition that b and ¢ are non-zero and
n and 7y signify non-zero 1-forms. For every vector field X, g(X, &) = n(X) and
9(X, () = v(X) hold. The generators of the manifold are the unit vectors £ and
¢, which are mutually orthogonal and correspond to the 1-forms n and . The

manifold M reduces to a quasi-Finstein manifold if ¢ = 0.

Definition 1.7 (Yano, 1944). A Lorentzian manifold features a torse-forming

vector field (TFV) denoted as (. This vector field satisfies
V¢ = wX + (X, (1.65)

where w represents a scalar function and vy is a non-zero 1-form, for any X €

X(M).
A time-like TFV unit is ¢ = X on a n-dimensional Lorentzian manifold M
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and has the following form (Yano, 1944):
VxY =wlX +n(X)Y], (1.66)
where 7 is a 1-form and ¢(X,Y’) = n(X) for all X.

Definition 1.8 (Hinterleitner and Kiosak, 2008). On a Lorentzian manifold M,
a vector field ¢ is termed as ¢(Ric)-vector field when it satisfies the following
equation

Vo = pRicX, (1.67)

where V represents the Levi-Civita connection and p is a constant. In case of a
non-zero [, the vector field ¢ is specifically identified as a proper ¢(Ric)-vector
field. Conversely, in the case when = 0 in (1.67), the vector field ¢ is categorized

as covariantly constant.

1.17 Ricci-Yamabe Solitons

Henri Poincaré, in 1904, wondered if there is a way to recognize a three di-
mensional sphere while the necessary measurements are operated from inside the
shape, which later becomes the famous Poincaré conjecture. Since then, to prove
or disprove the conjecture has become the core agenda of many researchers. The
study of geometric flows amongst other methods is one of the main attraction
for geometers due to its application in mathematical physics and it helps us to
understand shapes in three or more dimensional spaces. One such significant
flow is the Ricci flow introduced by Hamilton (1988), who used it to prove a
three-dimensional sphere theorem (Hamilton, 1982) and which later become the
heart of proof of the Poincaré conjecture by Perelman (2002). The Ricci soliton

(Ghosh, 2011) on a Riemannian manifold (M, g) are the self-similar solutions to
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Ricci flow and is defined by
1 .
éﬁvg + Ric = Ag, (1.68)

where Ly g denotes the Lie-derivative of g along potential vector field V', Ric is
the Ricci curvature of M?* ™! and A, a real constant. When the vector field V
is the gradient of a smooth function f on M?"*! that is, V = V£, then we say
that Ricci soliton is a gradient. According to Petersen (2009), a gradient Ricci
soliton is rigid if it is a flat NV xp R¥, where N is Einstein and represents certain
classification. The notion of almost Ricci soliton was introduced by Pigola et al.
(2011) by taking A as a smooth function in the definition of Ricci soliton (1.68).

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

nian manifold (M, g), a Yamabe soliton is given by
1
SLvg=(r =g, (1.69)

where 7 is the scalar curvature of the manifold and A, a real constant. The
Yamabe soliton preserves the conformal class of the metric but the Ricci soliton
does not in general. However, in dimension n = 2, both the solitons are similar.
If A is a smooth function in (1.69), then it is called almost Yamabe soliton.
Guler and Crasmareanu (2019) introduced a new type of geometric flow which
is a scalar combination of Ricci flow and Yamabe flow under the name Ricci-

Yamabe map and define the following:

Definition 1.9. The map RY (*59) . [ — T5(M) given by:

9
Ry (@B.9) — a_i(t) +2aRic(t) + fr(t)g(t),
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is called the («, B)-Ricci- Yamabe map of the Riemannian flow (M, g). If
RY (@8:9) = 0,
then g(.) will be called an («, B)-Ricci- Yamabe flow.

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

flow.

Definition 1.10. A Riemannian manifold (M™, g),n > 2 is said to admit almost

Ricci-Yamabe soliton (g, V, A\, «, 8) if there exist smooth function A such that
Lyg+2aRic = 2\ — f71)g, (1.70)
where o, € R.

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

group of well-known solitons such as:
1. Ricci almost soliton (o = 1,8 = 0).
2. almost Yamabe soliton (a« =0, = 1).
3. Ricci-Bourguignon almost soliton (o =1, 5 = —2p).

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

then (1.70) reduces to

V2f 4+ aRic = (A — %ﬁT)g, (1.71)
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where V2 f is the Hessian of f. The almost Ricci-Yamabe soliton (ARYS) is said
to be expanding, shrinking or steady if A < 0, A\ > 0 or A = 0 respectively. In
particular, if A\ is constant, then almost Ricci-Yamabe soliton reduces to Ricci-
Yamabe soliton. Extending the notion of Ricci soliton, Cho and Kimura (2009)
introduced the n-Ricci soliton which is obtained by perturbing the equation (1.70)
with a multiple of a certain (0,2)-tensor field n ® . Siddigi and Akyol (2020)

extended to n-Ricci-Yamabe soliton of type («, 5) which is defined by:

Lvg+2aRic+ 2\ — 87) +2wn @ n = 0. (1.72)

1.18 Review of Literature

A Ricci soliton is a self-similar solution to the Ricci flow (Hamilton, 1982).
Ricci flow has various applications including Ricci flow gravity (Graf, 2007), non-
linear reaction-diffusion systems in biology, chemistry and physics (Ivancevic and
Ivancevic, 2011), brain surface conformal parametrization with the Ricci flow
(Wang et al., 2012) and economic modeling (Sandhu et al., 2016). Gradient
Ricci solitons were introduced and studied by Cao (2006, 2009) and Petersen and
Wylie (2009). Wylie (2008) showed that complete shrinking Ricci solitons have
a finite fundamental group. Cao and Zhou (2010) studied complete shrinking
Ricci solitons. Munteanu and Wang (2017) demonstrated that positively curved
shrinking Ricci solitons are compact. Ricci solitons with Jacobi-type vector fields
were explored by Deshmukh (2012), while Deshmukh et al. (2020) characterized
trivial Ricci solitons. For more details, see Ghosh (2013, 2019, 2020) and Duggal
(2017).

Cho and Sharma (2010) initiated the study of Ricci solitons in contact ge-
ometry. The concept of almost Ricci solitons was introduced by Pigola et al.

(2011). Barros et al. (2021) studied the rigidity of gradient almost Ricci soli-
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tons and showed that they are isometric to either the Euclidean space R"™ or the
sphere S". Various rigidity results were presented by Cao et al. (2011), Barros
et al. (2013) and Yang and Zhang (2017). Catino et al. (2016a) also discussed
the analytic and geometric properties of generic Ricci solitons. Chu and Wang
(2013) provided scalar curvature estimates for gradient Yamabe solitons. Sub-
sequent studies on Yamabe solitons were conducted by Wang (2016b) and Suh
and De (2020). Shaikh et al. (2021) gave the characterizations of gradient Yam-
abe solitons. Chaubey et al.(2022) presented a complete classification of Yamabe
solitons on real hypersurfaces in the complex quadric, @™ = SO,,+1/S0250,,.
Extending the concept of Yamabe solitons, Barbosa and Ribeiro (2013) intro-
duced almost Yamabe solitons. Seko and Maeta (2019) classified almost Yamabe
solitons in Euclidean spaces, while Alkhaldi et al. (2021) characterized almost
Yamabe solitons with conformal vector fields. Miao and Tam (2009, 2011) stud-
ied on the volume functional of a critical metric and compact manifolds.

Guler and Crasmareanu (2019) introduced the Ricci-Yamabe solitons. De
et al. (2022) characterized Ricci-Yamabe solitons on a 3-dimensional Rieman-
nian manifold. Sardar and Sarkar (2022) analyzed Ricci-Yamabe solitons on a
class of generalized Sasakian space forms. Singh and Khatri (2021) studied per-
fect fluid spacetime using Ricci-Yamabe solitons with torse forming vector field
and deduced its condition for the soliton to be shrinking, expanding and steady.
Siddigi and De (2022) investigated Ricci-Yamabe solitons in relativistic perfect
fluid spacetimes and derived the Poisson and Liouville equation. Siddiqi et al.
(2022) presented the problem of almost Ricci-Yamabe solitons on static space-
times using conformal Killing vector field. Zhang et al. (2022) studied perfect
fluid spacetimes and introduced the notion of conformal Ricci-Yamabe solitons.
Also, Yoldas (2021) studied 7-Ricci-Yamabe solitons on Kenmotsu manifolds and
proved that the scalar curvature is constant.

Endo (2002) investigated the non-existence of almost cosymplectic manifolds
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satisfying certain curvature conditions. Goldberg and Yano (1969) derived the
integrability condition of almost cosymplectic structures. Olszak (1981) and Ol-
szak and Rosca (1991) studied locally conformal and normal locally conformal
almost cosymplectic manifolds. Chen (2020a, 2020b) studied quasi Einstein struc-
ture and almost quasi-Yamabe solitons on almost cosymplectic manifolds. Sar-
dar and De (2023) studied almost cosymplectic manifolds with Schouten solitons
(Schouten, 1954).

Blair (2002) provided a comprehensive overview of the geometric structures
involved in the Sasakian manifolds, while Boyer and Galicki (2007) presented an
in-depth exploration of the properties and significance of Sasakian manifolds in
both mathematics and theoretical physics. Many geometers studied and charac-
terized almost Kenmotsu manifold such as Basu and Bhattacharya (2015), Naik
et al. (2020), Venkatesha et al. (2020), Chaubey et al. (2021), Satarelli (2015),
Wang (2017), Wang and Wang (2017), Patra and Ghosh (2018), Patra et al.
(2020), Khatri and Singh (2023a, 2023b) and De et al. (2023).

Sasaki (1960) introduced Sasakian manifold. Sasakian manifold attracts ge-
ometers and physicists due to its application in complex geometry and string
theory( Maldecena, 1999; Friedrich and Ivanov, 2002). Further, developments ex-
tend to the study of almost Ricci solitons isometric to spheres(Deshmukh, 2019)
and the characterization of generalized Ricci-Yamabe solitons on Sasakian 3-
metrics(Dey and Majhi, 2022). Dwivedi and Patra (2022) introduced the notion
of almost *-Ricci-Bourguinon soliton and obtained its geometric characterization
on Sasakian manifold.

The study of the geometry of invariant submanifolds of almost contact man-
ifolds was initiated by Yano and Ishihara (1969). Chern(1968) introduced the
minimal submanifolds and Chen (1973) studied the geometry of submanifolds
and derived the theorem for minimal submanifolds. There are many applications

of invariant submanifolds to spacetimes(Chen, 1993, 1994, 1995a, 1995b, 1996).
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Kenmotsu (1969) investigated invariant submanifolds in Sasakian manifold. Kon
(1973) studied conditions for an invariant submanifolds of normal contact metric
manifolds to be totally geodesic. Milnor (1976) derived the curvature properties of
left invariant metrics on Lie groups. Bejanchu and Papaghiuc (1981) introduced
the semi-invariant submanifolds of Sasakian manifolds, while Joshi et al.(2001)
studied r- almost contact hyperbolic metric manifold. Many geometers have at-
tempted various problems related with invariant submanifolds, i.e., Kon (1973),
Endo (1986), Anitha and Bagewadi (2003), Yildiz and Murathan (2009), Vanli
and Sari (2014), De and Majhi (2015), Shaikh et al. (2016), Eyasmin and Baishya
(2020), Atceken et al. (2020), Atceken (2021), Atceken and Uygun (2021), Blaga
and Ozgur (2022), Chaubey et al. (2022) and Khatri et al. (2022).

In the last decade, significant work has been done on n-Ricci solitons and
n-Yamabe solitons within the context of Riemannian geometry. Geometric flows
have recently been applied to cosmological models, such as perfect fluid space-
times. Venkatesha and Kumara (2019) analyzed Ricci solitons in perfect fluid
spacetimes with torse-forming vector fields. Conformal Ricci solitons in perfect
fluid spacetimes have also been examined (Siddigi and Siddiqui, 2020). Blaga
(2020) studied n-Ricci and n-Einstein solitons in perfect fluid spacetimes and de-
rived the Poisson equation from the soliton equation. Praveena et al. (2021)
investigated solitons in Kahlerian spacetime manifolds.

Minkowski (1908) introduced the geometric interpretation of spacetime. The
spacetime of special theory of relativity is now known as Minkowski spacetime.
Spacetime in general relativity (Wienberg, 1972) simply means a four dimensional
connected semi-Riemannian manifold (M*, g) with Lorentz metric g of signature
(—,+,+,+). A Lorentzian manifold M of dimension n is an n—dimensional semi-
Riemannian manifold (O’Neill, 1983) endowed with a Lorentzian metric ¢ of sig-

nature (+,+,...,+, —). Alias et al. (1995) introduced the notion of generalized
—_——

n—1 times
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Robertson-Walker (GRW) spacetimes. A Lorentzian manifold M of dimension
n > 3 is named GRW-spacetime if it is the warped product M = —I x ¢>M*,
where [ is an open interval of real numbers with base (I, —dt?), warping function
q and the fibre (M*, g*).

A Lorentzian manifold with Ricci tensor of the form (Hawking and Ellis, 1973)
Ric(X,Y) = ag (X,Y) + BA(X) A(Y),

is called perfect fluid spacetimes. Here, «, § are scalar fields and U is a unit
timelike vector field corresponding to the 1—form A, ie., ¢(U,U) = —1. De
et al. (2002) introduced the notion of Lorentzian Para-Sasakian manifolds with
coefficient o which is known as LP-Sasakian manifold with coefficient a. Many
researchers from physics and mathematics have been studying different types of
spacetime such as Shaikh et al. (2009) on Quasi-Einstein spacetimes, Gutiérrez
et al. (2009) on GRW space, Mantica et al. (2015) on perfect fluid spacetime to
be GRW spacetime, Yadav et al. (2019) on perfect fluid LP-Sasakian spacetime,
De and Sardar (2020) on relativistic properties of LP-Sasakian type spacetime,
Blaga (2020) on solitons and geometrical structures in a perfect fluid spacetime,
Chattopadhyay et al. (2021) on hyper-generalized Quasi-Einstein spacetime and
Siddiqui and De (2022) on relativistic perfect fluid spacetime.

The study of spacetime evolves exponentially, with the approach from both
physical and mathematical point of view. Vaidya (1951) proposed a spacetime
metric which characterizes the behaviour of spherically symmetric (i.e., non-
rotating) stars or black holes interacting with null dust, either emitting or ab-
sorbing it. After this, several authors such as Lindquist et al. (1958), Dwivedi
and Joshi (1989), Virbhadra (1992), Rudra et al. (2016), Simpson et al. (2019),
Shaikh et al. (2019) and Piesnack and Kassner (2022) extended the research
on Vaidya spacetime. Vishveshwara (1970) investigated the scattering of grav-

itational radiation by a Schwarzschild Black-hole. Simpson and Visser (2019)
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discussed the black bounce in traversable wormhole. Siddiqi and Siddiqui (2020)
studied conformal Ricci soliton in a perfect fluid spacetime. For more informa-
tion on spacetime, blackholes and its relation to cosmology, one can see Boucher
(1984), Masood-ul-Alam (1987), Karchar (1992), Schmidt (1993), Philbin (1996),
Stuchlik and Hledik (1999), Sahni and Starobinski (2000), Stephani et al. (2003),
Griffiths and Podolsky (2009), Limoncu (2010), Qing and Yuan (2013), Mantica
et al. (2016), Bronnikov et al. (2016), Hwang et al. (2016), Batool and Hussain
(2017), Carroll (2019), Coutinho (2019), Leandro and Solorzano (2019), De et al.
(2021), Kumara et al. (2021) and Siddiqi (2022), Cao et al. (2022), Fathi et al.
(2022), Siddiqi et al. (2023), Yang et al. (2023).

The perfect fluid spacetime model postulates matter distribution as a perfect
fluid without viscosity. Solutions to Einstein’s field equations are often used to
depict astrophysical scenarios such as star interiors or cosmic environments with
perfect fluid behavior (Van Elst and Ellis, 1996; Carot and Sintes, 1997; Zhao
et al., 2021). The connection between Ricci solitons and Perelman’s Ricci flow
(Perelman, 2002) provides new research opportunities for understanding space-
time geometry under systematic flows revealing fundamental principles which
regulate the structure of the cosmos and help in cosmological modeling. Many
mathematicians and physicists investigate the interplay of solitons, spacetimes
and modified gravity such as Sidhoumi and Batat (2017), Khan et al.(2018),
Capozziello et al. (2019), Mandal (2021), Chaubey (2021), De et al. (2021,
2022), Guler and Gunal (2022), Ali and Khan (2022), De and De (2022, 2023),
Khatri et al. (2023) Suh and Chaubey (2023) and De et al. (2023).
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Chapter 2

Classification of Ricci-Yamabe

Solitons

This chapter is divided into three main sections. Section 2.1 deals with almost
Ricci-Yamabe solitons on Riemannian manifold. In Section 2.2, Ricci-Yamabe
solitons on (LC'S),-manifolds are discussed and Section 2.3 is devoted to the

characterization of almost *-Ricci-Yamabe solitons.

2.1 Isometries on almost Ricci-Yamabe solitons

This section investigates isometries of almost Ricci-Yamabe solitons. We ob-
tain conditions for compact and complete gradient almost Ricci-Yamabe solitons

to be isometric to Euclidean space or sphere.

M. Khatri, Z. Chhakchhuak and J.P. Singh (2023). Isometries on almost Ricci-Yamabe
solitons, Arab. J. Math. 12, 127-138.

31



Chapter 2

2.1.1 Some rigidity results on almost Ricci-Yamabe soli-

tons

Before proceeding to the main results, we obtain several lemmas on almost

Ricci-Yamabe solitons (ARYS) and gradient ARYS which would be used later.

Lemma 2.1. For a gradient ARYS (M™, g,V f,\), the following formula holds:
(1) 2Af + (2a +np)T = 2nA.

(2) {a+ (n—1)}ViTt =2(m — 1)V, A+ 2R;;V°f, a#0, n> 3.

(3) a(V;Rix = ViRi) = z02755 [(ViN)gin — (Vid)gju) + ST=D0 Rijr Vo f, ot
(n— 1) £0.

(4) For a+ (n — 1) # 0, we have

1 B n—1 BT
l1—a?—(n—-1)afB _.
P Y Ric(Vf).

Proof. Result (1) is directly obtained by taking trace of the soliton equation.

For result (2), we consider Schur’s Lemma (n > 2), we have

%Vﬂ' = divRic; = ¢*V i Ryj,
« . .
= 2 = (TN — 5 (Virgs} — VT

Then, using Ricci identity in the above expression gives
(a+ B)ViT =2V, A = 2V, (Af) — 2R, V° f.
Thus, in regard of result (1) yields
[a+ (n—1)8]Vit =2(n— 1)V, A+ 2RV f.

This gives result (2).
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In consequence of result (2) and Ricci identity, we obtain
RjiksV° [ + a(VRix = ViRj) = (VM) gin = (Vid)gn + g[(vﬂ')gy‘k = (V;7)gir]-

Further, inserting result (2) in the above expression and then simplifying,
we obtain result (3). Now, using result (3) and the fundamental equation as a

(1,1)-tensor, result (4) follows, which thus completes the proof. ]

Petersen and Wylie (2009) obtained the following Bochner formula for Killing

and gradient field as:

Lemma 2.2. Given a vector field X on a Riemannian manifold (M™,g), we have
div(Lxg)(X) = %A\X!Z “|VXP + Rie(X, X) + DydivX.
When X =V f s a gradient field and Z is any vector field , we have
div(Lvrg)(Z) = 2Ric(Z,V f) + 2D zdivV f,
or, in (1,1)-tensor notation,
divVV f = Ric(Vf) + VAY.

Taking an inner product of result (2) in Lemma 2.1 by arbitrary vector field

7 gives
o+ (n— 1)Blg(Vr, Z) = 2(n — 1)g(V\, Z) + 2Ric(Vf, Z).  (2.1)
In particular,
o+ (n— DBlg(Vr, Vf) = 2(n — D)g(VA, V) + 2Ric(V,Vf).  (22)

and

[a+ (n—1)B]|VT]? = 2(n — 1)g(V\, V1) + 2Ric(V f, V). (2.3)
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Lemma 2.3. For an ARYS (M",g,X,\) (n > 3) with a # 0, we have

20+ np
2

+ (2a + nP)Ric(X, X) + 2[(n — 2)a — nfBlg(VA, X) + nBDxdivX = 0.

AIX)? — (2a +nB)|VX|? + B(2a +np)g(VT, X)

Proof. Taking divergence of ARYS equation yields
div(Lxg)(X) + 2(a + B)divRic(X) = 2Dx\. (2.4)
We have from (1.70), 2divX + (2a + nf3)T = 2nA, which gives
2DxdivX + (2a+nf)DxR = 2nDx . (2.5)

Making use of Schur’s Lemma, Lemma 2.2, (2.4) and (2.5), we get the required

results. This completes the proof. O

Moreover, from (1.70) we have
1 . BT 2
§£Xg(X, X) + aRic(X, X) = (A — 7)|X| .

In consequence of this in Lemma 2.3, we get

20 J2r nB(A - %)!X\? = (20 +nB)|VX[? — B2a + nB)g(VT, X)
- Z nﬁ(A - %)’XP +2[nf — (n —2)alg(VA, X) —nfSDxdivX.

(2.6)

Corollary 2.1. For a gradient ARYS (M™,g,Vf,\) (n > 3) with a # 0, we

have

AIVFI? = 2a+np)|Hess f|* — B(2a +np)g(VT, Vf)

20+ np
2
— (2a+nP)Ric(Vf,Vf)+2nB — (n—2)alg(VA, V) —nBDyrdiv(Vf).

Theorem 2.1. Let (M™,g,X,\) (n > 3) be a compact ARYS. If o # {0, —%}
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and

. nf3 .
/M {R@c(X, X) 4 Bg(VrX) o+ g S VdioX

2[(n —2)a — nﬁ]g
20+ npf

(W,X)}dvg <0,

then X is Killing and M™ is RYS.

Proof. Since M™ is compact, taking integration of Lemma 2.3 gives

/M VX [2dv, = /M {Rz’c(X, X) + Bg(Vr, X) + %V;{dw}(
2“”2_@ Qi&ng nf] g(V)\,X)}dvg. (2.7)
In view of our hypothesis
/ {ch(X, X))+ Bg(VT,X) + ivxdz‘vx
M 20+ nf
2[(”2_020‘”5 "] o, X)}dvg <0,

and (2.7), we get VX = 0 which implies Lxg = 0, i.e., X is Killing vector field.
In this case, ARYS will be simply RYS since M™ will be Einstein manifold, which

implies that X is constant. This completes the proof. O

Corollary 2.2. Let (M",g,X,\) (n > 3) be a compact RYS. If a # {0,—"}

and
: np .
/M [RZC(X, X))+ Bg(Vr, X) + mvxdw)( dv, <0,
then X is Killing.
In particular, for « = 1 and § = —2p in Theorem 2.1, we recover Theorem

1.6 of (Dwivedi, 2021). Moreover, Theorem 3 in (Barros and Ribeiro, 2012) for
compact Ricci soliton is obtained for a« =1, 5 = 0.

The next theorem generalizes Theorem 3.5 of (Dwivedi, 2021) which is ob-
tained for compact gradient Ricci-Bourguignon almost soliton, which is the case

fora =1 and f = —2p.
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Theorem 2.2. Let (M™, g,V f,A\) (n > 3) be a compact ARYS with o # 0 and
a+(n—1)8#0. Then we have

(1) [y IV2f = SLglPdv, = <52 [, (7, Vf)dvg

(2) [y IV —2LgPdu, = nzi"ﬁnm Sy 20— 1)g(VA, V f)+2Ric(V £,V f)]dv,.

Proof. From the gradient ARYS, from (1.71) we have
(Hess [)(Vf)+ aRic(Vf)=(\— %)Vf (2.8)

Combining second argument of Lemma 2.1 and (2.8), then taking divergence of

the obtained expression yields

ala + (n —1)B]AT = 2a(n — 1)AN + (2\ — BT)Af — A|V f]?

+29(VA,Vf) = Bg(VT, V). (2.9)
Now, using commuting covariant derivative and Ricci identity, we have

ViVi(g(V; £, V1)) =2Vi(g(ViV; £, V),
= QQ(VlVZV]f, V]f> + 2’v2.ﬂ27
=29(ViV,V,f 4+ RiijsVf, YV, f) + 2[V2f‘2,

=29(V(Af), V) +2Ric(Vf, Vf) + 2]V f[.
Making use of the above expression in (2.9), we get

ofa+ (n—1)BYAT +29(VAS, V) + 2Ric(V [,V f) + 2|V f|?

=2a(n — 1)AXN+ 22X = B7)Af +29(VA\, V) — Bg(VT, V). (2.10)
Combining first argument of Lemma 2.1, (2.2) and (2.10), we obtain

a{a+(n—1)BYA7—ag(Vr, V)+2|V2f]? = 2a(n—1) AN (2A—B7)Af. (2.11)
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Making use of the fact that |V2f — &Lg|2 = |V2f]2 — Af) in (2.11) gives

afa+ (n—1)BAT + 2|V f — %9’2 —ag(VT,Vf)=2a(n—1)AXN+ %TAf.
(2.12)

By hypothesis, since M™ is compact, we get

A
/M|V2f—7fg|2dvg:%/M (V7,V f)dv, + n/ RA fdv,. (2.13)

Also, we know that [, RAfdv, = — [,, g(V7,V f)dv,, then (2.13) becomes

A -2
/M |V2f — 7f9|2dvg = 04(712—”) /Mg(VT, V f)dv,. (2.14)

Combining (2.2) in (2.14) proves the second part provided a+ (n—1)3 # 0. This

completes the proof. O

Now, for a gradient ARYS (M", g,V f,\), from (1.71) and Lemma 2.1 we can

write

, T Bt 9 aT
Ric— —g) = (A — —)g — - —
a(Ric~ Lg) = (A~ D)y w27 - Ty
2
VRN G 2 L Ve
2n
A
= —fg — V3f.
n
Now, using the foregoing equation in (2.14) yields
/ |Ric — —g[Qd 2( o ‘2) / g(V7,V f)dv,. (2.15)

Corollary 2.3. Let (M™, g,V f,\) (n > 3) be a gradient ARY'S with o # 0. Then
we have

(1) {a+ (n — 1)B}YAT + 20| Ric — Zg|> — g(VT, Vf) =2(n—1)AX+ 27Af.

(2) If M™ is compact, then [, |Ric — Zg|*dv, = %2 [, g(VT,V f)dv,.

With regard to Theorem 2.2, Corollary 2.3 and Tashiro’s result (Tashiro,

1965) which states that a compact Riemannian manifold (M™, g) is conformally
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equivalent to S™(r) provided there exists a non-trivial function f : M"™ — R such
that V2f = %g. We obtain the following result which is a generalization of
Corollary 1 of (Barros and Ribeiro, 2012) and Corollary 1.10 of (Dwivedi, 2021).

Corollary 2.4. A non-trivial compact gradient ARYS (M™,g,Vf,\) (n > 3)
with o« # {0, (1 — n)B} is isometric to a Euclidean sphere S™(r) if one of the
following conditions hold:

(1) M™ has constant scalar curvature.

(2) M™ is a homogeneous manifold.

(3) [,2(n —1)g(VA, V) 4+ 2Ric(Vf,Vf)ldvy > 0 and 0 < a < (1 —n)p or
0>a>(1—n)p.

(4) [y;[2(n —1)g(VA, Vf) + 2Ric(V [,V f)|dvy < 0 with non-negative constants
a and (.

Hodge-de Rham decomposition theorem states that we may decompose the
vector field X over a compact oriented Riemannian manifold as a sum of the

gradient of a function h and a divergence free vector field Y, i.e.,
X =Vh+Y, (2.16)

where div Y = 0.

Taking divergence of (2.16) gives div X = Ah. From the fundamental equation,
we have 2div X + (2a+nf)T = 2nA. Therefore, combining both equations result
in the following:

2Ah + (2a 4+ nB)T = 2nA. (2.17)

On the other hand, if (M™, g, V f, \) is also a compact gradient ARYS, then from

result (1) of Lemma 2.1, we have
2Af 4+ 2o+ nf)T = 2nA. (2.18)

Comparing (2.17) and (2.18), we get A(h—f) = 0. Now, by using Hopf’s theorem,
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we see that f = h 4 ¢, where ¢ is a constant. Hence, we can state the following:

Theorem 2.3. Let (M",g9,X,\) be a compact ARYS. If M"™ is also gradient
ARYS with potential f, then upto a constant, it agrees with the Hodge-de Rham

potential h.

2.1.2 Almost Ricci-Yamabe solitons with certain condi-

tions on the potential vector field

In this subsection, we consider ARYS whose potential vector field satisfies
certain conditions such as conformal, solenoidal and torse-forming vector fields.
Conformal vector field under almost Ricci soliton and almost Ricci-Bourguignon
solitons were considered by authors in (Barros and Ribeiro, 2012; Blaga and
Tastan, 2021) and obtained interesting results. Now, we state and prove the

following lemma.

Lemma 2.4. Let (n > 3) be ARYS with a # 0. If X is a conformal vector field

with potential function v, then T and X — 1 are constants.

Proof. Since X is a conformal vector field, we have Lxg = 2¢)g. Making use of

this in the soliton equation (1.70) yields

aRic = (A — % —1)g. (2.19)
which further gives
(2a+npB)T = 2n(A — 1), (2.20)
and
a divRic = V(X — % — ). (2.21)

Making use of Schur’s Lemma in (2.21) and inserting it in the covariant derivative
of (2.20) results in (n — 2)aVT = 0. As a # 0, then 7 is constant, which implies

then from (2.20) that A — 4 is also constant. This completes the proof. O
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Theorem 2.4. Let (M", g, X,\) (n > 3) be a compact ARYS with o # 0. If X
1 a non-trivial conformal vector field, then M™ is isometric to Fuclidean sphere

S™(r).

Proof. Inregard of Lemma 2.4, we know that 7 and A—1 are constants. Moreover,
using Lemma 2.3 of (Yano, 1970), we conclude that 7 # 0, otherwise ¢ = 0, a
contradiction as ¢ # 0.
Taking Lie derivative of (2.19) and using the fact that 7 and A—1 are constants
give
BT BT

alxRic= (A== =¥)Lxg= (A== — ¥y

Now, applying Theorem 4.2 of (Yano, 1970) to conclude that M™ is isometric to

Euclidean sphere S™(r). This completes the proof. O

Now, we look at gradient ARYS admitting conformal vector field on which we

state and prove the following:

Theorem 2.5. Let (M", g9,V f,A\) (n > 3) be a complete gradient ARYS with
a # 0. If Vf is a non-trivial conformal vector field with non-negative scalar
curvature, then either

(1) M™ is isometric to a Euclidean space E™.

or

(2) M™ is isometric to a Euclidean sphere S™. Moreover, 1 is a first eigenfunction

of Laplacian and \ = %T — %f + k, where k is a constant.

Proof. Since Vf is a non-trivial conformal vector field, we have Lyrg = 2¢g,
1 # 0. Now, in consequence of argument (1) of Lemma 2.1, we get ¢ = % # 0.
Moreover, from Lemma 2.4, we know that 7 and A\ — v are constants. Suppose
7 = 0, then this implies that M"™ is Ricci flat and by using Tashiro’s theorem
(Tashiro, 1965) in the fundamental equation, we conclude that M" is isometric

to a Euclidean space E™. On the other hand, suppose 7 # 0. Then, making
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use of Lemma 2.1 in ¢ = % gives A = ¢ + (%)T As a consequence, (2.19)
becomes Ric = Tg for a # 0. Therefore, by involving a theorem by Nagano
and Yano (Nagano and Yano, 1959), we can conclude that M™ is isometric to a
Euclidean sphere S™. Furthermore, taking into account of the fact that Ric = *g,
we can use Lichnerowicz’s theorem (Lichnerowicz, 1958), the first eigenvalue of
the Laplacian of M" is \; = ~=. Now, we make use of well known formula by

Obata and Yano (Obata and Yano, 1970), which gives

A+

W =0. (2.22)

n—1
In view of (2.22), one can easily obtain Aty = —\, that is, ¢ is a first eigenfunc-
tion of the Laplacian. Also, we get A(Af+X\;f) = 0. Then, by Hopf theorem, we
obtain Af + A\ f = ¢, where ¢ is a constant. Combining the last expression with

Lemma 2.1 give us the required expression for A. This completes the proof. [

In the paper of Blaga and Tastan (Blaga and Tastan, 2021), the authors con-
sidered almost Ricci-Bourguignon soliton and almost n-Ricci-Bourguignon soliton
with solenoidal and torse-forming vector field and obtained several rigidity results.
Following similar methods, we examine ARYS (M",g,&, \) with solenoidal and
torse-forming vector fields.

Let & be a solenoidal vector field. Then, by taking trace of the ARYS equation

(1.70), we get

2

T = m(/\n — dlv(g))v (2'23)

provided o # —”76. If a = —%, then A = & For o # {0, —%}, the soliton

equation can be written as
_ Bdiv(§) + 2aX

1
~Leg + aRic = . 2.24
PR A TP, B (2:24)
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Taking an inner product with Ric in (2.24) gives

4
arngp "

—2a)div(&)\ — B(div(€))* + 2an)?]. (2.25)

(Leg, Ric) = —2a|Ricl* +

Again, taking an inner product with Leg in (2.24) and considering |L¢g|> =
4|VE[?, we have

2 2
(Leg, Ric) = a\V&“\ +a

m[ﬁ(div(f))z + 2aMdiv(€)]. (2.26)

Comparing (2.25) and (2.26), we get

Ricl? = Vel + s[402n)? — 8a2Adiv(€) — (da + nB)B(div(€))?).

a*(2a + np)
which leads to the following:
Proposition 2.1. For an ARYS (M",g,&,\) with o # {0, —%} and a solenoidal

vector field £, we have

) 1
|Ric|> > @Wﬂg-

Now, let £ be a gradient vector field. Making use of Bochner formula (Blaga,
2017), we have

Ric(€,€) = SA(EP) ~ [VEP — £(din(€)). (2.27)
Using (2.23) in the soliton equation (1.70), we get
L g+ aRic = [A P - dz’v(ﬁ))} g (2.98)
2 20 +
From (2.28), we have
aRicls,€) = ~y€l6P) + [V - 5O dioe)| I 229)

Comparing (2.24) and (2.29), we can state the following:

Theorem 2.6. A gradient ARYS (M™,g,&,\) with a # {0, —%} has the function
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A expressed in terms of £ as

2a +np ) ) ) ' g
- 4a|§|2 [OCA(|€| ) - 20(|V§| + §(|§| ) - QOéfdlv(f)] — %dw(f)
In particular, for « = 1 and § = —2p, where p € R and p # %, we recover

Theorem 2.2 of (Blaga and Tastan, 2021).
If £ = Vf with f a smooth function on M™ and a # {0, —%}, the soliton

equation becomes

Hess f 4+ aRic= (X — %)g (2.30)
and (2.23) becomes
2
= an— Af). 2.31
r= g n = Af) (2.31)
Differentiating the above expression gives
2
d(Af) = ndr— 220 g (2.32)
20+ np

— V(Af) =nVA— vr.

Taking divergence of (2.30) and using Schur’s Lemma, we get

div(Hess f) = dr— & ;r 54r (2.33)
Also, from (Blaga, 2017), we have
div(Hess f) = d(Af) +igwpy, (2.34)

where 7 denotes the interior product and () is the Ricci operator.

Comparing (2.33) and (2.34) yields

a+

d(Af) =d\ — dr — iQ(vf)g. (235)
From (2.32) and (2.35), we have
(n—1)dr = wm — QYY) (2.36)
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Therefore we can state the following:

Proposition 2.2. For a gradient ARYS on M™ with o # {0, —”2—5}, we have

grad(\) = n—grad(T). (2.37)

In the gradient case, we have £ = Vf, if a # {0, —%}, then from (2.31), we get

_2a+n67+ﬂ

A 2.
2n n (2:38)
Then, (2.30) becomes
A
Hess f + aRic = Mg. (2.39)
Taking inner product with Ric and Hess f respectively in (2.39) yields
A
a|Ric|? = %fT — (Hess f, Ric), (2.40)
and
1 A
E\Hess fI>= %Af — (Ric, Hess f). (2.41)

On comparing (2.40) and (2.41), we get

1 2.2 _ (A F)2
a|Ric|* — —|Hess f|* = w,
a an

which leads to the following:

Theorem 2.7. For a gradient ARYS (M", g,V f,\) on M"™ with o # {0, —%},
we have
(Af)? ?

1 1
—|Hess f|* — ~—“ < |Ric|* < —|Hess f|* + T
a? a’n a? n

Again, let us consider a torse forming vector field &, then, V& =1 + 9 ® &,

where v is a smooth function, ¢ is a 1-form and [ is the identity endomorphism
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on the space of vector fields. Then, we have

div(§) = ny + ¥(§),

Leg=27g+1VR@0+0R1,

where 6 is the dual 1-form of &. From (1.70), we get for a # {0, =2} that

—2a(y =\ 1
Ric = W(i)(za fgg) g - @O+ ). (2.42)
Thus,
_ BY(€) —2a(y =) 1
Q= o1 1) [—o~ee+01(),

which implies
__ By —2an(y - A)
 a(2a+np) 7

where ( is the dual vector field of .

Computing the Riemann curvature for V& =~ + ¢ ® &, we get
R(X,Y)E = (dy =) (X)Y — (dy =) (V)X + [(Vx)Y — (Vy) X,

for any X, Y € x(M™). If ¢ is a Codazzi tensor field, i.e., (Vx9)Y = (Vyo)X,

then
Ric(€,€) = (1 —n)[€(v) — 1)) (2.43)

Also, from (2.42), we have

Rie6.6) = — L _pa(r—7)— 20+ - DB (249

a@a+18)

Then, comparing (2.43) and (2.44) yields

Proposition 2.3. Let (M",g,&,\) defines an ARYS with o # {O,—%} such

that & is a torse forming vector field and 1 is a Codazzi tensor field, then

2a+ np

2|¢J?

<1—n>5<v>+ﬁ[{m+<n—1>ﬁ}|s|2+a<n—1><2a+nﬁ>vw<§>.
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Let us verify the obtained results by assuming non-trivial examples con-

structed in (Blaga and Tastan, 2021).

Example 2.1. On the 3-dimensional manifold M = {(z,y,z) € R*, z > 0},

where (z,y, z) are the standard coordinates in R® with the Riemannian metric
1
g = ;(dw2 + dy? + d2?).

Then (g,& = %,A = ;’Tﬂz — %(2 + 1)) defines a gradient ARYS.
Precisely, € =V [ for f(z,y,2z) = —% where |£]? = Z%, (€ = —Z%, A€ =
5, IVEP = &, div(§) = =2, &(div(€)) = & Therefore, A = 32 — 245530(2 4 1)

20z

is obtained from Theorem 2.6.

Example 2.2. Let M = {(x,y,2) € R3|z > 0}. Consider the Riemannian metric
g = exp(2z2)(da® + dy?®) + d2°.

Then, (g, = exp(z)%, A= %(exp(z) —2a) — %exp(z)) defines a gradient
ARYS with £ =V f, where f(x,y,z) = exp(z). On the other hand, one can check
that [£]* = exp(22), £(IE") = 2exp(32), A(EP) = Sexp(22), [VEP = Bexp(22),

div(€) = 3exp(z), £(div(§)) = 3exp(22), therefore, A = %(exp(z) —2a) —

% exp(z) is immediately obtained from Theorem 2.6.

2.2 Certain results of Ricci-Yamabe solitons on
(LCS),-manifolds

Siddiqi and Akyol (2020) constructed the geometrical bearing on Riemannian
submersions in terms of n—Ricci-Yamabe soliton with the potential field and
presented the classification of any fiber of Riemannian submersion is a n—Ricci-

Yamabe soliton, n—Ricci soliton and 7—Yamabe soliton.

J.P. Singh and Z. Chhakchhuak (2022). Certain results of Ricci-Yamabe solitons on
(LCS),-manifolds, Facta Univ. Math. Inform. 37(4), 797-812.
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2.2.1 Preliminaries

Let an n—dimensional Lorentzian manifold M admits the characteristic vector
field £&. Then, we have g(&,£) = —1. Since £ is a unit concircular vector field, we
have a non-zero 1—form 7 such that for g(X,¢) = n(X), the following equation
holds for all vector fields X and Y on M:

(Vxn)(Y) = {g(X,Y) + n(X)n(Y)}, v # 0, (2.45)

where v is a scalar function on M which satisfies
Vxy = X(7) = dy(X) = pn(X), (2.46)

for p € C*(M), where V is the Levi-Civita connection of g. Let us take a

symmetric (1, 1) tensor field ¢ denoted by
1
(X)) =X(7) = ;Vxé (2.47)

called the structure tensor of the manifold. Thus, the Lorentzian manifold M
equipped with &,  and ¢ is said to be a Lorentzian concircular structure manifold
(briefly, (LCS),—manifold) (Shaikh, 2003). In fact, if we take v = 1, then
we obtain the LP-Sasakian structure of Matsumoto (Matsumoto, 1989). The
following relations hold in an (LCS),—manifold (n > 2) for any X,Y,Z on M
(Shaikh 2003; Roy et al., 2020):

pX = X +n(X)§, (2.48)
P=I+n®s nE)=-1, ¢=0, nop=0, (249)
96X, 9Y) = g(X,Y) +n(X)n(Y), and g(¢X,Y)=g(X,¢Y), (2.50)

(Vx@)Y =7[g(X, V) + 2n(X)n(Y)E +n(Y)X],  (2.51)
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n(Vx§) =0, Ve =0, (2.52)

R(X,Y)Z = (v* = p)lg(Y. 2)X — g(X, 2)Y], (2.53)
Ric(X,Y) = (7* — p)(n — 1)g(X,Y), (2.54)
r=n(n—1)(v* - p), (2.55)

Vn=v(g+n®n), Ven=0, (2.56)

Lep =0, Len=0, Leg=2Vn=2y(g+n®n), (2.57)

where R is the Riemannian curvature tensor, Ric is the Ricci tensor, 7 is the
scalar curvature and V is the Levi-Civita connection associated with g.
Shaikh (2009) studied a conformally flat (LC'S),,—manifold and shown that
a conformally flat (LCS),, (n > 4) manifold is n—Einstein and its Ricci tensor is
given by
Ric(X,Y) =ag(X,Y) + n(X)n(Y), (2.58)

where a = -5 — (v* — p) and b = n(y* — p) — =5. Then, from (2.58), we have
and
Ric(&,€) = —(a —b). (2.60)

Definition 2.1 (Hui and Chakraborty, 2016). A wvector field & is called torse
forming if it satisfies

Vi€ = fX +v(X), (2.61)
for a smooth function f € C*(M) and v is an 1—form, for all vector field X on

M.

Remark 2.1. Let € be a torse forming vector field on an (LCS),-manifold. We
know that in an (LCS),-manifold, V& = 0. Taking X = £ in (2.61), we get
(f—1)&=0. Since £ #0, then f=1.
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2.2.2 Ricci-Yamabe Soliton (RYS) on (LCS), manifolds

Now, we assume that £ is the Reeb vector field of the Lorentzian concircular
structure.

Consider the Ricci-Yamabe soliton (RYS) on an n—dimensional (LC'S),, man-

ifold as
Leg + 20Ric = (2\ — BT1)g. (2.62)
From (2.57), we have
2y(g(X, V) + n(X)(Y)) + 20Ric(X,Y) = (2A - f)g(X,Y),  (263)

for all vector fields X,Y on M. This implies
(2A = B = 27)g(X,Y) = 2a9(QX,Y) — 2yn(X)n(Y) = 0. (2.64)
Setting Y = ¢ in the above equation and using (2.49), we get
g((2\ = 1) X —2aQX, &) = 0. (2.65)

Then, we have
22— f7

X
@ 2

X, a#0. (2.66)
Contracting the foregoing equation, we obtain

2\n
7’ =
20+ np

200+ nf £ 0. (2.67)

Since, «, 8, A are constants, 7 is also constant. Now, using (2.54), (2.55) and

(2.67), we have

2\
2a0 +nf

Ric(X,Y) = g(X,Y),2a+nps # 0. (2.68)
Also, using (2.67) and (2.68) in (2.62), we get
Egg = 0. (269)
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Thus, we can state the following theorem:

Theorem 2.8. An (LCS),,—manifold admitting a Ricci- Yamabe soliton has con-
stant scalar curvature and the manifold becomes Einstein manifold provided that

a # {0, —%} Moreover, £ is the killing vector field.

Let us assume that the Ricci tensor, Ric of an (LC'S),, manifold is n—recurrent,

we have

VRic =n ® Ric, (2.70)

which implies
(Y Ric)(Y, Z) = n(X)Ric(Y, Z), (2.71)
for all vector fields X,Y,Z on M. From (2.68), we get VRic = 0. Now, from

(2.71), we have
n(X)Ric(Y,Z) = 0. (2.72)

Since n(X) # 0, we obtain Ric(Y,Z) = 0. Thus, from the expression of Ric
in (2.68), we have A\ = 0. Also, from (2.67), we get 7 = 0, which then implies
from (2.55) that (y2 — p) = 0 provided n > 1. Again, in view of (2.53), we have
R(X,Y)Z = 0 for all vector fields X,Y, Z on M. This results to the following:

Proposition 2.4. If the Ricci tensor Ric of an (LCS),, (n > 1) manifold admit-

ting a RYS is n—recurrent, then the soliton is steady and the manifold becomes

flat.

Let us consider a symmetric (0,2) tensor field h such that

1 2\ —
h = E,ng — 20457—9’ a#0. (2.73)
This implies VA = 0. Then,
2\ —
Me©) = Legle.&) ~ 2 (e, 0
22— fT
== (2.74)
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As Vh = 0, then using (2.74) and the results obtained in Chandra et al. (2015),
(2.73) becomes

Leg(X,Y) + 20Ric(X,Y) = (2\ — B7)g(X,Y), (2.75)

for all vector fields X,Y on M. This leads to the following theorem:

Theorem 2.9. Let (M, g,&,n,¢,7) be an (LCS),—manifold such that a symmet-
ric (0,2) tensor field h given by h = %Egg — %9 with o # 0 and Vh = 0.

Then, (g,&) yields a Ricci-Yamabe soliton on M.

Let us define a Ricci-Yamabe soliton (RYS) on an n-dimensional (LCS),-
manifold M as

Lyg+2aRic = (2X\ — p71)g. (2.76)

Let V = t£, where t is a function on M. Then,
Lieg(X,Y) 4+ 2aRic(X,Y) = (2X — p71)9(X,Y), (2.77)

for any vector fields X,Y on M. Applying the property of Lie derivative and

Levi-Civita connection, we have

tg(Vx&, Y)+(Xn(Y)+tg(Vy & X)+(Y)n(X)+2a9(QX,Y) = 2A-F7)g(X,Y).

(2.78)
Taking Y = £ in the above equation and using (2.52), we get
Xt+ (&t + Ao -2+ (X)=0,2a4+n8#0 (2.79)
S+ D T|n =0, : )
Taking X = £ in the foregoing equation, we obtain
2\ — Bt 20\
¢ 2 20 +np ( )
Using (2.80), (2.79) becomes
2nA\p — 2
xt = A= Br2atnf) (2.81)

2(20 4 nf3)

o1



Chapter 2

Applying exterior differentiation in (2.81), we get

2nA\B — B1(2a + nf)
2(2a + np)

dn = 0. (2.82)
We know that in an n—dimensional (LC'S),—manifold, we have
(dn)(X,Y) = X(n(Y)) = Y (n(X)) = n([X,Y]), (2.83)

which implies
(dn)(X,Y) = g(Y,Vx¢) — g(X, Vy§). (2.84)

Using (2.47) and (2.50) in (2.84), we get
(dn)(X,Y) = 0. (2.85)

Hence, the 1—form 7 is closed. Then, using the above equation, (2.82) implies

either
2\n 2\n
=— e 2.86
4 20+ np or T7é2oz+nﬁ (2.86)
Now, if 7 # 233\:7‘15, we have
Lvg+ 2aRic = (2\ — B1)g. (2.87)
Replacing the expression of Ric from (2.68) in (2.87), we get
da )
Lyg=|2\——— — 2.88
which implies that V' is a conformal Killing vector field. Again, if 7 = 253\:15,
then from (2.81), we get
Xt =0, (2.89)

which implies that t is constant. Therefore, we can state the following theorem:

Theorem 2.10. If a vector field V' on an (LCS),—manifold admitting a Ricci-

Yamabe soliton is pointwise collinear with &, then either V is a conformal Killing

2An
2a+ns

vector field, or V is a constant multiple of &, provided that T # and 2a +
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nB # 0.

Remark 2.2. The above Theorem 2.10 is a generalization of Theorem 3.8 in
(Roy et al., 2020), where they obtained the condition for V to be a conformal
Killing vector field is T # X\. It is easy to see that for « =0 and = 2, Theorem
3.8 in (Roy et al., 2020) can be obtained from Theorem 2.10.

As a consequence of Theorem 2.10, substituting 7 = 233\:;6’ 2a+np # 0 in

(2.87), we get that
Lyvg=0, (2.90)

implying V' is a Killing vector field. Then, we have:

Corollary 2.5. If a vector field V on an (LCS),—manifold admitting a Ricci-

Yamabe soliton is pointwise collinear with & and T = 233\::113 with 2a + np # 0,

then V' becomes a Killing vector field.
Setting Z = £ in (1.18), we get

P(X,Y)¢ = R(X,Y)¢ — ﬁ[Hic(Y, OX — Rie(X, €Y. (2.91)

Taking Z = ¢ in (2.53), then using the result and (2.68) in the above equation,

we get

2\
(n—1)(2a + np)

PYE= (02 0) - ) BOX a0 (202)
Using (2.55) and (2.67) in (2.92), we obtain
P(X,Y)E =0, (2.93)

which results to the following:

Proposition 2.5. An (LCS),—manifold admitting a Ricci- Yamabe soliton is

E—projectively flat.
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Again, taking Z = £ in (1.17), we get

H(X,Y)¢=R(X,Y) —

[9(Y,§)QX — g(X, QY (2.94)

+Ric(Y, €)X — Ric(X, &)Y

1
(n—2)

Putting Z = £ in (2.53), then using the result and (2.68) in (2.94), we obtain

4\
(n —2)(2a + np)

H(X.Y)E = (w _p)- ) W)X —n(X)Y].  (2.95)

Using (2.55) and (2.67) in the above equation, we get

2nA

H(X,Y){ = “(n—1)(n—2)2a +nf)

[n(Y)X —n(X)Y]. (2.96)

This implies that H(X,Y )¢ = 0 if and only if A = 0. Hence, we can state the

following:

Proposition 2.6. An (LCS),—manifold admitting a Ricci-Yamabe soliton is

&—conharmonically flat if and only if the soliton is steady.

Now, we know that
R, X) - Ric = Ric(R(&, X)Y, Z) + Ric(Y,R(&,X)Z), (2.97)

for all vector fields X, Y, Z on M. Interchanging Y and Z, then putting Z = £ in

(2.53), then using the result and (2.68) in (2.97), the above equation becomes

R(¢,X) - Ric = 52=(v* = p)g(X,Y)n(Z) — g(X, Z)n(Y) (2.98)

2a+ns

+9(X, Z)n(Y) — g(Y, X)n(Z)],

which implies that R(&, X) - Ric = 0. This leads to the following theorem:

Theorem 2.11. If an (LCS),—manifold admits a Ricci- Yamabe soliton, then

the manifold is E—semi symmetric.
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Let us assume that Ric(¢, X) - R = 0, which implies

Ric(X, R(Y, Z)W)¢ — Ric(&, R(Y, Z)W)X + Ric(X,Y)R(E, Z)W  (2.99)
—Ric(&,Y)R(X, Z)W + Ric(X, Z)R(Y, &)W — Ric(&, Z)R(Y, X)W

FRic(X, W)R(Y, Z)¢ — Ric(&, W)R(Y, Z)X = 0,
for any vector fields X,Y,Z, W on M. Taking the inner product with £, (2.99)
becomes
—Ric(&,Y)n(R(X, Z)W) 4+ Ric(X, Z)n(R(Y,§ )W) — Ric(&, Z)n(R(Y, X)W)
+Ric(X,W)n(R(Y, Z)§) — Ric(¢, W)n(R(Y,Z)X) = 0.

Taking Z = W = £ in (2.147) and replacing the expression of Ric from (2.68),

we get

5o [—9(X, R(Y,6)€) — n(R(Y,)&)n(X) + g(X, Y)n(R(£,£)E) (2.101)
—n(Y)n(R(X, &) +n(X)n(R(Y,£)E) +n(R(Y, X)&) +n(X)n(R(Y,£)E)

+n(R(Y,§)X)] = 0.

In view of (2.53) and on simplification, the above equation becomes

4\

s gl PG+ (X)n(Y)) =0, (2.102)
Using (2.50), we get
20z4+)\nﬁ (72 = p)g(¢X, ¢Y) = 0, (2.103)

for all vector fields X,Y on M, which implies that

4N

2 —
5ot 1 (v* —p) =0. (2.104)

25



Chapter 2

Using (2.55) and (2.67) in (2.104), we get

8\? B
(n —1)(2a+nB)2

0. (2.105)

This implies that A = 0, then using (2.67), 7 = 0. From (2.55), 7 = 0 implies
(72 — p) = 0 provided n > 1. Again, in view of (2.53), we have R(X,Y)Z = 0 for

all vector fields X,Y, Z on M. Hence, we can state the following theorem:

Theorem 2.12. If an (LCS),, (n > 1) manifold admitting a Ricci- Yamabe soliton

satisfies Ric(§, X)-R = 0, then the manifold becomes flat and the soliton is steady.

2.2.3 Examples of (LCS); and (LCS);— manifold satisfying
RYS

In this subsection, we construct examples for the 3-dimensional and 5-dimensional

(LCS),-manifold in which we verify our results.

Example 2.3. Consider the 3—dimensional manifold M = {(z,y,z) € R? 2 #

0}, where (z,y,z) are the standard coordinates in R3.

Let Fq, E5, E5 be a linearly independent system of vector fields on M given
by

Let g be the Lorentzian metric defined by

g(Ey, En) = g(Es, Es) = 1,9(Es, Es) — 1,

g(Ei, E;) =0 Vi#ji,7=1,23.

Let i be the 1—form defined by 1n(Z) = g(Z, e5) and ¢ be the (1,1)—tensor field
defined by

oy =FE,, o¢FE,=0, ¢E5=F;s.
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Then, using the linearity of ¢ and g, we have

n(Ey) = =1, ¢*(Z)=Z+n(Z)Es,

and  g(¢Z,¢V) = g(Z, V) +n(Z)n(V),

for all Z,V € x(M). Let V be the Levi-Civita connection with respect to the

Lorentzian metric g. Then, we have
[Ela EZ] = _E17 [E27 E3] = E37 [Ela E3] =0.
Using Koszuls formula and taking £ = F,, we can easily calculate

Vg Es=0, VgE;3=0, Vgbls= %(1 + 2F,),
Ve By =1(1+42E,), VgEi =0, VgE =0,

Vg Ey=—-E;, Vg E;=0, VE3E2 = —F;.

Hence, in this case, the data (g,&,n,¢,7) is an (LCS)3—structure on M, where
v = —1. Also, as 7 = —1, then p = 0 and consequently (M, g,&,n, ¢,7) is an
(LC'S)3—manifold.

Now, from (2.55), we have 7 = 6. Let us consider g defines a RYS on M. Putting

the value of 7 and v in (2.63), we have

4o
200 + 3P

<2>\ — 6842 — > g(X,Y) + 2n(X)n(Y) =0.

Taking X =Y = ¢, we get A\ = 2a+ 30 which satisfies (2.67). Again, from (2.68),
we have Ric(X,Y) = 2¢g(X,Y) and therefore, this example verifies Theorem 2.8

in 3-dimension.

Example 2.4. Consider the 5—dimensional manifold M = {(x1, x2, x3, 24, T5) €

RS : x5 # 0}, where (x1, T2, T3, T4, 5) are the standard coordinates in RS.
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Let Fy, Es, E3, E4, 5 be a linearly independent global frame on M given by

(o8 _ .0 (o o
El—x5<awl+x28x2>, EQ_LU58$27 E3_x5<8x3+8:)34)’

E4 = ZE58%, E5 = ([L’5)4aix5.

Let us define ¢, &, 1, g by

OoE, = F, o¢Ey=FE,, o¢FE3=1FLE;, o¢E,=F, o¢bEs=0, {=FE;s,
U(X) = g(X7 E5) fOI' any X € X(M)7 g(E27EZ) = 1 VZ - 1727374)

and g(E57E5) = _]-a g(EZan> = 07 Vi # j’Zm] = 1)27374a5‘

Let V be the Levi-Civita connection with respect to the Lorentzian metric g,

then we have

[EDES] = —(955)3E1, [E2,E5] = —($5)3E2, [E3,E5] = —(96’5)3E3,

[E4,E5] = —($5)3E4, [E1,E2] = —(1'5)E2,

and all other remaining [E;, E;] vanishes. Taking & = E;5 and using Koszul formula

for the Lorentzian metric g, we obtain

Vi Es = —(25)°Ey, Vpg,Es=—(x5)°E,, Vg,Es=—(x5)Fs,
Vg, Es = —(x5)°Ey, Vg,Ei = (x5)E>,
VElEl == VE3E3 == VE4E4 = —%(1 — 2(1‘5)3E5),

VE2E2 = — (1 - 2(I5)3E5 + 2(1’5)E1)

1
2

Hence, (g, ¢,&,n, ) is an (LC'S)s—structure on M. Consequently, M®(g,&,n, ¢,7)
is an (LCS)s—manifold with v = —(z5)® # 0, where p = 3(z5)°.
Now, from (2.55), we get 7 = —40(x5)%. Assume g defines a RYS on M and from

(2.63), we obtain

4o

) g(X,Y) +2(z5)*n(X)n(Y) = 0.
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Setting X =Y = £, we get A = —4(x5)%(2a + 58) which satisfies (2.67). Again,
from (2.68), we have Ric(X,Y) = —8(x5)%¢(X,Y) and thus confirms Theorem

2.8 in 5-dimension.

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

Here, we obtain the expression for the scalar A on an (LC'S),-manifold ad-
mitting a conformal Ricci-Yamabe soliton, where the notion of the soliton was
introduced by Zhang et al. (2022) while studying a perfect fluid spacetime. The

soliton is given by

2
Lyvg+2aRic = {2)\ — BT — (p + E)} g, (2.106)

where p is a conformal pressure.

Taking V' = ¢ in (2.106), we get

2
HVET) + (X, TrE) + 2aRie(X,Y) = (20— 7~ (52 )] gy,
(2.107)
for all X,Y. Now, using (2.47), (2.48) and (2.50) in the above equation and on

simplification, we obtain

Rieev) = & a = (B4 1) o) gxy) - Zucxn().a 2o

a 2 2 n
(2.108)
Now, contracting (2.108), we have
2 -1 1
A=P atnd) (- ly+l (2.109)
2 2n n

Thus, we can state the following:

Theorem 2.13. If an (LCS),-manifold admits a conformal Ricci- Yamabe soli-
ton, then the manifold becomes n-FEinstein and the scalar X\ is given by A\ =

P+ (za;"B)T - (n—ln)'y—i-l provided o # 0.
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2.2.5 n—Ricci-Yamabe Soliton (7—RYS) on a conformally
flat (LCS), (n > 4) manifold

Here, we study a conformally flat (LC'S), (n > 4) manifold which admits

n—Ricci-Yamabe soliton.

Lemma 2.5. If a conformally flat (LCS), (n > 4) manifold admits a n—RY'S,

then

a(a—b)—l—)\—%—u:O.

Proof. From (1.72), we have

g(Vx&EY) + g(X,Vy€) + 2aRic(X,Y) + 2\ — B1)g(X,Y)  (2.110)

+2pun(X)n(Y) = 0.
Substituting (2.58) in the foregoing equation, we get

9(Vx&Y) 4+ g(X, Vy§) (2.111)

+2 [()\ — % + aa) 9g(X,Y) + (ba + u)n(X)n(Y)} = 0.

Putting X =Y = ¢ in (2.111), we get

g(Ve&, &) =ala—b)+ A — % — [ (2.112)

Using (2.52), g(V¢€,€) = 0. Then,
oz(a—b)—l—/\—%—,u:(). (2.113)
Hence, we get the result. O

Remark 2.3. For a particular case such that « = 1 and B = 0 in the above
Lemma 2.5, the relation becomes a — b+ X\ — p = 0. This result s obtained by
Hui and Chakraborty (2016).
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Theorem 2.14. If¢ is a torse forming vector field on a conformally flat (LC'S),,—

manifold admitting n—RYS, then A = %T —aa —1, n is closed and

b=a—(n—1) and u—a(n—l)%—A—%.

Proof. Let & be a torse forming vector field on a conformally flat (LC'S),,—manifold

which admits n—RYS. Then, taking inner product with £ in (2.61), we get
(X)) =v(X). (2.114)
In view of the above relation, (2.61) becomes
Vx§ = fIX +n(X)¢]. (2.115)
Using (2.115) in (2.111) and in view of Lemma 2.5, we get
BT
fH+A——+aa)[g(X,)Y)+n(X)n(Y)] =0, (2.116)

2

for all vector fields X and Y and hence it follows that

f=- ()\—%vLaa) . (2.117)
Using the fact that f =1 from Remark 2.2 in (2.117), we get
)\:%—aa—l. (2.118)

Now, using (2.117) in (2.115), we get

Vxé=— ()\ - % + aa) (X + n(X)E], (2.119)

which means that Vx¢ is collinear to ¢?X for all X and hence we get dn = 0,

i.e., n is closed. From (1.19), we know that

R(X,Y)§ =VxVy{ —VyVx{ — Vixyi (2.120)
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In view of (2.119), (2.120) yields

BT
2

R(X,Y)¢ = (/\ - aa) (V)X — n(X)Y].

Again, in view of (2.53), (2.54), (2.118) and (2.121), we get
Rie(X,§) = (n — 1)n(X).
Comparing (2.122) with (2.59), we obtain

b=a—(n—1),

and u:a(n—l)—l—)\—%.

Hence, we get the theorem.

The following result follows immediately from Theorem 2.14

Chapter 2

(2.121)

(2.122)

(2.123)

(2.124)

Corollary 2.6. If ¢ is a torse forming vector field on a conformally flat (LCS),

(n > 4) manifold admitting n—RYS, then the soliton is expanding, steady and

shrinking according as T < 2(ac + 1), f7 = 2(acx + 1) and S > 2(ac + 1)

respectively.

Again, as a consequence of Theorem 2.14, in particular, if 4 = 0, then we

obtain A = a(b —a) + % which results in the following corollary:

Corollary 2.7. If £ is a torse forming vector field on a conformally flat (LCS),

(n > 4) manifold admitting Ricci-Yamabe soliton with o # 0, then the soliton is

shrinking, steady and expanding according as T > 2a(a — b), BT = 2a(a — b),

and BT < 2a(a — b) respectively.
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2.3 Characterization of almost *-Ricci-Yamabe
solitons

Recently, Dwivedi and Patra (2022) introduced the notion of almost *-Ricci-
Bourguinon soliton and studied its geometric characterization on Sasakian man-
ifold. One of the most interesting geometric property for a soliton which repre-
sents a metric of a manifold is its isometry, may it be spheres or hyperbolic space.
Obata (1962) has shown that “In order for a complete Riemannian manifold of
dimension n > 2 to admit a non-constant function ¢ with Vyd¢ = —c*¢X for
any vector X, it is necessary and sufficient that the manifold be isometric with
a sphere S(c) of radius 1/c in the (n 4 1)-Euclidean space. ” Deshmukh (2019)
obtained certain conditions and bounds for an almost Ricci soliton to be iso-
metric to spheres. Many other geometers also obtained conditions under which
the almost Ricci-Bourguinon soliton, almost *-Ricci-Bourguinon soliton, almost
Ricci-Yamabe soliton are isometric to spheres (see for further details: Ghosh and
Patra, 2018; Dwivedi, 2021; Dwivedi and Patra, 2022). Inspired from these men-
tioned works, we pondered if we assume a complete Sasakian manifold and define
its metric by gradient almost *-Ricci-Yamabe soliton and almost *-Ricci-Yamabe
soliton, would it still be isometric to the unit sphere? And if it does, then what
are the conditions it need to satisfy?

To answer the questions that we asked, we introduce the notion of almost

x—Ricci-Yamabe soliton as
Lyg+2aRict = (2\ — p17)g, (2.125)

where A is a smooth function, «, 5 € R, Ric* is the Ricci curvature tensor and

7*, the *—scalar curvature. If U = V f, where V denotes the gradient in (2.125),

Z. Chhakchhuak and J.P. Singh (2024). Characterization of almost %-Ricci-Yamabe solitons
isometric to a unit sphere, Novi Sad J. Math. https://doi.org/10.30755/NSJOM.15574
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then (2.125) reduces to gradient almost *—Ricci-Yamabe soliton as

pr

V’f + aRic* = (A — ;

)9, (2.126)

where V2f = Hess f is the Hessian of a smooth function f.

2.3.1 Preliminaries

In this subsection, we give some basic results which will be useful for proving
our results.

A contact manifold is a (2n + 1) dimensional which admits a contact 1-form
n satisfying n A (dn)™ # 0. Therefore, for a contact structure, there exists a
characteristic vector field £ satisfying dn(¢,-) = 0 and n(§) = 1. Polarizing dn on
the contact sub-bundle defined by 7 = 0 by © gives a (1, 1)—tensor field ¢ and a

Riemannian metric g such that the following relations hold:

¢*X = —X +n(X)E, n=g(X1,8), (2.127)

dn(X,Y) = g(X,¢YY. (2.128)

This structure is called a contact metric structure and the manifold equipped
with such structure is called a contact metric manifold M of dimension (2n + 1)

with an associated metric g. We know that from the foregoing equations
no¢ =0, ¢(§) =0, and rank(¢) = 2n. (2.129)
The Riemannian curvature tensor R of ¢ is given by the formula
R(X,)Y)Z =|Vx,Vy|Z =V xy1Z, forall X,Y,Z € x(M), (2.130)

where V and x(M) are the Levi-Civita connection of g and the Lie algebra of

vector fields on the manifold respectively. The Ricci operator @ is a (1, 1)—tensor
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field defined by
9(QX.Y) = Rice(X,Y), XY € x(M),

and the scalar curvature g and the gradient of the scalar curvature 7 are respec-

tively the smooth function defined by 7 = tr ) and
1
59<X7 V1) = (div Q)(X), X € x(M). (2.131)

We call such manifold a Sasakian manifold if any of the following three equivalent

conditions hold (Blair, 2002; Boyer and Galicki, 2007):

1. The metric cone (C(M),g) = (R, x M,dr?* ® 12g) is Kahler.

2. The Riemann curvature tensor R of g satisfies the identity

R(X,Y)E = (V)X — n(X)Y, X,Y € x(M). (2.132)

3. The structural tensor field ¢ satisfies the identity

(Vx@)V =g(X,Y)§ —n(Y)X, X,Y € x(M). (2.133)

We know that M is a K—contact manifold if ¢ is Killing. Also, A Sasakian
manifold is a K— contact manifold but a K —contact manifold is not Sasakian
for dim # 3. The following relations are valid on a Sasakian manifold (Blair,
2002):

Vi€ =—6X, Vel =0, QX =2nX, X € x(M). (2.134)

Further, setting X = ¢ on the last term of the above equation and then taking

covariant derivative along X € y(M), we get
(VxQ)€ = Qo X —2n¢X. (2.135)
A contact metric manifold is said to be n—FEinstein if

Ric(X,Y) = ag(X,Y) +bm(X)n(Y), X,Y € x(M), (2.136)
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where a, b are smooth functions on M. However, by Okumura (Okumura, 1962),
if the manifold is a K —contact manifold with dim > 3, then a,b becomes con-
stants.

From the geometric point of view, preserving the structure upon transforma-
tion is important. Therefore, such preservation of a K —contact and Sasakian
structures can be obtained by a D—homothetic deformation which is described

as

|
n=vi, £=-8 =9, g=vg+vv—-1nemn, (2.137)

where v € R,. Now, we recall the following for later use:

Definition 2.2 (Ghosh and Patra, 2018). A K -contact n-Einstein manifold with

a = —2 is D-homothetically fized.

Following Tanno (Tanno, 1963), we define an infinitesimal contact transfor-

mation as

Definition 2.3. A potential vector field U is infinitesimal contact transforma-
tion on an almost contact metric manifold if Lyn = Yn for some function 1. In
particular, if Lyn = 0, then U s said to be strict infinitesimal contact transfor-
mation. Moreover, U is called an infinitesimal automorphism if it leaves all the

structure tensors invariant.

Lemma 2.6 (Ghosh and Sharma, 2021). Let M*" (¢, & n,g) be a Sasakian
manifold and {E;}1<i<ont1 be a local orthonormal frame on M. Then, forY €

X (M), we have
> o(VarQoF: F) = 0, Y g((Vor @)Y ) = 5X (7).

Lemma 2.7 (Dwivedi and Patra, 2022). Let M*""($, ¢, 1, g) be a Sasakian man-

ifold and f be a smooth function on M. If {E;}1<i<ont1 s a local orthonormal
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frame on M, then for Y € x(M), we have
> 9(Y, Vor VN)g(& Bi) =0,
D96 VEV)g(9Y, Ei) = g6V, VeV ),
>_9(8Y, VeV g6 Ei) = g€ Var V),
> 9 RIESY)V g(§, Bi) =Y (f) = n(V.)n(Y).

Also, we recall the expression of x—Ricci tensor on a Sasakian manifold by

the lemmas:

Lemma 2.8 (Ghosh and Patra, 2018). The expression of *— Ricci tensor Ric*

on a Sasakian manifold M*" (¢, &, n,g) is
Ric*(X,Y) = Ric(X,Y)— (2n—1)g(X,Y) —n(X)n(Y), X,Y € x(M). (2.138)

As a direct consequence of the above lemma, we have the following:

Corollary 2.8. The x-scalar curvature 7* on a Sasakian manifold M*"** (¢, €, 1, g)

is given by 7" = 7 — 4n?.

2.3.2 Main Results

In this subsection, we will prove our main results. All the vector fields we
considered here are on the Sasakian manifold M.

First of all, let us make use of (2.138) in (2.125), we get

(Luvg)(X,Y) +2aRic(X,Y) =2\ — 57" 4+ 2a(2n — 1))g(X,Y)

+ 2an(X)n(Y). (2.139)
Taking Lie derivative of R(X,&)¢ = X — n(X)¢ along U gives

(LuR)(X, §)§+R(X, §)Lu&+9(X, Lu€)é+(Lug)(X, §)E+n(Lo&) X = 0. (2.140)
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Using the fact that Q& = 2n¢ and (2.139), we get

(Lug)(X,€) = (2A = 77)n(X). (2.141)

Again, taking Lie derivative of n(X) = ¢(X,¢) and ¢(§,&) = 1 along U respec-

tively results in
(LomX — g(X, Ly€) = (2A = p7)n(X), (2.142)

and

ML) = ~5(Lug)(E.6). (2.143)

From (2.141), we get

n(Lu) = — (A - 5;) : (2.144)

Again, from (2.142), we obtain

(Lon)é = <)\ - ﬁ; ) . (2.145)
Making use of these foregoing equations in (2.140) results in the following lemma.

Lemma 2.9. If a Sasakian metric g represents an almost x—RYS with o # 0,

then the relation

holds.

Now, using Lemma 2.8, we can write (2.126) as

VxVf+aQX = ()\ - B;— + a(2n — 1)) X + an(X)E. (2.146)
Applying covariant derivative in

R(X,Y)Z =VxVyZ - VyVxZ — Vixn /7, (2.147)

68



Chapter 2

to obtain the curvature tensor expression

R(X,Z)Vf=VxVzVf=V;VxVf—-VixygVf

_ X <)\ - ﬁ;) Z — an(2)6X + 2a9(X, pZ)€

— 7 <)\ - 5;*) X —a(VxQ)Z +a(VzQ)X + an(X)¢Z.

Taking inner product with respect to the vector field Y in the above equation,

we obtain

) ot:2) - an@)v.ox)

+200(X,020() = 2 (A= ) oY)

G(RX,2)VE,Y) =X (A -

—ag(VxQ)Z,Y) + ag((V2Q)X,Y)
+an(X)g(Y, ¢Z). (2.148)

Since @) and ¢ commute on a Sasakian manifold, we have (see Lemma 2.1 of

(Ghosh and Patra, 2018))

Vg@ = Q(ﬁ - ¢Q and VgQ = 0. (2.149)

Also, utilizing the symmetric and anti-symmetric properties of () and ¢ respec-
tively and thus setting Y = Z = £ in (2.148) and using (2.135), (2.149) and the

fact that ¢(§) = 0, we obtain

X <)\ - 5;* + f> —¢ ()\ - 527* +f) n(X). (2.150)

Putting ( = X\ — % + f, (2.150) becomes

X () = &()n(X). (2.151)

Now, taking covariant derivative of (2.151) along Y € x(M) and using (2.134)
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gives
9(VyV(, X) = Y((Q)n(X) +£(Q)g(¢X,Y). (2.152)

Ustilizing (2.152) in the symmetric property of Hess,, we get

28(Q)g(¢X,Y) = X(£(0))n(Y) = Y (£())n(X).

Hence, we choose X,Y L £ to get £({) = 0 on the manifold as dn is non-zero on
the manifold. This further implies that V{ = 0 on M. Thus, we conclude that
C=\— % + f is constant on M. On the contrary, replacing X by £ in (2.148)

and using (2.149) and (2.149) results in

9(R(, Z2)V 1Y) = 9(QeZ,Y) — (2n — 1)g(¢Z,Y)

+é (A - 527) g(Y.Z) - Z <)\ . 5;) n(Y).  (2.153)

Also, the relation

R(§, Z2)Vf = Z(f)§ - £(f)2, (2.154)
follows directly from (2.132). Substituting the above equation in (2.153), we
obtain

9(Q9Z,Y) — (2n = 1)g(¢Z,Y) = Z(()n(Y) — £(C)g(Y, Z). (2.155)

Since ( is constant, (2.155) yields QpZ = (2n—1)¢Z. Then, setting Z = ¢Z and

using (2.127), (2.134), we obtain
Ric(Y,Z)=2n—1)g(Y,Z)+n(Y')n(Z), Y,Z € x(M). (2.156)

Hence, M becomes n—Einstein manifold. Further, suppose that M is complete,
then (2.156) shows that M is compact and positive Sasakian. Again, plugging in
(2.156) into (2.146) yields

pr
2

ViVf = ()\ - > X, X € x(M). (2.157)
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As ( = ()\ — f) is a constant, the foregoing expression can be written as

VxDvy=—vX, (2.158)

where v = \ — % and A is a non-constant smooth function on the manifold.
Therefore, by invoking Obata’s theorem (Obata, 1962) to our results, we conclude

with the following theorem.

Theorem 2.15. A complete Sasakian manifold admitting a gradient almost *-
Ricci- Yamabe soliton as its metric is x-Ricci flat, compact positive-Sasakian and

isometric to the unit sphere S**1 provided o # 0.

By looking at the above theorem, a natural question arise as to whether the
soliton would still behave as such without considering the gradient vector field of
a smooth function f or not. Before giving answer to this logical assumption, let

us deduce some propositions which we will use later in the proofs.

Proposition 2.7. For a Sasakian metric g admitting almost x—RY'S with o # 0,

the following formula holds:

(LoV)(X,€) = 2a(2n — 1)6X — 206QX + X (A _ 627*) ¢

+€ (/\— 5:) X — g(X)V ()\— B:) |

Proof. Taking covariant derivative of (2.139) along an arbitrary Z € x(M) and

using (2.134), we get

(VzLyg)(X,Y) 4+ 2a(VzRic)(X,Y) = Z(2\ — p77)g(X,Y)

—2a[n(X)g(Y,0Z) +n(Y)g(X, $Z)). (2.159)
Now, we recall the formula given by Yano (1970)

(EUng - VZ»CUg - V[U,Z]g)(Xv Y) = _g((ﬁUv)(Z7 X)7Y)

—g((LeV)(Z,Y), X), (2.160)
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for all X,Y,Z € x(M). Since g is parallel, inserting (2.159) into (2.160), we

obtain

g(LuV)(Z,X),Y)+ g(LuV)(Z,Y), X) + 2a(V 2 Ric)(X,Y)

_ 27 ()\ _ ﬁ;) 9(X,Y) = 2a[n(X)g(Y, 2Z)

+n(Y)g(X, 02)]. (2.161)

Interchanging cyclically XY, Z in the foregoing equation and using the symmetry
(LuV)(X,Y) = (LyV)(Y, X) results in

9(LuV)(X,Y), Z) = a[(VzRic)(X,Y) = (Vx Ric)(Y, Z)

B;*) gV, 2)+Y (A— ﬁ;") 4(X, 2)

— (VyRic)(Z,X)] + X ()\ -

_z (A -z ) 9(X,Y) — 2a[(X)g(6Y, Z) + n(V)g(6X, Z).  (2162)

Finally, setting Y = £ in (2.162) and utilizing (2.135) and (2.149), (2.149) com-

pletes the proof. O

Proposition 2.8. For a Sasakian metric g admitting almost x—RYS, the formula

g (5, ViV (A _ %)) € n(X)VeV (/\ _ %) 400X

-9 ()\— ﬁ;* + 2a(2n — 1)> X

+2 <>\ - 527* - 2a) n(X)€ + 2(¢X) (A - &> ¢

2
—VXV(A—B—;—),

is valid provided & leaves A invariant and o # 0.

Proof. We know that ¢ is Killing on a Sasakian manifold, this implies £¢ Ric = 0,

from which we obtain £(7) = 0. Also, from Corollary 2.8, we have 7% = 7 — 4n?.

This further implies £(7*) = 0 and X (A — B;*) =X(\- %) due to the fact
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that £(A\) = 0. Thus, Proposition 2.7 reduces to

(LuV)(X,€) =2a(2n — 1)pX — 2a0QX

b X ()\— %)g—n(xw ()\— %) (2.163)
where X € x(M). Setting X = ¢ in (2.163) and using (2.156) results in
(LuV)(§,&) =~V (A — %) . (2.164)

Taking the covariant derivative along X in (2.164) and using (2.134) yields

(VxLoV)(E,€) = 4aQX — 4a(2n — 1)X — dan(X)é

+2(¢X) <>\ - %) £—VxV (/\ - %) . (2.165)

On the other hand, differentiating (2.163) along £ gives

(VeLuV)(X,€) = g (X, A (A _ %)) £ n(X)V.V (A _ %) (2.166)

where we used V¢ Q) = V€ = Ve = 0. Now, from the commutation formula by
Yano (Yano, 1970):

(LuR)(X,Y)Z = (VxLyV)(Y, Z) — (Vy Ly V)(X, Z). (2.167)

Finally, setting ¥ = Z = ¢ in the above expression and applying Lemma 2.9,

(2.165) and (2.166) thus completes the proof. O

Proposition 2.9. For a Sasakian metric g representing almost x—RYS, the for-

mula

Ric (Y,V (A — %)) = (4n —1)Y (A — %) + dag (czﬁY, VeV <)\ - %))
)
g <§,VYV5V (/\ - %)) — 2aY (1),
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holds true provided £(A) = 0 and « # 0.

Proof. By hypothesis, {(A) = 0 and since £(7) = 0, this implies that £ (A — %) =

5o (7))

Thus, Proposition 2.8 reduces to

0. Therefore,

ViV (A—%) :4aQX—2(A—B;*+2a(2n—1))X

—1—2()\—627* _2a) n(X)§+g(§,VXV (A—%))f

n(X)VeV (A - ﬁ) (2.168)

2

Taking covariant derivative of (2.168) along Y, we get

VyVxV ()\ — ﬁ) (5 VyVxV <A BT)) §

o)
s

N(X)Vy VeV <)\ = 7) 9(X, Y )VeV ()\ - %)
+4a(VyQ)X —2Y ( 5 ) X
% (/\ . 5;) n(X)E -2 (A . 5;* - za) g(X, oY)E
—2 ()\ - ﬁ:

Utilizing the symmetry of Hess, anti-symmetric property of ¢, (2.168) and the

- 2a) n(X)oY.

foregoing equation in (2.130), we get
R(X,Y)V ()\ — %) =VxVyV ()\ - %) —VyVxV <)\ - &>

2
e (- 2).

Now, contracting the obtained results over X after a few steps of calculation of
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the foregoing expression and making use of the fact that Tr¢ = 0 = ¢(£) Lemma

2.7, the required result is obtained. O

Now, we recall the commutation formula (Yano, 1970)
LyLxg—LxLyg= Lyyx9g, (2.169)

where X,Y € x(M). Since ¢ is Killing, we have L¢g = L¢Ric = 0. Utilizing
(2.139) in (2.169), we get

Livgg = —2£(N)g (2.170)

where we used £(7*) = 0 on M. Thus, the vector field [U,¢] is conformal and
thus results in the following two cases:

Case I: [U, ¢] is homothetic.

Case II: [U, £] is non-homothetic.

Proceeding the calculation as in Theorem 1.4 of (Dwivedi and Patra, 2022), we
can conclude that Case I cannot happen as it results in a contradiction of A
being a constant regardless of the fact that it is non-constant. Thus, invoking
Okumura’s theorem in Case II yields that the manifold is isometric to the unit

sphere S?"*!. Hence, we can state the following theorem.

Theorem 2.16. A complete Sasakian manifold admitting almost x—RYS of dim >

3 with X # constant is isometric to the unit sphere S***1 provided o # 0.

Remark 2.4. For a particular value of « = 1,6 = —2p, the above theorem

reduces to Theorem 1.4 of (Dwivedi and Patra, 2021).

Suppose that the vector field U is parallel to the Reeb vector field &£, this
means that U = o, where o is some smooth function on M. Then from (2.134),
we get

(Lug)(X,Y) = X(o)n(Y) + Y (o)n(X). (2.171)
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Using the antisymmetry of ¢, (2.139) implies

X))+ Y(o)n(X)+2aRic(X,Y) = [2A — 87" + 2a(2n — 1)]g(X,Y)
+ 2an(X)n(Y). (2.172)

Putting X =Y = £ in (2.172) and using (2.134), we get {(0) = )\—%. Similarly,

setting Y = £ in (2.172) yields
X (o) = &(o)n(X) (2.173)

Taking the covariant differentiation of (2.173) along Y € x(M) and using (2.134),
we get

9(VyVo, X) =Y (£(0))n(X) + £(0)g(¢X,Y).

Using the symmetric property of Hess,, it follows that

X(&(@)n(Y) = Y(£(0))n(X) = 26(0)g(¢X,Y),
which further gives
(o)dn(X,Y)=0, VX, Y L&

Now, since dn is non-zero, we get £(0) = 0 and hence Vo = 0. This implies o
is constant and thus U is Killing. Further, 2\ — g7* = 0 which leads to the fact
that

Ric(X,Y)=(2n—1)g(X,Y) + n(X)n(Y).

Hence, M is *—Ricci flat and x—scalar curvature 7 = 0. Moreover, 7 = 4n? and

A = 0. Therefore, we can conclude the results with the following theorem.

Theorem 2.17. If U is parallel to the characteristic vector field & on a Sasakian
manifold M admitting almost x—RYS with o # 0, then U 1is Killing and *x— Ricci

flat with constant scalar curvature 4n?. Moreover, the soliton is steady for any o.

Now, let us consider that U is an infinitesimal contact transformation on M.
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Thus, setting Y = ¢ in (2.139), we get

(Lug)(X,€) = (2A = 77)n(X). (2.174)

Then, from 7n(§) = 1, we obtain by taking Lie derivative along U

pr

(Lun)(§) = —n(Ly) = X — 5

and from Definition 2.3, ¢ = A — % In view of this and the Lie derivative of

n(X) = g(X, &) along U gives

pr
2

o€, ) =~ (A= ) o) (2.175)

Taking exterior derivative of Lyn = ¥n yields

1
= 5 X)) =Y (@)n(X)] + dn(X,Y). (2.176)
Now, Lie derivative of (2.128) along U and using Definition 2.3, (2.139) and

(2.176) yields

2Ly d)(X) + 2[2X — B + 20(2n — 1)]oX = 46QX — X (V)€

+n(X) V. (2.177)
Utilizing ¢¢ = 0, we have (Ly¢)¢ = 0 and setting X = £ in (2.177) results in

Vip = ()¢

Hence, v is constant on M. Thus, utilizing ¥» = X — ﬂ%* and (2.127) in (2.177),
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we obtain

(Lug)(9X) = ¢(Lud)(X)

= 20X + (A _ 527* +2a(2n — 1)) X
_ (A _ 527* - za) n(X)E, (2.178)

where we used Q¢ = ¢@Q). Furthermore, taking Lie derivative of (2.127) yields

(Lu9)(0X) + ¢(Luo)(X) = (Lun)(X)E +n(X)Ly€. (2.179)

Combining Definition 2.3, (2.134), (2.178) and (2.179), we get

gr
2

20Ric = |\ —

627* + 20(2n — 1)] g— ()\ — — 204) n 1. (2.180)

Utilizing (2.180) in (2.177) yields L£¢ = 0 which implies that U leaves ¢ invariant.
Taking Lie derivative of the possible volume form w = nA(dn)"™ # 0 along U yields
Lyw = (n+ 1)Yw. Invoking the result Lyw = (divU)w implies divU = (n + 1)y
and then integrating it over a compact M where we applied divergence theorem

to get ¢ = 0 and thus A = '8% Hence, (2.180) becomes
Ric=(2n—1)g+n®mn,

which gives 7 = 4n?. Thus, M is *—Ricci flat and 7* = 0. Further, V is Killing
and A = 0. Moreover, from (2.175) and (2.134), U(n) = U(§) = 0 which leads to

the following theorem.

Theorem 2.18. If U is an infinitesimal contact transformation on a Sasakian
manifold M admitting almost x—RYS with o # 0, then M is x— Ricci flat and
T = 4n?. Moreover, U becomes an infinitesimal automorphism and the soliton is

steady for any values of (3.
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Again, recall the formula

VyVxU — Vvny + R(U, Y)X = (EUV)(Y, X) (2.181)

Setting X = Y = £ in the foregoing equation and utilizing Proposition 2.7, we

obtain

VeVl + R(U, )€ = 2\ — Br*)E— V (/\ - 5;) . (2.182)

Suppose that U is a Jacobi field such that
VeVeU 4+ R(UE)E = 0.

Let v = X\ — % Utilizing the above equation into (2.182) yields 2£(v)¢ = V.
Also,

1
X(EMNY) = E)g(0X.Y) = 59(Vx V7, Y).
Making use of the symmetric and anti-symmetric properties of Hess, and ¢

respectively, it follows that

§()dn(X,Y) =0, VXY L&

This implies that £(7) = 0 and consequently, Vy = 0 and hence v = X — % is

constant. Thus, we can state the following result.

Theorem 2.19. If U is a Jacobi field along trajectories of & on a Sasakian

manifold M admitting almost x— RYS, then the soliton reduces to x— RY'S provided
a #0.

Let us now see an example of a Sasakian manifold satisfying gradient almost

*—RYS.

Example 2.5. From Ezample 3.1 of (Ghosh and Patra, 2018), we see that
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x— Ricci tensor on a Sasakian manifold satisfies the equation
Ric*(X,Y)=[(n+1)c—(n—1)]g(X,Y),V X,Y L, (2.183)

where ¢ is a constant ¢ sectional curvature. Again, using Example 4.1 of (Ghosh
and Patra, 2018), we define a vector field U on the unit sphere S*"™! such that
U = —Dvy+w&, where D 1s the gradient operator on the sphere and w is constant.
It follows that U is conformal from Obata’s theorem and (2.134). On applying

a D—homothetic deformation to the unit sphere, we obtain a Sasakian structure

2(n+1)

i1 s we also observe

on S* 1 with constant ¢ = 2 — 3. Now, choosing a =
that from (2.183) the x— Ricci tensor vanishes and thus the Ricci tensor satisfies

(2.156). Hence, this example satisfies Theorem 2.15.

2.4 Conclusion

We have explored the properties and isometries of almost Ricci-Yamabe soli-
tons (ARYS) in Section 2.1. We have established several key results that ad-
vance the understanding of these solitons in the context of Riemannian geometry.
Firstly, we derived the conditions under which a compact gradient almost Ricci-
Yamabe soliton is isometric to a Euclidean sphere S™(r). This involved demon-
strating the potential function f of a compact gradient almost Ricci-Yamabe
soliton coincides with the Hodge-de Rham potential h. This result is significant
as it ties the geometric structure of the soliton to a well-known and well-studied
geometric form known as the Euclidean sphere, thereby providing a concrete ex-
ample of these abstract structures. Secondly, we examined complete gradient
almost Ricci-Yamabe solitons with non-zero a and a non-trivial conformal vector
field. We showed that these solitons under the condition of non-negative scalar
curvature must be isometric to either Euclidean space E™ or a Euclidean sphere

S™. This result not only extends the rigidity results known for Ricci solitons
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but also illustrates the restrictive nature of almost Ricci-Yamabe solitons under
these conditions enhancing our understanding of their geometric properties. Ad-
ditionally, we considered ARYS with solenoidal and torse-forming vector fields
providing a comprehensive analysis of their structure. Through various lemmas
and theorems, we demonstrated the rigidity of these solitons proving that they
admit few deformations under the given conditions. This rigidity is an essential
characteristic as it implies stability and uniqueness of the geometric structures
described by these solitons. We have provided explicit examples to verify the
theoretical results obtained. These examples serve to illustrate the applicability
of the theoretical findings and provide a concrete foundation for further research.
By constructing non-trivial examples, we not only validated our theoretical work
but also opened up new avenues for exploring the practical implications of almost
Ricci-Yamabe solitons in various geometric contexts.

The work carried out in Section 2.2 is an extension of the work done on
(LCS),-manifolds by Roy et al. (2020). We generalized their results and ob-
tained more general value for the scalar curvature tensor on an (LC'S),-manifold
admitting the Ricci-Yamabe soliton and shown that it is constant. The promi-
nence of this result is that it holds for a larger group of solitons. We have also
verified our result by constructing a 3-dimensional and 5-dimensional (LC'S),,-
manifold. The expression for the scalar A when the manifold admits a conformal
Ricci-Yamabe soliton is also obtained. Moreover, the conditions under which a
conformally flat (LC'S),, (n > 4) manifold admitting a torse forming vector field
¢ is expanding, steady and shrinking n-Ricci-Yamabe soliton is obtained. Also,
we give the expression for A in a conformally flat (LC'S),, (n > 4) manifold which
admits a torse forming 7-Ricci-Yamabe soliton. Further, it is shown that the
results obtained in (Roy et al., 2020) are particular results.

Throughout the work done in Section 2.3, we introduced and investigated al-

most *—Ricci-Yamabe solitons on a Sasakian manifold M. Following the method
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used by Dwivedi and Patra (2022) and extending their results, we give analytic
answer to the question raised in the beginning of the section and hence we proved
that if a complete Sasakian manifold admits almost *-Ricci-Yamabe soliton and
gradient almost *-Ricci-Yamabe soliton as its metric, then it is isometric to the
unit sphere S?”*! under the condition that a is non-zero. Furthermore, we ob-
tained certain conditions for the soliton to become steady. Also, we found that
if the potential vector field U is assumed to be an infinitesimal contact transfor-
mation, it becomes an infinitesimal automorphism. Lastly, we used the example
constructed in (Ghosh and Patra, 2018) to verify our results. However, we have
studied the solitons only on a Sasakian manifold and found the results, further
work of the almost *-Ricci-Yamabe solitons on Riemannian manifold can be car-

ried out and is highly suggested.
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Chapter 3

Characterization of Almost

Cosymplectic Manifolds

This chapter comprises of two main sections. Section 3.1 deals with almost
cosymplectic manifolds with almost Ricci-Yamabe solitons as its metric. We take

a conformal Ricci-Yamabe solitons on almost Kenmotsu manifolds in section 3.2.

3.1 Investigations on almost cosymplectic man-
ifolds admitting almost Ricci-Yamabe soli-
tons

The categorization of almost cosymplectic manifolds admitting almost Ricci-
Yamabe solitons is the focus of this section. Almost cosymplectic structures are
a natural generalisation of cosymplectic structures in which the symplectic form
might be degenerate. Because of their importance in both mathematical and
scientific contexts such as the study of generalised complex geometry and super-
symmetric field theories, there has been a great deal of interest in these structures

lately. The main aim of this investigation is to look into the existence and charac-
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teristics of almost Ricci-Yamabe solitons on almost cosymplectic manifolds. We
hope to gain a comprehensive understanding of the underlying geometric struc-
tures and uncover novel insights into the rich interplay between curvature and
soliton dynamics by investigating the interplay between the geometric properties
of almost cosymplectic structures and the solitonic behaviour induced by almost
Ricci-Yamabe solitons.

One of the important notion in the study of mathematical structures is the
concept of isomorphism because it allows us to identify and compare various
things based on their underlying qualities. Understanding the isomorphism be-
tween almost cosymplectic manifolds and particular classes of Lie groups give
vital insights into the nature of these geometric objects and develops linkages
to group-theoretic issues in the world of almost cosymplectic manifolds. The
classification of almost cosymplectic manifolds admitting almost Ricci-Yamabe
solitons not only adds to the theory of solitons and geometric flows but it also
has consequences in other fields of mathematics and theoretical physics.

Now, we derive from equation (1.53) that the scalar curvature 7 = 2nx and
Q¢ = 2nk€ using equation (1.51). We can clearly see from equation (1.54), that
k < 0 and k = 0 if and only if M is a cosymplectic manifold. As a result, we
will always assume x < 0 throughout the following discussions. Let us recall the

following lemma:

Lemma 3.1 (Ozturk et al., 2010). On a (k, u)-almost cosymplectic manifold with

k < 0, we have

(Vxh)Y = (Vyh) X =c[n(Y)oX —n(X)oY —29(X, ¢Y)¢]

+ un(X)R'Y —n(Y)W'X], (3.1)
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and

(Vxh)Y = (Vy )X =k[n(Y)X —n(X)Y]

+ u[n(Y)hX —n(X)hY]. (3.2)
Also, if 4 = 0, we have the following theorem:

Theorem 3.1 (Dacko, 2000). For some k < 0, an almost cosymplectic (k,0)-
manifold is locally isomorphic to a Lie group G, equipped with the almost cosym-

plectic structure, where ¢ = \/—k.

3.1.1 Main Results

In this subsection, we investigate the behaviour of an almost cosymplectic
manifolds while considering the manifold to be compact and belonging to the
(K, pu)-nullity distributions. Here, we take an almost Ricci-Yamabe solitons as the

metric of the manifold and we obtain the following results.

Theorem 3.2. Given that b # 0, no almost Ricci- Yamabe solitons exist on com-

pact (k, p)-almost cosymplectic manifolds with k < 0.
Proof. For any X,Y € x(M), we can write equation (1.70) as
Lug(X,Y)+2a Rie(X,Y) — (2N —b7)g(X,Y) =0, (3.3)
which implies
g(VxU YY)+ g(X,VyU)+2a Ric(X,Y)+ 2\ = b 1)g9(X,Y) = 0. (3.4)
Setting U = ¢ in the above equation and employing equations (1.52), (1.53) gives
g(Vx&Y) 4+ g(X,VyE) +2a Rie(X,Y)+ 2A - b 71)9(X,Y) =0,

—29(oh X, Y) + 2a[ug(hX,Y) 4+ 2nen(X)n(Y)] + A = b 7)g(X,Y) = 0. (3.5)
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Putting X =Y = ¢ in equation (3.5), we get

dnak + 2X
T =

b AD. (3.6)

Contracting X and Y in equation (3.5) results in
(2n+1)b

div U + 2nak + 2nak + (2n + 1)\ — T = 0. (3.7)

Utilizing equation (3.6) yields
div U — 4nar = 0. (3.8)
Integrating equation (3.8) and using divergence theorem, we obtain
/ 4n*arx dM = 0, (3.9)
M

where the manifold M’s volume form is expressed as dM. Since k < 0, equation

(3.9) does not hold. This completes the proof. O

Theorem 3.3. If a (k, p)-almost cosymplectic manifold admits an ARYS with a

potential vector field such that U = d§, it becomes a RYS and the soliton shrinks.

Proof. Consider that the potential vector field U is pointwise collinear with &,

then U = d¢, where d is a smooth function. Then equation (3.4) implies that

(XXd)n(Y)+ (Yd)n(X)—2dg(phX,Y)+2a Ric(X,Y)+ 2\ —b7)g(X,Y) = 0.

(3.10)
Replacing X by ¢X and Y by ¢Y in equation (3.10) results in
2dg(¢*ho X, Y) + 2apg(dhdX,Y) + (2X — b 7)g(¢*X,Y) = 0, (3.11)
which further implies
2d¢*hé X + 2apd*hX + (2\ — b 7)$* X = 0. (3.12)
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Then, using equation (1.1) and taking inner product with Y, we get
2dg(h¢X,Y) — 2apug(hX,Y) — (2\ = b7)g(X,Y) = 0. (3.13)
Contracting the foregoing expression and using equation (1.51), we obtain
A = nbk, (3.14)
which is constant. Moreover, since k < 0, A < 0, completing the proof. O

Theorem 3.4. A Lie group G, equipped with the almost cosymplectic structure
where ¢ = \/—k 1s locally isomorphic to a (k,u)-almost cosymplectic manifold
admitting a gradient RYS with a # 0. Otherwise, the manifold does not admit a
gradient RYS.

Proof. From the soliton equation, we have

b
V2f+aRic+()\—7T>g:O. (3.15)
Then,
b
vXDf+aQX+(A—77>X_o, (3.16)

where D is the gradient operator. Taking covariant differentiation of the equation

(3.16) along Y implies

b b
VyVxDf+aVyQX + ()\ — 7T> Vy X — §Y(7')X =0. (317)

Now, swapping X and Y in the equation (3.17), we have

b b
VXVny+aVXQY+ ()\_77—> VXY—§X(7’)Y:O. (318)
From equation (3.16), we obtain
b
Vixr Df +a QX Y] + ()\ - %) [X,Y] = 0. (3.19)
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Utilizing the last three equations, we get
ROXY)DS = S{(V ()X — (XY}~ af(VxQ)Y — (TyQ)X).  (3:20)
Differentiating equation (1.53) along Y results in
(VyQ)X = u(Vyh)X — 2nn{g(0hX, Y)E + n(X)ohY}.  (3.21)
Utilizing equation (3.21) in equation (3.20), we get
ROXY)DS =2 {(Y ()X = (X(M)Y} — an{(Vxh)Y = (Vyh)X)
+ 2nar{n(Y)ohX — n(X)ehyY. (3.22)

Invoking Lemma 3.1 in the above expression yields

ROX,Y)Df = (Y ()X — (X(D)Y} — anufn(¥)6X — n(X)oY
—29(X, 0Y )} — ap* {n(X)RY —n(Y)h'X}

+ 2nar{n(Y)phX — n(X)phY }. (3.23)
Contracting equation (3.23) along X, we obtain
Ric(Y,Df) = 0. (3.24)
Again, from equation (1.53), we have
Ric(X,Y) = ug(hX,Y) 4+ 2nkn(X)n(Y). (3.25)
Replacing X by Df in equation (3.25) and using equation (3.24) results in
ng(DF, BY) + 2nk(€f)n(Y) = 0. (3.26)
Substituting Y = ¢ in the above equation yields

2nk(Ef) = 0. (3.27)
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Since k < 0, equation (3.27) implies
£f=0. (3.28)
Utilizing the foregoing equation in equation (3.26), we get
ug(Df,hY) =0, (3.29)

which implies that either 4 =0 or pu # 0.

Case I: If 1 = 0, the manifold becomes N (k)-almost cosymplectic manifold and
Theorem 3.1 follows.

Case II: If ;4 = 0, then equation (3.29) implies that g(Df,hY) = 0. Hence,
g(Df,h*Y) = 0. Using h? = k¢?, we have

WY f — (Ef)n(Y)] =0

Also, since k < 0, Y f = 0 implying that f is constant. Hence, using equation

(3.17), we have

Ric(X,Y) =+ ()\ - %T) J(X.Y), a £0,

a

resulting in Einstein manifold, which is a contradiction to equation (3.25). This

completes the proof. O

Substituting the values a = 1 and b = —2p in equation (3.17), we get
VxDf+QX = (A+p7)X,

which is a gradient Ricci-Bourguinon soliton (GRBS) and equation (3.26) be-
comes

Ric(X,Y) = (A +p7)g(X,Y),
which contradict equation (3.25). Hence the corollary follows

Corollary 3.1. A (k, u)-almost cosymplectic manifolds does not admit a GRBS.
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Theorem 3.5. If a compact a-almost cosymplectic manifolds admits an ARYS,

then the manifold becomes almost cosymplectic manifold.
Proof. Setting U = £ in equation (3.4) and using (1.52), we get

200g(X,Y) —n(X)n(Y)] — 29(6hX,Y) + 2a Ric(X,Y)

+(2A—=bT1)9(X,Y) =0.
Contracting X and Y from the above expression yields
CA—=b7)2n+1) +2a 7 = —4na. (3.30)
Again, contracting X and Y from the soliton equation (1.70), we obtain
, bt
divU+a T+ )\—7 (2n+1) = 0. (3.31)
Utilizing equation (3.30), equation (3.31) becomes
div U = 2na. (3.32)
Integrating the foregoing equation and invoking the divergence theorem yields
/ 2na dM = 0. (3.33)
M

Hence, a = 0 implying that M is an almost cosymplectic manifold. O]

Theorem 3.6. If an ARYS’s soliton vector field is pointwise collinear with &

2)

on a compact a-almost cosymplectic manifold, then T = i provided that

@2
a# {0,250,
Proof. Putting U = d¢ in equation (3.4), we get
(Xd)n(Y) + (Yd)n(X) + 2dafg(X,Y) = n(X)n(Y)]
—2dg(ophX,Y) 4+ 2a Ric(X,Y)+ (2A—=b 1)g(X,Y). (3.34)
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Setting Y = ¢Y and X = £ in equation (3.34), we obtain
g(Dd, ¢Y') =0, (3.35)

which further implies that Yd = (£d)n(Y'). Differentiating U = d¢ along X and

then taking inner product with Y gives
9(VxU,Y) = (Xd)(Y) + dalg(X.Y) = n(X)n(Y)] — dg(6hX,Y).  (3.36)
Contracting the preceding equation gives
div U = (&d) + 2ndo. (3.37)
Integrating equation (3.37) and invoking the divergence theorem yields
/M ((&d) + 2nda] dM = 0, (3.38)

which implies that £d = —2nda. Again, contracting equation (3.34) and using

the value of £d, we obtain

2\ (2n+1)b

T (2n+1)b—2a’ a7 {O’T}' (3:39)

Hence, the proof. O

Theorem 3.7. If a 3-dimensional cosymplectic manifold admits GRYS, then it

is either flat or the scalar curvature is constant, assuming that a # b.
Proof. Setting X = D f in the following equation
Rie(X,Y) = Slg(X.Y) = n(X)n(¥)] (3.40)
and using equation (3.24), we get
TV f = (E/mY)] =0, (3.41)
which gives either 7 = 0 or 7 # 0. If 7 = 0, then Ric(X,Y) = 0 which further
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implies that R(X,Y)Z = 0 resulting in a flat manifold.

Now, suppose that 7 # 0, then

Df = (/)€

Then, VxDf = [X(£f)]€. So, from equation (3.16) we have

a Ric(X,Y)+ [X(&f)n(Y) + ()\ — b%) g(X,Y)=0.

Putting Y = ¢ in the foregoing expression, we obtain

bt
x(en) = (A=) neo),
Substituting the preceding equation into equation (3.43) yields
2
T = b—)\ , a#b.

This completes the proof.

3.1.2 Example on 3-dimensional manifold

Chapter 3

(3.42)

(3.43)

(3.44)

(3.45)

Consider a 3-dimensional manifold M3 = {(z,y, 2) € R3}, where (z,v, z) are

the standard coordinates in R3. Let us choose E;, E5 and E5 to be the three

vector fields in R? that satisfy

[Ey, Ey) = By, [Ey, Es] = By and [E;, E;] =0V i,j =2,3.

and let g be the Riemannian metric such that

1, 1=y,
9(Ei, Ej) =
0, i4j Vi j=123
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Here, we take E) as the Reeb vector field. Suppose ¢ is the (1,1)—tensor field

and 7 be the 1—form defined such that

(b(El) = 07 ¢(E2) = E37 ¢<E3> = 2E27

n(V) = g(V, Ey), for any V € T(M?).
By the linearity of ¢ and g, we have
n(E) =1, ¢*(V) = =V +n(V)E1, g(¢V,eU) = g(V,U) —n(V)n(U),

for any V,U. The following relations are obtained directly by using Koszul’s

formula:
Ve, E1 =0, Vg, Ey =0, Vg E3 =0,
1
Ve, by =—FEy, Vg, Fy=F; — 3 Vg, By =0,
1

VEgEl - —Eg, VEgEQ - 0, VESEg - El — 5

From the above relations, we obtain the components of the curvature tensor R

as follows:

R(E1,Ey)E3 =0, R(E,, Es)Es = —E,, R(E,, Es)E, = Ej,
1
R(Ey, Es)E3 = —Ey + 5 R(Ey, Ey)Ey =0, R(Es, Es)Ey =0,

R(Ey, E3)Ey = B3, R(Ey, E3)Ey =0, R(Ey, Ey)Ey = —E) + 5.
From these expressions, we conclude that
R(X,Y)¢ = =In(Y)X —n(X)Y],

for any X, Y. Therefore M? is a N(—1)-almost cosymplectic manifold. The Ricci

tensor are obtained as below

Ric(Ey, Ey) = =2, Ric(Ey, Ey) =0, Ric(Es, Es) = 0.
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Setting f = 2? and @ = 1,A = —b € R, equation (3.16) is met. As a result,
M specifies a gradient RYS. Furthermore, because the manifold is N (—1)-almost

cosymplectic, Theorem 3.4 is validated.

3.2 On almost Kenmotsu manifolds admitting
conformal Ricci-Yamabe solitons

Wang (2016a, 2016¢) proved that a (k, u)" — akm admitting Ricci soliton is
locally isometric to H"*!(—4) x R"™. Venkatesha and Kumara (2019) proved the
same result for a gradient p-Einstein soliton. Also, the result is extended by the
authors in (Dey and Majhi, 2019) for Ricci-Yamabe soliton and for conformal
Ricci soliton. So, a logical question arises as:

Will the above result also holds true if a (2n+1) dimensional (k, pu) —akm admits
a conformal Ricci- Yamabe soliton or a conformal gradient Ricci- Yamabe soliton?
In this section, we shall try to give a reasonable answer to this question.
On an almost Kenmotsu manifold, the authors in (Dileo and Pastore, 2009)

defined for any ¢ € M and &, u € R the (k, u)'—nullity distribution as

N (k. 1) = {Z € T,(M) : RIX,Y)Z = Klg(Y. 2)X — g(X.Z)Y]

+ulg(Y, Z)W'X — g(X, Z)M'Y]}. (3.46)

This is called generalized nullity distribution when &, u are smooth functions.
Let X € © be the eigenvector of A’ analogous to the eigenvalue . Then,
from (1.34) it is obvious that v = —(x + 1), a constant. Therefore k < —1 and
v = +v/—k — 1. We denote [y]" and [—7], the corresponding eigenspaces akin to
the non-zero eigenvalues v and —v of &’ respectively. It has been proved in (Dileo

and Pastore, 2019) that in a (k, u)’ — akm M?" ™ with b/ # 0, k < =1, p = —2

J.P. Singh and Z. Chhakchhuak (2024). On almost Kenmotsu manifolds admitting confor-
mal Ricci-Yamabe solitons, Bol. Soc. Paran. Math. (accepted)
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and Spec(h') = {0,v, —y} with 0 as a simple eigenvalue and v = /—x — 1. Also,
(Vxh)Y = —g(WX + h*X, V)¢ —n(Y) (WX + h?X). (3.47)
Further, from Wang and Liu (2016), we have
QX = —2nX + 2n(k + 1)n(X)E — 2nh'X. (3.48)
From (3.48), the scalar curvature of M*"*! is 2n(x — 2n). From (3.46), we have
R(X,Y)§ = s[n(Y)X = n(X)Y]+ uln(Y)W'X —n(X)R'Y], (3.49)
where k, u € R. Again, from above equation, we get
R(E, X)Y = wlg(X,Y)E = n(Y)X] + ulg(WX,V)E — n(YIWX].  (3.50)
Contracting X in (3.48) yields
Ric(Y, &) = 2nkn(Y). (3.51)
Using (1.30) and (1.33), we have
(Vxn)Y =g(X,Y) = n(X)n(Y) + g(F'X,Y). (3.52)
Dai et al.(2019) defined an infinitesimal contact transformation on M as

Definition 3.1. A potential vector field V' is infinitesimal contact transformation
on an almost contact metric manifold if Lyn = (n for some function (. In partic-

ular, if Lyn =0, then V is said to be strict infinitesimal contact transformation.

3.2.1 Conformal Ricci-Yamabe Soliton (CRYS) on (k, i)'~

almost Kenmotsu manifolds

In this subsection, we study (x, ) — akm and generalized (k, pu) — akm ad-

mitting a conformal Ricci-Yamabe soliton.
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A Conformal Ricci-Yamabe soliton (CRY'S) on an almost Kenmotsu manifolds

with dimension (2n + 1) can be defined as the data (g, V, A, «, §) satisfying

2
2aRic = |2\ — BT — .
Ly g+ 2aRic [)\ BT (p+2n+1)] g, (3.53)

where Ric, Ly are the Ricci tensor and Lie derivative along a vector field V

respectively.

Lemma 3.2 (Dey and Majhi, 2019). In a (k,u) — akm M?*" ™ with i # 0, we

have
(VzRic)(X,Y) — (VxRic)(Y,Z) — (VyRic)(X,Z) = —4n(k + 2)g(W' X, Y)n(Z).

Lemma 3.3 (Dey and Majhi, 2019). In a (k,u) — akm M*" T (Lxh')Y =0
for any X,Y €[] or X,Y € [—v], where Spec(h') ={0,~, —v}.

Theorem 3.8. A conformal Ricci-Yamabe soliton (CRYS) with o, > 0 on
a (2n + 1)— dimensional (k, ) — akm is locally isometric to H""(—4) x R",

provided that 2\ — BT # 4ank — (p + 525) or the CRY'S is (i) expanding, (ii)

2n+1

steady or (iii) shrinking, according to whether the conformal pressure p is

(1) p < 2nB(2n — k) — dank — ﬁ,

(2) p=2n6(2n — k) — dank —

2nB(2n+1)2+dan(2n+1)—2
(3) p> nt1 '

_2
2n+17

Proof. From the soliton equation (3.53), we have

(Lyg)(X,Y) + 2aRic(X,Y) = [2)\ — Br— (p + )} g(X,Y). (3.54)

2n+1
Taking covariant derivative of (3.54) along any vector field Z yields
(Vzﬁvg) (X, Y) == —QOz(VZRiC) (X, Y) (355)

Using the result of Yano (Yano, 1970), we have

(EVng_ﬁXVVg_v[V,X}g)(K Z) = _g((ﬁVv)(Xa Y), Z)_g((ﬁVv)<X7 Z)? Y)
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Since g is parallel with respect to the Levi-civita connection V, then the above

relation becomes
(VxLvg)(Y,Z) = g((LvV)(X,Y), Z) + g((LvV)(X, Z),Y). (3.56)
Since L'V is symmetric, then from (3.56), we obtain

J(LVV)(X.Y), 2) = S(VxLvg) (Y. Z) + (T Lvg) (X, Z) — 5(VLyg)(X,V).
(3.57)
Utilizing (3.55) in (3.57), we get

g(LyV)(X,Y), Z) = a|(V4Ric)(X,Y) — (VxRic)(Y, Z) — (VyRic)(X, Z).

(3.58)
In view of Lemma 3.2, (3.58) can be written as
which implies
(LyV)(X,Y) = —dna(k +2)g(h' X, Y)E. (3.59)

Taking Y = ¢ in (3.59), we get
(LyV)(X,§) =0.

From the above expression, we can have Vy (£, V)(X, ) = 0, which results in

(Vy Ly V)(X, ) + (LvV)(Vy X, §) + (Lv V) (X, VyE) = 0. (3.60)
Using (LyV)(X,€) =0, (3.58) and (1.30) in (3.60) we get

(Vy Ly V)(X,€) = 4na(k +2)(g(WX,Y) + g(h*X,Y))E. (3.61)
It is known that (Yano, 1970)
(LvR)(X,Y)Z = (VxLvV)(Y, Z) — (Vy Ly V)(X, Z),
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Taking Y = Z = ¢ in (3.61) and utilizing the result in the foregoing equation, we
have

(LyR)(X,§)E = 0. (3.62)

Now, setting Y = £ in (3.54) and in view of (3.71), we obtain

(Lyvg)(X,€) = [m _ Br— dnak — (p + 2n2+ 1)} n(X).  (3.63)

Taking Lie differentiation of ¢g(X, &) = n(X) along V' and using (3.63) yields

2
(Lyn)X —g(X, LyE) = {2)\ — BT — 4dnak — <p +o- n 1>} n(X).  (3.64)
Putting X = £ in the foregoing expression, we get
2
n(Lvé) = [2)\ — BT — dnak — <p + ST 1)] : (3.65)
From (3.49) we have
R(X,€)¢ = v(X — n(X)€) — 20X, (3.66)

Utilizing (3.64)-(3.66) and (3.49)-(3.50), we get

2
2n+1

2
2n+1

(RO = |22~ pr = dnaw — (p+ 52 )] (6 = 009 - 280X

—2 {2)\ — BT — 4dnak — (p + )} X —2nn (X)W (Ly€)

—29(W X, Ly€)E. (3.67)

Equating (3.62) and (3.67) and then taking an inner product with Y, we obtain

2
2n +1

o[22 o= tnan = (521 )] X Y) = 00 = 20008000 %.Y)

—2 [m — B1 — dnak — <p + ﬂ g(W'X,Y) = 2nn(X)g(h (LyE),Y)

2n+1
—2g9(W X, LyEn(Y) = 0. (3.68)
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Replacing X by ¢X in the foregoing expression, we obtain

2\ — [t —4 —
I€|: BT — dnak (p+2n+1

)] G(6X,Y) — 29((LyH)6X, V)

—2 {2)\ — BT — dnak — (p + )} g(WoX,Y) =0. (3.69)

2n+1

Letting X € [—v] and V € [¢]', then ¢ X € [y]'. Thus (3.69) yields

(k — 27) [2/\ — BT — dnak — (p + )} 9(6X,Y)

—29((Lyh)pX,Y) = 0. (3.70)

2n + 1

Since V, ¢ X € [y], using Lemma 3.3 we have (Lyh')¢pX = 0. Therefore (3.70)

becomes

(k — 2v) |2\ — B — dnak — (p—I— )] g(6X,Y) =0,

2n + 1

which implies either k = 2v or 2\ = 67 + 4dank + (p + 2n2+1).
Case I: If k = 2, then from 7> = —(k + 1), we get v = —1 and thus Kk = —2.

Therefore, from Proposition 4.2 of (Dileo and Patore, 2009), we have
R(X1,, X3, ) X3, =0,
and
R(X1,, X)) X3, = —4[g(Xo_, X3 ) X1 —g(X1_, X3 )Xy ],

for any X , Xy . X5 € [y] and X1_, X, X5 € [-9]. Also, p = =2, it
follows from Proposition 4.3 of (Dileo and Pastore, 2009) that «(X, &) = —4 for
any X € [—v] and k(X, ) = 0 for any X € [y]'. Again, we see that x(X,Y) = —4
for any X,Y € [—] and x(X,Y) =0 for any X,Y € [y|". As is shown in (Dileo
and Pastore, 2009), the distribution [¢] @ [7]’ is integrable with totally geodesic
leaves and the distribution [—~]" is integrable with totally umbilical leaves by

H = —(1 — )&, where H is the mean curvature tensor field for the leaves of
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[—~] immersed in M?"*!. Here, v = —1, then both the orthogonal distributions
[€]® 7] and [—7]" are integrable with totally geodesic leaves immersed in M?" 1,
Then we can say that M?"*! is locally isometric to H"™!(—4) x R".

Case II: Let 2\ = B7 + 4nak + (p + 527). Since 7 = 2n(k — 2n) in an akm of

dimension 2n + 1, we get

20 =2 -2 4 .
fn(k —2n) + dank + <p+2n+1>

Now the CRYS is expanding, steady or shrinking depending on whether A < 0,

A =0 or A > 0 respectively. Therefore the CRYS is expanding when

2
< —dank — 2Bn(k — 2n) —
P ank — 2fn(k — 2n) RS
steady when
2
= 26n(2n — &) — dank —
p=206n(2n — k) — dank 1
and shrinking when
> 20n(2 )—4 2
n(2n — k) — dank —
b o+ 1

the last expression is obtained by taking x = —1 which completes the proof. [

Theorem 3.9. If (g,&, N\, a, B) is a CRYS in a generalized (k, )" — akm M*" T
then the manifold is n— Finstein provided 2na — 1 # 0 and the expression for A
1S given by

A=y

SRR + (2a + B)nk — 2n?B. (3.71)

Proof. From the soliton equation (3.53) we have

(Leg)(X,Y) + 2aRic(X,Y) = [2)\ — Br — <p + )} g(X,Y).  (3.72)

2n+1
Using (1.30), we get

(Leg)(X,Y) =29(X,Y) = 2n(X)n(Y) — 29(ph X, Y). (3.73)
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Utilizing (3.73) in (3.72), we obtain

29(X,Y) = 2n(X)n(Y) — 29(phX,Y)

+2aRic(X,Y) = [m — Br — <p + )] 9(X,Y). (3.74)

2n+1
From (3.48), we get
g(ShX,Y) = %Rz’c(X, Y) 4 g(X,Y) — (5 + Dn(X)n(Y). (3.75)

Now, substituting (3.75) in (3.74), we get

n[2XA — 2nf(k —2n) — (p + 2712;1)]9()(7 ¥) 2Nk

Ric(X,Y) = n(X)n(Y),

(3.76)

2na — 1 C 2na—1

which implies that the manifold is n—Einstein. Now taking X =Y = £ in (3.76)

yields (3.71). This completes the proof. O

3.2.2 Conformal Gradient Ricci-Yamabe Soliton on (k, i1)'-

almost Kenmotsu manifolds
From (3.53), we get the conformal gradient Ricci-Yamabe soliton equation by

considering the vector field V' to be a gradient of some smooth function ¢ on the

manifold as

VV(+ aRic = [QA — BT — (p + 2n2—|— 1)] g (3.77)

Lemma 3.4. If (9,D(, N\, «, ) is a conformal gradient Ricci-Yamabe soliton
(CGRYS) with o # 0 on a (k,p) — akm M**1 then following relation:

R(X,Y)D¢ = a2n(k + 2)(n(X)L'Y —n(Y)h' X)),

holds. Here, C is a smooth function such that V = D(, where D is the gradient

operator.
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Proof. From (3.77), we have

B BT p 1

Covariant derivative of the above relation along Y yields

1
VyVxDC = {)\ - % - (g o 1)] VyX — aVyQX. (3.79)

Interchanging X and Y in the above equation yields

_ pr_p 1
Again, from (3.78), we get
Ve D= (A= 20 (! (VxY = VyX) — aQ(VxY — VyX)
X Y]HS = 9 2 o1 X Y « X YA )
(3.81)
Utilizing (3.79)-(3.81) in the equation
R(X,Y)D( =VxVyD(—VyVxD( - VxyD(,
results in
R(X,Y)DC = al(VyQ)X — (VxQ)Y]. (3.82)

Now, utilizing (1.30), (3.47), (3.48) and (3.52) we obtain

(VyQ)X =VyX — Q(VyX)
=2n(k + 1)[g(X,Y) = n(X)n(Y) + (M X, Y)]¢
+2n(k + Dn(X)(Y —n(Y)E — ¢hY) + 2ng(R'Y + h?Y, X)¢

+ 2nn(X)(R'Y + B?Y). (3.83)

Interchanging X and Y in (3.83) yields the expression for (Vx@Q)Y. Then, on

simplification and using (1.34), (3.82) becomes
R(X,Y)DC = al2n(s + (XY — n(Y )W X)),
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which completes the proof. O]

Theorem 3.10. A (k,u) — akm M with W' # 0 admitting a conformal
gradient Ricci-Yamabe soliton with o # 0 is locally isometric to H" ™ (—4) x R
provided V' is not pointwise collinear with the Reeb vector field, otherwise the

manifold does not admit a conformal gradient Ricci-Yamabe soliton.

Proof. Setting X = £ in Lemma 3.4 and then taking inner product with X yields
g(R(£.Y)DC, X) = a2n(k + 2)g(HY, X). (3.84)
Again from (3.50), we have

= —kg(X,Y)(£C) + rn(X)(Y()

+29(W' X, Y)(£C) = 2n(X)((A'Y)Q). (3.85)
Equating (3.84) and (3.85) we get

—rg(X,Y)(§C) + rn(X)(YC) + 29(h' X, Y)(£C)

= 2(X)((M'Y)Q) = 2n(k + 2)ag(h'Y, X).
Antisymmetrizing the above relation results in
rn(X)(YC) = sn(Y)(XC) — 2n(X)((K'Y)C) + 2n(Y)((K'X)C) = 0. (3.86)
Putting X = ¢ in (3.86) yields
R(YC) = k(EON(Y) = 2((R'Y)C) =0,

which implies

K[(D) = (£0)¢] — 20 (DC) = 0. (3.87)
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Operating on ' in the above equation and using (1.34), we get

2(k+1)

W(DC) = —

[d¢ — (£€)€]. (3.88)

Utilizing (3.88) in (3.87) yields

(k +2)*[D¢ = (€6)¢] =0,

which implies either k = —2 or D{ = (£¢)€. Let us consider these two cases in
the following:

Case I: For k = —2, then by the same argument made in Case I of Theorem 3.8,
the manifold M?"* is locally isometric to H" 1 (—4) x R™.

Case II: For V' = D¢ = (£€)&, then V is pointwise collinear with the Reeb vector
field £. Then, Differentiating D( = (£¢)¢ covariantly along X and using (1.30),
we obtain

Vx D¢ = (X(£0))¢ + (§0)(X —n(X)§ — phX). (3.89)

Equating (3.78) and (3.89), we obtain

1
0@x = (|n= 5 = (54 57 ) | - (€0) Xerteom)-xtecns+ecponx.
(3.90)
Comparing (3.48) and the above equation, we get
1
{A_%_(%M%H)} — & = —2na, (3.91)
(EON(X) = X(£¢) = 2n(k + L)n(X), (3.92)
(€C)dh = —2nk'. (3.93)
Utilizing (3.93) in (3.91) and (3.92) we get
)\—%+<§+2n+1>+4n(1—a), (3.94)

104



Chapter 3

and

2nn(X) = 2n(k + 1)n(X), (3.95)

for any vector field X which implies kK = 0 which is a contradiction as Kk < —1.

This completes the proof. O

Moreover, if V = D( = (£)¢ = d&, where d = £( is a smooth function on the
manifold M?"*!. By (1.30), we have

(Lagg)(X,Y) = (Xd)n(Y) + (Yd)n(X) + 2d[g(X,Y) = n(X)n(Y) = g(6hX,Y)].
(3.96)
Utilizing (3.96) in (3.54), we obtain

(Xd)n(Y) + (Yd)n(X) + 2d[g(X,Y) = n(X)n(Y) (3.97)

—g(ohX,Y)] = {2/\—67— (p—l— 1

)] 9(X,Y) = 2aRic(X,Y).

Setting X =Y = ¢ in the foregoing relation and utilizing (3.71) yields

2(¢d) = {m — Br — (p + H — dnak. (3.98)

2n—+1

Again, considering the orthonormal basis of the tangent space {E;} at each point
of the manifold and setting X =Y = E; in (3.97) and then summing over j

results as

2(¢d) = {m — BT — (p + 5 1)} (2n + 1) — 2a7 — 4nd. (3.99)

Since «, 5, A\, T, p are all constants, so, from (3.98) and (3.99) d is also a constant.

Therefore, (3.98) results in

[2)\ — BT — (p + 2n2+ 1)] = 4nak. (3.100)

Further, since d is constant, we get Ly§ = 0. Utilizing (3.100) in (3.63) yields

(Lyn)X = 0 for any vector field X. Now, substituting Ly¢ = 0 and (3.100) in
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(3.68) results in (Lyh') X = 0 for any vector field X, which implies that V' leaves
R’ invariant.

Thus, we can state the following:

Corollary 3.2. On a (k,u) — akm M*"* with k # —2 admitting a conformal
gradient RYS, then V is a constant multiple of & which further implies the po-
tential vector field V is a strict infinitesimal contact transformation and leaves h'

muvariant.

3.2.3 Example of a 3-dimensional (k, ) — akm satisfying

CRYS

Consider a 3-dimensional manifold M? = {(z,y, 2) € R3}, where (z,v, z) are
the standard coordinates in R?. Let us take E;, Fy and E5 to be the three vector

fields in R?® which satisfies
[ElyEZ] - E27 [Ela ES] = E37 and [Ela Ej] = 07 \V/ Za] = 2737
and let g be the Riemannian metric such that

L, 1=y,
g(Eiij):
0, 1#7, Vi,j=1,2,3.

Here, we take E; as the Reeb vector field. Suppose ¢ is the (1,1)—tensor field

and 7 be the 1—form defined such that

¢<E1) =0, ¢(E2) = L3, ¢(E3> =2k,

n(U) = g(U, E,), for any U € T(M?).
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Moreover, let hE, =0, h'Ey = E5, h'E3 = E5. By the linearity of ¢ and g, we

have

n(E) =1, ¢*(U) = ~U +n(U)Er, g(oU,¢V) = g(U, V) = n(U)n(V).
The following relations are obtained directly by using Koszul’s formula:

VE1E1 = 0, VElEQ = O, VElEg — O,
1
Ve, By = —Fy, Vg, Ey=FE; — > Vi, E3 =0,
1

vEgEl - —E3, VESEQ - 0, VE3E3 - E1 - 5

From the above relations, we get that
VxE; = —¢’X + I'X,

for any X € T(M?). Thus, the structure (¢, F1,n, g) is an almost contact metric
structure so that M? is an almost Kenmotsu manifold (akm) of dimension 3.
Utilizing the above results, we can calculate the components of the curvature

tensor R as follows:

R(Ey, Es)Ey = R(E3, Es)E5 = AE,,
R(Ey, Es)Ey = R(Ey, E3)E; = —4F,
R(Ey, E3)Ey = R(E,, E3)Ey = AE;,
R(Es, Ey)Ey = R(Es, E3)Fs = —4F,,
R(Es, Ey)Ey = R(Es, By)Fy = —4F;,

R(E», Es)Es = R(E3, Ey)E; = AF.

In view of the above results obtained for the curvature tensor R, we observe that
the Reeb vector field E; belongs to the (k, u)’—nullity distribution where xk = —2
and g = —2. Thus, from the formula 72 = —(k+ 1), we get v = +1. Considering

v = —1, thus, by the same argument made in Case I of Theorem 3.8, we conclude
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that M? is locally isometric to H?(—4) x R.

Using the curvature tensor formula, we have
R(X,Y)Z = —4lg(Y, Z)X — g(X, Z)Y].
From the foregoing equation, we obtain
Ric(Y, Z) = ~8¢(Y, Z),
which implies 7 = —24. Now, we can easily see that
(LE,9)(Er, Er) =0, (Lpyg)(Es, Ba) = (L, g)(Es, Es) = —2.
Consider V = E; and then tracing the soliton equation (3.53), we get

— 420+ 303) — §

Wl =

p
A:—
2+

Hence, (g, E1, A\, a, B) is a CRYS on M?3. Therefore, Theorem 3.8 is verified.

3.3 Conclusion

In Section 3.1, we have shown that almost Ricci-Yamabe solitons are signif-
icantly limited in their existence on compact (k,u)-almost cosymplectic mani-
folds with x < 0. This discovery underlines a restriction on the occurrence of
such solitons inside this particular framework. Furthermore, the transition from
an almost Ricci-Yamabe soliton (ARYS) to a more refined Ricci-Yamabe soliton
(RYS) occurs on a (k, p)-almost cosymplectic manifold. This transition signifies
an increase in geometric regularity and structure as well as the appearance of a
shrinking soliton. The shrinking behaviour of the soliton suggests a contraction
and convergence of geometric characteristics as the manifold evolves, demonstrat-
ing the soliton’s stability and coherence. Our main finding is that a (k, )-almost

cosymplectic manifold with a gradient RYS (GRYS) and a # 0 is either locally
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isomorphic to a Lie group G /= with an almost cosymplectic structure or does
not accept a GRYS. This result reveals a deep relationship between the manifold’s
geometric qualities and its local isomorphism to a certain Lie group, enhancing
our knowledge of the manifold’s structural aspects. We have also observed that
a (k,pu)-almost cosymplectic manifold does not take gradient Ricci-Bourguinon
solitons (GRBS). Furthermore, we see that allowing an ARYS on a compact a-
almost cosymplectic manifold changes it into an almost cosymplectic manifold.
This observation emphasises the transformation and refinement of the geometric
structure of the manifold in the presence of an ARYS.

We also found a link between the scalar curvature (7) and the parameters A,
a, b and n in our study of an ARYS vector field being pointwise collinear with
¢ on a compact a-almost cosymplectic manifold. In particular, we obtain that
T = m, subject to the constraint a # {0, W} This connection pro-
vides vital insights into the interplay between geometric quantities and soliton
characteristics allowing for a better understanding of the curvature dynamics of
the manifold. We discovered that a 3-dimensional cosymplectic manifolds that
permits a GRYS with a # b is either flat or has a constant scalar curvature. This
conclusion is useful in understanding the geometric configurations and curvature
aspects of 3-dimensional cosymplectic manifolds. Moreover, we construct an ex-
ample of a 3-dimensional manifold admitting a GRYS validating our results.

In Section 3.2, we have conducted a thorough investigation into the proper-
ties and structures of almost Kenmotsu manifolds that admits conformal Ricci-
Yamabe solitons (CRYS). By extending the existing results on Ricci solitons and
Ricci-Yamabe solitons to the more generalized setting of CRYS on (., u1)"-almost
Kenmotsu manifolds, we demonstrated that a (2n+ 1)-dimensional (x, p)"-almost

Kenmotsu manifold admitting a CRYS is locally isometric to H""!'(—4) x R"

provided that 2\ — 7 # 4dank — (p+ 2n2+1). This result is significant as it

reveals a specific geometric structure that these manifolds possess when they
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admit such solitons, establishing a notable connection to hyperbolic spaces and
Euclidean spaces. Additionally, it was proven that a generalized (k, u)"-almost
Kenmotsu manifold admitting a CRYS is an n-Einstein manifold. For (k, p)-
almost Kenmotsu manifolds admitting a conformal gradient Ricci-Yamabe soli-
ton, it was shown that the potential vector field is a strict infinitesimal contact
transformation. This result indicates that the vector field associated with the
soliton preserves the contact structure of the manifold, thereby maintaining the
integrity of the underlying almost Kenmotsu structure. Furthermore, an example
of a 3-dimensional (k, pt)'-almost Kenmotsu manifold is constructed to illustrate
and verify the theoretical findings. The results not only extend the theory of
Ricci-Yamabe solitons to a broader class of manifolds but also provide a deeper
understanding of the interaction between soliton equations and the geometric
structures of almost Kenmotsu manifolds. The local isometry to H""(—4) x R™
opens up new avenues for exploring the curvature and topology of these manifolds
in relation to well-known geometric spaces. Moreover, the n-Einstein condition
and the strict infinitesimal contact transformation property offer new insights into
the curvature conditions and the preservation of geometric structures under the
influence of CRYS. These findings could have further implications in the study

of geometric flows and their limiting behaviors in various geometric contexts.
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Chapter 4

On Invariant submanifolds

This chapter deals with the invariant submanifolds of hyperbolic Kenmotsu
manifolds and its characterization when n-Ricci-Bourguignon soliton is admitted

as 1ts metric.

4.1 Invariant submanifolds of hyperbolic Ken-
motsu Manifolds

Definition 4.1. A submanifold M of a hyperbolic Kenmotsu manifold M is
termed invariant if the structure vector field  is tangent to M at every point

and ¢X is tangent to M for any vector field X tangent to M at every point, i.e.,
o(TM) CTM at every point of M.

It is easy to see that for invariant submanifolds of a hyperbolic Kenmotsu

manifolds, we have

u(X,¢) =0, (4.1)

for any X € I'(T'M).
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Proposition 4.1. Suppose M is an invariant submanifold of a hyperbolic Ken-

motsu manifold M. Then the following equations are satisfied:

Vil =-X —n(X){ = —¢’X, (4.2)
ou(X,Y) = p(¢X,Y) = u(X, 9Y), (4.3)
(Vx@)Y = g(¢X,Y)( = n(Y)9X, (4.4)

R(X,Y)C =n(Y)X —n(X)Y, (4.5)

where V, 1, and R represent the induced Levi-Civita connection, shape operator,

and Riemannian curvature tensor of M, respectively.

Proof. By employing (1.41), (1.42), (1.44), (1.55), (1.59), and (4.1), we can di-

rectly derive the required results. O
Therefore, in view of the above proposition, we can state the following lemma:

Lemma 4.1. A submanifold M that is invariant under a hyperbolic Kenmotsu

manifold M is itself a hyperbolic Kenmotsu manifold and is a minimal submani-

fold.

Proof. The first part is a direct consequence of Proposition 4.1.
For the second part, let us consider an orthonormal basis Fy, ..., Fo,.1 of M such
that E,., = ¢E,(x =1, ...,n) and Es,1 = (. Then, according to (4.1) and (4.4),

we obtain

1(OE;, 0B;) = ¢*u(Ei, B;) = —p(Ei, B;).

Thus, we have

2n+1

Tr(p) = Z (u(Ei, Ei) + w(oE;, ¢E;)) + p(¢, ) = 0.

i=1
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This completes the proof. O
Now R - i is given by
(R(X,Y) - u)(Z2,U) = RH(X,Y)u(Z,U) — n(R(X,Y)Z,U)
—uw(Z, R(X, Y)U), (4.6)
for all X,Y,Z,U € I'(T'M), where
RYX,Y)=[Vx,Vy] = Vixy.

If R- =0, then the submanifold is said to be semiparallel. Arslan et al. (1990)
defined and studied submanifolds satisfying the condition ]:Z(X JY) - Vi =0 for

all X,Y € I'(T'M) and called it as 2-semiparallel. We can write
(R(X,Y)-Vu)(Z,U,V) = R*(X,Y)(Vu)(Z,U,V)
~(Vi)(Z.U R(X.,Y)V), (47)
for all X,Y,Z, U,V € I(TM) and (Vu)(Z,U, V) = (Vzu)(U,V).
For a (0, k)-type tensor field J, k > 1 and a (0,2)-type tensor field G on a
Riemannian manifold M. D(G, J)-tensor field is defined by Atceken and Uygun
(2021) which is as follows:
D(G, J)(Jl,JQ,...Jk;X,Y) :—J((X /\0Y)J1,J2, ..... Jk)

e = J(J1, Joy o di1, (X AG Y) i), (4.8)
for all Jy, Ja, ....Jp, X, Y € D(TM), where
(X AcY)Z =G(Y,2)X — G(X, 2)Y.

Definition 4.2 (Atceken et al., 2020). Suppose M is a submanifold of a Rie-
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mannian manifold (M,g). If there exist functions Ly, Ls, L3, and Ly on M such

that
R-p=LD(g,p), (4.9)
R-Vu=LyD(g, V), (4.10)
R -1 = LsD(Ric, j1), (4.11)
R-Vu = LyD(Ric, V), (4.12)

then M 1is, respectively, pseudoparallel, 2-pseudoparallel, Ricci-generalized pseu-
doparallel, and 2-Ricci-generalized pseudoparallel submanifold. In fact, if L1 =0
or Ly = 0 (resp., Ly = 0 or Ly = 0), then M s called semiparallel (resp.,

2-semiparallel).

Following this, we establish certain characteristic arguments for totally geodesic

submanifolds of hyperbolic Kenmotsu manifolds.

Theorem 4.1. Consider M as an invariant submanifold of a hyperbolic Ken-
motsu manifold M. Then M is totally geodesic if and only if its second funda-

mental form is parallel.

Proof. Suppose Vi = 0, then from (1.58) we have
(Vap) (Y, 2) = Vxu(Y. Z) = (VY. Z) = (Y, VxZ) = 0. (4.13)
Replacing Z by ¢ in (4.13) and using (1.35), (4.1) and (4.2) gives
w(X,Y) =0,

which completes the proof. O]
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Theorem 4.2. Suppose M is an invariant submanifold of a hyperbolic Kenmotsu
manifold M. If we assume that M is a pseudoparallel submanifold of hyperbolic
Kenmotsu manifold, then it is either totally geodesic or the function L satisfies

Ly =-1.

Proof. Consider that M is a pseudoparallel submanifold of a hyperbolic Ken-

motsu manifold, then from (4.9) we have

(REX.Y) - 1)(ZU) = LD(g. 1)(Z.U: X.Y), (4.14)
for all X,Y,Z,U € I'(T'M). Utilizing (4.6) and (4.8) in (4.14) yields

RJ_(X’ Y):U(Z> U) - M(R(X’ Y)Z7 U) - M(Zv R(Xv Y)U)

= —Li{(X N, Y)Z,U) 4+ u(Z,(X N\, Y)U)}. (4.15)
Setting X = Z = ¢ and using (4.1) in (4.15) we get
(L1 + (Y, U) =0,

for all U, Y € T'(T'M) which completes the proof. ]

Corollary 4.1. Consider M as an invariant submanifold of a hyperbolic Ken-

motsu manifold M. Then M is totally geodesic if and only if it is semiparallel.

Theorem 4.3. Suppose M is an invariant submanifold of a hyperbolic Kenmotsu
manifold M. If M is a 2-pseudoparallel submanifold of a hyperbolic Kenmotsu

manifold, then it is either totally geodesic or the function Lo satisfies Ly = —3.

Proof. Suppose M is 2-pseudoparallel, then from (4.10) we have

(R(X,Y)-Vu)(U,V, Z) = LyD(g. V) (U, V, Z; X, Y), (4.16)

115



Chapter 4

for all X,Y,Z, U,V € I'(T"M). Making use of (4.6) and (4.8) in (4.16) results in

RH(X,Y)(Vup)(V, Z) — (Vrxywh) (V. Z) — (Vop)(R(X,Y)V, Z)
— (Vop)(V, R(X,Y)Z) = = Lo{(V xaryo) (V. Z)
+ (Vo) (X Ay V)V, Z) + (Vo) (Vs (X Ay Y)Z)}.
(4.17)

Putting X =V = ( in (4.17) yields

R Y)(Vur)($, 2) = (Vaeyywm)($ Z) = (Vo) (R, Y ), Z)
— (Vou)(C R(C,Y)Z) = —Lo{(Vien,ryut) (€, Z)

+ (Vo) ((C A Y 2) + (Vop) (G (A Y)Z)} (4.18)

Solving the individual terms of (4.18) and making use of (1.35), (1.58), (4.1),
(4.2) and (4.5), yields the following:

(¥ o) 2) = wlé*(C Ay YU, 2)

= —n(U)u(Y, 2). (4.19)
(Vo) ((C A Y)C, Z) = (Vo) (n(Y)¢ — Y, Z)
= —u(Vu(, Z)n(Y) = (Vop)(Y, 2)

= u(¢*U, Z)n(Y) — (Vup)(Y, Z)

— u(U, Z)n(Y) = (Vup)(Y, 2). (4.20)
(Vom)(C. (A Y)Z) = (Vup)(C —n(2)Y)
— (U Y)(2). (4.21)

RL(C? Y) (ﬁUﬂ)(Ca Z) = _Rl(ga Y,U(VUC> Z)

= R, Y)ulU, 2). (4.22)
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(Vreyon)(€, Z) = =i(Vreywd, Z)

= u(¢’R(¢,Y)U, 2)

= (Y, Z)n(U). (4.23)
(Vo) (R(G,Y)¢, Z2) = (Vo) (Y +0(Y )¢, 2)

= 1(Vu¢, Z)n(Y) + (Vop)(Y, Z)

= —u(U, Z)n(Y) + (Vop)(Y, Z). (4.24)
(Vup)(¢ R(G,Y)Z) = —u(Vu(, R((,Y)Z)

= u(¢*U,R(¢,Y)Z)

= —u(U.Y)(2). (4:25)

Combining (4.18)-(4.25) and then replacing Z by ( in the forgoing equation leads
to

(3+ Lo)u(Y,U) =0,

for all Y, U € I'(T'M). This completes the proof. O

Corollary 4.2. Suppose M is an invariant submanifold of a hyperbolic Kenmotsu

manifold. Then M s 2-semiparallel if and only if it is totally geodesic.

Theorem 4.4. Consider M to be an invariant submanifold of a hyperbolic Ken-
motsu manifold M. If M is a Ricci-generalized pseudoparallel submanifold of a
hyperbolic Kenmotsu manifold, then M is either totally geodesic or the function

L3 satisfies Ly = —%.

Proof. Suppose that M is Ricci-generalized pseudoparallel submanifold of a hy-

perbolic Kenmotsu manifold, then from (4.11) becomes

(R(X,Y) - u)(Z,U) = LsD(Ric, ))(Z,U; X, Y), (4.26)
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for all X,Y, Z, U € I'(T'M). Making use of (4.6) and (4.8) in (4.26) gives

RL(Xv Y)M(Z7 U) - M(R(Xv Y)Z’ U) - M(Za R(X7 Y)U)

= —Ly{pu((X Apic Y)Z,U) + (Z, (X Nric Y)U)}. (4.27)
Setting X = U = ( in (4.27) and then using (4.1) and (4.5) we obtain
(14 2nLs)u(Z,Y) =0,
for all vector fields Z,Y. This completes the proof. O

Theorem 4.5. Suppose that M is an invariant submanifold of a hyperbolic Ken-
motsu manifold M. If M is a 2-generalized Ricci pseudoparallel submanifold of a
hyperbolic Kenmotsu manifold, then M 1is either totally geodesic or the function

Ly satisfies Ly = —%.
Proof. By hypothesis, from (4.12) we have

(R(X,Y)-Vp)(U,V,Z) = LyD(Ric, Vu)(U,V, Z; X,Y), (4.28)
for all vector fields X,Y, Z, U, V. Making use of (4.6) and (4.8) in (4.28) gives

R X, Y)(Vup)(V, Z) = (Vaxyywr)(V, Z) = (Vop) (R(X,Y)V, Z)
_(@U/D(V? R(Xv Y>Z) = _L4{<@(X/\R7LCY)UM)(‘/; Z)

H(Vur) (X Arie VIV, Z) + (Vop)(V, (X Agie Y)Z)}. - (4:29)
Replacing X =V = ( in (4.29) gives

R5CY)(Vup)(C 2) = (Vaeyywm) (6 Z2) = (Vup)(R(C Y)S, Z)
—~(Vur) (¢, R(C,Y)Z) = —=Li{(Vicanryu i) (C, Z)

H(Vur) (€ Arie Y)C Z) + (Vo) (G (CAme Y)Z)}. (4:30)
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Computing each terms separately gives

(Vermeryvi) (€, Z) = =iV eanv€: Z)
= w(*(¢ Nrie YU, Z)
= —Ric(¢,U)u(Y, Z). (4.31)
(Vo) (€ Aie Y)C, Z) = (Vop)(Rie(Y, ()¢ = Ric((,Q)Y, Z)
= Rice(Y,)(Vun) (¢, Z) = Rie(¢, O(Vup)(Y, Z). (4.32)
(Vo) (¢ (€ Arie Y)Z) = (Vup)(C, Rie(Y, Z)¢ — Rie(¢, Z)Y)

= —Ric(¢, Z)(Vup)((, Y). (4.33)
Utilizing (4.22)-(4.25) and (4.31)-(4.33) in (4.30) then setting Z = ¢ results in
(14+2nLy)u(Y,U) =0,

for all Y, U € I'(T'M). This completes the proof. O

4.1.1 3-dimensional invariant submanifold of hyperbolic

Kenmotsu manifold

Lemma 4.2. Consider an invariant submanifold M of a hyperbolic Kenmotsu

manifold M. Then there exists the distributions D and D* such that
TM=D&D*'®<(>, ¢D)c D and ¢(D*+)cC D.

Proof. The result is due to Lemma 4.1 of Chaubey et al. (2022) and Proposition

6.1 of Shaikh et al. (2016). O

Theorem 4.6. A 3-dimensional submanifold M of a hyperbolic Kenmotsu man-

ifold M is invariant if and only if it is totally geodesic.

Proof. Suppose that a 3-dimensional submanifold M of a hyperbolic Kenmotsu
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manifold M is invariant, then from (4.3) for X;,Y; € D we have
ou(X1, Y1) = p(6 X1, Vi) = p(Xi, 611). (4.34)
Operating (4.34) by ¢ and using (1.35) gives
Su(X1, Y1) = 6* (X1, Y1) = p( X1, Y1) + 0(p( X1, Y1))C. (4.35)

Since u(X1,Y1) € THM, u(X,,Y:) is orthogonal to ¢ € TM. In consequence,
from (4.34) and (4.35) we get

(X1, oY1) = p(X,Ys) = —u(X1, V1), (4.36)

where Xy = ¢0X,,Ys = ¢Y; € D*. Now for any X;,Y; € D and X,,Ys € D+ we

see that

WXy + X + (Y1) = pu( X1, Y1) + (X, Y1) + u(¢, Y1),
(X1 + Xo + ¢ Ya) = p(X1, Ya) + (X2, Y2) + p(¢, Ya),

(X1 4+ Xo 4 ¢, ¢) = (X1, Q) + (X2, Q) + u(¢, Q).

In view of above equations and (4.22), we can write
Xy + X0+ Y1+ Y + () = u(Xo, Y1) + (X, Ya). (4.37)
Taking U,V € TM as U = X1+ Xo+(and V =Y; + Ys + (, (4.37) becomes
n(U, V) = p(Xo, Y1) + p(Xq, Y2).
Solving the above equation with ¢ and utilizing (4.34) and (4.36), we obtain
ou(U, V) = (X, oY1) + (X1, ¢Y2) = 0.

Again operating by ¢ gives u(U, V) = 0, for any vector fields U, V. Therefore, M

is totally geodesic.

120



Chapter 4

Conversely, suppose M is totally geodesic, then
w(X,Y)=0, VX YeTM.

We have to show that ¢X ¢ T-M. To demonstrate this, suppose for contradiction

that the vector field ¢.X has a component, say LX, along the normal vector field
of M. Clearly, ALxY € TM. Let Z = ArxY # 0. Then,

9(Z2,2) = g(ArxY, Z) = g(u(Y, Z2), LX) = 0.

Since Z is a non-null and non-zero vector field in T'M | it follows that g(Z, Z) # 0,

which is a contradiction. Therefore, X € T'M and thus M is invariant. O]

4.1.2 n-Ricci-Bourguignon solitons on invariant submani-

folds of hyperbolic Kenmotsu manifolds

Let M be an invariant submanifold of a hyperbolic Kenmotsu manifold. Con-

sider the equation
1
5 (Leg)(XY) + Rie(X, Y) + (A + p7)g(X,Y) +wn(X)n(Y) =0, (4.38)

for any X,Y € I'(T'M), where L;g denote the Lie-derivative of g with respect
to ¢, Ric is the Ricci tensor of g, 7 is the scalar curvature and A, p and w are
real constants. The data (g, (, \,w) satisfying (4.38) is referred to as an n-Ricci-
Bourguignon soliton on M (for more detail, see Chaubey et al., 2022; Dey and
Roy, 2022; Dogru, 2023). Specifically, if w = 0, it is known as a Ricci-Bourguignon
soliton (Khatri and Singh, 2024a) and it is classified as growing, steady, or de-

creasing depending on whether A > 0, A =0, or A < 0, respectively.
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Utilizing (4.2), we have

(Leg)(X,Y) = g(Vx(Y) 4+ 9(X, Vy()

= —2{g(X,Y) +n(X)n(Y)}.
In view of the last equation in (4.38) gives
Rice(X,Y) = (1 = A= pr)g(X,Y) + (1 = w)n(X)n(Y), (4.39)
for any vector fields X,Y on M. Thus we conclude with the following:

Theorem 4.7. Let an invariant submanifold M of a hyperbolic Kenmotsu man-

ifold M admit an n-Ricci-Bourguignon soliton, then M is n-Einstein.
Specifically, for w = 0, we have

Corollary 4.3. Consider an invariant submanifold M of hyperbolic Kenmotsu

manifold M admitting a Ricci-Bourguignon soliton, then M is n-Einstein.
Setting X =Y = ( in (4.39) and making use of (4.5), we obtain
A=w—2n—pr.

Theorem 4.8. If an invariant submanifold M of a hyperbolic Kenmotsu manifold

M admits an n-Ricci-Bourguignon soliton, then A = w — 2n — pT.

Corollary 4.4. Suppose that an invariant submanifold M of a hyperbolic Ken-
motsu manifold M admit a Ricci-Bourguignon soliton as its metric. Then M is

n-Einstein and the soliton is shrinking.

Assume that invariant submanifold M of a hyperbolic Kenmotsu manifold A
admits an n-Ricci-Bourguignon soliton as its metric. Let the unit timelike vector

field ¢ of M is the gradient of some smooth function v, that is, ( = grad ¥. Then
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equation (4.38) becomes

%{g(vxgrad DY) + g(X, Vygrad ¥)} + Ric(X,Y) + (A + pr)g(X,Y)

+wn(X)n(Y) =0.
Contracting the foregoing expression over X and Y yields
V3 = Q, (4.40)

where Q = —[(2n+1)A+{(2n+1)p+1}7+w], V? denotes the Laplacian operator
of ¢ and 7 represents the scalar curvature of M.

A smooth function ¢ on a Riemannian manifold M is said to indulge Poisson’s
equation if (4.40) holds true for some smooth function ©Q on M. In particular, if
2 = 0, then Poisson’s equation simplifies to the Laplace equation, and 1) is called
harmonic.

In view of these facts, we conclude the following theorems:

Theorem 4.9. Consider an invariant submanifold M of a hyperbolic Kenmotsu
manifold M that admits an n-Ricci-Bourguignon soliton. If the unit timelike
vector field of M is the gradient of a smooth function 1, then v satisfies Poisson’s

equation (4.40).

Theorem 4.10. Consider an invariant submanifold M of a hyperbolic Kenmotsu
manifold M that admits an n-Ricci soliton. If the unit timelike vector field of M

is the gradient of a smooth function 1, then 1 satisfies the Laplace equation if
. o {(2n+1)p+1}r4w
and only if X = —257.
Now, let us consider a concircular vector field £ and thus it satisfies

Vx§=vX, (4.41)

for any X € T'M and 1 is a smooth function. For an invariant submanifold, from
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Lemma 4.2, we have

E=¢T et (4.42)

where £ € TM, €T € D and &+ € D+, Since € is a concircular vector field, we

can write

vX = Vx& + Vet (4.43)
for any X € D. Now, from (1.55) and (1.56), we have
VX = Vx& + (X, ") — A X + V&t (4.44)

Comparing the tangential and normal components of the above expression, we
get
w(X, &) = —Vx&h, Vad" =¢X — Ao X. (4.45)

Next, we prove the following:

Theorem 4.11. Suppose M is an invariant submanifold of a hyperbolic Ken-
motsu manifold that admits an n-Ricci-Bourguignon soliton with a concircular

vector field &. Then, the Ricci tensor on the invariant distribution is expressed as
Ric(X,Y) = =[(¢ + X+ pr)g(X,Y) — g(u(X,Y), &) + wn(X)n(Y)].
Proof. We know that the Lie derivative has the form
(Lerg)(X,Y) = g(Vx€",Y) + g(X, Vy€h). (4.46)
Utilizing (4.45) yields
(Lerg)(X,Y) = 20g(X,Y) — 29(u(X,Y), &5). (4.47)
Then, substituting the above expression in (4.38) completes the proof. O]

Also, we we assume the invariant distribution to be D-geodesic, then g(u(X,Y), &4)

vanishes and hence, we state:
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Corollary 4.5. Suppose that an invariant submanifold M of a hyperbolic Ken-
motsu manifold admits an n-Ricci-Bourguignon soliton with a concircular vector
field . If the invariant distribution is D-geodesic, then the invariant distribution

15 n-Einstein.

Furthermore, if we assume 1) = 1, then we get a concurrent vector field £. As

a consequence, we get the following results:

Theorem 4.12. Consider an invariant submanifold M of a hyperbolic Kenmotsu
manifold admitting an n-Ricci- Bourguignon soliton as its metric with a concurrent
vector field £. Then, the Ricci tensor on the invariant distribution is given by the

following relation:
Rie(X,Y) = —[(1+ X+ p1)g(X,Y) — g(u(X,Y), &) +wn(X)n(Y)].

Corollary 4.6. Assume that M is an invariant submanifold of a hyperbolic Ken-
motsu manifold that admits an n-Ricci-Bourguignon soliton with a concurrent
vector field £. If the invariant distribution is D-geodesic, then the invariant dis-

tribution is n-FEinstein.

Remark 4.1. In view of the results obtained in this section, we can extract the
results from every theorems and corollaries for n-Ricci soliton, n-Schouten soliton

and n-Einstein soliton by putting different values for p as ﬁ and % respectively.

4.1.3 Examples of an invariant submanifold of a hyper-

bolic Kenmotsu manifolds

Example 4.1. Consider a 5-dimensional manifold M = {(z,y, z,v,t) € R : t #

0} where (z,y,z,v,t) are the standard coordinates in R®.

Now let {F1, Ey, E3, E4, Es} be a linearly independent global frame on M.

Let g be a Riemannian metric on M defined as
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1 0 0 0 0
0 -1 0 0 0
gEs,E)=10 0 1 0 o0
00 0 -1 0
00 0 0 -1

Set E5 = (, then it is obvious that 7

~—~

Es;) = —1and n(E;) =0 fori=1,2,3,4.

Also, we define (1,1)-tensor ¢ as

A(E1) = —Es, ¢(Ey) = —Ey, ¢(ls) = Ey, ¢(Ey) = B3, ¢(E5) =0.

As an immediate result of the above equations we can see that ¢?X = X +n(X)(¢
and g(pX, ¢Y) = —g(X,Y)—n(X)n(Y), for any vector fields X,Y on M. Clearly,
the structures we defined satisfies the condition of an almost hyperbolic contact
metric manifold. Let V be the Levi-Civita connection with respect to the metric
g. Then we define the Lie bracket for our vector fields {E,, Es, E3, Ey, E5} as

follows:

—FE;, if i=1,2,3,4;j=5,

0, otherwise.

Using Koszul formula and (4.48), we obtain the following

Ve, Ei = B, Vg, By =0,V E; =0,V E, =0,V Es = —E,
Vi,Fr = Es, Vi, B3 =0,V,E =0,Vg,Es = —Ey, Vi, B3 = Es,
Vi, By =0,Vg,EBs = —E3,Vg,Es = —F4,Vg,Ey = E5, Vi, Es = 0.
We can easily see from the above relations that the manifold satisfies ﬁxC =
—¢2X, for ( = E5. Hence, M is a hyperbolic Kenmotsu manifold.

Let M be a subset of M and consider the isometric immersion 7 : M — M

defined by 7(z, z,t) = (2,0, 2,0,t). Clearly, M = {(z,z,t) € R®: (z,2,t) # 0}
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is a 3-dimensional submanifold of M, where the triplet (x,z,t) are standard
coordinates in R3. We choose the vector fields {Ey, E3, E5} such that their Lie

bracket is defined as:

—F;, if i=1,3, and j =25,
[Eian] =

0, otherwise.

We define g, such that {E}, E3, E5} is an orthonormal basis of M as follows:

1 0 0
gl(Eian) =10 -1 O
0 0 -1

Set ¢ = Ej5. Then define 1-form 7; and (1,1)-tensor field ¢; as ni(-) = g1(+, E5)
and ¢ (E1) = B3, 1(E3) = Ev, ¢1(E5) = 0.

From the above equations, it is obvious that

m(Es) = —1,¢1(X) = X + i (X)Es,
91(1X,01Y) = —g1(X,Y) = m(X)m(Y),
for vector fields X, Y on M. Clearly, M (1, g1, E5, ¢1) is an invariant submanifold

of M. Let V be the Levi-Civita connection induced by the metric ¢;, then we

have the following:

vE'1E11 = E57VE1E3 = 07 VElE’E) = _E17

VEP,E3 = E57 VE'3E15 = _E37 VE5E5 = 0.

One can see that M(gy,n1, ¢1, F5) forms a 3-dimensional hyperbolic Kenmotsu
manifold with ¢ = F5. Thus, Lemma 4.1 is verified.

Let p be the second fundamental form, then making use of (1.55) and the
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foregoing equations, we obtaine
w(X,Y) =0,

for any vector field X,Y on M. Thus, M is a totally geodesic submanifold of M.

Hence, Theorem 4.6 and Corollary 4.1, 4.2 are verified.

Example 4.2. Let R" be an n-dimensional real number space. Define M° =

{(z,y,z,v,u) :x; e Ri=1,2,....5 and z # 0}.

Let {E, Ey, E3, Ey, E5} be a set of linearly independent vector fields of M?®
with their Lie bracket defined by

[ | —FE;, if 1=1,2,4,5,57 =23,
EMEJ =

0, otherwise.
Let g be the associated metric of M® which is define as

1 0 0 0 0
0 -1 0 0 0
g(EL,Ej)=10 0 -1 0 0
00 0 —10

0 0 0 0 1

Now, let us define a (1,1)-tensor field ¢ of M°® as

O(Ey) = Esy, ¢(Ea) = Ey, ¢(E3) =0, ¢(EBy) = —E5, ¢(Es5) = —Ey.

We know that g and ¢ are linear, thus we can easily see that the following expres-
sions ¢*E; = E; + 1(Ei) Es, g(Ei, B3) = n(E;) and 9(QE;, 0E;) = —g(E;, E;) —
n(E;)n(E;) holds for i,j = 1,2,3,4,5 and ( = E3. Thus, M°(g,¢,n,( = E3) is
an almost hyperbolic contact metric manifold.

Let V denote the Levi-Civita connection, then by Koszul’s formula and above
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expressions, we obtain the following:

Vg By = FE3, Vg By =0,V Es = —FE,, Vg Ey =0,
Ve Bs =0,V by = B3, Vg, Es = —Fy, Vg, E, =0,
Vgbs =0,VE, b3 =0,V Ey = By, Vg, B = Es,

Ve, By = B3, Vg, B =0,V Es = Ej.

Clearly, from the foregoing equations, we can clearly see that M5(g,¢,(,n) is a
hyperbolic Kenmotsu manifold for ( = Fj.

Let M?3 be a subset of M®. Now consider an isometric immersion 7 : M3 —
M?® define as 7(z,y, z) = (z,y,2,0,0) where (z,y, z) is the standard coordinates
in R3. Clearly, M? = {(z,y,2) € R® and (z,y,z) # 0} is a submanifold of M°®.
Let {E1, Es, F3} be the basis of M? whose Lie bracket is defined as

[ | —E;, if 1=1,2;5=23,
E’uE] =

0, otherwise.

Let us define the associate metric g, of M? as

1 0 0
a(ELE)=10 -1 0
0 0 -1

Also, 1-from 7, and (1,1)-tensor field ¢, are define as follows:

¢1(E1) = =By, ¢1(Ey) = —FEy, ¢1(E3) =0 and () = g1(-, E3)
Utilizing the above equations, it is obvious that

m(Es) = —1,¢1(X) = X + i (X)Es,

9101 X, 1Y) = —g1(X,Y) = m(X)m(Y),
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for any vector fields X, Y on M3. Clearly, M3(ny, g1, E3,¢1) is an invariant sub-
manifold of M®. Let V be the Levi-Civita connection induced by the metric g,

then the following results from Koszul formula:

VE1E11 = E37VE1E2 = 07VE1E3 = _Elv

Ve, By = E3, Vg, B3 = —FE,, Vg, B3 = 0.

It is obvious that M3(gy, ¢1,m1, F3) is also a hyperbolic Kenmotsu manifold. Thus,
Lemma 4.1 is verified.

Let i be the second fundamental form. Making use of (1.55) and the foregoing
expressions yields

M<X7 Y) =0,

for any vector field X, Y on M?3. This shows that the 3-dimensional invariant sub-
manifold of a hyperbolic Kenmotsu manifold is totally geodesic. Hence, Theorem

4.6 is verified.

4.2 Conclusion

This study investigates the geometric properties of invariant submanifolds
within hyperbolic Kenmotsu manifolds, revealing significant results that enhance
our understanding of these complex structures. The findings are crucial for theo-
retical research and practical applications in fields like mathematics and physics.
The study reveals that the structure vector field { is tangent to these submani-
folds, and the tensor field ¢ preserves tangency, confirming that these submani-
folds retain the geometric characteristics of the ambient manifold. Additionally,
we demonstrate that invariant submanifolds within hyperbolic Kenmotsu mani-
folds are minimal, meaning their mean curvature vector vanishes which indicate

stability. This condition is essential for understanding geometric flows supported
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by these submanifolds, contributing to stability analysis and differential geome-
try applications. The study also identifies the condition under which invariant
submanifolds are totally geodesic implying that geodesics in the ambient mani-
fold remain within the submanifold which is a property crucial for applications
in relativity theory and spacetime structures.

Further, we explore the curvature properties of pseudoparallel and 2- pseu-
doparallel submanifolds providing new insights into their geometric behavior.
The results show that semiparallel submanifolds are totally geodesic while 2-
pseudoparallel submanifolds are either totally geodesic or satisfy a specific func-
tional condition. This extends our understanding of how curvature influences
submanifolds’ geometric behavior offering a framework for further exploration of
curvature conditions in complex geometric settings. The findings have significant
implications for differential geometry particularly in the study of spacetime and
general relativity. The study also offers valuable tools for researchers investi-
gating the stability and geometric flows of submanifolds and the conditions for
pseudoparallelism and 2-pseudoparallelism provide new avenues for exploring the
interplay between curvature and geometry potentially leading to advancements
in theoretical research and practical applications in fields like material science

and cosmology.
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Chapter 5

Geometrical Properties of

Spacetime

This chapter consists of three sections. The first section deals with Vaidya
spacetime and the existence of conformal Ricci soliton in it. Section 5.2 investi-
gates relativistic magneto fluid spacetime in the settings of f(R)-gravity theory

and the last section is devoted to the study of string cloud spacetime stuffed in

f(R)-gravity.

5.1 Conformal Ricci Solitons on Vaidya Space-
time

Basu and Bhattacharyya (2015) introduced the notion of conformal Ricci
soliton in Kenmotsu manifolds as a limiting solution to the conformal Ricci flow

introduced by Fischer (2004), which is given as below:

2
Lyvg+ 2Ric = [QA — (p+ 5)] g,

Z. Chhakchhuak and J.P. Singh (2024). Conformal Ricci solitons on Vaidya spacetime,
Gen. Relativ. Gravit. 56(1), 1-15.
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where p is the conformal pressure and A € R. We say that the soliton is shrinking,
steady or expanding according as A > 0, A = 0 or A < 0 respectively. Again, if
V = grad f, then the above equation becomes conformal gradient Ricci soliton.
Also, Siddigi and Siddiqui (2020) studied conformal Ricci soliton in a perfect
fluid spacetime. For further information about Ricci solitons and conformal Ricci
solitons, see for instance (Catino et al., 2016b; Ganguly et al., 2021; Chen et al.,
2022; Li et al., 2022; Li and Ganguly, 2023; Li et al., 2023; Khatri et al., 2023;
Dey, 2023).

In our investigation, we employ Vaidya spacetime as a framework to elucidate
the characteristics of conformal Ricci solitons within the context of gravitational
collapse. Vaidya spacetime vividly portrays the dynamic collapse of a null fluid
under the influence of gravity. This spacetime model captures fundamental as-
trophysical phenomena, including the formation of black holes and the emission
of gravitational waves.

We have investigated the existence of a conformal Ricci soliton vector field on

Vaidya spacetime as a result of the above findings.

5.1.1 Conformal Ricci Soliton vector field in Vaidya space-
time

The existence of a conformal Ricci soliton with its vector field V' in Vaidya
spacetime is investigated in this subsection.
A conformal Ricci soliton vector field (CRSVF) is a vector field V' that meets

the following condition:

1

1 o Iv_ (P L
§£V9+ch—{/\ (24—”)}9, (5.1)

where Ly g denote the Lie derivative of metric g along the vector field V', p is the

conformal pressure and A is a constant. Also, n is the dimension of the manifold
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that the soliton lies and in our case, we shall consider for n = 4 and thus (5.1)

becomes

1 . p 1
§£V9+chf [)\ (2 +4>} g. (5.2)

Let V = A0, + B0, + C0y + DOy, where A, B,C' and D are smooth functions

of u,r, 0 and ¢. Utilizing (1.62), we obtain the following:

(Lv9)(D,0) = 2 (27”[ “0,A - auB) 7
(Lv9)(0u8y) = —0uA + <2m75 ) 0, A—0,B,
(‘CVg)(aua 89) = 7nzauC( + (2m — T) 89/1 — 09B,

2m —r

(Lv9)(Du, 0y) = 1 sin” 00, D + < ) 9,X1 — 0B,

(Lv9)(9y, 0;) = =20, A, (5.3)
(Lvg)(Dy, 0p) = r?0,C — Dy A,

(Lyvg)(0y,0) = r?sin® 00, D — 9, A,

(Lvg)(Ds,Dp) = 2r*05C,

(Lvg)(Dy, 0y) = 1*sin® 09, D + r29,C,

(ﬁ\/g) (8¢, 8¢) = 27“2 Sin2 98¢D
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Combining (1.63), (5.2) and (5.3), we get the following set of differential equations

(

()04 = 0,5 + 2 = A~ (8 + D] (),

(=) 0,A - 0,A—9,B=—[2A— (p+1)],
r20,C + (22=1) 9pA — 9B = 0,

r?sin® 09, D + (#2) ;A — 03B = 0,

0,A =0,

r20,C — 9pA = 0,

r?sin® 00,D — 04A = 0,

a0 == (2+1)],

sin® 09y D + 0,C = 0,

)]

From the fifth equation in (5.4), we get A = A(u,0,¢). Solving the eighth

9D =[A—(2+

=

\

equation in (5.4) gives

1
C= lA— <§+Z)} 0+ E(u,r, ¢), (5.5)
where £ is a smooth function. Similarly, solving the tenth equation in (5.4), we
obtain
p 1

where F is a smooth function. Since A is independent of r, differentiating the

sixth equation of (5.4) with respect to r yields

ro?C + 20,C = 0. (5.7)
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Utilizing (5.5) in (5.7) results in

£, 6) = €, 6) + E(u, ),

where € and € are smooth functions. Making use of the foregoing equation with

(5.5) yields

1 1 =
o= - (5+3) |0+ rEwor + o (5:5)
Similarly, differentiating the seventh equation in (5.4) with respect to r and using
(5.6), we get
1. _
Flu,r,0) = ;f(u, 0) + F(u,0), (5.9)

where F and F are smooth functions. Combining (5.6) and (5.9) yields

D= [/\ - (g + i)] 6+ %]’(u, 0) + F(u,0). (5.10)

Utilizing (5.8) and (5.10) in the ninth equation of (5.4), we get the following

expressions:

04E (u, @) + sin? 00p F (u, ) = 0,

) ) (5.11)
04E (u, @) + sin? 00y F (u, 0) = 0.
Solving (5.11), we obtain
E(u, ¢) = —sin® 005 F (u, 0)¢p + G(u),
(5.12)

E(u, d) = —sin? 09y F (u, 0)¢ + G(u),

where G and G are smooth functions. Combining (5.12) and (5.8) gives

2 _
C= [)\ - (g + i)} 0 — SH; eagﬁ(u, 0)¢ + %Q(u) — sin? 095 F (u, 0)¢ + G(u).

(5.13)
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Inserting (5.10) in the seventh equation of (5.4), we get
A= —sin®0F(u,0)¢ + H(u,0), (5.14)

where H is a smooth function. Inserting (5.13) and (5.14) in the sixth equation
of (5.4), we get

2sin 6 (sin 095 F (u, 0) + cos OF (u,0)) ¢ — G(u) — OpH(u,8) = 0.
Since the last expression holds for all the values of ¢, we get

sin 00y F (u, 0) + cos .F (u, 0) = 0,
(5.15)

OgH(u,8) + G(u) = 0.

Solving (5.15) gives

H(u.0) = ~G(u)d +I(u),
(5.16)

F(u,0) = I(u)csc,

where Z and Z are smooth functions. Utilizing (5.16) in (5.14), (5.13) and (5.10)

results in

p

A= —sin0Z(w)¢ + Z(u) — G(u)b,

C=[A=(2+D]0+ =T () + 1G(u) — sin® 005 F (u, )¢ + G(u), ~ (5-17)

2

D=\~ (5+ )] &+ =L (u) + F(u,0).

\

Inserting the value of A from (5.17) in the second equation of (5.4) and integrat-

ing, we obtain the following:

B = <2>\ — (p + %) +sin 7' (u)¢ — T'(u) + Q(u)ﬁ) r+J(u,0,6), (5.18)
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where J is a smooth function. Making use of (5.17) and (5.18) in the fourth

equation of (5.4), we get
sin® 00, F (u, 0)r® + (sin0Z(u) — 9pT (u, 6, ¢)) r — 2msin 0 (u) = 0,
which holds for all values of r. Since m # 0, we get Z(u) = 0 and
r? sin? 98u.7f"(u, 0) — 0T (u, 8, ¢) = 0.
Solving the last equation gives
I (u,0,¢) = r?sin® 00, F (u, 0)¢ + T (u, 0), (5.19)

where J is a smooth function. Making use of the above results in (5.18) and

(5.17), we get

™
I
—~
[\
>
|
—
i~
_|_
N =
~—

—T'(u) 4+ G'(w)8) r + r* sin” 00,F (u,0)
+J (u,6), (5.20)

C == (5+1)]0+1G(w) —sin* 00,7 (u,0)6 + G(u),
D

== CE+H] o+ T(u0).

Inserting (5.20) in the third equation of (5.4), we obtain

(—2r2 sin® 00,05 F (u, 0) — r? sin 200, F (u, 9)) o)

+09T (u,0) + %G (u) — (2m — 7”) G(u) =0,

r

which holds for all values of ¢. Thus we get

0T (u,0) +r?G'(u) — (22=2) G(u) = 0,

T

sin 0950, F (u, 0) + cos 00, F (u,0) = 0.

138



Chapter 5

Solving the last two equations, we obtain the following relations:

T (u,0) = ((*575) G(u) = r*G'(u)) 0 + T (u),

T

(5.21)

F(u,8) = csch [ K(u)du + a,

where J and K are smooth functions and a € R. As a consequence of (5.21) in

(5.20), we get

A =1I(u) - G(u),
B = (2= (p+1) = T'(u) + G'(w)8) r + 2 sin®§ csc 0K (u) b
+ (=) G(u) — 126" (1)) 0 + T (u), (5.22)
C =[A=(E+H]0+1G(u)+ cosb [ K(u)dug + G(u),
D =[X=(§+3)]¢+cschd [K(u)+a

Making use of (5.22) in the first equation of (5.4), we obtain

<2m - ) (Z'(u) — 26" (w)0) — (G"(w)0 — T"(u))r — 1* sin 0K (u)¢ + r*G" ()0

| e e () (2

which implies
(
r?sin 0K (u) = 0,

r?G" (u) — rG"(u) — 2 (22=2) G'(u) = 0, (5.23)

T

(7) T'w) +rT"(w) = T'(w) + 35 = A= (5 +9)] (357

2
T T
\

Solving the first equation of (5.23), we obtain K(u) = a € R. Differentiating
the second equation three times with respect to r gives G(u) = b € R. As a
consequence, the second equation of (5.23) becomes G”(u) = 0 which implies

G(u) = d'u+V, where o',/ € R.
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Differentiating the third equation four times with respect to r yields

mT (u) + 57:/ - [)\ - <§ + %)] m. (5.24)

Differentiating (5.24) by r yields m’ = 0, implying that m is constant. As a
result, spacetime is transformed into Schwarzschild spacetime. As a consequence,
(5.24) becomes Z'(u) = [A — (5 + 1)] which implies Z(u) = [A — (5§ + )] u + d,
where d € R.

Using the value of Z and m’ = 0 in the third equation of (5.24), we obtain

J (u) = k € R. As a consequence of the above values, the components of vector

field V are obtained as follows:

]

]+ (222 —a'r? —b) 6 — ar?sin 0¢ + k,
(5.25)

]

>
_I_
|~
_|_
)
@)
o
n
s
I
ASS
+
@\
I
+
<

Hence, we can state the following theorem:

Theorem 5.1. If a Vaidya spacetime with its metric given by (2.49) admits a
conformal Ricci soliton with its vector field given by V = A0, + B0, +C0y+ D0y,
then the spacetime reduces to a Schwarzschild spacetime with the vector field V

given by (5.25).

From (5.24), we have seen that the spacetime mass-energy function becomes
constant, i.e., m'(u) = 0. If the Vaidya metric’s mass-energy function is constant,
then the mass of the collapsing or expanding matter is conserved over time.
Therefore, there is no matter radiating either inwards or outwards and the mass
remains fixed within the evolving spacetime which is stationary. The mass-energy
function in the above scenario indicates the entire mass-energy of the core object,

which is dispersed symmetrically spherically. As a result, the resultant metric,
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the Schwarzschild metric represents a static spherically symmetric spacetime.

Remark 5.1. The above Theorem 5.1 implies that when the spacetime meets the
criteria for a conformal Ricci soliton with the provided vector field V, it acts
like a Schwarzschild spacetime. The discovery that a Vaidya spacetime, which
was originally distinguished by its dynamic nature and reliance on the collaps-
ing or expanding mass, can transform into a Schwarzschild spacetime under the
conditions of admitting a conformal Ricci soliton is a remarkable demonstration
of the interconnectedness of various gravitational solutions. Schwarzschild space-
time, known as the template for static spherically symmetric black holes, has long
been regarded as a foundational concept in our knowledge of gravity. This result
not only establishes an intriguing relationship between dynamic and static solu-
tions, but also demonstrates the potency of conformal symmetries in controlling
spacetime behavior. It emphasizes the conformal Ricci soliton’s adaptability as a
geometric term, offering fresh light on the underlying mathematical structure of
these spacetimes. This finding opens up new areas of investigation, having impli-
cations for both the theoretical study of black holes and a larger knowledge of the

links between alternative solutions to Einstein’s field equations.

5.1.2 Conformal Gradient Ricci Soliton in Vaidya Space-
time

Let us consider an arbitrary gradient vector field V' = grad f on the Vaidya

metric (1.62), where f is the potential function. Then, using (1.62), we obtain

2m —r

grad f =010, (01 + (") ous ) 0.+ L(onn

b (0,0, (5.26)

r2sin® 6
As previously stated, a Vaidya metric (1.62) admits a conformal Ricci soliton with

its vector field V' given by (5.25). As a consequence, by comparing Equations
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(5.25) and (5.26), we obtain the following expressions:

(

A=-0,f.

(5.27)
C = L0f,

_ 1
D= r2 sin298¢f'

\

where the values for A, B, C' and D are given by (5.25) Solving the first equation
of (5.27) gives

f=—-ur {)\ — (g + i)} + brf — d7"+f(u,9, o), (5.28)

where f is a smooth function. We obtain the following via inserting (5.28) into

the third equation of (5.27) and solving the resultant equation:

~ 7“292 P 1 _ 9 . / N2 7
f(u,8,¢)= N [/\— (5—1_1)] + aurgsing + (a'u+0)r 0 + f(u, ¢), (5.29)

where fE is a smooth function. Making use of (5.29) and (5.28) in the fourth
expression of (5.27), we get

f:(u, )= M [)\ - (g + i)} + ra¢sin® 0 + f(u), (5.30)

where f is a smooth function. Utilizing (5.30) and (5.29) in (5.28) yields

f=

N 3

1
(7"02 +r¢?sin® 0 — 2u) [)\ — <g + Z)} + brf — dr + aur*¢sin 6

+ (a'u 4+ V)r*0 + r’agsin® 0 + f(u). (5.31)
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Using (5.31) in the second equation of (5.27) results in the following:

fu) = (1— 277”) {(r«92+r¢sin29— 5) {A— (§+i>] U}

2
+ (1 — _m) {—du + au*rgsin 6 + rf(a’'v + 20" )u + r?aug sin’ 9}
”
4mbl

r

+ a'r?0u — ku + 2b0u —

u. (5.32)

Combining (5.32) and (5.31), we obtain the following:

f= g (r92+r¢28in29—2u) [)\— (§+i)1 + brf — dr 4+ aur*¢sin g

+ (a'w + 0')r?0 + r’a¢sin® 0

+ (1 . 27’”) {(r6’2+r¢sin28— g) [/\— (%Hi)} u}

2
+ (1 — _m) {—du + au*rgsin 6 + rf(a’u + 20" )u 4 2arug sin? 0}
,
4mbo

r

+ a'r?0u — ku + 2b0u —

u. (5.33)

Equation (5.30) is now differentiated three times with respect to 6, and the result

is then differentiated twice with respect to ¢ to get the expression for A as follows:

(5.34)

which implies that a = 0. Again, differentiating (5.32) and (5.29) two times with
respect to r and utilizing (5.34) and the values of a, we get d = b = 0 implying
a'=0and a="b =0. Thus, (5.33) reduces to

f=—ku. (5.35)
Hence, we conclude with the theorems below:

Theorem 5.2. If a Vaidya metric provided by equation (1.62) admits a conformal

gradient Ricci soliton, then the potential function f must satisfy equation (5.35).
Theorem 5.3. A conformal gradient Ricci soliton on Vaidya spacetime is shrink-
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ing, steady or expanding according as

- 1 1 - 1
— = —— or _——
p 9 p 9 p B

respectively.

5.2 Investigations on Relativistic Magneto Fluid
Spacetime stuffing in f(R)-gravity and Ricci
Solitons

Siddigi and De (2021) published their work on “Relativistic Magneto Fluid
Spacetime” where the matter content includes magnetism. They characterize
the curvature properties of the spacetime and validate to Maxwell equation of
magnetism for the magnetic field intensity, H. Also, Siddiqi et al. (2023) studied
the solitonic aspects of the spacetime. Here, we study the spacetime in the

settings of f(R)-gravity.

5.2.1 Magneto Fluid Spacetime in f(R)-gravity

A Magneto Fluid Spacetime is a spacetime where the matter content includes
magnetic properties such as magnetic strength, intensity, permeability, density,
flux and pressure.

In Magneto Fluid spacetime, the magnetic energy momentum tensor 7 is of

the form (Siddiqi and De, 2021; Siddiqi et al., 2023)

1
T=pg+(p+p)n®n+u{<n®n+§g)H—7®7}- (5.36)

In this particular framework, the variable p is employed to denote the density
of the magneto-fluid, while p is used to represent the pressure. The symbol p is

assigned to denote the magnetic permeability, v stands for the magnetic flux, and
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H is employed to indicate the strength of the magnetic field. It is noteworthy
that the functions n(X) and g(Y, () are non-zero 1-forms, where n(X) = g(X,¢)
and ¢g(Y,¢) = v(Y). Moreover, the vector £ is taken as the unit timelike vector
field with the condition that ¢g(§,&) = —1 and ( is the spacelike magnetic flux
vector field, ensuring that ¢(¢,¢) = 1. Importantly, these vectors are mutually
orthogonal, as denoted by ¢(§, () = 0.

Now, the Einstein-Hilbert action for f(R)-gravity has the expression

M= % / F(R) + L]/ =gd'z, (5.37)

where f(R) represents an arbitrary function of the Ricci scalar R and L£,, denotes

the Lagrangian of the scalar field. The tensor 7 of the matter is expressed as

Tos = ——23%5_993;@ (5.38)

Taking variation of (5.37) with respect to gns yields

. 1
fr(R)Ricas = 3 f(R)gas + (9a5VeV? = VuV3) fr(R) = £2Tap, (5.39)
where Ric is the Ricci tensor, fr(R) = 8’(;(;) and fr(R) # 0. Taking constant
Ricci scalar, the above equation gives
R K2
Ricog — —Gug = ’7;eff,
o e fr(R) P
where
c f(R) — Rfr(R)
Tos’ = Tas + 52 Gop-
Thus,
K2 f(R) — Rfr(R)
Ricog — — 9o = Tos + o 5.40
PRI T )T 2Ry 040
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In view of (5.36), (5.40) can be written as

262 (p+ 1)+ IR RptptpH) K
2fr(R) o fa(R) T (R

Ricaﬁ =

(5.41)

The foregoing equation can be written in index free notation for any vector fields

X, Y as
Ric(X,Y) = ag(X,Y) + n(X)n(Y) + ey (X)y(Y), (5.42)
2k (p+ 41 ) +£(R) &2 (p+pt+uH) K2
where @ = ——52A—— f}j( 3 L b= —I}R‘() R)“ and ¢ = — fR('Lé)'

Contracting (5.41), we obtain

4k? (p+ 1) + 2f(R)
fr(R)

_ KA(p+p+p(H 1))
fr(R)

R= (5.43)

Now, utilizing the expressions for the Ricci tensor, Ricci scalar and the magnetic-
energy momentum tensor of the Magneto-Fluid Spacetime in f(R)-gravity, the

Einstein equation (1.60) becomes

p - 2 (o 1) [

2
2 ]‘ 2 1
=K <1 - —fR(R>> (p+p+pH)nans + K°p (—fR(R) - 1) YaYB-

However, throughout our study, we will assume that A = 0. Now, we state the

following results:

Theorem 5.4. The Ricci tensor in the context of a Magneto Fluid Spacetime
within the framework of f(R)-gravity theory with constant Ricci scalar takes the

following expression:

26% (p+ 15°) + f(R) ; JFFJQ(ereruH)?7 .. K2 -
2fr(R) o fr@®) T @)

Ricag =

Corollary 5.1. The Ricci scalar in the context of a Magneto Fluid Spacetime
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within the framework of f(R)-gravity theory takes the following expression:

_ |4 (p+55) +2f(R)|  w*(p+p+p(H+1))
fr(R) fr(R)

In view of (5.42) and Definition 1.6, we conclude:

Theorem 5.5. The Magneto Fluid Spacetime stuffing in f(R)-gravity is a gen-

eralized quasi-Einstein spacetime.

Now, from Corollary 5.1, we obtain

o L[RIB) | 2(R)

44
3 K2 K2 (5-44)

Thus, we conclude with the following:

Corollary 5.2. In the context of f(R)-gravity, when a Magneto Fluid Spacetime

is incorporated, the equation of state (EoS) is expressed as (5.44).

Remark 5.2. Presently, under the assumption of a radiation-type matter source,

1

we have EoS = w = 3

where w =%, then (5.44) gives

Rfr(R) = 2f(R)

H=1+ -
K2 p

, (5.45)

which gives the expression for the magnetic strength of the considered spacetime

in the context of f(R)-gravity theory. Next, if we, again assume that the matter

source is of phantom barrier, then we have p = —p which gives
1 [Rfr(R) 2f(R) ]
== — 1-H 5.46
p=g | m - ). (5.46)
and
1[2f(R Rfr(R |
L[ ) "

Also, from (5.42), we have

Ric(X, &) = (a+b)n(X), (5.48)

Rie(X, ) = (a+ c)y(X),
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where a, b, c are given by (5.42).

Throughout the study, we shall assume that the f(R)-gravity theory consid-

ered in our study has a constant Ricci scalar.

5.2.2 Magneto Fluid spacetime in the setting of f(R)-

gravity and Ricci soliton

We know that the Ricci soliton equation is given by (1.68). Now, for any
vector fields X, Y, Z, we have

Ric(Y, ) = —\g(Y,2) ~ 3Lxg(Y, 7) (5.49)
= NV, 2) ~ Jo(Vy X, 2) 4 g(V VX)L (550)

Now, setting X = ¢ in (5.50), we have
Rie(Y, 2) = =Xg(Y, 2) = 3[9(Vv&, 2) + 4(¥, V 26)].
Contracting the above expression, we obtain
R = —4X\—div &. (5.51)
Now, comparing (5.51) with (5.43), we get
da —b+c=—4X —div £. (5.52)
Taking Y = Z = ¢ in (5.42) and (5.49) yields

Ric(§,8) = —a—b+c,

Ric(¢,€) = .

Then,
c—a—b=M\ (5.53)
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From (5.52) and (5.53), we obtain

div &
5 )

a=—-\— (5.54)

which implies that b — ¢ = Mf. Next, if € is killing, then a = =\ or A = —a and
b—c=0asb,c#0. Then R = —4\ which implies that

262 (p+ ) + f(R)

A= 2fr(R)

(5.55)
Hence, we conclude with the following theorem:

Theorem 5.6. If a Magneto Fluid Spacetime, embedded within the framework of
f(R)-gravity, possesses a Ricci soliton with a Killing unit timelike vector field &,

then the soliton exhibits shrinking, steady, or expanding behaviour based on

< —% (f,(:j) —i—,uH) , P = —% (ff:j) —i—uH) , orp > —% (f/(;?) +uH) ,

respectively.

Now, setting X = ¢ and using (1.66), we get
Ric(Y, Z) = —(\ + w)g(Y, Z) — wn(Y)n(2). (5.56)

Now, using (5.42) and (5.56), we obtain

262 (p+“0) + f(R) K2(uWH +p+ p) K
(B 9(Y, Z) + To(®) n(Y)n(Z) fR(R)v(Y)v(Z)
= —(A+w)g(Y,Z) —wn(Y)n(2). (5.57)

Putting Y = Z = £ in the above equation, we get

f(R)
2fr(R)

A= —r?{3uH +4p + 2p} — — 2w. (5.58)
Thus, we state the following:

Theorem 5.7. In the scenario where a Magneto Fluid Spacetime within the
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framework of f(R)-gravity possesses a Ricci soliton featuring a unit timelike torse-

forming vector field & with the condition fr(R) # 0, the soliton is

.y R
1. shrinking when 2;}2(%) < —2w — Kk*{3uH +4p + 2p},
2. steady when 2;1(:(2) = —2w — k2 {3uH + 4p + 2p},
: R
3. expanding when 2]{;(})%) > —2w — k* {3uH + 4p + 2p}.

Again, from (5.48), we have

Ric(&,§) =—a—b

f(R)
2fr(R)

= —r* {3uH + 4p + 2p} — (5.59)

So, if R(&,€) > 0, that is

/(R)
2fr(R)

< —K*{3uH +4p + 2p},

then, the considered spacetime obeys the T'C'C' (Timelike Convergence Condi-
tion), which further implies that the spacetime satisfies cosmic SEC (Strong
Energy Condition). Utilizing this fact in (5.58) with w < 0 and fr(R) < 0, we

can state:

Theorem 5.8. If a Magneto Fluid Spacetime within the framework of f(R)-
gravity contains a Ricci soliton characterized by a unit timelike torse-forming
vector field & and adhering to the Timelike Convergence Condition (TCC'), the

soliton shrinks if the scalar function w and fr(R) are less than zero.

We know that the TC'C' implies NC'C' (Null Convergence Condition) according
to Hawking and Ellis (1973). Thus, combining with the above Theorem 5.8, we

have the following:

Corollary 5.3. In the context of f(R)-gravity, if a Magneto Fluid Spacetime ac-
commodates a shrinking soliton characterized by a unit timelike torse-forming vec-

tor field &, then the spacetime satisfies the Null Convergence Condition (NCC').
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Vilenkin and Wall (2014) extends Penrose Singularity Theorem (Hawking and
Ellis, 1973) in which they assume a spacetime M that obeys NCC, has a non-
compact, connected Cauchy surface and contains some black holes. They also
assume that there is no naked singularities on or outside the horizon and further-
more there is a trapped surface outside the black hole horizon. Then the trapped
surface must be completely surrounded by the event horizon.

Now, if we consider the case of having a Magneto Fluid Spacetime embedded
in f(R)-gravity admitting a Ricci soliton with torse forming vector field, £ with
the scalar function w < 0 and fr(R) < 0 (i.e., the soliton is shrinking and obeys
the NCC), then we assume that the spacetime in f(R)-gravity has a non-compact,
connected Cauchy surface and contains some black holes with the existence of a
trapped surface T' and that all the singularities lie in the interior of the event
horizon. Hence, the trapped surface must be completely surrounded by the event
horizon. Furthermore, either the event horizon extends all the way to past infin-
ity( initial singularity) or there exist black holes whose horizons contain multiple

connected components.

5.2.3 Ricci Soliton on Magneto Fluid Spacetime in f(R)-

gravity along ¢(Ric)-vector field

From the soliton equation (1.68), we have for any vector fields XY, Z,
Lxg(Y,Z)+2(a+ Ng(Y,Z) +2n(Y)n(Z) +2cy(Y)y(Z) = 0. (5.60)
By the definition of Lie derivative and (1.67), we obtain

(Log)(Y, Z) = 2pRic(Y, Z), (5.61)
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for any Y, Z. Then, setting X = ¢ in (5.60) and then utilizing (5.61) results in

Ric(Y, 7) = —%[(a CNY )+ (Y n(Z) + (YD) (5.62)

which yields the following result:

Theorem 5.9. In the context of f(R)-gravity, if a Magneto Fluid Spacetime has a
Ricci soliton with a vector field ¢ that fits the conditions of being a proper ¢(Ric)-

vector field, the spacetime is classified as a generalized quasi-FEinstein spacetime.
Setting Y = Z = £ in (5.62), we get
A=—(1+p)(a+D). (5.63)

Theorem 5.10. Consider a Magneto Fluid Spacetime embedded within f(R)-
gravity, allowing for a Ricci soliton with a suitable £(Ric)-timelike velocity vector
field &. In this context, the spacetime is characterized as shrinking, steady, or

expanding based on whether
1. p< —=1,u= -1, or p > —1 respectively, provided a # —b, or
2. a <bya=b, or a>b respectively, provided u # —1.

Corollary 5.4. Consider a Magneto Fluid Spacetime embedded within the frame-
work of f(R)-gravity. Suppose the spacetime accommodates a Ricci soliton fea-
turing a covariantly constant £(Ric)-timelike velocity vector field denoted as &. In
this context, the spacetime exhibits a shrinking, steady, or expanding behaviour

depending on whether a < b, a = b, or a > b respectively.
Again, contracting (5.62), we obtain

Theorem 5.11. In the context of f(R)-gravity, when a Magneto Fluid Spacetime

accommodates a Ricci soliton featuring an appropriate ¢p( Ric)-vector field denoted
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as ¢, the expression for the scalar curvature is provided by:
1
R=—[b—c—4(a+ M),
]

where a, b, c are defined by (5.42).

5.2.4 Modified Poisson and Liouville equations with the
harmonic feature of Ricci soliton on a Magneto Fluid
Spacetime in f(R)-gravity

In this subsection, we will be looking for the modified Poisson and Liouville
equation of a Ricci soliton in the framework of a Magneto Fluid Spacetime em-
bedded within f(R)-gravity theory with its harmonic character.

Now, if we take & = grad h where h is a smooth function, then from (5.54)

we can state the following:

Theorem 5.12. Consider a Magneto Fluid Spacetime in the setting of f(R)-
gravity admitting a Ricci soliton. If the wvelocity vector field & associated with
this Ricci soliton is of the gradient type, then the function h solves the modified

Poisson equation specific to f(R)-gravity as

262 (p+ 1) + f(R)

V2h=5|\+
2fr(R)

Moreover, considering a smooth function h on the manifold M and a vector

field &, a direct computation yields the expression:
div(h&) = &(dh) + h div €.

If h belongs to the smooth functions space C*° (M) and acts as the last multiplier
of £ concerning the metric g and this implies that div(h§) = 0. The associated
equation,

§(dIn€) = —div(¢),
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is referred as the Liouville equation of £ in the context of the metric g. Considering

the above two equations along with (5.54), the following implications arise:

Theorem 5.13. Consider a Magneto Fluid Spacetime in the setting of f(R)-
gravity which allow the inclusion of a Ricci soliton. In the event that the velocity
vector field £ linked to this Ricci soliton is characterized as being of the gradient
type, then in the context of f(R)-gravity, the modified Liouville equation is

2k2 (p + %) + f(R)

&(dIn h) = —5 | A+ G

Next, we recall that if V2h = 0, a function A is said to be harmonic. As a

result of Theorem 5.12, we get the following results:

Corollary 5.5. Consider a Magneto Fluid Spacetime in the context of f(R)-
gravity, which accommodates a Ricci soliton. The velocity vector field & associated
with this Ricci soliton is classified as gradient. Furthermore, if the function h
exhibits harmonic behaviour on the spacetime, then the spacetime exhibits either

decreasing, stable, or expanding behaviour, depending on

pH f(R)  pH f(R) pH o f(R)
5 o PT T T g TP T T g

p<
respectively.

Corollary 5.6. Consider a Magneto Fluid Spacetime with f(R)-gravity and a
Ricci soliton. This Ricci soliton is coupled with a gradient velocity vector field
&. Furthermore, we see that, in the case, when the function f shows harmonic
behaviour,

p= g AfR(R) + f(B)] - L.
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5.2.5 Magneto Fluid Spacetime in the framework of f(R)-

gravity and Gradient Ricci soliton

This subsection deals with gradient Ricci soliton as a metric for a Magneto
Fluid Spacetime in the framework of f(R)-gravity.
Consider X to be the gradient of a smooth function h, with D as the gradient

operator. In this case, (1.68) can be expressed as
VyDh+ QY + Y =0. (5.64)
Utilizing the relationship
R(YY,X)Dh =VyVxDh —VxVyDh— Vy x)Dh, (5.65)
equation (5.64) transforms into
R(Y,X)Dh = (VyQ)X — (VxQ)Y. (5.66)
Differentiating (5.64) covariantly along X results in
VxVyDh=—[(VxQ)Y — Q(VxY)] — AVxY. (5.67)
Swapping X and Y in the above equation results in
VyVxDh=—[(VyQ)X — Q(VyX)] — A\Vy X. (5.68)
Now, (5.42) can be expressed as

QY =aY +n(Y)§ + ey(Y)C, (5.69)
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for all Y € x(M), where M is the Magneto Fluid Spacetime stuffing in f(R)-

gravity. Again, differentiating (5.69) covariantly along Y, we obtain

(Vy@)(X) =Y (a)X + b(Vyn)(X)§ + bn(X)Vy & + c(Vyy)(X)¢ + ey(X)Vy (.
(5.70)
In view of (5.66) and (5.70), we get

R(Y,X)Dh =Y (a)X — X(a)Y +b[(Vyn)(X)§ +n(X)Vy& — (Vxn)(Y)E
—n(Y)Vx&] + c[(Vy)(X)C+7(X)Vy( = (Vx)(Y)C

—(Y)Vx(]. (5.71)
Next, contracting the foregoing equation yields
Ric(X, Dh) = =3X(a) + b[(Ven)(X) — (Vxn)(§) + n(X)dive]. (5.72)
Also, from (5.42), we have
Ric(X, Dh) = aX (h) + bn(X)&(R) + ey(X)¢(R). (5.73)

Setting X = ¢ in (5.72) and (5.73) and then comparing the obtained results, we
get
(b— a)&(h) = 3¢(a) + b dive. (5.74)

Let us assume now that ¢ is Killing, i.e., £L;g = 0, and consider an invariant a
acting on the vector field £, implying that {(a) = 0. Therefore, this implies that
div§ = 0. Hence, we have from (5.74), either a = b or {(h) = 0. Now, we have
the following two cases:

Case I: Let us first assume that {(h) # 0 and a = b. Then, from (5.42), we

obtain

f(R) = 2x*uH + 2K%p, (5.75)
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which gives the expression for the function f(R) in terms of magnetic strength,
permeability and density of the magnetic fluid, provided fg(R) # 0.

Case II: Again, let us assume that a # b and {(h) = 0. Then, taking covariant
derivative of g(§, Dh) = 0 along Y with (5.42) and (5.64) gives

9(Vy&, Dh) = =X+ (a = b)ln(Y). (5.76)

We know that ¢ is Killing, hence, we have g(Vy €, X) + g(Y, Vx¢&) = 0. Next, by
substituting X = &, we get g(Y, V¢&) = 0 since g(Vy &, §) = 0. Therefore, setting
Y = ¢ in (5.76) results in

A =2r%uH +26%p — f(R). (5.77)
With the above two cases, we conclude that:

Theorem 5.14. Suppose a Magneto Fluid Spacetime within f(R)-gravity accom-
modates a gradient Ricci soliton. In the case where the velocity vector field € s
a Killing vector, and a scalar quantity a remains invariant along &, subject to
the condition fr(R) # 0, then the expression for the function f(R) is determined
by (5.75), or alternatively, the soliton exhibits shrinking, steady, or expanding

behavior based on
f(R) < 2r*[uH + pl, f(R) = 2r"[uH + p], or f(R) > 2r*[uH + p]
respectively.

Remark 5.3. Looking at the expression of f(R) in (5.75) and considering our
assumption that the Ricci scalar being constant, we see that f(R) depends solely
on the magnetic field intensity or the magnetic field strength, magnetic perme-
ability and the density of the magnetic fluid. However, these three terms would
affect the gravitational dynamics of the spacetime when considering gradient Ricct

soliton as the metric of the spacetime with the components of the Ricci tensor a
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and b being equal. So, depending on the curvature of the spacetime, the magnetic
flux within the spacetime would vary dynamically which could lead to interesting
phenomena where gravitational and electromagnetic properties influence one an-
other. Moreover, as it can be seen from Case II, we can say that our argument is
valid for the gradient Ricci soliton admitted into the spacetime considered in the

framework of f(R)-gravity theory.

5.3 Ricci Solitons and String Cloud Spacetime
in f(R)-gravity

Letelier (1979), for the first time, introduced clouds of strings. Clouds of
strings represent intriguing theoretical constructs within the framework of gen-
eral relativity, offering novel insights into the gravitational dynamics of cosmic
structures. In this theoretical framework, fundamental strings, envisaged as one-
dimensional extended objects, aggregate to form macroscopic ensembles known
as string clouds. Unlike point particles, strings possess finite size and exhibit
rich dynamical behavior, including oscillations, winding modes, and interactions
mediated by their tension. Within general relativity, the presence of string clouds
induces curvature in spacetime, manifesting as gravitational fields that influence
the motion of surrounding matter and radiation. String clouds have been pre-
sented as a possible explanation for a variety of astronomical events, including
the development of primordial black holes, the generation of cosmic strings in the
early universe, and the seeding of structure in the cosmic web. Furthermore, their
research connects with other fields of theoretical physics, including string theory,
cosmology, and high-energy physics, providing a holistic approach to understand-

ing the underlying nature of spacetime and gravity. While observable evidence for

Z. Chhakchhuak and J.P. Singh (2024). Ricci Solitons and String Cloud Spacetime in
f(R)-gravity, Int. J. Theor. Phys. 63, 185.
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the presence of string clouds is still lacking, their theoretical relevance highlights
their continuous research as promising paths for investigating the cosmos on both
macroscopic and microscopic levels.

Inspired by the aforementioned investigations, we undertake an exploration

of the String Cloud Spacetime within the settings of f(R)-gravity theory.

5.3.1 String Cloud Spacetime in f(R)-gravity

In the context of String Cloud Spacetime within f(R) gravity, we're dealing
with a theoretical framework where spacetime is described using string theory and
the gravitational dynamics are governed by a modified theory of gravity known
as f(R) gravity. This framework aims to incorporate both quantum mechanics
(through string theory) and gravitational interactions (through f(R) gravity) into
a unified theory. In our study of String Cloud Spacetime, we shall consider its
dimension to be 4.

The string cloud energy momentum tensor 7 is of the form (Tye, 2008):
T=men—0y®7, (5.78)

where the variable p is employed to denote the associated particle density of the
cloud fluid and € is the string tension. Taking into account the rest energy density
of particles, ¢, we have

It is essential to note that the functions n(X) and g(Y, () represent non-zero 1-
forms, where n(X) = ¢g(X,€) and g(Y, () = v(Y). Additionally, the vector ¢ is
designated as the unit timelike vector field, satisfying the condition ¢g(&,¢) = —1,
while ¢ serves as the unit spacelike vector field, ensuring ¢((, () = 1. Crucially,
these vectors are mutually orthogonal, as indicated by g(¢, () = 0.

Let us recall the famous Einstein field equation (EFE’s) given in (1.60). For
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our study, without loss of generality, let us take G, ¢ = 1 such that (1.60) becomes

R
Ric+ Ag — 59 = 81T (5.80)

In index free notation and utilizing (5.78), the above equation becomes
. R
Rie(X,Y) + | A= 5 ) 9(X,Y) = 8x[pn(X)n(Y) — v (X)y(Y)].  (5:81)
Contracting the foregoing equation, we obtain
R=4A+8n(p+0). (5.82)

Now, in the context of f(R)-gravity, the Einstein-Hilbert action for f(R)-

gravity has the expression

1

M= / F(R) + L]/ =gd'z, (5.83)

where f(R) represents an arbitrary function of the Ricci scalar R and £,,, denotes

the Lagrangian of the scalar field. The tensor T characterizing the matter is

Now, taking variation of (5.83) with respect to g,z yields
. 1 c
fr(R)Ricas — §f(R)ga5 + (9opV Ve =V V) frR(R) = 81T ,p, (5.85)

where Ric is the Ricci tensor and fr(R) = %. We assume that f(R) #

0, fr(R) # 0 and that fgr(R) < oco. Taking constant Ricci scalar, the above

equation gives

81
Teff’
fr(R) "

, R
RZCag — Egag =

where
f(R) — Rfr(R)
167

Toad? = Tas +

Japs-
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Thus,
. 8 f(R) — Rfr(R)
Ricos — —gog = ———Tos + 08 5.86
P 2Ry (250
In view of (5.78), (5.86) can be written as
R 8 8o
Ricyy — L) L T (5.87)

2B T T Fa(m)

The foregoing equation can be written in index free notation for any vector fields

X,Y as
Ric(X,Y) = ag(X,Y) + bn(X)n(Y) + ey(X)y(Y), (5.88)
_ R _ _8«m __ __ _8nf
where a = STPOL b= mﬁ) and ¢ = FulF)

Contracting (5.87), we obtain

2f(R) 8mp 8ml

B=50®) " FaR) TalR)

(5.89)

Now, we can state the following:

Theorem 5.15. The Ricci tensor in the context of a String Cloud Spacetime

within the framework of f(R)-gravity theory takes the following expression:

- f(R) 8mp L
Rlcaﬁ - 2fR<R) gaﬁ + fR(R) 77a776 fR(R) 7&75'

Corollary 5.7. The scalar curvature in the context of a String Cloud Spacetime

within the framework of f(R)-gravity theory takes the following expression:

2f(R) 8mp 8l

=50 R " T®  Ta®)

In view of (5.88) and Definition 1.6, we conclude:

Theorem 5.16. The String Cloud Spacetime stuffing in f(R)-gravity is a gener-

alized quasi-Finstein spacetime.

Also, from Corollary 5.7, we have
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Theorem 5.17. Within the domain of f(R)-gravity, the equation of state (EoS)

for a String Cloud Spacetime is expressed as follows:

2f(R) — Rfr(R)
8T '

p+0=
Also, from (5.88), we have

Ric(X,€) = (a+ b)n(X), (5.90)

Ric(X, ¢) = (a + )y(X),

where a,b,c are given by (5.88). Now, from (5.79) and Corollary 5.7, we can

state:

Theorem 5.18. If a String Cloud Spacetime in f(R)-gravity obeys the relation

given by (5.79), then the particle density p of the cloud fluid is given by
(2 (R) ~ Rfn(R)+ 3
167 f 2

and the string tension is

1 €0
16_77(2f(R) — Bfp(R) - <.

Combining the value of p and # from the above theorem results in the follow-

ing:

Corollary 5.8. If a String Cloud Spacetime adhering to (5.79) within f(R)-

gravity fulfills the condition § = —1, then p is directly proportional to 6.

Remark 5.4. In the context of String Cloud Spacetime within f(R) gravity, the
equation p = 60 + €y describes the total energy density, where p is the particle
density, 0 is the string tension, and €q is the rest energy density of the particles.
When § = —1, it signifies a special condition known as the quintessence era. This
condition implies that the total energy density due to particles exactly balances out

the string tension. In other words, p is proportional to 0, with the proportionality

162



Chapter 5

factor being a negative one. This equilibrium between the energy stored in the
strings and the energy associated with particles has significant implications for
the stability and dynamics of the string cloud spacetime, particularly within the
framework of f(R) gravity. It represents a delicate balance that could influence
the curvature of spacetime and the gravitational interactions within the string

cloud.

Corollary 5.9. If a String Cloud Spacetime embedded within f(R)-gravity ad-
heres to (5.79) with a constant R, and satisfies the condition § = —1, then the
strings within the spacetime are considered massive, thus characterizing the space-

time as a massive String Cloud Spacetime.

We also know that the energy density o and the particle density p are related
to the specific energy e and volume of the fluid V' as (Wienberg, 1972; Jackiw et

al., 2004):
1

oc=pe and p= v (5.91)

Therefore, in light of the above equation, we conclude that:

Theorem 5.19. In a String Cloud Spacetime under f(R)-gravity with constant

R and p = 0 + €, the specific energy e and volume of the cloud fluid V' are given

by
1670
2f(R) — RfR(R) + 871'60
and
167
2f(R) — Rfr(R) + 8mey’
respectively.
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5.3.2 String Cloud Spacetime and Ricci soliton embedded
in f(R)-gravity

We know that the Ricci soliton equation is given by (1.68). Now, from the

soliton equation, we have for any vector fields Y and Z

Ric(Y, 7) = (Y, 2) ~ 3Lx(Y. 7) (5.92)

= (Y, Z) - %[g(va, Z) +g(Y,VzX)]. (5.93)
Now, setting X = ¢ in (5.93), we have
Ric(Y, 2) = ~Mg(¥. ) — 11o(Vv&, 2) + 9(¥, V 16)].
Contracting the above expression, we obtain
R =—4) —div &. (5.94)
Now, comparing (5.94) with (5.89), we get
da —b+c=—4\ —div &. (5.95)
Taking Y = Z = ¢ in (5.88) and (5.92) yields

Ric(&,€) = —a—b+c,

Ric(¢,€) = .

Then,
c—a—b=\ (5.96)

From (5.95) and (5.96), we obtain

(5.97)
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which implies that b —c = d’LSS. Next, if £ is killing, then a = =\ or A = —a and
b—c=0asb,c#0. Then R = —4\ which implies that

f(R)

A=  2fr(R)

. (5.98)
Hence, we conclude with the following theorem:

Theorem 5.20. In the context of f(R)-gravity, if a String Cloud Spacetime ac-
commodates a Ricci soliton with a killing unit timelike vector field &, then the

Ricci soliton displays either shrinking, or expanding behavior according as
f(R) <0, or f(R) >0,
respectively.
A direct consequences of (5.98) and f(R) # 0, fr(R) < oo, is as follows:

Corollary 5.10. In the case when a String Cloud Spacetime is placed inside the
framework of f(R)-gravity and employs a Ricci soliton defined by a killing unit

timelike vector field &, a stable Ricci soliton does not exist.
Next, setting X = ¢ and using (1.66), we get
Ric(Y,Z) = —-A+w)g(Y, Z) —wn(Y)n(Z). (5.99)

Now, using (5.88) and (5.99), we obtain

f(R) 8mp 8TA
2fa (B! D Famy "IN~ gy ()
= (A +w)g(Y, 2) —wn(Y)n(2). (5.100)

Putting Y = Z = £ in the above equation, we get

A (1 y fjg;%)) -7 (p * %) ' (5:101)

Thus, we state the following:
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Theorem 5.21. In the context where a String Cloud Spacetime is governed by
f(R)-gravity and harbors a Ricci soliton characterized by a unit timelike torse-

forming vector field £, and the condition fr(R) # 0 holds, the soliton is
1. shrinking when f(R) < —2w (87 + fr(R)) — 16mp,
2. steady when f(R) = —2w(87 + fr(R)) — 167p,
3. expanding when f(R) > —2w(8m + fr(R)) — 167p.

Again, from (5.90), we have

Ric(&,6) =—a—b

_ f®B)  8mp
2fr(R)  fr(R)

(5.102)

So, if R(&,€) > 0, that is

f(R) < _167Tp7

then the spacetime adheres to the Timelike Convergence Condition (7'C'C') which
indicates its compliance with the Strong Energy Condition (SEC). Utilizing this

fact in (5.101) with w > 0, the following result follows:

Theorem 5.22. If a String Cloud Spacetime within the framework of f(R)-
gravity contains a Ricci soliton characterized by a unit timelike torse-forming
vector field £ and adhering to the Timelike Convergence Condition (TCC'), the

soliton shrinks if the scalar function w is greater than zero.
We know that the TC'C' implies NC'C' (Null Convergence Condition) according
to Hawking and Ellis (1973). Thus, combining with the above Theorem 5.22; we

have the following:

Corollary 5.11. Within the settings of f(R)-gravity, if a String Cloud Spacetime
accommodates a shrinking Ricci soliton characterized by a unit timelike torse-
forming vector field &, then the spacetime satisfies the Null Convergence Condition

(NCC).
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In light of the theorems derived by Vilenkin and Wall (2014) which states that
if a spacetime M obeys the NCC, then M has a non-compact Cauchy surface and

contains some black holes, we state the following theorems:

Theorem 5.23. If a String Cloud Spacetime governed by f(R)-gravity allows
for a shrinking Ricci soliton characterized by a torse-forming vector field & and
adheres to the Null Convergence Condition (NCC), then a non-compact Cauchy

surface manifests within the spacetime.

Theorem 5.24. If a String Cloud Spacetime accommodating a shrinking Ricci
soliton characterized by a torse-forming vector field & and adhering to the Null
Convergence Condition (NCC') which is considered in the context of f(R)-gravity
theory, then it implies the presence of black holes within this spacetime. Further-

more, the spacetime has a trapped surface lying outside of these black holes.

5.3.3 Ricci Soliton on String Cloud Spacetime in f(R)-

gravity along ¢(Ric)-vector field

The ¢(Ric) vector field plays a significant role in the study of spacetime
dynamics within the framework of f(R) gravity. This vector field is defined
based on the Ricci curvature of the spacetime geometry, denoted as Ric, and is
characterized by its ability to capture essential geometric properties. This section
deals with the study of the spacetime along ¢(Ric) vector field.

From the soliton equation (1.68), we have
Lxg(Y,Z)+2(a+ Ng(Y, Z) + 2m(Y)n(Z) + 2cy(Y)y(Z) = 0. (5.103)
By the definition of Lie derivative and (1.67), we obtain

(Log)(Y,Z) =2uRic(Y, Z), (5.104)
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for any Y, Z. Then, setting X = ¢ in (5.103) and then utilizing (5.104) results in

Ric(Y, Z) = —%[(a N9V Z) + (Y n(Z) + ey(Y)N(Z),  (5.105)

which yields the following result:

Theorem 5.25. Under the framework of f(R)-gravity, when a String Cloud
Spacetime possesses a Ricci soliton characterized by a vector field ¢ meeting the
criteria of a proper ¢(Ric)-vector field, the spacetime is designated as a general-

1zed quasi-Einstein spacetime.
Next, setting Y = Z = ¢ in (5.105) yields
A=—(1+p)(a+Db). (5.106)

Theorem 5.26. Consider a String Cloud Spacetime embedded within f(R)-gravity
which allow a Ricci soliton with a suitable £( Ric)-timelike velocity vector field &.

Then the spacetime is characterized as shrinking, steady or expanding based on

whether

I(R)
167

1. p< —=1,u=—1, or p > —1 respectively, provided p # —

2. p< %,p = %, or p > % respectively, provided p # —1.

Corollary 5.12. Consider a String Cloud Spacetime embedded within the frame-
work of f(R)-gravity. Suppose the spacetime accommodates a Ricci soliton featur-
ing a covariantly constant £(Ric)-timelike velocity vector field denoted as . Then
the spacetime exhibits a shrinking, steady or expanding behaviour depending on

[(R) [(R) [(R)

whether p < == Ton O P> 150

o P = o respectively.

Again, contracting (5.105), we obtain

Theorem 5.27. Within the framework of f(R)-gravity, when a String Cloud

Spacetime accommodates a Ricci soliton featuring an appropriate ¢(Ric)-vector
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field denoted as ¢, the expression for the scalar curvature is provided by:

dirc

; {p+9—2f(R)}+A] ,

and such that the equation of state is given as

I g B )

8

p+o Fa(R)

5.3.4 Modified Equations in String Cloud Spacetime within
f(R) gravity

In this subsection, we aim to derive the modified Poisson and Liouville equa-
tions describing the behavior of a Ricci soliton within the context of a String
Cloud Spacetime governed by f(R)-gravity theory using its harmonic nature.
This investigation is crucial for understanding the dynamical properties of the
spacetime geometry and its interaction with gravitational effects.

Now, if we take £ = grad h where h is a smooth function, then from (5.97)

we can state the following:

Theorem 5.28. Consider a String Cloud Spacetime in the setting of f(R)-gravity
admitting a Ricci soliton. If the velocity vector field & associated with this Ricci
soliton s of the gradient type, then the function h solves the modified Poisson
equation specific to f(R)-gravity as

vih=s [A § 2chfi]<%f)z>} |

Moreover, considering a smooth function h on the manifold M and a vector

field &, a direct computation yields the expression:
div(h&) = &(dh) + h div €.

If h belongs to the smooth functions space, C*°(M) and acts as the last multiplier
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of £ concerning the metric g, then div(h§) = 0. The associated equation,

£(dIng) = —div(€)

is referred to as the Liouville equation of £ in the context of the metric g. Con-

sidering these equations along with (5.97), the following implications arise:

Theorem 5.29. Consider a String Cloud Spacetime in the setting of f(R)-gravity
which allows the inclusion of a Ricci soliton. In the event that the velocity vector
field & linked to this Ricci soliton is characterized as being of the gradient type,
then in the context of f(R)-gravity, the modified Liouville equation is

f(R) }
2fr(R)]

£(dln h) = =5 {)\—I—
Next, we recall that if V2h = 0, then h is said to be harmonic. As a result of
Theorem 5.28, we get the following result:

Theorem 5.30. Consider a String Cloud Spacetime in the context of f(R)-
gravity which accommodates a Ricci soliton. The velocity vector field & associated
with this Ricci soliton is classified as gradient. Furthermore, if the function h ex-
hibits harmonic behaviour on the spacetime, then the spacetime exhibits decreasing

and expanding behaviour depending on
f(R) <0, and f(R) >0

respectively. Moreover, the fact that f(R) # 0, fr(R) < oo implies the absence of

steady Ricci soliton in the spacetime.

5.3.5 String Cloud Spacetime in the framework of f(R)-

gravity and Gradient Ricci soliton

This subsection deals with gradient Ricci soliton as a metric for a String Cloud

Spacetime in the framework of f(R)-gravity.
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Consider X to be the gradient of a smooth function h, with D as the gradient

operator. In this case, (1.68) can be expressed as
VyDh + QY + \Y = 0. (5.107)
Utilizing the relationship
R(Y,X)Dh = VyVxDh —VxVyDh — Vy x)Dh, (5.108)
equation (5.107) transforms into
R(Y,X)Dh = (VyQ)X — (VxQ)Y. (5.109)
Differentiating (5.107) covariantly along X results in
VxVyDh=—[(VxQ)Y — Q(VxY)] — A\VxY. (5.110)
Swapping X and Y in the above equation results in
VyVxDh=—[(VyQ)X — Q(VyX)] — A\Vy X. (5.111)
Now, (5.88) can be expressed as
QY =aY +n(Y)E+ ey(Y)C, (5.112)

forallY € x(M), where M is the String Cloud Spacetime stuffing in f(R)-gravity.

Again, differentiating (5.112) covariantly along Y, we obtain

(Vy@)(X) =Y (a)X + b(Vyn)(X)E + (X)) Vy€ + c(Vy7)(X)( + ev(X) Vi (.
(5.113)
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In view of (5.109) and (5.113), we get

R(Y,X)Dh =Y (a)X — X(a)Y +b[(Vyn)(X){ +n(X)Vy& — (Vxn)(Y)E
—n(Y)Vx& + c[(Vy)(X)+7v(X)Vy( = (Vx7)(Y)C

—1(Y)Vx(]. (5.114)
Next, contracting the foregoing equation yields
Ric(X, Dh) = =3X(a) 4+ b[(Ven)(X) — (Vxn)(§) + n(X)dive].  (5.115)
Also, from (5.88), we have
Ric(X, Dh) = aX (h) + bn(X)&(h) + cy(X)C(h). (5.116)

Setting X = ¢ in (5.115) and (5.116) and then comparing the obtained results,
we get

(b—a)é(h) = 3&(a) + b divé. (5.117)

Let us assume now that ¢ is Killing, i.e., £L¢g = 0 and consider an invariant, a
acting on the vector field £ which implies that £(a) = 0. Therefore, this implies
that div€ = 0. Hence, we have from (5.117), either a = b or {(h) = 0. However,
if a = b, then f(R) = 16mp which implies that f(R) is a constant and fr(R) = 0,
which is a contradiction. Therefore, {(h) = 0. Thus, taking covariant derivative

of (&, Dh) = 0 along Y with (5.88) and (5.107) gives
9(Vy&, Dh) = =X+ (a = b)ln(Y). (5.118)

We know that ¢ is Killing, hence, we have g(Vy€, X) 4+ g(Y, Vx&) = 0. Next, by
substituting X = £, we get g(Y, V¢&) = 0 since g(Vy&, §) = 0. Therefore, setting
Y = ¢ in (5.118) results in

A= [16mp — F(R)]. (5.119)

2fr(R)
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With the above two cases, we state the following theorem:

Theorem 5.31. Suppose a String Cloud Spacetime within f(R)-gravity accom-
modates a gradient Ricci soliton. In the case where the velocity vector field & is a

Killing vector, and a scalar quantity a remains invariant along &, the soliton is

- f(R)
1. shrinking when p > =&,

f(R)

2. steady when p = =,

; J(R)
3. expanding when p > ==

5.4 Conclusion

The study of Vaidya spacetime within the context of conformal gradient Ricci
solitons provides a powerful link between geometry and the dynamics of space-
time. The discovery that the potential function f is directly related to the incom-
ing time coordinate u, which is specified by the constant k, stresses the importance
of time in determining the conformal structure of these spacetimes.

The results, we have obtained, expand our understanding of the complicated
link between geometry and general relativity concepts. It demonstrates the use-
fulness of mathematical techniques such as conformal Ricci solitons in describing
and categorizing the solutions of Einstein’s equation. Furthermore, under certain
conditions, the connection between Vaidya and Schwarzschild spacetimes empha-
sizes the unity and beauty of Einstein’s gravitational theory.

It is also novel to identify precise formulations that the potential function f
must satisfy in order for the Vaidya spacetime to allow a conformal gradient Ricci
soliton. A conformal gradient Ricci soliton vector field describes a specific geo-
metric flow through spacetime. The dynamics of the collapsing null fluid and its

interaction with the spacetime geometry would be constrained by the potential
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function f conditions. The presence of a conformal Ricci soliton vector field as
well as the accompanying limits on the potential function f, has an influence on
the general behaviour and eventual fate of the collapsing null fluid.

From Theorem 5.3, we conclude with the following: the behavior of a confor-
mal gradient Ricci soliton in Vaidya spacetime is intricately related to the value
of the Vaidya metric parameter p. The dynamics of spacetime under the influence

of the soliton are governed by this parameter.
1. Shrinking Behavior (When p > —1):
e When p is larger than —%, the soliton causes the spacetime to compress

or shrink.

e Depending on an understanding of the physical properties of space-
time, this phenomenon may be equivalent to gravitational collapse or

spatial point convergence.

e The presence of p values greater than —% implies that the effect of

the soliton dominates the expansion induced by the Vaidya metric,

resulting in a net shrinkage.
2. Steady Behavior (When p = —3):

e The soliton has a stabilizing effect on spacetime when p is exactly —%.

e At this crucial number, the soliton’s actions precisely balance the
Vaidya metric’s expansion, resulting in a spacetime that remains con-

stant over time.

e This condition of equilibrium indicates that the soliton’s impact is ex-

actly adjusted to counteract any expansion or contraction tendencies.

3. Expanding Behavior (When p < —%):
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e When p is smaller than —%, the soliton causes a growing or expanding

behavior in spacetime.

e Depending on the physical environment of the spacetime, this expan-
sion may be equivalent to an expanding cosmos or the divergence of

spatial points.

e A value of p less than —% implies that the effect of the soliton dom-
inates the growth induced by the Vaidya metric, resulting in a net

expansion.

To summarize, the value of the parameter p is a significant determinant of the
dynamics of a conformal gradient Ricci soliton in Vaidya spacetime. It deter-
mines whether the spacetime contracts (shrinking), remains stable or expands,
providing vital insights into the dynamical features of the soliton and its influence
on the geometry of the spacetime.

The extensive investigation, we have conducted into the dynamics of Magneto-
Fluid Spacetime within the theoretical framework of f(R)-gravity, has yielded a
number of remarkable insights. These important discoveries, embodied in a set
of crucial statements provide light on numerous aspects of the delicate inter-
play between magneto fluid dynamics and gravitational theories. The findings of
our study have made significant advances to our knowledge of Ricci solitons in
Magneto-Fluid Spacetime in the settings of f(R)-gravity theory. The arguments
elaborate on the requirements that determine whether these solitons exhibit de-
creasing, stable or growing behaviour. These findings, which are based on the
complicated interplay of magnetic fields, fluid characteristics, and the modified
gravitational framework, add to our understanding of the various behaviours in-
herent in these complex spacetimes.

A soliton’s properties are accurately specified by the interplay of magnetic

flux, pressure and gravitational effects. These discoveries add considerably to the
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larger story of spacetime dynamics and demonstrate the complexities of gravi-
tational systems. Furthermore, our research into the harmonic functions within
spacetime in f(R)-gravity situations has revealed remarkable discoveries. These
claims show how the velocity vector field, harmonic functions, and modified Pois-
son and Liouville equations are related. These correlations’ consequences broaden
our understanding of the complicated interaction between geometric characteris-
tics and the changed gravitational field.

The formation of black holes and the trapped surface of a black hole com-
pletely surrounded by the event horizons when shrinking Ricci solitons is admit-
ted within Magneto-Fluid Spacetime in the framework of f(R)-gravity shed a new
light. These significant findings not only improve our theoretical understanding
of these systems but also establish the groundwork for future research into the
complicated interplay between fluid dynamics and modified gravity theories.

The investigation into string cloud spacetime and Ricci solitons within the
realm of f(R) gravity has yielded significant insights into the complex interplay
between geometry, matter distribution and gravitational dynamics. The obtained
results, encompassing expressions for the Ricci tensor, scalar curvature and equa-
tion of state have provided a deeper understanding of the geometric properties of
the spacetime, elucidating how it responds to the presence of matter and energy
within the framework of f(R) gravity. Furthermore, the identification of String
Cloud Spacetime as a generalized quasi-Einstein spacetime underscores its ad-
herence to specific geometric conditions akin to those observed in Einstein’s field
equations, offering avenues for simplifying the study of its dynamics.

Moreover, the analysis of Ricci solitons has revealed their behavior under f(R)
gravity indicating their potential for exhibiting either shrinking or expanding be-
havior depending on the sign of f(R). This emphasizes the dynamic nature of the
spacetime geometry, suggesting that gravitational configurations tend to evolve

over time rather than remain static. Additionally, the absence of steady Ricci
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solitons under certain conditions further highlights the dynamic nature of the
spacetime, implying that gravitational interactions within the system are inher-
ently transient and subject to evolution.

Furthermore, the identification of black holes within String Cloud Spacetime
featuring shrinking Ricci solitons underscores the gravitational phenomena encap-
sulated within the framework of f(R) gravity theory. Additionally, the behavior
of gradient Ricci solitons offers nuanced insights into the dynamics of the space-
time, providing a comprehensive understanding of its evolution and expansion
properties. Moreover, the derived modified Liouville and Poisson equations offer
further avenues for investigating the intricate interplay between matter distribu-

tion, geometry and gravitational dynamics within the spacetime.
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Chapter 6

Summary and Conclusion

In the present thesis, we give classification of almost contact metric mani-
folds admitting some geometrical structures and also studied their submanifold.
Furthermore, we explore the dynamics of different spacetime. The following ob-

jectives are taken up in the study:
1. To study the properties of Ricci-Yamabe solitons.
2. To characterize almost cosymplectic manifolds and its extension.
3. To study geometrical properties of spacetimes.

4. To investigate invariant submanifolds of certain classes of almost contact

manifolds.

In Chapter 1, we provide a general introduction which includes the basic defini-
tions and formulas of differential geometry such as topological manifolds, smooth
manifolds, Riemannian manifolds, almost contact metric manifolds, Kenmotsu
manifolds, almost Kenmotsu manifolds, hyperbolic Kenmotsu manifolds, almost
cosymplectic manifolds, submanifolds, Vaidya spacetime and Ricci-Yamabe soli-
tons, and review of the literature.

Chapter 2 is divided into three main sections. In the first section, we have in-
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vestigated the properties and isometries of almost Ricci-Yamabe solitons (ARYS)
and established several critical results that enhance the understanding within
the realm of Riemannian geometry. Firstly, we derived the necessary conditions
under which a compact gradient almost Ricci-Yamabe soliton is isometric to a
Euclidean sphere S™(r). We have observed that the potential function f of a
compact gradient almost Ricci-Yamabe soliton aligns with the Hodge-de Rham
potential h. This result is significant as it ties the geometric structure of the soli-
ton to the well-known Euclidean sphere, thereby providing a tangible example
of these abstract structures. Secondly, we examined complete gradient almost
Ricci-Yamabe solitons with non-zero o and a non-trivial conformal vector field.
We demonstrated that these solitons, given the condition of non-negative scalar
curvature, must be isometric to either Euclidean space E™ or a Euclidean sphere
S™. This finding not only extends known rigidity results for Ricci solitons but
also highlights the restrictive nature of almost Ricci-Yamabe solitons under these
conditions, enhancing the understanding of their geometric properties.
Additionally, we analyzed ARYS with solenoidal and torse-forming vector
fields, providing a comprehensive examination of their structure. Through var-
ious lemmas and theorems, we demonstrated the rigidity of these solitons and
proved that they admit few deformations under the given conditions. This rigid-
ity is crucial and resulted in the stability and uniqueness of the geometric struc-
tures described by these solitons. Furthermore, we provided explicit examples to
substantiate the theoretical results. These examples illustrate the applicability
of the theoretical findings and provide a concrete foundation for further research.
By constructing non-trivial examples, we not only validate our results but also
open new avenues for exploring the practical implications of almost Ricci-Yamabe
solitons in various geometric contexts. The work in Section 2.2 extends the re-
sults of Roy et al. (2020) on (LC'S),-manifolds. We generalized their results and

derived a more general value for the scalar curvature tensor an (LC'S),-manifold
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admitting the Ricci-Yamabe soliton and shown that it is constant. This result is
prominent as it applies to a larger group of solitons. We verified our results by
constructing 3-dimensional and 5-dimensional (LC'S),-manifolds.

Furthermore, we derived the expression for the scalar, A when the manifold
admits a conformal Ricci-Yamabe soliton. We also identified the conditions un-
der which a conformally flat (LC'S),, (n > 4) manifold admitting a torse-forming
vector field ¢ is an expanding, steady or shrinking n-Ricci-Yamabe soliton. More-
over, we provided the expression for A in a conformally flat (LCS), (n > 4)
manifold admitting a torse-forming n-Ricci-Yamabe soliton.

In Section 2.3, we investigated almost *-Ricci-Yamabe solitons on a Sasakian
manifold M .Following and extending the method used by Dwivedi and Patra
(2022), we provided an analytic answer to the question posed in the beginning of
the section. We proved that if a complete Sasakian manifold admits both almost
x-Ricci-Yamabe soliton and gradient almost *-Ricci-Yamabe soliton as its metric,
it is isometric to the unit sphere S?**! provided « is non-zero. Additionally, we
identified specific conditions under which the soliton becomes steady. We also
found that if the potential vector field U is an infinitesimal contact transforma-
tion, it becomes an infinitesimal automorphism. Lastly, we validated our results
by constructing an example.

Chapter 3 deals with almost cosymplectic manifolds and its extension to al-
most Kenmotsu manifolds. The chapter comprises of two main sections. In the
first section, we found a link between the scalar curvature 7 and the parame-
ters (A, a,b,n) on a compact a-almost cosymplectic manifold. Specifically, we

obtained

2)

T = Gnt)p—2a provided o # {0,

(27142r 1)5}‘

This connection provides vital insights into the interplay between geometric quan-

tities and soliton characteristics, allowing for a better understanding of the cur-
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vature dynamics of the manifold. We discovered that a manifold permitting a
GRYS with a # b is either flat or has constant scalar curvature. This result
is useful in understanding the geometric configurations and curvature aspects of
3-dimensional cosymplectic manifolds. Lastly, we constructed an example of a
3-dimensional manifold admitting a GRYS to validate the results.

In the second section, we conducted a thorough investigation into the prop-
erties and structures of almost Kenmotsu manifolds that admit conformal Ricci-
Yamabe solitons (CRYS). By extending the existing results on Ricci solitons
and Ricci-Yamabe solitons to the more generalized setting of CRYS on (k, u)'-
almost Kenmotsu manifolds, we provided new insights into the geometric struc-
tures that arise in this context. Firstly, it was demonstrated that a (2n + 1)-
dimensional (k, u)"-almost Kenmotsu manifold admitting a CRYS is locally iso-
metric to H"™(—4) x R™ provided that 2\ — f7 # dank — (p+ Qfﬁ) This
result is significant as it reveals a specific geometrical structure that these man-
ifolds possess when they admit solitons and established a notable connection to
hyperbolic spaces and Euclidean spaces. Additionally, it is proven that a gen-
eralized (k,p)’-almost Kenmotsu manifold admitting a CRYS is an n-Einstein
manifold. This finding is important because it links the existence of CRY'S to the
n-Einstein condition by imposing specific constraints on the Ricci tensor of the
manifold.

Understanding the n-Einstein property is crucial for comprehending the cur-
vature properties and the overall geometric behavior of the manifold. We have
shown that the potential vector field is a strict infinitesimal contact transfor-
mation for (k,p)-almost Kenmotsu manifolds admitting a conformal gradient
Ricci-Yamabe soliton. This result indicates that the vector field associated with
the soliton preserves the contact structure of the manifold, thereby maintaining
the integrity of the underlying almost Kenmotsu structure. Furthermore, an ex-

ample of a 3-dimensional (k, p)"-almost Kenmotsu manifold was constructed to
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illustrate and verify the findings. The implications of these results are exten-
sive. The results not only extend the theory of Ricci and Yamabe solitons to a
broader class of manifolds but also provide a deeper understanding of the interac-
tion between soliton equations and the geometric structures of almost Kenmotsu
manifolds. The local isometry to H"™'(—4) x R™ opens up new avenues for ex-
ploring the curvature and topology of these manifolds in relation to well-known
geometric spaces. Moreover, the n-Einstein condition and the strict infinitesimal
contact transformation property offer new insights into the curvature conditions
and the preservation of geometric structures under the influence of CRYS. These
findings could have further implications in the study of geometric flows and their
limiting behaviors in various geometric contexts.

Chapter 4 explored the geometric properties of invariant submanifolds within
hyperbolic Kenmotsu manifolds, uncovering several significant results that en-
hance our understanding of these intricate structures. The implications of our
findings are profound, impacting both theoretical research and practical applica-
tions in fields such as mathematics and physics. We began by establishing the
fundamental properties of invariant submanifolds in hyperbolic Kenmotsu mani-
folds. Our results show that the structure vector field ( is tangent to these sub-
manifolds and that the tensor field ¢ preserves tangency. This finding is crucial,
as it confirms that these submanifolds inherently retain the geometric character-
istics of the ambient manifold, ensuring consistency in geometric behavior across
different layers of the manifold.

Moreover, we demonstrated that invariant submanifolds within hyperbolic
Kenmotsu manifolds are minimal. This means that their mean curvature vector
vanishes which indicate stability. The minimality condition is pivotal for un-
derstanding the types of geometric flows that the submanifolds can support and
contribute to the stability analysis and applications in differential geometry. One

of the key results we identified is the condition under which the invariant subman-
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ifolds are totally geodesic. We proved that these submanifolds are totally geodesic
if and only if their second fundamental form is parallel. This result is significant
as it links the intrinsic geometry of the submanifold with its extrinsic curvature
properties. The condition for total geodesy implies that geodesics in the ambient
manifold remain geodesics within the submanifold which is a property essential
for applications in the theory of relativity and the spacetime structures. We fur-
ther explored the concepts of pseudoparallel and 2-pseudoparallel submanifolds,
providing new insights into the curvature properties of these geometric structures.
Our findings show that if an invariant submanifold is semiparallel, it is totally
geodesic.

Additionally, for 2-pseudoparallel submanifolds, we established that they are
either totally geodesic or satisfy a specific functional condition. These results
extend the understanding of how curvature influences the geometric behavior
of submanifolds offering a framework for further exploration of curvature condi-
tions in complex geometric settings. The results of our study have far-reaching
implications for the field of differential geometry. By establishing the fundamen-
tal properties and conditions for invariant submanifolds in hyperbolic Kenmotsu
manifolds, we contribute to a deeper understanding of the geometric structures
within these manifolds. This has potential applications in theoretical physics,
particularly in the spacetime and general relativity, where understanding the ge-
ometric properties of submanifolds can provide insights into the nature of the
universe and the behavior of gravitational fields. Furthermore, our findings on
minimality and total geodesy offer valuable tools for researchers who are inves-
tigating the stability and geometric flows of submanifolds. The conditions for
pseudoparallelism and 2-pseudoparallelism provide new avenues for exploring the
interplay between curvature and geometry which lead to advancements in both
theoretical research and practical applications in fields of material science and

cosmology.
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Chapter 5 is devoted to the study of geometrical structures of spacetime and
it consists of three main sections. We start with an investigation on Vaidya space-
time in the first section. The study of Vaidya spacetime within the context of
conformal gradient Ricci solitons reveals a profound link between geometry and
spacetime dynamics, where the potential function f is directly associated with
the incoming time coordinate, u emphasizing the temporal role in determining the
conformal structure. This expands our comprehension of the intricate relationship
between geometry and general relativity highlighting the utility of mathematical
tools like conformal Ricci solitons in categorizing the solutions of Einstein’s equa-
tion. The connection between Vaidya and Schwarzschild spacetimes underscores
the unity of Einstein’s theory and the identification of precise formulations for the
potential function f elucidates the constraints on the dynamics of collapsing null
fluid. The behavior of a conformal gradient Ricci soliton in Vaidya spacetime is
intricately linked to the Vaidya metric parameter p, dictating whether spacetime
contracts, remains stable or expands, providing crucial insights into the soliton’s
dynamics.

The second section deals with the relativistic magneto fluid spacetime within
f(R)-gravity and obtain the expressions for the Ricci tensor, scalar curvature and
equation of state. By employing Ricci solitons as metrics, conditions for shrink-
ing, constant or growing behaviors under Killing and torse forming vector fields
are established. The emergence of black holes and trapped surfaces outside the
black holes are discussed, particularly in the contexts where a shrinking Ricci soli-
ton is admitted imposing constraints on scalar function w and the first derivative
of f(R). Additionally, the influence of magnetic field strength, permeability and
fluid density on gravitational dynamics in spacetime admitting a gradient Ricci
soliton is highlighted and indicates its impact on total pressure. Furthermore, the
study explores the dynamics of string cloud spacetime governed by f(R) gravity

in the last section, revealing a balance between particle density p and string ten-
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sion A during the quintessence era. Modified Poisson and Liouville equations are
derived, elucidating the formation of black holes and trapped surfaces in the pres-
ence of a shrinking Ricci soliton. Conditions for spacetime contraction, steadiness
or expansion under a gradient Ricci soliton are also established based on particle
density p.

In our study, some key geometrical structures such as Ricci solitons, conformal
Ricci solitons, Ricci-Yamabe solitons, conformal Ricci-Yamabe solitons, almost
Ricci-Yamabe solitons and almost *-Ricci-Yamabe solitons were investigated in
the setting of almost contact metric manifolds and various isometric classifica-
tions were found. We have also explored the geometrical structure of certain
spacetime in the framework of conformal Ricci solitons and f(R)-gravity theory
and discovered certain conclusions that might be beneficial in theoretical physics,
particularly, in the study of general relativity and spacetime. Furthermore, we

created additional instances to validate our findings.
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ABSTRACT

In the present thesis, we have investigated some geometrical structures such as Ricci
solitons, conformal Ricci solitons, Ricci-Yamabe solitons, conformal Ricci-Yamabe
solitons, almost Ricci-Yamabe solitons and almost *-Ricci-Yamabe solitons in the
almost contact metric manifolds. We also introduced geometrical structures of cer-
tain spacetime in the framework of conformal Ricci solitons and f(R)-gravity theory
which might be beneficial in theoretical physics, particularly, in the field of general
relativity and spacetime. Furthermore, we constructed certain examples to validate
the findings.

This thesis aims to deepen the understanding of Riemannian manifolds, almost
contact manifolds and their submanifolds and spacetime by addressing the following

objectives:
1. To study the properties of Ricci-Yamabe solitons.
2. To characterize almost cosymplectic manifolds and its extension.
3. To study geometrical properties of spacetimes.

4. To investigate invariant submanifolds of certain classes of almost contact man-

ifolds.

In Chapter 1, we provide a general introduction which include basic definitions
and formulas of differential geometry such as topological manifolds, smooth mani-
folds, Riemannian manifolds, almost contact metric manifolds, Kenmotsu manifolds,
almost Kenmotsu manifolds, hyperbolic Kenmotsu manifolds, almost cosymplectic
manifolds, Ricci-Yamabe solitons, Lorentzian manifolds, Vaidya spacetime, and Sub-
manifolds, as well as a review of the literature.

Chapter 2 consists of three sections. The first section delves to examine the isome-

tries of almost Ricci-Yamabe solitons. Firstly, we consider a compact gradient almost



Ricci-Yamabe soliton. Next, we studied complete gradient almost Ricci-Yamabe soli-
ton with « # 0 and non-trivial conformal vector field with non-negative scalar curva-
ture and proved that it is either isometric to Euclidean space E™ or Euclidean sphere
S™. Also, solenoidal and torse-forming vector fields are considered. Moreover, some
non-trivial examples are constructed to verify the results. The second section char-
acterizes Lorentzian concircular structure manifolds ((LC'S),-manifolds) admitting
Ricci-Yamabe solitons and we have shown that they become flat when the soliton is
steady. We have constructed 3 and 5-dimensional (LC'S),-manifolds satisfying this
property and derived the scalar, A\ expression for conformal Ricci-Yamabe solitons.
Furthermore, we have discussed 7-Ricci-Yamabe solitons on conformally flat (LCS),,
(n > 4) manifolds and found the conditions for shrinking, steady and expanding
solitons when £ act as a torse forming vector field. We characterized almost x—Ricci-
Yamabe solitons on a Sasakian manifold in the last section, where we proved that
the manifold is isometric to the unit sphere S?**! if its metric represents a com-
plete almost *—Ricci-Yamabe solitons with o # 0. Certain conditions under which
the soliton reduces to *-Ricci-Yamabe soliton and when it becomes steady are also
obtained.

In Chapter 3, the first section investigates the behaviour of an almost cosymplec-
tic manifold when an almost Ricci-Yamabe soliton is admitted as its metric. We have
shown the condition under which the manifold is locally isomorphic to a Lie group
G /= Next, the non-existence of the almost Ricci-Yamabe solitons on a compact
(K, pt)-almost cosymplectic manifold with £ < 0 is established. When the soliton vec-
tor field is pointwise collinear with &, we derived an equation for the scalar curvature
of its metric with certain limitations on the metric’s parameter a. Then the findings
have been validated by constructing an example of a 3-dimensional manifold that
defines a gradient Ricci-Yamabe solitons. The second section characterizes almost
Kenmotsu manifolds admitting conformal Ricci-Yamabe solitons. Here, we exam-

ined (k, )" and generalized (k, p) almost Kenmotsu manifolds and shown that such



a manifold M?"*! is locally isometric to H"™(—4) x R" under specific conditions.
Conditions for conformal pressure when the soliton is expanding, steady or shrinking
are obtained. We demonstrated that if the manifold admits a conformal gradient
Ricci-Yamabe soliton, the potential vector field is a strict infinitesimal contact trans-
formation. An example of a 3-dimensional manifold is also constructed.

In Chapter 4, we characterized an invariant submanifolds of hyperbolic Kenmotsu
manifolds. First, we have proved that an invariant submanifolds of a hyperbolic
Kenmotsu manifold is again a hyperbolic Kenmotsu manifold and is minimal. Next,
the conditions for the invariant submanifolds to be totally geodesic are obtained.
Also, it is shown that a 3-dimensional submanifolds is totally geodesic if and only if
it invariant. Moreover, an invariant submanifold of a hyperbolic Kenmotsu manifold
admitting n-Ricci-Bourguinon soliton is examined and an example which verify some
of the results is constructed.

Chapter 5 is divided into three sections. In the first section, we have examined
Vaidya spacetime under a conformal Ricci soliton vector field and observed the re-
duction of the spacetime to Schwarzschild spacetime and the existence of a conformal
gradient Ricci soliton. We then extend our investigation into relativistic magneto
fluid spacetime stuffing in f(R)-gravity where we have provided the conditions for
the emergence of black holes and trapped surfaces. We have also observed that gravi-
tational dynamics are influenced by magnetic field strength, permeability and density,
affecting total pressure on spacetime. In the third section, we discussed the dynamics
of a string cloud spacetime using f(R)-gravity theory and found a balance between
particle density and string tension. Moreover, the Ricci soliton metric is used to
determine its behavior under different vector fields.

Chapter 6 is devoted for summary and conclusion.

A list of references is given at the end.
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