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SUMUDU TRANSFORM ITERATION METHOD FOR
FRACTIONAL DIFFUSION-WAVE EQUATIONS

K. SAYEVAND* AND K. PICHAGHCHI

ABSTRACT. In this article, we have implemented Sumudu trans-
form iteration method as a new approximate analytical technique
for solving fractional diffusion-wave equations. The fractional de-
rivative is described in the Caputo sense. The solution existence,
uniqueness, stability and convergence of the proposed scheme is
discussed. Finally, the validity and applicability of our approach
is examined with the use of a solvable model method. The results
presented here are in compact and elegant expressed in term of
Mittag-Leffler function which are suitable for numerical computa-
tion.
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1. INTRODUCTION

In last decades, fractional calculus have been the focus of many
studies due to their frequent appearance in various applications in physics,
science, engineering, economics and so on. For instance, see [1,5,9-13]
and references therein. Consequently, many problems in differential
equations have presented and studied in the form of fractional order
derivatives in the literature. In fractional calculus, the Mittag-Leffler
function, as an analogous to exponential naturally function, plays an
important role. In fact, the exponential function itself is a special form
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of these general functions. A considerable amount of literature is ded-
icated to the applications of the Mittag-Lefffer function as solutions of
fractional order models [7,8]. Our results in this article are based mainly
on the Mittag-Leffler function. Actually, we consider the diffusion-wave
equations presented in the scope of fractional calculus in the following
form:

(1.1) 0%8(x,t) _ 0%E(w,t)

ot™ Oxf
0
(12) (w0 = ule), E(,0) = v(a)
where 0 < a <2, m < 8 <m+1, meN, XA € R. Notice that, the second

initial condition is for & > 1 only and the operators gta and 2 5,5 are the

Caputo fractional derivatives defined as

[P fm)], m—1<a<m, mEeN,
9 f(t)
(1.3) Gro = g
LI, o=m

where I is the Riemann-Liouville integral operator of order o defined
as

fo(tf(T) dr, a>0,t>0,

T)l «
(14)  If(t) =
f(t), a=0.

In our attempt, we have used the Sumudu transform iteration method
(STIM) to obtain relatively new analytic and approximate solution for
fractional diffusion-wave equations. The importance of this equation
usually arises in the wave propagation in beams and modeling formation
of grooves on a flat surface. Additional background and application of
Eq. (1.1)-(1.2) in science, engineering and mathematics can be found
in [1]. Finally, convergence and stability of the proposed approach for
these types of problems will be considered.

First we recall some preliminaries and notations regarding Sumudu
transform.

Definition 1.1. The Sumudu transform is defined over the set of func-
tions:

[£]

(1.5) A= {f(t) | 3M, 71,7 > 0,|f(£)] < Me™, if te(—1) %0, oo)},
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by the following formula [2]
(1.6) F(u) =S[f(t);u] = / f(ut)eftdt, ue(—, 7).

0

The Sumudu transform of the Caputo fractional derivative is defined as
follows [3]

m—1
(1.7) S[Dgf(t);u] = u “S[f u— otk k) m—1<a<m,
k=0
(1.8)
m—1
S[Df £, t)su] = u o S[f(r,0))= 30w O (,0), m-1<a<m.
k=0

Theorem 1.2. Assuming H(u) = S[h(t)] and G(u) = Sg(t)], the
Sumudu convolution theorem states that the transform of

(19) h(t) % g(t) = /0 h(t — 7)g(7)dr,

is given by

(1.10) uH (u)G(u) = S[h(t) * g(t)].

Proof. See [2]. O

Some fundamental further established properties of Sumudu trans-
form can be found in [2].

2. SUMUDU TRANSFORM ITERATION METHOD IMPLEMENTATION TO
FRACTIONAL DIFFUSION-WAVE EQUATIONS

Now we are ready to implement STIM for obtaining analytical and
numerical solutions of Eq. (1.1)-(1.2). By taking Sumudu transform
from the Eq. (1.1)-(1.2), with respect to the independent variable ¢ and
using the initial conditions, we get

0%¢(w, u)

(2.1) u Y (z,u) — u”%(z,0) — ul_agf(:r, 0)=AX 5P

ot
Solving for &(z,u), we get

0°€(x, u)

_ 0 o
(2.2) E(x,u) =&(x,0) + u—£&(x,0) + \u e

ot
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By notice the following Sumudu transform pair
tk
Ik+1)

and by applying the inverse Sumudu transform to both sides of Eq.
(2.2), and using the convolution Theorem 1.2, we get

a— BE
E(a,t) = £(2,0) + +-2€(2,0) + & L P

(2.3) Sk,

ot () 918
! B xr, T
(24)  =¢&(,0) +t§t§(a;,o) + F(Aa)/o (t_T)alag(x/é)dT'

According to [6], by imposing the initial conditions to obtain the solution
of Eq. (1.1)-(1.2), we can construct an iteration formula as follows

(25) &l t) = £(2,0) + £ E(,0),

AL 0%¢;
20 Gulet) =6t + o [ -0 TS0~

By the above iteration each term will be determined by the previous
terms and the approximation of iteration formula can be entirely evalu-
ated. Consequently, the solution may be written as

(2.7) §(z,t) :jli)rgogj(mvt)'

3. EXISTENCE AND UNIQUENESS OF SOLUTION

Theorem 3.1. Suppose that )\%ELl(O,X)X(O,T) and the STIM
is applied to Eq. (1.1)-(1.2). Then, this equation has a unique solution

&(x,t)eL1(0, X)x(0,T).

Proof. As before, applying the Sumudu transform with respect to time
variable ¢ from (1.1)-(1.2) and application of the inverse Sumudu trans-
form, we have

¢ /6.%'7'
(3.1) £@J)zﬁmJD+t;§@¢n+FéoAkt_7w4aiié)dT

Using the rule for the Caputo fractional differentiation of the power
function, we easily obtain that

o

(3.2) =0, a>k.
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Using (3.2), the direct substitution of the function defined by the ex-
pression (3.1) in the Eq. (1.1), we have

o t B T, T

0% 1 0%E(x,t) PE(z,t)
(3:3) = Gl (A D ) A"
Therefore, &(x,t) satisfies (1.1)-(1.2) and the existence of the solution is
proved. Furthermore, it follows from (3.1) that &(x,t)€L1(0, X)x(0,T).
The uniqueness follows from the linearity of fractional differentiation
and the properties of the Sumudu transform. Indeed, if there exist two
solutions &(z,t) and &(x,t), then C(z,t) = &(z,t) — &(x, t) must satisfy
%C(:ﬂ,t) = 0. Then, the Sumudu transform {(z,u) = 0, and therefore

¢(z,t) = 0 almost everywhere in the considered interval, which proves
that the solution in L1 (0, X)x(0,7) is unique. O

4. CONVERGENCE ANALYSIS

Theorem 4.1. Under the assumption of boundedness the initial condi-
tions (1.2), The STIM to approzimate the solution of Eq. (1.1)-(1.2) is
convergent.

Proof. Applying the STIM method to Eq. (1.1)-(1.2), we obtain the
following recursive formula

(A1) Eolet) = E(.0) +t2&(z,0),

ot
¢ B xXr, T
(4.2) i1z, t) = oz, t) + 1“(/\00/0 (t— r)a—la%:(nﬁ’)dr

We can write (4.1) as

1 t
43)  Gnled) = @) + mo /0 (t = 1) K (@, 1) (0, 7V,
therefore

(4.4) &z, 1) = oz, t)] < F(la) /Ot(t — 1)K (2, 7)| [o(, )|dr.

By assumption the boundedness of initial conditions, we have

(4.5) K1 = ||£(2,0)]|c0 < 00, Ko =||K(2,t)||oo < 0.
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Therefore
4.6 1) — &z, )| < KiKo————.
(46) €1(2.1) ol ) < i Koy
In the same manner
t2a

4.7 ) — )| < K K2——— |
(147) eo(e, 1) — & )] < KIE s
and finally

. jo
4.8 Ei(mt) — &1 ()] < KK ———.
(18) €. 1) ()] < KK s
As we know, the series of Z]Oio KlK%y(]t;iil) = K1 E,(Kst®), where
E(z) is the one-parametric Mittag-LefHler function defined as follows:

o0 Zn

4. E.(z) = —_— C,
(49) (2) Z:;)I’(na-i-l) #€

is convergent in the whole real line, therefore the series of

(410) (fO(xat) + [gl(mat) - {0(.%',15)] e [gj(.%',t) - fj_1<1‘,t)} +oee )7

is absolutely convergent, i.e., the sequence {¢;(z, t)};-";l is convergent for
(x,t)€(0, X)x(0,T). O

5. STABILITY ANALYSIS

Theorem 5.1. Under the assumptions of Theorem 4.1, the Eq. (1.1)-
(1.2) has a solution &(z,t) which is asymptotically Mittag-Leffler stable.

Proof. Consider the fractional diffusion-wave equations in the form (1.1)-
(1.2). Assume now that &(x,t) and ((z,t) be the solutions of Eq. (1.1)-
(1.2) and the following fractional diffusion-wave equations, respectively

*C(x Be(x
(5.2) C@.0) =u(), 2¢(.0) = x(a),

ot
where [£(z,0) —((z,0)] < ¢ and \%f(m, 0)— %C(m,O)\ < €1. From (4.3),

we have

(5.3)  &ya(z,t) = &o(z,t) + r(la)/o (t — 1) 'K (x, 7)€ (x, 7)dT,
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and suppose that

(5.4) K (z,t)| < L, Y(z,t)€(0, X)x(0,T).
Therefore
1
(5.5) €o(z,t) — Colz,1)] Z yek\k|,
|£1(I,t) - Cl(x7t)| S ‘5 (CC,t) - €0($,t)|
t
+F(1a) /0 (t — 1) YK (2, )] feo(w,7) — Gl 7)|dr
1 1k L 1 t ot
< leslf+ el [ =
k=0 k=0
1 tk patk
= k:0|6k<k! T 1))
1 1 m tmaJrk
69 <Xl )

Similarly, we have

1

2 otk
61 et - Gl Z\eu(z "tk D)

and by induction

—_

j m tma—l—k
68 ol =gl 0= X al( 3 )

k=

Taking the limit of (5.8) as j—o00 and by the definition of Mittag-Leffler
function, we have

1 oo - tma+k
&z t) - kz_:ek|(Z:0L F(ma+k+1)>
1
(5.9) < lerltF Bapya (L),

k=0
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where F, g(z) is the two-parametric Mittag-Leffler function defined by
the following series representation, valid in the whole complex plane

o0 n

(5.10) Bap(z) =S — = zeC,
A T;)F(na—i-ﬁ)

and this completes the proof.

It concludes from this theorem that small changes in initial conditions
cause only small changes of the obtained solution. U

6. ERROR ANALYSIS

Theorem 6.1. By application the STIM on Eq. (1.1)-(1.2), the upper
bound of error can be estimated as follows:

M LG—Dagio

(6.1) ej = [§(z,t) = &—1(x,t)| < Wa

where L is an upper bound of K(x,t), [t| < and M = max|)\% )

Proof. The prrof is by induction. For j = 1 we have

a—1 8ﬁ§0 (.T, t)

51 dr

by t
er = laot) — &ola ) = [ [ 6= 7)
I(a) Jo
M|t~ Mo
< < .
“T(1+a) " T(1+a)
Now suppose that (6.1) holds for j. We prove that it holds for j + 1:
ejr1 = &1, t) — &(,t)]

At o
- |r@ | = K ) = g e

(6.2)

t
< (2)/0 (t = ) LI (2, 7) — &1 (2, )|
1 t
= F(Oé)/(; (t — 7)* 'Llej(z,7)|dT
I amy MLU-Dagie
<t b O
M Lieg+D)a
P+ G+ 1a)

6.3) <
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But, from Theorem 4.1 £{(x,t) = limj_o &;(2, t) and thus

MLU-Dagia

(6.4) ej = |§(x,t) = (1) < I'(1+ja)

7. TEST EXAMPLES

In this section, we apply the proposed method to some fractional
diffusion-wave models. As we will see, the Mittag-Leffer function ap-
pears in the solutions of these examples.

Example 7.1. Consider the following fractional diffusion-wave equation

9% (x,t) | 0% (x,t)

(7.1) S A EISTI 0<a<2,
0
(72) £($> O) = Ea(xa)a aé('xv 0) =0.

The second initial condition is for o« > 1 only. From (2.5)-(2.6) and by
imposing the initial condition, we have

t 200 ¢ . T T
(7.3)  &pala,t) =Ea(xa)+A/0 (t— e 06T

() o2
Hence
I \kgka
(7.4) 6.0 = Eale®) 3 Sy
and therefore
(7.5) &(z,t) = lim &(x,t) = Eo(z®)Eq (M%),

J]—00

We see that our approximate solution is in coincide with the exact
solution {(z,t) = Eqo(x®)Eq(AtY). The Eq. (7.1)-(7.2) is calculated
numerically for different values of o with A = 1. The results of £(z,t)
are presented in Figs. 1, 2, 3.

Example 7.2. Consider the following fractional diffusion-wave equation

0%¢(x,t) _ )\34a£(x,t)
ot Ogta

(7.7) &(x,0) = cosq(z?), %5(33,0) =0,

(7.6) 0<a<2,
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FIGURE 1. Plot of the approximation &(z,t) for a = 1
and A = 1.

&(tx)

FIGURE 2. Plot of the approximation &(x,t) for « = 0.9
and A = 1.

where the cos function in fractional sence is defined as

k 2ak

o
(7.8) cosq (x Z T + 2ak)’
k=0
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&(tx)

FIGURE 3. Plot of the approximation &(x,t) for @ = 0.8
and A = 1.

As before, the second initial condition is for &« > 1 only. From (2.5)-(2.6)
and by imposing the initial conditions, we have

t dov ¢ T. T
19 Gulet) =wn6) + s [ @00 20

N Dz
Hence
J ka
et
(7.10) &j(x,t) = cosq(x ZJ Y0+ ka)’
and therefore
(7.11) E(x,t) = lim &j(z,t) = cosa(x)Eq(AtY),

—>OO

which is an exact solution of the given fractional diffusion wave Eq.
(7.6)-(7.7). This equation is calculated numerically for different values
of a with A = 1. The results of £(x,t) are presented in Figs. 4, 5, 6.

8. CONCLUSIONS

In this manuscript, the STIM has been successfully applied to com-
pute the approximate analytical solution of the fractional diffusion-wave
equations. The convergence and stability of the method, as applied to
this equation have been thoroughly investigated. The obtained results
show that, our approach provides the solution in terms of convergent
series with easily computable components in a direct way and is very
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&(tx)

FIGURE 4. Plot of the approximation &(z,t) for a = 1
and A = 1.

E(tx)

FIGURE 5. Plot of the approximation &(x,t) for a = 1.1
and A = 1.

effective and convenient for dealing with the fractional diffusion-wave
equations. Since we need to find just a few terms of the series, then the
rest will be determined, automatically.
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