METHODS AND APPLICATIONS OF ANALYSIS. (© 2018 International Press
Vol. 25, No. 2, pp. 097-116, June 2018 002

CONSERVATION LAWS AND ERROR ESTIMATES OF SEVERAL
CLASSICAL FINITE DIFFERENCE SCHEMES FOR THE
NONLINEAR SCHRODINGER/GROSS-PITAEVSKII EQUATION*
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Abstract. In this paper, several classical implicit finite difference schemes for solving the nonlin-
ear Schrodinger/Gross Pitaevskii (NLS/GP) equation are revisited and analyzed. By introducing a
kind of energy functionals, these schemes are proved to preserve the total energy in the discrete sense.
Besides the standard energy method, a ‘cut-off’ technique and a ‘lifting’ technique are adopted to
establish the optimal point-wise error estimates without any restriction on the grid ratios. Numerical
results are reported to verify the theoretical analysis.
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1. Introduction. The nonlinear Schrédinger/Gross-Pitaevskii (NLS/GP) equa-
tion is widely used to model the phenomena in many physical fields, such as Quantum
physics and nonlinear fibers [2, 3, 16, 23, 30]. A serge of interests have been at-
tracted to numerically study the Cauchy problem or initial-boundary value problem
of the NLS/GP equation. Extensive numerical methods including the finite difference
method [11, 13, 17, 18, 24, 27, 36, 31, 33, 32, 35], finite element method [19], spectral
method [7, 8] and polynomial method [6, 20, 25] have been carried out in literature.
For the summary of numerical methods of the NLS/GP equation, we refer to [2, 3].
In this paper, we consider the following one-dimensional NLS/GP equation

iaﬂb(% t) + Oéammw(xu t) + V@W(%t) + f(|¢(x7t)|2)w(xvt) =0,
zeq, t>0, (1.1)

where « is a nonzero constant, {2 is a bounded computational domain in R, the
external potential V' = V(x) is a known smooth real-valued function, ¢» = ¢ (x,t) is
the unknown complex-valued wave function, f = f(s) is a known monotone function
from Rt to R, which has different forms in different physical problems [11], such
as polynomial function f(s) = s*(u > 0), exponential function f(s) = 1 — e~%,
logarithm function f(s) = In(1 + s) and rational function f(s) = _(14Tss)' In the
practical computation, ones often take a finite computational domain 2 = (a,b) with
—a,b > 0. In this paper, we numerically study the NLS/GP equation (1.1) with

homogeneous boundary condition
Y(a,t) =(b,t) =0, ¢>0, (1.2)
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and initial condition

P(x,0) = p(x), x € la,b), (1.3)

where ¢ = p(x) is a known smooth complex-valued function. It is easy to verify that
the initial-boundary value problem (1.1)-(1.3) preserves the total mass

b b
M(t) ::/ |¢(z, t)|*de = M(0) ::/ lo(2)|?de, (1.4)

and energy
b
E(®) = [ [—alosp(@ ) + V@G 0P dz + (P, 0P),1)
b
=E(0) = [ [Faloela)? + V@le@)lds + (F(P).1). (1)

where (F(|(-,1)%),1) = f: F(|(z,t)|?)dz and F = F(s) is one of primitive func-
tions of f = f(s). In [36], the authors pointed out that the nonconservative schemes
may easily show nonlinear blow-up, and they presented a new conservative linear dif-
ference scheme for the standard cubic nonlinear Schrédinger equation. In [22], Li and
Vu-Quoc also said, “...in some areas, the ability to preserve some invariant properties
of the original differential equation is a criterion to judge the success of a numerical
simulation.” However, there is only one finite difference scheme (see the scheme (2.1)
in this paper) which is claimed (see [36]) to preserve the total energy of the NLS/GP
equation, and there is no reference to prove that the other classical finite difference
schemes of the NLS/GP equation could also preserve the total energy in the discrete
sense.

Chang, Jia and Sun proposed and discussed several conservative finite differ-
ence schemes of the NLS equation in [11], numerical results show that their schemes
preserve the total mass and energy in the discrete sense. In [26, 12], the standard
Crank-Nicolson (CN) finite difference scheme was proved to be a symplectic scheme.
To the best of our knowledge, there is no reference to claim that the CN scheme could
preserve the total energy in the discrete sense, and it is hard to obtain the a priori
estimate of the numerical solution. Especially, Ge and Marsden pointed out in [15]
that the symplectic scheme could not preserve the total energy in the discrete sense
for a nonlinear Hamiltonian system. By using a creative and technical induction argu-
ment as well as the standard energy method, Guo [17] established the error estimate
of the standard CN scheme with a rigorous requirement of the grid ratio. To see more
numerical results of the NLS/GP equation, we refer to [2, 3].

In this paper, inspired by the approximation of the energy functionals possessed
by the equations studied in [21, 2, 9], we introduce a new type of discrete energy
functionals to prove that some other classical finite difference schemes for solving the
NLS/GP equation could still preserve the total mass and energy in the discrete sense.
Besides, by using the standard energy method and a ‘cut-off’ technique as well as
a ‘lifting’ technique [34], we establish the optimal point-wise error estimates of the
numerical solutions without any restriction on the grid ratios.

The remainder of this paper is organized as follows. In Section 2, we list six clas-
sical finite difference schemes for the NLS/GP equation and prove that they preserve
the total mass and energy in the discrete sense by introducing a kind of discrete energy
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functionals. In Section 3, we obtain the a priori estimates of the numerical solutions
and then establish the optimal point-wise error estimates of these classical schemes
without any constrain on the grid ratios. In Section 4, we report some numerical
results to test our theoretical analysis. Finally, some concise conclusions are drawn
in Section 5.

2. Finite difference schemes and conservation laws. In this section, we
revisit several classical finite difference schemes (see [2, 11, 17] and references therein)
for solving the problem (1.1)-(1.3) and discuss their conservation laws.

For a positive integer N, choose time-step 7 = T'/N and denote time steps ¢,, =
nt, n=0,1,2,--- /N, where 0 < T < Tinax with Tiax the maximal existing time
of the solution; choose mesh size h = b*Ta with J a positive integer and denote
grid points as z; = a + jh, j = 0,1,---,J. Denote ¢} and w} be the numerical
approximation, and respectively the exact solution of ¥ (x;,t,) for j =0,1,2,---,J
and n = 0,1,2,---, N, and denote 9™ € C’*! be the numerical vector solution and
respectively w™ € C/*! be the exact vector solution at time t = ¢,. For a grid
function v = {u} | j =0,1,2,---,J; n=10,1,2,--- , N}, we introduce the following
finite difference operators:

1
o uy = n (ufy —uj), ‘ﬁ“? 72 (uj_y = 2uj +ufyy),
1 1
+,n _ +1 _ +1 -1
6tu}’—;(u? —u;-l), (5tu?—§(u? —uj )
We denote the space
X o= {u = (ug,ur,ug, -+ ,uy) | ug = uy =0} C C*,

and define discrete inner product and discrete norms over X, as

J—1

(u,v) == hzuj@jv [ul| = <u7u>%7
Jj=1
J-1 , 2
— + — +
ol = goas bl ls2ul] = (A3 Jsruf |
=

where f denotes the conjugate of f. Throughout the paper, we denote C' as a generic
positive constant which may be dependent on the regularity of the exact solution
and the given data but independent of the discrete parameters. A famous energy-
preserving finite difference scheme reads (see [2] and references therein)

. n nt n43 n n n+t =
i)+ a2y 2+ Vil TR+ G [T )y T =0,
ji=12---,J-1,n=0,1,2,--- /N —1, (2.1)
with boundary condition
7»/161:1/)9:07 n_1725 7N7 (22)

and initial condition
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+

=

where 1/}? = %(U);L +¢;L+1)7 Vi = V(xj)’ vi = @(Ij) and

1
G(Sl, 82) = ‘/O f(6‘82 + (1 — 6‘)81)d9

This scheme preserves the total mass and energy in the discrete sense (see [2] and
references therein), i.e.,

M™=|lypn)? = M, n=0,1,2 -+, N, (2.4)

E" —04||5+1/’n||2 hZVW’nP < n >7E05 n:05172a"' aNa (25)
7j=1

where F™ € X}, with components

= F([9;]%). (2.6)

Here the discrete functional (F™, 1) can be viewed as the approximation of the func-
tional (F(-,t,),1). It is clear that the discrete functional (F™, 1) merely depends on
1", The key nature of the above scheme is the discretization of the nonlinear term,
i.e., the definition of G(s1,s2). However, there is no other finite difference scheme
was claimed in literature to preserve the total energy in the discrete sense. Here,
we revisit several classical implicit finite difference schemes and prove that they also
preserve the total energy in the discrete sense.

First of all, we consider the following standard Crank-Nicolson finite difference
scheme,

-

P Y IS AT (Ml W )

j=1,2,-,J—1,n=0,1,2--,N—1, (2.7)
1/)61:1/)7}:0, n=12,---,N, (2.8)
Qﬂ?:(pj, j=0,1,2,---,J.

It follows from F(s3) — = /7 f(s)ds that
XA
PP = PP + [ peds
[v3]?
=F (7 ?)+ F(0] 2 P (e P = [y ) + 0. (2.10)

This motivates us to introduce a new discrete functional (F™,1) of grid function
F"e X, (n=0,1,---,N) which defined by the following recursion formula,

n n n+3 n n
F) =F(lp;), FiH=Fp+ f(1o; 2 P07 = w7 ),
j=1,2-,J—1, n=0,1,2,---,N —1. (2.11)

Here, in terms of (2.10) and (2.11), the discrete functional (F™, 1) can be viewed as
another approximation of the functional (F(-,%,), 1).

Corresponding to the conservation laws of the total mass and energy (1.4)-(1.5),
the standard Crank-Nicolson scheme (2.7)-(2.9) satisfies the following lemma. i.e.,
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LEMMA 2.1. The standard Crank-Nicolson scheme (2.7)-(2.9) preserves the total
mass and energy in the discrete sense, i.e.,

M" ::||¢n||2EM07 TL:O,I,Q,"',N, (212)
J—1

E" :_a||5;wn||2+hz‘/}|w?|2+<Fn71>EEO? n:071727"'7N7 (213)
j=1

where F™ is defined in (2.11).

Proof. Computing the inner product of (2.7) with "+ + 9™  then taking the
imaginary part, we obtain

1
7(||¢n+1||2_||¢n||2)207 TL:O,l,2,,N—1 (214)
o
Let M™ = ||¢"]|?, then we obtain from (2.14) that
M =M" n=0,1,2,---,N—1. (2.15)

This immediately gives (2.12).
Computing the inner product of (2.7) with ¢! — 4™ then taking the real part,
we obtain

J—1
o n n 1 n n
= (w2 = e l1?) + Sh Y Vi(wy ™2 = )17
j=1
1
+§<F”+1—F”,1>:0, n=0,1,2,--- ,N — 1. (2.16)

This immediately gives (2.13). O

Next, we consider the following linearized Crank-Nicolson scheme:

1
0} + %53(1/1?’1 ) + Vi T (e Py =0,

j=1,2,-,J—1,n=1,2,--- ,N —1, (2.17)
1/)6127/1?:0, TL:1,2,,N, (218)

Obviously, this is a three-level scheme which could not start by itself, so we need
another two-level scheme to compute ?'. One method to compute ' is the Crank-
Nicolson scheme (2.7) for n = 0. Alternatively, by applying Taylor’s expansion to
¥ (x,t1) at the point (z,0), we obtain

1
U(x,t1) =(x,0) + 70,4 (x,0) + 7'2/ Optb(x, sT)(1 — 8)ds
0

— (@) + Tr(z) + 72 / B, s7)(1 — 8)ds,

where ¢1(z) = i[adzep(z) + V(z)p(z) + f(|o(x)[*)¢(x)]. This motivates us to design
the following two-level scheme to compute ",

1/)J1 = gp(xj) + T(pl(xj), =12 J—1 (2.20)
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Define a two-component function G from R x R to R as follows
G(r,s) = F(rs), (2.21)

where F' is a primitive function of f. Let Pf = f,w_f) be a point in the plane, then
we obtain from Newton-Leibniz formula that

1 n+l n+l n 1 n n n—1 n—1
5 (Gur ) + Gwp i) - 5 (G B + 6wy~ )
1 57 a0 1/13;+1 ~
== —dl== VG - d, 2.22
2 ‘/P]nl al 2 P;z—l ( )

where [ = (5t — gt gt g T = |I], VG(r,s) = (9,F,0.F)T =

f(rs)(s,m)". Tt is easy to verify that the following numerical approximation with
a small remainder of the integral (0, F,0;F)" = f(rs)(s,r)" holds

prtt

VG -dl = VG(PP) -1+ 0(7%)

n—1
PJ‘

= 2f (|02 P Re(¥} (1T — i 1)) + O(r%). (2.23)

Combining (2.22) and (2.23) motivates us to define the discrete functional
<G" + Gt 1> of grid function G € X}, defined by G7 for j = 0,1,2,---,J, n =
0,1,2,---, N as follows

1 n n 1 n— n n n( | n n—

L@+ O = L@ ) (P Re (5 ),
j205172a"' a‘]a TL:1,2,"' 7N_17
=F(y;P), GY=F()P), j=01,2,---,J (2.24)

Here the discrete functional % <G" +Gntl, 1> can be viewed as another approximation
of the functional (F( ytngd), 1).

Corresponding to the conservation laws of the total mass and energy (1.4)-(1.5),
the linearized Crank-Nicolson scheme (2.17)-(2.20) satisfies the following lemma. i.e.,

LEMMA 2.2. The finite difference scheme (2.17)-(2.20) preserves the total mass
and energy in the discrete sense, i.e.,

J—-1

J—1
M™ =h 3 Re(w 1) = rah 3 (3 yp 8t
j=1 3=l

J—1
+7'hZVaIm(1/J;l+l‘/’_y) EMO, n=012--- N-1, (225)
Jj=1
J—1

E" = — (1650 ]> + 1105w H?) + 5 hZV W%+ 72

(G"+G"1)y=E° n=0,1,2,- ,N—-1, (2.26)

1\9“—‘ MIQ
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where G™ is defined in (2.24).

Proof. Computing the inner product of (2.17) with ¢™, then taking the imaginary
part, we obtain

—hZRe (YT — gyt - —hZIm (6L — sFynaten )

Jj=1

h % Nl n o1
j=1

this together with the definition of M"™ immediately gives
MY—M"1=0, n=1,2,---,N—1. (2.28)
Then by using successive recursion, we obtain from (2.15) that
M"=M° n=012,---,N—1. (2.29)

Computing the inner product of (2.17) with "™t — ¢"~1 then taking the real
part, we obtain

J—1
o mn n— n n—
_§h2(|5;¢j+1|2 |6+¢ 12 ZV W +12 Wj 1|2)
j=1
J—1
+h Y F( )RR (T — 9P ) =0, n=1,2,--- N1 (2.30)
j=1

This together with (2.24) gives

J—1
o n n— h n n—
—§(|I5I1/J P2 = lof P +§ZVJ [WFTH? — [ )
Jj=1
1
+§<G"+1—G"*1,1>:0, n=1,2---,N—1. (2.31)

This immediately gives
E"=E’ n=1,2---,N—1. (2.32)

This completes the proof of the lemma. O

Except for the above two schemes, many other classical finite difference schemes
of the NLS/GP equation preserve the total mass and energy in the discrete sense.
Here we consider the following four schemes:

CN-1 scheme

. n n+ n43 1 n n nt
sty +as2u) v g (GupP o) =0
j=1,2,-,J—1,n=012--- N —1. (2.33)
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CN-2 scheme

=

n+3 n+i 1 "
iV} +0‘5a2c1/’j+2 +Vj1/)j+2 +5 [P0 ?) + £t )] s

J

j=1,2-,J—-1,n=01,2--,N—1. (2.34)

LCN-1 scheme

N[
I
=

. n nt > nt 1 n n— n
007+ adtyl T+ Vi 4 D BE(w ) — £y ) vy
j=12,---,J-1,n=0,1,2,--- ,N — 1. (2.35)

LCN-2 scheme

. n a n— n 1 n— n 1 n n— n
i + SOR ;T ) + SV T T + S F(WF P (T ) =0,
j=1,2,-,J—-1,n=1,2---,N—1. (2.36)

By using similar discussion of Lemma 2.1, one can obtain the discrete conservation
results of the total mass and energy.

LEMMA 2.3. The CN-1 scheme possesses the total mass and energy in the discrete
sense, i.e.,

M ::||’(/Jn||2EMO, n=20,1,2,---, N, (237)

J—1
E" :_a||5i¢n||2+h’z‘/3|¢?|2+<Fn51>EEOv TL:O,l,2,"',N, (238)

=1
where

F) = F(le;[*),  Fj*h=F7+ £ (051 + 1051 /2) (057 = 17 1),
j=0,1,---,J, n=0,1,2,---,N—1.

LEMMA 2.4. The CN-2 scheme possesses the total mass and energy in the discrete
sense, i.e.,

M ;:||1/)"||QEMO, n:071,27... ,N, (2.39)
J—1
E™ :_a||5:¢n||2+hz‘é|w?|2+<Fn71>EEO? 7’L=0,1,2,---,N, (240)
=1
where

n n 1 n n n n
F) = F(lg; %), P}+1:lﬂ~+§[wajF)+fG¢j+Wﬁ]G¢j+w2—|¢jF%
j=0,1,--,J, n=0,1,2,--- ,N—1.
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LeEMMA 2.5. The LCN-1 scheme possesses the total mass and energy in the
discrete sense, i.e.,

M":=[|[¢"|P = M', n=1,2,---,N, (2.41)
J—-1
E" = —allgf " |+ h Y Vi P+ (Fr 1) = B, n=1,2,--- N, (242)
j=1
where

1
= F(lyj[?), F*'=F'+ 3 [BFULF1P) = fOF )] (TP = [} ),
j=0,1,--,J, n=1,2---,N—1.

LEMMA 2.6. The LCN-2 scheme possesses the total mass and energy in the
discrete sense, i.e.,

1
:i(”wnHQ =+ ||1/}n+1||2) = M07 n= 071527" : 7N_ 17 (243)
o P,
E" = §(II5+¢"|I2+|I5+¢"“II )+ S Vi + [t )
j=1
%(G” +G" 1) =E% n=0,1,2,--- ,N-1, (2.44)
where
n mn 1 mn— n n n n—
(G +GT) = 5 (G e )+ 3 f(lw 5P = P,
Gj: (|<PJ| )a ]1 (|1/}|) j=01--,J n=012--- N-1

REMARK 2.1. Though all the finite difference schemes mentioned in this paper
preserve the total mass and energy in the discrete sense, the form of the energy
functionals of them are different. The main difference is that the energy functional
E"™ of the scheme (2.1)-(2.3) merely depends on the numerical solution at the n-th
level, while the energy functionals of the other six schemes are defined by using a
recursive formula.

3. Unconditionally optimal error estimates. In this section, we firstly es-
tablish the a priori estimate of the numerical solution of the standard Crank-Nicolson
finite difference scheme (2.7)-(2.9), then build the optimal error bound without any
constrain on the grid ratios. The numerical analysis can be directly extended to es-
tablish the unconditionally optimal point-wise error estimates of other finite difference
schemes.

In analyzing the error estimate, we need the the following lemma,

LEMMA 3.1 ([37]). For any grid function p € Xy, there is the inequality

llulloo < ClullZ (105 | + lul)Z, d=1, (3.1)
lulloo < Clul*=5 (| ARul| + lul), d=2,3. (3.2)
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In the following, for a function f(x,t) over Q x [0,7T], we denote

1 fllzee == sup sup|f(z,1)].
te[0,T] z€Q

Define the local truncation error 6™ € X, forn =0,1,2,--- ;N — 1 as follows
no._ gst,mn 2, nt3 nt3j ntgi2y Nty
of =16 wi +adzw; * + Vw2 + f(lwy 2 [F)w; 2,
j=1,2--,J—-1,n=0,1,2--,N—1, (3.3)
wi=wj =0, n=12,--- N, (3.4)

w_?:(P('IJ)? j2071527"'7']'

By using Taylor’s expansion, one can obtain the following lemma:

LEMMA 3.2. Assuming that ¢ € C*([0,T]; W2°°(Q))NC%([0, T]; W4>(Q)), V €
C(Q), f € C?([0,00)), then the local truncation error of the Crank-Nicolson scheme
(2.7)-(2.9) satisfies the following estimates,

lof| < C(r*+h?), j=1,2,---,J-1,n=0,1,2--- N -1,
0 0| <C(r* +h%), j=1,2,---,J—1,n=0,1,2,--- N —2.

Define the ‘error’ function e” € Xy, forn=0,1,2,--- N — 1 as

el =wj — Y7 (3.6)

J b
then for the estimate of e, there is the following theorem,

THEOREM 3.1. Under the assumptions in Lemma 3.2, then the numerical solu-
tion of the Crank-Nicolson scheme (2.7)-(2.9) converges to the exact solution of the
original problem (1.1)-(1.8) in the mazimum norm with second order in both spatial
and temporal direction, i.e.,

||en||00§0(7—2+h2)5 TL:O,I,27"',N—1.

Proof. The main difficulty in establishing the error estimate is that the a priori
estimate of the numerical solution can not be obtained. In [1, 5, 4, 29, 33], this
difficulty was overcome by introducing a cut-off function to truncate the coefficient of
the nonlinearity to a global Lipschitz function with compact support, which can be
achieved if the continuous solution is bounded and the numerical solution is close to
the continuous solution. However, the authors only gave the optimal error estimates
in the discrete L2-norm, further more, their results were constrained to the time step.
Here, besides the cut-off function technique, we introduce a ‘lifting’ technique as well
as some useful inequalities to establish the optimal error estimates in the discrete H2-
norm (which consequently yields the optimal error estimates in the discrete L*°-norm)
without any constraint on the grid ratios, i.e., (3.1).

Choose a smooth function p(s) € C°(R) such that p(s) = 1 when |s] < 1,
p(s) =0 when |s| > 2, and 0 < p(s) < 1 for s € R. By assumption (B), we can define
My = ||u]|L=, and choose a positive number B = (My + 1)2. For f(s) > 0 define

fB(s) = f(s)p(s/B). (3.7)
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Then fp(s) is global Lipschitz and
|fB(s1) = fB(s2)] < Cp|y/s1 — /52|, Vs1,82 > 0. (3.8)

Choose 90 = ¢° and define " € X, for n =0,1,2,--- ,n as

T . ~n+4 3 ~n+4 3 cn+iigy o+l
25?@/@ +0‘5§¢j PVt +fB(|¢j 2|2)¢j 2 =0,

j=1,2,- J—1,n=012--- N —1, (3.9)
’@[;61:1;9207 TL:1,2,,N, (310)

In fact, 1/;? can be viewed as another approximation of ¢(z;,¢,). Noting that

n+i n+i .
fB(|wj+2|2):f(|wj+2|2)a ]:1527"'7‘]_17 n:05172a"'aN_15

we know that the local truncation error of the scheme (3.9)-(3.11) just is o™ defined
by (3.3)-(3.5). Define the “error” function é"” € Xj, for n =0,1,2,---, N as

e =l — . (3.12)

Subtracting (3.9)-(3.11) from (3.3)-(3.5) gives the following ‘error’ equation:

. ~ nti 43 Y
zéfe}z —i—a&iej Ve +§J’P+1 =0}

j=1,2,--,J—-1,n=0,1,2,--- ,N — 1, (3.13)

where
E L = fp (]2 Pl — ()
=} P (fa(lf R = (0 TR 0T (319)
It follows from (3.7)-(3.8) that
111 < C(len]] + llevH). (3.15)

Computing the inner product of (3.13) with é” + é"*1, then taking the imaginary
part, we obtain

1
-

- Im(énJrl,én + én+1) + Im(é’n,én + énJrl)

<C(lle”P? + e H1* + lle™]]?)

<C(||le"? +[le"™M)? + (2 + h*)?), n=0,1,2,--- ,N —1, (3.16)

(e = [lem 1)

where Lemma 3.2 and (3.15) were used. Then by using Gronwall’s inequality and
(3.16), we obtain

lle"]| < C(r* +h?), n=1,2,---,N. (3.17)
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By using inverse embedding Sobolev inequality, one can obtain
e"|oo = 7 He"]| < Ch (72 + %), n=1,2,--- N. (3.18)
This means that, if A, 7 are small enough and 7 < h, we have
[1€"]c0 <1, n=1,2,---,N. (3.19)
On the other hand, it follows from (3.13) that

24 2 .+t 2.
2/sn sn+1y +sn 5 _Z
op(ef +eim) = —Eét e — aV}ej 2 af
j=1,2-,J-1,n=01,2---,N—1. (3.20)
Taking the discrete L? norm of both sides of (3.20) gives
l67e"™ + oze |

1 1

21 1.
S R A S|
(0% « (0% (0%

<C(lls e+ 1™ + 1™ |+ €™ + llo™II)
<Cr'(h*+1?), n=0,1,2---,N—1. (3.21)

Then, by using Minkovski’s inequality, one can obtain from the above inequality that
[|[02e" || — [|62¢™|| < Cr Y (h* +7%), n=0,1,2,---,N — 1. (3.22)
This gives
[|02¢"|| < CT2(h* +7%), n=1,2,---,N. (3.23)
Then, by using Lemma 3.1, one can obtain from (3.17) and (3.23) that
[1€"|eo <CllE™[= (161 "] + [le”]])?

<Cllen|13 (167e" | + [len]))?

<Cr'h?*+7?), n=1,2,---,N. (3.24)
This means that, if h, 7 are small enough and 7 > h, we have

[1€"]e0o <1, n=1,2,---,N. (3.25)
Combining (3.19) and (3.25) gives that, for sufficiently small & and 7, we always have

le"| <1, m=1,2,--- N, (3.26)
and consequently we obtain

19" oo < 119 ta)lloc + [[€"]loc < Mo+1=VB, n=1,2,---,N. (3.27)

This implies that

Fe(0r 22 = 02 P), n=1,2,- N, (3.28)
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Hence, the scheme (3.9)-(3.11) just is the standard CN scheme (2.7)-(2.9), and con-
sequently

lle™|] < C(r2 +h?), |[¥"||ee <1, n=1,2,---,N. (3.29)

Based on the above a priori estimate of the numerical solution, one can use the
standard energy method to obtain that

lle"||o < C(T* +h?%), n=1,2,---,N. (3.30)
Here, we omit the detail proof for brevity.
This completes the proof. O

REMARK 3.1. For brevity, we here just only discuss several finite difference
schemes of the NLS/GP equations in one dimension. The conservation laws and the
error estimate results can be extended directly to the two- or three-dimensional cases.

4. Numerical results. In order to test our theoretical results, we consider the
following initial-boundary value problem of the NLS equaiton,

2
0 — D) + %¢+(|¢|2+|¢|4)¢:0, x € (a,b), t € (0,T], (4.1)
w(avt) = w(bu t) = 07 te (07 T]7 (42)
W(x,0)= e, € lab] (4.3)

Since the exact solution of the problem (4.1)-(4.3) is difficult to be obtained, we
here use the numerical solution computed by the standard Crank-Nicolson scheme
(2.7) under very fine time step and mesh-size (7 = 0.0001 and h = 0.0001) as ‘exact’
solution. Then we use the numerical solution computed by the six schemes under much
bigger h and 7 to test our error estimates. For simplicity, we use CN scheme and LCN
scheme to denote the Crank-Nicolson scheme (2.7) and the linearized Crank-Nicolson
scheme (2.17), respectively.

In the practical computation of the nonlinear schemes, iterations at each time step
are unavoidable. Here we adopt the iterative algorithm proposed by Sun in [28] to
overcome the difficulty and take the tolerance to be 10~8. For simplicity of notations,
we denote

Err(r, h) =|| w" — " ||,
Ratel = log (Err(7, hy)/Err(r, h2)) /log(hi/h2),
Rate2 = log (Err(71, h) /Err(m2, h)) /log(m1/72).

Due to the good stability, in testing the accuracy in the spatial direction, we list
in Table 1 the errors computed by the six schemes under a sufficiently small time-step
7 = 0.0001 and different mesh-sizes; in testing the accuracy in the temporal direction,
we list in Table 2 the errors computed by the six schemes under a sufficiently small
mesh-size h = 0.0001 and different time-steps. To test the efficiency of the nonlinear
schemes and the linearized schemes, we choose CN-1 scheme and LCN-1 scheme to
compute the example by using MATLAB software at time ¢ = 1 when —a = b = 20
under different h, 7, the results are listed in Table 3. To verify the conservation laws
satisfied by the six schemes, we plot in Figures 1-12 the total masses and the total
energies computed by the six conservative schemes.
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Table 1: Spatial errors of the six schemes under 7 = 0.0001 and different A at time

t=1.
h=0.4 h=0.2 h=0.1 h =0.08 h =0.04
CN scheme 2.3754e-002  4.8535e-003  1.1853e-003  7.5667e-004  1.8851e-004
Ratel 2.29 2.03 2.01 2.00
CN-1 scheme 2.3754e-002  4.8535e-003  1.1853e-003  7.5667e-004  1.8851e-004
Ratel 2.29 2.03 2.01 2.00
CN-2 scheme 2.3754e-002  4.8535e-003  1.1853e-003  7.5667e-004  1.8851e-004
Ratel 2.29 2.03 2.01 2.00
LCN scheme 2.3754e-002  4.8536e-003  1.1854e-003  7.5676e-004  1.8860e-004
Ratel 2.29 2.03 2.01 2.00
LCN-1 scheme  2.3754e-002  4.8535e-003  1.1853e-003  7.5667e-004  1.8851e-004
Ratel 2.29 2.03 2.01 2.00
LCN-2 scheme  2.3754e-002  4.8536e-003  1.1854e-003  7.5677e-004  1.8861e-004
Ratel 2.29 2.03 2.01 2.00

Table 2: Temporal errors of the six schemes under A = 0.0001 and different 7 at

time ¢ = 1.
7=0.1 7 =0.05 7 = 0.025 7 =0.02 7=20.01
CN scheme 3.4920e-002 1.0196e-002 2.5955e-003  1.6708e-003  4.2195e-004
Rate2 1.78 1.97 1.97 1.99
CN-1 scheme 3.4446e-002  1.01758e-002  2.5733e-003  1.6553e-003  4.1675e-004
Rate2 1.76 1.98 1.99 1.99
CN-2 scheme 3.4451e-002 1.0179e-002 2.5740e-003  1.6557e-003  4.1686e-004
Rate2 1.76 1.98 1.98 1.99
LCN scheme 7.6361e-002 3.2971e-002 9.9250e-003  6.2162e-003  1.6000e-003
Rate2 1.21 1.73 2.10 1.96
LCN-1 scheme  3.5413e-002 1.0453e-002 2.4894e-003  1.5902e-003  3.9512e-004
Rate2 1.76 2.07 2.01 2.01
LCN-2 scheme  8.0535e-002 3.3858e-002 1.0051e-003  6.3367e-003  1.6293e-003
Rate2 1.25 1.75 2.07 1.96

Table 3: Comparison of errors and CPU times of the CN-1 scheme and LCN-1
scheme at time ¢t = 1 when —a = b = 20 and under different mesh-size h and
time-step 7.

h=7=0.001 h=7=0.002 h=7=0.004
CN-1 scheme CPU time 1404s 274s 78s
Error 4.2254e-006 1.7030e-005 6.8230e-005
LCN-1 scheme  CPU time 118s 29s 8s
Error 3.9634e-006 1.5998e-005 6.4245e-005

From the results in Tables 1-3, Figures 1-7 and other numerical results not shown
here for brevity, we obtain the following observations:

1. The six classical schemes ( i.e., the CN, CN-1, CN-2, LCN, LCN-1 and LCN-2
schemes) studied in this paper not only are second-order accurate in both spatial and
temporal directions (see Tables 1-3) but also have good stability (see Tables 2-3).
These observations are consistent with Theorem 3.1. It is pointed out here that the
errors in Table 1 of the six schemes are almost same, the reason is that they have the
same discretization in spatial direction.
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Fig. 2: Total mass (top) and energy (bottom) at different time computed by the
CN-1 scheme under —a = b= 50,7 = 20,7 =h =0.1.

2. Just as the energy-preserving scheme (2.1)-(2.3) (see Figure 7), all the other
six classical schemes well preserve the total mass and energy in the discrete sense (see
Figures 1-6), this verifies Lemmas 2.1-2.6. Furthermore, from Figures 1-7, one can see
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LCN scheme under —a = b= 50,7 = 20,7 =h =0.1.

that all the seven schemes preserve the total mass and energy with the same values.

3. Among the six schemes, the CN-1 scheme and the LCN-1 scheme are the most
accurate ones (see Tables 1-2). As far as both the accuracy and the efficiency are



5 Total mass 6 X 1073 Difference of total mass
191
181
k<l
171
1.6
1.5 - .
0 10 15 20
t t
25 Total energy 15 X 10714 Difference of total energy
241
23
n
221
2.1F
2 . .
0 10 15 20

ANALYSIS OF FD SCHEMES FOR NLS/GP EQUATIONS

113

Fig. 5: Total mass (top) and energy (bottom) at different time computed by the

Total mass

LCN-1 scheme under —a = b= 50,7 = 20,7 = h =0.1.
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Fig. 6: Total mass (top) and energy (bottom) at different time computed by the
LCN-2 scheme under —a = b =150,7 = 20,7 =h =0.1.

concerned (see Table 3), it is seen that the LCN-1 scheme is the best scheme among
the six ones in the practical computation.
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Total mass 5 X 10713 Difference of total mass

Total energy

Fig. 7: Total mass (top) and energy (bottom) at different time computed by the

scheme (2.1)-(2.3) under —a =b = 50,7 =20,7 =h =0.1.

5. Conclusion. In this paper, we revisit and analyze several classical finite dif-

ference schemes for solving the NLS/GP equations. By introducing a different type
of energy functional, we prove that these classical schemes preserve the total mass
and energy in the discrete sense. Furthermore, by using a ‘cut-off’ technique and a
‘lifting’ technique, we establish the optimal error estimates of the numerical solutions
without any restriction on the grid ratios. Numerical results are reported to verify
our results.
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