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Discrete Transparent Boundary Conditions
for the Schrodinger Equation

Abstract

This paper is concerned with transparent boundary conditions for the one dimensional
time—dependent Schrodinger equation. They are used to restrict the original PDE prob-
lem that is posed on an unbounded domain onto a finite interval in order to make this
problem feasible for numerical simulations. The main focus of this article is on the appro-
priate discretization of such transparent boundary conditions in conjunction with some
chosen discretization of the PDE (usually Crank-Nicolson finite differences in the case
of the Schrédinger equation). The presented discrete transparent boundary conditions
yield an unconditionally stable numerical scheme and are completely reflection—free at
the boundary.

1. Introduction

Many physical problems are described mathematically by a partial differential equation
(PDE) which is defined on an unbounded domain. If one wants to solve such whole-space
evolution problems numerically, one first has to make it finite dimensional. The stan-
dard approach is to restrict the computational domain by introducing artificial bound-
ary conditions or absorbing layers. Further possible methods that can be applied are
boundary element methods (BEM) (cf. [23]) or infinite element methods (IEM) (see for
example [20]). In this paper we focus on the approach of artificial boundary conditions.

If the initial data is supported in a finite domain €2, one can construct boundary
conditions (BCs) on 02 with the objective to approximate the exact solution of the
whole-space problem, restricted to €2. Such BCs are called absorbing boundary conditions
(ABCs) if they yield a well-posed (initial) boundary value problem (IBVP), where some
“energy” is absorbed at the boundary. If the approximate solution coincides on €2 with
the exact solution, one refers to these BCs as transparent boundary conditions (TBCs).
Of course, these boundary conditions should lead to a well-posed (initial) boundary value
problem. Additionally, it is desirable that the BCs are local in space and/or time to allow
for an efficient numerical implementation.

In this paper we shall review the state of the art and we shall present recent develop-
ments of TBCs for the time-dependent Schrodinger equation. Since quantum mechanical
problems are typically posed on a whole space, the “correct” formulation of BCs is of
paramount importance for numerical simulations. Due to the wave-like character of the
Schrodinger equation the construction and careful discretization of TBCs requires spe-
cial care. However, most of the ideas presented here carry over to other linear evolution
equations like wave or diffusion equations [13].

We remark that Schrodinger—type equations also appear in other fields of application.
They arise from “parabolic” equation (PE) models which have been widely used for 1-way
wave propagation problems in various application areas, e.g. seismology [8], [9], optics
and plasma physics (cf. the references in [5]). In underwater acoustics they appear as
wide angle approximation to the Helmholtz equation in cylindrical coordinates and are
called wide angle parabolic equations [24].
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The usual strategy of employing TBCs for solving a whole-space problem numerically
consists of first deriving an analytic TBC' at the artificial boundary. These TBCs are typ-
ically non-local in time (of “memory-type”) and can be approximated by a local-in-time
BC. Finally, the continuous BC must be discretized to use it with an interior discretization
of the PDE. The analytic TBC for the Schrodinger equation was independently derived
by several authors from various application fields [3], [6], [21], [30], [33], [35].

While continuous TBCs fully solve the problem of cutting off the spatial domain for
the analytical equation, their numerical discretization is far from trivial. Up to now the
standard strategy is to derive first the TBC for the analytic equation, then to discretize
it, and to use it in connection with some appropriate numerical scheme for the PDE.
The defect of this usual approach of discretizing continuous TBCs (discretized TBCs) is
that the inner discretization of the PDE often does not “match” the discretization of the
TBCs. There are two major problems of these existing consistent discretizations of the
continuous TBC:

P1: The discretized TBCs for the Schrodinger equation often destroy the stability of
the whole—space finite difference scheme. E.g. the unconditional stability of the un-
derlying Crank—Nicolson scheme is destroyed [30] and the overall numerical scheme
is rendered only conditionally stable [6], [30], [34], [42].

P2: The available discretizations often suffer from reduced accuracy (in comparison to
the discretized whole-space problem) and induce numerical reflections at the bound-
ary, particularly when using coarse grids.

In this paper we discuss in detail a recently developed approach (first outlined in [3])
which overcomes both the stability problem (P1) and the problem of reduced accuracy
(P2). In our discrete approach we propose to change the order of the two steps of the
usual strategy, i.e. we first consider the discretization of the PDE on the whole space and
then derive the TBC for the difference scheme directly on a purely discrete level.

There are several advantages of the discrete approach. It completely avoids any numer-
ical reflections at the boundary: no additional discretization errors due to the boundary
conditions occur. The discrete TBC is already adapted to the inner scheme and therefore
the numerical stability is often better—behaved than for a discretized differential TBC. An
additional motivation for this discrete approach arises from the fact that the numerical
scheme often needs more boundary conditions than the analytical problem can provide
(especially hyperbolic equations, systems of equations and high—order schemes).

In the literature the discrete approach did not gain much attention yet. The first
discrete derivation of artificial boundary conditions was presented in [15, Section 5]. This
discrete approach was also used in [36], [43], [44] for linear hyperbolic systems and in [19]
for the wave equation in one dimension, also with error estimates for the reflected part.
In [43] a discrete (nonlocal) solution operator for general difference schemes (strictly hy-
perbolic systems, with constant coefficients in 1D) is constructed. Lill generalized in [26]
the approach of Engquist and Majda [15] to boundary conditions for a convection diffusion
equation and drops the standard assumption that the initial data is compactly supported
inside the computational domain. However, the derived Z—transformed boundary condi-
tions were approximated in order to get local-in—time artificial boundary conditions after
the inverse Z—transformation.

Here we construct discrete transparent boundary conditions (DTBC) for a Crank—
Nicolson finite difference discretization of the Schrodinger equation such that the overall
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scheme is unconditionally stable and as accurate as the discretized whole—space problem.
The same strategy applies to the f—scheme for convection diffusion equations [13] and was
also used in [12] for the wave equation in the frequency domain.

Although this work concentrates on the discrete derivation of BCs, we will also consider
the continuous problem, since the basic ideas of the construction and derivation carry over
to the discrete case, e.g. we can use discrete versions of the L?—estimates. Moreover the
well-posedness of the continuous problem is necessary for the stability of the numerical
scheme. Just like the analytic TBC, the discrete TBC will be nonlocal in the time variable.

This paper is organized as follows: In Section 2 we first review the continuous TBC
for the Schrodinger equation in one space dimension and in §3 we derive and analyze
the discrete TBCs which are in the form of a discrete convolution. In order to obtain
an efficient implementation one can easily localize these nonlocal in time DTBCs just by
cutting off the rapidly decaying sequence of the convolution coefficients. Various numerical
examples in Section 3 illustrate the superiority of our DTBC over existing discretizations.
In §4 we discuss the DTBC in the case that the initial data is not supported in the
computational domain and, finally, in §5 we show how to apply a numerical inverse Z—
transform if the exact inverse Z—transform cannot be determined analytically.

2. Transparent Boundary Conditions

In this Section we shall sketch the derivation of the TBC and discuss the well-
posedness of the resulting IBVP. Here we will treat the case of the Schréodinger equation

2

I3
il = —5A1/) +V(z,t)y, ze€lR, t>0,
U(@,0) =¥ (2),
where o' € L?(IR), V(.,t) € L*°(R) and V (z,.) is piecewise continuous.

(2.1)

2.1. Derivation of the TBC. Our goal is to design transparent boundary conditions
(TBCs) at x =0 and z = L, such that the resulting IBVP is well-posed and its solution
coincides with the solution of the whole-space problem restricted to (0, L).

We make the following two basic assumptions:

A1l: The initial data 1! is supported in the computational domain 0 < z < L.
A2: The given electrostatic potential is constant outside this finite domain: V' (z,t) =0
forz <0, V(x,t) =V, for x > L.

REMARK 2.1. Without the first assumption information would be lost, and the whole—
space evolution could not be reproduced on the finite interval [0, L]. The second assump-
tion allows to explicitly solve the equation in the exterior of the computational domain
(by the Laplace—method) which is the basic idea of the derivation of the TBC. In Section 4
we will see how to drop the assumption (Al).

We present a formal derivation of the TBC for smooth (i.e. C') solutions. Afterwards,
the obtained TBC can be regarded for less regular solutions. The first step is to cut the
original whole-space problem (2.1) into three subproblems, the interior problem on the
domain 0 < x < L, and a left and right exterior problem. They are coupled by the
assumption that v, v, are continuous across the artificial boundaries at x = 0, x = L.
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The interior problem reads

2
i, = —%Aw +V(z,t)y, O<z<L, t>0,

(2.2) Y(@,0) = ¢ (2),
¥e(0,1) = (To1)(0,1),
%(L, t) = (Tﬂﬁ) (La t)'

T, . denote the Dirichlet-to-Neumann maps at the boundaries, and they are obtained by
solving the two exterior problems:

2
thu, = —h—Av + Vi, x>L  t>0,
v(z,0) =0,
(2.3) v(L,t) = ®(t), t>0, ®(0) =0,
v(o0,t) =0,
(T.2)(t) = vs (L, 1),

and analogously for 7. Since the potential is constant in the exterior problems, we can
solve them explicitly by the Laplace method and thus obtain the two boundary operators
T,,, needed in (2.2). This idea is illustrated in Figure 1.

P .
left exterior problem interior problem l
(explicitly solvable) i right
P (x,t) i exterior
output: v, (O,t) - i problem
m :
l >
0 L

FIGURE 1. Schrodinger equation: Construction idea for transparent
boundary conditions

The Laplace transformation of v is given by

(2.4) o(x,s) = /Ooov(:v,t) e dt,
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where we set s = n+1£, £ € R, and n > 0 is fixed, with the idea to later perform the
limit 7 — 0. Now the right exterior problem (2.3) is transformed to

25) Vg + iﬁ(s + z%)v =0, z>1L,
O(L,s) = D(s).

Since its solutions have to decrease as £ — oo (since we have ¥(.,t) € L*(IR)), we obtain
. .V ~
(2.6) i(z,s) = e~ ViREHAE-D G (),

Hence the Laplace—transformed Dirichlet—to—Neumann operator 7} reads

(2.7) T, ®(s) = b,(L, s) = —\/%e s+ z—

and T, is calculated analogously. Here, ¥/ denotes the branch of the square root with
nonnegative real part.
An inverse Laplace transformation yields the right TBC at x = L:

2 \47
(2.8) %(L,t)=_\/%e—u —z—tdt/ YL, 7)en? t_T

Similarly, the left TBC' at x = 0 is obtained as

" qon=Tend [1900),

These BCs are non-local in t and of memoryftype, thus requiring the storage of all
previous time levels at the boundary in a numerical discretization. A second difficulty
in numerically implementing (2.8), (2.9) is the discretization of the singular convolution
kernel. A simple calculation shows that (2.8) is equivalent to the impedance boundary
condition [33]:

t —iVTLT
(2.10) w(L,t):—\/geii/o %(L’t:/?e dr.

Likewise, (2.9) is equivalent to

(2.11) ¥(0,t) \/7 %t_T

REMARK 2.2 (Inhomogeneous TBC). The ( homogeneous) TBC (2.9) was derived for
modeling the situation where an initial wave function is supported in the computational
domain [0, L], and it is leaving this domain without being reflected back. If an incoming
wave function 1;,(t) is given at the left boundary (e.g. a right traveling plane wave), the
inhomogeneous TBC

1) [p00 -] = Rend [POD 0,

has to be prescribed at x = 0. This is the TBC (2.9) formulated for ¢(0,t) — 9, (?)
since the TBC was only derived for outgoing wave functions. The inhomogeneous TBC
is described and analyzed in detail in [4].
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REMARK 2.3 (Factorization). It should be noted that the Schrédinger equation can
formally be factorized into left and right travelling waves (cf. |

(2.13) 8:c \ﬁe \/at 8ac \ﬁe \/at 7)) =0

and in the potential-free case:

w (D) e

where the term

(2.15) \/7 P = \F dt dLi)TdT

can be interpreted as a fractional (3) time derivative.

2.2. Well-posedness of the IBVP. We now turn to the discussion of the well-
posedness of (2.2). The existence of a solution to the 1D Schrédinger equation with the
TBCs (2.8), (2.9) is clear from the used construction. For regular enough initial data, e.g.
! € H'(0, L), the whole-space solution v (x,t) will satisfy the TBCs at least in a weak
sense. A more detailed discussion is presented in [10].

It remains to check the uniqueness of the solution, i.e. whether the TBC gives rise
to spurious solutions. In order to prove uniform boundedness of ||¢(., )| z2¢0,z) in t we
will need the following simple lemma which states that the kernel of the Dirichlet—to—
Neumann operator e™/4,/d /dt is of positive type in the sense of memory equations (see,
e.g. [17]).

Using the Plancherel equality for the Laplace transformation the following lemma can
be shown:

LEMMA 2.4 ([3]). For any T > 0, let u € Hi(0,T) with the extension u(t) = 0 for
t>T. Then

(2.16) Re {ei%/o dt/\/m dt}

With this lemma we shall now derive an estima_te for the L2 norm of solutions to the
Schrédinger equation (2.2). We multiply (2.2) by :

2 h

Integrating by parts on 0 < x < L, and taking the real part gives

at/O (D dz = hRe {id(x, 1) gz, 1)
eiy(L,t)e " —

2h

_ 2% {Zq/;( )di/otip/g)’__?dr}.

»Ia

iYLt d [ Y(L,7) eiVTLT dT}

o~
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Now integrating in time and applying Lemma 2.4 for the second term and an analogous
lemma for the first term yields the estimate

(2.19) 1o ( D)llz20,0) < W7 |z20,0), ¢ > 0.

This implies uniqueness of the solution to the Schrédinger IBVP. Equation (2.19) reflects
the fact that some of the initial mass or particle density n(z,t) = |1(z,t)|* leaves the
computational domain [0, L] during the evolution. In the whole-space problem, z € IR,
||¥(t)|| 22w, is of course conserved.

Finally, we address the question of the well-posedness of the Schrodinger equation
(2.2) with inhomogeneous TBCs (cf. Remark 2.2). We assume that the incoming wave
function vy, (t) is given at the left boundary by

(2.20) Yin (2, 1) = e @V -y >,
i.e. a right traveling plane wave. Then the auxiliary function
(2.21) o, 1) = (1) — (1- %) Yin(0,1), 0<z<L, t>0,

fulfils the following inhomogeneous Schrodinger equation

7712
oy = =5 Ap + V(z, t)g + f(z,1),

(2:22) f,t) = (1= 7) (0. [V (2,8) — ],
o(@,0) = ¢"(z) = ¥'(@) — (1= T) o

with the homogeneous left TBC

(2.23) (% - \/%eiz\/g)go(o,t) —0,

and the right TBC (2.8). Proceeding as in the homogeneous case we obtain

1 L 1
(2.24) Aille(, D200,y < 7 Im /0 fodr < —||f(, )lz2o,n)lle( )l 2,z)-

If we further assume || f(.,?)||.20,) < F'h, t > 0 then it follows easily that

L F
(2.25) 1o 0)llz2,0) < @' llz2o,n) + V3ot t>0

and this implies the well-posedness.

3. Discrete Transparent Boundary Conditions

In this Section we shall discuss how to discretize the TBC (2.8) in conjunction with a
Crank—Nicolson finite difference scheme and review the derivation of the DTBC from [3].

With the uniform grid points r; = jAz, t, = nAt, and the approximations ¢} ~
Y(xj,t,) the discretized Schridinger equation (2.1) reads:

(3.1) ih Djy! = —5D;¢j+2 + VTR VT = V(g t,,0),
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with the time averaging QZJ;H—I/ 2= (1/1;‘“ +7)/2. Here D;" denotes the forward difference

quotient in time and D? is the second order difference quotient in space, i.e.

n+1 n n n n
Yt =4 pryn = Yin — 297 ¥
At DY (Aa)?

REMARK 3.1. Most existing discretization schemes for the Schrédinger equation with
TBCs are also based on the Crank—Nicolson finite differences ( [6], [30], [34]).

D) =

For our analysis, one of the main advantages of this second order (in Az and At)
scheme is, that it is unconditionally stable [40] and an easy calculation shows that it
preserves the discrete L?-norm: ||¢"||5 = Az Y7, [47?, which is the discrete analogue
of the mass conservation property of (2.1).

In order to derive this discrete mass conservation property we multiply (3.1) with

—il/_J;H/Z/h :

—n+l n ih —n+l n+i 7 n+l n+l 2
(3-2) 1/1]' 2D2L¢j :51%' 2Dg251/1j ? _ﬁv; ’ ¢j ?
Summing it up for j € Z (i.e. in absence of boundary conditions) gives with summation
by parts
,n+l n ’Lh ’IL—|—l 2 ’L 7L-|—l n_i_l 2
D S A D A R DI/

JEZL JEZL JEZL

Finally, taking the real part by using the simple identity (“discrete product rule”)

(3.4) Dj (¢ v") = 4" 2 Df (") +v" 2 Df (47),
i.e. with v = "
(35) D; 9" = 2Re {g" 2 Dfy"},
yields the conservation of the mass:
"2
(3.6) DfY |y =0,
JEZ

REMARK 3.2. We remark that an arbitrary high (even) order conservative scheme for
the Schrodinger equation (2.1) can be obtained by using the diagonal Padé approximations
to the exponential [7]. The Crank—Nicolson scheme corresponds to second order, and the
fourth order is known in the ODE literature as Hammer and Hollingsworth method [18].

3.1. Discretization strategies for the TBC. We shall now compare three strate-
gies to discretize the TBC (2.8) with its mildly singular convolution kernel. First we review
a known discretization from the literature, where the analytic TBC in the equivalent form
(2.10) at L = JAz was discretized in an ad-hoc fashion.

Discretized TBC of Mayfield. In [30] Mayfield proposed the approximation
(Lo ty — T) e T

dr ~ L ”Z_l( n—m __ n—m) e—iv—hLmAt /tm+1 d_T
0 JT Ag 2P0 TP VT

m

(37) n—1 n—m n—m i VL At
WAL (T YT e e

Az vm+1+/m ’

m=0
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where she used the left—point rectangular quadrature rule. This leads to the following
discretized TBC for the Schrodinger equation:

Az — —-m n—-m\ g
(3.8) vy == 9Bv/AL Yy — T;( T =) b,

with

—iYLmAt
B:—Hﬁei%, b = ¢’ .
2 vVm+1+ym
On the fully discrete level this BC is no longer perfectly transparent. For the resulting

scheme with a homogeneous Dirichlet BC at j = 0 and (3.8), Mayfield obtained the
following result:

THEOREM 3.3 ( [30]). The numerical scheme (3.1), (3.8) is stable, if and only if

(3.9) snh 2L ¢ U[2;+1 (29)" ]

Azx?
JENo

This shows that the chosen discretization of the TBC (3.8) destroys the unconditional
stability of the underlying Crank—Nicolson scheme. The stability regions of Theorem 3.3
are illustrated in Figure 2 as light areas. The dark intervals are regions of instability.

At
C AX2

e
|

i
11 1

y 1
F1GURE 2. Discretized TBC of Mayfield: Stability regions.

As the numerical example in Section 3.5 will show this discretization gives rise to
unphysical reflections at the boundary.

REMARK 3.4 (Approach of Baskakov and Popov). A similar strategy using a higher-
order quadrature rule for the L.h.s. of (3.7) was introduced by Baskakov and Popov in [6].
This approach typically induces less numerical reflections compared to the results when
using the discretized TBC of Mayfield.

Semi—Discrete TBC of Schmidt and Deuflhard. In the semi—discrete approach
of Schmidt and Deuflhard [38] a TBC is derived for the semi-discretized (in ¢) Schrédinger
equation. This method also applies for a nonuniform in ¢ (e.g. adaptive) interior scheme
and it admits a time-dependent potential in the exterior domain (i.e. V, = V,(¢)). While
being unconditionally stable (in conjunction with an interior finite element scheme) [39],
it still exhibits small residual reflections at the artificial boundary. In [39] this approach
is also applied to uniform exterior z—discretizations, and one then recovers — through a
different derivation — the discrete TBC from [3].
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Approach of Lubich and Schadle. The time discretization is done by the trape-
zoidal rule in the interior and by convolution quadrature on the boundary. The numerical
integration of the convolution integral is done in the following way (cf. [27], [28] [37]). If

A

f(s) denotes the Laplace transform of f, then formally setting s = 0; yields
f@ 9= [ Hr e g0y dr
0
— [ rm)ge-ryar
0

= fx*g,

(3.10)

where ¢ is a function satisfying g(¢) = 0 for t < 0. Now f (0y) g(t) is approximated by the
discrete convolution

(3.11) F(@) g(t) == wng(t —nk),

n>0

with the stepsize £ = At. The quadrature weights w, are defined as the coefficients of
the generating power series:

(3.12) D wn ‘f<§%a), €] small.

n>0

Here 6(§) = D07, 0,&™ is the quotient of the generating polynomials of a linear multistep
method, e.g. §(§) = 2(1 — £)/(1 + &) for the trapezoidal rule. If one chooses for the
quadrature the same numerical scheme as in the interior then one obtains also a reflection—
free discrete TBC.

Discrete TBC. Instead of using an ad-hoc discretization of the analytic TBC like
(3.7) we will construct discrete TBCs of the fully discretized whole-space problem. Our
new strategy solves both problems of the discretized TBC' at no additional computational
costs. With our DTBC the numerical solution on the computational domain 0 < j < J ex-
actly equals the discrete whole-space solution (on j € 7Z) restricted to the computational
domain. Therefore, our overall scheme prevents any numerical reflections at the bound-
ary and inherits the unconditional stability of the whole—space Crank—Nicolson scheme
(see Theorem 3.13). These different approaches, discretization of the analytic TBC and
(semi—)discrete TBC, are sketched in Figure 3.

Consequently, when considering the discretization of TBCs, it should be a standard
strategy to derive the discrete TBCs of the fully discretized problem, rather then attempt-
ing to discretize the differential TBC whenever it is possible. A comparison of these two
strategies for a 1D wave propagation problem is given in [12].

3.2. Derivation of the DTBC. To derive the discrete TBC we will now mimick the
derivation of the analytic TBC from Section 2 on a discrete level. The Crank—Nicolson
scheme (3.1) can be written in the form:

. n ny __ A2, 2./m "+% n n
(313) —iR (% o %) - Amwj—H + Amwg + UJV; (Tﬁj +1 + wj ),
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Schrodinger Equation

_— T

(Analytic) Transparent BC Discrete Schrodinger Equation
Discretized TBC semi-discrete TBC |—— Discrete TBC
Mayfield Schmidt & Deuflhard Arnold & Ehrhardt
Baskakov & Popov Lubich & Schadle

only conditionally stable unconditionally stable  unconditionally stable
numerical reflections small reflections reflection-free

same computational effort

Ficure 3. Discretization strategies for the TBC

with
4 (Ax)? 2(Ax)? n+ld
R= n v= o Vi =V @ty
where AZY7 =47 — 297 + 47, and R is proportional to the parabolic mesh ratio.

Again, we will only consider the right BC. In analogy to the continuous problem we
assume for the potential and initial data: V* =V, =const, j > J—1,¢; =0,75 > J -2
and solve the discrete right exterior problem by using the discrete analogue of the Laplace
transformation, the Z-transform :

(3.14) Z{Yi} = Pi(z) = Zl/)}“ 2" zeC |zl > 1.
n=0

Hence, the Z-transformed Crank-Nicolson finite difference scheme (3.13) for j > J — 1
reads

(3.15) (2 + 1)A2;(2) = —iR[z — 1+ ir(z + 1)]i;(2), & = %%

The two linearly independent solutions of the resulting second order difference equation

- iRpz—1 | - A .
(3.16) Yir1(z) — 2 [1 - 7(2 1 +m>] Yi(z) +¥j—1(z) =0, j>J-1,
take the form v);(z) = v/,(2), j > J — 1, where v, ,(2) solve
2 iR z-1 .
(3.17) v 2[1 - (Z+1+m)}y+1_o.

For the decreasing mode (as j — oo) we have to require |1,(z)| < 1 and obtain (using
v (2)vs(2) = 1) the Z—transformed right DTBC' as

(3.18) Vy-1(2) = v3(2) §,(2)-
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Analogously, the Z—transformed left DTBC reads:
(3.19) 77;1 (2) = (2) 7&0 (2),

where 7,(z) with |7,(2)| > 1 is obtained from a solution to the left discrete problem, i.e.
(3.16) on the range j < 1.

REMARK 3.5 (Discrete Factorization). If S denotes the usual shift operator given by
S, (2) = 1;,1(2), then analogously to the continuous case (cf. Remark 2.3) the discretized
Schrédinger equation (3.16) can formally be factorized as:

(3.20) (S—1(2)(S—m(2) ¥;(2) =0, j>J—1,
which leads to the same DTBCs (3.18), (3.19).

It remains to inverse transform (3.18) using the inversion rules of the Z-transform
(cf. [11], e.g.). By the following tedious calculation this can be achieved explicitly.

CALCULATION (of 27" {1,(2)}). First we rewrite v, ,(z) as:

nale) =1 T i) e (R i) o B ()

:1+%+%—mzi1 :F%zil VAz2 —2Bz+C,
with the constants
(3.22a) A=(1+ir) (1 4K+ z%),
(3.22b) B=1+k"+ %,
(3.22¢) C=(1—iK) (1 ik — 7;%).
For the inverse Z—-transform we use
(3.23) VA7 2B+ C - L AT 2B C e .
VA o (/%zQ — Zgz +1
With the abbreviations
(3.24) Fz ) = : Ao VA B

P =2t 1 v ' vAve

we obtain from equation (3.23)

1 1 Az2—2Bz+C
Az? - 2B = F
z—l—l\/ z 2+ C Vi 2t (Az, p)
1 C
(3.25) t/Z{ + - Z+1} (Az, 1)

N 1 E 1
= - - F
\/C{/\-I-/\ . Vivoritl (Az, p),
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with £ = A+ 2B + C. The inversion rules now yield

R e o B el 52}} < Bulp)

z+1 VA C
-1
=¢FC{Aﬁn()+A1Pn am —1)" *Py( }
k;:
where * denotes the discrete convolution. Finally, we obtain
(3.26)
R R
27 {1,(2)} = 1—15+—“}5°+ iR(—1)"
iRY/C E 3
AP, () + Py1(p) — N kR
F— { (w) 1(1) WWM( ) k(u)}

Since C = A we have |\| = 1 with

A :R—4/<;—R/£2+2i(R/<a+2)
vavce \/(1+n2)[R2+(R/£+4)2}'

(3.27) A=

Therefore we write

2(Rk +2)

(328) A= 6,“’0, with @ = arg m

We obtain for the parameter p:

| 4 k2) + 4
(3.29) o= R+ +7) + 4~ € R,

V(U K2 [R2 + (R + 4)7]

and it can easily be seen that —1 < y < 1 is valid. The constant E simply equals 4 and
we get

FE 4
(3.30) = — R cR.

VAVC \/(1 + k2)[R? + (Rk + 4)?]

The choice of the sign in (3.26) can be justified analytically or simply by testing it
numerically. We finally obtain the convolution coefficients £™ = Z=' {u,(2)} as

(= [1 + Zg + %] Op —iR(=1)" - %{l/(RQ +02)[R? + (0 +4)?] e /2.
(331) n—1
P {AP (1) + Pacs(h) - TZ<—A>”—kPk<u>} ,

k=0
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with 0 = Rk and P, denotes the Legendre polynomials. The resulting discrete TBCs at
the grid points z;, j = 0, J read

n—1

(3.32a) W — e =3Pk, >0,
k=1
n—1

(3.32b) Wi = = 0 e > 1
k=1

The subscript j of the coefficients £™ indicates at which boundary the values are to be
taken. In the sequel many parameters will be supplied with this subscript.

3.3. The Asymptotic Behav10ur of the Convolution Coefficients. We study
the asymptotic behaviour of the Z K ™) in (3.32). It will turn out that it is advantageous
to reformulate the DTBC using new coefﬁments. Afterwards we shall derive a recursion
formula for these new coefficients and compare their decay rate with the decay rate of the
continuous integral kernel in (2.8), (2.9).

The summed convolution coeffcients. First we want to study the asymptotic
behaviour of the convolution coefficients Eg-"), j = 0,J. With the notation p; = cosb;,
0 < 0; < m, we use the following classical result on the asymptotic property of the Legendre
polynomials:

LEMMA 3.6 (Theorem 8.21.2 (Formula of Laplace), [41]).

V2 cos[(n+3)8; — ]
VT \/5in 6; Vn

The bound for the error term holds uniformly in the interval e < 0; < m — €.

(3.33) P,(cosb;) = +0(n%?), 0<0;<m.

From this lemma we conclude that lim,,_,« P,(¢;) = 0 holds. Consequently, the coeffi-
cients have the following asymptotic behaviour for n — oo:

(3.34)

[y

6 —GR(—1)" ~ %f/(RQ +02)[R? + (0 + 4)2] e /2 (—1)" ] (—e"0)* Py ()

J
0

=
I

Using

lim Z w, Pk (1) = 1 _ 1 ] 1
(335) e \/1 + 2Mj/\_j + /\_j2 vV 2)\]' \/Re )\j + Hj

1 .
= 55\ (B + o)) [B* + (0; + 4)’] e'#i/?,
we finally obtain
(3.36) €~ iR(—1)" + %\/(RQ +0?)[R2 + (0 + 4)2] (~1)" = 2%R(~1)".

The sequence E;") is asymptotically an alternating, purely imaginary sequence, which
may lead (on the numerical level) to subtractive cancellation in (3.32). To circumvent
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this problem we consider the summed coefficients
(3.37) A A A - K =Y (W

and compute:

?

R o .
@ =1-i5+7 - —C/(R2 + 02)[R? + (0 + 4)?] €4/

(3.38) ]2{ 3 f
o j :
_1—7,5+3—5(/R2—4aj—a]2+2zR(oj+2),

(3.39) A =R~ %{/(R2 +02)[R2 + (0; +4)2) €79/ {p; + e7 + 1},

and for n > 2 we compute using the definition of E:

sg-n) = —% (1/(R2 +02)[R? + (0; + 4)?] e'%i/2 g=in;i

{Pn(/.,LJ) + \()\] + )\;1 — Tj)an—l(,uj) + Pn—?(:“’j)}'

:7211,]-

(3.40)

With the recurrence relation of the Legendre polynomials

n—1
P, o), n>1,

P, (1 .
(MJ) + om—1

n

P () = ——
Mg 1(45) o — 1
we finally get

(341) Sgn) _ %{l/(RQ + O_JQ) |:R2 + (O'j + 4)2] eicpj/Q e—inw Pn(:“’]) - Pan(:u’j) ’ n 2 9.

2n—1
REMARK 3.7. The coefficient E;O) can also be calculated with [11, Theorem 39.1] by
0 . R o; ) . .
(3.42) 60 = Jim wy(z) =1 i+ — {/(R +i0;) (R + i(oj + 4)).

We summarize our results in the following theorem:

THEOREM 3.8 ( [3]). The left (at j = 0) and right (at j = J) discrete TBCs for the
Crank—-Nicolson discretization (3.1) of the 1D Schridinger equation are respectively

n—1

(3.43a) Up —sgun = sg Pk — w1,
k=1
n—1
(3.43b) Wiy — s = s Pk — gl n>1,
k=1
with
() _ R o R o _ing; Pn(tt5) — Prs(pt5)
(3.44) sV = 1—z§+5]5g+[1+z5+5]5;+aje vi Sy ,
2R(0; +2 R? + 40, + 02
@; = arctan _2R(0; +2) Wi = J

) i I
R2—40j—<7]2- \/(R2+G]2-)[R2+(Uj+4)2]

2Ax?
72

O'j:

Vi, a;= %{*/(RZ + 02)[R? + (0, + 4)?] eil? i =0,J
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P, denotes the Legendre polynomials (P_y = P_, = 0) and &) the Kronecker symbol.

The P, only have to be evaluated at the two values p,, 1, € (—1,1), and hence the
numerically stable recursion formula for the Legendre polynomials can be used [16].

The recurrence formula for the summed coefficients. In this subsection we shall
give two different derivations for the recursion formula of the convolution coefficients sg-") )

The first one is based on the explicit representation (3.41) of 55-") by first calculating

a recursion formula for P,;i(p;) — Po—1(p;). The second derivation does not require
the explicit form of the coefficients sg-") but only the growth functions v 5(z) from the
Z-transformed DTBCs (3.18) and (3.19).

FIRsT DERIVATION: Here we start with the standard recursion formula [1] for the
Legendre polynomials P, 1 (y;), Pr—1(y;):

(n+ 1) Poga(py) = @n+ Dy Po(py) = nPaoi(pg),  n >0,

(3.45) (n—1)P,_1(pj) = (2n — 3)p; Pr—2(ptj) — (n — 2) P_s(1s5), n2>2,

and
P,_s(u;) — Po_1(p;
(3.46) Po1(5) — 215 Pa—a(pt5) + Prs(y) = 3(/{;)71 — I(M]),

The expression P,;1(p;) — Pao—1(p;) is converted in the following way:

(n 4+ 1) [Poya(t) = Paa(y)]
= 20+ Vs Pali) — n+ 1) 202 P o) + (2 +1) 2 Py 5(11)

1
(n—2)2n+1)
2n — 3

= (2n+ 1) [Po(pg) — Poo(p5)] —

where we have used the relation

[Py 1(1) — Po s(1)],

L[ Pos(pyg) = Pai1(py)
Pos(pj) = miPa-2(hy) = 5 > ;n —3 SR — P () + Paza(p)

% [Pr1(pj) = Pas(py)]-

Finally, we obtain for n > 2 the following recursion formula for P, (u;) — Po—1(1;):

(3-47) Pn+1(luj) - Pnfl(,uj) =

2n+1 (n—2)2n+1)

——— i | Py(pt;) — P_a(ps)| — P, 1(p;) — Py_3(p;)].
Since the sg-n) are determined by
(3.48) s =y 571 [Pa(pj) — Paca(p)], n>2,

we get from (3.47) the recurrence relation for the summed convolution coefficients:

(3.49) gty Z 2T o M2y e s

7 PSR e AR A
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which can be used after calculating the first values 85-") for n = 0,1,2 by the formula
(3.44).

SECOND DERIVATION: Next we shall present an alternative derivation of the first
convolution coefficients sg-n), n = 0,1,2 and the recurrence relation (3.49). The advantage
of this alternative approach is that we shall only need the growth functions vy »(z) from
the Z—transformed DTBCs (3.18) and (3.19). Hence this approach might also apply to
a bigger class of linear evolution equations, where it is not possible (or too tedious) to
derive an explicit representation of the convolution coefficients.

We remark that an even more advantageous approach might be based on the polyno-
mial equation (3.17) for the growth function v(z), rather than on its explicit solution. The
benefit of such a strategy would lie in the possibility to obtain the convolution coefficients
also for higher order difference schemes, that would lead to quartic (or even higher order)
equations for v(z). To our knowledge this has, however, not been accomplished yet.

In this second approach we shall first derive a first order ODE for the growth function
v(z), which is explicitly given by (3.21). In fact, it is more convenient to consider

(3.50) 7(z) = (z+1)v Z s,

n=—1
Using the constants (3.22) and (3.24) it has the explicit form
(3.51)
iR o iR o ' 1

» M ]) (1 [ ]) _+ 2 44 2 + __2 .

Uy(2) = z( s T35 )T+t 5+5 2R+GJ+0 Z+/\M
The index j = 0, J again denotes the grid point where the DTBC is to be constructed.

dv A 1
Multiplying 7' = d—V by (22— — 22+ )\_> then yields an inhomogeneous first order ODE
z M H

for v(z):
(3.52) (z 5—2z+i) (z)'—(z3—1) 5(2) = B(z) == P12 +

. 1 /\/J, 1 - — M-1 0y
with

A
By = (1+@+U”)+( 1+ﬁ—ﬁ),
,u 2 2 2 2
(3.53)
By = 1 (1 2R+a])+(1+zR+oj>
7 A\ 2 2 2 2

Its general solution includes 7, ,(z) as defined in (3.51). Using the Laurent series (3.50)

of 7 and 7' in (3.52) immediately yields the desired recursion for the coefficients s(")
A

) - =g

A 1
(3.54) —2;35.2) +58 + _)\MS;O) = By,
| .
—(n+1)s; (1) 4 (2n — 1)% g " (n— Q)ESSH V=0, n>2

which coincides with (3.49).
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The starting coefficient of the recursion can be determined as in (3.42):

SgO)th@:l—Zﬁ —J R2+4UJ+U2\F/7

2900 Z 2

Here, the sign has to be fixed such that |v1(z)| < 1 for the right DTBC and |v5(2)| > 1
for the left DTBC. This can be done for e.g. for z = occ.

STABILITY OF THE RECURRENCE RELATION: For proving that the recurrence re-
lation (3.49) is well-conditioned we follow the notation in [16] and write (3.49) as the
second order difference equation

(3.55) st sl 4 pWsle ) =0, n> 2,
with
(3.56) al” = 27:: 11 wh Y= )
There are two linearly independent solutions sg 1), 5"2) to (3.55). If they have the property
(3.57) lim ﬂ =0
' n—c0 s(”)

n) . .. . . . . .
then sg- 2) is called a minimal solution and serious numerical problems arise if one tries to
H

5-72) in a straightforward way by using the recursion (3.49): A (small)
initial error would induce arbitrarily large relative errors in sg-f;), even when evaluating the
recursion (3.49) with infinite precision. Methods of calculating minimal solutions of three—
term recurrence relations can be found in [16]. To prove that (3.49) is well-conditioned
we have to show that the seeked solution is not a minimal solution to (3.55). This type
of solution is called dominant.

Since the coefficients ag-"), bg-") in (3.55) have the finite limits

compute the solution s

B; n c;, .
(3.58) a; = lim a( ) = = =27 =9 b; = lim bg- b= )2 = A_]-’ j=0,J,
j

n—oo A] n—o0 J
one calls (3.55) a Poincaré difference equation and
(3.59) ®;(t) =t>+a;t +b;
the characteristic polynomial of (3.55). The characteristic polynomial has the complex
conjugate zeros t§-1’2) = (B; £ i4/R)/A;. The zeros have the same moduli: |t§-1’2)| =1,
and therefore the classical Theorem of Poincaré (formulated below for the special case of

a second—order difference equation) cannot be applied to distinguish two solutions with
distinct asymptotic properties.

THEOREM 3.9 (Poincaré Theorem, [14]). Suppose that the zeros t§ ), t§ of the char-
acteristic polynomial (3.59) have distinct moduli. Then for any nontrivial solution sgn) of
(3.55)

S(n—l—l)

R
A =l

fork=1ork=2.
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REMARK 3.10. If equation (3.55) has characteristic roots with equal moduli then
Poincaré’s Theorem may fail (cf. example of Perron [14]).

It is well-known that the Legendre polynomials P,(u;) and the Legendre functions of
the second kind (of order zero) @, (u;) satisfy the same three-term recurrence relation
(3.45). Therefore, the two linearly independent solutions to (3.55) are the convolution

coefficients sgnl) = s(n) (3.48) and 55"2) given by

(3.60) .

with some constant f;.
Now we want to study the asymptotic behaviour of these two solutions. With the
notation p; = cosf;, 0 < 0; < m, we use Lemma 3.6 which gives

7 (@) = Quea(p)], 22,

(3.61) P, (cosB;) — P,_5(cosb;) = 2\/_ ” sin §; sin (n \/ﬁ@ — il +0(n3?),

and from (3.48) we see that
(3.62) ) V2 _ sinf(n — 3)0; — §]
J T

An analogous formula to (3.33) for the Legendre functions of the second kind @, (1) is
given by the following Lemma:

n — o0.

LEMMA 3.11 (Theorem 8.21.14, [41]). For 0 < 6; <=
vr o ocos[(n+3)8; +%

Vajem,  vn

This holds uniformly in the interval [e, 7 — €].

(3.63) Qn(cos b)) = } +0(n3/?).

As before we can deduce from (3.60) that
. s Jr /sm9 _,sin[(n %)Oj +7] ’
g (n—3)vn

holds. Therefore the ratio of the two solutions behaves asymptotically as

(n) - 1yg. 47
s crsinj(n—232)0; + 2 1

Z;LQ) ~ ﬂ] E : [( i) J i} &_ tan[(n— —)0]—{—1], n — oo,
s 2sin[(n—3)0;— F] a2 2 4

n — o0

i.e. neither sg.") nor sg.f;) can be a minimal solution. Consequently, the problem of deter-

mining the required values of the convolution coefficients is well-conditioned [16]: they
can be computed numerically from the recurrence relation (3.49) in a stable fashion.

REMARK 3.12. In the special case §; = m/2 we observe the asymptotic behaviour

5™

Sz B
o

st
5j

= n — o0.
2’
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Decay rate of the convolution kernel. Since |\;| = 1 the relation (3.62) shows

that s, s = O(n=%/2), which agrees with the decay of the convolution kernel in the
differential TBCs (2.8), (2.9). To show this property we consider the left TBC (2.9) and
obtain after an integration by parts

Q/J;u(o,t) — C% ! w(to,T) dT
3.65 0 -7
(3.65) B {i /t $(0,7) i E/t_g »(0, 7) . (0,t — ¢)
= dt —e VE—T 2 0 (t _ 7-)3/2 \/E
with

(3.66) \/ 2 o1t
. Cc= —e 4= .
hm VT

To compare the discrete convolution in the DTBCs with the continuous convolution in
the differential TBCs we consider the following discretization (with ¢ = At)

c [F (0,7) . c — —3/2

If we compare this with (3.43a) written in the form

Yr—vg 1
(368) Az Az

n—1
N s Pk -t sOup 0|, n>1,
k=1

we would roughly expect

(n) cAx /2 _ 1—1 Ax _3/2
3.69 Sy |~ — n =——n
(3.69) 0 WAL oVhm VAL

In Figure 4 we compare the s(()") for increasing time levels n with the r.h.s. of (3.62). The
used parameters are i = 1, At = 107%, Az = 1/160 and the potential is set to zero.
Figure 4 displays a quite good agreement of the asymptotic behaviour of the s(()") with the

predicted one in (3.62). The values of 3(()") oscillate around the rate (3.69).
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Asymptotic Behaviour of Convolution Coefficients sg‘)
0 T T T

sM
91) asympt.
—3 2

n rate

-9 I I I I I
1 15 2 25 3 35 4
log, ()

FIGURE 4. New discrete TBC: convolution coefficients 58") compared to
the r.h.s. of (3.62) and the decaying rate (3.69).

3.4. Stability of the resulting Scheme. We shall now discuss the stability of the
Crank—Nicolson finite difference scheme in connection with the DTBCs (3.43).

Since the discrete whole-space solution satisfies the discrete TBCs (3.43), it is trivial
that the implicit scheme (3.1), (3.43) for the IBVP can be solved at each time level n.
To prove unique solvability and stability of the scheme, a discrete analogue of (2.19) can
be derived. We sum up (3.2) for the finite interior range j = 1,2,...,J — 1, use the
summation by parts rule:

_ J-1
(3.70) AJJZQjD;fj = —AiFijDIgj + fr-197 — fo %
=1

=0

and obtain (note that D2 = D_ D)

2 A n n
7’ "EZV +2 ‘w +z

— ol iBAT :
Tnts n __ n+y
Aa Y u D =~ Y D
(3.71) j=1 7=0
WA ntl n+3 n+3 n+
+ SE Dt - a o .

Finally, taking the real part using (3.5) yields

(3.72) D [[9"113 = h[Re {i 6} D077} — Re {i gy " * D"},
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with the discrete L*-norm defined by [|"]|3 := Az E‘J]:_ll 7|2, After summation with
respect to the time index we get from (3.72):

(3.73)
N+1)|2 0|2 . al n+i n+i . al —ntl n+l

4113 = IOl + nat [ Re {6 > 65 > w2} = Re {i Y 0 D3 7}

n=0 n=0
oz PAL el ntl o ontl s hAt el ntl ontl s
=13 — 5 Re{id vy (v #67)} = Re{id g > (o * + &)},

n=0 n=0

where Eg") = ES-”) — 6y, 7 = 0,J. Again, as in the continuous case, it remains to show

that the boundary—memory—terms in (3.73) are of positive type. We concentrate on the
boundary term at j = J and define the finite sequences
N

I Y

(3.74) fn = 3+5 * Z(J"), Gn = 3+§, n=0,1,..

with f, = g, =0 for n > N, i.e. Re{i ZnNzo fnGn} > 0is to show. A Z-transformation
using the transformed DTBC (3.18) yields

2{fa} = F0) = T B @) [mle) - 1]
(3.75) ip
= LN [s - 1+ in(e +1)] ¥ VAZ 2Bz 1O},

where ¢ (2) = SN %z~ is analytic on |z| > 0. The expression above in the curly
brackets is analytic for |z| > 1 and continuous for |z| > 1, since the zeros z,, of the
square root are given by z,, = (B +i4/R)/A with |z,,| = 1. Therefore f(z) is analytic
on 1 < |z] < oo. Note that we have to choose the sign in (3.75) such that it matches with
v,(z) for |z| sufficiently large. For the second sequence g,, we obtain

z+1

(3.76) Z{ga} = () = 22— 0 (),

i.e. §(z) is analytic on 0 < |z| < oo.
Now the basic idea is to use Plancherel’s theorem in the form

0 1 2 R . —
> fugn =5 [ F€0)30) dy.
n=0 T Jo

which gives

We remark that the pole of 1,(z) at z = —1 is “cancelled” by |z + 1|>. From (3.77) we
conclude that the discrete L?-norm (3.73) is non-increasing in time if

(3.78) Im 1,(e"?) <0, Vo €[0,27],
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holds. This property of v, can be shown in the following way. If we define

(3.79) y:—@(z_l

2 \z+1 +z;<;)

then (3.21) simply reads

(3.80) w(y) =1+y— Yy2+y).

On the unit circle z = €*, 0 < ¢ < 27, we have (2 —1)/(2+1) = itan(¢/2) and therefore

R o Rk (Ax)2[2 v V.
(3.81) Y 2tan2 + 5 ttan2 + , 0<p ™

is real. Consequently, v,(e*?) becomes complex only in the interval ¢, < ¢ < @3, where
©a, b € [0, 27| solve

Pa VL Db At
3.82 tan — = —At | — tan — = ——V/,
(382) ) <2h+ (Ax)Z)’ Wy T TR
and we have the requested result
(3.83) Im ,(e"?) = —Im {/y(2+y) <0, 0 <o <2m.
Imag v,(¢)
0.5 T
0
-0.5 4
-1t i
_15 1 1 Il
0 w2 s 3/2n 2n

FIGURE 5. Imaginary part of v,(z) on the unit circle z = €™, 0 < ¢ < 2.

The situation is illustrated in Figure 5, where we have set h = 1, V, = 2 - 10* and
used the parameters Az = 1/500, At = 2-107°. This gives the following values for ¢,,
Vbt o = 21 + 2atan(—5.2) = 3.5216, ¢, = 27 + 2atan(—0.2) ~ 5.8884.

We then have the main result of this Section:
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THEOREM 3.13 ( [3]). The solution of the discretized Schrodinger equation (3.1) with
the discrete TBCs (3.43) is uniformly bounded

J—1
n n 2
(3.84) 6" )13 = Az |wr] <I935, n>1,
j=1

and the scheme s thus unconditionally stable.

REMARK 3.14. It can also be shown that (3.43) is a consistent discretization of the
differential BCs (2.8), (2.9).

Simplified DTBC. The decay of the sg-") shown in (3.62) motivates to consider a
simplified version of the DTBC (3.43) with the convolution coefficients cut off at an index
M. This means that only the “recent past” (i.e. M time levels) is taken into account in
the convolution in (3.43):

n—1

(3.85a) Yp — s = Y s Pk gt >,
k=n—M
n—1

(3.85b) R e S A §
k=n—M

This, of course, reduces the perfect accuracy of the DTBC (3.43), but it is numerically
cheaper while still yielding reasonable results for moderate values of M. We remark that
the numerical stability of the scheme with simplified DTBC depending on the value of M
is not anymore obtained automatically. This issue is currently under investigation [2].

3.5. Numerical Results. In this Section we present an example to compare the nu-
merical results from using our new discrete TBC to the solution using other discretization
strategies of the TBC for the Schrédinger equation (2.1). We also show the numerical ef-
fect if the DTBC is simplified by (3.85). Due to its construction, our DTBC yields exactly
(up to round—off errors) the numerical whole—space solution restricted to the computa-
tional interval [0, L]. The calculation with discretized TBCs requires the same numerical
effort. However, the solution may (on coarse grids) strongly deviate from the numerical
whole—space solution.

Example. This example shows a simulation of a right travelling Gaussian beam
[ (x) = exp(i100z — 30(x — 0.5)?)] at four consecutive time steps evolving under the
free Schrodinger equation (% = 1) with the rather coarse space discretization Az = 1/160
and the time step At = 2-107°. Discretizing the analytic TBCs via (3.7) (scheme of
Mayfield [30]) or as in Baskakov and Popov [6] induces strong numerical reflections. Our
discrete TBCs (3.43), however, yield the smooth numerical solution to the whole-space
problem, restricted to the computational interval [0, 1] (up to round—off errors).

We observe in Figure 6 the artificial reflections travelling to the left induced by dis-
cretizing the analytic TBC while the solution with the new discrete TBC leave the com-
putational domain without any numerical reflections. At time ¢ = 0.01 the solution with
the DTBC has almost completely left the domain [0, 1] and the solutions with discretized
TBCs contain a reflected wave packet with the maximum modulus (which corresponds
to the maximum error) of around 0.17 for the approach of Mayfield and around 0.025 in
case of the discretized TBC of Baskakov and Popov.
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FIGURE 6. Solution |¢(z,t)| at time ¢ = 0.004, ¢ = 0.006, ¢ = 0.008,
t = 0.01: the solution with the new discrete TBCs (—) coincides with the
whole—space solution, while the solution with the discretized analytic TBCs
(3.7) from [30] (---) or from [6] (- - - ) introduces strong numerical reflections.

Now we present the results when using the simplified DTBC (3.85) and want to com-
pare the outcome with the discretized TBCs at time ¢t = 0.01. All these boundary condi-
tions need a comparable computational effort. The cut—off value M is chosen appropri-
ately, such that the simplified DTBC yields similar results with respect to the numerical
reflections at the right boundary z = 1. As a reference we also plot the solution with the
discrete TBCs (---).

We see in Figure 7 that the solution with the simplified discrete TBCs (3.85) with
M = 5 is already better than the solution with the discretized analytic TBCs (3.7)
from [30].

We observe in Figure 8 that the error of the solution with the discretized analytic
TBC from [6]. lies between the errors of the solutions with the simplified discrete TBCs
(3.85) using the cut—off value M = 30, M = 35.
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FIGURE 7. Solution [¢(x,t)| at time ¢ = 0.01: the solution with the
discretized TBCs of Mayfield [30] (—) in comparison to the solution using
the simplified DTBC (3.85) with M =4 (-.-.) and M =5 (---).
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FIGURE 8. Solution [¢)(z,t)| at time ¢ = 0.01: the solution with the
discretized TBCs of Baskakov and Popov [6] (—) in comparison to the
solution using the simplified DTBC (3.85) with M =30 (-.-.) and M = 35

().
4. DTBC for non—compactly supported Initial Data

In this Section we show how to drop assumption (A1), i.e. here the initial data ! (x)
need not be compactly supported inside the computational domain. We only assume that
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the initial function 1 (z) is continuous. First we review the derivation of the TBC on the
continuous level and mimick this derivation strategy afterwards for the discrete scheme.

4.1. The Transparent Boundary Condition. Here we review the derivation of
the (continuous) TBC from [25]. In the case of the free Schrédinger equation with non—
compactly supported initial data 1" the Laplace transformed right exterior problem (2.5)
now reads

(4.1a) Ve + 50 = Y’ (z), x> L,

(4.1b) (L, s) = ®(s),

where we set ¢ = (14 1) /v/f. Again, the idea is to solve this inhomogeneous second order
differential equation (4.1) explicitly. The homogeneous solution is

(4.2) Dhom (2, 8) = C1(s) V3D L Oy(s) e~teVsle=b) g5 [,
and according to [22, (14.31)] a particular solution of (4.1a) is given by

(4.3)  Vpar(z,8) = 2if/§ [/L el Vs@=2 I (z") da’ —/L eVs@ =Dyl da' |, x> L,
i.e. the general solution is

(4.4)

0(z, 8) = Ohom (2, 8) + Upar(z, 5)

- [ms) vt s [y dx'] eV

) c o ) ¢ 0 ) )
C icy/sL _ / ieN/sx' 1 T/ 1 dz’ iey/sx' ) It dz' —zc\/Ea:.
+[2(8)€ 55 /. e ' (x") x+—2i\/§ ’ e P (2')dx'| e
We note that the last term in (4.4) is bounded for fixed s and x — oco. Since the solutions

have to decrease as z — oo, the idea is to eliminate the growing factor e~*v*® = e 7 VoE
by simply choosing

C bl ’_ ’ '
(4.5) Crls) = 572 /L eioVS @=Lyl (41 da.

Consequently, we obtain C}(s) from the boundary condition (4.1b):

(46) 01(8) = (i)(S) — 27,?/5 /LOO eiC\/g(m’—L),(/JI(xl) d'.

From this we get the following representation of the transformed right TBC :

2 o
bu(Ls) = ie/5Cal) = [ DY (@) o
L

(4.7)

o0

=icy/s B(s) — 02/ eV @=Ll (1) da'.

L

It remains to inverse transform (4.7). If we further assume that v’ is continuously differ-
entiable, then integration by parts yields:

ic

Vsl

(M8)  (Ls)= ¢ [sb(s) ~ v (1)

\/g 6ic\/§(x’fL) wﬂ]ﬂ (.II) dz'.
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The inverse Laplace transformation using the convolution theorem gives

(4.9) o(L, 1) i / wtt Vi dr —ic L™ {%/L eleVs@ =LYl (4" dx'} :

Finally, if 1 is integrable for z > L, Levy proved ( [25, Theorem 3.1]) that the integration
and the inverse Laplace transform can be interchanged in (4.9) to obtain the right TBC

(T 2
(4.10) o(L,1) Zcfwtt / Wl (z) e d
Vi—T1

REMARK 4.1. Clearly, if ¥!(z) = 0 for z > L then (4.10) reduces to the previously
obtained right TBC (2.8) in the potential-free case (note that —/2e™'% =i — 1).

As motivated in the previous Section we will not discretize this TBC. Instead we will
show now how to derive the TBC on a fully discrete level by mimicking the derivation of
the continuous TBC.

4.2. The Discrete Transparent Boundary Condition. First we show how to
solve an inhomogeneous second order difference equation with constant coefficients of the
form

(4.11) Uj+1+an+ij,1:’}/j, j>J—1.

We already know from Section 3 that the two linearly independent homogeneous solutions
take the form o/, 87, j > J with a8 = b. A particular solution V; of (4.11) can be found
with the ansatz of “variation of constants” [31], [14]:

(4.12) Via=cdd t+d;p7 >

It follows that

(4.13) Vi =cj1ad +dj 7 =ciod +d;i, j>J -1,
if we force the condition

(4.14) (A*c))od + (A*d)) 7 =0

to hold. Here A* denotes the usual forward difference operator, i.e. A*e; = ¢ — ¢
Analogously, again assuming (4.14), we obtain for Vj,

(4.15) Visr = ¢;a? T+ d; 871 + (Ate;) o+ (ATdy) BT
Inserting (4.12), (4.13), (4.15) into the difference equation (4.11) gives
(4.16) (Atej) o™+ (Atdy) P77 =,

together with the condition (4.14). This can easily be solved to obtain

1
a_

i 1 .
(417) A+Cj = /B « Jf)/j’ A+dj = _r 6 Jf)/j’

B

i.e. we get the coeflicients

<.

o ", 32>,

7j—1
(4.18) cj:cJ+ZA+cm:cJ+
m=J
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j—1 j—1

1
(4.19) dj=d, +>» Atdp=d, - o > B J=
m=J

Consequently, the particular solution reads

Vi =cjnd +din
X ,
c; + a— Z o ",

and the general solution of (4.11) is of the form

J

Z ] j7 jZJ_]-a

m:

(4.20) it

J j
(4.21) Ui=cd +dp + > i 5 [Z]aj_mym — X;B]_mvm] , J>J—1,
which is the discrete analogue to the solution formula (4.3) in the continuous case.

Now we use (4.21) to design a boundary condition at j = J. For that purpose we
assume |a| < 1, |B] > 1 (recall that b = af = 1 for the Crank-Nicolson scheme for
solving the Schrodinger equation). Proceeding analogously to the continuous case we
have to eliminate the growing factor 3/ by choosing d appropriately as

1 =, .
(4.22) d—a_ﬁmz:;ﬂ Y-

We obtain from (4.21)

1 J
c+ o — ﬁ Z;]O! mem
The value of ¢ can be expressed with Uj_;:
4.24 = — [ = m
(124 =2 (2) o5

and inserting this into (4.23) with j = J:

(4.23) U; = oz9+— Z gimmy o j>J—1.

m j+1

1 <= _/jm
2) Uy = ea’+ 2=5 30 A"
m=J

yields

Ur=aUj_1 — (1— %) aiﬁmz:;ﬁj_m?’m

=aU;_;— B! Z B "Y1 vms
m=0

(4.26)

or equivalently

(4.27) DU =BUs+ > b ™™

m=0



4. DTBC FOR NON-COMPACTLY SUPPORTED INITIAL DATA 30

Finally, we want to apply these results to the discretized Schrodinger equation (3.13)
and derive the DTBC at j = J in the situation, when the initial data 17 does not vanish
for j > J—1. In this case the Z—transformed right exterior Crank—Nicolson scheme reads:

R 1 ~ ~ z :
(428) ¢j+1(2) — [ - ’LR(? + ’LH):| ’lﬁJ(Z) + 1/Jj_1(z) = z—}——l gpj-, ] > J — 1,
where the inhomogeneity ¢; is given by
(4.29) o = ALY +iRY; — Ry, j>J—1.
We can use (4.27) to obtain the transformed right DTBC :
(4.30) 7%—1('2) = 1/2(,2) Z 7(2) @ 14ms

where v,, v, are the two solutions of the quadratic equation (3.17).

REMARK 4.2. Again, (4.30) reduces to the DTBC (3.18) for ¢,; = 0.

In order to formulate the DTBC we define (pgf)) = Z7'{v"(2)} and set (Esn)) =
Z7'{r,y(2)}. Using standard rules of inverse Z—transforms (cf. [11], e.g.) we obtain by
inverse transforming (4.30)

(4.31) oy, —Pyy = Zf(n Dk + (1) e, + Z Z s > 1

m=1 k=0

Since the coefficients ¢ 5 asymptotically alternate in time, this formulation can be im-

proved and shortened by regarding once more s = f )+ E“}H’, which gives finally the
DTBC for non—compactly supported initial data
(4:32) Wiy — sy U = Z O =0+ Y 0 m 2 L

m=1

REMARK 4.3. Note that in contrast to the DTBC in Section 3 the r.h.s. (4.32) for
n =1 is not zero but

(4.33) iy — Oy = sOyf — S+ " ple,
m=1

In practical situations the sum (over m) in (4.32) of course has to be finite (e.g. up
to an index m = M). This means that the initial condition is still compactly supported,

but possibly outside of the computational interval. The coefficients pg,?), m=1,2,...,M,
can be calculated recursively by “continued convolution”, i.e.

n n

n — n n—=k k n n—k k
4.34) P =2 {n(2)}, =3 PR Pl =Tl ete..
k=0 k=0

Since this computation is rather costly (even when using fast convolution algorithms with
FFTs [32, Chapter 4]) we seek for another way to calculate

M
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The key idea is to use the quadratic equation (3.17) for v,(z) in order to contruct a

recurrence relation for the p{ (w.r.t. m). Equation (3.17) for v,(z) gives

e =2[1- T i) re) -

m Z m m—
=GV (Z)_CQH—lyl (z)_yl l(z)a m 2> 1

with ¢, =2+ iR + Rk and ¢, = 2¢R. An inverse Z-transformation gives

(4.36)

(4.37) pfﬁi = clpm —cy Z pgn), L, m>1,

with the starting sequences pO = 0y and P =z {ni(2)}, n > 0. To circumvent the

convolution in (4.37) we consider q,(n) = pgf) + p( ), pgn Y = 0 and obtain
4.38 dM =c ™ —p® — ™ om>1
m+1 ™m m—1

to use in the DTBC of the form
n—1 M
n n n—k n— n— n— n
(4.39) Y, — S(JO)wJ = Ztg )¢§ =~ =T =T Z qy(n)SDJer, n>1,
k=0 m=1

where t( n) = S(J " 4+ S(J Y. The calculations are done by the following algorithm

1. q —(50-1—(51 n>0
2. ¢ =p 4+ p" DV =5" n>0
3. 8" = Q(() )SDJ +Q§n)90<]+1 n=1
4. form=1,...,M —1 do
Q£n4)r1_c q,(n) @pﬁ,?—qﬁ,’fll n >0

Sr(r?+1 = S(n) + qgr?il(p‘]—f—m-f-l n=1
0 0

psn)ﬂ qw(nlq

forn=1,...,N do

n n—1
p()l_q()l p( 1)
end
end

Here N denotes the maximum time index. The computational effort of the above imple-
mentation of the DTBC is O(M - N), and comparable to the effort when enlarging the
computational domain sufficiently. The usage of the DTBC is especially beneficial when
one needs several computations with the same exterior initial data. Then the calcula-
tion of the additional term has only to be done once. The same applies when the initial
field is concentrated far outside the computational domain. This is the case in radiowave
propagation when computing coverage diagrams of airborn antennas.
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Alternatively, a second possible implementation is to consider the transformed DTBC
(4.30) and to calculate numerically the inverse Z—transform of the finite sum once:

(4.40) F—2" { ) soHM} .

m=0

The DTBC then reads
n—1

(4.41) U R S}
k=0

The numerical inverse Z—transformation will be the topic of the next section.

REMARK 4.4. While the DTBC (4.32) solves the problem of initial data that are
supported outside of the computational domain, the resulting numerical effort of this
approach is not completely settled yet and subject to further investigations. In particular
one has to compare an “optimal” computation algorithm for the coefficients p(nm)or qflm)

with simulations on a sufficiently enlarged computational domain.

4.3. Numerical Results. Here we present the numerical results when using our new
discrete TBC (4.32) for the Schrédinger equation (2.1). We use the same initial data as
in Section 3.5, but shifted such that it is partially outside the computational domain
0 <z < L. Again, due to its construction, our DTBC yields exactly (up to round-off
errors) the numerical whole-space solution restricted to the computational interval [0, L].

Example. This example shows a simulation of a right travelling Gaussian beam
[ (x) = exp(i100z — 30(z — 0.8)?)] at three consecutive times evolving under the free
Schrodinger equation (% = 1) with the rather coarse discretization of 161 grid points for
the interval 0 < z < 1 (i.e. Az = 1/160) and the time step At = 2-107°. For the right
exterior (computational) domain we choose the same space step Az and use 60 grid points
which results in the exterior interval 1 < z < 1.38125.

In the following Figure 9 we plotted the absolute value of the initial data and the
solution obtained with the discrete TBCs (4.32) at the time steps ¢ = 0.002, ¢t = 0.004,
t = 0.006. One clearly sees in Figure 9 that the solution is solely propagated to the right
and no artificial reflections are caused.

In this example the computation using the inhomogeneous DTBCs (4.32) needs ap-
proximately the same CPU-time than just enlarging the domain to the interval 0 < z <
1.8 using a simple Neumann boundary condition at x = 0 and z = 1.8. From Figure 9
one can guess that the solution at ¢ = 0.004 has already reached the right boundary
at x = 1.8. Hence it is worthwhile in this example to use the inhomogeneous DTBCs
whenever the solution for ¢ > 0.004 is needed.

5. Numerical Inverse Z—Transformations

The crucial point in the derivation of the DTBC in Section 3 was to find the exact
inverse Z—transformations. If it is not possible to calculate the convolution coefficients
analytically then the inverse Z—transformation can be performed numerically.
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FIGURE 9. Solution |¢(x,t)| at time ¢t = 0, ¢t = 0.002, ¢t = 0.004, ¢ = 0.006:
the solution with the new discrete TBCs (4.32) coincides with the whole—
space solution and does not introduce any numerical reflections.

The numerical inversion of the Z—transformation is based on the simple observation
that the Z—transformation of the sequence {f,}, n=0,1,....

(5.1) Z{fa}=F2):=) _ faz™ z€C, |2|>R7,
n=0

is nothing else but a Taylor series in Z = 1/z, i.e. the problem of calculating the inverse
Z-transformation of f(z) is the numerical evaluation of the Taylor coefficients of the
function f(2) := f(1/z). For that purpose we used here the FORTRAN subroutine
ENTCAF (Evaluation of Normalized Taylor Coefficients of an Analytic Function) from
Lyness and Sande [29].

First we want to outline the method. The (normalized) Taylor coefficients r™f, can
be obtained by Cauchy’s integral representation:
nge o _ i 2\ 3—(n+1) 33
(5.2) " fn = 57 jif(z) z dz, r <R,
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where C denotes a circle around the origin with radius r smaller than the radius of

convergence I of the Taylor series. The approximation to f, based on using an N —point
. . . (N) .

trapezoidal rule for the contour integral is fn ' given by

(5.3) rfN) = — Ze Z"217ch (re 217\76), n=01,...,N—1.

The approximation r" fn is obtained by an iterative process. First approximations féN),
N =1,2,4,8,... are computed using (5.3). The convergence criterion is based on the
knowledge of the exact value of the limit of the sequence: limpy_, o, féN) =fo=1f (0). After
converging the second part consists in evaluating (5.3) for n = 0,1,..., N — 1 using the
stored function values obtained in the first part. Since N is a power of 2 it is particularly
appropriate to use a fast Fourier transform technique for this part.

The user has to specify the required absolute accuracy €,.q and the radius of computa-
tion r (the only restriction is that r must be less than R). ENTCAF returns an accuracy
estimate €5 together with approximations r" fﬁN) and a number N, which are supposed
to satisfy

(5.4a) |T'"f,(LN) — T"fn| < Eests n=0,1,2,...,N -1,
(5.4b) IT™ fu] < €ests n=N,N+1,....

We see from (5.4a) that this algorithm naturally delivers approximations r" M) with
a uniform bound on the discretization error. An output status parameter indicates to
the user whether or not convergence or roundoff errors have occured. Exploiting the
information of this output parameter one could construct a driver program which finds
the appropriate value of r by itself.

Due to the asymptotic behaviour (3.36) it is not advisable to calculate the Eg-"). Instead

we show how to compute the summed convolution coefficients sg-n) numerically. The sgn)

were defined by:

(n) ._ yn) | p(n—1) o _
(5.5) s; =00+, n>1, sj —E , Jj=0,J.
We concentrate on the right BC at j = J. If we assume l](-f ) = 0 we have:
(5.6) Z{s"N = 1,(2) + 2 'wa(2) = (14 2) (2),

with 7,(2) = 1,(2) and v,(2) given by formula (3.21).

5.1. Numerical Results. Here we present the numerical results when using the
subroutine ENTCAF to compute the convolution coefficients o e s(J) In each example
we chose £,¢, = 107% and set the machine accuracy parameter e, to 10715

Example 1. The value for the potential V, was set to 2 - 10* and the discretization
parameter were taken from the example of Subsection 3.5, i.e. Az = 1/160, At =2-10°.
We used the computational radius r» = 0.92. For that parameter choice ENTCAF returned
a number of N = 256 nontrivial calculated coefficients and an estimated uniform absolute
accuracy €.5 = 9.8302 - 1077 in case of the coefficients K(Jn). For the summed coefficients

S(Jn) we obtained N = 128 and e, = 4.7684 - 10~7. In the following Figure 10 we present

the real and imaginary part of the numerically obtained coefficients in comparison to the
exact values.
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FIGURE 10. Example 1: Values for Re ¢, Im ¢

One serious problem is the rescaling of the computed coefficients. Since the algorithm
yields approximations r" fn(N) with a uniform accuracy (5.4a) the computation is only
reliable to a limited number of n when calculating féN) from r” f,(lN) for r < 1. Therefore
some visible numerical errors occur in the calculation of Re £ for n > 130 and Im £}
for n > 170.

On the left side of Figure 10 we observe the alternating behaviour shown in (3.36)

8 (Ax)?, ., 125,
=iy (—1) —z?(—l).

(5.7) 0™ ~ 2%R(~1)"

(n) (n)
Re sy Ims 3
05 T T T T T T T T 08

0.4 b 0.7

03 b 0.6

0.2 q 0.5F

01

=01

-0.21
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FIGURE 11. Example 1: Values for Re s(J”), Im ssn).

Example 2. In this second example we set the potential to zero and changed the
computational radius to 7 = 0.95 and the step sizes Az = 1/1600, At = 2-10*. For the

coefficients K(Jn) ENTCAF returned a number of N = 256 nontrivial calculated coefficients
and an estimated uniform absolute accuracy g5 = 2.9802 - 107%. In case of the summed

coefficients ssn) we obtained N = 128 and €., = 1.2288-107". As before we show the real
and imaginary part of the numerically obtained coefficients in comparison to the exact
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Ficure 12. Example 1: Difference between the numerical and exact value
of the real and imaginary part of K(Jn) (—) and Ssn) (---).

values. Again, on the left side of Figure 13 one can see the alternating behaviour of the

() (n)
Rel] miy

-0.02H
-0.03

-0.04 L L L L L L L L ~0.04 L L L L L L L L
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
n n

Ficure 13. Example 2: Inverse Z—-transformation using ENTCAF:
Numerically obtained values for Re 0, Im ¢ compared to the exact ones.

coefficients Zg-") and the numerical errors due to the rescaling of the computed coefficients
for approximately n > 30.

Example 3. Finally we use the settings of the second example and intend to use a
computational radius r = 1 to circumvent the problem of the rescaling. For the coefficients
E(Jn) this cannot be done due to the singularity of v,(z) at z = 1. On the other hand, this
singularity is removed in (5.6):

Z{s7} = 1+ 2) (2)

(5-8) iR iR, (4¢
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Ficure 14. Example 2: Inverse Z—-transformation using ENTCAF:
Numerically obtained values for Re s&"), Im s(J") compared to the exact ones.
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FI1GURE 15. Example 2: Inverse Z-transformation using ENTCAF:
Difference between the numerical and exact value of the real and imaginary

part of £ (—) and sV (---).

with the abbreviation y = (1 — Z 4+ ik(Z + 1)).

For the summed coefficients sf,n) ENTCAF returned a number of N = 1024 nontrivial
calculated coefficients and an estimated uniform absolute accuracy e.q = 2.2492 - 10°6.
The maximal absolute error for Re s is 2.8609 - 10~° and 2.1455 - 10~ for calculating

Im s(Jn).
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