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Abstract

This article is devoted to study of the autoconvolution equations and generalized Mittag-Leffler func-
tions. These types of equations are given in terms of the Laplace transform convolution of a function
with itself. We state new classes of the autoconvolution equations of the first kind and show that the
generalized Mittag-Lefller functions are solutions of these types of equations. In view of the inverse
Laplace transform, we use the Schouten-Vanderpol theorem to establish an autoconvolution equation
for the generalized Mittag-Leffler functions in terms of the Laplace and Mellin transforms. Also, in
special cases we reduce the solutions of the introduced autoconvolution equations with respect to the

Volterra p-functions.

Moreover, more new autoconvolution equations are shown using the Laplace

transforms of generalized Mittag-Leffler functions. Finally, as an application of the autoconvolution
equations in thermodynamic systems, we apply the Laplace transform for solving the Boltzmann
equation and show its solution in terms of generalized Mittag-Leffler functions.
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1 Introduction and Preliminar-

ies
1.1 The generalized Mittag-LefHler
function

N year 1971, Prabhakar introduced the gener-
I alized Mittag-LefHer function on his study on
singular integral equations as follows [23]

~ iA)zj

1.1
— I(pk +v) k! (1.1)
A, v €Cy R(u) >0,
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where (M) is the Pochhammer symbol [11]

Ve =AA+1) .. (A+E—1),

For A = 1, we get the two-parameter Mittag-
Leffler function E,, ,(z) defined by

k=1,2,....

E, . (z) = E1 Z I‘ ,uk ) (1.2)

k=0
p,v € C, R(p) >0

in addition, for A = v = 1, this function coincides
with the classical Mittag-Leffler function E,(z)
21, 22]

Eu(z) = (1.3)

kZ:oF (uk +1)

where p € C, R(p) > 0.
Recently, many researchers have established
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many contributions on the generalized Mittag-
Leffler function especially in the theory of frac-
tional calculus and detect some of their appli-
cations in the physics and engineering. For ex-
ample, new definitions of generalized fractional
derivatives were introduced and solutions of the
Cauchy-type initial and boundary value problems
were expressed in terms of the generalized Mittag-
Leffler function [12, 13, 14, 15, 16, 17, 18, 19, 20],
[25, 26, 27].

1.2 The autoconvolution equations

One of the interesting functional equations
which their solutions can be led to the general-
ized Mittag-Leffler functions are autoconvolution
equations [30, 31]. These types of equations have
been developed much less in the literature and
are classified in three kinds. We consider the fol-
lowing form of the first kind

plazx 2P~ = y(z % 2) + 6(2 x zP), (1.4)

where * is the Laplace convolution integral given

by
/ft— )de.

For more details in the autoconvolution equations
and other forms of them see [2, 3, 4, 5, 6], [29].

(fxg)(t (1.5)

1.3 Aims

The purpose of this paper is to obtain solu-
tions of the autoconvolution equations in terms of
the generalized Mittag-Leffler functions Eﬁ"y(z).
Also, in the particular case we reduce the solution
of these equations to the Volterra py-functions. Fi-
nally, as an application of this technique we sur-
vey the Boltzmann equation and get its solution
in terms of the generalized Mittag-Leffler func-
tions.

2 Autoconvolution equations
for generalized Mittag-Leffler
function

In this section, we recall the Schouten-
Vanderpol theorem for the inverse Laplace trans-
form and present a class of the autoconvolution
equations. Next, using this theorem we show that
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the solution can be expressed as the generalized
Mittag-Leffler functions. Also, in special case the
solution is reduced to the Volterra p-function.

Theorem 2.1 (Schouten-Vanderpol —Theorem)
Let F(s) and ¢(s) be analytic functions in
half plane R(s) > ¢, then, the inverse Laplace
transform of F(p(s)) is given by [1]

L7HF(¢(5)); 2}

/ FOLHe 9 1y, (26)
where F(s) is the Laplace transform f(x)
= /OO f(t)e tdt. (2.7)
0

Lemma 2.1 The Laplace transforms of general-
ized Mittag-Leffler function (1.1) has the follow-
ing form [23]

LB ()] (s) = — 2.8
[z p,u(wx )(s) = m, (2.8)
where \, p,w € C, R(v),R(s) >0 and |5[< 1.

Theorem 2.2 The solution of the following au-
toconvolution equation of the first kind is the gen-
eralized Mittag-Leffler function

plazxaP™l) = y(z#2) +5(z x2f),  (2.9)
x>0, v>0, p>—-1, J €R,
where
2(x) = MILTHe FW@sh - 0], (2.10)
and notation M is the Mellin transform
Fla) = M{f(r);a} = /OOO P f () (2.11)

Proof. First, we evaluate the laplace transform
of function z(z) using the Schouten-Vanderpol
theorem as

L{z(x); s} = /000 T

= L{r* 1Y (s)}
=T(a)Y " %(s).

1677Y(s)d7_

(2.12)

Also, we use the following properties of the
Laplace transform

/l{/ft— £)de; s}

= L{f(8); s}L{g(t); s},  (2.13)



S. Eshaghi et al, /IJIM Vol. 7, No. 4 (2015) 335-8/1

L{z" f(x); s}
=(—1)”§Tn£{f(t);s}, neN, (2.14)

and apply the Laplace transform on (2.9) to get
the following Bernoualli differential equation
d —af 1L (P)
—pe D@y (5] 2
= [T ()Y ~*(s))?

L(p+1)

+ 80y ()] =,

(2.15)

or equivalently

’

(Y™) (s) + gY*a(S) +7908” (Y ~%)%(s) = 0,

(2.16)
where vg = T(o) and Y is the Laplace trans-

form of y. When § # 1 + p, the general solution
of the above equation is

Vi = () T (5)

1 _1
% (sp_5+1 — C) ’

or equivalently by setting C' = % for K # 0 we
have

Yis)= <6 _710_ P)i X (311+P>i

K _1

. (35_1_9 - K) ’

When C = 0, the solution of (2.17) takes the form
() 1 p—6+1 _é _ptl
1= g () e

I(—25) Y0
and for K = 0 ,the relation (2.18) gives the trivial
solution y = 0.
Now, by using the relation (2.8) in subcase § <

1+ p of (2.17), we obtain the general solution of
(2.9) as follows

()

CeR, (2.17)

KcR. (2.18)

L+p—086\—% _pt1_
o) = (LFL70) et
0
1
XE [ o1 (Czttr=9), C €R,
(2.19)

and in the subcase § > 1+ p, we get

S—1—p\—=
o) = K4 (FE)
0
(Ka®7),

1

xE_«
§—1—p,—2

@

K eR.
(2.20)
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Corollary 2.1 In the case d = 1+4p, the equation
(2.16) gives the solution

1 _1 1 _1
vis)= () “(5) 7 2
() Yo In(s) + K 0 (2.21)
By putting K = vy Inag, ag > 0, we have
1 _1 1 _1
Y(s) = (7) « (7) o 2.22
(5) Yo In(aps) 59 ( )
d=1+p, p>0,
which has the general solution
11
y(z) = (0)* g
ap®
x 1 p+1
S P N 2.23
(-2 -1-E )
where p is the Volterra p-function [11]
[e'e) Zu+au6
z,a,3) = du,
(2, f) /0 T(B+ ) (u+a+1)

R(B) > —1.

3 More autoconvolution equa-
tions

Now we note another classes of autoconvolution
equations.

Theorem 3.1 For x > 0, the solution of the fol-
lowing autoconvolution equation

(my % x#(A+1)_2Eﬁ,M(A+1)—1(_9”#)>
= (y*y)

A1) =1 pAtl

+ u)\(y x ph(A+1) Eﬂ’#(/\ﬂ)(—x“)), (3.1)

is the generalized Mittag-Leffler function, where
A and i are complex numbers.

Proof. We apply the Laplace transform on the
above equation and use the mentioned properties
for the Laplace transform (2.13) and (2.14), and
Lemma 2.1 to get

1 /
TP LS

BA

+ WY(S) = —Y?(s),

(3.2)
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or

pn—1

S
Yy’ A
(s) +p pa—

+ 577 (s* + DAY (s) = 0,

Y(s)
(3.3)

that is a Bernoulli differential equation and has

the following general solution for k # 0
1 1

st + 1A st + pk’

Y(s)= ,u( (3.4)

Now, by expanding the fraction

1
— 7 |pk[<|s"],
s k<19

we can easily get

0 (n+1L)p

Y(s) = 3~k

A?
n=0 (SH T 1)

which by using Lemma 2.1, the relation (3.1)
gives the solution

(e}

y($) — Z(_k)nﬂn+1$u(>\+1+n)—1

n=0
A
X EX o1 (—2"). (3.5)
Similarly, when |uk|> |s*| we have

Y(s) = Z CL7 o7

kL (si+ 1N

n=0
and therefore

0o _1)n
v =Y e

n=0

”()‘_n)_lE;\,#(,\,n) (—at),

In the case s* = pk, the relation (3.1) gives the
solution

1 _
y(r) = ﬁxu/\ 1Ef>,u,\(—37“)a

or by taking uk = s*

1 _
y(z) = 5#33“(/\“) 1Eﬁ,u(>\+1)(—$“)-

Corollary 3.1 By setting k = 0 and k = % n
relation (3.4), we get the solution of (3.1) as fol-
lows

y(z) = W?”(/\H)_lEﬁ,u(AH)(—95”)7 (3.6)
A1) —1 A
y(r) = Mﬂ( +1) 1EM,J;:%A+1)(_$#)‘ (3.7)
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Here we discuss about two examples of the au-
toconvolution equation by starting the Mittag-
Leffler type function.

Example 3.1 We consider the generalized
Mittag-Leffler function
Yy = :z:“(”“)Eﬁ?H(nH)H(:c“), (3.8)
with the Laplace transform
Su(/\—n—l)—l
BCEEE
We apply the first derivative of Y (s)
Y'(s) = (A —n—1)— 1]
S,u()\—n—l)—Q(S,u _ 1))\
X
(st —1)2A
A b1 A—1.p—1 p(A—n—1)—1
_ Al = DT S s . (3.9)
(st —1)2A

and quadratic product of Y (s)
g2u(A—n—1)-2

Y2(s) = (st 12X

to construct the following relation

1

WY,(S) + MY (s)

1

= [M(A—”—l)—l]é

1 — S*/J,(A*TL*Q)

(A—n—2)—1
+ s ()
or
1 / 2
1 1
= W[[M()\—”—l)—ﬂg
A—n—2
+Ap Z 5"(’\_”_]“_2)_1])/(5).
k=0

At this point, by applying the inverse Laplace
transform on the above relation term by term
and using Lemma 2.1 and relations (2.13) and
(2.13), we deduce that the generalized Mittag-
Leffler function (3.8) satisfies the autoconvolu-
tion equation

(A-1)—1pA-1

(y * 2 A )
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= Mu(y*y) + (L= (A=n—1)u]
(y * x“(*‘”Eﬁ;b_l)H(x“)))
A—n—2
w3 y*x”(n%H)Eﬁ%n%H)ﬂ(9”#))‘

k=0
(3.10)

Example 3.2 In the same procedure to previous
example, the generalized Mittag-Leffler

= a:_”“Eﬁyl_w(:c“), (3.11)
satisfies the autoconvolution equation
(zy * m“()‘*l)*lE;‘;b_l) ("))

= My +y) + ([T = (3 +n)p]

A—1) pA—1

(yea @ VENL @)
Atn—2
k—n) pA—1

—)\u( % Y * 2 )Eu7u(k—n)+1(x“)>’

- (3.12)

4 Application to the Boltzmann
equation

In year 1872, Boltzmann introduced a nonlin-
ear evolution equation for description of configu-
ration of particles in a gas. In the modern liter-
ature, the Boltzmann equation is often used in a
more general sense and refers to any kinetic equa-
tion that describes the change of a macroscopic
quantity in a thermodynamic system [8, 9, 10, 28].
In this section, we intend to consider an auto-
convolution equation for the Boltzmann equation
and express its solution with respect to the gen-
eralized Mittag-LefHler function. This equation is
given in the following form

zy(x) = (y * y)(x) + ax?y/ (z). (4.13)

In the same manner to previous section, by using
the Laplace transform we get

Y'(5) 4+ Y?(s) + a(sY(s))" = 0, (4.14)
s — 00, sY(s) =1,
or equivalently by setting Z = sY (s) we obtain

as’Z" +s7' — Z(1 - 2Z) =0, (4.15)
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where s — oo, Z(s) — 1. At this point, by con-
sidering the solution in the form [7]

1

4= F——
(577 +1)%

(4.16)

and applying the following algebraic relations

1
7' =28——— s P71
vt
7" = 6ﬁ2¥s_25_2
(sP+ 1)t
—2 )—— 552
B8+ 1) s
as’Z" +s7' = 60452¥8_2’8
(s=F +1)*
1
— 1) B
26(af+a—1) T 1)33 ,
1 1
Z(1-2) =

(7 +1)2  (sP+ ¥

we rewrite the left hand side of (4.15) as

as’Z" 4+ s7Z' — Z(1 — Z)

B 6032520 + 1

= A

B ([2a6% +28(a—1)] +1)s P +1
(s=B+1)3 '

(4.17)

Ifap?=—-tand (a—-1)8=-2 (B=3%, a=-2
or § = %, a = —%), then we observe that this
equation is identical to zero and the equation is
satisfied. This means that there are exactly two
solutions for the Boltzmann equation in the form

of (4.16). Therefore, the Laplace transform of
solution of the Boltzmann equation is
1 1 11
Y($)=————— =—, = 4.18
<3> 8(8_64-1)27 B 23’ ( )
which implies that the solution is
_ _ 11
y(z) =z 25E3ﬁ,1—2,8(_x ﬁ)a B = 33
(4.19)
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