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MULTI-SYMPLECTIC FOURIER PSEUDOSPECTRAL METHOD FOR THE
NONLINEAR SCHRODINGER EQUATION *

JING-BO CHEN T AND MENG-ZHAO QIN*

Abstract. Bridges and Reich suggested the idea of multi-symplectic spectral discretization on Fourier space
[4]. Based on their theory, we investigate the multi-symplectic Fourier pseudospectral discretization of the nonlinear
Schrédinger equation (NLS) on real space. We show that the multi-symplectic semi-discretization of the nonlinear
Schrédinger equation with periodic boundary conditions has N (the number of the nodes) semi-discrete multi-
symplectic conservation laws. The symplectic discretization in time of the semi-discretization leads to N full-
discrete multi-symplectic conservation laws. We also prove a result relating to the spectral differentiation matrix.
Numerical experiments are included to demonstrate the remarkable local conservation properties of multi-symplectic
spectral discretizations.
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1. Introduction. We consider the nonlinear Schrodinger equation

with the periodic boundary condition ¢(0,t) = ¢ (L, t). Here a > 0 is a constant parameter.
The equation (1.1) can be cast into a multi-symplectic Hamiltonian system [2,3,8]. A
large class of PDEs (for simplicity, we only consider one space dimension) can be written as

(1.2) Mz + Kz, =7.5(2), 2 € R™, (z,t) € R?,

where M and K are skew-symmetric matrices on R®,n > 3and S : R™ — R is a smooth
function. We call the above system multi-symplectic Hamiltonian system, since it has a
multi-symplectic conservation law

9] 0

where w and « are the pre-symplectic forms
1 1
w:§dz/\Mdz, nzidz/\Kdz.

The system (1.2) has an energy conservation law (ECL)

B) B
(1.4) 5E+ 5 =0

with energy density

E=5(z)— %ZTKZJC,
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and energy flux

1

F = izTKzt.

The system (1.2) also has a momentum conservation law (MCL)
0 0

15 —I+—G=0

(L.9) FTAE

with momentum density

1

1= izTMzm,

and momentum flux
1
G=S5(z)— izTMzt.

Now consider the nonlinear Schrédinger equation (1.1). Using ¥ = p + ig, we can
rewrite (1.1) as a pair of real-valued equations

(1.6) Pt + Qoo + a(p® + ¢*)g =0,
(1.7) @ — paz —a(p® + ¢*)p = 0.

Next we introduce a pair of conjugate momenta v = p,,w = g,, and obtain the multi-
symplectic PDE

@ —ve = a(p® + ¢*)p,
—pr — wa = a(p® + ¢%)q,
Pz =0,

Gz = W,

(1.8)

with state variable z = (p, ¢, v, w)” and the Hamiltonian

5(2) = 5 (0 +w? + 57 + ).

2
In this case,
0 1 0 O 0 0 -1 0
M= 0 ool K=[10 0 o

0 0 0 O 0 1 O 0
The corresponding multi-symplectic conservation law is
(1.9) 2(—dpAdq) + g(dp/\dv—kdq/\dw) =0.

ot Or

The corresponding energy conservation law is
(1.10) O L8024 22 = 0? — )] + 2 (o + wae) = 0.

ot'2°2 ox
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And the corresponding momentum conservation law is

1 a

5%@9+ff+v”Hﬁ—p%+mm%:0

(1.11) %(pw —qu) + +%[

Bridges and Reich introduced the idea of a multi-symplectic Fourier transform for multi-
symplectic PDEs with periodic boundary conditions [4]. The multi-symplectic Fourier trans-
form leads to a semi-discretization on Fourier space and the concept of multi-symplecticity
on Fourier space. Their theory lay a foundation of multi-symplectic spectral and pseudospec-
tral methods. In this paper, we derive the semi-discrete and full-discrete multi-symplectic
conservation laws directly on real space.

An outline of the paper is as follows. In section 2, we present the standard Fourier
pseudospectral method for the nonlinear Schrodinger equation. Section 3 is devoted to the
analysis of the multi-symplectic spectral discretization. Numerical experiments are reported
in section 4. Section 5 contains some conclusions and comments.

2. Standard Fourier pseudospectral method for NLS. We begin with the pair of
real-valued equations (1.6)-(1.7) with periodic boundary conditions p(0,¢) = p(L,t) and
q(0,t) = q(L,t). We follow the standard Fourier pseudospectral formulation [5-7]. Spe-
cial attention is paid to the antisymmetry of the spectral differentiation matrix which plays a
crucial role in what follows.

The Fourier pseudospectral method involves two basic steps. First, we construct the
discrete representation of the solution through interpolating trigonometric polynomial of the
solution at collocation points. Second, equations for the discrete values of the solution are
obtained from the original equation. This second step involves finding an approximation for
the differential operator in terms of the discrete values of the solution at collocation points.

We approximate p(z, t) and g(«,t) by Inp(z,t) and Inq(x,t), respectively, which in-
terpolate them at the following set of collocation points

L
i=—j, j=0,1,---,N—1.
IJ N.]a .] Pt )
Here N is an even number.

The approximations Inp(z,t) and Ing(x,t) have the form

N-—1

(2.1) Inp(z,t) = >  pjgi(z),
7=0
N—-1

(2.2) Ing(x,t) = ;95(x),
7=0

where p; = p(z;,t),q; = q(z;,t), g;(xx) = 0%, and g; () is a trigonometric polynomial of
degree N/2. In fact, g;(x) is given explicitly by

1 N2y
(2.3) gile) =5 D~

Cl
I=—N/2

where ¢; = 1(|l| # N/2), conjp=cnjp =2, p= 27”

Substituting (2.3) into (2.1) and (2.2), we obtain
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N/2 1 1 M=t
lux —ilpx
(2.4) Inp(z,t) = Z of . N 2 Pi¢ "
I=—N/2 j=0
N/2 1 1 V=t
lpxr —ilpx
(2.5) Ing(z,t) = Z o : N gje
N/2 j=0
Defining
1 N-1
oo o —tlpx;
(26) D= NCl Z pje ’,
7=0
1 N-1
27 g =~— e
( ) qi NCl JEO qjse )

(2.4) and (2.5) become, respectively,

N/2
(2.8) Inp(z,t) Z preitne.
—N/2
N/2
(2.9) Ing(z,t) Z qietre.
—N/2
Therefore,
N/2
(2.10) pi= >, D,
=—N/2
N/2
(2.11) G = > gt
=—N/2

In order to obtain the equations for p; and ¢;, we substitute (2.8) and (2.9) into (1.6)-
(1.7), and require that (1.6)-(1.7) are satisfied exactly at collocation points, i.e.,

[(Inp(,1))e + (Ina(@, 1)ea + a((Inp(,1)* + (Ing(z, 1)) Ing(,1)] o=z, = 0,
[(Ing(z,t)e = (Inp(@, )ee — al(Inp(,1)* + (Inq(z, 1)) Inp(@, )] la=a,= 0,

where j =0,1,---, N — 1.
The crucial step here is to obtain values for the derivatives 9% Iyp(x,t)/0x* and
Ok Ing(x,t)/0x* at the collocation points ; in terms of the values p; and g;, respectively.
This is done by differentiating (2.1)-(2.2) and evaluating the resulting expressions at the
points z;:
O Inp(z;,t =gk (T
(2.12) apix(,j) = E)pn% = (Dxp)y,

FIng(xj,t i dbgn(x;
(2.13) % = Z %# = (Dra);,
n=0
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where D, isan N x N matrix with elements
dF gn(x7)
(Dk)jn = =gk
andp = (po,---,pnv—1)" and q = (qo,- -+, qnv—1)""
We can obtain explicitly
1(—1)i+n 2j—Tn ;
- _ ] a1y eot(ptm), G #E N,
(Dl)j n { 0 ] — TL7
1,2(_1)j+n+1____ 1 .
oy = { P a7
7 _IUJQ(/G)+5 j:na
and
3 j+n cos(pu(z;—xn)/2) SN? j+n+1 Tj—Tn ;
(D3)jm :{ g‘ D S T s (CD T eot(uEg), i £,
; Jj=n.

In general, we have the following result.
THEOREM 2.1. For the spectral differentiation matrices Dy, and (D;)*, the following

= (D¥)jm + (—1)”"% [(zg)k + (—zgﬂ :

Inparticular, Dy, = (D1)*, if k isan odd number.
Proof. First, we have from (2.3)

equation holds

(2.14) (Di)jn

N/2 .
(Zlu)k eilu(mj —Zn) )

(D) = T _ L7 o

(2.15) e ~
I=—N/2

Now we compute (D )" directly. First, we have

N—-1
(D%)Jn: (Dl)] m(Dl)mn
m=0
N-1 N/2 1 N/2 .
— i Z weilu(mj—mm)i Z @eipu(mm—mn)
—0 - N C N - Cp
m= =—N/2 p=—N/2
| N2 —lpuz
= — Z Z - lZ] pm”) Z eZH p— l)wnl.
N “TN/2p=—ny2 P

N-1 , .
in(p—U)am _ 0, p—1#nN, nisan integer,
(2.16) ¢ { N, p—1l=nN,
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and noting that

e~ N (zj—n)/2 _ GinN(zj—an)/2 _ (_1)‘7‘—71 — (_1)j+n7
e*i,uN(szrxn)/Q — ei,uN(ijrIn)/Q — (_l)jJrn — (_l)jfn7

C,N/QZCN/QZQ, C[Zl (|l|7’é]\/'/2)7

we obtain
N/2 2
1 U a2 (N
D2 L= dp(z;—xn) 2—1)itn (L
Ohin=5 > (TH5)e ro(-rpnte (B
I=—N/2
N/2—1
— i _(l:u’)z eil,u(xjfxn)
N c?
—N/2+1
N/2—1 .
— i (Zl:u)Q eil,u(xjfxn)
N C] '
—N/2+1

We rewrite (D?);,, as

N/2
(2.17) (D?)j.n Z by (ilp) et @i—zn)
—N/2
where b_ N/Q—bN/Q—O b = ——1 (|l|7éN/2)
Using the same method, we have
N—-1
(DY)jn = > (D})jim(D1)m
m=0
N-1 1 N/2 1 N/2 ipu
o s . 2 ilp(zj—m) — WF ipp(zm—xn)
= N Z by(ilp)“e™t Z o et
m=0"" |=—N/2 p=—N/2
N/2 N/2 bi(il N-1
Z Z l ? ,UJ Zp:u ek (lz; pxn) Z el,u —Dzm
l——N/2p— N/2 m:O

N/2
_ i Z bl Zl,LL) 1l,u(m]7xn)
C

l N/2 l
Nj2—1 .
_1 Z (ll#)geiz#(zr:ﬁn)
Cy '
I=N/2+1

Applying induction on £ leads to

N/2-1 .
1 Zl,LL 7 xTi—T
(2.18) D=~ 3 %e e
—nNjo41

Subtracting (2.18) from (2.15), we arrive at the equation (2.14). O
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We note that D, is a real antisymmetric matrix. Using the spectral differentiation ma-
trix, we obtain the standard Fourier pseudospectral semi-discretization for the nonlinear
Schraédiger equation:

(2.19) ZiPi + (D20); +a(p +q7)g; =0,
(2.20) pri (D2p); — al(p} + q;)p; =0,
Wherej:Oa17"'aN_1a p:(p07"'apN71)Taq:(qof"anfl)T-

Since D4 is symmetric, (2.19)-(2.20) is a Hamiltonian system with Hamiltonian

N—1
Z (v} +47)?
7=0

Therefore, symplectic methods should be used to integrate in time.

Here we have presented the standard Fourier pseudospectral method in some detail in
order to show that the first spectral differentiation matrix D, derived in the above way is
antisymmetric. In the following slightly different way, the spectral differentiation matrix is
not antisymmetric.

From (2.6), it is obvious that p_ n /o = P/ and e?Nrei/2 = e~iNuz;/2 Thus we can
rewrite (2.10) as

—[p"Dap + q" Daq] +

H(p.q) = 5[

RS

N/2—1

(2.21) pj = Z peitr

I=—N/2
where p; =pi (I =—N/2+1,--,N/2=1),p_n/5 = 2D_ny2-
Similarly, we have
N/2—1
(2.22) G= Y. qe",
=—N/2
where g, =g (1= —N/2+1,--+,N/2=1),q_n/y = 24_n/2-
It is more efficient to implement Fast Fourier Transform using (2.21) and (2.22) instead
of (2.10) and (2.11). However, the following fact should be noted.

Let
N/2-1
(2.23) Inp(x,t) Z peithe,
_NJ2
N/2-1
(2.24) Inq(z,t) Z g e,
I=—N/2

Itis obvious that I p(x,t) # Inp(z,t), INq(x,t) # Ing(z,t). In fact,

225) IN (L‘,t = jN x7t +AN 9 eiN,LLZE/Q _ e*iN'u,x/Q ’
( P p Py
2.26) Ing(z,t) = jN x,t) + Gno etVua/2 _ o—iNpz/2y
( q q Iy

The spectral differentiation matrix is not antisymmetric if we use (2.23) and (2.24) in-
stead of (2.8) and (2.9) when deriving the spectral differentiation matrix. In fact, the resulting
spectral differentiation matrix has diagonal entries —i/2.
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3. The multi-symplectic Fourier pseudospectral method for NLS. As was men-
tioned in the Introduction, Bridges and Reich introduced the idea of multi-symplectic Fourier
transform and obtained multi-symplectic semi-discretization on Fourier space. They showed
that the resulting semi-discretization leads automatically to a finite dimensional Hamiltonian
system in time when truncated. They also used the 1D shallow-water equations and the Z-K
equation as examples to demonstrate the local conservation property of the multi-symplectic
spectral discretization. Their theory applies to both spectral and pseudospectral methods [4].
Here we derive the multi-symplectic structure of the Fourier pseudospectral method for the
NLS directly from the real space.

Applying the Fourier pseudospectral method to the multi-symplectic system (1.8) and
using the notations

pP= (p07 e aprl)Ta q= (QO7 e 'qul)Tv
V= (007 T 7UN—1)T,W = (w(), e -wal)T,
we obtain
dq;
d—tj — (D1v); = a(p? + 4;)pj,
dp;
(3.1) —— — (Dww); = a(p] + 4})aj,
(D1p); = vy,
(D1a); = w;.
Here j = 0,1,---, N — 1 and D; is the first order spectral differentiation matrix.

THEOREM 3.1. The Fourier pseudospectral semi-discretization (3.1) has N semi-
discrete multi-symplectic conservation laws

d N—-1
(32) ij + (Dl)j,kﬁjk =0, j=0,1,---,N—1,
k=0

where
1 1
wj = §(dzj ANMdz;), Kk = i[dzj A Kdz, + dzi A Kdzj),
and z; = (pj,qj,vj, w;)T,j=0,1,---,N — 1. M and K are the antisymmetric matricesin

the Introduction.
Proof. We rewrite (3.1) in the compact form

N-1
d
(3.3) MEZJ' + K Z (Dl).ﬂkzk = VZS(Zj).
k=0

The variational equation associated with (3.3) is

N—-1
d
(3.4) M —dzj + K > (D1)jndz = Saz(z))dz;.
k=0
Taking the wedge product with dzj, and noting the fact

de A\ Szz(zj)dzj =0,
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we obtain the N multi-symplectic conservation laws (3.2). O
Since D, is antisymmetric and ., = ky;, we can sum (3.2) over the spatial index and
obtain

d N-—
(3.5) - Z =
7=0

which implies conservation of the total symplecticity over time [4]. Thus it is natural to
integrate with respect to time using a symplectic integrator. We discretize (3.1) with respect
to time by the midpoint rule and obtain

4 — 4y
At

1 0

bj —pj
At

(D1p*/?); = v;”?,

J

(D1q'2); = w}’?.

J

— (D1vY?); — a((p})? + (¢ ? =0,

(3.6) O+ ol + (000, =0,

J J

Here, without loss of generality, We take the time index as 0 and 1 instead of n and n + 1.
At is the time step length. p/2 = 1 (p® + p!), etc.
THEOREM 3.2. The scheme (3. 6) has NV full-discrete multi-symplectic conservation laws

N—
ZDljklik_O

wherew? = 1dzP A Mdz},n = 0,1, and 1}’ = L(d2)/* A Kdz)? + dz)/? A Kdz)'?),
j:O715" 7N_1
Proof. From Theorem 3.1, we know that (3.6) can be rewritten in the compact form

(3.7)

Zl—Z

(3.8)

N-1
—|—KZ (D1) szk = VZS(le-/Q).
k=0

The variational equation associated with (3.8) is

dzj — dz] s 1/2 1/2y ;. 1/2
(3.9) Mf + K (D1)jwdz” = S.(2;/%)dz?
k=0

Taking the wedge product with dz;’? and noting the fact

dzjl-/2 A S'ZZ(,Z;-/Q)dz;-/2 =0, dzjl-/2 = %(dzjo- +dz}),
we obtain the full-discrete multi-symplectic conservation laws (3.7) after slightly complicated
but trivial derivations. O

The full-discrete multi-symplectic conservation laws are completely local, and therefore
the scheme (3.6) has remarkable local conservation properties [8]. In the next section, we
shall demonstrate this observation.
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=0 t=14
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2 25
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E =
1r- 1
osp OO 05 M
0 2 4 6 8 10 12 14 16 [ 2 4 6 8 10 12 14 16
x §
=50 10 Residual in Local energy conservation law
25 T T T T T
o
ot
A
S

Fig.1 Waveformsat ¢t = 0, 14, 25, 41, 50 and theresidual in local ECL

4. Numerical experiments. For the numerical experiments, we consider the cubic NLS
(4.1) i + Vaw + 2000 =0,
with initial condition
(4.2) Y(x,0) = 0.5 4 0.025 cos(pux),

and periodic boundary condition 1(0,¢) = (L, t). Here L = 4+/2x, u = 27/ L. The initial
condition (4.2) is in the vicinity of the homoclinic orbit [1].
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Now we perform numerical experiments using the scheme (3.6). Special attention is paid
to monitoring the local energy conservation law (1.10). First, we consider the discrete version
of (1.10). Corresponding to the scheme (3.6), the discrete local energy conservation law is

E} — E©

1
——— T (D:iF2); = R,
Ar T (DiFE)
n 1 7 n n n
(4.3) Ef = 5[(( 2+ (@) = () = (w})?], n=0,1,
1 0 1 0
PO e L9 —q
B2 =vi( At )+ wi( At )
Here i = 0,1,---, N — 1 and R; is the residual in the local energy conservation law due to

the discretization.

We take N = 256, At = 0.01 and compute for 0 < ¢ < 50. In Figure 1, the waveforms
at different time levels and the residual in the local energy conservation law are showed.
From the waveforms, we can clearly observe the recurrence of the state. The residual in
the discrete local energy conservation law (ECL) is summed over the spatial index i from
i = 100to4 = 150. Thatis, R = >;°,, Ri- We note that the scheme (3.6) exhibits
a good local energy conservation property. The reason behind this performance is that the
scheme (3.6) satisfies the multi-symplectic conservation laws. The local ECL is a useful
indicator of spatial discretization errors. The large fluctuations in local ECL when using a
multi-symplectic spectral discretization indicate a coarse discretization, since the local ECL
is a natural part of the multi-symplectic spectral discretizations [4].

5. Conclusions. Using the multi-symplectic formulation of the NLS, we show that the
Fourier pseudospectral semi-discretization of the nonlinear Schrodinger equation with pe-
riodic boundary conditions has N semi-discrete multi-symplectic conservation laws. The
symplectic discretization in time of the semi-discretization leads to N full-discrete multi-
symplectic conservation laws. These results have helped us to gain a deeper understanding
of the Fourier pseudospectral method. We also prove a result on the spectral differentiation
matrix. The numerical experiments show that the multi-symplectic spectral discretizations
have remarkable local conservation properties.

For other multi-symplectic Hamiltonian systems, such as Sine-Gordon equation and KdV
equation, we can arrive at the same conclusions.
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