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FIXED POINT RESULTS IN COMPLEX VALUED METRIC
SPACES WITH AN APPLICATION
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Abstract. In this paper, we introduce fixed point theorem for a general contractive
condition in complex valued metric spaces. Also, some important corollaries under this
contractive condition are obtained. As an application, we find a unique solution for
Urysohn integral equations and some illustrative examples are given to support our
obtaining results. Our results extend and generalize the results of Azam et al. [2] and
some other known results in the literature.

Key words: Single-valued mappings; complex valued metric spaces; common fixed
point; nonlinear integral equations.

1. Introduction

A number of articles have been dedicated to the improvement and generalization
of Banach contraction mapping principle. There exists various generalizations of
the contraction principle, roughly obtained by weakening the contractive proper-
ties of the mapping and possibly, by simultaneously giving the space a sufficiently
rich structure, in order to compensate the relaxation of the contractiveness, or by
extending the structure of the space.

Received March 13, 2019; accepted: April 2, 2019

Communicated by Dragana Cvetkovié¢-Ili¢

Corresponding Author: Hasanen A. Hammad, Sohag University, Faculty of Science, Department
of Mathematics, Sohag 82524, Egypt | E-mail: h.elmagd89@gmail.com

2010 Mathematics Subject Classification. Primary 47TH09; Secondary 47H10

© 2021 BY UNIVERSITY OF NIS, SERBIA | CREATIVE COMMONS LicENsE: CC BY-NC-ND



238 R. A. Rashwan, H. A. Hammad and L. Guran

Also, several fixed point theorems are obtained by combining the two ways
previously described or by adding supplementary conditions (see, for example, [1,
4, 8, 10, 14, 17, 22]).

The complex valued metric spaces is more general than ordinary metric spaces.
According to this concept, a number of articles related to fixed point theory and
it’s application are presented (see, for example, [3, 5, 6, 7, 9, 11, 12, 13, 15, 16, 18,
19, 20, 21, 23]).

In this paper, we prove some fixed point theorem in complex valued metric
spaces under contractive condition for single-valued mappings. Moreover, we give
a result of existence and uniqueness for solutions of a nonlinear system of integral
equations. Finally, we will give some explained examples to strengthen our results.

2. Preliminaries

In this section, we recall some known notations and definitions that will be used
in the sequel.

Let C be the set of complex numbers and z1, 25 € C. Define a partial order < on
C as follows:z1 29 if and only if Re(z1) < Re(z2) and Im (z;) < Im (22). It follows
that z; = 2z if one of the following conditions is satisfied:

(C1) Re(z1) = Re(z2) and Im (z1) < Im (22),
(C2) Re(z1) < Re(z2) and Im (z1) = Im (22),
(C3) Re(z1) < Re(z) and Im (z1) < Im (22),
(Cy) Re(z1) = Re(z2) and Im (z1) = Im (22),

In particular, we write 21 5 22 if 21 # 22 and one of (C1), (Cz) and (Cj) is satisfied
and we write 21 < 2o if only (Cj3) is satisfied.

Definition 2.1. [2] Let X be a nonempty set. A mapping d : X x X — C is called
a complex valued metric on X if the following conditions holds for all x,y,z € X,

(CMy) 0 2 d(x,y) and d(x,y) = 0 if and only if z =y,
(CMQ) d((E,y) = d(y,l’),

(CM3) d(z,y) 3 d(x,z) + d(z,y).
Then d is called a complex valued metric on X and (X, d) is called a complex valued
metric space.

For some examples of complex valued metric spaces (see [2, 5, 12, 18]).

Definition 2.2. [2] Let (X, d) be a complex valued metric space. Then

(i) A sequence {x,} in X is said to be converged to x € X if for every 0 < e € C
there exists N € N such that d(z,,z) < & ¥n > N. We denote this by lim,, o z,, =
X Or Ty, — T AS N — O0.
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(ii) If for every 0 < e € C there exists N € N such that d(x,, Z,4m) < € for all
n > N, m € N, Then {z,} is called a Cauchy sequence in (X, d).

(iii) If every Cauchy sequence in X is convergent in X then (X,d) is called a
complete complex valued metric space.

Lemma 2.1. [2] Let (X,d) be a complex valued metric space and {x,} be a se-
quence in X. Then {x,} converges to x if and only if |d(x,,z)| — 0 as n — oco.

Lemma 2.2. [2] Let (X,d) be a complex valued metric space. Then a sequence
{zn} in X is a Cauchy sequence if and only if |d(zpn, Tnim)| = 0 as n — oo, where
m & N.

3. Main result

We state and prove our first result.

Theorem 3.1. Let (X,d) be a complete complex valued metric space and S, T :
X — X such that
(3.1) d(Sz,Ty) 3 aM(z,y),

forall z,y € X, where 0 < a <1 and

d(z, Sz)d(y, Ty) d(w,Ty)d(y,Sx)}
1+d(z,y) °~  14+d(x,y) ’

M (z,y) = max {d(ﬂf, Y),
Then there exists a unique common fixed point of the pair mappings (S,T).

Proof. Let xy be arbitrary point in X and define a sequence {xz,} as follows:
(3.2) Ton+1 — S.%‘Qn and Ton+2 = Tl‘gn_H, n = 07 1, 2, .
Then, by (3.1) and (3.2), we get

d($2n+1, $2n+2) = d(SfL'Qn, T$2n+1)
d(xan, STon)d(Tan+1, TTont1)
1+ d(l‘gn, l‘2n+1)
d(xon, Txont1)d(Tant1, STan) }
1+ d(z2n, T2n+1)

= amax {d(xgn, Tont1),

d(zan, Tant+1)d(Tont1, Tant2)
1+ d(2on, Tont1)

d(T2n, Tont2)d(Tan41, Tont1) }
1 + d(x2na I2n+1)

2 amax {d(Zan, Tant1), d(T2n41, Tons2)} -

A

)

o max {d(mzn, Tont1),

If max {d(z2n, Zant1), d(T2nt1, Tany2)} = d(T2n41, Tant2), then

d(332n+1, $2n+2) j Oéd(xzn-u, $2n+2),
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This leads to, a > 1, a contradiction. Therefore
(33) d(Tant1, Ton2) 3 ad(T2n, Tani1).
Similarly, we can obtain that
(3.4) d(Tant2, Tonts) S ad(Tont1, Tonta)-
From (3.3) and (3.4) for all n =0,1,2,.. , we can write

A(Tpi1, Toto) 3 ad(@n, 1) 3. 3" (20, 21).

So for m > n,

d(xrw xm) ,5 d(xna xn+1) + d($n+17 xn+2) + ...+ d(xm—la xm)
3 (" + o™+ o™ d(we, 1)
n
3 <1aa)d(sco,$1).

So,

n

«
)| 3 (25 ) o) = 0

As n — oo, therefore {z,} is a Cauchy sequence in X. Since X is complete, then
there exists u € X such that z,, — u. If S and T are not continuous, it follows that
u = Su, otherwise d(u, Su) = z > 0 and we would then have

z 3 d(u,zopt2) + d(Su, Topt2)
I d(u, xokt2) + d(Su, Txopt1)
e AP
d(u, Tzogy1)d(Togs1, Su) }
1+ d(u, zor41)
2 d(u, Tak42) + amax {d(u, Tag11),
d(u, Su)d($2k+17 372k+2) d(u, $2k+2)d($2k+17 Su) }
1+ d(u, zap11) ’ 1+ d(u, xap11)
3 d(u, zak42) + amax{0,0, z}
3 d(u, zak42) + az.

This yields,
2| < ld(u, ap12)| + |2

That is a > 1, a contradiction again and hence, u = Su. It follows similarly that
u = Tu.
If S and T are continuous, i.e., the continuity of S, yields

u= lim 9,40 = lim Szo,41 =5 lim x9,11 = Su.
n— o0 n—o0 n— oo
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Similarly, u = Tu. Hence the pair (S,T) has a common fixed point.

For the uniqueness, assume that v € X is a second common fixed point of S and
T. Then

d(u,v) = d(Su,Tv)
d(u, Su)d(v,Tv) d(u,Tv)d(v, Su)
< amax {d(u, v); 1+d(u,v) = 14d(u,v) }
3 ad(u,v).

This implies that u = v, this completes the proof. [

If we take S = T in the above theorem we have we have the following immediate
consequences.

Corollary 3.1. (X,d) be a complete complex valued metric space and S : X — X
satisfy

d(Sz, Sy) T aM(z,y),
forall z,y € X, where 0 < a <1 and

d(z, Sz)d(y, Sy) d(xvsy)d(y,Sx)}
1+d(z,y) =~ 1+d(zy) '

Then S has a unique fized point on X.

Mia,y) = max { (o)

Corollary 3.2. Let (X,d) be a complete complex valued metric space and S : X —
X satisfy

d(S"z,S"y) 3 aM(z,y)
forall z,y € X, where 0 < a <1 and

d(z,S"z)d(y, S™y) d(z,S”y)d(y,S"x)}
L+d(z,y) ~ 1+d(z,y) '

M.y = max { (o)
Then S has a unique fixed point.

Proof. By Corollary 3.1, we obtain v € X such that
Sy = .

From the fact

d(Sv,v) = d(85"v,S8"v) =d(S"Sv, S™v)

Sv, S™Sv)d(v, S"v) d(Sv, S™v)d(v, S™Sv)

1+ d(Sv,v) ’ 1+ d(Sv,v)
d(Sv, SS™v)d(v, S™v) d(Sv, S™v)d(v,SS™v)

1+ d(Sv,v) ’ 1+ d(Sv,v)

< amax {d(Sv, v), l

=3 ozmax{d(Sv,v),
= ad(Sv,v).
The result is follows. [
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4. An application to Urysohn integral type equations

In this section, we apply Theorem 3.1 to prove the existence of a unique solution
to the following Urysohn integral type equations:

2(t) = h(t) + [P Ki(t, s,2(s))ds
(4.1) { y(t) = h(t) +f:b Ka(t,s,y(s))ds

where,
(i) z(t) and y(t) are unknown variables for each ¢ € [a,b], a > 0,
(ii) h(t) is the deterministic free term defined for ¢ € [a, ],

(iii) K1(t,s) and ko(t,s) are deterministic kernels defined for ¢, s € [a, b].
Let X = (C[a,b],R™),a >0 and d: X x X — R™ defined by

d(z,y) = sup [|z(t) —y(t)| Y11 p3eicot™ b,

t€la,b]

forall z,y € X,i=+v/—-1€C.
It’s obvious that (Cla, b],R™,||.|| ) is a complete complex valued metric space.

Next, we consider a system (4.1) under the following conditions:
(Hy) h(t) € X,
(Hs) K1, K5 : [a,b] X [a,b] x R™ — R™ are continuous functions satisfying

1
‘Kl(tvsvu(s)) - Kl(t’ S,’U(S))‘ j WM(u»v)v

where,

M (u,v) = max {d(u, v), d(u, Su)d(v,Tv) d(u,Tv)d(v, Su) } '

1+d(u,v) 1+ d(u,v)
Next, we state and prove the following theorem:

Theorem 4.1. (Cla,b],R™,|.||,) be a complete complex valued metric space, then
the system (4.1) under the conditions (Hy) and (Hs) has a unique common solution.

Proof. For z,y € (Cla,b],R™) and t € [a,b], we define the continuous mappings
S, T:X — X by

Sxz(t) = h(t) + fj; Ki(t, s, 2(s))ds,
Ty(t) = h(t) + [ Ka(t, s, y(s))ds

By this, we have

b
[Sz(t) = Ty(t)] = /IK1(t,s,x(8))*Kz(t’s,y(S))\ds
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b
1
3 / m | M (x,y)|ds

1 b e—icotflb -
= (b_a)eab/ W |M(l‘7y)‘ me t de

1 —zcot 1p
=
S G e MG, [
1 e—lCOt Lp

= @ ME .

This gives,
V1463 [Sa(t) = Ty()| e et N I\M(w Ylloo
or, equivalently
152(t) =Tyl X 5 M, Yl
or,
d(Sz,Ty) 3 aM(z,y).

So, the condition (3.1) of Theorem 3.1 is satisfied with 0 < a = P% < 1, Therefore
the system (4.1) has a unique common solution on X. [

5. Examples

In this section we present some important examples to support our obtained
results.

Example 5.1. Let X = C be a set of complex number. Define d:CxC— C, by

d/ (Zl7z2) = d(a:hw?) + id(yl,y2)7

for all z1, 22 € C, where z1 = 1 +iy1 = (x1,y1) and 22 = z2 + iy2 = (z2,y2). If (X,d) is
a complex valued metric space, Then (X, d/) is too.

Example 5.2. Let X = C be a set of complex number. Define d : C x C — C, by

d(z1,22) = V(@1 — 22)% +i(y1 — y2)?,
where z1 = 1 +iy1 and z2 = 22 + iy2. Then (X, d) is a complex valued metric space.
Example 5.3. Let X = [0, 00) define the distance d : X x X — C by

d(z,y) = ile—yl.
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It’s clearly (X,d) is a complete complex valued metric space. We define the two self-
mappings S and T as

Sx=2z> —1,Te = (2—x)°.

Then the contractive condition (3.1) is satisfied, indeed for x = % and y = 3, we can write
by the simple calculations,

d(Sz,Ty) = %z
and
8. —40 —68 8
M = Oy = > L_2;
@ y) maX{3l’ 3480 9(3+8i)} 3"
So,
167 8%
2202 a 2
g ~og-
Therefore, the conditions of Theorem 3.1 are verified with o = 2 < 1 and 1 € X is a

3
unique common fixed point of S and T'.

Example 5.4. Let X =[0,00) and d : X x X — C be a mapping defined by
d(z,y) = |z —y|+ilz—y|.
Clearly (X, d) is a complete complex valued metric space. Define a self-mapping S by

2 .o—1
Sr = —sin~ " x.
T

To verify the contractive condition of Corollary 3.1, we take x =
write by the simple calculations,

and y = one can

of

1
2

d(Sz, Sy) ~0.1667(1 + ).
and
M (z,y) ~ max {0.3660(1 + i), 0.0483, 0.1301i} ~ 0.3660(1 + ).
So,
0.1667(1 + i) < o 0.3660(1 + 4).

Therefore, all conditions of corollary 3.1 are satisfied with aw >~ 0.4555 < 1 and 1 € X is a
unique fixed point of S.

Example 5.5. Let X = C([0,2],R), b > 0 and for every z,y € X let

Ney = max [a(t) = y()].

dz,y) = Noy¥/1+03e % 0.
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Define S : X — X by
t
Sz(t) =1+ 3/u2x(u)du, t€0,2].
0

For every =,y € X, we have

d(Sz,Sy) = Nsasy %/1-1—71)36”0(1 = max |Sz(t) — Sy(t)| V1 + b3’ cot™1b

t€[0,2]
2

5 8 [ may lelo) — gl VT T B
te |0,
0
3 8d(z,y).
Similarly,
A"z, 5"y) 3 S dwy) 3 5 M)
s Y) 2 n yY) ol 3 Y),
where,

295.894 Ifn=10

8" ) 26906  Ifn=15
nl =) 1185 Ifn=19
0.474 If n = 20

Thus for a >~ 0.474 < 1, n = 20, all conditions of Corollary 3.2 are satisfied and so S has
a unique fixed point, which is the unique solution of the integral equation:

t
z(t) =1+ 3/u2x(u)du, t €10,2],
0
or the differential equation (initial value problem):

z (t) —32°t =0, t €[0,2], t(0) = 1.

Example 5.6. Let X = C([a,b],R) and the following nonlinear integral equation as the
form:

1
4it b e 1

:L'(t) =e + fa 4(t+71i§is+z(s))) ds
&1 e o (e

— T e
v ="+ o s +y<s>)) s
System (5.1) is a particular case of system (4.1), where h(t) = e** and
1
e 4 .
K;(t, s,u5(s)) = , 1 =1,2.

4 (t+ S +uj(s))
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obvious that (H,) is satisfied, for (Hz), we get
1 1 —
(e 5,2(5) — Kalt,s,y(s)| =t | Ty
(t T +x(s)) (t T T y(s))
3 ge Hals) — yis)]

Therefore, (H2) is hold with a = iefi < 1and M(z,y) = |z(s) — y(s)| . By Theorem 4.1,

the

1.

10.

11.

12.

13.

14.

system (5.1) has a unique solution.
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Abstract. In this study, solutions of time-space fractional partial differential equations
(FPDESs) are obtained by utilizing the Laplace transform iterative method. The utility
of the technique is shown by getting numerical solutions of various FPDEs.
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1. Introduction

Mathematical models by fractional differential equations for various physical
phenomena play important roles in all applied sciences such as mathematics physics,
biology, dynamical systems, control systems, engineering and so on [1, 2, 3, 4, 5, 6, 7,
8,9, 10, 11, 12]. Also, there are various studies on fractional diffusion equations. Ex-
act analytical solutions of heat equations are obtained by using operational method
[13]. The existence, uniqueness and regularity of solution of impulsive sub-diffusion
equation are established by means of eigenfunction expansion [14]. The anoma-
lous diffusion models with non-singular power-law kernel have been investigated
and constructed [15]. Moreover, nonlinear fractional partial differential equations
(FPDEs) are employed in modeling various nonlinear phenomena, mainly dealing
with memory, and they present a crucial role in technology and science. Taking
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physical knowledge and physical properties of the nonlinear problem into account
the exact solution of nonlinear FPDEs can be obtained. This knowledge gives us
the idea about how numerical solutions of the nonlinear FPDEs can be constructed
by the combination of Daftardar-Jafari method (DJM) and Laplace transform. In
this study, Laplace Transform iterative method (LTIM) is extended to obtain so-
lutions for time-space FPDEs. The LTIM method is employed to solve a variety
of linear and nonlinear FPDEs. LTIM generally generates an accurate solution of
FPDEs, which can be represented in terms of the fractional trigonometric func-
tions or Mittag-Leffler functions. Moreover, it has been shown that semi-analytical
methods with Laplace transform need fewer CPU time to compute the solutions of
nonlinear fractional models, which are utilized in engineering and applied science.
LTIM is a robust method to obtain solutions for distinct types of nonlinear and
linear FPDEs. LTIM can decrease the time of calculation as well as error margin
of the approximate solution.

2. Preliminaries

In this section, preliminaries, notations and features of the fractional calculus
are given [1, 2]. Riemann-Liouville time-fractional integral of a real valued function
u (z,t) is defined as

1

(2.1) If‘u(x,t)r(a)/o (t— ) u(z,s)ds

where o > 0 denotes the order of the integral.

at? order the Liouville-Caputo time-fractional derivative operator of u(z,t) is

defined as

9%u(@,t) _ pma [ 0"ulz, 1)
8750‘ Tt atm
(22) t m—o— amur
{Frnl—a)fo(t_y) P gy m—1<a<m,
) 0Mu(x,t) .
otm ) a=1m
Mittag-Leffler function with two parameters is defined as
2.3 E.z5(2) = = Re(a)>0, 2,3€C
23 I G,

where a and 3 are parameters.

The following set of functions has Laplace transformation

{f(t)uM,ﬁ,Tg >0,|f ()] < Me%',ift e (-1)? x |0, oo)}
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and it is defined as

(24) LI =Fo) = [ e
0
which has the following property
(2.5) L[t —/OO e Ptdt =T (a+1) (1)0‘+1 Re(a) >0
| “Jy - )

noa+1
inverse Laplace inverse transform of (%) is defined as
) 1 no+1 e
2.6 L~ - =— R 0
(2:6) ( ) ' (na+1)’ ela) >
where n > 0 [2].

For o order the Liouville-Caputo time-fractional derivative of f (z,t), the
Laplace transformation has the following form:
(2.7)

o n—1 k
LTt =i o) 2 ] t<acnnen

3. Methodology

In this section, we take the general time and space FPDE

o f xfanf anf
) ’8xn7"'7axln

>7j_1<<< jvi_1<n< iv l,j,i€N

along with the initial conditions

am 0
(3.2) %:hm(az),k:m,z,...,jq,
into account where F' (m, 1, %, R g;nl{ ) could be linear or nonlinear and the

function f = f(z,t) is unknown.
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Applying the Laplace transform to both sides of Eq. (3.1) and rearranging leads

to
= "9 (2,0)
(3.3) m=0
1 onf o f
+(p) [ (5 v )|
Employing the inverse Laplace transform of Eq. (3.3), we obtain
—~ [(1\"" o7 f (w,0)
o= [S[6) 5
(3.4) m=
onf o f
( ) e[l 5 EN)
Equation (3.4) can be rearranged as
!
35) Fen=g@n+e(nn gl 2,
where
L T o g (x,0)
s =12 Kp> o
(3.6) m=0

8’7f (9h7f . 1\ ¢t 8"f alnf
6 (o) = |3 [ (e B B8]

Here G is a nonlinear / linear operator and ¢ is known function. The solution
of Eq. (3.5) can be obtained by the DJM introduced by Daftardar-Gejji and Jafari
[16]. The solution is represented as an infinite series:

(3.7) F=Y fa
n=0

where the terms f,, are recursively computed. Decomposing the operator G
leads to



Numerical Solutions of Nonlinear Fractional Differential Equations 253

fo) (g fn)
G (."I), fn7 al’no PR axl"lo )

=0

< 3"f0 5‘“’f0>
) 03 a .

e’ Ol

(3.8) 0 fn aln C_ fn
+§<G< Zf"’ Damale) | T )>>
0o e—1 9" (22210 fn> oln (22;10 fn)
_Z(G( > TR ERD

n=0

- Sof) OISR f)
F<m’zf”’ 333’70 T el )H
1\ onf, o f,

) L{F(faa)ﬂ

> n—ofn) " (3r—o fn)
e )

c=1
x 1\ ¢+ =1 g Zf;lofn ol Zf:ofn
S T OB

Using Egs. (3.7), (3.9) in Eq. (3.5), we get

T gm gt (2,0)
= <p> 8tm
1\ afo 0" fo
() elr (oG]

o [((DYT nmofn) O (g fn
S e )]

an:L !

n=0

+L7!

c=1 n=0
<\t el (Tly fa oM (S22 I
7;[/ 1[(?) L[F (%Z(me (83377 )""’ (axln ) '

The recurrence relation is defined by as follows:
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(3.10)
[j—1 1 m+1 8mf (J) O)
_ 71 e )
et _m_l(p) H,
i ¢+1 r
N ONEC foﬁ"f«---ﬁ;;ao)Ha
r ¢+1 aln
=it [() e[ (S P a;xfﬁH
et [ e o (S, 0" (S04 )
o[ (- MR, G

The r- term truncated solution of Egs. (3.1),(3.2) is constructed as f ~ fo +

fi+...+ fr—1. We lead the reader to [17] for the convergence of DJM.

4. Illustrative Example

Let us consider time and space fractional equation below

9
(4.1) ?97{: (8”‘70> f(a f>, t>0, ¢,ne(0,1],

oxn

along with the initial condition
5 n
(4.2) u(z,0) =3+ iEn(x )-

Let us apply the Laplace transform on both sides of (4.1).

s3] =+ | () -1 (5)]

By means of the property (2.7), we obtain

(43)  Lf(z.t)] = (;) f(,0)+ (;)CH (L l(gﬁ_f(g’fﬂ)

Applying the inverse Laplace transform to both sides of Eq. (4.3)
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(7 (e[ (32)])]

is obtained. Using the recurrence relation (3.10)

flat)y=L"" K;) f (x,())] + !

fo = L7 (;)fxO} 3+ 2E, (27),

w7 ([ )] - s

o G (] ()
|G (G G - e

135¢3¢ B, (2)

foo= - (3¢ +1)
405t E, (27)
fo = “oracen

As a result, the series solution of the problem (4.1)-(4.2) is obtained by

fat)y=fotfi+fotfat+...=3+ [;E ¢ (—StC)} E, ("),

which gives the same solution as in [18].

5. Conclusion

LTIM is developed by taking the combination of DJM [16] and Laplace transform.
This new approach is convenient for acquiring numerical solutions of time and space
FPDEs. Its appicability is illustrated by an example in this study. As a result, the
combination of DJM with Laplace transform provides a better and more effective
approach than combination of Laplace transformation and homotopy, Sumudu or
Adomian polynomials.

The results of this paper can be rewritten easily and trivially for any of the
many rather inconsequential parameter and/or variable changes in the integral in
Eq. (2.4) which defines the classical Laplace transform.
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Abstract. The aim of this paper is to introduce the absolute series space |£¢(r7 s)| (w)
as the set of all series summable by the absolute Lucas method, and to give its topologi-
cal and algebraic structure such as F'K —space, duals and Schauder basis. Also, certain
matrix operators on this space are characterized.

Keywords: Absolute summability, Lucas numbers, matrix transformations, Maddox
space, sequence spaces, bounded operators

1. Introduction

Let w be the set of all sequences of complex numbers. Any vector subspace of
w is called a sequence space. We write ¢, o, ¥ for the spaces of all convergent,
bounded and finite sequences, and also write cs, bs and I, (p > 1) for the spaces of
all convergent, bounded, p-absolutely convergent series, respectively.

Let X and Y be two sequence spaces and A = (ay,) be an arbitrary infinite
matrix of complex numbers. If a series

LS
An(x) = Zanvxm
v=0

= (An(z)), we denote the

converges for all n € N = {0,1,2,...}, then, by A(x)
(An(2)) €Y for every z € X,

A-transform of the sequence x = (x,). Also, if Az =
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we say that A defines a matrix transformation from X to Y, and by (X,Y") denote
the class of all infinite matrices from X into Y. The set

S(X,)Y)={a=(ay) Ew:ax = (arxy) €Y forall z € X}

is called the multiplier space of X and Y. According to this notation, the a-,3-
and - duals of the space X are identified as

X*=5(X,l), XP=5(X,cs), X”=8(X,bs).

The concept of the domain of an infinite matrix A in the sequence space X is given
by

(1.1) Xa={z=(z,) cw: Alx) € X}.

Using the concept of the matrix domain, several sequence spaces have been intro-
duced and their algebraic, topological structure and matrix transformations have
been studied in literature (see [1, 2, 4, 10, 13, 14, 15, 16]).

If any, # 0 for all n and a,,, = 0 for n < v, then A is called a triangle matrix. The
matrix domains of triangles have an important role in literature. For example, if A
is a triangle and X is an F'K-space, a complete locally convex linear metric space
with continuous coordinates p,, : X — C defined by p,(z) = x,, for all n € N, then
the sequence space X 4 is also an F'K-space [11]. If there exists unique sequence of
coefficients (x) such that, for each z € X,

m

lim E xkbk:x
m—o0
k=0

then, the sequence (by) is called the Schauder basis (or briefly basis) for a sequence
space X. For instance, the sequence (e(j)) is the Schauder basis of the space I,
where e?) is the sequence whose only non-zero term is 1 in jth place for each j € N,
[23].

The following result is useful to find a Schauder basis for the matrix domain of
a special triangular matrix in a linear metric space.

Lemma 1.1. ([11]). If (bi) is a Schauder basis of the metric space (X,d), then
(S(br)) is a basis of X1 with respect to the metric dr given by dr(z1,22) = d(T'z1,
Tzy) for all z1,29 € Xp, where T is a triangular matriz and S is its inverse.

The well known space [(u) of Maddox is defined by

l(p) = {x = (zp) : Z |z, [ < oo} ,

which is an F'K-space with AK with respect to its natural paranorm

. 1/M
g9(z) = <Z Ixnl“") ;
n=0
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where M = max {1, sup,, 4n }; also it is even a BK-space if u, > 1 for all n with
respect to the norm

|z|| = inf{5 >0: Z |z, /S]F < 1} )

n=0

([18, 19, 20)).
Throughout the paper, we suppose that 0 < inf p,, < H < oo and ) is conjugate
of pn, that is, 1/p, +1/ux =1 for p, > 1, and 1/u =0 for p, =1, for all n € N.
Let > x, be an infinite series with nth partial sum s,, (¢,) be a sequence of
positive numbers and (u,) be a bounded sequence of positive numbers. Then, the
series Y x, is said to be summable |4, ¢, | (1), if

oo

(1.2) D g THAAL(s) | < oo,

n=0

where AA,(s) = An(s) — An_1(s), A_1(s) =0, [6].

Note that, |A, ¢, | (1) includes many well known methods; if A is the matrix of
weighted mean (N,pn) (resp. ¢, = P, /pn) with p, = k for all n, then it reduces
to the summability ‘N,pn, ¢n|k [29] (the summability |]\7,pn|k [3]). Also, if we take
A as the matrix of Cesaro mean of order « > —1 and ¢,, = n with u,, = k for all n,
then we get the summability |C,a|, in Flett’s notation [5].

In addition to the aforementioned spaces, some absolute series spaces have also
been studied in the literature (see [6, 7, 8, 9, 11, 25, 27]).

One of the main purposes of this paper is to define a new series space ’£¢(T, s)| (1)
as the set of all series summable by the absolute Lucas matrix method and investi-
gate its topological and algebraic structures. Also, by means of a given basic lemma,
we characterize certain matrix operators on this space.

2. Absolute Lucas Series Space }£¢(r, s)| (1)

In this section, we will first remind you of some properties of Lucas numbers. The
Lucas sequence (L;,) is one of the most interesting number sequence in mathematics
and it is named after the mathematician Francois Edouard Anatole Lucas (1842-
1891). The nth Lucas number L, is given by the Fibonacci recurrence relation with
different initial condition such that

Ly=2,L1 =1and L, =L, 1+ L,_o for n>2,

which also has some interesting relations as follows

> Li=ILni2—3, > Lop1=1Lon—2
k=1 k=1
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> Lok =1ILonp1—1, > L} =LpLnj1—2
k=1 k=1

L2 4+ L,L, 1 —L2=5-1)""n>1
Ly 1Lpyy — L2 =5(=1)"" n>1.

We refer reader to [17] for other properties of these numbers. In addition to all
these features, just like the Fibonacci numbers, the rate of successive Lucas numbers
converges to the golden ratio which is one of the most interesting irrational having
an important role in number theory, algorithms, network theory, etc.

Recently, using Lucas numbers, the Lucas matrix E(r,s) = (é,x(r, s)) has been
defined by

sLi’il , k=n-—1
A Lop_
bni(r,s) =< r =, k=n
0, otherwise

where L,, be the nth Lucas number for every n € N and r, s € R \ {0} [15].

We are now ready to establish and study the series space [£?(r, s)| (). Put the
Lucas matrix instead of A in (1.2), then |A, ¢,| (1) summability is reduced to the
absolute Lucas summability, i.e.,

HBn =~

(2.1) i S AE (r, 5)

n=0

So, we introduce the space |£?(r,s)| (1) by the set of all series satisfying the con-
dition (2.1). Also, since (s, ) is the sequence of partial sums of the series > xy, it
can be written that

En(r, s) = Z bno(r,8)Sy = Z T Z nu(r, s)

v=1 k=1 v=~k
n—1
= xnénn (ra 3) + (énn(ra S) + én,n—l(ry 8))$k
k=1
Ln1 = Ly
= z.r n—1 + (S n + n 1) T
n 1 Ln—l Ln
n
= Zlnkxk
k=1
where L(r, s) = (l,1) is the matrix given by
r%, k=mn
_ Lo L
(2.2) lnkf SLn—l +Tﬁ1, 1 Sk‘fn—l

0, k> n.
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Hence we get

. L,_ L, —1)ntt
AE,(r,s) = rilxn + ( +r5( ) )In—1

Ln SLnfl LnLnfl
n—2
5(=1)" s T
+’; Ln—l <Ln—2 B Ln) o

n
= ankxkv
k=1

where .
==, k=n
. 5(—1)"*1
SLL'L1+T£L) = k=n-—1
gnk: 5(_”{)71 s " ni’r_
W (- ), 1<k<n-2
Oa k>n

This means that a series ) z; is summable by the absolute Lucas method if a
sequence (zx) € |[L?(r,s)| (1), i.e.,

1£2(r,5)| (1) = {x Ew: ( 3/“3257%@) e l(,u)}.
k=0

Note that there is a close relation between this space and the Maddox’s space. In
fact, according to the concept of domain, it can be redefined by

1£2(r,8)| (1) = (1(10) o s

where E(#) = (efﬁg) is given by

}/“* k=mn
(2.3) el =3 o k=n-1
0, k#n,n—1.
Also, note that
(2.4) (EW o L(r,s))n(x) = ¢3/* (Ln(r,s)(x) = Ln1(r,5)(x)).

On the other hand, since every triangle matrix has a unique inverse which is also a
triangle [30], the matrices £(r,s) and E have unique inverses £(r, s) = (1) and
E®) = (é,;) which we have been computed as

1 L, _
] - Lo k=n
(25) l”k - (_12‘ (%)nilik Lkgk—l <%L72“L + L721*1) ) 1< k sn—1

0, k>n,
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_1/#2 < k <
26 (1) — ek ) 1 SASN
(26) Cnk 0, k>n,

respectively.
For the proofs of theorems we require some well known lemmas.

Lemma 2.1. ([12]) Let p = (1) and X = (A\,) be any two bounded sequences of
strictly positive numbers.

(2) If gy > 1 for all v, then, A € (I(n),1) if and only if there exists an integer
M > 1 such that

*
0o Hey

(2.7) sup Z

v=0

Z am,M_1

nekK

: K C N finite p < o0.

(1) If py <1 and A, > 1 for allv € N, then A € (I(w),1(N)) if and only if there
exists some M such that

An
< 00.

o0
supE ‘am,M_l/“’”
Y n=0

(#41) If py <1, then, A € (I(n),c) if and only if

(a)lim ay,, ezists for each v, (b)sup |a,.,|"" < oo,
" n,v

and A € (I(1), o) if (b) holds.

(iv) If py > 1 for all v, then, A € (I(u),c) if and only if

(a)lim ay, ezists for each v, (b) there is a number M > 1 such that

supz |aij*1|“"*’ < 00,
" w=0
and A € (I(1),lso) iff (b) holds.
(v) A€ (l(n),co) iff A€ (l(p),lx) and lim ay, =0 for every v € N.
n—oo

Note that the condition (2.7) has some difficulties in applications. The following
lemma presents a more useful and equivalent condition to (2.7).
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Lemma 2.2. (/26]) Let (p,,) be a bounded sequence of positive numbers and A =
(any) be an infinite matriz with complex numbers. If U, [A] < oo or L, [A] < oo,
then

(20) 2 U, [A] < Ly [A] < U, [4].

where C' = max{l,ZH_l}, H =supy, iy,

UM [A] = Z <Z anv')

v=0 \n=0

and

oo Ho

L, [A] =sup {Z

v=0

§ an’u

nek

:KCNﬁnite}.

Lemma 2.3. [22] Let T be a triangle matriz, and let X, Y be arbitrary subsets of
w. Then, A€ (X,Yr) if and only if B=TA € (X,Y).

Lemma 2.4. [21, Theorem 3.9] Let X be an FK space with AK, T be a triangle
matriz, S be its inverse and Y be an arbitrary subset of w. Then, we have A €

(X7,Y) if and only if A = (an) € (X,Y) and V™) = (vfﬁ,}) € (X,c) for all n,
where

oo
Ay = E (njSjv; M,v=0,1,..,

Jj=v
and

m
" Zanjsjv, 0<v<m

’U§n3 = j=v

0, V> m.
We begin with theorems by giving toplogical and algebraic structures of ’£¢(r, s) | ().

Theorem 2.1. Assume that (¢,,) is a sequence of positive numbers and (p,) is a
bounded sequence of positive numbers.

(i) The set |L%(r,s)| () is a linear space with coordinate-wise addition and
scalar multiplication. Moreover, it is an F K -space with respect to the paranorm

_|lgwo H
#lhesmain = [E@ o L)@,

where M = max {1, sup,, tin }-
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(ii) The sequence b)) = (bg)) is a Schauder basis for the space ’/ﬂ)(r, s)| (w),
where

-1 n—1 n—k

= (1 L, (-1) s\n—1-k
7t B

J rL,—1 k_z:] r

1<j<n-1
b = 1 (s 9 9
: ‘24 ) ,
LkLk—l r n + n—1

—1/u* .
(bn /Nn%Lfilu J=n
0, j>mn,

(iii) The space |L(r,s)| (1) is isometrically isomorphic to l(u), i.e.,
1£2(r,5)| (1) = 1)

Proof. (i) It is a routine verification to prove that |£?(r,s)| (1) is a linear space, so
we omit it. Further, since the space I(y) is an F K-space and E) o L(r, s) is a tri-
angle matrix, it follows from Theorem 4.3.2 of [30], [£%(r, s)| (1) = (1) B or(rs)
is an F'K-space.

(i1) Tt is well-known that the sequence (e¥/)) is the Schauder basis of the space
I(1n). Also, since b9) = L(r, s) (E(“)(e(j)))7 it is easily seen from Lemma 1.1 that
the sequence (b(")) is a Schauder basis of the space |£2(r,s)| (1).

(#i1) To prove this part, we must show that there exists a linear operator be-
tween these spaces which is bijective and norm-preserving. Now, consider the maps
£(r,s) : [£2(r,5)] (1) = (1)) g and BW) ; (1(12)) sy > 1) defined by the ma-
trices (2.2) and (2.3). Since these matrices are triangles, the corresponding maps
are bijection linear operator. Thus, the composite function E®) o L(r,s) is also a
linear bijective operator. Further, by considering

=|EW o £(r, H ,
H$|||,c¢(r,s)\(#) H o L(r,s)(z) i

one can see that the composite function is norm-preserving. This completes the
proof of the theorem. [
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At this point, we list the following notations:

-1 n—k
1 L, <= (=1) s\n—1-k 1 9
o= - — (- — (-L;, L? )
g r Lt +k§ r (r) LiLnt (7’ o
o0
D, = ECw: Z Nnj€n exist for all j
n=j5+1
M~ |1 L Hon
Dy, = €€ w:3dM > 1,sup -
m dm Tmel
m— lM l/u] K
+ : ; L ——¢; + Z Mnj€n < o0
— J j—1 -
j=1 =j+1
- 1 L Hm
Dy = € € w:sup q’)ml/# —€m
m,j TLm 1
M
—1/uj
+ ¢j J ;LJ lej—i— Z Mnj€n < 00
n=j+1
Wi
oo —1/u} 7
D4 = ECw: 3M>1Z Z'nn]€n|+‘ < 00
j=1 (bj n=j+1
D; = ecw:dIM >1,

- 1 L,
sup [ M~ 1/“’J¢J L/u; Z 77nj6n|+' I ¢, < 0

rL;_
J n=j+1 j—1

Theorem 2.2. Let ¢ = (¢,) be a sequence of positive numbers and p = () be a
bounded sequence of positive numbers.

(1) If 0 < pp, <1 for all n € N, then
{1£20r,5)| (10)}* = Ds, {|£2(r,5)| (0)}* = D1 N Ds, {|£%(r, )| (1)} = Ds.
(i) If 1 < py, < 00 for all n € N, then

{1£2(r,9)] ()} = Da, {|£7(r,5)] (1)} = D10 Do, {|£2(r,5)| ()} = Da.
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Proof. Since the proof of the other parts are similar, to avoid repetition we only
calculate the S-dual of the space |£?(r, s)‘ (). Let z € ‘£¢(r, s)| (1) Note that € €

{|£2(r,s)| (,u)}ﬁ if ex = (epzy) € csforallz € |L2(r,s)| (). Say L(r, s)(z) = y and
z = EW(y). Then, since ‘E‘b(r, s)’ () = 1 (p) by Theorem 2.1, x € |L(r, s)‘ (p) if
z € (1), and so it is easily seen that

m

m 1 L
- = n
§ Enln = €T1 +n§:2 €n (7" Ln—lyn

n=1
n—1 _ n—k n—1—
S )T s G )

j=1 n=j+4+1 k=j

1
. L2 L2 ) .
LkLk—l (’I“ + n-l ) “

—1
e 1L '~ 1/t
= ém /ume 1 L Zm+§ ¢j J TLJ 1—|— E €Enlng | 25
j:

m
T Lm,1

m

= E e
=1

where B = (by,,;) is the matrix defined by

—1/pj .
¢j ’ j Enllng | 1 S J S m—1
b . — n=j+1
mi Y N .
¢m Em,; L1’ J=m
07 ] >m.

This means that € € {’£¢(r, s)| (ﬂ)}ﬁ if and only if B € ({(u), ¢). Thus, by applying
Lemma 2.1 to the matrix B, we obtain {|£¢(r, s)’ (u)}ﬁ = D1NDg, for 1 < p,, < 00,

and {|L?(r,s)| (,u)}ﬁ = Dy N D3, for p, <1 (n =0,1,...), which completes the
proof. [

The following theorems show that certain matrix transformations on the space
|£2(r,s)| (1) correspond to bounded linear operators, and give their characteri-
zations.
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Theorem 2.3. Let ¢ = (¢n) be a sequence of positive numbers, p = (un) be
bounded sequence of positive numbers, A = (anx) be an infinite matriz of complex
numbers for allm,v € N and B = (bni) be a matriz satisfying the following relation

(28) bnk, = ¢711/M” Zgnvavk
v=0

Then, for any sequence spaces A, A € (X, |L(r, s)| (1)) if and only if B € (X, 1(1)).

Proof. Take x € A\. It follows from (2.8) that

o0 n o0
2 : 1/#:2 : 2 :

bprxr = ¢ fnv Ayk Tk -
k=0 v=0 k=0

By definition of &, it is seen immediately that B, (z) = (E(“) o L(r, s))n (A(x)) for
all z € \. So, it is obtained that A, (z) € |£?(r,s)| (1) whenever z € X if and only
if B(x) € () whenever z € A, which completes the proof of the theorem. O

Theorem 2.4. Assume that (¢,,) and (V) are sequences of positive numbers, and
(1) and (A\,) are bounded sequences of positive numbers with p, <1 and A, > 1.
Further, let A = (ank) be an infinite matriz of complex numbers for all n,k € N
and A®) = EXN o L(r,s) o A, where

o

~ —1/py [ 1 Lo 2 :

Upy = Qv - Any + An Mo
r Lv—l =t

If A e (|£2(r,s)| (u),{ﬁd’(r, s)| (X)), then A defines a bounded linear operator
L4 such that La(x) = A(x) for all x € |£¢’(r,s)| (1), and A € (’E‘z’(r, s)| (w)
’E’/’(r, s)| ()\)) if and only if there exists an integer M > 0 such that, for all n,

(2.9) Z Nujlny exists for all j,
v=7+1

—1/u* 1 Lm Hm
Sullz {‘gbm /ll‘wn;ianm
(2.10) - o
—1/#;; 1 Lk
+ - ank + jknj < 00,
et 3

> An
(2.11) sup > ‘M*l/“vagﬁv) < .
Y n=0




270 F. Gokge

Proof. By Theorem 2.1, the spaces [£%(r,s)| (1) and |£¥(r,s)| (\) are FK-spaces.
Thus, by Theorem 4.2.8 of [30], L4 is a bounded linear operator.

To prove the second part, take A € (|£?(r,s)| (1), |£¥(r,s)| (A)). Then, by
Lemma 2.4, A € (I(w), | £%(r, s)| (X)) and V™ € (I(n), c), where V(™ is the matrix
given by

—1/ui 1 L &
¢k/k Unky Ty T > Ak |, 0<k<m-—1
(n) j=k+1
Umk = —1/p7, 1 L
Qsm/ Anm T " k=m
07 k' >m.

Applying the Lemma 2.1 to the matrix V™, we have the conditions (2.9) and
(2.10). Also, for = € I(u), it follows from |L¥(r,s)| (A) = {lN}sor(rs) that
A(z) € [£%(r,s)| (\) if and only if AN (z) = EMN o L(r,s) o A(z) € I()). This gives
that A € (I(w),|L¥(r, )| (V) iff AN € (I(n),1(N)). So, the proof is completed
together with Lemma 2.1. [J

Theorem 2.5. Let (¢,) and (1) be sequences of positive numbers, and (u,) be
bounded sequence of positive numbers with p, > 1. Also, let A = (ank) be an infinite
matriz of complex numbers for eachn,k € N. Define the matriz A1 = EWoL(r,s)o
A, where A is as in Theorem 2.4. If A € (’E¢ r,$s | |£w 7 5)|) then A defines
a bounded linear operator L such that La(z) = A( ) for all x € |L2(r,s)| (1)
Also, A € (|£2(r,s)| (), |LY(r,s)|) if and only if there exists an integer M > 1
such that, for all m € N,

(2.12) Z Nojlny ezist for all j,
v=j5+1
M~V |1 L, Hon
su - Apm
mp ¢m 7’me1
(2.13) it
m—1 M_l/“; 1 L m J
L an] + Z NvjAny < 00,
= % T vejH1

(2.14) i (i 0 M1\> U < oo.

v=1 \n=1

Proof. The first part is proved as before. Also, since ’£¢(r, s)| () = (l(p))E(#)OL(Tvs),
by Lemma 2.4, A € (|L(r,s)| (), |L%(r,s)]) iff Ae (), |£2(r,s)|) and v ¢
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(I(u),c). Further, by Lemma 2.1, v € (I(u),c) iff the conditions (2.12) and
(2.13) hold, and A € (I(n), |£?(r,s)|) iff AD) = EW o L(r,s)oA € (I(n),!), which
completes the proof applying Lemma 2.1 to the matrix AV O

By following the above lines, we also have the following.

Theorem 2.6. Let (¢,) be a sequence of positive numbers, and (u,) be a bounded
sequences of positive numbers. Further let A = (ani) be an infinite matriz of com-
plex numbers for all n,k € N and Y be arbitrary sequence space. Then, A €

(’E‘P(r, s)| (1),Y) if and only if
VM e (I(u),¢) forallm €N,

Ae(U(p),Y),

where the matrices V™ and A are as in Theorem 2.4.

Now, we list the following notations:
(1) sup|ang|** < 0.
n,

(#4)  There exists M > 1 such that sup E | M, < oc.
n
k
(#i1)  lim Gng = 0 for each k € N.
n—oo

(iv) lim a,y exists for all £ € N.
n— oo

oo
(v)  There exists M > 1 such that sup Z |M~YHeG,, | < oo

n=0
(vi)  There exists M > 1 such that
oo K
sup Z Z Ane M1 : K C N finite » < oo.
k=0 [neK

(vid) sug |v1(;,1|“’“ < 0.

m,

(viii) There exists M > 1 such that sup E |M’1v7(:,2|“’: < 0.
m
k

(ix) ligl Ufr?,z exists for all n, k € N.

Thus, by combining our theorems with Lemma 2.1 we obtain the following re-
sults:

Theorem 2.7. The following statements hold:

1. 1If pyy <1 for all m, then, A € (|L2(r,s)| (1),1ss) < (i), (vii) and (iz) hold.
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2. If pyy > 1 for all n, then, A € (|L%(r,s)| (n),lso) < (i), (viii) and (iz) hold.

3. If pn < 1 for all n, then, A € (|L%(r,s)| (1),c) < (i), (iv), (vii) and (iz)
hold.

4 If pyy > 1 for all n, then, A € (|L%(r,s)| (n),c) < (ii), (iv), (viii) and (iz)
hold.

5. 1If pn < 1 for all n, then, A € (|L(r,s)| (1),c0) < (i), (iii), (vii) and (iz)
hold.

6. If py > 1 for all n, then, A € (‘E(‘S(r,s)} (1), co) & (i), (iii), (viii) and (iz)
hold.

7. 1If pn < 1 for all m, then, A€ (|L%(r,s)|(n),1) < (v), (vii) and (iz) hold.

8. If p > 1 for all n, then, A € (|[L(r,s)| (u),1) < (vi), (viii) and (iz) hold.

Also, Theorem 2.7 gives the following,.

Corollary 2.1. Put a(n,k) = ) a; instead of any for all n, k.Then,
3=0

1. If pyy <1 for all m, then, A€ (|L2(r,s)| (1),bs) < (i), (vii) and (iz) hold.

2. If un, > 1 for all m, then, A € (‘E%r,s)‘ (,u),bs) < (ii), (vits) and (iz) hold.

3. If pr, < 1 for all m, then, A € (‘/fb(r, s)‘ (u),cs) < (i), (), (vii) and (iz)
hold.

4. If up, > 1 for all m, then, A € (‘ﬁ%r,s)‘ (,u),cs) & (i), (), (viii) and (iz)
hold.

REFERENCES

1. B. Artay and F. BASAR: Some paranormed Riesz sequence spaces of mon-absolute
type. Southeast Asian Bull. Math. 30(5) (2006), 591-608.

2. H. BILGIN and S. DEMIRIZ: Some Algebraic And Topological Properties Of New Lucas
Difference Sequence Spaces. Turk. J. Math. 10 (Special Issue: Proceedings of ICMME
2018), 144-152.

3. H. Bor: On ’W,pn
(1985), 13-20.

4. S. DEMIRIZ and C.CAKAN: Some New Paranormed Difference Sequence Spaces And
Weighted Core. Comput. Math. with Appl. 64(6) (2012), 1726-1739.

5. T. M. FLETT: On an extension of absolute summability and some theorems of Little-
wood and Paley. Proc. Lond. Math. Soc. 7(1957), 113-141.

’k summability factors of infinite series. Tamkang J. Math. 16



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.
24.

25.

26.

27.

28.

Paranormed Spaces of Absolute Lucas Summable Series and Matix Operators 273

F. GOKGE and M. A. SARIGOL: A new series space ‘NZ (1) and matriz transforma-
tions with applications. Kuwait J. Sci. 45(4) (2018), 1-8.

F. GOKGE and M. A. SARIGOL: Generalization of the space l(p) derived by absolute
Euler summability and matriz operators. J. Inequal. Appl. 2018 (1) (2018), 133.

F. GOKGE and M. A. SARIGOL: Generalization of the absolute Cesaro space and some
matriz transformations. Numer. Funct. Anal. Optim. 40(9) (2019), 1039-1052.

F. GOKCE and M. A. SARIGOL: Some matriz and compact operators of the absolute
Fibonacci series spaces. Kragujevac J. Math. 44(2) (2020), 273-286.

M. ILKHAN, S. DEMIRIZ and E. E. KARA: A New Paranormed Sequence Space Defined
by Euler Totient Matriz. Karaelmas Sci. Eng. J. 9(2) (2019), 277-282.

A. M. JARRAH and E. MALKOWSKY: Ordinary absolute and strong summability and
matriz transformations. Filomat. 17 (2003), 59-78.

K. G. GROSSE-ERDMANN: Matriz transformations between the sequence spaces of
Maddozx. J. Math. Anal. Appl. 180 (1993), 223-238.

E. E. KArRA and M. ILKHAN : Some properties of generalized Fibonacci sequence
spaces. Linear Multilinear Algebra. 64(11) (2016), 2208-2223.

E. E. KARA and S. DEMIRIZ: Some New Paranormed Difference Sequence Spaces
Derived By Fibonacci Numbers. Miskolc Math. Notes. 16(2) (2015), 907-923.

M. KARAKAS and A. M. KARAKAS: A study on Lucas difference sequence spaces

l,(E(r, s)) and lo(E(r,s)). Maejo Int. J. Sci. Technol. 12(1) (2018), 70-78.

V. KArRAKAYA, A. K. NoMAN and H. POLAT: On paranormed A-sequence spaces of
non-absolute type. Math. Comp. Model. 54(5) (2011), 1473-1480.

T. KosHy: Fibonacci and Lucas numbers with applications. 51, John Wiley and Sons,
2011.

I. J. MADDOX: Some properties of paranormed sequence spaces. J. London Math. Soc.
2 (1969), 316-322.

I. J. MADDOX: Paranormed sequence spaces generated by infinite matrices. Math.
Proc. Cambridge Philos. Soc. 64 (1968), 335-340.

1. J. MADDOX: Spaces of strongly summable sequences. Q. J. Math. 18 (1947), 345-355.

E. MALKOWSKY and V. RAKOCEVIC: On matriz domains of triangles. Appl. Math.
Comput. 189(2) (2007), 1146-1163.

E. MALKOWSKY and V. RAKOCEVIC: An introduction into the theory of sequence space
and measures of noncompactness. Zbornik radova (Beogr). 9(17) (2000), 143-234

M. MURSALEEN: Applied Summability Methods. Springer, Heidelberg, 2013.

R. N. MOHAPATRA and M. A. SARIGOL: On matriz operators on the series spaces
|Ny|,- Ukrainian Math. J. 69(11) (2018), 1524-1533.

M. A. SARIGOL: Spaces of Series Summable by Absolute Cesaro and matriz operators.
Comm. Math Appl. 7(1) (2016), 11-22.

M. A. SARIGOL: An inequality for matriz operators and its applications. J. Class.
Anal. 2 (2013), 145-150.

M. A. SARIGOL: Matriz transformations on fields of absolute weighted mean summa-
bility. Studia Sci. Math. Hungar. 48(3) (2011), 331-341.

M. A. SARIGOL: On the local properties of factored Fourier series. Appl. Math. Com-
put. 216(11) (2010), 3386-3390.



274 F. Gokge

29. W. T. SULAIMAN: On summability factors of infinite series. Proc. Amer. Math. Soc.

115 (1992), 313- 317.
30. A. WILANSKY: Summability Through Functional Analysis, Mathematics Studies. 85.

North Holland , Amsterdam, 1984.



FACTA UNIVERSITATIS (NIS)

SER. MATH. INFORM. Vol. 36, No 2 (2021), 275-291
https://doi.org/10.22190/FUMI200604021 A
Original Scientific Paper

HOMOTHETIC MOTIONS VIA GENERALIZED BICOMPLEX
NUMBERS

Ferdag Kahraman Aksoyak!, Siddika Ozkald: Karakus?

L Ahi Evran University, Faculty of Education,
Division of Elementary Mathematics Education, 40100 Kirsehir, Turkey
2 Bilecik Seyh Edebali University, Faculty of Arts and Science,
Department of Mathematics, 11000 Bilecik, Turkey

Abstract. In this paper, by using the matrix representation of generalized bicomplex
numbers, we have defined the homothetic motions on some hypersurfaces in four dimen-
sional generalized linear space Riﬁ. Also, for some special cases we have given some
examples of homothetic motions in R* and R3 and obtained some rotational matrices,
too. Therefore, we have investigated some applications about kinematics of generalized
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1. Introduction

In the middle of the 1800s, several mathematicians discussed the problem of whether
a number system extended the field of complex numbers. In 1843, Sir William
Rowan Hamilton defined a number system which is called quaternions in four di-
mensional space. Although quaternions and complex numbers have a lot of similar
properties, quaternions are not commutative with respect to multiplication. So, in
1892, a new number system called bicomplex numbers was discovered by Corrado
Segre [13]. Unlike quaternions, bicomplex numbers are commutative four dimen-
sional real algebra.
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The set of bicomplex numbers denoted by Cs is defined as:

Co={z=ml+zoi+asj+ayij:i®=-1,j>=-1ij=ji,z, e R, 1<k <4},

Any z bicomplex number can be rewritten as x = z; + jzo, where z; = x; +
ixo and zo = x3 + x4 are complex numbers and j is a different imaginer unit
from the imaginer unit 4 satisfied j2 = —1 and ij = ji. Hence, we can perceive a

bicomplex number as a complex number whose components are complex numbers.
There are some applications of bicomplex numbers on the algebra, geometry and
analysis. A first theory of differentiability in Cs was developed by Price in [12].
Ozkaldr Karakus and Kahraman Aksoyak defined generalized bicomplex numbers
and gave some algebraic properties. Also, they showed that some hypersurfaces
in four dimensional generalized linear space are Lie groups by using generalized
bicomplex number product and obtained Lie algebras of these Lie groups [10].

Kabaday:1 and Yayli defined the homothetic motions with the help of bicomplex
numbers in R* [5]. They showed that this homothetic motion under some conditions
holds all of the properties in [14], [15]. Alkaya studied the homothetic motion with
bicomplex numbers in R* and Rj [1].

In this paper, by using the matrix representation of generalized bicomplex num-
bers, we shall define the homothetic motions on some hypersurfaces in four di-
mensional generalized linear space R 5- Also, for some special cases we shall give
some examples of homothetic motions in R* and R3 and obtain some rotational
matrices, too. Therefore, we shall investigate some applications about kinematics
of generalized bicomplex numbers.

2. Preliminaries

In this section we give some basic concepts about generalized bicomplex numbers
defined by Ozkaldi Karakug and Kahraman Aksoyak [10].

A generalized bicomplex number z is defined as follows:
T =211+ 21 + T3] + 417,

where z, for 1 < k < 4 are real numbers and the basis {1,4,7,4j} holds i* = —a,
j2 =8, (ij)2 = af, ij = ji, a, B € R. The set of generalized bicomplex numbers is
denoted by C,g. For any two generalized bicomplex numbers z = x1+x2i+x3j+247]
and y = y1 + y2i + y3J + y4ij, addition and multiplication are as follows:

r+y=(z1+y1)+ (@2 +y2)i+ (x3+y3)J + (¥4 + va) 1],
r-y = (z1y1 — axays — fr3ys + aBrays) + (x1y2 + T2y — Basys — Prays)i
(2.1) + (z1y3 + 23y1 — aways — axay2) j + (T1ya + Tay1 + T2ys + T3Y2) ij
and the scalar multiplication of an element in C,g by a real number c is as:

cx = cx1l + cxot + cxs3j + craty.
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Hence, by means of these elementary arithmetic operations on C,g, we have two
important results. C,g is a four dimensional real vector space with respect to
addition and scalar multiplication and it is a commutative real algebra according
to generalized bicomplex number product.

Let us consider the following set of matrices

1 —axs —frz abxy

X T —px —pPpx .
Qop =4 M, = 2 ! By —Pus cx eR, 1<i<4y,

Tr3 —QT4 T —QXy

Xq T3 o X1

where the set (), is a vector space with matrix addition and scalar matrix product
and it is an algebra together with matrix product. The algebras C,s3 and Q.s are
isomorphic. The isomorphism between two algebras is defined as:

h: (Cag — Qa57

1 —axy —fr3 afxy

. . .. o T —6.%‘4 —63’53
h(z11 4 x2i + x3j + x417) =
T3 —Qxy 1 —Qax2
T4 x3 Z2 il

With the help of this isomorphism, any generalized bicomplex number in C,g can
be represent by a matrix in (),g. Moreover, it is possible to express the generalized
bicomplex number product which has been given by (2.1) by matrix product, that

is,

r1 —ary —frz afiry (7
poy=| " © —Bry  —Pus Y2
T3 — Qg X1 —QXro Y3
Ty Z3 Z2 T Ya

A generalized bicomplex number can be rewritten as @ = (z1 + z2) + (x5 + 241) j.
There are three kinds of conjugations for generalized bicomplex numbers. They are
given as follows:

h (21 + 220) + (w3 + 34) §]"" = (21 — @20) + (23 — 247) J,

x
22 = [(wy 4 220) + (x3 + 247) j]t2 = (1 + 221) — (w3 + 47) J,
at = (@1 + 2od) + (23 + 24) §]" = (21 — 20d) — (23 — 74d) J,

where 2!, 22 and x® denote the conjugations of & with respect to 4, j and both 4

and j, respectively. Also we can compute

x-xht = (z% + ax% - Bxg - aﬁxi) + 2 (z123 + axomy) 7,
-z = (2] —aad+ pBrj — aBa}) + 2 (z122 + Braza) i,

-z = (214 ax3+ Ba3 + afr}) + 2 (124 — 2273) 0.
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3. One Parameter Homothetic Motion

Let the fixed space and the moving space be Ry and R., respectively. The one-
parameter homothetic motion of Ry with respect to R is denoted by Rg/R. This
motion is obtained by the following transformation

X | | hA C Xo
1| 0 1 I
or it can be expressed as
(3.1) X =BXy+C,

in which Xy and X are the position vectors of the same point in Ry and R, re-
spectively and B = hA. Also, h, A and C are continuously differentiable functions
depend on the real parameter ¢, where h : I C R — R, ¢t — h(t) is called homothetic
scale of the motion, A is a real quasi-orthogonal matrix that holds AT¢A = ¢ (e
is a signature matrix according to metric), C' is the translation matrix. To avoid
the case of affine transformation we suppose that h is not constant and to avoid
the cases of pure translation and pure rotation we also assume that d(ZtA ) # 0 and

aC £ 0 [2).

4. Pole Points and Pole Curves of the Homothetic Motion

If we take the derivative of (3.1) with respect to ¢, we obtain the following equality
X = BXy + C + BXy,

where X is the absolute velocity, BX, + C is the sliding velocity and BXj is the
relative velocity of the point Xy. The points at which the sliding velocity of the
motion vanishes at all time ¢ are called pole points of the motion in Ry. In that
case, to determine the pole points of the motion, we solve the following equality

(4.1) BXy+C =0.
For more details see[2].

5. Homothetic Motions on Some Hypersurfaces via Generalized
Bicomplex Numbers

In this section we have defined the homothetic motions on some hypersurfaces at
RY 5 with the help of generalized bicomplex numbers and given some examples about
the homothetic motions.
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5.1. Homothetic Motion on Hypersurface M;
Let us consider the hypersurface M; as follows:
M, = {x = (z1,22,23,%4) € Riﬁ tx1x3 + axowy =0, x # 0} .
By using generalized bicomplex numbers, M7 can be rewritten as:
M, = {x =x11 4 291 + 23] + x41] € Riﬁ tx1x3 + axory =0, x #£ 0},

or the hypersurface M; can be expressed by using the matrix representiation of
generalized bicomplex numbers

r1 —ary —frz afry

~ T T —Bxry —px

M; =< M, = 2 ! Bz P cxixs +axery =0, x £0
Tr3 —QT4 I — QX
T4 €3 T2 T

where M, is the matrix representiation of generalized bicomplex number z. The
metric on hypersurface M is defined by g1 (7, z) = z-a!' = 22+ax3—Bri—afz? and
the norm of any element x on Mj is defined by ||z|| = \/|g1(x, )| = \/]z - x'1]. This
metric is Riemannian or pseudo-Riemannian metric on four dimensional generalized
linear space Ri 3 and for some special cases, it coincides with four dimensional

Euclidean space R* or four dimensional pseudo-Euclidean space Rj.

Proposition 5.1. There are following properties about the norm on the hypersur-
face M;.

i) For z,y € My, ||lz-yll = ||z lyll,
ii) ||z = det (M,).

Proof. These properties can be easily seen with direct calculations. [

Corollary 5.1. A unit generalized bicomplex number on the hypersurface My de-
termines a rotation motion.

Proof. 1t is obvious from Proposition 5.1. [
Theorem 5.1. M is a commutative Lie group.
Proof. The proof can be found in [10]. O

Let us denote the set of unit generalized bicomplex numbers on M; by M7. M{
is as:
M; = {zeM :¢(z,2)=1}
{z € My : 2} + az3 — Baj — aBz] =1} .
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Theorem 5.2. M is Lie subgroup of M.
Proof. The proof can be found in [10]. O

Let v be a curve on M;. In that case, it can be expressed as

v i ICRSM
t = () =7@) +y2)i +3(t)j +va(t)ig, v1(t)rs(t) + ara(t)ya(t) = 0.

Then the matrix B corresponding to the curve = is obtained as follows:

8 e g o
_ _ | @) m@)  —fralt) -Gt
GD  B=Mw=| S8 o) ) —as)

ut) ) @ )

Now by using this matrix B, we can define the one parameter motion on M; at
RY .
B

Definition 5.1. Let Ry and R be the fixed space and the motional space at R -
In that case, the one-parameter motion of Ry with respect to R is denoted by Ry /R.
Then the one-parameter motion on M is defined by

X| | B C Xo

11 |0 1 1’
or it can be expressed as
(5.2) X=BXy+C,

where B is the matrix associated with the curve «(t) on the hypersurface My, C
is the 4 x 1 real matrix depends on a real parameter £, X and X, are the position
vectors of any point at R* p Tespectively in R and Ry.

Theorem 5.3. The equation given by (5.2) determines a homothetic motion on
M;.

Proof. Since the curve v lies on Mj, it does not pass through the origin. So, the
matrix given by (5.1) can be expressed as:

n(t)  —am(t)  —Brs(t) Bl
W) ol B B
(53)  B=Myp=h| by -odo }Ew —alary | = R4
W) sl wl i
h h h h

where h : I CR =R, t = h(t) = |[7®)| = V7 + a2 — 73 — aByi. Because
of y(t) € My, v1(t)v3(t) + ay2(t)va(t) = 0. By using this equality, we obtain that
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the matrix A in (5.3) is a real quasi-orthogonal matrix. In that case it satisfies
ATz A = ¢ and det A = 1, where ¢ is the signature matrix corresponding to metric
g1 is as:

10 0 0
__|0a 0 0
00 -3 0
00 0 -aB

Hence A, h and C are a real quasi-orthogonal matrix, the homothetic scale of
the motion and the translation vector, respectively. So the equation (5.2) is a
homothetic motion. [

Remark 5.1. The norm of v € R} is found as |[y(t)|| = /|72 + a3 — B2 — aB].
We assume that v + avZ — 72 — a8vZ > 0 in this paper.

Corollary 5.2. Let v(t) be a curve on M. Then one-parameter motion on M
given by (5.2) is a general motion consists of a rotation and a translation.

Proof. We assume that (t) is a curve on M. Then vf + a3 — Bv3 — aByi = 1.
In that case the matrix B given by (5.1) becomes a real-quasi orthogonal matrix,
that is, it satisfies BTeB = ¢ and det B = 1. This completes the proof. [J

Theorem 5.4. Let vy(t) be a unit velocity curve and its tangent vector 4(t) be on
M. Then the derivative of the matriz B is a real quasi-orthogonal matriz.

Proof. We suppose that () be a unit velocity curve. Then 43 + a3 — 395 —
afy? = 1. Also, since the tangent vector of v is on My, it implies that 1 (¢)¥3(t) +
ae(t)Aa(t) = 0. Thus BTeB=¢c and det B=1. [

Theorem 5.5. Let v(t) be a unit velocity curve and its tangent vector %(t) be on
M. Then the motion is a reqular motion and it is independent of h.

Proof. From Theorem 5.4, det B = 1 and thus the value of det B is independent of
h. O

Theorem 5.6. Let y(t) be a unit velocity curve whose the position vector and
tangent vector are on M. Then the pole points of the motion given by (5.2) are
Xo = —-B~IC.

Proof. Since the position vector of the curve v is on Mj, from Theorem 5.3, the
equation (5.2) becomes a homothetic motion. Also, because of v(t) is a unit velocity
curve and §(t) € My, from Theorem 5.4 det B =1 and it implies that there is only
one solution of the equation (4.1). Then the pole points of the motion given by
(5.2) are obtained as Xo = —B~'C. O
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Corollary 5.3. Let v(t) be a unit velocity curve whose the position vector and
tangent vector are on M. The pole point associated with each t- instant in Ry
is the rotation by the matriz B~ of the speed vector of translation vector at the

opposite direction (—C) .

Proof. From Theorem 5.4, the matrix B is a real quasi-orthogonal matrix. Then
the matrix B~! is quasi-orthogonal matrix, too. This completes the proof. [J

Now we will give various examples of the homothetic motions on M; according
to the situations of real numbers a and 5.

Example 5.1. For a = 3 =1, M; becomes a hypersurface in R3. Let v: I C R -M; C
R4 be a curve given by

_ cosh (at) cos (bt) + cosh (at) sin (bt) i
(5-4) v (1) = h(t) ( — sinh (at) sin (bt) j + sinh (at) cos (bt)ij )’
where a and b are real numbers. By using (5.1) and (5.4), the matrix B associated with
the curve v becomes a homothetic matrix, where h : I C R — R is a homothetic scale.

Also, if we take as h(t) = 1 in (5.4), then « is a curve on M{ and the matrix B determines
a rotation matrix in R3. In (5.4), if we choose as h(t) = 1, a = 0 and b = 1, then we get

(5.5) v (t) = cost + isint.

By using (5.1) and (5.5), we get the matrix B as follows:

cost —sint 0 0
B— sint cost 0 0
0 0 cost —sint ’
0 0 sint  cost

where B is a rotational matrix in R3. Since this curve given by (5.5) is unit speed curve
and its tangent vector belongs to M, the derivation of the above matrix B is a real quasi-
orthogonal matrix, too. Then it is a rotational matrix in R3. Similarly, in (5.4) if we take
as h(t) =1, a=1 and b =0, then we get

(5.6) v (t) = cosht + ij sinh ¢.

By using (5.1) and (5.6), we have the matrix B as follows:

cosht 0 0 sinh ¢
B 0 cosht  —sinht 0
0 —sinht  cosht 0

sinh ¢ 0 0 cosht

where B is a rotational matrix in R3.

Example 5.2. Fora =1, 8= —1, M is a hypersurface in R*. Let v: I C R -M; C R*
be a curve given by

cos (at) cos (bt) + cos (at) sin (bt) 4

(5.7) 7 () = h(t) < — sin (at) sin (bt) j + sin (at) cos (bt) j ) ’
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where a and b are real numbers. By using (5.1) and (5.7), the matrix representation of
the curve «y is a homothetic matrix, in here h : I C R — R is a homothetic scale. Also, for
h(t) = 1, v becomes a spherical curve on M, that is, v (t) € My = M; N S3. The matrix
representation of it is a rotation matrix in R*. Even, if we take as h(t) =1,a=0,b =1,
then

(5.8) v (t) = cost + isint.

From (5.1) and (5.8), by determining the matrix representation of the above curve, we
obtain

cost —sint 0 0
B— sint cost 0 0
0 0 cost —sint
0 0 sint  cost

This matrix is a general rotational matrix in R* which is defined by Moore [8]. Also, from
Theorem 5.4, B is a real orthogonal matrix, too.

Example 5.3. For a = 8 = —1, the hypersurface M; lies in R3 and the following curve
lies on M,

_ h (at) cosh (bt) + cosh (at) sinh (bt) 4
(5:9) 7 (6 =h®) ( - Sinh (af) sinh (b1} 1 1 cosh (af) sinh (b1) i ) ’

in which a and b are real numbers. From (5.1) and (5.9), the matrix B according to the
curve 7 is a homothetic matrix, where A : I C R — R is a homothetic scale. Also, if we
take as h(t) = 1, then  lies on M7 and the matrix B gives a rotation matrix in R3.

5.2. Homothetic Motion on Hypersurface M,
Let us consider the hypersurface M, as follows:
My = {x = (z1,22,23,24) € Rﬁﬁ t w129 + Prsry =0, x # 0} .
By using the generalized bicomplex numbers, My can be rewritten as:
My = {:c =211 + 290 + 23] + 2415 € Riﬁ tx1%0 + Przry =0, T # 0} ,

or the hypersurface Ms can be expressed by using the matrix representiation of
generalized bicomplex numbers

r1 —ary —frz afry

~ Xro X1 —PXy — P

My =< M, = B Prs tx1xo + Prsxs =0, x#0
Tr3 —QXxy I — QT
Xy I3 T2 X

where M, is the matrix representiation of the generalized bicomplex number = on
Mjy. The metric on hypersurface M, is defined by ga(x,2) = x - 22 = 2?2 — ax3 +
B3 — afBx? and the norm of any element z on Mj is given by ||z = /|g2(z,x)| =
V/ |z - *2|. This metric is Riemannian or pseudo-Riemannian metric on four dimen-
sional generalized linear space Ri 5 and for some special cases, it coincides with four

dimensional Euclidean space R* or four dimensional pseudo-Euclidean space Rj.
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Proposition 5.2. There are following properties about the norm on the hypersur-
face Ms.

i) For x,y € My, ||z -y| = ||z] ||yl ,
i) llo)* = det (M1).

Proof. These properties can be easily seen with directly calculations. [

Corollary 5.4. A unit generalized bicomplex number on the hypersurface My de-
termines a rotation motion.

Proof. 1t is obvious from Proposition 5.2. O
Theorem 5.7. Ms is a commutative Lie group.
Proof. The proof can be found in [10]. O

Let us denote the set of unit generalized bicomplex number on My by M3. M3
is given as:

M; = {xeMy:gy(x,z)=1}
{xeMg:x%—aw%—i—ﬁx%—aﬂxi:l}.

Theorem 5.8. M is Lie subgroup of Ms.
Proof. The proof can be found in [10]. O

Let v be a curve on M. In that case, it can be expressed as:

v . ICR =M,
t = () =7 (t) + v ()i +v3(t)F + va(t)ig, vi(t)v2(t) + Bys(t)ya(t) = 0.

Then the matrix B corresponding to the curve « is given as follows:

S E L
t — t — t
610)  B=dw=| 2y W T T

BB w® wl )

Now by using this matrix B, we can define the one parameter motion on M at
RY .
B

Definition 5.2. Let Ry and R be the fixed space and the motional space at Riﬁ
In that case, the one-parameter motion of Ry with respect to R is denoted by Ry /R.
Then the one-parameter motion on Ms is given by

RN
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or it can be expressed as
(5.11) X =BXy+C,

where B is the matrix associated with the curve y(¢) on the hypersurface My, C
is the 4 x 1 real matrix depends on a real parameter ¢, X and X, are the position
vectors of any point at Ri 5 respectively in R and Rp.

Theorem 5.9. The equation given by (5.11) determines a homothetic motion on
M.

Proof. Since the curve v is on Ma, it does not pass through the origin. So, the
matrix given by (5.10) can be expressed as:

Nt  —aya(t)  —=Bys(t)  afra(t)
h h h h
72(t) n(t) —Bya(t)  =Bys(t)
(512) B = M’Y(t) =h ’ys}Et) —ou}yl4(t) 'yl}%t) —ou}ylrz(t) = hAv
h h h h
ya(t) 3(t) y2(t) 1 (t)
h h h h

where h : I C R—=R, t = h(t) = |[y@®)| = V73 — a3 + 73 —apByi. Since
v(t) € My, v1(t)y2(t) + By3(t)y4(t) = 0. By using this equality, we obtain that
the matrix A in (5.12) is a real quasi-orthogonal matrix. In that case it satisfies
ATeA = ¢ and det A = 1, where ¢ is the signature matrix corresponding to metric
g2 given by

1 0 0 0

__ |0 —a 0 0
0 0 B8 0
0 0 0 —af

Hence A, h and C' are a real quasi-orthogonal matrix, the homothetic scale of the
motion and the translation vector, respectively. So the equation (5.11) determines
a homothetic motion. [J

Remark 5.2. The norm of the curve v € Riﬁ is found as
IVl = /172 — a3 + By2 — afv3|. We assume that 77 — ay3 + 373 — aByi > 0 in this
paper.

Corollary 5.5. Let v(t) be a curve on My. Then one-parameter motion on Ms
given by (5.11) is a general motion consists of a rotation and a translation.

Proof. We assume that (t) is a curve on Mj. Then 72 — a3 + 372 —aByi = 1. In
that case the matrix B in (5.11) becomes a real-quasi orthogonal matrix, that is, it
satisfies BTeB = ¢ and det B = 1. This completes the proof. [

Theorem 5.10. Let y(t) be a unit velocity curve and its tangent vector 4(t) be on
Ms. Then the derivative of the matriz B is a real quasi-orthogonal matriz.
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Proof. We suppose that v(t) be a unit velocity curve then 47 — a3 + 392 — af8y3 =
1. Also since the tangent vector of the curve 7 is on My, we have 1 (t)¥2(t) +
By3(t)54(t) = 0. Thus BTeB =c and det B=1. [

Theorem 5.11. Let y(t) be a unit velocity curve and its tangent vector 4(t) be on
Ms. Then the motion is a reqular motion and it is independent of h.

Proof. From Theorem 5.10, det B = 1 and thus the value of det B is independent
of h. O

Theorem 5.12. Let v(t) be a unit velocity curve whose the position vector and
tangent vector are on Ma. Then the pole points of the motion given by (5.11) are
Xy = —-B~IC.

Proof. Since the position vector of the curve v is on Ms, from Theorem 5.9, the
equation (5.11) becomes a homothetic motion. Also, because of (¢) is a unit
velocity curve and 4(t) € Ma, from Theorem 5.10 det B = 1 and it implies that
there is only one solution of the equation (4.1). Then the pole points of the motion
given by (5.11) are found as Xy = —B~'C. O

Corollary 5.6. Let y(t) be a unit velocity curve whose the position vector and
tangent vector are on M. The pole point associated with each t- instant in Ro
is the rotation by the matriz B~ of the speed vector of translation vector at the

opposite direction (—C’) .

Proof. From Theorem 5.10, the matrix B is a real quasi-orthogonal matrix. Then
the matrix B! is quasi-orthogonal matrix, too. This completes the proof. [

Now we will give various examples of the homothetic motions on Ms according
to the situations of real numbers a and 5.

Example 5.4. For a = 3 =1, M, becomes a hypersurface in R3. Let v: I C R M, C
R3 be a curve as:

_ sh (at) cos (bt) — sinh (at) sin (bt) ¢
(5:13) 7 (8) = h(t) ( + SSZh (at) ;:icf(bt)j + sinh (at)scos (bt) iy ) ’

where a and b are real numbers. By using (5.10) and (5.13), the matrix B is a homothetic
matrix and h : I C R — R is a homothetic scale. Also, for h(t) = 1, the matrix B becomes
a rotation matrix in R3.

Example 5.5. For o = —1, 8 = 1, M5 is a hypersurface in R*. Let us consider the curve
v: 1 CR =M,y CR* as follows:

B cos (at) cos (bt) — sin (at) sin (bt) 4
(5.14) (1) =h(t) < + cos (at) sin (bt) j + sin (at) cos (bt) ij ) ’

where a and b are real numbers. From (5.10) and (5.14) we obtain the matrix representation
of the curve « and it determines a homothetic matrix, in here h : I C R — R is a homothetic
scale. Also, for h(t) = 1, v becomes a spherical curve on My, that is, v (t) € M3 = M>NS3>.
From Corollary 5.5, the matrix representation of it is a rotation matrix in R*.
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Example 5.6. For o = § = —1, the hypersurface M becomes a subset of R and the
following curve lies on Ma>

_ cosh (at) cosh (bt) + sinh (at) sinh (bt) ¢
(5:15) 7 (#) = h(t) ( + cosh (at) sinh (bt) j + sinh (at) cosh (bt) ij ) ’

in which a and b are real numbers. From (5.10) and (5.15), the matrix B according to the

curve 7 is a homothetic matrix, where h : I C R — R is a homothetic scale. Also, if we
take as h(t) = 1, then ~ lies on M5 and the matrix B gives a rotation matrix in R3.

5.3. Homothetic Motion on Hypersurface M3
Let us consider the hypersurface M3 as follows:
Ms = {m = (x1,22,%3,%4) € Riﬁ i x1xy — Tox3 =0, T # 0} .
By using generalized bicomplex numbers, M3 can be rewritten as:
Ms = {x:xll + 291 + x3] + T41) GRiﬁ tx1Ty —x0x3 =0, T 7&0},

or the hypersurface M3 can be expressed by using the matrix representiation of
generalized bicomplex numbers

r1 —ary —Prz afry

~ X9 T —PXyg — P

M3: Mw: ﬁ /63 2$1$4—1‘21‘3:0,£L’7é0
Tr3 —OTy4 X1 — QT2
Ty T3 T2 ia

where M, is the matrix representiation of generalized bicomplex number = on M3.
The metric on hypersurface Ms is defined by g3(z,7) = x - 2% = 2% + a2 + B3 +
afr3 and the norm of any element z on M3 is given by |z| = /|gs(z, )| =
V/ |z - x*3]. This metric is Riemannian or pseudo-Riemannian metric on four dimen-
sional generalized linear space Riﬁ and for some special cases, it coincides four
dimensional Euclidean space R* or four dimensional pseudo-Euclidean space Rj.

Proposition 5.3. There are following properties about the norms on the hyper-
surface Ms.

i) For x,y € M3, ||z -y| = |l=|| [yl
i) 2] = det (M)

Proof. These properties can be easily seen with direct calculations. []

Corollary 5.7. A unit generalized bicomplex number on the hypersurface M3 de-
termines a rotation motion.

Proof. Tt is obvious from Proposition 5.3. O
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Theorem 5.13. Mj is a commutative Lie group.
Proof. The proof can be found in [10]. O

Let us denote the set of unit generalized bicomplex number on Mz by M. Mg
is given as:

My = {xeM;s:gs(z,z)=1}
= {xeMg:x%—&—am%—i—ﬁmg—l—aﬁxi:l}.

Theorem 5.14. M3 is Lie subgroup of Ms.
Proof. The proof can be found in [10]. O

Let v be a curve on M3. In that case, it can be expressed as

v+ ICR—Ms
t = y(t) =71(t) +r2)i +v3(t)F +va(t)ig, v1(t)va(t) —y2(t)y3(t) = 0.

Then the matrix B corresponding to the curve « is given as follows:

o g o
t 1(t — t — t
(16)  B=Muw=| 20 o) i) —am(l)

WO w® wl )

Now by using this matrix B, we can define the one parameter motion on M3 at
RY .
B

Definition 5.3. Let Ry and R be the fixed space and the motional space at Riﬂ
In that case, the one-parameter motion of Ry with respect to R is denoted by Ry/R.
Then the one-parameter motion on M3 is given by

X| | B C Xo
1] |10 1 1’
or it can be expressed as

(5.17) X = BX,+C,

where B is the matrix associated with the curve «(t) on the hypersurface M3, C
is the 4 x 1 real matrix depends on a real parameter ¢, X and X, are the position
vectors of any point at R* op Tespectively in R and Ry, respectively.

Theorem 5.15. The equation given by (5.17) is a homothetic motion on Ms.
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Proof. Since the curve 7 is on Mj, it does not pass through the origin. So, the
matrix given by (5.16) can be expressed as:

7))  —avye(t)  —=Bys(t)  aBra(t)
h h, h h

72(t) 1@ =B =Bys)

_ — h h h, h _
(518)  B=Mypn=h| iy -ty alln e | =hA

h h, h, h,

Ya(t) 3(t) Y2 (t) y1(t)
h h h h

where h: I CR =R, t = h(t) = |[7(t)| = /73 + a3 + 873 + aBy3. Because of
~v(t) € M3, we have v1(¢)y4(t) — v2(t)v3(t) = 0. By using this equality, we obtain
that the matrix A in (5.18) is a real quasi-orthogonal matrix. In that case it satisfies
ATeA = ¢ and det A = 1, where ¢ is the signature matrix corresponding to metric
gs given by

S o o+
oo RQ O
o OO

o O O

«

=@

Hence A, h and C' are a real quasi-orthogonal matrix, the homothetic scale of the
motion and the translation vector, respectively. So the equation (5.17) determines
a homothetic motion. [

Remark 5.3. The norm of the curve v € Riﬁ is found as
IVl = VIvE + a3 + 873 + aBr?]. We assume that 77 + as3 + 73 + afyi > 0 in this
paper.

Corollary 5.8. Let v(t) be a curve on M. Then one-parameter motion on Ms
given by (5.17) is a general motion consists of a rotation and a translation.

Proof. We assume that (t) is a curve on Mj. Then v + a3 + Bv3 + aByi = 1.
In that case the matrix B given by (5.16) becomes a real-quasi orthogonal matrix,
that is, it satisfies BTeB = ¢ and det B = 1. This completes the proof. [J

Theorem 5.16. Let v(t) be a unit velocity curve and its tangent vector 4(t) be on
Ms. Then the derivative of the matriz B is a real quasi-orthogonal matriz.

Proof. We suppose that v(t) be a unit velocity curve. Then 47 +a¥3 + 893 +aByF =
1. Also since the tangent vector of the curve v is on M3, we have ¥ (t)y4(t) —
42 (t)¥3(t) = 0. Thus BTeB =c and det B=1. [J

Theorem 5.17. Let y(t) be a unit velocity curve and its tangent vector ¥(t) be on
Ms. Then the motion is a reqular motion and it is independent of h.

Proof. From Theorem 5.16, det B = 1 and thus the value of det B is independent
of h. O
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Theorem 5.18. Let v(t) be a unit velocity curve whose the position vector and
tangent vector are on Msz. Then the pole points of the motion given by (5.17) are
Xo = —-B~IC.

Proof. Since the position vector of the curve « is on M3, from Theorem 5.15, the
equation (5.17) is a homothetic motion. Also, because of v(t) is a unit velocity
curve and 4(t) € Ms, from Theorem 5.16 det B = 1. Thus the equation (4.1)
has only one solution. In that case the pole points of the motion are obtained as
Xy = —B_1C’. [}

Corollary 5.9. Let y(t) be a unit velocity curve whose the position vector and
tangent vector are on Ms. The pole point associated with each t- instant in Ry
is the rotation by the matriz B~ of the speed vector of translation vector at the

opposite direction (—C) .

Proof. From Theorem 5.16, the matrix B is a real quasi-orthogonal matrix. Then
the matrix B~! is quasi-orthogonal matrix, too. This completes the proof. [

Now we will give various examples of the homothetic motions on M3 according
to the situations of real numbers a and .

Example 5.7. For a = f =1, M3 becomes a hypersurface in four dimensional Euclidean
space R*. Let vy: I CR—=MsC R* be a curve as:

_ cos (at) cos (bt) 4 cos (at) sin (bt)
(5-19) 7 (8) = () ( +sin (at) cos (bt) j + sin (at) sin (bt) ij > )

where a and b are real numbers. By using (5.16) and (5.19), the matrix B associated with
the curve v is a homothetic matrix, where h : I C R — R is a homothetic scale. Also, if
we take as h(t) = 1, then + is a curve on M3. In that case it becomes a spherical curve
lies on M3 and the matrix B becomes a rotation matrix in R*.

Example 5.8. For a =1, § = —1, M3 is a hypersurface in four dimensional Euclidean
space R3. Let v: I C R —Mjs C R3 be a curve given by

B cosh (at) cos (bt) + cosh (at) sin (bt) i
(5.20) 7 () =h(t) ( + sinh (at) cos (bt) j + sinh (at) sin (bt) ij ) ’

where a and b are real numbers. By using (5.16) and (5.20), the matrix representation
of the curve v is a homothetic matrix, in here h : I C R — R is a homothetic scale.
Also, for h(t) = 1, v becomes a spherical curve on Ms, that is, vy (¢t) € M3. The matrix
representation of it is a rotation matrix in R3.

Example 5.9. For o« = f = —1, the hypersurface M3 is in four dimensional pseudo-
Euclidean space R3 and the following curve lies on Ms

_ cosh (at) cosh (bt) + cosh (at) sinh (bt) ¢
(5-21) 7 (6 =h®) ( + sinh (at) cosh (bt) j + sinh (at) sinh (bt)ij )’
in which a and b are real numbers. From (5.16) and (5.21), the matrix B according to the

curve 7y is a homothetic matrix, where h : I C R — R is a homothetic scale. Also, if we
take as h(t) = 1, then ~ lies on M3 and the matrix B gives a rotation matrix in R:.
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Abstract. In the present paper, we study three-dimensional trans-Sasakian manifolds
admitting the Schouten-van Kampen connection. Also, we have proved some results on
¢-projectively flat, {-projectively flat and &-concircularly flat three-dimensional trans-
Sasakian manifolds with respect to the Schouten-van Kampen connection. Locally
¢-symmetric trans-Sasakian manifolds of dimension three have been studied with re-
spect to Schouten-van Kampen connection. Finally, we construct an example of a
three-dimensional trans-Sasakian manifold admitting Schouten-van Kampen connec-
tion which verifies Theorem 4.1. and Theorem 5.2.

Key words: General geometric structures on manifolds, Schouten-van Kampen con-
nection, Special Riemannian manifolds

1. Introduction

The Schouten-van Kampen connection is one of the most natural connections
adapted to a pair of complementary distributions on a differentiable manifold en-
dowed with an affine connection. Solov’ev investigated hyperdistributions in Rie-
mannian manifolds using the Schouten-van Kampen connection ([18], [19], [20],
[21]). In 2014, Olszak studied the Schouten-van Kampen connection to adapt it to
an almost contact metric structure [17]. He characterized some classes of almost
contact metric manifolds with the Schouten-van Kampen connection. Recently, G.
Ghosh [10], Yildiz [26], Nagaraja [15] and D. L. Kiran Kumar [12] have studied the
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Schouten-van Kampen connection in Sasakian manifolds, f-Kenmotsu manifolds
and Kenmotsu manifolds respectively.

A transformation of an n-dimensional differentiable manifold M, which trans-
forms every geodesic circle of M into a geodesic circle, is called a concircular trans-
formation [27], [13]. A concircular transformation is always a conformal transforma-
tion [13]. Here geodesic circle means a curve in M whose first curvature is constant
and whose second curvature is identically zero. Thus the geometry of concircular
transformations, i.e., the concircular geometry, is a generalization of inversive ge-
ometry in the sense that the change of metric is more general than that induced
by a circle preserving diffeomorphism. An interesting invariant of a concircular
transformation is the concircular curvature tensor W with respect to Levi-Civita
connection. It is defined by [27], [28]

r
n(n—1)
where X,Y,Z € x(M), R and r are the curvature tensor and the scalar curvature
with respect to the Levi-Civita connection.

The concircular curvature tensor W with respect to the Schouten-van Kampen
connection is defined by

(1.1) W(X,Y)Z = R(X,Y)Z — [9(Y, 2)X — g(X, Z)Y],

T

(1.2) W(X,Y)Z=R(X,Y)Z - win—1)

[9(Y, 2)X — g(X, Z2)Y],

where R and 7 are the curvature tensor and the scalar curvature with respect to
the Schouten-van Kampen connection. Riemannian manifolds with vanishing con-
circular curvature tensor are of constant curvature. Thus the concircular curvature
tensor is a measure of the failure of a Riemannian manifold to be of constant cur-
vature.

In 1985, a new class of n-dimensional almost contact manifold namely trans-
Sasakian manifold was introduced by J. A. Oubina [16] and further study about
the local structures of trans-Sasakian manifolds was carried by J. C. Marrero [14].
Trans-Sasakian manifolds of type (0,0), («,0) and (0,8) are, called the cosym-
plectic, a-Sasakian and S-Kenmotsu respectively ([2], [11]). In particular, if o =
0,8 = 1;a = 1,8 = 0; then a trans-Sasakian manifold becomes Kenmotsu and
Sasakian manifolds respectively. Hence, trans-Sasakian structures give a large class
of generalized Quasi-Sasakian structures. It has been proven that a trans-Sasakian
manifold of dimension n > 5 is either cosymplectic or a—Sasakian and 5—Kenmotsu
manifold. Three-dimnesional trans-Sasakian manifolds with different restrictions on
curvature and smooth functions «, 8 are studied in ([7], [8], [5], [6]).

In the present paper, we have studied three-dimensional trans-Sasakian mani-
folds with respect to the Schouten-van Kampen connection.

The present paper is organized as follows: After the introduction in Section 1,
we give some required preliminaries in Section 2. Section 3 is devoted to the study of
the curvature tensor, the Ricci tensor, scalar curvature of a three-dimensional trans-
Sasakian manifold with respect to the Schouten-van Kampen connection. Section 4
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is devoted to the study of é&-projectively and ¢-projectively flat trans-Sasakian man-
ifolds of dimension three with respect to the Schouten-van Kampen connection. In
this section, we have proved that a three-dimensional trans-Sasakian manifold ad-
mitting the Schouten-van Kampen connection is £-projectively flat if and only if the
scalar curvature of the manifold vanishes. In Section 5, we study &-concircularly
flat trans-Sasakian manifold of dimension three admitting Schouten-van Kampen
connection. In the next section, we study locally ¢-symmetric trans-Sasakian man-
ifolds of dimensional three with respect to Schouten-van Kampen connection. In
Section 7, we study Weyl &-conformally flat in three-dimensional trans-Sasakian
manifold with respect to the Schouten-van Kampen connection. In the last section,
we construct an example of a three-dimensional trans-Sasakian manifold admitting
the Schouten-van Kampen connection to support the results obtained in Section 4
and Section 5.

2. Preliminaries

Let M be a connected almost contact metric manifold with an almost contact metric
structure (¢, &,7,¢), that is, ¢ is an (1,1) tensor field, £ is a vector field, n is an
1-form and ¢ is compatible Riemannian metric such that

(2.2) 9(0X, 9Y) = g(X,Y) = n(X)n(Y),

for all X,Y € T(M) [1]. The fundamental 2-form @ of the manifold is defined by
(2.4) (X, Y) = g(X, oY),

for X,Y € T(M).
An almost contact metric manifold is normal if [¢, ¢](X,Y") + 2dn(X,Y)¢ = 0.

An almost contact metric structure (¢,£,7,g) on a manifold M is called trans-
Sasakian structure [16] if (M x R, J,G) belongs to the class Wy [9], where J is the
almost complex structure on M x R defined by

J(X, fd/dt) = (X — f§,n(X)d/dt),

for all vector fields X on M, a smooth function f on M x R and the product metric
G on M x R. This may be expressed by the condition [3]

(2.5) (Vx9)Y = a(g(X,Y)E —n(Y)X) + B(9(¢X,Y)E = n(Y)dX),

for smooth functions o and 8 on M. Here V is Levi-Civita connection on M. We
say M as the trans-Sasakian manifold of type («, 8). From (2.5) it follows that

(2.6) Vx€=—apX + B(X —n(X)E),
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(2.7) (Vxn)Y = —ag(¢X,Y) + Bg(X, ¢Y).

In a three-dimensional trans-Sasakian manifold following relations hold [7], [8]:

(2.8) 2a8 + Ea =0,
S(LY) = {5+&8—(a® = B)}g(X,Y)
(2.9) —{5 +88-3(a” = Bm(X)n(Y) — {Y B+ (6X)a}n(Y),

R(X,Y)Z = (5+268—2(a? = §)(9(Y, )X - g(X, 2)Y)

—-9(Y, )[( +E68 - 3(a® = B)m(X)¢

—n(X )(¢grada —gradf) + (X + (¢X)a)¢]

9(X, )[( +66 - 3(a® = B)m(Y)E
(Y)(¢grada —gradB) + (Y8 + (¢Y)a)¢]

+

~[(ZB+ (6Z)a(Y) + (VB + (6Y )a)n(Z)
+(5 + €8 = 3(a? = BV (2| X

+(ZB + (6Z)an(X) + (XB + (#X)a)n(2)
(

(2.10) +(5 + &8 = 3(0® = B2)n(X)n(2)]Y,

r
2
where S is the Ricci tensor of type (0,2), and r is the scalar curvature of the
manifold M with respect to Levi-Civita connection.

From here after we consider o and 3 are constants, then the above relations
become

RX.Y)Z = {5—(a®=B)}g(Y.2)X - g(X,2)Y]
5 — (o = B} [g(X, Zn(Y) = g (¥, Z)n(X)]¢
(2.11) {5~ 3(0” = PN MDY — (¥ In(Z)X],
S(XY) = {5 - (0= B)}g(X.Y)
(2.12) {5 3% = B)nX)n(Y),

(2.13) S(X,€) = 2(a” = B*)n(X),
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(2.14) QX = {3 - (a? = B2}X — {5 - 3(a = B)}(X)g,
(2.15) R(X,Y)¢ = (a = B) ((Y)X = n(X)Y),
(2.16) R(E X)Y =2(a® = B)(g(X, Y)E = n(Y)X).

From (2.8) it follows that if o and /3 are constants, then the manifold is either
a-Sasakian or 8-Kenmotsu or cosymplectic.

3. Curvature tensor of a three-dimensional trans-Sasakian manifold
with respect to the Schouten-van Kampen connection

For an almost contact metric manifold M, the Schouten-van Kampen connection
V is given by [17]

(3.1) VxY =VxY —n(Y)Vxé+ (Vxn)(Y)E.

Let M be a three-dimensional trans-Sasakian manifold. Then from above equation
we have

(32) VxY =VxY +a{n(Y)oX) - g(X,Y)E} + B{g(X,Y)E —n(Y)X}.

We define the curvature tensor R of a three—dimensiopal trans-Sasakian manifold
with respect to the Schouten-van Kampen connection V by

(3.3) R(X,Y)Z =VxVyZ - VyVxZ—VixyZ
In view of (3.2) and (3.3) we obtain

R(X,Y)Z = R(X,Y)Z+a*{g(¢Y,2)pX — g(¢X,Z)pY
+n(X)n(2)Y —n(Y)n(Z)X
—g(Y, Z)n(X)§ + g(X, Z)n(Y)E}

(3.4) +8Mg(Y, 2)X — g(X, Z)Y }.

Taking inner product in both sides of (3.4) with W, we have

R(X,Y,Z,W) = R(X,Y,Z,W)+a*{g(¢Y, Z)g(¢X, W) — g(¢X, Z)g(¢Y, W)
+9(Y,W)n(X)n(Z) — g(X, W)n(Y)n(Z)
—g(Y, Z)n(X)n(W) + (X, Z)n(Y )n(W)}

(3.5) +8%{g(Y, 2)g(X, W) — g(X, Z)g(Y, W)},

where R(X,Y, Z,W) = g(R(X,Y)Z,W).
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Taking a frame field from (3.5), we get
(36) S(Y.2) = 5(Y.2) + 28%(Y. Z) — 20*0(Y )n(Z).

From above equation we have

(3.7) QY = QY + +28%Y — 2a°n(Y)¢.

Again putting Y = Z = e; (i = 1,2,3) and taking summation over i in (3.6), we
obtain
(3.8) F=r—2a%+632,

where 7 and r are the scalar curvatures of the Schouten-van Kampen connection

(V) and Levi-Civita connection (V) respectively.

Hence we have the following :
Proposition 3.1. A three-dimensional trans-Sasakian manifold with respect to
the Schouten-van Kampen connection following statements are equivalent
(a) The curvature tensor R is given by (3.4),
(b) The Ricci tensor S is given by (3.6),
(c) =1 —2a% + 6032,
(d) The Ricci tensor S is symmetric,
provided « and 3 are constants.

4. ¢-Projectively and ¢-projectively flat trans-Sasakian manifolds with
respect to the Schouten-van Kampen connection

In this section, we study projectively flat three-dimensional trans-Sasakian manifold
M with respect to the Schouten-van Kampen connection. In a three-dimensional
trans-Sasakian manifold, the projective curvature tensor with respect to the Schou-
ten-van Kampen connection is given by

(4.1) P(X,Y)Z =R(X,Y)Z — %{S(Y, Z)X — 8(X,Z2)Y}.

Definition 4.1. A three-dimensional trans-Sasakian manifold M with respect
to the Schouten-van Kampen connection is said to be &-projectively flat if

P(Xa Y)f =0,

for all vector fields X,Y on M. This notion was first defined by Tripathi and
Dwivedi [22]. If P(X,Y)¢ = 0, just holds for X,Y orthogonal to &, we call such a
manifold a horizontal £-projectively flat manifold.

Using (3.4) in (4.1) we have
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P(X,Y)Z = R(X,Y)Z+a*{g(¢Y, 2)pX — g(¢X, Z)pY
+n(X)n(2)Y —n(Y)n(Z2)X
—g(Y, Z)n(X)E + g(X, Z)n(Y)E}
+8{g(Y, 2)X — g(X, Z)Y}

(4.2) —%{S(Y, Z)X — 8(X,Z)Y}.

Putting Z = £ and using (2.1), (2.3), (2.15) and (3.6) in (4.2), we get

(4.3) P(X,Y)¢=0.
Thus we can state the following:

Theorem 4.1. A three-dimensional trans-Sasakian manifold is &-projectively
flat with respect to the Schouten-van Kampen connection provided a and g are
constants.

Again putting (3.6) in (4.2) we get

P(X.Y)Z = P(X,Y)Z+a*{g(¢Y.2)¢X — g(¢X,Z)¢Y
(4.4) —9(Y, Z)n(X)€ + g(X, Z)n(Y)&}-
Putting Z = ¢ in (4.4) and using (2.1) and (2.3), it follows that

(4.5) P(X, V) =P(X,Y)E.

In view of above discussion we state the following theorem:

Theorem 4.2. A three-dimensional trans-Sasakian manifold is &-projectively
flat with respect to the Schouten-van Kampen connection if and only if the manifold
is &-projectively flat with respect to the Levi-Civita connection provided a and
are constants.

Definition 4.2. A trans-Sasakian manifold M with respect to the Schouten-van
Kampen connection is said to be ¢-projectively flat if

¢*P(0X,0Y)9Z = 0.
It can be easily seen that ¢2]5(¢X, ¢Y)oZ = 0 holds if and only if
(4.6) 9(P(6X,0Y)0Z,6W) =0,

for X,Y,Z,W € T(M).
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Using (4.1) and (4.6), ¢-projectively flat means
_ 1 -
9(R(¢X,9Y)9Z,0W) = {S(¢Y,6Z)g(¢X, W)
(4.7) =S(6X,62)g(#Y, eW)}.
Let {e1,es,&} be a local orthonormal basis of the vector fields in M and using

the fact that {¢e1, pes, £} is also a local orthonormal basis, putting X = W =e; in
(4.7) and summing up with respect to i, we have

2
Z (0, 6Z)g(des, de:)

N)\»—l

2
Zg(f%(cbei,wwz, de;)
(4.8) —§(¢ez,¢2) (8, pe:)}.

Using (2.1), (2.2), (2.3) and (3.5) it can be easily verified that

9(R(¢ei, Y )OZ, pe;)

Mm

2
> 9(R(ges, 9Y)9Z, pe;) =
=1

s
Il
-

+(® + 5%)9(Y, Z) + (8% = 3a®)n(Y)n(Z)

(4.9) = S(¢Y,9Z) + (o® + 5*)g(Y, 2)
(4.10) +(82 = 3a®)n(Y)n(2).

(4-11) Zg(¢eiv ¢€i) =2

(4.12) Z (dei, 0 Z)g(dY, ¢e;) = S(4Y, ¢Z).

Using (4.9), (4.10) and (4.11), the equation (4.8) becomes
(4.13) S(8Y, ¢Z) = 2{S(¢Y, 02) + (o + B)g(Y, Z) + (8° = 3a®)n(Y)n(2)}.
Using (3.6) in (4.12), we get
(4.14) S(0Y,02) = —2a°g(Y, Z) +2(3” = B*)n(Y)n(Z).

Putting Y = ¢Y and Z = ¢Z in (4.13) and using (2.1) (2.2) and (2.13), we
obtain
(4.15) S(Y,Z) = =2a°9(Y, Z) +2(20° — B*)n(Y)n(Z).

Conversely, let S be of the form (4.14), then obviously

g(P(6X, Y )pZ, W) = 0.
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Thus we can state the following:

Theorem 4.3. A three-dimensional trans-Sasakian manifold admitting the
Schouten-van Kampen connection is ¢-projectively flat if and only if the manifold
is an n-Einstein manifold with respect to the Levi-Civita connection provided «, 8
are constants with 3 # +v/2a, (a # 0).

5. &-Concircularly flat trans-Sasakian manifolds with respect to the
Schouten-van Kampen connection

Definition 5.1. A trans-Sasakian manifold M with respect to the Schouten-van
Kampen connection is said to be £-concircularly flat if

(5.1) W(X,Y)¢ =0,

for all vector fields X,Y € x(M), x(M) is the set of all differentiable vector fields
on M.

Theorem 5.1. A three-dimensional trans-Sasakian manifold with respect to
the Schouten-van Kampen connection is horizontally £-concircularly flat if and only
if the manifold with respect to the Levi-Civita connection is also £&-concircular flat
provided «, 8 are constants.

Proof. Combining (1.1),(1.2) and using (3.4), (3.6) (3.8), we get
W(X,Y)Z =W(X,Y)Z+ a*{g(dY, 2)6X — g(6X, Z)¢Y
—9(Y, Z)n(X)§ + g(X, Z)n(Y)§
(5.2) —n(Y)n(Z2)X +n(X)n(2)Y'}.
Putting Z = £ in (5.2) we get

5.3 WX, Y)E = WX Y)E+ 2 ((X)Y — n(v)X).

From (5.3), implies that

(5.4) WX, V) =W(X,Y),  for all X, Yorthogonal to &.
Hence the proof of theorem is complete.
Theorem 5.2. A three-dimensional trans-Sasakian manifold is &-concircularly

flat with respect to the Schouten-van Kampen connection if and only if the scalar
curvature 7 is zero, provided « and 3 are constants.

Proof. Putting Z = £ in (1.2) and using (2.1), (2.3), (2.3), (2.15) and (3.4), we
have

(55) WX, Y)E =~ (V)X —n(X)Y}.

Thus the theorem is proved.
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6. Locally ¢-symmetric trans-Sasakian manifolds with respect to the
Schouten-van Kampen connection

Definition 6.1. A trans-Sasakian manifold M with respect to the Schouten-van
Kampen connection is called to be locally ¢-symmetric if

(6.1) WA (VwR)(X,Y)Z =0,

for all vector fields X, Y, Z, W orthogonal to £ on M. This notion was introduced
by Takahashi [24], for Sasakian manifolds.

We know that

(VwR)(X,Y)Z = Vw(R(X,Y)Z)—-R(VwX,Y)Z
(6.2) —R(X,VwY)Z — R(X,Y)VwZ.

By virtue of (3.1), above equation is reduced to

(VwR)(X,Y)Z = (VwR)(X,Y)Z+n(X)R(Vw& Y)Z + (Vwn)(X)R(EY)Z
( VR(X, V&) Z + (Vwn)(Y)R(X,§)Z
(6.3) +0(Z)R(X,Y)VwZ + (Vwn)(Z)R(X,Y)E.

Now differentiating (3.4) with respect to W, using (2.1), (2.2), (2.3), (2.5) and (2.7)
we obtain

(VwR)(X,Y)Z = (VwR)(X,Y)Z
+a’[{g(X,Y)g(8Y, Z) — g(W, Y )g(¢ X, Z)}¢
(X, Z)n(Y) — g(¢Y, Z)n(X)} W]
+a”B{g(eW, X)g(¢Y, Z) — g(6W,Y)g(¢ X, Z)}¢
Hg(oX, Z)n(Y) — g(¢Y, Z)n(X)}oW]
+(0® = BH{alg(eW, V)X — g(¢W, X)Y)
—32(g(eW, ¢Y) X + (W, 9 X)Y ) }n(Z)
+(Bg(¢W, 0Z) — ag(oW, Z))(n(X)Y —n(Y)X)]
+a®(9(X, Z2)n(Y) = g(Y, Z)n(X))(—agW + S(W — n(W)E))
—a?[—a(g(Y, Z)g(eW, X) + g(X, Z)g(¢W,Y))
+B(9(Y, Z)g(¢W, ¢ X) + g(X, Z)g(¢W, ¢Y))]€
+8%{—al(g(W, 0 Z)n(Y) + g(W, ¢Y )n(Z))
—B(g(oW, ¢ Z)n(Y) + g(oW, ¢Y )n(Z))} X
+Halg(W, ¢Z)n(X) + g(W, 6X)n(2))
(6.4) ~B(g(dW, 0Z)n(X) + g(eW, ¢ X)n(Z))}Y].
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Using (6.4) in (6.3) we have

(VwR)(X,Y)Z = (VwR)(X,Y)Z
+a®[{g(X,Y)g(9Y, Z) — g(W,Y)g(¢X, Z)}¢
(6 X, Z)n(Y) — g(¢Y, Z)n(X)}W]
+a?B{g(oW, X)g(Y, Z) — g(eW, Y )g(6 X, Z) }¢
(o X, Z)n(Y) — g(oY, Z)n(X) o W]
+(a? = B2){alg(eW,Y)X — g(¢oW, X)Y)
—B*(g(oW, 9Y) X + g(¢oW, pX)Y ) }0(Z)
+(Bg(oW, ¢Z) — ag(¢W, Z))(n(X)Y —n(Y)X)]
a*(g(X, Z)n(Y) = g(Y, Z)n(X))(—agW + S(W — n(W)E))
—a’[—a(g(Y, Z)g(¢W, X) + g(X, Z)g(¢W,Y))
+6(g(Y, Z)g(oW, ¢ X) + g(X, Z)g(¢W, ¢Y))]¢
+8°{—al(g(W, ¢ Z)n(Y) + g(W, ¢Y )n(Z))
—B(g(¢W,0Z)n(Y) + g(eW, oY )n(Z)) } X
+Halg(W, oZ)n(X) + g(W, ¢ X)n(2))
—B9(@W, 6Z)1(X) + g(eW, 6 X)1(Z))}Y]
+n(X)R(Vw&, Y)Z + (Vwn)(X)R(E,Y)Z
+n(Y)R(X, V&) Z + (Vwn) (V) R(X, §)Z
(6.5) +0(Z)R(X,Y)VwZ + (Vwn)(Z)R(X,Y)E.

Now applying ¢? on both sides of (6.5) and taking X,Y, Z, W are orthogonal to
¢ and using (2.1), (2.3) we get from above equation

(6.6) ¢*(VwR)(X,Y)Z = ¢*(VwR)(X,Y)Z.

Hence we can state the following:

Theorem 6.1. A three-dimensional trans-Sasakian manifold is locally ¢-symme-
try with respect to the Schouten-van Kampen connection V if and only if the
manifold is also locally ¢-symmetry with respect to the Levi-Civita connection V
provided «, 8 are constants.

U. C. De and Avijit Sarkar [7] have proved that a trans-Sasakian manifold is
locally ¢-symmetry if and only if the scalar curvature is constant provided «, 8 are
constants.

In view of above result we can state the following:
Theorem 6.2. A three-dimensional trans-Sasakian manifold is locally ¢-symmetric
with respect to the Schouten-van Kampen connection V if and only if the scalar
curvature is constant, provided «, 8 are constants.
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7. Weyl conformally flat trans-Sasakian manifold with respect to
Schouten-van Kampen connection

The Weyl conformal curvature tensor C' of type (1,3) of M, an n—dimensional
trans-Sasakian manifolds with respect to the Schouten-van Kampen connection V
is given by [23]

C(X,Y)Z = R(X,Y)Z-— ﬁ[é(y, )X - S(X,2)Y +g(Y,2)QX

(7.1) —9(X, Z)QY] + [9(Y, 2)X — g(X, Z)Y],

(n—1)(n—-2)

where Q is the Ricci operator with respect to the Schouten-van Kampen connection.

Let us consider that a three-dimensional trans-Sasakian manifold with respect
to the Schouten-van Kampen connection is Weyl conformally flat, that is C' = 0.
Then from (7.1), we get

RX,Y)Z = [S(Y,2)X —S(X,2)Y +g(Y,Z2)QX
(7.2) —9(X, 2)QY] = 5lg(Y. 2)X — g(X, Z)Y).

Let us take inner product of the equation (7.2) with W. Then we get

g(R(X.Y)Z,W) = [S(Y. 2)g(X, W) = (X, Z)g(Y. W) + g(Y. Z)g(QX, W)
(7.3) ~9(X. 2)g(QY.W)] - 5[o(Y. 2)g(X, W) — g(X, Z)g(Y, W),

Using (2.1), (2.3), (3.5)-(3.8), we get

g(R(X,Y)Z, W)

[S(Y, Z)g(X, W) — S(X, Z)g(Y,W) + g(Y, Z)g(QX, W)
(7.4) —9(X, Z)g(QY,W)] —

—g(X, Z)g(Y, W)}

—a?[g(6Y, Z)g(6X, W) — g(¢ X, Z)g(¢Y, W)

—g(Y,Wn(X)n(Z) + g(X, W)n(Y)n(2)
(7.5) +9(Y, Z)n(X)n(W) — g(X, Z)n(Y ) n(W)].

r—2a

[9(Y, Z)g(X, W)

Putting X =W = ¢ in (7.4) and using (2.1) and (2.3), we get

]

S
(7.6) —n(Z)S(Y,¢)] - g[g(Y, Z) =n(Z)n(Y)],
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where g(QY, Z) = S(Y, Z).
Now, using (2.13) and (2.16), we get

(7.7) S, 2) = gg(Y, Z) +[6(a® = 52) = SIn(¥)n(2).

Therefore
S(Y,Z) = ag(Y,Z) + bn(Y)n(2),

where a = 5 and b = [6(a® — %) — %].

This shows that the manifold M is an n-Einstein manifold.

Thus we can state the following:
Theorem 7.1. A three-dimensional Weyl conformally flat trans-Sasakian manifold
with respect to the Schouten-van Kampen connection V is an n-Einstein manifold
provided a, 8 are constants with o # .

8. Example of a three-dimensional trans-Sasakian manifold with
respect to the Schouten-van Kampen Connection

In this section, we wanted to construct an example of a three-dimensional trans-
Sasakian manifold with respect to Schouten-van Kampen connection.

We have considered the three-dimensional manifold M = {(z,y,2) € R3,z # 0},
where (z,y, ) are the standard coordinates in R3. The vector fields

Z(2+3) e —e*Z(_g_Fg) e —2
ox 0Oy’ 2 ox Oy’ 870

are linearly independent at each point of M. Let g be the Riemannian metric defined
by

e =e

glei,e3) = g(ez,e3) = gle1,e2) =0,  g(er,er) = glez, e2) = g(es, e3) = 1.

Let n be the 1-form defined by n(Z ) g(
(1,1) tensor field defined by ¢(e1) = es, ¢
linearity of ¢ and g we have

n(es) =1, ¢°Z=—-Z+n(Zes, g(6Z,¢W)=g(Z,W)—n(Z)n(W),

3) for any Z € x(M). Let ¢ be the

Z,e
(e2) = —e1, ¢(e3) = 0. Then using the

for any Z, W € x(M). Thus for e3 = &, (¢,£,7,g) defines an almost contact metric
structure on M. Now, by direct computations we obtain

[61, 62} = 07 [62, 63] = €9, [61, 63] = €7.
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The Riemannian connection V of the metric tensor g is given by the Koszul’s formula
which is
2(VxY.Z) = Xg(Y.Z)+Yg(ZX) - Zg(X,Y)

(8.1)

By Koszul formula

Ve, €3 = e1, Ve, €2 =0, Ve, €1 = —e3,
V62€3 = €2, v62€2 = —€3, v62€1 = 0,
veseg = O, Vese2 = O, Ve361 =0.

From above we see that the manifold satisfies (2.6) for a =0, 8 =1, and ez = £.
Hence the manifold is a trans-Sasakian manifold of type (0,1). With the help of the
above results it can be verified that

R(61,€2)63 =0, R(€2,€3)€3 = —e€g, R(€1763)63 = —é€1,
R(e1,ez)es = —eq, R(ez,e3)es = e3, R(ey,e3)es =0,
R(e1,ez)er = ea, R(eq,e3)e; =0, R(ep,e3)e; = es.

Now we consider the Schouten-Van Kampen connection to this example.

Using (3.2) and above result we have

?6163 = (1 - Ber + aeq, ?e162 = —aes, ?elel = (B —1)es,
chei”) = —ae; + (1 - 5)62 Y8262 = (ﬂ - 1)63a Yegel = 07
ve3€3 =0 Veaeg = —562, V%el = —,@61.

Using (3.4) we get

R(ey,ez)e3 =0, R(eg,e3)es = (6% — a? — 1)ea,
R(ei,es)es = (82 —a? —1)e1,  Rler,ez)es = aes + (B2 4 a? — 1)ey,
153(627 es)es = (=% + o + 1)es, ]:%(61, esz)ez =0,

R(e1,ez)er = (1 — 8% — a?)eq, R(ea,e3)er =0,

R(e1,es)er = (14 a? — B?)es

From the above expressions of the curvature tensor we obtain

3

S(e1,er1) = Zg(R(ei,el)el,ei) = -2.

i=1

Similarly, we have

S(eg,e2) = —2 and S(es, e3) = —2.
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S(e1,ea) = S(ez,en) =2(6% —1) S(es,ez) =2(8% —a® —1).
r=-6 7=063"—2a%—6.

From above we see that ¥ = 0 for « = 0,8 = 1. Therefore, the manifold under
consideration satisfies the Theorem 5.2.
Using (4.1) and above relations, we get

P(e1,ez)e3 = P(er, e3)es = P(ea, e3)es = 0,

P(el, 62)63 = P(el, 63)63 = P(eg, 63)63 =0.

Therefore, the manifold will be £-projectively flat on a three-dimensional trans-
Sasakian manifold with respect to the Schouten-van Kampen connection which
varifies the Theorem 4.1.
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Abstract. Let R be a semiprime ring, U a square-closed Lie ideal of R and D :
R X R — R a symmetric reverse bi-derivation and d be the trace of D. In the present
paper, we shall prove that R is commutative ring if any one of the following holds: i)
d(U) = (0), i)d(U) C Z, iii)[d(z),y] € Z, iv)d(z)oy € Z, v)d([z,y]) £ [d(z),y] € Z,
vi)d(zoy) £ (d(z) oy) € Z, vil)d ([z,y]) £ d(z) oy € Z viil)d(xzoy) £ [d(x),y] € Z,
iX)d(z)oy£[d(y), 2] € Z, x)d([z,y])— (d(x)oy) —[d(y), 7] € Z xi)[d(x), y] % g(y), ] € Z,
for all z,y € U, where G : R x R — R is symmetric reverse bi-derivation such that g
is the trace of G.z

Key words: Lie ideals, bi-derivations, actions of Lie algebras

1. Introduction

Throughout the paper, R will represent an associative ring with center Z. A ring
R is said to be prime if z Ry = (0) implies that either x = 0 or y = 0 and semiprime if
xRz = (0) implies that = 0, where z,y € R. A prime ring is obviously semiprime.
For any =,y € R, the symbol [z,y] stands for the commutator xy — yz and the
symbol zoy stands for the commutator zy + yz. An additive subgroup U of R
is said to be a Lie ideal of R if [u,7] € U, for all u € U, r € R. U is called a
square-closed Lie ideal of R if U is a Lie ideal and u? € U for all w € U. An
additive mapping d : R — R is called a derivation if d(xy) = d(z)y + zd(y) holds
for all z,y € R. An additive mapping d : R — R is said to be a reverse derivation
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if d(xy) = d(y)z + yd(x) holds for all x,y € R. A mapping D(.,.) : Rx R — R is
said to be symmetric if D(z,y) = D(y, z) for all x,y € R. A mapping d: R — R is
called the trace of D(.,.) if d(z) = D(z, ) for all x € R.It is obvious that if D(.,.) is
bi-additive (i.e., additive in both arguments), then the trace d of D(.,.) satisfies the
identity d(x +y) = d(z) + d(y) + 2D(x,y), for all x,y € R. If D(.,.) is bi-additive
and satisfies the identities

D(zy,z) = D(x,z)y + xD(y, z)

and
D(z,yz) = D(z,y)z + yD(z, 2),

for all z,y,2z € R. Then D(.,.) is called a symmetric bi-derivation. If D(.,.) is
reverse bi-additive and satisfies the identity

D(zy, z) = D(y, 2)x +yD(x, z)

and
D(z,yz) = D(z, z)y + zD(z,y).

Then D(.,.) is called a symmetric reverse bi-derivation.

The study of commuting mappings was initiaded by a well-known theorem due
to Posner [7] which stetes that the existence of a nonzero commuting derivation on
a prime ring R implies that R is commutative. A number of authors have extended
the Posner’s theorem in several ways. The notion of additive commuting mapping is
closely connected with the notion of bi-derivation. Every additive commuting map-
ping F': R — R gives rise to a bi-derivation on R. Namely, linearizing [F'(z),z] = 0,
we get [F(z),y] = [z, F(y)] and we note that the map (x,y) — [F(x),y] is a bi-
derivation. The concept of bi-derivation was introduced by Maksa in [5]. It is
shown in [6] that symmetric bi-derivations are related to general solution of some
functional equations. Some results concerning symmetric bi-derivations in prime
rings can found in [9] and [10].

In [4], Herstein showed that if R is a prime ring of characteristic different from
two and d is a nonzero derivation such that d(R) C Z, then R must be commutative.
Bergen et al. proved the following results in [2]: Let R be a prime ring of charac-
teristic different from 2, U a nonzero Lie ideal of R and d a nonzero derivation. If
d(U) C Z, then U C Z. Several authors investigated this result for a prime ring
admitting derivation or generalized derivation.

Many authors investigated the commutativity of prime or semiprime rings sat-
isfying certain functional identities involving derivation or generalized derivation.
In this paper, we extend some well known these results concerning of Lie ideals in
semiprime rings to a reverse bi-derivations. Throughout the present paper, we shall
make use of the following basic identities without any specific mentioning;:

) [2,y2] = ylo, 2] + [z, y]2
i) [zy, 2] = [z, 2]y + zy, 2]
iil) xyoz = (xoz)y + zly, 2] = x(yoz) — [z, 2]y
iv) woyz = y(woz) + [z,]z = (zoy)= + [z, 2]
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1.1. Results

Lemma 1.1. [1, Theorem 1.3] Let R be a 2— torsion free semiprime ring and U
a noncentral Lie ideal of R such that u?> € U for all x € U. Then there exists a
nonzero ideal I of R such that I C U.

Lemma 1.2. [3, Lemma 2 (b)] If R is a semiprime ring, then the center of a
nonzero ideal of R is contained in the center of R.

Lemma 1.3. [8, Theorem 2.1] Let R be a semiprime ring, I a nonzero two-sided
ideal of R and a € R such that axa =0 for all x € I, then a = 0.

Lemma 1.4. Let R be a semiprime ring. If a nonzero ideal of R is in the center
of R, then R is a commutative ring.

Proof. By the hypothesis, we get
[,7] =0, forallz € I,r € R.

Replacing = by sz, s € R in this equation and using this equation, we obtain that
[s,r]z =0, forall z € I,r € R.

Thus, [R,R]I = (0). Multiplying this equation on the right by [R, R], we have

[R, R]I|R, R] = (0). By Lemma 3, we conclude that R is a commutative ring. The
proof is completed. O

Theorem 1.1. Let R be a 2-torsion free semiprime ring, U a square-closed Lie
ideal of R and D : R X R — R a symmetric reverse bi-derivation and d be the trace
of D. If d(U) = (0), then D = 0.

Proof. By Lemma 1, there exists a nonzero ideal I of R such that I C U. By the
hypothesis, we have
d(z) =0, forall z € I.

Replacing « by x + y, y € I in this equation and using the hypothesis, we get
2D(z,y) =0, for all z,y € I.

Since R is 2—torsion free, we have
D(z,y) =0, for all z,y € I.

Taking « by zr, r € R in the above equation and using this equation, we obtain
that

D(r,y)x =0, forall z,y € I,r € R.
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Replacing y by ys, s € R, we have
D(r,s)yz =0, for all z,y € I,r,s € R.
Multiplying this equation on the right by D(r, s)y, we get
D(r,s)yID(r,s)y =0, forally € I,r,s € R.

By Lemma 3, we arrive at

D(r,s)y=0, forally e I,r,s € R.
Again, multiplying this equation on the right by D(r,s), we find that

D(r,s)yD(r,s) =0, forally € I,r,s € R.

Using Lemma 3 in the above equation, we get D = 0. The proof is completed. [

Theorem 1.2. Let R be a 2-torsion free semiprime ring, U a square-closed Lie
ideal of R and D : R X R — R a symmetric reverse bi-derivation and d be the trace
of D. If d(U) C Z, then d is commuting on I where I is nonzero ideal of R.

Proof. By Lemma 1, there exists a nonzero ideal I of R such that I C U. By our
hypothesis, we get
d(z) € Z, forall z € I.

Replacing by « + vy, y € I in above expression, we get
d(z) +d(y) + 2D(z,y) € Z, for all z,y € I.
Using the hypothesis and R is 2—torsion free, we have
(1.1) D(z,y) € Z, for all z,y € I.
Commuting this term with 7, € R, we get
[D(z,y),r] =0, for all z,y € I,r € R.
Taking = by xs,s € R in the last equation, we obtain that
[sD(z,y) + D(s,y)x,r] =0, for all x,y € I,r,s € R.
Using equation (2.1), we get
[s,7|D(z,y) + D(s,y)[z,r] + [D(s,y),r]x =0, for all z,y € I,r, s € R.
Replacing s by « in the last equation, we get

[z,7]D(z,y) + D(z,y)[z,r] + [D(z,y),r]z =0, for all z,y € I,7,s € R.
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Applying equation (2.1), we see that
2[z,r]D(z,y) =0, for all x,y € I,r € R.
Since R is 2—torsion free, we get
[z,7]D(z,y) =0, for all z,y € I, € R.
Using D(z,y) € Z, we have
[z, r]tD(z,y) =0, for all x,y € I,r,t € R.
Taking y by x, we have
[z, r]td(x) =0, for all x,€ I,r,t € R.
Replacing r by d(z) in this equation, we find that
(1.2) [z, d(x)]td(x) =0, for all z, € I,t € R.
Multiplying this equation on the right by x, we get
[z, d(x)]td(x)x =0, for all z,€ I,t € R.
Taking t by tz in equation (2.2), we find that
[, d(x)]txd(x) = 0, for all z,€ I,t € R.
Subtracting two last equations, we arrive at

[, d(x)]t[x,d(x)] =0, for all z,€ I,t € R.

313

Since R is semiprime ring, we obtain that d is commuting on I. The proof is com-

pleted. O

Theorem 1.3. Let R be a 2-torsion free semiprime ring, U a square-closed Lie
ideal of R and D : R x R — R a symmetric reverse bi-derivation and d be the trace
of D. If [d(x),y] € Z, for allx,y € U, then d is commuting on I where I is nonzero

ideal of R.

Proof. By Lemma 1, there exists a nonzero ideal I of R such that I C U. By the

hypothesis, we get
[d(z),y] € Z, for all z,y € I.

Replacing y by yz in the hypothesis, we have
[d(z),ylz + yld(x),z] € Z, for all x,y,z € I.
Commuting this term with 7, € R, we get

Hd(lL’),y}Z + y[d(x),z},r] =0,
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and so,
[d(z),y]lz, 7] + [y, 7][d(z),2] =0 for all z,y,z € I,r € R.
Replacing r by z in the last equation, we obtain that
ly, z][d(x), 2] = 0, for all x,y,z € I.
Taking y by ty,t € R in above equation, we see that
[t, z]yld(z),2] =0 for all x,y,z € I,r € R.
Replacing ¢ by d(z), we get
[d(z), zly[d(z),z] = 0, for all z,y,z € I.

By Lemma 3, we have
[d(x), 2] =0, for all z,z € I.

Using Lemma 2, we obtain that d(x) € Z, for all z € I. We conclude that d is
commuting on I by Theorem 2. [

Theorem 1.4. Let R be a 2-torsion free semiprime ring, U a square-closed Lie
ideal of R and D : R x R — R a symmetric reverse bi-derivation and d be the trace
of D. If d(x) oy € Z, for all x,y € U, then d is commuting on I where I is nonzero
ideal of R.

Proof. By Lemma 1, there exists a nonzero ideal I of R such that I C U. By the
hypothesis, we get
d(x)oy e Z, forall z,y € I.

Taking y by yz in the last expression, we obtain that
y(d(x) o z) + [d(x),ylz € Z, for all x,y,z € I.
Commuting this term with 7, € R, we see that
(1.3) [d(z),y]lz, 7] + [y, r](d(z) 0 z) + [[d(x),y], 7]z =0, for all x,y,z € I,r € R.
Taking z by zt,t € R in the above equation, we get
[d(@), yll[z, vt + [d(x), ylz[t, r] + [y, r](d(z) 0 2)t + [y, 7]2[t, d(2)] + [[d(), y], r]2t = 0.
Using equation (2.3), we get
[d(x),y]z[t,r] + [y, r]z[t, d(z)] = 0, for all x,y,z € I,r,t € R.
Replacing ¢ by d(z) and r by y, we have
[d(x),y]z[d(x),y] =0, for all x,y,z € I.

By Lemma 3, we have
[d(x),2] =0, for all z,z € I.

We conclude that d is commuting on I by Theorem 2 and Lemma 2. O
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Theorem 1.5. Let R be a 2-torsion free semiprime ring, U a square-closed Lie
ideal of R and D : R X R — R a symmetric reverse bi-derivation and d be the trace
of D. If d([z,y]) £ [d(x),y] € Z, for all x,y € U, then d is commuting on I where
1 is nonzero ideal of R.

Proof. By Lemma 1, there exists a nonzero ideal I of R such that I C U. By the
hypothesis, we have

d(lz,y]) £ [d(z),y] € Z, forall z,yel.
Writting y by y + 2,2 € I, we have
d([z,y]) + d([z, 2]) + 2D([z,y], [z, 2]) + [d(x), y] £ [d(2), 2] € Z

By the hypothesis, we get
2D,y [, 2]) € .

Since R is 2—torsion free, we see that

D([z,y], [z, 2]) € Z, for all z,y € I.
Replacing y by z in the last expression, we get

D([z,y], [x,y]) € Z, for all z,y € I.

That is,
d([z,y]) € Z, forall x,y € I.

By the hypothesis, we have
[d(z),y] € Z, for all z,y € I.

By Theorem 3, we conclude that d is commuting on I. [

Theorem 1.6. Let R be a 2-torsion free semiprime ring, U a square-closed Lie
ideal of R and D : R X R — R a symmetric reverse bi-derivation and d be the trace
of D. If d(zxoy) £ (d(x)oy) € Z, for all x,y € U, then d is commuting on I where
I is nonzero ideal of R.

Proof. By Lemma 1, there exists a nonzero ideal I of R such that I C U. We have
d(zoy)*(dx)oy) e Z, forall z,yel.
Taking y by y + 2,2 € I, we get
d(zoy)+dxoz)+2D(xoy,xz0z)td(x)oytd(x)oz e Z
By the hypothesis and since R is 2—torsion free, we have

D(zoy,xo0z) € Z.
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Replacing y by z in the this expression, we get
D(xoy,xoy) € Z, forall z,y €1,

and so,
d(xoy) e Z, forall z,y €.

Using the hypothesis, we obtain that
d(x)oy € Z, forall z,y €.

We see that d is commuting on I by Theorem 4. [

Theorem 1.7. Let R be a 2—torsion free semiprime ring, U a square-closed Lie
ideal of R and D : R X R — R a symmetric reverse bi-derivation and d be the trace
of D. If d([z,y]) £d(x) oy € Z , for all z,y € U, then d is commuting on I where
I is nonzero ideal of R.

Proof. By Lemma 1, there exists a nonzero ideal I of R such that I C U. We have
d([z,y]) £ (d(z)oy) € Z, forall z,y € I.
Taking y by y + 2,z € I in the hypothesis, we get
d([z,y]) + d([z, 2]) + 2D([z, y], [z, 2]) £ d(z) cy £ d(x) 0z € Z
Using the hypothesis and since R is 2—torsion free, we find that
D([z,y], [z, 2]) € Z.
Writting y by z in the above expression, we see that
D([z,y], [z,y]) € Z, for all 2,y € I.

That is,
d([z,y]) € Z, for all z,y € I.

By the hypothesis, we have
d(z)oy e Z, forall z,y €I

By Theorem 4, we obtain that d is commuting on I. [J

Theorem 1.8. Let R be a 2—torsion free semiprime ring, U a square-closed Lie
ideal of R and D : R X R — R a symmetric reverse bi-derivation and d be the trace
of D. If d(xoy) +[d(z),y] € Z , for all xz,y € U, then d is commuting on I where
I is nonzero ideal of R.
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Proof. By Lemma 1, there exists a nonzero ideal I of R such that I C U. We get
d(zoy) £ [d(x),y] € Z, forallx,yel.
Replacing y by y + 2,2z € I, we get
d(xoy)+d(xoz)+2D(xoy,xoz)x[dx),y] £[dzx),z2] € Z.
Using the hypothesis and R is 2—torsion free, we have
D(zoy,xo0z) € Z.
Writting y by z in the last expression, we get
D(xoy,xoy) € Z, forall z,y € 1,
and so, d(x oy) € Z, for all z,y € I. Using the hypothesis, we have
[d(z),y] € Z, forall z,y € I.

We conclude that d is commuting on I by Theorem 3. [

Theorem 1.9. Let R be a 2—torsion free semiprime ring, U a square-closed Lie
ideal of R and D : R X R — R a symmetric reverse bi-derivation and d be the trace
of D. If d(x) oy + [d(y),z] € Z, for all x,y € U, then d is commuting on I where T
is monzero ideal of R.

Proof. By Lemma 1, there exists a nonzero ideal I of R such that I C U. We have
d(z)oyx[d(y),z] € Z, forall z,y € I.
Replacing y by y + 2,z € I, we get
d(x)oy+d(x)oz£2[D(y,2),x] £ [d(y), ] £ [d(2),z] € Z
Applying the hypothesis, we see that
2[D(y, z),x] € Z.
Since R is 2—torsion free, we find that
[D(y, z),z] € Z.
Replacing z by y in this expression, we get
[D(y,y),z] € Z, for all x,y € I
and so, [d(y),z] € Z, for all z,y € I. Using the hypothesis, we have
d(z)oy e Z, forall z,y €I

By Theorem 4, we conclude that d is commuting on I. O
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Theorem 1.10. Let R be a 2—torsion free semiprime ring, U a square-closed Lie
ideal of Rand D : RxR — R, G: RxR — R two symmetric reverse bi-derivations
where d is the trace of D and g is the trace of G. If [d(x),y] £ [9(y),x] € Z, for all
x,y € U, then d is commuting on I where I is nonzero ideal of R.

Proof. By Lemma 1, there exists a nonzero ideal I of R such that I C U. We get
[d(z),y] £ [9(y),z] € Z, forall z,y e I.
Taking y by y + 2,2 € I, we get
[d(x), y] + [d(x), 2] £ [gy). 2] £ [g(2), ] £ 2 Gy, 2),] € Z
Since R is 2—torsion free and using the hypothesis , we obtain
[G(y, 2),x] € Z.
Replacing y by z in the above expression, we have
[G(y,y),x] € Z, for all z,y € I.

That is,
[9(y), 2] € Z, forall z,y € I.

We see that d is commuting on I by Theorem 3. O

Theorem 1.11. Let R be a 2—torsion free semiprime ring, U a square-closed Lie
ideal of R and D : R X R — R a symmetric reverse bi-derivation and d be the trace
of D. If d([z,y]) — (d(x) oy) — [d(y),z] € Z, for all x,y € U, then d is commuting
on I where I is nonzero ideal of R.

Proof. By Lemma 1, there exists a nonzero ideal I of R such that I C U. By the
hypothesis, we obtain that

d([z,y]) = (d(z) oy) = [d(y), 2] € Z, forallz,y € I.
Taking y by y + 2,2 € I, we get

d([z,y]) + d([z, 2]) + 2D([z, y], [z, 2])
—d(z)oy —d(x)oz—[d(y),z] — [d(2),z] — 2[D(y, 2),x] € Z.

Using the hypothesis, we have
D([.%‘7y]7 [(E,ZD - [D(y,z), x] € Z.
Replacing y by z in this expression, we see that

D([fﬂ,y], [x,y]) - [D(y,y),.%] € Z? for all T,y € I
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That is,

d([z,y]) — [d(y),z] € Z, for all x,y € I.

Hence we can write

d([z,y]) — [d(y), 2] —d(y) oz + d(y) cw € Z

and using the hypothesis, we get

dy)ox € Z, forall z,y € I.

By Theorem 4, we conclude that d is commuting on I. [
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1. Introduction and preliminaries

Let F be an increasing real-valued function on (0, 00) with lim;_,o F/(t) = —oo,
and ¢ : (0,00) — (0,00) be a function such that liminf, ,;+ ¢(s) > 0 for any ¢ > 0.
A self-mapping T on a metric space (X, d) is said to be a (¢, F')-contraction (or a
nonlinear F-contraction) if

p(d(z,y)) + F(d(Tz,Ty)) < F(d(z,y)),

for all x,y € X provided Tz # Ty.

Nonlinear F-contractions were considered from a new viewpoint in [13] and
the author showed, among other results, that in complete metric spaces these self-
mappings have unique fixed points and also under a suitable condition connecting
F and ¢, a nonlinear F-contraction is condensing with respect to the Hausdorff
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measure of noncompactness; for more information on nonlinear F-contractions see
[9] and related references in [13].

The Schauder fixed point theorem states that any continuous self-mapping de-
fined on a nonempty convex and compact subset of a Banach space must have a fixed
point and it plays a crucial role in topological fixed point theory. In 1955, Darbo
[8] presented a fixed point theorem in terms of the measure of noncompactness (the
notion was first defined by Kuratowski [10]) in Banach spaces which generalized
the Schauder fixed point theorem. A slight generalization of Darbo’s theorem is
the Sadovskii fixed point theorem [12]: If  is a nonempty bounded closed convex
subset of a Banach X and if v is a measure of noncompactness and 7T : ) — Q is a
continuous mapping satisfying one of the following conditions:

(1) (Darbo [8]) T is a k-set contraction, i.e., there exists k € [0, 1) such that for any
set C' C Q,
AT (C)) < kAC);

(2) (Sadovskii [12]) T is a 7-condensing mapping, i.e., for any set C' C Q with
positive measure of noncompactness,

Y(T(C)) <~(C),

then T has a fixed point.

Some generalizations of these fixed point theorems can be found for example in
[1, 7, 11] and the references therein.

In this paper, we give a nonlinear F-contraction form of the Sadovskii fixed
point theorem (Theorem 1.1) and then inspired by the main result in [13] (and [1])
we give an application to solving a functional integral equation of Volterra type
(Theorem 2.1).

We first give some preliminaries which will be needed in this paper.

Measures of noncompactness serve as useful tools in the theory of operator equa-
tions in Banach spaces and are used in the theory of functional equations, ordinary
and partial differential equations, integral and integro-differential equations, etc
(see e.g., [2, 3, 4, 5]). In this section, we give a generalization of the Sadovskii fixed
point theorem in terms of a general notion of the measure of noncompactness and
nonlinear F-contractions.

For the convenience of the reader we recall some basic notations and definitions;
see [2, 3, 4, 5]. Let R denote the set of all real numbers and Rf = [0,00). In a
Banach space E, the symbols X and conv X stand for the closure and closed convex
hull of the subset X of F, respectively. Denote by 9 the family of all nonempty
bounded subsets of E and by 9 the family consisting of all nonempty relatively
compact subsets of E.

Definition 1.1. A measure of noncompactness in the Banach space F is a map-
ping 1 : Mp — RT which satisfies the following conditions:

(MN1) the family ker p = {X € Mg : u(X) = 0} is nonempty and ker u C Ng;
(MN2) u(X) < p(Y)if X CY;



A nonlinear F-contraction form of Sadovskii’s fixed point theorem 323

(MN3) u(X) = u(X), for all X € Mg;

(MN4) pu(X) = p(convX), for all X € Mg;

(MN5) p(tX + (1 =8)Y) <tu(X)+ (1 —t)u(Y), for all XY € Mg and ¢ € [0, 1];
(MNG6) If {X,,} is a decreasing sequence of closed and nonempty sets of Mg with
limy, 00 p(X5) = 0, then N2 ; X, is nonempty.

The following result is a generalization of the Sadovskii fixed point theorem
using F'-contractions.

Theorem 1.1. Let ) be a nonempty bounded closed convex subset of a Banach
space E and T : Q0 — Q be a continuous mapping which satisfies

P(u(X)) + F(u(TX)) < F(p(X)),

for any nonempty subset X of Q with u(TX) # 0 and w(X) # 0, where p is an
arbitrary measure of noncompactness and F : (0,00) — R and ¢ : (0,00) — (0, 00)
are functions such that

(1.1) Y(t,) € (0,00)N (F(t,) = —00 =t, = 0)
and
(1.2) hmglftp( s)>0, (t>0).

Then T has a fixed point.

Proof. Define a sequence (£,,) inductively as follows:
Q=0 and Q,=convTQ,_1, n>1.

We may assume, without loss of generality, that p(€2,) > 0, for every n > 1, for
otherwise, by Schauder’s fixed point theorem T has a fixed point.

Observe that €,11 C Q, for all n > 1, which means that the sequence (u(£2y,))
is decreasing and therefore is convergent to some nonnegative real number. From
(1.2), there exist a ¢ > 0 and ny € N such that ¢(u(Q,)) > ¢ for all n > ny.
Therefore, we have

F(p(€h)) < F(p(Qn-1)) — o(u(Qn-1))

I
3
=

S
2
|

L[]
5
=
=

n?fl n—1
= F(u()) = Y o) = > elu())
=0 i=ny
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for all n > ny. We get F(u(€2,)) — —o0 as n — oo and hence by (1.1), p(Q2,,) — 0.

Since (§2,) is a decreasing sequence of closed and nonempty sets of Mg with
limy, 00 #(2,) = 0, by (MN1) and (MNG6) of Definition 1.1 we have that Q. =
Nop§2, is a nonempty compact convex subset of 2. Moreover, T' maps {2, into
itself. Now, applying the Schauder fixed point theorem we infer that 7" has a fixed
point in Q. O

Note that in the setting of Banach spaces Theorem 2.1 in [13] can be deduced
from Theorem 1.1. Furthermore, notice that putting F'(z) = Inz in Theorem 1.1
we have the Sadovskii fixed point theorem. In fact, we have

(X)) +In(u(TX)) < In(u(X))

and therefore

W(TX) < (X) < p(X).

coux ) M

Also, Theorem 1.1 can be easily generalized in the spirit of [11, Theorem 5].
Indeed, let ® denote the set of all functions f : R S R satisfying

Y(ty) € (0,00)N (Vn €N (tpi1 < tn A fltpi1,tn) >0) = t, —0).

Observe that f € ® such that f(x,y) = —F(x)+F(y) —¢(y), where F' and ¢ satisfy
(1.1) and (1.2), respectively. Then, we clearly have the following:

Theorem 1.2. Let y be a measure of noncompactness on a Banach space E. As-
sume that Q is a nonempty bounded closed and convexr subset of E and T : Q) — Q
is a continuous mapping such that

3f € VX C Q (X is noncompact = f(u(TX), u(X)) > 0).

Then, T has a fized point.

2. Application to a functional integral equation of Volterra type

In this section, we follow the terminology and notations used in [6] unless oth-
erwise specified. Consider the Banach space BC(R{) consisting of all bounded and
continuous real-valued functions on the nonnegative real numbers Rar equipped with
the norm

]| = sup {|z(#)] : ¢ > 0},
where x € BC(R{). Let X be a nonempty bounded subset of BC(R{) and L > 0.
For x € X and € > 0, the modules of continuity of the function = on the interval

[0, L], denoted by w*(x,¢), is defined as

wh(z,e) = sup{la(t) — a(s)] : t,s € [0, ], |t — 5| < e}.
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Moreover, let

wh(X,e) = sup{w’(z,e):2 € X}
wh(X) = limwh(X.q)
we(X) = ngr;owg(X)

Also, for a fixed number ¢ € R let
X(t)={z(t):z € X}.
Define a function p on the family mBC(R;r) as

(2.1) w(X) = wo(X) + limsup diam X (¢),

t—o0

where diam X (¢) is defined as
diam X (t) = sup{|z(t) — y(¢)| : z,y € X }.

The function p defined above is a measure of noncompactness in the Banach space
BC(RY) (see [4, 6]).

Let F denote the set of all functions F': (0,00) — R which satisfy the following
conditions:
(F1) For all t1,t2 > 0, t1 > to implies F(t1) > F(t2);
(F2) For any sequence (t,) C (0,00), ¢, — 0 if and only if F(t,) — —oc.

Suppose that two functions f and g satisfy the following conditions:

(i) f: Rf x R — R is a continuous function such that ¢ ~ f(¢,0) is also an
element of the Banach space BC(R{), £(0,0) =0, and ¢ < f(0,2¢) for each ¢ > 0;

(ii) If F € F is continuous and ¢ : (0,00) — (0, 00) is a nonincreasing continuous
function such that
lim ¢(s) >0, (teRd)

s—tt
(or equivalently, liminf,_,;+ ¢(s) > 0), then
F(1f(s,u) = f(s,un)[+|f (¢ w) = f(£,w1) [+ f(0,0)) < (F =) (Ju—u1] +|w—wi|+¢),
where ¢, s,t € RS‘ and u,uy,w,w; € R with
[f(s,u) = f(s,u1)|+|f(t, w) = f(t,wi) |+ f(0,¢) >0 and |u—u|+|w—wi[+c>0.

Note that under the above assumptions we, in particular, have

F([f(s,u) = f(s,u1)]) < F(lu—wl)
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and consequently
|f($7u) - f(S,Ul‘ < |’LL - u1|;

(iii) g : Ry x Ry x R — R is a continuous function and there exist continuous
functions «, 3 : Ry — R{ such that

t—o0

t
(2.2) lim a(t)/ B(s)ds =0
0
and
lg(t,s,2)| < a(t)B(s)
for any x € R and ¢, s € Rar with s < t;
(iv) With
t
K = sup {f(t,O) +a(t)/ B(s)ds :t > 0} ,
0
we have 0 < k < 0o and there exists a positive real number rg such that
(F—¢)(r+2k) < F(r).

Example 2.1. The following functions satisfy conditions (i)-(iv):

e f:Ry xR — R defined by f(s,t) = |sin(s)| + %;

e F € F defined by F(t) = —1;

e ¢ :(0,00) = (0,00) defined by ¢(t) = 1;

e g: R xR x R — R defined by g(t,s,z) = se™?
BC(R) with |hi(x)] <1+ |ho(z)|, for all z € R;

%, where hi,he €

e o, 3 :R{ — RY defined by a(t) = e~t, B(s) = s.

Now we give an application of Theorem 1.1 where we show that a functional
equation of Volterra type has a solution.

Theorem 2.1. The integral equation of Volterra type

(2.3) z(t) = f(t,z(¢)) —l—/o g(t,s,z(s))ds, (t€RY)

where f and g are functions satisfying conditions (i)-(iv) has a solution in the
Banach space BC(R{).
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Proof. We will use some ideas from [6]. Define a mapping 7" on the Banach space
BC(R{) as follows:

(Ta)(t) = F(t,2(t)) + / olt,,2(s))ds, (t € RY).

It is easy to see that for any x € BC' (Rg‘), the function T’z is a real-valued continuous
function on R{. In addition, for any function z € BC(R{) and t > 0 we have

)

F (If(w(t)) ~ 101+ [ lott s ds + f(t,o>)

F(f@,2@) = f(0)] + &)
(If(t z(t)) = f(£,0)| + f(0,2r))

(F' =) (Jz(t))] + 2r)

(F = @)([lz]| + 2).

FITo)(0))) = F(\f(t,x<t>>+ [ ates.stnas

IN

VAN VAN VAN VA

From assumption (iv), choose 7o > 0 such that (F'—¢)(ro +2x) < F(rg). Then,
in particular, we have

F([(Tz)(@)]) < (F=¢)(|z(t)[+2r) < (F=¢)([[z]|+2r) < (F—¢)(ro+2x) < F(ro),

when ||z|| < rg and since F is increasing we get |(Tz)(¢)| < ro and finally since
t > 0 was arbitrary, we have ||Tz|| < ro. Therefore T maps the closed ball B,, =
{x € BO(RY) : ||| < ro} into itself. (Notice also, since

F(|(Tx)®)]) < F(f(t,2(8) = F{&0)] + &) < F(|lz(t)] + £) < F(||z]| + &),

Tz is bounded for any = € BC(R{).)

Now, we show that the self-mapping 7" is continuous on the ball B,,. Let € > 0
be given. Suppose that x,y € By, such that |z — y|| < e. We have

F(|(T2)(t) - (Ty) @)
< P (1t 2() =t y(®)] + |fy 9t 5. 2(5)) ds—fg (5. y(s ))ds])
§F<|f(t,x(t)) ft,y(t)) |+’f0 (t,s,x(s))ds| + ’fo ds)
< F (£t 2(6) = f(ty(0)] +2a(t) [y B )

for any ¢ > 0. From assumption (iii), there exists a number L > 0 such that

t)/o B(s)ds < e,
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for each ¢t > L. Thus, for an arbitrary ¢ > L we obtain

F((Ta)®) = (Ty)®) < F(fE2@) - fEy@)] +e)
< F(lz(8) —y®) +e)
< F(2),
and since F' is increasing, we obtain
(2.4) (Ta)() - (Ty)(O)] <25, (¢ > D).

Since the function g is uniformly continuous on the set [0, L] x [0, L] X [—rg, o], we
have lim. o w’(g,¢) = 0, where

wL(gag) = Sup{|g(t757$> - g(t,s,y) s € [OvL]v T,y € [_TO’TOL |.’E - y| < 5}‘

On the other hand, for an arbitrary fixed ¢ € [0, L], we have

F((T2)(t) ~ (Ty)(t)])
SFqum> ft.y wrwk (t, 5, 2(s))ds — [y g(t. ,y(s))ds|
SFOf,Mm f y(O)|+ fy wh(g.2)ds)

= F (I (t,2(8) — £t y(2)] + Lw* (g, »

< F(Jz(t) - y()I+Lw (9.¢))
and since F' is increasing we obtain

(2.5) (T2)(t) = (Ty) ()] < |2(t) = y(B)] + Lw"(g,¢),
for any ¢ € [0, L]. Finally, the continuity of T" on the ball B, is obtained from (2.4)
and (2.5).

Let X be an arbitrary nonempty subset of the closed ball B,,. Let ¢ > 0, L > 0,
z,w € X, and t’ > 0 be fixed. Choose t,s € [0, L] with |t — s| < e. Without loss of
generality, we assume that s < ¢. Then for any z,y € X we have

F(|(T2)(t) = (T)(s)| + [(T2)(t') - (T )( )
<F(|ft,z(t))+f0 (t, T, x(7))dr — f(s, ()) fo s, 7, x(7))dT|
+f(H, 2 t'))—|—f0 (t',s, z(s )ds—f( w(t fo (', s,w(s))ds|)
<F(|f(t$(t))— f(s,x(@)]+ | f(s,2(t)) — f( )+ 1 fy g(t, 7 2(7))dr
~ fy9(s, 7.2 )dT\+|f:9(5m$( ))dT|+\f(t' 2(t') = f(t' w(t'))]
))ds|)

—Hfo ))ds—fg, (', s,w(s
(

<F(w1(f,) | ssa(t)) = f(s,2(s)| + Lwi (g, )+ J1 lg(t, 7, x(7))ldr
HF, () = F(EwE)| + [y ot 5, 2()) — g(t',5,0(s))|ds)

< F(wi(fe)+|f(t,2(t) - f(s, ())I+Lw1 (97 )+8sup{a(8) (t) :t,s € [0, L]}
HFE 2(1) = F(t w(t')] +20(t) [y B
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< F(If(t,2() = f(s,z())] + [f (', 2(t) = F(E,w@))| + nf4(2) +7(E)),
where
wy (f,e) = sup{|f(t,x) — f(s,)| : t,5 € [0, L], & € [=ro,mo], |t — 5| < &}

w%(ga{f) = Sup{|g(t77—7x) 79(’9’7—71'” : t,S,T € [O,L], T e [77’();7’0}7 ‘t - S| S 6}7

and
nf4(e) = wi'(f,€) + Lwi (9,) + esup{a(s)B(t) : t,s € [0, L]},

)

A(t') = 20(t) / B(s)ds.

Notice that since f and g are uniformly continuous on the sets [0, L] x [—rg, ro]
and [0, L] x [0, L] x [~70, o], respectively, we have wl(f,e) — 0 and wl(g,e) — 0
as € — 0. In addition, since « and 8 are continuous functions on Rg , we have

sup{a(s)B(t) : t,s € [0, L]} < oo.

Note also that, from (2.2), we have v(¢') — 0 as ¢’ — co. Since, from assumption
(iv),
1fg() + () < F(0,2 (nf4(e) +7(t))),

using assumption (iii) we obtain

F(|(T)(t) = (Tx)(s)] + [(T=2)(t) = (Tw)(t')])
< (F =) (|l2(t) — 2(s)| + [2(t)) —w(t')] + 2nf,4(e) +27(t)).

Now, taking the supremum of the previous inequality as ¢, s € [0, L] with [t —s| < e
we get

F(w"(Tw,e) + |(T2)(t') — (Tw)(t)])
< (F—@)(wh(z,0)) + |2(t) —w(t')| + 2nf 4(c) + 27(t)).

Taking the supremum as z,w € X, we have
F (w"(TX,e) 4+ diam(TX)(t')) < (F—p)(w"(X,e))+diam X (¢')+2n7 ,(e)+27(t)).
Letting first ¢ — 0 and then L — oo we get

F (wo(TX) + diam(TX)(t')) < (F — ¢) (wo(X) + diam X (t') + 2~(¢')) .

Finally, taking the limit superior as ¢’ — co we obtain

t'—o0 t'—o0

F (wO(TX) + lim sup diam(TX)(t’)) < (F— ) (wo(X) + lim sup diamX(t’)) .
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This can be restated as

F(u(TX)) < F(u(X)) — ¢(u(X)),

in which p is the measure of noncompactness given in (2.1). Now, Theorem 1.1
gives the desired result. [J

Example 2.2. Consider the functions given in Example 2.1. An easy application
of Theorem 2.1 shows that the integral equation

t 2se~tsin® z(s)

t) = 2|sin(¢ —=d t e RY
o) = 2sin()| + [ Fmm s (e my)
has a solution in the Banach space BC(R).
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Abstract. In this paper, we study the uniqueness of linear differential polynomials
of meromorphic functions when they share a set of roots of unity. Our results shall
generalize recent results.

Key words: Meromorphic function, Sharing set, Linear Differential polynomial, Unique-
ness.

1. Introduction and main results

In this paper, by meromorphic function we shall always mean a meromorphic
function in the complex plane. We adopt the standard notations in the Nevanlinna
Theory of meromorphic functions as explained in [5, 13, 14]. It will be convenient to
let E denote any set of positive real numbers of finite linear measure, not necessarily
the same at each occurrence.

For any non-constant meromorphic function f, we denote by S(r, f) any quantity
satisfying S(r, f) = o(T'(r, f)) as r — oo, r ¢ E. A meromorphic function a is said
to be small with respect to f if T'(r,a) = S(r, f). We denote by S(f) the collection
of all small functions with respect to f. Clearly CU{oo} C S(f) and S(f) is a field
over the set of complex numbers.
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For any two non-constant meromorphic functions f and g, and a € S(f)NS(g),
we say that f and g share a IM(CM) provided that f —a and g — a have the same
zeros ignoring(counting) multiplicities.

During the last few decades the uniqueness theory of entire or meromorphic
functions has developed as an active sub-field of the value distribution theory. The
main interest of the uniqueness theory is to determine an entire or meromorphic
function uniquely satisfying some necessary conditions.

In 1997 Yang and Hua [6] studied the unicity problem for meromorphic functions
and differential monomials of the form f"f(), when they share only one value. S.
S. Bhoosnurmath and R. S. Dyavanal [3] extended the Yang-hua’s results to the
case of (f™)*),

Definition 1.1. Let f be a non-constant meromorphic function. An expression
of the form

u

(1.1) P =Y IT (79"
k=1 7=0

where a;, € S(f) for k = 1,2,...... ,u and l; are non-negative integers for k =
L 2w § =0, 1, 2,,pand d = 30_ (i, for k= 1,2,......,u, is called a
homogeneous differential polynomial of degree d generated by f.

In 2019, Bhoosnurmath, Chakrabarty and Srivastava [4] proved that for a non-
constant homogeneous differential polynomial P[f], the equation P[f] = 1 has
infinitely many zeros.

To state the result we need the following definition.

Definition 1.2. For a meromorphic function f and a set S C C, we define
E¢(S) = Uues{zlf(2)—a = 0}, counting multiplicities; E¢(S) = J,cq{z[f(2)—a =
0}, ignoring multiplicities. If E¢(S) = E¢(S) (Ef(S) = E4(S)), then we say that f
and g share S CM (IM). Evidently, if S contains only one element then it coincides
with the usual definition of CM (respectively IM) shared values.

Recently in 2018 V. H. An and H. H. Khoai [7] have proved the following unique-
ness theorem of meromorphic functions.

Theorem 1.1. Let f and g be two non-constant meromorphic functions. Let k,
d, n be three positive integers with n > 2k + %js, d>2and S={acC:a%=1}.
If (f)*) and (g™)*) share S CM, then one of the following holds:

1. f(z) = c1e*, g(z) = cae™ %, where c1, co and ¢ are three non-zero constants
such that (—1)%4(cicz)"d(ne)?* = 1.

2. f =tg for somet € C such that t"® = 1.

Question 1.1. Regarding Theorem 1.1, a natural question to asked: Can CM be
replace by IM keeping the same conclusion?
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In 2020 Dilip et al. answered the above question positively and proved the following
theorem.

Theorem 1.2. [11] Let f and g be two non-constant meromorphic functions. Let
k, d, n be three positive integers with n > 2k + 8’2%14, d>2and S={acC:a=
1} If ()% and (g*)*) share S IM, then one of the following holds:

1. f(z) = c1e®*, g(z) = cae™ %, where c1, co and ¢ are three non-zero constants
such that (—1)%4(cyco)™ (nc)? 4 = 1.

2. f =tg for somet € C such that t"® = 1.

Now we recall the notion of weighted sharing which appeared in the literature
in ([8, 9]) as this definition paves the way for future discussions as far as relaxation
of sharing is concerned. In the following definition, we shall explain this notion.

Definition 1.3. [8, 9]. Let [ be a non-negative integer or infinity and a € S(Jf).
We denote by Ej(a, f) the set of all zeros of f — a, where a zero of multiplicity m
is counted m times if m <1 and [ + 1 times if m > [. If Ej(a, f) = Ei(a,g), we say
that f, g share the function a with weight [. We write f and g share (a,l) to mean
that f and g share the function a with weight . Since E;(a, f) = Ej(a, g) implies
that E(a, f) = FEs(a, g) for any integer s(0 < s <), if f, g share (a,l), then f, ¢
share (a,s), (0 < s <I). Moreover, we note that f and g share the function a IM
or CM if and only if f and g share (a,0) or (a, o) respectively.

Definition 1.4. Let S be a set of distinct elements of C U {oo} and [ be a non-
negative integer or co. We denote by Ey(S,1) the set E;(S,1) = J,cq Ei(a, f). We
say that f and g share the set S with weight [ if E¢(S5,1) = E,4(S,1) .

Definition 1.5. Let f be a non-constant meromorphic function. Then we denote
by L(f) a differential polynomial of the following form: L(f) = f® for k=1, 2, 3
and L(f) = Zf;f ajf(j) + f®) for k > 4, where a1, as, ..... ,ai_3 are constants.

In 2020 Lahiri et al proved the following theorem which improved and generalized
Theorem 1.1.

Theorem 1.3. [10] Let f and g be two non-constant meromorphic functions shar-
ing (00,0) and k, d, n be three positive integers with n > 2k + %, d > 2. Let
S={a€C:a?=1}. If L(f") and L(g") share (S,2) then one of the following
holds:

1. L(f™) = hL(g") for some h € C such that h® = 1.

2. f(z) = c1e%®, g(z) = cae”°*, where ¢1, ca and ¢ are three non-zero constants
such that

k—3 4 k—3 4
(cre2)™ AZaj(nc)] + (ne)* 3 + AZaj(—nc)J +(—ne)* p =h

and h® =1, and A=0ifk=1,2,3 and A=1if k> 4.
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In this paper, we shall prove the following result:

Theorem 1.4. Let f and g be two non-constant meromorphic functions sharing
(00,0). Letk (>1),1(>0),d(>2),n (>1) be integers and S = {a € C: a? = 1}.
If L(f™) and L(g™) share (S,1) with one of the following conditions:

(1) 1> 2 and

(1.2) n> 2%+ %;8,
(5) l=1 and
(1.3) n> 2k + 3k;9,
(#4) 1 =0 and
(1.4) n>2k+8k;14,

then one of the following holds:

1. L(f™) = hL(g"), where h® = 1;

2. f(2) = c1e®, g(z) = cae™“*, where ¢y, co and ¢ are three non-zero constants
such that

k—3 k—3
(c1e2)™ AZaj(nc)j + (ne)* » + AZ aj(—nc)! + (—nc)* § =h
j=1 j=1

and h® =1, and A=0ifk=1,2,3 and A=1ifk > 4.

Corollary 1.1. Let f and g be two non-constant entire functions. Let k (> 1),
[ (>0),d(>2),n(>1) be integers and S = {a € C : a® = 1}. If L(f™) and L(g")
share (S,1) with one of the following conditions:

(i) 1> 2 and
n>2kj+2k+4,
d
(i5) l=1 and
n>2k+5k2§9,
(#5) 1 =0 and
n>2k+5k;7,

then one of the following holds:
1. L(f") = hL(g"™), where h? = 1;
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2. f(z) = c1e®, g(z) = cae™ %, where c1, co and c are three non-zero constants
such that

k—3 A k—3 .
(c1e2)" < A Zaj(nc)J + (ne)* 3 + AZa]—(—nc)J +(—ne)* } =h
j=1 j=1

and h® =1, and A=0ifk=1,2,3 and A=1if k> 4.

Corollary 1.2. Let f and g be two non-constant meromorphic functions sharing
(00,0). Letk (>1),1(>0),d (>2),n (>1) be integers and S = {a € C : a® = 1}.
If (f)*®) and (g™)*) share (S,1) with one of the following conditions:

(1) 1 >2 and

n > max{3, 2k + Zk;r 8},
(ii) I =1 and

n > max{3, 2k + 3k;— 9},
(1) L =0 and

k+14
n>max{3,2k+8; }s

then one of the following holds:

1. f =wg, where w" =1;

2. f(z) = c1e®®, g(z) = cae” %, where ¢1, c2 and c are three non-zero constants
such that (—1)%4(ciez)™(ne)?e = 1.

2. Lemmas

In this section we present some lemmas which will needed in the sequel. Let F
and GG be non-constant meromorphic functions and H be another function which is
defined as follows:

F(@2) F@ (2) (1)
(2.1) g (B2 o (G0 G

FQ) F-1 Gm G-1
Lemma 2.1. [12, 1] Let f be a non-constant meromorphic function and let ag, ay,
iy @ (Z 0) be small functions with respect to f. Then

T(r, Anf™ 4 a1 f7 4+ ao) =nT(r, f)+ S(r f).

Lemma 2.2. [5] Let f be a non-constant meromorphic function and let k be a
positive integer. Then

T(r, L(f)) < (k+1)T(r, f) + S(r, ).
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Lemma 2.3. [10] Let f be a non-constant meromorphic function and k, n be
positive integers with n > k+2, a € C\ {0}. Then

n—k—2

—— T(r7f)<N(r,

1
e _a) L S(r ).

Lemma 2.4. [10] Let f be a non-constant meromorphic function and k, n be
positive integers with n > 2k. Then

fn k
L(f)

(0) (n=2k)T(r,f)+ kN(r, f)+ N ( ) <T(r,L(f") + S(r, f).
fn k
L(f")

Lemma 2.5. [10] Let f and g be two non-constant meromorphic functions sharing
(00,0) and k, n be integers with n > k+ 1. If L(f™).L(¢™) = h, h € C\ {0}. Then

f(z) = c1e®®, g(z) = cae™ %, where

(ii) N (7’, > <KT(r, f)+kN(r, f) + S(r, f).

(c1e2)” AZ(LJ ne)? + (ne)® § + AZaJ —ne)l 4 (=ne)* p =h

and h®=1and A=0ifk=1,2,3 and A=1ifk > 4.

Lemma 2.6. [1] If F and G be non-constant meromorphic functions sharing (1,1)
then

(2 -~
QNL( T 7o 1)+2NL( » G— 1)+NE ( apl_l)_NF>2(r7ﬁ) < N(T,ﬁ)—N(’/‘,ﬁ)
+S(r, F)+ S(r,G).

Lemma 2.7. [1] If F and G be non-constant meromorphic functions sharing (1,1)

then
Niesa(r k) < AN F) + 5N ) = Mo o),

Lemma 2. 8 [2] If F and G be non constant meromorphic functions sharing (1,0)
then Np(r, ) < N(r,F) + N(r, &) + S(r, F).

Lemma 2.9. Letl be a non-negative integer or infinity. F and G be non-constant
meromorphic functions sharing (1,1) and H as defined in (2.1). If H # 0, then
(i) If 1 > 2, then

T(r,F) <2N(r,F)+2N(r,G) + Na(r, l) + Na(r, é) +S(r, F)+ S(r,G).

F
(ii) If 1 = 1, then

T(r,F) < 3N(r,F)+2N(r,G) + Na(r, +) + Na(r, &)
S(r,F)+ S(r,G).

+
N|—

=
=
=
+



Linear Differential Polynomials Weighted-Sharing a Set of Roots of Unity 339
(#i) If 1 = 0, then

T(r,F) <AN(r,F) +3N(r,G) + Na(r, ) + Na(r, &)
+2N(r, % + N(r, é) +S(r, F)+ S(r,G).

The same inequality holds for T'(r,G).

Proof. By second fundamental theorem of Nevanlinna we have

T(r,F)+T(r,G) < N(r,F)+ N(r, )+N(,F£1)+N(T,G)+W(r7é)
(2.2) +N(r, g=7) = No(r, 7r7) — No(r, gtry) + S(r, F) + S(r, G),

where Ny(r, ﬁ) denotes the counting function corresponding to the zeros of F(1)
which are not the zeros of F' and F' — 1. Similarly defined Ny(r, ﬁ)

We consider the following cases:

Case 1: [ > 1. Then from (2.1) we have

NE (7 727) < NG ) < T(r, H) + 0(1) < N(r, H) + 5(r, F) + 5(r,G)
SN(r, F)+ Neo(r, ) + N(r,G) + No(r, §) + Nio(r, 71) + Ni(r o)
+No(r, F%l) + No(r, G(l)) S(r, F) + S(r, G),

N, 75) + N gh) = NE (751) + Vol wp) + Nl gby)
N (r751) + N ghy) NG F) + N, G) + N §)
)

@

G).

+N(2( )+2NL(7F 1)+2NL(7G 1)+N(E'2<
(2.3) +N(r, G—)+N0(,F(l))+No(,G(1))+S(r Fy+ S

Subcase 1.1: [ = 1. Using Lemmas 2.6 and 2.7 we get

@ -
2N L(r 1) + 2N (. 5hp) + N (o 7y ) + Nl gby) < N )
1

1
+Npso(r, 1) < N(r, g=1) + 5N(r, F) + 3N (r, &) — 5No(r, 7a)
(2.4) +S(r,F) + S(r, Q).

Thus from (2.3) and (2.4) we have
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Now we deduce from (2.2) and (2.5) that

T(r,F) <2N(r,F)+2N(r,G)+ N(r, %)+ N(r, &) + Na(r, +)
+Nao(r, &) + 3N(r, F) sN(r, )+ S(r,F)+ 5(r,G) < 2N(r, F)
+2N(r,G) + Na(r, &) + Na(r, &) + 3N(r, ) + S(r, F) + S(r, G).

Subcase 1.2: [ > 2. For this case we have
_ L _ 1 —(2
zva(r,ﬁ)+2NL(r,ﬁ)+NE ( r, 1) +N(r, &)
(2.6) < N(r, &)+ S(r,F) + S(r,G).
From (2.2), (2.3) and (2.6), we get

T(r,F) <2N(r,F)+2N(r,G)+ N(r, ) + N(r, &) + N2(r ,F)
+Nao(r, &)+ S(r, F) + S(r,G) <2N(r, F) + 2N (r,G) + Na(r, +)

Case 2: [ = 0. Then we have

Ny (r. =) = N (r =) + 5(r.C),
1 —(2
Ng( F—1) :NE(Tar)+S(TaG)-

From (2.1) we have

N(r o= 1)+N( G1—1):N;(ﬁﬁ)-i—ﬁg(r,ﬁ)q_ﬁdnﬁ)
+NL(r, g1) + N(r, 1) < Np (r, 55) + No(r, 75) + N (r gip)
<N F)+N(r,G)+ Na(r, £) + No(r, &) + 2No(r, 755) + No(r, 545)
(2.7) +N(r, gh5) + No(r, 77) + No(r, ) + S(r, F) + S(r, G).

y (2.7) and Lemma 2.8 we get from (2.2)

T(r, F) < W(TF)+2N(TG)+N(7F)+N(,G)+N(2( LY+ N(r, &)
+2N(r,F) +2N(r, +) + N(r,G) + N(r, &) + S(r, F) + S(r,G) < 4N(r, F)
+3N(r,G) 4+ No(r, ) + Na(r, &) + 2N(r, £ + N(r, &) + S(r, F) + S(r, G).

3. Proof of Main the Theorem

Proof of Theorem 1.4:
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Proof. Let

F={L(f")}" and G = {L(g")}".
Since n > k + 3, from Lemma 2.3 with the value 1, it implies that L(f™) = 1 has
infinitely many solutions. So EL(fn)(S) # ¢. Similarly FL(gn)(S) # ¢. Also by the
hypothesis F', G share (1,1).
By Lemmas 2.1, 2.2 and 2.4, we get

(n=2K)T(r, /) <T(r, L(f")) + S(r, f) < (k+ )T (r, ") + 5(r, f)
< (k+DnT(r, f) +5(r, f)

and

(n—=2k)T(r,g) <T(r,L(g")) + S(r,9) < (k+1)T(r,g") + S(r, 9)
1

Also we have

(3.1) S(r,F)=S(r,L(f")) = S(r, f)
and
(3:2) S(r,G) = S(r,L(g")) = S(r,9).

Now, if a is a zero of L(f™), then F(a) = 0 with multiplicity > 2. By (ii) of
Lemma 2.4 we get

R J— n k

NZ(T’ %) = N (r7 L(}'n)) S 2N (r7 fﬂ k) +2N( 7L(fn))
ok k

+2N (7 7y ) <270, ) +2N (1, 7y

+ 2kT(r, f) + 2kN(r, f) + S(r, f)
(r, f) +2kN(r, )+ S(r, f).

Na(r, &) = 2N (7, 7tk ) < 27(r,9) + 2N (1, #5525 ) + S(r,9)
(3.4) <2(k+1)T(r,g) +2kN(r,g) + S(r,9).

Case 1: H # 0. Then by Lemma 2.9 we get following subcases:
Subcase 1.1: If [ > 2, then

T(r,F) < Na(r, &) + Na(r, &) + 2N(r, F) + 2N (r, G)
(3.5) +S(r, F)+ S(r,G).

Using (3.1)—(3.4) in (3.5) we get

T(r AL(f")}) < (2K + DT, f) + 26N(r, f) +4T(r, ) + 2N (1, 105 )
(3.6) +S(r, )+ S(r, g).
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Similarly,

T(r{L(g")}") < (2k + 4)T(r.g) + 2N(r.) +47(r. ) + 2N (r. {17
(3.7) +S(r, f) +S(r,9).
Adding (3.6) and (3.7) we obtain

T(r, {L(f")}") +T(r,{L(g ")} ) < (2k + 8){T( ) +T(r, )} +2k{N(r, f)
(88)  +N0.9)} +2N (7 fpmy ) + 2N (r, f5my ) + S, 1) + S(r,9).

By Lemma 2.4 we get

a{(n=2W)T( ) + kN, )+ N (1 f7) }
(3.9) <T(r AL} + S, f)

d {(n —2k)T(r,g) + kN(r,g) + N (r, Z;g)}
(3.10) < T(r{L(g")}*) + S(r.9).
Combining (3.9), (3.10) and using (3.8) we get
d(n = 2k){T(r, f) + T(r,9)} + dk{N(r, f) + N(r,g)} + dN (’“ %)
AN (1, #55) < 2k + )T 1) + T(r,9)} + 2N (1, £175)

(311)  +2k{N(r )+ N g)h +2N (1. £ ) + S0 )+ S(r,9).

Since d > 2 we have

fn k fn k

(3.12) ¥ (v f7m) 22 (n )
gn—k gn—k

(3:19) o (r F1 ) 22 (i )

and

(3.14) dk{N(r,f)+ N(r,g9)} > 2k{N(r, f) + N(r,9)}.

Using (3.12)—(3.14) we get from (3.11)
d(n = 2k){T(r, ) + T(r,9)} < 2k +8{T(r, ) + T(r, 9)} + S(r, f) + 5(r, 9)-
Therefore d(n — 2k) < 2k + 8 = n < 2k + 2£58_ which contradicts (1.2).
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Subcase 1.2: [ =1, then

T(T‘ F) < %N( Ty ) +2N(T7 G) +N2(T7 %) +N2(Tv é)
(3.15) +3N(r, )+ S(r, F) + S(r,G).

Using (3.1)—(3.4) in (3.15) we get

T(r, {L(f)}) < 3k +5)T(r. f) + 26N (1, f) + 4T (r,9) + 2N (7, #5775
(3.16) +S(r, )+ S(r, g).

Similarly,

T(r, {L(g")}") < (3 +5)T(r, ) + 26N (1, ) + 4T(r, f) + 2N (r, £1725 )
(3.17) +S(r, f) + S(r, 9).

~—

Adding (3.16) and (3.17) we obtain

T(rAL(f")}) + T(r{L(g")}) < (3k+9){T( H+T(rg)} + 26{N(r, f)
(3.18) +N(r,g)}+2N( ,L(fn)) +2N< , t )) + S(r, f) + S(r, 9).

Combining (3.9), (3.10) and using (3.18) we get
d(n — 26){T(r, f) + T(r, g)} + dk{N(r, ) + N(r,g)} + dN (r f(’k))
AN (1, £55) < Bk +9){T( /) + T(r,9)} + 2N (r, 175

(3819)  +2k{N(r /) + N(r, )} + 2N (v, f07 ) + S, /) + S(r,9).

Using (3.12)—(3.14) we have from (3.19)

343

d(n = 2k){T(r, f) +T(r,9)} < Bk +I{T(r, f) + T(r,9)} + S(r, f) + S(r,9).

Therefore d(n — 2k) < 3k +9 = n < 2k + 352 which contradicts (1.3).

Subcase 1.3: [ = 0, then

T(r,F) <4N(r,F) +3N(r,G) + Na(r, £) + Na(r, &) + 2N(r, &)
(3.20) +N(r, &)+ S(r,F)+ S(r,G).
Using (3.1)—(3.4) in (3.20) we get
T(rAL(f")}7) < (6k + 8) (r, f) +2kN(r, ) + (2k + 6)T'(r, g)
(3.21) 2N (7, 177 + S(r,£) + S(r, 9).
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Similarly,
T(r,{L(g")}) < (6k + 8) (r,g) +2kN(r, g) + (2k + 6)T(r, f)
(3.22) +2N (7, {7y ) + S, )+ S(r,9).
Adding (3.21) and (3.22) we obtain
T(rAL(f")}) + T(r, {L(g™)}") < 8k + 1){T(r, ) + T(r, 9)} + 2k{N(r, f)
(3.23)  +N(9)} +2N (7, £y ) + 2N (1, £y ) + S, 1) + S(r,9).

By (3.9), (3.10) and (3.23) we get

d(n = 26T (r. ) + T(r.g)} + dk{N (r, f) + N(r, )} + dN (r. {775 )
LN (T, %) < (8k 4+ 14){T(r, f) + T(r, )}+2N( 7L(f"k))

(8:24)  +26{N(r.f) + N(r,g)} + 2N (v, 157 ) + S0 1) + 5(r,9).

Using (3.12)—(3.14) in (3.24) we obtain
d(n - Qk‘){T(T, f) + T(Tv g)} < (8k + 14){T(Ta f) + T(T’ g)} + S(T’ f) + S(’I“, g)'

Therefore d(n — 2k) < 8k + 14 = n < 2k + %414 which contradicts (1.4).
Case 2: H = 0. Integrating twice we get

1 A

G- 1 rF1 P
where A (# 0) and B are constants.
Thus

_ (B+1)F+(A-B-1)

(3.25) O T BFr(A-D)
and

B—-A A-B-1
(3.26) Fol )G+ ( )

BG— (B+1)

Next we consider the following three subcases :
Subcase 2.1: B # 0, —1. Then from (3.26) we have

— 1 —
N (ﬂGE;g_l) =N(r, F).
By Nevanlinna second fundamental theorem
T(r,G) SN(.G)+ N1, ) + N (r. g ) + 5, )
= N(T’, G) + NQ(Ta é) + N<T7 F) + S(T, G)7
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T(r {L(g")}) < 2T, 9) + 2N (7, #1507 ) + N(1:9)
(3.27) +N(r, )+ S(r, )+ S(r,9).
If A— B—1#0, then it follows from (3.25) that

_ 1 1
N (Ta F_A+m1> =N(r. 5)-

B+1
Again by Nevanlinna second fundamental theorem we have
T(r,F)<N(r,F)+N(r,5)+ N (7", F%+B+1> +S(r, F)
B+1

< N(r,F) + Na(r, ) + Na(r, &) + S(r, F) + S(r, G),

T L™} < N(r, ) +2T(r, f) + 2N (1, {775
(3.28) +2kN (r, g) + 2(k + 1)T(r,g) + S(r, f) + S(r, g).
Combining (3.9), (3.10) and using (3.27), (3.28) we get
d(n = 26){T(r, f) + T(r, )} + dk{N(r, f) + N(r,9)} + AN (r, {75
+dN( ,L(g”)) < 9T(r, f) + (2k + 5)T(r, g) +2N( ,L:f,f‘))

(3:29) 42N /) + N, g)} +2N (1, f505) + 50, ) + (1, 9).

v

By using (3.12)-(3.14) in (3.29), we obtain

(n—2k:—§)T(r,f)+(n—2k—2k+5

)T (r,g9) < S(r, f) + S(r,9),

2kz+5

= (n—2k - KT f) +T(r,9)} <S(r f) +5(r,9),

which contradict our assumpt1ons (1.2)—(1.4).
Therefore A — B —1 = 0. Then by (3.25)

_ 1 _
N — | = N(,G).
(nFrg) =700

By Nevanlinna second fundamental theorem and Lemma 2.4 we get

T(r,F) < N(T,F)+N(T,F1,)+N<T,F_|1_1)+S(T,F)
B
T,l)+N(T,G)+S(T,F),

S N(T7F)+N2( F
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n—~k

(3.30) + S(r, f)+S(r,9).

> +N(r,9)

Adding (3.9), (3.10) and using (3.27), (3.30) we get
d(n = 2k){T(r, )+ T(r,g)} + dk{N(r, f) + N(r,9)}
+aN (7, {7y ) + AN (r, #1025 ) < 27Cr, f)+27(ng)+2Af03fG%>

(831)  +2(N(r.f)+ N(r.g)} + 2N (r, &) + S(r, ) + S(r, 9).

By using (3.12)—(3.14) we get from 3.31

(n = 2% = 2){T(r. £) + T(r, )} < (s, ) + 5(r,9).

which again violate assumptions (1.2)—(1.4).

Subcase 2.2: B = —1. Then

A
G_A+1—F
and (1+4)G—A
+ .
F:
G
If A+ 10,

By similar argument as Subcase 2.1 we get a contradiction.

Therefore A +1 = 0 then FG = 1 = {L(f")}*{L(g")}? = 1. Thus we get
L(f™).L(g") = h, where h* = 1. Then by Lemma 2.5 we get possibility 2. of the
Theorem.

Subcase 2.3: B = 0. Then (3.25) and (3.26) gives G = 4= and F = AG+1- A

IFA=1#0,N (r,5tp) = N(r. &) and N (r, gt ) = N(r, ). Proceeding
A

similarly as in Subcase 2.1 we get a contradiction.

Therefore, A —1 =0 then F = G i.e., L(f™) = hL(g") for some h € C such that
h¢ = 1. This completes the proof. [J

Proof of Corollary 1.2:
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Proof. Putting L(f™) = (f*)*) and L(g") = (¢")™* we get the following cases from
Theorem 1.4.
Case A. (f")*) = h(g™)*) where h? = 1.
By Case I of Theorem 1.2 of [10] we get the possibility 1.
Case B. (f*)®).(g")*) = h where h? = 1.
For L(f™) = (f™)® and L(g") = (¢")* in Lemma 2.5 we get the possibility 2.
O
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Abstract. In this paper, we have introduced generalized (o, 1, ¢)-contractive maps
and proved the existence and uniqueness of fixed points in complete S-metric spaces.
We have also proved that these maps satisfy property (P). The results presented in
this paper extend several well known comparable results in metric and G-metric spaces.
We have provided an example in support of our result.
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1. Introduction and Preliminaries

Over the past two decades the development of fixed point theory in metric spaces
has attracted considerable attention due to numerous applications in various areas.
Finding the existence of fixed points of a self map by considering more general
ambient spaces is an interesting aspect. In this course of development, some authors
have tried to give generalizations of metric spaces in various ways. In 2005, Mustafa
and Sims [13] introduced a new structure of metric spaces which are called G-metric
spaces as a generalization of metric spaces to develop and introduce new concepts on
contraction maps and proved the existence of fixed points of various mappings in this
new space. For more works on G-metric spaces, we refer [3, 14, 21]. In 2007, Sedghi
[18] introduced D*-metric spaces which is a probable modification of the definition
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of D-metric spaces introduced by Dhage [7] and proved some basic properties of
D*-metric spaces [17, 18]. In 2012, Sedghi, Shobe and Aliouche [19] introduced a
new concept on metric spaces, namely S-metric spaces and studied some properties
of these spaces. Sedghi, Shobe and Aliouche [19] asserted that S-metric space is a
generalization of G-metric space. But, very recently Dung, Hieu and Radojevic [8]
have verified by example (Example 2.1 and Example 2.2) that S-metric space is
not a generalization of G- metric space or vice versa. Therefore, the classes of G-
metric spaces and S- metric spaces are different. Recent papers dealing with fixed
point theorems for mappings satisfying certain contractive conditions on S-metric
spaces can be referred in [1, 2, 8, 12, 15, 16, 20].

Now we provide some preliminaries and basic definitions which we use throughout
this paper. We start with a G- metric spaces introduced by Mustafa and Sims [13].

Definition 1.1. [13] Let X be a non-empty set, G : X3 — [0,00) be a function
satisfying the following properties:

(Gl) G(z,y,2)=0ifx =y =z,

(G2) G(z,z,y) >0 for all x,y € X with = # y,

(G3) G(z,z,y) < G(x,y,2) for all z,y,z € X with y # z,

(G4) G(z,y,2) = G(z, z,y) = G(z,z,y) = ... (symmetry in all three variables),
(G5) G(z,y,2) < G(z,a,a)+ G(a,y, z) for all z,y,z,a € X (rectangle inequality).

Then the function G is called a generalized metric (G-metric) and the pair (X, G)
is called a G-metric space.

Definition 1.2. [11] A mapping ¢ : [0,00) — [0,00) is said to be an altering
distance function if it satisfies: (i) 1 is continuous (i) @ non-decreasing and
(#61) (t) =0 if and only if ¢ = 0.

We denote the class of all altering distance functions by W.

We denote ® = {¢ : [0,00) — [0,00) ¢ is continuous and non-decreasing}.

Remark 1.1. [4] If ¢ € ¥ and ¢ € ¢ with the condition (t) > ¢(¢) for all ¢ > 0, then
©(0) = 0. Therefore ¢ € .

Definition 1.3. [9] Let X be a non-empty set and T be a self map of X. We
denote the set of all fixed points of T by F(T'), where F(T) # @. Then, T is said
to satisfy property (P) if F(T') = F(T™) for all n € N.

Here we note that even though, a map f : X — X has a unique fixed point, it
may not have property (P).

In [4] Bousselsal et.al proved the existence and uniqueness of fixed points and
property (P) in G-metric spaces.
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Theorem 1.1. [4] Let (X,G) be a complete G-metric space and f : X — X be a
mapping. If there exists ¥ € ¥ and ¢ € ® with the condition ¥(t) > p(t) for all
t > 0, such that

(1.1) W(G(fz, fy, f2)) < o(max {G(z,y,y),G(z, fz, fx),G(y, fy, fy),

G(z, f2, f2),aG(fx, fo,y)+(1-a)G(fy. fy. 2), BG(z, fz, f2)+(1=B)G(y. fy. fy)})

for all z,y,z € X, where o, 8 € (0,1).
Then f has a unique fized point (say u) and f is G-continuous at u. Further, f has
property (P).

Note: In view of Remark 1.1, we can choose ¢ € ¥ in Theorem 1.1.
Remark 1.2.
Since max {G(z,y,2),G(=, fz, fr),G(y, fy, fy),G(2, fz, f2),aG(fz, fz,y)

+(1 - a)G(fy, fy,2), BG(z, fz, fz) + (1 — B)G(y, fy, fy)}
=max {G(z,y,2),G(z, fz, fx),G(y, [y, fy), Gz, [z f2),aG(fz, fx,y)
+(1 - Oé)G(f:% fy7 Z)}

so that we need not consider the 5 terms in the inequality (1.1).
In 2012, Sedghi, Shobe and Aliouche [19] introduced S-metric spaces as follows:

Definition 1.4. [19] Let X be a non-empty set. An S—metric on X is a function
S : X3 — [0,00) that satisfies the following conditions: for each z,y,z,a € X

(S1) S(z,9,2) >0,
(S2) S(z,y,z)=0ifand only if x =y =2z and
(S3) S(z,y,2) < S(x,x,a) + S(y,y,a) + S(2,2,a).
The pair (X,S) is called an S-metric space.

Example 1.1. (Example 2.4 [19]). Let (X, d) be a metric space. Define S : X* — [0, 00)
by S(z,y,z) = d(z,y) +d(z,z) +d(y,z) forall z,y,z € X. Then S is an S-metric on X.
This S-metric is called the S-metric induced by the metric d.

Example 1.2. (Example 1.9 [8]). Let X =R and let S(z,y,2) = |y + z — 22| + |y — 2|
for all z,y,z € X. Then (X, S) is an S-metric space.

Example 1.3. (Example 2.2 [8]). There exists an S-metric which is not a G-metric.
Let (X, S) be the S-metric space in Example 1.2. We have

S(1,0,2) = [0+2—2[+]0—2] =2,5(2,0,1) = [0+1— 4] +]0 — 1| = 4.

Then S(1,0,2) # S(2,0,1). So that (G4) fails. Hence S is not a G-metric.
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Example 1.4. (Example 2.1, [8] ). There exists a G-metric which is not an S-metric.
Let X = {a,b}. Define G : X* — [0,00) by G(a,a,a) = G(b,b,b) = 0, G(a,b,b) =
2, G(a,a,b) =1 and extend G to all X® by using (G4). Then G is a G-metric but not
an S-metric. Since 2 = G(a,b,b) £ 1 = G(a,a,b) + G(b,b,b) + G(b,b,b). This shows that
G is not an S-metric on X.

Remark 1.3. From Example 1.3 and Example 1.4, we can conclude that the class of
S-metrics and the class of G-metrics are distinct.

The following lemmas are very useful in our subsequent discussions in proving our
main results.

Lemma 1.1. [19] In an S-metric space, we have S(z,z,y) = S(y,y,z).

Lemma 1.2. [8] Let (X,S) be an S-metric space. Then
(i) Sz, 2,2) <25(x,x,y) + S(y,y,2) and
(i5) S(z,z,2z) < 2S(z,z,y) + S(z,2,y).

Definition 1.5. [19] Let (X,.S) be an S-metric space. We define the following:

(i) A sequence {z,} in X converge to a point x € X if S(zp,z,,x) — 0
as n — oo. That is, for each € > 0, there exists ng € N such that for all
n = ng, S(Tp,Tn,x) < e and we denote it by lim z, = x.
n—oo

(ii) A sequence {z,} in X is called a Cauchy sequence if for each ¢ > 0, there
exists mg € N such that S(z,, 2y, zm) < € for all n,m = ng.

(iii) The S-metric space (X, S) is said to be complete if each Cauchy sequence in
x is convergent.

Definition 1.6. [12] Let (X,S) and (Y,S’) be two S-metric spaces. Then the
function f: X — Y is S-continuous at x € X if it is S-sequentially continuous at
x, that is, whenever {z,} is S-convergent to x, we have f(x,) is S’-convergent to

f(@).

Lemma 1.3. [19] Let (X,S) be an S-metric space. If the sequence {xp} in
X conwverges to x, then x is unique.

Lemma 1.4. [19] Let (X, S) be an S-metric space. If there exists sequences {x,}

and {y,} in X such that lim z, =z and lim y, =y, then
n—oo n—oo

lim S(xnaxnayn) = S(Z,I,y).

n—oo

Lemma 1.5. [1] Any S-metric space is a Hausdorff space.

In 2012, Sedghi [19] proved an analogue of Banach’s contraction principle in
S-metric space.
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Definition 1.7. [19] Let (X,S) be an S-metric space. A map f: X — X s
sald to be an S-contraction if there exists a constant 0 < A < 1 such that
S(f(@), f(z), f(y)) < AS(z,z,y) for all z,y € X.

Theorem 1.2. [19] Let (X,S) be a complete S—metric space and f : X — X be
a contraction. Then f has a unique fized point w € X. Furthermore, for any x € X
we have le M (x) =w with S(f™(x), f*(x),u) < fii(Sm,x,f(x))

n—oo

We now introduce the following definition.

Definition 1.8. Let (X,S) be an S-metric space. Let f : X — X be a self map
of X. If there exists o € (0,1) and ¢, ¢ € ¥ such that

(1.2) W(S(fz, fy, f2)) < p(max {S(z.y.2), S(x, , fx),S(y.y. y),

S(z,zjz),aS(f:r,fx,y) + (1 _Q)S(fy,fy,z)})

for all z,y,z € X. Then we say that f is a generalized («, ), p)-contractive map
on X.

Remark 1.4. We note that S-contraction map is a generalized (a, ¥, p)-contraction map
with ¢(¢t) =¢, for allt >0 and ¢(t) = At, for all ¢ > 0 where X is an S-contraction
constant. But its converse is not true (Example 3.1). Thus the class of S-contraction map
is a proper subset of the class of all generalized («a, v, ¢)-contraction map.

Hence we study the existence of fixed points of generalized (o, 1, p)-contractions in
S-metric spaces.

2. Main Results

We start this section with following lemma which is useful in proving our main
results.

Lemma 2.1. Let (X,S) be an S-metric space and {x,} be a sequence in X such
that

(2.1) lim S(zp,Zn, Tpy1) = 0.

n— oo

If {x,} is not a Cauchy sequence, then there exists an € > 0 and two sequences
{my} and {ny} of positive integers with my > ny > k such that

(2.2) S(Tmg> Tmgs Tng) = €8 (Tmp—1, Tme—1,Tn,,) < € and

(i) B S, @y n,) = €,

(”) klggo S(xmk7xmk7xnk71) =6



354 G. V. R. Babu and B. K. Leta

(4id) kli,lgo S(Tmp—1sTmy—15 Tnj—1) = €.

Proof. Let {x,} C X be not Cauchy. Then there exists an € > 0 and two sequences
{my} and {ny} of positive integers with my, > nj, > k such that

(23) S(.’l?mk,l'mk,xnk) 2 €.

We choose my, the least positive integer satisfying (2.3). Then my > ng > k
with S(Zm,, Tm,,Tn,) = € and S(Tm, -1, Tm,—1,%n, ) < €. Hence (2.2) holds.

From (2.2), we have
(2.4) € < S(Tmys Ty, s Ty, )-
On taking the lower limit in (2.4), we get

(2.5) e < lminf S(m, , Tmy, Tny)-

k—o0

By Lemma 1.2, we have

S(l‘mk,Imk,l‘nk) < QS(xmkvxmkzxmk—l)+S(l‘nk;xnk;xmk—l)
= QS(xmk7xmk7$mkfl)+S(xmk,fl7xmkfl7xnk)
(2.6) < 25(Tmy s Ty s Timg—1) + €.
From (2.4), (2.6) and on taking the upper limit as k — oo, we have

(2.7) lHm sup S(Zm,, s Ty, s Tn,,) = €.
k—o0

From (2.5) and (2.7), we obtain

(28) kli)rr;o S((Emkammkﬂx’ﬂk) =€

Hence (4) is proved.
Again, from (2.2), by Lemma 1.1 and Lemma 1.2, we have

€ S(xmkuxmkvxnk) = S(xnmxnkairmk)

<
< QS(xnkaxnkaxnk—l) + S(Ink—laxnk—hxmk)
(29) = QS(xnk’xnk’xnk—l) + S(xmkv$mkaxnk—1)'

From (2.9) and on taking the upper limit as k — oo, we obtain

(2.10) € < lmsup S(Tm,,, Tmy» Trg—1)-

k—o0
Once again, by Lemma 1.2 and (2.3), we get

S(xmkaxmkaxnk—l) = S(xnk—laxnk—laxmk)
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< QS(xTka].?lek*laxnk)+S(mnk7‘rnk7xmk)
(2.11) = 25(@n,—1,Tng—1,%ny) + S (Tmp> Ty Tny)-

Now, on taking the upper limit as £ — oo in (2.11), we obtain

(2.12) limsup S(Zm,, Tmy Tnp—1) < €

k—o0

By (2.10) and (2.12), we get

(2.13) lim sup S(Zm,,, Tm,, s Tn,—1) = €.
k—o0

From (2.9), we obtain
(2.14) S(Tmys Tmps Tng—1) = € — 25(XTn, s Ty Tg—1)-
Hence on taking the lower limit as k — oo in (2.14), we get

(2.15) e < liminf S(@m, , Tm,, , Tny—1)-

k—o0

Therefore from (2.13) and (2.15), we obtain

(2.16) lerEO S(Tmys Tmgs Tng—1) = khﬁngo S(Tnp—1, Tng—1, Tmy ) = €.

So, (i) is proved.

Again, from (2.2), by Lemma 1.1 and Lemma 1.2, we have

€ < STy, Tmgs Tny) = S (T, Ty, Ty, )
< 28(Xny s Ty Trgo—1) + S ( Xy -1, Ty —1, Tomy, )
= 25(Zn, s Tngy Tng—1) + S (Tmy, Ty s Trgo—1)
(2.17) < 25(xny, Tngs Tng—1) + 28 (@ s Ty Tmg—1) + S (Trmg—15 Tmp—1s Tng—1)-

From (2.17) and on taking the upper limit as £ — oo, we obtain

(2.18) € <Hmsup S(@m;,—1, Tmpy—1, Tngp—1)-
k—o0

Again, by Lemma 1.1 and Lemma 1.2, we have
(219) S(xmkfla xmkflv l’nkfl) S 2S(xmk71; xmkfl, 'ka) +S(5L'mk ) xmk) xnkfl)'
On taking the upper limit as k¥ — oo in (2.19) and by using (2.16), we have

(2.20) lm sup S(Zmy,—1, Ty —1, Tnp—1) < €
k—o0
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From (2.17), we obtain
(221) S(xmkfh Tmp—15 xnkfl) > €— 25<xmk7xmkaxmk71)-
Hence on taking the lower limit as k — oo in (2.21), we get

(2.22) € < liminf S(@m, , Tmy, Tnjy—1)-
k—o0

Therefore by combining (2.18), (2.20) and (2.22), we obtain

(2.23) kli)n;o S(Tmp—1sTmp—1sTnj—1) = €.

So, (#it) is proved. Hence the lemma follows. O

In the following we prove the main result of this paper.

Theorem 2.1. Let (X,S) be a complete S-metric space and let | be a generalized
(v, ¥, @)-contractive map. If there exists ¥, € U with the condition ¥(t) >
o(t) for allt > 0, then f has a unique fized point (say u) and f is S-continuous at
u.

Proof. Let zp € X be arbitrary. We define a sequence {x,} by z,41 = fx, for
n=20,1,2,.... If x,, = x4, for some n, then x,, is a fixed point of f and we are
through.

Now, we assume that x,, # x,41 for all n. By (1.2) and substituting z =y =
Tn_ 1,2 = Ty, We have

V(S (@, Tns Tnt1)) = V(S(fTn—1, frn_1, frn)) < w(maX{S(xn_l,xn_l,xn),
S(Tn-1,Tn-1, fTn-1),S(@n-1,Tn_1, [Tn), S(Tn,Tn, [Tn),
aS(frn_1, frn—1,Tn-1)+ (1 —a@)S(frn_1, fxn,l,xn)}),

= go(max{S(xn_l,zn_l,xn),S(xn_l,xn_l,xn),S(xn_l,zn_l,xn),
S(Tny Ty Tg1), S (X, Ty T1) + (1 — a)S(mn,xn,xn)}),
= ga(max{S(:cn,l,xn,l,:cn),S(xn,xn,xnﬂ),aS(xn,xn,xn,l)}),

(2.24) = ¢(max {S(Tn-1,Tn-1,2n), S(Tn, Tns Tnt1) }).
If S(zn, Tn,Tny1) > S(@n—1,Tn_1,Zn), then (2.24) becomes

(2'25) Y(S (T, Tns xn-&-l)) < o(S(zn, Z‘n,$n+1)) < P(S(xp, Tp, xn+1));

a contradiction. Hence S(x,_1,%p—1,%,) is the maximum. Therefore
(226) ’(/)(S(J)n, Tn, xn-i—l)) g 2 ( S(xn—la Tp—1, xn) )<¢(5’(J3n—1, Tn—1, $n))

By using the property of ¢, ¢ and from (2.26), we obtain

S(Tn, Tn, Tnt1) < S(Tp—1,Tn_1,x,) for all n.
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Hence {S(zn,Zn,znt1)} is a decreasing sequence of positive real numbers. Then
there exists » > 0 such that

(2.27) lim S(zy,%n, Tni1) =7

n—oQ

On letting n — oo in (2.26) and using (2.27), we have (r) < ¢ (r) < ¥(r),
a contradiction. Hence r = 0.

We now prove that {z,} is an S-Cauchy sequence. If possible {z,} is
not S-Cauchy. By Lemma 2.1, there exist an € > 0 and two sequences {my} and
{nr} of positive integers with nj; > my > k such that S(@m,, Tm,,Tn,) = €
S(Tmp—15Tmp—1,%n,) < € and the identities (i)-(i¢) of Lemma 2.1.

Putting z =y = @y, —1,2 = Tn,—1 and applying (1.2), we get

V(S (Tmys Ty Ty ) = V(S (fTmy—15 fTmp—1, fTny—1))
< @(max{S(mmk_l,xmk_l,xnk_l),S(xmk_l,xmk_l,f:cmk_l),
S(@mp—1> Tmg—15 [Tmy—1), S (Tnp—15 Tnp—1, fTny—1)s
&S (fZmp—15 fTmp—15Tme—1) + (1 = @)S(fZmp—1, [ Tmp—1, Tng—1) })
= go(max{S(xmk_l,:zzmk_l,xnk_l),S(zmk,mmk,xmk_l),
S(Tmps Tmgs Tmp—1)s S (Tng s Tng s Trgo—1)5
aS(Tm,, s Ty, s Tmp—1) + (1 — a)S(ZEmk,Himk73?nr1)})
= cp(max{S(zmk_l,xmk_l,:cnk_l),S(xmk,a:mk,zmk_l),S(xnk,xnk,xnk_l),

(2.28) &S (T T s Tm—1) + (1 = @)S @ s T s Tr—1) }) -
On letting k — oo in (2.28), using (2.27) and Lemma 2.1, we obtain

P(e) < gp(max {e, 0, 0, (1— a)e}) = p(e) < P(e),

a contradiction.
Hence {x,} is an S-Cauchy sequence. Since (X,S) is complete, there exists
u € X such that =z, — u.

We now show that u is a fixed point of f. Here by Lemma 1.4, we note that

hm S(zn, zn, fu) = S(u, u, fu).

Suppose that f(u) # v and we consider
D(S(fu, fu,x0)) = (S(fu, fu, frn—1)) < p(max {S(u,u,z5-1), S(u,u, fu), S(u,u, fu),
S(Tn-1,Tn-1, frn-1),aS(fu, fu,u) + (1 — )S(fu, fu,zn-1)})
= gp(maX{S(u,u,zn_l),S(u,u, fu), S(Xp_1,Tn_1,Tn),
(2.29) «aS(fu, fu,u)+ (1— a)S(fu,fu,xn,l),S(fu,fu,u)}).

On letting n — oo in (2.29), we have

D(S(fu, fu,u)) < ¢(max {S(u,u, u), S(u,u, fu), S(u, u,u),
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aS(fu, fu,u) + (1 — a)S(fu, fu,u)}) = p(S(fu, fu,u)) < Y(S(fu, fu,u)),

a contradiction. Hence fu = u.
Next we prove uniqueness of fixed point. Suppose u and v are two distinct fixed
points of f. Now, we consider

V(S(u,u,v)) = (S(fu, fu, fv))
g gp(max{(S(u,u,U),S(u,u, fu)a S(u,u,fu),S(v,v,fv),
aS(fua fuau) + (1 - a)S(fu,fu,v)})
= ¢(max {S(u,u,v), (1 — a)S(u,u,v)})
= o(S(u,u,v)) <p(S(u, u,v)),
a contradiction. Therefore u = v.
Finally we prove that f is S-continuous at u. Let {x,} be a sequence in X

such that x, — u as n — oco. We show that fz, — fu asn — oco. For this
purpose, we consider

V(S (u, u, frn))

V(S (fu, fu, frn))
cp(max{S(u,u,xn),S(u,u, fu), S(u,u, fu), S(xn, Tn, fr,),
aS(fu, fu,u) + (1 — a)S(fu, fu,xn)}),
= <p(max{S(u,u,xn),S(u,u,u),S(mn,xn,an),
(2.30) = aS(u,u,u) + (1 —a)S(u,u,x,)}).

N

By taking the limit on both sides of (2.30), and using the continuity of ¢, we have
lim (S (fu, fu, f,)) = 0.
By the continuity of 1, we have ¥( lim S(fu, fu, fz,)) =0.
n—oo

ie., Y( li_>m S(fxn, fon, fu)=0 (by Lemma 1.1).
Again, by property of ¢ we have lim S(fz,, fa,, fu)) = 0.

n—oo
Hence by the definition of continuity of f, it follows that fz,, — fu as n — oo.
Therefore, f is S-continuous at u. O

Theorem 2.2. Under the hypotheses of Theorem 2.1 f has Property (P).

Proof. In view of the proof of Theorem 2.1, f has a fixed point. Therefore F'(f™) #
. Now, we fix n > 1 and assume that w € F(f™). That is f"u = u. We show
that w € F(f). Assume f(u) # u, we consider

v(S(u,u, fu)) = '(/)(S(f"u’fnu,fn-&-lu)) _ w(S(ffn_1U7ffn'_1U,ffnu))
< p(max {S(f" tu, f* T, ), SO P, f27 e, £ ),

(fn_llhfn_1u7ffn_l’u),S(fn’LL?fnu,ffnu),

S(FF™ Y, ff )

%)

Q
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+1 = a)S(F ", 7, ) ),
= gp(max{S 7, 2 g ), S (uyuy £ ), S (uy u, £ M),
S(u,u, fu), oS (u,u, f*7 ) + (1 — ) S(u, u,u)}),
(2.31) = ¢(max{S(u,u, f*"u),S(u,u, fu)}).

If S(u,u, fu) is the maximum, then from (2.31), we have

V(S(u,u, fu)) < e(S(fu, fu,u)) = @(S(u,u, fu)) < P(S(u,u, fu)),
a contradiction. Consequently, S(u,wu, f* tu) is the maximum. Therefore, from
(2.31) and Lemma 1.1, we obtain

(S (u,u, fu)) = O(S(fu, fru, f 1)) < @(S(u,u, f77 1)
= @(S(fMu, fru, [ ) < P(S(fu, fru, 77 )
(2.32) = (S, 77N, fru)).

Since v is non decreasing, from (2.32), it follows that

S(f™u, fhu, [ ) < SO a7 f).

Hence {S(f™u, f"u, f**1u)} is a decreasing sequence of positive real numbers.
Then, there exists r > 0 such that

(2.33) lim S(f™u, f u, f*tu) = r.

n—r oo

On letting n — oo in (2.32) and using (2.33), we get (1) < ¢(r) < ¥(r),

a contradiction. Therefore r = 0.

Hence ¥(S(u, u, fu)) = lim (Y(S(f™u, f"u, f"'u)) = 0. That is, fu = u. Therefore,
n—oo

u € F(f). Hence f has property (P). O

In Section 3 we draw some corollaries from our results and provide a supportive
example.

3. Corollaries and an Example

If 4 is the identity mapping on [0,00) in Theorem 2.1, we have the following

Corollary 3.1. Let (X,S) be a complete S-metric space and f: X — X be a
mapping. Assume that there exists « € (0,1), ¢ € U satisfying p(t) < t for
t > 0 such that

S(f$7fy7fz) < <p(maX{S(x,y,z),S(x,x,fx),S(y,y,fy),S(z,z,fz),
OZS(f.’E,f{E,y) + (1 _OZ)S(fy,f'y,Z)}),

forall xz,y,z € X. Then f has a unique fized point (say u) and f is S-continuous
at u.
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Here we observe that the ¢ that is used in the inequality (3.1) is a Boyd-Wong [5]
type contraction.

Corollary 3.2. Let (X,S) be a complete S-metric space and [ : X — X be a
mapping. Assume that there exist A\, € (0, 1), such that

S(fx, fy, fz) < Amax {S(z,y,2),5(z,z, fz), S(y,y, fy),5(z, 2, f2),
(31) aS(fx,fx,y)—l—(l—a)S(fy,fy,z)},

forall x,y,z € X. Then f has a unique fized point (say u) and f is S-continuous
at u.

Proof: By choosing ¢(t) = At, for all t > 0 in Corollary 3.1, then the conclusion
follows.

Corollary 3.3. Let (X,S) be a complete S—metric space and [ : X — X be
a mapping. Assume there exist a constant 0 < A < 1, a € (0,1),v, such that
S(fx, fy, fz) < AS(x,y,2) for all z,y,z € X. Then [ has a unique fized point
ueX.

If a= % in the inequality (1.2), we have the following corollary.

Corollary 3.4. Let (X,S) be a complete S-metric space and [ : X — X be a
mapping. Assume that there exist ¥, o € U satisfying ©(t) < ¥(t) for allt > 0 such
that

O(S(fx, fy, f2)) < p(max {S(x,y, 2), S(z, z, fx), Sy, y, fy), S(, 2, f2),
(3.2) $1S(fx, fx,y) + S(fy, fy, 2)1}),

forall x,y,z€ X. Then [ has a unique fized point (say u) and f is S-continuous
at u.

In the following, we provide an example in support of our result.
Let Ma(xa Y, Z) = max {S(Z‘, Y, Z)7 S(l‘, Zz, fJU), S(ya Y, fy)7 S(Za 2, fZ),
OlS(fl‘,fl’,y) =+ (1 _Q)S(fyafyaz)}

Example 3.1. Let X = [0, 7]. We define S: X® — [0,00) by
S(z,y,z) =]z —z|+|ly—z| [19] and f: X = X Dby

We define ¢, ¢ :[0,00) = [0,00) by

t
W(t) :% for all t>0and  o(t) :{ ?
2
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We now show that f satisfies the inequality (1.2).
Case (i): Let z,y,z € [0, %] Here we consider

7 7 7 7
w(s(f%f%fz))=¢|Z—$—(Z—Z)|+|Z—y—(i—z)|:¢(|2—33|+\2—y|)
1 1 7 1
:5(\Z—x\+|2—y|)§§§|2$—1\—T6

= @(S(x,z, f2)) < p(Ma(2,y,2)).
Case_(ii): Let x,y,z € (3,5 .
Sub-case (i): |z —z|+ |y —z| €[0,3]. Therefore
1 1 1 1
WS fy, £2)) =01t = T2 4 et - I = (G 2l Iy~ =)

1 1 1
=gz —2l+ly—=z)) < §(|96—Z|+|y—2\)—1(|£10—2|+|y—27|)2
= (p(S(x,y,z)) < @(Ma(xayvz))'
Sub-case (ii): |z —z|+ |y —z| >3 . In this case

1 1 1 1
(S, fy, f2)) = vl === —“’; | = (5 (lo—zl+ly—2))

1
=gz =zl +ly—z)) < (Ix—ZHIy—Zl)

16
= ¢(S(2,y,2)) < W(Ma(af,% 2).
Case_(iii): Let z€[0,3] and z,y € (3,7].
W(S(fx. fy. 1) = o (S(FE 15— 2)
= (1=t - (G -2+ 15— (- )
Lz 42— 2+ |4+2-3))<2e— I -2 =2 _2;
= @(8(2,2, f2)) < o(Ma(2,y,2))
Case_(iv): Let z,y €[0,%] and z € (3, %]
WS, 1y 1) =9(8G ~ .~ =) =9(f o~ 415 -y - =)
=¢(f -2 -3+t —y-5D) =2(f—z— 5+ -y -3 <1
< 22— |- 15 = 5 — 22 = ¢(S(2, 2, f2)) < ¢(Ma(z,y, 2))
Case (v): Let z,y€[0,3] and z € (3, 7]
O(S(fx, fy, f2)) = (S(EE T -y, T —2))
=y(5t -G -2+ -y-(§-2))
=35 +e- Yt lemv) S Bsi-d- b= F oo

= 90(5(27 Z, fZ)) < @(Ma(xv Y, Z))
Hence f, v, ¢ satisfy all the hypotheses of Theorem 2.1 and f has a unique
fixed point u = 1.
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4. Summary

In our result, the concept generalized (a, ¥, ¢)-contractive map was introduced with
the proof of the existence and uniqueness of fixed points in complete S-metric
spaces. The new idea, property (P), was also introduced and we proved that these
maps satisfy property (P). The results presented in this paper extend several well
known comparable results in metric and G-metric spaces. We derived corollaries
and provided an example to show the validity of our result.
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1. Introduction

The lifts of geometrical objects, functions, vector fields, 1-forms etc., on any mani-
fold have important role in differential geometry. For example, they are used to de-
fine the different geometric structures. Manifolds equipped with certain differential-
geometric structures possess rich geometric structures and such manifolds have been
studied widely in differential geometry. Indeed, almost contact manifolds and rela-
tions between such manifolds have been studied extensively by many authors.

The construction of almost contact metric structures (Sasakian, Kenmotsu,
cosymplectic, etc.) from other almost contact metric structures on a given (2n+1)-
dimensional manifold M, in general, a non-trivial problem. The more interesting
and well-known results correspond with the 3-dimensional case.
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The notion of a D-homothetic deformation on a contact metric manifold was
introduced by Tanno [12]. Next, A. Sharfuddin and S. I. Hussain [11] gave a study
on conformal transformation of almost contact structures.

In 1992, J. C. Marrero [7] proved that with certain deformation, we can get
a trans-Sasakian structure starting from a Sasakian one. In [1], generalized D-
conformal deformations are applied to trans-Sasakian manifolds where the covari-
ant derivatives of the deformed metric is evaluated under the condition that the
functions used in deformation depend only on the direction of the characteristic
vector field of the trans-Sasakian structure. Other similar deformations are studied
in [2, 3, 6].

Recently, Ozdemir et al. [9], investigated the generalized D-conformal deforma-
tions of nearly K-cosymplectic, quasi-Sasakian and g-Kenmotsu manifolds. They
analyzed how the class of almost contact metric structures changes.There exists
several type of deformations of almost contact metric structures. These different
known deformations are mainly based on a deformation of the Riemannian metric.

The present paper deals with the deformation of the structural tensor ¢ and
metric tensor g at the same time, which allows us to define new relations between
almost contact metric structures. The paper is organized in the following way.
Section 2 is devoted to the background of the structures which will be used in the
subsequent sections to make the paper self-contained. In Section 3, we have intro-
duced a new deformation of almost contact metric structures using a function and
a 1-form and prove some basic properties. In Section 4, we focused on the case of
three-dimensional geometric structures and have shown how to construct some basic
structures with concrete examples. In the last Section, we constructed the exam-
ples of almost contact manifolds starting from another class of examples of almost
contact manifolds, based on the three types (Sasakian, Kenmotsu, cosymplectic).

2. Preliminaries

An odd-dimensional Riemannian manifold (M?"*1 g) is said to be an almost con-
tact metric manifold if there exists on M, a (1,1) tensor field ¢, a vector field £
(called the structure vector field) and a 1-form 7 such that

2D nE) =1, ¢*(X)==X +n(X)¢ and g(pX,Y)=g(X,Y)-n(X)n(Y),
for any vector fields X,Y on M. In particular, in an almost contact metric manifold
we also have p€ =0 and no ¢ =0 [13].

Such manifold is said to be a contact metric manifold if dny = ¢, where ¢(X,Y) =
g9(X,¢Y) is called the fundamental 2-form of M.
On the other hand, the almost contact metric structure of M is said to be normal
if
(2.2) NW(X,Y) = [, @) (X,Y) + 2dn(X, Y)E = 0,
for any X, Y on M, where [p, ¢| denotes the Nijenhuis torsion of ¢, given by

[0, 0)(X,Y) = 0*[X, Y]+ [pX, oY ] — X, Y] — o[ X, pY].
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In [10], the author proves that (¢,&,n,g) is trans-Sasakian structure if and only if
it is normal and

(2.3) dn=a¢,  dp=2BnN0¢,

where d denotes the exterior derivative, a = ﬁdd)(ﬁ), 8 = ﬁdivf and § is the
codifferential of g.

It is well known that the trans-Sasakian condition may be expressed as an almost
contact metric structure satisfying

(24)  (Vx@)Y = a(g(X,Y)E = n(Y)X) + B(9(¢X, Y)E = n(Y)pX).
From this formula, one can easily obtain
(2.5) Vx¢=—apX - fp°X,

(2.6) (Vxn)Y = ag(X, oY) + Bg(pX, ¢Y).

It is clear that a trans-Sasakian manifold of type (1,0) is a Sasakian manifold and
a trans-Sasakian manifold of type (0,1) is a Kenmotsu manifold. A trans-Sasakian
manifold of type (0,0) is called a cosymplectic manifold. More generally, a trans-
Sasakian structure (¢, &, n,g) on M is said to be

(a): a— Sasaki if [=0,
(2.7) (b): p— Kenmotsu if «a=0,
(¢) : Cosymplectic if «a=p=0,

where « and 8 are two functions.

The relations between trans-Sasakian, a-Sasakian and -Kenmotsu structures
were discussed by Marrero [7].

Proposition 2.1. [7] A trans-Sasakian manifold of dimension > 5 is either a-
Sasakian, 5-Kenmotsu or cosymplectic.

For more background on almost contact metric manifolds, we recommend the
reference [4] and [5].

3. Deformation of almost contact metric structures

Let (p,£,7,9) be an almost contact metric structure on M?"+1. For any X, Y on
M, we mean a change of structure tensors of the form

(3.1) X =X +0(pX)s, §=¢ q=n—10, §@X,Y)=fg(pX. oY),
where 6 is a 1-form orthogonal to n and f a positive function on M.

Proposition 3.1. The structure (@,é, 7,§) is an almost contact metric structure.

Proof. The proof follows by a usual calculation, by using (2.1). O
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In particular, if § = 0 then we get

g=r9+ 0 =fimen
and this deformation was studied by Marrero [7].

Remark 3.1. In this new deformation we required the orthogonality between 6 and 7.
But, if we take # = (1 — h)n with h a function on M, we get

g=fg+ (= fimen

This deformation appeared in [1]. In addition, if f = 1 then we have D-isometric defor-
mation [3], but for h = f we get the deformation of Blair [6] and for h = f = a where a is
a positive constant, we obtain D-homothetic deformation [12].

We denote the tensor field of type (1,2) by N on M defined for any X, Y on M
by
NOX,Y) = [, ¢1(X,Y) + 2d7(X, V)€,

where
(2, 21(X,Y) = ¢°[X, Y] + [2X, ¢Y] — ¢[pX, Y] — ¢[X, gY].

By long direct calculation, using (3.1) one can get

NY(X)Y) = NOXY)+0ND(X,Y))E
= 0(pX)(NOE) + 0(ND (1)) = 0(7) (N (X) + 0(NP (X))¢)
(32)  + 2d0(pX,Y)E —2d0(X,Y)¢

with N®) is a tensor field on M given by
NO(X) = (Lew)(X) = ¢[X, €] - [0X.£],
where L¢ denotes the Lie derivative with respect to the vector field €.

Proposition 3.2. Let (¢,£,7,9) be a normal almost contact metric structure on
M. The almost contact metric structure (,&,1,q) is normal if and only if

d9(<pX, @Y) =di(X,Y),
for any X, Y € T'(TM).
Proof. Firstly, we have
NOX,Y) =0= NV (pX,€) = [€, X] - pl¢, X] = N¥(X) =0.
So, if (p,&,m, g) is normal then from (3.2), we obtain

(3.3) NO(X,Y) = 2d0(pX, pY)€ — 2d0(X,Y)E.
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Suppose that
d9(<pX, @Y) =di(X,Y).

For Y = £ we get for any X on M,

(3.4) df(X,€) = 0.

Applying (3.4) and (2.1) in (3.3) we obtain NV(X,Y) = 0.

For the inverse, suppose that N = 0 and taking Y = & we obtain for any X on

M,
(3.5) do(X, &) = 0.

Applying (3.5) in (3.3) we get
d9(<pX7 @Y) =di(X,Y).
O

Corollary 3.1. Let (¢,£,1,9) be a normal almost contact metric structure on M.
(@,€,7,4) is normal if one of the following four conditions is satisfied

9=0, O=dh, do=0, db=ocq,

where h,o are two functions on M.

Using the Koszul formula for the Levi-Civita connection of a Riemannian metric,
one can obtain the following:

Proposition 3.3. Let V and V denote the Levi-Civita connections of g and §
respectively. For any X and'Y on M, we have the relation:

JTxY.2) = VAV Z)+ 3 (X(Pe(Y:2) + Y (1g(X. 2) - Z([lg(X.V))
(S((Txn)Y + (Fyn)X)n(2) + du(X, Z)(Y) + dn(Y, Z)n(X)

+

N~ %

(Vx2)Y + (Vy)X)i(Z) + di(X, Z)i(Y) + dif(Y, Z)i(X).

4. Application to three dimensional geometric structures

In the remaining part of the paper, we focus on the case of 3-dimensional normal
almost contact metric manifold. Let us mention here an important result of Olszak
[8], which states that any normal almost contact metric structure is trans-Sasakian
structure of type («, 8), where 2o = tr(¢V§) and 26 = div€.

This is what leads us to consider (¢, &,7,g) a trans-Sasakian structure of type
(a, B) i.e., we have

dn = ag, do =281 A ¢.
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In this section, we shall apply the new deformation on trans-Sasakian manifold.
Since the expression of connection V is not easy, we prefer to use in our study the
first and second fundamental forms.

Firstly, the fundamental 2-form ¢ of (p, &1, g) is

¢(X7Y) = Q(X, @Y),

One can easily obtain

(4.1) o=fo
and hence
7?:77—0 dfz:dn—de )
“2) { o= 1o = { 46 = (d(In f) +281) A &

Lemma 4.1. For any 3-dimensional almost contact metric manifold (M, , é, 7,9),
we have

(4.3) d(In f) A = £ f)if A 6.

Proof. Let {éy = &, 1,62} be the frame of vector fields and {50 =1, 51,52} be the
dual frame of differential 1-forms on M. Then,

¢ = 2é2 A él7
and ) 3
d(In f) = &(In £)7 + 0 (In f)é; + 62(In f)é,.
Thus R R
dInf)A¢ =E(0n f)n A ¢.
O

From (4.2) and Lemma 4.1, we get

dn = a¢ dﬁZ%(/;—dH
(4'4){ dg=28nne < { A6 =2(B+ 30 f))i1A D +250 A 0.

We will discuss the different new structures according to the four cases indicated in
the Corollary 3.1.

First case: For § = 0, (4.4) lead to us the following result:

Proposition 4.1. (p,&,1,9) is a trans-Sasakian of type (v, 8) if and only if (3, €, 7, §)
is a trans-Sasakian of type (%,B + %g(ln f))
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Remark 4.1. for (o,8) = (1,0), we can see immediately that the Proposition 4.2 of
Marrero [7] is a particular case.

Remark 4.2. In this case, we can not get a Sasakian structure starting from a Kenmosu
structure or vice versa.

Second case: For § = dh, (4.4) becomes:

dy = ag di = $¢
(45) { do =28 N ¢ < { dg = 2(5(1 +&(h)) + 5¢(In f))f; A ¢.

Proposition 4.2. (¢,£,n,9) is a trans-Sasakian of type (a, B) if and only if (p L€, J)
is a trans-Sasakian of type (%, ﬂ(l + f(h)) + %f(ln f))

Third case: For d¢ = 0, (4.4) becomes:

dy = ad dij = ¢
(4'6){ dé =280 A ¢ < { A6 =2(8+ 300 1)) A D +250 A 0.

Proposition 4.3. (¢,£,n,9) is an a-Sasakian if and only if (@,é,ﬁ,g) is a trans-
Sasakian of type (%, %5(111 f))

Fourth case: For df = 0¢, (4.4) becomes:

dn = ag dn =
P { a9

(a =)o
2(8+ 160 £)) A 6+ 2570 A do.

) *\H

Proposition 4.4.

1) ForONdO =0, (p,&,1n,9) is a trans-Sasakian of type of type («, B) if and only
if (@, €,1,§) is a trans-Sasakian of type (%(a —0),8+ %f(ln f))

2) (p,&,1m,9) is an a-Sasakian if and only if (@,éﬁ,g) is a trans-Sasakian of
type (%(a —0),3¢(In f))-

Remark 4.3. Unlike the previous cases, this case is very interesting because we can get
Sasakian structure starting from a Kenmotsu structure and vice versa (see Examples 5.1
and 5.2).
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5. A class of examples

For this construction, we rely on our Example in [2]. We denote the Cartesian co-
ordinates in a 3-dimensional Euclidean space R? by (x, ¥, 2) and define a symmetric
tensor field g by

p2 +72 0 -7
9= 0o p 0
—T 0 1

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

0 -1 0 0
¥ = 1 0 0 ; 5: 0 ) 77:(_7',071)~
0 —7 0 1

The fundamental 1-form n and the 2-form ¢ can be expressed as,
n=dz—T1dz and ¢ = —2p*dx A dy,
and hence

dn = mdrxANdy+713drAdz
d¢ —4psp dx Ndy N dz,

where p; = % and 7; = %.

We know that the components of the Nijenhuis tensor N, in (2.2) can be written
as,

Ny = @105 — 9500) — 0501k — Opl) + mie(0;€7) — 05 (07,

where the indices ¢, j, k and [ run over the range 1,2, 3, then by a direct computation
we can verify that

Nj; =0, Vi, 4, k.

implying that the structure (¢, £, 7, ¢g) is normal. From (2.7), the structure (p, £, 7, g)
is a

(1) Sasaki when 75 = —2p? and p3 = 73 = 0,
(2) Cosymplectic when p3 =0and i, =73=0,

(3) Kenmotsu when p3 = p and 75 = 73 = 0.
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Since 0 is a 1-form orthogonal to 7, i.e. #(£) = 0 then 6 has the following form
0 =adx—+bdy,
where a and b are two functions on R®. Under these data and use (2.1), one can get

fP+(@+7)? blatr) —(at7)

g= bla+7) fp*+0° —b
—(a+T) —b 1
and
0o -1 0 i 0
p=11 0 0|, ¢=¢=10|, 7=(-(a+7),-b1).
b —(a+7) 0 1

Using the above cases, we get the following:

(1): Let (¢,&,m,g) be a Sasakian structure

(a): If df = 0 and f =1, then (¢, &,7,7) is a Sasakian structure.
(b): It df = ¢ and f3 = 2f, then (&, €,7
(c

(2): Let (¢,&,1m,g) be a Kenmotsu structure

g) is a Kenmotsu structure.

PR

If d0 = ¢ and f3 = 0, then (,€,7, §) is a cosymplectic structure.

(a): If 9 = —f¢ and f3 = —2f, then (@, &, 7, §) is a Sasakian structure.

(b): If d = 0 and f3 = 0, then (¢, &,7,§) is a Kenmotsu structure.

(c): If d0 = ¢ and f3 = —2f, then (aﬁ,& 7, 9) is a cosymplectic structure.
(3): Let (¢,&,m,g) be a cosymplectic structure

(a): If d§ = —¢ and f =1, then (~,§~,ﬁ,§) is a Sasakian structure.
(b): If d@ = 0 and f3 = 2f, then (¢, < 7] g) is a Kenmotsu structure.
, )

(c): It df = ¢ and f3 = 0, then (, £, 7, ) is a cosymplectic structure.

By using the above cases, we can discuss other classes of well-known almost contact
metric structures.

Given the importance of Remark 4.3 and from the above examples, we will
extract non-trivial examples in the following:

Example 5.1. (From Kenmotsu to Sasaki)
Taking p = €* and 7 = z, we get

224+e¥* 0 —=z 0 -1 0
g= 0 e 0 , p= 1 0 0 s
—x 0 1 0 —x O
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§: O ) 77:(_5570>1)

It can be checked that (¢, &,7,9g) is a Kenmotsu structure.
Taking 0 = —f = —e™?*, we obtain df = 2dx A dy, which implies

0 = adx + bdy, with by —a2 =2, and a3 =bsz =0,
where a; = % and b; = 66;_.
Notice that there is an infinite number of solutions for 8. We will continue with the
following particular solution 6 = 2zdy. So, we get

1422 222 -z 0O -1 0
= 222 1442 -2z |, ¢= 1 0 o0 |,
—x —2z 1 2c —x O
- 0
E=¢=| 0|, n=n=(-z —2z,1).
1

Finally, we can verify that (&, £, 7, §) is a Sasakian structure.

Example 5.2. (From Sasaki to Kenmotsu)

Now, taking p = e® and 7 = —ye??, we get
14+4y%e** 0 2y 0 -1 0
g=e" 0 1 0 , =1 0o o],
2y 0 e % 0 2ye** 0
0
E=|( 0], n=(2ye,0,1).
1

It can be checked that (¢, &, 7, g) is a Sasakian structure.
Taking o = 1 and f = 2%, we obtain d§ = —2e**dz A dy. So, we have numerious choices
for 0. Let’s take 6 = 2ye*®dzx, we get

A 0 -1 0 ) 0
g= 0 0 |, e=(1 0 0|, g=¢=|0 |, 7=dz
0 0 1 0 0 0 1

Finally, we can verify that (p, é, 7, ) is a Kenmotsu structure.
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Abstract. We present some fixed point theorems for mappings which satisfy certain
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this paper generalize or improve many existing fixed point theorems in the literature.
At the end of the paper, we give some examples to demonstrate our results.
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1. Introduction

In the field of fixed point theory, to find the solution of fixed point problems,
the contractive conditions on ambient functions play a significant role. The most
fundamental result in metric fixed point theory is Banach Contraction Principle

([4])-

Let (X,d) be a complete metric space and let T: X — X be a self-mapping. If
there exists k € [0,1) such that
(1.1) d(T(x),T(y)) < kd(z,y),

for all z,y € X, then T has a unique fixed point u € X. Moreover, for any zy € X,
the sequence {z,} C X defined by x,,41 = Tz, n € N, is convergent to the fixed
point u. Inequality (1.1) also implies the continuity of T'.
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Over the years, due to its importance and applications in different fields of
science, several authors generalized the well-known Banach Contraction Principle
by introducing a new ambient space or a contractive condition. It is no surprise
that there is a great number of generalizations of this fundamental result.

Cyclic representation and cyclic contraction were introduced by Kirk et al. [14]
in metric spaces and investigated the existence of proximity points and fixed points
for cyclic contraction mappings and further used by several authors to obtain various
fixed point results for not necessary continuous mappings in different spaces (see,
e.g., [3,6,9,11, 12, 13, 16, 17, 18, 19] and others).

Sedghi et al. [24] introduced the notion of S-metric spaces that generalized G-
metric spaces and D*-metric spaces. In [24] the authors proved some properties of
S-metric spaces. They also obtained some fixed point theorems in the setting of
S-metric spaces for a self-map.

Gupta [9] introduced the concept of cyclic contraction in S-metric spaces and
proved some fixed theorems in the said spaces which are proper generalizations of
the results of Sedghi et al. [24].

In this paper, we establish some fixed point theorems for cyclic contractive
mappings in the setting of S-metric spaces. Our results generalize or improve several
existing fixed point theorems in the literature.

2. Preliminaries

The notion of cyclic contraction is as follows:

Definition 2.1. ([14]) Let X be a nonempty set, m € N and let f: X — X be a
self-mapping. Then X = U], A; is a cyclic representation of X with respect to f if
a) A;,i=1,2,...,m are nonempty subsets of X;

b) f(Al) C AQaf(AQ) C A3, ) f(Am—l) C Amaf(Am) C A1~

Kirk et al. [14] proved the following fixed point result via cyclic contraction
which is one of the extraordinary generalizations of the Banach’s contraction prin-
ciple.

Theorem 2.1. ([14]) Let (X,d) be a complete metric space, f: X — X and let
X = U™ A; be a cyclic representation of X with respect to f. Suppose that f
satisfies the following condition:

(2.1) d(fz, fy) < (d(z,y)),

forallx € A;, y € Ay, @ € {1,2,...,m}, where A1 = Ay and ¢:[0,00) —
[0,00) is a function, upper semi-continuous from the right and 0 < (t) < t for
t > 0. Then f has a fived point z € N2, A;.

In 2010, Pacurar and Rus [17] introduced the following notion of cyclic weaker
(p-contraction.
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Definition 2.2. ([17]) Let (X,d) be a metric space, m € N, Ay, Ao, ..., A, be
closed nonempty subsets of X and X = U™, A4;. An operator f: X — X is called a
cyclic weaker y-contraction if

1) X = U™, A; is a cyclic representation of X with respect to f;

2) there exists a continuous, nondecreasing function ¢: [0,1) — [0, 1) with p(¢) >
0 for t € (0,1) and (0) = 0 such that

(2.2) d(fz, fy) < d(x,y) — (d(z,y)),

forany z € A;, y € Aix1,1=1,2,...,m, where A,,41 = A;.
They proved the following result.

Theorem 2.2. ([17]) Suppose f is a cyclic weaker p-contraction on a complete
metric space (X,d). Then f has a fizved point z € N2, A;.

We need the following definitions and lemmas in the sequel.

Definition 2.3. ([24]) Let X be a nonempty set and S: X® — [0, 00) be a function
satisfying the following conditions for all z, y, z, t € X:

(S1) S(z,y,z) =0if and only if z = y = z;

(92) S(z,y,2) < Sz, 2, 1) + S(y,y, 1) + 9(z, 2,1).

Then the function S is called an S-metric on X and the pair (X, .5) is called an
S-metric space or simply SMS.

Example 2.1. ([24]) Let X = R™ and ||.|| a norm on X, then S(z,y,2) = ||y + 2z —2z| +
ly — z|| is an S-metric on X.

Example 2.2. ([24]) Let X = R" and ||.|| a norm on X, then S(z,y, z) = ||lz—z||+|ly—=z||
is an S-metric on X.

Example 2.3. ([25]) Let X = R be the real line. Then S(z,y,2) = |z — z| + |y — z| for
all z,y, z € R is an S-metric on X. This S-metric on X is called the usual S-metric on X.

Definition 2.4. ([24]) Let (X, S) be an S-metric space.

(al) A sequence {x,} in X converges to z € X if S(z,,x,,z) — 0 as n — oo,
that is, for each € > 0, there exists ng € N such that for all n > ng we have
S(xp, xn, ) < e. We denote this by lim, o z, = z or x,, — = as n — oc.

(a2) A sequence {z,} in X is called a Cauchy sequence if S(z,Zn, Zm) — 0 as
n,m — 0o, that is, for each € > 0, there exists ng € N such that for all n,m > ng
we have S(z,, Tpn, Tm) < €.

(a3) The S-metric space (X, 5) is called complete if every Cauchy sequence in
X is convergent in X.
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Definition 2.5. ([24]) Let (X, S) be an S-metric space. A mapping T: X — X is
said to be a contraction if there exists a constant 0 < L < 1 such that

(2.3) S(Tx, Ty, Tz) < LS(x,y,z)

for all z,y,z € X. If the S-metric space (X,S) is complete then the mapping
defined as above has a unique fixed point.

Every S-metric on X defines a metric dg on X by
(2.4) ds = S(z,z,y) + S(y,y,z) Va,y € X.

Let 7 be the set of all subsets A of X with 2 € A if and only if there exists r > 0
such that Bg(z,7) C A. Then 7 is a topology on X. Also, a nonempty subset A in
the S-metric space (X, S) is S-closed if A = A.

Lemma 2.1. ([24, Lemma 2.5]) In an S-metric space, we have
S(z,z,y) = S(y,y,x) for all z,y € X.

Lemma 2.2. ([24, Lemma 2.12]) Let (X, S) be an S-metric space. If the sequence
{zn} converges to x, that is, x, — x as n — oo and the sequence {y,} converges
to y, that is, yn — y as n — oo, then the sequence {S(Xn,Tn,yn)} converges to
S(x,x,y), that is, S(xn, Tn,yn) = S(z,x,y) as n — co.

Lemma 2.3. ([9, Lemma 8]) Let (X, S) be an S-metric space and A is a nonempty
subset of X. Then A is said to be S-closed if and only if for any sequence {x,} in
A such that x,, — x as n — oo, then x € A.

3. Main Result
In this section, we shall prove some fixed point theorems via certain cyclic con-
tractive conditions in the setting of complete S-metric spaces.

First of all, we shall denote ¥ the set of functions ¥: [0, 00) — [0, 00) satisfying
the following conditions:

(¥4) v is continuous; (¥3) ¥(t) < t for all ¢t > 0.
Obviously, if ¢ € U, then 1(0) = 0 and ¥(¢t) < t for all t > 0.

Now, we introduce the notion of cyclic generalized g,-contraction in S-metric
space as follows.

Definition 3.1. Let (X,S) be a S-metric space. Let m be a positive integer,
A, As, ..., Ay, be nonempty subsets of X and Y = U”, 4;. An operator g:Y = Y
is a cyclic generalized gy-contraction for some 7 € ¥, if

(I) Y = U™, A; is a cyclic representation of Y with respect to g;
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(IT) there exists by,bs € [0,1) with b + ba < 1 such that for all (x,y,2) €
Ai X Az X Ai+1, 1= 1,2,. oam (Wlth Am+1 = Al)

(31) S(gx,gy,gZ) S bl n(x’yaz) +b2 N($,y,2’),
where

1 +S(gy,gy,y))

n(z,y,z) = ¢<5(9Z’gz’z) 1+ S(2,y,2)

and

Ny.2) = max{p(S(,y,2)), v(S(ge, 92,2)), ¥(S(gy, 99 )

1
1/1(5 [S(gz, gz, z) + S(gz, 92, x)]) }
Now, we are in a position to prove our main result.

Theorem 3.1. Let (X,S5) be a complete S-metric space, m € N, Ay, Ag, ..., Am
be nonempty closed subsets of X and Y = U, A;. Suppose that g:Y — Y is a
cyclic generalized gy -contraction mapping, for some ¢ € V. Then g has a unique
fized point. Moreover, the fized point of g belongs to N2, A;.

Proof. Let g € A; (such a point exists since 41 # ). Define the sequence {z,}
in X by zp41 = gzn, n=0,1,2,.... We shall prove that
(32) lim S(.’I}n+1, Tn+1, .'I}n+2) =0.

n—oo
If for some k, we have limy_, o0 S(Zg+1, Tht1, Thr2) = 0, then equation (3.2) follows
immediately. So, we can assume that S(zp41,Zn41,Znt2) > 0 for all n. From the
condition (I), we observe that for all n, there exists i = i, € {1,2,...,m} such that
(Tnt1s Tnt1, Tnta) € A; X A; X Ajpq. Then from condition (IT) and using Lemma
2.1, we have

S($n+17xn+1a$n+2) = S(gmn7gmn7gwn+1)
by n(xn, Tn, Tpy1) + ba N(zp, Tpy Tpg1), n=1,2,....

IA

(3.3)

On the other hand, we have

1+ S(xn,a:n,:z:n+1))
1 + S(x’nn Tn, $n+1)
= P(S(Tnt1, Tnt1,Tnt2)),

0(Tp, Tpy Tny1) = P (S(Inﬂ, Tpil, Tnt2)

and

1
N(zpn, Tn, Tnt1) = max {w(S(a:n,xn,xnﬂ),w(ib”(xmxmxn+2))}-
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o If N(2p, T, Tnt1) = V(S (Xn, Tn, Tnt1), we obtain from (3.3) and the property of
1 that

S($n+1, Tn41, In+2) < b ¢(S(In+17 Tn41, In+2)) + by 77/1(5(5%7 T, In+1)
< bl S(.’L‘n+1, LTn+1, xn+2) + b2 S(Z‘n, L, $n+1)7

that is,

ba
1—-56;

(34) S(£7L+17xn+17xn+2) < ( ) w(S(l'n,Z‘n,.I‘n_i_l).

o If N(2p, T, Tpg1) = w(%S(m‘n, T, xn+2)), we obtain from (3.3) and the property
of ¢ that

1
S(Tnt1, Tog1, Tnre) < b1 Y(S(Tngt1, Tni1, Tny2)) + ba w(is(mna Ty Tpga))
1
(3.5) < b1 S(Tpt1sTng1, Tnta) + b2 §S(xn,xn, Tpt2)-
By (52) and Lemma 2.1, we have
S(xnaxn7xn+2) S QS(xna(Enaanrl) + S((En+27xn+27$n+l)
= 25(n, Tn, Tng1) + S(Tnt1, Tnt1, Tng2).

Therefore, we have

1 1
(36) §S(x7u Tn, mn+2) é S(l'n» Tn, anrl) + gs(xn+17 Tn+1, mn+2)~

Combining (3.5) with (3.6), we obtain

S(l‘n+1,$n+1,$n+2) S bl S(-Tn+1axn+17xn+2) + b2 [S(xnvxn7xn+1)

1
—|—§S(l'n+17 Tn+1, $n+2)]v

that is,

2by

(3~7) S(mn+17xn+17$n+2) < (m

) [S(zn, Tn, Tny1)-

b b
Define p = max{ljbl,z_;bﬁ} < 1 and let Qni1 = S(Tn+1, Tnt1, Tnye) and

Qn = S(xn, Tp, Tny1). Consequently, it can be concluded that

(38) Qn-i—l < MQn < /-112 Qn—l <...< Mn+1 QO-

Therefore, since 0 < p < 1, taking the limit as n — 0o, we have S(2p41, Tna1, Tniz) —
0, which is (3.2).
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Thus for all n < m, by using (52), Lemma 2.1 and equation (3.8), we have

S(l’n,$n7$m) S 2S($n7xnawn+l) +S(xm7xm7xn+1)

= QS(xnaxnvanrl) +S(xn+1,xn+17:rm)

< 2[/,6”+...+um_1]s($07$0,1‘1)
2 n
< (151)5(%,960,951)-

Taking the limit as n, m — oo, we get
S(xnv T, xm) — 0,

since 0 < p < 1. Thus, we have S(zy,, Tpn, Zm) — 0 as n,m — oo.

This shows that the sequence {z,} is a Cauchy sequence in the complete S-
metric space (X, S). Since Y is closed in (X, S), then (Y,S) is also complete and
there exists u € Y = U™ | A;. Notice that the iterative sequence {x,,} has an infinite
number of terms in A; for each ¢ = 1,2,...,m. Hence in each A;, i = 1,2,...,m,
we can construct a subsequence of {x,} that converges to u. Using that each A4,,
i=1,2,...,m, is closed, we conclude that u € U, A4; and thus U, A; # O.

Now, we shall prove that u is a fixed point of g (which is possible since u belongs
to each A;). Indeed, since u € UM, A;, so for all n, there exists i(n) € {1,2,...,m}
such that x,, € A;(,), using (II) and Lemma 2.1, we obtain

S($n+17xn+1agu) = S(gxnmgxnvgu)
(39) < bl n(azn,xn,u) + b2 N(xn7xnau)7

for all n. On the other hand, we have

]- + S(xn+17xn+1axn))

n(In;znau) = ¢(S(gu, gu7u) 1 +S($n7xnau)

on letting n — 400 and using the continuity of v, condition (S1) and Lemma 2.1,
we obtain that

n(m’fh xn’ U) — w(S(UH ’LL, g’U,)),

and
N ) = 1 { (S (n, 20 0), 0(S (G0, 90, 20), (S (92, g0, 20)

¥ (51890, g0 w) + S(ou,gu,,)])

= Inax {¢(S($n, Tn, u))» 1/1(5(90n+1, Tn+1, mn))v w(S(xn+1a Tn+1, xn))a

1

U (518 @01 @nr1,w) + S(gu, gu,za)]) }-
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On letting n — 400 and using the continuity of ¢, condition (S1) and Lemma 2.1,
we obtain that

S(%;«QU))_

On letting n — 400 in (3.9) and using (3.10) and (3.10), we obtain

N(xp, zp,u) = w(

S(u,u,gu) < b1¢(5(u,u,gu))+b2¢(w)

S bl 1/’(5(“7%9“)) +b2 ¢(S(uauagu))
Suppose that S(u,wu, gu) > 0. In this case, using condition (¥5), we get

S(u,u,gu) < by S(u,u,gu)+ be S(u,u, gu)
= (b1 + b2)S(u,u, gu) < S(u,u,gu), since by + by < 1,
which is a contradiction. Hence S(u,u, gu) = 0. Thus, gu = u. This shows that u
is a fixed point of g.

Finally, we prove that u is the unique fixed point of g. Assume that v is another
fixed point of g, that is, gv = v with v # w. From condition (I), this implies that
v € U™, A;. Now, we apply condition (II) for x =y = u and z = v, we obtain

S(u,u,v) = S(gu, gu, gv)

(3.10) < byn(u,u,v) + by N(u,u,v),
where

B 1+ S(gu, gu,u)

n(uaua U) - ¢(S(gv,gv,v) 1 —i—S’(u,u,v) )

B 1+ S(u,u,u)

B TZ}(S(U’U’U)1—|—S’(u,u,v))'
Using the property of ¢ and condition (S1), we get
(3.11) n(u,u,v) — 0,
and

N(u,u,0) = max { (S (uu,0)), 0(S(gu, gu,w), (S (gu, gu, u)),

w(%[é’(gu?gu, v) + S(gv,gv,U)])}

= max {0 (S(u,u,0)), V(S (s u, 1), 9(S (s 0, 0)),

1
¢(§[S(U,U7U) + S(v, v, u)])}
Using Lemma 2.1, condition (S1) and the property of 1, we get

(3.12) N(u,u,v) = S(u,u,v).
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If S(u,u,v) >0, from equations (3.10), (3.11) and (3.12), we get
(3.13) S(u, u,v) < by S(u,u,v) < S(u,u,v),

which is a contradiction. Hence, S(u,u,v) = 0, that is, v = v. Thus we have proved
the uniqueness of the fixed point. This completes the proof. O

Next, we derive some fixed point theorems from Theorem 3.1.

If we take m = 1 and A; = X in Theorem 3.1, then we obtain immediately the
following result.

Corollary 3.1. Let (X,S) be a complete S-metric space and g: X — X satisfies
the following condition: there exists by,bs € [0,1) with by +by < 1 and some ¢ €
such that

1+ S(gyvgy,y)>
1+ S(x,y,2)
+by max {w(S(x,%Z))7w(5(gx7gx,m))w(S(gy,gy,y)),
1
¥ (589w, 92.2) + S(g7. 92,2)]) }.
forall z,y,z € X. Then g has a unique fized point.

S(g9z,9y,92) < by (5(927 9%, 2)

Remark 3.1. Corollary 3.1 extends and generalizes many existing fixed point theorems
in the literature to the setting of complete S-metric spaces (see, [7, 12]).

Corollary 3.2. Let (X,S) be a complete S-metric space, m € N, Ay, Ag,..., A
be nonempty closed subsets of X, Y = U2 A; and g:Y — Y. Suppose that there
exists a nondecreasing function ¢ € U such that:

(h1) Y = U, A, is a cyclic representation of Y with respect to g;

(h2) there exist by,by € [0,1) with by + ba < 1 such that for all (z,y,z) €
Ai X Az X Ai+1, 1= 1,2,...,m (U)Zth Am+1 = Al),

1+ S(gy,gy,y)>
L+ S(z,y,2)
+by ¢(max{S(Ly,Z)7S(gx,gzyx),S(gy,gy,y),
1
(3.14) 5[5(9%9%2) + 5(92,92796)}}),

forall x,y,z € X. Then g has a unique fixed point. Moreover, the fixed point of g
belongs to N2, A;.

S(gz,9y,92) < by 1/1(5(92, 92, 2)

Proof. Tt follows from Theorem 3.1 by taking that if v» € ¥ is a nondecreasing
function, we have

N(z,y,2) = d}(max {S(x, y,2),S(gx, gz, x), S(9y, 9y, ),

1

5[5(9%9% z) + S(gz,gz,x)]}).
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O

Remark 3.2. It is clear that the conclusions of the Corollary 3.2 remain valid if in
condition (3.14), the second term of the right-hand side is replaced by one of the following
terms:

b 0(S(en s ba (3 [5(0,2.2) + S(05,95,2)] )
by masx {zp(S(gx, gz, 7)), (S gy g, y>>};
or by max{w(sm,z>>,w<5<gx,gm,x>>,w<5<gy, o, y>>}.

Corollary 3.3. Let (X,S) be a complete S-metric space, m € N, Ay, Aa, ..., Ap,
be nonempty closed subsets of X, Y = U™ A; and g:Y — Y. Suppose that there
exist five positive constants d;, j = 1,2,3,4,5 with Z?=1 d; <1 such that:

(hl) Y = U™, A; is a cyclic representation of Y with respect to g;

(h2) for all (z,y,2) € A; X Aj X A1, 1 =1,2,....m (with A1 = Ay),

1+ S(9y,9v,y
S(nggyagz) < d (S(gz’gz’z)l—i—é(myz))) +da S(z,y,z)

+d3 S(gx, gx,x) + ds S(9y, 9y,y)
1
(3.15) +ds 5[5(956, gz,z) + S(gz, 92, x)],

forall x,y,z € X. Then g has a unique fixed point. Moreover, the fixed point of g
belongs to N, A;.

Proof. 1t follows from Theorem 3.1 with 1(t) = (d1 + da +ds +ds + ds)t. O

As special case we obtain S-metric space versions of Banach ([4]), Kannan ([10])
and Chatterjea ([5]) fixed point results (relation (1), (4) and (11) in [23]) in the
cyclic variant from Corollary 3.3.

Corollary 3.4. Let (X,S) be a complete S-metric space, m € N, Ay, Ag,..., A
be nonempty closed subsets of X andY = U2, A;. Let Y =Y be such that:

(1) Y = U, A; is a cyclic representation of Y with respect to g;

(2) there exists § € [0,1) such that one of the following conditions hold for all
(r,y,2) € Ay Xx Ay X Ajy1, 1 =1,2,...,m (with A1 = A1),

S(gx,gy,gz) < 5S($,y7 2)7

S(gz,9y,92) < = [S(x,z, gx) + S(y, ¥, gy)],

[NCRIST)

b
S(gx, gy, 9z) < 3 [S(z,z, gy) + S(y,y, g)],

for all z,y,z € X. Then g has a unique fized point u € Y.
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Proof. Tt follows from Corollary 3.3 by taking (1) do = d and dy = ds = dy = d5 = 0,
(2) d3:d4:%andd1:d2=d5:0, and(3) d5:5andd1=d2=d3=d4=
0. O

If we take bl = Oa b2 = 1 and max {¢(S($a Y, Z))a ¢(S(9$7 gz, .’L‘)), w(‘s’(‘gyagya y))7

¥(1[S(gz, gz, 2)+5 (92, g2, x))) } = 9(S(z,y, 2)) in the Theorem 3.1, then we obtain
the following result as corollary.

Corollary 3.5. Let (X,S) be a complete S-metric space, m € N, Ay, Ag, ..., Am
be nonempty closed subsets of X, Y = U2, A;, g:Y = Y an operator and ¥ =
U, A; is a cyclic representation of Y with respect to g. Suppose that g satisfies
the following condition: for any (x,y,z) € A; X A; X Ajy1, © = 1,2,...,m with
Am+1 = Al;

S(gz, gy, 92) < (S(x,y,2)).

Then g has a unique fized point. Moreover, the fixed point of g belongs to NI*, A;.

Remark 3.3. Corollary 3.4 extends the corresponding result of Kirk et al. [14] to the
setting of S-metric space.

If we take Ay = As = ... = A4, = X and ¢(t) = kt, where 0 < k < 1 in the
Corollary 3.4, then we obtain the following result.

Corollary 3.6. ([24]) Let (X,S) be a complete S-metric space and g: X — X be
a mapping such that for any x,y,z € X,

S(9z, 9y,9z) < kS(z,y, z),

where 0 < k < 1. Then g has a unique fized point in X.

Remark 3.4. Corollary 3.5 also extends the well-known Banach fixed point theorem [4]
form complete metric space to the setting of complete S-metric space.

Now, we give some examples in support of our results.

Example 3.1. Let X =[0,1] and g: X — X be given by g(z) = £. Let A; = [0, 1] and
Ay = [4,1]. Define the function S: X* — [0,00) by S(z,y,2) = max{z,y, z} for all for all
x,y,z € X, then S is an S-metric on X. Now, define the function ¢: [0, +00) — [0, +00) by
P(t) = %, t € [0,1]. Then v has the properties mentioned in Corollary 3.5. Let x >y > z
for all x,y,z € X. It is clear that X = UZ_, A, is a cyclic representation of X with respect

to g.
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(1) Now, consider the inequality of Corollary 3.5, we have

S(gx,9y,92) = S<E7 3 E)

,2)) = Y(max{z,y, z})

or

| =
N)\»—l

which is true. Thus, all the conditions of Corollary 3.5 are satisfied and v = % € U2 A,
is a unique fixed point of g.

(2) Again, consider the inequality of Corollary 3.6, we have

_ Ty =z
S(gx7gy7gz) - S(87878>
_ rTyz
- max{s’s’s}
= 5 SkS(@y,2) = kmaz{z,y,2)
= kux,
or
1
k> =
=38

If we take 0 < k < 1, then all the conditions of Corollary 3.6 are satisfied and u =0 € X
is a unique fixed point of g.

Example 3.2. Let X = [0,1]. We define S: X* — R, by

S(m,y,z):{ 0, lfl‘:y:Z,

max{z,y,z}, if otherwise,

for all z,y,z € X. Then (X,S) is a complete S-metric space. Suppose A1 = [0,1],

Az =10, %} and Y = U?_, A;. Consider the mapping g: Y — Y such that g(z) = 2({07;;) for
allz € Y. Tt is clear that Y = UZ_, A; is a cyclic representatlon of X with respect to g. Let
us suppose that 1: [0, +00) — [0, +00) be such that ¢(t) = 1+t, t € [0,1]. Then % has the

properties mentioned in Theorem 3.1. Moreover, the mapping g is a cyclic representation
of Y with respect to g. Without loss of generality, we assume that x > y > z for all
z,y,z €Y. Then

S(gr,9y,92) = max{gz,gy,gz}

max{ 1'2 y2 22 }
20+ 2) 21 +y) 2(1+2)
2
X

2(1 + )’
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S(z,y,z) = max{z,y, 2} = z.

On the other hand,

N(z,y, 2)

Il
=
o
"
—
@
H
?
/\
Cl)
_
+
&
/:
+| %
8
N
~——
N———

1”(%{5(2(1%“) et )”((17;)’2(1271@"”’”)])}
= max{uta) vt w0 (5 [ max {555 2} o] )}
— P(a).

(Since it was used that the function v is increasing and since x > z, x > that

%[max{%,z} +x] <uz)

Hence in this case

2(1+:c)’

—_

S(gz, gy, 92) < §N(w,y, z)

is satisfied for b1 = 0. Thus, the condition (II) holds for b1 = 0 and by = L

2
Hence, all conditions of Theorem 3.1 are satisfied (with m = 2) and so g has a unique
fixed point which is in this case is u = 0 € NZ_; A;.

Example 3.3. Let X =[0,1] and S: X* — R be given by

S(w,y,z)—{ 1, if r=1lory=1lorz=1,
for all z,y,z € X. Then (X, S) is a complete S-metric space.
If a mapping ¢g: X — X is given by

172, if @y, z €]0,1)
g(:"’)*{l/es, fr=y=2=1,

and A; = [0, ], A2 = [%,1], then A; UA; = X is a cyclic representation of X with respect
to g. Now, define the function 1: [0,00) — [0,1) and ¢(t) = 3, ¢ € [0,1]. Then ¢ has the
properties mentioned in Corollary 3.5. Moreover, the mapping ¢ is a cyclic representation
of Y with respect to g. Without loss of generality, we assume that x > y > z for all
z,y,z € X. Indeed, consider the following cases.

Case L Ifz,y €[0,1], z€[:,1) or 2 € [0, 3], 2,y € [5,1). Then

S(gz,gy,92) = S(

IA
i
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Thus, the inequality of Corollary 3.5 is trivially satisfied.

Case II: If z,y € [0, 3] and z = 1. Then

111 2
S(gmmgyhgz) - S(§7§76> *57
S(x,y,2) =1,
and
3
W(S(,y ) = 5.
Consequently,

S(gx, gy, 92) <(S(z,y,2))

SN NUURULIE )

)

which is true. Thus, all the conditions of Corollary 3.5 are satisfied.

Case III: If z,z € [0, 3] and y = 1. Then

2

111 1
5(9%9%92) = S(§> 6’ 5) =3
S(z,y,2) =1,
and
3
Consequently,
1 3
S(g,9y,92) = 3 <v(Sy,2) =7,

which is true. Thus, all the conditions of Corollary 3.5 are satisfied.

Case IV: If y,z € [0, 3] and = 1. Then

111 1
S(g.’L‘,gy,gZ) - S<g7§7§> - 57

S(x’ y? Z) = 1’

and

U(S(0,2)) = 5.
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Consequently,
1 3
S(9z,9y,92) = 5 <¥(S(xy.2) =,

which is true. Thus, all the conditions of Corollary 3.5 are satisfied.

Considering all the above cases, we conclude that the inequality used in Corollary 3.5
remains valid for ¢ and g constructed in the above example and consequently by applying
Corollary 3.5, g has a unique fixed point (which is u = % € A1 N As).

4. Application to well posedness fixed point problem

The notion of well posedness of a fixed point problem has generated much interest
to several mathematicians, for example [1, 2, 8, 15, 20, 21, 22]. Here, we study well
posedness of a fixed point problem of mappings in Theorem 3.1.

Definition 4.1. ([8]) Let (X,d) be a metric space and g: X — X be a mapping.
The fixed point problem of g is said to be well-posed if

(i) ¢ has a unique fixed point v in X;

(ii) for any sequence {x,} of points in X such that lim,_,o d(gzn,z,) = 0, we
have lim,,_, oo d(z,,, u) = 0.

Now, we generalize the above notion in S-metric space.

Definition 4.2. Let (X,S) be a S-metric space and g: X — X be a mapping.
The fixed point problem of g is said to be well-posed if

(i) g has a unique fixed point u in X;

(ii) for any sequence {x,} of points in X such that lim, o S(gZn, gTn, ) =
0 = limp 00 S(Tn, Tn, g2r), we have limy, o0 S(Zp, Tpn,u) = 0 = limy, 00 S(u, u, zp).

Concerning the well-posedness of the fixed point problem in a S-metric space
satisfying the conditions of Theorem 3.1, we have the following result.

Theorem 4.1. Let g:Y — Y be a self mapping as in Theorem 3.1. Then the fixed
point problem for g is well posed.

Proof. From Theorem 3.1, we know that g has a unique fixed point, say, u €
Y. Let {z,} C Y be a sequence in Y such that lim,_, . S(2pn,Tn, gz,) = 0 =
lim,, o0 S(gn, gTn, ;). Then using (S1), Lemma 2.1, condition (II) and the prop-
erty of v, we have

S(mnaxmu) < 2S(JCn,1'n,gl'n) + S(u,u, gxn)
= QS(xn,mn,gajn) +S(gxn7gxn7gu)
< 2S($na$nugxn) +b n(xn,xn,u)

(4.1) +by N(zp,, 2, u),
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where
0(Tp, Tn,u) = %D(S(gu, gu,u) Tf%}fs’gjn’gw
B 1+ S(9%n, gTn, Tn)\ _
(4.2) N @[J(S(u,u,u) 1+ S(xn, Tn,u) ) =0
and
N(xm:rn,u) = max {w(S(xmxmu)),10(5(9%7gl"m$n)),¢(5(g$mgfﬂn,$n))7
1
¥ (518(92 s gzn w) + S(gu. gu.z,)]) |
= max {Q/J(S(xm Ty, u))a ¢(S(g$n, 9Tn, xn))a 1/)(5(9357“ 9Tn, an)),
0 (51800, g0, w) + S, ,)]) }
= maX {¢(5($n, T, u)), ¢(S(gmn, 9gTn, xn))a ¢(S(g$n, 9Tn, xn))v
1#(%[25(9:1071, 9Tny Tn) + 25 (2p, T,y u)])}
= maXx {’(/)(S((L‘n, Ly u))7 w(S(gl‘n, 9Tn, Jin)), 1#(5(9%7 gTn, .73”)),
w(s(gfmgffn, Tp) + S(Tn, Tn, u))}
(4.3) = ’(/J(S(gxnagxnawn))'
From equations (4.1)-(4.3), we obtain
(44) S(.’I}n, "I’"I'L) U) S 2S($n7 xna gxn) + b2 ’(/}(S((L‘n7 xna U))

Using the property of ¢ in equation (4.4), we obtain
S(mna Ly u) < 25(377” Tn, gmn) + by S(S(}n, L, u),

taking the limit as n — oo in the above inequality, we get S(xy,,zn,u) — 0 as
n — oo since by < 1, which is equivalent to saying that x,, — u as n — oco. This
completes the proof. [

5. Conclusion

In this paper, we prove some fixed point theorems for generalized g,;-cyclic contrac-
tions in the setting of complete S-metric spaces. Also we give some examples in
support of our results. The results presented in this paper extend, generalize and
improve several fixed point results in the literature (see, e.g., [11, 12, 16, 17, 24] and
many others) to the setting of complete S-metric spaces.
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1. Introduction

Paracontact metric structures have been introduced in [5], as a natural odd-
dimensional counterpart to para-Hermitian structures, like contact metric structures
correspond to the Hermitian ones. Paracontact metric manifolds have been studied
by many authors in the recent years, particularly since the appearance of [19]. An

important class among paracontact metric manifolds is that of the (k, xt)-manifolds,
which satisfies the nullity condition [2]

(1.1) R(X,Y)E = k(n(Y)X —n(X)Y) + p(n(Y)hX —n(X)nY),
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for all XY vector fields on M, where k and p are constants and h = %L’g(b. This
class includes the para-Sasakian manifolds [5, 19], the paracontact metric manifolds
satisfying R(X,Y)¢ = 0 for all X,Y [20].

Among the geometric properties of manifolds symmetry is an important one.
From the local point view it was introduced by Shirokov as a Riemannian mani-
fold with covariant constant curvature tensor R, that is, with VR = 0, where V is
the Levi-Civita connection. An extensive theory of symmetric Riemannian mani-
folds was introduced by Cartan in 1927. A manifold is called semisymmetric if the
curvature tensor R satisfies R(X,Y) - R = 0, where R(X,Y) is considered to be a
derivation of the tensor algebra at each point of the manifold for the tangent vectors
X,Y. Semisymmetric manifolds were locally classified by Szabé [16]. Also in [17]
and [18], Yildiz and De studied h-Weyl semisymmetric, ¢-Weyl semisymmetric, h-
projectively semisymmetric and ¢-projectively semisymmetric non-Sasakian (k, u)-
contact metric manifolds and paracontact metric (k, u)-manifolds respectively. Re-
cently Mandal and De have studied certain curvature conditions on paracontact
(k, u)-spaces [6].

The projective curvature tensor is an important tensor from the differential ge-
ometric point of view. Let M be a (2n + 1)-dimensional semi-Riemannian manifold
with metric g. The Ricci operator @ of (M, g) is defined by g(QX,Y) = S(X,Y),
where S denotes the Ricci tensor of type (0,2) on M. If there exists a one-to-one
correspondence between each coordinate neighbourhood of M and a domain in Eu-
clidian space such that any geodesic of the semi-Riemannian manifold corresponds
to a straight line in the Euclidean space, then M is said to be locally projectively
flat. For n > 1, M is locally projectively flat if and only if the well known projective
curvature tensor P vanishes. Here P is defined by

(1.2) P(X,Y)Z=R(X,Y)Z — %{S(Y, 7)X - S(X, Z)Y},

for all X,Y,Z € T(M), where R is the curvature tensor and S is the Ricci tensor.

In fact M is projectively flat if and only if it is of constant curvature. Thus
the projective curvature tensor is the measure of the failure of a semi-Riemannian
manifold to be of constant curvature.

A paracontact metric (k, u)-manifold is said to be an Einstein manifold if the
Ricci tensor satisfies S = A1 ¢, and an n-Einstein manifold if the Ricci tensor satisfies
S = A1g + Aon ®n, where A1 and Ay are constants.

On the other hand, the Schouten-van Kampen connection is one of the most
natural connections adapted to a pair of complementary distributions on a dif-
ferentiable manifold endowed with an affine connection [1, 4, 10]. Solov’ev has
investigated hyperdistributions in Riemannian manifolds using the Schouten-van
Kampen connection [12, 13, 14, 15]. Then Olszak has studied the Schouten-van
Kampen connection to adapted to an almost (para) contact metric structure [8].
He has characterized some classes of almost (para) contact metric manifolds with the
Schouten-van Kampen connection and he has finded certain curvature properties of
this connection on these manifolds
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In the present paper we have studied certain curvature properties of a paracon-
tact metric (k, u)-space. The outline of the article goes as follows: After introduc-
tion, in Section 2, we recall basic facts which we will need throughout the paper.
Section 3 deals with some basic results of paracontact metric manifolds with charac-
teristic vector field & belonging to the (k, u)-nullity distribution with respect to the
Schouten-van Kampen connection. In section 4, we characterize paracontact met-
ric (k, p1)-manifolds satisfying some semisymmetry curvature conditions. We prove
that a h-projectively semisymmetric and ¢-projectively semisymmetric paracontact
metric (k, u)-manifold with respect to the Schouten-van Kampen connection is an
n-Einstein manifold with respect to the Levi-Civita connection, respectively. In the
all cases we assume that k& # —1.

2. Preliminaries

An (2n + 1)-dimensional smooth manifold M is said to have an almost para-
contact structure if it admits a (1, 1)-tensor field ¢, a vector field £ and a 1-form 7
satisfying the following conditions:

() né) =1, ¢*=I-1nRE,

(i4) the tensor field ¢ induces an almost paracomplex structure on each fibre of
D = ker(n), i.e. the f1l-eigendistributions, D¥ = Dy(£1) of ¢ have equal
dimension n.

From the definition it follows that ¢ = 0, n o ¢ = 0 and the endomorphism ¢
has rank 2n. The Nijenhius torsion tensor field [¢, @] is given by

(2.1) [0, 0](X,Y) = ¢*[X, Y] + [6X,0Y] — ¢[6X, Y] — ¢[X, 9Y].

When the tensor field Ny = [¢, ¢] — 2dn ® £ vanishes identically the almost para-
contact manifold is said to be normal. If an almost paracontact manifold admits a
pseudo-Riemannian metric g such that

(2.2) 9(0X,¢Y) = —g(X,Y) + n(X)n(Y),

for all X, Y € T'(TM), then we say that (M, ¢,£,n,g) is an almost paracontact
metric manifold. Notice that any such a pseudo-Riemannian metric is necessarily
of signature (n + 1,n). For an almost paracontact metric manifold, there always
exists an orthogonal basis {X1,...,Xn, Y1,...,Y,, &}, such that g(X;, X;) = 65,
g(K7Y]) = _61']'3 g(Xvaj) =0, g(faXl) = g(g’}/}) =0,and V; = ¢)sz for any
i,7 € {1,...,n}. Such basis is called a ¢-basis.

We can now define the fundamental form of the almost paracontact metric man-
ifold by (X,Y) = g(X,¢Y). If dn(X,Y) = g(X, ¢Y), then (M, $,&,n,g) is said
to be paracontact metric manifold. In a paracontact metric manifold one defines a
symmetric, trace-free operator h = %ﬁgqﬁ, where L¢, denotes the Lie derivative. It



398 A. Yildiz and S. Yiiksel Perktas

is known [19] that h anti-commutes with ¢ and satisfies h§ = 0, trh = trhp = 0
and
(2.3) Vx€=—¢X + ohX,

(2.4) (Vxn)Y = g(X,¢Y) = g(hX, 9Y),

where V is the Levi-Civita connection of the pseudo-Riemannian manifold (M, g).
Let R be Riemannian curvature operator

(2.5) R(X, Y)Z =VxVyZ-VyVx7 — V[ny]Z.

Moreover h = 0 if and only if £ is Killing vector field. In this case (M, ¢,&,7,9)
is said to be a K-paracontact manifold. A normal paracontact metric manifold is
called a para-Sasakian manifold. Also, in this context the para-Sasakian condition
implies the K-paracontact condition and the converse holds only in dimension 3.
We also recall that any para-Sasakian manifold satisfies

(2.6) R(X.Y)¢ = n(X)Y — ()X,

3. Paracontact metric (k, u)-manifolds with respect to the
Schouten-van Kampen connection

Let (M, ¢,&,1n,9) be a paracontact manifold. The (k, p)-nullity distribution of
a (M, ¢,&,n,g) for the pair (k, ) is a distribution

N(khu) : p%Np(k7H’)
- [ ZeT,M|R(X,Y)Z=k(g(Y,Z2)X — g(X,Z)Y)
(3:-1) = +ulg(Y, 2)hX — g(X, Z)hY) :

for some real constants k and p. If the characteristic vector field £ belongs to the
(k, p)-nullity distribution we have (3.1). [2] is a complete study of paracontact
metric manifolds for which the Reeb vector field of the underlying contact structure
satisfies a nullity condition (the condition (3.1), for some real numbers k and pu).

Lemma 3.1. [2] Let M be a paracontact metric (k, u)-manifold of dimension 2n+
1. Then the following holds:

(Vxh)Y = (Vyh)X = —(1+Fk)(29(X,9Y)E +n(X)oY —n(Y)pX)
(3.2) +(1 = p)(n(X)phY —n(Y)phX),
(Vxoh)Y — (Vyoh)X = (1+k)0(X)Y —n(Y)X)
(3.3) +(p =D (n(X)hY —n(Y)hX),

(34) (Vx9)Y = —g(X,Y){+g(hX,Y)E+n(Y)X —n(X)Y,  k# -1,
for any vector fields X, Y on M.
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Lemma 3.2. [2] In any (2n + 1)-dimensional paracontact metric (k, p)-manifold
(M, $,&,n,9) such that k # —1, the Ricci operator Q is given by

(3.5) Q = (201 — n) + nu)T + (2(n — 1) + p)h + (2(n — 1) + n(2k — 1))y ® €.

On the other hand, we have two naturally defined distribution in the tangent
bundle TM of M as follows:

(3.6) H = kern, V = span{}.

Then we have TM = H®V, HNV = {0} and H L V. This decomposition allows
one to define the Schoutenvan Kampen connection ? over an almost contact metric
structure. The Schouten-van Kampen connection V on an almost (para) contact
metric manifold with respect to Levi-Civita connection V is defined by [12]

(3.7) VxY = VxV —n(Y)Vx&+ (Vxn)(Y)E

Thus with the help of the Schouten-van Kampen connection (3.7), many properties
of some geometric objects connected with the distributions H, V' can be charac-
terized [12 13, 14] For example ¢, ¢ and 7 are parallel with respect to V, that is,

V{ =0 Vg =0 V77 = 0. Also, the torsion T of V is defined by
(3.8) T(X,Y) = n(X)Vy& —n(Y)Vx€+ 2dn(X, Y)E.

Now we consider a paracontact metric (k, u)-manifold with respect to the Schouten-
van Kampen connection. Firstly, using (2.3) and (2.4) in (3.7), we get

(3.9)  VxY =VxY —n(Y)pX — n(Y)phX + g(X, Y )¢ — g(hX, ¢Y)E.

Let R and R be the curvature tensors of the Levi-Civita connection V and the
Schouten-van Kampen connection V,

(3.10) R(X,Y)=[Vx,Vy] = Vixy, R(X,Y)=[Vx,Vy] - Vixy.
If we substitute equation (3.7) in the definition of the Riemannian curvature tensor
(3.11) R(X,Y)Z =VxVyZ—VyVxZ —VixyZ.
Using (3.9) in (3.11), we have
R(X.Y)Z = Vx(VyZ-n(Z)¢Y —n(Z)ohY
+9(Y,02) — g(hY, ¢Z)§)
~Vy(VxZ = 0(Z)$X —n(Z)$hX
(3.12) +9(X,02)€ — g(hX, 9Z)§)

—(Vixy1Z +n(2)¢[X, Y] = n(Z)$h[X, Y]
+9([X,Y],02)§ — g(h[X, Y], $Z)¢).
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Using (3.2), (3.3) and (3.4) in (3.12), we obtain the following formula connecting R
and R on M

R(X,Y)Z = R(X,Y)Z+g(X,0Z)0Y — g(Y,62)$X + g(hY,$Z)$X
—g(hX,¢Z)¢Y + g(Y,¢Z)phX — g(X, ¢Z)phY
+g(hX,6Z)hY — g(hY,$Z)phX

(3.13) +(k+ 1)(g(X, Z)n(Y)E — (Y, Z)n(X)¢)
+h((X)n(Z)Y = n(Y)n(2)X)

+u = D)(g(hX, Z)n(Y)E — g(hY, Z)n(X)€)

+u(n(X)n(2)hY —n(Y)n(Z)hX).

Now taking the inner product in (3.13) with a vector field W, we have

JR(X.Y)Z,W) = g(R(X.Y)Z,W)+g(X,0Z)g(¢Y, W) — g(Y,$Z)g(¢X, W)
+g(hY, 6 Z)g(0X, W) — g(hX,$Z)g($Y, W)
+9(Y,02)g(¢hX, W) — g(X, ¢ Z)g(ohY, W)
(3.14) +g (hX ¢Z) (gi)hY W)— (hY, qSZ)g(nghX, W)
+(k + 1)(g(X, Z)n(Y (W) — g(Y, Z)n(X)n(W)
+h(g(Y, ()(Z) g(X, W)n(Y)n(Z2)
+(i— 1) (g(hX, Z)n(Y)n(W) — g(hY, Z)n(
(

(X

Wn )

( X)n(W))
(g (Y, Wn(X)n(Z) — g(hX, W)n(Y)n(Z)).

2)

If we take X =W =e¢;, {i =1,...,2n+ 1}, in (3.14), where{ei} is an orthonormal
basis of the tangent space at each point of the manifold, we get

S(Y,2) = S(Y,Z) - (k+2)g(Y,2)
(3.15) +(k +2 = 2nk)n(Y)n(Z) — (u — 1)g(hY, Z),

where S and S denote the Ricci tensor of the connections V and V, respectively.
As a consequence of (3.15), we get for the Ricci operator @

(3.16) QY = QY — (k+2)Y + (k+2 — 2nk)n(Y)E — (u — 1)RY,
Also if we take Y = Z =¢;, {i = 1,...,2n + 1}, in (3.16), we get
(3.17) r=r—4n(k+1),

where 7 and r denote the scalar curvatures of the connections V and V, respectively.

4. Some semisymmetry curvature conditions on paracontact metric
(k, p)-manifolds

In this section we study some semisymmetry curvature conditions on paracon-
tact metric (k, pu)-manifolds with respect to the Schouten-van Kampen connection.
Firstly we give the following:
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Definition 4.1. A semi-Riemannian manifold (M?"*1 g),n > 1, is said to be
h-projectively semisymmetric if

(4.1) P(X,Y)-h=0,

holds on M.

Let M be a h-projectively semisymmetric paracontact metric (k, u)-manifold
(k # —1) with respect to the Schouten-van Kampen connection. Then above equa-
tion is equivalent to _ _
(4.2) P(X,Y)hZ — hP(X,Y)Z =0.

for any X,Y,Z € x(M). Thus we write
R(X,Y)hZ — hR(X,Y)Z
(4.3) —i{fs*v(y, hZ)X — S(X,hZ)Y — 8(Y, Z)hX + 5(X, Z)hY'} = 0.
Using (3.13) in (4.3), we have
R(X,Y)hZ — hR(X,Y)Z + g(X, phZ)$pY — g(Y, ohZ)$X
—g(hY, h¢Z)pX + g(hX,hd Z)Y + g(Y, phZ)dphX
—g(X, phZ)phY — g(hX, h¢Z)$hY + g(hY, h¢Z)phX
+(k+ D{g(X, hZ)n(Y)§ — g(Y, hZ)n(X)&}
+(u = D{g(hX, hZ)n(Y)E — g(hY, hZ)n(X)&}
—9(X,02)heY + g(Y,$Z)ho X — g(hY, $Z)ho X
(4.4) +9(hX,Z)heY — g(Y,$Z)hohX + g(X, pZ)h¢hY
—g(hX, ¢Z)hehY + g(hY, $Z)hohX
—k{n(X)n(Z)hY —n(Y)n(Z)h X}
—u{n(X)n(Z)h?Y —n(Y)n(Z)h* X}
—%{S(Y, hZ)X — S(X,hZ)Y — S(Y, Z)hX + S(X, Z)hY
—(k +2)[g(Y,hZ)X — g(X,hZ)Y + g(Y, Z)hX — g(X, Z)hY]
+(p — V[g(hX, hZ)Y — g(hY,hZ)X + g(hY, Z)hX — g(hX, Z)hY]
+(k 42 = 2nk)[n(X)n(Z)hY = n(Y)n(Z)hX]} = 0.
Yildiz and De [18] proved that

R(X,Y)hZ —hR(X,Y)Z = p(k+1){g(Y,Z)n(X)§ - g9(X, Z)n(Y)§
+n(X)n(2)Y —n(Y)n(Z2)X}
(4.5) +k{g(hY, Z)n(X)¢ — g(hX, Z)n(Y)E
+n(X)n(Z)hY —n(Y)n(Z)hX
+9(8Y, Z)phX — g(¢pX, Z)phY }
+(p+ k){g(phX, Z)dY — g(ohY, Z)p X'}
+2ug(6X,Y)PhZ.
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Again using (4.5) in (4.4), we get

(4.6)

w(k +1){g(Y, Z)n(X)§ — g(X, Z)n(Y)E + n(X)n(2)Y —n(Y)n(Z)X}
+k{g(hY, Z)n(X)§ — g(hX, Z)n(Y)E + n(X)n(Z)hY

—n(Y)n(Z2)hX — g(¢Y, Z2)h¢ X + g(¢ X, Z)heY }

—(p+ k) {g(ho X, Z)pY — g(hoY, Z)pX}

—2ug9(p X, Y)hoZ — g(X, ho Z)pY + g(Y, ho Z)p X
—(k+1D)[g(Y,0Z)pX — g(X,¢Z)pY — g(X, p2)hoY

+9(Y,0Z)h X — g(X,hZ)n(Y )¢ + g(Y, hZ)n(X)E]

+9(Y,h¢ Z)h¢ X — g(X, h¢ Z)hY

+(u = 1)k + D{g(X, Z)n(Y)§ — g(Y, Z)n(X)E}

—9(X,9Z)hoY + g(Y,02)h X — g(hY,¢Z)hé X + g(hX, ¢Z)hoY
+(k+D[g(Y,02)pX — 9(X,02)9Y + g(hX,9Z)pY — g(hY,$Z)pX]
—k{n(X)n(Z)hY —n(Y)(Z)hX} — p(k + D{n(X)n(Z2)Y —n(Y)n(Z2)X}
—%{S(Y, hZ)X — S(X,hZ)Y — S(Y,Z)hX + S(X, Z)hY
—(k+2)[g(Y,hZ)X — g(X,hZ)Y + g(X, Z)hY — g(Y, Z)hX]

+(u =1k + D[g(X, 2)Y —n(X)n(Z2)Y — g(Y,2)X +n(Y)n(Z2)X]
—(k+2=2nk)[n(Y)n(Z)hX —n(X)n(Z)hY]

+(u— Dg(hY, Z)hX + g(hX, Z)hY] = 0,

which gives to

ulg(hdY, Z)g(¢ X, W) — g(he X, Z)g(¢Y, W) + 2(X, ¢Y )g(hoZ, W)}
+(k + D{g(Y, Z)n(X)n(W) — g(X, Z)n(Y )n(W)}
+9(hX, Z)n(Y )n(W) — g(hY, Z)n(X)n(W)

5 SV, h2)g(X, W) — S(X, hZ)g(¥, W)

+S(X, Z)g(hY, W) — S(Y, Z)g(hX, W)
—(k+2)[g(Y,h2)g(X, W) — g(X,hZ)g(Y, W)

+9(X, Z)g(hY, W) — g(Y, Z)g(h X, W)]

—(p =D (k+D[g(Y, Z)g(X, W) — g(X, W)n(Y)n(Z)
+9(Y, Wn(X)n(Z) — 9(X, Z)g(Y, W)]

—(k+2 = 2nk)[g(hX, W)n(Y)n(Z) — g(hY,W)n(X)n(Z)]
+(u = 1)[g(hY, Z)g(hX, W) + g(hX, Z)g(hY,W)] = 0.

Putting X =W =¢; in (4.7), we get

pu(k+1)g(hZ,Y) + pu(k + 1){g(Y, Z) =n(Y)n(Z)} — g(hY, Z)
—%{(271 +1)[S(RY, Z) — (k + 2)g(Y, h2)
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(4.8) —(p =1k +1)(g(Y,2) = n(Y)n(Z))]
+(k+2)g(Y,hZ) +2(p — 1)(k+ 1)[9(Y. Z) = n(Y)n(Z)]
—(k+2)g(hY, Z)} = 0.

Again putting Y = hY in (4.8) and using h? = (k + 1)¢?, we obtain

(k+ D){[2npu(k + 1) — 2n + (20 + 1) (k + 2)]g(Y, Z)
—2npk+1)—2n+ 2n+ 1)(k+2) — (2n+ 1)2nkln(Y)n(2)

(4.9) +2np+ 2n+1)(p—1) — 2(u — 1)]g(RY, Z)
—2n+1)S(Y,2)} =0.

As well known that

JY.2) = oS 2) = =y )
(4.10) _@2n ;(;Hf;(iku_ W) v yn(z).

Hence using (4.10) in (4.9), we get

(k+ D{[2np(k +1) = 20+ (20 + 1)(k + 2)|g(Y; 2)
—[2npk+1) = 2n+ (2n+1)(k 4+ 2) — (2n + 1)2nk]n(Y)n(Z)

(4.11) gt @n4 ) —1) -2 — D{— SV, 2)

2(n—1)+p)
3 (22((1n—_n1))—l:|—n:) (2(n — 1) + n(2k — p)) n(V(2))

(¥, 2) - 2n—1)+pu
—(2n+1)S(Y,2)} = 0.

Hence one can write

A Vn2),

9(Y, Z) + An

(4.12) S(Y,2) =

where

Ay = 2np(k+1)—2n+ 2n+1)(k+2)
21 —n) + W)
2n—=1)+p
Ay = 2npk+1)+2n+ 2n+1)(k+2) + (2n + 1)2nk
(2(n = 1) + n(2k — p))
2n—1)+pu

A = 2n+1- [2nu+(2n+1)(u*1)*2(ﬂ*1)]m'

Therefore from (4.12) it follows that the manifold M is an 7-Einstein manifold with
respect to the Levi-Civita connection. Thus we have the following:

—[2np+ 20+ 1) (1 — 1) — 2(u - 1)]

—[2np+ 2n+1)(p—1) = 2(u - 1)]
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Theorem 4.1. Let M be a (2n + 1)-dimensional h-projectively semisymmetric
paracontact (k, p)-manifold (k # —1) with respect to the Schouten-van Kampen
connection. Then the manifold M s an n-Einstein manifold with respect to the
Levi-Civita connection provided p # 2(1 — n).

Definition 4.2. A semi-Riemannian manifold (M?"*1 g);n > 1, is said to be
¢-projectively semisymmetric if

(4.13) P(X,Y) ¢=0=0,

holds on M for all X,Y € x(M).

Let M be a ¢-projectively semisymmetric paracontact metric (k, u)-manifold
(k # —1) with respect to the Schouten-van Kampen connection. Then above equa-
tion is equivalent to

(4.14) P(X,Y)¢Z — ¢P(X,Y)Z =0,
for any X, Y, Z, W € x(M). Thus we have

(4.15) R(X,Y)¢Z — ¢R(X,Y)Z
—%{L?(Y, 0Z)X — S(X,02)Y — S(Y, 2)pX + S(X, Z)¢Y} =0,

Using (3.13) in (4.15), we get

R(X,Y)¢Z — ¢R(X,Y)Z + g(X, 2)Y — n(X)n(Z)pY
—9(Y, 2)pX +n(Y)N(Z)pX + g(hY, Z)pX — g(hX, Z)pY
+9(Y, Z)phX —n(Y)n(Z)phX — g(X, Z)phY + n(X)n(Z)phY
+9(hX, Z)phY — g(hY, Z)phX
+(k + D{g(X,0Z)n(Y)E — g(Y,¢Z)n(X)E}
+(p— D{g(hX,0Z)n(Y)E — g(hY, 0Z)n(X)E}
—9(X,02)Y + g(X,0Z)n(Y)§ + g(Y,02) X — g(Y,0Z)n(X)§
(4.16) —g(hY,02)X + g(hY,¢Z)n(X)§ + g(hX,92)Y — g(hX,Z)n(Y)§
—g(Y, 62)hX + g(X, ¢ Z)RY — g(hX,Z)hY + g(hY,pZ)hX
—k{n(X)(2)oY —n(Y)n(Z)pX} — p{n(X)In(Z)phY —n(Y)n(Z)phX}
fi{S(Y, 02X — 8(X,02)Y — S(Y, Z)pX + S(X, Z)oY
(k’ +2)[9(Y,92)X — 9(X,92)Y + g(X, 2)¢Y — g(Y, Z)$pX]
—(p=1D[g(hY,$Z)X — g(hX,$Z)Y]
—(k+2=2nk)n(Y)n(Z)pX —n(X)n(Z)¢Y]
+(u = D)[g(hY, Z)pX — g(hX, Z)¢pY]} = 0.
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In [18], Yildiz and De proved that

R(X,)Y)¢Z — ¢R(X,Y)Z = g(X,02)Y —g(Y,¢Z)X +g(Y, Z)pX
—9(X, Z)$Y — g(X,$Z)hY + g(Y, $Z)hX
+9(hY,¢Z)X — g(hX,¢Z)Y — g(Y, Z)phX

(4.17) +9(X, Z)gi)hY g(hY, 2)pX + g(hX, Z)pY

= 12 {g(hY, ¢ Z)hX — g(hX,¢Z)hY — g(hY, Z)phX

Ay
+g(hX,Z)phY } — P 12 {9(hX, Z)phY — g(hY, Z)phX
+9(hY,¢Z)hX — g(hX,$Z)hY }
+(k+ D{g(eX, Z)n(Y)E = g(oY, Z)n(X)€
+n(X)n(2)eY —n(Y)n(Z)eX}
+(p = D{g(onX, Z)n(Y)§ — g(ohY, Z)n(X)¢
+n(X)n(Z)ohY —n(Y)n(Z)phX}.

Using (4.17) in (4.16), we obtain
9(hX, Z)g(ohY, W) — g(hY, Z)g(¢hX, W) + n(X)n(Z)g(¢hY, W)

—n(Y)n(Z2)g(ohX, W) + g(X, ¢ Z)n(Y )n(W) — g(Y, ¢ Z)n(X)n(W)
+g(hY, 62)g(hX, W) — g(hX,$Z)g(hY, W)

R g, 02)g(hX, W) — g(hX, 02)g(Y, W)

—g(hY, Z)g(ohX, W) + g(hX, Z)g(¢hY, W)}

)
R G(hX. Z)g(0hY V) ~ oY, Z)g(ohX. W)
)

(4.18)  +g(hY, 6Z)g(hX, W) — g(hX, $Z)g(hY, W)}
+(u = D{g(hX, dZ)n(Y)E — g(hY, ¢Z)n(X)E}
oSV, 62)9(X, W) — S(X,62)g(Y, W) + S(X, Z)g(6Y, W)
—S(Y, 2)g(¢X, W) — (k+ 2)[g(Y,02)g(X, W) — g(X,0Z)g(Y, W)
+9(X, Z)g(¢Y, W) — g(Y, Z)g(6X, W)| + (1 — 1) [g(hY, Z)g(¢ X, W)
—g(hX, Z)g(¢Y, W) + g(hY,6Z)g(X, W) — g(hX,¢Z)g(Y,W)]
—(k+2=2nk)n(Y)n(Z)g(6X, W) — n(X)n(Z)g(¢Y, W)} = 0,

If we put Y = ¢Y in (4.18), we have

9(heY, Z)g(hX, W) — g(X, hZ)g(hé*Y, W) — g(h¢*Y, W )n(X)n(Z)
—9(oY, 0Z)n(X)n(W) + g(hoY, ¢Z)g(hX, W) — g(X, h¢ Z)g(h¢Y, W)

1
+ k+12 {9(hoY,¢Z)g(hX, W) — g(X,h¢ Z)g(h¢Y, W)
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+g(hoY, Z)g(hX, W) — g(X,hZ)g(h¢*Y, W)}

s
S g h2)g (Y, W) + g(hY, 2)g(hX, W)

(4.19) —g(oheY, Z)g(hX, W) — g(X,h¢Z)g(heY, W)}
—(p—=1)g(heY, ¢ Z)n(X)n(W)
S S8V, 62)g(X, W) — 5(X, 62)g(6, W) + S(X, Z)g(67Y, W)
—S(@Y, Z)g(dpX, W) — (k + 2)[g(¢Y, 6 2)g(X, W) — g(X, $Z)g(¢Y, W)
+9(X, Z2)g(¢*Y, W) — g(¢Y, Z)g(¢ X, W)] + (1 — 1)[g(hoY, Z)g(¢ X, W)
—9(hX, Z)g(¢°Y, W) + g(hoY, $Z)g(X, W) — g(hX,$Z)g(6Y,W)]
+(k +2 = 2nk)n(X)n(Z2)g(¢*Y,W)} = 0.

Putting X =W =e;, {i =1,...,2n + 1}, in (4.19), we obtain

S(Y,Z) = 2n [{1+2k—,¢+w

2n —1
(4.20) F{-1— 2% +p— W

2 L) g(hy, 7).

t9(Y, Z)
+ (2n = DkIn(Y)n(2)

—(p—=Df1+

Using (4.10) in (4.20), we obtain

sv,z) = " [{1+2k—u+w

2n —1
(2n —1)(k +2)
(1-9 S S A S A
{ k+u o

+ (2n = Dkn(Y)n(Z)
2n —1 1
2n )}{(Q(n— 1)—|—,u)S(Y’ Z)
(21— n) + np) (2(n — 1) + n(2k — )

S 2n—1)+pu 9. 2) - 2(n—1)+ p

tg(Y, Z)

—{(p =D+

n(Y)n(2)}],

which gives

Qn—lm 1
2n 2(n—=1)+p)
_ {2n27z1{1+2k—,u+—(2n_21(k+2)}
2n — 1., . (2(1 —n) + nu)
(4.21) Hp =D+ ——)H 21+ u ta(Y, Z)

2n2ﬁ1{—1—2k+u—W+(2n—1)k}

2n — 1)}(2(71 — 1) +n(2k — pn))
2n 2n—1) 4+ u

{1+[(p -1+

J}5(Y; 2)

—{

Hp -1+
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Hence one can write

By

(1.22) S(Y,2) = Dg(v,2) + S2(¥)n(2),
where
B, = 23? {1+ 2%~k Gn-Dk+2) ;)n(kJr%}
Hou- 0+ T e,
By, = 7{27127 {1 =2k 4+ - W + (20— Dk}
Hu-pa+ Bty B DB,
2n —1 1
Bo= Lt (- )+ =5 ) e

Therefore from (4.22) it follows that the manifold M is an 7-Einstein manifold with
respect to the Levi-Civita connection. Thus we have the following;:

Theorem 4.2. Let M be a (2n + 1)-dimensional ¢-projectively semisymmetric
paracontact (k, p)-manifold (k # —1) with respect to the Schouten-van Kampen
connection. Then the manifold M s an n-Einstein manifold with respect to the
Levi-Civita connection provided p # 2(1 —n).
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Abstract. The statistically multiplicative convergence in Riesz algebras was studied
and investigated with respect to the solid topology. In the present paper, the statisti-
cal convergence with the multiplication in Riesz algebras is introduced by developing
topology-free techniques using the order convergence in vector lattices. Moreover, we
give some relations with the other kinds of convergences such as the order statistical
convergence, the mo-convergence, and the order convergence.
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1. Introduction and Preliminaries

Steinhaus introduced the concept of statistical convergence in [15] that is a
generalization of the convergence of real sequences. Another important concept of
functional analysis is vector lattice (or, Riesz spaces) which was introduced by F.
Riesz [13]. We refer the reader for applications of Riesz spaces to [1, 2, 3, 4, 5, 18].
We aim to combine concepts of the order and the statistical convergence, and the
multiplicative on Riesz algebras, and so, we introduce the convergence on Riesz
algebras without topological structure.

For the statistical convergence, the natural density of subsets of N has critical
points. Take a subset B in N. Then the unique limit lim * [{k <n:ke A} is
n—roo
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410 A. Aydin

said to be the natural density of B whenever it exists. Also, we abbreviate it as
0(A). Now, take a sequence (z,,) of reel numbers. If, for a given € > 0, the limit

lim l|{I<: in >k, o, — x| > e} =0.

n—oo n
exists then it is called that (x,,) statistical converges to x. Several applications and
generalizations about the statistical convergence have been investigated by several
authors (cf. [3, 7, 8, 11, 16, 17]). In this paper, we abbreviate the cardinality of
subsets in the vertical bar.

Let ”<” be an order relation on a reel vector space E. Then E is called ordered
vector space if fr < By and  + 2z < y+ z hold in F for all 5 € Ry and z € FE
whenever z < y. Let E be an order vector space. Then it is said to be vector lattice
or Riesz space if, for every pair x,y € E, we have

xVy=sup{z,y} and z Ay =inf{z,y}

in E. Moreover, a Riesz space is called o-order or o-Dedekind complete whenever
each countable and bounded above subset has a supremum. Take an element x in a
vector lattice E. Then ™ := 2V 0 is the positive part, v~ := (—z) V0 is the negative
part, and |x| := 2 V (—z) is the module of x. So, in this paper, we use the vertical
bar | - | of elements for the module of the given elements. Some works on Riesz
spaces with statistical convergence have done. For example, a characterization of
statistical convergence was introduced by Ercan in [8], and Aydin introduced the
statistical convergence with unbounded order convergence [3]. The crucial point in
Riesz spaces is the order convergence. Thus, we continue with its definition.

Definition 1.1. The order convergence of a sequence (z,) to an element x in a
Riesz space E defined as follows:

(i) There exists another sequence (y,) in E such that infy, =0 and y,, | in E
(e, yn L 0);

(ii) |zn — x| < yn, for each n € N.

Next, we turn our attention to Riesz algebras. If, for an associative algebraic
vector lattice E, x -y € E4 holds for every z,y € E; then F is called a Riesz
algebra (or, shortly, l-algebra). Also, if x -y = y - x holds for all pair z,y € E then
E is said to be commutative. For much more information on [-algebras, we refer
[2, 6, 10, 12, 18]. Aydin and Et introduced the statistical convergence on Riesz
algebra with the solid topology [7].

Definition 1.2. Let E be a Riesz algebra. Then it is called

(1) d-algebraif (x ANy)-u=(z-u)A(y-u)and u-(xAy) = (u-x)A (u-y) hold
for each z,y € E and u € E;
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(2) wnital if E has a multiplicative unit.

(3) f-algebra whenever we have yA(u-x) =0and yA(z-u) =0forallyAxz =0,
r,y € Fandu e E;.

It is clear that u -y < u -« holds in Riesz algebras for elements y < z and for
all positive vector u. Remind that if %x J 0 holds for any positive vector x in a
Riesz space E then it is said to be Archimedean Riesz space. By considering [18,
Thm.140.10], one can see that each Archimedean f-algebra has the commutative
property. In the works (cf. [4, 5, 6, 10, 12]), the reader can find more features and
some kinds of convergences in [-algebras.

Example 1.1. Consider the set of orthomorphisms on a Riesz space F
Orth(E) := {m € Ly(E) : L y implies 7z L y}.

That is, |mz| A |y| = 0 whenever |z| A ly| = 0 in E. Now, let’s take E as an o-Dedekind
complete Riesz space. Then, by using [12, Thm.15.4], we have Orth(FE) is an o-Dedekind
complete, and also, Orth(E) is an unital f-algebra.

For much more examples of Riesz algebras see for example [6, 10, 12]. In this
paper, unless otherwise, we assume that all Riesz spaces are Archimedean and all
multiplications are commutative.

2. The statistical mo-convergence

We define the statistical convergence in Riesz algebras with respect to multiplica-
tive order convergence in this section. To give this notion, we use the statistical
monotonicity for real sequences that was introduced by Salat in [14]. We take the
following notions from [4] and [16].

Definition 2.1.

(a) Let (x,) be a sequence in a Riesz algebra E. Then it is called multiplica-
tive order convergent to x € E whenever u - [z, — x| 20 for every u € E.
Abbreviated as z, — z.

(b) Let (gn) be a sequence in a Riesz space E. Then it is called statistical mono-
tone convergent to x € E if there exists a subset J in N with §(J) = 1 and
(qn, )k 4 . Tt is abbreviated as g, | z.

(¢) A sequence (z,) is said to be statistical order converges to x in a vector lattice
E if there are a subset 6(J) = 1 and a sequence y,, }** 0 with |z, — z| < y,
for all n € J.

We give a basic observation in the following result.

Lemma 2.1. FEvery order convergent monotone sequence is statistical monotone
convergent in vector lattices.
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Proof. Take an order convergent sequence x,, — x in a Riesz space F such that z,, |
(i.e., zp | ). Now, we can choose J in Definition 2.1(b) as N. Then we have
5(J)=1and x, | x on J. So, we obtain the desired, z, | z, result. O

Now, motivated from above definitions, we give the following crucial notion.

Definition 2.2. Let E be an l-algebra and (z,) be a sequence in E. Then (z,)
is called statistical multiplicative order convergent (or, statistical mo-convergent,
shortly) to = € F if, for each positive element u € E, there exists a subset J of
the natural numbers with §(.JJ) = 1 and a sequence g,, | 0 such that

‘xnj *I| 'UJg(Jnj

st-mo

for all n; € J. We abbreviate it as z, —— =

It can be seen that x,, S, o if, for each u € E, there exists a sequence g,, 15* 0
such that the natural density of the set {n € N : |z, — |- u £ ¢,} is equal to zero.

Proposition 2.1. The mo-convergence implies the statistical mo-convergence in
l-algebras.

Proof. Assume that a sequence (x,,) is mo-convergent to z in an [-algebra E. Let’s
fix u € Ey. Then, following from Definition 2.1(a), we have |z, — 2| -u 0. Thus,
there is a sequence y,, | 0 in E such that |z, — x| - u < y,, holds for all n € N. So,
by applying Lemma 2.1, we obtain y, }5* 0. Since u € E, is arbitrary, if we take

st-mo

the subset J as N then we get the desired result, x,, ——x. [

It is known that the order convergence does not imply the mo-convergence in
l-algebras because [-algebras do not have the infinite distributive property, i.e., if
inf(A) exists and positive for any subset A of an [-algebra E then the infimum of
the subset u - A exists and inf(u- A) = u-inf(A) for every u € E (see, [4, p.2] and
[6, Thm.12]). By the way, the order and the statistical order convergences do not
imply the statistical mo-convergent, in general. But, we have a positive implication
in the following work.

Theorem 2.1. If (x,) in a d-algebra is order or statistical order convergent se-
quence then it is statistical mo-convergent to their order or statistical order limit
points.

Proof. Assume that (x,,) statistical order converges to z in a d-algebra E. We show
that (z,) is statistical mo-convergent to . Similarly, one can show the other case.
Following from Definition 2.1(c), there exists a sequence g, J°* 0 and a subset J of
the natural numbers with §(J) = 1 such that |z, — 2| < g,; for all n; € J. On
the other hand, there is a subset §(K) = 1, and also, (¢n,) is decreasing to zero
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because of ¢, [*' 0. Next, consider the set M = J N K. Hence, following from
the inequality 6(J) + 6(K) < 1+ §(J N K), we have 6(M) = 1. As a result, we
obtain that |z, — x| < qn,, | 0. Therefore, we get |x,,, — x| -u < (qn,, -u) } 0
for all w € E because every d-algebra having infinite distributive properties; see

[6, Thm.12.]. Thus, for every u € E,, we can obtain a sequence w,, = (qn - u) }** 0,

. st-mo
and also, |z, — z| - u < wy, holds on M, i.e., we get x,, ——z. [

In the following result, we give a partial answer for the converse implication of
Theorem 2.1

Proposition 2.2. Fvery statistical mo-convergent sequence in an unital f-algebra
1s statistical order convergent to its statistical mo-limit.

Proof. Let (x,,) be a statistical mo-convergent sequence in an unital f-algebra E
with the multiplicative unit e. Then there exists a sequence g, }3* 0 such that the
natural density of the subset {n € N : |z, —z|-u £ y,,,Vu € E,} is equal to zero.
By applying [18, Thm.142.1(v)], in view of e = e-e = €2 > 0, one clearly can obtain
that unit element is positive in E. Thus, in a special case, we can take u = e € E.
Then we have

S({n:len —z| Lyn}) =0({n: |z, —2|-e L yn}) =0.

Therefore, we obtain that (z,,) statistical order converges to . [

3. Main Results of the Statistical mo-Convergence

In this section, we give the main results and properties of the statistical mo-
convergence. First of all, to mention the uniqueness of the statistical mo-limit,
we need the notion of semiprime [-algebra. Consider an element x in a Riesz alge-
bra E with ™ = 0 for some natural numbers n € N then it is said to be a nilpotent
element. Moreover, if the only nilpotent element of a Riesz algebra F is zero element
then FE is called semiprime (cf., [9, 10, 12, 18]).

Lemma 3.1. Let (z,) be a sequence of nilpotent elements of an f-algebra E. If
st-mo

Tp — x then x is a nilpotent element of E.

Proof. Suppose x,, SO, 2. Fix a positive element v € E,. Then there exists a
sequence ¢, 15" 0 and a subset 0(.J) = 1 such that |z, — x| - u < gy, for all n; € J.
Now, following from [12, Prop.10.2(iii)] and [18, Thm.142.1(ii)], we have

Gn; > |20, — 2| -u=|Tn, - u—2-ul=|T- Ul

because (z,) consists of nilpotent elements. Thus, we obtain |z - u| = 0, i.e., we
have x - u = 0 for every u € X, because of g,, | 0. Then z-y =0 for each y € £
because of y = y* —y~ and y*,y~ € E,. Therefore by using [9, p.157], one can
see that x is also a nilpotent element. [
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Proposition 3.1. The limit of a statistically mo-convergent sequence is uniquely
determined in semiprime f-algebras.

Proof. Suppose that (x,) is a statistically mo-convergent to z and y sequence in
a semiprime f-algebra E. Fix u € E,. Then there exists sequences ¢, ' 0 and
pn 4°% 0, and subsets J and K of the natural numbers with 6(J) = §(K) = 1 such
that |z,; — x| -u < gn; and [z, —y|-u < pp, for all n; € J and ny € K. Choose
M = Jn K. Thus, we have 6(M) =1, |z,,, — |- u < ¢n,, and |z,,, —y| - u < pp,,
for every n,, € M. Now, it follows that

|z —yl-u<l|en, —2|-ut|en, —yl-u

satisfies for every m € N. Thus, we obtain |z — y| - u = 0. Since u is arbitrary, one
can see that |z — y| is a nilpotent element in E (cf. [9, p.157]). Therefore, we get
|x —y| =0, i.e., we have x = y because of E is semiprime. []

Next, we give several results that are parallel to some kinds of statistical con-
vergence such as [3, Thm.2.2.] and [1, Thm.2.17.].

Theorem 3.1. Ifz, SO o and Yn ﬂ)y in an l-algebra E then the following
holds:

(i) The lattice operations are statistical mo-order continuous;

(i) Tn 2% 2 iff (zn — 3) 22200 iff |2, — 2] 2% 0;

(iii) The statistical mo-limit is linear;
(iv) Xn, MO 2 for any subsequence (Tn,) of (zn);

(v) Ey that is the positive cone of E is closed under the statistical mo-convergence
whenever E is semiprime f-algebra.

Proof. (i) Tt is enough to show that (2, Vy,) statistical mo-converges to xVy. Take

st-mo

fixed u € E4. Since z, SO, o and Yn — Y, by the same argument in the proof
of Proposition 3.1, there exists a subset of the natural numbers with (M) =1 and
sequences ¢, |5 0 and p,, }* 0 such that |z,,, —z|-u < q,,, and |z,,, —y|-u < pn,,
for every n,, € M. By using [2, Thm.1.2(2)], we have

1T V Un,, — 2V Y| u < 2p, — 2w+ Yo, —yl-u < gn, +Pa,

for each m € N. Hence, if we denote a sequence r, := ¢, + p, then we have
st-mo

|Tn,, VYn, —xVy|-u<r, andr,|**0. Hence, we obtain z, Vy, — z Vy in

One can get (#4) and (iv) directly from the definition of the statistical mo-
convergence. Also, (i4) is similar to (7).
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(v) Suppose that (z,,) is non-negative and statistical mo-converges to x € E. It

follows from (i) that x,, = z,} SO, 2+, and also, following from Proposition 3.1,

we obtain x = . So, we get the desired, € E,, result. [

In the following result, we give a positive answer for the converse of Theorem 2.1.

Proposition 3.2. Fver monotone statistical mo-convergent sequence in a semiprime
f-algebra order converges to its statistical mo-limit.

Proof. Suppose that a sequence (z,,) in a semiprime f-algebra E is increasing and
statistical mo-convergent to x € E. It is enough to show z, 1 x. Let’s fix an index

ng. It is clear that z, — x,, € X4 for each n > ny. Now, by using linearity of

. . .. st-mo .
statistical mo-limit, we have z, — x,, ——* — ©p,. Since z,, — z,, € E,, by

applying Theorem 3.1(v), we can obtain x — z,, € E4, i.e., z > zp,. Thus, z is an

upper bound of (z,) because x,, is arbitrary. Take another upper bound y of (),
st-mo

ie., y > x, for all n. Then we obtain y — z,, —— y — x € E, or equivalently, we
get y > x. Thus, x, Tz. O

Proposition 3.3. If 0 < y, < x, holds for every natural number n € N and

st-mo

Tp — 0 in an l-algebra E then we have y, SO0 in E.
Proof. Fix u € E. Since z, strmo, 0, there exist a subset §(J) = 1 and a sequence
gn 48 0 such that T, " U < gn,; for every n; € J. So, we have 0 < y,,; < xp;, and

so, following from the inequality y,, - u < x,; - u for all j, we obtain the desired,
st-mo

Yn — 0, result. O

Recall that every order convergent sequence in a d-algebra is statistical mo-convergent
(see, Theorem 2.1). But, for the general case, we give the following notions.

Definition 3.1. Assume (z,) is a sequence in a Riesz algebra E. Then

(a) (x,) in E is called statistical mo-Cauchy whenever the sequence
(Tn — Tm) (m,n)eNxN statistical mo-converges to 0;

(b) E is said to be statistical mo-complete whenever each statistical mo-Cauchy
sequence is statistical mo-convergent;

(¢c) E is called statistical mo-continuous whenever every order convergent se-
quence is statistical mo-convergent.

Proposition 3.4. The following statements are equivalent for arbitrary Riesz al-
gebra E.

(i) E is statistical mo-continuous;
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st-mo

(i) xn, 0 in X implies x,, —— 0.

Proof. We show the implication (i) = (i) because the converse is trivial. Take a
sequence z,, — x in E. Thus, there exists a sequence y,, | 0 in E such that |z, —z| <

yn for every n € N. Moreover, by using (i), we have y,, M9 hecause of Yn 4 0.
So, it follows from Proposition 3.3 that |z, — x| is also statistical mo-converges to

st-mo

zero. Therefore, by considering Theorem 3.1(i¢), we have x,, —— 2. O

Theorem 3.2. Let E be a statistical mo-continuous and mo-complete semiprime
f-algebra. Then E is o-order complete.

Proof. Consider a sequence 0 < z,, 1< z in F. Thus, by considering [1, Lem.1.39.],
it is enough to show the existence of sup x,,. Now, by [2, Lem.4.8.], we have a new
sequence (y,) in E with (y, — 2,,) } 0. Then it follows from Proposition 3.4 that
(Yn — xn) 00 because E is statistical mo-continuous. Next, by considering the
linearity of statistical mo-limit, Proposition 3.3 and the following inequality

|xn - xml < |$n - yn| + ‘yn - .Z'm|,

we obtain that the sequence (x,) is a statistical mo-Cauchy. Thus, there is some

x € F such that z, SO, 2 because F is statistical mo-complete. Now, by applying

Proposition 3.2, since we have x,, T x, we obtain the o-order completeness of E. [

Proposition 3.5. If every increasing order bounded sequence in a semiprime f-
algebra E is statistical mo-convergent then E is statistical mo-continuous.

Proof. Suppose x,, | 0. So, we show that it is statistical mo-convergent to 0.
Let’s fix an index ng and consider a sequence y,, = xp, — zn for n = ng. It
is clear that 0 < y, 1< x,,. Therefore, we see that (y,) is increasing and order
bounded sequence. Thus, by our assumption, one can say that (y,) is statistical mo-
convergent to some y € E. Since (y,) is increasing and statistical mo-convergent,
Proposition 3.2 gives the following equality

Y = Ssup Yn = Sup (xno —Ty) = Tng -
n>ngo n>=ngo

st-mo st-mo ey
Therefore, we have y,, = ,,, — T, — Tp,, Or ,, — 0. So by Proposition 3.4,
F is statistical mo-continuous. [
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1. Introduction

In 1982, Hamilton [17] introduced the notion of the Ricci flow to find a canonical
metric on a smooth manifold. The Ricci flow is an evolution equation for metrics
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on a Riemannian manifold

(1.1) 501 (t) = —2Ri;

A Ricci soliton is a natural generalization of an Einstein metric and is defined
on a Riemannian manifold (M, g) [6]. A Ricci soliton is a triple (g, V, ) with g a
Riemannian metric, V' a vector field (called the potential vector field), and X a real
scalar such that
(1.2) Lyg+25+2X9 =0,

where S is a Ricci tensor of M and £y denotes the Lie derivative operator along
the vector field V. The Ricci soliton is said to be shrinking, steady and expanding
accordingly as A is negative, zero and positive, respectively [18]. A Ricci soliton
with V' zero is reduced to Einstein equation. Metrics satisfying (1.2) is interesting
and useful in physics and is often referred as quasi-Einstein [22, 23]. Compact
Ricci solitons are the fixed points of the Ricci flow %g = —28, projected from
the space of metrics onto its quotient modulo diffeomorphisms and scalings, and
often arise blow-up limits for the Ricci flow on compact manifolds. Theoretical
physicists have also been looking into the equation of Ricci soliton in relation with
string theory. The initial contributions in this direction is due to Friedmann [7],
who discusses some aspects of it. Ricci solitons were introduced in Riemannian
geometry [17], as the self-similar solutions of the Ricci flow, and play an important
role in understanding its singularities. Ricci solitons have been studied in many
contexts by several authors such as [24, 25, 26, 19, 21] and many others.

As a generalization of Ricci soliton, the notion of 7-Ricci soliton introduced by
J. T. Cho and M. Kimura [9], which was treated by C. Calin and M. Crasmareanu
on Hopf hypersurfaces in complex space forms [6]. An 7-Ricci soliton is a tuple
(g, Vo A\, 1), where V is a vector field on M, and A are p constants and g is a
Riemannian (or pseudo-Riemannian) metric satisfying the equation

(1.3) £yvg+25+2 g+ 2un®@n =0,

where S is the Ricci tensor associated to g.

In particular, if 4 = 0, then the notion of n-Ricci solitons (g, V, A, p) reduces to
the notion of Ricci solitons (g, V, A). If u # 0, then the n-Ricci solitons are called
proper n-Ricci solitons. We refer to [28, 14, 10] and references therein for a survey
and further references on the geometry of Ricci solitons on pseudo-Riemannian
manifolds.

Recently an n-Ricci soliton has been studied by several authors such as [3, 5,
16, 20, 8, 4] and they found many interesting geometric properties.

These above results motivated me to study n-Ricci solitons on Lorentzian para-
Kenmotsu manifolds satisfying certain curvature conditions. The paper is organized
in the following way. In Section 2, we give a brief introduction of an Lorentzian
para-Kenmotsu manifold. Section 3 deals with the study of Ricci solitons and
n-Ricci solitons in Lorentzian para-Kenmotsu manifolds. In Section 4, we study 7-
Ricci solitons on Lorentzian para-Kenmotsu manifolds satisfying R - S = 0. n-Ricci
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solitons on quasi-conformally flat Lorentzian para-Kenmotsu manifolds have been
studied in Section 5. In Section 6, we study n-Ricci solitons in Lorentzian para-
Kenmotsu manifolds admitting Codazzi type of Ricci tensor and cyclic parallel Ricci
tensor. Section 7 is devoted to the study of ¢-quasi-conformally semi-symmetric
n-Ricci solitons on Lorentzian para-Kenmotsu manifolds. Beside these we study
n-Ricci solitons on ¢-Ricci symmetric Lorentzian para-Kenmotsu manifolds. Also
n-Ricci solitons on conformally Ricci semi-symmetric Lorentzian para-Kenmotsu
manifolds has been considered. Finally, we construct a 3-dimensional example of a
Lorentzian para-Kenmotsu manifold which admits an n-Ricci soliton.

2. Preliminaries

An n-dimensional differential manifold M is a Lorentzian metric manifold. If it
admits a (1, 1)-tensor field ¢, contravariant vector field &, a covariant vector field 7
and a Lorentzian metric g, which satisfy [15]:

(2.1) X =X +n(X)E, n(é) =1,
which implies
(2.2) (a) pE =0, () m(pX) =0, (c) rank(e)=n—1.

Then M admits a Lorentzian metric g, such that

(2.3) 9(pX,9Y) = g(X,Y) +n(X)n(Y),

and M is said to admit a Lorentzian almost paracontact structure (p,€,7,g). In
this case, we have

(2.4) (a) 9(X,€) =n(X), (b) Vx&=eX,
(2.5) (Vx@)Y = g(X,Y)E+n(Y)X + 2n(X)n(Y)E,

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

If we put
(2.6) QX,Y) = g(X, ¢Y) = g(pX,Y) = Q(Y, X),
for any vector fields X and Y, then the tensor field Q(X,Y) is a symmetric (0, 2)
tensor field.

Recently, Haseeb and Prasad define a new manifold called Lorentzian para-
Kenmostu manifold [1].

Definition 2.1. A Lorentzian almost paracontact manifold M is called Lorentzian
para-Kenmostu manifold if

(2.7) (Vxp)Y = —g(pX,Y)§ = n(Y)eX,
for any vector fields X, Y on M [1].
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In the Lorentzian para-Kenmostu manifold, we have
(2.8) Vx&=-X—n(X)g,
(2.9) (Vxm)(Y) = —g(X,Y) = n(X)n(Y).

Also in an Lorentzian para-Kenmostu manifold M, the following relations hold:

(2.10) n(Vx§) =0, Ve =0,

2.11)  g(R(X,Y)Z,§) = n(R(X,Y)Z) = g(Y, Z)n(X) — g(X, Z)n(Y),
(2.12) R(X,Y)§ = n(Y)X —n(X)Y,

(2.13) R(& X)Y = g(X,Y)E —n(Y)X,

(2.14) R(§, X)§ = X +n(X)E,

(2.15) S(X,8) = (n = 1)n(X),

(2.16) Q¢ = (n—1),

for any X,Y,Z on M.

Definition 2.2. The quasi-conformal curvature tensor W in a Lorentzian para-
Kenmotsu manifold M is defined by

W(X,Y)Z = aR(X,)Y)Z+bSY,2)X —S(X,2)Y
+9(Y, Z)QX — g(X, Z)QY)
(2.17) —% ( + 2b> (9(Y, 2)X — g(X, Z2)Y),
where a and b are constants such that ab # 0 and R, S, @, and r are the Riemannian
curvature tensor of type (1,3), the Ricci tensor of type (0, 2), the Ricci operator de-
fined by g(QX,Y) = S(X,Y), and the scalar curvature of the manifold, respectively
(see [12]).

a

n—1

Ifa=1and b= - then (2.17) takes the form

_1
(n—2) >

(S(Y,2)X — S(X,2)Y

(2.18) W(X,Y)Z R(X,Y) -

b
(n—2)
H9(Y, 2)QX — g(X, Z)QY)
——( Y, 2)X —g(X, 2)Y)
(n—1)(n-2)
= C(X,Y)Z,
where C' is the conformal curvature tensor [13, 11]. Thus the conformal curvature

tensor C is a particular case of a quasi-conformal curvature tensor W. The manifold
is said to be quasi-conformally flat if W vanishes identically on M.

Definition 2.3. If (M,V,\, u) is an n-Ricci soliton, then the 1-form ¢ is said to
be a potential vector field.
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3. Ricci and n-Ricci solitons on Lorentzian para-Kenmotsu manifolds

Let (M, p,&,m,g) be an paracontact metric manifolds. Consider the equation
(3.1) Leg+25+20g+2un®n =0,
where £¢ is the Lie derivative operator along the vector field &, S is the Ricci

curvature tensor field of the metric g, and A and p are real constants. Writing £L¢g
in terms of the Levi-Civita connection V, we have:

(32) 25(X)Y) = —g(Vx&Y) —g(X, Vy§) = 2X09(X,Y) = 2un(X)n(Y),
for any X,Y € x(M), or equivalent:
(3.3) S(X,Y)=(1=N)g(X,Y) + (1= p)n(X)n(Y),

for any X,Y € x(M).

The above equation yields
(3-4) S(X,€) = (k= Mn(X),
(3.5) QX = (1 -N)X+ (1 - pwn(X).
Comparing (2.15) with (3.4), we get

(3.6) p—A=n—1.

The data (g,&, A\, u) which satisfy the equation (3.1) is said to be an n-Ricci
soliton on M [9].

Thus, we can state the following theorem:

Theorem 3.1. Let M be an n-dimensional Lorentzian para-Kenmotsu manifold.
If the manifold admits an n-Ricci soliton (g, &, \, p), then M an n-Einstein manifold
of the form (8.3), and the scalars \ and p are related by p — A =n — 1.

In particular, if we take ¢ = 0 in (3.3) and (3.6), then we obtain S(X,Y) =
(1-Xg(X,Y)+n(X)n(Y), and A =1 — n, respectively. Thus, we have

Corollary 3.1. Let M be an n-dimensional Lorentzian para-Kenmotsu manifold.
If the manifold admits a Ricci soliton (g,&, \), then M is an n-Einstein manifold
and the manifold is expanding or shrinking according to the vector field & being
spacelike or timelike.
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4. 7-Ricci solitons on Lorentzian para-Kenmotsu manifolds satisfying
R-5=0

In this section we are going to study, an n-dimensional Lorentzian para-Kenmotsu
manifold admitting an n-Ricci soliton satisfies R -.S = 0, which implies

(4.1) (R(X,Y)-S)(Z,W) =0.
From (4.1), we have

(4.2) S(R(X,Y)Z,W) + S(Z,R(X,Y)W) = 0.
Putting X = ¢ in (4.2), we obtain

(4.3) S(R(&,Y)Z, W) + S(Z,R(£,Y)W) = 0.

Replacing the expression of S from (3.3) and from the symmetries of R, we find

(4.4) (=DM )g(X,Z) +n(Z)g(X,Y) + 2n(X)n(Y)n(Z)] = 0,
taking Z = £ in (4.4), we have
(4.5) (n=D[g(X,Y) +n(X)n(Y)] =0,

from which it follows that ;1 = 1. From the relation (3.6), we get A = (2 — n).

Thus, we can state the following theorem:

Theorem 4.1. Let(g,&, A\, 1) be an n-dimensional Lorentzian para-Kenmotsu man-
ifold admitting a proper n-Ricci soliton satisfies R-S = 0, then u =1 and A = (2—n).

From the above theorem we get:

Corollary 4.1. On a Lorentzian para-Kenmotsu manifold M satisfying R-S = 0,
there is no Ricci soliton with the potential vector field &.

5. n-Ricci solitons on quasi-conformally flat Lorentzian
para-Kenmotsu manifolds

In this constituent we review an n-Ricci solitons on quasi-conformally flat Lorentzian
para-Kenmotsu manifolds.

Let us assume that the manifold M admitting n-Ricci solitons is quasi-conformally
flat, that is, W = 0. Then, from (2.17) it follows that
b
RX,Y)Z = —g(S(Y, )X -S(X,2)YY

+9(Y, 2)QX — g(X, Z)QY)

(5.1) C () 02X X, 2)7),

an \n—1
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Taking the inner product of (5.1) with & and using (2.4), (3.3) and (3.4), we get

i =[S 2 (2 )
(5.2) 19(Y; Z)n(X) — (X, Z)n(Y)].

By virtue of (2.11) and (5.3), we obtain

b nb 7"<a

(5.3) L* —

oy N zb) - 1} 9(Y. Z)0(X) — g(X, Zn(¥)] = 0.

Now, putting X = £ in the last equation, we find

G |22 () 1] b2 ) = o

n—1

from which it follows that A = [n+ § — & (52 +2) .

From the relation (3.6), we obtain yu = {Qn + %= ( 4 2b) - 1] .

bn \ n—1

Thus, we can state the following theorem:

Theorem 5.1. A quasi-conformally flat Lorentzian para-Kenmotsu manifold ad-

a 2r

mits a proper n-Ricci solitons with A = ¢ (1 — ﬁ) + (n - 7) and
=4 (1= ) + @n-Z -1).
As a corollary of this theorem we have:

Corollary 5.1. On a Lorentzian para-Kenmotsu manifold satisfying W = 0, there
is no Ricci soliton with the potential vector field &.

6. n-Ricci solitons on Lorentzian para-Kenmotsu manifolds admitting
Codazzi type of Ricci tensor and cyclic parallel Ricci tensor

In this section we consider n-Ricci solitons in Lorentzian para-Kenmotsu manifolds
admitting Codazzi type of Ricci tensor and cyclic parallel Ricci tensor. Gray [2]
introduced the notion of cyclic parallel Ricci tensor and Codazzi type of Ricci tensor.

Definition 6.1. A Lorentzian para-Kenmotsu manifold is said to have Codazzi
type of Ricci tensor if its Ricci tensor S of type (0,2) is non-zero and satisfies the
following condition

(6.1) (V28)(X,Y) = (VxS)(Y, 2).

for all X,Y,Z on M.
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Taking covariant derivative of (3.3) along Z, we get
(6.2) (Vz9)(X,Y) = (1 = w)[(Vzn)(X)n(Y) +n(X)(Vzn)(Y)],
by virtue of (2.9) and (6.2), we obtain
(6.3) (V29)(X,Y) = (u—1)[g(Z, X)n(Y) + g(Z,Y )n(X) + 2n(X)n(Y)n(Z)].
By hypothesis the Ricci tensor S is of Coddazi type. Then
(6.4) (Vz9)(X,Y) = (Vx)(Y, Z).
Making use of (6.3), (6.4) takes the form
(6.5) (k= D[9(Z,Y)n(X) = g(X,Y)n(Z)] =0.
Substituting Z = ¢ in (6.5), we find
(6.6) (= 1)n(Y)n(X) + 9(X,Y)] =0,

from which it follows that ¢ = 1. From the relation (3.6), we obtain A = (2 — n).

Thus, we can state the following theorem:

Theorem 6.1. Let (g,&, A\, 1) be a proper n-Ricci soliton in an n-dimensional
Lorentzian para-Kenmotsu manifold. If the manifold has Ricci tensor of Codazzi
type, then p =1 and A = (2 —n).

From the above theorem we have:

Corollary 6.1. A Lorentzian para-Kenmotsu manifold Ricci tensor is of Codazzi
type does not admit Ricci solitons with potential vector field €.

Definition 6.2. A Lorentzian para-Kenmotsu manifold is said to have cyclic par-
allel Ricci tensor if its Ricci tensor S of type (0,2) is non-zero and satisfies the
following condition [18]

(6.7) (VxS)(Y, Z) + (VyS)(Z, X) + (V2S)(X,Y) =0,

for all X,Y,Z on M.

Let (g,&, A, 1) be an n-Ricci soliton in an n-dimensional Lorentzian para-Kenmo-
tsu manifold and the manifold has cyclic parallel Ricci tensor, then (6.7) holds.
Taking covariant derivative of (3.3) and making use of (2.9), we obtain

(6.8) (Vz29)(X,Y) = (b —1)[g(Z, X)n(Y) + 9(Z,Y)n(X) + 2n(X)n(Y)n(Z)].
Similarly, we have

(6.9) (Vx (Y, 2) = (n—Dg(X,Y)n(Z) + 9(X, 2)n(Y) + 2n(X)n(Y)n(Z)],



n-Ricci Solitons on Lorentzian Para-Kenmotsu Manifolds 427

and

(6.10)(VyS)(Z,X) = (n = 1)[g(Y, Z)n(X) + (Y, X)n(Z) + 2n(X)n(Y)n(Z)].
By using (6.8)—(6.10) in (6.10), we find

(6.120u — D[g(X,Y)n(Z) + (Y, Z)n(X) + g(Z, X)n(Y') + 3n(X)n(Y)n(Z)] = 0.
Now, putting Z = ¢ in (6.11), we have

(6.12) 2(p = D[g(X,Y) +n(X)n(Y)] =0,

from which it follows that = 1. From the relation (3.6), we obtain A = (2 — n).

Thus, we can state the following theorem:

Theorem 6.2. Let (g,£, A\, 1) be a proper n-Ricci soliton in an n-dimensional
Lorentzian para-Kenmotsu manifold. If the manifold has cyclic parallel Ricci tensor,
then p=1 and A = (2 —n).

From the above theorem we get:

Corollary 6.2. A Lorentzian para-Kenmotsu manifold has cyclic parallel Ricci
tensor does not admit Ricci solitons with potential vector field &.

7. n-Ricci solitons on ¢-quasi-conformally semi-symmetric Lorentzian
para-Kenmotsu manifolds

This section is devoted to the study of p-quasi-conformally semi-symmetric n-Ricci
solitons on Lorentzian para-Kenmotsu manifolds. Then, we have

(7.1) W.p=0,

from which it follows that

(7.2) W(X,Y)pZ — p(W(X,Y)Z) = 0.

Taking Z = ¢ in (7.2), we have

(7.3) p(W(X,Y)¢) =0.

Now, replacing Z = £ in (2.17) and using (2.2), (2.12), (2.15) and (2.16), we obtain

(74) WX, Y)= <a +nb— T b/\) ()X —n(X)Y].
In view of (7.3) and (7.4), we get

W) = (akn— T 2 ) ()X — ()
(7.5) )
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Now, substituting X by ¢X in (7.5), we find

(7.6) <a +nb — w1 n bA) n(Y)p?X =

(7.8) (a +nb — w1 b/\) (X, U) +n(X)nU)] =0,

n

from which it follows that A = ¢ (1 — 771(”’;1)) + (n — 22). From the relation (3.6),
we obtain u = 3 (1—%) +(2n_2%_1)_

Thus, we can state the following theorem:

Theorem 7.1. A p-conformally semi-symmetric Lorentzian para-Kenmotsu man-
ifold admits a proper n-Ricci solitons with A = ¢ (1 — m) + (nf 2—T) and

b n
p=4(1- i) + 2o -2 - 1),
As a corollary of this theorem we have:

Corollary 7.1. On a Lorentzian para-Kenmotsu manifold satisfying W - ¢ = 0,
there is no Ricci soliton with the potential vector field €.

8. n-Ricci solitons on p-Ricci symmetric Lorentzian para-Kenmotsu
manifolds

In this section, we study ¢-Ricci symmetric n-Ricci soliton on Lorentzian para-
Kenmotsu manifolds.

Definition 8.1. A Lorentzian para-Kenmotsu manifold is said to be ¢-Ricci sym-
metric if

(8.1) ¢’ (VxQ)Y =0,
holds for all smooth vector fields X, Y.

If X,Y are orthogonal to &, then the manifold is said to be locally @-Ricci
symmetric. It is well-known that ¢-symmetric implies p-Ricci symmetric, but the
converse, is not, in general true. y-Ricci symmetric Sasakian manifolds have been
studied by De and Sarkar [27].
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We know that, the Ricci tensor for an n-Ricci soliton on Lorentzian para-
Kenmotsu manifold is given by

(8.2) SXY) = (1= Ng(X,Y) + (1 = p)n(X)n(Y).

Then it follows that
(8.3) QY =(1-NY + (1 —pnY)E,

for all smooth vector fields Y. Taking covariant derivative of above equation with
respect to X, we have

(VxQ)Y = VxQY —Q(VxY)
(8.4) = (1=p(Vxn)(Y)E+n(Y)VxE]

Using (2.8) and (2.9),we get

(8.5) (VxQ)Y = (p = D[g(X,Y)§ + n(Y)X + 2n(X)n(Y)E].
Applying ¢? on both sides of the above equation, we find

(8.6) ¢*(VxQ)Y = (u— DY) X.

From (8.1) and (8.6), we obtain

(8.7) (b= n(Y)p*X =0,

by virtue of (2.1) and (8.7), we find

(.8) (1 — DX + (X)E] = 0.

Taking inner product of (8.8) with respect to U, we get

(8.9) (1 —D[g(X,U) +n(X)n(U)] =0,

from which it follows that = 1. From the relation (3.6), we obtain A = (2 — n).

Thus, we can state the following theorem:

Theorem 8.1. On p-Ricci symmetric Lorentzian para-Kenmotsu manifold admits
a proper n-Ricci soliton with p =1 and A = (2 —n).

From the above theorem we get:

Corollary 8.1. On a p-Ricci symmetric Lorentzian para-Kenmotsu manifold, there
is no Ricci solitons with potential vector field €.
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9. n-Ricci solitons on quasi-conformally Ricci semi-symmetric
Lorentzian para-Kenmotsu manifolds

In this section, we study n-Ricci solitons on conformally Ricci semi-symmetric
Lorentzian para-Kenmotsu manifolds, that is,

(9.1) WS =0,

which implies
(9.2) W(X,Y)-S)(z,U)=0.

From (9.2), we get
(9.3) S(W(X,Y)Z,U) + S(Z,W(X,Y)U) = 0.
Using (3.3) in (9.3), we have

(1=NgW(X,Y)Z,U) + (1 = p)n(W(X,Y)Z)n(U)
+(1=Ng(Z, W(X,Y)U) + (1 — p)(W(X,Y)U)n(Z)
(9.4) = 0.

Taking X = U = ¢ in (9.4), we get

(1 - /\)g(W(f, Y)Zag) - (1 - /L)n(W(f,Y)Z) +
(1 =X)g(Z, W(&,Y)E) + (1 — w)(W(E,Y)E)n(Z)
(9.5) _—

From (2.18), we obtain

n—1

(9.6) W(E,Y)E) = {a b — b — % <a + 2b)] Y + n(Y)e].
By virtue of (9.6), we get

- a—i—nb—b)\—r( “1+2b>} 9(Y, Z) + (Y )n(2)].

n \n-—

(9.7)

Also, from (9.7), we find
(9-8) n(W (g, Y)§) = 0.
Making use of (9.6), (9.7) and (9.8) in (9.5), we have

a
n—1

09 (=) [a+nb=ta- = ()] V. 2) 2] =0
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either
(9.10) 1—u=0, or [a—knb—b)\—r( a1+2b>}:0,

n \n-—

n \ n—1

Case I :if =1 then from (3.6), we find A =2 —n.
Case II : if [a+nb—b/\—1< a +2b)} —0,

n \ n—1

either =1 or [a—i—nb—b)\—i( e +2b)} =0,

implies that A = ¢ (1 — m) + (n — %T) From the relation (3.6), we obtain

_ 2
=4 (1= i) + 2o -2 - 1),
Thus, we can state the following theorem:

Theorem 9.1. If a conformally Ricci semi-symmetric Lorentzian para-Kenmotsu
manifold admits a proper n-Ricci soliton, then y = 1 and A = 2 —n or A =

%(1—%)—&—(7&—%”) anduz%(l—ﬁ)—k@n—%— ).
From the above theorem we have the following:

Corollary 9.1. On conformally Ricci semi-symmetric Lorentzian para-Kenmotsu
manifold, there is no Ricci solitons with potential vector field €.

10. Example

Now, we consider the 3-dimensional manifold
(10.1) M = {(x,y,2) ER®:2#0,}

where z,y, z are the standard coordinates in R3.
The vector fields

0
(10.2) €1 =2,y = 2—,and e3=z— =¢,

ox y 0z

are linearly independent at each point of M and « is constant.

Let g be the Lorentzian metric defined by

gler,e3) = glez,e3) =gler,e2) =0,
gler,er) = glez,e2) =1,g(es, e3) = —1.

Let n be the 1-form defined by

for any vector field Z on M.
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Let ¢ be the (1,1)-tensor field defined by

(10.4) p(e1) = —e2, p(e2) = —e1, p(e3z) = 0.
Then, using the linearity of ¢ and g, we have
n(es) = —1,9°Z=Z+n(Z)es,

Q(SDZa QOW) = g(Za W) + U(Z)U(W)>
for any vector field Z, W on M.
It is easy to see that

(10.5) n(er) = 0,m(e2) = 0,n(e3) = —1.
Thus for e3 = &, the structure (¢, €, 7, g) defines a Lorentzian almost paracontact

metric structure on M. [1]

Let V be the Levi-Civita connection with respect to the Lorentzian metric g.
Then we have
(106) [61, 62} = O7 [61, 63} = —€1, [62, 63] = —€9.

Using Koszul’s formula for Levi-Civita connection V with respect to g, i.e.,
29(VxY,Z) = Xg(V,2)+Yg(Z X) - Zg(X,Y)

+9(Z,[X,Y]),
One can easily calculate
(10.7) Ve e1=—e3, Ve =0, Vez=—e,
(10.8) Ve,e1 =0, Ve,ea = —es, Ve,e3 = —eo,
(10.9) Ve,e1 =0, Veea =0, Vges =0.

From the above calculations, we see that the manifold under consideration satisfies
V,ie.,

(10.10)  Vz&=—Z —n(Z)§,and (Vzp)W = —g(pZ, W)E —n(W)pZ.

Also, the Riemannian curvature tensor R is given by

(10.11) R(X,Y)Z =VxVyZ —VyVxZ —VixyZ.
Then

(10.12) R(e1,e2)es = e1, R(er,e3)es = —e1, R(er,e2)er = —ea,
(].0].3) R(GQ, 63)61 = 0, R(el, 63)62 = 0, R(el, 62)63 = 0,

(10.14) R(ez,e3)es = —ea, R(e1,e3)er = —e3, R(ez,e3)ex = —e3.
Then, the Ricci tensor S is given by
(1015) 5(61,61) = 5(62,62) = 2, 5(63,63) = 72.

From (3.5), we obtain S(ej,e1) = S(ea,e2) =1 — X and S(es, e3) = A — p, therefore
A= —1and p=1. The data (g,&, A, u) for A = —1
and p = 1 defines an 7-Ricci soliton on the Lorentzian para Kenmotsu manifold M.
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Abstract. In this paper, we have given Z»-lacunary statistical convergence and strongly
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1. Introduction

Statistical convergence of a real number sequence was firstly originated by Fast
[15]. It became a notable topic in summability theory after the work of Fridy [16]
and Saldt [50]. This concept was constracted to the double sequences by Mursaleen
and Edely [43]. Some beneficial results on this topic can be found in [6, 22, 24, 36,
37, 38, 39, 40, 54].

Theory of Z-convergence of sequences in a metric space was given by Kostyrko
et al. [32]. Other investigations and applications of ideals can be found in the
study Das and Ghosal [8], Das et al. [9] and Savag and Das [51]. Belen et al.
[5] generalized the notions of statistical convergence, (A, u)-statistical convergence,
(V, A\, u) summability and (C,1,1) summability for a double sequence via ideals.
The other studies of this concept were examined by [21, 33, 41, 42, 44, 45, 47].
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Using lacunary sequence, Fridy and Orhan [17] examined the concept of lacu-
nary statistical convergence. Afterwards, it was developed by Fridy and Orhan
[18], Li [35], Mursaleen and Mohiuddine [46], Bakery [3]. Cakan and Altay [7] pro-
vided multidimensional analogues of the results presented by Fridy and Orhan [17].
Lacunary ideal convergence of real sequences was inquiried by Tripathy et al. [55].

Fuzzy set theory has become an important working area after the study of Zadeh
[56]. Atanassov [1] investigated intuitionistic fuzzy set; this concept was utilized by
Atanassov et al. [2] in the study of decision-making problems. The idea of an
intuitionistic fuzzy metric space was put forward by Park [48]. In [19], it was
shown that the topology generated by every IF-metric coincides with the topology
generated by its F-metric. Hence, the definition of an IF-metric space needed
some refinement, in the light of having independent results. In [34], motivated by
Park’s definition of an IF-metric, the authors defined an IF-normed spaces (IFNS
for shortly) and then investigated, among other results, the fundamental theorems:
open mapping, closed graph and uniform boundedness in IFNS. Several studies of
the convergence of sequences in some normed linear spaces with a fuzzy setting
might be revealed by the research of [10, 11, 12, 13, 14, 23, 25, 26, 27, 28, 29, 30,
31, 52, 53].

Let us start with fundamental definitions from the literature.

The natural density of a set K of positive integers is defined by

O(K) := lim l|{m <n:me K},

n—00 N

where |m < n:m € K| denotes the number of elements of K not exceeding m.

A number sequence x = (z,,) is said to be statistically convergent to the number
L if for every € > 0,

1
lim — |[{m <n: |z, - L] >c}| =0,
n—oo n

ie.,
(1.1) |zm — L] <e (a.a. m)

In this case we write st — limx,, = L. For example, define z,, = 1 if m is a
square and x,, = 0 otherwise. Then, [{m < n:xz,, # 0}| < /n, so st — limx,, =
0. Note that we could have assigned any values whatsoever to z,, when m is a
square, and we would still have st — limx,, = 0. But x is neither convergent nor
bounded. It is clear that if the inequality in (1.1) holds for all but finitely many
m, then lim z,, = L. Statistical convergence is a natural generalization of ordinary
convergence. It follows that limz,, = L implies st — limx,, = L, so statistical
convergence may be considered as a regular summability method. The sequence
that converges statistically need not be convergent and also need not be bounded.

A double sequence © = (Z,,,) has Pringsheim limit L (denoted by P —lim = L)
provided that given € > 0 there exists n € N such that |z,,, — L| < ¢ whenever
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m,n > N. We shall describe such an (,,,) more briefly as “P-convergent.” In
Pringsheim convergence the row-index m and the column-index n tend to infinity
independently from each other [49].

The essential deficiency of this kind of convergence is that a convergent sequence
does not require to be bounded. Hardy [20] defined the concept of regular sense,
does not have this hortcoming, for double sequence. In regular convergence, both
the row-index and the column-index of the double sequence need to be convergent
besides the convergent in Pringsheim’s sense.

The notion of Cesaro summable double sequences was given by [40]. Note that if
a bounded sequence () is statistically convergent then it is also Cesaro summable
but not conversely.

P T
Let (Tmn) = (=1)™, Vn; then lim,, > Y @, = 0, but obviously z is not
m=1n=1
statistically convergent.

The convergence of double sequences play an important role not only in pure
mathematics but also in other branches of science involving computer science, bi-
ological science and dynamical systems. Also, the double sequence can be use in
convergence of double trigonometric series and in the opening series of double func-
tions and in the making differential solution.

In the wake of the study of ideal convergence defined by Kostyrko et al. [32],
there has been comprehensive research to discover applications and summability
studies of the classical theories.

Let @ # S be a set, and then a non empty class Z C P (S) is said to be an
ideal on S iff (i) @ € Z, (i) T is additive under union, (ii7) for each A € T and
each B C A we find B € Z. An ideal 7 is called non-trivial it T #0 and S ¢ Z. A
non-empty family of sets F is called filter on S iff (i) @ ¢ F, (it) for each A, B € F
we get ANB € F, (iii) for every A € F and each B D A, we obtain B € F.
Relationship between ideal and filter is given as follows:

F(I)={KCS:K"eT},

where K¢ =5 — K.
A non-trivial ideal 7 is (i) an admissible ideal on S iff it contains all singletons.

A sequence (x,,) is said to be ideal convergent to L if for every ¢ > 0, i.e.
A()={meN:|z, —L| >} €T

TakingZ =Z5 = {A C N : 6 (A4) = 0}, where 6 (A) indicates the asymptotic density
of set A. If Zs is a non-trivial admissible ideal then ideal convergence coincides with
statistical convergence.

A nontrivial ideal Zy of N x N is called strongly admissible if {i} x N and N x {3}
belong to Zy for each i € N.

It is evident that a strongly admissible ideal is admissible also.
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Throughout the paper we take Z as a strongly admissible ideal in N x N, and
12 as the space of all bounded double sequences.

A double sequence 0§ = 0,5 = {(ky,ls)} is called double lacunary sequence if
there exist two increasing sequences of integers (k,) and (I) such that

ko=0, hy =ky —ky_1 — 00 and lg=0, hg =13 —ls_1 — 00, u,s — 0.

We will use the following notation ks := kyls, hus := hyhs and 6, is determined
. Jus = {(k, 1)  ky—1 <k <kyandl;_1 <l<Is},

ky _ ls
ku1’ 1= ls—1
Throughout the paper, by 63 = 0,5 = {(kuy,ls)} we will denote a double lacunary
sequence of positive real numbers, respectively, unless otherwise stated.

and Qus ‘= qu{s-

A double sequence x = {z,,} of numbers is said to be Zy-lacunary statistical
convergent or Sy, (Z)-convergent to L, if for each € > 0 and ¢ > 0,

— [{(m,n) € Jus : |Tmn — L| > €} > (5} €T,.

u'vs

{(u,s)eNxN:

In this case, we write X, — L (Sp, (Z2)) or Sp, (Z3)- lim @, = L.
m,n—00

The concept of IFNS was given by Lael and Nourouzi [34]. In order to have
a different topology from the topology generated by the F-norm p, the condition
u+ v <1 was omitted from Park’s definition.

The triplicate (X, u,v) is said to be an IF-normed space if X is a real vector
space, and p,v are F-sets on X x F' satisfying the following conditions for every
z,y€ X and t,s e R:

a) p(x,t) = 0 for all non-positive real number ¢,

b) p(z,t)=1forallt e RT iff 2 =0,

c) ,u(cx,t)zu( T 70 ‘) for all t € RT and ¢ # 0,
i

d) p(z+y,s+t) >min{p(z,1),p(y,s)},
e) limy_,o pu (2, t) = 1 and lim;_o p (2, ¢) = 0,

f)v
g) v(xz,t) =0 for all t € RT iff z = 0,
)

h) v(cz,t) =v ( ’I\) for all t € RT and ¢ # 0,
1) max {v (z,t),v(y,8)} >v(x+y,t+s),

1) limy o0 v (z,t) = 0 and limy_,g v (z,t) = 1.

(z,t) = 1 for all non-positive real number ¢,

(
(
(
(
(
(
(
(
(
(

In this case, we will call (u,v) an IF-norm on X. In addition, (X, u) is called
an F-normed space.
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In this study, we deal with the relation between these two new methods and
with relations between Z-lacunary statistical convergence and strongly Z,-lacunary
convergence introduced by the author in an IFNS. Also, we examine the relation
between the Zs-lacunary statistical convergence and Z,-statistical convergence in an
IFNS.

2. Main Results

Definition 2.1. Let (X, i, v, *,©) be an IFNS, Z, C 28N be a strongly admissible
ideal in N x N. A sequence z = (xy;) is said to be Z,-statistically convergent to

¢ € X with regards to the IFN (1, v), and is demonstrated by § (Zo)"*) —limz = ¢

or Ty (10) ¢ (S (Z)), if for every € > 0, every 6 > 0, and ¢t > 0,

{(m,n) eNxN: i|{kSm,j§n:,u(;zck]-f£,t) <l—corv(zk —&t)>el 25} € Is.
mn
Definition 2.2. A sequence x = (zy;) is said to be Zp-lacunary statistically

convergent to & € X with regards to the IFN (u,v), and is demonstrated by
S (T) ") —limz = ¢ or zy, () € (Sp (Zo)), if for every € > 0, every § > 0,
and t > 0,

1
hyh

{(r,u) eENxXxN: {(k,7) € Jruw:p(zi; —&t) <1—corv(zy —&t)>e}| > 6} € Io.

Definition 2.3. A sequence x = (z;) is said to be strongly Z,-lacunary conver-
gent to & or Ny (Zy)-convergent to & € X with regards to the IFN (u,v) and is
78]
%

denoted by zy; (k) & (Ng (Z2)), if for every 6 > 0 and ¢ > 0,

1
hoh

Z u(xkj—f,t)gl—(Sor L Z V(fl:kj—f,t)z(;}eIQ.

(k,3) € Jru hor (k,j)EJru

{(T,U)ENXN:

Theorem 2.1. Let (X, u,v,*,0) be an IFNS, 6 be a double lacunary sequence, Iy
be a strongly admissible ideal in N, and = (x;) € X, then

)

(i) (a) D ™3 €(Ny (L)) then w; 3 € (S0 ().

(b) If x € 12 (X), the space of all bounded sequences of X and xy; ()

£ (Sp (T2)) then zi; "3 € (Ny (T2))

(i) Sp (T2)"") NI2 (X) = Np (To) ™Y N2, (X).
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Proof. (i) — (a). By hypothesis, for every ¢ > 0, 6 > 0 and t > 0, let xy; (M)

(
& (Ng (Z2)). Then we can write

Yo (p(zky =& t) or v(zk —&,t))

(k,5) €T ru

> > (1 (wrj — &1) or v (ks — &, 1))
(k3) € ru
p(xr; —&,t)<1—e or v(zk;—&,t)>e

> e |{(k,j) € Jru: p(xhj — &) <1 —corv(mg —&,t) > e}
Then observe that

(k7)€ Jru (= &1) <1 —eorv(zy —&t) > e[ >0

By

and

hrha k Y (k,j)ETru

1 1
Z p(xr; — §t)§(1—6)60rh7 Z v(zky —&,t) > &d,
(k:5) € Tru

which implies

{( u) € Nx N: u|{(l€]) € Jry :,u(xkj—f,t)Sl—aoru(mkj—f,t)ZE}\25}

C{(r,u) e NxN: hh{ Yo oplrg—&t)<1l—¢
“ (k)])eJru

or Y. wv(xg —&t)>e} >ebl

(k,j)ETru

) ¢ (S (1)),

(1) — (b). We assume that xy; (k) E(S (Z2)) and x € I2, (X). The inequalities
(e —&t) >1—M or v(zg; —&,t) < M hold for all k,j. Let € > 0 be given.
Then we have

Since xy; (k) & (No (I2)), we immediately see that xy;

L (1 (wns — E:1) or v (wx; — E,1))
(k,3)€JTru
== > (1 (wej — & 1) or v (zk; — &, 1))
o (k\3)ETru
w(xr;—&,t)<l—e or v(zk; —&,t)>e
+i > (1 (wrj — &, t) or v(zk; — &, 1))
! (k) ETru

w(xp;—&,t)>1—e or v(xk;—&,t)<e

IN

M\ {(k,j) € Jpy: p(wh; — &) <1 —cor v (g —&t) > e}| +e.
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Note that

1
hrhy

Auy(et)={(r,u) e NxN: H(k,j) € Jpu i p(zpj — &) <1—¢
or vy — 1) = e} > =)

belongs to Ip. If r € (4,,, (£,t)) then we have

1 1
P Z p(xg; —&t) >1—2¢or i Z V(g — &, t) < 2e.
(k,j)€Tru (k.j)E€Jru
Now
1
Tyw(et) ={(ru) ENxN: — Y p(ay — &) <1-2
' hphy |, “
(k:3) € Tru
1
or —— v(zg; —&,t) > 2¢}.
hoh Z ( kj 3 ) }

T (k)€ Tru

Hence, T}, , (e,t) € A, (€,t) and so, by the definition of an ideal, T}, , (e,t) € Zs.
€ (No (22)).
(#4) This readily follows from (i) — (a) and () — (b). O

Therefore, we conclude that zy;

Theorem 2.2. Let (X, p,v,%,0) be an IFNS. If 0 be a double lacunary sequence
with liminf, ¢, > 1, liminf, ¢, > 1 then

)

riy "3 (S () = vy "3 €(S0 ()

Proof. Suppose first that lim inf,. ¢, > 1, liminf, ¢, > 1 then there exists a o, 3 > 0
such that ¢, > 1+ «, ¢, > 1 + B for sufficiently large r, u, which implies that
by ap
kro — (14 a)(1+8)

If 2y, (%) £ (S (Zy)), then for every € > 0 and for sufficiently large 7, u, we have

1
k'ru

Kk <krj <ju:p(og —§t) S1—eorv(zg —§t) > el

1
kru

v

H{(k,j) € Jru i pp(zr; — & 1) <1 —ceorv(zg — & t) > e}

st (P H(69) € T (g — €0) S 1= or v(ay — 1) 2 €}
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Then for any 6 > 0, we get

u

{UW)ENXN:E%JﬂhﬁeJm:M@M—fj)gl—somwmj—gﬂzsﬂ25}

C{(r,u) eNxN: Z[{k <k, j <ju:p(rr—&t) <1-¢
or v (wy — &1) > e} > e

If () € (S (Zz)) then the set on the right-hand side belongs to Z; and so the

set on the left-hand side belongs to Z,. This shows that x, (k) £(Sy (1)), O

For the next result we assume that the lacunary sequence 6 satisfies the condition
that for any set C € F (Zo), U{n : ko1 <n < k.,r € C} € F (I»).

Theorem 2.3. Let (X, p,v,%,0) be an IFNS. If 0 be a double lacunary sequence
with limsup,. ¢, < 0o, limsup,, ¢, < 0o then

) (

i ) €(Sp (1)) = 2y 3 €(S ().

Proof. If limsup,. g, < 0o, limsup,, g, < co then without any loss of generality we
can assume that there exists a M, N > 0 such that ¢, < M and g, < N for all r, u.

Suppose that x; () € (Sp (Z2)), and let
Cry = {(k,j) € Jpu : pp(zpj —&,t) <1 —corv(zky —&,t) > e}

)

Since xy; (g &(Sp (I2)), it follows that for every € > 0, every 6 > 0, and ¢t > 0,

1

,u) € N x N
{(r,u) W

|{(k5,j) € Jru /J'(xkj _f,t) <l-e¢
or v(zg; —&,t) >e}| >0} € T.
Hence, we can choose a positive integers ug, sg € N such that

Ciﬁ < 6, for all r > 79, u > up.
h,hy

Now let
K:=max{Cr,:1<r <rp, 1 <u<u}

and let ¢ and v be any integers satisfying k,._1 <t < k, and j,_1 < v < j,. Then,



On generalized statistical convergence of sequences via ideals in IFNS 443
we have
1 ‘
5|{k§t7j <v:ip(zr —&t)<l—cor v(xzg —&t)>cel

1

< ﬁl{kgkmjgju3ﬂ(xkj_£vt) <l—corv(z, —&1t)> el
r—1Ju—1

< R (C11 +C12+Co1 + Cog+ .. + Crgg + ---Cra)
r—1Ju—1

K 1 C7‘0,'u0+1 T C"’0+1,u0
S B Toto g (hrohuroﬂh o o hug s

roPug+1 rot1 Pug
7 Cru
+h, T, mu)

IN

roug. K 1 Cr, T T T
Tr—1ju_1 + P - (Supr>ro7u>uo hr%uu) (hrohqurl + hro+1 Pug + oo+ hrhu)

Touo_.K c (kT—k7‘0)(ju_ju71)
= kr—1ju—1 ’ ku—1js—1

AN

< %+5_qu.qs < %—&—a.M.N

= kr—1ju— r—1Ju—1

Since k,_1j, — o0 as t,v — 00, it follows that
1
E|{k§t,j§v:u(xkj—§7t) <l-corv(zyy —&t)>e}|—=0

and consequently for any §; > 0, the set

1
{(t,v)ENXN:tU{kﬁt,jgv:u(xkjf,t)glsoru(xkj§,t)26}|}€12.

This shows that x ;i () £(S(Z2)). O
Combining Theorem 2.2 and Theorem 2.3 we have

Theorem 2.4. Let 0 be a strongly lacunary sequence. IFNS. If 1 < liminf, ¢, <
limsup, ¢» < oo, and 1 < liminf, ¢, <limsup, g, < oo then

i ) € (8o (1) & my U3 €(S (1)

Proof. This readily follows from Theorem 2.2 and Theorem 2.5. [
Theorem 2.5. Let (X, u,v,*,0) be an IFNS such that %smnGismn < %5mn and

(1-1e,,) * (1—2emn) > 1— Len,. If X is a Banach space then Sp (Z)") n
12, (X) is a closed subset of 12, (X).
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Proof. We first assume that (z™") = (x’,%") be a convergent sequence in Sy (Ig)(“ )
12, (X). Suppose (™™ convergent to x. It is clear = € 2, (X). We need to show
that 2 € Sp (Zo) ") N 12, (X). Since 2™ € Sy (T5)"™") N 12 (X) there exists real

numbers L,,,, such that

) Lo (89 (Z)) for myn =1,2,3, ..

Take a double sequence {&,,,} of strictly decreasing positive numbers converging to
zero. Then for every m,n = 1,2, 3, ... there is positive N,,, such that if m,n > N,,,
then sup,, , v (z — 2" t) < =22, Without loss of generality assume that Ny, =
mn and choose a § > 0 such that § < % Now set
(r,u) e NxN: hlfT (k,j) € Jru :
Ao ) =4 1 (203 = Lyun t) <1- 230 01
v (xZ;" - Lmn,t) > fmn H )

belongs to F' (Z3) and

(r,u) € N XN b= [{(k, ) € Jr

1 m n
Buw (Emitnsn t) = # (xZ;H " — Loy, ) <1 — Smindl op
v (m;nj'i‘l,n-ﬁ-l m+1 _— ) m+1 nt1 }‘ <5

belongs to F' (Z3). Since A, , (€mn,t) N By (Em+1,n+1,t) € F () and O ¢ F (1),
we can choose (r,u) € A,y (Emn,t) N By v (Em+1,n+1,%t). Then

%\{(k,j) € Jru: pt (m’,;’;” - Lmn,t> <1— S22 orv (:c;;;” - Lmn,t) > S

Vo m+1 nl — L+ nt1,t) <1-— 787"*2’”“ or v (x}?“ m+l Lm+1,n+1,t)

> 5”L+i"+1}| <25 < 1.
Since h,h, — oo and Apw (smni) N B,y (Emt1,nt+1,t) € F(Iz) is finite, we can
choose the above r,u so that h.h, > 5. Hence there must exist a (k,j) € J;., for
which we have simultaneously, (zzgn — Linn, ) >1-— 5'”" or v (a:kJ — L, t) <

mn m—+1,n+1 mn m—+1,n+1
€ and 7 ((Ek] — Lm+1 ntl,t) >1— 64 or v (:Ek- — Lm+1,n+1at> <

. For a glven €mn > 0 choose <52 such that (1 — femn) (1 — %emn) >1—¢emn
and sm,LG) Emn < Emn. Then it follows that

t t € € €
v <Lmn _xzz'nv 2> Ov (Lm+1,n+1 zkmj_‘—l n+17 2> < Zn@ Zn < gm

and

m+1,n+1 t 1, 1 t
1% (IZE” — Ty t) < sup,, ., V (9: —xmn 5) @supmm v (:17 — gmtlntl 5)

< Emn@Emn o Emn
< SOy < g
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Hence, we have

+1,n+1
1% (Lmn — Lm+17n+1,t) S |:l/ (Lmn x};’;n, g) Ov ( m n Lm+17n+1, %)

mn m+1,n+1 ¢
Ov (mkj — Ty ,gﬂ

< 675719531@ < Emn

and similarly o (Lyn — Lint1,n+1,t) > 1 — €y This implies that {Lmn}m,neN is a
Cauchy sequence in X and let L,,, — L € X as m,n — oco. We shall prove that

z ) Linn (S (Z2)). For anay € > 0 and t > 0, choose (m,n) € N x N such that
Emn < FE SUD, , v (¥ — 3™, 1) < Y&, v (Limn — L,t) > 1= 2e or v (Lmn — L, t) <
ie. Now since

(kj,j) € Jry v (zg; — L,t) > €}
<Ak e duiv (g —apr.b) e
V(%T— Linns £) OV (L = L, )| 2 £}
< i {0 € v (g — L) = 5

hrho

and similarly

hrlhj {(k,7) € Jru s p(ap; — L,t) <1 — e}
1 : . mn t

N
—_
\
o
—

It follows that

{ru) ENX N e [{(k,9) € gy — Lt) <12
orz/(:ckjfL t)>5}\25}
c{( W) ENXN: e H(hj)eJm:u(xZ;”—me%)g
1—%0r1/(xkj —Lmn,§>2%} 25}

W Lo (S0 (T2)). O

for any given 6 > 0. Hence we have x

3. Conclusion

In this paper we introduce the notions of Zs-lacunary statistical convergence
and strongly Zo-lacunary convergence with respect to the IFN (u,v), investigate
their relationship, and make some observations about these classes. Our study of
Io-statistical convergence and Zs-lacunary statistical convergence of sequences in
IFN spaces also provides a tool to deal with convergence problems of sequences of
fuzzy real numbers. These results can be used to study the convergence problems
of sequences of fuzzy numbers having a chaotic pattern in IFN spaces.
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EQUATIONS *
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Abstract. In this paper, we study two systems of generalized Sylvester operator equa-
tions. We derive necessary and sufficient conditions for the existence of a solution and
provide the general form of a solution. We extend some recent resuts to more general
settings.
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1. Introduction

Let H, K, F, G, L, M, N be complex Hilbert spaces and let B(H,K) denote
the set of all bounded linear operators from H to K. For a given A € B(H,K),
the symbols A'(A) and R(A) denote the null space and the range of operator A,
respectively. The identity operator is always denoted by I. If A € B(H,K) has a
closed range, then there exists unique operator X € B(K, H) satistying the following
equations

(1) AXA=A (2) XAX =X (3) (AX)" = AX (4) (XA)* = XA.

Such operator is called the Moore-Penrose inverse of an operator A € B(H,K)
which is denoted by AT. If X € B(K,H) satisfies the equation (1), i.e. AXA = A,
then X is an inner generalized inverse of A, and is usually denoted by A~. For
A € B(H,K) there exists a Moore-Penrose inverse, if and only if there exists its
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inner generalized inverse if and only if R(A) is closed. In this case, we say that A
is regular. Furthermore, L4 and R4 stand for two projections L4 = I — AT A and
Ry =1— AA'. induced by A, respectively.

In this paper, we study two systems of generalized Sylvester operator equations

(11) A1X1 — XQBl = Cl; A2X3 - X2B2 = 027

where A; € B('HJC), B € B(]—ZQ), Cy € B(}—7K:), As € B(M,IC), Bs € B(ﬁ,g),
Cy € B(L,K), and

(1.2) A1 Xy — XoBy =1, AxXp — X3By =y,

where A € B(H,K), B1 € B(F,G), C; € B(F,K), Ay € B(K, M), By € B(G,N),
Cy e B(g, M)

Systems of such type of matrix equations have been considered by many authors
[3, 4, 5, 6, 7]. In this pape,r we extended recent results [7] on systems of quaternion
matrix equations to infinite dimensional settings and provide much simpler proofs
to existing conditions.

2. Main results

The following two lemmas play a key role in this paper:

Lemma 2.1. [1] Let A € B(H,K), B € B(F,G) and C € B(F,K) be such that
R(A) and R(B) are closed. Then the operator equation

AXB=C

is consistent if and only if
AACB B =C,

for some A~ and B, in which case the general solution is given by
X=A"CB +Y—-AAYBB™,
for arbitrary Y € B(G,H).

Lemma 2.2. [2] Let E,F,G,D,N,M be Banach spaces. Let A, € B(F,E), Ay €
B(F,N), By € B(D,G), By € B(M,G) and

T:=(Ig— BB )By and S:= Ay(Ip — A] Ay)

be all reqular. Moreover, let AyA7 C1 By By = C1 and Ay A5 CoBy By = Cy. Then
the equations
AlXBl == Cl and AQXBQ = CQ

have a common solution if and only if

(IN - SSi)CQ(IM - TiT) = (IN — SSi)AQAl_ClBl_BQ(IM - TiT).
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In this case, the general common solution is given by

X = (A7Ci— (I — A7 A)S (A3 A7 Cy — W))B; (I — BsT (I — B1BY))
+((Ip — (Ip — A7 A1)ST A2) ATV + (Ip — A7 A1)S™Co)T™ (I — B1By)
+Z — (AT A1+ (Ip — AT A1)S™S)Z(B1By +TT~ (Ig — B1By)),

Vv = ClB;BQ(IM - TiT) + AlAE(IN - SS’)C’QT’T + AlAl_QTiT
_ A Ay (Ty — SS™)As AT QT T,

W = (Iy—SS7)AA7Cy + SS™Cy(Iny — T~ T)By By + SS™PBy By
—SS™PB;y By(Iny — T~ T)Bj By,

in which P,Q, Z are arbitrary elements of B(D,N), B(M, E) and B(G, F), respec-
tively.

Note that in the preceding lemmas, in the solvability conditions and formulas
for general solutions, arbitrary inner generalized inverses can be replaced by the
Moore-Penrose inverse. For example, in Lemma 2.1, if

AATCB B=C
holds for some A~ and B~, then
AATCB'B = AAT(AA-CB~B)B'B=AA"CB B =C.

Conversly, if
AATCB'B =C

holds, then for arbitrary A~ and B~ it follows
AA~CB™B = AA=(AATCB'B)B™B = AATCB'B = C.

So, for A~ and B~ in the solvability conditions and formulas for general solutions,
we can choose exactly AT and BT, respectively.

Theorem 2.1. Let Ay € B(H,K), By € B(F,G), Cy € B(F,K), Ay € B(M,K),
By € B(L,G), Cy € B(L,K) be such that Ay, Aa, By, By, S and T are all regular.
Put

T=(I—-BB)By, §=(I—AyA})A AL
C = (I —AAD)(Cy — (I — AL ADCyBIBy)(I = T'T).
The following statements are equivalent:

(i) The system (1.1) is consistent;
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(ZZ) RA101L31 = 0, RA202L32 = 0, Rsc = 0,‘
(iii) Ra,C1Lp, =0, C(I — (ByL7)"(B2L7)) =0, RsC = 0.

In this case, the general solution to the system (1.1) is given by

X, = AlST (R4, Cy + W)BIB, + Al ZB, — A1S1SZB;, + AlCy + LR,

Xo = (—Ra,C1 + ST(RA,C1 + W) BI(I — BoT")
+ (I = SHRA,V = STCo) TT + Z — (I — Ay AL + ST9)Z(B, B + TT"),

X3 = A (~Ra,C1 — ST(RA,C1 + W)) BB Ly
+ AL (I = STRA,V + 51C,) T B,
+ AL ZBy — AY(I — AL Al + S1S)Z(B1BI By + T) 4+ ALCy + La,Y,
where

V = —Ra,CiBIByLy — Ra,Ra,RsRa,CoT'T
+ RA,QT'T — Ry, Ra,RsRA, R, QT'T

and

W = —RgRa,Ra,Cy — SSTCoLr BBy
+8S'PBIB, — SSTPBI B, L1 BiB;,

where P, Q, R and Y are arbitrary elements of B(F,K), B(G,K), B(F,H) and
B(L,K), respectively.

Proof. (i) = (i1): Since the system (1.1) is consistent, there exists Xy € B(G, K)
such that equations

A X1 —XoB1 =0y
A2X3 — XoBy = (5

are solvable for X7 and X3, respectively. According to Lemma 2.1 equation
A1 X1 —XoB1 =04

is solvable for X; if and only if

(2.1) (I — A1AD)(Cr + X2 By) =0,

and equation
Ay X3 — XoBy = Cy
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is solvable for Xs if and only if
(2.2) (I — AAD)(Cy + X2 Bp) = 0
So, from (2.1) and (2.2) it follows that equations

(I — A A])XoBy = —(1 — A1 A])Cy,
(2:3) (I — A2 AD) X, By = —(I — A, AL)Cy
have a common solution. From Lemma 2.1 and Lemma 2.2 system (2.3) is consistent
if and only if
(I - A ADCU(T - B[By) =0,
(I — A2 A})Cy(I — BYB,) =0,
(I-8SHC =

(#9) = (i): If (4i) holds, then by Lemma 2.2 it follows that system (2.3) is
consistent. Let Xy € B(G, K) be the solution to the system (2.3) and let X; =
A}L (X2B1+Ch) and X5 = A;(XQB2 + C3). Then it is easy to see that such X7, Xs
and X3 satisfy (1.1).

(#4) = (#it): Suppose that

(2.4) (I —A,ANCL(I - BIBy) =0,
(2.5) (I = A1 A))Cy (I - B{By) = 0
and

(2.6) (I —SSHC =0

hold. From (2.6) we get

C(I — (BoLy)' (B2 L))
= CU= (Bl = TIT)) (Bo(I ~ TIT)))
(- A ANG (I ~ TIT)(I — (Byll - TIT)) (Ball — TTY))

(I~ A AT — AADCBIBo(T — TIT)(T — (Bo(T — TT)) (Bl — T1T))

= (I—- A AD)Cy(I = T'T)(I — (Bo(I = T'T))!(Bo(I = T'T)))

(I — Ay ADCyBI By (I — THT) (I — (Bo(I — T (Bo (I — TTTY)))
= 0.
(#i) = (it): Suppose that

(2.7) (I - Ay A)Ci(I - B{By) =0,
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29) O — (BolI ~ TV (By(T — TVT))) =0
and
(2.9) (I —SSHC =0

hold. From (2.8) we get

RasCall - TIT)(I  (Ball — TVT)) (Ba(I - T1TY))
Ra,Ra,C1BBo(I — T'T) L, (1)

(2.10) = 0.
Note that
(I-T'T)Lg,
= (I-((I-BB})By)(I - B\B])Bx)(I - BiB,)
I—BiB,
(2.11) = Lp,

so from (2.11) and (2.10) we get
Ra,C2Lp,
= R, Co(I-T'T)Lp,
= Ra,Co(I —TTT)(Bo(I —TTT)) Bo(I — TTT)Lp,
= Rp,Co(I —T'T)(Bo(I — TTT))(I — T'Rp,)ByLp,
= 0
Suppose that system (1.1) is consistent.
Since X5 € B(G, K) is a solution to (1.1) if and only if it satisfies (2.3), its
general form, according to Lemma 2.2, is given by
Xo = (_RAI Ci + ST(RAl Ci + W)) BI(I — BQTT)
+((I = SHRA,V — STCo) T
+ 7 —(I-AAL+579)2(B, Bl +TT),

where Z is an arbitrary element of B(G, K), and

V = —Ra,CiBIByLy — Ro,Ra,RsRa,CoT'T
+ RA,QT'T — Ry, Ra,RsRA, R, QT'T

and

W = —RgRa,Ra,Cy — SSTCoLr BBy
+8S'PBIB, — SSTPBI B, L1 BiB;,
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where P and @ are arbitrary elements of B(F,K) and B(G, K).
From the first equation in (1.1) we have

A Xy = XoBy + Cy,
so, by Lemma 2.1 we get
X1 = A{(X2B1 + C1) + La, R
= AIST(RA,CL + W)BIB, + A1ZB, — A1STSZB, + AlC) + La, R,

where R is an arbitrary element of B(F,H).
From the second equation in (1.1) we have

A2 X3 = X2Bs + Cy,
so, by Lemma 2.1 we get
X5 = AJ(XoBy + Co) + La,Y
= A} (~Ra,C1 — ST (R4, C1 + W) BI By Ly

+ AL (I = SHYRA,V + 51C,) TTB,

+ AYZBy — AS(I — A1A] + S19)Z(B1BI By + T) + A{Cy + L4,Y,
where Y is an arbitrary element of B(L, ). O
Theorem 2.2. Let A; € B(H,K), By € BIM, L), C; € BIM,K), Az € B(K,N),

By € B(L,G), Cy € B(L,N) be such that Ay, Ay, By, Ba, S and T are all reqular.
Put

T=(I-BB)I-BiB,), S=A4,4,Al,

C = (I — (A2A1)(A2A1)")(Co + Az (I — A AD)CLBY)(I — BiBy).
The following statements are equivalent:
(i) The system (1.2) is consistent;
(i) Ra,C1Lp, =0, R4,CoLp, =0, CLy = 0;
(iii) Ra,Ci1Lp, =0, (I — Ra,a, A2(Ra,a,A2)")C =0, CLy = 0.

In this case, the general solution to the system (1.2) is given by
X, = AlSt AR, Oy + ATSTWBIB, + Al(1 — SHYV B,
+ AlZB, — A1S1SZB) + AlC) 4+ R4, R,

Xo = (=R, C1 + ST (A2RA,C1 + W)) B (I - T")
+((I = STA2)Ra,V + STCoLp,) TT
+Z—(Ra, +519)Z(B,B] + TT"),
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X3 = Ao (~Ra,C1 + ST(AsR4,Cy + W) BI(I — TT)B]
+ Ao (I — STA2)RA,V + STCoLp,) TTB]
+ Ay ZBl — Ay(Ra, + S19)Z(ByB] + TTYB} — CuBl + Y Rp,,

where
V = —Ru,CiBl L, Ly + Ra,QT'T — Ry, AIRs Ay R4, QT'T

and
W = —RgA3R4,Cy + SSTCoLp, By + SSTPBIB, — SSTPB]Lp, B,
with P,Q, Z andY arbitrary elements of B(F,K), BN, K), B(G,K), and BN, M),

respectively.

Proof. (i) = (ii): Since the system (1.1) is consistent, there exists
X2 € B(G, K) such that equations

A1X1 - XQBl = Cl
A2X2 — X3B2 = 02

are solvable for X7 and X3, respectively. According to Lemma 2.1 equation
(2.12) A1 Xy — XoB =C,

is solvable for X if and only if

(2.13) (I — A AN (C) 4 X2By) = 0

and equation

(2.14) Ao Xy — X3Bs = Oy

is solvable for X3 if and only if

(2.15) (A3 Xy — Co)(I — BiBy) = 0.

So, from (2.13) and (2.15) it follows that equations

(I — A1AD)X2By = —(I — A1 A)C,
(2.16) Ay Xo(I = BIB,) = Ca(I — ByBy)
have a common solution. From Lemma 2.1 and Lemma 2.2 system (2.16) is consis-
tent if and only if
(I— A ANCL(I - BIBy)
(I — Ay ADCy(I — BiBy)
C'(I-T'T) =0,

Y

0
0,
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where
C' = (I - SST)(Ca + As(I — A1 A)C1BY)(I — BIBy).

Note that condition

(2.17) C'I-T'T)=0
is equivalent to

(2.18) C(I-T'T) =0,
since (2.17) implies

C(I -T'T)
= Rua,(Cy+ Ay(I — A ANC, BN L, Ly
= Ru,a,55T(Co+ Ay(I — A ADCBY) L, Ly
= Ruaya, Ay A ATSH(Cy + Ay(1 — Ay ANC BN L, Ly
= 0’

and (2.18) implies

C'(I —T'T)

Rs(Co + Ay(I — Ay ANC1 B L, Ly

= Rg(AA1) (A2 AN (Cy + Ay(I — A ANCY B L, Ly

= (I — (A A1 AD) (A A AN (A5 A1) (As AT (Cy + Ay(I — Ay AT)CL BT )L, Ly
0.

I follows that

(I —A,ADCL(I - BIBy) =0,
(I — A2AD)Co(I — BYB,) =0,
C(I-T'T)=o0.

(#i) = (4): If (i%) holds, then by Lemma 2.2 it follows that system (2.16) is
consistent. Let Xy € B(G,K) be the solution to the system (2.16) and let X; =
A}L (X2B1+C1) and X5 = (A Xy — CQ)B;. Then it is easy to see that such X7, X»
and X3 satisfy (1.2).

(#9) = (#i1): Suppose that

(2.19) (I - A1A)C(I - BIBy) =0,

(2.20) (I — AyADCo(I — BIBy) =0
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and
(2.21) C(I-T'T) =0.
From (2.20) we obtain
(I RA2A1A2 RAzAlAQ)T)C
= (I RAzAlAQ(RA2A1A2)T)RA2A1 (02 + A2(I - AlADClBDLBz
= (I - RA2A1A2(RA2A1A2)T)RA2A1C2L32
(I RAzAlAQ(RAQAlAQ)T)RAQAlAQ([ - AlADClBILBQ
(I — Raya, Aa(Raya, A2) ) Ra,a, A2 ASCo L,
= 0.

(#4) = (#it): Suppose that

(2.22) (I— A ANC (I - BIBy) =
(2.23) (I — RAzAlAQ(RAQAlAQ)T)C =0
and

(2.24) C(I-T'T) =0.

From (2.23) we get

(I - AZA*)CQ(I — BIBy)

— (I- AAb)C
= (I - AsAY)Raya, As(Raza, A2)tC
- 0.

Suppose that system (1.2) is consistent. Since X € B(G, K) is a solution to (1.2)
if and only if it is solution to (2.16), its general form, according to Lemma 2.2, is
given by

Xy = (—Ra,C1 + ST(AsR4,C1 + W) BI(I - TT)
+ ((I = STA3)RA,V + STCoLp,) TT
+Z—(Ra, +519)Z(B,B] +TT"),

where
V = —Ra,CiBILp, Ly + Ry, QT'T — Ry, AlRg A3 RA, QT'T
and

W = —RgAyRu,Cy + SSTCoLp, By + SSTPBIB; — SSTPB{Lp, B,
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with P, Q, Z arbitrary elements of B(F, M), B(G,K) and B(G, K), respectively.

From the first equation in (1.2) we have
A1 X1 = XoBy + (1,
so, by Lemma 2.1 we get

X, = Al(XoBy + C1) + La,R
= ATSY(AyRA,Cy + W)BIB, + Al ZB, — AISTSZB, + AlC) + L4, R,

where R is an arbitrary element of B(F,H).

From the second equation in (1.2) we have
X3By = Ay Xy — Cy,
so, by Lemma 2.1 we get

X3 = (A3 Xy — Co)B) + YRp,
= Ay (—Ra,C1 + ST(A2Ra,CL + W) Bi(I - TN B}
+ Ay (I - STA2)RA,V + STCoL,) T B]
+ A ZBY — Ay(Ra, 4+ S19)Z(By B} +TT) B — C4B} + Y Rp,,

where Y is an arbitrary element of B(AV, M). O
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