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Abstract , N

In this paper, we propose a hybrid and efficient numerical scheme with high accuracy to obtain approximate
solutions of the two-dimensional time-space diffusion-wave model in terms of the Riemann-Liouville and Riesz
fractional derivatives. To discretize the presented model, two approaches are used in the spatial and temporal
directions. In the time direction, we use a second-order accurate difference numerical method and the weighted
shifted Griinwald derivative approximation of second order. The weighted shifted Griinwald derivative approxi-
mation is used to estimate the Riemann—Liouville fractional operator. Also, in the space direction, the Galerkin
spectral method based on the modified Jacobi functions is used. The study of convergence and stability analyses
for the proposed numerical approach is presented. At the end, some numerical examples are given to show the
effectiveness of the proposed numerical scheme. For all the examples, graphs are drawn, and numerical results are
reported in tables.
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1. INTRODUCTION

Nowadays, in order to understand the dynamics of several physical phenomena, the study of fractional order
differential equations is of great importance [4, 6-8, 15, 16, 33]. To discover the physical behaviour of phenomena in
mathematical and engineering sciences, we need mathematical models that are related to their differential equations
[10-12, 20, 25, 26, 32, 34]. The study of viscoelastic damping and anomalous diffusion processes using integer-order
differential equations cannot be performed accurately [13, 14, 19, 27, 28, 35, 37]. The use of fractional operators in
differential equations is related to the hereditary characteristics [2, 21, 36, 41]. Fractional operators describe many
features better and more appropriately, such as wave propagation and random walk models.

This paper proposes an efficient numerical approach to obtain an approximate solution to the following diffusion-
wave model involving a weakly singular kernel term in the time direction and an integral term in the space direction:

1 ¢ a—2 0%w(z,y, \) "w(x,y, \)
Dvw(az,y,t)zi/ t—X exp(—v(t—MN)) (A, el A AR AT )
: Mo Jy (N7 e (o) (AT R AT )
| Pw(x,y,7)  *w(z,y,T)
) ) 7 ) 1.1
+/0 \/ﬁ( S T ) b, ), (1.1)
where v € (0,1), ¥ € (1,2], v € (1,2], v > 0 and « € (1, 2] with initial and boundary conditions
w(z,y,0) = wo(z,y), (x,y) € X =a,b] x [c,d],
w(xﬂ y? t) = 07 (x7 y) 6 aQ7 t e (07 T)7 (1'2)
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in which the operator D}w(z,y,t) in the time direction shows the Riemann-Liouville fractional derivative and the

aﬂw(x,g,t) 9% w(z,y,

operators 5 %) demonstrate the Riesz fractional opertaors in the space direction which are defined by
oz Y
the formulas
1 0 ¢ _
Y - - Y o Y
D]w(x,y,t) = T =) o (/0 (t—s) w(x,y,s)ds), (1.3)
and
0" w(z,y,t) .\ 1
= 7<2 cos (7)) ((LDzw(ar7 y,t) + ngw(a:, v, t)), (1.4)
Olz|
o” t -1
I(l;(f’g’) = — (2 cos (%)) (CDZw(x, y,t) + yDyw(z,y, t)) (1.5)
Y

Also, we define the given fractional operators in Egs. (1.4) and (1.5) as follows:
I 1-9
9 —
oDyw(z,y,t) = m@(/a (=) w(Say,t)d8>7

1 9> b _
DYw(w,y.t) = m@(/x (s =)' w(s,y,0)ds),

Dyw(z,y,t) = 11(21_V)aa;2(/; (y — 5)17,,10(% s,t)ds),
yDiw(z,y,t) = I@(j;([/d (s — y)lfyw(x, s,t)ds). (1.6)

The motivation and interest behind considering the above diffusion-wave model with a weakly singular kernel term
is that this model is used to describe phenomena where diffusion and wave-like behaviours coexist, influenced by
memory effects or hereditary properties. This model often arises in various fields such as heat conduction, fluid flow
in porous media, viscoelastic materials, and anomalous transport processes. This model provides a powerful tool for
studying complex systems where standard diffusion or wave equations fail to capture the observed phenomena. It
bridges the gap between purely diffusive and purely wave-like behaviours, offering insights into processes with memory
and anomalous characteristics. The diffusion-wave model with a weakly singular kernel term is important because
it provides a robust mathematical framework for describing systems in which both diffusion and wave behaviours
are observed, particularly in systems exhibiting memory, nonlocality, and anomalous transport. Its ability to model
more complex and realistic behaviours makes it invaluable across a wide range of scientific and engineering disciplines,
leading to better predictions, designs, and understanding of real-world phenomena.

To approximate the proposed model presented in Eq. (1.1), a combined numerical approach based on the second-
order accurate difference numerical method, the weighted shifted Griinwald derivative approximation, and the Galerkin
spectral method is proposed in this study. The second-order accurate difference numerical method and the weighted
shifted Grinwald derivative approximation are applied to estimate the integral term, including the Riesz fractional
operator and the Riemann—Liouville fractional operator, respectively. The Galerkin spectral method based on the
modified Jacobi functions is applied to approximate the proposed model in the space direction. A convergence study
and stability analysis for the presented numerical approach are presented. The reason for using this type of model
is related to studying the effects of the anomalous diffusion process in MRI. In this study, the spatial domain is
chosen as (0, 1) primarily to simplify the mathematical analysis and numerical implementation. This standard domain
enables clearer presentation of the theoretical results, such as stability and error estimates. However, it is important to
emphasize that these results are not inherently restricted to this domain size. When considering an arbitrary domain
(0, L) with L > 1, the constants involved in the error bounds and stability conditions may depend explicitly on L.
This dependence arises because the fractional derivatives, especially those involving non-local operators like the Riesz
derivative, inherently reflect the domain size in their integral definitions and boundary behavior.

(=)=
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Obtaining exact solutions of fractional models using analytical methods is not easy; therefore, using numerical
approaches to obtain approximate solutions to these types of models has made the work easier. Several authors have
proposed different numerical approaches to solve such fractional models. For example, in [6], the authors studied a
numerical approach based on the finite difference method to obtain approximate solutions of the fractional-order Bloch-
Torrey model. In [1], the authors studied a new spectral method for solving the fractional-order nonlinear differential
model. In [24], the authors presented the Crank—Nicolson numerical method to calculate the approximate solution
of the model along with convergence analysis. The authors in [46] presented the finite element scheme for obtaining
the approximate solutions of the Boussinesq models of fractional order. In [47], the authors proposed a numerical
method to obtain approximate solutions of the cable model of fractional order using the finite difference and Legendre
spectral numerical methods. In [5], the authors proposed a numerical method to obtain approximate solutions of the
generalised Schrodinger model involving the Riesz sense using a collocation method. In [45], the authors studied the
time-space fractional Bloch-Torrey model and obtained the numerical solutions by applying the L — 2 — 1, method.
In [17], the authors studied a numerical approach based on the Crank-Nicolson extrapolated fully discrete method to
obtain the approximate solutions of the fractional model and also examined the convergence analysis for the proposed
numerical approach. In [13], the authors proposed a B-spline interpolation method and the Galerkin finite element
method for the two-dimensional Riesz space distributed-order diffusion-wave equation. In [30], the authors studied
the finite volume method for solving the fractional model involving the Riesz operator in the space directions. In [31],
the authors studied the sinc-Bernoulli collocation method for solving the time fractional cable equation. In [22], the
authors presented a numerical approach based on the iterative method to solve the Volterra partial integro—differential
models. In [23], the authors presented a numerical approach based on the central difference method and the L2 — 1
method to solve the partial integro—differential model involving the weakly singular kernel. In [44], the authors studied
the second-order backward difference method to solve the integro-differential model. In [18], the authors presented a
numerical approach based on the stable least residue method to solve the partial integro—differential model involving the
weakly singular kernel. In [48], the authors presented a numerical approach based on the Crank—Nicolson ADI spectral
method for obtaining the approximate solutions of the two-dimensional nonlinear reaction-diffusion model involving
the Riesz space fractional operator. In [39], the authors developed numerical methods suitable for approximating -
fractional differential equations and - fractional integro-differential equations. In [40], the Sinc-Galerkin method is
recognized for its exponential error decay and, under certain conditions, achieves an optimal convergence rate, even
when applied to problems defined on infinite and semi-infinite intervals. In [29], the focus is on the investigation of
a (241)-dimensional space-time fractional coupled nonlinear Schrodinger equations, which models the amplitudes of
circularly polarized waves in nonlinear optical fibers.

We organize the remainder of the manuscript as follows; In Section 2, we state the discretisation of the proposed
model in terms of the time variable. In this section, the numerical approaches based on the second-order accurate
difference numerical method and the weighted shifted Griinwald derivative approximation are studied. In addition,
in this section, the convergence analysis for the semi-discrete numerical approach is studied. In section 3, we present
the fully discrete numerical approach, which is based on, which states that this numerical approach is based on the
Galerkin spectral method. In Section 4, we focus on the numerical examples. At the end of this manuscript, the
conclusion is presented in Section 5.

2. DISCRETISATION OF THE PROPOSED MODEL IN TERMS OF THE TIME VARIABLE

This part studies the numerical approach to approximate the proposed model in the time variable direction. Also,
in this section, we state some important lemmas to prove stability and convergence analysis. Assume that ¢, = nAt,
n=20,1,...,NV;, and At = /\l/f Also, we define the fractional Sobolev space over the 2 domain by

1 ~
HP(Q) = {w € L2(Q) s.t. (14 42) 2P Flw)(u) € 1? (Q)}, B € (0,1), (2.1)
in which the symbol F(w)(x) = @ is the Fourier transformation for the function w and

HP Q) = {w € H*(Q) s.t.w‘aQ = O}. (2.2)
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Lemma 2.1. [3, /2] Assume that v € (0,1). Then, the numerical approxzimation based on the shifted Grinwald
difference method for the Riemann-Liouville fractional operator in the time direction is obtained as below:

DYw(z,y,t) = (A1) Y oy (Dw(, y, ta) + O((AL)Y), (2.3)
=0

in which the parameters given in the above equation are computed by the following formulas:

20 =0
o,(l) = ’ ’ 24
7 g 10 2

where

v F(l — ’Y) L'y

L D(=y)r(+1)" 1
NeN

Also, for real value vector {w”} . we have the following relations:

n=

g, =12, (2.5)

l—~y-1
=1 ’}/

> o) <. (2.6)

Lemma 2.2. [9] Let 1 < o <2 and v > 0. Then, the numerical discretization for fractional integral term in the time
direction is obtained as

1 ¢ a—2 a1 a1 2
-1 /0 (t=X)" "exp (—v(t—A))w(z,y,\)d\ = (At) ; ot w(w,y, te—i) + O((AL)7), (2.7)

in which the values gio‘_l are given by
¢! = exp (— viAt) (g)l_a Z 3T (2.8)
§=0
Lemma 2.3. [/5] Suppose that g(t) € C*([0,T]) N ((0,T)) and

I(gﬂtn) :/0 \/%g(T)dT. (2.9)

Then, the numerical approxzimation for the given integral term in Eq. (2.9) is calculated as follows:

~ 3
I(g7 tn) = Cng(tO) + Z dpg(tn—p) + O((At) : )a (210)
p=0
where the coefficients ¢, and d,, forn=1,2,... are given by
tn+1

e =2(Vi — (a0)™ t Vrdr),

t1
do =2(At)™ / Jrdr + gx/Atm
0
to t1
di = Q(At)il( rdr — / \ﬁdT) — %\/At 7,

1 tltz)+1 . tp
dy = 2(At)” (/t ﬁdT—/ \ﬁdT), p>2, (2.11)

tp—1

(=)=
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in which the constant n is a nonnegative constant.

Now we obtain a semi-discrete numerical approach for the presented model (1.1) with respect to the time variable.
Then, using Lemmas 2.1, 2.2, and 2.3, we have

n

- a— aﬂw(xayatn—i) 8uw(m7yatn—i)
At Dw(z, y, ta) = (A1) S ot (A, 0D Inmi) |y p T WY P
0 et 7 B Pt Pt

+ ¢y (wm(sc, Y, O) + wyy(w7 Y, O))

n s )
+ Z dp (wm(x, Ystn—p) + wyy(, y»tnfp)) + O((At) 2) + O((At) )
p=0
+ h(z, y, tn), (2.12)
in which % = Wge(7,y,0) and W = wyy(x,y,0). By removing the terms (’)((At)%) and O((At)2) in
the above relation and considering the initial condition w(z,y,0) = wo(z,y), Eq. (2.12) becomes

— - n—l __ a—1 " a—1 ooWnt orWwnt 82w0 82100
(A1) ;U‘Y(Z)W = —(At) ;%‘ (A$W+Ay8|y|y)+cn(3x2+ 8y2)

82wn p 82wn—p
+Zd + 5

) +h", (2.13)

in which W(z,y,t,) = W", h(z,y,t,) = h"™ and W™ is a approximate solution for w. Therefore, the variational weak
form of the above equation for each ¢ € HE (Q) NH= (Q) is written as follows:

At)”gm(lKW"—l, o) = —(at)""! i%al (AI<%’ 0+ Ay<ayav|[;|n”_i’ 0)) + enAun.c)

+Z <azwn P’g>+<322;zp,g>)+<h",g>, (2.14)

in which Awg = (B;I“;" + 882;"20). Therefore, we can rewrite the Equation (2.14) as follows:

(A1) o (W) = —(A0)° 7 @ B(W ) + By, o)
=0

=0
- Zn:dp<VW"_p, Vo) + (h",0), (2.15)

p=0

where
9 9 9 9
B<W”, g> - A$n1{<aD§ W, Dy g> n <$Db2 W, D2 g>}
+Aym2{<cD§W",yD§Q> n <yD§W",CD§g>}, (2.16)

and k1 = (2005 (”f)) ' , Ky = (2005 (%D_l

Lemma 2.4. [38] Assume that the sequences x,, and y, be two sequences such that the following inequality is true:

<4
Yo 05 - (217)
y0<60+2 sz+zi=0 ZiYi, 7121,
Bo
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in which x, is a nonnegative sequence. Then, if 6o > 0 and wy > 0, we have

n—1

_{5O+sz}exp(2xi),n:1,2,.... (2.18)
0

i=

Theorem 2.5. Suppose that W" € M (Q) NHz (Q) Then, the semi-discrete numerical approrimation obtained in
Eq. (2.15) is unconditionally stable.

Proof. To prove this theorem, we introduce the symbol £" = W™ — wn wh1ch E™ represents the roundoff error term
and W™ is the approximate solution of Eq. (2.15). Thus, for each g €€ HE ( ) NH2 (Q), we obtain the following
equation:

At) lzn:%(l><5”‘l, o) = —(a0)"" anocf—lzg@"—i, o) +en{ AE°, 0) — zn:dp<v5”—p, Vo). (219)
-0 i=

p=0

By inserting the value ¢ = £" into the above equation, we get

n

At)_vlzn:%(l)<5n_l’5n> = —(an)* zn;<f‘_16<£"‘i,8"> + cn<A8°,5"> - dp<V5”—P7vg">, (2.20)
—0 =

p=0

Also, we have

B(em.e)| < [Awm [{|(.DEem..DFem) |+ |(.Dfem DEem)|}
+| A/ {|(.Dfem,, D] 5"> (,iem, Diem)|}
< [Asra|{ Il DI ol DI €™ o + | D€ ol DIE" o }
+ |Ayma|{ I D™ Joll yDFE™ o + Il DIE" loll DF E™ 1o |
<Cs| & ||ig(ﬂ)m_[5(g)y (2.21)
in which Cs — ‘CIAM‘ + }cszng‘. As well as,
[B(emem)| > (.Dig",.Dien) (Djen, Dien)
> min (|24, |, [24,52)) {| (.DE €7, . D em)| + | (:Df e, Diem)|}
>c | €n |2 (2.22)

17 (Q)nns (2)’

). With summation on the index n from 0 to N for Eq. (2.20), we get

in which C5 = C4 min(
nzogm (e l€”>— (A1)~ IHZZ (e ey + ch<A£0 ) - ;);d L(VETP,VEN). (223)

Applying Lemma 2.1, we have

N n
(A Y Zg?—18<5”*i,5"> >0, (2.24)

n=0 =0
and
N n

> dp<v5"*f', v5”> <0. (2.25)
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As well as, from Eq. (2.22), we get

N n N n
a—1 a—1 n—i on a—1 a—1 n |2
(A1) ;;; B(em ' em) = (at) Z:O;g Cs € 12, ()t (o) (2.26)
Thus, using Eqgs. (2.25) and (2.26), we have
N
ZZUW IE™ I 4 an H%(Q)S ch<A€°,é’”>. (2.27)
n=0 [=0

By changing the index, we obtain

Z:z:a7 & 12, § (o) e () S Zn:ci<A50,5i>. (2.28)

=0 [=0 1=0
Therefore,
€7 1) = (07 B0 1€ It s ()= Lo 2EE)
< CO<A50,50> n ici<A50,£i>

=1

< eo| | VE° II;(Q) + [l Agl 12 (a) Zc [k 22 (a)
< 1+ o || VE Hiz(ﬂ) + | Ag° 112 (q) Zcz‘ & Iz (q) - (2.29)

Then, from the above relation, we have

[ IIiQ(Q)S 1+ eol || VE IIQL,_,(Q) + | Ag° 2 () e s () - (2.30)

i=1

Since Y"1 ¢; < 37 (¢;)?, then
n |2 02 0 SRR
167 12y < 14 oo 197 I, gy 11880 1) 863 6 1€ Lo
0|2 0 ~ 1
<{1+]eo| | VE 2. (o) fexp (A1 A€o ;Em) ) (2.31)

< {1+l 1972, ) Femw (C(i_il@)z){H ool V€012, e (€00,

Therefore, the above inequality shows that the semi-discrete numerical approach for the presented model (1.1), which
is presented in Eq. (2.15), is unconditionally stable. O

Theorem 2.6. Suppose that w™, W" € HE (Q) NH? (Q) Then, the semi-discrete numerical approximation, which s
obtained in Eq. (2.15), is convergent.
an
BE
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Proof. Since w™ and W™ are the exact and approximate solution of Eq. (1.1), then from Eqgs. (2.12) and (2.13), we
have

& . 91 uwnt 9w 9w
At Y l n—l _ _ At a—1 a—1 Ax +A . +e, o Wwo + d"Wo
( ) ;‘77( Jw ( ) zz;gl ( 8|x|19 Yy 6|y‘ ) ¢ ( 02 dy? )
wh P 82 n—p
* Z axQ ;22 ) + "+ Rae, (2.32)
and
e e P LAY Al grwn—i 9w 9w
AN DW= —(AD)* T S e (A, — ) e (G +
( ) ;‘77() ( ) ;9 ( }m| Y aM ) ( 922 D2 )
n 82Wn_p a2wn—p n
p;dp( 5z T o ) +h", (2.33)

3
in which ‘Rm <Cs (At) 2. Therefore, by subtracting the above two relations from each other and defining the symbol

P =w™ — W", we have

o X 8197371772 awpnfi
At K o~ (1 ,Pnil = —(At ot glq_l Ax +A v
(807 20 (@0 S (A T A )
n 827Dn P 82'Pn—p
Z Ox2 dy? ) + Rae (2.34)

Thus, for each o €€ H3 (Q) NH: (Q), we get the variational weak form of Eq. (2.34) as follows:

ng (Pt o) = _(At)a‘lznjgf*16<7>"—i,g>—Zn:dp<v7>"—P,v@>+<Rm,@>- (2.35)
i=0 p=0

1=

To continue proving this theorem, we put ¢ = P", then

At)‘”iay(1)<73"—l,73"> = (A i;g?—13<7>"—i,7>"> - zn(:)dp<v79"—f’, VP )+ (Ran, P"). (2.36)
—0 i= p=

By summing the above equation on the index n from 0 to N, we get

n N n
N i S o O(PL Py = —(A0)° TSN et B(Pr P

n=0 [=0 n=0 =0
- gj Zn: dy(VP" P, VP + i (Rau,P"). (2.37)
n—=0p=0 =0

By using Lemma 2.1, we have

N n
(A" SN e B(Pr P 2 0, (2.38)
n=0 i=0
and
N n
-y dp<v7>"*1’, VP”> <0. (2.39)
n=0 p=0
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(2.40)

Moreover, from Eq. (2.22), we conclude that
N n
> (A TN P, ()t (0)

(A ﬁf: i<?*18<7>"—673">
n=0 :=0

n=0i=0
So, using the relations (2.38), (2.39) and (2.40), we have
1P o) < (407 2 2 W1 P g (o (o) = 2 (RaeP")
i=0 = i=0
}jnpnu()annp&ﬁz%uv S P )= Collt VAL [P0
i=0 i=0 i=0
]‘ n (|12 1 - n |12
< 5Co {ZAtJrZHP 12, }SQCGAt{T+;||P \|L2(Q)}
< CeALT + Cs At Z; P2, (0) (2.41)
(2.42)

() S CoAT exp (C6TAt(n + 1)) <C.At
O

Thus
< CoAtT + CoAL Y || P™ 2,

1P 12, <
v(2) =
The above equation show that the semi-discrete numerical approximation which is obtained in Eq. (2.15), is convergent

3. FULLY-DISCRETE NUMERICAL APPROACH

This section focuses on the approximation of the presented model based on the general Jacobi functions [36] with
respect to the spatial variables. Here we define the weighted Sobolev space on the domain €2 by the following set
(3.1)

m such that

L2(Q) = {w : / w?(z)w(x) de < +oo}
Q
in which the symbol w(z) denotes the weight function and the norm defined for this weighted Sobolev space is given
(3.2)
=-1,0,1,...,

by
0, o= [ w@te) de
Also, we consider the following set with the given values p € (1,2), ¢ € (0,p), ¢ € (0,p), 6
m € N:

VI o= {w €12 o o (Q): Do we L2eioess (Q)}, (3.3)
where the symbol DP+1w shows the two-sided fractional operators. Here the space i denotes the non-uniform
Jacobi weighted space. We introduce the polynomial space of finite-dimensional fractional order as

04 (9) :{1/}2 (1-2) (1 +2)%: chICN} (3.4)
in which K is the set of polynomials of N degree. Now we display the projection operator by the following map
Hy (Q) NHE () NCO(Q) — X, (3.5)
(3.6)
Bo
BB

where
B<th,u>, Yu € Xy,
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and X}, is the finite element space. Also, for each w € H° (Q) where 0 = 1,2,...,m,
0= PR g (g S Corh™ 7 0 L ) (3.7)

in which P}* denotes the interpolation operator. Thus, the variational weak form of Eq. (1.1) using the fully discrete
numerical approach for each @), € Hy (1) NHE () N C°(Q) is obtained as follows:

(At)_vzn:av(l)<W,?*l,¢h> = —(an*! znjgf*13<wg*i,qsh> + e Awo, @)

=0 =0
- idp<vw,§‘*p, v, )+ (W, o). (3.8)
p=0

In the above equation, we find W;* € Hg () NHE(Q) N C°(Q).
Lemma 3.1. [6] Assume that w € H) () NHE(Q) and v <9 < k+ 1. Then

w =T [, (o) SCHP [ | (3.9)

ny ()
Theorem 3.2. Suppose that w(z,y,t,) = w" € HY (Q) NHy (Q) be the exact solution of Eq. (1.1) and W} € X}, is
the approximate solution for Eq. (1.1). Then, we obtain the following inequality:

™ = Wil (o)< C-((A)? + h77). (3.10)

Hy (@
Proof. Since w™ and W™ are the exact and approximate solution of Eq. (1.1), then
819 n—i auwnfi 6211)0 6211)0

-y S n—l _ a1 a—1 e (220
) ;U’Y(l)w - (At) Zci ( | | Ay a,yr’ )+ "( axz + ayz)

=0

aan—p 82

+pZ::O (Gt o ) 4 4 Ry, (3.11)
and
e e oW oWt Pwy 0w
At) DW= —(A)* T S e (A L n(F + 5
( ) ;‘77() h ( ) ggl ( | | Y aM ) ( 922 Dy? )
82W" PGP .
Z dy g 8;2 ) + A" (3.12)
By subtracting the above relatlons from each other, we conclude that:
n n D () n—i _ n—i v(,n—i _ n—i
At)i’yzo—’y( Wn l) (At)aflzgiafl(Ama (w 19Wh ) —|—Aya (w uWh ))
1=0 i=0 0| aly|
- 0% (wn—P — WP O (wnP - WP
+ ) dy( ( o ) 2 % i) ) + Ra. (3.13)

So, the weak variational form of the above equation for each o € Hy (Q) NHy (Q) is obtained as follows:

At lzn: UW(Z)<w”71 —wph Q> = —(At)a_l znggf‘_18<w”i - Wy Q>
-0 i=

- dp<V(w”_” - Wf_p)7V@> + <Rm, g>. (3.14)
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For the proof process, we introduce the following symbols:
U =Ilpw™ — Wi, Ty =w" — Mw™.

Thus,
(At) - i Uv(l)@ﬁ_l, Q> + (At) - Zn: U,Y(l)<'I‘Z_l7 Q> = f(At)afl En :gia—13<y7}?—i7 Q>
1=0 e —
_ z" ap (V7. V0) + (Rav. 0).

p=0

Considering the value o = ¥} into the above equation, we have

(at)™” iwz)@s*l,m +(an) 7 anoy<z><rzw,’:> = —(ap)*! icﬁ*lB@;}*i, )
=0 =0 =0

n

- de<w,’;*p, vw,?> + <Rm, w,z}>.

p=0

By summing the above relation on the index n from n = 0: A/, we get the following formula:

N n N n
A) IS e {wrhmn + (A7 S e (T e
n=01=0 n=0 1=0
N n ‘ N n N
Z SoeeBlwpiw) - Y Zd,,<w;—1’, Vo) + 3 (Ran o).
n=0i=0 n=0p=0 n=0
From the above equation, we have
B N n
Y e (wey) 2o,
n=0 (=0
v =0,
N n
=SS a (v vy <o
n=0p=0
From Eq. (2.22), we get
o1 N n . o1 N n ) ,
(A" 3 S B ) = (A0S I I () e (o)
n=0i=0 n=0i=0

Using Lemma 2.1, we have

(At)—v N n . ) n
P DI ,sth> (ZII Iy oo D) <0,

n=0 [=0
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(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(&)
ENE
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By applying Egs. (3.19), (3.20) and (3.21), the equation (3.18) changes to the following relation

N N n
7_*.2 _ -1 a—
Ty (A0 X IR I ) + (80T DG IR s () o)

n=0 =0
n 1 N N
ZZU’Y | ||2 () T Z | v ||12(Q) +Z | Rat HQLQ(Q)
n=0 (=0 n=0 n=0
1 Y n |2
+3 ; (K7 () (3.22)

Also, we can be written Eq. (3.22) as

N
a—1 a— 1
Z || WJ HQ +2 At ZZ@L 105 H Wi ||j—[‘9(Q>ﬂHV(Q)

7=0 =0
N j N
< At)—’vzza7 | ri-! ”2 (0) +2> | Ra H;(Q) : (3.23)
7=0 1= =0

Therefore, we can conclude from the above equation

N ]
a—1 a—
1 1 <ZH Uiy 280 30D I B (o) (o)

/\

7=0 ¢=0
N ]
73N o) | 1y ”2 (@) +22 | Ras ||2L2(Q) : (3.24)
§=01=0 =
Using Eq. (3.24) and Lemma 3.1, we obtain
N N o
IR 112, 3 < Cs(AD) T (A7) YD oy () +2Co > (A1) ™. (3.25)
z2(0)~ §=01=0 §=0
Then,
Y N ~ N 9
n V—v 1
(AT IR, oy <20 (A )2+ 205 (A8)7 Y (At)*
Jj=0 3=0
N 2
( Cg + Cg Z —‘r hﬁ_y)
< Cigexp (T)((A8)F +h7=) < C((AL)? + 7). (3.26)
Therefore, the proof of this theorem is concluded from the above equation. O

4. NUMERICAL EXPERIMENTS

This part studies and checks the efficiency of the proposed numerical approach by analysing some numerical exper-
iments along with simulation, from which we understand that the numerical approach has high accuracy compared
to other methods. All numerical simulations were carried out using MATLAB software on a laptop equipped with an
Intel Core i5 processor (2.40 GHz) and 16 GB of RAM. We state the computational order, which is given by

£
logyo (gf)
h )
logyo (;T;)
in which & and &; are the absolute errors function corresponding to steps hy and heo, respectively.

(=)=
E)NE

Rate = (4.1)
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Example 4.1. We consider the time-fractional model

Yoz - 1 ¢ N 2 exn (— ot — w(z,y,\)  0"w(z,y,\)
DY ulent) = s L (=N e (= w(e= ) o Jax

+/ 2w(z,y,7) n O?w(x,y,T)
0o Vt—T1 Ox? Oy?
under the initial and boundary conditions

w(z,y,0) =0, (z,y) € 2=(0,1) x (0,1),

w(z,y,t) =0, (x,y) € 0Q, t € (0,1), (4.3)
where A, = A, =1 and

)dT + h(z,y, 1), (4.2)

(5,1)1.1 ’ B ] _ 4dlexp (—wt)
(5 _771)1,1 F(Oé+4)

x to‘+3{v1 (y(1 - )’ (21 () — 322(x)
+325(2) - Zu(x)) + 0o (2(1 — 2))° (Ti(y) — 3Ta(y) + 3Ts(y) — Ta(y)) }

+Vthady [((” 1)

in which v; = —(2cos (%))*17 Vo = —(2008 (%) and

B,y ) = (2(1 — 2)y(1 — )71 0, [

Zi(@) =T@)(TA-9) " (@7 + (1-2)""), Z2(a) =TE)(TG-9) '@+ (1-2)""),

Z3(x) =T6)(T(5 - 9)) " (® 7+ (1—2)"""), Zu(a) =T(N(TO6—0)) (@7 + (1-2)°""),

Tily) =TOI(E-0) " (™ + (1=9)"), B =TEEG-)" @+ 1-9)"").

Ta) =TOCG 1) (7 +(1-9)" "), Talw) =TMEGE-v) " "+ (1-9)"") (45)
Here, the function ,¥,(t) denotes the generalized Wright function is defined by [21, p. 184, 6.3.11] and [2] as follows

o= [0 = S T =

The exact solution of this proposed model is w(z,y,t) = t*exp ( — Ut) (;Ey(l —xz)(1 - y))S. We solved the proposed
model using the presented numerical approach and present the numerical results in the form of graphs and tables. The
parameters considered to obtain approximate solutions for the proposed model are ¥ = v = 1.75, a = 1.5, and v = 0.1
when N = 20. Figure 1 shows the approximate solutions of the proposed model for the considered parameters using
the presented numerical approach. The graph of the absolute error function is shown in Figure 2. Figure 3 shows the
plot of the absolute error function with values ¥ = v = 1.75, a = 1.5, v = 0.95, and v = 0.1 with various values of
N. A comparison between the computational orders and the absolute error function for different values of N' when
¥ =v =175 a=1.5,and v = 0.1 is displayed in Table 1. From Table 1, we can see that when the time step becomes
smaller, the value of the absolute error function decreases, and better approximations are obtained.

Example 4.2. We consider the time-fractional model
1 ! a—2 81911)(337%)\) 8Dw(xaya A)
Dzw(x,y,t)zm/o (t—2A) exp(—v(t—)\))(

0|’ o)yl

Jax

“w(z,y,7) | Pw(z,y,7)
- /0 Vt—T Ox? + Oy? )dT’
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FIGURE 1. Plots of the approximate solutions with values ¥ = v = 1.75, « = 1.5, and v = 0.1 when
N =20 for Example 4.1.

~=0.5 ~v=0.95

FIGURE 2. Plots of the absolute error function with values ¥ = v = 1.75, o = 1.5, and v = 0.1 when
N = 20 for Example 4.1.

¥=v=1.75, a=1.5, v=0.95 and v=0.1
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FI1GURE 3. Plot of the absolute error function with values ¥ = v = 1.75, a = 1.5, v = 0.95, and
v = 0.1 with various values of A/ for Example 4.1.
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TABLE 1. The comparison between the absolute error function, CPU time, and Lo error for different
values of A/ for Example 4.1 with ¥ = v = 1.75, a = 1.5, v = 0.95, and v = 0.1.

At N =10 N =20 CPU — time Lo-Error
AFE Rate AFE Rate N =10 N =20
% 5.5673e — 14 — 1.1135e¢ — 14 — 10 1.23¢ — 13 6.12¢ — 14
% 2.7837e — 14 2.3020 5.5673e — 15 2.0653 30 6.78¢ — 14 3.45e¢ — 14
% 1.3918e — 14 2.0730 2.7837¢ — 15 2.0223 51 3.45e — 14 1.75e — 14
% 6.9592e¢ — 15  2.0107 1.3918e — 15  2.0081 82 1.75¢ — 14 8.91e — 15
17%0 3.4796e — 15 2.0053 6.9592¢ — 16 2.0028 98 8.91e — 15 4.56e — 15
390 1.7398¢ — 15 2.0011 3.4796e — 16 2.0007 131 4.34e — 15 2.23e — 15
=05 +4=0.95

x108

FI1GURE 4. Plots of the approximate solutions with values ¥ = v = 1.75, a = 1.5, and v = 0.1 when
N = 20 for Example 4.2.

under the initial and boundary conditions

w(,y,0) = exp (— 10{(z — 0.5) + (y — 0.5)}), (a.y) € 2 = (0,1) x (0,1),
w(z,y,t) =0, (z,y) € 09, t € (0,1), (4.8)

where A, = A, = 1. We solve this model using the proposed numerical approach for the values ¥ = v = 1.75, o = 1.5,
and v = 0.1. To calculate and obtain the convergence order and approximate solutions using the suggested numerical
approach, see the following steps:

1.: We consider a N** and At that the value At is small enough and get the approximate solutions W&t.
2.: Put M, Ns, ... that N* > NY for j = 1,2, ... and we get approximate solutions corresponding to the values
Ni, Nz, ... which are considered with W', WL, .. ..
3.: Set
Y = e Wt - WS, §=1,2,.... (4.9)
Numerical results for this proposed model are shown in Figures 4 and 5. Figure 4 shows the approximate solutions of
the proposed model for the given values 4 = v = 1.75, a = 1.5, and v = 0.1. A plot of the absolute error function
is shown in Figure 5. The comparison between the error functions and computational orders is displayed in Tables 2
and 3 when t = 0.5. From Table 3, we can see that the convergence accuracy in the time variable direction using the
proposed numerical approach is second-order accurate.
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v=0.5 ~+=0.95

FIGURE 5. Plots of the absolute error function with values ¥ = v = 1.75, a = 1.5, and v = 0.1 when
N = 20 for Example 4.2.

TABLE 2. The comparison between the absolute error function, CPU time, and computational orders
for Example 4.2 with values of ¢ = v =1.75, a = 1.5, v = 0.95, and v = 0.1.

N N* =80, At = 7% N* =80, At = w505 CPU — time
I Rate LY Rate

5 6.4546¢ — 14 - 1.2909¢ — 15 - 16

10 3.2273e — 14 5.7046 6.4546e — 16 5.7008 76

20 1.6136e — 14 6.1843 3.2273e — 16 7.7023 136

30 1.0758¢ — 14 7.6517 2.1515e — 16 8.5702 246

40 8.0682e — 15 8.4109 1.6136e — 16 11.6550 393

TABLE 3. The comparison between the absolute error function and computational orders for Example
4.2 with values of ¥ = v = 1.75, a = 1.5, v = 0.95, and v = 0.1.

At N* =40, At = 1z N* =80, At = w55

AFE Rate AE Rate
%0 3.2273e¢ — 14 — 6.4546¢e — 14 —
2% 1.6136e — 14 1.9941 3.2273e — 14 1.9933
4% 8.0682¢ — 15 1.9995 1.6136e — 14 1.9911
8—10 4.0341e — 15 1.9998 8.0682¢ — 15 1.9988
ﬁ 2.0171e — 15 1.9999 4.0341e — 15 1.9991

5. CONCLUSION

In this study, we have developed a high-performance, fully discrete numerical method to approximate solutions of
the two-dimensional time-space diffusion-wave model with a weakly singular kernel in time and the Riesz fractional
operator in space. By combining a second-order accurate difference scheme in time with a Galerkin spectral method
based on generalized Jacobi functions in space, the proposed approach achieves both stability and convergence of
second order in time. Numerical examples demonstrate the effectiveness and precision of the method, supported by
comprehensive graphical and tabular results. While the proposed numerical method demonstrates robust accuracy and
stability for the two-dimensional model, certain limitations should be acknowledged. Scalability to higher-dimensional
or more complex systems may pose computational challenges due to the increased cost of the Galerkin spectral
method and the handling of fractional operators in multiple dimensions. Additionally, the current method assumes

(=)=
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linearity and uniform discretization, which may limit its effectiveness in problems featuring nonlinear dynamics or
highly irregular domains. Addressing these challenges will be essential to extend the applicability of the method
to a wider range of practical problems. Despite these promising results, several avenues remain open for further
investigation. Future work could extend the current framework to higher-dimensional models, enabling the analysis
of more complex physical phenomena. Additionally, incorporating nonlinear terms into the diffusion-wave equation
could provide a richer understanding of systems exhibiting nonlinear dynamics, requiring modifications to the numerical
scheme. Improving computational efficiency through adaptive mesh refinement techniques presents another important
direction, particularly in handling regions with steep solution gradients or singular behavior. Implementing parallel
computing strategies could further enhance the scalability of the method for large-scale simulations.

Data availability statement. All data that support the findings of this study are included within the article.
Funding. NA

Competing interests. The authors have no relevant financial or non-financial interests to disclose.
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