Yang-Laplace transform method Volterra and Abel’
integro-differential equations of fractional order

>>Z

n

Fuat Usta*, Huseyin Budak, Mehmet Zeki Sarikaya

Department of Mathematics, Faculty of Science and Arts, Diizce University, Diizce, Turkey

(Communicated by M. Eshaghi)

Abstract

This study outlines the local fractional integro—differential equations carried out by the local frac-
tional calculus. The analytical solutions within local fractional Volterra and Abel’s integral equations
via the Yang—Laplace transform are discussed. Some illustrative examples will be discussed. The
obtained results show the simplicity and efficiency of the present technique with application to the
problems for the local fractional integral equations.
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1. Introduction

Fractional derivatives and fractional calculus have a long history and there are a number of applica-
tions in applied mathematics and engineering. Finding the solution for the differential and integral
equations is one of the hot topics among the mathematicians and engineers. There are several ana-
lytical and numerical techniques for solving them [I], such as the spectral Legendre-Gauss—Lobatto
collocation method [3], the shifted Jacobi-Gauss—Lobatto collocation method [4], the variation it-
eration method [6], the heat—balance integral method [7], the Adomian decomposition method [11],
the finite element method [22], and the finite difference method [9).

Recently the theory of local fractional calculus as one of the practical tools to handle the fractal
and continuously non—differentiable functions, was successfully implemented in real world problems

*Corresponding author
Email addresses: fuatusta@duzce.edu.tr (Fuat Usta), hsyn.budak@gmail . com (Hiiseyin Budak),
sarikayamz@gmail.com (Mehmet Zeki Sarikaya)

Received: January 2018  Revised: July 2018


http://dx.doi.org/10.22075/ijnaa.2018.13630.1709

204 Usta, Budak, Sarikaya

which modelled by local fractional calculus. For detailed information about recent developments
local fractional equations, please refer to [2], [5], [8, 10, 12, [13] 14] 15 16, 17, 18, 19, 20, 21].

The main target of this paper is to take into account to application of Yang—Laplace transform
to Volterra and local fractional Abel’s integro—differential equations with local fractional derivative
and local fractional integral. The remainder of this work is organized as follows: in Section [2]
we give a brief description of the local fractional calculus, while, in Section [3] we show that for
the local fractional Volterra integral equations the Yang—Laplace transform method can be applied
successfully. In Section[d] we show that how to applied the Yang—Laplace transform to local fractional
Abel’s integral equations. Some examples are given in Section [5] while some conclusions and further
directions of research are discussed in Section [6l

2. Preliminaries

The objective of this section is to state the prerequisite definitions and also to summarized the
necessary equalities for local fractional calculus.

2.1. Local Fractional Calculus

Recall the set R of real line numbers and use the Gao—Yang—Kang’s idea to describe the definition
of the local fractional calculus, see [I3], [19]. Recently, the theory of Yang’s fractional sets [13] was
introduced as follows. For 0 < o < 1, we have the following a—type sets:

Z® | The a—type set of integer is defined as the set {0%, £1%, +£2% ..., +n®, ...}.

Q“ | The a—type set of the rational numbers is defined as the set {m® = (p/q)" : p,q € Z, ¢ # 0}.

J% | The a—type set of the irrational numbers is defined as the set {m® # (p/q)” : p,q € Z, q # 0}.

R® | The a—type set of the real line numbers is defined as the set R* = Q% U J°.

Table 1: a—type sets
If a®, 6™ and ¢ belongs the set R* of real line numbers, then
(i
(ii

a® + b* and a®b® belongs the set R;

a*+b*=b"+a*=(a+b)*=(b+a);
(iii) a®+ (b* +¢*) = (a + b)* + ¢
(v

(vi

)
)
)
(iv) a®d™ = b*a® = (ab)” = (ba)";
) a® (b%c*) = (a®b®) ¢*;
) a® (b* 4 ¢¥) = a®b™ + a“c™;
(vii) a® + 0% = 0% 4+ a* = a* and a*1* = 1%a® = a°.

The definition of the local fractional derivative and local fractional integral can be given as follows.

Definition 2.1. (Yang, [13]) A non—differentiable function f : R — R*, x — f(z) is called to be
local fractional continuous at xg, if for any € > 0, there exists § > 0, such that

[f(2) = f(xo)] <&

holds for |z — xo| < §, where £,6 € R. If f(z) is local continuous on the interval (a,b), we denote

f(z) € Cu(a,b).
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Definition 2.2. (Yang, [13]) The local fractional derivative of f(x) of order o at & = zq is defined

. (x) (F(a) - F(20))
@ _ daf T T A X —f i)
£ (zo) = dre | Jim P I
where A (f(2) — [(a0)) =00 + 1) (f(x) — F(z0)).

———
If there exists fE+De(z) =D ... DS f(x) for any z € I C R, then we denoted f € Dy1)a(I), where
k=0,1,2,...

Definition 2.3. (Yang, [13]) Let f(z) € C, [a,b]. Then the local fractional integral is defined by,

b
T @) = g [ F0@)" = 5 fim ) ()

with At; =t —t; and At = max {Aty, Aty, ..., Aty_1}, where [t;,t;41], J =0,...,N — 1 and
a=1ty <ty <...<ty_1 <ty ="0is partition of interval [a,b] .

Here, it follows that I f(z) = 0 if a = b and I f(x) = —pI¢f(z) if a < b. If for any z € [a,b],
there exists ,I% f(x), then we denoted by f(x) € I%[a,b].

Lemma 2.4. (Yang, [13]) (Local fractional integration is anti-differentiation) Suppose that f(x) =
g9 (z) € C,[a,b], then we have
ofy f(x) = g(b) = 9(a).

Lemma 2.5. (Local fractional integration by parts) Suppose that f(z), g(x) € D, [a,b] and £ (x),
g\ (x) € CyJa,b], then we have

i f(2)g' (@) = f(2)g(x)ly —a 15 [ (2)g(2).

Lemma 2.6. (Yang, [13]) We have the following properties of local fractional calculus

) dozk _ I'(1+ ka) L(h-Da.
dze  T(1+ (k—1)a) ’
T +ka)

T(1+(k+1)a)

1 b i
s a e (k+Da _ ,(k+1)o
ii) —F<&+1>{x (dx) (b a ), k€R.

3. Yang—Laplace transform method for local fractional Volterra integro—differential equa-
tions

In local fractional Volterra integral equations, at least one of the limits of local fractional integration
must be a variable. There are two kinds of local fractional Volterra integral equations based on
the place of unknown function. For the first kind local fractional Volterra integral equations, the
unknown function u(x) appears only inside local fractional integral sign in the form:

m(z) = ﬁ / " (o tut) (do)°,
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such that m(z) : R — R* and K(x,t) : R x R — R® On the other hand, local fractional Volterra
integral equations of the second kind, the unknown function u(x) appears both inside and outside
the local fractional integral sign. The second kind local fractional Volterra integral equation is
represented by the form:

A v N
u(z) = m(z) + m/o K (z,t)u(t)(dt)*.

In addition to these the local fractional Volterra integro-differential equations of the second and first
kinds arise along the same line as local fractional Volterra integral equations with one or more of
local derivatives in addition to the local fractional integral operators. The local fractional Volterra
integro—differential equations of second and first kinds are represented by respectively

u™ () = m(z) + F(l#—i-a) /Oﬁt K(x, t)u(t)(dt)”

and
m(z) = ﬁ /0 Kl(x,t)u(t)(dt)a—kﬁ /0 Ky, t)ul™ (t) (dt)”.

The Yang—Laplace transform method is a spectacular technique that can be utilized for solving local
fractional Volterra integro—differential equations.

Theorem 3.1. (Yang—Laplace transform) Let f : R — R®. The Yang—Laplace transform of f(x) is

given by
1

LAf@} = £20) = e | Bol=s e @) 0<a<

where E,(z%) = >, F(%';m) and 2%, s* € R“.
The Yang-Laplace transform f@(s) may fail to exist. If f(z) has infinite discontinuities or if it grows

up swiftly, then f&(s) does not exist. Furthermore, a significant necessary condition for the existence
of the Yang—Laplace transform f&(s) is that f&(s) have to vanish as s approaches at infinity.

Theorem 3.2. (Inverse Yang-Laplace transform) The inverse Yang—Laplace transform of f&(s) is
given by

1 B+ico
LMPEOY = 10) = g [ Balsta) £ 0<as<l
(27T)a B—ioco
where E,(z%) =Y 72, F(%Za), s* € fY 4+ i%0* and  Re(s¥) = % > 0%,

Another significant theorem that will be used in solving local fractional Volterra integro—differential
equations is the convolution theorem.

Definition 3.3 (Convolution). The convolution of two functions is the function f % g defined by

(F+0)(0) = o [ (Bt ="

As further results, the properties of the convolution of the non—differentiable functions for convenience
lead as
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L (f*g)(x) = (g9* f)(z);
2. (f*(g+h)(x)=((f+g)*h)(z)

In the convolution theorem for the Yang—Laplace transform, it was remarked that if the kernel
K(z,t) : R x R — R of the local fractional Volterra integral equation of second kind:

A v N
u(z) = m(z) + M/o K(z, t)u(t)(dt)”,

depends on the difference x —t, then it is called a difference kernel. Then the local fractional Volterra
integral equation of second kind owing difference kernel can be expressed as

A v o
u(x) =m(z) + T +a) /0 K(z — t)u(t)(dt)*.

3.1. Yang-Laplace transform method for local fractional Volterra integral equations of the first kind
and second kind

Let consider two mappings f(z) and g(x) that possess the necessary conditions of the existence of

Yang—Laplace transform for each. Let the Yang—Laplace transforms for the mappings f(x) and g(x)

be given by L. {f(x)} = f2(s) and L,{g(z)} = ¢%(s). The Yang-Laplace convolution product of

these two mappings is described by

Lol o) = o] s [ £00te =000 | = 2010

Starting from this point of view, we will focus on special Volterra integral equations where the
kernel is a difference kernel. Note that we will perform the Yang—Laplace transform method and the
inverse Yang-Laplace transform method using the elementary transforms given in [I3]. By taking
Yang—Laplace transform of both sides of local fractional Volterra integral equations we deduce that

U(s) = M(s) + MC(s)U(s) (3.1)
where U(s) = Lo{u(z)}, M(s) = Lo{m(z)} and K(s) = L {K(x,t)}. Solving for U(s) gives
U(s) = % 1 — \K(s) # 0. (3.2)

The solution u(z) is obtained by taking the inverse Yang—Laplace transform of both sides of ([3.2)

where we find M(s)
u(z) = L} {T]C(S)} . (3.3)

Note that the right side of (3.3) can be solved by using the Yang-Laplace transform of ordinary
functions given in [13].

Remark 3.4. If the unknown function u(x) appears only under the integral sign of Volterra equation,
the local fractional integral equation is named a first kind local fractional Volterra integral equation.
Under this circumstances the Yang—Laplace transform technique solution of first kind local fractional

Volterra integral equation given as
_1 [ M(s)
_ el
o= {57

where K(s) # 0.
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3.2. Yang—Laplace transform method for local fractional Volterra integro—differential equations of the
second kind

The local fractional Volterra integro—differential equation depend on the difference kernel can be

expressed as

u" (x) = m(x) 1+& / K(x (t)(dt)~. (3.4)

In order to solve local fractional Volterra integro—differential equations by using the Yang-Laplace
transform method, it is key feature to use the Yang—Laplace transforms of the local fractional deriva-
tives of u(x). We can easily deduce that

Lo{u" ()} = 5" Lo{u(z)} — s D% (0) — sy (0) — ... — =D (),

The Yang—Laplace transform method can be performed likewise by following the same steps used
before in previous subsection. Namely we first perform the Yang—Laplace transform to both sides
of , use the proper Yang—Laplace transform for the local fractional derivative of u(z), and then
solve for U(s). After then we use the inverse Yang-Laplace transform of both sides of the resultant
equation to get the solution u(x) of the equation.

3.3. Yang—Laplace transform method for local fractional Volterra integro—differential equations of the
first kind

The standard format of the local fractional Volterra integro—differential equation of the first kind
depend on difference kernel is given by

1—i—a / Ky (2 — t)ult)(dt)” + Fl—l—a / Ko(z— ) um™ (#)(dt)* = m(z) Kalz—t) 0, (3.5)

where initial conditions are prescribed. Taking the Yang-Laplace transform of both sides of (3.5
gives

Lo{Ki(z —t) *u(t)} + La{Ka(z — 1) xu" (1)} = Lo{m(z)},
so that
K (S)U(S) + KCa(5) (5" Lafu()} — s Dou(0) — s=D0l@) (0) — ... =D (0)) = M(s),
where U(s) = Lo{u(z)}, M(s) = Lo{m(z)}, Ki(s) = Lo{K(x,t)} and Ka(s) = Lo{K(x,t)}. Using

the provided initial conditions and solving for ¢(s) we deduce that
M(S) + ICQ(S)(S(nil)aU(O) — S(TL*Q)O(,UI(O[) (O) —_— e — u((kil)a) (O))

Ufs) = K1(s) 4+ smKa(s) ’ (3.6)

on the condition

KCi(s) + s"*Ka(s) # 0.
By taking the inverse Laplace transform of both sides of (3.6)), the exact solution is easily obtained.

4. Yang—Laplace transform method for local fractional Abel’s integral equations

Abel in 1823 examined the motion of a small particle that slides down along a smooth unknown
curve, in a vertical plane, under the affect of the gravity. The particle takes the time m(z) to move
from the highest point of vertical height x to the lowest point 0 on the curve. The Abel’s problem is
derived to find the equation of that curve.
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4.1. Yang—Laplace transform method for local fractional Abel’s integral equations

Local fractional version of Abel’s integral equations can be represented as

(t)(dt)®, (4.1)

1 x 1
m(x) = u
(z) F(l—i—oz)/o Ve —to
where m(z) is a prespecified data function, and u(z) is the solution that will be determined. It is to
be noted that Abel’s local fractional integral equation (4.1]) is also named local fractional Volterra
integral equation of the first kind. Moreover the kernel K(z,t) in Abel’s local fractional integral

equation (4.1)) is
1

K ) t - T
(0,1) =~
where

K(z,t) > 00 as t— .

It is interesting to point out that although Abel’s local fractional integral equation is a local fractional
Volterra integral equation of the first kind, the solution technique of local fractional Volterra integral
equation of the first kind except Yang-Laplace transform method are not practicable here. For
instance the series solution cannot be performed in this case particularly if u(x) is not analytic.
Furthermore, converting Abel’s local fractional integral equation to a second kind local fractional
Volterra equation is not existing since we cannot use Leibniz rule due to the singularity behaviour
of the kernel in (4.1).

In order to solve local fractional Abel’s integral equations we need to take the Yang—Laplace
transform of both sides of leads to

Lo{m(x)} = Lafu(x)} Loz},

or equivalently

ri-s
M(s) = U2
S?2
that gives
S2
U(s) = M<S)F(1——%)’ (4.2)
where I' is the gamma function. The last equation can be rewritten as
B 5% INQE %)
u(‘S) - [F(l . %)]2 S% M(S>a
which can be rewritten by
SO[
Lo{u(z)} = == La{v(@)}, (4.3)
r( =3P
where . N
- - a_ ga —1/2 O (dt)e.
o) = e [ =) @)

Using the fact that
Lo{v'(2)} = s*La{v(2)} — v(0),



210 Usta, Budak, Sarikaya

into (4.3) we deduce that

Lafu(®)} = Gr—gplelr” @), (4.4

2l
Applying the inverse Yang—Laplace transform to both sides of (4.4) gives the formula

() (dt)", (4.5)

1 a [* 1
)~ g ), v
that will be used for the identification of the solution w(z). Notice that the formula (4.5) will be
used for solving Abel’s local fractional integral equation, and it is not necessary to use Yang—Laplace
transform method for each problem. Abel’s problem given by can be solved straight—forwardly
by using the formula where the unknown function u(x) has been replaced by the given function

4.2. Yang—Laplace transform method for the generalized local fractional Abel’s integral equations

The generalized local fractional Abel’s integral equations are the singular local fractional integral
equation given as

m(r) = - ! )/Or( ! Gl 0<0<1 (4.6)

1+« e —

where 6 are known constants such that 0 < 6 < 1, m(x) is a predetermined data function, and u(z) is
the solution that will be determined. The Abel’s problem discussed previous subsection is a special
case of the generalized equation where 6 = %

To construct a formula that will be used for solving the generalized Abel’s local fractional inte-
gral equation (4.6]), we will perform the Yang-Laplace transform technique in the same way to the
approach followed before. By taking the Yang—Laplace transforms of both sides of leads to

Lo{m(z)} = Lo{u(@)}La{z™},

or equivalently

I'(1—ab)
M(s) = U(S)w,
that gives
U(s) = M(s) 47
(s) = (S)Wa (4.7)
where I' is the gamma function. The last equation (4.7) can be rewritten as
s® ['(1—a+ ab)
u pu—
(s) (1 —af)l(1 —a+ ab) 520 M(s),
which can be rewritten by
SO{
Lofu(®) = Lofo(e)}, (4.9

(1 —ad)l(1 —a+ ab)

where

1 © X
o(z) = F(1+a)/0 )

Lo{v' (@)} = s*La{v(x)} — v(0),

Using the fact that
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into (4.8) we deduce that

1
« == a @ . 4.
Lo{u(x)} T af)T (1= (H(w)c {v*(2)} (4.9)
Performing the inverse Yang-Laplace transform to both sides of (4.9) gives the formula
) = 1 [ o 0<o<1 @
T —af)I(1—a+ab)dee J, (zo—to)1=0 - .

Notice that the exponent of the kernel of the generalized Abel’s local fractional integral equation is
—0, but the exponent of the kernel of the formulae (4.10)) is (6 — 1). The unknown function in (4.6))
has been replaced by m(t) in (4.10)).

4.3. Yang—Laplace transform method for the main generalized local fractional Abel’s integral equations

It is helpful to present a further generalization to local fractional Abel’s integral equation by con-

sidering a generalized singular kernel instead of K(z,t) = \/xalj The generalized version of kernel

will be of the form

1
Kx,t)= ———, 0<0<1,
[n(x) = n(2)]’
where n(t) : R — R®. The main generalized local fractional Abel’s integral equation is given by
1 v 1
= t)(dt)*, 0<o<1 4.11
) = 5 |, O , (.11)

where n(t) : R — R is strictly monotonically increasing and differentiable function in some interval

0 <t <b,and £on(t) for every ¢ in the interval. The solution u(z) of (4.11)) is given by

1 4o [ 1 o .
") = T BT 0 ), e e g O 0<0 <1

where
B(x,y) =

1
———— [ (= D (ag)e.
T'(1+a) /0 (L= )F ()

To prove this formula, we consider the integral

x m a~
/0 - (y) g=n(y) (dy)°

(x) = n(y))=*
and substitute for m(z) from (4.11]) to obtain

Lo u(t) d=n(y) o
F(1+a)/0 /0 [n(y)—n(t)]a[n(x)—n(y)](lﬁ) (dt)*(dy)®,

where by changing the order of integration we find

v ’ u ! C;l%;n(y) o
F(l + Oz) /0 (t)/t [n(y) — n(t)]e[n(x) — n(y)](l—G) (dy) (dt) .

We can prove that

1 Z=n(y)

N ), B

(dy)* =T(1+ a)B(0,1—0).



212 Usta, Budak, Sarikaya

This means that

/Ox [n{j;(y_) f(y)(ﬁl)g) (dy)* = B(6,1~ 0) /0 ") (de)e. (4.12)

Differentiating both sides of (4.12)) gives

1 7 1 d* N
u(r) = T+ a)B(6,1— 6) dz® /0 nz) = n(}f)](l_@)m(t)%n(t)(dt) 0<6<1.

5. Examples

The Yang—Laplace transform method for solving local fractional Volterra and Abel’s integral equa-
tions of the first and second kinds will be exemplified by running the following examples.

Ezxample 1

Considering the following local fractional Volterra integral equation of second kind

1 : X
—r(1+a)/0 () (dt)*

u(r) =1+

The exact solution of Example 1 is the form

Ezample 2
Considering the following local fractional Volterra integro-differential equation of second kind
z 1

ul?(e) = ~1% = Fl+a) [ta

- / (a — Yu(t)(de)®,

with the initial condition
u(0) =1% and u®(0) = 1%

The exact solution of Example 2 is the form
u(x) = sing () + cosy ().
Example 3
Considering the following local fractional Volterra integro-differential equation of first kind

! mCos % —tYu ap L xsjn 2% — $19)q,(39) o
[ cosaa® — eputoan + e [ sinala® a0 )

I'l+a 1+«
= 1% + sin, () + cos, (x9),

with the initial condition
u(0) = 19, u(o‘)(O) =1% and u(zo‘)(O) = —1%

The exact solution of Example 3 is the form

l,a

m + COS, (l‘a).

u(r) =
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Example 4

Considering the following local fractional Abel’s integral equation

[( (¢)(dt)".

1_9)]2_/x;u
2 0 Vae —to

The exact solution of Example 4 is the form

6. Concluding remarks

The main goal of the current study was to determine the solution of local fractional Volterra and
Abel’s integro—differential equations using the Yang—Laplace transform. The present study confirms
previous findings in case of @ = 1 and contributes additional evidence. In order to validate our
scheme we presented some examples. It is recommended that further research be undertaken in the
following areas: system of local fractional integral equations and nonlinear local fractional integral
equations.
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