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Spectral Characteristics of the Sturm-Liouville Problem with
Spectral Parameter-Dependent Boundary Conditions

Aynur Colt
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Abstract — We consider the Sturm-Liouville problem on the half line (0 < z < c0), where
the boundary conditions contain polynomials of the spectral parameter. We define the scat-
Accepted: 09 Sep 2024  tering function and present the spectrum of the boundary value problem. The continuity of
Published: 30 Sep 2024 the scattering function is discussed. In a special case, the Levinson-type formula is intro-

doi:10.53570/jnt. 1501326 duced, demonstrating that the increment of the scattering function’s logarithm is related to

the number of eigenvalues.
Research Article
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1. Introduction

Consider the boundary value problem

tv = —v" 4+ p(z)v =\, 0 <z < 00 (1.1)

(B50(0) — az0’(0))ix* + (B20(0) — a0/ (0)A* = (B10(0) — a1 v'(0))ix — Bov(0) + agr'(0) =0 (1.2)

known as a Sturm Liouville problem, where ) is a spectral parameter, the potential function ¢ (z) is

real valued such that -

/(1+x)|<p(x)\da:<oo (1.3)
0

and for o, B; € R, i =0,3, ag # 0, and P3 # 0,

(—1)F6i <0, k € {1,2}; 6, =0, k =3 where 0i = B — @iBitk (1.4)

An important part of scattering theory is the study of boundary value problems involving the spectral
parameter. Sturm-Liouville problems with spectral parameter-dependent boundary conditions arise
in studies of heat conduction problems and vibrating string problems. Cohen introduced a method
to solve an initial-boundary value problem arising in the diffusion and heat flow theory [1]. Various
examples of spectral problems that occur in mechanical engineering and contain an eigenparameter
in the boundary conditions were presented in [2]. Moreover, problems with boundary conditions
concerning spectral parameters were investigated in finite intervals [3-10] and on the half line in [11-14].

Laynurcol@sinop.edu.tr (Corresponding Author)
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Levinson’s theorem provides a relation between the number of bound states of a quantum mechanical
system and the phase shift of that system [15-17]. It is a fundamental tool in quantum mechanics and
scattering theory, as it is responsible for solving the inverse scattering problem [18]. In work [19], the
Levinson formula was obtained for Sturm Liouville operator, which is not only a necessary condition
but also sufficient for the given collection {S (A\); A;; m; (j =1,n)} to be scattering data of the
reconstructed equation. The Levinson-type formulas for boundary conditions containing a spectral
parameter were studied in [20-22].

The paper aims to analyze the spectral characteristics of the Sturm-Liouville problem with a nonlinear
spectral parameter in the boundary condition. In progress, we provide the scattering function and the
spectrum of the boundary value problem (1.1) and (1.2), and present the relation between the number
of eigenvalues and the argument’s variation of the scattering function. This relation is referred to as

the Levinson-type formula.

The remaining paper is structured as follows: Section 2 presents the scattering function and the
spectrum for (1.1) and (1.2). Section 3 investigates the scattering function’s continuity. Finally,
section 4 derives the Levinson-type formula.

2. The Scattering Function S(\) and the Discrete Spectrum

Let (1.3) hold. Then, as known in [19], there exists a unique solution e(A, z) of (1.1) which holds the

asymptotic behavior ggrl e e (X z) =1, for I > 0, and can be expressed as
X o

e(\,z) = e 4 /K(:L‘,t) eMdt (2.1)

called Jost solution. The function e (A, z) is analytic with respect to A in the upper-half plane (& > 0)
and continuous on the real line. Moreover, the kernel function K(x,t) is related as follows:

K(,a) =5 [ (¢

Let 1 (A, x) represent the solution of (1.1) with the conditions:
PN, 0) = ag +iath — asA? —iasA®  and  Y'(X,0) = By 4 iBiA — Bod? — i3\
It is obvious that the solution ¥(A, z) holds (1.2).

Let W{y; z] := v'z — yz’ denote the Wronskian. For any solutions e (A, z) and e (=, z) of (1.1), the
Wronskian We (A, z) ;e (=, x)] is independent of z and is equal to 2i\. Therefore, for all A € R\{0},
e (A x) and e(—\, z) constitute a fundamental set of solutions of (1.1), and any solution (A, x) of
(1.1) can be expressed as

YN z)=eNz)7(A) +e(=Az)72(N) (2.2)
By evaluating the following Wronskians of e (A, z) and (A, z),
Wle (A z) , (X, 2)] = 32(X)2id = (X, 0)e" (A,0) — ¢'(A, 0)e (A, 0)

and
W[e (_)‘733) 7¢()‘7 x)] = _’Yl(>‘)2i)‘ = 1/}()‘70)6/ (_)‘7 0) - 1//()\70)6 (—)\, 0)

we find 1 () and v2(A) and substitute in (2.2). Let ©(A) and ©1(A) be functions such that
O(A) = ¥(A,0)¢' (A,0) = ¢'(A, 0)e (A, 0) (2.3)
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and
©1(N) = ¥(X,0)e’ (=A,0) = ¢'(A,0)e (=), 0) (2.4)

Therefore, we obtain the solution of (1.1) with (1.2) such that
Y (N z) = (2I0) 7 [=01(Ne (N, z) + O(N)e (=), )] (2.5)
Define the function
S() =e1()em)™ (2.6)
called the scattering function of (1.1) and (1.2).

We state some properties of S(A). Show that ©(\) # 0, for all A € R\{0}. Assuming the contrary,
then there exists a A\g € R, A\g # 0, such that

(ap + iar o — @) —iaszAd)e’ (Mo, 0) = (Bo +iB1 X0 — BaA§ — iB3A)e (Mo, 0)

Besides,

2i\g = W[€(>\Oa 0)7 €(>\0, 0)]

= 6’()\0,0)6()\0, O) - 6()\0,0)6/()\0,0)

L
= Ie(Ao,O)Fzﬁ(ﬁoﬂﬂﬂo B2)3 zﬁSA())

Oéo+ia1>\0—a2)\g—ia3>\g
From the result,

le (Ao, 0)[? [06150 — apB + (21 — a1B) |hol? + (@3B — azfs) P\oﬂ
’2

‘(l() + ial)\o - 042)\% — iag)\%
This is a contradiction since the left hand is positive, which proves the claim.
Therefore, firstly, S(A) is defined on (—o0,0) and (0,00), and secondly, it is continuous in these
intervals, which can be observed from the definition of ©(\). In section 3, the continuity of S(\) at

A = 0 is investigated. Next, O(\) is analytic function of X since e (A, 0) and €’ (\,0) are analytic in
the upper half plane.

From the definition of S(\), we derive that the function —1 — S(\) belongs to the space L (—00, 00).
Using (2.1) and substituting related expressions into the ©(\),

O(N) = (o +icg A — agA? —iaz\?) {i)\ — K(0,0) + [ K, (0,t) e“tdt}
0

—(Bo + i1\ — B2A? —i33)3) {1 + ZOK (0,1) e“tdt} 27)
— 0 fas+ 0(2)
as |A| = co. Similarly,
01(A) = (ap +iai A — asA? — iaz\3) {—i)\ — K(0,0) + ZOK (0,4) e—Wdt}
(2.8)

—(Bo + 1A — BaA? — if33A?) {1 + ?K (0,1) e_i’\tdt}
0

= (iIN!'[~a3+ 0(%)]
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Then, the following result is obtained:

1-S() =0 (1) A= oo (2.9)

Therefore, —1 — S(\) € Lg (—o0, 00).
Lemma 2.1. For all A € R\{0},
SO = 5N, S| <1

PROOF. Since ¢(z) is real, it follows that e (A,0) = e (—A,0). For A € R\{0}, /(A,0) = ¢(—A,0) and
P (X, 0) = ¢ (=, 0), it follows from (2.3) and (2.4) that ©(A) = O(—=A) and O1(\) = ©1(—A), which

shows S(A\) = S(—A), for all A € R\{0}.

To show |S(\)| < 1, the following equality is obtained:
[SI* = S(A) - S(A)

_ B0 MO) P+ A0)* eV 0) 2 ~2R(4(1,0)-4(1,0)-e(A,0)¢'(A.0))
[D(X0)1%-1e'(A0) P10 (X,0)[*[e(X,0)|* =2R (¥ (X,0)-¢ (X,0)-¢/ (1,0)-¢(X,0))

for all A € R\{0}. Using (1.4),
(£, 0) T 0) = @/(A,0)- 51 0)] - [¢ (A, 0) ¢ (X.0) — &' (X, 0)e (1,0)]
=23 ($(1,0)- PN 0)) - Wle (A,0),¢ (1, 0)]
= —4)2? [1 8y — a1 + (2B — a1B82) A% + (a3f2 — a2f33) A

<0

which yields

_1/}()‘7 O) ' 1/}/()‘7 0) "€ ()‘7 O) e <)‘7 O) - w()‘ﬂ 0) ’ W(% O) e (/\7 0) € ()‘7 0)

< (N 0) - (N0 - € (A, 0) - e (N 0) — BN 0) - /(A 0) - & (A, 0) - e (), 0)

—2R ($(X,0) - P/(X,0) - € (X, 0) - & (X, 0)) < =2 ((A,0)- ¥'(X,0) - ¢ (1, 0) - ¢ (X, 0) )
and then

WL 0) - e (A 0)* + [/ (A, 0) - [e (A, 0) = 2R (%:(X, 0) - ¥/(,0) - € (A, 0) - & (X, 0))

<[ 0) - [ (L0 + [/ (A, 0) - e (A, 0)]* = 2R (#(2,0) - /(2,0) - ' (A,0) - ¢ (A,0))
which shows |S(\)? < 1, that is, |S(\)| < 1, for all A € R\{0}. Thus, the lemma is proved. [J

We proceed to research the spectrum of the boundary value problem (1.1) and (1.2). Therefore, we
investigate the scattering function in more detail. It is a meromorphic function in the upper half plane
S > 0, with poles at the zeros of the function ©(\).

[

Lemma 2.2. The function ©(A) has only finitely many zeros in the upper half plane & > 0. The
zeros of ©(\) are simple and pure imaginary.

PROOF. If we assume that p(xz) = 1 in [11], the proof of the lemma can be obtained similarly. []

Let ¢\; such that A; > 0, for all j = I,n, be the zeros of the function ©(\), called the singular values
of (1.1) and (1.2). Thus, the numbers m;, for all j = I, n, are defined by
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2 1

o0 e (1A, 0) 2 |5 3 (augnBe — arBror) X'+ 3 (awBask — cor i) A
E/ e (i\j, x) |*dx + b o
0

|Ozo — 041)\]' + ag)\? - 043)\?|2

and called the normalized numbers for (1.1) and (1.2). As a result, we can give the following definition.

Definition 2.3. The collection of quantities {S (X\); i);; m; (j = 1,n)} is called the scattering data
of the boundary value problem (1.1) and (1.2).

Based on the scattering data, form an integral equation for the kernel K (z,y).

Theorem 2.4. For every fixed x > 0, the kernel K (z,y) of the solution (2.1) satisfies the integral

equation, called the main equation

K(fv,y)+F(x+y)+/K(w,t)F(t+y)dt=0, y>uw (2.10)
where -
n 1 )
2 -z iAT
= » — —-1-9(\ d\
]E:lmje Y —|—27T_/( S(A))e

PRrROOF. The proof is obtained similarly for the case p(z) =1 in [11]. O
3. The Scattering Function’s Continuity

This section presents the scattering function’s continuity.
Theorem 3.1. For all A € R, the function S(\) is continuous.

PROOF. From section 2, ©(\) # 0, for all A in the intervals (—oo,0) and (0,00), and S(A) is defined
on (—00,0) and (0,00) and continuous in these intervals. From the form (2.7) of O()), if ©(0) # 0,
then S(A) is continuous at zero and S(0) = 1. It remains to investigate the case:

@(0)2@{ 00+/K (0,t)d } 60{1+/K0t }:o

Moreover, if we substitute z = 0 into (2.10), then
K(O.) + F(y) + [ KO0F(t+y)dt =0 (3.1)

Integrating (3.1) according to y from z to oo, letting t +y = £, and applying the integration by parts,

{1 + /OOK(O, y)dy} 7F(y)dy + 7K(0, y)dy — 7F(t + 2) {/OOK(O, f)d&} dt =0 (3.2)
0 z z 0 t

We now apply the same procedure to the derivation of the main equation concerning x for obtaining

oo

{K(O,O)Jr]OKm(O,y)dy}/ Y)dy — F(z /K (0, y)dy — / (t+z){7KI(O,§)d§}dt0 (3.3)
0 t

z

Multiplying (3.3) by (ag+icai A —a % —iasA3) and (3.2) by (8o +iB1A — B2A% —iB3)3) and subtracting
the latter from the former,
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0= |(ap + i1\ — asA? —iazA3) {—K(Q 0) + | K(0, y)dy}
0

— (Bo + iBiX — B2 —if33A?) {1 + ZOK(O,y)dyH :foF(y)dy

o

+(ap + it A — agA? —iaz3) [ K, (0,y)dy
—(Bo + 11X — B2A? —iB3A3) [ K(0,y)dy — (ap + i A — aoA? — iazA3)F(2)

- 7‘0{7‘0[(@0 A — asd? — iagN) K, (0,€) — (Bp + B A — B2\ — iBs)3)K (0, )] dg} F(t+ 2)dt
0 t
Letting A — 0,

aoF(z) =

o {—K(o,()) + ;fmo,y)dy} — Bo {1 + Zfomo,y)dy}] [ F)dy
+ T 1000, )dy = AoK(0,9)] dy

- Zo{jfo[aon(O, €)= BoK(0,8)] dg} F(t+ 2)dt

Define the functions G(z) and H(z) as follows:

[e.9]

G(z) = [ a0k (0.9)dy ~ Bo (0.3)] dy

and
H(z) = apF(2)

Hence, the integral equation is as follows:
G(2) — / F(t+ 2)G(t)dt = H(z)
0
G(z) is a bounded solution of the equation
G(z) —/F(t—l—z)G(t)dt:O, 0<z< o0
0

and every bounded solution of this equation is summable on the half line [0,00). It means that
G(z) € L1(0,00) (see p. 211 [19]). Thus, for

Ki(\) = ag + ion A — agA? — iagA® — By — ifa) + B3A2

—(o1 + i\ — a3)\2)K(0, 0) + (a1 + i — a3>\2) K, (0, t)ew‘tdt

o—g

—(B1 + B2 — B3A?) ?K(O, t)eMdt + ofoG(t)ei’\tdt
0 0
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O()) = a (M _ K(0,0)+ Zon(o, t)e”“dt) — By <1 + ZOK(O, t)ei’\tdt>
(i — as)? — iaz)®) (M — K(0,0) + ZOKx(o, t)ei’\tdt>
—(iB1A — BaA? — iB3A3) (1 + Z‘OK(O,t)ert>

= {M K(0,0) + fK (0, t)dt—H)\f (fK (0, y)dy> Mtdt}

—Bo {1 + ?K(O,t)dt + A 7‘0 (TK(O,y)dy) e“tdt}
0 0 t

+iA [ial/\ - 042)\2 - iOé3A3 — ,31 - ’iﬁQ/\ + 53)\2 — (Ctl + iag)\ — Oég)\2)K(0, 0)}

(3.4)
A [ (a1 +iao) — az?) [ K (0,t)e™dt — (81 + i) — B30%) [ K(Oat)eiktdt]
0 0
:ao{ K(0,0) + fK (0,1) dt} ﬂo{l—i— fK(O,t)dt}
0
i T{ T 0o 0,) = Bk (0.9)] dy | e
0o \t
+i)\ [iOzl/\ - 042)\2 - iag)\3 — ,31 - ’iBQ/\ + ﬁg)\z — (061 + iag)\ — Ozg)\z)K(O, 0)}
+iX [ (a1 + i) — azA?) [ K. (0,t)eNdt — (81 + ifa) — B3A2) [ K(0,t)eiMdt
0 0
=iAK1())
In a similar manner, from (2.8),
O1(N) = —iAK3()\) (3.5)

where -
Ko(\) =g + iai A — o2 —iasA3 + B1 + iffo X — B3\

+(a1 + i — azA2)K(0,0) — (a1 + ico) — azA?) [ K, (0,t)e”Mdt
0

(81 + iB2A — BN2) [ K(0,0)e= Nt + [ G(t)e Mt
0 0
According to (2.6), (3.4), and (3.5), N
s = K2
Ki(M\)

Taking into account the identity (2.5),

20(\,z) = Ki(\) {e(=A,2) = S(Ve(A, z)}

from which it follows that I/(\l(O) # 0, otherwise it would be (0, z) = 0 and it contradicts 1(0,0) # 0.
This shows that S()\) is continuous at A = 0 and completes the proof. [J

Consequently, from these results and section 2, S(A) is defined over (—oo,c0) and continuous in this
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interval. Moreover, in the case a; = 1 = 0,

1, e #£0
S(O)_{ -1, ©(\) =0

4. The Levinson-Type Formula

This section describes the Levinson-type formula for the considered boundary value problem.

Theorem 4.1. The following formula holds:

p(+00) = p(+0)

n—t0)=
where n is the number of the zeros of the function ©(\) in the upper half plane,

2, ©(0)%£0

5. ©(0)=0

pw(\) = arg©(\), and t(0) = {

(3.6)

(4.1)

(4.2)

PRrROOF. To achieve formula (4.1), the function ©()) is analyzed using the argument principle. We

now assume that

I're=ChUCRU[-R,—€¢|Ule, R

for sufficiently large R > 0 and sufficiently small €, where CE is a circle oriented counterclockwise and

centered at the origin with radius R, and C_ is a circle oriented clockwise and centered at the origin

with radius e.

Define the function arg©(A) = u(A). Then, the function ©(A) is analytic in the upper half plane

and continuous along the real axis. Hence, the increment of p(\) equals the number of zeros of ©(\)

multiplied by 27 as A runs over the real axis from —oo to 0o, bypassing the point A = 0 along semicircle

of sufficiently small radius € in the upper half-plane.
As R — oo,
{p(=€) = p(=00)} + {pu(+€) — p(=€)} + {p(+00) — p(+€)} + dm = 27n
because
1
O = (iN)* [as + O(})], 1A = 0
for & > 0. If ©(0) # 0, then
lim {u(+e) —p(—€)} =0
However, if ©(0) = 0, then ©()\) = iAK; (), K1(0) # 0 by (3.4). Hence,
lim {pu(+€) — p(=e)} = -
When € — 0,

- 0, ©(0)#0 I
2 {y1(c0) u<o>}+{_m oo T2

since lim {js(~¢) — p(—00)} = lim {4(00) ~ pu(€)}. Thus,

| o) — u(0)
T
where ¢(0) is defined by the formula (4.2), which proves the theorem. [

n—t(O
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Proposition 4.2. For a; = ;1 = 0, the increase in the logarithm of the scattering function is
associated with the number of eigenvalues of the problem (1.1) and (1.2) by the following equality
In S(+0) — In S(o0) 1 —5(0)
B 2 T4
PROOF. According to (2.9) and (3.6), |S(0)] = [S(c0)| = 1, and hence InS(4+0) = —2iu(0) and
In S(o0) = —2ipu(o0). Considering these results in (4.1), (4.3) holds. O

-2

(4.3)

Definition 4.3. (4.3) is called the Levinson-type formula for (1.1) and (1.2).
5. Conclusion

Levinson’s theorem is a valuable tool for understanding quantum scattering phenomena. In this
work, we have provided the scattering function and the spectrum for (1.1) and (1.2). The scattering
function’s continuity has been studied. The formula connecting the number of eigenvalues of (1.1) and
(1.2) to the argument’s variation of the function ©(\) over the interval (—oo, 00) has been introduced.

In a special case, we have derived the Levinson-type formula.

The study described in the text focuses on conducting spectral analysis of a second-order differential
operator with nonlinear dependence on spectral parameters in boundary conditions. In future research,
this methodology can be extended to various boundary value problems, and the boundary value
problem (1.1) and (1.2) can be generalized for boundary conditions involving higher order polynomials

of the spectral parameter.
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Abstract — This comprehensive investigation delves deeply into the intricate dynam-
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doi:10.53570/jnt.1506419 complex wave structures through 3D, 2D, and contour graphical representations, providing
Research Article profound insights into their underlying characteristics. Furthermore, we scrutinize the in-
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1. Introduction

It has long been known that nonlinear structures are used to model many natural phenomena and
basic science fields such as physics, chemistry, and biology. It is very important to obtain the solu-
tions of these models in various engineering fields. Making sense of scientific phenomena and solving
the obtained structures with today’s knowledge and technology has been the goal of researchers for
decades. For this purpose, they have worked on developing different perspectives by applying vari-
ous analytical and numerical solution methods such as the (G'/G) expansion method [1,2], Bernoulli
(G'/ @) expansion method [3], sub-equation method [4,5], sine-Gordon expansion method (SGEM) [6],
rational sine-Gordon expansion method (rSGEM) [7], exponential function method [8], modified expo-
nential function method [9,10], exponential rational function method [11,12], unified method [13,14],
Kudryashov methods [15-19], Khater methods [20], natural decomposition method [21], variational
approximation methods, Hirota direct method [22]. Besides, most of the put forward semi-analytical
methods are based on the same starting point, it is seen that even small changes in the method
steps affect the structure of the solution functions. Considering that a small change causes big conse-
quences, called the butterfly effect in today’s age, small changes in the solution structures will allow

the scientific phenomenon discussed to be interpreted differently.
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This study discusses the Landau-Ginzburg-Higgs equation (LGHE), created to understand and de-
scribe phase transitions, superconductivity condensed matter physics, and the behavior of certain
types of fields in high-energy physics. Solutions of this equation can represent the distribution of the
superconducting order parameter within the material and provide information on properties, such as
the penetration depth of magnetic fields and the critical temperature of the superconducting transition.
For this reason, LGHE has attracted the attention of many researchers, and some soliton structures
have been obtained by applying various methods. Our aim in doing this study is to add new ones to the
solution structures of LGHE and to show the suitability of the methods discussed by comparing them
to this equation. In Section 2, we provide the mathematical algorithms of the improved Kudryashov
method (IKM), Kudryashov’s R method (KRM), and Sardar’s subequation method (SSM) to figure
out the solitary wave solitons. In section 3, we apply the proposed methods to the nonlinear LGHE.
In the last section, we provide the concluding remarks on the obtained solutions.

2. Preliminaries

This section provides the basic steps of IKM, KRM, and SSM.

2.1.Improved Kudryashov Method (IKM)
First, we handle the general expression of a nonlinear partial differential equation in the form [17]:
”(Uauzauyautauzzaumya-~-) =0 (21)

where £ is polynomial function in u and its partial derivatives are included. Then, the given nonlinear
partial differential equation (NPDE) (2.1) can be converted into ordinary differential equation (ODE)

by traveling wave transformation as follows:

u(m, Y, t) = UW), Y= :U’(x +ty— Ct) (22)

where ¢ is an arbitrary constant. After applying the above transformation and the chain rule, we
obtain the following equality:
K(u,u',u”,..) =0 (2.3)

Specific items of the method can be applied after that reduction. In this step, according to the
proposed method, we assume (2.3) has a solution in the form:

N-1
u(®) = > aspx*(¥) (2.4)

s=—1
where

X() = £(1 + exp(2¢))?
and x (1) satisfies the following ODE:
X5 =030t — 22 +1)?

After taking this auxiliary differential equation and considering the solution (2.4), we can write the

first, second, and third-order derivatives of (2.4) as follows:

N-1
up = Y asp1(s + DO (W) — (@) (2.5)
s=0
N-1
Upp = D Gst [(s + D) (s+3)X° () —2(s + ) (s +2)x* () + (s + 1)2XS+1(1/))] (2.6)

s=0
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and

s = 3 i1 [(5+ D6+ 3)(s + D) = 35+ Do +3)%() -

+ (B(s+1)%(s+3) +4(s + 1)) x*3 (W) — (s + 1)3x* T ()]

If necessary, other higher-order derivatives can also be written. Substituting (2.4) and (2.5)-(2.7) into
(2.3) then, equating degrees of highest order linear term (u()(x))" and highest degree nonlinear term
ul(x)u'®(x) as required by the principle of homogeneous balance, we can define the pole order N
clearly. After this implementation, we obtain an algebraic system. By using the computer package
program, we can solve the algebraic system according to degrees of the x, then the coefficients of
the polynomial (2.4) and parameters of (2.2) can be obtained. Finally, substituting the coefficients,
parameters, and the traveling wave transformation into the obtained polynomial, the solutions of (2.1)

are obtained.

2.2. Kudryashov’s R Method (KRM)

The major items of the method proposed above are indicated as follows [19]: In the first item, we
handle the general impression of nonlinear partial differential equations in the form:

ﬁ(uvuxauyuutuuxxuuxyv"‘) :0 (28)

where £ is a polynomial function in u and its assorted order partial derivatives and nonlinear terms are
included. Secondly, we assume that the subsequent traveling wave transformation is done to reduce

(2.8) to an ordinary differential equation:

u(x, Y, t) = UW)a Y= :U’(:U +y-— Ct) (29)

where p and ¢ are arbitrary constants. After applying the above transformation and the chain rule,
we get the following equality:
K(u,u',u",..) =0 (2.10)

In this step, according to the proposed method, we assume (2.10) has a solution in the form:

N—-1
u(®) = > aspx*(¥) (2.11)
s=—1
where A
(0%
XW) = e e v

such that v = 4o and u(v) adopts the given ordinary differential equation:

X = X1 =)
After taking this auxiliary differential equation and considering the solution (2.11), we can write the
first, second, and third-order derivatives of (2.11) as follows:

N-1

Uy = Y 1> () xp(¥)

s=0

N-1

gy = 3 aspr (s + D) = (s + DP9 (@) + (s + DaxH ()]
s=0



Journal of New Theory 48 (2024) 11-23 / Unveiling the Dynamics of Nonlinear Landau-Ginzburg-Higgs (LGH) Equation - - - 14

and
N-1
U = D o1 (5 4+ DPCW) = 9(s + 1% (s + 3 2(@) — (s + 1)(s + 3" 2(@)| xu (1)
s=0

T

By equating the degrees of highest order linear term (u(®)(x))” and highest degree nonlinear term

ul(x)u'®(x) as required by the principle of homogeneous balance, we can define the pole order N
clearly. After this implementation, we obtain an algebraic system. By using the computer package
program, we can solve the algebraic system according to degrees of the x, then the coefficients of
the polynomial (2.11) and parameters of (2.9) can be obtained. Finally, substituting the coefficients,
parameters, and the traveling wave transformation into the obtained polynomial, the solutions of (2.8)

are obtained.

2.3. Subequation Method in Sardar’s Sense (SSM)

The major items of the method proposed above are indicated as follows [24]: In the first item, we
handle the general impression of nonlinear partial differential equations in the form:

K (U, Uz, Uy Uty U, Ugyyy ) = 0 (2.12)

where k is a polynomial function in u and its assorted order partial derivatives and nonlinear terms are
included. Secondly, we assume that the subsequent traveling wave transformation is done to reduce

(2.12) to an ordinary differential equation:

U((L‘, Y, t) = u(w)a Y= ,U,(I‘ +ty— Ct) (213)

where 4 and ¢ are arbitrary constants. After applying the above transformation and the chain rule,
we get the following equality:
K(u,u',u”,..) =0 (2.14)

In this step, according to the proposed method, we assume (2.14) has a solution in the form:

N-1
u(h)) = > as1x*TH (W) (2.15)

s=—1

where x(1) is the solution of the following differential equation

X5 =1+ W) + x* () (2.16)
and the solutions of (2.16) has four cases of solutions:

Case 1: If v > 0 and = 0, then
x1(¢) = £V —afysechas (VYY)

and

x2(¥) = £V aByeschas (V1Y)
= 70461/)38871‘, and cschyg(1))
Case 2: If y < 0 and n = 0, then

where sech, (1)) = W

x3(¥) = £/ —afysecas (V—v)

and

xa(¥) = £V —aBycscag (vV—v)

where SeCaﬁ<¢> = W and CSCaﬁ(w) = W.



Journal of New Theory 48 (2024) 11-23 / Unveiling the Dynamics of Nonlinear Landau-Ginzburg-Higgs (LGH) Equation - - - 15

Case 3: If y < 0 and n = 3, then
x5(0) = £/~T tanhog (/-2
o) = £/~ Z cothas ((/-2v)
o) = [~ (tanhas (v=27) £ iv/asechas (V=270))
xs(¥) = /=3 (cothas (V=27%) & VaBeschas (vV=270))

and

_ j:H (tanha5 ( —gu}) + cothag (Hw))

VB Y4Be
where tanh,g(v) = % and cothqg(1) = %

xio() = £/ tanas (1/20)
x11 () = i\/ZCOtaB <\/Z¢)

xiz(0) = /3 (tanas (VI + VaBsecas (V210))
X13(¥) = i\/z (COtaﬁ (\/%1/1) + Vap cscag (\/ﬂw))

0 = s () o ()

where tanh,g(¢) = % and cothypg(y)) = % After taking this auxiliary differential

equation and considering the solution (2.15), we can write the first, second, and third-order derivatives
of (2.15) as follows:

Case 4: If y >0 and n = %, then

and

N—1
wp = D (5 4+ Dasex” (9)xu(¥)
s=0
N—-1
Upy = Y Qs [s(s + DN @) + (s + V(v + DX (W) + (s + 1(s + 2)X8+3(¢)]
s=0
and
N-1
Unpypep = Z U541 [(32 )2 + (s 4+ 1)2 (57 + )X () + (s + 1) (s + 2)(s + 3)XS+2(¢)} o (®)
s=0

" and highest degree nonlinear term

By equating the degrees of highest order linear term (u(®)(y))
ul(x)u(s) (x) as required by the principle of homogeneous balance, we can define the pole order N
clearly. After this implementation, we obtain an algebraic system. By using the computer package
program, we can solve the algebraic system according to degrees of the , then the coefficients of the
polynomial (2.15) and parameters of (2.13) can be obtained. Finally, substituting the coefficients,
parameters, and the traveling wave transformation into the obtained polynomial, the solutions of

(2.12) are obtained.
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3. Solutions of LGHE

The Landau-Ginzburg-Higgs equation (LGHE) is a physics equation that arises in the fields of con-
densed matter physics and high energy physics, especially in the study of phase transitions, super-
conductivity, cosmology, optics and the behavior of certain field theories and it can be represented as
follows [23]:

0’U  0*U 9
o — = — U + K*U? = 0. 3.1
oz~ ox2 Y * (3.1)
Here, %27[2] represents the second partial derivative of a field U with respect to time ¢, which describes
22U

the time evolution of the field. Moreover, %7 represents the second partial derivative of the field U
with respect to space x, which describes how the field varies in space. Besides, ¢ is a constant that
determines the strength of the linear term, and h is another constant that determines the strength of
the quadratic nonlinear term. Using the following transformation

Ulz,t) = u(y), = px—ct

we can reduce (3.1) into the following ODE:

2

d*u
(c? — Mz)dTN —u+h*u*=0 (3.2)

After this reduction, we can use analytical approaches as follows:

3.1.IKM Sense

According to the IKM, we can think (3.2) has polynomial solution as:

N-1
u(®) = D asax T (¥)

s=—1
where

X() = £(1 + exp(2) /2
and u(v) adopts the given ordinary differential equation:
X = 00 =20 + 1)

Then, according to the previous adoption and using the homogeneous balance principle, we obtain
pole order N = 2 and thus

u(y) = ag + arx(¢) + agx*(¥) (3.3)
After determining the quadratic polynomial,
u” (¥) = arx () + dagx* () — 4arx®(¥) — 12a2x* (¥) + 3a1x° (¥) + 8azx*(¥) (3.4)

Substituting (3.3) and (3.4) into (3.1), we obtain four cases solutions of LGHE.

Case 1:
g B 2 =g
ao——my ar =0, a2—w7 C——T
g [2p* — g
Uy = ~3 tanh (,ux - Qt) (3.5)
Case 2: ) )
g _ 2 _2pt—g
ap _W7 ai 0, as = Wa 5
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_ 9 2p° — g°
U; = ~7372 tanh (,ua: + Tt)

Case 3:
g B 2 -4
ao—m, Cl]_—o, CLQ——W, C——T
g 202 — g?
Us = Wtanh (/m — Tt
Case 4:
g B % P
ao—m7 ap =0, 612——W, C——T
g 21 — g°
Uy = 7372 tanh (;w + Tt

3D surface, 2D plots, and contour plot of the kink type solution (3.5) are shown in Figure 1:

1.0F,
b

1.0F 05F

05

Figure 1. 3D surface, 2D plots, and contour plot of the kink type solution (3.5) for g = 3v/2, h = 2,
and =25

3.2. KRM Sense

Supposing the solution of (3.1) in the form:

N-1
u(®) = Y a7 ()

s=—1

where
4o

M) = 12t e

such that v = 4af and u(y) adopts the given ordinary differential equation:
Xy =L =7%)

Then, according to the previous adoption and using the homogeneous balance principle, we obtain
pole order N =1 and thus

u(y) = ap + arx (). (3.6)
After determining the first-degree polynomial,
u"(¥) = arx(¥) (1 = 29x*(¥)) (3.7)

Substituting (3.6) and (3.7) into (3.1), we obtain four cases solutions of LGHE.
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Case 1: 5
GOZO, alz_gh:,;/;: c= \/)u’2+g2
29/ 203 P—
Ul = —Wsechaﬁ (/Jl‘ - /1/2 + th)
Case 2: 5
ap =0, a1=ghg—/27, c=—\/p*+g?
29/ 2
Uy = gh?)—ﬂﬂsechag (,uav +/p?+ g%)
Case 3: 5
CLOZO, alz_gh3—/2’ya C:V:U’2+92
2gv/2a8
Us = Wsechag (,ux —\/p?+ th)
Case 4:

V2 /
(IOZO, alz_gh?)/;y; C= — ,u2+g2

29/ 2
Uy = —ghg—mﬁsechaﬁ (,u:r + /12 + th) (3.8)

3D surface, 2D plots, and contour plot of the bell shaped bright soliton solution (3.8) are shown in

Figure 2:

Figure 2. 3D surface, 2D plots, and contour plot of the bell shaped bright soliton solution (3.8) for
g=3V2, h=2, u=3v2, a=1, and =1

3.3.SSM Sense

Supposing the solution of (3.1) in the form:

N-1

u(tp) = Z as+1XS+1(¢)

s=—1
where x() is the solution of (2.16). Then, according to the previous adoption and using the homo-
geneous balance principle, we obtain pole order N = 1 and thus

u(y) = ag + arx(¢) (3.9)
After determining the first-degree polynomial,

u (1) = aryx () + 2a1x° (¥) (3.10)
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Substituting (3.9) and (3.10) into (3.1), we obtain four cases solutions of LGHE where

22 — 2 2
ag = 0, alzi%, and 7:c2g—u2

Case 1: If |¢| > |p] and n = 0, then

gv2ap g

Uig = iWseChag (T/ﬂ (px — ct)>

and

gv2ap g

U :l:l h3/4 CSCha/B ﬁ (/J,CL' — Ct) (311)

3D surface, 2D plots, and contour plot of the kink type solution (3.11) are shown in Figure 3:

A0 | L L f L /u_ i
1.5 1.0 05 00 0.5 1.0 15
Figure 3. 3D surface, 2D plots, and contour plot of the kink type solution (3.11) for ¢ = 3v/2, h = 2,

uw =2, a=1, =1, and ¢ = 1 and 2D plot for t =0

Case 2: If |¢| < |p] and n = 0, then

U —imsec L(w—ct)
217 s el \ e
and
gv2ap

Uso =+

9
, W CSCap3 (ﬁ (,LL.CIZ’ — Ct))

Case 3: If |¢| < |p| and n = ﬂ—(gr'ur)g, then

_ g
Usy = h3/4 tanh,g (W (pz — ct)>

_ 9 _
Uso = h3/4 cothqp ( 5 =) (px ct)) (3.12)

[ 2 ) [ 2

U373 = h3/4 [tanhag < m (,Ltl' — Ct)) + 1/ OéﬁSGChaﬁ <g m (/,Ll’ - Ct))]
g [ 2 [ 2

U374 — :I:W [COthaﬁ (g m (,U,SC — Ct)) + £/ O[BCSChaﬁ (g m (H$ — Ct)>‘|

Uss

-+ I tanh,g S — (pz o S — (ux — ct)
’ 2h3/4 2\/2(u? — ?) 2¢/2(u? = ¢?)

3D surface, 2D plots, and contour plot of the multiple singular soliton type solution (3.12) are shown

and

ct) + coth

in Figure 4:
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-y

2

4

0 a u} a 0

Figure 4. 3D surface, 2D plots, and contour plot of the multiple singular soliton type solution (3.12)
for g = 3v/2, h =16, u = 2, a=1, =0.5, and ¢ = 1 and 2D plot when t = —10,¢t = —1,t =0, t = 0.5,
t =1, and t = 10, respectively

Case 4: If |¢| > |u| and n = Trr)g, then

. g g
Ug1 = F+i——tan,g | ———— —ct
4,1 Zh3/4 Nap ( 2 (02 — MQ) (,uﬂj‘ C ))

_ 4 9 g _
Uso = :l:zh3/4 cotag ( I (nx ct)) (3.13)

. g 2 2
Uss = izm ltanag (gw / e (px — ct)) + Vafsecqp (g, / a2 (px — ct))]
.. 9 2 \/— 2
U4,4 = ilm COtaﬁ g m ([L.’L‘ — Ct) + O{ﬁ CSCaﬂ g m (,U,SL‘ — Ct)

Uss

i I tanqs S — (px — ct) + cotag S — (px — ct)
’ 2V/213/2 2./2(p? — 2) 2./2(p? — 2)

3D surface, 2D plots, and contour plot of the singular periodic soliton type solution (3.13) are shown

w7

TR

Figure 5. 3D surface, 2D plots, and contour plot of the singular periodic soliton type solution (3.13)
for g = 3v/2, h = 16, u = 2, a=1, =1, and ¢ = 1 and 2D plot when t = —10, t = 0, t = 0.5, and
t = 10, respectively

and

n

—
=]
h

e

4. Conclusion

In conclusion, our investigation of the solitary wave solutions of (3.1) has provided intriguing insights
through three distinct approaches. We have identified four distinct solution scenarios using the IKM

and the KRM. The IKM approach revealed the emergence of hyperbolic-type solutions, as shown in
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Figure 1, featuring non-breaking, smooth traveling wave structures. Moreover, the KRM approach led
to the discovery of special hyperbolic-type solutions, exemplified by Figure 2. Furthermore, employ-
ing the SSM enabled us to derive several solitary wave solutions, including generalized hyperbolic and
trigonometric function solutions. It is worth noting that while these waves progress smoothly, they
exhibit a distinct turning point transition within this context. These findings provide valuable contri-
butions to understanding the intricate dynamics governed by (3.1). Given the observed effectiveness
of the methods on the double-order model, these methods can also be extended to different nonlinear
models. All the methods we have discussed offer the advantage of a systematic algorithmic structure,
enabling diverse solution forms through polynomial-type auxiliary equations and supporting the use
of computer software packages. However, their sole limitation is that they are only applicable to equa-
tions of even order and those with nonlinearity involving the square of the first derivative. Additionally,
employing various numerical methods from the literature to obtain different solution structures of the
LGH model will be beneficial for comparing the solutions. Furthermore, these methods can be applied
to the fractional LGH equation, a more generalized form of the LGH equation discussed in [21]. This

allows for easy comparison of the similarities and differences in solution structures.
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1. Introduction

Let M and N be Riemannian manifolds. Then, a map 9 : (M, g) — (N, &) is called harmonic if it is a

critical point of energy functional given by
> . 1 .2
() =5 /M a3 v,
Moreover, harmonic maps are defined as solutions of the corresponding Euler-Lagrange equation which
is a non-linear elliptic partial differential equation characterized by the vanishing of the tension field
7(19) = traceVdy.

The bienergy functional of a map 4 is introduced by Eells and Sampson [1] as follows:
Vo) = [ )
@) =5 [ )] v

Here, if 9 is a critical point of the bienergy functional, then it is called a biharmonic map. The Euler-

Lagrange equation of \/'2(19) which is characterized by the vanishing of the bitension field is obtained
by Jiang [2] as

To(0) = —AT(9) — traceRN (dd), 7(9))dd)

Here, RN(X,Y) = [Vx, Vy] — Vix,y) is the curvature operator of N and A = —trauce(vlév151 — V%) is
the rough Laplacian on the sections of 9~ TN. If 7, (19) =0, then 9 is called as a biharmonic map.
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f-harmonic maps are defined as critical points of f-energy functional

Vi) = = ad|”
1) =5 [ ]3] v,
for the maps ¥ : (M, g) — (N, h) where f € C®(M,R) [3]. The Euler-Lagrange equation is given by
71(9) = f7(9) + dd(gradf) where 7(J) = traceVdd is the tension field of 9.

The critical points of the f-bienergy functional
Vs () =~ [ flee))
s ) =5 [ 1[0 0,

for maps 9 : (M, g) — (N, h) is called as f-biharmonic maps. The Euler-Lagrange equation provides
the f-biharmonic map equation as

7,1 () = f 22(9) — (AS)7(D) = 2Vgy0as 7(0)
which is called f-bitension field of map ¥ [4].

Bi- f-harmonic maps are defined as critical points of the bi- f-energy functional
Vis@) == [ |0
r20) =5 | [ @) v,

for maps ¥ : (M, g) — (N, h). The Euler-Lagrange equation provides the bi- f~-harmonic map equation
[5]: . 3 . a .

tra (0) = 771 (9)) = Viaas 77 (9) (1.1)
where J ¥ is the Jacobi operator of the map defined by

J(X) = =Tr (V'VX = VY, x — RN(dd, X)dd)

It is obvious that if f is a constant function, then f-biharmonic and bi-f-harmonic maps become
biharmonic maps. Bi-f-harmonic and f-biharmonic maps which are not biharmonic are called proper
bi- f-harmonic and proper f-biharmonic maps, respectively. For more details about bi-f-harmonic
maps, see [4-6].
The notion of generalized Sasakian space forms was introduced by Alegre et al. [7]. Sarkar et.al. [§]
studied Legendre curves in 3-dimensional trans-Sasakian manifolds. Then, Fetcu [9] handled bihar-
monic Legendre curves in Sasakian space forms. Moreover, Giiveng and Ozgiir [10, 11] investigated

some classes of biharmonic Legendre curves in generalized Sasakian space forms and f-biharmonic
Legendre curves in Sasakian space forms. In addition, for recent studies, see [12-14].

In this paper, we study bi-f-harmonic Legendre curves in («, 3)-trans-Sasakian generalized Sasakian
space forms and provide some characterizations for bi- f-harmonicity of such curves under some special

assumptions.
2. Generalized Sasakian Space Forms
In this section, we provide some basic definitions about almost contact metric manifolds and general-

ized Sasakian space forms in [7,15].

M7+ s defined as an almost contact manifold with the almost contact structure (1, <, 7) if a tensor
field ¥ of type (1,1), a vector field ¢, and a 1—form 7 satisfy the followings

V= —T+7®¢ (2.1)

and
n(s) =1
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Here, I denotes the identity transformation. As an consequence of the conditions (2.1), J¢ = 0 and
7Ke 9 = 0.

Let M7+ be an almost contact manifold with an almost contact structure (9,¢,7). If it admits a
Riemannian metric g such that

g(X,9Y) = g(X,Y) —i(X)n(y), X,V eT(TM) (2.2)

then it becomes an almost contact metric manifold with an almost contact metric structure (19, S, 1,9)-
From (2.2),
g(X,9Y) = —g(¥X,Y)

and
9(X, <) = n(X)
for any X', Y € TM. The fundamental 2-form of M is defined by
(X, V) = g(X,9)
An almost contact metric structure becomes a contact metric structure if
9(X,9Y) = dij(X, )
for all vector fields X', Y € I'(TM), where

di(X, V) = S{XNY) ~ Vi) — (X, V)

A contact metric manifold with a Killing Reeb vector field < is called a K-contact manifold. An almost

contact metric manifold is called normal if
Ny(X, ) + 2di(X, Y)s = 0
where N is the Nijenhuis torsion tensor of 9 given by
N(2,9) = 92X, Y] + [0.X,9Y] = 9 [9x, Y] = |x, 9]

for all X, Y € I'(TM). A contact normal metric manifold is said to be a Sasakian manifold. Besides,

an almost contact metric manifold is called a Sasakian manifold if and only if
(Vad)y = g(X, V)5 —i(P) X
for any X, Y € T'(TM).

An almost contact metric manifold is called a Kenmotsu manifold if and only if dn = 0 and d® = 2nAP,

or equivalently
(VD) = —i(V)IX — g(X,9Y)s

Hence,
Vrys=X—n(X)s

Finally, an almost contact metric manifold is called a cosymplectic manifold if and only if dip = 0 and
d® = 0, or equivalently V4 = 0 and thus V¢ = 0.

As a generalization of Kenmotsu and Sasakian manifolds, («, 5)-trans-Sasakian manifolds were intro-
duced by Oubina [16]. If there exist two functions o and 3 on an almost contact metric manifold M
satisfying

(Vad) ¥ = a (a(X.2)s = iD)X) + 5 (9 (92, Y) s — i(V)i¥)

for any X, Y € I'(TM), then M is called a trans-Sasakian manifold.
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Here,
1. if 8 =0, then M is called a a-Sasakian manifold,
7. if 5 =0 and a =1, then M is called a Sasakian manifold,
7. if a = 0, then M is called a S-Kenmotsu manifold,
w. if 5 =1and o =0, then M is called a Kenmotsu manifolds, and
v. if « = 8 =0, then M is a cosymplectic manifold.
For a trans-Sasakian manifold,
Vas=—adX + (X —7(X)s)

and
dn = ad

De and Tripathi [17] showed that on an («, 5)-trans-Sasakian manifold the following relation is hold:
(o) +2a8 =0

It was shown in [18] that an («, §)-trans-Sasakian manifold with dimension > 5 is either a-Sasakian,

B-Kenmotsu or cosymplectic.

A J-section of an almost contact metric manifold (M, J,, 7,9) at a point p € M is a section II C T,M
spanned by a unit vector field &), orthogonal to ¢, and ﬁXp. The ¥-sectional curvature (X AJX) is
defined by

(X ADX) = R(X, DX, 90X, X)

If ¥-sectional curvature of M is constant, then it is called a space form.

Moreover, an almost contact metric manifold is called a generalized Sasakian space form [7] if there
exist functions pi1, ps, and p3 on M such that

R(X,V)Z = pi{g(V, 2)X = g(X, 2)V} + p2 {g(X, 92)0Y — g(¥,9Z)IX + 2(X,0V)IZ |
+p3 {0(X)0(2)Y = 1V)i(Z2)X + g(X, Z2)n(V)s — g(V, 2)7(X)s}

for any vector fields on M, where R denotes the curvature tensor of M.

(2.3)

For a generalized Sasakian-space-form;

c+3

i. if py = <2 and pg = p3 =

Zl, then it becomes a Sasakian-space-form,
7. if p1 = % and py = p3 = %, then it becomes a Kenmotsu-space-form, and
iii. if py = pa = p3 = 7, then it becomes a cosymplectic-space-form

where ¢ is the constant ¥-sectional curvature. The contact distribution of an almost contact metric
manifold (M, 49, <, 7, g) is defined by

{X e T(TM) : /(X) = 0}

and an integral curve of the contact distribution is called a Legendre curve [15].
3. Bi- f-Harmonic Curves

Recall the bi- f-harmonic map equation for curves in Riemannian and start with the important propo-
sition for Euler-Lagrange equation of bi- f-harmonic maps [5].
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Proposition 3.1. Let 9 : (M, g) — (N, h) be a smooth map between Riemannian manifolds. Then,
¥ is a bi- f-harmonic map if and only if its bi- f-tension field

Fro(0) = A%T'f (79) — ftrace,RY (T'f (19) ,dﬁ) di (3.1)
vanishes, where
A3ty () = —tracey (V7 f (V7 (9)) = f Vit (9)) (3.2)
and 7y (19) is the f-tension field given by (1.1).
By considering a curve, from (3.1) and (3.2), from [6], the following proposition is hold:

Proposition 3.2. Let 0 : I — (N,h) be a curve parameterized by arclenght on a Riemannian
manifold (N, ) and ¢/ = T. Then, o is a bi- f-harmonic curve if and only if

(FFYT+ (2(f)7 +3f"F) VET + Af VAT + f2VAT + f2RY (VET,T) T = 0
where f : I — R*, I is an interval, V2T = VRVYT, and V3T = VEVEVET.

Assume that o : I — (N,h) is a arclenght parameterized curve in an n—dimensional Riemannian

manifold (N, &). If there exist ortonormal vector fields V;, Vs, -+ |V, along o such that
VWi = k1Va
VrVa = —ki1Vi + ko V3
(3.3)
VrV, = =k 1V,—1

then o is called a Frenet curve of osculating order r, for 1 < r < n. Here, V; = ¢/ = T is the unit
tangent vector field of o, V4 is the unit normal vector field of o with the same direction as Vr Vi,

and the vectors V3, Vy,---,V, are the unit vectors obtained from the Frenet equations for o, where
k1 = ||VrVi|| and ko, ks, - - , kr—1 are real-valued positive functions.
From (3.3),

VAT = VEVET = —k2V) + KV + ki1ko Vs
VHT = VEVRVET = ~3ki ki Vi + (k] — k§ — kik3 ) Va + (2K Kz + kakb) Vs + kakakaVa
and
RY (VET, T) T = RN (Vo, T) T
Then,
Tro(0)=((ff") = 3kikif? —4kTf f') T + ((—k§ — kak3 + &) f2 + 4K f £/ + 3k f" f + 2k(f')?) Va
+ (Aki ko f [+ F2 (2kok + kak))) Vs + (kkoksf2) Vi + ky f2RN(Vo, T)T

Theorem 3.3. Let 0 : I — (N, h) be a arclenght parameterized curve on a Riemannian manifold
(N, h). Then, o is a bi- f-harmonic curve if and only if

0=((ff") = 3kiki f2 —Ak3f f)T + ((—ki — kak3 + kY) f2+ 4K [/ 43k f"f + 2k1(f7)?) Va (3.4
+ (dkrkaf f' + f? (2kok! + k1K) Vs + (kikaks f2) Vi + k1 f2RYN (Va, T)T .
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4. Bi- f-harmonic Curves in («, §)-Trans-Sasakian Generalized Sasakian Space
Forms

In this section, we first obtain bi- f-harmonic equation of a curve o : I — (M, J,, 7,9) on an («, 5)-
trans-Sasakian generalized Sasakian space form. Note that, throughout this paper, we use («, f3)-
TSGSSF instead of (a, §)-trans-Sasakian generalized Sasakian space form and cons instead of constant
in equations for the sake of simplicity. By using (2.3),

RM(Vo, T)T = p1 {g(T, T)Va — g(Va, T)T} + po {g(VQ,zéT)qéT — g(T,9T)dV; — 2¢(T, 19{/2)19T}
+p3 (n(Va)n(T)T — n(T)i(T)Va + g(Va, T)i(T)s — g(T, T)n(Va)s}
which implies
RM(Va, )T = psif(T)n(Va)T + (p1 = p3 (1)) Vo = 3pag(T, 9Va)IT — pgip(Va)s
From (3.4), we get bi- f-tension field of o.

Theorem 4.1. Let o : I — (M,ﬂ,g,ﬁ,g) be a curve parameterized by its arclenght on an («, 3)-
TSGSSF. Then, o is a bi- f-harmonic curve if and only if

0= ((ff") = 3kikyf? — 4kTf '+ k1 f2psn(T)in(Va)) T
(k3 = Fakg + ) F2 4 AREF P!+ 3k f 4+ 2k ()2 + ki f 2 (p1 = ps (0(T))) ) Va
+ (Akikof '+ £2 (2kokf + kkh)) Vi + (kakoksf %) Vi + 3paka f 2g (0T, Va)OT — pska f 2 (Va)s

For the remaining parts of this study, we consider that o : I — (M,ﬁ,g, 7,9) is a Legendre curve in
an (a, §)-TSGSSF. If o is a Legendre curve, then

n(Va) = —— (4.1)
Since o is a Legendre curve, from (4.1), it is obvious that V5 L ¢ if and only if 5 = 0 [19].

Corollary 4.2. Let 0 : I — (M, d, 6,1, g) be a Legendre curve parameterized by its arclenght on an
(ar, B)-TSGSSF. Then, o is a bi- f-harmonic curve if and only if

0= ((ff") —3kikif2—4kif f")T
(k3 — kak3 + k) f2 4+ AR F [/ 43k f " f +2(f) ke + ko f2p1) Vo (4.2)
+f (2koki f + kakhf + Akikof ) Vs + (kikoks f2) Vi + 3paky f 2g(0T, Va)IT + Bpsf

Let m = min{r,4}. From (4.2), o is a bi- f-harmonic Legendre curve if and only if
i. pp=0or 9T L Vs or ﬁTEspan{Vg,Vg,~- ,Vint

it. p3 =0or¢espan{Va, V3--- V,}

iwi. g(t52(0),V;) =0, forallie{1,2,--- ,m}

Theorem 4.3. Let 0 : [ — (M,ﬁ,g, 7,9) be a Legendre curve parameterized by its arclenght on an
(ar, B)-TSGSSF. Then, o is a bi- f-harmonic curve if and only if

i. po=0or 19TJ_V2 or ﬁTESpan{Vz,Vz,-“ , Vin}
it. p3=0or¢ € span{Va, Vs,---  V;,}

7it. The following equations are satisfied:
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(ff") = 3kikhf2—4k3f f' =0

{ (Y — K — kik3 + kip1) S + 4R f +3ka 7 f +2(F ke _
+3f2k1p2g(IT, V2)* + f2p36n(Va) (4.3)

Akrkof f + f2 (2kok) + k1K) + 3pok f2g(IT, Va)g(IT, V3) + Bps f (V) =0

kikaks + 3pak1g(0T, Va)g(IT, Vi) + Bpsn(Vy) =0

CASE 1. Let po = p3 = 0. Then, the manifold M is a Riemannian space form of constant sectional
curvature py. In this case, o : I — (M, d,5, 7,9) is a proper bi- f-harmonic Legendre curve if and only
if

(ff")' —3kikif? —4kif f' =0
(K — kY — k1 k3 + kup1) f2 + 4K f )+ 3k f" f + 2k (f)? =0

4]451]62]“ + 2k}2/£/1f + k‘lkéf =0

kykoks = 0

Theorem 4.4. There is no any proper bi- f-harmonic Legendre curve of osculating order » > 4 in an
(Oé, B)-TSGSSF with p2 = P3 = 0.

From (4.4), if o is a geodesic curve, then it is a bi- f-harmonic curve if and only if ff” = cons.
Theorem 4.5. A geodesic curve in an («, 3)-TSGSSF is bi- f-harmonic if and only if ff” = cons.

This theorem proves that there are bi-f harmonic curves that are not harmonic. Afterward, we
investigate bi- f-harmonicity of o : I — (M, J,, 7, g) considering some special subcases:

CASE I. 1. If k; = cons # 0 and kg = 0, then, from (4.4),

(ff")' —4kiff =0,
{ (o1 = KD 2 +2(f)° +3f"f =0 -
From the second equation of (4.5), ff" = w which implies
WKL F 1+ oL f* 4+ 200 f f1 +4f f" =0 (4.6)

via the first equation of (4.5).

Theorem 4.6. Let 0 : I — (M,ﬁ,g,f],g) be a curve parameterized by its arclenght on an (a, f3)-
TSGSSF with po = p3 = 0, k1 = cons # 0, and ko = 0. Then, o is a bi- f-harmonic Legendre curve if
and only if f, ki, and p; satisfy following differential equation

LOkEff + P f2 + 201 ff +4f " =0

Further, if (4.6) is solved by assuming p; constant, the the following result is obtained.

Theorem 4.7. Let o : I — (M, ., 7, g) be a curve parameterized by its arclenght on an a-Sasakian
generalized Sasakian space form dimension > 5 with po = p3 = 0, k1 = cons # 0, and ko = 0. Then,
o is a proper bi- f-harmonic Legendre curve if and only if f is a function defined by

5k? 5k?
f(s) = ¢y cos (\/ 124_[)15) + co sin (ﬂ 124_[)15)

where s € I and p; is a constant.
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CASE I. 2. If k; = cons # 0 and ky = cons # 0, then (4.4) reduces to
(") =421 =0
PR=kE = K3+ p1) + 31" +2(f)? =0
f'=0
k3 =0

which implies
f = cons

k? + k2 = p
ks =0
Theorem 4.8. There is no any proper bi-f-harmonic Legendre curve on an («, 5)-TSGSSF with
p2 = p3 =0, k1 = cons # 0, and ko = cons # 0.
CASE 1. 3. If k; # cons and ky = cons # 0, then (4.4) reduces to
(FF") = Bkiki f2 — 4k2f £/ =0
(—k$ — kak3 + K2+ 4k F F/+ 3k f"f 4 2k (f)2 + kaipr f2 =0
2k1f"+ ki f =0
k3=0

Theorem 4.9. Let o : I — (M, 4,¢,7,g) be a curve parameterized by its arclenght on an (c, 3)-
TSGSSF with py = p3 =0, k1 # cons, and ko = cons # 0. Then, ¢ is a bi- f-harmonic Legendre curve
if and only if

f= :l:ckl_%

for some real constant ¢, k3 = 0, and the curvature ki solves the following second order non-linear

differential equations system
9(k))3 + 4kh ki — 10K ki ky + 2K/"k? =0
{ —3(kh)? + 4kf + 4K2K3 + 2k k) — 4k2p1 =0
CASE 1. 4. If k1 # cons and ky # cons, then by using the third equation in (4.4),
f = ki 2k, ¢
for some real constant c. Besides, from the last equation in (4.4), ks = 0.

Theorem 4.10. Let ¢ : I — (M,z?,g,ﬁ,g) be a curve parameterized by its arclenght on an («, §)-
TSGSSF with po = p3 = 0, kj # cons, and ky # cons. Then, o is a bi- f-harmonic Legendre curve if
and only if f = dck, %k; %, c is a constant, k3 = 0, and k; and ko satisfy the following second order
non-linear differential equation system

(ff") —3kiki f2 —4kif f' =0
(—k} — k1k3 + K 4+ kip1) f2 +4kLf f/ 4+ 3k f" f + 2k (f')? =0

Before calculating Case II, we recall the following results [20]:

Proposition 4.11. Let (M, 9,¢,7, g) be an a-Sasakian generalized Sasakian space form. Therefore,
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« is independent of the direction of ¢ and the following equation is valid

P1—P3:042

Moreover, if M is connected, then « is a constant.

Theorem 4.12. Let (M,ﬁ,g, 7,9g) be a connected a-Sasakian generalized Sasakian space form with

dimension m > 5. Then, p1, p2, and p3 are constant functions related as follows:
i. If & = 0, then p; = ps = p3 and M is a cosymplectic manifold of constant J-sectional curvature
ii. If a # 0, then p; — a? = pa = p3

CASE 1II. Let po =0, p3 # 0, and V5 L ¢. Then, from (4.1), it is obvious that the manifold M is
an a-Sasakian generalized Sasakian space form. By using Proposition 4.11, o : I — (M, d,5, 7,9) is a
proper bi- f-harmonic Legendre curve if and only if

(ff") = 3kikif2 —4kTf f =0
(k3 — kb2 + K F2 4+ AR 1+ 3k f" f + 2k (f)2 +kif? (p3+a?) =0
4k1]€2f/ =+ (2]€2f ki + klké)f =0
k1koks = 0.

(4.7)

Theorem 4.13. There is no any bi-f-harmonic Legendre curve of osculating order r > 3 satisfying

p2 =0, p3 # 0, and Vo | ¢ in an a-Sasakian generalized Sasakian space form.

Theorem 4.14. There is no any bi- f-harmonic Legendre curve satisfying po = 0, p3 # 0, and V5 | ¢

in a connected a-Sasakian generalized Sasakian space form with dimension > 5.
CASE II.1. Let po =0, p3 #0, Vo L ¢, and o # 0.

In this case, we consider bi- f-harmonic Legendre curves satisfying ps = 0, p3 # 0, and Vo L ¢ in a
connected 3-dimensional a-Sasakian generalized Sasakian space forms. In a 3-dimensional a-Sasakian
manifold, a Legendre curve is a Frenet curve of osculating order 3 and its torsion is always « [21].
Then, (4.7) reduces to

(Ff") = 3kikif? —4k3f f' =0
(=K} — kik3 + ) f2 + 4f KU +3F" Fhu+2(f)%k1 + ki f? (p3 + ) =0 (48)
2k1f'+ fKy=0
Theorem 4.15. Let (M, v, ¢,7M,9) be a 3-dimensional connected a-Sasakian generalized Sasakian
space form satisfying po = 0, p3 # 0, and Vo L ¢. Then, o : [ — (M, v, ¢,7,9) is a bi- f-harmonic
1

Legendre curve if and only if f = +ck; 2, where c is a constant and k; solves the following second
order non-linear differential equation system

9(K))3 + 4ki ki — 10K K k1 + 2K)'k? = 0
—3(K))? + 4k} + 4k3k3 + 2k k) — 4k2(p3 + a?) =0
If k1 = cons # 0, then f is constant from the third equation in (4.8).

Corollary 4.16. There is no any proper bi- f-harmonic Legendre helix in a 3-dimensional connected
a-Sasakian generalized Sasakian space form satisfying po = 0, p3 # 0, and V5 1 <.

CASE I1.2. Let po =0, p3 #0, Vo L. ¢, and o = 0.

Theorem 4.17. Let (M, 9,6,1, g) be a cosymplectic generalized Sasakian space form satisfying ps = 0,
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p3 # 0, and Vo L . Then, o : I — (M,d,<,7,9) is a bi- f-harmonic Legendre curve if and only if
p1 = ps3 and the following differential equation system is satisfied

(ff") —3kikif2 —4k3f f/ =0
(k3 — kb2 + K f2 4+ AR 1+ 3k f f 4+ 2k (F)2 + kif? (p3+a2) =0
4k1/€2f, + (2/€2f kﬂ + k‘lké)f =0
kikoks = 0

CASE 1III. Let po = 0, p3 # 0, n(Va) # 0, and ¢ € span{Vo, V3,--- ,V;,}. Then, from (4.2),
o:I— (M, J,, 7,9) is a proper bi- f-harmonic Legendre curve if and only if
(Ff") —3kif?ky —4k3f f' =0
(—k$ — kik3 + K f24+4f K f +3F"F k1 +2(f")%k
+k1f?p1+ f2Bp3in(Va) =0
ko f Ky + ko f ko +4kikof' + Bpsfn(V3) =0
kikoks + Bpsn(Va) =0
Let m = min{r,4} = 4, which implies > 4. Then,

¢ = cos 01V + sin 01 cos O3V + sin 0y sin OV,
which implies
n(Va) =cosby, n(Vz) =sinb;cosfe, and n(Vy) = sinb;sinby

Here, 61 : I — R denotes the angle function between ¢ and V5 and 65 : I — R is the angle function
between V3 and the orthogonal projection of ¢ onto span{V3s, V,}.

Theorem 4.18. Let 0 : [ — (M,ﬁ,g,r’],g) be a curve parameterized by its arclenght on an («, f)-
TSGSSF with py = 0, p3 # 0, (V) # 0 and ¢ € span {Va, V3,--- ,V;,}. Then, o is a bi- f-harmonic
Legendre curve if and only if

(Ff") =3k f?ky —4kif f' =0
(=K} — kakd + K f2HAfKF 3" fhy +2(F) k1 + ki f2p1 + f2Bp3costy =0
2/€2f ki + /le ]Cé + 4]€1/€2f’ + [Bsin 61 cos (92,03f =0

(4.9)

kikoks + [ sin 0y sin 92p3 =0
provided r > 4.

As a particular case, if § = 0, that is, (M, d,5, 7,9) is an a-Sasakian generalized Sasakian space form,
then the following results is obtained:

Corollary 4.19. There is no any bi-f-harmonic Legendre curve of osculating order r > 4 in
an «a-Sasakian generalized Sasakian space form, satisfying pa = 0, ps # 0, n(V2) # 0, and
S € span{Vg,V;;,- o 7Vm}

If p1, p3, and the first three curvatures of o are constants, then the following result is valid:

Theorem 4.20. Let o : I — (M,9,<,7,9) be a curve parameterized by its arclenght on an («, 3)-
TSGSSF with po = 0, p3 = cons # 0, n(V2) # 0 and ¢ € span{V, V3, -+, V;,}. Then, o is a
bi- f-harmonic Legendre curve if and only if f is one of the followings:
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_ER2 4 k2 2 _ER2 412 2
f(s) = ¢q cos (\/ Sk + k3 = p1+ pa(coshy) s) + co sin (\/ SRL+ k= p1 o+ pa(cost) s) (4.10)

2 2
f(s)=c3s+cu (4.11)
and
F(o) gV PR, R e 2, (4.12)

provided that
5ki — k3 + p1 + p3(cosfp)? >0

5ki — k3 + p1 + p3(cosfp)? =0

and
5k% — k3 + p1 + p3(cosfy)? < 0

respectively, and X
3

f(s) = o2 [ cotb2ds (4.13)
where ¢q, ¢, -+, cg, 01 and Oy are constants.
PROOF. By using (4.9),
(ff") —4kif f'=0
BF"F + 22+ 2 (~k3 — k3 + p1 — ps (costh)*) =0

(4.14)
dk1kof' + Bsinf cosbopsf =0
kikoks + [3sin 64 sin 92p3 =0
From the second equation of (4.14),
f//f: _2(f/)2+ (k%+k§;pl+p3(cosel)2) f2 (415)
If (4.15) is used in the first equation of (4.14),
2f" + (51{:% — k2 +p— ,03(00391)2) f=0 (4.16)

By solving the differential equation (4.16), the first assertion of the theorem is obtained. Besides,
Bpssin by (cosOoksf — 4sinfaf') =0
via the last two equations of (4.14) which implies (4.13). O

Let » = 3. This implies that ¢ € span {V5, V3} and by choosing 03 = 0, ¢ = cos6;V5 + sin 0, V3 where
0, : I — R denotes the angle function between ¢ and V5.

Theorem 4.21. Let 0 : [ — (M,@,g,ﬁ,g) be a curve parameterized by its arclenght on an («, )-
TSGSSF with py =0, ps # 0, n(V2) # 0, and ¢ € span {Va, V3}. Then, o is a bi- f-harmonic Legendre
curve if and only if

(Ff") = 3kikif? —4k3f f' =0
BF"f+2(f') k1 + +4KLf !+ f2(—K] — kik3 + K + kip1 + Bps cos 1) = 0
Akikof' + f(2kof ki + k1kb + Bsinfip3) =0
provided r = 3.



Journal of New Theory 48 (2024) 24-39 / Bi-f-Harmonic Legendre Curves on (a, 3)-Trans-Sasakian Generalized Sasakian - - - 35

If p1, p3, and the first two curvatures of o are constants, then the following result is obtained:

Corollary 4.22. Let o : I — (M,ﬁ,g,ﬁ,g) be a curve parameterized by its arclenght on an («, §)-
TSGSSF with py = 0, p3 = cons # 0, n(V2) # 0, and ¢ € span {V3, V3}. Then, o is a bi- f-harmonic
Legendre curve if and only if f is defined by one of the form given in (4.10), (4.11), or (4.12) and

f(S) _ 6%” fsin€1 cos b ds

where s € I.
Let r = 2. Then, ¢ € span {V2} which implies ¢ = +V5 by taking 6; € {0, 7} and 6, = 0.

Theorem 4.23. Let 0 : [ — (M,ﬁ,g,r’],g) be a curve parameterized by its arclenght on an («, f)-
TSGSSF with po = 0, p3 # 0, 7(Va) # 0, and ¢ = £V5. Then, o is a bi- f-harmonic Legendre curve if
and only if

(ff")' = 3kikif? —4kif f' =0
BF"f+2(f'))kr +4kyf [+ f2(=kS + k] + kip1 + Bps cosb1) = 0
provided r = 2.
If p1, p3, and the first curvature of o are constants, then the following result is obtained:

Corollary 4.24. Let 0 : [ — (M,ﬁ,g,ﬁ,g) be a curve parameterized by its arclenght on an («, §)-
TSGSSF with pa = 0, p3 = cons # 0, 7(V2) # 0, and ¢ = £V5. Then, o is a bi-f-harmonic curve if
and only if f is defined by one of the form given in (4.10), (4.11), or (4.12).

CASE IV. Let py # 0, p3 = 0, and V3 L 9T. Then, from (4.3), o : I — (M,9,<,17,g) is a proper
bi- f-harmonic Legendre curve if and only if

(ff")" = Bkakif? — 4kif f' =0
(—kf = kik3 + K + kipn) f2 + 4k f f1 4+ 3k f"f +2(f)* k. =0
Akrkof ! + (2kok, + kikb)f =0
kikoks = 0

Corollary 4.25. There is no any bi-f-harmonic Legendre curve of osculating order r» > 4 in an
(v, B)-TSGSSF, satisfying ps # 0, p3 = 0, and Vi L IT.

Note that because the conditions obtained in Cases I and IV are the same, it is not necessary to
investigate the subcases for Case IV.

CASE V: Let ps #0, p3 = 0, 9T € span{Va, Va, -+, Vi }, (9T, Va) # 0, and m = min{r,4} = 4,
which implies r > 4. Then,

IT = cos a1 Vy + sin aj cos as Vs + sin aq sin agVy (4.17)

which implies
g(OT, Va) = cosay

g(OT, V3) = sin a; cos as

and
g(??T, Vi) = sina;g sin ag (4.18)

Here, a; : I — R denotes the angle function between IT and V5 and a9 : I — R is the angle function
between V3 and the orthogonal projection of 9T onto span{ V3, V4}. Thus, the following result is
obtained:
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Theorem 4.26. Let 0 : I — (M,9,<,17,9) be a curve parameterized by its arclenght on an («, 3)-
TSGSSF with pa # 0, ps = 0, 9T € span {Va, V3, V4}, and g(ﬁT, V2) # 0. Then, o is a bi- f-harmonic
Legendre curve if and only if

(FF") —3kikif2 —4k3f f'=0
(k3 — k1k3 + K + k1p1 + 3k1pa(cosar)?) f2+Af K f' +3f"f k1 +2(f) k1 =0
I (2kof Ky + ki f kb + 4kikaf') + 3pak1f2 cosaj cosagsina; =0

k1koks + 3p2k1 sina; sinascosa; =0

If the first three curvatures are constants, the following result is obtained:

Theorem 4.27. Let 0 : [ — (M,ﬁ,g,ﬁ,g) be a curve parameterized by its arclenght on an («, f)-
TSGSSF with py # 0, p3 = 0, 9T € span{Va, Vz,---,Viu}, and g(9T,Va) # 0. Then, o is a bi-f-
harmonic Legendre curve if and only if ki, k2, and k3 satisfy the following differential equations

(JF") =42 ' =0

(—ki — k3 + p1+ 3pa(cosar)®) f2 +3f"f +2(f')* =0

where .

f(S) — 673 fcotagds
and a; and as are constants.

Let r = 3. Therefore,
IT = cos a1Vo + sina1 Vs
Hence, g(0T, Va) = cosay, g(9T, V3) = sinay, az = 0, and k3 = 0.
Theorem 4.28. Let ¢ : I — (M,f’,g,ﬁ,g) be a curve parameterized by its arclenght on an («, §)-
TSGSSF with py # 0, p3 = 0, 9T € span {V5,V3}, and g(IT,Va) # 0. Then, o is a bi-f-harmonic
Legendre curve if and only if
(Ff") = 3kiki f? —4k3f f' =0
(—k} — k1k3 + K + k1p1 + 3kipa(cosar)?) f2 +4f ki f +3f" f ki +2(f") k1 =0
f (2kof k) + ki f kb + 4kikaf') + 3poki f2cosaysina; =0
provided r = 3.
Let r = 2. Therefore, 9T = +Vs. Hence, g(JT, V3) = £1, g(9T,V3) =0, a; = az = 0, and ko = k3 = 0.

Theorem 4.29. Let 0 : I — (M, 9,<,7,g) be a curve parameterized by its arclenght on an (a, B)-
TSGSSF with ps # 0, p3 = 0, and 9T = +Va. Then, o is a bi- f-harmonic Legendre curve if and only
if
(Ff") = 3kiki f? —4k3f f' =0
(—kf + kY + kipr £ 3kipo) f2 + A KU F +3F" fhi +2(f) k. =0
provided r = 2.
CASE VI. Let py # 0,p3 # 0,Va L 9T, and Vo L <. Then, from (4.3), 0 : I — (M,?,<,7,9) is a

proper bi- f-harmonic Legendre curve if and only if
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(Ff") = 3kiki f? —4R3f f' =0
(K =k} = k1k3 + kup1) f2 + 4L f )+ 3k f7 f + 2k (f)? =0
Akikof' + 2koki f + kikyf =0
kykgks = 0

Corollary 4.30. There is no any bi-f-harmonic Legendre curve of osculating order r > 4 in an
o-Sasakian generalized Sasakian space form, satisfying ps # 0, p3 # 0, Vo L 0T, and V5 L <.

Note that because the conditions obtained in Cases I and VI are the same, it is not necessary to
investigate the subcases for Case V1.

CASE VIL Let py # 0, p3 # 0, Vo L 0T, ¢ € span{Va, V3,---, Vi, }, and 0(Va) # 0. Then, from
(4.3), 0 : 1 — (M, d,5, 7,g) is a proper bi- f-harmonic curve if and only if

(F17) = 3kiK F2 — 4I3f [ = 0
(—kf — kik3 + ki + kip1 + Bps(cos 61)°) f 2+ 4f KL f +3f" fhi +2(f')%k1 = 0
dkikof !+ f2(2kok!] + k1kb + Bpssinfy cosfy) =0
kikoks + Bpski sinfysinfy =0

Corollary 4.31. There is no any bi-f-harmonic curve of osculating order » > 4 in an a-Sasakian
generalized Sasakian space form, satisfying ps # 0, ps £ 0, Vo L 19T, ¢ € span{Va, V3,--- ,V;, }, and

7(V2) # 0.

Note that because the conditions obtained in Cases III and VII are the same, we omit to investigate
the subcases for Case VII.

CASE VIIL Let py # 0, p3 # 0, 9T € span {Va, Va, -+, Vin b, g(ﬁT, Va) # 0, and ¢ L V5. Then, from
(4.17) and (4.18), the following result is obtained:

Theorem 4.32. Let o : [ — (M| d,s, 7, g) be a curve parameterized by its arclenght on an a-Sasakian
generalized Sasakian space form with py # 0, p3 # 0, 9T € span {Va, Va,--- , Vin}, g(9T, Va) # 0, and
¢ L V5. Then, o is a bi-f-harmonic Legendre curve if and only if ki, ko, and k3 satisfy the following
differential equations:

(F]") = Bkikif2 —4k2f [/ =0
(—k} — k1k3 + K + k1p1 + 3kipa(cosar)?) f2 +4f ki f/ 4+ 3f" f ki 4+ 2(f')*k1 =0

(4.19)
f (2kof K} + k1 f Ky + 4k1kof') + 3poky f2 cosay cosag sinay + Bpsn(Vs) =0

k1koks 4+ 3paky sinaq sinag cosay + Bpsn(Vy) =0

If r = 3, then the first three equations of the (4.19) are satisfied, taking ay = 0.
If r = 2, then the first two equations of the (4.19) are satisfied, taking a; € {0, 7}.

CASE IX. Let py # 0, p3 # 0, 9T € span{Va, Va, -, Vi }, (0T, Vo) # 0, n(Va) # 0, and ¢ €
span {Va, Vs, -+ Vi, }. Then, the following result is obtained:

Theorem 4.33. Let o : I — (M,9,<,7,9) be a curve parameterized by its arclenght on an («, 3)-
trans-Sasakian generalized Sasakian space form with py # 0, p3 # 0, 9T € span{Va, V3,--- , Vin},
g(OT, Vo) # 0, 7(V) # 0, and < € span {Va, V3, -, V;u}. Then, o is a bi- f-harmonic curve if and only
if k1, ko, and k3 satisfy the following differential equations:
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(fFf") = 3kiky f? —4kTf f' =0
(—k3 — k1k3 + Kk} 4+ k1p1 + 3kipa(cosay)? + BpscosOy) f2 +4f kL f'
+Bf"f +2(f)*)k1 =0 (4.20)
Akikof £+ f2(2kak!l + k1kb + 3poky cos ay cos ag sinay + Bp3 sin y cos ) = 0

k1koks + 3p2ki sinaq sin ag cosaj + Bps sin#y sinfy = 0

If r = 3, then the first three equations of the (4.20) are satisfied, taking as = 0 and 62 = 0.

If r = 2, then the first two equations of the (4.20) are satisfied, taking 6; € {0, 7} and a; € {0, 7}.
5. Conclusion

This study has obtained the necessary and sufficient conditions for a curve to be bi- f-harmonic Legen-
dre in the (a, B)-trans-Sasakian generalized Sasakian space form. While conducting this investigation,
the functions from the manifold’s curvature tensor, curvature and torsion of the curve, and the relative
positions of the basis vectors have been considered. Future studies could focus on different curves,
such as Slant, in the («, 8)-trans-Sasakian generalized Sasakian space form. Additionally, research can
be conducted on special cases of the («, f)-trans-Sasakian manifold, including a-Sasakian, Sasakian,
B-Kenmotsu, Kenmotsu, and cosymplectic manifold types.
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1. Introduction

Observations suggest that the universe is accelerating in two phases: the very early inflationary phase
and the current phase. An exotic component with a large negative pressure, called dark energy (DE),
which accounts for about 70% of the universe’s energy density, is thought to cause the accelerated
expansion [1]. In addition, the second largest component of our universe is dark matter (DM). The
origin and nature of dark matter and dark energy are not fully known. Different theoretical models

have been constructed to explain and interpret the accelerating universe.

The cosmological constant lambda cold dark matter (ACDM) is proposed as the simplest dark energy
model. Although ACDM is consistent with current observations, it suffers from the problem of coinci-
dence and fine-tuning. [2]. For this reason, we are trying to investigate the origin of dark energy based
on the holographic principle [3]. With the introduction of the holographic principle into cosmology,
holographic dark energy (HDE) was proposed [4]. Holographic dark energy is based on the use of
various horizons as the radius of the universe. It can explain the current acceleration and is supported
by many observations [5, 6], making holographic dark energy an interesting model. Recently, dark
energy models, such as Tsallis holographic dark energy, Renyi holographic dark energy (RHDE), and
Sharma Mitall holographic dark energy, have been proposed to investigate cosmological phenomena
using extended entropy formalisms, such as Tsallis [7], Renyi [8], and Sharma Mitall [9]. The energy

density of RHDE is as follows:

3c? -1
PR=5 T3 (1+moL?) (1.1)
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where ¢ is the true non-extensibility (NE) parameter measuring the degree of non-extensibility, L is
the IR cut-off, and ¢ is a numerical constant [10,11]. If the Hubble horizon is taken as the IR cut-off
(L = %), then (1.1) becomes the following equation, and the energy density of the RHDE is obtained
as follows [10]:

3c2H?

" 8n (7 +1) -

PR
There are many studies on RHDE. Some of these studies can be summarized as follows. Prasanthi
and Aditya [1] have studied the RHDE model for the Bianchi VI universe in the General Relativity
Theory. Bhattacharjee [12] has investigated the dynamics of Tsallis and Renyi holographic dark
energy in Friedmann-Robertson-Walker (FRW) space-time using a hybrid scale factor. Dubey et
al. [10] have analyzed RHDE model in a flat Friedmann-Lemaitre-Robertson-Walker (FLRW) metric
using different values of the parameter 0. Dixit et al. [13] have investigated the behavior of RHDE
in the flat FRW universe in the framework of f(R,T) gravity using the Granda-Oliveros and Hubble
horizons. Sharma and Dubey [14] have obtained a solution using the RHDE deceleration parameter
in the flat FRW universe. They have also calculated state finder parameters to understand the
geometrical behavior of the model using observational data. Moreover, in 2020, Sharma and Dubey [15]
studied the RHDE model for the FRW universe in Brans-Dicke cosmology. Saha et al. [16] have
investigated the interacting and non-interacting RHDE models in the Dvali-Gabadadze-Porratidal
braneworld framework. In addition, Saha et al. [17] have researched the distribution of matter with
Barrow holographic dark energy and viscous fluid in the form of pressure-less dark matter using
different scale factors for the flat FRW universe. Liu et al. [18] have analyzed the quintessential dark
energy of the Kerr black hole by testing it through observational data using quasi-periodic oscillations.
Ranjit et al. [19] have studied models of the universe with interacting Tsallis holographic dark energy in
the Chern-Simons alternative gravitational theory. Yilmaz and Gidekli [20] have investigated FLRW
universe models with modified Chaplygin gas and cosmological constants, one of the dark energy
candidates. Koussour et al. [21] have proposed a new equation of state parameter for dark energy in
the f(Q) alternative theory of gravitation. Koussour et al. [22] have obtained solutions for various

Hubble parameters in scalar field dark energy models.

The outline of the article is as follows: In section 2, the General Relativity Theory formulation is
provided, and the field equations for the RHDE model are obtained using the FRW metric. In section
3, solutions to Einstein field equations are provided. Moreover, in this section, the solutions are
analyzed with the help of graphics. Finally, in the section 4, the planned future studies are mentioned.

2. Field Equations

The General Relativity theory attempts to explain the universe’s structure on a large scale. The field
equations in this theory are expressed as follows:

1
R, — iRgW =T (2.1)

Here, 87G = ¢* = 1 can be taken. The general form of the homogeneous and isotropic FRW metric
in spherical coordinates (r, 6, ¢,t) is as follows:

d 2
ds? = dt? — A2 | —Z— 4+ r2(d6? + sin® dg¢?) (2.2)
1 — Kkr?
Here, it can take the values k = —1, Kk = 0, or kK = 1. If K = —1, then it refers to the open universe

model, if Kk = 0, then it refers to the flat universe model, and if x = 1, then it refers to the closed
universe model. The universe is assumed to be filled with matter and a fluid known as holographic
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dark energy. The energy-momentum tensor for matter is defined as follows:

m
T, = pmuyty

where p,, shows the density of matter [1]. The energy-momentum tensor (Tlff,) of RHDE is as follows:
TY = (pr + PR)Upty — DR Guo

where pr and pr denote RHDE pressure and energy density, respectively [1]. The total energy-

momentum tensor is expressed as follows:

Ty = Th +TE

(2.3)
= (:Om + pr + pR)u,uuu — PR9uv

We obtain the Einstein field equations from (2.1)-(2.3) as follows:

24 A2 K

mial e 24

ATt T PR (24)
and -

3A 3K

F‘Fﬁ:pm‘FPR (2‘5)

Here, the dot shows a derivative concerning cosmic time t.
3. Results and Discussions

As can be observed from (2.4) and (2.5), there are two equations with four unknowns as A, pm, pr,

and pr. We need two additional equations to solve this equations system.

1. To obtain a solution, we can first use the Hubble parameter. The Hubble parameter, a cosmological
parameter that expresses the universe’s expansion rate, defines the universe’s expansion rate by a
numerical value, also called the Hubble constant (Hp). This parameter helps us understand the
universe’s expansion rate and obtain some critical information about the universe’s past. In this
study, the Hubble parameter suggested by Pacif et al. [23] is taken:
=420
a Vtt+a

Here, a denotes scale factor and « and 3 are real constants.

(3.1)

71. As the second equation, by estimating the Hubble horizon as an IR cut-off, we can take the energy
density of the RHDE as in (1.2).

From (3.1), the metric potential (is also equal to the scale factor a) A is

A= cle2vt+a5 (3.2)

Here, c; is an integral constant. From (1.2) and (3.1), we obtain energy density of RHDE as
3542

80(t+a)m+p2)(t+a)n

Furthermore, from (2.4), (2.5), (3.2), and (3.3), the energy density of matter and pressure are obtained

or = (3.3)

as follows:
B e~ AVital B 36% (=88 (t + o) m* — 832w + ?3?)
pm =2 8@ (t+a)r+ B2 (tta)T
and

cwiFas,  3(Vitaf-1)p
2 (t+ o)

PR = — 3
Cy 2
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Finally, we can determine the equation of state (EoS) parameter by using the formulation w = E&

PR
where w denotes the EoS parameter:
8 B8VIFa-1)(0(t+a)+p%) Smk(b(t+a)m+ %) (t+a)
333Vt +a 3c12c2 BletBVita
When the solutions are investigated, it is observed that there is a singularity at ¢ = —«. However,
since the constant « is positive and ¢ can never have a negative value, ¢ = —« has no problems for the

solutions. In order to draw and analyze the graphs of the physical variables we obtain in the solutions,
we need the values of the constants in the solutions. We can get the values of the constants in the
solutions by using some observational values. Table 1 contains the values of the constants we use to
draw the graphs. When obtaining the values in Table 1, {5 = 13.8 Gyr was taken.

Table 1. Values of constants

Data Set « 5 c1 1) c

SN Ia [24] 1.0 04813 00246 1.4 70
SN Ia + H(z) + BAO/CMB [25] 1.6 0.2770 0.1137 1.4 110
SN Ia + BAO +H(z) [26] 1.3 03762 00537 14 90

CC+SN Ia+BAO+RI18 [27] 1.6 0.2963 0.0977 1.4 120

Using the values in Table 1, a graph of the variation in metric potential over time was drawn for
four different observation values. When Figure 1 is analyzed, it is observed that the metric potential
exhibits similar behavior for all four observation values up to a certain point and increases over time.
Still, after a certain point, the increase accelerates for SN Ia. The fact that the metric potential
increases over time within four different observation values shows that the universe model has an

expansion.

— SN la
— SN la + H(z) + BAO/CMB
— SN la + BAO + H(z)

—— CC + SN la+BAO +R18

0 5 10 15 20 25 30
t
Figure 1. Variation of metric potential versus cosmic time ¢

The following equation expresses the relationship between redshift and scale factor:

alty)
=T

where a(t) is the present value of the scale factor. In this study, a(tp) = 1 is assumed. From (3.1)

(3.5)
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and (3.5), a relationship between the redshift variable z and time can be obtained as follows:
Vio +aln(l+z) n In(1 + z)?

g 42
With the help of (3.3) and (3.6) and using the values in Table 1, the variation graph of the energy
density of RHDE according to redshift is presented in Figure 2. The energy density is expected to

t=ty (3.6)

increase in dark energy models according to z. When Figure 2 is investigated, an increase is observed
for all four observation values. However, the increase is faster for the observation values SN Ia + H(z)
+ BAO/CMB and CC+SN Ia+BAO-+RI18.

—— SNila
0.8 —— SN la+ H(z) + BAOICMB
—— SNla+BAO +H(z)

—— CC+SNla+BAO+R18

0 1 2 3 4
z

Figure 2. Variation of the energy density of RHDE versus redshift.

Similarly, with the help of (3.4) and (3.6) and using the values in Table 1, the variation graph of the
energy density of RHDE according to redshift is provided in Figure 3. In dark energy models, the
pressure is expected to decrease concerning z. When Figure 3 is investigated, a decrease is observed
for all four observation values. However, it can be observed from Figure 3 that the observation values
of SN Ia + H(z) + BAO/CMB and CC + SN Ia + BAO + R18 start to increase after a certain point.

0.04 - —— SN la
—— SN a + H(z) + BAOICMB
0.02} — SNla+BAO + H(z)
—— CC +SN la+BAO + R18
0.00
002/ \// ’
p
~0.04]
-0.06}
~0.08]
-0.10}
0 1 2 3 4

z

Figure 3. Variation of pressure versus redshift
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Figure 4 shows the variation of the equation of state parameter according to redshift. When Figure 4

is investigated, the equation of state parameter behaves similarly in four different observation values.

SN la

—— SN la + H(z) + BAO/CMB
—— SN la+BAO + H(z)
—— CC+SNla+BAO+R18

0 1 2 3 4
z

Figure 4. Variation of equation of state versus redshift
4. Conclusion

This article has investigated the behavior of the RHDE matter distribution in the homogeneous and
isotropic FRW universe model, which best describes today’s universe in the framework of General
Relativity Theory. In future studies, it will be worthwhile to investigate universe models with RHDE
matter distribution within the framework of Lyra theory, f(R) theory, and f(Q) theory.
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1. Introduction

A simple graph G consists of a set V' of vertices (nodes) and a set E of edges (links) between some
vertices so that no loops or multiple edges appear in (G. For more information about graphs, see
[1]. Many graph operations use vertices and edges for several purposes, such as vertex deletion and
addition, edge deletion and addition, and edge contraction. Several such vertex and edge operations’

applications can be found in [2-10].

In [11], Seidel has introduced a new type of vertex operation called vertex switching. For some
fundamental properties and calculations, see [12-14]. For a graph G = G(V, E) and a subset S of
V = V(G), the switching of G by S is the graph G*(V, E') obtained from G by removing all edges
between S and V — S and adding new edges between S and V — S which are not in G. If the set S
consists of a single vertex v, then, in particular, G°, denoted briefly by GV, is the vertex switching

graph of G by v.

Some mathematical formulae called topological graph indices are used in obtaining some required
properties of a given graph or a graph class. Some of these indices are useful in molecular chemistry
and are alternatively called molecular descriptors. Two of these indices are the first and second Zagreb

indices defined by Gutman and Trinajstic [15] as follows:

Mi(G)= > du* and My(G)= >  dudv
ueV(G) weE(G)

These two topological indices have been studied by many authors [16,17]. In this study, we calculate

'hozden@uludag.edu.tr (Corresponding Author)
!Department of Mathematics, Faculty of Arts and Sciences, Bursa Uludag University, Bursa, Tiirkiye


https://dergipark.org.tr/en/pub/jnt
https://orcid.org/0000-0003-1556-3511
https://doi.org/10.53570/jnt.1522803

Journal of New Theory 48 (2024) 48-60 / A Study on Zagreb Indices of Vertex-Switching for Special Graph Classes 49

the first and the second Zagreb indices of vertex switched star, complete bipartite, and tadpole graphs
for the special case of S = {v} is a single vertex set.

2. First Zagreb Index of Vertex Switched Graphs of Some Graph Classes

This section calculates the first Zagreb index of vertex-switched star, tadpole, and complete bipartite
graphs. We start with complete bipartite graphs.

2.1. First Zagreb Index of Vertex Switched Graphs of Complete Bipartite Graphs

Firstly, we study the first Zagreb index of vertex switched complete bipartite graphs. Let two bipartite
sets of the vertices in K, with r < s be A = {uj,u2,--- ,u,} and B = {vy,v9,--- ,vs}. By the
definition of vertex switching operation, the case r = 2 shows a difference with the case r > 3 as we
obtain a star graph in the former case, and in the latter case, a new graph class is obtained. We
denote by K, ;) the graph obtained by joining ¢ vertices to all of the s vertices in a bipartite graph
K, s. For some examples of these graphs, see Figures 1 and 2 and more details, see [18].

Uy Uz Uy Y2 Uy vz
i E ; ; i : — : N v,l iw
vy ' Vi Vi Va2 V3 v
vy _ — vi_
K2,3 K2,3 - s.’i - KI('I),J K2,3 - K2,2(1)

Figure 1. Vertex switching of K53 where v belongs to different partition sets

We consider the situation where the switched vertex belongs to A:

Theorem 2.1. Let v € A. Then,
My(K3,) =s*+3s+2

PROOF. We need to delete all the edges vvy, v, - -+ ,vvs incident to v and add a new edge between
v and each vertex w in G which are not adjacent to v in G. Thus, v becomes a pendant vertex in
K3 ;. There is only one vertex w in G as r = 2. Hence, w will be connected to all the other vertices
in G when we form K3 ;, and all these vertices are adjacent only to w, causing the graph to be a star
graph. The total number of those vertices is 2+ s — 1 = s + 1. Adding w, we obtain that this star
graph will be Sz s. For more details, see [18]. The vertex partition of K3 is provided in Table 1:

Table 1. The vertex partition of K3, for v € A

duy #u
1 s+1
s+1 1

# stands for “the number of”.
Hence, the first Zagreb index of K3  is
M(K3,) = Mi(Sa4s) = 1*(s + 1)+ 1(s + 1) = s* + 35 + 2
O

We consider the situation where the switched vertex belongs to B:

Theorem 2.2. Let v € B. Then,

My(K3,)=3s>+35-6
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PROOF. Let v € B. We delete both edges vu; and vuy and add new s — 1 edges vvg, vvs, - -+, VUs.
Moreover, u; and ug are adjacent to all the vertices in B — {v} which is the graph K21 s_1 that is the
graph obtained by joining v to s — 2 vertices in B — {v} in K3 42, giving a complete bipartite graph
K3 s—1. Thus, the vertex partition of K3 , is provided in Table 2:

Table 2. The vertex partition of K3, for v € B
duy # u

s—1 3
3 s—1

# stands for “the number of”.

Hence,
M (K3,) =M (K3, 1) =3(s—1)?+3*s—1) =35>+3s—6

O

We consider the first Zagreb index of a vertex switched graph K, ; with 3 < r <s. For an illustration,

see Figure 2, where r = 3 and s = 4.

uy
vy Uz U3
Uy Us Uy
u2 U3
m ) )
Vi Va2 Vs \7 Vi vz Vi \7 .

K3,4 K3,4“1 = K2(1),4 Ka,av1 = K3,3(1)
Figure 2. Two possible vertex switchings of the complete bipartite graph K3 4
Theorem 2.3. Let K, ; be a complete bipartite graph with 3 <r <s. If v € A, then
M (K ) = Sr+ris+ri—s?—r—s

and if v € B, then
Mi(K;,) = Pr4ris4+s2—r?—r—s

PROOF. For v € A, Mi(K} ) = Mi(K}, ;). Therefore, the vertex partition of K} is provided in
Table 3:

Table 3. The vertex partition of K?_, forv € A

r,8)

du #u
s+1 r—1
r—1 s+1

# stands for “the number of”.

Hence,
Mi(K ) = (s — D2r+ D)+ +12%(s—1)=s*r+r2s+r°—s>—r—s
For v € B, My(K?,) = M (K}

r,s—1

). Therefore, the vertex partition of K7 is provided in Table 4:
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Table 4. The vertex partition of K}, for v € B

du #u
s—1 r+1
r+1 s—1

# stands for “the number of”.

Hence,

Mi(Ky,) = Ml(Kl,s—1> =G-1D2r+D)+0r+1D26-1)=sr+r’s+s*—r’—r—s

T

O]

2.2. First Zagreb Index of Vertex Switched Graphs of Star Graphs

This section looks for the vertex-switched graphs of the star graphs. As there are two different types
of vertices in a star graph, we have the following sub-cases:

Theorem 2.4. Let S,, be a star graph, v; be the central vertex, and all the remaining vertices be
v2,V3,- -+ ,Uy. Then,
My(Sp') =0

and
M (S%) = 2n? — 4n

for i € {2,3,--- ,n}, where Ky 1,2 is the complete tripartite graph.

PRrOOF. First, determine SJ*. As v; is connected to all the other vertices and there are no other edges
in S, the remaining graph, when we delete all the incident n — 1 edges to v1, will have no edges, that
is, the resulting graph will be N,,, see the graph in the middle in Figure 3, and hence M;(S:') = 0.

Figure 3. Two possible vertex switchings of a star graph

Secondly, determine S} where v; is a vertex different then v;. When we switch the vertex v;, all vertices
V2, U3, ,Vi—1,Vit1,- - ,Un Will be adjacent to only v; and v;, each. This graph is an example of the
triangular book graph without a spine; see the graph on the right in Figure 3, for n = 5, and Figure
4, for n > 5. That is, Sy = K1 15-2 — {viv;}.

Vi

S, =K, 10 - {vivi} for i>1
Figure 4. Vertex switching at a pendant vertex of a star graph giving triangular book graph without
a spine
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Therefore, the vertex partition of SY¢ is provided in Table 5:

Table 5. Vertex partition of Sy, for v, v3, -+ ,Vi—1,Vit1, -+ ,VUn
dy # u
2 n—2
n—2 2

# stands for “the number of”.

Hence,
Ml(S:;l) = Ml(Kl,l,n—Q — {vlvi}) = 22(77, — 2) + (n — 2)22 = 2n2 —4n

O]

2.3. First Zagreb Index of Vertex Switched Graphs of Tadpole Graphs

This section calculates the first Zagreb index of vertex-switched tadpole graphs 7). This case is
much more complicated than the previously considered graph classes, as many different types of
vertices exist. Let the vertex at which the path and cycle parts of the tadpole graph intersect be vy,

the remaining vertices on the cycle in clockwise order be vy, vs, - ,v,, and the remaining vertices
starting from the neighbor vertex v,41 be vyy1, V49, ,vr1s (see Figure 5).
Via Vea \

Ve+1 Vit Vs

T

r,s

Figure 5. Tadpole graph T

Using the symmetry in T s, we study the first Zagreb index of the vertex switched graphs T}/, for v

. Uy — . .
is v1, V2, V3, Upt1, Ur42, Urts—1, and vpqs as Tﬁjg = T;jg,, T = ng, etc. In Figure 6, we illustrated
all the possible vertex-switched tadpole graphs:
Ve Vet v vy Vet
o
Vet
Vel Vr+2 Vesz
Vea M Vi3
V2
Vs
b b Vitsat
Vg Veis ve Vi
Tr,sv‘ Tr,sv2
Vi Vo Vi Vit Vit
Vits-1
Vel Ve .
“-_
ve v.+.
v vs Vita
\= Veis
\Z Vs vi Vitz
T v3 Tr'svr+|

rs

Figure 6. All the possible vertex switched tadpole graphs 7 g
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Figure 6. (Continued) All the possible vertex switched tadpole graphs T,

Theorem 2.5. Let T, ; be a tadpole graph, v; be the central vertex, and all the remaining vertices

be v, v3, -+ ,v,. Then,
M(T}L) =r*+ s>+ 2rs+r+5s—22
My(T}2) = r® 4+ s* + 2rs + 3r + 3s — 18
My(T}3) = 1?4 s+ 2rs + 3r 4+ 3s — 14
My(T75H) =72 4+ 5%+ 2rs +5r 4+ 5s — 18
My(T;+2) = r? + 5%+ 2rs + 5r + 55 — 20
My(Tpret) =1 4+ s + 2rs + 5r 4+ 5s — 3
and

My (TY5+) =r® 4+ 5° + 2rs + 5r 4+ 5s — 18

PROOF. The vertex partition for 7}"} is provided in Table 6:

Table 6. The vertex partition of T}%

duy #u

1 3

2 1

3 r+s—>5
r+s—4 1

# stands for “the number of”.
Hence, its first Zagreb index is as follows:
M(TP) =1%-3+22 143 (r+s—5)+(r+s—4)2 1=r+5"+2rs+7r+5— 22

Moreover, the vertex partition for 7772 is provided in Table 7:
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Table 7. The vertex partition of T2

du #u

1 1

2 2

3 r+s—4
r+s—3 1

# stands for “the number of”.

Thus,

Ml(T;g):12-1+22-2+32‘(r+3—4)+(r+3—3)2-1:7’2+32+2rs+3r+3s—18

Further, the vertex partition for 7;’3 is provided in Table 8:

Table 8. The vertex partition of T}3

dy #u

1 2

2 1

3 r+s—>5

4 1
r+s—3 1

# stands for “the number of”.

Thereby,

54

M(TP3) =1%-2+22 143 (r+s—5)+4> 1+ (r+s5-3)° - 1=r’+ "+ 2rs+3r +3s — 14

r+1

Besides, the vertex partition for 7, 5™ is provided in Table 9:

Table 9. The vertex partition of Ty 5"

dy, #u

1 1

2 1

3 r+s—3
r+s—2 1

# stands for “the number of”.

Therefore,

M(Tr) =12 1422 1432 (r+s—3)+ (r+s—2)*-1 =1+ +2rs+5r + 55 — 18

In addition, the vertex partition for 7.5 is provided in Table 10:

Table 10. The vertex partition of Tj. 5>

dy, #u

1 1

2 2

3 r+s—>5

4 1
r+s—2 1

# stands for “the number of”.
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Hence,
M(T#2) =17 -1+2% 2432 (r+s—5)+ (r+s—2)*- 144> 1 =1"+ 5"+ 2rs + 5r + 5s — 20
Moreover, the vertex partition for 75" is provided in Table 11:

Table 11. The vertex partition of Ty "

duy #u

2 1

3 r+s—3

4 1
r4+s—2 1

# stands for “the number of”.

Thus,
My(T=1) = 2+ 5% 4 2rs+ 5r+ 55 — 3

The vertex partition for Ty 5™ is provided in Table 12:

Table 12. The vertex partition of Tj.5"*

dy, #u

1 1

2 1

3 r+s—3
r+s—2 1

# stands for “the number of”.
Therefore,
M(TY)=17-1422 143 (r+s-3)+ (r+s-2)%-1=r>+5"+2rs+5r + 55 — 18
O

3. Second Zagreb index of switched graphs of some graph classes

This section calculates the second Zagreb index of a switched star, tadpole, and complete bipartite
graphs. Due to the difference in definitions of the first and second Zagreb indices, we use another
method. This method uses edge partition, which depends on determining all the pairs of vertex degrees
where these vertex pairs form an edge in the graph.

Theorem 3.1. If v € A, then
M(K3 ) = Ma(Sa4s) = (s + 1)°

and if v € B, then
My(K3,) = My(Ky 1) = 9(s — 1)?

PROOF. If v € A, the edge partition of K3 ; is provided in Table 13:

Table 13. The vertex partition of K3 for v € A
(du,dv) # uv

(s+1,1) s+1

# stands for “the number of”.
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Then, the second Zagreb index of K3 ; is as follows:
M (K3 ,) = Ma(S24s) = (s +1)°

If v € B, then the edge partition of K3 is provided in Table 14:

Table 14. The vertex partition of K3 ; for v € B
(du,dv) # uv

(3,5 —1) 3(s—1)

# stands for “the number of”.
Then, the second Zagreb index of K3 ; is as follows:
M (K3,) = Ma(Kq . 1) = 9(s — 1)°
O
Theorem 3.2. Let K, ; be a complete bipartite graph with 3 <r <s. If v € A, then

My (Ky,) = Ma(Kg, q) = (s +1)%(r — 1)°

S

and if v € B, then
My (Ky,) = Ma(Ky o q) = (5 = 1)*(r + 1)

PRrROOF. If v € A, then the edge partition of K", is provided in Table 15:

7,8

Table 15. The vertex partition of K, for v € A
(du>dv) # uv

(s+1,r71) (s+1)(r—1)

# stands for “the number of”.

Therefore,
My(Ky,) = Ma(K;,_q) = (5 + 1)*(r — 1)?

S

If v € B, then the edge partition of K7 is provided in Table 16:

Table 16. The vertex partition of K, for v € B
(du;d'u) # uv

(r—i—l,s—l) (r+1)(s—1)

# stands for “the number of”.

56

Hence,
My(Ky ) = Ma(K,_y) = (5 — 1)*(r + 1)?
O
Theorem 3.3. Let S,, be a star graph, v; be the central vertex, and all the remaining vertices be
V9,V3, -+ ,Unp. Then,
M3 (S;') =0
and

MQ(S;;’) = MQ(KLLTL,Q — {Ul’U@'}) = 4(TL — 2)2

for i € {2,3,--- ,n}, where K 1,2 is the tripartite graph.
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PROOF. Because M3(Sp!) = Ny, it is obvious that
My(S,') =0
For i € {2,3,--- ,n}, the edge partition for S} is provided in Table 17:
Table 17. The edge partition of S¥ for i € {2,3,--- ,n}
(du,ydy) # wv

(2,n—2) 2(n —2)

# stands for “the number of”.

Hence,
Ms(Sy7) = Mz (K1 1,02 — {v1v:}) = 4(n — 2)?
O
Theorem 3.4. Let T, , be a tadpole graph, v; be the central vertex, and all the remaining vertices
be vy, v3, - ,v,. Then,
My(TYL) = 3r® + 3s% + 6rs — 16r — 165 + 4
M,(T}2) = 3r® + 3s* + 6rs — 10r — 10s — 3
My(T3) = 3r? 4352+ 6rs —9r —9s + 1
My(Ty ) = 3r? + 352 + 6rs —4r — 45 — 13
My(T}5+2) = 3r® 4+ 3s® + 6rs — 4r —4s — 8
My(T5+=") = 3r® 4 3s® + 6rs — 3r — 3s
and

My(T5+e) = 3r® 4+ 3s% + 6rs — 4r —4s — 13
PROOF. The edge partition for T}} is provided in Table 18:

Table 18. The edge partition of 77’}

(duadv) # uv
(1,3) 3
(2,3) 1
(2,r+s—4) 1
(3,r+s—4) r+s—>5
(3,3) r4+s—7T

# stands for “the number of”.
By the definition of the second Zagreb index,
My(T}%) = 3r® + 35> + 6rs — 16r — 16s + 4

The edge partition for 7}2 is provided in Table 19:

Table 19. The edge partition of 72

(du,dv) # w
(1,3) 1
(2,3) 3

(2,7" + s — 3) 1
(3,0 +5—3) r+s—4
(3,3) r+s—6

# stands for “the number of”.
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By the definition of second Zagreb index,
M,(T}2) = 3r® + 3s* + 6rs — 10r — 10s — 3

The edge partition for 73 is provided in Table 20:

Table 20. The edge partition of T}’

(du,dv) # uv
(1,3) 1
(1,4) 1
(2,3) 1
(3,r+s—3) r+s—5
(2,r+s—3) 1
(4,r+s—3) 1
(3,3) r+s—T7

# stands for “the number of”.

Hence,
Mo(T3) = 3r® + 35> + 6rs —9r — 9s + 1

The edge partition for Tr5"" is provided in Table 21:

Table 21. The edge partition of T;.5""

(du,du) # uv
(1,3) 1
(2,3) 1
(3,r+572) r+s—3
(2,r +s—2) 1
(3,3) rt+s—4

# stands for “the number of”.

Therefore,
My(T5+) = 3r® 4+ 3s% + 6rs — 4r — 4s — 13

The edge partition for Ty 5" is provided in Table 22:

Table 22. The edge partition of T} 5>

(du,dv) # uv
(1,3 1
(2,3) 1
(2,4) 1
(3,3) rts—T
(3,r+s—2) r+s5—5
(4,7 + 5 —2) 1
(2,0 +5—2) 2
(3,4) 2

# stands for “the number of”.

Thus,
My(Ty2) = 3r? +3s% + 6rs —4r —4s — 8

o8
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The edge partition for 755" is provided in Table 23:

Table 23. The edge partition of Ty 5 "

(du,dv) # uv
(2,3) 1
(3,3) r+s—6

(3,r+s—2) r+s—4

(2,0 +s—2) 1
(3,4) 3

(4,7 + s —2) 1

# stands for “the number of”.

Thereby,
My (T71) = 3r? +3s% + 6rs — 3r — 3s

O]

4. Conclusion

Several vertex and edge operations are frequently used in graph theory to obtain several properties of
given graph types. A recently introduced operation is vertex switching. Several preliminary results
have just been published on this operation. In this paper, we considered two important degree-based
topological indices, the first and second Zagreb indices, for the vertex-switched graphs. The other
topological indices can be calculated for the vertex-switched graphs of different type graph classes.
As there are over 3000 such indices, a large research area is related to this problem. Moreover, graph
operations, derived graphs, and other graph parameters can be studied for the vertex-switched graphs.
Such studies might have chemical applications, and we can obtain physicochemical properties of many
molecular structures, including nanocones, nanomaterials, dendrimers, and chains. This will increase
the importance of the studied areas and may cause the occurrence of new study areas. As there
are many diverse definitions of Zagreb-type graph indices, one can also study the exponential Zagreb
indices defined in [19]. Similarly, an analysis of Zagreb indices over zero divisor graphs can be given

in detail using the results in [17].
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1. Introduction

Matrix functions play an important role in both theoretical and applied sciences. For example, they
are essential in quantum mechanics, control theory, physics, mathematics, and engineering to solve
optimization problems, compute eigenvalues, solve differential equations, and perform transformations
that simplify complex systems. Among various matrix functions, matrix exponential and trigonomet-
ric functions are particularly noteworthy due to their wide applications and the rich mathematical
properties they exhibit. The matrix exponential function is very important in solving linear differ-
ential equations and appears prominently in the study of linear dynamical systems. The study and
application of these matrix functions are topics of intense research due to their theoretical importance
and practical benefits. Researchers constantly explore new methods to compute these functions more
efficiently and understand their behavior in different contexts. This ongoing research not only advances
our mathematical knowledge but also leads to innovations in various fields of science and engineering.
For some of the papers, which include the matrix exponential, trigonometric, and hyperbolic functions,
see [1-13].

The matrix exponential function is defined by the Taylor series expansions as
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where A is the rth order matrix [9]. The matrix trigonometric and hyperbolic functions are defined
by the rules

iA | —iA iAo —iA
cos (A) = eete ” and sin(A) = £ -°
2 24
and A —A A A
cosh (A) = % and sinh (A) = ¢ _26

where A is the rth order matrix [8,14].

Sastre et al. [5] provided an algorithm for computing matrix cosine function with the help of the
Taylor series and cosine double angle formula. Some methods were presented by Defez and Jodar [15]
to compute matrix exponential, sine, and cosine functions based on Hermite matrix polynomials.
Besides, Defez et al. [16] introduced a method to compute hyperbolic matrix functions based on

Hermite matrix polynomials.

Moreover, number sequences are indispensable tools in mathematical and scientific research. Inves-
tigating these sequences provides an in-depth look at scientific research and enables discoveries. For
this reason, number sequences are considered the cornerstones of mathematical thinking and scientific
progress. The most popular number sequence is undoubtedly the Fibonacci number sequence. The
Fibonacci number sequence is defined by the recurrence relation, for n > 1,

Fn+1:Fn+Fn71

with initial conditions Fy = 0 and F; = 1 [17]. The Binet formula for the Fibonacci number sequence

is

F, = M
a—p
where a = 1+72\/5 and § = 1_2‘/5 which are called the Golden and Silver ratios, respectively [17].

This number sequence finds extensive applications not only in theoretical mathematics but also across
diverse scientific disciplines. In computer science, algorithms based on Fibonacci sequences are used
for data structures and sorting problems. In economics, Fibonacci retracement is a popular tool in
technical analysis to predict market movements. Additionally, the Fibonacci sequence appears in the
study of population growth models. The pervasive presence of Fibonacci numbers in theoretical and
applied sciences underscores their importance as a fundamental mathematical concept.

The Golden Fibonacci calculus is introduced by Pashaev and Nalci [18], which is an application of the
Fibonacci number sequence. The authors defined the Golden derivative operator, Golden binomial
expansion, Golden exponential functions, etc. We present some of the principle definitions of the
Golden Fibonacci calculus.

The Fibonacci factorial Fy,! is defined by

n
Bl =]]F=FuFarFos - BF
1=1

where F}, is the nth Fibonacci number [18]. The Golden binomial is defined as

(x4 ) = (z+a"y) (z+a"2By) - (v + af"2y) (v + 8" 'y)

where o and 8 are the Golden and Silver ratios, respectively [18]. The Golden binomial also holds the
equality

n = (n k=)
($+y)F=Z<k> (—1) 7 a2y
F

k=0
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where (Z) denotes the Fibonacci binomial coefficients which are defined by the rule
F

(n) B E,)
k » Fln—i) F!

with (g) = 1 [19]. These coefficients are called as Fibonomial coefficients [19]. The 1st and 2nd
F

type Golden exponential functions are defined as [18]

oo n o0 n
(z) nn-) ()
efy:ZFf and E}%:Z(—l) 2 FI‘:
n=0 - n=0 n:
Briefl
o i " i nn=1) g"
ep = — and EL = () 72 —

Ozvatan [19] obtained an estimation for the 1st type Golden exponential base number as
3.7041 < ep < 3.7044

Using a similar method, an estimation for the 2nd type Golden exponential base number can be
obtained as follows:
0.6958 < Er < 0.6961

The Golden Taylor expansions

s , . - n 22

cosp (z) = ngo (—1) o and sing (z) = nzzo (-1) Fonid!
and < 2n ' %0 20+l
coshp (r) = nz::() Pyl and  sinhp (z) = 2 Foni!

indicate some Golden trigonometric and Golden hyperbolic functions [18]. These functions also have

the following representations [18]:

i —iT T —x
_ep—ep _Ep—-Ep

sing () 5; 5
iz —iT EZ Eo*
cosF($):€F+eF _trt Py
2 2
et —e X  RE® _ pTW
inh _ _F F _ ZF F
sinhp (x) 5 57
and ‘ ,
coshp (z) = ep+ep” _EF+ EZ”

2 2

By starting from the divisibility problem for the Fibonacci numbers the Fibonacci divisors, and the
corresponding hierarchy of Golden derivatives in powers of the Golden ratio are introduced by Pashaev
[20]. The author also developed the corresponding quantum calculus. The concepts of the Golden
Fibonacci calculus are extended to matrices in [21]. Here, we present some definitions of the Golden

Fibonacci matrix calculus.

For the rth order commutable matrices A and B, the Golden binomial is defined as

(A+B)j=(A+a"'B) (A+0a"28B) ... (A+af"2B) (A+ 3" 'B)
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where v and [ represent the Golden and Silver ratios, respectively [21]. The Golden binomial of the
rth order commutable matrices A and B also holds the equality [21]:

F

k=0

The 1st and 2nd type Golden matrix exponential functions have the following Golden Taylor series

expansions:
[o¢] n oo n
e‘f}zz F{: and EI‘?:Z(—I) 2 F'F
n=0 -~ n=0 n:

where A is the rth order matrix [21]. Briefly, we use the following notations throughout this paper:

A i n A e n(n—1) An
BF:Zﬁ and EF:Z(—l) 2 ﬁ
n=0"" n=0 n

There are the following relations for the Golden matrix exponential functions

eéF =F# and efely = e‘;HB

where A and B are rth order commutable matrices [21]. Some Golden matrix trigonometric and
hyperbolic functions are defined with the help of the Golden matrix exponential functions as follows:

iA _ —iA A —A
_¢ —¢F :EF_EF

i A
sing (4) 2i 2
ed 4t EALEZA
A) = F F — F F
cosp (A) 5 5
A —A 7 A —iA
es—e B — F
inh A) = F F__ F F
sinhp (A) 5 5
and A —A A —3A
coshy (A) = eptep E@ + EL

2 2
where A is the rth order matrix [21].

In the present paper, we conduct a detailed examination of the 1st and 2nd type Golden matrix
exponential functions. A thorough understanding of these functions may offer alternative approaches
to solving differential equations, which play a significant role in various scientific fields. We explore
what these functions represent for certain special matrices. In this process, we compare the findings
of [6] and [13] regarding the matrix exponential function when similar matrices are used, with the
findings we obtained for the 1st and 2nd type Golden matrix exponential functions. We note that
to avoid similarity in proving our results, we provide proofs only for the 1st type Golden matrix

exponential function, since the 2nd type can be derived in a similar manner.

2. Main Results

0r _

The matrix exponential function holds the equality e L., for the rth order zero matrix 0,, where

I is the rth order identity matrix. We provide similar equalities for the Golden matrix exponential
functions in the first proposition.

Proposition 2.1. For the Golden matrix exponential functions of the rth order zero matrix 0,,
ey =1, and E% =1,

where I, is the rth order identity matrix.
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PRrOOF. Considering the Golden Taylor series expansion of ef‘;, for A =0,,

o, Ir < OF
°F :FT)!+;FH! =1
O
The matrix exponential function has the property e(A") = (eA)T, where AT is the transpose matrix of
the rth order matrix A. The Golden matrix exponential functions have the following property similar

to the matrix exponential function.

Proposition 2.2. Let AT be the transpose matrix of the rth order matrix A. Then, for the Golden

matrix exponential functions,
AT A T AT A T
el(p ) = (eF) and Elg ) = (EF>

ProOOF. Using the Golden Taylor series expansion of the 1st type Golden matrix exponential function
S
and the well known property (AT) = (AS)T of the matrix A, for s € {1,2,3,...},

T © ATn
L ()

n=0

O]

For the matrix exponential function, e™/r = (e™)I,, where I, is the rth order identity matrix and
m € Z. The Golden matrix exponential functions have similar properties to the matrix exponential

function, as follows:

Proposition 2.3. The Golden matrix exponential functions hold the following equalities
erlr = e, and EW = ERIL

for the rth order identity matrix I, and m € Z.

PRrOOF. Considering the Golden Taylor series expansion of the 1st type Golden matrix exponential
function and the property If = I, of identity matrix I, for s € {1,2,3,...},

oo n
I (ml;)
ep = Z
n=0 £
oo mn
— Z —1I,
! F,!

= epl,
O

The matrix exponential function satisfies the equation e?e? = eA15 for the rth order commutable

matrices A and B. However, this property is not provided for the Golden matrix exponential func-
tions. We investigate the Golden matrix exponential functions in terms of this property in the next

proposition.
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Proposition 2.4. For the rth order commutable matrices A and B,

emel +£ e?+B and EAEE + E£+B

PRrOOF. Consider the matrix A + B = lg 8] . Then,

10
where 0, is the rth order zero matrix. On the other hand, for the matrices A = [0 2] and B =

-1
-0 ed = 6}7 0 and eB = ‘r 0 . Then
F 0 e% F 0 e}2 ’

Lo [ext 0
6?“61? = [GF 2 o -2
0 ex 0 ep

Since 3.7041 < ep < 3.7044, it is clear that e%e” # 1 for an arbitrary number a. Thus, epeB #£ 1.
Therefore,

epep # epth
O

The inverse of the matrix exponential e4 is (e4)™! = ¢4, for the rth order matrix A. However, this
property is not held by the Golden matrix exponential functions. We provide this property by the

next proposition.

-1 -1
Proposition 2.5. Let the matrices (e’}) and (Eﬁ) be the inverses of eﬁ and Eﬁ, respectively,
for the rth order matrix A. Then,

(e’g)_l # e}A and (Elé>_1 # E;A

Proor. If the inverse of e? is equal to e}A, the equality ef}e;A = I, must be held, where I, is the rth
order identity matrix. It is clear from the example in the proof of Proposition 2.4 that this equality

is unsatisfied. [

m

The matrix exponential function has the property (eA) = ¢™4 where A is the rth order matrix and

m € Z. However, in the following proposition, we state that Golden matrix exponential functions do

not have similar properties.

Proposition 2.6. The Golden matrix exponential functions satisfy the following inequalities
(e?)m #£emd and (E?)m + EpA

for the rth order matrix A and m € Z.

The proof is clear from Proposition 2.4.

Let A and B be rth order commutable matrices. Then, the matrix exponential function has the

equality eteP = eBed. We investigate the same property for the Golden matrix exponential functions

in the following proposition.
Proposition 2.7. For the Golden matrix exponential functions,
eéeg = ege? and EﬁE}B = E}?E?

where A and B are rth order commutable matrices.
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PROOF. For the commutable rth order matrices A and B,

L ¥ i
epel = }: }:
— Z_: Z
eB
e€pe

An
F,l
ep
O

The matrix exponential function has the property e™!* = cosh (m) I, + sinh (m) I, for the rth order
anti-identity matrix I, where I, is the rth order identity matrix. We investigate the Golden matrix

exponential functions in terms of this property in the following proposition.

Proposition 2.8. Let I, = adiag[1,1,--- ,1] be the rth order anti-identity matrix. Then,
e’}?[” = coshp (m) I + sinhp (m) I, and E}?ﬂ = cosp (m) I + sing (m) I,

where I, is the rth order identity matrix.

PROOF. For the rth order anti-identity matrix I, TTQS = I, and TTQS_I =1, for s € {1,2,3,---},
where I is rth order identity matrix. If we use these equalities in the Golden Taylor series expansion

of the 1st type Golden matrix exponential function, then

ml _ N (mT’”)n

ept =
= Fl
- —\3

_ Lo oml (m1,)? N (mI) N (mI,)*

R R B! F3! Fy

- 1+m2+m4+ I + m+m3+m5+ I

S\ R B! R \R R R "

= coshp (m) I + sinhp (m) I,
O
The matrix exponential function provide the equality e™? = diag {emdl ,emdz gmds . ,emdr}, for the

rth order diagonal matrix D. We present the following proposition to indicate that the Golden matrix

exponential functions have similar properties.

Proposition 2.9. Let D = diag [dl, da,ds,- -+ ,d;] be the rth order diagonal matrix. Then,

dlag{ mdy gmdz s L gmdr }
and
EpP = diag [ER™, ER, ER®, - B ]
ProoF. Considering the Golden Taylor series expansion of the 1st type Golden matrix exponen-
[e.e]
D
tial function e}?D = Z (17} ‘) and the sth power matrices D* = diag|[df,ds,d3, - ,dS], for s €
n=0 n:
{1,2,3,...}, the proof is clear. (]
The matrix exponential function holds e™D = coshp (mg) I, l sinh (m&) D, for the rth order anti-
diagonal matrix D = adiag|d} 5, --+,d.] and identity matrlx I., where did,_;,, = & and
i € {1,2,...,r}. The Golden matmx exponential functions have similar properties to the matrix

exponential functions, as follows:
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Proposition 2.10. Let D be the rth order anti-diagonal matrix mentioned above. Then, the Golden

matrix exponential functions hold the following equalities:
— 1 _ — 1 —
emP = coshp (mé) I, + EsinhF (m&) D and EWP = cosp (mé) I, + gsinF (m&) D

where dd,_; ; = £ and I, is the rth order identity matrix.

PROOF. Let D = adiag[d}, d), d},- - ,d.] be the rth order anti-diagonal matrix. Then,
2 .
D™ = adiag [(d1d;)", (dyd, )", (dady )" -+, (dpd))°] = €I,

and
2

D s=1 _ €23—1ﬁ
for s € {1,2,3,...}, where d/d,_, ., = &* i € {1,2,---,r}, and I, is the rth order identity matrix.
If we substitute these equalities in the Golden Taylor series expansion of 1st type Golden matrix
exponential function, then
_ = (mD)"
emD _ Z
F F,!
n=0 n

L oD (mD)" (mD)'  (mD)

TR R R R R T
_ _\4 —\3 —\5
o G0 (D) |\ (um P (D)
| B! ) Fy! F! ! F!
L (m)®  (me)! m mP? | mhet -
p— — ... I R
(Fo' TR TR T Nm TR TR T
1 _
= coshp (m&) I + ESinhF (m&) D
O
The matrix exponential function holds the equality ™4 = diag[e™I,,e™I,], for the 2rth order

I,

I ] , where I,. is the rth order identity matrix. The Golden

positive negative identity matrix A = l
T

matrix exponential functions have properties similar to those of the matrix exponential function, as

indicated in the next proposition.
Proposition 2.11. Let A be the 2rth order positive negative identity matrix mentioned above. Then,
e?;‘A = diag [e?ﬁ‘[r, epI,| and E}”A = diag [E}”Ir, E;mlr}

where I, is the rth order identity matrix.

1
PRrROOF. For the 2rth order positive negative identity matrix A = [ " I ] ,
—Air

A% =1, and A*T1=4

where Iy, is the 2rth order identity matrix and s € {1,2,3,...}. Then,
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[ =
F !
= F,!

Ly mA  (mA)?  (mA)?  (mA)*

“RITR TR TR TR

(L, (mA)? N (mA)* N L (mA L (mA)? N (mA)° N
-\ B! ! Fy! Fy! F3! Fy!

VR

Lme g () g
F RO TR TR R

= coshp (m) Ia, + sinhp (m) A

= diag {e?}‘[r, e;mlr}

O

The matrix exponential function satisfies e™4 = cos (m) Iy, + sin (m) A, for the 2rth order positive
1,

negative anti-identity matrix A = "|, where I, is the rth order identity matrix. The following

—1I,
proposition gives the corresponding equalities for the Golden matrix exponential functions.

Proposition 2.12. Let A be the 2rth order positive negative anti-identity matrix mentioned above.
Then,

emA = cosp (m) Iy, 4+ sinp (m) A and  EBA = coshp (m) o, + sinhp (m) A
where Io, is the 2rth order identity matrix.
PROOF. For the 2rth order positive negative anti-identity matrix A, A2 = —I,,, A3 = —A, A* = I,,,
A5 = A A8 = — I, AT = —A, A3 = I,,, A% = A, ..., where I, is the 2rth order identity matrix.

Considering these equalities and the Golden Taylor series expansion of the Golden matrix trigonometric
function,

pa _ B mA (mA)? N (mA)? N (mA)*
e = —
F F R P! Fy! Fy!

_(m (mA)® <mA>4+,_'>+<mA (mA)’ <mA>5+,,,>

“\®m T TR TR R TR

(L om om Lo (mo_m m? A
“\FR R R SR VN N R 2

= cosp (m) Iz, + sing (m) A

O
For the rth order positive negative alternating identity matrix A = diag [1, -1,1,-1,--- ,(—1)“1},
the matrix exponential function is equal to e™4 = diag [em,e_m,em,e_m, ‘e ,e(_l)rilm}. In the

following proposition, we investigate the Golden matrix exponential functions for this kind of matrix.

Proposition 2.13. For the rth order positive negative alternating identity matrix A mentioned above,
the Golden matrix exponential are

e}?A

. —m _m (=) m
=diag |e7,ep ", ep,en L ep
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and
71)?"—1m

EpA = diag |ER, E;™, E E;™, - Eb
PROOF. Let A be the rth order positive negative alternating identity matrix. Then, A%° = I, and
A%t = A where Iy, is the 2rth order identity matrix and s € {1,2,3,...}. Thus the proof is similar
to the proof of Proposition 2.11.

O]

mA = cos (m) I + sin (m) A, for the rth order positive nega-

The matrix exponential function holds e
tive alternating anti-identity matrix A = adiag {1, -1,1,-1,--- ,(—1)7"71], where I, is the rth order
identity matrix. The Golden matrix exponential functions have similar properties to the matrix ex-

ponential function, as follows:

Proposition 2.14. Let A be the rth order positive negative alternating anti-identity matrix men-

tioned above. Then,
em = cosp (m) I, +singp (m) A and  EPA = coshp (m) I, + sinhp (m) A
where I,. is the rth order identity matrix.

PROOF. For the rth order positive negative alternating anti-identity matrix A, 42 = —1I,, A3 = — A,
At =1, A=A AS = —I, AT = —A, A8 =1, A% = A, ..., where I, is the rth order identity matrix.
Using these equalities and the Golden Taylor series expansions of the Golden matrix trigonometric

functions,
2 3 4
e%nA:£+mA+(mA) L (mA)  (ma)
2V Iy Il Iy
I, (mA)?  (mA)! mA  (mA)®  (mA)®
_<F0!+ A ARV R
1 m?2  mt m m3  mb
== -4+ .7 — 4 A
(FO! R ) ’"+<F1! il E
= cosp (m) I, +sing (m) A
O

A

The matrix exponential function is equal to €™ = cosh (m) I, + sinh (m) A, for the rth order square

identity matrix A with A% = I,, where I, is the rth order identity matrix. We provide the following
proposition to give similar properties of the Golden matrix exponential functions.

Proposition 2.15. For the rth order square identity matrix A mentioned above,
emA = coshp (m) I, +sinhp (m) A and  EPA = cosg (m) I + sing (m) A
where I,. is the rth order identity matrix.
PROOF. The matrix A with A2 = I, has the equalities
A¥ =1, and A 1=4

for s € {1,2,3,...}, where I, is the rth order identity matrix. Considering these equalities and the
Golden Taylor series expansion of the Golden matrix hyperbolic function,



Journal of New Theory 48 (2024) 61-77 / Computation of the Golden Matrix Exponential Functions of Special Matrices 71

2 3 4
emA _ I N mA n (mA) N (mA) n (mA)
R R R 7l 7yl

Lo (mA)? . (mA)* N (mA L (mA)> N (mA)® N
R Fy! Fl T F Fy!

_ ler2+m4jL j m+m3+m5+ A
\F! B F " ! !

= coshp (m) I, + sinhp (m) A
L]

The matrix exponential function has the equality ™4 = cos (m) I, + sin (m) A, where A is the rth
order square anti-identity matrix and I, is the rth order identity matrix. We investigate the Golden

matrix exponential functions in terms of this property in the following proposition.
Proposition 2.16. Let A be the rth order square anti-identity matrix with A?> = —I,. Then,
ePA = cosp (m) I, +sinp (m) A and  EPA4 = coshp (m) I + sinhp (m) A

PROOF. For the rth order square anti-identity matrix A with A2 = —1I,, A3 = —A, A* =1,, A5 = A,
AS = . AT=—A, A®=1., A° = A, ..., where I, is the rth order identity matrix. Thus, the proof
is similar to the proof of Proposition 2.14. [

The matrix exponential function has the property ¢4 = I, 4 (e™ — 1) A, for the rth order idempotent
matrix A, where I, is the rth order identity matrix. The Golden matrix exponential functions have

similar properties to the matrix exponential function, as follows:

Proposition 2.17. Let A be the rth order idempotent matrix with A°* = A, for s € {1,2,3,...}.
Then,
A =T 4+ (P —1)A and EFA=I+(EF—-1)A

where I, is the rth order identity matrix.

PRrOOF. By the Golden Taylor series expansion of the 1st type Golden matrix exponential function,

mwa L mA  (mA)? (mA)3+ (mA)4+

TR TR TR £y !

1 m  m?> m? m!
:’“+<++++--- A

O

The matrix exponential function has the equality e™4 = I, + (1 —e™™) A, for the rth order anti-
idempotent matrix A. In the following proposition, we research the Golden matrix exponential func-
tions for this kind of matrix.

Proposition 2.18. For the rth order anti-idempotent matrix A with 4% = (=1)*"'A, for

s €{1,2,3,...}, the Golden matrix exponential functions are
epr =L+ (1-em) A and Ept =1+ (14 B;") A

where I, is the rth order identity matrix.
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PRrOOF. By the Golden Taylor series expansions of the Golden hyperbolic functions,
pa _ L mA (mA)?  (mA)?®  (mA)*

TR TR TR ! !
I, m2 m* mb m3  mb
(a2 A
Fo! ( Bl il Ry \mrtE TR

= I, + (1 — coshp (m) + sinhp (m)) A
— I, + (1—e;m)A
0

I I
Let A = [ " T] be the 2rth order block identity matrix, where I, is the rth order identity matrix.

T r

Then, the matrix exponential function has the equality e™4 = Igr—l-i (e*™ — 1) A, where I, is the 2rth
order identity matrix. The following proposition indicates the Golden matrix exponential functions

have similar equalities to the matrix exponential function for this kind of matrix.

Proposition 2.19. For the 2rth order block identity matrix A mentioned above,

1 A 1
emt = I, + 5 (e%m — ) A and EF° =1 + B (E%m — ) A
where I, is the 2rth order identity matrix.

PROOF. For the 2rth order block identity matrix A, A% = 2571 A, for s € {2,3,...}. Substituting these
equalities in the Golden Taylor series expansion of the 1st type Golden matrix exponential function,

pa _ Lr  mA (mA)?  (mA)?®  (mA)?

TR TR B! !
Ly  mA (m)®24  (m)°224  (m)'234
- F) R ) F3! Fy!
Ly 1({2m (©2m)* (2m)* (2m)?
_ L 1f2m  (@2m)"  @m)"  @Cm)
R 2\ ! B! F3! Fy!
1
= IQT+§(€%~m—1)A
O
_Ir Ir . . . . . . .
Let A = , where I,. is the rth order identity matrix. Then, the matrix exponential function
r —4r
1
for A is equal to e™A = Iy, — — (e2m — 1) A. In the next proposition, we investigate the Golden matrix

exponential functions for this kind of matrix.

Proposition 2.20. Let A be the 2rth order block identity matrix mentioned above. Then,

e’ﬁA:IQT—%(e%m—1)A and E?A:IQT—%(E%’"— )A

where I, is the 2rth order identity matrix.

ProoOF. Using the Golden Taylor series expansion of the 1st type Golden matrix exponential function
and considering A% = (—2)*"' A, for s € {2,3,.. .},
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2 3 4
emA _ Iy, n mA n (mA) n (mA) n (mA)
BT TR 7] 7y

Ly mA (m)?24  (m)*224  (m)*234

o L Y B - X R B O B Y B

_ L 1 (2m (2m)° n (2m)® (2m)4Jr A

F o 2\ F! ) F3! Fy!
Ly 1(@m)?* @2m)?* (@2m)° 1(2m (2m)* (2m)®

- =r_ - A+ 22 .. lA4
Fo! 2< B R R \m TR TR

1
= I — 3 (coshp (2m) — 1 + sinhp (2m)) A

1
= Igr—i(e%m—l)A
O
. Ir _I'r‘ . . . . .
For the 2rth order matrix A = It where I, is the rth order identity matrix, the matrix
—Ar T
exponential function for A is equal to e™4 = I, — % (62’” — 1) A, where Iy, is the 2rth order identity

matrix. The Golden matrix exponential functions behave similarly to matrix exponential function, as

stated in the proposition below.

Proposition 2.21. Let the matrix A be as mentioned above. Then,

1 N 1
e"FlA:IQT—g(e%m—OA and Ep zlgr—i(E%m—l)A
where Iy, is the 2rth order identity matrix.

The proof is similar to the proof of Proposition 2.20, considering A® = (2)8_1 A, for s € {2,3,...}.

The matrix exponential function is equal to e™4 = I, — L (e"™ — 1) A, for the rth order unity matrix
A, i.e., all entries of A equal to 1, where I, is the rth order identity matrix. We investigate the Golden

matrix exponential functions for the unity matrix.
Proposition 2.22. Let A be the rth order unity matrix. Then,
1 1
emA =1, — ~(eF"—1)A and EpA =1, — S(BF—1)A
where I, is the rth order identity matrix.

PROOF. For the unity matrix A, A% = r*~1A for s € {2,3,...}. Considering these equalities and the
Golden Taylor series expansion of the 1st type Golden matrix exponential function,

ma I mA (mA)2+(mA)3 (mA)*

F =it T R N T
I N mA  (m)*rA n (m)r2A N (m)*13A
R R 2 P! Fy!

I 1 2 3 4
_ L 1frm (rm) n (rm) N (rm) e A
F()‘ T Fl' FQ' Fg' F4'

1
=L —=(em—1)A
r
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. . . . A s (mA)n
The matrix exponential function is e™* = Z '
= nl

s € {2,3,...}. The next proposition includes the values of the Golden matrix exponential functions

, for the nilponent matrix A with A° = 0, where

for the nilpotent matrix.

Proposition 2.23. For the rth order nilpotent matrix A with A% =0, for s € {2,3,...},

s—1 n
mA (mA)
=2
= !
and .
S— n
A n(n=1) (mA)
ppt =y (-t A
n=0 n
PROOF. Since A% = AST! = A5+2 = ... = 0,., where 0, is the rth order zero matrix, the result is clear.
O

Corollary 2.24. A strictly triangular matrix which is a triangular matrix with zero diagonal entries
has similar results to the matrix in Proposition 2.23, because it is also a nilpotent matrix.

The matrix exponential function of the rth order matrix A can be obtained via its similar matrix B,
that is, e™4 = Pe™BP~1 where P is a non-singular matrix. We investigate this property for the

Golden matrix exponential functions.

Proposition 2.25. Let the rth order matrices A and B be similar. Then, the Golden matrix expo-
nential functions of A can be calculated by the rules

epd = PepP P! and EpRA = PERPPT!
where P is a non singular matrix such that A = PBP~1.

PROOF. By applying the Golden Taylor series expansion of the 1st type Golden matrix exponential

function,

mA _ _mPBP~!
€ = €fp

I,  mPBP~' (mPBP Y (mPBP1)® (mPBP)*

A T

m2PB2p—1 N m3PB3pP~! N miPBipP1 N
Fy! F! Fy!

(mB)® | (mB)’ <me+“”>P4

= I, +mPBP ' +

=P|] B
(r—l-m + 2N + ) + A

= pPepBpt

where I, is the rth order identity matrix. [J

For the rth order Jordan matrix A, the matrix exponential function is equal to e™4 = [cij}gjzl with
mk
_ —em& i=j—kand k€{0,1,2,--- ,r—1}
Gij = k!
0, otherwise

Finally, we explore the Golden matrix exponential functions for the Jordan matrix A.
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A, 1=
T
i»j:

Proposition 2.26. For the rth order Jordan matrix A = [a;]; ._; with a;; =4¢ 1, i=j—1 ,the

0, otherwise
Golden matrix exponential functions are

k
- e mA ik
emA = [C;ﬂ - with  ¢j; = Fk!eF T
w= 0, otherwise
and i}
m A\ .
. ZEmA =k
Ept = [C:J*:| i—1 with — ¢jf = § Fil ot
"= 0, otherwise
where k € {0,1,2,...,7 —1}.
PrOOF. The sth power of matrix A is
M \s s— s(s—1) \s— s(s—1)(s—2) ys— s(s—1)(s—2)...(s—r+1) ys—r ]
A5 g\l %)\ 2 s( ?3!( )\s=3 ... sl )((ri)l)!( ) \s—r+1
0 A sas! slel) yo-2 :
45 — 0 0 S sAS—1 ... 5(5%)!(5_2))\8—3
0 0 0 e A8 sAs~1
L 0 0 O e 0 )\5 |

and the Golden Taylor series expansion of the 1st type Golden matrix exponential function
A L mA  (mA)? N (mA)? N (mA)*
et = —
F R R ! Fj! Fy!
This completes the proof. [J

3. Conclusion

In the present paper, we have computed the values of the 1st and 2nd type Golden matrix exponential
functions for some special matrices. We have presented a comparative analysis of these values with
the well-known matrix exponential function value for the same special matrices. We believe that
a good understanding of these functions will enable the development of new alternative approaches
to solving differential equations and optimization problems in various sciences and engineering. For
future research, the solution of the linear Golden 1st order autonomous system D% f = Af, where Dp
is the Golden time derivative, can be written as Golden matrix exponential f = ep (At) fo, where A
is an rth order matrix. Additionally, by selecting different forms for the matrix A, various dynamical
systems with Golden evolution can be defined.
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1. Introduction

Dual numbers invented in 1873 by Clifford [1] are an extension of real numbers. Hyper-dual numbers
are an extension of dual numbers. Fike and Alonso [2] introduced hyper-dual numbers to demonstrate
the advantages of hyper-dual numbers in second-order numerical differentiation. Dual and hyper-dual
numbers have become a useful tool in mathematics and engineering. For further information about the
applications of dual and hyper-dual numbers, see [3-13]. Quaternions discovered by Hamilton [14] are
a 4-dimensional hyper-complex number system. Cohen and Shoham [9] defined hyper-dual quaternions

by replacing each real number in a quaternion with the associated hyper-dual number.

Integer sequences are an important field of study in mathematics. The Fibonacci sequence is one of
the most well-known examples of special integer sequences. This sequence is widely used in many
scientific fields, including mathematics, physics, engineering, and art. Another well-known sequence
is the Lucas sequence, closely related to the Fibonacci sequence. Many authors have investigated the
Fibonacci and Lucas sequences in [15-17], among others. Another integer sequence studied intensively
by researchers in recent years and closely related to the Fibonacci sequence is the Leonardo sequence.
Some properties of this sequence have been investigated in [18,19]. Several authors have investigated
the properties of hyper-complex numbers with distinct integer sequences from various perspectives.
Some examples of recent studies on quaternions and hyper-dual numbers with the Fibonacci, Lucas,

and Leonardo sequences can be found in [20-25].

This paper aims to define the hyper-dual Leonardo quaternions by considering the concepts of hyper-
dual numbers, quaternions, and Leonardo numbers and to investigate some of their algebraic and

combinatorial properties.
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2. Preliminaries

This section provides some basic notions to provide a background for the next section.

Definition 2.1. [1] Let a and b be arbitrary real numbers. Then, a dual number z has the form
r=a+be

where ¢ is the dual unit that satisfies the rules €2 = 0 and ¢ # 0.

Definition 2.2. [2] Let z1 and x2 be any dual numbers and € be the dual unit. Then, a hyper-dual

number z is represented as follows:

Z = X1 + XT2€

Furthermore, it is easy to see that any hyper-dual number z can be characterized by
z = a1 + a2e1 + azer + aqe1€2
where, for all i € {1,2,3,4}, a; is a real number and ¢; and 3 are the dual units that satisfy the rules
e12=e2=(6162)2 =0, e1#ey, erea=e9e1, €1 #0, e #0, and e169#0 (2.1)

Let z1 = a1 + ase1 + azeo + age169 and 29 = by + baeq + bzeg + bye1e2 be any two hyper-dual numbers.
Then, the addition, scalar multiplication (by a scalar A), and multiplication of two hyper-dual numbers

are defined as follows, respectively:
21+ 290 = (a1 + b1) + (ag + b2)€1 + (a3 + 53)62 + ((I4 + b4)5152
Az1 = Aa1 + Aaseq + Aasges + Aageres

and
2129 = (albl) + (a1b2 + agbl)&“l + (a1b3 + a3b1)€2 + (alb4 + aobs + asbs + a4b1)£152

The set of all the hyper-dual numbers forms a 4-dimensional, with the basis {1,e1,e2,£162}, com-
mutative, and associative algebra over the real numbers. For detailed information about hyper-dual

numbers, see [2].
Definition 2.3. [14] A quaternion ¢ is of the form
q=q1+ q2i +q3j + qak

where, for all ¢ € {1,2,3,4}, ¢; is a real number and 7, j, and k are the quaternionic units that satisfy

the multiplication rules
==k =ijk=—-1, ij=k=—ji, jk=i=—kj, and ki=j=—ik (2.2)

Let p = p1 + p2i + p3j + pak and g = q1 + q2¢ + q3j + quk be any two quaternions. Then, the addition,
scalar (\) multiplication, and multiplication of two quaternions are defined as follows, respectively:

pta=@1+q)+ p2+q)i+ (p3s+g3)j+ (pa+ @)k
A = Aq1 + Aq2i + Ag3j + Aqsk
and
pq = (P1q1 — P2q2 — P393 — Paqa) + (P1G2 + P2q1 + P3qs — Paq3)i + (p1g3 + P3q1 + PaG2 — P2Ga)j

+(p1ga + paqi + p2g3 — P3q2)k

The set of all the quaternions forms a 4-dimensional, with the basis {1,1, 7, k}, non-commutative, and
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associative algebra over the real numbers. For further quaternion information, see [14,26].
Definition 2.4. [9] A hyper-dual quaternion @ is defined as
Q = 21 + 220 + 235 + 24k

where, for all i € {1,2,3,4}, z; is a hyper-dual number and i, j, and k are the quaternionic units
defined as in (2.2).

Note that the dual units £; and £ commute with the quaternionic units i, j, and k, e.g., €17 = ieq [9].
In the rest of this section, we provide some definitions and identities of the sequences of Fibonacci,

Lucas, and Leonardo numbers.

Definition 2.5. [15] For n > 2, the Fibonacci and Lucas numbers are defined by the recurrence
relations, respectively:
F,=F, 1+F, o with Fy=0, F1 =1

and
L,=L, 1+ L, s with Lyg=2 L1 =1

Here, F,, and L,, denote the n-th Fibonacci and Lucas numbers, respectively.
Definition 2.6. [18] The Leonardo numbers are defined recursively by
Le,=Le, 14+ Ley o+1, n>2
or
Le, =2Le, 1 — Le,_3, n>3
with the initial conditions Ley = Le; = 1 and Les = 3. Here, Le, denotes the n-th Leonardo number.

Moreover, Omiir and Koparal [24] defined the hyper-dual generalized Fibonacci and Lucas numbers. In
particular cases of the hyper-dual generalized Fibonacci and Lucas numbers, the hyper-dual Fibonacci
and Lucas numbers can be derived as:

Definition 2.7. [24] The hyper-dual Fibonacci and hyper-dual Lucas numbers are defined as follows,
respectively:

HDF, = F, + Fpy1161 + Fry0e0 + Fryseien (2.3)
and
HDL, =Ly + Lyt161 + Lpqoca + Lpise162 (2.4)
where €1 and ey are the dual units defined as in (2.1).
Definition 2.8. [25] The hyper-dual Leonardo numbers are
HDLe, = Le, + Lepi161 + Lepiocs + Lepizeien (2.5)
where €1 and ey are the dual units in (2.1).
Moreover, the recurrence relation of the hyper-dual Leonardo numbers is provided by
HDLe,=HDLe, 1+ HDLe, 5+ A, n>2 (2.6)
or
HDLe,=2HDLe, 1 — HDLe, 3, n>3 (2.7)

Here, A :=1+¢1 + 9+ 182 [25)].
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Definition 2.9. [20] The Fibonacci and Lucas quaternions are defined as follows, respectively:
QFn :Fn+Fn+1i+Fn+2j+Fn+3k

and
QLn =L,+ LnJrli + Ln+2j + Ln+3k3

where 4, j, and k are the quaternionic units in (2.2).
Definition 2.10. [23] The Leonardo quaternions are defined by

QLe, = Ley, + Leyt1i + Leptoj + Lenysk (2.8)
where 4, j, and k are the quaternionic units in (2.2).

Binet’s formula for ()Le,, is

a"tla — 6n+13
where @ = 238 5= 1oV5 64— 1 4 i+ (14 a)j+ (14 2a)k, B := 1+ Bi+ (1+ 8)j + (1 +20)k,
and q, := 141+ j + k [23]. Then, the following properties hold [23]:

QLe, =2 (2.9)

QLe, =2QF, 11— qu (2-10)
QLens1 — QLey, = 2QF, (2.11)
QLeni2 = QLep1 + QLey + gy (2‘12)
n
> QLer = QLenys — QLez — ngy (2.13)
k=1
n
> QLegi—1 = QLean, — QLeg — ngy (2.14)
k=1
and
n
> QLegy = QLeant1 — QLer — ngy (2.15)
k=1

Here, QF,, is the n-th Fibonacci quaternion and Q) Le,, is the n-th Leonardo quaternion.

Ait-Amrane et al. [27] defined the hyper-dual Horadam quaternions from two perspectives. In the par-
ticular case of the hyper-dual Horadam quaternions, the hyper-dual Fibonacci and Lucas quaternions

can be derived as follows:
Definition 2.11. [27] The hyper-dual Fibonacci and Lucas quaternions are defined by
QHDF,, = HDF,, + HDF, 1t + HDF, 1 2j + HDF, 3k

and
QHDL,=HDL,+ HDL,1i+HDLp2j+ HDL, 3k

respectively, where HDF,, is the n-th hyper-dual Fibonacci number, H DL, is the n-th hyper-dual

Lucas number, and 4, j, and k are the quaternionic units in (2.2).
In addition, the hyper-dual Fibonacci and Lucas quaternions can be defined as:

Definition 2.12. [27] The hyper-dual Fibonacci and Lucas quaternions are defined by

QHDF, = QF, + QF, 161 + QF, 262 + QF, 136162
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and
QHDL, = QLy + QLpt161 + QLyy262 + QLpy 36162

respectively, where €1 and €3 are the dual units in (2.1).
3. Main Results

This section begins with defining the general term of the hyper-dual Leonardo quaternions.
Definition 3.1. For n > 0, the n-th hyper-dual Leonardo quaternion is
QHDLe, =HDLe,+ HDLep1i+ HDLeypy2j + HDLe, 3k (3.1)

where HD Le,, is the n-th hyper-dual Leonardo number and ¢, j, and k are the quaternionic units in
(2.2).
Moreover, considering (2.5) and (2.8), we can obtain
QHDLe, = HDLe, + HDLey 1i + HDLep2j + HDLen sk
= (Lep + Lept161 + Lepyoes + Lepise1ea) + (Lepy1 + Lepyoer + Leptsea + Lepae162)0
+(Lenta + Lepiser + Lenyaco + Lepiserea)j + (Lents + Lepyacr + Lepisea + Lepge162)k
= (Len + Lep11i + Leyyoj + Lenysk) + (Lept1 + Lepyoi + Lepisi + Leptak)er
+(Lepyo+ Leyysi+ Lepyaj + Lenisk)es + (Lents + Lenigi + Ley 15 + Lenyok)eies
= QLe, + QLept161 + QLepyoe2 + QLepyse162

Therefore, the general term of the hyper-dual Leonardo quaternions can be reidentified in the following.
Definition 3.2. For n > 0, the n-th hyper-dual Leonardo quaternion is
QHDLe, = QLe, + QLepi161 + QLey 060 + QLey 38162 (3.2)
where Q) Le,, is the n-th Leonardo quaternion and 1 and €2 are the dual units in (2.1).
The first three hyper-dual Leonardo quaternions are as follows:
QHDLey = (14+1+3j+5k)+ (14 3i+ 55+ 9k)er + (3+ 5i + 97 + 15k)es
+(5+9i + 155 + 25k)e1e0
QHDLe; = (14 3i+554+9k) + (3+ 5i+ 975 + 15k)er + (5 + 9 + 155 + 25k)e2
+(9 + 150 + 255 + 41k)e1eo

and
QHDLey = (3+5i+ 975 + 15k) + (54 97 + 155 + 25k)e; + (9 + 150 + 255 + 41k)es

+(15 4 250 + 415 + 67k)e1£2
Throughout this paper, let A:=14¢1 +e9+ €169, ¢ :=1+i+j+k, and A := Aq, = ¢, A.

By (2.6) and (3.1), the following recurrence relation of the hyper-dual Leonardo quaternions is ob-

tained:
QHDLe, =QHDLe, 1+ QHDLe,_ 5+ A, n>2 (3.3)

Moreover, by (2.7) and (3.1), the alternative recurrence relation of the hyper-dual Leonardo quater-

nions is obtained:

QHDLe, = 2QHDLe,_, — QHDLe,_5, n >3 (3.4)
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Theorem 3.3. For n > 0,

i. QHDLe, — QHDLeyn11i — QHDLey9j — QHDLey 3k =3(HDLeypg + HDLey o) + 2A
1. QHDLe, — QHDLe, 1161 — QHDLeypi0e0 — QHD Le, 136169 = QLe, — 2Q Ley, 136169
PrOOF. Let n > 0.

i. Using (3.1) to the left-hand side (LHS),

LHS = HDLe, + HDLepy1i + HDLepy0j + HDLep 3k
— (HDLepy1 + HDLenyoi + HDLepysj + HDLep ak)i
— (HDLeyy2 + HDLeyy3i+ HDLey 45 + HDLey 1 5k)j
— (HDLepys + HDLens4i + HDLepssj + HDLepgk)k

From the multiplication rules of the quaternionic units in (2.2),
LHS = HDLe, + HDLey 2+ HDLey s+ HDLey 16
Using (2.6),

LHS =3HDLepy +3HDLeyyo + 24

it. Using (3.2) to the left-hand side (LHS),

LHS =QLe, + QLep161 + QLepyoes + QLep3e162
— (QLepy1 + QLepy2e1 + QLepi3ea + QLeptac162)e1
— (QLeépy2 + QLepyser + QLeptger + QLey58162)e0
— (QLents + QLeptae1 + QLepisea + QLepge162)e162

Considering the multiplication rules of the dual units in (2.1),
LHS = QLe, — 2QLe,1361€9

O

Lemma 3.4. For positive integer n, the followings hold:

i. HDLen_1 + HDLeyn11 =2HDLy 1 —2A [25]

ii. HDLe, + HDF,, + HDL, =2HDLe, + A

where HDLe,, HDF,, and HDL, are the n-th hyper-dual Leonardo, hyper-dual Fibonacci, and
hyper-dual Lucas numbers, respectively.

PROOF. ii. From (2.3)-(2.5) and the relation Le,, + F,, + L,, = 2Le,, + 1 provided in [19], the proof is
clear. [J

Theorem 3.5. For n > 0, the followings hold:

i. QHDLe,—1+QHDLepy1 =2QHDLy ) — 2A

it. QHDLe, + QHDF, + QHDL, = 2QHDLe, + A
1i. QHDLe, =2QHDF,4+1 — A

w. QHDLept1 — QHDLe, =2QHDF,

where QHDF,, and QHDL,, are the n-th hyper-dual Fibonacci and hyper-dual Lucas quaternions,

respectively.
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ProOF. From (2.10), (2.11), (3.1), and (3.2) and Lemma 3.4, the proofs of i., 4., iii., and iv. are
obvious. [

Theorem 3.6. For n > 0, Binet’s formula of the hyper-dual Leonardo quaternions is

*anJrl _ B*ﬂnJrl
a—pf )_A

QHDLe, =2 (O‘

where a = 1+2‘/5, 8= 1_2\/5,
=14 ai+(1+a)j+ (1+20)k)(1+ aer + (14 a)eg + (1 + 2a)e169)

and
B =0+Bi+1+8)j+(1+20)k)(1+ Ber + (1+B)ea+ (1 +28)e1e2)

PROOF. From (2.9) and (3.2) and the equalities 1 +a = o?, 1+2a = o3, 1+ = 3%, and 1428 = 33,

QHDLe, = QLey + QLept161 + QLepi282 + QLepy3e162
antlg — gntl A at24 — gnt2 A

a—f a—f
a"t34 — n+3 72 ot — n+4 2
+ 12 a B_Qu g2+ |2 b 5—qu €1€2
a—f a—f
anJrld 9 n+1B 9
:2a_6(1+a61+0462+a36162)—2a_6(1+[351+ﬁ52+B35152)

—qu(l14+¢e1 +e2 + £169)
* n+1 * on+1
oo _2,6’ B B

a—pf a—f A

=2

O

Theorem 3.7. The ordinary generating function for the hyper-dual Leonardo quaternions is

(z) QHDLeg+ (QHDLey — 2QHDLeg)x + (QHDLes — 2QHD Ley ) 2?
g\r) =

1—2z+ 23
PRrROOF. Let

g(z) = i QHDLeyz"

n=0

be the ordinary generating function for the hyper-dual Leonardo quaternions. Then, from (3.4),

.9]
g(x) = QHDLeo + QHDLeyx + QHDLeyr” + Y QHDLepa"
n=3

(e,
= QHDLeg+ QHDLerx + QHDLesa® + > (2QHDLen—1 — QHDLey_3)z"

n=3
o o0
= QHDLey+ QHDLeyx + QHDLeya® + 22 QHDLep_12" " —2® > QHDLeyp 3™ ?
n=3 n=3

= QHDLeyg+ QHDLeix + QHDLeya”® — 22(QHDLeg + QHDLeyx) + 22 > QHDLeya"

n=0

oo
— a3 Z QHDLe,xz"

n=0

= QHDLey+ (QHDLe; — 2QHDLeg)x + (QHDLey — 2QHDLey)x? + 2zg(x) — x3g(x)
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Hence,
g(x)(1 =2z +23) = QHDLey + (QHDLe; — 2QHDLeg)x + (QHDLey — 2QH D Ley )z
O

Theorem 3.8. The exponential generating function for the hyper-dual Leonardo quaternions is

A o 276*5 e’ — Ae®

eg(z):ZQHDLen%:2a_ﬁe P

n=0

where o and 8* are defined as in Theorem 3.6.

PRrROOF. From (3.5), we obtain

o xn
eg(z) = Z QHDLenm
n=0 ’

B [e’s) Oé*OéTH_l*ﬁ*,Bn-’_l "
-5 (=) )

L, afa X (az)” BB = (Ba)" x
_2a—ﬁ = n! _Qa—ﬁnzzzo n! _Anz::oﬁ

B8 4
ar _ 9 T _ Ae®
o7 a—ﬁe e
0

Corollary 3.9. The Poisson generating function for the hyper-dual Leonardo quaternions is

A0 (ate _o BB (s-1)e _ A
a—pf a—pf
PROOF. Since pg(x) = eg(x)e™*, the proof is straghtforward. O

pg(z) =2

Theorem 3.10. For n > 1, the followings hold:

i él QHDLey = QHDLep o — QHDLey — nA

i é OQHDLes 1 = QHDLes, — QHDLeg — nA
i, él QHDLes, = QHDLegys1 — QHDLe; — nA
PRO(;F. i. From (2.13) and (3.2),

n n

> QHDLey = > (QLey + QLeps121 + QLegsoer + QLejr3e162)
k=1 k=1

= (Z QL6k> + (Z QL6k+1> €1+ (Z QL€k+2> €9 + (Z QL€k+3> £1&2
k=1 k=1 k=1 k=1

= (QLent2 — QLes — nqy) + (QLent2 + QLeypy1 — QLes — QLey — ngy) €1
+ (2QLeny2 + QLepi1 —2QLey — QLer — ngy) €2
+ (QLeny3 +2QLepio + QLept1 — QLes — 2QLex — QLer — ngy) €162
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Then, considering (2.12),

n
> QHDLe = (QLenya — QLey — nqu) + (QLenys — QLes — nqy) €1 + (QLents — QLes — ngy) &2
k=1

+ (QLen-I—S - QL65 - nCIu) €1€2

Then, it follows that

n
Z QHDLey, = (QLept2 + QLepyzer + QLepiaca + QLepyse162)
k=1
— (QLea + QLeser + QLeger + QLese1e2) — ngy(l + €1 + £2 + €162)

=QHDLeyio —QHDLes — nA

This completes the proof of 7. In a similar manner, . and /. can be proved by using (2.14) and
(2.15). O

Theorem 3.11. For n > 0, the followings hold:

i, QHDLes, = 3 (")(QHDLey + A) — A

n+1
ii. QHDLesny1 = 3. ("1")(QHDLej_1 +A) — A

PROOF. i. From (3.5),

o 2n+1 2n+1
QHDL62n_2< 55 >_A

( 66(5)>_A

( a(l+a)” gﬁ(uﬁ)) A

(k)ﬂk, then

— i(z) s (1)) -2
( )

n atak * ok
_2Z<Z> 1 6ﬁ+1

k
n

A
] C = )

i( ) (QHDLej, + A) — A

Since (1 + a)” = i (1)a* and (1 + B)"
k=0

bl
w:

71. The proof is similar to the proof of 7. [J

Theorem 3.12. (Vajda’s Identity) For non-negative integers n, r, and s,
4
QHDLe, ,QHDLe, s —QHDLe,QHDLep yis = ﬁ(—w“( *o*al — o B*B%)F,

+ A(QHDLe, + QHDLey 1 ys)
— A(QHDLens, + QHDLey)

where F, is the r-th Fibonacci number.
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PRrROOF. Applying to the left-hand side (LHS),

(3.5)
( <a*an+r+1 5 Bn+r+1> B A) (2 (a*an+s+1 _ ﬁ*ﬁn-l—s—i-l) B A)
a—p
) a*an—‘rl B*Bn—H A 5 a*an+r+s+1 _ B*Bn+r+8+1 A
_ - IB _ - ﬂ _

. ((aﬁ)”“(a’” — A (Bt - a*ﬁ*58>>

(a—p)?

— A(QHDLe, ,+ QHDLe, s — QHDLe, — QHDLe, 1)
4
— 1n+1 **8_**SF’I‘
U (et —at )

+A(QHDLe, + QHDLeyyrys — QHDLeyy, — QHDLey )
Here, F, = % [15]. O
In the particular case of Theorem 3.12, we have the following results:

Corollary 3.13. (Catalan’s Identity) For non-negative integers n and s such that n > s,
4
QHDLe, ;QHDLe,,, — (QHDLe,)* = ﬁ(—l)"”(ﬂ*a*as — o B*B*)F,

+ A(2QHDLe, — QHDLe,_, — QHDLe,)

PROOF. Taking 7 — —s in Theorem 3.12 and considering the relation F_, = (—1)"*'F, [15], the
proof is obvious. [

Corollary 3.14. (Cassini’s Identity) For positive integer n,

= ) Faa—a')

+A(QHDLe, 5 — QHDLe, 1)

QHDLe, 1QHDLe, 1 — (QHDLe,)*

ProOOF. Taking r — —s and s = 1 in Theorem 3.12 and using (3.3), the proof is clear. [

Corollary 3.15. (d’Ocagne’s Identity) For positive integers n and m,

\L/Lg( 1)n+1(5* * M1 a*ﬁ*ﬁm—n)

+A(QHDLey,—1 —QHDLe, 1)

QHDLe,1QHDLe,, — QHDLe,QHDLey 1 =

PROOF. Taking s = m —n and r = 1 in Theorem 3.12 and using (3.3), the proof is clear. []
4. Conclusion

In this study, the hyper-dual Leonardo quaternions have been proposed from two different perspec-
tives. At first, the hyper-dual quaternions have been defined using the hyper-dual Leonardo numbers
as coefficients in quaternions. Then, as equivalent to this first definition, the hyper-dual Leonardo
quaternions have been defined using the Leonardo quaternions as coefficients in hyper-dual numbers.
Some of their properties, such as non-homogeneous and homogeneous recurrence relations, Binet’s
formula, certain sum formulae, and binomial-sum formulae, have been provided. The ordinary, ex-
ponential, and Poisson-generating functions, Vajda’s identity, and, in particular cases, Catalan’s,
Cassini’s, and d’Ocagne’s identities of the hyper-dual Leonardo quaternions have been presented. For
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future studies, researchers may define hyper-dual split quaternions provided in [10] with the Leonardo

number coefficients.
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1. Introduction

One of the most interesting topics in differential geometry is the submanifolds of the almost Hermitian
manifold. We note that the Kaehler manifold’s submanifolds are determined by its tangent space
behavior under the action of a complex structure J. One of the classes of submanifolds of Kaehler
manifolds is holomorphic submanifolds and the other is total real submanifolds. In the first case,
the tangent bundle of the submanifold is invariant under J where as in the second case, the normal
bundle of the submanifold is invariant under J. CR-submanifolds were introduced by Bejancu in [1] as
a natural generalization of invariant submanifolds and anti-invariant submanifolds. Chen investigated
the first detailed research on this subject in [2]. Moreover, the topology of CR-submanifolds was
widely studied [3-7]. The authors defined the quaternion CR-submanifolds in quaternion Kaehler
manifolds [8], and were followed by several geometers [9-18]. Generic submanifold was defined as
a generalization of the concept of CR-~submanifold [19]. These submanifolds are known by relaxing
the condition on the complementary distribution of holomorphic distribution. More precisely, if the
maximal complex subspaces D, = T,M N J(T,M) determine on M a distribution D : D, C T, M, the
M is called a generic submanifold of M. Generic submanifolds have been commonly studied [20-26].

The present article is organized as follows: Section 2 recalls basic notions and results of quaternion
Kaehler manifolds. New optimal inequalities were introduced in [27] for anti-holomorphic submanifolds
in complex space forms. In recent years, this new inequality has been obtained by distinct researchers
for different classes of submanifolds in different ambient manifolds [28,29]. Section 3 establishes new
inequality for quaternionic generic submanifolds in a quaternionic space form and gives some results.

The last part of this paper obtains this inequality for real hypersurfaces.
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2. Preliminaries

In this section, some basic concepts will be given from [1,30] for the following sections. A Riemannian
manifold (M, §) of dimension 4m, for m > 1, is called quaternion Kaehler manifold with 3-dimensional
vector bundle o of local basis of almost Hermitian structures Ji, Js, and Js if the following conditions
are satisfied
JlOJQZ—JQOjlzjg
and ;
Vadm =Y Am(X)Ji, me{1,2,8}, ¥X € (TM)
b=1

where A,,; are certain local 1-forms on M such that A,,; + A, = 0. For a Riemann submanifold
N C M of a Riemannian manifold M, Gauss and Weingarten formulas are respectively given by

?WZ =VwZ+ h(W,Z)

and
VwV = —AyW + Vi,V (2.1)

for all W,Z € TN and V € TN, where V and V are the Levi-Civita connections of N and M, re-
spectively. Moreover, h and Vé-( denote the second fundamental form of NV, and the normal connection
on the normal bundle, respectively. From (2.1), A¢ the second fundamental tensor and h the second

fundamental form are related by
g(h(W, 2),§) = (AW, Z)

If quaternionic sectional curvature of a quaternionic Kaehler manifold is constant, then it is called a
quaternionic space form and denoted by M (c). The curvature tensor R of M(c) is given by
c

R(P,QR =

3
{g(Q, R)P — §(P,R)Q+ > §(R,JaQ)JaP — §(R, JaP)JaQ + 2§(P, JaQ)JaR}
a=1

for all P, Q, R € I'(T'N) [1]. For the second fundamental form h, the covariant derivation (Vph)(Q,R)
is as follows:
(Vph)(Q,R) = VHh(Q,R) — h(VpQ,R) — h(Q, VpR)

for any P, Q,R € I'(TN). For the submanifold N, the Gauss, Codazzi, and Ricci equations of N are
provided as follows, respectively:

R(P.Q.R.W) = R(P, Q. R.W) + §(h(P, W), W(Q R)) ~ §(h(P,R),H(Q W) (22)
(R(P,QR)" = (Vph)(QR) - (Voh)(P.R)

and

R(P,Q.&,m) = R(P,Q,&,m) + §([Ae, A P, Q)

for all P, Q, R, W € T'(T'N) and &, € T'(T'N)*. The H mean curvature vector of a submanifold N is
as follows:

H = (;) traceh, p=dimN
Definition 2.1. A submanifold N of a quaternion Kaehler manifold M is called a generic submanifold
of M if there are two subspace D differentiable distribution and D+ purely real distribution with
constant ranks on N such that D = J,7N N TN and D' are complementary orthogonal to D.
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Thus, from the definition, it is expressed as follows:
TN=D®D' and J,(D)=D
For X € I'(D1), a € {1,2,3},
Jo X =T X + F, X

where T, X € T’ (DL) and Fp X €0 (ﬂL). Moreover, 9+ and ¥ are complementary orthogonal to each
other. Thus, from the definition, it is expressed as follows:

TNt =9@9t and J,(9) =9

ForVGF(ﬁL), vy

where t,V € I(T'N) and f,V € T (v+) [25].

3. Chen-Type Inequality for Generic Submanifolds of Quaternionic Space
Form

Let M be a generic submanifold of a quaternion Kaehler manifold M with the differentiable distribution
D and the purely real distribution D+ of M. Consider orthonormal frame {ey,ea, - - - ,€2g4p) on M

in such that {ej, ez, -+, ez} are in D and {egg41,€2942, - , €2¢4p} are in D+,

Chen [31] investigated new types of Riemannian invariants for submanifolds in space forms, now known
as the Chen invariants. Chen [32] defined for C' R-submanifold N in a Kaehler manifold M with 7
the scalar curvature of N, and 7(D) the scalar curvature of the holomorphic distribution D of N as

follows:
§(D)(p) =7(p) —7(Dp), PEN

Let Hp and H pL be the two partial mean curvature vectors of M, respectively, i.e.,

. 1 2q . 1 2q+p
Hp = % Zh(ei,ei) and HpL =-— Z h(er,er) (3.1)
7= Porlog+1

Theorem 3.1. Let M be a quaternionic generic submanifold of quaternionic space form M with
minimal codimension, i.e., dimd, = 0, for x € M, dimD, = 2gq, dimDmL = p, and dimTM+ =
2m — (2q + p), then

c plp=Yec 9c o (2¢+p)?* o (p—1p’ >
o(D) <2qp— + —2L— + —||T, -——H - |H
(D) < 20+ PO Sy BLED oy (R0 gy,
PROOF. Let {e1,ea, - ,e2q,€2g4+1," - ,€2g+p} be orthonormal bases on T'M such that {e1, ez, - , ez}
are in D and {ezq11, €442, - ,€2g4p} are in D+ and let {€2g4+p+1, €2g4p+2, "+, €2g+pt2m} Of TML.
Since
29 2q+p
T = Z K(ei Nej) + Z K(er/\es)—l—z Z K(e; Ney)
1<i<j<2q 2q+1<r<s<2q+p i=1r=2¢+1
and
(D)= Y, Kleihe)
1<i<j<2q
then
2q 2q+p

§(D)=1—-7(D) = Z K(er/\es)—l—z Z K(e; Ney)

2q+1<r<s<2q+p i=1r=2q+1
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From (2.2),
K(PAQ) = K(PAQ)+g(h(P,P),hQ,Q) - §(h(P, Q), h(P, Q))
c . 3 . (3.2)
= 14350 9(0uP, Q%] + §(h(P. P). H(Q, Q) — 3(h(P, Q),h(P, Q))
From (3.2), for P =¢;, Q =e,,i € {1,2,--- ,2¢},and r € {2¢ + 1,2¢ + 2,--- ,2q + p},
3
K(e; Ney) = E [1 +3 Z g(Jaei, er)Q] + g(h(es,e;), hier,er)) — g(h(ei,er), h(ei,er)) (3.3)
a=1
Since Jye; € D and e, € D,
g(Jaeiyer) =0
By summation in (3.3) over i € {1,2,---,2¢} and r € {2¢+ 1,2¢ + 2,--- ,2q + p},
2¢ 2q+p c 2q 2q+p
Z Z K(ei A 67«) = QQPZ + Z Z [g(h(eu ei)’ h(erv er)) - g(h(eia 67")7 h(ei, er))]
i=1r=2q+1 i=1r=2q+1
From (3.2), for P =e,, Q = e, and r,s € {2¢+ 1,2¢+ 2, ,2q + p},
3
K(ey Nes) = z 1433 G(Jaerses)?| + d(h(er, er), hles, e5)) — Glh(ers es), hler, es))
a=1
Since Tye, € D+ and e5 € D+,
§(Ja€r, 65) 7é 0
By summation in (3.3) over i € {1,2,---,2¢} and r € {2¢+ 1,29+ 2,--- ,2q + p},
-1 9
K(e Aey) = POZ1 9000
2¢+1<r<s<2q+p 2 4 4
+ > [G(h(er,er), hies,es)) — G(h(er, es), h(er, es))]
2q+1<r<s<2q+p
where
2q+p
HTaH2 = Z g(Taeraes)2
i,j=2q+1
and ( ) 2 2+
c pp—1c 9c g 29+p
§(D) = 2qp + T+ TP+ X d(h(ee), hier,er))
4 2 4 4 i=1r=2¢+1
+ > g(h(er,er), hes,es)) — > [h(er,es)]|? (3.4)
2q+1<r<s<2q+p 2q+1<r<s<2q+p
2q 2q+p 9
=2 > lhlei e
i=1r=2q+1
Moreover,
2q +p)°
COLDE 12 4 2 2 e | (35)
where ||hpo||? is defined by
|hpe|? = > 1A (er, )] (3.6)
2q+1<r<s<2q+p
Combining (3.4) and (3.5),
29 2q+p
c plp—1)c 9c (2q + p)?
5(D) = 20p% + PP Oy 2y COEP o a2 =30 3D (ennen) P

i=1r=2q+1
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and

p+2) [ (2¢+p)? 2¢  2q+p
Ay + BE2 I CIEP 8 )2 — (D)
p—1 2 i=1r=2¢+1
c p(p +2) 2) p+2 9 329
-2 —_— T, h
+ 5 (20 + P2 0T ) = P - 2
From (3.1) and (3.6),
p+2 3p? p+2| 2atr .
H DLH2 — | Dl’2 = 7 > (hss) + Z(hst)2

p—1 p—1 s=2q+1 s#t

2¢+p+2m  2q+p k2 3 2q+p 2
+ Z Z (h’st) - 7 Z hgs
k=2q+p+1 s,t=2q+1 p—1

Moreover, since
O<Z a; —a;)* = (n—1) Za?—ZZala] (3.7)
i<j i<j
then )
n?||H|?* = <Z ) Za —1—22@1@] (3.8)
i=1 i<j

Thus, from (3.7) and (3.8),

p+2 3p? 1 2q+p
o P = = Hpi P = ——=q(p+2) X (hl)*+(p+2) | X (hiy)?
p— p—1 p—1 s=2q+1 st
2¢+p+2m  2g+p k2 2q9+p 2
+ X > (hg)?| =3 X hi
k=2q+p+1 s,t=2q+1 s=2q+1
2q+p
p+2 3p? 1
S lhoe ? - |HDJ-|2 =_—7 -1 Yo (W) =6 hihi+(p+2) D (hy)?
p— p— p s=2¢+1 s<t st

2q+p+2m  2q+p
S Sl ]}

k=2q+p+1 s,t=2q+1

1 2q+4p
=51 {2(1 —p) > (WGP +3D (o —hiy) + (p+2) | Y (hiy)?

s=2q+1 s<t s#t
2q+p+2m  2q+p
k)
+ Z Z hst
k=2q+p+1 s,t=2q+1
>0
Thus,
3
T p S1Hp. P
and
2q 2g+p
c pp—1)c 2q + p)?
aap + P00 € S B g 21, - 5(0) 2 PSS e
i=1r=2q+1
then
c pp—1)c 2q + p)? 329
2gp + PO 9y ey COEP gy oy 2 5(D) >
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Hence,

Cutl e | @8y

c —1e
i(D) < 2qpf+p(p )¢ P

ol —TQ
R 2

O]

Corollary 3.2. If M™ is a quaternionic generic submanifold of the quaternionic Euclidean m space
H™ with ¢ =0, then

9 2

(2q+p) o (= 1)p

o(D) <
(D) = 2 p+2

[Hp-|”

Corollary 3.3. If M™ is a quaternionic generic submanifold of the quaternionic projective m space
HP™(4¢) with ¢ > 0, then

p(p—1) 2, 20+p)? .5 (p—1p? 2

0(D) <2 9||T, H H

(D) < 20p-+ PLZ2 o2 4 TP S |

Corollary 3.4. If M™ is a quaternionic generic submanifold of the quaternionic hyperbolic m space

HH"™(4c) with ¢ < 0, then

92 2 -1 2
(2¢+p) Hz+(p )P H o 2

p(p—1) 2
5(D) > 2 22 49T
(D) > 2qp + +9|| Tl + 5 o2

2
4. An Inequality for Real Hypersurfaces

Indeed, generic submanifolds with ¥ = {0} and D+ = Sp{J,N} are real hypersurface of a quaternion
Kaehler manifold, where N is the unit normal vector field of the hypersurface. Therefore, Theorem
3.1 lead to the following

Theorem 4.1. Let M be a real hypersurface of quaternionic space form M (4c¢). Then,

(2¢ +3)°
(D) < —

H? +9|Hp. |> + (6q + 3)c

PROOF. Let M be a real hypersurface of quaternionic space form M (4c). Then, it follows from the
definition §(D) that

2¢ 3
§(D)y=7—7(D)= Y K(JNALN)+D > K(e;AJuN)
1<a<b<3 i=1a=1

Fori e {1,2,---,2¢} and a € {1,2,3},

29 3
0(D) = 6gc+3c+ > > g(h(ei,e;), h(JoN, JoN))
i=1a=1

+ Y G(h(JaN,JuN),B(JyN, JyN)) = 3 [|h(JuN, J,N)|? (4.1)
1<a<b<3 1<a<b<3

2q 3 )

-2 X (e JuN)|

Moreover,

o
)

3
Z g(h(eiaei)?h(JaNa JaN)>+ Z g(h(JaNa JaN)vh(JbN7 JbN))
la=1 1<a<b<3

2q + 3)2
LS RN, N = 22
1<a<b<3 2

where ||hp.||? is defined by

7

(4.2)
H? +9|Hp | = ||hp. |

lhpull? = 37 Ih(JaN, JpN)|?

1<a<b<3
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Combining (4.1) and (4.2),

O

(2¢+3)? 2 2 2 3 2
§(D) = 6qc+3c+ ~————H?+ 9[Hp.|> — |hpe|? = D> ||h(es, JoN)|
i=1a=1
29 + 3)?
< (q—;)Hz + 9| Hp. | + (6g + 3)c

5. Conclusion

This study investigates an inequality for an intrinsic invariant of Chen-type defined on quaternionic

generic submanifolds in a quaternionic space form. Its application obtains this inequality for real

hypersurfaces. Although results for certain submanifolds have been obtained in previous studies, their

generalized state has not been made. Thus, this study will provide new fields for researchers studying

generic submanifolds by working in different space forms such as generalized complex space forms,

Sasakian space forms, cosymplectic space forms, and locally conformal Kéhler space forms.
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1. Introduction

Fixed point theory provides a powerful tool for solving various problems encountered in fields such
as engineering, economics, biology, physics and chemistry [1,2]. Let X be a non-empty set and S a
mapping from X to X. If Su = u, for an element v in X, then u is called a fixed point of S. Fixed point
theory has been studied on various spaces, including metric spaces, finite dimensional spaces, infinite
dimensional Banach spaces, and Hilbert spaces. Various theories have been developed to determine
the existence and uniqueness of fixed points of a mapping. However, finding the value of a fixed point
is not easy in general. To approximate the fixed point, many effective iterative algorithms have been
defined and studied, such as the Mann iterative algorithm [3], Ishikawa iterative algorithm [4], two step
Mann iterative algorithm [5], Suantai-Phuengrattana (SP) iterative algorithm [6]. The convergence
speed, stability, and data dependency of an iterative algorithm are significant factors in determining
the performance of one algorithm compared to another. There are many studies [7-12] in the literature
that deal with these factors.

Chauhan et al. [13] introduced a new iterative algorithm inspired by the Karakaya et al. [14], providing
better results than the Karakaya iterative algorithm in terms of convergence speed. They named this
new algorithm the Surjeet-Naveen-Imdad-Asim (SNIA) iterative algorithm (Naveen et al. iterative
algorithm) and proved that the iterative sequence (o, ), generated by this algorithm converges strongly
to the fixed point of S if the coefficient sequences ()2, are in (3, 1), for i € {1,2,3,4,5}, and the

mapping S satisfies quasi contraction condition. We denote that the proof of Theorem 2.1 in [13] was
done under the assumptions 1 — a2 — a3 > 0 and 1 — at — a2 > 0, for all n € N, the set of all the

n
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natural numbers. However, under the condition (3,1) on the coefficient sequences, 1 — a2 — a3 < 0
and 1 — o —a) <0, for all n € N.

n

The aim of this paper is to reconstruct the convergence result in Theorem 2.1 in [13], removing the
restricting conditions (%, 1) on the coefficient sequences and obtain the convergence results for some
algorithms. The another aim is to prove the stability and data dependency of the SNIA iterative
algorithm generated by quasi-contractive mappings. Nontrivial examples will be presented to confirm
the validity and applicability of all obtained theoretical results.

2. Preliminaries

We remind the basic terminology that is connected to our study. Let (X, d) be a metric space and S
a mapping from X to X. Osilike [15] considered the mapping S having a fixed point and satisfying
the contractive condition:

V.Tl,xg S X, d(le, S:L’Q) < Ld(l’l, le) + (5d((£1, .CCQ) (2.1)

where 0 € [0,1) and L > 0. He obtained stability results for some iterative algorithms generated with
the mapping S satisfying (2.1). Imoru and Olatinwo [16] defined a more general conctractive condition
than (2.1) as follows:

Vry,z9 € X, d(Sz1,Sze) < p(d(x1, Sz1)) + dd(z1, 22) (2.2)

where § € [0,1) and ¢ : R — R is monotone increasing such that ¢(0) = 0. They proved some
stability results using mappings satisfying (2.2). If ¢(z) = Lz is taken in (2.2), which L > 0 is a
constant, then the condition (2.2) is reduced to condition (2.1). Thus, (2.2) is more general than
(2.1). Bosede and Rhoades [17] made an assumption which makes all generalizations of the form (2.2)
meaningless and implied by (2.1). In their assumption, S is a self mapping on a complete metric space
that has a fixed point z* and satisfies the following quasi contractive condition:

Ve e X, d(Sz,z") < dd(x,z") (2.3)

where ¢ € [0,1). Bosede and Rhoades [17] obtained some stability results using mappings satisfying
(2.3). It is clear that, if X is a normed space, then the quasi contractive condition (2.3) turns into

Ve e X, [|Sx —z*|| <oz — x| (2.4)

Throughout this paper, we denote the set of all the fixed points of a mapping S by Fg.

Let C' be a nonempty convex subset of a normed space E. Karakaya et al. [14] have described a
three-step iterative algorithm that can be used to generate several types of iterative algorithms by
choosing specific coefficient sequences as follows:

Karakaya iterative algorithm
Input: Self mapping S on C, initial point s1, (af)%, C [0,1], 7 € {1,2,3,4,5},

such that (a2 +a3)%°, C [0,1], (i +a3)%, C [0,1], and N € N.
1: for ne {1,2,--- N} do
2: pp = (1—al)s,+apSsy
= (1—a2 —ad)pn, +a2Sp, +a3Ss,
Snt1 = (1 —ai —ad)ry + atSr, +ap Spy,
3: end for

Output: Approximate solution sy
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Some iterative algorithms obtained by special choosing of the coefficient sequences in Karakaya iter-

ative algorithm are given below.

If al = 1, for all n € N, and the other coefficient sequences are zero, then Karakaya iterative algorithm

4

- )n are zero, then it turns

turns into Picard iterative algorithm. If all coefficient sequences except for (a

into Mann iterative algorithm. If a2 = a3 = 0 for all n € N, then it turns into SP iterative algorithm.
3 _

If a2 = a3 = al =0, for all n € N, then it turns into two-step Mann iterative algorithm [14].

Let E be a Banach space. SNIA iterative algorithm is defined by Chauhan et al. [13] as follows:

SNIA iterative algorithm
Input: Self mapping S on E, initial point o1, (o), C (%, 1),7€{1,2,3,4,5}, and

N e N.
1: for n e {1,2,--- ,N} do
2: o =S [(1-al)o, +alSo,]

T =S5[(1—a2 —al) on+ a2Se, + aiSoy,]
ony1 =S [(1— at — ag) T + 2 ST, + af’ngon]
3: end for

Output: Approximate solution oy

Karakaya iterative algorithm is obtained if S is taken as the identity operator in SNIA iterative

algorithm. Therefore, SNIA iterative algorithm is more general than Karakaya iterative algorithm [13].
The following definitions and lemmas are important in obtaining the findings stated in this study.

Definition 2.1. [18] Let (ay), be a sequence in a (X, d) metric space. The sequence (b,), C X is
called the approximate sequence of the sequence (ay,), if, for all m € N, there exists an { = {(m) such
that

Vi Z m, d(ai,bi) S <

Lemma 2.2. [18] The sequence (by,), is an approximate sequence of the sequence (ay,), if and only

if there is a decreasing sequence of positive numbers (¢, ), converging to some n > 0 such that

Vn > k (fixed), d(an,bn) < ¢y

Definition 2.3. [18] Let S : X — X be a mapping, in which (X, d) is a metric space. Let ap+1 =
f(S,ay) be an iterative algorithm such that (a, ), converges to the fixed point x* of S. Let (by), C X
be an approximate sequence of (ay,), and &, := d(by+1, (S, by,)), for all n € N. The iterative algorithm
an+1 = f(S,a,) is said to be weakly S-stable if

Jimen =0 = i bo ==
Definition 2.4. [18] Let S, S: X — X be two mappings, where (X, d) is a metric space. S is referred

to as an approximate mapping for S if there exists a suitable € > 0 such that d(Sz, §x) < g, for all
x e X.

Lemma 2.5. [19] Let (p,), and (t,), be nonnegative real number sequences and 0 € [0, 1) such that
Pnt1 < Opp +ty, for all n € N. If lim ¢, =0, then lim p, = 0.
n—oo n—oo
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3. Main Results

In this section, we reconstruct the strong convergence result in [13] by removing the restriction on
the coefficient sequences and provide some convergence results. We then obtain new results related to
stability and data dependency for the SNIA iterative algorithm.

The following theorem is a reformulated version of Theorem 2.1 in [13], with the restriction on the

coefficient sequences removed.

Theorem 3.1. Let C be a non-empty convex and closed subset of a Banach space F and S : C — C
be a mapping satisfying (2.4) with Fg # (). For all o1 € C, let (0,), be a sequence generated by
SNIA iterative algorithm with (o), C [0,1], i € {1,2,3,4,5}, such that (a2 + a2)3; C [0,1] and
(a} 4+ al)e, € [0,1]. Then, the sequence (y,), converges strongly to the fixed point of S.

PROOF. Assume that z* is a fixed point of S. It can be observed from (2.4) that =* is unique fixed
point of S. Using (2.4) and (o), C [0,1],

lon — 21 < 8[1 = ap (1 = O)]ow — 27| (3.1)
and by (2.4),1—a2 —a3 >0,a2 >0,and o >0, forall n € N, and 6 < 1,
I7n = *|| < 8(1 = af — af + a3d)[on — 2™ + 82 aplon — 27| (3.2)
If (3.1) is used in (3.2), then the following inequality are valid:

I — 2% < 0(1 — a7 — ag + 070)d[1 — g (1 = 0)][lon — || + 07,62 [|ow — 27|

=8 [(1-a2 —ad+a20) (1 —at(l-90))+al]|lon — 2 (33)
Moreover,
lons1 = 2*[ = 1S [(1 = o — ap) 7 + ap ST + ) Sn] — 2*| 5.4)
< 01— ap — apy + apd)||mn — ¥ + 6%ag [lpn — ¥
If (3.1) and (3.3) are used in (3.4), then
lonsr = 2*] < {8°(1 = ap — o + apd) [(1 — o — af +a7d) (1 — ap(1 = 9)) + 7]
+%a[1 — ak(1 = O)How — 27| &
Since 1 — al(1—9) <1, for all n € N, by (3.5),
lowps — 2 < {6° (1= o — af + apd) (1 — a2 — ol + a2 + o} ) + 8*al} o — 7|
= 0%[(1— o} — o, +a0) (1 - a2 + a20) + ][l — 27|
and if 1 —a2(1 —§) <1, for all n € N, is used in the last inequality, then
lowis = 2| < 31— aph — ad + apd + ab)llow — 27| < 0° (1= ah(1 = 9)) [low — 27| (3.6)

is obtained. Using that 1 — ai(1—§) <1, for all n € N, in (3.6),
lons1 = 2" < 6°[low — 2]
Since 0 € [0, 1), by Lemma 2.5, 0,, — 2* as n — oo. [

Remark 3.2. Chauhan et al. stated that the main results of Karakaya [14] could be obtained by
assuming S(z) = 0, for all x € C, in Theorem 2.1 of [13]. However, if S(z) = 0 is taken in Theorem 2.1
of [13], then the SNIA iterative algorithm does not denote Karakaya iterative algorithm. Therefore,
the main results of Karakaya [14] can not be obtained. We denote that if S is taken as the identity



Journal of New Theory 48 (2024) 99-112 / Results of Convergence, Stability, and Data Dependency for an Iterative Algorithm 103

operator in Theorem 2.1 of [13], then the Karakaya iterative algorithm can be obtained but in this
case the necessary hypotheses (2.4) on S is not provided. Thus, the main result(s) of Karakaya [14]
can not be obtained from Theorem 2.1 in [13].

We observed that if the condition on S in Theorem 3 of [14] is replaced by the quasi contractive
condition (2.4), then this theorem is satisfied under the same hypotheses. In the following theorem,
we will consider this situation by an extra condition on the sequence (afl)n. It means that if the
sequence (o), in Theorem 3.1 is replaced by the sequence (s,), generated by Karakaya iterative
algorithm, then an extra condition is required to the hypotheses in Theorem 3.1. The proof of the

theorem will be done by following similar steps in the proof of Theorem 3 in [14].

Theorem 3.3. Let C be a non-empty convex and closed subset of a Banach space E and S : C — C
be a mapping satisfying (2.4) with Fs # (. For all s; € C, let (s,), be a sequence generated by
Karakaya iterative algorithm with ( )n L C[0,1], 7 € {1,2,3,4,5}, such that (a2 + a2)3>, C [0,1],
(@} +ad)%; C[0,1], and 5%, at = co. Then, the sequence (s;), converges strongly to the fixed
point of S.

PRrROOF. If similar steps in the proof of Theorem 3 in [14] are followed using (2.4), then the below
inequalities are obtained, for all n € N:

lpn — ™| = 111 = ap)sn + apSsp — 2| < [1 - an(L = 0)]|lsn — 2*|
I — 2| < [(1 = a7 (1 = 6) — an)(L — e (1 = 8)) + dap][lsn — 27|

and

[sn41 — 2 < {1 —at(1—=6)—ad)[(1 — a2 —ad +a28) (1 —ak(l—0))+dad]

= +6a) (1 —al(1—0))}|sn — z*
(3.7)
< {1 —ap(1—0) —a3) +dap (1 — ap (1 =) }sn — 27|
< [L—ap(1=0)]llsn — 27|
Thus, by using induction,
Isnsr = || < st — 2| [T{(1 = ai(1 - 8)}
k=1
It is well known that 1 — ¢ < e~*, for all ¢ € [0,1]. Therefore,
Isnst = @l < fls1 — & e 0D Tl (3.5)
By using the condition Z o} = oo in (3.8), we obtain [[s,+1 — 2*| — 0 as n — oo. Thus, the proof is
i=1

completed. [

o o0
Remark 3.4. We observe that the condition Z ot = 0o can be replaced by Z a2 = oo in Theorem
n=1 n=1
3.3. In this case, the proof of Theorem 3.3 is followed by rearranging the inequality in (3.7) as follows:
Isnr1 = 2" < [1 = (1= 6)][sn — 2"
Corollary 3.5. Assume that all the hypotheses in Theorem 3.3 are satisfied. Then, we get the
following results, which possibly existing in the literature.

. Mann iterative algorithm generated by S satisfying quasi contraction condition (2.4) converges
strongly to the fixed point of S if taken o) = a2 = o} = al =0, for all n € N, in Theorem 3.3.
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ii. SP iterative algorithm generated by S satisfying quasi contraction condition (2.4) converges strongly
to the fixed point of S if taken a2 = a3 = 0, for all n € N, in Theorem 3.3.

i1i. Two-step Mann iterative algorithm generated by S satisfying quasi contraction condition (2.4)

converges strongly to the fixed point of S if taken a2 = a3 = al =0, for all n € N, in Theorem 3.3.

3.1. Stability Results

An iterative algorithm that converges to a unique fixed point is stable if the numerical errors that
occur in each step have no effect on the convergence of algorithm. In this part, we show the stability
of SNIA iterative algorithm for quasi contractive mappings.

Theorem 3.6. Let C be a non-empty convex and closed subset of a Banach space £ and S : C — C
be a mapping satisfying (2.4) with Fs # () and o1, ¢; € C. Let (0,), be a sequence generated by
SNIA iterative algorithm with (o), C [0,1], i € {1,2,3,4,5}, such that (a2 + a3)%, C [0,1],

n=1
(at + ag);’le C [0,1], and (yn)52; C C be an approximate sequence of (o,)n. Define a sequence
(en)pz1 C R* by
Uy =S {(1 — a}L)yn + oz,lLSyn}

Uy, = S [(1 —a? — ai) vy + a2 Sv, + aiSyn]

f(S,yn) =S [(1 —at - ai) Uy, + a Suy, + aiSvn}
and
En = ||yn+1 - f(Sa yn)”7 n €N
Then, lim g, = 0 implies lim y, = 2*. In other words, SNIA iterative algorithm is weakly S-stable.
n—oo n—oo
PROOF. By Theorem 3.1, the sequence (o), generated by SNIA iterative algorithm converges the
fixed point x* of S. Assume that lim &, = 0. We will prove that lim y, = z*.
n—oo n—oo

[Yn+1 = 2*| < [lynar = S [(1 — o — ap) un + @y Sun + ap Svy ]|

IS (1L~ af = 03) tn + a4 Stn + 05,50a] = Gns | + st — a7 (3.9)
= en + 1S [(1 - oy — 03) un + 0y, Sup + 07, Svn] — || + [lonrr — 27|
By (2.4),
|Sz — Sy|| < dljlx — z*|| + d|ly — z*||, for all z,y € C (3.10)
If (3.10), (2.4), and the definition of SNIA iterative algorithm are used and operations are continued
as in Theorem 3.1, then
IS [(1 —af — ai) U, + 0k Sty + aiSvn] — Opt1|| < [6(1 — ok —ad)+ 62ai] Nun — 2| + |7 — =]
+0%aq [llun — 2" || + llon — 2|l]
5% [(1—on(1=08) — af) (1 — an(l = 0)) + i (3.11)
x [6(1—an(1=6) —an) ] llyn — 27| + llon — "]
+0%a), (1= an(1 = 9)) llyn — ™| + llow — "]

Usingd <land1—al(l1-8)<1,1-a2(1-0)<1,and 1 —ai(1-46) <1, forallneN,in (3.11),

IN

15 [(1 = ah = af) un + 0 Sun + 0§ Sv| = s | < 6 [llyn — 2*[| + o — 2°|] (3.12)
If (3.12) is used in (3.9), then it is obtained

[Yn+1 = 27| < Ollyn — 27| + en + 8llon — 27| + [loni1 — 27|
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Let t, := e, + 0||lon, — z*|| + ||ont1 — 2*||- By hypotheses, lim ¢, = 0. Thus, by Lemma 2.5,
n—oo
lim vy, = z*. This completes the proof. [

n—oo

3.2. Data Dependency Results

In this part, we give a result regarding the data dependency of SNIA iterative algorithm for mappings

satisfying quasi contractive condition (2.4).

Theorem 3.7. Let E,C, and S be as in Theorem 3.1. Let S be an approximate mapping of S as in
Definition 2.4 with a suitable error €. Let (0y,), be the sequence generated by SNIA iterative algorithm
and let the sequence (7,,), be as follows:

o eC

@n = S[(1 —al)F, + kS5, 5.13)
~ ~ _ 3.13
Tn = S[(1— a2 —ad) gy + 2S¢, + a3 S5,
Gno1 = S[(1 —ab —ad) Fn 4+ @287, +a35p,], neN

where (a?)%, C [0,1], for i € {1,2,3,4,5}, are sequences satisfying the conditions in Theorem 3.1. If
Sz* = z* and ST* = 7* such that lim &, = 7*, then

n—o0
1496
1-96
PROOF. By Definition 2.4 and (2.4), the mapping S satisfies the below inequality, for all z,z € C":

[l = 27| <

9

ISz — 83| < ||Sz — a*|| + |ST — *|| + & < 20||z — 2*|| + dljz — ]| + ¢ (3.14)

By the definition of SNIA iterative algorithm, (3.13), and (3.14),

lont1 — Ony1]] <6 H [(1 — afl — ai) T + afLSTn + angon} — (1 — aﬁ — ai) Tn — aig?n — ozig@n]H

+20 H [(1 —ah — ai) Tn + ST, + oszScpn] —x*|| +e

and, by using (3.14) and (2.4),
lons1 = Gnaall <8 (1= ah = a}) 17 = Full + 6031 ST — STall + +6051|Sn — Sl
+26 (1 —ah — az) |7 — 2*|| + 2602 || ST — 2¥|| + 2003 || S, — 2*|| + €
<6 (1 ah—ab) I — Full + 62} |7 — Full + 26%a}||m — 27| + daite
+ 8205 llon = Bull +206%05 [ 9n — 2| + dafe + 25 (1 aff — o) |l — 27|
+ 2620 |7, — || + 20%03 ||y — ¥|| + €
By arranging the last inequality,

lont1 — onpall < {6 (1 - O‘i - O‘?L) + 520‘%”7}1 — Tall + 520‘2”9071 — @nll

(3.15)
+26{1 — at —ad + 20t} — z*|| + 462D ||pn — 2¥|| + Saite + dade + ¢
By following similar steps above,
170 = Fall < {0 (1 = af — 03)) + 827 }Hlpn — @nll + 0% [lown — o] (3.16)

+26{1 — a2 — a2 + 2602 }||pn — x*|| + 46%a3||oy — 2*|| + da2e + dade + €
and

lon = @all <6 {1 ah(1 = 0)} lon = Full +26{1 — o}, + 2003} o — 2*|| + dope +  (3.17)
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If (3.16) and (3.17) are used in (3.15), we obtain the following inequality:

lont1 = Onpill < Allon — onll + Bllow — ™[l + Cllgn — 27| + Dl — ™[ + E (3.18)
where
A=61—-ab(1=8){[6(1—a}—ad)+d%al][6(1 — a2 —ad) + §2a2] + §2a)}
+62a3{6(1 — at —ad) + 6%at}
B :=25(1 — o} +25al) {[6(1 — at —ad) + 62at][0(1 — a2 — a3) + 62a2] + 6%ad}
+46%a3{6(1 — af — ad) + §%ait}
C:=25(1—-0a2—ad+26a2)[6(1 —at —ad)+6%at] 4+ 46%a°
D :=25(1 — ol —a 4 26al)
and

E = {[6(1 - oy, —3) + 8%y [0(1 — af — o) + 0% ] + 8%a } (Sae + )
+[0(1 — at — ad) + 6%at][6ate + dade + €] + Saite + dade + ¢
Arrange the number A,
A= {(5(1—044 —ad) +4? 4} {[(5(1—@2 —ad) + 6% 2} {5(1—04 (1—5))} +52ai}
+ 8323 (1 —al(1-9))
Since § € [0,1) and 1 — a(1 —6) < 1, for all n € N,
P —ad)+ 6%t {6(1 —ad)d(1 —al(1—16)) + 823} + 83
< [6(1—al —ad)+0%at] {6(1 — )6 + 62a} + 53ad (3.19)
n—ab) 4 6ai] 62+ 630 = &°
Since 6 € [0,1),and 1 — a2 <land 1—a <1, for all n € N,
B =26(1 — al +25al) {[6(1 — a —ad) + 62a2][6(1 — a2 — o) + §%a2] + %)}

+46%a3{6(1 — af —ad) + 6%ait}

< 26(1 —al +250b) {[6(1 — a} —ad) + 6al][6(1 — a2 — o) + da2] + 6%a)} (3.20)
+46%2a3{6(1 — af —ad) + dait}
=26(1 —al +20al) {6(1 —a2)d(1 — ad) + 6%a)} + 4533 (1 — )
< 26(1 — o} + 28ak) {62 + 623} + 46%a3
Using 1 —al < 1,a) <1and o <1, for all n € N in (3.20),
B < 26(1 — ol +20a1)26% + 46% < 26(1 + 26)202 + 46° = 863(1 + 0) (3.21)
Sincel —a2 —al <1,a2<1,6§<1,and o’ <1,1—ad <1, for all n € N, we get
C =26(1—a2—ad+20a2)[6(1 —at —ad)+ 5%at] + 46%ad
(3.22)

< 26(1420)[6(1 — @ —al) + da] +45%ad < 20(1 +28)6(1 — ) + 462 < 26%(3 + 20)
Since 1 — at — a2 <1and ot <1, foralln € N,

D =25(1 —a} —ad +25a) < 25(1 + 26) (3.23)
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Using § € [0,1) and a2 + a3 <1 and o + o) <1, for all n € N,

E={[001 - a} — o) + 2ap][0(1 - aZ — a3) + 6%a2] + 6%al, } (Bahe +¢)
+[6(1 — ah —ad) + 6%t ][6a2e + dade +e] + dahe +dade + e
< {181 = af — af) + 2af][6(1 — ad)] + 6% } (daje +¢)
+[6(1 —ap —ad) + 82alt][de(a + a3) +¢] + de(ap +al) + ¢
< {181 = a = af) + af][6(1 — a})] + 6%} } (Gape +2) + [5(1 — ah — 0f) + Sap][6z + €] + de + &

= {6(1 = a})(1 - a}) + 00} } de(daf + 1) + 8(1 — a)[de + €] + be + ¢

Since d € [0,1) and 1 —a3 <1,1—a) <1, and o} <1, for all n € N, we get the following inequality
for the number E:

E < {6(1 —ad) +dad} de(dal + 1) + (5 4 €)[0(1 — aB) + 1]

= 0%e(6at + 1) + (e +&)[6(1 — ) + 1] (3.24)
<6+ 1)+(0e+e)(0+1)=e(6+1)(2+d+1)

Therefore, using (3.19) and (3.21)-(3.24) in (3.18),

10011 = ntill < 8%|ow — Gnll + 85 (1 + 8)|low — 2*|| +20%(3 + 20)[lpn — 2| (3.25)
+20(1 + 26) |7 — 2| + (5 + 1)(62 + 6 + 1) ‘

By (3.1) and (3.3),

lon —a”| <flon — 2% and  [|7n — 27| < [jon — 27|
Besides, under hypotheses, by Theorem 3.1, since li_)m lon —2*|| =0,
n—oo
Tim [l — 2| = lim |r, 2] =0

Thus, taking the limit for n — oo in (3.25),

e@+1)(6*+64+1) 1490
1- 08 1.5

la* = Z"|| <
O

4. Numerical Examples

In this section, we provide some numerical examples that support our theoretical results.

The first example, built on an infinite dimensional Banach space and satisfying the conditions of The-
orem 3.1 and Theorem 3.3, shows that the SNIA iterative algorithm is more effective than Karakaya,

SP, and two-step Mann iterative algorithms in terms of convergence.

Example 4.1. Let E be the Banach space i1 = {(2;)72; C K: }72, |zi| < oo} endowed with norm

e}

1(x;)ill1 = Z|xl\ and be defined a sequence (x;); as follows:
i=1
' 4 0,n #1
VieN, z;= (x>, x,= 1
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It is clear that (z;); is a sequence in E. Moreover, lim; , ||z; — 0||1 = 0. We define the set

{Zﬂkiﬂk (1 )rey € Bll}

where By, is the closed unit ball of [. Since (zy)y is a null sequence in E, it is well known in the
literature that C' is a convex and closed subset in E [20,21]. Moreover, by Grothendieck’s character-
ization [22], we can say that C is a proper subset of Bg. Using the above definition of the sequence
(x;)i, we get the set C' as follows:

c={(%)" e}

We define a mapping S : C — C' by
0o 2\
s((1)) = (53))
k=1 k=1

It can be observed that the mapping S is well defined and S has a unique fixed point 2* = (0,0,0,0, - --).

We show that there exist a number § € [0,1) such that HSm —z*|ly < dljlz — x*||1, for all x € C. If

x € C, then there is a (u)32, € By, such that x = (?) . Thus,

1
er—xnl—H(*%)
k

1
This shows that § = T That is, S satisfies quasi contractive condition (2.4). However, we denote that

S o L T
L A=k T4k 4

1 1
forall z,y € C, || Sz — Sy|1 £ ZHx—yHl For example, for z = (1,0,0,0,---) and y = (2,0,0,0,-~~

1 1
Sz — Syll1 £ ZHx — y|li. Let the initial terms of all mentioned algorithms be sop = 09 = (len) ,
1
f—02=0al=1- T and a? = a3 = B 1) for all n € N, satisfying (a2 + a3),, C [0,1]

and (a2 + a3), C [0,1]. Figure 1 manifests that the sequence generated by SNIA iterative algorithm

(6}

converges the fixed point * = 0 of S faster than the sequences generated by Karakaya, Mann, SP,
and two-step Mann iterative algorithms.

T
—#— SNIA
—8— Karakaya
Mann
Two-step Mann

Values of |0, — z*|;

4 5 6 7 8 9 10
Number of iterations

Figure 1. Convergence behaviors of algorithms in Example 4.1

The following example, which supports the accuracy of the result in Theorem 3.6 shows that SNTA
iterative algorithm in Example 4.1 is weakly S-stable.
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Example 4.2. Let E,C, and S be as in Example 4.1. We define the sequence (y,,), in C as follows:

0,2 <n
VneEN, yo=U)E, u =14 o
15

Figure 2 (a) shows that the (y,), is an approximate sequence of the sequence (o,), generated by

SNIA iterative algorithm. Further, Figure 2 (a)-(b) manifests that 1Lm en = 0 implies le yn = .
n—oo n o0

In other words, SNIA iterative algorithm is weakly S-stable.

x10710

0.6 ! . . . . . . . 1
——(a) low —wlh

[——=0 =y — SS9l ]

—*— () g —=[lx

Values of (a) and (b)

. . & & & & - - - - -
® ® @ @ e o 2 2 o4
1 2 3 4 5 6 7 8 9 10 4 5 6 7 8
Number of iterations Number of iterations

(a) (b)

Figure 2. Graphs showing the convergence states of the sequences (yn — opn)n, (Yn — *)n, and (e,)n

w3
o}

The following example deals with the data dependency of the sequence (o), generated by SNIA

iterative algorithm in Example 4.1.

Example 4.3. Let E, C, and S be as in Example 4.1. We define a mapping S :C — C as in the

following:

1/4, k=1
~ Oék
S (() ) = (5]@)1@7 616 = Q1
F RN
where ()82, € Bp. Then, S : C — C is well defined, and for all z = (i:) eC,
k
- 1 21?2 g
|Sz — Szl = 1 ’04% - 1‘ + Z % Zk T gk-1” ()i € Buy)
k=2

1 1& ., 1&

< g lodlt gl (e By)
4 8k:2 6k:2

1 1 1

-4+ -+ - =0.5416666 =

—4+8+6 i

Thus, we can consider the mappings S and S as approximate operators in Definition 2.4. If S has a
fixed point Z* and the sequence (7,), generated by (3.13) with the choice of the coefficient sequences
satisfying the conditions in Theorem 3.7, converges to z*, then without knowing and calculating z*,
we can determine an upper bound for z* by (3.7) as follows:
- 1496 1+1/4
* k|| < —
le” =&l < =5 =13

(0.5416666) = 0.902730
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S~ 1 . -
We get that the fixed point of S as z* = (Wl)) . Figure 3 shows that the sequence (c,),
2 k
—y .\ v o~ 1177 . .
generated by (3.13) converges to z*. In addition, |z* — Z*|| = 3903 — 0.2948. That is, (3.7) is
satisfied.
07 T T T
—%—(a) [lon — 2"
—+—(b) [, =
0.6 F —x— () |loul 1
—6—(d) [I7"]|
)
5 05 1
&
<
= 0.4 |
=
G
=030
]
3
202r .
>
01t |
0 e e
1 2 3 4 5 6 7 8 9 10

Number of iterations
Figure 3. Graphs showing the values of ||y, —Z*||1, ||0n—Z*||1, ||Onll1, and ||Z*]1, for n € {1, 2, ...,10}

5. Conclusion

In this study, the convergence result of the SNIA iterative algorithm introduced by Chauhan et al. [13]
has been revised and improved while simultaneously obtaining its weak stability and data dependency.
The findings of this study are substantiated by nontrivial examples in an infinite dimensional Banach
space, thereby bridging the gap between practice and theory. Based on the graphs presented, it
has been observed that the algorithm yields superior results in numerical examples. Furthermore,
the algorithm’s convergence, which does not necessitate additional conditions (except for convexity)
on coefficient sequences, sets it apart from the aforementioned algorithms. Consequently, it can be
concluded that the algorithm with the stability and data dependency properties is more effective for
quasi-contractive mappings when compared to the algorithms discussed in this study, based on both
theoretical and practical outcomes. In future studies, researchers can examine the convergence of the
SNTIA iterative algorithm for different mapping classes under appropriate conditions. Moreover, they
can compare the algorithm’s performance speed with existing algorithms in the literature for these
mapping classes.
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