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A local energy conservation law is proposed for the Klein—Gordon—Schrodinger equations, which is held in any local
time—space region. The local property is independent of the boundary condition and more essential than the global energy
conservation law. To develop a numerical method preserving the intrinsic properties as much as possible, we propose a local
energy-preserving (LEP) scheme for the equations. The merit of the proposed scheme is that the local energy conservation
law can hold exactly in any time—space region. With the periodic boundary conditions, the scheme also possesses the
discrete change and global energy conservation laws. A nonlinear analysis shows that the LEP scheme converges to the
exact solutions with order (’)(T2 + hz). The theoretical properties are verified by numerical experiments.
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1. Introduction

The Klein—Gordon—Schrédinger (KGS) equations

. 1
1Wt+§‘/’xx+w¢:07 ¢tt_¢xx+¢_|W|2:0 (1)

describe the interaction between conservative complex neu-
tron field and neutral meson Yukawa in quantum field theory,
where y(x,t) represents a complex scalar nucleon field, ¢ (x,)
is a real scalar meson field, and i = v/—1. With initial and pe-

riodic conditions

l[/(x,O) = wo(x)v (P(X,O) = ¢0(x)7 (Pl(xvo) = ¢ (x),

v(a,t) = y(b,t), ¢(at)=¢(bt), (2
there exist a charge conservation law
d d b,
o0 =1 [lvPar=o G

and a global energy conservation law (GECL)

d (21
SEO = & [ 507 = 02— 02— [P+ 20 yP)ax
= 0. (4)

[1-3] with respect to mathematical and the-

Massive works
oretical analyses of the KGS equations have been done in the
past decades. Studying its numerical approximation has re-
cently become a hot topic. Zhang!*! derived a charge- and

energy-preserving finite difference (C-C) scheme for the KGS
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equations. During the last decade, many researchers have
paid attention to geometrical numerical integrators. Kong et
al.) noted that the KGS equations have a multi-symplectic
structure and then investigated the multi-symplectic midpoint
(M-M) scheme. The explicit multi-symplectic schemes were
proposed in Refs. [6] and [7]; while the implicit symplec-
tic Fourier pseudo-spectral schemes were given in Refs. [8]
and [6]. Hong et al.'’! also proposed three schemes, which
are called M-C, T-C, and T-T schemes, for the KGS equations.

Some other methods can be found in Refs. [10]{14].
As is well known, the GECL (4) depends on the boundary

conditions, such as periodic or homogeneous boundary condi-
tions. However, in practice, the complex boundary conditions
lead to the invalidity of the traditional GECL algorithms. Ac-
tually, there exists a local energy conservation law, which is
more essential than the global energy conservation law. Let
y(x,t) = p(x,t) +ig(x,), where p(x,t) and g(x,t) are real-
valued functions. By further introducing some variables, the
KGS system (1) can be reformed into a combination of ordi-

nary differential equations (ODEs)

1
g = §m+¢p,
| (5)
—Pr = E”""PCI’
vi=a—¢+(p*+4°), (5b)
¢f =V,
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fx=m, Ex =1, Wy =, (5¢)
Px=1, qx =8, O =w.
Proposition 1 The system (5) possesses a local energy

conservation law (LECL)
L L 1 Lo 2
o (302 502 302 Sl + olv]
+0(fpr + 89 +wo) = 0. (6)

Proof In Eq. (5a), multiplying the first and the second

lines by p; and ¢;, respectively, we have

0= fot+ngIt+¢at|‘l/‘2
= 0(fpi+8a) — (fPx +89u) + 90| y|*

1
= O(fpi+ga) — 50 (|Wl*) + 9or . %

Next, multiplying the first line of Eq. (5b) by ¢, gives

1
0= —vv+wet — Eat¢2+¢t|‘//‘2

1 1
—Eatvz + (W) — Wy — Eat(bz + ¢t|‘l/|2

1 1 1
=0 (—2"2— E‘Pz— 2¢x2> + 0 (wor) + o wl>. (8)

Adding Egs. (7) and (8) leads to the LECL (6).

The LECL (6) is a local property. In other words, it is
independent of the boundary conditions. Thus, the LECL is
more essential than the GECL in physics. Naturally, when
constructing algorithms for system (5), we expect that the
LECL can still hold. Hereafter, we call these numerical meth-
For the
concept of LEP algorithm and its applications, please refer to
Refs. [15]-[18]. The aim of this paper is to construct a LEP
algorithm for the KGS equations, and then analyze its conver-

ods the local energy-preserving (LEP) algorithms.

gence. Finally, we will check the performance of the proposed

scheme.

2. LEP algorithm

As usual, we introduce some notations: x; =a+(j—1)h,
j=12,...,N+1; 4, =kt, k=0,1,2,...K, where h = (b —
a)/N and 7 are the spatial length and the temporal step span,
respectively. Let u’; be an approximation of u(x;,#). We also
define the vector 2-norm || u* ||= (h 2’}':1 |u’j\2)1/ 2. To derive
the algorithms conveniently, the following operators are used:
the finite difference operators & fj/-‘ =( f;‘“ — fjk) /T, 6 fj’.‘ =
(f]’-‘H ffj'»‘)/h; the averaging operators A,fjl-‘ = (f;chl +fjl-‘)/2,
Axf]]-‘ = ( ;‘H +fj’?)/2; and the operators 5x(f-g)lj‘- =(a jl'(+1 +
(1—a)f})-8ug+ 85 - (1 -a)gh,, +agh),¥0 <a <1.Es-
pecially, we have

a=0, 8(f-8)f =/} 8gh+8sf &b,

L Sk = A S+ S Ah,
&g =SS A g )

a=

— N =

a=
Taking f = g gives
1
Oy [z(fjk)zj| = xfjk-Aijl-{,

1
5 <2f,’-‘_1 -f,’-‘) = X AS S (10)

Similarly, we can obtain a series of analogous discrete Leib-
nite rules in the time direction.
LEP scheme We discrete the ODEs (5) as follows:

6t¢]1;' = %Atm]]?—f—At(b]I-‘-A,p];, (11a)
—5tl7]; = %Atn];' +At¢]]'€ 'Atql;'a
Sk = Aok — A 0%+ A(Ph)? + (d4)7, (11b)
61¢jk :Atvlj‘-7

k _ ok k _ k k _ ~k
6xf11'{_mkj7 6xgi_ni, 6XW]{_(X£) (11C)
5xpj=fj+1, 5qu=gj+1, 5x¢j =W

Eliminating the auxiliary variables m, n, v, o, f, g, and w, we

obtain a scheme
1
5t61/;' = gAt5szlj'_1 +At¢jl'( 'AtPl;', (12a)

1
—8p = JA8G) 1 +A0] Aug,

§0f =AI8L01, —ATOF +ATI(PS)? + (45)7], (120)

(12b)

or an equivalent scheme

. 1
15t‘/’f+ EAt5xz‘//j‘c_1 +At¢j]'c 'At‘l/j'( =0,
5 0f —ATSL0f | +ATOf —AT|yj[* =0.

(13a)
(13b)

Now, we analyze the local and global conservative prop-
erties of the proposed LEP scheme.

Theorem 1 The LEP scheme is a local energy conserva-
tive algorithm, which admits the discrete LECL

1 1 1
Elxjst) = & | =35I8y = S () — 5 (865
1
= S0P+ HVAP| + 8 (Auft - 8+ Al 8
+AWE - §¢F) =0. (14)

Proof In Eq. (11a), multiplying the first and the second
lines by & p’; and 5tql;, respectively, and then adding them to-
gether give

1 1
0= EAtm']; : 61P];' + EAln]; : 5tq];
k k k k k
+A:95 (AP - 60 +Adq - 61q7). (15)
Equation (15) can be reduced as follows:

0= A8k 88 +A8.85 8d5+A0F 6wk
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= BX(Atf/]'c : 5tplj{' +Atglj{‘ : 5&/}) —Atf]]'{+1 ) 5x5tplj
—Aigh i 8B+ AR - &
= 5x(Atf]l'C : 5t19/;' +Atglj' : StCII;')

1
SI(f11)* + (&5 )2+ A 07 - & |y
= 6x(Atf]]'< : 5tplj{‘ +Atg]} : 5%]’;)
1
— 508w + A &l (16)

Multiplying the first line of Eq. (11b) by & ¢]’? yields

0

_5tV§ 'AtV§ +At6)(wlj

1

1
18,05 = 58,9 + ANV 9

51(1’/]'{) _AtWI;‘H : 5x6t¢j]'c

1
_561(‘1)/ J'_Alwl/'z 6t¢jk
1 1
= _Eét( ) + 6¢ (AtW 6f¢;{)_ §6t(6x¢/1'{)2
—56z(¢,> +A i 86). (17)

Adding Egs. (16) and (17), and noting that A, ¢} - &|w|* +
A;|l1/] B 6,¢k 6,((7)" |l[/j ?), we finish the proof.

Remark 1 In the above derivation, we use the Leibnite
rules (9) and (10). The discrete LECL is consistent with the
continuous LECL (6) and independent of the boundary condi-
tions.

Corollary 1 For the initial and periodic boundary condi-
tions (2), the LEP-I scheme preserves the discrete GECL

gl =gh=... =gl =& (18)

where

HE
5 1o I *”J; A

k112
IH

|| 80" |I?

To prove it, we just need to sum the LECL (14) over all space
index j and utilize the periodic boundary conditions.

Remark 2 The discrete GECL contains variable v (j=
1,2,---,N), which are determined by Eq. (11b) with boundary
conditions (2).

In general, as a quadratic invariant, the charge conser-
vation law (3) plays an important role in quantum physics.
Therefore, it is necessary to discuss whether it can be captured.

Theorem 2 For the initial and periodic boundary condi-
tions (2), the LEP scheme conserves the charge conservation

law exactly,

Qk+1 :” lVk-H H2:

namely, the scheme is unconditionally stable with respect to

c=[ly? |P=Q°, (19)

the initial values.

Proof Multiplying Eq. (13a) by ZhAt?}c and summing it

over all space index j gives
N __ N _
iy Sy 2nA i+ Y ATy hAYE
j=1 j=1

N _
+Y AQf-Ay; - 2hApk = 0. (20)
=1
The first term of Eq. (20) becomes

i 2h
LUV = ) = T Ramy ), @

j=1

2

where Im stands for the imaginary part. The second term

N _
ZA,S)?\;/}LI -hAyk
<ZA,I/I"_ Ar‘l’,"‘ZAr Az‘l/, 1 ZZ|At‘I’j|2>
= [Z} 2Re(A W) -A,?jf) -2 Zl A,\//ﬂz} (22)
J= Jj=

is a real-valued function, where Re stands for the real part. The

last term

N N
];Amf Ay 2hA ) = ”’;A"”f' Ay @3)
is also a real-valued function. Therefore, the imaginary part of
Eq. (20) implies the charge conservation law (19).

By using the discrete Sobolev inequality and the Gron-
wall inequality,!”]

Theorem 3 Assume y € C*? and ¢ € C*4, then the so-
Iution of the LEP scheme converges to the solution of prob-
lem (1)—~(2) with order O(h* +7?) in the || - || norm.

Since the proof is very trivial, the details are not presented

we have the following convergence results.

here. It should be pointed out that, in order to make the con-
vergence analysis, we must prove || y* ||l.< Cand || ¢* ||.<C,

and analyze the truncation error of the LEP scheme first.

3. Numerical experiments

In this section, some numerical experiments are carried
out to show the performance of the LEP scheme. The perfor-
mance of the proposed method will be exhibited in the follow-
ing aspects: (i) the accuracy of single soliton solutions; (ii) the
performance in preserving the local energy, charge, and global
energy conservation laws. The accuracy of migration of a soli-
ton at #;, = k7 is measured by

Loo(y) = max | y(xj,kt) - yf |

1<j<N

(%

and

1/2
Wi k) v R)
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In order to show the variation of the local energy at the k-th

time level against time, we define glli)cal =

. HllaXN ‘5('xj7tk)|'
j=L,...,
The errors in charge and global energy can be scaled by
|Q" — Q°| and |E" — £, respectively.

Example 1 (soliton) The KGS equations have the fol-
lowing soliton solution:

3v2
W(XJ,V,X()) = 4.\/1\/_77‘/253Ch2(A)eXp(iB),
3
¢(.x,t,v7x0) = mSCChZ(A),
where {
A= 2\/?7‘/2[%—\”—%0],
1—v2 40
B= —t
Vx+ 21—V

Here, v represents the propagating velocity of the wave and
Xo is the initial phase. We take the initial conditions Wp(x) =
v(x,0,v,0), ¢o(x) = ¢(x,0,v,0), ¢;(x) = ¢(x,0,v,0), and
the periodic boundary conditions y(—40,7) = y(40,1),
¢ (—40,1) = ¢(40,1), ¢;(—40,7) = ¢,(40,1).

We choose v =0.1, 7=0.01, and &7 = 0.1. From Fig. 1,
one can see that the errors in solution y grow nearly linearly
while the ones in solution ¢ grow oscillatory. One can also

Next, we compare the numerical performance of the LEP
scheme with that of the existing methods.*>) We implement
all methods with v = 0.3, various temporal and spatial step
sizes. Table 2 reports the errors in the solutions, and the
changes in charge and global energy at 7 = 1. From the table,
we find that the solutions of LEP are better than those of C-
C, M-M, T-C, and T-T schemes, while a little worse than the
M-C scheme. The errors in invariants show that our method
conserves the charge and the global energy much better than

the others.

0.030

(a)
0.025}

0.020F

0.015}F

Error

0.010}

0.005

3.0 ;
find that figure 1 is very similar to that in Ref. [7]. The local (b)
energy and the errors in the global invariants are listed in Ta- 25}
ble 1. It is clear that the local energy Ejocq is always in the
scale of 10~!4 throughout computations. Therefore, the local T: 2.0
energy is conserved exactly. Since the errors in charge and §
. o -
global energy oscillate near zero in the scale of 10~13, the two é: L5
global invariants are also captured.
1.0}
Table 1. Local energy and the errors in global invariants for soliton at
different time.
0.5}
Time &L, /107" [&n—£°/107  |Q"—Q°|/107'®
10 1.42 0.333 4.44 0 )
20 2.13 2.88 17.7 0 10 20 30 40 50 60 70 80
40 3.55 3.99 8.88 t
60 2.13 5.32 62.1
80 2.48 3.10 93.2 Fig. 1. (@) Lo(W), (b) Leo(0).
Table 2. Comparison with some existing methods in numerical error and conserved invariants.
t/h Method  I5(¢)/10°*  Ly(y)/107* Q" — Q" len - &9
0.1/0.2 LEP 13.609 31.168 1.7764 x 10713 5.5511x 10716
c-c# 14.248 31.348 57731 x 10713 3.4417 x 1071
M-MPB] 33.417 64.025 4.4409 x 10713 1.8917 x 1076
M-CcP! 12.718 30.537 6.9201 x 10713 1.2436 x 107©
gield 13.668 31.750 4.1392 x 1076 8.4530 x 1077
Tl 27.508 65.403 8.9399 x 10716 6.6946 x 1073
0.05/0.1 LEP 3.6181 8.1743 8.8818 x 1016 1.1102 x 10716
c-c# 3.7850 8.2222 1.1102 x 1014 4.5519 x 10713
M-MPB] 8.8406 16.938 7.5495 x 10713 1.3297 x 1077
M-CP! 3.3875 8.0046 1.2155x 10714 7.7985 x 1078
giely 3.6365 8.3281 6.7716 x 1078 8.8421 x 1078
T 7.2219 17.011 4.3669 x 1077 6.6713 x 1076
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Example 2 (solitons collision) In the following simu-
lations, we study head-on collisions of two solitary waves.
The initial conditions are chosen as Yy = y(x,0,vi,x;) +
v(x,0,v2,x2), ¢o = ¢(x,0,v1,x1) + d(x,0,v2,x2), and ¢ =
& (x,0,v1,x1) + ¢ (x,0,v2,x2). We consider the simulation
over the region [—40,40] x [0,80] with parameters T = 0.01
and h =0.1.

First, we investigate the collision of symmetric solitons,
ie., vi =04, x; = —20 and v, = —0.4, x, = 20. Figure 2
displays the evolution of ¥ and ¢. The two solitons collide at
about T = 40, and then seem to be trapped. Table 3 displays
the local energy, and the errors in charge and global energy
against time. The results coincide with the theoretical analy-
sis.

Second, we consider the non-symmetric solitions colli-
sion with vi = 0.4, x; = =20 and v, = —0.2, x, = 15. The
simulation results are illustrated in Fig. 3. It is clear that the
soliton with the larger amplitude becomes larger and the one
with the smaller amplitude becomes smaller after the collision.
The local energy Ejocal, and the errors in charge and global
energy are presented in Table 4. The results are all within
the roundoff error of the machine. Again the proposed LEP

scheme conserves the invariants exactly.

(a)

Fig. 2. (color online) Symmetric solitons collision: (a) |y], (b) ¢.

Fig. 3. (color online) Non-symmetric solitons collision: (a) |y, (b) ¢.

Table 3. Local energy, and the errors in global invariants for symmetric
solitons collision at different time.

Time & /107 |€"—&% /1071 |Q"— Q0| /1071
10 4.97 2.55 5.32
20 4.26 16.8 7.10
40 3.19 66.0 17.7
60 4.26 13.0 17.7
80 17.0 19.3 17.7

Table 4. Local energy, and the errors in global invariants for non-
symmetric solitons collision at different time.

Time & /107 [en—£% /10" |Q"— Q0| /1071
10 4.26 25.5 62.1
20 3.55 26.6 8.88
40 4.26 15.9 97.7
60 113 159 133
80 8.52 111 142

4. Conclusion

In this work, we propose a LEP scheme to simulate
the KGS equations.
the boundary conditions. Our method preserves the discrete

The local property is independent of

LECL in any time—space region. If the boundary conditions
are suitable, the LEP method will be the GEP method. There-
fore, the method in the present paper extends the applying
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scope of the traditional GEP algorithm. Numerical results
indicate that the present scheme can provide accurate solu-
tions in long-term computations, and also show excellent per-
formance in conserving the local energy, global energy, and
charge invariants. From Eq. (5), we can also derive local mo-
mentum and global momentum conservation laws for the KGS
equations. As we know, they are also important invariants
in physics. Similarly, we could consider local momentum-

preserving schemes for the KGS equations.
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