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A COMPARISON OF PERTURBATION TECHNIQUES FOR
NONLINEAR PROBLEMS

H. A. WAHAB! SAIRA BHATTI? AND MUHAMMAD NAEEM?

ABSTRACT. The present paper presents the comparison of analytical tech-
niques. We establish the existence of the phenomena of the noise terms in
the perturbation series solution and find the exact solution of the nonlin-
ear problems. If the noise terms exist, the Homotopy perturbation method
gives the same series solution as in Adomian Decomposition Method and
we get the exact solution using two iterations only.
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1. INTRODUCTION

For the last few years, there has been a great deal in the research of han-
deling the nonlinear problems with perturbation methodss. Adomian Decom-
position Method [?] is one of the most successful, reliable and effective tool
among the other techniques for dealing with the nonlinear problems. This
is a method for solving a variety of problems whose mathematical models
yield equations or system of equations involving algebraic equations, system
of algebraic equations, linear or strongly nonlinear, homogeneous and non
homogeneous ordinary and partial differential equations, and system of such
differential equations either with variable coefficients or constant coefficients,
Fredholm or Volterra integral equations and system of such equations and
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integro-differential equations whether they contain or not small or large pa-
rameter (for example see [?], [?]-[?]).

The advantages of this method over other methods are that the series solu-
tion given by this method converges quickly. It avoids any restrictive assump-
tions such as linearization, smallness assumption of parameter, any kind of
transformation, perturbation or discretization of variables (like in numerical
methods which require large size of computational work and usually rounding
off errors causes loss of accuracy). This work has been original extracted from
the thesis [?] and [?].

2. MODIFIED ADOMIAN DECOMPOSITION METHOD

A. M. Wazwaz is the first one who modified the standard Adomian de-
composition method to get the exact solution of the differential equations by
separating the first component of the iterative solution into two parts [?]. He
did not provided any idea to deal with this separation as according to Wazwaz
[?], the separation of the first component of the recursive scheme depends
only on the trial basis. Here, we shall critically comment on some idea about
the separation of the first component into two parts. We shall see that if
we use standard Adomian method instead of the modified technique developed
by Wazwaz, we get the best results if some specific criteria is justified. It is
pointed out by Wazwaz [?], [?] that the modified decomposition method accel-
erates the fast convergence of the approximate series solution and the exact
solution is obtained with the couple of iterations. The complete details of the
method can be found in [?] and [?].

Let us start with the differential equation in general form

Lu+ Nu+ Ru =g, (1)

with given conditions. Here u is the unknown function, L is the linear invert-
ible differential operator of the highest order, R is another linear differential
operator of order less than that of L, Nu being the nonlinear term while g
is the non-homogeneous term. The inverse operator L~! applying on (?7),
together with given conditions, we yields,

uw=f— L Y(Ru) — L7Y(Nu), (2)

where f is obtained by integrating g along with given conditions. The standard
Adomian method suggests u(?, t) as a series solution,

u(7,8) =Y ua(7 1), (3)
n=0
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where the other terms wug, u1, ..., are found by using the following recursive
relation

uy = f, ( 4)
Unt1 = —L7YRu,] — L7 Nuy,], n>1.
The decomposition method suggests that the zeroth component wg is usually
identified by the function f and he components uy, us ,..., u, are determined
recursively. The closed form solution u(?, t), if it exists, can be found because
of the fast convergence enhanced by this technique [?]-[?]. In the modified
method the function f in (?7?) is split into two parts as fy and f; such that

f=h+/h (5)

According to Wazwaz, the proper selection of fy and f; is trial based. This
brings a slight variation in the ug and u; since fy is assigned to the initial
component uy whereas the other part f; is combined with the other terms in
(?7) for uy and the following recursive formula is established;

ug = va
ur = fi — L™ [Rug] — L™ [Nug], (6)
Upi1(x) = =LY Ruy) — L7 Nuy,), n>1.

In [?] it is stated that only two iterations are enough to find out the exact
solution. According to Wazwaz, the success of modified technique is dependent
upon the proper right choice of fy and f; which has no criterion to be judged.

Here, we only describe the method proposed by Wazwaz as well as a criteria
as a guess to judge the form of fy, but this criteria is not always helpful and
we shall show that we have another criteria to judge the forms of fy and
f1.- Perhaps, this is the only specific criteria to judge the forms of fy and f;
which depends upon the standard Adomian decomposition method and its two
components only, namely ug and u;.

2.1. Methods of Choosing the Initial Approximation.

Here we will discuss only one method to choose the initial approximation for
iteration. The other method will be discussed in detail in next sections.

First of all we consider the given initial conditions and observe that the
minimum of the terms of f that is enough to satisfy the given initial conditions.
However this method is not so exact to choose the first component but it gives
us some direction and helps us for trials instead of calculating the so called
Adomian Polynomials which require heavy calculations.

Like the restrictions on the standard Adomian decomposition method, the
modified decomposition method has also some restrictions. In addition to the
restriction in standard Adomian decomposition method, this technique is not
applicable to the homogeneous problems at all (Why? The details for this
will be given in in details in next sections). And moreover, this method will
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not always work for inhomogeneous problems. This depends mainly on the
phenomena of the existence of so called “noise terms”. To check the perfor-
mance of the modified decomposition method, Wazwaz [?] has made a selection
six examples of nonlinear PDEs, including Klein-Gordon equation, and the
nonlinear Lane-Emden differential equations, which are studied to exhibit the
performance of this technique.

2.2. Introduction to the Noise term phenomena.

More recently, Adomian and Rach, first time introduced the phenomena of
the so called “noise terms” and they were defined as “the identical terms with
opposite signs that appear in the first two components of the series solution of
u”. It was proved that if a term or terms in ug are canceled out by a term
or terms in uq, whether uq contains some further terms in it or not, then the
remaining non canceled terms in ug provide the exact solution u. It was sug-
gested that these terms may appear only for the case inhomogeneous problems
and this discovery demonstrated a fast convergence. The fast convergence of
the approximated series solution obtained by this method is presented in many
papers (see for example [?]-[?]). Most recently, Wazwaz developed a necessary
condition that is necessary to ensure the appearance of “noise terms” in the
non-homogeneous problems which states that the “noise terms” may appear
in the components ug and u; only if the exact solution u appears as part of uyg.
Moreover, these non-canceled terms must satisfy the equation and the given
conditions. Certainly, it is not always true that “noise terms” appear for all
non-homogeneous equations as mentioned in [?]. Also see [?],[?], [?].

Although the Modified Technique may give the exact solution for nonlinear
equations without any need of the so-called Adomian polynomials and this
Modified Technique needs only a slight variation from the Standard Adomian
Method, yet it depends upon the first two components of the Standard Adomian
method. Here in this chapter we shall show that this Modified Technique can
be only combined with the phenomena of self-canceling “noise terms”. If these
noise terms do not exist, then this Modified Technique will not work properly
to get the exact solution. Here we select the same examples studied by wazwaz
[?] for his modified technique, and we shall use the Standard Adomian Method
to check whether the “noise terms” exist or not for these problems. Also we use
the method discussed before to choose the initial approximation. Moreover,
our objective here is to introduce the “noise terms” in homotopy Perturbation
Method (HPM), if they appear in the series solution. With the help of this
addition in HPM, we will be able to write the exact solution without any
further calculation. We shall see that the calculation adopted in HPM will
produce the same result as in the standard Adomian Method. In the next
section we shall examine our ideas through examples.
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2.3. Examples.
2.3.1. Nonlinear partial differential equations.

Example 1.
Ut + ui +u—u?=te ", (7)

along with the given conditions u(z,0) = 0 and u;(z,0) = e~*. Applying the

linear operator L = g—;, with prescribed conditions, the following result is
obtained
t3 t s
u(z,t) = gefz +te " — / / (u2 +u — u?)dqds. (8)
0o Jo
Now considering the standard Adomian method,
t3
f(x,t) = Ee_x +te . (9)

Wazwaz could split f(z,t) into two parts, say fo and fi or ug(z,t) and u;(z,t)
on trial basis. First of all we consider the given initial conditions and see that
the minimum of the terms of f that is enough to satisfy the given initial
conditions. We observe that the term te™ is enough to satisfy the initial
conditions. Therefore, we can choose it as ug = fo and remaining part of f is
added to the definition of w1, that is remaining part is selected as f1, so that
the following recursive relation is obtained,

t3 t ps
ui(zx,t) = ge_x —/ / (ugy +uo —ug)  dqds, (10)
0o Jo

and up1(z,t) = — L7 u2  +u, —u?], which gives uj (z,t) = %e‘x—ge_“” =0,
so that ug = 0. Thus

oo
u(z,t) = Zun(x,t) =wup(x,t) + all other zero components (11)
n=0

Therefore, u(z,t) = te~. is the exact solution. We see that how a slight
modification in the method leads us to the exact solution. But the difficulty
here is the proper choice of the part fo which is the main task here to apply
modified technique, and is tackled by using given initial conditions. But this
method of choosing and splitting f into two parts does not work always. It is
just a guess. And on trial basis we can find the exact solution.

Here we also show that trials are not only criteria to determine this part.
In fact, this modified technique mainly depends upon two components of the
standard Adomian method, say ug and u;.

Now considering the standard Adomian method, we have

f(z,t) = tgex +te™® = up(z,t), (12)
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t3e™® e
6 + 90
Now, we add the two components of the solution from equation (??) and (?7?)
to observe the existence of the noise term in the solution, we can see that the

, in the first component and %e‘ , in the second
component of the recursive relation, and the non cancelled term of ug is te ™%,
which was actually taken as ug in the modified technique given by Wazwaz [?].
So we can see that existence of the noise term assures us the existence of the
exact solution. If we see to the initial conditions, we observed that they are
also satisfied by the non cancelled term of ug and also the governing equation
also satisfied by it. The difficulty of splitting f into two parts was removed.
But by the phenomena introduced by Adomian and Rack in [?], [?] that “it was
concluded that if a term or terms in the component ug are cancelled by a term
or terms in uy , even though uy contains further terms, then the remaining non
canceled terms in ug provide the exact solution u.” If noise term exists and the
remaining non cancelled terms of ug satisfy the given equation and prescribed
conditions, then why we use the modified algorithm, given by Wazwaz [?]. So
we can conclude that that the modified algorithm will be effective well if we
combine it with the noise term phenomena, if exists. Otherwise if we have
already applied Standard Adomian Decomposition Method and we find the
existence of the noise term, then we must check whether the equation and the
give conditions are satisfied or not. If they are satisfied by the non- cancelled
term, then we should declare it the solution of the equation. So the exact
solution is

Uy = —

(13)

x T

. . 3 _
noise terms exist as —%e

u(z,t) =te™®

Our next examples will focus on this issue.

Example 2.
Upr + Uy = T + Int, (14)
along with given conditions u(0,t) = Int, and u,(0,t) = 1. Let us define the

. 2
linear operator as L = %, to get

3 2

f(a:,t):%+x+%lnt+lnt—r1[uu$]. (15)

We now consider that by using initial conditions that minimum of terms of f
that satisfies the given conditions is = + Int. We take it as fp and remaining
part of f is added to the definitions of u;. So taking ug(z,t) = = + Int, and

ui(x,t) = %3 + % Int — L™ [uguoy], so that

Upy1(z,t) = —L_l[unum], n>1. (16)
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Thus,
3 2 3 2
x° oz 0 oz
t)y=—+ —Int— —+ —Int=0. 17
ulet) =gt yhi=g 5 (17
Consequently from equation (??) we have u,yi(x,t) = 0, VYn > 1, and
therefore, the exact solution is
u(z,t) =x + Int. (18)

It is clear from the given examples that the right choice of fy and f; can make
the size of work smaller.
Now, using Standard Adomian Method we have,

3 2

u(z, t):%—i—?lnt—i—w—&—lnt—lj [uty], (19)
and selecting  ug(x,t) = %—l—% Int+x+Int, and  wupi1(z,t) = —L7Huptng]
;n > 0, we get

R | 1
up(z,t) = —[— 5 +30+6:c lnt+ x lnt+72x61nt+(lnt) ——l—mx . (20)

Now, we add the two components of the solution from equation (??) and (?7)
to observe the existence of the noise term in the solution. We see that the
noise terms exist as % + x2 Int, in the first component and —g — 5:172 Int,
in the second component of the recursive relation (?7) and the non cancelled
term of ug is z + Int, which was actually taken as fy in the modified technique
given by Wazwaz in [?]. If we see to the initial conditions, we observed that
they are also satisfied by the non cancelled term of uy and also the governing
equation also satisfied by it.

2.3.2. Nonlinear Klein Gordon Equations. The most important nonlinear par-
tial differential equation the nonlinear Klein Gordon Equation arising in the
fields of nonlinear optics, ferromagnetic materials, charge density waves, in
models for an electronic device called Josephson junction, and in quantum
field theory for strongly interacting particles. In relativistic physics, it is used
to describe dispersive wave phenomena. Physically, Klein Gordon Equation
gives rise to an ideal model, such as for quasi-particle currents. The Klein-
Gordon equation, as a relativistic version of the Schrdinger equation, was
derived in 1928 which describe the free particles.

The standard form of nonlinear Klein-Gordon equationis given by

U — Uz +au+ F =G, (21)
subject to the initial conditions u(x,0) = h(z), u(x,0) = g(x), where a # 0 is
a constant and G is the source term of space x and time ¢ and F' is a general
nonlinear potential function of u which often yields oscillatory solution. For

G = exp(u), the equation (??) appears in the theory of constant curvature
and with G = cosu, the equation (??) becomes the Sine-Gordon equation
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whereas the polynomial nonlinearity in G is used to model the field theory.
The different forms of the nonlinear terms G in (??)have been investigated in
[?]. We consider the following form of nonlinear Klein Gordon equation.

Ezample 1. Consider
2 _ 2,2 6,6
Ut — Ugg + u” = 6xt(z” — t°) + 277, (22)
along with given conditions u(x,0) = 0 and wu(z,0) = 0. Applying L~! on
both sides of the equation (?7), which, on being integrated, gives us
3 6¢8
u(z,t) = 233 + Toxt5 + 2—6 + L7 unge — u?] (23)

Now, in f(z,t) = 233 + %wt5 + %, we see that the minimum of terms of

f that satisfies these conditions is 23t3 only. We choose it as ug(z,t) = 233,
and f1 = —f’—omt‘:’ + % so that using the recursive relation, wu,y1(z,t) =
L™ Yunge — u2], we get
3 5 2% 3 o a8
ui(xz,t) = ——at — 4+ —at’ — —— =0 24
@) = =357+ 56 T 1o 56 (24)

The remaining components also vanish as up4+1(x,t) = 0,;Vn > 1, so that
u(z,t) = 233, is the exact solution. Using the Standard Adomian’s Method
we get f(x,t) = 233 — f’—oxt5+%, and we choose it as uy = x3t3—%xt5+%,
and up11(2,t) = L™ upee — u2],. Applying the iverse linear operator we get

3 5 1 4,10 1 6,48 3 2,12 1 12,18
I I R
ui(x,t) R T 567 4400" (56)2.306"
1 4,10 1 7415 1 9,13
P t - -
om0t 10600 28.12.13

26¢8

=5 in the first component

We can see that the noise terms exist as —%mtS +
and %mtE’ — %xfitg, in the second component of the recursive relation and
the non cancelled term of wug is 23t which was actually taken as ug in the

modified technique. clearly the initial conditions and the governing equation

is also satisfied by the exact solution u(x,t) = 23t3.
Ezample 2.

Ugt — Ugg + U2 = —x cost + x2cos’t, (25)
with initial conditions u(z,0) = x, and us(x,0) = 0. Applying L~! on both
sides of the equation ??, we get f(z,t) = —xcost — % + %QCOS 2t — %.

Observe that the minimum of the terms of f that satisfy these conditions is
x cost only which is chosen as ug and
222 2? R z?

U1($,t):T—§C082t+§—7+§C082t—§:O. (26)
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The remaining components also vanish so that the exact solution is u(x,t) =
x cost. Applying the Standard Adomian’s Method, we have

242 2 2

uozxcost—Tngcos%—%, (27)
and
ui(x,t) = it‘l - %tQ + 1—16 cos 2t — 1—16 - ix2t2 + %xQ cos 2t — %m2
+ ot 20148 cos 4t + 6i4tsin 2t — 2§28x4 - :U421—556t2 + %t‘l
+ ﬁﬁ—m?’(g)cost—k%sint—%tzcost+%cosgt.

Observe the existence of the noise term as —% + % cos 2t — %,in the first
22t? x? x? . .

component and +#~ — % cos 2t + %, in the second component of the recursive

relation. And the non cancelled term of ug is x cost, which was actually taken

as ug in the Modified Technique

2.3.3. Lane-Emden equations. The Lane-Emden equation introduced by Lane
in 1870 and studied in 1907 by Emden, has a fundamental importance in many
problems of mathematical physics ranging from astrophysics to kinetic theory
and quantum mechanics. The Lane-Emden equation of index m characterized
by singular behaviours in its standard form is given by,

u 4 gul + au™(x) = h(x), (28)

subject to the conditions u'(0) = 0, and u(0) = wug. This equations was
used to model the thermal behavior of a spherical cloud of gas subject to the
classical laws of thermodynamics for different values of r. The other special
forms of the nonlinear term " in (?7?) are used for modeling in the theory of
stellar structure, the thermal behaviors of a spherical cloud of gas, isothermal
gas spheres, and theory of thermionic currents. The index m in (??) has a
physical significance only in the range 0 < m < 5, which has some analytical
solutions for m = 0, 1,5 while the numerical solutions are still sought in case
of other values of the index m, and the perturbation techniques are use to find
a series solution of (??). However, these series solutions are often convergent
in restricted regions.

The singularity behaviour of (??) at the point z = 0 as a main difficulty
in its analysis was handled by wazwaz [?] by introducing a new differential
operator L in terms of the two derivatives as,

d . d
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The Adomian decomposition method is applied in straightforward fashion with
this new choice for the differential operator L [?].

Ezample 1. Consider the following inhomogeneous equation
2
Upy + —Ug + ud = 6+ 20, (30)
x

along with the given conditions u(0) = 0, and u,(0) = 0. Applying the inverse
linear operator L~! on the both side of the equation (ref26) and using the
modified technique, we get

8

9 T

flz)==x +72. (31)

We see that the minimum of the terms of f that satisfy these conditions

is 22 only. So up(z) = 2% = fo, wi(v) = % — L7Y(ud), and upy1(z) =

—L7Y(u2);¥n > 1, so that uj(x) = 0, with all other other vanishing compo-
nents. Hence, the exact solution is u(x) = 2.

On the other hand, using the Standard Adomian’s Method we get up(x) = f(x)

and
R I D C 1925 26
ur(?) = —5a" = = T~ T 12636

We can see that the noise terms exist as +%, in the first component (??) and

(32)

—%, in the second component (??) of the recursive relation. And the non
cancelled term of ug is 22 which is the exact solution.

Ezample 2.
4 2 3 6
Upy + —Ugp +u° =4+ 18z + 42° + z°, (33)
T

with the initial conditions u(0) = 2, and u,(0) = 0. Applying the inverse linear
operator and using the Modified technique, we get,

222 1 8
—9 S b L), 34
u(z) + E +x —1—1030 +88 (u®) (34)
From equation (??) we can select
272 1 8
=24 — 54 a4 . 35
fla) =2+ -+ + 1527 + o (35)

Note that the minimum of the terms of fthat satisfy these conditions are
2 + 23 as well as 2. After making trials, we choose ug(z) = 2 + 23 = fo, and
remaining part of f(z)is added to the definition of u; so that

_ 222 1 28 222 1 8

2t 1 s @ 2 1 5 T
ui(x) = 3 —i—lO:c +88 3 103: 38 0. (36)
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So u,11(x) = 0, and the exact solution is u(x) = 2 + 3.
On the other hand using Standard Adomian’s Method. we have

222 1 8

—9 3, + 5, T
uo(x) + 3 +z° + 10:6 + 5 (37)
_ 2 2 2 4 1 5 2 6 4 7 1 8
w(@) = —pat gttt e 3T e T T s”
1 9 49 10 9 12 1 13
T ot T1moxi0” T omox12” T 704x 130
1 15 1 18
T 3060 x 157 T (882 x 2l x 18"

We can see that the noise terms exist as +:1:3+1i0:c5+§, in the first component

8 . . .
and —23 — %x‘r’ — S5 in the second component of the recursive relation. And

the non cancelled term of ug is 2 + 22, which is the exact solution.

3. THE HoMOTOPY PERTURBATION METHOD

Like the other available traditional perturbation methods, this technique
does not require a small parameter in an equation at all. While ccording
to the homotopy technique, a homotopy along with an embedding parameter
p € [0,1] is established, and the method is called the Homotopy Perturbation
Method, which can take the many featured advantages of the traditional per-
turbation techniques as well as the Homotopy techniques [?][?]. Unfortunately,
the available traditional perturbation techniques depend on the existence of
a small parameter in that problem under discussion, which is a restriction
in finding the applicability of wide applications, because not all nonlinear
problems have such small parameter at all in them. Many other new tech-
niques were developed in the recent years to eliminate the “small parameter”
restriction, which inclde the artificial parameter method by Liu, the Homo-
topy Analysis Method proposed by Liao [?], [?], and the variational iteration
method proposed by He. A review of recently developed nonlinear analysis
methods can be found in detail in [Int. J. Nonlinear Sci. Numer. Simul. 1
(1 (2000) 51-75]. Recently much enthusiasm of homotopy theory among scien-
tists was appeared, and the homotopy theory becomes a powerful tool, when
coupling with the perturbation theory [?]-[?]. The Homotopy Perturbation
Method (HPM), proposed first by Ji-Huan He in 1998, was further developed
and improved by He, and was repeated by Mallil and his colleagues in 2000.
We shall describe this method with examples as in previous technique, and
compare our results with the previous results. Moreover, we shall show that
if we choose the same linear operator as in Adomian Decomposition Method,
we shall get the same results and this can be also combined with the noise
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term phenomena if it exists. So a new addition to the Homotopy perturbation
method will be established.

3.1. Iterated Homotopy perturbation method.
To illustrate the Iterated Homotopy Perturbation Method (IHPM), He con-
sidered the following nonlinear differential equation
Aw) = f(7), 7 e, (38)

with boundary conditions  B(u,du/dn) = 0,7 € 7“_}, where A is a general
differential operator which can be divided into linear part L and a nonlinear
part N, f (7) is a known analytic function, r_} is the boundary of the domain
2; and Then

L(u) + N(u) = f(7).. (39)
He constructed a Homotopy ’Uj(7,p) : Q5 x [0,1] — R, satisfying

H(vj,p) = L(v) — L(y;0) + pL(yj0) + p[N(v;) — f(7)] =0,  (40)

where p € [0,1] is an embedding parameter, ¥, is the initial approximation
of (?7). Hence, it is obvious that

H{(vj,0) = L(vj) = L(y;0) = 0,
{ H{v 1) = A(vy) — f(7) = 0. (41)

Applying the perturbation technique, with 0 < p < 1, the solution of 7?7 can
be expressed as series as in p, as follows,

vj = j0 + Uil + P2 + P03+ s (42)

When p — 1, (??) corresponds to (?7) and (??) becomes the approximate
solution of (??), i.e.,

u=limv; =v;o+vj1+vj2+vj3+.., (43)
p—1

The series (?77) is convergent for most cases, and also the rate of convergence
depends on A(v;). Now we consider the different examples that we considered
in previous methods.

3.2. Examples.

3.2.1. Nonlinear partial differential equations.
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Ezample 1. Consider the following nonlinear partial differential equation
g 4+ uZ 4+ u —u? = te™?, (44)
with initial conditions u(x,0) = 0, and u;(x,0) = e~*. Define a linear operator

as L= 59722 +1, and let t € 4, and x € Q, then Q = UQ;. We construct a
homotopy which satisfies

L[’U(x’,t;p) - UO] - pL[U($,t;p) - UO] —|—p[L’U(3§‘,t;p) + Ua% - UQ] = te_x7 (45)
L’U($,t,p) — Lug + pLug —I—Z)[UC% - 02] = te_xv

with initial approximation as wuy(x,t) = u(z,0) = 0. Suppose the solution of
problem is of the form

v(z,t;p) = vo(x,t) + pvi(z,t) +p2v2(a:,t) + oy (46)

such that v? = v3 + 2pvivg + p?0? + ..., and v2 = v, + 2pv1,v0, + P?V3, + ...,
Then from (??) we have,

Llvo 4 pv1 + p*va + ...,] — Lug + pLug + p[vd, + 2pvizv0e + p2v?, + ..., ]
— (W +2puivg + PP+ )] =te
with initial conditions
v(x,0;p) = vo(x,0) + pvi(x,0) + p*ve(x,0) + ..., = 0, (47)

vi(z,0;p) = vot(, 0) 4+ pvyg (2, 0) + pPog(x,0) 4 ..., = e %, (48)

so that the following set of equations are obtained

o (A) {Lvg=te™® vo(z,0) =0 ,vp(z,0) = e,

e (B) {Lvi+v3,—v§=0  vi(2,0)=0,v(x,0) =0,

o (C) {ng + 2[1)09511190 — 1)01)1] = O, vg(x, 0) = 0, ’Ugt(.fC, 0) =0
and so on. Here note that we are getting the same components of the series
solution as we have calculated for the Adomian Decomposition Method. For
example in set (B), the component ’ng is the first component in Adomian
Decomposition Method. for the nonlinear term u? appearing in the equation.
Similarly, the component US was calculated as ug for the nonlinear term u?
If we choose the same linear operator as in Adomian Decomposition Method
to proceed, we get the same results as in Adomian Decomposition Method.
Similarly in set of equation (C), the component 2[vg,v1; — vov1] is the same
as we calculated in previous method for nonlinear terms u2 — u?. When the
embedding parameter p goes from 0 to 1, v(x,t;p) goes from the initial ap-
proximation to the exact solution as

u(z,t) = lim v(z, t;p) = vo +v1 +v2 + ..., (49)
p—1
Now, consider the set of equations (A),which gives the solution, using initial

conditions,
vo(x,t) = te™*. (50)
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Now, from set equations (B), we have
Loy +v3, — 03 = Luy + 12727 — 1?72 = (), (51)

so that Lv; = 0, with initial conditions vi(x,0) = 0, and v¢(z,0) = 0. This
will give the solution, vy(z,t) = 0. Now, consider the set of equations (C)
Lvg + 2[vg,v1, — vov1] = 0, with initial condition which will give the solution
va(x,t) = 0. So that we get the solution from equation as

u(x,t) :;Ev(x,t;p) =v+vi+v2+.,=v0+0+0+ ..,

So the exact solution is u(x,t) = te~*. The solution is the same as we have
calculated in Adomian Decomposition Method and Modified Technique even
though the linear operator was different from the linear operators in the men-
tioned methods. We got the same result by this technique.

Example 2.

Uge + Uz = x + Int, (52)
with initial conditions  u(0,t) = Int, and wu,(0,f) = 1. Defining the
linear operator as L = (%22, we construct a homotopy which satisfies

Lv — Lug + pLug + plvvg] = = + Int, (53)

with initial approximation ug(z,t) = w(0,¢) = Int. Suppose the solution of
equation of the form (??) as,

U(.’L‘,t,p) = Uo(.fC,t) +p1)1(1:,t) +p2’l)2($,t) + (54)

so that v, = vovog + PlUoviz + V1v0s] + P [VoV2 + V1V1s + Vogv2] + .oy
Then from (??), we have
L(vo + pv1 + p°v2) + ..., — Lug + pLug
+  plvovoz + Plvovis 4 V1V0s] +p2[’vov2x + V101 + Vogv2] + ..., ] =« + Int,

with initial conditions

v(0,;p) = vo(0,1) + pv1(0,t) + p?ve(0,t) + ..., = Int, (55)

02(0,;p) = v02(0,1) 4+ pv1(0,1) 4+ p2va(0,1) + ..., = 1. (56)

Now, equating the terms with equal powers of p we get the following set of
equations;

o (A) Lvy— Lug =z +1Int, wv(0,t) =Int, wvp,(0,¢) =1

° (B) Ly 4+ vovg, = 0, Ul(o, t) =0, ’Ulz(O, t) =0

° (C) Lvy + [’U(]le + ’Ulvogc] = O, ’UQ(O, t) =0, UQI(O, t) =0
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and so on. Here note that we are getting the same components of the series
solution as we have calculated for the Adomian Decomposition Method. Now,
from (A), we have

vo(z,t) =Int + 2+ L'z + Int]. (57)
The terms on the R.H.S., have already been calculated in Adomian Decompo-
sition Method for ug(z,t) as equation (??). So we get from this equation,

3 2

x x
— + —Int. 58
¢ T2 (58)
This term is similar to the term in Adomian Decomposition Method as ug(z,t).

vo(z,t) =z +1Int +

Soug=vg=x+Int+ %3 + %2 Int. Now, we consider the set of equations (B),
and get
v1(x,t) = v1(0,t) + 2v1,(0,t) — L™ vovo],
vi(z,t) = =L vgwog). (59)
This term also has been already calculated in Adomian Decomposition Method
as equation (??) and so vi(x,t) = ui(z,t), and we get,

2P

1 1 1
vi(x,t) = _[F + 30 + 6x4lnt+ 51’2 Int + ﬁ@ﬁlnt—i- (Int)

3
2T 1 7
6 Trax7"

(60)
It is interesting to note that if we ad the two components of the series solution
without the parameter p we get the following result.

» 1, 1 o3 1

vo(x,t)+v1(z,t) = [z+Int— 30 6% Int]— [ﬁx Int—(Int) 5 TxT

(61)
which is the same result obtained in ADM obtained after the cancellation
of terms in the first two components. So we can introduce the noise term
phenomena here also as “The identical terms with opposite signs that appear
in the first two components of the series solution of v(z,t;p) asp — 17. So, it is
concluded that if a term or terms in the component vy are cancelled by a term
or terms in v1 , even though vy contains further terms, then the remaining non
canceled terms in vy provide the exact solution v;(x,t) as p — 1. We can see
that as p — 1, and we consider only two components of the series solution, we
have wu(z,t) = 1?—2% v(x,t;p) = vo+v1. So we get the exact solution using the

]

noise term phenomena in HPM. As in the next set of equation, we will have
to face the same calculations as in ADM, so that the remaining noise terms
may cancel as p — 1. We can see that the noise terms exist as % + %a:z Int,
in the first component and —%3 - %xQ Int, in the second component the series
solution. And the non cancelled term of vy is # +In¢. So the exact solution is

u(x,t) = x + Int.
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3.2.2. Nonlinear Klein Gordon Equations.

Example 1.

Ut — U + u> = 6xt(z? — t2) + 2515, (62)
with initial conditions wu(x,0) = 0, and w(z,0) = 0. We construct a
homotopy which satisfies

Lv — Lug + pLug + p[v? — vyy] = 6at(2® — %) + 2545, (63)
with initial approximation  ug(z,t) = u(x,0) = Int. Suppose the solution
of equation of the form (??) so that v = v + 2pv1vg + p*0? + ..., and

Vg (T, 1) = Voge (2, 1) + pr1ga (T, 1) +p?V2z2 (2, 1) + ..., . Then from equation (?7?)
we get the following set of equations;

o (A) Lvy = 6xt(x? —12) + 255, v(z,0) =0, wvo(x,0)=0

e (B) Lvi+ Lug+ [v3 — vozz] =0, v1(2,0) =0, v1(2,0)=0

° (C) Lvy + [21}12}0 — lex] =0, ’UQ(.T,O) =0, ’Ugt(CE, 0) =0
and so on. Here again note that we are getting the same components of
the series solution as we have calculated in Adomian Decomposition Method .
We choose the same linear operator as in Adomian Decomposition Method to
proceed, to get the same results as in Adomian Decomposition Method. From
set of equations (A), we have

vo(z,t) = L 6at(x? — %) + 259), (64)

The terms on the R.H.S., have already been calculated in Adomian Decom-
position Method in equation (?7?) for ug(z,t). So, we get from this equation,
vo(z,t) = 233 — Zatd + %. Similarly from (B) we have

3 5 L o400 1 6.8 3 212 1 12,18
v(z,t) = —at°+ - —zt — =t - —2t°" — —5———=x 1
iz, 1) 10 174 56 4400 (56)2 x 306
I S A L 1 2715 1 29413
150 19600 28 x 12 x 13
Again if we ad the two components of the series solution without the parameter
p we observe that the noise terms exist as —%xt‘r’—i—%, in the first component

%xﬁtg, in the second component. And the non cancelled term of

So the exact solution is u(x,t) = z343.

3 45
and L

vo is 2383,

Example 2.
Upt — Ugy + u° = —z cost + 2% cos? ¢, (65)
with initial conditions u(xz,0) = z, and w(xz,0) = 0. We construct a
Homotopy which satisfies
Lv — Lug 4 pLug + p[v? — vge] = —x cost + % cos? t, (66)

with initial approximation  wg(z,t) = u(x,0) = z. Suppose the solution of
equation of the form (??) to get the following set of equations;
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e (A) Lvy=—xcost+az?cos’t, wvo(x,0) =2, wvp(z,0)=0
e (B) Lvyi+ [0} —vozz) =0, wvi(x,0) =0, vy(x,0)=0
o (C) Lvg + [2v1v9 — Vigz] =0, w2(z,0) =0, v (x,0)=0
and so on. With the same arguments, from set of equations (A), we have

242 2 72
vo(x,t) = xcost — o + gcos% 3
and from (B), v1(z,t) = ui(x,t) and so So we get
1 1 1 1 1 1 1
vi(z,t) = ﬂt4 - §t2 + g ¢ 2t — 6 1x2t2 + 1.%2008215 - ZxQ
1 1 49 15 1 1
4 . 4 4 2 4 6
4t + —t 2t — — 2 —t —1 —1
T T T e N T o0as” T 256" 102" 480
— :L'3§ cost + 2tsint — 1152 cost + 1 cos> ¢
2 2 18

These two components of the series solution after the cancellation of terms
using the noise term phenomena in HPM, give the exact solution

u(zx,t) = xcost.

As we can see that the noise terms exist as —# + %2 cos 2t — x—; in the first
component and —|—# — x—; cos 2t + %, in the second component. And the non

canceled term of vg is z cost.
3.2.3. Lane-Emden equations.

Ezample 1.
2 3 6
uqu;ueru =6+,
with the initial conditions w(0) =0, and u;(0) =0. Let x € Q, and we
construct a homotopy as satisfying
Lv — Lug + pLug + p[v®] = 6 + 23, (67)
with initial approximation wug = u(0) = 0. Suppose the solution of equation
of the form (?7), then from equation 77, we get the following set of equations;
o (A) LUO =6+ xsv UO(O) = 07 UOIE(O) =0
e (B) Luvy+[vi] =0, v1(0)=0, v1,(0)=0
e (C) Luvy+[3v1v3] =0, v2(0) =0, v2.(0)=0
and so on. When the embedding parameter p goes from 0 to 1, v(x,t;p) goes
from the initial approximation to the exact solution. Thus from (A), we have

8
vo = up = 2* + L, and from (B) vi(z) = u(z) = —FHa® — Lt — 2,220 —
1925 26 : : : : : x8
TITx 19636 %" - The existence of tile noise term in the series solution as +2
z®

in the first component and —%; in the second component ensures the exact

2

72
solution as  u(z) =z
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Ezample 2.
4
Upy + — Uy + U2 =4+ 18z + 4$3 + xﬁ’ (68)
x

with the initial conditions u(0) = 2, and u,(0) = 0. Constructing a
homotopy which satisfies

Lv — Lug + pLug + p[v?] = 4 + 18z + 423 + 2°, (69)
with initial approximation 1o = u(0) = 2. Suppose the solution of equation
of the form (??), then from equation ??, we have the following set of equations;

o (A) Lvg=4+18z+42® + 2% (0) =2, v.(0)=0
e (B) Lvy+[3]=0, v(0)=0, v1(0)=0
° (C) Lvy + [27)11)0] =0, UQ(O) =0, 7)23;(0) =0

and so on. Now, from set of equations (A), we have vo(z) = wup(x) =
2+%+x3+%x5+§—;,and from (B),
2,02 401 s 2 ¢4 o1 ¢ 1
vi(z) = [595 t35% T 0% Y o253% TosrY T1ist Tso”
49 9 1
+ 10 12+ 13_|_ 15

1430100 2750120 T 704137

We can see that the noise terms exist as —i—x?‘—&-%ox“r’—i—%, in the first component

8 .
3 %x5 — &g, in the second component. And the non cancelled term

of vg is 2 + =3 which is the exact solution.

and —x

4. CONCLUSION: COMPARISON OF THE ANALYTICAL METHODS

4.1. Comparison of Modified Adomian Decomposition Method and
Adomian Decomposition Method.

In all examples we can see that Modified Decomposition Method is guess
based method on its initial component. As far as the argument of Wazwaz
is concerned, he showed that we can find the exact solution after using two
iterations only. But did not provide any idea to choose the initial component.
In Section 1.3, we have given an idea to choose the initial component, which
seems not to be helpful always. If we want to find the exact solution, then
either we should use Adomian Decomposition Method or any other technique
for the non linear problem. Because we have shown in Section 1, that if there
is some cancellation of the terms in the series solution then there may or may
not be noise terms existence phenomena, this depends upon the necessary
condition of the existence of the noise terms. And if such terms exist, then we
should simply use the noise terms phenomena instead of the Modified Tech-
nique. Moreover noise terms do not exist always. In this case it was useless
to apply this technique. And if we lessen the terms in the first component

3960.15°  (83)2.21.18"

18]
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of the recursive relation in order to facilitate our work and to avoid the cal-
culations of the Adomian polynomials, then the remaining terms are added
to the second component. And if the exact solution does not exist then in
the next iteration, we will have to calculate Adomian polynomials to get the
next components of the series solution. Also this technique is not applicable
to homogeneous equations as Adomian method has some restrictions on it if
both initial conditions and the governing equations are homogeneous. So we
give preference to the Adomian Decomposition Method instead of the Modified
Technique because it depends upon some features of Adomian Decomposition
Method which is a straight forward method.

4.2. Comparison of Adomian Decomposition Method and Homotopy
Perturbation Method (HPM).

We have seen the phenomena of the existence of the noise term in Homotopy
Perturbation Method also if we use the same linear operator as in Adomian De-
composition Method. In Example 1 of Section 2, we see that when we changed
the linear operator, we obtained the exact solution after two iterations only.
And in all other examples the HPM goes parallel to Adomian Decomposition
Method. However both the methods are independent of the existence of the
small or large parameter. In Homotopy Perturbation Method, we take the
advantage of the Homotopy which is a fundamental concept of topology as
well as the perturbation technique. However, both the techniques give the
same series solution when we use the same linear operator. In some papers,
comparison has been made between the two methods, (for example in [?]-[?]
and [?] ) and showed that Homotopy Perturbation is widely applicable where
Adomian Decomposition Method has some restrictions.

5. CONCLUDING REMARKS

We have seen that the two perturbation techniques, Adomian Decomposi-
tion method and Homotopy Perturbation Method (HPM) working in parallel
when treated with the nonlinear equations. We selected the same linear op-
erators both techniques, because we have great freedom to choose the linear
operator. Adomian Decomposition Method is a straightforward method which
does not require an initial guess, while we select an initial guess in Homotopy
Perturbation Method (HPM). Then the success of HPM depends upon the
choice of initial guess, however, we found the exact solution. Both the tech-
niques are free from the restriction of the existence of small or large parameter.
We have suggested an idea to select the initial guess in Modified technique by
Wazwaz [?] as well as related the success of this technique with the existence
of noise terms. We have suggested that this Modified Technique can be only
combined with the phenomena of self-canceling “noise terms”. We also intro-
duced the existence of the phenomena of noise terms in HPM, on the basis of
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which we are able to modify Homotopy Perturbation Method for future work.
We see that all presented exact solutions to nonlinear equations are a kind of
simple combinations of elementary functions. One may as the question; Can
this procedure be used to solve other more complex initial value problems?
There are many nonlinear problems available in literature which have been
treated with Adomian Decomposition method and Homotopy Perturbation
Method. As far as the existence of the exact solution is concerned, it de-
pends upon the initial guess and the choice of linear operator appearing in the
problem and most important, the existence of the phenomena of self-canceling
“noise terms”. Which is proved to be success of these techniques. We are
also trying to introduce these ideal for other available perturbation techniques
by applying it to some nonlinear models of diffusion [?]. However, there are
still many improvements may be required to apply these techniques to more
complex initial value problems.
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