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A new numerical computational method
for solving nonhomogeneous time-fractional

nonlinear parabolic problems in unbounded domains

S.A. Ghanizadeh and M.H. Akrami*

Abstract

This paper addresses the numerical solution of nonhomogeneous time-fractional nonlinear
parabolic problems defined on unbounded domains, where challenges arise due to temporal
nonlocality, nonlinear dynamics, and the infinite spatial extent. To overcome these difficulties,
we propose a novel computational framework that transforms the original unbounded domain
problem into an equivalent formulation on a bounded domain through the construction of ab-
sorbing boundary conditions. Unlike existing approaches that rely on Padé approximations,
our method directly utilizes the fundamental properties of fractional derivatives to define these
boundaries more accurately. The resulting problem is then discretized using a high-order fi-
nite difference scheme, allowing for efficient and precise numerical implementation. Theoretical
analysis confirms that the method is stable and ensures controlled computational error. Numer-
ical experiments demonstrate the practical effectiveness of the proposed approach, achieving

accurate results with significantly reduced computational cost. This method provides a reliable
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and efficient tool for modeling diffusion phenomena governed by time-fractional dynamics in

unbounded spatial settings.

AMS subject classifications (2020): Primary 35R11, 65M06; Secondary 35K55, 65M12, 65N06.

Keywords: Absorbing boundary conditions; High-order finite difference; Nonlinear parabolic

equations.

1 Introduction

Over the past several decades, fractional partial differential equations (FPDEs) have gained
significant attention in mathematical research owing to their exceptional ability to model com-
plex physical systems exhibiting memory and hereditary properties [2, 6, 10, 17, 22]. These
equations have found extensive applications in diverse scientific disciplines, including biology,
chemistry, and various other fields that can be described through mathematical frameworks.
FPDEs have become particularly valuable for representing anomalous diffusion processes and
nonlocal phenomena. A fundamental characteristic of these equations involves the replacement
of the conventional first-order time derivative in standard diffusion equations with a fractional-
order derivative of degree o, where the parameter « satisfies 0 < a < 2. The resulting equations
exhibit distinct behaviors depending on the fractional order for 0 < o < 1, the system demon-
strates sub-diffusive properties while values in the range 1 < a < 2 correspond to fractional
wave dynamics. Recent years have witnessed substantial progress in both theoretical analysis
and numerical approximation techniques for FPDEs. Nevertheless, obtaining closed-form ana-
lytical solutions remains challenging in most practical cases, and often proves intractable due to
the inherent complexity of these fractional-order systems [5, 12, 15, 18]. Even when analytical
solutions to fractional differential equations are attainable in specialized cases, they frequently
incorporate sophisticated special functions such as Fox-H, Wright, and Mittag-Leffler functions.
The numerical computation of these functions presents significant computational difficulties due
to their inherent complexity. The increasing necessity for practical implementations in engineer-
ing and applied sciences has consequently stimulated substantial progress in developing robust
numerical approaches for solving FPDEs. Among these, finite difference methods have emerged
as particularly important for approximating solutions to time-fractional differential equations.
Previous investigations have predominantly concentrated on initial-boundary value problems de-
fined over finite spatial domains. As a representative example, Zhuang and Liu [5] examined

one-dimensional sub-diffusion equations with Caputo time-fractional derivatives, introducing a
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numerical scheme that employs the L1 approximation for the Caputo derivative. Their work
rigorously established the stability and convergence properties of this method [5, 27]. It is in
related developments that Murillo and Yuste presented explicit finite difference schemes and
carried out detailed stability analyses by numerical experimentation. Alternatively, Sun and
Wu [5] developed their numerical scheme based on implicit discretization, where a full theo-
retical justification was given using discrete energy methods [5, 23]. A significant volume of
research effort has been devoted to problems posed on unbounded spatial domains since such
problems are of crucial importance in the mathematical modeling of heat conduction in solids,
fluid flow, as well as problems arising from financial mathematics, for example, option pricing
theory [5, 8, 9]. Fractional equations in unbounded domains were first studied in the 1980s. For
instance, Weiss and co-authors mainly researched the analysis and the derivation of the analytic
solution to fractional diffusion equations; typically, the solutions were expressed with complex
functions like Fox-H functions [5, 21, 26]. However, numerical research in this area is still in its
infancy, with only a few scattered studies addressing this topic [1, 5, 6, 16, 19, 20]. One of the
effective numerical schemes for such a class of differential equations involves the use of absorbing
boundary conditions (ABCs). In general, time-FPDEs defined on unbounded (infinite) domains
are computationally demanding, as they require complex and intensive computation for very
large spatial intervals. An ABC essentially transforms a problem that is initially defined on an
unbounded spatial domain (x € R) into a boundary value problem on a bounded domain. This
not only reduces the computational complexity but also helps preserve the solution’s essential
features. A number of studies on the design of ABCs for fractional equations have been carried

out. Some of them are given below:

¢ Gao, Sun, and Zhang [5] consider fractional-time diffusion equations in unbounded spatial
domains. They first derived accurate artificial boundary conditions using the Laplace
transform and then transferred the problem to a bounded domain and proposed a stable
and convergent finite difference scheme with accuracy O(0?>~® + h?), where g and h are
time and space step size, respectively. For the compact case, they also developed and

presented a numerical method with higher accuracy, O(0?>~% + h).

e Gao and Sun [6] used the Laplace transform to derive accurate artificial boundary con-
ditions and employing the method of order reduction. Then, they transformed the
fractional-time differential equations problem in an infinite domain into a solvable model

in a bounded domain and solved it.

e Li and Zhang [14] proposed a numerical method for solving nonlinear fractional-time

equations in unbounded domains, where the exact ABCs are derived using the Laplace
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transform. Additionally, to simplify the nonlinear part, they used a Padé approximation
for the linearized finite difference scheme, eliminating the need for iterative methods to

solve the problem.

Now, based on the aforementioned papers and the explanations provided regarding the back-

ground of such problems, in this paper, we consider the following nonhomogeneous problem:

§DE(x, ) =& (. p) + F(E(x:p) +G(x,p) XER, 0<p<P
§x:0) =%(x), (p) €R, (1)

E(x,p) =0, [x| — oo,

where the initial function () has compact support, meaning that it is nonzero only within a
finite interval, and is exactly zero outside this interval. Here, £(x, p) is the unknown real-valued
solution of the problem. The operator OCDS‘ denotes the Caputo fractional derivative of order «,

which is defined for sufficiently smooth functions £(x, p) € C™[0, P] by

1 P nE(x, D) 1
C pa _ ’
n—1l<a<n,neN, (2)

where I'(+) denotes the Gamma function. In particular, for the case 0 < o < 1, we obtain

o __ 1 PoE(xY) 1
6 D5 E(x.p) = 1ﬂ(l_a)/o S0 = 3)

Throughout this work, we mainly focus on the case 0 < a < 1, and therefore the simplified

form (3) will be used [12, 18]. The nonlinear term F(£) and the term G(x, p) appear in differ-

ent forms for various problems. This equation is well-suited for modeling anomalous diffusion
processes and complex systems where memory effects and nonlocal temporal behaviors play an
important role. Such equations are frequently used in scientific and engineering fields to describe
phenomena with long-term memory or systems with history-dependent behaviors. In this work,
we convert the original unbounded domain problem into an equivalent bounded domain for-
mulation by developing ABCs. Unlike traditional methods based on Padé approximations, our
approach directly applies the inherent properties of fractional derivatives to define these bound-
aries with improved accuracy. The reformulated problem is then discretized using a high-order
finite difference scheme, enabling efficient and precise numerical solutions. In recent years, Ca-
puto fractional derivatives have attracted significant attention due to their ability to accurately

model memory-dependent processes in various physical and engineering applications. Several
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recent studies have focused on the analytical and numerical treatment of fractional differential
equations involving Caputo operators, highlighting their effectiveness in capturing anomalous
diffusion phenomena. For instance, the works reported in [24, 25] investigate advanced numer-
ical schemes and theoretical properties of Caputo-type fractional models, providing important
insights into stability, convergence, and computational efficiency. These developments further
motivate the present investigation on high-order numerical methods for time-fractional nonlinear

parabolic equations.

2 Problem formulation

Solving partial differential equations (PDEs) on unbounded domains directly presents signifi-
cant challenges. A common technique to address these challenges involves employing ABCs.
The main objective of the ABCs is to simulate the behavior of infinite boundaries by adding
special conditions at the boundaries of a finite domain. These boundary conditions act in such
a way that waves or information approaching the boundaries of the finite domain are absorbed,
preventing their reflection back into the domain [4]. In fact, incoming waves smoothly dissipate
at the boundary without causing disruption or reflection within the domain. In this way, the
numerical solution of the problem on a finite domain closely approximates the real solution on
an infinite domain. For example, if a fractional-time differential problem is defined on an infinite
domain (x € R), then the domain is reduced to a finite interval [a,b] for numerical solution.
The use of ABCs at the points x = a and x = b ensures that the value of the function near the
boundaries naturally tends to zero. Thus, the ABCs conditions are designed in such a way that

they simulate the behavior lim £(x, p) = 0 at the artificial boundaries. In practice, the Laplace

|x|—o00
transform provides a powerful analytical tool for constructing accurate ABCs in problems defined

on unbounded spatial domains. Direct numerical computation over an infinite region is gener-
ally infeasible. Therefore, it is essential to reformulate the problem on a finite computational
interval while preserving the physical behavior at infinity. By applying the Laplace transform
to the governing equation, one can analytically derive exact boundary conditions that emulate
the decay of the solution at infinity. This procedure effectively eliminates artificial wave reflec-
tions from the truncated boundaries and ensures that the numerical solution within the bounded
region accurately represents the true dynamics of the original unbounded problem. Without
implementing accurate ABCs, performing numerical simulations over unbounded domains be-
comes either impractical or leads to results contaminated by large errors and high computational
costs. Hence, the application of the Laplace transform in constructing exact ABCs is essential.

Otherwise, one must either accept inaccurate numerical approximations or incur prohibitively
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high computational expenses both of which are far from ideal for reliable numerical modeling. It
is important to note that the nonlinear term is restricted to the interior computational domain,
while the exterior region is assumed to be linear. Under this assumption, the ABCs derived
through the Laplace transform remain mathematically valid and physically consistent. In this
study, taking into account that the solution £(y, p) vanishes as |x| — oo, a direct relationship
between its spatial derivative and the fractional time derivative of order (§) is derived. This
relation serves as the exact ABC, ensuring that the outgoing energy and information approach-
ing the boundaries are naturally absorbed instead of being reflected back into the computational
domain. Consequently, artificial reflections are effectively eliminated, leading to a substantial
improvement in the accuracy and stability of the numerical solution. In this study, our focus is
on the fractional-time diffusion equation in an infinite spatial domain, as shown in (1). First, we

consider two artificial boundary points for the left and right sides of the domain as follows:

A= {xIx=1-},
Ap = {xIx =14}

Then, we divide the entire domain R into three sections:

A_i={x]| -0 <x<I_},
A= {x|I-<x <L}, (4)
Ay = {x| I+ <x < +oo}.
The exterior of the domain is denoted by A, = A_ U A,. The constants I_ and I; are chosen
such that the initial function £y(x) takes nonzero values only within the interior region of the

domain A; and is exactly zero outside of it. The form of the operator equation (1) in A, is

written as follows:
§ DSE(x, p) = LE(X. p) + NE(X.p), X € Ae, (5)

where

'Cg:gXX’ N§=f(§)+g(x,p)-

Considering the linear part of (5), we have

§DYE(x, p) = Ex (X p)- (6)

The Laplace transform of the Caputo fractional derivative for 0 < o < 1 is given by [18]:
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L[TDSE(x, p)](0) =0 LIE(x, p)](9) — 9> E(x, 0)
=0*¢(x, ¥) — 9*1E(x, 0). (7)

Thus, we first restrict the problem (1) to the domain A., where F(£(x, p)) = 0 and G(x, p) = 0.
Now, considering the initial condition &,(x) = 0 for x € A, (6) can be rewritten in the Laplace

space as follows:
97§06 Y) = E (. ¥),  Re(®) >0. ®)

Equation (8) has a general solution given as follows:
E0¢9) = Ar(@)e "X 4 Ap(9)eV ", (9)
where A; () and Ajg(d)are unknown parameters. Given that £(x,9) — 0 as |x| — oo, we have

3 A (9)e VX, xe Ay,
E0v.0) = ' (10)
Ax(9)eV7™x,  xe A_.

Differentiating &(y, ) with respect to x, yields

6£(X719) _ v 19& E(Xaﬂ) = 719%5()(719)7 X € A—i—a (11)
X VIRE(D) = 0B ), xeA-
Now, applying the inverse Laplace transform to (11), implies
00, p) | —ratsy Jo (0 =0T EGE d0 = —F D E(x.p), x € Ay, (12
Ox F(l—“)fO p— 197&65)“9 dﬁ—OCD2§(va)7 X €A

By taking the limit as x — I+ and x — I_, and assuming the smoothness of £(, p) at x = I_

and x = I, we obtain the following relation:

OE(Iy, g
6(8;2 £) = 7gDP2 £(I+7p),

ae(I_, g
5(8X P) :OC Dﬁg(l—7p>

(13)

In this work, the interrelation between the Caputo and Riemann—Liouville fractional derivatives
is implicitly exploited in the analytical formulation of the ABCs. Specifically, since the function
&(x, p) is defined such that all its integer-order time derivatives vanish at the initial point (p = 0),

the Caputo and Riemann—Liouville derivatives become equivalent in this setting. Under this
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assumption, the composition property of the Riemann—Liouville derivative can be consistently
extended to the Caputo derivative. Consequently, the following relation holds and is analytically

justified based on the fundamental properties of fractional calculus:
6 D7 (oCDE f(x,p)) =6 DS &(x. p)-
Now, applying the fractional derivative OCDP% to relation (13), gives

§DE(x,p) = = Di&x(x,p) X = Iy,

. (14)
§DsE(x, p) =6 Di&(x,p)  x=1_.

At this stage, the exact artificial boundary conditions (14) for the problem (1) have been obtained.
Considering (14), we observe that these boundary conditions involve fractional time derivatives
of order §, which is half of the time derivative order in the governing equation (1). Thus, the
original problem (1) is reduced to an IVP problem in the bounded domain A; and can be written

as follows:

ngSO@ﬂ) = fXX(X?p) +~F(€(X7p)) +g(Xap)v (X?p) € AZ X (O’P]v

2 0E(1_,
§03 EU=E (1) 4 FIEU ) + 6L p), p € (0.7

FOUP) (e (1 0) + FELarp) + GLeap). pe (0.P) (15)

U(X70):¢(X)ﬂ XEAZ': [-[77I+]7
u(0,p) = ¢(p),  p€(0,P]

Now, we transformed PDE with unbounded domain (1) into an equivalent bounded domain
formulation by developing ABCs (15). This reformulation enables the solution of the modified
problem, governed by (15), using an appropriate numerical methodology. In (15), the functions
©(x) and ¢(p) are known functions determined by the given source term and initial data of the
original problem (1), and they arise naturally from the reformulation of the nonhomogeneous

term after imposing the ABCs.

3 Numerical technique

This section presents a novel numerical methodology for solving the boundary-value problem

governed by (15). It is organized into three main components:
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(1) the derivation of a high-order approximation scheme for fractional derivatives,
(2) the development of an efficient high-order finite difference framework based on this approxi-
mation, and

(3) the implementation of the proposed numerical scheme to solve the considered problem.

Compared with classical time discretization methods for Caputo fractional derivatives, such
as the L1 scheme with accuracy O(p?~%), the proposed high-order finite difference approximation
achieves a temporal accuracy of O(3~%). This improvement significantly reduces the numerical
error for long-time simulations and allows the use of relatively larger time step sizes without
sacrificing accuracy. Moreover, the higher-order approximation enhances the stability properties
of the numerical scheme, particularly in the presence of ABCs involving fractional derivatives of
order a/2. As a result, the proposed method provides a more accurate and efficient computa-
tional framework compared with standard low-order schemes, especially for nonlinear fractional

diffusion problems posed on unbounded spatial domains.

3.1 Approximation of fractional derivative

This part establishes high-order numerical approximations for the Caputo fractional derivative.
The accuracy of this method depends on the parameter a € (0,1). First, we introduce a (3 — «)-
order approximation, which was proposed in [13]. For simplification, in this subsection, we
consider one variable function &(p), and suppose that &(p) € C°[0, P], that £©)(p) is continuous,
and that £(9)(p) exists in the interval [0, P]. Additionally, 0 = pg < p1 < ... < py = P is
given for a positive integer N > 0, where pr = ko, k =0,1,...,N, and p = % is the time step
size. First, we write the Taylor expansion of the function £'(¢) around the point p = p;, where
0 <j < k. We have

11

€0) =€ (o)) + € ()0 — ) + =L (0 — g,
YOI —p)"), D€ () (16)

This expansion shows that the first derivative of the function at the point ¥ is computed as
a linear combination of higher-order derivatives at the point p;. Now, consider the following
relations for the first and second derivatives:

¢ (o)) = §(Pj+1);g§(ﬂj—1) RS ;ﬁ!’j)

0® +0(oh), (17)
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and
. _ . ) 4 )
g (pj) _ g(p]Jrl) 25;5]) +€(pj,1) _ f 1(/2)])

o* +0(0"). (18)

By substituting (17) and (18) into (16), we arrive at the following relation:

£ () :f(pj+1);Q§(pj-1) L 8o = 2522pj) +E(p;_1) 0 535(37[;],)@2
+£3(pj)(’l9— N2 0 N3 o
2 pi)” +O((0 —p;)°), 0<9—p;<o. (19)

This approximate relation defines the derivative £'(p) by considering the integrals corresponding
to the third-order derivatives over the specified interval. By applying relation (19), the Caputo

derivative approximation with the condition (0 < o < 1) is written as follows:

_F(ll—a) Z/le(/)k —9)7%¢ (ﬁ)dﬁ
§=0"Pi
R = Wi —a8(pj+1) —&(pi-1)
_F(l—a)J_O/pj (o — 9) (= =
) , , 3(,.
+ f(p]-‘rl) 25;51) +€(p]—1) (19 _ pj) _ %92
30,
+E8 (9 gy + 00~ )"
=
_ YRS R
—m j:O(Wl,kfy(g 5 )
+wy g (7 =267 + €71 4RY, (20)

where RF < Cp3~% [13]. Relation (20) represents the Caputo fractional-time derivative applied
to solve the problem in (1). Following the approximation framework established in [3, Lemma

2.1], weighting coefficients defined in (20) are derived as follows:

Wi =35 ()7 = (n—1)17),

wop=(M)?"%=(n—1)2"%=(2-a)(n-1)7

)

Therefore, fractional-time derivative of relation (20) is written as follows:
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k

[u

—x

6 DSE(P)] p=ps :ﬁ

(Wi p—ji (T =g
=0

+wo g (=260 + 7)) + O0(0® ). (22)

<

In formula (22), if j = 0, then the value &=! = ¢! is defined outside the interval [0, P]. Here,
several choices are presented for approximating ¢! . In numerical computations, values of the

neighboring function are mainly used to approximate £ ' such that

2

7 =8(0) — 0€(0) + TE"(0) + O(e").

1. When ¢(0) = 0 and £”(0) = 0, we have ¢! = £° + O(p?), where the convergence order
of formula (22) is O(0>~®).

2. When £(0) = 0 and £”(0) # 0, we have £1 = €0 + %25"(0) + O(0?). In this case, the
convergence order of formula (22) is O(0?).

3. When £'(0) # 0, the convergence order is O(p).

Lemma 1. [7] The coefficients w1 x—; and wsy k—; in relation (22) have the following properties:

(I) Initial values of the coefficients:

2—«a
w11 = 5 wo 1 = 1.
Assume that 0 < a < 1.
(IT) Constraints and behavior of the coeflicients:
0 <wipji1 <wir—; < 35 < 1,
0<wopjy1 <wg,r—; <1

(IIT) Difference between adjacent coefficients:

Wl il = Wlp—j > Wir—j — Wip—j-1, T —J=>2,

W2 r j4l —W2r_j > Wap_j —Wor_j_1, T —J2>2.

(IV) Sum of coefficients:
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>0, a€(0,ap),
w12 t+wi1 w22 —wa
S 07 Q€ [0407 1);

which ag ~ 0.68 is the root of the equation
6—a)2™+a—-4=0, ac(01),

and also,

Wip—j FWipjo1 T Wy —wWap—jo1 >0, 7—752>3.

(V) Special combinations of the coefficients:

—wi,2 + 2wa 1 —wa o >0,

0, a € (0, Oél),
w13 —wi,1 +wa3 — 2we o +wa
<0, «ac€]la,l),

that a; =~ 0.37 is the root of the equation

3(2 — a)?

3— 2— 1— -
—2%7 4328 gl g - S

—3a*+6=0, ac(01),
and also,

Wir—jtl — Wip—j—1 +War—jp1 — 2w Fwor—j—1 <0, 7—752>3.

In this work, a high-order finite difference approximation with temporal accuracy of O(3 — «)
is adopted for discretizing the fractional-time derivative, as presented in (22). This scheme
achieves higher accuracy than the classical L1 method, whose convergence order is O(2 — «).
The enhanced accuracy enables the method to produce reliable results even for relatively large
time step sizes. Moreover, since the ABCs are analytically and exactly formulated, numerical
disturbances due to wave reflections at the boundaries are effectively eliminated, which plays a

crucial role in maintaining the stability of the proposed numerical scheme (28).
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3.2 Construction of the finite difference method

I

Assume that o = % and h = I*% are the time and spatial step sizes, respectively, where M

and N are given positive integers. The spacing between the grid points in the temporal and

spatial dimensions is considered as follows:

and the computational domain is partitioned into two structured grids:
M, ={pr [ 0=po < p1 < <pny=P}

I, = {xi | xi = - +ih, 0<i< M}

Assume that &F is the numerical approximation of £(;, px), we define the space of grid functions

defined on II, x II;, as follows:
V={0<i<M, 0<k<N}

To facilitate the subsequent numerical analysis, the following systematic notation is formally
defined:

k K
k_¢k ox&7 1 —0xE 1
k & —8i—1 2¢k _ ity -3 _ OF
ngi_% h ’ O.Xgi - 2 h 2 ’ ]:U - )

E3 {=v
ko _ 1(ck k ko _ 1k k
il T 3 (&5 + &), o1 = (& — &)

For each &, v € IIj,, the inner product and norm are expressed as

M
(67 U) = h Z(fi—%vi—%)a
i=1

M
1€l = V&6, gl = 4|2 (ox€im1)?  Néllo = max |&].
=1

0<i<M

The fractional-time derivative of relation (22) is rewritten as follows:

k—1

Dgel =m Yy (wip—i(€™ =71 +wop—i(¢ T — 2] +€71)
=0

+0(0°™9), (23)
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where p; = F(%;ja). To address the computational complexity associated with the fractional
differentiation of the nonlinear term F (ff ), the composition property of the Riemann-Liouville
derivative together with its equivalence to the Caputo form is employed. This analytical manip-
ulation enables the fractional derivative of order (%) to act solely on F(&F), while its influence is
consistently controlled through the exact ABCs derived earlier. As a result, the nonlinear con-
tribution is incorporated in a mathematically consistent and numerically stable manner within

the proposed scheme.

In this paper, only one continuous mathematical model is investigated, namely the nonho-
mogeneous time-fractional nonlinear parabolic equation posed on an unbounded spatial domain,
as introduced in (1). The formulation presented in (15) does not represent a new model; rather,
it is an equivalent reformulation obtained by imposing exact ABCs on the original unbounded
domain problem. The introduction of the auxiliary variable v(x, p) = &,(x,p) is carried out
solely to facilitate the numerical discretization and the implementation of the ABCs involving
fractional derivatives of order a/2. This auxiliary reformulation does not alter the governing
equation nor introduce additional modeling assumptions. Consequently, the continuous prob-
lems defined by (1) and (15) are mathematically equivalent, and the numerical scheme developed

in section 3 is derived directly from this equivalent formulation.

3.3 Applying numerical method to the main problem

In this section, we address the numerical solution of problem (15). First, we consider the following

change of variable:
v(x; p) = & (X, P);
UX(X7 p) = é-XX(Xv p)7

where function v(y,p) is used as an intermediate function to maintain the continuity of the
derivatives of £(x, p) during the discretization. In this case, the problem (15) can be rewritten

as the following equation:

§DYE(X p) = vy (X: p) + F(E(x:p) + G0, ), (x:p) € Ai x (0, P,

v(x,p) =& p), X € A

§DF v(x, p) = v p) + FECGP) + G(x.p), X EA,

v(x,p) =& (6p), X E A,

§DF v(x,p) = — (v (x: ) + F(E( ) +G(x:0), X € Ay, (24)

Iran. J. Numer. Anal. Optim., Vol. 16, No. 3, 2026, pp 952-990



Ghanizadeh and Akrami 966

v(x,p) =& 06p), X € AL
§(X70) = @(X)7 X S Aia
£(0,p) = é(p), p>0.

We observe that problem (1) is equivalent to problem (24), as their solutions coincide. Thus, we

formulate the following lemma to establish the uniqueness of the solution to problem (24).

Remark 1. (a) In the numerical implementation, the nonlinear term JF(£F) is replaced by its
previous-time value F (ff ~1). This semi-implicit (time-lagging) treatment linearizes the discrete
system at each time-step and significantly reduces the computational cost. (b) To analyze the
effect of this replacement, we define TF = F(¢F) — ]—'(5571). Under the Lipschitz continuity
condition |F(&F) — F(€F 1) < L|gk — €7, it follows that |TF| < L|¢F — ¢F7!|. Hence the
lagging error is of higher order and does not affect the overall accuracy, stability, or convergence

of the proposed scheme.

Lemma 2. Assume &£(x,p) € C*6([I_, 1] x [0, P]), and let the temporal grid be p, = ko.
Suppose the ghost value is chosen so that €71 = £°4+O(¢?) this holds if 9,£(x, 0) = 95&(x, 0) = 0.

Then the local truncation error R¥ of the scheme (24) satisfies
RE = 0(6" +1?),

uniformly for 0 <¢: < M and 1 <k < N.

Proof. The smoothness assumption & € CYCS([I_, ;] x [0, P]) ensures that the remainder terms
in the temporal Taylor expansions are uniformly bounded with respect to both y and p. Moreover,

since the temporal grid is uniform (p; = ko), the mean value theorem yields

= apf(prk)) + 0(9)7

and a similar relation holds for 85{ . Hence, replacing p; by py inside the discrete fractional sums
introduces an additional term of order O(p®~®), which is absorbed into the overall truncation
error. The choice &1 = & + O(¢*), corresponding to the conditions &,(x,0) = &,,(x,0) = 0,
eliminates any lower—order boundary contributions. We then proceed with the Taylor expansions
for fixed i,k and each j =0,...,k — 1.
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JHL_ i1 20° 53 5
&7 =& =200, ) + ?3,)5()(%/%) + 0(0%),
& —2e] 1671 = 02 9% (xi ) + O(e"), (25)
zk+1 -2k + &k =h? 8i§(Xi, pr) + O(h).

Recall the discrete Caputo approximation used in the scheme (22):

k

=

—x

§ DO o=pe =g — oy 2w (€71 =€)
0

j=

+ wa i (G =267 + E71)) + O(0°79),

where the remainder O(p3~%) originates from integrating the higher-order terms of the Taylor
expansions against the kernel (pr —9) ™% on each temporal subinterval; under the stated smooth-
ness the constant in this bound is uniform in k (see [7, Lemma 2.1]). Substitute the expansions

(25) into the discrete Caputo sum to obtain

o k-1
07 X Jj+1 _ j*l ) j+1 _ J ,'j*l
IG-a) 2 <w1,kfj (51 &; )+ w2 k—j (& 267 + ¢ ))
e k-1
; —a
= m . <2Qw1,k—j 8P§(Xia pj) + Q2w27k_j 8§§(X“ pj)) + O(Q3 )

Il
o

J

By the regularity of 9,¢ and 92¢ on [0, pi] and using the boundedness and positivity properties of
the weights {w1,m}, {w2,m} 1, we may replace the temporal arguments p; by pi up to a temporal

interpolation error of order O(p) inside the sums. Consequently,

—a k—1 k1
d E —a
m <2Qap£(X1u Pk) ZUJl,kfj + 928§£(X17 pk) w2,k:7j) + O(Q3 )
j=0 j=0

A direct comparison with the continuous Caputo derivative shows that the leading discrete terms
reproduce the continuous operator up to the O(p>~®) remainder (this is the standard consistency
calculation for the chosen weights; the details follow from the definition of wy ,,, ws , and standard
quadrature estimates). Together with the spatial discretization error O(h?) from (25), we obtain

a bound for the local truncation error of the fully discrete scheme:

IR < C1(0® + 1?),
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for some constant C; > 0 independent of g, h, uniformly in i, k. Finally, the hypothesis {1 =
& + O(0?) guarantees that no lower-order boundary-term arising from the ghost value degrades

the stated order. Therefore RY = O(p*~® + h?), which proves the lemma. O

Assume that £(x, p) € CyS(R), and define the discrete values &8 = &(xiy pi), VIF = v, pr)
and source term g = G(x;, px), function f(&(xi, pr—1)) is defined as F(&(xi, pr—1)). By employ-
ing the fractional derivative approximation formula given in relation (22) and using Lemma 2,

together with Taylor expansion, we obtain

6 Dpélyy = Vi + FIEL D) +Gly + REyy,

Vii% = fozﬁrg + Zf+%7

SDEVY = (o Vi + F(EFY) +G5) + T,

Vo' = oy&6 + A", (26)
6§ DEVYy = — (o Vi + F(E ) + Gir) + W,

Vi = oy + QF,

& =vxi), x€4,

& =olpr),  p>0,

where the remainder functions are denoted by R, Z,T, A, W, and (). There exists a positive
constant Cy such that [6]

|Rf+%| < Co (0% +17), |Zf+%| < Coh?,  |TH| < Co(0® % +1?),

|AF| < Coh?, (W < Co(0®™ 2 +1h?), Q% < Coh?, (27)

By assuming that {(x, p) € C’;‘zf) (R) and applying the fractional derivative approximation in (22)
together with Lemma 2 and the Taylor expansion, the discrete formulation (26) is obtained.
The remainder terms, denoted by R, Z,T, A, W, and @, represent higher—order truncation errors,
whose magnitudes are bounded as in (27). Since these terms are of order O(¢*>~ + h?) or
smaller, their effects can be neglected in the implementation stage R = Z =T = A=W =
@ = 0. Consequently, the simplified and implementable finite difference scheme with accuracy
O3~ + h?) and guaranteed stability is obtained, as presented in (28).

Cpaek _ _ .k k-1 k
0 Doy = oxviiy + f(fH%) + 91
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SDzok = (vag—i—f( 5*1) +g§),

0§ = 0\l (28)
§Dz v = — (ool + FETY) +95r)
91?4 = O—Xé-]]&u

g? = @(Xl)v X € Ai7
& =adlpr), p>0.

For the interior grid points 1 < ¢ < M — 1, the classical second-order central difference ap-
proximation is applied for the spatial derivative, which provides an accuracy of order O(h?).
However, at the boundary points xo and x s, the external function values £_; and &5;41 are not
available, and thus the standard central difference formula cannot be directly employed. To pre-
serve the second-order spatial accuracy and maintain the consistency of the numerical solution,
Lemma 3 constructs suitable boundary approximations by expressing the spatial derivatives at
the boundaries in terms of the known nodal values and the exact ABCs derived in Section 2.
These boundary relations are incorporated into Theorem 1, where the complete discrete system
of equations is established by combining the interior scheme (28) with the boundary approxima-
tions from Lemma 3. Consequently, Theorem 3.4 ensures that the number of algebraic equations
equals the number of unknowns, making the proposed finite difference formulation fully discrete

and directly implementable. We approximate the second-order integer derivative as follows:

Lemma 3. Assume that &(x) € C*[I_,I,], that h = I+A_/II‘, and that M is a given positive
integer. Then

/o) - 7 (U 00)) =~ Ze® 0+ ). 6 € 0.1),

2 — _ h
€)= 5 (¢ an) - SCZEI) B0~ ), tac 00 9)
Proof. Lemma 3 can be easily proven using Taylor’s theorem. O
Theorem 1. for 1 <i< M — 1,1 <k < N the finite difference scheme (28) is equivalent to
CDak +CDak _ 2€k_~_1 f( Icfl)_’_f( Icfl)

0 Dp& 1 toDp&y) =03& 9 §i1 Sit1

1
+5 (9 +aly)

1
2

§Dgeh == (on8h — S DF ek + £(E57) + 45,

(5D ehs — oy = FERT) + ghy s,

SN NS N)

C nack _
OngM—% -
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& =0 (pr),

and

hofo o _
o = oh =3 (st - feb™ - d).
hofe o _
vl =0’x§§/1_% + 5 (oCDpfﬂ_% — f(&5 1)—91@_%),

h
of=oneb y+ 5 (§Dpek y —FE ™ —gby), 1Si<M1<k<N,

Proof. We start from the discrete relations at the half-grid points, as presented in (28) of the

manuscript:
Lo k h(cnack k—1 k .
5('1)2_;,_1*7)1):5(0Dpfl+%*F(g,H»%)*gH»%),OSZSM*]., ]-SkSN, (31)
”§+§ = Ox £f+§' (32)

Here we employ the semi-implicit treatment F(£F) — F(£57') and omit the higher-order remain-
der terms (see the bounds in (27)), the neglected terms are of order O(p*~® + h?). To derive
an explicit expression for vfﬂ, we add (31) and (32) evaluated at the same half-point. Using
the standard identity vf+ L= $(vF y + vF), which follows from the definition of the half-grid

variables, we obtain after simple algebra
h
k k c k k—
vbo = oy &by + 5 (D5, — Flehyh - 08 )
Shifting the index i — i — 1 yields the equivalent relation

h .
of =oyel 5 (§Dsel, —FgfH—-ak ), 1=isa (33)

k

Next, to obtain an expression for v in terms of the right half-point, we use (31) at index

together with (32) at ¢ + % Eliminating the difference fo — v¥ between these two relations
gives
h C na k— .
vf:axfﬁ_%*g(onfﬁ%*]:( i+%1)7gf+é)’ 0<i=M-1 (34)
Now, combine (33) and (34) for interior indices 1 <4i < M — 1. Adding the two expressions for
UZ’»’“ and dividing by two yields
1

1 1
C nag¢k C nagek _ 2¢k k—1 k—1 k k
S(6D5ery +6Dpel ) = otk + S (Flel )+ FEh ) +5(98, +5y),
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which is exactly the interior equation stated in Theorem 1. In the interior domain, the nonlinear
term F(&F) is treated semi-implicitly, F(¢F) is replaced by its previous time level F(fffl) to
ensure numerical stability and to avoid solving a nonlinear system at each step. However, in the
boundary relations derived from the discrete ABCs, this term naturally appears with the current
time index k, since those relations are obtained directly from the continuous ABC operators and
therefore do not involve any time-lagging approximation. This difference in the treatment of
F does not affect the overall consistency, as both approximations preserve the same truncation
order O(¢*~® + h?) (27). Finally, to derive the right boundary formula, substitute (33) with
i = M and use the ABC given in the manuscript:

OCD?/Qvﬁ/I = *(UXUJIVJF]'—( fvf_l)JFgJ@)’ i = oxEhr-

Note that OCD,C;/ 211@[ = CD,(,"/ 2 (04&%,). Substituting this relation and rearranging terms gives

2
c k c 2 E k k-1 k

0 Dng_% = E<_ 0 DS‘/ (ox&hr) — UX§M+% - F(&n )) +3 —1

Here 5;1 41 denotes the boundary-adjacent value treated via the discrete ABC approximation

2

Lemma 3. The left boundary relation is obtained analogously. Combining the interior and
boundary equations shows that the total number of discrete equations matches the number of
unknown nodal values, so the fully discrete system is well-posed and can be solved uniquely at

each time level. This completes the proof. O

4 Stability and convergence of the numerical method

In this section, we present several preliminary lemmas that will be essential for establishing the
stability and convergence of the proposed finite difference scheme. These lemmas provide useful

discrete inequalities and auxiliary estimates that simplify the forthcoming analysis.

Lemma 4. [5, 11] Suppose the network function ¢ = {¢¥ | 0 < k < N} is defined on the temporal
grid II,. Then, the following inequality holds:

n —« n -«

QZ(gD%k)SkZmQZ@kﬁ_%@o)Qa 1<n<N, (35)
k=1 _
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where § Dg¢ k for k > 1 is defined according to the relation (22). This lemma plays a crucial role
in establishing the positivity and coercivity of the discrete Caputo operator, which are essential

properties for the stability and convergence analysis of fractional time-stepping schemes.

Lemma 5. [5] Let £ be a grid function defined on the spatial grid II, with £, = 0. Then the

following discrete inverse inequality holds:
I1€¥ (13 < C llox €™ 1%, (36)

where C' is a positive constant independent of h.

The above lemmas provide the fundamental discrete estimates required for analyzing the

stability and convergence properties of the proposed scheme.

Theorem 2 (Initial estimate). Assume that {ff :0<i< M, 0<k< N} is the grid solution

of the discrete scheme (37)—(44), with the notation p,, = ng and the discrete norms || - || (discrete

L?) and || - ||oo (discrete supremum). Moreover,
ngglézoyﬁ;%+f@ﬁé)+gﬁé, 0<i<M—1, (37)
vf+% = ang+% + zf+% 0<i<M-—1, (38)
§ D5 vl = ol + F(657) + g + 1%, (39)
vy = 0,85 + aF, (40)
§ D7 vk = —oxvkr — (&R ) — ghs + b, (41)
”§4 = Uxfzkw +4q", (42)
&=vl), x€, (43)
=0, p>0. (44)

Suppose furthermore that the remainder terms zf |

2 and relation (27):

1, a¥ wF, ¢* satisfy the bounds from Lemma
2

|sz+%| < Cth’ ‘ak‘v ‘qk‘ < 00h27 |tk|’ |wk| < CO(Q37% + h2)’

for some Cy > 0 independent of h, p. Let

Pn’
= —tm 1< p<N.
Fn =T —a) =n=

Then for every 1 < n < N it holds that
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n n n
oY NIE % + pn 0D NIEF(P <ChlIE)? + Cao Y (f(E1),€Y)
k=1 k=1 k=1

+C50 ) 6" + Cao > (")
k=1 k=1

+Cs0 ) ((68)° + (ox€Rn)°), (45)
k=1
where C1, ...,C5 > 0 are constants depending only on «, Cy the remainder bounds and universal

constants but independent of h, o and n.

Proof. Using the discrete inner product and applying relations (37)—(38), we obtain

(vF, vF) = (0", oF) 4+ (2F 1, o"), 1<k<N. (46)
Adding these two relations gives

(§DoEr, €9) + [|0F]12 =(oyv*, €F) + (0%, 0F) + (F(EFT), €F) + (4F, €F)
+ (zﬁr%, o), 1<k<N. (47)

Next, using the discrete integration-by-parts identity together with the boundary conditions (42)
and (44), we have

(ngkv ”k) + (vakv gk) =h

B

I
-

[(on & 1)V s+ (oxv) 1 )€ 1]
= Enrvis — &ovs = Enr(ox&ar + b, (48)

since ¢ = 0 for all k. Combining (47) and (48) yields

Dok, &%) + ||oF|1> =(F(EF1), €F) + (g", €°) + ko ks + Ebrdt

Multiplying both sides of (49) by g, summing over k = 1,...,n, and applying Lemma 4, we

obtain

Pr " S k2 S k2
o0 &I +e ) Iv7l
() ¢ 2 2

Iran. J. Numer. Anal. Optim., Vol. 16, No. 3, 2026, pp 952-990



Ghanizadeh and Akrami 974

n
pn
< 2F( ||§°||2+QZ ), €M)+ 0 (g5, M)
k=1
k=1 k=1 k=1

Applying the Cauchy—Schwarz and Young inequalities to the right-hand side of (50) yields the

following estimate:
Pn” 2 kg
gm_a)@Z”f I+ 03 I
||§°H2+@Z Feh

= gr(

Zi: < Pu” ||€k|\2 +opl(1-a) ||9k2)

z:: <;|l 11 + *HZH ||2> + QZ ( 1(qk)2>

i:( (JxﬁM) >, 1<n<N. (51)
P

Using the estimate (51) and moving the small left-hand terms to the left, we obtain

Pn’ k2 1 I
MW)QZM DI

0112 k— 1
< sl +QZ e
(1
FAT =) 0D 191 + 5030 Ik I+ 03 (00 + (eho?)
k=1 k=1 k=1
1 n
+ 5@;(0';(51]?/1)27 (52)

for every 1 < n < N. Using relation (38) together with Lemma 5, we have the pointwise bound
€12 < llow®lI* = llo" — 27 o 117 < 200" + 20127, 1%, 1<k <N (53)

Now, multiply (53) by ¢ and sum over k = 1,...,n, then combine with (52). Using the fact that
103 4_, [v*||? appears on the left of (52), we obtain after elementary algebra the inequality
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QZ”kaQ ZkaHQ 492 &nr) —QQZ Ufo

2
gr(pn )||€0H2+4QZ FEh, )+4P$’L‘F(1—a)92”9k”2
k=1

+ CZQZ||Z£€+%H2+QZ(QI€)27 (54)
k=1 k=1

for every 1 < n < N, where C, > 0 is a numerical constant (here one may take C, = 4). Finally,

by introducing the notation
_ P
= T oy

and substituting this definition into (54), we simplify the inequality as
0D NI + pn 0D IERIP = 40> (647 — 20 (ox&h)?
k=1 k=1 k=1 k=1

24t P S ek L,y )
< T P+ a0 (D ) 5 oD I r 203 @) (59)
k=1 "ok=1 h=1

This inequality coincides precisely with relation (45), which completes the proof of Theorem 2.
O

The purpose of Theorem 2 (Initial Estimate) is to establish a discrete a priori energy bound
for the numerical solution. This estimate ensures that the grid solution {ff} remains uniformly
bounded at all temporal levels and that the discrete ABCs do not introduce instability into the
system. Therefore, this theorem provides the theoretical foundation for the subsequent stability

and convergence analysis of the proposed numerical method.

Theorem 3 (Stability). Based on the discrete scheme (30) and under the assumptions of The-
orem 2, the proposed finite difference method is unconditionally stable. Specifically, let ¢F
(0<i< M,1<k<N)denote the numerical solution with homogeneous initial data ¢(px) =0
for all 1 < k < N. Then, the following stability estimate holds:

n

oD IIEMIZ + 5 0D I I — 20 D (6K — 0D (xR’
k=1 k=1 k=1

k=1

< sy I +oY (£ )+ —@Z AR (56)
k=1

Pr

where MUn = m,

and Cj denotes the remainder constant introduced in relation (27).
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Proof. The proof follows the same energy argument as in Theorem 2. O

In the following, we examine the convergence of the difference method described in relations
(37)—(43). We assume that

b =UF ¢k ok E

i i i A A 70
where UF and V¥ denote the numerical approximations of &(x;, px) and v(xi, px.), respectively.

Theorem 4 (Convergence). Assume that £(x,p) € Cyi([I-, 1] x [0, P]), and let {¢} |0 <i <
M,0<k< N} and {UZ-’“ |0 <i< M,0<k< N} be the exact and numerical solutions of the
problems (15) and (37)—(43), respectively. Then there exists a constant C; > 0 such that

n
0" (b2 = 4(ek))? = 2(0ehy)? + plleb|?) < CL(@™+4%), 1<n<N,  (57)
k=1
where ef = Ui’C — fz’? is the discretization error. The constant C; is given by

C) =2CoT** 2\ /1 +T(1 - a), (58)

and p is defined in Theorem 2, while Cy is specified in (27).

Proof. Following the approach of Theorem 2, we subtract the exact relation (28) from the discrete

scheme (26) to obtain the error system:

6 Dperyy =oxei i + (FUF) = f€7)) + Ry, 0<i<M-1,1<k<N,

€f+§ = axeﬁ_% Jer_i_%,

CDJ el = oyl + (FUS™Y) — FEEY) +TF, b = opel + A, (59)
§DF ek, = —opeh, — (FUST) = FETY) +WE, by = oyely + QF,

e =0, xe€A, ek =o0.

Applying Theorem 2 to this error system yields
n n n n
0> lleFIZ =40 (eh)? — 20> (oxeh)? + e llek|?
k=1 k=1 k=1 k=1

4 n n
<2 oD IRFIP+20> IQFIP, 1<n<N. (60)
k=1 k=1
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Using the remainder bounds from (27), |RF|, |Z¥|,|T*|, [W*|,|Q*| < Co(0®>~ + h?), we have

QZ lle¥]|12, + ugz [e¥]|> — 40 2:(6'54)2 - 20 Z(Jxeﬂ“u)z
k=1 k=1 k=1 k=1
4
< 20, C2h* + ;(00(93—0‘ +h%))®

= 20, C2h* +4p2 T (1 — @) (Co(0*~* + h2))°
< 4027 (% FI(1- a)) (6* + h2)2. (61)

Taking square roots of both sides yields

n

0> (IeklZ — 4(eh)? — 2(onehs)? + ullet|?)
k=1

< 200T°T 3\ /3 +T(1 = a)(*~* +1?), (62)

which proves (57)—(58). O

5 Numerical examples

In this section, two representative numerical examples are provided to comprehensively evaluate
the accuracy, stability, and efficiency of the proposed computational scheme. In Example 1, the
objective is to examine the spatiotemporal behavior of the numerical solution and to verify the
convergence and stability properties of the method under various parameter settings. In Example
3, the performance of the proposed finite difference scheme given by (28) is compared with the
numerical approach reported in [14], allowing for both quantitative and qualitative analysis in
terms of accuracy and computational cost. All simulations were implemented in MATLAB R2022a.
The numerical computations were performed on an Asus K53SC laptop equipped with an Intel
Core 15-2430M processor and 8 GB RAM. The obtained numerical results demonstrate that the
proposed method yields highly accurate and stable solutions while maintaining computational

efficiency even on a mid-range hardware platform.
Example 1. Consider the following time-fractional equation:

§DYE(Xp) =Ex + F(EOGP) +G(E(x.p), 0<p<P, xER,

where the nonlinear term is considered as follows:
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The source term is obtained in the following form:

2
e X 6’03704 5

G0 = gy —¢ W DG =2 =P )2,

This problem also has the initial condition:

£(x,0) = e,

and the exact solution is
Eop) =e X (p*+1).

In this example, the temporal and spatial discretizations are specified by setting the number
of temporal grid points to N = 320 and the number of spatial grid points to M = 2°. The
fractional order is considered for two representative cases, a € {0.37,0.68}. The spatial step size
is given by h = 1/M, while the temporal step sizes are chosen as g € {i I e
The spatial computational domain is defined as I = [a,b] = [—2,2], and the final time is taken
as P = 1. This example is designed to assess the numerical accuracy of the proposed method for
solving time-fractional differential equations with prescribed initial conditions and known analyt-
ical solutions. Both numerical and graphical results are provided to illustrate the spatiotemporal
behavior of the computed solution and to compare it with the exact analytical solution. The

numerical error is defined as follows:

E(h, 0) = e}l = U = &(xn, i) -

The convergence order for the temporal and spatial variations is calculated as follows:

E(h,
Orderl = 1Og2 _E’(f(LQj);)

E(h, o)

, ordery = logy —————.
* T2 Em/2,0)

Using a fixed spatial step size of h = 272 and based on the numerical results summarized in

Table 1, it is evident that the absolute error ||ef||o, decreases monotonically as the temporal

This consistent reduction in error confirms the temporal

step size g is refined from to

1 1
10 320"
convergence of the proposed scheme. Furthermore, the observed convergence rates, denoted by
ordery, for both fractional orders @ = 0.37 and o = 0.68 remain approximately second order,
with values ranging between 2.00 and 2.42. The slight reduction of the observed rates compared

to the theoretical convergence rate O(p>~®) is attributed to the boundary approximations, which
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slightly limit the global convergence. Nevertheless, the method achieves the expected high-order
accuracy at interior points. In particular, the obtained convergence orders slightly exceed those
of the classical L1 scheme, thereby validating the improved temporal discretization strategy de-
veloped in this study. Additionally, the CPU time reported in the last column of Table 1 shows
a gradual and proportional increase as the temporal step size decreases. This trend indicates
that the computational cost grows moderately with increasing accuracy, confirming the over-

all efficiency and robustness of the implemented algorithm. Referring to Table 2, the spatial

Table 1: Error results and temporal convergence rates for Example 1 corresponding to various values of o and
0.

! T lleX || oo order; CPU

0.37 1/10 3.622383e-2 - 0.15
1/20  9.036367e-3  2.0031  0.27
1/40  2.098646e-3 2.1063  0.40
1/80  4.456779e-4  2.2354  0.54
1/160 8.283166e-5 2.4277  0.85
1/320 1.783819¢-5 2.2152 1.45
0.68 1/10 3.634468e-2 - 0.14
1/20  9.077627¢-3 2.0014 0.21
1/40  2.129381e-3 2.0919 0.29
1/80 4.610580e-4 2.2074  0.56
1/160 9.052296e-5 2.3486  0.83
1/320 2.168393e-5 2.0617  1.46

convergence behavior of the proposed scheme is analyzed by fixing the temporal step size at
0 =279 Tt is clearly observed that the absolute error ||ef||., decreases consistently as the spa-
tial mesh is refined, with h reduced from 1/10 to 1/320. For both fractional orders o = 0.37
and a = 0.68, the convergence rate, denoted as orders, remains remarkably stable and very
close to the theoretical second-order accuracy, with reported values around 1.99 across all grid
refinements. This uniform convergence confirms that the spatial discretization employed in the
scheme achieves the expected second-order accuracy, in agreement with the central-difference
approximation used for the second spatial derivative. The obtained numerical results demon-
strate that the proposed method maintains high spatial accuracy while preserving stability and
efficiency. Furthermore, the CPU time values shown in the last column of Table 2 indicate a
moderate and proportional increase in computational cost as the grid is refined, confirming the
scalability and computational efficiency of the implemented algorithm. In Figure 1, the numerical
solution obtained by the present method, (28), is compared with the exact analytical solution for
Example 1. The visual comparison reveals excellent agreement between the numerical and exact

solutions throughout the entire spatiotemporal domain. This strong consistency verifies the ro-
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bustness and accuracy of the proposed numerical scheme in capturing the dynamic behavior of

the underlying time-fractional problem, both in the temporal and spatial dimensions. The plot

Table 2: Error results and spatial convergence rates for Example 1 corresponding to various values of « and h.

a h lleX ]| oo orders CPU

0.37 1/10 6.804864e-2 - 0.19
1/20  1.765156e-2 1.9468 0.21
1/40  4.443487e-3  1.9900  0.32
1/80 1.112211e-3  1.9983  0.46
1/160 2.781080e-4 1.9997 0.81
1/320 6.952907e-5 2.0000 1.43
0.68 1/10 7.850191e-2 - 0.14
1/20  2.075293e-2 1.9194 0.16
1/40  5.231265e-3 1.9881  0.30
1/80  1.309223e-3 1.9984 0.45
1/160 3.273427e-4 19998 0.83
1/320 8.183599e-5 2.0000 1.46

presented in Figure 2 illustrates the comparison between the numerical and analytical solutions
when the spatial step size is fixed at h = 279 and the temporal step size g is successively refined.
It is clearly observed that, as g decreases, the numerical solution progressively approaches the
exact analytical solution across the entire computational domain. This uniform improvement
in accuracy demonstrates the temporal convergence of the proposed scheme, (28), confirming
its numerical consistency with the theoretical prediction based on the Caputo fractional deriva-
tive formulation. The close visual agreement between the numerical and exact solutions further
verifies the reliability and precision of the method in capturing the transient dynamics of the

time-fractional model. The graphical results displayed in Figures 3 and 4 provide a clear and

3D Plot of Numerical Solution 3D Plot of Exact Solution

u(x,t)
u(x,t)

Figure 1: Comparison between the exact solution and the numerical solution of Example 1.
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Comparison of Exact and Numerical Solutions with Different Step Sizes Final error vs tau (|og.|og) - reporled
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Figure 2: Convergence of the numerical approxima- Figure 3: Logarithmic error plot versus o for Example
tion to the exact solution for Example 1. 1.

convincing verification of the theoretical temporal accuracy and stability of the proposed nu-
merical scheme (28). As shown in Figure 3, the log-log representation of the maximum absolute
error ||ef| o versus the time-step size o exhibits an almost perfectly linear decay. The slope of
the fitted line corresponds to an observed convergence rate of approximately p = 2.45, which
agrees very well with the theoretical prediction O(g3~%) for a = 0.37. This strong agreement
between the numerical and theoretical rates confirms that the proposed temporal discretization
accurately captures the high-order behavior expected from the fractional derivative formulation.
Moreover, the excellent linearity of the data points in the logarithmic scale indicates that the
error decreases uniformly with time-step refinement, providing strong evidence of asymptotic
temporal consistency and robustness of the scheme. Figure 4 further illustrates the evolution of
the absolute error with respect to time for different temporal step sizes. It is clearly observed
that as o becomes smaller, the magnitude of the error significantly decreases, and its temporal
profile remains smooth and stable throughout the entire simulation period. For sufficiently fine
time steps, the error remains nearly constant, indicating that the proposed scheme effectively
suppresses error propagation and prevents numerical oscillations. Only for coarser grids does a
slight increase in the error magnitude appear near the final time, which is expected due to the
accumulation of local truncation errors inherent to fractional-order models. Overall, the results
shown in Figures 3 and 4 demonstrate that the proposed method achieves excellent agreement
with the theoretical convergence rate, while maintaining remarkable numerical stability even
over long-time integrations. These findings confirm the efficiency and reliability of the developed
high-order scheme for accurately resolving the transient dynamics of time-fractional nonlinear
parabolic equations on unbounded domains. The consistent convergence behavior, combined
with the absence of numerical instabilities, strongly validates both the mathematical formula-

tion and the computational implementation of the proposed approach.
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Error Behavior vs. Time for Different Time Steps

0 01 02 0.3 04 05 06 07 08 09 1
Time (t

Figure 4: Error behavior for various p values confirm-
ing the convergence of the numerical method (28) in
Example 1.

Summary: The numerical results presented in Tables 1-2 and Figures 2—4 confirm the high
accuracy, stability, and efficiency of the proposed numerical scheme (28). The method exhibits a
monotonic decrease in error with both temporal and spatial refinements, achieving convergence
rates close to the theoretical orders, O(03~%) in time and O(h?) in space. Excellent agreement
between numerical and analytical solutions validates the correctness of the temporal and spatial
discretizations, while the smooth and bounded error evolution confirms unconditional stability.
CPU time analysis indicates that computational cost grows moderately with mesh refinement,
maintaining a favorable balance between accuracy and efficiency. Overall, the results demon-
strate that the proposed approach provides a robust, accurate, and computationally efficient
framework for solving time-fractional nonlinear parabolic problems on unbounded domains, ef-
fectively fulfilling its theoretical design objectives across all tested configurations. The following
Example 2 is introduced to further demonstrate the applicability of the proposed numerical
method to physically meaningful problems. Unlike Example 1, which is primarily designed
to verify the theoretical convergence behavior of the scheme, the present example considers a
nonzero initial condition and a smooth polynomial temporal evolution that commonly arises
in diffusion and heat transfer processes with memory effects. The exact solution is chosen as
E(x,p) = e’XQ(l + p)?® which allows the Caputo fractional derivative to be evaluated explicitly
without involving special functions such as the Mittag-Leffler function. This choice ensures that
the source term can be constructed exactly while preserving analytical simplicity and numerical
stability. From a numerical standpoint, this example provides a more comprehensive test of the
proposed higher order discretization and absorbing boundary treatment, as it simultaneously
incorporates nonlinear effects, fractional temporal memory, and nonzero initial data. Hence, it

offers a realistic and robust validation of the effectiveness and accuracy of the proposed method.
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Example 2. Consider the following nonlinear time—fractional diffusion equation posed on an

unbounded spatial domain:

G DY P) =6 + FEGP) +G(x.p), 0<a<l, 0<p<P, xEeR,

where the nonlinear reaction term is defined as

FO =€ +¢

The initial condition is given by
2
§(x,0) =e X

We choose the exact solution in the form
2
E0ep) =e X (14p)°%
the source term is constructed as

o[ Al
G(x,p) =e™* )pg’o‘ +35m

I'4 -«
— (4 = 2)e (1+p)® — e 2 (14 p)°

Table 3: Temporal convergence results for Example 2 with h = 1/2°.

«a T llek oo ordery CPU

0.37 1/10  1.471500e-1 - 0.28
1/20  3.662159e-2  2.0065 0.35
1/40  8.584786e-3  2.0928  0.47
1/80  1.864492e-3  2.2029 0.84
1/160 3.687139%¢-4  2.3382  1.13
1/320 8.914893e-5 2.0482  1.97
0.68 1/10  1.474604e-1 - 0.17
1/20  3.677890e-2  2.0033  0.28
1/40  8.663713e-3  2.0858  0.41
1/80  1.903987e-3  2.1859  0.72
1/160 3.884649e-4  2.2931  1.17
1/320  9.102469e-5 2.0934  2.00

Example 3. Consider the following problem:
G DS p) =Exx +F(€) x€R, 0<p<P

with the initial condition given by
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Table 4: Spatial convergence results for Example 2 with 7 = 1/29.

a h lleX oo orders  CPU

0.37 1/10  3.270424e-1 - 0.15
1/20  8.452788e-2  1.9519  0.27
1/40  2.124029e-2  1.9926  0.45
1/80  5.313965e-3  1.9989  0.67
1/160 1.328601e-3  1.9998  1.08
1/320 3.321506e-4  1.9999  2.05
0.68 1/10  3.510207e-1 - 0.13
1/20  9.244171e-2  1.9249 0.24
1/40  2.326518e-2  1.9903  0.40
1/80  5.820151e-3  1.9990 0.65
1/160 1.455053e-3  1.9999  1.15
1/320 3.637556e-4  2.0000  2.07

é(x,0><1_6,<)3,
1+e 1

and the exact solution defined as

1
i p) = <1+e—1°’T6X> )

Wl

The nonlinear function F(§) is defined by
F(&) =¢(1—-¢%,
The numerical method employed in [14] to solve the above problem is described as follows:

§DoeF =o2ef + F(EFTY), 1<k<N, 1<i<M-1,
oxel = i+ 355165 + 0 (§Doek — F(ES ).
oy = U 352~ (§Dpels — FEk)
§Dp0n = (F(65™) - 35) @u + (8567 — 355 F(&6 ™)) €6 + 352 F (&™), (63)
§ 05w = (F(Eh) = 358) W — (850 = 3562 F(hi) ) €hr — 356 F(Eh),
& =), ®o=¢(0), To=¢(0).
Table 5 presents the maximum errors ||ef| o at the final time P for different time step sizes o

and fractional orders «, with a fixed spatial step size h = 278. The results indicate that the

proposed method achieves significantly higher temporal accuracy compared to the method in
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[14], with a convergence rate (Orderl) between 2.31 and 2.63, consistent with the theoretical
order O(g3~® + h?). In contrast, the method of [14] has a theoretical temporal accuracy of
O(p + h?), which explains why the observed convergence rate in time (Orderl) is limited to
approximately 0.98-1.00. As the time step ¢ decreases from 1/10 to 1/160, the maximum error
of the proposed method drops sharply; for example, with @ = 0.37, the error decreases from
5.71 x 1072 to 3.88 x 1075, while the corresponding error for the method in [14] reduces only
from 2.47 x 1072 to 1.60 x 10~3. This demonstrates a significantly faster convergence of the pro-
posed method to the exact solution. Increasing the fractional order from o = 0.37 to a = 0.68
slightly reduces the temporal convergence rate, as predicted by the term (3 —«) in the theoretical
order, but the proposed method consistently outperforms the reference method for all o, main-
taining lower error values and stable behavior. The smooth, monotonic decrease of errors with
decreasing ¢ confirms the robust numerical stability of the proposed scheme, with no oscillations
or divergence observed even for very fine temporal grids. Overall, these results indicate that
the proposed method achieves both higher temporal accuracy and faster convergence than the
method in [14], and its superior performance is especially pronounced on finer temporal grids,

highlighting its suitability for applications where temporal precision is critical. The observed

Table 5: Temporal errors and convergence of the proposed method for Example 3.

! 0 Our method (28) orderl Method in [14] orderl

0.37 1/10 5.7138196e — 2 - 2.465416e — 2 —
1/20 9.2080193e —3  2.6334  1.246783e — 2 0.98
1/40 1.4874461e —3  2.6300 6.285612¢ — 3 0.99
1/80 2.4005411e —4  2.6314 3.170451le — 3 0.99
1/160  3.8839013e —5  2.6277  1.595221e — 3 0.99

0.68 1/10 3.1182567e — 2 — 3.945612e — 2 —
1/20 6.2297534e —3  2.3234  1.98542le — 2 0.99
1/40 1.2475707e — 3 2.3200  9.963412e¢ — 3 0.99
1/80 2.4960448e¢ —4  2.3214  4.993210e — 3 0.99
1/160  5.0064596e — 5  2.3177  2.500843e — 3 1.00

differences in temporal convergence rates between Examples 1 and 3 are expected due to the
distinct problem setups. In Example 1, a small spatial domain [—2,2] with a nonzero source
term was considered, whereas Example 3 involves a larger domain [—20, 20] under homogeneous
conditions (G(x,p) = 0). The larger computational domain in Example 3 allows for smoother
spatial variations, reducing the relative impact of spatial discretization on the overall error and
enabling the temporal convergence to closely approach the theoretical order. Conversely, in Ex-

ample 1, the presence of the source term and the smaller domain induces steeper gradients and
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localized dynamics, which slightly diminish the observed temporal convergence rate. Moreover,
the homogeneous nature of Example 3 promotes uniform and stable numerical behavior, allow-
ing the method to achieve higher temporal accuracy (Orderl between 2.32 and 2.63) compared
to Example 1 (Orderl between 2.0 and 2.42). Therefore, these differences reflect the natural
influence of domain size, source term, and boundary conditions, rather than any deficiency in
the numerical scheme. Figures 5 and 6 present the two-dimensional and three-dimensional plots
of the numerical solution obtained by applying the method introduced in (28) to the problem
described in Example 3. The results demonstrate a clear convergence of the numerical solution to
the analytical solution, exhibiting excellent agreement in both spatial and temporal dimensions.
These plots confirm that the proposed numerical scheme performs consistently with the theoret-
ical predictions regarding accuracy, stability, and convergence. The visual evidence, combined
with the quantitative analysis presented in Table 5, reinforces the reliability and robustness of
the method for capturing the solution behavior with high fidelity across the computational do-

main.

Exact vs Numerical Solution att =1 Numerical Solution of Fractional PDE

Numerical Solution
= = =Exact Solution

Solution

Space 20 0 Time

Figure 5: Convergence behavior of the numerical
solution toward the exact solution for Example 3. Figure 6: Numerical solution plot for Example 3.

6 Conclusions

This study presents a novel, rigorously analyzed, and computationally efficient framework for
the numerical solution of nonhomogeneous time-fractional nonlinear parabolic equations defined
on unbounded spatial domains. The core challenges of temporal nonlocality, inherent nonlinear-

ity, and the infinite spatial extent were addressed through a fundamentally new approach. The
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methodology’s cornerstone is the derivation of highly accurate ABCs, constructed directly from
the fundamental properties of fractional derivatives. This principled approach circumvents the
limitations of existing techniques based on Padé approximations, ensuring a faithful represen-
tation of the underlying fractional dynamics at domain boundaries. By effectively truncating
the infinite domain to a finite computational region while minimizing spurious reflections, these
ABCs transform the original intractable problem into an equivalent, well-posed formulation on
a bounded domain. The resulting bounded domain problem was discretized using a high-order
finite difference scheme, facilitating stable and precise numerical implementation. A compre-
hensive theoretical analysis established the unconditional stability of the proposed method and
provided rigorous error bounds, guaranteeing the reliability of the obtained solutions. Extensive
numerical experiments unequivocally demonstrate the practical efficacy and robustness of the
framework. The method achieves high accuracy in capturing the complex, memory-dependent
behaviors characteristic of fractional-order systems, even in the presence of strong nonlinearities.
Numerical results further confirm the superior accuracy and stability of the proposed method
compared to existing approaches for unbounded domains, while maintaining a significantly re-
duced computational burden. Consequently, this work provides a powerful, reliable, and efficient
computational tool for simulating anomalous diffusion and related complex phenomena governed
by time-fractional dynamics in unbounded settings. The framework has direct relevance to di-
verse applications across physics, biology, and engineering. Moreover, it lays a solid foundation
for future extensions to multi-dimensional scenarios, stochastic fractional PDEs, and problems
involving variable coefficients, highlighting the potential for further development and application

in complex fractional systems.

Future directions

Building upon the results of this study, several promising research directions can be explored.
The proposed numerical framework can be extended to multi-dimensional time-fractional nonlin-
ear parabolic equations defined on unbounded domains. Another important direction is the gen-
eralization of the ABCs to space-fractional and distributed-order models. Furthermore, the de-
velopment of adaptive time-stepping and spatial refinement strategies could significantly improve
computational efficiency for long-time simulations. Extending the present high-order scheme to
coupled systems, stochastic FPDEs, and problems with variable coefficients also represents a

meaningful avenue for future research. Finally, applying the proposed method to real-world
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models arising in physics, biology, and engineering may further demonstrate its practical rele-

vance and versatility.
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