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Abstract

In this article, we formulate two methods to get approximate solution of Glycolysis system. The first
is Laplace decomposition methods (is a method combined Lplace transform and Adomian polynomial) and
the second is semigroup decomposition method (is a method combined semigroup approach and Adomian
polynomial), In both methods the nonlinear terms in Glycolysis system treated with help Adomian
polynomial. One example are presented to illustrate the efficiency of the methods, this is done by writing a

computer programs with the aid of Maple 13.
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1. Introduction

System of partial differential equation have attracted much attention in a verity of applied
science because of their wide applicability [5]. Chemical and Biochemical Kinetics has been a
rich source to produce a variety of spatial-temporal patterns since the discovery of the oscillating
wave in the Belousov-Zhabotinsky reaction in 1950’s. These phenomena and observations have
been transformed to challenging Mathematical problems through various Mathematical models,
especially reaction-diffusion equations [18]. Chemical reactions are modeled by non-linear partial
differential equations (PDEs) exhibiting traveling wave solutions. These oscillations occur due to
feedback in the system either Chemical feedback (such as autocatalysis) or temperature feedback
due to a non-isothermal reaction [10]. In recent published papers [17, 18, 19] by this author, it has

been proved that for a class of nonlinear reaction diffusion system in the form

0

aiil =di1Au+aqu+bo+ f(u,0) + g1(x),
du

o = @A+ @+ byo — f(u,) + ga2(x),

where the nonlinear reaction term f(u,v) = u?

v represents the type of cubic autocatalytic Chemical
or Biochemical reaction, with homogeneous Dirichlet or Neumann boundary condition on a
bounded, locally Lipschitz domain Q) C R", n < 3, there exist a global attractor in the phase space
L2(Q) x L?(Q)), whose Hausdorff and fractal dimensions are finite [20].

This class of reaction-diffusion system includes some significant pattern formation equations
arising from modeling of Kinetics of Chemical or Biochemical reactions and from Biological and

cellular pattern formation. The following four model equations are typical in this class:

Brusselator model:

a1 =—(b+1),by =0,a0 = b, by :O,f:uZU,gl =a,9 =0.
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where a and b are positive constants.

Gray-Scott model:
ay = —(f+K),by = 0,8y = 0,by = —F, f = 10,81 = 0,8 = F.

where F and K are positive constants.

Glycolysis model:
ap=-1,b =K a=0,bp=—K, f = uzv,gl =0,92=0p.

where K, p and J are positive constants.

Schnackenberg model:
ap=—-Kb=a=0=0f= uzv,gl =a,g ="0

where K, a and b are positive constants
Then one obtains the following system of two nonlinearly coupled reaction-diffusion equations

(the Glycolysis model),

g—?:dlAu—u+KU+uzv+p, (t,x) € (0,00) x Q)
(1.1)
%:dZAv—KU—uZUJré, (t,x) € (0,00) X Q)
with the following initial conditions:
u(t,x) =ov(t,x) =0, t>0,x € 900
(1.2)
u(0,x) = up(x),v(0,x) = vy, xe

where K, p and J are positive constants [10].

2. Laplace Decomposition Method

The Laplace decomposition method (LDM) is a Laplace transform scheme, based on the
decomposition method used by many authors for solving differential equation. The numerical

technique basically illustrates how the Laplace transform can be used to approximate the solution
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of the nonlinear differential by manipulating the decomposition method which was first introduced
by Adomian [1]. Khuri [4, 5] used this method for solving class of nonlinear ordinary and partial
differential equations. Yusufoglu [21] applied this method for the solution of Duffing equation.
Elgazery [12]exploit this method to solve Falkner-Skan equation. Khan, et.al [9] used this method
for solving nonlinear ordinary and partial differential equation. Kumar and Pankaj [8, 7]use this
method for solitary wave solutions schrodinger equation and to study solitary wave solutions of
coupled nonlinear partial differential equation in 2012 and in 2013 respectively. Therefor Yang
and Hou [14] use this method to find an approximate solution of nonlinear fractional differential
equation. In 2013 Zafar, et.al [22] applied this method for solving Burger’s equation. Also
Mohamed and Torky [11]exploit this method to numerical solution of nonlinear system of partial
differential equations. On the other hand Koroma, et.al [6] used modified Laplace decomposition
algorithm for solving Blasius boundary Layer equation of the flat plate in a uniform stream. Also
in 2013 Yin, et.al [15]used modifies Laplace decomposition method for solving Lane-Emden Type
differential equations.

Our aim in this section is to apply Laplace decomposition method to solve Glycolysis system
in one dimension. The general form of Glycolysis system can be considered in an operator form

as follow as:

Lu+Ry(u,v) — N(u,v) = hy,

(2.1)
Lo + Ry(u,v) + N(u,v) = hy,
with initial data:
u(x,0) = up(x),
(2.2)
v(x,0) = vy (x).
where L = % is first order differential operator , Ry and R; are remaining linear operator,

N(u,v) represents a general non-linear differential operator and h; with h; are source terms. The
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methodology consists of applying Laplace transform first on both sides of (2.1), we have:
I[Lu] +1[Ry(u,v)] — I[N(u,v)] = I[h],
I[Lo] +1[Ra(, v)] + I[N (u,0)] = I[h2],
Using the differentiation property of Laplace transform and initial conditions (2.2), we get :
sl{u] —uo(x) + I[Rq(u,v)] = I[N(u,v)] = I[hy],
sl[v] —vo(x) 4+ I[Rp(u,v)] + 1[N (u,v)] = I[h2],
Dividing both sides of the above two equations by s (where s Laplace domain function), we get:

no(x) lRi(w,0)] | IN@,0)] | 1]

Hul = B s s s
o] — P) _ Ra(w0)] _ ING,o)] | 10 =
s s s s’

The second step in Laplace decomposition method is that we represent solution as an infinite

series given below:

o

U=y up,
"0 2.4)

v=) v,
n=0

The nonlinear operator is decompose as:
N(u,0) = Y A, (2.5)
n=0

where A, are Adomian polynomial [13] of ug,uy, uy,...,u, and vy, v1,vy,...,v; and it can be

calculated by formula given below:

1odn e e
[ N(Y Aui, Y Aoz, (2.6)
e,

An:i
n!

Putting Equations (2.4)-(2.6) in the System (2.3) we will get:

1] & 1y = uo(x) _ Ri(w0)] | Mo An] | l[hl],
l[ni) vn) = voix) B l[Rz(su,v)] B l[Z;”:SO Ad] z[gz]/
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Or
i ] = up(x)  1[Rqy(u,0)] n 1Yo Anl N Z[hl]/
= S S S s (2.7)
© 0w [Ra(wo)] Iy Ad L] :
};}l[vn] - S S S + ; ,
On comparing both sides of the system (2.7) we have:
Hug] = M + M =k(x,s),
( l Z (2.8)
I[vg] = oo(x) + M = p(x,s),
S S
Z[I/ll] — _Z[Rl(L;OIUO)} + 1[1:0]/
I[oy] = — [Relto.20)] _ I[Ad]
s S
ug] = _’[Rl(iwl)} N 1[1;11],
_ _l[RZ(ullvl)} . Z[Al]
l[va] = ; -,
In general, the recursive relation is given by:
1[un] = _Z[Rl(“n—sl,vn_1)] n l[A:_l]/
2.9
Z[Un] _ _Z[RZ(un—sl/vn—l)] . Z[A:_l]/ " 2 1 ( )

Applying the inverse Laplace transform to Systems (2.8) and (2.9), so our required recursive

relation is given below:

ug(x,t) = k(x, t),

(2.10)
vo(x,t) = p(x,1),
and
Uy = —lil[l[Rl(unfsl'U”%)] + Z[A:ﬂ]]l
2.11
vy = —l‘l[l[RZ(””*sl’”H)] _ ”A:fl]], n>1 .
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where k(x,t)and p(x,t) represents the term arising form source terms and prescribe initial conditions.
Now first of all we applying Laplace transform of the terms on the right hand side of the
system (2.11) then applying inverse Laplace transform we get values of u1, vy, U2, vp, U3,v3, ..., U, U

respectively. Putting these values in (2.4) yields approximate solution of (1.1).

3. semigroup decomposition

Our approach in this section, is reformulating the Glycolysis system (1.1) as a nonlinear
integral equations. The semigroup approach is used to recast the System (1.1) as a nonlinear
integral equation in time and the integral over nonlinear terms is computed by using Adomian

polynomials.

3.1. Semigroup approach

The semigroup method is a well-known analytical tool which may be used to convert partial
differential equation to nonlinear integral equation and to calculate estimates associated with the

behavior of their solution [3]. The integral solution of the initial value problem

uy = Lu+ Nf(u), (3.1)
u(x,to) = uo(x),
is given by
u(x, t) = ety (x) + /t.t Nf(u(x,s))ds, (3.2)

where L and N are time independent, constant coefficient differential operators. Expressing
solution of (3.1) in the form (3.2) allows one to prove existence and uniqueness of the solution,
compute estimates of the magnitude of the solution, verify dependence on initial and boundary
data, and perform asymptotic analysis of the solution. We used equation (3.2) as a starting point

for an efficient numerical algorithm. Based our knowledge, the semi group method has had
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limited use in numerical calculations. A significant difficulty in designing numerical algorithms
based directly on the solution (3.2) is that the operators appearing in (3.1) are not sparse (i.e the

matrices representing these operators are dense) [16] .

3.2. Reformulating Semigroup Approach to solve Glycolysis system:

Keiser [3] uses quadrature methods to find integral in Equation (3.2) after recasting partial
differentional equation by Semigroup approach as a nonlinear integral equation in time. In
this section, for the first time Semigroup approach was used with handling the nonlinear terms

Adomian polynomial. To describe our method rewrite Glycolysis system as the form :

ur = Ly(u,v)+ Nf(u,v)+h,
vp = Ly(u,v) — Nf(u,v)+ hy,

with the initial conditions (2.2).

So, by semigroup approach, we get

u(xl t) — e(t_to)(Ll(ll(xlt)/v(xrt))+hl(x/t))uo(x) + ! e(t_s)(Ll(u(xfs)/v(xrs))+h1 (xls))Nf(u(X, S), U(x, S))ds[

Ji

v(x’ t) = e(t—to)(L2(u(x,t),v(x,t))+h2(x,t))vo(x) — /t e(t_s)(L2(u(x’s)'v(x’s))+h2(x's))Nf(u(x,S),U(x,s))ds,

Ji

Next, using Equations (2.4)-(2.6) in the above system, we will get:

3 tn(x, £) = o A DLO) e () 4 [ =) a(ules)o(es) Hn (x) T A, s,

= t —
n;() Ot n;o (3.3)
Y on(x,t) = e(t=t0) (L2 (u(xt) 0o h) +ha (X)) 1y () _/ elt=8)(La(u(xs),0(x,5)) +h2(x5)) Y Auds,
n=0 to n=0
On comparing both sides of the system (3.3) we have
up(x, t) = elt—to)mxt) o (y),
o(x,1) 0(x) 34

vo(x, ) = et ¥ty (x),
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and

Uy (x’ t) — e(t7t0>(Ll (”nfl(x/t)/vnfl(x/t)))

[ a0 () (x5 3 AL s,
to n=0

3.5)
(o (xl t) — e(tfto)(LQ(unfl (X,t),’(]n,l (X,t)))

— At e(t—s)(Lz(un,l(x,s),vn,l(x,s))+h2(x,s)) i A}’l—lds/ n Z 1

0 n=0
After finding the values of the above integrals directly, we get values w1, v1, U2, v3, 3,03, ..., Uy, Uy

respectively. Putting these values in (2.4) yields approximate solution of (1.1).

4. Numerical Example

To illustrate efficiency of the presented methods we solve the following example.

Example 4.1:

u =d1Au—u+ Ko+ u?o+p,
ot
4 @.1)
a5 =dyANv—Kv—u?v+6, t>0, xeQ
with the initial conditions
U(x,0) = Us + 0.01sin(>), for0 < x <L
L 4.2)

V(x,0) = Vs — 0.12sin(), for0 <x <L

—~

u(,t) =Us,U(L,t) =Us and V(0,t)=Vs, V(L t)=Vs.
We will take
dy=d;=001,K=05p=0=05Us=1,Vs=0,L =1

Solution:

i ) Using Laplace decomposition method:
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Applying Laplace transform on both sides of (4.1), we get:

92
su(x,s) —u(s,0) = l(0.0lﬁ) —u+ 050+ u?v +0.5),
0% 5
sv(x,s) —v(s,0) = Z(0.0lﬁ —0.50 — u“v+0.5),
or
aZ
u(x,s) = u(s,0) —i—l(%) N 1(0.0155 — u +0.50) N LZU
! s s s s’
100123 —050) 42
v(x,s) = U(SS’O) +l(osj) + ( axls ) _ %

The above system, by using initial conditions (4.2) becomes:

0.01sin(x , 100.0122% — 4 4+ 0.50 2
u(x,s) = (L)—H(%)—k (0.0153 )+uv,
s s ;2 (4.3)
1—0.12sin (% , 1(0.0122 — 0.50 2
U(X,S) — f(L) +l(osj) + ( axZS ) _ %,

From (4.3), by using Equations (2.10), (2.11) and inverse Laplace transform, we obtain:

up(x,t) = 0.01sin(7tx) 4 0.5¢,

(4.4)
vo(x,t) =1 —0.12sin(7x) + 0.5¢,
and
10012820y, 4 4050, 4) (520 Ay q)
un(x,t) _ lil[ . 9x2 n— DUp— ]—i—lil[ n=04‘n—1 ],
S S (4.5)

9%v,_ o
1(0.01 a”le _ 0.5vn_1)] B l—l[l(zn:O An,l)]

vy(x,t) = 1*1[ 5 s

n>1

where A, is Adomian polynomials [13] representing the nonlinear terms in the above system.

The few components of Adomian polynomials and u, and v,, n > 1 are given as follow:

1 dO 0 . 0
Ag = E[WN(;)NW/;]/\ZW)]A:O
i= i=
= N(uo,vo):u%vo, (4.6)
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1(0.0124 — 4y 4 0.50
( ox2 0 O)] —i—l*l[l(AO)],

s S

2 4.7)

10.015% —0500) | 1(Ag)
- | =1 =]

up(x, t) = lil[

vr(xt) =17

7

1(0.01 LU H05) (6 015i(7rx) + 0.5¢) + 0.5(1 — 0.12sin(7rx) + 0.5¢))

9x2

S
1((0.01sin(mx) + 0.5t)2(1 — 0.12sin(x) + 0.5t))]
S
= —0.03125¢* — 0.0025sin(7rx)t> + (—0.125 — 0.000075sin (7tx)?) >

+171

+ (0.5 — 0.07098696044sin(7x) — 0.000001sin(7x))t

= ul/

1(0.01 2020125 050 501 0 12sin(rrx) + 0.5¢))

9x2

vi(xt) =171 .

1((0.01sin(7tx) + 0.5¢)%(1 — 0.12sin(7tx) + 0.5¢))
S

-1 ]
= 0.03125¢* 4 (0.25 — 0.03sin(7rx))t> + (0.0108sin(7rx)* — 0.18sin(7rx) + 0.625)>

+ (0.5 — 0.2881564747sin(7tx) — 0.001728sin(7tx)> 4 0.0432sin(7rx)?)t

=W,
1.d &, & . d
A = f[ﬁN(ZA ui, Y A'vi)a—o = J[N(Mo + Auy, v9 + Avq)]a=0
' i=0 iz0
d
= ﬁ[(uo + Aug)? (v + Avy) a0 = 2uou1vg + ujos, (4.9)
1000124 — 4y 4 0.50
u2<x’t) :l*l[ ( ox2 1 1)]4—171[@],
. s (4.10)
100122 — 050 I(A
va(x,t) =171 ( axzs 1)} —171[%]’
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Putting 11, v1 and A;p in the above system, we get:
U
10.0155 — Uy + 0.5V1)] N 171[1(2u0u1v0 + ugvl)]
s s
= 0.003348214286t” + 0.00046875sin (7rx)t° + (0.000028125sin (7rx)?

up(x, 1) =171

+0.028125) 5 + (0.01118424011sin(7rx) + 0.0000009375sin (7rx)°

— 0.0625)#* + (0.002552304406sin (7rx )% — 0.035sin(7rx) + 0.1458333333
— 0.0000049348022c0s(71x)? + 1.0000000075sin (7rx)*)£> + (—0.125

+ 0.000000000000004  —8260643094000 — 74022033cos (7rx)sin (rx)

4 0.00000000015si1 (7rx)° + 0.010725sin(7rx)? — 0.000420703912sin(7x)3)£2,

2
1000127 — 0.5V1)] - l_l[l(Zuouwo +udVy)

UZ(x/t) = l_l[ S S

] (4.11)
= 0.0033482142861” + (0.04687500000 — 0.005625000002sin (71x))t°
+ (—0.06750000002sin (7rx) + 0.004050000001si7(7rx)? + 0.2593750000) 2
+ (0.04050000001sin (7rx)? — 0.001620000001sin (7rx)*
—0.3082891186sin(7rx) + 0.7187500000)* + (1.020833333 + 0.0007106115176c0s (7rx)?
— 0.012096sin (71x)3 4 0.0003628800001sin(7rx)* + 0.1382681655sin (77x)?
— 0.6422347122sin(7rx) )t + (0.6250000002 + 0.004263669105c0s (x>
— 0.02368035972sin (7rx)> — 0.00000000000016(3197751827cos (7x)? 4 3287347758000)sin (7x)
— 0.3732480001e — 4sin(7rx)° + 0.1642726618sin(7tx)? + 0.0015552sin (7rx)*) 12
and so on. Putting the values of 11, vy, 12, vy, ... in (2.4) yields approximate solution of (1.1),
see Figure 1.
ii ) Using Semigroup Approach:

From (1.1), using (3.2), we get:

t
+ /| e vds,
2 o 2 (4.12)
o(x,f) = e(tio)(O‘Olﬁ70'50+0'5)00(x) _/ e(tfs)(o.mmfo.smos)uz
fo

_ 2u_ _ 2u_
(+-0)(0.012% u+0‘50+0.5)u0(x) (t=5)(0.015 % —u+0.50+05) 2

u(x,t) =e

vds,
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From (3.4) and (3.5) we have
up(x,t) = %'0.01sin(mx),
(4.13)
vo(x, ) = e® (1 — 0.12sin(mx)),

and

) n—ldsr

2, ' 2,
(1) = et(0.0la fdy,_3+0.50,_1) +/ et(O.Ol%—un71+0.50n,1+0.5)A
7 - §
to

(4.14)

20, — t 2o -1

£(0.0122-1 _o 59, £(0.01 2221 _0.50, ;+0.

z)n(x/ﬂ:e(oo = —0.50, 1)_/ e(oo 1 —0.50, 1+05)An,1ds, n> 1.
to

The few components of u, and v,, n > 1 are given as follow:

For n =1, putting A in (4.14), we have:

t Bzuo
et(0.0l s —up+0.5094+0.5) 2

92y
0.01=—-L— 0.5
(00155 —uo+0.500) ugvods,

up(x,t) = +

to
_ et(70.000160'5’sin(nx)7'[270.0180'5tsin(nx)+0.5€0'5’(170‘12*sin(nx))70.000001(eo'5t)3$in(7tx)3) — 05

t )3( o —0.07098696044e"" tsin (7rx)+0.5¢0>'£—0.000001e" > fsin(mx)® _ 1)

70986.96044sin(7tx) — 5000000000 + etsin(7rx)3

efsin(mx

:ul

920
axzo —0.509+0.5)

£(0.01
'l uvods,

azvo t
—05 £0.01
v1(x,t) = a2 03%) —/t 'l

0
_ et(O.OOlZeO'Stsin(nx)7t2—0.5@0‘5t(1—0.125in(7tx))+(e°‘5t)3(1—0.125in(nx))3—0.5

+8 (4.15)
82

where

g1 = 4e' (15625 + 5625sin(7tx) — 675sin(7mwx)? + 27sin(mx)?)

0-07184352528¢" tsin (1rx) —0.5¢0" ¢!t —0.36te! ' sin (7rx) +0.0432¢" ¥ tsin (rrx)?

670.00172831'5%51';1(3.1415926547Tx)3)71
. 7

and
g2 = —4490.220330sin(7tx) + 31250 — 62500¢ + 225006tsin(71x)

— 2700¢'sin(rcx)? 4 108e'sin(mx)?3.
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For n = 2, putting A1, U; and Vj in (4.14), we obtain:

2
£(0.01 aa% —U;40.5V)

t 2uy
ux(x,t) =e 4 [ 005 U051 H05) (2uoUyvg + u3Vy)ds,
. o (4.16)
£0.012 0 —0.5v7) 00124 —0.51,405) 2
Uz(x, t) —e Va2 Y / e e T (Zuoulvo + MOV1)dS.
to

and so on. Putting the values of u1, vy, up, vy, ... in (2.4) yields approximate solution of (1.1),

see Figure 2.
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Figure 1: plots of results for solution of Example (4.1), by means of Laplace Decomposition Method, with n=>5.
(a) u(x,t) when, O<x<1 and t=0.5. (b) u(x,t) when, 0<x<1 and 0<t<1.
(c) v(x,t) when, O<x<1 and t=0.5. (d) v(x,t) when, O<x<1 and O<t<1.

49


http://www.ijmes.com/

International Journal of Mathematical Engineering and Science (IJMES)
Volume 3 Issue 2 (February 2014) ISSN : 2277-6982
http://www.ijmes.com/

a1 \ /

e .10+
\ / 300 ‘3

308 g

308

207 307

3.06— s Z
# 2

g 1
UE 06 p4 p3 g 02 D4 06
£
x

0z 04 06 ng 1

(@) (b)

\\\\\\\\\\\\\\

0 1
1 08 06 04 pz g 02 U-4fnﬁ
¥

0z 04 08 08 1

(c) (d)

Figure 2: plots of results for solution of Example (4.1), by means of Simegroup decomposition approach, with n=2.
(a) u(x,t) when, 0<x<1 and t=0.5. (b) u(x,t) when, O<x<1 and 0<t<1.
(c) v(x,t) when, 0<x<1 and t=0.5. (d) v(x,t) when, 0<x<1 and 0<t<1.

5. Conclusion:

In this paper, we have successfully reformulate Laplace decomposition method to obtain approximate
solution of Glycolysis system (1.1). We, also described a new method by combining semigroup

approach and Adomian polynomial to obtain approximate solution of (1.1). We believe that the
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methods that we’ve used can also give exact solutions but since the exact solution of this system is
unknown, we frankly cannot decide. The result that we have obtain are very close to the result
that reference [10] has obtained. And that these methods are very efficient for solving Glycolysis

system(1.1).
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