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1 Introduction and problem

We consider the exponential operator

ex[q(x)%w(x)]f(x) =f(x()»))g()»), (1.1)

where x(1), g(A) are specified by the system of first-order differential equations [1]

Lx(1) = q(x(1), x(0) =x

. (1.2)
783 = v(x(A)g(h), g(0)=1.

By the above exponential operator, Dattoli et al. found solutions of some boundary value
problems arising in mathematical physics in terms of integral transforms type; see [2, 3]
and references therein. Also, they used this operational technique to describe properties
of some special polynomials and functions [4—6]; also see [4].

When we encounter an exponential operator of higher order *“*“, where « is integer
or non-integer and s = q(x)% + v(x), it is of interest to have an integral representation to
reduce the order and apply the relation (1.1). For example, for exponential operators of

orders two and three, we can write the Gauss-Weierstrass and the Airy integrals [2, 7]
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et = — e dé, (1.3)
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where Ai(§) is the Airy function of the first kind given by

Ai(§) = %/(;Docos<§ + St) dt. 1.5)

For the fractional exponential operator e, 0 < « < 1, it may occur that this operator

can be written as the Laplace transform of the Wright function [8-10]
oo © 1
e = / e*stz W (—a, 0;-A%¢™) dt, (1.6)
0

where the Wright function is presented by the following relation [11]:

00 k
W(a,ﬁ;t):zm, a>-1,8eC,teC. 1.7)
k=0

In this paper, in a general case we obtain an integral representation for ¢***", a > 0, with
order one for s, and then we show how this operator can be applied to find the formal
solutions of partial fractional differential equations (PFDEs).

This problem for integral representation is referred to as the inverse of the Mellin trans-

A% & > 0, and in Section 2, we state main theorems and corollaries related to it.

form of e
In Section 3, as an application of this technique, we find formal solutions of the space-
fractional Moshinskii’s equation and the time-fractional telegraph equation. Finally, in

Section 4 the main conclusions are drawn.

2 Main theorems and corollaries

In this section, we establish some theorems on the fractional exponential operator which
can be useful for solving PFDEs. First, we derive an integral representation for the oper-
ator ¢*"*", which can be considered as a generalized representation of the relations (1.3)
and (1.4).

Theorem 2.1 The following identity holds true for c; < fs < cy:

n.n 1 *°
'S =_/ S ANENdE, n=2,3,..., (2.1)
T J_

o0

where the function A,(&, 1) is presented by

Jo cos(r + (1) W) dr, n=2k+1,

1
_cos(Lrug)
.An(f; }") = nl_k fOoo e’ Vl):% d}", n =4k + 2’ (22)
1
cos(Lrug)
L e’# dr, n = 4k.
Proof By the definition of the inverse of the Mellin transform for a function *"*", we have

1 [ 1T [ o L[ o
— e ds = — eI ey — / e I gy
278 Josio 2 Jo 21 Jo

1 * )L"r”e_%i ir 1 * A”r"e%i —ir
= — e tdr+ — e t™dr
2 0 27 0
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_ i * ek”r”cos(%)e—ik”rn sin( % )+ir In(2) dr
2w 0
1 * A cos( L) ia" " sin( Y- )—irIn(t)
+— / e IR ) dr
2 0

1 o0 n..n <( NTT
= —f et C05(2)cos<rln(t) -\ sin(ﬂ>) dr. (2.3)
T Jo 2

The above relation implies that the Mellin transform of the last integral is equal to the
function e*"s", that is,

n.n 1 o0 n.n nmw
st = _M{/ e C"S(T)cos<rln(t) -\ sin(ﬂ)> dr;s}
4 0 2
1 e © n..n nm
= —/ ts’lf e COS(2)cos<rln(t,‘) - A" sin(g)>drdt.
T Jo 0 2

By setting In(¢) = &, we get the relation (2.1). O

Theorem 2.2 (The Schouten-Van der Pol theorem for the Laplace transform [12]) Let ¢
be a suitable real constant such that F(s) and ®(s) are analytic functions in the half-plane
Ms > ¢ and F(s) is the Laplace transform of f (t). Then the inverse of the Laplace transform
F(®(s)) is given by

c+ioo

g =L F(ew)e) = [ 1 (’)[if ‘

g PW)THts ds:| dr. (2.4)
Proof Using the definition of the Laplace transform for F(®(s))

F(®(s)) = /Ooo e f () dr,

replacing in the inverse of the Laplace transform F(P(s))

s = (o)t} = 5 [ o) as

) % c—ioco
and changing the order of integration, we get the relation (2.4). 0

Corollary 2.3 It is obvious that by setting ®(s) = s*, 0 < « < 1, in the relations (2.4) and us-
ing the relation (1.6) for the inverse of the Laplace transform ™", the inverse of the Laplace

transform F(s*) can be presented by

LFE) ) = f " )W (e, 05 dir. 25)
0

Corollary 2.4 By setting F(s) = e"" and combining the relations (2.1) and (2.5), we get a

new integral representation for the fractional exponential equation e

n 1 [
" = —/ esf.qu"‘)(i;‘,k)dé, y=na,0<a <1, (2.6)
T J_

(o¢]
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where the function A (€) is given by
I _
A9 (g, 2) = : / AT, )W (~, 0;-7E ™) d. (2.7)
0

In view of the theorems of a fractional exponential operator expressed in this section,
we may apply this operator to PFDEs in the next section.

3 Application to partial fractional differential equations
Example 3.1 In connection with initial-value diffusions, we consider the space-fractional
Moshinskii’s equation of order y in the Riemann-Liouville sense [12]

0 3\’
Eu(x,t): ((1+x2)a> ulx,t), y>0,x>0,t>0 (3.1)

1+x2
with the Cauchy-type initial condition as u(x, 0) = f(x).

In order to obtain the solution of (3.1), by solving the first-order partial differential with
respect to ¢ and applying the initial condition, the formal solution in the form of fractional
exponential operator gives rise to

L (1aea2)
u(x, £) = e 5 (). (3.2)

t
1+x2

. AV . L .
resentation of e**", we can write the solution in terms of the integral transform as

Now, by setting ( )i = s=(1+ %)L and applying Corollary 2.4 for the integral rep-

1 [ gy
ulx, t) = — / e(“x2)%§¢4£f‘>(§,k)f(x) dé, y=na,0<a<l,
T J-co

where the function AE,“)(S , 1) is given by the relation (2.7). The above relation can be sim-
plified in the following form:

1 e t " 1
ulnt) = T _/:oo A (&, (1 + (tan(¢ + tanl(x)))2> )f(tan(g Hlan(@))dé,  (33)

where we used the relations (1.1) and (1.2) by choosing the functions g(x) = 1 + x?> and
v(x) = 0.

Example 3.2 As another application, we consider the time-fractional telegraph equation

[13,14]
32 820[ o
ﬁu(x,t)z |:a8t2 +b¥ +c]u(x,t), O<a<lxt>0,a,b,ceR (3.4)
X o o

with initial and asymptotic conditions u(0, £) = f(t), lim,_, » #(x, ) = 0.

Similar to the previous problem by solving the equation with respect to x and applying
the initial and asymptotic conditions, the formal solution takes the form:

920 PYd
02 b0 s

u,t)=e Vo T gy (3.5)
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Now, by setting % = s and writing an integral representation for e

) g2 .
avasitbstc i terms of

the Bessel function of order one, we get [15]

—xVas2+bs+c

e
e :
_ 2f+fs \/>/ —su— b 1\/> du, A:dC—b—#O- (3.6)
C ViE—ae 4

We can rewrite the relation (3.5) in the following form:

_xb ]
ulx,t) =e 2va - W(—a,O; —xﬁr‘"‘)f(t —-1)dt
0

*1 ]1(\/>vu2—ax2)
—x\/ie 2u/ t— /
va A u?—ax?
x W (-a,0;—ut™) dudr, (3.7)

where we used the relation (2.6) for the linearization of a fractional exponential operator

e, and then we applied the relations (1.1) and (1.2) by substituting g(x) = 1 and v(x) = 0.

4 Conclusions

This paper provides some new results in the theory of fractional derivative. These results

show the flexible operational technique can be used in a fairly wide context beside the

integral transforms for obtaining the formal solutions of PFDEs.

Also, this technique can be considered as a promising approach for many applications

in applied sciences.
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