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Abstract: Fractional-stochastic Drinfel’d-Sokolov-Wilson equations (FSDSWEs) forced by multi-
plicative Brownian motion are assumed. This equation is employed in mathematical physics, plasma
physics, surface physics, applied sciences, and population dynamics. The (G’ /G)-expansion method
is utilized to find rational, hyperbolic, and trigonometric stochastic solutions for FSDSWEs. Because
of the priority of FSDSWEs, the derived solutions are more useful and effective in understanding
various important physical phenomena. Furthermore, we used the MATLAB package to create
3D graphs for specific solutions in order to investigate the effect of fractional-order and Brownian
motions on the solutions of FSDSWEs.

Keywords: fractional DSW equations; stochastic DSW equations; Brownian motion; (G'/ G)-expansion
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1. Introduction

Nonlinear evolution equation (NLEE) research has focused on many areas of nonlin-
ear science, including geochemistry, plasma physics, solid-state physics, fluid mechanics,
optical fibers, nuclear physics, and chemical physics. Many authors planned to create trav-
eling wave solutions for NLEEs by using a variety of analytical and numerical approaches.
To achieve exact solutions to these equations, a various of methods were used, such as
Darboux transformation [1], sine-cosine [2,3], Hirota’s function [4], (G’/G)-expansion
[5-7], the robust method [8], the Lyapunov functional [9], gamma transform correction
methods [10], state damping control [11], perturbation [12,13], Riccati-Bernoulli sub-ODE
[14], exp(—¢(g))-expansion [15], tanh-sech [16,17], and the Jacobi elliptic function [18,19].

Recently, random perturbations in practically physical systems have arisen from a
wide range of external inputs. They cannot be ignored, since noise can create statistical
characteristics and important phenomena. Therefore, stochastic differential equations
(SDEs) appeared and became important in modeling phenomena in atmosphere, fluid me-
chanics, oceanography, chemistry, physics, biology, and other sciences [20-23]. On the other
hand, fractional derivatives are used to represent several important phenomena, including
anomalous diffusion, electrochemistry, acoustics, image processing, and electromagnetism.
One of the advantages of fractional models is that they can be described more accurately
than integer models can, which pushed us to define several major and useful fractional
models. In general, finding exact solutions to SDEs with fractional derivatives is more
difficult than finding exact solutions to classical ones.
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As a result, the following stochastic-fractional Drinfel’d-Sokolov-Wilson equations
(SFDSWES) are considered:

dy + [119TSldt = pydp, 6)

dg + 12T, 0 + 139 T + va9Topldt = pedp, 2)

where ¥ = ¢(x,t), ¢ = ¢(x,t) and 7; for i = 1,2,3,4 are nonzero constants. T?, for
0 < ¢ <1, is the conformable derivative (CD) [24]. B = B(t) is a standard Brownian motion
(SBM), and p is the noise strength.

Drinfel’d-Sokolov—-Wilson equations (DSWEs) (1) and (2) with 6 = 1 and p = 0 de-
velop from shallow-water wave models that Drinfel’d and Sokolov [25,26] first provided,
and Wilson later refined [27]. Additionally, this model is employed in surface physics,
plasma physics, applied sciences, population dynamics, and mathematical physics. Because
of the significance of DSWEs, a number of researchers proposed the exact solutions for this
system via different approaches, including tanh and extended tanh methods [28], the homo-
topy analysis method [29], the F—expansion method [30], the truncated Painleve method
[31], and the exp-function method [32]. A few authors also used various approaches, such
as the discrimination system for polynomial [33] and Jacobi elliptical function method [34],
to find accurate solutions for fractional DSW.

The originality of this work is to obtain a wide range of stochastic—fractional solutions
for SFDSWEs (1) and (2), including hyperbolic, rational, and trigonometric functions,
by utilizing the (G’/G)-expansion method. This study is the first to acquire stochastic—
fractional solutions of SFDSWEs by using the (G’/G)-expansion method in the presence of
noise and fractional derivatives. In addition, we used MATLAB tools to build 3D plots for
some of the solutions of SFDSWEs (1) and (2), created in this work to highlight how the
SBM influences these solutions. Lastly, we deduce that the noise term and fractional-order
impact the stability and symmetry of the obtained solutions.

The rest of this paper is organized as follows: In Section 2, we introduce the definitions
and properties of CD and SBM. In Section 3, we explain the (G’/G)-expansion method. In
Section 4, to derive the wave equation for SFDSWEs (1) and (2), we employ a suitable wave
transformation. In Section 5, we obtain the analytic solutions of SFDSWEs (1) and (2). In
Section 6, we address the impact of the SBM and fractional order on the solutions. Section 7
presents the paper’s conclusion.

2. Preliminaries

We now introduce the definitions and properties of CD and SBM. We define CD as
follows:

Definition 1 ([24]). The CD of P : R™ — R of order & is defined as follows:

1-0y _
TOP(z) = lim P(z+xz'79) P(z).
k—0 K

Theorem 1 ([24]). Assume that P, P, : R™ — R are 6 differentiable functions, then
T3(Py o P2)(2) = 2" Py (x)P1 (Pa(x)).

The CD had the following properties:

T2[e1P1(2) + ©2Pa(2)] = 1 TeP1(2) + 2TePa(2), c1,¢2 € R,
TS[C] = 0, C is a constant,

To[ZK] = kz*=°, k € R,

ToP(x) = 21’5‘{%.

L

Definition 2 ([35]). Stochastic process {B(t)}+>0 is an SBM if
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p(0) =0,

Forty < ty, B(t1) — B(t2) is independent,

B(t), t > 0 is a continuous function of t,

B(t2) — B(t1) has normal distribution with variance t, — t; and mean 0.

=

Lemma 1 ([35]). E(e"F()) = 2%t for a > 0.

3. The (G’/G)-Expansion Method Description

It is helpful to outline the main steps presented in [5]:

1.  First, a general form of the nonlinear equation in the fractional space of stochastic
processes is considered:

P(upBt, u, up, TS, TS, ...) = 0. 3)
2. To obtain the traveling wave equation of Equation (3), we introduce
p(t3) = u(@ePPOH, g = Lt e, )

where the localized wave solution u(¢) is a deterministic function, and 6 is a constant.
As a result, we perform the following changes:

Tf{#; — u/e(P/S(t)_%pzt),
Do ®)
Tinlp — u(n)e(p:g(t)i%pzt)/

where +% p?u is the itd correction term. Using (5) changes the PDE (3) to a stochastic
ordinary differential equation (SODE):

P(ue(pﬁ(t)_%Pzt), u\e(PlB(t)_%pzt)l u“e(Pﬁ(t)_%pzt), . ) =0.

3. Toremove the stochastic term from Equation (6), we took an expectation on both sides
to obtain a deterministic ODE in the following form:

P(u,u',u",...)=0. (6)

4. The ansatz is introduced:
N Gl
u= Z hk[E]k' such that iy # 0, (7)
k=0

where G solves the second ODE:
G'"+AG' +vG =0, (8)

where A, v are undefined constants. In most situations, N is a positive integer that is
calculated. Putting (7) into ODE (6) yields an equation in powers of G'/G.

5. To calculate parameter N, we follow these steps: First, we define the degree of u
as D[u] = N. Second, we determine the highest order nonlinear and highest-order
derivatives in Equation (6) as follows:

d"u
den

D] ]=N+n,
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and

D [u” <Z:;:>T = pN+s(N +n).

With the N calculated, the coefficients of G’ /G are equated in the obtained equation.
As a result, a set of algebraic equations containing fi, (k =0,1,...,N), v, and A are
produced. We then solve the system to find these constants. Next, relying on the sign
of A = A? — 4v, we have the solutions of Equation (6).

4. Wave Equation for SFDSWEs

To construct the wave equation for SFDSWEs (1) and 2), we apply the following wave
transformation:

Pl 1) = o(@ePPO ), gz, 1) = u(@ePPI 1), £ = 2 1o, ©

where v and u are real deterministic functions. Substituting Equation (9) into Equations (1)
and (2), and utilizing

dy = [00/dt+ pvdplePB)—20%),
dp = [0u/dt+ pudBleP)=20%),
Ti(p = u’g(Pﬁ(t)*%sz), Tilpzv’e(ﬁﬂ(f)*%f?zt),
T o = uelebi=b?n), 10)
we obtain
00’ + ypun'e@PO=20%)  — (11)
U + you"" + a0 ePPO=20%) o ol ePBB)=20")  — (12)

By taking expectation E(-) for Equations (11) and (12), we have

00 + yuu'e 2PE(EPH)) = 0, (13)
Ou' + you'" + [ysou’ + ’y4uv’]e*%pztE(ep/3(t)) = 0 (14)
Using Lemma 4, we obtain
00 4+ yuu' = 0, (15)
0u’ + you"" + yzou’ + yud’ = 0. (16)
Integrating Equation (15), we have
0= —%uuc, (17)

where C is the constant of the integral. Putting Equation (17) into (16) and utilizing
Equation (15), we have

m_ ['71'73 + ')’1'74]u2u/ + [9 + C')’B]u/ —0. (18)

Tk 20 9

Integrating Equation (18), we obtain the following wave equation:
u" — 0B + bu =0, (19)

where 0 c
Y173, Y174 Y3
/= and ¢ = — + —=.
17 6720 ' 37,0 T,
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5. Analytical Solutions of SFDSWEs

Assuming that the solution of (19) has the form (7), by equating the order of u> and u"
in (7), we have N = 1.Now, rewriting Equation (7) with N = 1, we attain

G/
u(g) = h0+h1[5]- (20)
Putting Equation (20) into Equation (19) and utilizing Equation (8), we obtain:

G/ G'
(2hy — flh?)[g]a + (3ARhy — 3517*1071%)[512

+ (AT + 2hqv — BTG + Gohy)|

!
el
+(vARy — 01130y + Lohg) = 0.
Setting each coefficient of [%]] forj =3, 2, 1, 0 equal zero:
2y — 4115 =0,
3Ahy — 301hgh? =0,
/\27’11 + 2 — 3€1h1h% + bl =0,

and
VAhy — 0113 + bolg = 0.

Solving this system, we have for £; > 0:

/2 A A2
== 7 A = any real number, iy = :t\/TTl, V=g 52 (21)
The roots of auxiliary Equation (8) are:
—A %)
> + > (22)

There are three sets for the solutions of Equation (8) relying on the value of /5.
Set I: If ¢, = 0, then Roots (22) are equal, and the solution of Equation (8) is:

—A —A
G(g) = crexp (26) + ol exp (25),
where ¢y, c; are constants. Hence, the solution of Equation (19) by using Equation (20) is:

_ L [2]

Consequently, the exact solutions of SFDSWEs (1-2) in this status are rational as follows:

_ 122 | eBm-1e*)
o(x,t) =+ i [C1+C2§}e 207, (24)

[ e T (B(t)—302t)
zp(x,t)—{ 041 LlJrCzC} +C}e S

where ¢ = %x‘s + 0t.
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Set II: If ¢; < 0, then Roots (22) are complex, and the solution of Equation (8) is:

G(¢) = exp(_;\é) |f1 cos(ﬁé) +o sin( _2€2§>]

Hence, the solution of Equation (19) is:

_cl\/7251n(\/7§> +62Fcos< ZEZC)
1 cos(ﬁ(’,‘) +c2 Sin( —2525> .

Therefore, the solutions of SFDSWEs (1) and (2) in this status are trigonometric, as follows:

—c“/;lzsin< EZ@) +e2v/ 7 b cos( 2525) e
e0B(t)=3071) (26)
c1 cos(\/ _2€2§> + ¢ sin( _2[25)

2
RPN s < /2 > / fz ( = )
€1 sin ¢)+co cos ¢
m n ? SR~ 1%0) @)

P(x, t) = r ,
1 cos( _2626) + o sin( _2526)

where ¢ = %x5 + 6t.
Set I1I: If ¢, > 0O, then Roots (22) are real and distinct, and the solution of Equation (8) is:

G(&) = crexp [(‘ZA /22| + e [(‘ZA - \/?)é] .

Therefore, the solution of Equation (19) is:

erexp(y/5¢) + caexp( - /5e)

Consequently, the solutions of SFDSWEs (1) and (2) in this status are hyperbolic as follows:

o5, ) = \/cheXP \/>§ ) + c2 exp( \/i? 0B 29)

crow(y/50) +rowp(-/30)

c1 exp <\/§§> +c2exp <— 26)
e(PB(t)—307t) (30)

plon ={c- 20 ,
1 clexp< %§>+C28Xp( /25)

where ¢ = fx + 6t.
Spec1al Cases:
Case 1: setting c; = 0 in Equations (26) and (27), we obtain for ¢, < 0:

u(@) ==+ (25)

p(x,t) ==+

@

2

¢p(x,t) ==+ _gfztan< _2£2§>e(pﬁ(t);p2t), (31)
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¢(x,t):{ +2—71t <\/ g)} (PB(H)=30%1) (32)

Case 2: setting c; = 0 in Equations (26) and (27), we obtain for ¢, < 0:

(p(x,t):i *szc < C) Pﬁ(t)_ip ) (33)
1

ol e

Case 3: setting ¢c; = ¢ = 1 in Equations (26) and (27), we obtain for ¢, < 0:

1/ sec \/ —2€2§ tan(\/ —2626)}e<“’ﬁ(t)_%pzt). (35)
L bn
016

en —{ [sec(\/Tezg) an(V272) [ Jestr b,
or
Y L (0B(1)~ 3%
p(x,t) =+ 2 [sec(@(§)+tan(\/jgzg)‘|€p P, (37)

1

2
_ b (0B(H)—}0%)
Plot) = {C+ 2 [sec(\/ —205¢) + tan(y/ 2626)] }e ' o

Case 4: setting c; = ¢ = 1 in Equations (29) and (30), we obtain for ¢, > 0:

@(x,t) = i&tamh(@@) elPB(H) =307 (39)
P(xt) = {C— 2—7% h2<\/7§>} (0B(H)=30%t) (40)

Case 5: setting ¢c; = 1,cp = —1 in Equations (29) and (30), we obtain for ¢, > 0:

p(x,t) = :E\/Ecoth <\/§§> e(Pﬁ(f)*%p%), 41)
lp(x; t) = {C — % COth2< g) } pﬁ t)_*Pzt) (42)

where ¢ = fx + ot.

(38)

Remark 1. If we set p = 0, 6 = 1 in Equations (39)—(42), we have the same results as those
reported in [28].

6. Effect of Noise and Fractional Order on the Solutions

The impact of the fractional order and noise on the achieved solutions of FSDSWEs (1)
and (2) is examined. The destabilizing and stabilizing effects induced by noisy terms in
deterministic systems are now well-understood according to the literature on the subject
[36,37] and the references therein. The significance of these effects in interpreting the long-
term behavior of actual systems is beyond dispute. Now, to show the impact of noise on the
obtained solutions of FSDSWEs (1) and (2), let us plot the graphs for some solutions, such
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as (39) and (40), by utilizing MATLAB tools withC =0, 71 = 1,72 = =1, 93 = 74 = 3 and

0 = —3. Then /1 = 0.5 and ¢, = 3.
First, the impact of noise: In Figure 1, when p = 0, there was some irregularity in the

surface and it was not flat.

Solution

2 1
Space "x" 0 0 Time "t*

Kink soliton of the solution of Equation (39) withp =0, 6 =1

Solution

2 1

Space "x" 0 0 Time "t"
Bright soliton of the solution of Equation (40) withp =0, § =1
Figure 1. Three-dimensional graphs of Equations (39) and (40) withp = 0and § = 1.

In Figure 2, if the noise strength appeared and increased, the surface became signifi-

cantly flatter.
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Solution
Solution

1
Space "x" 0 0 Time "t"

e =2, 6 = 1in Equation (40)

2 1
Space "x" 0 o0 Time "t"

¢ =1, 6 =1in Equation (39)

SN N
o S o

Solution
>

Solution

1

2 1
Space "x" 0 0 Time "t"

p =2, 6 = 1in Equation (40)

Space "x" 0 0 Time "t"
o =2, 6 = 1in Equation (39)
Figure 2. Three-dimensional graphs of Equations (39) and (40) withp =1,2and § = 1.

In Figure 3, we drew a two-dimensional graph representing the solution ¢(x, t) in
Equation (39) to illustrate our previous results as follows:

0.25 T T
—*%—0=0
7=0.5
o=1
0.2 =2 | 1
0.15
5 \
5 ‘
°
w
0.1
0.05
! M
\ i
ot A
vlj\w’l\w-"‘
0 \ 1
0 0.2 0.4 0.6 0.8 1

Time "t"
Figure 3. Two-dimensional graph of solution ¢(x, t) in Equation (39).

Second, the impact of fractional derivatives: Figures 4 and 5 if p = Oshow that, as &

increased, the surface was extended:
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Solution
Solution

Solution
Solution

2 1

Space X" 0 0 Time "t Space X" o o Time "t"

p=0,6=07 p=0,6=1

Figure 4. Three-dimensional graphs of Equation (39) with p = 0 and various 4.

< §
£ 5
3 o
3 %}
Space "x" 0 o Time "t"
0=0,6=05
25
g £
2 515
3 &
0.5
3
2 2 1
Space "x" 0 0 Time "t" Space "x" 0o Time "t"
p=0,0=07 p=00=1

Figure 5. Three-dimensional graphs of Equation (40) with p = 0 and various J.

7. Conclusions
In this work, we studied the stochastic—fractional Drinfel’d-Sokolov-Wilson equations.

These equations are used in plasma physics, surface physics, applied sciences, population
dynamics, and mathematical physics. The exact stochastic—fractional solutions to SFDSWEs
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(1) and (2) were successfully attained by utilizing the (G'/G)-expansion method. We
acquired different types of solutions, including hyperbolic, rational, and trigonometric
functions. Due to the significance of SFDSWEs, the obtained solutions are more important
for and beneficial in comprehending a variety of crucial physical phenomena that have
appeared in applied sciences, population dynamics, plasma physics, and surface physics.
Moreover, we applied MATLAB software to discuss how the fractional order and multi-
plicative noise affected the solutions of SFDSWEs. From our results, we concluded that the
solutions were stabilized around zero by multiplicative Brownian motion. Additionally,
when the fractional derivative increased, the surface expanded. In future studies, SFDSWEs
(1) and (2) may be taken into account with either additive noise or infinite dimension
multiplicative noise.
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