Absorbing boundary conditions for the one-dimensional
Schrodinger equation with an exterior repulsive potential
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Abstract. Mathematical constructions and comparisons of accurate absorbing boundary
conditions for the one-dimensional Schrodinger equation with a general variable repulsive
potential are developed. Stable semi-discretization schemes are built for the associated
initial boundary value problems. Finally, some numerical simulations give a comparison of
the various absorbing boundary conditions and show that they yield accurate computations.

1 Introduction

We consider in this paper the following initial value problem which consists in a time-
dependent Schrodinger equation with potential V' set in an unbounded domain

0w+ 02u+Vu=0, (z,t)€eRx][0;T], )
u(z, 0) = uo(a), TER,

where ug is the initial data. The maximal time of computation is denoted by 7. We assume
here that V is a real-valued potential such that V' € C*(R x R* R). Finally, we make
the assumption that V is a repulsive potential [10]. This kind of potential then creates
acceleration of the field compared to the free-potential equation [10, 8, 20, 21].

For obvious reasons linked to the numerical solution of such problems, it is usual to
truncate the spatial domain with a fictitious boundary ¥ := 9Q = {x;, x,}, where z; and
x, respectively designate the left and right endpoints introduced to have a bounded domain
of computation Q =|z;;z,[. Let us introduce the time domains Q7 = Q x [0; 7] and X =
¥ x [0;T). Considering the fictitious boundary 3, we are now led to solve the problem
iOu+Pu+Vu=0, (zt)eQr, @)

u(z,0) = up(x), x € Q.

In the sequel of the paper, we assume that the initial datum ug is compactly supported in
the computational domain (2.
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Of course, a boundary condition set on X7 must be added to system (2). An ideal
boundary condition answering the problem is the so-called Transparent Boundary Condition
(TBC) which leads to a solution of (2) equal to the restriction of the solution of (1) on Q7. A
first well-known case considers V' = 0. This situation has been treated by many authors [2].
In this case, using a Laplace transform in time on (1), solving the associated Helmholtz-type
differential equation in x and going back to the initial domain by inverse Laplace transform
yields the following TBC in term of the Dirichlet-to-Neumann (DtN) operator

Ontt + 671'”/483/210 =0, on Xrp, (3)

where n is the outwardly directed unit normal vector to 3. The operator 83 /?is known as the
half-order derivative operator (see Equation (12) for its definition). Its nonlocal character
related to its convolutional structure has led to many developments concerning its accurate
and efficient evaluation in the background of TBCs [2].

A second situation which is related to the above case is when the potential is only time
varying: V(z,t) = V(t). In this case, the change of unknown

v(x,t) = e‘iv(t)u(x, t), (4)

with .
V(t) = /0 V(s)ds (5)

reduces the initial Schrodinger equation with potential to the free-potential Schrodinger
equation [5]. Then, the TBC (3) can be used for v and the resulting DtN TBC for u is

Onuulz,t) + ot /4 V(1) 3151/2 (e_iv(t)u(x7t)> =0, on Y. (6)

In the two above situations, the potential does not depend on the spatial variable x.
Very recently, some attempts have been directed towards the derivation of TBCs for special
potentials. In [18], the case of a linear potential is considered in the background of parabolic
equations in electromagnetism. Using the Airy functions, the TBC can still be written
explicitly and its accuracy is tested. Again, for the linear potential, improvements have been
introduced in [12] using a discrete transparent boundary condition. In [27], Zheng derives
the TBC in the special case of a sinusoidal potential using Floquet’s theory. Extensions to
two-dimensional PDEs problems have been proposed in [13]. Finally, in [14], the authors
consider the case of a Coulomb-like potential which can be handled explicitly in the TBC by
means of the Whitaker’s second functions. All these solutions take care of the very special
form of the potential. Let us remark that other solutions based on PML techniques have
also been recently proposed e.g. in [26].

To the best of our knowledge, the problem of considering a solution in the case of a general
potential has not been yet addressed. We must notice here that a general theory cannot be
expected to provide a general TBC. A more realistic goal is to build an accurate approxima-
tion of the TBC which is usually called artificial or Absorbing Boundary Condition (ABC).
The aim of this paper is to prospect different ways of building such boundary conditions and
to approximate them correctly to get unconditionally stable numerical schemes.

The paper is organized as follow. In Section 2, we present two possible approaches
for building ABCs for the one-dimensional Schrodinger equation with a variable repulsive
potential. The central key point of these approaches is based on a derivation of a suitable



asymptotic expansion of the related Dirichlet-to-Neumann (DtN) operator. Therefore, after
giving the basic tools of fractional pseudodifferential operators, we derive in Section 2.2 some
asymptotic of the DtN map for our equation taking care of the principal symbol. Numerical
formal comparisons are provided in the case of a linear potential. Next, Subsection 2.3
discusses the choice of the ABC and some modifications of the asymptotic expansions yielding
a first class of second- and fourth-orders ABCs. A well-posedness result is then stated in
Subsection 2.4. A second family of ABCs is proposed in Section 2.5. It is shown in Subsection
2.6 that these ABCs can be identified to the first ones if and only if the potential is time
independent. Otherwise, these new conditions yield different formulations. We consider in
Section 3 the semi-discretization of the various ABCs and state unconditional stability results
for the first class of ABCs. Additional (symbolic) approximations of the second family of
ABCs are introduced in view of an efficient discretization. Section 4 presents some numerical
computations for time dependent and time independent space variable potentials. These
simulations show the high accuracy and effectiveness of the proposed ABCs. Moreover,
comparisons are provided between the two approaches. Finally, a conclusion is given in
Section 5.

2 Artificial boundary conditions for a general potential

2.1 Two possible approaches

The first natural strategy would consists in building an approximate boundary condition
based on the equation (1) with unknown w.

A second strategy is the following. Let us consider now that u is the exact solution of
(1) and let us define the phase function V as a primitive in time of the potential V'

t
V(x,t) :/ V(x,s)ds. (7)
0
Let us introduce v as the new unknown defined by
v(z,t) = e V@Dy(z,t). (8)

We obviously have vy(z) = ug(x). Moreover, plugging u given by (7)—(8) into the Schrédinger
equation with potential shows that v is solution to the variable coefficient Schrédinger equa-
tion

10w + 0%+ fO,v+gv=0, in Qr, (9)

setting f = 200,V and g = i0?V — (9,V)?. The fundamental reason why considering this
change of unknown is crucial is that this first step would lead to the TBC applied to v and
associated to (9) for a time-dependent but x-independent potential (since then f = g = 0).
This is not the case if we work directly with the initial unknown w for (2) which would give
an approximate artificial boundary condition even for a time-dependent and x-independent
potential. Let us note that this strategy (called ”Phase Function Transformation Strategy”
in [2]) has been first applied with success in [5] for nonlinear artificial boundary conditions
for the one-dimensional nonlinear Schrodinger equation.

We will see later that these approaches lead to different artificial boundary conditions
which however coincide in some cases.



2.2 Derivation of the asymptotic expansion of the DtN operator
2.2.1 Fractional pseudodifferential operators

Since the Schrodinger equation has a space-time potential, it is well-known that an approach
purely based on the Laplace transform is inadequate. Furthermore, for a x-dependent poten-
tial V' (z,t) = V(z), being able to build the TBC would require the solution of a second-order
Helmholtz-type differential equation after applying a Laplace transform. This is impossible
in general for a given potential. This is the reason why trying to build an approximate
boundary condition is more realistic. To this end, we propose an approach based on the
theory of pseudodifferential operators which naturally generalizes the Laplace transform and
the use of a factorization theorem which gives an approximate solution to the second-order
differential equation in x. This approach is strongly related to the pioneering works of
Engquist and Majda [15] for other kinds of PDEs.

A pseudodifferential operator P(x,t,d;) is given by its symbol p(z,¢,7) in the Fourier
space

P(z,t,0,)u(z,t) = .F <p(x,t, T)u(x, 7')) = /p(x, t,7) Fy(u)(x, )" dr, (10)

R

where %, is the time Fourier transform

™

Fi(u)(z, 1) = 2i/Ru(x,t)e_mdt.

The inhomogeneous pseudodifferential operator calculus that we use in the paper was intro-
duced in [17] and applied e.g. in [3]. For the sake of conciseness, we only give the useful
material needed here. Let « be a real number and = an open subset of R. Then (see in [24]),
the symbol class S*(= x Z) denotes the linear space of C* functions a(z,t,7) in Z x Z X R
such that for each K C =x = and that for all indices 3, J, 7, there exists a constant C 5., (K)
such that

0800 0a(,t,7)| < Cian (K)(1 + [7[2)2,

for all (z,t) € K and 7 € R. A function f is said to be inhomogeneous of degree m if:
flz,t,ur) = p™ f(x,t,7), for any > 0. Then, a pseudodifferential operator P = P(x,t, ;)
is inhomogeneous and classical of order M, M € Z/2, if its total symbol, designated by
p = o(P), has an asymptotic expansion in inhomogeneous symbols {pas—;/2};55 as

+oo
p(xv ta 7-) ~ ZPM—]‘/2($; t? T),
7=0

where each function py;_;/2 is inhomogeneous of degree M — j/2, for j € N. The meaning
of ~ is that

YmeN, p-— ZpM_j/g € SM—(m—H)/z.
5=0
A symbol p satisfying the above property is quoted by p € SA and the associated operator

P = Op(p) by inverse Fourier transform by P € OPSY . Finally, let us remark that smooth-
ness of the potential V' is required for applying pseudodifferential operators theory. However,



this is crucial into the complementary set of {2 but a much weaker regularity hypothesis could
be expected for the interior problem set in €2 allowing therefore a wide class of potentials.

Other useful nonlocal operators in the sequel of the paper are the fractional integration
operators I, /2 of order a /2 which are defined by the relation

o/2 _ t — 5)*?71f(s)ds, for
B0 = a7y [ =97 (94 ra e, (1)

.\ o2
and have Fourier symbol (3) , where I' designates the Gamma special function. Another
T

operator is the fractional differential operator 83 /2 given by

@W@=%&A£@f& (12)

with symbol e”/4,/7. All along the paper, we consider that, for a complex number z, /7 is
the principal determination of the square-root with branch-cut along the negative real axis.
One of the key points of pseudodifferential operator calculus is that it enables to ma-
nipulate symbols of operators at the algebraic level rather than operators at the functional
level, therefore giving practical rules of computation e.g. for the composition of two variable
coefficients integro-differential operators (that is with non polynomial symbols in 7).

2.2.2 Computation of the asymptotic symbolic expansion of the DtN operator

For conciseness, we explain here how to compute the asymptotic expansion of the DtN
operator for a given model Schrédinger equation with smooth variable coefficients A and B

L(z,t,0,, 0))w = i0yw + 02w + Ad,w + Bw = 0. (13)

Since we are trying to build an approximation of the DtN operator at the boundary, we must
be able to write the normal derivative trace operator 0, (focusing on the right point x,.) as a
function of the trace operator through an operator A* which involves some (fractional) time
derivatives of w as well as the effect of the potential V' and its (z,t) variations. This can be
done in an approximate way thanks to the factorization of L given by relation (13)

L(x,t,0;,0;) = (0, +iA7)(9, +iAT) + R, (14)

where R € OPS™® is a smoothing pseudodifferential operator. The operators A* are pseu-
dodifferential operators of order 1/2 (in time) and order zero in z. Computing the operators
A* in an exact way through their respective total symbols o(A*) cannot be expected in
general. Therefore, an asymptotic form of the total symbol o(A*) is sought as

+o0o
o(A*) =M~ D A, (15)
j=0

where )\li/Q_j /o are symbols corresponding to operators of order 1 /2 —j/2.



Now, expanding the factorization (14), identifying the terms in L in front of the 0,
operators with the ones from the expanded factorization and finally using a few symbolic
manipulations yield the system of equations

A"+ =a
00" =Y (;Z,) DN PN = —7 + D, (16)
a=0 )

with a(z,t) = 0(A) = A, b(z,t) = 0(B) = B, since A and B are two functions of (x, ).
Looking at the first equation of system (16), we see that we must have: )\1_/2 = —)\IF/T
Now, if we identify the highest order symbol in the second equation of system (16), then one
gets four possibilities
)‘Ir/2(7) =FV-T (17)
or
)\T/z(az,tﬁ) = F/ -7+ b(z,1). (18)
The first choice can be viewed as considering a principal classical symbol and the second
possibility yields a semi-classical symbol (following the notations e.g. in [10]). Let us now
adopt the first strategy which consists in working on equation (1) for u setting A = 0 and
B = V. Following e.g. [2], the principal symbol with negative imaginary part characterizes
the outgoing part of the wave field u. Studying the sign of (17) and (18) for a real-valued

potential V' shows that the negative sign gives the good choice. Therefore, we obtain the

two possible symbols
M=V (19)

Npyp=—V-1+V. (20)

Let us now consider the second choice based on the gauge change leading to compute v

solution to (9) for A = f and B = g. Then, again, choosing (19) yields the outgoing solution

for v. However, ¢ is now a complex-valued potential with no fixed sign. Therefore, we cannot
determine the outgoing wave for (18).

Choosing the principal symbol is a crucial point since it is directly related to the accuracy

of the artificial boundary condition. Moreover, for a given choice of the principal symbol, the

corrective asymptotic terms {)\;F/Q_j /2}]-21 are different since they are computed in cascade

and

developing the infinite sum in the second equation of (16). For the first strategy, we have
the following Proposition.

Proposition 1. Let us fix )\f/z by the expression (19). Then, the solution to system (16) is
gien by
1 ) .
N = TN <—z@$)\f/2 — m)\f/Z) , (21)
1/2
and, for j €N, 7 >1, by
AT = L bo O AT jalt
32 = w001 T 0eA e ayn T Ay s
1/2
J (j+1)/2 (_ .)a jtl—2a
+ + o)t N\
=D MM = D ~ D 0N raO N e | (22)
k=1 a=1 k=0



where 0,1, =0 if j #1 and 6,1 = 1.

Applying the above proposition to our situation, one obtains the following corollary.

Corollary 1. If we fix the principal symbol /\;r/2 = —/—7 fora = f and b = g, then the
next three terms of the asymptotic symbolic expansion are given by
10,V

A =0V, )\J_rl/z =0 and M= P (23)

For the second choice (18), the first symbols of the asymptotic expansion are given by
the following Proposition.

Proposition 2. If one considers )\T/Q =—V—7+V in (16) fora=0 and b=V, then one

has Ry
_ d \o= L %Y 24
0, an 4 4V (24)

Ao =0, AT,

Remark 1. We cannot obtain a general expression similar to (22) for the second choice.
The reason is that the terms appearing in (16) may be inhomogeneous. Indeed, derivating
the symbols )\;’ may lead to a sum of several terms of different orders. This is the case for
example for O\, which is the sum of two terms, one of order —1 and the other of order
—2.

Remark 2. Considering )\T/Q = —/—7 in (16) for a = 0 and b = V would give some
symbols which are approximations of )\;’/2 = —/—7+V and (24) by using a second-order
truncated Taylor expansion when |T| — +oo. For this reason, this case which leads to less
accurate artificial boundary conditions will not be considered in the sequel.

2.2.3 Comparison of the exact and approximate symbols for a linear potential

In the case of a linear potential V' = x, the total symbol A™(z,7) can be computed. Tt is
thus possible to compare it to its asymptotic expansion based on (24). Applying a Fourier
transform to equation (2) yields

Q%+ (—7 +x)a = 0. (25)
According to [18], the outgoing solution to (25) is
a(z,7) = Ai ((z — T)e’i”/?’) : (26)
where Ai stands for the Airy function [1]. Derivating this expression, we obtain

Ai ((x — T)e*”/?’)

~ _ _—im/3 ~
Ont(z,7) =¢ A (2 = 1)e—77) u(z, ), (27)
which means that the total symbol of the DtN operator is
y+ = gins A (2= 1)e™ ) (28)

Ai((x — 1)e~/3) "
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Figure 1: Comparison of the exact total symbol A* and its first and second order asymptotic
approximations o; and oy in the complex plane at x, = 10 and for 7 € [—50; 0] (left picture)
and 7 € [0;50] (right picture).
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Figure 2: Logarithm of the absolute error |[A\*™ — 0| and |AT — 05| with respect to 7. A
singularity is observed at point 7 = x, = 10.

The application of Corollary 2 gives the first-order and second-order approximate symbols

o1 = i)\fﬂ = —iV/—T+uz,
11 (29)

ogzi(Af/2+A§+Ai1/2+At1> ot

setting V' = x.

Let us fix the boundary condition at x, = 10. For comparison, we draw on the two
pictures of Figure 1 the three symbols (28) and (29) in the complex plane for values of 7 in
[—50; 0] (left) and [0; 50] (right). For negative values of 7, we observe an important correction
when considering o5 instead of o;. The order of accuracy is about 107 for |7| = 50 (see
Figure 2). For positive values of 7 we can see that the approximation of the symbol A*
is again improved when o is considered instead of ;. However, for both approximations,
a singularity appears for 7 = x, while it is not the case for A* which is smooth. This is
the most dominant error in the approximation process of the symbols (see Figure 2) and
as a consequence in the construction of the artificial boundary condition. Finally, the error
decays when |7]| is large (see Figure 2) which is coherent with the asymptotic expansion (15)
of the symbol A*. In particular, the symbols )\1*/2 and A\, given by the symbolic calculus
rules are exactly the first terms of the asymptotic expansion of AT in terms of Airy functions
(28) for large values of 7 (see e.g. [1] Chapter 10, properties 10.4.58, 10.4.59 and 10.4.61
p.448).

2.3 Choosing the ABC

If we assume that V' is a real-valued smooth function, then the L?*(R)-norm of the solution u
to system (1) is conserved. If we truncate the domain by introducing a fictitious boundary,

9



then one can expect that the L?(€2)-norm of the solution is bounded by ||uo||12(q). This is
for example proved in [4] in the case of the free-potential. In the case of a general potential,
the expression of the artificial boundary condition is essential in the proof of a similar result.
In particular, by adapting the proof given in [7] using the Plancherel theorem for Laplace
transform, the following Lemma is the keypoint for proving a well-posedness result.

Lemma 1. Let ¢ € H'/4(0,T) be a function estended by zero for any time s > T. Then,
we have the following properties

R (e”/“/ 7] 83/290dt> >0,
0
+oo
0

This Lemma emphasizes the fact that the artificial boundary condition must have a sym-
metrical form. Since our approach gives the principal symbol of an operator, an infinite
choice of corresponding operators with this principal symbol is possible. For symmetriza-
tion reasons, we propose to fix the choice of the artificial boundary condition based on the
principal symbol )\IF/Z = —/—7 and (23) as follows.

Cancelling the outgoing wave corresponding to )\T/Q for v writes down

Opv +iA v =0, on Xr. (30)

Retaining the M first symbols {)\T/Q_ j/a}M—1>j>0, we consider the associated artificial bound-
ary condition

M-—1
Ontins — 0V s +ie™ - Op (M) (¢7ur) =0, on S, (31)
=0

after replacing v in (30) by its expression (8). In Equation (31), uys designates an approxi-
mation of u since we do not have a Transparent Boundary Condition. However, u;; will be
denoted by wu in the sequel for conciseness. We adopt the following compact notation of (31)

Ot + A (2,1,0,)u =0, on Y, (32)

where M > 1 corresponds to the order of the boundary condition and is equal to the total
number of terms )\;r/2 retained in the sum. The subscript ¢ = 0 (respectively ¢ = 1) refers to
the choice (19) (respectively (20)) of the principal symbol )\;F/Q.

Let us begin by considering £ = 0 and M = 2. Then one directly obtains

Ai(z,t,0,)u= e’”/zlew(g”’t)8t1/2 (e’iv(x’t)u) (33)
which is a symmetrical operator. The case M = 4 is more ambiguous. Indeed, we only have
10,V , ,
access to the principal symbol \*, = ! 1 of an operator. A first possible choice would
T
consist in considering that
oV _
Op (M) v = T Liv mod(OPSg*?). (34)

10



(If A and B are two pseudodifferential operators of order a then we write A = B mod(OPS”)
to designate that A — B are equal modulo a pseudodifferential operator of OPS?, 3 < a.
A similar notation will be adopted at the symbol level: o4 = o mod(S?).) However, the
operator in the right-hand side is not symmetrical. Well-posedness results can be however
stated with such a choice but under some very restrictive assumptions on V. A better choice

of operator is
Op (A1) v =sg(0uV)~ '2’“‘/‘ I ( ' ‘2“” v) mod(OPS5*?), (35)

which is symmetrical unlike (34) and leads to a well-posedness result under weaker assump-
tions. In the above equation, sg(-) designates the sign function.
We finally obtain the following Proposition.

Proposition 3. For ¢ =0, the artificial boundary condition of order M is given by

Ot + Au =0, on S, (36)
with A ‘ A
Ai(z,t,0,) u = e"’r/4elv(w’t)8;/2 (e‘zv(x’t)u) (37)
and
V00V V0oV _.
Ag(x,t,0p) u = A3(z,t,0,)u+i sg(@nV)%ew(x’t)It <%e ZV(”‘“’”u) : (38)

The boundary condition (36) is referred to as ABCYM in the sequel.

2.4 A well-posedness result for ABC}!

Considering the artificial boundary conditions (36) of Proposition 3, we get the following
well-posedness result.

Proposition 4. Let ug € L*(Q) be a compactly supported initial datum such that Supp(ug) C
Q. Let V € C®°(R x R*,R) be a real-valued potential. Let us denote by u a solution of the
initial boundary value problem

10+ 0*u + Vu = 0, in Qrp,
Ot 4+ AYu =0, on X, (39)
u(z,0) = up(x), Vo €,

where the operators A}, M = 2,4, are defined in Proposition 3. Then, u fulfils the following
energy bound
VE> 0, [u(®)|lrz) < lluollrz0), (40)

for M = 2. Moreover, if sg(0,V) is constant on Y, then the inequality (40) holds for
M = 4. In particular, this implies that we have the uniqueness of the solution u of the initial
boundary value problem (39).

11



Proof. Let us multiply the Schrodinger equation by —i @, and integrate by parts on 2. We
obtain the following equation

Ty 2 Zr Tr
at/ de_i[aanu]j;w/ \Gxu|2dx—i/ Ve t) |uffde =0, (41)

l Zy Zy

Taking the real part of the above expression and integrating on an arbitrary time interval
[0; T leads to

1 2 2 . ar Y 2
3 (||u(T)HL2(Q) — HuoHLQ(Q)) =R i [i @ O] oAt )+ R (i i Vu*dedt ). (42)
xy

Since V' is a real-valued potential, the second term of the right-hand side of equation (42) is
equal to zero. Therefore, we now have to study the sign of the first term. Let us focus on
ABC}, the case ABC? being then trivial. The quantity iu(x) dyu(zr) is the sum of the two
terms

—ie i/ o=y o} (e u) (43)

and

@ V0oV eV u I (\/ |0 V| e_ivu> : (44)

Then, for x = ;,, we have to determine the sign of the two quantities

T—
R (—ze—”/‘* / o1 (1) 0 010 (t) dt), (45)
0

" </O sg(@nV4(:Ez,r,t)) Do) L, (1) dt) , (46)

with ¢,,.(t) = (67 u)(x1, t) and ¥,.(t) = (\/]|0aV]e Y u)(z1,,t). In the above relations,
we set fi, = f(x,), for a given function f. Thanks to Lemma 1, the term in (45) is negative.
Under the assumption that the sign of 0,V (2;,,t) does not depend on the time ¢, one can
isolate sg(0nV (21, 1)) out of the integral in (46) showing then that the integral term is equal
to zero thanks to Lemma 1. This finally proves that the left-hand side of (42) is negative
and that the energy inequality (40) holds. O

Remark 3. If V is a complez-valued potential [23], some results remain true under the
assumption that V' is dissipative, that is S(V(z,t)) > 0, for (z,t) € R x [0;T]. More
precisely, one can still construct the artificial boundary conditions ABC}! given by (36)-
(38), with M = 2,4. Moreover, the well-posedness result holds for ABCZ. It is still possible
to symmetrize the artificial boundary condition ABCy by writing

OuViy = € \[10uVir |/ 10uVi | (47)
where t — 0,,.(t) denotes the argument of 0,V on the boundary x,,. However, the adaptation

of the proof of the well-posedness result for the additional term does not seem possible even
for a constant argument.

12



2.5 The other choice of ABC: ABCM

After studying the first ABC, let us consider the other artificial boundary condition ABCM,
for M =2 and M = 4.

Proposition 5. For ¢ = 1, the artificial boundary condition of order M based on the first
strategy for symbols (24) is given by

Ontt + AYu =0, on Xy, (48)

with
A2(z,t,0,)u = Op (—i\/ -7+ V) u (49)

and

1 0,V
ALz, t,0) u = A3(z,t,0,) u+ ZOp (—7’ n V) u. (50)

The boundary condition (48) is referred to as ABCM in the sequel of the paper.

Studying the well-posedness of the initial boundary value problem related to the bound-
ary condition ABCH (48)—(50) is more difficult than ABC}!. Indeed, the expressions of the
pseudodifferential operators involved in (49)—-(50) is based on the inverse Fourier represen-
tation (10). Therefore, proving an equivalent result to Lemma 1 cannot be obtained by an
argument based on the Plancherel Theorem for a general potential V' depending on z and ¢.
However, if V(z,t) = V(z), then the well-posedness result is trivial since ABC} is strictly
equivalent to ABC)’. This is the aim of the next subsection.

2.6 The case V = V(x): connection between the ABCs and nu-
merical accuracy comparisons

Our goal here is to prove that ABC) and ABCY are equivalent if the potential does not
depend on ¢. This is no longer true if V is also time-dependent (we will see a modified
version of these operators for a suitable numerical approximation in Section 3.2). The result
is mainly based on the following Lemma.

Lemma 2. If a is a t-independent symbol of S™ and V (z,t) = V(x), then the following
tdentity holds ' '
Op (a(r = V(2)))u=e"VOp(a(r)) (e u(z,1)). (51)

Proof. Let us write the definition of the symbol as an inverse Fourier transform and let us
make the change of variable p = 7 — V() in the considered integral. Then, we have the
following set of equalities

Op(a(t—=V(x)))u= / a(t — V(x)) Fi(u)(x, 7)e" dr

R
- / a(p) Zi(u)(z, p + V(x)) e dp
R
= [ alp) (6 i) ) dp
R
= "V @O0p (a(r)) (e P u(z, 1)),

leading to the proof of the Lemma. n
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A direct application of the above Lemma gives the following Corollary.

Corollary 2. If the potential V is time independent, then the artificial boundary conditions
ABCY and ABCM are equivalent, for M = 2,4, with V(z,t) = tV(z). In particular, the
well-posedness of the associated bounded initial value problem is immediate from Proposition

4.
Proof. The proof is direct applying Lemma 2. O]

Among the class of z-dependent potentials, some exact solutions are known (see e.g. [9])
since they can be related to the free-potential Schrodinger equation. It is in particular known
that the following traveling Gaussian beam

i —ix? — kox + k3t
X _ 2
Wiz t) —4t+1 eXp( —4t 4+ ) (52)

is solution to (1) for V' = 0 with suitable initial condition, where kg is the wavenumber.
Then, if u is solution to (1) with the linear potential V' (z) = ax, o € R, and uy = uf, it is
given by the expression

X 3
u(z, t) = et (CotrtFlal) (z — tPat) . (53)

(Other solutions can be constructed for both repulsive and attractive quadratic potentials
[9].) Since the exact reference solution is known in this case for the gaussian beam, one can
compute dyu on the boundary of the computational domain, and compare it with —A}u
to test the accuracy of ABCY. To this aim, we fix V(z) = = and 2, = 5. We present
on Figure 3 the evolution of the absolute error |Oyu + A u| (which should be equal to
zero for a transparent boundary condition) at the right point x, for various values of kg
and on the time interval [0;T], setting T = 1.5. Tt is computed from the exact operators
representations (11) and (12) using a formal computer algebra system. For completeness,
we also provide the results when the TBC of the Schrodinger equation without potential
is used (see Equation (3)). It is labelled ”Without potential”. We directly observe that
the fourth-order ABC always gives a much better accuracy than the second-order one. The
results with the "Without potential” TBC also lead to very large errors. Moreover, the
difference increases when higher wavenumbers are considered, which is consistent with the
a priori high-frequency asymptotic expansion (15).

3 Semi-discretization schemes and their properties

The aim of this Section is to proceed to the semi-discretization in time of the artificial
boundary conditions that we have previously developed. Let us first consider the boundary
conditions ABCY. According to Proposition 3, we have

ABC}: Ogu+ e_”/‘leivﬁtl/z (e_wu) =0, (54)
o A VIOV o (o]
ABCy: Ogu+ e_””r/zle“)@tl/2 (e7u) +isg(6nV)%6Wft (%6 ZVU) =0. (55)
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Figure 3: Time variations of the absolute error |Oyu + A} u| at x, =5, for M = 2,4, and for
the ”Without potential” ABC, for the exact reference solution. The potential is V(x,t) = z
and we consider four values of kg (top, left: ky = 5; top, right: kg = 8; bottom, left: ky = 10;
bottom, right: ko = 12.
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We use the symmetrical form of ABC}], which is a keypoint in the case V = V(z,t). The
associated initial boundary value problem is then

i0u + 0%u+Vu=0, inQy,
Ontt +AY'u=0, onXyp, for M =2 or 4, (56)
u(-,0) =ug, in €,

for a maximal time of computation 7.

Let us consider an interior Crank-Nicolson scheme for the time discretization of system
(56). The interval [0; 7] is uniformly discretized using N intervals. Let At = T/N be the
time step and let us set ¢, = nAt. Furthermore, u™ stands for an approximation of u(t,)
and V" = V(z,t,). If V = V(z) is a time-independent potential, then the Crank-Nicolson
discretization of the Schrédinger equation is given by

utt — Ut 4y w4y

' 2 — = f =0,...,N—1.
N + 0( 5 )+ V 5 0, forn=0,..., (57)

If V= V(x,t), for matters of symmetry, we choose the following time-discretization of the
interior equation

un+1 —ut un+1 + u™ Vn+1 + Vn un+1 + u™
j 0> =0. 58
L 2 (58)
Another possible discretization could be
un—i—l —u” un+1 + Vn+1un+1 + V
j 02 =0. 59
A TeRT 2 (59)

Nevertheless, this discretization does not preserve the symmetry of the interior equation. As
a consequence, we are unable to prove a stability result (for discrete convolutions) with this
discretization. Thus, we will treat only the discretization given by (58) where unconditional
stability can be obtained.

unJrl u™
Let us remark that, for implementation issues, it is often useful to set v = T+ =
Vn+1 v
w2 with v = 0 and «® = uo. Similarly, we set W™+ = T+ = V™12 Then,
the time scheme (58) reads
vn+1 u™
2+ Q2" Wty = 94 X (60)

It is well-known that a discretization of the TBC (3) which preserves the stability of the
Crank-Nicolson scheme for the free-potential Schrodinger equation is not a trivial task. We
propose here two solutions for the discretization of the ABCs that we propose. The first one
is based on semi-discrete convolutions for the fractional operators involved in (54)—(55). We
are then able to show that the resulting semi-discrete scheme is unconditionally stable. At the
same time, a solution based on convolution operators may require long computational times.
The second solution that we study is based on the approximation of the fractional operators
through the solution of auxiliary differential equations which can be solved explicitly. The
evaluation is then extremely efficient but at the same time, no stability proof is at hand.

16



3.1 Discretization based on discrete convolutions

Let us first recall that if (f,,)nen is a given sequence of complex values, we denote by Z(f,)
or f the complex-valued function defined for |z| > R(Z(f,)) by the series

+o0
f2)=Z(f)(z) =) far ™,
n=0
where R(Z(f,)) is the convergence radius of the series. Then, we have the following Propo-
sition (see e.g. [4, 6]).

Proposition 6. If{ /" }.cn is a sequence of complex numbers approzimating { f (t,) }nen, then

the approximations of 81/2f(tn), Itl/Qf(tn) and I, f(t,) with respect to the Crank-Nicolson
scheme for a time step At are given by the numerical quadrature formulas

1/2 \/>Zﬁn kfk (61)
L2 f(t,) ~ \/;Z i f", (62)
k=0

A n
(k) ~ 503 el (63)
k=0

where the sequences (y)nen, (Bn)nen and (Yn)nen are such that

1133
(ao,a1,a2,a3,a4,a5, ) = (1, ]_, 57 5, g, é, ),
B = (—1)*ay, Vk>0, (64)
(70/717727737 ) - (1, 2,2, )

Moreover, their respective Z-transforms are given by

1+ 2 1=z 1+ 2
7

B2 =iy T BOE) =iy 2O = - (65)

for |z| > 1.
Remark 4. Let us remark that analytical formulae for (64) are also given in [25].
The weak formulation of (58) writes, for ¢ € L?(£2)

2 [

Az (0" —u™)pda + | ”H@/J o / 0, v" Mo dx —I—/ Wrtlymtlyde = 0. (66)

xy

According to the interior scheme (58), the semidiscretization of ABCZ for v at time ¢, is

n+1
. n+41 ik
R (T VAL E Boyrwe” " 0" (@1,),

17



and for ABC}

n+1
6nvn+1<xl,r) _ —177/4 iwntl | Zﬂ?ﬁ-l e —iypk (xl,r)
VIOaW ] i At O VIoaWE
- Z.Sg(anwn+l)¥ e Z’Vn 1- kge_l//kvk(ajl,r)a

2 2
k=0

with the notation # "+ = w Then, we have the following Proposition.

Proposition 7. The semi-discrete Crank-Nicolson scheme for the initial boundary value
problem (56) is given by

UnJrl — "
21 T + 8§U”+1 + Wn+1 Un+1 = 0, n
D" L AT =0 onX,  for M =2 or4, (67)
u’ =g, in €,
forn =0,..,N — 1, where v"*! = M wrtl = w, and where the semi-discrete

operators A", A"t are defined by

n+1
2 1 —3 i1 ik
Aoyn—&- Un+1 —e¢ z7r/4ezW [ < § ﬁn—l—l L€ W k (68)

W] i At OaWH
Aé’”“v”Jrl = Ag’nHU"H +1 Sg(@nW”+1)—| n2 |61W +17 Z 7n+1—k—| ; |€_M/kvk-
k=0

(69)

n+1 n
Here, #™ is defined by #"' = %, V" (x) being the approximation of V(x,t,)
using the trapezoidal rule (63) (V is given by (7)). Moreover, for M = 2, one has the
following energy inequality

vnef0,.... N}, [u”lra) < W]z, (70)

and if sg(0,W*) is constant, then (70) also holds for M = 4. This proves the L(S2) stability
of the scheme. Inequality (70) is the semi-discrete version of (40) under the corresponding
assumptions.

Proof. Let us multiply the first equation of (67) by —ivP*! and integrate by parts on (.
This gives, for p > 0,

/ P2 — [P + i S(uP T up)

AL dox — 1 [UPH@ va T /‘8 va} dz

—z’/VVerl !vp+1|2dx:0
Q

Since V' is assumed to be real, taking the real part of this expression yields

1w e ) = WPl 220 — zr
R — % . |: p+1 ax p—l—l] )
I (¢ ]
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Summing up the terms in the above equation from p =0 to p = n — 1, we obtain

ﬁ (HUHH%P(Q) o ||UOH%Q(Q)> =R ( 1 [UP-H 0, UP—H} T) Z AW (71>

y=l,r

n—1

p=0
with

n—1
A =% (zmmw anvﬁl(a:v)) for 7 =1, 7. (72)
p=0
Let us focus on the right endpoint x,, the left endpoint x; can be treated similarly. We get
—_— . +1" 1 p+1 . k
Z'Up+1(xr)anvp+l<xr) — _Z'efm/él / z// P+1 Z/Bp+l L€ —iH,; vk
/’a Wp-i-l’ . p+1
—|—Sg(6 Wp-i-l) 7/ +1 p+1z,7p \/ ’ —ZW’“ k

2 2

that is

p+1
+1 _ —im/4 p+1
E H;PH On?" () = /\/ E E Bpr1- XY
p+1

+ sg(OaW,) prHZ’YpH w0, (73)

| JIoWE
with xF = e 7" of, yf = %e"wvf, WE = WF(x,) and WF = Wk(x,). The

assumption that sg(d,WF) is constant is fundamental here. This implies that the study of
the second term of the right-hand side of (73) reduces to the study of a symmetrical term
similar to the first term of the right-hand side. To determine the sign of the real part of the
two terms in the right-hand side of (73), we use the following Lemma.

Lemma 3. Let (3,), and (V,)n be the sequences defined in (64). Let (o*)ren be a complex
valued sequence such that Rz < 1. Then, we have the following properties

p+l
Q — —17r/4z(pp+lzﬁ+l kSO e R UWR™ (74)
p=0 k=0
and
p+1

Z 1 Z’y ke € iR (75)

This result immediately shows that the real part of the first term in the right-hand side
of (73) is negative, whereas the second term is purely imaginary. Finally, the inequality (70)
holds, ending hence the proof of Proposition 7. O

Let us prove now Lemma 3.
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Proof of Lemma 3. Another way of writing () is given by

n—1 p+1 n—1
Qs = Z <W2ﬁp+lkﬁok) Z P (B *90 Jpt1 = Z¢p+l Br * O )p+1,

p=0 k=0 p=0 p=0
where we have extended (¢*)o<x<, to an infinite sequence (¢7)ren by
k .
n © if £ <n,
O = D s . . (76>
(=1 if k=n+j, with j > 0.

We recall the Plancherel theorem [11].

Lemma 4. Let us consider two sequences (fp)pen and (gp)pen- If RpRg < 1, then Z(foap)
eists for |z| > RpRg and we have

S Ton=2 ) == o [ Feeig(S) w 77

p=0

where the integration path is a circle with radius v such that Ry <r< 1/R;. Moreover, if
the two radii satisfy Ry <1 and Rz <1, then r =1 can be chosen in (77).

Applying Lemma 4, we have

1 2w

27 Jo

Qs = Z (01 (Bex O} )psn) (z=1) = F(e) G(e®) db.

Using the shifting and convolution theorems (see e.g. [11]), we obtain

Flo) = 2(61)(:) = T2 3(2),
9(2) = 2 (Bx 0Dpr) (2) = ot 2 ((Ber 6})p) (2) = o

with $(2) = Z(¢*)(2). Hence, a new expression of (s is obtained as

Z(Br)(2)8(2),

. 2m
1 z+1
Qﬁ - 27T { ‘ ‘ ’ } 2= 618
: 1—z : N N
Moreover, since z — —— maps C(0,1) to ‘R, the application z +— —ie trans-
1+z 1+z
forms C(0,1) to R~ U iR, proving relation (74).
Similarly, we have for @),
L7 lz+1P, .
-5 { R BP 2 | a0
1 17 51
! {”M(ﬂ“} 6.
2 0 1—2=2 2=
e N : : 1+2
This implies that ()., € iR since the image of C(0, 1)
relation (75) and completes the proof of Lemma 3. [
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3.2 Discretization based on auxiliary functions

While the previous strategy based on discrete convolution operators seems accurate and
provides a stability result, it may lead to significantly long computational times. Moreover,
we will see during the numerical simulations that very small time steps At are required
to attain the optimal accuracy of the artificial boundary conditions based on convolution
operators. This can be relaxed using the following approach.

We saw that the ABC}! and ABC boundary conditions are equivalent in the case of
time independent potentials. This is no longer true for a time dependent function V. In
such a situation, the scheme developed above can be used for ABCY. For ABCY, the
discretizations of the resulting pseudodifferential operators involved is not easy to obtain. In
particular, the operators with square-root symbols cannot be expressed in terms of fractional
time operators since Lemma 2 does not hold. For these reasons, we introduce the following
additional approximations.

Lemma 5. The two following approximations hold
Op (\/—T n V) —Vid,+V  mod(OPS32) (78)

and

P —3
p—— 5 mod(OPS~) (79)

Proof. Let us set A = /i0, + V. The operator A is of order 1/2 and its total symbol o4
+oo

0.V 1 OnV| . ~1V[0nV
Op( ) = sg(0nV) |2 | (i0, + V)~ %V

admits thus an expansion under the form: o4 ~ Z TA1/2—¢/2- Since A? = i0, + V, we have
=0

“+o00 N\ o
U(AQ):U(iat+V):—T—FVNZ(OZ) 870_‘0A65‘0A. (80)
a=0 ’

Using the asymptotic expansion of o4 and an identification of the same order terms in (80),
we obtain the following approximation

. i OV
oa=0(\Vio,+V)=vV—-T+V - —————— mod(S7?).
8=+ v

In terms of operators, this gives relation (78).

Similarly, setting B = (i0; + V)~!, B™' =id; + V and writing (BB™!) = 1, we get the
asymptotic expansion

1 N 10,V
—-T+V (=T +V)3
If 0,(P) designates the principal symbol of a pseudodifferential operator P, the following set
of equalities holds

oy (sg(@nV) vaid (10, + V)_1 —”|anvl) = sg(0,V) ’azwap (10, + V)_1

o(id,+V) " = mod(S—4). (81)

2 2 (82)
0V 1
4 T+ VT
Combining (81) and (82), we obtain (79) at the operators level. O
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Thanks to Lemma 5, we now define the new approximations of ABC (see Proposition 5)

ABC?: Ogu —i\/i0, + Vu =0, (83)
ABCY . Ogu — in/i0, + Vu + sg(0nV )Y |82“V| (i0, +V)~! ( |2“V| u) =0. (84)

Let us begin by the second-order condition (83). An alternative approach to discrete convo-
lutions (which cannot be applied here) consists in approximating the square-root operator
V10; + V using rational functions like in the present paper the m-th order Padé approximants

22]
ap' di’
T R R 3B W o

where the coefficients (a}")o<g<m and (dk )1§k§m are given by

1 2k + 1
a'=0 , ap= ., d* = tan? (M) : (86)
m cos2 <(2k4+;)ﬁ> dm
Formally, v/i0, + V is approximated by
Ro(i0, + V) = ap' =Y afdy'(i0, + V + dy) . (87)
k=0 k=1
Applying this process to the equation (83), we have the new relation
Ot =iy apu+iy apdp(ioy+V +dp) " u=0, (88)
= k=1

which defines a second-order artificial boundary condition referred to as ABC},, in the
sequel. To write a suitable form of the equation in view of an efficient numerical treatment,
we classically introduce m auxiliary functions g, for 1 < k < m, (see Lindmann [19]) as
follows

o = (10, +V +d") " u (89)

leading to the following equation
0o + (V +d) o = u, for 1 <k <m,at z=x,, (90)

with the initial condition ¢ (z,0) = 0. The corresponding full artificial boundary condition
is written as a system

u—z’Za?u—l—iZa?d?gpk =0,
k=0 k=
0o + (V +d) o = u, for 1 <k <m, z=ua,,
ox(z,0) = 0.

(91)

22



Now, we have to discretize the above system. The semi-discretization of the interior scheme
remains the same as before (58), and consequently, (91) becomes

m

n+1/2 Z m n+1/2 Zagld;ngoz+1/2 _ 07
k=1
n+tl _  n (92)
Spk N P + (Vn+1/2 +dm) ¢Z+1/2 _ un+1/2’
\ @2 = 07

for 1 <k <m and x = z;,, that is, in terms of v" functions

— zZam g zZa’,;”dZLgDZH/Q =0,

(

n+1 (93)
Sok: — Spk n+1 my  n+1/2 _ p4d
—— + (W d;,
TR () g =
The auxiliary function ¢}*! can be easily expressed at point z;,. as
i WhEH sy
n+1 E 2 n 1 n+1
lr) = xr r + v X r)- 94
er (2r) ; mtllerd?sok(z,) ;W ap (1) (94)
A2 A2
Using the first equation of (93), we finally obtain
n+1 . - m i - m gm 1 n+1
0n'0 (.Tl,r) + |t Z ag + 5 Z ag dk W v (.Tlﬂn)
k=0 k=1 AL ’T
S Zamdm % SOZ(:EZ,T) (95>
- N
A 2

Equation (95) finally gives a local inhomogeneous Fourier-Robin-type ABC, where the right-
hand side is updated using (94).

—_—

Now, let us consider the fourth-order condition ABC] given by (84)

2 2

Ontt — 10/ 10, + V u +5g(0nV )~ %V (0, + V) (_W u) on ¥ x R. (96)

Then, one has to introduce one more additional auxiliary function ¢ such that

\/|0nV
(10, + V) ¢ = |2 |u (97)
We call ABC‘im the resulting approximation of ABC] using the Padé approximation (85)
and the additional differential equation (97). Using again a Crank-Nicolson discretization of
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1, one gets the following approximate representation of ABC‘im

(98)
with 1 <k<m,and0<n<N-—1.

We previously proved (see Proposition 7) that the schemes based on the discrete con-
volutions are unconditionally stable. It does not seem to be the case when rational Padé
approximations are used. We do not have a proof of that result but let us explain why un-
conditional stability does not hold through numerical investigations. One of the keypoints
in Proposition 7 for proving the unconditional stability of the scheme based on convolution

1=
operators is that the application F' : z — F(z) := —ie~"™/* H_—Z maps C(0,1) to R~ UiR™.
z
The analogous stability result for the Padé approximation would essentially be obtained by

. 1—2

stating that it is also true for the application F, : z +— F,(z) := —ie 4R, (1 n )
z

Unfortunately, this does not seem to be true. In particular, the image is even not in the

lower left quarter plane when z is close to the singular point —1. To illustrate this point, we
draw on Figure 4 the argument of both F' and F5q and we also zoom near z = —1. As it can
be seen, sign problems can arise prohibiting an a prior: possible proof of an unconditional
stability result.

4 Numerical examples

. . . . o ey . ; _ 2
For the numerical simulations, we consider the initial gaussian datum: wug(z) = eo®=*",

where ky designates the wave number fixed to: ky = 10 in our simulations. Concerning the
spatial discretization, we use a variational formulation of the semi-discrete time problem for
ny, elements (with size h) and integrate the ABCs in the scheme as a Fourier-Robin boundary
condition.

We split our analysis in two parts: time independent and time dependent potentials.
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rad.)

0 (rad)

Figure 4: Possible loss of stability for the rational Padé approximation. We compute the
argument of F(e') and Fso(e'?) for 6 € [0;27] (left picture). We zoom near the point z = —1
in the right picture.

4.1 Time independent potentials

The first potential is given by a quadratic repulsive potential: V;(x) = z?. The computational
domain is © =] — 5; 15[ and the final time of computation is 7" = 2.5.

We present in Figure 5 the quantity log,y(Ju(z,t)]) in the domain Q7. The linear finite
element method uses 8 x 10 interior points (the space step is then A = 2.5 x 1073) and
the time step is At = 10~%. We begin by representing the reference solution (top left)
computed with an exact representation formula [9]. Next, we present (top) the solutions
using ABCZ and ABCj which show that increasing the order of the boundary conditions
yields smaller spurious reflection. Next, we compare the effect of the localization based on
the Padé approximation of order m for the second-order ABC. We choose m = 20 (ABCY ,)
and m = 50 (ABC%E)O) terms. To get an equivalent precision to ABCZ, m = 50 is required.
However, we note here that this leads to a negligible additional cost compared to m = 20.
We also see on the right bottom picture that the precision of ABC} is (at least) conserved
for ABC1 5.

To visualize and compare the parasitic reflection, we draw (in logarithmic scale) on Figure
6 the values of the computed field |u(x;,t)| on the time interval [0; T]. The parameters are
now At = 10~* and we take n, = 10* finite elements. Again, according to the previous
computations, we see the natural classification of the ABCs that we propose. We also observe
that, for these discretization parameters, we obtain the lowest reflection equal to 107> for
the fourth-order ABCs: ABC{ and ABCY ;. It is noticeable that a slightly lower reflection
is visible for the Padé-based boundary conditions. It is in fact related to the discretization
parameters. This is indeed confirmed on Figure 7 where we present the logarithm of the
maximum of the reflection at the left boundary for different time steps At according to the
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Reference solution

Figure 5: log;, representation of the amplitude of the computed solutions for V;(z) = x2.
From left to right, top: reference solution, ABCZ, ABC{; bottom: ABC%,QO, ABC%’50,
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Figure 6: Reflection at the left boundary for Vi(z,t) = 2% and the different ABCs.
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mesh refinement h. In particular, we can see that the Padé-type ABCs yield lower reflection
for a given time step At compared to the convolution-based ABCs. This is an accuracy
advantage of these ABCs which furthermore require less computational time. At the same
time, we saw that no unconditional stability result is at hand for the Padé conditions. Finally,
it is always much better to use a fourth-order condition than a second-order one.
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Figure 7: Maximum of the reflection at the left boundary for the different ABCs, according
to the time step At and spatial mesh refinement h for V;(x) = 2°.

Our second test considers the following potential: Va(z) = 5(2 + cosz). We draw in
Figure 8 the amplitude (in logarithmic scale) of the computed fields in the computational
domain © =] —10; 10[, for T' = 2. The discretization is fixed by At = 10~* and n;, = 8 x 103.
The reference solution for V5 (and also for V3 and V} in the next subsection) is computed
on a larger domain to avoid any effect related to reflection at the boundary. The same
comments apply as for V. Figure 9 reports the maximum value of the reflection at the left
boundary of the computational domain for the fourth-order ABCs, ABCj and ABCY 5, with
respect to At and h. We see that the reflection decreases with h and At and that it saturates
around 10~*%. Unlike for V;, a given time discretization of an ABC leads to the same level
of accuracy (for At < 1073).

4.2 Time dependent potentials

We consider now two time- and space-dependent potentials: V3(x,t) = bat and Vy(x,t) =
x(2 + cos 2t).

In the first situation, we present on Figure 10 the fields amplitude in the domain [z, z,| =
[—5,10] for a final time 7' = 2.5. The time step is At = 5.107* and we use n, = 8 x 103
We see again the classification of the ABCs. Moreover, the ABC{ gives a slightly increased
accuracy compared to ABCY . This is confirmed on Figures 11 and 12. The first Figure
presents the traces of the fields on the left endpoint for the different ABCs (setting At = 1074,
np = 10*, T = 2.5 and [x;, z,] = [-5;10]). Figure 12 draws the maximum of the reflection
at the left endpoint for the fourth-order ABCs according to At and h.

We finally report on Figures 13 and 14 the results obtained for V;. For Figure 13, we fix
At = 107* and n; = 10%. The domain of computation is: [z;,2z,] = [=5,10] and the final
time is T = 2. We see again that increasing the order of an ABC increases the accuracy.
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Reference solution
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Figure 9: Reflection at the left boundary for V,(z) = 5(2+ cos x) according to the discretiza-
tion parameters At and h for the fourth-order conditions: ABCj and ABC{ .
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Reference solution

Figure 10: Amplitude of the computed fields for the different ABCs for V3(z,t) = 5xt.
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Figure 11: Reflection at the left boundary for Vs(z,t) = bzt and the different ABCs.
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Figure 14: Maximum of the reflection at the left boundary for the different ABCs, according
to the time step At and spatial mesh refinement h for Vy(x,t) = x(2 + cos 2t).

Unlike the previous case, ABC‘i50 yields slightly lower reflection than ABC{. This can also
be observed on Figure 14 for a given At.

5 Conclusion

This paper provides various constructions of Absorbing Boundary Conditions (ABCs) for
the one-dimensional Schrodinger equation with time- and space-variable repulsive potentials.
This kind of problems includes many interesting situations met in physics and applications.
A complete mathematical analysis has been presented to emphasize the strengths and limi-
tations of the different approaches. Next, a numerical analysis of associated unconditionally
stable schemes has been fully developed. Numerical examples compare the different ABCs
of various orders, showing that fourth-order ABCs yield accurate computations.

This work can be seen as a first step towards the derivation of more complex situations
like higher-dimensional Schrédinger equations [6, 16] (or also coupled systems of Schrodinger
equations [29, 28]) with potentials and nonlinearities. These present additional computa-
tional difficulties and will be the subject of forthcoming developments.
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