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This paper introduces a robust distributed-order time-fractional telegraph
model, incorporating Caputo time- and Riesz space-fractional derivatives.
The spatial Riesz derivative is discretized using an optimized finite difference
method. For the distributed-order fractional operator, the midpoint rule was
first used to approximate the integral with respect to the order distribution,
followed by the application of a finite difference scheme to approximate the
Caputo time-fractional derivative. The method’s flexibility and high accuracy
make it a valuable tool for modeling and simulating these systems, providing
insights into the behavior of fractional-order systems with both temporal and
spatial fractional effects. Additionally, the proposed approach outperforms
existing numerical methods in terms of both precision and computational effi-
ciency, making it highly applicable for real-world problems requiring accurate
and efficient solutions. A comprehensive analysis of convergence and stability
was conducted to validate the proposed numerical method. To demonstrate
its effectiveness, several numerical simulations were performed, revealing the
method’s exceptional accuracy and computational efficiency. Furthermore, a
comparison with existing numerical approaches from the literature is provided,
highlighting the proposed method’s superior performance in both precision and
practical applicability.
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(co) IS

1. Introduction processes, especially those involving memory ef-

fects and spatial heterogeneity.> !> Many com-

Over the past few decades, there has been
growing interest among researchers in model-
ing and analyzing complex physical phenom-
ena using fractional-order operators, particu-
larly in the fields of mathematical sciences and
engineering.!” The significant advantage of frac-
tional models, viewed as generalizations of clas-
sical integer-order models, lies in their ability
to more accurately capture anomalous transport
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plex physical systems, such as diffusion in multi-
fractal media, cannot be effectively described
by single-order differential equations. There-
fore, it becomes essential to explore fractional-
order and, particularly, distributed-order differ-
ential models to account for the inherent com-
plexities of such phenomena. The study of
distributed-order time-fractional models began
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with Caputo,'® who investigated their applica-
tion in describing stress—strain relationships in
viscoelastic media. Subsequently, Caputo fur-
ther expanded on these models to include appli-
cations in dielectric relaxation and anomalous dif-
fusion phenomena.'”>!® Building upon this foun-
dation, Chechkin et al.'® introduced and ana-
lyzed distributed-order time-fractional models in
greater depth, further highlighting their effective-
ness in representing physical systems that exhibit
a broad spectrum of dynamical behaviors.

Sokolov et al.?? studied and introduced
distributed-order time-fractional models, also re-
ferred to as diffusion-like models, to provide a ki-
netic interpretation of anomalous diffusion and to
describe relaxation phenomena.?!?* Among these
models, the fractional telegraph equation has gar-
nered significant attention due to its versatility in
modeling various physical and mathematical phe-
nomena. It has been effectively used in the study
of diffusive processes, elastic manifold structures,
and wave-like anomalous behaviors. Furthermore,
this class of equations has a broad application
across different fields, including mathematical sci-
ences, engineering, and physics.?> 27 The classi-
cal time-fractional diffusion-wave model of dis-
tributed order can be extended to the distributed-
order time-fractional telegraph model by simul-
taneously considering the fractional derivatives
of distributed order over the intervals (0,1) and
(1,2). This formulation allows for a more compre-
hensive description of systems that exhibit both
diffusive and wave-like characteristics, capturing
a wider range of dynamic behaviors observed in
complex media.

Obtaining analytical solutions for distributed-
order fractional models is often a challenging task
due to the complexity of the underlying opera-
tors and the nonlocal nature of fractional deriva-
tives. Consequently, numerical methods have be-
come essential tools for solving such models ef-
fectively. A wide range of numerical techniques
has been developed in the literature, each tai-
lored to specific types of fractional equations
and boundary conditions. These include differ-
ent schemes,?®2? the fractional-centered differ-
ence method,? fast second-order implicit differ-
ence methods,?! and Petrov-Galerkin as well as
spectral collocation techniques.?? Other methods,
such as direction implicit difference approaches,?
the operational matrix method,>* and hybrid
function-based techniques®® have also been ex-
plored. Additionally, meshless methods,?® com-
pact difference schemes,3” and finite difference-
spectral methods®® offer alternative strategies.
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More advanced frameworks, such as the alter-
nating direction implicit-Galerkin finite element
method,?? finite element approximations,* and
the shifted fractional Jacobi spectral algorithm*!
have further expanded the toolbox for solving
these models. Some studies have combined the
finite difference method with the matrix transfer
technique to handle the space-fractional deriva-
tive in distributed-order models,*? while others
have employed the shifted Legendre method®?® or
introduced novel matrix representations of frac-
tional models.** Collectively, these methods re-
flect the rich and diverse landscape of numerical
strategies developed to tackle the inherent diffi-
culties in distributed-order fractional differential
equations.

In this work, we propose an efficient and
high-performance numerical method for solving
the distributed-order time-fractional telegraph
model, formulated as follows in Equation (1):

1 2
/ bl(u)CDfudu—i—/ bo(v)° DY udv= H(z, t,u)
0 1
) W
in which H(z, t,u) = —k(—A)zu+ f(x,t,u), sub-
ject to the initial and boundary conditions in
Equation (2):

u(z,0) =¢(z), 0<z <L,

u(0,t) = po(t), u(L,t) =pr(t) 0 <t <T (2)

Here, 1 € (0,1], v € (1,2], and “D}, ©Dv
are defined as in Equation (3):

“Dfu(z,t) = (D(n - B))~

" 1
x/ou (.%',T)(t_T

)B—n+1
n—1<pf<n, neN

dr, (3)

Here, —(—A)2u denotes the Riesz fractional
operator in Equation (4)

(4)

D2 are

—(=A)2u = Cp(;D%u +5 D%u

Jr
_ﬁ("—;‘)7 and x.Di,
displayed by Equation (5)34:

in which ¢, =

2

d

_ u(a,t)
'l —a)(z—a)*

RS R
2 -a) /a (& t)(z

(I3 u(z, 1))
u'(a,t)
I'2-a)(x—a)>*!

1
_ g)afl df

()

_l’_
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and Equation (6):

2
D%u(z,t) = dci:Q( 2~ %u(z, t))
u(b, t) u' (b, t)
TTi-a)b—2r TC-—a) -z O
1 @ 1
e ), e
where I, and ,I_ are as defined by Ahmed

and Hashem.** This class of fractional differen-
tial equations is characterized by the incorpo-
ration of distributed-order derivatives, which al-
low for a more nuanced modeling of memory
and hereditary properties inherent in complex
physical and engineering systems. Specifically,
the model under investigation incorporates time-
fractional derivatives of distributed order in the
Caputo sense, which are particularly advanta-
geous for initial value problems due to their phys-
ically interpretable initial conditions.

To numerically solve the equation introduced
above, the combined approach of the midpoint
method and finite differences was used. To es-
timate the integral term, we applied the mid-
point method and then used the finite differences
method to approximate the Caputo fractional op-
erator in the time direction. For the Riesz space-
fractional derivative with respect to the space
variable, we used the finite difference approach.*®
The implications of the proposed method are
significant in solving complex distributed-order
multi-term time-fractional telegraph equations,
which are commonly encountered in various sci-
entific and engineering fields. These equations
arise in phenomena such as anomalous diffu-
sion, wave propagation in heterogeneous media,
and modeling complex materials with memory ef-
fects. In this paper, we introduced a novel nu-
merical method for solving the distributed-order
time-fractional telegraph model, which incorpo-
rates Caputo time derivatives and Riesz space-
fractional derivatives. The primary contribution
of this work lies in the development of a ro-
bust and efficient numerical scheme that com-
bines an optimized finite difference method for
the spatial Riesz derivative and a midpoint rule
for discretizing the integral in the distributed-
order fractional operator. This approach is fol-
lowed by a finite difference scheme to approxi-
mate the Caputo time-fractional derivative. The
novelty of the proposed method lies in its abil-
ity to accurately handle the complexity of the
distributed-order and multi-term fractional oper-
ators simultaneously, ensuring both high accu-
racy and computational efficiency. To the best
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of our knowledge, this is one of the first ap-
proaches that directly addresses the challenges
of solving such equations with both spatial and
temporal fractional derivatives in a unified frame-
work. We also provide a comprehensive analysis
of the method’s convergence and stability, estab-
lishing its robustness for practical applications.
Several numerical experiments are conducted to
demonstrate the effectiveness of the method in
solving real-world problems. The proposed ap-
proach is then benchmarked against existing nu-
merical methods in the literature, highlighting its
superior performance in terms of both precision
and computational efficiency. This method has
broad implications for applications in fields such
as anomalous diffusion, wave propagation in het-
erogeneous media, and modeling of complex ma-
terials with memory effects, where distributed-
order time-fractional equations play a key role
in accurately describing underlying physical pro-
cesses.

In Section 2, we present a numerical approach
based on finite differences for approximating the
Caputo fractional operator. In Section 3, we in-
troduce an implicit numerical method for approx-
imating the solution to Equation (1). Section 4
provides the convergence and stability analyses of
the proposed numerical method, ensuring its reli-
ability. In Section 5, we present several numerical
examples to validate the efficiency and effective-
ness of the proposed method. Finally, Section 6
offers the concluding remarks, summarizing the
key findings and potential future directions.

2. A description of the numerical
approach for the fractional operator

Suppose that At = b*Ta, t =t = a+ kAL,
uw = u(z,a) = u(z,t — kAt),ut = u(x,a +
At) = u(z,t — (k—1)A), ..., uF T = u(x,t —
jAL),...,and u* = u(z,t) = u(z,a + kAt), then

it can be presented as in Equation (7):

1 t
Dyu(e,ty) = Ty) / u® (, 7)(t - 7)1 Vdr
2 ) /0 (x,t — T)TlinT
k=l r(G+nA
= 2 ) /At (z,t — )T+ Vdr
]:
k—1
(At)~>
= - t+ki)—2 t+ k
1-\(2_]/) jzo(u(x’ + 1) u(J:? + 2)
(j+1)At 1
+u(x,t+/<:3)/ —dr
N T
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_ (AR,
“TG-0) ]z:% by (u(@, ty—j+1) 7)

—2u(w, ty—j) + u(x, tr—j—1))

in which ]Cl = (1 —j)At, kg = —jAt, ]{23 =
(= — DAt and B = ((j + )27 — j277).

Also, by applying a similar technique, we get
Equation (8):

:/ u/(x,T)(th)_“dT
1 t—a , L
:7F(1— >/0 u (x, t — 7)1 Hdr
k—

_ Z /J(JH

x, t — 7)) Hdr

) =5 Jin
1 klu(mt—l—kl)—u(xt—i-kg)
F 1- ) At
=0
(+1At 1
/J o
k—1
_ H .
F(2 _M) pard b]( (CL‘ L ]+1) (:E?t/ﬁ—]))
(8)

in which b = ((j+1)*7# —j*7#). For 1 < a < 2,
the Riesz fractional operator can be estimated as
in Equation (9)*:

)2 (Ax)~@
— (=8)" ulz, 1) = QF(a)F(S — &) cos (%)
x{l_a )2 = aju 0+<2qa__?)(m—uo)
+Z Ugip1 — 2uqi + ug—i1) [(i + 1) —i?7°]
1 a)(2 — a)uyy 2—-a)
P —gr gty
M—q—1
+ (Ugti-1 = 2Ugti + Ugiv1) [(Z + 1
i=0

in which Az = %22 2 = rq = a+ qAz, up

u(a,t) —u(x—qu,t) up = ula+ Az, t) = u(z—
(4 = DAL,0), ...t = u
u(e.t) = u(a 1 gAz. )

3. Description of the numerical method

In this section, we present the discretization
method used for approximating the integral terms
in the distributed-order fractional operator. The
proposed method utilized a quadrature rule to

evaluate these integrals. This choice was moti-
vated by the fact that quadrature methods pro-
vide a flexible and accurate approach to numeri-
cal integration, especially when dealing with func-
tions that are difficult to handle analytically. Fur-
thermore, quadrature methods are widely used for
handling fractional integrals due to their ability to
approximate the integrals over complex domains
with high precision. Therefore, we have Equation
(10):

b L
/ b(v)’ D} u(z, t)dy =h Y b(7,) D u(=, )

a

p=0
h2
7F// b
(), 7 € (,h)
(10)
where 7, = w ,p=1,...,L,y € [np—lvan

and the mterval [np 1,7p| is a partition of the L
subintervals of [a,b] with equal amplitude h =
b_T“. Here F is F = b(v)“ D} u(z, ).

Then, using Equation (10), we have Equation

(11):

1 L
1
| ) Dtute )i = 3" i) DY)
h?
_ﬂF” 1(p), pe(0,1)
(11)
where 1, = w for p = 1,...,L. We con-

sider the interval [n,—1,7,] with equal amplitude
h = 2% such that [n,—1,7m,] C [0,1], [y =
b1(p)® Di'u(x,t).  Similar to the procedures in
Equation (11), we have Equation (12):

2 L
1
/ bo(v)C DY u(z, t)dv = — > " ba(1p)” Dy u(a, 1)
1 L
p=0
h2
— ﬂF"z(y), ve(l?2)
(12)
where v, = % for p = 1,...,L and con-

sidering the interval [n,_q,7’,] with equal ampli-
tude h = 7% such that [ p—1:1'p] € [1,2] and
Fy = by(v)¢ DY u(w,t)

Neglecting o(hQ) in Equations (11) and (12),
Equation (1) can be approximated as Equation
(13):

L
721’1 fip) CD#F (2,t) + i ZbQ(Vp)CD;;pu(xat) =
p=0 p=0
— k(=A)Zu(z,t) + f(z,t, u(z, b))
(13)
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By putting ¢Di*u(x,t), ©D;”u(z,t), and
—(=A)2u(z,t) into Equation (1), and showing
by Utf ~ u(xq,ty), we acquire Equation (14):

L _Hp k-1 .
;zjmm( Ukt - WWO
p=0 j=0
L v,
xm+nbw—fwm+;§ymw(§§ﬂq
p=0 p

x Y (UFTT -

E
—

UK + UFT N (G + 1)

<.
Il
=}

_ k(Az)™® { (1—a)2—a)Uf
' (a)(3 — oz)cos(%) q°
-1

L 2= )(U1

a—1

Ug) + (Uf—i—i-l
i=0

— 20U},

(1- )2 - U

Uk ) 41 2—a _ 22—«
+ q—z—l)[(z + ) ¢ } + (M _ q)a
M—q—1
2-a)
- W(UM UM 1) + (Ut;chz 1 2U§+z
=0

UL )l + 127 = 27+ f . UF)
(14)

under the conditions as in Equation (15):

0
U, =v¢(qAz), ¢=0,1,..., M,

UF = po(kAt), UY, = pp(kAt) k=0,1,...,N
(15)

4. Convergence and stability

The stability analysis, along with convergence,
is obtained by the proposed numerical method,
which is presented in Section 3. For simplicity,
we can rewrite Equation (14) as follows in Equa-
tion (16):

TV(USY) = To(U)) + f(g, t, UY)

where it can be expanded as in Equation (17):

(16)

7, () = 1 5 [M

L= L2 - up)
ba(vp) (At) (k+1) K(Az)~
U,
+ rd-—v,) ¢ +2F(Q)F(3 — a) cos (%)
q—1
x{Z@#% 200, + U, ) [+ 1) = 2]
=0
M—q—1
k k k . o o
+ Z (Ué& 17 2U(§+)2 U¢§+)z+1> [(i+1)> = ]}
=0

(17)
and Equation (18):

—777)

k—j+1 k—j
U9+t —ouk—

—up)) _ K(Ax)™®
2I'(a)T'(3 — a)cos(T5)

+(1 —a)(2-a)Uk, . (2-q)
(M —q)* (M —q)*~

(UN = Ugy_ 1)}
(18)
Suppose the initial data has an error e, as in

Equation (19)

0
q

W=y +ed, g=1,...,M  (19)

Let Ué“ and ﬁé‘“ are the solutions of Equations
(14) and (15). Therefore, it can be depicted as in
Equation (20)

Ti(eg™) = Taleg) + f(ag i, Uy) — f (g, ta, Uy)

q
(20)
in which ef = UF —UF . Also, let EF =
[elf,eg"'l, ..,e?w], E = 0,1,2,...,N and |

E* |loo= maxj<m<ns €|, In proving the main
theorems of this manuscript, we consider the fol-
lowing symbols in Equation (21):

€A(L, AY) = 1§:m<mw)_u
15 L4~ T(2— )

”;0 (21)
(L A0 = 1 5 o) e (8

p=0 P

4.1. Theorem

Let f(x,t,u) be a Lipschitz map. Then, the nu-
merical method given by Equation (14) with ini-
tial boundary conditions Equation (15) is uncon-
ditionally stable, that is

IE" o< o E? ooy n=0,1,....,N  (22)

where ¢ > 0 and independent of the step sizes.
According to the conditions Equation (15),
the inequality Equation (22) is satisfied for n = 0.
Suppose Equation (22) satisfies n = 1,...,k, as-
suming that z € {1,2,..., M} such that |efT!| =
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maxo<m<is |ebr | =|| Ef*! ||, then, we have
Equation (23):

(&1(L, At) + &(L,A) || B
K(Az)™®

= (&(L, At) +§2(L7At))|6§+1‘ + 2T (a)[(3 — 04)005(%)

q—1
(S

0

= 20el D[+ 1)* 7 — 27

~.
I

M—q—1
+ (2|elz€+i| — 2‘€I;+z|)[(7f 4 1)2—a . ig_a]}

|
Q

o

.

) K(Az)™®
2T ()T (3 — ) cos(T5t)

< (&1(L, At) + & (L, At))[eh ] +

-1

2

k k
(2lez il —le

<A

(]

e iallli+1)> =72

z z—i—1 "
i=0
M—q—1
+ (2lef | = leysal = lefysal) x [(0+1)*7 =70}
i=0

K(Az)~®

< ‘(gl(LvAt) +€2(L7 At))‘elfrll - QF(Q)F(g _ 0)605(%)

—

LS

% {

k k k . - 9
(leb_ipal = 2lefl + ek DI + 1)~ — 7]

™

Lol
S O

%
M—q—1

+ (lefisal = 2lez il + le i DI + 1> = 7]}

.
=l

K(Az)~®
2T ()T (3 — ) cos(T5*)

< [(€1(L, At) + Eo(L, At)) et +

q—1
k k k . o oe
X {Z('ezi+1| —20el_y| +[ef_iq]) x [(i 4+ 1)*7* —i?7°]
i=0

M—q—1

+ Z (lef il = 2lebl + lekyii]) x [+ 1) = iQa]H
i=0

= ‘Tl(e§+1)| = ‘TQ(ef) + f(.’l?'z,tk, Uf) - f(wzvtkv ﬁf)l
< ‘TQ(CI;)‘ + |f($27tk7 U,f) - f(l'th/W ﬁf”
(23)
Then, we have Equation (24)

(&1(L, AL) + &(L, A1) || B o< |To(el)| + Ly |UE - U]

(24)
where Ly € (0,1). Substituting Equation (18)
into Equation (24) yields Equation (25)

k-1
(€1(L, At) + & (L, AD) || B! (o< Y a | BF 74 |l
j=1
+b || E¥ oo 4 | E¥ 77! oo
(25)
where for j = 1, we have Equation (26):

a = (E kY1 4 k2T 4 & + 26 + W(M, a, 2)),
K(Ax)™®
2I'(a)I'(3 — a)cos(%*)

W(M,a,z)=

in which ef = [ef, e}, ...

2(2 - «)
qafl

1-a)(2—a)
(M —q)*

{(1—04)&2—04) N
q
. 2(2-q)
(M —q)o=t

c= &k

b= (&k'H 4+ 26k + & + Ly),

(26)
and for j = 2,...,k — 1, we have Equation (27):

a =&k 4 GEPT,
b= &k THr 4 26k*

c= §2k,2—yp

(27)

Equation (25) can also be rewritten as follows
Equation (28)

k-1

1 s
a B* o
=1

+b | E¥ oo +e || B¥7 oo
< 1
~ &1(L, At) + &L, At)

Ek+1 <
| floo< &

(akdy + bkdy + ckd3) || E° |l

(28)
From Equation (28), we get Equation (29):

IEF* o< o || B lloc (29)

where o = max{&(LAt)Jlr&(L’At) (akdy + bkdy +
ckds)}. Thus, for each arbitrary initial rounding
error E°, there exists o > 0, independent of L,
At, and Az, such that in Equation (30):

| E" o< ol E° [loo (30)

Therefore, our numerical method is uncondi-
tionally stable.

Suppose that the exact and approximate solu-
tions of Equation (1) are Ué“ and ﬁf, respectively.
Then, we consider the error function at (x4, tx by
the following formula in Equation (31):

ek =UF-UF k=1,...,N, ¢

1,...,M (31)

b ek ... ek ]. Due to Equations

(2) and (15), we have ¢* = [0,0,...,0]. Then,

from Equation (14), we have Equation (32):
540
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(At —Hp

k—1
k—j+1 _ prk—j
D2 = pp) Z U U 2

j=0

| L
72 i)
p=0

2
(G + 1)1 - 21y U g, 1)

ot?
k—1
0

—12 ””)

2
)~ b))

{(1 —a)2- a)Ué“

JTR) + byP (At)

ST

— 2y U 1><<J + 1>2 g
A 92U (2g,1's,)
24 ot

R(Ax)™@
2T ()T (3 — «)cos(

(2 __(1}[) (U{C -

_ EF” 7”17

+bgp(

uxes

2)

q—1

Us) + Z(

=0

+ Uk

+Ur 272 +

@

DI+ 1)

_2-a9
(M —q)*
=20 + Uy )6+ 1)
Aty 9'U
( 2)4 @(9%7]/6)
0
+ f(mqv bk, Uéc) + At[?{(mqa Cht1, U(xqa Ck—i—l))

0 ou
408 (0, G, U, i) Gy o)

(UM Ug_1) +

+b

(32)

in which n; € (0,tx), 73, € (0,tx), 04 € (xg—1,%4)
and ( € (tk,tx+1). We can rewrite Equation (14)
as follows in Equation (33):

1 L 7”]—' k-1 . .
7 bl Z (Ug M = Ug™)
p=0 j:0

(DT =g + Zb2 o) r<3 v
p

N
=

% (U;cf]#l _ 2Ué€*j 4 Uéefjfl)((j + 1)27% _j27yp)

.
Il
o

K(Az)~®
2I'(a)T'(3 — ar)cos(T5Y)

(1-a)2-a)Uk
qa

2-0o)

+ qafl

{

q—1
X (Uf*U(l)c)+Z(U;—i+1*2Uk +Uk i-1)
i=0

1-)2-a)Uy  (2-a)

)

x [(1+1)%7 =272 +

(M — g)> (M — g)o—1
M—q—1

x (U = Upr_y) + Z (Ugrioa —2Uk + Uk
=0

541

L
1
< [+ 1) =270 = =2 > b ()BT (AP
p=0
82u(acq, m)  h?_, 1 & Vo (At)d—wr
X~ togF i) - L];)bQ(Vp)bZ o
84U(xQ7 n/k) h2 " [e% (At)4ia 84U
e ot 2 e
0
+ f(xqa tk7 U;) + At[aif(xqa <k+17 U(xm <k+1))
of U
+ @(mq, Cet1, Ul(zq, Ck+1))§(xqv Cr+1)]
(33)

Applying the definition of 77 and 7>, we can
rewrite Equation (33) as in Equation (34):

TV(UY) = Tu(
l L

O bW (A

UM + fxg, tr, Uy)

Hp 82U($q7 nk)
ot?

(34)

0
+ At[a—{(xq, Ch+1, U(xg, Chv1))

0 ou
2 s G, Ul ) G G

Thus, the error e’; for ¢ = 1,...,M and

k=1,...,N satisfies Equation (35)

el =0,

q
{ T (U(’””) Ty (UF) + R 4 flag te, UF) — f(ag, tr, UF)

(35)
in which it can be defined as in Equation (36)

Up 82u(xQ’ nk)

L
1
k+1 _ I 2
RE = Z gt (g2 0
h2 L (A)A=7 92U (24,1 1)
F// - Vp Q) 'k
Y 1 pz (wn)by" 5 ot
h2 // ( )4 «@ 64
of
+At[a(ﬂfquHl,U(Sﬂq,CkH))
of oU
+ @(l“q, Crr1, Uy, Ck+1))§($q, Crr1)]
(36)
Consider RF+! = R} RETL . RAFY) f =

0,1,.... From Equation (37), we get
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L
1
[RET < Pip 7 bil)bi? (A6 H2 4 Pyh?
p=0

L
1 v —

+ Py > by(vp)b5? (AL)* T 4 Pyh?
p=0

+ Psb (A1) + PyAt

< b1 Py max {by(u)}(At)>"FL 4 Pyh?
1e(0,1)

—i—ggpg max {bg(y)}<At>4_VL + P4h2
re(1,2)

+ P5Ea(At)4_a + PﬁAt

(37)
in which it can be defined as in Equation (38):
2
t
P = max |M|, Py = max |F"y],
te[0,T] ot2 1€(0,1)
1 0*U(zy,t)
P3 = ——2 | P= F"
TR e P I
1 o*U
Ps=— —(z,t
5= g1 e Igpr (@ )l
o= mas [ (g G, Ul Gorn)
6 — Ck+1€[tk,tk+1] 875 qr Sk+1, qr Sk+1
of ou
+ %(xqa Ck—i—l, U(qu, Ck—&-l))g(xq, <k+1)}|a
by = max{b|"}, by = max{by’}
P P

(38)
and b, = max,{b®}. Then, we get Equation (39):

| R oo C((A02 1 4+ 12 +
(A + (A1)

4—vy,
(A7) (39)

where C = max{ElPl, P2,52P3, P4,5ap5,P6, }

5. Illustrative examples

Some numerical examples are demonstrated in
this part to show the effectiveness of the studied
numerical approach. The absolute errors for these
illustrative examples at different points (x,t) are
computed as follows in Equation (40):

g
q7
’M7

le(@qs t)| = [u(wq, tr) — u

40
k=1,....N, qg=1,... (40)

in which u(xg, ;) and u’; show the exact and ap-
proximate solutions, respectively. Additionally,
all numerical simulations presented in this study
were conducted using Mathematica software (ver-
sion 11). The computations were performed on a
laptop equipped with an Intel Core i5 processor
(2.40 GHz) and 16.00 GB of RAM. Moreover, the
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following formula Equation (41) was used to cal-
culate the convergence order:

Ratep, = logy(——=),
(41)

Ratea; = logy (7

5.1. Example 1
Consider Equation (42):

1
| 16 - Dt uta
0

(42)

2
+/ ['(5 —v)°DYu(z, t)dy
1

where in Equation (43):

9(,1) = 24(a(1 - x>>3(*

+ 0 (ZL', t)gl(xa t)
I'(4)
I(d—a)
30(5) (40
- m(afl +(1—-=
3I'(6)
I'6 —a)
I'(7)
CI(7—0)

(34 (1—2z

(> 4+ (1—a
(2 +(1—z

with conditions in Equation (44):

u(z,0) =0, = € (0,1),
u(0,t) =0, u(1,t) =0, t € (0,1]

The exact solution is wu(z,t) tH(x(1 —
7))3. We solved this problem using the numer-
ical method developed in this study. The method
was applied with L = 20, M = N = 30, and
various values of «. Figure 1 presents the ap-
proximate solutions obtained by our method for
these parameter values and different choices of a.
This figure provides a visual representation of how
the solution evolves across the spatial domain and
time for different choices of «, offering insight into
the influence of the fractional order on the over-
all behavior of the solution. Figure 2 compares
the exact solution with the approximate solution
at L = 20, M = N = 30, and various choices of
a in u(z,0.5). Figure 3 illustrates the absolute
error functions for L = 20, M = N = 30, and
various choices of a. These graphs illustrate the

(44)
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discrepancy between the approximate and exact
solutions, providing a clear indication of the accu-
racy of the numerical method. The absolute error
is an essential metric for evaluating the effective-
ness of the approximation, and these graphs help
to assess how errors vary as a changes. Figure 4
shows the absolute error functions at ¢t = 0.5 for
the same values of L, M, and N with different
choices of a. This figure focuses on the error at
a specific time, offering more detailed insight into
the temporal behavior of the numerical approxi-
mation. It is particularly useful for understand-
ing how the error behaves at different fractional
orders at a fixed point in time. Tables 1 and 2
provide the maximum errors and convergence or-
ders for the numerical method in space and time,
respectively. These tables are essential for under-
standing the accuracy and convergence behavior
of the method. Specifically, the convergence order
indicates how quickly the numerical solution ap-
proaches the exact solution as the grid resolution
increases, and the maximum errors give a measure
of the overall deviation from the true solution.

a=15 a=1.7

<z ',
o, LA LT
AL ALAAT
RRERLRLRALL
R
LR
L5
{7

7
35
_ 4

Figure 1. The plot of the approximate solution
u(x,t) with L =20, M = N = 30, and various choices
of a for Example 1

— a=1.5 a=1.7 — a=1.8 — a=1.9 — Exact solution

u(x,0.5)
0.0010

T

0.0008 |
0.0006
0.0004 |

0.0002

02 04 06 08 10

Figure 2. Approximate and exact solutions with L =
20, M = N = 30 and various choices of a for Example
1 when ¢t = 0.5
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3. The absolute error functions with L = 20,

M = N = 30 and various choices of « for Example 1
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Figure 4. The absolute error functions with L = 20,
M = N = 30 and various choices of a for Example 1
att=0.5

5.2. Example 2
Consider the problem in Equation (45)*:

fr

2
+/ r(; — )’ D u(x,y, t)dv
1

7

5 — M Dfulz, y,t)dp

157Vt

—(—A)%u(z,y,t) + g(:L“,y,t) +

8int
x (2 = 1)(z(1 —2)y(1 —y))>, neN
(45)
in which in Equation (46):
gla,y.1) = (2e0s(50) 3 (1 - y)y)?
% [F(Z(il)a> (x3fa 4 (1 _ x)3fa)
_ FEO)E])'—‘(_5)O[) (x4fa + (1 _ $)4fa)
Rl (1= 07
I'(7) —a —a
- m(lﬁ +(1—2)°)]
B 4,5 ['(4) _
+ (2c05(5)) (1 —37)55)3[@@3 ?
_ 30(5) _ _
+(1—y)’ 6)—m(y4 P+ (1-y*?)
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Table 1. Comparison of the error function and convergence order with N= 100 for Example 1

M a=1.5

a=1.8

a=1.9

e(h, At) Ratey,

e(h, At)

Ratey, e(h, At) Ratey,

32 2.550426e-10 -

64 8.150868e-11 1.9820
128 1.205352e-11 1.9984
256 4.701125e-12 1.9937

5.474700e-10 -
1.558595e-10
3.065866e-11
1.034642e-11

8.682241e-10 -

2.358879¢e-10 1.9863
5.072403e-11 1.9970
1.436730e-11 1.9972

1.9788
1.9980
1.9970

Table 2. Comparison of the error function and convergence order with M= 100 for Example 1

N a=1.5

a=1.8

a=1.9

e(h, At) Rateas

e(h, At)

Ratea; e(h, At) Ratea;

32 1.104018e-10 -

64 3.047415e-11 1.9900
128 6.557025e-12  1.9949
256 1.804933e-12 2.0007

1.002382e-10 -
2.438518e-11
5.282357e-12
1.500711e-12

7.008703e-11 -

2.011908e-11 1.9931
5.045536e-12  1.9954
1.267602e-12  1.9928

1.8808
1.8845
1.8868

3U(6) 5 5 _\5-8
(6 — 6) (¥ "+ (1 =y)"") »
I(7) _ _
- m(?fi P+ (1 -y )

in which (z,t) € [0,1] x [0, 1] under the conditions
in Equation (47):

u(z,y,0) =0, (x,y) € (0,1) x (0,1), (47
u(x,y,t) =0, (z,y) € 0((0,1) x (0,1))

The exact solution for this model is given by
u(z,t) = tg(:c(l —2)y(1—y))3. Applying our nu-
merical method, taking L = 20 and M = N = 30,
the numerical results for this example for differ-
ent values of «a are shown in Figure 5 if ¢ = 0.5.
The absolute error functions with L = 20, M =
N = 30, and various choices of « for this example
at t = 0.5 are demonstrated in Figure 6.

azp=15

Figure 5. The plot of the approximate solution
u(z,t) with L = 20, M = N = 30 and various choices
of a for Example 2

Figure 6. The absolute error functions with L = 20,
M = N = 30 and various choices of a for Example 2

5.3. Example 3

Consider the time-fractional reaction-diffusion
model of distributed order with o = 2 in Equation
(48):

1
/ F(g — ) DFu(z, t)dp = uge(z, ) + u?(z,t)
0

N 15\/t\/t

Sint —z)) = 2t° — (xt(1 — z))?

(48)
with the following conditions in Equation (49):

(t—1)(z(1

u(z,0) = u(0,t) =u(1,t) =0, x € (0,1), t € (0,1]
(49)

The exact solution for this model was cal-
culated in previous studies [30, 31] by u(x,t) =
tgac(:z:— 1). We solved this model using the studied
method on the domains z € (0,1) and t € (0, 1]
when Az = h. Figure 7 shows the numerical re-
sults for different values of Az = h. Figure 8
reports the error function for different values of
h. Figure 9 shows the error function for differ-
ent values of h with ¢ = 0.5. We compared the
method presented in this study with the meth-
ods discussed in previous articles*®4” based on
the error function. The comparison results are
summarized in Table 3, which also includes the
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Table 3. Comparison of the maximum errors and convergence orders with At= (Ax)2 for Example 3

Ax=h Reference® Reference?! Proposed method
e(h,At) Ratea: e(h,At) Ratear e(h,At) Rateay
0.5 7.43e-2 - 2.45e-2 - 1.34e-7 -
0.25 3.22¢e-2  0.60 5.47e-3 1.08  4.36e-8 1.99
0.125  8.99¢-3  0.92 1.30e-3  1.04  1.21e-8 1.78
0.0625 2.31e-3  0.98  3.20e-4 1.01  2.13e-9 1.73

convergence order for the proposed method. This
table provides a comprehensive overview of the
performance of the proposed method in relation
to those from previous studies, highlighting the
accuracy and convergence behavior.

05

Figure 7. The surface of the approximate solution
u(z,t) with L = 20, M = N = 30 and various choices
of a for Example 3

h=0.125
00

e eSS oS ST SOS
S S OSSOSO
SIS

= 2%

10 10

Figure 8. The absolute error functions with L = 20,
M = N = 30, and various choices of a for Example 3

Figure 9. The absolute error functions with L = 20,
M = N = 30 and various choices of a for Example 3
att=0.5

6. Conclusion

In this study, we analyzed the distributed-order
multi-dimensional time-fractional telegraph equa-
tions, incorporating Caputo time- and Riesz
space-fractional derivatives. The finite difference
method was employed to approximate the Riesz
space-fractional derivative with respect to the
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spatial variable. To approximate the distributed-
order fractional operator, we applied the mid-
point method to discretize the integral term, fol-
lowed by the use of the finite difference method
to approximate the Caputo fractional derivative
with respect to the time variable. We have
rigorously proved the convergence and stability
of the proposed numerical method. To demon-
strate the high efficiency and accuracy of the
method, we conducted several numerical experi-
ments, comparing the results with those obtained
from other numerical methods found in the litera-
ture. The comparison clearly shows that the pro-
posed method outperforms existing approaches in
terms of both efficiency and performance, making
it a highly effective tool for solving distributed-
order time-fractional telegraph equations.
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