AIMS Mathematics, 8(9): 21606-21621.
DOI:10.3934/math.20231101
ATMS Mathematics Received: 22 March 2023

Revised: 05 May 2023

Accepted: 07 May 2023
http://www.aimspress.com/journal/Math Published: 07 July 2023

Research article

Study of optical stochastic solitons of Biswas-Arshed equation with
multiplicative noise

Hamood Ur Rehman!, Aziz Ullah Awan>*, Sayed M. Eldin’ and Ifrah Igbal

! Department of Mathematics,University of Okara, Okara, Pakistan
2 Department of Mathematics, University of the Punjab, Lahore, Pakistan
3 Center of Research, Faculty of Engineering, Future University, New Cairo 11835, Egypt

* Correspondence: Email: aziz.math@pu.edu.pk.

Abstract: In many nonlinear partial differential equations, noise or random fluctuation is an inherent
part of the system being modeled and have vast applications in different areas of engineering and
sciences. This objective of this paper is to construct stochastic solitons of Biswas-Arshed equation
(BAE) under the influence of multiplicative white noise in the terms of the It6 calculus. Bright,
singular, dark, periodic, singular and combined singular-dark stochastic solitons are attained by using
the Sardar subequation method. The results prove that the suggested approach is a very straightforward,
concise and dynamic addition in literature. By using Mathematica 11, some 3D and 2D plots are
illustrated to check the influence of multiplicative noise on solutions. The presence of multiplicative
noise leads the fluctuations and have significant effects on the long-term behavior of the system. So, it
is observed that multiplicative noise stabilizes the solutions of BAE around zero.
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1. Introduction

NLEEs have made remarkable contributions in scientific fields including hydrodynamics, biology,
chemistry, fluid mechanics, fiber optics, mathematical physics, elasticity theory, plasma physics and
engineering. The investigation of exact solutions for NLEEs through different techniques plays an
energetic part in physics and has become thrilling subject for researchers. The soliton solutions have
many applications in different fields of neural physics, mathematical biology, optical fibers chaos and
solid state physics [1-12]. Nowadays, many techniques are used for finding optical soliton solutions
such as the He’s semi-inverse variational principle [13], F-expansion technique [14], the auxiliary
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equation approach [15], Kudryashov’s method [16,17], the extended tanh technique [18], the semi-
inverse variational method [19], the improved generalized Riccati’s equation mapping method [20],
the simplest equation method [21], the trial equation method [22], the first integral method [23,24],
the quasi-stationary solution approach [25], the asymmetric method [26], modified simple equation
scheme [27,28], the sine-cosine method [29] and Lie symmetry approach [30].

On the other hand, many stochastic NLEEs are commonly used to study noise in many
phenomenons such as predication and simulation in the fields of climate dynamics, physics,
atmosphere, biology and other fields [31-33]. The aim of these models is to capture the impact of
random or stochastic factors on the behavior of the system. One area of significant interest in this
field is the study of stochastic waves, which have been the subject of extensive research by many
authors [34-36]. Optical solitons are a particular type of wave that is used to transfer the data over long
distances with minimum loss or error [37]. However, the transmission of signals over long distances
can be affected by natural conditions such as atmospheric turbulence, which can lead to stochastic
distortions that have a significant impact on the quality of the transmitted data. Recently, stochastic
NLEE:s are gaining attention and have capability of describing complex physical phenomenons with
stochastic behavior. Many authors used different techniques to extract various forms of stochastic
solutions such as Khan et al. [38] who conducted a study on the stochastic perturbation of solitons
along anti-cubic nonlinearity using multi-photon absorption. Secer [39] studied the stochastic solutions
with multiplicative noise in itd sense. Other researchers have also explored the stochastic soliton
solutions of Broer-Kauf equations in fluid or plasma and (2+1) dimension nonlinear Schrédinger
equation [40-41].

As aresult, this paper studies the BAE with multiplicative noise in the terms It6 calculus. Recently,
mathematicians have proposed a lot of optical structure depends on the Schrodinger equation [42—45].
In recent times, Biswas and Arshad [46] developed a model from the nonlinear Schroodinger equation
called BAE. The BAE is a NLPDE used to model the transmission of solitons, taking into the account
the various nonlinear effects that occur in the system. A large variety of techniques are used to find
optical solutions of BAE [47-50]. The BAE along higher order dispersion is described as

Ly + 81Yxx + CYxt + L(hlyxxx + thxxl) = l[/l(|)’|2y)x + M((|y|2)x)y + 9|y|2)’x], (11)

where the wave behavior is described by y(x,f), which depends on variables: x (spatial) and ¢
(temporal). The first term, g; and c¢ indicate the temporal evolution of the wave, group velocity
dispersion (GVD) and spatio-temporal dispersion (STD) respectively. Next, h; represents the 3rd
order dispersion (30D) and spatio-temporal 30D is provided by the coefficient of h,. These effects
compensate for the low count of GVD. Self-phase modulation effect is absent while the right side of
equation shows the nonlinear effects. A is coefficient of steeping dispersion while u and 6 represent the
effects of nonlinear dispersion.

The current work deals with newly constructed following BAE with the having multiplicative noise
by It6 calculus [51].

dW(t)
Ly + 81Yxx T CVxr + LMY ixx + hoYinr) + 0y — t82Yx + hoYix) 7

= AYPy), + ul(yP))y + Oy, (1.2)

where y(x, t) represents the wave profile, gy, g2, h1, h,, A show the chromatic dispersion, STD, 30D,
3rd order chromatic dispersion, coefficient of steeping term respectively, W(t) represents the Wiener
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process and % is white noise. u and 6 are due to the effects of nonlinear dispersion. By taking o = 0,

the model in (1.2) reduces into (1.1).

The ambition of this paper is to employ SSM [52-58] for a BAE to acquire stochastic optical
solitons. The method yields a sorts of solutions including stochastic bright, dark, singular, combined
dark-singular and periodic soliton solutions. The motivation behind this work is to enhance previous
efforts in [51] by offering new solutions such as combined singular-dark stochastic solutions that help in
the area of telecommunications for data transmission. Then, by doing some mathematical calculations
and plotting graphs, some physical characteristics of related shape of waves are investigated.

The paper is organized as: Section 2 gives definitions of Wiener process and white noise. In
Section 3, narrative of method is given. Section 4 provides mathematical preliminaries. In Section 5,
application of SSM for model (1.2) is discussed. Section 6 gives graphical illustration. Lastly,
conclusion is discussed in Section 7.

2. Wiener process and white noise [59,60]

(i) The Wiener process W(t), r > 0 have the following properties

e W(1)=0,

o W(t))-W(t,) for #; < t, is independent,

e W(t), t > 0 is continuous function of ¢,

o W(t;)-W(t)) possesses a Gaussian distribution with variance #, — #; and mean 0.

(ii) The white noise is the time derivative of Wiener process and is considered as a mathematical
idealization of events such as enormous and sudden fluctuations.

3. Description of SSM

This part explains the SSM [52-58], suppose nonlinear partial differential equation (NLPDE)

R(Y, Yts Vs Yits Yexs ) = 0, (3.1)
Let the transformation of the form
yx,t) =U), {=x—t, 3.2)
switching (3.2) into (3.1), we get
rw,uv,u”,u”,..)=0, (3.3)

where U = U({), U’ = iz_[gj’ U’ = ‘57[2].

Let (3.3) gives solution

U@ =) e, (3.4)
i=0

where a;, (1=0, 1, 2, ..., m) are coeflicients and y({) satisfies the ODE in the form
W) = ¢ +d* () + X', (3.5)
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The solutions of (3.5) are
Casel: If ¢=0 and d > 0O then

X5() = ++—pqd sechyq (Vd),
Xi(0) = + \/pad eschyq (Vd©),

where

sechy() = -zt eschyg() = o2
Case 2: If ¢=0 and d < 0 then

Xi(0) = ++[—pqd secyq (V-d0),
XE(Q) = £+/-pqd esepq (V=d0),

where

_ 2 _ 2
Sec[)q(g) - pe‘{+qe*‘{’ cscpq({) - pelg—:le*l{'
Case3: If d < Oand ¢ = £ then

XEQ) = £ \[Ftanhy,([50).
X = £ cothy, ({0,

Q) = £ 5 (tanhy, (V=22) + ¢ \[pg sechy, (V=2d0)).

K@) = £ (cothyy (V=2d0) + ypgeschy, (V=2d0)).

X5(0) = £ 5 (tanhyg (50) + cothyg (/70)).

where

_ pef-qe™t _ pef+ge™t

Cased4: If d >0and ¢ = %2 then

@) =  \JHtang,(\[40).
X0 = £ 4 cotyy ({40,

X0 = +\[4 (tang, (VZAL) = psecyy (VZL)).
X0 = +[4 (Ot (VL) £ paesep, (VZL)).

XD = [ty ((J10) + cotyg ({40,

where

_ pe’—qe™¢ _ . pet+qe ¢
tanpg(() = —t e COtpg(§) =t -
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The m in (3.4) is determined by using balancing rule. After inserting (3.4) and (3.5) into (3.3), the
equations in powers of y({) are obtained. By equating all coefficient of power of y({) equal to zero,
the values of unknown parameters are found and then using these parameters with help of (3.4), the
solutions of (3.3) are acquired.

4. Mathematical preliminaries

To solve the (1.2), assume the transformation
Y(x, 1) = U(Qe oV, (4.1)
and
o(x,t) = —kx+wt, (=x-t, 4.2)

where k, @ and v are constants while U({) and ¢(x, t) are functions of real numbers. ¢, @, k, v, ¢(x, 1)
shows wave variable, wave number, frequency, velocity and phase component.
By inserting (4.1) and (4.2) into (1.2), we get real part

(g1 + 3k — hyRkv + @ — 0%) — gov]U” — k(A + O)U?
—[g1k* + k> + (1 = gok — hk*) (@ — 0*)]U = 0, (4.3)
and imaginary part
(hy — hy)vU"" = 31+ 2u + O)U*U’
—[2g1k + 3hk* = (g2 — 2khy)(@ — 0%) + (1 — g2k — hak*WV]U’ = 0. (4.4)

After integrating (4.4), we have

1
(hy — hovU” - 3G+ 2u+ O)U?
—[2g1k + 3hk* — (g — 2khy) (@ — 0%) + (1 — gok — hok*)v]U = 0. (4.5)
Equations (4.3) and (4.4) have same form under some restrictions [25]
g1+ 3k —h(kv+ @ —0*) —gv _ 3k(1+6)
(hy — hy)v C31+2u+6
_ —g1k> + ik’ + (1 = gok — ok®)(@ — %)
B 281k + 3h1k? — (g2 — 2khy) (@ — 0%) + (1 — g2k — hok?)v'

(4.6)

Under the constraint

the value of @ from (4.6) is
o (g2 = 25k — 2g2hyk*)0” + 2(g1ha + 2821k + 4y hok* + 2(g182 — h)k® — g1k
- (82 — 2h3K% = 2gok?)

and velocity
(g1 + 2hk)(1 — 4hyk?)
V= .
(82 — 2h5Kk3 — 2g>h,k?)
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5. Application of SSM for BAE

By applying the balancing rule on (4.3), the m = 1 is obtained and (3.4) becomes

U(Q) = ap + arx(d), (G.D

Now by putting (5.1) and (3.5) into (4.3), we get equation with different powers of y({). By equating
their constants equal to zero, the following equations are extracted

—glkzafo - gzkgzao + grkway — hikag — h2k292010 + hk*way — Hkozg

—k/lcxg + Qzao —way =0,

3dhka; + dh2Q2a1 - 2dhskva, — dhywa, — g1k2a1 - gzkgzal + @rkway — dgrvay +
dgiay — hka, - h2k292a1 + hhk*wa, — 30ka(2)a1 - 3k/loz(2)a1 + Q2a1 —wa; =0,
—30kaoa; — 3kdaga; = 0,

—2gva; +2g1a; + 6hkay + 2o’ — 4hskvay — 2hway — Gk’ — kda; = 0.

After solving above equations, the following values are obtained

2k ~gokw+gakPv—2hi k3 +2hak3v—0* +w)

ay=0, «a
0="% Ndbk+dk -6 I 4 ’
g = —3dhy k—dhs (0 +2kv+w)+g2k(0% —@)+dgav+h K +(ak*~1)0* —(g2 k2 + D
1= d—k2 .

By putting these values along (3.5) in (5.1) and (4.1), the solutions are described as
Casel: If ¢=0 and d > 0O then

2(g2ko* — gokw + g2k*v — 2h k3 + 2h,k3y — 0% + @)
V= ! Vdok + dkA— kF — k24 (2 V=padsechy (VD).

y = Ul({)et((/ﬁ(x,t)ww(t)—gzt).

U,
Vdbk + dkd — 6k3 — k34

(i padeschy( Vd¢ )) ,

y, = Uz( éV)et(tb(x,t)wW(t)—ta)_

Case2: If ¢=0 and d < 0O then

2(g2k0? — gokw + g2k*v — 20 K3 + 2hk3y — 0 + @) —
5= N6k + dkd — 0K — k4 (= V=padsec(V=d0).

y3 = U, ( {) et(¢(x’t)+QW(t)—92t) .

_ V2(g2ko? — gokw + g2k>v — 2h1k3 + 2k — 0* + @) (+ J=padese (V= {))
4 = T - - )
a0k + dkd — 0k* — k2. "
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ys = Us(0) PN +HeW(H-*1)

Case3: If d <Oand ¢ = %2 then

2(2,k0? — ookt + g,k2v — 2 k3 + 2hok3y — 02 + _ —
O e k] O N R
VdOk + dkA — 6k3 — k34 2 2
ys = Us({)e @O

Ue = V2(g2ko? — gokam + g2kv — 21 k3 + 2hak3v — 0* + @) (+ [ —d_ ( [ 1’5)]
ok + dkA — 0k? — k31 2 PN 2 )

Yo = Ug(0)e @xnreW -

_— V2(g2k0? — gokw + g2k — 2 K3 + 2h,Kk3v — 0% + @) (+ —d (cothy, (V242)
S = P _
bk + dikd — 03 — k31 2

+ y/pgeschy, ( V=2dr )) ,

7 = Us(£)e"@x+eV -
2g2ke” — gok + g2k?v — 2M K3 + 2k — @7 + [~ [-
Us = V2g:ke? ~ gokw + gaky — 2hy kv -0+ @) (J_r _d(COthpq[ i{]
Vdok + dkA — k3 — I3 0) 8 8

o )

yg = Ug({)e Pon+eVo-e*n,

Cased: If d > O and ¢ = & then

Vs = V2(g2k0? — g2k + g2kPv — 23 + 2hak3v — 0% + @) (+ \/gtan ( \/@O)
bk + dkd — 03 — I8 27PN 2

Yo = Ug(£)eWseWm-e*n

W V2(g2k0? — gokw + gok?v — 2 K3 + 2hak3y — 0 + @) (+ \/Ecot (\/Eg)]
10 = “\ 5 bt K
Vdok + dicd — 0 — ° 27N 2

Yio = Ug(Q)e @0V,

_— V2(g2k0® — g2k + g2kPv — 23 + 2hok3v — 0% + @) [+ \/E (tanp (V30)
1= -\ 5
Vdfk + dkd — 6k3 — koA AN
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+ v/pgsecyq ( V2d¢ )) ;

Y = Uy (é/)et(tﬁ(x,l)ww(t)—gzl)_

2g2ko? — gokaw + gokPv — 2m K3 + 2k — 0 + @ d
U, = V2(g2ko? — gokw + g i 2k -0 )(i \/; (cotyq ( V242)

Vd6k + dkA — 6k3 — k34
+ V=Pgescpq ( V2 \/3{ )) ,

Yia = Uyp(0)e 0+ o-¢",

Uiz =

oo )

yi3 = Up(Qe eV o=e,

\/Z(gzkg2 — @k + kv = 2K + 2h kv — 0* + @) [+ c_i (cot ( d_(]
VAdbok + dkd — k% — k24 MLV 8

6. The influence of noise on BAE

In this paper, the novel solutions in form of stochastic optical solitons for BAE using SSM are
effectively constructed. This method is not applied to this model earlier and considered as most recent
technique to obtain the solutions of NLEESs. In order to scrutinize the influence of noise on solutions,
the graphical illustration of these solutions via 3D and 2D plots are represented with appropriate values
of parameters. These obtained solutions have many applications in communication because without
changing its shapes, solitons transfer the data over long distances. Attained results are distinct and
novel from that reported results. Only particular figures are drawn to avoid ambiguity.

e For the parameters of d = +2,0 = -3, hy =1, h, = 1.5, k=1,1=05,v=1,p =0.5, g, = 1.09,
g = 0.98, w = 1 and different values of o, the physical behavior of y;, ys4, ys, y¢, and yg are shown in
Figures 1-5 which represent the bright, dark, singular, periodic singular and combined dark-singular
stochastic soliton solutions respectively.

e Furthermore, if the multiplicative noise is increased, the surface becomes fluctuated. Hence, it is
observed that the solutions of BAE sustain by multiplicative noise around zero.

AIMS Mathematics Volume 8, Issue 9, 21606-21621.
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Figure 1. Graphical illustration of bright stochastic soliton to y;.

(b) £=0.1

(©e=08

(d) o=0.5
70

00

Figure 2. Graphical illustration of periodic stochastic soliton to y,.
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(d) 0=0.35
1.2

Figure 3. Graphical illustration of dark stochastic soliton to ys.

(a) 0=0.2 (b) 0=0.2

” -2 t 2 4
Figure 4. Graphical illustration of singular stochastic soliton to ys.
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0=0.2

" - 2 4
Figure 5. Graphical illustration of combined singular-dark stochastic soliton to ys.

7. Conclusions

This paper successfully applies the SSM to study the BAE with multiplicative white noise. This
analysis yields a variety of stochastic solutions including dark, bright, combined dark-bright, periodic,
combined dark-singular and singular solitons. Compared to previous studies [51], our results provide
new additional solutions like combined dark-singular solitons. Moreover, to illustrate the features of
these solutions, the 3D and 2D plots are also illustrated. In order to check the effect of noise term,
Figures 1-5 indicate that an increase in the noise term coefficient causes an increase in fluctuations.
The graph without noise demonstrates no fluctuations as shown in Figure 5.
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