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Abstract: We take into account the (2 + 1)-dimensional stochastic Kadomtsev—Petviashvili equation
with beta-derivative (SKPE-BD) in this paper. To develop new hyperbolic, trigonometric, elliptic, and
rational solutions, the Riccati equation and Jacobi elliptic function methods are employed. Because
the KP equation is required for explaining the development of quasi-one-dimensional shallow-water
waves, the solutions obtained can be used to interpret various attractive physical phenomena. To
display how the multiplicative white noise and beta-derivative impact the exact solutions of the
SKPE-BD, we plot a few graphs in MATLAB and display different 3D and 2D figures. We deduce
how multiplicative noise stabilizes the solutions of SKPE-BD at zero.
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1. Introduction
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Wiener Process and Beta Derivative

Fractional differential equations (FDEs) are often used in relation to optical fibers, chem-
ical kinematics, solid-state physics, electrical circuits, nuclear-physics, fluid mechanics, elastic

on the Exact Solutions of the media, quantum field theory, plasma physics, neural physics, mathematical biology, and

Kadomtsev—Petviashvili Equation. other domains [1-7]. Also, many physical phenomena, such as fluid dynamics, elasticity, heat,
Axioms 2023, 12, 748. https:// electrodynamics, gravity, sound electrostatics, quantum mechanics, and diffusion, are de-
doi.org/10.3390/axioms12080748 scribed by fractional-order derivatives. Consequently, it is essential in mathematical physics

to seek exact solutions for FDEs. In recent years, multiple approaches for dealing with FDEs
have been devised, such as the (G'/G)-expansion method [8,9], Kudryashov method [10],
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Accepted: 27 July 2023 sion [20], Jacobi elliptic function [21], etc.

Published: 29 July 2023 Recently, beta-derivative (BD), a new conformable fractional derivative, was proposed

by Atangana et al. in [22]. From here, the BD for )V : (0,c0) — R of order B € (0,1] is defined

as follows:

V(x+e(x+ %ﬁ))l_ﬁ) - V(x)
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On the contrary, it is now well known that randomness or fluctuations play an essential
role in a wide range of phenomena. Consequently, random impacts have assumed a greater
role in demonstrating numerous physical processes that take place in disciplines such as
telecommunications, cryptography, computer science, ecology, biology, information theory,
signal processing, neuroscience, chemistry, image processing, physics, and finance, among
others [23-25]. Partial differential equations are appropriate mathematical equations for
modeling complex systems in the presence of noise or random effects.

It is essential to consider FDEs with a stochastic term. Therefore, we look at the follow-
ing (2 + 1)-dimensional stochastic Kadomtsev—Petviashvili equation with beta-derivative
(SKPE-BD):

DE[R + 6RDER + D R + YRWH] + pDb,R = 0, 1)
where R denotes the rescaled velocities and the rescaled wave amplitude in surface shallow-
water waves, p = %1, 7y is the noise strength and it is a real number, W;(t) = aygt(t) is the

derivative of the Wiener process W(t), and RW is an Itd multiplicative noise.

When v = 0 and § = 1, we attain the Kadomtsev—Petviashvili (KP) equation [26,27]
that can be used to characterize the development of quasi-one-dimensional shallow-water
waves whenever the impacts of viscosity and surface tension are negligible:

d IR IR PR, IR
$[¥+6Rg+ﬁ]+p@—0. 2)

The KP equation (2) has numerous applications in fluid dynamics and plasma physics.
The equation is widely used to study various physical phenomena, such as the propagation
of waves and solitons in different media. As such, the KP equation has been crucial in
advancing our understanding of complex nonlinear systems. Its importance lies in its
ability to accurately model and predict the behavior of waves and solitons, which has
applications in a wide range of fields including oceanography, optics, and plasma physics.
As a result, several approaches to acquiring the exact solutions of KP Equation (2) have been
suggested, such as sine-cosine [28], Hirota’s bilinear method [29], Hirota’s method [30],
trial equation method [31], novel generalized (G'/G)-expansion [32], extended mapping
method [33], F-expansion method [34], etc.

Our contribution here is to find the exact solutions for SKPE-BD (1). To obtain these
solutions, we utilize the Riccati equation method (RE-Method) and Jacobi elliptic function
method (JEF-Method). Because Equation (1) is used in describing the propagation of
waves on the surface of shallow water, the acquired solutions of the SKPE-BD (1) will help
researchers to gain a deeper understanding of these phenomena and make predictions
about their behavior. Additionally, the obtained solutions can also be used in practical
applications, such as designing improved tsunami warning systems or optimizing wave
energy converters. Furthermore, we investigate the effect of BD and noise on the analytical
solutions of the SKPE-BD (1) by providing some graphs via the MATLAB program 2022b .

Following is the structure of the paper: In Section 2, the wave equation of SKPE-BD (1)
is derived. In Section 3, the RE-Method and JEF-Method are utilized to obtain the exact
solution of the SKPE-BD (1). In Section 4, we can examine the effect of the Wiener process
and the beta-derivative on the achieved solutions of the SKPE-BD. In Section 5, we discuss
the physical meaning of the obtained results. Finally, the conclusions of the paper are
offered in Section 6.

2. Traveling Wave Equation for SKPE-BD
The wave equation for SKPE-BD (1) is found by using

1 1

R(x,y,1) = V(e ™O=27, g = | AR

(x4 )P+ P, @

1
p (8)
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where Y is a deterministic and real function. It is worth noting that

R 1504Y%
S =AY =yl i, @)

and
]D)ER — y,e[f/yw(t)*%’)/zt], DgxxR — y/lle[f’yW(t)f%’yzt], DgyR — y/le[f’yW(t)f%’yzt]' (5)
Inserting Equation (3) into Equation (1) and using (4) and (5), we obtain

Yy (P . )\)y” + 6[)737” + (y/)z]e[—ywu)_%vzﬂ —0.

Taking into account the expectations of both sides, we achieve
y//// + (P . )\)y// + 6[3737// + (y/)z]ef%fthEe[f'yW(t)} —0. (6)

Since W(t) is normal process, hence E(e~"WV(1)) = e27’* for any real number 7. There-
fore, Equation (6) becomes

y//// + (p _ )\)y// +6(yy/)/ — O, (7)

where we replaced YY" + ()')? by (V)')’. Integrating Equation (7) twice and ignoring
the integration constant, we have

V'—(A—p)Y+3Y*=0. (8)

3. Exact Solutions of SKPE-BD

To obtain exact solutions for SKPE-BD (1), we employ two alternative methods:
the RE-Method [35] and JEF-Method [36].

3.1. RE-Method

Let us assume the solution Y of Equation (8) is

K .
j=0
where R solves the Riccati equation
7' =740, (10)

with b is a unknown constant. Equation (10) has the following solutions:

-1
Z=+, 11)
ifb=0,or
Z = Vbtan(VbZ) or Z = —Vbcot(VbE), (12)
if b >0, or
Z = —/—btanh(v/—b¢) or Z = —/—bcoth(v/—bf), (13)
if b < 0.

In order to compute the parameter K in Equation (9), we balance }?> with J" in
Equation (8) to obtain
2K=K+2,

then
K =2. (14)
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Rewriting Equation (9), with K = 2, as
V(&) = a0+ mZ+aZ? (15)
Substituting Equation (15) into Equation (8) we obtain
(6ay +3a3)Z* + (2a; + 3a1a) 7>
+(8bay — (A — p)ag + 3a? + 6agay) Z>
+(2a1b — (A — p)ay + 6apay ) Z
+(2b%ay — (A — p)ag + 3a3) = 0.
We derive by setting each coefficient of Z/ to zero
6ay +3a3 = 0,
2611 + 3&1012 =0,
8bay — (A — p)ag + 3a3 + 6agas = 0,
2a1b — (A — p)ay + 6aga; =0,
and
2b%ay — (A — p)ag + 3a3 = 0.
The next two families are obtained by solving these equations:
First family:
aoz%zb, a1 =0, ap = -2, A =p+4b. (16)
Second family:
ap = —2b, a1=0,ay = -2, A= 1Y — 4b. (17)
First family: There are three cases relying on b.
Case 1: If b = 0, then the solution of (8), by using (11) and (15), is
-2
Y(@) = Eh
Consequently, the solution of SKPE-BD (1) is
1 1 1 1 1.2
R,y t) = —2[2(x+ == )P + 2 (y + = )P — pt] 2TV —2771], (18)
(ey,t) = =25 (x+ 5rgy)" + g+ gy)” — e
Case 2: If b > 0, then the solutions of (8), using (12) and (15), are
V(@) = %Zb — 2btan®(VbE),
or )
V(@) = %b — 2bcot? (VbE).
As a result, the solutions of SKPE-BD (1) are
Rix,y,t) = r;b — 2btan?(vVbE) e VO, (19)
or 5
R(x,y,1) = [5-b—2b ot (V/bE) el =271 (20)
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Case 3: If b < 0, then the solutions of (8), by using (13) and (15), are

V(@) = %zb + 2btanh?(v/—b§),

or

V(@) = %zb + 2b coth? (v/—b¢).
Thence, the solutions of SKPE-BD (1) are
Rix,y,t) = [%zb + 26 tanh? (v/=B¢) e~V 37] 1)

or

R(x,y,t)

[%zb + 2b coth? (v/=b¢) el V(=377 (22)

where ¢ = %(x—O— %ﬁ))lg + %(y—i— ﬁ)ﬁ — (p+4b)t.

Second family: There are three cases also relying on b.
Case 1: If b = 0, then we have the same solution as announced before in the first set.
Case 2: If b > 0, then the solutions of (8), using (12) and (15), are

Y(§) = —2b —2btan?(Vb7),

or

V(&) = —2b — 2b cot? (VbE).
Thence, the solutions of SKPE-BD (1) are
R(X, Yy, t) - [—Zb —2b tanz(\/g(:)]e[ityw(t)f%'yzt], (23)

or
R(x/ Y, t) e [_Zb —2b Cotz(\/gg)]e[i’yw(t)i%’yzt]' (24)

Case 3: If b < 0, then the solution of (8), using (13) and (15), are

y(é) =—-2b+2b tanh2(\/jb§) = *ZbSEChz(\/jbg),

or

V(&) = —2b + 2b coth®(v/—b¢) = 2besch? (v —bE).
As a result, the solutions of SKPE-BD (1) are
R(X,y, t) = —stech2(\/jbé’)e[_“rw(ﬂ_%’yzt], (25)

or

R(x/y/ t) = ZbCSChz(\/jbg)e[_vw(t)_%yzt]. (26)
where & = %(x + ﬁ)ﬂ + %(y+ ﬁ)ﬁ — (o —4b)t.

Remark 1. If we put B = 1 and -y = 0 in Equation (25), then we obtain the solution (2), reported
in [37].

3.2. JEF-Method

In this subsection, we use the JEF-method [36]. Assuming the solutions to Equation (8)
has the form (with K = 2):

V(&) = ho+mZ(E) + mZ*(2), (27)
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where g, 11, and fi; are undefined constants and Z(¢) = sn (g, «) is the Jacobi elliptic sine
function for 0 < x < 1. Differentiating Equation (27) twice,

V(&) = 2hy — by (kK2 +1)Z — dhp (k> + 1) 2% + 21273 + 6l 74, (28)
Plugging Equations (27) and (28) into Equation (8), we have
(26%hy + 313) Z* + (26%hy + 6h111p) Z3
+[6hghy — 4hp (K2 4-1) — Iy (A — p) + 343 Z2
—[(K® + 1)y + 1y (A — p) — 6lghy | Z 4 (2hy — g(A — p) + 3h3) = 0.
Equating coefficient of Z" to zero forn =4,3,2,1,0:
2Ty + 315 = 0,
26Ty + 6l 1z = 0,
6lighy — 4hy (1> +1) — ha(A — p) + 302 =0,
(kK2 4+ 1)hy + 7y (A — p) — 6lghy = 0,

and
2hy — hg(A — p) + 315 = 0.

When these equations are solved, we derive

22+ 1)+ 2Vt —x2 +1
A s e Ll el B S Y QY e g

3
or
o = 2(;<2+1)—23\/K4_K2+1, =0,y = 2k, A:p—4\/m,
Thus, Equation (8), by using (27), has the solution
V() = 20 +1) +23 okl 21%sn* (8, %),
or

NG R GRS

Hence, the solutions of SKPE-BD (1) is

2(k2+1) + 2V — k2 +1

R(xy,t) = | 3 = 2Ps?(g, )l MO (29)
where & = %(x + %ﬁ))ﬁ + %(y—l— %ﬁ))ﬁ — (o +4VK*—x2+1)t, or
2 R, P/ )
Ry t) = TN Z2EZEH T odg(g )l 037, (o)
where § = %(x + %ﬁ))ﬁ + %(y—l— %ﬁ))ﬁ — (p—4Vx* — k2 + 1)t.If k — 1, then Equation (29)
changes to
R(x,y,1) = 2sech?(&)el- "V O=271], (31)
or )
R(x,y,t) = [5 — 2tanh?(g)]el V(=27 (32)

3
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In a similar way, we can replace sn in (27) by cn to obtain the solutions of Equation (8)

as follows: . . )
G e LR

Therefore, the solutions of the SKPE-BD (1) is

4 _ 42 _ 2 _
Rx,y,t) = [2\/1( K +3 2(2x 1) +2K2CH2(§, K)]e[fﬂ/\/(t)—%,ﬂt] ) (33)

where ¢ = %(x + %ﬁ))ﬁ + %(y + %ﬁ))ﬁ — (o +4vx* —x2 4+ 1)t. If k« — 1, then the solutions
(33) takes the form

R(x,y,t) = [2sech?(g)]el- V(=371 (34)

4. The Effect of the Wiener Process and Beta Derivative

Here, the impact of SWP and BD on the analytical solutions of the SKPE-BD (1) is
discussed. We illustrate the behavior of these solutions through a number of graphs. For
different 7y (noise strength), we generate certain figures for some found solutions including
Equations (29) and (31). First, let us define the parameters p = 1 and ¥ = 0.5. Also,
lett € [0,2] and x € [0,4].

First the beta derivative effects: In Figures 1 and 2, if y = 0, we notice that the profile
of the graphs is pressed as the value of  decreases:

Solution

0 o

Space "x" 00 Time "t" Space "x" Time "t
(@y=0 =05 (b) y =0, B =1,0.75,0.5
1.5
[— ]

)
1.3

5 % 1.2 \\

§ 3

@ 1.1
i
0.9

0 05 1 15 2 25 3

Space "x" 0 o Time "t" Time "t"
() p=05 (dB=1,0705

Figure 1. (a—c) Display of 3D-graph of Equation (29) with y = 0 and several values of § = 1,0.75,0.5,
and (d) shows 2D-graph of Equation (29) with several values of f = 1,0.75,0.5.

Solution
Solution

0 g
0 Space "X Time "t"

Space "X" Time "t"

(@y=0 =1 (b)y=0, =075

Figure 2. Cont.
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— =1
— = 0.7
15 E—rr
S
< 51
5 o
2 %}
5
@ 05
0
0 0.5 1 15 2 25 3
Time "t"
Space "x" 0o Time "t"
(c)y=0,Bp=05 (d)y=0, =025

Figure 2. (a—c) Display of 3D-graph of Equation (31) with y = 0 and several values of § = 1,0.75,0.5,
and (d) shows 2D-graph of Equation (31) for several values of § = 1,0.75,0.5.

We deduced from Figures 1 and 2 that no overlap exists between the contours
of the solutions. Additionally, the surface moves to the right as the order of the beta
derivative decreases.

Second the noise effects:
In Figure 3, the surface is not flat and contains various imperfections when ¢y = 0 (i.e.,

there is no noise).

Solution

Space "x" Time "t"

Space "x" Time "t"
r=0
Figure 3. Diplay of 3D-profile of solution R(x, y, t) in Equations (29) and (31).

y=0

Meanwhile, we can see in Figures 4 and 5, after small movement patterns, the surface

becomes more flat:

w

Solution
N N
Solution

NS

2

Space "x" Time "t" Space "x"

(@y=1 b)yy=2
Figure 4. Display of 3D-profile of solution R(x, y, t) in Equation (29) for various vy = 1,2.

©

~
Solution

Solution

NS

2

Space "x" 0 0 Time "t" Space "x"

(@r=1 (b)yy=2

Figure 5. Diplay of 3D-profile of solution R(x, y, t) in Equation (31) for various y = 1,2.
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References

In the end, we can deduce from Figures 3-5 that several solutions exist when noise is
disregarded (i.e., at v = 0), such as periodic solutions, kink solutions, and others. After
minor transit patterns, the surface becomes significantly flattened when noise occurs and
its intensity is increased by v = 1,2. This demonstrates that the multiplicative white noise
has an impact on the SKPE-BD solutions and stabilizes them at zero.

5. Discussion and Physical Meaning

In this paper, we take into consideration stochastic Kadomtsev—Petviashvili equation
with beta-derivative (SKPE-BD). Finding an exact stochastic solution to the KP equation is a
challenging task due to its nonlinearity and complexity. Here, we applied two methods, the
RE-Method and JEF-Method, to attain the exact solutions for this equation. The first method
provided solutions in the form of trigonometric, hyperbolic, and rational functions, while
the second method gave elliptic solutions. Additionally, the specific characteristics of the
stochastic term play a crucial role in the effect it has on the solution. Overall, understanding
the stochastic effects is essential for accurately modeling and analyzing systems in the
presence of uncertainty. The obtained solutions provide insights into the behavior of waves
in different physical systems and can aid in the development of innovative technologies.
They serve as foundational tools for advancing our understanding of nonlinear wave
phenomena and can lead to significant advancements in fields such as plasma physics,
fluid dynamics, and engineering.

6. Conclusions

In the current study, the stochastic (2 + 1)-dimensional Kadomtsev—Petviashvili equa-
tion with beta derivative (SKPE-BD) was derived. By employing two distinct methods
such as the Riccati equation and Jacobi elliptic function, we obtained the exact solutions
of SKPE-BD (1). Due to the importance of KP in the field of fluid dynamics and plasma
physics, the acquired solutions are important for illustrating a wide range of intriguing
and complex physical phenomena. Finally, the MATLAB tool was applied to illustrate the
effect of SWP and BD on the obtained solutions of the SKPE-BD (1). We deduced that the
beta-derivative shifted the surface to the left when the fractional-order derivative increased
and the Wiener process stabilized the solutions at zero.
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