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Abstract: This paper presents a novel approach for exploring the dynamics of fractional Kersten-
Krasil’shchik coupled KdV-mKdV systems by using the unification of the Adomian decomposition
method and ZZ transformation. The suggested method combines the Aboodh transform and the
Adomian decomposition method, both of which are trustworthy and efficient mathematical tools for
solving fractional differential equations (FDEs). This method’s theoretical analysis is addressed for
nonlinear FDE systems. To find exact solutions to the equations, the method is applied to fractional
Kersten-Krasil’shchik linked KdV-mKdV systems. The results show that the suggested method is
efficient and practical for solving fractional Kersten-Krasil’shchik linked KdV-mKdV systems and
that it may be applied to other nonlinear FDEs. The suggested method has the potential to provide
new insights into the behavior of nonlinear waves in fluid and plasma environments, as well as the
development of new mathematical tools for modeling and studying complicated wave phenomena.
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1. Introduction

Fractional order Kersten-Krasil’shchik (KK) coupled Korteweg-de Vries (KdV)-modified KdV
(mKdV) systems have served as the focus of extensive research in recent years due to their potential
use in a variety of disciplines, including fluid dynamics, nonlinear optics and plasma physics [1-4].
These systems are characterized by the presence of fractional derivatives, which introduce non-local
and memory effects into the dynamics of the system [5-8]. The KK coupled KdV-mKdV system is
a system of two coupled nonlinear partial differential equations, which describe the evolution of two
waves in a dispersive medium. The first equation is the well-known KdV equation, which describes the
propagation of small amplitude, long wavelength waves. The second equation is the mKdV equation,
which describes the propagation of larger amplitude, shorter wavelength waves. The KK coupling term,
which is a nonlinear and non-local term, describes the interaction between the two waves [9-11]. Li
et al. delved into an epidemic model’s analysis and comparisons with other mechanisms in 2018 [12],
while Jin and Wang explored chemotaxis phenomena in 2016 [13]. He et al. focused on fixed-point
and variational inequality problems for Hadamard manifolds in 2022 [14]; this was followed by He
et al. discussing nonexpansive mapping algorithms in 2023 [15]. Chen et al. contributed to particle
physics, discovering hidden-charm pentaquarks in 2021 [16]. Lyu et al. analyzed cavity dynamics in
water entries [17], whereas Yang and Kai delved into nonlinear Schrodinger equations in 2023.

Time fractional Kersten-Krasil’shchik coupled KdV-mKdV nonlinear system and homogeneous two
component time fractional coupled third order KdV systems are very important fractional nonlinear
systems for describing the behaviour of waves in multi-component plasma and elaborate various
nonlinear phenomena in plasma physics. Other studies have focused on the stability, existence and
uniqueness of solutions for KK coupled KdV-mKdV systems of fractional order. In addition to these
studies, there have been many other works that have explored the properties of fractional order KK
coupled KdV-mKdV systems, such as their integrability, conservation laws and soliton interactions.
Overall, the literature on fractional order KK coupled KdV-mKdV systems is rich and diverse, and it
continues to grow as researchers explore new properties and applications of these systems [18—20].

There are several methods that have been proposed to solve the fractional KdV (fKdV) equation
and the mKdV equation. One of these methods is the homotopy perturbation method; this method
uses a perturbation series and a homotopy approach to solve nonlinear differential equations. It has
been used to find approximate solutions to the fKdV equation [21]. The variational iteration method
uses a variation of a trial solution to find approximate solutions to nonlinear differential equations.
The homotopy analysis method uses a homotopy approach and a perturbation series to solve nonlinear
differential equations. It has been used to find approximate solutions to the fKdV equation [22] and
the mKdV equation [23]. The Adomian decomposition method uses a decomposition of the nonlinear
term of a differential equation into a series of simpler functions. It has been used to find approximate
solutions to the fKdV equation and the mKdV equation [24,25]. Yang and Kai, dynamical properties,
modulation instability analysis and chaotic behaviors to the nonlinear coupled Schrodinger equation
in fiber Bragg gratings [26]. Chen et al. presented a linear free energy relationship in chemistry
in 2020 [27]. Luo et al. proposed a new gradient method for force identification in vehicle-bridge
systems in 2022 [28]. Additionally, Chen et al. focused on adaptive control of underwater vehicles
in 2022 [29]. Lastly, Gu, Li and Liao developed an evolutionary multitasking approach for solving
nonlinear equation systems in 2024 [30]. These studies collectively offer significant insights and
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advancements across a broad spectrum of scientific research areas, enriching our understanding and
methodologies in their respective domains.

The ADM is a powerful technique for solving nonlinear differential equations. Developed by
George Adomian in the late 1980s, the ADM is based on the idea of decomposing the solution
of a nonlinear equation into a series of simpler functions, known as Adomian polynomials. These
polynomials are obtained by iteratively applying the nonlinear operator to a constant function [31, 32].
The ADM has been applied to a wide range of nonlinear problems, including partial differential
equations, integral equations and stochastic differential equations. One of the key advantages of
the ADM is its ability to handle equations with singularities, such as those that arise in physics and
engineering. In recent years, researchers have been exploring the use of the ADM in combination with
other techniques, such as the ZZ transform. The ZZ transform is a mathematical tool that can be used to
transform a nonlinear equation into a linear equation, making it easier to solve. By combining the ADM
with the ZZ transform, researchers have been able to solve a wide range of nonlinear problems with
greater efficiency and accuracy. Many researchers have used the ADM together with the ZZ transform
to solve, for example, the nonlinear fractional partial differential equations in fluid dynamics, nonlinear
integral equations in quantum mechanics and nonlinear fractional stochastic differential equations in
finance. Overall, the ADM with the ZZ transform has been shown to be an efficient and flexible strategy
for addressing nonlinear problems, with numerous potential applications in various fields [33,34].

The current work is organized as follows. In Section 2, some fundamental definitions of fractional
calculus are provided. The basic ideas of the Aboodh transform and the ADM are described in
Section 3. In Section 4, we build approximate solutions to fractional Kersten-Krasil’shchik coupled
KdV-mKdV systems of partial differential equations. Section 5 contains the conclusions.

2. Preliminaries

Definition 2.1. For functions, the Aboodh transformation is achieved as follow:
B ={U(o) : AM, ny,n, > 0,|U(0)| < Me %},

which is described as follows [33, 34]:
1 (o]
AlU(o)} = —f U(o)e *°dp, o> 0andn; < & < n,.
€ Jo

Theorem 2.2. Consider G and F as the Aboodh and Laplace transformations, respectively, of U(o)

over the set B [35,36]. Then
F
Gle) = £©). @1
g

Generalizing the Laplace and Aboodh integral transformations, Zain Ul Abadin Zafar created the
ZZ transformation [37]. The ZZ transform is described as follows.

Definition 2.3. For all values of o > 0, the Z-transform for the function U(o) is Z(k, €), which can be
expressed as follows [37]:

ZZ(U(0)) = Z(k, &) = sfoo U(ko)e *do.
0
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The Z-transform is linear in nature, just as the Laplace and Aboodh transforms. On the other hand,
the Mittag-Leffler function (MLF) is an expansion of the exponential function:

& m

_ <
E@ =) rrmy Re@®>0.

m=0

Definition 2.4. The Atangana-Baleanu-Caputo (ABC) derivative of a function U(y, o) in the space
H'(a, b) for B € (0, 1) has the following definition [38]:

B(B) f —Ble —nyf
Ul(p,0)Eg| ————— | dn.
51, (SOQ)B( 5+1 |
Definition 2.5. The Atangana-Baleanu Riemann-Liouville (ABR) derivative is a part of the space
H'(a,b). The derivative can be represented for any value of 5 € (0, 1) as follows [38]:

BB d (° —Blo -
PR DLU(p, ) = _ﬁ(f)ld—g f U(SD’U)EB(IB_(;)—_i_?)ﬁ)dU-

The property of the function B(B) is that it tends to 1 for both 0 and 1. Additionally, ¥V 5 > 0,
B(B) > a.

Theorem 2.6. The Laplace transformation for the ABR derivative and ABC derivative are given

ABC,DiU(p,0) =

by [38]:
BB) &L{U(g,0)} - & 'Up,0)
and -
ABR _ Bp) LU, 0)}
L{a DﬁU(w,m}(s)—_ﬁH o (2.3)

In the theorems below we assume that U(o) € H'(a, b), where b > a and 3 € (0, 1).

Theorem 2.7. The Aboodh transform gives rise to a new ABR derivative, which is known as the Aboodh
transformed ABR derivative [36]

G(e) = A{ 2BR DUy, g)} (€) = é _I;(f) 1 gﬁ;{f(:ﬁ’j’)} . 2.4)
Theorem 2.8. The Aboodh transformation of ABC derivative is defined as follows [36]:
G(e) :A{ A5 b, g)} © =12 gﬁL{U(Q"fi__g_lU(‘p’ o 25)
Theorem 2.9. The ZZ transformation of U(g) = ¢* is defined as
Z(k, £) = T(B) (g)ﬁ_] . 2.6)
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Proof. The Aboodh transformation of U(p) = 0®, B> 0 is given by

I')

Gle) = 7

g\ TR

NOW, G(;) = W

Applying Eq (2.6), we obtain

Zik.) = i_jG (f) _ s_zf(ﬁ)kﬁ+1 e (g)ﬁ—l |

K K2 8B+ 1

O

Theorem 2.10. Let 8 and w be complex numbers and assume that the real part of B is greater than O.
The ZZ transformation of Eg (a)Qﬁ) can be defined as follows [36]:

-1
22 {(Ey (we?))) = Z(x &) = (1 —w (g)ﬁ) . 2.7)
Proof. The Aboodh transformation of Eg (wgﬁ) is defined as follows:
F(e) &1
G(e) = = P ) (2.8)
So,
s\l
oft)- 09
) -e)
we obtain

O

Theorem 2.11. The ZZ transform of the ABC derivative can be defined as follows: If G(g) and Z(«, €)
are the ZZ and Aboodh transformations of U(p), respectively [36], they we have

£5G(2)-5£0
ZZ{ ABC DgU(Q)}: B(B) & () =5 /(0)

- & B
B+l P

0 . (2.10)
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Proof. Applying this Eqs (2.1) and (2.5), we get

s (£ 6

B-1
9-(5) 10
G(E):g B+1 Kﬂ) (ﬂ) ! } @.11)
(f) * —B+1
The ABC Z transformation is represented as follows:
B+1 p-1
(e (g\ _ (e k| BB (f) G(f)—(g) £(0)
2o =) Q)= () | ey
K) + —B+1
[ (76 (ﬂ.
_IB + (f)ﬁ + —/f+l
O

Theorem 2.12. Let us assume that the ZZ transformation of U(o) is represented by G(g) and the
Aboodh transformation of U(p) is represented by Z(k,&). Then, the ZZ transformation of the ABR
derivative is defined as [36]

GG (¢
zz{ S‘BR Dgf(g)}: _l;(f)lg_er (ﬁ) . (2.12)
KH —B+1
Proof. Applying Egs (2.1) and (2.4), we get
L+1
ey_x| e () 6()
G(;) = ; _:8+ 1 (f)ﬂ + _IBBH (213)
£+1
(eR (e (2R (| e () ()
2er=() 6 Q=) )| eriopoz
K —B+1
+2
e () 6()
_ﬂ 1 (i)ﬁ + —/§+1
O

3. General methodology of ADM within ZZ transformation

In this section, we will examine the equation known as the fractional partial differential equation:

DLUp, p) = LU(p, 9)) + N(U(p, ) + h(g, 9) = M(¢, ), (3.1)

with the initial condition
Ulp,0) = ¢(e), (3.2)
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where L(¢, p) represents linear terms, N(¢p, ) represents nonlinear terms and h(yp, 9) represents the
source term.
Using the ZZ transform and ABC fractional derivatives, Eq (3.1) can be re-expressed as follows:

1

21U, 0 - *2) = 2imcg o)), (33)

q(B, K, €)

with
1 — K
q(B,k,€) = ﬁB;(ﬁf(‘g)ﬁ (3.4)
By taking the inverse ZZ transform, we get

o) =2 (2 + g zibig ) (35)

In terms of Adomain decomposition, we have

D Ulp.p) =27 (%@ +q(B, k, &)L h(g, go)])
i=0

. (3.6)
+7 [Q(ﬁ, K, &)L [Z LUi(p, 9) + Ay ] ;
i=0
P(@)
Us™ (¢, 9) = ( 2+ qB.x LIk, )],
UL (¢, 9) =27 (9B, &k, &) L[ LUo(g, 9)) + Ao]) 3.7)
UL (0.9) =27 (a(B, k, L[ LUk, ) + All), 1= 1,2,3,+
The solution to Eq (3.1) can be expressed by using ADM pc.
U (@, 0) = U™ (¢, 9) + Ut (g, 9) + Uy " (g, 0) + -+ . (3.8)
4. Numerical result
Example 4.1. Let us examine the following fractional KK joined KdV-mKdV nonlinear system:
DAU + Us, — 6UU, + 3VVs, + 3V, Vo, = 3U, V> + 6UVV, =0, 9 >0, peR, 0<B<1 @
DAV + Vs, = 3V2V, - 3UV,, +3U,V = 0, '
with the initial conditions given by
U(p,0) =c — 2csech’(Vey), ¢ >0,
(,0) (Veg) 42)

V(g,0) =2 Ve sech( Vey).
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By taking the ZZ transform, we get

ZIDLU(p.9)] = —=Z|Us, — 6UU, + 3VVs, + 3V, Vs, = 3U,V* + 6UVV,|,

(4.3)
ZIDV(g.p)] = ~Z| Vs, — 3V?V, = 3UV, +3U,V|.
Thus we have
1
S LU, 9] - ePU(p,0) = —ZlUw - 6UU, + 3VV3, + 3V, Vy, — 3U,V* + 6UVV¢],
(4.4)

1
SLIV(e.9)] - ePU(p,0) = —Z[Vw -3V?V, -3UV, + 3U¢,V].

By simplification we get

(1-s-2(f)

Z[U(p, p)] = 82[0 — 2¢sech’( \/E(p)] — Z[UW - 6UU, + 3VV3, + 3V, Vy, — 3U,V* + 6UVV¢,],

B(B)
«\P
1-r-5L
Z[V(p,9)] = 32[2 Ve sech( \/Ego)] - B5) Z[ng - 3V2V¢ -3U0V,+3U,V|.
4.5)
By taking the inverse ZZ transformation, we have
Ulp, ) = [c — 2¢sech’( \/590)]
«\B
=95t

- Z‘l[ 56 Z{U3¢ — 6UU, + 3VVs, + 3V, V,, —= 3U,V* + 6UVV¢}],

(4.6)

Vig, 9) = [2 Ve sech( \/590)]

o)

B(B)

Z{ng, -3V?V,-3UV, + 3U¢V}].
Assume that for the unknown functions U(¢, ) and V(¢, ), the series form solution is given as

Ulg.9) = Y. Ullg, 9),
=0 (4.7)

Vig.9) = Y Uil 9),
=0

The nonlinear components of the Adomian polynomials can be represented as follows: —6UU,, +
3VVie = Yoo Ay 3V, Vo, = 30U, V2 = 30 B, 6UVV, = > C, and =3V?2V, - 3UV,, + 3U,V =
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Yimeo Dm- With the help of these terms, Eq (4.6) can be expressed as follows:

2, Unni(g.9) = ¢ = 2¢ sech’(Ve)

R T

55) Z{U3¢, + Zﬂl + ZBI + ch}],

. 4.8)
2, Vin(p.9) = 2esech(Vep)
=0
a0 )
-7 [ 55 Z{Uw + ; z)l}].
On comparing both sides of Eq (4.8), we have
Uo(p, 9) = ¢ — 2c sech®(Vey),
Volg, 9) = 2 Ve sech(Vey),
_ 5. 3 IBK‘)'B
Ui(p. 9) = 8¢ sinh( Veg) sech’(Vep) [1 -8 + rg+n)
(4.9)
Vi(g, p) = —4c” sinh( Veg) sech?(Vep) (1 -B+ r(?f 1))’
Us(, 9) = —16¢*[2 cosh®(Veg) — 3] sech( \/590)[ Fo¥ 28(1 - B) LA (1 —B)z],
r2B+1) r(B+1) 4.10)
; 2 28 .
Va(p, 9) = 8c2[cosh’(Vew) — 2] sech®(Vey) [F£ﬁ80+ D +28(1 —,B)F(ﬂpf_ D + (1 —,3)2]-

In this manner, the terms Ul and VI for (I > 3) can be easily obtained. As a result, the series solution
can be expressed as follows:

Ulg,9) = " Uil 9) = Ul 9) + Ur(g, 9) + Un(p, 9) + -+,
=0

U(g.9) = ¢ — 2csech®( Veg) + 8¢3 sinh( o) sech’( V) (1 ~B+ r(ﬁpj 1)) )
4 2 4 Bp¥ o 2|,
16¢*[2 cosh*( Veg) — 3] sech (\/Ego)[r(zﬁ oy +2B(1 —,B)F(ﬂ oy +(1=-pP)7°|+ i
Vig,9) = D Vil 9) = Vol 9) + Vilp, 0) + Vo, 0) + -+ ,
1=0
V(g, ) = 2 Ve sech(Vey) — 4c? sinh( Veg) sech?( Vey) (1 B+ £ Siﬁ 1)) +
8¢3 [cosh?( Vep) — 2] sech®(Vey) Fo¥ 28(1 - pB) L (L=p) |+
res+1) r@B+1)
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When = 1, we get the exact solution as

Up,p) = ¢ = 2csech®(Ve(p + 2cp)),

4.12
Vi, 9) = 2Vesech(Ve(p + 2¢p)). 12

The graphical discussion involves several key figures illustrate the solutions for U(g, ¢) and V(g, 9)
in Example 4.1 at different parameter values. Figure 1 showcases the analytical and exact solutions at
B = 1for Uy, ). In Figure 2, the approximate solutions are depicted at 8 = 0.8, 0.6.

Figure 1. The analytical and exact solutions at 8 = 1 in U(y, ¢) for Example 4.1.

Figure 2. The approximate solutions at 5 = 0.8,0.6 in U(g, ¢) for Example 4.1.

Figure 3 extends the analysis by presenting analytical solutions at various values of S8 for U(gp, ¢).
Moving on to V(¢, ¢), Figure 4 exhibits the analytical and exact solutions at § = 1, while Figure 5
displays the analytical results at 8 = 0.8, 0.6.
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=
0.5 q
< 0.0f
s
=)
— B=10
-05r — B=08
- B=0.6
1.0+ B=0.4
. . . ! . T T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Figure 4. The analytical and exact solutions at 8 = 1 in V(¢, ¢) for Example 4.1.

Figure 5. The analytical result at 8 = 0.8, 0.6 in V(gp, p) for Example 4.1.
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Lastly, Figure 6 provides a comprehensive overview, presenting analytical results at various values
of B, including § = 1,0.8,0.6,0.4, for V(¢, ). These figures collectively offer a detailed visual
representation of the solutions under different conditions, facilitating a thorough understanding of the

system’s behavior.

Vig.y)

p=04

-15 -1.0 -0.5 0.0 0.5 1.0 15

Figure 6. The analytical result at various values in S for V(g, ¢) for Example 4.1.

Example 4.2. Let us examine a homogeneous two-component KdV system of third order with a time-
fractional component, as follows:

DiU-Us,-UU,-VV,=0, p>0, peR, 0<B<1,

with the initial conditions given by

By taking the ZZ transform, we get

Thus we have

AIMS Mathematics

4.13
DV + 2V, - UV, =0, @19
U(g,0) = 3 — 6 tanh’ (f),
2¢ (4.14)
V(@,0) = =3¢ V2 tanh (5)
ZID,U(p, )] = —Z|-Us, - UU, = VV,|, wis)
ZIDV(g.9)] = -Z[2Vs, - UV,|. '
1
EZ[U(% 9)] - U(p,0) = —Z| - Us, - UU, - VV¢],
(4.16)

1
EZ[V((,D, )] — 7PU(p,0) = —Z[2V3¢ - UVQD].

Volume 9, Issue 1, 371-390.
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By simplification we get

(-5-s()

Z[U(p. )] = 82[3 ~ 6 tanh’ (g)] - z[ - Uy, - UU, - vw],

B#) 5 4.17)
ZIVi = &2 -3¢ V2tanh (2 (l_ﬁw(g))zzv v,
[ (90’ 80)] =& [_ c tan (5)] - B(ﬁ) [ 3 T <p]-
By taking the inverse ZZ transform, we have
Ulp, 9) = 3 — 6tanh2(§)
Ll=pa()
-7 [ 55 75 - U, - UU,-VV, }]
(4.18)

Vg, p) = [— 3¢ \thanh(g)]

1-p+p(ef
—Zl[( Fer )Z{2V3¢—UV¢}].

B(B)

Assume that for the unknown functions U(¢, ) and V(¢p, ), the series form solution is given as

U((,D, @) = Z Ul(‘P’ @)a
=0 (4.19)

Vig,9) = > Ui, ).
1=0

The representation of nonlinear components using Adomian polynomials is shown as follows:
-UU, - VV, = Yo oAy and UVp = 3" B,. With these terms, Eq (4.18) can be expressed as
follows:

Z Up1(g, 9) = 3 — 6 tanh? (f)
1=0 2

15 S
L |

Z Visi(p, ) = =3¢ ﬁtanh(%)
1=0

1-p+p(t) o
[ -5

On comparing both sides of Eq (4.20), we have

Uo(g, ) = 3 — 6 tanh’ (g)

+77!

(4.20)

+7Z"

Vo(g, 9) = —3¢ \/Etanh(g),
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Ui(g, p) = 6sech’ (g)tanh (%)(1 -B+ r(ﬁﬁﬁl))’ )
Vi(e, 9) =3¢ V2 sech? (g)tanh(g) (1 -B+ F(gs{fl)) ,
Us(p,9) =3[2+7 sech? (g) — 15 sech? (2)] sechz( )[F([;; 2 0 +2B8(1 - F(ﬁpj- 5 +( _ﬁ)Z} ,
Valp, 9) = 302\/5 [2 + 21 sech? (g) — 24 sech? (g)] sechz( )[F(lgzﬁ A D +26(1 - (ﬁg)i 0 +(1 —ﬁ)z].
(4.22)

By using this method, the terms Ul and VI can be easily obtained for [ > 3. Therefore, the solution
in the form of a series is as follows:

Ulp,0) = ) Uilg, 9) = Un(p, 0) + Ui(, ) + Us(, 0) + -+,
=0

U(p, ) = 3 — 6tanh? (g) + 6 sech? (g)tanh(g)(l -B+ I“(?{fl))dk

2 (¥ 4 (¥ B o’ 2
3[2 + 7 sech (5) — 15 sech (5)] sech? ( )[F(Zﬁ Py + 26(1 _ﬁ)l“(ﬁ+ D +(1-8)

Vg, ) = ) Vil 9) = Vol 9) + Vil 0) + Valp, 9) + - ,

=0

Vig,p) = —36‘/§tanh(§)+3c\/§sech2(2)ta h(2)(1 -B+ By’ )

T@+1)
3¢V2 5 (@ (¢ > Brp¥ o )
; [2 +21 sech (5) — 24 sech (E)] sech ( )[F(Zﬁ B0 -P s + (1P
(4.23)
When 8 = 1, we get the exact solution as
Ulp, ) = 3 — 6 tanh? (£2),
=) (4.24)

V(g.9) = -3¢ V2 tanh (£22),
2
The graphical discussion involves several key figures that illustrate the solutions for U(g, ) and

V(p, 9) in Example 4.2 at different parameter values. Figure 7 showcases the analytical and exact
solutions at 8 = 1 for U(y, ¢). In Figure 8, the approximate solutions are depicted at 8 = 0.8, 0.6.
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Figure 8. The analytical result at 8 = 0.8, 0.6 in U(y, ¢) for Example 4.2.

Figure 9 extends the analysis by presenting analytical solutions at various values of 5 for U(y, ¢).
We will moving on to V(g, 9).

B=04

Figure 9. The analytical result at various values of 8 in U(y, ¢) for Example 4.2.
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Figure 10 exhibits analytical and exact solutions at § = 1, while Figure 11 displays the analytical
results at 8 = 0.8,0.6. Lastly, Figure 12 provides a comprehensive overview, presenting the analytical
results at various values of 8, including g = 1,0.8,0.6,0.4, for V(¢, 9). These figures collectively
offer a detailed visual representation of the solutions under different conditions, facilitating a thorough
understanding of the system’s behavior.

Vig.y)
N

Figure 12. The analytical result at various values in 8 for V(¢, ¢) for Example 4.2.
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5. Conclusions

In summary, the combination of the ADM and the ZZ transform has demonstrated its effectiveness
in the analysis of the fractional KK coupled KdV-mKdV system encountered in multi-component
plasmas. The utilization of this method has yielded accurate and efficient solutions, offering valuable
insights into the intricate behavior of these complex systems. Additionally, the incorporation of the
77 transform has enabled this frequency domain analysis, contributing supplementary information
regarding the system’s dynamics. This integrated approach stands as a valuable tool for comprehending
multi-component plasma behaviors, and it holds the potential for application to analogous systems
in future investigations. Future work may explore extending this methodology to different plasma
models or investigating the impact of additional physical parameters, thereby broadening the scope of
its applicability.
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