Z

\

Mathematics Scientific Journal

Vol. 8, No. 2, (2013), 21-31

Some notes on convergence of homotopy
based methods for functional equations

A. Azizi®* J. Saeidian® E. Babolian?

& Department of Mathematics, Payame Noor university, 19395-4697, Tehran,
1. R. of Iran.

b Faculty of Mathematical Sciences and Computer, Kharazmi University, 599
Taleghani avenue, Tehran 1561836314, Iran.

Received 22 February 2012; accepted 10 January 2013

Abstract

Although homotopy-based methods, namely homotopy analysis method and
homotopy perturbation method, have largely been used to solve functional
equations, there are still serious questions on the convergence issue of these
methods. Some authors have tried to prove convergence of these methods, but
the researchers in this article indicate that some of those discussions are faulty.
Here, after criticizing previous works, a sufficient condition for convergence of
homotopy methods is presented. Finally, examples are given to show that even
if the homotopy method leads to a convergent series, it may not converge to
the exact solution of the equation under consideration.
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1 Introduction

The last two decades of analytic solution methods for solving functional
equations have been dominated by homotopy approaches. Homotopy-
based methods which are generally known to be homotopy analysis method
(HAM) [1] and homotopy perturbation method (HPM) [2], are powerful
methods which have proved their efficiency through solving vast variety
of functional equations. Ordinary and partial differential equations, frac-
tional differential equations, integral and integro-differential equations
are the areas which homotopy methods have been successfully applied.
Especially, HAM has been employed to solve some types of differential
equations, for the solution of which neither analytic methods nor nu-
merical techniques have been useful [3,4]. These facts prove the great
potential behind homotopy approaches.

Other than the known applications of homotopy methods in solving func-
tional equations, there have been some interesting innovations, for ex-
ample Abbasbandy and Liao have proposed a new Newton-homotopy
method, which is a generalization of the famous Newton-Raphson method
[5]. Also Liao has recently introduced a transform called homotopy-
transform, which he proves that Euler transform is a special case of it [6].
The homotopy idea has also been used for computing Laplace transform
[7], Sumudu transform [8] and Fourier transform [9]. Some other applica-
tions of HPM and HAM could be found in [10,11,12] and the references
therein.

Despite of these novel applications, there are still serious questions con-
cerning convergence of these methods. Attempts have been done in this
direction, but none of them have a universal result and unfortunately
some are mathematically wrong.

In almost all analytic and semi-analytic approaches, used for solving func-
tional equations (of which homotopy-based ones are special cases), there
are two main concerns about the convergence of the obtained solution,
i.e. the convergence of the solution series in its own right, and the con-
vergence to the ezxact solution.

In order to establish the convergence problem more rigorously, a common
terminology for HAM and HPM has been used in this paper. Of course
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HAM has more auxiliary elements and is more flexible in comparison
with HPM, but this common framework is a simple one that allows us
to concentrate on the convergence issue and is, hence, sufficient for our
discussion.

Consider a nonlinear equation such as A(u) = 0, where A is an operator
and v is an unknown function to be determined. Suitably choosing oper-
ator L (usually a linear operator), we construct the ” homotopy equation”
as follows:

H(u,p) = (1 —p)L(u) + pA(u) = 0. (1.1)
Assume that the solution of the homotopy equation could be presented
as u(p) = ug + urp + ugp® + - --. For p = 0 this equation is equivalent
to L(u) = 0. This equation should be an easy-to-solve one, so this fact
must be considered in choosing L. For p = 1 the homotopy equation is
A(u) = 0, i.e. the original equation.
As p — 1, the homotopy equation (1) converges to the original equation,
so we expect u(p) = up + uip + usp? + - -+ to converge to the solution of
the original equation when p — 1. However there are issues which should
be mentioned about this convergence.

The current paper generally discusses the convergence issue of homotopy
methods. In so doing, the previous works in this regard are discussed
and criticized in section 2. In the rest of the article the reader will come
across a couple of counterexamples on previous convergence results, which
modifies our classic thoughts on convergence of homotopy-based meth-
ods. Later on, a theorem is presented which gives sufficient conditions
for convergence in special class of functional equations.

2 Comments on previous results

Biazar and Ghazvini in [13] and Biazar and Aminikhah in [14] have tried
to prove the convergence of homotopy method, in the special case of
HPM, through discussions based on Banach fixed point theorem.

In [13], page 2634, the authors asserted that in the sequence obtained
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from HPM the nth order approximation, i.e. V,, is dependent upon the
(n — 1)th order approximation V;,_;. This is not true, because when we
use HPM for solving a nonlinear equation u,,, the nth term of the itera-
tion method is dependent upon previous terms ug, uy,- -+ ,u,_1 and not
necessarily their sums. Thus, it is obvious that the nth order approx-
imation V,, is also dependent upon previous terms and not necessarily
their sum. This is the fact that can be easily seen in Example 1 and 3
in the same paper, where the authors have given the governing equation
for V,, in pages 2636 and 2639. In fact every nonlinear equation can be a
counterexample for their assertion.

The same assumption is used in paper [14], so from the above discussion
it is obvious that the proposed assumption in those papers are incorrect,
therefore their results are invalid and useless.

In both papers, the presented examples are such that they satisfy a con-
traction property that ensures convergence of the resulted series, if it is
not the case we have no guarantee for convergence of HPM. Actually
both papers have a misusage of Banach fixed point theorem.

In [15], Odibat uses an application of contraction mapping theorem to
prove convergence of HAM. In page 784, it is not clear why the author
has presented the initial guess in the special form (20). The convergence
criteria of Theorem 1, which is a famous result of Banach’s fixed point
theorem, is hard to check specially in the cases where there is no general
form for the series’ terms. Thus the criteria is not practical for a method
like HPM.
In page 785 the discussions on ;’s are faulty, one can simply check the
_ il _ 1/(VB@+1) _ i1
[l 1/(V/3i) i+l ’
but X¢;(z), is not convergent for any z but 0.
In both examples, which are given to assure discussed claims, the author
has restricted the domain of the problem to [0, 1], this interval simplifies
the user to check the convergence criteria, however one may fail to obtain
efficient results for the original domain, namely [0, oo].

series 7. Here we have ¢;(x) = ¥, so 3;

In HAM case there is a well known theorem by Liao [16] which reduces
the convergence problem to the convergence of the resulted series. His
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claim is as follows:

Theorem 2.1: [9, Theorem 2.1 and Theorem 3.3] Whenever the solution
series obtained by the homotopy analysis method is convergent, it would
converge to the exact solution of the equation under study.

However there is a mathematical problem with his proof. Liao has an
incorrect assumption that whenever Yu, (t) are convergent then u/ ()
would also converge. For rejecting this claim consider the series of func-
tions Yu,(t), where u,(t) = (t")/n?, this series converges at ¢t = 1, but
Y, (t) is not convergent at the same point (as another example Yu, (),
with u,(x) = % is convergent on R, but Xu/ (¢) is not convergent at
any point x). So the following discussion in those theorems are useless.

On the other side in HPM or HAM we replace a nonlinear equation with
infinitely linear equations, where in the case of differential equation, the
order of L is not necessarily the order of the original equation [17,18].
So in using HPM or HAM, for solving differential equations, we may not
apply all initial boundary conditions of the equation under study for its
resulted sub equations. This guides us to the fact that, sometimes, the
final solution of HPM or HAM is a solution which does not satisfy the
initial boundary conditions, so is not the solution of the main equation.

Next section gives counterexamples to reject Theorem 2.1, then a modi-
fication of the theorem is presented.

3 Counterexamples and a modified convergence theorem

The following examples show that the solution of homotopy method is
not always the solution of the main equation under study, even if the
convergence radius of homotopy solution is more than 1.

Example 3.1: Consider the Laplace equation . + u,, = 0, subject to
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Neumann boundary conditions:

uz(0,y) = cos(y), uz(m,y) = cosh(m)cos(y).

The exact solution of the equation is u(x,y) = sinh(x)cos(y).
We illustrate the HPM case which is more simple. Let L(u) = uy,, so the
homotopy equation will be:

H(u,p) = (1 —p)L(u) + pN(u) =0,

H(u,p) = uyy + pug, = 0.

By substituting u = uy 4 u1p + uep® + - - - in the homotopy equation and
doing homotopy solution process we would have:

Uoyy = O’ on(,jl,” 0) = 07 UOy(QJ; 7T) = 07
ulyy = —Uozz, uly(l‘70) == 0, Uly(l‘,ﬂ') = O’
U2yy = —Ulzz, U’Qy(x? 0) = 07 Uzy(l’, 7[_) = Oa

Solving the above equations, considering boundary conditions (BC), we
have:

o = fo(x)y + go() =5 folz) =0
— Uy = go(@
ur = go(2)y?/2 + filz)y + g1(z) =5 gf(x) =0, fi(x) =0,
= go(z) = apz + by, u1 = g1(x).

Solving other equations as well we get u; = a;x + b;, for i =0,1,2,---.
Now we have u = ug+uy +us+ -+ = (X a;)z + (3 b;). It is obvious that
even if > a;, > b;, are convergent, still this is not the solution of the main
equation.

26



Example 3.2: Consider the heat equation:
Ut — 9ux$ = O,

u(z,0) = sin(z), u(o,t) =0, u(g,

The exact solution of this equation is u(v,t) = 2z+Y22; B,e > tsin(2nz),
where B,,’s are the Fourier coefficients for the sin(z) — 2z, i.e.

B, =2 [y (sin(z) — 2z)sin(2nz)dx

In this equation we have two choices for L, namely Lu = u;, Lu = —9u,,.
We will show that in both cases, the solution of homotopy method is
convergent, but does not satisfy initial and boundary conditions simul-
taneously, so the convergence of the series does not imply that it is the
exact solution of the equation.

Case 1: Lu = w,.

In this case the homotopy equation will be as follows:

£ =1.

or
By the assumption u = ug + u1p + ugp® + - - - , we have the following sub
equations:

uge = 0, uo(z,0) = sin(z),

Uy = 9u0xac7 ul( O) - O

Ut = Mgy, uz(z,0) =0,

solving the above equations we have:

up = sin(x),

uy = —sin(x)(9t),

t)2
2

uy = sin(x)?

us = —sin(z) 3, :
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so the final solution is

U =1uy+u +ug+---

= sin(z)(1 — 9t + (9;!)2 + (9;!)3 +--0)

= sin(x)e .

9 is not the exact solution of the above heat

It is obvious that sin(x)e™
equation.
Case 2: Lu = —9u,,.

In this case the homotopy equation will be as follows:

H(u,p) = (1 — p)(—%uss) + p(uy — Yugy) =0,

or
H(u,p) = puy — Yug, = 0.
By the assumption u = ug + u1p + usp® + - - -, we have the following sub
equations:
gz =0, (0, ) = 0, (%, ) = 1,
Ulger = %uOh u1(07t> = ul(gat) = 07
WUogx = %ulh u2<07t> = u2(g7t) = 07
solving the above equations we have:
Uy = %IL’,
Uy = O,
Ug = 07
us = 07
so the final solution would be ©v = ug + uy + w9 + - -+ = %.CE which is not

the exact solution.
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Now we can modify the convergence theorem as follows:

Theorem 3.3: Consider the equation A(u(t)) =0, fort € [a,b]. Here A
is an integral operator. If the solution of the homotopy method, u(t,p) =
ug+ui (£)pt+us(£)p*+- -, ((ui(t)’s are continuous in [a,b))), is convergent
at p = 1 and this convergence is uniform on [a,b], then u(t,1) is the
solution to the main equation.

Proof. Consider that A = L + N, so equation (1) can be rewritten as:
H(u,p) = L(u) + pN(u) = 0, (3.1)

where L is linear. Let u(p) = ug + u1p + ugp? + - - - represent solution to
(2), as we know w;’s are obtained from the sub equations of the homotopy
methods (both HPM and HAM) as follows:

LUO =0
Luy =—N(u) at p=0
N
Lus = _8 () at p=
Ip
O?N (u)
Luz = 72!8]32 at p=20

(3.2)

Let Ny = a:!]glgf), at p = 0. Taking the sum of the above equations we
have:

Yl oL(ug) = =372 o Ni. (3.3)
Now because of uniform convergent of u;’s, we can change the order of
integration and sigmai.e. X732 o L(ux) = L(X72(ug)) = L(u(1)). Moreover
from the Taylor expansion we have, N (u(p)) = X2, N.p*, and for p = 0,
we have N (u(1)) = X2, Ni. Now the equation (3) is L(u(1))+N(u(l)) =
0, or A(u(1)) = 0. OFor operators like differentiation we need more
assumption to guarantee the convergence. As we know HPM is a special

case of HAM for h = —1, so results of convergence on HAM must be
valid for HPM too.
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