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Abstract. This paper examines a new fractional function based on Legendre and Jaiswal polynomials
to solve linear and nonlinear time-space fractional partial differential equations of linear and nonlinear
class. The Caputo sense is applied while using the fractional derivative. These problems can be solved
using the collocation method, operational, and pseudo-operational matrices of integer and fractional-
order integration. Using operational matrices, pseudo-operational matrices, and the collocation method,
the problem is transformed into a system of algebraic equations. An upper bound on the error of the
fractional-order integral operational matrix is computed. Furthermore, a detailed stability and conver-
gence analysis of the collocation scheme presented to validate the robustness of the numerical approach.
The applicability and effectiveness of the approach are demonstrated through several benchmark exam-
ples, including linear and non-linear fractional convection-diffusion, convection-diffusion-reaction, and
nonlinear Fisher’s equation. The numerical results confirm that the proposed method is stable, rapidly
convergent, and highly accurate, outperforming several existing techniques in both efficiency and preci-
sion.
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1 Introduction

Fractional-order differential equations are highly useful tools for modeling a variety of phenomena in
physics, engineering, mathematical biology, fluid mechanics, finance, electrochemistry, and other sci-
ence; see [15,20,27] and the references therein. The existence and uniqueness of the solutions to the
fractional-order differential equations have been investigated in [15]. The fact that the majority of dif-
ferential equations with fractional orders do not have closed-form solutions must be noted. Therefore,
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suggesting new methods for finding these equation’s numerical solutions is crucial. The development
of numerical techniques for solving fractional-order differential equations has attracted much interest
due to the growing applications. The solution of fractional-order differential equations can be achieved
through a variety of numerical techniques, including operational method [18], the variational iteration
method [10], finite difference method [26], homotopy perturbation method [30] and Sinc-Legendre col-
location method [24].

Different classes of fractional partial differential equations (FPDEs) can be solved analytically and
numerically are as follows: In [29], Uddin and Haq introduced radial basis functions approximation
method for time fractional advection-diffusion equation. Bu et al. [2] introduced a space-time finite
element method for the multi-term time-space fractional diffusion equation. Hamou et al. [6] solved
the reaction-diffusion problem by approximating the space derivative by the finite element method and
the time-fractional derivative by Euler’s method. Gasmi et al. [5] solved the (1 + 1) telegraph equation
with space-and time-fractional derivatives using the generalized Kudryashov method. Hammouch and
Mekkaoui [8] implemented a Functional Variable Method to solve the time-space fractional-order gener-
alized Zakharov equation. Uddin et al. [28] derived an analytical solutions for nonlinear directional cou-
plers with metamaterials by incorporating spatial-temporal fractional beta-derivative evolution. Rashid
et al. [22] proposed a new fractional operator based on a weight function for Atangana—Baleanu (A-B)
fractional operators. Jafari et al. [11] solved the time-fractional diffusion equation using the Hosoya
polynomial. Jafari et al. [12] solved multi-order time-fractional differential equations using operational
matrices based on the Hosoya polynomial. Hamou et al. [ 7] solved fractional nonlinear reaction-diffusion
problems with periodic conditions. Mekkaoui and Hammouch [19] used the Fractional Iteration Method
to approximate analytical solutions to the Bagley-Torvik equation. The behavior of particular dispersive
waves in a novel (3 4+ 1)-dimensional Hirota bilinear (3D-HB) equation was investigated by Hosseini [9].
Zhou and Xu [31] solved the time-fractional convection-diffusion equations with variable coefficient by
Chebyshev wavelets collocation method. Dehestani et al. [4] solved time-space FPDEs (TSFPDEs)
with variable coefficients by using Legendre-Lagueree functions. Chen et al. [3] utilized Haar wavelet
for solving a class of space-time fractional convection-diffusion equations with variable coefficients.
Bhawry et al. [1] solved the time-fractional diffusion equation by spectral tau algorithm based on the
Jacobi operational matrix. Sarvestani et al. [25] used the Galerkin method based on the second kind of
Chebyshev wavelets for solving the multi-term time-fractional diffusion-wave equation. Rahimkhani et
al. [21] used Bernoulli wavelet for solving fractional delay differential equations. Researchers widely
applied the TSFPDE in the following scientific domains:

* Anomalous diffusion in porous media: In geophysics and petroleum engineering, the transport
of fluids through heterogeneous or fractured porous media often displays non-Fickian behavior
characterized by long-tailed waiting times and spatial jumps. The TSFPDEs effectively capture
this behavior by modeling sub-diffusion through time-fractional derivatives and Lévy flight phe-
nomena through space-fractional operators.

* Heat conduction with memory: Traditional heat equations fail to accurately model thermal pro-
cesses in materials with memory, such as polymers, biological tissues. The TSFPDEs incorpo-
rate time-fractional derivatives to account for the hereditary thermal response and space-fractional
terms to describe spatial heterogeneity. Such models are essential in biomedical applications, in-
cluding hyperthermia cancer treatment, where precise thermal predictions are critical.
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* Reaction-Diffusion systems in biology and chemistry: The TSFPDEs are employed to describe
complex reaction-diffusion systems that exhibit anomalous diffusion and non-instantaneous reac-
tion kinetics. In chemical systems such as the Belousov-Zhabotinsky (BZ) reaction, and biolog-
ical systems involving morphogenesis, fractional models help explain the emergence of spatial-
temporal patterns such as animal coat markings.

This study introduces novel fractional-order Legendre-Jaiswal functions (FOLJFs) combining frac-
tional order Legendre functions (FOLFs) and fractional-order Jaiswal functions (FOJFs) to solve lin-
ear and nonlinear TSFPDEs, with the Caputo derivative for enhanced memory representation and con-
vergence. Utilizing operational and pseudo-operational matrices within a collocation framework, the
method simplifies problems into algebraic equations while ensuring high accuracy and reliability with
derived error bounds.

The originality of this work lies in the following contributions:

* Fractional Legendre-Jaiswal function development: A new function designed to overcome limita-
tions in existing fractional approaches.

* Rigorous validation: Numerical results and comparisons with existing techniques confirm this
approach’s efficacy and broad applicability, making it a significant advancement in the field.

Advantages of Legendre-Jaiswal function: The combination of Legendre and Jaiswal polynomials has
been deliberately chosen to exploit the strengths of both families. Legendre polynomials provide orthog-
onality and numerical stability, ensuring well-conditioned system matrices and spectral convergence.
Jaiswal polynomials, on the other hand, offer adjustable parameters that enhance flexibility and allow
the basis to capture non-smooth or fractional-order behaviors more effectively. The hybrid Legendre—
Jaiswal basis thus achieves superior approximation accuracy and faster convergence compared to using
either basis alone or other classical functions such as Chebyshev or Laguerre polynomials.

The structure of this article is as follows. Some basic definitions and important properties of Riemann-
Liouville fractional integral (RLFI) and the Caputo’s fractional derivative (CFD) can be seen in the begin-
ning part of the article in Section 2. The FOLJFs and function approximations are introduced in Section
3. Section 4 discusses the operational matrices (integral pseudo-operational matrices (IP-OM)) with frac-
tional and integer orders for FOLJFs. For solving both linear and non-linear TSFPDEs an algorithm is
presented in Section 5. Section 6 provides an overview of stability and convergence analysis. Section 7
presents figures and numerical results that show how accurate the suggested numerical approach is. The
conclusion and references are given in Section 8.

2 Preliminaries and basic definitions

In this section, basic definitions regarding RLFI and the CFD of fractional calculus are explained.
Definition 1. The definition of the RLFI operator for order 1 > 0 is

INu(z) = F(lm/oz(z—s)”lu(s)ds, z>0,

Iou(z) = u(z).
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The operator I" has following features for Y > —1:

a) I"ITu(z) = I"*Yu(z), b) I"Yu(z) = I"'1Mu(z), ) IMZ¥ = %zﬂ”.
Definition 2. The definition of the CFD of order 1) is

1 Z
DMu(z) =1""1(D"u(z)) = F(m—n)/o (z—s)" 1™ ($)ds, m—1 <n <m, meN, z>0.

3 Fractional-order functions

In this section, we introduce FOLJFs to solve fractional partial differential equations.

3.1 Fractional-order Legendre functions

The shifted Legendre functions L, (z), B > 0 on the interval [0, 1] is defined as [14]
Lg(z) =1, L[f(z) =278 1,

2m+1)(2zF -1
Lfiﬂ(z) = ( m—i_m)—f—lZ )Lﬁ(z) N mL_HLm—l(Z% m2>1. (1)

The FOLFs are specific solution of the normalized eigenfunctions of the singular Sturm-Liouville prob-
lem [14]:

(z—2""PYLB(2)) + BPm(m+ 1)2P LB (2) =0, z€ (0,1).

The explicit formula for Lﬁn(z) of degree mp is given by

Let f be a function defined over L?[c,d] which can be expressed in terms of FOLFs as

7= X ral0)

The truncated series of f can be written as
M
f@) = Y rulh(z) =R Lg(2), (3)
m=0

where R = [rg,r1,...,ry]" and Lg(z) = [LP (2), 1 (2),.... L5, (2)]".
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3.2 Fractional-order Jaiswal functions
The FOJF, denoted by J)/ (1), >0, is defined as [13]
Tty =1, J(t) =27, JL(t) = 4%,
Il s () = 20007 5 (1) = Ja(1), n> 1. “
The explicit formula of J} is given as

L%J (_l)qzn—1—3q(n_1_2 )|
JI(r) = D (=139 > 1. (5)
®) ng q!(n—1-3q)! -

Let & be a function defined over L?[0, T] which can be expressed in terms of FOJFs as

W) = ilwnJ)[(t).

The truncated series of 4 can be written as

N+1
h(t) = Y wadl (1) =W, (1), (©6)
n=1

where W = [wi,wa,...,wyi1]T, Jy(t) = [J](1),93(),... .5 ()]

3.3 Fractional-order Legendre-Jaiswal functions

Here, we introduce two variable functions to solve the two-dimensional problems. Let

WY (2, 0) =L ()T (1), (z.1) € Q=]c,d] x [0,T], m=0(1)M, n=1(1)N+1. (7)

4 Operational and pseudo-operational matrix of integration

In this section, integer and fractional-order different operational matrices are developed.

4.1 Integer order integral pseudo-operational matrix

Integer order IP-OM of FOLFs will be computed using Taylor functions of fractional-order, which are
defined as follows [17]:

Then, FOLFs can be written as
Lﬁ (Z) :AlTl} (Z), (8)

where Tg(z) = [I,ZB,ZZB,...,zMﬁ}T and

(=DUR (k) j>k,

OO .
Ar= [a}k](MJrl)x(MJrl)v a}'k = =R - Jk=0(1)M.
0, otherwise,
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Integrating FOLFs yields

Z Z Z
/OLﬁ(s)ds:/O AlTﬁ(s)ds:Al/O Tg(s)ds
=zA1B1T3(z) = 241 B1A] 'Lg (2) = 201 Lg (2),

where Q1 = A1B1A|" is the IP-OM of FOLFs and

1 .
s J=k .
By = [b}'k](M+1)><(M+1)7 b}'k = {(])ﬁ'i'l heruice J» k=0(1)M.

Similarly, we can write FOJFs as
Jy(t) = A To(1), ®

where Ty(t) = [1,17,#2Y,...,t"N"|T and A, = [aik](N—H)x(N-&-l) with
. i—k . ) .
FALE N (23 e >k, j=k (mod 3),

0, otherwise,

for j,k=0(1)N.
Integrating FOJFs, we get

t t t
/ J(s)ds = / AsTy(s)ds = Az / T, (s)ds = tAsBa T, (1) = tAsBoA; (1) = 102, (1),
0 0 0

where Q> = A2BrA5 !'is the IP-OM of FOJFs and

1 .
i =k .
By = [bik](N+l)><(N+l)v b?k = {(])Hl otherwise Js k=0(1)N.

4.2 Fractional-order integral operational and pseudo-operational matrix

Here, using specific properties of the RLFI, we obtain the fractional-order operational matrices of frac-
tional integration of FOLJFs.

Theorem 1. For { > 0, { order fractional integration of FOLF's is
I(Lg(2)) ~ nP4Lp(2), (10)
where uP-S is the (M + 1) x (M + 1) dimensional operational matrix of fractional integration.

Proof. Using the FOLF’s explicit formula, we get

(B D)t N B ()P )t
FLp) =1 (ZO R Zp)‘,,zo CEPICIE
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_ i p+m)(m+p)! C(pB+1) Y
p=0 N2 T(pB+E+1)
f LoBeL, o
where
dﬂc _ (—1)(P+m)(m+]9)! I'(pB+1) 1)

(m—p)i(p!)* T(pf+E{+1)

Using FOLFs, we can expand z/P +8 as
ZPB+E Nzoﬁ CLB (2). (13)
Substituting Eq. (13) in Eq. (11), we get

= f‘,dﬁf <Zoﬁ SIHE ) Z (Z xm,p> Zuﬁ,ﬁLzﬁ ), m=0(1)M
p=0

where xﬁ L d,ﬁpgoﬁ  Then ,uB'C can be found as

mip
x&é o xéié o i

B B¢

Z X]op Z X ' Z XlZp Z lep

pbt = Z %20,9 Z lep ): %22,7 Z ?Csz

Z XMOp Z XMlp Z Xsz ): %MMp

O
Using the transfer matrix, we can derive fractional pseudo-operational matrix of FOLFs as follows:
I (Lp(2)) = I° (A1 T3(2)) = Al S (T3 (2)) = A1 pP 4 Tg(2) = 5 A1pP P A L () = 0P P Lp (2), (14)

where Q? % is the TP-OM of fractional-order for FOLFs, Q? S —A lpﬁ=§A1_1 , and

TGBLD g

BL _ B¢ BL_ ) TGB+LrD) I T i, k=0(1)M.
P [pﬂ‘ orxorey: Pik {0, otherwise, g M

Hence, we get
IF(Lg(2)) = 20 P L () = uPELp ().
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Theorem 2. For a > 0, « order fractional integration of FOJFs is
I%(Jy(1)) = 670y (0), (15)
where OV% is operational matrix of dimension (N + 1) x (N + 1) of & order fractional integration.

Proof. Using the FOJFs explicit formula, we get

\.%J _1\gHon—1-3q(,, _ 1 _ |
Z ( 1) 2' (I’L 1 : 2q) : t(nqu)y)
= q!(n—1-3¢q)!

L& ()92 13 (0 — 1 - 2g).

107 (t(n—1—3q))/)

=0 q!(n—1-3q)!
n—1
_ (e (122" 13 (n—1-2¢)! T((n—1-3¢)y+1) [(n-1-3g)7+a
) g!(n—1-3qg)! I'((n—=1-3q)y+a+1)
15
_ Z d:)zf(}olt(rHqu)yﬂJc7 (16)
q=0
where 3
s (G271 -20)! T(n—1-3g)y+ 1) .
" q!(n—1-3q)! I((n—1=-3¢)y+a+1)
Using FOJFs, we can expand ¢("~1 7307+ 4
tn 1-3q)y+a ~ Z 570 (18)

Substituting Eq. (18) in Eq. (16), we get

B Net1 [ 155 . NED
-3 (Baro) X L a0 -T o - we
—

i=1 \ ¢=0 i=1

1.0 _ 510 sy, 7,0
where 6, " = dng"0,;". Then 6,; " can be found as

Y, Y. 7,0
110 120 130 o €1N+10
Z §21q Z 522q Z 5231] Z §2N+lq
VaY v,
7% — q§0§31q Z 532q Z 533,] Z §3N+lq
q; §N+11q q; §N+12q q; §N+13q q; §N+1N+lq



Novel Legendre-Jaiswal functions ... 769

We can derive the pseudo-operational matrix of fractional integration for FOJFs based on the transfer
matrix as follows:

1(1y(0)) = I*(AaTy(1)) = Aol *(Ty(0)) = 1"AapT Ty (1) = 1* AapT Ay Iy (1) = (TQL0r).  (19)

Here Qz’a is the IP-OM of fractional-order for FOJFs and qu/,a =ApT%A,; ! where

. - % j=k
v.0 _ a7 ,pl¥ = Jjy+a+l1)? ’ 7]{:0 1)N.
P P T <venys P 0, otherwise, / .

Hence, we get
I%(Jy(t)) = 17Q7 “Jy (1) = 67 Jy(1).
4.3 Error bound for the operational matrix of fractional integration

Lemma 1 ([4, 16]). Assume H is a Hilbert space and V is a closed subspace of H such that dim 'V <
oo, Let vi,Vva,...,vy be a basis for V. Let x be an arbitrary element in H and x* be the unique best
approximation to x out of V. Then

G(x,v1,V2,. ..y Vm)

2
lr="[l2 = :

G(vi,va,...yVm)

where
(x,x)  (xv) o (X vm)
G(X,V1,V2,. ., V) = (vix) (vv) e (Vi vm)
Wy x) ov1) o (Vi V)

Lemma 2 ([21]). Suppose § € L?|c,d) is approximated by gy

§(z) ~ gu(z) = ZOT’”LE’(Z)'

Consider Sy (2) = [*18(z) — &m(2)Pdz, then limy e Syr(8) = 0.
Define the error vector for FOLFs as

et =ILg —puPtLg, (20

where e¢ = [Efni:], m = 0(1)M. Now from Eq. (13) and Lemma 1, we get

G(ZpB+C’Lg(Z)7...,Lﬁ(Z)))é‘ @29

M
o245 - Y ol @l = (
= G(Ly (). L7 (). Ly(2))
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Hence, from Egs. (11), (20) and (21), we get

NEEE N2 = 1S (LB (2) - Y dbBé <Zoﬁ “1l(2) ) 2

p=0

Mo (=DPE (m4p)! T(pB+1) e OBCB
S e e T R L Z LF @)l

Lo (m+p)!  T(pB+1) (G(zPM,L{f(z),..-,Lfm))%
T m=p) P2 T(PB+E+ D\ G (2),1F (2),.... 15 (2))

Let W87 be a rearrangement of W87, Then the error vector of WB.Y with respect to z is defined as follows

(22)

RE = I59Py — BEgbr,

(23)
with W87 = (why @By By @By T ang
e 00
Xﬁ £ = Ivi < (vi1) Rubt = ¢ ,ulj’g O )
o 0 ,LLI;’C
where O is (M + 1) x (M + 1) dimensional zero matrix. Alternatively,
W#l%é %;%C
RS = wa WL = r?”%c (DN +1,
W15+Y1C rﬁzc
where
WPTE = /B8] = 15 L5 (2)J1 (1) — uPCLg(2)J2 (1), m=0(1)M, n=1(1)N + 1. (24)

From Egs. (22)-(24), we get

WP = 11 L (2D (1) — wP S Lg ()7 (1) 2
= 11 L (2) = P Lp ()T (1)l 2

: </OT /Cd UL (2) P4 Ly ()] (t)|2dzdt) |
) </d By —uP Ly (Z)|2d2> | (/OT |J,?<t>|2dr> |

= |15 Lg(2) = P Lg (|2 17 (1) 2

\_%J 2n—1—3q —1=2g)!

= 4'(n—1-3q)!
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1
f m+p L(pp+1) (G(zPB%,LS(z),...,Lﬁ<z>>>2 25)
12
PP T(PB+E+ D\ G(Lf (2),L0 (2),..., Ly (2))
Lemma 3 ([21]). Suppose h € L*[0,T) is approximated by hy
~ ~ N+1
h(t) ~hy(1) =Y 7 (0)
n=1
Consider Sy (h) = fo [h(t) — hy())?dt, then limy_,.. Sy (h) = 0.
For FOJFs, the error vector is
é[a :Ita\]'}/_ ey’a\]}/, (26)
where &% = [E/], n=1(1)N + 1. Using Eq. (18) and Lemma 1, we get
N+1 G t(n7173q)7+067‘]7/ t ’_“7‘]7/ t 3
¢ 1=3a)re Z~% ||L2:< ( . ; 1(7) . N+1(>)> . 27)
G(Jl (t)v‘lz (t)’ ce "]N+1(t))
Hence from Egs. (16), (26) and (27), we get
=Y, 0 i) ya
1ES 12 = 15 () Z dy Z g 22
n—1
<\LiJ (—1)72 134 (n—1-2¢)! T(n—1-3q)y+1) |
TS q!(n—1-3q)! I'((n—1-3¢)y+oa+1)
||tn 1-3q)y+o _ Z ~7a HLZ
|21
i 2" 134 (p—1-2¢)! T(n—1-3¢)y+1)
= 9(n—1-3q)! T((n—1-3q)y+a+1)
G(rn=1=3arve 7Y () 2
(SO KON o8
G(Jo(t)v'll (t)a see 7JN(t>)
Let ¥8-7 be a rearrangement of WA-Y. Then the error vector of WA-7 with respect to  is
RY = ["pB Y _gPaghr, (29)

where ¥8 = [‘Pg{y, ‘Pg,\?;p ,‘Pﬁ T/’\B/n}\lurl]T

’

% O

e o or¢

o =lminyxmin @07 =

S
> -

Qe

977(1
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and Ois (N + 1) x (N + 1) dimensional zero matrix. Alternatively

W P
T B.,')/,(X ~B7Y’a
- W. - F
Re= |70 | wpre= | | m=o()m,
WE’W 751}3;;?1
where
W« = [ 1%) = I7LB (2)0,(t) — 077 LE (2)J,(1), m = O(1)M. (30)

According to Egs. (28)—(30), we get

WA 12 = LR (2)y(0) — 87 “Lh () (1) .2
= |[[1y(t) — 674y (1)]Lh (2) |2

([ e o s o)

< ( /0 e - e%“Jy(t)]zdz) % ( / ’ \Lﬁ(Z)\ZdZ> i

= [1157,(1) = 674 0y(1) [ 2 IL5 2) .2

mo ()l L'ls'J[z'l”q(n—l—zq)! Cn—1-3¢)y+1)

§C2(dfc)l;b(m_p)!(p!)2 X = g!(n—1-3¢)! TI'(n—1-3q¢)y+a+1)

) (G(l‘(ﬂ13q)V+Ol’JE/(I)’.‘.7J17\/’+1(t))> %]
G(le(t)v‘]g(t)’""J;\/Ml(t)) .

€1y

5 The numerical method

In this section, we study linear and nonlinear TSFPDEs as

AV 9%V 9%V 9%V 9%V 9V IV
(aZC ) a[a 9 8t°‘—1 9 &ZZ’ atz 78Z78tav> —g(Z,t), ge (071]> ac (172]7

V0 =) 5 =) € 0.1 .

V(0,1) = Ro(t), V(1,1) = Xy(z), t € (0,0).

Let us assume that

0*V(z,1)
FEERa L (2)UJy(t), (33)

since the largest order of derivative with regard to z and ¢ is 2. Here the unknown matrix is U of dimension
(M+1) x (N+1). Integrating Eq. (33) with respect to ¢t and using initial conditions, we get

3V (z,1)

s S LERUQ(1) +pi () (34)
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Again, integrating Eq. (34) with respect to 7, we get

9%V (z,t)

S = PLERUQ0sI () + 1Py (2) + o (). (35)

Consider

t t t
/ sTy(s)ds = / SALT,(s)ds = Ay / ST (s)ds = A BTy (1) = PAs oAy T (1) = 20sT (1), (36)
0 0 0

where
) > ﬁ J=k
B, =[b" b: =< /v ’ i, k=0(1)N.
2= ,k](N+1) x(N+1)» Y 0, otherwise, J (1)
Now, integrating Eq. (35) with respect to z, we get
8\/ Z,l A ! ! " ! (9\/ 0,l
50 o 21U Gatlr) +1(51 ()~ £1(0)) + (o) —po(o) + P )

then

V(z,1) =21LE(2) 07 QT U202y (1) +1(p1(2) — $1(0) = 21 (0)) + (Bo(2) — Po(0) — 2 (0))

aVv(0,r)
pp + Ro(?), (38)

+z
where

z z z R R .
/0 SLﬁ(S)ds:/O SAlTﬁ(S)dS:Al/O sTﬁ(s)ds:ZZAlBlTB(Z) thAlBlAflLﬁ(Z) :Z2Q1LI3(Z),

(39)
and
S A - j=k, .
By [bjk](M+l) x (M+1)> b}k = {6’?” otherwise, J» k=0(1)M.
Here, in Eq. (3 8) ) is unknown. Integrating Eq. (38) with respect to z from 0 to 1 gives

V(1.0) = V(0,1) =’ ( / il <z>dz) QTUQ0%Iy(1) +1(pr(1) — p1(0) — 51 (0))

+(0(1)~ po(0) ~ () + T2,

where [ zLg (z)dz = [, AT (z)dz=STA], and S = [s;1], sj1 = ﬁ, j=0(1)M. Then, we get

9"52’[) =X, (1) — Ro(t) —2STAT QTU 0,000, (t) — 1(p1 (1) — p1(0) — B, (0))

— (Po(1) — Po(0) — po(0)). (40)
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By using the FOLJFs, the approximate values of %ﬁ” and V (z,t) are obtained by substituting Eq. (40)

into Egs. (37) and (38). Furthermore, we compute fractional derivatives using the Riemann-Liouville
fractional integral properties and fractional-order operational matrices as

9V (z,1) :,1—4(9"(“))
a7 z 0z

/ 1-¢ , )
=PLE) )T OI U002 1) + 1141 (2) = =510 + (1452
-¢ 1-¢ A
_ﬁpo(o))_"h(xl(l‘)— N()(l‘)—tZSTA{ {UQZQZJ;/(I‘)
—1(p1(1) = p1(0) — p1(0)) — (Bo(1) — Po(0) — fp(0))). “n

We can calculate ,uﬁJ_g as uP <, Integrating Eq. (33) with respect to z, we have

3V (z,1) T 3V (0,1)
W >~ ZLB (Z)Ql U]}/(l) + W 42)
" 2V (z0) V(0.1
V Z,t ~ 2 T AT T V O,t "
T—Z Lﬁ(Z)Ql Ql U]y(t)‘i‘ZW"‘&o(f) (43)
Integrating Eq. (42) from 0 to 1 with respect to z, we get
3V (0,t ” p
SO0 i) - x40 - s"aTof )
Then
BZV(Z,t) 2, T N T " " T AT AT "
o —F Lg(2)Q101 UJy(t) +2(X (1) — R (1) = ST A} Q1 UJy(1)) + Ry (1) (44)

Integrating the above equation with respect to ¢, we obtain

AV (z,t)
ot

~ 2tLE(2)10] UQay(t) +2(X (1) — Ko (1) —tSTAT Q[ U QaJy (1)) + Ro (1) +P1(2).  (45)

o
Then, we calculate J Xlsf"’) as

IV@t) o V(1)
ot ! 82t
=25 (20T OTUO™ (1) + 22X} (1) — I (1)
— STATQTUOT g, (1)) 4+ 1N (). (16)

We can calculate 871~% as 87%. We derive an algebraic equation by placing the previously mentioned
approximation functions in Eq. (32). Then, we take collocation points as
2j—1 2k—1

Zj:m;J':l(l)M‘i‘lv[k:mvkzl(l)lv‘i‘l- (47)
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Then, the unknown matrix U is obtained using Newton’s iterative method. Putting U in Eq. (38) we get
an approximate solution.

Algorithm 1: Solution of TSFPDE using FOLF and FOJF spectral method

Input: TSFPDE (32) with ICs/BCs; parameters M,N, 3, 7; tolerance &q,.
Step 1:
Construct FOLFs Lg(z) and FOJFs Jy(t) using recurrences (2), (5).

Compute operational matrices Q1, 01,02, 0>, uP-¢, and 67%.
2i—1 2j—1

Generate collocation points: z; = 200510 L = ey
Step 2: \

Assume % 2 Lg (2) U Jy(2).

Derive approximations of all terms in F(-) using Equations (35), (37), (38), (41), (44), (45)—(46).
Step 3:

Substitute approximations into TSFPDE (32) at points (z;,?;).

Form nonlinear algebraic system F(U) = 0.
Step 4:

Solve F(U) = 0 (e.g., via the Newton—Raphson method) until ||F || < &q).
Step 5:

Construct approximate solution using Eq. (38).
Output: Approximate solution.

6 Theoretical analysis: stability and convergence

6.1 Stability analysis

Theorem 3 (Conditional Stability of the Discrete System). Consider the nonlinear algebraic system
F(U) = 0 derived from the FOLJF collocation method for the TSFPDE (32), where U is the vector of
unknown coefficients. Let U* be the solution corresponding to the original data D = (g, po, p1, Xo, X1),
and let U* be the solution corresponding to a perturbed data D = D + 8D. Assume that

1. The Jacobian matrix Jp(U) of the system is Lipschitz continuous in a neighborhood of U*, i.e.,
there exists a constant L > 0 such that

IV (V) = Jr(W)[ < L[V -W]|, VV,We B(U,R).

2. The Jacobian Jp(U*) is non-singular, with a condition number x (Jr(U*)).

Then, for a sufficiently small perturbation ||0D||, the perturbation in the numerical solution is bounded

by
|U* = U*[| < Cx(Jr(U")) | 0D,

where the constant C > 0 depends on the Lipschitz constant L and the specific norms used.

Proof. The perturbed system satisfies

F(U") +G(SD) =0,
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where G encapsulates the effect of the data perturbation on the discrete system. Using a first-order Taylor
expansion of F(U*) around U*, we have

F(U*) = F(U*) +Jp(U*)(U* - U*) +R,

where the remainder term R satisfies ||R|| < 4||U* — U*||? by the Lipschitz continuity assumption. Since
F(U*) =0 and F(U*) = —G(8D), we obtain

Jr(U*)(U* —U*) + R = —G(8D).
Solving for the solution perturbation gives
U —U* = —Jr(U")"'[G(6D) +R].
Taking norms and using the submultiplicative property we have
10* = U < Ve (U") M (|G (D) + [IR]})
< (o) (K3l + 510 - v ).

where we assume |G (8D)|| < K||0D|| for small perturbations. For sufficiently small ||6D||, the quadratic
term becomes negligible compared to the linear term, yielding

10" —U*|| < |lJ7(U*)~1||K]|8D]| + (|| D).
Using the relationship between the matrix norm and condition number, |JF(U*)~!|| < KUEU)) e

) VF (U9
obtain the final bound
U =U*|| < Cx(Jr(UY))[|6D],

where C = K/||Jg(U")||. This completes the proof. O

6.2 Convergence analysis

Theorem 4 (Spectral Convergence for Smooth Solutions). Let V(z,t) be the exact solution of the TSF-
PDE (32). Let Vi n(z,t) be the numerical solution obtained by the FOLJF spectral method with trunca-
tion parameters M and N, and basis fractional orders B and y. Assume that

1. The function V(zP ,t7) is analytic on the domain Q.

2. The initial and boundary conditions Py, p1, Xo, X1 are compatible and can be approximated with
spectral accuracy by the chosen bases.

3. The Jacobian matrix in the Newton-Raphson iteration remains non-singular for all M,N greater
than some My, Ny.

Then, the numerical solution converges to the exact solution exponentially fast (spectral convergence).
Specifically, there exist constants C,py, Py > 1, independent of M and N, such that

IV = Viwllzz) < Cloa™ + ™).



Novel Legendre-Jaiswal functions ... 777

Proof. We decompose the total error into three components:

IV =Vaunllzg) < IV = PunViize) + 11 2usV = Vunlze) + 1Yy — Vi lize)

Eproj Episc Elg

where 2y nV is the best approximation in the FOLJF space, and VMJ\] is the exact solution of the
discretized system. The three components are defined as follows:

* Eproj = [V — PunV| 12y denotes the projection error, which arises from approximating the
exact solution V by its projection onto the finite-dimensional FOLJF space.

* Episc = || ZunV — VM,NH 12(q) denotes the discretization error, which measures the difference
between the projected exact solution and the exact discrete solution of the numerical scheme.

* Eplg = HVM N—Vunl 12(q) denotes the algorithmic error, which reflects numerical inaccuracies
(e.g., iterative solver tolerance or round-off errors).

By Assumption 1, V(28 ¢7) is analytic. Since the FOLFs {LE1 (z)}_, and FOJFs {J}(t)}:>_, form com-
plete orthogonal systems in L[0, 1] and L]0, T] respectively, thelr tensor product is complete in L?(Q).
For analytic functions, the expansion coefficients decay exponentially. Therefore,

Eproj = HV PunV |z < K(e™ @M+ %) < Ci(pyM +py™),

where py = e™, py = e“*

The numerical method constructs the solution by integrating the assumption 57 LV a z2 LEU Jy. This
operational matrix approach is exact within the space Vj; 5. The collocation procedure is consistent, and
for spectral methods applied to smooth problems, the discrete solution is quasi-optimal:

||<@MNV VMN||L2 <C2HV QMNVHLZ

Thus, Epise < C2(py" +py™).
Under Assumption 3, the Newton-Raphson method with a sufficiently accurate initial guess con-
verges quadratically. After k iterations we have

I k 1
Ve = Vol < 1V = Vi 12210y

By iterating until the error is below a tolerance &, we can achleve Ealg < &o1, Which is negligible
compared to the exponential terms for large M, N.
Combining all three error components gives

IV =Vuwllize) < Criey™ +o3™) +Calpy™ + p3™) + 0
§C(PM +PN )+8t017

where C = C| + C,. For sufficiently large M, N, the exponential decay dominates, proving spectral con-
vergence. O

Remark 1. The convergence rates py and py are critically dependent on the analyticity properties of
V(Zﬁ ,t7). The optimal choice of basis parameters is often B = { and y = «, which aligns the structure
of the basis functions with the differential operators in the governing equation. This alignment typically
maximizes the region of analyticity of V(zﬁ ,t7) and consequently optimizes the convergence rates Py
and py.
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Figure 1: (a) Numerical solution, (b) analytical solution and (c) absolute point-wise error forM =1, N=1, B =
0.5, and ¥ = 0.5 for Example 1

7 Numerical experiments

In this section, some numerical experiments are conducted to verify the precision and efficacy of the
presented method. Furthermore, L., error of the illustrated examples are presented, which is stated as

M.N
e, YV Gl
n=0,1,....N

where the exact solution at (z,2,) is V(zm, %), and the approximate solution is V,!. The computations
for the examples are carried out using Python 3. Newton’s method converges within 10 iterations based
on the selected tolerance of € = 10717,

Example 1. Consider the following problem [4]:

=

02V(z,1)  I:V(zt) 2ur 2z
Tl Tl TvAavm
V(z,0) =0, z€[0,2],
V(0,t) =0, €]0,1].

The exact solution of this example is V(z,¢) = z¢. We compared our results with the results in [4] for this
example. Set M = N = 1, and now we have varied the value of z, ¢ to compute the L. errors. Table 1
contains the comparison of L., errors for different values of z and ¢. It show that, we have achieved more
precise results than the reference [4]. In Table 2, we have presented the L., errors for different values of
B,7,t. Figures la, 1b, and lc present the 3D graphical representations of the approximate solution, the
exact solution, and the absolute error of Example 1, respectively.

Example 2. Consider the following problem [4]:

0%V (z,t) dV(zt) 7%
e T = sin(z) +cos(z), & € (0,1],

I'2—a)
V(z,0) =0, z€[0,1],
V(0,¢) =0, t € (0,00),
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4.2074e+00 4.2074e+00 5.3606e-06
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Figure 2: (a) Numerical solution, (b) analytical solution and (c) absolute point-wise error for N =4, M =6, a =

0.25, B =1, and y = 0.25 for Example 2
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Figure 3: (a) Numerical solution, (b) analytical solution and (c) absolute point-wise error for N =1, M =4, B =

Y= o = 0.25 for Example 3

where the exact solution is V(z,¢) = rsin(z). Figures 2a, 2b, and 2c present the 3D graphical representa-
tions of the approximate solution, the exact solution, and the absolute error of Example 2, respectively.
Table 3 displays the L. error for z € [0, 1] and 7 € [0,5] with different values of 8,7, N, M. For different
N,M and for B =y = a = 0.5 with t = 25,50, 100, and z € [0, 1], L. errors are shown in Table 4.

Example 3. Consider the following problem [4]:

V(zt) | o _ 2 o,
3 +Vi(z,1) = rG_a) +z71%, a e (0,1],
V(Z,O):O, wzog zE [0,1],

V(0,0)=0, V(1,r) =12, 1€ (0,0).

This problem has an exact solution V(z,¢) = z¢*>. The comparison of absolute errors for 8 =y = o = 0.25
and M =4, N = 1 with [4] is displayed in Table 5. Tables 5 and 6 demonstrate that, with the help of a
few terms of fractional-order Legendre-Jaiswal functions, we were able to obtain a good approximation
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of the exact solution. Figures 3a, 3b, and 3c present the 3D graphical representations of the approximate
solution, the exact solution, and the absolute error of Example 3, respectively.

Example 4. Consider the following problem [31]:

0%V (z,t)  dV(z,t) 9*V(z1)
R N

V(z,0) =222, z€(0,1),

V(0,1) =V (1,1) =0, 1 € [0,1],

2t2—a
m(zz _Z3) + (tz + 1)(222 — 323 +6Z—2).

1), o € (0,1],

g(z,t) =

The exact solution of this problem is V(z,¢) = (t? 4 1)(z* — 2°). Table 7 presents the comparison of
absolute errors between the proposed Legendre-Jaiswal collocation method and existing numerical tech-
niques for various values of & at § = 0.5, y=0.5 and N = 2, M = 6, demonstrating that the present
method yields significantly smaller errors and superior accuracy. Figures 4a, 4b, and 4c present the
3D graphical representations of the approximate solution, the exact solution, and the absolute error of
Example 4, respectively.

Example 5. Consider the following time-fractional Fisher’s equation [23]:

(09V(z,1)  V(z1)
1% 92
V(z,0) =0, z€ (0,1),
V(0,r) =% V(1,1)=0, t € [0,1],

g(z,t) = %(1 —zz)tal;((zgjll))

_V(th)(l _V3(Z7t)) :g(z,t), o< (O’IL

=227 (1 — 4z — 2% — [*%(1 = 22)e¥][1 — (2 (1 — 2)e)°].

The exact solution of this problem is V (z,) = (1 —z*)e*#>*. The comparison of absolute errors between
the suggested Legendre-Jaiswal collocation method and numerical techniques [23] for different values of
o, Nand M =9, B = y=0.9 is shown in Table 8, which shows that the current method produces signif-
icantly smaller errors and superior accuracy. Figures 5a, 5b, 5c present the 3D graphical representations
of the absolute error for N =4, M =9, B = y= 0.9, corresponding to & = 0.5, a = 0.8, o = 0.95
respectively.

Tables 1-8 demonstrate the effectiveness and accuracy of the proposed method in solving the time—space
fractional convection—diffusion, convection—diffusion—reaction, and nonlinear Fisher equations. They
also show that the approximate solutions obtained for each selected ¢, 8, and 7y closely match the corre-
sponding exact solutions.

8 Conclusion

This paper presents fractional Legendre Jaiswal functions and its application to the FPDE’s numerical
solution. We employed the collocation approach using integral operational operational matrices with
fractional and integer orders to solve this problem. We have used a limited number of Legendre-Jaiswal



Novel Legendre-Jaiswal functions ... 781

Table 1: Comparison of the L., errors of Example | for N=M =1and § =y=0.5

Present method In Ref. [4]
z/t 0.2 0.5 0.8 0.2 0.5 0.8
0.1 0 1.3878e-17  4.1633e-17 3.83e-17  7.34e-17  9.15e-17
0.3 0 2.7756e-17  5.5511e-17 8.02e-17 1.52e-16  1.89¢-16
0.5 0 0 0 9.37e-17  1.77e-16  2.17e-16
0.7 2.7756e-17  5.5511e-17  1.1102e-16 8.57e-17  1.59%-16 1.92e-16
0.9 0 0 1.1102e-16 8.57e-17 1.59%e-16 1.92e-16
1.1 0 1.1102e-16  2.22045¢-16 1.75e-17  2.40e-17  1.56e-17
1.3 0 1.1102e-16  4.4409e-16 3.8%-17 8.7le-17 1.27e-16
1.5 5.5511e-17  2.2204e-16  4.4409¢-16 1.08e-16  2.23e-16  3.03e-16
1.7 5.5511e-17  3.3307e-16  6.6613e-16 1.90e-16  3.84e-16  5.09e-16
1.9 0 2.2204e-16  6.6613e-16 2.84e-16  5.67e-16  7.43e-16
CPU Time 0.025 0.025 0.030 - - -
(Second)
Table 2: L. errors of Example 1 for z € [0, 2]
M N B Y t=50 CPU Time t =100 CPU Time t =200 CPU Time

(Second) (Second) (Second)
1 1 0.5 0.5 2.3093e-14 0.019 6.7502e-14 0.020 1.9185e-13 0.021
025 0.5 1.2257e-13 0.039 3.1974e-13 0.041 8.7041e-13 0.042
3 2 075 025 1.0232e-12 0.049 2.9985e-12 0.049 9.0594e-12 0.049

[

Table 3: L., errors of Example 2 for z € [0, 1] and 7 € [0, 5] with different values of 3, y, N, M

B Y o« M N  Leerror  CPU Time
(Second)

1 174 1/4 4 4 1.7027e-09 1.299
174 174 6 4 2.2401e-09 3.245
172 12 172 3 2 3.1419-04 0.432
12 172 8 2 1.6509e-08 1.932
/4 12 6 4 2.2114e-05 3.107
174 1/4 8 4 5.5556e-08 5.859
173 12 12 12 2 1.6757e-08 4.444
173 173 3 3 4.1361e-03 0.630
173 13 9 3 8.1951e-05 4.457
174 14 14 4 4 29786e-05 1.575
174 174 12 4  9.1010e-06 13.144

Table 4: L. errors of Example 2 for § = y= a = 0.5 with z € [0, 1]

N M t=125 CPU Time t=50 CPU Time t =100 CPU Time
(Second) (Second) (Second)

2 8  6.7282e-04 1.503 3.3788e-03 1.503 1.5451e-02 1.503

2 12 2.0298e-06 4.220 1.0163e-05 4.220 4.6399¢-05 4.220

3 9  7.2517e-04 4.330 4.9267e-03 4.330 3.1764e-02 4.330

3 12 1.2758e-05 7.840 8.5885e-05 7.840 5.4999¢-04 7.840

functions and obtained good results. We achieve great accuracy because of the pseudo-operational matrix
technique. In conclusion, the numerical results validate the high accuracy and efficacy of the proposed
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Table 5: L. errors for z € [0, 1] with various 3, ¥, o, ¢ of Example 3

Present method, N =1, M =4 InRef. 4, N=1,M=4

a=B=y=025 a=B=y=025

z/t 0.2 0.8 1.5 5 0.2 0.8 1.5 5

0.1 8.6736e-19 0 2.7756e-17  1.3323e-15 4.26e-09 2.66e-08 2.40e-07 2.66e-06
0.2 6.2450e-17  1.9151e-15 1.2712e-14  3.0109e-13 2.82e-09 1.76e-08 1.58e-07 1.76e-06
0.3 6.938%-18 5.5511e-17 1.1102e-16  2.6645e-15 1.17e-09  7.34e-09 6.60e-08  7.34e-07
0.4 6.9389%-18 5.5511e-17 4.4409¢-16  1.2434e-14 4.27e-10  2.66e-09 2.40e-08 2.66e-07
0.5 1.3878e-17  1.0547e-15 6.4393e-15 1.4744e-13 1.93e-09  1.20e-08 1.08e-07  1.20e-06
0.6 4.8572e-17  2.3315e-15  1.4655e-14  3.3040e-13 3.33¢-09 2.08¢-08 1.87¢-07 2.08e-06
0.7 6.2450e-17  3.1086e-15  1.9540e-14  4.4409e-13 4.63e-09 2.89¢-08 2.60e-07 2.89¢-06
0.8 4.1633e-17  3.1086e-15 1.8208e-14 4.0501e-13 5.84e-09 3.65e-08 3.28e-07 3.65e-06
0.9 2.7756e-17 8.8818e-16  6.2172e-15  1.3856e-13 6.96e-09 4.35¢-08 391e-07 4.35e-06
CPU Time 2.176 2.176 2.061 2.037 - - - -
(Second)

Table 6: L., errors of Example 3 for z € [0,1] and 7 € [0, 1]

M N B Y o Error CPU Time
(Second)

2 2 1 0.5 0.5 1.654
0.5 0.5 1 5.5511e-17 1.678
1 025 05 3.4694e-18 0.835
4 4 025 025 05 1.1102e-16 26.157
1 025 05 5.551le-17 25.388
1 0.5 025 5.5511e-17 22.673
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Figure 4: (a) Numerical solution, (b) analytical solution and (c) absolute point-wise error for N =2, M =6, 8 =
o =7y =0.5 for Example 4

method.
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Table 8: Comparison of the absolute errors with the Ref. [

S. Tarei, A. Kanaujiya

] for B = y=0.9, of Example 5

Present method (M = 9)

Roul (M =1000) [23]

a N L error CPU Time N L. error
(Second)

05 3 7.7462e-08 209.731 20  3.4000e-03
4 7.7398e-08 354.729 40 8.6499¢-04
5 7.7514e-08 506.462 80 2.1920e-04

08 3 6.5644e-04 212.772 20 4.7000e-03
4 1.9966e-04 351.899 40 2.2000e-03
5 8.7640e-05 520.444 80 3.1241e-04

095 3 3.9574e-08 219.457 20 4.6000e-03
4 3.9087e-08 353.541 40 1.2000e-03
5 3.9476e-08 506.094 80 3.0555e-04

(a)

(b)

(c)

Figure 5: Absolute point-wise error for Example 5 with M =9, N=4, § =0.9, and y=0.9: (a) a =0.5

(b) x =0.8 and (¢) o =0.95
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