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Modified Results by Using New Generalized Definition of Fractional Derivative without
Singular Kernel by Applying New Generalized Five Parameter Mittag-Leffler Function
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ABSTRACT: In a series of papers [43-46] reviewed all results and generalized the existing results by modifica-
tions. In this article, a new approach of the derivative of arbitrary order (FD) with the kernel of the smooth
type that gains different depictions for the temporal and spatial variables has been given. It first applies to
the time variables and hence it is fit to us transform of Laplace type (LT). Secondly, a definition is linked to
the spatial type variables, by a global derivative of arbitrary order (FD), for which we will apply the transform
of Fourier type (FT). The courtesy for this new methodology with a kernel of regular type was native from
the vision that there is a period of global systems, which can designate the material heterogeneities and the
fluctuations of unlike scales, which cannot be well described by traditional local theories or by arbitrary order
models with the kernel of singular type. In this endeavour we are introducing a new generalized five parameter
Mittag-Leffler function which is used in the definition of fractional derivative.
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Introduction

The Fractional calculus (Arbitrary order Calculus) is a generalization of ordinary differentiation to
non-integer cases The term of fractional calculus caught the attention of other great mathematicians,
many of them directly or indirectly contributed to its development In the last 300 years the fractional
calculus had an illustrious development as shown by the many mathematical volumes dedicated to it (e.g.
Baleanu et al. [1], Caponetto [2], Caputo [3], Diethelm [4], Hilfer [5], Jiao et al [6], Kilbas et al. [7],
Kyriakova [8], Mainardi [9], McBride [10], Miller and Ross [11], Petras [12], Samko et al [13], Podlubny
[14], Sabatier et al. [15], Torres and Malinowska [16], Ying and Chen [17]) and by the distinguished
diffusion as shown by the many meetings dedicated to it and the superfluous of articles appeared in
mathematical (e.g. Kilbas and Marzan [18], Heinsalu et al [19], Luchko and Gorenflo [20]). The use
of derivative of arbitrary order has also spread into many other fields of science as well mathematics
and physics (e.g. Laskin [21], Naber [22], Baleanu et al. [23], Zavada [24], Baleanu et al. [25], Caputo
and Fabrizio [26],[27]) such as biology (e.g. Cesarone et al. [28], Caputo and Cametti [29]), economy
(e.g. Caputo [30]), demography (e.g. Jumarie [31]), geophysics (e.g. Iaffaldano [32]), medicine (e.g El
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Sahed [33]) and bioengineering (e.g. Magin [34]). The major developments in the fractional derivative
which carried out by the scientists One can see also [35], [36], [37], [38], [39], [40] and [41]. However,
some criticism has been made for the somewhat cumbersome mathematical expression of its definition
and the consequent complications in the solutions of the fractional order differential equations. We
consider an advanced definition of fractional derivative, which assumes two different representations for
the temporal and spatial variable. The first works introduced on the time variable, where the real powers
appearing and obtain the solutions of the usual fractional derivative will turn into integer powers, with
some simplifications in these formulae and the computations. In this framework, it is properly used the
Laplace transform. We are applying generalization of Mittag-Leffler function as a kernel in the definition
of fractional derivative without Singular Kernel.

1. The New Generalization of Five Parameter Mittag-Leffler Function

In mathematics, the Mittag-Leffler functions are family of special functions They are complex-valued
functions of a complex argument z and moreover depend on one or two complex parameters. The
definition of the new generalization of Mittag-Leffler function in five parameters is given by authors first
time here and can be defined by the Maclaurin series as:

c — (8)r(e) 2k
NC )_Zr(ak+g+2+1)m (1.1)

where o, 8,7,0 € C,T'(z) is the gamma function which is the most common extension of factorial function
to complex numbers and defined for Re(a) > 0,Re(5) > 0,Re(y) > 0,Re(e) > 0 and, Re(d) >0

In this case as a, 3,7, and ¢ are real and positive the series converges for all values of the argument
z so the Mittag-Leffler function in five parameter is an entire function.This function will play the most
important role in the theory of the fractional calculus because the solution of fractional differential
equations are obtained in the form of Mittag-Leffler function.
Special Case I. If we put d,¢ = 1 in equation no. (1) we get another new generalized three parameter
Mittag-Leffler function is given as:

ok

Belpalz ;Fak+6+v+1)

(1.2)

where a, 5,7 € C,Re(a) > 0,Re(8) > 0,Re(y) >0
Special Case II. If we put v = 0,6 = 1 in equation no. (1) we get Prabhakar’s [11] generalization of
Mittag-Leffler function in 1971 is given as:

ok

,/30 kz:%lﬂakJrBJr 0 (1.3)

Where a, 8,6 € C,Re(a) > 0,Re(3) > 0,Re(d) >0
Special Case III. If we put 6 = 1, = 1 and v = 0 in equation no. (1) we get Wiman’s [3] generalization
of Mittag-LefHler function in 1905 is given as:

ok

Ell

o 5.0(2) = Eap(z) = gm (1.4)

Where «, € C,Re(a) > 0,Re(8) > 0,
Special Case IV. If weput 6 =1, e =1, v =0 and 8 = 0 in equation no. (1) we get Mittag-Leffler
function [5] which is discovered by a Swedish Mathematician G. M. Mittag-Leffler in 1903.

1,1 k
Eyoo(z) = kZ:O T( ak: ) (1.5)
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Where o € C,Re(ar) > 0
Special Case V. If weput § =1, e =1, v =0,a =1 and § = 0 in equation no. (1) we get exponential

function
o0 o0 Z
= — 1.6
kZ:o L(k+1) Z k! (1.6)

2. A New Fractional Time Derivative by Using Generalized Five Parameter Mittag-LefHer
Function

Let us recall the usual Caputo fractional time derivative ( UF D; ) of order «, given by
1 "f(r)
D(Ot) t) = / d 2.1
t f() F(].-Ck) a(t—T)T ( )

with a € [0,1] and a € [~o0,t), f € H*(a,b),b > a. By changing the kernel (¢t — 7)™ with the function

(a), and we replace exponential function by Mittag-Leffler function we

exp (—ﬁt) and F(117a) with
obtain the following new definition of fractional time derivative NFD

{— alt - T)] dr (2.2)

11—«

a)f

where M () is a normalization function such that M(0) = M (1) = 1. According to the definition (7),
the NFD; is zero when f(t) is constant, as in the NF Dy, but, contrary to the UF Dy, the kernel does
not have singularity for ¢ = 7. The new NFDt can also be applied to functions that do not belong to
H'(a,b). Indeed, the definition (7) can be formulated also for f € L'(—o00,b) and for any « € [0,1] as

(@) aM () /t s,e alt — 1)

D = — E = 9

i f(t) o) /) (fO) = F(TDEys | =0 | 97 (2.3)
Now, it is worth observing that if we put o = =2 € [0, 00], 0 = —HU € [0, 1] the definition (2.2) of

NFD,; assumes the form

P50 = [ pios [0 ar (24

where o € [0, 00] and N(o) is the corresponding normalization term of M («), such that N(0) = N(o0) =
1. Moreover, because
t—7)
o

] = 5(t—7) (2.5)

lim —Ly By |:

and fora —1,9=1,0=1,=1,7v=1 we have 0 — 0.
Then (see [35] and [36])

hmDo‘)f /f { (t—T)]dT

11—«
k—)l
. () o _(t_T)
(}é1_>mlDt f() h /f ﬂﬁ,y[ . :|d7'
k—1

Otherwise, when « — 0,9 =1,0=1,6=1,y=1,k — 1 then 0 — +00. Hence

S gy_@g) /t ro e [ (=)o
B8, [
_ f( ) f (2.6)

lim D! f(t) =

a—1
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Theorem 2.1 For NFDy, if the function f(t) is such that f*)(a) =0, s = 1,2,..,n then, we have
D" (D f(t)) = D™ (D" f(1)) (2.7)

Proof: We begin considering n = 1, then from definition (2.2) of Dt(aﬂ)f(t), we obtain

Da(Df 11—«

(T)ESS, [— alt - T)} dr (2.8)
Hence, after integration by parts and assuming f’(a) — 0, we have
o (0 510) = 32 [ () g3, -2 ar
_ (11”_(02) { /a t % F(DESS,. {— “it__;)] dr - —— /a g (MEYS., [— ait__oj)} dr]
M) - [, - =D

~ e [0-
o 0 70) = 4 (A2 [ s, [~ ar)
-3 _( cz) [f(t) -5 fa /atf(r)Eg’,%,w {—ait__;)] dT} :

It is easy to generalize the proof for any n > 1.
In the following, we suppose the function M («a) = 1. O

Otherwise

3. The Laplace Transform of the NF D,

To study the properties of the NF Dy, defined in equation (2.2) with a = 0, has priority the compu-
tation of its Laplace transform (LT) given with p variable

1T D) f(1)] = i ! = /O T B, gt /O pnES, (— 0;?_‘3) drdt. (3.1)

Hence, from the property of Laplace transform of convolution, we have

v [0 500] = s unener (B35, (—255))
_ LT — F0)

p+a(l—p) (3.2)
Similarly
LT[DH) f(1)] = a i ) LT (f(t))LT (Eg; , (1ata)>
_ (PPLTIf ()] = pf(0) = f'(0))
B p+a(l—p) ~ (3.3)
Finally,
LT [D£a+n)f(t)} = ﬁLT {f(nJrl)(t)} LT {Eg% § &}

p LT [f(t)] — p" f(0) — p" 1 f7(0) ... f(M(0)
p+a(l—p) '
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4. Fractional Gradient Operators

In this section, we introduce a new notion of fractional gradient able to describe non local dependence
in constitutive equations (see [39] and [40]). Let us consider a set QeR? and a scalar function u(-) : Q — R,
we define the fractional gradient of order « € [0, 1] as follows

2 2
V@y(z) = 1—a) / Vu(y 19 o {a(l(fc_a?)g)] dy (4.1)
with z,y € Q
It is simple to prove from definition (9) and by the property
2 2
Y e e e R 42)
that
VWu(z) = Vu(z) and VOu(z) = /Q Vu(y)dy. (4.3)

So, when o = 1, VWu(z) loses the non-locality, otherwise V(?u(z) is related to the mean value of
Vu(y) on Q. In the case of a vector u(x), we define the fractional tensor by

V@ u(z) = T Fa/ V- uly [—OM} dy. (4.4)

Thus, a material with the non-local property may be described by fractional constitutive equations.
As an example, we consider an elastic non-local material, defined by the following constitutive equation
between the stress tensor T and V(®u(z)T(x,t) = AV®u(z,t),a € (0,1] where A is a fourth order
symmetric tensor, or in the integral form

o?(z —y)°
T(x,t _— . 4.
(z,t) = Ao/ ﬂa/vu MW{ (1_a)2]dy (4.5)
Likewise, we introduce the fractional divergence, defined for a smooth u(z) :  — R? by
2 2
(a) (@ —y)” 4
Vi®u(x) = TS 7Tm/Vu W[ 1—a) dy. (4.6)
Theorem 4.1 From definitions (4.1) and (4.2), we have for any u(zx) : & — R, such that
Vu(x) - nly, =0 (4.7)
the following identity
V-V @u(z) = V@ . Vu(z). (4.8)
Proof: Employing (4.6), we obtain
: 2 2
V@) = poe | l@—y)? A
V. V©@u(z) (1_a)\/ﬁ/ﬂvu( v, MW{ A | (4.9)
2 2
V@ y(z) — se [_al(@—y)
V- Vi%u(x) 1 ~ ) / Vu(y) - VEy { A—ay2 dy (4.10)

= d,e o (z—y)?
B S Ty Jo Vo VU, {_W} dy—
a : 5, a2 (z—y)?
Gt Joo Vuly) By [~ | dy
hence, from the boundary condition (4.7), the identity (4.8) is proved, because (4.8) coincides with

2
V) . Vu(z) = /v Vu(y {— o) ]dy

1—a
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5. Fourier Transform of Fractional Gradient and Divergence

For a smooth function u(x) : R* — R the Fourier transform (FT) of the fractional gradient is defined
by

FT (Vu(x) (€) = / V@u(x) S, [~2rit - x]de. (5.1)
o B,
Thus, if we consider the gradient of (4.1), the Fourier transform is given by
: 2 2
7 (v _ a PT / e |2 (z —y) d
(v u) (5) (1 — a)\/ﬁ ( RS vu(y) 4,8,y (1 _ 04)2 Y (6)

(07

= Gy FTVW©FT <E§; § {— “(21({;’3 2D €)

{‘a%_y)g])@ a-avm, 6%7[772(1_@)252].

(1-a)? a v a?

where
FT (E;}% 8
Thus, we obtain:

FT(V( )() Vrl e FT(Vu)(§)ESS., |-

a2

2 (1 _ a2) 52]
The Fourier transform of fractional divergence is defined by

FT (vm).u) (€) = (1_a et (/ Vuly)EyS., {—O(‘i(fg))j] dy) (€) (5.3)

from which we have

o?

T (V) () = VAo FT(V - u)(§) By, [—W] : (5.4)

6. Fractional Laplacian
In the study of partial differential equations, there is a great interest in fractional Laplacian. Using the
definitions of fractional gradient and divergence, we can suggest the representation of fractional Laplacian
for a smooth function f(z): Q@ — R?, such that Vf(z)-n|yq =0, as

(VQ)(Q) flx) = V- -Vily 1957 [M} dy. (6.1)

(1—a\ﬁ/ (1—a)?

By Theorem 4.1, we have (Vz)(a) flx) =V - (V)@ f(x) = (V). Vf(x).
Now, we suppose that (z) = 0, on 99 then we extend the function f(z) = 0 on R3\Q. So, we consider
the Fourier transform

T((v9) s(a)) = O_;/WTFT( R% V2 ()Y, [_OM} dy) ©)

.« ) . se | o?z?
- e FT(Y V@) O FT (5, |-g =g ) ©
=Ar|EPFT(f(x))(€)V Wl_aEg,Eﬂ,'y [_(17:2()6} . (6.2)
Finally, if & = 1 we obtain from (6.2)
2 . 2 d,e (1 B O‘)ng
TV (0)) = - lim 4wl PFTG @)OVATESS , |-
k—1

= —An[¢[*LT(f(2))()- (6.3)

This completes the analysis.
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7. Conclusion

In this work, we have derived the new results by using advanced definition of fractional derivative

without singular kernel by using new generalized five parameter Mittag-Leffler function. The results of
the advanced definition of fractional derivative without singular kernel are same as the Michele Caputo
and Mauro Fabrizio [43].
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