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Abstract

This work was completed to obtain a Doctorate in Mathematics, specializing in Differential Geometry at the University
of Mascara.

The title of the dissertation is Ricci-Soliton and its Transformations and it comprises two significant keywords.
The first, Ricci-Soliton, refers to the geometric structures that form a self-similar solution to the Ricci flow, a topic
that has been extensively researched by mathematicians since Grigori Perelman used the Ricci flow to solve the
Poincaré conjecture. By transformations, we mean metric changes, which are crucial tools for constructing examples
of new theoretical structures in geometry and studying their rigidity.

The purpose of this dissertation is to investigate the transformation and rigidity of Ricci-Solitons through various
metric transformations within the framework of Riemannian geometry.

Our first published results delve into the investigation of D-isometric transformations on a class of Riemannian manifolds
and how these transformations affect the soliton structure on them.

The second result provides a detailed examination of almost contact metric manifolds of class C2, termed ”corner
manifolds” by Professor Gherici Beldjilali in his research. We study their geometric properties and solitons, as well
as various deformations such as n-homothetic and w-homothetic deformations. Additionally, we present results on their
structure related to Lorentzian C1s.
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Introduction

SECTION 1

Prelude

Section 1. Prelude.

Section 2. 3-Dimensional
Case and Poincaré Conjec-
One of the earliest contributions to topology was made by Leonhard Euler in the | ture.

18" century. Euler’s investigation into the Konigsberg bridge problem [35] and his | Section 3. A Door Wide
development of the Euler characteristic laid the foundational concepts for the field. gp?l‘ 4 Our Part

In addition, Bernhard Riemann’s Figure 6 mid-19*" century research on Riemann cotion = et
surfaces [36], inspired by his mentor Johann Carl Friedrich Gauss, greatly advanced Table 1. Contents for Part I
the understanding of geometric topology.
Numerous prominent mathematicians have contributed to the study of Riemann sur-
faces, with a particular focus on the geometric classification of manifolds, which are
regarded as natural generalizations of surfaces in higher dimensions. There are two
common methods of classification: explicit enumeration and implicit classification using
invariants. Manifolds possess a rich set of invariants, including:

Point Set Topology Algebraic Topology Geometric Topology

Compactness Homotopy Groups Fundamental Group
Connectedness Homology Orientability
Cohomology Surgery Theory

Table 2. Some Invariants on Manifolds.
Figure 1. Leonhard Euler
Low-dimensional manifolds are classified based on their geometric structure, while 1707-1783.

high-dimensional manifolds are classified algebraically using surgery theory. Low di-
mensions refer to dimensions up to 4. "High dimensions' encompass dimensions
5 and higher. The case of dimension 4 is particularly intriguing, as it exhibits low-
dimensional behavior smoothly (but not topologically). To date, we recognize a unique
connected 0-dimensional manifold, which is the point.

Disconnected 0-dimensional manifolds are merely discrete sets, classified by their cardi-
nality, devoid of any geometric properties, and their study falls under combinatorics.
A connected, compact 1-dimensional manifold without boundary is homeomorphic (or
diffeomorphic, if smooth) to the circle. A second countable, non-compact 1-dimensional
manifold is homeomorphic or diffeomorphic to the real line.

According to the uniformization theorem, every connected, closed 2-dimensional
manifold (surface) admits a constant curvature metric. There are three possible cur-
vatures: positive, zero, and negative. Consequently, every surface, or 2-dimensional
manifold, can be categorized as either:

Figure 2. Johann Carl
A sphere with curvature 1, Friedrich Gauss 1777-
A Euclidean plane with curvature 0, 1855.
A hyperbolic plane with curvature — 1.

10



A Door WIDE OPEN 11

SECTION 2

3-Dimensional Case and Poincaré Conjecture

Continuing the classification up to 3-dimensional manifolds, Henri Poincaré con-
jectured in 1904 that spaces which locally resemble ordinary 3-dimensional space but are
finite in extent have an intriguing property. Poincaré hypothesized that if such a space
is simply connected—meaning each loop in the space can be continuously contracted
to a point—then it must be a 3-dimensional sphere. Efforts to resolve this conjecture
spurred significant progress in geometric topology throughout the 20" century.

In the 1930s, J. H. C. Whitehead [78, 79] claimed to have proved the conjecture

but later retracted his claim. During this process, he discovered examples of simply-
connected non-compact 3-manifolds not homeomorphic to R3, the prototype of which is
now known as the Whitehead manifold. In the 1950s and 1960s, numerous mathe- Figure 3. Henri Poincaré
maticians attempted proofs of the conjecture, only to uncover flaws in their arguments. 1g54-1912.
Notable figures such as Georges de Rham, R. H. Bing, Wolfgang Haken, Edwin
E. Moise, and Christos Papakyriakopoulos made significant efforts to prove the
conjecture. In 1958, R. H. Bing established a weakened version of the Poincaré con-
jecture: if every simple closed curve in a compact 3-manifold lies within a 3-ball, then
the manifold is homeomorphic to the 3-sphere [12]. Bing also elucidated some of the
challenges in proving the Poincaré conjecture [13].

Wlodzimierz Jakobsche demonstrated in 1978 that if the Bing-Borsuk conjecture
holds in dimension 3, then the Poincaré conjecture must also hold true [45].

Over time, the conjecture gained renown for its difficulty. John Milnor [52] noted
that errors in incorrect proofs could be “rather subtle and difficult to detect.” Efforts to
prove the conjecture advanced the understanding of 3-manifolds. Experts often hesitated
to announce proofs and viewed such claims with skepticism. The 1980s and 1990s
witnessed several high-profile but ultimately flawed proofs, which were not published in
peer-reviewed journals [73].

A comprehensive examination of attempts to prove this conjecture can be found in
the accessible book Poincaré’s Prize by George Szpiro [72].

The eventual proof relied on Richard S. Hamilton’s approach using the Ricci
flow [43]. By developing numerous novel techniques and results in Ricci flow theory,
Grigori Perelman adapted and completed Hamilton’s program. In papers posted to
the arXiv repository in 2002 and 2003 [63-65], Perelman presented his work proving Figure 4. William
the Poincaré conjecture and the more general geometrization conjecture of William Thurston 1946-2012.
Thurston. Over subsequent years, numerous mathematicians scrutinized his papers
and produced detailed expositions of his work.

SECTION 3

A Door Wide Open

After the widespread success of Grigori Perelman, many mathematicians turned
their attention to investigating the Ricci flow. For example, detailed proofs of the
conjecture can be found in [26]. Another important concept to study is the Ricci soliton,
which represents a self-similar solution to the Ricci flow. Over the past two decades,
numerous mathematicians have investigated Ricci solitons on manifolds.

Sharma [69] initiated the investigation of Ricci solitons in contact Riemannian
geometry. Ghosh and Sharma [41, 61] derived results by considering K-contact, Ken- Figure 5. Grigori Perel-
motsu, Sasakian, and (k, u)-contact metrics as Ricci solitons. Bejan and Crasmare- mann 1966-.
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anu also contributed significant results in this field. In [5], they extended the study of

Ricci solitons to paracontact manifolds. De and collaborators [30] explored Ricci solitons in f-Kenmotsu manifolds,
analyzing the behavior of generalized Sasakian space form and generalized (k,u) space form under generalized D-
conformal deformation. Several researchers, including Nagaraja and Premalatha [55], De and Ghosh [28], and
Shaikh et al. [68], examined the behavior of normal almost contact metric, (x, ¢t) contact metric, and trans-Sasakian
manifolds under D-homothetic deformations. We utilize the constancy of specific contact structures under generalized
D-conformal and D-homothetic deformations to investigate Ricci solitons.

Recently, C12-manifolds have emerged as a prominent and extensively studied topic in differential geometry. Recent
works of Beldjilali, Bouzir and Bayour [6, 8, 16, 27] provide a comprehensive overview of the results obtained in
this context.

What sets Cis-manifolds apart from other almost contact metric structures is their unique nature; they are neither
contact nor normal. They exhibit significant characteristics to well-known manifolds such as Sasaki, Kenmotsu, and
cosymplectic manifolds. Thus, it is imperative to explore various concepts studied on these well-known manifolds on
C'2-manifolds and compare the resulting insights.

The study conducted by the authors in [6] delves into Ricci solitons and generalized Ricei solitons on 3-dimensional
C1o-manifolds. Notably, they establish that any 3-dimensional C7o-manifold meeting specific conditions conforms to
the generalized Ricci soliton equation.

SECTION 4

Our Part

This research endeavor aims to achieve a Ph.D. degree in the field of mathematics, specifically focusing on differential
geometry, at the University of Mascara.
The thesis, titled Ricci-Soliton and Deformations, encompasses two pivotal themes. The term Ricci-soliton denotes
a geometric structure that constitutes a self-similar solution to the Ricci flow, a subject that has garnered significant
attention among mathematicians, particularly since Grigory Perelman employed Ricci flow to resolve the Poincaré
conjecture. On the other hand, deformations refer to alterations in metrics, serving as a primary tool for generating
instances of novel theoretical constructs in geometry and examining their rigidity.
The primary objective of this thesis is to scrutinize the transformation of Ricci solitons and their rigidity through
diverse metric deformations within the framework of Riemannian geometry.
Our inaugural publication, as referenced in [31], delves into the investigation of D-isometric deformations on compact
gradient Riemannian manifolds and their implications on the soliton structure therein.
A subsequent study extensively explores a class of almost contact metric manifolds denoted as C12, analyzing its geo-
metric properties, solitons, and various deformations such as n-conformal and w-conformal deformations. Additionally,
findings are presented on its associated Lorentz-C1s structure.
In summary, the following inquiries have been addressed:

1. What are the necessary conditions for preserving a Cis structure under generalized D-conformal deformation,
contingent upon deformation functions?

2. Is it plausible for a Cyo structure to exhibit a trivial Ricci soliton structure?

3. Under what circumstances does a compact gradient Riemannian manifold, admitting a Ricci soliton, maintain
this attribute under D-isometric deformation?

We have also combined the concepts of generalized Ricci-soliton and Ricci-Yamabe soliton and classified this new
structure on 3-dimensional Lie groups.



Definition 1

Riemannian Geometry

In this part, we explore the domain of Riemannian geometry, revisiting fundamental
concepts essential for our subsequent discussions. We review indispensable constructs
such as the metric tensor, affine connections, derivatives, and curvatures, laying the
groundwork for the topics ahead.

SECTION 5

Metric Tensor

The metric tensor is a cornerstone of Riemannian geometry, defining the notion of
distance, angles, and curvature on a manifold. It provides a way to measure lengths and
angles between tangent vectors at each point of the manifold, thus endowing the space
with a notion of geometry.

A metric g on a smooth manifold M is a tensor of type (0,2) that assigns a smooth
function to pairs of tangent vectors at each point on the manifold

g :T(TM) x T(TM) — C=(M),

where I'(TM) x I'(T M) is the Cartesian product of the space of smooth sections of
T M with itself, and C*° (M) is the space of smooth real-valued functions on M.

The metric tensor g exhibits the ensuing properties, for any vector fields X, Y, Z and
a function f:

1. C°°(M)-Bilinearity:
9 X+Y,2)=9(X,Z)+g(Y,2)

9(X,Y +2) =g(X,)Y) + g(X7 Z),

9(fX,Y) =g(X, fY) = fg(X,Y).

2. Symmetry: g(X,Y) = g(¥, X).

3. Non-degenerancy: if g(X,Y) = 0, for all vector fields X, then Y = 0.

4. Definite Positive: for any non-zero vector field X, g(X, X) > 0.

Section 5. Metric Tensor.
Section 6. Affine Connection.
Section 7. Special Differential
Operators.

Section 8. Riemann
Curvature Tensor.

Section 9. Ricci Tensor.

Table 3. Contents for Part II

Figure 6. Georg Friedrich
Bernhard Riemann 1826-
1866.

The existence of the metric tensor on smooth manifolds is guaranteed by the Unit Partition Theorem, see [75].
This theorem ensures that any smooth manifold can be covered by a set of coordinate charts such that the transition

maps between overlapping charts are smooth.

Consequently, the metric tensor can be defined locally on each chart and smoothly patched together across the manifold.
This essential property underpins the foundational framework of Riemannian geometry, allowing for the rigorous study

of distances, angles, and curvature on curved spaces. For more on this, see [34, 49].
In local system of coordinates, we can write

g=gide* @da?, i,j€{1,2,..,n},

13
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where n = dim(M) and g;; represent differentiable functions, referred to as the components of the metric tensor relative
to a local chart.
Likewise, if X = X™0,, and Y = Y9, then

9(X.Y) = g;jda’ @ da? (X0, Y'0)) = g5 X"V 2" (0mn)da? (01) = gij X ™Y 055
= g”XlY]

Hence, the metric tensor g provides a means to compute the length of a vector field X defined on M via the subsequent
expression

X [* = g(X, X). (5.1)

Thus, it is possible to express any vector field X € T'(T'M) utilizing the metric g through a linear combination of X’s
projection onto an orthonormal frame {e;}1<;<, as follows

X = ig(X, €;)e;. (5.2)
i=1

. . . . . . . . . According to Definition 2, ev-
A Riemannian manifold is a pair (M, g), where M is a differentiable manifold, and  ery differentiabl manifold M pos-

¢ is a Riemannian metric on the tangent bundle T'M. sesses at least one Riemannian
metric g . Nevertheless, this met-

. . . . . . . ric is not unique.
Below are illustrations of several Riemannian manifolds accompanied by their re-

spective metric tensors:

Example 5.1. The parametrization of a sphere of radius R Figure 7 is given by

= """“M
z(0,¢) = Rsin 6 cos ¢, / r\\
y(0,6) = Rsinfsin ¢, Ir..-f —— " :~
2(0,¢) = Rcosb, [ [ o/ i\ ..I',
l g : | 4 i
where 0 < € < 7 is the polar angle and 0 < ¢ < 27 is the azimuthal angle. '%._ | ¢ ; i v
Calculate the differentials of the parametrization k‘\\r al /
dx = Rcosfcos¢pdf — Rsinfsin ¢ de, T——

dy = Rcosfsin¢df + Rsinfcos ¢ do,
P Figure 7. Unit Vectors in
dz = —Rsin6de. Spherical Coordinates.

Next, we need find the line element ds? on the sphere
ds? = dz? + dy? + d2?

= R? ( cos? 0 cos? ¢ 4 cos? O sin? ¢ 4 sin? 9) d6* + Rr? <Sin2 0 sin® ¢ + sin? 6 cos? ¢)) d¢?.

And so the metric of a 2-sphere is

[ ds® = R2d0? + R? sin2 0do?. ] (5.3)
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Write down the components of the metric tensor g;; using the line element ds? via the formula

d82 = gijdl‘i ® dSCj.

_ (911 J12)\ _ R? 0
e 921 G22 0 RZ?sin?6)"

To obtain

Example 5.2. The parametric equations for a torus with major radius R and minor radius r are

z(0,¢) = (R+rcos¢)cosb,
y(0,¢) = (R+rcos¢)sinb,
2(0,¢) = rsin¢.

The differentials of the parameters are

dz = —(R + r cos ¢) sin 0df — r sin ¢ cos 0d¢,
dy = (R + 7 cos ¢) cos0df — rsin ¢ sin 6d¢,
dz = rcos ¢pdo.

The metric tensor is thus given by the formula
ds? = dz? + dy? + d2?

= ((R +7cos¢)?sin? 0 + (R + r cos ¢)* cos? 9) de* + (r2 sin? ¢ cos? 0 + 2 sin? ¢ sin® 0 + r? cos? qﬁ) d¢?.

This yields, subsequent to simplifications

ds? = (R + 7 cos ¢)?d#?* + r?d¢>. (5.4)

The metric tensor in matrix form is

g= (9 912 _ (R+rcosg)? 0
921 22 0 r?)"

SUBSECTION 5.3
Musical Isomorphism # and b

The metric tensor g allows us to establish a bijective correspondence between 1-forms and vector fields on the
Riemannian manifold M. The map sharp, denoted as f

g: N(TM*) — T(TM)
w — fw
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defined by

9(fw, X) = w(X), (5:5)

where X is a vector field on M and T'(TM*) denotes the dual bundle of the tangent bundle T'(T'M) of the manifold
M.
Locally, if w = w;dz’ and X = X79;, then with the help of (5.2), we obtain

flw = Wigijaja

in this context, ¢¥/ signifies the constituent elements of the inverse metric tensor of g.
Conversely, the flat operation, symbolized by b, constitutes a linear mapping that converts vectors into covectors
(one-forms), represented by

b: T(TM) — T(TM*)
X — X

this operation is characterized by the equation

7

X'(Y)=g(X,Y), (5.6)

\

where X and Y denote vector fields defined on M.

The maps f and b play significant roles in differential geometry, often termed as the musical isomorphism or
canonical isomorphism. These mappings, commonly known for their application in Ricci calculus as raising and
lowering indices, facilitate various computations and transformations.

For more comprehensive insights into these concepts, interested readers may refer to authoritative texts such as [49, 76],
which delve deeper into the theoretical underpinnings and practical applications of these isomorphisms.

SECTION 6

Affine Connection

Affine connections are fundamental mathematical structures in differential geometry
that generalize the notion of partial differentiation of vector fields on smooth manifolds.
They provide a systematic way to differentiate vector fields along curves and are essential
tools in studying curvature and geometric properties of manifolds. Upon considering a
manifold, it becomes evident that various concepts can be discussed upon its definition.
These include the establishment of functions, differentiation, examination of parameter-
ized paths, introduction of tensors, among others. However, certain notions such as the
volume of a region or the length of a path necessitate an additional structural element,
specifically the introduction of a metric, as discussed earlier in Part II. It might seem
intuitive to associate the concept of curvature, previously employed informally, solely
with the metric. However, this presumption is either inaccurate or incomplete. Indeed,
an additional structural element, a connection is required. We will elucidate how the
presence of a metric gives rise to a particular connection, the curvature of which can be
likened to that of the metric.

The introduction of a connection becomes imperative when addressing the inad-
equacy of the partial derivative as a tensor operator. What is desired is a covariant
derivative, an operator that behaves as a partial derivative in a flat space with Carte-
sian coordinates, yet transforms appropriately as a tensor on any given manifold.

)

Figure 8. Professor Elie
Joseph Cartan 1869-1951.
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Definition 3| An affine connection V on a manifold M, is a map

V: T(TM) x T(TM) —s T(T M)
(X,Y) — VxV

Satisfying
1. Vx(Y+2)=VxY +VxZ,
2. Vx(fY)=X(f)Y + fVxY,
3. fo+yZ = fVxZ+VyZ,

herein, X,Y, Z denote vector fields defined on the manifold M, while f represents a
smooth function defined on M.

Figure 9. Hermann Klaus
The roots of the affine connection lie in 19th-century geometry and tensor calculus. Hugo Weyl 1885-1955.

Elie Cartan Figure 8 and Hermann Weyl Figure 9 [17-21, 77] played pivotal roles
in its early 1920s development.

Cartan introduced the terminology, emphasizing the connection between tangent spaces via translation. The key idea
is that an affine connection makes a manifold look infinitesimally like Euclidean space, not just smoothly, but as an
affine space. Importantly, there are infinitely many affine connections on any positive-dimensional manifold. in the case
of the sphere, an affine connection facilitates the transition of the affine tangent plane from one location to another.
This transition engenders the movement of a point of contact along a trajectory within the plane, thereby delineating
a curve.

A vector field V on M is deemed parallel with respect to the connection V if, and only if, for all vector fields X on
M, it satisfies the condition

VxV =0. (6.1)

In a more refined formulation, we write VV' = 0. Similarly, a metric g is considered compatible with V (or parallel),
if the condition
Vg =0,

holds, that is, where for any vector fields X,Y and Z on M, we have
X(9(Y,2)) = (Vxg)(Y,Z2) + 9(VxY,Z) + (Y, Vx Z),

which turns out to

[ X(9(Y,2)) = 9(VxY,Z) + g(Y,Vx 2). (6.2)

Definition 4| The torsion T associated with linear connection V, on a manifolds M, is a tensor of
type (1.2), is defined by

T : T(TM) x T(TM) — T(TM)
(X,Y) — T(X,Y) =VxY — Vy X — [X,Y]

for all vector fields X,Y on M

A refined exploration into the geometric interpretation of torsion Figure 10 entails pigure 10. Geometric In-
the consideration of two vector fields denoted as X and Y. At a given point P, the par- eterpretation of Lie Brack-
allel transport of these fields along Y and X, respectively, results in transformed fields aets and Torsion as Clo-

X, g and YIIJ. Should a torsion exist within the geometry, the closure of these transported sure Failure.
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fields fails to occur, manifesting as a discernible closure failure T(X,Y). A comprehensive elucidation of this
phenomenon is expounded and specifically detailed in [67].
If T vanishes identically then the linear connection V is torsion free, that is

[X,Y]=VxY —VyX ] (6.3)

where
[o,0] : T (TM)xT'(TM) — T'(TM)

is skew-symmetric tensor of type (1,2) called the Lie Bracket, which verify the following properties
1. Antisymmetry : [X,Y] = —[Y, X],

2. R — Linearity : [aX +bY, Z] = a[X, Z] +b]Y, Z], a,bER, (6.4)
3. Jacobi Identity : [X,[Y, Z]| + [Y,[Z, X]] + [Z,[X, Y]] = 0.

SUBSECTION 6.1
Levi-Cevita Connection

One of the cornerstone theorems in Riemannian geometry is the Levi-Civita theorem,
unveiled by the Italian mathematician Tullio Levi-Civita Figure 11, which establishes
the following fundamental principle:

Let (M, g) be a Riemannian manifold. Then there exists a unique torsion-free, affine
connection V, known as the Levi-Civita connection, which is compatible with the
metric g.

The theorem above produces Kozsul’s formula, derived by the French mathemati-
cian Jean-Louis Koszul Figure 12, which is used to compute explicitly the Levi-Cevita
connection

Figure 11. Tullio Levi-

29(VxY,Z) = X(9(Y,2)) + Y (9(X, Z)) — Z(9(X,Y)) Civita 1873-1941.
g Il

+9(X,Y], 2) + 9([2, X],Y) — ¢([Y; Z], X). (6.5)

Certainly, by leveraging the characteristics of the metric tensor g in conjunction
with the torsion-free and compatibility properties of V, we establish the following

X9, 2))=9(VxY,Z)+g(Y,VxZ),
Y(9(X,2)) =9(VyX,Z)+g(X,Vy Z),
Z(g(X, ) =g(VzX,Y)+ g(X,VzY).

On the other hand

g([va]aZ):g(VXY*aZ)ig(VYXaZ)a i
g([Z,YLX):g(VZY,X)—g(VyZ,X), L
9([Y, 2], X) = g(Vy Z,X) — g(V2Y, X). ‘

&)
4

Formula (6.5) is verified by direct substitution. Figure 12. Jean-Louis
Locally, if one takes X = X?9; and Y = Y79;, then Koszul 1921-2018.

VxY = Vxip,Y/0; = X' (9;Y* +T},Y7) 0y,
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where

are the Christoffel symbols introduced by the German mathematician Elwin Christof-
fel Figure 13. Since the connection is torsion free, the coefficients are symmetric

k _ 1k
Ik =1k,

For this reason, a torsion-free connection is often called symmetric. The Christoffel
symbols can be derived from the metric tensor g using the following formula

Figure 13. Elwin Bruno
Christoffel 1829-1900.

1
F?j = 59“ (0igij + 059i — Dr19i5)- (6.7)

Geometrically, Christoffel symbols can be interpreted as describing how basis vectors change throughout a given
coordinate system (6.6). The basis vectors may change due to the coordinate system being curvilinear or due to the
geometry of the space itself being curved, and the Christoffel symbols describe both of these. Physically, Christoffel
symbols can be interpreted as describing fictitious forces arising from a non-inertial reference frame. In general relativity,
Christoffel symbols represent gravitational forces as they describe how the gravitational potential (metric) varies
throughout spacetime causing objects to accelerate. See [53].

Example 6.2. For the 2-Sphere Example 5.1, we compute the inverse metric ¢!

(900 906\ _ (R? 0 > -1 (999 ged’) _ <Rlz 0 >
I <9¢9 g¢¢) < 0 R?sin®0 g 9% 9% 0 fromrs 65
According to (6.7), we know that we have to find the eight following symbols
]_"0 ]_'\9 F¢ F¢’
0 _ (Loeo Lo 6 _ [160 Lo
f = (FG F9¢> and 1 = <r¢ e |-
®0 ~ ¢ @0 * 9o
Let’s start by calculating I'?;. By (6.7), one can write
1
Ffj = ggel (Digij + 959 — 019:5) .- (6.9)
Since g% = 0, | = 6 and formula (6.9) becomes
1
Ffj = 5999 (Digoj + 0;9i0 — Dgij)- (6.10)
Hence, the four first symbols are now easy to deduce
rf, = Fg¢ = 1"259 =0 and Fidz = —sinfcos¥.
Simularly for k = ¢ in (6.7), we have
1
I“fj = §g¢l (&‘glj + 3j9il — azgij). (6.11)
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From (6.8) g%’ = 0 then | = ¢ and (6.11) becomes
1
rf; = §9¢¢ (0igs5 + 939i0 — Dp9i5)- (6.12)
From there, we can easily deduce the last four connection coefficients
¢ _ 1o _ ¢ _ 19 _
Igg=T4s=0 and Iy, =T, = cot 6.

So finally for a surface of a sphere, the eight Christoffel symbols are equal to

9 (0 0 6 [ 0 cotf
Ty = <O sin90059> and I = cot 0 /-

Example 6.3. For the 2-Torus Example 5.2, we compute the inverse metric g~!

1
_ (900 Goo \ _ (R+TCOS¢)2 O) -1 _ <999 99¢) _ ((R+rcos¢)2 O>
! (%6 9¢¢) ( 0 r? ! 9 9% 0 = 019

For k = 6, notice that from (6.13) we have g?¢ = g®® = 0, hence | = 0, in this case we write (6.7)
1
P?j = 5999 (9i90; + D;gi0 — Do gij)- (6.14)

Thus, the four symboles with upper index 6 are

0 _ 10 _ 0 _ 16 _ rsing
Fgg—r¢¢—0 and F9¢—F¢0——m
On the other hand, if &k = ¢, again according to (6.13) | = ¢ and
1
Iy = 597 (0:90; + 039i6 = D99:5) (6.15)

Therefor, the symbols I‘fj are
19 — B n6 £ sinfeosd and %, —T%, =T, — 0.
00 r 0¢ o PP

In conclusion, the Christoffel symboles on a torus are

e — 0 7% d T¢ = B sin6 + sinfcosd 0
ij _Rrsingé 0 an ij 0 0/
~+7 cos ¢

SUBSECTION 6.4
The exterior derivative

On a differentiable manifold, the exterior derivative generalizes the notion of the differential of a function to
encompass differential forms of greater degree. This concept, articulated in its present form by Elie Cartan Figure 8
in 1899, constitutes the foundation of exterior calculus.
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The exterior derivative is defined to be the unique R-linear mapping from k-forms to (k + 1)-forms
d: QF(M) — QFTH(M)
that has the following properties:

1. df is the differential of f for a O-form f,
2. d(df) =0 for a 0-form f,
3. d(w1 A wg) = dwy A wsy + (—1)p(W1 AN do.}g),

where w; is a p-form and wy is a g-form. A 1-form w is closed if dw=0, and is said to be exact if w = df. Consequently,
every exact 1-form is closed.

The second defining characteristic holds with broader applicability: specifically, it asserts that for any k-form ws,
the exterior derivative of the exterior derivative of w; yields zero, succinctly expressed as d?> = 0. Moreover, the third
defining property entails, as a specific instance, that when f represents a function and w; denotes a k-form, the exterior
derivative of the product of f and wy, denoted as d(fws), equals df Awy + f Adwy, owing to the fundamental properties
of scalar multiplication and the exterior product, especially notable when one of the operands reduces to a scalar.
Alternatively, an explicit formula can be given [70] for the exterior derivative of a k-form w, when paired with k + 1
arbitrary smooth vector fields Xg, X1, ..., X

i=k
dw(Xo, ..., X3) = 2(71)1')@@()(0, ooy Xiy ooy X))

1=0
+ 3 (=) DX, X, Xoy ooy Xy ooy Xy Xi),
i<j

where

A~

W(Xo, ~"7X’L'a an) = W(Xo, "'7Xi—17Xi+1; 7Xk)

Taking into account the convention of Kobayashi—-Nomizu and Helgason, the formula differs by a factor of ——

k+1
1 i=k )
dw(Xo, ..., Xi) = s D (1) X (w(Xo, ooy Xiy ooy X)) (6.16)
=0
1 p . 2
+ m Z(—l)(erJ)W([XZ‘, Xj],Xo, ...,XZ', veoy Xj, ...7Xk).
i<j

Applying formula (6.4) to a 1-form w, we have

(X, ¥) = 5 (X (@0) = ¥ (6(0)) - (X1

= % <(wa)Y +w(VxY) = (Vyw)X —w(VyX) —w(VxY) + w(VyX)>.

Thus

dw(X,Y) = % ((wa)Y _ (vyw)X), (6.17)
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where, If w = V?, then we have

(Vxw)Y = g(VxV,Y), (6.18)

and for a 2-form ®

3dP(X,Y, Z) = (X(<I>(Y, 7)) =Y (®(X,2)) + Z(9(X,Y)) (6.19)

~o(X, Y], 2) + &(X, 2).Y) - &(Y, ZLX)).

SUBSECTION 6.5
Lie Derivative

The Lie derivative, attributed to Sophus Lie and further expounded by Wtadystaw
Slebodzinski, assesses the alteration undergone by a tensor field comprising scalar func-
tions, vector fields, and one-forms along the trajectory defined by another vector field.
This transformation remains invariant under changes of coordinates, rendering the Lie
derivative applicable across any differentiable manifold. An in depth review of Lie deriva-
tive can be found in [74, 81].  If T represents a tensor field and X a vector field, the
Lie derivative of T with respect to X is symbolized as LxT. However, we shall abstain
from delving into specific intricacies, opting instead to provide a general methodology
for Lie derivative computation. The algebraic definition for the Lie derivative of a tensor
field arises from the following four axioms:

Axiom 1: The Lie derivative of a function equals the directional derivative of the
function, often represented by the formula

Figure 14. Marius Sophus
Lie 1842-1899.

Ly f=Y(f) (6.20)

Axiom 2: The Lie derivative adheres to a version of Leibniz’s rule, stating that for any
tensor fields S and T', we have

Ly(S®T)=(LyS)@T+S® (LyT). (6.21)

Axiom 3: The Lie derivative follows the Leibniz rule with respect to contraction,
expressed as

Lx(T(Y1,...,Yn)) = (ExT)(Y1, -, Yo) + T((£x Y1), Yo) £+ Figure 15. Wiadystaw Sle-
+T(Y1,...,(LxY,)). (6.22) bodzinski 1884-1972.
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Axiom 4: The Lie derivative commutes with the exterior derivative on functions, denoted as

[Lx,d] =0. (6.23)

If these axioms are satisfied, then one can demonstrates that

(LxY)(f) = X(Y(f)) - Y (X(F)) = [X, YI(), (6.24)

which constitutes one of the conventional definitions for the Lie bracket. Indeed, using Axiom 3 and Axiom 1, we
have

Lx(Y() = LxY)f +Y(Lx[) = (LxY)f = Lx (Y (f) - Y(Lx[) = X (Y (f) = Y(X(F)) = [X, Y](]).

Concretely, considering T' as a tensor field of type (p,q), we envision T as a differentiable multilinear mapping of
smooth sections a1, o, ..., ap from the cotangent bundle I'(T* M), and sections X1, Xo, ..., X4 from the tangent bundle
(T M), yielding real numbers R. The Lie derivative of T" along Y is defined by the formula

(EyT)(Oél,OéQ,. 50 ,Xl,XQ,. - ) = Y(T(Oél,()Q, 500 ,Xl,XQ, .. )) (625)
—T([,yal,ag,...,Xl,Xg,...) —T(al,ﬁyag,...,Xl,X27...> =600
—T(al,ag,...,,CyXl,XQ,...) —T(al,ag,...,Xl,ﬁng,...) e

Hence, employing the aforementioned axioms in conjunction with the expression provided in (6.5), we deduce the Lie
derivative applicable to a one-form w

(Lxw)(Y) = X (w(Y)) —w(LxY) = X (@(Y)) — w([X,Y]) = (Vxw)V + w(VxY) - w(VxY) + w(Vy X).

Hence

[ (Lxw)(Y) = (Vxw)Y + w(Vy X), ] (6.26)

or a 2-form, specifically the metric tensor g, we ascertain

(Lxg)(Y,Z2) =X (g(Y,Z2)) —g(LxY,Z) — g(Y,Lx Z)
=(Vxg9)(Y,Z) +g(VxY,Z) + g(Y,VxZ) — g([X,Y], Z) — g(Y, [X, Z]).

Thus

[ (Lvg)(X,Y) =g(VxV)Y) +g(VyV, X). (6.27)

A vector field V' is said to be conformal killing, if

(Lvg)(X,Y) = fg(X,Y). (6.28)

If the function f equals zero, then the vector field V is referred to as a Killing vector field.
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SECTION 7

Special Differential Operators

In the subsequent subsection, we shall furnish precise definitions elucidating the properties and functionalities of

the differential operators such as gradient, divergence, Hessian and Laplacian.

SUBSECTION 7.1

Gradient

Definition 6] We define the gradient operator grad on a Riemannian manifold (M, g) by

grad : C°(M) — T'(TM)
fr— gradf = tdf,

such that, for all X € T'(T'M), we have

df(X) = X(f) = g(X, gradf).

On a local chart U, one has '
df =) 0;fda’.
i=1

Then

i=1 i=1

Lemma 1| The gradient operator satisfies the following properties, for any f,h € C*(M)
1. grad(f + h) = gradf + gradh,

2. grad(fh) = fgradh + hgradf,
3. (gradf)h = (gradh)(f).

SUBSECTION 7.2
Divergeance

Definition 7| We define the divergeance of a vector field X € I'(TM), denoted by div(X), on a Riemannian manifold (M, g) by

div(X) = Try(VX) = i 9(VeX,0).

If {€;}{i=1,....n} is an orthonormal basis, then

div(X) =) " g(Ve, X, €:).
i=1

(7.2)
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Consequently, the divergence of the 1-form w is expressed as

A (Veiw) (e4)- (7.4)

i=1

div(w) = Trg(Vw) =

Lemma 2| The divergence obeys the following properties, where X and Y are smooth vector fields and f is a smooth function
on M

1. div(X +Y) =div(X) + div(Y),
2. div(fX) = fdiv(X) + X(f).

SUBSECTION 7.3
Hessian

Definition 8) We define the Hessian operator of a function f denoted Hess; on a Riemannian
manifold (M, g) by

Hessy : T(TM)QL(TM) — C®(M)
(X,Y) — Hessp(X,Y) = g(Vxgradf,Y), (7.5)

for all X, Y € I'(TM).

Lemma 3| The Hessian operator is symetric.

Figure 16. Ludwig Otto
SUBSECTION 7.4 Hesse 1811-1874.

Laplacian

Definition 9| We define the Laplacian operator of a function f denoted A(f) on a Riemannian
manifold (M, g) by

A:C®(M) — C™®(M)
fr— A(f) = div(gradf) = Tr,(Hessy), (7.6)

such that, if ;{1 <j<p) is an orthonormal basis associated with g then

Try(Hessy) = Z Hessy(es, ;).

i=1

Lemma 4| For every pair of smooth functions f and h belonging to C°°(M), the Laplacian
operator adheres to the following properties Figure 17. Pierre-Simon,
Marquis de Laplace 1749-
L A(f+h) = A(f) + A(h), 1827.
{ 2. A(fh) = fA(R) + 2g(gradf, gradh) + RA(f).
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SECTION 8

Riemann Curvature Tensor

In this exposition, we introduce the Riemann curvature tensor alongside the sectional curvatures inherent to a Rie-
mannian manifold. These conceptual constructs extend beyond the scope of Gaussian curvature, which traditionally
holds prominence within the scope of classical differential geometry, particularly in the study of surfaces. Through our
discourse, we elucidate the Gauss equation, a pivotal result facilitating the comparison between sectional curvatures of
a given submanifold and those of its encompassing ambient space. Furthermore, we establish that Euclidean spaces,
standard spheres, and hyperbolic spaces uniformly exhibit constant sectional curvature. Subsequently, we embark on a
systematic elucidation of the Riemannian curvature tensor pertaining to manifolds characterized by constant sectional
curvature.

Let (M, g) be a Riemannian manifold with Levi-Cevita connection V. Then, the Riemann curvatur operator is a
tensor field on M of type (1, 3)

R:T(TM) x I(TM) x T(TM) —s I(TM),

defined by
R(X,Y)Z =VxVyZ -VyVxZ -V xvZ, (8.1)

for all X,Y and Z vector fields on M.

The Riemann curvatur tensor satisfies the following properties:

1. Skew-Symmetry and Symmetry

Z, W) = —g(R(X,Y)VV, Z)7
ZW)=g(R(Z,W)X,Y).

2. First Bianchi Identity
R(X,Y)Z+R(Z,X)Y + R(Y,Z)X =0.

3. Second Bianchi Identity

VxRY,Z)W +VzR(X, Y)W + VyR(Z, X)W = 0.
The Riemann curvature tensor, a rank-4 tensor, can be expressed in terms of the Christoffel symbols as follows
Ry = Okl — O + Ty T — Thu T (8.2)

However, the form R;‘kl does not exhibit all of the tensor’s symmetries. It is often more convenient to use the fully
covariant form R;jj;, defined as

Rijit = 9ip Rty = gip (OT%, — AT, +T5, I7 — TP, 7). (8.3)
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On an n-dimensional manifold, the Riemann tensor initially has 4 components. However, due to its inherent symme-
tries,
Rijri = Rjur = —Rjire = —Rijuk,

and the fact that components with three equal indices vanish, the number of independent components is reduced to

n%(n? —1)
12 ’

For a two-dimensional surface (n = 2), this reduction leads to only one independent component. In what follows, we
will apply expression in (8.3) to compute the Riemann curvature tensor for the 2-sphere and 2-torus.

Example 8.1. For the 2-sphere, using results obtained in Example 5.1 and Example 6.2, we compute Ryg9e
0
Rogos = gopRigs = goo Ry
2 0 0 0 1k 0 1k
= Rz(sin29 —cos? ) — O+O+60829).

Hence
Rogos = Roogo = R*sin® 0 and  Rggpp = Rypos = —R*sin® 6.

Using formula (8.3), we derive the Riemann curvature tensor components of the form R; ki
0 0 .2
Ripy = —Rjpp =sin” 6  and R?M = —RZ’M =1.
Example 8.2. For the 2-torus using results obtained in Example 5.2 and Example 6.3, we compute Rggo¢

Rogop = gopRhy, = goo Rips
= (R+rcos ) (99T 5, — L% + T, — T0sT54)
_TCOS¢(R+TCOS¢)+T2Sin2¢+O_ r?sin? ¢
(R + rcos¢)? (R+rcosp)? )’

= (R+7rcos¢)? (O

Thus
Ropop = Rpopo =rcosgp(R+rcos¢p) and Rogee = Resop = —r cos ¢(R + rcos ¢).

Again with the help of formula (8.3), we compute the Riemann curvature tensor components of the form R; ki

7 COS ¢

1
R+rcoso and ng = _Rgeqa = cos ¢(R+rcosg).

0 _ 6 _
Riop = —Rypo =

SUBSECTION 8.3
Sectional Curvature

Sectional curvature is a fundamental concept in differential geometry, particularly within the framework of Rieman-
nian geometry. It provides a measure of the curvature of a surface in a given direction, encapsulating how much the
surface deviates from being flat when viewed locally. More formally, the sectional curvature at a point on a manifold
describes how the geometry of the manifold bends or curves in the plane defined by two tangent vectors at that point.
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Definition 11| Let (M, g) be a Riemannian manifold and p € M. Then a section V at p is a
2-dimensional subspace of the tangent space T, M. The set

Go(T,M) ={V | V is a section of T,M}

of sections is called the Grassmannian of 2-planes at p.

The span of two vectors X and Y, denoted as Span{X,Y}, represents all possible
linear combinations of these vectors. In other words, it is the set of all vectors that can be
obtained by scaling X and Y by any scalar and adding them together. Mathematically,

it can be expressed as Figure 18. Hermann
Giinther Grassmann 1809-
Spang{X,Y} = {aX +bY | a,b are scalar in K}. 1877.

Definition 12| Let (M, ¢g) be a Riemannian manifold and p € M. Then the function

9(R(X, Y)Y, X)
(Xa X)g(Yv Y) - g(va)Q’

K, : Spang{X,Y} — 7

is called the sectional curvature at p, usually denoted K(X,Y).

As an immediate implication, we derive the subsequent valuable outcome:

Theorem 2 Let (M, g) be a Riemannian manifold of constant sectional curvature . Then, it’s curvature tensor R satisifies:

R(X,Y)Z = k(g(Y, 2)X — g(X, Z)Y). (8.5)

SECTION 9

Ricci Tensor

The culmination of this chapter involves the establishment of the Ricci and scalar curvatures for a Riemannian manifold.
These quantities are derived through the process of tracing over the curvature tensor and hold significant prominence
within Riemannian geometry.

Definition 13| Let (M, g) be a Riemannian manifold, then we define:
1. The Ricci-Operator, denoted Q by
Q :T(TM) —s T(TM)

i=n

X — Q(X) =) R(X,e)ei, (9.1)

i=1

2. The Ricci-Tensor, denoted S by

S : T(TM) x T(TM) — C™(M)
(X,Y) — S(X,Y) = g(QX,Y). (9.2)

Figure 19. Gregorio Ricci-
Curbastro 1853-1925.
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3. The scalar curvature, denoted r by

j=n i=n j=n

r=> Seje) =3 g(R(ej eieie;), (9-3)

j=1 i=1 j=1

where {ey, ..., e, } is any local orthonormal frame for T'(T'M).

Clearly, we have
:Zg( (X,eie;, Y Zg (e;, )X, €;) Zg (Y,e;)e;,, X) = S(Y, X). (9.4)
i=1

Using (8.2) and (9.2), we derive the Ricci curvature tensor in terms of the Christoffel symbols
Sij = Rfkj = akri‘cj - 8jrfk + Ffﬁkr‘ Fm] ik (9-5)

and the Ricci scalar curvature r = ¢/ S;;. Hence, we can write the Ricci tensor of both the 2-sphere and 2-torus using
results from Example 8.1 and Example 8.2 in matrix form and the Ricci scalar curvature:

1. For the 2-Sphere:
[ d r—-2 9.6)
W= \0sin20) ¢ "7 R '

2. For the 2-Torus:

1
g <r cos (b(R—i—rcosqb) 0 2cos ¢ 9.7)

ij = T COoSs d = 7 N
v 0 R+r coﬁd)) n " T(R + 1 cos (b)

The geometric interpretation of the Ricci tensor is that it describes how much a volume element would differ in curved
space compared to Euclidean or flat space. Different components of the Ricci tensor describe how the volume element
evolves as one moves along a geodesic in any given direction. For more details we refer to [34]. The physical meaning
of the Ricci tensor is that it describes how much the spacetime volume of an object changes due to gravitational tides
in general relativity. This is because geometrically, the Ricci tensor describes volume changes due to curvature and
spacetime curvature is equated to tidal forces. (See for example [53]). In scenarios characterized by constant sectional
curvature, the ensuing result emerges:

Let (M, g) be a Riemannian manifold of constant sectional curvature . Then, it’s scalar curvature r satisifies:

r=mn(n— 1)k, (9.8)
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SECTION A

Appendix A

Proof to Lemma 1: Consider a smooth vector field X on M. Then, for any smooth functions f,h € C*(M),
according to (7.1), we have:

1. For the initial attribute

9(X,grad(f + h)) = X(f + h) = X(f) + X(h) = g(X, grad f) + g(X, gradh)
= g(X,gradf 4+ gradh) = grad(f + h) = gradf + gradh.

2. For the second

9(X,grad(fh)) = X(fh) = hX(f) + fX(h) = hg(X, gradf) + fg(X, gradh)
= g(X, hgradf + fgradh) = grad(fh) = hgradf + fgradh.

3. Finally
(gradf)h = g(gradf, gradh) = (gradh)f.

Proof to Lemma 2: Consider X and Y as smooth vector fields, and let {e;}i=1,..,, denote an orthonormal basis on
M. Then, for any smooth function f defined on M, one can deduce from (5.2), (7.1) and (7.2) the following:

1. For the introductory characteristic, it suffices to utilize the metric tensor linearity

i=n =n

div(X+Y) = ig(vei (X+Y),e) = Zg(veiX, e;) + Zg(veiY, €;)

=1 i=1

= divX + divY.

2. Lastly

i=n i=n %

div(fX) =Y g(Ve,(fX) ) = Y g(Ve X ei) + Y gles( )X, e:)

1

Il
3

i=1 =1 7

3

= VX + 3 g(X eei(f) = fdivX + 3 g(X, e)glerads, e:)
=1 =1

— fAivX + 3 glgradf, g(X, e)er) = fdivX + g(grads, X)
=1

= fdivX + X(f).

Proof to Lemma 3: Consider X and Y as smooth vector fields and f as a smooth function on M. Referring to
equations (6.2), (7.1) and (7.5), we deduce the following
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Hessp(X,Y) = g(Vxgradf,Y) = X(g(gradf, )) —g(gradf, VxY)
=X(Y(f) = (VxY)(f) = [X, Y]5F + Y(X(f)) — (VxY)(f)
= (VxY)(f) = (VyX)(f) + Y (g(gradf, X)) — (VxY)(f)
= g(Vygradf, X) + g(gradf, Vy X) — (Vy X)(f) = g(Vygradf, X)
= Hesss(Y, X).

Proof to Lemma 4: Given f and h smooth functions on M, using results from Lemma 1 and Lemma 2 along with
(7.6), we get:

1. We commence by establishing the initial property
A(f + h) = div(grad(f + h)) = div(gradf + gradh) = div(gradf) + div(gradh)
= A(f) + A(h).
2. Lastly, we address the final property

A(fh) = div(grad(fh)) = div(hgradf + fgradh) = hdiv(gradf) + gradf(h) + gradh(f) + fdiv(gradh)
= hA(f) + 2¢g(grad f, gradh) + fA(R).

Proof to Lemma 5:

1. The initial skew-symmetry readily emerges from Definition 10 delineated in (8.1)

R(X,Y)Z =VxVyZ —VyVxZ —Vxy|Z
—(VyVxZ —VxVyZ+ Viy.xZ)
= —R(Y,X)Z.

The secondary skew-symmetry arises from the compatibility of the metric tensor g with the Levi-Cevita connection

\%

(X, Y](9(2,W)) = X(Y(9(2,W))) - Y (X(9(2,W)))
= X (g vyz W) + 9(Z,VyW)) = Y (g(Vx Z,W) + g(Z, T x W)

g VxVyZ W)+ g(VyZ, VxW)+g(VxZ,VyW) +g(Z,VxVyW)
—9(VyVxZ,W) = g(VxZ,VyW) = g(Vy Z,VxW) = g(Z,VyVxW)
g(R(X,Y)Z, W)+ g(V[Xy} Z,W)+g(RX, Y)W, Z) + g(V[va]T/V, Z)
9(R(X,Y)Z, W) +g(Vixy1Z, W)+ g(R(X, Y)W, Z) + [X,Y](9(2Z,W))
—9(Vixy)Z,W) = g(R(X,Y)Z, W)+ g(R(X, Y)W, Z) =

/\/\

To establish the final symmetry, we are compelled to demonstrate the first Bianchi identity.
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2. Through direct computation employing equation (8.1)

R(X,Y)Z + R(Z X)Y + R(Y, Z)X = VxVyZ - VyVxZ - Vixy1Z + VzVxY = VxV,Y — Viz YV
+Vy VX = VyVy X — Vg X
=Vx(VyZ -VzY) = VX +Vy(VzX - VxZ) - VzxY
+Vz(VxY —=VyX) - Vix v Z = [X,[Y, Z]] + [V, [Z, X]] + [Z,[X, Y]]

resulting from the application of Jacobi’s identity as articulated in equation (6.4). Returning to the third
symmetry property, we ascertain

9(R(X,Y)Z, W) = —g(R(Z, X)Y, W) — g(R(Y, Z) X, W)
= 9(R(Z, X)W,Y) + g(R(Y, Z)W, X)
= —9(R(X,W)Z,Y) = g(R(W, 2)X,Y) = g(R(W,Y) Z, X) — g(R(Z, W)Y, X)
=29(R(Z, W)X, Y) + g(R(X, W)Y, Z) + g(R(W,Y) X, Z)
=29(R(Z,W)X,Y) — g(R(Y, X)W, Z)
= 29(R(Z,W)X,Y) — g(R(X,Y)Z,W) = g(R(X,Y)Z,W) = g(R(Z,W)X,Y).

3. For the second Bianchi identity, we derive

VxR, Z)W + VzR(X,Y)W + Vy R(Z, X)W
= Vx(R(Y,Z)W) — R(VxY,Z)W — R(Y,Vx Z)W — R(Y, Z)VxW
+Vy(R(Z,X)W) = R(Vy Z, X)W — R(Z,Vy X)W — R(Z, X)VyW
+VZ(R(X,Y)W) = R(V2X, Y)W — R(X, VY)W — R(X,Y)V zW.

Leveraging (6.4) in conjunction with the preceding findings, we deduce
R(X,Z|,YYW+ R([Y, X], Z)W + R([Y, Z], X)W = R(VxZ - Vz X, Y)W - R(VzX, Y)W + R(Vy X, Z)W
— R(VxY,2)W + R(VzY, X)W — R(VyZ, X)W

= —R(Y,VxZ)W — R(VzX,Y)W — R(Z,Vy X)W
— R(VxY,Z)W — R(X,Vy Z)W — R(V Y, X)W.

Subsequently, employing direct substitution, we arrive at

VxR(Y,Z)W + VzR(X,Y)W + VyR(Z, X)W = R([X, Z),Y)W + R([Y, X], Z)W + R([Y, Z], X)W
+ VX (R(Y, Z)W) + Vy(R(Z, X)W) + V2(R(X,Y)W) — R(Y, Z)VxW — R(Z, X)VyW — R(X,Y)V ;W = .

Expanding * utilizing equation (8.1)

*=Vx,z21VyW = VyVix 21W = Vx 21.v]W + Vv, x)VzW — VzV [y W
= Viv,x1,20W + Viy,z1VxW = VxVy W = V(y,z1,x]W + VxVy VIV
= VxVzVyW = VxVy W + VyVzVxW = VyVx VW — VyV iz )W
+VzVxVyW —VzVy VW — V2V[X7y]w —VyVzVxW +VzVyVxW
+ Vi, z)VxW = VzVxVyW + VxVzVyW + V iz x)VYy W — VxVy VW
+ VYVXVZW + V[X’y]VZW

After simplification, we arrive at the following equality
* = _v[[X,ZLY]-&-[[Y,X],ZH—[[Y,Z],X]W =0 = VxR(Y, Z)W + VzR(X, Y)W + VYR(Z, X)W =0,

resulting from the application of Jacobi’s identity as articulated in equation (6.4).
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Proof to Theorem 2: From formula (8.4), we have
9(R(X,Y)Y,X) = r(g(X, X)g(Y,Y) - g(X,Y)?). (A.1)
We shall compute the quantity g(R(X + Z,Y)Y, X + Z). From one hand, using (A.1)
JRX+ZY)Y,X+2)=r(9(X+Z,X+2)g(Y,Y)—g(X + Z,Y)?)
= H((g(X» X)+29(X,2) +9(Z,2))g(Y,Y) — g(X,Y)* = 29(2,Y )g(X,Y) — 9(Z, Y)Q)
=g(R(X,Y)Y,X) = g(Z,Y)g(X,Y) + g(R(Z,Y)Y, Z) + 26(9(X, Z)g(Y.Y) — g(Z,Y)g(X,Y)).  (A2)
on the other hand
JRX +Z,Y)Y, X +2Z)=g(RX,Y)Y,X) +g(R(Z,Y)Y,X) + g(R(X,Y)Y, Z) + g(R(Z,Y)Y, Z),
observe that g(R(Z,Y)Y,X)=g(R(X,Y)Y,X), thus
JR(X +ZY)Y, X +7Z) = g(R(X,Y)Y,X) +29(R(X, Y)Y, Z) + g(R(Z,Y)Y, Z). (A.3)
Setting equations (A.2) and (A.3) equal, yields
I(R(X, Y)Y, Z) = (9(X, Z)9(Y.Y) — 9(Z,Y)9(X,Y)) = r(9(9(Y.Y)X, Z) — g(9(X, Y)Y, Z)).
Since Z is an arbitrary vector field, we get
R(X,Y)Y =k(g(Y,Y)X — g(X,Y)Y). (A.4)
Using (A.4), we compute R(X,Y + Z)(Y + Z)
RX.Y+Z) Y +2)=r(g(Y +Z,Y + Z2)X — g(X,Y + 2)(Y + 2))
=K [(g(K Y)+29(Y,2) +9(Z,2)) X = g(X,Y)Y — g(X,Y)Z - g(X, 2)Y - g(X, Z)Z]
=r(gY,) V)X —g(X,Y)Y) +£k(9(Z, 2)X — 9(X,2)Z) + 6(29(Y, 2)X — 9(X,Y)Z — g(X, Z)Y).

Hence
RX,Y+2)(Y+2Z)=RX,Y)YY+R(X,2)Z + m(?g(Y, )X —g9(X,)Y)Z — g(X, Z)Y). (A.5)

On the other hand, we have
RX.Y+2)Y+2Z)=RX, Y)Y+ R(X,Y)Z+R(X,2)Y + R(X,2)Z. (A.6)

Setting equation (A.5) and (A.6) equal we obtain

R(X,)Y)Z+R(X,2)Y =x(29(Y,2)X — g(X,Y)Z — g(X, 2)Y). (A.7)
Using Bianchi’s first identity along with equation (A.7), one can obtain

2R(X,Y)Z+ R(Y,Z2)X =r(29(Y,2)X —g(X,Y)Z — 9(X,2)Y),
where after swapping X and Y we get

2RIX,)Y)Z+R(Y,2)X =r(29(Y,2)X —g(X,Y)Z — g(X, 2)Y). (A.8)
Substracting formulas (A.7) and (A.8) results in

3R(X,Y)Z = 3k(g(Y, 2)X — g(X, Z)Y).
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Proof to Corollary 1: Let {ej,...,e,} be an orthonormal basis of (M, g). Using the fact (5.2) and (8.5) along with
(9.1), we have

QX = ZR(X, e;)e; = /{Z(g(ei7ei)X —9(X,e)e;)
i=1 i=1

=K (nX - Zg(X, ei)ei> =k(n—1)X. (A.9)
Substituting (A.9) in (9.2), gives
S(X,Y)=xr(n—-1)g(X,Y), (A.10)

and by direct computation of the trace of (A.10) we obtain

r=kn(n—1).




Definition 14

Remark

Almost Contact Structures

This chapter delves into almost contact metric manifolds, revisiting their fundamental
definition and properties. It proceeds to categorize these structures into distinct classes, . -
providing illustrative examples along the way. A particular focus will be given to the ggzggﬁ 1(1) gf;zrzlizsis of
comprehensive examination of Trans-Sasakian manifolds and Co manifolds within this | Ajmost Contact Metric Struc-
broader framework. tures.

Section 12. Examples.

SECTION 10

Generalities

Table 4. Contents for Part 111

Contact geometry originated from the pioneering work of the Norwegian mathematician
Sophus Lie during the late 19*" century [44]. Lie, renowned for his advancements in
differential equations and the formulation of Lie groups, introduced the fundamental
concept of contact transformations as part of his investigations into partial differential
equations. Subsequently, luminaries such as Elie Cartan and Vladimir Arnold Fig-
ure 20 enriched contact geometry, extending its applications and forging connections
with other mathematical domains, notably symplectic geometry and classical mechanics
[2, 3]. In a distinct application, Hoffman utilized contact geometry to elucidate phe-
nomena in the visual cortex [80]. From [15, 81], we shall extract what is necessary for
Part IV and Part VI.

Figure 20. Vladimir Igore-
vich Arnold 1937-2010.

An almost contact structure on a smooth manifold M is denoted by the triple (¢, &,n), where ¢ is a tensor field of
type (1,1), £ is a vector field, and 7 is a differential one-form, where the endomorphism

¢ : T(TM) —s T(TM)

satisfies
o’ =-Id+n®¢ and n(¢) =1. (10.1)

In this case, (¢, &, n) is referred to as an almost contact structure on M.

From Definition 14, we can conclude the following:
1. ¢ induces a complex structure on the orthogonal distribution D to &.

2. The vector field £ belongs to the kernel of ¢, signifying that it is tangent to the distribution D defined by 7

D={XeD(TM) | n(X)=0). (10.2)

In essence, an almost contact structure delineates a geometric configuration wherein ¢ governs a complex-like structure
on a specific subspace of tangent vectors, while £ and 7 dictate the characteristics of a complementary subspace, forming
a distinctive interplay between different geometric objects on the manifold M. Conditions (2) and (??) provides a
splitting of the tangeant bundle I'(T'M)

I(TM) =D {¢}. (10.3)

35
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An almost contact metric manifold is typically defined on a manifold of odd dimension, specifically of dimension (2n+1).
This is because the structure involves a tangent hyperplane field, which is naturally defined in odd dimensions (see, [?
]). Thus, it satisfies the following

pE =0, noe =0, ranky = 2n. (10.4)

Theorem 3. On any smooth almost contact manifold (M, ¢, &, n), there exist a metric g compatible with the almost contact
structure (¢, &,n), such that

9(0X, 9Y) = g(X,Y) = n(X)n(Y), (10.5)
for any vector field X, Y on M and (M, p,n,&, g) is called an almost contact metric manifold.

Immediately, from (10.1) and (10.5), we obtain

9(PX,Y) = —g(X,¢Y), n(X)=g(X,E), (10.6)

Definition 15| We associates to every almost contact metric manifold (M, ¢, &, n, g) a fundamental 2-form ® expressed by
e(X,Y) = g(X,¢Y), (10.7)
for any vector fields X,Y on M.

Lemma 6/ The fundamental 2-form ® satisfy the following for any arbitraty vector fields X and Y on M

1. ®(X,Y)=—d(Y,X),
2. B(pX,pY) = (Y, X).

Definition 16| We say that (M, ¢, £, 1, g) is normal if and only if
N =N, +2dp®¢ =0, (10.8)

and is integrable if and only if
N, =0, (10.9)

where N, is the Nijenhuis tensor, expressed by

N,(X,Y) = @*[X, Y]+ [pX, 0Y] — o[X, Y] — p[pX,Y]. (10.10)

When referring to the concept of integrability, we specifically denote the integrability of the distribution D in accordance
with the Frobenius sense [38], elucidating the following

VX,Y €D:[X,Y] €D

We now state the following important result:

Theorem 4| Let (M, ,&,7m,9) be an almost contact metric manifold such that N, # 0. Then,
any smooth function f on M that depends only on the direction of ¢ is constant.

Proor | Using the fact that D is not integrable along with (10.3) then, there exists X,Y € D
such that

[X,Y] €.

Figure 21. Ferdinand
Georg Frobenius 1849-
1917.
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Thus, for a function f that depends only on the direction of &
(X, Y](f) = X(Y(f) - Y(X(f) =0 &(f) = &(f) =0,
which yields the result. O

SECTION 11

Some Classes of Almost Contact Metric Structures

In 1990, [25] Chinea and Gonzélez introduced a systematic classification framework for almost contact metric structures,
leveraging the properties of the second fundamental form ® to delineate 12 distinct classes:

Class  Defining equation

ol (Vx®)(Y,Z) =0, Vn = 0.

Co d® = Vi = 0.

Cs (Vx®)(Y,Z) — (Vox®)(pY, Z) = 0, §& = 0.

Cy (Vx@)(Y,2) = — 551y (9(X, 9Y )3 (2) —g(pX, pZ)3B(Y) —®(X, Y3 (0 2)+D(X, Z)5D(pY)), 0(€) = 0.
Cs (Vx®)(Y, 2) = 3= (®(X, Z)n(Y) — ®(X,Y)n(Z))on.

Co  (Vx®)(Y,2) = 5= (9(X, Z)n(Y) — 9(X,Y)n(Z))6(€).

Cr (Vx®)(Y, Z) =n(Z2)(VymeX +n(Y)(Vexn)Z, 62 = 0.

Cs (Vx®)(Y, 2) = —n(Z)(Vyn)eX + n(Y)(Vexn)Z, on =0.

Co (Vx®)(Y, Z) =n(Z2)(VymeX —n(Y)(V,oxn)Z.

Cro (Vx®)(Y,2) = —n(2)(Vyn)eX —n(Y)(Vexn)Z.

Cu  (Vx®)(Y,2) = —n(X)(Ve @) (¢Y, 0 2).

Ci2 (Vx®)(Y,Z) = n(XIn(Z)(Ven)pY —n(X)n(Y)(Ven)pZ.

Table 5. Defining relations for each of the twelve classes

In the context of Table 5, several notable classes can be distinguished. For instance, the trivial class, commonly
denoted by C or |C|, represents the category of cosymplectic manifolds (sometimes referred to as co-Kahler by
certain authors). The class C; corresponds to nearly K-cosymplectic manifolds, C5 to S-Kenmotsu manifolds,
and Cg to a-Sasakian manifolds. Additionally, the class Cg & C7 encompasses quasi-Sasakian manifolds, while C15
pertains to corner manifolds.

Specifically, for a 3-dimensional manifolds, we have

C=C58CsdCy@ Cha.

SUBSECTION 11.1
Trans-Sasakian Manifolds
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In the work of [59], the author establishes a clear definition when the structure (¢, £, 7, g) attains Trans-Sasakian status:

Definition 17| An almost contact metric structure (¢, &, 7, g) is Trans-Sasakian if and only if
dn=a® and d®=2pnA, (11.1)
where o and 3 are smooth functions on M, expressed as follow:

2a =Try(pVE), and 26 = divé.

The subsequent delineation of a Trans-Sasakian manifold is provided in [57]:

Theorem 5 An almost contact metric manifold (M, ¢, &, 7n,g) is an («, 8) Trans-Sasakian manifold if and only if
(Vxe)Y = a(g(X,Y)E —n(Y)X) + B(9(pX, Y)§ — n(Y)pX). (11.2)

In their work [29], De and Tripathi established that for an («, 3) Trans-Sasakian manifold, the relationship between
a and f3:

Proposition 1| In an («, 8) Trans-Sasakian manifold, the following is satisfied

&(a) + 208 = 0. (11.3)

SUBSECTION 11.2
a-Sasakian Manifolds

Sasakian manifolds, and more generally a-Sasakian manifolds, are named in honor of the mathematician Shigeo
Sasaki Figure 22.

Definition 18| Let (M, p,&, 7, g) be a (2n+ 1)-dimensional almost contact metric manifold and @ it’s fundamental 2-form. We say
that M is an a-Sasakian manifold if it is normal and

dn=a® and d®=0. (11.4)

From formula (11.2), we deduce the following result for a-Sasakian manifold:

Corollary 2| (M, ¢, &,m, g) is an a-Sasakian manifold if and only if
(Vxe)Y = a(g(X,Y)E - n(Y)X), (11.5)

for all X,Y vector field on M.
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Corollary 3| a-Sasakian non-Cosymplectic manifolds are non-integrable.

Proposition 2| In an a-Sasakian manifold, the following is satisfied for any vector fields X, Y on M h‘

Vxé=—apX, (11.6)
(Vxn)Y = —ag(pX,Y), (11.7)
S(X,¢) = 2na277(X) — X (a). (11.8)
for all X,Y vector field on M.
SUBSECTION 11.3
[-Kenmotsu Manifolds Figure 22. Shigeo Sasaki

1912-1987.

Kenmotsu manifolds, or more broadly, S-Kenmotsu manifolds, are named in honor of the Japanese mathematician
Katsuei Kenmotsu.

Definition 19| Let (M, p, &, 7, g) be a (2n+ 1)-dimensional almost contact metric manifold and @ it’s fundamental 2-form. We say
that M is an S-Kenmotsu manifold if it is normal, integrable and

dn=0 and d® =20nA . (11.9)
The following results can be derived with ease:

Theorem 6 (M, ¢, &,7,9) is an S-Kenmotsu manifold if and only if
(Vxp)Y = B(a(¢X,Y)E — n(Y)pX), (11.10)
for all X,Y vector field on M.

Proposition 3| In an S Kenmotsu manifold, the following is satisfied for any vector fields X, Y on M

Vx¢& = B(X - n(X)E), (11.11)
(Vxn)Y = B(g(X,Y) = n(X)n(Y)), (11.12)
S(X,€) = (—2n8° —£(B)n(X) — (2n — 1) X(B), (11.13)

for all X,Y vector field on M.
Corollary 4| (-Kenmotsu manifolds are integrable.

Consequently, we obtain:
(1) : o« — Sasakian < Trans-Sasaki of type («,0)
(2) : B — Kenmotsu < Trans-Sasaki of type (0, 3)
(3) : Cosymplectic < Trans-Sasaki of type (0,0)
Additionally, Marrero noted in [50] that for dimensions greater than or equal to 5, every (a, 3) trans-Sasakian manifold

must either be an a-Sasakian or a S-Kenmotsu manifold, indicating that either o or  must be zero. Thus, based on
the equation (11.3), in an a-Sasakian manifold, we observe that £(a) = 0.
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SUBSECTION 11.4

(12 Manifolds

In the framework of the classification of almost contact metric manifolds by Chinea and Gonzalez [25], Table 5,

a specific category of manifolds, termed Cio-manifolds, is identified. These manifolds, though potentially integrable,
inherently lack normalcy. The characterization of Cjo-manifolds is expressed as

(Vx)(Y. Z) = n(X)n(Z)(Ven)pY —n(X)n(Y)(Ven)pZ.

The works of Bouzir, H.; Beldjilali, G.; Bayour, B. [16] and de Candia, S.; Falcitelli, M. [27] further elaborate
on the characterization of (2n + 1)-dimensional C}2-manifolds

(Vx@)Y = n(X)(w(@Y)é +n(Y)ey), (11.14)

for all X and Y vector fields on M where w = —V¢n is a closed 1-form and ¢ = —V £ is a vector field such that
w(X) = g(X, ). Firstly, notice that the vector field ¢ is perpendicular to £ because g(v, &) = —g(Ve€, €) = 0.

Therefore, we have the following definition from [16] :

Definition 20| Let (M, ,&, 7, g) be an almost contact manifold. M is called almost Cyo-manifold if there exists a closed one-form

w which satisfies
dn=wAn and d¢=0.

In addition, if N, = 0 we say that M is a Cqo-manifold and we denote it by (M, ¢, &, ¥, n,w, g).

By direct substitution of Y = £ in (11.14) and derivating € = 0 along X an arbitrary vector field on M

0= X(¢€) = (Vxp)§ +o(VxE) =n(X)ey + ¢VxE
= oVx&{=-n(X)py.

Applying ¢ to both sides of the equation and using the fact n(Vx€&) = 0 and n(v) = 0 yields
—Vx&=nX)Y = Vx&{=-n(X)¢.
Taking the inner product of Vx& with Y gives
(Vxn)Y =9(Vx&Y) = —n(X)g(,Y) = —n(X)w(Y).
Using (8.1), we have

R(XY)E=VxVyé—VyVxé—Vixyié=—-XnY )W)+ Yn(X)p) +n([X, Y]
= —((Vxn)Y +n(VxY))Y = n(Y)Vx® + (Vyn)X +0(Vy X)) + n(X)Vyy + (n(VxY) = n(Vy X))y
= (= (Vxn)Y + (Vyn) X))y +n(X)Vyth — n(Y)Vx1p.

Using formula (6.17), we get an important result

[ R(X,Y)§ = —2dn(X, Y )¢ + n(X)Vyy —n(Y)Vxy. (11.15)

Taking the inner product of R(X,Y)¢ with Z and using symmetries we obtain

9(R(X,Y)E, Z) = =2dn(X,Y)w(Z) +n(X)g(Vy ), Z) = n(Y)g(Vx1h, Z) = g(R(§, 2) X, Y).
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Considering an orthonormal basis {e;}{j—1..2n} and using formula (9.2)

1=2n 1=2n

S(gv Y) = Z g(R(ﬁ, ei)eiv Y) = g(va7£) - Z +2dn(617 Y)w(el) + U(Y)g(veﬂ/% 6i)'

i=1 i=1

First, we have

1=2n 1=2n =2
Z _an(eiay)w(ei) = Z —2d77(61, waez Z 2d77 %61 e“Y)
=1 i=1 =1

= =2dn(y,Y) = =(Vyn)Y + (Vyn)y = n()w(Y) — n(Y)w(®) = —n(Y).
On the other hand, differentiating w(§) = 0 along X, we get
0=X(w(§)) =X(g(1,8) = 9(Vx1,&) + 9(¥, Vx&) = g(Vx1,§) —n(X) = g(Vx1,§) =n(X).
With direct substitutions and using (7.2), the result obtained in [8] is concluded:

The following is satisfied in a C2-manifold

V& =-n(X)y, (11.16)
(Vxn)Y = —n(X)w(Y), (11.17)
S(X,€) = —n(X)divep. (11.18)

for all X,Y vector field on M.

In 3-dimensional configuration, the theorem articulated in [16] stands affirmed:

Let (M, p,&,1m,g) be a 3-dimensional almost contact metric manifold. M is Cya-manifold if and only if

Vx&=-n(X)y,

for all vector field on M.

Herein, we present an alternative delineation of a Cio-manifold possessing a dimensionality of 2n + 1. We show that

(Vxp)Y = (X)) (w(@Y)E +n(Y)pp),
is equivalent to
(VLPXQO)Y =0.

Suppose that (Vx¢)Y = n(X)(w(eY)E + n(Y)ey). So due to (10.4), replacing X by ¢X we get (Voxp)Y = 0.
Conversely, assume that
(Vexp)Y =0 (11.19)

and replacing X by pX we get
(Vx@)Y =n(X)(Vep)Y. (11.20)
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Also, in (11.19) replacing Y by £ then apply ¢ and then replacing X by ¢ X, we obtain

0= (vwXW)f

©Ve,x§

= V,x¢

= Vax§

= —Vx§+n(X)Ve.

Hence
Vx&=-n(X)y,  where ¢ =—-Ve& (11.21)

On the other hand, knowing that d¢ = 0 that is
9(X, (V29)Y) +9(Z, (Vy)X) + (Y, (Vxp)Z) =0,

putting Z = £, we obtain

0=g(X,(Vep)Y) +g(& (Vyp)X) + g(Y, (Vx)§)
= g(X, (Vep)Y) 4+ g(&, VyeX) — (Y, 9V x€)
= 9(X, (Vep)Y) — g(Vy&,¢X) + g(9Y, Vx§),
now, using (11.21), we get
0 =g(X,(Ve)Y) +n(Y)g (¢, oX) —n(X)g(eY,¢)
= g(X, (Vep)Y) —g(n(Y)e), X) — g(w(pY ), X),

where w(X) = g(X, 1), which gives
(Vep)V = n(Y )t +w(@Y)E,

replacing this relation in (11.20), we obtain
(Vx@)V = n(X) (w(eY)¢ +n(Y)pv).
This yields the following deep result:
Theorem 8 An almost contact metric manifold (M, ¢, &, 7, g) is of class Cy5 if and only if for all X and Y vector fields on M
(Voxp)Y = 0. (11.22)
A 3-dimensional C15 manifold exhibits complete controllability, signifying the existence of a naturally derived global

orthonormal basis denoted by {£, 1, pi}.

SECTION 12

Examples

In the concluding section of this chapter, we present concrete examples illustrating each
of the previously introduced classes:
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Example 12.1. [10](«, 3) Trans-Sasakian:

We denote the Cartesian coordinates in a 3-dimensional Euclidean space R? by (z,, 2) and define a symmetric tensor
field g by

p2 +72 0 —1
g = 0 p2 0 )
-7 0 1

where p and 7 are functions on R? such that p # 0 everywhere. Further, we define an almost contact metric (¢, &, )
on R3 by
-1

0 0
00|, ¢=1o
00

0
p=11
0 1

The fundamental 1-form 7 and the 2-form ¢ can be expressed as

n=dz—rdr, ¢=—-2p’dxAdy,

and hence

dn = modx A dy + t3dx Ndz, dp = —4p3dx A dy A dz,

where p; = % and 7; = g—;.

We know that the components of the Nijenhuis tensor IV, can be written as
Nij = or(0:f — 050F) — 0F (Onpy — 01}) + i (9;6%) — my (9kP),
where the indices 4, j, k and [ run over the range {1,2,3}, then by a direct computation we can verify that
Nij =0, Vi, j,k,
implying that the structure (p,&,, g) is normal and:

(1) : Sasakian when 75 = —2p?

and 13 =7=0,
(2) : Cosymplectic when p3 =0 and 7 =713=0,

(3) : Kenmotsu when p3=p and 75 =73 =0.

Example 12.2. a-Sasakian:

Let M = {(x,y,2) € R* / 2 > 0} and {e1, €2, €3} be the frame of vector fields on M given by

0 20 0 n
el = — eg = —— — e3=Yy— +z2—
YT o 2 z Oy’ 3= YVor 0z’

where o = o(y) is a non zero function on M. We define a Riemannian metric g by

1 0 -

g={ 0 7= O
_y o 2

z 22

y
z

)

Let V be the Riemannian connection of g, then we have

[e2, €3] = —20¢€;.
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By using the Koszul’s formula (6.5) for the Riemannian metric g, the non zero components of the Levi-Civita connection
corresponding to g are given by:

Ve, 62 = Ve, e1 = oes, Ve, €3 =Ve,e1 = —0ey and V.,es = —Ve3 =0ey.

For ¢ = e; and setting

e =0, pes = €eg and (pes = —ees,
which gives
0 —% 0
_ 20
@Y =€ 0 0 =~ 5
0-5 0

then, (©,&,7,9) is an almost contact metric structure on M with 7 = dz — £dz. One easily can get

3
a=—Y g(Ve& pe)=—20, and B=0,

i=1

which implies that (¢, &,7,¢g) is an a-Sasakian structure where o = —eo.

Example 12.3. f-Kenmotsu:
Let M = {(x,y,2) € R* / 2 > 0} and {e1, €2, e3} be the frame of vector fields on M given by
10 10 0

€1 = — €y = ——— €3 = —.
2 0z’ 20y’ 0z

We define a Riemannian metric g by
g = 2*(d2* + dy?) + d2>.
Let V be the Riemannian connection of g, then we have

1 1
[61363] = —€, [62563] = —€2.
z z

By using Koszul formula (6.5) for the Riemannian metric g, the non zero components of the Levi-Civita connection
corresponding to g are given by:

1 1 1 1
Ve, €1 = ——es, Ve, e3 = —eq, Ve,e2 = ——e3 and V,e3 = —ea.
z z z z
For U = ze3 and define
0-10
p=¢e|l1 0 0],
000
then, (p,&€,7m,g) is an almost contact metric structure on M with 7 = dz. One easily can get
> 1o 1
a=- ;gweif, pei) =0 and  f=g ;g(ve,@ ei) = -,

which allows us to conclude that (¢, &,7,¢g) is a Trans-Sasakian structure of type (0, %) i.e., B-Kenmotsu structure.
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Example 12.4. Cs:

We denote the Cartesian coordinates in a 3-dimensional Euclidean space R? by (21,22, 23) and define a symmetric
tensor field g by

p(z1, 2, 3)? 0 0
g = 0 7(1'173727.'133)2 0 )
0 0 o(x1, 79, 13)2

where p, 7 and o are functions on R3 and pro # 0 everywhere. Further, we define an almost contact metric (¢, &, )
on R? by

-1
0 n= (0, 0, p).
0

coo
I
Il
|
o

0
p=11
0

Op

Notice that dnp = padzs A dxy + p3dxs Adry = w A n with w = %dxg + %Sdm, where p; = 5.
Therefore

,(/) — &61 + ﬁeg
TP op
We give the following orthonormal basis
¢ 10 1 0 1 0
= - — €] = ——=——, €y = ——.
p Oz’ Y T Ox, 27 5 0z,

So, the components of the Levi-Civita connection corresponding to g are written

_ P2 p3 — P2 — P3
Vgg = —561 - p?eg, erl = ﬁé.’ erg = /’705’
— 71 — 71 73 — T3
e = AR Ve, 1 = TS T 752 Ve, €2 = 7o €15
_ o1 __ 02 _ _ o1 o2
Ve2§ = P7‘7627 V6261 = EEQ, V8262 = _P7 — ;61.

Using Theorem 7, one can check that (R3,p, £, 7, g) is a 3-parameter family of Cjs-manifolds if and only if

Ve & = e = (e (Fer + Zea),
TP op
where i € {0,1,2} with eg = ¢, i.e.
v§§ = —&61 - &627 v61§ = v62€ =0.
D po

From the above components of the Levi-Civita connection, we get
T = 01 = 0.

Example 12.5. Cs:

We denote the Cartesian coordinates in a 3-dimensional Euclidean space R? by (1,22, x3) and define a metric tensor
g by

p2+720—7'
g=e¢ll 0 p 0|,
-7 0 1

where f = f(y), 7 = 7(z) and p = p(z,y) are functions on R? with f’ = g—’yc.
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Further, we define an almost contact structure (p, &, 7) on R? by

0-10 0
e=(100], ¢=el|0], n=-¢el(-7,01).
0—-70 1

Thus
dn = f'ef (de Ady +dy A dz> and d® = 0.

By direct computation, the non-zero components of N lgl)i J are

NG?=rf and Ny* ="
On the other hand _
(th);cj :Oa Vi7j7ke {1a2a3}7

implies that the structure (p, &, 7, g) is integrable. To ensure that the defined structure is not normal, it suffices to
take f’ # 0. Also, taking w = f’dy, we can see that

dn=wAn, wl) =0 and dw=0.

We denote v the g-dual of w
/
0
P = %ezf—.
p* Oy
Thus, (M, ¢,£,9,1,w,g) is a Cia-structure on R3.
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SECTION B

Appendix B

Proof to Proposition 1: Using (11.1) from Definition 17, we have

dn = a®, 0=d*p=daA®+add,
d® =26n N D, d® =250 D,

this leads to
(da+2aBn) NP =0 = X(a)+2apn(X)=0, VX eI (TM).

The proof is concluded by setting X = &.

Proof to Lemma 6: Consider any vector fields X and Y on M. Then, by virtue of (10.1), (10.5) and (10.6):

1. For the first equality, we have

O(X,Y) = g(X,pY) = —g(pX,Y) = —0(Y, X).

2. For the second one

(X, pY) = g(¢X,0°Y) = g(pX, -Y +n(X)§) = —g(¢X,Y) = ®(Y, X).



Metric Deformations

In this chapter, we will explore different deformations of the metric tensor and analyze
the resulting Levi-Civita connection and curvature tensors. These deformations will | Section 13. Conformal Defor-

be applied to both Riemannian manifolds and certain classes of almost contact metric | mation- .
. e . . .. . g Section 14. D-Isometric
manifolds. Additionally, we will derive conditions of rigidity for the latter. Deformation.

The concept of metric deformation serves as a fundamental tool in differential ge- | Section 15. Generalized
ometry, offering a versatile framework for exploring the intrinsic properties of geometric | P-Conformal Deformation.
structures. Metric deformation involves systematically altering the metric tensor while

. . . . Table 6. Contents for Part IV
preserving certain geometric properties, such as curvature or volume.

By allowing for controlled modifications to the metric, this approach enables mathematicians and physicists to investi-
gate the behavior of geometric objects under perturbations, shedding light on the underlying symmetries and geometric
relationships.Metric deformation assumes a fundamental role in investigating novel geometric structures. It serves a
dual purpose by facilitating the examination of their rigidity while also enabling the generation of new examples from
pre-existing structures through deformation. In essence, the notion of metric deformation embodies a powerful ana-
lytical technique, empowering researchers to uncover deeper insights into the intricate geometry of mathematical and
physical systems. This chapter endeavors to delve into conformal metric deformation and its diverse manifestations.
Through a meticulous examination of different scenarios, we aim to unravel the nuanced intricacies inherent in such
deformations. As a practical application, we shall scrutinize these deformations within the context of select classes
of almost contact metric manifolds, thereby elucidating their implications and ramifications in the broader domain of
differential geometry.

SECTION 13

Conformal Deformation

In the context of an n-dimensional Riemannian manifold (M, g), a conformal deformation refers to a modification of
the metric g in the following manner

g=fy, (13.1)

where f represents a smooth non-zero function defined on M. Utilizing Kozsul’s formula (6.5), we obtain
29(VxY, 2) = X(3(Y, 2)) + Y (9(X, 2)) = Z2(5(X,Y)) + 9([X, Y], 2) + 9([2, Y], X) = §([V, Z], X)
= f? <Xg(Y, 2)+Y(9(X,Z) = Z9(X.Y) + 9([X, Y], Z) + 9([2, Y], X) — ¢([Y, Z]’X)>
+X(f9(Y, 2) + Y (f)9(X, Z) - Z(f*)g(X.Y).

By employing Definition 1 and formula (7.1), we obtain

L X(f2g(Y,2) =g(X(f*)Y,Z),
2 Y(f2)9(X,2) = g(Y ()X, 2),
3. Z(fHg(X,Y) = g(gradf?, Z2)g(X,Y) = g(g9(X,Y )gradf?, Z).

Furthermore, derived from equation (13.1), we have

24(VxY,Z) =2f%9(VxY, Z).

48
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This leads to the following conclusion

which gives

Y ?2 X 12 rad72
(2 ))( (2 )jr g >
X

Utilizing the fact that X (In f2) = }—Jf) and setting h = In f2, the following result is attained

VxY =VxY + g(X,Y).

VxY =VxY +Y(h)X + X (h)Y — g(X,Y)grad(h). (13.2)

Proposition 5| By conformal deformation, the Levi-Cevita connection V is provided by formula (13.2)

In light of equation (8.1), we have
R(X,Y)Z =VxVyZ—-VyVxZ—VixyZ. (13.3)
Through lengthy direct computations employing equation (13.2), we obtain
VxVyZ =VxVyZ —g(Y,Z)(Vxgradh + |gradh|>X) + (VxY)(h) + Hessn(X, 2)) Z (13.4)
+Y(h)(VxZ+ Z(h)X + X(h)Z — g(X, Z)gradh) + (Vx Z)(h) + Hessn(X, Z))Y

+Z(h) (VXY + Y (W)X + X(h)Y — g(X,Y)gradh) + X (h)Vy Z + (Vy Z)(h)X
- (Q(VXYa Z) +g(Y, VxZ))gradh.

Likewise, in a similar manner
VyVxZ =VyVxZ - g(X,Z)(Vygradh + |gradh|*Y) + ((Vy X)(h) + Hessy(Y, Z))Z (13.5)
+X(h)(VyZ+ Z(hY +Y(h)Z — g(Y, Z)gradh) + ((Vy Z)(h) + Hessp(Y, Z)) X
+ Z(h)(Vy X + X(R)Y +Y(h)X — g(Y, X)gradh) + Y(h)Vx Z + (Vx Z)(h)Y
Similarly
6[X7y]Z = V[X)y]Z + Z(h) (VXy — VyX) + (ny)(h)z — (VyX)(h)Z — (g(VXYV7 Z) — g(VyX, Z))gradh. (13.6)
Hence, R arises through the substitution of equations (13.4), (13.5), and (13.6) into equation (13.3)
R(X,Y)Z = R(X,Y)Z — g(Y, Z)(Vxgradh + |gradh|* X ) + g(X, Z)(Vygradh + |gradh|*Y")

+ (X(h)g(Y,Z2) = Y (h)g(X, Z))gradh + Hessp(X, Z2)Y — Hessp (Y, Z) X
+ (9(X,Vy Z) — g(Y,Vx Z))gradh + Z(h)(Y (h) X — X(h)Y). (13.7)

Proposition 6| By conformal deformation, the Riemann curvature tensor R is provided by formula (13.7).

Let us examine the orthonormal basis {€;}{1<i<,} such that

éi = €7h6,‘.

Drawing from equations (9.1) and (13.7), we discern
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2n n
QX => R(X,&)e=e"> R(X,e)e;
=1 1=1

—eh (R(X, ei)e; g(ez,ez)(vxgradh + |gradh/| X) +g(X, 61)(Ve,gradh + \gradh|261)
+ (X (h)g(ei,er) — ei(h)g(X, ei))gradh + Hess (X, ei)e; — Hessy(ei, )X

+ (9(X, Ve,e) — gles, Vxei))gradh + e;(h) (e;(h) X — X(h)ei)) (13.8)

With the understanding that g(X, V.,e;) = g(e;, Vxe;) = 0, in conjunction with formulas (5.2) and (7.1), we deduce
the following facts
Yo 9(X,e)Ve,gradh = VZ o(X.en)e; Sradh = Vxgradh,

S 9(X, e;)|gradh|?e; = |gradh| Y9 X e)e; = |gradh|? X,

Yoqei(h)g(X,e) =" 9(X,ei(h)e;) = g(X, gradh) = X (h),
St Hr( X e)ei =Y g(Vxgradh, e;)e; = V xgradh,

and lastly
Zn: e;(h)e;(h) = Zn:g(gradh, e;)g(gradh,e;) = Zn:g(gradh, g(gradh, e;)e;) = Zn: g(gradh, gradh) = |gradhl?.
i=1 i=1 i=1 i=1
Therefore, upon substitution into formula (13.8), the following outcome is obtained
QX =e" (QX — A(h)X — (n—2)(X(h)gradh + V xgradh + |gradh|2X)>. (13.9)

Proposition 7| By conformal deformation, the Ricci operator Q is provided by formula (13.9).

By considering the inner product § of equation (13.9) with Y, and recognizing the relationship e~ = #, we obtain
S(X,Y)=g(QX,Y)=S(X,Y) - A(h)g(X,Y) 2)(X (h)g(gradh,Y) + g(V xgradh,Y) + |gradh|>g(X,Y)).
The conclusion follows promptly from equations (7.1) and (7.5)
S(X,Y)=S(X,Y)— (n— 2)(Hn(X,Y) + X(h)Y (h)) — (A(h) + (n — 2)\gradh|2)g(X, Y). (13.10)

Proposition 8] By conformal deformation, the Ricci curvature tensor S is provided by formula (13.10).

Employing equations (9.3) and (13.10) the following is obtained

T= Zg(éi7 &)=e" Z S(es,e;) =e " Z ( ei ei) — (n—2)(Hulei, e;) + e;(h)ei(h)) — (A(R) + (n — 2)gradh|2)>
—eh (r — (n—2)(A(R) + |gradh|?) — n(A(h) + (n — g)gmdmz)).

Through the straightforward rearrangement of analogous terms

<

=e "(r—2(n—1)A(h) — (n — 1)(n — 2)|gradh|?). (13.11)
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Proposition 9| Under conformal deformation the scalar curvature 7 associated with g is provided by formula (13.11).

SECTION 14

D-Isometric Deformation

The findings delineated within this section are documented in the scholarly [31]. This form of deformation becomes
feasible exclusively when the tangent bundle I'(T'M) of the manifold admits a split structure represented as

I(TM) =D e {¢},

where £ signifies a non-trivial vector field on M. Consequently, employing such a deformation method proves advan-
tageous for delving into the properties of almost contact metric manifolds, given the inherent existence of ¢ within
this structural context. However, as our initial published findings encompassed a broader scope, encompassing what
is known as compact gradient manifolds, we shall defer the exploration of almost contact metric manifolds to a
subsequent section, where a more comprehensive deformation shall be investigated.
A Riemannian manifold (M, g) of dimension n is said compact gradient, if there exists a unit closed 1-form 7 (i.e.
dn = 0), such that

9(VXEY) = g(VyEX),  g(VxE€) =0 and  Veg=0. (14.1)

where 7 be the g-dual of £ which means n(X) = ¢g(X,¢) for all vector field X on M. On the other hand, ¢ is said a
Jacobi-Type vector field if and only if [23]

VxVy€ = Vy,v§— R(X, (Y =0. (14.2)
Substituting Y = £ in (14.2) and using (14.1), one can obtain
Vo el + R(X, €)= 0. (14.3)

From [24], we have the following deep result
Theorem 9 Every Jacobi-type vector field on a compact Riemannian manifold is a Killing vector field.

We define on M a Riemannian metric, denoted g, by
9(X,Y) = g(X,Y) +n(X)n(Y)  where n(§) = 1. (14.4)
The equation 7 = 0 defines a (n — 1)-dimensional distribution D on M. Then, we have

{ 36,6 =2,
(X, X)=9(X,X), VXeD.

That is why, we refer to this construction as D-isometric deformation. Note that the simplest case for this deformation
is for n = df where f € C>*°(M). In [46], Innami proved that M admits a non constant affine function if and only
if M splits as a Riemannian product M = N x R. In our situation, since dn = 0 then ¢ is locally of type gradient,
what means that at each point p on M there exists a function f such that £ = V f on a neighborhood at p, where V f
denotes the gradient vector field of f. Using Koszul’s formula (6.5) for the metric g (14.4)

25(VxY,2) = Xg(Y,Z) +Y§(Z, X) - Z§(X,Y) — §(X,[Y, Z]) + §(Y, [Z, X]) + §(Z,[X,Y]
=Xg(Y,Z)+Yg(Z,X) - Zg(X,Y) — g(X, [V, Z]) + 9(Y,[Z, X]) + 9(Z, [ X, Y])
+X(n(YV)n(2)) +Y (n(Z)n(X)) *Z(W(X)W(Y)) n(Xn([Y, Z]) +n(Y)n([Z, X]) +n(Z)n([X,Y]),

/\/—\
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one can obtain 1
9(VxY,Z2) = g(VxY,Z) + 5((VX77)Y + (Vyn)X)n(Z).
Knowing that dn = 0, by virtue of (6.17)
2dn(X,Y) = (Vxn)Y = (Vyn)X =0 = (Vxn)Y = (Vyn)X.
Then, we get ~
9(VxY,Z) = g(VxY,Z) + (Vxn)(Y)n(Z),
with
(Vxn)(Y) = g(Vx&Y).
On the other hand, we have
n(2) =9 2) =3 Z) —n(Z),
which gives

9§, 2).

N =

n(z) =

Therefore

HVXY, 2) = (VY 2) + S (Vxn (VG2 = §(VxY, 2) + 30(VxEVIZ,) = (VXY 2) + 537, 6(TxE V).

2

Hence, employing the non-degeneracy property inherent to the metric tensor denoted as g yields the final result

~ 1
VxY =VxY + QQ(VX&Y)@

Proposition 10| Under D-isometric deformation the Levi-Cevita connection V is provided by formula (14.5).

By utilizing formula (14.5), the first term of (13.3) is rendered as

(14.5)

VxTyZ = Vx (Vv 2+ 50(Vy6 2)6) = VxVy Z+ 3o(Vx Ty, 206 + 1a(VyE, VX 2)E + 50(VrE, 2)Tx

2
= VxVyZ+ Lo(VxE Vy 206 + 2o(Vx V& )6 + 50(VrE Vx )6+ 39(Vy& Z)VxE

Employing a similar methodology, the second term of (14.6) is determined as

-~ 1 1 1 1
VyVxZ =VyVxZ+ 59(VY57 VxZ)§+ ig(vyvxf, Z)¢ + §g(vxf, VyZ)§+ ig(VX& Z)Vy&.

Given that dn = 0, the final term of (14.9) simplifies to

1 1 1
Vixy)4 =Vixy + §Q(V[X,Y]§7 Z)§ =Vix,y] + §Q(VVXY§ Z)¢ — ig(vaX&Z)f

1 1
=Vixy]+ ig(vzé VxY)§— §Q(VZ§, Vy X)E.

A formula for R ensues from the substitution of equations (14.6), (14.7), and (14.8) into (13.3)
2R(X,Y)Z = 2R(X,Y)Z — g(R(X,Y)Z,£) + g(Vy&, Z)Vx€ — g(Vx&, Z)VyE.

Proposition 11| Under D-isometric deformation the Riemann curvature tensor R is provided by formula (14.9).

(14.6)

(14.7)

(14.8)

(14.9)
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let {{,e;}a<i<n denote the orthonormal basis on M with respect to the metric g. It can be readily shown that
{%E, ei fo<i<n forms an orthonormal basis on M with respect to the metric §. Utilizing formulas (9.1) and (14.9), we

obtain
. 1=~ - = ~ A
QX = §R(X,§)f + ;RUQ ei)e; = —§R(X7 §E + ;R(X, ei)ei
- _%R(X, HE+Y (R(K ei)ei — %Q(R(X» ei)ei §)§ + %Q(Veif’ €i)Vx§ - %g(vxg’ ei)veig)' (14.10)
i=1

Utilizing equations (5.2), (7.2), (14.1), and the fact that
n
Z;gwxg,ei)veif S VS et = Voxeé = ~RIX O
1=

we drive the following R
20X =2QX — S(X,&)¢ + (dive) VxE. (14.11)

Proposition 12| Under D-isometric deformation the Ricci operator Q is provided by formula (14.11).
Employing formulas (9.2) and (14.4)
S(X,Y) = §(QX,Y) = g(QX,Y) +n(@X)n(Y)
—4(QX,Y) ~ ZS(X. 0. 8) + F(ANg(Txe. V) + (1(QX) = 5K + FAn(TxE) (v,

suffice to recall that n(QX) = g(QX, &) = S(X,€) and n(Vx¢) = 0. Hence, we obtain
28(X,Y) = 28(X,Y) + divég(VxE,Y). (14.12)

Proposition 13| Under D-isometric deformation the Ricci curvature tensor S is provided by formula (14.12).

Corollary 5| Let 7 (resp. r) be the Ricci operator assoaciated with § (resp.g). Then:
1
2F = 2r — 5S(g,g) + (dive)?. (14.13)

Proor | Through direct computations utilizing equations (7.2), (9.3), and (14.12). O

SECTION 15

Generalized D-Conformal Deformation

This section is a compilation of results from [1, 61]. Consider an almost contact metric manifold (M, ¢, n,¢&, g), if one
takes

i . N 1
Gg=0g+ @ - )men, ¢=¢, i=an, £=-¢ (15.1)

where a and b are smooth, non-zero functions on M. The above transformation is called generalized D-conformal
deformation. This deformation generalizes the previous ones:
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If a = b we get conformal deformation.

If b=1 and a = /2 we get the D-isometric deformation (14.4).
If a = +1 we get the deformation of Olzsak.

If a = b? we get the case of Tanno, D-homothetic deformation.

- W=

Theorem 10 (M, ¢, 7}, €, §) is an almost contact metric manifold.

Proor | One must make sure that the data (M, ¢, 7, €, §) satisfies (10.1),(??) and (10.5):

1. For (10.1), we have

1 -
@2:gp2:fId+77®£:fId+an®a£:fId+ﬁ®£.

2. On the other hand, by direct substitution, we have

7(8) = Cm< 5) —aln -1

3. Finally
3(@X,Y) = b?g(pX, oY) + (a® = b*)n(eX)n(pY) = b°g(X,Y) — b°n(X)n(Y).

Using (15.1), we substitute
’g(X.Y) = §(X,Y) — (a® = b )n(X)n(Y),

and we get
§(@X.¢Y) = §(X.Y) — a®n(X)n(Y) = §(X,Y) = 7(X)i(Y),

of which the proof is concluded. O

On the other hand, using (10.7) we have
B(X,Y) = §(X, pY) = b*g(X, ¢Y),

Hence ~
O(X,Y) =b*®(X,Y). (15.2)

where ® is the fundamental 2-form associated with (M, §). Using formulas (10.7) and (15.1) we get

! (15.3)
d® = 2b.db A @ 4 bd®.

{ 47 = da A + adn,
With the aid of Kozsul’s formula (6.5)
20(VxY. 2) = X(3(Y, 2) + Y (5(2, X)) = Z(3(X,Y)) = §(X, [V, Z]) + 3(Y. [Z. X]) + §(Z, [X. Y]).

It is sufficient to compute X (§(Y, Z))
X(G(v,2)) = X(b29<x Z)+ (@~ b2>n(Y>n<Z>> — DX (D)g(Y, Z) + X (9(Y. Z)) + 2(aX<a> - bX(b))n<Y>n<Z>

+ (a® —b) [{(VXU)Y +0(VxY)In(Z) +n(Y){(Vxn)Z + n(VxZ)}}
= 20X (b)g(¢Y,0Z) +b°X (g(Y, Z)) + 2aX (a)n(Y)n(Z)

4@ =) [{(Tx0)Y 40T }0(2) 4 oV (V)2 + (520},
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subsequently permute the variables X, Y and Z to derive Y (§(Z, X)) and Z(§(X,Y))

Y(3(Z, X)) = 2bY (b)g(0Z, X) + b*Y (9(Z )+2aY(a n(Z)n(X)
+ (a® = b?) {{(Vyn)ZJrn (VyZ) }n (Z){(VYU)X‘FW(VYX)}}
Z(G(X,Y)) = 20Z(b)g(X,Y) + b*Z(g(X,Y)) + 2aZ(a)n(X)n(Y)
) )

(= ) {20 X 40T 20 1) +1CO{ (V)Y + (T2}

For the terms enclosed in brackets, we have

§(X,[Y, Z])) = b*g(X, [V, Z]) + (a® = 0" )n(X)n([Y, Z]) = b*9(X, [Y, Z]) + (a® = b?)n(X) (n(VyZ) - n(VzY)),

9Y, [2.X]) = Pg(¥.[2,X0) + (@ =~ PV, XD = Po(v. 2D + (6 = 801 (n(V2X) = n(Vx2) ).

21X Y]) = PglZ.[X.Y]) + (@~ PIn(Zn((X. Y] = Po(Z,[X.Y] + (a? = () (n(TxY) = (T X))
Therefore, after regrouping and rearranging appropriately, we obtain

20(TxY. 2) = (X (V. 2) + Y (4(2,3) = Z(o(X.¥) = g(X.[¥.2]) - o¥, 2, X] + 9(2,X.¥)

+2b (X(b)g(soﬂﬂ 0Z) +Y(b)g(pZ, pX) — Z(b)g(¢X, @Y)> + 2a (X(a)n(Y)n(Z) +Y(a)n(X)n(Z)

- Z<a>n<x>n<Y>) (@) ({wxn)Y L p(VxY) + (VymX +n(VyX) + n(VxY)
—n(VyX)In(2)+{(Vxn)Z +n(VxZ) = (Vzn)X —n(VzX) +n(VzX) = n(VxZ)}n(Y)

(Vv Z 4 n(Vy Z) — (V)Y — n(V2¥) - n(Vy2) + W(VZY)}U(X))-

By utilizing (6.27), we can identify that

(Leg)(X,Y) = (Vxn)Y + (Vyn)X,

and recalling from (6.17)
2dn(X, Z) = (Vxn)Z = (Vzn)X,
2dn(Y, Z) = (Vyn)Z — (Vzn)Y.

The outcome arises upon identification of the initial term as Koszul’s formula enacted on g
20(TxY. 2) = W(TxY. 2) + 20" - PV x¥)n(2) + 2 X0V, 02) + Y Oal02,0X) - Z0g(eX.7))
+20(X(@n0)0(2) + Y @XE) = 2@ ) + (0 = 1) (Lea) (X Y 2)
+2dn(X, Z)n(Y) + 2dn(Y, Z)U(X)) (15.4)

As an illustrative example, we will employ a generalized D-conformal deformation on cosymplectic, a-Sasakian, f-
Kenmotsu and Cio manifolds.
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SUBSECTION 15.1
Cosymplectic manifolds

Let (M, ¢,&,7n,9) denote a cosymplectic manifold. Utilizing equation Definition 17, the differentiation of 7 and P as

expressed in (15.1) yields

di =da Amn,
d® = 2bdb A ©.

Case 1: When (M, ¢, 5, 7,9) is B-Kenmotsu, the ensuing conditions must be satisfied

di =0,
d® = 287 A ® = 2ab*n A P.
Therefore, we derive ~
2bdb A © = 2837 A ® = 2ab’Bny = (abBn —db) AP = 0.

The aforementioned relations lead to the following conclusions for every vector field X on M

abfn(X) = db(X).
By evaluating both sides for X = ¢ and X =V 1 &, we obtain

V() =0 = gradb =¢&(b)¢ and f= %.

Case 2: When (M, @,é,@g) is a C12 manifold, the following conditions must hold

di=wA7n, w(§) =0,
dw =0,
dd =0,

where 1) represents the g-dual of w. From equations (11.1) (a = § = 0), we obtain
w=dln(a) with &(a)=0 and becR}.
The resultant C12 structure is defined by (®, 7, w, é, ¥) where

w=dlIn(a), 1 =gradln(a), 7(¢¥)=0 and w(§)=0.

(15.5)

(15.6)

(15.7)

(15.8)

(15.9)

(15.10)

Case 3: When (M, p,£,7,7) is a cosymplectic manifold, this case has been previously investigated in [60]. Thus,

summarizing all the preceding analyses, we arrive at the following conclusions:

Let (M, p,&,1m,g) be a cosymplectic manifold. Then under generalized D-conformal deformation, we have:

o (M, o, 3 7, g) is cosymplectic if grada = £(a)€ and b € R* [? ].
o (M,p,£,7,7) is f-Kenmotsu if a € R* and gradb = £(b)¢.
o (M,p,7,w, & 1) is Cio-manifold if £(a) = 0 and b = 1.
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The rigid scenario holds significant relevance for our concluding section. We examine a cosymplectic manifold
(M, ¢,&,1n,g) which remains invariant under generalized D-conformal deformation, characterized by the conditions
grada = £(a)€ and b € R*. Under the assumptions grada = £(a)§ and b € R*, formula from (15.4) becomes

25(VxY, Z) = 25(VxY, Z) + 2¢(a)n(X)n(Y)ii(Z),

which yields R
VxY =VxY 4+ £(lna)n(X)n(Y)E. (15.11)

Proposition 14| Under generalized D-conformal deformation on a cosymplectic manifold the Levi-Cevita connection V is provided
by formula (15.11).

Utilizing formulas (11.6), (11.7) for example with o = 0, (15.11) and substitute A = £(Ina) a smooth function that
depends only on the direction of £, we find that the first term of (13.3) can be expressed as

VxVyZ =Vx(VyZ + An(Y)n(2)€) + An(X) (n(Vy Z) + An(Y)n(Z)€)
=VxVyZ + &AnX)n(Y)n(Z2)E+ A(n(VxY)n(Z)¢
+n(Y)In(Vy Z2)€) + An(X)n(Vy Z) + An(X)n(Y )n(Z)E. (15.12)

Considering the fact that X (A) = £(A)n(X), where A solely depends on the direction of £, we can further simplify the
expression. Using a similar approach, the second term of equation (13.3) is determined as

VyVxZ =VyVxZ+ A )InX)n(Z2)é+ An(Vy X)n(Z)E
+n(X)n(Vx2)€) + An(Y)n(Vx Z) + A*n(Y )n(X)n(Z)E. (15.13)
The last term of equation (13.3) can be represented as
Vixv)Z = Vixy) + An(VxY)n(2)é — An(Vy X)n(Z)E. (15.14)

Substituting equations (15.12), (15.13), and (15.14) into (13.3), we derive

R(X,Y)Z =R(X,Y)Z. (15.15)
Proposition 15| Under generalized D-conformal deformation on a cosymplectic manifold the Riemann curvature tensor is invariant.

Consider {, e; }{2<i<2n+1} as the orthonormal basis on M with respect to the metric g. It is straightforward to establish
that { ﬁﬁ , %ei}{zgiggn+1} forms an orthonormal basis on M with respect to the metric §g. By employing formulas
(9.1) and (15.15), we obtain:

OX = a%fz(x,g)g + LS R e (15.16)

b2
=2

Since R(X,&)¢ = 0 holds true for any cosymplectic manifold, the result follows immediately

QX = b%QX. (15.17)

Proposition 16|/ Under generalized D-conformal deformation on a cosymplectic manifold the Riemann curvature tensor is the Ricci
operator is provided by formula (15.17).
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By employing the formulas (9.2), (15.17), and (15.1), we can proceed
S(X,Y) = §(QX.Y) = bg(QX,Y) + (a* = " )n(QX)n(Y)

= g(x.v)+ D@ ny)
(@

@ =) gx, eym(y).

=S5(X,Y)+ 72

Recall that S(X, ) = 0 for any cosymplectic manifold, hence

S(X,Y) = S(X,Y). (15.18)

Proposition 17| Under generalized D-conformal deformation on a cosymplectic manifold the Ricci curvature tensor S is invariant.

Using (9.3) along with (15.18), we have

2n-+1 _ 1 2n+1 1
F=Y S )= = > S(eie) = 7= a2 (15.19)
=1 =1

Clearly, for b = £1 we have 7 = r and the manifolds (M, g) and (M, g) are locally isometric.

Corollary 6] Cosymplectic manifolds invariant under generalized D-conformal deformation are locally isometric if b = +1.

SUBSECTION 15.2
a-Sasakian manifolds

Let (M, g, &,1,g) represent an a-Sasakian manifold. Employing equation (11.4), the derivative of 7 and ® in (15.1) is

dn=da An+adn=daAn+ aad, (15.20)
d® = 2bdb A ©. '
Utilizing equations (10.7) and (15.20) and considering Y = &, we obtain
<da/\n+aa<1>> (X,€) = (da An)(X,8). (15.21)

Upon setting equation (15.21) to zero, we obtain
(dann)(X,6) =0 = X(a) =&(a)n(X) = grada = &(a)é.

As a consequence of the non-integrability characteristic of a-Sasakian manifolds, according to Theorem 4, a remains

constant. Moreover, given that
ac

B2
never vanishes identically (except when o = 0) then, (M, ¢, §~ ,7, g) cannot be classified as a cosymplectic, 5-Kenmotsu,
or C1o manifold. Therefore, (M, ¢, £, 1, §) is an a-Sasakian manifold with:

dij = aa® = — = ad,

a= ‘;—2‘ where a,b € R*. (15.22)
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Theorem 12| Let (M, ,&,7,g) be a a-Sasakian manifold. Then under generalized D-conformal deformation, (M, p,£&,7,§) is
a-Sasakian manifold and & = 7.

Hence, for an a-Sasakian manifold under generalized D-conformal deformation, formula (15.4) becomes
25(VxY, Z) = 20*g(VxY, Z) + 2(a® = b*)n(VxY)n(Z2) (15.23)

(a2 = ) ((Lca) 0 Y)n(2) + 200X, 2)0(Y) + 2a0(Y. Z(X) ).
Recall that ¢ is Killing in an a-Sasakian manifold and from (11.4), we have

dn(X,Z) = a®(X, Z) = ag(X, pZ) = —ag(¢X, Z) = —z9(¢X, 2)
dn(Y,Z) = a®(Y, Z) = ag(Y,pZ) = —ag(eY, Z) = —34(¢Y, Z).

Substituting in formula from (15.23)

a2 — b2
29(VxY.2) = 29V, 2) - 202 (36X, 200 + 9(6¥. 20(0) ).

Hence 9

2
VxY =VxY — aaT (n(Y)<pX + n(X)ng). (15.24)

Proposition 18| Under generalized D-conformal deformation on an a-Sasakian manifold the Levi-Cevita connection V is provided
by formula (15.24).

Henceforth, we shall regard « as a constant, as demonstrated in [28], wherein it was proven that the manifold (M, g)
remains invariant solely under such an assumption. From formula (13.3), we find that the first term can be expressed
as

o CL2— 2
vayZ = VvaZ — b2

+ 1Y) (alg(X, Z)¢
+1(Z) (a(g(X,Y)E

(n(VxY) = ag(pX,Y))pZ (15.25)
—n(2)X)+¢VxZ)+ (n(VxZ) — ag(eX, Z))pY
Cn(Y)X) + VxY) 4 (Vy Z)pX + TI(X)sNyZ>

- X (1002 402y ) + a2 T (4 s+ 0(2) = Y a0,

With the similar method, the second term of (13.3) is given by

# ((n(vyx) —ag(¢Y, X))eZ (15.26)

+n(X) ((g(Y, 2)§ =n(Z2)Y) + oVy Z) + (n(Vy Z) — ag(eY, Z)) X

VyVxZ =VyVxZ -«

+0(2)(ag(V, X)E — n(X)Y) + ¥y X) + n(Vx Z)gY + U(Y)@VXZ>

v (@S (10002 4 0(210x ) + 2R (40067 + a0 )
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The final term of (15.15) can be expressed as

a? — b2

V[X7y]Z = V[X7y]Z — b2

((U(VXY) —n(VyX))pZ +n(Z)(¢VxY — wVYX)>- (15.27)

Substituting equations (15.25), (15.26) and (15.27) into (13.3), we derive
CL2 _ b2

b2

R(X, Y)Z = R(X,Y)Z + o? (g(gz)X7 )oY — g(oY, Z)pX — 29(X, oY) Z + 2n(Y )n(Z)X (15.28)

- 2OOUZ)Y (Y )gX. 2)6+1000(Y. 2)6) + R ()% - a2y ).

Proposition 19| Under generalized D-conformal deformation on an a-Sasakian manifold the Riemann curvature tensor R is provided
by formula (15.28).

Knowing that in an a-Sasakian manifold the following holds

R(X,§)¢ = a®(X —n(X)¢)
Then, utilizing formula (3.51), we have
2 _ 32

R(X.E = GROCOE +a2 00 (X —n(X)é), (15.20)

and 2 12 2 12
a®—b

(X pei)per + o
Hence, the outcome is derived through the direct substitution of equations (15.29) and (15.30) into equation (9.1) with
the additional utilization of equation (5.2) and (7.1)

o 1 a
R(X,¢é;)é; = b—zR(X, e;)e; — 3a’

n(X)E. (15.30)

a? —b?

~ 1

((2n +2)a?n(X)€ — 2a2X>. (15.31)

Proposition 20| Under generalized D-conformal deformation on an a-Sasakian manifold the Ricci operator @ is provided by formula
(15.31).

We can re-write formula (15.31) as follow

~ 1 a2 _ b2 a2 _ b2
QX = beQX + 2na? = n(X)€ + 20> o 2X.
From one hand we have
~ 1 ya? — b sa? —b?
9(QX)Y) = b—25(X, Y) -2« i 9g(X,Y)+ (2n+2)a i n(X)n(Y). (15.32)
Taking Y = &, yields
~ 1 pa? — b2 5 a?
n(QRQX) = b—ZS(X, &) + 2na 2 n(X) = 2na b—477(X). (15.33)
The result is obtained using equations (15.1), (15.32) and (15.33)
5 ya? —b? N ya? —b?
S(X,Y)=8(X,Y) — 2« 72 9(X,Y) + 2na bjn(X)n(Y) +(2n+2)a = n(X)n(Y). (15.34)

Proposition 21| Under generalized D-conformal deformation on an a-Sasakian manifold the Ricci curvature tensor S is provided by
formula (15.34).
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By formulas (9.3) and formula from (15.34), we have

A 1 2na? sa% —b? a?—b 1 plan
7 =5(£¢) + ; S(éi,é;) = 95(575) t + 2na o —dna itz ; S(ei,ei).
Using equation (11.8) and
2n+1
Z S(eiaei) =Tr-—= S(fag)
i=2
We conclude the following
5 1 2a2 — b2
7= b—2r—2na 5 (15.35)

Corollary 7| Under generalized D-conformal deformation on an a-Sasakian manifold the scalar curvature 7 is provided by formula
(15.35).

SUBSECTION 15.3
f-Kenmotsu manifolds

Let (M, p,&,1,g) denote a f-Kenmotsu manifold. Utilizing equation (11.9), the derivative of 7 and ® in (15.1) is

{ dip = da A (15.36)

d® = 2bdb A ® + b2dD = (2bdb + 2b%8n) A ®.

Case 1: (M, p,&,7,§) is f-Kenmotsu, the following conditions must be satisfied
di=20
M=% - (15.37)
d® =280 AP = 2ab”n N .
In a manner akin to the previous case
daAn=0 = grada = £(a)¢.
Upon selecting X = £ followed by X =V L £ in equation
(2bdb — 2b Bn) (X) = 2ab*n(X),
yields the following outcomes

+ % and V(b) =0 = gradb = £(b)E. (15.38)

B=

SR Qe

Case 2: (M, 0, &1, g) constitutes a C1 manifold, wherein the following conditions must be validated

di=wAf=awAn, w() =0,
dw = 0, (15.39)
d® =0,
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where 1 represents the g-dual of w. By equating equations (15.36) and (15.39), we deduce
daAn=awAn = dlna=w and gradlna=vy = &(a) =0.

Alternatively, we have
(2bdb + 2b*Bn) (X) = 0.

Choosing X = £ and subsequently X =V | ¢ will yield
E(Inb) = -0 and V(b) =0 = gradlnb = —f¢. (15.40)
The resultant C1o structure is defined by (¢, 7, w, €, 1)), where

w=dln(a), ¢ =gradln(a), 7(x)=0 and w(§)=0.

Case 3: (M, o, £, 1, g) is a cosymplectic manifold. This conclusion can be readily inferred by setting B = 0, resulting
in

B &) -
o + Sab 0 = gradlnb = —20¢. (15.41)

Theorem 13| Let (M, ¢, £, 1, g) be a f-Kenmotsu manifold. Then under generalized D-conformal deformation, we have:
o (M, €, 7,3) is cosymplectic if grada = £(a)¢ and gradlnb = —25¢ .
o (M,p,€,7,§) is f-Kenmotsu if grada = £(a)¢ and gradb = £(b)E.
o (M,p,i,w, & 1) is Cra-manifold if £(a) = 0 and gradlnb = —j¢.

Similar to the previous paragraphes, we shall investigate in depth the rigid case assuming grada = {(a)¢ and gradb =
&(b)¢ then, formula (15.4) becomes

2§(VxY, Z) = 20°9(VxY, Z) + 2(a” = b*)n(VxY )1(Z) (15.42)

+2b (f(b)n(X)g(soK ©Z) +EbN(Y)g(eZ,0X) = E(b)n(Z2)g(eX, wY))
T 20t (@n(X)(¥Y)n(Z) + (a® — 1) ((cggm Y)(2) + 245(X, Z)n(Y) + 2dn (Y, Z)n(X)).

Recall that in a S-Kenmotsu manifold and from (11.9), we have
dp=0 and (Leg)(X,Y)=28(g(¢pX, oY)
Substituting in (15.42)

25(VxY, Z) = 20°g(VxY, Z) + 2(a® = b*)n(VxY)n(Z) + £(a®)n(X)n(Y)n(Z) (15.43)
+ 0 ((X)g(Y, Z2) +n(YV)g(X, Z) = 2n(X)n(Y)n(Z) — g(eX, oY )n(Z)) + 2B(a® — b*)g(0X, oY )1(Z).

Taking Z = ¢ in (15.43), we get

n(¥xY) = n(Vx¥) — S ox 0wy + Sy + 84S g(ox, o), (15.44)

2a2 2a2 a

substituting (15.44) in (15.43), we get

2 _ b2 b2
- 29X, oY )n(Z) + EQ(GQ)

((X)g(Y, Z) +n(Y)g(X, Z) — 2(X)n(Y)n(Z)) + 222 n(X)n(Y)n(Z).

9(VxY,Z) = g(VxY,Z)+ 3 9(0X, oY )n(Z)

£(b%)
252

+
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Hence
Txy = Vv + 85 P ex v+ S0 (15.45)
+ S8 (0 4 nx - 2000)e) + S st x, o1

Proposition 22| Under generalized D-conformal deformation on an S-Kenmotsu manifold the Levi-Cevita connection V is provided
by formula (15.45).

In the context of this specific instance, we confine our examination to scenarios in which the variables a and b retain
fixed values, thereby simplifying formula (15.45) to

2 2

) 9(pX, pY)E. (15.46)

VxY =VyY +3 a;

The motivation behind this elucidation stems from an oversight identified within the context of [54]. The authors
therein employed formula (15.45), which was derived under the premise that the functions a and b solely depend on
the direction of £&. Subsequently, they proceeded to calculate the Riemann tensor R and the Ricci tensor S under the
assumption that ¢ and b remain constant in the direction of £&. However, this approach yielded conflicting outcomes
since the combination of the aforementioned assumptions implies that a and b are reduced to constants.

Through extensive direct computations, employing equations (13.3) and (15.46). Firstly

2 2

b 9(¥Y, WZ)§> +

_ 2
e 29X, eVy 2)¢

2 2 2 2

a”—b
—9(eY,0Z)p* X
a

a (12

VxVyZ=Vx (vyz + 3

a

—-b
=VxVyZ + X(B) 22 9(Y, 0 2)¢ — B
212

+ 82 p <g(s0VxY, 0Z) — g(eX, 0Z)n(Y) + g(¢Y, oV x Z) — g(¢Y, sz))f + 8

b2
9(¢X,pVy Z)E.

a2

a2
Similarly

2_b2 2a2—b2 5
9P X, 9Z)E = 9(pX, pZ)p°Y

~ ~ a
VyVxZ =VyVxZ+ Y(ﬁ) 2

a2 _ K2 ag _ b2
+—s (g(wva, ©Z) — g(Y, 0Z)n(X) + g(¢ X, ¢Vy Z) — g(pX, <pY)>§ A 9(pY, pVx Z)E.
Finally
~ a2 — b2
Vixy)Z =Vixy)Z +— (9(@VXY7 ©Z) — g(pVy X, <PZ)>€7
substituting in (13.3), we obtain
- CL2 _ b2
RXY)Z = REEYIZ + 2 (XOulev.o2) - Yl X, 2) )¢ (15.47
ya? — b2
-0 (g(soK 0Z)X — g(pX, soZ)Y)-

Proposition 23| Under generalized D-conformal deformation on an -Kenmotsu manifold with deformation functions a and b are
constants, the Riemann curvature tensor R is provided by formula (15.47).
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Using {£,6;} = {1¢, e}, where {i =2,...,2n + 1} and formula (15.47), we have
{ R(X,€)E = $R(X,¢ — SR R(X,O)E,

~ 2 2 15.48
R(X,6)é = BR(X, ei)ei + 522 (X(B) — 9(X, ei(B)e)) € — BPLmb2(X — g(X, e)e;). ( )

Substituting (15.48) into (9.1), we get

. 2 _p2 2 b2 2 b2
QX = bleX + (2n — 1)“(1%2 X(B)¢ — (2n — 1)52aazb2 - aa2b2 R(X, §)S. (15.49)

Under generalized D-conformal deformation on an S-Kenmotsu manifold with deformation functions a and b are
constants, the Ricci operator @ is provided by formula (15.49).

According to (9.2), (15.1) and (15.49), we have

Proposition 24

S(X,Y) = g(QX.Y) = bg(QX.Y) + (a® — b*)n(QX)n(Y)

(15.50)
(a® — b?) a? —b? a? —b?
= 5 Y)+ n - ) S X @) - n - 3T g(xy) - CS T g(RIGOEY)

(l2 _ b2 (a2 _ b2)2 5 ((12 _ b2>2
+ 20— D)L SX ) + 2n - DI X (@n(Y) - 20— )3 LX), (1551)
hence

~ a2 — b2 a2 — b2
S(X,Y) = 5(X,Y) + (2n = 1) —— 85X, On(Y) - (2n — 1)8?

b
79X, 9Y) —

2_b2

a a? — b2
+en - )TZEXEmY) - n - 1) (xn(y)

One could further simplify formula (15.50) by substituting in (11.13) and

n(R(EX)Y) = (B2 +£(B) (n(X)n(Y) — g(X,Y)) = —(8% + £(8))g(pX, Y),

but it is deemed unecessary for all purposes in this book.
Proposition 25

Under generalized D-conformal deformation on an S-Kenmotsu manifold with deformation functions a and b are
constants, the Ricci curvature tensor S is provided by formula (15.52).

By virtue of formula (9.3) and (15.52)

1 a? — b2

2 12
i Ws(faﬁ) — (4n® — 1)/32(1

B a? — b2
T =

b
a2h2 +(2n — 1)wf(5)- (15.53)

Under generalized D-conformal deformation on a S-Kebmotsu manifold with deformation functions a and b are
constant, the scalar curvature 7 is provided by formula (15.53).

Corollary 8
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SUBSECTION 15.4
(12 manifolds

An intriguing feature of Cjo manifolds is the coexistence of both 1 and w, either of which can be substituted into
equation (15.1). In the case of w

_ a b _ _ -1 - 1 _
QOX = EW(X)W/’ + gW(SDX)% n= bna W = aw, g = gga ¢ = ad% g = b2g + (a’2 - b2)w & w. (1554)

where a suitable choice for ¢ has been selected to fulfill the conditions expressed in (10.5) and (10.6). From now on,
we shall call (15.54) w-conformal deformation.

Proposition 26| (M, @, €, 7, g) is an almost contact metric manifold.

15.4.1 (;2 manifolds under 7n-conformal deformation

We will explore the n-conformal deformation (15.1) on a Cy5 manifold. Through direct computations utilizing Defini-
tion 20, we obtain

(15.55)

dij = da A+ adn = (da + aw) A,
d® = 2b.db A D + bdd = 2bdb A .

Case 1: (M, ¢, &7, §) being f-Kenmotsu, the following conditions must be satisfied
din=0
n P - (15.56)
d® =287 AP = 2ab”n A .
On one hand ~
2bdb(X) = 2ab*Bn(X).
Taking X = ¢ then X =V L ¢ in this latter yields

£(b)

a

8= and gradb = £(b)¢. (15.57)

On the other hand
((da + aw) A n) (X,Y) = (da+ aw)(X)n(Y) — (da + aw) (Y)n(X) = 0.
Selecting X = ¢ yields
E@n(Y) = Y(a) — aw(Y) —> grada = £(a) + ap.

Case 2: (M, p, 5 ,7,g) being C12, the following conditions must be validated

dp=0Af=av Ay, w(§) =0,
da = 0, (15.58)
dd = 0.

In order to attain d7j = @ A7}, it is necessary for the functions a and b to be constant. Consequently, under these
conditions, (M, ¢,£,1,g) is a C12 manifold.
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Case 3: If (M, p, £, 1, §) is cosymplectic, then setting 8 = 0 in equation (15.57) yields

B:%:O = &(b) =0 and gradb=¢(b)§ = beR™

Let (M, p,€,m,g) be a Cio manifold. Then under generalized D-conformal deformation, we have:
o (M, 7,3§) is cosymplectic if grada = £(a)¢ + ath and b € R* .
o (M,p,€,7,§) is f-Kenmotsu if grada = £(a)¢ + atp and gradb = £(b)E.

o (M,p,i,w, & 1) is Cia-manifold if a,b € R*.

We can encapsulate the preceding findings succinctly within the ensuing table:

Cosymplectic a-Sasakian B-Kenmotsu Ch2
. — a € R*
Cosymplectic %rg‘%g*— £(a)¢ X gradb = £(b)¢ £a)=0,b=1
g =0
ab
a-Sasakian X @5 ea]f* X X
a=4¥
B-Kenmotsu grada = £(a)§ X grada = &(a)§ gradlnb = — 3¢
gradlnb = — B¢ gradb = £(b)¢ €a)=0
a ab
rada = £(a)é + a grada = £(a)§ + ayp .
Cha %eR* £(a)s + ayp X aradb — £(b)€ a,beR

3 _ &)
B=%

Table 7. Generalized D-Conformal Deformation Of Certain Almost Contact Metric Structures

The transition from a f-Kenmotsu manifold to an a-Sasakian manifold (o # 0) via generalized D-conformal deformation
is precluded. This restriction stems from the foundational principle that integrability is contingent upon the nullification
of the Nijenhuis tensor N, = 0, as delineated in (10.10). Notably, this tensor is solely dependent upon the tensor ¢,
and the inherent invariance of ¢ under generalized D-conformal deformation, as explicated in (15.1), underscores the
inherent impossibility of effecting such a transition.

Using Kozsul’s formula (6.5) for the metric § (15.1) along with (11.16) one can obtain

29(VxY, Z) +2(a® = 1)n(VxY)n(Z) = 29(Vx Y, Z) + 2(a® = Dn(VxY)n(Z) - 2(a® = D)n(X)n(Y)w(Z).  (15.59)

Taking Z = £ in (15.1), we get 3
I(VxY) =n(VxY). (15.60)

Thus, substituting (15.60) in (15.59), we get
9(VxY,Z) = g(VxY,Z) + (1 - a*)n(X)n(Y )w(Z2),

which yields .
VxY =VxY + (1 — a®)n(X)n(Y ). (15.61)

Proposition 27| Under n-conformal deformation on a C12 manifold the Levi-Cevita connection V is provided by formula (15.61).

Now using formula (13.3) and (15.61), we compute
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15.4.2 (13 manifolds under w conformal deformation
We will explore the w-conformal deformation introduced in equation (15.54) within the context of 3-dimensional Co
manifolds. By employing explicit calculations based on the definitions provided in Definition 20, we obtain

dw =da Aw + adw = da A w,
dif = db A n+ bdny = (dlnb + w) A1, (15.62)
d® = 2bdb A D + bdP® = 2db A .

From equations (15.62), the structure (¢,&,7,g) is Ciz if @ = 1 and b is a non-zero constant. To reach a conclusion,

we must ensure that Nz = 0. First, recall the following results from [14]:
Corollary 9| For any 3-dimensional unit C7o manifold, we have

Vel =19, Ve =¢, Veyup = (divy —1)pp,  Voyet = (1 —divy)y,
Vepp = V€ = Vyp = Vypth = V€ = 0.

Using a ¢-basis {£, 9, o} (notice that a = 1 and b is a chosen constant that does not affect the derivations, thus the
choice of a ¢-basis instead of a @-basis), it suffices to verify that Nz (&, 1) = Np(€, o) = Ng(¥, ¢p) = 0. Employing
Corollary 9, we have

9l =¢ 6]l =0, and [P, oy] = (1 —dive)ee),

now, using (10.10) and (15.54), we obtain

N@(évw) = @2[57¢] - %@[5»@@ =0,
Ny (&, ) = @°[€, 9] + bp[€, ¢] = 0,
Ny (v, ) = @[y, o] = [, ¥] = —[v, 9] — [0, 9] = 0.

Summarizing all of the above, we have:

Proposition 28|/ A (1o structure is invariant under the following w-conformal deformation

PX = Jw(X)p + bo(pX)y, M=by, B=w, E=36 G=¢, g=Pg+(1-Puow

From Kozsul’s formula, one can get
20%g(VxY,Z) +2(1 — bw(VxY)w(Z) = 20%°g(VxY, Z) + 2(1 — b)w(VxY)w(Z)
+(1-?) (([,wg)(X, Y)w(Z) + 2dw(X, Z)w(Y) + 2dw(Y, Z)w(X)).
Since dw = 0, then g(Vx¢,Y) = g(Vy 1, X), yields
(Lyg)(X,Y) = g(Vx1h,Y) +9(Vyt, X) = 29(Vx ). (15.63)
Thus, we have
20%9(VxY,Z) +2(1 — bw(VxY)w(Z) = 20%°g(VxY, Z) + 2(1 — b)w(VxY)w(Z)
+2(1 = v*)g(Vxh, Y)w(2). (15.64)

Taking Z = v in (3.15), we get -
w(VxY) =w(VxY) + (1 -bHg(VxY, Z).

Finally
9(VxY,Z)=g(VxY,Z) + (1 = b*)g(Vxv,Y)w(Z).

Hence -
VxY =VxY +(1-0%)g(Vx,Y)p. (15.65)

Proposition 29| Under w-conformal deformation on an Cj3 manifold the Levi-Cevita connection V is provided by formula (15.65).



GENERALIZED D-CONFORMAL DEFORMATION C12 manifolds 68

Let us denote the Riemannian curvature tensor R associated with the metric g defined by
R(X,Y)Z =VxVyZ —-VyVxZ — ?[X,Y]Z. (15.66)
Using (15.65), we have
VxVyZ =VxVyZ+ (1 =0")(9(Vx Vv, Z2)p + 9(Vyih, Vx Z) + g(Vx, Vy Z) + g(Vy1), Z)Vx).  (15.67)
In the same manner
VyVxZ =VyVxZ+ (1-0*)(9(VyVxy, 20+ g(Vx, Vy 2) + g(Vy ), Vx Z)¢ + g(Vxt, Z)Vyt). (15.68)
Also, we have
Vixy1Z = Vixy) + (1 =0))g(Vixyv, 2)i. (15.69)

Hence, substituting (15.67), (15.68) and (15.69) in (15.66) yields
R(X,Y)Z = R(X,Y)Z+ (1 -1 (Q(VW/% Z)Vxih —g(Vx, Z)Vy — w(R(X, Y)Z)w)- (15.70)

Proposition 30| Under w-conformal deformation on an Cj manifold the Riemann curvature tensor R is provided by formula (15.70).

Let us consider the orthonormal basis {1, e;}1<i<2n, on the manifold M, relative to the metric g. It can be readily
demonstrated that the set {1, %ei}lgiggn forms an orthonormal frame on M in relation to the metric g. By contracting
equation (15.70) with respect to the vectors Y and Z | we obtain

1=2n
QX =Y R(X,&)é + R(X, )
=1
1=2n

= b% Z (R(X, eiei + (1= b°)(9(Ve, b, ) Vxth — g(Vx1h,e)Ve,tp — w(R(X, ei)ei)w)> + R(X,¥)0.

Upon substituting expressions (5.2) and (7.2), the following outcomes are derived

_ 1 1 _ b2 ) 1=2n
QX = 550X + 55 (AUT i = S0~ RGO = 3 (Vx0T ). (15.71)
i=1
Proposition 31| Under w-conformal deformation on an Cj, manifold the Ricci operator Q is provided by formula (15.71).

Performing the inner product of (15.71) with any arbitrary vector field Y defined on the manifold M results in
S(X,Y) = g(QX,Y) = b?g(X,Y) + (1 = b*)w(QX)w(Y)
i=2n
= SCCY) 4 (1= ) (AT ) g ROC DY) = 3 o(Vxea VetV ).
i=1
Using (5.2), one can observe that

1=2n

Z g(vaa 6i)g(v6i’¢)7 Y) = g<vzz=?" g(vxwﬁi)etwa Y) = Q(Vfo/ﬂ/’, Y)

i=1
Hence

S(X,Y) = S(X,Y) + (1) (divwg(vxw V) = g(R(X, ), Y) = g(Voyxyt), Y)) (15.72)

Proposition 32| Under w-conformal deformation on an Cj, manifold the Ricci curvature tensor S is provided by formula (15.72).
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The outcomes derived from (15.72) manifest a discernible level of intricacy. Nevertheless, it is conceivable to distill and
articulate more accessible formulations specifically tailored to the 3-dimensional case. These simplified expressions not
only hold considerable significance for our present inquiry but also foreshadow their relevance in subsequent sections.

Using (5.2) and Corollary 9, we have
Vxtp =n(X)€ + (divy — Dw o o(X)py).

With direct computations we have

Vi Vxth = n(VypX)E + (diviy — Dw o (VX)) = Vg, x b, (15.73)
Substituting (15.73) in (8.1), we get
R(X, ) = =Vypth. (15.74)
Thus, formula (15.72) becomes
S(X,Y)=8(X,Y)+ (1 —b*)divipg(Vx1,Y). (15.75)

Proposition 33‘ Under w-conformal deformation on a 3-dimensional Cy5 manifold the Ricci curvature tensor S is provided by formula
(15.75).

Using formulas (9.3) and (15.75), one can obtain

_ 1 1—0b? )
r= g = g (S 0) — (dive)?). (15.76)
Corollary 10‘ Under w-conformal deformation on a 3-dimensional C12 manifold the scalar curvature 7 is provided by formula
(15.76).

15.4.3 Lorentz Ci5 manifolds through metric deformation

Contrary to the Riemann case, any smooth manifold cannot admit a Lorentz structure,
in fact, this is possible if and only if there exists a global vector field ([58], page 149).
Additionally, the following well-known result shows how to obtain such a metric:

Theorem 15 Let (M, g) be a Riemann manifold, V a unit global vector field and V” its dual 1-
form. Then § = g — 2V’ ® V" is a Lorentz metric on M. Furthermore, V becomes

time-like so the resulting Lorentz manifold is time-orient-able.

Definition 21| Let (M, ¢,£,n,9g) be a Lorentz almost contact manifold. M is said to be a Lorentz
almost contact Cfs-manifold if

dp=wAn and d® =0

If, in addition N, = 0 then (M, ¢,&,n, g) is called a Lorentz Ci2-manifold. Figure 23. Hendrik An-
toon Lorentz 1853-1928.

Now, we consider a Cyp-manifold (M2 ¢ € n,g) and we obtain a Lorentz metric putting

g =g-—2nem. (15.77)

Theorem 16 The manifold (M2t ¢, ¢ 1, g*) is a Lorentz-C1z-manifold.
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Proor | Since (p,&,n) is an almost contact structure, it is easily to see that £ is time-like with respect to the metric g*

9" (&€ = 9(& &) — 2n(En(&) = 1. (15.78)
We check the compatibility of ¢* with the structure, for any vector fields X and Y on M we have
9" (0 X, 0Y) = g(pX, pY)

Moreover, we have

for any vector fields X and Y on M. So, we obtain d®* = d® = 0.
Finally, the integrability condition (i.e N, = 0) holds since it does not depend on the metric. Then, we obtain a
Lorentz-C1o-manifold on M. O]

From now on, such a Lorentz-C12-manifold is said to be the associated Lorentz-C7s-manifold.
To compare the Levi-Civita connections V and V* with respect to the Riemannian metric g and the Lorentz one g*,
by Koszul’s formula for V* and applying the definition of ¢g* we have

9 (VXY 2) = g"(VxY, Z) = (9(Vx&EY) + g(Vy&, X))n(Z) — dn(X, Z)n(Y) — dn(Y, Z)n(X).
With the help of (11.17) and Definition 20, one can get
7 (ViY. Z) = g* (VY. Z) + n(X)n(Y )w(2),

w(Z) 29(1/%2) :§(¢7Z),

then
VY =VxY +n(X)n(Y ). (15.79)

Proposition 34| The Levi-Cevita connection V* associated with the metric g* on a Ci5 manifold is provided by formula (15.79).

As a consequence of the relation between the Levi-Civita connections, we have the following theorem:

Theorem 17 An almost contact Lorentzian manifold (M?"*1 o, £ 7, §) is a Lorentz-Cp-manifold if and only if
(V@)Y = n(X)w(pY)s. (15.80)
Proor | Using (15.79), we have

(Vi)Y = VY — pViY
= (Vx@)Y —n(X)n(Y)e,

from (11.14), we get our formula. O
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From formula (15.79), firstly we have

VixVyZ =VxVyZ+ {(n(va) —n(X)wY))n(Z) + (n(VxZ) = n(X)w(Z))n(Y) + n(X)n(VyZ)} Y
+0(Y)In(Z)Vx. (15.81)

Secondly

ViViZ = VyVxZ 4 [(WYX) YV )(X))0(Z) + (1(Vy Z) = (¥ (Z))n(X) + n<Y>n<vxz>] ¥
+0(X)n(Z)Vy . (15.82)

Finally
VixyiZ =Vixy1Z +n(VxY)n(Z2)y —n(Vy X)n(Z). (15.83)

Substituting (15.81), (15.82) and (15.83) in (8.1), we evaluate
R(X.Y)Z = R(X,Y)Z +0(Z) | (n(Y)w(X) = n(X)w(Y))$ +n(Y)Vxt — n(X)Vy1) |, (15.84)

hence, substituting (11.15) into (15.84) yields

R*(X,Y)Z = R(X,Y)Z —n(Z)R(X,Y)E. (15.85)

Proposition 35| The Riemann curvature tensor R* associated with the metric g* on a C1o manifold is provided by (15.85).

A standard orthonormalization process shows that if {£, e; }1<i<2n is a local orthonormal basis with respect to g then
it is a local pseudo-orthonormal basis with respect to g* . Using formulas (9.1) and (15.85)

i=2n i=2n
Q"X = R (X, + Y R*(X,e;)e; = Y R(X,e)e;,
=1 =1
hence
Q*X = QX — R(X,¢)¢. (15.86)

Proposition 36] The Ricci operator Q* associated with the metric g* on a Cy2 manifold is provided by (15.86).

By a simple computation using (9.2), (15.77) and (15.86), one can get
SHXY) =S5(X,Y) —g(R(X,§)EY) — 2(QX)n(Y),
again using formula (11.15), we obtain
SHX)Y) = S(XY) +w(X)w(Y) + g(Vx,Y) = n(Y)g(Vxe), &) + 2n(X)n(Y)divy,
using the fact g(Vx1,&) = —g(1, Vx€) = [)2n(X), we conclude
S*(X,Y) = S(X,Y) + (2divy — [¢*)n(X)n(Y) + w(X)w(Y) + g(Vx$,Y). (15.87)

Proposition 37| The Ricci curvature tensor S* associated with the metric ¢g* on a Ci2 manifold is provided by (15.87).
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Contacting formula (15.87) yields

i=2n—1
rt=S5M6 O+ ST )+ > S (e e). (15.88)
i=1
By virtue of (7.2) and (9.3), we get
r* =1+ 3dive. (15.89)

Corollary 11| The scalar curvature r* associated with the metric g* on a C15 manifold is provided by (15.89).



Ricet Flow and Ricci-Solitons

In the present chapter, we initiate discussion on the Ricci flow equation, originally
formulated by R. Hamilton, as delineated in [43]. Essential foundational insights into | Section 16. Ricci Flow.

. . . ion 17. E lu-
the Ricei flow equation are further expounded upon in [26]. tsiz(i:)%o ;{icsc?l;fowxaa Solu

Section 18. Generalized Ricci-
SECTION 16 Yamabe Soliton On

o . 3-Dimensional Lie Groups.
RicciFlow
Table 8. Contents for Part V

Definition 22| Consider a Riemannian manifold (M, g). The Ricci flow equation describes the
evolution of the Riemannian metric g over time

8hg = —28, (16.1)

where S refers to the Ricci tensor.

In a set of harmonic coordinates {z1, xa, ..., 2, }

Az; =0, Vie{l,..,n},

where A is the Laplace operator, and the Ricci flow equation is actually a heat equation

for the Riemannian metric [43]. Figure 24. Richard Streit
Hamilton 1943-2024.
SUBSECTION 16.1

Geometric Interpretation of Ricci-flow

Ricci-flow is a way of changing the metric tensor g of a Riemannian manifold (M, g) over
time ¢ so that the manifold becomes round (Approaching geometric characteristics
akin to those exhibited by a sphere). On the figure on the right, the Ricci flow
will inflate the region pointed out by the blue arrow. By convention we say that it has
negative Ricci curvature (i.e. S < 0). Hence, we can observe that the lenght increases
(ie. g1)

Therefor, one can deduce that

atg = _287

where K is a positive constant. One must inquire about the case K = 2 from Hamilton, Figure 25. Ricci-flow on an
as it remains an unresolved puzzle for myself. As an example, we shall solve the Ricci-  jnflated sphere.
flow equation (16.1) for a 2-Sphere.

Example 16.2. Recall from Example 5.1

_ (911 912\ _ R? 0
g g21 922 0 R?sin?0)’
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and its Ricci tensor from (9.6)
521 522 0 Sil’l29 ’

Assuming that over time 0 < ¢ < oo, only R changes and 6 is time independant. Thus
a0 — Org11 Og12\ _ (O R* 0 _ (2ROR 0
tg = O1go1 Orgoa ) 0 Oy R%sin’0) 0 2RO;Rsin?0)"

Then substituting in (16.1), gives

_ 2RO,R 0 _ 10
Oge = =25 = ( 0 2R9;Rsin® 9) =2 (o sin? 9) ’

Wich leads to the simple to solve differential equation

2RO,R = -2 = R(t) =/—2t+ R3.

where Ry is the initial radius of the sphere at time ¢ = 0. We say that a 2-Sphere of radius R has an extinction time
RZ

of t = =2.
2

SECTION 17

Some Exact Solutions To Ricci Flow

SUBSECTION 17.1

Einstein Manifolds

An Einstein manifold, named in honor of Albert Einstein, is a Riemannian or pseudo-
Riemannian manifold, whose metric is a special solution to Einstein’s field equation with

cosmological constant
1
Sij = (A= 57)gs5 =
where A is the cosmological constant, G the gravitational constant, ¢ the speed of light

and T is the stress-energy tensor. In vaccum, 7' = 0 the equation reduces to

87TGTi

¢t T

1
Sij = (A — §r)gij-

Thus, an Einstein manifold is a Riemannian or pseudo-Riemannian whose Ricci tensor
is proportional to the metric Figure 26. Albert Einstein
S =\g. (17.1) 1879-1955.

where X is a constant. For any constant ¢, if g = cgg, from (13.10) we have
A
S5(9) = S(90) = Ago = ~9-

Using this, we can construct a family of solution to the Ricci-flow equation as follows. Consider g(t) = u(t)go. If this
one parameter family is a solution to the Ricci-flow equation, then:

Orgr = u'(t)g0 = —25(u(t)go) = —25(g0) = —2Ago,
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where A is a constant. Hence, we obtain
u(t) = -2\ = u(t) =1- 2\t

The cases A > 0, A = 0 and A < 0 correspond to shrinking, steady and expanding solutions. Notice that the
solution exists for 0 < ¢ < 55 and vanishes (or goes singular) at ¢ = 5.

Over the course of the last decade, there were many generalization of Einstein manifolds, for example, we say that
(M, g) is an n-Einstein manifold if S satisfies:

S=pug+vnxn, (17.2)
and it is said almost quasi-Einstein and nearly quasi-Einstein, respectively if
S=cg+d(w @ws+ws @wr), (17.3)

and
S =ag+bE, (17.4)

where a, b, ¢, d are functions, wy, wy are 1-forms and E' is a non-vanishing symmetric (0, 2)-tensor on M.
In physics, manifolds whose metric satisfies equation (17.2) are called perfect fluid spaces.

SUBSECTION 17.2
Ricci-Soliton

A Ricci soliton denotes a solution to the Ricci flow equation (M, g;), where 0 < ¢t < T < oo, possessing the property
that for each ¢ € [0,T), there exists a diffeomorphism

¢ M — M
generated by a vector field V' and a constant o; such that
otdigo = G-

In essence, a Ricci soliton ensures that all Riemannian manifolds (M, g;) are isometric up to a varying scale factor,
which may depend on ¢. A method to construct Ricci solitons involves the following steps: Assume the existence of a
vector field X on M, a constant A, and an initial metric gg such that

~5(g0) = 5(£x90) ~ Ago
Hence, a Ricci soliton is a triplet (g, X, \) satisfying equation:
(Lxg)(Y, Z)+28(Y, Z) = 2g(V, 2). (17.5)
The generalized Ricci-soliton equation in Riemann manifold (M, g) is defined by (see [56])
Lyvg=—2cV" @V’ + 25+ 2)\g, (17.6)
where V°(X) = g(V, X) and ¢;, co, A € R. Equation (17.6) is a generalization of:
o Killing’s equation ¢; =co = A = 0.
e Equation for homotheties ¢; = ¢o = 0.

e Ricci soliton ¢; =0, co = —1.

e Cases of Einstein-Weyl ¢; = 1, ¢ = n;_lz
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A=0.

e Metric projective structures with skew-symmetric Ricci tensor in projective class ¢ =1, co = —n%l,

e Vacuum near-horzion geometry equation ¢; =1, co = %

Moreover, in the event that V is a Killing vector field (i.e., Ly-g = 0), equation (17.6) characterizes (M, g) as V-
Einstein, given that ¢; is non-zero, and it is termed Einstein if ¢; = 0.
A further generalization of the Ricci-soliton equation in the Riemann manifold (M, g), given in [24] by the following
equation

Ly,g=—2c1VE @ V2 4 2¢28 + 2)g, (17.7)

where V7, V5 are two vector fields on M.
Recently, in [6], the authors introduced the generalized n-Ricci soliton equation in Riemann manifold (M, g) by

Lyvg=—2c1V° RV’ 42,8 4 2\g + 2un @1, (17.8)

where ¢1,co, A\, 4 € R and 7 is a 1-form on M.
Inspired by equations (17.7) and (17.8), we can guess the existence of a generalization that includes all previous cases,
which we define by the following equation

Lyv,g=—2c1VE @ V2 4 2¢25 4 2\g + 2un @ 1. (17.9)

We refer to this generalization as generalized 7-Ricci bi-soliton and the confirmation of the existence of this
generalization will be in the last two theorems.

Conversely, a Ricci-Yamabe soliton (briefly, RYS) is defined as a semi-Riemannian manifold (M™, g) equipped with a
vector field V on M that satisfies

Lyvg=2aS+2(A+rp)g, (17.10)

where p € R is constant and r denotes the scalar curvature, defined as the trace of the Ricci tensor S with respect to
the metric g
r="TryS. (17.11)

Likewise, equation (17.10) is a natural generalization of:
o Ricci Soliton (briefly, RS) e =1, p = 0.
 Ricci-Bourguignon Soliton (briefly, GBS) a =1, p € R.
o Yamabe Soliton (brielfly, YS) a =0, p = —1.

Ricci-Yamabe solitons has been an active area of investigation in differential geometry. These solitons generalize both
Ricci solitons and Yamabe solitons, serving as self-similar solutions to the Ricci flow and the Yamabe flow, respectively.
Recent studies have explored various aspects of Ricci-Yamabe solitons, including their existence, uniqueness, and
classification under different geometric conditions. Notable contributions include the work of Deshmukh and Alodan
[33], which examined the geometric properties of Ricci-Yamabe solitons on warped product manifolds, and Blaga [14],
who studied n-Ricci-Yamabe solitons in the context of almost contact metric manifolds. These investigations provide
valuable insights into the interplay between curvature and the underlying geometry of the manifolds.

Motivated by the work of [57], we define a generalized Ricci-Yamabe soliton (briefly, GRYS) as follows

Lyg=—2cV" @V’ + 228 + 2(\ + 7p)g. (17.12)
Equation (17.12) is an immediate generalization of the following:
o GRS equation (17.6) for p = 0.
o RYS equation (17.10) for ¢; = 0.
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GENERALIZED RICCI-YAMABE SOLITON ON 3-DIMENSIONAL
LiE GROUPS

SECTION 18
Generalized Ricci-Yamabe Soliton On 3-Dimensional
Lie Groups

77

This segment is dedicated to the computation of the generalized Ricci-Yamabe soliton (briefly, GRYS) on 3-dimensional

Lie groups.

SUBSECTION 18.1
Left-Invariant 3-Dimensional Lie Groups

A 3-dimensional left-invariant Lie group G is a smooth manifold of dimension 3 equipped
with a group structure such that left translations L, defined by

L,:G—G
r — Ly(z) = a.x,

for a,z € G are diffeomorphisms. This implies that the tangent space T.G at the
identity element e € GG, equipped with the Lie bracket operation derived from the group
multiplication, forms a 3-dimensional Lie algebra.

A Riemannian frame on a 3-dimensional left-invariant Lie group (G, g) consists
of three smooth vector fields {ej,es,es} on G, which are left-invariant and form an
orthonormal basis with respect to the Riemannian metric g. Specifically, at each point
peq,

glei, e;)p = ijy
where §;; is the Kronecker delta. In Jantzen’s work [47], L. Bianchi compiled a cat-
alog of 3-dimensional real Lie algebras, accompanied by a demonstration that each
3-dimensional Lie algebra finds isomorphism with a singular entry on his list. Given our
focus on left-invariant structures, our analysis is confined to the Lie algebras associated
with their respective Lie groups. The ensuing outcome elucidates the various classes of
3-dimensional Lie algebras [60].

Let g be a 3-dimensional real Lie algebra. Then if g is not abelian, it is isomorphic
to one and only one of the Lie algebras listed below:

Figure 27. Leopold Kro-
necker 1823-1891.

Figure 28. Luigi Bianchi
1856-1928.

Algebra Structure equations

As 1 [e2,e3] = e1

A3 o le1, e3] = e, [e2,e3] = e1 + ez

As.3 [e1,e3] = e1, [e2,e3] = €2

A3 4 [e1,e3] = e1, [e2,e3] = —e2

A§,5 [617 3] e, [62,63] = 562, (O < |5| < 1)

A3z le1, e3] = —e2, [e2,e3] = e1

Ag,? [61, 63] = —Je; — eo, [62, 63] =e1 + 562, (6 > O)
Az s [e1, e2] = e1, [e1,e3] = —2e2, [e2,e3] = e3

Aso [e1, e2] = e3, [e1,e3] = —ez, [e2,e3] = €1

Table 9. Classification of 3-Dimensional Real Lie Algebras and Their Structure Equations.



GENERALIZED RICCI-YAMABE SOLITON ON 3-DIMENSIONAL
LiE GROUPS GRYS On 3-Dimensional Lie Groups 78

SUBSECTION 18.2

GRYS On 3-Dimensional Lie Groups

Our inquiry will delve into the presence of a GRYS (17.12) within 3-dimensional left-invariant Lie groups, on each
algebra Az, k€ {1,...,9}, with the potential vector field V'

a? ab ac
V =ae; +bes +ces, and V'@V’ = |ab b? be
ac be 2

Obviously, formula (17.12) is symmetric and we are lead to solve a system of 6 equations
(Evg)ij = —2cV;V; + 2025’@‘ + 2()\ + Tp)éij. (18.1)

18.2.1 The algebra A;;

The covariant derivatives of the basis elements are given by the following expressions

1 1
Ve,e1 =0, Ve, €2 = —-e3, Ve, e3 = —é€g,
2 2
1 1
Ve,€1 = —-é3, Ve,e2 =0, Ve,e3 = -ei,
2 2
1 1
Ve,e1 = 562 V€0 = 5 Ve,e3 = 0.

Using formulas (9.2), (6.27), and (17.11), we obtain

0 c—b 10 0
(Lvg)ij=|c 00|, Sy=[0-3 0 (18.2)
-b0 0 00 -1
and the scalar curvature is 1
=——. 18.3
r=—2 (18.3
By directly substituting (18.2) into (18.1), we must address the challenge of solving
cia 5 ()\ 2) 0, (18.4)
B+Z - (A-2)=0 18.5
C1 + 9 2 ) ( )
c1c® + %2 - ()\ - g) =0, (18.6)
¢+ 2c1ab =0, (18.7)
b —2ciac =0, (18.8)
c1bec = 0. (18.9)

By analyzing various cases related to equation (18.9), we obtain the following results:
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e If ¢; =0, then b = ¢ = 0 is obtained from (18.7) and (18.8). The system becomes

7222, (,\fg) -0, (18.10)
2 (-0 —o. . (18.11)

From one hand, summing equations (18.10) and (18.11) yields A = £. On the other hand, substracting equations
(18.10) and (18.11) results in ¢z = 0.

o If ¢; #0, then bc = 0. Assume b = 0, then ¢ = 0 by virtue of (18.7). Substituting in (18.5) yields A = 2 + £,
this along with (18.4) yields a = 0. Similar result to this latter is obtained in the case where ¢ = 0.
In summary, the solutions of equation (18.1) within the algebra As ; is as follows

C2

V=ae, ¢ = )\:g+%2, a€R* and co,p€eR.

a?’

18.2.2 The algebra Aj 2

The derivatives with respect to covariant bases are delineated as follows

1 1
Ve, e1 = —es, Ve, €2 = *563, Ve €3 =61+ 562,
1 1
Ve, €1 = 56 Ve €2 = —e3, Ve,e3 = ze1ter
1 1
Ve,e1 = 562 Ve,e2 = 5 Vese3 = 0.
Thus, from equations (9.2), (6.27), and (17.11), we derive
2c c —a—b f% -1 0
([’Vg)ij = c 2c —b ) Sij = -1 7% 0 (1812)
—a—b—b 0 0 -2
and the scalar curvature is
__B (18.13)
r=-= .
By employing equation (18.12) and (18.13) within (17.12), we are prompted to undertake the challenge of resolving
3 13
cla2+502— ()\— 2p) +c¢=0, (18.14)
) 13
c1b2+§cQ — <)\— 2p> +c=0, (18.15)
5 13
2
eo— (X)) = 18.1
cic +202 < 2,0) , (18.16)
crab+ co + g =0, (18.17)
b
crac — a;r =0, (18.18)
b
c1be — 3= 0. (18.19)

Exploring different scenarios informed by equation (18.19), we discover:
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o If b =0, then either a = 0 or ¢;c = 1, as indicated by (18.18):

— If a = 0, the system of equations simplifies to

3 13
S ( = 18.2
2(32 (/\ 9 p) +c=0, ( 8 0)
5 13
502~ ()\ - 2p> +¢=0, (18.21)
1
c1¢® + §02 —(A— —3;) =0, (18.22)
2 2
s+ g = 0. (18.23)

Subtracting (18.20) from (18.21) yields ¢, = 0. Substituting this into (18.23) gives ¢ = 0, thus A = 1&p.

— Ifcie= %, then substituting ¢ = i results in
cra® + %cz - <)\ — 123p> + i =0, (18.24)
- <>\ _ 123p> + % o, (18.25)
Lél+;cg_<A_125”p> _o, (18.26)
e+ i = 0. (18.27)

Subtracting (18.25) from (18.26), we obtain % = 0, which has no solution.

o If cyc =1, then from (18.18) necessarily b = 0, and from (18.17) ¢y = —é. Direct substitution gives

1 13

— — | A=—=p] =0 18.28

Ber ( 5 p) ; (18.28)

13 1
—(A-=p)-—= 18.2

C1 ( 2 p) 8¢, 0, ( 8 9)
3 13

— A——p]|=0. 18.30

ot (A=) (18.30)

Summing equation (18.28) and (18.30) gives % = 0, which has no solution.

Summarizing the above, equation (18.1) on the algebra Aj 2 has no solution.

18.2.3 The algebra As

The covariant derivatives of the basis elements are as follows:

Ve, e1 = —e3, Ve 2 =0, Ve, e3 = eq,
Ve,e1 =0, Ve,e2 = —e3, Ve,€3 = €2,
Vesel = 0, VESGQ = 0, ve3€3 =0.
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Hence, from (9.2), (6.27), and (17.11), we have

2c 0 —a -2 0 0
(Lvg)ij=| 0 2¢ =b], Sy=|0 -2 0
—a —b 0 0 0 -2
and the scalar curvature (17.11) is
r = —6.

81

(18.31)

(18.32)

Upon substituting equations (18.31) and (18.32) into (17.12), we find it necessary to address the task of resolving

cla2—|—2cQ—/\—|—6p—|—c=O,
clb2+202—)\+6p—|—c:0,
C1C2+202—)\—|—6p20,

crab =0,
2ciac —a =0,
2¢1bc — b = 0.

Examining various scenarios based on equation (18.36), the outcomes are as follows:

e If ¢; =0, then a = b =0, and from (18.35) we get A = 2co + 6p. Substituting in either (18.33) or (18.34) yields

c=0.

e If ab = 0, we distringuish two particular cases:

— If a =0 and b # 0, then from (18.38) we have ¢;c = 3. By direct substitution, we get

1
2 — A+ 6p+ — =0,
261

1
Clb2+262—/\+6p+£:0,

1
— 425 —A+6p=0.
461

Substituting (18.41) from (18.39) yields % = 0, which has no solution.

— The case where a # 0, b= 0 and ¢;c = L yields an identical result as previously discussed.

2

e If a =b=0, we obtain
2c0 — A+ 6p+c=0,
1% + 2¢y —A+6p=0.
Subtracting (18.41) from (18.43) provides ¢(cic — 1) = 0. Therefore:

— Either ¢ =0 and A = 2¢o + 6p.
— Orc=%andA=2cz+6p+%.

In conclusion, the solution of equation (18.1) on the algebra Az 3 are given by

1

1
V=ces, c1=—-, A=—+2c+6p, where c€R* and c¢,p€R.
C C1

(18.39)
(18.40)

(18.41)

(18.42)
(18.43)
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18.2.4 The algebra A; 4

The covariant derivatives of the basis elements are as follows

Ve, e1 = —e3, Ve,e2 =0, Ve, e3 = eq,
Ve,e1 =0, Ve, €2 = €3, Ve,e3 = —ea,
Ve;;el = 07 v6362 = 07 v€363 = O

With the help of (9.2), (6.27), and (17.11), we have

2c 0 —a 00 O
(Lvg)iyj=| 0 —2¢ b |, Siy=1000 (18.44)
—-a b 0 00 -2
and the scalar curvature is
r=—2. (18.45)

After substituting equations (18.44) and (18.45) into (18.1), we need to resolve

cra> = A +2p+c=0, (18.46)
b = A+2p—c=0, (18.47)
12 +2c — A+ 2p=0, (18.48)
c1ab =0, (18.49)
a—2crac =0, (18.50)
b+ 2c1bc = 0. (18.51)
Considering different scenarios outlined in equation (18.49), the following observations arise:
o If ¢y =0, then (18.50) and (18.51) yield a = b = 0. By direct substitution, we obtain
A=2p+c, (18.52)
A=2p—c, (18.53)
A =2cy + 2p. (18.54)

Subtracting equation (18.53) from (18.52) gives ¢ = 0. Summing equations (18.52) and (18.53) yields A = 2p.
Putting all of the above in (18.54), we obtain ¢ = 0.

e If ab=0 and ¢; # 0, we consider three cases:

— If a = b =0, again using equations (18.52), (18.53) and (18.54), we find ¢ = 0, A = 2p, and ¢3 = 0.
— Ifa=0and b # 0, then c;¢c = —%‘ Substituting gives

1
A4+2p— — =0, 18.55
+ P 201 ( )
1
b = AN+2p4+ — =0, (18.56)
201
1
42— A+2p=0. (18.57)
401
From (18.55), we get A = 2p — i Substituting in (18.56) yields b? = —%;, which has no real solutions.
— The case where b =0, a # 0, and ¢y¢c = —% is similar to the previous one.

Combining all the results, the solutions to equation (18.1) within the algebra Aj 4 exhibits no solutions.
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18.2.5 The algebra Agﬁ

The covariant derivatives of the basis elements are as follows

Velel = —€3, Veleg = O7 Veleg = €1,
Ve,e1 =0, Ve,2 = —des, Ve,€3 = dea,
Vese1 =0, Vese2 =0, Veses =0,

where 0 < |[0] < 1. With direct computations, we have

2¢c 0 -—a —-1-6 0 0
(L:Vg)ij = 0 2¢d —bd R Sij = 0 ) 0 (1858)
—a —bd 0 0 0 6% -1
and the scalar curvature
r=—20%—-25 — 2. (18.59)

Substituting equations (18.58) into (18.1), we are compelled to engage in the process of resolving

16> + (14 0)ca —A+2(62 + 5+ 1)p+c=0, (18.60)
c1b? +0(0+1)ca —A+2(682 +5+1)p+dc =0, (18.61)
ac® + (02 +1)eg —A+2(6%+d+1)p=0, (18.62)
crab =0, (18.63)
crac — % =0, (18.64)
c1be — 5% =0. (18.65)
Evaluating different possibilities with respect to equation (18.63), we conclude:
o If ¢; =0, then equations (18.64) and (18.65) give a = b = 0. Thus, we have
(14+68)ca —A+2(82+6+1)p+c=0, (18.66)
§(6+1)cg —A+2(0%+0+1)p+dc=0, (18.67)
(62 + 1)z —A+2(6%+5+1)p=0. (18.68)

Subtracting equations (18.66) from (18.67), we find ¢ = —(§ + 1)cz. From equation (18.68), A = (62 + 1)ea +
2(62 + 6 + 1)p. By substituting these results into either equation (18.66) or (18.67), we get (62 + 1)cz = 0, hence
Cy = 0.

e Ifa=b=0and c; # 0, then equations (18.66) and (18.67) result in ¢ = —(§ + 1)cg and A\ = 2(6%2 + & + 1)p.

Substituting into (18.62), we obtain ¢ = _@ﬁ'

e Ifa#0,b=0, then from (18.64) we get ¢ = 5. Thus

2c1”
c16® + (14 0)es —>\+2(52+5+1)p+i =0, (18.69)
S04+ 1)ea —A+2(2+5+1)p+ % =0, (18.70)
i+(52+1)cQ —A+2(%+6+1)p=0. (18.71)

401
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Subtracting equation (18.70) from (18.71), we find ¢; = 2L, Using these results along with equation (18.69), we

4(0—1)ca
find a2 = =2243=1 which leads to an impossibility due to —262 + 6 — 1 < 0.

2
4ct

o Ifa=0,b+#0, then from (18.65) we get ¢ = 52-. Using direct substitution, we have

261 :

1)
(1+6)cQ7/\+2(52+5+1)p+§:0,
1

2
1B 4 6(5+ L)es — A+ 2002 45+ Dp+ ~— —,

201
&2 2 2
E"F((S +Dea—A+2(6°+0+1)p=0.
1
Subtracting equation (18.73) from (18.74), we find ¢; = 4(15_%. From (18.72) we pull
62 —6+2
A= Z0EE
4(]. — 5)01
Finally, substituting in (18.73), we obtain
62:_ﬁ2—6+2
427

for which is absurd due to the fact §2 —§ +2 > 0 for all 0 < |§] < 1.

In summary, the equation (18.1) within the algebra Agf) admits the following solution

52 +1

V=ces, c=—(0+1)cy, co=——, A=2(0>+5+1)p,c; €R* and peR

(02420 + 1)y’

18.2.6 The algebra Asg

The covariant derivatives of the basis elements are as follows

Velel = O7 Vel €y = O, Vel €3 = O,
v5261 == O7 Vezeg = 0, v6263 == 0,
v6361 = €2, V6362 = —€1, vegeg =0.
With direct computations, we have
0 0-b 000
(,Cvg)ij = 00 a y Sij = 000
—ba O 000
and the scalar curvature
r=0.

Substituting these into (18.1), we tackle the endeavor of resolving

(18.72)
(18.73)

(18.74)

(18.75)

(18.76)
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ca® —2A=0, (18.77)
b = A=0, (18.78)
a2 —A=0, (18.79)
crab =0, (18.80)

b
clac— 5 = 0, (18.81)
c1be + % =0. (18.82)

Reviewing several scenarios outlined by equation (18.80), the analysis indicates:
e If ¢; =0, then from (18.77), (18.81) and (18.82) we get A=a=0b=0.
o Consider ¢q # 0:

— If a =0, then from (18.81), b =0, leading to A = 0 and ¢ = 0.
— Similarly, if b = 0, from (18.82), a = 0, resulting in A = 0 and ¢ = 0.

Combining all the results, the equation (18.1) within the algebra Aj ¢ satisfies only the Killing equation for V' = ces
where ¢ # 0.

18.2.7 The algebra Aj;

The covariant derivatives of the basis elements are as follows:

Velel = 563, Veleg = 0, Veleg = 7(561,
Ve,e1 =0, Ve,e0 = —des, Ve,e3 = dea,
Ve,e1 = €2, Ve,e2 = —eq, Ve,e3 =0,

where § > 0.
With direct computations, we have

—2¢o 0 ad—0> 020 O
(ﬁvg)ij = 0 2¢0  a—6b y Sij =120 0 0 (1883)
ab—ba—-38b 0 0 0 —262
and the scalar curvature is
r=—26% (18.84)

We need to solve the following equations from (18.1)

cra® =X\ +28%p —c5 =0, (18.85)
b = XN+28%p+¢5 =0, (18.86)
c16® +2¢90% — X\ +25%p = 0, (18.87)
crab — 2c90 = 0, (18.88)

a b
crac + 55 5= 0, (18.89)

a b

abet 5 —50=0. (18.90)

Analyzing equation (18.89), we obtain b = 2c¢jac + ad. Substituting into (18.90) yields
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1—
a (c§c2 + 45) =0. (18.91)

Reviewing several scenarios outlined by equation (18.91), the analysis indicates:

o If @ =0, substituting in (18.89) and using (18.88) gives b = 0 and ¢ = 0. Substituting into (18.85) and (18.86)
gives ¢ = 0 and A = 262p.

o If ic= ‘52_17 which is valid only for § > 1, then by direct substitution we get:

— If § > 1, then a = 0 and similar results are obtained as discussed previously.

— If § =1, then ¢; = 0. In the first case, from (18.88) we get ¢ = 0, and from (18.89) a = b. Hence, we are

left with
“A+2p—c=0, (18.92)
A +2p+c=0, (18.93)
“A+2p=0, (18.94)

which clearly gives A = 2p and ¢ = 0.
In the second case, where ¢ = 0, again from (18.89) we have a = b, and using (18.88) we get a = ,/%.
Finally, from (18.87) we obtain A = 2¢q + 2p.

Combining all the results, the solutions to equation (18.1) within the algebra Ag? are

202

V=ale1+e), ¢ = A=2c2+2p, a€R* and co,p€eR.

a?’

18.2.8 The algebra Asg

The covariant derivatives of the basis elements are

Ve, e1 = —e2, Ve, €2 = €1 + e3, Ve, e3 = —ea,
Ve,e1 = €3, Ve,e2 =0, Ve,e3 = —eq,
Ve,€1 = €2, Ve,€0 = —e1 — €3, Ve,€3 = €.

From direct computations, we obtain

26 —a—2c O -20 -2
(Lvg)ij=|—a—2c 0 2a+c], Si;=|0200]. (18.95)
0 2a4+c —2b -20 -2
The scalar curvature is given by
r=—4. (18.96)

Therefore, upon substituting (18.95) and (18.96) into (18.1) the following equations must be satisfied
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c1a®>+2c —A+4p+b=0,
b — A +4p =0,

1 +2c—A+4p—b=0,
clab—%—czo,
ciac+ 2co =0,

clbc+a+g:0.

From (18.100), we deduce ¢ = cyab — §. Substituting this into (18.102) gives:

3

272

b+ -] =0.
a<01 +4>

87

(18.97
(18.98
(18.99

(18.100
(18.101
(18.102

— ~— Y— ~— Y ~—

Hence, a = 0 and ¢ = 0. This implies co = 0. Substituting co = 0 into (18.98) yields A = 4p. Finally, substituting

A = 4p into either (18.97) or (18.99) provides b = 0.
In conclusion, equation (18.1) in the algebra Aj g has no solution.

18.2.9 The algebra Asg

The covariant derivatives of the basis elements are

1
Ve e1 =0, Ve €2 = 268 Ve, €3 = 5
1 1
Ve,e1 = 56 Ve,e2 =0, Ve, €3 = 2€
1 1
ve361 = —<€a, Veseg = — <€, Ve363 =0.
2 2
From direct computations, we obtain
000 200
(Lvg)ij=(000]|, Sy=10210
000 003
and the scalar curvature 5
r=—.
2

Thus, the following equations must be satisfied
2c1a% — c5 — 2) — 3p =0,
210 — 3 =22 —3p =0
2c1¢% —ca — 22 —3p =0,

ciab =0,
ciac =0,
c1bc = 0.

Analyzing equations (18.108), (18.109), and (18.110) yields
e If ¢y =0, then A = —%02 — %p, and co,p € R.

. If01#O,thena:b:c:QAz—%@—%mandc%pe]&.
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Therefore, the solution set is

3
V =ae; +bes+ces, ¢4 =0, A=—=co—=p, and a,b,c,co,p€R.

2 2

Theorem 18/ Generalized Ricci-Yamabe soliton equation

Lyvg= —20V* @V’ 4+ 225 + 2N +rp)g,

admits the following solutions on 3-dimensional left invariant Lie algebras:

o Algebra As;:

Algebra As; 3:

« Algebra A3 ;:

. Algebra A3791

Algebra Aj ;:

2

@ AT

V =ae;, ¢ = +%2 where a € R* and c¢o,p € R.

1 1
V=ces, c1=—-, A=—+4+2c+6p, where c€R* and co,p€R.
C C1

2 +1
V:C€3, 0:7(64’1)(32, ngfm, )\:2(52+5+1)p,

where c¢; € R* and peR.

2
V =al(e; + ea), 612%, A=2c2+2p, a€R* and co,p€R.
a

1 3
V =ae; + bes +ces, c¢1 =0, /\:—502—5/), and a,b,c,co,p €R.

We have extended the concept of the Ricci-Yamabe soliton through equation (18.1) and explored the presence of this
structure on left-invariant three-dimensional Lie groups. The findings provide concrete examples that substantiate the
existence of this structure, thus demonstrating its viability. This work opens a wide range of possibilities for future
research in this area. We can summarize the existence of various solitonic structure on left-invariant 3-dimensional Lie
algebras in the following:

Algebra GRYS GRS RBS RS YS PFS
As 1 v v v v v v
As o X X X X X X
As s v v v v v X
As.4 X X X X X X
A3 s v v v v v X
As g X X X X X X
AS v/ v v v v X
A3z g X X X X X X
Aso v v v v v X

Table 10. Possible Solitonic Structure On Left-Invariant 3-Dimensional Lie Algebras
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SecTION C

Appendix C

SuBsecTION C.1
Tensor Product

For non-negative integers r and s, a type (r, s) tensor on a vector space V is an element of

TrV) =V - VV'e- -V =V g (V*)%.

s S

Here V* is the dual vector space (which consists of all linear maps f from V to the field K). There is a product map,
called the tensor product of tensors

TS (V) @x Ty (V) = T (V).

If V is finite dimensional, then picking a basis of V and the corresponding dual basis of V* naturally induces a basis
of TT(V) (this basis is described in the article on Kronecker products). In terms of these bases, the components of
a (tensor) product of two (or more) tensors can be computed. For example, if F' and G are two covariant tensors of
orders m and n respectively (i.e. F € T% and G € T?), then the components of their tensor product are given by

[ (F ® G)i1i2"'7:m+n = FiliZ"'irn Ginz+1im+2"'i1n+n :

Thus, the components of the tensor product of two tensors are the ordinary product of the components of each tensor.
Another example: let U be a tensor of type (1,1) with components U}, and let V be a tensor of type (1,0) with

components V*. Then , 4
(Ve U)}Cj = VkU;.

In our case, consider the basis {e1, ea, e3} of the the vector space T.G. Let V € T.G a tensor of type (1,0)
V = ae1 + bey + c3.
Using (5.6) and for an arbitrary vector field X in T.G, we obtain a tensor of type (0,1), the dual of V
VP (X) = g(V,X) = ag(e1, X) + bg(ea, X) + cg(es, X).
Hence, withing the co-frame {e',e?, e} (such that e’(e;) = d;;)
V® = ae' + be? 4 ce’.
Using previous definitions and remarks, V” ® V? is a tensor of type (0,2) with components

(Ve V), = (Vo V) (e e;) =V (e)V’(e)) = ViV;.

ij



APPENDIX C Covariant Derivative On Lie Algebras 90

SUBSECTION C.2
Covariant Derivative On Lie Algebras

Let {ej,...en} be an orthonormal babis for the vector space T.G, then by the bilinearity of the Lie bracket it will be
completely determined by the elements [e;, e;]. The strucutre constans ij are defined such that

lei, €5] Zijek. (C.1)

Hence, using the the metric g we can get
Ci = gllei ej], ex)- (C.2)
Using Kozsul’s formula (6.5) and (C.2), one can get
2g(v6i€jv ek) = g([eiv ej]a 6k) + g([eka ei]a ej) - g([eja ek]a ei)
=Cf +Cl, — Cly. (C.3)

On the other hand, using formula (5.2) for V.,e;

k=n
Ve, = Zg(veiej,ek)ek. (C4)
k=1
Thus, substituting (C.3) into (C.4) yields
1 k=n } ,
Veiej =5 ) (Ci + Cli = Cii)en. (C.5)
k=1

As an application, we shall use datas provided in Table 9 to compute the covariant derivatives of the basis elements in
As 1: The non-zero structure constants are C3; = 1. Using formula (C.5)

1
Veer= b ((0;1 1Ol — Ol )er + (2 + Oy — Cly)ea + (C3, + O cllg)eg) o,

Vayea = 5 ((Ch+ G~ ChJer + (O + O — Ch)ea + (€ + €y — Ch)es) = e
Ve, es = ;<(c}3 + O = Ch)er + (C2y + O3 — Cly)ea + (C34 + C3, — Cég)eg) = %ez,
Vier =5 ((Ch+Cl— Ch)er + (Ch+ Ch — Ch)ea + (Ch + O — Ch)en) = —5ea
Ve,e0 = ;((0212 +Cf, —C3)er + (Co + C3, — Cy)ea + (Cy + C3y — 0223)63) =0,
Vasea = 5 ((Ch+ Ch = Ch)es + (O3 + G = Ch)ea + (O + Ch — Gl ) = e,
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Il
)
(V]

1
((Ch + = Cher + (G5 + Ol Ch)ea + (G + Oy~ Ch)en) = 3

<(c312 42— O3 )er + (C2y + C2y — Cdy)en + (O + €2 — cgg)e?,) T

N~ N~ N~

Il
e
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Ricci-Soliton Under Deforma-
tions

Section 19. Ricci-Soliton on

a Class of Riemannian mani-
In the concluding section of our study, we will delve into the dynamic properties of | fold under D-Isometric Defor-

Ricci solitons across various categories of manifolds subject to specific deformations. mation. o
.. . . ; .. . L. Section 20. Ricci-Soliton on
Additionally, we aim to establish the presence of a rudimentary Ricci soliton within | peformed ¢4-Manifolds.
select instances of C15 manifolds.
Table 11. Contents for Part
SECTION 19 VI

Ricci-Soliton on a Class of Riemannian manifold under
D-Isometric Deformation

In this section, we will investigate Ricci-Soliton on compact gradient manifolds admitting a Jacobi-Type vector field
[31]. First, we have the following immediate result:

Theorem 19| Let (M", g) be a Riemannian manifold endowed with a unit closed vector field £ admitting Ricci-Soliton (g,&, ).
The following holds:

e 7 =nA\—div§,
e ) is eigenvalue of Ricci operator @) with £ its associated eigenvector.
In addition, if (M™, g) is compact and & is of Jacobi-type, then:

o (M",g) is Einstein.

o r=n\
Proor | Since (g,&, A) is a Ricci-Soliton then equation (17.5) along with (14.1) gives

9(Vx&Y)+ S(X,Y) = g(X,Y). (19.1)

Computing the trace of S from equation (19.1) yields

n n n

r= Slene) =) Aleie) = Y _g(Vebier) = nd - dive.

i=1 i=1 i=1
Again taking X = £ in (19.1) and using equations (11.20) and (14.1), we can obtain
S(EY) = M(Y) = Q5 = A¢.
The second part is immediately obtained using Theorem 9. O

Proposition 39| Let (M™, g) be a Riemannian manifold endowed with a unit closed vector field & admitting (g, &, \) Ricci-Soliton.
Then (g, f€, A) is a Ricci-Soliton if and only if f is constant.

92
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Using the definition of the Lie derivative, we have
(Lvg)(X,Y) = f(Leg)(X,Y) + X (f)n(Y) + Y (f)n(X).
Hence, from equation (17.5) we obtain

(Lreg)(X,Y) +25(X,Y) = 2X9(X,Y) = f(Leg)(X,Y) + X(f)n(Y) (19.2)
+ Y(f)n(X)+25(X,Y) — 2Xg(X,Y) = 0.
Consider {&,e;}2<i<n an orthonormal frame with respect to g and since (g,&,A) is a Ricci-Soliton (S(e;, &) = 0),
substituting X =Y = ¢ in (19.2) gives
£(f) =0.
Again, putting X = ¢ and Y = e; in (19.2) yields

O

In the following, we will study Ricci-Soliton behaviour under D-isometric deformation (14.4). First, we consider the
case where the potential field V' is pointwise collinear with the vector field £ (i.e V = f¢, f is a smooth function on
M™). With direct computations we have

(Lvd)(X,Y) = §(VxV,Y) +3(VyV,X)
= §(Vx(£6),Y) +3(Vy (f€), X)
=2fg(Vx&Y)+2X(f)nY) +2
= 2f(Leg)(X,Y) +2X(f)n(Y) +

Y(f)n(X)
2Y (f)n(X).

Thus
(Lvg)(X,Y) =2(Lvg)(X,Y) = (Lavg)(X,Y). (19.3)

Replacing (14.4), (14.12) and (19.3) in (17.5) we obtain

(Lvg)(X,Y) +25(X,Y) = 203(X,Y) = (Lavg)(X,Y) +25(X,Y)
+ divEg(VxE,Y) = 20g(X,Y) — 22n(X)n(Y). (19.4)

Thus (M, g, f€, A) is a Ricci soliton if and only if
diveg(Vx&,Y) — An(X)n(Y) = 0. (19.5)
Therefore, summing up the arguments above, we have the following theorem:

Let (M™,g) be a Riemannian manifold endowed with a unit closed Jacobi-Type vector field £ admitting Ricci-
Soliton (g,2f&,\). Then, under
D-isometric deformation (g, f€, \) is a Ricci-Soliton if and only if

divEg(Vx&,Y) — An(X)n(Y) =0,
and (g,2f&, ) , (g, f€, A) are steady.

Let (M™, g) be a compact Riemannian manifold endowed with a unit closed Jacobi-Type vector field . Then,
under D-isometric deformation 7-Einstein Ricci-Soliton (g, f¢, ) deforms to an Einstein metric.
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Next, we consider the case where V is orthogonal to £ i.e. n(V) = 0. We compute
g . 1 - 1 N
HVxV.Y) = §(VxV + 59(VxEVIEY ) = (VxV.Y) + 59(Vx& V)G Y),
knowing that g =g+ n®n and g(Vx& V) = —n(VXV), we get

J(VxVY)=g(VxV,Y).

Then
(Lvg)(X,Y) =g(VxV.Y)+g(VyV, X) = (Lvg)(X,Y).

Replacing (14.4), (14.12) and (19.6) in (17.5), we obtain

(Lvg+25 —2)3)(X,Y) = (Lvg + 25 — 2Xg) (X, V) + g(divgvxg — 22X, Y).

If (M, g,V, ) is a Ricci-Soliton, the above equation takes the form
(Lvg+ 25 — 205) (X, Y) = +g (divgvxg —2(X)e, Y).
Thus, (M, g, V, A) is a Ricci-Soliton if and only if
divEVx€& — 2 n(X)€ = 0.

By taking X = £ in (19.8), we obtain:
A=0,

substituting equations (19.8) and (19.9) in (14.12), we obtain
5=5.

Then we get: ~
Lyi+25—-20Gg=Lyg+25—-2\g—2An®n.

Hence, we state the following:

(19.6)

(19.7)

(19.8)

(19.9)

(19.10)

Let (M, g,V, ) be a Ricci-Soliton with the potential vector field V' orthogonal to £&. Then (M, g, V, ) is a steady

Ricci-Soliton.

SUBSECTION 19.1

A Class of Examples

Example 19.2. Hyperbolic Cylinder:

Let M = H" x R = {(x;,2) € R""/z,, > 0}, where (z;,2)1<i<n are standard co-ordinate in R"*'. Let {e;,&}1<i<n

be linearly independent vector fields given by

We define a Riemannian metric g by
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Let V be the Riemannian connection of g, then we have
lei,en] = —e, le:, &) = [es, €] =0, Vi£je{l,.,n—1}.
By using the Koszul formula for the Riemannian metric g
29(Ve,ej,ex) = —glei, [ej, ex]) + glej, [ex, e:]) + glex, [ei, €5]),
the non zero components of the Levi-Civita connection corresponding to g are given by
Ve, €i = €en, Ve €n = —€i, Vie{l,..,n—1}.
The non-vanishing curvature tensor R components are computed as
R(e;,ej)e; = —ei, R(ej,en)e; =en, Rlejen)e, = —e;, Vi#£j5e{l,..,n—1}.
The Ricci operator @ and the Ricci curvature S components are computed as
Qe; = (1 —n)e;, S(ei e;j) = (1 —mn)dyj, S(,¢) =0, Vi e {l,.,n}.

One can easily check that for f constant function on M, (g, f€,\) is a steady Ricci-Soliton. Since div§ = 0, using
Theorem 20, we obtain that (g, f¢, A) is also a steady Ricci-Soliton such that

1 n
§=—5 > da}+2d2.
T =
Considering Theorem 20 , it is proved that there exists an infinite number of Ricci-Solitons (M, g, f€, \) where

9m =g+ mn&n.

Example 19.3. 3-D Cigar-Soliton:
Let M =S x R x R and let {ej, ea,e3} be linearly independent vector fields given by

0 0 10
= 2 P = —_— = —_——
=1+ )az’ = or’ € x Ot

and {6,602 6%} be the dual frame of differential 1-forms such that

1
0! = T sdx, 0% = dr, 0% = xdt.
x

We define a Riemannian metric g by g = Z?Zl 0* ® 6%, That is the form

w0 0
g= 0 10
0 0 z?

The potential vector field is given by V = gradf = 2x(1 + 22)e; where the potential function is f = In(1 + 22).
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With simple computations one can find

100 100
S=-214+2*1000]|, Lyg=41+2*]000
001 001

We can easily notice that Ly g + 25 = 0 which implies that (M, g, V) is a steady Ricci soliton.
We take & = ey to ensure the conditions V' L ¢ and df? = 0 then we deform the metric as follows

1
R e L
J=9g+0°®0° = 0 20
0 0 z2

Using formulas (19.6) and (19.10) we conclude that (M, g, V) is a steady Ricci soliton aswell.

SECTION 20

Ricci-Soliton on Deformed C;3-Manifolds

The significance inherent in establishing conditions for the triviality of a Ricci soliton arises from its role as a broader
conceptualization encompassing Einstein manifolds. In this context, our investigation commences by elucidating a
specific equivalence between these two constructs within the framework of C2-manifolds. The established results can
be found in [32]

SUBSECTION 20.1
Under n-conformal deformation

Let us initially presume that (M, g) constitutes an Einstein manifold, denoted by the relation
S(X,Y)=pg(X,Y)+wvn(X)@n(Y) where p+v=—divy.
Subsequently, employing (15.87), we derive
S(X,Y) = pg(X,Y) + a*vn(X) @ n(Y) = ug(X,Y) + vi(X) @ 7(Y).
Consequently, our preliminary finding is articulated as:

Theorem 22/ An 7-Einstein C2 manifold is invariant under n-conformal deformation.

Continuing our analysis, through direct computations involving (15.1) and (15.61), we arrive at the following expression

(Lvy)(X,Y) =g(VxV.Y) +§(VyV, X)
= (Lvg)(X,Y)+ (1 —a®)(n(VxV)n(Y) +n(VyV)n(X)). (20.1)

By substituting expressions (15.1), (15.61), and (20.1) into the Ricci soliton equation (17.5), we obtain the subsequent
relation

(Lvd)(X,Y)+25(X,Y) = 20§(X,Y) = (Lvg)(X,Y) +25(X,Y) — 2)g(X,Y) (20.2)

fa-a) (2<divw X))+ n(Tx V() + n<vyv>n<x>).
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Case 01: Initially, we shall examine the vector field V = f£ to be pointwise colinear with £, where f represents a
smooth function on M

n(VxV) = X(f) + fn(Vx§) = X(f).

Substituting this expression into (20.2), the resulting equation is
(Evf]) (X,Y)+25(X,Y) —203(X,Y) = (ﬁvg) (X,Y)+25(X,Y) —209(X,Y)

. a2>(2<divw X)) + XIn(Y) + Y[f]n(X))-

If (g, V, A) constitutes a Ricci soliton, then (g, V, \) assumes the same role if and only if
2(divy + \n(X)n(Y) + X[fln(Y) + Y [fIn(X) =0 (20.3)
Setting X =Y = ¢ in (20.3), the ensuing expression is derived
£(f) = — A+ divy.

Consequently, our initial result manifests as:

Theorem 23| A Ricci soliton (g, f€, A) on a C1 manifold is invariant under n-conformal deformation if and only if
grad(f) = —(A + divyp)¢&.
Corollary 13| A Ricci soliton (g, f§, —divey)) on a C12 manifold is invariant under n-conformal deformation.
Case 02: In this scenario, we consider the vector field V' to be orthogonal to £. Consequently, we obtain the relationship

n(VxV) = fn(X),it V.= fi,

20.4
n(VxV) = 0,if not. ( )

n(VxV)=—-g(V,Vx§) = {

In the circumstance where V' is perpendicular to both & and v according to (20.2), the triplet (g, V, A) forms a Ricci
soliton if and only if
diviy + A =0 = A\ = —dive.

Conversely, if V' is pointwise colinear with 1, then
divpy + A+ f=0 = f=—(divip + \).
Hence, we articulate the ensuing results:

Theorem 24| A Ricci soliton (g, V, —divy)) on Cj2 manifold, where V is perpendicular to both £ and ¢ is invariant under 7-
conformal deformation.

Theorem 25/ A Ricci soliton (g, f1, A) on C12 manifold is invariant under n-conformal deformation if and only if f = —(dive)+\).

SUBSECTION 20.2
Under w-conformal deformation

In this transformation, our focus is exclusively on the 3-dimensional case. Analogous to the preceding analysis, through
a direct examination of the formula (15.72), we observe the following relationship

SOGY) = SOCY) + (1 BP)divdg(Vxd, ¥) = S(X,Y) + 5 (Lag) (X, V),
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where o = (1 — b?)divep. If (g, @b, ) constitutes a Ricci soliton on (M, g), it is evident that A = —b?dive), thus

1
S(X,Y) = S(X,Y) + +5(Lapg) (X, Y) = Ag(X,Y)
= —divypg(X,Y) — (1 — b*)divepw(X)w(Y).
This leads to the subsequent result:

Proposition 40| A Ricci soliton (g, at, —b?divep) on a Cpo manifold becomes w-Einstein under w-conformal deformation where
a = (1 —b?)divep and b is a constant.

Consider now an arbitrary vector field V' on M. Utilizing (6.27), (15.54) and (15.65), we obtain
(Lvg)(X,Y) = g(VxV,Y) + 3(VyV,X) =0b"(Lvg)(X,Y), (20.5)
Substituting (15.54), (15.75) and (20.5), we obtain

(Lvg)(X,Y)+25(X,Y) - 2)g(X,Y) = b*(Lvg)(X,Y) + 25(X,Y) (20.6)
+ (1 = b?)dive) (Leg) (X, Y) — 26*°Ag(X,Y) — 2A(1 — b*)w(X)w(Y)

Since

(/31/19) (Xa Y) = (‘ng) (X7 Y)7

one can rewrite equation (20.6) as follows
L1y7)(X,Y)+25(X,Y) -2)g(X,Y) = (Ly,9)(X,Y) +25(X,Y) — 20°\g(X,Y) — 2A(1 — b*)w(X)w(Y),
2 V1
where Vi = b2V — b2(diveyp). We state the following:

Theorem 26 A generalized Ricci soliton (g, V1, —b?)) on C}5 manifold:
Lv,g=—2c1V3 @ V3 + 225 + 2)g
where V; = b2V — b2(div))y, Vo = 4, ¢; = A(1 — b%) and c; = 1, becomes a Ricci soliton (g, b%Vl,)\) under

w-conformal deformation.

SUBSECTION 20.3
Ricci Soliton on ()3 Lorentz-Manifolds

In [6], significant results concerning Ricci solitons on 3-dimensional Cjo-manifolds are presented. Here, we extend
these findings, demonstrating their validity for manifolds of arbitrary odd dimension. In this section, we explore the
behavior of Ricci solitons and generalized Ricci solitons within the framework of Lorentzian Cho-manifolds. We begin
by introducing the fundamental concepts required for our analysis.

Let (M?2"*1 . €, m,g) be a Cia-manifold and (M?2"F1 o, £, n,g*) it’s associated Lorentz-Cio-manifold.

Proposition 41| Let (M?"*1 o & 1, g) be a Cio-manifold and consider (M?"+1 . & n,g*) the associated Lorentz-Cja-manifold
admitting (g,&, A) Ricci-soliton. The following holds:

o (M,g*) is Einstein.

o The scalar curvature is given by r* = (2n + 1)dive
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Since (g*, &, M) is a Ricci-soliton, then
Leg*(X,Y) +25(X,Y) — 2)g"(X,Y) = 0.

From (15.79), we have
V&= Vx{+n(X)y,
and in view of (11.16), we get V£ = 0. Then

L:gg*(X, Y) =0.

Knowing that

we obtain the desired result.
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For our first motivation, we consider the case where the potential field V' be point-wise co-linear with the vector field

&ie. V = f¢& where f is a function on M. We compute

(‘cf§§>(X7 Y) = g(?X(fELY) + Q(VY(ff),X)

= —=X(In(Y) =Y (f)n(X). (20.7)
Replacing (20.22), (15.87) and (15.77) in (17.5), we obtain
(Lreq)(X,Y) +25(X,Y) = 2)0§(X,Y) =Lyg(X,Y) + 2w(X)w(Y) + 25(X,Y)
—20g(X,Y) = X (f)n(Y) =Y (f)n(X)
+2(2X + 2divey) — [9[*)n(X)n(Y). (20.8)
(g, f€, ) is a Ricci-soliton if and only if
Lypg(X,Y) = = 20(X)w(Y) — 25(X,Y) + 2\g(X,Y)
+X(PnY) + Y (FinX) —2(2x + 2dive — [ ) n(X)n(Y). (20.9)
By setting Y = £ in (20.9), we obtain
X(f) =(2X+ 2dive) — £(f))n(X). (20.10)
Again replacing X by £ in (20.10), we get
§(f) =A + dive. (20.11)
Substituting this in (20.10), we have
X(f) =\ + divy)n(X), (20.12)
witch implies
df =(XA+divy)n. (20.13)
Substituting (20.12) in (20.9) , we obtain
Lpg(X,Y) =—2w(X)w(Y) = 2S(X,Y) + 2\g(X,Y) — 2(XA + dive) — [¢[*)n(X)n(Y). (20.14)

Thus, we state the following:
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Let (M?"*1 . & 1, g) be a Cip-manifold and consider (M?"+1 ¢ €. 0, g*) the associated Lorentz-C1z-manifold. If

(g%, f€,\) is a Ricci- soliton then g satisfies the generalized n-Ricci- soliton equation (17.8) with

V=¢, ca=1, cz=-1 where p=-2(A+divy — |w\2) €R and df = (A+divy)n.

In addition, if A = [¢|? — divy) € R, then g satisfies the generalized Ricci-soliton equation (17.6) with V =1, ¢; = 1,

ca = —1 where df = [1|?n .
Conversely, suppose that g satisfies the generalized n-Ricci-soliton equation (17.8) with V' = 1), that is

Lypg = —2c10 Q@ w + 225 + 2Ag + pun @,

where ¢y, co, A\, pp € R.
Using (15.87) and (15.77) taking into account L,¢(X,Y) = 2¢(Vx1,Y), (20.15) reduces to

2S(X.Y) == Ag(X.Y) + (ca(2dives — [9) — 22 = D)n(X)n(Y)
+ (1 +e2)9(Vx,Y) + (c1 + c2)w(X)w(Y),

i.e. g is n-Einstein if and only if
co=—-—1 and c¢; =1.

So, (20.16) becomes

S(XY) =AG(X.Y) + (23 + 2dive) — o + H)n(X)m(Y),
where 2X + 2divy) — [¢)|* + & € R. Further, setting X =Y = ¢ in (20.17), we obtain
B— X —dive + [P,

and (20.17) reduces to

S(X,Y) =X23(X,Y) — (A + divp)n(X)n(Y).

(20.15)

(20.16)

(20.17)

(20.18)

on the other hand, if g satisfies the generalized Ricci-soliton equation (17.6) with V' = 4, from (20.17) with p = 0 we

get
S(X,Y) =X3(X,Y) + (2X + 2divey — ) n(X)n(Y),
where 2\ + 2dive) — |12 € R. Again, setting X =Y = ¢ in (20.19), we obtain
A= 9] = divep,
and (20.19) reduces to
SXY) =([¢* = div)g(X, Y) + [0 Pn(X)n(Y),

Therefore, we have the following;:

(20.19)

(20.20)
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Theorem 28| Let (M, ¢,&,7,g) be a Cio-manifold with divy) € R and consider (M, ¢, £, 7, §) the associated Lorentz-C1o-manifold.
o If g satisfies the generalized 7n-Ricci-soliton equation (17.8) with

V=y, a=1 a=-1 £=-x—divyp+y®

then, (M, g*) is n-Einstein manifold. In addition, if A = —dive), then (M, g*) is Einstein manifold.
o If g satisfies the generalized Ricci-soliton equation (17.6) with
V=4v¢, ca=1, ca=-1, and I=|p|* —divy

then, (M, ¢g*) is n-Einstein manifold.
For our second motivation, we consider the case where the potential field V' be orthogonal to Reeb vector field &:

Theorem 29| Let (M, ¢,&,n,g) be a Cio-manifold and (M, ¢, &, n, ¢g*) the associated Lorentz Cja-manifold and V' a vector field
on M orthogonal to €.
If (¢*,V, ) is a Ricci-soliton then g satisfies the generalized 7-Ricci bi-soliton equation (17.9) with

‘/1 :V+¢’ ‘/2:,(/}7 1= 1) 62:_17 and n= |,(/)|2
Proor | Let V be orthogonal to £ that is n(V)) = 0, it provides

n(VxV) =g(VxV,§)
=—g9(V,Vx§)
— (X )w (V). (20.21)

So, using (15.79) and (15.77), one can get

Lvg*(X,Y)=¢"(VxV.Y) +g"(VyV, X)
=Ly g(X,Y) — 4w(V)n(X)n(Y). (20.22)

Then, from (20.22), (15.87) and (15.77) we obtain

Lvg*(X,Y) 425" (X,Y) = 2\g"(X,Y) =Ly g(X,Y) + 25(X,Y) — 2Ag(X,Y)
F2w(X)w(Y) +29(Vx,Y)
+2(2X + 2dive) — 2w (V) — [¢*)n(X)n(Y). (20.23)

Suppose that Ly ¢*(X,Y) +25*(X,Y) — 2Ag*(X,Y) = 0. Setting X =Y = £ we get
A = w(V) — dive. (20.24)
Knowing that L49(X,Y) =2¢(Vx,Y), the equation (20.23) becomes

Lv1)g(X,Y) == 20w(X)w(Y) = 25(X,Y) +2)Ag(X,Y) + 214> n(X)n(Y). (20.25)

This completes the proof. O

Now, suppose that (g, V, A) be a Ricci soliton, that is £-g+ 2S5 — 2Ag = 0 with V orthogonal to £. Setting X =Y =¢
we obtain

A= w(V) = dive. (20.26)
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Using (20.22), (15.87), (15.77) and (20.26), one can get
Lo g (X,Y) =20(X)w(Y) = 28°(X, Y) + 209" (X, ¥) + 2J2n(X)n(¥). (20.27)
Therefore, we have the following theorem:

Theorem 30| Let (M, p,£,7,9) be a Cio-manifold and (M, ¢, &, n,g*) the associated Lorentz-Cjs-manifold and V' a vector field
on M orthogonal to &.
If (g, V, A) is a Ricci soliton then g* satisfies the generalized n-Ricci bi-soliton equation (17.9) with

Vi=V—-vy, Vo=, cg=-1, =1, and ,u:|1/1|2.
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