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1 Introduction
Mittag-Leffler functions play a vital role in determining the solutions of fractional differ-
ential and integral equations which are associated with an extensive variety of problems
in diverse areas of mathematics and mathematical physics. In addition, from exponen-
tial behavior, the deviations of physical phenomena could also be represented by means
of Mittag-Leffler functions. Therefore, the uses of Mittag-Leffler functions are constantly
rising, especially in physics. For more details about the recent research in the field of dy-
namical systems theory, stochastic systems, non-equilibrium statistical mechanics and
quantum mechanics, the readers may refer to the recent work of the researchers [1-5]
and the references cited therein.

Now, we begin with the Mittag-Leffler functions E,(z) and E g(z) defined in the form
of the following series:

%) 2
Eo((Z):nX:O:m, ze(C;iﬂ(ot)>0 (1)
and
%) 2 X
Eo(,ﬂ(z) = HZ(; m; Z,,B S (C,S\(Ol) >0, (2)

respectively. For further study of Mittag-Leffler functions like generalizations and applica-
tions, the readers may refer to the work of researchers [6—-10], Kilbas ez al. [11], and Saigo
and Kilbas [12]. In recent years, the Mittag-Leffler function (1) and some of its general-
izations have been numerically established in the complex plane [13, 14]. A new general-
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ization of the Mittag-Leffler functions E, g(z) in (2) has been defined by Prabhakar [15] as

given below:

oo

W 2 o
EZ,)S(Z) = Z m;, Z,/s eC; .h(Ol) >0, (3)

n=0

where (y), denotes the well-known Pochhammer’s symbol which is defined by

V), = 1 (n=0,y €C),
o= yiy+1)---(y+n-1) (meN,yeC).

In fact, the following special cases are satisfied:
E} 5(2) = Eqp(2) = E},1(2) = Eq(2). 4)

Many researchers have established the significance and great consideration of Mittag-
Leffler functions in the theory of special functions to explore the generalizations and some
applications. Various extensions for these functions are found in [16—20]. Srivastava and
Tomovski [21] defined the further generalization of the Mittag-Leftler function E;’, P (z) as

given in (3), which is defined as

[e¢]

B0 =Y m ®

“~ T(an+p) n!’

where z, 8,y € C; f(a) > max{0, N(x) — 1}; R(x) > 0.
Ozarslan and Yilmaz [22] investigated an extended Mittag-Leffler function EZ; (z;p),
which is defined as

n

(6)

. B,y +mc—y) (0 =z
EV»C z — 14 -,
“'ﬁ( 2 ; B(y,c—y) T(an+pB)n!

where p > 0, 9i(c) > %(y) > 0 and B, (x,y) is an extended beta function defined in [23, 24]

as follows:
1 p
B,(x,y) = / FI1 - ¢ le D dt, (7)
0

where N(p) > 0, NR(x) > 0 and (y) > 0. If p = 0, then the function B,(x,y) reduces to the

following beta function:

1
B(x,y) = / Fl1 -t tde (8)
0
The gamma function is defined by

['(z) = / Octz‘le“dt; R(z) > 0. 9)
0
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By inspection, we conclude the following relation:
[(z+1) =2z[(2). (10)

Mittal et al. [25] defined an extended generalized Mittag-Leftler function as

— (11)

, By +ngic—y)  (Ong 2"
EVC(y ) = P q ’
@p @p) Z B(y,c—y) Tl(an+p)n

n=0

where o, 8,y € C, %) > 0, R(B) > 0, N(y) >0, g >0 and B,(x,y) is an extended beta
function defined in (7).

The fractional calculus is a field of applied mathematics that deals with the fractional
derivatives and fractional integrals of arbitrary orders. During the last few decades, many
researchers have applied fractional calculus to all fields of science such as engineering and
mathematics. The researchers have developed a significant contributions in the field of
fractional calculus such as fractional derivatives of constant and variable orders, global
existence solution of differential equations; an alternative method for solving generalized
differential equations of fractional order, a new type of fractional derivative formula con-
taining the normalized sine function without singular kernel. For the recent development
in the field of fractional calculus, the readers are referred to the work of [26—31] and [32—
35].

Recently, Nair [36] introduced a pathway fractional integral operator by using the idea
of Mathai [37], and Mathai and Haubold [38, 39], which is defined as

laan] - =y
(Ph7f) (x) = 2 / ( )[1_“(196—”’]( f(2)dx, (12)
0

where f € L(a,b) (L(a,b) is a Lebesgue measurable real or complex-valued function),
neC, R(w)>0,x>0and A <1 (X is a pathway parameter) (cf. [40]). For a given scalar
A and scalar random variables, the pathway model is defined by the following probability
density function:

T

f60) =l 1 -l -2)x"]T7, (13)
where x € (—00,00); 1> 0; u>0; [1 —a(l—)»)lxl”](ﬁ) > 0; v > 0 and where ¢ and A denote
the normalizing constant and pathway parameter, respectively.

Moreover, the normalizing constants for A € R are defined by the following:

Ll)

1" T
2 <5>r<% +) (A <1),
c= ] 1nlaq-mnrs) T
2 TOrGE-D) G -5>04>1),
l(au)%
2 T(D) (A —1).

It is noted that if A < 1, we have [1 — a(1 - A)|x|"]ﬁ > 0, and (13) can be consid-
ered a member of the extended generalized type-1 beta family. Also the extended type-
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1 beta density, the triangular density, the uniform density and many other probability
density functions are specific cases of the pathway density function defined in (13) for
A<l

For instance, if A > 1, and by putting (1 — 1) = —( — 1) in (12), then it yields

X

(] _ o)
(P) e =t [ )[uM]( ') d (14)
0

X

and
F@) = el [1+ a(h — 1)Jxl"] 0, (15)

where x € (—00,00); 7 > 0; 1 > 0;and A > 1 represents the extended generalized type-2 beta
model for real x. The type-2 beta density function, the F density function, the student
¢ density function and many other density functions are particular cases of the density
function defined in (15). Furthermore, if . — 1_, then (12) reduces to the Laplace integral
transform. Similarly, if A = 0, « =1 and p is replaced by u — 1, then (12) reduces to the
well-known Riemann-Liouville fractional integral operator.

The pathway fractional integral operator (12) leads to several other interesting exam-
ples such as fractional calculus related to several probability density functions and their
applications in statistical theory. Nisar et al. [41] presented the pathway fractional inte-
gral formulae associated with Struve function of the first kind. The results given in [40]
are a slight generalization of the result provided by Agarwal and Purohit [42] and Nair
[36]. Recently, Nisar et al. [43] provided the composition of pathway integral operator
associated with generalized k-Mittag-Leffler functions. The main aim of this study is to
obtain pathway fractional integral operators associated with extended Mittag-Leffler func-

tions.

2 Pathway fractional integration of an extended Mittag-Leffler function
In this section, we derive the pathway integration formulae involving the extended Mittag-

Leffler functions from (6).

Theorem 1 Suppose that p; B;y;c; i € C; {R(0); R(B); R(w); R(c)} > 0; R(E5) >-L A <1
p >0 and w € R. Then the following formula holds true:

» - HY F(l + %)x}“ﬁ HY X e
P el kol = S oy ) ) 09

Proof By using (6) and (12), we have

X K

i) _ = .
P[P B (w0t )i ] ) = /0 = ,ﬂ-l[l_a(lxik)f]l % (w01”3p) dr.
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We denote the right-hand side of the above equation by [}, and after interchanging the
order of integration and summation, we have

_x o
0

* “~ Bly,c-y) T(pn+p) n!

00 n (=2 £
ey Blriney) @, @ /au—w o[ Q=TT
2" Bly,c—y) Tlon+p) n Jo x

3o Bl emesy) @, (w)"(a(x )””*"F(1+ﬁ)r(pn+ﬁ)

L~ Bly,c-y) T(pn+p) n 1-2) C(on+ B +1+ %)
WP+ ) SVBy(y +mc—y) (©)n (@(Gam)""
@ -2)8 Z B(y,c—y) T(on+p+1+{5) n!

:xmﬂl—'(l_,_% e " x p;p ’
A e = al-21)

which completes the required proof. 0

Corollary 1 Ifp = 0, then (16) leads to the following result of Mittag-Leffler function (see
(36]):

xPD(1 + i)

P
ngh[-,;ﬁ—lEZj;[(a)rp)]](x) W%&nﬁ <w<a(1x— A)) ) 17)

Corollary 2 If§=1,a =1, A =0 and pn = o — 1, then (16) leads to the following fractional
integral formula of extended Mittag-Leffler function (see [44]):

I [rﬁ_lEZ’ﬂ (0(2)%,p)](x) = I’(u)x’”ﬁE};yﬂm (0(x)",p). (18)

Corollary3 Ifwesetp = 0in (18), then it leads to the following well-known result of Mittag-
Leffler function (see [7]):

1 [tPE) 5 (0(0)) @) = T(w)aPE) 4, (0(x)"). (19)

Now, we derive the following result by assuming the case that A > 1 and using equation
(14).

Theorem 2 Suppose that p; B;y;c; i € C; {R(p); R(B); R(w); R(e)} > 0; R(E5) > -LA>1;
p>0and w e R. Then the following formula holds true:

—1pyic - %)xlﬁﬁ i ’
Pg;)‘['[ﬂ lEz,ﬁ[(w-c"),p]](x) = WE‘;J}NI%)[CO(ﬁ) ;p]. (20)

1

Proof By using (6) and (12), we have
P2 [ (o]

[ﬁ] _ %
s [T 1 I ey

X
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For convenience, we denote the right-hand side of the above equation by I, then

_x _H*
b — 4 /[a(u)] p1 [1 . a(l -1t ] D Z By(y +mc-y) (0)u (wTf)" .
0

x =0 B(y,c—y) T(pn+pB) n!

By interchanging the order of integration and summation, we obtain

Izzxuin(yﬂq,c—y) (©)n a)_”/'[—a(fx)]tﬁwn_l Vi R
B(y,c—y) Tl(on+p) n! x

—a(A-1)T
x

By substituting = u and using the definitions of beta function (8) and (10) in the

above equation, we get

xH+P (v +me—y) (0, ((Z55)")"
f= [~a(r-1)) Z B(y,c—y) T(pn+p) n!
F1- )T (pn+ p)
Clon+ B +1-55)
x‘”’gl"(l - By(y +mc—y) (©)n (@(5=)")"
T [~a(h - 1)]ﬂ Z B(y,c-y) T(pon+p+1-;5) n!
xu+ﬁr(1_ﬁ) i x P'
 [aG-D)P Eﬂﬁ+<lm>[ (—a(x—n) ’p]’
which completes the required proof of (20). O

Corollary 4 Ifp =0, then (20) leads to the following result of Mittag-Leffler function re-
cently introduced by Nair [36]:

_ra- L)’ x ’
= WEZ‘ﬁJr(l—ﬁ)[w(m) :I. (21)

Corollary 5 Again, if 6 =1, =1, A =0 and u = u — 1, then (21) leads to the fractional
integral formula of extended Mittag-Leffler function as defined in (18).

Po (e Ep gl (@) ]] )

Corollary 6 Ifwe set p = 0 in Corollary 5, then it leads to the fractional integral formula
of Mittag-Leffler function as defined in (19).

3 Pathway fractional integral operator of an extended generalized
Mittag-Leffler function

In this section, we present the composition of pathway fractional integral operator asso-

ciated with an extended form of the generalized Mittag-Leffler function as defined in (11).

Theorem 3 Suppose that p; B;y;c; i € C; {R(p); R(B); R(w); R(e)} > 0; R(E5) > -L A<
p>0;q>0and w € R. Then the following formula holds true:

" DL+ )l e p
P(l)L_'_}L[ B- lEyq [(w‘[ ) ]](x)— WEZ’ZJr(l*ﬁ)[a)(a(lx— )\)) ;p:|. (22)

Page 6 of 10
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Proof By using (11) and (12), we have

N

al-A)Tt | o
—4] E;’Z (wt”;p)dr.

(]
T (| R I [

For simplicity, denote the right-hand side of the above equation by I3, we have

_x e n
L = /[u(l—l)] b1 |:1 ~ a(l- )L)t:|1-A i B,(y +ng,c—y)  (Qng (wT”) Jr
0 x “~ Bly,c-y) Tlpn+p) n

By interchanging the order of integration and summation, we obtain the following:

X

° n o plaiisl o
s By(y +nq,c—y) (Qug (o) / @A o[ @l=NT|T
B(y,c—y) T(on+p) n! Jo x

n=0

:x“iBP(V +”16],C—V) (C)nq () ( X )pn+ﬂ ra+ %)F(pn+,3)

= B(y,c—y) Tl(on+B) n' \a(l-21) C(on+p+1+ )
B KPTA+ £5) S8 Byly +ng,c—y) (Q)ng (@(5557)")"
T [e@-2)8 Z B(y,c-y) T(pn+pB+1+5) n!

) XL (L + 4 e of F p;p ,
[w@-n]F oA U\ a(l- 1)

which completes the required proof. d

Corollary 7 If p = 0, and q =1, then (22) leads to the following result of Mittag-Leffler
function (see [36]):

Pg;)t [tﬂ—lEZﬂ[(th)]](x)
WP+ PN
N WE;&M% <w<m) ) (23)

Corollary8 Ifa =1,A =0and p = u—1, then (22) leads to the following result of extended
Mittag-Leffler function (see [45]):

P [ g (wr?)ip]]6) = T PEL, (@) i) @4)

Remark 1 If we set p = 0 in Corollary 8, then we get the fractional integrals of Mittag-

Leffler function earlier proved in [21].
Now, we derive the following result by assuming the case that A > 1.

Theorem 4 Suppose that p; B;y;c; i € C; {NR(p); R(B); R(w); N(c)} > 0; Eﬁ(%) >-1L;A>1;
p=>0;q>0and w e R. Then the following formula holds true:

y (1= £ )xtB . p
P o)l = o B o) 2] 9

-1
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Proof By using (11) and (14), we obtain
Py EL ()i p] | )

[=5=n] _ e .
:xu/O =y tﬂ—1|:1+M:| 0D [EZ,'Z'C[(pr);p]]dr.

X

For convenience, we denote the right-hand side of the above equation by I, then

(6] —H o0 a
A =x“/ <00 gy, @R - DT D 3 By +ngyc=y)  (Ong (2”)"
0 x < Bly,c-y) T(pn+p) n
By interchanging the order of integration and summation, we obtain
> —A= Kk
Byly +ngc—y) (g " /[—aa—l)] oot [1 , @G- ] S
0

Iy = x*
1= B(y,c—y) T(on+p) n! x

n=0

)

By substituting _“(kx—_“ = u and using the definitions of beta function (8) and (10) in the

above equation, we obtain
_ xhth = Bp(y +ngq,c— V) (C)nq (o( —a(j)c\—l) )7)"
[~ -1]f &= Bly,c-y) T(pn+p) n!

L(1-55)T(on + B)
X
C(pn+p+1-35)

1

B XL (L= £5) S By(y +ng,c—y) (Cng ((5=)")"
(-1 nz(; Bly,c—y) Tlon+p+1-355) n!

xHtB 1'*(1 _ %)E%qw " x p'p
[~ =1)]F e [T\ —a(h-1)) T

which completes the required proof of (25). d

Corollary 9 If p = 0 and q =1, then (25) leads to the following result of Mittag-Leffler
function recently introduced by Nair [36]:

ra- %)x‘”ﬂ x °
ol - D Cretn [“’(—a(x - 1)) } 26)

Corollary10 Ifa =1,1 =0and p = u—1, then (25) leads to the result of fractional integral
containing an extended Mittag-Leffler function in its kernel defined in Corollary 8.

P IEL [(wr )]0 =

4 Conclusion

In this paper, we have presented two pathway fractional integration formulae associated
with extended Mittag-Leffler functions. The obtained result provided extended forms of
the known results earlier proved by Nair [36].
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