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Abstract

In this work we obtain the first and second fundamental solutions of the multidimensional time-fractional
equation of order 2a, « €]0, 1], where the two time-fractional derivatives are in the Caputo sense. We obtain
representations of the fundamental solutions in terms of Hankel transform, double Mellin-Barnes integral,
and H-functions of two variables. As an application, the fundamental solutions are used to solve a Cauchy
problem, and to study telegraph process with Brownian time.
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1 Introduction

The telegraph equation is used as an alternative to the diffusion equation, since it has the potential to describe
both diffusive and wave-like phenomena, due to the simultaneous presence of first and second order time
derivatives. For example, in the case of the transport of energetic charged particle in turbulent magnetic
fields such as low-energy cosmic rays in the solar wind, the diffusion equation can not be used to describe the
transport for early times because it leads to a non-zero probability density everywhere, which would correspond
to an infinite propagation speed. Using the telegraph equation in this case we get a more realistic model for
the early phase transport because it combines diffusion with a finite propagation speed (see [18]). Telegraph
equations have also an extraordinary importance in electrodynamics (the scalar Maxwell equations are of this
type), in the theory of damped vibrations, and in probability because they are connected with finite velocity
random motions (see [12,16]).

One of the first works studying the time-fractional telegraph equation is the paper of Cascaval et al. (see [4]).
Here, the authors discussed some properties of the time-fractional telegraph equation in R x Rt such as the
well-posedness and the asymptotic behavior of the solutions, by using the Riemann-Liouville approach. In [15],
Orsingher and Beghin obtained the fundamental solution of the time-fractional telegraph equation of order 2«
in R x Rt and gave a representation of their inverses in terms of stable densities. For the special case @ = %, the
authors showed that the fundamental solution is the probability density of a telegraph process with Brownian
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time. In [3] it was discussed the solution of a general space-time fractional telegraph equation by means of the
Laplace and Fourier transforms in the variables © € R and ¢ € RT, respectively. In [19] it was obtained the
solutions of the space-time fractional telegraph equation in R x R* in terms of Mittag-Leffler functions, using an
operational approach. In [14], Mamchuev considered the inhomogeneous time-fractional telegraph equation with
Caputo derivatives, and obtained a general representation of regular solution in rectangular domain in terms of
fundamental solution and appropriate Green functions. Regarding the multidimensional case, in [5] the authors
discussed and derived the solution of the time-fractional telegraph equation in R™ x R* with three kinds of
nonhomogeneous boundary conditions, by the method of separation of variables. Very recently, in [9,10] the
authors found several representations of the fundamental solution of the time-fractional telegraph and telegraph
Dirac equations in R™® x RT, in terms of integrals, special functions, and series.

The aim of this paper is to representations for the first and second fundamental solutions of the time-
fractional telegraph equation of order 2« in terms of Hankel transforms, double Mellin-Barnes integral and
H-functions of two variables. Moreover, the first fundamental solution is used in the law of telegraph process
with Brownian time. This connection is motivated by the fact that the iterated Brownian motion and telegraph
process with Brownian time are governed by time-fractional telegraph equations (see [15]).

The structure of the paper reads as follows: in the Preliminaries section we recall some basic facts about
some special functions and fractional calculus, which are necessary for the development of the work. In the
following section we obtain the first and second fundamental solutions of the time-fractional telegraph equation

(07 + a0y — A A,) u(z,t) =0

where z e R", t >0,0<a<1,a>0,c>0, A, is the Laplace operator in space, and the two time-fractional
derivatives of orders o and 2« are in the Caputo sense, with « €]0, 1]. This section ends with an application to
the resolution of a Cauchy problem. In the last section we present an application of our results to the law of a
telegraph process with Brownian time.

2 Preliminaries

Here we recall the main tools concerning fractional derivatives and special functions that will be used in our
work. We start by recalling the definition of the multivariate Mittag-Leffler function (see [13]).

Definition 21he multivariate Mittag-Leffler function E,, ... a,)b(21,- .., 2n) of n complex variables z1, ..., z, €
C with complex parameters ay,...,a,,b € C (with positive real parts) is defined by

(al,...,an),b(zla---azn) *Z Z ll,u.,ln F(b_i_zzz_l aili)’ ( )
i =

=0, =
Loy >0

where the multinomial coefficients are given by
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When n = 2 we obtain the bivariate Mittag-Leffler function, which can be written as

+oo +oo
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From (2) we can deduce, after straightforward calculations, an addition formula for the bivariate Mittag-Leffler
function.

Lemma 2t 21,25 € C, and a1, a2,b € C (with positive real parts). Then it holds

1
E(al,a2)7b(zl7 22) = 7) + z1 E(al,ag),bJral (Zla Zz) + 22 E(a17a2)7b+a2 (217 22)~ (3)

(b



For general properties of the Mittag-Leffler function see [11,13]. Now we recall the definition of the H-function
of two complex variables.

Definition 2.8ee [1]) The H-function of two complex variables is defined via a double Mellin-Barnes integral
of the form
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where
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and where an empty product is interpreted as 1, x,y € C, m;,n;, pi, ¢; € Z such that 0 < m; < ¢q;, 0 <n; < p;
(i =1,2,3); a;,b;,¢;,d;,e;, f; € C, oy, Ay, 85, Bj, 7,05, E;, F; € RY and the sequence of parameters (a;), (bj),
(¢j), (d;), (e;) and (f;) are restricted that none of the poles of the integrand coincide. The contour Ly in the
complex s-plane, and the contour Lo in the complexr w-plane, are of Mellin-Barnes type with indentations, if
necessary, to ensure that they separate one set of poles from the other.

In [1] the author proved that if

1 D2
0 =Y e Y o ZﬁﬁZé— > 6+Z% > %20,
=1

i=ni+1 Jj=mo+1 i=no+1

ZA—ZA ZB+ZF—ZF+ZE—ZE>O (4)

i=ni+1 j=ms3+1 i=nsz+1

and with the points £ = 0 and y = 0 being tacitly excluded, the double Mellin-Barnes integral converges
absolutely inside the sector given by

™ T
larg(z)| < 3 M, larg(y)| < 5 Q.
For E(q,.a,),» We have the following two results (see [9]).

Lemma 2H8he bivariate Mittag-Leffler function E(q, 4. has the following representation in the form of double
Mellin-Barnes integral

(1 r I'(—
Elay,a2).0 (21, 22) / / +stw)l=s)Mzw) 25 21 dw ds.
27rz . Je, L(b+ ayw + ass)

Corollary 2.5he bivariate Mittag-Leffler function E(q, a,)5 has the following representation in the form of
H-function of two variables

(0;1,1); —
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(5)

In (5) and throughout the paper a horizontal line in the H-function means the absence of parameters. Now we
recall the definition of the spaces Cy,a € R, and CI*,m € N, given in [13].



Definition 2.6ee [13]) A real or complez-valued function f(t), t > 0, is said to be in the space Cy,a € R, if
there exists a real number p > a such that f(t) = tP f1(t) for some function fi € C[0,00).

It is easy to see that C, is a vector space and the set of spaces C, is ordered by inclusion according to
c, C Cg S a> .
Definition 2{Zee [13]) A function f(t),t > 0, is said to be in the space C™,m € N, if and only if f™) € C,,.

Let D} denotes the Caputo fractional derivative of order v > 0 defined by:

_ t — )7Ly (6 ds, m — m
o e ) ) (s)ds, m—1<7< .

um(t), v=m

d"u
dtm
linear fractional differential equations with constant coefficients and Caputo derivatives.

where u(™) := m € N (see [2]). The next theorem will be used in our analysis and allow us to solve general

Theorem 28ee [18, Thm 4.1]) Let p > gy > ... > pup >0, m; — 1 < p; <my,m; e Ny N, e Rii=1,...,n.

Consider the initial value problem

Dly(t) = Y MDfy(t) = g(t) (7)
=1

y®(O)=cLeR, k=0,....m—1, m—1<pu<m,
where g is assumed to lie in C_1 if u € Ng or in C1, if u ¢ No. Then (7) has a unique solution in the space
C™, of the form

m—1

t
y(t) = / s“*lE(“_m7___#_%)7“()\15”*”1, coy ALSETERYY gt — s) ds + Z crug(t), t>0,
0 k=0

with, k=0,...,m—1

tk - k+p—p; — —
ue(t) = k! + Z At P B i) bt L AT At
i=li+1
The natural numbers l,,k = 0,...,m — 1 are determined from the conditions my, > k+1 and my, 11 < k. In

the case m; < k,i=0,...,m—1, we set ly :=0, and of m; > k+1,9=0,...,m—1, then l :=n.

3 First and second fundamental solution of the time-fractional tele-

graph equation of order 2«

In this section we obtain the first and second fundamental solution of a particular case of the previous equation,
where = 2a and 0 < a < 1, i.e., we look for a function G*(x,t) that satisfies the following Cauchy problem

(07" + a0 — 2 A,) G¥(a,t) =0
G(z,0) = Cpd(x)
aG~
ot
where z € R", ¢t > 0,a >0, ¢ >0, Cyp,Cy € R, 6(z) = []'_; 6(z;) is the distributional Dirac delta function in

j=1
R™. Applying the Fourier transform in R™ to the Cauchy problem we get the following initial-value problem

: (8)
(z,0) = Cy 6(x)

(08,520‘ + acaf + 2 |/@\2) @a(n,t) =0

Gi(/i, 0) = C() ) (9)
oG*
8t (Ii7 0) = Cl



To solve the problem (9), we apply Theorem 2.8 with A\; = —a, Ao = —c? |s|?, p =20, 11 = @, iz = 0, n = 2,
m =2, g(t) =0, and k = 1, obtaining the following solution

G*(k,t) = CoTp(k, t) + Chiy (k, 1), (10)
where

Uo(k,t) = 1 — 2|k|* 12 E(a,20),142a (—at", —c2|/<;|2t2a) ,

U1 (k,t) =t —at't™ Ea20),24a (—a t*, —02|m|2t2°‘) — Pk E(a,20),242a (—a t*, —02|m\2t2“) )
Taking into account Lemma 2.2 we have the following alternative representation of g and

to(k,t) = E(a,2a)1 (—ato‘, —02\/{|2t2a) +at® B 2a),1+a (—a t, —02|/£|2t2°‘) , (11)

Uy (k,t) =t Ba,2q),2 (—a t, —02|/~€|2t2°‘) . (12)

From (2), we have the following representation of %y and 4 in the form of a double series
400 +oo
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From Lemma 2.4 we have the following representations of g and % in the form of a double Mellin-Barnes
integral

1+s+w)F(—s)I‘(—w) W (2,12 4200\
Uo(k,t) = @) /LI/L2 (at®)"” (|&]?t**)" dwds

(14 aw + 2as)
at® Fl+s+w) I'(—s)(—w) o [ 21 122 s
* (2mi)? /zzl /£2 ['(1+a+aw+2as) (at®)” (c*[s[*£**)" dwds, (15)
(H t 27’(’2 / /L',2 1 = 82—:_1‘2“];1_;0)[;(_10) (ata)w ( 2 |/<;‘2t2a) d’LU ds (16)

From Corollary 2.5 we can write up and w; in the form of H-functions of two variables

21,12 2a ) o
0,1;1,0;1,0 ¢ |H| t (07 13 1); R
uo(k,t) = Hi1 o101
at® (032, )5 (0,1) 5 (0,1)
21,12 120
o c[k|"t (0;1,1); —; —
T ateHOLLO L )
at® (—a;2a,); (0,1)5 (0, 1)
21,12 2
. c[k|"t (0;1,1); —; —
Ul(”at) = tH?,’ll;’é:?:é:? (18)
at® (—1;20&,0&); (071)7 (051)




Inverting the Fourier transform in (10) we get
G(z,t) = Coup(z,t) + Cruy(z,t). (19)

We will denote by G§(x,t) = ug(x,t) the ﬁrst fundamental solution of the first equation of (8) that satisfies
the initial conditions G§(z,0) = d(z) (:r 0) = 0. Additionally, we denote by G§(x,t) = uy(x,t) the

second fundamental solution of the first equatlon of (8) that satisfies the initial conditions G§(z,0) = 0 and
2G5

x,0) = é(x). For obtaining the explicit expressions for G§ and G§ we recall the following formula (see [17])

G o, etias = B [T ) el a (20
€ kl)ak = w T)72 Jo_q(7|2|) dT,
2m)" Jan 2m)7% Jo 31
where J, represents the Bessel function of first kind with index v, and the right hand side can be seen as a
Hankel transform. We need also the following integral formula (see Formula (7) in [6, p. 22])

out3 I‘(%+z+§)

“+oo
2H T, (zy)% dz = Lo (21)
/0 Yy T (5 -5 +7)

which is valid under the condition —Re(v) — 3 < Re(u) < —%. Since the expressions for G{ are longer then the
ones for G§, we are going to present only the calculations for G§. Applying the inverse Fourier transform to
(12) and using (20), we get

tlz[t—2

G3) = 55

—+oo
/ T2 Ela2a)2 (—at®, —*T %) Jn 1 (7|z]) dr. (22)
0

Making use of Lemma 2.4, and interchanging the integrals due to the convergence, we obtain

o t|£l?|177 1+S+M)F(*S)F(7w) o\ w a\s
G5 (a,1) = ol (at%)" (¢ 2°)
(2m)% (27i)? 1z, I'(2 4 aw + 2as)
too
« /0 P8V Ty (rla]) dr duw ds. (23)
Finally, using (21) and Corollary 2.5, we obtain, under the condition —% < R(s) < —7%, the representation of

the second fundamental solution in terms of double Mellin-Barnes integral and H—functlon of two variables:

T(z T(— 2 12a0\ S
G3(x,t) = . / / +S+w) (3 +5) D) oy (4 LY dwds  (24)
7Tz|x\ 27m 2, Jc, ||

I'(2+ aw + 2as)

¢ Lo | AP (051,1); (1-3,1) 5 —

(=1;2a, )5 —; (0,1)

: (25)

7T2|Jj|n >4 LU U, at®

where the double Mellin-Barnes integral is convergent because the conditions (4) are fulfilled. For G§ we obtain,
analogously, under the condition —% < R(s) < —7%, the following representations:

« |$|1_% oo z «@ 2_ 2,2«
G{(x,t) = @7 /0 7% Blga),1 (—at®, —72%%) Ju o (7|z|) dr
ta 1-2 “+o0 n
+ % T2 E(a,20),14a (—ata, —c27'2t2a) Jn_q1(7|z|)dr (26)
(2m)>2 0 2

_ / / 1+s+w)F(g+s)F(7w) (a1 PNt
7r2|x\” 27rz . J e, I'(1+ aw + 2as) ||
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2 2c -2 . . .
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- —n n 1,1;1,0;0,1
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We end this section solving a fractional Cauchy problem.
Theorem 3let z € R", t >0,0< a <1, a>0, and c > 0, then the fractional Cauchy problem
(07 + a0y — A, h(x,t) =0
h(z,0) = fi(x)
oh
S .0) = fa(o),
1s solvable, and its solution has the form
h(z,t) = Gf(x — z,t) fi(z)dz + GS (x — z,t) fa(2) dz, (29)

Rn R™

where G§ and G§ are the first and second fundamental solutions given by (28) and (25), respectively, and
provided that the integrals in the right-hand side of (29) are convergent.

Remark 32 Theorem 3.1, when a = 0 the solution (29) coincides with the one presented in [12, Cor.6.4] (with
B = 2a). Moreover, considering a = 0 the first fundamental solution G$ coincides with the expression presented
in [7] for the fundamental solution of the time-fractional diffusion-wave operator (with = 2a).

4 Telegraph process with Brownian time

Now we consider in (8) n =1,a =2\ >0, Cy =1 and C; = 0, i.e., we consider the following time-fractional
telegraph equation of order 2«

Ca2a Caoa 2 a2 _
t t TT ) =Y
(CO7* + 200 — ¢ 93,) u(w,t) =0 (30)

where 2 € R, ¢ > 0, ¢ > 0, and subject to the initial condition u(z,0) = é(z) for 0 < o < %, while, for % <a<l,
besides the previous condition, also u;(x,0) = 0 is assumed. Equation (30) was already studied in [15], where
the authors presented only an integral representation for the Fourier transform of the fundamental solution.
Moreover, for a = % it was obtained an integral representation of the fundamental solution based on the Fourier
inversion transform (see Theorem 4.2 in [15]).

Physically, if we consider a = % in (30), we obtain a heat equation with damping term which depends on all
values of u in [0, ¢] and assigning an overwhelming weight to those close to ¢ (see [15]). The damping effect of
the fractional derivative reverberates on the distribution u, where the solution of the heat equation (governing
term) is perturbed by the telegraph distribution (which represents the impact of the fractional derivative).
Moreover, since the fundamental solution u of (30) reduces, in this particular case, to G% (see (19)), it can be

understood as the distribution of a particle moving back and forth the real line with velocities +c for a random



1
time interval. Making n = 1, a = 2\ and a = % in (26), (27) and (28) we get the following representations G7:

2

G% — l +OOE 2A\[ 2,2 d
i(x,t) = ; (1)1 t,—c°7°t) cos(|x|) dr

™
22Vt [T 5 5
= ) E(%’l)% (—2/\ Vi, —c*r t) cos(7|x|) dr
1 1 TQ+s+w)T(:+s) (- w424\ °
e N CORT
Vrlz| 2@ri)? /g, e, T(1+Y%+5) ||
22Vt 1 FA+s+w)D(34+s)I(— w 421\ °
2 =/ e LN OY0) (02> duw ds
Vel @ri)? e, U, T (3+%+s) ]
o 1 H071;0’1;1’0 4C2t|.73|72 (07171)3 (%al) 37
- 1,1;1,0;0,1
VT || 22Vt (0;1, %) ; —; (0,1)
+2/\\/5H071;071;170 4tz 72 | (031,1); (3,1) 5 —
1,1;1,0;0,1
Vel TEEREOTE oa Ve | (<251, 4) 5 — (0,1)
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