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Abstract

We construct three efficient and accurate numerical methods for solving the Klein—-Gordon—
Schrodinger (KGS) equations with/without damping terms. The first one is based on the
original SAV approach, it preserves a modified Hamiltonian but does not preserve the wave
energy. The second one is based on the Lagrange multiplier SAV approach, it preserves both
the original Hamiltonian and wave energy, but requires solving a nonlinear algebraic system
which may require smaller time steps to have real solutions. The third one is also based
on the Lagrange multiplier approach and preserves the Hamiltonian and wave energy in a
slightly different form, but it leads to a nonlinear quadratic system for the Lagrange multiplier
which can always be explicitly solved. We present ample numerical tests to validate the three
schemes, and provide a comparison on the efficiency and accuracy of the three schemes for
the KGS equations.
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1 Introduction

We consider in this paper numerical approximation of the following Klein—Gordon—
Schrodinger (KGS) equations,
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Y+ Ay +¢y +ivy =0, xeQ, >0,
20+ yedp—Ap+¢— ¥ =0, xeQ, >0, (1.1)
v(x,00 =y P, ¢x,0=900x), dox0=0"x, xe,

where € is a bounded domain in R? (d = 1,2, 3), and ¢ and ¢ are prescribed with either
homogeneous Dirichlet or periodic boundary conditions. In the absence of the interaction
terms, the first equation of (1.1) is a Schrédinger equation, and the second one is a Klein—
Gordon equation.

The KGS equations (1.1) describe the dynamic of the interaction of scalar nucleons
interacting with neutral scalar mesons through Yukawa interaction. In the above, the complex-
valued unknown function ¥ = ¥ (X, t) represents a scalar nucleon field, the real-valued
unknown function ¢ = ¢ (X, t) represents a scalar meson field, ¢ > 0 is a parameter inversely
proportional to the speed of light, and y and v are two nonnegative parameters. In fact, when
e =1,y = 0and v = 0, it reduces to the standard KGS equations. The system (1.1) is
dispersive with v = y = 0, and dissipative when v > 0 and/or y > 0.

The KGS equations have been extensively studied in the literature. We refer to [13—19,28]
(resp. [5,6,27]) and the references therein for the mathematical analysis of the conservative
(i.e. v = y = 0) KGS equations (resp. the dissipative KGS equations).

The standard KGS equations have also been extensively studied numerically. For exam-
ples, Xiang [36] constructed a conservative spectral scheme for the periodic initial-value
problem and provided its error analysis; Zhang [38] developed a conservative difference
scheme in one dimension; Kong et al. [23,24] and Hong et al. [21] considered multi-
symplectic schemes; Hong et al. [20] compared the classical conservative properties of five
difference schemes and investigated their numerical behaviors; Liang [26] constructed three
linearly implicit Fourier pseudospectral algorithms; Chen et al. [8] developed a conserva-
tive and linearly implicit finite difference scheme with second order temporal accuracy and
eighth order spatial accuracy by means of the Richardson extrapolation method; Li et al.
[25] proposed a conservative linearized Galerkin finite element method; Wang [34] pro-
posed a conservative high-order compact finite difference scheme for the KGS equation with
Dirichlet boundary condition; Yang [37] developed methods involving a Crank—Nicholson
time discretization for the Schrodinger equation part, a Crank—Nicholson leap frog method
in time for the Klein—Gordon equation part, and local discontinuous Galerkin methods in
space. For the KGS equations in the “nonrelativistic” regime, we refer to [2,4]. For some
recent work on the fractional KGS equations, we refer to [7,12,30,35].

Numerical methods and sumilations for the KGS equations with damping mechanism (1.1)
has received less attention. Bao and Yang [3] constructed efficient and accurate schemes with
the time-splitting Fourier spectral technique for the Schrodinger-type operator, the Fourier
pseudo-spectral method for the Klein—Gordon part, and the adoption of solving the ordinary
differential equations (ODEs) in phase space analytically. Their numerical methods possess
some nice discrete properties, e.g., time reversible, time transverse invariant, and it is shown
through a formal Von Neumann analysis that the numerical solutions remain bounded but
without proof for discrete energy dissipation. Ji and Zhang [22] developed a decoupled
time-stepping method, based on the finite difference approximation in time and Fourier
pseudo-spectral discretization in space, and the scheme is proved to preserve/dissipate the
discrete wave energy for v > 0 and dissipate the energy when v = 0 and y > 0. However, a
nonlinear system needs to be solved in each time step. Thus, it is of great interests to develop an
efficient, accurate numerical scheme that can preserve the conservation/dissipation properties
of wave energy and Hamiltonian at the discrete level. The main difficulty is to avoid solving
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complicated nonlinear systems at each time step while preserving the conservation/dissipation
properties.

The aim of this paper is to construct a class of efficient and accurate schemes for the
KGS equations (1.1) based on the original SAV approach [31] and the SAV approach with
Lagrange multipliers [9,10]. These approaches were proposed for dissipative gradient flows,
and recently they have been successfully applied to dispersive equations such as nonlinear
Schrodinger and Zakharov equations [1,11,29,32]. However, there are new challenges in
application of these approaches to KGS equations (1.1). First, the Hamiltonian of KGS
equations involves a non-quadratic term which is not necessarily bounded from below so
the original SAV approach can not be directly applied. Second, the original SAV approach is
designed to dissipate a modified total energy or Hamiltonian, but does not have a mechanism to
preserve the wave energy. We employ a SAV approach with Lagrange multipliers to preserve
the wave energy as well as to preserve/dissipate the original Hamiltonian. Combined with
a Crank—Nicolson/Leap-Frog scheme in time, the proposed schemes enjoy the following
distinct advantages:

e The schemes are second-order accurate in time and can be combined with any Galerkin-
type spatial discretization;

e Ateach time step, they require solving only a sequence of linear decoupled systems with
constant coefficients, and in the case of the schemes with Lagrange multipliers, an addi-
tional nonlinear algebraic system which can be solved with a negligible computational
cost.

We carry out a series of numerical simulation to validate these schemes and to compare them
under conservative and dissipative regimes.

The rest of paper is organized as follows. In Sect. 2, we reformulate the KGS equations
with SAV, develop a SAV scheme based on Crank—Nicolson-leap-frog, and prove that it
preserves/dissipates a modified Hamiltonian. In Sect. 3, we construct two schemes using
the Lagrange multiplier approach and show that Scheme LM1 preserve the wave energy,
as well as preserve/dissipate the original Hamiltonian, while Scheme LM2 preserves the
Hamiltonian and wave energy in a slightly different form. In Sect. 4, we present various
numerical simulations to compare and validate the proposed schemes for KGS equations,
and apply our new approach to simulate soliton-soliton collisions in 1D with/without damping
terms, as well as dynamics of a 2D problems in KGS equations. Some concluding remarks
are presented in Sect. 5.

2 KGS System and Its SAV Reformulation

Throughout the paper, we shall use (-, -) and || - || to denote the inner product and norm in
L%(), respectively, and we denote norms in H%(2) by | - |s.

For the sake of clarity, we first rewrite the KGS equations (1.1) as follows. Let ¢ (x, t) =
p(x,t) +ig(x, t), where both p(x,t) and ¢g(x, t) are real-valued functions, and introduce
a new variable u(x, t) = €0;¢(x, t) to reformulate (1.1) as a first-order-in-time differential
system. Then the problem (1.1) becomes

0q +vqg=Ap+o¢p, xe€, t>0,
op+vp=—-(Aq+¢q), xe, t>0,
88,u:A¢—¢+(p2+q2)—yu, xeQ, >0,
g =u, xe, t>0.

2.1)
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Similarly, p, ¢, u and ¢ are prescribed with either homogeneous Dirichlet or periodic bound-
ary conditions. We denote the unknowns of the above system by v = (p, ¢, u, ¢)" .

Theorem 2.1 The system (2.1) with homogeneous Dirichlet or periodic boundary conditions
satisfies the following conservation laws:

d
E(npnz +llg1? = =2v(lpl* + ligl®), 2.2)
where ||p||2 + ||q||2 is the wave energy, and
dH y
- = —;nun2 —20(IVpI? + IVqI®) + 2v(, IpI* + lg1®), (2.3)

where H (t; v) is the Hamiltonian defined by

1
H(t;v) = {IVpl* + IVqll* + 5(||V¢||2 + lull® + 1915} = (@, Ipl* +1g1»). 24

Proof Taking the inner products of the first two equations in (2.1) with 2¢g and 2 p respectively,
and summing up the results, we obtain immediately (2.2).

Taking the inner products of the first two equations in (2.1) with —2(d;p + vp) and
2(d:q + vq) respectively, and summing up the results, we obtain

d
E{uwn2 +IVglI*} = (@, 3 (Ip1* + 1g1%)
= —20(IVpI* + IVq®) + 2v(¢, Ip* + lq ). 2.5)

On the other hand, taking the inner products of the first two equations in (2.1) with u /¢ and
— (A¢ — ¢ + (p* +¢?)) /¢ respectively, and summing up the results, we obtain

1d
Ed—{nwsn2 +ul + 1612 = @, [pl +1g1P) = =L jju. (2.6)
t &

Summing up the above two relations, we obtain (2.3). O

Remark 2.1 We observe from the above that
e When v = 0, we have

d
—D(t;p,q) =0, t>0, (2.7)
dt
where D(t; p, ) == Ilp(x, D> + llg(x, )||*, and
d
SHEv =-Lju, =0, 28)
dt &
e When v > 0, we derive from (2.2) that the wave energy decays exponentially, more
precisely
D(t; p,q) :==e 2""D(0; p,q), t>0, 2.9)

but the Hamiltonian H (¢; v) is not necessarily decreasing. However, it can be shown (cf.
[14,33]) that the Hamiltonian is bounded.

Since the Hamiltonian in the continuous case is not monotonically decreasing when v > 0,
one can not expect to construct schemes which dissipate the Hamiltonian when v > 0.
Therefore, we shall restrict ourselves to the case with v = 0, and concentrate on constructing
numerical schemes which can preserve the conservation or dissipation properties (2.7) and
(2.8). Note that all the schemes constructed below can be directly extended to deal with the
case v > 0 by treating the linear term v p and vq in (2.1) implicitly.
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2.1 The SAV Reformulation

When v = 0, one can see that (2.1) can be cast as a gradient system so one can in principle
apply the original SAV approach introduced in [31], which also requires a suitable splitting
of the Hamiltonian H (¢t; v) = Hy(t; v) + Hy(¢; v) such that (i) % is linear and positive
definite; and (ii) H;(z; v) is bounded from below.

While the non quadratic term (¢, | p|2 + |q|2) in the Hamiltonian is not bounded from
below for arbitrary functions (¢, p, ¢), it can be shown (cf. [14,33]) that there exists Co > 0
such that [(¢, |p|* + |g|®)| < Co if (¢, p, ¢) is a solution of (2.1). Hence, we split H(t; v)
as follows:

1
H(t;v) = {IVpl? + Vgl + 5(||V¢>||2 + ull? + 1113 — Co} +{Co — (¢, Ip1> + Ig1%)}

‘= Hy(t;v) + H{ (1; V).
(2.10)

Since Hi(t,v) > 0, we can define a SAV R(¢) = «/H;(t) := +/H,(t, V), and expand (2.1)
as

R(1)
= Q
g = Ap + Hl(t)qbp, xeQ, t>0,
3 __<A + R ¢> xeQ, t>0
1P = q ZA0) q]). s ,
e = Ap— ¢ + I;I(l’zt) (P td®) —yu, xe@ 120, @11

ehp=u, xeQ, t>0,

R 2—;[(21?17 +2qq:, ) + (P> + 4% &1)]
t zm t ts s Wt .

With R(0) = Hi(0), it is clear that the above system is equivalent to (2.1) with R(t) =
VHi(1).

2.2 Time Discretizations Using the SAV Approach

We construct a semi-discrete scheme based on Crank—Nicolson-leap-frog scheme using the
SAV approach for the system (2.11).

Scheme SAV:
Initialization: Given qo, po, u, q’)o, determine ql, pl, ul, ¢>1 by

ql_q()_Apl+Ap0+Rl+R() 0.0

op, 2.1
26t 2 ) Hlo
pl_pO _ A([1+A([0 R1+R0 00 9%
w0 2 e (2.2)
2./H!
Ml _ MO A¢1 4 A¢0 ¢l +¢0 Rl 4 RO 2 5 ul +M0
e — - (") +@))-r=—5— @3

J’_
26t 2 2 ) /Hlo
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¢1_¢)0 M1+M0
& =

25t 2 24
Rl_RO 1 pl_pO ql_qO ) 2¢l_¢0
=— 20 0L — 9 40 0 0 .
201 2/H0[<p w1 o ’¢>+<(p) @) 55
1
2.5)
Then, forn = 1,2, ...,wesolveg" !, p"T1 y"+1 ¢"+1 from the following second-order
Crank—Nicolson-leap-frog scheme:
qu—l _qn—l Aer-l + Apn—l Rn+1 + Rn—l
= : + g, (2.6)
t 2,/H|
n+l _ . n—1 A n+l1 A n—1 Rn+l Rnfl
P (M ). e
t 2\/Hj

un+l _ un—l A¢n+1 + A(pn—l ¢n+l +¢n—l Rn+1 + Rn—l

T T 2 2 2 JHY (") + @)

un+l + un—l
_ , 2.8
Y 2 (2.8)
¢n+l _ ¢n—1 un+1 + un—l
= , 2.9
MY 2 9
Rn—H _ Rn—l 1 n+l _ . n—1 n+l _ n—1
_ 2P P e Q"
28t 2\/H} 26t 25t
2 2 ¢n+1 _ ¢n71

o+ @ )] 2.10)

Note that the initialization step is of first-order but the local truncation error is of second-
order. So the combined scheme is still of second-order.

Theorem 2.2 Let H' = Co — (¢", [p" 12 + 1™ |%). There exists Co > 0 such that ifH' >0,
we have Hl'"H > 0 foralln > 0.
The scheme (2.6)—(2.10) satisfies discrete energy laws:

Hgay — Hgpy = —5t?% Ju' +u®), @.11)
and
HELY = Hygp = =o' 4w vz 1, @12)
where
i = 3 (o + P + oo )
(2.13)

+ (||VP"Jrl I+ [ vg"! Hz) +[R™P, i > 0.
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. . N ) 1_ 0 g1_g0
Proof Taking the inner products of the equations in (2.1)~(2.4) with —225-2- 294,
% and — Ad’]‘;Ad’o — ¢];¢0 4 RI4R ((po)2 + (q0)2> /e, respectively, and multi-
2/uf
plying (2.5) by R! + RY, summing up the results, we obtain (2.11).
Assuming H{' > 0, then (2.6)—(2.10) is well defined. Taking inner product of (2.6)—(2.9)

. pn+1_pn71 qVH»l_qnfl n+1+ n—1 A¢n+l+A¢n—l
with =25 ——, 2T T and  —(T—5——
n+1 n—1 n n— . . .
— erqb R ;Jr;n : ((p")2 + (q")2> )/8, respectively, and multiplying (2.10) by
1

Rl 4 gl summing up the results, we obtain (2.12).
It remains to show Hf“ > 0.
From (2.12), we derive in particular that

1"+ g™ P < o EEY < CLHO, v) = Ca. 2.14)
On the other hand, we derive from the Sobolev inequality
Iflizs < CULIVHIVEIP® Vf € Hy(Q) or Hy (), (2.15)
and the Holder inequality that

@, [P < Cligll sl pll 4l pl

< Clgl 1Vl 1 pIIP 1V I 2.16)
1
< g(||¢>||2 +1IVoI* + 11V pI?) + Cslipll™.
Similarly we have
1
(¢, 1g1P)] < §<||¢>||2 +IVol* + IVql®) + Csliqll". (2.17)

Therefore, we derive from the above and (2.14) that

@ 1P P g D < Gy + G + Dl )
< H(0,v) +2C3C3. (2.18)
Hence, setting Co = H(0, v) + 2C3C§ + 1, we have Hl'”'1 > 1. ]

The scheme (2.6)—(2.10) can be efficiently implemented as follows.
Setting

n+l _ n+l n+1_n+1
g =q +R g,

+1 _  n+l +1 _n+l
P =i+ RTT T

Mn+1 = u’ll+l + Rn+ll,t’21+l, (219)
in (2.6)—(2.9), and collecting all terms without or with R"! we obtain the following decou-
pled systems:

AV = gl (2.20)
AVt = gb, (2.21)
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where
1 1
s —2A 0 0
LA L 0
A= 2 268t . . . , (2.22)
0 0 5+33—34
1 £
0 0 —31 357
n+l n+l
l+1 2 +1
n n
Vil — P Vit — )
Vi u7+1 > V2 ug'H )
+1 +1
o7 b3
B 1 n—1 1 n—1 RV pn o n T non
5 +5A + P"p
2574 18P 2P 2 /H
1 n—1 1 n—1 R n n n.n
L _ 1A — _9"q
. 2 P 2824 2ﬁ¢q n_ 2 JH
g = - B2 =
=B (A= D+ K (") + ) @) +g")
(28t 2) (2 2) 2 /Hﬂ 271_1],,
25 ¢n l+ 1 u— 1 0
. 1 -
(2.23)

After solving V"Jrl and V2+1 from (2.20) and (2.21), we plug (2.19) into equation (2.10) to
obtain the followmg linear algebraic equation for Rt

n n+1+2qn n+1 ¢n)+((p) +(q) ¢n+l )Rn+l

(s

— Rnfl

[2(1’ o P = D 207" g = T+ (0 + @ e -]

(2.24)

2

from which R"T! can be obtained explicitly.
To summarize, Scheme SAV (2.6)—(2.10) can be implemented as follows:

1. Compute right-hand term g and g} by (2.23);
2. Solve for g™, prth wrth ¢t i = 1,2 from (2.20~(2.21);

3. Find R™*! by solving (2.24);
4. Update ¢"*!, p"*+1 w1 ¢" 1 by (2.19).

The first step (2.1)—(2.5) can be implemented similarly.
Scheme SAV enjoys the following advantages:

e It is second-order accurate, conserves the modified Hamiltonian when y = 0, and is
unconditionally energy stable when y > 0;

e It only requires solving decoupled, linear systems with constant coefficients at each time
step.
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3 SAV Approach with Lagrange Multipliers

The Scheme SAYV conserves/dissipates a modified Hamiltonian, not the original Hamiltonian,
and it does not preserve the wave energy. Below, we adopt the Lagrange multiplier approach
[9,10] to construct efficient schemes which can conserve/dissipate the original Hamiltonian
as well as conserve the wave energy.

3.1 The First Lagrange Multiplier Approach

We introduce two Lagrange multipliers 7 (¢), A (¢) to reformulate the KGS equations (2.1)
as

0hq=Ap+n®)dp+rt)p, xe€Q, t>0,

ap=—Lq+n)¢g+rt)q), xe€Q, >0,
83[14:A¢—¢+n(t)(p2+q2>—yu, xeQ, t>0,

ep—u, xeQ, >0, (3.1)

_ % (P2 +q2’¢> =—n() I:(prt +29q:, ¢) + (pz +q2’¢t>:|

-2 [2p. p) + 2q. 4],

% (p2 +4¢2, 1) =0,

with 7(0) = 1 and A(0) = 0. Comparing with the original KGS equations (2.1), we find
that the exact solutions for n(¢) and A(z) are n(t) = 1 and A(¢) = 0. In the above A(¢) is
introduced to enforce the conservation of the wave energy, while 1 (#) is introduced to enforce
the rate of change of (¢, | p|> + |¢)%), which is nonlinear part of the Hamiltonian. Note that
we added an extra zero term —A fQ 2ppr + 2qq,dx at the end of the second last equation.
This term is essential in the design of unconditionally energy stable schemes below.

Scheme LM1:
Initialization: Given qo, po, u, ¢0, determine ql, pl, ul, qbl by
1 0 1 0 1 0 1 0
q —q Ap +Ap” n+n g0, M +A
— i 32
251 2 B S N 4 (3.2)
1 0 1 0 1 0 1 0
p —p Ag +Aq” AN g0, AL
- , 3.3
251 ( .ttt (3-3)
1 0 1 0 1 0 1 0 1 0
u —u A"+ A" ¢ + ¢ 77+n< 02 02) ul +u
= - - . (34
MYy 2 ot () @)) 5 G
1 _ 40 1 0
Q¢ _u (3.5)
26t 2
2 2 2 2
() + @) 0) = () + (4%, 9°)
- 2681
1 0 1 0 1 0 1 0
n+n ol —p 04 —49° o 0\2 02 ¢ —¢
=—-1(2 2 , ,
2 [( Py Py ) H ) @)
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}\.1+)\.0 pl—po ql_qo
T2 [<2p0’ 251 ) + (Zqo’ 251 )] (3.6
2 2 2 2
((Pl) +(q")" 1) = ((po) +(¢%)". 1), 3.7)
Then, forn = 1,2, ..., we solve g" 1, p"t1 u"+1 ¢"+1 as follows:
qn—H _qn—l _ Apn+1 + A[)"_l N nn+l + nn—l ¢npn N )Ln+l +)Ln—1 pn (3 8)
26t 2 2 2 ’ '
pn—H _ pn—l Aqn+1 + Aqn—l 77n-ﬁ-l + 77n—l )Ln+l +)Ln—1
w 2 + A A ;1) 69
un+1 _un—l A¢n+l +A¢n—l ¢n+1 +¢n—1 nn+1 +nn—l 2 2
T 2 - T (0 @)
un+l +un—1
Y, (3.10)
2
¢n+l _ ¢n71 unJrl + unfl
= ) 3.11
MY 2 (-11)
((pn+1)2+ (qn+1)2 ¢n+l) _ ((pn—l)2+ (qn—l)Z ¢n—1> ntl 1 onei
B ’ ’ __n +1
26t 2
pn+1 _ pn—l qn+1 _ qn—l 2 2 ¢n+1 _ d)n—l
[(217” 2 T Ty ) () @) T
)\’n+] +)\n—1 pn+] _ pn—l qn+1 _ qn—l
T2 [(2””’ 251 ) + (2qn’ 251 )} ’ (-12)
2 2 2 2
() + @) 1) = ((0°) + (a9 1). (3.13)

Theorem 3.1 The scheme (3.8)—(3.13) preserves the wave energy, and conserves/dissipates
the original Hamiltonian in the sense that

HI—H0=—8t2y—8 ”ul_i_u0’2’ (3.14)
and
H™ — g = —azz’/—g | |, e =1, (3.15)
where
(s e Ve i el
2 (3.16)

+ ([ P+ 1V ) = () + @) 0™ vnzo.

Proof Taking the inner products of the equations in (3.2)—(3.5) with —22 —p O, 24—

251 25
% and — AW;M)O - 4’1'54’0 + "1;”0 ((p0)2 + (q0)2)> /&, respectively, summing up
the results, we obtain (3.14).
Taking inner product of (3.8)—(3.11) with —ZPnHZEtpnil , anﬂzgtqnil , “Hl;;“"fl and
- A"’"H;Wl_l - 4’"“;"’5"_1 + '7”+1J2”7”_1 ((p”)2 + (q")z)) /e, respectively, we obtain
(3.15). 0

@ Springer



Journal of Scientific Computing (2021) 89:47 Page 110f26 47

Scheme LM1 can be efficiently implemented similarly as Scheme SAV. More precisely,
setting

pn — p;11+1 + nn+1pn+1 + )Ln+lpgz+l
qn+l n+l + nn—H n+1 +)Ln+lq§1+1
¢n+1 — ¢?+l + nn+l¢£t+l +}Ln+l¢g+l G.17)
Mn+1 — ur]z-H + 77n+]M121-H + An+1u§+l
in (3.8)~(3.11), we find that
AVITh =gt (3.18)
AV = gb, (3.19)
AVETh = gt (3.20)
where A are defined by (2.22) and
e
n n+ n-+
1 p 1 P 1 P
AR 2O Rl U R AR IO B (3.21)
¢}l+1 ¢%l+1 ¢Yl+1
1 2
and
r n— 1
%”1_{_ Apnl+ﬂ2 ¢npn+)»
g”— ﬁpn— _lAqn 1 7]1 ¢n n_)»”lqn
1= s
(7 =)™+ (A —3) " - + ' P+ @)
n— n
S BO" (3.22)
¢£ %
¢ qll n
gl = 2 gl = _%
2 (PH)Z;_(IIH)Z ) 3 0
0 0

After finding v/ ', v3 ™" and v from (3.18)~(3.20), we plug (3.17) into (3.12) and (3.13)
to obtain a system of two nonhnear algebraic equations for (n**1, A7),

{ Fl (nn-‘rl’ An+1) =0

(3.23)
FZ(VI”-H, }"Vl-‘rl) —0.

For the readers’ convenience, the exact form of F1, F; is provided in the Appendix. We can
then find """ and A"*! by solving this nonlinear system with a iterative method. Finally,
we can obtain g"t!, p"t1 1 ¢+l by (3.17).

To summarize, Scheme LM1 can be implemented as follows:

1. Compute right-hand term g7, g7 and g5 by (3.22);

2. Find ¢/, pr ™ ul T, ¢t i = 1,2, 3 by solving (3.18)~(3.20);

3. Determine 7" ! and A" *! by solving (3.23) using an iterative method, such as the Newton
iteration method or the steepest descent method;

4. Update "1, pnt1 ynt1 ¢+l by (3.17).
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The first step (3.2)—(3.7) can be implemented similarly.
Scheme LM1 enjoys the following advantages:

e It is second-order accurate, conserves the wave energy when v = 0, and conserves (resp.
dissipates) the original Hamiltonian when y = 0 (resp. y > 0 and v = 0);

e It only requires solving decoupled, linear systems with constant coefficients at each time
step plus a nonlinear algebraic system.

3.2 An Alternative Lagrange Multiplier Scheme

In practice, when the time step is not sufficiently small, the nonlinear algebraic system
(3.23) may not have real solutions or the iteration may not converge. Hence, we present an
alternative scheme which possesses essentially the same properties of Scheme LM1, but only
require solving two decoupled nonlinear quadratic algebraic equations for "*! and A*+1,
respectively.

Scheme LM2:
Initialization: Given ¢°, p®, u®, ¢°, determine ¢!, p', u', ¢! by

1 0 1 0 1 0 1 0
q —q Ap +Ap” n +n oo, MF+A
= 2T 0. 3.24
251 2 L R S (3-24)
1 0 1 0 1 0 1 0
p —p Ag +Aq” n+n g0, A +HA
_ 20, 3.25
251 ( . vt (3:25)
gul —u _ APl + A B ol + 90 N nt+n ((p0)2 N (qo)z) B yul +u
26t 2 2 2 2
(3.26)
(Pl _ ¢0 ul 4 MO
2t 2 (3.27)
(") +@).8") = (") +@)6") g0
’ ’ __n+n
25t 2
1 0 1 0 1 0
p—p 04 — 49 0 02 n2 ¢ —¢
2p° 2 , , ,
[( T B TYRRL )+ <(p ) +@) 5 )]
Al 420 Opl_pO Oql_qO
- 2p°, 24°, , 3.28
2 [(p 261 >+<q 251 )} (3:28)
_17\2 _1\2 2 2
(") + @) 1) = (") + @) 1) (3.29)
Then, forn = 1,2, ..., we solve g" 1, p"+1 u+1 ¢+ as follows: g1, p" 1w+,
¢! as follows:
qn+l _ qn—l Apn+1 + Apn_l nn-‘rl + 77n—l )\n-&-l + )Ln—l
551 = 5 + 5 ¢"p" + — p", (3.30)
Pn+l _ pn—l Aqn+l + Aqn—l nn-‘rl + nn—l )\n—H _+_)Ln—l
551 =— 5 + 5 ¢"q" + — q" |,3.3D)
Sun+l _ un—l _ A¢n+l + A¢n—l B ¢n+1 _,’_¢n—l N nn—H + 77"_1 ((pn)2 N (qﬂ)2>
26t 2 2 2
n+l1 n—1
_yﬁ (3.32)

) )
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¢n+1 _¢n—1 B un+l +un—l
T 2
_((ﬁn+1)2+(én+1)2’q;n+1) _ ((ﬁn71)2+( n— 1) i 1) g

(3.33)

26t 2
n+1 n—1

pn+l _ pnfl q —q 2 2 ¢n+l _ ¢n71
2 n 2 n , n n n , ,
[( Pt o) () ) 261

)Ln+l A 1 _ n 1 n+1 _ n—1
+ [(2},”, p" >+ <2qn’ %)] (3.34)
((p”“)2 +(@) 1) = ((1)0)2 +(¢°) 1) (3:35)

where 5"+ = pith 4 pith A pitand g = g 4 gh T 4 At igh
By following the same procedure as in the proof of Theorem 3.1, we can prove the
following result:

Theorem 3.2 Scheme (3.30)—(3.35) preserves the wave energy
Dy = ((15")2 +(g")°. 1) = ((po)2 +(¢°)°, 1), (3.36)

and satisfies discrete energy law:

Hiyo — Hlyn = —5t2y; ! (3.37)
and
Hi Wy — Hyh = —5l2y*8 Ju"™ + w1, Vn> 1, (3.38)
where
gl n+12 n+12 vt |
I =3 = (e P+ e |+ Ve
(3.39)

+ (”Vp"""luz + ”an+1 ”2) _ ((ﬁn+1)2 + (qz1+l)2 ’d‘)n+l>  Vn>0.

Scheme LM2 can be efficiently implemented as follows:
Set

n+l _ n+l+nn+l n+l+)hn+l n+1’

Py P3

p
q _ q{H»l + nn—}—lqghLl + )Ln+1q§1+l’ 340
¢n+1 — ¢n+l +nn+]¢n+1 +)Ln+]¢gl+l (3.40)

un+1 n+1 +77”+1 n+1 +k”+1u’3’+1,

in (3.30)~(3.33), which is similar to the Scheme LM1. After finding v/ ™', vi™! and vi ™!
defined in (3.21), we plug

n+l __ _n+l

=t ngrl I }\n-&-lngJrl )
gl = q?-&-l +q£z+l +An+1qg+1 ‘
into (3.35) to find A" *! by solving the quadratic equation
oty =0 (3.42)
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with
) = () () ) )
4ot [(pgﬂ ntl p;21+1> + <q;l+l7q]n+1 +qn+l)]
() () () ) - (6 5 ),

Once we obtain A**!, we plug (3.40) into (3.34) to find 5"*! by soling another quadratic
equation

B0 =0 (3.43)
with
1
P (nn+1) _ (nn+l) {<pnpn+l +q”q§+1 ¢n> 4= <(pn)2 ( ) ¢n+l>}
+ r}n+1 {(pn¢iz n+1 +)\'n+l n+1 pnfl>
+ <l]ll¢'l,q;l+l +)Ln+lqgl+l _qn—l)
1
+§ ((pn)2 ( ) ¢n+l +kll+l¢§1+l _ ¢n—l)
+ ()\'n+l +An—1) |:(P pg—H) + ((] q;-H)]
1
+nn—1 (pilpn+l +qnq;+1’¢n) + E <(pn)2 ( ) ¢n+l>}
+nn 1 (p ¢n n+1+)\n+1pgz+l_pnfl) (qr1¢n n+1+An+lqg+l_qn—1>
+ % ((pn)Z ( ) ¢n+1 +An+l¢§t+l _ q)nfl)
+ ()»”_H + )Ln—l) [<p p?Jrl + An+1p§l+l _ pn—l)
+ <q qn+1 + An+lqg+l qn—l)i| _ ((ﬁn+1)2 + ((;n+1)2 ’ q;n+l)
+ <(ﬁn—1)2 + (qn—l)2 , <[;n—l) .

Unlike Scheme LMI, here we can find 7" *! and A"*! by standard quadratic-root formula
instead of iterative method. Finally, we can obtain ¢"t!, p+1, u"+1 ¢"+1 by (3.40).
To summarize, Scheme LM2 can be implemented as follows:

Compute right-hand term g7, g5 and g5 by (3.22);

Find ¢/, pr w1t ¢t i = 1,2, 3 by solving (3.18)~(3.20);
Solve (3.42) by quadratic-root formula to determine A" *!;

Solve (3.43) by quadratic-root formula to determine 7" *!;

Update qn+1, pn+1’ n+1’ ¢n+l by (340)

Nk L=

The first step (3.24)—(3.29) can be implemented similarly.
Scheme LM2 enjoys the following advantages:

e Itis second-order accurate, conserves the wave energy when v = 0 in the sense of (3.36),
and conserves (resp. dissipates) the Hamiltonian when y = 0 (resp. y > 0 and v = 0)
in the sense of (3.38);
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e It only requires solving decoupled, linear systems with constant coefficients at each
time step and solving two nonlinear quadratic algebraic equations for A"*! and 5"*!,
respectively.

4 Numerical Results

We now present various numerical simulations to demonstrate the efficiency, energy sta-
bility and accuracy of the proposed numerical schemes. In all computations, we use the
Fourier-spectral method for spatial discretization so that all the linear systems in our time
discretization schemes can be solved very efficiently by using the fast Fourier transform. All
numerical tests are performed using Matlab on a MacBook Pro with 2.4 GHz Intel Core i5.

Scheme LM1 requires solving a nonlinear algebraic system, which can be solved by, for
examples, the Newton iteration method or the steepest descent method. The Newton iteration
method has a faster convergence rate, but requires a “good” initial value. The steepest descent
method is only linearly convergent, but it can converge with any initial value. For the sake
of robustness, we use the steepest descent method.

We define the following numerical errors on the solution, Hamiltonian and wave energy

eq (tn) = llg C.tw) —q" g2, ep (ty) = lpC.t)) = p"lle2, ep (tn) = H‘bn - ¢0 ”g2 s
e (ty) = |H<q",p",¢">—H<q°,p°,¢°> . ep(t)) =|D(g", p") — D(q°, p")|.

4.1 Accuracy Test in 1D
We first examine the temporal convergence rates with an exact solution of KGS equations.

Solitary-wave solution. Whend = 1,y = 0and v = 0in (1.1), the KGS equations admit
the solitary-wave solution

Ya(x, 1) = 3B sech® (Bx + cat) exp [i (dex + (4B* —d3)1)]. 4.1)
¢+ (x,1) = 6B>sech® (Bx +c+1), x€R, >0, (4.2)

where B > 0 and

_ VAR T (1N VAR T e (]
= - CETT TR T o o\ )

The initial data is chosen as

YO0 =vi(x,0), ¢Q0) =1(x,0), ¢V x) = d¢i(x,0). (4.3)

In our computation, we take B = 1, ¢ = 10 and solve the problem on the interval [—32, 32].
We choose 1024 Fourier modes (i.e. spatial step 7 = 1/16) so that the spatial error is
negligible compared with time discretization error. The errors based on discrete Z?-norm of
Scheme SAV, Scheme LM1 and Scheme LM?2 are shown in Fig. 1, which indicate that all
three schemes are indeed second-order in time.
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E E E E E 3
log 10(51) log 10(51)

Fig.1 Errors of Scheme SAV (first), Scheme LM1 (second) and Scheme LM2 (third) at 7 = 0.1 with initial
condition (4.3)

4.2 Comparison of the Three Schemes

In this subsection, we make a detailed comparison for the three proposed schemes. In Table
1, we list the errors of g, p, ¢, Hamiltonian and wave energy as well as CPU time at different
time with initial condition (4.3) and §t = le—4, h = 1/16, where H represents the modified
Hamiltonian Hg4y for Scheme SAV and the modified Hamiltonian Hj js> for Scheme LM2;
D represents the modified wave energy Dy for Scheme LM2. We also plot in Fig.2 the
time evolution of Lagrange multipliers (n, A).

We observe from Table 1 that the errors of the three schemes are close for 7 < 1; and
the errors of Scheme SAV is smaller than that of Scheme LM1 as later times 7 = 10, 50.
Scheme LM2 failed to produce correct answer for 7 > 10 due to the appearance of complex
roots for the nonlinear algebraic system.

Therefore, Scheme SAYV is the most robust while Scheme LM2 is the least robust, but
Scheme SAV can only conserve a modified wave energy, while Scheme LM1 preserves
the original Hamiltonian and wave energy exactly. On the other hand, we observe that the
CPU time for Scheme SAV and Scheme LM2 are essentially the same while Scheme LM1
consumes is a little more expense as an iterative process is needed to solve the nonlinear
algebraic system, cf. Fig. 3 for the number of iterations needed by Scheme LM1.

Since Scheme SAV and Scheme LM2 do not conserve the Hamiltonian and wave energy
exactly, we plot the errors of the original Hamiltonian A and original wave energy D by
Scheme SAV and Scheme LM2 in Fig.4. We observe that they converge with a third-order
rate in time.

We plot in Fig.2 evolutions of ROGRL 1| for Scheme SAV, |n — 1| and |A| for
p g e | = 1] and |3

Scheme LM1 and Scheme LM2, and observe that they are all very small as expected.

4.3 “Nonrelativistic” Limit (0 < € << 1)

We use again the initial condition (4.3) and choose 7 = 1/16, §t = le — 4. We show the
errors with different ¢ at time 7 = 1 based on Scheme SAV and Scheme LM1 in table 2.
We observe that the errors are lager when ¢ is smaller, and that the errors of Scheme SAV
and Scheme LM1 are almost the same.

Figure 5 shows the orbit of (Re (), Im (y)) with different . As we can see, there are
more knots with smaller €.
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logiy
o
L

Fig.2 Comparison of three scheme with initial condition (4.3): evolutions of — 1] for Scheme

SAV, |7 — 1], |A"| for Scheme LM1 and Scheme LM2, respectively

14 T T T T T T T T T

12 1

number of iteration

0 L L L L L L L L L
0 5 10 15 20 25 30 35 40 45 50
t

Fig.3 Number of iterations needed for Scheme LM1 with initial condition (4.3)
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11E —— LM2-H | |
—e— LM2-D
12+ ====0(t*) | 4
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log 10(8t)

Fig.4 Errors of the original Hamiltonian H and original wave energy D of Scheme SAV and Scheme LM2
at T = 0.1 with initial condition (4.3)

Table 2 Error of different ¢ with 8t = le —4and h = 1/16 attime T = 1

e 1/22 1/23 124 1/25

SAV

eq 2.64E—06 3.29E—05 1.14E—03 6.12E—02
ep 2.56E—06 3.29E—05 1.14E—03 6.12E—02
e 5.35E—06 7.42E—05 1.94E—03 6.40E—02
CPU time(s) 4.10 4.20 4.07 4.03

LM]I

eq 2.18E—06 3.29E—05 1.14E—03 6.12E—02
ep 2.40E—06 3.29E—05 1.14E—03 6.12E—02
e 5.23E—06 7.42E—05 1.94E—03 6.40E—02
CPU time (s) 5.76 5.42 5.40 5.37

4.4 Head-on Collisions of Solitary-Wave Solutions in 1D

In this and the following subsections, we simulate the interaction between solitary-wave in
1D and dynamic process in 2D [3], which are also the focus of research and have great
significance for KGS equations. We first simulate the interaction of solitary-wave solutions
in 1D using the standard KGS with e = 1, v = 0 and y = 0 in (1.1). The initial condition is
chosen as

v(x,0)=v4(B,x—p,0)+¥_(B,x+p,0), 4.4)
¢(x,0) =¢4(B,x —p,0) +¢_(B,x +p,0), 4.5
at¢(xs0)=at¢+(B7x_P70)+at¢—(BaX+P’O)a (46)
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Fig.5 The orbit of (Re(y), Im(yr)) with different &

where ¥4 and ¢4 are defined as in (4.1)—(4.2), and x = = p are initial locations of the two
solitons. We set p = 8, B = 1, and solve the problem in the interval [—40, 40] with mesh
size h = 5/128, time step 6t = le — 3.

We plot in Fig. 6 evolution of |y (x, t)| at different times using Scheme SAV. We observe
that the two solitons are in the same position at time t = 9.2, then separate, and waves are
emitted during the collision.

Next, we simulate soliton-soliton collision using KGS with a damping term. We plot in
Fig.7 the time evolution of |y (x, t)| for different values of y, and plot in Fig. 8 the time
evolution of the Hamiltonian H () and wave energy D(¢) for different values of y. We observe
that, with y = 0, the collision between the two solitons appears to be elastic, although some
waves are emitted (cf. Fig. 7, first). With y > 0 but very small, the damping effect can be
observed in the collision, and the emission of waves is not obvious (Fig. 7, second). When
y > 0 but not too large, the two solitons no longer separate, and emit some waves after the
collision (Fig. 7, third). With y > O relatively large, the amplitude of the wave is significantly
reduced before the collision. In addition, two solitons no longer separates and no wave is
emitted after the collision (Fig. 7).

We plot in Fig. 8 evolution of the Hamiltonian and wave energy with different parameters
v, y. We observe that the KGS equations preserve the energy conservation law when v =
0, y = 0 and dissipate the energy when v = 0, y > 0 (cf. Fig. 8, left). We also observe that,
when y = 0, the wave energy decays to 0 exponentially (cf. Fig. 8, right) which is consistent
with (2.9).
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Fig.7 Head-on collisions of two symmetric solitary waves with damping: Nucleon density [/ (x, t)|

@ Springer



47  Page 22 of 26 Journal of Scientific Computing (2021) 89:47

30 T T T T T 10°

20

Q1010 F

1015+ ",

1020 F

30k 4

L L L L L 1025 L L L L L
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Fig. 8 The temporal evolution of Hamiltonian H with parameter value v = 0,y = 0, 0.8, 1, 4 (left); and

wave energy D in semi-logarithmic with parameter values y = 0, v = 0, 0.1, 0.5, 1 (right), the green dotted
line is e~ 2V! D(0) (Color figure online)

4.5 Dynamics of KGS in 2D

As a final example, we simulate a dynamic process of KGS in 2D with v = 0, y = 0 and
& = 1. The initial condition is taken as

_ 2 i5/ cosh(x/4x2+y2)
Vx,y,0)= T 1, ) e , 4.7
—(x2+y2)
2 2 e
P(x,y,00 =e ) g (x,y,0) = — 4.8)

We solve this problem on the rectangle domain [—64, 64]* with mesh size h = é and time
step 81 = 5e — 4 by Scheme SAV. Figure 9 shows the surface plots of |y/| and ¢ at different
times. We observe that the nucleon density |v|? gradually split into two waves from one
wave in two directions along the x-axis (cf. Fig. 9, left); the meson field ¢ becomes squat,
and the wave crest is concave downward (cf. Fig.9, right).

5 Conclusion

We developed in this paper three efficient and accurate schemes for the KGS equations
with/without damping terms based on the SAV approach and the Lagrange multiplier
approach. All three schemes are second-order accurate in time and can be combined with any
consistent Galerkin type spatial discretization. Scheme SAV is the most efficient as it only
requires solving two sets of linear systems with constant coefficients, but it only preserves a
modified Hamiltonian and approximates the original Hamiltonian and wave energy to third
order. On the other hand, both Scheme LM1 and Scheme LLM2 require solving three sets of
linear systems with constant coefficients plus a nonlinear algebraic system. Scheme LM1 is
theoretically most attractive as it preserves the original Hamiltonian and wave energy exactly,
but it requires solving a nonlinear algebraic system for the Lagrange multipliers which may
require smaller time steps to have a sensible solution. Scheme LM2 is an alternative as the
nonlinear algebraic system is quadratic so it can be solved explicitly for any time step while
still preserves the Hamiltonian and wave energy, but it may lead to nonphysical solutions
when complex roots appear for the quadratic equation if the time step is not sufficiently small.
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t=05 t=05

v - N y -0 .10 x

Fig.9 Surface plots of nucleon density |y |2 (left column) and the meson field ¢ (x, v, t) (right column) with
v =0, y = 0 at different times
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We presented ample numerical tests using a Fourier-spectral method in space to validate and
compare the three schemes.
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Appendix A: F1 and F3 in (3.23)

The exact forms of nonlinear functions F and F> in (3.23) are

Fi () = (nn+l)3 ((p;+l)2+(q2+1)2 ¢n+l) + () 3( n+l +

antl (nn+l)2 {2(pn+lpn+l +qn+1 il 1) (( +1

n+1)2y¢;+1)
¢

(
.

)

+(A”+‘)2 s IZ(FEHPQ’H +q n+1 n+l +1 (( 1)2+(q;+1)2, §z+1>]
Jr(ﬂn+1)2 {2(pn+1pn+1 Jrqn+| el n+| + ( n+l ( n+1) '¢;11+|>

_; [2 ([’"PZH g, ¢n) (( ) (qn)2’¢n+1)]}

+()Ln+1)2 {2<pn+l Pl g n+1 +< n+1 n+1) ¢?+1)

[ )+ (a3 )])

Jantl el {2(pg+‘p§“ +q£’“q§'+ls¢{’+l) +2( n+lpq+l +q1’+lq§’“,¢§’“)
+2( L gn gntl ¢§z+l> ;[2 (pnpn+l Fggt, d)n) i ((p,x)2+(qn)2y¢;+1)
(st v2 (e
St {2 (p;zﬂpgﬂ +f1'|’+1f1§'+1, ¢7+1) + ((p,l,+1)2 n (q;m) ¢,2,+1)
1 _
-3 [2 (p%n,p;lwl _p 1)
+2(qn¢n’q;l+l 7qn71)+((pn)2 ( ) ¢n+l P 1)
S (pnpn+1 +qnqn+l & )+nn—l ((pn)2+ (qn)Z é
2 () o)
ot {z(p?ﬂp;ﬂ +qlll+1¢1§'+lq¢’f“) 4 ((p,],+1)2 N (q?“) ¢§+1>
,% [2 (p P 7pn—]) +2(q’ g 7qn—l) e (p11p731+l g, ¢n)
4! ((pn)Z (qn) ¢n+l)+2}hn—l ((FI,’p?l)Jr(q qn+1))“
+ ((prlv+l) + (q?ﬂ)z,(pﬁl) _ ((pn—l)z + (qn—l)z i ¢n—l) _ |:r’n (p o, pn+l pn—l)

n+l)
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n—1
+(qn¢n!qul+l 7qn—l> + '72 (([7”)2 + (qn)2!¢?+l 7¢n—l)

Jr)Ln—l ((pn’p?+l 7pn—1) + <qn!qiz+l 7qn—l)):|!

and

Fa (1,0 = (nn+1>2 ((p;+1>2+<q;+1)2’1>+<An+1>2 (<p§+1)2+(q§+1)2’1)

+2p" ! [(p'f“, p'21+‘)+(q{'+],q§+')]+2A"“ [(p'f“, p§+1)+(qi‘+',qé’“)}ﬁ““n”“

[oost) o Gt ] () () o) = () () 0).
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