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Abstract

This paper is devoted to the derivation of absorbing boundary conditions for the Klein-
Gordon and Dirac equations modeling quantum and relativistic particles subject to classical
electromagnetic fields. Microlocal analysis is the main ingredient in the derivation of these
boundary conditions, which are obtained in the form of pseudodifferential equations. Nu-
merical schemes are derived and analyzed to illustrate the accuracy of the derived boundary
conditions.
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1. Introduction

1.1. Introductory remarks

This paper deals with the derivation of transparent and absorbing boundary conditions
(TBC, ABC) for the time dependent Dirac (TDDE) and time dependent Klein-Gordon equa-
tions (TDKGE) modeling the interaction of classical electromagnetic fields with quantum
particles. Both equations are relativistic version of the Schrodinger equation for spin-0 par-
ticles (TDKGE) and spint+1/2 particles (TDDE). TDDE is an order 1 linear system of
4 equations, while the TDKGE is an order 2 linear equations. When dealing with the dis-
cretization of complex wave-like equations, such as the linear or nonlinear wave, Schrodinger,
Maxwell, Klein-Gordon, Dirac equations, a crucial question is the reduction of the size of the
computational domain. Reducing the computational domain allows to simultaneously reduce
data storage and computational complexity. However, when local or nonlocal internal waves
reach the boundary of the domain where too simple boundary conditions (e.g. Neumann,
Dirichlet) are imposed, they may be reflected so that spurious waves are generated in the
domain and interact with physical waves. Avoiding this issue is an old problem that many
papers have addressed, such as famous Engquist and Majda’s paper [10], but also [16] and
more recently [2, 4]. In this paper, we apply two techniques to rigorously derive TBC&ABC
for these 2 equations. The proposed approaches are derived using microlocal analysis and
pseudodifferential operators in the spirit of [17, 18, 26, 28] and more specifically [22]. Some
original techniques that we will use were proposed by [3, 4, 5] in the framework of Maxwell’s
equations and linear and nonlinear Schrodinger equations. The general approach presented
by Barucq et al. is now become standard and is applied to several kinds of equations, such
as evolution equations with cubic nonlinearity [30]. This paper is an instance of these ap-
proaches in the framework of relativistic quantum mechanics for laser-particle TDDE and



TDKGE.

The complexity of the solution to laser-molecule TDDE in realistic situations is well-known.
For instance, when a intense femtosecond laser pulse (~ 10%s) of frequency wy interacts with
a molecule, it involves multiscale phenomena, in time and space (zitterbewegung ~ 1072!s,
[29]), in frequency (high order harmonics generation, often beyond 100wy), etc. As a conse-
quence a fine discretization necessitates high order methods, adaptive mesh refinement, etc
[11, 12, 23]. The price to pay is naturally a huge computational complexity of the involved
methods.

In this paper, we derive ABC for TDDE and TDKGE on a circle, although the technique
can be extended to more general smooth surfaces.

1.2. Microlocal approach

General Principle. The goal of this paragraph is to recall some important notions and
ideas about the derivation of TBC/ABC using microlocal analysis in order to make the paper
accessible to non-specialists. For details, we refer to [17, 18, 26] for the theory and to [4, 5]
for applications to the linear and nonlinear Schrodinger equation and Maxwell’s equations
[2]. The framework that we consider here is as follows. Let a 2-d partial differential equation
(or system) in R? x [0, 7]

P(x,y,t, 0,0y, 0y)u(z,y,t) =0, u(z,y,0) = ug(z,y), (1)

where P = P(xz,y,t,0,,0,,0,) belongs to the set of order m pseudo-differential operators,
denoted by OPS™. Time T > 0 is chosen such that system (1) is well-posed. Operator P
has a symbol which is denoted by p € S™ (which is equal to det(P) where P = o(P) if (1)
is a system).

We now recall some basic definitions and facts about wavefronts, bicharacteristic strips,
and operator factorizations. Details can be found in the classical references [17], [18], [1],
28]. For u € D'(R? x R, ) the wavefront W F(u), is defined as the set of singularities in real
x = (x,y,t) and co-variable spaces ¢ = (£, n, 7) that is

WF(u) = {(x¢) € B~ {0} : ¢ € Tx(w)},

where Y, (u) is the set of singular frequencies defined as

S() = {¢ ¢ Q)] < CralL+[¢1)7™, Vho |

Bicharacteristic strip is a key notion to derive TBC/ABC. For P belonging to OPS™, its
leading symbol p,,(x, (), has a degree of homogeneity equal to m and the bicharacteristic
strips are integral curves of the following Hamilton-Jacobi equations

asx = vﬁpma asc = _vxpm~



First, it is easy to see that the solution to (1) propagates along bicharacteristic strips, whose
union is equal to the wavefront of the solution. In addition if (xo, {,) = (o, Yo, to, &0, M0, T0)
belongs to W F(u) so does (x,¢) = (x(s), y(s),t(s), £(s),n(s), 7(s)) (for s = 0). If py,(x0, o) =
0, such strips are called the null-bicharacteristic strips. The wavefront of the solution is the
union of all the bicharacteristic curves emanating from points where the principal symbol is
zero. For the derivation of ABC, a fundamental question will be the identification of points
(%0, (o) of the cotangent bundle of the domain boundary, which belong to the wavefront
(see below). From there, outgoing/incoming bicharacteristic strips will be identified, and
P will be factorized into pseudo-differential operators, according to outgoing or incoming
strips. We also recall that W F(u) is included in the hyperbolic region of P, that is the
region where det(p,,) has real roots. These roots belong to W F'(u) and, as recalled above,
the corresponding null-bicharacteristic strips will remain in W F'(u). A general algorithm to
derive TBC/ABC consists of

e Determining the symbol of Operator P.
e Determining the roots of the leading symbol det(p,,).
e Constructing the bicharacteristic strips and selecting outgoing ones.

e Factorizing P as product of operators to specify the outgoing wave field.

The factorization of P is in principle possible thanks to theorems (which is recalled in a
general framework) such as [1].

Theorem 1.1. Let us consider P € OPS™ a differential operator of the form Zk+l<m ap, DFDL.
Then, there exists a factorization of the form

P = (Dx — Al(x,t)Dt) e (Dx — Am(z, t)Dt) + order (m — 1) terms,

where \;& denotes the distinct real roots (in the hyperbolic region) in T of the principal symbol
Pm = D hticm ar 87l Here, we have set: D,y = —i0, .

Geometrical Transformation. We now specify a little more the mixed problem that we
will consider. We first introduce a bounded domain € C R?, which will be assumed to be
convex, with smooth fictitious boundary I'; and such that it strictly contains supp(ug). We
denote Qr := Q x [0,7]. We search for B such that the solution @ to the following mixed
problem

P(x,y,t, 0,0y, 0y)0(z,y,t) =0, on Qp,
Bua =0, onI' x [0,7], (2)
ﬁ(l’,y,O) ZUQ(ZE',y), on Q>

in the appropriate Hilbert space H, is such that ||ujo — ||y is as small as possible. Roughly

speaking, when the error is zero, the BC are said to be transparent (TBC), and absorbing if
not (ABC). For TDDE and TDKGE, we will search for B in the form

Bu = <a£n—|—/\+>u:0 onI".

4



For any (z¢,y0) € I' and n((zg,y)) normal vector to I at (xg, ), we study the outgoing
and incoming (reflected) bicharacteristic strips. Although the approach which is used here
is applicable to any domain with smooth boundary, it is natural (if possible) to choose a
fictitious domain €2 with simple geometry. In this paper we will consider circular domains
Q2 of radius R and center (0,0). In that case the curvature is constant which simplifies
a lot the algebraic, analytical and numerical computations. We then introduce locally on
the boundary a system of polar coordinates which are denoted by (r,6) with co-variables
(p,w), and (e,, ey) are the normal and angular directions at the boundary I'. In particular,
any point (r = 0,60) belongs to the boundary. We also consider the annular region I', =
{(r,0), r € [0,¢)}. We now introduce the cotangent bundle to Y7 = T" x [0, T], denoted by
T*(X7). Its hyperbolic region, in which the solution will propagate, is defined by

H(Xr) = {(90, to, wo, 70) € T*(Xr) : det (pm(O, 6o, to, po,Wo,Tg)) = 0 has real roots in po} )
Naturally the elliptic region (where the symbol does not vanish) does not contain any rele-
vant information as (“pu = 0”), and the glancing region is reduced to (6p, to, &o, o) due to

geometrical assumptions on €.

The Hamiltonian equations with initial condition (0, 6y, to, i, wo, To) Write

'(s) = o 0'(s) = e t'(s) = a7
Opm Opm Opm

ps)=—7= wis)=——5p T)=-75".

Formally, we recall that these equations can be rewritten in the form H, v(s) = 0, where
v(s) = (r(s),0(s),t(s), p(s),w(s), 7(s)) denotes the bicharacteristic curves and H,,, € T(T*(Xr)),
which has a basis (0, 0, 0, 0, O, 0;). We then select the outgoing (resp. incoming) bichar-
acteristic strips, which corresponds to r’(s) > 0 (resp. r’(s) < 0), and we associate to these
strips an operator AT (resp. A7). Moreover, P can be formally factorized in the form

pP= (8%+A+) (%—A‘>+R, ReOPS™. (3)

In addition, from Theorem (1.1), P can be rewritten as follows.
P = P, + order (m — 1) terms,
with
P, = (DT — A (r, H,t)Dt) . (DT — A7, 0, t)Dt),

where \;p denotes real distinct roots, such that, the positive ones, would correspond to the
outgoing waves. TBC is then of the form of a Dirichlet-to-Neumann (DtN) operator

(8,1 +A+)u =0 on I,

5



where AT is associated to the part of P,, involving the positive roots only. An instance of
this approach will be detailed in the following section. In this goal, asymptotic analysis will
be used to analytically determine AT. We need to recall the following (general) definition,
see [1]

Definition 1.1. Consider P(x, D) a scalar order m operator, with symbol p(x,&) € C°.
There exists a sequence {pm—;(X,€)}jen such that for € #0, and any B € N?

DP (p — jzz;pm_j) = (’)(\E|m_"_1), Vn € N, and when |&] — +o0.

In that case, we note p(x,&) ~ me i(x,€) and P(x NZPm _j(x,0x), where P; =
7=0

Op(p;)-

Another useful definition is as follows.

Definition 1.2. A symbolp € S™ 1is said to be classical if p ~ me_j, where the p,,_; are
5=0
homogeneous functions of degree m — j, that is for |€] > 1 and X > 1,

Prm—i (%, A8) = A" pp_j(x,€) .

For TBC/ABC, we can generally prove that AT € OPS™ and that its total symbol AT
satisfies the following expansion [1]

ka ~3 (4)

where A7, € S™77 for j € N andA;_; = Op(pm—;) € OPS™ 7. Then, At will be
approximated by Op(z;oo pu ;). The sequence will be determined by the identification of

the symbols of the same order in the left- and right-hand sides of (3) assuming A* is classical

(4)-

1.3. Organization of the paper

The rest of the paper is organized as follows. In Section 2, we derive ABCs for 1-d and
2-d TDKGE using the technique based on bicharacteristic strips described above. Section 3
is devoted to the construction of ABCs for TDDE using a diagonalization technique derived
from several works, mainly [3, 4, 5]. In Section 4, we propose other possible approaches
to construct ABCs for TDDE and TDKGE as well as some connections between ABCs for
TDKGE and TDDE. Section 5 is dedicated to numerical illustrations. Finally, we conclude
in Section 6.



2. Absorbing Boundary Conditions for the Klein-Gordon Equation

2.1. One-dimensional Case
2.1.1. Empirical absorbing conditions

This short section is devoted to the derivation of simple empirical ABCs. We want here
to emphasis the fact that simple options could be provided to limit spurious wave reflections.
However, the weakness of this approach is double. First we do not provide any mathematical
information on the reflected wave (accuracy, etc) and then the parameters are empirically
chosen, not according to a rigorous procedure. The general principle, which is applicable
to any kind of wave equation (Schrodinger, wave equation, Maxwell, Klein-Gordon, etc)
consists of absorbing the waves that reach the boundary of the computational domain in
a buffer zone using a well designed function. We consider the 1-d Klein-Gordon (KG) and
Dirac (D) boundary value problems

PKG’DID(LL’,T,) = 0, T € [—CL, a],
BKG’DID(LL’,T,) = 0, T &€ {—a,a},
Y (z,0) = ¢o(z) € C(or C?),
with
Prg = 202 -0 —ieV O, — ic’qeA, 0, — ied,V — ic?ed, A, + €*V? — 2 A2 — m?2ct,
P, = i0, — ax( —icd, —eA,(x, t)) — Bmc? + elLV,(z),
where

01 1 0 10
O‘x:(1 0)’ 5:<0 —1)’ [2:<0 1)‘

In the equation, e denotes the particle charge, m its mass and ¢ the speed of light. The electric
potential (V, A,) depends on (z,t). Coulomb potential V, depends on space only. The goal is
to provide a boundary operator Bk p, limiting spurious reflections at the fictitious domain
boundary {—a, a}. Here is the principle of the proposed approach

e Let us denote by € and v two positive real numbers, where ¢ < a.

o We solve
PrapY(z,t) = 0, x € [—a,al,
BKG,Dw('ru t) = 07 T € {_a7 CL}, (5)
(z,0) = Yo(z), = € [—a,d].

e We multiply solution v by a function defined for instance, as follows

1—e &) ze (a —e,al,

flat) =40 1-eGES? gz e [—a,—a+¢), (6)
0, elsewhere .



Naturally ¢ and + are two constants empirically chosen that may depend on A,, V, V..
However numerical examples show that it can be an easy-to-implement alternative to more
rigorous (but also more computationally costly) boundary conditions. Note that this ap-
proach is easily extendable to higher dimension, although in that case the empirical choice
of parameters is even more problematic (as e, ¥ may also depend on the geometry of the
fictitious boundary).

2.1.2. Absorbing boundary conditions for Klein-Gordon’s equation in 1-d with a constant
laser
Let us first consider that we are solving the KG equation for a constant laser, which
means that V and A, are both x and ¢ independent. In this case, the KG equation is given
by

Prgp = (02 — 0f — ieV O, — ic®eA,0, + *V? — 2 A2 — m*c)p(t, z) = 0.

Let us denote by 7 the time Fourier covariable. In this case, Fourier transforming the above
equation leads to

(028:% —ic*eA,0, + (TP + etV + (2V? — Pe* A2 — m204))><5(7', x)=0.

Computing the roots of this equation yields

ied, 1 3
ey —\/—7’2 —eVr—e?V2+ 1026214% + m2c, (7)

A =

and the solution writes as the superposition of two plane waves
@(T, LE‘) — A+6)\Ir(7,m)x + A—eA;(T,I)LB' (8)

The left traveling solution is associated with A (easy to see for the laser free equation).
Therefore, to get the outgoing solution, one must have A~ = 0. Deriving according to 0,

provides the following relation

which shows that the equation selects the outgoing solution to the domain boundary. Going
back to the physical domain by inverse Fourier transform, one gets the TBC

iceA,
2

(cOy — \/8,? + ieV o, — e2V2 4 2026214520 + m2ct — Jo(t,z) = 0,0n Xp. (10)

The above DtN operator is nonlocal in time. In the laser free case, one has
(c0p — Or)ep(t, ) = 0, (11)

which is just the local TBC for the wave equation part going to the left.



2.1.3. Absorbing boundary conditions for Klein-Gordon’s equation in 1-d with a variable laser

The approach which is used to derive ABCs for the Klein-Gordon equation was originally
presented in [2], [3], [4] for linear and nonlinear Schrodinger equations. We focus here on the
computational details. We recall that the laser-particle Klein-Gordon equation Pxgy = 0,
writes

[(i@t — eV (3,1))? = 2(10, + eAy(z, 1))” — m%ﬂ 0=0, inl[-a,a,
which we expand into
Prap = [0285 — 02 —ieV O, — ic*eA, 0, + OD] 0 =0, in [—a,al,
where Op is the zeroth-order operator given by
Op = —ied,V — ic’ed, A, + *V? — 2e? A2 — m*c*. (12)

We search for an ABC at x = 4a under the form of approximate DtN operators. The
principle of the technique developed in [4] consists of factorizing Pk in two operators as
follows

Picalt, 0,0, 0:) = (€00 = A~ (t,2,0,,0,) ) (0 + A*(£,2,0,0,)) + R{t, 3,0y, 0,),

where R(t,x,0;,0,) is a smoothing operator (in OPS~>) and A*(t,z,d;,0,) are two pseu-
dodifferential operators to be determined such that A™* (¢, z, 9y, ;) (vresp. A~ (t,z, 0y, 0,)) has
only outgoing (resp. only incoming) bicharacteristic strips at the domain boundary. First,
we notice that (omitting (¢, z, d;, 0,) for the sake of conciseness)

(0 = A7) (c0 + AT) = 62 4 c(A* = A7)0, + cOp(0,A") — A"
By identification of the operators of different orders in front of 0., we obtain
(AT = A7) = —ic%eA,
and
cOp(0AT) — A~AT = 02 — 1eV 0, + Op.
Denoting A\* = o(A*) we get at the symbol level

c(AT = \7) = —ickeA,, (13)
CONT — N#XT =72 — eV +0(0p).
Now according to [28], any classical symbol of S can be asymptotically expanded as A* ~

jj(o) Pl j» where Nl ; 1s the symbol of a pseudodifferential operator of homogeneity degree



1 —j, for j € N. In order to determine the expansion terms it is sufficient to recursively
identify the terms of same homogeneity in system (13). For j = 0, one gets

{AT—A; = 0 (14)

AN = T
For the next homogeneity, we obtain for j =1

c(A\y — Ay) = —ic%eA,
O = ATAS = AGAT + i A A = —eVT.

For 7 = 2, we have the following expression

ax)‘a_ - )‘1_)\1 - )‘6)‘8_ - )\:1)\1Ir (16)

1
+i0¢ AT On g NS + 10620 0 + 508 AT LT = 0(Op)

(15)

and finally for j = 3
AT — AT AT, — A0 AT, — AT A — AT
+z’18§77)\1‘(9x7t>\f1 + z‘lag,TAgax,tAg + 0 ATy O i Ay (17)
FSRN RN + SR NEAN — RN =0,

By using system (14), we have

AL = A
At this point, we have to select the forward characteristic, which corresponds to the one that
satisfies 2/(s) > 0 at © = +a (resp. 2/(s) < 0 at x = —a), where

z'(s) = Ocp2, t'(s) = Orpo,
f/(s) = —0zP2, T/(S) = —0,p2,

with principal symbol py(z,t, &, 7) = —c262+7% and for (+a, tg, &, 7o) such that py(z9, to, &0, 70) =
0. We get the following roots £ = 47 /¢ in the hyperbolic region of the operator (correspond-
ing to propagating waves). Now as 2’(s) = —2c2¢, we conclude that the forward characteristic

is then the one associated to —7/c at x = +a (and +7/c for & = —a), that is \{ = ir.
Fixing the principal symbols )\f (as previously) defines uniquely the asymptotic expansion

of A* and also the classical first-order pseudodifferential operators A*. For building an ac-
curate boundary condition, we compute the next three terms of the symbolical asymptotic
expansion. This leads to

(

AN = %(eV — ceA,),
i i i 1
X = 5|0(00) = 50(06,) + 50(06,) = 70(08) |7, 1 (18)
1 | i i _
Ny = Ny =110 =0 = ieV] [0(0p) = 50(06.) + 50(0c) = 30(0r) |77

\

10



where the operators Op, O¢, and Og, are defined as follows

Og, = €0,V — ced, Ay,
Og, = ed,V — ceds Ay, (19)

212 2.2 A2
Op :=e V2 —ce”A; .

Let us now provide the following factorization result which is at the basis of constructing
ABCs of arbitrary order for the general situation. We do not give the details of the proof
which can be obtained by adapting the results in [].

Proposition 2.1. There exists two unique first-order pseudodifferential operators A and
A, such that

Pic = (0. + A} ) (0 = A7) + Rore

where Ry_y, € OPS*™* and A} = Op(o}), with Z?;ol A\, Here, we have fived \| = i
and the X{_; are defined in (18) for j =1,2,3.

By truncating the formal expansion Z;io A ; up to the k first terms, a k-th order ABC
is obtained through the boundary condition

(c@n + A,j)gp =0,0n Xp. (20)
We recall that the Riemann-Liouville operator is defined as follows (for v > 0)
L[ e
D7Vf(t) = /t—s "= f(s)ds 21
(0= |, (= 9“5 (21)

and has a symbol which is equal to (i7)”™. When A, = V = 0, which is the laser-free
TDKGE, we easily see that

1 2.4
mc
o =D A=A
7=0
so that
m2ct
AT =0+ 5 ot
More generally, for A, # 0, V' # 0, we have
Ail— — 815,
ieV  iceA,
A;:at+'2v_'2A’ 1 1 i i
ie iceA, i i B
A; = at‘l—T_T—E(OD—ZOF—EOGx“_iOGt)at 1

where Op, Op, O¢ are defined in (12), (19).

11



2.2. Two-dimensional TDKE

2.2.1. Laser-free TDKGE in 2-d

We consider a circular domain of radius R, on which we plan to provide an ABC. In
that case, it is natural to consider polar coordinates in all 2 and conditions have to be
imposed at r = R. Another possibility is to keep cartesian coordinates and to search for
local coordinates on the circle. In fine, the treatment at the boundary will be the same.
However the second approach is more general as it is applicable, in principle, to any smooth
boundary, whatever the system of coordinates used inside the domain. For r € [0,¢) with
e > 0 small enough and denoting by x, = (R + ) the radius of the circular domain 2, with
boundary T, := 05),., the TDKGE in local polar coordinates in ¥, = T, x [0, T] writes,

1 1
P[(gg)go = | -0} + %07 — c2x—8r + C2F892 —m2ct|o(t,r,0) =0, (22)

for (r,0) € I, and t € RT. Variables (r,0,t) have duals denoted by (p, &, 7). The principal
symbol of PI((T’G@) is given by

2
C

p2(r797t7p7£77—) = T2 - C2p2 - _2£2
Xr

We are first interested in the bicharacteristic strips at the domain boundary (where r = 0).
We have to select a point, in the hyperbolic region of this operator, that will belong to the
wavefront of the solution,

2
C
p2(07 907 t07 70, p07£0) = Tg - 02p(2) - Fgg = 0.

22 g2
The solutions are pg = :I:(—02— 6—(;)1/ 2. The hyperbolic region of the cotangent bundle 7 (Er)
X

is the region where 73/c? — £2/x% > 0 (then p,, has real roots). In the elliptic region the
waves are evanescent. The Hamilton-Jacobi equations write

T,(S) = appﬂ% p,(S) = _87‘pm7
9/(S> = aﬁpmv 5,(3) = _aGva
t'(s) = Orpm, T'(8) = —0ipm -

The outgoing characteristics are defined by the condition 7/(s) > 0. Since 7/'(s) = 0,pm =
—2p, we prove that the outgoing characteristic corresponds to

(G-
oy

To build the ABC, we now consider a factorization of the operator P[({T’Ge) as

PUD(r,0.t,8,,0,,09) = (cO, — N~ (r,0,t,09,8,))(cO, + At (r,0,t,09,0,)) + R

12



where AT € OPS" has a total symbol A* and a principal symbol equal to p*, respectively,
and R € OPS*. We now have to explicitly compute A*. Since we have

PUD (0, — A7) (0, + AY) = O+ c(AF — A)D, + cOp(OA*F) — A-A*
the expression (22) of PI((T’G@) leads to the following system by identification
c(AT = A7) -
CONT — NH#NT = 72— €2 —m2t.

As an element of S', \* can be expanded as A* ~ 3% )\f_j. Furthermore, let us recall
We also recall that, denoting A\™#\* = O’(A_A+),

T(ATAY) = A #AT = (ZTOA;])(Z?‘;OAT_-)— (2520 Operring) (2520 Oroahiy)

(- ) o -
(Z] =0 pf'r )(Z] =0 T’Gt)\il— ])+Za>3 p,E,T 1 —J T’lgt)\il—]'

In the following, we will use the notation

(-3)°

o

oo (A"AT) =

e A O AT

As before, we consider symbols up to those in S~2 that is, we approximate A* by Zi’ 0 )\fE e
and we identify terms of the same homogeneity order. This leads in A™#A™ to
e Order 2: A\ )\;.
e Order 1: A\TAS + Ao AT — 10,67 Dros N
e Order 0: AT AT+ AGAS AT AT — 10,6, A7 0r0u NS — 10,6700 Oroa Ay — ;05 e\ Qgﬂi)\f
e Order -1: A,\ + 27, )\+ + A A+ )\_)\ — 10, AT &Gt)\ —10,6:M Orpi g
— 10y, A1 0r00 N — apf ARG — 8p§ A0 O A+ 8p§ AL AT

In fact, in the laser-free configuration, as )\f_j only depends on r, 7, &, we easily verify that
oo (A"AT) =0 for a # 0. We deduce

e\ =Ar) =0,
_)‘1_)\1_ = 7—2 - _627
we get up to leading order:
A=A
2
o= d(r s ey,

T

13



As we select the forward bicharacteristics

c? 1/2
)\1’_:<_7—2+P§2) 5

Then
2
cOF — Ap) - —
DN —ATAT AT = 0
so that
Ay = A+ <
(2 + ) =~
and
+ S gy
Ao B 2Af<6bk1 Xr>

2

coONT = 08<—72+C—£2)1/2
e % '

Considering the next order

CON — M AT = AN — AT = —m2!
c(ATy = A5y =

CONT, = AT AT, = Mg AT, = AT N — AN =

and for AT, we get

A= A
A\, = %(mzc‘1 + N — AN AY)
and finally AT, gives us
A, = A%,
A, = %( SO (20 + i) + cfmtl) .

14



Thus

? c ¢ 1
Z?:o )\;r_j _ (_7_2 + ng)lm + o (ar)qr _ X_) + —2)\+[m2c4 + c&,)\a’ — )\a)\a’]
r 1 r 1

1
— ﬁ< S (20 + Xi) FedA).

We denote Z?:_l Ay by Ay and AT, ) = Op(A[, ). Thus

Proposition 2.2. There exist 2 operators A?’_z 1) A(__2 3 such that

Pite = (0a+ Af ) ) (00 = Ao ) + Ros
where R_3 € OPS~3. And as a consequence, the TBC
[cO, + AT]p =0
is approzimated by the following ABC:
[0, + A, ]e =0.

In the next chapter we will explicitely define the pseudo-differential operators appearing
in (23).

2.2.2. Laser-particle TDKGE in 2-d

We now consider the full TDKGE including the electromagnetic field: A(z,y,t) and
V(x,y,t) which represent the vectorial and scalar potentials satisfying Maxwell’s equations.
They are assumed given and regular enough. As before, we fix h = 1. The equation writes

1
[(i@t —eV(x,y, t))2 - cz(IV —eA(x,y, t))2 — m204] 0=0.
Expanding the equation leads to
[ — O+ A —1eV O, —ickeA -V — ied,V — ic?eV - A + 2V? — 22 A? — m204] ©0=0.

The domain 2 is again a disk of radius R. We then need to rewrite in X, for r € [0, ¢) with
e > 0 small enough, the TDKGE in polar coordinate, that is (details are skipped)

o 24— S0 4 SR 1oV, — ieAd — 1 edyd
PKGLSO = [_ P +c r_X_r+?9_lth—lC6 rr—lX—6 00p

r
2

c
—ied,V —ic’ed, A, — i—eA, —

T s

ic%e

OpAg — P2 A2 — 2e? A2 + V2 — m2c?| |

where

A, = A, cos(0) — Agsin(0),
A, = A, sin(f)+ Agcos(d).

15



Some notations are introduced. First the following operators :

4 02
Op = —<—+c2,uA,n)&,
£
c
OF = - ,uAgag
) Gu o Pp
OD = _Matv - C2MarAr - Ar - aGAG + €2V2 — C2€2A2 — m204
. Xr Xr
and the functions
(1 = e
N
qop = ———Cu4,
er
u
qJop = — A@
T u o p
qo, = —uoV —Aud, A, — —A, — —0pAg + 2V? — 2 A? — m3ct .
\ T T

This allows us to rewrite the equation in a more compact form
22 p L O
(@02 o + 5% ~ BV, +Op +Op + Op)p = 0
As before we plan to factorize this operator P[(gg) in the form (c@r — A_) (c@r + A+). We
recall that
(c@r - A—) (c&, + A+> = 202+ c(A* — A7)0, + Op(d, A1) — A™AY.

So that, by identification of terms of same order

1
(A+ - A_)ﬁr - EOB
2

COp(ON) — A"AT = —02 — Vo, + %ag +Op +Op

so that in term of symbolic computation

qog
c

AT — A =
C2

COANT = NH#AT = 72— ipVT — =€ +1i90,.& + qop -
X7

It is now possible to identify the sequence (A\F )i

AT=A] =0

02

_)\1_)\1’_ = '7-2 — —2§2 .

16



This leads to
A= ]
2
+ _ 2 . Lovip2

2
c
We deduce that A = (=72 4+ —¢£%)"/2, corresponding to the outgoing bicharacteristic strips,

for the same reason as in the laser-free TDKGE. Both equations have indeed the same
principal symbol. In addition. Next, and using the explicit formula of o, (A‘A+) for a =
0,1, 2,3, we successively get

O =AM AT — AN = —ipV7 +igo,€.
Then
1 . . qo
Ay = —ﬁ[ —ipVT +igo,€ — O] + 2—08
_ 1 . . do
Ay = —ﬁ[ —ipV T +1igo,& — O] — 2—CB
Next,
CONG — ALATL =AM — AT AT 10 A0 + 10,0100 = qo,, -
and
O = A, = A0 AT = AT A = AT + 100 AT+
1
10, A O AT, + 10: 05 Op AT + 10,05 0N + 5835,91—63,9@0* = 0.
M= 2A—+[ — o, + CONS + 10 AT 0N + 102700 — A\AG ] - (24)
1
Similarly we deduce
1
M, = ﬁ[ — AN F AT F OAT, A 10N 0N T+ 25)
1
F10 AT OAT] + 10: Mg Op AT + 102 ONS + §8§,5JA;63,9¢A;} :

As before we can state

17



Proposition 2.3. There exists 2 operators Aa—k,l)’ A(_l_k’l) such that

7,0 -
Prt = (00 + M) (€02 = Ay + B

where R_;, € OPS™* and

k
Aé—k,n - OP(Z ’\T—j)
7=0

where (A

1_j)j, are given by (24).

1 1
At this point, we plan to find explicit ABC. We recall /1+2z =1+ 5%~ gxz + O(|x]?)

(for |z| < 1). As a consequence for 7 large (high time-frequency) A{ is expanded in:

0252
AT = \/—7’2(1 — X272)

0252
X
10262 ic4€4

2337 8yir?

= iT4/1—

= it — O(r79).

Remark 2.1. In the following, )\;-t will be computed in the regime T > 1.

1
Next we approximate \j, which is a function of 9,A] and F First, we easily show that
1

1 _ 1
oAt c?
' 2i7 — —i€271
. T P
i ic

and now the differential term:

i02£2 . ic4£4 i
3 = 5
X; 2x;

cO N = +O0(17%).

As a consequence \J can be approximated by:

. : do
o= —QAIF(_IMVT_I—lqug_CaT)\D+—QCB
: s 2 - A . 9249 . A4
_ (e 3 € s : - icgs | idg dop
ol ) [ e I

18



and

2 2
2 qop dop . _ c pe _ _
N = V+2— a4 [ —=+-=V |72+ 0(73).
0 2 T e T2 d e )¢ (=)
From there, we derive the expression up to a O(773). This choice is motivated by the com-
plexity of the symbolic expression beyond that order, that would lead to complex operators,
hard to approximate and that could deteriorate stability and efficiency of the overall scheme.

Note that \; = A\ — 295 Next we approximate A%,

1
M = ﬁ( — o, + CONS + 10 AT OpA] + 10 X700 — ATAY) -

In that goal, we expand cd,\{ and A\ ;.

Jite 1 c B c 3¢ uc? puc? _ _
oINS = ?&V - §8rqoB — §8rqu£T U —( 2. V + 78TV Er 2+ 0(173)

and by truncating at O(773)

IS By M %)
M, = ZV2 — 4—05 — §quV§T_1 + (,quoH + TF) Er 2107,
Wh M I aadit
ere qu = 2—><§ 4—><% 1IN a 16101,
2 2
o n—a g (M aqop\ €. 1 Cqop o _o 3
L0 O = (30V + 5 )X—%gf - e o
and
) _ 1% g0 g0 _ c? 1% g0 _ _
187>‘1 81‘)‘8_ = —5&3‘/ - QCB + 9 FgT T 2—X%(§8tv + QCB)§27' 2 + O(T 3) .
Ny = (=200 = g0, — Lo = 208 1 1 Ly
-1 2 b9 2 2" 9 B
2 2 2
% @, ¢ _ % Opqop\ ¢, Oiqop . _
By o5 Sy 1 (—8 v )_ 1, 990r, 4
1Vt g T OorST GOV T T e T
H _ _
—|—§qu‘/£7 L+ 0(r 2)} .
We now set
. . . .92 . 9 . .
igo iuc i ip iq ip i
G0, = 50— OV = 100, + VP = L5 SOV + 0o,
ic ipgo i % oy ic?
qgo, = ZaTQOF i V- ZathF — (5(99‘/ + QCB)Q—XQ-
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AT, can finally be written truncating the terms higher than 773:

Moo= qo, 7 0,872+ O0(778).

Again truncating terms higher than O(773) from

A, = 2A+[ ML+ AG] + cOAT] + 10:AT Op AT+
F10 AT OAT] + 10 Mg Op AT + 100 O AT + 28§5TA 02071 -
4o + _ dos
We note that \j + Ay = 2\j — — We set
c
doc = 2)‘+ 0
& p
— _ -1 - 2 _—2
= uV —qo&T +(X§+2X )f +O(173).
Moreover
(- + c? -2 -3
185)\189>\_1 = FaquIST —I—O(T )
10, M 0T = =00, 7" — Do, 672+ O(777)
A v o 1qop (14 eqos\ 4
185)\089% = - B ((%V 9% )7’
190x0 405 o 59%3 & pc’ 5 5
#(Hom O s aa (B + 208 (3 V) Jer 0l
oA+ o (K dqop\ . o 3
0o = 2 (2atv = )gf +O( ).

Finally we observe that 02, _A702, Ay /2 = O(7~?). We now deduce that

>\i_2 - (§(QOIQOG - CﬁrqOI + atqol) F( 89 2—CB)>T 2 '

20



It is now possible to write out the whole approximation

: 2

3 . 1C _ M 4o 4o
ijo )‘Ir—j = 17 2X2€2 T+ 2V + 2—B - —Ff
A uc
2,.-—2 —1 —2
e T R .
1 do 0do
+<§(QOIQOG — cdrqo, + 9qo,) — 4F( 500V + — B)>7_2 +O(773)
405 ic2 ,  qop .
= AT V+2—+ Xzf - +ao, )7
e , "
+ (F + HV)& + qug + §(QOIQOG - CarQOI + atQOI)
_Gor(Hg s D905\ 2 | 5nms
1 (289V+ 9e ))7‘ +O0(17°).

Denoting by )\( 21) ‘= Z )\f ;» which is an approximation of AT, Going back to operators,
AJ’_21 is given by!

2

% 1 c? 1 _ B c 2
Fan = G 5+ 500+ (= g0h = 00+ IOI)@ (gt ra)o
GOB

0
—10;09 + (OIOg—Ca O[—FatO[)——OF( —0yV + e ))8{2

We have proven the following proposition

Proposition 2.4. For 7 sufficiently large, a family of ABC for laser-particle TDKGE 1is
given by

(c@r + A?_l_j))gp =0, j=1,2,3,4

where for
e j=0:
Ay =0
o j=1
" 1
A+ _ A+ A v —
(0,1 ) T 5 + 2003

10. stand for op(qo.)
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c? 1 _ ~
Al = Moy + ( - 27253 — 500 + 101) 0!
[ ] ] = 3
+ + C2 /"Lc2 ) .
A(_271) = A(—l,l) - - <2—X§+ 4—><%V)09 — 1qo(]89
i 1 H 0yOp 9
+§(OIOG — 0,01 + atOI) - ZOF(586V + o ) o, <.

In practice, the order of the ABC will be chosen in accordance with the order of accuracy of
the scheme which is used to solve the TDKGE inside the domain €2.
3. Absorbing Boundary Conditions for Dirac Equation in 2-d

In this section, we are interested in the derivation of ABC for the 2-d TDDE. The
strategy which is used is slightly different from the one used for TDKGE, although some
close connections exist and will be discussed later. The idea here is to apply a diagonalization
procedure as usually done for hyperbolic systems. See for instance [15].

3.1. Dirac equation

We denote by Pp the 2-dimensional Dirac operator such that Ppu = 0 in a bounded
domain €2, and as before we derive a condition on 0f2 to avoid spurious wave reflections.

Pp =0y + ay (c@x — ieAx) + ay (00y — ieAy) +i(V, + eV)I, — ifmc?
where
e V.:Q — Ris a Coulomb potential.
o VV:QOxR, — Risacombination of the self-consistent and external electric potentials.

e A:Q xR, — R?is a combination of the electromagnetic potential generated by the
particle charge and by an external potential.

m is the mass of the particle, e their charge, ¢ the speed of light.

u:R, x Q — C*is the Dirac wavefunction, that is a spinor field initially normalized
to 1: ||u(0, )||( 1 =1.

12())
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e Hermitian Dirac matrices ay, oy, 8 are defined by
( . 02 Oy . 01
=\, 0, )0 710 )
Q. — 02 Oy i 0 —1
v O'y 02 ’ v i 0 ’
(I 0
\ r= ( 0y —Ip )

and 0y and I, are respectively the zero and identity matrices in My(C). The following
relations hold: a2 = aj = > = I, and {a,, oy} = {as, B} = {ay, 8} = O4.

o J=(J,,J,) with J, = ec(u,axu)@, s
and p denotes the particle density which is equal to e Z?:l lu;

Jy = ec(u, ayu) denotes the current density

2.
In the following, we will assume that (A, V') is given at any time.

3.2. Laser-particle TDDE in 2-d

As before, we consider a circular domain Qg of radius R, and the system is rewritten at
the boundary in polar coordinates, where r € [0,¢) with € > 0:

(ar v L(r,0,t, 8, 8t))u —0. (26)

with L = Ly + Ly € OPS* and L; is an operator of order i(= 0,1). We denote R :=
R* % [0, T] and vz, 4) @ neighborhood of (g, yo). Finally we denote X% := 0Qp x [0,7] and
SR =00k, x [0,T] with Qf, . a disc of radius R + r containing Qz. We then study the
TDDE in the region Q}, +» — Qg and design boundary conditions such that incoming waves
at r = 0 are set to zero or equivalently to vanish waves that leave the crown surrounding
Qp. Some basic computations lead on 22" to

1 1 1
Ly := =00 + —0,04,0, Lo 1= Eozxﬁ
c

T

1
ith v, = d
with x R+ran
0 0 0 e
s | 0 o0 et 0
== 0 e 0 0
e 0 0 0
and
0 0 0 —je 10
L 0 0 jelf 0
%y 0 —ie i 0 0
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and

B =1ifmc* + i(eV + Vo)L, — ie(Ara, + Agdy)

that is
i(V.+ eV + mc?) 0 0
G- 0 i(Vo+eV +me?) —ieA.e' + edge'
- 0 —ieA,e ¥ —eApe 0 i (Vc +eV — mcz)
—ieA, e + eAyet? 0 0
Now as
i 0 0 0
GG = 0 -1 0 O
Ty 0 0 i O
0O 0 0 —i
and &mB =
—ieA, + eAy 0 0
0 —ieA, —edy iet (V. + eV — mc?)
0 ie (V. 4 eV + mc?) —ieA, + eAy
ie! (V. + eV + mc?) 0 0
we get, denoting by £; = o(Ly),
_i 0 0 i—Te_ie
Xr ¢
w iT |
O . 616 0
Ly= X ©
ir w
0 _6—19 o
c Xr
Eelﬁ 0 0 _
C Xr

and £ := iply + £,. The leading symbol p, is defined by
P10, p, €)= det (£(r,0,1,€, )

where
w it
ip— — 0 0 —e 30
Xr ¢
w it |
0 ip+— —etf 0
= X
it ., . w
0 —e Y ip— — 0
iT ., ) w
—e* 0 0 ip+ —
c Xr

24
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p1 has 2 double real roots
2 2
+ _ /2
G X_E)
in the hyperbolic region of the cotangent bundle, defined by
2 2

R+7r\ __ * R+ry\ . w T * R+r
H(Zp™) = {(G,t,w,f) e T (37 <?_§> <0} C T (28
as
7_2 (.U2 2
_ 2 -
pl(rveut7p7£7w)_ (p C2+X%)

In H(XE™), the outgoing bicharacteristic correspond to '(s) > 0, that is

op 2 WP
/ _ 2_ T
1) =5, =10( = (5= 12)
So that r/(s) > 0 iff
72 2 72 2
<,0>08undp2 > (;—X—%)) or <,0<08undp2 < (;—X—%))

in a small conic neighborhood of H(X%). We denote by Nj the transition matrix such that

L1 = Noyo (AN where

) (7’2 w2> 1/2 0 0 0
e
T2 W\ 1/2
0 -i(5-5) 0 0
— c Xr
0 0 i (C—2 _ ?) 0
0 0 0 <7‘2 w2> 1/2
ey
and
iTe 10 iTe 10
— 0 0
( w? 72 w> ( w? 72 w>
‘We 2 % “We @\
iTel? irel?
No = 0 — 0 (27)
w2 2w w2 o w
(Vz—e*y) (Ve 1)
0 1 0 1
1 0 1 0




We denote by Vj the operator Op(Ny) € OPSY, with naturally VoV ' = I + R and R €

OPS~°. We apply a technique originally proposed by Taylor, and developed in details by
0

Antoine et al. in [2] for electromagnetism. Starting from (——i—L) u =0, we set w:=V; 'u.

or

The equation becomes

(% + A1>w0 = Rywy

where

Ry := =V 'LV — V_I%
0 - 0 ovo 0 or
From there, Taylor’s method can be implemented. The principle consists of block-diagonalizing
the original system up to a certain order. More precisely, we search successive approximations

of the solution, in the form of a sequence

a o m—1
vgr Z Ajw_p, = R_,w_,
j=—1

where w_,, = (I + K_;,)W_puy1 (m > 1), A_,,p s € OPS™ and R_,,, € OPS™™. In fine,
and according to [28], [2], we have

Proposition 3.1. The solution u to (26), is such that w ~ Vu, where the solution w to

(%—FA)W ~ 0

is given by 1152 (I + K_,)W_,,, where

o(A) = ( "Ug_) O_(R+) ) € M, (C)

and AT are 2 first order operators of diagonal principal symbol. In addition, Operator V is
defined as Hjl-:_oo([ + K_j)VO_l, for K_; € OPS™. Sign ~ is to be understood, as equality
up to a smoothing or reqularizing operator.

This is equivalent to say that the operator Pp = 0, + L can in fact be approximately block-
diagonalized, or equivalently can be rewritten in the form (0, + A) + R, via the ”transition
operator” V', where R, V and A are defined explicitly in the proposition above.

We now explicitely implement the diagonalizing method, and we first search for an operator
K_ 1 € OPS™ with K_; = 0(K_;), such that w_; is defined by

W_1 = (I"— K_1>W0
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and w_; satisfies the equation

8W_1

or

+ (AO + Al)W_l = R_1W_1

According to [2]

UO(R0>ij ..
~— V(,J) € T

(K-1)i = Arj — A (i5) €7
0 Y(i,5) € Ta

where

{jn = {(173)7(174)7(273)7(274)7(371)7(372)7(471)7(472>}7

TJq = {(1, 1),(1,2),(2,1),(2,2),(3,3),(3,4), (4,3), (4,4)}
and, denoting Ry = 0¢(Rp) which represents the order 0 part of Ry.

_ (Ro)ij> V(Z, ) € \7’
(Ro)ij _{ 0, V(i,j) e jjn ’

By construction, see [2],

(A1) ) { (g o +Op(g_m+l(R_m+l))]> 5 V(i,j) € Ja,

, (4,7) € Tn
and
aw_m m—1
o Z Ajw_p, = R_,w_,
j=—1

where Z;.”:__ll A_; is a block diagonal first order operator with principal symbol

1 -1 0 00
— 0 —1 0 0
Ul(ZIA‘J)_A 0 0 10
= 0 0 01

where we have set

In fine, ABC are deduced from




where A~ € M,(C)
- :{ (Z7Asy) L for (k) € {(1,1), (1,2),(2,1),(2,2)}
0, otherwise

and

S oo
w=1I[%

(I+K_p)w_p,

where for w = (wy, wy, w3, wy) € C*.

At this point we have to evaluate Ry. We again refer to [2] for a detailed description of
algebraic symbolic computations. We just apply these formulas skipping the computational
details. That is

(15 50) =4 ()

We now have to estimate oo(V; ' LV;). We first easily prove that

oo (Vo ' LVy) = Ny ' LoNg

where
1
0 0 3 P
o — -«
. o210 o .
-1 a—0F a—p
Now = 1 0 0 «
f-a a8
0 6—219 ﬁ 0
b—a [—a«
and
( iTe1?
o=
w w? 72
C(; Ve ?)
iTe 10
§i=
( w w? 72>
\ W\ Xp
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that could be rewritten after simplifications

2 2
2¢ ;’—2—2—2
0
Nyt =
0o - irel?
(o2 -2
2c >l
0
Now
where
So that

ire— 10 T2
2 2

¢, [ ws T2 2 [w2 2 w  [u2 r2
o X EmEle e

_10/\/0

or

Q. 0 B, 0
0 _621057’ 0 6219ar
0 0 0 0
0 0 0 0
B Ox 5 = Oa
U= o " or
ar 0 By 0
oa—pf oa—pf
0 Br o
_ B—a B
o 0 By 0
-« 0 —«
0 Br 0 o
a—f o —

This enables us to determine Ry then K_;. First setting

;

71

Y2

V3

Y4

ieAT — 6149

c
ie (V. + eV — mc?)

c
ieA, + eAy

e
ie (V. + eV + mc?)
c
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Then N ' LN is equal to

ay1+ay; B2 =53 0 0 Br+vi B2 +y2—Bs
aaﬁ ~3B*e~ 210 4y 0" +yra—se 210 0 a*’yge’219+'y4|0<[3c_\2+'y1a—’y§6’219
yiatvsleP+ysa—y2 aaﬁ 1 B+afvi+rza—y2 aaﬁ
OBB \ﬁ|2“/4+ﬁ*“/36’;19+’715—“/§67210 OBB a*674+e*2i9a;~/3+71 B—ryhe 210
— —

We recall that:

0 0 (UO(RO))B (UO(RO))M

K _ i 0 0 O'Q(RQ) 23 (O’Q(R()) ou
T 2a (UO(RO))gl (UO(RO))sz 0 0
(UO(RO))41 (UO(RO))42 0 0

We now have to determine an explicit expression for K_; in order to deduce K_;, and
to derive explicit TBC/ABC. In this goal, it is necessary to approximate K_;, to provide
an expression of K_; involving simple (differential /pseudodifferentiel) operators. A natural
approach consists of considering different kinds of regimes. Typically, we will consider high
time-frequency regimes to avoid small oscillations, that is such that 7 > 1. Naturally, other
frequency regimes (on w > 1, w/7 > 1, < 1, etc) could be considered from there. The
asymptotic expansion for large 7 for K_;’s components is as follows. A simple way to achieve
approximation K_; consists of expanding N ' and N for large 7. First as

ie~ 107

22
o, = we— Vw22 — 122 — —————
r 2 2.2 2,2
(wc —Vw?c? — 7'27"2) Vw2c? — 12r

—i6

ie~ 10 w3c?
- 2<wc - 2.2 2 2)
(wc —Vw2e? — 7‘2r2) w2c? — 121

then for large 7, a, as well as 3, are O(77!) and o — 3 is O(1). As a consequence Ny *9,Nj
is a O(7~') and has then no contribution to oo(Ry) which is then equal to ao(Ng ' LoNp).
We easily see now that

2ice~ 0 |2 72 2ie Yue
T X2 ¢ rT

and
2c2 2w? T
2 2
o+ = _?< X2 ?)
and we remark that for large 7
1 et? wrc?
_ —4
a5 Ut 1007



and

iwe

- _ — —if 1 + O —2
) 2 W w ’ ( TXT) )
(- el i;)
so that
« 1 iwe _2
and
15} iwe B
5_@:5(1+T T)—FO(T 2)
Note that
_i0 iwce _ip iwce
e (1 TXT) 0 | e (1 TXT)
N = 0 = B
0 T 0
1 0 1
and
et 0 0 1 iwe
2 y 2 TXT,)
0 € 1(1 B 1wc) 0
(No_l)(_LO) _ , 2 2 TXr .
e 0 0 }(1 B 1wc)
2 2 TXr
0 e 1 1 ) iwe 0
2 5( + TXT)

In fact, here only the order 0 terms in 7, are of interest:

NGt = (NGO + 0,

where

610 0 0 1
2 _ 2 .
o =1y -
1\ (0,0) N 2 (0,0) 0
( 0 ) T ei@ 02 (2] 1 7% - 0
2 . 2 1

o 8 1y

2 2
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Then for large 7 we have

5 _14(0,0 11 (0,0 ONp\ (0,0)
o0(Ro) = = (N5 ) P LN — (NG KW)
In addition
1 ic  iw?c? »
2 2 a0
So that we approximate K_; by IC(__ll’O) defined by
_ 0 0 (UO(RO))13 (UO(RO))M
L0 ¢ 0 0 (JO(RO))23 (UO(RO) 24
-1 2T (O'(](R(]))31 (O’o(Ro))32 0 0
(UO(RO))41 (JO(RO))42 0 0
As
( 1, . .
00(./\f0_1£0)11 = ;(ele(iATe —eAg) +eMi(V. +eV + ch))
1
0’0(./\/‘0_1;60)14 = ;( — l(‘/c + eV — mc2) — (iA,,e + eAg))
1 ) )
oo(Ny ' Lo)ay = E(ie‘le(Vc + eV +mc?) + e ¥ (ieA, + eAp))
1
oo(Ny ' Lo)az = E(i(VC + eV —mc?) —id,e + eAy)
1 ) )
oo(Ny 1Lo)s1 = ;( —et(iA,e —eAy) +eMi(V, +eV + ch))
1
oo(Ny ' Lo)ss = E(i(VC +eV —mc?) —id,e — €A9)
1 ) )
oo(Ny ' Lo)se = E(ie‘le(Vc + eV +mc?) — e (ied, + eAy))
1
L 0’0(./\/‘0_1;60)43 = E(l(‘/c + eV — mcz) — iAr6 + eAg)
Then we deduce oo(Ny *LoNp)
—ied, —i(V.+¢eV) 0 ime? —eAy 0
2 0 eAg + imc? 0 —i(V,+eV)—1id,e
c —eAy — imc? 0 —ieA, +i(V.+¢€V) 0
0 i(V.+eV) —ieA, 0 eAy — imc?

We can now define the operators associated to the symbols derived above. They are
written as combination of classical differential and Riemann-Liouville operators. We will
denote by K(__ll’o) the approximate operators such that IC(__ll’O) = K_1 +O(772). We recall
that to any symbol (i7)™" (for n € N*) is associated a Riemann-Liouville operator defined
by 0; ™.
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Proposition 3.2. For large 7 and neglecting the terms beyond O(t=3), Operator K(__ll’o) is
approximated by

KGO = co?
where
0 0 —imc? + eAy 0
G 0 0 0 i(V.+eV)+1id,e
| edp+ imc? 0 0 0
0 —i(V. 4+ €V) + ieA, 0 0

As a consequence, the outflowing part of the wave is selected by annihilating up to a certain
order, the part of w_,, which propagates in the opposite direction of the outward normal
vector to the boundary [8].

Proposition 3.3. The ABC at order 0 and 1 (corresponding to vanish the outgoing waves
from the small crown surrounding 0r) are defined as follows. Setting wo = V; 'u and
w_1 = ([ + K_1)wy, the ABC write

o At order 0: (Vb‘lu)L2 = (WO)L2 =0 on ¥

o At order 1: (V_lu)L2 = (W_1)1’2 =0 on X%, where V_; = (I + K_1)Vy .
This simply consists of vanishing the incoming waves (inside Q).
No additional condition (beyond the TDDE itself) on outgoing waves is required. In order
to actually determine an explicit ABC, ((I + K _1)V0_1u) . = 0, it is necessary to evaluate

Vo' and K_1Vy ' In this goal, and as above we have to expand Ny ' and K_ N ! for 7
large using (29) and an asymptotic expansion. From the above study, we deduce that:

610 0 0 1
2 2 . .
0 e—i@ 1 0 _6—19 0 6—19 0
_11(0,0) - 5 0,0 0 —etf 0 et
5 0 03 1 0 1 0
o £ Ly
2 2
We also have
elf ic
—— 0 0 —(1+ —0,0;!
2 . (t+ Xe )
o~ Ly 30 0
1y (=1,0) ST A RV
(VO 1) = o1 X ic (32)
— 0 0 —(1— —0,0; !
9 ( X 0t )
et 1 ic
21+ =9,071
0 5 2( +Xrégat ) 0
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and

—e (1 — —0p0;) 0 e=i9 (1 + —p0;)
VE)(_l 0) _ 0 _eie(l + ;‘C_Caeat—l) 0
0 - 0
1 0 1

Now using, (K_;)? and (V)19 we get an explicit expression of V7" which is:

V(_l’o) . ]_ ( A(_LO) B(_LO) )
1 — _

- 2 C(_LO) D(_170)
with
410 _ 17 (= (@Emc® —edp)o " —1)e’ 0
-2 0 (L(Ve+eV) +iede)d; ' —1)e
B0 _ = 0 —(imc® —edy)o; "t + 1
1 T 9\ (i(V. 4 eV) 4 iede)d t + 1 0
=10 _ 17 (1= (edg+imc?)o;")e 0 |
-1 2 0 (1+ (1(Ve+eV) —ied,)o; e
D10 _ E 0 1+ (edy + imc2)8;1
-1 T o1 = (Ve +eV) — ied,)o 0

)

(34)

The process continues with higher order ABC but are not computed here. The discretization
of this condition will be discussed in Section 5. The ABC which are derived so far depends
on the 4 components of the unknown and are independent of the derivative with respect to
r. The ABC, (Vou)L2 = 0, then (VO + K_l\/o)u)L2 = 0 are easily analytically evaluated.

3.8. Application to 1-d Dirac equation

A direct application to the above conditions in a 1-d framework simply necessitates to
vanish angular derivatives and set 6 to 0. The domain is denoted by (—a, a) and the equation

simply writes
<8,, + L(r, 0,t, 8t)>u =0.

where

1 1 -
Ly =-0,0, Ly = 0, 3
c c
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0001
- loo1o0
“=10100
1 0 00
and
B =ifmc® + i(eV 4+ VI, — ied,a,
that is
i(Ve+eV +mc?) 0 0 —ieA,
5o 0 i(V. + eV + mc?) —ieA, 0
- 0 —ieA, i(Vo+ eV —mc?) 0
—ieA, 0 0 i(Ve+ eV —mc?)
and o?xﬁ =
—ieA, 0 0 i(Ve+ eV —me?)
0 —ieA, i(Ve+ eV —mc?) 0
0 i(V. + eV + me?) —ieA, 0
i(Ve+ eV +mc?) 0 0 —ieA,.
We deduce that the TDDE in 1-d writes
cOpuy + Opuy — ieAgur +i(V, + eV —mect)uy = 0
cOpuy + Opuz — ieAzus + (V. + eV —mc*us = 0
cOpuz + Opug + i(V, + eV + mc*)uy — ieAuz = 0
cOpuy + Opuy + 1(Ve + eV +mc*)uy — iedug = 0
As
-1 0 1 0 -1 0 0 1
i | 0 —101 e 1o -1t 0
Yo - 0 1 01 |’ (Vb ) N 1 0 0 1
1 0 10 0 1 10

The first right (resp. left) ABC writes:
up —ug =0, ug —ug =0, (resp. ug + ug =0, ug + uz = 0)

Similarly we derive explicit ABC from (Vo_l + K _1‘/0_1)1 ,u =0 with V_(Il’o) equal to

—imc?o;t — 1 0 0 1 —imc?o; !
1 0 (1(V.+eV) +iede)o;t —1 (i(V.+eV) +iede)o;t + 1 0
2 1—imc?o! 0 0 1+ imc2o;t
0 L+ (Gi(Vo+eV) —ied)o7t 1 —(i(V.+eV) —ied,)o 0.

The second ABC writes:
(—imc®0;7" — Dug + (—imc®0; ' +1)ug =0
and

((Ve+eV) +1ied,)07" — Dus + ((1(Ve +eV) + ied,e)d; ! +1)uz = 0.
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4. Other techniques

We now present some alternative techniques to the derivation of ABC for TDDE or
TDKGE.

4.1. Volkov approach

We here give some elements of derivation of ABC based on the Volkov wavefunction in
3-d. The principle is based on the fact that the TDDE have explicit solutions called Volkov
wavefunctions, when the Coulomb potential is set zero. The approach is very similar to
the one proposed in [24], for laser-molecule time dependent Schrédinger equations (TDSE).
Roughly speaking the idea is as follows. We first rewrite the TDDE in the form

Ju = (P, + Py)u on R® x [0, 7]
(35)
u(-,0) = u(-) on R?

where in 3-d

P =—a, (c@x - ieAx) — (08y — ieAy) — o, (c@z - ieAZ) —iBmc?, Py = —(iV, + eV,
. 02 (op®
%z = O, 02
(0 -1
=1 0

We introduce a fictitious domain 2 such that supp(ug) C © and supp(V,) C €. As usual,
we determine an operator B

and

with

o = (P14 Py)uon Qx[0,7]
a(,0) = uo() on 0
B-a = 0ondQx|[0,T]
such that ujg ~ u. We remark that in 2 C R3, the Dirac equation writes
du = Pu (36)

It turns out that this equation admits an exact solution in R?, see [25], that we will call u,.
Denoting and assuming that
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e the incoming wave is a plane electromagnetic wave, that is V' = 0. Its amplitude is
denoted by Ay.

o A := (A, A, A,)T is supposed to be in the form A(x,t) = Agf(wt — k - r), with
x = (z,y,2), [ is a given function, w (resp. k) the imposed incoming pulse frequency
(resp. 3-d photon momentum).

o A:=(0,AT), k= (w,k), n:=k/|k|, e := A/||A]]? and a = (g, oy, ).
Volkov wavefunction u, is searched in the form
u, (x, 1) = e PP (1)
where p := (po, p) is a constant four-component vector chosen such that p2 — ||p||* = m? and

‘T
T =t — ——. Now, according to [25]:
w

Proposition 4.1. For ¢ set to 1 and for ¢ an arbitrary constant bispinor, a solution to (35)
15 given by

e ] C s

u,(x,t) = [1 + 2(p-k‘)A NoTS

where the phase function is given by

S(1) = _p0t+p.x—|—/T [6(;)"]?)_ ;2(|Z|)A]|S]d 7 _ k-r

with
k
ozszozm—i-ozyey—i-ozzesz%(axa)-(nxe), p-k=pw—p-k

In fine, we should sum this solution over all the momenta (pg, p) which naturally leads a
huge computational complexity. An important effort should be done on developing efficient
techniques to evaluate this Volkov wavefunction for the laser-particle TDDE. Note that, it is
naturally possible to select certain frequency regimes in order to reduce the computational
cost due to the overall sum.

Beyond, the computational difficulty to numerically evaluate this function, it is unfortu-
nately not possible to directly impose u, as boundary condition, due to the fact this vectorial
function is defined as an integral in R3. As a consequence to be valid, the Coulomb potential
have to be zero everywhere. In that case (V. = 0), imposing

B-u=u, on Jf)

would constitute a TBC. In the general case (V. # 0) it is then necessary to include the
Coulomb potential in the expression of u,, to obtain a relevant ABC. A natural idea consists
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of splitting the equation as follows. Assuming that the solution is known at time ¢,,, and for
some small At, > 0, the solution to

8tf1 = (P1 + Pg)fl for (tn, tn + Atn]

a(,tn) = (")

can be approximated, using the Trotter-Kato formula [9], by the solution of

(0,0 = P for (t,,t, + At,]
ﬁ('vtn) = ﬁn()
(37)
o = DBy for (t,,t, + At,]
\ u(,t,) = eAtnplﬁn(')

In the appropriate Hilbert space H, we can prove that ||e2» (PP (. t,)—eAtnPreAtn2)q (- ¢, || 5
is a O(Ati [P, Pg]). This gives an approximate Volkov-Coulomb wavefunction for TDDE
denoted u!. As a consequence, the new mixed problem consists of solving, for all n such
that >0  At; <T,

atfl = (Pl + Pg)fl on ) X (tn, tn-‘,—l]

u(-,t,) = u"(-) on

o

= ul, on 0 x (t,,t,41]

where at time ¢, the numerical solution is denoted u™** and u?! is solution to (37). Higher

order ABC are naturally possible. The main interest of this approach comes from the fact
that both

can be solved “analytically” (the equation system is a trivial diagonal system). As a conse-
quence, from the analytical point of view, it is possible to derive very accurate ABC (simply
by increasing the order of the operator splitting). However, we face a similar problem as
the one for TDSE. To have a small error, At,, has to be chosen small. The issue comes
from the fact that the solution to g, = Pyu in (37) possesses an oscillatory spatial inte-
gral of frequency 1/At,. As a consequence, a fine numerical computation of this integral,
requiring At,, < 1, can be computationally costly. The approach which was proposed in
[24] for TDSE is still applicable here. This consists of using Filon’s approximation of highly
oscillatory integrals (typically the convergence is a positive power of the time step [19], [20]).
This approach for TDDE, will be implemented and studied in a forthcoming paper, devoted
to accurate numerical discretization of ABC for TDDE and TDKGE.
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4.2. Basic transformations on TDKGE and TDDE

In the last 2 sections we have derived ABC for TDKGE and TDDE using two distinct
but close techniques. This section is devoted to some simple transformations on TDKGE.
We show that these transformations allow to rewrite these equations in such form that
existing techniques can (almost directly) be applied to derive ABC. The presentation will
be laser-free, although most of these ideas are applicable with laser-particle equations.

Prep(x,t) = 0
Brkap(x,t) = 0
(x,0) = 1(x) € C(or C*)
with x = (z,y) and
Pxg = 2 (0% + 05 + 83) — 02 — m?%c!
Pp = il + ica, 0, + icayd, + icad, — fmc?.
¢ TDKGE to reaction-diffusion equation. We set
()08

In that case, it is easy to show that y satisfies the following equation

Ox = A(92 4 02 + 92)x + Bx

0 0 0 1
A_<c20)’ B_<—m2040)'

Reaction-diffusion problems are naturally very studied in the literature (in chemistry,
fluid dynamics, etc) in particular from a boundary condition point of view.

where

e TDKGE to TDDE. There exists a fundamental connection between field-free TDKGE
and TDDE. Indeed, we easily check that

1 :
<%+%+@—7¥+W&m:=<%@+%@+%@+ﬁ@+m&ﬂ
C C
. (38)
1
x (amﬁx + o, 0y + 0,0, + 514& + mc%) )

As a consequence, the derivation of TBC/ABC from TDKGE (resp. TDDE) can be
useful to derive TBC/ABC to TDDE (resp. TDKGE). We roughly describe a possible
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approach. Assuming that ABC have been derived for TDDE. The factorization (38),
consists of writing TDKGE as

I,Pxq = PpPjy.
Now, we have seen that Pp can be block-diagonalized, which formally writes
Pp=V 110, - ANV +R

where the transition operator V' can be explicitly constructed, and R € OPS™°.
Similarly, we have seen that Pxg can be factorized as follows

L Pxc =10, + AT)(, — A7) + R.

As a consequence we can formally state that
(0, + A7)0 — AL = (VL0 — V) (VL0 - A)V) + R

where A and AT are first order operators and V and an operator of leading order 0.
From there it is possible to find connections between these 3 operators. We do not
go further in this direction, but we think that this could be an interesting question to
study.

5. Numerical Simulations

This section is devoted to some basic 1-d illustrations of the boundary conditions derived
above. More advanced numerical simulations, as well as derivation of accurate discretiza-
tion of 2-d boundary conditions and analysis of the overall schemes will be presented in a
forthcoming paper.

5.1. Discretization for TDKGE

The discretizations which are proposed in this paper are relatively naive but still accurate.
We respectivelly denote by Az the space step and At,, time step at time ¢, = > . ;. As usual
¢} denotes an approximation of the exact solution ¢, in (jAz,t,), for j € Z and n € N*.
The initial data is a wavepacket defined by

( )_ Ck‘o ( 1 i e )
PNt = mc2 + \/m2ct + 2k2 P g2 0T

where the wavenumber ky = 5. In the following, we impose h=c=m =e = 1.

Case 1
We first consider the laser-free Klein-Gordon equation on a bounded domain [—a, a|, approx-
imated by an explicit scheme:

2

n+1 n n—1 2 ¢ n n n 2.4 n
it =200 + T = At A—ﬂ(¢j+1 — 205 + @) —mic
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As seen above, an ABC at +a is given by
m2ct
cOpp(z,t) + Opp(x,t) + 5 o(x,s)ds =0 (39)
0

which is an improvement of the simple condition:
(0 + c0y)p(x,t) = 0. (40)

Above and in the following j € {1,---, N}, with z; = —a and zy = +a. We numerically
compare the following conditions:

e Dirichlet: ¢(=+a,t) = 0, for all ¢
e transport (40) (whose symbol includes A\] and A\J);
e improved transport (39) (whose symbol includes A}, \{ and AT));

We represent, as usual, the quantity <t, x, log }u(x, t) ’) which enlights the reflections at the

domain boundary. In the tests we choose Ax = At,, = At = 0.04 for all n, T = 18 and
a = 10. At the left boundary is implemented Dirichlet’s boundary condition. At the right
boundary, we implement the transport condition Fig. 1, and improved transport Fig. 2.

Dirichlet — Transport
—

200 250
time iteration

Figure 1: Klein-Gordon with Dirichlet (left) and transport (right) boundary conditions

As expected, the improved transport condition (39) derived in this paper is better than
the 2 other implemented ones ((40) and Dirichlet).
Case 2
In the second example, we consider a laser-particle Klein-Gordon equation. This time, the
scheme (and the derived ABC) is more complex and writes

2 n
n+l

C
P2 e = AP (e = 200 ) + (T - )

P

oz (@ — i) + el
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Dirichlet — Improved transport

Bl
41
4
3
3

space

200
50
00

0
5
0
5
0
1!

1

5

. -10
50 100 150 200 250 300 350 400 450

time iterations

Figure 2: Klein-Gordon with Dirichlet (left) and improved transport (right) boundary conditions

space

50 100 150 200 250 300 350 400
time iterations

Figure 3: Klein-Gordon with Dirichlet (left) and empirical (right) boundary conditions

where
A7 = —ieV(xj,tn)
B} = —ieA,(xj,t,)
Cp = —ied\V (), tn) — ic?0u Ag(x, ) + €2V (w5, t,) — 2 A2 (x5, t,,) — mPc?

with boundary conditions imposed at # = =a, according to (18) and (20). At —a, we
impose a Dirichlet boundary, and at 4+a, we impose i) a transport condition (operator symbol
includes only \) Fig. 4, ii) a transport condition including an order 0 operator (operator
symbol includes A\ and A\J) Fig. 5 iii) a transport condition including an order 0 and
order —1 operators (operator symbol includes Af, A\ and A\*)) Fig. 6. We assume that
A(t) = Agcos(wt), V(t) = Epsin(wt) with Ay = 1, Ey = 0.1, and w = 1. Again a = 10,
Ar = At =0.4.
As expected the absorption is improved by including additional operators in the ABC.

Stability for the interior scheme: laser-free-TDKGE. The stability analysis for the
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Dirichlet-Transport

50 100 150 200 250 300 o 350
time iteration

Figure 4: Laser-Klein-Gordon with Dirichlet (left) and transport (right) boundary conditions

0
-2
-4
-6
-8
-10

Figure 5: Laser-Klein-Gordon with Dirichlet (left) and improved transport at order 0 (right) boundary
conditions

Dirichlet-Improved transport — 0

50 100 150 200 250 300 350 400
time iteration

Dirichlet-Improved transport - 1

50 100 150 200 250 300 350
time iteration

Figure 6: Laser-Klein-Gordon with Dirichlet (left) and improved transport at order —1 (right) boundary
conditions

interior scheme in the laser-free case is standard. Denoting by ¢ the amplificator factor, and
using the usual notations [27], we get for all € [—m, 7)

g*(0) —2(1—B(0))g(0) +1=0
with
At? At*m?2ct

B(0) = 262@Sin2(9/2) — 5
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Stability is ensured when the roots g1, g» of this characteristic equations are less or equal to
1, for all # € [—m,m). It is easy to prove that the scheme is stable provided that 5(0) < 2
for all 6, that is At satisfies

Az
2.2
1 Az?

At <

1+

Stability for the interior scheme: laser-TDKGE. In the laser-KG case. In that case,
we expect the time step to be time-dependent, as the equation equation involves a time-
dependent laser field. The characteristic equation in g writes:

9%(0) = 20, (1 — 3u(6)) 9(6) + = 0

n

with
At, A -1
— n
o = (1 L )
and
AL sin?(0/2) ,CF ()
ou(0) = 2= D A A B

or explicitely

— 10,V (zj,tn) — ic*0p A (xj, tn) + €2V (2, t,,) — P2 A% (25, t,) — m*c?

At sin?(0/2) ) sin(0)
2 Ag’;2 - At €A ([L’], )Tl’ .
or

m2c

Y

2NAE (Ax?(—ied,V (xj,t,) — 120, Ap (), 1) + €2 V2 (xj,t,) — P2 A2z, t,) —
Gull) = Az? ( 4¢?

+sin?(6/2) —

AxeA,(xj,t,)sin(f)
2c? ) '

Again the stability condition can be written as a function of 3, using

9:0)O) =[] =1 (a1)

and ¢1(0) + g2(0) = 2, (1 — 5(6)). According to (41), the product of the root modulus is
equal to 1. We also assume that there exist M, ; positive and bounded constants such that
V]l < My and ||A;||cc < Ms. The roots are given by

912(0) = (1= 8.00)) [ & Vau(an = 1)

44



and must satisfy |g12(0)] < 1 for all . Numerically, a stability condition can easily be

determined at each time step, At; < At{™ | For instance, assuming V' = 0, A, = 0, then
a,, = 1 and the scheme is stable provided £, < 2, for all #, that is:

Bn(0) < 1Bn(0)] <

202Ati( A:L‘2(c2e2M22 + m2c4) N A:L’ﬁ’Mg) <9
Ax? 4c? 2¢2 h

We conclude that in that simplified situation ¢2-stability is ensured provided that

_Ax 1

c eM, M2 miA\
1+ —FAzx+ A:ﬁ( + )
2c 4 4

Discretization of the boundary conditions. The discretization which is proposed is
done according the boundary conditions derived in Proposition 2.1:

cAt,, , ce . . <
SONH = YN — Ar (PR — PR_1) — 1AtnE(VN - AI,N)SON — At KR D g Atk‘ﬁlfv-

We can rewrite this equation
PN = LR+ Mighoy — AL KR Y At

where we have set

)
Ky = %(QOgJV — Oy — 2108+ ziogt,N)
cAt, ce
Ly = 1- A ALK — iAtnE(Vﬁ — A2 \)
. cAl,
\ My = s

As for all n > 1, ¢}, does not appear in the interior scheme, the stability analysis can be
done independently at the boundary. We need to show that

N
Azl P < Az ) o))
j=1

which is trivially satisfied if At, < At'Y for At® ensuring simultaneously that
KNl <L [LR| <1, M| < 1.

Similarly, the scheme is stable for At™ < At%_a).
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Remark 5.1. Boundary conditions can also be derived following Section 2.1.2 and approx-
imated in the spirit of [7]. Set

= 02 + V2 - Pe? A2 —midt.
The ABC can formally be written at +a

Ag
Oy —iNZ — ice

Padé’s approximants for k=1,--- ,m for m > 1, write

) (21{:—1)#])—1’ .

m ia ia (2k - 1)7T
a, =e /2(mcos [ T r =€ tanz[

i }QER

and as a consequence, we have the classical approrimation:

VZ ~ iak Zamdm (Z+dp)™".
k=1

-1
Set vy = (Z + d?) ", that is (Z + d?)v,? =¢". Then, at x = xy = a with N € N such
that a = NAx

Cax n+l lzak(pn—kl + = Za dm n+1 + = Za " UI? 06;4an 0

where

At?
= ”( QH(M’? —d) - ieVJ(,L) N UIZL_I (1 — i6V]<fL> At2s0§if+1

" L+ o (M — dy)

where My, = m?c* — e2(V§)? + (AL y)*. ALy and V3 denote A.(a,t,) and V(a,t,).
Finally, we approzimate 0," " at a by Azx(pu™ — @), where Y™, is computed by the
interior scheme. In order to illustrate this approach we have solved the laser-free TDKGE

n (—10,10) with c = m = 1, see Fig. 7. The following numerical data are chosen: N = 400

grid points, m = 100 (for which convergence is reached) and o = —m /4.

Conclusion: stability of the numerical scheme. We can conclude that, from the interior
scheme analysis that for At, < At{™

N-1
AIZ |§0n+1 2 < sz |(p?|2
7j=2

and from the exterior scheme analysis that for At,, < AtWand At, < A5

Azl P < AzloR P, Azl < Azlel]?.
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Then for At, < min (Atgnt), At At%a)) the scheme is ¢?—stable, that is

N N
Az lert P < A ) ler.
j=1 j=1

Figure 7: Klein-Gordon with Dirichlet (left) and Padé (right) boundary conditions

5.2. Discretization for TDDE

In this section, we propose a simple numerical illustrations of the derived boundary
conditions for one-dimensional TDDE. The quantity which is represented here is again

<t, x, log Wl (x, t)}) which enlights the reflections at the domain boundary. We first rewrite

Pp in the form

Pp =10, — 1A, + Bmc?

c 0 . 0 mc?
A_(O —c)’ B_l(—m02 0 )

A simple and natural condition to impose at +a is (0 + c0;)¢12 = 0. We call such as
condition a transport boundary condition, and corresponds in fact to order 0 condition in
Proposition (3.3). We can easily check that for a CFL=1 upwind scheme, Dirichlet’s bound-
ary condition (solution set to zero at the boundary) is equivalent to impose this transport
condition. Initially, we set:

where

2

¥1(x,0) = exp ( — %) exp(ikoz), oz, 0) =

2

exp < - %) exp(ikor)

C]{?O

mc? + \/m2ct + k3

where ¢ = 1, kg = =50, 6 = 0.5, m = 1. The numerical domain is (—a,a) with this time
a = 5. The final time is 7' = 10 and At = Az = 1/60. One-dimensional ABC can easily be
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deduced from Proposition 3.2.
The numerical scheme we consider is as follows. We denote by (¢},%7) and approximation
of the exact two-spinors at (x;,t,), (¢Y1(x;,t,), ¥2(x;,t,)). The numerlcal scheme writes

At
¢j+1 = (b? + CA—:L'(¢?+1 - ¢?) + Atmczwg‘

W = = e (U — U) - Atm®er

J J

Stability for the interior scheme: laser-free-TDDE. One denotes ¢;(6), g2(0) the
amplification factors for ¢ and ¢, with 6 € [—m,7), and {Ax, where £ is the dual variable
to x.

gt o) = (1 + cit( Yot 1)>g (0) + Atmcgi(6)
gt (0) = (1 — c— (1—e7%) )g — Atmc?gi(0).

A necessary and sufficient condition for stability is |g1(6)], |g2(0)| are less than 1 for any
0 € [—m,m). That is g1 2 are roots of the following equation with v = cAt/Ax,

g2(0) — 2(1 — 2vsin®(0/2)) g(0) — 4vsin®(6/2) + 4?sin*(0/2) + 1 + At*m>c* = 0.

We deduce g;(0)g2(0) = 1+ At*m2c* — 4vsin®(0/2)(1 — v) and ¢1(0) + ¢g2(0) = 2(1 —
2vsin?(6/2). To ensure stability, we naturally need |g1(#)g2(0)| < 1 for all § € [—m, 7). Then
a sufficient condition for £2—stability writes

At

— < 1.
CA:C\

Stability at the boundary condition: laser-free-TDDE. The implementation of the
above boundary conditions for TDDE is straightforward. We can indeed rearrange the
scheme. For j # 0 and j # N

= o I SV W
wnﬂ _ (TR o ; Y+ g, B Atm02¢fj ‘QF ¥y ; .

At order 0, we impose ¥7, — 15, = 0 at the left boundary, and ¢ y + ¢35 ; = 0 at the right
one. Remark that for the very particular interior scheme which is considered here, Dirichlet’s
boundary conditions are equivalent to this order 0 condition (transport). At the next order
—1 is simply replaced by a Riemann-Liouville integrals. Stability is again trivially satisfied
under CFL condition.
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Figure 8: ABC for log(¢;) a) order 0, b) order —1

6. Conclusion

This paper objective was to rigorously derive absorbing boundary conditions for quantum
relativistic equations. Both Klein-Gordon and Dirac equations were considered for quantum
particle subject to classical electromagnetic fields. Using usul microlocal analysis tools,
sequences of more and more accurate absorbing boundary conditions were derived for these
equations. Simple numerical discretizations and simulations were proposed and analysez to
illustrate the accuracy of these ABC. Several analytical questions still remain to be addressed:

e The well-posedness of the mixed problem

Pp kaWp, ke =0 on Qp ge x (0,7
BD,K(;WDJ(G =0 on 8QD,K(; X [0, T]

WD,KG('a 0) = UOD,KG on QD,KG

where the index D stands for Dirac and K G for Klein-Gordon, is naturally the very
first important question.
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Figure 9: ABC for log(¢2) a) order 0, b) order —1

e The error analysis which consists of estimating ||up ke — Wp kallH@p ko) i the ap-
propriate Hilbert space H(2p x¢), where up g satisfies

PD7KGuD,KG =0 on R2 X [O,T]

up kc(+0) = up kg
is also a fundamental question from a practical point of view. These questions were
for instance treated in [8] for Maxwell’s equations.

From a computational point of view, several problems have also to be considered.

e Although it is easy to derive accurate numerical schemes for the TDKGE and TDDE
on unbounded domains, the inclusion of boundary conditions, especially for spectral,
finite element or implicit finite volume and difference schemes which necessitate the
solving of linear systems, may introduce some computational difficulties. As an ex-
ample, the numerical approximation of TDSE with absorbing boundary conditions
derived in a similar way, necessitates a very subtle discretization to maintain the un-
conditional ¢*-stability of a simple Crank-Nicolson type scheme in 1-d [6]. In addition,
the conditioning of matrices involved in the linear systems may increase [21].
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e A key problem, which is naturally coupled with the ones described above, is the deriva-
tion of accurate and efficient discretization of the pseudo-differential operators involved
in the derived ABC. Some of them are nonlocal in time and in space such as the
Riemann-Liouville operators (21) which complicates their approximation.

e The implementation of these conditions in numerical codes for the computation of
multidimensional TDKGE and TDDE is naturally the final objective. For instance,
production particle/anti-particle paires using intense and short laser pulses is a very
active research area [14], [13]. However, the corresponding simulations, based on laser-
particle TDDE, necessitate huge computational efforts [12], [11]. Accurate and efficient
ABC could reduce drastically the computational cost of these simulations.

These questions will be treated in forthcoming papers and will justify the use of such ab-
sorbing boundary conditions.
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