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Abstract

In this paper we consider the two-parameter fractional telegraph equation of the form

- CD;’flu(t, z)+ C D u(t, ) — CDfﬂru(t, x) —u(t,z) = 0.
0 To 0

Here “D?,, © ijl
0 0 0

and 0 < 8 < 1. The existence and uniqueness of the equations are proved by using the Banach fixed

point theorem. A numerical method is introduced to solve this fractional telegraph equation and stability

conditions for the numerical method are obtained. Numerical examples are given in the final section of the

paper.

CDf ;H are operators of the Caputo-type fractional derivative, where 0 < a < 1

)
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1. Introduction

The use of fractional partial differential equations in mathematical models has become increasingly
popular in recent years. Some fractional partial differential equations such as the one-dimensional time-
fractional diffusion-wave equation were successfully used for modeling relevant physical processes, see, for
example, Caputo [1], Giona and Roman [9] , Hilfer [11], Mainardi [17], Mainardi and Tomirotti [18], Metzler
et al. [19], Pipkin [23], Podlubny [24], etc.

The fractional telegraph equation has been considered recently by several authors. Cascaval et al.
[2] considered the well-posedness and the asympototic behavior of the time-fractional telegraph equation
by using the Riemann-Liouville approach. Orsingher and Beghin [22] discussed telegraph processes with
Brownian time and showed that some processes are governed by time-fractional telegraph equations. Chen
et al. [3] examined and derived a solution of the time-fractional telegraph equation with three kinds of
nonhomogeneous boundary conditions by using the method of separation of variables. Recently, in [28]
the second author dealt with a general operational approach to describe the fundamental solutions of the
two-parameter fractional telegraph equation in the rectangular domains.

The Mittag-Leffler function was introduced by Mittag-Leffler, in connection with his method of summa-
tion of some divergent series. In his papers [20], [21], he investigated certain properties of this function. The
Mittag-Leffler function arises naturally as a solution of fractional order integral or differential equations,
and especially in the investigation of fractional generalizations of the kinetic equation, random walks, Lévy
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flights, super-diffusive transport and in the study of complex systems. This function also occurs in the
solution of certain boundary value problems involving fractional integro-differential equations of Volterra
type [27].

Numerical methods for fractional partial differential equations have been studied by many authors.
The numerical methods include finite difference methods by Liu et al. [16], Langlands and Henry [13].
More recently, Lin and Xu [15] proposed a finite difference scheme in time and Legendre spectral method in
space for time fractional partial differential equation. A space-time spectral method for space-time fractional
partial differential equation has been studied in [14]. A Galerkin finite element approximation for variational
solution to the steady state fractional advection dispersion equations has been studied in [7], [8] and [10]. In
this paper, we will consider a finite difference method for the two-parameter fractional telegraph equation
and a stability condition of the numerical method is obtained.

The paper is organized as follows. In the preliminaries, we recall some basic properties of the Mittag-
Leffler function and some necessary elements of the fractional calculus. In Section 3 we will deduce the
Green function associated with the fractional differential equation under consideration. In Section 4, we
study the existence and uniqueness of solutions by using the Banach fixed point theorem. In Section 5, we
introduce a numerical method to solve an equation of this type and in Section 6, we consider the stability
of the numerical method. Finally, in Section 7, some numerical examples are given.

2. Preliminaries
2.1. Special Functions
The function
T(ak+1)
was introduced by Mittag-Leffler in 1903 [20]. When 0 < o < 2 and p is a real number such that
% < p < min{m, Ta},
then for N* € N, N* # 1 the following asymptotic expansions hold:

.
1 1—a Zé 1 1
Pas@) = et -3 iy + 0 (e ) el e o) <
r=1
1)
N 1 1
Parl) = - ricar s +o<ZN*+1), 2] = 00, 1 < Jarg(2)] < 7. )
r=1

Here N denotes the set of natural numbers.
The so called three-parameter Mittag-Leffler function is

0 k
E° — &Zi
(%) kZ:O T(ak + B) k!
where Re(a) > 0, Re(5) > 0 and Re(p) > 0 and z € C.
It is known [27] that the Mittag-Leffler function can be expressed as the inverse Laplace transform of a
rational function, namely

|gx—7
1 m:s N 4y—1
£ { (sa + a)m+1 } - tma 7 EZ?,Y(—atO‘%

2



and
Lt sP—1 _ o pz t(“ B)r pr+1 (—bt*) (3)
(SO‘ + G,Sﬁ 4 b - a,a+1—p+(a—p)r ’

where

aer

‘<1anda>ﬁ

2.2. Fractional Calculus

We recall some definitions of fractional derivatives and fractional integrals. Let I'(-) denote the Gamma
function. For any positive integer n and n — 1 < v < n, the Caputo derivative and Riemann-Liouville
derivative of order v are defined, respectively, by

e Caputo derivative

1 @ (n)
CD}JJ(J:): 7)/ ( v(t) dt, a<xz<b, n-1<+v<n,

where v("™ (t) = d2¥7§t).

e Riemann-Liouville derivative

1 ar [ v(t)
Rp7y = 77/ ——dt <z<b -1 .
2+ () T'(n—7)dz™ J, (z—t)y—ntl " . sy<n

We have the following Lemma

Lemma 2.1. [27]
Letv >0, n—1<vy<n,neNandv e C"[a,b]). Then D) v(z) and "D v(z) exist almost
everywhere and

RDZJrv(x): CDZ+U +ZF x—a)kfv, a<z<b n-1<y<n. (4)

Denote T, —1[v; a](z) the (n — 1)th Taylor expansion of the function v(z) about a, i.e.,

,U(n—l) (L)

Ty_1|v;al(z) = v(a) + ICE

(x—a)" ', n>1.

(fE — a) + ce +
It is easy to calculate that

n—1 U(k) (a)

D Tamaloral) (@) = D 5y

(x—a)kf'y, a<z<b n—-1<~vy<n,
k=0

which implies that, by Lemma 2.1,
CDZJrU(x) ="DY, (v—-T,1[v;a])(z), a<z<b n-1<y<n (5)

Lemma 2.2. [12]
Let v>0,n—1<~y<nné&Nandv e C"(RY). Assume that v € L'(0,b) for any b > 0 and
[v(™) ()| < Be®® for some constant B > 0. Further assume that the Laplace transform Lv(s) and Lo (s)

exist, and limg_, oo v*) (2) =0, k=0,1,...,n — 1. Then we have
n—1
(LEDgv)(s) = s*Lo(s) — > s*F1Lo®)(0).
k=0



3. Green function for the fractional telegraph equation

The aim of this section is to obtain an expression for the Green function associated with the two-
parameter fractional telegraph equation, with 0 < a < 1,0< 8 < 1,

- CD%Hu(t,x) + C Dyt x) — OD%u(t,x) —ut,z) =0, t>to, (6)
u(to, ) = woe(x), ui(to, ) = u1.(x), (7)
where ; ) 1 z v(g)(t)
© DIyt x) = Ti=7) /_Do @—1)7 dt,

and where u; denotes the partial derivative %.
[ee]
Denote U(s,z) = / e *'u(t,r) dt the Laplace transform (see [30]) of u with respect to ¢ and denote
¢

Lo
a(t,w) = W Jz € "*u(t,x) dx the Fourier transform of v with respect to z. Applying the Laplace

transform with respect to ¢ and then the Fourier transform with respect to z in (6), we obtain, by Lemma
2.2,

—SO‘HU(S, w) + $% gz (w) + s Mg (w) + (iw)5+1(_](s,w) —5°U(s,w) + s Mgz (w) — U(s,w) =0, (8)
or

(s w) = 5Tz (w) M CR ORI C))
T satl poga ()ALl 41 satl oga ()AL 417

(9)

Applying the inverse Laplace transforms in (9), we have, by (3),

SO(

_ | _
ut,w) = £ {sa+1 T s — (fw)PH 4 1 } oz (w)

b @mto) + ()

Safl

-1
{SO"H + s — (iw)Atl +1

I
e &

(1) B ()P = ) B ()P — 1)) Y g (w)

s

(e~

+ (DB o ()7 = 1) g (w). (10)

Il
=

T
Applying the inverse Fourier transform in (10), we obtain the solution of (6),

u(ta) = gy e { e (B () - e (1)

r=0
B e ((0) ™ = D) Y () + B () = 1)) b () d

Note that
1 — W
Uge (T) = 7(2@1/2 /Re Toz (W) dw, (12)
1 — W
Ul (T) = W/Re Uiz (w) dw, (13)
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are the inverse Fourier transforms of g, (w) and i, (w), respectively. By using the convolution theorem
([29], Theorem 40), we have, by (11),

+oo
u(t,z) = / (Goﬁg(t7 x — Y)uog(y) + Fop(t,x — y)ulm(y)) dy, (14)

— 00

where the corresponding Green functions G, g(t, &) and F, (1, &) take the following forms

1t =
Ganlt )= 5= [ e (S -are B, () - et

r=0
B o () = 1)) ) dw,

1 oo w S T Is - «
Fapt€) = o [ e (B, (G0 - D) ) du, (15)
- r=0

respectively.

4. Existence and Uniqueness

In this section we will consider the existence and uniqueness of the solutions for the following two-
parameter fractional telegraph equation, with 0 < a <1, 0< <1, ty <t <Tp, and ¢ < z < X,

— (9D (tw) + (OD2 ) (tw) — (D) (1) — ult,x) =0, (16)

u(t(),l') = qu(,’B), ut(t()aw) = ulw(x)v (17)

u(t, zo) = uot(l), ua(t, o) = ure(t), (18)
ou Ou

where uy, u, denote the partial derivatives G, 5%, respectively.

Let m be a nonnegative integer. Denote C™ = C"™([a, b]) the space of m times continuously differentiable

functions with the norm
m m

m = ®|~ = (k)
Iolen =32 1o ¥llo =3 mag o).

In particular, for m = 0, C° = C([a,b]) is the space of continuous functions v on [a,b] with the norm
lolle = max fo(a)]

Lemma 4.1. [12]
Let v >0, n—1<~vy<n. Ifve C"(a,b]), then

o™l
(n—y)(n—vy+1)

\ CD;’+v(x)’ <= (z —a)" . (19)

Theorem 4.2. Let

2(To — to)' @ n (Xo — zo)' =7
Fl-a)(2—a) TQA-8)2-58)

Assume that 0 < & < 1. Then the system (16) - (18) has a unique solution.

&=



Proof: We denote by X the Banach space
X = {u] u(-,z) € C*([to, Tv]), u(t,-) € C*([xo, Xo])}
and by Y the Banach space
Y ={u]| u(-,x) € C([to, To)), u(t,-) € C([to, To])}
Define the mapping T': X — Y,
(Tu)(t,z) = — CDtO;tlu(t,x) + CDfotlu( z) —¢ Dt+u(t x).
Then the system (16) - (18) can be written as
u(t,z) = (Tu)(t, x).
By (19), we have

1 Tuy — Tus|ly = H— CD"‘Jrl (ul(t,x) — u2(t,x)) CDﬁH(ul — ug) Da (u1 - uz)HY
(TO B H H e xo - H H
< t t t t
T I(1-a)(2—a)llowr u1 z) = ua(t, 7)) Y+1"( u1 z) 2(,3;)) Y

s ale
I'l—a)(2—a)llot

<llur — ua||x,

r
+ (ur(t,z) — ua(t, z) H

where

2(Ty — to)' = n (Xo — zo)1 =7
Fl-a)(2-a) TQA-5)(2-8)

By the Banach fixed point theorem, noting that 0 < £ < 1, we compete the proof of the theorem.

& =

5. Numerical method

In this section, we will consider a numerical method for solving the following fractional telegraph equation,
with0<a<1, 0<8<1,ty<t<Tyand zg <z < X,

athajlu(t,m) + CDB;H (t,x) — bcD%u(t, z) — cu(t,z) =0, (20)
u(to, z) = uox(x), ut(to, ) = urz(z), (21)
U(t, xO) = uOt(t)a ur(ta .T()) = ult(t)a (22)

where a,b and ¢ are some positive real constants.
By using (5), we see that the system (20) - (22) is equivalent to

—a RDf‘jl (u—Ti[us to]) (¢, x) + Rfol (u— Ty [u;z0])(t,z) — b RD% (u—To[us to]) (t, z) — cu(t, z) = 0. (23)
0 0

Here the Taylor expansions are defined by To[u; to](t, ) = u(to, z), Ti[u; to](t, ) = u(to, ) +u(to, z)(t —to),

and T4 [u; 2o](t, ) = u(t, o) + uz(t, o) (x — x0).



Now let us consider how to approximate the Riemann-Liouville derivative D7 Lx(t), 0<t<lata
particular time point, where 0 < v < 2. We first consider the case for 0 < v < 1. Recall that

1 d [ z(u)
R
D d du, 0<~<1. 24
o) = sy | e e 07 29
Based on the observation [4] we may interchange differentiation and integration in (24) to obtain
1 Eox(u)
R
D d < 1 2
o) = 5y | e 0<a<1 (25)

where the integral must now be interpreted as a Hadamard finite-part integral.
For a given n, introducing an equispaced grid t; = j/n,j =1,2,...,n on the interval [0, 1] we have

R _ 1 R ) y G [t~ tw) — 2(0) w
Dy, x(t; )F(—v)/o (tj_wﬂd F(_’Y)/o prEs dw, 0<vy<1.  (26)

Now, for every j, we replace the integral by a first-degree compound quadrature formula with equispaced
nodes 0,1/4,2/4,...,1,

1 J
[ otun du= S anjglhfi) + Roslal, 0< <1 (27)
0 k=0

with remainder term Ro;[g] as proposed in [5]. The explicit expressions for the weights ay; are given in the
following Lemma

Lemma 5.1. [5] Assume that 0 <~y < 1. For the weight cu; of the quadrature formula (27) with j > 1, we

have
-1, fork =0,
Y1 =i Yoy = le’v—(k—1)1*7—(k+1)lf"’, fork=1,2,...,5—1,
(v =Dk — (k= D)7 + k177, fork =j.

Thus we can obtain the approximation formula for (26) when 0 <y < 1.
Now let us consider how to approximate the Riemann-Liouville derivative #D], z(t), 0 <t < 1 at a
particular time point for 1 <y < 2. In this case, we have

2t 2(u
Dy x(t) = I‘(21—7)c;lt2/0 (t—(u))“/—ldu’ 1<~y<2. (28)

Based on the observation [4] we may interchange differentiation and integration in (24) to obtain

R 1 Eoa(u)
D, x(t) = = /0 Tt du, 1<~vy<2. (29)

where now the integral must be interpreted as a Hadamard finite-part integral. Thus

1 b a(u) t:7 ety — tyw) — 2(0)
R — _ _J J J <
Dy x(t;) () /0 G =yt du (=) /0 o dw, 1<~vy<2.

For every j, we replace the integral by a first-degree compound quadrature formula with equispaced nodes
0,1/4,2/4,...,1 and obtain

| ot du = S ootk /) + Rulal, 1<y <2 (30)
k=0

with some remainder term R1,[g] as in the case when 0 < < 1. The weights ay; are given in the following
Lemma.



Lemma 5.2. Assume that 1 <y < 2. For the weight ay; of the quadrature formula (30) with j > 1, we

have
-1, fork =0,
@, fork=1, j=1,
YA =) Tag; =4 =277 +2, for k=1, j>1,
kY — (k=)' — (k+ 1), fork=2,3,...,5—1,
(y =Dk — (k=17 + k7, fork =73, j7>2.

Proof: For fixed j,let 0<1/j <2/j<---<k/j<---<(j—1)/7<j/j=1Dbe a partition of [0,1]. We
approximate g(u) on [0, 1] by the piecewise linear interpolation g; (u). That is,

u—5 g1y u-"5 k-1 k
gl(u): 1 Jkg . +k kilg - on >
j—j<9> j—j<9) [J J}
Thus
1 1
/ gluju™ 7d““/ gr(wu™ "V du = Q;(g), j>1
0 0
Note that

! 1 ik
Qi(9) :/ gr(w)u™""7 du = / gr(w)u=t7 du—i—Z[c g1 (w)u™ 7 du.
0 0 2 5t

By the definition of the Hadamard finite-part integral [4], we have

)l+1*(1+7)

) 1 1

: L gt 0)(3 -0 } e
J “1ny _ J b1y L . "

| ot > R TTian [P (5 [ ) dy)

o0 (3) " (i) (3)

Further we have
/;91(10 1”du—g(k;w(%(?)ﬂ__7j+1(§>77+1_%<%> - J+1(k;1) aﬂ)
O I ) = G I =[G I

Hence, we obtain after some simple calculations,

1

1 1 J k J
1 J 1 J 1 k/’
Qo) = [ awudu= [Tgu s Y [T ge T du =3 aua(%).
0 0 k=2 55 k=0 J
where ay; satisfy the relations in the lemma.

Let tg < t1 < -+ < t, < --- < tyr = Ty be the time partition and At be the time step. Let
o < xp < - <@y < --- < xy = Xo be the space partition and Ax be the space step. Discretizing the
equation (23) about point (¢,,, z,) by using Theorems 5.1, 5.2, we obtain

8



—a— “ qu( )t ulx(xn)t_a
—a[At a—l WemU(Em—k, Tn) — m m }
2 I(- > I(l-a)
A1 - uot (tm) T, uyy(tm)z,,”
+ [Am p-1 Wint(tm, Tp_;) — zn” — n }
2% R L R )
- b[At*O‘ (f;kmu(tm_k, ZTn) — U0z (Tn )t } cu(tm, Tn) + higher order terms = 0.
P I'(l-a)
Here the weights are
1, for k =0,
—a—1, fork=1, m=1,
I'(l — o)wgm = 27® — 2 fork=1, m>2,
2k~ +(k—-1)"*4+(k+1)7*, fork=2,3,...,m—1,
(—a)k= (D) 4 (k—1)"* =k, fork=m, m>2.
1, for j =0,
-8 -1, forj=1,n=1,
L(1 - B)@j, = 278 2, forj=1,n>2,
=2j P+ (G- + G+, forj=23,....n-1,
(=)~ +(j=1)F —j7F, forj=n,n>2
1, for k =0,
02— a)0pm =4 —2k'"+(k-1D"+(k+11 fork=12,...,m—1,
—(a—1Dk=*+ (k—1)t7>— k=2 for k =m.

Denote U"* & u(ty,, T,) as the approximation of the exact solution u(t,,, z,). We can define the following

finite difference scheme

—a [Atiail ZwkmU;Lnik
k=0
n
+[ae Ay a0,
=0
m ~
) [At“" 3 G -
k=0

or

Uy = {Am—ﬁ—lw% —alAt= L

[a (At_o‘_l i WemW(tm—k, Tn) —

k=1

_ (Axfﬁfl i@jnu(tm,xn_j) -

j*l

(At agiz

U’O’I‘('In)tm a-l _ Ul"c(xn)

['(=a) (1—04)}

uor(tm)zy uu(tm)x;ﬁ}
I'(=B) INQE=)
m — bAt_a(f)Om - C:| B

oz (0 )t ! B ul:r(ffn)t;za)
I'(—a) Il —a)

uoe(tm)a, "~ ult(tm)x;">
I'(=p) r-p)

o (T )L

b — kaxn)i 0(1_a) ):| (32)



Here U] for n,m = 1,2,3,..., can be obtained explicitly by using the initial values Ué“, k=0,1,... and

0 ;_
Uj,j=0,1,....
6. Stability

In this section we will consider the stability of the numerical method (31).

Theorem 6.1. Lettg < t1 < --- <ty < -- <ty =Ty be the time partition and At be the time step. Let
To <11 << xp <o < xy = Xo be the space partition and Ax be the space step. Then the numerical
method (31) is stable under the condition

1
A< 7“0“41 —+ bAtAQ —+ CAtaJrl”,

1] (33)

where A = At/ AzPHL | where ||-|| denotes the appropriate matriz norm in ROVEDX(NFL) o RMAD) X (M+1),
Here the matriz B, A1 and As are introduced below.

Proof: Denote

U(()J Uo1 Uéw Woo Wil WM M
U{) Ull Ulj\/[ 0 wo1 WM—-1 M
U == . . ) Al == . .
Uy UL UM 0 0 wont
Woo 0 0 Qoo @11 NLZUMM
W1 Wo1 0 0 @o1 WM-1 M
B - . ) A2 = .
WNN WN-1N WoN 0 0 Qo
and
Uoe = [tox(20), -+ s uoe(xN)],  Ute = [u12(20), -+, w1z(2N)],
Uot = [uoe(to), -+ suoe(tar)],  Uie = [uie(to), -, ure(tar)],
Then (31) can be written in the following matrix form
Attt at1
1 1
Ata+1|: ( TT—a—l TT—a)
+ a F(—O[)UOI +7F(1—Q)U“"
1 1
ks ) i) -
(F(_,B) Voot gy V) 0 gy Vo 0
where
T — [taa7 . 7t1\_/1a]’ Tfafl — [taa—l’ . 725174@—1]7
and
- - - —B— —B— —B-1
X B:[goﬂ’...7x1\/ﬁ], X B 1:[x0ﬁ 17“.’1’.N6 ]

Denote A\ = At*T1/AzP+! we then have

U = (/\B)U(CLA1 + bAtAy + CAtOt+1)—1 + F(X, T)(aAl + bAtA, + CAtO“Ll)_l’

10



where
1
[(—a)

(e ) ) e

F(X,T) =At o= UE T 4 ﬁUﬂT—a)

Further we denote
C =\B, D =(adA;+bAtA;+cAt*™)™1 E=F(X,T)(aA; + bAtA; + cAt*T)~L

then (34) can be written into

U=CUD+E. (35)
Now we use the Picard iteration to find the solution of (35). Let
U9 =p,

v =cv®p + E,
U® =cuMp+E,

(36)
Then, we have, with some appropriate norm || - || in RVHDx(M+1),
o™ -yt = HC’(U("_I) — U("_2))DH,
< lleue=b —u"=2 D,
< - (37)
< (lempmro® —uv®y. (38)
Assume that
ICNIDI < 1. (39)
Then we see that U™ converges to the unique solution U.
Now let us investigate the condition (39). Note that
IC1l = AllBII,
and 1
HDH = H (CLAl + bAtAg + CAtOH_l) H
Thus the condition (39) is equivalent to
1
A < m ||U,A1 + bAtAQ + CAtaJrl H, (40)
which is (33).
The proof of Theorem 6.1 is complete.
|

Corollary 6.2. Let tg <ty < -+ <ty <--- <ty =Ty be the time partition and At be the time step. Let
To< T < - <xp <---<axny = Xg be the space partition and Az be the space step.
Assume that b =0 and ¢ = 0. Then the numerical method (31) is stable under the condition

all Ay

A< :
I1B]]

(41)

where A = At®T!1/AzP+! where ||-|| denotes the appropriate matrix norm in R(N+DX(N+1) op R(M+1)x (M+1)
Here the matrix B and A; are defined as above.

11
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Figure 1: Analytical (left) and estimated (right) solutions in Tp = 3 and Xo = 3.

7. Numerical examples

In this section, we will introduce two examples of two-parameter fractional telegraph equations. We shall
compare the numerical solutions with the exact solutions.

Example 7.1. Consider the following two-parameter fractional telegraph equation
— DS u(t,x) + O DI u(t, ) — DG ult,x) —u(t,x) = f(t,x), 0<t< Ty,

u(0,x) = €, u(0,2) = —€®, 0<z< Xy,
u(t,0) = e ", ug(t,0) =et, 0<t<Ty.

The analytical solution is given as
u(t,x) ="t
The right hand side of this equation can be obtained by using the fractional derivatives of u(t,x).

We apply the numerical method discussed above. We choose At = 0.001, Az = 1/15. The graphs of
analytical and approximate solutions for & = 0.4 and 8 = 0.9 are given in Fig.1.

Example 7.2. Consider the following two-parameter fractional telegraph equation
- CDgflu(t,x) + CDgflu(t,x) — D¢ ut,x) — su(t,x) = f(t,z), 0<t<Ty,

u(0,2) = sinz, ut(0,2) = —sinz, 0 <z < X,
u(t,0) = 0, uz(t,0) =€, 0<t<Tp,
where r =4 and s = 2.

The analytical solution is given as
u(t,r) = e 'sin.

The right hand side function f(t, ) is approximated by using numerical quadrature formulae in the numerical
approximation. We choose At = 0.001, Az = 1/15. The graphs of analytical and approximation solutions
for « = 0.4 and 3 = 0.9 are given in Fig.2.
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Figure 2: Analytical (left) and estimated (right) solutions in Tp = 3 and Xg = 27
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