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Abstract

In this paper we investigate the solution of a nonlinear reaction-
diffusion equation connected with nonlinear waves by the application of
Sumudu transform. The results presented here are in compact and ele-
gant form expressed in terms of Mittag-Leffler function and generalized
Mittag-Liffler function which are suitable for numerical computation.
On account of the most general character of our derived result, a large
number of solutions obtained earlier by several authors of fractional re-
action, fractional diffusion, anomalous diffusion problem and fractional
telegraph equations is derived as special cases of our result.
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1 Introduction :

Reaction-diffusion models have found numerous applications in pattern forma-
tion in biology, chemistry, and physics, see Smoller (1983), Grindrod (1991),
Gilding and Kersner (2004), and Wilhelmsson and Lazzaro (2001). These
systems show that diffusion can produce the spontaneous formation spatio-
temporal patterns. For details, refer to the work of Nicolis and Pri-gogine
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(1977), and Haken (2004). A general model for reaction diffusion systems
is discussed by Henry and Wearne (2000, 2002), and Henry, Langlands, and
Wearne (2005). A piecewise linear approach in connection with the diffusive
processes has been developed by Strier, Zanette, and Wio (1995) which leads
to analytic results in reaction-diffusion systems.

A similar approach was recently used by Manne, Hurd, and Kenkre
(2000) to investigate effects on the propagation of nonlinear wave fronts. The
simplest reaction-diffusion models can be described by an equation.

ON 0*N

5 = Dgoz TEW) (1)
where D is the diffusion coefficient and F'(N) is a nonlinear function repre-
senting reaction kinetics. For F(N) = yN(1 — N), eq.(1) reduces to Fisher-
Kolmogorov equation and for F(N) = yN(1 — N?), it reduces to the real
Ginsburg-Landau equation.

A generalization of (1) has been considered by Manne, Hurd, and

Kenkre (2000) in the form

N N N
a@tQ + aaa—t = 1/263? + E2N(x,t) (2)
where ¢ indicates the strength of the nonlinearity of the system. Recently
R.K.Saxena,Mathai and Haubold [30] generalize this equation in terms of frac-
tional derivative in the following form

oDSN(x,t) + agDy N(x,t) = v*_ oD} N(z,t) + EN (2, ) + p(z,t)  (3)

Where ¢(x,t) describes the nonlinearity in the system. £ indicates the strength
of the nonlinearity of the system.

2 Mathematical prerequisites :

A generalization of the Mittag-Leffler function (Mittag-Leffler 1903, 1905)

o0 Zn

E (2)=> Ta 1) a € C, Re(a) >0 (4)

n=0
was introduced by Wiman (1905) in the general form

o0 n

Fosl?) =3 5

n=0 n&—i_ﬁ),

The main results of these functions are available in the handbook of Erdelyi,
Magnus, Oberhettinger, and Tricomi (1955, Section 18.1) and the monographs

a, B € C, Re(a) > 0,Re(5) > 0, (5)
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by Dzherbashyan (1966, 1993). Prabhakar (1971) introduced a generalization
of (5) in the form

oo n

EZ,,@(Z) = 2230 F((w—nzy

na+ B)n a, B € C, Re(a),Re(B) > 0,Re(y) >0, (6)

where (7),, is Pochhammer’s symbol
The Riemann-Liouville fractional integral of order v is defined by Miller
and Ross (1993, p.45).

oD f (1) F(ly / w)du, Re(v) > 0 (7)

Here we define the fractional derivative for Re(«) > 0 in the form
t

D) = oy | i = lal 41 )

n—oz
0

where [a] means the integral part of the number «. In particular, if 0 < o < 1,

N B 1 d tf(u)du
DL = 5oy / = (9)

and if « =n, n € N ={1,2,...}, then

a
dt

oD f(t) = D"f(t), D

Caputo [4] introduced fractional derivative in the following form

ODgf() F(m a) f(t {-Q(Tm.t,_l dT 77’L—1<04§m, Re(a)>0
= %i, if a=m
(10)
we also need the Weyl fractional operator defined by
¢
1 f(u)
—oDj tzi—/—d, 11
SO = gar | G we (11)

where n = [u] is an integral part of x> 0. Its Fourier transform is given by
Metzler and Klafter [19].

F{ oDy f()} = (i k)" " (k) (12)
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Where f*(k) denote the Fourier transform of the function f(z).
Further modification of result (12) is given by Metzler and Klafter [20],

F{oDif(2)} = = k" f* () (13)

Definition :- Sumudu Transform
Over the set of functions

A={fO)|IM, 7,7 >0,|ft)| < M7, iftec (1) x[0,00)}

The Sumudu transform is defined by
Glu) = S[F®)] = [ flutye™dt,  we (—m,m). (14)
0

For further detail and properties of this transform (see [1], [2] and [3]).
We will establish the following results which are directly applicable in
the analysis of reaction-diffusion systems.
(i)
S™Hu N1 — wu’g)_‘s] = tv_lEgﬁ(wt’g) (15)
where S7!(.) denote the inverse Sumudu transform.
We can prove this result in another way

S[tw_lEgW(wtﬁ)] = 76_t(ut)7_1EgW(w(ut)’g) dt (16)
By using eq. (6)
wuﬁ)

=1 — wu®)° (17)

wt Z

By applying inverse Summudu transform, we get our required result.

(i)

1 o
-1 _ 2 : a(r+1)—1 pr+1 a—0
5 u(u=+au=b +b)| r:o( e Fapatr+y [ “ ] (18)

To find inverse Sumudu transform of this function we will use result (15)

o0

1 _ 1 =3 (=b) ,
u(u—(Urau_ﬁer) u(,u—a + au_ﬁ) []‘ + (u—afau—ﬁ)] r=0 u(u—@Jrau—ﬁ)H'

—Zua (D=1 p)" (1 + que?) =+ (19)
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then by using result (15)

1 0o

S*l _ b rta(TJrl) 1E7“+1 taflg 20
[u<u—a + au=?P + b] 72)( ) a—0, a(rJrl)( @ ) ( )

(iii)

-1 u "+ auiﬂ - ar r a—0

= b) t*"E t 21
S [Ua + au=b8 + b‘| TZ:% ( ) a—_, ocr—f—l( a ) ( )

(iv)

24 gy 1

o - = ——|(A E, () — E,(ut® 22
[uh +au=*+b 2 — 1) (A +a)Eo (M) — (1 + a) Eo ()] (22)

Re(a) > 0,— Re(8) >0

where a® — 4b > 0 and E,(z) is Mittag-Leffler function defined in equation
(4)and X\ and p are the real and distinct roots of the quadratic equation 2% +
axr+b=0,
Proof : We have

U2 fau b N—p | um— A U= —

Taking the inverse Sumudu transform on both side and using result (14),
we have

S—l{ u"2%+au~® }

u—2%qu=+b
T BB ) — (4 a) Bt

Similerly we can prove that (v)

(24)

S [m)} (25)

= i [ B0 (M) — g o(ut™)]

To solve fractional reaction diffusion equation the following Lemma of
Sumudu transform are required.
Lemma 1. The Sumudu transform of the fractional derivative is given by

SWDEF0] =S | rrar g | T } (26)
by using equation (8)
S ()] = F(w) - - 2P0 @
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by using the properties of Sumudu transform (see [3], Theorem 4.1 and 4.2
) in particular if 0 < o < 1 we have

oDYf(t) = = (28)

ShDef(®)] =5

L d / / (“)d“] P () (29)

Where F'(u) = S[f(t)].
Lemma 2. Now we derive Sumudu transform of the fractional derivative
introduced by Caputo [4].

t
1 fm(r)dr
DY =
S =5 | iy / = )m} (30)
By using convolution theorem of Sumudu transform ( see [3] ).
U m —a+m—1
— M 1
TS 1S ] (31)
By using Sumudu transform of multiple differentiation. We obtain
o mea [G) = fH0)
SIDEf()] = u [u—m R
m—1 rk
- [et ! £0)] )

Where G(u) = S [f(t)].
In the next section we derive solution of a nonlinear reaction diffusion
equation connected with nonlinear waves by application of Sumudu transform.

3 Solution of fractional reaction-diffusion equa-
tion

Consider the fractional reaction diffusion equation
oD¢N (x,t) + agDY N(x,t) = v2__DIN(x,t) + E2N(x,t) + (z,t)

0<a<1,0<8<1 (33)
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With initial conditions
N(z,0) = f(z), forx € R (34)

Where v is a diffusion coefficient, 1 is constant which describes the nonlinearity
in the system, and is a nonlinear function for reaction kinetics then there holds
the following formula for the solution of (21).

N(a,t)= Y I f 197 f*(k) exp(—ikz)
r= 0
t
X Bl 514 ar(—at® 5)dk+r > J rolr)-1 f V*(k,t — ) exp(—ikx)
E:y“ﬁa(rﬂ)( at® P dkdr

(35)
Where o > 3 and Egﬁ(z) 15 the generalized Mittag-Leffler function, defined in
(6) and b = v?|k|" — &2
Proof : Applying the Sumudu transform with respect to the time variable t
and using the boundary condition in eq. (32) , we find,

u N (z,u) —uf(x) + au "’ N(x,u) — au " f(x)

=02 DIN(z,u)+ EN(x,u) + ¥z, u) (36)
Taking the Fourier transform of above equation
u‘aﬁs(lﬂ, u)_*— u_af*(k)i*@u_ﬂﬁ* (k,u) — au P f*(k) (37)
V2 k" N (k,u) + &N (k,u) + *(k, u)
Solving for N*(k,u),
N () = (u™ + auP) f*(k) . uh* (k, u) (39)

(u=*+au=P+b)  ulu=*+aub+Db)

Where b = v? |k|" — &2, Inverting the Sumudu transform with the help of
equation (18) and (21).

r=0 r=0

E;*}M(TH)( at*P)dr

Ne(ht) = 5 (D)t Bl oy (—at™ )£ () + (b [0 (kb = yrelred

(39)
Using the convolution theorem of Sumudu transform (see [3]). Now by apply-
ing inverse Fourier transform we get the required result of reaction diffusion
equation in terms of generalized Mittag-Leffler function.

N(z,t) = rgo (:/12)—3: _{O tor f*(k) exp(—ikx) X El,_g o (—at*)dk
00 st 00

+2 (;;;) [rottD=1 [y (k t — 1) exp(—ikz) (40)
LI 3
X Ea+,8 oc(r-l—l)—l—l( at® 'B)dde
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4. Special cases

When f(z) = 6(z), where d(z) is Dirac delta function. The Theorem reduces
to the following.

Corollary (i). Consider the fractional reaction-diffusion system

oD¢N (x,t) + agD) N (z,t) = v2_DIN(z,t) + €3N (z,1) + p(z, 1) (41)

Subject to the initial condition N(z,0) =d(x) for0 < a <1,0< 3 < 1.
Where §(z) is the dirac delta function. Here £ is a constant that describes the
nonlinearity of the system, and (x,t) is a nonlinear function which belongs to

the reaction kinetics. Then there exists the following equation for the solution
of (32) subject to the initial condition (33).

N(z,t) = io: % J o7 exp(—ikax) x EL_g 140 (—at*P)dk
r=0 i — 00 ’
X (_pyr t olr X . - i o
3 G et Tyt 7 exp(—ike) x BT (—ar® ) dkdr

(42)
where b = v? |k|" — &2.
Now if we set f(x) = 6(x), v = 2, a is replaced by 2 «, and B by « in
eq.(33). The following results obtained
Corollary (ii). Consider the following reaction diffusion system

20 le’ 2
0**N(z,1) +&8 N(z,t) U28 N(z,t)

ot ot Ox?

With initial conditions

+ EN(x,t) +(x,t)  (43)

N(z,0) = d(x), N(z,0)=0,0<a <1, (44)

where Y(x,t) is a nonlinear function belonging to the reaction kinetics.
Then for the solution of (43) subject to the initial condition (44) there hold the
formula.

N(z,t) A+ a)E, (M) — (i + a) B, (put®) }dk

_ 1 T _
= e [_{O exp(—ikz) x {(
t o]
+ \/%7 OfTa_l _{o exp(—ikz)y* (k,t — 7)
X [Baa(ATY) — Eq o(pur®)|dkdr
(45)
where X\ and p are the real and distinct roots of the quadratic equation x* -+

az+b = 0 which are given by A = 3(—a++va? — 4b) and pn = L (—a—+/a® — 4b)
where b = v? k|7 — &2

Proof : In order to solve (43), equation (24) reduces

w2+ au= + " (k,u)

N (k,u) = U2 4 qu=*+b

(46)



Application of Sumudu transform 443

Taking the inverse Sumudu transform by using equation (15) and (18) for
special case replace a by 2a and 3 by a.

N*(k,1) =~ (A + @) Ba(M%) = (4 a) Ea(ut®)

+ ftﬂ)*(k,t — )T [Eaa(ATY) — By o(ur®)]dr
0

AF e (47)

Where A and p are given by eq. (45). Now taking inverse Fourier transform
of equation (47), we get the required result (43). Next, if we set ¢ (x,t) =
0,7 = 2, replace a by 2a and 3 by « in equation (33) we obtain the following
result which include many known result on the fractional telegraph equation
including the one recently given by Orsingher and Beghin (2004)([26]).
Corollary (iii). Consider the following reaction diffusion system

O**N(z,t) 8°‘N(x,t) 82N(x )
o120 + « ora T £ N(l‘7 t) (48)
With initial condition
N(z,0) = d(x), Ne(x,0) = 0,0 < a < 1, (49)

Then for the solution of (47) subject to initial condition (48), there hold the
formula

N(z,t) = ikz) [N+ a)Eq (M) — (1 + a) B (ut®)] dk

m\/wg—% X f exp(—
(50)
Where X and p are defined in (45),b = v?k?* — €% and E,(t)is the Mittag
Leffler function defined by (3).

If we set €2 = 0 in Corollary (iii) reduces to the result, which states that
the reaction diffusion system

O**N (x,t) O“N(x,t)  ,0*N(x,t)
R
with initial conditions,

N(z,0) =d(z), Ni(z,0)=0, 0<a<l,

has the solution , given by

(51)

N(z,t) = (tkx) (A + a)Ea (M) — (1t + a) By (pt®)|dk

oz —GQ n X f exp
(52)

Where A and p are defined in (45),b = v?k* — €% and E,(t)is the Mittag Leffler
function defined by (3). Equation (49) can be rewritten in the form.

a [4

N(z,t B+ (1 - —2
(z,8) = \/a2—4v2k2) (A +( va? — 4v%k?

exp(ikx) {(1 + VEo (ut®)|dk

2\/_ /

(53)
Above equation (53) represent the solution of the time fractional telegraph
equation (48).
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