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Abstract

This article seeks to extend the variational iteration method (VIM) with He’s polynomials for the approximate solution
of nonlinear Newell-Whitehead-Segel equation (NWSE). Lagrange multiplier in correction functional is determined with the
help of variational theory, and then homotopy perturbation method (HPM) is employed to dissolve the nonlinear terms. Thus a
successful series is obtained with these iterations which are termed as He’s polynomials. Result shows that this method is highly
accurate and comes closer very quickly to the exact solution. We formulate three possible cases of NWSE to show the capability
and ability of the present method. The valuable outcome discloses that the proposed strategy is very convenient, straightforward
and can be utilized to linear and nonlinear problems.
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1. Introduction

In natural phenomena, nonlinear partial differential equations perform an meaningful and enhanced
role in modeling numerous physical appearances related to solid-state physics, fluid mechanics, plasma
physics, population dynamics, chemical kinetics, nonlinear optics, protein chemistry, etc.. These nonlinear
models, as well as their analytic solutions, are of enormous interest for appropriate topics. The VIM
was come forth by He [9, 19] and favorably applied to autonomous ordinary differential systems [10],
hyperbolic differential equations [6], non-homogeneous Cauchy Euler differential equations [26], Lane-
Emden problems [7], Klein-Gordon and Sine-Gordon equations [5, 25], and Bratu-type equations [4, 20,
33].

HPM [8, 14, 15] was pioneered, based on the introduction of homotopy in topology, accompanied
by the traditional perturbation method for the solution of algebraic equations. This procedure brings
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forth a summation of an infinite series with clearly computable expressions, which coincides rapidly to
the solution of the problem. HPM obtained the approximate solution not only for small parameters,
but also for very large parameters and the initial approximation can be freely selected with possible
unknown constants. In the literature, numerous authors have successfully applied HPM for various kind
of problems such as inverse problem of diffusion equation [34], linear programming problems [32], blood
flows problem [2], nonlinear oscillator problems [3, 12, 35, 38, 39], hybridization of HPM with Laplace
transform [23, 27], HPM with expanding parameter [17], HPM with auxiliary parameters [16], and a
fractional calculus [18, 22, 36, 37].

Many stripe patterns, e.g., ripples in the sand, stripes of seashells, appear in a variety of spatially
extended systems which can be specified by a set of equation called amplitude equations. One of the
most meaningful of amplitude equations is the NWSE which describes the presence of the stripe pattern
in two dimensional systems.

The NWSE is written as

00 929

4a:mag+ﬁ%ﬁw%l (1.1)

with the initial condition
19(Xl 0) = f(X),

where «, 3 are real numbers and k,y are positive integers. In Eq. (1.1), the first term on the left hand side,

99 expresses the variations of 9(x,t) with time at a fixed location, the first term on the right hand side,

%, expresses the variations of 9(x, t) with spatial variable x at a specific time and the remaining terms
on the right hand side, o — 337, takes into account the effect of the source term.

Recently, NWSE has been studied by Laplace Adomian decomposition method [31], Adomian decom-
position method [24], differential transform method [1], cubic B-spline collection method [40], VIM [30]
and HPM [21, 28, 29]. In current paper, we will study the VIM combined with HPM. Further, HPM cab be
dissolved into a number of iterations which is computable easily. These iterations are known as so called
He’s polynomials. The major advantage of this method is its capability of combining the two powerful
method to obtain exact solution for nonlinear equations. This paper is organized as follows. In Section
2, we study the basic idea of VIM. In Section 3, we present a brief review of the homotopy perturbation
with He’s polynomials. In Section 4, we developed the scheme of VIM with He’s polynomials. Section 5,
presents some numerical test examples on VIM with He’s polynomials applied to find the approximate
solutions and finally, we summarize our results and draw conclusions in last Section 6.

2. Variational iteration method
To clarify the VIM, we begin by considering a differential equation in the formal form:
Ld(x, 1) + Nd(x, t) = g(x, 1),

where L and N are linear and nonlinear operators respectively, and g(x, t) is a known analytical function.
The VIM allows us to write a correct functional of the following type:

t
Ia1(x,t) =dn(x,t) + J)\(S) {Lﬁn(x, s)+Ndn(x,8) —g(x,s)|ds, (2.1)

0
where A is a general Lagrange’s multiplier, which can be identified optimally via the variational theory

and 9, is a restricted for variation which means §9,, = 0, yields the following Lagrange multipliers

A= 1, (2.2)
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Therefore, substituting (2.2) into functional (2.1) we obtain the following iteration formula
t
Ina1(x,t) =9 (x, 1) —J [Lx‘)n(x, s) + N (x,8) —g(x,s)|ds. (2.3)
0

Thus, Eq. (2.3) is called as a correction functional. The successive approximation 9,41, n > 0 of the
solution ¥ will be readily obtained upon using the determined Lagrange multiplier and any selective
function 9y. Consequently, the solution is given by

¥ = lim 9.

n—o0

3. Basic idea of HPM

To illustrate the basic concept of HPM, consider the following non-linear functional equation

A®)—Tf(r)=0, reQ, (3.1)
with boundary conditions
0d
B(8,5-) =0, rer,

where A is a general functional operator, B is a boundary operator, f(r) is a known analytic function, and
I' is the boundary of the domain Q. The operator A can generally be divided into two operators, L and
N, where L is a linear and N being a nonlinear operator. Therefore, Eq. (3.1) can be written as follows

L(®)+N@®) —f(r)=0.
Using the homotopy technique, we construct a homotopy v(r,p) : Q x [0,1] — R which satisfies
H(v,p) = (1 —p)IL(v) = L) + p[L(v) = N(v) — f(v]],
or
H(v,p) = L(v) =L(¥o) + pL(Do) + p[N(v) = f(r)] =0, (3.2)

where p € [0,1], is called homotopy parameter, and 9y is an initial approximation for the solution of Eq.
(3.1), which satisfies the boundary conditions. According to HPM, we can use p as a small parameter,
and assume that the solution of Eq. (3.2) can be written as a power series in p

v:vo+pv1+p2vz+---. (3.3)
Considering p = 1, the approximate solution of Eq. (3.1) will be obtained as follows
d=limv=vg+vi+vp+vz+---
p—1
Substituting (3.3) into (3.2) and equating the terms with identical powers of p, we can obtain a series of
equations of the following form:
p’ivo—f(x) =0, plivi—Hw) =0, p*:va—Hvov1) =0, p°:vs—Hlvovi,v2) =0, ..., (34)

where H(vo,Vv1,Vy,...,Vvj) depends upon vy, v, v2,...,v; and are the so-called He’s polynomials, which
can be calculated by using the formula

10
H(VOIvllvzl“‘lvj 'ap) <Zvlp >

i=0

p=0
It is obvious that the system of nonlinear equations in (3.4) is easy to solve, and the components v;,i > 0
of the HPM can be completely determined, and the series solutions are thus entirely determined.
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4. VIM with He’s polynomials
We consider the following equation:
LO(x, t) + NO(x,t) = g(x, t).

The VIM allows us to write a correct functional of the following type:
t
Onp1(xt) =dn(x, t) + J)\(S) [Lﬁn(xz s) + Nsn(xl s)—glx, 3)] ds,
0

where A is a general Lagrange’s multiplier. Now, by using the HPM [11, 13], we can construct an equation
as follows:

00 t
D pMOnlxt) =Dolx, t)+pJ7\ [ (ans X, s))—g(x s)]ds (4.1)
n=0 0

As it is seen, the procedure is constructed by coupling of VIM and HPM methods. A comparison of like
powers of p gives solutions of various orders. By equating the terms of (4.1) with identical powers of p,
and taking the limit as p tends to 1, we obtain

9(x,t) = lim ans X, 1), =B0(x, 1) +91(x, 1) + D2 (x, t) +

5. Numerical applications

5.1. Example 1
In equation (1.1), if x =2; =3, k =1, and y = 1, the NWSE is written as:

o0 0929 )
ot ax2 +29 -39 (5.1)
with initial condition
¥(x,0) =1. (5.2)

The correct functional of Eq. (5.1) is given as

0o, 6219
0s 0x?

t
D1 (%, 1) = dn(x,t) + J A (s) [ — 29, +38% . (5.3)
0

This yields the stationary conditions
1+7M(s)=0, A(s=t)=0.
The Lagrange multipliers can be identified as follows:
A(s) =—1.
Substituting these values of the Lagrange multipliers into the functionals (5.3), gives the iteration formulas

00 628

-2 2 4
i I + 392 | ds. (5.4)

t
i1 (6 t) = On () —J [
0



M. Nadeem, S.-W. Yao, S. Parveen, J. Math. Computer Sci., 20 (2020), 21-29

25
Applying the HPM on (5.4), we have:
00 t 229 0 00
D P MOnlot) = dolx, 1) +pj [ QPN S g H2) P -3) p“ﬁi} ds.
n=0 0 n=0 n=0 n=0

We can select 9y(x,t) = 1 by using the given initial value (5.2). Accordingly, we obtain the following
successive approximations by comparing the coefficient of like powers of p,

p’ i Do(x,t) =1,

t

1 [ -62190 2
P hxt) = o2 + 299 —39;|ds = —t,
-6 L
f (929 4
2. 1 _ _ %02
P (9o (x, 1) I 2 + 2% 6190191] ds Z!t ,
0
[ (929 22
P i03(x, 1) = | | 57 +20, -39 - 68080] ds=—3t,
\ !
f (929 160
Pt 0a(x,t) S 4203 — 6919, — 6993 | ds = ——t?,
J | ox 4!
0
[ (929 496
P ds(x,t) = 6—24 4204 — 3935 — 619183] ds = —?ﬁ,
) !
The series solutions are therefore given by
4 22 160 496
dx,t) =B+ 01 +0+9+---, d(x, 1) :1—t+5t2—§t3+ﬂt4—ﬁ ..,
and hence the exact solution becomes
2,0t
_ 3¢
d(x, t) % TS
5.2. Example 2
In equation (1.1), if &« = 3 = k =y =1, the NWSE is written as
09 9%
with initial condition
1
¥x,0) = —5—. (5.6)
(14+eve)?
The correct functional of Eq. (5.5) is given as

t
v 029 < <
Dt 1) = 0nlx, )+ [ (o) B = T 3,483 . 67)
0
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This yields the stationary conditions
1+A2(s) =0, M(s=t)=0.
The Lagrange multipliers can be identified as follows:
A (s) = —1.

Substituting these values of the Lagrange multipliers into the functionals (5.7), gives the iteration formulas

2
8n+1(x,t):8n(x,t)—J W B o +92 | ds. (5.8)
0s ox?2
0
Applying the HPM on (5.8), we have:
Z PO (x,t) = Bo(x, 1) J [ Z "o, — Z p“ﬁﬁ] ds
n=0 n=0 =0 n=0

We can select d9(x,t) = 1 by using the given initial value (5.6). Accordingly, we obtain the following
successive approximations by comparing the coefficient of like powers of p,

1
pY:do(x, 1) = — 5/
1—|—eﬁ>
702 5e e
( Ve
plzﬁl(x,t): 20+190—195]ds: ¢ 5t
0x X
! 3(1+e%)
£ a2y 25075 (—1+2 %)
pzzﬁz(x,t) = azl+191—219081} ds = - 2,
g Lox 36(1+e7)
f a2, 125¢ % (14 4(e¥6)2 — 7e e )
p’ 1 93(x, t) = az+192—19%—219090] ds = — t%,
) Lox 648(1+ ¢ )
The series solutions are therefore given by
¥x,t) =V +H +H+d+---,
. Be 25075 (—1+2e %) - 1255 (14 4(e¥6)2 ~7e¥e )
9(x, t) = —— + —t+ - + — -
(1+e%)" 3(1+e%) 36(1+ 7) 648(1+ ¢ )

and hence the exact solution becomes
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5.3. Example 3
In equation (1.1), if x = B = k =1 and 'y = 3, the NWSE is written as:

2 % 4
Friairw i V-9 (5.9)
with initial condition
1
¥(x,0) = 7 (5.10)
<1 + eﬁ> ’
The correct functional for system of Eq. (5.9) is given as
[ o0, 929
D1 (1) = O (x, 1) + J M) {a: ST gt (5.11)

0

This yields the stationary conditions
1+73(s) =0, MN(s=1t)=0.
The Lagrange multipliers can be identified as follows:
As(s) = —1.

Substituting these values of the Lagrange multipliers into the functionals (5.11), gives the iteration formu-
las

MV 0%
n L N s‘;} ds. (5.12)

Int1(x,t) = (x,t) J |:as X2

0
Applying the HPM on (5.12), we have:

Zp“ﬁn(x,t =Jg(x, 1) +pJ[Z n “Bn—Zp“Sﬁ]ds.
n=0 =0 n=0

We can select d(x,t) = 1 by using the given initial value (5.10). Accordingly, we obtain the following
successive approximations by comparing the coefficient of like powers of p,

Pyl t) =
(1+e7%)3
(7% 7evio
pl:{h(x,t): ao—i-ﬁo—m‘}‘*}ds: st
) Lo 5(1+e7%)3
t 3x 3x
) r _62191 3 49e\/ﬁ(—3+26\/ﬁ> )
P id(x,t) = axz—i-f}1—4190191]ds: g t4,
oL 100(1+ef)
t 3 x 3
. a0, N 3430 (9 +4(evi0)2 —27eVi )
PP 0300 t) = | | S5 + 02— 6930F 480192}15: - 2,
ot 3000(1+eﬁ)3
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The series solutions are therefore given by

¥x,t) =g+ + +93+---,

1 7evio 49e Vi (—3+2e Vi) | 343eVi(9-+4(eV)? —27e Vi) |
d(x,t) = LX%+ Lngr o 2+ T 8.,
<1+em) 5(1+em> 100(1+em> 3000<1+em)

and hence the exact solution becomes

d¥x,t) = [;tanh{—zijc— \/71>0t>}+; .

6. Conclusion

In the current work, it is elucidated that VIM with He’s polynomials was successfully employed
for the approximate solution of NWSE with initial conditions. The values of Lagrange multiplier were
investigated by using the variational theory in correction functional. This strategy is utilized in a straight
way dealing without adomain polynomials, linearization, or constrictive hypotheses and yields an exact
solution after a few iterations. We employed HPM in such a way that a small parameter, (say, p) is
considered to 1 and obtained the series of so called He’s polynomials. It is worth mentioning that VIM
with He’s polynomials is capable of reducing the computational work and such treatment is suitable for
other nonlinear problems, especially the fractal calculus or the fractional calculus. For future work, we
hope that this modification of VIM with He’s polynomials will shed more light on the variation theory.
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