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Abstract. It is very important to determine the Frenet vector fields to obtain the
characterizations of curves in 3-dimensional Euclidean space. However, it may not be
possible to define Frenet vector fields at some points of the curve, or the Frenet frame may
not be sufficient to determine the curve's characterization. New frames can be defined as
alternatives to the Frenet frame in these situations. Lots of work has been done for these
cases such as Bishop frame, {d,,C,W}- frame, orthogonal frame, etc. In this study, we
produce the magnetic curves related to an alternative modified frame that can be used in
cases where the Frenet frame and, {d,,C,W}- frame cannot be defined at some points. It is
known that the trajectories of a charged particle in a magnetic field are called magnetic
curves. The adapted frame vectors defined on the curve are critical when examining these
trajectories. In this context, the new alternative orthogonal {N, C, W} frame described in this
article will be beneficial as it is defined at every point of the magnetic curve. Thus, we obtain
the characterization of the magnetic and electromagnetic curves associated with this frame.
We found that magnetic and electromagnetic curves are circular helices or constant
precession slant helices. Also, we showed that the electric field parallel transported with the
Fermi Walker parallel transportation rule along a curve with the {N,C, W} frame.
Furthermore, we provide some examples and visualize them using the Mathematica and
Maple programs.

Keywords: Frame fields; magnetic flows; vector fields; electromagnetic curves;
ordinary differential equations.

1. INTRODUCTION

Curves in differential geometry have significant applications in mathematics and
physics. The characterization of curves can explain many geometric and physical phenomena.
A frame defined at every point on a curve provides a more precise approach to describing
such situations. In three-dimensional spaces, a divergence-free vector field generates a
magnetic field.

When a charged particle enters a magnetic field, the field influences the particle's
motion. As a result, the particle follows a new trajectory known as a magnetic curve.
Concerning the magnetic field B, the Lorentz force equation is given by:

p(X) =BAX 1)
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The following equations define the magnetic curves associated with the Lorentz force
equations:

(p(dl) =B Adl = ledl’ (p(dz) =BA d2 = ledz, (p(d3) = B/\d3 = leB, (2)
@(E) =BAE =V, E.

These magnetic curves are called d; -magnetic, d,-magnetic, ds-magnetic, and
electromagnetic curves, respectively [1-4]. Magnetic curves are widely applied in various
fields, such as atmospheric science, analytical chemistry, biochemistry, geochemistry,
cyclotron technology, proton therapy, cancer treatment, and velocity selection (for details, see
Refs. [5-6]).

In three-dimensional Riemannian manifolds, magnetic trajectories have been studied
in [5-8]. The motion of a charged particle in the hyperbolic plane was examined by Comtet
[5], while magnetic trajectories in complex projective spaces were analyzed by Adachi [9-21].
Cabrerizo et al. investigated the magnetic flow of the contact magnetic field [22]. In studies
[2-12, 14], new characterizations of magnetic trajectories in 3-dimensional spaces E3E~3E3
and E13E_1"3E13 were presented. Additionally, research on alternative moving frames,
electromagnetic theory, and electromagnetic curves has been conducted [4-15].

A helix, whose tangent vector makes a constant angle with a fixed direction, was
introduced in [6], while Izumiya and Takeuchi defined the slant helix [16]. Kula and Yayl
provided special characterizations of the slant helix and showed that a curve of constant
precession is a slant helix [18-19].

In this study, we construct magnetic curves associated with an alternative modified
frame that can be employed in cases where the Frenet and {d,,C,W}-frame cannot be defined
at certain points (see [25]). This frame is referred to as the modified orthogonal {d,,C,W}-
frame. It is well-known that the trajectories of a charged particle in a magnetic field are called
magnetic curves. When examining these trajectories, the adapted frame vectors defined along
the curve are of critical importance. In this context, the new alternative orthogonal {N, C, W}-
The frame described in this article is highly advantageous, as it is defined at every point on
the magnetic curve.

Thus, we obtain the characterization of magnetic curves and electromagnetic curves
associated with this frame. Additionally, we provide examples and visualize those using
Mathematica and Maple programs.

2. PRELIMINARIES

In Euclidean 3-space, for all ¢=(¢;, ¢2, ¢3,) and v=(vq, v,, vs,)EX(M), the inner
product is given by:
(6.v) = —¢1 V1 + 63 U5 + G303, 3)
The definition of the cross-product is:

¢ AU = (=6U3 + G3Up, G3U1 — G1U3, -1 + G1Uz). (4)

The mixed product for all ¢,v,v € X(M) is given by

(¢ Av.v) = dv(g,v,v) 5)
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where dv indicates the volume form on M. The definition of the semi-Riemannian curvature
tensor is:

R(s,v)v = Vv — Rv — Vv (6)

The sectional curvature of the non-degenerate plane produced by {¢, v} is given by:

(7)

R v)v)
Kew) = 9w - G0

A semi-Riemannian space form is a manifold with constant sectional curvature CCC,
and the curvature tensor is expressed as:

R(g,v)v = C{w.¢)v — (v.v)g} (8)

Lemma 2.1. Let p be a curve with the Frenet apparatus {d,, d,, ds, k, T }. Then, the variations
at t=0 of the curvatures and speed function of p are computed as follows:

0k

E (S, t)
ot
E(s’ t)

Assume that p is a curve in Euclidean space in three dimensions and that its curvature
Kk IS non-zero everywhere. Then, we can define the Serret-Frenet frame {d,,d,,ds} as
follows:

(% s, t))|t= — v(Vy,B.dy) = 0, ©)

0

= (R(B,dy)d;.d,) + (V2 B.d,) — 2k(V,4,B.dy) = 0, (10)

t=0

= [(R(B,dy)d;.d3) + (‘7513- ds)]s + (R(B,dy)d;.d3) + ©(Vy,B.dy)

(11)

t=0
+x(Vy,B.ds) = 0,[5].

d, = Kkdy, dy = —kdy + tds, ds = —1d,. (12)

If the curvature function « is not identically zero but has discrete zero points, the
following orthogonal frame can be defined [20],

, , K , K
d; = d,, dy = —x%dy + —dy +7d3, B = —td; + —d;. (13)

In the following section, we introduce an alternatively orthogonal frame, denoted as
{N, C, W}, which provides several important advantages for curve theory in differential
geometry. Assume that p be a unit speed curve then along the curve p , the {d,, C, W} frame
IS given by
dy = fC, C'=—fd, + gW,W' = —gC,

where
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(t/K)'k? d;
= 2 2 — = = = —
f=+VKk?+1t2=ld, Il,g =0f,0 2+ 193/2) ,C 4,

From the definition of the alternatively moving {d,,C,W} frame, C can not be
defined when the curvature f(s)=0 for some points s = s,. In the case where the curvature
function f(s) is not identically zero but has discrete zero points, we can define the following
alternatively orthogonal frame:

. K . R f . £l
N =—N =—-——N+— W, W =-— —W 14
- + kC, C p +fC+g , g(C+f , (14)
where
N=«d,,C=fC,W=fW.
Thus, we have the following relationships:
- fo
f

C= fC = _Kd1 + Td3, (16)
W == fW - Td1 + Kd3. (17)

Next, the relationships between the orthogonal frame and the Frenet frame are
calculated as follows,

K T
d1=_f_2(c+f_2w’ (18)
C
d, =—, (19)
K
T K
d3 =f—2(C+f—2W. (20)

Thus, the orthogonal frame {N, C, W} is defined at all points where the curvature f,
(resp. x or 1) is not zero. Additionally, the cross-product of the alternatively orthogonal frame
is calculated as:

2
NACzKW,CAWz%N,WAN:KC. (21)

3. MAGNETIC CURVES BASED ON ORTHOGONAL {N, C, W}-FRAME

In three-dimensional spaces, a magnetic vector field is defined as a vector field that is
free of divergence. The Lorentz force law is specified geometrically by the skew-symmetric
operator ®, which describes the action of a magnetic vector field B on a charged particle as
follows,

®(X) =B AX. (22)
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A charged particle experiences the Lorentz force when it enters a magnetic field.
These forces combine to form a new trajectory called a magnetic curve. By combining the
Lorentz force law with the tangent vector of the particle, the following equation is obtained,

(p(dl) = B A d1 = ledl' (23)
Magnetic curves with respect to alternative {d,, C, W } frame are defined as,
d)(dz) = B A dz = ledz. (24)
When analyzing the trajectory of a charged particle, the adapted frame fields along the
curve describing the particle’s path provide critical insights. Therefore, defining a frame at
each point of the curve is highly beneficial. To analyze magnetic trajectories, we utilize the
alternative orthogonal {N, C, W} frame. The following equations describe the Lorentz force
associated with the orthogonal {N, C, W} frame.
Proposition 3.1. Let p be a magnetic curve in Euclidean 3-space and {N, C, W} be orthogonal

alternative frame along the curve p. Then the Lorentz force @ satisfies the following
equations,

®(N) = kC,&(C) = —];N +}%W,<D(W) - —f%cc. (25)

Proof: Let p be a curve in three-dimensional Euclidean space. If p is a magnetic curve, it
satisfies,
Using the magnetic curve equation, we compute

®(N) = BAN = kB Ady = KV, d,. (27)

This leads to
@(N) = kC. (28)

Next, we write @ (C) in the form

From this expression, we compute the coefficients ¢;, ¢, and ¢3,

1 1 2
1= 5 @ON = - @M.0 = -1 g = 0.6 =2 (30

By similar calculations, we determine @ (W) as follows,
w
(W) = ——. (31)

Theorem 3.1. In Euclidean 3-space, let {N, C, W} represent an orthogonally-alternative frame
along the curve p, where p is a magnetic curve. Then p is a magnetic curve in the Killing
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magnetic field B if and only if B can be expressed as the linear combination of the orthogonal
frame {N, C, W}. Specially,

B:?N+W (32)

Proof: Let p be a magnetic curve associated with the orthogonal frame {N, C, W}. Then the
magnetic field B, associated with the curve p, can be expressed as,

B=E1N+E2C+E3W. (33)

To determine the coefficients E;, E, and E5, we compute the cross-products B A N,
B A C, and B A W. By comparing these expressions with the Lorentz force equations, we find

Conversely, assume B = Kifz N 4+ W. By computing ®(d,)=BAd,, we verify that p

satisfies the magnetic curve condition. Therefore, p is a magnetic trajectory of the Killing
magnetic field B.

Theorem 3.2. Consider a curve p in three-dimensional Euclidean space. The following
differential equation is satisfied if p is a magnetic curve.

f 2_ (35)

[((—)(fz) ) +T(f2) N +- (fz) N=0w=

Proof: Let p represent a magnetic curve in Euclidean space. The magnetic vector field
associated with the orthogonal frame {N, C, W} is given by,

w
B=—N+W.
2 (36)

Using equation (9) and the derivatives of B, we can derive
k—T1'f?=0. 37)
Using the second derivative of B and substituting into equation (10), we compulte,
( ) +r(x +T—)—0 (38)

Next, using equation (10), we compute,

1, 1 ,
;[(K+Tf2)+( )]+K(K+Tf2)—o (39)

Consequently, if we consider the above three equations, we obtain

WWW.josa.ro Mathematics Section
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(D) @)+ E(a) =0 (40)

Corollary 3.2. Let p be a curve in three-dimensional Euclidean space and let a point particle
follow a magnetic trajectory along p under the magnetic vector field B = K—‘;N + W. Denote

the angle between B and N by a . The following characterizations hold

i. If the angle a= n/2 between B and N, the particle follows a circular helical trajectory.

ii. If the angle o ( a#n/2 ) between B and N is constant, the particle follows a constant
precession slant helical trajectory where the curvature f is constant. Specially

K(s) = ccos(Ps), t(s) = —csin(Ps)
where c is a constant.

i. If the angle a = 0 between B and N, the particle is not influenced by the magnetic field.
3.1. Electromagnetic curves according to {N, C, W} —frame

Curves that satisfy the Lorentz force @, electric field E, and magnetic field B under
the following conditions are defined as electromagnetic curves,

®(E) = BAE = V4 E. (41)

Firstly, we calculate the direction of the electric field under the condition that E is
perpendicular to N. Hence, we write

(E.N(s)) = 0. (42)
We also assume the derivative of E has the form,
Va, E = v1N(s) + v,C(s) + v3W(s). (43)

By differentiating equation (42) with respect to s and using the formula (6), we
compute,

(leE. N(s)) = —k(E.C(s)). (44)
From equations (42) and (43), we derive,
1
vy =~ (E.C()), (45)
Assuming the magnitude of E is constant (E.E=c, c=const.), its derivative yields,
(V4,E.E) = 0. (46)

Using equation (43), we get
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v, (E.C(s)) = —v3(E.W(s)). (47)
If both (E.W(s)) # 0 and (E.C(s)) # 0, then v, and v are proportional
v, =U(E.W(s)) and vz = —u(E.C(s)). (48)

From equations (43)-(48), we obtain

Vg E = — % (E.-ON(s) + (0(E.-W(s)) ) €(s) + (—v(E. C(s)) ) W(s). (49)

1

We can rewrite this as,
1 1

Vg, E = —E(E.(C)N(s) +v —E(E/\N(S)). (50)

If we assume that E is parallel transported (v = 0), the equation simplifies to,
1
Vg, E = —E(E. N)N(s). (51)
Assuming f2E = (E.C(s))C(s) + (E.W(s) )W(s), we can write,
1 1
E == (E.C()C(S) + 7 (E-W()W(S)). (52)

Differentiating and comparing with Equation (51), we derive,

(E.Cs)'1_[0 g (E.C(s))l
[(E.W(s))’]_[—g O] l(E.W(s))' (3)

Without loss of generality, assuming E. E = c, the electric field can be expressed as,
E = sina C(s) + cos a W(s),f = const. (54)

Differentiating equation (54), we obtain

f2 da
Vg, E = ——sina N(s)+<Ecosa—gcosa)(C(s)+

(55)
+( sina—%sina)W(s)
& ds '
Simplifying further,
I N()+1(d°‘ )E/\N (56)
4,E = —Ksmoc S \ 3 g .

If we take i—: = g, the electric field E is parallel to N(s) . Using the Fermi-Walker
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parallel transportation law

dx™  dx d(d,(s)) d(d 2(s))
& ey D), ( )d() 67)
we compute
Vg, EFW = V4 E+ %(E deis)> N(s). (58)
Finally, the simplifies to,
V4,E = —%(E. C(s))N(s). (59)

The electric field along the curve p becomes

E= sin(jgds)((l(s) + cos(j gds)W(s). (60)

To compute the electromagnetic curves, we use the relation ®(X) = BAX and
equation (56). This yields

®(E).N(s) = —d(N(s). E), (E).C(s) = —D(C(s). E), D(E). W(s)

= —o(W(s).E) (61)

Using equations (54) and (61), we can derive the following matrix representation for
the Lorentz force,

SO ) I T S [ N7

f2(s)
®(C(s)) ) 0 uf2(s) || €(s) | (62)
P(W(s) 0 —uf?(s) 0 W(s)

We assume that the magnetic vector field B can be expressed as,
B = a;N(s) + a,C(s) + a3 W(s). (63)
Using the Lorentz force identities,
®(N) =BAN,®(C) =BAC,d(W)=BAW, (64)

and substituting into equations (62), the components of the magnetic vector field B can be

computed as,
2

B=—v % N(s) + W(s). (65)

Taking the Fermi-Walker parallel transportation law into account, we can state the
Lorentz force as,

ISSN: 1844 — 9581 Mathematics Section
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o (N(s)) 2() ) O s
o(cis) |=[-L 5) o ollce | (66)
sw) | 0, W

Thus, the magnetic vector field simplifies to,
B = W(s). (67)

Corollary 3.3. Let p a unit speed curve with respect to the {N, C, W} frame. Then the electric
field E along the curve p parallel is transported under the Fermi-Walker transportation law.

Corollary 3.4. Let p a unit speed curve with respect to the {N, C, W} frame, where the electric
field E perpendicular to N. Then p is an electromagnetic curve if and only if it is a constant
precession curve with curvatures

K(s) = —ksin( @s), t(s) = kcos( @s),

where ¢ and k are constants. The associated electric and magnetic fields are

E = sin(f gds)C(s) + cos(f gds)W(s), B = W(s).

Corollary 3.5. Let p a unit speed curve with respect to the {N, C, W} frame, where the electric
field E perpendicular to C . Then p is an electromagnetic curve if and only if it is a circular
helix. The associated electric and magnetic fields are

E = sina C(s) + cos(aW(s),B = %N(s) + W(s), (68)

where o is a constant.

Corollary 3.6. Let p a unit speed curve with respect to the {N,C, W} the frame where the
electric field E perpendicular to W . Then p is an electromagnetic curve if and only if it is a
circle with constant radius f. The associated electric and magnetic fields are

E= sin(f fds)N(s) + cos(J fds)C(s),B = %{N(s). (69)

Examples 3.3. Let p : I c R— R3 be a curve equipped with the alternately orthogonal
{N, C, W}-frame. If we choose the curvatures as

k(s) = sin(0.5s) and 7(s) = — cos(0.5s),

then the Fermi-Walker transportations of the electric field associated with the electromagnetic
curve p are presented in Fig. 1((a),(c),(e)). Furthermore, when the electric field is transported
along the electromagnetic curve according to the Fermi-Walker parallel transportation rule,
the tip of the electric field traces out a curve called the Rytov curve, which is shown in Fig.

1((b),(d).()).
When (N,E) =0, (C,E) =0, (W,E) = 0, the resulting curve is called the N -Rytov
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curve, C -Rytov curve, W -Rytov curve, respectively.

3 ) -1

(@ (E.N)=0 (b) N -Rytov curve
]
5!
5
4 (r:
-1
" 3 2 1 0 L £ -2

(d) W-Rytov curve

(e) (EC)=0 (f) C-Rytov curve
Figure 1. Fermi Walker parallel transportation of the electric field E and corresponding Rytov curves
along the electromagnetic curve, shown with respect to alternatively orthogonal {N, C, W}-frame.

Examples 3.4. Let p:I1 c R— R3® be a magnetic curve with the alternately orthogonal
{N, C, W} frame. If the curvatures are chosen as

k(s) = —csin(Ps) and t(s) = ccos(Ps)

and we solve the following differential equations using a symbolic computation tool like

Mathematica,
di[s] = g[s]d,[s], db[s] = —[s]dy[s] + uls]ds[s], ds[s] = —p[s][s], (70)

we define orthogonal components as,
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N[s] := p"[s], (orange)
C[s] == u[slds[s] — ¢[s]d;[s], (purple)
W(s] := p[s]d,[s] + ¢[s]dz[s], (blue)

Further, the velocity vector can be expressed as,
V[s] = Yk[s]N + W(black).

By solving these relationships and generating magnetic curves with the orthogonal
{N, C, W}-frame for given values of s and c = 1, the resulting curves are visualized in Fig. 2.

ey :12.5

Figure 2. Magnetic (resp. electromagnetic) and curves for some values of {r (resp. ¢ )
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4. CONCLUSIONS

Helical magnetic curves associated with the Frenet frame in Euclidean 3-space exhibit
axes parallel to the magnetic vector field. When a charged particle moves parallel to the
magnetic field, the Lorentz force is zero because it always acts perpendicular to the particle's
velocity. Conversely, when the magnetic field is perpendicular to the velocity vector, the
Lorentz force reaches its maximum, causing the particle to follow a circular trajectory. If the
angle between the velocity vector and the magnetic field remains constant but is not
perpendicular, the particle follows a helical trajectory (see [5-7]).

The most significant contribution of this study lies in the characterization of magnetic
curves using the alternative {N, C, W}-frame. Specifically, this approach addresses the
challenge of defining magnetic and electromagnetic curves at points where conventional
frames, such as {d,,C,W} or {d,,d,, ds}, fail to be well-defined. This situation arises
particularly at singular points where certain parameters, such as, f =0,7=0,0r k =0 (as
discussed in [9]), cause these traditional frames to break down. By using the {N, C, W}-frame,
the study provides a more robust method for analyzing magnetic and electromagnetic
properties, especially in cases where conventional approaches fail to yield meaningful results.

Magnetic and electromagnetic curves are shown to be constant precession curves
when the curvatures satisfy

k(s) = ccos(YPs) and 7(s) = —c sin(YPs).

Although these curvatures vanish at certain points, the orthogonal {N,C, W}-frame
remains well-defined at all points along the curve.

In the geometric interpretation of the motion of a charged particle in a magnetic field,
the adapted frame elements and their curvatures along the particle's trajectory provide
valuable insights. Therefore, having a well-defined adapted frame at every point on the
magnetic trajectory curve offers a significant advantage. In this context, the new alternative
orthogonal {N,C, W} frame, as described in [25], proves to be particularly useful, as it is
defined at every point along the magnetic curve, even where the curvatures , k or t is vanish.
This allows us to characterize the magnetic curves associated with this frame.

According to our approach, the following results are found:

— If the vector N is parallel to B as the charged particle enters the magnetic field, the Lorentz
force becomes zero.

— If (N.B) =0 as the charged particle enters the magnetic field, the particle follows a
circular helical trajectory.

— If (B.N) = cos6, 0 = const., the particle follows a trajectory of constant precession and
slant helices under the influence of the Lorentz force.

— If (E.N) = 0, the related electromagnetic curves are constant precession curves.

— If (E.C) = 0, the related electromagnetic curves are circular helices.

— If (E,W) = 0, the related electromagnetic curves are circles.

Additionally, we present several examples and visualize them using Mathematica and
Maple programs. Different magnetic curves can be generated in various ways with these tools.
Furthermore, other special curves can be characterized with respect to the modified
orthogonal frame {N, C, W} in Euclidean 3-space.

ISSN: 1844 — 9581 Mathematics Section



24 Geometric Perspective of Berry’s Phase ... Esra Parlak and Tevfik Sahin

REFERENCES

[1] Barros, M., Cabrerizo, J.L., Fernandez, M., Romero, A., Journal of Mathematical
Physics, 48, 1, 2007.

[2] Bozkurt, Z., Gok, I., Yayli, Y., Ekmekci, F. N., Journal of Mathematical Physics, 55(5),
053501, 2014.

[3] Korpinar, T., Demirkol, R. C., Optik- International Journal for Light and Electron
Optics, 200, 163334, 2020.

[4] Ceyhan, H., Ozdemir, Z., Gok, I., Ekmekci, F. N., European Physical Journal Plus,
135(11), 867, 2020.

[5] Comtet, A., Annals of Physics, 173, 185, 1987.

[6] Barros, M., Proceedings of the American Mathematical Society, 125(5), 1503, 1997.

[7] Barros, M., Romero, A., Cabrerizo, J.L., Fernandez, M., Journal of Mathematical
Physics, 46, 2005.

[8] Sunada, T. In Proceedings of the KAIST Mathematics Workshop:Analysis and
Geometry, Taejeon, Korea, 3-6 August 1993, Daejeon, Korea, 1993.

[9] Adachi, T., Tokyo Journal of Mathematics, 18(2), 473, 1995.

[10] Cabrerizo, J. L., Journal of Nonlinear Mathematical Physics, 20, 440, 2013.

[11] Druta-Romaniuc, S. L., Journal of Mathematical Physics, 52,113506, 2011.

[12] Druta-Romaniuc, S. L., Munteanu, M. 1., Nonlinear Analysis: Real World Applications,
14, 383, 2013.

[13] Cabrerizo, J. L., Fernandez, M., Gomez, J. S., Acta Mathematica Hungarica, 125, 191,
2009.

[14] Ozdemir, Z., Gok, ., Yayl, Y., Ekmekci, F. N., Turkish Journal of Mathematics, 39,
412, 2015.

[15] Ceyhan, H., Yanik, E., Ozdemir, Z., Communications Faculty of Sciences University of
Ankara Series A1 Mathematics and Statistics, 4(72), 1094, 2023.

[16] Izumiya, S., Takeuchi, N., Turkish Journal of Mathematics, 28, 153, 2004.

[17] Keskin, O., Yayl, Y., Mathematical Sciences and Applications E-Notes, 5(1), 1, 2017.

[18] Kula, L., Yayli, Y., Applied Mathematics and Computation, 169(1), 600, 2005.

[19] Kula, L., Ekmekci, F. N., Yayl, Y., llarslan, K., Turkish Journal of Mathematics, 34,
261, 2010.

[20] Lone, M. S., Es, H., Karacan, M. K., Bukcu, B., lranian Journal of Science and
Technology, Transactions of Electrical Engineering, 43, 1905, 20109.

[21] Adachi, T., Proceedings of the Japan Academy, Ser. A, Mathematical Sciences, 70, 12,
1994 .

[22] Cabrerizo, J. L., Fernandez, M., Gomez, J. S., Journal of Physics A: Mathematical and
Theoretical, 42, 195201, 2009.

[23] Nurkan, S., Ceyhan, H., Ozdemir, Z., Gok, I., Revista Mexicana de Fisica, 69, 1, 2023.

[24] Uzunoglu, B., Gok, I., Yayli, Y., Applied Mathematics and Computation, 275 ,317,
2016.

[25] Kiziltug, S., Erisir, T., Mumcu, G., Yayli, Y., AIMS Mathematics, 8(1), 1345, 2022.

WWW.josa.ro Mathematics Section



