View metadata, citation and similar papers at core.ac.uk

-

P
brought to you by .. CORE

provided by Crossref

Liao and Ding Advances in Difference Equations 2013, 2013:12 ® Advances in Difference Equations
http://www.advancesindifferenceequations.com/content/2013/1/12 a SpringerOpen Journal

RESEARCH Open Access

Nonstandard finite difference variational
integrators for nonlinear Schrédinger
equation with variable coefficients

Cuicui Liao and Xiaohua Ding

“Correspondence:
mathdxh@hit.edu.cn

Department of Mathematics, Harbin
Institute of Technology at Weihai, 2
Wenhua West Road, Weihai,
Shandong 264209, China

@ Springer

Abstract

In this paper, the idea of nonstandard finite difference discretization is employed to
develop two variational integrators for the nonlinear Schrédinger equation with
variable coefficients. These integrators are naturally multi-symplectic, and their
multi-symplectic structures are presented by the multi-symplectic form formulas.
Local truncation errors and convergences of the integrators are briefly discussed. The
effectiveness and efficiency of the proposed schemes, such as the convergence order,
numerical stability, and the capability in preserving the norm conservation, are
verified in the numerical experiments.

Keywords: variational integrators; nonstandard finite difference; multi-symplectic;
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1 Introduction
The nonlinear Schrodinger equation (NLSE) [1, 2]

ity + v + V' (Ju)*)u = 0,

has wide applications in many areas such as quantum mechanics, nonlinear optics, and
plasma physics, etc. Extensive efforts have been devoted to studying the equation theo-
retically and numerically due to its broad and important applications. Various numerical
methods for the nonlinear Schrédinger equation [3—5] such as finite element methods [6],
finite difference methods [7], spectral method [8], etc. have been developed. Among these
numerical methods of different categories, the multi-symplectic method has attracted
special attention for its better numerical stability for long-time computations and perfect
performance in preserving the multi-symplecticity of NLS equations, which is an intrinsic
conservative property of the Schrédinger equations.

In this paper, we consider the nonlinear Schrédinger equation with variable coefficients

iy + (Bt + BE)|u*u =0, @

where i = +/—1, a(t) and B(t) are integrable real functions in £, and u(x, ) is a scalar field
function with two independent variables labeled by x and ¢.

The nonlinear Schrodinger equation (1) can be reformulated as a multi-symplectic
Hamiltonian system [9]. Hong et al. [10, 11] proposed a numerical scheme for the NLSE
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with variable coefficients (1) by means of Preissman integrator [12]. For this Preissman in-
tegrator, they derived a discrete multi-symplectic structure, named multi-symplectic con-
servation law [13]. Also, the discrete normal conservation law and a global energy transit
formula in temporal direction were shown in their paper.

It is a classical way to derive multi-symplectic numerical schemes from the Hamiltonian
point of view [9, 12, 14]. After applying a numerical discretization to Hamilton’s equation
[15-17], however, we need to rederive the discrete multi-symplectic conservation law since
it is unclear what is geometrically conserved by this discretization. On this aspect, another
classical way, i.e., deriving the multi-symplectic numerical schemes from the Lagrangian
viewpoint and variational principle, has more advantages since it leads in a natural way to
multi-symplectic integrators, and the discrete multi-symplectic structures are obtained
at the same time. Based on this Lagrangian viewpoint, Chen et al. [18-21] have elabo-
rately studied the variational multi-symplectic integrators for the nonlinear Schrédinger
equation. By the discrete variational principle with the discrete Lagrangian function, the
discrete variational integrator is derived, and the corresponding multi-symplectic struc-
ture, i.e., the multi-symplectic form formula by Marsden [22, 23], is also obtained from the
variational principle. In this work, we follow this Lagrangian viewpoint to study the multi-
symplectic methods for the nonlinear Schrédinger equation with variable coefficients (1).

In this process, the discrete Lagrangian function needs to be defined for the discrete
variational principle. The Lagrangian function can be discretized by using finite difference
methods. In our paper, we use the nonstandard finite difference methods rather than the
classical finite difference methods to approximate the Lagrangian function. The nonstan-
dard finite difference methods developed by Mickens [24—29] have better performances
than the classical ones in terms of numerical stability, and they can be constructed flexibly
to preserve some important properties and conservation laws of the original models. The
rules of designing nonstandard finite difference schemes are listed in Section 2.

Combining the ideas of discrete variational integrators and the nonstandard finite dif-
ference methods is our starting point to study the nonlinear Schrodinger equation with
variable coefficients (1), which can be reformulated as the following Euler-Lagrange equa-
tion:

oL d oL d oL

Rt 2
ou dtou; * dx du, @
with the Lagrangian function
1 S 1 9
Lu, uy, uy) = Ea(t)uxux + Zl(uut — uy) - Zﬁ(t)(uu) ) 3)

where 2 and u, are the conjugates of u and u,, respectively.

The rest of the paper is organized as follows. In Section 2, we give some brief and neces-
sary introductions to discrete variational integrators, the corresponding multi-symplectic
form formulas, and the rules of nonstandard finite difference methods. In Section 3, with
the triangle discretization and square discretization, we derive two discrete variational
integrators for the NLS equation with variable coefficients (1) based on nonstandard fi-
nite difference methods. The discrete multi-symplectic structures are presented by multi-
symplectic form formulas. Local truncation errors of the developed integrators are dis-
cussed, and the convergence orders are shown in error tables in the numerical experiment
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section. Section 4 is devoted to showing the numerical performances of the developed
nonstandard finite difference variational integrators. It also shows that our methods have
a good performance in preserving the norm conservation law.

2 Discrete variational integrators and nonstandard finite difference methods
In this section, we first introduce the concepts of discrete variational integrators, the corre-
sponding multisymplectic structures, and the rules of nonstandard finite difference meth-
ods.

2.1 Discrete variational integrators and multi-symplectic form formulas

Assume that we have a regular quadrangular mesh in the base space, with mesh lengths
Ax and At. The nodes in this mesh are denoted by (j, k) € Z x Z, corresponding to the
points (x;, £x) := (jAx, kAt) in R2. We denote the value of the field u at the node (j, k) by u]k .
When we consider the triangle discretization, we denote a triangle at (j, k) with ordered
triple ((f, k), (j + 1, k), (j, k + 1)) by Ajx. Define X, to be the set of all such triangles. Then the
discrete jet bundle [23, 30] is defined as follows:

TLY o= {(uf g, ™) € RP: (G, K), G+ 1,K), G,k + 1)) € Xa ),

which equals X, x R3,

Let us posita discrete Lagrangian L, : i Y — R. Given a triangle Aj, define the function
L, by Ld(u;‘, ullf+1, u;‘*l) which is a discrete version of the Lagrangian density [30]. Then the
action functional can be defined as

S=---+ Ld(uf,u;‘ﬂ, ullf*l) + Ld(u]’»‘fl, uf,u;ffll) + Ld(uf_l, ufil,u;f) I
By the discrete variational principle [31], we obtain the discrete Euler-Lagrange equation
by keeping the values of the field on the boundary fixed and taking variations with respect
to ull.‘,

DL, (ulk, ”;]'(+1’ ul’f”) +DyL, (”;]‘(—1’ ullf, u}lf_"ll) + D3Ld(u1""l, u/’fjll, u}k) =0.

The discrete Euler-Lagrange equation is the so-called discrete variational integrator.
Meanwhile, the discrete multi-symplectic structure is also generated [22, 23] in the vari-
ational principle.

By Hamilton’s principle [23, 32], the discrete multi-symplectic structure, which is pre-
served by the discrete variational integrator, is described by Poincaré-Cartan forms in a
differential geometric language. In their paper [23], Marsden et al. showed how to ob-
tain this structure directly from the variational principle on the Lagrangian side. They
defined the structure as the multi-symplectic form formula and demonstrated that it was
conserved by the discrete variational integrator in their paper.

Lemma 2.1 Ifu is a solution of the discrete Euler-Lagrangian equation, and V, W are first
variations of u, then the following discrete multi-symplectic form formula holds:

> ( > [Vlu)*(’flvlﬂwﬂi)](ﬁ)) =0. (4)

[ANIUA0 Nl
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The details of this conclusion can be found in papers [22, 23]. This conclusion states
that the discrete variational principles produce the discrete variational integrators, and
that the multi-symplecticity of these variational integrators is presented by the discrete
multi-symplectic form formula (4).

Vankerschaver et al. [30] revisited the multi-symplectic form formula in the work [23].
They showed that it can be obtained from the boundary Lagrangian which they defined
in their paper. An easier way was presented to derive the discrete multi-symplectic form
formula from the discrete variational principle, using the notations of Poincaré-Cartan
forms. In this paper, we follow the same derivation for the discrete multi-symplectic form
formulas to derive our discrete variational integrators.

When we use the discrete variational principle, we need to make an approximation of
the Lagrangian. Here we employ nonstandard finite difference methods, instead of the
standard finite difference, to approximate the Lagrangian function and derive the corre-

sponding discrete variational integrators as well.

2.2 The nonstandard finite difference methods

The nonstandard finite difference schemes developed by Mickens et al. [24—28] were pro-
posed to compensate the weaknesses which may be found in standard finite difference
methods, for example, numerical instabilities. Regarding the positivity, boundedness, and
monotonicity of solutions, nonstandard finite difference schemes also have a better perfor-
mance than standard finite difference ones. Because it is more flexible in its construction,
a nonstandard finite difference scheme can more easily preserve certain properties and
structures obeyed by the original equations and can have better dynamical consistency
for dynamical problems.

These advantages of nonstandard finite difference methods have been shown in many
numerical applications. Gonzdlez-Parra et al. [33, 34] developed some nonstandard finite
difference methods to preserve the positivity condition and population conservation law
of biological models. Jordan [35] and Malek [36] constructed nonstandard finite difference
schemes for heat transfer problems. For symplectic systems, Mickens [28] derived a non-
standard finite difference variational integrator for symplectic ODEs. Recently, Ma et al.
[37] developed a nonstandard finite difference scheme for stochastic differential equations
with additive noises.

The initial foundation of nonstandard finite difference methods came from exact finite
difference schemes [38]. After generalizing these results, Mickens formulated the follow-
ing three basic rules [24—28] in constructing nonstandard finite difference schemes.

1. The orders of discrete derivatives should be equal to the orders of corresponding

derivatives appearing in the differential equations.
Note: If the orders of discrete derivatives are larger than those occurring in
differential equations, then numerical instabilities will in general occur.

2. Discrete representations for derivatives, in general, have nontrivial denominator

functions.

Note: For example, the discrete first-derivative is generally represented by

du w1 —e(ADuy;
9 _—

dt o(AL)

’
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where the numerator functions ¢(At) and the denominator functions ¢(At) satisfy
(A =1+0((A1),  @(AL) = At+O((AL)).

3. Both linear and nonlinear terms should be represented by nonlocal discrete
representations on the discrete computational lattice.
Note: For example,

u— 2u; — U1,

2
U — Ui,

2 U1+ Ui + Uiy
uw —-\—-—————-— ,\u;
3 l

u — 2} — ulu,

3
U — Ui 1Uijy].

In our paper, we combine the advantages of nonstandard finite difference methods and
discrete variational principles to construct multi-symplectic numerical schemes for the
nonlinear Schrédinger equation with variable coefficients (1). Their multi-symplecticities
are presented by discrete multi-symplectic form formulas respectively.

3 Nonstandard finite difference variational integrators for the nonlinear
Schrodinger equation with variable coefficients
We consider the nonlinear Schrédinger equation with variable coefficients (1),

ity + ot ()t + B(E) )1 = 0,

where u(x, t) is a scalar field function with two independent variables labeled by x and ¢
and a(t) and B(¢) are integrable real functions in t. We now use the triangle discretiza-
tion and the square discretization respectively to obtain the nonstandard finite difference

variational integrators.

3.1 Triangle discretization for the nonstandard finite difference variational
integrator

We consider the same regular quadrangular mesh in the base space defined in Section 2.1.

The triangle Ay is the three-ordered triple ((j, k), (j + 1, k), (j, kK + 1)) at (j, k). Let X4 be the

set of all such triangles. The discrete jet bundle [23, 30] is defined as follows:

ToY = {(, ufy, ™) € R (G,K), GG+ LK), G,k +1)) € Xa},
which is equal to X, x R3,
Now, we use the nonstandard finite difference to define the discrete Lagrangian L; on

]i Y, which is the discrete version of the Lagrangian density [30]. Here, for the nonlinear
Schrodinger equation (1) with the Lagrangian

1 1 1
L(u, us, uy) = ia(t)uxﬁx + Zi(”ﬂz —uuy) - Zﬁ(t)(”ﬁ)z,
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the discrete Lagrangian is defined as

lAtAac loc Lﬂ u’kLﬂ 1_4/]
2 3y (Ax) Y(Ax)

1 (uk+uk1+uk+1u’.‘+1—ﬂ’f wf v iy +uft ’-‘+1—u’f)

Laluid ) =

] ] ] ]
T 3 (AL 3 H(AD)

1
e (Pl P Pl )), )
where ! :oe(thr%), ,B,H% =ﬂ(tk+%),
P(At) = At+O((A1)?), and ¥(Ax) = Ax+ O((Ax)?). (6)

We have obeyed the rules of constructing nonstandard finite difference schemes in
Mickens” papers [24-28] in the following ways. In the triangle Aj with three points
((, k), G +1,k), (j, k +1)):

1. The discrete first-derivative is represented by

AR
— > —
dt d(AL) dx ¥ (Ax)

where denominator functions ¢(At), ¥ (Ax) [22, 23] satisfy the conditions
d(A) = At+ O((AD)?), Y (Ax) = Ax + O((Ax)?).

2. Nonlocal representation on the discrete computational lattice is given by

u}’f+uk+1 +u]k+l
u— f’
and
k—k k —k k =k k+1-k+1 k+1=k+1, k—k
(uﬁ)z u] Ml u]+1ul+1+u1+1u]+lul l/t] +I/l} Ml Ml L{l
3
k2 k+1 k+1(21,,k
Iu *|u +1|2+| +1| P 4 L™ P g

3

By discrete Hamilton’s principle [23, 30], we have the discrete Euler-Lagrangian equa-

tion
DiLy(uf,uf,y, ™) + DoLg (), uf, i) + DsLa (™ ul! uf) = 0, (7)
where Ld(u ] U "*1) and Ld(uk 1k Ry uk) are defined similarly to (5) by

L, 5)

k k -k -k
1 <1 Ui ¥ U

:EAtAx BRI U (Ax) W
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ko kel 2kel _ =k =k o=k =kel kel _ ok
l 11+ul+u1+1 ”;+1_"‘j_1_ AR VAR ST e T
Ty 3 o (At) 3 d(At)
k(2| k+1|2 k+1 k|2
P (a1 L P2+ Pt ),
and
k=1 _ k=1 zk-1 _ =k-1
1 Tl T Ty 7
La( ™ ul ) —AtAx( B e
v(Ax)  ¥(Ax)
k-1 kel gk k _pkel kel kel ok ke k-]
+li R R et I R e
4 3 o(AD) 3 (AL
1 Ly k12| k-1
= 5Py (7 P+ g Pl |+ g Pl ) ).
Substltutmng( +1, uk+1) La(u; l,uk uk+1) ande( 1 lk+11,u ) into above equation
(7), we arrive at a nonstandard finite difference varlatlonal integrator. We rearrange it as
follows:
k ko ok . kel _ ko kel K kel ko ke
e Bt ity L O M/ B ey SN ey B S Sy
U1 o+ — + +2 +
2 y(Aw) 6\ ¢(AD) P(At) P(At) P(At)
1 k+1 k k+l
+ gIBk+ (| +1| |L£ " | |M/—1| ‘ + )
1 k k-1 8
+g'6k— 1({M/+1{ |u | ) . (8)

This is a nonstandard finite difference variational integrator for the nonlinear Schrédinger
equation with variable coefficients (1).

As we have mentioned in Section 2 and Lemma 2.1, the advantages of deriving multi-
symplectic numerical schemes from the discrete variational principle are that they are nat-
urally multi-symplectic, and the discrete multi-symplectic structures are also generated in
the variational principle. Now, it is meaningful to show the multi-symplectic structure of
this discrete variational integrator (8) which is based on the nonstandard finite difference
method.

Since we employ the triangle discretization here, we focus on three adjacent triangles
around u]k and denote their area by U. Following the idea used in [30], the discrete bound-

ary Lagrangian is given by

Lyu(usy) := e)]((t[Ld(U]/'(, sy, ™) + La(u) g, uf ) + La (™ ui )], 9)
u.
]

where

k k+1  k+1  k k-1 k-1
Uy —( l+1,1/l] ,I/l] M] l,lft] I/lj+1).

Taking exterior derivative twice on both sides and knowing that d2L;;; = 0, we have the
discrete multi-symplectic form formula of the following form [30]:

3 3
> 2 () =o, (10)
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where Q7 = ~d®? (for n = 1,2,3) and the discrete Poincaré-Cartan forms ®}, ®?, and 03
are defined by

0] ( +1’ ull”l) DlLd( +1, u]k”) dullf.
Thus, for the nonlinear Schddinger equation with variable coefficients (1), the multi-
symplectic form formula of the scheme (8), based on the nonstandard finite difference
methods, can be obtained by

k -k k ~k k -k k-1
Oy L (du”l Adujyy —du; A duj,, — dug A dugy + digy A du; )

2 (Ax)?
. o (duﬁf AdufTl —dig ™ A duf - di A dui T+ dig A duf1>
2 (Ax)?
3 (d((St'k) Ny +u ) + d(8itf ) A d(ufy + uf)
+ d(étﬁ]]f_l) A d(u]]f_l +u ]k+11))
+ 47( TN du Y dA A d(u;”l - u]’.‘_"ll) +dDy g A dull.‘_l)

_,3k+% (|u1k| ’uk+1| ) ditfyy A duf,, - ,3k+2 (7 2y |u1k|2) diif*' A duf ™!
ﬁk+ y (o[ ! ) ity ', - < :3k+ (] Jufs|) i)~ dugs!
ﬂk__(| /+1 |M | ) . Aduf_l

L ey (A + ) s ik <o, a

uk k uk ko k+l By SR S Uy
whereA,k_(u + ]1+u+)/3 Ilk_( i 1+M1+M+1)/3 andAlkl—(j uiy +u;)/3.

Now, we arrive at the first conclusion of this paper.
Theorem 3.1 The nonstandard finite difference variational integrator (8) for the nonlinear
Schrodinger equation (1) is multi-symplectic, and its discrete multi-symplectic structure

is (11).

We now analyze the truncation error of the integrator (8). We choose ¥ (Ax) = Ax and

¢(At) = At here. By the Taylor series expansion, we have

k
+1—2u + U

sl W = akufm +O((Ax)%) + O(AD),

, kel k kel k ko k-1 k k-1

4 e B U Ui —u; Yin—HUia \ .k 2

6( S(AD) + S0 +2 S0 + ¢)(At) > = iy + (’)((At) ) + O(Ax),
1

Bt (fal” + 1 fufa [+ [l ) + ﬁk s (|3 + )

= Bk [uf[* + O(Ax) + O(A).
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Combining the above three equations, we can observe that the nonstandard finite differ-
ence variational integrator (8) has the truncation error O(Ax + At).

3.2 Square discretization for the nonstandard finite difference variational
integrator

In this case, we denote a square at (j, k) with ordered quaternion ((j, k), (j + 1,k), j + 1,k +

1), (j, k + 1)) by Ui, and define X to be the set of all such squares. Then the discrete jet

bundle [23, 30] is defined as follows:

]D {(uk ulkﬂ, u}k:ll, uk”) cR*: ((], k),G+1Lk),G+1,k+1),0k+ l)) e Xn },

which is equal to X x R*.
According to the nonstandard finite difference method, the discrete Lagrangian L; on
J&5Y now is defined as follows:
k ok kel kel
Ld(u} Uy Uiy, Uy )
kel kel kel e}
1 Wy — W Wy
= AxAt| -og, 1
2 72 y(Ax) v (Ax)

—k+1 _ ~k k+1 k
i k+ % u]’+% uj+% _k+§ u1+§ uj+%
+—\u [ U,
4\ j+r3  ¢(AF) 3 P(AL)

k=k_ k k k =k . k+l-k+1
Bﬂk+% (uj UjliUjg +u Ui Uil Ui

+ul+1u1+1u} Ml +Ml uj ”1”1

k+1=k+1 k+1 - k+1 k+1 - k+1 k ~ k)) (12)
In this case, we have used the following rules of nonstandard finite difference methods.
In the square [ly:

1. The discrete first-derivative is represented by

k+1 k

- k+1 k k+1 k
du ey Ty Wt oW i -
dt 20(A1)  20(At)  26(AD)

ey kbRl kel ok k
du Wl W T Wa CWT Wa ol

— = = + ,
dx 29 (Ax) 29 (Ax) 29 (Ax)

where
(AL) = At + O((AL)?), ¥ (Ax) = Ax + O((Ax)?).

2. Nonlocal representations for u and (uiz)? are approximated by

k k k+1 k+1
k+% Lt] +u}+1+u/+1 +Lt1
u—u, ;= )
Jt3 4
k k k k +u k k k k+1+ k+1 -, k+1ul<+1 k+1+ k+1 k+1 k k
] 1 ] ]+1 j+1 ]+1 ]+1 /+1 +1 ]+1 J ]

(uir)? — G %

4
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Similarly, we give the definitions of L; on the other three squares adjoint to u/k :

k k+1
l/i] » u}

k

Ld (uj_l’ k+l)

j-1

k+

k+1 =k+1, k+1 -k+1
u, u; lul 1t u}

1-k+1,  k =k
uj u; R Rz 1”1—1“/—1)>’

Ld(u} 1o

N\»—-

>
>

1=
Uiy

)

5
\;
’_‘ >—A

—k
141

and

P(AL)

k-1 -k-1
u}+1

]+

P(At)

k-1~k-1 k =k  k=k k =k k-1
M1+1 + u]+1u1+1u] Ml +Lt} Lt] M}

k =k
u u1+1 Z't]+1 +

u j+1

k-1
j+1 j )) :
From the discrete variational principle, taking the derivative of the action functional with

respect to uX, we have the discrete Euler-Lagrangian equation in this square discretization

[22, 23, 30], which is defined by

k=1 k-1
]

uk kel ke ko kel ksl
DlLd( Wiy i u ) + DzLd( e u] ] )
k-1, k k-1 ko k
+D3Ld( u; 1,u} U U )+D4Ld( j+1’u]+1’uj) =0. 13)
After substituting the four discrete Lagrangian La(u; K k+1,u]k++11,uk+1) La(uj_ l,uk u}k+1

k”) La(u;” l,u]k 1 u u; k), and Ld(uk 1 1k+11, U, U )1nto above equation (13), we have
k+2 k+d k-3 k-1 k-1
o U™ — 2 24 Uj_y 1 7 2uj + U
kg W(Ax) 2 ¥ (Ax)?
i
k+1 k+1 k-1 k-1
U+ U —u
¢(At)( SRS NS J+%)

Page 10 of 22
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1
+Zﬂk+ (| +1| +2|”‘k+1| | 1|)

1
+Z'Bk— k(| +1| +2|”k1| | 1’) (14)

This scheme is multi-symplectic and symmetric with respect to (j + 1, k) and (j — 1, k). Fol-

lowing the steps given in the above examples, we have the multi-symplectic form formula

Y =k * *
4A+2 (8.1} 7) A (it + i) — ™)
o
) -
-1 _k-3 k-1 k-1
tany VO ) A () + du™ = duy )
+ Dhd (3 i/-(_%) A (—dulf_l +dul T + du )
4 Ax *7j J b s

1+1

b d(8 ) A (duy v dulll + duf) + li d(s ) A (df! v duf') + duf)

+Ed(8f”/k§1) (duk 1+duk 1+du 1)+—d(8tu] z)/\(d’ +du]+1 +du 1)

i _k+2

g7 9, : A (duby - dul - dullfﬂ)_,, o d'fff A (™ = duld v du )
+g%td”, fA(d”;'kil+d”f’1-d”f_1)+8%tdﬁf:fA(du, ik~ )
—ﬂk+2(| Fal” + ) it ! - ﬁf—(| Wl ) did) A du)
Bk g Pt - P (P P it
-(ﬁfﬁﬂui w1 )+ ﬂijuuf;mu|>)du,+w%

(Pl ) + Pt ) )

_(ﬁ;i (2 + | ) + ﬂijquf2+|u,k_11|2))dﬁ,"_1/\du,k_1

—(ﬂ S (kP ) + é 3 (uk  h 2))d‘f1Aduf1=o. (15)

Now, we summarize our conclusion as follows.

Theorem 3.2 The nonstandard finite difference variational integrator (14) for the nonlin-
ear Schrodinger equation with variable coefficients (1) is multi-symplectic, and its discrete

multi-symplectic form formula is shown by (15).

Now, we discuss the truncation error for the nonstandard finite difference variational

integrator (14). Here, we choose ¥ (Ax) = Ax and ¢(At) = At. By the Taylor series expan-
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sion, we have

k+l k+l k+l k-1 k-1 k-1
2 2 2 2 2 2
1 Ug” —2u; ~+u; ui®—2u; C+u
1 L j [ SO j j
2\ k2 (Ax)? k=3 (Ax)?

=oqu’  + (9((Aac)2 + (At)z),

xxj

i _
—(uk+11 + ol — ok
4ALY T2 T2 -

1/1 1
3 (P bl 20 P o s P) By 2+ )

- ulk;%l) = u’;/ + (9((Ax)2 + (At)z),

D=

= ﬂk‘uﬂzuf +O((Ax)” + (AL)?).

From the above equations, we can readily observe that the nonstandard finite difference
variational integrator (14) has a truncation error O((Ax)? + (At)?). To verify that the in-
tegrator has anticipated convergence accuracy, we investigate the numerical convergence

order in our numerical experiments. See Section 4.

4 Numerical simulations

In this section, we report the performance of the nonstandard finite difference variational
integrator (14) for solving the nonlinear Schrédinger equation with variable coefficients
(1). The nonstandard finite difference variational integrator (14) is an implicit nine-points
stencil. We just choose the denominator functions ¢(At) = At and ¥ (Ax) = Ax here. Con-
sider the following two sets of variable coefficients and initial conditions:

ity + 0 (D)t + B () |u*u =0,
(16)

ux,0)=v,(x), pn=12,

where

1 1 1 i(x% — 1
a(t) = 5 cos(t), Bi(t) = %, () = 5 sech<§) exp(z(x . )),

cos(t) + /2 cos(+/2¢)
sin(¢) + sin(v/2¢) + 5 ’

ay(t) = %(cos(t) + «/icos(\/it)), Ba(t) =

(2
Vo (t) = % sech(;ﬁ) exp(l(xlo 1)).

These two problems correspond to periodic and quasi-periodic solitary-waves. When p =

1, the problem has a periodic solitary-wave solution
up(x) t) = Plp(x; t)P2p(x» t)P3p(x) t);

where

X
Plp(xl t) = m),

S — Py, (x,t) = sech(
(sin(¢) + 3)2

i(x*=1)
ng(x, t) = eXp<m>.
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When p = 2, the problem has a quasi-periodic solitary-wave solution
qu(x¢ t) = qup(x: t)Pqu(x: If)qup(x, t),

where
1
(sin(?) + sin(v/2¢) + 5)% ’

Ps,,(x, t) = ex ( i ~1) )
3ap\rE) = EXP 2(sin(f) + sin(v/2¢) +5) )

X
qup(xr t) = qup(x, t) = sech< >,

sin(¢) + sin(+/2¢) + 5

We use the same boundary conditions in the above two problems, i.e.,
u(-40,t) = u(40,t) = 0.

4.1 Simulation results for the problem (16)
First, for the periodic problem p =1, we plot the waveform in Figure 1. One can observe
that the nonstandard finite difference variational integrator (14) displays the numerical
properties of the periodic solitary-wave clearly and precisely.

We define the [?-error e; of the numerical solution at time step #; as

ex = \/Ax2|u]k - up(xj) tk)iz'
J

In Figure 2, we show the [2-error e of variational integrator (14) for the problem p = 1.

08—

06 .

100

) 0 -
Time t 40 Space x

Figure 1 The waveforms of (16) with u = 1 by integrator (14). The waveforms of the NLSE with variable
coefficients (16) (u = 1) by the nonstandard finite difference variational integrator (14) with At=0.1 and
Ax=0..
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2
|“—error e,

T

0.015
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0.005 i

O | | | | |
0 10 20 30 40 50 60

Time t

Figure 2 [?-error ey of integrator (14) for (16) with g = 1. Numerical /2-error e, of the nonstandard finite
difference variational integrator (14) for the NLSE with variable coefficients (16) (u = 1), from t =0 to t = 60
with At=0.1and Ax=0.1.

Now, we use the variational integrator (14) to solve the nonlinear Schrédinger equation
(16) with p = 2. Figure 3 depicts the waveforms of the numerical solution obtained by the

variational integrator (14). Figure 4 displays the [>-errors of the variational integrator (14).

4.2 Accuracy and numerical stability

To investigate the numerical convergence of the proposed scheme (14), we conduct a series
of numerical tests with varying mesh sizes. The [>-errors at t = 1.5, £ = 3, and ¢ = 3.5 are
listed in Table 1. The orders in the table are calculated with the formula [39, 40]

In(Error(Ax;)/ Error(Ax,))
Order ~
In(Ax;/Axy)

Overall, it is clear that the error decreases as the mesh size goes to zero, indicating the con-
vergence of our nonlinear integrator (14). Moreover, the numerical orders clearly exhibit
second-order convergence when the mesh size decreases with fixing At = 0.1Ax.

The numerical stability of the nonstandard finite difference variational integrator (14)
is demonstrated in Figure 5. [2-error curves are plotted with increasing time step sizes
At =0.1,0.2,0.4,0.6, respectively. We can see that our method performs very well even
with large time steps and it is unrestricted by the CFL conditions [41]. The [?-errors are
bounded without blowing up. Thus, the nonstandard finite difference variational integra-
tor (14), based on an implicitly temporal discretization, is unconditionally stable from the
viewpoint of numerical simulations. In general, nonstandard finite difference methods

have better numerical stability than the standard finite difference method.
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Value u

Time t Space x

Figure 3 The waveforms of (16) with u = 2 by integrator (14). The waveforms of the NLSE with variable
coefficients (16) (u = 2) computed with the nonstandard finite difference variational integrator (14) with
At=0.1and Ax=0.1.

0.25

0.2 i

} ‘

o

a

[¢)]
T

>—error e,

o
e
T

0.05 b

0 | | | | |
0 10 20 30 40 50 60

Time t

Figure 4 [?-error e of integrator (14) for (16) with y = 2. Numerical /2-error e, of the nonstandard finite
difference variational integrator (14) for the NLSE with variable coefficients (16) (i = 2), from t=0to t = 60
with At=0.1and Ax=0.1.
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Table 1 /?-errors and convergence orders of integrator (14) for the problem p = 1 with

At=0.1Ax
Meshsize t=15 t=3 t=3.5
Ax=02
Error 0.0734 0.0125 0.0307
Order - - -
Ax=0.
Error 0.0203  0.0030 0.0075
Order 1.8543 2.0589 20333
Ax =005
Error 0.0051 73821e-4  0.0018
Order 19929 20229 2.0590
Ax=0.025
Error 0.0013 1.8495e-4  4.5060e-4
Order 1.9720 1.9969 1.9981
T T T T T T T
1k At=0.6
0.8
s 0.6 R
@
o
0.4 A
0.2} i
Tt Yoty W iamtY W raa th:m WA MM TSN
AREARARAERASAARAR AN A DN
Coaton || | L
0 1 1 k 1 1 L il 1
0 10 20 30 40 50 60 70 80
Time t
Figure 5 [?-error e, of integrator (14) with increasing time step sizes. The /*-errors of integrator (14 for
the NLSE with variable coefficients (16) (i = 1) with time step sizes At=0.1,0.2,04,0.6, and Ax = 0.05.

4.3 Norm conservation laws
We know that the nonlinear Schrédinger equation has the following global norm conser-
vation law:

/ |u|? dx = constant.
R

The discrete version of this norm conservation law [42] can be written as

Norm,z( = Ax Z Iull»‘l2 = constant.
j
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2.018

2.016 i

2.014

2.012f

2.01

2.008

2
Normk

2.006
2.004

2.002

1 .998 | | | | |
0 10 20 30 40 50 60

Time t

Figure 6 Norm conservation performance of integrator (14) for (16) u = 1. Norm conservation Normi of
the nonstandard finite difference variational integrator (14) for the NLSE with variable coefficients (16) (i = 1),
fromt=0tot=60with At=0.1 and Ax=0.1.

To show the performance of our integrator (14) on this aspect, we plot the norm con-
servation Norm? in Figure 6 and Figure 7. We find that our method preserves the norm
conservation law pretty well with very small periodic oscillation. The norm is constant
within a percentage error of 0.4% in Figure 6. For Figure 7, the norm is constant within a

percentage error of 3%.

4.4 Comparison with standard finite difference methods
A numerical test is made to compare the nonstandard finite difference method with the
standard finite difference method. For the nonlinear Schrodinger equation (16) with p =1,
we have a standard finite difference scheme

u; u u;

. j+1 -1
i ] ] + Qa1 ] ]

At (Ax)?

uk+1 _ .k k+1 _ 2u]{<+1 + k+1

+ ﬂj+1 |ul/f+1 |2uf+1 = O, (17)

where the spatial and temporal derivatives are approximated by using the classical central
differencing and the implicit Euler method, respectively.

The [2-error of (17) is plotted in Figure 8. Furthermore, the norm conservation Normj
is presented in Figure 9. From the two figures, it is easy to see that the standard finite
difference method does not perform as well as the nonstandard finite difference method
(14). The norm conservation law is totally lost by the standard finite difference scheme (17).

The nonstandard finite difference method has better stability and better performance

on conservation laws. Actually, the well-known numerical method, the Crank-Nicolson
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2.14

2121 i

1 .98 | | | | |
0 10 20 30 40 50 60

Time t

Figure 7 Norm conservation performance of integrator (14) for (16) u = 2. Norm conservation Normi of
the nonstandard finite difference variational integrator (14) for the NLSE with variable coefficients (16) (i = 2),
fromt=0tot=60with At=0.1 and Ax=0.1.
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Figure 8 [?-error of the implicit Euler method (17) and the NSFD variational integrator (14). /*-error of
the implicit Euler method (17) and the NSFD variational integrator (14) for the NLSE with variable coefficients
(16) (w=1). At=0.1and Ax=0.1.
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Figure 9 Normi of the implicit Euler method (17) and the NSFD variational integrator (14). Normf of
the implicit Euler method (17) and the NSFD variational integrator (14) for the NLSE with variable coefficients
(16) (u=1). At=0.1and Ax=0.1.

scheme,
k+1 k k k k k+1 k+1 k+1
U - (g — 20 + ) + gy — 2u™ + uy)
i +0, 1 >
At 2 2(Ax)

b 2By ([ + 1) () =0,

also has some flavor of the nonstandard finite difference method, ie., discretizing
the equation at half time-grid points. The Crank-Nicolson scheme for the nonlinear
Schrédinger equations also preserves the conservation law very well [10]; however, it is
not multi-symplectic for the NLSE, which is a multi-symplectic PDE. We also compare
our method (14) with the Crank-Nicolson scheme here. From the /2-errors shown in Fig-
ure 10, we find both of them work well. To compare these two approaches in terms of
computational efficiency, we perform a set of numerical tests with different spatial and
temporal mesh sizes. Figure 11 depicts the [?-errors versus the computational time con-
sumed by each approach to achieve those errors. One can observe that our method is
competitive to the Crank-Nicolson method in this case. What is more, our method costs
less computational time to get error levels less than 1072.

In all, the numerical tests verify that the nonstandard finite difference variational in-
tegrator is capable of preserving characteristics of the original equations. It is accurate,
efficient, and suitable for solving the nonlinear Schrédinger equations with variable coef-
ficients (1).
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Figure 10 [?-errors of the Crank-Nicolson scheme and the NSFD variational integrator (14). /*-errors of
the Crank-Nicolson scheme and the NSFD variational integrator (14) for the NLSE with variable coefficients
(16) (u=1). At=0.1and Ax=0.1.
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Figure 11 The I?-errors as a function of the CPU time for the NSFD variational integrator (14),
Crank-Nicolson scheme and implicit Euler method (17). The /*-errors for the terminating time T =5 as a
function of the CPU time for the NSFD variational integrator (14), the Crank-Nicolson scheme and the implicit
Euler method (17) for the problem (16) (it = 1).
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5 Conclusion

In this paper, we have considered the nonlinear Schrédinger equation with variable coeffi-
cients. We have derived two discrete variational integrators based on the nonstandard fi-
nite difference methods, and have presented the corresponding discrete multi-symplectic
structures via multi-symplectic form formulas. We have shown that it is feasible to com-
bine the idea of discrete variational integrators and nonstandard finite difference methods
to construct the multi-symplectic schemes for the NLS equation. The convergence and the
stability of our methods have been discussed. The numerical experiments have shown the
effectiveness and efficiency of these nonstandard finite difference variational integrators.
Some comparisons with standard finite difference schemes have been made to demon-
strate the features of the proposed integrators.
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