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Abstract. In this paper, we discuss various consequences of Hahn-Banach theorem
for bounded b-linear functional in linear m-normed space and describe the notion of
reflexivity of linear n-normed space with respect to bounded b-linear functional. The
concepts of strong convergence and weak convergence of a sequence of vectors with
respect to bounded b-linear functionals in linear n-normed space have been introduced
and some of their properties are being discussed.

Keywords: Hahn-Banach theorem, reflexivity of normed linear space, weak and strong
convergence, linear n-normed space, n-Banach space.

1. Introduction

The dual space of a normed linear space is the set of all bounded linear functionals
on the space.In some cases, the dual of the dual space, i.e., second dual space of
a normed space, under a specific mapping-called the natural embedding, is isomet-
rically isomorphic to the original space. Such normed spaces are known as reflexive
spaces. This concept was introduced by H. Hahn in 1927 and called reflexivity by
E.R Lorch in 1939. Hahn recognized the importance of reflexivity in his study of
linear equations in normed spaces. Weak convergence of sequence of vectors in a
normed space is a certain kind of interplay between a normed space and its dual
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184 P. Ghosh and T. K. Samanta

space. This concept demonstrates a fundamental principle of functional analysis
which in turn states that the investigation of normed spaces is generally linked with
that of their dual spaces. Weak convergence has various applications in the calculus
of variations, general theory of differential equations and in fact, plays an important
role in many problems of analysis.

The notion of linear 2-normed space was introduced by S. Gahler [2]. A survey
of the theory of linear 2-normed space can be found in [1]. The concept of 2-Banach
space is briefly discussed in [8]. H. Gunawan and Mashadi [5] developed the gener-
alization of a linear 2-normed space for n > 2.P. Ghosh and T. K. Samanta [3]
developed Uniform Boundedness Principile and Hahn-Banach theorem for bounded
b-linear functionals in linear n-normed space. They also studied slow convergence of
sequences of b-linear functionals in linear n-normed space [4].

In this paper,some important consequences of the Hahn-Banach theorem for
bounded b-linear functionals in case of linear n-normed spaces are discussed. We
shall introduce the notion of b-relexivity of linear n-normed space and see that
a closed subspce of a b-reflexive n-Banach space is also b-reflexive. Finally, b-weak
convergence and b-strong convergence of a sequence of vectors in a linear n-normed
space in terms of bounded b-linear functionals are introduced and characterized.

2. Preliminaries

Theorem 2.1. [6] Let {1}, } be a sequence of bounded linear operators Ty, : Y —
Z from a Banach space Y into a normed space Z such that {||Tx(x)|} is
bounded for every x € Y. Then the sequence of the norms {|| Ty ||} is bounded.

Definition 2.1. [5] Let X be a linear space over the field K, where K is the real
or complex numbers field with dim X > n, where n is a positive integer. A real

valued function ||, ---, -]] : X™ — R is called an n-norm on X if

(N1) ||21, 2, -+, zn | = 0 if and only if x4, ---, 2, are linearly dependent,
(N2) ||x1, ©2, -+, T, | is invariant under permutations of x1, o, -+, T,

(N3) laxq, xa, -y zn| = || |z1, z2, -, 20| V a €K

(N4) flz 4y, zo, s zn |l < oz, s zn |l 4+ ly, 22, -, 24

hold for all z, y, 1, 9, -+, x,, € X.The pair (X, |-, ---, -||) is then called a
linear n-normed space. For particular value n = 2, the space X is said to be a

linear 2-normed space [2].

Throughout this paper, X will denote linear n-normed space over the field K
(R or C) associated with the n-norm |-, ---, - |.
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Definition 2.2. [5] A sequence {z;} C X issaid to converge to x € X if

klir& |zx — x, €9, -+, en| =0
for every es, ---, e, € X and it is called a Cauchy sequence if
l’lkigoo lz; — xk, €0, -+, en] =0
for every eo, -+, e, € X.The space X is said to be complete or n-Banach space

if every Cauchy sequence in this space is convergent in X.2-Banach space [§8] is a
particular case of n-Banach space for n = 2.

Definition 2.3. [7] We define the following open and closed ball in X:
Bie, eny(a,0) ={rvec X |z —-aes- -, e,|| <0} and
B{SQ,“'qen}[a’76] = {.’L‘ € X: ”‘T — a, €2, "';enH < 5}7

where a, eq, -+, e, € X and § be a positive number.

Definition 2.4. [7] A subset G of X is said to be open in X if for all a € G,
there exist es, --+, e, € X and ¢ > 0 such that By, ...,}(a,d) C G.

Definition 2.5. [7] Let A C X.Then the closure of A is defined as
A= {m€X|3{xk} €A withklim wk:x}.
— 00

The set A is said to be closed if A = A.

Definition 2.6. [3] Let W be a subspace of X and b, bs, ---, b, be fixed
elements in X and (b;) denote the subspaces of X generated by b;, for i =
2,3,---,n.Thenamap T : W x (ba) x .-+ x (b,) — K is called a b-linear
functional on W x (bg) x .-+ x (b, ), if for every z,y € W and k € K, the
following conditions hold:

(I) T(I+y’b25’b’ﬂ) = T(l‘,bQ,,bn) +T(y7b2a7bn)
(IT) T(kx, by, -+, b)) = kT (x,ba, -, bp).

A b-linear functional is said to be bounded if there exists a real number M > 0
such that

|T (2, bg, -+, b)) < M|z by, -+, b, Ve W
The norm of the bounded b-linear functional T is defined by
|T|| =inf{M >0:|T(x,ba, -, bn)| < M|z bg-,b,|| Ve € W}.

The norm of T' can be expressed by any one of the following equivalent formula:
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(I) HTH SuP{lT(vaQ""vbn)l : Hva?a""an

IN

11,

sup {|T (x, ba, -+, by)| : ||z, b2, -+, bn] =1}

(1) (1T ||

T (z,bo, -, bn
(11D 1T = sup { L5E5tesbedl o, by, b | £ 0

Also, we have

|T($ab27"'abn)| < HT” ||$,52,~--,an VzeW

Let X denote the Banach space of all bounded b-linear functional defined on
X x (bg) x -+ x (b, ) with respect to the above norm.

Definition 2.7. [3] A set A of bounded b-linear functionals defined on X x
(ba) x -+ x (b, ) is said to be pointwise bounded if for each x € X, the set
{T(x,bg,-+-,b,): T € A} is a bounded set in K and uniformly bounded if
there exists K > Osuch that ||T] < K VT € A

Theorem 2.2. [3] Let X be a n-Banach space over the field K.If a set A of
bounded b-linear functionals on X x (ba) X --+ X (b, ) is pointwise bounded, then
it is uniformly bounded.

Theorem 2.3. [3] Let X be a linear n-normed space over the field R and W
be a subspace of X. Then each bounded b-linear functional Tyw defined on W X
(ba) X +-+x (b, ) can be extended onto X X (bg) X --+ X (b, ) with preservation

of the norm. In other words, there exists a bounded b-linear functional T defined
on X x (ba) x -+ x (by) such that

T(Z‘,bQ, sy bn) = Tw(l‘, bo, -+, bn) Ve e W
and || Tw || = | T
Theorem 2.4. [3] Let X be a linear n-normed space over the field R and z be

an arbitrary non-zero element in X . Then there exists a bounded b-linear functional
T defined on X x (ba) X «-+ X {by) such that

||T|| =1 and T(CI?O7 bg, HRIRN bn) = H.’l?o, b27 ey bn”
Theorem 2.5. [3] Let X be a linear n-normed space over the field R and z €
X. Then

|T(.’E,b2, abn)|
1T

|m,b2’...’bn||:sup{ :TeX},T;«éO}.
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3. Consequences of Hahn-Banach theorem in linear n-normed space

In this section, we shall consider some immediate corollaries and important con-
sequences of the Hahn-Banach extension theorem for bounded b-linear functional
[3] in case of linear n-normed space.

Theorem 3.1. Let X be a linear n-normed space over the field R and let x,y
be two distinct points of X such that the set {x, ba, -+, bp} or {y, ba, -+, b, }
are linearly independent. Then there exists T € X7 such that

T(J},bg,"',bn) # T(y7b27 abn)

Proof. Consider, z = x — y.Then 6§ # z € X and therefore by Theorem 2.4,
there exists 1" € X such that

T(z7b27 7bn) = Hzab27"'>bn||
and || T']| = 1. Thus

T(m_yab277bn):||x_y7b277bn||7é0
= T(z,bgy, -+, b,) —T(y,bo,---,b,) #0
= T(l'van 7bn) 7£ T(yab27 7bn)

Corollary 3.1. If X # {0} is a linear n-normed space, then there are always
non-trivial bounded b-linear functionals on X X (bg) X -+ X (b,), i.e., X #
{0} = Xt # {0}, O being a null operator.

Proof. This is an immediate consequence of Theorem 2.4. [

Corollary 3.2. Let X be a linear n-normed space. Then for all T € X,
T(z,bgy -+, bp) =0 =z =0.

Proof. If possible let = # 6.Then by Corollary 3.1, there exists 7" € X such
that T (x, ba, --+, by, ) # 0.This is a contradiction to the given hypothesis. Hence
the results follows. [

We now proceed to present another implication of the Hahn-Banach theorem for
bounded b-linear functional and establish that there are always sufficient bounded
b-linear functionals on a linear n-normed space which separate points from proper
subspaces.

Theorem 3.2. Let X be a linear n-normed space over the field R and W be a

subspace of X and let xog € X such that xq, bo, ---, b, are linearly independent

and suppose d = inIf/V lzo — z, ba, -+, by || > 0. Then there exists T € X}
S

such that
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(I) T (I‘O, b2) Ty b’n) = 1;

(II) T (z,bg, -+, bp) =0 Yo €W and ||T| = %.
Proof. Let Wy = W + (x¢) be the space spannded by W and xg.Since d > 0,
we have xog € W. Therefore, each x € Wy can be expressed uniquely in the form
=y + axg, y € W and a € R. We define a functional as follows:

T1 : WO X <b2> X X <bn> — R, T1 (y + Oél’o,bQ, ,bn) = .

Then clearly T is a b-linear functional on Wy X (ba) x -+ x (b, ) satisfying

Ty (z,bo, -, by) =0 Yz €W and Ty (0, b, -+, b,) = 1.

Also, for each & € Wy, we have

[Ty (@, b, -, bn) | = [T1 (y + axo, by, -+, ba)| = [af

_ |a|||x7b27"'7bn||: |O‘|||x’b2""7bn||

[z, b2, -, bnl ly + axzo, bay -+, by ||
|O‘|||x762""7bn”

lal[[& + 2o, ba - b

_ ”va?v"'?bn”

o = (=) bas e ba|

< HLbQ’;i“’an [since —EGW].

This shows that T4 is a bounded b-linear functional with || 77| < %.To prove
| T1| = 4. we consider a sequence {z}, z) € W such that

lim ||$()—£L'k,b27~--,bn||:d.
k — oo
Now,
1 == |Tl ($07bg,"',bn)—T1 (xkab27"'7bn)|
= [Ty (2o — Tk, b2, -+, bn)]
< ||T1|| on_xkvb27"'7bn||~
< ||T1|| lim ||1'0*-Tk,b27""bn||
k — oo
1

Il = T2 2 .

Thus, we have established that there exists a bounded b-linear functional 71 on
Wy X (ba) x -+ X (by) such that

1
T, (x,b2,~--,bn) =0 Va:eVV, T, (xo,bz,”',bn) =1 and ||T1|| = g
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Applying the Theorem 2.3, we obtain a b-linear functional T" € X such that
1
T (x,bg, -+, bp) =T1 (2,ba, -+, bp) Yz € Wy and | T|| = || T1] = 7

So,
T (x,by,--+,by) =Ty (z,b0,--+,b,) =0 Vo e W and

T(I07b2)"'abn) = Tl (x07b27"')bn) = 1.

Hence, the proof of the theorem is complete. []

Remark 3.1. Theorem 3.2 is a generalization of Theorem 2.4 and its derivation is as
follows:
Consider W = {0} and d = ||zo, b2, ---, by ||, then by Theorem 3.2, there exists
a bounded b-linear functional Ty € Xz such that
1 1

Tol| = = = d T ba, -, bn) = 1.
H OH d |‘$07bz,"',bn” an 0(1:07 2, ) )

Now, for all x € X, we define

T(J“7b27“'7bn) = onvb27'“7bn“ To(x7b27“'ab’ﬂ)’

Then
T(.’Eo,b27”~,bn) = Hl}(),bg,"',bnu T()(.’E(),bz,’*’,bn)
= on»b27"'7bn‘|'
Also,
‘T(vaQ,"'7bn)| }
T = su 2@, ba, o, by 0
I p{ lete bl s a0, 2

$07bz,---,bn To x,b2,~~-7bn
= sup{‘H e bgH(b i )‘:H:mbg,...,an;éO}
To :L',b2,~~~,bn
= |lzo, b2, -, bl sup{l Hx( by, -+, b ||)‘ s, ba, oo, ba| #0}
= llwo, b2, -+, bull [[To]l = 1.

Corollary 3.3. Let X be a linear n-normed space over the field R and W be a
subspace of X and let xog € X such that xq, bo, ---, b, are linearly independent
and suppose d = in£v lzo — x, ba, -+, by | > 0. Then

x €

(I) T(I‘O, b23 Ty bTL) = d7

(IT) T (z,be, -+, b,) =0 Yz e W and ||T| =1, for some T € Xp.
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Proof. By Theorem 3.2, there exists 71 € X such that
T1 (l’o,bg, 7bn) = 1, T1 (.T, b27 ,bn) =0 VzeW

and || T4 || = %.Define the bounded b-linear functional 7' on X X (ba) x -+ x
(bn) by T = dT;.Then

T(m07b27"'abn) :dTl(anb27"'7bn):d7
T (2, ba, -, bn) = dT: (2, bay - bn) =0 Yo eW

with || T|| = d||T1] = ¢ = 1.This completes the proof. [

Corollary 3.4. Let X be a linear n-normed space over the field R and W be

a closed linear subspace of X and let g € X — W such that xq, ba, -+, b,

are linearly independent and suppose d = inIf/V lzo — x, ba, -+, by ||. Then there
S

exvists T € X such that
(I) T(Jfo,bg, abn) = 1;

(II) T (2, by, -+, bn) =0 Yo € W and ||T| = 3.

Proof. It can be easily verified that in%f/v lzo — x, ba, -+, by| = 0 if and only
S

if 2o € W.But W = W and it follows that ¢ ¢ W.Hence

d= inf |[zg — x, ba,---, by > 0.
zeW

Now, the proof of this corollary follows from Theorem 3.2. [J

Corollary 3.5. Let X be a linear n-normed space over the field R and W be a
closed linear subspace of X andlet o € X — W such that xq, bo, -+, b, are
linearly independent. Then there exists T € X such that

T (xg,ba, -+, bn) #0 and T (z,ba, -+, b,) =0 Vo € W
Proof. Proof of this corollary directly follows from that of the corollary 3.4. O

The Hahn-Banach Theorem for bounded b-linear functional and its consequences
can be used to revel much among the properties of linear n-normed space and its
dual space. Next theorem relates separability of the dual space to the separability
of its original space.

Theorem 3.3. Let X be a linear n-normed space over the field R and Xj be
the Banach space of all bounded b-linear functionals defined on X X (bg) X -+ X
(by ). Then the space X is separable if X is separable.
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Proof. Since X is separable, there exists a countableset S = {1}, € X : k € N}
such that S is dense in X, i.e., S = Xp.For each £ € N, choose z;, € X
such that ||z, bo, -+, by | = 1 and |Ty (2g, ba, -, bn )| > 3 || T ||. Let W
be the closed subspace of X generated by the sequence {xy },:il, ie, W =
Span {x, € X : k € N}.Suppose W # X.Let x¢g € X — W such that z¢, ba,
-+, by, are linearly independent. By Corollary 3.5, there exists 0 # T" € X such
that

T (zo,ba, -+, b)) #0 and T (2z,bg,---,b,) =0 V€W

Since
{mk}k(:)ozlgwa T(‘rk)b277bn):0,k€N
Thus,
1
5 1Tl = [ Tk(@r b2, -, bn )|
= |Tk($k,b2,"',bn)—T(Jfk,bg,"',bn)‘
< Tk =T |k, b2y -+, bl

| T — T| [ since || xk, b, -+, bn || =1].

Again, since S = Xz, for each T € X}, there exists a sequence {7} } in S such
that klim Ty = T.Therefore,
c — 00

1T < T =TI+ I Tell <3 [Tk =T Vk €N

Taking limit on both sides as k& — oo, it follows that T = 0, which contradicts
the assumption that W # X.Hence, W = X and thus X is separable. O

4. Reflexivity of linear n-normed space

Recall that given a linear n-normed space X # {0}, the dual space X/ is a
normed space with respect to the norm || - || : X7 — R defined by

ITN = sup {|T (x, bo, -+, bn)| : @ € X, [[2, b2, -+, bu || = 1}

Furthermore, X is a Banach space. Also, by Corollary 3.1, X} # {O} and,
therefore, as a normed space X7 has its own dual space (X )", denoted by Xj*
and is called the second dual space of X, which is again a Banach space under the

norm
[ell = s {le(T)] : T € Xg, [T <1}, 0 € X7

Theorem 4.1. Let X be a real linear n-normed space. Given x € X, let

Then (. r) is a bounded linear functional on Xp. Furthermore, the mapping
(2,02, -+, bn) — Yz ) 15 an isometric isomorphism of X x (ba) X --+ X
(bn) onto the subspace { (4 r) : (x,b2, -+, bn) € X x (bg) X+ X (byp)}
of Xp*.
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Proof. Let a, B € R.Then, for all Ty, Ty € X, we have
O(a,r) (aT1 + BT2) = (aTy + BT2) (x,ba, -+, by)
= aTl(xab27"'7bn)+/8T2(z7b27"'7bn)
= @, r)(T1) + BPa,r)(T2).
S0, ¢(x, F) is linear functional. Also, for all T" € X, we have
“P(m,F)(T)‘ = |T(.7;‘,b2, "'7bn)| < ||$7b27 "'7bn|| HTH

Consequently, ¢, py € Xp* with H O(a, F) H < ||z, ba, -+, by ||. Moreover,
such ¢, p) is unique.So, for every fixed z € X there corresponds a unique
bounded linear functional ¢, gy € Xp* given by (4.1). This defines a function
J 1 X x (ba) x--- x (byp) = Xp* given by J (@, b2, -+, bn) = @y 7). We
now verify that J is an isomorphism between X x (by) X --- X (b, ) and the
range of J, which is a subspace of Xj*.

(I) Let z,y € X and o, f € R.Then for all T € X}, we have

[‘](alﬁ + By, b, ’bn)] (T) = @(aaerﬂy,F)(T)
= T(ax+ By, ba, -+, by)
= aT (z, by, -, b,)+ BT (y,ba, -, byn)
= @@ (T)+ By rm (T) = (apr)y+ Beur) (T)
= [ad (z,ba -, bn) + BJ (y, b, -, 00)] (T).
= J(az+ By, ba, -+, bn)=al(z, b2, -+, bn) +BI(y, b2, -+, by).

This shows that J is a b-linear operator.

(IT) J preserves the norm:
For each (z, bg, -+, b,) € X X (ba) x--- x (b, ), we have

1T (@, b2, 0n) | = [ e(ar) ||
= sup{W)(T)’:TeX;,T#O}
1Tl
- sup{|T($’b|2£F'||'"b”)| :TGX;,T#O}
(4.2) = ||z, ba, -+, byl [ by Theorem 2.5].

(III) J is injective:
Let z,y € X with @ # y such that {x, bo, -+, b, } or {y, ba, -+, by}
are linearly independent. Then by (4.2), we get

||J? _yvan""an 7& 0

= ||J(.’I}—y,b2,,bn)H7éO
= |[J(x,ba,--,bn)—J(y,ba, -, bpy)|| #0
= J(xaan"'abn)#J(yab27"'7bn)~
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We thus conclude that J is an isomeric isomorphism of X X {bg) x+-- X {by,)
onto the subspace of X *. This completes the proof.

O

Definition 4.1. Let X be a linear n-normed space over the field R. The isometric
isomorphism J : X x (ba) x -+ x (b, ) — XjA* defined by

J (2,02, -, bn) = Qor) Vo € X and ¢, r) € Xp°

is called the b-natural embedding or the b-canonical mapping of X x (bg) x -+ X
(by ) into the second dual space X j*.

Definition 4.2. A linear n-normed space X is said to be b-reflexive if the b-
natural embedding J, maps the space X x (ba) X --- x (b, ) onto its second
dual space Xj* i.e, J (X X (ba) X+ X (b)) = Xj5*.

Theorem 4.2. Let {xy },-, be a sequence in a linear n-normed space X . Suppose

sup |T (g, ba, -+, by)| < oo VT € Xp. Then
1<k<o0

sup || zg, ba, -+, by || < o0
1<k<o0

Proof. Consider the b-natural embedding
(z,b2, -, bn) = Qa,r), (2,02,---,bp) € X X (ba) X--- X (by).

. . . oo .
Since {xk }150:1 is a sequence of vectors in X, {cp(xkyp) }kzl is a sequence of
bounded linear functionals in X5 *. Also,

| 0o, 7y (T)| = |T(@p, ba, -+, bn)| < sup | T (@i, ba, -+, bn) |-
1<k<o0

Therefore, { O(an, 7y (T) }koi , is bounded for each T" € Xj. Applying the Prin-
ciple of Uniform Boundedness ( Theorem 2.1), to the family {@(zk’p) }koil’ we
conclude that {H P(ap, F) H }1:.;1 is bounded and hence by (4.2), the sequence
{lzk, b2, =+, byl }o is bounded. This proves the theorem. [J

Theorem 4.3. A closed subspace of a b-reflexive n-Banach space is b-reflexive.

Proof. Let X be a b-reflexive n-Banach space and Y be a closed subspace of
X.Let T : Xz — Yz be an operator defined by

(Tf)(y7b2a7bn) = f(y7b27"'ab7l) vy € }/’ f € XF*v

where Y7 denotes the Banach space of all bounded b-linear functionals defined on
Y X (bgy) x--+ X (by).Then for f € Xz,

|f(y7b25"'ab7l)|
Hy7b27"'7an

||Tf|=sup{ :|y,bg,---,bn¢o}=|f||.
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Let Jy be the b-natural embedding of ¥ x (bg) x--- x (b, ) into Y7 *. That is,
Jy (y, b2a R bn) = ¢(y,F) Vy €Y, w(y,F) € Yl;‘k* Deﬁne

Ty : Yg* — Xp* by (T1¢(y’p)) (f) = w(%F)(Tf), f € Xp. We now
verify that T ¢(y,F) c Xp™.

(I)  Tiy, )y is linear functional:
Let o, f € R.Then for every f, g € X and y € Y, we have

(le(y’F)) (af—i_ﬁg) (yaan"'7bn)

= Yy, [T (af +B9)] (y,ba, -+, bn)

= Yy ryaT (f(y,ba,,bn)) + BT (g(y, b2, ,bn))]
= Py, ) (Tf)(y, b2, -, bn) + 6%y, ) (Tg) (y, b2, -+, bn)
= [avy, 7)) (Tf)+BUy,r)(Tg)] (y,ba, -+, by)

= [a (Tidy,r) (f)+ B (T, ry) (9)] (y, b2, -, by).
= (T, r) (af+Bg)=a(Tidy, r) (f)+B8 (T, ) (g)

(II) Tity, ) is bounded:
Since 1, ) preserves the norm,

(Tydey.m)) (D= Y. my (TH = 1T FI =[£Il

So, T19¢,, ry € Xp* and hence Ty is well-defined. Since X is b-reflexive, the
b-natural embedding Jx : X X (b2) x--- X (b, ) — Xp* defined by

Ix (x,bo, -+, bn) = Oa,F)> Pla,r) € Xp©

is such that Jx (X x (ba) x--- x (b)) = Xg*. Therefore, T1¢(, ) € Xp*
implies that J ' (T1 9y ry) € X x (ba) x--+ x (b, ). Write (z, by, -+, by, ) =

J)gl (le(yj)) so that Jx (z, b2, ---,b,) = T1¢(, ). We need to prove
that = € Y.Let, if possible, x € X — Y such that z, bo, ---, b, are linearly
independent. Then by Corollary 3.5, there exists a bounded b-linear functional
f € Xp such that f (z,bo,---,b,) # 0 and f (y, b2, --,b,) = 0 for
all y € Y.Consequently, T'f = 0 and as such ¢, p) (7T f) = 0.This leads
to ¢z, 7)(f) = 0 and hence f (x,ba,---,b,) = 0, which is a contradic-
tion. Thus, we conclude that (x, ba, -+, b, ) = ng (le(yF)) €Y x(bsg) X

- % (by ). This verifies that Jy ' (T1 (Yg*)) C Y x (ba) x-+- x (by).Now,
let ¥ € Y2*.Set (zg,ba, - ,b,) = Jg ' (T1¢) sothat (g, b, -, b,) €

Y x (bg) x---x(by).Let g € Y. Then there exists a b-linear functional f € X}
such that

f(yaan"'abn) = g(y7b27"'7bn) vy €Y and g :Tf
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Therefore,
v(g) = (Tf)=(T1¢)(f)=[Ix (o, b2, -+, ba)] (f)
= Pao,r)(f)=F (20, b2, -+, bn) = g (20,b2, -+, bn).
This proves that Jy (29, ba, -+, bn) = (s, ) and hence
Jy (Y x (ba) x -+ x (bp)) = V™.

This proves that Y is b-reflexive. [

5. b-weak convergence and b-strong convergence in linear n-normed
space

In this section, we shall introduce b-weak convergence and b-strong convergence
relative to bounded b-linear functionals in linear n-normed space and establish that
these two types of convergence are equivalent in case of finite dimensional linear n-
normed space.

Definition 5.1. A sequence {xj} in a linear n-normed space X is said to be
b-weakly convergent if there exists an element € X such that for every T' € X,

lim T(xk,bQ,---,bn) = T(l‘,bg,"',bn).

k — oo

The vector z is called the b-weak limit of the sequence {z } and we say that {z }

converges b-weakly to x.Note that, for each T' € X7, {T (xg, b2, -+, by )} is
a sequence of scalars in K. Therefore, b-weak convergence means convergence of the
sequence of scalars {T'(zy, ba, -+, by )} forevery T € X}

Theorem 5.1. Let {x} be b-weakly convergent sequence in X. Then
(1) the b-weak limit of {xk} is unique.

(II) {||xk, ba, -, bnll} is bounded sequence in K.

Proof. (I) Suppose that {x } converges b-weakly to x as well as to y. Then for
all T € Xz, we get

T(xab27"'abn) = kli)mooT(xkaanabn)
= T(yvan"'vbn)‘

This shows that

T(x7b27"'7bn) _T(yaan"'ab’n) =0 VTGX;'
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Hence, by Corollary 3.2, x = y.

Proof of (II) Since {z} converges b-weakly to z, we have

klim T(xp,ba, -, by) =T(x, by, - ,b,) VT € Xj.
— o0
Therefore, for each T' € X, {T (xy, ba, -+, b, )} is a convergent sequence in
K and so the sequence {T (zy,ba, -+, b,)} is bounded. Consequently, there
exists a constant Kr (depending on T) such that |T (xg,ba, -, b,)| <
Kr Yk € N Let (z,ba,---,bn) — @z, r) be the b-natural embedding
of X x (ba) x--+ x (by) into Xj* Then for each k € N, by (4.2), we have
||90(mk,F)|| = ka7b25“'abn||

and

|§0(wk,F)(T)| = |T(1‘k,b2, ,bn)| < Kp VkeN

Thus, {gp(xk7p) (T)} is bounded for each T' € X.But the space Xj be-
ing a Banach space, by the Principle of Uniform Boundedness (Theorem 2.1),
it follows that {||¢(z,,#)|l} is bounded and hence { || @k, ba, -+, by ||}, is
bounded. [

Theorem 5.2. Let {xy} and {yx} be two sequences in a linear n-normed space
X.If {xr} and {yr} converges b-weakly to x and vy, respectively then for any
scalar o and B, {axy, + Byr} converges b-weakly to ax + By.

Proof. Since {x } and {yj} converges b-weakly to z and y, we have

Jim T (2, bay o ba) = Ta,bay oo by) and
— 00
khm T(yk7b277bn):T(yab27abn) vIZWGAXFF*
— 00
Now, for all T" € X, we have
lim T(axk+5yk>b27"'7bn)
k — oo
= klim [T(axkab27"',bn)+T(5yk,b27"',bn)}
= lim aT(xk,ba, -, b,)+ lim BT (yr,ba, - ,byn)
k — oo k — oo
= aT(w,b2,~~7bn)+5T(y,b2,~-~,bn)
= T(ax+ By,ba, - ,by).

This shows that {az, + Byr } converges b-weakly to ax + fy. O

Theorem 5.3. A sequence {x} in X converges b-weakly to x € X if and only

if

(1) the sequence { ||z, ba, -+, bnll} is bounded and
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(I1) klim T(xg,ba, - ,by) =T (x,ba,--,by) VT € M, where M is
— oo

fundamental or total subset of X .

Proof. In the case of b-weak convergence, (I) follows from the Theorem 5.1 and
since M C X, (II) follows from the definition of b-weak convergence of {x }.

Conversely, suppose that (I) and (IT) hold.By (I), there exists a constant L
such that

lzg,ba, -, bp|| < LVkeN and ||z,bs, - ,by] < L.

Since span M = X, for each T € X}, there exists a sequence {1, } in span M
such that lim T, = T.Hence, for any given ¢ > 0, there exists T',, € span M

m — o0
such that [T, — T'|| < 3%.Furthermore, by the hypothesis (I1), there exists
K € N such that

| T (25, bay bn) — T (2, b, -, by)] <§ Vom > K.
Now, for m > K, we have

|T($k7b27"'ab’n)_T($7b27"'>bn)‘
< |T(zk, b2, bn) = T (zk, b2, o, 0p)| +
+ |Tm(xkab27"'abn)_Tm(z7b27"'7bn)|
+ |Tm(x;b27"'abn)_T(x7b27"'7bn)|

€

< NTm = Tlllr, bzs oo ball + 5 + [1Tm = T2, b2, -, ball
< i _~_E+i L_E+E+E_€

3L 3 3L 3 3 3

klim T(xzg, b2, ybn) =T (x, by, ,bn) VT € Xp.

— o0

Hence, {z } converges b-weakly to z € X. O

Definition 5.2. A sequence {zj} in X is said to be b-strongly convergent if
there exists a vector © € X such that klim lzp —x,ba, -, bn|| = 0.The
—00

vector x is called b-strong limit and we say that {xx } converges b-strongly to x.

Theorem 5.4. If a sequence {x } in X converges b-strongly to x, then {xy }
converges b-weakly to x in X.

Proof. Suppose {x } converges b-strongly to x. Then for every T € X, we have

|T(xk,ba, -, bn) —T(x,ba, -, byn)|
= |T(‘Tk 71‘762""7bn)|g ”THHIIC 7:E,b2,~~~,an
— 0 as k — oo [since {xy} converges b-strongly to x ]
= dim T(wx by, by) = T(@,ba, o by) VT € Xf,

Hence, {z } converges b-weakly to z in X. [
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Theorem 5.5. In a finite dimensional linear n-normed space, b-weak convergence
implies b-strong convergence.

Proof. Let X be a linear n-normed space with dim X = d > n.Then there exists
a basis {e1,eq, -+, eq} for X.Let {2k} be asequence in X such that {zy}
converges b-weakly to x.Now, we can write

Tp = apie1 +agzez+ - +agaeq, (k=1,2,-),
T = ai1€e1 +ageg + - +aqeq,
where ay 1,ar,2, -+, ak,4, 01,02, ---,aq € R.Consider the b-linear func-
tionals {T1, T2, ---,Tq} in Xz such that T;(e;, ba,---,b,) =1if i =j
and T;(e;,ba, -+, by) =0if i # 4, 1 <4, j < d.Now, for 1 < i < d, we
have
Ti(zg,ba, v bn) = Ty Zak,j€j7b27"'abn
j=1
= Zak] €]7b a"'vbn):ak,’i
j=1
and similarly, T; (2, ba, -+, by ) = a4, (1 < i < d).Since
khm T(zg,ba, - ,by) =T(x,ba, -, b,) VT € X7,
— o0

in particular, we have

khm Tz('rk?b277bn):TZ(z7b277bn)7(1§7f§d)
— 00
Thus,
(5.1) lim ar ; =a;, (1 <i<d).
k— oo
Therefore,
d
||xk_l',b2,"'7bn|| = Z akz_ €i7b23”'7bn
d
< Y laki —aillei ba, oo by
— 0as k — oo [by (5.1)]
= lim ||zx —x,b2, -, b, =0
k — oo

and hence {z } converges b-strongly to = in X. O
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1. Introduction

Much progress has been done in recent years in the study of soliton solutions
of the Ricci flow, the mean curvature flow and the Yamabe flow. Soliton solutions
correspond to self-similar solutions of the corresponding flow. The Yamabe flow,

(1) Doty = ~r(1)g(1),
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where R(t) is the scalar curvature of the metric g(t), was introduced by Hamilton
[14], as an approach to solve the Yamabe problem. In dimension n(= 2), the Yamabe
flow is equivalent to the Ricci flow. However, in dimension n > 2 the Yamabe and
Ricci flows do not agree, since the first one preserves the conformal class of the
metric while the Ricci flow does not in general.

A Yamabe soliton on a Riemannian manifold (M, g) of dimension n is a special
solution of the Yamabe flow. A triplet structure (g, x, A) satisfies

(12) S Eg(X,Y) = (6= Ng(X, )

for all X, Y on M is known as a Yamabe soliton, where £, denotes the Lie derivative
of the metric g along the vector field &, 5 is the scalar curvature and A is a constant.
The beauty of such =soliton depends on the the flavor of A. The soliton is said to
be expanding, steady or shrinking, according as A < 0, A =0 or A > 0 respectively.
If A € C°°(M), then the metric satisfying (1.2) is called almost Yamabe soliton
[2]. Thus the almost Yamabe solitons are the generalization of Yamabe solitons.
Moreover, if k is the gradient of some function q; on M then it is known as gradient
Yamabe soliton. In context of geometry, the Yamabe solitons are special solution
of Yamabe flow under some regulation. There are several geometers that light up
quite extensively on the beauty of Yamabe flow and Yamabe soliton (see,[9], [11],
12], [16]).

A vector field k¥ on a Riemannian manifold (M, g) is known as torse-forming
vector field [21] if it satisfies

(1.3) Vxk =X +0(X)k, VX € (M),

where ¢ € C*°(M) and 0 is a 1-form. The beauty of such vector field is as follows:

i) It is concircular if the 1-form 6 vanishes identically [20],
ii) For concurrent, ¢» =1 and 6 = 0 [22],

iii) It is recurrent if ¢» = 0,

iv) For parallel if ) = 6 = 0.

In 2017, Chen [8] initiated a new type vector field known as torqued vector field if
the vector field x satisfying (1.2) with 6(x) = 0, where 1) is called torqued function
with the 1-form 6 is the torqued form of k.

Bejancu introduced the concept of C'R-sub-manifolds of Kéahler manifold as a gen-
eralization of invariant and anti-invariant sub-manifolds [3]. After that, C'R-sub-
manifolds of Sasakian manifold was studied by Hsu [15] and Kobayashi [17]. Yano
and Kon [23] studied contact C'R-sub-manifolds. As per this motivation, several ge-
ometers studied C' R-sub-manifolds of almost contact manifolds (see, [1],[4],[5],[18]).
The almost hyperbolic (f,&,n, g)-structure was defined and studied by Upadhyay
and Dube [19]. CR-sub-manifolds of trans-hyperbolic Sasakian manifold studied
by Bhatt and Dube [6]. Apart from that, Golab [13] introduced the idea of semi-
symmetric and quarter symmetric connections. Lovejoy Das et al. [10] studied
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C R-sub-manifolds of L P-Sasakian manifold with semi-symmetric non-metric con-
nection. C'R-sub-manifolds of a nearly hyperbolic Sasakian manifold admitting a
semi-symmetric semi-metric connection were studied by Siddigi and Rizvi [1].

The sections of this paper are organized as follows. After introduction, Section 2
contains some definitions and basic results. In Section 3, we recall the notion of
semi-symmetric metric connection and quarter symmetric non-metric connection on
nearly hyperbolic Sasakian manifold. Section 4 is devoted to C R-sub-manifolds of
nearly hyperbolic Sasakian manifolds with respect to semi-symmetric metric connec-
tion and quarter symmetric non-metric connection. In Section 5, we study Yamabe
soliton whose potential vector field is torse-forming vector field on nearly hyperbolic
Sasakian manifold with respect to such connection. Section 6 is concerned with the
study of Yamabe soliton with a torse-forming vector field on CR-sub-manifolds
of nearly hyperbolic Sasakian manifolds. Furthermore, we study almost Yamabe
soliton with torse-forming vector field taking x! and k™ as tangential and normal
components of such vector field on C'R-sub-manifolds of nearly hyperbolic Sasakian
manifolds admitting such connection in Section 7.

2. Preliminaries

Let M be an n-dimensional almost hyperbolic contact metric manifold with the
almost hyperbolic contact metric structure (¢, &, 7, g) satisfying

(21) ¢*=I+n®E né)=-1, ¢£=0, nop=0, n(X)=g(X,E),

and
for any vector fields X, Y tangent to M [7]. As per this consequences

where I is the identity of the tangent bundle TM, ¢ is a tensor field of (1, 1)-type,
71 is a 1-form, £ is a vector field and ¢ is Riemannian metric tensor of M. An almost
hyperbolic contact metric structure (¢,£,7,g) on M is called hyperbolic Sasakian
manifold if and only if

(2.4) (Vxo)Y = g(X,Y){ —n(Y)X,

(2.5) Vxé = ¢X,

for all tangent vectors X,Y and a Riemannian metric g and Riemannian connection
V on M. With reference to (2.4), an almost hyperbolic contact metric manifold M
with (¢, &, n, g)-structure is called a nearly hyperbolic Sasakian manifold if

(2.6) (Vx@)Y +(Vy o)X = 29(X, V)€ —n(X)Y —n(Y)X.
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Let M be a submanifold immersed in M, the Riemannian metric g induced on M.
Let TM and T-M be the Lie algebra of vector fields tangential to M and normal
to M respectively and V be the induced Levi-Civita connection on M , then the
Gauss and Weingarten formulae are given respectively by

(2.7) VxY =VxY +h(X,Y), VX, Y € TM,

(2.8) VxN =—-AyX + VN, VN e T+ M,

where VxY and {h(X,Y), V% N} belong to TM and T+M, respectively. The
second fundamental form h and Weingarten map Ay associated with N as

(2.9) g(h(X,Y),N) = g(ANX,Y).

For any X € I'(TM) and N € T(T+ M), we can write

(2.10) X = PX +QX, PX €I(D), QX € '(D}),
(2.11) ¢N = BN +CN, BN € T(D*), CN € T(u).

3. Semi-symmetric Metric Connection and Quarter symmetric
non-metric connection

Firstly, we define a semi-symmetric metric connection [13]:

(3.1) VxY = VxY +3(Y)X — g(X,Y)E,
such that B
(3.2) (Vxg)(Y,Z) = 0.

With the help of (2.6) and (3.1), we get

(3.3) (Vx@)Y +d(VxY) = (Vx)Y +d(VxY) — g(X, ¢Y)E.
On interchanging X and Y, equation (3.3) reduces to

(3-4) (Vy @)X +6(VyX) = (Vyd) X + o(Vy X) — g(Y. 6X)E,
Adding (3.3) and (3.4), we obtain

(Vx®)Y + (Vyd)X + ¢(VxY = VxV) + ¢(Vy X — Vy X)
(3.5) = (Vx9)Y + (V)y o)X — g(X, Y )€ — g(Y, 9 X)¢.
Keeping in mind (2.1), (2.3), (2.6) and (3.1) above equation turn up
(Vx0)Y + (Vy )X
(3.6) =29(X,Y)§ = n(X)Y —n(Y)X —n(X)oY —n(Y)oX.
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Also from (2.5) and (3.1), we get
(3.7) Vxé=¢X — X —n(X).

An almost hyperbolic contact metric manifold with almost hyperbolic contact struc-
ture (¢,&,m, g) is called nearly hyperbolic Sasakian manifold with semi-symmetric
metric connection if it bearing (3.5) and (3.6). With the help of (2.7), (2.8) and
(3.1) the Gauss and Weingarten formulae on nearly hyperbolic Sasakian manifold
with semi-symmetric metric connection as follows

(3.8) VxY =VxY +h(X,Y), VX,Y € TM,

(3.9) VxN=—-AyX + VN, VN e T,

Also we recall the notion of a quarter symmetric non-metric connection [13] by
(3.10) VxY = VxY +(Y)$X,

such that R

(3.11) (Vx9) (Y, Z) = n(Y)g(¢X, Z) - n(Z)g(6X,Y).

From (2.6) and (3.9), we have
(312) (Vxo)Y + (Vyo)X

=29(X,Y)§ —n(X)Y —2n(Y)X = 2n(X)oY — 2n(X)n(Y)E.

An almost hyperbolic contact manifold is called nearly hyperbolic Sasakian [7] man-
ifold with quarter symmetric non-metric connection if it satisfies (3.11). Therefore
from (2.5) and (3.9), we obtain

(3.13) Vi€ =20X.

Therefore Gauss and Weingarten formulae on nearly hyperbolic Sasakian manifold
bearing quarter symmetric non-metric connection are given respectively by

(3.14) VxY =VxY +h(X,Y), VX,Y € TM,

(3.15) VxN =—AyX + VN, VN eTM,

4. (CR-sub-manifolds of a Nearly hyperbolic Sasakian Manifold

Definition 4.1. [4] An m-dimensional Riemannian submanifold (M, g) of an n-
dimensional nearly hyperbolic Sasakian manifold M" (¢, &, n,g) is called a C'R-sub-
manifold if £ is tangent to M and there exists on M a differentiable distribution
D:x— D, C T,(M) such that

i) D is invariant under ¢, i.e., 9D C D.
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ii) The orthogonal complement distribution D+ : 2 — D C T,,M of the distribu-
tion D on M is totally real, i.e., pD+ C T+ M.

If dim D+=0 ( resp., dim D=0), then the C' R-submanifold is known as an invariant
(resp., anti-invariant) submanifold.

Definition 4.2. [4] If the distribution D (resp., D) is horizontal (resp., vertical),
then the pair (D, D) is called &-horizontal (resp., &-vertical) if € € T'(D) (resp.,
¢ € T(D%1)). The CR-submanifold is also called ¢-horizontal (resp., &-vertical) if
¢ e T(D) (resp.,& € T(D1)).

The orthogonal complement ¢D+ € T M is given by
(4.1) TM =D& D+, T*M = ¢D* & p,

where ¢pu=p.
Let M be a CR-submanifold of a nearly hyperbolic Sasakian manifold M"(¢, &, 7, g)

with semi-symmetric metric connection V. The Gauss and Weingarten formulas
with respect to V are given, respectively,

(4.2) VxY = VxY +h(X,Y),
(4.3) VxN =—AyX + VLN

for any X,Y € ['(TM), where VxY, AyX € I(TM). Here V, h and Ay are called
the induced connection on M, the second fundamental form and the Weingarten
mapping with respect to V, respectively. In view of (3.7), (3.9) and (4.2), we get

(4.4) VxY +A(X,Y) = VxY +h(X,Y) +n(Y)X — g(X,Y)E.

Using (2.10) and (2.11) in the equation (4.4) and comparing the tangential and
normal components on both sides, we obtain

(4.5) PVxY = PVxY +5(Y)PX — ag(X,Y)PE,
(4.6) h(X,Y) = h(X,Y) + n(Y)$QX,
(4.7) QUxY = QVxY — g(X.Y)QE,

for any X,Y € (TM).

Let M be a C R-submanifold of a nearly hyperbolic Sasakian manifold M"(¢, £, n, g)
with quarter symmetric metric connection V. Then Gauss and Weingarten formulas
with respect to V as follows,

(4.8) VxY = VxY 4+ h(X,Y),
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(4.9) VxN = —AyX + VEN

for any X,Y € I'(TM), where §XY, AyX € I'(TM). Here 6, h and Ay are called
the induced connection on M the second fundamental form and the Weingarten
mapping with respect to V, respectively. In view of (3.9), (3.13) and (4.8), we get

(4.10) VxY +h(X,Y) =VxY +h(X,Y) +(Y)pX.

Using (2.10) and (2.11) in (4.10) and comparing the tangential and normal compo-
nents on both sides, we obtain

(4.11) PVxY = PVxY +n(Y)P¢X,
(4.12) h(X,Y) = h(X,Y),
(4.13) QVxY =QVxY +n(Y)QsX,

for any X,Y € (TM).

In this sequel we state the following result.

Theorem 4.1. Let M be a CR-Submanifold of nearly hyperbolic Sasakian man-
ifold M™(¢,&,m,g) with respect to semi-symmetric metric connection V then we
have

i) If M &-horizontal, X,Y € ['(D) and D is parallel with respect to V then induced
connection 6 is also a semi-symmetric metric connection.

i) If M &-vertical (DY) and DL is parallel with respect to V then induced con-
nection % 1s also a semi-symmetric non-metric connection.

i1i) The Gauss formula with respect to semi-symmetric metric connection is of the
form

(4.14) VxY = VxY +h(X,Y) +5(Y)$QX,

i) The weingarten formula with respect to semi-symmetric metric connection is of

the form N
(4.15) VxN = —-AnyX + V¥N +n(N)X

Proof. With the help of (4.2) and (4.6) we get (iii). Also, from (2.8) and (3.1) we
yield (iv). With reference to (4.5), if M &-horizontal, X,Y € I'(D) and D is parallel
with respect to V then result (i) is verifying. On the other hand, with the help of
(4.7) if M is &-vertical, X,Y € ['(D+) and D+ is parallel with respect to 6, we
obtain our desired result(ii). This tells us that the proof is completed. O

Theorem 4.2. Let M be a CR-Submanifold of nearly hyperbolic Sasakian_mani-
fold M (¢, &, 1, g) with respect to quarter symmetric non-metric connection V then
we have
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i) IfM &-horizontal, X, Y € T'(D) and D is parallel with respect to V then induced
connection, % is also a quarter symmetric non metric connection.
i1) If M &-vertical, X,Y € (DY) and D* is parallel with respect to V then induced
connection @ is also a quarter symmetric non-metric connection.

i11) The Gauss formula with respect to quarter symmetric non-metric connection is
of the form R .
(4.16) ny:VXY+h(X,Y),

i) The weingarten formula with respect to quarter symmetric non-metric connec-
tion is of the form N
(4.17) VxN = —AnxX + V%N +n(N)pX

Proof. With the help of (4.8) and (4.12) we get (iii). Also, from (2.8) and (3.9)
we yield (iv). With reference to (4.11), if M &-horizontal, X,Y € I'(D) and D is
parallel with respect to V then result (i) is verifying. On the other hand, with the
help of (4.13) if M is &-vertical, X,Y € I'(D+) and D+ is parallel with respect to
V, we obtain our desired result(ii). We completed the proof. O

5. Yamabe solitons with potential vector field is torse-forming

As per this consequence of our analysis in this section we have the following geomet-
ric characterization of nearly hyperbolic Sasakian manifold M"(¢, £, n, g) admitting
semi-symmetric metric connection V and quarter symmetric non-metric connection
V. Thus, in view of my thought,we can state the following result.

Theorem 5.1. A Yamabe soliton (g, k,\) on an n-dimensional nearly hyperbolic
Sasakian manifold M™($,&,n, g) with respect to semi symmetric metric connection

V is invariant if and only if

2(r)g(X,Y) = {g(X; k)n(Y) + (Y, x)n(X)}.

Proof. Let (g,k,\) be a Yamabe soliton on M"(¢,&,n,g) with respect to a semi
symmetric metric connectionV. So from (1.2), we have

1 ~ ~
(1) S (E)(X,Y) = (5~ N)g(X, V).
From the definition of Lie derivative, equations (2.3) and (3.1), we obtain

(5.2) (£.9)(X,Y) = g(Vxr,Y) + g(X, Vyr)

= 9(Vxr,Y) + g(X,Vyk) +2n(k)g(X,Y) = {g(X, 5)n(Y) + g(Y, k)n(X)}
= (£x9)(X,Y) + 2n(k)g(X,Y) — {g(X, k)n(Y) + g(Y, k)n(X)}
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for all X,Y € x(M). With the help of (5.1) and (5.2), we get

(63) (L)X Y) +n(R)g(X,Y) = L{g(X m(Y) +g(Y, (X))

= (5 - Ng(X.Y).

This indicate that proof is completed. [

Theorem 5.2. Let (g,k,\) be a Yamabe soliton on an n-dimensional nearly hy-
perbolic Sasakian manifold M™(, &, n, g) with respect to semi-symmetric metric con-
nection. If k is a torse-forming vector field, then the soliton (g, k,\) is expanding,

steady and shrinking according as A\ = § —p — L{0(k) + (n—1)n(r)} <> =0, unless
A=6b—1)— LL0(k) + (n — 1)n(k)} is constant.

Proof. Let (g,%,A) be a Yamabe soliton on M"(¢,£,7n,g) with respect to a semi-
symmetric metric connectionV. So from (1.2), we have

1 ~ Y
From the definition of Lie derivative, equations (1.3) and (3.1), we obtain

(£e9)(X,Y) = g(Vxr,Y) + g(X,Vyr)
=2¢g(X,Y) +{0(X)g(k,Y) + 0(Y)g(r, X)}
(5.5) +2n(r)g(X,Y) = {n(X)g(r,Y) +n(Y)g(k, X)}

for all X,Y € x(M). With the help of (5.4) and (5.5), we get
(6= 6+ Ng(X,Y) = {0V (s, X) + n(X)g(s, )}

SO0 g0, V) + 00V g, X)) — n(m)g(X,Y)
(5.6)

On contracting (5.6), we have

Y 1
(5.7) A=0—1¢— 5{9(5) + (n—1D)n(k)}.
This leads to the Theorem 5.2 [

In this sequel, we write the following corollaries.

Corollary 5.1. Let (g,x,\) be a Yamabe soliton on an n-dimensional nearly hy-
perbolic Sasakian manifold M™(¢,&,m,g), n > 1, with respect to a semi-symmetric
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metric connection V. Then following relations hold

K condition of existence condition of shrinking,
steady and expanding
torse- P — ) P — 5
forming | —3{0(k) + (n — Ln(x)}=C *l{a( )+ (n—=1D)n(k)} <> =0
concircular | ¢ — 8 — L{n—1)n(k)}=C —6— L{n—1)n(k)} <> =0
concurrent 1—6— L{(n - Dnk)}=C 1-6— L{n - Dn(k)} <> =0
recurrent | 6 — L{0(k) 4+ (n — D)n(k)}=C 6 — LL0(k) + (n — Dn(r)} <> =0
parallel 5 — L{(n - Dnk)}=C 5 L{(n—Dn(k)} <> =0
torqued Y —b— L{n—1)n(k)}=C Y —b— L{n—1)n(k)} <> =0

Theorem 5.3. A Yamabe soliton (g, k,\) on an n-dimensional nearly hyperbolic
Sasakian manifold M"™(¢,&,n, g) with respect to quarter symmetric metric connec-
tion V always invariant.

Proof. Let (g, k,A) be a Yamabe soliton on M" (¢, £, 7, g) with respect to a quarter
symmetric metric connectionV. So from (1.2), we have

LE)(X.Y) = (65— Ng(X, V).

(5.8) >

From the definition of Lie derivative, equations (2.3) and (3.9), we obtain

(£e9)(X,Y) = g(Vxk,Y) + g(X, Vyr)
=9(Vxr,Y) +g(X,Vyr) +n(k)g(¢X,Y) +n(k)g(X, ¢Y)
(59) = (Sng)(Xv Y)v

for all X,Y € x(M). With the help of (5.8) and (5.9), we get

~

L) (X,Y) = (5 - Ng(X, V).

(5.10) 5

Proof is completed. J

Theorem 5.4. Let (g,k,\) be a Yamabe soliton on an n-dimensional nearly hy-
perbolic Sasakian manifold M™(¢,&,m, g) with respect to quarter symmetric metric
connection V. If k is a torse-forming vector field, then the soliton (g,k,\) is ex-

panding, steady and shrinking according as X = 6 — 1 — L{0(r)} <> =0, unless
A=6—19— L{0(k)} is constant.

Proof. Let (g,,\) be a Yamabe soliton on M"™ (¢, £, n, g) with respect to a quarter
symmetric metric connectionV. So from (1.2), we have

LE)(X.Y) = (5 - Ng(X. V).

(5.11) 5
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From the definition of Lie derivative, equations (1.3) and (3.9), we obtain

(£:9)(X,Y) = g(Vxk,Y) + g(X, Vyr)
=2¢g(X,Y) +0(X)g(k,Y) + 0(Y)g(k, X)
(5.12)

for all X,Y € x(M). With the help of (5.11) and (5.12), we get
(6 =3+ Ng(X,Y) = =5 {8(X)glr, ) + 0V gl X)}
(5.13)

Taking contraction (5.13), we have

(5.14) N=3 -1 — —{0(r)).

This leads to the Theorem 5.4. [J
In this sequel, we write the following corollaries.

Corollary 5.2. Let (g,k,\) be a Yamabe soliton on an n-dimensional nearly hy-
perbolic Sasakian manifold M™(¢,&,m, g) with respect to quarter symmetric metric
connection V. Then following relations hold

K condition of existence | condition of shrinking,
steady and expanding
torse-forming | 6 — 1 — Lok} =C 6 —1p— L{0(r)} <> =0
concircular 6 — Yv=C 6— P <> =0
concurrent b—1=C b—1<>=0
recurrent 6 — o)y =C 6 — L{o(r)} <> =0
parallel b=C §<>=0
torqued 57w:C’ 371/1<> =0

6. Yamabe solitons whose potential vector field is torse-forming on
C R-submanifold of nearly hyperbolic Sasakian manifold

In this section, we study Yamabe soliton whose potential vector field is a torse-
forming on C R-sub-manifolds of nearly hyperbolic Sasakian manifold with respect

to the induced connection V and V. We state the following theorem as:

Theorem 6.1. Let M be a CR-submanifold of mearly hyperbolic Sasakian man-
ifold M™(¢,€,m,9), n > 1, admitting semi-symmetric metric connection V is &-
horizontal (resp. &-vertical) and D is parallel with respect to V. If (g,k,\) be a
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Yamabe soliton on M and k is a torse-forming vector field, then (g, k,\) is expand-
ing, steady and shrinking according as § — — LL0(k) + (n—1)n(k)} <> =0, unless
b—p— L{0(k) 4+ (n — 1)n(k)} is constant.

Proof. Tf M is &-horizontal for all X, Y € I'(D) and D is parallel with respect to

V, then in view of (4.5), we have

(6.1) VY = ViV + (V)X — g(X,Y)E,

With the help of Theorem 5.2 and (3.1), we conclude that the induced connection
V is also semi-symmetric metric connection. This leads to the proof of the Theorem
6.1 O

In this sequel, we write the following corollaries.

Corollary 6.1. Let M be a CR-submanifold nearly hyperbolic Sasakian mani-
fold M™(¢,€,1m,9), n > 1, admitting a semi-symmetric metric connection V is

&-horizontal (resp. &-vertical) and D is parallel with respect to v. If (g,K,A\) be
a Yamabe soliton on M and k is a torse-forming vector field, then the following
results hold

K condition of existence condition of shrinking,
steady and expanding
torse- P — ) P — )
forming | —3{0(k) + (n = Dn(k)}=C | —3{0(x) + (n = )n(k)} <> =0
concircular | ¢ — 8 — L{(n-Dnk)}=C Y —b— L{(n - Dn(r)} <> =0
concurrent 1-0— L{(n—n(k)}=C 1-6— L{(n—1n(k)} <> =0
recurrent | § — L{0(k) + (n — Dn(r)}=C 6— L{0(k) + (n — Dn(k)} <> =0
parallel 5 — L{n - Dnk)}=C - H{(n—1nk)} <> =0
torqued Y —b— L{(n-Dnk)}=C Y —b— L{(n = Dn(r)} <> =0

Theorem 6.2. Let M be a CR-submanifold of nearly hyperbolic Sasakian mani-
fold M"™(¢,€&,m,9), n > 1, admitting quarter symmetric non- metric connection V
is £-horizontal (resp. &-vertical) and D is parallel with respect to v. If (g9,k, )
be a Yamabe soliton on M and k is a torse-forming vector field, then (g,k,\) is

expanding, steady and shrinking according as A = 6 — 1) — LL0(k)} <> =0, unless
A=6b—1— LL0(k)} is constant.

Proof. If M is &-horizontal for all X, Y € I'(D) and D is parallel with respect to
V, then in view of (4.11), we have

(6.2) VxY = VxY +1(Y)$X,
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With the help of Theorem 5.5 and (3.9), we conclude that the induced connection

V is also quarter symmetric non-metric connection. This leads to the statement of
the Theorem 6.2. [

In this sequel, we write the following corollaries.

Corollary 6.2. Let M be a C R-submanifold nearly hyperbolic Sasakian manifold
M"(p,&,1m,9), n > 1, admitting induced quarter symmetric non-metric connection

Vv is &-horizontal (resp. &-vertical) and D is parallel with respect to V. If (g, k, A)
be a Yamabe soliton on M and k is a torse-forming vector field, then the following
results hold

K condition of existence condition of shrinking,
steady and expanding
torse-forming | & — ) — L{6(r)} = constant o—1— L{o(r)} <> =0
concircular 5— 1) = constant 6—1h <>=0
concurrent 6 — 1 = constant b—1<>=0
recurrent 6 — L{0(k)} = constant 6 — L{o(r)} <> =0
parallel § = constant §<>=0
torqued 5— 1 = constant 6—1h <>=0

7. Almost Yamabe solitons whose potential vector field is
torse-forming on C R-submanifold of nearly hyperbolic Sasakian
manifold

In this section, we classify almost Yamabe solitons whose potential field is torse-
forming on C'R-submanifold of nearly hyperbolic Sasakian manifold with respect to
a semi-symmetric metric connection and quarter symmetric non-metric connection.
At this stage, we denote ' and k™ as tangential and normal component of such
vector field. For almost Yamabe soliton we have the following.

Theorem 7.1. An almost Yamabe soliton (g,x',\) on a CR-submanifold M of
nearly hyperbolic Sasakian manifold M™(¢,€,m,9), n > 1, with a semi-symmetric
metric connection of type V satisfies

(5= A= 06 )g(X, Y) = 64w X,¥) + S{0X)g(,Y) + 00V (X, )}
(71) 5 gl X)n(¥) + g(¥, 5" n(X)}

for any vector fields X,Y on M.
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Proof. In view of (1.3), (3.1), (4.14) and (4.15), we have

VX + 0(P)k = Vxk = Vx (k! + &) = Vxrt + h(X, &) + () oQX
(7.2) — A X + V" + (™)X — g(X, k")E.

On comparing tangential and normal component of (7.2), we obtain

(7.3) Vxk! =X +0(P)k + A X — (k™)X + g(X, 5")E
and
(7.4) h(X, k") = —Vxs™ —n(k")pQX.

From the definition of Lie derivative and (7.3), we have

thg(X’ Y) = 21/’9(Xa Y) + ZQ(AK,"Xy Y) - 2”(’{”)9()(7 Y) + {Q(X)g(li, Y)
(7.5) +0(Y)g(X, k) } + {g(s", X)n(Y) + g(Y, " )n(X)}.

Using (7.5) in (1.2), we yield
(6= A=+ n(")a(X,Y) = g(AZX,Y) + S{0(X)g(x, Y) + 6V )g(X, 1)}
(76) 5ol X)n(Y) + (¥, KM)n(X)).
This proves our assertion. [
Corollary 7.1. If an almost Yamabe soliton (g,k',\) on a CR-submanifold M

of nearly hyperbolic Sasakian manifold M"(¢,&,n,9), n > 1, with semi-symmetric
metric connection is minimal, then

(7.7) (6= A=t +n(k"))n = 0(k).
Corollary 7.2. Let (g,k', \) be an almost Yamabe soliton on a CR-submanifold

M of nearly hyperbolic Sasakian manifold M"™($,€,1,9), n > 1, and_§-horizontal
(resp.£-vertical), X, Y € T'(D), D is parallel with induced connection V satisfies

(6= A =9 +n(")g(X,Y) = g(Am X,Y) + %{G(X)g(f”v, V) +0(Y)g(X,k)}
(78) 5" XIn(Y) + (YR (X))
for any vector fields X, Y on M.
Corollary 7.3. If an almost Yamabe soliton (g, k', \) on CR-submanifold M of

nearly hyperbolic Sasakian manifold M™(¢,£,n,g), (n > 1) and §-horizontal (resp.
&-vertical), X, Y € T(D), D is parallel with induced connection V is minimal, then

(7.9) (6= A=¢+n(s")n = 0(x)
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Theorem 7.2. An almost Yamabe soliton (g,x',\) on a CR-submanifold M of
nearly hyperbolic Sasakian manifold M™(¢,€,m, ), n > 1, with quarter symmetric
non-metric connection V satisfies

(5= A= (K )g(X. Y) = 04w X.¥) + 3 {0(X)g(r,Y) + 601 )a(X. )}
(7.10)
for any vector fields X, Y on M.

Proof. In view of (1.3), (3.9), (4.16) and (4.17), we have

WX +0(P)k = Vxk = Vx (k' +£") = Vxr! +h(X, k") — A X + V"
(7.11) = Vxk! 4+ h(X, k') — Aen X + Vir" + (k") X.

On comparing tangential and normal component of (7.11), we obtain

(7.12) Vxr! =X +0(X)k+ A X — (™)X,
and
(7.13) h(X, k') = =Vxs™

From the definition of Lie derivative and (7.12), we have
(7.14) £4:9(X,Y) = 29g(X,Y) +29(Aen X, Y) + {0(X)g(5,Y) + 0(Y)g(X, k) }.
Using (7.14) in (1.2), we yield
A 1
(0 =A=9)g(X,Y) = g(ALX,Y) + 5 {0(X)g(k,Y) + 6(Y)g(X, )}
(7.15)

This proves our assertion. [

Corollary 7.4. If an almost Yamabe soliton (g, kt,\) on a CR-submanifold M of
nearly hyperbolic Sasakian manifold M"(¢p,&,m, g), n > 1, with quarter symmetric
non-metric connection is minimal, then

(7.16) (6 —X—)n = 0(k).

Corollary 7.5. Let (9,65, X) be an almost Yamabe soliton on a CR-submanifold
M of nearly hyperbolic Sasakian manifold M™(¢,€,m,9), n > 1, and &-horizontal

(resp.£-vertical), X, Y € T'(D), D is parallel with induced connection v satisfies
N 1
(O =A=9+n(x")g(X,Y) = g(ALX,Y) + S{0(X)g(k,Y) + 6(Y)g(X, )}
(7.17)
for any vector fields X,Y on M.
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Corollary 7.6. If an almost Yamabe soliton (g, %, \) on CR-submanifold M of
nearly hyperbolic Sasakian manifold M™(¢,£,1,9), (n > 1) and -horizontal (resp.

E-vertical), X, Y € T'(D), D is parallel with induced connection v is minimal, then

(7.18) (O=A=yY)n=10(k)

8. Example

Example 8.1. Let us consider on R*™*! the following hyperbolic Sasakian structure
(¢:€,m,9) given by

1 n ; a
n—Q(dz—Zydxi>, €=,

i=n

1o i i i i
g:—7]®7]—12(da: ®dz" + dy' @ dy')

i=1
0 3] 0
¢o (cosh:r28 + sinhy; — By; + Z&)

7] 8
_ Z (sznhyl + Coshitza ) + Zsmhy Yy = 92

where {LL‘i, Y, z},z = 1,....n are the denoting the Cartesian coordinates.
The equation t(x1, 22,23, 24) = (21, %2, 23,0, z5) define a C' R-sub-manifolds in R® with
its hyperbolic Sasakian structure (¢, &,n, g). For this fact we take the orthogonal basis

F1 = coshzs — + sinhxs — + coshxs —

8332

FE> = sinhxs —

Ox1 Oxa’ 0z1

Fs = coshmaixs + sinhmaim, FEy = sinhma;i3 + COthsﬁim’ E5 = 811’5 =¢,
and define D = span {E1, E2} and D = span{FEs}. In this case it is clear that
TM =D @® D* @ (¢).

Example 8.2. Let us consider the 5-dimensioanl manifold M = (z1, z2, z3, Z4,2s5) € R57
where (21,2, 3,4, 25) are the standard coordinated in R®. Let e, ez, e3,es and es be
the vector fields on M given by

e1 = coshxs— Bt + sinhxs — 02y’ eo = sinhxs—— o, + coshxs — 025
coshzx 9 + sinhx e sinhz 0 + coshx e 0 13
€q = _ 7 _ = 87 _ _ = — =
3 5 O3 5 BT 4 5 D13 5 BT 5 D15 )
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which are linearly independent at each point of M and hence form a basis tangent
space T, M.
Let g be the Riemannian metric on M define by

(8.1) glei,e;)=—1,forl <i<4 and g(ese5)=—1,

(8.2) glei,e;) =0, for 1#j and 1<i<5 1<j<05.

Let n be the 1-form defined by n(X) = g(X,es5) for all X € (M) and let ¢ be the
(1,1)-tensor field defined by

oler) = —e2, ¢le2) = —e1, o(e3) =—es, ¢(ea) =—e3, ¢(es) =0.

Thus e5 = &, the structure (¢,&,7,g) define an almost hyperbolic contact metric
structure on M. Then we have

le1,e2] = [e1,e3] = [e1,eq] = [e2,e3] = [e2, e4] = [e3,€4] =0,

[61565] = —€g, [62765] = —é€1, [63765] = €4, [64565] = —e€sg,

The Levi-Civita connection V of the Riemannian metric g is given by,
(8.3) 29(VxY, Z)

=Xg(Y,2) +Yg(Z2,X) - Zg(X,Y) — g(X,[Y, Z]) + g(Y, [Z, X]) + g(Z,[X, Y]),

which is known as Koszul’s formula. After using koszul’s formula, we find

Velel = 0, Veleg = —€5, Veleg = 0, V51€4 = 0, V6165 = —€9,
Ve€1 = —€s5, VEQeQ = 0, v6263 = 0, v6264 = 0, v6265 = —€1,
Vesel = 07 v€362 = 07 v€3€3 = 0, v6364 = —es, V8365 = —ey,
Ve,e1 =0,  Veea = —es, Ve, €3 = —es, Ve,ea =0, Vee; =—es,
Vesel = O, veseg = 0, veseg = 0, v6564 = O, V65€5 = 0,

By using the definition of semi-symmetric metric connection (3.1) and from above
expressions we find

Velel = —€s5, Veleg = —€s5, Veleg, = 0, V61€4 = 0, v61€5 = —€1—€9,
66261 = —€s5, 66262 = —€s5, §62€3 = 0, V62€4 = 0, v62€5 = —€1—€9g,
66361 =0, 6e362 =0, %%63 = —es, Vesea = —€5, Vezes =e3 — ey,
66461 == O, §e462 = —é€s5, §e463 = —€s5, %e464 = —€s5, 66465 — —€3 — €4,

ve561 = 0, Veseg = 0, Veseg = O, ve5€4 = O, v@565 = 0,
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Therefore, the non-vanishing components of the Riemannian curvatures, the Ricci
curvatures and the Scalar curvature with respect to the semi-symmetric metric
connection as follows:

R(e1,ez)er = 0, R(e1, ea)es = 0, R(er, e3)er = —e3 — ey, R(ey, e3)es = e1 + ea,

R(e1,ez)er = g, R(eq, ea)ea = —ey, Rler, e3)er = 0, R(eq, e3)es = 0,

R(e1,eq)er = —eg —eq, R(e1,e4)es = €1 + €2, R(e1, e5)er = —es,

R(e1,es)es = —e1 — ez, R(ea, e3)ea = —e3 — eq, R(ea, e3)e3 = —eq — ea,

R(es,eq)e3 = 0,]§(€37€4)64 = 0,§(€37€5)63 = —es,

R(es,es)es = —es —eq, R(ea, e5)es = —e5, R(eq, e5)es = —es — ey,

From these Riemannian curvatures tensors, we calculate

S(er,e1) =  S(ez,ea) =  S(es,ez) = R(es,eq) = S(es,e5) = —4

Since {e1,ea,e3,e4,e5} form a basis of a 5-dimensional almost hyperbolic contact
metric structure. Thus any vector field X,Y, Z € x(M?) can be written as

X =aje; +biea +cres +dies + ties,

Y = aze; + baea + cgez + daey + taes,
Z = azeq + bzey + cze3 + dsey + t3es,
where a;, b;,¢;,d;, t; € Ret, i =1,2,3,4,5 such that

{(a1a2+b1b2+clc2+d1d3) s (bZa?Czl)} # 0.

ty

If we consider the 1-form 6 by 6(X)=-g(X,e5), for any X € x(M) and considering
e C®(M) as

1/) _ { (alag + ble :— c1C2 + dldg) + tl <b2 a9 C2 1> } .
1

So the relation
(8.4) VxY =¢yX 4+ 0(X)Y,
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holds. As per this consequences Y is a torse-forming vector field. Thus from (9.3),
we get

(85) (SYQ)(X’Z):g(VXY7Z)+g(X7vZY)

=20g(X, Z2) +0(X)g(Y, 2) + 0(Z)g(Y, X).

Also, we calculate

g(X7 Z) =aias + b1bs + cie3 + dids — tits
(8.6) 9(Y,Z) = asas + babs + cacs + dads — tats
g(Y, X) = araz + biba + c1co + dida — t1to
Also
0(X) =t
(8.7) O(Y) = t,
0(Z) = t3

With the help of above equation (9.2) can be reduced

%(Syg)(X, Z) — {(a1a2+b1b2;gc1c2+d1d3) +t <b72 _az _ ca _ 1)}
(8.8) x {araz + bibs + c1c3 + dids — tats
7% tl (a2a3 + bgbg + CoC3 + d2d3 — tgtg)

+t3(a1a3 —+ b1b3 —+ C1C3 —+ d1d3 — tltg)}
Also, N
(89) (5 — )\)Q(X, Z) = (—16 — )\){alag + b1bg + c1c3 + dids — t1t3}

‘We consider that a1(13+b1b3+6163+d1d3—t1t3 ?é 0 and 5t1 (a2a3+b2b3+6203+d2d3—
tgtg) + 5t3(a1a3 + b1b3 + C1C3 + d1d3 — tltg) + 2t2(a1a3 + b1b3 + C1C3 + d1d3 — tltg):o.

we get (g,Y, ) is a Yamabe soliton, i.e., 3Ly g(X, Z)=(6 — N\)g(X, Z) holds, unless

_ (a1a2+b1ba+cica+dids) b g 1
)\—_16_ 112 12t112 143 +tl(ﬁ_%_%_1 _th

=7 20(Y)

= constant

So the existence of Yamabe soliton (g, Y, A) on a 5-dimensional hyperbolic Sasakian
manifold with semi symmetric metric connection V with potential vector field Y as
torse-forming thus the Theorem 5.2 is verified.

Example 8.3. In Example 8.2, we consider the hyperbolic Sasakian manifold M (¢, n,&, g)
with quarter symmetric non-metric connection. Using the equation (3.9), we obtain:

Velel =0, ve1 €2 = —é€s5, Ve1 e3 =0, V€164 =0, v631 €5 = —e€2,

Veer = —e€s, V5262 = 0, V6263 = 0, V52€4 = 0, V5265 = —é€1,

Veser =0, Vegea =0, Vese3 =0, Vese4 = —es, Veses = —ey,
Vese1 =0, Ve €2 = —es, Ve,e3 = —es, Ve,ea =0, Ve,€5 = —es,

66561 =0, @eg)eg =0, 66563 =0, 65564 =0, 66565 =0,
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Therefore, the non-vanishing components of the Riemannian curvatures, the Ricci curva-
tures and the Scalar curvature with respect to the quarter-symmetric non-metric connec-

tion are as follows:

~ ~ ~ ~

R(e1,e2)er = e2, R(ei,ez)ez = —e1, R(ei,ez)er =0, R(er,es)es =0,

~ -~ ~ -~

R(617 64)61 = 0, R(e1, 64)64 = 0, R(61, 65)61 = —és, R(€1, 65)65 = —€1,

R(62, 63)62 = 0, R(ez, 63)63 = O, R(eg, 64)63 = 0, R(eg, 64)64 = 0,

R(ez,es)ez = —es, R(ez,es5)es = —ez, R(es,es)es =es, R(es, es)es = —es,

R(es,es)es = —es, Rles,es)es = —e3, R(ea,es5)ea = —es, R(ea,e5)es = —ea,
From these Riemannian curvatures tensors components with quarter semi-symmetric non-
metric connection we calculate:

~ ~ ~ ~

5(61,61) = 5(62,62) = 5(63,63) = R(e47e4) = O7 (65,65) = —4

Therefore, the constructed metric of the hyperbolic Sasakian manifold with quarter-
symmetric non-metric connection is Yamabe solion. It is shown that the scalar curvature
with respect to the quarter-symmetric non-metric connection 7 = —4 and A = —4 < 0 i.e
is admitting shrinking Yamabe soliton.
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1. Introduction

The concept of an LP-Sasakian manifold was first developed in 1989 by K.
Matsumoto [9]. The identical idea was then independently suggested by I. Mihai
and R. Rosca [11], who produced multiple results on this manifold. Additionally,
Venkatesha and C.S. Bagewadi [19], I. Mihai, A.A. Shaikh and U.C. De [12], A.A.
Shaikh [18], C. Ozgur [14] and others have explored the LP-Sasakian manifold.
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Subsequently, numerous geometers have published various works in this field ([§],
[4], [15], [16], [6]).

A non-flat Riemannian manifold (M™, g) (n > 2) is called weakly symmetric if
there exist 1-forms «, 3,7,9 and o such that

(1.1 (VxR)(Y,Z,V,U) = a(X)R(Y,2,V.U)+ B(Y)R(X, Z,V,U)
+ Y(2)R(Y,X,V,U)+6(V)R(Y,Z,X,U)
+ o(U)R(Y, Z,V, X),

holds for all vector fields XY, ...,V € X(M), where R is the Riemannian curvature
tensor of (M™, g) of type (0,4) and V is the covariant differentiation with respect
to the Riemannian metric g. A weakly symmetric manifold is said to be proper if
a=pf=7=39=o0=0is not the case.

Let {e;}, (: = 1,2,...,n) be an orthonormal basis of the tangent space at point
of the manifold. Then, putting Y = U = ¢; in (1.1) and taking summation for
1 <i < n, we obtain

(1.2) (VxS)Z,V) = a(X)S(Z,V)+~4(Z)S(X,V)+6V)S(Z,X)
+ B(R(X,Z)V)+o(R(X,V)Z).

A Riemannian manifold (M",g) (n > 2) is called weakly Ricci-symmetric if
there exist 1-forms p, u, v such that the relation

(13)  (VxS)(Y.2) = p(X)S(Y, 2) + u(Y)S(X. Z) + v(Z)S(X,Y),

holds for any vector fields X, Y, Z, where S is the Ricci tensor of type (0,2) of the
manifold M™. A weakly Ricci-symmetric manifold is said to be proper if p = u =
v = 0 is not the case.

An n-dimensional Riemannian manifold (M™, g) is called a special weakly Ricci-
symmetric (SWRS),, manifold if

(14)  (VxS)(Y,2) = 20(X)S(Y, Z2) + a(Y)S(X, Z) + a(Z)S(X,Y),
where « is a 1-form and is defined by
(1.5) a(X) = g(X, p),

where p is the associated vector field.

We are the following known result.

Lemma 1.1. [18] If M : g = ¢ is a surface in R™, then the gradient vector field
18 a non-vanishing normal vector field on the entire surface M.
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2. LP-Sasakian manifold

A differentiable manifold of dimensional n(odd) is called LP-Sasakian manifold if it
admits a (1, 1)-tensor field ¢, a contravariant vector field £, a covariant vector field
1 and a Lorentzian metric g which satisfy:

(2.1) ¢* = I+n®¢& nE)=-1, ¢(€) =0, nogp=0,
(2.2) 9(dX,9Y) = g(X,Y)+n(X)nY), g(X,&) =n(X),

forall X, Y e TM.

Also LP-Sasakian manifold M™ satisfies

(2.3) (Vxo)Y = {g(X,Y)E+2n(Y)n(X)EL,
Vx§ = 90X,

where V denotes the operator of covariant differentiation with respect to the Lorentzian
metric g.

Example of LP-Sasakian manifold: Consider the 3-dimensional manifold M =
{(x,y,2) € R3; 2z # 0}, where (z,y, z) are the standard co-ordinates in R3. Let
{E1, E2, Es} be linearly independent global frame field on M™ given by

e 9 e 9 9

9 B- JoN—
z 0x’ P y oy T 0z

(2.5) E;

Let g be the Riemannian metric defined by

9(E1, E2) 9(E1, E3) = g(E», E3) = 0,
g(El,El) = g(EQ,EQ) = 1 and g(Eg,Eg) = —1

The (¢,&,n) is given by

The linearity property of ¢ and g yields that

n(Es) = -1, ¢°U=U+n(U)Es,
g(eU, W) = g(UW)+nU)n(W), g(U,¢&) =n),

for any vector fields U, W on M. By definition of Lie bracket, we have

ae?

(2.6) [E1, Es] = ———FEs, [E1,E3]=—FE, [Es, Es3]=—F;.

xT
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The Levi-Civita connection with respect to above metric g is given by Koszula
forumula

29(VxY,Z) = X(9(Y,2))+Y(9(Z X)) - Z(9(X,Y))
—g(X,[ 7Z]) gy [X Z]) 9(Z, [va])'

Then we have,

vElEl = _E3a vElE‘Q = 0, VElEg = _E17
ae® ae®

Vi, By = Vg, F2 = — . E,—FE3, Vg,E3=—FEy,

Ve, B = 0, Ve,E =0, Ve,Es =0.

The tangent vectors X and Y to M are expressed as linear combination of F1, Es, Es3,
ie., X = a1Fy 4+ asFy 4+ azFs and Y = by E1 + by Es + b3 E3, where a; and bj are
scalars. Clearly (¢,&,7n,9) and X,Y satisfy equations (2.1),(2.2),(2.3) and (2.4).
Thus M™ is LP-Sasakian manifold.

Also, in LP-Sasakian manifold M™ the following relations hold:

(2.7) n(RX,Y)Z) = {g(Y, 2)n(X) —g(X, Z)n(Y)},
(2.8) RX,Y)E = {n(Y)X —n(X )Y}

(2.9) R(EX)Y = {g(X,YV)§—n(Y)X},

(2.10) R(&X)E = {n(X)¢+ X},

(2.11) S(X.8) = (n—1n(X),

(2.12) Q¢ = (n—1),

for any vector fields X,Y, Z, where R(X,Y)Z is the curvature tensor and S is the
Ricci tensor.

3. Semi-symmetric semi-metric connection

A. Friedmann and J.A. Schouten [5] introduced the idea of a semi-symmetric linear
connection. A linear connection V is said to be semi-symmetric connection if its
torsion tensor T is of the form

(3.1) T(X,Y) = n(Y)X - n(X)Y,

where 7 is a 1-form. Motivated by studies of author in [1], introduced the notion

of semi-symmetric semi-metric connection V on a contact metric manifold and it is
defined as B
(3:2) VxY = VxV —n(X)Y +g(X,Y)E,

where V is Levi-Civita connection. A study on semi-symmetric connections and
their properties can be found in [20, 3, 5, 7]. More recently, Mobin Ahmad and M.
Danish Siddiqui [1] have studied a nearly Sasakian manifold with a semi-symmetric
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semi-metric connection, proving the results of integrability conditions of distribution
of semi-invariant submanifolds of an approximately Sasakian manifold, inspired by
research done by the author in [1]. Our focus is on LP-Sasakian manifolds that
exhibit weakly symmetry.

A relation between the curvature tensor of M™ with respect to the semi-symmetric
semi-metric connection V and the Levi-Civita connection V is given by

(B3)R(X,Y)Z = R(X,Y)Z+2[n(Y)9(X,Z2) —n(X)g(Y,Z)]¢ + [g(X, ¢Y)
— gV, 0X)]Z + [g9(Y, Z)pX — g(X, Z)pY],

where R and R are the Riemannian curvatures of the connections V and V respec-
tively. From (3.3), it follows that

34) S, 2) =5, 2)+ 20 )n(Z) +29(Y, Z2) — 9(Z,¢Y) + Tg(Y, Z),

where T = traced = g(de;, €;), S and S are the Ricci tensors of the connections V
and V respectively.

Taking Z instead of £, the above expression becomes

(3-5) S(Y.€) = [(n— 1) + Tln(Y).

4. Weakly symmetric LP-Sasakian manifold admitting
semi-symmetric semi-metric connection

Let M" denote LP-Sasakian manifold admitting semi-symmetric semi-metric con-
nection. Let M™ be weakly symmetric. Then equation (1.2) may be written as

(41)  (VxS)(Z,V) = aX)S(Z,V)+~(2)S(X,V)+46(V)S(Z,X)

+ B(R(X,2)V)+a(R(X,V)Z).
Taking covariant differentiation of the Ricci tensor S with respect to X, we have
(4.2) (VxS)Z,V)=VxS8(Z, V)= S(NxZV)—8(Z VxV).
Putting V = ¢ in (4.2) and by virtue of (2.1), (2.4), (2.11), (3.2), (3.4), we find
43)  (Vx8)(Z,6) = (n—n(VxZ) = (n = 1n(X)n(Z) — (n — 1)g(X, Z)
+(n—1)g(Z,¢X) + X(T)n(Z) + Tn(Vx Z) — Tn(X)n(Z)

~T9(X,Z)+Tg(Z,0X) + (n—1)g(Z,X) — S(Z, X)
—29(Z,¢X) +9(Z, X) + n(X)n(Z).

On the other hand replacing V' with ¢ in (4.1) and use (2.1), (2.11), (3.3), (3.4),
(3.5), we immediately obtain

(44) (Vx8)(Z,6) = [(n=1) +TX)(Z) + [(n = 1) + TIH(Z)n(X)
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+ 6(§)S(Z, X) +26(E)n(Z2)n(X) +26(§)g(Z, X)

— 0(8)9(X,02) +T6(£)g(Z, X) +n(Z)(X)

= n(X)B(Z) + 9(X,92)B(&) — 9(Z,$X)B(E)

+ (2)B(¢X) —n(X)B(9Z) +n(Z)o(X) — g(X, Z)o(€)
— 29(X, 2)a(§) — 2n(X)n(Z)o(§) + n(Z)o (¢ X).

Hence, comparing the right hand side of the equations (4.3) and (4.4), we get
(45)  (n=1)n(VxZ) = (n—1n(X)n(Z2) — (n - 1)g(X, Z) + (n — 1)g(Z, ¢X)
+X(T)n(2) +Tn(VxZ) = Tn(X)n(Z) - Tg(X, Z) + T9(Z,¢X)
+(n—1)g(Z,6X) = 5(Z,¢X) — 29(Z,¢X) + 9(Z, X) + n(X)n(Z)

=[(n =1+ Tj(X)n(Z) + [(n — 1) + TIy(Z)n(X) + 6(£)S(Z, X)
+20(&)n(Z)n(X) +26(£)g(Z, X) = 6(§)9(X, 92) + T(§)g(Z, X)
+n(Z2)B(X) —n(X)B(Z) + 9(X, 6Z)B(E) — 9(Z, $X)B(E)
+n(2)B(¢X) —n(X)B(¢Z) +n(Z)o(X) — g(X, Z)o ()
—29(X, Z)a(§) = 2n(X)n(Z)o (&) + n(Z)o(6X).
Plugging Z = ¢ in (4.5) and using these equations (2.1), (2.4), (2.11), we get the
equation
(4.6) -X(T) = —ln-1)+Tja(X) +[(n—1) + Ty (&)n(X)
+ [(n=1)+TI5(En(X) — B(X) — n(X)B(E)
— B(¢X) —a(X) = n(X)o(§) — o (¢ X).
At this stage we can’t give any geometric meaning to this equation. If we take
X =&, then
1) = [(n—1)+Ta(§) + (&) + (8],
(4.7) i.e, gradl.é = [(n—1)+T][al&)+~v(&) + ()]

Since [(n — 1) + T] # 0, we have gradT is normal to ¢ if and only if [«(&) +
Y(€) + (] =0

Thus by Lemma 1.1 we can state the following;:

Theorem 4.1. Let M™ be weakly symmetric LP-Sasakian manifold with respect
to semi-symmetric semi-metric connection. Then the sum of 1-forms a, v and § on
vanish on the characteristic vector field € if and only if the gradient of trace of the
endomorphism ¢ is normal to M™ along .

5. On special weakly Ricci-symmetric LP-Sasakian manifold admitting
semi-symmetric semi-metric connection

Let M™ be special weakly Ricci-symmetric LP-Sasakian manifold. Then (1.4) may
be written as

(5.1) (Vx8)(Y, Z) =2a(X)S(Y, Z) + a(Y)S(X, Z) + a(Z)S(X,Y).
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Taking cyclic sum of (5.1). This implies that

(5.2) (VxS)(Y, Z) + (VyS)(Z,X) + (V28)(X,Y)

Let M™ admit a cyclic Ricci tensor. Then (5.2) reduces to
(5.3) 0=a(X)S(Y,2) +a(Y)S(Z,X) +a(Z)S(X,Y).
Now setting Z = £ in (5.3) and yield (2.1), (3.4), (3.5), we get

(54)0 = [(n—1)+Tla(X)n(Y) + [(n = 1) + Ta(Y)n(X) + a(§)S(X,Y)
+  2a(N(X)n(Y) + 2a(§)9(X,Y) — a(§)g(Y, ¢ X) + Ta(§)g(X,Y).

Again setting Y = ¢ in (5.4) and employ (1.5) and (2.1), we obtain
(5:5) 2n(p)n(X) = a(X).
Changing X to & in (5.5) and make use of (1.5) and (2.1), it follows that

(5.6) n(p) = 0.

By virtue of (5.6) in (5.5), we procure a(X) = 0, for all X.
This lead us to the following

Theorem 5.1. Let M™ be special weakly Ricci-symmetric LP-Sasakian manifold
M™ with respect to semi-symmetric semi-metric connection and admits a cyclic
Ricci tensor. Then the 1-form o must vanish on M™. However the converse holds
trivially.

Next setting Z = ¢ in (5.1), we have the following

(5.7) (VxS)(Y,€) = 2a(X)S(Y,€) + (V) S(X, €) + a(§)S(X,Y).
The left hand side can be written in the form

(5.8) (VxS)(Y,€) = VxS(Y,€) = S(VxY, &) — S(Y, Vx§).

By view of (1.5), (2.1), (2.11), (3.2), (3.4), (3.5), we infer that

(5.9) (n = Dn(VxY) = (n = Dn(X)nY) — (n - 1g(X,Y) + (n — 1)g(Y, $X)
X(T)nY)+Tn(VxY)=Tn(X)nY)-Tg(X,Y)+ Tg(Y,¢X)
+(n —1)g(Y,0X) = S(Y,6X) = 29(Y,6X) + g(Y, X) + n(X)n(Y)
=2[(n —1) + T]a(X)n(Y) + [(n — 1) + T]e(Y)n(X)
+n(pH{S(X,Y) +2n(X)n(Y) +29(X,Y) — g(Y,6X) + Tg(X,Y)}.
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Choosing Y = ¢ in (5.9) and utilize (1.5) and (2.1), (2.4), (2.11), gives

(5.10) —X(T) = =2[(n—-1)+Ta(X) +2[(n = 1) + TIn(p)n(X),
(5.11) de, X(T) = 2[n(p)n(X) — a(X)][(n—1) +T.

We know that X (7T') = gradT - X. Since [(n — 1) + T] # 0. gradT is normal to
M™ if and only if n(p)n(X) = a(X).
Hence we state the following lemma 1.1.

Theorem 5.2. Let M" be special weakly Ricci-symmetric LP-Sasakian manifold
M™ with respect to semi-symmetric semi-metric connection. Then the gradient of
the trace of the endomorphism of T is normal to M™ if and only if n(p)n(X) = a(X).

If we put X =& in n(p)n(X) = a(X), then n(p) = 0. Thus o(X) = 0.
Hence we can restate the Theorem 5.2 as follows:

Corollary 5.1. Let M™ be special weakly symmetric LP-Sasakian manifold with
respect to semi-symmetric semi-metric connection. Then the gradient of the trace
of the endomorphism of T is normal to M™ along & if and only if 1-form vanish on
the whole space M™.

We conclude from the above results:

Conclusion: If M" is weakly symmetric LP-Sasakian manifold, then the sum
of the 1-forms vanish along the characteristic vector field £ if and only if the trace
of endomorphism of ¢ is normal to M™ along &, whereas if M™ is special weakly
Ricci-symmetric then the 1-form vanishes for every vector field if and only if trace
of endomorphism ¢ is normal to M™ along £. If M™ admits cyclic Ricci tensor then
the 1-form vanish the whole manifold M"™ without any endomorphism.
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Abstract. In this study, we consider the concept of Mannheim partner trajectories re-
lated to the Positional Adapted Frame on Regular Surfaces (PAFORS) for the particles
moving on the different regular surfaces in Euclidean 3-space. We give the relations
between the PAFORS elements of these aforementioned trajectories. Also, we obtain
the relations between Darboux basis vectors of these trajectories. Furthermore, some
special cases of these trajectories are written.
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1. Introduction

The surface theory is one of the most popular fundamental areas in differential
geometry although its history is very long. The well-known moving frame Frenet-
Serret frame has played an important role in the development of this theory. The
steps which are performed by Frenet and Serret helped to adapt the moving frames
to the curves on regular surfaces. This success was achieved by French mathemati-
cian Darboux [3]. He constructed a moving frame that is called today as Darboux
frame for surface curves. Darboux frame is well-defined at every non-umbilic point
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of a surface. Therefore, it exists at every point of a regular surface curve [3,15,22].
Darboux frame has been used as a convenient tool for discussing many topics in the
surface theory. Until today, a lot of researchers have performed many significant
studies on the surface theory by means of Darboux frame. In [6,11,20,26,27], one
can easily find some of these studies.

Another popular area in differential geometry is the curve theory. The concept
of the special curves is an important part of this theory. In Euclidean 3-space E3,
curve pairs like Mannheim curve pairs are well-known examples of special curves.
The topic of moving frames has an important place in the investigation of the local
theory of these kinds of curve pairs. Developing new moving frames has always
been an important effort for mathematicians. The groundbreaking discovery in this
regard is the discovery of the Frenet-Serret frame, as everyone will agree. Most of
the moving frames developed later include one of the basis vectors of the Frenet-
Serret frame in common. Bishop frame [1], type 2-Bishop frame [29], type 3-Bishop
frame [25], g-frame [5], Flc-frame [4], N-C-W frame [23], N-Bishop frame [10] can
be given as examples to them. Similar to these moving frames, recently, Ozen and
Tosun have introduced a new moving frame on regular surfaces in Euclidean 3-space
which is shortly called PAFORS by using the Darboux frame for the trajectories
with non-vanishing angular momentum [17]. The authors have followed similar
steps followed in the study [18] to construct this frame. The same authors also
give some characterizations on asymptotic, slant helical, and geodesic trajectories
with respect to PAFORS in the study [19]. Then, the idea of this new frame has
been expanded to the Minkowski 3-space by Giirbiiz in the study [8]. Giirbiiz has
taken into consideration the evolution of an electric field according to PAFORS in
Minkowski 3-space in the aforementioned study.

Mannheim partner curves (according to Frenet-Serret frame) are interesting and
popular special curves. The principal normal line of one of these partners matches
up with the binormal line of the other partner at the corresponding points of them.
Mannheim carried out the first study in 1878 on this topic [2,13]. In the early
2000s, Mannheim partner curves were studied by Liu and Wang [12,28]. In [12],
the authors specified the necessary and sufficient conditions for a curve to possess
a Mannheim partner curve in Euclidean 3-space and Minkowski 3-space. Then,
Mannheim offsets of ruled surfaces were defined in [16]. On the other hand, dual
Mannheim curves were discussed [7] and [21]. Another thing that can be of impor-
tance is that this topic was expanded to different frames such as Darboux frame and
Bishop frame. Kazaz et al. [9] determined the Mannheim partner D-curves taking
into consideration the Darboux frames of the curves on surfaces. Similar to this
study, Masal and Azak investigated the Mannheim B-curves utilizing the Bishop
frame [14].

In this paper, we investigate Mannheim partner trajectories related to PAFORS.
Firstly, in Section 2, we mention the necessary information to understand the en-
suing sections. In Section 3, Mannheim partner trajectories related to PAFORS
are defined, and the relations between the PAFORS elements of these trajectories
are given. Also, the relations between Darboux basis vectors of these trajectories
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are obtained. Moreover, some special cases of these trajectories are characterized
according to PAFORS curvatures of these trajectories. Then, we give conclusions
in Section 4.

2. Preliminaries

In this section, we remind some required terminology used throughout this pa-
per.

In E3, the standard inner product of any two vectors W = (w1, ws,ws) and
X = (x1, 29, x3) are expressed as (W, X) = wyx1+waza+wsxs. Based on this equal-
ity, the norm of the vector W is given by [|[W| = / W, W) = Jw? + w? + w2.
On the other hand, for a differentiable curve a = a(s) : I C¢ R — E3, if the
condition |[do/as|| = 1 for all s € I is satisfied, « is called a unit speed curve.
In such a case, the parameter s is said to be an arc-length parameter of a. Also,
if the derivative of a differentiable curve does not equal to zero everywhere along
this curve, it is called a regular curve. Any regular curve always has a unit speed
parameterization [24]. We must emphasize that the symbol prime 7 will be used to
show the differentiation with respect to the arc-length parameter s in the rest of
this study.

The researchers generally make use of the Frenet-Serret frame to investigate
many properties of regular curves. However, if these regular curves lie on regular
surfaces, then using the Darboux frame offers more possibilities than the Frenet-
Serret frame.

Let us suppose that a particle R moves on a regular surface M in the Euclidean
3-space along the trajectory a = «(s) that is a unit speed curve. Thus, we can
express o as a : I C R — M C E2. The base vectors of the Darboux frame of
the trajectory « are presented as {T (s),Y (s),U (s)} along o where T is called
the unit tangent vector, U is called the unit normal vector. The remaining basis
vector Y of the Darboux frame is found by means of the equality Y = U x T. It
should be specified that the second-order derivatives of the curves, which we will
consider in this article, are always non-zero (it means that o//(s) is zero nowhere).
For Darboux frame, the derivative formulas are constructed as follows:

T'(s) 0 ko(s)  kn(s)\ [T(s)
Y'(s) | = | —kg(s) 0 T4(8) Y(s) | >
U'(s) —kn(s) —Tg(s) 0 U(s)

where kg is geodesic curvature, k,, is normal curvature and 7, is geodesic torsion of
the curve « [6,15].

Assume that the angular momentum vector of the aforesaid particle R about the
origin does not vanish during the motion. In that case, PAFORS {T(s), G(s), H(s)}
is well defined along the trajectory o = « (s). The base vectors of PAFORS are
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given as follows:

T(s) = T(s),
o) ((s), U(s)) Y+ (a(s), Y(5)) U,
Via(s), Y(5))* + (als), U(s)? V{e(s). Y (5))* + (a(s), U(s))?
H(s) = (—a(s), Y(s)) (o) + (a(s), U(s) e,
V6a(), Y () + (als), U(s)? V{a(), Y () + (a(s), U(s)?

The relation between the Darboux frame and PAFORS exists as follows:

T (s) 1 0 0 T(s)
(2.1) (G(s)) = (0 cos (s) —Singo(s)) (Y(s)) .
H(s) 0 singp(s) cose(s) U(s)

Here, ¢(s) is the angle between the vectors Y (s) and G(s) that is positively oriented
from Y (s) to G(s) [17].
Furthermore, the derivative formulas of PAFORS are given as in the following [17]:

T'(s) 0 ki(s)  ka(s) T(s)
(2.2) G'(s) | = [ —ki(s) 0 ks(s) G(s) | >
H'(s) —ka(s) —ks(s) 0 H(s)

where

k1(s) = kg(s) cos(s) — kn(s)sinp(s),

ko(s) = kg(s)sinp(s) + kn(s)cosp(s),

k() = 7y(s) — ¢/ (s).

Additionally, the rotation angle ¢(s) is calculated by using the following equation
[17]:

arctan( %) if {(a(s), U(s)) >0,

arctan( %) +7 if (a(s), U(s)) <0,

5 if {a(s), U(s)) =0, (afs), Y(s)) <0.

Also, the elements of the set {T(s),G(s),H(s),k1(s),k2(s),ks(s)} are called as
PAFORS apparatuses of the trajectory o = a (s) [17].

In order to remind the asymptotic curve and geodesic curve, we can present the
following conditions [15]:

1. kn, =0 if and only if & = «(s) is an asymptotic curve.

2. ks =0 if and only if @ = a(s) is a geodesic curve.
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Theorem 2.1. [19] Suppose that « = «(s) is an asymptotic curve on the regular
surface M with the condition k, # 0. Then, a = «a(s) is a curve whose position
vector lies on the corresponding plane Sp{T(s),U(s)} if and only if ko = 0.

Theorem 2.2. [19] Assume that o = a(s) is an asymptotic curve on the reqular
surface M with the condition k, # 0. Then, a = «a(s) is a curve whose position
vector lies on the corresponding plane Sp{T(s),Y(s)} if and only if k; = 0.

Theorem 2.3. [19] Suppose that « = a(s) is a geodesic curve on the reqular surface
M with the condition k,, # 0. Then, a = a(s) is a curve whose position vector lies
on the corresponding plane Sp{T(s), U(s)} if and only if k1 = 0.

Theorem 2.4. [19] Assume that o = a(s) is a geodesic curve on the reqular surface
M with the condition k, # 0. Then, a = «(s) is a curve whose position vector lies
on the corresponding plane Sp{T(s), Y (s)} if and only if ko = 0.

For more detailed and comprehensive information about PAFORS, see [8,17,19].

3. Mannheim Partner Trajectories Related to PAFORS Lying on
Different Regular Surfaces
In this section of this study, we introduce the Mannheim partner trajectories related
to PAFORS and obtain some characterizations and geometric interpretations of
them.

Definition 3.1. Let R and R be the moving point particles on regular surfaces
M and M in Euclidean 3-space E3. Let us show the unit speed parametrization
of the trajectories of R and R with @ = «a(s) and @ = @ (8), respectively. Let
{T, G, H, ky, ko, k3} and {’i‘, G, H, k1, ko, @3} represent the PAFORS appara-
tus of the trajectories o and @, respectively. If the PAFORS base vector G coincides
with the PAFORS base vector H at the corresponding points of the trajectories «

and @, a is said to be a Mannheim partner trajectory of a related to PAFORS.
Additionally, the pair {a, a} is called a Mannheim pair related to PAFORS.

With the help of the definition of Mannheim pair related to PAFORS, we can give
the following equation:

T costy siny 0 i‘
(3.1) Gl=| o o 1]|al,
H —sinty cosy 0 H

where v is the angle between the tangent vectors T and T.

Theorem 3.1. Suppose that {o = a(s),a = a(8)} is any Mannheim pair related
to PAFORS. Then, the distance between the corresponding points of o and & is
constant.
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F1G. 3.1: Mannheim partner trajectories related to PAFORS

Proof. According to the definition of Mannheim trajectories related to PAFORS,
the following equation can be given:

(3.2) a(s)=a @) +nEHE),

where 7 is a real valued smooth function of § (cf. Figure 3.1). Differentiating the
equation (3.2) with respect to § and using the equation (2.2), we have:

ds ~\ =~ ~ ~ pps
(3.3) TS = (1 . nkg) T — k3G + 1/ H.

5

Since T, T and G are orthogonal to ﬁ, we have 7’ = 0 with the help of the inner
product. Thus, 7 is a non-zero constant and then we can rewrite the equation (3.3)
as follows:

d N o~
(3.4) T - (1 - n/@) T — nksG.

ds
Hence, the distance between the corresponding points of o and @ can be written as
follows:

d(a(s),@ ) = lla(s) =& &) = [nH]| |0

Therefore, we obtain the distance between each corresponding points of « and & as
non-zero constant. [J

Theorem 3.2. Let{a=a(s),a = a(s)} be any Mannheim pair related to PAFORS.
In that case, the following equation is satisfied.
ds

%(cost/;) = ko <H7 ’i‘> + Ts <T,é>
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Proof. Since v is the angle between the tangent vectors T and 'T‘, we can write

(T, %) = |||

the parameter s, we obtain:

’TH cos )y = cosp. If this equation is differentiated with respect to

d d -~
< =2(r T>
a5 = g5 (T,
. o~ dS
- <I<:1G + koH, T> n <T, (FG + kQH)dz> :
Then, the last equation yields the desired result. [

Corollary 3.1. The angles between the tangent vectors at the corresponding points
of a Mannheim pair (related to PAFORS) are generally not constant.

Theorem 3.3. Let{a=a(s), a=a(s)} be a Mannheim pair related to PAFORS.
Then, the following equation is satisfied:

T (1 - Uzz) & —TIE3£ 0\ /T
(3.5) G| = 0 0 1| |G
H 7]76\3%3 (1 - 7]76\2) g 0 H

Proof. Let {o,a} be a Mannheim pair related to PAFORS. With the help of the
equations (3.1) and (3.4), we get:

ds . ds ~\ ~ ~ ~
Cos Tﬁ%\T + blnwd—g(} = (1 — ’/]kg) T — nksG.

From the previous equation, we can write:

~\ ds
cosy = (1 - nk2> d—?
(3.6) i
siny = —nks— -
ds

Substituting the equation (3.6) in the equation (3.1), we have the equation (3.5). O

Corollary 3.2. The tangent of the angle between the unit tangent vectors of the

Mannheim partner trajectories (related to PAFORS) o = a(s) and & = a (8) is
given as follows:

(3.7) tan = — -

Corollary 3.3. Let{a=a(s),a=a(s)} be a Mannheim pair (related to PAFORS).
In that case, the following equation is satisfied

/coswdsﬁ—n/lggd?:é\—i—cl,

where ¢1 shows the integration constant.
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Corollary 3.4. Let{a=a(s),a=a(s)} be a Mannheim pair (related to PAFORS).
Then, the following equation is satisfied.

/sinwds—i-n/lgg,d?:()

Theorem 3.4. Let{a=a(s),a=a(s)} be a Mannheim pair related to PAFORS

and their Darboux frame be denoted by {T,Y, U} and {’i‘, ?7 ﬁ}, respectively.

In that case, the relations between the Darbouz base vectors of this pair are given by
= ~\ ds ~ ds ~ ds
T= (1 — nk2> Gl nks sin @—SY — nks cos

5
ds ds %U’

5~ ds ~ ds
Y =nks3sin @d—ST + (cos pcosp+ (1 — 7’]k2) sin @ sin cpds> Y
s s
P ~N\ L ds
+ | —cospsinp + (1 — nkg) sin ¢ cos gpd— U,
s

O —ihs cos 5% 5 SN d
U =nkj3 cos @d—jT + ( sin @ cos ¢ + (1 — nk2> cos psin <pdj> Y

. ~ R ds
+ (sin<ps1n<p + (1 - nk2> cos (p cos <pds) U,
s

where ¢ is the angle between the vectors U and H and also, ¢ is the angle between
the vectors U and H.

Proof. With the help of the equation (2.1), the following equations

T 1 0 0 T
(3.8) G| =10 cosp —sinp| Y

H 0 sing cosep U
and

T 10 0 T
(3.9) Y| =[0 cosp sinpg| |G

U 0 —sinp cos@/ \H

can be seen easily. Also, we can write the following equation according to the
equation (3.5):

T (1 - 77%2) &0 ks & T
(3.10) Gl=| k% o (1-9k)E g
H 0 1 0
Substituting the equation (3.10) in the equation (3.9) gives us the following:
#\ [((L-nk)E 0 s &8 .
3.11) |Y|= —nks cos gpj—f sin @ (1 - nE2> cos{ﬁg—f G
U H

7)E3 sin @3—5 cosp — (1 — 177{}) sin @g—f
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If the equation (3.8) is considered in the equation (3.11), the desired equations are
found. O

Theorem 3.5. Let{a=a(s),a=a(8)} be a Mannheim pair related to PAFORS.
In that case, the following relations can be given:

~ 2 2
ko —nka —nk3

1. k= — 5
1 — 2nky + 1?2 (kz + k3 )
- ki — gkY — k3
2. ko = NI R
1~ 26k, + € (K2 + K3)
where & is a constant satisfying | € |=| n |.

Proof. 1. Assume that {«, @} is a Mannheim pair related to PAFORS. With the
help of the well-known identity cos2y + sin®y) = 1, we get:

() (0o o) =

using the equation (3.6). Then, we can write:

ds\ > ~ ~2 2
(3.12) (dg) —1— 2k + 72 (k‘g + ks )

By differentiating the equation (3.4) according to the parameter s and by
using the equation (2.2), we have:

Lop i (;)G e (;)H = (“n(R) bk T
(313 o (5 (1) ) @
+ (Ez (1 - nEg) - nk?f) .
The last equation yields:

ds\> ~ 0\~ ~2
(3.14) k1 (d§> = (1 - 77k2> ko —nks .

If we substitute the equation (3.12) in the equation (3.14), we get the desired
result.

2. We can easily see the equality:

a(s) =a(s)+<G(s)
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where £ is a constant satisfying | n |=| £ | (cf. Figure 3.1). Derivating this
equation according to the s twice, we get:

~ds

(3.15) T = (1 k)T +¢hH
and

P25~ ~ (d3\’ A ~ [(d5\°~

dT,zT + T (dj) G + ks ((ii) H = (—¢k, — €hoks) T
(3.16)

+ (k1 (1 —€kr) — €K3) G
+ (k2 (1 — &k1) + &k5) H.

By the equation (3.1), it can be seen that T = cos YT — sinyyH. Thus, we
get:

~ P~

@COS’(/JT — @sian =(1-&k) T+ EksH
ds ds

and also % cosyp =1 — &k, —% siny = k3. From here we can write:

~\ 2
(3.17) (jz) =1—26ky + & (k] +k3) .

The inner product of the vectors at the right and left sides of the equation
(3.16) with the vector G gives us the following:

~ /d3\?
(3.18) @(5)::m—f%—£%-
ds
Consequently, by using the equation (3.17), we have:

. ky — Ek3 — Ek3
T2k + (R + k3

and the proof is completed.
a

With the help of the Theorem 2.1, Theorem 2.2, Theorem 2.3, Theorem 2.4 and
Theorem 3.5, we can give the following corollaries.

Corollary 3.5. Let{a = «a(s),a=a(s)} be a Mannheim pair (related to PAFORS).
]fkg = kg = O, then k‘1 =0.

Corollary 3.6. Let{a=a(s),a=a(s)} be a Mannheim pair (related to PAFORS).
[fkl = k3 = 0, then kQ =0.
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Corollary 3.7. Let{a=a(s), a=a(s)} be a Mannheim pair related to PAFORS.
Then, the followings are satisfied:

1. Suppose that the geodesic curvature of o never equals to zero. Then, o = «(s)
18 an asymptotic curve whose position vector lies on the corresponding plane

Y 2 2
ko —nka —nk3

Sp{T(s),Y(s)} if and only if — ———
1 — 20ks + 12 (k2 + ks )

=0.

2. Assume that the geodesic curvature of & never equals to zero. Then, & = & (38)
is an asymptotic curve whose position vector lies on the corresponding plane

A~ DS . . ki — k2_ kz
Sp{T(s), U(8)} if and only if 1— 251161 ié{Q (/ff i k3)

Corollary 3.8. Let{a=a(s), a=a(s)} be a Mannheim pair related to PAFORS.
Then, the followings are satisfied:

1. Suppose that the mormal curvature of a mnever equals to zero.  Then,
a = «fs) is a geodesic curve whose position vector lies on the correspond-
~ 2 ~2
ko —nke —nk
ing plane Sp{T(s),U(s)} if and only if 2/\ i AZ 2 ——=0.
1 — 2nky + n? (]432 + k3 )

2. Assume that the normal curvature of & mever equals to zero.  Then,
a = a(s) is a geodesic curve whose position vector lies on the correspond-

. S G : ki — &Y — EK3
ing plane Sp{T(8),Y(S)} if and only if = 2¢ks + € (k2 + k)
11T R3

4. Conclusions

The main purpose of this study is to lead the studies investigating the special
classes of regular surface curves (traced out by a moving particle) by means of the
new and convenient moving frame PAFORS. In accordance with this purpose, we
choose the Mannheim partner curves which are well-known and preferred widely.
We think this choice makes the study more remarkable.

In this study, Mannheim partner trajectories related to PAFORS are defined
for the particles moving along the different regular surfaces in Euclidean 3-space.
Also, the relations are given between the PAFORS elements of these aforementioned
trajectories. Moreover, the relations are obtained between Darboux basis vectors
of these trajectories, and some special cases of these trajectories are characterized.

We state that we plan to discuss the Bertrand partner trajectories related to
PAFORS in the future study.
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1. Introduction

In this paper we consider some stronger versions of separability in hyperspaces.
In [27], Marion Scheepers introduced a general notation for selection principles as
follows:

Let A and B be families of sets of an infinite set X. Then,
e S (A, B) is the selection hypothesis: for each sequence {A, : n € N} of elements of
A there is a sequence {b, : n € N} such that for each n,b, € A _, and {b, : n € N}
is an element of B.
¢ S,..(A, B) is the selection hypothesis: for each sequence {A, :n € N} of elements
of A there is a sequence {B, : n € N} of finite sets such that for each n,B, C A_,
and U B eB.
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If A and B stand for the family of all dense subsets of X (where we denote the set
of all dense subsets of X by D), then S, (D, D) is called the selective separability
of X. L. Juhdsz and S. Shelah in their paper [13] proved that a compact space X
has countable m-weight whenever every dense subspace of X is separable. Selective
separability of X follows from countable m-weight of X and implies that all dense
subspaces of X are separable. Therefore, the above-mentioned theorem of Juhész
and Shelah implies that, in compact spaces, selective separability coincides with
countable m-weight.

In [3], spaces X satisfying S,, (D,D) or S, (D, D) are called M-separable and
R-separable, respectively. Also, X is said to be H-separable if for every sequence
{D,, : n € N} of elements of D, one can pick finite F,, C D,, so that for every
nonempty open subset O of X, the intersection O N F;, is nonempty for all but
finitely many n. Naturally, M-, R-, and H-, are motivated by analogy with well-
known Menger, Rothberger, and Hurewicz properties. Recall that X is Menger if for
every sequence {U,, : n € N} of open covers of X, there exist finite V,, C U,,, n € N,
so that [J{V,, : n € N} covers X; X is Rothberger if for every sequence {U,, : n € N}
of open covers of X, there exist U, € Uy,, n € N, so that {U, : n € N} covers X;
X is Hurewicz if for every sequence {U,, : n € N} of open covers of X, there exist
finite V,, C U, n € N, so that for every z € X, x € [V, for all but finitely many
n. Also a family P of open sets in X is called a m-base for X if every nonempty
open set in X contains a nonempty element of P; where 7w (X) = min{|P|: P is a
m-base for X'} is the m-weight of X. The following implications are obvious:

R-separable
vd N
Separable «— M-separable Countable m-weight

N H-separable e

Let us now recall some backgrounds of hyperspace topology. Given a Hausdorff
non-compact space X, we denote the family of nonempty closed subsets (resp.,
closed subsets, compact subsets) of a topological space X by CL(X) (resp., 2X,
K(X)). For a subset U C X and a family U of subsets of X, we write:

U ={AeCL(X): AnU # ¢},
U '={AeCL(X): AC U},
U'=X\U,

U ={U":U cuy.

The most known and popular among the topologies on 2" are Fell topology
and Vietoris topology. J. M. G. Fell [11] introduced a topology 7, on 2" having a
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subbase consisting of all sets of the form V', where V is an open subset of X plus
all sets of the form (K C)+, where K is a compact subset of X. The Fell topology
n

T, has a basic open subset of the form (ﬂ Vo)n (K°)", where V,, V,,...,V, are
i=1
open subsets of X and K is a compact subset of X.
If compact subsets in the definition above are replaced by closed sets, we obtain

the stronger Vietoris topology 7,, [21]. A basic open subset of the Vietoris topology
n

Ty

is of the form: < U,,U,,...U, >={A €2 :Ac |JU.,ANU, # ¢, for

i=1
1 <4< n}, where U,, U, are open subsets of X, for n € N.

2

Let A be asubset of 2° closed for finite unions and containing all singletons. The
upper A-topology, denoted by A+, is the topology whose subbase is the collection
{(DY" : D e A} U {2"}. If A is the family of all finite subsets of X (resp.,
the collection of compact subsets of X), the corresponding A+-topology known as
co-finite topology (resp., co-compact topology) will be denoted by A (resp., F+).

We have the inclusions: Z - F’ Cr.CrT,.

Let A C CL(X) be a subfamily of CL(X) closed under finite unions and con-
taining all singletons. Then, the hit-and-miss topology on C'L(X) with respect to

A (first studied in the abstract in [23] and then in [7]), denoted by 71, has as a
base, the family

B

{(m VI)N(BY)T: BeAandV, €7 fori€{1,2,..,m}, meN}.
i=1
Following [32], the basic element (m V,O)N(B")* will be denoted by (V4 ..., Vi) ©
i=1

Two important cases of the hit-and-miss topology are the Vietoris topology, 7,,,
when A = CL(X) ([31], [21]) and the Fell topology, 7., when A = K(X) ([11]).

By a cover, we mean a nontrivial one, that is, I/ is a cover of X if X =U U and
X € U. k-covers and w-covers play important roles in selection principles [2], [14],
[15]. Different A-covers exposed many dualities in hyperspace topologies such as
Fell topology, Vietoris topology, Z ', F* ([5], [15], [16], [19], [10], [9], [8], [22], [26]).

Throughout the paper all spaces are assumed to be Hausdorff, non-compact.
Along this paper, unless we say the opposite, we will take a family A C CL(X) that
is closed under finite unions. Also we shall use [X]<“ to denote all finite subsets of
X.

2. Definitions and Results
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Let us recall that an open cover U of a space X is called an w-cover [12] (respec-
tively, a k-cover [20]) if every finite (respectively, compact) subset of X is contained
in a member of & and X is not a member of U. An open cover U of X is called a
~v-cover [12] if it is infinite and each x € X belongs to all but finitely many elements
of U. Notice that it is equivalent to the assertion: Each finite subset of X belongs
to all but finitely many members of &. Also Lj. D. R. Ko¢inac in his paper [16]
introduced a stronger version of y-cover as: an open cover U of a space X is called
a v, -cover of X if each compact subset of X is contained in all but finitely many
elements of 4 and X is not a member of the cover.

For a space (X, 7) and a point x € X we use

e O : the collection of open covers of X;

e () : the collection of w-covers of X;

e [C : the collection of k-covers of X;

e I' : the collection of all y-covers of X;

o I', : the collection of all «, -covers of X;

e, ={AC X :2€ClA};

e D_ : the collection of all dense subsets of the space (X, 7).

AsF' and Z* are miss type hyperspace topologies, they are dual to k-covers
and w-covers in selection principles. The Fell topology and the Vietoris topology
are hit-and-miss topologies of types of subbasic open sets: those that hit a variable
open subset plus those that miss a compact subset (in case of Fell topology) or a
closed subset (in case of Vietoris topology). Z. Li in his paper [19] introduced the
definitions of hit-and-miss type covers to study the selection principles in CL(X)
under 7, and 7,,. The following definition of hit-and-miss type covers has been
introduced in [6].

Definition 2.1. [6] Let (X, 7) be a topological space. A family & C A” is called
a ca(A)-cover of X, if for any D € A and open subsets Vi,...,V,, of X, with
D NV # ¢, for any i € {1,...,m}, there exist U € U and F € [X]<“ such that
D CU, FNU = ¢ and for each i € {1,....,m}, FNV; # ¢. The family of all
ca(A)-covers of X will be denoted by Ca(A).

Next we recall the relative version of the above type of covers as follows.

Definition 2.2. [29] Let (X, 7) be a topological space and Y C X with ¥ # X.
A family « C A" is called a ca(A)-cover of Y, if for any D € A with D C Y and
open subsets Vi, ..., V,, of X, with Y NV, # ¢, for any i € {1,...,m}, there exist
Ueland F € [X]|<¥ such that D C U, FNU = ¢ and for each i € {1,...,m},
FNV; # ¢. We denote by C,(A) the family of all ca(A)-covers of Y C X, with
Y £ X.

Lemma 2.1. [29] Let Y be an open subset of a space X with Y # X and U C A°
be a cover of Y. Then the following statements are equivalent:
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(i) U is a ea(N)-cover of Y.
(i) Y € ClL+(U").

T
A

+
Lemma 2.2. For a space X, E € A and a collection A C A, A € Q7 implies

{(AUE)" : A € A} is a ca(A)-cover of E°, where Q;JX ={AcCCLX):FEc¢€
Cl (A}

Proof. Let D € A be such that D C E° and let Vi, ..., V,, be open sets in X with
EnNV;# ¢, foralli=1,..,m. Then (V1,..., Vm)+ is a Tl—neighbourhood of E. As

D

+
A€ Q2 there exists A € A such that A € (Vq, ..., Vm);. Now choose x; € ANV,
for 1 < ¢ < m and consider the set F = {z; : 1 <7 < m}. Then F' € [X]<¥ with
FNVi#¢ foralll1 <i<m. Also D C (AUE)" and (AUE)" N F = ¢. Hence
{(AUE)" : A€ A} is a ca(A)-cover of E°. O

We next recall the definition of Ay-covers of a space as follows.

Definition 2.3. [29] Let (X, 7) be a topological space. A family ¢ C A" is called
a A~v-cover of X, if each B € A belongs to all but finitely many elements of U
and for any B € A and open subsets Vi, ..., V,, of X, with B°NV; # ¢ for any
i € {1,...,m}, there exist U € Y and F € [X]<“ such that BC U, FNU = ¢ and
for each i € {1,...,m}, FNV; # ¢. The set of all Avy-covers of X is denoted by AT".

Next recall the relative version of the above type of covers as follows.

Definition 2.4. [28] Let (X, 7) be a topological space and Y C X with ¥ # X.
A family 4 C A" is called a Av-cover of Y, if each B C Y with B € A belongs
to all but finitely many elements of ¢/ and for any B C Y with B € A and open
subsets Vi, ..., Vi, of X, with Y NV # ¢ for any i € {1,...,m}, there exist U € U
and F' € [X]<% such that B C U, FNU = ¢ and for each i € {1,...,m}, FNV; # ¢.
The set of all Ay-covers of Y C X is denoted by AT

Remark 2.1. If we consider A = K(X) and A = CL(X) (resp., A = A = CL(X)) in
Definitions 2.3 and 2.4 above, we get the definitions of ~x,-covers (resp., e, -covers) of X
and also the definitions of 7 -covers (resp., ve, -covers) of a subset Y of X, with ¥ # X.

It is easy to observe that AI' C Ca(A).

Lemma 2.3. [28] Let X be a topological space, Y be an open subset of X and
U={U,:neN} CA" bea cover of Y. Then the following statements are equiva-
lent:

(i) U is a Ary-cover of Y.
(ii) {U, : n € N} converges to Y in (A,TZ).
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Recall now that an open cover U of a space X is called
(i) w-groupable [15], [17] (k-groupable [9]) if it can be expressed as a countable
union of finite, pairwise disjoint subfamilies ¢ , n € N, such that for each finite
(compact) set C' C X, for all but finitely many n there is an U € U, such that
Cccu,
(i) weakly groupable [2] (k-weakly groupable [9]) if there is a partition of U into
countably many finite, pairwise disjoint sets & , for n € N, such that each finite

n?

(compact) subset of X is contained in |JU, , for some n.
Also recall that a countable element D from D is said to be groupable [17], [18]
if there is a partition D = U D into finite pairwise disjoint sets such that each
neN
nonempty open set of the space intersects D, , for all but finitely many n. Let D
denote the family of groupable elements of D.

For a space X, we denote:

e Q" - the family of w-groupable covers of X;

e K - the family of k-groupable covers of X;

e 0" the family of weakly groupable covers of X;

0« O " the family of k-weakly groupable covers Sf X;

ot -
e (2,2)"" - the family of groupable elements of Q .

Following Definitions 5.1 and 5.5 of [19], where the classes ICZF of k,.-groupable
covers and C‘g/p of ¢, -groupable covers are introduced, we define the general notion
of a A-groupable ca (A)-cover as follows.

Definition 2.5. A ca(A)-cover U of a space X is said to be A-groupable if it
can be expressed as a union of infinitely many finite, pairwise disjoint subfamilies
U,, C U such that for any subset B of X with B € A, open sets V1, V5, ..., V,,, of X
with V; N B # ¢ (1 < < m), there exists n, € N so that for each n > n,, there
exist U, € U,, and a finite set F,, with F,, N V; # ¢ (1 <14 < m) such that B C U,
and F,NU,, = ¢. We denote the family of all A-groupable covers of X by C, (A)"".

Definition 2.6. Let (X,7) be a topological space and Y C X with ¥ # X. A
ca(A)-cover U of YV is said to be A-groupable if it can be expressed as a union of
infinitely many finite, pairwise disjoint subfamilies i/,, C U such that for any subset
B CY with B € A, open sets Vi, Va,...,V,, of X with V,NY" # ¢ (1 <i < m),
there exists n, € N so that for each n > n,, there exist U,, € U,, and a finite set F),
with F, NV; # ¢ (1 <4 < m) such that B C U, and F,, NU,, = ¢. We denote the
family of all A-groupable covers of Y C X with Y # X by (C; (M)

o+
Lemma 2.4. For a space X, E € A and a collection AC A, A€ (.7 )" implies
{(AUE)" : Ac A} is a A-groupable cover of E".
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Proof. Let A = U B, be a partition of A into finite, pairwise disjoint sets such
neN
that each TZ—neighbourhood of E meets B, for all but finitely many n. Then by
Lemma 2.2, U = {(AUE)" : A € A} is a ca(A)-cover of E°. Write U = U Vn,
neN
where for each n € N, V,, = {(BUE)" : B € B,}. Let D € A be such that
D C E° and let Vi, ..., V,, be open sets in X with ENV; # ¢, for all i = 1,...,m.
Then (V1, ...,Vm)+ is a T:—neighbourhood of E. Hence there exists n, € N such

D

that for each n > n,, there exists B,, € B, such that B,, € (Vl,...,Vm);. Now
choose z; € B, NV;, for 1 < i < m and consider the set F = {z; : 1 <1 < m}.
Then F € [X]|<“ with FNV; # ¢, forall 1 <i < m. Also D C (B, UE)" and

(BUE)*NF = ¢. Hence {(AUE)" : A€ A} is a A-groupable cover of E*. [J

Definition 2.7. A cover U of a space X is weakly A-groupable if it can be ex-
pressed as a union of infinitely many finite, pairwise disjoint subfamilies U,, C U
such that for any subset B of X with B € A, open sets Vi, V5, ..., V,, of X with
ViNnB° # ¢ (1 <i < m), there exist U,, and a finite set F with FNV; # ¢ (1 <i < m)
such that B C U U, and F'N(UU,) = ¢. We denote the family of all weakly A-
groupable covers of X by C.*"

A"

Lemma 2.5. [6] A familyUd C A" is a ca(A)-cover of X if and only if the family
U is a dense subset of (AJZ).
Lemma 2.6. For a space X and a countable subset A C CL(X), the following
statements are equivalent:

+

(i) A is a groupable dense subset of (CL(X),T, ).
(ii) A" is a A-groupable cover of X.

Proof. (i) = (ii): Let A = U B, be a partition into finite pairwise disjoint sets

neN
such that each open set of (CL(X )771) intersects B, for all but finitely many n.
We claim that A" = U BZ is a A-groupable cover of X. Indeed, let K € A be a

neN
subset of X and V,...,V. be open in X with (X \ K)NV, # ¢, for 1 <i < m.

Then (V4, ..., Vm); is a TZ—Open set in CL(X). Hence there exists n, € N such that

for all n > n,, there exists B, € B, such that B, € (Vi,..,Vi,).. Let U, = B',

for n > n,. Then U, € B;. Choose xin) e V.NnB,, for 1 <i<m and consieder

F = {xin) :1 <4 <m}. Then F is a finite subset of X with F'NV; # ¢, for all

1<i<m. Also K CU, and FNU, = ¢. Hence B’ is a ca(CL(X))-cover of X.
(ii) = (i): Let A" = U U, be a partition of A" that witnesses (ii). We claim

neN
that A is a groupable dense subset of (C'L(X), TZ) Let (V4,..., Vm); be a TZ—open
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set in (CL(X), TZ) Then there exists n, € N such that for all n > n,, there exist

U, € U, and F, € [X]|<¥ with F,, NV, # ¢, for all i = 1,...,m such that D C U,

and U, NF,, = ¢. Hence US € (V1, ..., Vm);, for all n > n,, so that A is a groupable
+

dense subset of (CL(X),7,). O
3. Selective separability of the hyperspace (A,TZ)

In this section we first start with the relationships between closure-type proper-
ties of the hyperspace (A, TZ) and covering properties of that of X. We then discuss

about the selective separability and variations of separability in (A, TZ)

Theorem 3.1. Let x € {1, fin}. Then for a space X the following statements are
equivalent:

(i) X satisfies S (Ca(A),Ca(A)).
(ii) (A,TZ) satisfies S, (D, D

Co(A)? CA(A))'

(where D._(a) denotes the family of dense subsets of (A, 75)).

Proof. We prove the theorem for x = fin, the other part being similar.

(i) = (ii): Let {D, : i € N} be a family of dense subsets of (A,TZ) such
that D, € D% (n), for each @ € N. Then by Lemma 2.5, {Df ;4 € N} is a
family of open covers of X such that Dr € C,(A), for all i € N. As X satisfies
S (CL(A),C,(A)), there exists a sequence {A, : i € N} of finite sets such that
A, C D and U A, € C,(A), for each i € N. Then U AZ €D,

‘€N ieN

(ii) =(i): Assume that {{, : n € N} is a family of open covers of X such that
U, € C,(A). Consider A, = U, for each n € N. Then by Lemma 2.5, A, is a
dense subset of (AJZ) for each n € N such that A, € D, . As (AJZ) satisfies
S,.(D D ), there exists a sequence {A, : n € N} of finite subsets such

fm( CpA (0 Fe ()
that A, C A, for each n € N and U A, €D Then U, = A, for n € N is
‘€N
such that U U, is an open cover of X and U U,eC,(A). D
neN neN

RGN

CaA (M)

Corollary 3.1. (Theorem 3.6 in [19]) For a space X, the following are equivalent:

(i) (CL(X),T,) satisfies S, (D, D).
(i) X satisfies S,(C,,C,).

Corollary 3.2. (Theorem 3.4 in [19]) For a space X, the following are equivalent:

(i) (CL(X),1,) satisfies S, (D, D).
(i) X satisfies S, (K, ,K,).



Variations of Separability and Supertightness of Hyperspaces 255
Corollary 3.3. (Theorem 4.4 in [19]) For a space X, the following are equivalent:

(i) (CL(X),T,) satisfies S,, (D, D).
(ii) X satisfies S, (C,,C, ).

Corollary 3.4. (Theorem 4.2 in [19]) For a space X, the following are equivalent:

(i) (CL(X), ) satisfies S, (D, D).
(ii) X satisfies S, (K, ,K,).

Recall here that a space X is M-separable [3] if for every sequence {D,, : n € N}
of dense subspaces of X one can select finite F,, C D,, so that [J{F, : n € N} is
dense in X. Thus we have the following theorem.

Theorem 3.2. For a space X, (A,TZ) is M-separable if and only if X satisfies
Stin(Ca(A),Ca(A)).

Again a space X is R-separable [3] if for every sequence {D,, : n € N} of dense
subspaces of X one can pick z, € D,, so that {z, : n € N} is dense in X. Thus we
have the following theorem.

Theorem 3.3. For a space X, (A,T;r) is R-separable if and only if X satisfies
S1(Ca(A),Ca(A)).

Theorem 3.4. Let ®, ¥ € {AT'",CL(A)},» € {1, fin}. Then for a space X the
following statements are equivalent:

(i) Each open set Y C X with Y € A* has the property S, (®, V).

(#i) Fach E € (A,TZ) satisfies S, (P, V).

(where ®,, denotes the ® family of covers of E and ¥, denotes the U family of
covers of E).

Proof. We prove the theorem for « = 1, the other parts being similar.

(i) = (ii): Let E € A and let {A_ : n € N} be a sequence such that for each
neN, A, € ®,. Then {A :n €N} is a sequence of open covers of E* such that
for each n € N, .A; € ®. As E has the property S, (®, ¥), there exists a sequence
{A’ :n € N} such that for eachn € N, A” € A” and {A  :n € N} is an open cover
of E" such that {4’ :n € N} € U. Hence {A, :n € N} € ¥,

(ii) = (i): Let Y be an open subset of X with Y € A" and {F, : n € N} be
a sequence of open covers of Y such that F, € @, forn € N. Let E = X \Y.
Put A, = F.,n € N. Then A, C A and A, € ®,, for n € N. As E satisfies
S, (®,,¥,), there exists a sequence {4, : n € N} such that A, € A _, for each
neNand {A, :neN} e ¥,. Hence {F, =A :neN}eV. O
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Recall that a space X has countable fan tightness [1] if whenever x € ClA4,, for
all n € N, one can choose finite F,, C A, so that x € CI(U{F), : n € N}) and X
has countable strong fan tightness [25] if whenever x € ClA,, for n € N, there are
Zn € Ay such that x € Cl({zy, : n € N}). In view of these definitions we can restate
the above theorem as follows.

Theorem 3.5. For a space X, (A, TZ) has countable strong fan tightness if and
only if each open subset Y C X with Y € A satisfies S, (C,(A),CA(A)).

Proof. First let Y C X be open in X with Y° € A and {4, : n € N} be a
sequence of ca(A)-covers of Y. Then by Lemma 2.1, Y € C’lT;r (Ug). As (A,T:)
has countable strong fan tightness, there exists US € US, for n € N such that
Y¢e Ol , ({Uy :n € N}). Hence {U, : n € N} is a ca(A)-cover of V.

Conversely, let E € A be such that £ € Cl(Uy,). Then by Lemma 2.1, {U; :
n € N} is a sequence of ca(A)-covers of E°. By the given condition, there exists
US € Ug, for n € N such that {US : n € N} is a ca(A)-cover of E°. Hence
Ee C’lT;r ({U,, : n € N}), so that (A, TZ) has countable strong fan tightness. [

Theorem 3.6. For a space X, (A,T:) has countable fan tightness if and only if
each open subset Y C X with Y°© € A satisfies S,,, (Cx(A),Cx(A)).

Proof. First let Y € X be open in X with Y¢ € A and {4, : n € N} be a sequence of
ca(A)-covers of Y. Then by Lemma 2.1, Y € CZT;r (Ug). As (A, TZ) has countable

fan tightness, there exist finite V; C Uy, for n € N, such that Y € Cl,,, (U{V} :
n € N}). Hence | J{V,, : n € N} is a ca(A)-cover of Y.

Conversely, let E € A be such that E € Ci(U,,). Then by Lemma 2.1, {US :
n € N} is a sequence of ca(A)-covers of E°. By the given condition, there exist
finite V; C US, for n € N, such that [ J{V¢ : n € N} is a ca(A)-cover of E°. Hence
Ee OZTX(U{Vn :neN}). O
Corollary 3.5. (Theorem 3.2 of [19]) For a space X, the following are equivalent:

(i) (CL(X), 1, ) has countable strong fan tightness.
(i) Each open subset Y of X with Y C X satisfies S, ((C:,(C;).

Corollary 3.6. (Theorem 3.1 of [19]) For a space X, the following are equivalent:

(i) (CL(X),7,) has countable strong fan tightness.
(i) Each open subset Y of X with Y C X satisfies S, (K;, KF)

Corollary 3.7. (Theorem 4.3 of [19]) For a space X, the following are equivalent:

(i) (CL(X),1,) has countable fan tightness.
(ii) Each open subset Y of X with Y C X satisfies S, ((C;,(C;).
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Corollary 3.8. (Theorem 4.1 of [19]) For a space X, the following are equivalent:

(i) (CL(X),,) has countable fan tightness.

(ii) Each open subset Y of X with Y C X satisfies S, (K..K).

Theorem 3.7. For a space X, the following statements are equivalent:

(i) X satisfies S, (Ca(CL(X)),Ca(CL(X))"").
(ii) (CL(X),T.) satisfies S, (D, ,Djj ).

+

Proof. (i) = (ii): Let {D, : n € N} be a sequence of dense subsets of (CL(X),7, ).
For each n € N, put ¢, =D’ . Then U, is a ca(CL(X))-cover of X, for each n € N.
By (i) applied to {U, : n € N}, there exists a sequence {D' : n € N} such that for
each n € N, D' € U, and {D’ : n € N} is a A-groupable cover of X. Hence by

+

Lemma 2.6, {D, : n € N} is a groupable dense subset of (CL(X), 7, ).

(ii) = (i): Let {U, : n € N} be a sequence of ca(CL(X))-covers of X. Put
A, =U_,n € N. Then by Lemma 2.5 for each n € N, A is a sequence of dense
subsets of (CL(X), TZ) By (ii), there exists a sequence {4, : n € N} such that for
eachneN A € A and B={A4, :neN} e Dii Again by Lemma 2.6, B" is a

A
A-groupable cover of X. Hence {4’ :n € N} guarantees for {/, : n € N} that X
satisfies S, (Ca(CL(X)),Ca(CL(X))™). O

Next recall that a space X is H-separable [3] if for every sequence {D,, : n € N}
of dense subspaces of X, one can pick finite F;, C D,, so that for every nonempty
open set O C X, the intersection O N F, is nonempty for all but finitely many n.
Thus we have the following theorem.

Theorem 3.8. For a space X, (CL(X),TZ) 1s H-separable if and only if X sat-
isfies S, (Ca(CL(X)),Ca(CL(X))").

Proof. First let, (CL(X),TZ) be H-separable and {U, : n € N} be a sequence of
cea(CL(X))-covers of X. Then by Lemma 2.5, {U/S : n € N} is a sequence of dense
subsets of CL(X). By H-separability of (CL(X),TZ), there exist finite VS C UE,
n € N, such that for every non-empty open set W of CL(X), W NVS # ¢, for all
but finitely many n € N. We claim that | J V), is a A-groupable cover of X. Indeed,
Let D € A and Vi,...,V,,, be open in X with D¢ NV, # ¢, for all 1 <i < m. Then
(Vi, ..., Vi)t is a 7{-open set in CL(X) and hence there exists ng € N such that

D

Vi, ., V)L NV # ¢, for all n > ng. Choose V¥ € (Vi,..., V)T NV5, for all
n > ng. Next choose ™ e V1, sy Vm)g NVe, for all 1 <4 < m and consider the

set F,, = {a:f”) :1<i<m}. Then F, € [X]<¥ with F,,NV; # ¢, for all 1 <i < m.
Also, D C V,, and V,, N F,, = ¢, for all n > ngy. Hence |V, is a A-groupable cover
of X.
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Conversely, let {D,, : n € N} be a sequence of dense subsets of CL(X). By
Lemma 2.5, {D¢ : n € N'} is a sequence of ca(CL(X))-covers of X. As X satisfies
S (CA(CL(X)),CA(CL(X))%), there exist finite By, C Dy, n € N, such that
(J B¢ is a A-groupable cover of X. Then every Tg—open set intersects all but finitey
manyB3,,. Hence (CL(X),7X) is H-separable. [J

Corollary 3.9. (Theorem 5.4 of [19]) For a space X, the following statements are
equivalent:

(i) (CL(X),T,)) satisfies S;(D,D’").
(it) X satisfies S1(C,,C.").

Corollary 3.10. (Theorem 5.2 of [19]) For a space X, the following statements
are equivalent:

(i) (CL(X), ,) satisfies S1(D,D’").
(i) X satisfies Sy (KF,K;p).

Theorem 3.9. For a space X, the following statements are equivalent:

(i) (CL(X),TZ) satisfies: for each sequence {D, : n € N} of dense subsets of
(CL(X),TZ) there is o finite B, C D, such that U B, can be partitioned into a
neN
y

union of finite sets C,, n € N, so that {ﬂ C, :n € N} is dense in (CL(X),7,).

(it) X satisfies S,,,(Ca(CL(X)),CA").

Proof. (i) = (ii): Let {U, : n € N} be a sequence of ca(CL(X))-open covers of

X. Then for each n € N, A, = U is a dense subset of (C’L(X)JZ). By (i), there

exist finite B, C A, , for each n € N, such that B = U B, is a union of finite
neN

pairwise disjoint sets C, and {(\C, : n € N} is dense in (CL(X)J’Z). Let V =B

and W, = Cz, for each n € N. We now claim that V = U W, is a weakly A-

neN
groupable cover of X. Let K € A, V4, Va, ..., Vi, be open sets of X with V;N K" # ¢

(1 < < m). Then there exists a n, € N such that ﬂCnO e (W, ..., Vm)j< Choose
z, € V.N (ﬂC%), for 1 < i < m. Now consider F' = {z, : 1 < i < m}. Hence
Kc(nec,) =Uw, and Fn(UW, )= ¢

(ii) = (i): Let {D, : n € N} be a sequence of dense subsets of (CL(X), TZ) For
each n € N, let ¢, =D’ . Then {U, : n € N} is a sequence of ca(CL(X))-covers of
X. By (ii), for each n € N, there is a finite subset ¥V, of U, such that V = U Vv

neN
is a weakly A-groupable cover of X. Thus V = U W, is a union of countably
neN
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many finite pairwise disjoint sets W, satisfying: for each subset K € A, open sets

Vi,Va, .oy Vi of X with ViNn K° # ¢ (1 < < m), there exist a n, and a finite set

F with FNV, = ¢, for 1 <i<m such that K c UW, and FN(UW, )= ¢.

Hence (Cpy € (Vi, ..., Vi) & Let B, =V and C, =W, for each n € N. Then B,

is finite set of D, such that U B, can be partitioned into a union U C, of finite
neN neN

sets C_, for n € N, such that {\C, : n € N} is dense in (CL(X), Z) O

n?

Recall that a space X is weakly Fréchet in the strict sense [24] if whenever
x € ClA, for all n € N, there are finite F,, C A,, such that every neighbourhood of
x intersects all but finitely many F,.

Theorem 3.10. For a space X, (A,TZ) 1s weakly Fréchet in the strict sense if
and only if each open subset Y C X with Y" € A has Sin (CH(N),CH (M),

Proof. First let Y C X be such that Y* € A and {U, : n € N} be a sequence of
ca(A)-covers of Y. Then by Lemma 2.1, {Z/IL : n € N} is a sequence of subsets of

(A, TZ) such that Y° € Cl_+U_, for each n € N. Since (A,TZ) is weakly Fréchet in
the strict sense, there exist Aﬁmite VC C Z/I:, n € N, such that each neighbourhood of
Y intersects all but finitely many V'. We now show that (J{V, : n € N} is a A-
groupable cover of Y. Let B CY with B € A and Vi, ..., V,, be open subsets of X
with Y NV, # ¢, for 1 <i < mso that (Vi ..., Vm);ﬂA isa 7': neighbourhood of Y
in the space (A, 7':) Thus there exists n, € N such that (V7, ... m) ﬂV NA £ ¢,
for all n > n,. Let VC € Vc be such that Vc € (V1,...,V ) NA and choose

En) € V N VZ, for 1 < i < m. Now form the set F), {:1:1 , )} Then

F, E[X]<“’W1thF NV, £ ¢, for1 <i<m, F, ﬂananndBCVn,forall
n>mn,.

Conversely, let {A, : n € N} be a sequence of subsets of A and £ € A be such
that E € Cl_+(A,), for n € N. Then {4  :n € N} is a sequence of ca (A)-covers of
A

E°, for each n € N. Hence by the given condition there exist finite BZ C AZ, n €N,

such that |JB' is a A-groupable cover of E°. Hence (A, TZ) is weakly Fréchet in
the strict sense. [

4. Supertightness of (A,TZ)

In [29], the authors have posed an open problem as: “Is it possible to characterize
the supertightness of the hyperspace A by means of ca(A)-covers of Y, for some
open subset Y C X 7”7 In this section we give an affirmative answer to the question.
Let us first recall that a family P of nonempty subsets of a space X is said to be a
m-network at p [30] if every neighbourhood of p contains some member of P.
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Definition 4.1. [30, 24] A space X is said to have countable supertightness if
p € X and P is a m-network at p consisting of finite subsets of X, then there is a
countable subfamily F C P such that F is a m-network at p.

We now define the following.

Definition 4.2. Let Y be a subspace of X. A partitioned ¢, (A)-cover Y = U U,
acA
(where U C A°) is called a finite p-c, (A)-cover of Y if each U is finite and for any

subset B C Y with B € A, open sets Vi, Va, ..., Vi, of X with V; N B # ¢ (1<i<
m), there exists « € A and F € [X]<¥ with FNV, # ¢, for all i = 1,2, ...,m such
that BC U and FNU = ¢, foreach U € U, .

Theorem 4.1. For a space X, the following are equivalent:

(i) (A,TZ) has countable supertightness.
(ii) For each open subset Y C X with Y° € A and each finite p-c, (A)-cover

u = U U, of Y, there exists a countable subset A’ C A such that U U, is a

acA acA’
finite p-c, (A)-cover of Y.

Proof. (i) = (ii): Let Y € X be an open subset of X with Y°¢ € A and U = U u,
a€A
be a finite p-c, (A)-cover of Y. Then {U’ : oo € A} is a m-network at Y. Indeed let

Y' € (Vl,...,Vm); N A. Then there exists & € A and F € [X]|<¥ with F NV, # ¢,
for all i = 1,...,m such that D C U and FNU = ¢, for all U € U_. Then
U® e (W, ...,Vm); N A, for each U € U,. Hence {U_ : o € A} is a m-network at
Y" consisting of finite subsets of A. As (A, TZ) has countable supertightness, there
exists a countable subset A’ C A such that {U_ : o € A’} is a m-network at Y.
Hence U U, is a finite p-c, (A)-cover of Y.
acA’

(ii) = (i): Let E € A and {A_ : a € A} be a m-network at F, where each A_
is a finite subset of A. Then for any neighbourhood (V1, ..., Vm); N A of E, there
exists & € A such that A C (V1,..., Vm); NA. Let

A'={a € A:E"NF" # ¢, foreach F € A_}.

Then A’ # ¢ and {A_ : a« € A’} is a m-network at A. Hence U ,A: is a finite
acA’
p-c, (A)-cover of E”. By (ii), there exists a countable family {A_ :n e N} C {A_ :
a € A’} such that U .A; is a finite p-c, (A)-cover of E°. Hence {A_ :n € N}is
neN
a m-network at F, so that (A, TZ) has countable supertightness. [J
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Definition 4.3. [4] A space X is supertight at p € X if whenever P is a m-network
at p consisting of countable subsets of X, there is a countable subfamily F C P such
that F is a m-network at p. A space is supertight if all its points are supertight.

Definition 4.4. Let Y be a subspace of X. A partitioned ¢, (A)-cover U = U U,

acA
(where U C A€) is called a countable p-c, (A)-cover of Y if each U is countable and

for any subset B C Y with B € A, open sets Vi, Va, ..., Vi, of X with V;NB® # ¢(1 <
i < m), there exists @ € A and F € [X]|<¥ with FNV; # ¢, for all i = 1,2,....m
such that B C U and FNU = ¢, foreach U € Y.

Theorem 4.2. For a space X, the following are equivalent:

(i) (A,TZ) is supertight.
(i) For each open subsetY C X with Y # X and each countable p-c, (A)-groupable

cover U = U U, of Y, there exists a countable subset A" C A such that U U, is

acA acA’
a countable p-c, (A)-cover of Y.

Proof. Same as Theorem 4.1. O
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1. Introduction

The combined analysis of heat and momentum transport with a chemical reaction
(CR) on a constantly moving sheet has a significant role in many processes due
to which these problems obtained a lot of attention recently. These developments
include surface evaporation of the water body, transfer of heat in a misty refrig-
erating tower, drying, and the stream within a desert cooler. After the innovative
study of Sakiadis [29], who investigated BLF beyond a constant solid surface, many
researchers studied this problem with various aspects. Crane [10] studied the flow
past a stretching plate. In a numerical study, the characteristics of heat and mass
transport with nth-order CR over a linearly SS were discussed by Ferdows and
Al-Mdallal [14]. Makinde et al. [22] described the effects of BL flow with the
transmission of convective temperature at the surface in the existence of thermal
diffusion and MHD. Rashidi et al. [26] examined the heat and mass transport with
free convection in magnetohydrodynamic liquid flow under the effects of buoyancy
force and radiation past SS. Mabood et al. [20] studied the combined heat and
mass transport impacts on magnetohydrodynamic fluid flow through SS under the
impact of first-order CR. Babu and Sandeep [5, 4, 6] inspected the hydromagnetic
flow past a slendering stretching sheet (SS) along with various presumptions. All
the above studies discussed the fluid flow over a flat SS with different assumptions
and physical geometries. In real-world applications, the SS not necessarily be flat,
we may be confronted by sheets with variable thickness (VT). Plates having VT
are commonly present in acoustical components, nuclear reactor technology, naval
structures, and machine design and are also one of the essential characteristics in
the investigation of orthotropic plate vibration. Initially, Lee [19] discussed the idea
of needles by considering VT and solved the problem numerically. Later, Fang et al.
[13] analyzed the boundary layer (BL) flow over SS with VT. Khader and Megahed
[18] presented the numerical solution of Newtonian fluid flow through a non-linear
SS with VT and velocity slip condition (SC). Subhashini et al. [31] investigated the
two-fold solutions of two-dimensional laminar thermal diffusive flows past SS with
VT. The ramifications of the magnetohydrodynamic nanofluid flow comprising Ag
and TiO; nanoparticles through a slender SS with VT are analyzed by Acharya
et al. [2]. Babu et al. [7] deliberated the dissipative hydromagnetic flow with
the influence of temperature-dependent variable viscosity over a slender SS. The
radiative effects on hydromagnetic fluid with heat and mass transport have several
important practical applications i.e., in astrophysical power technology, planetary
vehicle re-entry, electronic power manufacturing, removal of nuclear surplus and
suspension of chemical impurities through water-saturated dust, and many more.
Magyari and Pantokratoras [21] inspected the effect of thermal radiation (TR) on
various BL flows using linearized Rosseland approximation. Mushtaq et al. [24]
studied the impacts of nonlinear TR on the two-dimensional viscous flow of nano-
liquids because of the presence of solar energy. Devi and Prakash [11] explored the
influences of TR on hydromagnetic liquid flow past a slendering SS. Qayyum et al.
[28] scrutinized the third-grade MHD nanofluid flow over a slendering SS under the
effects of heat generation/absorption and TR heat. A radiative ferrofluid flow along
with the impact of aligned magnetic field and frictional heating through a slendering
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SS is examined by Reddy et al. [27]. Mousavi et al. [23] explored the dual solutions
for water-based TiO2-Cu nanofluid flow in the presence of TR over a continuously
moving thin needle. Due to the significance of slip flow in many industrial thermal
problems and manufacturing fluid dynamics, slip effects with various configurations
have been analyzed in the literature. Wang [33] discussed the flow through a SS
in the existence of partial slip. In another study, Wang [32] explored the viscous
flow over a SS under the impacts of velocity SC and suction force. Fang et al. [12]
analytically explained the MHD viscous flow problem with slip condition over SS.
BL flow with fixed heat flux surface and velocity SC through a uniform plate was
deliberated by Aziz [3]. For a BL flow, Hayat et al. [16] deliberated the hydro-
magnetic flow and heat transport characteristics over SS with velocity and thermal
SCs. Bhattacharyya et al. [8] inspected the BL forced convective flow past a porous
plate. Velocity and thermal SCs were also considered. Ibrahim and Shankar [17]
examined the heat transport and BL flow of nano liquid past SS with solutal slip
BCs. Hasnain et al. [15] deliberated the outcomes of velocity slip on dusty fer-
rofluid in a channel through spongy media. In the existing exploration, we analyze
the impact of nth-order CR. on the hydromagnetic viscous liquid past a continually
moving sheet with VT. The non-linear TR and slip boundary conditions towards a
sheet are also considered. A numerical technique is employed to get the approxi-
mate solution of obtained coupled non-linear PDEs. The influence of the Hartman
number, the parameter of wall thickness, the radiation parameter, the Schmidt
number, and the parameter of velocity power index on liquid velocity, temperature,
and concentration profiles is examined through their graphic illustrations.

2. Problem development

The two-dimensional, laminar, and time-independent flow of Newtonian liquid
under the effects of Lorentz force with constant density through an impermeable
SS with BL and VT is considered. The sheet is situated in the xz-plane, the x-
axis is towards the motion of SS however y-axis is considered vertically. The SS
velocity is assumed as Uy (x) = Up(x + b)™. We further suppose that the thickness
of the sheet is not fixed and is written as y = A(z + b)(*="™)/2. To do away with
the pressure gradient, a small enough value of A is chosen to make the sheet thin
enough. The magnetic field B(z) = By(x + b)(™~1/2 is taken vertically upward to
fluid flow. Because of the supposition of neglectable magnetic Reynolds number,
the outer electric field is insignificant and there is no effect of an induced magnetic
field. Figure 2.1 signifies the physical model of a slendering SS along with varying
thickness. For this problem, we take m s 1, it is because the sheet becomes
flat by considering m = 1. Moreover, non-linear TR is considered in the present
numerical analysis. Under these physical considerations, the mathematical model
for the proposed boundary layer flow is specified as

ou Ov
2.1 — 4+ — =
(2.1) oxr 0Oy 0,
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Fi1G. 2.1: Physical model of a slendering SS along with varying thickness

ou ou 82u 0B (z)’u
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where k, (z)=k(b+z)(m~D(+1/2 represents the change of n"-order homogeneous
CR.
The relevant BCs of heat, momentum, and concentration fields are:

wlen) = Uu )+ 0 (51)).

v (x,A(x+b)kTm> =0,

(2.5) T (z,y) = T () + R (gﬁ) ’
C(x,y) = Cy (z) + h3 (f;(;), at y=A(z+b) 2,
u(z,00) = 0, T (,00) = Tog, C (2,00) = Coo, (m #1)
here
ht = 378 N hé—[zga]ﬁﬂwb)%, &= () &,
§: ;]smb) 6= (2y) &

To obtain a similar solution we considered a special form of wall temperature and
wall concentration defined as (Subhashini et al. [31])

(2.6) Ty(x)= TO(:L'er) = 4+ Ts, Cy(z) = C’O(erb) = "+ Cs, (m#1).
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Applying Rosseland approximation for optically thick medium, the radiation heat
flux is taken as (Raptis [25], Brewster [9], and Sparrow and Cess [30])

40" 8T4_ 160* 38£

27) TR ey T T oy

By using Eq. (2.7) in Eq. (2.3) , we get

(2.8) or or 0 {(a 160*T3> QT}

u%Jr ay 8y 3k*pcy aiy

Similarity transformations in the following form are considered to simplify the flow
problem (see Khader and Megahed [18])

m—1
(2.9) n—y\/mgl%(‘rtb) , u="Uy(x+0)" f (n),

= 20U e+ 0" [ (222) + ()], A1),
% with T =To (14 (0 — 1)),

=dv o p=_C-Cx

T Tx Cy(z)—C

0=
O

Using similarity transformations (2.9), the continuity Eq. (2.1) is inevitably fulfilled
and Eqs. (2.2), (2.4) and (2.8) with BCs (2.5) take the form

(2.10) = <m2+ml) () = £+ M2F,
(2.11) (1+Rd(1+(9w—1)9)39’)/ :Pr<<1 )fa fe)
m+1
(2.12) "= Se ((ﬂ) Flo— f¢'> + Seypn.
with
213 FO)=A(53) - ms (), ) =1+ " (),
B(\) =1+hy 6(0), &(\)=1+hge (0),
f(00) =0, 0(c0)=0, ¢(00)=0,(m#1),
where
160*T3, 20 B} _ 2kCy! v W
Fa= = M =g " amty DT T
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Moreover, Ry = 0 shows no TR effect, > 0 represents the destructive CR whereas
< 0 represents the constructive CR and

_ U (m +1) _[2—-h Up (m+1)
e e e
h2=[2_a}§2 %a hSZ[Q ]53 (r2ny+1)

The domain of Egs. (2.10)-(2.12) with BC’s Eq. (2.13) is [A, oo]. To accommodate
the calculation we transform domain [A, oo] into [0, oo], for this let F(&)=F(n-
A)=f(n). Using this transformation Egs. (2.10)—(2.12) become

(2.14) F:( 2m )(F’)2—FF”+M2F’,
m+1
. 3 /l_ L—m Qo /
(2.15) (1+Rd(1+(9w 1)0) @) —Pr(<m+1)F® F@),
1—-m
2.1 P’ = F'e - Fo' "
(2.16) SC((m—i—l) )—I—SC’y ,

and the BC’s are

)=/\(m+1> (1+ h F"(0)), FI(O)—l—f—th”(o),
(2.17) O(0)=1+hy©(0), ®(0)=1+h3d'(0),
F'(00)=0, O(c0)=0, ®(x)=0, (m#1).

The skin-drag parameter C, the local Nusselt number Nu, and the local Sherwood
number Sh, are defined as

1 ou m+1 _1

(2.18) Cr=+—=p— =24{/—— (Re,) 2 F"(0),
3PU2" 9y, a( 2
x+b oT
Nu:E = _H 87 1—m + (qT)w =
(2.19) (T (1) = Toe) 0y |y a5
T (U Raf) (Re) 0 (0).

(@+b)  oC m+1
220) Shy=— 219 %Y _ Re,)? @' (0),
(2:20) o (@) =C) By |y pnyye = V2 ) YO

where Re,=U,X/v and X=(z+b) is the local Reynolds number.
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3. Numerical scheme

Non-linear differential equations (2.14)-(2.16) with boundary conditions (2.17) are
solved using the shooting technique together with the fourth-order Runge-Kutta
method. Our system of equations must be transformed into a first-order initial
value system for this technique by declaring:

2m
(3.1) p=Fuy=F ys=F' ys = (m+1> ys — y1ys + M?ys,
y4:®ay5:®/7
1 ( 2
- —3Rg (14 (0 — 1 0, — 1 2)
Y= T R T o Do) (1+( )ya)” ( )y
(3.2) 1

TR AT Ty (At RO = Du)") v

+ 1 (7 (1) )
r| (| —— —y1ys ) )
L4 Ry (14 (0 — 1) ya)° mt1) T

m n
(3.3) ye =D, yr =P, y; = Sc ((M) Yols — y1y7> + Sey (ye) ",

with boundary conditions

y1(0) = A (in;ff) (I+hur),  y2(0)=1+hiu, F"(0)=u,
Ya (0) =1+ houg, ©' = Ug, Y7 (0) =1+ hgus, @ =us.

4. Results and discussion

The solution of ODE’s (2.14)—(2.16) with BC’s (2.17) is numerically determined by
using the shooting method together with the 4*-order algorithm of Runge-Kutta.
The influences of all involved constraints on the momentum, concentration, and
temperature inside the BL are displayed in Figures 4.1-4.6.

The effect of Hartman number M on liquid velocity is seen in Figure 4.1a. Slip
and no-slip velocity conditions are taken into consideration. It is evident from Fig-
ure 4.1a that both the liquid velocity and BL thickness decline with an increase in
M for both slip and no-slip conditions. Lorentz force (a force manifesting owing
to the combined action of magnetic and electric fields) is responsible for this at-
tenuation since it works against transport phenomena more potently. Figure 4.1b
represents the variation of wall thickness parameter A and power index parameter
m on liquid velocity. It is observed from this Figure that augmentation in m causes
an upsurge in sheet slenderness which enables the fluid to flow more rapidly due
to this flow velocity accelerates and ultimately boundary layer thickness becomes
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F1G. 4.1: Momentum transfer for distinct values of (a) M and hy (b) A and m.

thicker. However, the parameter of the wall thickness A creates retardation in the

flow velocity and consequently, BL thickness reduces with a rise in wall thickness
parameter A.

Figure 4.1a exhibits the influences of the M on dimensionless temperature. It
is detected that the temperature profiles enhance when Hartman number M is
increased, and results are the same when we consider velocity slip as well as non-
slip velocity. Since Lorentz force acts as a resistive force for fluid movement thus
heat is generated and therefore the thermal BL thickness rises when M escalates.
Figure 4.1b displays the variation of the power index of velocity m and thickness
of wall parameter A on the temperature of the liquid. It is depicted that both the
thickness of thermal BL and temperature is the increasing function of m whereas
decreases with increasing wall thickness parameter A. Heat transfers faster through
the thinner surface and in this case, an increase in m tends to reduce sheet thickness.
As a result, a higher value for m leads to a hotter temperature profile.
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F1G. 4.2: Heat transfer for distinct values of (a) M and hy (b) m and A

Figure 4.3a is illustrated to show the variation in the temperature profiles for Pr
and Rd. It is noticed from this fig. that the temperature profiles along with thermal
BL thickness decrease with high Pr. Physically, the thermal diffusivity falls when
Pr increases therefore heat is diffused slowly far from the heated sheet. However,
the temperature profiles and thickness of thermal BL augments with increments in
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radiation parameter Rd. Figure 4.3b is the graphical depiction of variation in 6,
for temperature profiles. It is detected that heat travels effectively as thickness for
thermal BL is found to grow with 6,,.

a8k 1=0.5.M=2, hi=0.3, m=-0.75, h=0.2, 8,=1.5 7=0.5.M=2. h1=0.2, m=-0.75. h2=0.1. Pr=2, R~0.5
.8\ 1 1
— == Pr=0.71 ——— Non-linear thermal
———— Pr=2 radiation
——— = Linear thermal
radiation
2 )
@ @
6,=10.13.1.6.19.2.1
(a) (b)
5 6 7 2 25 3

F1G. 4.3: Heat transport for distinct values of (a) R4 and Pr (b) 6,,

The influence of M on the concentration profile is demonstrated in Figure 4.4a.
Both the concentration and thickness of its BL are found to increase with M, and
this is true for both the slip and no-slip scenarios. The fluid experiences friction due
to Lorentz force by accumulative friction among the layers, which is why species
distribution increases. Figure 4.4b reveals the behavior of species concentration for
different values of m and A. It shows that species concentration enhances when
m is increased and falls with the augmentation in A. As the temperature of the
liquid escalates with m, the species concentration also increases. Comparison of the
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——— 13=0.0
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(&)

(@)

F1a. 4.4: Concentration profile for distinct values of (a) M and h (b) A and m.

effects of no-slip velocity vs slip velocity on species concentration as a function of
Sc are shown in Figure 4.5a. Schmidt number describes the ratio of the viscous
BL thickness and thickness of the concentration BL so from this figure, we see that
increasing Schmidt number Sc decreases the solute BL. Figure 4.5b displays the
impacts of the rate of CR parameter on the species concentration for no-slip velocity
and slip velocity conditions. For both cases, the liquid concentration decreases for
destructive CR (y>0) and increases for constructive CR (y<0). Destructive CR
behaves similarly to Schmidt number therefore, with destructive CR, thickness of
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solute BL falls while it increases with constructive CR. Therefore, the reaction rate
is important in adjusting the solute BL in the reactive concentration distribution.

1
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F1G. 4.5: Concentration behavior for distinct values of (a) Sc and h3 (b) v and hs.

Figure 4.6a shows the influence of both parameters A and velocity power index
m on F”(0). Figure 4.6b illustrates the upshot of ©7(0) with X for distinct values of
Rd. ©/(0) increases with A, while diminishes with increasing values of Rd. Figure
4.6¢ depicts that ®/(0) is increased with an increment in Sc and A. It is also depicted
from this figure that ®7(0) falls with the higher values of reaction-order parameter
n.
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F1G. 4.6: Upshot of (a) F’(0) for m (b) ©’(0) for Ry (c) ®’(0) for Sc versus A.

To ensure the accuracy of new results, we compared them to previous studies’
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Table 4.1: Numerical comparative values of F’(0) when A=0.5 and M =0

m Fang et al. [13] Subhashini et al. [31] | Present Results
(Numerical Method) | (Numerical Method) | (Numerical Method)

-0.51 | -1.1839 -1.1860 -1.1860

-0.55 -1.2807 -1.2821 -1.2808

-0.60 -1.4522 -1.4531 -1.4522

-0.65 -1.7095 -1.7103 -1.7095

-0.70 | -2.0967 -2.0974 -2.0967

-0.75 -2.6882 -2.6891 -2.6882

-0.80 | -3.6278 -3.6282 -3.6278

-0.85 -5.2477 -5.2481 -5.2477

-0.90 | -8.5457 -8.5463 -8.5457

-0.95 | -18.5194 -18.5209 -18.5194

-0.99 | -98.5034 -98.5046 -98.4642

Table 4.2: Comparison with the numerical and analytical solution for F(0) when
M=0

m A Fang et al. [13] Abdel-wahed et al. [1] Present

(Shooting Method) (Optimal homotopy | Results

asymptotic method)

0.50 | 0.25 | -0.93380 -0.92641 -0.93376
1.00 -1.00000 -1.00000 -1.00000
5.00 -1.11860 -1.12623 -1.11858
0.50 | 0.5 -0.97990 -0.96335 -0.97994
1.00 -1.00000 -1.00000 -1.00000
2.00 -1.02340 -1.03339 -1.02339

findings and discovered they were in good accord which is represented in Table 4.1.
Table 4.2 compares the current results to both numerical and analytical approaches
and shows that they are in good agreement.

5. CONCLUDING REMARKS

The present work of hydromagnetic flow and dispersion of CRS towards a slendering
SS with slip condition has been studied. Non-linear Rosseland thermal radiation is
also considered within heat transfer. A comparison with available literature is also
carried out. The key effects of the existing study can be prescribed as below:

e Since the magnetic field creates a drag force, liquid velocity and thickness of
BL reduce when Hartman number M for both slip and no-slip conditions is
increased. Whereas, increasing values of the Hartman number M boosts the
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heat transfer and concentration field.

e The velocity, temperature, and CRS concentration profiles fall with increment
in the thickness of wall parameter A however, rise with a velocity power index
m.

e Both radiation parameter R; and 6,, increase the temperature profiles.

e Prandtl and Schmidt’s numbers decline the heat transfer and concentration
field, respectively.

e Destructive CR (4>0) reduces while constructive CR v<0) enhances the
species concentration with both slip and no-slip conditions.
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1. Introduction

For a given Finsler manifold (M, F'), the flag curvature K = K(II, y) is a function
of tangent planes II = span{y,v} C T, M and directions y € II\ {0}. If F is a
Riemannian metric, then the flag curvature is independent of the direction and can
be written as K = K(II). In this special case, K is called the sectional curvature
of F'. Also, F is said to be of scalar flag curvature if the flag curvature is a scalar
function on the slit tangent space, namely K = K(z,y). F is called of isotropic
flag curvature if the flag curvature K = K(z) is a scalar function on the manifold
M. A Riemannian metric is of scalar curvature if and only if K = K(z) is a scalar
function on M, which is a constant in dimension n > 2 by the Schur lemma. One
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of the important problems in Finsler geometry is to study and characterize Finsler
metrics of isotropic flag curvature.

In order to study the class of Finsler metrics of isotropic flag curvature, one
may consider 2-dimensional Finsler metrics. In Finsler geometry, the behavior of
2-dimensional Finsler metrics is different and sometimes contradictory to the higher
dimensions. For example, all 2-dimensional Finsler metrics are C-reducible, while
they need not be of Randers or Kropina type. Also, Finsler surfaces are of scalar flag
curvature, while these cases are not valid for higher dimensions. Due to the latter
issue, Z. Shen constructed three families of Finslerian surfaces on S? and D? with
constant flag curvature that are not projectively flat, and thus the Beltrami’s famous
theorem in Finsler geometry lost its validity in the world of Finslerian surfaces [14].

To study of Finsler surfaces separately, L. Berwald made a special frame for
Finsler surfaces, namely Berwald’s frame. In this frame, a function appears that
depends of the tangent space of Finsler surface and distinguishes each metric from
the other metrics. This function is known as the main scalar of the Finsler surface
and denoted by I = I(z,y). In [9], Matsumoto gave some geometrical meanings of
the main scalar of Finsler surfaces. Very soon, Berwald discovered that the Finsler
surfaces with constant main scalar are Berwald, Landsberg or Douglas surfaces [4].
Then, he characterized two-dimensional Finsler metrics with isotropic main scalar
I = I(x). Using this characterization, Berwald succeeded to find the classification
of two-dimensional projectively flat Finsler metrics with isotropic main scalar [4].
These studies shows that the class of Finsler surfaces with isotropic main scalars
has important position in Finsler geometry and deserves to more studies.

Among the class of two-dimensional Finsler metrics, homogeneous Finsler sur-
faces are interesting, and until now little study has been done on these spaces. Then,
it is natural to study homogeneous Finsler manifolds. A Finsler manifold is called
homogeneous if its group of isometries acts transitively on the manifold. In [5],
Deng and Hou proved that the group of isometries I(M, F') of a Finsler manifold
(M, F) is a Lie transformation group of the underlying manifold which can be used
to study homogeneous Finsler manifolds. In this case, M can be written as the
quotient manifold I(M, F)/H, where H is the stabilizer subgroup at a point in M.
Recently, the authors proved that there is not any unicorn among the homogeneous
Finsler surfaces [18]. In this paper, we study homogeneous Finsler surfaces with
isotropic main scalar I = I(z) and isotropic flag curvature K = K(z), and prove
the following rigidity result.

Theorem 1.1. FEvery homogeneous Finsler surface with isotropic main scalar and
isotropic flag curvature is Riemannian or locally Minkowskian.

2. Preliminary

Let M be an n-dimensional C*° manifold, TM = J, ., T» M the tangent space and
TMy := TM — {0} the slit tangent space of M. A Finsler structure on manifold
M is a function F' : TM — [0,00) with the following properties: (i) F' is C* on
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T My; (ii) F is positively 1-homogeneous on the fibers of tangent bundle TM, i.e.,
F(z,\y) = AF(z,y), VA > 0; (iii) The quadratic form g, : T,M x T,M — R is
positive-definite on T, M

1 02

— 2
g, (u,v) == 2 Bs01 F(y + su+ tv)} iy W e T, M.

Then, the pair (M, F) is called a Finsler manifold.

Let x € M and F, := F|p, ). To measure the non-Euclidean feature of Fy,, one
can define Cy, : T, M x T, M x T, M — R by

1d
Cy(u,v,w) := % [gy"’t“’(u’v)]t:o’ u,v,w € T M.

The family C := {C,}, ernm, is called the Cartan torsion. It is well known that
C =0 if and only if F' is Riemannian.
For y € T, My, define L, : T, M — R by

I, (u) == Z 9”7 (y)Cy(u,8;,0;),

where {0;} is a basis for T, M at € M. The family I := {I,},crm, is called the
mean Cartan torsion. By definition, I,(y) = 0 and I, = A‘lly, A > 0. Therefore,
I, (u) := I;(y)u’, where

Ii = gjkC'ijk.

Let F = F(z,y) be a Finsler metric on an n-dimensional manifold M. The
distortion 7 = 7(z,y) on TM associated with the Busemann-Hausdorff volume
form

dVBH = O'((E)dl’
is defined by
det (gij(z,y))

7(z,y) =1n (@)

By definition, the distortion 7 is homogeneous of degree 1 with respect to y, i.e.,
the following holds

T(Ay) =At(y), A>0, ye T, M.
The following holds.

Lemma 2.1. ([13]) Let F' be a positive-definite Finsler metric on a manifold M.
Then the following conditions are equivalent

(a) T = constant;

(b) I=0;

(c) C=0;

In any case, F' reduces to a Riemannian metric.
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Given a Finsler manifold (M, F'), then a global vector field G is induced by F
on T' My, which in a standard coordinate (x?,y*) for T My is given by

L0 D
G_yﬁxi Gayi’

where G* = G*(z,y) are local functions on TM given by

G =

1 il{82[F2] r O[F?]

- . T, M.
4 &Tkayly Ox! }’ ye

G is called the associated spray to (M, F').

Define By, : T, M x Ty M xT M — T, M by By, (u, v, w) := By, (y)u/v*w'd/ 9z’ .,
where )
A
Oy oykoyt

B is called the Berwald curvature and F' is called a Berwald metric if B = 0.

4 .

For y € T, M, define the Landsberg curvature L, : T, M x T, M x T, M — R by

1
Ly(ua v, 'LU) = *igy (By(ua v, w)7 y) .

In local coordinates, Ly, (u, v, w) := L;;x(y)u'v’w®, where

1
Liji := _ilelijk'

L is called the Landsberg curvature and F' is called a Landsberg metric if L = 0.
Also, F is called of relatively isotropic Landsberg curvature if

Lijr = cFCijy,

where ¢ = ¢(z) is a scalar function on M.

For y € T, M, define J,, : T, M — R by J, (u) := J;(y)u’, where
Ji = gjkLijk~

The quantity J is called the mean Landsberg curvature. A Finsler metric F' is
called a weakly Landsberg metric if J = 0. By definition, every Landsberg metric
is a weakly Landsberg metric. F' is called of relatively isotropic mean Landsberg
curvature if

JZ‘ = CFL'7

where ¢ = ¢(z) is a scalar function on M.
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For a non-zero vector y € T, My, the Riemann curvature is a family of linear
transformation Ry, : T, M — T, M with homogeneity Ry, = A’R,;, VA > 0 which is
defined by R, (u) := Ri (y)ukd/0z*, where
OG? aes e el OG? 0GI

(2.1) Ri(y) Oxk 3zﬁayky Oyidyk  Oyi Oy

The family R := {Ry}yerm, is called the Riemann curvature.

For a flag P := span{y,u} C T,M with the flagpole y, the flag curvature
K = K(P,y) is defined by

8y (u7 Ry(u))
gy (Y, ¥)gy (u, u) — gy (y,u)?’

(2.2) K(z,y, P) =

The flag curvature K = K(z,y, P) is a function of tangent planes P = span{y,v} C
T, M. This quantity tells us how curved the space is at a point. A Finsler metric F’
is of scalar flag curvature, if K(z,y, P) = K(z,y) is independent of P. In this case,
the flag curvature is just a scalar function on the tangent space of M.

The pulled-back bundle 7*T'M admits a unique linear connection, called the
Berwald connection. Let (M, F') be an n-dimensional Finsler manifold. Let {e;} be
alocal frame for 7*T'M, {w?,w"™*?} be the corresponding local coframe for T* (T My)
and {w’} be the set of local Berwald connection forms with respect to {e;}. In local
coordinate system, the Berwald connection determined by following
(2.3) dw' =W A w;:,

dgij — grjwy — giew; = —2Lijrw® + 203w,
where
wt = da?,
wnJrk = dyk + ijkj'
Thus
Gijlk = —2Lijk,  Gijr = 2Cijk-

For a tensor T = Tj..,w' ® - - - @ w*, we have

OT;..k
Tiikom = .
k o

For a non-zero vector y € T, M, the tensor T induces a multi-linear form

Ty(uv T ,U)) = 1k(1’7y)uz e wk
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on T, M. Let o(t) denote the geodesic with ¢(0) = y. We have

@ [To (U0, W) = Tecai( (1), 60D OU (D) WH ),
where U(t) = U'(t)0/0x|,), -+, W(t) = WE(t)0/0z"|,() are linearly parallel
vector fields along o. Thus the Landsberg curvature is given by

(2.5) Liji = Cijrimy™.

3. Proof of Theorem 1.1

It is well known that for any Minkowskian plane (V, F) and any vector v € V with
F(v) # 0, there is a non-zero vector w € V such that is orthogonal to v with
respect to the fundamental tensor raised by Minkowski functional F. The special
and useful Berwald frame was founded and developed method by Berwald in order
to study of two-dimensional Finsler spaces [4]. It works under the assumption that
the fundamental tensor is positive-definite.

Let (M, F) be a two-dimensional Finsler manifold. It is easy to see that for
every y € T, M, x € M, there is a vector y* € T, M such that

gly.y") =0, gy ,y")=F(y).

The pair {y,y*} is called the Berwald frame at y.

Based on the Berwald frame, the Cartan torsion can be determined by a scalar
function on slit tangent bundle. Let us define
Cy(yt ¥ty 1
I(y) = L2220 2 = T(y).
) o ")
One can see that Z(\y) = Z(y) holds for YA > 0 and Vy € T, M,. We call Z the
main scalar of Finsler metric F.

In most of literature of Finsler geometry, the special notation (¢, m) was used
instead of {y,y*}. By considering this notation, for a scalar T = T(z,vy), we define
the horizontal scalar derivatives (7}, 7T}2) and vertical scalar derivatives (7)1,T2) as
follows

Ty =Tl +Tiomy, FT,;:=T1l;+Tam,,

where

e O T o

= or i Dyd’ FT; = Fayi
denote the horizontal and vertical derivations with respect to the Berwald connec-
tion of F' and

oG
J
&= g
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In order to prove Theorem 1.1, we need to know the special form of Berwald
curvature of Finsler surface. We remark that the following identity holds

(3.1) Bl = gip{cijuk + Cirt)j — Cjruyi + Lijk,l}-

See (10.19) at page 145 in [13]. On the other hand, the Cartan torsion of a Finsler
surface (M, F) has no components in the direction ¢, i.e., Cijkyi = 0. Then it can
be written in the Berwald frame (£, m) as follows

(3.2) FCijr = Imymjmy,.

Taking a horizontal derivation of (3.2) implies that

(3.3) FCijps = (qus + I|2ms)m,;mjmk.
Contracting (3.3) with y® yields

(3.4) FLiji = Zymymjmy.

By putting (3.3) and (3.4) in (3.1), we get

(3.5) FBijkl = { - 2I|1€i + (Zj1 2 —|—Z|2)mi}mjmkml.

Let us put
IQ = I|172 +I|2

Thus the Berwald curvature of Finsler surfaces is given by

_ 1 . _
(3.6) B, = (IQmZ - 21‘1£1)mjmkml.

F
By (3.2) and (3.6), we have

I
3F

27

(3.7) By = =22 Coualt + T { huhi + huahts + hugh, }.

where h = h;;dz'dz? denotes the angular metric. Then for a Finsler surface, the
Berwald curvature can be written as follows

(3.8) By = nCiul + A(h;lhkl + hihy + h;‘hjk),

where 5 1
= 771’ )\ = *I .
M T |15 3 2

Proposition 3.1. FEvery non-Riemannian Finsler surface with isotropic main scalar
and isotropic flag curvature is a relatively constant Landsberg metric.
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Proof. A 2-dimensional Finsler metrics F is of scalar curvature K = K(z,y). This
is equivalent to the following identity:

(3.9) R'), =KF? hi.

The following hold

1
(310) Lijk\mym = —§F2{K.ihjk + thzk + KAkhij + 3KC”]€}
and
(3.11) Timy™ = ~F*{ K + KT }.

Contracting (3.8) with y; implies that
1
(3.12) Ljr + §MFCjkz =0.
Taking a trace of (3.12) implies that
1
(3.13) Ji = —HFL.

By taking a horizontal derivation of (3.13) along the Finslerian geodesics yields

s __ F k 2 )
(3.14) Jijsy® = Z(%xky MF)IZ.

By (3.11), (3.14) and Ij, = 7.5, we get

1 2
(3.15) Ky + 5 (4K ¥ 2 (z) — fuzkyk)fyi ~0.

Now, suppose that K = K(z) is a scalar function on M. Then (3.15) simplifies to
9 2
(3.16) (4K +p2 - F’“‘O)Tyi =0.

where jig == pyry".
Now, we claim that p(z) = ¢ is a constant. If this is false, then there is an open
subset U such that du(z) # 0 for any x € Y. Clearly, at any = € U,

K() # (- ula + 720

for almost all y € T, M. By (3.16), 7, = I; = 0. Thus F is Riemannian on U by
Deicke’s theorem. This contradicts with the assumption. Then p = constant. O
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Proposition 3.2. Let (M, F) be a Finsler surface. Suppose that F has isotropic
main scalar and isotropic flag curvature. Then for any geodesic v = v(t) and any
parallel vector field X = X (t) along v, the following function

(3.17) C(t) = C4 (X (1), X(1). X (1)),

satisfies the following equation

(3.18) C@):emp<—%u0(xm.

Proof. By definition, we have
1
(3.19) Ly(u,v,w)+ guFCy(u, v,w) = 0.
where p = constant. Let us define
(3.20) L(t) = Ly (X (1), X (t), X (1)).

From the definition of L,, we have

(3.21) L(t) = C ().

Then, (3.19) can be written as follows
1
(3.22) C'(t) = —5uC(1).

Integration (3.22) gives (3.18). O

Proof of Theorem 1.1: The proof has two main cases as follows:

Case 1: If p = 0, then F is a Landsberg metric. In [18], we proved that ev-
ery homogeneous Landsberg surface is Riemannian or locally Mikowskian.

Case 2: If g # 0. In this case, we have (3.18). In [17], it is proved that ev-
ery homogeneous Finsler manifold is complete. By definition, every two points
of a homogeneous Finsler manifold (M, F)) map to each other under an isometry.
This causes the norm of an invariant tensor under the isometries of a homogeneous
Finsler manifold is a constant function on M, and consequently, it has a bounded
norm. Using this fact, we showed that for a homogeneous Finsler manifold (M, F),
every invariant tensor under the isometries of F' has a bounded norm with respect
to it [16]. Then letting t — —oo in (3.18) and using ||C|| < oo implies that C(0) =0
and then C(t) = 0. Then F reduces to a Riemannian metric. [J
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1. Introduction

A geodesic can be thought of literally as a curve that reduces the distance be-
tween two places. Homogeneous geodesics have gained attention in both Rieman-
nian and Finsler geometry recently. A geodesic y(¢) : R — M in a Finsler manifold
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(M, F) is said to be homogeneous geodesic, if there exists one-parameter group of
isometries ¢ : R x M — M such that

v(t) = ¢(t,7(0)),t € R.

Geodesics are treated similar to relative equilibria in mechanics and physics. The
qualitative description of the behavior of the related mechanical system with symme-
tries depends on the description of such relative equilibria. Geodesics have always
been exciting to find and study, and this has been true since geometry’s incep-
tion. Due to the numerous uses of geodesics and homogeneous geodesics in physics
[22, 5, 6, 23] and other mathematics disciplines, there has been an interest in their
study recently.

There is a lot of literature in mechanics devoted to the investigation of relative
equilibria. In [1], author extended Euler’s theory of rigid-motions while studying
left invariant Riemannian metrics on Lie groups. In [20], the author discussed
that in homogeneous space with an invariant metric, geodesic flow can be seen as
framework of Smale’s mechanical system with symmetries. Téth [26] studied the
paths that were orbits of one-parameter symmetry group G. In fact, he discovered
the conditions for solutions of Euler-Lagrange or Hamiltonian equations to coincide
with the orbit of a one-parameter subgroup of a symmetry group.

Kajzer has studied the existence of homogeneous geodesics in [14]. In this study,
the authors showed that in Lie groups with left invariant metrics, at least one ho-
mogeneous geodesic element can travel through the identity element. Kowalski and
Szenthe [17] also showed that every homogeneous Riemannian manifold has at least
one homogeneous geodesic across each point.

Additionally, Kowalski and V1dsek [18] established a few examples of homogeneous
Riemannian manifolds of any dim n > 4 with precisely one homogeneous geodesic.
Latiffi [21] proposed the term ‘geodesic vector’ in homogeneous Finsler space and
proved that any vector in every connected Lie group with a bi-invariant Finsler
metric is a geodesic vector.

Recently, the existence of homogeneous geodesic for infinite series metric and ex-
ponential metric have been discussed in [15]. Also, some important results re-
lated to homogeneous Finsler spaces have been established in [25]. In homogeneous
Kropina spaces, the existence of homogeneous geodesic through any arbitrary point
have been discussed in [13] and it is also proved that under some conditions result
holds for any («, §)-homogeneous space. In this paper, homogeneous geodesics of 3-
dimensional non-unimodular real Lie groups equipped with a left invariant Randers
metric of Douglas type are also discussed as an example. In [10], author has showed
the examples of homogeneous Randers manifold admitting just two homogeneous
geodesic. In [2], authors have extended the study of left-invariant («, 5)-metrics on
4-dimensional Lie groups.
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2. Preliminaries

In this section, we discuss basic definitions and notations of Finsler geometry.
For more elaborate concepts of Finsler geometry and homogeneous Finsler geome-
try, refer [3, 4, 7]. Let V be an n-dimensional real vector space endowed with smooth
norm F on V\{0}, which is non-negative i.e., F(u) > 0V u € V, positively homo-
geneous i.e., F(Au) = AF(u) V A > 0, and strongly convex i.e., if {uy,ua,...,u,}
be the basis of V such that y = y'u; + y?us + ... + y™u,, then the Hessian matrix
(9i5) = ([%FQ]yiyf) , is positive definite at every point of V\{0}. The pair (V, F)
is called Minkowski space and F' is called Minkowski norm.

Let M be a connected (smooth) manifold. A Finsler metric on M is a function
F:TM — [0,00) which satisfies:

1. F is smooth on slit tangent bundle TM\{0},

2. The restriction of F' to any T, M,x € M is a Minkowski norm.

The space (M, F) is called Finsler space. Let 7 : [0,1] — M be a Cl-curve. Then
Finsler length L(7) of v is defined as

L(y) = [ F(3(1),7 (t))dt.

Further, Finsler distance dp(p, q) between two points p,q € M is defined as

dr(p,q) = infyL(7),

where infimum is taken over all piecewise C''-curves joining p and gq.

Definition 2.1. Let F = a¢(s);s = B/a, where ¢ is a smooth function on an
open interval (—bo,by), o = \/a;;(x)y'y’ is a Riemannian metric, 8 = b;(z)y’ is a
1-form on an n-dimensional manifold with ||3|| < bg. Then, F is Finsler metric if
and only if following conditions are satisfied:

(2.1) B(s) >0, &(s)—sd (s)+ (b2 —s2)p (s)>0 V|s| <b< by.

An («, 8)-metric is said to be singular Finsler metric, if either ¢(0) is not defined
or ¢(s) does not satisfy 2.1. In this paper, we study generalized m-Kropina spaces,
which form a special class of («, 8)-metric. Kropina metric is a type of non-regular
(a, B)-metric where ¢(s) = %, ie, F = O‘T; The concept is proposed by Russian
physicist V. K. Kropina [19]. Despite having singularities (§ = 0), it is useful in
the Lagrangian function’s representation of the general dynamic system. Hence,
due to the physical and applied importance of Kropina metric, we here investigate
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geodesics for generalized m-Kropina metric. Generalized m-Kropina metric is an
important class of («, 8)-metric defined as

o (z,y)

B (z,y)

Consider the inner product (,) on tangent space T, M, x € M defined as

F(a,B) = , (m#0,1).

(u,v) = a;u'v’, u,v € TyM,

where a;; is a Riemannian metric.
Using the above defined inner product we induce an inner product on the cotangent
space, T M, of M at x,

(dx*,dx?) = a™.

Using this inner product, a linear isomorphism can be defined between T, M and
T*M [9]. Hence, 1-form 8 corresponds to smooth vector field X on M given by

; 0 i ij
X|I:baxz,b :(Zjbj,
which further implies
i 0 ;0 i j
(Xloyy) = ' 55,9 55) = by ai; = by’ = B(y).

Also, ||B8]] = a(X]z) < 1. On the basis of above discussion, w can conclude the
following Lemma:

Lemma 2.1. Let (M, «) be a Riemannian space. Then the generalized m-Kropina
space, (M, F) where F' = %:, (m # —1,0,1) 8 = by', a 1-form with ||3|| = Vb;b?,
consists of Riemannian metric « along with a smooth vector field X on M, which
satisfies a(X|y) <1V x € M, i.e.,

afa,y)™*!

P R

where (,) is the inner product on Ty M induced by the Riemannian metric o.

Let (M, F) be a Finsler space. A diffeomorphism of M onto itself is said to be
isometry, if it preserves the Finsler function, i.e., F(¢(p),do,(X)) = F(p, X) for
any p € M and X € T, M. Let G be a Lie group and M a smooth manifold. If
G has smooth action on M, then G is called Lie transformation group of M. A
connected Finsler space (M, F) is said to be homogeneous Finsler space, if action
of group of isometries of (M, F), denoted by I(M, F) is transitive on M.

Let G C I(M,F) be a connected Lie group acting transitively on Finsler space
(M, F), and at a fixed point p € M, let H be its isotropy group. Then M can be
written as coset space G/H, with a G-invariant Finsler metric F'. It is evident to
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see that H is comapct, since action of H leaves invariant unit sphere in 7, M.
Hence, we obtain reductive decomposition of g, Lie algebra of G as

g=b+m,

where g and bh are Lie algebras of G and H respectively and m C g is a vector
subspace such that Ad(h)(m) C m, where Ad denotes Adjoint representation of G.

Remark 2.1. [7] A homogeneous Finsler manifold M = G/H is reductive homogeneous
space.

Next proposition shows that G-invariant Finsler metrics on G/H can be identified
with Minkowski norm F' as follows:

Proposition 2.1. [8] Let G/H be a reductive homogeneous manifold satisfying
g="bh+m.

Then there exists a one-to-one correspondence between the G-invariant Finsler met-
rics on G/H and the Minkowski norms F' on m which satisfy

F(Ad(h)x) = F(z), Vhe Hyx € m.

A regular smooth curve ~ with velocity vector T' = 4, is said to be Finslerian

geodesic, if it satisfies
T
D _— =
(7m) =

with reference vector T'. Here, D is defined from Chern connection, which is torsion
free and almost metric compatible. A geodesic v(t) passing through origin eH €
M = G/H is said to be homogeneous if it is one-parameter subgroup of G, i.e.,
v(t) = exp(tZ)(eH), t € R and Z is a non zero vector in Lie algbera of G. A
non-zero vector X € g is said to be a geodesic vector, if the curve exp(tX)(eH) is
constant speed geodesic of (M, F'). If all the geodesics of a Riemannian manifold
M are homogeneous, then M is callled g.o.(geodesic orbit) space.

A Finsler space (M, F) is called a Finsler g.o. space, if every geodesic of (M, F)
is the orbit of a one-parameter subgroup of G = I(M, F), ie.,if ¢ : R - M is a
geodesic, then there exists a non-zero vector Z € g = Lie(G) and p € M such that
o(t) = expltZ).p.

More precisely, a Finsler space (M, F') is called Finsler g.o.(geodesic orbit) space, if
and only if the projections of all the geodesic vectors cover the set Ty (G/H) —{0}.
A Finsler g.o. space has vanishing S-curvature for Busemann volume form [21, 7].
Further, every Finsler g.o. space is homogeneous [7].

The following result provides criterion to study geodesic vector in Lie algbera level
and hence provide a useful tool to study homogeneous geodesic.
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Lemma 2.2. [21] Suppose (G/H,F) is a homogeneous Finsler space with a re-
ductive decomposition g = h +m. A non-zero vector Y € g is a geodesic vector if
and only if it satisfies

gY,“(Ym, [Yv Z]m) =0, VZ ey,

where the subscript m denotes the projection of a vector from g to m.

3. Necessary and sufficient condition

In this section, we discuss homogeneous geodesic in homogeneous generalized m-
Kropina space. We provide some necessary and sufficient condition for a non-zero
vector to be geodesic vector in homogeneous generalized m-Kropina space.

Corollary 3.1. Let (G/H,F) be a homogeneous Finsler space equipped with gen-
eralized m- Kropina metric arising from an invariant Riemannian metric (,) and
an invariant vector field X, such that X = X(H) Then necessary and sufficient
condition for a non-zero vector Y € g to be a geodesic vector is
(3.1)

Y, Yo)™ WX, YY) (Yo, Y, Z Yo, Ya (X, [Y, Z =0, VZ
W[(m'i_ )< ) m>< mv[? ]m>_m< m m>< 7[7 ]m>]_ ’ cm.
Proof. Using the formula (2.7) for («, 8)-metric from [24], we get the following
corollary directly by taking ¢(s) = Sim 0

Further, we use Theorem 2.2 of [24] to get the following remark:

Remark 3.1. Let (G/H,F) be a homogeneous generalized m-Kropina space with as-
sumptions same as taken in Theorem 3.1. Then the vector X is a geodesic vector of
(G/H, {(,)) if and only if it is a geodesic vector of (G/H, F). In other words, a non zero
vector is a geodesic vector of generalized m-Kropina metric if and only if it is a geodesic
of its base Riemannian metric.

Also, as direct consequence of Corollary 3.1, we can conclude the following corollary:
Corollary 3.2. Let (G/H,F) be a homogeneous generalized m-Kropina space with
assumptions same as taken in Theorem 3.1. Let' Y € g be a non-zero vector such

that (X,[Y,Z]m) =0V Z € m. Then Y is a geodesic vector of (G/H,{,)) if and
only if it is a geodesic vector of (G/H, F).

4. Existence

In this section, we prove the existence of atleast one homogeneous geodesic on
homogeneous generalized m-Kropina space passing through origin.



On the Existence and Examples of Homogeneous Geodesics 295

Proposition 4.1. Let (G/H,F) be homogeneous generalized m-Kropina space.
Then there exists atleast one homogeneous geodesic arising from each origin.

Proof. Suppose G C I(M, F') be connected Lie group acting transitively on (M, F).
Let H be isotropy group at {eH} € G/H. Let K be killing form and radK be its
null space.

Firstly, let us suppose radlC = m. In [17], it is proved that Lie algebra g has
reductive decomposition m + § such that m-projection [g, g] is a proper subspace
of m. Consider Y € [g,g]m be a non-zero vector which satisfies (Y,Y) = 1. Let
W = X € [g,9)%. We use Theorem 3.1 to check that W is a geodesic vector. Since,
equation 3.1 with respect to W can be written as:

e X Wa(1-+ DWi, V. Z}n) = (Wi, Wi (1., V: Z]nf] = 0,
which implies that
e (X, W, Zn)] =0,

This proves the existence of atleast one geodesic through origin.

Secondly, we suppose radK C m. If radK is a proper subset of m, then from [27],
it is proved that m can be decomposed into eigenspaces as m = Vg + V3 + ...V,
with respect to K-symmetric endomorphism defined as K(X,Y) = (#(X),Y) which
satisfies Vo = radKy. Consider {f1, f2, f3,..., fr} be an orthonormal basis of V' =
Vo+Vi+...4+V, and 6 be an endomorphism 0(f;) = A f; for i = 1,2, ..., r. Suppose
that X = Xy + Z::l xlfl,Y =Yy + Z::l yzfza X0, Yo € Vo, x;,y; € R. Using
Theorem 3.1, Y € g is a geodesic vector if and only if equation 3.1 equals to zero.

Hence, let us consider
[(m 4+ 1)(X, Yo ) (Yin, [V, Z]im) = m(Vin, Y (X, [V, Z]m)]
=[(m+ )Xo+ Y _wifi, Yo+ Y _uifi)(Yo+ >_vifi, [Vs Zlw)

i=1 i=1 =1

—m(Yo+ Y vifi Yo+ > _uifi)(Xo+ D xifi, [V, Z]m)]
=1

i=1 i=1

W) = [(m+1)(Xo + Zmifi,yo + Zyifi><Y07 Y, Z]m)

—m(Yy + Zyifia Yo + Zyifi><X0, Y, Z]m)]

i=1 =1

+ (m+1)(Xo + infi,Yo + Zyifi>K ([K Z]va”ff)
i=1 i=1 '

i=1

—m(Yo+ Y vifi. Yo+ > uifiK ([Y, Zms Y a:ifi>>
=1

i=1 i=1
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(4.2)
= (m+1) | (Xo + infi,yo + Zyifi> (Yo, [Y, Z]w) + K ([Y, Z]m,Zyi{f>]

ot 2 vifis Yot 3 uifll{Xos ¥: Zlm) + K <[Y7 Z1m,inf>]
=(m+1)[(Xo + szfu Yo + Zyifi>]K(Z, [Y,Y]w)
i=1 i=1

—m(Yp + Zyifi7YO + Zyifi>K(Za Xo + ZSCz‘)\ifz', Yo + Z%Aiﬁ)-

i=1 i=1 i=1 i=1

The first term in last resultant of above equation 4.2 vanishes, which on plugging
into equation 3.1, we get

<Y, Y>m+1

(4.3) WW

K(Z [ro+ Y _zi\iwil,yo+ Y yidif)
i=1 i=1

Above equation vanishes, whenever we have a solution in the form (Yo, y1, ..., ¥, t).
It is obvious to check that {Yy = Xo,y1 = tox1, ..., yr = toZs,t = to} is a solution
to satisfy above equation. This completes the proof. [

In fact, in [11] author has showed existence of two homogeneous geodesics in any
arbitrary homogeneous Finsler spaces. Hence, in particular, above proposition can
be extended to say that there exists two homogeneous geodesics in this space. With
this motivation in the next section, we construct an (n + 1)-dimensional and 4-
dimensional example and find homogeneous geodesics.

5. Examples of some homogeneous geodesic vectors

In this section, we visualize the homogeneous geodesics in an (n + 1)-dimensional
space and a 4-dimensional space. Let us consider a Lie algebra n with orthonormal
basis B = {e1, €2, ..., ent1} generated by Lie brackets as follows:

[ei,ej] = 0, V’L,j S n
[ent1, €] = ae; +eip1, Yi<n
[enJrla en] = Ap€n

for arbitrary non-zero parameters ai,as,...,a, € R. The family of Lie algebras
(n,(,)) generates an (n-parameter) solvable Lie groups A with a set of invariant
Riemannian metrics. In [18], authors showed that for generic choices of {a;}?_; the
corresponding group N acting by left translations is the maximal group of isome-
tries. In [18] authors have assumed that N is diffeomorphic to (n + 1)-dimensional
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Euclidean space. We use a similar approach as in [10] to solve our further re-
sult. For the sake of simplicity, we shall consider metric F' generated by the vector
X =ke1,0 < k < 1. which are suitable for our purpose.

Example 5.1. Let (G, F) be an (n+1)-dimensional homogeneous generalized m-Kropina
space, such that the parameters constructed above satisfies min{a;} > n and left-invariant
metric F' is determined by X = ke; and also ka1 < 1. Then (G, F) admits exactly two

geodesics whose initial vectors are 71 = cient1 + 47k F(Yn)er, and 72 = —crenqr +
m
mkF(Ym)el.

An arbitrary vector Y € g can be expressed with respect to the basis B = {e1, e2, ..., €n11}
as Y = yie1 + y2e2 + ... + Ynt+1€ent1. The Lie brackets can be calculated as follows:

Y, el = ynt1(ases +eir1), 1<i<m,

[Y,en] = ynt1anen,
n

[Y, ent1] = —yra1e1 — Z(yi—l + yiai)e;.

=2

Next, we plug the vector Z € m in equation 3.1 step by step for all elements of orthonormal
basis 8. Using Theorem 3.1 we get the Y € g is geodesic vector, if it satisfies the following
homogeneous system of equations:

(m =4 1)[yn+1(a1yr + y2) — mF (Yn)ka1] =0,
(m~+ D[ynt1(aiys +yir1)] =0, 1<i<n
(m + 1)y’ﬂ+1anyn = 0,

(m+ 1)[fy%a1 - Z(yifl + yiai)ys] — mF (Yau)kyia1 = 0.
i=2
In order to solve system of equations, first let us consider the case if y,41 # 0. Due
to homogeneity of equations, without loss of generality we may assume y,+1 = * c.
Consequently, from all equations for ¢ = 1,...,n we immediately get yn = yn—1 = ... =

_m_

yo = 0 and y1 = (m+1) kF(Yw). Hence, we obtain just two geodesics solutions for above
system of equations.

Next, let us consider second case that y,4+1 = 0, first n equations are satisfied immediately.
For the last equation, we solve for polynomial p(y;) = 0, where

n n n
py) = (m+Dyiar + (m+1) > yivi1+ Y viai+ > yia; +mkaryi F(Ya).

=2 1=2 1=2

On using the estimates |y;yi+1| < 1 and mina; > n, we get that p(y;) > 0, which implies
above system of equation doesn’t have any other non trivial solution. This completes the
proof.

Example 5.2. Consider a 4-dimensional (R47 F) equipped with m-Kropina metric, which
can be written as homogeneous space G/H where G is the 5-dimensional group of equiaffine
transformations of a Euclidean space and H is group of rotations around origin. Also g
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has reductive decomposition g = h 4+ m, an orthonormal basis (e1, ez, es3,e4) of m and
generarator A of h. Using the multiplication table from [16], we have

[617 62] =0, [61, 63] = —€1, [617 64] = €1,
[e2, €3] = €2, [e2, €a] = €1, [es, 4] = —2A,
[A7 61} = —e2, [A7 62] = €1, [Aa 63} = 2ey, [A7 64} = —2es3.

Also, we have [g,g] = g. Suppose y € g be geodesic vector,
Yy = y1e1 + yae2 + yses + yaea + gA
Using equation 3.1, we get the following set of equations:

(m + 1) (@1y1 + z2y2 + T3ys + Taya) (y1(ys — y4) — y2q)

(5.1)
—m(yi + 5 + 15 + i) (@1 (ys — ya) — x2q) = 0,
(5.2) (m + 1) (@1y1 + z2y2 + T3y3 + Taya) (y1(ys — Y1) — y2q)
' —m(yi +y5 + 5 + yi) (21(q — ya) — z2ys) =0,
(5.3) (m + 1) (191 + T2y2 + T3ys + Tays)(—y; + v5 + 2qya)
‘ —m(yi + 5 + 5 + i) (—21y1 + T2y2 + 2qz4) = 0,
(5.4) (m+ 1)(z1y1 + z2y2 + x3y3 + Taya) (Y1 (y1 + y2) — 2qys)

—m(yi + 3 +y5 +vi) (@1 (y1 +y2) — 2q23) = 0.
Using above equations, we also get

(m+1)(z1y1 + z2y2 + x3ys + 2aya) (Y1 + y2) (Y3 — q)

(5.5)
—m(yi +y3 + 5 +yi) (@1 +22)(ys —q) =0,

(m+ 1) (z1y1 + 22 + T3ys + Taya) (Y2 (y1 + y2) + 2q(ya — y3))

(5.6) 2, .2 2 2
—m(yi +y2 + 3 + y1) (Y2 (1 + 22) + 2q(zs — x3)) = 0.
We consider some assumptions to see geodesic vectors explicitly:
A X = T3€s3

B: X = T4€4

C: X = $3(€3 + 64)

D: X =z1(e1 — e2)

A : For X = zses, equation 5.5 gives

(m 4 1)(z3y3)(y1 + y2)(ys — q) = 0.
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(1) Let us suppose

Y1 = —y2, y3s # 0 and
y3 # q. In this case
equation 5.3, implies
2(m + 1)(wsys)qya = 0,
which again gives two
cases (a) and (b)

(a) ¢ =0 and y4 # 0, this
implies y1(ys — y4) = 0. If
y1 = 0, we also have

y2 = 0, which shows

y = yses + yaeq. If

ys — ya = 0, implies y =
y1(e1 —e2)+ys(es+eaq).

(b) If ¢ # 0 and y4 = 0,
then using equations 5.1
and 5.2, we get

y1(y1 + ¢) = 0. And again
here, if y1 =0, ys # —¢q
we have y = yses + gA,
otherwise for y1 # 0 and
y3 = —q, we have y =
yi(e1 —e2)+ys(es—A).

(2) Next, we assume y1 # —y2,ys # 0, and y3 = ¢g. On plugging these into equation 5.3, we

yi—v3

get ya = =5 -

2 2
, which gives geodesic vector y = yi1e1 + yze2 +yses + 2" Y2 ¢, + ysA.

2y3

(3) At last we suppose

Y1 = —y2,y3 # 0 and

y3 = ¢. On plugging into
(5.3), we get

2(m + 1)z3q®ys = 0. This
takes us to two cases:

(a) If g=0 and y4 # 0,
this implies y = yae4 or
y =yi(e1 —e2).

(b) On taking ¢ # 0,

ya = 0in (5.1), we get
2qy1 = 0 which vanishes
y1. So the geodesic vector
is Yy = y3(€3 + A).

(4) Next we suppose, y1 7# —¥y2,y3s # ¢,ys = 0, from equation 5.4, we have 2mqxs(yi +
y3 + yi) = 0. This gives that ¢ vanishes and we get the geodesic vector as y = yie1 +
Yze2 + Yyaeq.

Case (B) can be seen similar to the case(A). And it also coincides with the homoge-
neous geodesic in 4-dimensional Randers space example [12].

Case (C): On considering X = z3(e3 + e4), again from 5.5, we get

(m+ Dxs(ys +ya)(y1 +y3)(ys —q) = 0.

This leads to different possiblities: (1) Let us Suppose y1

= —Y2,Y3 F @Ys F —Ya,

(1) also from equation 5.6,
we have

2q(m + D)as(y3 — i) =0
which implies two cases,
i.e., either ¢ =0 or

Y3z = Ya

(a) If g =0, and y3 # ya,
from equation (5.1), we
get y1(ys —ya) =0,
implies y1 = y2 = 0, which
gives geodesic vector

Y = yses + Yyseq.

Ifq#0, ys = ya,
equation(5.1), gives
2qy2(m+1)z3(ys+ya) = 0,
which vanishes

y3 = y4 = 0. Hence the
geodesic vector takes the
form

y = ys(es + es) + gA.

(2) In this case assume y1 # y2,Ys = q, Y3 7 ya using equation 5.6, we have

z3(ys + ya)[y2(y1 + y2) + 2ysys — 23] = 0.

Since, in this case y3 +y4 can’t vanish. Hence, we get 2y2 — 23y + v (ys +ya) = 0, which

is quadratic in y3. So the roots are ys =

yat\/vi+2(y1+y2)y2
2

. So the geodesic vector y is
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written as

yi1e1 + yze2 +

(3) In third case, we assume y1

ya /¥ + 2(y1 + y2)u2

2

= —Y2,Y3 = q, Y3 # —ya, from using equation 5.6, we get

2x3y3(ys + ya)(ys — ya) = 0, which leads to two cases:

(es + A) + yaea.

(a) If y3 = 0, the geodesic vector y takes form y = y1(e1 — e2) + yaea.

(b) If y3 = ya, then y = y1(e1 + e2) + ys(es + es + A).

(4) In this, let us assume

Y1 F Y2, Y3 F 45 Y3 = Y,
using the above

(a) y3 = 0 implies geodesic
vector takes the form
Yy = yie1 + yz2ez2 + gA.

(b) If g =0, we get y =
yie1 + yz2e2 + ys(es — eq).
If bothg=y3s =0,y

assumptions in equation
(5.4), we have
—4my3qxs = 0, which
leads to two cases, i.e.,
either y3 =0o0or ¢g =0

reduces to yi1e1 + yze2.

(5) For this case, let us suppose y1 = —y2,ys = —y4,ys # ¢. On plugging into equation
5.3, we get —4mgqy3zs = 0, which is similar to the case (4).

(6) For the last case, we take y1 # y2,Y3s = ¢,ys = —ya. From equation 5.4, we have
—4my3zs = 0, which implies y3 = 0 and this gives geodesic vector is y = y1e1 + yze2.
For the last assumption X = wx3(es — es), we can retrace the steps of above to get the
homogeneous geodesics.
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1. Introduction

As generalization of the standard metrics spaces, metric-like spaces were con-
sidered by Amini-Harandi [3] and proved some fixed point theorems. There after
several authors have proved fixed and common fixed point theorem in metric-like
space, for example see [1, 7, 5, 6, 9, 8, 10, 11, 21]. In 2012, Samet et al. [24] intro-
duced the concept of a-contraction and a-admissible mappings and proved various
fixed point theorems in complete metric spaces. Afterward, many authors obtain
generalization of the result [24]. (For instance see [15, 17, 18, 19, 22]).
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Recently, Chandok[12] have introduced the notion of («, §)-admissible mappings
and obtained some fixed point results. Some of authors (For instance [13, 14]) ob-
tained fixed point results by using the notion of (¢, 8)-admissible mappings and
certain contractive conditions. On the other hand, Khojasteh et al [16] introduced
a new class of mappings called simulation functions. In [16], they proved several
fixed point theorems and shows that many results in the literature are simple con-
sequences of their obtained results. In sequel, Argoubi et al.[4] modified the above
said definition and proved some fixed point theorems with nonlinear contractions.
There are many fixed point results in the setting of simulation function. (For in-
stance [1, 14, 15, 20, 23]).

In this paper, we consider simulation functions to show the existence of fixed
points of («, 8)-admissible z-contraction mapping in metric-like spaces. Our work
generalizes and extends some previous results in the literature. We modify and
generalize the results of Alsamir et al.[1], A. Dewangan et al.[14] and S. H, Cho[13].
Furthermore, we also give an examples to illustrate the main results.

2. Preliminaries

Let us recall some notations and definitions that we will need in the sequel.
Throughout this paper we assume the symbols R and N as a set of real numbers
and a set of natural numbers respectively.

Definition 2.1. [3] Let X be a non empty set. A function ¢ : X x X — [0,00) is

said to be a metric-like space (or a dislocated metric) on X if for any z,y,z € X,
the following conditions hold:

(z,2) <o(z,y) +o(y,2).

)
&
Q

The pair (X, o) is called metric-like space.

Then a metric-like on X satisfies all conditions of a metric except that o(z,z) may
be positive for z € X. Following [3], we have the following topological concepts.

Each metric-like ¢ on X generates a topology 7, on X, whose base is the family
of open o-balls, then for all z € X and ¢ > 0

B,(X,e)={y€ X :|o(z,y) — oz, z)| < €}.
Now, let (X, o) be a metric-like space. A sequence {z,} in the metric-like space
(X, 0) converges to a point x € X if and only if lim,,_,o o(z,,x) = o(x,x).

Let (X, 0) be a metric-like space, and let T': X — X be a continuous mapping.
Then lim, 00, = & = lim, 00 T'(z,) = T(z). A sequence {z,} is Cauchy in
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(X, 0), it lim,, —s00 0(Tm, Tn) exists and is finite. Moreover, the metric-like space
(X,0) is called complete, iff for every Cauchy sequence {z,} in X, there exists
x € X such that

Jm o(en,z) =o(z,2) = lm  o(en, m).

It is clear that every metric space and partial metric space is a metric-like space
but the converse is not true.

Example 2.1. Let X = {0,1} and

2 ifx=y=0
o(z,y) = { 1, if otherwise.

Then (X, o) is a metric-like space. It is neither a partial metric space (¢(0,0) £ o(0,1))
nor a metric-like space (¢(0,0) = 2 # 0).

Remark 2.1. A subset A of a metric-like space (X, o) is bounded if there is a point
b € X and a positive constant k such that o(a,b) <k for all a € A.

Remark 2.2. [3] Let X = {0,1} such that o(z,y) =1 for each z,y € X and let z, =1
for n € N. Then it is easy to see that z,, — 0 and z,, — 1 and so in metric-like space, the
limit of convergence sequence is not necessarily unique.

The following lemma is known and useful for the rest of paper.

Lemma 2.1. [3] Let (X,0) be a metric-like space. Let {x,} be a sequence in X
such that x, — x, where x € X and o(xz,y) = 0. Then for all y € X we have

limy, o0 U($n7 y) = U(Q?, y)

Definition 2.2. [12] Let X be a non-empty set, T: X — X and o, 8 : X x X —
R*. We say that T is an («, 3)-admissible mapping if a(z,y) > 1 and S(z,y) > 1
imply that «(Tx,Ty) > 1 and S(Txz,Ty) > 1 for all z,y € X.

Khojasteh et al.[16] introduced a new class of mappings called simulation func-
tions and proved several fixed point theorems and established that many results in
the literature are simple consequences of their obtained results.

Definition 2.3. [16] A function ¢ : [0,00) x [0,00) — R is called a simulation
function if ¢ satisfies the following conditions:

(¢1) ¢(0,0) = 0;
((2) C(t,s) <s—tforallt,s>0;
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(¢3) I {tn}, {sn} are sequences in (0, 00) such that lim, oty
= lim, 400 8, =1 € (0,00), then lim,, o sup (t,, s,) < 0.

The following unique fixed point theorem is proved by Khojasteh et al.[16].

Theorem 2.1. Let (X,d) be a metric space and T : X — X be a z-contraction
with respect to a simulation function (, that is

((d(Tz, Ty), d(z,y)) = 0
forall x,y € X. Then T has a unique fired point.
It is worth mentioning that the Banach contraction is an example of z-contraction
by defining ¢ : [0,00) x [0,00) — R via ((¢,s) = As — ¢ for all s,¢ € [0,00), where
A€ 0,1).

Argoubi et al.[4] modified Definition (2.3) as follows.

Definition 2.4. [4] A simulation function is a function ¢ : [0,00) X [0,00) — R
that satisfies the following conditions:

(1) ¢(t,s) <s—tforall s,t>0;

(#i) If {t,,} and {s,} are sequences in (0, c0) such that lim, o t, = lim,, o0 $p, =
1 € (0,00), then lim,, o sup {(tn, $n) < 0.

It is clear that any simulation function in the sense of Khojasteh et al.[16](Definition
(2.3)) is also a simulation function in the sense of Argoubi et al.[4] (Definition (2.4)).
The converse is not true.

Example 2.2. [4] Define a function ¢ : [0, 00) x [0,00) — R by

L if (s,t) =(0,0);
As — t, otherwise.

cte.s) = {

where A € (0,1). Then ( is a simulation function in the sense of Argoubi et al.[4].

Some other examples of simulation functions in the sense of Definition (2.3) (see
[2, 16, 23])are as follows:

(i) C(t,s) =cs—tforallt,se[0,00) where ¢ € [0,1).

(i7) C(t,s) =s—o(s) —t for all t,s € [0,00), where ¢ : Ry — Ry is a lower semi
continuous function such that ¢(¢) = 0 iff ¢ = 0.
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3. Main Results
Now, we are ready to prove our first result with the following definitions.

Definition 3.1. [1] Let (X,0) be a metric-like space. Given T': X — X and
a,8: X x X — RT. Such T is said an (o, 3)-admissible z-contraction with respect
to ( if

(3.1) C(alz, y)B(z,y)o(Tz, Ty), o(z,y)) =2 0

for all 2,y € X, where ( is a simulation function in the sense of Definition (2.3).
Now, we prove our first fixed point result.

Theorem 3.1. Let (X,0) be a complete metric-like space and T : X — X be a
(o, B)-admissible z-contraction mapping with respect to a ¢ simulation function if

there exist 1 : RT — RT with (t) < t such that

(3.2) (Wl y)B(x,y)o(Tz, Ty)), ¥ (m(z,y))) = 0

for all x,y € X, where

1+l Tl Ty) |

m(x,y) = max {a(x,y), 1+ o(z,9)

Assume that

(1) T is (o, B)-admissible;

(2) there exists an element xg € X such that a(zo, Txo) > 1 and
Bxo, Txo) = 1;

(3) T is o-continuous.

Then T has a unique fized point u € X with o(u,u) = 0.

Proof. By condition (2) of this theorem there exists g € X such that a(xg, Txg) >
1 and B(xo,Txzp) > 1. Define the sequence {x,} in X such that x,+1 = Tz, for
all n € NU{0}. If z, = x4 for some n, x, = vp41 = Tz, So x, is fixed
point of T and the proof is completed. From now on assume that z,, # x,1 for all
n € NU{0}. Since T is an («, 8)-admissible mapping, we derive

a(zo, Tro) = a(xg,z1) > 1 = a(Txe, Tx1) = a(xy,x2) > 1.
Continuing this process, we get

(3.3) a(xy, tpy1) > 1, for all n>0.
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Similarly,
(3.4) B(Xp,Tpy1) > 1, for all n>0.

From (3.2)(3.3), and (3.4), we have

0 < CW(a(@n,2n-1)8(xn, 2n-1)0(T2n, Trn-1)), Y (m(n, n-1)))
(3.5) = CW(a(@n, n-1)B(@n, Zn-1)0 (Tnt1,20)), Y (M(Tn, Tn-1)))-
Since
(@, 0ns) = max {a(%xn_l)’ [1+J(z;,szg)c]nci(;:_;),Txn—l)}
= s {otanr), RO )
(3.6) = max{a(xmxn,l),a(xn,xnﬂ)}.

If follows from (3.5) and (3.6) that

0 < C(w(a(xnvwnfl)ﬁ(xnaxnfl)g(xn+laxn))7
Y(max{o(Tn, Tn-1),0(Tn, Tnt1)}))
< Y(max{o(Tn, Tn-1),0(Tn, Tnit1)})

(3.7) —((Xpy Tp—1)B(Xn, Tn—1)0(Tpi1, Tn))-
Consequently, we obtain that for all n =0,1,2,3...

P(o(2n, tni1)) < Y(max{o(zn, Tn-1), 0(Tn, Tni1)})-
If max{o(zy,xn-1),0(Tn, Tnt1)} = 0(@n,xny1) for some n, then

w(d(l'n, $n+1)) < 1/1(0(%, {En+1)),

which is a contradiction.

Hence max{c(xn,xn_1),0(Xn, Tnt1)} = 0(Tn, Tn-1), for all n > 0 and hence
from (3.7) we get,

0< ¢(O’($n,$n_1)) - ¢(a($n,$n—1)ﬁ($m$n—1)0($n+1733n))
or

(38) 1/)(a(ffn, xn—l)ﬁ(xna xn—l)a(xn-i-la xn)) < w(d(ﬂfm xn—l))-
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By using the property of ¥, we get

(39) a(wny xn—l)ﬁ(l‘na xn—l)a(xn-i-h xn) < U(.Tn, xn—l)

for all n > 0. The sequence {o(zn,z,—1)} is nondecreasing, so there exists r > 0
such that lim,,_, o o(zy, 2n—1) = 7. We prove that

(3.10) le (X, Tn—1) = 0.

Suppose that > 0. By the properties of ¥, (3.5), (3.8) and (3.9) and the condition
(Cs)

0< lim sup C(Y(a(zpn, £pn—1)B(Tn, Tn-1)0(Tnt1,Zn)), V(0 (Tn, Tn-1))) <0,

which is a contradiction. Therefore » = 0. This implies that lim, oo 0(2p, Tp—1) =
0.

Now we will show that {x,} is a Cauchy sequence. Suppose on the contrary that
{zn} is not a Cauchy sequence. Then there exists € > 0 for which we can assume
subsequences {z,, } and {x,, } of {z,} with m(k) > n(k) > k such that for every
k

)

(3.11) 0(ZTnyy Tmy,) = €
That is,
(3.12) (T, Timy—1) < €.

By the triangular inequality and using (3.11) and (3.12), we get

€< 0(Tny, Tmy) < 0(Tny, Tmp—1) + 0(Tmp—1,Tm, )
< €+ 0(Tmy—1,Tm,)-

Letting k — oo in the above inequalities and by using (3.10) and (3.11), we have

(3.13) klgrolo (T, Tm,,) = €.

Also, from the triangular inequality, we have
J(xnk ) mmk) < U(xnk ) ‘rnkJrl) + U(xnk+17 'ka)V

|U(xnk+17xmk) - O-(xmc?xmk” < U(xnkamnk-‘rl)'

On taking limit as k — oo on both sides of above inequality and using (3.10) and
(3.13), we get

(3.14) klggo 0(Tnyt1, Tm,,) = €.
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Similarly it is easy to show that

(3.15) lim o(zp,4+1,Tm,+1) = Im o(zn,, Tmyt1) = €.
k— o0 k— o0

Moreover, since T is an («, 3)-admissible mapping, we have
(3.16) (Tnyy Tm,) > 1 and  B(xn,, Tm,) > 1.

We deduce that

14 0(@n,, Ton, )]0 (Xmy, TTim, ) }
14 0(Tn,, Tmy)

[1 + U(xnkvxnk+1)]0(‘rmk7xmk+1) }
14 0(Tn,, Tmy) ’

m(Ty,, Tm,) = max {O’((Enk s Tmy, )s

= max {a(xnk s Ty, )s

Taking k — oo and using (3.10), (3.13) and (3.14), we obtain

(3.17) lim Y(m(xn,, Tm,)) = €.

k—o0
By the fact T is an («, 8)-admissible z-contraction with respect to ¢, together with
(3.13), (3.16) and ((3), we get
0< klglgo sup C(w(a(:nnk » Ly, )ﬁ(‘rnk > Ly )U(xnkJrl? xmk+1))7

Y(m(xn,, Tmy))) <0,

which is a contradiction. Hence, {x,} is a Cauchy sequence. Owing to the fact that
(X, 0) is a complete metric-like space, there exists some u € X such that

(3.18) nh_)n;o o(xn,u) = o(u,u) = n,}rllri)looa(xn,xm) =0

Moreover, the continuity of 7" implies that

(3.19) lim o(zpy1,Tu) = lim o(Tx,, Tu) = o(Tu, Tu) = 0.

n—oo n—oo

Using Lemma 2.1 and (3.19), we have

(3.20) lim o(xnt1,Tu) = o(u, Tu).

n—oo
Continuing (3.19) and (3.20), we deduce that o(Tu,u) = o(Tu, Tu). That is Tu =
u. To prove the uniqueness of the fixed point, suppose that there exists w € X such
that Tw = w and w # u. Then

(3.21) 0 < C(¢(a(u, w)B(u, w)o (Tu, Tw)), p(m(u, w)))
where
B 1+ o(u,Tu)]o(w, Tw)
m(u,w) = max {U(U, w), 1+ o(u,w) }
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(3.22) m(u,w) = o(u,w)

from (3.21), (3.22) and ({2) we have

0 < C(@(a(u,w)B(u, w)o(Tu, Tw)), (o (u, w)))

(3.23) < Ylo(u,w)) — Y(a(u, w)s(u, w)o(Tu, Tw)).
By using the property of ¥, we have
0 < o(u,w) — a(u,w)s(u,w)o(Tu, Tw) < 0.

Which is a contradiction, so u = w. O

Theorem (3.1) remains true if we drop the continuity hypothesis by the following
property:
(H): If {z,} is a sequence in X such that a(z,,x,4+1) > 1 and

B(xn, xpt1) > 1 for all n, then there exists a subsequences {z,, } of {z,} such

that a(xn, , Tn,+1) > 1 and S(zn,, Tny+1) > 1 for all kK € N and a(z,Tz) > 1
and f(z,Tz) > 1.

Theorem 3.2. Let (X,0) be a complete metric-like space and let T be a self-
mapping on X satisfying the following conditions:

(1) T is (o, B)-admissible;
(2) there exists xg € X such that a(xg, Txo) > 1 and B(xo, Txo) > 1;
(3) (H) holds;

(4) T is an («, B)-admissible z-contraction mapping with respect to a ¢ simulation
function if there exist ¢ : RT — R™ with ¢(t) < t such that

(e, y)B(z,y)o(Tz, Ty)), ¥(m(z,y))) = 0,

for all x,y € X, where

14 o(x,Tx)|o(y, Ty) }

m(x,y) = max {a(x, Y), 1+ o(z,9)

Then T has a unique fized point u € X with o(u,u) = 0.
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Proof. Following the proof of Theorem (3.1), we construct a sequence {z,} in X
defined by x,,+1 = Tz, which converges to some u € X. From definition of («, §)-
admissible mapping and (H), there exists a subsequence {z,,} of {z,} such that
o(Tny, Tny+1) > 1 and S(zp,, Tn,+1) > 1 for all £ € N. Thus applying condition
(3.2) for all k, we have

0 < <C(Wlalen,,w)B(@n,, w)o(Trn,, Tu)), p(m(zn,, u)))
= C(@/}(a(xnk,u)ﬂ(xnk,u)o(xnk+1,Tu)),1/1(m(znk,u)))

(3.24) < (m(en,,uw) = P(a(en,, w)B(@n,, w)o (Tn, 11, Tu)).
By suing the property 1, we have

(3.25) 0 < m(zp,,u) —a(zy,,w)B(xn,, w)o(Tn,+1, Tu).

Also from (3.22) and (3.25), we get

(3.26) 0 < o(xn,,u) — a(xn,, w)B(Tn,, w)o(Tn,+1,Tw)

which is equivalent to

0(xpy 41, Tu) = 0 (T, , Tu) < a(Tn, ,w) (@, , w)o(Try,, Tu)

(3.27) < o(xn,,u).

Letting k& — oo in the above, we have o(u,Tu) = 0. Using similar arguments as
above, we can show that u is a fixed point of 7. The uniqueness of the fixed point
of T is obtained by similar arguments as these given in the proof of Theorem (3.1)

Now, we apply Theorem (3.1) to obtain the following result which is known as
Banach type. 0O

Corollary 3.1. Let (x,0) be a complete metric-like space and let T be a self-
mapping on X satisfying the following conditions:

(1) T is (o, B)-admissible;
(2) there exists xg € X such that a(xg, Txo) > 1 and B(xo, Txo) > 1;
(3) T is o-continuous;
(4)

Y(a(z,y)B(z,y)o(Tz, Ty)) < AW (m(z,y))), for all z,y € X and X € [0,1)
and also P R+ — RY with ¢(t) < t,1(0) = 0.

4

Then T has a unique fized point u € X with o(u,u) = 0.

Proof. Following the lines of Theorem (3.1), by taking as a o-simulation function,
C(t,s) =As—t. O



Some Fixed Point Theorems for (o, 3)-Admissible z-Contraction Mapping 313

Corollary 3.2. Let (X, 0) be a complete metric-like space and T be a self-mapping
on X satisfying the following conditions:

1) T is («, 8)-admissible;

2) there exists xg € X such that a(xg,Tzo) > 1 and B(xo, Txo) > 1;

(1)
(2)
(3) T is o-continuous;
(4)

4) there exists a lower semi continuous function v : Ry — Ry with =1 = {0}
such that

a(z, y)B(z,y)o(Tz, Ty) <m(z,y) —v(m(z,y))
forallz,y € X. Then T has a unique fized point u € X with o(u,u) = 0.

Proof. Following the proof of Theorem (3.1), it sufficient to take ((t,s) = s —v(s) —
t. O

If we consider in Theorem (3.1), a(z,y) = B(z,y) = 1 for all z,y € X, we have:

Corollary 3.3. Let (X,0) be a complete metric-like space and let T be a self-
mapping on X . Suppose that there exists a o-simulation function ¢ such that

C(W(o(Tx, Ty)), v (m(x,y))) >0

for all x,y € X. Then T has a unique fized point u € X with o(u,u) = 0.
We present the following illustrated example.

Example 3.1. Let X = [0,00),0(z,y) =z +y forall z,y € X and T : X — X be
defined by

2 if 0<z<1
_ 1 1 srs 1,
T(2) = { 4z, otherwise.

consider ((t,s) = As —t, where 0 < 1/4 < A < 1.

We define two mappings o, 3: X x X — RT as

5
3 0<ay <,
a(z,y) = { 0, otherwise.

it 0<ay<l,

, otherwise.

ﬁ(x,y):{ §’

Let 1 : RT — RT be defined as () =t for all £ > 0. We shall prove that Corollary
3.1 can be applied. Clearly (X, o) is a complete metric-like space. Let xz,y € X such
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that a(z,y) > 1 and B(z,y) > 1. Since z,y € [0,1] and so Tz € [0,1],Ty € [0,1] and
a(Tz,Ty) =1 and B(Tz,Ty) = 1. Hence T is («, )-admissible. Condition (2) is satisfied
with zo = 1. Condition (3.2) is also satisfied with x, = T"z1 = 1/n.
If 0 <z <1, then a(z,y) =5/3 and B(z,y) = 3/2.
Now
Pla(z,y)B(x, y)o (T, Ty)), b (m(z,y)) = a(z,y)B(z, y)o(Tz, Ty), m(z,y)

where

1+z+y

[1+x+x/4}(y+y/4)}
1+z+y

u+x+Tﬂ@+Tw}

[4+5z](5y) | _
JI-I—.%m}—{QU‘H/}

(m(x7y)) = a(x,y)ﬂ(a:, y)U(Tmey)7 z+y

P
=
Q
&
s
o
&
N
2
S
8
S
s
=
3
0
N
I

o(Tz, Ty),z +vy)
T +y) —
(z,y)B(z,y)o(Tz, Ty)

(z+y) -

DG

= ety -6ty

I
>

Cla(z,y)B(z,y)
(

Q

W /N W

4 8
- (3-Da+w
= %@+wzﬁ

If0 <z <1andy > 1, then ((¢¥(a(z,y)B(x,y)o(Tz, Ty)),(m(x,y))) > 0. Since
a(z,y) = B(x,y) = 0. Consequently, all assumptions of Corollary 3.1 are satisfied and
hence T has a unique fixed point which is u = 0

4. Conclusion

In this attempt, we studied («, 8)-admissible z-contraction mappings imbedded in
simulation function and proved some fixed point theorems in metric-like spaces.
Our results are generalized and extended forms of recent results in the literature.
Finally, we have illustrated an example in support of our obtained results.
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1. Introduction

The geodesics curves of an arbitrary Finsler metric F' = F'(z,y) on a manifold
M are characterized by the following system of differential equations

&+ 2GY(¢) =0,

where the local functions G* = G*(x,y) are called the spray coefficients of F. Two
Finsler metrics F' and F' on a manifold M are called projectively related if any
geodesic of the first is also geodesic for the second and the other way around. In
this case, there is a scalar function P = P(x,y) defined on the slit tangent bundle
TMy=TM — {0} such that

G'=G' + Py'.
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Here, G* and G* denote the geodesic spray coefficients of F' and F, respectively
[6]. The problem of projectively related Finsler metrics is quite old in geometry
and its origin is formulated in Hilberts Fourth Problem: to determine the metrics
on an open subset in R™, whose geodesics are straight lines [2]. Projectively flat
Finsler metrics on a convex domain in R™ are regular solutions to Hilbert’s Fourth
Problem. A Finsler metric F' on an open subset U C R"™ is called projectively flat
if all geodesics are straight in U. In this case, F' and the Euclidean metric on U are
projectively related.

In order to find projectively flat Finsler metrics, one can search in the class of
generalized Berwald metrics. A Finsler metric F' = F(z,y) on a manifold M is
called a generalized Berwald metric if there exists a covariant derivative D on M
such that the parallel translations induced by D preserve the Finsler function F
[1][12]. In this case, F is called a generalized Berwald metric on M. If the covariant
derivative D is also torsion-free, then F' reduces to a Berwald metric. In this case,
the spray coefficients of F' is quadratic in direction y. By definition, the class of
Berwald metrics belongs to the class of generalized Berwald metrics.

The class of generalized Berwald metrics is very large to search, and finding
projectively flat Finsler metrics in this class is very complex. Thus, one can focus
on a meaningful subclasses of these Finsler metrics, maybe the class of generalized
Berwald (a, 8)-metrics. An («, 8)-metric is a Finsler metric on a manifold M defined
by F := a¢(s), where s = B/a, ¢ = ¢(s) is a C*° function on the (—bg,by)
with certain regularity, o = \/a;;y*y? is a positive-definite Riemannian metric and
B = b;(x)y’ is a 1-form on M.

It is interesting to find some conditions under which a projectively flat gener-
alized Berwald (v, 8)-metric reduces to a Berwald metric. To find the mentioned
condition, for an (¢, 8)-metric F := a¢(s), let us put

¢/ v Q/
¢—s¢'’ C 21 +sQ+ (07 —s)Q]

Q=
Define
(1.1) A = bivipke! [am}

yiyiyky!

and Y := b bpEIO™ [\Il}

ylyiykyly™

Then, we will prove the following result.

Theorem 1.1. Let F = a¢(B/a) be a projectively flat (a, B)-metric on a manifold
M. Suppose that ¢ satisfies ¢'(0) # 0, A #0 and T # 0. Then F is a generalized
Berwald metric of isotropic S-curvature if and only if it is a Berwald metric. In
this case, F is a locally Minkowskian metric.

We remark that the S-curvature is constructed by Zhongmin Shen for given com-
parison theorems on Finsler manifolds [11]. A natural problem is to study and
characterize Finsler metrics of vanishing S-curvature. An n-dimensional Finsler
metric is said to have isotropic S-curvature if S = (n + 1)cF, for some scalar func-
tion ¢ = ¢(x) on M.
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2. Preliminary

Let M be an n-dimensional C*° manifold, TM = J, ., T» M the tangent space and
TMy :=TM — {0} the slit tangent space of M. A Finsler structure on manifold M
is a function F': TM — [0, 00) with the following properties:

(i) F is C* on T Moy;

(ii) F is positively 1-homogeneous on the fibers of tangent bundle TM, i.e., F'(z, A\y) =
AF(z,y), YA > 0;

(iii) The quadratic form g, : T, M x T, M — R is positive-definite on T, M

2
8y (1) = 3 5oan
Then, the pair (M, F') is called a Finsler manifold.

Fz(y—&—su—i—tv)} , u,v € Ty M.

s=t=0

Given a Finsler manifold (M, F'), then a global vector field G is induced by F
on T My, which in a standard coordinate (z¢,y®) for T My is given by

0 . )
=26 @)

G=y o

where - )
) 1 .1 0°F oF

2.1 G' = —g" -

(2.1) 19 oz oyt Y ozl

G is called the spray associated to (M, F).

} y € T, M.

For a tangent vector y € T, My, define By : T, M x T, M x T, M — T, M by
B, (u,v,w) := Bijkl(y)ujvkwla/axi\x where

B, .= &

gkt AyI dykoyt”
B is called the Berwald curvature. Then F is called a Berwald metric if B = 0 [10].
For a Finsler metric F' on an n-dimensional manifold M, the Busemann-Hausdorff

volume form dVp = op(x)dz! - - da™ is defined by

B Vol(B" (1))
Vol[(y?) € R* | F(y! 8%

op(x):

2) < 1]’

Let G denote the geodesic coefficients of F in the same local coordinate system.
Then for y = yi% z € Ty M, the S-curvature is defined by

() 1= G (0.0) o' [ (2).
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This quantity was first introduced by Shen for a volume comparison theorem [10].
A Finsler metric F' on an n-dimensional manifold M has isotropic S-curvature if

S = (n+1)cF,

where ¢ = ¢(x) is a scalar function on M. Also, F has vanishing S-curvature if
S=0.

It is known that a Finsler metric F(z,y) on U is projective if and only if its
geodesic coeflicients G* are in the form

G'(z,y) = P(z,y)y",

where P : TU = U xR™ — R is positively homogeneous with degree one, P(z, \y) =
AP(z,y), A > 0. We call P(z,y) the projective factor of F(x,y).

For a non-zero vector y € T,Mj, the Riemann curvature is a family of linear
transformation R, : T,M — T, M which is defined by R, (u) := Ri(y)u*0/0z,
where oG 0*Gt 0*Gt 0G* 0GY

. 7 7 . ) % % J
Ri(y) =2— — ———y +2G" — -
&) Oxk 8xﬂ8yky + Oyidyk  Oyi Oy

The family R := {R, }yern, is called the Riemann curvature.

For a flag P := span{y,u} C T,M with flagpole y, the flag curvature K =
K(P,y) is defined by

8y (Uv Ry(“))

(22) K(l’,y,P) = gy(yay)gy(u’ u) - gy(y,u)Q'

The flag curvature K(z, y, P) is a function of tangent planes P = span{y,v} C T, M.
F is of scalar flag curvature if K = K(z,y) is independent of flag P.

3. Proof of Theorem 1.1

An (a, f)-metric is a Finsler metric on a manifold M defined by F := a¢(s), where
s = Bla, ¢ = ¢(s) is a C function on the (—bg,by) with certain regularity,
a = y/a;;y'ys is a Riemannian metric and 3 = b;(z)y’ is a 1-form on M. For
an (a, f)-metric, let us define b;; by bmﬂj := db; — b;#, where §" := dz' and
6] = ngdxk denote the Levi-Civita connection form of «. Let us define
1 1
Tij = §(bi|j +bj),  sij = §(bi|j = bjji),
Tio =Ty, roo = riy'y’, = by,

— j R X — j — j
Si0 ‘= Sijyj, Sj = b Sijs ro ‘= ijj, So :— Sjyj.
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Let ¢ = ¢(s) be a positive C* function on (—bg, by). For a number b € [0, by), put

A=14sQ+ (V¥ —s2)Q,
0= —(nA+1+5Q)(Q—sQ) — (b* —5*)(1+5Q)Q".

In [4], Cheng-Shen characterized («, )-metrics with isotropic S-curvature on a
manifold M of dimension n > 3. Soon, they found that their result holds for the
class of («, 8)-metrics with constant length one-forms, only. Here, we modify their
result as follows.

Lemma 3.1. Let F = a¢(f/«a) be an non-Randers type («, 8)-metric on an man-
ifold M of dimension n > 3. Suppose that 5 has constant length with respect to
a. Then, F is of isotropic S-curvature S = (n + 1)cF, if and only if one of the
following holds

(i) B satisfies
(3.1) Tij = E{bQGij — bibj}, Sj = 0,
where € = e(x) is a scalar function, and ¢ = ¢(s) satisfies

PA?

where k is a constant. In this case, S = (n + 1)keF'.
(ii) B satisfies
(33) Tij = 0, S; = 0.

In this case, S = 0.

In [18], the following is proved.

Lemma 3.2. ([18]) An («, 8)-metric satisfying ¢'(0) # 0 is a generalized Berwald
manifold if and only if B has constant length with respect to c.

By Lemmas 3.1 and 3.2, we get the following.

Lemma 3.3. Let F = ag(f/a) be an non-Randers type generalized Berwald (o, §3)-
metric on a manifold M of dimension n > 3 such that ¢'(0) # 0. Then, F is of
isotropic S-curvature S = (n + 1)cF, if and only if one of the following holds:
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(i) B satisfies

(3.4) rij = e{bzaij - bib]‘}, s; =0,
where € = e(x) is a scalar function, and ¢ = ¢(s) satisfies

PA?

where k is a constant. In this case, S = (n + 1)keF.
(i) B satisfies
(36) Tij = 07 S5 = 0.

In this case, S = 0.

To prove Theorem 1.1, we need the following.

Proposition 3.1. Let F = a¢(8/a) be a non-Randers type («, B)-metric on a
manifold M of dimension n > 3 such that A #0. Then F is a generalized Berwald
metric with vanishing S-curvature S = 0 if and only if it is a Berwald metric.

Proof. Let G* = G%(x,y) and G, = G (r,y) denote the spray coefficients of F' and
« respectively in the same coordinate system. By (2.1), we have

(3.7) G'=G' + Py + Q'
where

P := o 'O(roo — 2Qasy),
Qi = QQSiO + \I/(Too - 2Qa50)bi,

In [3], Cheng proved that every regular («, 8)-metric with isotropic S-curvature has
vanishing S-curvature (see Theorem 2.4). In this case, by Lemma 3.3, we have
700 = S0 = 0. Then (3.7) reduces to following

(3.8) G' = G! + aQs'.
F is a projectively flat Finsler metric which is equal to following
(3.9) G' = Py,

where P = P(z,y) is a local scalar function satisfying P(x, A\y) = AP(z,y). By
(3.8) and (3.9), we have

(3.10) Py’ = G+ aQs',,.
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Multiplying (3.10) with b; and y;, respectively, imply that

(3.11) PB = b,G",
(3.12) Po® = y,GY,.

Contracting (3.10) with 8 yields

(3.13) PBy' = BG", + aBQs’,.
By (3.11) and (3.13) it follows that

(3.14) (b,GL)y" — BGY = aBQs'.

The following holds

T\, % _
(3'15) [(bTGa)y - BGa]yjykylym =0.
(3.14) and (3.15) give us
(3.16) [@BQsY]yiyryiym = 0.
We have
[aﬁQsé]yjykylym = [QBQ} yjyk-ylsim + [QBQ] yjykymsil + [aﬁQ]yjylyWLSik
(3.17) +[aBQ] Sy ST [aBQ)] iytylym S0 =0

By part (b) of Lemma 3.3, we have s* = b™sk = 0. Then multiplying (3.17) with
b b*blb™ and considering (3.16) imply that

(3.18) YR u™ [aBQ)] sty =0

yIykylym
By assumption, we get

(3.19) st =0.

Putting (3.19) in (3.8) gives us G* = G%,. It implies that F is a Berwald metric. [J

Now, we are ready to prove Theorem 1.1.

Proof of Theorem 1.1: The proof divided to three main cases as follows:

Case (i). F is not a Randers metric and dim(M) > 3: Let F = ad(s),
s = B/a, be a generalized Berwald non-Randers type («, 8)-metric on a mani-
fold M of dimension dim(M) > 3. Suppose that F' has isotropic S-curvature,
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S = (n+ 1)cF, where ¢ = ¢(x) is a scalar function on M. In this case, by Lemma
3.3 we have

(3.20) S0 =0,
(3.21) oo = c(b? — s%)a’.

Since F' is a projectively flat metric, then there exists a local scalar function P =
P(z,y) satisfies P(x, \y) = AP(x,y). By (3.7) and (3.20), it follows that

(3.22) Py’ =G+ aQs'y + roo [@% + \Ifb’} :

Multiplying (3.22) with b; and y;, respectively, imply that

(3.23) PB = b;GE + o0 [eg + W],
(3.24) Pa? = 3;GE + oo {@a n \Ifﬂ} .
(3.23) x a? — (3.24) x (3 yields

(3.25) Trog(b2a? — B2) = (1:G°) B — (b:;G°,) .

By (3.21) and (3.25), we get

(3.26) cU(b*a? — B2 = (1;GL) B — (b:;GE)a?.
Since ' _
(0GB - iGL)a?| =0
ylytytymyp
then
{c\y(zﬁ 2_ 52)2} , —0.
yiykylymyr

It is easy to see that the following holds

bt [(b%ﬂ - 52)2} =0.

yt

Then
YR W (b2a? — ﬁ2)2] | — BB P M | (h2a? — B2
yIykylymyr yiykylymyp

(3.27) =0

According to the assumption, (3.27) implies that ¢ = 0. Then oo = 0 and by (3.20)
we get sg = 0. By Lemma 3.3, F' has vanishing S-curvature. Then by Proposition
3.1, we conclude that F' is a Berwald metric. Since F' is projectively flat metric
then it is of scalar flag curvature K = K(x,y). F is not Randers-type and then is
not Riemannian. Then K = 0, and F' is a locally Minkowsian metric.
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Case (ii). F is not a Randers metric and dim(M) = 2: Let F = ad(s),
s = f/a, be a two-dimensional generalized Berwald non-Randers type («a, §)-metric
on a manifold M. Suppose that F' has isotropic S-curvature. By Theorem 2.4 of [3],
every regular (o, 8)-metric with isotropic S-curvature has vanishing S-curvature. In
[13], it is proved that such metric reduces to a locally Minkowskian metric. This
completes the proof.

Case (iii). F is a Randers metric: A Randers metric F' = o + (3 is locally
projectively flat if and only if « is locally projectively flat and [ is closed, i.e.,
si; = 0 (see [10]). On the other hand, in [18], it is proved that F' is a general-
ized Berwald manifold if and only if § is of constant Riemannian length, namely
r; +s; = 0. These imply

(328) Sij = 0, r, = 0.

In [4], it is proved that F' = a + f has isotropic S-curvature S = (n + 1)cF if and
only if

(3.29) eoo = 2¢(a” — B7),

where ¢ = ¢(z) is a scalar function on M, ego = €;;4'y’ and e;; = 145 + b;s; + bjs;.
By (3.28) and (3.29), we get

(330) Tij = QC(CLU — blb])
Multiplying (3.30) with b? yields
(3.31) r; = 2¢(1 — b?)b;.

Since b < 1 then by (3.28) and (3.31) we get b; = 0 or ¢ = 0. If b; = 0 then F is
Riemannian. If ¢ = 0 then by (3.30) implies that r;; = 0. By considering (3.28),
[ is parallel with respect to a and F' reduces to a Berwald metric. This completes
the proof. O
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Abstract. We introduce the x-conformal curvature tensor and *n-Einstien manifolds
in contact manifolds. We investigate this tensor in the three main classes of contact
manifolds: Sasakian manifolds, Kenmotsu manifolds, and cosymplectic manifolds. We
prove that a manifold is n-Einstienian if and only if be *n-Einstienian manifold.
Keywords: *-conformal curvature, *n-Einstien manifolds, Sasakian manifolds, Ken-
motsu manifolds, Cosymplectic manifolds.

1. Introduction

There are many similar concepts in complex geometry and contact geometry. Ta-
chibana introduces *-Ricci tensor within the framework of an almost Hermitian
manifold in their work [23]. Afterward, Hamada introduces the *-Ricci tensor for
the real hypersurfaces embedded in a non-flat complex space form [16]. This notion
on an almost contact metric manifold (M, g,7,&, ) is defined as

1
(1.1) "Ric(Xq1,Xo) = itrace{Xg = K(X1,0X2)pX3},
for any vector field X7, Xo. The x-Ricci operator * L is characterized by the relation

g(*LX1, X5) = *Ric(X1, X2). With the help of the *-Ricci tensor, several authors
have investigated *-Ricci soliton in contact geometry (see [14], [10], [25], [2]). In
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general, the equality *Ric(X1, X3) = *Ric(X2, X;1) does not always hold.

In a Riemannian manifold (M?"*! g), the conformal curvature tensor C is ex-
pressed as

C(X1,X2) X3 =K(X1,X0)X3 —

Tl (Rz’c(Xg, X3) X1 — Ric(X1, X3)Xo

b g(Xe, X3) LX) — g(Xl,Xg)LXg)

r

(12) 2n(2n — 1)

(9(X2»X3)X1 - 9(X17X3)X2)7
where K represents the curvature tensor of (1,3) type, Ric indicates the Ricci ten-
sor, r is the scalar curvature and L is the Ricci operator of (M, g).

The paper is organized as follows: In Section 2, we express some preliminary def-
initions, then we proceed to investigate x-conformal curvature tensor of the contact
manifolds. We examine some features of x-conformal curvature tensor.

In Section 3, we considered the Sasakian structure. Then, having the x-Ricci,
we determined the relationship between n-Einstien and *n-Einstien manifold.

Theorem 1.1. Let M?"*1 be a manifold with a Sasakian structure (g,n,&, ).
The manifold (M?"*1 g.n,& @) is an n-Einstien manifold if and only if it is a
*n-Finstien manifold.

Then, we investigate the *-conformal curvature tensor of the Sasakian manifolds. In
addition, we show that £-conformally flat and £-*conformally flat will not co-occur in
Sasakian manifolds. By the condition *Ric(X7, X5) and *r for a 2n + 1-dimensional
Sasakian manifold, we get the following (0, 2)-tensor

_*RiC<X1,X2> *T‘ g(Xl,Xg)
2n—1 dn(2n —1) °

T(X1,X2) =

We conclude that if n > 1, then x-conformal curvature tensor ans and * D (X7, X3) X3
do not vanish simultaneously.

In Section 4, we find some conditions for a Kenmotsu 3-manifold to have vanish-
ing *-conformal curvature tensor. We show that for a special case, the x-conformal
tensor of this manifold becomes zero as in the following Theorem.

Theorem 1.2. If a Kenmotsu 3-manifold is of quasi-constant curvature of the
form

K(X1,X5)Xs = a(X1 A Xo)(Xs) —  an(Xe)n(Xs) Xy —n(X1)n(X3) X,
+  g(Xa, X3)n(X1)€ — (X1, X3)n(X2)E],

where a = 5 + 2, then *-conformal curvature tensor vanishes.
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But in general, we show that on Kenmotsu manifolds, the *-conformal tensor cannot
vanish identically. Similarly, the equivalence of n-Einstien and *n-Einstien is also
established in Kenmotsu manifolds. The same result about *-conformal curvature
tensor and *D (X7, X2)X3 on the Sasakian manifold is obtained for the Kenmotsu
manifold.

In the last section, we prove the *-conformal curvature tensor is identically
zero on the 3-dimensional cosymplectic manifolds. We confirm a conformally flat
cosymplectic manifold is an *n-Einstien manifold. We prove the following theorem:

Theorem 1.3. Let (M?"*1 g0, €, ¢) be a 2n+1-dimension cosymplectic manifold
with n > 1. If M is a x-conformally flat manifold, then *D = 0.

2. Preliminaries

Definition 2.1. Consider a contact metric manifold (M, g,n,&, ) of dimension
2n + 1. The *-conformal curvature tensor for (M, g,n, &, ) is expressed as

O(X1,X2) X3 = K(X1,X2) X3 —

T (*Ric(Xg, X3) X, — "Rie(X1, X3)Xo

+ g(Xa, Xa) "LX1 — g(X1, X3) LX)

(2.1) + 271(2::—1) (9(X27X3)X1 - g(Xl,Xs)Xz)a

where *r represents the x-scalar curvature, which is the trace of the *-Ricci tensor.
Definition 2.2. A contact metric manifold is named *n-Einstien if

(2.2) "Ric(X1,X2) = cg(X7, Xa) + d n(X1)n(Xa), c,d € C°(M).

A differentiable manifold M?"*! has an almost contact structure [2] if it admits
a 1-form 7, a characteristic vector field £, and a (1, 1)-tensor field ¢, which satisfy

(2:3) pP=—I+n®¢  nE) =1,
where T indicates the identity endomorphism. Then, by (2.3), can see that
(2.4) p€=0, noyp=0.

If an almost contact manifold M?"*+! admits a Riemannian metric g with the prop-
erty:
(25)  g(eX1,9X2) = g(X1, Xo) —n(X1)n(X2), VX1, X5 € x(M),

then (M?"+1 g,n,& ) is called an almost contact metric manifold. The 2-form
D(X1,X5) = g(X1,9pXoa) is called the fundamental 2-form on the almost contact
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metric manifold (M?"*1 g.n, € ¢). An almost contact metric manifold is called
normal if the (1,2)-type torsion tensor N, vanishes, where N, = [, ] + 2dn ® ¢
is the Nijenhuis tensor of ¢. A normal almost contact metric manifold is called a
Sasakian manifold. A Sasakian manifold is also characterized by

(Vx,0) X2 = g(X71, X2)€ — n(X2) X, VX1, X2 € x(M).
On a Sasakian manifold beside (2.3)-(2.5), we also have
(2.6) V&= —pX1,  K(X1,X2)¢ =n(X2) X1 — n(X1)Xo,

where K denotes the curvature tensor of (1,3) type. The importance and appli-
cation of Sasakian structures are in holomorphic statistical structures and are also
related to string theory (see [1]).

If the 1-form 7 is closed and d® = 2n A ®, then the almost contact metric
manifold is called almost Kenmotsu manifold. A normal almost Kenmutsu manifold
is a Kenmutsu manifold, which is equivalent to:

(Vx,9) X2 = g(pX1, X2)§ — n(X2)p X1, VX1, Xo € x(M).

It is known that every Kenmotsu manifold is locally a warped product I x§ N7,
where N2" is a Kahler manifold, I is an open interval with coordinate ¢, and the
warping function f defined by f = ce! for some positive constant ¢ [19]. For a
(2n + 1)-dimensional Kenmotsu manifold, we have

(2.7) Vx,§ = X1—n(X1)§,

(2.8) K(X1,X2)§ = n(X1)Xz —n(X2)X,

(2.9) Ric(X1,§) = —2nn(X1),

(2.10) K X)X = n(X2)X1 — g(X1, X2)§,

(2.11) Ric(¢X1,¢X2) = Ric(Xy,Xz) + 2nn(X1)n(Xz).

An almost contact metric manifold is termed an almost cosymplectic manifold
when both the 1-form 7 and 2-form & are closed. A normal almost cosymplectic
manifold is called a cosymplectic manifold [3], [15]. Every cosymplectic manifold
satisfies the following:

(2.12) Vx,£=0, K(X1,X2)(=0, Ric(X1,£) =0.

The cosymplectic structure is a tool for time-dependent Hamiltonian mechanics. It
has some applications in string theory, which shows the importance of cosymplectic
manifolds.

Suppose that (M?"+1 g, n, &, ) is an almost contact metric manifold and *C' is
its *-conformal curvature tensor, which is defined by (2.1). A direct computation
shows some symmetries of *C.
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Proposition 2.1. In a contact metric manifold, the x-conformal curvature tensor
obeys the following:

1. *C(X1,X9) X3 = —*C(X2q, X1) X5,

2. *C(Xl,XQ)X;; + *C(Xg,Xg,)Xl + *C(X?,’Xl)XQ
= — 55 {"Ric(X1, X2) X3+ Ric(Xa, X3) X1+ *Ric(X3, X1) X,

- *RiC(Xl, Xg)XQ - *RiC(XQ,Xl)Xg - *RiC(Xg,XQ)Xl}.

Definition 2.3. A contact metric manifold is called £-conformally flat and &-
xconformally flat, respectively, if C(X;,X5)¢ = 0 and *C(X;, X3)¢ = 0, respec-
tively.

3. x-conformal curvature tensor in Sasakian manifolds

In [14], Ghash and Patra obtained the *-Ricci tensor in a (2n + 1)-dimensional
Sasakian manifold as follows

(31) *RiC(Xl,XQ) = R’iC(Xl,XQ) - (2TL - 1) g(Xl, XQ) — 77(X1)7](X2)

Equation (3.1) provides

(32) *LXl = LXl - (277, — ].) Xl — 77(X1)£,
and
(3.3) *r=r—4n?.

Theorem 3.1. Let M?"! be a manifold with a Sasakian structure (g,n,&, ).
The manifold (Mt g.n,& @) is an n-Einstien manifold if and only if it is a
*n-FEinstien manifold.

Proof. If (M?"+1 g, n, €, ¢) is an n-Einstien manifold, then

(3.4) de,d € C°(M), Ric(Xy,X3) =cg(Xy, Xo) +dn(X1)n(Xz).
From (3.1) and (3.4), we have

(3.5) "Ric(X1, Xa) = ¢g(X1, X2) + dn(X1)n(X>),

where ¢ = ¢ — (2n — 1) and d=d—1. Thus, (MQ"“,g,n,f,cg) is a *n-Einstien
manifold. In this case, there are smooth scalar functions ¢ and d

(3.6) “Ric(X1, Xa) = ¢g(X1, X2) + dn(X1)n(X2).

By (3.6) and (3.1), we conclude that M is a n-Einstien manifold. O
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A Sasakian manifold is said to be a ¢—recurrent manifold if there exists a nonzero
1—form A such that

(3.7) *(Vx, K)(Xo, X3)X4) = A(X1) K(X2, X3)Xu,

for arbitrary vector fields X7, X5, X3, and X4 on the manifold M [11]. As a result,
a ¢—recurrent Sasakian manifold is an Einstein manifold. Thus, by Theorem 3.1,
it follows that every ¢—recurrent Sasakian manifold is a *n-Einstein manifold.

In 1968, Yano and Sawaki [27] defined quasi-conformal curvature tensor as fol-
lows:

W(Xl,XQ)Xg = [—(n—2)d]C’(X1,X2)X3

(38) + [C+ (n—2)d}C’(X1,X2)X3,

where ¢ and d are arbitrary constants, C' is the conformal curvature tensor, and C
given by

C(X1,X2)Xs = K(X1,X2)X3
(3.9) - m[g(X%XS)Xl_g(XlaX?))XQL

where K is the Riemannian curvature tensor.

A quasi-conformally flat Sasakian manifold or a quasi-conformally semi-symmetric
Sasakian manifold is an n-Einstein manifold [9]. Using Theorem 3.1, we infer every
quasi-conformally flat or quasi-conformally semi-symmetric Sasakian manifold is a
*n-Einstein manifold.

By using (3.1), (3.2) and (3.3), from (2.1), we get
2n —2
2n—1

in_ 1 (n(Xz)n(Xs)X1 —n(X1)n(X3) X2

(3.10) + g%, Xo)n(X1)€ — (X1, Xa)(X2)).

"C(X1, Xo) X3 = C(X1, X2) X3 + (9(X27X3)X1 - 9(X1»X3)X2>

+

In Sasakian manifolds, Proposition 2.1 reduces to Proposition 3.1.

Proposition 3.1. In a Sasakian manifold, the x-conformal curvature tensor obeys
the following:

*C(Xl, XQ)XS + *C(X27 Xg)Xl + *C'(‘Xg7 Xl)XQ =0.
In a 3-dimensional manifold, C' vanishes identically, and hence, we have:

O(X1, X2) X5 = n(X2)n(X3) X1 —n(X1)n(X3) X2
(3.11) +  g9(Xa, X3)n(X1)§ — 9(X1, X3)n(X2)E,
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In this case, (3.11) infers *C does not vanish identically. Indeed, for any non-zero

vector filed X in the kernel of 7, we have
CRX 46X +6)E=X.

Suppose (M2 g.n, €, ) is a Sasakian manifold. By putting X3 = £ in (3.10),
we have
(3.12) C(X1,X2)6 =C(X1,X0)€ + K(X1,X0)E.

Based on (3.12) and K(Xi,X5)¢ # 0, we infer the Sasakian manifold does not
become &-conformally flat and &-x*conformally flat simultaneously.

Every Sasakian manifold is K-contact, but in general, every K-contact manifold
is not Sasakian. For 3-dimensional manifolds, these are equivalent. In [28], the
authors prove that a K-contact manifold is &-conformally flat if and only if it is
an 7-Einstien Sasakian manifold. From Theorem 3.1, we can say that a K-contact
manifold is £-conformally flat if and only if it is a *n-Einstien Sasakian manifold.

In [8], the authors defined the (0,2)-tensor field T on M?"*! as follows:

 Ric(X1,Xa) | 7 g(X1,X>)

(3.13) T(Xy, X2) = 2n — 1 an(2n —1)°

The conformal curvature tensor is given by

C(X1,X2) X3 =K(X1,X0)Xs + T(Xo,X3) X1 —T(X1,X3) Xo

(3.14) + 9(Xa, X3) T(X1) — g(X31, X3) T(Xz),

where T'(X1, X2) = g(T(X1), X2). For n > 1, If C = 0, then
(3.15) Vx,T(X2,X3) = Vx,T(X1,X3) =0.

We put D(Xl,XQ)X:), = VXIT(X27X3) — VXQT(X]_,X?,). NOW, we define (0,2)-
tensor field *T on a Sasakian manifold M?2"*! as follows:
_*RiC(X17X2) *’I“ g(Xl,XQ)

2n —1 dn(2n —1)

(3.16) *T(X1, Xs) =

By (3.1) and (3.3), we can write (3.16) as follows

n—1
(3.17) "T(X1, X2) =T(X1,X2) + 9(X1, X2) +

o 1 n(X1)n(X2).

1
2n—1
Also, we define the conformal curvature tensor as follows:

C(X1,X0) X3 = K(X1,X0)Xs + "T(Xo,X3) X1 —"T(X1,X3) - Xo

(3.18) + 9(X2, X3)"T(X1) — 9(X3, X3)"T'(X3),
where *T(X1, X3) = g(*T(X1), X2). So (0,1)-tensor field *T" is given by

(3.19) () = T(0) + oo X1+ g (X
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By putting (3.17) and (3.19) in (3.18), we have

2(n—1
O(Xy, X2) X3 =C(X1, X2) X3 + %[Q(Xz,)ﬁ))ﬁ — g(X1, X3)X5]
1
Sl v [9(X2, X3)€ — n(X3)Xa]n(X1)
1
(3.20) ] [9(X1, X35)€ — n(X3) X1 n(X2).
We consider
(321) *D(Xl,XQ)Xg = le*T(XQ,Xg) - VX2*T(X17X3).
A direct computation shows that
Vx,"T(X2,X3) = Vx,T(X2,X3) +p Vx,9(Xo, X3) + A Vi, (n(X2)n(X3))
= Vx,T(X2,X3) +p Vx,9(X2, X3)
(3.22) + A [(Vxn(X2)) n(Xs) +n(X2) (Vx,n(X3))],
and
Vi, T(X1,X3) = Vx,T(X1,X3) +p Vx,9(X1, X3) + A Vi, (n(X1)n(X3))
= Vx,T(X1,X3) +p Vx,9(X1, X3)
(3.23) + A [(Van(X)n(Xs) + n(X1) (Vx,n(X3))],
where p = 2=2 and A = 3-1~. By putting (3.22) and (3.23) in (3.21), we have

*D(X1,X2) X3 =D(X1,X2)Xs + A {29(X17¢X2)77(X3)

(3:24) (T (Xa)n(X) - (T (X))
If M?"*+1 is a conformally flat Sasakian manifold with n > 1, then

*D(X1, X2) X3 = A {29(X1, ¢X2)n(X3) + (Vx,m)(Xz)n(Xz2) — (VXQU)(X?»)??(XD}-

(3.25)

From (3.24), it can be concluded that, if M?"*! is a Sasakian manifold of dimen-
sion greater than 3, then D(X;, X3)X3 = 0 and *D(X;, X2)X3 = 0 do not hold
simultaneously, because otherwise, we have dn = 0, which is a contradiction with
the Sasakian structure.

Example 3.1. We consider the Sasakian manifold (R?,g,7,&, ), where the 1-form 7,
vector field ¢, Riemannian metric g, and (1, 1)-tensor field ¢ respectively as follows

L 20, L) + (dy)?
n=g(dz—yde),  €=25-  g=n@n+ () +(dy?),
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and ¢ == dzr ® a% —dy® % +ydz ® a%‘ Also, the vector fields are given by

)('1:2g7 X2:2(3+ 9

So, we have
gDXl :.X2, (pXQZ—Xl, QOEZO.

We know that, R? is a conformally flat manifold, then C' = 0. By (3.10) and C(X1, X2) X3 =
0, we have *C(X1, X2) X3 = —y X1. Therefore, for this 3-dimensional Sasakian manifold,
the tensor *C will not be zero. On the other hand, we know that since C'(X1, X2)X3 = 0,
then D(X1, X2)Xs = 0. Therefore, having (3.25), we calculate the tensor *D as follows:

*D(X1, X2) X3 = —2.

4. x-conformal curvature tensor in Kenmotsu manifolds

In [25], the author proves that in a Kenmotsu 3-manifold the #-Ricci tensor is given

(4.1) “Rie(Xy, Xo) = (g +2)g(pX1, 9 Xo),
(4.2) o= 44,
(4.3) LX) = (g +2)[X — n(X1)e].
By substituting (4.1)7 (4.2), and (4.3) into (2.1) yields
C(X1,X0) X5 = K(X1,X2) X5 — (% +2) [g(Xg, X3)X1 — g(Xl,Xg)Xg}
(5 D X2N(Xa) X1 = n(X0)n(Xs) X
(4.4) +  g(Xa2, X3)n(X1)€ — g(X1, X3)n(X2)E].

Definition 4.1. [18] If the curvature tensor K of an almost contact metric mani-
fold obeys the subsequent condition, then is called quasi-constant curvature:

K(X1,X2)X3 = a(X1 A X2)(X3) +  Bn(X2)n(X3) X1 —n(X1)n(X3)Xo
(4.5) +  9(X2, Xs)n(X1)€ — g(X1, X3)n(X2)E],
where (X1 AX2)(X3) := g(X2, X3) X1 —9(X1, X3) X5, a and § are smooth functions.
By some calculation, one concludes that the following holds.

Theorem 4.1. If a Kenmotsu 3-manifold is of quasi-constant curvature of the

form
K(X1,X2)X3 =a(X1 A X2)(Xs) —  a[n(X2)n(Xs) X1 —n(X1)n(Xs) Xz
(4.6) +  g(Xa, X3)n(X1)€ — (X1, X3)n(X2)E],

where a = 5 + 2, then *-conformal curvature tensor vanishes.
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Suppose (M?"*1 g n, &, o) is a Kenmostu manifold. By [21], we have

(4.7)  "Ric(X1,X2) = Ric(X1,X2)+ (2n — 1)g(X1, Xa) + n(X1)n(Xa),
(4.8) o= r44n?,
(4.9) LX, = LX)+ (20— D)X +n(X))E.

By putting Xo = & in (4.7) and from (2.9), we have
(4.10) “Ric(X1,€) =0,

from (2.11) and (4.7), we have

(4.11) "Ric(¢ X1, pX2) = "Ric(X1, X2).

Theorem 4.2. Suppose M*" L is a manifold and (g,7,&, @) is a Kenmotsu struc-
ture on M. The M is an n-Einstien manifold if and only if it is a *n-FEinstien
manifold.

Proof. In [5], the contact metric structure is said to be n-Einstein if
(4.12) L=cl+dn®§¢, c,d € C™(M).

Let (M2"+1 g n,&, ¢) be a n-Einstein Kenmotsu manifold. By (4.9) and (4.12), we
have ~
(4.13) “L=¢l+dn®E,

where ¢ = c+ (2n—1) and d = ¢+ 1.

Suppose (M***1,g.n,€, ¢) is a *n-Einstein Kenmotsu manifold, then there are
smooth functions ¢, and d such that

(4.14) “Ric(X1, Xa) = ¢g(X1, X)) + dn(X1)n(Xs).
By (4.14) and (4.7), we have

(415) RiC(Xl,XQ) :Cg(Xl,XQ) +d77(X1)77(X2),

wherec=¢—(2n—1)andd=d—-1. O

By substituting (4.7), (4.8), and (4.9) into (2.1) yields

2n — 2
2n —1

in_ 1 [9(X2, X3)n(X1)€ — g(X1, X3)n(X2)E

(4.16) L n(Xa)n(Xs) X1 — (X1 )n(Xs) Xo).

By putting X5 = ¢ in (4.16), we obtain

C(X1,X0) X5 =C(X1,X0) X5 —

[9(X2, X3) X1 — g(X1, X3) X5

(4.17) “C(X1, X2)€ = C(X1, Xo)é + K(X1, X5)E.
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From (4.17), we conclude that if C'(X7, X3)¢ = 0 then *C(X3, X2)¢ # 0. In other
words, the Kenmotsu manifold cannot be £-conformally flat and -xconformally flat
simultaneously.

In the Kenmotsu manifold, (2) results in *Ric(X1,X2) = *Ric(X2,X;1). By
Proposition 2.1 and *Ric(X7, X2) = *Ric(Xs2, X1), the *-conformal curvature tensor
satisfies in Bianchi type identity, which leads to the next proposition.

Proposition 4.1. In a Kenmotsu manifold, the x-conformal curvature tensor obeys
the relation:

*C(Xl, XQ)XS + *C(X27X3)X1 + *C(X37X1)X2 =0.
Let us define
C(X1, X2, X3, Xy4) := g(C(X1, X2) X3, Xy), VX1, Xo, X3, Xy € x(M).
(

By substituting (4.7) into (2.1), we have
*C(X13X27X33X4) - O(X17X23X37X4)
2n —2

5 1 [9(X2, X3)g(X1, X4) — (X1, X3)g(X2, Xy4)]

S [0, X)X m(Xa) — 92, Xa)n(Xa)n(Xa)
(4.18) +  g9(X1, Xa)n(Xa)n(Xs) — g(X2, Xa)n(X1)n(Xs)].

Proposition 4.2. For a Kenmotsu manifold, the *-conformal tensor cannot van-
ish identically.

Proof. One can see that

(4.19) C (X1, X2, X3, X4) = —C(X1, Xo, X4, X3).

Suppose that *C vanishes identically. Therefore, by (4.18) and (4.19), we have
2(2n —2) { 9(X2, X3)g9(X1, Xa) — g(X1,X3)g(X2,X4)}

4+ 2[g(Xa, Xs)n(X1)n(Xa) — g(X1, X3)n(X2)n(Xs)

(4.20) + (X1, Xa)n(X2)n(Xs) — g(Xz, Xa)n(X1)n(Xs)] = 0.
Putting X3 = X7 = £ into (4.20) implies that

(4.21) (2n — 1) (g(XQ, Xy) — n(Xg)n(X4)) = 0.

Since 2n — 1 is an odd number, we have

(4.22) 9(X2, X4) — n(X2)n(Xy) =0, VX2, Xy € x(M),

which is impossible. O
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Using Propositions 4.1 and 4.2, one concludes that a Kenmotsu 3-manifold cannot
be of quasi-constant curvature of the form (4.6).
Now, we consider (0, 2)-tensor field *T" on Kenmotsu manifold M?"*! as follows:

*RiC(X17X2) *7’ g(Xl,Xg)
2n —1 dn(2n —1)

(4.23) "T(X1, Xo) = —

By (4.8) and (4.7), we can write (4.23) as follows:

(1-n)
(2n—1)

(4.24) *T'(X1, X2) = T'(X1, X2) + 9(X1, X2) + n(X1)n(X2).

2n -1
Also, we define the conformal curvature tensor as follows:

"O(X1, X)Xy = K(X0, Xo) X3+ "T(Xo, Xa) - Xy = "T(X1,X3) - Xy
(4.25) +  9(Xo, X3)"T'(X1) — (X1, X3)"T'(X2),
where *T(X1, X3) = g(*T(X1), X2). So *T is given by

((21n—n1)) X1+ 27;i 1 n(X1)E-

(4.26) *T(Xy) =T(X1) +

By putting (4.24) and (4.26) in (4.25), we have

*O(X1, X2) X3 = C(X1, X2) X5 + m [9(X2, X3) X1 — g(X1, X3) X5]
(21: ) [9(X2, X5)€ = n(Xs) X2]n(X1)
(427) () 9K, X)E — (X)X n(Xa).
We consider
(4.28) *D(X1, X2) X3 1= Vx,*T(Xa, X3) — Vx,"T(X1, X3).

Now, we consider can we conclude *D (X7, X3)X3 = 0 if *C (X1, X2)X5 =0. So

VX1*T(X27X3) = leT(X27 3) + 1% le (X27X3) + A le (77(X2)77(X3))
= Vx,T(X2,X3) 4+ p1 Vx,g(Xa, X3)
(4.29) + A [(Van(X2)) n(Xs) +n(X2) (Vx,n(Xs))],
and
Vx,"T(X1,X3) = Vx,T(X1,X3)+p Vx,9(X1, X3) + A Vi, (n(X1)n(X3))

= Vx,T(X1,X3)+p Vx,9(X1,X3)
(4.30) + A [(Vxon(X1))n(Xs) +n(X1) (Vx,n(Xs))],
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where p = ?(177") and A = .—L-. By putting (4.29) and (4.30) in (4.28), we have

2n—1) 2n—1"

*D(X1,X2)Xs = D(X1,X2)X3

(431) LA {(Vxln)(XB)ﬁ(Xz) - <vX2n><X3>n<X1>}.

Theorem 4.3. Let M be a 2n + 1-dimension manifold with n > 1 and (g,n,&, @)
is a Kenmotsu structure on M. Then D(X1,X5)X5 =0 and *D(X;1,X5) X3 =0 do
not hold at the same time.

Proof. From (4.31), it is easily proved. O

Example 4.1. We consider the Kenmotsu manifold (R® — (0,0, 0), 9,7, &, ), where the
1-form 7, vector field &, Riemannian metric g, and (1,1)-tensor field ¢ respectively as
follows

1! __,9 ()2 2 2

and ¢ =dr ® a% —dy® %. Also, the vector fields are given by

X12277 X2=Z

Ox Xa=¢.

871/7
So, we have
gDXl = 7X2, QDXQ = )(17 gaf =0.

By conformally flat manifold R?, we have C' = 0. By (4.16) and C' = 0, then *C(X1, X2) X5 =
0. We know that since C(X1,X2)X3 = 0, then D(X1,X2)X3 = 0. Therefore, having
(4.31), *D(X1, X2) X3 = 0.

5. x-conformal curvature of the cosymplectic manifolds

Let (g,m,&,¢) be a cosymplectic structure on M2"+1. In [17], it is proved that for
a cosymplectic manifold

(51) *RiC(Xl,XQ) = RiC(Xl, XQ),
and
(5.2) r=r.

Theorem 5.1. Suppose (M?*" 1 g.n, €, ) is a cosymplectic manifold. Then M is
an n-FEinstien manifold if and only if it is a *n-Einstien manifold.

Proof. Tt is easy to conclude from (5.1) that for the cosymplectic manifold, the
n-Einstien manifold and *n-Einstien manifold are equivalent. [

Substituting (5.1) and (5.2) into (2.1) yields
(5.3) “C(X1, X2) X3 = C(X1, X2)X5.
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Proposition 5.1. In a cosymplectic manifold, the x-conformal curvature tensor
obeys the relation:

“C(X1,X2) X3+ *C(X2, X3) X1 + *C(X3,X1)X2 =0.
The following results are obtained from (5.3).

Corollary 5.1. Let (M?"*1 g,n,&,¢) be a cosymplectic manifold. Then M is a
conformally flat if and only if it is a x-conformally flat.

Corollary 5.2. Let (M1 g n, &, ¢) be a cosymplectic manifold. Then M is a
&-conformally flat if and only if it is a &-xconformally flat.

The conformal curvature tensor is zero in dimension 3. Thus we have:

Proposition 5.2. For a 3-dimensional cosymplectic manifold, *C 1is identically
zero.

We consider (0, 2)-tensor field *T" on cosymplectic manifold M2+ as follows:

_*Ric(Xl,Xg) *r g(X1, X2)

(54) (X, Xe) = 2n — 1 dn(2n—1)
By (5.1) and (5.2), we can
(5.5) “T(X1, Xs) = T(X1, Xa).

Also, define the conformal curvature tensor as follows:

*C(Xl,Xz)Xg = K(X17X2)X3 + *T(XQ,X;:,) - Xq — *T(Xl,Xg) - Xo
(5.6) +  9(Xa2, X3)"T'(X1) — g(X1, X3)"T'(X2),

where *T'(X1, X3) = g(*T(X1), X3). So (0,1)-tensor field *T" is given by
(5.7) T(X1) = T(X)).

By putting (5.5) and (5.7) in (5.6), we have

(5.8) *C(X1,X2) X3 = C(X1, X2)Xs.

We consider

(5.9) “D(X1, X2) X3 1= Vx, " T(X2, X3) — Vx, " T(X1, X3).

On the other hand, we have

(510) VXl*T(X27X3) = VX1T(X27X3)7
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and
(5.11) Vx,"T(X1,X3) = Vx,T(X1, X3).

By putting (5.10) and (5.11) in (5.9), we have
(5.12) *D(X1, X2)X3 = D(X1, X2)X;.

We know that if C' = 0 for a 2n + 1-dimension cosymplectic manifold with n > 1,
then D = 0. Now, if we assume *C = 0, then according to (5.12), the following
theorem is obtained.

Theorem 5.2. Let (M?" L g.n, €, ¢) be a 2n+1-dimension cosymplectic manifold
with n > 1. If M is a x-conformally flat manifold, then *D = 0.
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