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Abstract

In this paper, we present an efficient algorithm for solving system of second-
order boundary value problems(BVPs) based on a combination of the Laplace
transform and homotopy analysis method(HAM). The proposed technique finds
the solution without any discretization or any restrictive assumptions. The
solution is produces in form of a rapid convergent series. The results of the
numerical examples considered show that the proposed method is applicable and
efficient.

Keywords: Homotopy analysis method, Laplace transform, nonlinear Sys-
tem of equations, Boundary value problems, Numerical methods.

1 Introduction

In recent years, investigations of systems of boundary value problems have been
the focus of many studies due to their wide range of applicability in physics,
engineering, biology and other fields [3]. However, many classical methods
used to solve second-order initial value problems cannot be applied to solve
second-order boundary value problems. For a nonlinear system of second-order
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boundary value problems, there are few valid methods to obtain numerical
solution [1, 3, 6]. Therefore, attention has been paid to searching for better
and more efficient methods for determining a solution, approximate or exact,
analytical or numerical, to the system of second-order differential equations.
Among the methods that have been developed for handling a system of second-
order boundary value problems are B-spline method [4], Variation iteration
method [3], Sinc-collocation method [16], Chebyshev finite difference method
6], spline collocation approach [5], and homotopy perturbation method(HPM)
[7].

In this study, we propose a coupled method of Laplace transform and homotopy
analysis method to obtain the solutions of the following nonlinear system of
second-order ordinary differential equations [3].

uy + ar(H)uy + ag(t)ur + as(t)uy + ag(t)ub + as(t)ug + G1(t,ur, uz) = fi(t)

uly + by (t)uh + ba(t)ug + b (t)u + ba(t)u) + bs(t)uy + Golt, uy, uz) = fot) (1)

subject to the boundary conditions

u1(0) =0, w(1)=0, wue(0)=0 and wuy(l)=0 (2)
L, Gy

where 0 < t < G and G, are nonlinear functions of w; and wus. a;(t),
bi(t), fi(t) and fy(t) are given functions, and a;(t), b;(t), i = 0,1,---5 are
continuous.

The Laplace transform is a wonderful tool for solving linear differential
equations and has enjoyed much success at this level. However, it is totally in-
applicable to nonlinear equations because of the difficulties caused by nonlinear
terms. Since Laplace Adomian decomposition method (LADM) was proposed
by Khuri [17] and then developed by Khan [18] and Khan and Gondal [19],
the couple methods that are based on Laplace transform and other meth-
ods have received considerable attention in the literature. For instance, in
20, 22, 23, 24, 25, 26, 27] and in [21] the homotopy perturbation method and
the variational iteration method are combined with the well-known Laplace
transform to develop a highly effective technique for handling many nonlinear
problems.

The homotopy analysis method initially proposed by Liao [2], is based on
homotopy, a fundamental concept in topology and differential geometry. By
means of HAM, one construct a continuous mapping of an initial approxima-
tion to the exact solution of the given equations. An auxiliary linear operator
is chosen to construct such kind of continuous mapping and an auxiliary pa-
rameter is used to ensure the convergence of series solution. The method
enjoys great freedom in choosing initial approximation and auxiliary linear
operators. HAM is an efficient method for solving various form of both lin-
ear and nonlinear problems [2]. Recently, this method has been successfully
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applied to solve different types of nonlinear problems in science and engineer-
ing 8, 9, 10, 11, 12, 13, 14, 15]. All these successful applications verified the
validity, effectiveness and flexibility of the homotopy analysis method.

2 Laplace Homotopy Analysis Method

Consider the system of second-order differential equations [7]

U;/(t) = fi<t7ulau27u/17u/2)7i = 17 2 (3)

subject to the boundary conditions
u;i(0)=0,  w(l)=0 (4)

By applying the Laplace transform, denoted in this paper by £, on both
sides of (3), we get

’g{u;/(t)} = E{fi(taulvu%u/l?ué)}’i =1,2 (5)

Using the differentiation property of the Laplace transform on the LHS, we
have

s"E{u;(t)} — ui(0) — sui(0) = £ {fi(t, ur, uz, i, uy)} (6)

Now, let  ;(0) = ¢ (7)

On simplifying, we obtain
C; 1 .
L{ui(t)} - 2 a2t {fi(t,wr, ug, uy,up) } = 0,0 = 1,2 (8)
The system of nonlinear operators are given as

C;

Niloi(t0)) = et} - 5

—éﬁ {[fz'(t, $1(t;q), ¢2(t; ), %g? 2, a@a(z; q))} i=1,2

where ¢;(t; ¢) are real functions of ¢ and g.

We construct a homotopy as follows:

(1= q)€{di(t;q) — wip(t)} = qhiN; [pi(t; q)], i = 1,2 (10)

where ¢ € [0,1] is an embedding parameter, h; are nonzero auxiliary param-
eters, wu;o(t) are initial guesses of u;(t) and ¢;(¢;¢) are unknown functions.
Obviously, when ¢ = 0 and ¢ = 1 we have

¢i(t;0) = u;0(t) and oi(t; 1) = uy(t) (11)
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Thus, as ¢ increases from 0 to 1, the solution ¢;(t;q) vary from the initial
guesses u;(t) to the solutions u;(t).
Expanding ¢;(t; q) in Taylor series with respect to ¢, we get

Gi(t;q) = uo(t +Zu”” (12)
where (t:0)
L 0™t q

uzm(t) = %&]—m’qzo (13)

If the auxiliary the auxiliary parameters h; and the initial guesses are properly
chosen such that the power series (12) converge at ¢ = 1 then we have under
these conditions the series solutions

wi(t) = wio(t +Zu”” (14)

The governing equations can be deduced from the zeroth-order deformation
equations (10).
Define the vectors

Ui = {uio(t), win(t), wia(t), -, uin(t)} (15)

Differentiating the zeroth-order deformation equations (10) m times with re-
spect to the embedding parameter ¢, dividing by m! and finally setting ¢ = 0,
we obtain the mth-order deformation equations:

L {tigm(t) = XmUign—1(t)} = iR (Wi m—1) (16)
Applying the inverse Laplace transform, we have
Ui () = XenUim—1(t) + L™ { Ry (Wi 1)} (17)

where

1 am—l

Ri,m(ﬁi,mfl) - (m _ 1)| aqmil {N’L[

¢i(t; @I} lg=0,7 = 1,2 (18)

and

(19)
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3 Illustrative Examples

In this section, we apply the proposed Laplace homotopy analysis method
to solve some systems of second-order boundary value problems in order to
establish the applicability and the accuracy of the method.

Example 3.1 Consider the linear system of boundary value problems [3, 7]:

ul(t) + 2tus(t) + 2tuy (t) = go(t) 0<t<1
(20)
subject to the boundary conditions

u1(0) = uz(0) =0, wuy(l) =uz(l) =0 (21)

where g1(t) = 2 and go(t) = —2
The exact solutions of this problem are u;(t) = t? — t and uy(t) = t — t*
In view of the boundary conditions (21), we determine the initial guesses as

uio(t) =0 (22)

Taking Laplace transform on both sides of system (20) subject to the initial
conditions we have

S}~ S+ Lm0} + L) - S S{a®) =0 (29

S} — 24 Se {0} + L {0} — 5 S{m0) =0 (20

The system of nonlinear operators is defined as

Nulbi(1:0)] = £ 161500}~ S+ L {0n(5 )} + 5L {1n(t: )} — € {a(1))
(25)

Nl )] = S {62(1:0)) ~ 24 S L {161(10)} + & {10n(t50)} ~ 5 {oa(0))
(26)
and thus

5 c 1
Ry (U1 m—1) = £{u1,m—1 (t)}—s—;—i‘?ﬂ {tug m-1(t)}

g ®{tunn 1 (6} — 5 (1~ x) € {0 (1)) (27)
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5 c 2
Ry (tigm—1) = £ {u2,m—1(t)}_8_§+?£ {tuym-1(t)}

2 1
F oS {1 () — 5 (1= xn) € {2(0)) (28)
The mth-order deformation equation with A = —1 is given by
L {Uim(t) = XmUim-1(t)} = —Ri m(Uim—1) (29)

Taking the inverse Laplace transform, we get
Ui,m(t) = Xmui,m—l(t) - S_l {Ri,m<ﬁz’,m—1)} m = 17 2’ ce (30)

where the constants ¢; (i = 1,2) in equations (30) are determined by applying
the conditions (21)b.

Now by defining U; ,(t) = > w;x(t), i = 1,2 we obtain
k=0

Up1(t) =t* —t and Up(t) =t — ¢
which are the exact solutions to this problem.

Example 3.2 Consider the following linear system of second-order bound-
ary value problems [3, 7]:

uf(t) + (2t — D)u)(t) + cos(mt)ub(t) = g1(t) (31)
uly(t) + tuy (t) = go(t) 0<t<1

subject to the boundary conditions
u1(0) = uz(0) =0, ui(1) =uz(l) =0 (32)

where ¢, (t) = —w?sin(nt) + (2t — 1) cos(nwt) + (2t — 1) cos(wt) and

g2(t) = 2 + tsin(nt)

The exact solutions of this problem are u;(t) = sin(7t) and uy(t) = t> — ¢
We obtain the initial guesses from the boundary conditions (32) as

Taking Laplace transform on both sides of system (31) subject to the initial
conditions we have

& {0 (1}~ S 5.8 {00 ())& {0 (1)} 5 & feos(mt) (1)} 5 € {0n (1)) = 0
(34)

s} ~ 2+ g8 ()}~ L {n(} =0 (35)
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The system of nonlinear operators is defined as

Milbatia)] = 2ot} G+ e {20} - Se {200}
+Si2£ {cos(ﬂt)%} _ 3_122 {g1(D)} (36)

Noloa(t:0)] = S{onlt:0)} — B + G2 {u(0} — Lm0} (3T)
Thus,

1

. 2 1
Rym (i m—1) = £ {ul,m—l(t)}_§+§£ {tull,m—l(t)}_s_g’g {u} (1)}

1 1
52 {eos(mt il 1 (0} = {01 (D} (1= xn) (39)
. c 1 1
Ro Uiz m—1) = £{uzm-1(t)} — S—Z + 2% {tuom—1(t)} — 2 {g2(0)} (1 = xim)
(39)
The mth-order deformation equation with A~ = —1 is given by
LE{t;m(t) — XmUim—1(t)} = —Rjm (Ui m—1) (40)
Taking the inverse Laplace transform, we get
uz,m(t) = Xmui,m—l(t) - 2_1 {Ri,m(ﬁi,m—l)} m = 17 2a te (41)

where the constants ¢; (i = 1,2)in equations (41) are determined by applying
the conditions (32)b.

Thus, the first-order terms are

ur(t) = —% (2t(r + 1) — m — 1) cos(mt) + %5 (7% + 47 + 4) sin(nt) — =Ht

2
u271(t) _ _2cc:§wt) N t312(27rt) +t2 ¢ (% + 1) + %
Uim(t), i =1,2,m =2,3,--- can be calculated in the same manner.

Now we define the maximum absolute errors for U, ,, as
EU;,, = max |U; ,,(t) — wi(te)|, tx = 0.1k, for k = 0(1)10, i = 1,2
Table 3.1 shows that the errors decrease as the value of n increases.

Example 3.3 In this example, we consider the nonlinear system:

{ uy(t) — tuy(z) +ua(t) = ¢
uy(t) + tuy () + ur(t)ua(t)

(t)
(42)
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subject to the boundary conditions

where g;(t) = 3 — 2% + 6t and go(t) = ¢° — t* + 263 + % — ¢ + 2
The exact solutions of this problem are u;(t) = t3 — t and uy(t) = t* — ¢
For this problem, we take the initial guesses as

uio(t) =0 (44)

By applying the Laplace homotopy analysis method to (42) subject to the
initial conditions, we have

() ~ D~ Se{a0) + 5 {m(0)} — 5E{a ) =0  (45)

& {uslt)) — 2+ e (0) + S {m(ua()) — L {ea()} =0 (46)

The system of nonlinear operators is

Ml = 2 i) - G- 2 {2200 4 Lo fon sl S 2 a0}
(47)
Mafontti)] = £ ot} - S+ 2 { 22D s S (it} 2 i)
(13)
and thus
Ru (1) = £ {ur o (2) —g—és [ty 1(8))
52 a0} - 51— )2 {0 (0) (19)
Ram(zm-1) = £ {uzms ()} =5+ {tuh 1,1 (1)}
b8 {Z ul,i<t>uz,m_1_i<t>} — S0 le®)  60)
The mth—order deformation equation with A = —1 is given by
L{tim(t) = Xmttim-1(0)} = —Rim (Ui m—1) (51)

Applying the inverse Laplace transform, we have

Ui (t) = XomUim—1(t) = L7 { Rim(Tin—1) } (52)
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where the constants ¢; (i = 1,2) in equations (52) are determined by applying
the conditions (43)b.
Thus solving (52), for m =1,2,---, we get

(t) = i t4+t3 >3,
M =076 T T 60
(t)_ﬂ t6+t5+t4 t3+t2 141,
T 9730710 12 6 140
t
uyo(t) = m(35t8—54t7+162t6+252t5—1134t4+2520t3—312t2—1469)

Upo(t) = — 5255 (156t° — 56> + 378t* — 371t* 4 34)

The absolute errors |U; ,(t) — w;(t)| for different values of ¢t and n are tabulated
in Tables 3.2 and 3.3

Table 3.1: Maximum absolute errors for Example 3.2
n 1 3 5 7
EUp, 11x107T 1.6x107% 22x10° 3.0x 107"
EUy, 51x1072 83x107% 1.1x107° 1.6x 1077

Table 3.2: Absolute errors |Uy ,(z) — ui(x)| for Example 3.3

T n=1 n=3 n=>5 n=717
01 12x1072 26x107* 13x10% 6.0x1078
02 23x1072 49x10™* 2.7x10% 1.3x10°7
03 34x1072 63x107* 42x10% 22x1077
04 43x107%2 6.7x107%* 6.0x107% 33x10°7
05 49x1072 59x107* 7.7x107% 46x107"
06 52x1072 39x107%* 92x107% 58x1077
0.7 50x1072 13x107* 99x107% 6.4x 1077
08 41x1072 13x10™* 92x10% 59x107°7
09 25x1072 23x107%* 6.3x1076 3.7x10°7

Table 3.3: Absolute errors |Us,(z) — uz(z)| for Example 3.3

T n=1 n=3 n=>5 n==7
0.1 87x107% 19x107% 14x10~° 29x10~
0.2 26x107% 39x107% 27x107°5 58x 1077
0.3 57x107% 6.0x107* 39x107° 84x1077
04 1.0x1072 78x107* 49x10° 1.0x107¢
0.5 1.6x1072 92x107* 55x107° 12x10°6
06 23x1072 99x10* 55x107° 1.2x10°6
0.7 27x1072 9.7x107% 49x107°% 1.2x10°6
0.8 28x1072 80x107* 3.7x107°5 99x 1077
09 21x1072 47x107% 21x1075 6.2x 1077
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Conclusion

We have introduced a coupled method of Laplace transform and homotopy
analysis method (HAM) for the solution of a nonlinear system of second-order
boundary problems. This approach does not involve discretization unlike tra-
ditional techniques used by other numerical algorithms. The solution is given
in a series form which converges rapidly. It is also worth mentioning that the
method is applied without any linearization or restrictive assumptions being
made. The method is simple and highly accurate as evident from the results
of the numerical examples considered
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