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Abstract r )

In this paper, an alternating direction implicit (ADI) finite difference scheme is proposed for solving the two-
dimensional time-dependent nonlinear Schrédinger equation. In the proposed scheme, the nonlinear term is lin-
earized by using the values of the wave function from the previous time level at each iteration step. The resulting
block tridiagonal system of algebraic equations is solved using the Gauss-Seidel method in conjunction with sparse
matrix computation. The stability of the scheme is analyzed using matrix analysis and is found to be conditionally
stable. Numerical examples are presented to demonstrate the efficiency, stability, and accuracy of the proposed
scheme. The numerical results show good agreement with exact solutions.
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1. INTRODUCTION

The nonlinear Schrodinger equation is widely used to describe several physical phenomena in various fields of science
and engineering, including quantum mechanics, plasma physics, nonlinear optics, water waves, bimolecular dynamics,
and electromagnetic propagation [5, 6, 22]. The nonlinear Schrodinger equation in two-dimension can be written in
the following form [4]:

2 2
i@u(m,y,t) +a8 u(z,y,t) n 0*u(z,y,t)
ot Ox? Oy

with the initial condition

+ 3 |u(x,y,t)|2u(m,y,t) +plz,y)u(z,y,t) =0, (z,y) €Q, t€(0,7), (1.1)

U(.T,y,()) :f(-'ﬂ,y), (aj>y) € Q,

and the boundary condition u(x,y,t) = g(z,y,t), (x,y) € 9Q, and ¢ € (0,T), where u(x,y,t) is the complex-valued
wave function, i = /=1, Q = [a,b] x [¢,d] C R?, 99 is the boundary of €, a and b are real constants, f and g are
sufficiently smooth functions. The function p(z,y) is a real-valued and bounded potential function defined on €.

Due to the importance of the nonlinear Schrédinger equation for describing several physical phenomena, finding a
solution to the equation is essential. Analytical solutions of the nonlinear Schrédinger equation are difficult to obtain
[7, 8, 18, 19], and thus numerical techniques are widely used. Several numerical methods have been proposed by
researchers to solve the nonlinear Schrodinger equation. Xu and Zhang [24] presented four ADI schemes for solving
the two-dimensional nonlinear Schrodinger equation. The authors confirmed the stability of the numerical schemes
and compared their accuracy and CPU time through numerical experiments. Bratsos [2] presented a linearized finite
difference method to obtain the solution of nonlinear Schrodinger equation. The author replaced the nonlinear term
with a parameterized linearized expression based on Taylor’s expansion. Lin et al. [16] performed numerical simulations
of the nonlinear Schrédinger equation using the implicit-Euler scheme and approximated the unknown function using
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Gaussian radial basis functions. They verified the efficiency and stability of the numerical scheme through numerical
experiments and quantified the error in solving 3D nonlinear Schrodinger problems. Eskar et al. [6] presented a high-
order compact finite difference method for solving the nonlinear Schrédinger equation. The authors demonstrated that
these schemes maintain conservation laws and offer precise and stable solutions for linear and nonlinear 3D Schrodinger
equations. Cavalcanti et al.[3] applied a finite difference scheme to solve a higher-order nonlinear Schrodinger equation.
This scheme is designed to uphold the numerical Ly norm and regulate energy based on the chosen parameters of the
equation.

Shivanian and Jafarabadi [21] used spectral meshless radial point interpolation technique for solving two-dimensional
nonlinear Schrodinger equation. The authors applied a predictor-corrector method to eliminate nonlinearity. They
demonstrated the stability and convergence of the numerical method and validated its accuracy through numerical
examples. Pathak et al. [20] introduced a simple, stable, efficient, and accurate numerical technique, the Kansa method
with polyharmonic radial basis function, for solving generalized 2D nonlinear Schrédinger equations, supported by
stability analysis. Jiwari et al. [14] used a meshfree approach to solve the nonlinear Schrédinger equation. The authors
employed the local radial basis function-based differential quadrature method to reduce the problem of ill-conditioning.
Karabag et al. [15] used the meshless method with radial basis functions based on the Fréchet derivative to solve the
nonlinear Schrédinger equation.

Igbal et al. [12] applied the cubic B-spline Galerkin method to solve the Schrodinger equation. The efficiency and
accuracy of the method were evaluated using three different cases: a single solitary wave, the collision of two solitary
waves, and the collision of three solitary waves. Arora et al. [1] used trigonometric cubic B-spline basis function
with the differential quadrature method to simulate nonlinear Schrédinger equations. This method transforms the
nonlinear equation into a collection of ordinary differential equations, which can then be solved using the Runge-Kutta
method. The obtained numerical results were found to closely match the exact solution. He and Lin et al. [9] used
the Lattice Boltzmann method for analysis and simulation of coupled nonlinear Schrédinger equation. The numerical
results obtained using this method were compared with those from the finite difference and analytical methods to
validate its efficiency. Ismail [13], Hu [10], Igbal et al. [11], and Wang and Li [23] used different approaches of the
finite element method to solve the nonlinear Schrédinger equation. Dehghan et al. [4] used the time-space pseudo-
spectral method to find the solution of the nonlinear Schrodinger equation. The authors verified that this method
offers a satisfactory approximation even with a relatively small number of points. Liu et al. [17] applied Harr wavelets
multi-resolution collocation procedures to solve nonlinear Schrédinger equations. Stability analysis of the proposed
methods was conducted, indicating their accuracy and efficiency in time compared to other methods.

Several authors have used different techniques to develop linearized numerical schemes to solve the nonlinear
Schrodinger equation. As far as the authors are aware, some of the linearization techniques require lengthy procedures
for the formulation of the numerical schemes. The aim of this work is to develop an alternating direction implicit
scheme by replacing the nonlinear term with values of the unknown variable from the previous the time level, and
to investigate its practicality for solving nonlinear Schrodinger equation. The numerical scheme has been tested by
solving different nonlinear Schrédinger equations.

2. NUMERICAL SCHEME

In this study, an alternating direction implicit scheme is used to solve (1.1). This scheme involves two stages of
solving block tridiagonal systems of equations along the lines parallel to the x- and y-axes. To solve Eq. (1.1) with
the scheme, we divide the interval [a,b] into N, subintervals with step size Az, the interval [c, d] into N, subintervals
with step size Ay and time interval [0, 7] into NV; subintervals with step size Az. The grid points of the subdivisions
are

L1, T2y, TNz + 1, 1 =a,xns +1=0, zj=x1+ (j — 1)Axz, j=23, .., Nx,
y17y2a"'ayNy+17 Y1 :vaNy+1:da yk:y1+(k_1)Ay’ k:273a"'aNya
tl,tg,...,tNt+1, tl :O,tNt+1:T, tn:t1+(n71)At, n:2,3,....,Nt.

The value of u(z,y,t) at (z;, yx,t,) is approximated as U}’ in the numerical approximation. The two stages of the

numerical scheme are discussed as follows in the discretization of Eq. (1.1). In the first stage, the derivatives %1;, g%,
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and 227“2‘ at (4, k,n+ %), (j,k,n+1), and (4, k,n), respectively are approximated by central differences. The nonlinear
term and the last term in the left side of Eq. (1.1) are approximated by values of the functions at (j,k,n). From
these, we get

. L nk ! L nk L 7’LJrlllc 20 nk ! L nfllk nk+1 20 nk L nkfl 2
Z( Js - 7> > . ( Jt1 j72 J—1 Js :;,2 75 ) B |UJ”?I€| [rj’%k Pi,jU;fk 0,
or
Urtl 4 (= 2r UM 4+ 1, UMY = —p UP + (i + 2r, — BAL|UT 2—At U, —r, UP 2.1
TaUj 1k (l T:r) gk TzUji11k TyUjk—1 (Z Ty | j,k‘ pw) gk — TyYjk+1s ( . )

where 7, = —Zﬁﬁ and r, = O‘A@Qt .

In the second stage we advance from (n + 1) to (n + 2)*" time level to approximate giy’; at (4, k,n + 2) to obtain

the discretization of Eq. (1.1) as

+2 +1 +1 +1 +1 +2 +2 +2
i U;?k - U]’rfk +a U;L+1,k - 2Uj7fk + U]TLLIC + U;?k+1 - 2U]7?k + U;?kfl +ﬁ Un+1 2 UTL+1 +p, _Un+1 =0
At Ax2 Ay? J:k Jik PijYjk =Y
or
2
ryUM e+ (0= 2r ) U2 0, URE = =, UL 4 <z +2r, — BAL ‘U;f,jl) — Atpm') Urit —r UL (22)

By finding the truncation errors of the discretizations (2.1) and (2.2), it can be shown that the scheme is first-order
accurate in time and second-order accurate in space.

To see the basic form of the matrix equations resulting from (2.1) and (2.2), let us take N, = N, = 4 and
ry = ry = r. The iterative schemes (2.1) and (2.2) yield matrix equations

AlrUngl - AQzU;? + blra (23)
where
(i —2r r 0 0 0 0 0 0 0
r T —2r r 0 0 0 0 0 0
0 r 1 —2r 0 0 0 0 0 0
0 0 0 1—2r r 0 0 0 0
A, = 0 0 0 r i—2r r 0 0 0 ,
0 0 0 0 r 1 —2r 0 0 0
0 0 0 0 0 0 T —2r r 0
0 0 0 0 0 0 r 1 —2r r
| O 0 0 0 0 0 0 r i —2r |
[i+2r — Bao 0 0 —r 0 0 0 0 0 1
0 i+2r — B3 0 0 —r 0 0 0 0
0 0 i+2r — Bap 0 0 —r 0 0 0
—r 0 0 i+ 2r — 32,3 0 0 —-r 0 0
Ay = 0 —r 0 0 i+2r—Bss 0 0 —r 0 ,
0 0 —r 0 0 i+2r—Bags 0 0 —r
0 0 0 —r 0 0 i+2r— Bag 0 0
0 0 0 0 —r 0 0 i+2r— B3 0
L 0 0 0 0 0 —r 0 0 i+ 2r — B414_

2
Bj,k :ﬂAt’Uﬂk +Atp7;7j,

(=)=
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rrrn17 _ - _ - _ -
Uz Ugy —rUps! rUg,
n ’ ? )
Uss U3, 0 —rU3,
n+1 ) n+1 >
U472 L U£2 *TU5’2 _TUZLJ
n+ n n+1
U2,§rl 2,3 —TU1,3 0
1 n
U;I-F = U3,3 ) Ua? = U??,?) ) blﬁb‘ = 0 1 ) + 0 )
n+1 n n-+
U4,3 U4,3 _TU573 0
Uyi Us.s —rU7 " —rUss
n
ustt Usg, 0 —rUg'5
’+1 n _ n+1 _ n
U1 ] UL 4] L—rUs.; | UL
2 1
A U2 = Ag U 4 by, (2.4)
where
Aly = Alxv
[i+2r — Capo 0 0 —r 0 0 0 0 0 1
0 i+2r—Cas3 0 0 —r 0 0 0 0
0 0 1+2r—Copy 0 0 —r 0 0 0
—r 0 0 i+2r—Cso 0 0 —r 0 0
Ay = 0 —r 0 0 i+2r—Csg 0 0 —r 0 ,
0 0 —r 0 0 i+ 2r —C34 0 0 —r
0 0 0 —r 0 0 i+ 2r — Cy2 0 0
0 0 0 0 —r 0 0 i+2r—Cys3 0
i 0 0 0 0 0 —r 0 0 i+2r — Cya
+1 2
n
Cj,k = BAt ‘Uj,k ‘ + Atpi,jy
Mr7rn+217 rrrn+117 - 424 - +14
U2’_2"_2 2,3_1 —TU;’l _TUin:2
n n
U2,3 U2,3 0 *TU{L},H
n+2 n41 n+2 1
UQ’iZ UQ’il _TUQ’—?-Z —7"U1"74
n n n
U3,2 ) U3,2 ) *TU3,1 0
2 _ n+ 1 _ n+ _
U;+ = U3732 , U;”r = U3731 , by = 0 » + 0 ,
n+ n-+4 n
U3’i2 Ug,il 71"U313_2 0n+1
n
UZQ UZQ —rUyq —7"U5’_2|r1
n+2 n+1 _ n
U4)3 U473 0 » TU57:3H
1 1 n n
UEI Uﬂ_ LUy 5" [ —rUs "]

The system described in (2.3) a_nd7(2._4) can be easily generalized for any mesh size. As observed in the above
discussion, the scheme requires solving a block tridiagonal system of equations. The Gauss-Seidel method with sparse
matrix computation is applied to solve the system at each stage of the scheme.

3. STABILITY ANALYSIS

Here, we discuss the stability of the scheme using matrix analysis. Consider the matrices and vectors in (2.3) and
(2.4) for any mesh size with N, = N,, . The vectors by, and by, contain values of the wave function at the boundaries,
and there is no error at the boundaries. Thus, the scheme is stable if the modulus of each eigenvalue of the matrices
A;;AQI and Afyl Ay, is less than or equal to 1. Let us consider the case when 5 = 0 and p(z, y), in which case we have
ATt A, = Al_ylAgy. The maximum of the modulus of eigenvalues of A} As, (spectral radii), taking Q = [0, 1] x [0, 1]
and o = 1 at different spatial and time steps, is presented in Table 1. The corresponding spectral radii for solving the
two-dimensional heat equation

T (x,y,t)  8°T(x,y,1) N T (x,y,1)
ot N Ox? oy?

(3.1)
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TABLE 1. Spectral radii of Al_zlAQI for solving the schrodinger equation for different mesh sizes.

Az | At — 0.01 0.005 0.001 0.0005 0.0001
0.1 2.002261 | 1.479790 | 1.036043 | 1.009378 | 1.000380
0.05 3.981984 | 2.829080 | 1.370533 | 1.130283 | 1.006262

0.025 7.974991 | 5.650443 | 2.543146 | 1.829717 | 1.089373

TABLE 2. Spectral radii of A},' Ay, for solving heat Equation (3.1) for different mesh sizes.

Az | At — 0.01 0.005 0.001 0.0005 0.0001
0.1 1.625842 | 0.952198 | 0.990259 | 0.995118 | 0.999022
0.05 3.683124 | 2.573814 | 0.990199 | 0.995087 | 0.999016

0.025 7.566080 | 5.431009 | 2.310299 | 1.477936 | 0.999014

using the scheme on the same domain and with the step sizes is shown in Table 2.
From Tables 1 and 2, it is observed that the scheme is conditionally stable for solving the two-dimensional
Schrédinger and heat equations.

4. NUMERICAL RESULTS AND DISCUSSIONS

In this section, numerical examples are provided to demonstrate the efficiency and accuracy of the numerical scheme.
Comparisons between the numerical and exact solutions are presented graphically. In the examples, equal numbers
of grid points on the x-axis and y-axis are used, i.e., N, = N, = N. R(z,y,t) and I(z,y,t) represent the real and
imaginary parts of u, respectively. The accuracy of the numerical scheme is tested using the absolute maximum error

E= max |u@;yetn) = Ufil, (4.1)
where w(z;, yx,t,) and U T are the exact and numerical solutions of u, respectively. The computations are carried
out using MATLAB code on a PC with Windows 10 OS (64-bit), Intel(R) Core i7-7500U, CPU @ 2.9 GHz, and 8GB
RAM.

Example 4.1. Consider a two-dimensional nonlinear Schrodinger equation, (1.1), with a = 1, 8 = 27% — 1 and
potential function p(z,y) = (272 — 1)(1 — cos®>mxcos?ny) [21]. The initial and boundary conditions are obtained from
the exact solution u(z,y,t) = cos 7 cos Tye .

The equation is solved on © = [0,1] x [0,1] for ¢ > 0. Figure 1 shows the surface plot of the numerical and exact
solutions of Example 4.1 at ¢t == 1 using N = 40, T' = 1, and At = 0.005. The maximum absolute errors for the
real part and imaginary part are 2.4933e — 04 and 1.811e — 04, respectively. From the computational results, the
solutions at y = 0.2 are displayed in Figure 2. From the figures, we observe that the numerical solution is in good
agreement with the exact solution and is consistent with [21]. In Table 3, the maximum absolute error and CPU time
of the scheme are presented for N = 10, 20, 40, 80, and At = 0.001. The absolute error decreases as the number of
mesh points increases. Table 4 displays the maximum absolute error and CPU time by taking T'=1 and N = 40 for
different time step sizes. These tables confirm the accuracy and convergence of the numerical scheme.

Example 4.2. Consider (1.1) with o = %, 8 = —1, and the potential function p(z,y) = —1 + sin z cos?y on
Q = [0,27] x [0,27] for t > 0 [24]. The exact solution is u(x,y,t) = (sinz cosx)e™ 2", and the initial and boundary
conditions are obtained from this solution. Numerical solution of Example 4.2 is obtained at ¢t = 1 with N = 60,
T =1, and At = 0.005. In the computation, the maximum absolute errors of the scheme for real and imaginary parts
are 3.5435e — 3 and 2.9207e — 3, respectively. Figure 3 shows a surface plot of numerical and exact solutions for the
real and imaginary parts of u. The numerical and exact solutions at the diagonal, connecting the points (0,27) and
(2m,0) of the domain, are displayed in Figure 4. As observed from the figures, the numerical solutions coincide with
the exact solution, demonstrating the accuracy of the numerical scheme.

a0

o0



CMDE Vol. 13, No. 3, 2025, pp. 1012-1021 1017

Exact Solution

Murnerical Solution

Exact Solution

FI1GURE 1. Surface plot of numerical and exact solutions for Example 4.1 at t = 1 withN =40, T =1,
and At = 0.005.
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FI1GURE 2. Graph of numerical and exact solutions for Example 4.1 at y = 0.2 and t = 1 with N = 40,

T =1, and At = 0.005.

Example 4.3. Consider Eq. (1.1) with a = %, B = 1 and potential function p(x,y) = 1 —sinh z sinh y — sinh?zsinh?y
on Q = [0,1] x [0,1] for t > 0.The exact solution is u(x,y,t) = (isinxsinhy)e®. As in the previous examples, the
initial and boundary conditions are computed from the exact solution.
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TABLE 3. Maximum absolute errors and CPU times with At = 0.001, T' = 1, and different mesh sizes

for Example 4.1.

E. G. TSEGA

R I
N E E CPU time(s)
10 | 1.933832 e-03 | 1.065042 e-03 22.415811
20 | 6.296480e-04 | 6.811864e-04 | 148.841399
40 | 2.385183e-04 | 1.441837e-04 | 3035.401684
80 | 1.717893e-04 | 6.176003e-06 | 38047.729067

TABLE 4. Maximum absolute errors and CPU times withN = 40, T' = 1, and different time step sizes

for Example 4.1.

R I
N; E E CPU time(s)
10 | 9.715348 e-03 | 5.730540 e-03 | 29.520303
50 | 2.223621 e-03 | 7.149175e-04 | 162.029855
100 | 1.029718e-03 | 4.836240e-04 223.20477
1000 | 2.385183e-04 | 1.441837e-04 | 3035.401684

Mumerical Solution

F1GURE 3. Surface plot of numerical and exact solutions for Example 4.2 at ¢ = 1 with N = 60,

T =1, and At = 0.005.
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FI1GURE 4. Graph of numerical and exact solutions for Example 4.2 along the diagonal of the domain
(joining the points (0,27) and (27,0)) at ¢t = 1 with N =60, T = 1, and At = 0.005.
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FI1GURE 5. Surface plot of numerical and exact solutions for Example 4.3 at ¢ = 1 with N = 50,
T =1, and At = 0.005.

For computational work, N = 50, T' = 1, At = 0.005, and ¢ = 1 are used. Surface plots of numerical and exact
solutions of the real and imaginary parts are presented in Figure 5. For better visualization, the graphs of numerical
and exact solutions along the diagonal, connecting the points (0,0) and (1, 1), are displayed in Figure 6. These figures
show that the numerical results are in good agreement with the exact solutions.
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+*  Mumerical solution{R)
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FIGURE 6. Graph of numerical and exact solutions for Example 4.3 along the diagonal (from (0,0)
to (1,1)) at t =1 with N =50, T'=1, and At = 0.005.

5. CONCLUSION

In this work, an alternating direction implicit numerical scheme is presented for solving a two-dimensional nonlinear
Schrodinger equation. The Gauss-Seidel method is used to solve the system of algebraic equations resulting from the
discretization. The stability of the numerical scheme is analyzed and found to be conditionally stable. The efficiency
and accuracy of the scheme are demonstrated using three test examples. The obtained numerical results are compared
with exact solutions and it is observed that all results are in close agreement to the exact solutions.
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