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shifted Jacobi polynomials with temporal coefficients for the approximate solution is

considered. The first stage, collocation at the shifted Jacobi Gauss-Lobatto (SJ-GL)
nodes, is applied for a spatial discretization; its spatial derivatives occur in the NLSE
with a treatment of the boundary conditions. This in all will produce a system of
ordinary differential equations (SODEs) for the coefficients. The second stage is to
collocate at the shifted Jacobi Gauss-Radau (SJ-GR-C) nodes in the temporal
discretization to reduce the SODEs to a system of algebraic equations which is solved
by an iterative method. Both stages can be extended to solve the two-dimensional
NLSEs. Numerical examples are carried out to confirm the spectral accuracy and the
efficiency of the proposed algorithms.
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1 Introduction
Spectral methods (see [1-8]) are accurate and efficient demanding less computations when
solving an ordinary differential equation (ODE) or a partial differential equation (PDE) on
a simple domain with smooth functions defined. The basic idea of the spectral methods
is to express the approximate solution of the problem as a finite sum of certain basis func-
tions (orthogonal polynomials or a combination of them) and then choose the coefficients
in order to minimize the residual. The spectral collocation method is one type of spectral
methods, which is more applicable and widely used to solve almost all linear and nonlinear
differential equations [5-17].

The NLSEs occur in various areas of physics, including nonlinear optics, plasma physics,

superconductivity, quantum mechanics, mathematical biology; and it can be written as
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where ¥ (x, £) and R(x, t) are complex functions of space x and time ¢, and F is a real valued
function. The nonlinearities of F can be classified as [18-21]:

1. Kerr law E(s) = s:

In particular, equation (1) with F(s) = s, (Kerr law case) appears in nonlinear optics in
the context of soliton propagation through optical fibers. The first term represents the
temporal evolution, the second term accounts for the dispersive effect of the solitons, the
coefficient of y represents a Kerr law nonlinearity and, finally, § represents the coefficient
of the driven term.

2. Power law F(s) = s™:

Power law nonlinearity (a generalization of Kerr law nonlinearity) is exhibited in various
fields, including semiconductors, photon processes, nonlinear plasmas, and weak turbu-
lence [22].

3. Parabolic law F(s) = s — k;s%, where k; is a constant:

Parabolic law (cubic-quintic nonlinearity) arises in the nonlinear p-toluene sulfonate
crystals, interaction between Langmuir waves and electrons, the nonlinear interaction be-
tween the high-frequency Langmuir waves and the ion-acoustic waves.

4. Dual-power law F(s) = s" — kys*", where k, is a constant:

This law is used to model the saturation of the nonlinear refractive index, spatial solitons
in photovoltaic-photorefractive materials, and organic and polymer materials [23].

5. Saturable law F(s) = %:

The variation of the dielectric constant of gas vapors while a laser beam propagates
[24] can be accurately described by this law with A > 0. Also, optical nonlinearity satu-
rates at a finite value of optical intensity in most materials and the soliton propagation
in semiconductor-doped fibers can be modeled using the above form. The above form is
observed in semiconductor-doped glass and other composite materials.

6. Log law F(s) = In(s):

The Log-law NLSEs has been employed to model nonlinear behavior in several dis-
tinct scenarios in physics and in other areas of nonlinear science for instance, in nuclear
physics [25], dissipative systems [26], capillary fluids [27], optics [28, 29], and magma
transport [27].

Recently, the analytical and numerical solutions of different types of the previous clas-
sical Schrodinger equations were discussed in [30, 31], and for recent schemes for solving
PDEs see [32—36]. Here, we focus on the application of shifted Jacobi Gauss-Lobatto collo-
cation (SJ-GL-C) and Jacobi Gauss-Radau collocation (SJ-GR-C) methods in two consec-
utive stages for providing a high accurate numerical solution of the NLSEs with kerr-law
nonlinearity. The proposed collocation scheme is applied for both temporal and spatial
discretizations. First of all, the SJ-GL-C is used with a treatment of the boundary condi-
tions for spatial discretization. Therefore, the NLSE with its boundary conditions is re-
duced to SODEs subject to a vector of initial values. Second, the SJ-GR-C is then applied
for temporal discretization, which is more reasonable for solving initial value problems.
Thereby, the problem is reduced to a system of algebraic equations which is easier to solve.
In addition, this algorithm is developed to numerically solve the two-dimensional NLSEs.
Finally, several numerical examples with comparisons showing the high accuracy and ef-
fectiveness of the proposed algorithm are presented.

This paper is organized as follows. We present a few preliminaries and some facts about
shifted Jacobi polynomials in Section 2. Section 3 presents the collocation method for the
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one-dimensional NLSE subject to initial-boundary conditions. In Section 4 we address an
extension to solve the two-dimensional version of NLSE. In Section 5, we propose the SJ-
GR-C scheme to solve SODEs. Section 6 is devoted to solving four test problems. Finally,
some concluding remarks are given in the last section.

2 Properties of shifted Jacobi polynomials

The well-known Jacobi polynomials Pga'ﬂ ) (x) are defined on the interval [-1, 1]. First, some
properties of the standard Jacobi polynomials are recalled in this section. The Jacobi poly-
nomials P;f"ﬁ )(x) (k=0,1,...) satisfy the Rodrigue formula:

P(a,ﬁ)(x) - (D" 1-x)"Q+x)* d—k [(1 —x) K1+ x)ﬁ+k] @
k 2kl dxk ’

we recall also that P,((a”g )(x) is a polynomial of degree k and therefore % ;(a”g )(x), the gth
derivative of P;(a’ﬁ (%), is given by

a1 (%ﬁ)( - Fla+B+k+1) (qigpeg)

dea K 2T+ B+hk+1) K (%) ®)

The Jacobi polynomials [1, 37] satisfy the following relations:

PP =1, PP = %[2(01 1)+ @+ B+2)x-1)],

a a
PP ) = 2P (0) - ZPilx =)D (), k=1,
k+1 @ k a

where

ar=2k+1)(k+a+B+1)2k+a+pB),

xI'2k + o + B +3)

— 2_p?
ay = 2k +a + p1)(a® - %) + Ik +a+p)

as =2k +a)(k+B)2k+a+ B +2),

and the orthogonality relation

1
(PP ), PP @), = / PEP PP w D () dx = Iy, @
-1

a+f+1 k k . .
where w @) = 1-x)*(1+x)#, hy = (22k+a+;(-f-lJ;Z!Jlr"l()/(r;(u:g:B . The Jacobi Gauss-Lobatto integrals
are accurate for any ¢ € Syn_1[-1,1], we have (SJ-GL) quadrature is commonly used to

evaluate the previous expression:

1 N
[REEE S )

j=0

where Sy[-1,1] is the set of polynomials of degree less than or equal to N. While the
discrete inner product is given as

N
(V) = Y o)V, N 6)

j=0
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where xy,; (0 <j < N) and wy,; (0 <j < N) are used as usual and we have the nodes and
the corresponding Christoffel numbers in the interval [-1,1], respectively.
For the Jacobi Gauss-Lobatto case, it is well known that [1]

X0 = -1, xvn =1, xn; (f=1,...,N —1) are the zeros of 3,Pn(x),
2B (B L DNI2(B + ) IIN)T(N + « +1)
WN,O = ’
NO IN+a+B+2)[(n+pB+1)
2@ (@ 4 Hr(a + DENIN + B +1) 7
WNN =
FIN+a+B+2)[(n+a+1)
~(a+1,B+1)
C
- N-2

(1 - 2220 P ()2

where

Elarpe) _ 22T (N + o + 2)T(N + B+ 2)
N-2 NN +a+ B +3)

)

while the nodes and the corresponding Christoffel numbers in Jacobi Gauss-Radau

quadrature are given by [1]

xn; (=0,...,N) are the zeros ofPI(\O;’B“)(x),

2+ P2(8 L DNIT(N + o + 1)

N0 TP N+a+B+2OTN+B+2) ®)
~(a,B+1)
&

wN,j N-1

(1 - 2)(1 +x7)2(0, P ()2
where

Elap) _ 2P2D(N + a + )T (N + B +2)
N-1 NIT(N+a+B+2)

In order to use these polynomials on the interval [0,L], we define the so-called shifted

Jacobi polynomials by introducing the change of variable x — 2L—" —1. Let the shifted Jacobi

polynomials P (2 — 1) be denoted by P{”(x). Then P{")(x) can be obtained with the

aid of the following recurrence formula:

2x .
P = (af-“"”(f - 1) b ))Pi?fﬂ)(x) — PP, =12, ©)

where
@p QRita+B+1)Ri+a+p+2)
T T A e D)
@ (B—a?)Ri+a+f+1)
l 20+ D(i+a+B+1)QRi+a+pB)
Jop _ ((+0)i+p)Q2i+a+p+2)

’

L+ )i +a+B+1)Ri+a+p)
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The analytic form of the shifted Jacobi polynomials Pf"i’ﬁ (%) of degree i is given by

i

ri+p+)li+k+a+p+1) s

Py, _ -1 i+k , 10
1) g( S T Fe DM v o s B D~ ORI 1o
and the orthogonality condition is
b @B o pled) (o)
| B @ e ) s = 1o .
0

(.B) .\ _ (.f) _ L*PHT (kva+ D) (k+B+1)
where ;" (x) = %’ (L — x)* and by = (2k+a+ﬂ+1)Z!1‘(k+a+ﬁ+l)‘
A function u(x), square integrable in [0, L], may be expressed in terms of shifted Jacobi

polynomials as
oo
u(x) = Z ch(L‘;’ﬁ (%),
j=0
where the coefficients ¢; are given by

1t @B) (. (@B .
¢ = W/o u(x)PL'/ ww; " (x)dx, j=0,1,2,.... (12)
'Lk

In practice, only the first (N + 1)-terms shifted Jacobi polynomials are considered. Hence

u(x) can be expressed in the form
N
un(x) Z c,-Pg’ﬂ)(x). (13)
=0

3 One-dimensional NLSE

In this section, the numerical algorithm is based on SJ-GL-C method to numerically solve
NLSEs with initial-boundary conditions. The collocation points are selected at the S]-GL
interpolation nodes. The method is to discretize the NLSE in the spatial direction along
with a new treatment for the conditions the system is subjected to, to create a SODEs of
the unknown coefficients of the spectral expansion in the time direction.

In particular, we consider the general NLSE with the Kerr law nonlinearity

Y (x,t) 2P (x,t)
i + +
ot 0x2

(x,2) €[0,L] x [0,T7, (14)

y @) (w0 [) ¥ (1) = 80v 1),

with the initial-boundary conditions

v(0,0)=0(),  ¥(L1)=53E), t[0,T],

1//(96, 0) = El(x), PAS [O:L]
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In order to begin the numerical solution, we put the complex functions (Y (x, t), £1(¢), £2(£),

and & (x)), as proposed in [30, 38], in their real and imaginary parts:

1//(96, t) = u(x, t) + iV(x: t)’ R(x’ t) :f(x» t) + lg(x’ t)) gl(t) :gl(t) + ig3(t)»
$a(t) = g2 (t) + iga(2), &1(8) = x1(x) + ixa(x),

where u(x, £), v(x, £), f (x, £), g(x, £), g1(t), g5(¢), £2(¢), ga(£), x1(x) and xo(x), are real functions.
In virtue of equation (16), one may write equation (14) as

i< du(x,t)  8%vix,t)

St o +y(x)(uz(x,t)+v2(x,t))V(x,t)—5(x)V(x,t))
2
_(3V$f)_z’Zg”)_yF@ﬂuJ)+v%&t»um¢)+aunmmn):o. 17)

The above equation can be separated into coupled nonlinear partial differential equa-

tions

du(x,t)  0%vix,t)

o + a2 + y(x)(,,ﬂ(x, 8) + v2(x, t))v(x, t)-8(x)v(x,t) =0, .
vix,t)  9%ulx,t) ) ) ~
o0 ol yF(u (%, 8) + v (x, t))u(x, t) + 8(x)u(x,t) =0,
with the initial-boundary conditions, namely
M(O, t) =g1(t): M(L! t) = g2(t): te [0: T]:
v(0,7) = g5(¢), WL, t)=gu(t), tel[0,T], 19)

u(x,0) = fi(x), v(x,0) =fo(x), x€][0,L].

The main advantage of using the node points of the S]-GL quadrature is that the distribu-
tion of these points in [0, L]. In the proposed collocation scheme, unlike the most existing
collocation schemes, the boundary conditions are satisfied automatically in the colloca-
tion scheme. More specifically, there is no need for additional equations to enforce these
conditions. Thereby, the above treatment is more reasonable. In addition, it improves the
accuracy of numerical solution; see the numerical results in Section 6. Now, we outline
the main step of implementing SJ-GL-C scheme for reducing nonlinear coupled system
(18)-(19) to SODEs. The approximate solutions of u(x, £) and v(x, £) can be expanded, using
the shifted Jacobi polynomial, ngﬁ )(x), in the forms

N

ux,t) = Y a(OPP (),
720 (20)
N

v 1) = ) bOPL (),

j=0
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and in virtue of (11)-(12), we deduce that

L
a;(t) = hi]L / u(x, )W P ()PP () dx,
(21)
bit) = — / ' v(x, WP (x) PP (x) dx
J AL ) ’ L Lj .

We can circumvent the need for evaluating the previous integrals, by using the SJ-GL
quadrature formula to approximate the integrals. For any ¢ € Syn_1[0, L],

L
/0 w(x)p(x) dx = ZwLaﬂ) ) (22)

where xLNl (0 <j <N) and wL (0 <j < N) are the nodes and the corresponding
Christoffel numbers of the SJ-GL quadrature formula on the interval [0, L], respectively.

Due to the property of the SJ-GL quadrature (22), the expansion coefficients @;(¢) and
bj(t) can be approximated by means of the solution at the SJ-GL grid points, as

,}3 a,B) (a,B8)
a(t) = 5 ZPL/ xLNz wLNlu(xLN,i’t)’

L,N,j i=0
(23)
,/3 (a,ﬂ (@B, ( 1c:B)
bj(t a,g ZPL} XN, wLNz (xLNz’t)
L,N,j i=0
In virtue of equations (21)-(23), we can write the approximate solutions as
N
B) (,(B) plesB) (,B) (. B)
=332 s D )t
i=0 \j=0 ,/
(24)

N N
L (@B (@B plb) @B\, (@B
v(x, £) = Z(Z e PL‘; (xLOfN,i)PL‘; @ v t)-

i=0 \j=0 "L

Furthermore, if we differentiate (24) once, the approximation of the first spatial partial
derivatives of the approximate solutions, by means of the approximate solutions at the
SJ-GL interpolation nodes, can be expanded as

M) S wh) [ af)
= Z Kyi u(xL,I‘\[,i, t),
i=0
(25)

av(xm ) < @p)( (@p)

o ;):K",i v(xrnpt) n=01..,N,

where
N (@,B) P(a’ﬁ (%)

(@.B) DN @) [ (@.B)
Koo = P (x . . 26
ni Z h(a‘ﬁ Lj ( L,N,l)( ox ) x=x(a]'\'?) ( )
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Similarly, the second spatial partial derivatives for the approximate solution may also be
written in the forms

azu(xL ﬁ;,t) N (
Z)‘ xLa]\lISt’ )
) N (27)
V(X N o £) (
’ ,B) (a,B)
T” > aP (@ t), n=0,1,...,N,
i=0
where
N ( B) 321)(0!,/3)(96)
(@,B) _ DN (01/3 (,B8) Lj
Api Z h(aﬂ Py ( L,N,i)( 92 ) e (28)
“LNn

Let us denote

w®) = u(@0 8, e =v(=%E), ),

a@® =gt KO =f(ED00).

In the proposed spectral SJ-GL-C scheme, the residual of (14) is set zero at the (N —1)
SJ-GL interpolation nodes. Therefore, adopting (18)-(28), we may write (14)-(15) in the

form
N
Dyt (8) = = Y MeiPvile) — v (50,) (20 + V2 () va®) + (x50, VD),
i=0

N
Dy, (t) = an“lﬁ} (1) + y(xLNn)(ufl(t) + V2 (8) ) un(t) - S(xél\’?)n)un(t)

In addition, there is no need for additional equations for treating the boundary con-

ditions, because the boundary conditions (15) are imposed at the two collocation points

x(L A‘? o and xL  in the expansion of the functions. This provides the SODEs with (2N —2)

unknown functlons in the time variable,

Dyitn(2) ZA B+ dyd gs(2)
+15Dga() = y (650N (12(1) + V2O vale) + 8 (x5 ) val0),
N-1

D,(t) = Y 2 uile) + 15 (2)

WP e (t) + y (500) (12(8) + V2(O) () = 8 (x50 4 (),

1’121;2,-”,]\[_1,
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subject to the initial values

u(0) =A(L),  va0) =f(xE), nm=1,...,N-1. (31)
In Section 5, we discuss the numerical approximation of such a SODEs.

4 Two-dimensional NLSE
In the present section, we provide an efficient algorithm for the numerical treatment of
the following two-dimensional NLSE:

Y (x,y,0) Bzw(x,y,t) 3 v (%,,1)
14 =da;
at dx2 dy2
+ R, Y)Y (%), (x,9,8) € Q1 X 25 x Q3, (32)

vy (W20 vy, 8)

subject to the initial condition
l[f(x,y, 0) = Cl(xry)’ (x:y) € Ql X QZ’ (33)
and the four boundary conditions

¥ (0,9,8) = (1), V(Ly,yt) =500, (1) € Q2 x Qs,
1//(96, 0, t) = {4(96’ t)’ 1/f(x,L2, t) = {S(xr t)r (x’ t) € Ql X QS:

(34)

where €21 = [0,L1], Q> = [0,L,], and 23 = [0, T], while &1(x,%), &2(8), §3(,8), Lalx, ),
¢s(x,8), v(x,9), and R(x,y) are given functions. First, the mapping of the complex to the
real and imaginary parts is required for the possibility of using the numerical method. To
this end, suppose we have the transformations

V(x,p,t) = ulx,p,t) + ivix, y, t), axy) =axy) +igx,y),
GO, t) =g, t) +iga(y, 1), 3(0,t) =g t) +ige (0, 1), (35)
Ca(x,t) = g7, £) + igs(x, £), &5(x, t) = go(x, £) + igo (%, £),

where M(x,y, t): V(x:y: t)¢ gl(x’y)’ g2(x’y)) gs(% t)) g4()’7 t)) gs()/, t)¢ ge()/, t)¢ g7(x¢ t): gS(x: t)¢

go(x, 1), and gio(, £), are real functions. Using (35), with the help of (32), we obtain a cou-
pled system of two-dimensional PDEs:

u(x,y,t) 02v(x,,t) 02v(x, y, t) 9
e T e e ute)
+ (V690 0) (@, 9,0) + Rlx, (3, 2), 56
v(x, y,t) 3%u(x,y,t) 0%u(x,y,t) 2
T T e TR e +y () (uley.0))

+ (v(x,y, t))z)u(x,y, £) + R(x,y)u(x,y,t), (xy1t) € R x Qy x Q,

subject to the initial conditions

u(x,y,0) = gi(x,9), v(x,9,0) =g (x,y), 9 € Q1 X Qo (37)
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and the boundary conditions

M(O;y; t) :g?)()/) t)) M(Llyy; t) :g4()/; t);

V(Oryr t) =gs()’, t), V(Llryr t) :g6(% t)r ()/r t) € QZ X QS;

ux,0,0) =g7(x,8),  ulx, Lo, 1) = gs( 1),

V(x; 01 t) =g9(x¢ t)¢ V(X,Lz, t) =g10(x) t)) (.X, t) S Ql X QB-
Second, we are interested in using the SJ-GL-C method to reduce the above coupled sys-
tem of two-dimensional PDEs with their boundary conditions into a SODEs which greatly
simplifies the problem. In order to do this, we outline the main steps of our algorithm

based on approximating the problem using the SJ-GL-C method for spatial discretization.
Let us expand the approximate solution in a doubly shifted Jacobi series

N M
uwy,0) =Y > ay ()P ()P (),
i=0 j=0
39)
N M
vy, =Y Y byOPLD ()P ().
i=0 j=0

Let {xLlNl,O <i<N}and {yL2 M},O <j < M} be the SJ-GL interpolation nodes for the

shifted Jacobi polynomials PL )(x) and PL M(y) respectively. Making use of the SJ-GL
quadrature and due to the orthogonality relation, one obtains

N M
(@.B) plep) (,(.B) (,B)
aij(t) = @h) h(a,ﬂ ZZ L2/ Lsz)sz,M,kPLl,i (xLl,N,l)le,N,l)
Ly,i "’Laj  1=0 k=0

(@,B8) |, (@,B)
x u(xLl,N,l’yLz,M,k’ t)’

(40)
1 S @) () N (@) pla)(@h) | (@f)
o o, o, o o,
bij(t) = @B @B (PL21 (yL2Mk)wL2,M,kPL1,z’ (xLl Nl) le,N,l)
hy s hLz,j =0 k=0
(.p) , (@,B)
X V(N b Vg go E)-
Let us denote
(@,B) , (@,p) (@,B) , (@,p)
(xLO;,N n’yLz,M m t) = Unm(t), (xLl N n’yLz,M m t) = Vum(t),
then the approximate solutions (39) may be expressed in the form
N M N M ( (y (a,B) P(aﬂ)(x(aﬂ) )w(a,ﬁ))
_ L2] Lsz Lsz Ly,i L1,N,[ Ly,N,l
T 3 %3 i
i=0 j=0 [=0 k=0 Lii U,
x P}i:?’(x)Pii’f’(y)ul,k(t),
41
N M N M L (y k aﬁ)kpgxﬁ( aﬁ)l) aﬂ)l) (41)
_ 2] Lo, M L2 M, 1,1 L1 N, L1 N,
V(x’y’t)_z Z hozﬂ)haﬁ
i=0 j=0 [=0 k=0 Ly,i ""Laj

x P )P () vi(e).
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In the following, the first-order spatial partial derivative with respect to x for the solu-

tions (41), at a specific collocation node xL N , and yp z'ﬂ ), can be written as

N M N M ) (o, 8) a,p)
8unm(t) ZZZZ( L2 (yLsz) L2Mk le (x Ll,Nl)le )
h( ,ﬂ)h( a,f)
=0 k=0 i=0 j=0 Lyi "oy
AP i) o
X TPLZ/ (yLsz)ul,k(t);
n=0,1,...,.Nym=0,1,...,M, (42)

for simplifying the notation, let

ou (t
2 ZZp,i”;fl,,ul,k(t), (43)
1=0 k=0
where p,, W‘? l) ; are the expansion coefficients of the derivative, and they are obtained from

N M Otﬁ) (a0, 8) (.B) plap), (B)
ZZ L2] (yLsz 2M/(PL1Z (xLlNl) LlNl) 8( ( Lan))
Pr = 1) (@) 3x
i=0 j=0 Ly,i ""Lyj
a,B) (, (c.B)
X PLz] (yLz,M,m)' (44)

Accordingly, the first-order derivative with respect to y for u(x, y,t), at the nodes xi}yn and

Ly .
yM,m’ 1s

01/3 Otﬁ)

3”nm(t (P Ly, (yL DLkl L,Nl) L Nl) o.B)
ZZZZ P h(za,s)h( 1,3) : - Lz,z (yLbNVl)

=0 k=0 i=0 j=0 Lyi "Ly

(o, )
PL2,] (yLZ M, Wl lk(t)

n=0,1,....N,m=0,1,..., M. (45)

A similar argument leads to
ou (t) ot
L =D o ta0), (46)

=0 k=0

where

a,p) (, (@.B) ) (. 8)
(PL (YLZ L L2Mk le (xLlNl) LN
RS>

(e, B) - (0, 8)
i=0 j=0 hLl,i Ly
wh) ) w0 Pryy Ot
x P (xLan)— (47)

dy
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Also, the second-order spatial partial derivatives with respect to x and y are, respectively,

given by
N M
8 unm(t) )
=D (o)
=0 k=0
(48)
N M
%1y, (t)
o = 2 D ik )
dy? 1=0 k=0
where
) (a,8) (a,B) a,p)
ZZ( o) (YLZMk) Lo, Mk Ll, ( LlNl)le,Nl)
”m” h(a,ﬁ h a,p)
i=0 j=0 L1,i ""Layj
92D (8 )
LN (@) (, (@.pB)
X o9x2 Psz/ ( Lz,M,m) (49)
and
a,B) (, (@B) ) (a,8)
(a,B8) ZZ(PL (yLz ) Lsz L1, (L1N,l)wL1,N,l)
Mmi] @B (@)
i=0 j=0 Lyi Ly,j
) wp) O PLay Oyt
o, «, 2] 2,V1,m
x P ( LI,N,n)a—yz (50)

In a similar way, the second approximate solution for the coupled system can be obtained

from
av av, NoHu
nm = Zzpfl&’fl} lk(t) nm Z f’tarft,]vlk(t
=0 k=0 1=0 k=0 (51)
a2 Vnm(t (a,8 82Vrlm(’f) Al (a8
o 3
Zzgnmllvlk(t) 92 = nnmljvlk(t)
=0 k=0 y =0 k=0

In the shifted Jacobi pseudo-spectral approximation for the two-dimensional version of
NLSEs, the residual of (36) is set zero at (N — 1) x (M — 1) of the nodes of SJ-GL interpo-
lation. Therefore, adopting (41)-(51) enables one to write (36)-(38) as

M
Ditym(t) = a1 Z > e vi(e) + az Z Z M) Vi(t)
1=0 k=0 =0 k=0

F R ) Vnn(®) + (KR 9 ) (U (2))?

+ (Vi) V(D)

DVy(t) = ~an Z ng,amﬁ”ulk(t) a Z Z N 1 (2)

=0 k=0 1=0 k=0

(52)

R(xLl n’ng Mm)”n m(t) =y (x(LOi ?mhﬁ%m)(”mm(t))z

+ (vn,m(t)) Upm(t), n=1...,.N-1lm=1,...,M -1,



Bhrawy et al. Advances in Difference Equations (2016) 2016:18 Page 13 of 22

subject to the initial conditions

( ( (
Unm(0) = &1 (xLo; zﬁ\m’y(L‘Z//S\/fm) Vim(0) = g2 (xLDiIﬁ\[n’yLo;/?V)Im)
n=1,....N-1,m=1,...,M-1. (53)

Moreover, the values of 1« (t), un i(2), uro(2), urn(2), vox(£), v i(t), vio(t), and vy n(2) are
obtained from the relations

uor®) =g (N ot)  unk® =g (e t), k=0,..,M,
wo®) =g (R0, wn(®) =g (6 Npt), 1=0,..,N
Vo) =g (e t), k) =ge (b t) k=0,..,M,
vio(®) =g (xR 10),  vin(®) =g (xR t), 1=0,...,N.

This provides a SODEs in time variable with 2(N — 1) x (M — 1) unknowns. The spectral
solution of this system will be discussed in detail in the next section.

5 System of differential equations

In this section, we propose an efficient numerical integration process for the SODEs with
a vector of initial values, based on the SJ-GR interpolation, which is easy to implement,
and it possesses the spectral accuracy. This scheme has three fascinating advantages. It is
easier to implement for nonlinear problems, it is also specially appropriate for long-time
calculations, and it is more stable for large N. This is also confirmed by the numerical
results. Now, we consider the following nonlinear system of initial value problems which
is a generalization of the systems given in (30) and (52). Namely in the last algorithm, we
solve the following SODEs:

Du,(t) = G, (t, m(¢),...,ur(®)), r=1,...,Rt€[0,T], (55)
subject to the initial conditions
u,(0)=1, r=1,...,R, (56)
where G,(¢, u1(t),...,ugr(t)), r =1,..., R, are given functions.
We are interested in using the SJ-GR-C method to transform the previous system of
ODE:s into a system of algebraic equations. In order to do this, we approximate the time

variable using the SJ-GR-C method at t;‘ ;’f? (Jacobi Gauss-Radau points). We choose the

approximate solution of the form
u,(t) = Z anPFP(), r=1,..,R (57)
Furthermore, the approximation of the time derivative can be computed as

K
Du,(t) = Y _aD(PS2P (1), r=1,..R, (58)
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where the time derivative, D(P(Tof-"3 3)(t)), can be explicitly obtained by using (3) for g = 1,
with a direct calculation at the points t(}’f}’ﬁg).

Therefore, adopting (57)-(58) enables one to write (55)-(56) in the form

K
ots ﬂs 013 ,33 0,3 ,33
> a,D(PF ) ( Za P Za P )
j=0
(59)
Z“n} a3 a) 0)=1, r=1,...,Rte[0,T].

In the proposed method the residual of (55) is set zero at (RK) collocation points. More-
over, the initial conditions in (56) will be collocated at R collocation points. First, we have
RK algebraic equations for the R(K + 1) unknowns of a;;

K
Y a,;D(PFY (1) = ( Zm, PP, .. ZaK, Pt (t))
Jj=0
r=1,..,Rtel0,T], (60)

and due to the initial conditions, we have R algebraic equations
K
Y a, Py 0) =1, r=1...R (61)
Finally, we have R(K + 1) algebraic equations
Z a,lD(P(as B3) Ta§<€3 )
(t;}%fia ) Z a P 0t3 /33) 013 ﬁs ZaRJP(Ots ,B3) tTOt?(iS))) , (62)
Za,l PP oy=1, r=1,...,Rs=1,... K.

The previous system of algebraic equations can be solved using Newton’s iterative method.
Finally, equation (60) guarantees that the system (55) is satisfied exactly at the SJ-GR in-

terpolatlon nodes tT‘)‘If)s, s=1,..

.,R. This provides RK nonlinear algebraic equations for
a,j;r=1,...,R,j=0,...,K +1. In addition, the collocation treatment of the initial values
in (61) prov1des R llnear algebraic equations in the unknown shifted Jacobi expansion co-
efficients a,.;; ¥ =1,...,R, j= 0,...,K + 1. The combination of these two algebraic systems
constitutes a system of R(K +1) algebraic equations which we solved by Newton’s iteration

method. Consequently, the approximate solutions (57) can be evaluated.

6 Numerical simulation and comparisons
This section reports several numerical examples to demonstrate the high accuracy and
applicability of the proposed methods for solving one- and two-dimensional Schrodinger
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equations with a Kerr law nonlinearity. We also compare the results given from our scheme
and those reported in the literature such as the Sinc-collocation and Sinc-Galerkin meth-
ods [39]. The comparisons reveal that our methods are very effective and convenient.

Example 1 First, we consider the following nonlinear Schrédinger equation with a Kerr
law:

9y 102y 2 1, .
sty tan(x)(|y]) "y = 5(25111(2?6) —sin(4w) — 1)y,

(x,2) € [0,1] x [0,1], (63)
subject to the initial-boundary conditions which can be obtained from the exact solution:
W) = ¥ sin(2x). (64)

In Table 1, the numerical results based on maximum absolute errors obtained using the
proposed algorithm, for real (M;) and imaginary (M;) parts of the solution are listed at
various values of N, M. From this table, we observe the accuracy and efficiency of the
proposed method.

The real and imaginary parts of the absolute errors obtained by the present method at

N =M =20, a1 = 1 = oy = B = 0 are shown in Figures 1 and 2, respectively. Meanwhile,

Table 1 Maximum absolute errors of problem (63)

N=M o“:ﬁ.I:az:ﬂz:O a1=ﬂ1=a2=ﬁz=% a-l:ﬂ.l:%,az:ﬂz:—%
M1 Mz M1 Mz M1 M2

4 154 x 1072 198 x 1072 233 %1072 292 x 1072 229 x 1072 288 x 1072

8 8.04 x 1077 1.07 x 107° 150 x 107° 198 x 107 1.50 x 107© 201 x 107
12 515 x 10712 6.88 x 10712 112 x 1071 151 x 107" 113 x 107" 146 x 107
16 855 x 107" 933x 107" 461 x 1071 433 %1071 544 x 1071 577 x 1071°
20 6.66 x 1071° 7.55 x 1071 311 x 1071 333 x 1071 311 x 1071 3.00 x 1071°

P
-

3.x1071%

B 2.x10713 ) 10

1.x10713

Figure 1 Space-graph of the real part of the absolute error related to the problem (63), where
N=M=20,a1=p1=02=0,=0.
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E>(x,t) 2-X 10713

1.x107"

Figure 2 Space-graph of the imaginary part of the absolute error related to the problem (63), where

N=M=20,a; =ﬂ1 =d2=ﬂ2=0.

25% 107 | . oA
[ w‘
2.x107 1 | | ]
i
N ' [
2 1sx1075 || ]
v L |
3 iy \‘ | |
) [ | | 1]
1.x10715 + ‘ ‘ | | 4
[ | IR ||
r i '\
5.x1070 ] W I‘ y! s
[ \' y
oF L )
0.0 0.2 1.0

Figure 3 t-direction curve of real part of the absolute error related to the problem (63), where

N=M=20,¢¥1 =ﬂ1 =(¥2=ﬂ2=%.

absolute error curves for the real and imaginary solutions, in the case of x = 0.5, &y = 1 =

0y =By = % and N = M = 20, are plotted in Figures 3 and 4, respectively.

Example 2 We consider the nonlinear Schrédinger equation in the following form:
Yy 13%y 2 16 In(x) + 17 cosh(x) + 13
kA S| - ,
! ot * 2 0x? i n(x)(|1/f|) 4 8(cosh(x) +1) v
(x,t) € [0,1] x [0,1].

The exact solution of this problem is

Vxt)=et sech(%).

(65)

(66)
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2.5% 1079 F /| :

2.x1079 F
15x 1077 F
Lx1075F

5.x 1070

Figure 4 t-direction curve of imaginary part of the absolute error related to the problem (63), where
N=M=20, oy =ﬂ1 =(¥2=ﬂ2= %.

Table 2 Maximum absolute errors of problem (65)

N=M  a1=fy=ar=f,=-3 ar=By=ay=B,=3 wr=py=3,02=Pr=-3
M M; M, M M, M;
4 220 % 1073 264 x 1073 214 x 1073 243 %1073 213 %1072 246 x 1073
8 764 x 1078 748 x 1078 129 x 1077 124 x 1077 433 %1078 387 x 1078
12 381 x 10713 377 x 10713 946 x 10713 946 x 10713 432 % 10713 440 x 10713
16 550 x 1071 4101 x 1071° 369 x 1071° 344 x 1071 233x 1071 233x 1071
20 366 x 1071° 366 x 1071° 983 x 1071 722 x 1071° 233 x 107" 233 x107"°

The initial-boundary conditions of this problem can be extracted from the exact solu-
tion. Numerical results based on the maximum absolute errors of equation (65) are sum-
marized in Table 2 with several choices of N and M. From this table, we see that we can
achieve an excellent approximation for the exact solution by using the proposed method
for a limited number of the collocation nodes.

Example 3 In order to confirm the high accuracy of our technique for the two-
dimensional problem, we consider the following 2 + 1 nonlinear Schrédinger equation:

.3“W+1 Py 0%y
o T2

— 4 —> + sin(x) sin(y) [y [*¢ = %(2 sin(x) sin(y) cos®(x + y) + 1),

ax  9y?
(x,9,£) €10,1] x [0,1] x [0,1], (67)

with the initial-boundary conditions

(0,5, =e 3t cos(y), WLy t)=edtcos(y+1), (t)e0,1] % [0,1],
U(x0,0) =e2tcos(x), W1t =e2tcos(x+1), (x¢)e[0,1]x[0,1], (68)

¥(x,9,0) =cos(x+%), (x,9) €[0,1] x [0,1].

The exact solution of this problem is

Yx,y,t) = e 3t cos(x + ). (69)
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Table 3 Maximum absolute errors of problem (67)
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N=M=K a1=f1=a2=Pr=a3=53=0 “1=I31=‘¥2=ﬂ2=%l°‘3=ﬂ3=‘%
M, My M, M;

4 129 x 1073 130 x 1073 212 %1073 221 %1073

6 3.05 x 107° 3.04 x 10°° 552 % 107° 561 x 107°

8 378 x 107° 373 x107° 743 x107° 748 x 107

10 643 x 107" 6.68 x 107" 330 x 10710 484 x 10710

Ei(xy.D) 1.x107"

5.x107"2

b/
10 0.0

Figure 5 Space-graph of the real part of the absolute error related to the problem (67), at t = 1 where
N=M=10,01 =1 =02=f,=0.

[ S———
081 TTTTTeeal | E
0.6 g
= -“.“u-
z L
=
s 047 u(0.3,0.3.1) ]
un(0.3,0.3,0)
t u(0.4,0.4,t)
021 un(0.4,0.4,0) 1
u(0.5,0.5,)
L |— uy(0.50.5,) S
00 C1 L L L L L L L L L L L L L L L L L L L 17
0.0 0.2 0.4 0.6 0.8 1.0
t
Figure 6 t-direction curves of real parts of the numerical and exact solutions of problem (65), where
N=M=10, oy =ﬂ1 =d2=ﬂ2 =0.

Table 3 lists the maximum absolute errors of u(x,y,t) and v(x,y,t) of problem (67) with
various choices of N, M, and K. The numerical results presented in this table show that
the results are very accurate for small values of N, M, and K. Figure 5 demonstrates that
the absolute errors E; (x, y, t) are very small even for the small number of grid points taken.
Moreover, we see the agreement of the curves of the real and the imaginary parts of the

approximate and exact solutions in Figures 6 and 7.
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0.0 &~ T
A v(0.3,0.3,0)
vn(0.3,0.3,0)
oal v(0.4,0.4,0) ]
e vn(0.4,0.4,1)
v(0.5,0.5,t)
z vn(0.5,0.5,0)
g -04r B
-
~ k\-‘._"-“»;
-06} 1
~08} e ]
L L L L L L L L L L L L L L L L L L L L 3
0.0 0.2 0.4 0.6 0.8 1.0
t
Figure 7 t-direction curves of imaginary parts of the numerical and exact solutions of problem (65),
where N=M=10,01 =81 =0=,=0.

Table 4 Maximum absolute errors with various choices of N, M, and K for problem (70)

N=M=K oa1=ar=az3=8,=$,=$3=0 ar=ar=az=B;=p,=f3=-1

M My mf my My mf
4 273 %107 242 %107 365 x 107 113 x 107 113 x 107 215 %107
6 6.18 x 1078 400 x 1078 736 x 1078 325 x 1078 217 x 1078 336x 1078
8 621 x 107 311 x 107 6.85 x 107" 261 x 107 295 x 107" 305 x 107"

Example 4 Finally, we consider a two-dimensional linear Schrodinger equation [39] in

the form

0. + 0¥ + 0y + (1 - x% - %)w =0, (x9¢) €l0,1] x [0,1] x [0,1], (70)

with the boundary-initial conditions

¥(0,y,8) = u(0,y,t) + iv(0,y,£) = 0, ULy, t) =u@,y,t)+ivl,y,t) = e,
¥(x,0,t) = ulx,0,t) + iv(x,0,t) = 0, Vx1,8) = ulx,1,t) +ivix,1,t) = €, (71)

¥ (x,9,0) = u(x,y,0) + iv(x,y,0) = x2y2, (x,9,t) € [0,1] x [0,1] x [0,1].

The maximum absolute errors of u(x, £), v(x,t), and ¥ (x,t) related to problem (70)-(71)
are presented in Table 4 using the two-steps SJ-GL-C method with various choices of N,
M, K, a, ay, a3, B1, B2, and Bs. The errors are calculated through a comparison with the

exact solution

V(x,t) =x’y?e,  (x,9,t) €[0,1] x [0,1] x [0,1]. (72)
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Table 5 Comparison based on relative errors for problem (70)

N=M=K ai=ar=a3=81=B,=5=0 N=M=K 0l1=°lz=0t3=.31=ﬂz=ﬂ3=%
Ry Riy R Ry Riy R
4 506 x 10  288x 10 365x10° 4 632x10° 407 x107° 484 x 107
6 114%x 107 476x 108 736x108 6 170x 107 888x 108 1.19x107
8 115x 1079 370x 107" 685%x 107" 8 200x 10719 904 x 10" 132x 10710
N=M=K ar1=ar=az=p,=P,=83= —% (N, M, K) Symmetric Sinc-Galerkin method [39]
v v
RY, Rl Ry RY, RY Ry
4 338x 10 134x 102  215x10™  (8,8,1,000) 156 x 107 140 x 107 230 x 107
6 603x 108 241 %108 336x10° (16,16,1,0000 451 x 107 504x 107 677 x 107
8 484 %107 351 x 107" 305x 107" (32,32,1,000) 298 x 10 490 x 107 562 x 107

Figure 8 The absolute errors (a) E1(x, t) and (b) Ez(x, t) of problem (70) where a1 = 1 = a2 = =tz =
Bs=-JandN=M=K=8.

The relative maximum error may be defined by

‘ Max{E;(x,y, T) : V(x,y) € [0,L;1] x [0, L]}
M Max{u(x,y, T) : V(x,y) € [0,L1] x [0,L5]}
R - Max{E;(x,y, T) : V(x,) € [0,L;] x [0,L;]}
M7 Max{v(x,y, T) : V(x,9) € [0,L,] x [0,L,]} @3)
Rx// _ Max{\/(El(x’y’ T))2 + (EZ(x)y’ T))2 V(x,}’) € [O’Ll] X [O;LZ]}
Max{\/(u(x,y, 7)) + (v(x,y, T))? : V(x,9) € [0,L1] x [0, Ly]} '

For comparison purposes, the relative errors (73) of problem (70) which were obtained
using the two-step SJ-GL-C method and by the symmetric Sinc-Galerkin method [39] are
presented in Table 5. We see from this table that the results are very accurate, even for
choices of a small number of nodes, N, M, and K. In Figures 8 and 9, we see that the
absolute errors Ei(x,y,t) and Ex(x, y,t) are very small, despite the relatively small number
of grid points used.

7 Conclusions

In this paper, we have proposed a collocation algorithm to introduce an accurate numer-
ical solution for the one-dimensional nonlinear NLSEs with initial-boundary conditions.
The core of the proposed method was to discretize the NLSE in the spatial direction by
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sxlilg
Fplerdl ,  qp-11

L1011

Figure 9 The absolute errors (a) E1(x, t) and (b) E>(x, t) of problem (70) where a1 = 1 =0 = B =3 =
Bs=-1andN=M=K=8.

the SJ-GL-C method, along with a new treatment for the subjected conditions, to create
a system of SODEs of the unknown coefficients of the spectral expansion in the time di-
rection. An efficient numerical integration process for SODEs was investigated based on
the SJ-GR-C method. The proposed method was extended to solve the two-dimensional
NLSEs. The main advantage of the proposed algorithm is that, on adding few terms of
the SJ-GL-C and SJ-GR-C nodes, a good approximation of the exact solution of the prob-
lem was achieved. Comparisons between our approximate solutions of the problems with
their exact solutions and with the approximate solutions achieved by other methods were
introduced to confirm the validity and accuracy of our scheme.
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