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SPECIAL FUNCTION AND INTEGRAL TRANSFORM
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INTRODUCTION

In recent years, an increasing interest for the analysis and applications of space and
time-fractional generalizations of the telegraph-type equations has been developed
in the literature. One of the first works in this direction was the paper by Orsingher
and Zhao [1] about the space-fractional telegraph equation and then a number of
papers regarding applications in probability, [2,3] in physics [4,5] or merely of
mathematical interest [6—8] appeared in the literature.

In the first part of this paper, we study the fractional telegraph equation
involving Hadamard-type time-fractional derivatives, that is,

o (.oY oY)’ , 0%u
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with xeR and t > t; > 0. We denote with the symbol (t0/0t)" u the Caputo-type
modification of the Hadamard derivative of order v recently introduced in [9] as

follows:
dy 1 ¢ A g n i

forn—1 < v<nand neN. We will explain the reason why we choose to

use this symbol for the Caputo-like Hadamard fractional operator and recall some
of its main properties in the next section devoted to mathematical preliminaries.
Within the framework of the analysis of the fractional telegraph equation involving
Hadamard derivatives, we will present analytical results concerning the Fourier
transform of the fundamental solution and give some insights regarding the
probabilistic meaning of the obtained results.

In the second part of the paper, we consider the generalized telegraph equation

involving Hilfer fractional derivatives D/ ® in time and Riesz-Feller fractional

derivatives , Dg' in space. The generalized telegraph equation is the following partial

differential equation:
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and some fractional generalizations of this equation have been recently studied in a
number of papers (see, e.g. [7,10] and the references therein). It is well known that
Equation (1.3) arises, for example, in the analysis of transmission lines with losses.

Here, we give a new useful representation formula for the solution of the
Cauchy problem for the equation

DZ"Pu(x, t) + 2AD;Pu(x, t) = c*xDJu(x,t) — ou(x,t) + F(x,t), XeR,t>0.
(1.4)
We observe that general results about non-homogeneous generalized fractional
telegraph equations involving Hilfer and Riesz-Feller operators have been discussed
in [10]. Here, we focus our attention on a specific case, that of Equation (1.4),
where the solution can be expressed in terms of linear combination of two-parameter
Mittag—Leffler functions. This permits us to give an interesting probabilistic
interpretation of the solutions when the parameters y and d are suitably chosen. We
also show that the obtained results extend those appeared so far for the classical
and the fractional telegraph equation.

PRELIMINARIES

For the reader’s convenience, we first present the necessary mathematical
preliminaries about fractional operators and their main properties used in the next
sections. We moreover give a brief recall about the classical telegraph process
[11,12] and its relationship with the telegraph equation.

2.1. Fractional differential operators

The classical Hadamard fractional derivative reads (see, e.g. [13])

d v 1 d n t t n-v-1 dT
Rit— 1| u S — I n— — 2
[t dt) (t) I (n— V) (t dt) ‘LO(I T) U(T) T ’ ( 1)

wheret >t > 0andn—1<v<n, with neN.

In the recent paper, [9] the Caputo-type regularized counterpart of the
Hadamard fractional derivative has been introduced as

d v - 1 i t n-v-1 d n de

wheret>t,> 0andn—1<v<n,with neN. In this paper, we adopt the symbol

(td/dt)Y for the Caputo-type Hadamard fractional derivative in order to highlight the
relationship with the differential operator & = td/dt. Indeed, we observe that, for v =
1 this operator coincides by definition with 6. One of the useful properties that will
be employed in the next section is the following one
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(2.3)
which can be proved by simple calculations. We remark that, in the case f = 0, as
can be simply understood in view of the definition (2.2), we have that

(tijv const. = () (2.4)
dt ' ‘

We refer to [9] for a complete discussion about the functional setting and
main properties of this integro-differential operator.

In a series of works (see [14] and the references therein), Hilfer studied
applications of a generalized fractional operator having the Riemann—Liouville and
the Caputo derivatives as specific cases. The Hilfer’s derivative is defined as

1 . o dY y(y— 2O
DU ) = —————[ (t—y)""! u(x, 2) dz
a L(v(n-p)) L‘ dy" L‘ L((1-v)(n-p))
V() vy
= 12TDEMTU(GTY), v e0, 1), pe (0, 1) (2.5)

Clearly n — 1 < (1 = v)(n—p) < n, DY VY s the Riemann—Liouville

fractional derivative and | ;f”_“) is the Riemann—Liouville integral (see, e.g. [13,15]).

Hereafter we will take for simplicity a = 0.
The Laplace transform of the Hilfer fractional derivative w.r. to the time
reads (see [16])

LD u)(x,s) = J'(:Oe‘St DYu(x, t) dt

n-1 k
= (x5~ Y svimwt d—k 1M WUty |, (2.6)
k=0 dt t=0
where (LU)(X, S) = U(X, S).
We now recall the definition of the Riesz-Feller fractional derivative and for

more details we refer, for example, to the encyclopedical book by Samko et al. [13]
For 0 < <2 and |0 | min(a, 2 — ), the Riesz-Feller derivative is defined as

F-a|. na+ e)ro f(x+E&)— f(x)
T 2 0 E_,Ha

(xDg F)(x) = dg

+sin n(ocz— % _[(:O f(x=8 - f(x) dé}, 2.7

é1+(x
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For 6 =0, the Riesz-Feller derivative becomes the Riesz fractional derivative,
that is,

dz a/2
(xDy F)(%) = —{—yj : (2.8)

The Fourier transform of (2.7) reads
F(,DGF)B) = —|B[* L R) =~y (B)F(B), (2.9)
where £ *(B) = ( )(B).

We note that the fundamental solution to the space-fractional differential
equation involving the Riesz-Feller derivative
p
E = ng P,
has Fourier transform

p(B, ) = exp{~|B|* € Psignp}, (2.10)

which is the characteristic function of a stable process S (o, v, u; t), withu =0,
= cos O1/2 and y = — tan 76/2/tan ©6/2, (see, e.g. [17]).

2.2. The telegraph process

The so-called telegraph process, T (t), t > 0, describes the random motion of
a particle moving on the real line with finite velocity C and alternating two possible
directions of motions (forward or backward) at Poisson paced times with constant
rate A > 0. This simple finite-velocity random motion was firstly suggested by the
description of particles transport. In this framework, the first derivation given in
literature, as far as we know, was given by Fiirth in a discussion of several models
of fluctuation phenomena in physics and biology. A similar model was also considered
by Taylor [18] to treat turbulent diffusion and then studied in detail by Goldstein [11]
and Kac.[12] This process is called in the literature telegraph process because the
probability law of T (t) coincides with the fundamental solution of the hyperbolic
telegraph equation. Moreover, as a limiting case it coincides with the transition
density of the classical Brownian motion.

In more detail, the classical symmetric telegraph process is defined as

T()= V) (-1 ds. 120, @.11)

where V(0) is a two-valued random variable independent of the Poisson process N
®,

t>0.

The component of the unconditional distribution of the telegraph process
concentrated inside the interval (— ct, + ct), is given by
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(2.12)
The component of the unconditional distribution that pertains to the Poisson
probability of no changes of directions is concentrated on the boundary, i.e. X== ct,

e—kt
PIT() =+ ct) = —— (2.13)

Hence, we are able to give in explicit form the density f (X, t) of the distribution
of T(t), that is,

—At
e A 0 A
f(x b :2—{7“0 (E\/ - X2)+E|O(E\/C2t2 -x ):ll(—ct,+ct)(x)

c

e—M
+ T[S(Ct —X) + d(ct + X)],

where O(-) is the Heaviside function and d(-) is the Dirac delta function. We remark
that the component of the distribution of the telegraph process concentrated in (—
ct, + ct), given by formula (2.12), is the solution to the Cauchy problem

2 2
2o,y

o at
P(X, 0) = 8(X), (2.14)

op
— (Xt =0
8t( )tzo

THE FRACTIONAL TELEGRAPH EQUATION INVOLVING
HADAMARD FRACTIONAL DERIVATIVES

In this section we study the following time-fractional telegraph equation involving
Caputolike
regularized Hadamard derivatives introduced in the previous section

v \% v 2
[tg) (té) u+2k(t§) u= cza—g, v e (0, 1). (3.1)
ot ot ot X

It corresponds to a generalization of the telegraph equation with variable
coefficients. The main results presented in this section are strongly inspired by the
previous one obtained by Orsingher and Beghin .[3] Indeed, we will do an Ansatz
about the form of the Fourier transformof the fundamental solution that is based on
the results proved in [3] and then we verify our assumption. We will also explain the
heuristic reasonable ness of our statement.
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Theorem 3.1. The Fourier transform of the solution to the Cauchy problem

v \% v 2
(té) (t%) u+2k(t§) u =022—2, ve(0,1),t,>0,
X

ot

U t) = B(x). (3.2)
@
Ot =, =0

is given by

A t
u*(B, t):%HI + h2_ C2B2 J E,. (Th In" (ED
1- # \ t
+ \/m Ev,l N, In (EJ , (3.3)
where

M= —h+yA2 =P, M= —a— A2 - (3.4)

and E_ (-) is the one-parameter Mittag-Leffler function.
Proof. Let us introduce the operator

o (.oY oY
=|t— t— 20 t— | .
%V(at)(atjm (&)

By using the property (2.3) of the Caputo-like Hadamard derivative, we have

oY ot & T(vk+1D)  (In(t/t)" S
(tﬁj EV’I(mm( n TAT(GKt1-v)  T(vk+l)

that

Z, (In(t/t,)"™ nf
= kzzl T(vk' +1)

o T
=M Ev,l(mln (t_j]’
0

where we used the fact that the Caputo-type Hadamard derivative of a constant is
zero. On the basis of this result, we have by straight calculation that
U, )= —c2p2ur (B, v), (3.5)
as claimed.
Result (3.3) is heuristically motivated by the fact that the Fourier transform of
the solution of the fractional telegraph equation involving Hadamard derivatives
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can be obtained from the solution of the fractional problem involving Caputo
derivatives by means of the deterministic time-change t — In t.

This observation implies that, for v:%, formula (3.3) becomes the

characteristic function of a telegraph process at a time-changed Brownian motion,
as suggested by the results of Section 4 of Orsingher and Beghin.[3] In fact, for

V= %, formula (3.3) can be written as

z 2
. - % " _m_u elekz—czﬁz _ e—z\m —c’p?
u*(p, t) —— _[ e dz

t Y0 \/kz _ 22

2 [nln— p
ty
7z N

1 w Az _ e
N .[o o L) {elexz OB _ gz CZBZ}dZ (3.6)

2 71:1ni
t

that coincides with the characteristic function of the process

O —

that is a telegraph process with random Brownian time with a logarithmic
deterministic time-change. [3]

We moreover observe that for v — 1, we have studied a fractional generalization
of the telegraph equation with variable coefficients

2 2
0 0 26 u
t—| U+2A| t— |u=c"—-.
[ ﬁtj ( 6’[) ox? (3-8)

W(t) = fr(

Then, it is simple to prove that the fundamental solution of this telegraph-type
equation coincides with the law of the classical telegraph process with the
aforementioned deterministic time-change.

On the basis of the previous considerations, we now consider the space-time
fractional telegraph equation

N v v ) a/2
[tgj (tg) u+2x[t§j u=—cz{_a_2j u xeR,t>0 (3.9)
OX

involving time-fractional Hadamard derivatives and space-fractional Riesz derivative
(see the previous section). Equation (3.9) has been previously studied in [2] in the
case where the Hadamard derivatives are replaced with Caputo fractional derivatives.



332 Dr. Sushil Kumar Agarwal

In this paper, the authors have shown that the fundamental solution of the space-
time fractional telegraph type equation

o™u . d'u 2\2
B T =_cz{_5_j " Ve(O,l},ae(0,2]2 (3.10)
a ot o 2

coincides with the distribution of the composition of a stable process S*(t), t > 0
with the positively-valued process

£t = inf{sZO:S’{"(S)zlev(s)+(2k)”VH2V(s)2t}, t>0, (3.11)

where va and H, are independent positively skewed stable processes of order

2v and v, respectively. With the next proposition, we generalize Theorem 4.1 of
D’Ovidio et al. [2] to the case of Equation (3.9)

Proposition 3.2. For ve (0, %} and a € (0, 2], the fundamental solution of

Equation (3.9) coincides with the probability law of the process

W(t) = S* {czﬁ(ln[tlm, t>0 (3.12)
0

and has Fourier transform

okl [1e—2 g (rmvt
we. v =7 T T e R
s t
l-——~ | E . |FLIn"—
{ 22— IBI“] (n ‘j] o
r1:_7\4+ )\‘2_02 |B|O.’ r2: —h = }\‘2_02 |B|o' (314)

We neglect the complete proof of this proposition because it consists of a
simple combination of the arguments of the proof of Theorem 4.1 in [2] and of the
previous considerations about the role of Hadamard time-fractional derivatives that
induces a deterministic logarithmic time-change. However, we remark that this
result can be easily generalized to the multidimensional case (where the fractional
Laplacian appears) and gives a more general probabilistic interpretation of the
fundamental solution of the space-time fractional telegraph equation.

3.1. Decomposing the fractional telegraph equation involving
Hadamard derivatives

Here, we show that the fractional equation (3.1) can be easily found by

decoupling it into a system of two fractional equations and we provide a brief

where
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discussion about the utility of this equivalent formulation. By simple calculation, it
can be proved that (3.1) emerges from the system

(3.15)

The utility of the decomposition (3.15) of Equation (3.8) is twofold. It gives
useful insights on the meaning of the Equation (3.1) both from the probabilistic and
physical points of view. From the physical points of view, this is a generalization of
the fractional Cattaneo heat model widely studied in the literature (see, e.g. [19]
and the references therein). The generalization stems in the fact that, replacing the
Caputo derivative with the Hadamard derivative, we obtain a deterministic time-
change leading to a slower, logarithmic in time, heatwave propagation. On the other
hand, we recall that the probability lawof the telegraph process can be obtained by
solving the coupled system

éu =— ca—w, (3.16)
ot oX )
éW+ 2kw=—0@, (3.17)
ot oX ‘
where
ux 1) =f (% )+ b(x, ), wix, 1) = f (x, 1) — b(x, 1), (3.18)

and f (X, t) represents the probability that the particle is near X at time t with forward
velocity and b(x, t) the probability that the particle is near X at time t with backward
velocity.
THE GENERALIZED FRACTIONAL TELEGRAPH EQUATION
INVOLVING HILFER DERIVATIVES
In this section we study the generalized non-homogeneous fractional telegraph
equation involving Hilfer derivatives in time and Riesz-Feller derivatives in space

DZ0u(x, t) + 24D Pu(x, t)= S xDJu(x, t) — wu(x,t) + F(x ), xeR,t<0.
4.
In this framework our first general result is given by the following:
Theorem 4.1. Consider the generalized non-homogeneous space-time
fractional telegraph equation (4.1) subject to the following constraints:
0<y<l1, 0<8<1l, 0<a<2 |0|<min(a,?2 - ). 4.2)
If Equation (4.1) is subject to the following initial and boundary conditions:

g2 u(x,0) = f,(), (4.3)
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d | 1-s)2-

L1092y ¢ _ 4.4
dt 0 ( )tzo 03 ( . )
1o u(x, 0) = 1,00, (4.5)
lim u(x,t)=0 (4.6)
|[X|—> 0

then its solution reads

1 L TRV S g
u()(’ t) _ mj’ [ty 26-2v8 Z{E

- Ey,y+28—2y;5_1 (T]ty ) fl* (B)e—iﬁde

PR S
2n(&-m)

~Ey s (Mt (B exp(-ipx) dp

v,y +26-2v8-1 (gty )

—00

[IE s @)

—00

1 t o, o
+mfoﬂ 'Rt 0IE, , (&)
-E,, ("] exp(=ipx) dB dr, 4.7)

where

E= —h+ A7 =b, M= -A-a>-D, (4.8)

andb= o+ Czyg.

Proof. If we apply the Laplace transform with respect to the time variable t
and Fourier transform with respect to the space variable X, by using the initial
conditions and formulas (2.6) and (2.9), we obtain

S0 (B, ) — SOV (B) + 2A[S'T (B, ) — sV £, (B)]

==y, (BT (B.5) -~ wl’(B. 9) + F"(B. 9). (4.9)
where the symbol * represents the Fourier transform with respect to the space
variable X and U(B) stands for the Laplace transform with respect to the time

variable.
From (4.9), we have that

o ST s £ B) + FU (B 9)
uaP,s) = s +21s" +b ’

(4.10)

with b= o+ c?y? (B).
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To invert the Laplace transform, we set

81—6(2—27)
A(B, s) = e b 4.11)
g 30-m)
2B, 9= ————, 4.12
B9 s +228" +b (412)
Q. s)= (4.13)

s +20s" +b

Inverting the Laplace transform in (4.11), we obtain

[1 81—5(2—2'\{)
AB B = 5,2Y+2ksy+b’t

~ 1 = g-8(2-27) B g 90-27)
-1 s'-¢ s'-n

1
% n

where 1 and § are the roots of the quadratic equation
2" +2ytr +b = 0.
The functions appearing in (4.14) are the classical two-parameter Mittag—
Leffler functions (see, e.g. [20] for a complete review).
The other terms appearing in (4.10) can be handled in a similar way. In particular,
we have that

o [tYFRe 2 (B ya252361 (B~ By paas s M), (4.14)

=B 1) - ;n [EOUE, ) -E, s s(ED] (415)

and

y—1

- [E,,(&") - E,,(nt")]. (4.16)

QP v =

Taking all these terms together and applying the convolution theorem, we
have the Fourier transform of the solution of the Cauchy problem

U, v =

¢ i n {[ty+28_zys_2 (B, yr25-255-1(8") = B, 25251 (M DT (B)

I E i35 (B — By s (U] ()
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+ [ FF Bt DIE,, (67 - B, (el de).

Finally by using the inverse Fourier transform we obtain the claimed result.
Remark 4.2. Under the same conditions of Theorem 4.1, if g = 0, the space-
fractional derivative becomes a Riesz derivative and the parameter b appearing in
the solution assume the more simple form
b=w+c? b} 4.17)
Moreover, for w = 0 the solution obtained in this case reduces to the one given
by Garg et al.[7]

1 3
Remark 4.3. We observe that, for g = > d= > Lx)=Fx)=w=0,a=

2 and f,(x) = d(x), the solution (4.7) coincides with

1 0w /4t-aw [ ( A2 2
1) = {e Mol =N cPw? - x
ulx 1) 2¢/mt 7= ’\c

0 A

+ C[O(X — cwW) + O(X+ cw)]} dw, (4.18)

(see Theorem 4.2 in [3] for the complete proof). This is the probability density

of the telegraph process T (t), t > 0, with a Brownian time, that is,
W() =T (B().

Inthe case g=1, forall d 1[0, 1], £,(x) =F(x) =w =0, a= 2 and f,(x) = d(x),
the solution (4.7) coincides with the fundamental solution of the telegraph equation,
that is, the probability law of the telegraph process. Moreover, we observe that, in
the caseg=1,d 1[0, 1], fi(x) =F(x) = w =0, a= 2 and f,(x) = d(x), the Fourier
transform of the solution (4.7) becomes

(ef —e)
u'b, t)y= ———, (4.19
) P~ )
which coincides with the characteristic function of the following distribution:
P{T (t) 1 dx, U N(t) =2k +1} =P{T (t) I dx, N(t) = 2k + 1}, (4.20)
k=0

where N(t) is the homogeneous Poisson counting process, that governs the changes
of direction of the telegraph process.

Remark 4.4. The problem of the existence and uniqueness of the solution for
the abstract fractional telegraph equation has been considered by Herzallah and
Baleanu in .[21] By simple adaptation of their arguments, the existence and
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uniqueness of the solution to the Cauchy problem in Theorem 4.1 can be proved.
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