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Abstract

This study presents an innovative numerical scheme to address the non-
linear time-fractional coupled Klein-Gordon-Zakharov equation. The spatial
derivatives are approximated using a pseudo-spectral method, which utilizes
Lagrange polynomials at Chebyshev points as basis functions. Time dis-
cretization is accomplished through the finite difference method. The pro-
posed scheme is rigorously proven to be unconditionally stable, ensuring ro-
bustness in numerical simulations. Furthermore, the time convergence order
of the scheme is derived, highlighting its reliability. Numerical experiments
demonstrate the exceptional accuracy and robustness of the method, with its
exponential precision offering precise and reliable solutions. This approach
serves as a powerful tool for solving complex non-linear partial differential
equations, making it highly applicable in various scientific and engineering
domains that demand effective and efficient computational techniques.
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1. Introduction

During the last few decades, fractional differential equations (FDEs) have been
significantly used in several models, including signal processing, traffic flow and
diffusion models, and the fluid flow model [1-4]. Also, non-integer calculus has
been given attention in some fields of mathematical biology, electro-chemistry [5],
and different physical phenomena, including relative stress and strain for elastic
or viscoelastic materials and Hook’s law [4, 6, 7].

Plasma, which consists of two intertwined fluids —the electron fluid and the
ion fluid— is modeled. These fluids exhibit different behaviors on two distinct
timescales: fast and slow. The significant disparity in mass between electrons
and ions gives rise to this dichotomy. When subjected to an external force, elec-
trons accelerate much more rapidly than ions due to their significantly lower mass.
Specifically, we define u(z,t) as a complex function related to the fast timescale
component of the electric field generated by electrons, and v(z,t) as the real func-
tion representing the deviation of ion density from its equilibrium state. To de-
scribe the interaction between Langmuir waves and ion-acoustic waves in plasma,
we can use coupled Klein-Gordon-Zakharov (KGZ) equations [8-10]

aat: = Au—u—uv—[ufu+tf,

980 (1)
_ 2

517 = Av+ A(|u]?) + g,

where 1 < o, 8 < 2, and with the following initial conditions

{u(z,O)O— uo(x), {v(x, 0) = vo(x), @)

3 (2,0) = v (2),
for z € Q C R?, and the homogeneous boundary conditions
u(z,t) =0, v(x,t) =0, z€ed, te][0,T). (3)

Here f, g, ug, w1, vo, and v; are known smooth functions, € is a rectangle in R2,

and T > 0 is the final time. The %:3 and % denote the Caputo-type fractional

derivative of order v and 3, respectively.
The Caputo fractional derivative of order « is defined as

i) — L A0
CD””f(x)_F(n—a)/O (z—t)a+1—”dt’ n—1<a<n,

where I'(+) is the Gamma function [4, 6].

The KGZ equations exhibit a shape similar to both the Zakharov equations and
the Klein-Gordon-Schrédinger equations. Researchers have investigated the exis-
tence of solutions and the stability behavior of KGZ equations in various studies,
as referenced by the following works: [11-14].
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Ray and Sahoo [15] employed the homotopy disorder transformation method
and the modified homotopy analysis method to derive approximate solutions for
the KGZ equation. In another study [16], the trivial conservation laws and exact
solutions were further modified and extended using the hyperbolic function method
for the non-linear coupled KGZ equation. Jia et al. [17] utilized an efficient ex-
ponential sum approximation to estimate time dependencies while employing the
Fourier spectral method to approximate spatial derivatives in the KGZ equation.
Additionally, several other numerical methods have been implemented for solving
KGZ equations, including the g-homotopy analysis transform method (q-HATM)
[18], the quintic B-spline based differential quadrature method [19], and the Differ-
ential Quadrature (DQ) and Globally Radial Basis Functions (GRBFs) methods
[9].

This paper comprises six sections. In the second section, we explain the method
of discretizing the time derivatives. In the third section, we introduce the pseudo-
spectral method and apply it to the non-linear coupled KGZ equation, resulting
in the final discretized equation. In the subsequent section, we demonstrate that
the presented scheme is unconditionally stable. Moving on to the fifth section,
we showcase the effectiveness of the proposed method by implementing three test
problems. Finally, we give the conclusion of this paper.

2. Time discretization scheme

In this section, we discuss how to discretize the time derivative terms. Considering
that the time derivation is fractional, we introduce some definitions and lemmas
to do this.

Let u* = u(x,t) is a grid function on Q x (0,7"). We introduce the following
symbols:

uk—1/2 — (uF +uF1) Suk—1/2 =

N — N~

Soub 12 = (52" + Pk (4)
where ¢, = kn (k=0,1,---,N), and 7 is the time step size.

The approximations of the fractional time derivatives in Equation (1) are given
as [20]

ocuk N 1
ot T (2 —a)

k=1
[Mo&uk_lp - Z (ki1 — i) Opu' 12 — Nk1¢11 . (5)
=1

9P v L k—1/2 -« i—1/2
o7 ¥ e =B fod* 2 — ;(ﬂkﬂ‘q — i) 50" — 1|, (6)
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where ¢, = %ﬂtzo and ¢o = %\tzo. The coefficients p; and fi; are obtained as

tjt+1 dt 772706

- _ = - ; 12704_ N2— >0 .

Hi /t; toc—l 2« [(-] + ) (.]) ] ’ J =Y, ( )
) tit1 dt 772—,8 ' - L .

Hj:/t,. tﬂ—lzz_ﬁ[(3+1)26—(J)2 71, i=o. 8)

Lemma 2.1. (/20]). Let h(t) € C?[0,t], then we have

k—1

b dt 1 —

Wit)———— — = h(ty) — _j—1 — pg—j) h(t;) — pr—1h(t
| =5 [mohte) 3 (ks = i) ) i)
S [ (8P~
“2-a| 12 " 3-a e T

where (1 is defined in (7) and 1 < a < 2.

Therefore, according to the Lemma 2.1, the accuracy of approximations (5)
and (6) are of orders n>~ and n3~?, respectively. Now, using the approximations
(4)-(6), we obtain the time discrete scheme of coupled KGZ equation (1) as

k—1

1 [ k—1/2 i—1/2 2, k—1/2
— | Hodsu - Z (Hhk—i—1 — Ph—s) Oru - ,Uk—lﬁﬁl} =0 u
n'(2 —a) ~
+ 6511,1671/2 _ uk71/2 _ (uv)k71/2 . (‘u|2u)k71/2 + fk71/27 (9)
1 k—1

L k—1/2 . ~N s oi—1/2 - 2 k—1/2
— {Mo&v - Z (fikg—i—1 — for—i) Opv - Mk71¢2} =0,v
nl'(2 - B) e

+6§,Uk‘71/2 —|—A(|u|2)k71/2 +gk71/2’ (10)

for k=1,2,...,N. In the next section, we will discuss how to apply the pseudo-
spectral method on the Equations (9)-(10).

3. The Pseudo-spectral method

In this section, we give a brief explanation of the pseudo-spectral methods (for
more information about the spectral and pseudo-spectral methods, see [21]). In
pseudo-spectral methods, choosing the bases of the approximation space is very
important. In this work, we present a suitable approximation of the solution in
terms of Lagrange polynomials, which leads to spectral accuracy or exponential
convergence. Note that we use the pseudo-spectral method only to discretize the
spatial variable. Also, we describe the implementation of the method for the two-
dimensional case.
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Suppose © C R? is a bounded rectangle domain and n, is a positive integer.

We consider Chebyshev points as nodal points

Lij = (COS(i?T/?’Lp)7COS(j7T/np)) ) Z7j = 07 1a s Mpe

(11)

We consider the solutions of the KGZ equation (1) as a linear combination of

Lagrange polynomials as

np—1

u(w,t) = Y i (i(@),  wi(t) = ulwi, ),

1,j=1

npy—1

vz, t) = > v (O)i(x),  vi(t) == v(@iy,0),

i,j=1
where /;; are Lagrange polynomials, which are defined as

Ezj(x7y) = El(x)gj(y)a Z7J = 07 17 e, Ny,

T — .
Ei(x):H(x__l_ ), i=0,1,...,np.
k=0 i k
ki

Note that /;(x) € P,,, (polynomials of degree < n,) and satisfy in the Kronecker

Delta property

fz(xj):61j7 i7j:071a"'7np'

We could find the second-order derivatives of ¢;;(-) concerning = and y in Cheby-

shev nodal points (11) as

D tisonn) = ety = [02] 5,
o2 1\ Trs) = L (2r)bi(Ys) = | Dn, jss

4 li =Y i =6, | D?
87242 ’Lj(ajTS) - z(ir'r‘) j(ys) — Ur [ np:| )

Js

where r,s =0,1,--- ,n,. Applying relations (12)-(13) and (5)-(6) to the Equation

(1), we have

np—1
1< 1 _
V1 proul” — 3 Z Alij(zrs)ui; + §u;’§ = v pou™ !

ij=1

1

np—1
1 P
+ 3 Z Al (s )ulr ™ — —um =t — T (g ?)

17 2 s TS
i,j=1
m—1

+ 1 Z (Hm—im1 — fm—i) 5tui§1/2 + Viftm—101

i=1

m—1, m—1
Upg
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+fm717 T,SZO,I,"',np, (14)
np—l 1np—1
VafigUyy — Z Al (zrs)vis = VafioUyy Ly 2 Z Al zrg) -1
7,] 1 ’L] 1
ny—1 m—1
+ Z Aéz] xrs)(|um| )"L ! +V2 Z lffm i—1 — ,U/m ’L) 615”1 1/2
3,j=1 =1
+ Vo fim— 1¢2+gm 1; r,s=0,1,--- y Top. (15)

, 1 1
where f = f(2ps,t™), g7 = g(Tps, t™), 1 = PN G and vy = =gy are two
constant coefficients, and n = T/N is the time step. In addition,

Al (zrs) = [DZJ” 0js + Ors [Dip]js , rs=0,1,...,np, (16)

where D,%p is the second-order derivative matrix in Chebyshev points [22].

4. Stability

In this section, we present a theorem along with its proof to demonstrate that the
method described in Section 2 exhibits unconditional stability. To facilitate the
stability analysis, we introduce the following operators:

n—1

P (U"‘%,qbl) = pou" /% — Z (tn—t—1 = pn—i) W% = i1, (17)
k=1

n—1

P ("4, 0) = fiov" 2 = (et = k) T fraa (1)

k=1

Using these operators, we can write the time discrete schemes (9)-(10) as

=P (B =h 61 ) = Awr=h —wr=h = (o) d = (uPuyd 4 ok,
mﬁ 5”’”7%,41)2) = Av" 3 4 A(juf?) " F + g3,
ut =" =0, ze€d,

By using Lemma:

Lemma 4.1. ([23]). For any ® = {®1, @3, -} and ¢, we obtain

t2a
(P, ) @ nzqﬂ 7)&, YN =1,2,....

n=1

uMz

we have the following theorem for the stability of the scheme.
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Theorem 4.2. Asumme u",v" € H}(Q) and ¢; = %hzo,qﬁg = %\tzo. Then
the time discrete scheme (19) are unconditionally stable and we have the following
inequality

u™ L2y < C1, [v"[[L2q) < Co,

where Cq,Cy are positive constant.

Proof. By multiplying the two sides of the equations in (19) by Sun~2 and 60"z
respectively, and taking the integral over the 2, we have

1

n—1
e 0 (0" T2 5" ) = > (ko1 — k) (5P T 6 u" ) — 1 (1, Gpu" )
72— a) { = }
(

= (V2™ 2, ") — ((u"77), 60" 7) — ((uv)" "2, u"" %)

— ((JulPu)"= 2, 8,u" %) + (f"7 %, 6u" %), (20)
1 n—1
10 (80" ™2, 50" %) = > (fin—k—1 — fin—r) (60T 26,0"75) = fip_1 (2, 0,0" )
nh(2 —p) { = }

= (V20" 2, 6,0™72) + (V2(Ju[?)"2, 8,07 2) + (¢ 2, 6,0™ 7). (21)
Using the L?(2)-norm we obtain

1 n—1

n—1 -1 n—1
m{ﬂowtu 2 ||%2(Q) - Z(Mn—k—l - Mn—lc)||5tuk 2 ||L2(Q)||5tu 2 ||L2(Q)
k=1

— tin-1llon 2o 0™ 2oy } < —(Tun ™3, Vo) — wrh 6 )

— ((u0)" "%, 8" E) — ((JulPu)" "%, §u" T E) + (fPTE, uT ), (22)

n—1
1 ~ n—i ~ ~ -1 n—i
m{uoww 2 T2y = D k-1 = fin—#)[6:0 2| L2 () 100" 2| L2 (@)
N k=1
— fin-1lldall 2@ 100" 2 | < —(Vo"~H, Vo)
+(V2(luf?)" =2, 600" 2) + (g7 %, 60" ). (23)

Now by considering relations

—1 —1
(u”—%,étu"—%):/un—%atu"—%dsz:/(“n‘w" )(“n_“" )dQ2
Q Q 2 n
1 ny\2 n—1\2 1 n|2 n—1)2
= 5 | (@ = @) a0 = o[ e — )

(Vu™" 2, Véu""?) = / Vu"" 2 Veu" 2 dQ)
Q
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n n—1 n n—1
_ /Q(Vu —|—2Vu )(Vu —nVu )0
= 5 [ (P = (T2 a = IV — 1907 o |25)
and taking sum for n =1,...,m, we get the following inequalities
1 - n—32 = k—1 n_l
CErpD {molldeu=# 320, - R LT PO LT P

n—=x 1 m
= pneallallz o I H iz } + oo [0 Wi — 14 o)

1 m
+ o [HVU %20 — ||Vu0||%2(9)}

< = > { (o) 0 E) + (uPu) =, s E) - (78 )
n=1
(26)
1 m R T n—1 R A . o
m Z {MO”(StU 2 ||L2(Q) - Z(Mn—k—l - Mn—k)H(St’U 2 HLZ(Q)H(S,*,U 3 ||L2(Q)
n=1 b—1

. n—1 1 -
~ il 130 H e } + 50 (190" (g — V0o

Z{ (V2(ju?))"~ %, §po"~ z)+(g"—%,5tw—%)}. (27)

Using Lemma 4.1, and the inequality
1 2
Pa< 5Ep’+ 5 a0 F0, (28)
we obtain
- tor 2
Z [[0¢u™" : HL?(Q 202 —a)[(2 - a)||¢1”L2(Q)
1

+2n[||u7"||p ~ 2y

“a = IV )~ 1900 )

tla

<3 (Bl P, b+ 7wt

(29)

t17 2 2 2
Z [[dev" ||L2(Q) - 22— B)T(2 — B) ||¢2||L2(Q)
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1 m
+ 50 IV ey = 1910
Z{ (V2(u2))"~%, 60" %) + (g%, 60" 3} (30)

Now by changing upper index of sigmas from m to n, and considering ¢1,¢2 =0
we have

[u™Z20) = 14°1720) + 1VU™ 1 220) + VU072 ()

_ 12902 - o) = 1 1 1
Aggqgfgrggszz{lK(qu )220 + 1((ulu)=2) |72 ) + 1./ 2”%%9)}7

j=1

(31)

n 8’)’}F 2 B - 1 .1
IV0" 20y HI Ve 1320 < LS (2P H)lagey + 97 ey}
j=1

(32)
Using the Poincare inequality
[u" 1720y < CallVu"ll72 (),
0" [72(0) < Cal Vo[22,
we can rewrite the Equations (31)-(32) as
12n(2 "
(14 Co)[[u"(|72(0) < Ca <||UO||2L2(Q) + [Vl Z2(q) + e Z {” uv)i %) 72
o .
=) oy + 117 2|22<Q>}>, (33
n ( - 1 1
™12 < C: (”va'L?(Q) i {|| (V2(lul*) = 2) 122 () + 19”2 Hi?(m} :
tn j=1
(34)

By taking the maximum from the both sides of the equations, we get
[ 172) < 1u0l172(q) + VU] 20
12nnT(2 — «) i1
— {Il((uv)J D20y + 1023200,

tl-o 1<J<

1 E ey } (35)
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n A 8nnl'(2 — B) 1 i1
0" (@ < Co <||Vv°%z<n> + 2 e (T2 Dy + 19 H R } )-
(36)
Now, by simplifying we have
a2 ) < Iu®ll2 (@) + V0|1 Z2 (0

i1 i1 i L
+ M e { (o)’ ™)z + 1 ((u2u) )20 + 117 F 2o |,

1<j<n

n A i1 i1
0" llz2(@) < Coll Vo2 + K masx {17252 + 107 2@

where 12 12
12TT2—-« A 8T T(2-
o (ETTEm) (T
where T' = nn denotes the final time, which is a constant. This completes the
proof. 0

5. Numerical outcomes

Numerical investigations are provided in this section to validate and assess the
performance of the method outlined in the preceding sections. The method has
been applied to three distinct test problems across two spatial dimensions. A de-
tailed examination of the results obtained for each example is presented. Notably,
all algorithms have been implemented using MATLAB software.

To assess the precision of the numerical outcomes, we employ Ly and L, error
norms. Additionally, for reporting the numerical convergence rate, we utilize the
following formula:

log(“.7)

— order =
¢ — order oz 2

)

where e(%) represents the corresponding error of the numerical result for 7(i).

Test problem 1

Consider the nonlinear coupled KGZ equation (1) on = [0, 1] with exact solu-
tions

u(z,y,t) = t*sin(mx)sin(my), v(x,y,t) = t* sin(27z) sin(27y). (37)

Therefore, the right-hand side functions f and g can be obtained from these solu-
tions as

2—a
re0= (1)

+ 2%t + 1% 4 thsin(27x) sin(27ry)> sin(mz) sin(my),
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Table 1: The Lo, and Lo errors and c-orders for u at 7' =1 (Test problem 1).

a=18 =12 a=15 =16
Ny n Loo-error Lo error  c-order Lsoerror Loerror c-order CPU-Time
2 1/8 1.58¢ — 01 1.58¢ —01 - 1.67e — 01 1.67e —01 - 0.04
4 1/64  2.00e — 03 2.36e — 03 6.30 2.20e — 03 2.61le — 03 6.25 0.06
6 1/216  2.54e — 04 4.93e — 04 2.98 1.60e — 04 3.08e — 04 3.78 0.40
8 1/512  9.78¢ — 05 2.39e¢ — 04 1.38 6.44e — 05 1.53e — 04 1.31 2.83
10 1/1000 4.71e—05 1.43e —04 1.05 3.27¢e — 05 9.73e — 05 0.98 10.0
12 1/1728 2.6le—05 9.50e — 05 0.85 1.89¢ — 05 6.75¢ — 05 0.79 67.2
14 1/2744 1.59e — 05 6.73e — 05 0.72 1.19¢e — 05 4.96e — 05 0.67 241.4

Table 2: The Lo, and Lo errors and c-orders for v at T'= 1 (Test problem 1).

a=18, =12 a=15 =16
ny n Lo-error Lo error  c-order Loerror Lserror c-order CPU-Time
2 1/8 1.07e 400 1.07e + 00 — 8.88¢ —01 8.88¢ —01 0.04
4 1/64  1.36e —01 2.68e — 01 2.97 1.18¢ —01 2.56e — 01 2.92 0.06
6 1/216 1.10e — 02 1.84e —02 3.63 1.0le — 02 1.76e — 02 3.54 0.40
8 1/512  3.64e — 03 6.95e¢ — 03 1.59 3.32e —03 6.21e — 03 1.61 2.83
10 1/1000 1.83¢ —03 4.40e — 03 0.99 1.67¢ — 03 3.95e — 03 0.99 10.0
12 1/1728 1.05e — 03 3.05e — 03 0.80 9.66e — 04 2.74e — 03 0.79 67.2
14 1/2744 6.63e — 04 2.24e — 03 0.67 6.09¢ — 04 2.02¢ — 03 0.67 241.4
L)’ 2,2 o . 2,4 ;2 2
g(z,y,t) = NEET) + 47°t* | sin(27x) sin(27y) — 270°¢" sin (ﬂy)(cos (mx)

- sinz(wm)) — 2n%t* sin? (mx) ( cos? (my) — sinz(wy)).

In Tables 1 and 2, the L., and Lo errors, along with the order of numerical
convergence, are reported for u and v at 7' =1 in two states (o = 1.8, g = 1.2,
and @« = 1.5, 8 = 1.6). Additionally, the times used to run the relevant programs
are given in the last column of these tables. As can be seen, the accuracy of
the results improves as n, increases and 7 decreases simultaneously. It should
be mentioned that very good results have been obtained with relatively small n,,.
Table 3 reports the Lo, and Lo errors along with the order of convergence for a
fixed time step. Table 4 presents the same values for a fixed n,, across varying time
steps. The results from these two tables demonstrate the high order of convergence
of the method with respect to both space and time.

To better assess the accuracy of the introduced method, Figures 1 and 2 plot
the maximum errors for different values of o with constant 8 and vice versa, both
for u and v. These figures clearly demonstrate the exponential reduction of errors,
which is a characteristic of spectral methods. Finally, in Figure 3, the graph of
exact and numerical solutions is drawn together with o = 1.3, 8 = 1.2 and n,, = 14
at T' = 1, showing their good agreement.
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Table 3: The L, and Ly errors and c-orders for « = 1.5, 8 = 1.6 at T' = 1 with
n = 1/216 (Test problem 1).

U v
np  Loo-error L5 error c-order L.error Lserror c-order
2  1.69e—01 1.69¢ —01 — 6.65e — 01 6.65¢ — 01 -
4 255e—03 3.0le—03 6.05 1.16e — 01 2.46e — 01 2.51
6 1.59¢—04 3.07e —04 4.00 1.0le — 02 1.75e — 02 3.52
8 1.53e—04 3.65¢—04 0.05 7.77e — 03 1.46e — 02 0.38
10 1.52¢—04 4.56e—04 0.004 7.7le — 03 1.82e¢ — 02 0.01

Table 4: The L., and Ly errors and c-orders for « = 1.5, 8 = 1.6 at T' = 1 with
n, = 8 (Test problem 1).

U v
n L o-error Lo error c-order Loerror Loerror c-order
1/4 1.84e — 02 5.04e — 02 — 3.39¢ — 01 6.46e — 01 —
1/16  2.52e — 03 6.34e — 03 2.86 1.00e — 01 1.89¢ — 01 1.76
1/64 5.34e — 04 1.29¢ — 03 2.24 2.58¢ — 02 4.89¢ — 02 1.94
1/256 1.29¢ — 04 3.07e — 04 2.05 6.57¢ — 03 1.23e — 02 1.97
o0 T=1,8=12 o T=1,=12
-0 a=1.8 - a=1.8
- k= a=1.5 k= a=1.5
107 Fy - a=1.3 10% N - a=1.3
\\\\?"‘ e

Figure 1: The Lo errors of u (left) and v (right) as functions of n, and n = 1/n} for
B = 1.2 and different values of a at T'=1 (Test problem 1).
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N T=1,a=15 . T=1,a=15
10 T T 10 T T
o 5=16 -B- =16
" —h- =14 —h- =14
107 Fy - p=1.2 10°8% —®-p=1.2
\
\ ‘\
L 10? ‘\ _ 107! \\
g ¢ 2 .
8 L § i \
10 - 102 )
N AN
S Se
-
\' =~ <&
-4 ~ 3 == -
10 “o 10 | T,
so =&
s,
.
10 10
2 4 6 10 12 14 2 4 6 10 12 14
I'lp V’\p

Figure 2: The Lo errors of u (left) and v (right) as functions of n, and n = 1/nj for
a = 1.5 and different values of 8 at T'=1 (Test problem 1).

O Numerical
#  Exact

O Numerical
#  Exact

Figure 3: Surfaces for the numerical and exact solutions of u (left) and v (right) for
a=13,=12and n, =14 at T =1 (Test problem 1).
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Table 5: The Lo, and Lo errors and c-orders for u at T =1 (Test problem 2).

a=18, B=16 a=15 =18
Ny n Loo-error Lo error  c-order Lsoerror Loerror c-order CPU-Time
2 1/8 9.30e — 03 9.29¢ — 03 - 1.83e — 02 1.83e — 02 - 0.03
4 1/64  2.03e —02 2.05e — 02 1.12 2.57¢ — 02 2.62e—02 —0.49 0.06
6 1/216  7.06e — 04 1.51e —03 4.85 8.62e — 04 1.66e — 03 4.90 0.34
8 1/512  1.73¢ — 04 3.46e — 04 2.02 1.91e — 04 3.72¢ — 04 2.17 1.73
10 1/1000 1.13e —04 2.24e —04 0.61 1.28¢ — 04 2.52e¢ — 04 0.58 7.61
12 1/1728 6.55e — 05 1.52e — 04 0.79 7.49e — 05 1.76e — 04 0.76 36.1
14 1/2744 4.08¢ — 05 1.09e — 04 0.68 4.73¢e — 05 1.30e — 04 0.66 107.2

Test problem 2

As another example, consider the nonlinear coupled KGZ equation (1) on domain
Q = [~1,1]? with the following exact solutions

3 3
u(z, y,t) = t2 cos(gx) Cos(gy), o(z,y,t) = t2 cos(gx) cos(gy). (38)

As before, the right-hand side functions f and g can be obtained by inserting these
solutions into Equation (1) as

22—« 2
flz,y,t) = (?E?t_) + %tQ +2 444 cos(?%rw) cos(?y)) cos(gaz) cos(gy)

+ 10 (cos (=) cos®( Iy))

2
_(T(3)t>F 9 22 3m
stoant) = (pigs + 57 ) cosl ) cos( )
! T () 4 T eos?(T
+ 7t cos( )(2 s1n(2x)+2cos(2x))

Similar to the previous section, in Tables 5 and 6, the L., and Lo errors are re-
ported along with the order of numerical convergence for v and v at T =1 in two
states (« = 1.8, 8 = 1.6, and = 1.5, § = 1.8). The corresponding execution
times for the relevant programs are also provided. Once again, the results demon-
strate the method’s good accuracy. Additionally, Figures 4 and 5 depict maximum
errors for various o’s with fixed 8 and vice versa, both for v and v. These graphs
clearly illustrate the exponential reduction of errors, a characteristic of spectral
methods. Furthermore, Figure 6 displays the graph of exact and numerical solu-
tions alongside @ = 1.3, § = 1.2 at T' = 1, highlighting their strong agreement.
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Table 6: The Lo, and Lo errors and c-orders for v at T'= 1 (Test problem 2).

a=18, 8=16

a=15 =18

Ny n L-error Lo error  c-order Loerror Lserror c-order CPU-Time
2 1/8 4.97¢ +00 4.97¢ + 00 - 4.3le+00 4.31e+ 00 - 0.03
4 1/64  9.86e — 01 1.03e+ 00 2.33 9.11e — 01  9.92¢ — 01 2.24 0.06
6 1/216  7.15e—02 1.72¢ —01 3.78 7.15e — 02 1.73e — 01 3.67 0.34
8 1/512  5.47e—03 9.57¢ — 03 3.70 5.36e — 03  9.50e — 03 3.73 1.73
10 1/1000 9.71le —04 1.90e — 03 2.49 9.06e — 04 1.71le — 03 2.56 7.61
12 1/1728 4.87¢ — 04 1.30e — 03 0.99 4.45¢ — 04 1.16e — 03 1.02 36.1
14 1/2744 3.06e — 04 9.63¢ — 04 0.67 2.78e — 04 8.54e — 04 0.68 107.2
o T=1,8=16 o' T=1,8=16
- =18 w B =18
k- =15 k- a=1.5
1078 - a=1.3 10° O - a=13
I3 _i ¢ a=11 v a=11
R 2 - Q\ _ 10! o
g N g )
2 Q‘ 2
00 \g§ 02 .
% ®
h Sy .
104 \‘\"“‘ : 102 . N
10° 104 1
2 4 6 8 10 12 14 2 4 6 8 10 12 14

Figure 4: The Lo errors of u (left) and v (right) as functions of n, and n = 1/n3 for
B = 1.6 and different values of o at T'= 1 (Test problem 2).
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Figure 5: The Lo errors of u (left) and v (right) as functions of n, and n = 1/n} for
a = 1.5 and different values of 8 at T'= 1 (Test problem 2).
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u(xy)
v(xy)

Figure 6: Surfaces for the numerical and exact solutions of u (left) and v (right) for
a=1.1,=16and n, =14 at T =1 (Test problem 2).

Test problem 3

Now consider the nonlinear coupled KGZ equation (1) on © = [0, 1]? with exact
solutions

u(w,y,t) = e sin(mrz) sin(ry),

v(x,y,t) = €' sin(27z) sin(27y).
The right-hand side functions f and g can be obtained from these solutions as

fl@,y,t) = (P Ers-a(t) + 27%e" + €) sin(rz) sin(my)
+ €' sin(mz) sin(ry) (sin(27z) sin(2my) + €' sin®(rz) sin®(7y))
g(z,y,t) = (t* P E13_5(t) + 8n2e") sin(2mz) sin(2my)

— 2m%e* (cos(2mz) sin®(my) + cos(2my) sin®(rz)) .
where E, s is the two-parameter Mittag-Leffler function, defined as follows:

Ea,B(Z):kZ:Om, (>0, B>0).

Similar to the previous test problems, Tables 7 and 8 report the L., and Lo
errors, along with the numerical convergence order for v and v at T' = 1, under
two parameter sets: o = 1.8, f = 1.2, and o = 1.5, § = 1.6. The corresponding
execution times of the respective programs are also provided. Once again, the
results demonstrate the method’s strong accuracy.

However, in this case, due to the exponential growth of the exact solutions and
the presence of the Mittag-Leffler function on the right-hand side, which involves
an infinite summation and requires approximation in its computation, the resulting
errors do not exhibit the exponential decay seen in the previous examples.
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Table 7: The Lo, and Lo errors and c-orders for u at T =1 (Test problem 3).

a=18 =12 a=15 =16
Ny n Lo-error Lo error  c-order Loerror Loerror c-order CPU-Time
2 1/8 2.09¢ — 01  2.09¢ — 01 - 2.11e — 01 2.11e — 01 - 0.03
4 1/64  1.10e — 02 1.40e — 02 4.24 6.12e — 02 8.07e — 02 1.78 0.06
8 1/512  4.05e — 02 1.18¢ — 01 1.87 1.81e — 02 5.43e — 02 1.75 1.80
10 1/1000 4.04e —02 1.47¢—01  0.004 1.84e — 02 6.85¢ — 02 0.01 717
12 1/1728 4.03e —02 1.76e —01  0.002 1.85e — 02 8.26e — 02  0.007 23.4

Table 8: The Lo, and Ls errors and c-orders for v at T'= 1 (Test problem 3).

a=18, =12 a=15 =16
ny n Loo-error Lo error c-order Lsoerror Loerror c-order CPU-Time
2 1/8 1.03e +01 1.03e + 01 — 1.0144e + 01  1.0144e + 01 — 0.03
4 1/64  9.8le—01 1.26e+ 00 3.40 1.2405e + 00  1.5104e + 00 3.03 0.07
8 1/512  2.76e — 01  6.00e — 01 1.82 7.1694e — 02 1.3046e — 01 4.11 1.93
10 1/1000 2.82¢—01 7.66e — 01 0.03 6.5738¢ — 02 1.4958e¢ — 01 0.12 7.71
12 1/1728 2.85e — 01 9.27¢ — 01 0.01 6.3338¢ — 02 1.7261e — 01 0.05 39.8

Additionally, Figure 7 displays the exact and numerical solutions for o = 1.3,
B=12atT =1at T =1, highlighting their close agreement.

6. Conclusions

In this article, we utilized the pseudo-spectral method based on Lagrange poly-
nomials to numerically solve the nonlinear coupled KGZ equation. The proposed
method employs the finite difference technique to discretize the time variable. Ad-
ditionally, we demonstrated the unconditional stability of this method. The results
from three numerical examples in the previous section showcase the exponential
accuracy of the method for various o’s and ’s in the interval (1,2), as presented
in different tables and figures. Consequently, based on the obtained results, this
method can be effectively employed to numerically solve various types of fractional
differential systems.
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Figure 7: Surfaces for the numerical and exact solutions of u (left) and v (right) for
a=13,8=12and n, =12 at T'=1 (Test problem 3).
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