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ABSTRACT. In this paper, we introduce a new class of split (s,t)— Lucas
quaternions that generalizes the split Lucas quaternions. Additionally, we de-
rive Binet-like formulas, generating functions, binomial sums and Honsberger-
like, d’Ocagne-like, Catalan’s-like and Cassini’s-like identities.

1. INTRODUCTION

Quaternions are a number system that extends real numbers to one real and
three imaginary dimensions. They were first defined by the Irish mathematician
Sir William Rowan Hamilton in 1843 and have been applied to mathematics in
3—dimensional space. Quaternions do not possess the commutative property (ab =
ba). Nowadays, many researchers are relating quaternions to Fibonacci and other
special number sequences. Halici investigated the Fibonacci and Lucas quater-
nions, and gave the generating functions, Binet formulas and some sum formulas
for these quaternions [6]. ipek studied on the quaternions of the (p,¢)—Fibonacci
sequence, which are generalizations of the Fibonacci sequence [4]. Likewise, Cimen
and Ipek also investigated Pell quaternions and Pell-Lucas quaternions [20]. Tasci
defined Padovan and Pell-Padovan quaternions, and gave Binet-like formulas, gen-
erating functions, sums formulas and the matrix representation of the Padovan and
Pell-Padovan quaternions [21]. Digkaya and Menken worked on the quaternions of
the (s,t)—Padovan and (s,t)—Perrin sequences, which are generalizations of the
Padovan and Perrin sequences [13]. Refer to [5, 9-11, 14] for more details on their
research. Split quaternions are a variation of quaternions where the standard basis
elements satisfy slightly different multiplication rules. Unlike the quaternion alge-
bra, the split quaternions contain zero divisors, nilpotent elements and nontrival
idempotent. The split quaternions were defined by James Cockle in 1849. A split
quaternion is defined by

q = qoeo + q1€1 + gqe€2 + g3es

Date: Received: 2024-09-25; Accepted: 2024-11-30.
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2 HAMZA MENKEN AND DURDANE TEKIN

where qg, g1, g2 and g3 are real numbers and eg =1, e; =1, e = j and ez = k are
the standart basis in R*. Then we can write
q =S¢+ Vg =qoeo + qie1 + qzez + qzes3

where S; = goeg and V; = gie1 + gaea + gzes. Sy is called the scalar part of the
split quaternion q and V; is called the vector part of the split quaternion q. The
split quaternion multipication is defined using the rules;

e%z—l, e%:egzegzl

€1€2 = —€9€1 = €3, €2€3 = —€3€9 = —€71 and €3€1 = —€1€3 = €.
This algebra is associative and non-comutative . Let ¢ = qoeg + q1e1 + ga€2 + g3e3
and p = poeg + p1e1 + paes + pses be any two split quaternions. Then the addition
and subtraction of the split quaternions is
qFp=(q Fpo)eo+ (q1 Fp1)er + (g2 F p2)e2 + (g3 F p3)es

and multiplication of the split quaternions is

ap = (qoeo + qre1 + g2e2 + gses)(poco + prer + paea + pses)
= (qopo — 11 + q2p2 + g3p3)eo + (qop1 + q1po + q2p3 — q3p2)e
+ (qop2 + @200 — q1p3 + g3p1)e2 + (qop3 + q3po + q1P2 — q2p1)es
= 5¢5p+ < Vo, Vo > 4+5Vp + SpVg + VoxV
where
< V4, Vp >= qopo — q1p1 + q2p2 + ¢33

and
—€1 €9 €3
VixVo=| &1 a2 g3
b1 P2 P3
and for k£ € R the multiplication by scalar is

kq = kqoeo + kqre1 + kqaea + kqzes
and conjugate and norm of split quaternion ¢ are
q = qoeo — q1€1 — q2€2 — g3€3

and

Hw=vmm=Jﬁ+ﬁ—ﬁ—ﬁ
The basic operations on the two split quaternions given above can also be seen in
1, 8, 12, 15-19].
In [2], the Lucas sequence {Ly},,~, is
(11) LO = 2, Ll =1 and Ln+2 = Ln+1 + Ln

for all n > 2. Here, L,, is the n—th Lucas number. The first few terms of the Lucas
numbers are

2,1,3,4,7,11,18, 29, 47,76, 123,199, 322, 521, 843, 1364.
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A generalization of the Lucas sequence {L,},~, which are called the (s,?)—Lucas
sequence {Ls,t7n}n>0 is defined by the following recurrence relation for n > 0 and
s,t > 1 such that s? + 4t > 0;

(12) Ls,t,O = 27 Ls,t,l =s and Ls,t,n+2 = SLs,t,n+1 + th,t,n

(s,t)—Lucas sequence refer to reader to [3]. The first few terms of the (s,¢)—Lucas
numbers are

2, 5,52 4 2t, 55 + 3st, s* + 452t + 242

To simplify notation, take Ls;,, = L,. In [3], for every 2 € N, one can write the
Binet-like formula for the (s,t)—Lucas sequence as the form

(1.3) Ly,=a"+p"
where o = @ and 8 = %m are the roots of the characteristic equation
(1.4) 2 —sx—t=0
associated with the recurrence relation (1.2). Moreover, it can be observed that
a=al, +tL,_1,
B" = pBLy +tLy1,

atp=s
a— B =1/s2+4t,
aff = —t.

The following properties hold [7]:
(1) LnLpy1 +HtLpm—1 Ly = (52 + 4t) Fan, m>n
(2) Lo pLpsr — L2 =(—)"""(s>+4t), n>r

(3) Lp1Llpgr — L2 = (=) (s2+4t), n>1
2. SPLIT (p,q)—LUCAS QUATERNIONS

In this section, we define new split quaternions that are split (p, ¢)—Lucas quater-
nions. Then, we give their Binet-like formula, generating functions, certain binomal
sums and Honsberg, d’Ocagne, Catalan’s and Cassini’s identites.

Definition 2.1. The split (p, ¢)—Lucas quaternion {Qﬁs,t»n}nzo is defined by
(2.1) OLstn = Lpeo+ Lyti1e1 + Lpyoes + L33
where £, is the n—th (s,t)—Lucas number.

To simplify notation, take QL ;, = QL.

Theorem 2.2. The Binet-like formula for the n—th split (s,t)—Lucas quaternion
18

(2.2) QL, = aa™ + 4",  n>0

where & = eg + aer + a’es + ales and B = eg + Be1 + B2eq + Bes.
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Proof. From the definition of n—th split (s, t)—Lucas quaternion £,,, we obtain
QL, = Lypeg+ Lyyrer + Lyyoes + Ly 3e3
= (a"+B") eo+ (" + ") e + (T2 + B2) ex + (a3 4 B712) g
= a"(eg + aey + a’ex + a’ez) + B (e + Ber + Bex + BPes)
= aa™ + BB".
Thus, the proof is completed. O

Theorem 2.3. The generating function for the n—th split (s, t)— Lucas quaternions
18

_ 2eq+ seq + (5% + 2t)ep + (87 + 3st)es + (—seg + 2tey + stey + (57t + 2t?)eg)x
N 1— sz —ta?

Ge(x)

Proof. Let

Ge(w) =Y QL™ = QLo + QL1x + QLoa” + QLga® + ...+ QLypa" + ...
n=0

be generating function of the split (p, ¢)—Lucas quaternions. This function is mul-
tipied every side with —sz such as

—52G,(x) = —sQLox — sQL1x? — sQLox> — sQL3a* — ... — sQL 2z T — ...
and that is multipied every side with —ta? such as
—t2?Gr(z) = —tQLyx? —tQL 2% — tQLya —tQL3x® — ... —tQL, "2 — ..
Then, we write
(1 — sz —tx?)Ge(x) = QLo + (QL1 — sQLo)x + (QLy — sQL; — tQLY )z + ...
+ (9L, —sQL,_1 —tQL,_2)z"

Now using
QLo = 2e + seq + (5% + 2t)ey + (s° + 3st)es,
QL = sep + (5% + 2t)eq + (s + 3st)ey + (s* + 45%t + 2t%)es,
QLy = (8% + 2t)eg + (s> + 3st)e; + (s* + 45t + 2t%)ey + (5° + 553t + 5st?)es

and

Qﬁn - SQL:n—l - tQACn—Q =0

we obtain

2e0 + sep + (82 4 2t)eg + (8% + 3st)es + (—seg + 2tey + steg + (82t + 2t%)es)x
Ge(w) = 1 — sx — ta? '
Thus, the proof is completed. ([l

Remark 2.4. Let m be a positive integer. Then,

(23) @i =3 (1)

n=0

where a and b are any real numbers.
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Theorem 2.5. Let m be a positive integer. Then,

m

Z <m> Sntman‘C" = QLom.
n

n=0

Proof. Applying the Binet-like formula (2.2) and combining this with (1.4) and
(2.3) we obtain the identity

i (Zj) st QF, = i <7:) st (&a" + Bﬁ")

n=0 n=0
=3 <m) (a(as)nt’ﬂ*“ + B(ﬁs)"tm’")
n=0 n
= a(sa+t)" + B(sf+t)™
— dan + BBQm
Thus, the proof is completed. O

Theorem 2.6. Let m be a positive integer. Then,

m

Z <TZ> Smiktk Qﬁn,_k - Qﬁn—i-m

k=0

Proof. Applying the Binet-like formula (2.2) and combining this with (1.4) and
(2.3) we obtain the identity

i (7:) Sm_ktkgﬁn,k _ i (7;) Sm—ktk (dan—k + Bﬁn—k)

k=0 k=0
= Z (Z) (d(sa)mfktka"*m + B(sﬂ)mfktkﬁnfm)
k=0

a(sa+ )" ™ 4 B(sp+t) "

dan-{-m + Bﬁn—i—m

Thus, the proof is completed. ([l

Henceforth, we will get
A, instead of (&)2a™ + (3)28",
B,, instead of faa™ — aBp",

in the following theorems.

Theorem 2.7. (Hosberg-like Identity) Let QL,, be the split (s, t)— Lucas quater-
nion. The following relations are satisfied

Q£n+l Qﬁm + tQEn Q‘Cmfl = -Aner V 52 4 4t.
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Proof.

QL 41QLy, +1QL, QL1
— (a1 4 B (o™ + 38™) + ¢ (aa” + 3") (6™t + f5m )
= (a)%a" " 4 G BT 4 fapm e + ( By2gmemtt
+t ((@)%am ™1+ aam g7t + papnam Tt + (B2

)2an+m+1 + aﬂan+lﬂm + ﬁaﬁnJrlam 4 (B) ﬂnerJrl
320t — afam AT — Bast T — (B)2apm
= (@)% (a = 8) + (B)°8" " (o = )

(@)%a" " + ()2 ) (Vs + 1)

O

Theorem 2.8. (d’Ocagne-like Identity) Let QL,, be the split (s,t)— Lucas quater-
nion. The following relations are satisfied,

QﬁmQL:'rH»l - Q£m+1 Qﬁn - (—t)manm V 82 + 4t

Proof.

QLW QL1 — QL i19L,,
- (070/" + Bﬁm) (aa"“ + BB”“) - (aam“ + Bﬂm“) (da" + Bﬂ")
= (@)% afa™ B 4 Bapm a4 (B)7 g
= (@)%t — aBa™ B — fapm e — (B)2pn
= —apa™B" (o — B) + faB™a" (a — B)
= (=t (Baa"™m — appnm) Vs 4 4t

O

Theorem 2.9. (Catalan’s Identity) Let QL, be the split (s,t)—Lucas quater-
nion. The following relations are satisfied,

(2.4) QL +QLyyr — QL2 = (—t)"BoF\/s2 + 4t

B
a—p

where the Binet formula of the r. Fibonacci number F. is
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Proof.

QL+ QLytr — QLY

o [ )

= (@)% + aBa "B + Bap" a4 (B)2 57

— (4)’a®" — 4Ba”B" — Bapna” — (B)*B7"

= aB(aB)" (8" — ") + fa(ap)" (" — B7)

— (-0 (o - a8) (S=5 ) @9

= (—t)"BoF,v/s? + 4t

]
Theorem 2.10. (Cassini’s Identity) Let QF, be the split (p,q)—Lucas quater-
nion. The following relations are satisfied
QL 1QL, 11 — QL% = (—t)"By/s2 + 4t.

Proof. We take 1 instead of r in (2.4) to prove the this theorem. O

3. CONCLUSION

In this paper, we introduced a new class of split (s,¢)—Lucas quaternions, ex-
tending the concept of split Lucas quaternions. We derived Binet-like formulas,
generating functions, binomial sums, and various identities analogous to those of
Honsberger, d’Ocagne, Catalan, and Cassini.

By embedding the (s,t)—Lucas sequence within the quaternion algebra, we
demonstrated its broader applicability and utility. The derived formulas and iden-
tities provide powerful tools for explicit calculations and deeper insights into the
sequence’s behavior.

Our findings open up new possibilities for future research, particularly in explor-
ing geometric interpretations and potential applications in theoretical physics and
computer science. We believe our contributions will stimulate further discovery in
this intriguing area of mathematical inquiry.
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ABSTRACT. This study used conformable derivatives to define the eigenvalue
problems with two parameters and examined various associated spectral prop-
erties. Firstly, the conformable eigenvalue problems with two parameters were
reduced to the simpler one parameter problems. Additionally, we focused
on the orthogonality properties of eigenfunctions. Secondly, investigating the
reality of eigenvalues is important to understand the physical relevance and
practical usability of the considered eigenvalue problem. Finally, we exam-
ined integral relations, which explain important connections and relationships
between different aspects of the problem.

1. INTRODUCTION

In many important problems in various fields such as basic sciences, natural
sciences, finance, and medicine, differential equations are encountered in the math-
ematical modeling of these problems. The functions that satisfy these equations
are also the mathematical solutions to these problems. Therefore, the first step
in researching the solutions to any scientific problem is formulating the differential
equation. The problems such as the heat flow in a non-uniform rod, the motion of
a stretched vibrating string attached at both ends and the computation of the elec-
trostatic field on the surface of a volume are modeled by an eigenvalue problem with
an unknown parameter, known in the literature as the Sturm-Liouville differential
equation [16,17,23]. This equation is considered along with initial or boundary
conditions according to the characteristics of the models to be established. The
goal here is to determine the unknown parameter and the unknown function that
constitutes the problem. The most fundamental properties of Sturm-Liouville prob-
lems include the reality of the eigenvalues, the orthogonality of the eigenfunctions,
and the completeness of the eigenfunctions [2,9,10]. Sturm-Liouville theory has nu-
merous applications in fields such as physics, mathematics, and engineering [18,22].
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Depending on the nature of the models to be established, the equation may contain
more than one parameter [5-8,11].

Many mathematicians, including Liouville, Riemann, Weyl, Fourier, Laplace,
Lagrange, Euler, Abel, Lacroix, Caputo, and Leibniz, have defined fractional-order
derivatives in various ways [19]. Fractional differential equations are equations that
contain fractional derivatives and fractional integrals [13,21]. It is a generalization
of the classical integer-order derivative concept, allowing the differentiation process
to be performed at non-integer (fractional) orders [15]. This concept is widely used
in many scientific fields, particularly dynamic systems, control theory, and physics.
Because fractional derivatives only satisfy the linearity property of the fundamental
characteristics in classical derivatives and are not applicable for all other proper-
ties, Khalil and colleagues proposed the definition of the conformable fractional
derivative in 2014 to mitigate this complexity [14]. The conformable derivative is a
type of fractional derivative that aims to make the concept of fractional derivatives
more comprehensible and easier to compute [1]. By preserving some fundamental
properties of the classical derivative operator, the conformable derivative allows for
broader applicability of fractional derivatives. Therefore, it is increasingly used in
scientific research and engineering applications.

Many authors [3,4, 12, 20] consider the conformable fractional derivative and
Sturm-Liouville theory together.

Now, a brief explanation of two-parameter eigenvalue problems is provided. Ad-
ditionally, we will provide a general overview of some fundamental definitions and
accepted results in the field of fractional calculus. This will include a brief in-
troduction to the concepts and notations used in fractional calculus, and it also
encompasses a summary of some important results and theorems widely accepted
and utilized in the field.

Arscott [7] focused on a series of related eigenvalue problems common to a simple
linear homogeneous differential equation dependent on two parameters and stated
that the solution must satisfy three limiting conditions:

d*u
(1.1) 2 Tt uf(2) +g(2)}u=0,
(1.2) u(a) =u(b) =u(c) =0,

where, f(2) and g (z) are functions defined on the interval [a,c] and A and u are
spectral parameters. Here, this eigenvalue problem with two parameters has been
reduced to a one-parameter problem. The spectral properties of the two-parameter
eigenvalue operator such as orthogonality, the realness of eigenvalues, and the ex-
pansions theorem of eigenfunction have been investigated and some integral rela-
tions have been given. Additionally, various integration methods were examined,
and results were obtained [5,6]. In fact, the given problem is the case of a Sturm-
Liouville problem with multi-parameters and significant results are obtained [8].
In this study, consider the conformable eigenvalue problems with two parameters

(1.3) D (Dfu(t) +{A+ pf (£) + g (H)}u =0,
(1.4) u(a) =u(b) =u(c) =0,

where b € [a, ], f (t) and g (t) are real-valued continuous functions defined on the
interval [a,c] and A and p are spectral parameters. This paper aims to reduce
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two-parameter conformable eigenvalue problems to one-parameter problems; to in-
vestigate the orthogonality properties of eigenfunctions and the reality of eigenval-
ues; and to examine for integral relations that explain important connections and
relationships between different aspects of the problem.

1.1. The conformable fractional derivative. In this part, we give some basic
definitions and properties of the conformable fractional calculus theory [1,14].

Definition 1.1. Consider the function u : [0,00) — R. Then, the “conformable
fractional derivative (a— derivative)” of u order « € (0, 1] is defined by:

N . u(t+httT) —u(t
Dtu(t)::}llli% ( h) ()

Here, the symbol Dy is conformable fractional derivative of a—order with respect
to ¢.

If u is a—differentiable in some (0, ) and lim+Dt°‘u(t) exits, then define
=0
Dfu(0) = lim Dfu(t).
i u(0) e riad’ u(t)
If u is usual differentiable, then D{u(t) = t1=%u/(t).
One can easily show that Dy satisfies all the properties in the following theorem:

Theorem 1.2. Let a € (0,1] and u,v be a—differentiable at a point t. Then:

i. D¢ (u+nv) = €D (u) +nDg (v), for all &,m € R.
ii. D§ (tP) = ptP~ for all p € R.

iii. Dy (uwv) = Dy (u) v+ uDf (v).
iv. Dy () = vPi_uDi),
v. D¢ (¢c) =0, ¢ is a constant.

vi. If u is usual differentiable, then DY (f) (t) = tl’o‘%‘.

Definition 1.3. Consider the function w : [0,00) — R. Then, the “conformable
fractional integral (a— integral)” of w order a € (0, 1] is defined by:

t

Tou(t) ::/u(g)dafi /tfalu(f)dﬁ
0

0

for t > 0. Integral to the right of the last equality is the usual Riemann integral.

Theorem 1.4. Consider two a—differentiable functions u,v : [a,b] — R. Then,

b b

/u(t)ng(t)dat — |’ - /v(t)D?u(t)dat.

a a

This formula is called a—integration by parts.

2. SOME SPECTRAL PROPERTIES
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2.1. Reduction to one parameter problems. Let u(x) and u (y) be the solu-
tion of (1.3) and

(2.1) Uz, y) =u(z)u(y).
By a— differentiating twice equality (2.1) with respect to x and y, we have

D3 (DU (z,

x

y)) =Dg (Dgu(x))u (y),
(D;‘U (w,y)) =u (x) Dy (D;u (y)) .
Additionally, since u (x) and u (y) satisfy (1.3), the equations

(2.2)

a
Y

Dy (Dgu(z)) +{A+ puf (z) + g (z)}
DY (Dgu (y)) + A+ nf () +9 ()}

g e
s &
~— ~—
1
e L

can be written.
If the equations are multiplied by u (y) and u (x), respectively and after sub-
tracted side by side, from (2.2) we get

DS (DU (x,y)) =Dy (DyU (z,y))
H{u(f (@)= f(y)+g(x)—g@y)}U(z,y) =0.

As a result, the problem (1.3)-(1.4) is reduced to the one parameter eigenvalue
problem. Also, when the values z and y are any of the values a, b, ¢, using equality
(1.4), it is obtained that the boundary conditions of (2.3) are of the form

(2.3)

(2.4) U(z,y) =0.

2.2. Orthogonality properties. In this section, the orthogonality property are
examined separately for the one parameter and two parameter cases.

Let p be a constant in (1.3); uy (¢) and us (t) be solutions to the problem (1.3)-
(1.4) for different values of A; and Mg, respectively. Then, it can be written as
follows

Dy (Dfuy (1) + {1+ pf (6) + 9 ()} ua (8) =0,

D (Dffuz () + {A2 + puf (t) + g (t) }ua (1) = 0.

If above equations are multiplied by wus (t) and wq (¢), respectively and after
subtracted side by side, we obtain

D (Difuy (t) ug (t) — uy (t) Difug (t)) = {d2 — M }ua (t) ua (t)

Integrating for (t1,t2) = (a,b), (t1,t2) = (a,c) or (t1,t2) = (b,¢) and from
boundary conditions (1.4), we get

{)\2 — Al}/ul (t) U (t) dat =0.
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Considering \; # Ao yields

to

(2.5) / wr (8) s (£) dt = 0.

ty

The solutions of equation (1.3) corresponding to different values of A and p
provide a broader orthogonality relation. This concept of orthogonality is called
double orthogonality in the classical sense [7]. In conformable fractional calculus,
we express the concept of double orthogonality as follows.

Theorem 2.1. Suppose that vy (t) and vs (t) are the solutions of the problem (1.3)-
(1.4) for different values of (A1, 1) and (Mo, u2), respectively. Then,

T2 Y2

(2.6) / / or (@) o1 (4) v2 () v2 (1) [ () — f ()] daydaz =0,

1 Y1

where A1 # A2, u1 # po or both; (x1,x2) and (y1,y2) represent different values of
the values-pairs (a,b), (a,c), (b, c).

Proof. Suppose that vy (t) and v, (t) are the solutions of the problem (1.3) and

(2.7) Vi=V(z,y) =v; (x)v; (y),i=1,2.

Now, a—differentiating twice of the equality (2.7) with respect to x and y, we
have

(D3 Vi (x,y)) = D (Dgvi (2)) vi (y)

DS (DSVi (x,)) = v; () DS (DSv; ()

fori=1,2.
Let us first consider the equality Vi (x,y) = v1 (z) v1 (y) .
Since vy (z) and vy (y) satisfy (1.3), the following equations

D3 (Dgvy (x)) +{ A1+ pif (2) + g (z)} o1 (z) =0,
DS (DGvy () + {h + paf () + g ()} vi (y) =0

are provided. Multiplying these equations by v; (y), v1 (z), respectively and sub-
tracting gives

(2 8) Dg (ngl (fﬂ,y)) _D; (D;jvl (xay))
' +{p1 (f (x) = F () +9(x) — g ()} Vi (x,y) = 0.
Similarly, we get
Dg (Dg‘/Q (x,y)) 7D;é (D;% (if,y))

+{p2 (f () = f(y) +g(x) —g(y)}Va(z,y) =0

for Vo (z,y) = va (x) va2 (y) .

(2.9)
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After (2.8) is multiplied by V2 (x,y) and (2.9) is multiplied by V; (z,y) hence,
by subtraction,
[V2Dg (DEVA) = ViDg (DEVa)] + [ViDy (DyVe) — VeDy (DyVi)]
+ (2 — ) (f (2) = f(y)) ViVa = 0
is obtained. a—integrating both sides over the interval (z1,22) and (y1,y2) on the

last equation gives the following

T2 Y2

(2 — 1) / / (f (&) — f (1)) ViVadaydox
Tr1 Y1
Y2 T2 T2 Y2
://[VQD;* (D2V4) — ViD2 (D2V5)] daxday—f—//[VlD;‘ (DSVa) = VaD2 (D2VA)] daydez
Y1 T1 r1 Y1
Y2 T2 T2 Y2
- / / D2 [Va (DEVA) = Vi (D2Va)] doday + / / DE [Vi (DSVA) — Va (D3VA)] duydaz
Y1 T1 1 Y1
Y2 T2
— [0 (D2) = Vi DIV da + [ [V (D33) = Va (D5 VA)] 2 d
Y1 1

By virtue of boundary conditions (1.4), we obtain
T2 Y2
(2.10) (2 =) [ [ (7@ = £ ) ViVadaydaz =
1 Y1

Since p1 # po, we reach the result (2.6) from (2.7).
On the other hand, let p; = po and Ay # Ag. Then, the left side of the equality
(2.6) can be arranged as follows:

Y2

7f(x) vy () vy () dax/vl () va (y) day

1

x1
(2.11) e 2
[ 1000 0)day [ 01 (@) 02 (@) s
Y1 xr1
From (2.5), the proof is completed. O

2.3. The Reality of Eigenvalues.
Theorem 2.2. All eigenvalues of problem (1.3)-(1.4) are real.

Proof. The function wug (t) is an eigenfunction associated with the complex conju-

gate pair (Ao, io) and the function g (¢) is an eigenfunction associated with another
complex conjugate pair (/\0,%). Thus, if 1 = po, p2 = o, v1 = Ug, V2 = Ug IS
taken into account on the equality (2.10), the double orthogonality results, we have
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T2 Y2

(0 — po) (f () = f (y) uo (x) uo (y) 70 () W0 (y) daydar = 0.

1 Y1

Here, the integrand is not zero; since fig — po = 0, po is real.

On the other hand, let \g and Ay be eigenvalues of the same values of . Simi-
lar operations are performed for the ug (x),%g (z) eigenfunctions corresponding to
these values. From (2.11), it is obtained that

T2
/ luo|*dgz # 0
1

and since Ao = Ao, Ao is real.
Consequently, since Ag and pg are arbitrary, all eigenvalues of the problem (1.3)-
(1.4) are real. O

3. SOME INTEGRAL RELATIONS

In this section, two integral relationships are given. These are derived from
integral equations satisfied by the solutions of the problem (1.3)-(1.4).

Theorem 3.1. The function
(3.1) U (t) = / G (o) u (2) dos

is a solution of the equation (1.3) the following conditions are satisfied

i. The function u (x) is a solution of the equation

DE (DS (@) + {A + pf (@) + g (@)} u(w) = 0.

ii. The function G (t,x) is a solution of the conformable partial equation
Dy (DPG (t, ) — Dy (DYG (t,x) +{u(f () — f () +9(t) —g(2)} G =0.

iii. The function
G (t,x) D3 (u(x)) —u(x) D3 (G (t, 7))

has the same value at the endpoints of the intervals (a,b), (a,c), (b,c)
iv. The integral

exists.
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Proof. To complete the proof, we need to show that

(3-2) D (DFU @) +{A+pf (1) +9()}U (1) = 0.

By the existence of the integral in the condition (iv), the a—differential of (3.1)
under the integral sign can be taken. Thus,

D (DFU (@) +{A+pf () +9 ()} U (1)

Z2

:/[D? (DFG (t,2)) +{A + pf (1) + 9 ()} G (8 2)] u(z) daz

Z1

(3.3)

is obtained. Besides, from the condition (ii), it can be written as

D (DG (t,2)) +{A +uf () +9 (1)} G (¢, 2)
= D7 (DZG (t2) +{A+ pf (2) + 9 (2)} G (t,2).
The equality (3.4) is also taken into account on the equation (3.3), we have

D (DPU (8) +{A + pf (8) + 9 ()} U (2)

(3.4)

:/DS (DSG (t,x)) u(x) dam—i—/{)\—&—uf () +g(2)} G (t,2)u(x)dox

When a—partial integration is applied to the first integral on the last equality,
it is seen to be

D (DFU (@) +{A+uf (1) +9 ()} U (1)
= [D3 (G (t,2)) u(2) = G (t,2) DT (u ()]

Z1
Z2

+/[D§Z (Du () +{A + pf () + 9 ()} u (@)|G (¢, 2) da,

The first term on the last equation and the expression in square brackets in the
second term vanishes from conditions (iii) and (i), respectively.
As a result, the proof is completed by obtaining (3.2). O

Theorem 3.2. The function

T2 Y2

65 U= [ [1E@-fWIP ey u@ ) dayde
Z1 Y1

is a solution of the equation (1.3) the following conditions are satisfied

i. The functions u (x)and u (y) are the solutions of the equations

Dy (Dgu(z)) + {A + uf (z) + g ()}
Dy (Dyu(y) + {4+ uf (W) +9 @) uly) =

<
O
]

respectively.
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ii. P:= P (x,y,2) is a solution of following partial equation

{f (v) = f(2)} D (DZP) +{f (2) = f ()} Dy (DgP) +{f (z) — f (y)} D (DL P)
=—lg@){f) - +gW{f(z) - f@)}+gE){f(@) - fWHP
iii. The equalities

[(DEP)u(z) = P(x,y,2) Dyu(z)],; =0,

[(D;P) u(y) — P(z,y,2) Dyu (y)]y2 =0

Y1

are satisfied on the intervals (a,b), (a,c), (b, c).
iv. The integral

T2 Y2

/ (@) — F W)} P (g, 2)u (2) u (y) doydaz

1 Y1
is also exists and convergent.

Proof. To complete the proof, we need to show that

(3.6) D (DSU (2)) + A+ uf (2) + g ()} U (2) = 0.

By the existence of the integral in the condition (iv), the a—differential of (3.5)
under the integral sign can be taken. Therefore,

D2 (DU (2)) +{A+ pf (2) +9(2)} U (2)

T2 Y2

3.7 - / / {f (@) - f ()} (D2 (D2P)

+{A+uf(2) + 9 ()} P (2,y,2)] u (@) u(y) daydaw

is obtained. Besides, with the help of the equality on the condition (ii), the inte-
grand on the equation (3.7) is rearranged as follows

[{f (2) = f ()} DY (DZP) +{f () — f (2)} Dy (Dy P) = F (2,y,2)
(3-8) +{A+uf () +9 @S (2) = f W)} Plu(z)u(y),

where

Fzy,z) =g @) {f(y) =} +9W){f(z) = F @)} + 9 () {f (&) = F W)} P (2,9, 2).
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Then, the function (3.8) is taken into account on the equation (3.7), we have
DI (DU (2)) +{A+ uf (2) + 9 (2)} U (2)

- / ()~ F @)} u) / D (D2P) u (z) dyzday

(3.9) + / {f@)—f(2)}u (x)/Dg (Dg P)u(y) daydazx

—{A+uf (@) +9@HS (@) = F (W)} P (z,y, 2)] u () u(y) daydaz.

By applying a—partial integration twice to the integrals

2 Y2
[z @ePu@dar, [ D (05P) ) duy
1 Cht
on the equality (3.9) respectively,

Z2

/ DE (DEP) u () do = [(D2P)u(z) — PD%u (2)]" + / PD? (D%u) (x) dat,

T
T1

/ Dy (DyP) u(y)day = [(Dyg P)u(y) —PD;u(y)]zj + / PDy (Dyu) (y) day

are obtained. Here, the first terms on the right-hand side of these equalities vanish
on the intervals (a,b), (a,c), (b,c). Then, the equality (3.9) is rearranged that

DE(DEU (2)) + (A4 uf (2) + 9 ()} U (2)
- / / {f(2) — £ )} u () {D2 (D) () + g()u ()} Pdoydaz

1 Y1

(3.10) +//{f (z) — f (2)}u(z) {Dg (Do) (y) + g(y)u (y) } Pdaydazx

1 Y1

T2 Y2

+ / / Ot (D) F () — £ )} () u(y) Pdaydac.

On the other hand, the condition (i) can be written as follows

e (Dgu) (2) + g(@)u(z) = —{A + puf (2)}u (),
D¢ (Dgu) (y) + g(y)u (y) = —{A+ pf ()} uly).
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If these last representations are taken into consideration in the equation (3.10),
we reach

D2 (D2U (2)) +{A+ puf (2) +9(2)} U (2)

a1y = [ [0+ @+ ) - F@ A+ nf W)
+{f () = F WA+ uf ()} u (@) u(y) Pdaydez = 0.
As a result, the proof is completed by obtaining (3.6). O

4. CONCLUSION

In this study, the focus was initially on classical two-parameter eigenvalue prob-
lems. These problems with two parameters have been transformed into one-parameter
eigenvalue problems using specific methodologies. Throughout this transformation
process, the orthogonal properties of the eigenvalue problems have been empha-
sized, and certain integral relationships have been established. The recalculation
of transitions in the relevant theorems was necessary to obtain the main results.
Consequently, the two-parameter eigenvalue problems were formulated using con-
formable fractional derivatives, and their related properties were examined. Subse-
quently, these problems were transformed from a two-parameter to a one-parameter
format with the help to the properties of conformable fractional derivatives. The
research particularly emphasized the reality of the eigenvalues and presented spe-
cific integral relationships. And, it was seen to coincide with Arscott’s work [7]
when the case a = 1.
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ABSTRACT. In this paper, we deal with Hill’ s equation with symmetric single
well potential. We find the lower and upper boundaries of the difference be-
tween Dirichlet and Neumann eigenvalues of Hill’ s equation. We also calculate
the eigenvalues of Hill’ s equation with two mixed problems, asymptotically.

1. INTRODUCTION

We consider the following differential equation

(1.1) y' )+ A —a®)]yt)=0

where \ is a real parameter and ¢ (¢) is a real-valued, continuous and periodic
function with period a. We also accept that ¢ (¢) is a symmetric single well potential
with mean value zero. By a symmetric single well potential on [0,a], we mean
a continuous function ¢ (t) on [0,a] which is symmetric about ¢ = & and non-
increasing on [0, %], so we can say that q(t) = g(a —t) and ¢/(t) exist because of
monotony. In literature, a lot of researchers deal with this equation with various
boundary conditions, various potentials and they find eigenfunctions, eigenvalues,
the expression of Green’ s function and instability intervals. Some of those are [1]-
[14]. Here we calculate the lower and upper boundaries of the difference between
Dirichlet and Neumann eigenvalues of (1.1). We also obtain the eigenvalues of (1.1)
with mixed problems.

Let us explain the these problems in the following section (More details can be

seen in [11]):

2. PRELIMINARIES

We begin with the general second-order equation
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(2.1) ao(2)y" () + a1(2)y'(z) + az(x)y(z) =0

in which the coefficients a,.(x) are complex-valued, piecewise continuous, and peri-
odic, all with the same period a. Thus

ar(x + a) = ar(x) (0<r<2)

where a is a non-zero real constant. It is also assumed that the left and right-
hand limits of ag(x) at every point are non-zero, so that the usual theory of linear
differential equations without singular points applies.

The name of Hill’ s equation is given to the equation

(2.2) {P(2)y' ()} + Q(z)y(z) =0
where P(x) and Q(z) are real-valued and have the same period a. In addition, it
is assumed that P(x) is continuous and nowhere zero and that P’(z) and Q(x) are
piecewise continuous. Thus (2.2) is a particular case of (2.1) and it is named after
G. W. Hill following his work on it 1877.

When we write p(x) instead of P(x) and Q(z) involves a real parameter A in the
form

Qz) = As(w) — a(w)

where s(x) and ¢(z) are piecewise continuous with period @ and there is a constant
s > 0 such that s(z) > s. (2.2) is now

(2.3) {p(@)y (@)} + {As(2) — a(@)} y(a) = 0.
In order to indicate the depence on A which occurs in (2.3), we write ¢ (z, A)
and ¢z (z, A) for the solutions of (2.3) which satisfy the initial conditions

$1(0,A) =1, ¢1(0,A) =0; $2(0,A) =0, ¢5(0,\) =1.
Let us define the discriminant as

(2.4) D)) == ¢1(a, \) + ¢,2(a7 A).

Although the parameter A is taken to be real here, it is sometimes necessary to
allow it to be complex. Whether A is real or complex, ¢1(x, \) and ¢2(x, A), and
their x— derivatives are, for fixed xz, analytic functions of A\. Hence, by (2.4), D()\)
is an analytic function of A. Since, in particular, D()) is a continuous function of A,
the values of A for which |D(A)| < 2 for an open set on the real A—axis. This set,
which as we shall see is not empty, can be expressed as the union of a countable
collection of disjoint open intervals. (2.3) is stable when A lies in these intervals,
and the intervals are therefore called the stability intervals of (2.3). Similarly, the
intervals in which |D(A)| > 2 are called the instability intervals of (2.3). Finally,
the intervals formed by the closures of the stability intervals are, those in which
|D(M)| < 2the conditional stability intervals of are called (2.3). [11] establishes the
existence of the stability and instability intervals and gives a precise description of
them.

The periodic eigenvalue problem comprises (2.3), considered to hold in [0, a], and
the periodic boundary conditions
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y(a) =y(0), ¥'(a)=1y'(0)
and the eigenvalues A\, of this problem satisfy

MM < XA<---,and N\, — 00 as n — oo.

Also, A, are the zeros of the function D(A\) — 2 and that a given A, is a double
eigenvalue if and only if

ba2(a, A\n) = ¢ (a,\,) = 0.
The semi-periodic (or called as anti-periodic) eigenvalue problem comprises (2.3),
considered to hold in [0, a], and the semi-periodic boundary conditions

y(a) = —y(0), y'(a) = —y'(0)
and the eigenvalues pu,, of this problem satisfy

po < pp < pg <---,and  pp, —> 00 as n — 0.

Also, p, are the zeros of the function D(A) 4+ 2 and that a given u, is a double
eigenvalue if and only if

(152(@7#”) :(bll(avﬂn) =0.
We also know [11]
Ao <po Spp <AL <A <ppe <z < A3 < A3 <

We denote also by A,, and v,, respectively the eigenvalues in the two eigenvalue
problems which comprise (2.3), considered to hold in [0,a], and the two sets of
boundary conditions

(2.5) y(0) = y(a) = 0
and
(2.6) y'(0) = y'(a) = 0.

The equation (2.5) is named as Dirichlet condition, whereas (2.6) is named as
Neumann condition. Also from [11], n =10,1,2,---

(2.7) ton < Aoy < plony, Aong1 < Aoptr < Aonga,

(2.8) ton < Vapy1 < Uopsi, A2nt1 < Vopgo < Aanga.

Let us apply to (2.3) the Liouville transformation

t:/m [s(u) /p(w)]'/? du,  2(t) = [p(x)s(2)]" y(x).
0

The transformed equation is

(2.9) 2"+ A= Q)z(t)] =0
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where
d d

Q) = aw) — [p@)]"* [s()] ~*/* L p(a)

- [pla)s(@)] 7"

It can be seen that the parameter A is unchanged. Also, the periodic and semi-
periodic boundary conditions for the z— interval [0, a] are transformed into bound-
ary conditions of the same type for the corresponding t— interval. Hence, the
periodic (A,) and semi-periodic (p,,) eigenvalues for (2.9) are the same as for (2.3).
We note that Q(t) is 7 times differentiable if ¢"(z), p"*?(x) and s"2(z) all exist
and we can’t apply the Liouville transformation if p” and ¢” do not exist.

3. THE RESULTS

In this part, we provide our results. Firstly, let us give two mixed problem with
Hill’ s equation for ¢ € [0,a/2]:
The Mixed Problem 1

v )+ N —a®]y ) =
y'(0) =y(a/2) =0,

and its eigenvalue is denoted as A\M1;
The Mixed Problem 2

y' )+ —a®]yt)=0
y(0) ='(a/2) =0,

and its eigenvalue is denoted as AM2.

Theorem 3.1. The lower and upper boundaries of the difference between Dirichlet
and Neumann eigenvalues of (1.1) on [0,a] satisfy, as n — oo

i)

@
(2n +1)% 72
< Aoy — vopt1

- : Yo(n~?)

/Oa/2 ¢ (t)sin (2(2n + 1)7715) dt

a
<

e +o(n Y,
T @2n+1)n2 o (™)

/Oa/2 ¢ (t)sin (2(2" i 1>7Tt> dt

a
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a/2
a . (4n+ D)7
8(n+1)2ﬂ'2 /0 q/(t)sm( ( : )t) dt

< Agpt1 — Vanto

Yo(n~?)

a/2 4 1
< % / ¢’ (t)sin (Wt> dt|+o(n™?%).
8(n+1) 72 |Jo a
Proof. If we subtract (2.8) from (2.7), we reach that
(3.1) Pan — H2nt1 < Nop — Va1 < flant1 — Han,
(3.2) A2nt1 — Aont2 < Aopy1 — vent2 < Aang2 — Aongr-

We also have from [1] that the periodic and semi-periodic eigenvalues of (1.1) on
[0, a] satisfy, as n — oo

1/2 2 1 (1./2 4 1
)\%7;1 = (n+ )ﬂjF ¢ 2 5 / q' (t)sin ((n+ )wt) dt
Aonta a 8(n+1)"7* |Jo a

a2

64 (n +1)° 73

a/2 a/2
x |aq® (a) —|—2a/ q(t)q (t) dt—4/ tq(t)q (t)dt| +o(n?)
0 0
and
12 2n + 1 a/2 2(2n + 1
(N R L / q’(t)sin(( ne )Wt)dt
Hant1 a 2(2n+1)" 72 |Jo a

a2

8(2n +1)% x3

a/2 a/2
X a2a a ! — !
[q<>+2/0 () () dt 4/0 tq (t) q' () dt

+o0 (nig) .

If we use this results and equations (3.1) and (3.2), we prove the theorem.
Notice that, the problems are on [0, a], but we can write our solutions on [0, a/2]
because of symmetric single well potential g.
(I

Theorem 3.2. The eigenvalues of the Mized Problem 1 and the Mixed Problem 2
satisfy, as n — oo

i
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{AM1]1/2:P\M2}1/2 _ (2n:1)7r
a
2(2n 4 1)° 72
a2

8(2n+1)% 73

a/2 a/2
x [an(a)—i-Qa /0 g(t)q (H)dt — 4 /0 tq(t)q’(t)dt]

!AWQd(ﬂﬁn(Qanlﬁ%>dt

+ o(n7?),
i)
My 112 M 112 2n+ D)
|:)‘2n+1i| = |: 2n+1] = a
a/2 2(2n + 1
% / q’ (t) sin <(n+)7‘rt> dt
2(2n+1)" 72 |Jo a
a2

8(2n+1)° 73
a/2 a/2
X [an (a) + 2a/0 q(t)q (t)dt — 4/0 tq(t)q (t) dt]

+ o (n_3) .

Proof. Firstly, it can be note that u is the eigenvalues of Hill’s equation on the
interval [0, a] but the eigenvalues of mixed problems is for Hill’ s equation on the
interval [0,a/2]. [4] doesn’ t entirely give mixed eigenvalues but it gives some
properties for the mixed eigenvalues and proves that, if you have a symmetric
potential

A=A =y,

is satisfied. Our potential is symmetric single well, so we can use this equality. From

this equality and uéf and ué{li_l (above given from [1]), we prove the theorem and
hence, we can give asymptotic eigenvalues. (I

4. CONCLUSIONS

In this study, we find some asymptotic eigenvalues of Hill’'s equation. Our po-
tential is symmetric single well, so we show that we can write our results on the
half interval, we don’t need to give asymptotic eigenvalues on the whole interval of
the problem, the half interval is enough.
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ABSTRACT. In this paper, we investigate various types of convergence for se-
quences of functions and examine the relationships among these types. Our
findings contribute to a deeper understanding of the structural properties of
function sequences and their convergence behaviors.

1. INTRODUCTION

The study of convergence for sequences of functions is a fundamental topic in
mathematical analysis, with significant implications in various branches of math-
ematics and applied sciences. Convergence types such as pointwise convergence,
uniform convergence, and a—convergence provide different lenses through which
we can understand the behavior of function sequences under various conditions.
These convergence concepts are crucial for solving differential equations, analyzing
function spaces, and understanding the limits of functions in mathematical model-
ing.

In this paper, we aim to systematically investigate the different types of conver-
gence for sequences of functions and elucidate the relationships between them. We
begin by defining the basic concepts and notations used throughout the paper.

2. PRELIMINARIES

Let X be a non-empty subset of R. The set of real-valued functions defined on
X is denoted by F(X,R):

F:=F(X,R)={h|h:X —R}.

The family of function sequences defined over X is denoted by F.S(X). For sim-
plicity, if the domain of functions is known, F'S(X) is abbreviated to F'S.

FS ={(hy):Vn €N, h, € F}.
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2020 Mathematics Subject Classification. 40A30, 26A99.
Key words and phrases. Function sequence, Boundedness, Convergence.
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Definition 2.1. ([10]) Let (h,) € F'S be given. If there exists a function C' € F
such that for every ¢ € X and every n € N, |h,, ()| < C (t) holds, then the function
sequence (h;,) is said to be pointwise bounded on X.

The family of pointwise bounded function sequences is denoted by PBFS(X).
For simplicity, if the domain of functions is known, PBFS(X) is abbreviated to
PBFS.

PBFS ={(h,) € FS:3C € F:VneN, |h,| < C}.

Example 2.2. On the interval X = (0, 1), the sequence of functions (h,) defined
by h,(t) = n/(nt+ 1) for each n € N is pointwise bounded by C(t) = 1/t.

Proposition 2.3. The necessary and sufficient condition for a function sequence
(hn) € F'S to be pointwise bounded is that sup,, ¢y |hn(t)] < oo for all t € X.

Proof. Let (hy,) € PBFS andlett € X be given. In this case, there exists a function
C € F such that for every n € N, |h,,(t)| < C(¢t). Taking the supremum, we have
sup,en |n(t)] < C(t) < co. On the other hand, suppose sup,,cy |hn(t)] < oo for
every t € X. Then, for each t € X, define C(t) := sup,cy |hn(t)]. Obviously,
C € F, and for every n € N, |h,| < C holds. Thus, (hy,) is pointwise bounded. O

Definition 2.4. ([10]) Let (hy,) € F'S be given. If there exists a number M > 0
such that for every ¢t € X and every n € N, |h,,(¢)| < M holds, then the function
sequence (h;) is said to be uniformly bounded on X.

The family of function sequences that are uniformly bounded on X is denoted
by UBFS(X). For simplicity, if the domain of functions is known, UBFS(X) is
abbreviated to UBF'S.

UBFS ={(h,) € FS:3IM >0:VneN, |h,| < M.}

Example 2.5. On X = [0, 1], the sequence of functions (h,,) defined by h,,(t) = t/n
for each n € N is uniformly bounded with K = 1.

Proposition 2.6. A function sequence (h,) € F'S is uniformly bounded if and
only if sup,, ¢y sup,e x |hn(t)] < 00.

Proof. Let (hy,) be a sequence on set X that is uniformly bounded. In other words,
there exists K > 0 such that for every ¢t € X and every n € N, |h, ()| < K. Then,
taking the supremum over n and ¢, we have sup, cysSup;cy |hn(t)] < K < oo,
satisfying the desired condition.

Conversely, if sup,,cysup,ex |hn(t)] = K < oo, then for every t € X and every
n € N, |h,(t)] < K. This shows that the sequence (h,,) is uniformly bounded on
X. O

Remark 2.7. In Definition 2.1, if we choose the function C to be the number M
mentioned in Definition 2.4, such that for every t € X, C(z) = K, then it can
be seen that every uniformly bounded function sequence is pointwise bounded:
PBFS C UBFS. Nevertheless, the reverse of this does not hold. The func-
tion sequence given in Example 2.2 is pointwise bounded on X but not uniformly
bounded.

What conditions need to be imposed on the set X for UBF'S = PBF'S to hold?
The answer is provided in the proposition below.

Proposition 2.8. If X is a finite set, then UBF'S = PBF'S.
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Proof. Let X be a finite set. It’s clear that UBFS C PBFS. Let (h,) € PBFS be
arbitrary. Then there exists a function C': X — R™ such that for every ¢t € X and
every n € N, |h,(t)] < C(t). Since X is finite, we can choose K = max;exC(t),
and for every n € N and every t € X, |h,(¢t)] < K. Thus, PBFS C UBFS. O

If X is not finite, can Proposition 2.8 still hold true? Is it possible to eliminate
the condition that the set X is finite? The answer to these questions is provided in
the remark below.

Remark 2.9. If X is infinite, then it has a countable subset S = {¢1, o, - }. With-
out loss of generality, we can choose (,,) to be a monotone sequence. This leads to
two cases:

(i) lim [t,| = o0

(ii) limt,| =a < o0
In (i)

n|t|
() = EE xes
0, te X\ S
In (ii) X
n—
, T€ES
hp(t) = { n(|t| — a)
0, te X\ S

is pointwise bounded but not uniformly bounded. Thus, the condition that X must
be finite cannot be removed for the equality UBFS = PBF'S.

3. SOME CONVERGENCE TYPES OF FUNCTION SEQUENCES
3.1. Pointiwse Convergence.

Definition 3.1. ([10]) Let (hy) € F'S and h € F be given. If for every ¢t € X,
lim,, o0 by (t) = h(t) holds, then the sequence (h,,) is said to converge pointwise to

the function h on the set X, and it is denoted by h,, X h

The above definition can also be expressed as follows: The sequence (h,,) is said
to converge pointwise to the function h on the set X if for every ¢ > 0 and every
t € X, there exists a natural number ng such that for every n > ng, |h,(t)—h(t)| < e
holds.

If the convergence set is specified, for simplicity, A, X his replaced with h,, — h.
The family of pointwise convergent function sequences on set X is denoted by
PCFS(X). If the domain set is specified, for simplicity, PCFS(X) is replaced
with PCFS.

PCFS = {(hn) EFS:3neF:VteX, lim hy(t) = h(t)}

Example 3.2. h, : [0,1] — R defined by h, () = t", the sequence (h,,) of functions
is pointwise convergent on [0, 1] to the function

1 ot=1
h(t):{o, teo1).

Proposition 3.3. PCFS C PBFS.
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Proof. Let (hy,) be a sequence in PCFS and let t € X. Then, there exists an
ng € N such that for every n > ng, |hn(t) — h(t)| < 1. From this, we have
Let C(t) := maxiex {|h1(2)], [h2(®)], ..., [hng—1()], |h(¢)| + 1}. Performing this
operation for every t € X, we define the function C on X such that for every n € N
and every t € X,
[ha(t)] < C(2)
Thus, (h,) is pointwise bounded on X. O

3.2. Uniform Convergence.

Definition 3.4. [10] Let (h,,) € F'S and h € F be given. If for every ¢ > 0,
there exists a natural number ny € N such that for every n > ng and every t € X,
|hn(t) — h(t)| < €, then the sequence (h,) is said to converge uniformly to the

X
function h on the set X, and it is denoted by h,, = h.

If the convergence set is specified, for simplicity, A, é& h is replaced with h,, = h.
The family of uniformly convergent function sequences on set X is denoted by
UCFS(X). If the domain set is specified, for simplicity, UCFS(X) is replaced
with UCF'S.

UCFS = {(hy) € FS:Ve > 0,3ng : Vt € X, Vn > ng, |hn(t) — h(t)| < €}

Example 3.5. The sequence of functions (h,) defined by h,(t) = t/n for every
n € N is uniformly convergent to the function h(t) = 0 on the interval [0, 1].

Remark 3.6. It is evident that UCFS is a subset of PCFS, Nevertheless, the
reverse of this does not hold. Even though the function sequence given in Example
3.2 is pointwise convergent, it is not uniformly convergent.

Under what conditions on the set X does UCFS = PCF'S hold? The answer is
provided in the proposition below.

Proposition 3.7. If X is a finite set, then UCF'S = PCF'S holds.

Proof. Let X be a finite set. It is obvious that PCFS c UCFS. Let h, — h
for functions h and h,, defined on the finite set X = {t1, - ,tr}, and let € >
0 be arbitrary. Then, there exist nq,---,nr € N such that for every n > n;,
|hn(ti) — h(t;)| < e for i = 1,k. If we choose N = max;<;<i n;, then for every
n > N, we have sup,c x |h,(t) — h(t)| < e. Thus, UCFS C PCFS is satisfied. O

If X is not finite, can Proposition 3.7 still hold true? Can the requirement that
the set X be finite be removed? The answer to these questions is provided in the
remark below.

Remark 3.8. If X is infinite, then it has a countable subset S = {¢1, 2, - - }. With-
out loss of generality, we can choose () to be a monotone sequence. This leads to
two cases:
(i) lim [t,| = o0
(i) lim|ty] =a < o0
In (i)
arctan i te S
hn(t) = n’
0, te X\S



SOME CONVERGENCE TYPES OF FUNCTION SEQUENCES AND THEIR RELATIONS 35

In (i)

"
— t
I (1) = <a , 1€5
0, te X\ S

is pointwise convergent but not uniformly convergent. Thus, the condition that X
must be finite cannot be removed for the equality UBFS = PBF'S.

3.3. Relationships Between Types of Boundedness and Convergence on
Certain Sets. Let a sequence (h,) € F'S be given. Here, given S as any finite set,
some examples of the relationships between types of boundedness and convergence
according to the set X can be provided as follows: For each n € N|

(1) Let X € {[0,1],(0,1),S,N,R} and h,, : X — R be defined as h,(t) =
n|t| + n. Then the sequence of functions (h,) is not in PBF'S.

(2) Let X € {[0,1],(0,1),R} and hy, : X — R be defined as h,(t) = ((—1)"nt)/(1+

nt?). The sequence of functions (h,,) is in PBFS, but it is not in PCFS.

(3) Let hy, : N = R be defined as h,(t) = (—1)"t. The sequence of functions
(hy) is in PBF'S, but it is not in both PCFS and UBF'S.

(4) For X € {[0,1],(0,1),S,N,R}, let h,, : X — R be defined as h,(t) =
(=1)"sint. The sequence of functions (hy) is in UBF'S, but it is not in
PCFS.

(5) For X € {[0,1],(0,1)}, let h,, : X — R be defined as h,,(¢t) = ¢™ for each
n € N. The sequence of functions (h,) is in both UBF'S and PCFS, but
it is not in UCF'S.

(6) For X € {N,R}, let h,, : X — R be defined as h,(t) = arctan(t/n). The
sequence of functions (hy,) is in both UBF'S and PCFS, but it is not in
UCFS.

(7) For X € {[0,1],(0,1), S,N,R}, let h,, : X — R be defined as h,,(t) = sint/n.
Then the sequence of functions (hy,) is in both UBFS and UCF'S.

(8) Let hy, : [0,1] — R be defined as

n—t
hn(t) = nt

The sequence of functions (h,,) is in UCFS, but it is not in UBF'S.
(9) Let hy : (0,1) = R be defined as h,(t) = (n —t)/(nt). The sequence of
functions (h,,) is in UCF'S, but it is not in UBF'S.

(10) For X € {N,R}, let h,, : X — R be defined as h,(t) = t+ 1/n. The
sequence of functions (hy,) is in UCF'S, but it is not in UBF'S.

(11) For X € {[0,1],(0,1),R}, let h, : X — R be defined as h,(t) = (nt)/(1 +
nt?). The sequence of functions (h,) is in PCFS, but it is not in both
UBFS and UCFS.

(12) Let h, : N — R be defined as h,,(t) = t?/n + t. The sequence of functions
(hy) is in PCFS, but it is not in both UBF'S and UCFS.
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X | [0,1] (0,1) S N R
RNty (1) (1) (1) (1)
(2 (2) (Prop. 2.8) (3) (2)

(4) (4) (4) (4) (4)
m| 5 (5) (Prop. 3.7) 0 (6) (6)
O (7) (7) (7) (7)

(8) (9) (Prop. 2.8) 0 (10) | (10)
|| (11 (11) (Prop. 3.7) 0 (12) (11)

TABLE 1. Relations between F'S-PBFS-UBFS-PCFS-UCFS.

[pcrs [ucrs| |

FS | PBES | UBFS
PCFS | UCFS

FS | PBFS | UBFS
PCFS | UCFS

FD | PBFS | UBFS
PCFS | UCFS

FS | PBFS | UBFS
PCFS | UCFS
FS | PBFS | UBFS
PCFS | UCFS

FIGURE 1. Relations between F'S-PBFS-UBFS-PCFS-UCFS
on [0,1],(0,1),N and R.

PBFS | UBFS
\ vcrs | |
| FS | PBFS | UBFS
| PCFS | UCFs
FS_ | PBFS | UBFS
PCFS | UCFS

FIGURE 2. Relations Between FS-PBFS-UBFS-PCFS-UCFS
on Finite Set S.
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3.4. a—convergence.

Definition 3.9. ([4]) Let (hy,) € F'S and h € F be given. If for every t € X and
for every sequence (t,) in X such that ¢, — ¢, we have h,(t,) — h(t), then the
sequence (hy,) is said to be a-convergent to the function h on the set X, and it is

denoted by hy, 254 h.

If the convergence set is specified, for simplicity, h, §>a h is replaced with
hp —a h. The family of a-convergent function sequences on set X is denoted by
aCFS (X). If the domain set is specified, for simplicity, «CFS (X) is replaced
with aCF'S.

aCFS = {(hn) € FS :Vt € X,V(t)(tn — t) = hp(ty) — h(t)}.

In [2], Athanassiadou et al. (2015) have proven the proposition equivalent to the
definition of a-convergence.

Proposition 3.10. ([2]) A necessary and sufficient condition for h, X4 h is that
for every given € > 0 and every ty € X, there exist d(g,t9) > 0 and no(e,t9) € N
such that for every ¢t € X satisfying [t — to| < 8, we have |h,(t) — h(to)| < e.

From here, the following question can be asked: Is there a relationship between
a-convergence and other types of convergence, as there is between uniform and
pointwise convergence? The answer to this question is provided in the following
examples.

Example 3.11. For every n € N, let h,, : [0,1] — R be defined as h,,(¢t) = ¢t". The
sequence (h,) is pointwise convergent to the function

h(t) = {1, t=1

0, 0<t«1
while it is not a-convergent.

Example 3.12. Let f : R — R be a discontinuous function, and consider an
arbitrary sequence (t,) converging to t such that h,(¢,) 4 h(t). If we choose h,
such that h,, = h for every n € N, then h,, 4 h, although h,, = h.

Example 3.13. For every n € N, let h,, : (0,1] — R be defined as follow,

ha(t) = 1—nt, 0<t<1/n
o, I/n<t<l1.

Then, h,, & 0, but h,, —4 0.

One might wonder: Under what conditions can connections between different
types of convergence be made? Below are some of the situations where such con-
nections occur.

Proposition 3.14. ([7]) X C R and let h,h, : X — R for every n € N. In this
case,
a) If h, —4 h, then h, — h.
(b) If h, = h and h is continuous, then h,, —, h.
¢) If X is a compact set and h,, = h, then h,, = h.
) X is compact if and only if h,, —, h implies h,, = h.
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Which properties need to be imposed on the set X for aCFS = PCFS =
UCFS? The answer to this question is provided in the proposition below.

Proposition 3.15. If X is a finite set then «CFS = PCFS =UCFS.

Proof. Let X = {t1,t2, -+ ,tx} be a finite set. According to Proposition 3.7,
UCFS = PCFS on X. It suffices to show that PCFS C aCFS. Let (¢,) C X
be an arbitrary sequence converging to t; (t; € X) with lim,, o by, = h. Then,
there exists an n; € N such that for all n > n;, |h,(t;) — h(t;)] < €. Since X is
a finite set, for any convergent sequence defined on this set, after a certain index,
every term will be the same. Therefore, there exists m; € N such that for all n > 7,
|t —ti;] = 0. Choosing ¢ as any positive number and ng = max{n;,n;}, for all
n 2 no,

[hn(tn) = h(ti)| = |hn(tn) = hn(ti)] + |hn(ti) — h(t:)| <O0+e=e¢
Therefore, (h,) € aCFS, and PCFS C aCF'S is established. O

Proposition 3.15 can also be proven using Proposition 3.14 (b) and (d) aimed at
showing aC'FS = UCFS.

Proposition 3.16. Let X be a countable set without accumulation points, and let
(hyp) € F'S and h € F be given. Then, h,, —, h < h,, — h.

Proof. The necessary condition is clear from Proposition 3.14 (a). On the other
hand, suppose h, — h for any arbitrary ¢t € X and ¢ > 0. Then, there exists
an n: € N such that for every n > ng, |hy(t) — h(t)] < e. Now, choosing § <
inf{|t; —t;| : t;,t; € X,i # j} and my = ny, for every y € X such that |y —t| < 0
and every n > T, we have |hy(y) — h(t)| = |hn(t) — h(t)] < €. O

Proposition 3.17. If K C R is a compact set and h,, i()a h, then (h,) € UBF'S.

Proof. Let’s assume that h,, K ah, and for each i € I, t; € K is given. For ¢ = 1,
there exist ; > 0 and n; € N such that for all t € K satisfying |t — t;| < ¢; and

all n > ny, |hy(tn) — h(t;)] < 1. Since hy, Ko h, his continuous and attains its
maximum value ||h||oc = maxie i |h(t)] on the compact set K. Hence,

[hn(B)] = [h(E:)] < [ha(t) = h(t:)] <1 = [ha(t)] < 1+ [h(t:)] <1+ ||h]|oc = Mo.
Here, B = {J,,c i B(ti,d;) is an open cover of the compact set K, which has a finite

subcover. Without loss of generality, let’s consider this subcover as Uf:l B(t;,0;).

By choosing M; = max{|h1(t;)|, |h2(t:)|, - s |hAno—1(t:)], Mo} for each i, and then
selecting M = maxy<;<j M;, we ensure that for all t € K and all n € N, |h,(t)| <
M. Therefore, the sequence (h,,) is uniformly bounded on X. O

3.5. Relationships Between a— Convergence, Boundedness, and Other
Types of Convergence On Some Sets. Let a sequence (h,) € FS be given.
Here, some examples of the relationships between types of boundedness and con-
vergence according to the structure of the set X, with S denoting any finite set,
can be given as follows: For each n € N
(13) Let Ay, : (0,1) = R, hy,(t) = nt™(1 —t). The sequence of functions (h,,)
belongs to both PCFS and UBFS. However, the sequence (h,) does not
belong to either aC'F'S or UCFS.
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(14)

(15)

(16)

(18)

(19)

(20)

(21)

(22)

Let h, : R — R, h,(t) = (nt)/(1 + n?t?). The sequence of functions (h,,)
belongs to both PCFS and UBF'S. However, the sequence (h,,) does not
belong to either UCFS or aCFS.

For X € {[0,1],(0,1)}, let hy, : X — R,

L, t<

fn() = {t/n t >

The sequence of functions (h,,) belongs to both UCFS and UBF'S. How-
ever, the sequence (h,) does not belong to aCF'S.

N~ D[~

Let h, : R = R,
int
n+s1n’ £ 0
n
o (t) =
nsm7 t<0
n

The sequence of functions (h,,) belongs to both UCFS and UBF'S. How-
ever, the sequence (h,) does not belong to aCF'S.

Let hy : (0,1) = R,
tt+3)", 0<t<i
1 5 n 1 1
() = G-0)G-1)", 1st<3
" 0 o<1 L
) 2 — 7 = 2n
n+2n’(t—1), 1-<<t<1

The sequence of functions (h,,) belongs to PCFS, but it does not belong to
UBFS, UCFS, or aCFS.

For X €{[0,1],(0,1),R} and let h,, : X — R.
n—t
—, O0<t<?
hn(t) =4 nt’ 2
1, otherwise

The sequence of functions (h,,) belongs to UBF'S, UCFS, and aCFS.
Let h, : (0,1) = R,

1—nt, 0<t<t
hn(t): 1 "
0, ~<t<l1

The sequence of functions (h,) is in UBFS and «CFS, but it is not in
UCFS.
Let h, : N =R,

() = {0, t>n

1, t<n

The sequence of functions (h,) is in UBFS and aCF'S, but it is not in
UCFS.

For X € {[0,1],(0,1),S,N,N,R}, let hy, : X — R, hp(t) = 1/(n|t] + n).
The sequence of functions (hy,) is in UBFS, UCFS, and aCFS.

Let hy, : (0,1) = R, h,(t) = n/(nt + 1). The sequence of functions (h,,) is
in aCF'S, but it is not in UBFS or UCF'S.
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[0,1] 0,1) s N R

o 0 0 0 0 0
[ | (2) (2) (Prop. 2.8) 0 (3) (2)
@) M @ @ 1)

(5) (13) (Prop. 3.15) 0 (Prop. 3.16) 0 (14)

(15) (15) (Prop. 3.15) 0 (Prop. 3.16) 0 (16)

(11) (17) (Prop.3.15) 0 (Prop. 3.16) 0 (11)

(18) (18) (Prop. 3.15) 0 (Prop. 3.16) 0 (18)

B | (Prop. 3.14 (¢)) 0 | (19) (Prop. 3.15) 0 (20) (6)
O (21) (21) (21) (21) (21)
(Prop. 3.17) 0 9) (Prop. 2.8) 0 (10) (10)
| (Prop. 3.17) 0 (22) (Prop. 3.15) 0 (12) (12)

TABLE 2. Relations Between F'S-PBFS-UBFS-PCFS-UCFS-aCFE'S.

aCFS on (0,1) and R.

7
Fers

Fers

FS | PBFS | UBFS
PCFS | UCFS | aCFS
FS | PBFS | UBFS
PCES | UCFS | aCFS
FS | PBFS | UBFS
PCFS | UCFS | oCFS
FS | PBFS | UBFS
PCFS | UCFS | aCFS

FS PBFS | UBFS
PCFS | UCFS | oCFS

FS | PBFS | UBFS
PCFS | UCFS | aCFS

FES | PBFS | UBFS
PCFS | UCFS | aCFS

FIGURE 3. Relations Between FS-PBFS-UBFS-PCFS-UCFS-
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FS | PBFS | UBFS FS | PBFS | UBFS
PCFS | UCFS | aCFS PCFS | UCFS | oCFS
FS | PBFS | UBFS FS | PBFS | UBFS
PCFS | UCFS | aCFS PCFS | UCFS | oCFS
FS | PBFS | UBFS FS | PBFS | UBFS
PCFS | UCFS | aCFS PCFS | UCES | aCFS
FS | PBFS | UBFS FS | PBFS | UBFS
PCFS | UCFS | oCFS PCFS | UCFS | aCFS

FIGURE 4. Relations Between F'S-PBFS-UBFS-PCFS-UCFS-
aCFS on [0,1].

FIGURE 5. Relations Between F'S-PBFS-UBFS-PCFS-UCFS-
aCF'S on Finite Set.

PBFS | UBFS
PCFS | UCFS | aCFS

UBES

UCFS | aCFS

“©

i

PBFS | UBFS
PCFS | UCFS | aCFS

FS | PBFS | UBFS
PCFS | UCFS | aCFS

FIGURE 6. Relations Between F'S-PBFS-UBFS-PCFS-UCFS-
aCFS on N.
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4. CONCLUSION

In conclusion we systematically studied various convergence types of function
sequences, including pointwise, uniform, and a—convergence, along with their re-
lationships. By examining the conditions under which these convergence types are
equivalent or not, we provide examples into the structural properties of function
sequences. Notably, our results highlight the critical role of the underlying set’s
structure (e.g., finite, countable, or compact) in determining these relationships.

The theoretical results presented here contribute to an extended understanding of
convergence behaviors for further research in function analysis and its applications.
Future work could extend these results to explore additional convergence concepts
or their implications in applied sciences.
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ABSTRACT. Chemical graph theory is a branch of graph theory. In this field,
molecules are modeled using graph theory and a mathematical approach is
obtained. Thus, predictions can be made about the physical, chemical and
bioactivity properties of molecules. In this study, temperature indices depend-
ing on the vertex degree are considered. Temperature indices of Polyami-
doamine (PAMAM) dendrimers, Porphyrin core dendrimers are obtained and
the results are compared numerically using the MATLAB program.

1. INTRODUCTION

Graph theory is used to solve problems in daily life by expressing objects and
the relationships between them with vertices and edges, respectively [1]. Due to
the changing living conditions and increasing diseases, it is necessary to discover
new chemicals and drugs quickly and inexpensively. With the help of graph indices
in chemical graph theory, it has been possible to predict the physical, chemical and
bioactivity properties of molecules [2].

Graph indices are the numerical values of chemical networks. Chemical networks
are obtained by representing chemical structures with vertices and edges. The
atoms of a chemical structure are represented by vertices and the relationships
between the chemical structures are represented by edges. The numerical results
obtained by using graph indices of chemical networks are used in programs such as
SPSS to obtain equations. These equations are used to predict the properties of
new chemical structures [2].

Throughout this article, let A be a graph with V(A), E(A). The element numbers
of the vertex (edge) set are defined by |V (A)|(|E(A)|). The degree of a vertex v is
defined by d,, [1].

Fajtlowicz [3] defined the temperature of a vertex v as
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V(N = do
With this motivation, Kulli [4] defined the general first and second temperature
indices as follows:

(1.1) T,

(1.2) GTi(N) = Y (T +T,)
TVEE(N)
(1.3) GTE(N) = > (T.T,)".
TUEE(A)

Kansal et al. studied temperature indices for predict the physical properties of
COVID-19 drugs [5]. Nabeel et al. found temperature indices of some nanotubes [6].
Khan et al. investigated various graph indices based temperate of silicates moleculas
[7]. Kulli obtained results about temperatures indices of important nanostructures
[8].

Dendrimers have a symmetric core and radially symmetric molecules. Therefore,
dendrimer networks are similar to tree graphs. Dendrimers are often used in drug
discovery due to their favorable chemical properties. Therefore, dendrimers are
widely studied [9]. Zhao et al. studied irregularity indices of some dendrimers [10].
Hasani and Gods investigated M-polynomials of porphrin dendrimers [11]. Sarkar
et al. studied generalized Zagreb indices of some reguler dendrimers [12]. Khalaf
et al. calculated the degree based indices of four layered prophyrin core dendrimers
[13].

In this study, the polyamidoamine and porphyrin core dendrimers are studied.
The temperature indices of these dendrimer networks are obtained and the results
are compared.

2. PRELIMINARIES

In this section,informations about Polyamidoamine dendrimers and Porphyrin
cored dendrimers are given.

PAMAM DENDRIMERS

Polyamidoamine (PAMAM) dendrimers have an ethylenediamine core, a repeti-
tive branching amidoamine internal structure and a primary amine terminal surface
[14]. Figure 1 shows the structure of the PAMAM [14]. Let PAM AM r] be molec-
ular graph of the polyamidoamine (PAMAM) dendrimers. The PAMAM network
have |V(PAMAM][r])] =12 x 272 — 23 and |E(PAMAM|[r])| = 12 x 272 — 24.
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FIGURE 1. Chemical Structure of PAMAM.

PORPHYRIN CORED DENDRIMERS
Porphyrin cored dendrimers have a central core and at least 2 branches[15]. In
this study, 3 porphyrin cored dendrimers will be examined.

Porphyrin Cored Dendrimers-2

Porphyrin cored dendrimers-2 have one central core and 4 branches. Figure 2
shows the structure of Porphyrin cored dendrimers-2 [15]. Let PC2[n] be molecu-
lar graphs of porphyrin cored dendrimers-2. Then, |V (PC2[n])| = 8 x 2™ + 21 and
|E(PC2[n])| = 8 x 2™ + 28 by calculated.
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FIGURE 2. Structure of Porphyrin cored dendrimers-2 .

Porphyrin Cored Dendrimers-3

Porphyrin cored dendrimers-3 have one central core and 8 branches. Figure 3
shows the structure of Porphyrin cored dendrimers-3 [15]. Let PC3[n] be molecular
graphs of porphyrin cored dendrimers-3. Then, |V(PC3[n])| = 16 x 2™ + 17 and
|E(PC3[n])| = 16 x 2™ 4+ 24 by calculated.

FIGURE 3. Structure of Porphyrin cored dendrimers-3 .

Porphyrin Cored Dendrimers-4
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Porphyrin cored dendrimers-4 have a central core and 12 branches. Figure 4
shows the structure of Porphyrin cored dendrimers-4 [15]. Let PC4[n] be molecu-
lar graphs of porphyrin cored dendrimers-4. Then,|V (PC4[n])| = 24 x 2™ + 13 and
|[E(PC3[n])| = 24 x 2™ 4+ 20 by calculated.

FIGURE 4. Structure of Porphyrin cored dendrimers-4 .

3. MAIN RESULTS

In this section, the values of the general first temperature and general second
temperature indices of the dendrimer networks mentioned above are calculated.
Numerical comparisons of the general first and second temperature indices of each
dendrimer network introduced above are made using the MATLAB program.

Theorem 3.1. i. Let the general first temperature index of PAM AM|r] be GTF(PAM AM][r]).
Then

k
1 2
GT{(PAMAM = (3x2"
1 ) (3 )<12><2’“+224+12><27“+225>
k
1 3
or
+ (6 3)(12><2T+2—24+12><2T+2—26>
k
. 2 2
+ (18x2 9)(12><27"+2—25+12><27"+2—25>

+ (21 x2"—12) 2 + 5 '
12x2+2 =25 ' 12x27t2-26) °
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ii. Let general second temperature index of PAMAM][r] be GTY(PAMAM]Ir)).
Then,

1 2 g
k . r
Gy (PAMAMIr]) = (3x27) <12><2"+2—24 x 12><27‘+2—25>

b (6x2—3) ! « 3 '
12x 272 =24~ 12 x 272 — 26
+ (18x2"-9) 2 X 2 '
12x27+2 =25~ 12 x 272 — 25

91 % 9" — 12 2 3 '
L A ST e R v T== v B

Proof. The edge partitions of PAMAM dendrimer networks are shown Table 1.

TABLE 1. The edge partitions of PAMAM networks.

(dy,dy) for E(PAMAM]r)) | (T + T,) for E(PAMAM[ 1) | The number of edge
(1,2) (12x21+2 24’12><2’+12 55 ) 3 x2"

(1,3) (12><2T+2 517 T3xT 727 6x2" -3

(272) (12x21+2 25 12><272+2 25) 18 x2" -9

(2,3) (= T =) 21 x 2" —12

Let Eq4. 4, be (dr,dy) for E(PAM AM]r]). From Table 1, it is written:
(3.1) TI(PAMAM[r])= > W+ Y Weyt > Wat+ > Wiy
T’UEEl 2 T’L)EE1'3 TUEEQ 2 TVEE> 3

i. If W,, = (T, + T,,)¥ in Eq.(3.1), then

k
1 2
k _ r
GIL(PAMAM]) = (3x27) (12 X221 | 12 x 272 25)

k
1 3
2" —
+ (6 3)(12><2T+2—24+12><2T+2—26>

2 2 *
+ (18x27-9) <12><27"+2—25Jr 12><27'+2—25>

+ (21 x2"—12) 2 + 5 '
12x2+2 =25 ' 12x27t2-26) °
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i, If Wy, = (T, x T,)¥ in Eq.(3.1), then

1 2 ¥
k . r
GTF(PAMAM[])) = (3x2) <12 51 X T 25)

b (6x2—3) L « 3 '
12 x2r+t2 — 24~ 12 x 27+2 — 26

18x 2" —9 2 2 '
I8 =9 o o X o ko 35

+ (21x2r_12)< 2 3 )k

12 x 2772 —25 12 x 2712 — 26
0

Figure 5 shows plots a) GTF and b) GT¥ of PAM AM|r]. These plots show that
the general first temperature index of the PAM AM|r] network grows faster than
the general second temperature index.

1o= 10
1. 5.
0.
31 0
2.4 54
&N
4 -10
5. H
g i 5.
- 10 T~
5 — 10
0 $ 5 8 ~
o * 0
5 i 5 0
X ] 4 . .
10 .10 - 5

FIGURE 5. The plots of a) GT¥ and b) GT¥ of PAMAM]|r].

Theorem 3.2. i. GTF(PC2[n]) is equal to following equation:

k
1 3
k _ n
GIy(PC2n]) = (4x2 )(8><2"+20+8><2"+18>

+ 4 2 + 2 '
8x2"4+19 8x2"+19

k
+(4><2”+12)( 2 + 5 >

8§x2m4+19  8x2"+18

+ 4 5,2 )
8§x2n +18 8 x2n4+17/

LAY
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ii. GT¥(PC2[n]) is equal to

GTY(PC2[n))

) 1 3 ¥
(4 x 2™) X
8§x 2" +20 8 x2"+418

+ 4 2 X 2 '
8x2n+19 8x2"+19

2 3 »
4% 2" 112
+oAx2 )<8><2"+19X8><2"+18>

+ 4 3 X 4 '
8§x2n 418 8 x2n4+17)

Proof. The edge partitons of PC2[n] are shown in the following table (Table 2).

TABLE 2. The edge partitons of PC2[n].

(dr,d,) for E(PC2[n]) | (Tr +Ty) for E(PC2[n]) | The number of edge
(1,3) (8><2"+20’8><2"+18 ) 4x2"
(2’2) (8><2”+19’ 8><2"+19) 4
(2,3) (8><2"+19’ 8><2"+18) 8
(3.3) (8><2”+18’ 8><2"+18) 4x2"+12
(3.4) (8><2"+18’ 8><2"+17) 4
Using Table 2, it can be written:
(3.2)
TIPC2n]) = Y Wt >, Wet D Wet Y Wo+ > Wiy
TVEE1 2 TUEF? 2 TUEFE? 3 TvEFE3 3 TUVEFE3 4

i. If Wp, = (T + T,)" in Eq.(3.2), then

k
1 3
TF(PC2 4x 2"
CGIr(PC2[n) = (4x )<8><2"+20+8><2"+18>

+ 4 2 __ 2 )
8x 2719 8x 20419

+ 8 2 + 2 '
8x2n 419 ' 8x2n 418

3 3 r
4% 2" 412
toAx2 )<8><2”+18+8><2"+18>

3 4
4 :
- <8><2"+18+8><2”+17>
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i, If Wy, = (T, x T,)¥ in Eq.(3.2), then

1 3 k
TE(PC2 = (4x2"
GT; (PC2n]) (4 )<8><2”+20x8><2"+18>

2 2 k
+ 4 X
8x 27 +19  8x27+19

+ 8 2 X 2 '
8x 2" +19 8 x2"+18

+(4><2"+12)( 5 5 )k

8x2" +18  8x27 +18

3 4
4 :
i <8><2"—|—18X8><2"+17>
O

Figure 6 shows plots a) GTF and b) GT¥ of PC2[n]. This plot gives GTF(PC2[n])
growing faster than GT¥(PC2[n]).

%1020
6 10.
5 8
4
6
34
4.
2
1 2.
0. 0.
10 \‘\\ m
5 . 5 o
N 0 e
5T 53“\\ < 0
e 5
100

FIGURE 6. The plots of a) GTF and b) GTE of PC2[n].

Theorem 3.3. i. GTF(PC3[n)) is

k
1 3
k _ n
GLi(PO3M]) = 8x2 (16><2"+16+16><2”+14>

+ 8 2 + k k
16x2"+15 16 x 2" + 14

k
3 3
2 4 12
+oBx2 )<16x2”+14+16x2"+14>

+ 4 k o k
16x27+14  16x2n+13 ) °
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ii. GT¥(PC3[n]) is

k
1 3
Ty (P = 2"
CL; (PC3n]) = 8x (16><2"+16x16><2”+14>

+ 8 2 X 3 '
16 x27+15 16 x 2"+ 14

k
3 3
8 x 2" 4 12
+oBx2 )(16x2”+14><16><2”+14>

+ 4 5 X 4 '
16 x20+14 16 x2n+13 ) °
Proof. The edge partitions PC3[n| are given in Table 3.

TABLE 3. The edge partitions of PC3[n].

(dr,dy) for E(PC3[n]) | (T +Ty,) for E(PC3[n|) | The number of edge
(1,3) (oo Toma ) 8 x 2"

(23) (teorz1s) To53s1) 8

(33) (oo o) 8x2" +12

(3:4) (teorr1a> T6s37z13) 4

From Table 3, the following equation can be written:
(33)  TIPC3n) = Y Wt > Wet > Wat Y Wy
TUEE] 3 TUEE 3 TUEE3 3 TUEFE3 4

i. If Wy, = (T + T,,)* in Eq.3.3, then the proof (i) is completed from Table .
ii. If W, = (Ty x T,,)* in Eq.(3.3), then the proof (ii) is completed with some
calculated from Table 3. O

The plots GTF and GT¥ of PC3[n| are given below (see Figure 7). it is seen
that GTF index of PC3[n| grows faster than GT¥ index of PC3[n] from Figure 7.

101 % 0?

FIGURE 7. The plots of a) GTF and b) GT¥ of PC3[n].
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Theorem 3.4. i. The general first temperature index of PC4[n] is

GTF(PC4[n)) =
i
4
L
ii. GTY(PC4n]) is
GTY(PC4[n)) =
4
I
4

Proof. The edge partitions PC4[n] are given in Table 4.

1

12 x 2™
24 x 2™ 4+ 12

+

3

3 k
24 x 2" 410

2
8<24><2n+11
3

k
+24><2n+10>

8 x 2" 4 12
(82" + )(24><

2m +10

4

+ ; k
24 % 27 4 10

4 > +
24 x 27 410

k
24><2n+9) '

12 x 2" !
24 x 2" 4+ 12

3

X 3 '
24 x 27 410

2
8
(24><2n+11
3

k
X
24 x 2n+10>

8 x 2" 4 12
(8x2"+ )(24><

2"+ 10

4

3 k
X
24 x 2" 410

3
4 X
(24><2"+10

k
24><2n+9) '

TABLE 4. The edge partitions of PC4[n].

(dr,d,) for E(PC3[n]) | (Tr +T,) for E(PC3[n]|) | The number of edge
(1,3) <24><2”+12’24><2”+10 ) 12 x 2"

(2,3) 24><2"+11’ 24><2"+10) 8

(33) 24><2”+10’ 24><2"+10) 8 x 2" 412

(3,4) (24><2"+107 24><2"+9 4

From Table 4, the following equation is written:

= > Wt > Weud D Wed Y Woy

(3.4) I(PCA[n

TVEFE] 3

TUVEF 3

TUVEE3 3

TUVEE3 4

i. If Wy, = (T, + T;,)* in Eq.3.4, then the proof (i) is completed from Table .
in Eq.(3.4), then the proof (ii) is completed with some

ii. It Wp, = (T X Tu)k
calculated from Table.

Figure 8 shows plots a) GT¥ and b) GT¥ of PC4[n].

GTF(PCA[n]) grows faster than GTx (PC4[n]).

O

This plot shows that
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FIGURE 8. The plots of a) GTF and b) GT¥ of PC4[n].

4. CONCLUSION

Since dendrimers are frequently used in drug discovery, dendrimer networks were
considered in this study. Four important dendrimers were studied with temperature
indices, which are among the graph indices that have attracted attention recently.

As a result, it was seen that the general first temperature index grew faster than
the general second temperature index for PAMAM dendrimer and 3 porphyrin cored
dendrimers. The results of this study will shed light on the field of chemical graph
theory and fast and cost-effective drug discovery.
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ABSTRACT. In this paper, a new class of curves is called binormal curves are
introduced. Here,we calculate the Frenet vector fields of binormal curves and
using them give the curvature and torsion of such curves. Also, we provide
some examples of binormal curves in Euclidean space R3.

1. INTRODUCTION

Curves are the most important tools for elementary differential geometry. In
the study of fundamental theory and characterization of space curves, the calcu-
lation of the curvature function, the torsion function and Frenet frame are very
interesting and important problem in three dimensional space. So there are many
articles on curves in the literature. In [1], the authors investigate the quaternionic
Bertrand curves in Euclidean 3—space. In the papers [2,8], the curve theory in
Galilean space is investigated. Further studies about curves and its applications
are found in [3,4,5,9]. In addition to these, the motion of parallel curves in Eu-
clidean 3—space is given in [7]. Goziitok, Coban and Sagiroglu [6] are study the
classical differential geometry of curves with respect to conformable fractional de-
rivative. In [7], Aldossary and Gazwani defined the notion of parallel curve based
on binormal vector and calculated the Frenet frame of such a curve. Then, in [11]
Sagiroglu and Kose defined the notion of normal curve based on normal vector and
gave some properties. Inspried by [11], in this paper we introduce a new class of
curves which is called binormal curves. Here we study the Frenet frame of such
curves and then calculate the curvature and torsion of binormal curves in Euclidean
space R3. Also, we provide some examples of binormal curves. The definitions of
curvature, torsion and Frenet frame of a curve is given in [10].

2. PRELIMINARIES

Let a : I — R3 be a unit speed curve , so |[a/(s)|| = 1 for each s in I. Then

Date: Received: 2024-10-07; Accepted: 2024-11-05.
2000 Mathematics Subject Classification. 53A04; 14HXX.
Key words and phrases. Curvature, Torsion, Frenet Frame, Curve.
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T = o' is called the unit tangent vector field on «. Since T has constant lenght 1,
its derivative 7" = o' measures the way the curve is turning in R2. Differention
of T.T = 1 gives T' always orthogonal to T. The lenght of T” gives a numerical
measurement of the turning of a. The function &(s) = ||T"(s)| for all s in I is
called the curvature function of «. The unit vector field N = % on « is called
the principal normal vector field on «. The vector field B = T x N is called the
binormal vector field of . The vector fields T, N, B are called the Frenet frame
field of a. Also, it is clear that the torsion function 7 of « satisfies B’ = —7N such
that the torsion function 7 measures twisting of a.

Theorem 2.1. [10] If a : I — R3 is a unit speed curve with curvature k > 0 and
torsion T, then

T = kN,
(2.1) N' = —kT + 7B,
B' = —7N.

Theorem 2.2. [10] Let o be a regular curve in R3. Then

/ / X "
= 7a 7_B = 7a @ 7]\[ = B X T
[l lla’ > a”||
(22) /I|| Oé/ X Oé//.O/N

e x

3
[l

Sl xar)t
3. THE CURVATURE FUNCTION, THE TORSION FUNCTION AND FRENET FRAME
OF A BINORMAL CURVE

Definition 3.1. Let o be a unit speed curve in R? and ¢(s), n(s), b(s) be its Franet
frame in a point a(s). Including k to represent a real number constant, binormal
curve of the curve « is defined as

(3.1) ap(s) = a(s) + kb(s).

Now let us consider the binormal curve of a curve a having the equation (3.1).
Let be s3 be the arc lenght function of this curve. So, the unit tangent vector of
the curve ay(s) has the form;

(3.2)

do ds ds ds
ty (83) = :

s (s3) Tss (t(s) + kb'(s)) (53)-03783 = (t(s) — kt(s)n(s)) (53)~d783~
If we take the dot product with ¢ of both sides;
ds
. tyt = — = 0
(3.3) b s cos

is obtained, where 6 is the angle between the vectors ¢; and t. If it is multiplied
both sides of this equation by the vector b, we get the equation

(3.4) ty.b=0.

This shows that the vectors ¢, and b are orthogonal. Multiplying both sides by the
vector n
ds

(3.5) ty.n = —kT(s)d—S3
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is found. If the norm of both sides of the expression #;(s3) is taken, we get

o)l = (66) = kroim(s)) 4 | = 6) = koo 5o
(36) ds X 1 ds ?1)
= B 4(s) — br(smlN]F = 2 (14 k(e

S3 S3

Then since ||t5(s3)]| = 1,

by _ e
. p— 1 2 2
(3.7) Is + k272(s)
and from here

(3.8) ds !

ds3 V14 E272(s)
is obtained.

If it is taken as t, = n, from the derivative of the vector t;(s3) with respect to s,
then in according to Frenet formulas

ds
.d83

is found. If we substitute the expression for sts in here, we get

—r(s)t(s) + 7(s)b(s)

(3.9) rpny = (—r(s)t(s) + 7(s)b(s))

(8.10) e = 1+ k2r2(s)
If we take the dot product of this vector with itself,
(3.11)
1
KpNy.KpMp = Ko = 7220 (—k(8)t(s) + 7(s)b(s)) . (—r(s)t(s) + T(s)b(s))
_ KA(s) +T2(s)
14 k272(s)

is obtained. Principal normal vector and binormal vector of binormal curve of the
curve « are

—r(s)t(s) + 7(s)b(s)

kpy/ 1+ k272(s)

by =ty % 1y — (t(s) - kT(S)ﬂ(S)) " (—m(s)t(s) + T(s)b(s)>

(3.12) np =

and

(3.13) 1+ k?72(s) kpy/1 + k272(s)
7; —k72(s)t(s) — T(s)n(s) — kr(s)T(s)b(s
= Ty () — T(sn(s) — k() 7(s)h(s)

respectively.

Now let us determine the Frenet frame of the curve a;(s) in terms of the Frenet
frame of a(s) in the general case. We know that

(3.14) da(;(s) - dfi(j) n kdl;(j) = t(s) + k(=7 (s)n(s)) = t(s) — kr(s)n(s).
If we take the norm of this equation;
(3.15) ‘ W) | AR = K
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is obtained. Then, the unit tangent vector ¢(s) is as;

day(s)
. t(s) — kt(s)n(s
(3.16) tb(S) _ ds _ ( ) ( ) ( )
da;(s) 1+ k27’2(8)

Moreover;

d®ay(s)  dt(s) , dn(s)
(3.17) el e MOLORTLO »

= kr(s)7(s)t(s) + (k(s) — k7' (s))n(s) — km%(s)b(s)

and
(3.18)
(s 2o (s
d ;s( ) X d d;)?( ) = [t(s) — kT (s)n(s)] x [kn(s)T(s)t(s) + (k(s) — k7' (s))n(s) — k7'2(8)b($)]
= (k(s) — k7/(s))t(s) x n(s) — kr2(s)t(s) x b(s) — k?k(s)T2(s)n(s) x t(s) + E*73(s)n(s) x b(s)
= k273(s)t(s) + kr2(s)n(s) + (k(s) — k7'(s) + k%K (s)T%(s))b(s)
are obtained. The norm of this expression is found as;
(3.19)
dOLb(S) d Oéb
ds d52

= VET(5) + 127(s) + (5(3) — k(5) + P R(s)(5)7 = L(s)

The third derivative of the curve ay(s) with respect to the s parameter is;

(3.20)

0D — o (5)r(5)t(5) + k() (9)5) + k(5)7(5) o) 4 (1 (3) = k" (5))m(e)
Hs(3) — k7' (D) T s (s)e(5)o(s) — k() T
= (k' (s)7(s) + kia(s)7'(5) — 12(s) + krs(s)7'(5))t(s) + (kw?(s)7(s) + ' (s) = k" (s) + k7(5))n(s)
+((s)7(s) — k7(s)7'(s) — 2k7(s ) "(5))b(s)
= (kK (s)7(s) — K%(s) + 2ki(s)7(3))t(s) + (kr?(s)7(s) + K/(s) — k" (5) + k% (s))n(s)
+(k(s)7(s) — 3kt (s ) "(5))b(s).
Then we get
(3.21) 2 3
(dagis) x4 3;’2,(8)) L) _ g2 (). (k! ()7(s) — K3(5) + ()7 (s
+k‘72(8)( ( )7(s)

+ K

+(r(s) = k7'(5) + kK*K(s)7(5))-(k

= k36 ()74 (s) — K*K%(s)73(5) 4 2k3K(s)T ’(s) 3(s) + k?k?
—k272(8)7"(s) + K*7°(s) 4 K% (5)7(s) — 3kk(s)T(s)T' (s

—kr(s)7(s)7'(5) + 3k*7(5) (7' (5)) (

— B ()74 (5) + K2 (s)r(5) — KOR(s) ()7 (s
+E277(s) + K (5)7(5)
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In this case, the expressions of the curvature and torsion of the curve a;(s) in terms
of the curvature and torsion of the curve «(s) are;

(3.22)
iy (s) = gy (s) x ap ()| _ /KA78(s) + k274(s) + (k(s) — k7'(s) + k2 (s)7%(s))?
ey ()] (1+k272(s))2
and
(3.23)
_ (a(s) x ay/(s))- O/b”(S)
T(8) =

ey (s) x o/ ()|
B E36'm4 4+ k2Rk273 — B3Rt/ 73 + kr' 72 — K2727" + K270 + k27 — dkkrr! 4 3K27(7)?
B k476 + k274 + (k — k7! + k2Rk72)2

We also obtained the unit tangent vector of the curve a;(s) as;

day,(s) _
(3.24) tb(s) — ds — t(s) kT(S)n(S)
‘ d(x;(s) 1+ k272(s)

The other Frenet frame elements of this curve;

(3.25) by(s) = ay(s) x ay(s) B3t + kmn + (k — k7' + K2672)b
' " Tap(s) X ()l /RO § K2+ (ke + K2mr2)?

and
(3.26)

m(s) = buls) X ls) = T

(K273t + k?n 4 (k — k7’ + K*672)b] ¥

[t — kTn]

= [-ErMt xn4+km’n x t+ (k — kT’ + E2k272)b x t + (=kwr + E*r7" — B2 k73)b x n)

K(s).L(s)

= —————[(kkT — K?m7" + E3kr)t + (k — k7' + K2&27H)n + (k371 —

K(s).L(s)

Theorem 3.2. The expression of the Frenet frame of the binormal curve ap(s) in
terms of the Frenet frame of the curve «(s) is of the form;

t(s) — kr(s)n(s)
1+ k272(s)
_ KPr(s)t(s) + kT (s)n(s) + ((s) — k7'(s) + k?K(5)7(s))b(s)
VEATO(s) + k274(s) + (k(s) — k7' (s) + k2k(s)72(s))?
) = 1o g (PR(IT(6) = Br(6)(6) 4 (s} ()
() + k2% (s)7%(s))n(s) + (—k>7(s) — kT2(5))b(s)].

Theorem 3.3. The expression of the curvature and torsion functions of the binor-
mal curve ap(s) in terms of the curvature and torsion functions of the curve «(s)

tb(S) =

+
—
X
—~
V)
~—
\
5

km%)b).
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is obtained as;

(3.28)
\/k47'6 + k274 + (k — k7! + k2Kk72)2
Kp(s) = B
(14 k272)2
(s) E3R'm4 4+ k2Rk273 — B3Rt/ 13 + kr'T2 — K2727" + K270 + k27 — dkrrr! 4 3K32T(7)?
b p—

k476 + k274 + (k — k7! + k2Kk72)2
Example 3.4. Let the curve
s .8
(3.29) a(s) = (acos(=),asin(=),0),a > 0
a a
be given. Then, let us calculate the Frenet apparatus of binormal curve. The

definition of binormal curve was ap(s) = a(s)+kb(s). Let us compute the binormal
vector b(s) of the curve a(s). Since the curve a(s) is unit speed curve, we get

Uy U, Us
(3.30) b(s) =t(s) x n(s) = |—=sin(3) cos(3) 0|=(0,0,1).
—cos(2) —sin(3) O

Then the equation of the curve ap(s) is,

(3.31) ap(s) = (acos(%),asin(i),O) + £(0,0,1) = (acos(2)7asin(f),k).

From here;

(3.32) ay(s) = (—sin(Z),cos(g),O)

and

(3.33) loh()ll = ((=sin(2))? + (cos(2))?) " =1

are obtained. Therefore the binormal curve ay(s) is the unit speed curve. If we
take the necessary calculations;

{(5) = (—geos(S), —=sin(2),0)
(334 {(5) = (gsin(®), ~ 2eos(5),0)
Ul U2 U3 1
ay(s) x ay(s) = | —sin(2) cos(3) 0|=(0,0,-)
—ccos(3) Zsin(2) 0
and
(3.35) la(s) x af/(s)]| = 1/02 +02 + (2)2 - l
ay(s) x o (s).ap’ =0
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are found. So the Frenet frame of the binormal curve is;

= a{,(s) = (—sin i cos(—
W) = ey = o) eos(Q).0)
o= ) xai(s) 001y
(3.36) ) = faye) < agon =400 =G0
Ul U2 U3 s s
ny(s) = by(s) x ty(s) = 0 0 1= (—cos(g), —sin(a),o).
—sin(2) cos(2) O

The curvature and the torsion functions of this binormal curve are;

o) = lobts) et _ 4 _
) @l 1 a
7(s) = ap(s) x o (s).a(s) _ 0 0
lag(s) x o (s)I* (3)?

Hence the binormal curve of the curve a(s) is a circle.

Example 3.5. Let the helix a(s) = (cos(%), sm(%)7 %) be given. Then let us

calculate the Frenet apparatus of the binormal curve. Since «(s) is a unit speed
curve, we get

(3.38)
1 Ul s 1 V2 s Uf3 1 . s 1 s 1
b(s) =t(s)xn(s) = _\/g;;z(sf;/)i) \/580128((:;/;)) ? = (—28271(%), —ECOS(E), —2)

Then the equation of the binormal curve is,

(3.39)  au(s) = <cos(;§) + %sin(%),sm(%) _ %008(%), \2 + \%)
Hence

(340)  al(s) = (%sm(\%) + gcos(\%), %COS(%) + gsin(%), 12>
and

(3.41)
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are found. Therefore, the binormal curve is not unit speed curve. If we make
necessary calculations on arbitrary speed curves;

(3.42)

/ 1 s k s 1 s s
ap (s) = (—2003(\/?) 2\/§s n(ﬁ),—ﬁsm(T) + Fc 5(7) 0)
" 1 . s k s 1 s k . s
y (s) = (2\@52”(\@) - ZCOS(E)’ 2\—6005(\—6) — 4sm(\/§),0>
Ul U2 U3
ap(s) x afl(s) = | —75sin(Z5) + Ecos(25) “5cos(5) + gsm(%) v
—%cos(%) — 2k282n( 52) —%sm(%) + 2%008(%) 0
1 . s k S 1 S E ., s 24+k?
= (msm(ﬂ) Zcos(ﬁ), Qﬁcos(ﬁ)—zsm(ﬁ), W )
and
(3.43)

42
k* 4 6k2 48
32
2+ k?
a}(5) X af(s).0f = =
are obtained. Then Frenet frame of the binormal curve is;
(3.44)
2 1 S k S 1 S k S 1
ty(s) = —sin(— —cos(—=), —=cos(—=) + =sin(—=), —=
) m( B ek e g ) 2)
by(s) 32 ( (s)k (s) 1 (s)k_(s)2—|—k2>
s) = sin(— - —), ———=cos(—=) — —sin(—=),
b rekz+8 \2v2 V24 VRY 22 W2 4T VR 4R
() 32 2 ( 1 ( s ) k. ( s )
np(s) = . (—=cos(—) — sin(—=
b kY4 6k2+8 VA k2 40 V2L 42 V2
2 4 k2 s 2k+K s 24k . s
— cos(—= sin(—=), — sin(—=
(g Jeos( ) = (S sin( o), =S sin( )
2k + k3 s 1 s k s
—) — —sin(—=) + —),0).
33 cos(\/ﬁ) 4sm(ﬂ) 1 2608(\@) )
The curvature and the torsion function of the curve are;
V2./k2 43
(345) Kjb(S) = 4—"—7]{/‘2
and
2
(3.46) Tp(s) = el

Hence binormal curve is also a helix.
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4. CONCLUSIONS

The definition of binormal curves is given by a;(s) = a(s) + kb(s) using the unit
speed curve «(s). These curves are called parallel curves in the literature. The
main goal of this paper is to investigate parallel curves using binormal vector and
to study the associated geometry of these curves. We give a similar definition of
parallel curves using the normal vector. The aim of this study is contribution to
the literature on the theory of parallel curves based on binormal vector in three-
dimensional space. In addition, the studies discussed here will later be expanded
to surfaces and their geometric properties will be examined. Also, the instrinsic
geometric formulas will be derived from the curvatures. This study was conducted
at the Karadeniz Technical University in the Department of Mathematics and pre-
sented as a master’s thesis.
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ABSTRACT. In the present paper we deal with an n—dimensional differentiable
manifold M with a torsion-free linear connection V. Here we study some
properties of a silver structure on the cotangent bundle T* M equipped with
the Riemannian extension £V and obtain a necessary condition for which the
silver semi-Riemannian manifold (T*M,RV7 S) to be locally decomposable.

1. INTRODUCTION

The notion of metallic structure on Riemannian manifolds has been studied
intesively recently. One of the most studied structure on Riemannian manifolds
is silver structure. As a mathematical point of view, the positive solution of the
equation

a? —pr —q=0,
for some positive integers p and ¢ is called a (p,q)— structure number which has

the form
PP +4q

Hp,q = 9

In particular case p = 2 and ¢ = 1, we note that the last equality gives a silver
ratio. In the recent years, the silver sturucture on the differentiable manifolds has
been studied intensively in [4, 8, 9].

On the other hand, the cotangent bundle is the dual space of tangent bundle for
a differentiable manifold which is very popular topic in Differential Geometry and
Mathematical Physics. There are many different types of metrics on the cotangent
bundle to study the geometric of such a bundle, for instance, Sasaki metric, Cheeger-
Gromoll metric, general natural metrics, Oproius metrics, and etc. One of the
most interesting metric is the Riemann extension which is defined by Patterson
and Walker in [10]. Then, the notion of Riemann extension has been extensively
studied by several authors on different smooth manifolds, for more [2, 3, 5-7, 12,
16).

In the present paper, we study some properties of a silver structure on the
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cotangent bundle equipped with the Riemannian extension. In Sect. 2, we recall
some preliminaries on the details concerning the cotangent bundle. In Sect. 3,
considering a silver structure on the cotangent bundle T* M , we give some necessary
conditions for which the triple (T*M JBv, S ) is a locally decomposable silver semi-
Riemannian manifold.

2. PRELIMINARIES

In this section, we recall some basic notations about the cotangent bundle of
[16].

Let (M, g) be a n—dimensional differentiable manifold whose cotangent bundle
is denoted by T*M. The bundle projection is given as w : T*M — M and the
local coordinates (U, acj) , 7=1,..,n on M induces a system of local coordinates
(77’1 (), xf, 2J :pj) ,j=n+j=n+1,..,2non T*M, where 2/ = p; are the
components of the covector p in each cotangent space Ty M,z € U with respect to
the natural coframe {dmf} .

Also, the set (r, s)—type of all tensor fields is denoted by S% (M) and Q7 (T*M)
on M and T*M, respectively. Suppose that the vector and a covector (1-form) field
X € S (M) and w € S (M) have the local expression X = X7 5% and w = w;da’
in U C M, respectively. Then, the horizontal lift X € S} (T*M) of X € ¢ (M)
and the vertical lift Vw € I3 (T*M) of w € 39 (M) are given, respectively, by

HX = XI5 + >l X0 %5
J

Az’
2.1
>y V= S
J

with respect to the natural frame {%7 %}7 where F;‘i are the components of the
Levi-Civita connection V4, on M.
Moreover, on the cotangent bundle T* M, the Lie bracket satisfies the following
relations:
DPXAY] =" [X Y] +9R(X,Y) =" [X, Y]+ (pR(X,Y)),
(2.2) i) [7X,Vw] =V (Vxw), iii) [Vw, V] =0,
iv) Yw' f =0, V)XV f=V(Xf)
for any X,Y € S} (M), w,0 € S§ (M), R denoted the curvature tensor of V.
On the other hand, the Riemann extension %V as a semi-Riemannian metric is

defined by
(2.3) BV (Yw,V0) =V (X, 7Y) =0,
’ AV (Yw, 7Y ) =Y (w (X)) =w(X) o

for any X,Y € S} (M) and w,8 € SV (M) on T*M [2, 16].
3. SILVER STRUCTURE

Let P € S} (M) be an almost product structure on M and g be a (semi-)
Riemannian metric such as
(3.1) P> =1, g(PX,Y) = g(X,PY)

for any X,Y € S} (M). Then, we call that the pair (M, g, P) is a (semi-)Riemannian
almost product manifold [1, 11, 17]. Such metrics in the second equation of (3.1)
are said to be pure with respect to P [12, 14].
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A necessary and sufficient condition for the almost product structure P to be
integrable is that VP = 0, where V is Levi-Civita connection of g. An almost
product manifold with an integrable product structure P is called locally product
Riemannian manifold. We know that the locally product Riemannian manifold with
structure tensor P is locally decomposable if and only if P is covariantly constant
with respect to the Levi-Civita connection V. Note that the condition VP = 0 is
equivalent to ¢pg = 0 where ¢ is the Tachibana operator and

(3.2) (¢pg) (X,Y, 2) = (PX) (9 (Y, Z)) = X (9 (PY,2)) + g (Ly P) X, Z)
‘ +9 (Y, (LzP) X)

for all X,Y,Z € S} (M) [12, 15].

Definition 3.1. (see [8]) Let M be a C*° differentiable manifold. A (1, 1)-type
tensor field S on M is called a silver structure on M if

(3.3) S?=25+1
is satisfied, where I is the identity map on M.

A Riemnnian manifold (M, g) with a silver structure S is said to be Silver Rie-
mannian manifold if the Riemannian metric g is pure with respect to .S.

The next theorem gives the relationship between the Riemannian silver and al-
most product structures as follows:

Theorem 3.2. (see[8]) Let M be a Riemannian manifold. If S is a silver structure
on M, then

1
P=—5(5-1)

is an almost product structure on M. Conversely, any almost product structure P
on M yields a silver structure on M as follows:

S =1+2P.

Theorem 3.3. (see [4]). Let (M,g,S) be a silver Riemannian manifold, where
S is the silver structure and g is the Riemannian metric. Then the followings are
satisified:

a ) S is integrable if psg =0,

b ) The condition ¢psg = 0 is equivalent to V.S = 0, where V is the Riemannian
connection of g,

where ¢g denotes the Tacibana operator and V is the Riemannian connection of g.

In [13], Salimov and Agca presented an almost product structure on T*M by

Pix =VX

(34) va — Ha).

for any X € S} (M) and w € S9 (M), where X = go X € S9(M), 0 =g lowe

3¢ (M) and P? = I. Applying Theorem 3.2 and (3.4), we find the following silver

structure S:

SHX =HX +2VX,

SVw=VYw+V2Ho.

This silver structure defined by (3.5) is used for Sasaki metric on T*M in [4].
Now we consider the Riemannian extension #V and the silver structure S on

(3.5)



70 FILIZ OCAK AND SEMSI EKEN MERIC

the cotangent bundle 7*M. Then, using the Egs. (3.1) and (3.5), we have the
following theorem:

Theorem 3.4. Let M be semi-Riemannian manifold and T*M be a cotangent
bundle of M. If T*M is endowed with a Riemann extension ®V and silver structure
S, then the triple (T*M,RV, S) is a silver semi-Riemannian manifold.

Proof. Using (3.1), we write
0 (X, if) —fy (SX, Y) _Ry (X', SY)
for any X,Y € S} (T*M). From (2.1), (2.3) and (3.5), we have
Q (X, 7y)=Rv (SHX, Hy) v (X, 57Y)
=AY (HX + V2V X, 1Y ) <RV (1X, 1Y 4277
- (- (x0n) - (rov) - va e
= V2 (g XY — gr Y X') =0,
Q ("X,Vw) = —Q (7Y, Yw) =HV (S X,Vw) =RV (1 X, SV w)
9 (HX 4 VBV X, V) Y (X, Ve + v3H)
=" (w(X)-w(X)) =0,
Q(Yw,V0) =tV (SVw, V) -1V (Yw, SV0)
=RV (Y + V215,70) =RV (Vew, V0 + V3H0)
— V2V (0(@) -w (8)) =0,
i.e. BV is pure with respect to S, which completes the proof. [
Using the Eqgs.(2.2), (2.3), (3.2) and (3.5), we obtain the following;:

Lemma 3.5. Let (T*M,RV, S) be a silver semi-Riemannian manifold. Then, the
following component for the Tachibana operator with respect to the silver structure
S defined by (3.5) is given by
(6s™V) (71X, 7Y, Vo) = (S X) ("V (7Y, Vew)) = 1X (FV (STY, Vw))
+8V (Luy S)H X, Vw) + £V (Y, (Lv,S) 7 X)
— (R (Va3 (g7 0 pR (Y, X))
=2V (w (g_l opR (Y, X))) =2V (g_l (pR (Y, X) ,w))
=V2" (pR(X,Y)w),
(opfV) (Yw, 1Y, 5 Z) =2 (Y (pR(Y, &) Z + pR(Z,2)Y)),
(6r"V) (1X, Ve, "Y) = V3" (pR(X,Y))
Here, we note that the other components are zero.

Using above Lemma 3.5, we have the following:

Theorem 3.6. The silver semi-Riemannian manifold (T*M,RV,S) is a locally
decomposable if and only if M is flat.

Example 3.7. Consider the n-dimensional Euclidean space E" with the Riemann-
ian metric g;; = 5; It is clear that the Christoffel symbols induced by the Levi-
Civita connection V on E™ are zero.

Let P be an almost product structure on T*E™ is given by

I, 0
P(O In>’
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such that P? = I,,, where I,, denotes the identity matrix of order n. Using Theorem
3.2, the almost product structure P on T*E™ gives

SHX =HX 20X,

(3.6) SV =V + 2V,

such that the equalities (3.6) are silver structure. Then, one can see that %V is pure
with respect to S and the triple (T *En, By, S) becomes a silver semi-Riemannian
manifold.

On the other hand, using the Eq.(3.2) and the Tachibana operator with respect
to the silver structure defined by (3.6), one has

(0s"V) (X,Y,Z) =0

for any X,Y, Z € 3} (M). Then, we obtain that the silver semi-Riemannian mani-
fold (T*]E”, Ry, S) is a locally decomposable.

4. CONCLUSION

In this study, a semi-Riemannian manifold M and its cotangent bundle T*M is
considered. Then, by considering the Riemann extension #V and silver structure
S on T*M, the components of Tachibana operators are calculated and using them,
this characterization is obtained: M is flat if and only if the silver semi-Riemannian
manifold (T*M BV, S) is a locally decomposable.
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ABSTRACT. The paper deals with the non-homogeneous boundary value prob-
lems established in the multiplicative calculus. For this problem, the multi-
plicative meanings of concepts such as adjoint operator, self-adjoint operator,
Lagrange identity, Green’s formula are obtained. Then, a criterion, called
multiplicative Fredholm alternative, is given for the existence of solutions to
non-homogeneous multiplicative boundary value problems.

1. INTRODUCTION

The concept of the classical calculus was developed independently by Newton and
Leibniz in the late 17th century when modern science was born [3,8]. Subsequent
studies, including the creation of the idea of limits, placed these developments
on a more solid conceptual basis. The classical calculus is widely used today in
engineering, science and social sciences [19]. Since the operations of addition and
subtraction are the basis of all concepts defined and all theorems established in
classical calculus, this calculus is also called additive calculus or Newtonian calculus.

The roles of the operations used between the elements are important in estab-
lishing different calculus. Therefore, the various alternative calculus to the classical
calculus have been defined with the help of different arithmetic operations. These
calculus are defined as Non-Newtonian calculus by Grossman and Katz [15, 16].
Geometric calculus, bigeometric calculus and anaquadratic calculus can be given
as examples of these calculus. The concept of geometric calculus was studied
widely and related to multiplication, is called multiplicative calculus [9,24]. In
different areas such as biomedical applications [13], differential and integral equa-
tions [2,25-31] , finance [10-12], geometry [1,17,18], machine learning [7], numerical
applications [21,22,32,35], social sciences [5] and spectral theory [14,23,33,34], sig-
nificant contributions have been made by multiplicative calculus [4,6,24].
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In the literature, some calculus are called multiplicative calculus because the el-
ements in the domain and/or range sets are defined by exponential function arith-
metic. Moreover, multiplicative derivatives and integrals are defined in this cal-
culus. Due to the existence of various application areas mentioned above and the
existence of provable properties, the multiplicative calculus shown with the help
of the multiplicative derivative, whose definition is given in the next section, is
preferred.

2. PRELIMINARIES

Definition 2.1. [4,24] Suppose that A C R, f : A — R*. The multiplicative
derivative of the function f at z is given by

(2.1) f*(z) = lim [f(;fm} <,

if the limit exists and positive.
Suppose that A C R, f: A — RT be differentiable in usual case. Then, there is
a relation between classical and derivatives as follows:

fH(x) = o) @),
Repeating this procedure n times, it can be obtained the relation between the n—th
order classical derivative and n—th *derivative as
frm (z) = pmof)™ (z)
Theorem 2.2. [/, 2] Suppose that f,g be multiplicative differentiable and h be

usual differentiable at x. If c € RT is an arbitrary constant, then the functions cf,
fa, 5, fr, foh and f + g have multiplicative derivatives given by

i (ef)” (@) = £(a).
ii. (fg) (z) = [*(2)g"(2),
iii. (g) ()= £,
v, (£1)" (@) = £ (@)@ (@),
(ol (@) = (e,
vi. (f+ g)* () = f*(x)T@+a@ g*(x) OETIE) .
Definition 2.3. [4,24] Suppose that A C R, f: A — R" bounded on [a,b]. The

V.

b
multiplicative integral of the function f on [a,b] is given by [ f (z)d=.

If f is positive and Riemann integrable on [a,b], then it is also multiplicative
integrable on [a, b]. Additionally, the following equality is satisfied.

b b
/f( )d:c [(Inof)(z)dx
xr = e .

On the contrary,

/b f(@)dz = In /b (efm)d””

if the function f is multiplicative integrable on [a, b].
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Theorem 2.4. [/, 24] Suppose that f,g be bounded functions on [a,b]. If f,g are
*integrable on [a,b], then the functions f¢, fg, 5 have multiplicative integrals on
[a,b] given by

b
iii. [
a

iv. [ £y = J f@)® [ f@ya<e <o,

V.
b
dz b 1
[ 7@ )™ = s 7
a @@ ™
b f(p)9 (D)
where, f(a:)g(z)‘a = 7]’:((2;5(&) .

This equality (v) is known as multiplicative integration by parts method.

b
Lemma 2.5. [14,20] L3[a,b] = {f f [f(x)f(“)]dm < oo} is an multiplicative in-

ner product space with
b

dz
< Lila] x Lifa,b] 5 B < fug>o= [ 1)),

where f,g € Li[a,b] are positive functions.

Definition 2.6. [6,27-30] n—th order linear multiplicative differential equation is
defined by

an(x) an—1(z) as(xz *\a1(x) ag(z
(2.2) (y*(n)> <y*(n71)) (™) 2( )(y ) 1( )y o(z) — ¢ (z),

where ¢ (z) > 0 and ag(z), k=0,1,2,--- ,n — 1,n are functions of x.

In equation (2.2), when ¢ (z) = 1, this equation is called homogeneous multi-
plicative linear differential equation, otherwise it is called non-homogeneous multi-
plicative linear differential equation.

3. MAIN RESULTS

In spectral theory, the Lagrange identity is a foundational result that connects
a differential operator with its formal adjoint. Through integration, this leads
directly to Green’s formula. Green’s formula helps determine when an operator is
self-adjoint by examining the boundary terms. Here, self-adjointness is crucial in
spectral theory for several reasons such as all eigenvalues are real, eigenfunctions
corresponding to different eigenvalues are orthogonal, and the spectrum is bounded
below.
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3.1. Non-Homogeneous Multiplicative Boundary Value Problems. In this
section, non-homogeneous multiplicative boundary value problems are discussed.
The multiplicative counterparts of concepts such as the adjoint operator, self-
adjoint operator, Lagrange identity and Green’s formula are defined for this prob-
lem.

Consider the non-homogeneous multiplicative boundary value problem

(3.1) Ty)(x) = {y** 1y} @y = p(2),

Bily] = y(a)™y" ()™ y(0)™y" ()" =1,
Boly] = y(a)™'y*(a) " y(b)"' y" (0)" = 1

where the functions a; := a; (x) for ¢ = 0,1,2 on the exponentials are continuous
real valued functions on the interval [a, b]; a;j, bi;, for 4, j = 1,2 are real constants
and ag (z) # 0 for all z € [a,b].

(3.2)

Definition 3.1. (Multiplicative Formal Adjoint Operator) Let the operator T' be
the multiplicative differential operator defined by the left-hand side of equation
(3.1). In other words, let it be

(3.3) Tyl = {y™ }*{y* }* y*=.
Then, the multiplicative differential operator JN“ defined in the form
~ @\ ** aiviy—1 g
(3.4) Tyl = @) ((y™)) y*

is called the multiplicative formal adjoint operator of the operator T'.

Example 3.2. The multiplicative formal adjoint operator of the multiplicative
differential operator T[y] = {y**} {y*}°y'® is of the form

Tlyl = {y~} v}y
for ap = 1,a1 = 6,a2 = 10 according to formula (3.4).

Example 3.3. The multiplicative formal adjoint operator of the multiplicative
2
differential operator T[y] = {y**}** {y*} 2 is of the form

Tl = ™) (™)) v
= [ ) 1))y
_ (y**)2w2 (y*)wy—5
for ag = 222, a1 = Tx,ay = —2 according to formula (3.4).
The relationship between the mulﬁiplicative differential operator T and its mul-

tiplicative formal adjoint operator T are defined as the multiplicative Lagrange
identity.

Theorem 3.4. Suppose that the multiplicative differential operator T is the oper-
ator defined by equation (3.1), and the multiplicative differential operator T s the
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multiplicative formal adjoint of T. Therefore, the multiplicative Lagrange identity
is of the form

~ d*
(3.5) {{Tlov} e {uoTh}} = TP @),
where,

{u*}ln'uao {u}ln vl

(3.6) P(u,v) = R

{u}
Proof. From Lemma 2.5, formulas (3.3) and (3.4), the proof can be easily shown
similarly to that in [14]. O

Theorem 3.5. (Multiplicative Green’s Formula) The multiplicative differential op-
erator T is the operator defined by equation (3.1), and the multiplicative differential

operator % 18 the multiplicative formal adjoint of T. Therefore, the multiplicative
Green’s formula is of the form

(37) j{(wwq@w@{u@fM})mﬁm=fwwmuma

where, P (u,v) (z)|} = 200

Proof. The proof is easily obtained by multiplicative integrating equality (3.5) from
a to b similarly to that in [14]. O

Corollary 3.6. From Lemma 2.5, the multiplicative Green’s formula can be also
expressed in the form

(3.8) (T[] ), = P (w,0) @) (u T [o]) .
Example 3.7. Suppose that T is the multiplicative differential operator defined
by equation (3.1), and T is the multiplicative formal adjoint of T. Therefore,

/b{T [u] © v} :/b{(T [U])h”’}dx z/b{({u**}aO{u*}aluaz)lnv}dw
COLE . !
:a/{{u**}lnruao }da:a/{{u*}lnval}dxa/{{u}lnva2}dz.

If multiplicative integration by parts method is applied twice to the first integral
and once to the second integral on the right of (3.9), the following integrals are

obtained
b d { }ln v?0 b d
wxqInv®0 | 4F _ u* (Inv®0)** *
IR R e I R (U

a q

b
b —In (v91)* dz
' / {{u} } .
a

b

/b{{u*}ln'ual }dm _ {u}lnval
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If these expressions are substituted into (3.9),

b b
%7 1nv?0 Inv -
/{T [U] o) ,U}dx _ {U } {’LL} / {uln[(vao)**((val)*)711)‘12] }d

{uym""
b b
b ln’IN“[v] b i d
=P (u,v)|, [ u dz = P (u,v)|, {u@T[v]}

is found. Consequently, equality (3.8) is obtained.

b

ay

a

Now, let T"and % be two multiplicative differential operators defined on C?* [a, b] .
Here, C?* [a, b] is the space of functions defined on the interval [a,b] whose multi-
plicative derivatives up to the second order are continuous.

Suppose that D (T), D (f“) C C%*[a,b] and D (T) be the set of functions that
belong to C?%* [a,b] and satisfy the boundary conditions given in (3.2). This is
the domain of the multiplicative differential operator T. The domain D (T) of the

multiplicative formal adjoint IN“ is the set of all functions v for which

(3.10) (L[u],v), = (u.T [v])

holds for all w € D (T).
If the multiplicative Green’s formula (3.7) is considered along with (3.10), it is

*

seen that the domain of IN“ consists of the functions v for which

(3.11) P (u,v) () =1

holds for all w € D (L).

Definition 3.8. (Multiplicative Adjoint Operator) The multiplicative adjoint op-
erator of T is an operator % with domain D (%) .

6

Example 3.9. The multiplicative adjoint operator of T[y] = {y**} {y*} y*° with

a domain
D(T)={y:yeC®>[0,7];y(0) =y (m) =1}
is calculated as follows: N
From Example 3.2, the multiplicative formal adjoint operator of T" is T [y] =

{y**} {y*} 4. To complete the solution, we need to determine the domain D (5’

of the operator %
Let v € C%* [0, 7]. Also,

%11nv u In v®
P @)l = @

must be satisfied for all w € D (T') and v € D (*:[V‘) .

Considering the domain of the operator T', where u (0) = u (7) = 1, then equality
can be easily written as

=1
0

u* (r Inv(m)
) ETTRE
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The goal is to find a condition for the function v. Therefore, in order for equality
(3.12) to hold for all uw € D (T'), it must be that v (0) = v (7) = 1.
As a result, since v is an arbitrary variable, the domain of the multiplicative

adjoint operator T is
D(T)={y:yeC® [0,7)y(0) =y(r) =1}

Definition 3.10. (Multiplicative Self-Adjoint Operator) Let T' = T and D (T) =
D (ZN“), then the operator T is called the multiplicative self-adjoint operator.

Definition 3.11. (Multiplicative Adjoint Boundary Value Problem) Let B [u] =1
denote the boundary conditions for the operator T, and B [u] = 1 indicate the

boundary conditions for the adjoint operator IN“ Then, the boundary value problem

~

Tu=1;Bu=1

is called the multiplicative adjoint of the boundary value problem
Tu=1;Bu]=1.

Example 3.12. It can be seen from Example 3.2 that the boundary value problem

{y=Hy} 0 =1,
y(0)=y(r)=1

is the multiplicative adjoint of the boundary value problem

{yHy 1y =1,
y(0) =y (m) =1L
Example 3.13. The multiplicative adjoint of the boundary value problem
vy =1,
y*(0)y*(r) =1, y(0) =1
is calculated as follows: N
Here, the multiplicative adjoint of the operator T [y] = y**y is given by T [y] =
The domain of T is the form

D(T)={u:ueC? [0,7];u(0) =u(r) =1,u*(0) =1}.

The domain of the multiplicative adjoint operator ZN’ consists of the functions v that
satisfy the equality
Inov ™
fur}
P (u,v) (z)]) = i }lnv* =1
u 0

for all w € D(T).
Considering the domain of the operator T', where u* (7) = u*(0) " and u (0) = 1,
then the equality

=1

{u* (O)}f In ’U(O)’U(W)
u

3.13 >
- {u(my" ™
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is obtained. Therefore, in order for equality (3.13) to hold for all w € D (T'), it must
be that

v(0)v(r) =1, v*(m) = 1.
This implies that the domain of the multiplicative adjoint operator IN“ is
D(T)={v:ivec™ 0,m; v (m) = 1Lv(0)v(r) =1}

Consequently, since u and v are arbitrary variables, the multiplicative adjoint of
given multiplicative boundary value problem takes the form

Yy =1,
y(0)y(m) =1, y*(r) = 1.

Example 3.14. The multiplicative adjoint of the boundary value problem

Y )y =1,
y(1) =y(m) =1
is calculated as follows:
From Example 3.3, the multiplicative adjoint of the operator

w6222 [ wyTT —
Tlyl ={y™} {y"} "y~
is given by
i o227 sz 5
Tyl =" W)y
The domain of T is the form
D(T)={u:ueC? [1,7];u(l) =u(r) =1}.
The domain of the multiplicative adjoint operator T consists of the functions v
that satisfy the equality

{ }lnv {u}lnv” -
u}ln({” }2“2v4m) (z)| =1

Considering the domain of the operator T, where u (1) = u (7) = 1, then the
equality

* 272 Inw(m)
(3.14) {{“ o) il }: 1

P (u,0) ()| =

{u* (1)}2 In ’U(l)
is obtained. Therefore, in order for equality (3.14) to hold for all w € D (T'), it must
be that

v(l)=1, v(n)=1.
This implies that the domain of the multiplicative adjoint operator IN’ is
D(%):{’U:’UECQ’*[O,TF];U(l)—lU )=1}.

Consequently, since u and v are arbitrary variables, the multiplicative adjoint of
given multiplicative boundary value problem takes the form

(=P gy =
y(0) = y(m) = 1.
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3.2. Multiplicative Fredholm Alternative. In this section, a criterion will be
provided for determining whether a solution exists for a non-homogeneous multi-
plicative boundary value problem.

Theorem 3.15. (Multiplicative Fredholm Alternative) Let T and B denote a mul-
tiplicative operator and a set of boundary conditions, respectively. Then, the neces-
sary condition for the non-homogeneous multiplicative boundary value problem

Tyl (z) =h(x), =€ (a,b), h(z) >0
Blyl =1

to have a solution is that

b
(3.15) /Um@@zu»“=1

for every solution z of the homogeneous multiplicative adjoint boundary value prob-
lem

T () =1, z € (a,b)
Bl =1
Proof. Let us consider in turn the following non-homogeneous multiplicative bound-
ary value problem and its multiplicative adjoint boundary value problem

(3.16) Tly]=h, Bly]=1
(3.17) Tly=1 Bly=1,
respectively.

If u is a solution to the multiplicative boundary value problem (3.16), then
equality
(T'[u],0), = (h,v),
is satisfied for any function v.

Similarly, if v is a solution to the multiplicative adjoint boundary value problem
(3.17), then

(. ]) = (1), =1

is satisfied for any function wu.
According to the last two equalities, the multiplicative Green’s formula (3.8) is

taken into account and
<T [u] 7’U> = <T [’LL] 7U>

* *

(3.18) vy, =1

is obtained. That is, equality (3.15) holds.
As a result, since u and v are arbitrary variables, the proof is completed. (I
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Corollary 3.16. A necessary condition for the non-homogeneous multiplicative
boundary value problem (3.16) to have a solution is that equation (3.18) holds for
all solutions v of the homogeneous multiplicative adjoint boundary value problem
(3.17). That is, the function h must be multiplicatively orthogonal to all solutions
of the homogeneous multiplicative adjoint boundary value problem (3.17) within
the problem’s domain.

Remark 3.17. If the homogeneous multiplicative adjoint boundary value problem
(3.17) has only the multiplicative trivial solution, then for any continuous arbitrary
function h > 0, the non-homogeneous multiplicative boundary value problem (3.16)
has always a solution. In this case, if the boundary conditions are multiplicatively
separable or periodic, the solution is also unique.

Example 3.18. Determine the conditions that the function h must satisfy for the

non-homogeneous multiplicative boundary value problem
ok *16 10
= h(x),
(3.19) " Hy' Yy (x)
y(0) =y(m) =1

to have a solution.
From Example 3.2, the homogeneous multiplicative adjoint boundary value prob-
lem corresponding to (3.19) is

v Hy'} %0 =1,
y(0) = y(m) = 1.

Therefore, the general solution of the problem (3.20) is computed as

(3.20)

y = 663z (¢1 cos x+c2 sinx)

with the help of techniques in [28].
Considering the boundary conditions in (3.20),
y(0) =, y(m) == =1
is obtained. Thus, ¢; = 0, and the solution of the problem (3.20) is

ke3® sin

y=e
for any arbitrary constant ¢y = k.
As a result, for the non-homogeneous multiplicative boundary value problem
(3.19) to have a solution, the condition

™ ™

/{h(m) @ eke™ sinx}dm _ / {h(m)ke?’z sim}d“’ _1q

0 0
should be held according to the multiplicative Fredholm alternative.

Remark 3.19. If we note that h (z) = ¢’ s in Example 3.18 then

s

cos 22 ) 4T
/{e 2 } = 1

or
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holds, and the condition (3.15) is satisfied. That is, for this choice of h, there
is a solution of the problem (3.19). However, the solution is not unique because
the solution of the problem (3.20) according to the problem (3.19) depends on a
parameter k.

In fact, for h (z) = e 5% in Example 3.18, the solution of the problem (3.19)

3

ke 3% sin z+5e” Zsinx

y=e
with the help of techniques in [29].

Example 3.20. Determine the conditions that the function i must satisfy for the
non-homogeneous multiplicative boundary value problem

1 Yy = h(x),

3.21
520 y(1) =y(m) =1

to have a solution.
From Example 3.3, the homogeneous multiplicative adjoint boundary value prob-
lem corresponding to (3.21) is

%1222 [ xyx —5
= 1,
y(1) = y(m) = 1.
The multiplicative differential equation in (3.22) is a multiplicative Cauchy-Euler
equation and its general solution is

with the help of techniques in [28].

Considering the boundary conditions in (3.22), ¢; = ¢z = 0 and the multiplicative
trivial solution y = 1 is obtained. According to Remark 3.17, since the problem
(3.22) has only the trivial solution, for any continuous arbitrary function h > 0,
the problem (3.21) has always a solution.

4. CONCLUSION

We consider non-homogeneous boundary value problems that are redefined with
multiplicative calculus techniques. The concepts of adjoint operator, self-adjoint
operator, Lagrange identity, Green’s formula given in the multiplicative sense for
this problem are expressed, and the detailed examples are provided to emphasize
their importance. In conclusion, a criterion is provided for determining whether a
solution exists for a non-homogeneous multiplicative boundary value problem, and
also some examples are given.
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ABSTRACT. In this paper, we will investigate the infinite Coxeter groups Bn
and D,. Their Grobner-Shirshov bases and classifications of normal forms
are achieved by leveraging results from the infinite Coxeter groups of types

Cr. Additionally, new algorithms are presented for obtaining normal forms of
elements within these groups.

1. INTRODUCTION

To begin with, we revisit certain ideas related to the Grobner-Shirshov basis
theory. Let S represent a set, and S* denote the free monoid of strings formed by
S. We refer to the empty string as e. A well-ordering < on S* is referred to as a
monomial order if z < y implies axzb < ayd for all a,b € S*. Let (S) denote the free
associative algebra generated by S over a field k. Given 0 # f € (S), we denote
by f the leading word of f concerning a specified monomial order. For two monic
polynomials f and g, f(S) if there exists a word w such that w = fb = ag for some
a,b € S*. The intersection composition of f and g is defined by (f, g)., = fb—ag. If
f = agb for some a,b € S*, the inclusion composition is defined as (f, g) = f — agb.
In this scenario, the transformation f — f — agb is known as the elimination of the
leading word (ELW) of f in g. Let R C (S) be a collection of monic polynomials,
and let f be another monic polynomial. We say that f is reduced to h modulo R
if f is derived from a sequence of ELWs involving elements of R, and no further
ELWs of r are possible. A set R C (S) is termed a Grébner-Shirshov basis, denoted
by GSB if every composition of polynomials from R is reduced to zero modulo R.
A GSB R is considered minimal if there are no inclusion compositions within R. If
R C (S) is not a GSB, take a composition of intersections of polynomials from R
and reduce it modulo R. If this reduction results in a non-zero polynomial r, add
r to the set R. Continue this process for each composition of polynomials from R
until no further enlargements are required. The final set obtained will be a GSB.
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This procedure is referred to as the Shirshov algorithm. The Composition Diamond
Lemma ([I3]) is valuable for finding the normal form of a group through its GSB.

When a group G is defined by generators S and relations R, each relation z =y
in R can be associated with a polynomial x — y. Thus, the set of relations can be
viewed as a subset of T1(S). Consequently, a GSB of R, referred to as a GSB for the
group G, can be found. It’s worth noting that R comprises ”biwords,” essentially
differences of words. The Shirshov algorithm maintains this property throughout
the computation. Therefore, a GSB of a group can be considered a unique set of
relations for that group. Furthermore, the set

Red(R) = {w € S*|w # 25y, z,y € S*,s € R}

constitutes the set of all normal forms of G, as established by the Composition
Diamond lemma.

Coxeter groups, known as Weyl groups, represent one of the most significant
examples of groups defined by generators and defining relations. Consequently, the
pursuit of finding GSB for these groups has attracted considerable attention from
researchers. GSB for finite Coxeter groups can be found in [I]. For the finite excep-
tional Coxeter group of type Eg, a GSB has been established in [3], while for the
finite exceptional Coxeter groups of type Eg and E7, a GSB can be found in [4].
The method of GSB bases introduces a new algorithm for deriving normal forms of
elements in groups, monoids, and semigroups, providing a fresh approach to solving
the word problem in these algebraic structures. The word problem for a finitely
generated group G involves the algorithmic challenge of determining whether two
words formed by the generators represent the same element. A novel algorithm for
obtaining normal forms and addressing the word problem for Extended Modular,
Extended Hecke, and Picard groups through their GSB is explored in [5]. Compa-
rable findings for the singular part of the Brauer semigroup and braid groups via
the complex reflection group Gz are presented in [I1I] and [I4], respectively. In
[6], the authors establish a connection between graph theory and GSB of groups.
This article aims to pave the way for further research in this area. GSB for infinite
Coxeter groups of type Km dl, as well as for finite Coxeter groups of type A,,, By,
and D,,, have been obtained in [8], [I5], and [I2], respectively. Additionally, for
the infinite exceptional Weyl group of type Fy, a GSB has been constructed in [I0].
The author worked on GSB bases for infinite Coxeter group of type A, in [7] and
the results in this article were obtained from [T3].

The primary objective of this article is to derive GSB and normal forms for
infinite Coxeter groups of types B, and D,,.

2. GROBNER-SHIRSHOV BASES

This section focuses on the discussion of GSB for the infinite Coxeter groups of
Types B,, and D,,.

2.1. GSB for B,,.

Definition 2.1. The presentation of the infinite Coxeter group of type B,, includes
generators S = {sg,S1,...,8,} for a positive integer n > 2 and the following
defining relations:

(RB1) $48q=¢€¢ for 0<a<n,

(RB3) SqSp =spsq for 0<a<b—1<n but (ab)#(0,2),
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(RB3) SaSa+1Sa = Sa+18aSa+1 for 1<a<mn-—1,
(RB4) Sp0S1 = S150,

(RB5) Sn—15nSn—15n = SnSn—15nSn—1,

(RBG) 508250 = S250S52.

where e represents the identity element of the group.
For the sake of convenience, let us assume that

SaSa+1 " " Sb, ifl<a<b<n;

Sab = SaSa+1 " SnSn—1-""S¢, 1< a<c=2n—7<n;
e, fo<b=a-1<n.

and

SbSb—1 """ Sas ifl<a<b<n;

—1 . .

Sap = ScSc41t SpSn—177Sq, 1 <a<c=2n—j<mn;
e, if0<b=a—-1<n.

It is important to note that s;bl is, in fact, the inverse of s, since s,s, = e for
each a.

Lemma 2.2. Assume that < denotes the degree lexicographic order on S*. A GSB
for the infinite Cozeter group of type B, with respect to < includes the following
polynomials:

. f“):sasa—lifogagn,

° féa’b) = SaSp — SpSq if 0<a <b—1<n but (a,b) # (0,2),

b .

éa )*sabsa75a+1sab if1<a<n—-2anda<b<2n—a-—1,
(a) :

® J4 = Sa2n—aSa+l — Sa+1Sa,2n—a ifl<a<n-— 1,

. éa) = 50524510 — 515052451,a—1 if 1 <a <n—1,
(a) :

o fo ' =50522n—a51,2n—a+1 — 515052,2n—aS51,2n—qa if 2 <a < n,

° f7(a’b) = 5082451580 — $25082481p if 2<a<2n—-3 and 0<b <1,
b .
. féa’ ) = 5052051550525 — 52505245165052,a—1 if 2 <b<a <n,

(a7b) PR .
fo 7 = 5052,2n—aS1650526 — 525052,2n—aS1a5052,b—1 if 3 < a < n—1 and

[ ]
2<b<n-1,
b .
1(8 ) = 5082,2n—251a5052651 — 525052,2n—251a5052p if 1 < a < 2 and 2 <
b<2n -3,
(a,b) .
11 = 5052,2n—251a5052b51,a—1 — 525052,2n—251a5052b51,a—2 if 3 < a <

n—1,3<b<nanda<b,
o fl2 = 5052,2n—25052 — 525052,2n—250,

13 = 5052,2n—251a5052,2n—b51a — 525052,2n—251a5052,2n—b51,a—1 if 2 < b <
a<n-—1,
(a,b) _
14 5052,2n—251,2n—a—15052,2n—b51,2n—a
—525052,2n—251,2n—a—15052,2n—b51,2n—a—1 if 2<b<a<n-—1,
(ab) __
® 15 = S052,2n—aS1,2n—b—15052,2n—b

— 525052,2n—a51,2n—b—15052,2n—b—1 if 2<a—-1<b<n—1,

o fig = 5052,2n—2515052,2n—25152 — 525052,2n—-251505052,2n—251,
(ab) _ :
17 = = S052,2n—25165052,2n—aS1,b—1 — $25052,2n—251b5052,2n—aS1,b—2 if 3<

b<a<n-—1.
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Proof. The proof is conducted using the Shirshov algorithm.
< fiz, ngQ) >= f1((1)’2) - 528082,277.72]0551)827
< fl((1)7b)7 ’;bJ) >= fl((?b) - 528082,2717231]07([)70) lf 2 S b S n,

Similarly, other elements can also be found.For a detailed proof, you can refer
to the thesis [13] O

Let RP denote the set of polynomials as outlined in Lemma Currently,
we are unable to demonstrate that the provided polynomials in the lemma form
a GSB for the infinite Coxeter group of type B,. Verifying this would involve
intricate computations to confirm that the remaining compositions in R® reduce
to zero modulo RE. Instead, we will utilize the Composition Diamond lemma to
establish that R serves as a GSB for the infinite Coxeter group of type B,.

2.2. GSB for D,,.

Definition 2.3. The presentation of the infinite Coxeter group of type D,, includes

generators S = {sg,S1,...,8,} for a positive integer n > 4 and the following

defining relations:

(RD1) 848 =1 for 0 <a<n,

(RD3) 8a8p = 8pSq for 0 <a<b—1<mn but (a,b)# (0,2) and (a,b) #
(n—2,n),

(RD3) $4Sq+15¢ = Sa+1SaSa+1 Wwhere 1 <a<mn-—1,

(RD4) Sp—25nSn—2 = SpnSn—25n,

(RDs) sosa2sp = s250S2-

For the sake of convenience, let us assume that

SaSa+1 " Sby ifl<a<b<n;
. SaSat1 " Sn—2SnSn—1-*"Son—p, H1<a<n—1<b<2n-—a;
YY) s, if b=aq;

1, ifb=a—1.

From this point forward, we will refrain from using superscripts unless it becomes
necessary to distinguish between the groups B,, and D,.

Lemma 2.4. Assume that < denotes the degree lezicographic order on S*. A GSB
for the infinite Cozeter group of type D, with respect to < includes the following
polynomials:

og%“):sasa—lif()gagn,

. gé“’b) = SaSp — SpSq if 1 <b—a but (a,b) # (0,2) and (a,b) # (n —2,n),
(a)

® g3 = Sa,a+l — Sa+1Sa if a=0,n-1,

® J4 = Spn—2nSn—2 — SnSn—2n;

° géa’b) = SapSa — Sat+18a If 1 <a<b<n-—1)or (1 <a<n-—2and
n<b<2n—-3and 2n—-b—1>1),

L4 Qéa) = Sa,2n—aSa+1 — Sa+15a,2n—a if 1<a<n-— 3,

® g7 = Sp—2n4+28n — Sn—15n—2,n+2;

® gg = Sn—27n+23n—1 — SnSn—2,n+2;
b .

géa ) — 508245150 — $25052451p If 0 < b<1land 2<a<2n-—3,
(@) _ .

® g1y = 8052a51a — 515052451,a—1 if 2<a <n—1,
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® Ji11 = S0S2nS1n — S15052nS1,n—2;
® Ji2 = S5052,n—151,n+1 — $15052,n—151n,
(a) _ :
® G135’ = 5052,2n—a51,2n—a+1 — 515052,2n—aS1,2n—a if 2 < a < n,
b .

. gﬁ’ ) = 5052451550525 — 525082¢5165052,6—1 1f 2 <b<n—1landn <a <

2n—3)or (2<b<n—-land3<a<n-—1andb<a),
® Ji5 = S052,n—151nS052n — S25052,n—151n5052,n—2,

(a,b)
Y916

n—1,

= 5052,2n—251a5052651,a—1 — 525052,2n—251a5052651,a—2 if 2 <a <b <

® Ji17 = S052,2n—25052 — $25052,2n—250;

(a,b) _
® gis = 5052,2n-251a5052651 — $25052,2n—251a50526 if (@ = 1 and 2 < b <

n—1) or (1§a§2andn§b§2n—3),
(a) :
® J19° = 5052,2n—aS1,n—15052,n+1 — $25052,2n—aS1,n—15052n if 3<a<mn,
(a) _ :
® Jo0 = S052,2n—aS1nS052n — $25052,2n—aS1nS052,n—2 if3<a<n-1,

(@) :
® Gy = 5052,2n—251a5052,2n—2512 — 525052,2n—251a5052,2n—251 if 1 <a <2,

® (22 = 5052,2n—251n5052nS1,n—2 — 525052 2n—251nS052nS1,n—3,

(a)

® (go3° = 85052,2n—-251,n—15052,2n—aS1n — $25052,2n—251,n—15052,2n—aS1,n—2 if
2<a<n-—-1,

° (a) _ _ f 9 <
9oq4 = S052,2n—251n5052,2n—aS1,n—1 — $25052,2n—251n5052,2n—aS1,n—2 1 S
a<n-—1,

(a,b)
® go5 ' = S0S2,2n—251,2n—aS5052,2n—bS1,2n—a+1
— 525052,2n—251,2n—a5052,2n—b51,2n—a if 2<b<a < n,
(a,b) _ .

L4 926 = 5052,2n—aS1,2n—b5052,2n—b+1 — 525052,2n—aS1,2n—bS052,2n—b if 3 <

a<b<n-1,
(a,b,c) __ if (¢ —
® gor = 5052,2n—251a5052,2n—bS1c — $25052,2n—251a5052,2n—bS1,c—1 1 (C =a
and2<b<n—-2and3<a<n—-2)or(c=a—1land 3<a<n-—2and
a<b<n),

Proof. As in the case of B,,, the proof is established using the Shirshov algorithm.
For a detailed proof, you can refer to the thesis [13].
O

At this stage, we are unable to demonstrate that the polynomials provided in the
lemma form GSB for the infinite Coxeter group of type 5 We will demonstrate
that the set of polynomials found for B,, and D,, indeed forms GSB for the infinite
Coxeter group of types B, and D,, by examining their normal forms, respectively.

3. NorRMAL FORMS

The necessary definitions and properties for the normal forms of C~’n are provided
n [13] and [15].

~ —~C
3.1. Normal Forms for B,. For v € S, , let us define v[a,b] = |{t € Z :
t < a,v(t) > b}| for all a,b € Z. Now, consider SZ = {u € S¢ : u[n,n +
1] = 0 mod 2} which is a subgroup of S$ consisting of elements in the form

{fu e S : un,n+1] =0 mod 2}. It is clear that SB is a subgroup of S¢
with an index of 2. Moreover, for any u € Sn, we can represent it as u =

-1 .
(Sgbnsg—l,bn,l "'5%1)(3005?,%—1)&2” Lo (s§s9)1(s§)™ where Y, " ay is an
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even number. The following proposition affirms that gf is indeed the infinite
Coxeter group of type B,,.

Proposition 3.1. ([2], Proposition 8.5.3)
The group Sb with generating set {SOB, sP,... 5B} is the infinite Coxeter group
of type B,, where sB=s¢ fora=1,2,...,nand sf = [2n —1,2n,3,...,n].
First of all, we give some relations between words in En and words in én
Lemma 3.2. The following statements are equivalent.
(1) s§'s{s§ = s6,

(ii) (s§s5,)(s5s5,) = sBsB sB for0<azb<2n-—2.

Proof. (i) s§s7sS =[2n,2,...,n][2,1,3,...,n][2n,2,...,n] = s&.
(ii) sPsB sB = s§s{s§sS s§, = 555,55 5§, by a series of ELW in f(O <)

O

It’s worth mentioning that the length of a word in CN'n is two greater than the
length of the corresponding word in B,,.

Lemma 3.3. In the context of the infinite Cozeter group of type 571, the following
relation is valid:
(56 5an 1) (6§ 5E(sE'35, 1), i atb<2m,

c_.C c_.C c_.C
(s0 51,2n—2)(50 515) (80 81a) =

(56 5T 2n—1) (5§ 8Ta—1)(s§s%,), ifa+b>2n.

This equation is applicable for 1 < a,b < 2n — 1 with the condition that b < a when
a<nora<bwhena>n.

Proof. In the scenario where a + b < 2n, there are two distinct cases to consider:
(i) 1<b<a<n,
(i) 1<b<n<a<2n-—h.

In both of these cases, the following relationships hold:

(585 n_2) (555 ) (55 85) = (55 5 _1)(55'55) (555, 1) (sE'C,..) applying by

an ELW in féb).
(Sgslcjzn—l)(5005%)(585%71)(555%1@) = (Socsfzn—ﬁ(58‘516;)(500516:1)71) apply-
ing by a series of ELW in fs.
In the case where 2n < a + b, we have n < b < a < 2n — 2. Let a = 2n — ¢ and
j = 2n — d. Therefore;
c.C C.Cy\(.C.C c.C C.C\(.C.C
(50 81,2n72)(80 1) (50 81a) = (50 81,2n71)(80 515) (50 51p)8d—25d-3 " " * S¢

due to an ELW in féb). Furthermore; (s§'s$,)s: = (s§s§,_1)s{1s5 by an ELW

in ét’b). (s§s1_1)s54155 = 518§, by a series of ELW in f;. This results in the
desired equality. ([

Corollary 3.4.

c.c
(s s59n_as1 b+1)(50 57a), a+b<2n—1,

(5003102 —1)(3(?51 50 31b
" ) (s 85 9n_ 251b)(553€a+1)a a+b>2n—1

This equation holds for 1 < b < a < 2n —
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Lemma 3.5. Let m > 1.
2m

(i) (3(()}3?,27171)2"1 = (5(])952?271723{3) ’

(i) (s§5¥0n 102" (5§ s$5,) = (5§ 5 0n_osT)? ™ H(sFs5) for2 <b<2n -2,

(iif) (Sgslc,zn—l)zm Ls§ = (5(])352an 251 )Q(mfl)(s(])gszbizn—z)(sg)
Proof.
(i) We will utilize induction with respect to m. (s§s2,, o) (sF 585, _osF) =

(Sgslczn 2353?)(35310271 25339) = (38‘510,27%2)(3?50031050%(32%725003?) =

c.C C.C CoCCY _ (CoC 2 s
(56 31,2n71>(50 81,27172)(50 s5s7) = (85 81,2n71) . The first equality is de-
rived from Lemma and the second and the third equalities stem from
1 0 .
ELW in () and ( ) respectively. Assume that (sBsB _,sP)2e =
s p Y 0 52,2n—251
(sgsf%_l) for a p081tive integer c¢. Consequently, (5(1)3552”_23{3)2(0“) =
C.C 2¢( B B B\2 _ (C.C 2(c+1
(8681 2n—1) (50 52 2n—251 )* = (5 31,2n—1) (et1),
i, B_B omA1( B B\ _ (.C.C 2m ( ,C .C C «C\(C C C
(i) (sg 52,2n—251 ) (50 83) = (55 31,2n—1) (s0 S1,2n—250 S1 )(s5 81,50 ) by
Lemma (.2
C.C 2m( C C C oC\(C oC «C\ — (CC 2m .C C C oC .C C C C
(56 81,2n71) (s6 81,2n—250 51 )(s6 150 ) = (s5 Sl,2n71) 50 51,2n—251 50 S1 S0 S2p50
1
by ELW in f{V.

c.C C.C C.C.C.C.C.C _ (.C.C 2m+1 ,C .C
(5§'8T 2n—1)"" 56 57 2n— 251 S0 ST 50 53450 = (50 5T,2n-1)""" 55 57,8655 by a series of
(0,
ELW in f2 2
C.C 2m+1.C .C .C.C Cc.C 2m+1
(86 8T,2n—1)""""5G 511;50 55 = (80 ST .2n-1)"" s 55, by ELW in f1

(iii) (3(])335,21@—1)( 6) = (5§ 57 2n— 250C)(3(?51 s5) by Lemma
(s§ sf,gn_zs(?)(sgs? 3 ) = 565720156 -

The remaining part follows as a straightforward consequence of part (i). O

It should be noted that the length of word in C, is 2m greater than the length
of the corresponding word in B,,.

Definition 3.6. The following words are defined in B,

(i) wozsfdn---saBda sfd fora—1<d,<2n—aanda=1,...,n

(ii) wy =[]\, (56 5 an_25T,,) for t >0 and 1 < a; € a;—1 < 2n — 2.

S

(iil) wy = H;:1(5(?3§b2i,15ﬁ2i) fors>0and 0<b; € b;_1 <2n— 3.

(56 52n—251 )™,
(iv) wg =< (sFsB,_,sP)2m=1(sFsB), form>0and1<b<2n-2,
(50 53257 )2(m 1)(3 Sszn 2)5 -

(v) wq = wowrwy where a; > 2 and either by € a; or by Z a; but
by at, a; + by > 277,;
b2+1<at, a; + by < 2n.

(Vl) W5 = WoW1Ws.
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Let Wg = {w4, ws}.

Theorem 3.7. Any word w € We in which number of appearance of sy is even
can be converted into a word in Wg.

Proof. Since sZ = s¢ for a = 1,...,n, we focus on words of the form w =
(5§55 9 _1)™ Hf 1(3005117 ) where m + t iseven 0 < b; €b;_1 <2n—2.
t
If m = 0, then according to Lemma We can write w = i2:1(5033£b2i,15£i)~
As a result, w belongs to Wp.
Suppose that m > 1land 2n —2 = by = by = -+ = bg > bgy1. Then
L[4 / ’ t
w = (Iliz (50 3 bar_1 S1iby,)) W Where w = (Sgslc,2n—1)m Hizzt%ﬁl(socsgyi)

by repeated applications of Corollary 3.4 and Lemma Let us rewrite w as
follows, w' = (5§ s am_1)™(s§sT) TTh- O(SOCslal) Assume that a+i+a; >2n—1
for0<i<g<panda+qg+l+a;<2n—1forg+1<i<p Letx=(2n—2)—a.
Now we investigate each case separately. There are 6 cases.

Case (i): ¢ >  — 1 and m > z. Corollary ﬂ 3.4] and Lemma imply that

’ " "
w = Lo (8 s5an—osTa,Jw where w = (5§72, —1)" " [y 11 (56 87, ). Now

same process can be applied to w”. This should be repeated until one of the
conditions is not met. Therefore we can assume that w does not satisfy one of the

conditions without loss of generality.
Case (ii): ¢ > x—1 and m=zx. Corollaryn and Lemma suggest that w' =

[T (8580, _ost,) ]_[2 ma (s85P.,,  S1.as;) because of ay € az41, w € Wp and
o is w.

Case (ili): ¢ >  — 1 and m < z. Corollary and Lemma suggest that

’ —1(.B.B B B B B 5 B B _

w = (H:‘io (50 52,2n—251a,~))(50 52,a+m51am) H::an(So Sz,a%,lsl,azi)- Ifa+m <
Qm—1, then clearly w € Wg which implies w € Wg. Suppose a+m Z a,,—1. Since
Am_1+m+a>2nand a,, € am_1, = Wp and so is w.

Case (iv): ¢ <z — 1 and m < ¢. Similar to the scenario in case (iii).

Case (v): g<z—1and g <m<p. w’ equals

(M)

q m—1

B B B B B B B_B
H 50 52 2n— 251%))( H (s0 52,271—281111—&-1))(80 52.atq+151a,,) H (S0 52,51 51,a2:)
1=0 i=q+1 7;:m2+2

by Corollary [3.4] and Lemma [3.2l We can observe that a, > agy1. If a + ¢ +
1 £ a,,_1 + 1, then it is evident that w € Wg which consequently implies that
w € Wpg. Now consider the scenario where a + ¢+ 1 Z a,,—1 + 1. In this case,
am-1+1<a+qg+1anda,, +a+q+1<2n—1. It follows that a,, < n and
consequently a,, + 1 < a,,_1 + 1. Therefore, we can conclude that w € Wpg and

hence w is also an element of Wg.

Case (vi): Applying Corollary and Lemma repeatedly provides the fol-

. ’ "
lowing, w = (H?:o(s(])gsl%—ﬁﬁi))( = q+1(SOBS2BQn 251a +1))w where

(8 8 2n—28T)™ 77, atqg+1l=2n-2
w = (S(JBSQBi2n—2S{3)m7p71(SOBSSEL—&-q—l-l)a 1 S a+ q +1 S 2n—3

(8550 _osP)" P 2(s8 585, 2)(s§), a+q+1=0
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by Lemma Thus, it is evident that w € Wg and consequently, w is also an
element of Wg.

O
Lemma 3.8. The generating function for words in Wy is given by the expression:
n 1 +ya
2a—1
[Ta+y+- 4y )W'

a=1
Proof. We have established a one to one correspondence between words in Wp
and words in W¢ with the even number of occurrence of sg. Consider a word
in We of the form w = (s&, sff_l’dnil s H;‘f:l(sgs%i) where t is even and
0<b; €bi_1<2n-—1. Since sg" = saB fora=1,...,n, sgdnsgfl’dnil ~-~51ch =
sfdnsf_l’dn_l ---sﬁll, we can express this word in Wpg as sfdnsf_l,dn_l ~-~sle1.
The generating function for this form of word in Wg is [[/_,(1+y+ -+ ¢y 1).
When converting the Hl 1 (socslb ) part into a word in Wg, the corresponding word
losses length by the number of occurrences of sg. The generatmg function for the
words in the form []}_ 1(s§'s$,,) where t > 0in We is [T,

to note we consider all words of the form Hl 1(58'5% ) where t > 0, and we can

a=1 11/7"'*"1' It is lmportant

add or remove s§ from the end of the word if the number of occurrences of s§ is
odd, without affecting the result. O

Consider the generating function for the infinite Coxeter group of type B,

ﬁ1+y++y2a—l

_ p2a—1
a=1 1 Yy
Using Section 7.1 in [2] we can express this as:
n 3 1+ya n 1+y+,._+y2a—1
1 . 2a—1 g —
al;[l( Ty+oty )(17yn+a) al;[l [

which corresponds to the generating function for words in Wj.
With t is understanding in place, we can now proceed to unveil the main result
about a GSB for the infinite Coxeter group of type B,..

Theorem 3.9. Let RE represent the set of all polynomials as described in Lemma
222 Then,

(i) Wp = Red(RP).

(ii) R® serves as a GSB for the infinite Coxeter group of type B,,.

Proof. (i) It is evident that any word in Wy is RP-reduced. Thus, we have
Wp C Red(RP). Conversely, if w € Red(R?), then w can be expressed as
a permutation in §f . According to Theorem this permutation corre-
sponds to a word in Wp. Consequently, we obtain Red(R?) C Wp.

(ii) We know that any polynomial in RP is part of a GSB for the infinite
Coxeter group of type B,,. If RB were not a GSB, then, by the Composition
Diamond lemma, Red(R?) should be a proper subset of the set of normal
forms in the infinite Coxeter group of type B,,. This would contradict the
fact that W and the normal forms of the infinite Coxeter group of type

Nn share the same generating functions.
O
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3.2. Normal Forms for D,,. Define §£’ as a subgroup of 5,]? consisting of those
elements in §f which, in their complete notation, exhibit an even number of neg-
ative entries to the right of 0. SP = {u € SB : w[0,1] = 0 (mod2)}. Hence, it
follows that g',’? is a subgroup of gf with an index of 2.

Proposition 3.10. (2], Proposition 8.6.3)

The group S2 generated by {s?,sP,...,sP}, constitutes the infinite Coxeter
group of type D,. In this group, s = s for a = 0,1,2,...,n — 1 and s? =
[(n—1 —n)].

Now, let’s attempt to find normal form representations of elements in l~)n with
respect to these generators. First and foremost, we’ll present some relations between
words in D,, and words in B,,.

Lemma 3.11. (i) sBsB | =sDsB
(i) spsp_1sp =57,
(i) 85155 sh_1 = 8757, _150 5
(iv) sy sh_15nsh_1 = 8551
Proof. (i) sysy y =[(n —n)][(n—1n)]=[(n—1 —n)][(n —n)]=s7s7.
(ii) sBsB | sB = sPsBsB = 5D by part (i).
(iii) sB_,sBsB | = sPsP_ B by applying part (i) and ELW in g{" ", respec-
tively.
(iv) sy s 187871 = 5,871 by part (if).
(]
Lemma 3.12. forl<a<n-2
s(?ba, by < m;
Sfba = S¢1D7n71857 ba =N
sfbi sB. b, >n

Proof. Since sf = 55 for 1 < a <n-—1, we also have saBba = sg)a for b, < n.
D B

Similarly sZ, = San—15n - Now, let us consider the case where b, > n and a < n—2.
Then, if part (ii) of Lemma , ELW’s in féi’n) where ¢ = 2n — by, ...,n — 2 and
1)

ELW’s in f;" " are applied, respectively, then sb sB = s5 will be obtained.
O
Lemma 3.13. Forl<a<n-—2
sﬁ)asf, by <n—2;
BB sDsB b, =n—1;
= D .
" aba SaDn7 bCL = na
Sab, s ba > n.
Proof. i) stfba =[n —n)][(aa+l - bg+1)]=[(@aa+1 - b+ 1)][(n —
n)] = sfba sB because b, +1 < n. sfba’sf = ﬂa sB because sfba = sana.
(il) sh,sf =sP, osBsB sBsB. If ELW’s in fl(") and ELW’s in f;”n) for i =
n —2,...,a are applied, respectively, then sin_zsfsf_lsfsf = sfsfin_l.
(ili) sFsD, = sBsl, 1sD. Using part (i), then sPsB, sF = sD sBsh =D .
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B B B B - - B.B B B _
anSn—1""" 83,y - Using part (i), then s;7s. 5,7 1 -85, , =

(iv) sfsfba s

D B B _ D & B _ .D -
SunSn—1"""S2n_p, = Sap, SiNCE § sy for i # n.

S

O

Definition 3.14. Let us consider a word w of the form sZ. sB_ ...sB .. 6B
njn°n—1,b,_1 ab, 1by

where each b, satisfiesa—1 < b, <2n—a for 1 < a < n. We will define a function
n(w), which counts the number of occurrences of s, in the word w.

The following corollary is a result of the equalities sZsf = sFsE,

the lemmas discussed above.

sP = sb and

Corollary 3.15. Let 1 < bZ a <2n—2.

sisD sh a<n—lorb>n
ssP._1shsB a=nandb<n-—1

sPsP 1sPsB a=nandb=n-1

sEsB B = sODsz,n_lsﬂ, a=nandb=mn
s§ sk sh B a>nandb<n-—1
s sh sD B a>nandb=n-1
sPsDsh | a>nanda=n

Corollary 3.16. Let 1 < b < a <2n — 2.

s§ sk sh sB a<n—lorb>n
D D D B —

$BgBgB B _ ) 50595150 a=n—1

770 “2a71b s§ sk sh. a>nandb<n

D.D D B —
50 82451015, a>nandb=n

Definition 3.17.

a<b, ifa>n+1,;
a<b=< b=n—-1lorb>n+1, ifa=mn;
a <b, ifa<n-1.

It is clear that n and n — 1 are not directly comparable. However, we can say that
n<n—1landn—1<n.

Definition 3.18.

a<hb, if a > n;
as<Sb=¢ b=n—-lorb>n+1, ifa=n-1;
a < b, ifa<n-—1.

Indeed, it is important to note that n and n — 1 are not directly comparable to each
other.

Definition 3.19. We define the following words in l~?n,

(i) wo=sby ---sb - sf) wherea—1<d, <2n—afora=1,...,n except

n—2<d,—1<n-—1.
.. ¢
(i) w1 = [Tiq (58 50 _o57,,) for t > 0,1 < a; S ai—1 <2n—2.
cee S
(iil) we = Hi:1(5(§)3£b2,~,151[3b2i) for s >0,1<b; <bj_1 <2n-—3.

(Sgsgzn—zs?bzi)Qm

b
(iv) ws = (SODSQ%_QSM%)Qm_l(soDsé)b), form>0and1<b<
(8?85%728&%)2("“1)(85852”72)85,
2n — 2.
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(v) wq = wowrwy where a; > 2 and either by < a; or by Aay
but by < ag, at + by > 2n;
bo +1<ay, a;+b <2n.
(vi) ws = wowiws
Let WD = {w4,w5}.

Theorem 3.20. Any word w € Wy where n(w) is even can be transformed into a
word in Wp.

Proof. Let wy = sfbnsf_l b1 ---saBba . --sﬁl where a — 1 < b, <2n—a for 1 <
a<n. Let ty =n(sp, ---sF, basy)- Then
wo = (sﬁdn e S(dea .. -Sgdl), n(w) is even;
(sn)dn B s(?da . 'sl)dl)sf, n(w) is odd.
where
4 — n, bp=morb, 1 =n+1;
" n — 1, otherwise. ’
n—1, b,_1=n—1lorb,_1=mn; andb, =n—1;
dp1=¢ n—1, b,_1=n+1;
n — 2, otherwise.
and
ba, ba 7é n-— 1,7’L;
di=< n—1, b,=n—1orb, =n; and t, is even;
n, by =n—1orb, =n; and t, is odd.
fora=n—-2n-3,...,1.

The values of d,, and d,_; can be easily determined using Lemma To find
the values of other d,, apply recursively either Lemma or Lemma for
a=n—2,mn—3,...,1 while using the fact that sZs2 = 1.

Consider wy = Hle(s§s§2n,23§i) fort >0and 1 <a; € a;—1 <2n—2 and let
¢ be the count of a;’s that are less than or equal to n — 1 in wy. Through multiple
applications of Corollary and Corollary imply that

t D.D D i .
{ Hi:1(50 82,2n—25ai)’ ¢ is even;
w1 =

([Tiz1 (588520 —28))s8, ¢ is odd.
where b; = a; ifa; #n—1and b; =nifa; =n — 1.
Now consider w; = sZw;. Similarly

t .
o { Hi:l (50D$£2n—25aD,-)7 CIS Odd;
1 =

t .
(ITiz1 (588520 —250)))55 s is even.
where b; = a; if a; #n and b; =n — 1 if a¢; = n.
Hence both w; and w; can be transformed one of the following

t
{ Hi=1(5€s£2n—253)7
t
(Hi:l(SODs£2n72SaDi))S(?7

where for t > 0,1 <a; Sa;1 <2n—2.

~
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Lemma 3.21.

n—1 n—1
[TIa+y+y2+ Ay A4y = Qty+y+. 4y ) [[A+y+y®+ 42
a=1 a=1
Proof. If n is odd, then
n—3 n—3
z n—1 2 241 nolog 2
[[a+y+y+ sy [Ja+s) = J[5— H(1 )
i=1 t=1 ¢:1 t=1 Y
_ - y”“)( ) -y
- n—1
(1*y) 2
1— yn+1 1— n+3 1— y2n72
= T 1—y g
n-3
2
= JI[a+y+y*+-+ym).
m=0
If n is even, then
n—2 n—2
= n—1 =z 2i41 n—1 2t
1— 1—
[Te+y+y++vH[Ja+) = [~ [[+—%)
; . 1—a 1—y
i=1 t=1 i=1 t=1
Ay g (1Y)
(1-y)=
o l-y"1l-— ynt? 1 — y2n—2
-y 1-y -y
e
— H(1+y+y2_~_._.+yn+2m—2).
m=0

Lemma 3.22. The generating function for word in Wp is given by:

Lby+- 4yt 140
1_yn—1 1_yn—1+a'

a=1

Proof. We have established one to one correspondence between words in Wp and
the words in W¢ where the numbers of occurrences of both sg and s,, are even. Let
us consider a word w of the form:

t

w = (Sgdnsgq,dn,l T 51C,d1) H(Sgslc;)
i=1
Here, t is even, n(w) is even and 0 < b; € b;—1 < 2n — 1. First, we examiner the
part of the word sgdnsgfl’dn_l e sfdl, which corresponds to 5%, sfﬁl’dn_l e sﬁdl
in Wg. According to Theorem [3.20] the corresponding word in Wp has

D _D D D
Sn Sn—lsn—Q,bn_g AT

where a — 1 < b, < 2n — a. The generating function for these words is (1 +
WP T (LFy + %+ y 2y Ty ) =1L (A +y+- ot
YA +y) = +y+y++y" DL +y+y? +- +y> ") as given by
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— t .
Lemma Now, let us analyze the word w = J];_, (s§'s{; ), where ¢ is even, and
n(w) is even. We are assuming that n(s% sP_,,  ---sP, ) is even; otherwise,

we would consider the word s5w. When converting the word []i_, (s§ s§,,) into a

word in Wp, the resulting word loses its length due to the number of occurrences

of both sg and s,,. The generating function for words in the form J];_, (s§'s$ ) in

n 14+y® . . . .
a=1 T—gnFa- Hence, the generating function for the corresponding

(A+y)(A+y?) (g™ 1 [ e O
T—yn—1)(1—yn)---(1—y2n—2) — yn—1 a=1 T—yn—1+a"

We is given by []

words in Wp is 0

We've established that the generating function for the infinite Coxeter group of
type D,, can be expressed as:

1+y+~-~+y"‘1ﬁ1+y+...+y2“_1
l_yn—l e 1_y2a—1 :

Using Section 7.1 in [2], we can simplify this expression to

n—1

= (JT+y+. 1)

a=1

n—1

l+y+-+y" P l+y+...+y2?
17yn71 H 17y2a71

1+ 9y
1— yn71+a))'

a=1
This result matches the generating function of words in Wp.

Now, we are ready to present the main result about a GSB for the infinite Coxeter
group of type D,,.

Theorem 3.23. Let RP be the set of all polynomials as provided in Lemma [2.4)
Then

(i) Wp = Red(RP). N

(ii) RP is a GSB for the infinite Cozeter group of type D,,.

Proof. (i) It is evident that any word in Wp is RP-reduced. Therefore, we have
Wp C Red(RP). Conversely, if w € Red(RP), then w can be expressed as
a permutation in §£ , and this permutation corresponds to a word in Wp
according to Theorem Hence, we have Red(RP ) C Wp.

(i) We understand that any polynomial in RP forms part of a GSB of the
infinite Coxeter group of type D,,. If, hypothetically, RP were not a GSB,
then according to Composition Diamond lemma, Red(R”) = W5 would be
a proper subset of the set of normal forms of the infinite Coxeter group of
type D,,. This would contradict to the fact that Wp and normal forms of

the infinite Coxeter group of type D,, share same generating functions.
O

4. CONCLUSION

The main purpose of this article is to derive the GSB and normal forms for
infinite Coxeter groups of type B, and D,,. Similar to many previously mentioned
papers, we use the Shirshov algorithm to obtain a set of R relations. We used it
partially. We then asserted that Red(R) is equal to the set of normal forms of
infinite Coxeter groups of type B, and D,,. Then, by applying the Composition
Diamond lemma, we find that R forms a GSB. At this stage, we took advantage
of the combinatorial properties of infinite Coxeter groups of type B, and D,, as
presented in [2]. Using this information, we determined a set of normal forms for
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this group and designed a method to determine the normal form of each element
of the group when provided in permutation form. As a result, we have determined
the normal form of the product of two normal forms. As a result, the group is
completely characterized in terms of these normal forms.
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ABSTRACT. In this paper, we study curvature properties of hemi-slant subman-
ifolds of Lorentzian Kenmotsu space forms. We define Lorentzian Kenmotsu
space forms and study their curvature properties. We give an example for
hemi-slant submanifold of Lorentzian Kenmotsu space forms. Finally, the cur-
vature properties of distributions are analyzed and the conditions for Einstein
are investigated.

1. INTRODUCTION

Bishop and O’neill investigated negative curvature manifolds [3]. They stud-
ied these manifolds using warped product. From the second half of the twentieth
century, the warped product began to be used in contact manifolds. Kenmotsu
investigated a different class of an almost contact manifold. He defined new condi-
tions by

(1.1) (Vxp)Y = —n(Y)pX —g(X,pY)§
Vx§ = X —n(X)¢

He showed that the contact manifold satisfying these two conditions is normal.
But this manifold was not Sasakian [7]. A differentiable manifold called Lorentzian
manifold with a Lorentzian metric of index 1. A Lorentzian manifold has lightlike,
timelike and spacelike vector fields. Therefore, the Lorentzian metric can also be
used on odd dimensional manifolds. So we can study Lorentzian contact manifolds.
Firstly, Takahashi defined and studied Lorentzian Sasakian manifolds using the
Lorentzian metric on Sasakian manifold [13]. After, Duggal has investigated the
space time manifolds [6]. From all these studied, Rosga investigated Lorentzian
Kenmotsu manifolds [9]. Many authors have been studied on Lorentzian Kenmotsu
manifolds [2, 4, 5, 8, 14, 15].
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In this paper, we are studied curvature properties of hemi-slant submanifolds of
Lorentzian Kenmotsu space form. Firstly, we are defined Lorentzian Kenmostsu
space forms and study their curvature properties. After, the definition of a hemi-
slant submanifold of an Lorentzian Kenmotsu space form is given and an example
is presented. Finally, the curvature properties of distributions are analyzed and the
conditions for Einstein are investigated.

2. LORENTZIAN KENMOTSU MANIFOLDS

Let B be almost contact manifold with an almost contact structure (¢, 7, &),
where £ is a vector field on B, n is a 1—form and ¢ is a tensor field of type (1,1)
satisfying

P=—T+n¢  pE) =1
If a semi-Riemannian metric g on almost contact manifold B by
9(@X,9Y) = g(X,Y) —en(X)n(Y),  ¢(§,§) =e=—1

therefore (B, ¢,n,&, g) is called a Lorentzian almost contact manifold. Then we get
N(X) = eg(X, £). Moreover, ¢ is never a spacelike vector field and a lightlike vector
field on B. We consider a local basis {eq, ..., e2,,&} in TB i.e.

g(eiaej) = 51‘]‘ and g({,f) =1

that is ey, ..., €2, are spacelike vector fields, and & is timelike.

We not that, for all X,Y € I'(TB), if (X,Y) = g(X,¢Y), ® is said to be
fundamental 2—form.

On the other hand, manifold is normal if

N=lppl+2dn® =0
where [, ¢] is Nijenhuis tensor field of .

Definition 2.1. Let B be a Lorentzian almost contact manifold. B is called a
Lorentzian Kenmotsu manifold if normal and dn = 0 and d® = 2en A .

Theorem 2.2. [10] Let B be a Lorentzian contact manifold. Therefore for all
X,Y e I(TB), B is a Lorentzian Kenmotsu manifold if and only if

(2.1) (Vxp)Y =e{g(Y,X)¢ —n(Y)pX}.

Corollary 2.3. Let B be a Lorentzian Kenmotsu manifold. Therefore we get
(2.2) Vxé= egazX
for all XY € T'(TB).

3. LORENTZIAN KENMOTSU SPACE FORMS

Let Lorentzian Kenmotsu manifold B has constant ¢p—holomophic section cur-
vature k. Therefore it is called Lorentzian Kenmotsu-space form. If constant
p—holomophic section curvature is k, manifold B is denoted by B(k). Therefore,
curvature tensor satisfied,
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RXY,ZW) = 53 (g(2,Y)g(W,X) - 407, ¥)g(Z, X))

+%{9(27 OY)g(W, 0X) — g(W, Y )g(Z, pX)
=29(W,02)g(Y, 0 X) + g(Z, X)n(W)n(Y")
(3.1) —9(Z, Y )n(W)n(X) + gW,Y)n(Z)n(X)}.

Theorem 3.1. Let B be a Lorentzian Kenmotsu manifold. If B have constat o—
holomophic sectional curvature, therefore the Ricci tensor is not parallel.

Proof. We using (3.1). For all X, Y € T'(TB), we get

(k— 1) z(k M oV, 0 X) — 2an(Y )n(X)

which proves the assertion. ([

S(X,Y) =

Corollary 3.2. Let B be a Lorentzian Kenmotsu manifold. Therefore we get

(k=3)n—-2)2n+1)
4

where T is the scalar curvature.

4. HEMI-SLANT SUBMANIFOLDS OF LORENTZIAN KENMOTSU SPACE FORMS

Let B be a submanifold of a Lorentzian Kenmotsu manifold B and V be the
Levi-Civita connection of B. For all X,Y € I'(TB) and N € T'(TB)*, we have

(4.1) VxY = VxY +h(X,Y)

(4.2) va =—AnX + Vg}N

This equations is called Gauss and Weingarten formulas, respectively. Moreover,
from (4.1) and (4.2), we get

(4.3) 9(ANX,Y) = g(h(X,Y), N).
For any X € I'(T'B), we give
0X =TX + NX

where N X and T'X is the normal and tangential components, respectively.
For any V € I'(T*B), we have

eV =tV +nV
where nV and ¢V is the normal and tangential components, respectively [12].

Lemma 4.1. Let B be a submanifold of a Lorentzian Kenmotsu manifold B. There-
fore, for all K, L € T(TB)

(4.4) (VkT)L = AN K + th(K, L) + e{g(TK, L)¢ — n(L)TK}

(4.5) (VkN)L = nh(K, L) — h(K,TL) — en(L)NK.
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From now on, we accept that the £ is tangent to the submanifold B. Therfore,
we can consider the orthogonal direct decomposition

TB=Da®¢,
where D is the orthogonal distribution to .

Definition 4.2. Let B be a submanifold of Lorentzian Kenmotsu manifold B .
Therefore B is called anti-invariant if and only if (T, B) C T;- B for all x € B.

Definition 4.3. Let B be a submanifold of a Lorentzian Kenmotsu manifold B . If
angle betwen @B and T'B is a constant, submanifold B is called slant submanifold.

In [1], Sp{&} defines the timelike vector field distribution. Let W is a spacelike
vector field. If vector field W is orthogonal to &, we get

g(eW, oW) = g(W, W) > 0.
For spacelike vector fields the Cauchy-Schawrz inequality
gW, W) < [[W][ W]

is verified.
Then we have
g(eW, TW)

cos = ~—— |
[eW I I TW |

Definition 4.4. Let B be submanifold of of a Lorentzian Kenmotsu manifold B.
Therefore B is called a hemi-slant submanifold which D; and Ds two orthogonal
spacelike distributions such that

(#4) Dy is anti-invariant.

(#i) Dy is slant with angle 6 = 0.

Therefore, the angle 6 is called the slant angle of a submanifold B.

On the other hand, let d; be dimension of the distribution D; for ¢ = 1,2.
Therefore we have the following cases:

If do = 0, therefore B is an anti-invariant submanifold.

If dy =0 and 6 = 0, therefore B is an invariant submanifold.

If dy = 0 and 6 # 7, therefore B is a proper slant timelike submanifold.

If didy # 0 and 0 # 7, B is a proper hemi-slant timelike submanifold.

For a local orthonormal frame {eq, ..., e2p, €2pt1, -.-s €2p4245 &}

Dy = sp{ei, ...;ezp}, Do = sp{eapy1; s €2p 124}
where dimD; = 2p and dimDy = 2q.

Example 4.5. In what follows, R?™*! with Lorentzian Kenmotsu structure given
by

o 9 . D P P
Xigrm+Yigr)+257) = Yi— — X;—) + Yy, —
g= ef2Z(dei ®dr; +dy; @ dy;) —en @
=1
0
5_$7 77—dZ

where (21, ..., Tp, Y1, ..., Yn, z) are Cartesian coordinates on R?™+1,
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Now, a submanifold B of R” defined by
B = F(s,l,k,u,t) = (s,0,k,1,u,0,t).
Therefore local frame of T B

€1 = i €y = i ez = i
6],‘1 ’ 8y1 ’ 8$3 ’
0 0
€4 = 67312’ €5 = 9z i
and
«_ 0 ._ 0
el = T €5 = 37y3
from a basis of T+B.
‘We choose
Dy = sp{e1,es}
and

Dy = sp{es, es},
then Dy, D5 are anti-invariant and slant distribution. Thus

B is a hemi-slant submanifold of R7.

5. CURVATURE PROPERTIES OF DISTRIBUTIONS

[11], Let B be a hemi-slant submanifold of a Lorentzian Kenmotsu manifold B .
From (3.1) and (4.1), a hemi-slant submanifold B has constat ¢-sectional curvatre
k if and only if the Riemanian curvatre tensor R satisfied

R Y, ZW) = 2207 v)w,x) - oW, Vg2, x))
2 gy, 290X W)~ g(oY. Wgl(0X. 2)
—29(pZ, W)g(pX,Y) + 9(Z, X)n(W)n(Y)
—9(Z, Y )n(W)n(X) + g(W,Y)n(Z)n(X)}
(5.1 Fg(h(Z,Y), h(W, X)) — g(h(Z, X), h(W,Y).

Proposition 1. Let B be hemi-slant submanifold of Lorentzian Kenmotsu space
form B(k).Therefore we get

(62)  RXY.ZW) = "2z v)0,%) - oW,V )g(Z, X))

+g(h(Z’ Y)7 h(VVa X)) - g(h(27 X)v h(W7 Y))
for all X,Y,Z, W € T'(Dy).
Proof. The proof follows from (5.1). O

Corollary 5.1. Let B be hemi-slant submanifold of Lorentzian Kenmotsu space
form B(k) and anti-invariant distribution Dy is totally geodesic. Therefore Dy s
flat if and only if k = —3.



HEMI-SLANT SUBMANIFOLDS OF LORENTZIAN KENMOTSU SPACE FORMS 107

Theorem 5.2. Let B be hemi-slant submanifold of Lorentzian Kenmotsu space
form B(k).If anti-invariant distribution Dy is totally geodesic, therefore it is Fin-
stein.

Proof. Let D is totally geodesic. For all X,Y € I'(D;) using (5.2), we have Ricci
curvature by

S10X,Y) = Y g (X V) (B, B — 9(X, B (B, Y)).

Then, by elementary calculations, we get

k+3)(2p—1)
4

Si(x,v) = ¢ g(X.Y)

which proves the assertion. ([

Corollary 5.3. Let B be hemi-slant submanifold of Lorentzian Kenmotsu space
form B(k). If Dy is totally geodesic, scalar curvature of Dy given by

k+3
o, = p(p— )= —
Theorem 5.4. Let B be hemi-slant submanifold of Lorenzian Kenmotsu space form
B(k). Therefore the scalar curvatre of Dy is given by
(k+3)(2¢—1)+3(k—1)
5 .

Proof. For all U,V € I'(D3), from (5.2), Ricci curvature of Dy is given by
3(k—1)(k+3)+(2¢—1)
4
which proves the assertion. ([

TDy, = (¢

52(Ua V) = g(Uv V)

6. CONCLUSION

Lorentzian manifolds have potential for applications in many fields of mathe-
matics and physics. In particular it is applicable to the theory of relativity, theory
of spacetimes. Researchers have increased studies on this field from different areas
in recent years. After the defination of Lorentzian Kenmotsu manifold, hemi-slant
submanifolds were studied. In this paper, the idea of examining curvature of hemi-
slant submanifold are emphasized. The works on this subject will be useful tools
for the applications of hemi-slant submanifold with different manifolds.
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ABSTRACT. In this paper, by considering ideal which is special subfamily of
power set of natural numbers I*-convergence of sequence of functions in asym-
metric metric spaces is defined and some results about new concept are given.
Obtained results is supported some examples to show differences by the clas-
sical ones.

1. INTRODUCTION

The definition of statistical convergence by using asymptotic density was first
introduced by Fast [6] and Steinhaus [17] in the same year 1951, independently.
Although, it looks a simple generalization of classical convergence, this definition
gave a new perspective to the researchers.

In [8], Freedman A.R. and Sember J. J. introduced a general concept of density
and studied the relationship between densities and strong convergence areas of dif-
ferent summability methods. In [2], It has been demonstrated that if a sequence
is strongly p-Cesaro summable or w, convergent then the sequence must be statis-
tically convergent for 0 < p < oo Furthermore a bounded statistically convergent
sequence must be w, convergent for any p, 0 < p < oco.

Di Maio G. and Kocinac L. D. R. introduced and examined statistical conver-
gence in topological and uniform spaces in [3]. They demonstrated the applicability
of this convergence to the theory of choice principles, function spaces, and hyper-
spaces.

Some years later in the paper [12], Ilkhan and Kara obtained some results about
completeness, compactness and pre-compactness by using statistically Cauchy se-
quences in a quasi metric spaces.

Later, based on the idea of this definition, P. Kostyrko, T. Salat, W. Wilczynki
[13] gave the concepts ideal convergence by characterizing the small sets of a space
in different ways.
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In article [7], the Bolzano-Weierstrass theorem is generalized by using ideal con-
vergence. The authors of the paper [7] provided instances of ideals possessing and
lacking the Bolzano-Weierstrass property, and examined the BW property in rela-
tion to submeasures and its extendibility to a maximal P-ideal. Apart from these,
The study [18] examined the completion of a linear n-normed space regarding ideal
convergence by introducing the notion of uniform continuous n-norm.

B. K. Lahiri and P. Das [14] carried out studies on I-convergence and I* con-
vergence and obtained important results. These concepts were studied in arbitrary
metric spaces or arbitrary topological spaces.

In [11], Argha Gosh discussed and examined the concepts of I*(«)- convergence
and I*-exhaustiveness of metric function sequences and explained the relationship
between these two concepts.

In asymmetric metric spaces (or quasi metric spaces in some sources) which is
a larger structure than metric spaces, some properties of quasi metric spaces were
given by Otafudu O. O. in [15], Reilly et all. in [16], Doitchinov D. in [4] and Dutta
R. in [5], where sequence and function sequence convergence and fixed point results
were given. Then, Ghosh A. (in his paper [10]) investigated the convergence of
sequences of functions in asymmetric metric spaces with the help of ideals.

In this paper, our aim to give new kind definitions of left (right) I* («)-convergence,
left (right) I*- Alexandroff convergence, left (right) I*-uniformly convergence for
function sequences in an asymmetric metric space and some relations between them
will be investigated.

2. PRELIMINARIES AND NEW RESULTS

In this part, we will present several new definitions along with corresponding
results related to them.Throughout the text, we are going to use YX to indicate
the set of all maps from the asymmetric metric spaces (X, q) to (Y, p)

Definition 2.1. Let X # ) be a set and q : X x X — [0,00) be a function.
The function ¢ is defined as an asymmetric metric on X if it meets the following
criteria: (¢) q(z,y) > 0, for all z, y € X; (i) q(z, y) = 0 if and only if z = y and (4i7)
q(z, 2) < q(z, y) + q(y, 2) holds for all z,y, z € X.

Then, the pair (X, q) is referred to as an asymmetric metric space and in addition
to this if q possesses the property of symmetry, it is classified as a metric and (X, q)
is termed a metric space.

Definition 2.2. Let (X, q) be an asymmetric metric space. A left(right) topology
77(7T) induced by q is generated by the collection of left(right) open balls

B (z,7):={yeX:q(y,2) <r} (B (2,7) :={y € X:q(z,y) <r})
for all x € X and positive reals r > 0, respectively.

A sequence T = (x,,) is said left(right) convergent to a point z* if for every € > 0
there exists n. = n.(e) € N such that z,, € B~ (z* r) (z,, € B* (2% r)) holds for all
N> Ny

One of the important problems that arise as a result of the lack of symmetry
property is that left(right) limit of a sequence is not unique, in generally. Let’s give
an example to see this defect of asymmetric metric space:
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Example 2.3. Let us consider a real valued sequence & = (x,,) as

R &, nis odd,
" 3w, T 1S even,

and asymmetric metric as
0, a<bd
a, b) =4 =)
9(a, b) {1, a > b.
Hence, it is evident that every point of (—oo,0) serves as a left limit point of the
sequence.

Definition 2.4. [9] A subset B of N is considered to have natural density natural
density (or asymptotic density) denoted by d(B) if following limit exists

d(®B) := lim M,

n—00 n

where B(n) := {j € B :j <n} and the symbol |.| denotes the cardinality of the
inside set.

Definition 2.5. [13] Let X be a non-empty set. A family I C 2% is termed an
ideal on X if (i) UUV €1 holds for all U,V € T and (i7) U € I and V C U, then
V €I holds.

An ideal I is is referred to as non-trivial if I is not equal to # and X is not an
element of I. A non-trivial ideal is termed admissible if it includes the singleton set
{z} for every z € X.

Definition 2.6. [13] Let X # (). Then, § C 2% is defined as a filter on X if it
meets these criteria: (i) UNV € Fforal U,V € Fand (i) U € Fand U C V
implies that V' € § holds.

For any non-trivial ideal I C 2% it can be defined a filter as follows
SO :={UcCcX:U°el}
and it is called a filter associated with I. Following families
I, ={UCN:d(U)=0}; §{Ay):={U CN:dU) =1}
are well known nontrivial admissible ideal and filter.

Definition 2.7. [10] Let I be an admissible ideal.It is referred to as Good, for any
sequence {An}, oy of sets where A, ¢ I for all n € N, if there exists a sequence
{Bn},cy of mutually disjoint sets such that B,, C A,, B, € L and Ur B, ¢1
hold.

A condition equivalent to this definition will be given in the following lemma:

Lemma 2.8. An ideal I is Good iff for every { Dy}, cn & §(I) there exists pairwise
disjoint sets {Pn}, cny C $(I) such that P, D> D, and Moy Pn ¢ F(I) hold.

Proof. Assume I is a Good ideal and consider {D,}, .y ¢ $(I). Then, N\ D,, ¢ L.
Since I is Good ideal, there exists A,, C N\ D,, such that A4, € Tand |J;—, A, ¢ L
If P, is chosen as such P, := N\ A,, € §(I), then
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Definition 2.9. [13] A sequence {zy}, .y C (X, q) is described as left(right) I-
convergent to x, € X if

{keN:q(ap,x.) >e} €eL,({k eN:q(zs,ap) >} €1
holds for every € > 0, respectively.
In this case,it is denoted by symbolically xy LN T, and x S T4, Tespectively.
Definition 2.10. [10] Function sequence {fi}, oy C Y is defined as left(right)

pointwise I-convergent to a function f € YX if f (z) L f() (fi (x) r f(z)) holds
for each z € X.

Definition 2.11. [10] Function sequence {fi},cy C Y™ is called left(right) I-

convergent uniformly to f € YX if for each ¢ > 0 there exists A € F(I) such that
p (fr(x), f(x)) <e (p(f(x), fu(z)) <€) holds for all k € A and z € X.

Definition 2.12. [10] A function f € YX is referred to as left continuous (f~-
continuous) at a point £ € X, if for every ¢ > 0, there exists 6 > 0 such that

p (f(y), f(§)) < e satisfies for all y € B~ (&, 9).
Similarly, right continuous (f*-continuous) at ¢ € X, if for every € > 0, there

exists & > 0 such that p (f(£), f(y)) < e satisfies for all y € BT (¢, 4).

Definition 2.13. (Sequential continuity at a point) A function f € YX is
said to be (i) f~~ continuous at z* € X, if whenever a sequence {x;}, oy left
converges to z* in (X, q), then corresponding sequence {f(xx)},cy left converges
to f(*) in (Y, p);

(44) fT continuous at a point x, € X, if whenever a sequence {xy},y right
converges to z, in (X, q), then corresponding sequence { f(x)},cy right converges
to f(z.) in (Y,p).

Definition 2.14. Let (X,q) be an asymmetric metric space, {z,} C X be a
sequence and a* € X. A sequence {z,} is said to be left (right) I*-convergent to
a*, if there exists K = {m; < may < ... <m, < ...} such that

Jim q(z,,a”) =0 ( lim q(a”, zm,) = 0)
holds.

It is denoted by symbolically x,, oo (X I:; a*), respectively.
Definition 2.15. A sequence of function {f},cy C Y is called left (right) I* ()
convergent to f € YX if for any sequence {x},} that left(right) I* converges to point
x in I, the sequence (fy {z1}) is also left I*-convergence to f(x).

Definition 2.16. A sequence of function {fi},cy C Y™ is called left(right) I*-
exhaustive at a point ¢ € X if there exists A = A(d) € I such that for every e > 0
there exist § = d(e,d) > 0 and ng = ng(e, d) € N such that q(d,z) < 0 (q(z,d) < 0)
implies p (fn(4), fn(z)) <e (p (fn(z), fn(d)) <e) for all n € N\ A and n > ng.

Definition 2.17. A function sequence {fi}, oy C Y is called left(right) pointwise

I*-convergent to a function f € YX if f (£) 5 f(&) ( fr(2) e f(£)) satisfies for
all £ € X.

Theorem 2.18. Let v € X and {fr},cn C YX is left pointwise I*-convergent to
[ at point v € X. If {f},cy 48 Tight pointwise I*-convergent to f at every point
z € X\ {2} and {fr}cy is left I*- ezhaustive at v € X, then f is f~-continuous
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Proof. Owing to the fact that {fi},cy is left I*-exhaustive at x € X, then there
exists A = A(x) € I such that for every ¢ > 0 there exists 6 = d(e,z) > 0 and
Ing = no(e, z) € N such that for every q(y,z) < ¢ implies

p(fn(y), fulz)) <¢

for all n > ng and n € N\ A.
Let y € B~ (x,0) \ {«}. Since, {fx} is right pointwise I*-convergent to f, then

we have fj (x) r f(z) for all y € X.

So, there exists K = {k1 < k2 < ...} € §F(I) such that lim,,,oc P(f(y), [, (¥)) =
0. Then, for all € > 0 there exists n; € N such that p(f.(y), fn(z)) < § holds for
every k, > nj.

Since, {fr}ren C YX is left pointwise I*-convergent to f at point z € X, then
there exists My € §(I) such that lim,, e p(fk,, (), f(z)) < § holds.

Now, K1 N KN (N\ A) € F(I) and this implies that K3 N Ko N (N\ A) # 0.

Hence, we can choose j € K1 NKyN(N\ A). Then, for all y € B~ (z,d) \ {z} we
have

p(f (), f(@)) <p(f(), £i(y)) + p(f;(Y), f;(x)) + p(f;(2), f(z)) <e.

Therefore, f is left continuous. O

Theorem 2.19. If {fi},cn C YX is left pointwise I*-convergent to f at point
v € X and {fx}ey 5 left T*- exhaustive at x € X, then {fix},cy is left T* ()
convergent to f € YX at x € X.

Proof. For the reason that {fi},cy C Y™ is left pointwise I*-convergent to f at

point x € X, then fi (x) o, f(z). So, it can be find a set K = {k1 < ka < ...} €
F(I) such that

lim  p(fx,, (2), f(z)) =0

m—0o0
holds. Hence, for all ¢ > 0 there exists natural number ng such that p(fx, (x), f(x)) <
£ holds for every k,,, > ng. Given that {fx},y is left I*- exhaustive at € X, then
there exists K = K () € I such that for all ¢ > 0 there exists § = (e, z) > 0
and ny = ny(e,z) € N 3 for every q(y,z) < ¢ implies p(fn(y), fu(z)) < 5 for all
ne N\K, and Vn > ny.

Let z,, T, x,n — oco. We must show that f,(z,) T, f(z),n — oo. Since

*—

Tn T, x,n — 00, then there exists
K' ={mj <m; <..<my<..}eF)

such that limg_,o0 q(Zm,, ) = 0.

So, for all 6 > 0 there exists n;(d) € N such that q(z,,2) < 0 holds for all
mg > Nni.

Let us take K* := K' N K" € F(I) and n* := maz {ng,n,} € N. Thus, we have
p(fu(zn), fu(z)) < § for all n > n* where n € K*. Also, for any j € K* following
inequality

p(fi(x5), () < p(fi(z5), f5(2)) +p(f5(2), f(z)) <e
holds.
This gives left pointwise I*-convergence of {fx}. So, proof is ended. (]
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Theorem 2.20. Assume that left I*-convergence signifies right T*-convergence in
Y. If1is Good and {fx},cy 4 left I* (a) convergent to f € YX at v € X, then
{fe}pen C Y is left pointwise I*-convergent to f at point x € X and {fi},cy is
left I*- exhaustive at x € X.

Proof. Obviously, {fr},cn C YX is left pointwise I*-convergent to f at point
x € X. Assume that {fx} does not left I*- exhaustive at a point x. Then, for
every A = A(z) € F(I) there exists an & > 0 such that for all § = d(¢’,z) > 0 and
no = no(e,x) € N there exists k € A (k > ng) such that q(z,z) < ¢ implies

p(fr(2), fr(x)) > .

Especially, let us choose A =N and é = % Then, there exists ny € N such that
for some z € B («, %), implies

P(fan (@), (@) = €
We consider only one such xj corresponding to each such ng. Let Ay denote
all such ny; € N satisfying the above inequality and By denote the collection of
corresponding unique z}.s. We claim that N\ {Ax} ¢ F(I). Suppose N\ {4} € F(I).
Then, {Ax} € L. Thus, there exists nf € Ay, such that

Pt (20), frg (2)) = €

for some z’g € B (x, %), which is inconsistent with the definition of Ay.

Thus, N\ {Ar} ¢ F(I). Since I is Good ideal, then from Lemma 2.8 for every
N\ {Ax} ¢ F(I) there exist P, D N\ {Ax} pairwise distinct sets such that N\ P, €
F(X) for every k € N and ;o N\ Py ¢ F(I).

Now, let P, = {p} < p5 < ...} . Examine a sequence {z,} as follows:

_[x n¢ ML N\ P,
{on} = {xéﬁ n € Py,
and n = pf, :cf € By corresponds to the natural number pf € Ag. Let € > 0 be
given. As a result, there is a least kg € N such that kio < e. Now,
ko—1
{neN:q(zn,2) >} C | JN\P el
k=1

Thus, z, r, x,n — co. On the flip side,

{neN:p(flzn), ful@) 2 &'} =N\ P € 5(D)
holds which is a contradiction. Hence, {fi},cy is left I*- exhaustive at 2 € X. 0O

Definition 2.21. A sequence of functions {fx},cy C Y™ is described as left(right)
uniformly I*- convergent to a function f if for every ¢ > 0 and for all € X there
exists K ¢ I with ng = ng(e) € K such that p(f,(z), f(z)) <e (p(f(x), fn(z)) <e)
holds for all n > ng and n € K.

Similarly, right uniformly I*- convergence can also be defined.

Theorem 2.22. Assume that left T*-convergence implies right T*-convergence in
Y and x € X. If for every € > 0 there exists 6 >0 and K = {k1 < ko < ...} € F(I)
such that for ally € B~ (z,d) we have

p(fr, (W), fr, (2)) <€
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then, p(fx, (z), fr, (y)) < € holds for all y € B~ (x,0).
Proof. The proof is clear. So, it is omitted here. (]

Definition 2.23. Let (X, q) be an asymmetric metric space and K C X be a set.
Then, K is said to be left(right) compact if every open cover of K in left(right)
topology has a finite sub-cover.

Theorem 2.24. Assume that left T*-convergence implies right T*-convergence in
Y. If sequence of functions {fi},cn C YZX is left pointwise I*-convergent to f and
{fi}ren is left I* —exhaustive on X, then f is left continuous on X and {fr},cn C
YX is left uniformly I*—convergent to the function f on every left compact subset
of X.

Proof. Initially, we will establish that f is left continuous on X. Let z € X be
an arbitrary element. Since {fr},cy is left I*- exhaustive at z, then there exists
A = A(x) € §(I) such that for all € > 0 there exists 0 = d(e, ) > 0 and there exists
n' =mn'(e,z) € N such that for every q(y,z) < 8 implies p(f(y), fr(z)) < € for all
neAandn>n'.

Postulate that f is not left continuous function. Then, when {x} is left I*-
convergent to x, the sequence {f(zj)} is not left I*-convergent to f(z). So,
there exists K = {k; < ko < ..} € F(I) such that lim, o q(zg,,x) = 0 holds
but lim, oo p(f(zk,), f(x)) = 0. Then, for all ¢ > 0 there exists ng € N
such that q(zy,,z) < € holds for all n > ng but there exists n; € N such that
p (f(zk,), f(z)) > € holds for all n > ny. This is a conflict with the definition of
being left I*-exhaustive and therefore f is left continuous.

Let K be a left compact subset of X, ¢ > 0 and x € K. Then, f is left
continuous at x. Therefore, there exists § > 0 such that we have p(f(y), f(z)) < §
for y € B~ (x,0). Since, left I*—convergence implies right I*- convergence in Y.
Then, we have p(f(y), f(x)) < §. Since {fi},cy is left T*-exhaustive at x, then
there exists A = A(x) € §F(I) such that for all € > 0 there are 6 = §(e,z) > 0 and
n' =mn'(e,z) € N such that for every q(y,z) < 8 implies p(fx(y), fx(z)) < € for all
neAn>n.

Now, K C U,cx B (7,6;) and K is left compact. Then, there exists finite
number points

T1,%2, .., Ty € K
such that K C [J;~; B~ (z;, d,,) holds. Since { fi}, cy is left pointwise I*-convergent
to f for each i there are A; € F(I) such that

p(fula), fla) < 5
holds for each k € A;. Now, let us consider B := (-, A;NA,,. Then, B € F(I). If
z € K, then there exists ¢ € {1,2,...,m} such that q(z,z;) < dx; < J implies that

P(F(@). () < 5
and

p(fe(2), fulwi) < &

hold for all k € B and z € B~ (z;,d,,). Hence, we obtain
p(fr(2), £(2)) < p(fu(2), fi(@i) + p(fi(@s), f (i) + p(f (i), f(2)) <e.

So, we arrived the proof. O
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Definition 2.25. A sequence of left(right) continuous function {fi},cy C Y* is
said to be left(right) I*- Alexandroff convergent to the function f if, {fi},cy is
left(right) pointwise I*-convergent to f, for all ¢ > 0 and A € F(I) there exists
My = {m1 <mz<..} C A and an open cover U = {Uj : k € A} in the left
(right) topology of I such that for every x € Uy we have p (fim, (2), f(z)) < €

(b (f(@), fimny () < ).

Definition 2.26. [10] An asymmetric metric q defined on I is said to have satisfy
approximate metric axiom (AMA) if there exists a map ¢ : X x X — [0, 00) such
that q(y, z) < c(z,v).9(%,y) holds for every z,y € X where ¢ meets the condition
described as: For all z, there exists §, > 0 such that for all y € B' (z,6,) implies
that ¢ (z,y) < C(z) holds, where C (z) > 0 is a real number.

Theorem 2.27. (X, q) and (Y,p) be asymmetric spaces. Suppose that (Y,p) pro-
vides the property (AMA) and corresponding map C' is bounded. If {fi}, oy is left
I*— Alexandroff convergent to the function f then f is left continuous.

Proof. Assume that {fy.}, .y be left I*- Alexandroff convergent to the function f.
Then, {fx} is left continuous map, {fx} is left pointwise I*-convergent to f and for
all e > 0, A € F(I) there exists

MA:{m1<m2<...}CA

and open cover
V={V,:keA}

in the left topology of X such that every x € Vi, we have p(fn, (2), f(z)) < e.
Let z € X and {z,} is left I*-convergent to . Since {fi},cy is left pointwise
I*- convergent to f, there exist K = {my < mg < ...} € F(I) and ng (¢, z) € N such

that
€

p(fmk (LL'), f(.’L‘) < 37
for all m,,, ng. Since the function corresponding to C' is bounded, there exist r > 0
such that C(z) < r holds for all z € X. Let K € §(I).

Then, there exists My, = {m; < mz < ...} € §(I) and open cover V = {V; : k € A}
such that p(fm, (z), f(x)) < § for every z € V.

Since V- = {V}, : k € A} is open cover, then we can choose a k € N such that = €
Vie. Because of fy,, is left continuous at X and {x,,} is left Z*-convergent to X, there
exists n; € N such that for every n > ny when {z,} € Vi, p(fon, (20), fr,. (2)) < 5.
Since (Y, p) satisfies the property (AMA), we can see

p(f(@n); f(2)) <p(f(@n); fmi(2n) + 0 (Fms (@n)s fni () + P (frmi (%), f ()

< C(fong @n))p(foms (), F(20)) + g n g <e.

3. CONCLUSION

In this work, information about I*-convergence in asymmetric metric spaces is
given. Similar results can be generalized to I¥ convergence, where I and K are
admissible ideals.
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ABSTRACT. This study, introduces a new definition of hyperbolic spinors through
a transformation from the Horadam split quaternion, which holds significant
importance in mathematics and physics. Subsequently, fundamental concepts
such as conjugate and norm are elucidated. Leveraging the defined hyperbolic
spinor and the recurrence relation of the Horadam sequence, a novel sequence
is delineated, and its foundational equations, akin to the generator function
and Binet formula, are expressed through theorems.

1. INTRODUCTION

Number sequences are of significant interest in mathematics. Among these,
the number of sequences attributed to Leonardo Fibonacci (1170-1250) stand out
prominently. However, numerous sequences exist akin to the Fibonacci sequence,
where each term after the second is the sum of the preceding two terms, albeit with
different initial values. Notable examples include the Lucas, Pell, modified Pell,
Pell-Lucas, Jacobsthal, and Jacobsthal-Lucas numbers, each defined with distinct
starting points [10].

Mathematically, quaternions represent a number system that extends beyond
complex numbers, thus enriching the domain of normed division algebra. This al-
gebraic hierarchy comprises the real numbers R, complex numbers C, quaternions H,
and octonions O, marking a significant milestone in modern algebra following their
discovery in 1843 by Hamilton [8]. Hamilton’s seminal work has resonated across
diverse disciplines, spanning from quantum physics to computer science [6, 7, 13].
Within algebraic realms, split quaternions or coquaternions emerge as elements
within a 4-dimensional associative algebra initially introduced by James Cockle [5].
Diverging from the quaternion algebra established by Hamilton, which delineates
a 4-dimensional real vector space equipped with a multiplicative operation, split
quaternions exhibit distinctive attributes. They encompass zero divisors, nilpo-
tent elements, and nontrivial idempotent elements, distinguishing themselves from
conventional quaternionic structures.
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Spinor is a significant concept in quantum mechanics, particularly in areas such
as spacetime geometry and particle physics. Spinors are used to represent a property
called spin, which is the rotation of a particle around its axis, determining its
magnetic moment and response to magnetic fields. Spinors are mainly employed
in defining fermions (particles with spin) in quantum mechanics, particularly in
describing the properties of fundamental particles such as electrons, protons, and
neutrons. Consequently, spinors are crucial for understanding and predicting the
behavior of fundamental particles [3]. However, spinors are not limited to quantum
mechanics alone. Mathematically, spinors are also utilized in general relativity
and spacetime geometry. Spinors are particularly used to describe the behavior of
particles subject to Lorentz transformations (operations rotating and changing the
direction of spacetime). This is particularly important for understanding topics
such as spacetime curvature and time dilation within the framework of Einstein’s
general theory of relativity. Spinors represent an essential concept with broad
applications in physics and mathematics, utilized in various fields ranging from
theoretical physics to practical applications such as magnetic resonance imaging
[12].

2. PRELIMINARIES

The recurrence relation defines Horadam number sequence
Whio = pWihy1 +qW,
with initial conditions Wy = a, Wy = b, for n > 0. The characteristic equation of
the recurrence relation of this sequence is
2 —pr—q=0
the roots of the equation are

1+Vd 1—d
= 8= yd = p* +4q.
2 2
The recurrence relation of the (p, ¢)-Fibonacci number sequence derived from
the Horadam number sequence with initial conditions a = 0 and b =1 is

Uny2 = pUns1 + qU,.

where U, is nth (p, ¢)-Fibonacci number, for n > 0 [4].
Ipek has formulated the recurrence relation for (p, ¢)-Fibonacci quaternions, rep-
resented by the equation

QUny2 = pQUpt1 + qQU,,n > 0.

and has subsequently derived various identities. These include the Binet formula,
generating functions, and specific binomial sums incorporating (p,q)-Fibonacci
quaternions.

The recurrence relation defines (p, ¢)- Lucas sequence

Vn+2 - an+1 + an

with initial conditions Vo =2, V4 = b, for n > 0 [9].

Patel and Ray introduced the (p,q)- Lucas quaternion and they define this
quaternion as follows [11].

The (p, ¢)- Lucas quaternion is defined recursively by

QVn+2 = pQVn+1 + qQVn,n Z 0.

«
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Let’s give some information about split quaternions, which play an essential role
in our paper. You can find more detailed information in [1].

A split quaternion is defined with g = g +1iq1 + jg2 + kg3, where qo, q1, g2,93 € R
and the quaternion basis {1,1,j,k} is given such that

i=-1,j?=k>=1, ijk=1, ij=-ji=k, jk=-kj=i, ki=—-ik=]j
Let qo = S4 and V, = ig; + jg2 + kg3 be scalar and vectorial parts of the
quaternion g. So, we can write the quaternion g as ¢ = Sy + V4. The set of these

quaternions is K. Let p = S, + V,,,¢ = S; + V4 € K be two real quaternions.
q is the conjugate of the quaternion ¢ is equal to g = S, — V4 and it is

q=qo—iq1 —jg2 — kg3
In addition, the norm of a split quaternion

N(q) = \/Q%+QS+Q§+q£
For n > 0, define the split Horadam quaternion H,, by
H, =W, + Z.I/Vn—‘,-l + jW7l+2 + kWn+3

where, W, is the nth Horadam number and i,j,k are split quaternionic units [2].

On the other hand, let us consider the vector (o, as, az) with a2 +as?+az? =0
in the complex vector space C3. These vectors form a two-dimensional surface in
the two-dimensional C? subspace of C? . If the parameters of this two-dimensional
surface are taken as ¢ and ¢ , the following equations can be written

ay = %012 - <P22
a2 =i (12 + ¢2?)
az = —2p1p2
Thus, each isotropic vector in C? corresponds to a vector in C? and vice versa. The

P

vector ¢ = (1, p2) = [ (pl obtained in this way is called a spinor [12].
2

3. MAIN THEOREMS AND PROOFS

Hyperbolic spinors corresponding to the Horadam split quaternion were defined
using the transformations provided in the preceding section. Their conjugates,
norms and fundamental properties were examined in this section. Additionally,
important equalities and theorems, such as the Binet formula and the generating
function were proven. Consequently, by determining the initial conditions of the
Horadam sequence, special cases of hyperbolic spinous, namely (p, ¢)- Fibonacci
and (p, q)- Lucas hyperbolic spinors, were introduced and fundamental equations
for both were derived.

Definition 3.1. Let H, = W,, + iW, 41 + jWyio + kW, 13 be nth split Horadam
quaternion where W, is nth Horadam number for n > 0. H,, is the set of split
Horadam quaternions. Therefore, we give the linear transformation between the
hyperbolic spinors and split quaternions as follows:

Yw : Hy — S

Wi + iWhas

Hw — Pw (Wn + Z‘I/Vn+1 +jWn+2 + kWn+3> == W 1 +]W 4o
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Furthermore, a new hyperbolic Horadam spinor sequence can be introduced using
the spinor defined. The recurrence relation of this sequence is as follows.

SHn+1 =pSH, +qSH, 1
where p and q are real numbers,

_ [ a+j(p*b+ qpa+ gb) _ [ o+ (p*b+ p*qa + 2pgb + qbpa)
SHO — . 3 SHl - . 2
—b+ j(pb+ qa) —pb — qa + j (p?b + qpa + b
are initial conditions.
The set of hyperbolic Horadam spinor sequences is

{SHn}en
_ [ [ a+i(®*b+ apa+ qb) b+ j(p°b + p*qa + 2qbp + ¢*bpa) Wi + iWats
—b+ j(pb+ qa) " —pb—qat (b tapatgb) || ~Wagr +iWaie |77

W, + jWn+3
_WnJrl + jWn+2
is nth Horadam number.

where SH,, = { } is nth hyperbolic Horadam spinor and W,

Definition 3.2. Let n > 0,n € Z and the nth hyperbolic (p,q)- Lucas spinor is
SV,,. Then, the recurrence relation of hyperbolic (p,q)- Lucas spinors is as follows:

SViy2 =pSVig1 + ¢SV,
with initial conditions

_ [ 2+ (p*b+ 2pq + pgd
SV = { —b+ 5(pb + 2q)
b+ (p°b + 2qp? + pgb + pbq + 24?) ]

= { —(pb +2q) + j (p*b + 2qb + pbq)

Similar to number sequences, here, by keeping the coefficients constant in the
recurrence relation of the hyperbolic Horadam spinor sequence and changing the
initial conditions to a = 0,b = 1, the hyperbolic (p, ¢)- Fibonacci spinor sequence
can be obtained. Similarly, when a = 2,b = b is taken, the hyperbolic (p, ¢)-Lucas
spinor sequence can be obtained as follows:

Definition 3.3. Hyperbolic (p,q)- Fibonacci spinor sequence is defined with
SUn—i—Q = pSUn+1 +qSU,

recurrence relation for n > 0. The initial conditions of this sequence are

_ [ +a) _ [ 145+ 2pq)
St = [ ~1+jp } St = { —p+j(p*+q)

The terms for this two hyperbolic spinor, defined with a = 0,b = 1, have been
obtained. In hyperbolic (p,q)- Fibonacci spinors, taking p = 1,¢ = 1 results in
the recurrence relation of the Fibonacci sequence. Therefore, similar properties
provided for hyperbolic Horadam spinors can readily be derived for hyperbolic
Fibonacci spinors. A parallel situation also holds for hyperbolic (p, ¢)-Lucas spinors.
By classifying hyperbolic Horadam spinors, such as the Fibonacci, Pell, Pell-Lucas,
Jacobsthal, Jacobsthal Lucas sequences obtained through the classification of the

coefficients and initial conditions of the Horadam sequence, the following table can
be derived.
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p|q|a|b| Hyperbolic Horadam spinor
p|q|0|1]| Hyperbolic ( p,q )-Fibonacci spinor
p|q|2|p | Hyperbolic ( p,q )-Lucas spinor
2|1|0|1]| Hyperbolic Pell spinor

1]12|0]|1]| Hyperbolic Jacobsthal spinor
1]|1|2]|1]| Hyperbolic Lucas spinor

21| 2|2]| Hyperbolic Pell Lucas spinor
2111]2|1| Hyperbolic Jacobsthal Lucas spinor

TABLE 1. Various hyperbolic spinor types.

For example, let’s construct the hyperbolic Lucas spinor sequence using the
numerical values specified in the table. Let the general term of the sequence be
denoted as SHL,,. Then, the initial conditions SH Ly and SH L, are as follows.

2+ 4j
SHLo = [ ey }

147
SHL = [ —3+J4j }

Since the recurrence relation of the Lucas sequence is satisfied, the other terms of
the sequence are obtained using the relation

SHLy1 =SHL, +SHL,_;.

Definition 3.4. Let the conjugate of the split Horadam quaternion H, = W, —
Wit — jWhio — EWyys. The hyperbolic Horadam spinor SH,, corresponding to
the conjugate of the split Horadam quaternion is written by
Fagn Wn - jWnJrB
(SHy) = { —Wit1 — jWhio ]
Furthermore, by utilizing conjugate definitions, we can obtain the following.
The hyperbolic conjugate of hyperbolic Horadam spinor SH,, is

* ”n_j”n+3
SH = . .
" [ Wit1 — iWhnio }

Hyperbolic Horadam spinor conjugate SH,, = jCSH,, is
_Wn+2 - jWn+1

Wn+3 - ]Wn
The mate of hyperbolic Horadam spinor SH, = —CSH, is

] Wn 1 +jWn+2 :|
SH, = o
|: Wy — jWhys

0 1
o [ 0l ] |
Let’s give an example for each of the numerical counterparts of the given conju-
gate definitions.

For n = 0 hyperbolic Horadam spinor SHj, the conjugatesof this spinor are as
follows.

Sgn = l:

where
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o=+

" a— j(pc+ qb
si = | o=t |

o= [ e |

SH, — [ a+ j(pc+ qb) } .
b—jc
Corollary 3.5. For the hyperbolic Horadam spinor SH, and its conjugates, the
following equalities are valid.
-CSH, = SH,,
-jH, = —SH,,
-jCSH, = —SH,.
Proposition 3.6. Let the nth hyperbolic Horadam spinor SH,, be the spinor cor-

responding to the nth split Horadam quaternion W,,. In this case, the hyperbolic
Horadam spin or representation of the split quaternion norm is as follows:

N (H,) = (SH})' SH,.
Proof. Assume that nth hyperbolic Horadam spinor SH,, corresponds to the nth
split Horadam quaternion W,,. Then, the following equation can be obtained as:

Wn + jWn+3

A\ T _ o o
(SHn) SHn = [ Wn ]Wn+3 Wn+1 jWn+2 } |: _W'n-‘,-l +jWn+2

We can associate to the product of two Horadam split quaternions with a hy-
perbolic Horadam spinor matrix product as follows:
quw — qw —> QSH
where Q is the hyperbolic, unitary, square matrix defined by

Q _ Wo + 3Ws Wi+ 3Ws
Wi+ Wy Wy — W3 |-

O

We present fundamental equations, such as the Binet formula, generating func-
tion.

Theorem 3.7. The Binet formula for hyperbolic Horadam spinor is as follows.
_ L ([ r+Vdla+jlpe+an) | o [ r=Vd(a+ilpe+ab) | 4n
SH, = ——= . a” — _ B
2Vd s +Vd(=b+ jc) s —Vd(=b+ jc)
where  r=2b—pa+j (p%—l—qu—i— 2qc) ,§ = pb—2c+ j(pc+ 2qb),

1+d ﬁzl—x/ﬁ

5 5 d=p"+4q.

c=pb+qa,a=
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Proof. The characteristic equation of the recurrence relation of hyperbolic Horadam
spinor sequence is 22 — pz — ¢ = 0. The discriminant of this equation is d = p® 4 49
and the roots of o and 3 are o« = %ﬂ, 8= ’)72—\/3. The Bines formula for hyperbolic
Horadam spinor sequence is SH,, = Aa™ + BS"™ where A = { ZO } ,B = { leo ]
1 1
are 2 x 1 matrices. When substituted for n = 0 and n = 1, after performing the
necessary operations, the desired result is obtained. ([

As a result, the Binet formulas for hyperbolic (p, ¢)- Fibonacci and hyperbolic
(p, q)- Lucas spinors can be expressed as follows.

Corollary 3.8. The Binet formulas for hyperbolic (p,q)-Fibonacci and hyperbolic
(p, q)- Lucas spinor are as follows, respectively.

sy < L q 2+ (p® + 3pq) + Vd (jp* + ja) } o { 2+ (p* + 3pq) — Vd (jp* + jq) } n
2v/d \| —p+J (0* +29) + Vd(-1+ jg) —p+j (p° +29) — Vd(-1+ jg)
. ( 2b — 2p + j (pPb + p?bq + 4qp® + 4¢°) + Vd (4 + 2p*bj + 4qbj + 2paby) } o
" ovd \ —pb—4q+j (pzb+2pq+2qu) + \/a(72b+2pb+4q)
{ 2b — 2p + j (p°b + pPqb + 4gp? + 4¢%) — Vd (4 + 2p®bj + 4gbj + 2pbgj) ] gn
—pb — 4q + j (p?b + 2pq + 2pbq) — Vd(—2b + 2pbj + 4q5) ‘
Theorem 3.9. The generating function for the nth hyperbolic Horadam spinor is
obtained as follows:

1

Gw(x) = 1 _px_me

(SHo(1 —pz)+ SHy),

where
_ | a+ij(pc+qb)
SHo = [ —b+ jc
b+ j (p*c+ gbp + qc)

SHy = [ —c+ j(pc+ qb)

], c = pb+ qa.

Proof. Assume that SH,, is the nth hyperbolic Horadam spinor and the generating
function of the hyperbolic Horadam spinor is

Gy(z) = i SH,x".
n=0

First, the function can be written from the recurrence relation of the hyperbolic
Horadam spinor sequence as follows:

i SH,oz" = pi SH, 12" +¢q i SH,z",

n=0 n=0 n=0

00 ) oo

Z SH,z" 2 =p Z SH,z" ' +¢q Z SH,z".
n=2 n=1 n=0

Then, the following equation can be obtained

1 1
? [7SHO - SHl + G“,(ZE)] = p; [7SHO + Gw(gj)} + qu(l‘)
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Consequently, for the hyperbolic Horadam spinors, the generating function is
obtained as follows.
1
Gy(rt) = — (SHp(1 — SHy).
() = =y —oa (SHo(1 = pa) + SH)

O

Corollary 3.10. The generating functions for hyperbolic (p,q)- Fibonacci spinors
and hyperbolic (p,q)-Lucas spinor are as follows, respectively.

Gulz) = —— { 1+ (p* +2pg + p? + ¢ — p°x — qpa)

“ l—pr—qa? | —-1—p+j(p-p’z+p*+q) ’

Gola) = 1 2+b—2px—|—j((1—x) (p3b—|—2qp2—|—p2bq)—|—2pq+2qu+2q2)
! 1—px—qx2 | —b—pb—2q+ pbx +j ((1 — z) (p*b+ 2pq) + pbq + 2q)

4. CONCLUSION

This study, defined hyperbolic Horadam spinor sequences using the most general
form of number sequences, namely Horadam sequences and split Horadam quater-
nions. Additionally, (p,q)-Fibonacci and (p, ¢)-Lucas hyperbolic spinor sequences
were defined using the general forms of Fibonacci and Lucas sequences with pa-
rameters p and ¢q. The relationships between these newly defined sequences, as well
as their internal relationships, were demonstrated through provided equalities. As
a result, a new hyperbolic spinor sequence was defined based on the properties of
number sequences and the definitions of split quaternions and spinors.
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ABSTRACT. This study explores the formation of polynomials of at most degree
n using the first n+ 1 terms of the Jacobsthal and Jacobsthal-Lucas sequences
through Lagrange interpolation. The paper provides a detailed examination of
the recurrence relations and various identities associated with the Jacobsthal
and Jacobsthal-Lucas Lagrange Interpolation Polynomials.

1. INTRODUCTION

As is well known, Fibonacci numbers have been prominently featured in applied
sciences. There have been many studies on Fibonacci numbers and their gener-
alizations over the centuries. Lucas numbers, which share the same recurrence
relation but have different initial conditions from Fibonacci numbers, have many
relationships with the Fibonacci numbers. Both Fibonacci and Lucas numbers are
sequences of second-order recurrence relations. There are many sequences of the
same order, some of which include Pell, Jacobsthal, Pell-Lucas, and Jacobsthal-
Lucas sequences. Among the generalizations of the Fibonacci sequence, the Tri-
bonacci sequence has a third-order recurrence relation. Some sequences with a
third-order recurrence relation are the Narayana, Perrin, and Padovan sequences.
The purpose of this study is to establish a relationship between the Lagrange in-
terpolation with the Jacobsthal sequences.

Jacobsthal numbers have attracted a lot of interest due to their intriguing char-
acteristics. Jacobsthal and Jacobsthal-Lucas numbers appear respectively as the
integer sequences A001045 and A014551 from [21, 22]. The Jacobsthal sequence

{Jn}nzo is
(1.1) Jnto = Jng1 + 2Jn.
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with the initial elements Jo = 1 and J; = 1. First few terms of the sequence {J,}
are
1,1,3,5,11,21,43,85, 171, 341.

The Jacobsthal-Lucas sequence {7, }n>0 is
(1'2) jn+2 = jn+1 + 2jn~
with the initial elements jo = 2 and j; = 1. First few terms of the sequence {j,}
are

2.1,5,7,17,31, 65,127, 257, 511.
Some studies related to the sequences {J,} and {j,} can be found in [1-12, 14—
16, 18, 19, 23]. The characteristic equation of the recurrences {J,} and {j,} is

(1.3) - —-2=0
where the roots of the equation (1.3) are
r1=2 and xz9=-—1
in order for,
r1t+axo=1, x1—22=3 and xiz5 = —2.

The Binet-like formulas of the sequences {J,} and {j,} are

2" — (—-1)"
” P
and
(1.5) Jn=2"+(=1)",
respectively. Some interrelationships are
(1.6) In 4 Jn =211
(1.7) 3Ty + g =21

The Lagrange interpolating polynomial is essentially a rephrased version of the
Newton polynomial that eliminates the need to calculate divided differences. La-
grange interpolation is beneficial because it is effective for data points that are
unevenly spaced along the independent variable. In the realm of numerical anal-
ysis, interpolation refers to the method of identifying the most suitable function
based on certain given points. The most basic form of interpolation uses a poly-
nomial. This implies that for a set of specified points, there is a polynomial that
intersects all these points. This polynomial approximates the underlying function
closely. One technique for polynomial interpolation is the Lagrange interpolation
method [20].

Let P, be the set of all real-valued polynomials of degree at most n defined over
the set R of real numbers, given that n is a nonnegative integer. The basic interpo-
lation problem is as follows: identify a polynomial pg € Py such that po(xo) = yo,
given xy and yo in R. This can be solved by using the formula py(z) = yo. Exam-
ining the subsequent, more general problem is the primary purpose [13].

Let n > 1, and assume that x; for ¢ = 0,1,...,n are distinct real numbers (i.e.,
x; # xj for i # j), and y; for i = 0,1,...,n are real numbers. We want to find
Dn € Py, such that p,(z;) =y; for i =0,1,...,n.

There exist polynomials Ly € P, for k =0,1,...,n, such that
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L) 1 ifi=k,
€T;) =
* 0 ifik,

for all 7,k =0,1,...,n. Furthermore,

po(@) =Y Li(@)yk
k=0

satisfies the interpolation conditions mentioned above. In other words, p, € P,
and p,(z;) = y; for i =0,1,...,n. For each fixed k, 0 < k < n, Ly is required to
have n zeros at z; for i =0,1,...,n and i # k. Thus, Li(x) is of the form

Once these basis polynomials are constructed, the Lagrange interpolation polyno-
mial can be expressed as follows:

n n n
r — T;

(1.8) po(@) =Y Li(@)yr = Hx _;. Y-
k=0 k=0 i;g ¥ ’

Based on these statements, Mufid and at al. showed that a polynomial of degree n
at most can be created from the first n + 1 terms of the Fibonacci sequence using
Lagrange interpolation, and that this Fibonacci Lagrange Interpolation Polynomial
(FLIP) can be obtained both recursively and implicitly [17].

In this study, we first investigate the formation of polynomials of degree at most
n using the first n 4+ 1 terms of the sequences {J,} and {j, }es via Lagrange inter-
polation. Then, we present a detailed examination of the recurrence relations and
various identities associated with the Jacobsthal and Jacobsthal-Lucas Lagrange
Interpolation Polynomials.

2. THE LAGRANGE INTERPOLATION OF THE JACOBSTHAL SEQUENCES

Before we commence the interpolations of the sequences {J,,} and {j,}, we will
plot these sequences on the zy—coordinate system. Let’s denote the Jacobsthal
point as p, = (n, J,) and the Jacobsthal-Lucas point as ¢, = (n, j,), representing
the points associated with the n—th terms of the sequences {.J,,} and {j,}, respec-
tively. For illustration, the points of the sequences {J,} and {j,} from n = 0 to
n =5 are depicted in Figure 1.
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FIGURE 1. The points of the sequences {J,,} and {j,}

We define J,,(z) as the polynomial constructed using the Lagrange interpolation
from the points j;, for k € {0,1,...,n}. Specifically, we interpolate using the points
(g, yx) = (k, Ji). Accordingly, with z;, = k and yi, = Jj, in equation (1.8), we write

(2.1) Tn(z) =Zn: caull NN

The factors (k — i) in equation (2.1) can be simplified as follows.

(2.2) [Ik i) = (~)" *(n - k)ikt = (~1)"* (”) n!
i=0 k
ik
Upon incorporating equation (2.2) into equation (2.1), we obtain:

n

(2.3 n@) =23 | o () [T -0 | 5
k=0

i=0
ik

For instance, we can obtain J, (z) for n = 1,2, 3,4 using equation (2.3) as follows:

Jl(x) =1,
Jo(z) =a2® — 2 +1,
1 3 2
Ja(w) = —¢ (22° — 122° + 10z — 6) ,

1
Ja(w) = 55 (62" — 440° 4 1142% — 76z + 24)

In Figure 2, the graphs of the above polynomials are displayed. Recall that
Jn(k) = Jg for k€ {0,1,...,n}.
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FIGURE 2. Graphs of Ji(x), Ja(x), J3(x), and J4(z)

Similarly, the interpolation of the Jacobsthal-Lucas sequence is expressed as:

(2.4 3w = o 3 [ 0t () T = e
k=0 i

=0
£k

For instance, we can obtain J,(x) for n = 1,2, 3,4 using equation (2.4) as follows:

Ji(z)=—z+2,
1 2
Io(x) = 3 (5z* — Tz +4) ,
I3(x) = f% (72® — 362% + 35z — 12),

1
Li(@) = 57 (172* — 1302® + 3312 — 242z + 48) .

In Figure 3, the graphs of the above polynomials are displayed. Recall that
J,.(k) = jg for k € {0,1,...,n}.
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FIGURE 3. Graphs of Iy (z), J2(z), J3(x), and J4(x)

We shall establish a leading coefficient theorem for J,, (), before obtaining more
formulas for it.

Theorem 2.1. The leading coefficients of J,(x) and 1,,(x) are

(_ 1)n+1 Jn
n!
and
(_ 1)n+1jn
n! ’
respectively.

Proof. The leading coefficient of J,, (z) is equal to X >3 (=1)""*J;(}). Thus, we
just have to demonstrate that

i(_l)n_k‘]’“ (Z) - %i(—l)”"“ (2" = (-D") (Z)

k=0 k=0
1 ninfkknininfkikn
-1 LO< 1)hy (k> >t (k)]
_ % (2=1)" = (=1 —1)"] (by identity (1))
= C
_ n 2n_(_1)n
e
= (=",

(71)n+1jn

Similarly, the leading coefficient of Jn(z) is found to be ;
n!



134 ORHAN DISKAYA

3. RECURRENCE RELATIONS OF THE J,(z) AND J,(z)

In this part, we will derive the additional formulas for J,(z) and I, (z). It’s
remarkable that J,, (z) and J,,(z) can be constructed recurrence relations, much like
the sequences {J,,} and {j,} respectively.

Consider the polynomials J,11(x) and J,(x). For each i € {0,1,2,...,n}, we
have J,,11(z) = J,(¢). In other words, the polynomials J,1(z) and J,(x) intersect
at n + 1 points. Consequently, we can express the relationship as follows:

Int1(2) = In(z) = a-a(z = 1) (z —n),

where a denotes the leading coefficient of J,+1(z). As a results, when P, (x)
z(x—1)---(x —n),

(_1)n']n+1

u]]n-l-l(x) = “U”(x) + (n + 1)'

P,(x)

is a recursive formula.
By successively applying the recursive formula for J, (z), Jn—1(z), ..., J2(x), we
derive the following implicit formula:
— (=1)"ita
Tnpa(o) = $a(a) + 32 S A)
which simplifies to

n

(3.1) In(z) =) wpi_l(x).

7!
i=1

Similarly, the recurrence relation of the J,,(x) is derived as:

=~ (=1) 1
(3.2) In(z) = =2z 42+ 2 i Pa@).
Some relationships between recurrence relations (3.1) and (3.2) are as follows:
1.
~ (=) i
In(@) +In(2) = 20 +2+2)  ~——"=Pia()
i=1
2.

30,(0) + 3 = 2042 -3 b ()

i!
i=1
Theorem 3.1. The Binet-like formulas of the recurrence relations of the J,(x) and

Jn(x) are, respectively,

n

L@ =322 )

3i!
i=1

and

Jn(z)=—-2x+2- z”: wﬂ_l(m).

7!
i=1

Proof. 1t is easily proven using the equalities of (1.4) and (1.5). O
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4. CONCLUSION

This study investigated the formation of polynomials of degree at most n using
the first n+1 terms of the sequences {J,, } and {4, } through Lagrange interpolation.
The article provided a detailed examination of recurrence relations and various
identities associated with Jacobsthal and Jacobsthal-Lucas Lagrange Interpolation
Polynomials.

The interpolation polynomials of the sequences {J,, } and {j, } offer valuable tools
that reflect the properties and structure of these sequences. These polynomials can
be used to determine the value of the independent variable x corresponding to a
given function value, even when the parameters are not evenly spaced.

These results lay a foundation for future research, opening new avenues to ex-
plore the applicability of these important number sequences and their interpolation
polynomials in broader fields. Particularly, there is potential for further use and
development of these polynomials in areas such as image processing, numerical
analysis, and other engineering applications.
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ABSTRACT. Cops and Robbers game is played on a graph. There are two
players in the game consisting of set of cops and only one robber. They play in
respectively; on each player’s turn, the player may either move to an adjacent
vertex or stay in its vertex. If one of the cops comes into the vertex with the
robber then the robber is captured. Therefore, game ends and cop wins the
game. In this study, l-guardable subgraphs of graphs in the game of Cops
and Robbers is considered. It is mentioned about some special subgraphs and
their relations. It is known that if the subgraph is 1-guardable then it must be
isometric but the converse of this argument may not be true. We show that
for the inverse to be true, some conditions must be added.

1. INTRODUCTION

The game of Cops and Robbers on graphs is presented by Quilliot firstly and
advanced by Nowakowski and Winkler [1]. The game is played with two players
named cop and robber. Initially, each player chose a vertex respectively on a
graph. Players move to adjacent vertices or can stay their location. After some
finite moves, cop wins if he comes to the same vertex with the robber. The robber
wins if he can avoid the cop forever. The minimum number of cops needed to catch
the robber is called cop number and denoted by ¢(G). If cop number is 1 then graph
is called cop-win graph. A graph which is ¢(G) > 1 is sometimes called robber-win.
Introductory work about the cop number came in 1984 with Aigner and Fromme
[2, 3]. Bonato and Nowakowski have written the book that gives the most detailed
information [4].

To determine the cop number is a hard problem on the game of Cops and Rob-
bers. If G is a graph of order n, then ¢(G) = O(y/n) is known as Meyniel’s
conjecture [5]. This bound has been tried to improve and Frank showed that

loglog(n)
< (1 )n————=
clm) < (1+ o)
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for the cop number [5]. Chinifooroshan proved that

c(n) =0 <M>

for the cop number of any graph G [6]. The best known upper bound for the cop
number is given by Lu and Peg

n
c(n) O<2<1—o<1>>\/@>
by using the probabilistic method [7].

An induced subgraph H of G is said to be k-guardable if, after finitely many
moves, k cops can move only in the vertices of H in such a way that if the robber
moves into H at round ¢, then he will be captured at round ¢ + 1 for a constant
integer k > 1. It was proved that the isometric path is 1-guardable [2].

In [8], it is shown that the cop number of generalized Petersen graph is at most
4 and also proved that finite isometric subtree of a graph is 1-guardable.

Quilliot was studied on retractions on graphs and he proved several theorems in
[9] before the game is introduced. Retracts have an important role in the game.
Let H be an induced subgraph of G. If there is a homomorphism f from G onto
H that is identity on H which means f(z) = x for every vertex € H. Then this
map is said to be retraction and H is called retract of G. In [3], it was shown that
retract of cop-win graph is also cop-win.

The number of moves is considered on cop-win graphs and it is called capture
time. For a given graph with n vertices the capture time is bounded by (n — 3)
[10]. In another paper, this bound is improved and presented new upper bound as
(n—4) forn>7and |5 for n <7 [11].

In this paper, we try to determine under what conditions the subgraph of a graph
can be l-guardable.

2. SOME SPECIAL SUBGRAPHS OF GRAPH

For the given graph G = (V, E) and H = (W, F), H is said to be subgraph of G
if W cCVand F CE. Let G =(V, E) be the any graph and S C V be any subset
of vertices of G. Then the induced subgraph G[S] is the graph whose vertex set is
S and whose edge set consists of all of the edges in E that have both endpoints in
S. That is, for any two vertices u,v € S, u and v are adjacent in G[S] if and only
if they are adjacent in G.

H is an isometric subgraph of G if dg(u,v) = dg(u,v) for every vertices u,v in
H. A convexr subgraph H of an undirected graph G is a subgraph that includes
every shortest path in G between its two vertices.

Proposition 1. The convex subgraph of a graph is an isometric subgraph.

Proof. Let G be any graph and H be a convex subgraph of G. Then H includes
every shortest path in G between its two vertices. Hence, dg(u,v) = dg(u,v) for
u,v € G. (I

Note that the converse of Proposition 1 may not be true. Although Cj5 is iso-
metric subgraph of Ws but it is not convex subgraph (see Figure 1).

Proposition 2. The isometric subgraph of a graph is an induced subgraph.
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FIGURE 1. Cj is an isometric subgraph of Wg but not convex.

Proof. Let G be a graph and H be an isometric subgraph of G. Then assume that
H is not induced subgraph of G. Then there exist z,y € V(H) such that the edge
xy ¢ E(H). In this case, dg(z,y) = 1 but dg(x,y) # 1. This contradicts with H
is isometric. If H is isometric subgraph of G then H must be induced subgraph of

G. 0
1
()
2-/\-5
[ ] [ ] o [ )
/ 2 3 4 5
3e o4 H
G

FIGURE 2. H is induced subgraph of G but not isometric.

If H is an induced subgraph of G then H may not be an isometric subgraph of
G. Tt is seen easily in Figure 2. While dy(2,5) = 3, dg(2,3) = 2.

Corollary 2.1. The convex subgraph of a graph is an induced subgraph.
Proof. Tt is the conclusion of Proposition 1 and Proposition 2. ]
Proposition 3. The convex subgraph of a graph is a retract.

Proof. Let G be a graph and H be a convex subgraph of G. Thus, H is an induced
subgraph of G. It can be defined f as a graph homomorphism such that

' | A{ud(u,v)=du, H)} , if v¢ V(H)
v v, fo={ | g
If the set {u : d(u,v) = d(u, H)} has more than one element, only one element can
be chosen from this set. g

There is an example of homomorphism mentioned in the above proof in Figure 3.
If homomorphism is defined as

f(v1) = o1, fv2) = v2, f(v3) = v3, f(va) = v4, f(vs) = v3, f(v6) = v2, fv7) = v2
then f is a retraction from G onto H. It can be chosen f(vg) = v then there is a
different retraction with the same graphs.
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FIGURE 3. H is a convex subgraph which is a retract of G.

Corollary 2.2. The convex subgraph of the cop-win graph is cop-win.

Proof. Let G be a cop-win graph and H be a convex subgraph of G. Then, by
Proposition 3 H is retract. It is known that if G is cop-win, then each retract of G
is also cop-win. Hence convex subgraph of the cop-win graph is cop-win. ([l

Proposition 4. The retract of a graph is an isometric subgraph.

Proof. Let G be a graph and H be retract of graph G so by definition, there exists
a homomorphism f : V(G) — V(H) such that f(z) = x for every x € V(H) . In
this case for any x,y € V(H), f(z) = z and f(y) = y. Since f is the identity on
V(H) we get

dH(f(x)v f(y) =du(z,y)

and by the definition of homomorphism
de(z,y) 2 du(f(2), f(y)) = du(z,y).

On the other hand, the shortest path between the vertices x and y can pass
through the vertex u such that v € V(G) — V(H). So, this path does not stay en-
tirely in H. Hence dg(z,y) < dg(z,y) so equality dg(z,y) = du(x,y) is provided.
Then, H is an isometric subgraph of G. O

3. 1-GUARDABLE SUBGRAPHS OF GRAPH

Suppose that H is an induced subgraph of G and assume that & cops guard the
subgraph H. Then after finitely many moves, for a fixed integer k£ > 1, H is said
to be k-guardable if the robber moves into the subgraph H at round ¢ then he is
captured at round ¢ + 1. Note that if one cop can guard a subgraph H in G, then
H must be isometric in G. If it is not, then there are two vertices u,v € V(H) such
that dg(u,v) > dg(u,v). The robber can travel between w and v infinitely many
times without being caught by the cop that guards H.

Note that there can also be subgraphs in GG, not 1-guardable, although they are
both isometric and cop-win (see Figure 4 and also see [12]).

Connected graph G is given and H is a subgraph of G. Let the set A be a set of
access points to subgraph H and define as

A={veV(G\V(H)IN(@)NH # 0},
and for v € A, define the set B, such that
B, ={u e V(H)|Ng(v) C Ng(u)}

as the set of points in H that watch the points in set A. Let the set B = UUGA B,
be (see Figure 5). Following conclusions can be given according to these notations.
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FIGURE 4. An isometric subgraph H of G is cop-win but H is not
1-guardable in G.

Lemma 3.1. If B, # 0 for allv € A and
dG(vhU?) 2 maX{dH(xuy) 1T,y € B}7
for every vi,vo € A then H is an isometric subgraph of G.

Proof. Let x and y be any vertices of subgraph H. There are three cases:

(1) Let 2,y € B. If x and y are adjacent or the same vertices, there is nothing
to prove. If they are not adjacent, by the definition of sets A and B and
assumption dg (z,y) can not be different from dg(z,y).

(2) Let z € B and y ¢ B. So the shortest path between x and y must be in H.
Otherwise, let the path P be the shortest path between x and y but not in
H so there exists a vertex z € A on the path P. Since z € A there is a vertex
2z € B watching z. Hence there is another path for uy,us,...,ur € B and
w € H such that

Piy—s--sz2ow—=2 su —uy— - —up —

By the inequality given by assumption, the path P’ is shorter than the path
P. This contradicts with P being the shortest path. Hence shortest path
P between x and y must be in H.

(3) Let x,y ¢ B. Proof is similar to the previous case. Thus H is an isometric
subgraph.

d

Lemma 3.2. If B, # 0 for all v € A and induced subgraph G[B] is a complete
graph then H is 1-guardable.

Proof. Let cop be positioned at one of the vertices of set B and let the robber be
positioned at one of the vertices ; which is seen in Figure 5. The cop is watching
the robber at one of the vertices u; € B and let the next move of robber go through
one of the vertices v;. When the robber moves over from vertices v; to subgraph
H, cop comes to one of the vertices u; € B,, corresponding to vertex v;. Since
G[B] is a complete graph then the robber is captured on the next move. Hence H
is 1-guardable. (|

If the set G[B] is not complete then H may not be 1-guardable. Let’s explain
briefly: If B is not complete then cop can not be moved between vertices in B. So,
the robber can not be captured when he comes into subgraph H.
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It is a strict condition that the induced subgraph G[B] is a complete graph. If
the robber can enter the subgraph H from only one vertex, this condition can be
loosened.

Theorem 3.3. Let G be a graph, H is a subgraph of G. If there exists a vertex
x € V(G)\ V(H) such that |Ng(z) N Al > 1 for s > 0 then let k = min{s :
INs(z)NA| > 1,2 € V(G)\V(H)}, otherwise we set k = d(R, A). If for allv € A,
B, # 0 and the inequalities

max{d(z,y) : z,y € B} <k
and
min{d(vy, v2) : v1,v2 € A} > max{d(z,y) : x,y € B}
are valid then H is 1-guardable.

Proof. There are two cases:

(1) Let w be a vertex satisfying k = min{s : [Ns(z)NA4| > 1,z € V(G)\V(H)}.
When the robber comes to vertex w, then the cop moves towards to vertices
that watch the adjacent vertices of the vertex w in the set A. Because of the
inequality max{d(z,y) : =,y € B} < k given with statement of theorem,
cop can make these moves. Therefore, the cop waits the robber on one of
the vertices u; € B,,. So the robber is captured in one move when he comes
to subgraph H.

(2) Suppose that there is no vertex w satisfying the conditions given in theorem.
It can be mentioned about two cases:

(a) There are adjacent vertices in set A. In this case, because of the
inequality min{d(vi,vs) : vi,v2 € A} > max{d(z,y) : z,y € B},
induced subgraph G[B] must be complete graph. Then cop can move
to any vertex in B that he wants. Therefore the robber is captured in
one move when he comes to subgraph H.

(b) If there is no adjacent vertices in set A. Then there is a path between
R and set A and the robber moves on this path. Because of the both
inequalities given in theorem, the cop can comes to vertex u; € B,,.

Thus the robber is captured in one move when he comes to subgraph
H.

As a result, subgraph H is 1-guardable. (]

Example 3.4. Let G be a graph given in Figure 6 and H = G[{i, j, k, [}] induced
subgraph of G. Then we get A = {e, f,g,h} and B =i, 3, k, . Since

|Na(a) N Al = |Na(b) N A| = |Na(c) NA| = |Na(d) N Al =2
we find k& = 2. Besides, for all v € A B, # () and the inequalities
2 =max{d(z,y) :z,y e B} <2=k

and
3 = min{d(v1,v2) : v1,v2 € A} > max{d(z,y) : z,y € B} =2
are valid. Hence, by Theorem 3.3 we obtain that H is 1-guardable.
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FIGURE 6. Graph G in Example 3.4

4. CONCLUSION

In this paper, we try to determine under what conditions the subgraph of a
graph can be 1-guardable. Some special subgraphs of a graph was defined at first
then was given the relations between these subgraphs. Some conditions were given
with the help of lemmas and theorem in order for the subgraph to be 1-guardable.
Finally, an example of a graph that verifies the theorem is given.
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ABSTRACT. Minkowski 3-space is important because it is the spatial structure
in which physical events occur. Therefore, in this study, we examined the time-
dependent Lagrangian energy equations in Minkowski 3-space. To facilitate the
examination of the necessary mechanical structure and solutions with respect
to time, we employed the jet bundle structure. This approach has made the
creation of the necessary geometric structures more comprehensible in terms
of coordinate basis. To interpret the obtained Lagrangian energy equations
and to understand the significance of the time parameter, an example is also
provided in our study.

1. INTRODUCTION

We worked on the Lagrangian energy structure previously studied in Euclidean
space by establishing the necessary mechanical structure in Minkowski space. This
energy structure had not been obtained before in 3-dimensional Minkowski space.The
structure of Minkowski metric is different from Euclid metric. Also for this dif-
ference, it can be seen no studies in this subject. Mathematicians, working in
Minkowski space, believe that there is natural phenomenon with Minkowski geom-
etry for explaining physical phenomena occuring in 3-dimensional Euclid space. To
obtain the time-dependent energy structure, we constructed the jet bundle structure
in 3-dimensional Minkowski space and based our study on the coordinate system
of this bundle structure.

The jet bundles can be classfied into two manifold:

1) Total complex manifold,

2) Phase manifold.

The inclusion of time-dependent differential coordinates in the jet bundle structure
makes it more suitable for the creation of time-dependent mechanical systems.
The consraint, real, complex and Para-complex structures on the time-dependent
Lagrangian systems can be researched in [2] and [5]. Then found that in the paper

Date: Received: 2024-10-09; Accepted: 2024-12-01.
Key words and phrases. Lagrange Energy Equations, Minkowski Space, Mechanical Energy
System, Jet Bundles.
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[1] Lagrangian and Hamiltonian mechanical systems were instructed on the vector
bundle structures and jet bundle forms.Lagrangian equations are solved with real
bundles by [2] , [3], [6], [5]. As shown in the studies presented in the references,
none of them have been conducted in Minkowski space. Therefore, we chose to
carry out our work in Minkowski space as a distinctive approach.

Let T'Q be the tangent bundle of an m-dimensional configuration manifold Q. Given
a Lagrangian energy function L : T'Q) — R, the vector field X satisfying the energy
equation

(1) iXLwLZdEL

is unique. Here, w is a 2-form on the bundle T*@ , and FEj, represents the energy
associated with L.[6], [5] If the families of curves that are solutions to the above
energy equation on T'Q) are integral curves of the vector field X , then the vector
field X is called a semi-spray.

The triple (T'Q,wr, L ) is called Lagrangian system on the tangent bundle TQ. [6],
[5]

Let, L:RxTQ=J (R,Q) =R and TQ={t} xTQ be Lagrangian function. The co-
ordinate system on T'Q is {q;,v;} -

The Poincare cartan 1-form on the T*(Q associated with L Lagrangian energy func-
tion is

L
ar=djL+Ldv;, = a— dq;+Ldv;

ov

The Poincare cartan 2-form associated with L Lagrangian energy function is
QL:ddjL+dL A Ldv;
If the paths of semisprays verify

d oL oL
<2) dt ( 81)7; ) 8qi B
then this is called as Euler-Lagrange equation.
[1], proved that equation (2) is not changed; but, this study investigates the possible
shapes of Euler-Lagrange system (2) on jet bundles.
Bundles on Minkowski 3-Space
A bundle is a triple (E,m, M) where E and M are manifolds and m:F — M is a
surjective submersion. E is called the total space, m, the projection and M the
base space. This bundle denoted by 7w or E. The first jet manifold of 7 is the set
{J;(;S:p eM,pcT, (7r)} and denoted by J'E. Here, ¢ is a map ¢:M — E and is
called a section of 7. If it is satisfies the condition 7 o ¢p=idy;, then the set of all
sections of 7 will be denoted I (7).
Let (E, 7, M) a bundle and let (U, u) be an adapted coordinate system on E, where
u= (z,y, z,Ua). The induced coordinate system (U',u') on J'E is defined by

U'={J,0:6(p) € U}

u1: (l’,y, 2y Uars ufl)

where 2(J}¢) =x(p)y(J)d) =y(p),2(Jy¢) =2(p), ua(Jy¢) =tq(¢m) and are known
as derivative coordinates.[1]

In this study, we consider the bundle structure (Eio’,w,R). The coordinates of
the manifold E$are (z,y,z), the coordinate of the manifold R is (¢). Also, the
coordinates of the manifold J'E} are (¢,z,y, 2,2y, 2").
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Here derivative coordinates denoted by

dzx
dt

. dy
Y=

s
T dt

Lagrangian Mechanical Systems of Minkowski Space with Bundle
Structure
The Minkowski 3-space E3 is the Euclidean 3-space E? provided with the standard
flat metric given by

g= — da* + dy? + d2*
where (z,y,2) is a rectangular coordinate system of E®. Let g be the Minkowski
metric, and let v € E} be,

e g(v,u)>0or g(v)=0, v is spacelike vector
e g(v,v) <0, v is timelike vector
e g(v,v)=0and v # 0, v is null( lightlike)

A similar analysis can be performed within an « curve on E .
7 is the set of all time-like vectors in E$. For Vu € 7; the set

0(7):{7ET:(?,?)<0}:{7€Ei’:g(x7u,m7u)<0}

defined as timecone.
Theorem 1. The time-like vectors X and 7 in Minkowski 3-space E3 are in the
same timecone,

C timecone

Light-like

FIGURE 1

(7, 7> =— H?H H?H coshd and here 0 is the Lorentz timelike angle between 7 and

vectors.
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Definition 1.1. A (1,1)- type tensor field J that satisfies the J? = 0 condition is
approximately called a tangent structure. Here, J:T (J'E}) — T (J'E}) is

B2 ) @2
) ()-+(2)

0 .0 0 0
3 J| =
®) (815) "5 Yoy T ox
J can be calculated as a tensor field from (3), as
(4) J:(—dx—x'dt)x%—k(dy—i—ydt)x%—f—(dz—&—édt)x%
A semi-spray is a vector field over E} and defined as below;

(5) E—Q 3-&- g—i—za 0 -+e€ 0
ot Tor Yoy TFo: o oy

By calculate J(¢), then equation (6) are found

-i-<€3a

.0 .0 .0
6 V=Je=—-92¢ — 4+ 92¢ — +25 ——
(6) c x8x~+ y@y-+ ‘9z
which is called ” Liouville vector field”
Moreover, ”Poincare-Cartan 1-form” is written as:

aL=d;L + Ldt

. 0L oL . 0L oL oL oL
L=—z—dt+y—dt —dt — —dx+ —dy+ —dz+ Ld
(1) al=—dgrdidg g dit2gmd —grdet gody+ 5 dat
Then we can write differential operator d,

0 0 o o o b o
(8) d=dt — axdx+?ydy+£dz axdw—l—a—dy—&—a—dz

By using the differentiation d (8), then Poincare-Cartan 2-form is obtained.
Qp =ddy;L+dL Adt
0?L i 0?L - 0?L . 0?L 8L>
otoz Ox 0z 0z 0y 0zx0z Oz
+ (dy A dt) (— 32; -z aZL. +y 62L. +z azL. - aL)
otdy Oyox Oydy oyoz Oy

27 2 2 2
+(dz/\dt)( oL 8L.+"9L.+z“.—‘%>

Qp = (dz A dt) <

oto: T 0z0¢  Vozay T “0:0: 02
L L 9L
9:° 070y 930z

. . 0°L 82L . 0%L oL
+ (dy A dt) (:17.. +y 5 +2 +2‘>

0xdy 0yoz Jy

L a2L LLOPL 0L
910z " Y9y0z T 52 T "0z
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PL L PL L
dendy) (=25 4 T2 Lo nd) (- 22 4 I8
+(de y)( 8x8y+8y8:b>+( g Z>< 8m82+8z&t)

2L 9L N
_ de Ada) [ 2=
a;,az*awy)”“ m)< -2>

( -
+ (dz A dy) (;jgy) + (dz A d2) (;;;;)
(

0L
0505 ) (dy A dy) ( )
32L

+ (dy A dz)

(9)
Definition 1.2. Solutions of the Euler-Lagrange equation can be found by assum-
ing
1eQr =Qr(e)=0
1eQr = Qp(e)

0’L . 0’L _O0*L . 9°L 0L
~Gor t o0 Vowoy  owor oz
. 0°L . 9*L . 9*L . 9°L
“Vowoy Vayor  “owo: 90w

0%L 0%L 0%L

teo s Feagan Y eaggr )0

2L 9L oL L oL
oy “agar Vagay T Coge: oy
DL . ’L L . O°L
T oxoy  Toyor  “o:0y  “oyor
L oL &L
00y oy’ 010z3
o°L 9L 0L 0L oL
~a0: 5208 Vamay tem0: T oe
LPL L oL 2L
Yozaz: T To:00  Yoyar T Yozay

)dy

— —62L —€ —aQL —€ 82—L)d
Yoroz ~ Pogo: a2’
0’L . ’L . 0°L

~@27 V0 " “0i0s
L 9L 8L 9L
“9:2  Yoroy ~ “oios
L 9L 8L _OL

—(= [t
o may TV a0 T 2ay

)di
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+ oL +9 L +z ik ——)dy
Yooy Vo2 " Toyoz
_(.82 +.82L+82 L
910z " Yoyoz T 92 | T8k
+ oL +9 , 0L +z L )d:
Xr—— V4
919z ' Yoyoz |~ 957
+(—z PL 2 0L + iy L + i3 L +:2L
otor . 0zor | Joxdy | ozd:z | oz
2L L, 2 #L . 9L L
Yoron ~ agar Y ayay T Vage: oy
oL L 0L 2 0P 0L
otz o080  Vozay T ° 020: ' “9-
- x62L+ L, . L
P TR TR
L L OPL
—EQX ——(— E2Y——5 EQZ———
> 9w0y 2yayz 2090z
— &L —&—5'82 + € 82L+256—L+25 8L)dt
8T grgs T ey TR 2R, 2e s

(10)
By equalizing equation (10) to zero, then (11) are obtained.

9L 0 .OL 0L 0L
R A T T P
v L L L L
0xdy Oyox 0x0z 0z0x
0 oL oL 8L)

95 C1gr tog; Y

I : 0=-—

)

0L & 9L oL oL
I o=22 9%, s
0= %05 a3y Tar TV Tiar TV

oL . 9’L . 9*L . 9L

M P i e
o oL oL oL
+87y(51% +€2@ 835)
9L o 0L 0oL 0L
I 0= gt - (i Sl i S 4 D)
Pl g PLPL L PL
9205 | “oz0z  Yoz05 ' Yoyoz
o oL oL oL
(‘32( a—+s28y +53&)
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o e L L L 0L

: 0=—-2—5 i+ ==
02 ozoy T “9z0z ' 9%

9°L L . 9L  OL

tr—" +14
ox

Yoroy 950z o

C9L . 9°L 9L oL

x —y—s — - —
020y Va7 Topor oy

L 8L L 0L
~Yoroy  Vor  Towo: oy
8L 9L L oL
“oroy  Vor  Towo: oy

V 0

8L 9L 9L AL
~0r0: Yogo: "9 0%
L 9L 8L 9L 0L
Yooz Yayer 92 0z

Vi : 0

vir - 0= a0k 2 0L L 0L oL
otox Ox0x 0xdy 0x0z ox
C9?L . 9?L . 0°L .. 0°L 9L
Yoty Voyor Y ayoy T Vaye: T Vay
GOL G OL L 0L 0L
Moz 0207 020y 0:20: 0z
9L 9%L 0L
T e ey Y g5az
—EoX L +52y82—L + &9z &L
00y 0y 090z
sa:aQL + e31 L +e aQ—L
U505 3yaya 3 952
+2e9 — +2€36j
0 0z

(11)
This equation (11) represents a non-linear equations system. By assuming
(12) g1 =—x, €3 =y, €3= z

In this approach, it must be a negative term, because Minkowski metric is negatie
definitly. Then following equalities can be written as below;

(13) z(I)—yII)—z(II)+2(IV)—y(V) —2(VI)+ (VII) =0
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Solving (13) lead to the equation

CO0’L 0L . 2L
VIIT : 0=— _ _
Yoror  Yotay ~ “oto:

e PL 0L 0L 0L
T 9205 T Voray T om0z T Ton
Ly PL L aPL L L
Oyox oYy dyoz oy
0L L L 0L 0L
T 0z0r  Vosey 7 920 T 70
L 0L 0L . &L
T rer  Yorey  “Foros
L L L &L
T rer T Voray T 050s
0%2L 2 %L . 0%L
Y oras TV aes TV a0z
0% . 0L 9 0%L
T oz0: T V%50: 7 9i0k
2 2L L . 0L
“ zor  Yozay T oraz
-‘v-QQ% + QZg—L

(14)

We can write this equation in a general form. But for this writing, we can assume
a notation for negative terms. We denote this notation as follows,

-1, ,i=1
0i = { 1 ,i=2,3
Also we can write

0 (.0L ,L 8L 0L oL . OL oL oL .OL
—m(mam ) ( Tor oy T a)*( o “’ay“a)
oL

0%

0L ,8L 8L P oL oL oL oL (0L OL . OL
+yay(a 8y+ >+<x8$+yay+za>+ 9z (xa:,c+yay+zaé>

oL oL 0L 0L 0L 0L .OL oL 0L
+( ar era +2z Ep >+(_$a¢+yay+zaz‘>+( 95 +yay+ 82’)

8 .8L 8
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.OL oL 0L

xa—l—yafy.—l—zg:M
oL 0L 0L
_xF+y?y+ZF_N
oL 0L 0L
a—+y6—y+z8—:P
(15) —%(M)—;i:%(N+P)+ya%(M+P)+z%(M+P)+(N+M+P):0

(15) is the Lagrange equation in Minkowski space . Following examples show an
application of equation (14).

Example In this example, we will derive the Lagrangian energy equations for a
particle moving within a time cone. We will assume that we use the same approach
as outlined above for the solution method. First, let us define a helical curve within
a time cone and examine the coordinate structure of this curve. In Figure-1, we
show the helical curve within the time cone. Since the curve we are working with
remains entirely within the time cone, it is also a timelike curve.

FIGURE 2

This helix is also referred to as a Minkowski helix and is represented as follows.
a (0) = (rsinhuf, rcoshufsing, rcoshubcosh)

Here, r = r(t) is the radius function depending on the time parameter ¢, 6 is fixed
angle.
For the reason mentioned above, the a curve is also a timelike curve, and thus

<a/,a;}<0.
If 7, Y

is timelike vector,
(@, y)=—12" ||| ¥’ cosho
The velocity vector for this curve is

o’ (0) = (urcoshud, ursinhudsing + rcoshufcosd, ursinhufcosd — rcoshudsing)
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If this curve is time-like, then it can be
(16) <a 0),a’ (9)> =r? (cosh2u9 —u?)
Thus, taking into account the condition provided above,

(17) —u< coshuf<u
On the other hand, for the helix, the jet bundle coordinate is

(t, rsinhuf, rcoshufsing, rcoshufcosé, r sinhuf, r coshufsing, r coshubcosh)

(18)

When we rearrange equation (14) according to these bundle coordinates,
. 0%’L 2 0°L . 0L 2 0L . OL

19 -3 3 3r — 4+ 5 ——— 4+ 4r—=0

(19) "o 2 aror T ar T v or

we obtain the equation.

Equation (19) is the Lagrangian energy equation for the Minkowski helix.

In this equation, it can be seen that the Lagrangian energy function depends on
the parameter r .

Since r = r(t), the energy function L also depends on time.

Also, we consider

dL .
—=A= L=A\r
dr
With calculation the equation (18), we get solution of Lagrange energy function;
4
Furthermore, for radius function
4 .
— = Ar=AT
AT
In the solution of the equation, the radius function
r=e~ 3t
By using this value, the Lagrangian energy is,
4
(21) L=— gxe*%t

From this equation, it can be noticed that radius related by time. Really, with our
accaptance, the main parameter is time. The progress of movement is related to
time.

2. CONCLUSION

In this paper, unlike in Euclidean space, we have worked in 3-dimensional Minkowski
space. Specifically, a jet bundle structure has been established in this space, and
all proofs have been examined using the coordinate system of this bundle structure.
The advantage of working with the bundle structure is that it allows us to directly
construct the time-dependent mechanical system. Lagrangian energy equations are
divided into time-dependent and time-independent categories. In applications and
physical contexts, it is more practical to work with the time-dependent equation.
Using or not using the time parameter in deriving these two equation structures
changes and complicates the entire proof in the classical approach. Our method,
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which involves using the jet bundle structure, makes the entire analysis more com-
prehensible by incorporating time within these bundle coordinates.

In our study, we demonstrated the ease of obtaining the energy function using
bundle coordinates within the example structure we presented. As shown in the
example, due to the differences in the metric structure of Minkowski space, the
curves and vectors studied are categorized as timelike, spacelike, or null. Since we
worked with a helix lying within a time cone, we dealt with timelike curves and
vectors. However, as can be shown with other examples, the obtained equation (14)
can also be applied to spacelike curves and vectors.

The system given in equation (11) is a nonlinear system of equations. Its solution
is possible under special conditions. When proving this, we considered the general
form of the Lagrangian energy structure based on our previous work in Euclidean
space and complex space. Accordingly, by experimenting with all the special con-
ditions that would allow us to obtain the Lagrangian energy equation in Minkowski
space, we found that the conditions provided in equation (12) are the most suitable
and developed the proof based on these. The negativity here is entirely due to the
structure of the Minkowski metric.

As a result of energy equations (21), where time provide to in a big-far time interval
or partial movement in all large velocity, Lagrange energy is in a develop state case.
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ABSTRACT. In this paper, we obtain PE7, NDET, lgDET, fop E7, mag-
netic curves, Lorentz force equations and geometric phases for Darboux frame
of a spacelike curve with non-lightlike principal normal lying on a lightlike
surface, null Darboux frame on a timelike surface, 1GDF and 2GDF in the
tangential direction. Later, we derive intrinsic directional derivatives in ,
U — lines directions for IGDF on a lightlike surface. Finally, we present geo-

metric phases and magnetic curves in i, U — lines directions for 1IGDF on a
lightlike surface.

1. INTRODUCTION

Geometric phase, also known as Berry phase, is occurs when a quantum system
undergoes cyclic variation, and the final state of the system depends not only on
the initial and final conditions but also on the path taken [1]. The interaction
between the electric field and geometric phase has important implications in quan-
tum computing, condensed matter physics, and quantum information processing
and optik. This concept has gained crucial interest in last years. The investiga-
tion of the electric field change has contributed to the development of materials of
science, condensed matter physics and plasma physics [2-9].

In recent times, numerous authors have presented new Darboux frames. Balakr-
ishnan presented certain moving space curves are endowed with a geometric phase
for the Darboux frame in Euclidean 3-space [10]. Later, Ertug presented the vari-
ation of electric field with respect to Darboux triad in Euclidean and Minkowski
3-spaces [11,12]. Alessio et al. [13] have studied null Darboux frame {T,V,N}
derivative formulas on a timelike surface:

T ky 0 Ky T
(1.1) A% = 0 —K; -7 A%
N |- T, —k, O N

Date: Received: 2024-09-30; Accepted: 2024-12-02.
Key words and phrases. Generalized Darboux frame, Geometric phase, Magnetic curves.
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where the geodesic curvature x; = (T7, V), the geodesic torsion 7, = (N, V),
the normal curvature k} = (T, N), tangential direction 7 and
(T,T) = 0 = (V,V)= (I,N) = (N,V)=0,(N,N)= (T,V)=1, TxV = N,

VxN =V, NxT=T:

Topbasg et al. [14] introduced Darboux frame {T, u, U} derivative equations of
a spacelike curve on null surface in the tangential direction 7 in R? for Darboux
frame on lightlike surface [14]:

T 0 E0kn  E0Kg T
(1.2) L = —krg €07y 0 L
U/ —kn 0 —eo7y U

where the geodesic curvature k4 = (u, T+), the geodesic torsion 7, = (U, uy) and
the normal curvature &, = (U, T,) and

(T,T) =1, (U,U) = (u,p) = (T, ) = (T, U) =0, (U, ) =g = £1 and Txp =
eop, pxU =T, UxT = ¢yU.

Djordjevi¢ and Nesovic introduced the first kind generalized Darboux frame
(1GDF) derivative formulas of 1GDF on a lightlike surface in the tangential di-
rection 7 in R} as the following [15]:

'T 0 51?571 51}5!] T
(1.3) il o= R a7 0 i
U _Rn 0 _Eng U

-
where {’i‘ =T+wU, g = —sl%T—ﬁ—%u - Elg’—zU, U= CU} ,w # 0, ¢ # 0 are dif-

. . . . ~ 2
ferentiable functions, generalized geodesic curvature kg = %—l—z—:l wg — wg g 4eq wz—g”",

the generalized geodesic torsion 74 = 74 — e1@Wky — 51%, the generalized normal
curvature k, = Cknp,

<TT> —1, <ﬁ,ﬁ> = (A1) = <Tﬁ> - <T‘I~J> — 0, <ﬁ,ﬁ> —e, = +1, Txji =
eifi, ixU =T, UxT =, U.

Furthermore, Djordjevi¢ and Nesovic introduced the second kind generalized
Darboux frame {T = T*=T, u* = %p, U* = (U } derivative formulas of 2GDF
on lightlike surface in the tangential direction 7 in R? [15]:

T* 0 €1CKZn< €1% T*
(1.4) w* = - ely-—eal) 0 p
v/, —Chin 0 —e1(ry —e1F) U

where generalized geodesic curvature %", generalized geodesic torsion 7, —¢; %’ and

generalized normal curvature (k.
Magnetic curves which a divergence free vector field were studied in [16-20]. Intrin-
sic directional derivatives have been investigated in [21-28].

In section 1, we give introduction. In Section 2, 3 and 4, we obtain PE, NDET,lgDET,
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*6DE,, Lorentz force equations and magnetic curves in the tangential direction.
We derive intrinsic directional derivatives in the @, U —lines directions for IGDF on
a lightlike surface. Later, we present 1, U—magnetic curves and geometric phases

in the @, U — lines directions for IGDF on a lightlike surface .

9. PE, NPE, '9PE, anDp “9PES

DE+ for Darboux frame on a lightlike surface in the tangential direc-
tion

In general form, the change of the electric field PE for Darboux frame of a space-
like curve with non-lightlike principal normal lying on a lightlike surface can be
expressed

(2.1) PE;r=a T+ a,u+ asU.
Assume that

(2.2) (PE,T) =0.

(2.3) <DE,DE> = const.

From Egs.(1.2), (2.1), (2.2) and (2.3), the followings are obtained:

(2.4) ay = —gkn <DE7 M> — €Ky <DE7 U> .

(2.5) as =G <DE,U>, as = —¢ <DE,,u>

Here, ¢; is a parameter. Assume that, <DE,U> #£0, <DE,,u> # 0. If Egs.(2.4) and

(2.5) are substituted in Eq.(2.1), then

J(PE)
oT

(2.6) = PEr = —co(kin ("E,p) + 1y ("E,U))T
+<1 <DE, U> H—s1 <DE7 ,U> U

is obtained. ¢ <DE, U> S <DE, u> U denotes the rotation around T for Darboux
frame with a nonnull principal normal lying on a lightlike surface. For ¢; = 0,

(2.7) PEr = —&o(kn (PE, 1) + k4 ("E,U))T

Lorentz force equation P® of the electric field vector PE for Darboux frame of
a spacelike curve with a nonlightlike principal normal lying on a lightlike surface is
described by

(2.8) Po(PE) = Er = A xPE.
From Eq.(2.8), Lorentz force equations of {T, u, U} are given by
(2.9) Po(T) = eohppteor,U
(2.10) Po(u) = —k,THeosiU

(2.11) Pop(U) = —k,T—coq1p
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From Eq.(2.9), (2.10), (2.11), the magnetic vector field is obtained:
A1=¢T—knpu+r,U

In the general form, it can given by

(2.12) DE = o (B, U) prteo (B 1) U
Via Egs.(2.12), it is derived
(2.13) PE, = pleo(BU)r+14(E,U))

+U(eo (E, 1) 7 — 79 (B, 1))
—e0T(x, (PE, ) + kg (PE,U))
Comparing Eqs.(2.7) and (2.13), it can be obtained
(2'14) <E? /’L>T = EoTy <E? /’L>
(2.15) (B\U); = —eo1q(E,U)

Geometric phase around T for the frame {T, u, U} on lightlike surface via Egs.(2.14)
and (2.15) is eo7y.

NDPE for null Darboux frame on timelike surface in the tangential
direction

The change of electric field NPE for null Darboux frame on a timelike surface
in the 7 — lines direction is given by

SNPE)  yp
Assume that
(2.17) (NPE,N) =0,
(2.18) <NDE,NDE> = const.

From Eqgs.(1.1), (2.16), (2.17) and (2.18), it can be obtained

(219) bl = G2 <NDE, V> 5 b2 = —q2 <N’D]E)7 T>
(2.20) by = r,(VPE,V) -7 (NPE,T)

where ¢, is a parameter. Assume that <NDE7 V> £ 0, <NDE7 T> # 0. If Egs.(2.19),
(2.20) are substituted in Eq.(2.16), then

(2.21) NPEr = o(MPE, V)T - (VPE, T)V
+(r} (VPE, V) — 72 (VPE, T) )N

S <NDE, V> T - ¢ <NDE, T> V denotes the rotation around N for null Darboux
frame on a timelike surface. For ¢ = 0,

(2.22) NPEr = (s (VPE, V) -7 (VPE, T))N

Null Darboux Lorentz force equation ¥YP® of the electric field vector for null Dar-
boux frame on timelike surface is described by
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(2.23) NPHIN(E) =NP B = Ay xVPE

Via Egs.(2.21) and (2.23), Lorentz force equations of the frame {T,V,N}
(2.24) NPHINI(T) = GT+kEN

(2.25) NPeNI(V) = —m'N-@V

(2.26) NPOII(N) = 7T-r,V

Via Egs.(2.23), (2.24), (2.25) and (2.26), null Darboux magnetic field vector is
derived
Ag=— T;T‘FCQN_H:;V

In the general form,

(2.27) NPE = (MPE, V) T+ (NPE,T)V
With the aid (2.27), it is obtained
(2.28) NPEr = T((NPE V), +r,(VPEV))

+V((MPE,T), — 5y (NPE,T))
+N(s (NPE V) — 77 (NPE,T))
Comparing Eqs.(2.22) and (2.28), the followings are obtained
(PEV), = - (PEV)
(PETY, — K (VPET)
Geometric phase around N for the frame {T, V,N} is .

'9PE, for 1GDF on lightlike surface in the tangential direction

The change of electric field 1gDET for 1GDF on lightlike surface in the tangential
direction 7 is given by

(2.29) PRy =T + c,fi + ¢sU.
Consider

(2.30) <19'DE,T> —0
(2.31) <191’E,1973 E> = const.

From Egs.(1.3), (2.29), (2.30) and (2.31), the followings are obtained :

(2.32) c1 = —€1 (C/Qn <1gDE7ﬁ> + (% + 51% — % + &1 W2Kn) <1gDE,ﬁ>>

1 ~ 1 .
(2.33) =3 (PET), o=} ("9PE)

where 31 is a parameter. For 31 = 0, Eqs.(2.32), (2.33) are rewritten in Eq.(2.29),
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(2.34)
98y — o1 (G (PR + (22 40T - Ty o T (PR 0) ) T

Lorentz force equation of electric field vector for 1IGDF on lightlike surface in the
tangential direction is described

(2.35) 'GP ('9PE) ='9P B = A3x 9PE
As is the magnetic vector field. From Eq.(2.35), Lorentz force equations of 1GDF

in the tangential direction can be given by

wr  WTg @2k,

GDG(T) (Y — ~ “Tr %y U
(2.36) o )(T) Elgfﬁn,u—i—al(c +e1 R c +e1 5 )U
o2k
~ w @T, K\ o ~
(231 PeNGE) = (P TE - T e ) TenlU
(2.38) 9Po(N(U) = —(r,T—eslfi
In the general form,
(2.39) B =1 (VB U) v (PE ) U
With the aid (2.39), it is obtained
IQDET = ﬁ(gl <1QDE,[7>T+(Tg—Elwmn—gl?)<lgpﬁ,ﬁ>>
O (e (975 1y /oD p ~
(2.40) +U (51( E.p) —(1g —e1wk, — €1 ?) < E,,u>)
2
e, T '9Pg 5 T _ Yy T ey [topg
alT(cfcn< E,u>+<C tal - TR ety )( EU))
Comparing Eqs.(2.34) and (2.40), it can be derived
g 2\ _ N _ . STy e
(2.41) < E,,u>7_ = ei(1y —e1wkn — €1 R )< E, >
DED) — er e o T 1905
(2.42) < E,U> = e1(ry —e1wkn — €1 R )< E, U>

From Eqs.(2.41) and (2.42), geometric phase around T in the T — lines direction

for 1GDF on lightlike surface is (17 — wky, — %T)

gDET for 2GDF in the tangential direction on lightlike surface

The change of the electric field 2‘gDET for 2GDF on lightlike surface in the
T — lines direction can be written by

2gp

(2.43) Er = diT* + d,pu* + d3U*.
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Assume that

(2.44) <2gDE, T*> =0

(2.45) <2gDE,2gD E> = const.

From Eqgs.(1.4), (2.43), (2.44) and (2.45), it can be derived:

(2.46) dy = —e1Crin <2Q’DE, U*> - 51%9 <297’E,M*>
(2.47) dy = 3 <29DE,U*>, ds = —cs <2gDE,,u*>

¢3 is a parameter. Assume that <2gDE,U*> # 0, <29DE,H*> # 0. If Egs.(2.46)
and (2.47) are substituted in Eq.(2.43), then

(2.48) PEr = —ei(Chn (9P ) + ? (*9PE, U )T
e <2gDE’ U*> ,LL*fgg <2gDE, M*> U*

S3 <29DE, U*> w—gs <29DE, ,u*> U* denotes the rotation around T*. For ¢3 =0,
(2.49) PEr = 1 (Crn (B 17) + % (*9PE, U )T"

2QD
Lorentz force equation &) of the electric field vector “9PE in the tangential
direction can be described by

26D
(2.50) (M (*9PE) ="9P B+ = Ayx “9PE,

From Eq.(2.50), Lorentz force equations of 2GDF in the tangential direction are
given by:

2

gD

(251) (I)(T)(T*) = 51<’€7LN*+€1%U*
26D

(2.52) oM (") = f%T*ﬂ:lcgU*
2gD

(2.53) dT(U*) = —(Cr,Tr—e1g3u*

(2.54) A4:51§3T*—§nnu*+%U*

is the magnetic vector field satisfying Eqs.(2.51), (2.52) and (2.53). Also,

(2.55) PE =¢, <QGDE’ U*>N*+€1 <2gDE, u*>U*
Via Eq.(2.55), it can be obtained
ngET — —e1(Chn <29DE,,LL*> n % <2gDE,U*>)T*
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St (51 <291’E, U*>T + (15 — 1) <29DE, u>) (2.56)

+U* (51 <29DE7 u*>T (7 — €1°F) <2gDE, u>)
Comparing Eqs.(2.49) and(2.56) ,

(2.57) <2QDE,H*>T = el(rg—sl%)<2QDE,u*>
(2.58) <29DE,U*>T = —gl(fg—el%) <29DE,U*>

From Eqs.(2.57) and (2.58), geometric phase around T* for 2GDF in the tangential
direction is &1 (74 — 51%).
3. MAGNETIC CURVES FOR DARBOUX FRAMES
V —magnetic curves for null Darboux frame in the 7 — lines direction

Let a be a distinguished curve on timelike surface with null Darboux frame. «
is called V-magnetic curve if it satisfied null Darboux Lorentz force equation

(3.1) Vi =NP o(V)(V) = A;xV

Here, Aj is magnetic vector field. It can be written by

(3.2) NPHWV)(T) = 13 T415V + 13N
From Eqgs.(1.1), (3.1) and (3.2), it can be derived

(3.3) <ND<I><V> (T), > = =0

(3.4) (MPeI(T), V) = u=x,

(3.5) <ND<I>(V > = 13 =q

¢4 is a function. If Eqgs.(3.3), (3.4) and (3.5) are substituted Eq.(3.2),
(3.6) NPoV)(T) = kT + 4N

obtained. Also,

(3.7) NPV (N)=1: T~V

As = *T;T*C4V+KZN

p—magnetic curves for 1GDF on lightlike surface in the 7 — lines di-
rection

« is called pi-magnetic curve for 1GDF on lightlike surface if it satisfied the
Lorentz force equation

. 1
(3.8) fir = 9P @DE(fi) = Xy xJi

Furthermore, it can be written by

(3.9) GPH(TE(T) = j, T+jofi + jsU
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Via Egs.(1.3), (3.8) and (3.9), it can be derived

(3.10) <1gD<I><T>ﬂ("I“), "I“> = =0
(3.11) (19PeTHT),T) = 5 g = e
(3.12) <1qu’(T)ﬁ(’f)7/7> = €13 = Js =¢€1Ckn
If Egs.(3.10), (3.11) and (3.12) are rewritten in (3.9),
IPOTI(T) = ey3%7 + E1(% + 51% - % +e1 w;gn)ﬁ
As similar,
1gD<I>(T)’7(I~J) = 2T —e1(ry — e1@Wkn — €1 C?T)INJ

is derived. The magnetic field vector
~ ~ 2 ~ ~
X1 = =510+ (¢ + e B = T+ e Fpn )U + (1 — €100k — 51%)T
is obtained.

ﬁfmagnetic curves for 1GDF on lightlike surface in the 7 — lines di-
rection _

« is called U—magnetic curve for 1GDF on lightlike surface if it satisfied the
Lorentz force equation for 1GDF
(3.13) Uy =92 07Y(U) = X,xU
where }~(2 is magnetic field vector Let a be a spacelike curve 1GDF on lightlike
surface. We get,

(3.14) 19047 (T = 0, T4vafi + 03U
Via Egs.(3.13) and (3.14), it can be obtained

(3.15) <197’<1>”)6(T),T> -
(3.16) <1gD<I>(T)0(’f), fJ> = €102 = v2 = €1(kn
(317) <1gD(I)(T)G (T),ﬁ> = £1V3 = V3 = 613?

If Egs.(3.15), (3.16) and (3.17) are substituted in Eq.(3.14 ), then

(T)T ~ ~
'9Dg U(T) = slﬁ’U + e1Ckn i

As similarly,

1 (TG~ ~ -
9P )U(,u) = —3T+ (Tg — 1@k, — alcl)u

¢
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4. INTRINSIC DIRECTIONAL DERIVATIVES FOR 1GDF ON A LIGHTLIKE SURFACE
AND MAGNETIC CURVES

9DV ig called the gradient operator for 1GDF on lightlike surface. It can be
written by
L R I LA
oT Mo T e
where ’7‘, 1 and U are the arc length coordinates on the ’7‘, i —lines and~ﬁ —lines
for 1GDF. %, % and % are the intrinsic directional derivatives in T — lines,
1 — lines and U — lines directions. The divergence vector for 1GDF is

. -~ ~ ST ST ~
gD ;g: _ gD _ 77
dwa< V,T> 51<5[7,,u>+51<6ﬁ,U>

where N N
o (282, 0 - (85)
(4.1) 9P divii = (19PV,fi) =~y + 1 <§Zﬁ >
: - . 5U
GD ;: _ 16D .~ oY ~
(4.2) div0 < v, U> = —Rnter < = ,u>

AT () *y(ﬁ) are total moments of the ’i‘, 1L, U fields of spacelike curve for IGDF
on lightlike surface. Intrinsic directional derivatives in i and U lines directions for
1GDF on lightlike surface are obtained

T (T0) _~m) 117
4 = O(ﬁ) - o g . .
(4.3) 572 Kol = avt kgt divp 10 1
[8) —p(TU) 0 —(Fg + 97 divpp) | LU

(4.4) i
5 T 0 7(17) gl(p(%ﬁ) [T
TR =] T 9P i) 0 i
U —e1y®) 0 (Fn + 97 divU) LU

Geometric phase in i1 — lines direction for 1GDF on lightlike surface

1
In the general form, the change of the electric field %ZEI) for 1GDF on lightlike
surface in p — lines direction is
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5('9PE) .
(4.5) (6/7) =9PE;=LT+1L,i+130.
Assume that
(4.6) <1gDE,T> ~0
(4.7 <1gDE,1gD E> = const.
Here,
4.8 I = —e,0 T ('9PE 3\ 4 (@ ('9PE T .
P 12
1 ~ 1 .
(4.9) b=3("PE0), &= ("PEf)
When Eqgs.(4.6), (4.7) are written in Eq.(4.5),
5('9PE =6y /1 _ o /1 AN
(4.10) (6/7) — (_5190(7’U)< gDE,u> +,Y(M)< gDE,U>)T

1 ~\ 1 o\ ~
+33 < GDE,U> [i—35 < gDE,u> U

where 31 is a parameter. 3%(19DE><’T) is the rotation around T for 1GDF on
lightlike surface in g — lines direction.
When 33 = 0, Eq.(4.10) is derived as the following:

i(9PE)

(4.11) 5

='9P Eg = (—e1p7Y) <19DE,ﬁ> +4 <lgDE,fJ>)’f‘
Lorentz force equation 'GDH(R) of '9PE in it — lines direction is described

(4.12) 'GP ("9PE) = 9P B; = Yy x 9PE

With Eqs.(4.11) and (4.12), Lorentz force equations of 1GDF on lightlike surface
in the p—lines direction are derived :

(4.13) 19D@(ﬁ)(fi‘) — 51()0(7'(7)/7,7(/7)6
(4.14) PRI () = ey P T+eli
(4.15) PG (T) = o TODT—ey5h0
Here

Y1 =33T T - 21070
the magnetic vector field satisfies Egs.(4.13), (4.14) and (4.15).

p—magnetic curves in the p—lines direction for 1GDF on lightlike
surface
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The curve is called pg-magnetic curve 1GDF on lightlike surface in the p—lines
direction if it satisfied Lorentz force equation

1gD¢(ﬁ)ﬁ(lj) = ey D) = Yoxfi

Consider

(4.16) 'OPGIR(T) = Iy T+lofi + 15U
(4.17) <1973<1> 2 ,T> - L, =0

(4.18) < ngI)(“)“ ,U> = 2=y =e13
(4.19) < 9P (M (T ,u> P A N ()

33 is parameter. If Eqs.(4.17), (4.18) and (4.19) are substituted in Eq.(4.16)
GG (T) = 2132 — 4P T

As similarly,

'OPME(T) = — (7, + 9P divi)U — 32T
Thus,
Yo = —e1(fy + 90 divi) T — 53fi + 2190

ﬁ—magnetic curves 1GDF on lightlike surface in the g —lines direction

The curve is called ﬁfmagnetic curve if it satisfied the Lorentz force equation
1GDF on lightlike surface in the g — lines direction

lgp _—

(4.20) U; = oMY(U)=YsxU
It can be written by

lgp

(4.21) oMU (T) = hyT+hofi + hsU
Using Eqgs.(4.20) and (4.21), it can be obtained

(4.22) <1g”q><ﬁﬂ7(i),T> - =0
(4.23) < 9D¢(ﬁ)ﬁ(’i‘)7ﬁ> = erthyo = hy = €1<P(7~—l7)
(4.24) < (#)U( ), M> = ¢e1h3 = hy =155

35 is a parameter. Via Eqs.(4.22), (4.23) and (4.24), Eq.(4.21) is rewritten by

=t

") (T) =e133U + 61%’(%6)!7
As similar,

P & @T (5 3T 4 (7 49D divil)ii
Q¥ () = =35 T+(Kg + 77 divp)p.
5('9PE)

T in U — lines direction for 1GDF on lightlike surface
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1 ~
ICTE) g 1GDF in U — lines direction in the general form on lightlike surface
is given by
5('9PR ~ _ ~
(4.25) (&_7) =9 Ey = AT+ f,ii + f3U.
Assume that
(4.26) <IGDE,T> —0
(4.27) <1gDE,1gD E> = const.

Via Eqgs.(4.26) and (4.27), it can be obtained:
(4:28) fi = @™ (“9PET) + 4@ (*9PEji))

(4.29) L= ("PEU), fy =35 (PEji)
where 3} is a parameter. If Eqs.(4.26), (4.27) are written in Eq.(4.25), then
3('9PE) gD (Th) /6P p T3 @) /10D +\ A
(130) T2 = PRy = (e T ("PEU) +4O ("9PEI)T
1 ~\ 1 \ ~
+31 ('9PEU) ji—3} ('9PEji) U
35 <19DE,ﬁ> -3 <1gDE7ﬁ> U gives the rotation around T for 1GDF on lightlike
surface in the in U — lines direction. When 35 =0, Eq.(4.30) is
'6DR - - ~ ~
(431) 5(6[7) :1QD ]3[7 _ _(51410(7—#) <19DE,U> _ ,Y(U) <1QDE717>)T

(W0

Lorentz force equation '9Dg of "9PE in U — lines direction is given by

(4.32) ‘9P " (9PR) Z'9P B = Yix IPE,
With Eqgs.(4.31) and (4.32), Lorentz force equations of 1GDF on lightlike surface
are given by:

(4.33) 2" (T) = A Dfre, o THT

1 (WU Foy A .
(4.34) Pe" (@) = - TP THes3n
(4.35) 1gD<I><H)U([~J') = —e7UT—¢320

Here
Y; = 5§T—€17(U)/7—<P(Tﬁ)ﬁ
magnetic vector field satisfies Eqs.(4.33), (4.34) and (4.35).

p—magnetic curves for 1GDF on lightlike surface in the U — lines di-
rection
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If the curve is called pi-magnetic curve in the U — lines direction if it satisfied
the Lorentz force equation

57 e I _
(4.36) % = '9PeDi(g) = —TAT — (%, +'9P div0)ji
Zl X/Ajj

Consider

1gD¢’(ﬁ)ﬁ(T) = ml’i‘—&-mgﬁ + mgﬁ

(4.37) <1qu> OR (T "I“> = my =0

(4.38) <19D(I>(U)u ﬁ> = 2=omy= o(TH)

(4.39) <19D<I>(U fJ> = eymp = my = 152
Via Eqs.(4.37), (4.38) and (4.39), it is obtained

(4.40) IPHOI(T) = &350 + e1p T T
As similarly,
(4.41) GPOA(T) = —32T + (7 + 9P div0)U

Here, the magnetic vector field

Z1 = —e1(Fn + 9P divO)T — 520+ TP T
satisfies Eqs.(4.36), (4.40) and (4.41).
U-— magnetic curves for 1GDF on lightlike surface in the U — lines
direction N
If the curve is called U—magnetic curve for 1GDF on lightlike surface, if it
satisfied the Lorentz force equation in the U — lines lines

(4.42) U, =97 O0(T) = Z,xTU
It can be written by

(4.43) 'GP (T = ny T+nofi + nsU
From Eqs.(4.42) and (4.43), it can be obtained

(4.44) < 9PV (T ,T> = =0

(4.45) < gD DU > = e1ng = ng =13,

(4.46) ("Pe@U(T),T) = einy = np =77
Via Eqgs.(4.44), (4.45) and (4.46), it is obtained

(447) 1gD(I)((7)(7(ri\) _ 7(5)ﬁ+513§fj
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As similar,
(4.48) PN () = —53T— (K, + 9P divU)ji

Here,

ZQ = (En +19D dwﬁ)'f — 61’}/([7)/7, + 336
satisfies Eqs.(4.42), (4.47) and (4.48).

5. CONCLUSION

In this manuscript, we studied variations of electric fields, geometric phases,
Lorentz force equations and magnetic curves for Darboux frame of a spacelike curve
on null surface, null Darboux frame on timelike surface, first and second kinds
generalized Darboux frames on lightlike surface in the tangential direction. Finally,
we presented geometric phases, Lorentz force equations and magnetic curves via
anholonomic coordinates for the first generalized Darboux frame on lightlike surface.
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ABSTRACT. In this paper, we focus the construction methods of implications
on bounded lattices. We introduce several methods to obtain implication on
bounded lattices. We basically base on implication defined on subinterval such
as [a,1] or [0,b] of the bounded lattice L which has a,b € L with a £ b for
these construction methods. We also use fuzzy logic operators such as t-norms,
t-conorms, negations and implications on L in some construction methods. In
addition, we give some remarks and examples to make the new construction
methods.

1. INTRODUCTION

Fuzzy implications generalize the classical implications taking values from {0, 1}
to the fuzzy logic, where the truth values belong to the unit interval [0,1]. Since
fuzzy implications have been used in many areas such as fuzzy control, approximate
reasoning, and decision support systems, fuzzy control and etc. [8, 9, 6, 11, 12], the
construction methods of these operators are especially important for aplications of
them and thus, fuzzy implications construction methods have attracted the atten-
tion of researchers. In [8], Baczyniski and Jayaram introduced construction methods
of implication which are obtained from fuzzy logic operators on unit real interval
[0,1].

In [10], Neres et al. proposed fuzzy implications construction methods, which
is called as a new construction technique, from a pair of bivariate aggregation
functions and a fuzzy negation on unit interval real [0,1]. In [7] Karagal et al.
introduced two construction methods to built implication operators on bounded
lattices by means of t-norms, t-conorms and implications. In [3], Kesicioglu et
al. offered implication construction methods which is called the linear and g-—
convex combination for implications on bounded lattices, where they benefited from
fuzzy logic operators. In [4], Karagal et al. gived many construction methods for
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implications by means of an arbitrary element and basic logic connectives such as
t-norms, t-conorms and negations on bounded lattices.

In this paper, our main aim is to obtain an implication from an implication on
subinterval [a,1] ([0,b]) of the bounded lattice L where a,b € L with a < b. In
addition, we give some other construction methods for implications on bounded
lattices via some logic operators besides implications. Firstly, in the section 2 we
remind some main definitions and results, which are useful for our paper. In the
next section, we give construction methods to built implications on bounded lattices
and we add various examples and results from these construction methods. Finally,
we finish with concluding remarks .

2. PRELIMINARIES

In this section, we list some basic notions and results which will be use in the
paper.
Definition 2.1. [5] Let (L,<,0,1) be a bounded lattice and a,b € L with a < b.
The subinterval [a,b] is defined as
[a,b]={xeL|a<x<b}.

Similarly, (a,b] ={z €L |a<xz<b}, [a,b)={reL|a<z<b}and (a,b)={x¢
L | a<z<b} can be defined.

Definition 2.2. [1, 2] Let (L, <,0,1) be a bounded lattice. A function T': L? — L
is a t-norm if it satisfies the following conditions for any x,y € L.

(T1) T(x,y) = T(y,x) (commutavity).
(T2) T(x,1) == (neutral element).
(T3) If y < 2z, then T(z,y) < T(x,z) (monotonicity).
(T4) T(x,T(y,2)) =T(T(x,y),2) (associativity).
Definition 2.3. [1, 2] Let (L, <,0,1) be a bounded lattice. A function S: L? — L

is a t-conorm if it satisfies the following conditions for any x,y € L.

(S1) S(z,y) = S(y,z) (commutavity).
(52) S(x,0) == (neutral element).
(S3) If y < z, then S(z,y) < S(z,z) (monotonicity).
(S4) S(z,5(y,2)) = S(S(z,y), 2) (associativity).

Example 2.4. Let (L,<,0,1) be a bounded lattice. Two basic t-norms T and T,
on a bounded lattice L are respectively given by

y ifx=1
TD(JC,y)= € lfy:L
0 otherwise,

and

Ta(z,y) =xAy.
Two basic t-conorms Sp and S, on a bounded lattice L are respectively given
as follows:
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y ifx=0,
Sp(x,y) =4z ify=0,
1 otherwise,
and

Su(@,y) =z vy.
Definition 2.5. [8, 3, 7] Let (L,<,0,1) be a bounded lattice. A decreasing function
N :L - L is called a negation if N(0)=1 and N(1) =0.

Definition 2.6. [8, 3, 7] A function I : L? - L on a bounded lattice (L,<,0,1) is
called an implication if it satisfies the following conditions:

(I1) I is a decreasing operation on the first variable, that is, for every x,z € L
with < z, I(z,y) < I(z,y) for all y e L.

(I2) I is an increasing operation on the second variable, that is, for every y,z € L
with y < z, I(x,y) < I(z,z) for all z € L.

(I13) 1(0,0) = 1.

(14) 1(1,1) = 1.

(15) I(1,0) = 0.
Theorem 2.7. [8] Let S : [0,1]*> - L be a t-conorm and N : [0,1] - [0,1] be a
negation. Then the function I:[0,1]* - [0,1] defined by, for all z,y € L,

is an implication.

Theorem 2.8. [4] Let (L,<,0,1) be a bounded lattice and a € L. Then the function
I,: L? > L defined by, for all x,y € L,

1 z<y,
(2.2) I(z,y)=40 x>y,

a otherwise,
is an implication.

Theorem 2.9. [4] Let (L,<,0,1) be a bounded lattice, S : L> — L be a t-conorm
and N : L - L be a negation. Then the function I : L* — L defined by, for all
r,yel,

1 <Ly,
(2.3) I(z,y) =y x>y,

S(N(z),y) otherwise,
is an implication.

Theorem 2.10. [4] Let (L,<,0,1) be a bounded lattice, N : L - L be a negation
and Jy,Ja, Js : L? - L be implications. Then the function I: L?> - L defined by

(2.4) I(z,y) = Js(N (J1(2,9)), J2(,y))
is an implication.
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Theorem 2.11. [3] Let (L,<,0,1) be a bounded lattice, S : L?> - L be a t-conorm,
T:L* - L be a t-norm, I,J : L?> - L be implications and a € L. The function
TS, : L? - L defined by, for all z,y €L,

(2.5) TSa(z,y) =T(S(a,1(x,y)), J(z,y))

is an implication.

Theorem 2.12. [3] Let (L,<,0,1) be a bounded lattice, S : L?> — L be a t-conorm,
T:L?> > L be a t-norm, I,J : L?> - L be implications and a € L. The function
ST, : L?> - L defined by, for all x,y € L,

(2.6) STa(y) = S(T(a, (), I (2,9)

is an tmplication.

Theorem 2.13. [7] Let (L,<,0,1) be a bounded lattice, S : L*> - L be a t-conorm,

T:L? - L be a t-norm, I,J: L? - L be implications, N : L - L be a negation and
a€ L. The function Ki%SN : L? > L defined by, for all z,y e L,

(2.7) Ky gn = S(T(a, I(2,)), T(N(a), J(z,9))))
is an implication if and only if S(a,N(a)) =1.

3. SOME CONSTRUCTION METHODS OF IMPLICATION ON L

In this section, we offer many construction methods of implication operators.
In Theorem 3.1 (3.4) focus on extension of an implication on the subinterval [a,1]
([0,0]) to bounded lattice L, where a,b € L such as a < b. In the following con-
struction methods, we give some different construction methods for implications
on bounded lattices considering some logic operators such as t-norms, t-conorms,
negations as well as implications. Also we illustrate the new construction methods
with the several examples.

Theorem 3.1. Let (L,<,0,1) be a bounded lattice, a,b € L with a <b and J :
[a,1]> — [a,1] be an implication. Then, the function I : L?> —s L defined by,

1 if (x=0ory=1)or (x¢[a,1] and y € [a,1]),
0 if (z,y) = (1,0),
(3.1)  h(zy)={J(z,y) if (z,y)€la1],
a if x €[a,1] and y ¢ [a,1],
b if x ¢ [a,1] and y ¢ [a,1],

is an implication on L.

Proof. 13, 14 and 15 are obtained directly from the definition of I;.

(I1) Let us show that I; is a decreasing function on the first variable. Then
it should be I1(x2,y) < I1(x1,y) for every elements x1,x2,y € L with x1 < @a. If
21 =0 or (z2,y) = (1,0) or y = 1, the proof is trivial. The proof can be split into
all possible cases.

1. Let (21,y) € [a,1]?.

I (22,y) = J(22,y) < J(21,y) = Ii (21, ).
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2. Let x1 € [a,1] and y ¢ [a,1].

Ii(z2,y) =a<a=I(x,y).

3. Let w1 ¢ [a,1] and y € [a, 1].
3.1. If x5 € [a,1],

I (w2,y) = J(22,y) <1 = I1(z1,y).
3.2. If z9 ¢ [a,1],

Ii(xo,y) =1<1 =11 (1,y).

4. Let x1 ¢ [a,1] and y ¢ [a, 1]
4.1. If z9 € [a,1],

I (z2,y) =a<b=1(x1,y).
4.2, 1f 2 ¢ [a, 1],

I (x2,y) =b<b=I(x1,y).

(I2) Let us show that [; is an increasing function on the second variable. Then
it should be I (x,y1) < I1(x,y2) for every elements x,y1,y2 € L with y; < yo. If
x=0orys=1or (z,y1) = (1,0), the proof is immediate. The proof can be split
into all possible cases.

1. Let (w,y1) €[a,1]%

-71(%111) = J('T7y1) < J(.’E,yg) = Il(xayZ)'

2. Let z €[a,1] and y; ¢ [a,1].
2.1. If yo € [a, 1],

Li(z,y1) =a< J(x,y2) = Li(z,y2).
2.2. I yo ¢ [a,1],

Li(z,y1)=a<a=I(z,y2).
3. Let x ¢ [a,1] and y; € [a, 1].

Il($7y1) =1<1= Il(x7y2)'
4. Let x ¢ [a,1] and y; ¢ [a,1].
4.1. If yo € [a, 1],

Ii(z,y1) =b<1=1(z,y2).
4.2. f ys ¢ [a,1],

Il(x,yl) =b< bZIl(JZ,yQ).
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Remark 3.2. (i) If b = 1, then the implication I; given by the formula (3.1) can be
rewritten as follows:

1 if (r=0o0ry=1)or (z¢[a,1] and y € [a,1]),
0 if (,) = (1,0),
(3.2) Li(z,y) ={J(z,y) if (z,y) €[a, 1]23
a ifxe[a,1] and y ¢ [a, 1],
1 if x ¢ [a,1] and y ¢ [a,1].

(ii) If @ = b, then the implication I; given by the formula (3.5) can be rewritten as
follows:

1 if (z=0o0ry=1)or (z¢[a,1] and y € [a,1]),
_)0 if (z,y) = (1,0),
B8 DD 0 i ) a1l
a otherwise.

In order to apply the formula (3.1), we include the following example.

Example 3.3. Consider the bounded lattice (L = {0, t1,t2,t3,%4,t5,1},<,0,1) char-
acterized by the Hasse diagram in Fig. 1.

1

|
ts
e
ty t3
NN
to t1
|7
0
Figure 1. The lattice L.

Let use take the implication J : [to,1]? — [t2,1] as in Table 1:

J to t3 tg ts
to 1 1 1 1

t3 ty ts5 tg s
ty t3 t3 t5 ts
ts to t3 tg s
1 iy t3 tg t5

e e

Table 1. The implication J on [t2,1].



BASIC FUZZY LOGIC OPERATORS 181

By applying the formula (3.1) in Theorem 3.1 with a = t3 and b = ¢3, the impli-
cation I; can be obtained as in Table 2.

Il 0 tl t2 tg t4 t5
0 1 1 1 1 1 1
th oty t3 1 1 1 1
to ty to 1 1 1 1
ty to to ta ts tai ts
ts to to t3 t3 ts ts
ts to to to ty ti ts
1 0 to to t3 ta ts

e e e ]

Table 2. The implication I; on L.

Theorem 3.4. Let (L,<,0,1) be a bounded lattice, a,b € L with a < b and J :
[0,b]> — [0,b] be an implication. Then, the function I} : L> — L defined by,

1 ifr=0o0ry=1,

0 if (z,y) = (1,0) or (z ¢[0,b] and y € [0,b]),
(3.4) If(z,y) =1 J(z,y)  if (2,y) €[0,0]%,

b if x € [0,b] and y ¢ [0,b],

a if  ¢[0,b] and y ¢ [0,b],

is an implication on L.

Proof. The proof can be done in a similar fashion as the proof of Theorem 3.1.
Therefore, we omit it. O

We present another construction method for implication operators. For this
construction method, we use some logic operators on a bounded lattice L, an im-
plication on the subinterval [a, 1] of the bounded lattice L and a,b € L.

Theorem 3.5. Let (L,<,0,1) be a bounded lattice, a,be L with a<b, T:L* - L
be a t-norm, N : L - L be a negation and J : [a,1]?> — [a, 1] be an implication.
Then, the function I : L?> — L defined by,

1 if (x=0ory=1)or (x ¢ [a,1] and y € [a,1]),
0 if (x,y) = (1’O)a
(3:5)  L(z,y) ={J(z,y) if (z,y) €[a, 1%,

T(N(z),a) ifzela,1] andyt[a,1],
T(N(x),b) ifxzé¢fa,1] andyt[a,1],
is an implication on L.

Proof. 13, 14 and I5 are obtained directly from the definition of I5.

(I1) Let us show that I is a decreasing function on the first variable. Then
it should be Iz(x2,y) < Ir(x1,y) for every elements x1,x9,y € L with 1 < xo. If
x1 =0 or (z2,9) = (1,0) or y = 1, the proof is trivial. The proof can be split into
all possible cases.
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1. Let (z1,y) € [a,1]%

Iy(w2,y) = J(22,y) < J(21,y) = I2(21,Y).
2. Let z1 € [a,1] and y ¢ [a,1].

Iy(z2,y) =T(N(x2),a) <T(N(z1),a) = Ir(z1,y).
3. Let 1 ¢ [a,1] and y € [a,1].
3.1. If 29 € [a,1],

Ir(x2,y) = J(x2,y) <1 = Iz(x1,y).
3.2. If 29 ¢ [a, 1],

Ig(l‘g,y) =1<1= IQ(.]?l,y).
4. Let x1 ¢ [a,1] and y ¢ [a,1]
4.1. If z9 € [a, 1],

Iy(22,y) = T(N(x2),a) <T(N(x1),a) <T(N(x1),b) = I(21,y).
42, Tf 9 ¢ [a,1],

Ir(x2,y) = T(N(22),b) < T(N(z1),b) = Ir(21,y).

(I2) Let us show that I is an increasing function on the second variable. Then
it should be Ir(z,y1) < Is(z,y2) for every elements z,y1,ys € L with y; < yo. If
x=0orys =1or (z,y1) = (1,0), the proof is immediate. The proof can be split
into all possible cases.

1. Let (z,y1) € [a,1]°.

I(z,y1) = J(z,y1) < J(2,y2) = I2(@,y2).
2. Let z €[a,1] and 1 ¢ [a,1].
2.1. If yo € [a, 1],

I(z,y1) =T(N(z),a) <a < J(x,y2) = Lo(w,y2).
2.2. I yo ¢ [a,1],

Iy(z,y1) =T(N(z),a) <T(N(x),a) = Ir(z,y2).
3. Let x ¢ [a,1] and y; € [a, 1].
Ig(x,yl) =1 < 1= Ig(x,y2).
4. Let x ¢ [a,1] and y; ¢ [a, 1].
4.1. If yo € [a, 1],

Ly(z,y1) =T(N(z),b) < 1= I(x,y2).
4.2. If ys ¢ [a, 1],

Iy(z,y1) =T(N(z),b) < T(N(x),b) = Ir(z,y2).
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Remark 3.6. Let T be the t-norm T, in Theorem 3.5.
(i) The implication I given by the formula (3.5) can be rewritten

1 if (x=0o0ry=1)or (z¢[a,1] and y € [a,1]),
0 if (z,y) = (1,0),
(36 Ly -{Jey) i ) elall
N(z)na ifzxela,1] and y¢[a,1],
N(z)ab ifz¢[a,1] and y ¢ [a,1],

(ii) If b =1, then the implication I given by the formula (3.5) can be rewritten as
follows:

1 if (x=0ory=1)or (z¢[a,1] and y € [a,1]),
0 if (z,y) = (1,0),
(37  Lzy)={J(zy) if(z,y)ela,1],
N(z)na ifzela,1] and y¢[a,1],
N(z) if x ¢[a,1] and y ¢ [a,1],

(iii) If a = b, then the implication I given by the formula (3.5) can be rewritten as
follows:

1 if (z=0ory=1)or (z¢[a,1] and y € [a,1]),
0 if (z,y) = (1,0),

J(z,y) if (2,y) € [a,1]%,

N(z)Aa otherwise.

(38)  IL(zy)=

Now, let us illustrate the application of Theorem 3.5 with the following example.

Example 3.7. Consider the lattice (L = {0,t1,%2,t3,t4,t5,1},<,0,1) as given in
Fig. 1, the t-norm T : L? - L as in T, and the implication J : [t2,1]? — [t2,1] as
given in Table 1. Let the negation N : L - L be as in formula 3.9.

1 ifx=0,

t3 ifxe {tl,tg,},
(39) N@)={F Eoei

t4 if =t4,

t2 if © =t5,

0 ifzx=1.

By applying the formula (3.5) in Theorem 3.5 with a = t3 and b = ¢3, the impli-
cation I, can be obtained as in Table 3.
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I, 0 t1 t2 i3 tai t5
0 1 1 1 1 1 1
tho oty t3 1 1 1 1
to to to 1 1 1 1
ty to to ta ts ti ts
ty to to t3 t3 ts ts
ts to to to t3 ti ts
1 0 0 to t3 ta ts

el e e ]

Table 3. The implication I2 on L.

Theorem 3.8. Let (L,<,0,1) be a bounded lattice, a,be L with a <b, S:L? - L
be a t-conorm, N : L - L be a negation and J : [0,b]*> — [0,b] be an implication.
Then, the function I} : L? — L defined by,

1 ife=0o0ry=1,
0 if (z,y) =(1,0) or (z ¢[0,b] and y € [0,b]),
(3.10) I3 (z,y) =1 J(z,y) if (x,y) €[0,0]?,

S(N(z),b) ifxe€[0,b] and y¢[0,0],
S(N(z),a) if x¢][0,b] and y¢[0,0],

is an implication on L.

Proof. The proof can be done in a similar fashion as the proof of Theorem 3.1.
Therefore, we omit it. O

In the following theorem, we present a method to construct implication opera-
tors. To do that, we use a t-norm 7T on L, an implication on a subinterval of L and
arbitrary fix elements of L.

Theorem 3.9. Let (L,<,0,1) be a bounded lattice, a,be L with a <b, T: L?> - L
be a t-norm and J : [a,1]*> — [a,1]. Then, the function I3 : L?> — L defined by,

1 if (x=0ory=1)or (z ¢[a,1] and y € [a,1]),
0 if (z,y) = (1,0),
(3.11)  Ix,y)=J(z,y) if (z,y) €[a,1]?
T(a,y) ifzela,1] andyé[a,1],
T(b,y) ifzxé¢la,1] andy¢[a,1],

is an implication on L.

Proof. The proof can be done in a similar fashion as the proof of Theorem 3.1.
Therefore, we omit it. O

Theorem 3.10. Let (L,<,0,1) be a bounded lattice, a,b e L with a <b, S:L? - L
be a t-conorm and J : [0,b]> — [0,b]. Then, the function I} : L> — L defined by,
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1 ifx=0o0ry=1,

0 if (z,y) =(1,0) or (x ¢[0,b] and y € [0,b]),
(3.12)  Ij(z,y) ={J(z,y)  if (z,y) €[0,0]%,

S(b,y) ifxe€[0,b] and y ¢[0,b],

S(a,y) if z¢[0,b] and y ¢[0,b],

is an implication on L.

Proof. The proof can be done in a similar fashion as the proof of Theorem 3.1.
Therefore, we omit it. (I

In the following Theorem 3.11, a construction method for implication opera-
tors is presented considering some logic operators on a bounded lattice L or on a
subinterval of the bounded lattice L and a,b € L.

Theorem 3.11. Let (L,<,0,1) be a bounded lattice, a,b € L with a <b, T : L? —
L be a t-norm, K : L?> — L be an implication and J : [a,1]> — [a,1] be an
implication. Then, the function I : L> — L defined by,

1 if (x=0o0ry=1)or (x ¢[a,1] and y € [a,1]),
0 if (z,y) = (1,0),
(3.13) Iu(z,y) ={J(2,y) if (z,y) €[a,1]%,

T(K(z,y),a) ifxela1] andyéla,1],
T(K(w,y),b) ifz¢[a,1] andy¢ [a,1],
is an implication on L.

Proof. 13, 14 and 15 are obtained directly from the definition of Iy.

(I1) We need to show that I, is a decreasing function on the first variable.
Then it should be I4(x2,y) < I4(x1,y) for x1,22,y € L and x1 < xo. If 1 =0 or
(x2,9) = (1,0) or y = 1, the proof is trivial. The proof can be split into all possible
cases.

1. Let (x1,y) € [a,1]?.

I4(:E2ay) = J(x27y) < J(xhy) = I4(x17y)'
2. Let 21 € [a,1] and y ¢ [a,1].

I4(I27y) = T(K(xg,y),a) < T(K(thy),a) = I4(I17y)'
3. Let w1 ¢ [a,1] and y € [a, 1].
3.1. If 29 € [a,1],

Ii(wo,y) = J(22,y) <1 = I4(z1,y).
3.2. If 29 ¢ [a,1],

Iy(22,y) = 1< 1= Iu(w1,y).
4. Let x1 ¢ [a,1] and y ¢ [a,1]
4.1. If z9 € [a,1],
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Ii(x2,y) = T(K(22,9),a) <T(K(z1,y),a) < T(K(x1,y),b) = I4(z1,y).
4.2. If zo ¢ [a,1],

I4($2,y) = T(K(z%y)’b) < T(K(xhy)?b) = [4(171,y).

(I2) We need to show that I is an increasing function on the second variable.
Then it should be I4(x,y1) < I4(z,y2) for z,y1,y2 € Land y1 <yo. fz=0o0r yp =1
or (z,y1) = (1,0), the proof is immediate. The proof can be split into all possible
cases.

1. Let (z,91) € [a,1]°.

-74(%111) = J($7y1) < J(x7y2) = I4(x7y2)'

2. Let z € [a,1] and y; ¢ [a,1].
2.1. If yg € [a,1],

Li(z,y1) = T(K(z,y1),a) <a < J(2,y2) = L1(2,y2)-
2.2. If yo ¢ [a,1],

Iz, y1) = T(K(x,y1),a) < T(K(x,1y2),a) = Lu(2,y2).
3. Let x ¢ [a,1] and y; € [a,1].
I4(x7y1) =1<1= I4(x7y2)'
4. Let x ¢ [a,1] and y; ¢ [a,1].
4.1. If y9 € [a,1],

Ii(z, 1) = T(K(x,91),b) <1 =14(z,y2).
4.2. f ys ¢ [a,1],

I4(JU,y1) = T(K(x’yl)’b) < T(K(x’y2)’b) = 14(33’3/2)'

Remark 3.12. Let T be the t-norm T, in Theorem 3.11.
(i) The implication I given by the formula (3.13) can be rewritten as

1 if (x=0o0ry=1)or (z¢[a,1] and y € [a,1]),
0 if (z,y) = (1,0),
(3.14)  Iy(z,y) =3 J(z,y) if (z,v) €[a,1]?,

K(z,y)na ifzela,1] and y ¢ [a,1],
K(z,y)Ab ifx¢[a,1] and y ¢ [a,1].

(ii) If b = 1, then the implication I, given by the formula (3.13) can be rewritten as
follows:
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1 if (z=0o0ry=1)or (z¢[a,1] and y € [a,1]),
0 if (,) = (1,0),
(315) L(wy)={J@y) i @y)ela1],
K(z,y)na ifxzela,1] and y¢[a,1],
K(z,y) if x ¢ [a,1] and y ¢ [a,1].

(iii) If @ = b, then the implication I given by the formula (3.13) can be rewritten
as follows:

1 if (x=0o0ry=1)or (z¢[a,1] and y € [a,1]),
_ if (x,y)=(1,0),
(3‘16) I4(:v,y) - J(as,y) if (:c,y) € [a7 1]27

K(z,y)Ana otherwise.

(iv) If K(«,y) = N(z) vy, then the implication I given by the formula (3.13) can
be rewritten as follows:

1 if (x=0o0ry=1)or (z¢[a,1] and y € [a,1]),
0 if (x,y) = (1,0),
(3.17) Iy(z,y) =1 J(x,y) if (z,v) €[a,1]?,

(N(z)vy)ra ifxzela,1] and y¢[a,1],
(N(z)vy)ab ifxzé¢fa,1] and y¢[a,1].

We illustrate a example for Theorem 3.11.

Example 3.13. Consider the lattice (L = {0,t1,t2,t3,t4,%5,1},<,0,1) as given
in Fig. 1 and the implication J : [t3,1]*> — [t2,1] as given in Table 1 and the
implication K be as in Table 4.

K 0 t; ts t3 ti t5 1
0 1 1 1 1 1 1 1
tt 01 t3 1 t5 1 1
th 0 t; 1 1 1 1 1
ts 0 t; to 1 t5 1 1
ty 0 t5 to ts 1 1 1
ts 0t to ty ta 1 1
1 0 t1 to t3 ts t5 1

Table 4. The implication K on L.

By applying the formula (3.13) in Theorem 3.11 with a = t5 and b = ¢3, the
implication I can be obtained as in Table 5.
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Iy 0 t1 to t3 ty ts 1
0o 11 1 1 1 1 1
t7, 0 t3 1 1 1 1 1
te 0 2o 1 1 1 1 1
ts 0 0 ty t5 tg ty 1
ta 0 to t3 t3 ts ts 1
ts 0 0 to t3 tg4 t5 1
1 0 0 to tg tg t5 1

Table 5. The implication I4 on L.

Theorem 3.14. Let (L,<,0,1) be a bounded lattice, a,b € L with a <b, S: L? —
L be a t-conorm, K : L? - L be an implication and J : [0,b]*> — [0,b] be an
implication. Then, the function I} : L> — L defined by,

1 ifr=0o0ry=1,
0 if (x,y) =(1,0) or (z ¢[0,b] and y € [0,b]),
(3.18) Ij(z,y) ={J(z,y) if (z,y) €[0,b]%,

S(K(z,y),b) ifxe[0,b] and y ¢[0,b],
S(K(z,y),a) ifx¢[0,b] and y ¢[0,0],
is an implication on L.

Proof. The proof can be done in a similar fashion as the proof of Theorem 3.11.
Therefore, we omit it. O

Remark 3.15. (i) If we take the restriction of the implication operations in Theorems
3.1, 3.5, 3.9 and 3.11 on [a, 1], it is obtained that I; = Iy = I5 = Ir = J.

(ii) If we take the restriction of the implication operations in Theorems 3.4, 3.8,
3.10 and 3.14 on [0,b], it is obtained that I = Iy = I = Is = J.

4. CONCLUSION

In this study, construction methods for implications on bounded lattices have
been investigated by means of a implication operator which is defined on the subin-
terval [a,1] ([0,b]) of the bounded lattice L having a,b € L with a < b. We also
have benefited from some fuzzy logic operators in some of the methods. In addition
we, the construction methods are clarified with the examples and corollaries.
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