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Abstract

Using several kinds of coordinate transformations, we standardize the
noncanonical symplectic structure of the Ablowitz—Ladik model (A-L model)
of nonlinear Schrodinger equation (NLSE), then we employ some symplectic
scheme to simulate the solitons motion and test the evolution of the discrete
invariants of the A—L model and also the conserved quantities of the original
NLSE. In comparison with a higher order non-symplectic scheme applied
directly to the A-L model, we show the overwhelming superiorities of the
symplectic method. We also compare the implementation of the same
symplectic scheme to different standardized Hamiltonian systems resulting
from different coordinate transformations, and show that the symmetric
coordinate transformation improves the numerical results obtained via the
asymmetric one, in preserving the invariants of the A—L model and the original
NLSE.

PACS numbers: 02.30.H, 02.60.J, 03.40.K

1. Introduction

We consider the nonlinear cubic Schrodinger equation (NLSE) with initial condition
{iW,+WM+a|W|2W=O, 0

W(x,0) = Wy(x)
where x € R,a > 0 is a constant and W (x, ) is a complex function. Different initial
conditions Wy(x) decide different motions. For example, some kind of Wy(x) with
Wo(£o0) = 0 will produce bright solitons motion (see [5, 11]). It is known that NLSE
(1) has an infinite number of conserved quantities such as the charge, the momentum, the
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energy, .... We write the first six as follows (refer to Zakharov and Shabat [18]):
+00 +00 dW —_dw
Bi :/ |W|*dx, BQ=/ W— — W— !dx,
0 e dx dx
oo [ 1aw |? oo | qW d*w —dw
B; = 2|—| —a|W|*} dx, B, = 2— —— —3aq|W|PW— } dx,
3/_00 = a||}x 4f_m{dxdx2 AW Hdx
+00 2w | aw ? diwiz\’
352/ 2| —| —6a|W)*|—| —a W] +a* W%} dx,
e dx? dx dx
oo | 2w Ew dw |> d|W|? dw &w —dw
B6=/ ——— —5a|— W] —10a|W|>*— — + 5a*|W|*W — } dx
N dx? dx3 dx dx dx dx2 dx

where W is the complex conjugation of W.
For equation (1), one popular spatial discretization model is

.dw, Wi —2W + Wi a P

Ly + = | W (Wi + W_)) =0, 2

i W S IWil" (Wit + i) 2
where /£ is the spatial step-size and W;(¢) = W(h,t),l = ..., —1,0,1,.... This discrete

model is the well-known Ablowitz—Ladik model (A—L model). It is proven that the solution
of the A-L model (2) converges to that of the original continuous NLSE (1) when & — 0
(see [16]). Equation (2) is a completely integrable system (see [1, 5, 9, 11]), but it has a
noncanonical symplectic structure for which standard symplectic integrators are not applicable.
Via the generating functions technique (see [10, 14]) or standardization of the noncanonical
symplectic structure (see [16, 17]), people have already constructed symplectic numerical
methods for the A—L model (2).

In this paper, we construct approximations of the first six conserved quantities of the
original NLSE by using centred differences (section 2), and give an easy program for
calculation of the first six discrete invariants of the A-L model (section 3), then provide
three kinds of coordinate transformations to standardize the A—L model (section 4), and then
use a second-order symplectic scheme to simulate the solitons motion and test the evolution
of the discrete invariants of the A—L model and also the conserved quantities of the original
NLSE, for two different standardized Hamiltonians obtained via symmetric and asymmetric
coordinate transformations, in comparison with a third-order non-symplectic method applied
directly to the A-L model (sections 5 and 6), finally give some concluding remarks in
section 7.

2. Approximations of conserved quantities of NLSE

Utilizing centred difference

Wi — W,_
Wx(lh,,)zu,
2h
Wi —2W + W, _
W, (h. 1) = V! { Sy
2
Wiso —2Wip1 +2W,_1 — W,
W, (h 1) = V2 141 -1 2

203
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we can approximate the conserved quantities By, ..., Bg of the original NLSE (1) as follows:

Fi=h Z W,W,, F, = Z{WIWHI — Wi Wi,
/ /

Fy=— Y RIW = WuW,_y — W Wy} —ah Z |Wi[*,
/

We will test the evolution of F,, = FR,,+iF I,, (FR,, and F I, are the real part and imaginary
part of F,, respectively), 1 < m < 6 during numerical simulations in section 6.

3. Discrete invariants of Ablowitz—Ladik model
With the scaling transformations X; = %W,, [=...,—1,0,1,...; s = —hizt, we change
(2) into

.dX;

1— =

i 3)

Equation (3) is a typical nonlinear differential-difference equation, it possesses an infinite
number of conservation laws of motion E,, (d(% = 0). Following Zakharov and Shabat
[18], these laws can be constructed systematically from a scattering problem by considering
asymptotic expansions (refer to Ablowitz and Ladik [1]).

Using some intermediate quantities g,ﬁj) (G =1,...,6; k = ...,—1,0,1,...) (as
introduced in [1]), we give some program for fast calculation of E,, (m = 1,...,6) in a

recursive manner:

X1 = 2X; + Xio1 + [ X012 (Xps1 + Xi—1) = 0.

(1)

) () (1)

X, = Sz 0= Sk2 xSkt 82 Sket
X1 Xin Xi X1 Xk
3) a2 2 (1) 2)
_ Sk2 8k+1 8k+2 8k+1 8kv2 Skl
O——+Xk——+ K — —_,
Xir1 Xi Xia X Xpa Xy
4) a1 3 2 2 3 M 3)
0= 8k+2 k3k+1 8k+2 kgk+l 8k+2 ké’k+1 8k+2  8k+1
Xk Xi X Xi Xin Xi Xp1 Xk
(5) n 2 ) 3 2 @ (1) 4)
0= Sk2 oy Skt Sk |y Blt Bked |y Blewt Bwd |y Skt Sked Bkt
X1 Xi X X X1 Xi X Xk X X'
(6) a6 2 @& 3 ) @ (2 S () S)
_ 8ke2 8r+1 8k+2 8r+1 8k+2 8r+1 8k+2 8k+1 8k+2 8kr1 8kv2 k41
0= 2X= g X, 25 2kte 4y, 2xh 2Rhs | X, 2 2Rs | X 25 S | x 2R oxe o
X1 X Xiw X Xis X Xis X Xis Xi Xpr1 Xi
1
1 172 (2)
El:—Zglg), EZIZ{E[gIE] _gk }’
k k
1
173 2) 3
E; =—Z{§[gk)] —glﬁ)gk)+g;§)},....
k

We can write out their expansions as follows:

— 2 —
E, :ZXkHst EZZZX1%+1Xk+2ZXk+1Xk71Uks
P k k

=3 = = —2 —
E; = ZXIEHXI{ + 3ZX/%+1Xka71Uk + 32Xk+1Xka71Uk +3 ZXkHkaZUkkals
k k k k

where Uy = 1 + |Xk|2.
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We will also test the evolution of E,, = ER,, +iE1l, (ER, and EI, are the real part and
imaginary part of E,,, respectively), 1 < m < 6 during numerical simulations in section 6.

4. Standardization of the A-L model

With isometric transformations X; = V;exp(2si) and denotation V; = p; +igq;,] =
...,—1,0,1,..., werewrite (3) as

i% = (L+ Vi) (Vi1 + Vie1) “
or the following general Hamiltonian system

%z =K YZ)VH(Z) o)
where Z = [pT,q"1",and p = [p_p..... pul" ¢ = [qn. .- qul":

KNZ) = (kij(2)) (ans2) xans2) = |:0_2rgl 0§+1i| (6)
is anti-symmetric, nondegenerate and satisfies

War(2) | hoe2) | HealZ) _ a,bye=1,...,4n+2,

0z, 0z4 9zp

D =diag{U_,,...,U,},U; =1 +p12+q12,l =—n,...,n,0p4118s 2n+1) x 2n+ 1) null
matrix; and

H(Z) =) (pipii + qigis1)- (7)
|=—n
In the context of the Darboux theorem (see [2, 3]), (5) can be standardized. In fact for any
general Hamiltonian system of the form (5), any transformation ¢ : R¥"*? — R¥*2 o(y) = Z
satisfying

%01 gy [22] = (®)
ay | Yy | T
leads to a standard Hamiltonian system
d ~1
—Y =J7VG(Y) 9)
ds

with G(Y) = Hop(Y),where Y = v N u=lu_p,....,up,]", v=[v_p, ..., 0,17, J =

[ 2] Dyey is (2 + 1) x (27 + 1) identity matrix.
—12n+1 2n+1

We note that in (6), K~!(Z) is completely splitable and so is K (Z). Such being the
special case, we can split the system in (8) into

opi g g1 pi

Bvl 31,{1 81)1 Bul

Now it becomes easy to find a coordinate transformation by solving equations in (10).

‘We list several solutions ([17]) as follows.
Coordinate transformation I:

{Pl = \/1 +u12tan(\/1 +u12v1), (11)
| = —n,...,n

qr = Uy,

=U, l=—n,..., n. (10)
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with inverse
ur=4qi,
arctan () (12)
_ 1+q[ - _
v = M s l n,...,n
and standard Hamiltonian
n
Gu,v) =Y {uur + \/1 + u%\/l +ul, tan(\/l +udv) tan(y/ 1 +ul, o)} (13)
I=—n
Coordinate transformation II:
exp {ulz + vlz} —1
pr=,——5—> U,
uy +v;
(14)
exp {uf +v}} — 1
Q=——F—>5—u, l=—-n,...,n
uy +vj
with inverse
In (1 + P12 + qlz)
W=\——2,_2 4
prt4q
(15)
In(1+ p? +¢?
o mrpita) o,
Prt4q;
and standard Hamiltonian
n 2., .2 2 2
expiu;y+v;p—1 [expiuj, +vi,j—1
G(u,v) = Z \/ { L 12} \/ { o 12“} (uiugey + V1v141) (16)
I—n up +v; Uy V54
Coordinate transformation III:
pi = vJexp vy — 1 cosQuy), a7
q1 = Jexp vy, — 1sinCuy), l=—n,...,n
with inverse
1 qi
u; = — arctan —,
2 Di (13)
v1=1n(1+p12+q,2), l=—n,...,n
and standard Hamiltonian
n
Gu,v) = Y v/(expu — D(exp v — 1) cos(ur — ). (19)

l=—n

Coordinate transformation I has been successfully used to deal with the A—L model by
Tang, Pérez-Garcia and Vazquez [16]. They simulated the solitons motion and tested the
evolution of the first three discrete invariants of the A—L model. As suggested by Hairer,
Lubich and Wanner [8], coordinate transformation II treats the variables more symmetrically.
This symmetry may improve the numerical results obtained by using coordinate transformation
I. Coordinate transformation III may bring some difficulty to numerical simulation, due to
the illness of u; depending on p; in (18) and the derivatives of G with respect to v; in (19),

l=—n,...,n.
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Figure 2. Single soliton motion computed by using scheme S1 to (9) with (13).

5. Symplectic and non-symplectic schemes

Since the A—L model (2) has already been changed into a standard Hamiltonian system, we can
use the usual symplectic schemes (see [4, 6, 8, 13] for an introduction to symplectic numerical
methods for Hamiltonian dynamics) straightforward. In comparison with the symplectic
methods, we will also use a non-symplectic scheme directly to the A—L model.

Scheme 1 (S1): the midpoint rule.

§=Z+tf<z-;z) (20)
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Figure 4. Propagation of two solitons computed by using scheme S1 to (9) with (13).

where 7 is the temporal step-size. The scheme S1 is of second order, revertible in 7. And it
is symplectic for standard Hamiltonian systems (f = J~!V H), and preserves any quadratic
invariants of the Hamiltonian H (see [7]).

Scheme 2 (S2): third-order scheme.
Z =247 (K)+ f(K2))
Ki=Z+ZB3f(K) = V3f (K], 21
Ki=7Z+ %[\/if(m) +31(Ka)].

This Runge—Kutta scheme is of third order but non-symplectic for standard Hamiltonian
systems.
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Figure 5. Evolution of ER;, Elg, F R and F I obtained by using scheme S2 to (4).

6. Numerical experiments

In this section, we will present the numerical simulation results performed in order to test the
accuracy of the symplectic scheme and its conservativity of invariants or approximations in
comparison with the non-symplectic scheme, and show the differences between the numerical
results of the same symplectic scheme applied to different standardized Hamiltonians.

The following initial conditions are used.

Condition 1 : one-soliton solution.

W(x,0) = 2n\/§ e ¥isech[2n(x — x1)]. (22)

Condition 2 : two-soliton solution.

2 2x1xi 2 2x2x1
W(x,0) = 2n14/ — e X 'sech[2n1 (x — x,)] + 2m,/ — e %" 'sech[2nr (x — x)]. (23)
a a

Condition 3: three-soliton solution.
W (x, 0) = sech[x — x3]. 24)
Unless the contrary is stated the standard value for the nonlinear constant is a = 2.0.

We will apply the symplectic method S1 to (9) with Hamiltonian functions (13), (16) or
(19), and the non-symplectic scheme S2 to (4).
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3

err(ER,)*10°

time time

erv(FI5)'10

time time

Figure 6. Evolution of ER;, Els, F Ry and F I obtained by using scheme S1 to (9) with (13).

In the following, we will call err(A)(r) = A(t) — A(0) for any variable A.

Initial data (22) are the usual 1-soliton solution which are integrated without problems by
many numerical methods. We present here the results of an integration with n = 0.5, x =
0.5, x; = 0.0 over the spatial interval x € [—750, 750] and temporal intervals 0 < ¢ < 100
for symplectic and non-symplectic method, with same integration parameters:

h=03, 7=0.02.

In figures 1 and 2, we find that the symplectic scheme can simulate the single soliton
motion successfully, and the non-symplectic method cannot do even in a shorter interval
0 <t <30.

The expression in (23) is initial data for a pair of solitons with different amplitudes and
velocities and it is appropriate for the simulation of soliton collision (assuming that the soliton
centres are initially set far away from each other). We have studied the following set of
parameters n; = 9, = 0.5, x; = 0.25, x» = 0.025, x, = 30.0, x;, = 0.0 and

h=0.3, ©=0.02.

Figures 3 and 4 show again the advantage of symplectic methods in preserving the motions of
two solitons.

Since the evolution of other ER;, EIy, FR; and FI, is very similar, we plot only
err(ER,), err(Elg), err(FRy) and err(F Ig) in figures 5, 6, 7 respectively. Figures 6 and 7
show that the numerical results for the invariants of the A—L model and the approximations
to the conserved quantities of the original NLSE obtained by using symplectic scheme S1
always undulate in small neighbuorhoods of the standard values respectively, while figure 5



2434 Y Tang et al

35

08

251

o
i

@
T

err(ER,)"10°
PO
evr(EIG) 10

o

-0.4f

20 40 60 0 20 40 60
time time

30 [

3
T

err(FR,)"10°

n n n L
0 20 40 60 [ 20 40 60
time time

Figure 7. Evolution of ER;, Els, FR| and F I obtained by using scheme S1 to (9) with (16).

shows that the corresponding numerical results obtained by using non-symplectic scheme S2
degenerate with time. These phenomena are in good agreement with the solitons motion
plotted in figures 3 and 4, respectively.

Though the behaviour of invariants and approximations presented in both figures 6 and 7
is qualitatively good, one still easily finds the difference between these two figures. The plots
in figure 7 seem to be much more ‘clean’ than those in figure 6. In this sense one may say that
it is the symmetry of coordinate transformation II (for simplicity, C-T II) that improves the
computation results obtained by using coordinate transformation I (for simplicity, C—T I). On
the other hand, We need to point out that the implementation procedure for C-T II is more
complicated than that for C-T I, because of the appearance of exponential function.

Numerical experiments show that the Hamiltonian system (9) given by (19) is not
numerically integrable by the schemes S1 or other higher order symplectic methods. Running
of the Fortran program can last only several temporal steps no matter how small the step-size
is chosen, because of the appearance of ‘DOMAIN error in sqrt’.

Numerical experiments show that the numerical results obtained by using the non-
symplectic scheme S2 to the Hamiltonian system (9) given by (13) or by (16) are very
similar to those obtained by using S2 directly to (4); and obviously the simulation process of
the former is more time-consuming than that of the latter.

Finally, we have used the initial data (24), which is usually considered to be a more
difficult ‘quality’ test for numerical schemes because of the appearance of large spatial and
temporal gradients in the solution. For a = 2N?(N = 2,3, ...) Miles has shown that (24)
corresponds to a bounded state of N solitons [12]. For the case a = 18, we found that for
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Figure 8. Propagation of three-soliton bounded state computed by using scheme S2 to (4).
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Figure 9. Propagation of three-soliton bounded state computed by using scheme S1 to (9) with

(13).

h < 0.06667, with some proper temporal step-size which makes simple iteration practicable,
the second-order symplectic scheme S1 represents accurately the solution without problems
(figure 9 where x3 = 0.0). This is a very good result and provides convergence to the correct
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solution with a relatively rough spatial grid, while the third-order non-symplectic scheme S2
studied for comparison fails to do so (figure 8).

7. Concluding remarks

The Ablowitz—Ladik model of the nonlinear Schrédinger equation is a completely integrable
general Hamiltonian system which can be standardized via coordinate transformations. When a
suitable coordinate transformation is chosen, the symplectic method applied to the standardized
Hamiltonian system has overwhelming superiorities over the non-symplectic scheme applied
directly to the A—L model, such as long-term tracking of solitons motion, long-term preserving
of discrete invariants of the A—L model and also the conserved quantities of the original NLSE
up to a very small error. The difference between the numerical results obtained via different
coordinate transformations shows the importance of symmetry for choosing a coordinate
transformation in our procedure.

On the other hand, the main disadvantage of this method (Ablowitz—Ladik+coordinate
transformation+symplectic integration, simply, ALCTSI) is that due to the complexity of the
standardized Hamiltonian, we have to use iterative methods to solve the highly nonlinear
system. This fact makes the implementation process time-consuming when compared with
spectral methods [15] or linearly implicit finite difference schemes [19] which are commonly
used to integrate the NLSE. When noncritical problems are considered, it is a thing to choose
a scheme; but for more difficult or complicated problems, the additional guaranties provided
by ALCTSI may be of high interest, and in any case this method provides a safe way to check
the results of the faster but less accurate methods when typical physical problems are to be
studied.
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