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Abstract

A simple time-splitting pseudospectral method for the computation of the Dirac equation
with Perfectly Matched Layers (PML) is proposed. Within this approach, basic and widely
used FFT-based solvers can be adapted without much effort to compute Initial Boundary
Value Problems (IBVP) for the time-dependent Dirac equation with absorbing boundary
layers. Some numerical examples from laser-physics are proposed to illustrate the method.

Keywords: Dirac equation; time-splitting; pseudospectral approximation; Perfectly
Matched Layers; high-order accuracy

1. Introduction

This paper is concerned with the numerical computation of the time-dependent Dirac
equation, especially for physical problems involving delocalized wavefunctions. More specif-
ically, we are interested in the numerical solution to the Dirac equation on a truncated
domain with absorbing boundary layers, hence limiting the periodic conditions effects. In
this goal, we then propose a simple combination of a pseudospectral method with Per-
fectly Matched Layers (PMLs), allowing to consider delocalized wavefunctions, as for in-
stance observed when quantum relativistic particles are subject to strong fields. Thanks
to a relatively new and simple Fourier-based discretization of spatial differential operators,
it is possible to impose PML for solving the Dirac equation on a bounded domain. Al-
though, overall, the Fourier-based method still imposes periodic boundary conditions, the
outgoing/incoming waves are in fact mainly absorbed. We think that due to the simplicity
of the proposed method, most of existing Fourier-based codes could easily be modified to
include the proposed methodology. The Dirac equation is a relativistic wave equation which
has gain much attention these past 15 years due to the development of 2-d material, such as
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graphene [20], 2] 37], intense-laser-molecule interaction [I8 30} 40, 45], in particular for pair
production [25], or from heavy ion collisions modeling and simulation for quark-antiquark
production [29, 44, 50]. In the same time, there has been a tremendous progress in the
development of efficient and accurate computational methods for the solution to the Dirac
equation [4], Ol 10, 1T}, 14} 22, 23, 26, 27, 31, B9, 40, 46], modeling in particular molecules
subject to intense external laser fields. In this spirit, we have developed [25], a Schwinger-like
pair production procedure from the interaction of intense laser fields with heavy molecules
occuring at specific resonances [25, 24].

In this paper, we are more specificially interested in the interaction of relativistic interac-
tion of atoms, molecules or wavepackets with intense and short laser pulses. The key point is
that the laser field actually delocalizes the wavefunction, and the latter can actually interact
with the domain boundary. In order to avoid artificial reflection it is necessary to impose
absorbing boundary conditions [5], absorbing complex potentials or perfectly matched lay-
ers [43]. Theoretically, this approach allows to benefit from the spectral convergence and
simplicity of Fourier-based methods, more specifically pseudospectral, on bounded domains
reducing the periodic boundary condition effect thanks to artificial wave absorption at the
domain boundary. Perfectly Matched Layers are now widely used in many engineering and
physics simulations codes [1, 12} [13], 15, [16], 17, 19, B34], 35l 42, 48| [49] 511, 52] to model ex-
terior domains and to avoid any unphysical reflection at the boundary. PML for the Dirac
equation were developed in [43] and approximated with a real space method. The derivation
of high-order ABCs for the Dirac equation were proposed in [5]. We also refer to [6] for an
overview of PMLs and ABCs for quantum wave equations including the Dirac equation and
to [4] [7, 8, O, [11], 14, 22, 26, 28| [32], 33| 38, B89, 41] for different approaches for solving the
Dirac equation in real or Fourier space.

The combination of pseudospectral methods and PMLs is possible thanks to the follow-
ing simple and original idea. For example in the z-direction, let us denote by &, the dual
Fourier variable and by F, (resp. JF, ') the Fourier (resp. inverse Fourier) transform in
x. We consider a as a given z-dependent function. Then, for any function f, it is possi-
ble to formally rewrite a(x)d, f(z) as F, ' (a(x)i&F(f)(&))(z) on an unbounded domain
(pseudodifferential operator representation [47]). Let us remark that the latter is a real
space function, although the derivative is approximated using the Fourier transform, and
the function (x,&,) — ia(x)&, is nothing but the symbol of a(z)d,. In practice the func-
tion a involves the stretching coordinates function modeling the PML on a bounded domain
allowing real space non-reflecting conditions at the domain boundary.

The time-dependent Dirac equation under consideration reads [36]

iat'éb(tax) = Hw@?X)v (1)

where 1(t,x) is the time and coordinate dependent four-spinor, and H is the Hamiltonian
operator. The latter is given by

H=a"[cp—eA(t,x)] + pmc* + LV (t,x), (2)

where the momentum operator is p = —iV. More specifically, the Dirac equation that we



consider reads [36]
i0(t,x) = {ozx {—ic@z —eA.(t, X):| + ay {—icay —eA,(t, X):|
+a, [—ic@z —eA.(t, x)] + Bmc® + LV (¢, X)}w(t, x), (3)

where ¥ (t,x) € L*(R3%) @ C* is the time and coordinate (x = (z,y,z)) dependent four-
spinor. In , A (t,x) represents the three space components of the electromagnetic vector
potential, V(¢,x) = eAo(t,x) + Viue.(X) is the sum of the scalar and interaction potentials,
e is the electric charge (with e = —|e| for an electron), I is the 4 X 4 unit matrix and
a = (a,)y=1.. 4, are the Dirac matrices. In this work, the Dirac representation is used,

where
[0 o, L0
Oé,, - |:O—1/ 0:| 9 B - |:0 _]12:| . (4)
The o, are the usual 2 x 2 Pauli matrices defined as

01 0 —1i 1 0
agc:{l 0] ,ay:L O} and O'Z:[O _J, (5)

while I, is the 2 x 2 unit matrix. Note that the light velocity ¢ and fermion mass m are kept
explicit in Eq. , allowing to adapt the method easily to natural or atomic units (a.u.).

The paper is organized as follows. We recall the basics of PMLs for the Dirac equation in
Section [2| Section |3|is dedicated to the derivation of the pseudospectral approximation for
the Initial Boundary Value Problem (IBVP) time-dependent Dirac equation on a bounded
domain with PML. Numerical experiments are presented in Section 4l We finally conclude
in Section [Bl

2. PML for the Dirac equation

The time-dependent Dirac equation is then considered on a bounded (truncated) physical
domain denoted by Dpy,. We add a layer, that is called Dpy,, surrounding Dpyy, and stretch
the coordinates in all the directions. The overall computational domain is next defined by:
D = Dppy U Dpymr,. We refer to [6] for the construction of PMLs for quantum wave equations
and more specifically to [43] for the derivation and analysis of PMLs for the Dirac equation.

The starting point is the stretching of the real coordinates in the complex plane. In [43],
the author uses the following variables

§:y+i/ o(s)ds,
wJL

*
v

where w is the dual Fourier variable to ¢ and the so-called absorbing function o is such that
o(v) =0if s < L. Then, the partial derivative d,, with v = z,y, z, is shown to be formally
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transformed into

Oy 1 welvt

et = —————0, Fito(w, -)dw, (6)

o Jp w — 16, (v)

azf‘b(t? ) -

where F; (resp. F,) denotes the Fourier transform with respect to ¢ (resp. v) and

~ _Joo(v|-L,), Ly <|v| <L,
“A”_{o, v| < L.

Let us remark that the transformation @ can also be formally rewritten as

o(t,-) — 0, (t, ).

1+5,(v)o; !

In the following, we will rather consider the following change of variables [52] involving only
the space variable

U= V—f—eia/ o(s)ds,
L

where 6 € (0,7/2). We then define
S, (v) = 1+¢€"5(v),
with v = z,y, z. In the following, the partial derivatives are transformed into

1 B 1
S,()" 1+ eila,(v)

Oy, (7)

where o vanishes in Dpyy and S, is equal to 1. From now on, let us consider the transfor-
mation , and the associated new Hamiltonian

Hpyp, = o [T - p — eA(t, x)] + Bmc® + 1,V (¢, %), (8)

where T' = (S;'(z), S, ' (y), S7'(2))". Several types of functions can be selected. An ex-

haustive study of the absorbing functions o is proposed in [3] for Schrédinger equations
Type I: ao(v +6,)?, Type II: a¢(v + 6,)3, Type III: — o¢/v,

Type IV: 0¢/v?, Type V: —og/v — 0¢/0,, Type VI ao/v? — 0¢/2,

for v = z,y,2. The main difficulty from the pseudospectral point of view is the space-
dependence of the coefficients S * which prevents the direct application of the Fourier trans-
form on the equation. A simple trick will however allow for combining the efficiency of the
pseudospectral method and the computation of the non-constant coefficient Dirac equation.



3. PSeudospectral-PML (PS-PML) method

A splitting of the Dirac Hamiltonian is used below. Although operator splitting is not
fundamentally required in the proposed methodology, it allows to simplify the implementa-
tion of the method while keeping a good accuracy. Based on ({2)), we define the operators

A = —icS, Y (w)a0,, (9)
R (10)
C = —icS;Y(2)a.0,, (11)
D = pBmc+1LV(t,x) —ea- A(t,x). (12)

From time ¢, to t,.1, we then successively solve [39] (the x-dependence in the wavefunction
argument for notational convenience)

10ty = AYW(), pW(t,) = ¢, t € [t tn,) (13)
10 (t) = BYP(t), v (t,) = ¢W(ty,), t € [tn, tn,) (14)
10 (t) = Cv@(t), ¥ (t,) = v (ty,), t € [t, tn,) (15)
100 (t) = DYPW(t), W (tn) = P (tn,), t € [tn, tnia) (16)
and " = W (t,11), (17)

where t,, —t, = At for i € {1,---,3}. In the next subsections, we detail the space-time
approximation of equations —. Cylindrical coordinates could be used as well (see e.g.
[26]).

3.1. Pseudospectral approrimation in space

We consider for convenience the 3-dimensional system in cartesian coordinates, for v =
x,y, z in the domain D = [—ay, a,,] X [—ay, a)] X [—a, a;],

10p(t) = —icowS, (V) P(1), U(tn) =", t € [ta,tas1)

and we use the same notation as in [2]. We first diagonalize «,, = I1, D, 117, where

10 0 0
01 0 0
De=1190 -1 o
00 0 -1



The matrices II,, are defined as follows

O = = O

0 -1 0
1 0 0 -1
1 1 —

o Lot -1

10 0 1

0o 1 -1 0

We set ¢ := I1Z4), which then satisfies
iat¢(t) = _iCDVS;1<V)aV¢(t>7 Qb(tn) - szn7 te [tna tn—l—l)'

We denote the set of grid-points by
DN“’Ny’NZ - {Xkl’kQ’kS - («Tk17yk2, Zk?’)}(kluk%kB)GONzNyNz

with

ONINyNZ:{(kl,kg,kg)ENg/klzo,"' ,Nm—l, /{32:0,"' ,Ny—l; k3:O,---,

Then, let us introduce the following mesh sizes
Tpy41 — Thy = he = 2ax/Na:a

Ykat1 — Yry = hy = 2a, /N,
Zkstl — Zks = N = 2a,/N,.

N, —1}.

(18)

The corresponding discrete wavenumbers are defined by & := (§,,&,,&,), where £, = pr/a,
with p € {—N,/2,--- N, /2 — 1}, & = qr/a, with ¢ € {—N,/2,--- N, /2 — 1} and §, =

rr/a, with r € {=N,/2,--- ,N./2 — 1}. In the sequel of the paper, we denote by ¢*)

, with

¢ € {1,2,3,4}, the /th component of the spectral approximation of ¢ = IIZ+), with v = x,y, 2.
We also use the notation <b,(fl) (t,y,2) = ¢t 21,9, 2), gb,(é)(t, r,2) = ¢O(t, 2, yp,, 2) and

(;5;:2 (t,x,y) = 5“) (t,x,y, 2k, ). The partial Fourier coefficients are such that

( Ngz—1
W(t9.2) = D oty e lne),
k1=0
Ny—1
OOt w,2) = Y ) (b, z)e et
ko=0
N.—-1
o (tay) = Z¢ (t, z, y)e & e,




We can then introduce the inverse partial Fourier pseudospectral approximations, in the x-,
y- and z-directions, respectively,

( Na/2-1
QZSI(fl)(t?yu Z) - Z ¢ t Y, 2 1510 -Tkl"r(lx)
p* Nx/2
| N2
le(fg) <t7 x, Z) = F Z ¢g) (t, x, z>eifq(yk2+ay),
Yq=—N,/2
1 N./2—-1
gbl&?(taxay) = Z gbz) t,x y) 1§T(Zk3+az)
\ r——Nz/2

We finally define the approximate first-order partial derivatives by

( 1 Nz /2—-1 ~(£
&UCN) (tnaxkl,kz,kg,) ~ {Hax]]¢(€)}k1,k2,k3 = N Z 15? ¢k2 k3) e xk1+az)
p=—Nz /2
1 Ny /2—1 ~(0)
aygb(e)(tmxk‘hk%%) ~ {Hay]]qs(e)}kl,kmks = F Z 15‘1(9251617/?3) o $k2+ay) (19)
Yg=—Ny/2
qu/2y1 o
9, by Xy hoky) R {[[@Hd)(@}kl,b,ks = N Z ié, ¢k1 kz) (g oz,
. r=—N,/2

In the following, the index i will be used (e.g. in ¢y = {@}, 1, ks Fri.koiks) tO denote a spectral
approximation to a given wavefunction (e.g. ¢"). This discretization not only allows to select
the spatial step as large as wanted, but it also preserves the very high spatial accuracy, the
parallel computing structure and the scalability of the split method developed in [22].

3.2. Time-Splitting PSeudospectral method with PML (TSSP-PML)

As proposed before, we use a splitting of the TDDE into four time-dependent systems

@D, , and . We denote by x5, = (xn, yn, 2r) the nodes of a real-space grid. At
iteration n, the approximate wave function is denoted by #7. The TSSP (Time-Splitting

pseudoSPectral) algorithm then reads

1. First step: integration of the generalized transport equation in Fourier space in the
z-direction. One sets ¢f := I, and the system

8t¢ + CS;U_l(x)Axaxqb = O, ¢(tn7 ) = ng(uﬂ ')7

is approximately solved by
= ¢p, — cAtS; (24) Ao [0:]] 0],

where [[-]] is defined in (19). We then deduce ¢;* = II,¢}*. This gives an approximation
of Eq. , where the corresponding operator is denoted by P,(lm)(At).
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2. Second step: integration of the generalized transport equation in Fourier space in
the y-direction

0o + ¢S, (y) Ay Oy = 0.
We set x;' = HZ@D,T and we approximately solve by using the following scheme
B = — S yn) Ay [[0,]]xG"

We then obtain ¢, = II,¢;>.

3. Third step: setting x}* := 1742, we apply the same procedure in the z-direction,
and compute ;. The corresponding operator is denoted by P,EZ)(At).

4. Fourth step: integration of the source from ¢, to ¢,

tn+l
ot = Texp [—i/ dr [Bmc® — eox - Ah(T)]:|
tn

X exp [—ie /t " i )1 n (20)

n

where A}, is the approximate electric potential. The corresponding operator is denoted
by QF(At).

This splitting scheme is fully explicit, and can be compactly expressed as a composition of
the four operators

= P (AP (AP (AL QR (ALY

In practice, a second-order splitting scheme should be implemented, i.e.

= (G () (e (e

(=) (A1 p@) (A Al @)
P ()R ()P () ()
Thanks to the operator [[0,]], it is possible to implement the real-space approximation of

the overall wave function on a bounded domain imposing in particular PMLs, resulting in
the TSSP-PML scheme.

(21)

4. Numerical simulation

We propose some numerical experiments illustrating the efficiency of the combined method
PML-TSSP method with a second-order operator splitting. We are mainly interested in the
evolution of wavepacket either subject to a static potential or of an external field. In our
simulations, we have used several libraries which are listed below.



4.1. Technical details about the code and parallel computing aspects

The Fourier transforms are performed with the sequential and parallel version 3.3.4 of
fftw. Standard linear algebra libraries gsl (version 1.9) and blas were also used. Finally
openMPI 1.6.3 was used for message passing with non-blocking communication. The code was
implemented in C++ and the compiler is the version 4.7.0 of gcc. In the following, the first
three one-dimensional tests are realized by using matlab. The tests are performed by using
a C++-code with MPI-library. The method is implemented on the cluser mammouth-parallel
II from the RQCHP. The total processing power of this machine is 333 400 GFlops, and
possesses 39648 cores: 3216 processors AMD Opteron 12 cores at 2.1 GHz, and 88 processors
AMD Opteron 12 cores 2.2 GHz. The total memory is 57.6 TB and the computer-networking
communications is Infiniband QDR (4 GB/sec). Regarding the communication between
processes, by default mammouth II will select the closest processors in the same node, then
the processors from the nodes in the same topological ring, and finally through different
switch-levels. Notice that for a low number of processors, the communication between the
processes within the same node is done thanks to a shared memory. The detailed of the
Dirac equation solver without PML is presented in detailed in [4], Section 4. Let us recall
the main features of the code in 2-d. In the (z,z) coordinates, we proceed by alternating
the directions. We first decompose the domain by layers in the z-direction, then

e We successively perform the evolution (FFT) sequentially in the z-direction, and by
layer in the z-direction. Each processor manages one layer in z. A perfect scaling for
this step is expected as it does not require any transmission from one node to another.

e For all z, we perform the evolution in the z-direction using the parallel FFT (fftw).
The performance of this step is then fully dependent on the parallelization of the
one-dimensional FFT.

Notice that the presence of the PML does not deteriorate the efficiency of the overall method
compared to usual FFT-methods. In particular, the computational complexity is simple to
established, and is given by C after Np time iterations

C = O(Ng, N, N, log(N,N.)) .

The scalability and performance of the TSSP method without PML is fully studied in [22],
where in particular it is shown a good speed-up of this method.

4.2. Numerical experiments

The second-order TSSP-PML method is implemented, where the discrete operators
[[[]] given by are used in the directions v = x,z. We then choose S, as follows, for
v=ux, 2,

vl < L,

Suv) = { 14+ e¥o(|v| = L), L' < |v| < L. (22)



Test 1 : wavepacket subject to an external laser field. In this first test, we consider
a wavepacket

P(z,y,2,0) = N[1,0,0,0]" x exp ( — (2° + y* + 2%)/A?) exp(ik,x), (23)

subject to an external potential and propagating with a fixed wavenumber k = (5,0), and
A = 128 in (23). The time step is given by At = 4.56 x 107*. The physical domain is
D = [-8,8]% and is discretized with N, x N, = 256 grid points. We impose a linearly
polarized electric field such that A, is identically null, and A, (¢, z, ) is defined as follows

A (t,z, z) = Ag cos(wz) exp ( — (Ty — 1)*/2),

with Ay = 100/137, w = 100, a total of 20 cycles and Ty = 1.824. As an example, we report
in Fig. [1] the electric potential A, at time T = 0.456 and 1.824 and the initial data. In
Fig. [2| we compare the evolution of the density d(T,z, z) = 3>+, [¢s(T, x, 2)|* as a function
of time, with i) periodic boundary conditions, with PML of ii) type III and iii) type IV,
with o9 = 1072, § = /4 as well as iv) type V and VI with §, = L, — L*. The snapshots
correspond to times T = 0.456, 1.14, 1.368 and 1.824, for respectively the time iterations
1000, 2500, 3000 and 4000. The best absorption is obtained with the Type-VI absorbing
function, although the results are relatively close with all the absorbing functions. We report
in Fig. |3, the maximum of the density (in logscale) as a function of the time iterations for
6 different absorbing functions, showing that they all provide relatively good properties for
truncating the computational domain.

Test 2 : 3-nucleus system. In this test, a Gaussian wavepacket centered at (0,0) Fig.
(Left), is injected in a 3-nucleus interaction potential Fig [4| (Middle)

Viez) = - & - =
7 Vi(x—xa)? JZr (z—22)?+2 (2 —=p)?+ (2 — 28)? +2 (24)
C

V(e —2c)* + (2 — 20)? +2

with Zy = Zp = Zc = 10a.u., (za,24) = (—1,0), (2, 2z8) = (1,0) and (zc, 2c) = (0,—1).
The overall computational domain is D = [—6,6]*, with N, x N, = 128* grid points and
At =3 x 1073. We report on Fig. 4] (Right) the total density at time T'= 3 x 107! a.u., i.e.
d(T,x,z), for (z,z) € D, where d(T,z,2) = Z?:l |0i(T, x, 2)|?, setting ¥ = (¢, 19,13, 14)
as the Dirac wave function. Without external excitation the wavepacket is then trapped by
the potential. We then plug an external laser field which drives the wavepacket: a linearly
polarized electric field is imposed such that A, is identically null, and A, (¢, z, z) is defined
as follows

A.(t,z,z) = Ag cos(wz) exp (— (T —1)*/2),

with Ag = 1000/137, w = 1, and a total of 2 cycles. We report the z-component of the
external laser potential in Fig. [5| at final time. We also include a non-null wavenumber in

10
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Figure 1: Test 1 : initial density (top), A,(T,x,y) at times T = 0.456 (Bottom left) and 1.824 (Bottom
right).
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~

o ES ~

the initial wavepacket, k = (10,0), out of the ions influence. The wavepacket will eventually
be absorbed by the PML unlike the solution without PML.

At times t = 3 x 1072, t = 6 x 107 2a.u., t = 3 x 107! and ¢t = 3.6 x 107!, we compare
3 solutions: 1) the solution of reference computed on [—18, 18] x [—18, 18], 2) the solution
without PML, and 3) the solution with Type V-PML and oy = 1072, § = /4, and 6 = 1.2.
At time t = 6 x 1072, the 3 solutions look identical, as the wavefunction has not reached the
boundary of the computational domain [—6, 6] x [—6,6]. At t =T =3 x 107, we however
clearly see that the wavefunction of reference has mainly leaved the region [—6, 6] x [—6, 6],
while the PML solution was almost totally absorbed and the solution without PML, was
maintained in the computational domain due to non-absobing boundary layers. This is also
illustrated on Fig. |7} where the ¢*.norm as function of time in the D is represented for the 3
solutions. We see that, unlike the solution without PML, the PML-solution makes decrease
the (2 — norm, thanks to the absorbing layers. We also report in Fig. [7] (Left), we represent
the solution of reference at time 7' = 0.3a.u. in a bigger domain [—18, 18] x [—18,18]. By
comparison, we see that on this example, the solution of reference has also a decreasing
(? — norm in the zone D ((t, ||d‘RI§f(t, I2)), see Fig. Elwhere the (*:-norm is represented in
logscale as a function of time (Right). We also report the solution of reference in the domain
[—18.18] x [—18, 18] at time T = 0.36a.u.

Test 3 : evolution of wavepacket subject to a repulsive weakly nonlinear poten-
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tial. We consider the two-dimensional Dirac equation with a nonlinear potential
ZA ZB
+
Ve —2a)2+ (2 —24)2+1  (z—ap)2+ (2 —25)2 + 1

with Zy = Zp = 2, (za,2a) = (—1,4) and (zp,25) = (1,4). Notice that the sign of the
potential makes it repulsive. The initial density with wave vector k = (2, 10) is represented
in Fig. [§l More specifically, the initial data is given by

Viz,z,1) = +el?, (25)

P(z,y,2,0) = N[1,0,0,0]" x exp ( — (2° + y* + 2*)/A?) exp(ik,z), (26)

where A = 128 in and N is a normalization coefficient, such that |[1(-,0)|r2p)s = 1.
The overall computational domain is D = [—8,8]%, with N, x N, = 2562 grid points and
At = 456 x 107*. We report on Fig. [J] the total density at time 7 = 0.912 a.u. in
logscale, i.e. log(d(T,z,z), for (x,z) € D, where d(T,x,z) = Z?Zl |0s(T, z, 2)|?, setting
¥ = (¢1,19,13,14) as the Dirac wave function. The nonlinearity is numerically treated
explicitly. The use of the logscale allows to fairly report the accuracy of the PML. In ,
we take L, =8, L* = 0.8L,, 6 = w/4 (similarly to the Schrédinger equation [3], 52]), and we
pick the Type-IV PML, i.e. 0 : v+ 0o/v? (singular profile [3]). We represent the solution
with different values of oy. These results show that the PML properly absorbs except for
oo = 5, with reflection magnitude as weak as 107% for oy = 1072. Let us remark that other
PMLs could be considered as well [43], but we intend here to prove the feasibility of the
method for various PMLs. For completeness and by comparisons with results obtained in
Fig. [9] we also report in Fig. [10] the solution to the Dirac equation in D with zero Dirichlet
boundary condition by using the real-space quantum lattice Bolztmann method proposed
in [22] and illustrating the total wave reflection at the domain boundary when PMLs or
ABCs are not used. This simple example illustrates the fact without using PML and or even
low-order ABC a wavefunction is totally reflected. This is a standard issue when solving the
Dirac equation, in particular when studying laser-molecule interaction. We report in Fig.
(left), the maximum of the density as a function of time for oo = 1073,1072,1071,1,5 in
logscale, with the PML of Type IV for § = m/4. We clearly see that oq = 1072 provides the
best absorption properties. We next compare in Fig. , for oy = 1072, the reflection for
0 =m7/16, 0 = /8, 0 = /4 and § = /2 showing the importance of properly selecting 6,
with best absorption at § = 7/16. We report in Fig. [L1| (right), the maximum of the density
as a function of the time iteration for different values of 6 = 7/16,7/8,7/4,7/2 with Type
IV-PML. We again see an optimal performance with 6 = 7/16 but § = 7/8 or § = 7/4 also
provides some good results, meaning that the PML is relatively stable with 6. In the last
test, we compare in Fig. [13], the efficiency of the PML for four different absorbing functions
(Types I to IV), with respectively o(v) = oo(v + 6,)?, o(v) = oo(v + 4,)?, o(v) = —00/v
and o(v) = 0o/v%. We see that the best results are obtained for the Type-IV PML, a similar
quality being also obtained for the Types V and VI PMLs (not reported here).

These tests clearly show the relevance of the combination of the TSSP method with
PMLs, as we simultaneously benefit from the efficiency and accuracy of FFTs and the high
absorption feature of PMLs to avoid reflections at the boundary.
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This test illustrates that artificial wave-reflecting occurs with real space methods (here a quantum lattice
Boltzmann method [22]) are implemented without PML or ABC.
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Test 4 : convergence. In this last test, we propose a simple convergence benchmark. A
wavepacket with wavenumber k = (5,0) is propagating in vacuum without external electric
field. We plot the initial density, and final solution with periodic solution on D = [—8, 8]?
in Fig. (Left, Middle). We report the supremum of the solution for N, = N, = 32, 256,
320, 512, 640, 768 with the PML of Type-III, for oo = 1072, § = /4, fixing the time step
to At = 1.8 x 1073, We report the maximum of the density at final time 7" in logscale with
the different meshes

{(:c,y,lnsup]d(T,x,z)D D (z,2) € [—8,8]2}.

Moreover in Fig. (Right), we observe an exponential convergence up to a certain precision.
Notice that what is reported is not the comparison with a solution of reference, but the
maximum of the solution over the physical domain, including the PML. In other words the
smaller the maximum, the better the absorption. The saturation error comes from the limit
of the PML accuracy and error in time (second-order splitting). This again shows the high
accuracy of the TSSP with PML.

5. Conclusion

In this paper, we have proposed a simple time-splitting pseudospectral method which
allows for the numerical computation of IBVP for the Dirac equation with non-reflecting
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PML. Some numerical experiments have shown that the method preserves the accuracy of
the PML with static or time-dependent external potentials. Different absorbing functions
were considered and tested. The implementation strategy is developed for the TSSP ap-
proximation, but can be directly extended to other numerical schemes including implicit.
We think that Fourier-based codes solving the time-dependent Dirac equation can easily be
adapted to include the absorbing layers, hence drastically reducing the negative effect of
periodic conditions and simultaneously avoiding artificial wave reflections. We next plan to
analyze mathematically the stability and convergence of the method as well as the PML
accuracy for different types of absorbing functions.
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