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Abstract

We propose and compare numerically spatial/temporal resolution of various efficient numer-
ical methods for solving the Klein—-Gordon—Dirac system (KGD) in the nonrelativistic limit
regime. The KGD system involves a small dimensionless parameter 0 < ¢ < 1 in this limit
regime and admits rapid oscillations in time as ¢ — 0T. By adopting the Fourier spectral
discretization for spatial derivatives followed with the time-splitting or exponential wave
integrators based on some efficient quadrature rules in phase field, we propose four different
numerical discretizations for the KGD system. The discretizations are all fully explicit and
valid in one, two and three dimensions. Extensive numerical results demonstrate that these
discretizations provide optimal numerical resolutions for the KGD system, i.e., under the
mesh strategies 7 = 0(e?) and h = O(1) with time step T and mesh size & in terms of
&, they all perform well with uniform spectral accuracy in space and second-order accuracy
in time. In addition, the e-scalability of the best method is improved as T = O(g), which
is much superior than that of the finite difference methods. For applications, we profile the
dynamics of the KGD system in 2D with a honeycomb lattice potential, which depend greatly
on the singular perturbation ¢ and the weak/strong interaction.

Keywords Klein—-Gordon—Dirac system - Nonrelativistic limit regime - High oscillation
Yukawa interaction - Optimal resolution - Time-splitting technique - Exponential wave

integrator

Mathematics Subject Classification 35Q55 - 65M70 - 81Q05

1 Introduction

In quantum electrodynamics, the Klein—-Gordon—Dirac system (KGD) represents the time-
evolution of fast (relativistic) electrons and positrons within external time-dependent
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electromagnetic fields which coupled with a meson field through the Yukawa interaction
[14,17,20,37]. The dimensionless KGD system in d-dimensions (d = 1, 2, 3) reads

1
20 (1, %) — AP(1, %) + ¢ (1, %) = W™ (1, 0PV (1, ),
i d 1) d
W)+ | =Y el — =B—o| Vel — Y Ajt.xa, (1.1)
€ j=1 € j=1
Y(t,x) =got, x)BY (1, %),

with the initial data given as

1
$0,%) = ¢°(x), 3¢(0,x) = Sr®, v0,% = vO(x)
= W), YIx), ¥ ®), vix)T, (1.2)

where the unknowns ¢ := ¢ (t,X) € Rand ¥ := ¥ (¢,x) € C*(>0,x eRY present the
real-valued scalar meson field and the complex-valued Dirac vector ‘spinorfield’, respectively.
V := V(t,x) is the real-valued electrical potential, A (¢, x)(1 < j < d) are the real-valued
magnetic potentials, 0 < g € R is the coupling constant, 0 < w < 1 is the ratio between
the mass of the electron and the mass of the meson, 0 < ¢ < 1 is a dimensionless parameter
inversely proportional to the speed of light and the functions #'(x), y(x) € Rand¥'(x) e C*
are independent of ¢. Here, i = /—1 is the imaginary unit, d; = 9/dx; (1 < j < d) are
the spatial partial derivatives and A = Z‘;:l 8]2. is the Laplace operator in d-dimensions. In

o —T . . . .
addition, ¥* = ¥ is the conjugate transpose of ¥, «; and 8 are 4 x 4 matrices given as

o 0 o - (D 0
aj_<a] 0)7 .]_17 25 37 ﬁ_<0 _12>7 (1'3)

with [, being n x n identity matrix forn € Nand o; (j = 1, 2, 3) being the Pauli matrices

given as
0 1 0 —i 1 0
01=(1 0>, 02=(i 0)’ 03=<0 _1>- (14)

The above KGD (1.1) plays a fundamental role in quantum electrodynamics with wide
applications in Hawking radiation and also appears in the Yukawa models for describing the
nuclear force between nucleons [14,26,30,35,37]. Theoretically, the KGD (1.1) has gained
a surge of attentions in the literature [1,15,16,18,19,23,24,34,36] and references therein on
the existence and multiplicity of global existence, bound-state solutions and steady state
solutions and well-posedness of the Cauchy problem. When the electromagnetic potentials
are time-independent, i.e. V(f,x) = V(x), Aj(t,x) = Aj(x) for I < j < d, the KGD (1.1)
is dispersive, time symmetric and conserves the total energy which is defined as

2

£ 2 1 2 1 2
E() = 5/}1;(1 |0; (2, X)|“dx + E/Rd |V (¢, x)|“dx + @/qub (t, x)dx

il]/* y 9. wl]/* "4

j=1
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—gd(t, x)¥*(t, x)BW(t, x)]dx — w/d V(x)|l1/(t,x)|2dx
R

d
+w2/ AjOW*(t, X)a; W (1, X)dx, > 0. (1.5)
=1 R4

In addition, in lower dimensions (d = 1, 2), two components Dirac vector fields are usually
employed and well-known in the (nonlinear) Dirac equation/system cases [4,6,17,40], and
the KGD (1.1) can be reduced to

1
20,9 (t,x) — A (t,x) + S %) = gW* (1, x)03¥ (1, %),

i d d
10 W (1, x) + lg > ojdj — 8%03 —w <V(I,X)12 -y A‘,-(t,x)oj>i| (1.6)
j=1 =1
(t,x) = go(t,x)o3¥ (¢, X),

where ¢ € R and ¥ € C2. This form is widely used in 1D and 2D, due to its simplicity.

For the numerical aspects of the KGD (1.1) [or (1.6)], the numerical approaches proposed
in the literature are limited. In our recent work [17,40], four conservative/non-conservative
implicit/semi-implicit/explicit finite difference time domain methods (FDTD) have been
analyzed for the KGD (1.1) [or (1.6)] with free electromagnetic potential. However, the
Crank-Nicolson method (CNFD) is fully implicit and depends on a direct solver or an iter-
ative solver which is quite time-consuming, while the other FDTD methods naturally suffer
from stability problems with strong CFL-type constraints. Moreover, in the nonrelativistic
limit regime, there exist highly oscillatory waves with wavelength at O(¢2) in time [17].
The temporal oscillatory structure of the solution (¢ (¢, X), ¥ (¢, X)) causes severe numerical
burdens in practical computations. Even for the stable numerical discretizations (or under
stability restrictions on meshing strategies), the approximations may come out completely
wrong unless the temporal oscillation is fully resolved numerically. We have proved the
discrete-H ! error estimates of the FDTD methods in the nonrelativistic regime by employ-
ing the energy methods and cut-off technique [17], which suggest that the meshing strategy
requirement (e-scalability) of the FDTD methods should be

=0 and h= 0/e).

They are under resolution and much time-consuming as ¢ — O1. To illustrate the
oscillatory structure further, Fig. 1 shows the solutions in 1D for different e, obtained

numerically on a bounded interval [—32, 32] with qbo(x) = e"‘z/z, yx) = %e‘x2/2,

WO(x) = (€2, eV T Y (1, x) = (1 =)/ (142D, A1, 1) = (x + D?/(1+x7)
and periodic boundary conditions (real(f) denotes the real part of f).

Since the nonrelativistic limit behaviour of the KGD system is largely unknown, a dis-
cretization that performs well, which allows largest possible time step and mesh size for
a given &, is of great importance for the investigation and prediction of the dynamics and
the wave interactions of the KGD (1.1) [or (1.6)]. It is well known that the time-splitting
Fourier pseudospectral method (TSFP) and exponential wave integrator methods (including
the Gautschi-type/Dauflhard-type integrator Fourier pseudospectral method (GIFP/DIFP))
have many superior properties for integrating wave-type differential equations and are well
illustrated and applied in [3,9,10,25,27-29,31,33,39,41] (and references therein). Bao et al.
[8] proposed a GIFP method for the (nonlinear) Klein—Gordon equation and verified that
its e-scalability is optimal with 7 = O(1) and 7 = 0(€?) for the linear and nonlinear
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Fig.1 The solutions ¢ (¢, x = 0) (left) and 11 (r, x = 0) (right) for different ¢

cases, respectively. Then Dong et al. [22] numerically showed that the e-scalability of the
TSFP method for the nonlinear Klein—-Gordon equation could be improved as T = O (¢) and
h = O(1). They proved that the TSFP method is equivalent to the DIFP method for tempo-
ral approximations of the nonlinear Klein—Gordon equation by choosing the same starting
values. While for the Dirac equation, Bao et al. [5] compared and analysed several numerical
methods including the TSFP method and a symmetric exponential wave integrator Fourier
pseudospectral method (SEWI-FP). Furthermore, they adopted another EWI-FP method for
solving the nonlinear Dirac equation [6]. This method is asymmetric in time, but more stable
than the sSEWI-FP method. The results showed that the e-scalability of the EWI-FP/sEWI-FP
method is T = O(g?) and &k = O(1) for the (nonlinear) Dirac equation. In addition, under
suitable choices of the time step, the TSFP method whose e-scalability is T = O(¢) and
h = O(1), performs much better. For more recent progresses made on this topic, we refer to
[4,7,11-13,32] and references therein. However, the nonlinear interaction terms bring new
challenges for the implementations and mathematical analysis of the numerical methods.
There is no clue to the performance of these two-types of approaches for the KGD (1.1) [or
(1.6)], especially in highly oscillatory regime. The main purpose of this article is to inves-
tigate numerically the performance of these approaches with special attentions paid to how
the convergence is affected by ¢, and propose new numerical methods whose ¢-scalability is
optimal for both time and space in view of the inherent oscillatory nature for the KGD (1.1)
[or (1.6)]. The key ingredients of these approaches are: (i) applying the Fourier pseudospec-
tral discretization for the spatial derivatives and, (ii) adopting a time-splitting technique or
exponential wave integrators based on some efficient quadrature rules for integrating the
KGD (1.1) [or (1.6)] in the phase space.

This paper is organized as follows. In Sect. 2, we present the EWI-FP method for the KGD
(1.6). Then, Sect. 3 is devoted to proposing the TSFP-type methods for the KGD (1.6). In
Sect. 4, we show and compare the spatial/temporal resolution of four efficient discretizations
for the KGD (1.6) within two special potential field cases, and profile the dynamics of the
KGD system in 2D with a honeycomb lattice potential. Some concluding remarks are drawn
in Sect. 5. Throughout this paper, we use p < ¢ to represent that there exists a generic
constant C which is independent of t, 7 and ¢, such that |p| < Cq.
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2 Exponential Wave Integrator Discretization

In this section, inspired by the ideas in [6,8,41], we propose an exponential wave integrator
Fourier pseudospectral method (EWI-FP) for the KGD (1.6). The approach is based on the
application of the Fourier pseudospectral discretization to the spatial derivatives followed
by employing some exponential wave integrators (such as the Gautschi-type/Dauflhard-type
integrator) under appropriate chosen transmission conditions between different time intervals
in the phase space. In this paper, we always assume the solutions are well localized in
space, where periodic/homogeneous Dirichlet/homogeneous Neumann boundary conditions
are good enough for large enough bounded computational domain. Similar to those in the
literature for numerical computations and due to the fast decay of the bound-state solutions
at the far field [17,23,40], we truncate the whole space problem onto a bounded interval 2
with periodic boundary conditions. We remark here that PML and other absorbing BC should
be utilized for their superiorities in simulating practical problems with outgoing waves and
open boundaries. Discussions on these types of BCs are beyond the scope of current study,
and we will take it into consideration in the near future. For simplicity of notations, we only
illustrate the approaches in 1D. Generalizations to higher dimensions for the KGD (1.6) are
straightforward for tensor grids and results remain valid with minor modifications. Thus, the
KGD (1.6) on £2 = (a, b) reads

1
20, p(1,x) = duxd (1, X) + ¢ (1, %) = g¥*(t, X)03¥ (1,x), x€R, >0,
€

i0,W (1, x) + [’ o18x — 203 — (V1,0 — At X)m)]
&

e
U(t,x) =gop(t,x)o3¥ (1, x), @2.1)

¢(t,a) = ¢(t,b), 0,p(t,a) =0xp(t,b), W¥(t,a)=¥(t,b), t>0,
1 _
#(0,x) = ¢°(x), %¢(0,x) = Sr0. w0,x) = vOx), xe,

where ¢ 1= ¢(t, x) € Rand ¥ := ¥ (1, x) = (Y1 (¢, x), Yo (t, x))T e C2.

Let’s introduce some notations at the beginning. Choose the spatial mesh size & = b;/[“
and the temporal step size T with M being an even positive integer, and the grid points and
time steps are defined as

Xj=a+jh, jeTy={jilj=0.1,....M}), t,:=nt, n=0,1,2,.... 22)

Denote Xy = (U = (Up);ez0lU; € CY Uy = Uy} c CM+D=2 ¥\ — (U =
(Uj)jeﬁ,f}lUj e R, Uy = Uy} c RM+! and [Cp(ﬁ)]2 (or Cp(ﬁ)) as the function space

consisting of all periodic vector (or scalar) functions U (x) : 2 — CZorU(x): 2 — R).
Let

. 21
Yy =[Zul’ and Zy =span{g;(x) = "0 le Ty}, = b—” (2.3)
—a
where Ty = {{|l = —M/2,—M/2 +J,...,M/2 — 1}. For any U(x) € [Cp(ﬁ)]z(or
Ux) € Cp(2))and U € Xy (or U € Xp), define Py : [L2(2)]* — Yy (or L*(2) —
Z ) as the standard Brojection operator, Iy : [C) (ﬁ)]2 — Yy (or Cp (2) - Zuy) and
Iy : Xy — Yu (or Xy — Zyy) as the standard interpolation operators, i.e.,

(Pul)x) = Y 0 (IyU)x)= Y UM, xe@, (24
16.7/\/1 lEyM
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with
T 1 b —ip(x—a) 7 1
U =— U(x)e '™ dx, U =—

Uje M@i=9 e Fy, (2.5
b—al, M Z i€ M, (2:5)

i€, 1&4
where U is interpreted as U (x;) and we always use U_j = Up— and Uy 41 = U, if they
are involved.

The Fourier spectral discretization for the KGD (2.1) is to find ¢y := ¢y (t, x) € Zy
and ¥y (= Wy (t,x) € Yy, ie.,

St x) =Y @M O Wy x) = Y @),

lE<7M l€<7M
xesf2, t>0, (2.6)
such that
1
ey — dxx by + Z9m = Pu(89703¥n), Q2.7)

. i w
10, Wy + 5013XWM - 8703‘1’M = Py (gpmos¥y +o(V(t, x) I — Ai(t, x)o1)¥y),
(2.8)

with @(t) and (EM\)Z(t) being the Fourier coefficients of the /-th mode. Plugging (2.6)
into (2.7)—(2.8) and noticing the orthogonality of the Fourier functions, when t is near t = ¢,
(n > 0), we get

> —— — I ——
752 @M1t +5) + B ()i (tn + ) = ?(HX/])l(s)s leIu, s>0, (2.9)

— 1 — —
L@ +5) — S TG +9) = @), 1€ Ty, s>0, (210)
where
(Hipi(s) = (Hai (O + ) = @@ 505801t + ) =g (V1.2 = (2.2, ) (0 +9),

(G2 )1(s) == (Gan)i(tn + ) = (8bM03¥n + @ (VIo — Aro)Wa)i(ty + 5,

| w e
) _ 1 _ *
,8[—&‘*2 & ,bLl'i'_la 11—8M101+w03—<8 / w>_Q1DlQla (21])
with

. 1 Vo +w =6 —w (& O . 5 2 2
Ql_«/ZTSZ(\/Sl_CU S ¥e ) D = 0-s) 8 = o +eu;. (2.12)

Here, we proceed to apply the exponential wave integrators for the ODEs (2.9)—(2.10)
in time. Denoting vy (#, + s, x) = 5—1¢M(tn + s, x) and using the variation-of-constants
formula, the general solutions of the ODEs (2.9)—(2.10) can be written as

and

@ 7y — sin(s)
(Dan)i(ty +5) = (da)i(ty) cos(sBr) + (Var)i(tn) 1
+ 71/31 /0 “Hjp0) sin(Bi(s — ), 2.13)
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OMI(tn +5) = —F1 @)1 (1) sin(s ) + a1 (ta) cos(s )
1 [ ——
+ /0 (Hji() cos(By(s — 1), (2.14)

@i (tn + ) = e TV @y (1) — i / ST (G (1,
0
le 9y, s>0. (2.15)

Considering the solutions (2.13)—(2.15) for s € [0, ] and requiring the solutions to be
continuous at time #,. Plugging s = 7 into (2.13)—(2.15) implies

sin(tf)
Bi

— — — 1 T —
(pm)i(tnr1) = (Par)i(ta) cos(zhr) + (V)i (tn) + STﬁzfo (Hpyp)i (1) sin(By (x —1))dt,

(2.16)

— — — 1 T —
(a1 (tnt1) =—Bi(Par)i (1) sin(zfy) + (UM)z(tn)COS(Iﬂl)ﬂL;Z/O (Hypi (1) cos(By(z — 1))dt,
(2.17)

@ ns )=~V W (1) — i f SN G (de, €Ty, nz0.  (218)
0

Now the key problem is how to choose proper integral approximations in (2.16)—(2.18). In

order to design an explicit scheme, we approximate the integrals in (2.16)—(2.17) by the

Dauflhard-type quadrature rule, while the integral in (2.18) by the Gautschi-type quadrature
rule given as

/OT CHI) (1) sin(B(t — 0)dt ~ %(ﬁ\mm) sin(zfy), 1€ Ty, n=>0, (2.19)
/0 CHI (1) cos(By(x — 1)dt ~ % [(H&“)z(oww/'ﬁg\)z(m cos(rﬂz)] . €Ty, n>0,
(2.20)
/T €i(t_r)”/82(6-\m([)dt ~ /'L’ ei(;—r)ﬂ/a [(Gil )](0)+(G )I(O)[:I
0 0

= WD G 10+ W () GI0), 1€ Ty, n>0,
2.21)

where
Wz(l)(f):_iSZG_l [12 _ efirn/az] , W,(z)(r) _ —isszl_l +s41“l‘2 (12 _ efirf'//az) ,
and (G 1);(0) ~ <(G )1(0) — (G, 1)1(0)) /T, whenn > 1. (G ) (0) = (G?)/(O) can be
deducted from the exact Dirac equation and the initial data in (2.1) as

a

EG(O,X) = 3, W20, x)¥° (x) + W2(0, x)3, ¥ (0, x)

= (Srwas +amo. x)) w0)
- W2(0, x) |: 010x + 03 +iW, (0, x)] wO(x),

with Wi(t,x) = w(V(t,x)I» — A1(t, x)o1) and Wh(t, x) = go(t, x)o3z + Wi (t, x).
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In fact, we can observe that the practical computations of the KGD (2.1) are decoupled at
each time step, i.e., one first updates the Dirac field ¥y (¢, x) by (2.18) with (2.21), and then
updates the Klein—Gordon field (¢ (¢, x), vy (2, x)) by (2.16)—(2.17) with (2.19)—(2.20). In
practice, due to the difficulties for computing the Fourier coefficients, here we refer to the
Fourier pseudospectral discretization which replaces the projections by the interpolations.
Let (qb;.’, v;?, lII;’) be the approximation of (¢ (¢, x;), v(ty, X;), ¥ (t, x;)) for j € ﬁﬁg and
n > 0. Furthermore, denote ¥" € Xy, ¢" € X m and V" € X m be the solution vectors at
t, = nt withcomponents lI/;’, ¢7 and U;?, respectively. Choosing lllj(.) =y0(x i) ¢5.) =¢Ox i)
and U? =2y DAS ZS, combining the Fourier pseudospectral discretization with the
exponential wave integrators based on appropriate quadrature formulae, the EWI-FP reads

1 _ 74_-/1 i (xi—a) n+1 _ n+1 lul(x a)
gl — § gt 1 E ] i
J l ’
leﬂM 1671\/1

n+1 Z U”+1 ipg(x; “) (222)
e Ty

where

e~

lpln-H _ Qleﬂ'rDl/e2 Q;kl;l'h i I:Wl(l)(,c)é'lh + W[(Z)(T)(/G\ﬁ,(o):l i

le Ty, n=>0, (2.23)
1 1 a @ 2 @ 2) ntl

¢n+1 — Pz( )¢l +ql( )Uln +Kl )Hn Uln+1 =p )¢l +ql( )Uz” +Kl )H[ %_-l( )Hln+l’

l e Ty, (2.24)

with I, Dy, Q; defined as in (2.12) and the coefficients given as

P = cos(zh). q;U:SI“gﬁ’), K;”:zggﬂ sin(zf)), 1€ T, (2.25)

= —pisin(h). ¢ =cos(th). x> = 22008(f,31) §7 =55 1€
2e

(2.26)

The EWI-FP (2.22)-(2.24) is an explicit scheme. The memory cost is O(M) and the
computational load per time step is O (M1nM) thanks to the FFT. Similar to the Von Neumann
analysis in [5,6,8], we also have the following lemma with the proof omitted for brevity.

Lemma 2.1 The EWI-FP (2.22)—(2.24) is stable under the stability conditions
0<t<1, h>0, O0<e=<l. 2.27)

Remark 2.1 Asstatedin[8], whenn > 1, (2.16) can be reformulated into a three-level scheme
as

@)1 (tur1) = 21 (1) cos(TBr) — (Gan)i (tn—1)
L oTre—
8T/31 /(; I:(H;;l,[)l(l‘) + (H;'/])l(—t):l sin(Bi(t — 1))dr.

In this formalism, one can eliminate the time derivative v(z, x) if it is not of interests.
For benchmark comparisons, we recall the Gautschi-type integrator Fourier pseudospectral
method (GIFP) proposed in [8] for the Klein—Gordon component in the KGD (2.1). The
three-level GIFP method reads: finding
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n+l Z ¢n+1 m@i=a e 70 n>0, (2.28)
leTy

which satisfies
B = p03° + g 7 + kP HO(0) + £ (HPY (0),
ot = =@+ piep +k HNO), 1€ Ty, n=>1, (2.29)

with (HZO)/ (0) being deducted from the exact Dirac equation and the initial data as

3H<0 0) = =2 [0, (@ ()01 039  (x) + (WO)* (1)o301 8, WO (x)] (2.30)
at , = e X 103 X X)03010x X)l, .

and the coefficients given as

1
pi = cos(xfy). q?=82—ﬁlsin<rﬁz>, K = = (1 — cos(zi),

&2
T
SIO _ 82,31 2/3, sin(zf), (2.31)
pl =2cos(tf), «i = ﬂ2 (1 —-cos(zfBy)), le€e Ty, n=>1. (2.32)

The above GIFP method is also explicit and the computational cost is the same as the EWI-FP
method. However, the finite time error estimate of the GIFP method given in [8] suffers a
CFL-type stability condition T < £, that is also the reason why we choose the Dauflhard-type
integrator for the Klein—-Gordon component in the above derivation of (2.24) in the EWI-FP
method.

3 Time-Splitting Integrator Discretization

In this section, we revisit the time-splitting Fourier pseudospectral method (TSFP) in [2,
5,6,22,33,38], and apply it for the KGD (1.6). This method is based on the application of
the Fourier pseudospectral approximation to spatial derivatives followed by a time-splitting
integrator in time discretization to an equivalent first-order system. We use the same notations
as those in Sect. 2.

Introducing v(z, x) = 9,;¢(t, x), then the KGD (2.1) is equivalent to the first-order-in-time
system as

10, W(t, x)+|: 010y — —03 —w(V(t,x)h — A (¢, x)ol)] VU(t,x) =go(t,x)oz¥ (1, x),
3.1)

8I¢(t7x)_v(tvx) :07 (32)

523,1)(1, X) — Oy (2, x) + Sizqﬁ(t,x) = gW*(t,x)o3¥ (1, x), 3.3)

for x € £2 and t > O with the initial data and boundary conditions given as

¢ (0, x) = ¢°(x), u(o,x>=812y<x>, wO,x)=v"x), xe,
¢(t,a) = ¢(t,b), 0,¢d(t,a)=0,¢(t,b), v(t,a)=v(t,b), ¥(t,a)=¥(t,b), t>0.
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We proceed to adopt a time-splitting technique combined with the Fourier spectral dis-
cretization for the Dirac component (3.1) and the Klein—Gordon component (3.2)—(3.3) in
the above first-order system, respectively, which is divided into solving four subproblems.
The key point to an efficient implementation of the time-splitting technique for the Dirac
component (3.1) is to solve two subproblems efficiently from time ¢, to t,,1, i.e., firstly
solve

| .
v (t,x) = —galaxllf(t,x) — lg—?@&l/(t,x), xef2, t>0, 3.4

with the periodic boundary conditions for time step of length t, followed by solving

W (t,x) = —ilgp(t,x)oz3 +w(V(t,x)[, — A1(t, x)o)]¥(t,x), x €2, t>0,
3.5)

for the same time step. Meanwhile, the implementation of the time-splitting technique for the
Klein—Gordon component (3.2)—(3.3) is to solve another two subproblems from #, to 41,
i.e., one firstly solves

hp(t,x) =0, xe2, t>0, (3.6)
dqu(t,x) = Slzglll*(t,x)@ll/(t,x), xef2, t>0, 3.7
with the periodic boundary conditions for time step of length 7, then solves
0, x) —v(t,x)=0, xe82, t>0, (3.8)
ou(t,x) = Eiza“qs(t, x) — 8i4¢(t,x), xef, t>0, (3.9)

for the same time step.
For the Dirac component, when A (¢, x) = 0, the ODEs (3.5) can be integrated analyti-
cally in time as

W (typ1, ) = et T WO ) v e @ 0, (3.10)
where f;"“ W(t, x)dt = ,fj“ g (1, x)03 + 0V (t, x)hdt = ¢V (o3 + VO ) I

PLA)PF with ¢V (x) = g [ ¢, 0)dt, VIV (x) = o [ Ve, x)dt, Ax) =
diag(A4+(x), A_(x)), Ar(x) = VOx) £ ¢D(x) and P, = L. In practical computa-
tion, when A (¢, x) # 0, due to the fact that o103 # 03071, we will split (3.5) into two steps
as: one first solves

W (t,x) =—iw(V(t,x)[h — A1(t,x)oD¥ (t,x), x €82, t>0, (3.11)
followed by solving
W (t,x) = —igp(t,x)o3¥(t,x), xe€ 2, t>0. (3.12)

In this case, integrating the splitting steps in time and combining them via the Strang splitting
[2,38] result in

W (tysr, X) = e—inA(”(X)PZ*/Ze—i¢“>(x)a;;e—iPzA“)(x)Pz*/Lp(Zn’x)’ xeR, n>0,
(3.13)

where AD(x) = diagA (), 4V @), 4L @) = vO@) £ A ), AP =
o [ A1(t, x)dt and
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1 1
p=| V2 2 (3.14)
V2 2

Note that the integral ¢!’ (x) can be approximated via the following quadrature rule as
M 1 2
¢ ()~ g(@(tn. )T + SU(tn, X)T7).

In addition, if the definite integrals v (x) and Aﬁl) (x) cannot be evaluated analytically, we
could evaluate them numerically via the Simpson’s quadrature rule as

I Int1 T T
v (x) = wf Vi xdi = [Vt +4V (1 + 5.x) + Vi 0]
Z)I

(1) In41 wT T
Al (x) = w/ A1t x)dt ~ o I:Al(tnvx) +44, (tn + E’x) + A1(1n+1,x)] .
n

For the Klein—-Gordon component, the solution to the ODE (3.6) is trivial by noticing it
leaves ¢ (¢, x) invariant in ¢ and the ODE (3.7) can also be integrated from time ¢, to #,,4
directly, we have

1 th+1
$ltnr1, 1) = Blins 1), Vins1,x) = V{in X) + ?2/ Gt )03 W (1, x)d1,
tn
xef2, n>0, (3.15)

with the integral being approximated by the trapezoid quadrature rule as

1
U(ty+1,X) R u(ty, x) + ﬁr(H(tn,x) + H(ty41, X)),

where H(t,x) = g¥™*(t, x)o3¥ (¢, x).

Now, the remained part is to find an efficient and accurate method for (3.4) and (3.8)—
(3.9). In fact, we shall apply the Fourier spectral discretization in space and solve them in
phase space exactly similar as in Sect. 2. Thus it results in finding ¥y, (¢, x) € Yp and
(Pum(t, x), vp(t, x)) € [Zy1% ie.,

Wt x) = Y @i gt.x) = > @ e ™ vyt x)

ZE,7M 1€<7M
= > i,
leTy
satisfying
@i (0) = e VEB @ (1) = IR (), Le Ty, (3.16)
(@a)1(1) = cos(Bi(t — 1,)) (a1 (tn) + B sin(Bi(t — ta)) )i (1), 1 € Ty,
(3.17)
W1 (6) = =B sin(Br(t — 1)) (Gan)1 (tn) + cOs(Br(t — 1)) a0 (), 1 € T,
(3.18)

where f; and I are defined as in (2.11).
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We observe that the Dirac field Wy, (#,+1, x) could be obtained by the information of
Wy (ty, x), dp(ty, x) and vy (2,, x) only from the previous time step, while vy (41, X) is
identified by the information of Wy, (t,,, x) and ¥y (t,+1, x). Thus, in practical computation,
at each time step, the computations of ¢y (¢, x), vy (¢, x) and ¥y, (¢, x) are decoupled. i.e.,
one first updates the Dirac field ¥y (¢, x) by solving (3.4) and (3.5), and then updates the
Klein—Gordon field (¢ (¢, x), v (2, x)) by solving (3.6)—(3.7) and (3.8)—(3.9). Similar as in
Sect. 2, in order to overcome the difficulties for computing the Fourier coefficients, we adopt
the Fourier pseudospectral discretization to replace the projections by the interpolations. Let
(d);.‘, U;l, lI/;') be the approximation of (¢ (., x;), v(ty, x;), ¥ (t,, x;)) and denote ¥" € Xy,
" € X m and V" € X m be the solution vectors at #, = nt with components ¥, ¢;l
and v (] S 90 and n > 0), respectively. Choosing lIIO lIlo(xj), ¢? = ¢>0(xj) and

U? =20 j), combining the Fourier pseudospectral discretization with the splitting

steps via the standard Strang splitting [2,6,22,38], which finally results a second order TSFP
as

1 2 1 ,
vl = Lo /2. v = sapwill, it = Ly (/2. 9P je 7y n=0,

(3.19)
1 .
¢5_11 = ¢, UEH =+ 22 T H i, x)) + T H (b1, %)), ] € T3, n=>0,
(3.20)
o = Ly ol 0l o = £y gt o), e 7y, (3.21)

1 .
¢;l+1 — 4)5_2]’ U;+l = Uﬁz] + ET([MH(Z,,,XI‘) + ]MH(fn+1,xj))7 J € y]\(}, n=>0,
(3.22)

where

Pie= A0 pr if Aj(t,x)=0,

S()_{ *lA“)(ﬂ/nge*i‘f’“)(x)@Pze*“‘“)(x)/zP;, if Aj(t,x) #0, (3.23)

with P = I, A() = diag(A4 (), A-(), Ax(0) = V@) £ ¢ ), g0 =
8@ (ta, )T + Fu(ty, x)t%), AV (x) and P, defined as in (3.14). Ly (z, V). Lo(t, ¢, V);
and L, (1, ¢, v)j (je 7,8) are computed fromany 7 € R, ¥ € Xy, ¢ € XM andv € XM,
which are defined as

Ly W)= ) Q1e™ 1P () Bt i)
leﬂM

Low g, = Y [cos(epdi + B sin(epii | e,

l€=7M

Ly, ¢,v)j = Y [~Bisin(B)d + cos(xpp)ii] e,

16,71\/[

with D; and Q; defined as in (2.12).

Similar to the discussion of the TSFP method for the (nonlinear) Dirac equation in [5,6],
we can also get the following property. The proof is standard and simple, we omit it here for
brevity.
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Table 1 Spatial errors e&,’h (upper) and e;’h (lower) of TSFP with free electromagnetic potential

Spatial errors ho =4 ho/2 ho/2% ho/23 ho/2*

g0 =1 6.12E—1 6.70E—1 1.66E—1 2.30E-3 4.79E—8
£0/2 9.90E—1 5.56E—1 6.14E—2 3.33E—4 2.02E—9
£0/2% 8.32E—1 4.38E—1 2.42E—2 2.45E—5 6.22E—11
£0/2° 7.74E—1 3.55E—1 1.17E—2 6.25E—6 5.76E—11
e0/2% 7.13E—1 3.50E—1 1.16E—2 1.63E—6 5.74E—11
£0/25 7.15E—1 3.53E—1 1.21E-2 4.23E—7 5.75E—11
g =1 1.14E+0 3.59E—1 6.25E—3 3.74E-5 1.60E—10
£0/2 2.57E—1 1.62E—1 2.02E-2 2.07E-5 5.11E—11
£0/22 1.24E—1 1.90E—1 3.65E—3 1.19E—6 2.50E—12
€0/23 9.57E—1 4.32E—1 1.25E—2 4.04E—7 1.37E—13
e0/2% 1.15E+0 4.11E—1 1.06E—2 4.55E—8 4.49E—14
£0/2° 5.03E—1 1.22E—1 9.51E—3 1.52E—8 7.84E—14

Table 2 Spatial errors ef[,‘h (upper) and e;’h (lower) of TSFP with the potentials (4.2)

Spatial errors ho =4 ho/2 ho/22 ho/23 ho/2*
e =1 8.82E—1 1.21E+0 6.07E—1 1.79E—1 1.33E-3
£0/2 1.15E+0 1.34E+0 5.52B—1 3.55E-2 5.85E—5
e0/2% 9.36E—1 8.53E—1 3.45E—1 6.94E—3 1.09E—5
£0/23 8.23E—1 6.75E—1 2.10E—1 4.02B-3 5.66E—6
0/2% 9.10E—1 6.76E—1 2.13E—1 3.53E-3 3.70E—6
€0/2° 1.00E+0 6.92E—1 2.19E—1 2.99E—3 2.50E—6
e =1 8.64E—1 242E—1 3.93E—2 3.96E—3 1.07E—5
0/2 4.54E—1 3.16E—1 6.72E—2 1.45E—3 6.31E—7
c0/22 1.28E—1 1.89E—1 1.10E—2 2234 241E—7
£0/23 9.65E—1 4.36E—1 1.44E—2 1.50E—5 1.56E—7
0/2% 1.14E+0 4.10E—1 9.96E—3 5.14E—6 4.69E—9
£0/25 5.03E—1 1.22E—1 9.69E—3 1.26E—6 4.09E—10

Lemma 3.1 The TSFP (3.19)—(3.22) conserves
1" =h > WP =h Y wP=¥"1h n=1, (3.24)
jeTg_, jeTy_,
in the discretized level.

Following the Von Neumann linear stability analysis in [5,6,8], we could conclude that
the TSFP (3.19)—(3.22) keeps the linear stability property for the KGD system (e.g. g = 0),
that is

Lemma3.2 Forany t, h > 0and 0 < ¢ < 1, the TSFP (3.19)-(3.22) is unconditionally
stable for g = 0.
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Table 3 Temporal errors e;,’h (upper) and e;'h (lower) of TSFP with free electromagnetic potential

Temporal errors 0 =0.2 70/4 70 /42 70 /43 70 /44 70 /45
g =1 2.57E+0 1.80E-3 1.12E4 7.02E-6 4.39E-7 2.74E-8
Order - 5.24 2.00 2.00 2.00 2.00
£0/2 2.31E+0 5.97E-3 3.61E+4 2.24E-5 1.39E-6 8.70E-8
Order - 4.30 2.02 2.01 2.00 2.00
£0/22 2.31E+0 3.30E-2 1.83E-3 1.11E4 6.85E-6 4.27E-7
Order - 3.07 2.09 2.02 2.01 2.00
0/23 2.31E+0 8.92E-2 6.22E-3 3.99E-4 2.51E-5 1.57E-6
Order - 2.35 1.92 1.98 2.00 2.00
e0/2% 2.30E+0 3.84E+0 341E-2 1.14E-3 6.27E-5 3.80E-6
Order - —-0.37 3.41 2.45 2.10 2.02
€0/2° 2.31E+0 1.45E+0 4.46E-1 5.08E-3 1.89E4 1.03E-5
Order - 0.34 0.84 3.23 2.37 2.10
gg=1 2.43E+0 9.85E—+4 6.16E-5 3.85E-6 2.41E-7 1.50E-8
Order - 5.63 2.00 2.00 2.00 2.00
£0/2 2.55E+0 1.33E-3 8.38E-5 5.24E-6 3.27E-7 2.05E-8
Order - 5.45 2.00 2.00 2.00 2.00
€0/2% 2.48E+0 6.24E-3 3.92E4 2.44E-5 1.52E-6 9.50E-8
Order - 4.32 2.00 2.00 2.00 2.00
g0/2° 2.46E+0 3.44E-2 1.79E-3 1.11E-4 6.94E—6 4.33E-7
Order - 3.08 2.13 2.00 2.00 2.00
e0/2% 1.99E+0 2.34E-1 3.80E-3 1.98E—4 1.22E-5 7.60E-7
Order - 1.54 2.97 2.13 2.01 2.00
€0/2° 1.98E+0 7.57TE-2 6.39E-2 1.18E-3 6.07E-5 3.75E-6
Order - 2.36 0.12 2.88 2.14 2.01

Remark 3.1 The stability of the TSFP considered in the Lemma 3.3 is just the Von Neumann
linear stability to get the />-norm stability. In fact, the Dirac part ¥ keeps the discrete invariant
(3.24), but not the Klein—Gordon part ¢. Since the computations are decoupled into two linear
systems at each time step, we only consider its special case (the linear case, i.e. g = 0) to give
some hint to the stability of the nonlinear case in Lemmas 2.1 and 3.3. However, the nonlinear
stability is another issue, where the convergence results obtained can be viewed as certain
nonlinear stability. According to the error estimates of the TSFP and EWI-FP methods for
the Klein—Gordon equation and Dirac equation in [5,6,8,22] and the numerical results for the
KGD system in Sect. 4, for short/intermediate time simulation, these schemes conserve the
mass and energy up to the order of numerical errors with second order in time step within
some convergence regime, e.g. 7 < &2.

Finally, for benchmark comparisons, we propose another two alterative discretizations
named DIFP-TSFP and GIFP-TSFP for short by applying the DIFP/GIFP method for the
Klein—Gordon equation, while the TSFP method for the Dirac equation in the KGD (1.6),
respectively. The details of the discretizations as follows:
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Table4 Temporal errors e;,’h (upper) and e;'h (lower) of TSFP with the potentials (4.2)
Temporal errors 0 =0.2 70/4 70 /42 70 /43 70 /44 70 /45
go=1 2.85E+0 3.79E-3 2.36E-4 1.48E-5 9.22E-7 5.76E-8
Order - 4.78 2.00 2.00 2.00 2.00
£0/2 2.86E+0 1.03E-2 6.46E—4 4.05E-5 2.53E-6 1.58E-7
Order - 4.06 2.00 2.00 2.00 2.00
£0/22 2.77E+0 431E-2 2.54E-3 1.59E4 9.92E-6 6.20E-7
Order - 3.00 2.04 2.00 2.00 2.00
g0/ 23 2.70E+0 2.40E+0 1.22E-2 7.10E—4 4.42E-5 2.76E-6
Order - 0.08 3.81 2.05 2.00 2.00
e0/2% 2.67E+0 3.44E+0 9.87E-1 3.44E-3 2.13E4 1.34E-5
Order - —0.18 0.90 4.08 2.01 1.99
€0/2° 2.67E+0 1.99E+0 7.00E-1 2.34E-1 8.34E-4 5.00E-5
Order - 0.21 0.75 0.79 4.07 2.03
gg=1 2.34E+0 1.24E-3 7.78E-5 4.86E-6 3.04E-7 1.90E-8
Order - 5.44 2.00 2.00 2.00 2.00
£0/2 2.58E+0 3.00E-3 1.88E—4 1.18E-5 7.35E-7 4.59E-8
Order - 4.87 2.00 2.00 2.00 2.00
€0/2% 2.49E+0 8.24E-3 5.25E4 3.28E-5 2.04E-6 1.28E-7
Order - 4.12 1.99 2.00 2.00 2.00
€0/23 2.46E+0 2.43E-2 1.35E-3 8.72E-5 547E-6 3.42E-7
Order - 3.33 2.08 1.98 2.00 2.00
e0/2% 1.99E+0 6.95E-1 5.98E-3 3.05E4 1.88E-5 1.17E-6
Order - 0.76 343 2.15 2.01 2.00
80/25 1.98E+0 8.18E-2 6.90E-2 9.90E4 5.14E-5 3.18E-6
Order - 2.30 0.12 3.06 2.13 2.00
(1) the DIFP-TSFP method reads

v =Ly 2.0 v =sepe, Wt =Ly 2.9 ®); (3.25)

n+l Z ¢n+1 tp.;(x,—a) n+l Z vn+l t,u;(x,—a) ] € yM’ n>0,

1eTy eIy
(3.26)

satisfying

¢n+1 — p11)¢ (1) n +K(1)Hn U]n+1 — pl(z)qﬂs\llfl _|__ (2) n +K(2)Hn +%~(2)Hl‘l+1,

leyM,

3.27)

where S(x;) is defined as (3.23) with ¢V (x;) = g@it+ %U;“L’z), and the coefficients

are given as in (2.25)—(2.26).
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Table 5 Temporal errors e;,’h (upper) and e;'h (lower) of GIFP-TSFP with free electromagnetic potential

Temporal errors 70=02 70/4 70 /42 70 /43 70 /44 70 /45
go=1 2.57E+0 2.06E-3 1.29E4 8.05E-6 5.03E-7 3.15E-8
Order - 5.14 2.00 2.00 2.00 2.00
£0/2 2.31E+0 4.40E-3 2.75E4 1.72E-5 1.07E-6 6.72E-8
Order - 4.52 2.00 2.00 2.00 2.00
£0/2> 2.31E+0 1.67E-2 1.05E-3 6.54E-5 4.09E-6 2.56E-7
Order - 3.56 2.00 2.00 2.00 2.00
€0/23 2.31E+0 6.73E-2 3.55E-3 2.21E-4 1.38E-5 8.63E-7
Order - 2.55 2.12 2.00 2.00 2.00
£0/2% 2.30E+0 5.41E-1 9.34E-3 4.92E4 3.05E-5 1.91E-6
Order - 1.05 2.93 2.12 2.01 2.00
£0/2° 2.31E+0 7.16E-2 7.77TE-2 1.58E-3 8.25E-5 5.13E-6
Order - 2.50 —0.06 2.81 2.13 2.00

g0 =1 2.43E+0 3.79E—4 2.36E-5 1.48E-6 9.24E-8 6.09E-9
Order - 6.32 2.00 2.00 2.00 1.96
£0/2 2.55E+0 8.11E4 5.02E-5 3.14E-6 1.96E-7 1.23E-8
Order - 5.81 2.01 2.00 2.00 2.00
£0/22 2.48E+0 2.66E-3 1.54E4 9.55E-6 5.97E-7 3.73E-8
Order - 4.93 2.06 2.00 2.00 2.00
€0/23 2.46E+0 1.67E-1 3.40E-4 2.03E-5 1.27E-6 7.93E-8
Order - 1.94 4.47 2.03 2.00 2.00
€0/2% 1.99E+0 2.38E-2 2.38E-2 2.73E-5 1.71E-6 1.07E-7
Order - 3.19 0.00 4.88 2.00 2.00
£0/2° 1.98E+0 2.50E-3 2.11E-3 2.14E-3 2.14E-6 1.35E-7
Order - 4.82 0.12 —0.01 4.98 1.99

(2) the GIFP-TSFP method reads

ot = 3" gl wl = Ly /2,0, je Ty, n=z0, (328)

léyM
w? =saped et =Ly 2.0, je gy, n=0, (3.29)
satisfying
¢ = PP} + a7 + k) HP(0) + £0(HD) (0),
G =~ + pigr + kP HN0), L€ Ty, (3.30)

where S(x;) is defined similar as (3.23) with ¢V (x;) = gT(¢] + ¢y+1) /2, and the
coefficients are given as in (2.31)—(2.32).

The DIFP-TSFP (3.25)—(3.27) and GIFP-TSFP (3.28)—(3.30) are also unconditionally

stable and keep the mass conservation law in the discretized level similar as the TSFP (3.19)—
(3.22). In addition, the memory cost is O (M) and the computational load per time step is

O (M1nM) thanks to the FFT.
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T,h

Table 6 Temporal errors ey, (upper) and e;'h (lower) of GIFP-TSFP with the potentials (4.2)

Temporal errors 0 =0.2 70/4 70 /42 70 /43 70 /44 70 /45
g =1 2.85E+0 6.28E-3 3.92E4 2.45E-5 1.53E-6 9.58E-8
Order - 441 2.00 2.00 2.00 2.00
£0/2 2.86E+0 1.76E-2 1.10E-3 6.86E-5 4.29E-6 2.68E-7
Order - 3.67 2.00 2.00 2.00 2.00
£0/22 2.77E+0 7.46E-2 4.46E-3 2.78E4 1.74E-5 1.09E-6
Order - 2.61 2.03 2.00 2.00 2.00
0/23 2.70E+0 2.33E+0 1.87E-2 1.12E-3 6.95E-5 4.34E-6
Order - 0.11 3438 2.03 2.00 2.00
e0/2% 2.67E+0 1.19E+0 9.64E-1 4.12E-3 2.46E-4 1.53E-5
Order - 0.59 0.15 393 2.03 2.00
€0/2° 2.67E+0 1.93E-1 2.40E-1 2.31E-1 9.34E-4 5.58E-5
Order - 1.89 —0.16 0.03 3.97 2.03
go=1 2.34E+0 8.54E4 5.32E-5 3.33E-6 2.08E-7 1.31E-8
Order - 5.71 2.00 2.00 2.00 2.00
£0/2 2.58E+0 1.90E-3 1.17E4 7.31E-6 4.57E-7 2.86E-8
Order - 5.20 2.01 2.00 2.00 2.00
€0/2% 2.49E+0 3.38E-3 1.81E4 1.12E-5 7.01E-7 4.38E-8
Order - 4.76 2.11 2.01 2.00 2.00
€0/23 2.46E+0 1.86E-1 5.70E-4 3.26E-5 2.02E-6 1.27E-7
Order - 1.86 4.17 2.06 2.00 2.00
e0/2% 1.99E+0 2.34E-2 2.09E-2 2.05E-5 1.27E-6 7.91E-8
Order - 3.21 0.08 4.99 2.01 2.00
€0/2° 1.98E+0 2.76E-3 2.35E-3 2.13E-3 3.13E-6 1.73E-7
Order - 4.75 0.12 0.07 4.71 2.08

4 Numerical Comparison and Applications

In this section, we compare the accuracy of the numerical methods including the EWI-FP,
TSFP, DIFP-TSFP and GIFP-TSFP methods to show their spatial/temporal resolution in
terms of the singular perturbation &, and then we display the dynamics of the KGD (1.6) in
2D with a honeycomb lattice potential for different ¢ under strong/weak interaction.

4.1 Spatial/Temporal Resolution

In order to test the accuracy, the problem is solved numerically in 1D with the coefficients
g = 1 and o = 1 on an large enough interval £2 = [—32, 32] with periodic boundary
conditions. The ‘reference’ solution (¢ (¢, x), ¥ (¢, x)) is obtained numerically by using the
TSFP (3.19)—(3.22) with a very small time step and a fine mesh size, e.g. 7, = 5 X 10=% and
he = 1/1024 for comparison.
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Table 7 Temporal errors e;,’h (upper) and e;'h (lower) of EWI-FP with free electromagnetic potential

Temporal errors 70=02 70/4 70 /42 70 /43 70 /44 70 /45
go=1 2.57E+0 2.27E-2 1.44E-3 9.03E-5 5.65E-6 3.53E-7
Order - 3.41 1.99 2.00 2.00 2.00
£0/2 2.31E+0 6.60E-2 4.14E-3 2.58E-4 1.61E-5 1.01E-6
Order - 2.57 2.00 2.00 2.00 2.00
£0/2> 2.31E+0 2.51E-1 1.74E-2 1.10E-3 6.87E-5 4.29E-6
Order - 1.60 1.93 1.99 2.00 2.00
€0/23 2.31E+0 1.38E-1 3.98E-2 3.05E-3 1.98E4 1.25E-5
Order - 2.03 0.89 1.85 1.97 1.99
£0/2% 2.30E+0 1.70E-1 5.78E-2 1.14E-2 7.83E-4 4.87E-5
Order - 1.88 0.78 1.17 1.93 2.00
£0/2° 2.31E+0 1.76E-1 4.34E-2 1.17E-2 1.29E-3 9.48E-5
Order - 1.85 1.01 0.94 1.59 1.88

g =1 2.43E+0 1.81E-3 1.09E+4 6.74E-6 4.20E-7 2.62E-8
Order - 5.20 2.03 2.01 2.00 2.00
£0/2 2.55E+0 8.25E-3 6.40E—4 4.20E-5 2.65E-6 1.66E-7
Order - 4.14 1.84 1.97 1.99 2.00
£0/22 2.48E+0 3.55E-2 1.45E-3 9.89E-5 6.42E-6 4.05E-7
Order - 3.06 2.31 1.94 1.97 1.99
£0/23 2.46E+0 7.00E-2 6.76E-3 5.13E-4 3.49E-5 2.22E-6
Order - 2.57 1.69 1.86 1.94 1.99
€0/2% 1.99E+0 1.23E-1 8.90E-3 1.74E-3 1.71E-4 1.12E-5
Order - 2.01 1.90 1.18 1.68 1.96
£0/2° 1.98E+0 4.27E-2 5.01E-2 1.97E-3 6.72E-4 3.49E-5
Order - 2.77 —0.11 2.33 0.77 2.13

Here, we test the spatial and temporal discretization errors with the initial data given as

and we mainly consider the following two potential cases:

Case I:
Case II:

WO() = (=2, =GP T  40(xy = =2 (x) = ;e—x2/27

free electromagnetic potential case, i.e., V(¢,x) = 0and A(¢, x) = 0;
the electromagnetic potentials are chosen as

4.1)

Vi, x) =1 —x)/(L+x2), Ai(t,x)=x~+D*/(1+x%), xeR, 1>0.

4.2)

Denote (¢7 ,, ¥ ,) with the components (qﬁ;.l, lIIJ’.’) (j € 9, 181) to be the numerical
solution obtained by a numerical method with time step T and mesh size & at the
time ¢ = t,. In order to quantify the numerical results, we define the error function

as
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T,h

Table 8 Temporal errors ey (upper) and e;'h (lower) of EWI-FP with the potentials (4.2)

Temporal errors 70=02 70/4 70 /42 70 /43 70 /44 70 /45
go=1 2.85E+0 8.42E-2 5.27E-3 3.31E4 2.07E-5 1.30E-6
Order - 2.54 2.00 2.00 2.00 2.00
£0/2 2.86E+0 1.79E-1 1.09E-2 6.78E-4 4.24E-5 2.65E-6
Order - 2.00 2.02 2.00 2.00 2.00
£0/2> 2.7TE+0 9.42E-1 5.31E-2 3.31E-3 2.07E-4 1.29E-5
Order - 0.78 2.08 2.00 2.00 2.00
€0/23 2.70E+0 7.11E+0 5.96E-1 3.70E-2 2.32E-3 1.45E-4
Order - —0.70 1.79 2.00 2.00 2.00
£0/2% 2.67E+0 1.94E+0 6.51E+0 5.42E-1 3.40E-2 2.13E-3
Order - 0.23 —0.87 1.79 2.00 2.00
£0/2° 2.67E+0 1.85E+0 1.87E+0 6.03E+0 5.32E-1 3.35E-2
Order - 0.26 —0.01 —0.84 1.75 2.00

g =1 2.34E+0 3.33E-3 1.72E-4 1.05E-5 6.54E-7 4.09E-8
Order - 4.73 2.13 2.02 2.00 2.00
£0/2 2.58E+0 1.84E-2 1.35E-3 8.97E-5 5.69E-6 3.57E-7
Order - 3.56 1.89 1.96 1.99 2.00
£0/22 2.49E+0 8.40E-2 2.19E-3 1.37E4 8.86E-6 5.59E-7
Order - 2.45 2.63 2.00 1.98 1.99
€0/23 2.46E+0 1.79E-1 6.46E-3 4.04E-4 2.46E-5 1.53E-6
Order - 1.89 2.40 2.00 2.02 2.01
e0/2% 1.99E+0 1.23E-1 3.75E-2 2.26E-3 1.52E-4 1.07E-5
Order - 2.01 0.86 2.03 1.95 1.92
£0/2° 1.98E+0 4.30E-2 5.02E-2 5.11E-3 4.55E-4 2.89E-5
Order - 2.76 —0.11 1.65 1.75 1.99

1/2

et = 3 () =l 185 @ xp) = wpP) |
J€TN

Uu=¢ or u="Y,
where 8} u't = ], —u'})/h.

At first, we test the spatial errors with a very small time step (e.g. 7 = 7, = 5 x 107%)
under different mesh size 4. Tables 1 and 2 list the spatial errors e&h () and e;’h(t) of the
TSFP (3.19)—(3.22) at t = 1 with free electromagnetic potential and the electromagnetic
potentials in (4.2), respectively. The spatial errors of other methods behave quite similarly to
these of the TSFP method and we skip here for brevity. Then, for comparison, Tables 3, 4, 5,
6, 7 and 8 tabulate the temporal errors of the TSFP (3.19)—(3.22), GIFP-TSFP (3.28)—(3.30)
and EWI-FP (2.22)-(2.24) at t = 1 for different t and & with & = 1/32, respectively. The
results for the DIFP-TSFP (3.25)—(3.27) omitted here are similar to those of the TSFP and
GIFP-TSFP methods.
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Table 9 Temporal errors e;’ h (upper) and efjh (lower) of TSFP with the potentials (4.2)

Temporal errors 70 =0.2 T0/4 70 /42 70 /43 70 /44 70 /45
gg=1 3.54E+0 2.82E-3 1.77E-4 1.10E-5 6.90E-7 4.31E-8
Order - 5.15 2.00 2.00 2.00 2.00
£0/2 3.54E+0 1.05E-2 6.58E—+4 4.11E-5 2.57E-6 1.61E-7
Order - 4.20 2.00 2.00 2.00 2.00
c0/2% 3.54E+0 2.56E-2 1.54E-3 9.63E-5 6.02E-6 3.76E-7
Order - 3.56 2.02 2.00 2.00 2.00
190/23 3.54E+0 5.65E-1 5.69E-3 3.43E4 2.14E-5 1.33E-6
Order - 1.33 3.32 2.03 2.00 2.00
€0/2% 3.54E+0 4.98E-1 1.25E-1 8.69E4 5.27E-5 3.29E-6
Order - 1.42 0.99 3.59 2.02 2.00
c0/2° 3.54E+0 1.20E~1 1.37E~1 2.19E-2 2.07E-4 1.26E-5
Order - 2.44 —0.10 1.32 3.36 2.02
gg=1 2.11E+0 2.03E-3 1.27E4 7.92E-6 4.95E-7 3.09E-8
Order - 5.01 2.00 2.00 2.00 2.00
£0/2 4.00E+0 1.97E-2 1.22E-3 7.64E-5 4.78E-6 2.99E-7
Order - 3.83 2.01 2.00 2.00 2.00
0/22 5.56E+0 1.42E-1 8.51E-3 5.31E+4 3.32E-5 2.07E-6
Order - 2.64 2.03 2.00 2.00 2.00
0/2° 7.72E+0 1.79E+1 1.22E-1 7.13E-3 4.44E—4 2.77E-5
Order - —0.61 3.60 2.05 2.00 2.00
e0/2% 1.12E+1 1.73E+1 1.94E+1 5.47E-2 3.19E-3 1.99E4
Order - —0.31 —-0.09 4.24 2.05 2.00
e0/2° 2.03E+1 2.14E+0 2.06E+0 2.47E+0 6.86E-3 4.08E—4
Order - 1.62 0.03 —-0.13 4.25 2.04

From Tables 1, 2, 3, 4, 5, 6, 7 and 8 and additional results not shown here, we can draw
the observations on different numerical methods for the KGD system:

(1) For the spatial resolution, the TSFP (3.19)—(3.22) converges optimally and uniformly
with exponential convergence rate for any fixed ¢ > 0 (cf. each row in Tables 1, 2). So
do the EWI-FP (2.22)—(2.24), DIFP-TSFP (3.25)—(3.27) and GIFP-TSFP (3.28)—(3.30), due
to the similar spatial discretization. The results suggest that the e-scalability for the spatial
discretizations is h = O(1).

(ii) For the temporal resolution, in the O (1) speed-of-light regime, i.e., ¢ = O(1), the
numerical methods are all second-order accurate (cf. the first row in Tables 3, 4, 5, 6, 7,
8). In the nonrelativistic limit regime, i.e., 0 < ¢ < 1, as ¢ vanishes, all the methods
are second-order accurate in time when 7 is sufficiently small, i.e., within the convergence
regime, e.g. T < &2, (cf. the upper triangles above the diagonals in italics in Tables 3, 4, 5,
6,7, 8,9 and 10). Among the four numerical methods, the TSFP-type methods [i.e., TSFP
(3.19)—(3.22), DIFP-TSFP (3.25)—(3.27) and GIFP-TSFP (3.28)—(3.30)] always offer better
temporal approximations than the EWI-FP (2.22)—(2.24) under the same time step, especially
when e becomes small (cf. each column in Tables 3, 4, 5, 6, 7, 8).
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Table 10 Temporal errors e;’h (upper) and e}h (lower) of EWI-FP with the potentials (4.2)

Temporal errors 70 =0.2 70/4 70 /42 70 /43 70 /44 70 /45
gg=1 3.54E+0 3.40E-2 2.07E-3 1.31E-4 8.21E-6 5.14E-7
Order - 3.35 2.02 1.99 2.00 2.00
£0/2 3.54E+0 1.58E-1 1.03E-2 6.55E—4 4.12E-5 2.58E-6
Order - 224 1.97 1.98 2.00 2.00
c0/2% 3.54E+0 8.72E-1 2.94E-2 2.19E-3 1.43E4 9.05E-6
Order - 1.01 2.44 1.87 1.97 1.99
190/23 3.54E+0 1.58E+1 4.22E-1 7.82E-3 3.86E—4 2.39E-5
Order - —1.08 2.61 2.88 2.17 2.01
€0/2% 3.54E+0 3.58E-1 1.62E+1 2.81E-1 7.14E-3 3.85E—4
Order - 1.65 —2.75 2.93 2.65 2.11
€0/2° 3.54E+0 4.53E-1 1.50E~1 1.44E+1 2.73E~1 7.22E-3
Order - 1.48 0.80 —-3.29 2.86 2.62
gg=1 2.11E+0 2.98E-2 1.76E-3 1.10E-4 6.91E-6 4.32E-7
Order - 3.07 2.04 2.00 2.00 2.00
£0/2 4.00E+0 1.66E-1 1.13E-2 7.36E-4 4.65E-5 2.92E-6
Order - 2.30 1.94 1.97 1.99 2.00
£0/22 5.56E+0 7.78E-2 4.74E-3 2.99E4 1.88E-5 1.17E-6
Order - 3.08 2.02 1.99 2.00 2.00
0/2° 7.72E+0 1.36E+2 5.64E+0 1.06E-1 5.88E-3 3.85E4
Order - —2.07 2.30 2.86 2.09 1.97
€0/2% 1.12E+1 1.29E+1 2.90E+2 9.33E+0 1.84E-1 1.31E-2
Order - —0.11 —2.24 2.48 2.83 1.90
e0/2° 2.03E+1 2.92E+1 2.97E+1 5.16E+2 1.72E+1 3.82E-1
Order - —0.26 —0.01 —2.06 2.45 2.75

4.2 Comparisons on Physical Observables and £-Scalability

In order to compare the numerical methods on the approximations of some physical observ-
ables for the KGD system, define the errors of the density and the current as

M) i=h Y pltnx) —pil. €S @) =h D T xp) =T (@43)

/‘531\271 je,ﬂ‘}fl

where the density p" = |11/t”’h|2 and the current J" = %(llfr”’h)*a] v, Tables 9 and 10

show the temporal errors e;’h(t = 1) and e}’h (t = 1) of the TSFP and EWI-FP methods
with the electromagnetic potentials (4.2) for different T and & = 1/32, respectively. The
other two methods are similar to the TSFP method. On the other hand, Table 11 depicts
the performance of the EWI-FP, TSFP, DIFP-TSFP and GIFP-TSFP methods in temporal
approximations under the meshing strategy t = O(¢?). While Fig. 2 shows the dependence
of the temporal discretization error e;,’h )+ e;’h (¢) on ¢ in log-scale for different t at = 1
under h = 1/32.
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Table 11 Comparison of temporal errors e;,’h (upper) and e;’h (lower) with the potentials (4.2)

e-scalability g0 =0.5 £0/2 80/22 80/23 eso/24
T=0(?) 70 =02 0/4 70/4? 70/43 70/4*
TSFP 2.86E+0 431E-2 1.22E-2 3.44E-3 8.34E—4
Order - 3.03 091 091 1.02
DIFP-TSFP 2.86E+0 4.28E—-2 1.21E-2 3.43E-3 8.34E—4
Order - 3.03 0.91 0.91 1.02
GIFP-TSFP 2.86E+0 7.46E—-2 1.87E—-2 4.12E-3 9.34E—4
Order - 2.63 1.00 1.09 1.07
EWI-FP 2.86E+0 9.42E—1 5.96E—1 542E—1 5.32E—1
Order - 0.80 0.33 0.07 0.01
TSFP 2.58E+0 8.24E-3 1.35E-3 3.05E—4 5.14E-5
Order - 4.15 1.30 1.07 1.28
DIFP-TSFP 2.58E+0 7.18E-3 1.27E-3 3.04E—4 5.11E-5
Order - 4.24 1.25 1.03 1.29
GIFP-TSFP 2.58E+0 3.38E-3 5.70E—4 2.05E-5 3.13E—-6
Order - 4.79 1.28 2.40 1.36
EWI-FP 2.58E+0 8.40E—2 6.46E—3 2.26E-3 4.55E—4
Order - 2.47 1.83 0.76 1.16

From Tables 9, 10 and 11, Fig. 2 and additional results not shown here, we can draw the
observations:

(1) the temporal errors e;*h (t = 1) and e}’h (t = 1) of the numerical methods all have
second order convergent rate at O (z%) when t < &2 (cf. the upper parts of Tables 9 and
10). In addition, the TSFP, DIFP-TSFP and GIFP-TSFP methods perform much better than
the EWI-FP method at a fixed time step (cf. each column in Tables 9 and 10) and under the
e-scalability at T = O(e?) in the nonrelativistic limit regime (cf. diagonal lines in Tables 9
and 10).

(ii) Table 11 illustrates that the EWI-FP method shows no convergence in terms of &
under the mesh strategy © = O(g?) as ¢ — 0, while the other methods are convergent.
Furthermore, Fig. 2 indicates that the bounds of temporal discretization errors for the TSFP,
DIFP-TSFP and GIFP-TSFP methods within the convergence regime behave like O (¢ 272)
[cf. (a), (b) and (c)], while that of the EWI-FP method would asymptotically behave like
0 (e*72) [cf. (d)]. Thus, the results suggest that the ¢- scalabilities of the TSFP, DIFP-TSFP
and GIFP-TSFP methods are the same to be T = O(¢g), while that of the EWI-FP method is
T = O(g?). These methods are much superior than the finite difference methods analysed
for the KGD system in [17].

4.3 Dynamics in 2D with a Honeycomb Lattice Potential

In this subsection, we study numerically about the dynamics of the KGD (1.6) in 2D with a
honeycomb lattice potential, i.e., we take d = 2 and
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Fig. 2 Dependence of the temporal discretization error e,f,,‘h + e on e in log-scale for different 7 atr = 1
under 4 = 1/32: a for TSFP, b for DIFP-TSFP, ¢ for GIFP-TSFP and d for EWI-FP

A1(t,x)=A(t,x)=0, V(t,x)=cos <4—ne x) +cos (4—ne x) +cos <4ie x)
1 ’ - 2 ) — ’ - \/5 1 \/5 2 \/g 3 £
4.4)
with
e = (—1,007, e =(1/2,vV3/2)7, e3=(1/2,-/3/2)7. (4.5)

The initial data is taken as
wo(x) _ (e—(x12+x%)/2’ e—((x]—1)2+x%)/2)T7 ¢o(x) _ e—(xlz—}-x%)/Z’ y(x) = %e—(xlz+x%)/2_
(4.6)

The problem is solved numerically on £ = [—10, 10]* by the TSFP, DIFP-TSFP or
GIFP-TSFP method with the mesh size 7 = 1/16 and time step t = 0.0001. Figures 3,
4,5, 6,7 and 8 depict various dynamics of the densities p;(z,x) = [/, (¢, )2 =12
and p3(t,x) = |¢(t,x)|? for e = 1 and ¢ = 0.1 with different interaction coefficients
g =0.1, 1, 10, respectively.

@ Springer



1930 Journal of Scientific Computing (2019) 79:1907-1935

=2
0.5
0.4
0.3
o
>
0.2
0.1
0
-5 0 5

X

=4

=2

-5 0 5
X

1
=2
0.15
< A
0.05
-5 0 5 -5 0 5
X X

1 1

Fig. 3 Dynamics of the densities p1 (¢, X) = |y (¢, x)|2 (first row), pa (¢, x) = |y (2, X)\2 (second row) and
p3(t,X) = |@(t, x)\2 (third row) of the KGD system in 2D with a honeycomb potential, when ¢ = 1 and
g=0.1

5 0 5

X
1

=0
s 08
06
04
02
-5 0 5
X

Fig. 4 Dynamics of the densities p1 (7, X) = | (¢, x)l2 (first row), po (¢, x) = |y (2, x)\2 (second row) and
p3(t,x) = |p(t, x)\2 (third row) of the KGD system in 2D with a honeycomb potential, when ¢ = 1 and
g=1

X

1 X X

@ Springer



Journal of Scientific Computing (2019) 79:1907-1935 1931

=1
25 08
05
2
06 06
15
04 < 5 , 04
0.2 0.5 02
o
s 0 s
X
25 1
o5 1
2 08
0.6 s 0.8
s 06
o o o 0.6
! 0.4 04
0.2 0s 02 02
0 0
X X X
=0 =1
1
0.8 6 0.8
b . 0.6
0.4 04
2
0.2 0.2
o
5 0 5 -5 0 5 0
X X

Fig. 5 Dynamics of the densities p1 (¢, X) = |y (¢, x)l2 (first row), pa (¢, x) = |y (2, X)l2 (second row) and
p3(t,X) = |@(t, x)\2 (third row) of the KGD system in 2D with a honeycomb potential, when ¢ = 1 and

=0 =2
.06
5 0.8 04 5 .05
0.6 0.3 04
~ a
0 0.4 02 %0 03
0
B 0.2 0.1 5 o1
-5 0 5 -5 0 5
X
X
1 1
=0 -2
0.8 5 06
0.6 0.4 i 05
S . .04
~
0.4 ®0 o .03
0.2 0
0.2
-5 a .01
0 -5 0 5
X
X
! 1
=0 =2
0.8 0.8
s 3 .08
0.6 0.6 .15
a . .06
%0 L K0
0.4 0.4 04
0.2 0.2 .05
5| s 02
5 0 5 5 0 5 0
Xl X x] X

1

1
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From Figs. 3, 4, 5, 6, 7 and 8, we could observe that the dynamics of the KGD system
depend greatly on the singular perturbation ¢ and the weak/strong interaction. For ¢ =
1, the dynamics of the densities are fluctuating in a random pattern, featured as quantum
Zitterbewequng [21]. In addition, as e decreases, the relativistic effects will vanish, the
densities spread over in a smoother way.

5 Conclusion

Four optimal resolution discretizations based on the EWI-FP and TSFP methods were pro-
posed and compared for solving the KGD system in the nonrelativistic limit regime. The
numerical results indicate that the four specific discretizations are all of second-order tem-
poral accuracy when T < &2 and uniform spectral spatial accuracy, which are superior than
the FDTD methods. In addition, from the comparison of the temporal/spatial resolution and
the e-scalability, the TSFP-type methods are more efficient than the EWI-FP method for
solving the KGD system, especially in the nonrelativistic limit regime. Finally, we studied
the dynamics of the KGD system in 2D with a honeycomb lattice potential and observed
some interesting phenomenons under weak/strong interaction for different ¢.
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