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Abstract—In this research we have explored the concept
of circulation and flux of a vector field using the definition
of standard fractional vector cross product(SFVCP). We have
then applied this novel definition to Green’s (tangential and
normal form) and Stoke’s theorem which has not been explored
previously. Green’s theorem is applied in context of complex
variable to redefine Cauchy’s Integral theorem. It is evident
that for v = 1 all theorems reduces to standard theorems.
The unique perspective of the paper lies in applying SFVCP
to explain Green’s and Stoke’s theorem. It is evident that
SFVCP offers more practical applications, accuracy and is more
powerful in electromagnetic field and fluid mechanics, where
they are used to relate field quantities over a region of space
to those over its boundary, providing both conceptual insights
and practical tools for solving physical problems.

Index Terms—Standard Fractional Vector Cross Prod-
uct(SFVCP), Circulation, Flux, Fractional Flux, Green’s Theo-
rem, Cauchy’s Integral Theorem, Stoke’s Theorem

I. INTRODUCTION

Divergence and curl are two fundamental characteristics
of vector fields that play a crucial role in numerous
applications. Both concepts are most easily grasped by
envisioning the vector field for depicting the flow of a
liquid or gas; that is, each vector in the vector field can be
interpreted as a velocity vector, describing the motion of
liquid and gas. Roughly speaking, divergence measures the
tendency of the fluid to converge or disperse at a point, and
curl measures the tendency of the fluid to rotate or circulate
around the point. Divergence is a scalar, that is, a single
number, while curl is itself a vector. The magnitude of the
curl measures how much the fluid is swirling, the direction
indicates the axis around which it tends to swirl. [14]

Engheta [5] laid the foundation of curl operators in the
study of electro magnetics, providing a framework to analyze
electromagnetic fields and its interaction. Naqvi at.el. [15],
[16] studied the application of fractional cross product in
Maxwell’s equation and waveguides, adding insights to the
behaviour of electromagnetic fields in complex system.
Later Kankarej and Singh [9] developed a new definition
of fractional vector cross product(FVCP) in 2023 which
was an extension to the definition of Das [3], [4]. This
definition was further modified to develop the definition of
standard fractional vector cross product(SFVCP) to study
more properties of electromagnetic theory, fluid dynamics,
and related areas [10]-[12].
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Inspired by above study, the author of this paper Kankarej
and Singh, used definition of SFVCP to redefine most
critical theorems and explained its nature. The main idea
of the paper is to define the flux of vector field using
standard fractional vector cross product(SFVCP) and use it
to redefine Green’s and Stoke’s theorem. Following is the
flow of the paper:

* In the second section, definition of SFVCP is introduced.
* Third and fourth sections introduces the concept of
circulation and flux.

* Section five, defined fractional flux of a vector field.

* Section six and seven, introduces tangential and normal
forms of Greens theorem for different values of ~

* Section eight and nine covers Green’s theorem for
complex variable with different values of . * Section ten,
introduces Cauchy’s integral form.

* In section eleven and twelve, Stoke’s theorem along with
different values of ~ are discussed.

* In section thirteen and fourteen, different examples
and conclusion covering Green’s and Stoke’s theorem are
discussed using new definition of SFVCP.

For the first time the concept of SFVCP is used to define
Green’s and Stokes’s theorem which brings novelty to paper.
It is amazing to notice that all the standard theorems are
particular case of SFVCP definition. Hence new definition
of SFVCP is more accurate to explain concepts in electro-
magnetics and fluid mechanics.

Application of this novel definition can be extended
as in [13] Mishra and Patnaik to study fractional vector
cross product (FVCP) in the micro strip antenna. They
defined FVCP to apply it to the transmission of electric and
magnetic fields in micro strip antenna. Similar to this work
new definition of SFVCP can be used to explore different
types of antenna and their radiation pattern. Idrissi and
Essoufi [7], [8] studied global existence of weak solutions
for a three-dimensional magnetoelastic interaction model.
In their model they combined a fractional harmonic map
heat flow with an evolution equation for displacement. This
is another concept to brainstorm, apply new definition and
explore this study. The fractional factor theory of graphs
originated from the feasible flow problem in communication
networks. Altai [1] introduced a theory of fractional calculus
by using a map k(z) instead of x in the definitions of the
classical derivative and the classical integral where x is
a variable and £ : R — R is continuously differentiable
function. Gao and Shi [6] studied the sufficient conditions
for the existence of fractional factors in the different setting
of network from a theoretical perspective. These theoretical
results provide the basis for the initial network designing.
New definition introduced in this paper can be used further
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to study the properties as mentioned in [1], [6].

II. MATHEMATICAL FORMULATION

From [10]-[12], let (e1,eq,e3) be standard orthonormal
basis of R and v € [0, 1] a real number. We have the SFEVCP
defined as,

e; x7 e; = cos (g)ej + sin (%)ek — cos (g)ei (D

ej X7 e; = cos (%)ei — sin (g)ek — cos (g)ej 2)

e xVe =0 forl=1{1,2,3} 3)

where (4, j, k) is a cyclic permutation of (1, 2, 3).

III. CIRCULATION

By [18], let C be a piecewise smooth, simple closed
curve enclosing a region R in the plane. Let F(z,y) =
M(z,y)i + N(z,y)j be a vector field with M(x,y) and
N(x,y) having continuous first partial derivatives in an open
region containing R. Then the counterclockwise circulation
of F(x,y) around C equals the double integral of (curl
F(z,y)).k over R.

/ F(z,y).T ds = / M(z,y)dx + N(z,y)dy
c c

This is also called as a circulation density of a vector field
F(z,y) at a point. To explain this let us consider following
Fig 1 where we assume both components of F i.e. M(x,y)
and N(x,y) are positive.

Fir,y+hy) « F(x + Ax,y + Ay)
D c
= .
j
A B
F(x,y) i F(x + Ax,y)
Fig 1. Circulation density of a vector field F(x,y)

The rate at which the fluid flows along the bottom edge
of a rectangular region in the direction ¢ is positive for the
vector field F' shown above. To calculate the circulation we
calculate the flow rate along each edge in the direction of
the arrows.

Top: F(z,y + Ay).(

—i) Ax = —M(z,y + Ay) Ax

Bottom: F(x,y).(i) Az = M(z,y) Az
Right: F(x + Az,y).(j) Ay = N(z 4+ Az,y) Ay

Left: F(z,y).(—j) Ay = —N(z,y) Ay

We sum opposite pairs to get:
Top and bottom:
—(M(z,y + Ay) —
Right and left:
(N(z + Az,y) — N(z,y)) Ay ~ (57 Ax) Ay
Adding them we get:

[rovra- ] [

Thus the circulation density of a vector field F'(x,y) is the
line integral in tangential direction which is equal to surface
integral of the difference of partial derivatives of different
components of F'(z,y).

IV. FLUX

By [18], for piecewise smooth, simple closed curve C and
vector field F'(x,y) = M (z,y)i+ N(x,y)j the outward flux
of F(z,y) around C over R is given as:

/ F(z,y).n ds = / M(z,y)dy — N(z,y)dzx
C C

This is also called as a circulation density of a vector field
F(z,y) at a point. To explain this let us consider following
Fig 2 where we assume both components of F are positive.

F(x,y +4y) ]T F(x + Ax,y + Ay)
D | c
—_ — T
15
|
A ] B
F(x,y) F(x + Ax,y)
Fig 2. Flux of a vector field F(z,y)

The rate at which the fluid flows outwards is shown by
the direction of arrows. The directions of the rectangular
region are ¢, —t,7 and —j for the vector field F' as shown
in the diagram above. To calculate the flux we calculate the
flow rate along each edge in the direction of the arrows.

Top: F(z,y + Ay).(j) Az = N(z,y + Ay) Ax

Bottom: F(x,y).(—j) Az = —N(z,y) Az

Right: F'(z + Az,y).(1) Ay = M(z + Az,y) Ay

Left: F(z,y).(—i) Ay = —M(z,y) Ay
We sum opposite pairs to get:

Top and bottom:
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(N(z,y + Ay) — N(z,y)) Az ~ (%Ay) Ax

Right and left:

(M(z+ Az,y) — M(z,y)) Ay ~ (wAac) Ay

ox

Adding them we get:

[F@y nds—//

V. FRACTIONAL FLUX

87M+67N dx dy 5

By [18], for piecewise smooth, simple closed curve C
and vector field F(z,y) = M(z,y)i + N(x,y)j, the flux
of F(x,y) is given in the direction normal to the plane of

F(z,y).

—ix@i+j+k)
FQoy +8y) F(x+ Ax,y + Ay)
c
—jx@i+j+k) Jx@+j+i)
A T .
Fayy TR ey

Fig 3: Graphical representation for fractional flux in
counterclockwise direction

—jx@+j+k)
Fuy+4y) F(x + Ax,y + Ay)
D N
ix(i+j+k) —ixX(i+j+k)
4 ix(+j+k
Faoy OO Raany)

Fig 4: Graphical representation for fractional flux in
clockwise direction

dy dx
YN &b
ds (z,9) ds

d d
/Fa:y nds-/( dz di)d (6)

The rate at which the fluid flows outwards in
counterclockwise direction at the bottom edge of a
rectangular region for the vector field ' shown is above. To
calculate the fractional flux we calculate the flow rate along
each edge in the direction of the arrows.

F(z,y) x k= F(z,y).n = M(x,y)

Top:
F(z,y+ Ay).(—i x7 (i+ 75+ k) Az
= (=i x7j—ixYEk)N(z,y + Ay) Az

Bottom:
F(z,y).(0 x7 (i +75+k)) Az

=@ xYj+ix"Ek)N(z,y) Az

Right:
Fla+ A,y).(j x7 i+ +K)) Ay
= xTi+jx"kE)M(z+ Azx,y) Ay

Left:
F(x,y).(=j x7 (i+7+k) Ay

= (—j xYVi—jx"k)M(x,y) Ay

We sum opposite pairs to get:
Top and bottom:

F(x,y +Ay).(—i x7 (i +j + k)

+F(z,y).(i X7 (i+j+k)) Az
= k[ cos 4 — sin 1| 6NAy Az

Adding right and left:

F(z+ Az,y).(j x7 (i+j+k)) Ay

T, y). (=i X" (i+j+k) Ay

k[cosﬁﬂ — sin 7”]

S M Az Ay

Adding them we get
J.F(z,y)n ds =

[k‘[cos I —sin W] %JZ

+k[ cos I — sin 17| %]Ay Az

Now applying this definition on eqn (1) for x-y plane we

have
/Fgcy .n ds

// oM aN)COS%w -

oM BN :

where 0 < v < 1.

By the definition of fractional flux the line integral in
normal direction is equal to the surface integral as mentioned
in eqn (7).

VI. GREENS THEOREM

We now come to the one of the most important theorem
that extend the ‘Fundamental Theorem of Calculus’ to
higher dimension. Green’s theorem says that the sum of
the “microscopic” swirls over the region is the same as
the “macroscopic” swirl around the boundary. It means
to compute a single integral over an interval, we do a
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computation on the boundary of the region that involves
one fewer integrations. [14]

There are two forms of Green’s theorem as given below:

A. Circulation - Curl or Tangential form

By [10], [18], for piecewise smooth, simple closed curve
C and vector field F(z,y) = M(z,y)i + N(z,y)j, the
counterclockwise circulation of F'(x, y) around C' equals the
double integral of (curl F(z,y)).k over R.

| P ds= [ Mo+ Ny
c

JoF(z,y).T ds= [ [V xF dA

Using SFVCP it is given by

JoF(z,y) T ds= [ [,V

As proved above we have

x7F dA

ON

[rema e [ -0

B. Flux - Divergence or Normal form

'ng dz dy (8)

By [10], [18], for piecewise smooth, simple closed curve
C and vector field F(z,y) = M(z,y)i + N(x,y)j, the
outward flux of F' across C equals the double integral of
div F over the region R enclosed by C.

Jo F(z,y)nds= [ [, V.F dA

Using equation(7) we have

/ Fz,y)n ds
/ AL

6M 8N
VII. DIFFERENT FORMS OF GREENS THEOREM FOR

—+— Q)
0<y<1

w0
wﬁ

A. Case 1
For v = 0 equations (8) and (9) will take the form

Jo F(z,y).T ds =0
[.F(x,y).n ds

= J I (%

+%J;) dzx dy

B. Case 2
For v = % equations (8) and (9) will take the form

Jo F(z, y)TdS—foR(d—N——) dx dy

[.F(x,y).n ds

=[5

(aM + %Z)]dx dy

C. Case 3
For v = 1 equations (8) and (9) will take the form
Jo F(z,y).T ds = fffR(M_i)d‘rdy

J.F(z,y)n ds=0

D. Case 4

For v = % equations (8) and (9) will take the form

Je F(:z:y)Tds—fffR(a—N—M)dzdy
[.F(x,y).n ds
= [ = (5

E. Case 5
For v = 1 equations (8) and (9) will take the form

Jo Fla.y).T ds = [ [ (5 -
[.F(x,y).n ds
=-JJ U5 +5

Negative sign indicates that the direction of flux is in
direction opposite to the plane. This also confirms that new
definition is more generalized form and at v = 1 it represents
a particular condition which satisfies the theorem.

+ %g)}da: dy

01\4) dr dy

)dx dy

VIII. GREENS THEOREM IN COMPLEX VARIABLE

Similar to the notion of a line integral in planar vector field
we can apply the concept of Greens theorem to a complex
variable in complex plane. [2] Let f(z) = P(z) + iQ(2).
Then we define the complex line integral as

(10)

where z(t) =

we can still identify each integral as being dot product of
a certain vector field with the velocity vector v(t) = r/(¢)
and we get line integrals

J(P,—Q).dr + i [(Q,P).dr the corresponding vector
fields are F; = (P, —Q) and F; = (Q, P).
Suppose C is the boundary of a region R in the plane such
that f(z) is defined not just on the boundary but on all of
R, then Green’s theorem applies.

We compute
__ (0P 2Q T
\% X’yFl = (afy—f'%)COST’L
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+( aayp %Q)cos Wj—|—( —%—5) sin -k
and '
VXP"FQ=<%—%>C05’Y§Z

+(g%: — %) cos L j + (% — %) sin Tk

and we get

Jroe= ] ],
=

This result is same as original value of analytic function
for v = 1 and would not help us evaluate the line integral if
F were irrotational or incompressible. By Cauchy Riemann
equation we know

-0Q 0P

) in’}ir dA
’Y7T » (11D

IP _ 0Q 0Q oP

Bz_ﬁiy’ax_ Dy’

and that a complex function f(z) = P(z+iy)+iQ(x+iy)
is holomorphic on a region R. Therefore for holomorphic
functions both integrands are identically zero, so certainly
the integrals are zero. Thus we have

IX. DIFFERENT FORMS OF GREEN’S THEOREM FOR
COMPLEX VARIABLE

A. Case 1
For v = 0 equation (11) will take the form

JECE
B. Case 2

For v = 1 equation (11) will take the form
—8@ opP

/ 2)dz = / / 5o
o

C. Case 3

For v = 1 equation (11) will take the form
[z = [ [ [ (G2 - Gaa
e

D. Case 4

For v = 2 equation (11) will take the form
/f(Z) // (=29 8P)dA
="

E. Case 5
For v = 1 equation (11) will take the form

froe
f fr

X. CAUCHY’S INTEGRAL THEOREM

54

Let R be a closed region in the plane with smooth
boundary OR (we allow the boundary to be any finite
number of simple closed curves). [2] Then if f(z) is any
complex function which is defined and holomorphic on all
of R then

Jor f(z)dz =0.

In particular, if f(z) is holomorphic on entire complex
plane then [ f(z)dz = 0 for all curves. Moreover if the
region has multiple components Cy U Co U ...U C, then
we get relation over these curves as

fcl f(z)dz + f02 f(z)dz.... + fcr f(2)

Residue theorem Let g(z) be a function holomorphic
on a region R except for finitely many singularities at
points z1, z2, ....z,. Let C' be a curve in the region R, not
passing through any of the singularities, which has winding
numbers ni,ns, ...n, with respect to each z1, z2,..2,,. Let
R1, Rs....R,, be the residues ofg(z) at these points. Then

J.g(z)dz =377 2miR;.

dz = 0.

XI. STOKES THEOREM

By [18] Let S be a piecewise smooth oriented
surface having a piecewise smooth boundary curve C.
let F' = Mi+ Nj+ Pk be a vector field whose components
have continuous first partial derivatives in an open region
containing S. Then the circulation of F' around C' in the
direction counterclockwise with respect to the surface’s unit
normal vector n equals integral of V x F.n over S.

ch(fﬂay) dT:ffSVXF.n do
ch($>y) dT:ffSV xY Fon do

By [10] we have

oM  oP
(a ~ o)

ON oM ] -
(% Ty) (12)

oM ON OM OP
+COS [ ( oy ox + 0z 81‘)
LON OM ON 0P
J( ox dy * 0z ay)
orP OM 0P ON
)] .n do

+k(0:c 0z rm 83/ 0z
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XII. DIFFERENT FORMS OF STOKE’S THEOREM E. Case 5

A. Case I For v = 1 equation (12) will take the form
For v = 0 equation (12) will take the form / ) d / / 8 P 8]\7
z,y) dr = it
OM ON OM OP dy az

Flz,y)dr=[i(5—— 5+ 5 — 5)

c dy Oz 0z Ox 4 (8M 8P> N (aN 8M)]

-(aﬂ oM ON aj) 0z Ox Ov Oy

J oz 0y 0z dy This result is similar to Stoke’s theorem.

oP OM 0P ON

XIII. EXAMPLES

Example 1: Calculate the fractional flux of the field

B. Case 2 F = (x — y)i + xj across the circle 22 + y? = 1 in the
For v = 1 equation (12) will take the form xy-plane .
/ (z,y) dr = / / Oj _ (97N) Solution: Parametric form for circle is r(t) =
8y 0z costi + sintj,
+'(87M_67P>+ (aﬂ_aﬂ)] . .
o ~ oz oz oy dr(t) = —sinti + costj
\/5[,(8M ON oM ap) With M =z —y, % = 1,91 = —1
Vo e %y g v
2 oy or 0z or on o
N = =1 =0
JON oM oN 0P,
ox Ay 9z Oy Fractional flux using eqn (7) is:
+k(8—P—a—M+6—P—6—N)]nd oM | ON
or 9z oy 94" J.F(@y)nds= [ [[(Fy + 5))cos T
C. Case 3 _(%7]\;[ + %) sin %]dx dy
For v = % equation (12) will take the form which gives
1. ,0P ON
/CF(L?/) dr = //3 515y~ 5 J.F(z,y).n ds
JOM _OFy 9N OM, = [ [ [(140)cos 2 — (1+0)sin ] da dy
0z Jr ox oy
L _oN oM oF, JoFl@y)nds= [ [[=sini +cos ]dw dy
Vott oy o ox 0z  Ox

For v =1 we have
ON OM ON OP

(e " o5 T o2 "oy [, F(z,y).n ds

o°P 0OM 0P ON
= = —ldx d
+k(8x 0z + oy Oz ) :n do 1 v

= — (area around the circle is dr dy = 7r?).

D. Case 4
For v = % equation (12) will take the form Example 2: Apply Greens theorem (tangential form) to
calculate the circulation density on the field F' = (z—y)i+xj
/ Fla,y) dr = / \[[ (87P _ 87N) across the circle 22 4 y? = 1 in the xy-plane .
C ’ S 2 83/ 32
oM oP ON oM Solution: With M =z —y, G =1, 54 = —1

(5~ 5 T (%_(Ty)]
1., 0M ON OM OP
5[ (Ty or + 9z E) Using eqn (8) we have:
ON OM  ON 0P
( or Oy t o 0z 67y)
oP oM 0P ON
or 0z t oy dy 0z

ON ON
N=u2,9 =19 -0

fMda:JrNdy—ff(—f%—J:j)Sin%dx dy

which gives
(2= g
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[0 de 4 dy = [ (1 1) sin e dy B [i(2E - B+ (2 - 92) + h(ZE - )
For vy =1 —l—cos%[z(%—]\;———i—a—M—%—I;)

.M de+Ndy=[[2dxdy=2n
¢ ) +j(3ﬂ _9M , ON _ 371))
ox oy 0z oy
(area around the circle is dz dy = 7mr?). o onm . oP  oN
+h(5e — G2 + 5y — )]

Example 3: Apply Greens theorem (normal form) to o
calculate the flux density on the field F' = (z — y)i + zj substituting the values we have,
across the circle 22 + y? = 1 in the xy-plane .
V X7 F

Solution: From equation 9 and example 1 we have, =sin Z[i(0—0) +5(0—0) +k(—1—-1)]
J.F(x,y)n ds +eos T [i(1+1+0-0)

= [J[(140)cos I — (1+0) sin L |dx dy Li(—1-1+0-0)

[.F(z,y).n ds= [ [cos F —sin L* dx dy 10— 0+0-0)]

Fory=1 V X7 F = sin L (—2k) + cos L+ (2i — 2j)
[ F(z,y)nds=[[—-1dedy=—m n — _wityjtzk _ wityjtzk

¢ \/12+y2+22 3
(area around the circle is dz dy = 7r?). do = 3dA

Example 4: Find the line integral of the vector field V x7Y Fondo
F(z,y) = 3y — e 7z + \/y2 + 1) along the path

.232 +y2 -9 _ 2x cos L —2y c;s%—Qz sin%% dA
Solution: With M = 3y — e @, % =3 V x7 Fndo
N=Tz+y2+1,2 =7, =2 cos L — 2Y cos LT — 2 sin I dA
Using eqn (8) we have: [ [,V x?Fn do
fCM dr+Ndy=[][ (7—3) sin dx dy = ff;c2+y2§9 [2736 cos i — 27y cos 5+ — 2 Sin%]dA
which gives For v = 1, we have,
[.M dz+ N dy = [ [ (4) sin Zdz dy J [V <Y Fn do
For vy =1 =/ fw2+y2§9 —2dA

fc M dx+ N dy ES ff4 dx dy =4 x 91 = 367 (FOI' the given circle, dA — 7_‘_7‘2)

(area around the circle is dz dy = 7mr?). ff V x? Fn do — —187

Example 5: Apply Stoke’s theorem on the hemisphere Example 6 Use Cauchy’s theorem to integrate f(z) =
S:x?2+y?2+22=92<0, its bounding circle 2]
C:2%2+y?>=9,2=0, and the field F = yi — zj.

1
T

. Solution: Let z(t) = cost + isint
Solution: With M =y, 2 =0, %]ZI 1,24 =9
[ f(z)dz = %(—sint—i—icost)dt
ON __ ON ON cost+isint
N__x78x__178y 0,%, =0
By rationalization of denominator it becomes 1 and we get

aP oP aP y &
P=0,5;,=0% =05 =0 . o
Jo " cost —isint(—sint +icost)dt = [ i dt = 2mi
For the curl integral of F' from equation (9), we have
Thus if C is any curve which winds n times

V X7 F counterclockwise around the origin then,
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[, % =2rin

XIV. CONCLUSION

In this research authors have explored different forms
of Green’s and Stokes’s theorem which are most critical
characteristics of electromagnetism with new definition of
SFVCP. Different forms of these theorems for different
fractional angle gives an overview that Green’s and Stokes’s
theorem can be visualised and understood in three dimension
rather than tangential and normal components. Authors have
supported the study with various examples and also discussed
ideas to explore further application of SFVCP in areas of
electromagnetic theory, fluid dynamics and related areas.

REFERENCES

[11 A. Q. A. Altai, Theory of Fractional Calculus, IAENG International
Journal of Applied Mathematics, (2023), 52:3.

[2] P. L. Clark, http://alpha.math.uga.edu/ pete/handouteight.

[3] S. Das, Geometrically Deriving Fractional Cross Product and Frac-
tional Curl, International Journal of Mathematical Computation, 20
(2013), 1-29.

[4] S. Das, Functional Fractional calculus, 2nd edition, Springer-Verlag,
Germany, 2011.

[5] N. Engheta, Fractional curl operator in electro magnetics, Microwave
Opt. Tech. Lett., Vol. 17, 86-91, 1998.

[6] W. Gao, C. Shi, Sufficient Conditions for The Existence of Fractional
Factors in Different Settings, IAENG International Journal of Applied
Mathematics, (2018), 49:2.

[7]1 M. E. Idrissi, E. H. Essoufi, I. Illahiani, On a Fractional Model in
Magneto-Elastic Interactions, IAENG International Journal of Applied
Mathematics, (2018), 53:4.

[8] M. E. Idrissi, E. H. Essoufi, Existence of Weak Solutions to a Three-
dimensional Fractional Model in Magneto-Elastic Interactions, IAENG
International Journal of Applied Mathematics, (2024), 54:4, 722-729.

[9] M. Kankarej, J. P. Singh, Fractional Vector Cross Product in Eu-
clidean 3-Space, International Journal of Analysis and Applications,
21, (2023), 44.

[10] M. Kankarej, J. P. Singh, Standard fractional vector cross
product in Euclidean 3-space, Journal of Applied Mathematics
and Informatics, Vol. 42, No. 5, pp. 1007-1023, (2024), doi:
https://doi.org/10.14317/jami.2024.1007.

[11] M. Kankarej, J. P. Singh, Fractional Field with Standard
Fractional Vector Cross Product, Journal of Applied Mathematics
and Informatics, Vol. 41(2023), No. 4, pp. 811-819,
https://doi.org/10.14317/jami.2023.811.

[12] M. Kankarej, J. P. Singh, Fractional Curl with Standard Fractional Vec-
tor Cross Product for a Vector Pair, Results in Nonlinear Analysis, Vol
6, (2023), No. 3, 19-29 https://doi.org/10.31838/rna/2023.06.03.002.

[13] S. Mishra, R. K. Mishra, S. Patnaik, Fractional Cross Product Applied
in Radiation Characteristic of Micro-strip Antenna: A simulation
Approach, Test, Engineering and Management, (2019), Vol 81, 1392-
1401.

[14] W. G. McCallum, D. Hughes-Hallett, A. M Gleason, et al., Multivari-
able Calculus, Wiley, Indianapolis, 2002.

[15] Q. A. Naqvi, G. Murtaza, and A. A. Rizvi, Fractional dual solutions
to Maxwell equations in homogeneous chiral medium, Optics Com-
munications, Vol. 178, 27-30, 2000.

[16] Q. A. Naqvi, A. Hussain, Fractional curl operator and frac-
tional waveguides, Progress In Electromagnetics Research, DOI:
10.2528/PIER06060604.

[17] E.I Veliev, N. Engheta, Fractional curl operator in reflection problems,
10th International Conference on Mathematical Methods in Electro-
magnetic Theory, (2004), 14-17, Ukraine.

[18] A. Weir and J. Hass, Calculus: Early Transcendentals, Addison Wesley,
MA, 2010.

Volume 55, Issue 5, May 2025, Pages 1428-1435





