& frontiers | Frontiers in Physics

’ @ Check for updates

OPEN ACCESS

Chun-Hui He,
Xi‘an University of Architecture and
Technology, China

Marwan Alquran,

Jordan University of Science and
Technology, Jordan

Muhammad Nadeem,

Qujing Normal University, China

Farah M. Al-Askar,
famalaskar@pnu.edu.sa

26 July 2023
03 October 2023
20 October 2023

Al-Askar FM (2023), The solitary wave
solutions of the stochastic Heisenberg
ferromagnetic spin chain equation using
two different analytical methods.

Front. Phys. 11:1267673.

doi: 10.3389/fphy.2023.1267673

© 2023 Al-Askar. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physics

Original Research
20 October 2023
10.3389/fphy.2023.1267673

The solitary wave solutions of the
stochastic Heisenberg
ferromagnetic spin chain equation
using two different analytical
methods
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Riyadh, Saudi Arabia

Here, we consider the stochastic (2 + 1)-dimensional Heisenberg ferromagnetic
spin chain equation which is forced by the multiplicative Brownian motion in the
Stratonovich sense. We utilize the (G'/G)-expansion method and the mapping
method to attain the analytical solutions of the stochastic (2 + 1)-dimensional
Heisenberg ferromagnetic chain equation. Various types of analytical stochastic
solutions, such as the hyperbolic, elliptic, and trigonometric functions, have been
obtained. Physicists can utilize these solutions to understand a variety of important
physical phenomena because the magnetic soliton has been categorized as one
of the interesting groups of nonlinear excitations representing spin dynamics in
the semiclassical continuum Heisenberg systems. Moreover, we employ MATLAB
tools to plot 3D and 2D graphs for some obtained solutions to address the
influence of Brownian motion on these solutions.
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1 Introduction

In many branches of science and mathematics, nonlinear evolution equations (NLEEs)
play a crucial role in describing a wide range of phenomena that linear equations are unable
to adequately explain. These equations involve nonlinear terms that can lead to diverse and
often intricate behaviors, making their study both fascinating and challenging. NLEEs have
also found significant applications in various branches of physics and engineering. In fluid
dynamics, the famous Navier-Stokes equations describe the behavior of fluids which are
inherently nonlinear due to their viscosity and turbulent effects. Understanding and solving
these equations is essential for predicting weather patterns, optimizing industrial processes,
and designing efficient aerodynamics. Additionally, NLEEs have been instrumental in
quantum field theory, providing insights into particle physics and the dynamics of
elementary particles.

In mathematics, the study of NLEEs has led to the development of several powerful
analytical and numerical techniques. Some of these methods include Jacobi elliptic function
[1], (%)-expansion [2, 3], sine—cosine [4, 5], perturbation [6, 7], exp (—¢(¢))-expansion [8],
Hirota’s [9], tanh-sech [10, 11], and Riccati-Bernoulli sub-ODE methods [12].

On the other hand, stochastic NLEEs (SNLEEs) play a crucial role in various scientific
fields, including physics, finance, and probability theory. These equations incorporate
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(i—iii) 3D profile of the solution |y (x,y,t)| defined in Eq. 32, with 83 = -5, w = 0.5, and o = 0, 1, 2. (iv) 2D profile of Eq. 32 with various values of ¢.

random variations into deterministic equations, adding a stochastic
term that captures the inherent uncertainty in the system. The
addition of the stochastic term is of paramount importance as it
allows us to better model and understand real-world phenomena by
accounting for unpredictable factors and fluctuations. Furthermore,
the addition of stochastic terms helps capture the complexity and
nonlinearity of real-world systems. Many physical and financial
systems exhibit a nonlinear behavior, where small changes in the
initial conditions or parameters can lead to drastic and
unpredictable outcomes. Traditional deterministic NLEEs often
fail to accurately capture this nonlinear behavior. By introducing
stochastic terms, we can better model the inherent randomness and
nonlinearity of these systems, leading to more realistic and insightful
solutions.

It looks more significant when considering models of NLEEs
with random forces. Therefore, here, we consider one of the most
important models in the modern magnetic theory, the stochastic
Heisenberg ferromagnetic spin chain equation (SHFSCE), derived
using multiplicative Brownian motion in the Stratonovich sense,
which has the following form:

idy + [lay,, + kv, + Koy, ~kKily[]dt+ipy-dB =0, (1)
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where v is a complex stochastic function of the variables x, y, and ¢
and k; is the constant for i = 1, 2, 3, and 4. ¢ is the noise intensity, and
B is the Brownian motion in one variable .

A deterministic Heisenberg ferromagnetic equation (DHFE)
has been created to interpret magnetic ordering in ferromagnetic
materials. It plays an important role in the modern magnetic
theory, which describes nonlinear magnet dynamics and is used
in optical fibers. Due to the importance of DHFE, many authors
have attained the exact solution for this equation by using various
methods, such as Hirota’s bilinear method [13, 14], Darboux
transformation [15-17], sub-ODE method [18], sine-Gordon
and modified exp-function expansion methods [19], auxiliary
ordinary differential equation [20], Jacobi elliptic functions [21],
F-expansion method combined with Jacobi elliptic functions
[22], and generalized Riccati mapping method and improved
auxiliary equation [23], while many authors have investigated the
analytical solutions of fractional DHFE by using various
methods, including exp (—¢(c))-expansion and extended tanh
function [24], new extended generalized Kudryashov [25], and
generalized Riccati equation mapping methods [26].

The main motivation of this work is to obtain the analytical
stochastic solutions of Eq. 1 using the (G'/G)-expansion and
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mapping methods. Physicists could utilize the acquired solution to
interpret a variety of fascinating physical phenomena because the
magnetic soliton has been categorized as one of the interesting
groups of nonlinear excitations representing spin dynamics in the
semiclassical continuum Heisenberg systems. Moreover, we show
the influence of Brownian motion on the behavior of these solutions
using MATLAB tools to exhibit some graphical representations.

The remainder of this article is organized as follows: in
Section 2, we define the Brownian motion and state the
relationship between the Stratonovich and It6 integrals. In
Section 3, we derive the wave equation of SHFSCE (1). In
Section 4, we apply the (%)—expansion method to attain the
analytical stochastic solution of SHFSCE (1). In Section 5, we
discuss the influences of Brownian motion on the analytical
solutions of SHFSCE (1). Finally, we outline the article’s
conclusions in Section 6.

2 Brownian motion

Brownian motion refers to the random movement of
microscopic particles suspended in a fluid. It was first
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observed by the Scottish botanist Robert Brown in 1827 when
he noticed pollen grains jiggling randomly in water under a
microscope. This discovery paved the way for the development
of the kinetic theory of gases and had a profound impact on our
understanding of the physical world. Brownian motion has
applications in a wide range of scientific disciplines. In
physics, it has been used to determine fundamental constants,
such as Avogadro’s number, by measuring the displacement of
particles in a known volume under known conditions. In
chemistry, it has been utilized to study the diffusion of
molecules, enabling the determination of molecular sizes and
diffusion coefficients. In biology, it has been employed to study
the movement of microscopic organisms and the dynamics of
biological macromolecules.
Now, let us define the Brownian motion B(t) as follows:

Definition 1. The stochastic process B(t), t >0 is called Brownian
motion if it satisfies the following criteria:

1. B(0) = 0.

2. B(t) has independent increments.
3. B(t) is continuous in t.
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4. The increments B(t) —B(s) are normally distributed with
variance t — s and mean 0.

We need the following lemma:

Lemma 1. E(e?5®) = ¥ for any real number p.

We note that there are two widely used versions of stochastic
integrals, Stratonovich and Itd [27, 28]. Modeling issues usually
dictate determination of the acceptable version; however, once
the version is selected, a comparable equation of the other
version can be established with the same solutions. Thus, it is
possible to switch between It6 (denoted by j fdB) and
Stratonovich (denoted by j f°dB) integrals using the
following relationship:

t 0
[ £sxoase - j F(s,X)*dB(s )——j flsx) LX)y,

)

where f is assumed to be sufficiently regular and {X,, t >0} is a
stochastic process.
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3 The wave equation of SHFSCE

To derive the wave equation of SHESCE, we employ the next
wave transformation:

(1) = u(m)e (B0 =y x4 g,y 4yt 3)
0= 91x + 62}/ + 93t,

where u is a real deterministic function and #; and 9, for all i = 1, 2,
and 3 are constants. We note that

Voo = [miu’ + 2in, 000’ — Bule (10-eBt0-%),
v, = [3u” + 2in,0,u' — Bule (i6-oB(-0%) (4)
v, = [’11’7214” +i(n,6, +n, 00 - Glezu]e (i0-0B(®)-0%)
and
1 ; 2
dy = [(Wau' +i05u + Eazu - 02u>dt - audB]e(’e‘”B(t)‘” Ddt

(5)
= [(’13”' +i6;u)dt — (%ozudt + 0udB)]e(i9’”B(‘)’”2’)dt,
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where the term +10”u represents the Ité correction. By using Eq. 2 in
the differential form, we obtain

dy = [(nyu' +i0su)dt — ouedBe (PO gp. 6)

Substituting Eq. 3 into (1) and utilizing Eqs 4, 5, we obtain the
following equation for the imaginary part:
(15 + 2ki, 0, + 2ky11,0, + ks, 0, + ks, 60, )u’ = 0, (7)
where we assume that
713 = —klf’llel - 2k21’]262 - k31’]162 - k37’]201.

Furthermore, we derive the following equation for the real part:

u” _ hle(ZaB(t)—ZUzt)u_“a —hu=0

(8)

where

hy = ks
' kit + ka3 + ks m,

and i, = 0 + 5,07 + k0% + k36162.
kint +karl + ksnym,
Taking expectation on both sides of Eq. 8, we attain
urr _ h1u3e—2aztE(62aB(t)) _ hzu =0,

©)

where u represents the deterministic function. Using Lemma 1, Eq. 9
attains the following form:

u' = = hau = 0. (10)

4 Exact solutions of SHFSCE

To find the solutions of Eq. 10, we apply the (G'/G)-expansion
[2] and mapping methods. Subsequently, we attain the solutions of
SHFSCE (1).

4.1 (G'/G)-expansion method

To begin, let us assume that the solution of Eq. 10 has the

el

where by, by, ..., by denote unknown constants, such that by # 0, and

following form:

(11)

N
MZZbk

i=0

G solves
G +MG +29G =0, (12)

where A and v are undefined constants. By balancing »* with u'’ in
Eq. 10, we obtain

N=1 (13)
From Eq. 13, we can rewrite Eq. 11 as
!

u= bo + b]E (14)

Substituting Eq. 14 into Eq. 10 and utilizing Eq. 12, we obtain
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173 112
(2, - hlbi)[%] + (30, - 3h1b0b§)[%]
G!
+ (/\zbl + Zblv - 3h1b1b3 - hzbl) [E]

+(VAby = 1 blb, - hyby) = 0.
Equating each coefficient of [%]1 (i=3,2,1,and 0) by zero, we obtain
2b, - b} =0,
3\b, - 3hbeb’ = 0,
by +2byv - 3h,by b} — hyby = 0,
and
vAby — b, — ub, = 0.

We obtain the following equation by solving these equations:

The roots of auxiliary Eq. 12 are

P mich
2

Depending on 7, a variety of situations might arise, which are as

)

where ¢; and c, are constants. Hence, by using Eq. 14, the solution of
Eq. 10 is

A
2

follows:
Case 1: If , = 0, then

- -
G(n)=qa exp<7 11) +on exp<711

ALz, & exp(3'1)
V2R~ N[ 2 cpexp(Zn) + conexp(Z
As a result, SHFSCE (1) derives the solution

u(n) =+

17)]' 1o

e (i6-0B(t)-0t) ,
i)

(17)

A 2 [-A caexp(2)
X )t) =t ——+\[— | =+
vt {\/Zhl \/;[2 clexp(’%q)+cznexp(’—;n

where 17 = 11 + 15y — (k1101 + 2ky1120, + k3110, + ksnp0;)tand 0 =
91x + 92)/ + 63t.
Case 2: If 71, <0, then

cw-sef(3 el

Therefore, the solution of Eq. 10 is
-1 —h, -1
c1(7 . \E >exp((7
I exp( @)n) +c exp((_—/\—
2 2
(317 ){(5- 7))
2 2 2
+ .
-1 —h, —h,
won((F 3 ) reen((F-452))

2

)l

£5))
)

(18)

2
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Consequently, the solution of SHFSCE (1) is

-1 \/——hz - [
vory—a] 2 Bl GE )l ))
7 | V2R n -1 ~h, -A —h,
a exp((7 S )n) +c exp((;— \/; )V])

e (i6-0B(t)-0*t)

(19)

Case 3: If 71, >0, then

-2 )l )

Hence, the solution of Eq. 10 is

o A \]E Y 7c1\/";2 sin(\/%q)ﬂzz\/% cos<\/"—gr])
u(n)== =t .
V2h hi| 2 clcos(\/%q>+c2sin(\/§i1>

Thus, the solution of SHFSCE (1) is
A 2 (-1
—t g | =+
—er\[5 sin{ [ )+ e2\7 cos| \ S
"
c cos( ?11) +C, sm( ?11

where 17 = n1x + 12y — (2k11161 + 2ko1205 + k310, + k3n,0;)t and
0 = 0;x + 0,y + 05t

Special cases

Case 1: Substituting ¢; = 0 and A = 0 into Eq. 21, we obtain

Case 2: Substituting ¢; = 0 and A = 0 into Eq. 21, we obtain

vl \/Z'z“’( @ﬂ)e(wm(””zt)- (23)
1

Case 3: If we substitute ¢; = ¢; = 1 and A = 0 into Eq. 21, then

(20)

y(x,p,t) =

e (i0-0B(t)-0%t)

1)

v(x, p,t) == \/Z—-j[sec(@q) + tan(\/Z_szq)]e(iH’“B(t)’“Z‘).

Case 4: Substituting ¢; = ¢, = 1 and A = /27 into Eq. 21, we derive

Copt=|erranf(— L )
v e "\, 1+ cot (V2R 1) /|

Case 5: Substituting ¢; = ¢ = 1 and A = —+/2%, into Eq. 21, we obtain

(iG*UB(t)*Uz[) . (24)

(3

_ —_ @ 1 (i6-0B(H)-0*t)
W(x’y’t)__+li2\jh71<l+tan(\/2_h2r7)> e . (25)

Case 6: Substituting ¢; = ¢; = 1 and A = 0 into Eq. 19, we derive

v(x, y,t) =+ 4 _h—;iztanh< \,_Thz ,1)6 (i0-B(t)-0%t) (26)
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Case 7: Substituting ¢; = 1, ¢, = -1, and A = 0 into Eq. 19, we derive

Yoyt =+ \_h_hzwth< > ’7>e(m_ag‘”'”2t), (27)
1

where 11 = n1x + 112y — (2k11710; + 2ka1205 + k3105 + k3n0,)t and 6 =
91x + 92}/ + 63t.

Remark 3. Eqs 22-27 with ¢ = 0 coincide with the results reported
in [24].
4.2 Mapping method

Let the solutions of Eq. 10 take the following form:
¥(n) =t +big(n), (28)

where £, and ¢; denote the undetermined constants and ¢ solves the

@' = \Jr +qe* + pot, (29)

where the parameters r, g, and p all denote real numbers.

first elliptic equation:

Substituting Eq. 28 into Eq. 10, we obtain
(2€1P - hlﬁ)(/f - 3h1€0€?(p2 + (€1q - 3h1€(2)€1 - é’lhz)(p
+ (h2€0 - hleg) = O
Equating each coefficient of ¢* to zero, we derive
2€1p - hlff = 0,
—3h,8€% = 0,
l’lq - 3h1€§€1 - €1h2 =0,
and
—hzeo - hleg =0.

Solving these equations, we obtain

2
2 =0, €1=i\}h—P, h =0, g=h. (30)
1

Substituting into Eq. 28, we derive the solutions of Eq. 10 in the

N0 P
u(n)—i\j;q)(ﬂ), forh1>0.

Consequently, the solutions of SHFSCE (1), utilizing Eq. 3, are

following form:

v(x, p,t) == iL—Pq) (n)e (#-oBO=7) | for hﬁ >0. (31)
1 1

Depending on p and 7, a variety of cases might arise, which are as
follows:

Case1:Ifp =, W, g=—-(1+ @?), and r = 1, then the solution of
Eq. 29 is ¢(n) = sn(n). Hence, Eq. 31 becomes

2 . 2
v(x,yt)=tw osn (n)e (#-0BO-") forp, >0.  (32)
\7u1

When w — 1, then Eq. 32 changes to

frontiersin.org
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2 . .
y(x,pt) == h—tanh(n)e(’s’”B(’)’” 9, forh; >0.  (33)
1

Case 2: If p = 1, g = 2w* — 1 and r = —w* (1 — &%), then the

solution of Eq. 29 is ¢(1) = ds(n). Thus, Eq. 31 becomes

2
¥ (% y,t) = % h—ds(n) (#8-0B0-0) forh, >0.  (34)
1
When w — 1, then Eq. 34 changes to
2 ; >
v (x p,t) = £ 4 h—csch(i//)e(‘e’”s(””’ 9, forh, >0.  (35)
1

If w — 0, then Eq. 34 tends to

2 : 2
v(x y,t) =+ h—csc(ﬂ)e(‘e"’s(’)’” 9, forh, >0. (36)
\J 1

Case3:Ifp=1, g=2- W, andr = (1- ﬁ}z), then the solution
of Eq. 29 is ¢(#) = cs(#). Hence, Eq. 31 becomes

2
y(x, p,t) =+ h—cs(ﬂ)e (1#0-0B0-0)  for b, > 0. (37)
\J 1

When w — 1, then Eq. 37 transfers to Eq. 35. If w — 0, then Eq. 37
tends to

2 : 2
y(xpt) =+ . cot ()e (o8- 9, forh, >0.  (38)
1

Case 4: If p:“’f = @ z,andr = 1, then the solution of Eq. 29
is ¢(n) = 1i2§1’1()n) Thus, Eq. 31 becomes
L |1 5”(’7) (i6-0B(1)-o%t)
> Ys (16080 , forn; >0. (39
A e A wwm L ory (39)
When w — 1, then Eq. 39 transfers to
1 tanh(n) (i6-0B(1)-0%t)
pt) =t | e (aBOT) forpy S0, (40
y(ert) 2 1+ sech(n)e ort (40)

(1_Az 2

Case5: If p = (HDZ)Z

. 1 (1)
Eq. 29is ¢(n) = dnsm'z(q)

,and r = 1, then the solution of

Hence, Eq. 31 becomes

sn (1)

- (1‘0*[73(0*(72[’) forh; >0
20, dn+cn(;1)e »ori =T

y(opt) =+ (1-0%)

(41)
If w — 0, then Eq. 41 tends to
_ 1 Sln(ﬂ) 16 oB(t)-o t)
y(x, y,t) = £ 4 27, 1+ cos (’1) forn, >0. (42)

_ (-’

lw)

Case6: Ifp= 1’;" z, ,andr = , then the solution of

Eq. 29is ¢(n) = 12::?31) Thus, Eq. 31 takes the following form:
1-@*  cn(y) (i6-aBt)-c?
pt) =t oo e (0B forp, 50, (43
v ) 2h, l+sn(;1) orf (43)
If w — 0, then Eq. 43 tends to
Frontiers in Physics
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(i0-0B®-0t) forp >0,  (44)

1 cos(n)
y(ont) = \/; 1+s1n’1(11)

Case 7: If p =1, q = 0, and r = 0, then the solution of Eq. 29 is

o(n) = f—1 Hence, Eq. 31 becomes

y(xpt) =+ \/‘ Ze (190800 for i, >0,
hl n

Case8:Ifp=-1, g=2- w? andr = (W? — 1), then the solution of
Eq. 29 is ¢(n) = dn(n). Thus, Eq. 31 becomes

(45)

v(x pt) =2 \/;L—'Zdn(n)e(io”g(’)”zt), forh, <0.  (46)
1

When w — 1, then Eq. 46 transfers to

—2
y(x, y,t) = £ 4 h—sech(n)e (i8-0B0-0") " for, <0. (47)
1

If w — 0, then Eq. 46 tends to

-2 ¢ 2
v(x, y,t) = £ 4 h—e(’e’”g(”’” 9, forh, <0. (48)
1
Case 9: If p=-0?, g=2w" -1 and r = (1 - &?), then the

solution of Eq. 29 is ¢(1) = cn(y). Hence, Eq. 31 becomes

_2 X 5
v (x, y,t) = £ Wy h—cn(n)e(‘e’”g(”’” 9, forh, <0.  (49)
1

When w — 1, then Eq 46 transfers to Eq. 47.
Case 10: If p= G Wr and r=

T q=
solution of Eq. 29 is ¢(n) = 1‘1’3’2’21).

~2
(“’4’”, then the

Thus, Eq. 31 has the

following form:

_dn(n)
1+ sn(ﬂ)

— (w+1

W’ -1
20,

(i0-0B®-0)  forp, <0.  (50)

Case 11: If p = =L ,and r = M then the solution of

1
Eq. 29 is ¢(n) = wen (11) i dn(n). Hence, Eq. 31 becomes

y(x ) =% zhl [wen(n) + dn(n)]e(®EO) forh, <0.
(51)

When w — 1, then Eq. 51 transfers to Eq. 47.

5 Brownian motion’s influence

In this section, we address the influence of Brownian motion
on solutions of SHFSCE (1). We provide numerous graphical
representations to demonstrate the influence of Brownian
motion on the behavior of these solutions. First, let us fix the
parameters k; =2.5,k, =k; =1.5, ks =0.5,and n; =1, =60, =0, =
1. MATLAB is used to plot some solutions, such as [22], for x € [0,
4],y=1,and t € [0, 4] and for various o values (noise intensity) as
follows:
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When examining the surface at o = 0, it is apparent from Figure 1,
Figure 2, and Figure 3 that there is a fluctuation and that the surface is not
smooth. When noise is added and its intensity is increased by a factor of
0 =1 and 2, the surface becomes substantially flatter after minor transit
patterns. This demonstrates that the Brownian motion influences the
solutions of SHFSCE and stabilizes them at zero.

6 Conclusion

In this article, we considered SHFSCE (1) forced by multiplicative
Brownian motion. The stochastic solutions to this problem were
obtained using two separate methods: the (G'/G)-expansion
approach and the mapping method. These solutions are much more
accurate and helpful in comprehending several critical complicated
physical processes. Some previously obtained solutions, such as
those described in [24], were extended. Finally, we used MATLAB
tools to show the influence of multiplicative Brownian motion on the
solutions of SHFSCE using graphical representations.
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