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Abstract

We analyze rigorously error estimates and compare numerically spatial/temporal resolution of various nu-
merical methods for the discretization of the Dirac equation in the nonrelativistic limit regime, involving
a small dimensionless parameter 0 < ¢ < 1 which is inversely proportional to the speed of light. In this
limit regime, the solution is highly oscillatory in time, i.e. there are propagating waves with wavelength
O(g?) and O(1) in time and space, respectively. We begin with several frequently used finite difference time
domain (FDTD) methods and obtain rigorously their error estimates in the nonrelativistic limit regime by
paying particular attention to how error bounds depend explicitly on mesh size h and time step 7 as well
as the small parameter €. Based on the error bounds, in order to obtain ‘correct’ numerical solutions in
the nonrelativistic limit regime, i.e. 0 < ¢ < 1, the FDTD methods share the same e-scalability on time
step and mesh size as: 7 = O(¢®) and h = O(y/2). Then we propose and analyze two numerical methods
for the discretization of the Dirac equation by using the Fourier spectral discretization for spatial deriva-
tives combined with the exponential wave integrator and time-splitting technique for temporal derivatives,
respectively. Rigorous error bounds for the two numerical methods show that their e-scalability is improved
to 7 = 0(e?) and h = O(1) when 0 < € < 1. Extensive numerical results are reported to support our error
estimates.

Keywords: Dirac equation, nonrelativistic limit regime, finite difference time domain method, exponential
wave integrator spectral method, time splitting spectral method, e-scalability

1. Introduction

The Dirac equation, which plays an important role in particle physics, is a relativistic wave equation
derived by the British physicist Paul Dirac in 1928 [28] [29] [30} [73]. It provided a description of elementary
spin-1/2 massive particles, such as electrons and positrons, consistent with both the principle of quantum
mechanics and the theory of special relativity. It was the first theory to fully account for relativity in the
context of quantum mechanics. It addressed the fine details of the hydrogen spectrum in a completely
rigorous way and predicted the existence of a new form of matter, antimatter [4]. Since the graphene
was first produced in the lab in 2003 [1L 611 62 63] [65], the Dirac equation has been extensively adopted
to study theoretically the structures and/or dynamical properties of graphene and graphite as well as two
dimensional (2D) materials [60]. This experimental advance renewed extensively the research interests on the

*Corresponding author.
Email addresses: matbaowz@nus.edu.sg (Weizhu Bao), yongyong.cai@gmail.com (Yongyong Cai), A0068124@nus.edu.sg
(Xiaowei Jia), tq1tq12010@gmail. com (Qinglin Tang)
URL: http://www.math.nus.edu.sg/ bao/ (Weizhu Bao)

Preprint submitted to J. Comput. Phys. November 6, 2018



mathematical analysis and numerical simulations of the Dirac equation and/or the (nonlinear) Schrodinger
equation without/with external potentials, especially the honeycomb lattice potential [3], B5].

We consider the three dimensional (3D) Dirac equation for describing the time evolution of spin-1/2
massive particles, such as electrons and positrons, within external time-dependent electromagnetic potentials
[28, 29]

3

ihO (1, x) = [—ichi a;0; + mczﬁ} U(t,x) +e [V(t, X)L - > A4t X)ozj} U(t,x). (1.1)

j=1 j=1

Here, i = /—1, t is time, x = (x1,22,23)7 € R? (equivalently written as x = (z,y,2)7) is the spatial
coordinate vector, 0, = az (k = 1,2,3), ¥ 1= U(t,x) = (P1(t,x),P2(t,x), ¥3(t,x),¥4(t,x))T € C* is
the complex-valued vector wave functlon of the “spinorfield”. I, is the n x n identity matrix for n € N,
V := V(t,x) is the real-valued electrical potential and A := A(t,x) = (A;(¢,x), A2(t,x), A3(t,x))7 is the
real-valued magnetic potential vector, and hence the electric field is given by E(t,x) = —VV — 9; A and the
magnetic field is given by B(¢,x) = curl A = V x A. The physical constants are: ¢ for the speed of light,
m for the particle’s rest mass, A for the Planck constant and e for the unit charge. In addition, the 4 x 4
matrices aq, ag, ag and B are defined as

_ 0 g1 _ 0 g9 _ 0 g3 _ IQ 0
al_(ol 0)7 0[2—<0_2 0)7 a3_<0_3 O>7 B_<0 _IQ)? (12)

with o1, 02, 03 (equivalently written o, oy, 0.) being the Pauli matrices defined as
0 1 0 —i 1 0
0'1—<1 O), O'Q—(Z. 0), O'3—<0 _1>. (13)

Aj (t, X)
A,

V(t,x) ~

Lox= i Aj(E.5) =

t=—, x==, Wi,x) =220 V(i,%) =
ts7 X Is7 ( 7X) .’L'S ( 7X)7 ( 7X) As )

j=1,2,3, (1.4)

ts = 2% and A, 7= being the wave speed. Plugging (1.4} into 1]
and then removing all we obtain the following dimensionless Dirac equation in 3D

where xs, ts and A, are the dimensionless length unit, time unit and i otential unit, respectively, satisfying

3

10, ¥ = [—720@6 + ﬁ:| ( ) |: (t,X)I4—ZAj(t,X)Oéj]\I/(t7X), X€R3’ (1'5)

j=1
where ¢ is a dimensionless parameter inversely proportional to the speed of light given by

O<£::t$—5 <1 (1.6)

sC

Q\G

We remark here that if one chooses the dimensionless length unit z, = =, ¢, = %= and A, = c?

in , then e = 1 in and Eq. with € = 1 takes the form often appearing in the literatuere
[2, 17, 211 23], [33] 39, 47, 51]. This choice of x4 is appropriate when the wave speed is at the same order
of the speed of light. However, when the wave speed is much smaller than the speed of light, a different
choice of x, is more appropriate. Note that the choice of x; determines the observation scale of the time
evolution of the particles and decides: (i) which phenomena are ‘visible’ by asymptotic analysis, and (ii)
which phenomena can be resolved by discretization by specified spatial/temporal grids. In fact, there are
two important parameter regimes: One is ¢ = 1 (<= z, = ey te = = and Ay = meCQ), then Eq.
describes the case that wave speed is at the same order of the speed of light; the other one is 0 < ¢ < 1,
then Eq. is in the nonrelativistic limit regime.




Similarly to the dimension reduction of the nonlinear Schrédinger equation and/or the Schrodinger-
Poisson equations with/without anisotropic external potentials [8], when the initial data ¥(0,x) and the
electromagnetic potentials V' (¢,x) and A(t,x) are independent of z and thus the wave function ¥ is formally
assumed to be independent of z, or when the electromagnetic potentials V(¢,x) and A(t,x) are strongly
confined in the z-direction and thus ¥ is formally assumed to be concentrated on the xy-plane, then the 3D
Dirac equation can be reduced to the Dirac equation in 2D with x = (z,y)? € R? as

.2 2
0, (t, x) = [—é > ad; + gizﬁ} U(t,x) + [V(t,xm - ZAJ-(LX)QJ} U(t,x), xeR (1.7)

j=1

This 2D Dirac equation has been widely used to model the electron structure and/or dynamical properties
of graphene since they share the same dispersion relation on the Dirac points [II, 611 [62] [63], 65 [35] B6] [37].
Similarly, under the proper assumptions on the initial data and the external electromagnetic potential, the
3D Dirac equation can be reduced to the Dirac equation in 1D with ¥ = U(¢, x) as

i0,(t, ) = [féalam + E%B]\Il(t,x) + [V(t,xm - Al(t,x)al} U(t,z), xeR. (1.8)

In fact, the Dirac equation in 3D (1.5, in 2D (1.7) and in 1D (1.8 can be written in a unified way in
d-dimensions (d = 1,2, 3)

. d d
. 3 1 d
0, (t, x) = [—g ;ajaj + gﬁ]qf(t,x) + [V(t,xm - ;Aj(t,x)aj} U(t,x), xeRY  (19)
and the initial condition for dynamics is given as
U(t=0,x) = Up(x), xecR™L (1.10)

The Dirac equation (1.9) is dispersive and time symmetric. Introducing the position density p; for the
j-component (j = 1,2,3,4) and the total density p as well as the current density J(¢,x) = (J1 (¢, x), J2(t, x),
JS(tv X))T

4
1
p(t,x) = ij(t,x) =V, pi(t,x) = v (6x)%, 1<ji<4; Jit,x) = E\I!*alllh 1=1,2,3, (1.11)
j=1

where f denotes the complex conjugate of f and ¥* = @T, then the following conservation law can be
obtained from the Dirac equation (1.9))

ip(t,x) +V - J(t,x) =0, xeR? t>0. (1.12)

Thus the Dirac equation (1.9]) conserves the total mass as
4
P = [ WP ax= [ SR de= 90 = [%alf, ex0. (3
j=1

If the electric potential V is perturbed by a real constant VO e.g. V(t,x) — V(¢,x) + VO, then the
solution ¥(t,x) — e_ivot\ll(t,x) which implies the density of each component p; (j = 1,2,3,4) and the
total density p unchanged. When d = 1, if the magnetic potential A; is perturbed by a real constant AY,
e.g. Ai(t,x) = Ay(t,x) + AY, then the solution W(¢,x) — €411 J(¢, x) which implies the total density p
unchanged; but this property is not valid when d = 2, 3. In addition, when the electromagnetic potentials are



time-independent, i.e. V(t,x) = V(x) and A;(t,x) = A;(x) for j = 1,2,3, the following energy functional
is also conserved

E(t) = — Y Va0, + —U*pY )| w2 Aj( U =FE >0. (1.14
0= Za38+ ,8+V||Z Wogw | dx= BQ), £20. (114)

Furthermore, if the external electromagnetic potentials are constants, i.e. V(t,x) = V? and Aj(t,x) =
Ag for j = 1,2,3 with A® = (49,..., 497, the Dirac equation 1) admits the plane wave solution as
U(t,x) = Be'E*=9Y  where the time frequency w, amplitude vector B € R* and spatial wave number
k = (ki,...,kq)T € R? satisfy the following dispersion relation

[Z ( - AO) o+ 6 + V°I4] (1.15)

which immediately implies the dispersion relation of the Dirac equation (1.9) as

1 2
w::w(k):VOi;\/l—&—sQ\k—aA(ﬂ ) k € R (1.16)
Plugging (1.2)) and (1.3]) into (1.7]), the 2D Dirac equation (1.7)) can be decoupled as

iDhr = — (B — i0y) Ya + by + V(LX) — [A(t,%) — ids(t, %)] .
€ € (1.17)

i8t¢4 = —g (az + Zay) 'Q[H - 6%'(/)4 + V(t,X)’t/J4 — [Al(t7X) + iAQ(t,X)] ’l/)l, X € R2,

1By = —> (B +i0,) s + s + V(t,xX)bs — [Av(t,%) + iAa(t,%)] s,
5 € (1.18)

Z'ati/)g = —é (3:,3 — Zay) 1,[)2 - éwg -+ V(t,X)l/Jg - [Al(t,x) - iAQ(t,X)] ’1/12, X € RQ.

Eq. (1.18]) will collapse to (1.17) under the transformation y — —y and A — —A. Thus, in 2D, the Dirac
equation (1.7) can be reduced to the following simplified PDEs with ® = ®(t,x) = (¢1(¢,x), ¢2(t,x))T € C?

iat@(tvx) = [_é (Ulax + U2ay) + 6%0—3}(1)(157)() + [V(tax)j2 - Al(tax)al - AQ(t7x)02 Cb(t, X)v X € RQ,
(1.19)

where ® = (¢1,94)T (or ® = (12,%3)T under the transformation y — —y and Ay — —Ay). Similarly,
in 1D, the Dirac equation (1.8)) can be reduced to the following simplified PDEs with & = ®(¢t,z) =

(¢1(t,$),¢2(t,x))T
10:®(t, x) = [—20181, + 6%03} O(t,x) + [V(t,l’)[g - A (t,x)al} O(t,x), z €R, (1.20)

where ® = (11,%4)7 (or ® = (¢2,13)T). Again, the Dirac equation in 2D (1.19) and in 1D (1.20) can be

written in a unified way in d-dimensions (d = 1,2)

d
i0,B(t, %) = [—f Zaja +5 ] (%) + V(L = Y A5t x)0;|0(Lx), xeR, (1.21)
j=1
and the initial condition for dynamics is given as
d(t=0,x) = By(x), x€cR™L (1.22)



The Dirac equation (1.21)) is dispersive and time symmetric. By introducing the position density p; for the
j-th component (j = 1,2) and the total density p as well as the current density J(¢,x) = (J;(¢,x), Jo(t,x))T

2
p(t,X) = ij(tvx) =o q)v pj(tvx) = ‘¢j(tvx)|27 Jj(tvx) = E(I) Uj(I)a J = 1a2a (123)
j=1

the conservation law ([1.12) is also satisfied [23]. In addition, the Dirac equation ([1.21)) conserves the total
mass as

2
ol = [ @R = [ Slot P de= 00 = [8lt, >0 (24
j=1

Again, if the electric potential V is perturbed by a real constant V°, e.g. V(t,x) — V(t,x) + V°, the
solution ®(t,x) — e‘ivotfb(t,x) which implies the density of each component p; (7 = 1,2) and the total
density p unchanged. When d = 1, if the magnetic potential A; is perturbed by a real constant A{, e.g.
Ai(t,x) — Ai(t,x) + A9, the solution ®(¢,x) — e41191®(¢, x) implying the total density p unchanged;
but this property is not valid when d = 2. When the electromagnetic potentials are time-independent, i.e.
V(t,x) =V (x) and A,(t,x) = A;(x) for j = 1,2, the following energy functional is also conserved

. d d
1 * 1 * * _
Et) = /Rd —C g ¢*5;0,P + 6—2@) o3® + V(x)|®|? —]221 Aj(x)®*0;® | dx=FE(0), t>0. (1.25)

j=1

Furthermore, if the external electromagnetic potentials are constants, i.e. V(t,x) = V? and A;(t,x) = A(;
for j = 1,2, the Dirac equation admits the plane wave solution as ®(¢,x) = B ik x=wt) where the
time frequency w, amplitude vector B € R? and spatial wave number k = (kq,...,kq)T € R? satisfy the
following dispersion relation

d
k; 1
om=[3 (%) o oo =

Jj=1

which again implies the dispersion relation of the Dirac equation for d = 2,1.

For the Dirac equation with € = 1, i.e. O(1)-speed of light regime, there are extensive analytical
and numerical results in the literatures. For the existence and multiplicity of bound states and/or standing
wave solutions, we refer to [32] 25 [26, BT 42} [74] and references therein. For the analysis of the clas-
sical/semiclassical limits via the Wigner transform techniques, we refer to [41l [7, 20} 22], B3] 71l [67] and
references therein. For the numerical methods and comparison such as the finite difference time domain
(FDTD) methods and the Gaussian beam methods, we refer to [5, [7, [78, [77), [75] 27, 68 [75] 43] and references
therein. However, for the Dirac equation with 0 < € < 1, i.e. nonrelativistic limit regime (or the scaled
speed of light goes to infinity), the analysis and efficient computation of the Dirac equation (or )
are mathematically rather complicated. The main difficulty is due to that the solution is highly oscillatory
in time and the corresponding energy functionals (1.14)) and are indefinite [I8], [33] and become un-
bounded when € — 0. There are extensive mathematical analysis of the (semi)-nonrelativistic limit of the
Dirac equation to the Pauli equation [52], [T9] [T8], 24 [38] [44) [57, 68| 59, [66, [76] and/or the Schrodinger
equation when € — 0 [I8]. These rigorous analytical results show that the solution propagates waves with
wavelength O(g?) and O(1) in time and space, respectively, when 0 < ¢ < 1. In fact, the oscillatory structure
of the solution of the Dirac equation when 0 < ¢ < 1 can be formally observed from its dispersion rela-

tion (|1.15)) (or (1.26))). To illustrate this further, Figure shows the solution of the Dirac equation (|1.21))
2

with d =1, V(t,2) = 1%, Ai(t,2) = qiiz and @ (z) = (exp(—22/2), exp(—(z — 1)2/2))T for different e.

This highly oscillatory nature of the solution of (1.9 (or (1.21])) causes severe numerical burdens in practical

computation, making the numerical approximation of (1.9)) (or (L.21))) extremely challenging and costly in




Re(0,(t,0))
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Re(0, (LX)

Figure 1.1: The solution ¢;(t = 1,z) and ¢1(t,z = 0) of the Dirac equation (1.21)) with d = 1 for different
. Re(f) denotes the real part of f.

the nonrelativistic regime 0 < ¢ < 1. In [51], the resolution of the time-splitting Fourier pseudospectral
(TSFP) method was studied for the Maxwell-Dirac equation in the nonrelativistic limit regime.

Recently, different numerical methods were proposed and analyzed for the efficient computation of the
Klein-Gordon equation in the nonrelativistic limit regime [IT], 12} [34] and/or highly oscillatory dispersive
partial differential equations (PDEs) [9, [0} 13} [14]. To our knowledge, so far there are few results on the
numerics of the Dirac equation in the nonrelativistic limit regime. The aim of this paper is to study the effi-
ciency of the frequently used FDTD and TSFP methods applied to the Dirac equation in the nonrelativistic
limit regime, to propose the exponential wave integrator Fourier pseudospectral (EWI-FP) method and to
compare their resolution capacities in this regime. We start with the detailed analysis on the stability and
convergence of several standard implicit/semi-implicit/explicit FDTD methods [70]. Here we pay particular
attention to how the error bounds depend explicitly on the small parameter € in addition to the mesh size
h and time step 7. Based on the estimates, in order to obtain ‘correct’ numerical approximations when
0 < € < 1, the meshing strategy requirement (e-scalability) for those frequently used FDTD methods is:
h = O(y/€) and T = O(g?), which suggests that the standard FDTD methods are computationally expensive
for the Dirac equation as 0 < € <« 1. To relax the e-scalability, we then propose the EWI-FP method
and compare it with the TSFP method, whose e-scalability are optimal for both time and space in view of
the inherent oscillatory nature. The key ideas of the EWI-FP are: (i) to apply the Fourier pseudospectral
discretization for spatial derivatives; and (ii) to adopt the exponential wave integrator (EWI) for integrat-
ing the ordinary differential equations (ODEs) in phase space [40] 48] which was well demonstrated in the
literatures that it has favorable properties compared to standard time integrators for oscillatory differential
equations [40, 48|, [49] [50]. Rigorous error estimates show that the e-scalability of the EWI-FP method is
h = O(1), and 7 = O(g?) for the Dirac equation with external electromagnetic potentials, meanwhile, the
e-scalability of TSFP method is h = O(1) and 7 = O(g?). Thus, the EWI-FP and TSFP offer compelling

6



advantages over commonly used FDTD methods in temporal and spatial resolution when 0 < ¢ < 1.

The rest of this paper is organized as follows. In Section [2] several second-order FDTD methods are
reviewed and their stabilities and convergence are analyzed in the nonrelativistic limit regime. In Section
[Bl an exponential wave integrator Fourier pseudospectral method is proposed and analyzed rigorously. In
Section |4l a time-splitting Fourier pseudospectral method is reviewed and analyzed rigorously. In Section
numerical comparison results are reported. Finally, some concluding remarks are drawn in Section [6] The
mathematical proofs of the error estimates are given in the appendices, where extensions of EWI-FP and
TSFP to higher dimensions are also presented. Throughout the paper, we adopt the standard notations
of Sobolev spaces, use the notation p < ¢ to represent that there exists a generic constant C' which is
independent of h, 7 and ¢ such that |p| < Cgq.

2. FDTD methods and their analysis

In this section, we apply the commonly used FDTD methods to the Dirac equation (or ) and
analyze their stabilities and convergence in the nonrelativistic limit regime. For simplicity of notations, we
shall only present the numerical methods and their analysis for in 1D. Generalization to and /or
higher dimensions is straightforward and results remain valid without modifications. Similarly to most works
in the literatures for the analysis and computation of the Dirac equation (cf. [I7) 23] 46, 47, 511 [64] [77] [75)
and references therein), in practical computation, we truncate the whole space problem onto an interval
Q = (a,b) with periodic boundary conditions, which is large enough such that the truncation error is
negligible. In 1D, the Dirac equation with periodic boundary conditions collapses to

i0,®(t,z) = [—201&0 + éag]w, )+ [V(t,a:)lg - Al(t,m)al} O(t,z), xeQ, t>0, (2.1
O(t,a) =®(t,b), 0,P(t,a) = 0,P(¢,b), t>0, ®(0,7) = ®o(x), x€Q, (2.2)
where ®g(a) = Po(b) and j(a) = Py (b).

2.1. FDTD methods
b—a

Choose mesh size h := Az = >3 with M being an even positive integer, time step 7 := At > 0 and
denote the grid points and time steps as:

zj:=a+jh, j=0,1,...,M; tp:=n1, n=0,1,2,....

Denote Xy = {U = (Uo, U1, ...,Uy)T | U; € C2,5 =0,1,..., M, Uy = Up} and we always use U_1 = Ups_1
and Uprqq = Uy if they are involved. For any U € X/, we denote its Fourier representation as

M/2—1 M/2—1
Uj= Y U= 3" g2t /™M — j=01,..,M, (2.3)
I=—M/2 I=—M/2

where p; and ﬁl € C? are defined as

M—-1
2l ~ 1 2%l M M
,Ul:b_a, UZZMZUje 2451 /M’ l:_?’”_7?_1' (2.4)
j=0
The standard [?-norm in X, is given as
M—-1
U1 =0 ST U2, U € Xar. (2.5)

j=0

n . . . n n+1/2 n
Let ®7 be the numerical approximation of ®(t,,z;) and V* =V (t,, x;), Vi /2 V(tn +7/2,25), AT ; =

Ai(tn, z;) and AJTY? = Ay (t, +7/2,2;) for 0 < j < M and n > 0. Denote ®" = (07, ®7,...,07,)" € Xy
7



as the solution vector at ¢t = t,. Introduce the finite difference discretization operators for j = 0,1,..., M
and n > 0 as:

n+l _ §n n+l  gsn—1 n n
o — 9 o 9 i1 gt

o — ot 4 pn
Sten—_J4 3 Son =24 T 5,07 = 4L  i-l e S
¢ r e 2r ’ J 2h ’ i 2
Here we consider several frequently used FDTD methods to discretize the Dirac equation (2.1) for
j=0,1,...,M —1.

I Leap-frog finite difference (LFFD) method

' 1
0,07 = [~2018, + —503| @} + [V — A7 jon @), n>1. (2.6)

II. Semi-implicit finite difference (SIFD1) method

j 1 ettty ent enH 4+ @nt
0,0} = —2018,8] + st — 4 [V}l — A} jor | L,

5 n > 1. (2.7)

III. Another semi-implicit finite difference (SIFD2) method

n+1 n—1
1 ]éj + o
J

0,07 = [~Lo10, + S0 L+ [Vl - AL e ]er, nx 1 (2.8)

IV. Crank-Nicolson finite difference (CNFD) method

n>0. (2.9)

i) P} = [_2015” + ?203} o [Vj - AJ”%] o2,

The initial and boundary conditions in (2.2)) are discretized as:
el —gptt  oritl—gntl - p >0, Y = o(x;), j=0,1,..., M. (2.10)

Using Taylor expansion and noticing (2.1), the first step for the LFFD (2.6)), SIFD1 (2.7) and SIFD2 (2.8)
can be computed as

1 1
oL =0 47 {—T sin (g) o1®)(x;) — i (T sin (612) o3+ VI, - A?7j01> @2} . j=0,1,..., M. (2.11)

In the above, we adapt %sin (g) and % sin (6%) instead of % and 5% such that |D is second order in term

of 7 for any fixed 0 < ¢ <1 and [|®!|» = Jmax @] <1 for 0 <e < 1. We remark here that they can be
<i<

simply replaced by 1 when ¢ = 1.

The above four methods are all time symmetric, i.e. they are unchanged under 7 <+ —7 and n+1 < n—1
in the LFFD, SIFD1 and SIFD2 methods or n 4+ 1 <+ n in the CNFD method, and the memory cost is the
same at O(M). The LFFD method is explicit and its computational cost per step is O(M). In fact,
it might be the simplest and most efficient discretization for the Dirac equation when € = 1 and thus it has
been widely used when € = 1. The SIFD1 method is implicit, however at each time step for n > 1, the

corresponding linear system is decoupled and can be solved explicitly for j =0,1,...,M — 1 as
" . T , -1 . T e 20T
<I>j+1 = |(i— T‘/jn)IQ — 8—203 + TAIL)j(Tl} [((z + T‘/jn)IQ + 6—203 — TA?’J»Oj) P T 701%(1)? ,

(2.12)
and thus its computational cost per step is O(M).



The SIFD2 method ([2.8) is implicit, however at each time step for n > 1, the corresponding linear system
is decoupled in phase (Fourier) space and can be solved explicitly in phase space for | = —M/2,...,M/2—1
as

. —1 ,
] 7sin(uh T ) 7sin(uih) T et i
(@ntl), = (212 - T)Ul - 6203) [(ZIQ + 5%01 + 6703 (®n—1), +27(G"®"),|, (2.13)

where G" = (GB,G?,...,G%)T € X with G} = Ay, 01 + V'L for j = 0,1,..., M, and thus its
computational cost per step is O(M In M). The CNFD method is implicit and at each time step for
n > 0, the corresponding linear system is coupled and needs to be solved via either a direct solver or an
iterative solver, and thus its computational cost per step depends on the linear system solver, which is
usually much larger than O(M), especially in 2D and 3D. Based on the computational cost per time step,
the LFFD method is the most efficient one and the CNFD method is the most expensive one.

2.2. Linear stability analysis

In order to carry out the linear stability analysis for the FDTD methods via the von Neumann method
[70], we assume that A;(t,z) = A} and V(t,2) = VO with A} and V? being two real constants in the Dirac
equation (2.1)). Then we have the following results for the FDTD methods:

Lemma 1. (i) The LFFD method (2.6) is stable under the stability condition

e2h

O <T S 0 )
[VOle2h + \/h2 + 2(1 + eh|AT])2

h>0, 0<e<l. (2.14)

(i) The SIFD1 method is stable under the stability condition
0<T1<eh, h >0, 0<e<l (2.15)

(iti) The SIFD2 method (2.8) is stable under the stability condition

1

0<r7< o
~ VO [AY

h>0, 0<e<l1. (2.16)

(iv) The CNFD method (@ is unconditionally stable, i.e. it is stable for any 7,h >0 and 0 < e < 1.

Proof: (i) Plugging

M/2—-1 - M/2—-1 -
Ol = > (DY) e = N g (@0) 2UIM 0,1, M, n>0, (2.17)
I=—M/2 I=—M/2

with § € C and (®°), being the amplification factor and the Fourier coefficient at n = 0, respectively, of the
[-th mode in the phase space into (2.6, using the orthogonality of the Fourier series, we obtain

. 1 sin(ph M M
’(g? — 1)1y — 2i7& (A(fal -V, — 503~ i‘:)al)‘ =0, l=—7F, 5 L (2.18)
Substituting (|1.3) into (2.18)), we get that the amplification factor & satisfies
M M
& —2ir0,6 —1 =0, l= Sy L (2.19)
where ) M M
_ _y0 _* 2 2 (A0 1 o 2 _ -
0, V£ 52h\/h + €2 (Afeh — sin(uh))”, l 5 1.
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Then the stability condition for the LFFD method (2.6)) becomes

M M
‘€l| S 1 |T01| S 17 l= 777"'7 ? - 17 (220)
which immediately implies the condition (2.14)).
(ii) Similarly to (i), plugging (2.17) into the SIFD1 method (2.7), we have

) n 2i7& sin(uh)

) 1 M
‘(512—1)]2—27'(5124'1) (A(l)o'l —V012—€—203 - 01‘ =0, l=—F g — L (2.21)

2

Noticing 1) under the condition 1l we can get |§| < 1forl = —%, . 2 — 1, and thus it is stable.
(iii) Similarly to (i), plugging (2.17) into the SIFD2 method (2.8)), we have

1 h M M
‘(5 — DI +ir(& + 1) ( o3+ Slni’:)m) —2itg (Ao —VOI)| =0, 1= 5 L (2.22)
Noticing (|1.3), under the condition (2.16]), we obtain
M M
<1 =——,.,——1
|€l| = 4, Z 2 ) ) 2 9
and thus it is stable.
(iv) Similarly to (i), plugging (2.17)) into the CNFD method (2.9), we obtain
1 h M M
(G- DI+ (6 +1) Ay VO S N MM g
e? eh 2 2
Noticing 1) we have for [ = —%, e % -1,
2+ 416, o 1 . 2
€| = ‘ —ir0, ‘ =1, 6,=V"% %\/h2 + &2 (Aeh — sin(wh))”. (2.24)
Thus it is unconditionally stable. O
2.3. Mass and energy conservation
For the CNFD method (2.9)), we have the following conservative properties.
Lemma 2. The CNFD @/ conserves the mass in the discretized level, i.e.
M—1
@)% ==h Y [@}*=h Z |92 = | 2°)% = h Z |®o(z;)]?, n>0. (2.25)
j=0 j=0 j=0

Furthermore, if V(t,x) = V(z) and A1 (t,x) = A1(x) are time independent, the CNFD (2.9) conserves the
energy as well,

ih b 3 )
== 2@ nd®)+ 5 ) () os® +h ) Vi(®)) os®) —h ), A (@) o
Jj=1 J=0 J=0 =0
EE}?, TLZO,

where V; =V (z;) and A1 ; = Ai(zj) for j=0,1,..., M.

10



Proof: (i) Firstly, we prove the mass conservation ([2.25)). Multiplying both sides of (2.9) from left by
n+1/2\x . . .
hr (P j )* and taking the imaginary part, we have

h n n n =N
h|®7 7 = hjer)? - [( ") 15,0 4 (@0 e 5, %0 P =01, M — 1. (227)

Summing (2.27) for 7 =0,1,..., M — 1 and noticing (1.3), we get

n n Th * —n—+1/2
lemE = "R - 5 [(@?*”% 10,07 2 (@) T 016,87
7=0
M—1
— H(I)n”Q T Z ((I)r}+1/2)*0 ¢)@+1/2+ (@@+1/2)T0_ 6@+1/2
W J 13541 j 19511
§=0
+1/24x +1/2 +1/2 —n+t1/2
_(CI)?H/ )" 012} /2 - (q’?+1/ )" 019, }
= 2 n -, .
II‘I)"IIEZ >0 (2.28)

which immediately implies (2.25)) by induction.
(ii) Secondly, we prove the energy conservation Multiplying both sides of (2.9) from left by
2h (<I>”+1 ®%)* and taking the real part, we have

— hRe L(cb;%“ — 07)*016, (7 + @7 )} + < (@) os@l ! — (07)* 0307
+ RV (| — %) — hAy; [(®)T) 01 @7 — (@) 01 @] ] = 0. (2.29)

Summing (2.29) for j =0,1,..., M — 1 and noticing the summation by parts formula, we have

., M—1 ., M—1
h Z Re( (@ — @) oy 6, (D) +<1>j)) =— D (@1 10,05 — - > (@) 010,27,
j=0 j=0
and
ihﬂ4 1 ihlw 1 h M-1
== D (@) et = Y (@) 8 5 D (R s~ (8]) 030))
7=0 7=0 7=0
M-1 M-1
Hh Y V(ST = (@0 = h Y Ay (7)o @ — (97)01®7) =0, (2.30)
j=0 7=0

which immediately implies (2.26]).

2.4. Error estimates

Let 0 < T < T* with T™* being the maximal existence time of the solution, and denote Qr = [0,T] X
Q. Motivated by the nonrelativistic limit of the Dirac equation [I8] and the dispersion relation ,
we assume that the exact solution of satisfies ® € C3([0,T7; (L>(2))?) N C2([0,T]; (W,>2(22))*) N
CH([0, TT; (W (92))?) N C([0, TT; (W»>(2))?) and

< L
“’5%
Lo ([0,TT3(L>°(£2))?)

(4)

ar+s
H 0<r<3,0<r+s<3, 0<e<l, (2.31)

ot oxs ®

where W () = {u | u € W™>(Q), dLu(a) = dLu(b), I =0,...,m—1} for m > 1 and here the boundary
values are understood in the trace sense. In the subsequent discussion, we will omit 2 when referring to the
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space norm taken on 2. In addition, we assume the electromagnetic potentials V € C(Qr) and 4; € C(Qr)
and denote

(B) Vinax := max |V (¢, )], Al max = max |A;(¢, )| (2.32)
(t,z)eQr (t,x)EeQr
Define the grid error function e = (ef},e?,...,e%,)T € X, as:

e = o(t,,r;) — 7, i=0,1,...,.M, n>0, (2.33)
with @7 being the approximations obtained from the FDTD methods.

For the CNFD (22.9), we can establish the following error bound (see its proof in Appendix A).

Theorem 2.1. Under the assumptions (A) and (B), there exist constants hg > 0 and 19 > 0 sufficiently
small and independent of €, such that for any 0 <e <1, 0< h < hg and 0 < 7 < 19, we have the following

error estimate for the CNFD @) with

2 7_2

h T
e < — + 2 0<n<>. 9.34
lele ST+ 5 osns<? (234)
For the LFFD ({2.6]), we assume the stability condition
e?h
0<7< h>0, 0<e<l, (2.35)

T e2hVinax + /A2 + 2(1 + eh Ay max)?
and establish the following error estimate (see its proof in Appendix B).

Theorem 2.2. Under the assumptions (A) and (B), there exist constants hg > 0 and 19 > 0 sufficiently
small and independent of €, such that for any 0 < e < 1, when 0 < h < hg and 0 < 7 < 79 and under the
stability condition , we have the following error estimate for the LFFD (2.6) with and
h? 7 T
— + — 0 < —. 2.36
€ * g8’ =7 (2.36)
Similarly to the proofs of the LFFD and CNFD methods, error estimates for SIFD1 (2.7) and SIFD2
(2.8) can be derived and the details are omitted here for brevity. For the SIFD2 (2.8]), we assume the
stability condition

el <

IN

1
0<7<—  h>0, 0<e<]l, 2.37
T= Vmax + Al,max ( )

and establish the following error estimates.

Theorem 2.3. Under the assumptions (A) and (B), there exist constants hg > 0 and 19 > 0 sufficiently
small and independent of €, such that for any 0 < e <1, when 0 < h < hg and 0 < 7 < 79 and under the

stability condition (2.15]), we have the following error estimate for the SIFDI with and

B2 72 T

<X+l o<n<. 2.38
| < 5

13 & T

IN

Theorem 2.4. Under the assumptions (A) and (B), there exist constants hg > 0 and 79 > 0 sufficiently
small and independent of €, such that for any 0 < e <1, when 0 < h < hg and 0 < 7 < 79 and under the

stability condition , we have the following error estimate for the SIFD2 (@ with and

h? 72 T

el <
-

IN

Based on Theorems the four FDTD methods studied here share the same temporal/spatial
resolution capacity in the nonrelativistic limit regime. In fact, given an accuracy bound § > 0, the e-
scalability of the four FDTD methods is:

r=0(V0) =0,  h=0(Ve)=0(F), o<e<l. (2.40)
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3. An EWI-FP method and its analysis

In this section, we propose an exponential wave integrator Fourier pseudospectral (EWI-FP) method to
solve the Dirac equation (or ) and establish its stability and convergence in the nonrelativistic
limit regime. Again, for simplicity of notations, we shall only present the numerical method and its analysis
for in 1D. Generalization to and/or higher dimensions is straightforward and the results remain
valid without modifications (see generalizations in Appendix D).

3.1. The EWI-FP method
Denote

. M M M
Yur = Zan X Zar,  with  Za = span{(bl(x) = ettule=a) | — gt 1} .
be the function space consisting of all periodic vector function U(z) : Q = [a,b] — C?. For
any U(z) € [Cp(Q)]? and U € Xy, define Py @ [L2(Q)]? — Yy as the standard projection operator [69],

I o [Cp())? — Yoy and Ips : Xp — Yay as the standard interpolation operator [69], i.e.

M/2-1 M/2-1
(PuU)@) = > e (IyU)(x)= Y et a<az<b, (3.1)
I=—M/2 I=—M/2
with
. 1 b ) " 1 M-—1 y M M M
= —ip(z—a) _ . —2ijln /M __ 7 M
U, b—a/aU(””)e dz, U M;Uje . 5 Tl — L (32)

where U; = U(z;) when U is a function.
The Fourier spectral discretization for the Dirac equation (2.1) is as follows:
Find (I)M(t7l‘) €Yy, ie.

M/2-1
pt,x) = Y (Pu) ()@Y, a<z<b, 20, (3.3)
I=—M/2

such that for a < x < b and t > 0,
; 1
ié)t(I)M(t,x) = |:—20'181 + 5:20'3:| @M(t,l‘) + PM(V(I)M)(t,CL') - UlpM(Alq)M)(t7l'>. (34)

Substituting 1} into l , noticing the orthogonality of ¢;(z), we get for [ = —%, e % -1,

o d 1 — — —
i %(QJM)l(t) = [l:crl + 5203] (Par), (1) + (VOur),(t) — 01 (A1 P o), (t) = 0, t>0. (3.5)
Foreach ! (1=—24 -2 41 ... 2 1) when t is near t = ¢, (n > 0), we rewrite the above ODEs as
cd —— 1. — ~
Z%(QM)l(tn+5) = ?Fl (Par),(tn +5) + F"(s), s €R, (3.6)
where R o
F'(s) = (G®n),(tn + 9), G(t,x) =V (t,x)ls — o1 A1 (¢, ), st €R, (3.7

and I'; = nieor + o3 = Ql D; (Ql)* with

146, EML

L pue 20,(1t0) /20 (14e) & 0
Fl:(,uls 1), Q= \/ém 1 \/1455; Y1, D= 0 —5) 5l=\/@. (3.8)

V280 (1+61) V280 (1+61)
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Solving the above ODE ([3.6]) via the integrating factor method, we obtain

— L —

(@ar)(tn + 5) = e 7T (@), () — Z/ =T/ B (w) dw, seR. (3.9)
0

Taking s = 7 in (3.9) we have

— L —

) T i(w—T) ~
@)y (tnss) = e~/ g, () — i / ¢ T B () . (3.10)

0
To obtain an explicit numerical method with second order accuracy in time, we approximate the integrals in
(3.10]) via the Gautschi-type rules [40} 48] [49], which have been widely used for integrating highly oscillatory
ODEs [0, 12, [40, [48 [49, 53| 4], as

/ ei(?‘;—g"')rljlﬁwlO(w) dw ~ / ei(#;—g"’)—FZ dw EO(O) — _iEQFZI |:I2 _ e*i%r‘l:| ﬁl0(0)7 (311)
0 0

and

/ e “FIT R (w)dw ~ / T (B (0) + woy BP(0)) duw
0 0

= i [l = e BN B (0) + =it T 4 e T (R - e B [0 F0), nz1, (312)

where we have approximated the time derivative Gtﬁl"(s) at s = 0 for n > 1 by the finite difference as

~ ~ Er(0) — E"1(0
O E(0) = 6, F'(0) = — © - U (3.13)

Now, we are ready to describe our scheme. Let @7, (x) be the approximation of ®;(t,, ) (n > 0). Choosing
Y, (x) = i 1<I>0)(ac), an exponential wave integrator Fourier spectral (EWI-FS) discretization for the Dirac
2.

equation (2.1) is to update the numerical approximation @le(x) €Yy (n=0,1,...) as
M/2-1
(I)s\zj-l(x) — Z (qy]{j—l)l eil»w(zfa)7 a<z<b, n >0, (3.14)
I=—M/2
M M
where for | = — %, .., 5 — 1,
/n? e*i‘rFl/sz (‘b%/[)l _ i€2rl_1 |:12 _ @_ﬁrl} (G(tO)(I)(])w)la n = O,
e T - B — (3.15)
em (@), — i@ () (Gtn) Ry ), — Q7 (7)8; (G(tn)Phy)y, 1> 1,
with G(¢) denoting G(¢,x) and the matrices Ql(l)(’l') and Ql(z) (1) given as
QP (r) = —ie? Tt [ — e 51, QP (r) = —itr T 42 (L — e E ) (3.16)

The above procedure is not suitable in practice due to the difficulty in computing the Fourier coefficients
through integrals in . Here we present an efficient implementation by choosing ®4,(z) as the interpolant
of ®y(z) on the grids {x;,7 =0,1,..., M} and approximate the integrals in by a quadrature rule.

Let @7 be the numerical approximation of O(t,,z;) for j = 0,1,2,...,M and n > 0, and denote
" € Xy as the vector with components 7. Choosing <I>9- = ®y(z;) (j =0,1,...,M), an EWI Fourier
pseudospectral (EWI-FP) method for computing ®"*! for n > 0 reads

M/2-1
ortt = N (ont)2M =01, M, (3.17)
l=—M/2
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where
o, eﬂ-m/g@l iyt I ;i—/;—;n] (Glto)®o),  n=0, (318)
e~/ (@m), —iQWM (7)(G(tn)B), — QP (7)67 (G(tn)®™),, n > 1.

The EWI-FP (3.17)-(3.18) is explicit, and can be computed efficiently by the fast Fourier transform (FFT).
The memory cost is O(M) and the computational cost per time step is O(M log M).

3.2. Linear stability analysis

To consider the linear stability, we assume that in the Dirac equation (2.1)), the external potential fields
are constants, i.e. A;(t,z) = A} and V(¢,z) = V° with A} and V' being two real constants. In this case,
we adopt the Von Neumann stability requirement that the errors grow exponentially at most. Then we have

Lemma 3. The EWI-FP method (3.17)-(5.18) and EWI-FS method -(3-13) are stable under the

stability condition
0<7S1, 0<e<l. (3.19)

Proof. We shall only prove the EWI-FS case (3.14)-(3.15), as the EWI-FP method case (3.18]) is quite
the same. Similarly to the proof of Lemma |1}, noticing (3.15)), (3.7), (3.10) and (3.12)), we find that

H0 —iT H0 . ! i(w—T1 w H0
@0 = e IS @) i [ I L Ao (64 - D) @ (320
0
Denoting C' = VO] + |AY], taking the [ norms of the vectors on both sides of (3.20)) and then dividing both
sides by the I2 norm of (®9);, in view of the properties of e‘isrl/ez, we get
C C
&7 < (1 +C7+ 27) Gl + 5 (3.21)

which implies

143C7/2\? _145CT +9C%7%/4 _ (1+5C7/2)?
& = 2" < /41 /2 (3.22)
2 4 4
Thus, we obtain
M M
|€l|§1+4c7—7 l:—77,7—17 (323)
and it follows that the EWI-FS (3.14)-(3.15) is stable under the stability condition (3.19). O

3.3. Error estimates

In order to obtain an error estimate for the EWI methods (3.14])-(3.15) and (3.17))-(3.18), motivated by

the results in [I9] 24], we assume that there exists an integer mgy > 2 such that the exact solution ®(¢, ) of
the Dirac equation ([2.1)) satisfies

1
2

(©) M@l Loe o,77;(ar0y2y S 1 10:@|| Lo (j0.17:(L2)2) S
3

106 @ || oo ([0,77;(L2)2) S i

where H}(Q) = {u | u € H¥*(Q), dLu(a) = dLu(b), I =0,...,k —1}. In addition, we assume the electro-
magnetic potentials satisfy

(D) IV llw2.00,77:20) + [ A1llw2.0 (f0,77;0) S 1.

The following estimate can be established (see its proof in Appendix C).
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Theorem 3.1. Let ®%,(x) be the approzimation obtained from the EWI-FS -(3.15). Under the as-
sumptions (C) and (D), there exists hg > 0 and 79 > 0 sufficiently small and independent of € such that,
forany 0 < e <1, when 0 < h < hy and 0 < 7 < 79 satisfying the stability condition , we have the
following error estimate
2

T
1B (tn, ) — DRy (@)l 2 S = + ™0, 0<n< = (3.24)

€ T

Remark 3.1. The same error estimate in Theorem holds for the EWI-FP - and the proof
is quite similar to that of Theorem [3]]

4. A TSFP method and its analysis

In this section, we present a time-splitting Fourier pseudospectral (TSFP) method to solve the Dirac
equation (or ) which has been proposed and studied for the Maxwell-Dirac equation [I7, [51].
Again, for simplicity of notations, we shall only present the numerical method and its analysis for in
1D. Generalization to and/or higher dimensions is straightforward and results remain valid without
modifications (see generalizations in Appendix D).

From time ¢ = ¢,, to time ¢ = t,,,1, the Dirac equation is split into two steps. One solves first

; 1
i0:®(t,x) = [—éalﬁm + 6203} O(t,x), xe€f, (4.1)

with the periodic boundary condition (2.2)) for the time step of length 7, followed by solving
10,0 (t,z) = [-A1(t, )01 + V(t,2) o] D(t,z), =z €Q, (4.2)

for the same time step. Eq. will be first discretized in space by the Fourier spectral method and then
integrated (in phase or Fourier space) in time exactly [I7]. For the ODEs , we can integrate analytically
in time as

B(t,z) = e VeD LoAlsn alds gy 0y g <p<b by <t <t (4.3)
In practical computation, from time ¢ = ¢, to t = t,41, one often combines the splitting steps via the
standard Strang splitting [72] — which results in a second order time-splitting Fourier pseudospectral (TSFP)
method — as

M/2—1 M/2-1
. 2 T~ a —ir 2 * TEny 2l
o =Y e G e S gt (@ )
=—M/2 I=—M/2
@;2) =et e T Gtay) dt (I)§'1) = Pj e P]:’k (1)51)’ J=0,1,.... M, n >0, (4'4)
M/2—1 o M/2-1 —
. X . 2ijlm
(D;LJrl _ Z e—lTFL/252 ((I)(Q))l ezul(xj—a) _ Z Q e—lTDL/252 (Ql)* (@(2))l e M,
=—M/2 l=—M/2

where [}" G(t,x;)dt = V" I, — A oy = P; A Py with V) = ff”“ V(t,xy)dt, AS) = [0 Ay (t,x5)dt,
A; =diag(A; A 4) with Aj 4 = 1) + AWM and P;=1,if A( . = 0 and otherwise

1,50

%—FW—<ﬁ%> ws)
V2 V2

Remark 4.1. Again, if the definite integrals in ft”“ A(t,xz;)dt cannot be evaluated analytically, we can
evaluate them numerically via the Simpson’s quadmture rule as

xj) + A1(tn+1,33j)} :

tnt1 T T
/ Al(t,xj)dtz 6 |:A1(tn,l‘j)+4A1 (tn+§,
t

n

trni1
/ V(t,z;)dt ~ % [V(tn,xj) 4V (tn + % zj) + V(tn+1,xj)] .
t

n
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Lemma 4. The TSFP conserves the mass in the discretized level, i.e.

M—1 M—1 M—1
"7 :=h Y |@FP=hD @7 =8| =h Y |Bo(z;)?, n=0. (4.6)

Jj=0 j=0 j=0
Proof: The proof is quite standard and similar to that of Lemma[2] We omit it here. O

From Lemma [4] we conclude that the TSFP (4.4) is unconditionally stable. In addition, under proper
assumptions of the exact solution ®(¢,z) and electromagnetic potentials, it is easy to show the following
error estimate via the formal Lie calculus introduced in [56],

2
1(tn, @) — Lnr (@) Sh™ + 5, 0<n<
13

alie

: (4.7)

where mg depends on the regularity of ®(¢,z). We omit the details here for brevity.

5. Numerical comparison and applications

In this section, we compare the accuracy of different numerical methods including the FDTD, EWI-FP
and TSFP methods for the Dirac equation in 1D in terms of the mesh size h, time step 7 and the
parameter 0 < ¢ < 1. We will pay particular attention to the e-scalability of different methods in the
nonrelativistic limit regime, i.e. 0 < € < 1. Then we simulate the dynamics of the Dirac equation in
2D with a honeycomb lattice potential by the TSFP method.

5.1. Comparison of spatial/temporal resolution
To test the accuracy, we choose the electromagnetic potentials in the Dirac equation (1.21) with d = 1

as
x4+ 1)2 1—x
Al(t,fl;) = (14_73:2, V(t,x) = m, x e R7 t Z 0, (58)
and the initial data as ) )
$1(0,2) = e /2, $y(0,2) = e @7/2, z €R. (5.9)

The problem is solved numerically on an interval 2 = (—16, 16) with periodic boundary conditions on 9.
The ‘reference’ solution ®(t,z) = (¢1(t, ), d2(t,7))T is obtained numerically by using the TSFP method
with a small time step and a very fine mesh size, e.g. 7. = 107 and h, = 1/16 or h, = 1/4096 for
the comparison of the EWI-FP/TSFP methods or the FDTD methods, respectively. Denote ®} _ as the
numerical solution obtained by a numerical method with mesh size h and time step 7. In order to quantify
the convergence, we introduce

M—1
enr(tn) = 1" = @(tn, )iz = (|2 D |®F — (b, z;)[>.
=0

Table lists spatial errors ey, . (¢t = 2) with different h (upper part) and temporal errors ey, -(t =
2) with different 7 (lower part) for the LFFD method (2.6). Tables show similar results for the
SIFD1 method (2.7), SIFD2 method (2.8), CNFD metho, EWI-FP method (3.17)-(3.18) and TSFP
method , respectively. For the LFFD and SIFD1 methods, due to the stability condition and accuracy

requirement, we take
9 ,
] e €0/2? <e <1, .
6](5)—{53/4]‘ 0<8<€0/2j7 j=0,1,...

in Tables and For comparison, Table depicts temporal errors of different numerical methods
when ¢ = 1 for different 7, Table [5.§ depicts temporal errors of different numerical methods under different
e-scalability.
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Table 5.1: Spatial and temporal error analysis of the LFFD method for the Dirac equation (1.21)) in 1D.

Spatial Errors ho = 1/8 h()/2 h(]/22 h()/23 h0/24
gp=1 1.06E-1 2.65E-2 6.58E-3 1.64E-3 4.10E-4
order - 2.00 2.01 2.00 2.00

€0/2 9.06E-2 2.26E-2 5.64E-3 1.41E-3 3.51E-4
order - 2.00 2.00 2.00 2.00
£0/2° 8.03E-2 2.02E-2 5.04E-3 1.25E-3 3.05E-4
order - 1.99 2.00 2.01 2.02
£0/23 9.89E-2 2.47E-2 6.17E-3 1.54E-3 3.85E-4
order - 2.00 2.00 2.00 2.00
50/24 9.87E-2 2.48E-2 6.18E-3 1.54E-3 3.83E-4
order - 2.00 2.00 2.00 2.01
7'0:0.1 T0/8 T0/82 70/83 7'0/84
Temporal Errors ho = 1/8 ho /851 (<) ho /8265 (¢) ho /8335 (¢) ho/8%64(¢)
gp=1 1.38E-1 1.99E-3 3.11E-5 4.86E-7 7.59E-9
order - 2.04 2.00 2.00 2.00
€0/2 unstable 1.14E-2 1.77E-4 2.77E-6 4.32E-8
order - - 2.00 2.00 2.00
£0/22 unstable 4.59E-1 7.01E-3 1.05E-4 1.64E-6
order - - 2.01 2.02 2.00
£0/23 unstable unstable 4.14E-1 6.42E-3 1.00E-4
order - - - 2.00 2.00
g0/2% unstable unstable unstable 4.04E-1 6.00E-3
order - - - - 2.02

From Tables [5.1}[5.8 and additional numerical results not shown here for brevity, we can draw the
following conclusions for the Dirac equation by using different numerical methods:

(i). For the discretization error in space, for any fixed € = g9 > 0, the FDTD methods are second-order
accurate, and resp., the EWI-FP and TSFP methods are spectrally accurate (cf. each row in the upper
parts of Tables and Table . For 0 < ¢ < 1, the errors are independent of ¢ for the EWI-FP and
TSFP methods (cf. each column in the upper parts of Tables 5.6|), and resp., are almost independent of
e for the FDTD methods (cf. each column in the upper parts of Tables . In general, for any fixed
0<e<1andh >0, the EWI-FP and TSFP methods perform much better than the FDTD methods in
spatial discretization.

(if). For the discretization error in time, in the O(1) speed-of-light regime, i.e. ¢ = O(1), all the
numerical methods including FDTD, EWI-FP and TSFP are second-order accurate (cf. the first row in the
lower parts of Tables . In general, the EWI-FP and TSFP methods perform much better than the
FDTD methods in temporal discretizations for a fixed time step. In the non-relativistic limit regime, i.e.
0 < & < 1, for the FDTD methods, the ‘correct’ e-scalability is 7 = O(e%) which verifies our theoretical
results; for the EWI-FP and TSFP methods, the ‘correct’ e-scalability is 7 = O(g?) which again confirms
our theoretical results. In fact, for 0 < € < 1, one can observe clearly second-order convergence in time for
the FDTD methods only when 7 < &3 (cf. upper triangles in the lower parts of Tables, and resp., for
the EWI-FP and TSFP methods when 7 < €2 (cf. upper triangles in the lower parts of Tables 5.6). In
general, for any fixed 0 < e <1 and 7 > 0, the TSFP method performs the best, and the EWI-FP method
performs much better than the FDTD methods in temporal discretization (cf. Table [5.8).

(iii). From Table our numerical results suggest the following error bound for the TSFP method when
7 < ef

" m 72 T
[@(tn, ) = I (") SP™ + =, 0<n<—, (5.10)
& T
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Table 5.2: Spatial and temporal error analysis of the SIFD1 method for the Dirac equation (1.21)) in 1D.

Spatial Errors ho = 1/8 h()/2 h(]/22 h()/23 h0/24
eo=1 1.06E-1 2.65E-2 6.58E-3 1.64E-3 4.10E-4
order - 2.00 2.01 2.00 2.00

50/2 9.06E-2 2.26E-2 5.64E-3 1.41E-3 3.51E-4
order - 2.00 2.00 2.00 2.00
£0/2° 8.03E-2 2.02E-2 5.04E-3 1.25E-3 3.05E-4
order - 1.99 2.00 2.01 2.02
£0/23 9.89E-2 2.47E-2 6.17E-3 1.54E-3 3.85E-4
order — 2.00 2.00 2.00 2.00
50/24 9.87E-2 2.48E-2 6.18E-3 1.54E-3 3.83E-4
order - 1.99 2.00 2.00 2.01
7'0:0.1 T0/8 T0/82 70/83 7'0/84
Temporal Errors ho = 1/8 ho /851 (<) ho /8265 (¢) ho /8335 (¢) ho/8%64(¢)
=1 1.44E-1 2.09E-3 3.27E-5 5.11E-7 7.98E-9
order — 2.03 2.00 2.00 2.00
€0/2 unstable 2.99E-2 4.67TE-4 7.30E-6 1.14E-7
order — - 2.00 2.00 2.00
£0/22 unstable 8.18E-1 1.54E-2 2.41E-4 3.7T7E-6
order - - 1.91 2.00 2.00
0/23 unstable unstable 7.99E-1 1.31E-2 2.05E-4
order - - - 1.98 2.00
g0/2% unstable unstable 4.19E-1 7.97E-1 1.26E-2
order — - - -0.31 1.99

which is much better than (4.7)) for the TSFP method in the nonrelativistic limit regime. Rigorous mathe-
matical justification for (5.10]) is on-going.

From Tables in the numerical example, we could not observe numerically the e-dependence in
the spatial discretization error for the FDTD methods, i.e. é in front of h%, which was proven in Theorems
In order to investigate the spatial e-resolution of the FDTD methods, we consider the Dirac equation
(2.1) on Q@ = (—1,1) with no electromagnetic potential — the free Dirac equation, i.e.

Ay (t,z) =0, V(t,z) =0, xe(-1,1), t=>0. (5.11)
The initial data in (2.2)) is taken as
$1(0,z) = @+ $2(0, ) = i@+ —1<z<1. (5.12)

Table shows the spatial errors ey, . (t = 2) of the CNFD method with different h. The results for the
LFFD, SIFD1 and SIFD2 methods are similar and they are omitted here for brevity. From Table we
can conclude that the error bounds in the Theorems [2.1}2.4] are sharp.

Based on the above comparison, in view of both temporal and spatial accuracies and resolution capacity,
we conclude that the EWI-FP and TSFP methods perform much better than the FDTD methods for
the discretization of the Dirac equation, especially in the nonrelativistic limit regime. For the reader’s
convenience, we summarize the properties of different numerical methods in Table [5.10}

As observed in [I5] [16], the time-splitting spectral (TSSP) method for the Schrodinger equation performs
much better for the physical observable, e.g. density and current, than for the wave function, in the
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Table 5.3: Spatial and temporal error analysis of the SIFD2 method for the Dirac equation (1.21)) in 1D.

Spatial Errors ho = 1/8 h()/2 h(]/22 h()/23 h()/24
eo=1 1.06E-1 2.65E-2 6.58E-3 1.64E-3 4.10E-4
order - 2.00 2.01 2.00 2.00

50/2 9.06E-2 2.26E-2 5.64E-3 1.41E-3 3.51E-4
order - 2.00 2.00 2.00 2.00
£0/2° 8.03E-2 2.02E-2 5.04E-3 1.25E-3 3.05E-4
order - 1.99 2.00 2.01 2.02
£0/23 9.89E-2 2.47E-2 6.17E-3 1.54E-3 3.85E-4
order — 2.00 2.00 2.00 2.00
50/24 9.87E-2 2.48E-2 6.18E-3 1.54E-3 3.83E-4
order - 1.99 2.00 2.00 2.01
Temporal Errors T70=0.1 T0/8 70/82 70/8° 70/8%
=1 1.72E-1 2.59E-3 4.05E-5 6.33E-7 9.89E-9
order — 2.01 2.00 2.00 2.00
€0/2 1.69 3.57E-2 5.58E-4 8.72E-6 1.36E-7
order - 1.86 2.00 2.00 2.00
50/22 2.59 8.66E-1 1.63E-2 2.55E-4 3.98E-6
order - 0.52 1.91 2.00 2.00
£0/23 2.67 2.89 8.43E-1 1.37E-2 2.14E-4
order - -0.04 0.59 1.98 2.00
g0/2% 3.07 3.56 5.19E-1 8.37E-1 1.28E-2
order — -0.07 0.93 -0.23 2.01

semiclassical limit regime with respect to the scaled Planck constnat 0 < € < 1. In order to see whether this
is still valid for the TSFP method for the Dirac equation in the nonrelativistic limit regime, let p™ = |<I>Z,T 2,

Jn = é((I)Z,T)*O'l @} . with @ the numerical solution obtained by the TSFP method with mesh size h and
time step 7, and define the errors

N-1 N-1

T n (3 h,T n n

T (tn) = 10" = pltas M = b Y 10} = pltns )l €57 () = |13 = I(tn, Ml = b Y |IF = I(tn,25)]-
7=0 7=0

Table lists temporal errors e/7(t = 2) and eS"T(t = 2) with different 7 for the TSFP method 1}
From this Table, we can see that the approximations of the density and current are at the same order as
for the wave function by using the TSFP method. The reason that we can speculate is that p = O(1) and

J = O(e71) (see details in (1.11]) or (1.23)) in the Dirac equation, where in the Schrédinger equation both
density and current are all at O(1), when 0 < ¢ < 1.

5.2. Dynamics of the Dirac equation in 2D

Here we study numerically the dynamics of the Dirac equation (|1.21]) in 2D with a honeycomb lattice
potential, i.e. we take d = 2 and

Ai(t,x) = As(t,x) =0, V(t,x) = cos <47Te1 ~x) + cos <47re2 . x) + cos (f/geg ~x> , (5.13)

V3 V3
with
€1 = (_L O)T? €2 = (1/27 \/§/2)T7 €3 = (1/27 _\/§/2)T (514)
The initial data in (1.22]) is taken as
024y2 o—1)2 442
61(0,x) = FT, gu(0x)=¢ T =, x=(xy)" €RZ. (5.15)
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Table 5.4: Spatial and temporal error analysis of the CNFD method for the Dirac equation (1.21)) in 1D.

Spatial Errors h():]./8 h0/2 h()/22 h()/23 h()/23
eo=1 1.06E-1 2.65E-2 6.58E-3 1.64E-3 4.10E-4
order - 2.00 2.01 2.00 2.00

50/2 9.06E-2 2.26E-2 5.64E-3 1.41E-3 3.51E-4
order - 2.00 2.00 2.00 2.00
£0/2° 8.03E-2 2.02E-2 5.04E-3 1.25E-3 3.05E-4
order - 1.99 2.00 2.01 2.02
£0/23 9.89E-2 2.47TE-2 6.17E-3 1.54E-3 3.85E-4
order — 2.00 2.00 2.00 2.00
50/24 9.87E-2 2.48E-2 6.18E-3 1.54E-3 3.83E-4
order - 1.99 2.00 2.00 2.01
Temporal Errors T70=0.1 T0/8 70/82 70/8° 70/8%
=1 5.48E-2 8.56E-4 1.34E-5 2.09E-7 3.27E-9
order — 2.00 2.00 2.00 2.00
€0/2 3.90E-1 6.63E-3 1.77E-4 2.77E-6 4.32E-8
order - 1.96 1.74 2.00 2.00
50/22 1.79 2.27E-1 3.55E-3 1.56E-5 2.44E-7
order - 0.99 2.00 2.61 2.00
£0/23 3.10 4.69E-1 2.06E-1 3.22E-3 5.03E-5
order - 0.91 0.40 2.00 2.00
g0/2% 2.34 1.83 8.05E-1 2.04E-1 3.19E-3
order — 0.12 0.39 0.66 2.00

The problem is solved numerically on € = [—~10, 10]? by the TSFP method with mesh size h = 1/16 and
time step 7 = 0.01. Figures and depict the densities p;(t,x) = |¢;(t,x)|> (j = 1,2) for ¢ = 1 and
e = 0.2, respectively.

From Figures [5.1 we find that the dynamics of the Dirac equation depends significantly on . In
addition, the TSFP method can capture the dynamics very accurately and efficiently.

6. Conclusion

Three types of numerical methods based on different time integrations were analyzed rigorously and
compared numerically for simulating the Dirac equation in the nonrelativistic limit regime, i.e. 0 < ¢ < 1
or the speed of light goes to infinity. The first class consists of the second order standard FDTD methods,
including energy conservative/ nonconservative and implicit /semi-implicit/explicit ones. In the nonrelativis-
tic limit regime, the error estimates of the FDTD methods were rigorously analyzed, which suggest that
the e-scalability of the FDTD methods is 7 = O(e®) and h = O(y/€). The second class applies the Fourier
spectral discretization in space and Gautschi-type integration in time, resulting in an EWI-FP method. Rig-
orous error bounds for the EWI-FP method were derived, which show that the e-scalability of the EWI-FP
method is 7 = O(e?) and h = O(1). The last class combines the Fourier spectral discretization in space
and splitting technique in time, which leads to a TSFP method. Based on the rigorous error analysis, the
e-scalability of the TSFP method is 7 = O(¢?) and h = O(1), which is similar to the EWI-FP method. From
the error analysis and numerical results, the EWI-FP and TSFP methods perform much better than the
FDTD methods, especially in the nonrelativistic limit regime. Extensive numerical results indicate that the
TSFP method is superior than the EWI-FP in terms of accuracy and efficiency, and thus the TSFP method
is favorable for solving the Dirac equation directly, especially in the nonrelativistic limit regime. Finally, we
studied the dynamics of the Dirac equation in 2D with a honeycomb lattice potential and observed some
interesting dynamics for different e.
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Figure 5.1: Dynamics of the densities p;(¢,x) = |¢1(t, x)|?(left) and pa(t,x) = |¢2(¢,x)|*(right) of the Dirac
equation in 2D with a honeycomb lattice potential when ¢ = 1.
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Figure 5.2: Dynamics of the densities p;(¢,x) = |¢1(t, x)|?(left) and pa(t,x) = |¢2(¢,x)|*(right) of the Dirac
equation in 2D with a honeycomb potential when ¢ = 0.2.
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Table 5.5: Spatial and temporal error analysis of the EWI-FP method for the Dirac equation (1.21)) in 1D.

Spatial Errors h0:2 h0/2 h()/22 h()/23 h()/24
=1 1.10 2.43E-1 2.99E-3 2.79E-6 1.00E-8
order - 2.13 9.02 32.74 16.70

50/2 1.06 1.46E-1 1.34E-3 9.61E-7 5.90E-9
order - 2.69 10.44 37.34 12.76
£0/2° 1.11 1.43E-1 9.40E-4 5.10E-7 7.02E-9
order - 2.79 12.33 42.93 8.52
£0/23 1.15 1.44E-1 7.89E-4 3.62E-7 6.86E-9
order - 2.83 13.51 46.69 7.26
80/24 1.18 1.45E-1 7.63E-4 2.91E-7 8.46E-9
order - 2.85 13.79 51.21 5.86
Temporal Errors T70=0.1 T0/4 7o /42 70/43 70/4%
=1 1.40E-1 8.51E-3 5.33E-4 3.34E-5 2.09E-6
order — 2.02 2.00 2.00 2.00
€0/2 4.11E-1 2.37E-2 1.49E-3 9.29E-5 5.81E-6
order - 2.06 2.00 2.00 2.00
60/22 6.03 1.88E-1 1.18E-2 7.38E-4 4.62E-5
order - 2.50 2.00 2.00 2.00
£0/23 2.21 3.98 1.60E-1 1.01E-2 6.31E-4
order - -0.42 2.32 2.00 2.00
g0/2% 2.16 2.09 3.58 1.53E-1 9.69E-3
order 0.02 -0.39 2.27 1.99

Appendix A. Proof of Theorem [2.1] for the CNFD method

Define the local truncation error " = (&1,£7,...,£%,)T € Xy of the CNFD (2.9) with (2.10) as
i 0, P(t i 0, D(t j 1 ot i D(ty, x4
&r =10, B (L, ;) + 101 2 P(tnt1,75) + 0o P(tn, 7;) — 03 (tny1,25) + (tn, ;)
€ 2 € 2
P(tpi1,z) + P(t,, x; .
+ I:Al(tn+1/2,.')3j)0'1 — V(tn+1/2,$j)]2} ( + J)2 ( J), 0 < ] < M — 1, n > 0. (Al)

Applying the Taylor expansion in (A.1]), noticing (2.1)) and the assumptions (A) and (B), and using the
triangle inequality, for 0 < € < 1, we obtain

n h? T2 2 /1
\5 | S24||attt(b‘|Loc(QT Fg”axz;cq)”Loo(ﬁT) + g"axtt®||Loo(ﬁT) + § (52 + Vrnax + Al,max) Hattq)HLoo(ﬁT)
2 B2 72 2 22 p2
<€76+7+ + 4N€6+? 7=0,1,....M -1, n>0, (A.2)
which immediately implies
7_2 h2 7_2 h2
| = n<7 e n < . < v > < 1. .
€ = max €IS S+ €SI ST+ T n20, 0<e<l (A3)
Subtracting (2.9) from (A.1]), noticing 1) we get for n > 0
i/ el = —5015 T Goae Ty (V2 - A o) e P g, 0< i< M -1, (A4)
n+1 n
with en'H/2 S ;ej for j=0,1,..., M, and the boundary and initial conditions are given as

eh =ely, e, =€V 4, n>0, e) =0, j=0,1,..., M. (A.5)
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Table 5.6: Spatial and temporal error analysis of the TSFP method for the Dirac equation l} in 1D.

Spatial Errors h(] =2 h()/2 h()/22 h()/23 h()/24
=1 1.10 2.43E-1 2.99E-3 2.79E-6 9.45E-9
order - 2.13 9.01 32.74 17.18

€0/2 1.06 1.46E-1 1.34E-3 9.61E-7 5.57E-9
order - 2.69 10.44 37.34 13.14
£0/2° 1.11 1.43E-1 9.40E-4 5.10E-7 6.50E-9
order - 2.79 12.33 42.93 8.86
£0/23 1.15 1.44E-1 7.89E-4 3.62E-7 6.84E-9
order - 2.83 13.51 46.69 7.27
50/24 1.18 1.45E-1 7.62E-4 2.88E-7 7.49E-9
order - 2.85 13.79 51.44 6.20
£0/2° 1.19 1.46E-1 7.53E-4 2.59E-7 7.96E-9
order - 2.85 13.92 53.92 5.70
£0/2° 1.20 1.47E-1 7.49E-4 2.63E-7 6.90E-9
order - 2.86 14.01 53.37 6.17
Temporal Errors T70=0.4 To/4 To0/42 To0/43 To /4% T0/4% 70/45
=1 2.17E-1 1.32E-2 8.22E-4 5.13E-5 3.21E-6 2.01E-7 1.26E-8
order - 2.02 2.00 2.00 2.00 2.00 2.00
€0/2 1.32 6.60E-2 4.07E-3 2.54E-4 1.59E-5 9.92E-7 6.20E-8
order - 2.16 2.00 2.00 2.00 2.00 2.00
€0/2? 2.50 3.33E-1 1.68E-2 1.04E-3 6.49E-5 4.06E-6 2.54E-7
order - 1.45 2.15 2.00 2.00 2.00 2.00
£0/23 1.79 1.97 8.15E-2 4.15E-3 2.57E-4 1.60E-5 1.00E-6
order - -0.07 2.30 2.14 2.01 2.00 2.00
g0/2% 1.35 8.27TE-1 8.85E-1 2.01E-2 1.03E-3 6.35E-5 3.97E-6
order - 0.35 -0.05 2.73 2.14 2.01 2.00
€0/2° 8.73E-1 2.25E-1 2.33E-1 2.49E-1 4.98E-3 2.55E-4 1.58E-5
order — 0.98 -0.03 -0.05 2.82 2.14 2.01

Table 5.7: Comparison of temporal errors of different methods for the Dirac equation 1) with e = 1.

e=1 7'0:0.1 7'0/4 7'0/42 T0/43 T0/44 7'0/45
LFFD 1.38E-1 8.00E-3 4.98E-4 3.11E-5 1.94E-6 1.21E-7
order - 2.05 2.00 2.00 2.00 2.00
SIFD1 1.44E-1 8.85E-3 5.53E-4 3.27E-5 2.16E-6 1.35E-7
order - 2.01 2.00 2.04 1.96 2.00
SIFD2 1.72E-1 1.17E-2 7.30E-4 4.05E-5 2.85E-6 1.78E-7
order - 1.94 2.00 2.09 1.91 2.00
CNFD 5.48E-2 3.49E-3 2.18E-4 1.34E-5 8.38E-7 5.23E-8
order - 1.99 2.00 2.01 2.00 2.00
EWI-FP 1.40E-1 8.51E-3 5.33E-4 3.34E-5 2.09E-6 1.30E-7
order - 2.02 2.00 2.00 2.00 2.00
TSFP 1.32E-2 8.22E-4 5.13E-5 3.21E-6 2.01E-7 1.26E-8
order - 2.00 2.00 2.00 2.00 2.00

Similarly to the proof for Lemma multiplying

part, then summing for j = 0,1,...

aMﬁ
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Table 5.8: Comparison of temporal errors of different numerical methods for the Dirac equation ([1.21)) under
proper e-scalability.

T:O(ES) 60:1 80/2 60/22 60/23 80/24
_ ho =1/8 ho/2 ho /22 ho /23 ho/2%
T=0W 70 =0.1 70/8 70/8° 70/8° T0/8*
LFFD 1.38E-1 1.14E-2 7.01E-3 6.42E-3 6.00E-3
SIFD1 1.44E-1 2.99E-2 1.54E-2 1.31E-2 1.26E-2
o 3 50:1 50/2 50/22 50/23 60/24
=06 0 =0.1 70/8 70/8? 70/8? 70/8"
SIFD2 1.72E-1 3.57TE-2 1.63E-2 1.37E-2 1.28E-2
CNFD 5.48E-2 6.63E-3 3.55E-3 3.22E-3 3.19E-3
o 2 60:1 60/2 50/22 80/23 80/24
T—O(E ) T():O.l T0/4 7'0/42 7'0/43 7'0/44
EWI-FP 1.40E-1 2.37E-2 1.18E-2 1.01E-2 9.69E-3
TSFP 1.32E-2 4.07E-3 1.04E-3 2.57TE-4 6.35E-5

Table 5.9: Spatial error analysis of the CNFD method for the free Dirac equation with different h.

€ go=1 €0/2 g0/22 €0/23 g0/2*

ho = 1/256 1.61E-1 3.21E-1 6.35E-1 1.21 2.07
ho/2 4.03E-2 8.05E-2 1.59E-1 3.07E-1 5.43E-1
ho /22 1.01E-2 2.01E-2 3.99E-2 7.69E-2 1.36E-1
ho /23 2.52E-3 5.03E-3 9.97E-3 1.92E-2 3.41E-2
ho/2* 6.30E-4 1.26E-3 2.47E-3 4.95E-3 8.64E-3

Table 5.10: Comparison of properties of different numerical methods for solving the Dirac equation with M
being the number of grid points in space.

Method LFFD SIFD1 SIFD2 CNFD EWI-FP TSFP
Time symmetric Yes Yes Yes Yes No Yes
Mass conservation No No No Yes No Yes
Energy conservation No No No Yes No No
Dispersion Relation No No No No No Yes
Unconditionally stable No No No Yes No Yes
Explicit scheme Yes No No No Yes Yes
Temporal accuracy 2nd 2nd 2nd 2nd 2nd 2nd
Spatial accuracy 2nd 2nd 2nd 2nd Spectral Spectral
Memory cost O(M) o(M) O(M) oM o(M) o(M)
Computational cost O(M) O(M) O(MIn M) > O(M) O(MIn M) O(MIn M)
Resolution h = 0(Ve) h=0(ye) h=0(\e) h=0(Ve) h=0(1) h=0(1)
when0 < e <1 T=0(?) T =0(?) T=0(?) T =0(?) T =0(e?) T =0(e?)

, and , we get

M-1
e~ el S vh 3 1671 (1o +1ef1) S 7 (IR + eI + e )
7=0
192 2 A
S e+ et 4 (S ) L o (A0
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Table 5.11: Temporal errors for density and current of the TSFP for the Dirac equation 1) in 1D.

EZ’T(t =2) T0=0.4 To/4 T0/42 70/43 To /4% 70/4% 70/45
g =1 2.50E-1 1.54E-2 9.61E-4 6.01E-5 3.75E-6 2.34E-7 1.43E-8
order — 2.01 2.00 2.00 2.00 2.00 2.01
€0/2 1.22 5.27E-2 3.21E-3 2.01E-4 1.25E-5 7.84E-7 4.92E-8
order - 2.27 2.02 2.00 2.00 2.00 2.01
£0/22 1.75 1.86E-1 1.00E-2 6.20E-4 3.87E-5 2.42E-6 1.52E-7
order - 1.62 2.11 2.01 2.00 2.00 2.00
50/23 1.11 1.39 2.95E-2 1.53E-3 9.47E-5 5.92E-6 3.72E-7
order - -0.16 2.78 2.13 2.01 2.00 2.00
g0/2% 1.58 7.58E-1 7.81E-1 5.46E-3 3.01E-4 1.87E-5 1.17E-6
order - 0.53 -0.02 3.58 2.09 2.00 2.00
£0/2° 9.59E-1 1.96E-1 2.29E-1 2.33E-1 1.20E-3 6.76E-5 4.21E-6
order - 1.15 -0.11 -0.01 3.8 2.07 2.00

ehT(t=2) 79=0.4 70/4 70/4? 70/43 70/4* 70/45 79/4
g =1 1.70E-1 1.09E-2 6.83E-4 4.27E-5 2.67E-6 1.67E-7 1.02E-8
order - 1.98 2.00 2.00 2.00 2.00 2.01
€0/2 9.15E-1 6.39E-2 4.00E-3 2.50E-4 1.56E-5 9.76E-7 6.08E-8
order - 1.92 2.00 2.00 2.00 2.00 2.00
50/22 1.58 3.45E-1 1.69E-2 1.04E-3 6.50E-5 4.06E-6 2.54E-7
order - 1.10 2.18 2.01 2.00 2.00 2.00
£0/23 1.06 1.26 5.83E-2 2.87E-3 1.76E-4 1.11E-5 6.94E-7
order — -0.12 2.22 2.17 2.01 2.00 2.00
g0/2% 1.11 9.78E-1 1.05 2.28E-2 1.18E-3 7.33E-5 4.58E-6
order - 0.09 -0.05 2.76 2.13 2.00 2.00
£0/2° 4.98E-1 1.55E-1 2.22E-1 2.39E-1 4.04E-3 2.09E-4 1.29E-5
order - 0.84 -0.30 -0.05 2.94 2.13 2.01

Summing the above inequality for n =0,1,...,m — 1, we get

mi2 02 - k|2 B\’ T
lle™ ]z — |le”| STkZ:OHe lli2 —i—7'm(6 +56> , 0<m< = (A.7)

Taking 7y sufficiently small, when 0 < 7 < 7, we have

m—1 h2 7_2 2 m—1 h2 7_2 2 T
HemHlZ2 STZ ||ek||l22 +7Tm (€+€6> STZ ||ekHl22 +T(€+€6) s 0<m< . (AS)
k=0 k=0

Using the discrete Gronwall’s inequality and noticing ||€®||;2 = 0, we obtain

B2 2\ 2 2 2\ 2 T
el st (%) 5(B+5%) . osmsT (A9
e € e € T
which immediately implies the error bound (2.34)). O

Appendix B. Proof of Theorem [2.2] for the LFFD method
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Define the local truncation error £" = (é{)‘, 5{1, e ,5]7\’4)71 € Xy of the LFFD 1' with 1) and 1)

as follows, for 0 < j < M — 1,
. i 1
&= i6D(tn, x5) + 20151@(%,%—) — 503®(tn 1) + [ATjo1 = VL] @(tnzy), n=1 (B
= ) i 1
fjo L= 7,5;’_@(0,50]) + g(fl(sm(l)o(l‘j) — (520'3 —+ ‘/jOIQ — A(l),jgl) (I)()(l‘j). (BQ)

Applying the Taylor expansion in (B.1]) and (B.2] -, noticing ([2.1]) and the assumptions (A) and (B), similarly
to the proof of Theorem 2.1} we obtaln

0 h2 2 h2
DS S+— IGIS S+ J=01,.. M =1, nx1, (B.3)
which immediately implies
~ 7_2 h2 7_2 h2
L — s - n < oo < — — > < 1. .
€ = max 1E1S T+, 18 SIS ST, a2l 0<esl (BA)
Subtracting (2.6) from (B.1), noticing (2.33)), we get
idel = —7015 e’ + 0’38 + (V' I, — A} jo1) €] + é;f, 0<j<M-1, n>1, (B.5)

where the boundary and initial conditions are given as
el = ey, e, =el 4, n>0, el =0, j=0,1,..., M. (B.6)

For the first step, we have
Th? _Rh% 12

1. _ ||£0
e iz =7l[& iz S < vy + — S = + 6 (B.7)
Denote £t forn =0,1,... as

M-1 o M=l
EM = |le" M |% + le"||% + 2Re | 7h Y () 010,€] | — 2Im = > (eft) osel | ; (B.8)

j=0 j=0

2
1. o < e2rh . _1 . . .

and under the stability condition (2.35)), e.g., 7 < Vot T (LT e h ) with 7 = 3z, which implies

7 < i and 5 < %, using Cauchy inequality, we can get that
1 n n n 3 n n
Sl B o) < €7 < 2 (e A 4 enR), n>o0. (B.9)
It follows from (B.7) that
B2 2\ 2
£ < (6 +;) . (B.10)

Similarly to the proof of Theorem multiplying 1' from the left by 2h7 (e;”l + e’kl)*, taking the
imaginary part, then summing for 7= 0,1,..., M — I, using Cauchy inequality, noting (B.4)) and (B.9), we
get forn > 1,

M-1
et = " Shr > ((Avumax + Vinax) €+ €]1) (1| + e ™)
§=0
.

B2 2\ 2
Sr(ETPHEM) 41 <5 + 66) , n>0.
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Summing the above inequality for n =1,2,...,m — 1, we get

1 w & R2 r2\? T

Taking 7o sufficiently small, using the discrete Gronwall’s inequality and noticing (B.10]), we obtain from
the above equation that

h: 2\? T
em < ( —|—T6) , 1<m< —, (B.12)
e € T
which immediately implies the error bound (2.36)) in view of . O
Appendix C. Proof of Theorem for the EWI-FP method
Define the error function e”(x) for n =0,1,... as
N M/2-1
e"(z) = @), Py®(ty,z) — @y (x) = Y e g <a<b. (C.1)
ey () I=—at/2

Using the triangular inequality and standard interpolation result, we get

~

12(tn, 2) = @5y (2)llz2 < |8 (tn, 2) = Pr®(tn, @)z + lle™(@)]z2 < ™ +[le"(@)llz2 0sn<—, (C.2)

which means that we only need estimate ||e™(z)|| 2.

Define the local truncation error £"(z) = M/2 ! §A" i(@=a) ¢ Yy, of the EWI-FP lj for n > 0 as
o _ [ @) - e @), + i B - e EN (G102 (0 >>7 n=0,
= — — (C.3)

(®(tn 1))y — €T/ (@(t0)), + QL (1)(GEn)B(tn), +1Q17 (137 (GlEn)D(tn));, 1> 1,

where we write ®(¢) and G(t) in short for ®(¢,z) and G(¢, z), respectively.

Firstly, we estimate the local truncation error £"(x). Multiplying both sides of the Dirac equation
by e (*=4) and integrating over the interval (a,b), we easily recover the equations for (CIT(?))Z, which are
exactly the same as (3.6) with ®,; being replaced by ®(¢,x). Replacing ® s with ®(¢,x), we use the same
notations ﬁl”(s) as i and the time derivatives of }/7\'1" (s) enjoy the same properties of time derivatives
of ®(t,z). Thus, the same representation holds for (<I>/(15)l with n > 1. From the derivation of the
EWI method, it is clear that the error £"(x) comes from the approximations for the integrals in and
, and we have

T i(s—+ /\ Y T s i(s—r Y
&= _i/ e (F(s) — F(0))ds = —i/ / e )FlalelO(sl) dsids, (C.4)
0 o Jo

and for n > 1

T ile—n s s1 N 1 T
=i / T ( / / Dsyoy F1(52) dsodsy + s / o,0, ! (91)d01d0) (C.5)
0 0 0 0 or

For n = 0, the above equalities imply @) | < J5 S |05, F0(s1)|ds1ds and by the Bessel inequality and
assumptions (C) and (D), we find

M/2—1 M/2—-1
@2 =b—a) 3 LS (b—a)r / / S 100, B (s1) [ dsds
I=—M /2 0 l——M/2

< [ [l Gsnats I dsias <
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Similarly, for n > 1, we obtain

M/2—1
@3 = b-a) Y &P
l=—M/2
T S S1 %71 . ’ 1 - %71 R
573/ // > |3SQSQE"(52)I2d52dsldS+TS/ / / s > 100,0,F 1 (61)[ d6: d6 ds
0 0 JO M 0 o Jor et
=—24 Ty
(] 2 T6
57— ||att(G(t)¢(t))||Loo([0’T]7(L2)2) S 58’

where we have used the assumptions (C) and (D). Hence, we derive that
. 72 -3
€@l £ 50 I @lhe s 5 a2t (C6)

Now, we look at the error equations. For each fixed | = —M/2,..., M/2 — 1, subtracting (3.15)) from
(C.3), we obtain the equation for the error vector function as

5 - . - T T
e? =0, e = é}); eanrl _ e—ZTFl/EZ/e\/ln + R;l +€l7L, 1<n< — - 1, (C?)
M/2-1

where R"(z) = Y. Rpe#(@=9) ¢ Yy, for n > 1 is given by
I=—M/2

Ry = —iQ{"(7) ((G(E)(tn), - (GTt)DY), ) - QP (7) (8 (GE)®(E)), - 67 (GTt)BY,),) . (C8)

Using the properties of the matrices Ql(l)(r) and 621(2)(7')7 it is easy to verify that

2 M M

2 T
@@l <7 QP <50 1=-F

, 1
2

5 -1 (C.9)

where ||Q||2 denotes the I? norm of the matrix Q. Combining (C.9)), (C.8) and the assumption (D), we get

M/2—1 M/2-1 e - o,
IR @I ~0-0) X IBPSe-ar > (|@w), - @] + @), - @)
I=—M/2 I=—M/2
S 3 0(tr) - B @) S TR 4 e @) 3 + e o) . (©10)
k=n—1

Multiplying both sides of l) by (6}”“1 + e~/ 526?) from left, taking the real parts and using
Cauchy inequality, we obtain

R ) N N 9 R ﬁn 2 n|2
ot - <o g ]+ 4 EE e

Multiplying the above inequality by b — a and summing together for | = —M/2,..., M /2 — 1, in view of the
Bessel inequality, we obtain

n 2 n n 2 n 1 n 1 n
le" (@) = lle™ (@)II72 S|l ()] + le™ (@)]172) + “IR @)l + M€ @) =1 (C12)
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Summing (C.12) for n =1,...,m — 1, using (C.10) and (C.6)), we derive

70 T
le™ (2)|22 — [|e" ()] 5. er le* (@), + s tmThP 1<m s (C.13)
Since [|€’(x)||zz = 0 and |e!(z)||z: < Z—; Sz 54, the discrete Gronwall’s inequality will imply that for
sufficiently small 7,
m 2 2m ™ T
le™ @)L S A7 + =, l=m<—. (C.14)

Combining (C.2)) and (C.14)), we draw the conclusion (3.24). O
Appendix D. Extensions of the EWI-FS (3.14)-(3.15) and TSFP (4.4 in 2D and 3D

The EWI-FS (3.14 - -, EWI-FP ( - 3.18)) and TSFP can be easily extended to 2D and 3D with
tensor grids by modifying the matrices I'; in 1-) and G(t,;z:) in in the TSFP case. For the reader’s
convenience, we present the modifications of I'; in and G(t,z) in (4.5) in 2D and 3D as follows.

For the Dirac equation i 2D, i.e. we take d = 2 in The problem is truncated on
Q = (a1,b1) x (ag, b2) with mesh sizes hy = (by —ay1)/M; and hy = (by — a2) /My (M, Ms two even positive
integers) in the z- and y-direction, respectively. The wave function ® is a two-component vector, and the
matrix I in will be replaced by

1 _ .2 ,

e (Elél) j%ﬂf) " :11% ) A bfiiﬁal e = bfﬁﬂw (D.1)

where —% <j< % —1, -2 <} < M2 _ 1 and the Schur decomposition L = ijDij;k is given as
1465k 78;1,;,1)4»1'5#12)

“s \/jfﬁ( Z‘%ﬁ) \/%ii(éljjk) - D= ((%k —gjk) » Ok = \/ 1+ 22(us)2 + e2(u?)2. (D.2)

\/26]k(1+5_7k) \/25]k(1+5]k)
The matrix ft " G(t,x)dt in becomes ft "' G(t,x)dt and the Schur decomposition ft "Gt x)dt =
Pl Py with Vi = [0Vt x)dt, AL = [0 Ayt x)dt for 1= 1,2, A = ([|ATL)2 + AT 2, Ax =
diag(Ax,—, Ax+), Ax+ = Vx(l) + )\;1), and Py = I, if )\S) = 0 and otherwise

1 . 1
i Al AL
_ V2 v
Be=lanian 70 | (0:3)
V2 v

For the Dirac equation (@ i 3D, i.e. we take d = 3 in . The problem is truncated on =
(al,bl) X (a2,b2) X (a3,b3) with mesh sizes h1 = (b1 — al)/Ml, ]’L2 = (b2 — ag)/MQ and hg = (bg — Cl3)/M3
(M,, My, M3 three even positive integers) in z-, y- and z-direction, respectively. The wave function ¥ is a
four-component vector, and the matrix I'; in will be replaced by I';; as:

(3 O _ ..,

1 0 ELL epy T — iy
1 2 3

- 0 1 eu§ ) —I—zau( ) —eul( ) DA
ikl = 3) o _ @ ) (D.4)

EL epy — iy -1 0

E,u;l) + za,u@) Eul( ) 0 -1

where—%S]S%—l,—%gkg%—l,——<l< — 1 and
1 2]7T 2 2km 3 2l
G E e ) = e ) = (D.5)
1—ar 2 — a2 by — a3
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The eigenvalues of I'jx; are

2 2 2
Ojkls Ojkt, —Ojkt, —O0jk1,  With 05 = \/1 + €2 ‘/é-”‘ + 2 )Mf)‘ + €2 ‘Mz(g)‘ .

The corresponding eigenvectors are

14 0jm 0 —ep® —6u§1) + ieuf)
0 146 1y _ . (2) (3)
) _ (2) _ ! () _ [ —epy — ey 4) _ ep
Vikl ep” ViRt = el — e | Vint it Ojkl » Van 0
5u.§-1) + ieuf) —eul(3) 0 1+ 0,

Then the Schur decomposition I';y; = Q]‘k[Djle;kl is given as

; 1 n 2 3 @)
D,y = diag(dn, Oikt, —0ikt, —0ik1), Qixl = (v( SV, Vo, Vo )
ikl g( ikl Ojkl ikl ki) jkl 5 (L 0o0) ikl Vikt Vikl Vikl

The matrix ftt:'“ G(t,z)dt in 1) becomes j::“ G(t,x)dt and the Schur decomposition ftt:“ G(t,x)dt =
Pelc P with Vi = [0V (t x)dt, AT = [ Ay(t, x)dt for | = 1,2,3, A = \/ |AUL12 4 |AS) 2 + AL 2,

Ay = diag(Ax.—, Axo—y Aty At )y A = Vi) £ A0 and Py = I if AY) = 0 and otherwise

v 0 -5 —A{) +iAl)
0 < Vo) VD
1) o) @ _ | aiag) () _ | ALl @) A
o A A _ia | AT x . %
u, s,zcl) s u 1,x (1)2, u \/5)\)((1) s u = \/EAE(I)
¢ oy 1> 0
Al) +ial!) -A) V2 1
VD VD 0 V2

For the Dirac equation 1) in 2D, we simply let ul(?’) =0, A3(t,x) = 0 in the above 3D case; and for
the Dirac equation l) in 1D, we let ugf) = ;Ll(?’) =0, As(t,x) = As(t,x) = 0 in the above 3D case. Then
the EWI-FP (3.17)-(3.18) and TSFP (4.4) can be designed accordingly for the Dirac equation (1.9) in 2D
and 1D.
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