<]
TUDelft

Delft University of Technology

Fast inverse nonlinear Fourier transformation using exponential one-step methods
Darboux transformation

Vaibhav, V.

DOI
10.1103/PhysRevE.96.063302

Publication date
2017

Document Version
Final published version

Published in
Physical Review E

Citation (APA)

Vaibhav, V. (2017). Fast inverse nonlinear Fourier transformation using exponential one-step methods:
Darboux transformation. Physical Review E, 96(6), Article 063302.
https://doi.org/10.1103/PhysRevE.96.063302

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1103/PhysRevE.96.063302
https://doi.org/10.1103/PhysRevE.96.063302

PHYSICAL REVIEW E 96, 063302 (2017)

Fast inverse nonlinear Fourier transformation using exponential one-step methods:

Darboux transformation

V. Vaibhav"
Delft Center for Systems and Control, Delft University of Technology, Mekelweg 2, 2628 CD Delft, The Netherlands
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This paper considers the non-Hermitian Zakharov-Shabat (ZS) scattering problem which forms the basis for
defining the SU(2) nonlinear Fourier transformation (NFT). The theoretical underpinnings of this generalization of
the conventional Fourier transformation are quite well established in the Ablowitz-Kaup-Newell-Segur formalism;
however, efficient numerical algorithms that could be employed in practical applications are still unavailable. In
this paper, we present a unified framework for the forward and inverse NFT using exponential one-step methods
which are amenable to FFT-based fast polynomial arithmetic. Within this discrete framework, we propose a fast
Darboux transformation (FDT) algorithm having an operational complexity of O (KN + N log> N) such that
the error in the computed N-samples of the K -soliton vanishes as O (N~7) where p is the order of convergence
of the underlying one-step method. For fixed N, this algorithm outperforms the classical DT (CDT) algorithm
which has a complexity of O (K?N). We further present an extension of these algorithms to the general version
of DT which allows one to add solitons to arbitrary profiles that are admissible as scattering potentials in the ZS
problem. The general CDT and FDT algorithms have the same operational complexity as that of the K-soliton
case and the order of convergence matches that of the underlying one-step method. A comparative study of these

algorithms is presented through exhaustive numerical tests.

DOI: 10.1103/PhysRevE.96.063302

NOTATIONS

The set of real numbers (integers) is denoted by R (Z) and
the set of nonzero positive real numbers (integers) by R (Z ;).
The set of complex numbers is denoted by C, and, for ¢ € C,
Re(¢) and Im(¢) refer to the real and the imaginary parts of
¢, respectively. The complex conjugate of ¢ € C is denoted
by ¢* and /¢ denotes its square root with a positive real
part. The upper half (lower half) of C is denoted by C, (C_)
and its closure by C, (C_). The set D = {z|z € C, |z] < 1}
denotes an open unit disk in C and D denotes its closure. The
set T = {z]z € C, |z] = 1} denotes the unit circle in C. The
Pauli’s spin matrices are denoted by o;, j = 1,2,3, which are
defined as

(0 1 (0 —i 10
al_losaZ_i 0’03_0_1’

where i = +/—1. For uniformity of notations, we denote oy =
diag(1,1). Matrix transposition is denoted by ()T and I denotes
the identity matrix. For any two vectors u,v € C2, W (u,v) =
(u1vy — upvy) denotes the Wronskian of the two vectors and
[A, B] stands for the commutator of two matrices A and B.
Partial derivatives with respect to x are denoted by 9, or (-),
while repeated derivatives by 2. The support of a function
f:Q — R in Q is defined as supp f = {x € Q| f(x) # 0}.
The Lebesgue spaces of complex-valued functions defined in
R are denoted by L? for 1 < p < oo with their corresponding
norm denoted by || - [[L» or || - || p.

The inverse Fourier-Laplace transform of a function F(¢)
analytic in C is defined as

1 .
f@)= Z—/F(C)e*’“d@
T Jr

where I is any contour parallel to the real line.
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I. INTRODUCTION

This paper considers the two-component non-Hermitian
scattering problem first studied by Zakharov and Shabat
(ZS) [1], which forms the basis for defining the SU(2)
nonlinear Fourier transformation (NFT). For certain integrable
nonlinear equations whose general description is provided by
the Ablowitz-Kaup-Newell-Segur (AKNS) formalism [2,3],
the NFT offers a powerful means of solving the corresponding
initial-value problem (IVP). One such example is the nonlinear
Schrodinger equation (NSE) that is commonly used to model
channels for optical fiber communication. The propagation of
optical field in a lossless single mode fiber under Kerr-type
focusing nonlinearity is governed by the NSE [4,5] which can
be cast into the following standard form:

idzq = 07q +2lq’q. (T.Z) eR xRy, (1)
where ¢(7T',Z) is a complex-valued function associated with
the slowly varying envelope of the electric field, Z € R is
the position along the fiber, and T is the retarded time. This
equation also provides a satisfactory description of optical
pulse propagation in the guiding-center or path-averaged
formulation [6—8] when more general scenarios such as the
presence of fiber losses or lumped or distributed periodic
amplification are included in the mathematical model of the
physical channel. The IVP corresponding to (1) consists
of finding the evolved field ¢(7,Z) for a given initial
condition ¢(7,0) under vanishing boundary conditions. For a
given initial condition ¢(7',0), the nonlinear Fourier spectrum
consists of (i) a continuous part p(§), £ € R, and (ii) a
discrete part given by Gx = {(&.by) € C?| Im¢, > 0,k =
1,2,...,K} which is an ordered pair of eigenvalues ¢; and
the respective norming constants by (see [2] or Sec. II for a
complete introduction). The discrete spectrum is associated
with the solitonic components of the potential which will
be referred to as bound states in the rest of this paper. The

©2017 American Physical Society
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FIG. 1. The figure shows evolution of the nonlinear Fourier spectrum along the length of the fiber. Here, the sequence (¢x,b;) denotes the
discrete spectrum and p(£), £ € R is the continuous spectrum also known as the reflection coefficient.

energy in these states does not disperse away as in the case of
linear waves, a phenomenon which is adequately characterized
by the term “bound states.” The evolution of the nonlinear
Fourier (NF) spectrum depicted in Fig. 1 is reminiscent of
evolution in a linear channel—a property which is attributed
to the integrability of the nonlinear channel.

In passing, we also note that the ZS problem appears in
various other physical systems, for instance, grating-assisted
codirectional couplers (GACCs), a device used to couple light
between two different guided modes of an optical fiber (see
[9,10] and references therein), and NMR spectroscopy, where
design of frequency-selective pulses requires solution of a ZS
problem [11-13].

Among the key physical effects that affect the performance
of an optical fiber communication system, namely, chromatic
dispersion, Kerr-type nonlinearity, and optical noise, it is the
latter two that have become the principle factors limiting
the spectral efficiency of wavelength-division-multiplexed
(WDM) networks at high signal powers. The reason behind this
is largely the transmission methodologies that assume a linear
model of the channel. The NF spectrum, in contrast, offers a
novel way of encoding information in optical pulses where the
nonlinear effects are adequately taken into account as opposed
to being treated as a source of signal distortion. The idea to
use discrete eigenvalues of the NF spectrum was first proposed
by Hasegawa and Nyu [14] which they termed the eigenvalue
communication. Recently, Yousefi and Kschischang [15] have
proposed nonlinear signal multiplexing in multiuser channels
in order to mitigate the problem of nonlinear cross-talk that
occurs in WDM systems. We note that the most general
modulation technique uses both the discrete as well as the
continuous part of the NF spectrum which was recently
demonstrated in [16]. We refer the reader to a comprehensive
review article [17] and the references therein for an overview
of the progress in theoretical as well as experimental aspects
of various NFT-based optical communication methodologies.
It must be noted that practical implementation of NFT-based
transmission is still quite far from becoming a reality [17]
and there are other potential ways to combat nonlinear signal
distortions in optical fibers [18,19].!

! At this point, studies indicate that there is no clear winner as far
as mitigation of impairments due to nonlinearity in optical fibers is

In any NFT-based modulation technique, the importance of
low-complexity NFT algorithms cannot be overemphasized.
In this paper, we focus on the development of fast algorithms
for various modulation scenarios of a NFT-based transmission
system. As noted in [17], many of the existing numerical
approaches tend to become inaccurate as the signal power
increases. While this is perhaps attributed to lack of numerical
precision, it could also be due to numerical ill conditioning
or is a result of naive implementation. It is difficult to fully
address these problems in this work, but let us remark that
stability and convergence of the numerical algorithm plays a
key role in determining its performance in realistic scenarios.
We discuss these two aspects quite rigorously in this work.

Our primary goal here is to provide a theoretical foundation
for the algorithms reported in [20] where we also showcased
our preliminary results demonstrating a fast inverse NFT. The
specific problems for which we seek fast algorithms in this
work are as follows:

Problem 1 (Generation of multisolitons). Given an arbitrary
discrete spectrum G (K being its cardinality or, in other
words, the number of bound states), compute the correspond-
ing multisoliton potential.

Problem 2 (Addition of bound states). Given an arbitrary
potential ggeeq(x) referred to as the “seed” potential (assumed
to be admissible as a scattering potential in the ZS problem)
and a given discrete spectrum Gg, compute the “augmented”
potential such that its discrete spectrum is given by G,y =
Gseed U G where Gk is known to be disjoint with Ggeeq, the
discrete spectrum of the seed potential.

Problem 3 (Inversion of continuous spectrum). Given an
arbitrary continuous spectrum p(£), £ € R, such that there
exists a positive constant C > 0 for which the estimate

lp(€)] <

141§}

holds, compute the potential such that its continuous spectrum
is p(&) and the discrete spectrum is empty.

Problem 4 (Inverse NFT). Given an arbitrary continuous
spectrum p(§), & € R, satisfying the estimate in Problem 3

concerned; therefore, we continue our efforts to improve the NFT-
based approach. Also noteworthy is the fact that the ZS problem
appears in various other systems of physical significance where this
research can find application.
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and a given discrete spectrum & g, compute the potential such
that its continuous spectrum is p(€) and its discrete spectrum
is & K-

The first two of these problems can be solved, at least in
principle, using the Darboux transformations (DTs) [21,22].
Problem 1 can be solved with machine precision using DTs
with the null potential as the seed. The resulting complexity is
O (K*N) where K is the number of eigenvalues and N is the
number of samples of the potential. The scenario in Problem
1 corresponds to the modulation of the discrete NF spectrum
which has been explored by a number of groups [23-25] and
it has also been experimentally demonstrated [26-31].

Problem 2 cannot be solved without resorting to numerical
methods for the ZS problem because the so-called Jost
solutions (which are required in DTs) are not known in a
closed form for any arbitrary seed potential. Problems 3 and 4
will be treated in a sequel to this paper.

The numerical techniques for solving Problems 1-4 devel-
oped in this work are based on exponential (linear) one-step
methods [32,33] for the discretization of the ZS problem. The
method yields a discrete framework for solving the ZS problem
which resembles the transfer matrix approach for solving
wave-propagation problems in dielectric layered media (Chap.
1 of Ref. [34]). These transfer matrices have polynomial
entries—a form that is amenable to the FFT-based polynomial
arithmetic [35] and is also compatible with the layer-peeling
algorithm [36]. All the methods considered in this article
exhibit either a first order or a second order of convergence;
i.e., the numerical errors vanish as O (N~7”) where p is the
order of the one-step method.”

Within this discrete framework, we develop two algorithms:
(a) the classical Darboux transform (CDT) which addresses
Problem 2, and (b) the fast Darboux transformation (FDT)
which addresses Problems 1 and 2 both.* The CDT algorithm
is a direct numerical implementation of the DT in the
continuum case where the seed Jost solutions are computed
by numerically solving the scattering problem resulting in
an overall complexity of O (K>N). The FDT algorithm is
based on the pioneering work of Lubich on convolution
quadrature [40-42]. In order to ensure compatibility with
Lubich’s construction, we restricted ourselves to the implicit
Euler method and the trapezoidal rule. This algorithm has an
operational complexity of O(N(K + log”> N)) and an order
of convergence that matches that of the underlying one-step
method, i.e., O (N~?) where p = 1 (implicit Euler), p =2
(trapezoidal rule). With increasing number of eigenvalues,
FDT clearly outperforms CDT. The numerical tests and error

2The discrete system corresponding to the Ablowitz-Ladik (AL)
scattering problem (Chap. 3, Ref. [37]) is also amenable to FFT-based
fast polynomial arithmetic and satisfies the layer-peeling property
[38]; however, it does not illuminate how to obtain a general recipe
that could be applied to the ZS problem in order to obtain a similar
discrete system possessing a given order of convergence.

31t is worth noting that an alternative fast method of solving Problem
1 is reported in [39] and it can be readily adapted to the discrete
framework considered in this work. However, this method offers no
control over the norming constants; therefore, we do not address this
algorithm here.
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analysis of the numerical scheme suggests that CDT is useful
only for a smaller number of eigenvalues. These tests further
reveal that FDT is not only more accurate for the general case;
it also has superior numerical conditioning with increasing
number of eigenvalues as opposed to the CDT algorithm which
becomes unstable.

Outline of the paper

This paper is organized as follows: In Sec. I, we summarize
the basic scattering theory and the Darboux transformation
in the continuous regime. The discrete scattering framework
for the ZS problem is developed in Sec. III where the
numerical discretization in the spectral domain is described
in Sec. III A and properties of the numerical Jost solutions
are discussed in Sec. IIIB. We formulate the layer-peeling
scheme in Sec. III C which is based on the discrete framework
developed in Sec. III A. Algorithmic aspects are addressed
in Secs. IIID and IITE where we describe the sequential
algorithm and its fast version obtained using a divide-and-
conquer strategy, respectively. Sections III F to IIT H contain
the main contribution of this paper: The method of inversion
of continuous scattering coefficients using Lubich’s method
is discussed in Sec. IIIF. In Sec. III G, we apply Lubich’s
method to obtain the FDT algorithm for K-soliton potentials.
Finally, the general version of the CDT algorithm and the FDT
algorithm is discussed in Sec. IIT H.

The benchmarking methods that are used for comparison
are discussed in Sec. IV. The necessary and sufficient condition
for discrete inverse scattering is discussed in Sec. V. The
stability and convergence analysis of the numerical schemes
developed in earlier sections is carried out in Sec. VI. The
numerical experiments and results are discussed in Sec. VII
which is followed by Sec. VIII, which concludes the paper.

II. THE AKNS SYSTEM

In order to describe the fundamental basis of the nonlinear
Fourier transform (NFT), we briefly review the scattering
theory for a 2 x 2 AKNS system corresponding to the NSE.
Because the NSE shows up in various disciplines, we choose to
present the theory in a form that is independent of the context
and conforms to the way it appears in the classical texts on
scattering theory. For a complex-valued field g(x,t), we will
work with the standard form of NSE which reads as

(x,t) e R xR, 2)

where t > 0 is the evolution parameter identified as a timelike
variable (this turns out to be the propagation distance Z for
the fiber model) and x € R is the domain over which the field
is defined (which is the retarded time 7 for the fiber model).
Henceforth, we closely follow the formalism developed in
[2,3] for the exposition in this article. The NFT of the complex-
valued field g(x,?) is introduced via the associated Zakharov-
Shabat scattering problem [1] which can be stated as follows:
Let{ € Rand v = (v,v2)T € C?; then

iqr = qex + 21q1%q.

3)
“4)

v, = —ifos3v+ Uv,

v, = 2i%030 + [<2¢U +io3(U? — Uy)v,
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where
U=<r(3(c),t) q%’”)» ren) = —q*(x,0, (5

is identified as the scattering potential. The second relation
above corresponds to the focusing-type of nonlinearity for the
NSE. The compatibility condition (v,, = v;,) between (3) and
(4), assuming ¢ is independent of ¢, produces the NSE as stated
in (2).

The solution of the scattering problem (3), henceforth
referred to as the ZS problem, consists of finding the so-
called scattering coefficients which are defined through special
solutions of (3) known as the Jost solutions described in the
next subsection. These Jost solutions also play an important
role in defining the Darboux transformation (DT) which is a
powerful technique for constructing more complex potentials
(as well as their Jost solutions) from simpler ones; this will
be discussed in the final part of this section. There, we will be
primarily interested in studying the form of DT which allows
one to add bound states to a given potential.

A. Jost solutions

The Jost solutions are linearly independent solutions of
(3) such that they have a plane-wave-like behavior at 400 or
—oo. In the following, we set t = 0 and suppress the time
dependence of the solutions for the sake of brevity.

(1) First kind. The Jost solutions of the first kind, denoted
by ¥ (x;¢) and ¥(x; ¢), are the linearly independent solutions
of (3) which have the following asymptotic behavior as x —
001 ¥(x;2)e ' — (0,1)T and ¥ (x; £)e'™ — (1,0)7.

(2) Second kind. The Jost solutions of the second kind,
denoted by ¢(x,¢) and ¢(x,¢), are the linearly independent
solutions of (3) which have the following asymptotic behav-
jor as x — —o00: @(x;7)e’"* — (1,0)T and ¢(x;¢)e ¢ —
O,-DT.

The evolution of the Jost solutions in time is governed by
Eq. (4) for t € R under the asymptotic boundary conditions
prescribed above. On account of the linear independence of ¢
and W, we have

¢(x; ) = a(O)P(x;¢) + bOP(x; ),
S(x;0) = —a(O)Y(x;¢) + bOY(x;0).

Similarly, using the pair ¢ and ¢, we have

Y(x;8) = —a(Q)P(x; &) + b(E)P(x; ),
Y(x;0) = a(Q)p(x; 0) + b(EP(x; 0).

The coefficients appearing in the equations above can be
written in terms of the Jost solutions by using the Wronskian

PHYSICAL REVIEW E 96, 063302 (2017)

relations:*

a@Q) =W (%), b)) =Y.,
a@)="(@.¥), b)="@.y).

These coefficients are known as the scattering coefficients
and the process of computing them is referred to as forward
scattering. As it turns out, we would also be interested in
studying the analytic continuation of the Jost solutions with
respect to ¢, which in turn also determines the analytic
continuation of the scattering coefficients. The motivation
behind this is threefold: First, the inversion of the scattering
coefficients cannot be done in general by knowing the value
of the scattering coefficients over the real line (i.e., ¢ € R).
Second, the knowledge of analyticity and decay properties of
these functions in the complex plane allows us to establish
certain theoretical estimates with greater ease. Lastly, in
many cases, the knowledge of the analytic form introduces
a certain redundancy in the system that can be exploited by the
numerical algorithms to improve its numerical conditioning
and stability.

In order to discuss the analytic continuation of the Jost
solution with respect to ¢, let us specify the following
two classes of functions for the scattering potential (at ¢ =
0): Let ¢(-,0) € L' such that suppg(-,0) C = [L;,L,] or
|g(x,0)] < C exp[—2d|x]|] almost everywhere in R for some
constants C > 0 and d > 0. In the former case, the Jost
solutions have analytic continuation in the whole of the
complex plane with respect to ¢. Consequently, the scattering
coefficients a(¢), b(¢), a(¢), b(¢) are analytic functions of
¢ € C. In the latter case, the analyticity property can be
summarized as follows (Sec. IV A of Ref. [2]): The functions
e~ "y and ¢'** ¢ are analytic in the half space {¢ € C| Im¢ >
—d}. The functions ¢'¢*y and e ~/¢*¢ are analytic in the half
space {¢ € C| Im¢ < d}. In this case, the coefficient a(¢) is
analytic for Im ¢ > —d while the coefficient b(¢) is analytic
in the strip defined by —d < Im¢ < d. More will be said
about the analyticity and decay properties of the scattering
coefficients in Sec. VI A.

Furthermore, the symmetry properties

(6)

'ﬁ(x’ ;) - 10210 (X,; ) - <_wik(X;§*))’
Y [ oo HY ¢;()C,§'*)
¢(-x’ ;) - 102¢ ()C, é- ) - <_¢ik(x’ é—*)) (7)

yield the relations @(¢) = a*(¢*) and b(¢) = b*(¢*).

B. Scattering data and the nonlinear Fourier spectrum

The scattering coefficients introduced in the last section
together with certain quantities defined below that facilitate

“For any pair of linearly independent vectors, v,u € C?, their
Wronskian which is defined as

W (u,v) = (U,v) = ujv; — vy

is nonzero. If u,v also qualify as Jost solutions, then their Wronskian
is independent of x [2].
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the recovery of the scattering potential are collectively referred
to as the scattering data. The nonlinear Fourier spectrum can
then be defined as any of the subsets which qualify as the
“primordial” scattering data (Appendix 5 of Ref. [2]), i.e., the
minimal set of quantities sufficient to determine the scattering
potential, uniquely.

In general, the nonlinear Fourier spectrum for the potential
q(x,0) comprises a discrete and a continuous spectrum. The
discrete spectrum consists of the so-called eigenvalues ¢ €
C,, such that a(¢) = 0, and the norming constants by such
that @(x; ¢x) = by ¥ (x; ¢x). For convenience, let the discrete
spectrum be denoted by the set

Gk ={(t.by) e C?| Img, > 0,k=1,2,...,K}.  (8)

For compactly supported potentials, b, = b(¢;). Note that
some authors choose to define the discrete spectrum using
the pair (&, o) where pr = by /a(&y) is known as the spectral
amplitude corresponding to ¢, (a denotes the derivative of a).

The continuous spectrum, also referred to as the reflection
coefficient, is defined by p(&) = b(&)/a(§) for & € R. The
coefficient a(¢) and consequently the discrete eigenvalues do
not evolve in time. The rest of the scattering data evolves
according to the relations by(t) = bke"”fk2 " and p(&,1) =

P&,

C. The Darboux transformation

The Darboux transformation provides a purely algebraic
means of adding bound states to a seed solution [21,22,43]. In
doing so the b coefficient of the potential remains invariant
[21] while the a coefficient gets modified to reflect the
addition of the bound states. In particular, starting from the
“vacuum” solution (i.e., the solution for the null potential),
one can compute reflectionless potentials also referred to as
the multisoliton or, more precisely, the K -soliton potential with
the desired discrete spectrum. The Darboux transformation is
carried out by means of Darboux matrices which are described
in the following paragraphs.

Let Gk as defined by (8) be the discrete spectrum to be
added to the seed potential. Define the matrix form of the Jost
solutions as

Dy _ (9 ¥
(e, 150) = ($,9) = <¢2 wz) )
The augmented matrix Jost solution vk (x,¢; ¢ ) can be obtained
from the seed solution vy(x,?; ¢) using the Darboux matrix as

UK()C,t; ;) = MK(C)DK()C,I‘, §’6K)v()(-x7t;§)a

where g (¢) is to be determined. In the following, we
summarize the approach proposed by Neugebauer and Meinel
[43] which requires the Darboux matrix to be written as

C e@-‘rv

K

Dy (x,1;¢,6x) = y_ D (x,1;64)¢%,

k=0
where the coefficient matrices are such that (for the special
case r = —g*) DK = d
= —q*) Dy  =o0pan

d{k’K) k=0,1
d(()k,l()* ) =Wl

d(()k,K)

(K) _
D = (_dik,l()* K —1

PHYSICAL REVIEW E 96, 063302 (2017)

From the Wronskian relation, we know ao(¢) = det[vg]; hence,
it follows that

ax(¢) = det[vk (x,;¢)]
= [k ()1 det [Dg (x,1; ¢,E k) ]ao(0).

It is shown in [43] that det[ Dk (x,t; ¢,Sk)] is independent of
(x,1). Further, the symmetry imposed by the condition r =
—q* requires

K
det[ D (x,1;¢,66)] = [ [(¢ = ¢)@ = &),

k=1

which combined with the fact that [21]

_ "
ag(@)=ay@) [ | o
k

k=1

yields
L

ng() = EW

From ¢ g (x,t; &) = bi()¥ x (x,¢; &), we have

Dy (x,t; 5k, S ) Po(x, 15 &) — br(®)Yo(x,t;5)] = 0.

Note that ¢g(x,t; &) — b(®)¥o(x,t;¢x) # 0 on account of
ao(¢x) # 05 i.e., & is not an eigenvalue of the seed potential.
The 2K system of equations in (10) can be used to compute
the 2K unknown coefficients of the Darboux matrix. Let Uk
and Uy correspond to the augmented potential gk and the seed
potential g, respectively; then using the fact that vg (x,¢;¢) is
a Jost solution, we have

(10)

[Dgvoly — (—igo3 + Ug)Dgvo = 0,
which expands to
[0: Dk — (—ito3 + Uk)Dg + Dk (—ito3 + Up)lvp = 0.
Given that vy is invertible, we must have
[0x Dk — (—i¢o3 + Ug)Dg + Dg(—igo3 + Up)] = 0.
Equating the coefficient of ¢ X to zero, we have
Uk = U +i[o3, D]

0 2id &0 (1D)
= Yot | giatsn0 o )

1. Darboux matrix of degree 1

For the sake of simplicity, let the us consider the seed
solution with empty discrete spectra. Let us define the
successive discrete spectra ) = Sy C 6, C S, C ... C Sk
such that &; = {(;,b;))} US;_; for j =1,2,...,K where
(¢j,bj) are distinct elements of &g .

For single bound state, described by G, putting

O3 00) = iy O, 1:.01)

J1381,b1) = ’
B0 = @ o0 — b o)

063302-5
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the solution of the corresponding linear system (10) yields the
Darboux matrix of degree 1 given by

Di(x,t;£,6116)

Bo 1 \(a O\(Bo 1\
:;00_(10 —ﬁ3><5 Cf‘><1o —ﬂs)

2 * ek
oy 2<|ﬁo| ate G- ),302) 1)
L+ 1Bol* \ (&1 = ¢DB; &1+ &1 ol
The augmented potential then works out as

&1 —=¢HBo
L+1Bol?

The Jost solutions for this new potential can be obtained via
the Darboux matrix and the entire procedure can be repeated
for adding another bound state to the augmented potential.
Suppressing the x and ¢ dependence for the sake of brevity,
it follows that the Darboux matrix of degree K > 1 can be
factorized into Darboux matrices of degree 1 as

Dk(¢,6k160) = D1(¢,6k6k-1)D1(¢,6k-116k-2)
- x D1(£,6,16),
where D1(¢,6;16,_1), j = 1,...,K are the successive Dar-
boux matrices of degree 1 with the convention that (¢;,b;) =
6; N G;_; is the bound state being added to the seed solution

whose discrete spectra is & ;_;. Using the expression in (12),
we have

QI(XJ)ZCIO(XJ)_% (13)

D(¢,6;16;_1) = {op—
1 (lﬂj_l Pei+¢r (& =B )
T+ 18P\ =B &+ EBl)

o) — by gy

o5 ) — by V@)

for (¢;,bj) € Gk and the successive Jost solutions, v; =
(¢;,¥ ), needed in this ratio are computed as

where

Bj-1(¢.b;) =

V;

1
T )
The successive potentials are given by

o _2i(§j—§}k)ﬂj—1
qgj =4gj-1 —1+|ﬂj_1|2 .

See Fig. 2 for a schematic representation of the DT.

If the seed Jost solution vy(x,?; ¢ ) corresponding to the seed
potential go(x,?) is known, then the Darboux transformations
can be readily carried out over any set of grid points {x,} C
R in order to compute the augmented potential at these
grid points. The resulting order of operational complexity,
excluding the cost of evaluating the seed potential and the seed
Jost solution, works out to be O (K2N) where N is the number
of samples of the augmented potential. For the special case of
K -solitons, the seed potential as well as the seed Jost solutions
are trivially known; therefore, this method provides us with an
algorithm for computing the K -soliton potentials with machine
precision. In general, closed-form solutions are rarely known

——D({,G;|6;_1)v,_1.
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for arbitrary potentials; nevertheless, this procedure can be
carried out with numerically computed Jost solutions in any
discrete framework. This scheme will be referred to as the
classical Darboux transformation (CDT) in the rest of the
article. The error analysis of this method is carried out in
Sec. VIE.

For multisolitons, the asymptotic form of the potential as
x — oo works out to be

e~ zlz“f &)

bi(De ™,
= K

and as x — —o0

(§/ —2igjx
ax(on ™ 21; a; l(c,)b (t)e -

where a;(¢) =a({; &) are the successive a coefficients.
Therefore, gk (x,t) exhibits exponential decay with a decay
constant that is given by dx = min;¢;<x Im¢;. This observa-
tion allows us to conclude that round-off errors in the CDT
scheme can be minimized if the eigenvalues are “added” in
decreasing order of the magnitude of their imaginary parts
[44]. Further, the knowledge of the decay constant can be
used to choose an optimal computational domain so that the
numerical errors due to domain truncation are minimized (see
Sec. VIL A 1).

2. Effective support of multisoliton potentials

A multisoliton potential has unbounded support; therefore,
in any practical application it is mandatory to introduce
an effective support with desired energy content. Posed
conversely, one may also be interested in choosing the discrete
spectrum which leads to a prescribed effective support with
desired energy content initially or over a finite duration of
evolution.

In the case of multisolitons, the energy content of the side
lobe which we wish to truncate is trivially available in the
CDT scheme and it can be used as a truncation criteria. Let xq
denote the characteristic function of 2 and let [—L,L] (L > 0)
be the domain that needs to be determined so that

gk X(—o0—L1lIt2 + gk Xi2.00 1> = €llgk 1T (14)

Suppressing the dependence on 7 for the sake of brevity, the

asymptotic expansion of ¢g(—L;¢)e " with respect to ¢

yields (Sec. IV A of Ref. [2])
K

41Im(¢;)

g X-o0.-11lIF> = . (15

e ; (14 18)-1(=L: ;.01

and that corresponding to ¥ (L; ¢)e "¢ yields
K
4Im(¢;)
gk xiz.00 It = .36
AR ;[Hmj_l@;;,»,prJ

These relationships are also known as the nonlinear Parseval
relationships. Asymptotic estimates when L > 1 can be easily
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Y

\ 4

M.

><>4—| Di(x,,1,8,Ck|Sk-1) l—’6>

VK (X, 1, C)

_________________________________

gk, 1) = go(xn, 1) |

FIG. 2. The figure shows the schematic of the classical Darboux transformation for a given discrete spectrum, G, where the discrete
spectrum of the seed solution is empty, i.e., &y = ¥, and the given grid point, x,. The part enclosed within broken lines is referred to as
the complete DT block (labeled as DT[G k). The sole input to this block is the seed Jost solution, vy(x,,#; ¢). The output of the DT block

consists of the augmented Jost solution, vk (x,,?;¢), and the difference between the augmented and the seed potential, gk (x,,?)
—qj1(xp,)and &; = &;_; U {(§;,b))} with &, = {(£1,b1)} U & where (¢;,b;), j = 1,2, ...

Here, qu(xnv[) = qj(xrnt)
elements of G (see Sec. II B).

obtained from the above relations:

K

, S 4Im)
; laj_1(¢;)1? |

—41Im(g;)L

lgx X(—oo.—01lI2 B ’
j

K
41Im(¢)) _
Z J |bj|2€ 4Im(;‘,)L.

lgx XiL.00) 12 ~
- . laj_1(¢)I?

This allows us to obtain an asymptotic formula for the effective
support of a K-soliton potential. Define L = L(e; Gg) > 0
such that

K
gk xi-L.ullf = (1= O)llgx I = 40— ) > nj;
j=1
then
K
1 n
LW = log 21 O , (17)

277min € Z 177,

- qO(-xn ) t)~
, K, are the distinct

under the assumption ¢ Zle nj < Zf:, w;n; where

1 1
- b»2+—>.
laj_1(£)I? <| il bj|?

Finally, let us note that a binary search algorithm (bisection
method) can be devised to solve the nonlinear equation (14)
for L = L(e,6g) where [0, W] can be taken as the bracketing
interval for the root.> The complexity of such an algorithm (for
fixed ) works out to be O (mK?) where m is the number of
bisection steps needed.

3. Scattering coefficients of a truncated multisoliton

Let x =0 be taken as the point of truncation. Then a
multisoliton potential can be seen as comprising a left-sided
profile (supported in R_ U {0}) and a right-sided profile
(supported in {0} U R ). The respective scattering coefficients

SNumerical tests indicate that [—W, W] tends to overestimate the
effective support.
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of each of the truncated potentials turn out to be a rational
function of ¢ . These observations were already made by several
authors [12,13,45-47] and a number of different methods do
exist for inversion of the scattering data which exploit the
rational character of the truncated scattering coefficients. Our
numerical scheme also exploits this property; therefore, we
discuss this case in some detail below.

Let us consider the left-sided profile, denoted by ¢~ (x,1).
The Jost solution (b(’)(x,t;{) at x =0 can be computed
using the Darboux transformation as described above. The
Jost solution ¥(x,7;¢) at x =0 corresponds to that of
a null potential, ie., ¥(0,#;¢) = (0,1)T. The scattering
coefficients for the left-sided profile, therefore, works out to
be

a2, = ¢0,650), b =¢70,850).

This corresponds to the first column of the Darboux matrix
Dk(0,t;¢,6k), therefore, a purely rational function of ¢
analytic in C,. Now, let us consider the right-sided profile,
denoted by ¢ (x,t). The Jost solution ¥ (x,t;¢) at x =
0 can be computed using the Darboux transformation as
before while the Jost solution ¢(+)(x,t; ¢) at x =0 is given
by ¢™(0,t;¢) = (1,0)T. Therefore, the relevant scattering
coefficients for the right-sided profile work out to be

aP.ny =060, 5@ =y P00

This corresponds to the second column of the Darboux matrix
Dk(0,t;¢,6k) and, therefore, a purely rational function of ¢
analytic in C..

Remark 1 (Conjugation and reflection). The inverse scat-
tering problem for the right-sided profile can be transformed
to that of a left-sided profile in the following way: putting
y = —x, we have

vy (—=y;¢) = ifozv(—y;8) — U(=y)v(—y; ),
wy, = —ifozw + U*(—y)w,

where w(y) = 01v(—y;¢). Denote the Jost solutions of the
new system [i.e., with potential U*(—y)] by ¥(y; ¢), ¥(y; )
(first kind), and ®(y; ¢), ®(y; ¢) (second kind); then

V(y;0) =0d(—y; ), W(y;¢) = —o1p(—y;¢),
®(y;0) = ¥ (—y;8), V(y;¢) = —o¥(—y; Q).

Let A(¢), B(¢), Z({), and E({) be the scattering coefficients
for the new system; then

A@Q) = W (®,¥) = a(?),
B() =W (¥,®) = b(¢),

AQ) = W(®,¥) = a(¢),
B() = (®,%) = b(().

The discrete eigenvalues do not change; however, the norming
constants change as By = 1/b;. Now, the scattering coeffi-
cients for the left-sided profile obtained as a result of truncating
the new potential from the right at x = 0 work out to be

A1) = @4(0,15¢) = ¥2(0,15 ),
B¢, 1) = D2(0,15¢) = ¥r1(0,15 ).

Therefore, an implementation for the case of the left-sided
profile is sufficient to solve problems of a general nature
encountered in forward and inverse NFT.

PHYSICAL REVIEW E 96, 063302 (2017)

Remark 2 (Translation). Let us note that there is no loss of
generality in choosing the point of truncation to be x = 0 on
account of the translational properties of the discrete spectrum.
If we wish to choose the point of truncation to be x = x, we
can consider the transformation x = y + xo. Define the new
potential to be U(y) = U(y + xp) so that

vy(y +x05¢) = [—i¢os + Uy + x0)]v(y + x05 ),
wy, = —ifozw + l7(y)w,

where w(y;¢) = v(y + xo; §). Denote the Jost solutions of
the new system by W(y; ¢), W(y;¢) (first kind) and ®(y; ¢),
®(y; ¢) (second kind); then

W(y; ) =P (y + x0; Qe ",
W(y;0) = Py +x0; )0,
D(y;¢) = $(y + x0;:£)et o,
D(y;¢) = Gy + x0; e "5

Let A(¢), B(¢), A(¢), and B(¢) be the scattering coefficients
for the new system; then

A@Q) = W (®,¥) = a(¢), B(L) =W (¥, ®) = b({)e*™,
b(¢)

ezi{xo :

A(L) =W(®,W) =a((), B() =7 (®,¥) =

The discrete eigenvalues do not change; however, the norming
constants change as By = bre 2o

III. DISCRETE FORWARD AND INVERSE SCATTERING

In this section, we discuss certain discretization schemes
for the scattering problem in (3) such that they are amenable
to FFT-based fast polynomial arithmetic [35]. This method of
obtaining a discrete scattering problem is referred to as the
spectral-domain approach.® We begin with the transformation
¥ = ¢'%3%*y 5o that (3) becomes

ax[eicr3§xv] — eiag{erfia_;;‘X[eia;{xv]
or

v, =Uv,

r7 _ ioslx —io3lx __
U=e Ue = (re‘z"‘fx 0

2i¢x

0. 9" ) (18)
The next step is to apply the linear one-step method [33] to
(18) in order to setup a recurrence relation initialized by the
given initial condition. Let us note that the method of numerical
integration just described above is identified as the exponential
integrator based on linear one-step methods, in particular, the
integrating factor (IF) method [32]. One of the advantages of
the transformation carried out above in arriving at (18) is that
the “vacuum” solution obtained from the discrete problem is
exact.

Remark 3. In the literature, the usage of the terms “forward
scattering” and “inverse scattering” is not made precise; for
instance, “forward scattering” could refer to computation of

See [36] for alternative approaches.
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the scattering coefficients a and b or the nonlinear Fourier
spectrum. In order to avoid any confusion arising in the usage
of these terms, we follow the convention that the term “forward
scattering” refers to the computation of the Jost solutions
while the term “inverse scattering” refers to the process of
recovering the samples of the scattering potential from (the
polynomial form of) the Jost solutions. Note that in almost all
cases, knowledge of the Jost solutions trivially allows one to
compute the truncated discrete scattering coefficients and vice
versa; therefore, no confusion should arise in what constitutes
an input to the inverse scattering process.

A. Discretization in the spectral domain

In order to discuss various discretization schemes, we take
anequispaced grid definedbyx, = L| +nh, n =0,1,...,N,
with xy = L, where h is the grid spacing. Define £_,¢, € R
such that h{_ = —L;, h{, = L,. Further, let us define z =
€'* and treat ¢ as a fixed parameter. For the potential functions
sampled on the grid, we set g, = q(x,,t), r, = r(x,,t) where
the time dependence is suppressed. Using the same convention,
U, = U(x,,t) and U, = U(x,,1).

1. Forward Euler method

The forward Euler (FE) method is the simplest of the finite-
difference schemes. It can be stated as

id)n-k—l = (U() + Uil)f)na
—ioath
Vpy1 =€ e (UO + Un)vrr

Setting Q, = hq,, R, = hr,,and ®,, = (1 — Q,R,), we have

_ 1 _
Vpy1 =2 1<Z2Rn g;)vn =2z 1M11+1(Z2)vnv (19)

or, equivalently,

-1
< Zz _Qn v -

O, \~*R, 1)U
Let us note that the transfer matrix can be transformed to a

form that resembles that of the implicit Euler method described
in the next section: Putting w, = €' hy,, we have

a1 2
Wy =2 1<R Zg”)wn.
n

2. Implicit Euler method

The backward differentiation formula of order 1 (BDF1) is
also known as the implicit Euler method. The discretization of
(18) using this method reads as

(20)

2y

~ ~ 1~
Vyt1 = (GO - hUn-H) Uy,

—1 _—io3¢h
V1 = (00 — hUpy1) " e ¥ Vy.

Setting Q, = hq,, R, = hr,, and ©, = (1 — Q,R,), this
scheme can be stated as follows:

271 ( 1 ZZQn-H
Onp1 \Ryt1 z?

Vypt1 = )vn = Zian+l(Zz)vn’ (22)
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or, equivalently,

2 2
—1 Z —2°0ny1 _
Z —Rpi1 1 Vpyl = Uy,
n

3. Trapezoidal rule

The trapezoidal rule (TR) happens to be one of the
most popular methods of integrating ODEs numerically. The
discretization of (18) using this method reads as

_ he \7!' he\.
Vpt1 = GO_EUH+1 UO+5Un Uy,

h - —io3lh h
Vpy1 = | 00 — EUn-H e ' oo + EUn vy

Setting 20, = hq,, 2R, = hr,, and ®, =1 — Q,R,, this
scheme can be stated as follows:

7! (1 +220nti Ry
®n+1 Rn+l + Zan

-1 2
=2z My 1(2)v,,

Vpy1 =

Z2Qn+1 + Qn>1J
Rys1Qn + 22 (23)

or, equivalently,

Z_l ( Rn+1 Qn +Z2
G)n _Rn+1 - Zan

_Z2Qn+1 - Qn)v -
1 + Zz Qn+1Rn n+1 ne

B. Jost solutions and scattering coefficients

In order to express the discrete approximation to the Jost
solutions, let us define the vector-valued polynomial

P(n)(z) n n Pl(nk)
ro= (o) - era =) e
Pz( (&) k=0 =0 \P2.x
The Jost solutions ¥ and ¢, for the forward or implicit Euler
method and the trapezoidal rule, can be written in the form
Yo =227"8u(@), ¢ =2"2"Pu(@),

where m +n = N. Note that the expressions above corre-
spond to the boundary conditions ¥y = z4(0,1)T and ¢y =
z-(1,0)T which translate to So = (0,1)T and Py = (1,0)7,
respectively. The other Jost solutions, ¥, and ¢,, can be
written as

(25)

¥, =z "i00)8E(1/2*),
¢, =2 ""(o)Pi(1/2*).

The recurrence relation for the polynomial functions defined
in (25) take the form

Spi1(z3) = My(2)S(2?),

2 2 2 (26)
I)nH(Z )= M11+1(Z )P, (z7),

where M, (z?) with its inverse 1’21\7,,“ (z%) is determined by
the respective discretization scheme. The discrete approxima-
tion to the scattering coefficients is obtained from the scattered
field: pn = (ayz~ 4 ,byzt)T yields

ay@) = PN, by =D PN, @)
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and Yo = (byz'-,ayz=4)T yields
ay@) = SV@). by =@ SVE. @8)

The quantities ay, by, and by above are referred to as the
discrete scattering coefficients. Note that these coefficients
can only be defined for Re ¢ € [—m/2h, /2h].

Remark 4. For the sake of brevity, we may occasionally
refer to the polynomials S,,(z%) and P, (z%) (as opposed to ¥,
and ¢,,) as the (discrete) Jost solutions.

1. Discrete spectrum

The eigenvalues are computed by forming ay(z?) and
employing a suitable root-finding algorithm (see [48] and
the references therein for more details). It turns out that the
computation of the norming constants by evaluating by is ill
conditioned on account of the vanishingly small contribution
from the solitonic components of the potential. Note that addi-
tion of bound states leaves b coefficients invariant; therefore,
recovery of the norming constant from b(¢) cannot be expected
to succeed in all cases. In order to remedy this problem, we use
the general definition of the norming constants.” To this end,
we proceed by computing the truncated scattering coefficients.
Consider the case of potentials truncated from the right, i.e.,
g (x) = 6(x; — x)q(x) where x; is the point of truncation
and 6(x) is the Heaviside step function. The new potential
now supported in (—oo,x;] is interpreted as left-sided with
respect to x;. The scattering coefficient can be stated in terms
of the Jost solutions of the original potential as [45]

a (@) = pi(x130)e’™,

. (29)
bIE) = oz e
Similarly, for potentials truncated from the left, we have
a™() = Yalxis e,
(30)

57(0) = i (xy: e

Denoting the corresponding discrete scattering coefficients by
—(+
al™, b7, alP, and bin ) wherem +n =€+ £, we have

b_—n (=)
Z a _
b, = ( " ) =z777"P,(ZD),
Z

—ltnp(-)
n

7£++mz(+)
V= (Z 1) =S,

Z€+—ma£”+)

where m = N — n. Here n can be chosen to be N /2. Once an
admissible root, z;, of ay(z?) that corresponds to a soliton is
determined,® the corresponding norming constant is obtained

7A similar approach is reported in [25]; however, it is not
emphasized in this paper that the norming constants are never defined
to be a value of 5(¢) unless it is guaranteed to be analytic in C.. Note
that the study of the errors introduced by the numerical discretization
also provides significant insight into why the evaluation of by(z?) at
complex values of ¢ is ill conditioned (see Sec. VIC).

8Given that z, = exp(igyh) and Im ¢ > 0, we must have |z;| < 1.
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via the proportionality of ¢,, and ¥, which translates to

bk _ b}(’li)(zlz) — (Z2)L—n Pz(n)(zlz)

a3 59(22)’
_(Jr)( kz) 2(mf ki GD

i — bm (Zk) — (ZZ)[Jr—m Sl (Zk) )

(@) ")

The truncated potential does not share discrete eigenval-
ues with the original potential; therefore, afj)(z,%) # 0 and
al7(z}) # 0. The computation of the truncated scattering
coefficients can be accomplished by direct evaluation of
transfer matrices and subsequently forming the cumulative
product leading to an operational complexity of O (N) for
each eigenvalue (see Sec. IIID 1).

It must be noted that our fast algorithm for forward
scattering as discussed Sec. III E 1 is entirely compatible with
the approach suggested here. The scattering coefficients are
easily obtainable from the truncated scattering coefficients
using the Wronskian relations given in Sec. IT A as

an(zZ?) = W (P.(2%), Su(z?),
by(z2) = @HETP L) - S5/, (32)
by = @H T PE1/Z) - 8,(2P).

Every polynomial multiplication involved above can be carried
out efficiently using the FFT algorithm (see Sec. IIL E 1).

C. Inversion of discrete scattering coefficients

In this section, we consider the problem of recovering the
discrete samples of the scattering potential from the discrete
scattering coefficients known in the polynomial form. This step
is referred to as the discrete inverse scattering step. Starting
from the recurrence relation (26), we develop a layer-peeling
algorithm similar to that reported by Brenne and Skaar [10].
The common aspect of the layer-peeling step for all kinds of
discretization schemes is that using nothing but the knowledge
of P,,1(z%), one should be able to retrieve the samples of
the potential needed to compute the transfer matrix M, (z?)
so that the entire step can be repeated with P, (z?) until all
the samples of the potential are recovered [as illustrated in
Fig. 3(b)]. In the following, we summarize the main results
which facilitate the layer-peeling step corresponding to each
of the discretization schemes introduced so far. A detailed
study of the recurrence relation and the proof of the necessary
and sufficient conditions for discrete inverse scattering are
provided in Sec. V.

1. Forward Euler method
The recurrence relation for the forward Euler method yields
P =1 (33)
The layer-peeling algorithm based on the forward Euler
method uses the relation
P (n+1)

R — 21 (34)
n= S
Py
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Mi(2) My(2)

Py() — > —> Pi() — > O—— P& - -

—

Py()) «——Q«——Pi() «——Q«—— Pr(&) -+

My(2%)

Mi(2%) ‘—‘
!
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My(z%)

Py_1(z?) —>E—> Py(z?)

My () ‘—‘
!

Py_1(?) «—@<—— Py(z?)

FIG. 3. The figure depicts the sequential discrete forward and inverse scattering algorithm in (a) and (b), respectively. The forward scattering
algorithm is identical to the transfer matrix approach used to solve wave-propagation problems in dielectric layered media. The inverse scattering
algorithm shown here is also known as the layer-peeling algorithm. It consists of using P, (z?) to determine the transfer matrix M, (z%) so

that the entire step can be repeated with P, (z%) as depicted in (b).

where P,(f'oﬂ) # 0 on account of (33). As evident from (19), the
transfer matrix, M, ,(z%), connecting P, (z?) and P, (z?) is
therefore completely determined by R, (with Q, = —R}).

2. Implicit Euler method
The recurrence relation for the implicit Euler method yields

n+1

Pl = ]_[@) >0, PV =o. (35)

The layer-peeling algorithm based on the implicit Euler
method uses the relation

(n+1)
P2 0

Ry = (36)

(;l+1) ’
Pl,O

where P("H) # 0 on account of (35). As evident from (22),

the transfer matrix, M, 1(z), connecting P, (z2) and P, (z%)
is therefore completely determined by R, (with O, =

R:).

3. Trapezoidal rule

Let us assume Qg = 0. The recurrence relation for the
trapezoidal rule yields

14+ OkRi
(n+1) _
i = o T1(F o)

2-06 37
= ®n+l l_[ ( k)’

(n+1) __
P =0,

where the last relationship follows from the assumption Q¢ =
0. For sufficiently small £, it is reasonable to assume that
1+ 0,R, =2—0, > 0sothat Pl("o) > 0 (it also implies that
|0, = |R,| < 1). The layer-peeling algorithm based on the
trapezoidal scheme uses the relations

(n+1)
p, 0 X

Rn+1 = ,n—’ Rn =
PV 1+ T+ [x12

where
P(n-H) Rn+1P1(n1+l)

(n+1) — 0w P (n+1)
n

Note that P;""” #0 and Pyt — 0,1 PV #0. As is
evident from (23), the transfer matrix, M, (72, connecting

P,(z%) and P, (z%) is completely determined by the samples
R,11 and R, (with Q11 = =R, and O, = —R)).

D. Sequential algorithm
1. Forward scattering

The computation of the Jost solution for a given value of the
spectral parameter, ¢ € C, is considered here as the forward
scattering step. The direct use of the recurrence relations
obtained in Sec. VIB gives us a sequential algorithm [see
the illustration in Fig. 3(a)]. If @ (n),n € Z., denotes the
complexity of computing the Jost solution P, (z?) fora given ¢,
then @ (n + 1) = 4 4+ @ (n), counting only the multiplications
involved. This recurrence relation yields @ (N) = 4N. It must
be noted that the sequential algorithms can be useful for
computing norming constants as discussed in Sec. I[IIB 1 if
the eigenvalues are known beforehand. If good initial guesses
are known for the eigenvalues, search-based methods such as
Newton’s method of finding the eigenvalues can also benefit
from sequential algorithms [48].

The sequential algorithm for computing the polynomial
coefficients of Py(z?) can also be obtained in the same
manner where transfer matrices are now treated as polynomial
matrices. If @ (n) denotes the complexity of computing the
polynomial coefficients for the Jost solution P,(z%), then
wn+1)=4(n + 1)+ @(n), counting only the multipli-
cations involved. This yields @ (N) =2(N + )(N +2) =
O (N?) which is extremely prohibitive for large numbers of
samples. This task can be accomplished much more efficiently
using a divide-and-conquer strategy together with FFT-based
fast polynomial arithmetic as described in Sec. Il E 1.

2. Inverse scattering

The inverse scattering step here refers to the retrieval
of the samples of the scattering potential from the known
polynomial form of the discrete scattering coefficients. This
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can be accomplished by a sequential layer-peeling algorithm
as described in Sec. IIIC [see the illustration in Fig. 3(b)].
If w(n),n € Z,, denotes the complexity of inversion of
P,ZD), thenw(n)=4n+ D+ o@m —1) counting only the
multiplications. This again yields a complexity of O (N?) for
inverting P y(z%). This task can also be accomplished much
more efficiently using a divide-and-conquer strategy together
with FFT-based fast polynomial arithmetic as described in
Sec. Il E 2.

E. Fast algorithm: A divide-and-conquer strategy
1. Forward scattering

The scattering algorithm consists of forming a cumulative
product of, say N, transfer matrices. Given that the transfer
matrices have polynomial entries (of maximum degree 1),
one can use FFT-based polynomial multiplication [35] to
obtain a fast forward scattering algorithm. In this article we
restrict ourselves to the case where N is a power of 2. Most
efficient use of the FFT-based multiplication can be made if we
use a divide-and-conquer strategy as in [38] where products
are formed pairwise culminating in the full transfer matrix.
The complexity of obtaining the cumulative transfer matrix
from n transfer matrices, denoted by @ (n), then satisfies the
recurrence relation

@ (n) = 8v(n) 4+ 2w (n/2), 39)

where v(n) = n(3log, 2n 4 2) is the complexity of multiply-
ing two polynomials of degree n — 1 using the FFT algorithm.
The number of pairs is given by / =log, N so that the
recurrence relation yields

-1
w(N)=2w(1)+8> 2v2™),
k=0

which simplifies to
@w(N)= Nw(l)+ 4N[3(log, N)* + 131og, N1]. (40)

Therefore, the complexity of the forward scattering algorithm
is O (N log2 N). Note that @ (1) denotes the cost of obtaining
each of the transfer matrices.

Evaluation of P y(z?) at an arbitrary complex point can be
done using Horner’s method (Chap. 3 of Ref. [49]) which has
the complexity of O (N). However, multipoint evaluation at
M (> N) Fourier nodes can be carried out with complexity
O (M log M) where M is a power of 2.

2. Inverse scattering

In this section, we describe how to obtain a fast layer-
peeling algorithm by adapting McClary’s approach [50] for
our discrete inverse scattering problem. Consider the grid
(xn)o<n<n and let us label the segment [x,,,x,+,] by n 4 1 for
n < N. Recall that the inverse of the transfer matrix M, (%)
is z72M,(z%). The cumulative transfer matrix from the nth
segment to the (n — m + 1)th segment is given by

22 My (2D X X 2 My 12222 M (22

= Z_zmMn—m+l n—l,n(Z2)~ (41)
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Note that in order to determine the transfer matrices for
the last / segments starting from the nth segment, it is
sufficient to have a partial knowledge of the Jost solution, more
specifically,”{ P, };.1, where {-}; denotes truncation after the
first [ coefficients. Let the complementary polynomial vector
be defined as

{Pu(DY = 277 [Pu(2®) — {Pa(zD)N], 42)

and consider the inverse propagation relation in terms of the
inverse of the transfer matrices:

x (P21 + 2P L(D)L ] (43)

For every m > 0, the first two coefficients of the polynomial
P,_,(z%) are required in order to determine the transfer
matrix for the segment n — m; therefore, 2(l + 1 —m) > 0
ensures that no contribution comes from the complementary
polynomial in computing these first two coefficients. It then
follows that the transfer matrices

Mn(zz)v Mnfl(zz)’ cees MnflJrl(Zz)

can be determined without needing the complementary poly-
nomial {P,,(zz)}lcﬂ. Once the matrices are determined, the
Jost solution needed to determine the transfer matrices for
n — [ segments works out to be

PR =2 My i n1a(@ZOPAZD).  (44)

44444

All polynomial multiplications can be carried out using the
FFT algorithm. The observations made above make it clear that
a divide-and-conquer strategy can be easily devised in order to
speed up the layer-peeling algorithm. For the inversion of the
discrete scattering coefficients, we start with the associated
Jost solution Py(z?) where N is a power of 2, and we
devise a divide-and-conquer strategy that reduces the original
problem into two equal size (in terms of number of segments)
subproblems.'? The algorithm can be described as follows:

(i) Define a binary tree with the number of levels given by
I =log, N (see Fig. 4). Every parent node forks into two child
nodes eventually terminating the tree at the leaf nodes.

(i1) Associate N segments with the root node which is
assumed to be at the level zero. The number of segments
associated with every child node is half that of the parent node.
If S(k) denotes the number of segments associated with nodes
at the kth level, then S(k) = N2 % fork =0,1,...,l — 1.

(iii) Every node in the binary tree is labeled by the index
coordinates (j,k) where k is the level and j is the horizontal
position of the node from the left in any particular level, say k,
so that 0 < j < k. If the index of the last segment associated
with a given node (j,k) is denoted by N j;, then Nj; = 2/ S (k).

(iv) All polynomial products to be formed at any node at
the kth level require executing an FFT-algorithm for vectors
of length no more than 2S(k).

9We discuss the case where the underlying one-step method is the
trapezoidal rule on account of the fact that the corresponding transfer
matrix is the most general among the methods considered in this
article.

ONote that the analysis in Sec. IIIC reveals that the number of
coefficients associated with P y(z?) is exactly N.

063302-12



FAST INVERSE NONLINEAR FOURIER TRANSFORMATION ...
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N2+1—>N

/

N/2+1 - 3N/4

/

3N/4+1—> N

/\
/\

(N-3),(N-2) (N-1),N

FIG. 4. The figure shows the binary-tree structure obtained as a result of applying a divide-and-conquer strategy to the conventional
layer-peeling method. The node label depicts the range of indices of the segments or layers ordered from left to right in the computational

domain.

(v) The segments associated with a node dictate the
associated cumulative transfer matrix and the Jost solution
(with the required number of coefficients) needed in order to
determine the entries of constituting transfer matrices. For the
node (j,k), the associated cumulative transfer matrix is

.....

and the associated Jost solution is { Py, @)}t

(vi) Our algorithm requires exactly two types of operations
to be carried out at every node except for the leaf nodes.
The first is the computation of the cumulative transfer matrix
once the constituting matrices are known at the child nodes.
The second is computing the Jost solution needed by any of the
child nodes. Both of these operations boil down to polynomial
multiplications; therefore, they can be carried out efficiently
using the FFT algorithm. The samples of the potential are
determined at the leaf nodes.

Denoting the complexity of multiplying two polynomials of
degree n — 1 (via the FFT algorithm) by v(n), the recurrence
relation for the complexity of the fast layer-peeling procedure,
denoted by @ (n) [where n = S(k), the number of segments at
level k], can be stated as

w(n) =4v(n) 4+ 8v(n) + 2w (n/2). (45)

The first term on the right-hand side corresponds to the
determination of the Jost solution for the second child node
assuming that the Jost solution is known at the parent node
and the cumulative transfer matrix is known at the first child
node. The second term corresponds to the determination of the
cumulative transfer matrix at the corresponding parent node
using the transfer matrices of the child nodes. Observe that

1-2
m(N)=2""o @)+ 12) 202" ™) — Bu(N),
k=0
where the last term on the right-hand side is a correction

for the root node since the determination of the cumula-
tive transfer matrix at the root level is unnecessary. Using

v(n) = n(3log, 2n + 2), we have

@ (N)=(N/2)w(2) + 6N[3(log, N +13 log, N — 68/3],
(46)
valid for N > 4 where @ (2) refers to the cost of executing the

leaf node. Therefore, the fast layer-peeling algorithm has the
complexity of O (N log? N).

F. Inversion of scattering coefficients

Let us assume that the scattering coefficients a(¢) and b(¢)
are analytic in C such that for ¢ € C, and some C > 0, we
have

la(¢) — 1] < 1b(0)] < (47)

L+l L+1¢1

where b(¢) = b(¢)e*¢L>. The precise conditions under which
such a situation may arise are discussed in Theorems 2
and 3. We further assume that the potential is supported
in a domain of the form (—oo,L,] or [Li,L;]. In this
section, we would like to develop a method to compute
the discrete scattering coefficients from the analytic form of
the scattering coefficients so that the corresponding inverse
problem can be solved numerically using the layer-peeling
algorithm discussed in Sec. IIIC. It turns out that this task
can be efficiently accomplished using the method developed
by Lubich [40] which is used in computing the quadrature
weights for convolution-type integrals.'!

Introduce the function §(z) as in [40] which corresponds to
the A-stable one-step methods, namely, BDF1 and TR:

(1-2z) (BDF1),

202 (TR).

8(z) = (43)

"'The method based on the trapezoidal rule also appears in control
literature where it is known as the Tustin method [51].
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Putting z = e%¢ h let us define the coefficients a; and by as

(15(22)> _1 +Zak1
<l5(22)> Zb %

The coefficients can be obtained using the Cauchy integrals

1 )
_ |:a(l (Z)) - 1j|z_k_ldz,
27Tl lzl=0 2h
by = —

: [5(—15(1))}11‘1&,
2 lzl=0 2h

which can be easily computed using FFT. Note that the zeroth
coefficient can be computed exactly as

150 o L (16(0
weo(50) ) w=(ER)) o

On account of the decay property of the scattering coefficients
with respect to ¢, ap = O (h) and bo O (h).

Let fi(h) denote either a; or by and let F ) represent the
corresponding integrand in (50). Following [41], we obtain the
approximation fi(h; M) for fi.(h) as

(49)

(50)

M—1
.2 jk

1 _jmik
Juhs M) = 7 > Fei,
j=0

where F; = F (,Qe_i M ) Choosing o < 1 ensures thatIm¢ >

0. In order to achieve an accuracy of O (¢) for computing
fe(h; M) for k = 0,1, ...,N choose logo = (1/N)loge and
M = N log(1/e€). Lubich’s method, therefore, delivers discrete
scattering coefficients with O (M log M) complexity exclud-
ing the cost of function evaluations.

Remark 5. If it is known that the scattering coefficients are
also analyticin C_, say, inthe strip S_(u) = {¢ € C_|Im¢ >
—u}, then Cauchy’s estimate can be used to show that the
Lubich coefficients decay exponentially with k. Let I' = {z €
C||z| = 0, 0 > 1} be such that [i5(z)/2h] € @+ U S(u) for
all z € I'. Then, Cauchy’s estimate gives

i8(z)
/ < 7 )
where f(¢) stands for a(¢) or 5(;) and fi(h) denotes the kth
Lubich coefficients.

| fe(h)] <

o~ max

1. Relationship with inverse Fourier-Laplace transform

In the case of rational scattering coefficients, the Lubich
coefficients a; and by can be computed using the inverse
Fourier-Laplace transform of the scattering coefficients. For
rational functions,'? resolution into partial fractions offers
a straightforward means of computing the inverse Fourier-
Laplace transform. This property can be exploited to lower

121t suffices for our purpose to consider rational functions with
simple poles (see Sec. III G).
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the cost of computing the discrete scattering coefficients as
follows: Define the functions «(7) and B(t) as

1 [* .
a(t) = E/ [a(t) — 1]le™7de,

1
po) = / B(o)e i ds. (52)
T

Note that for t < 0, the contour can be closed in C, and
the integrals would evaluate to zero; therefore «(r) and
ﬁ(r) are causal. According to Theorem 4.1 of Ref. [40], the
coefficients a; and by approximate the quantities (2h)x(2hk)
and (2h)B(2hk) up to O (hP*1), respectively, for k > 0 [note
that the zeroth coefficient is given by (51) which merely
requires function evaluation]. For the trapezoidal rule, this
property is proven in Appendix. It is observed that agreement
between true Lubich coefficients and those computed as stated
above improves with increasing k. Therefore, one should
choose k > Ny where Ny, > 0 is a suitably chosen threshold
in order to switch to the partial-fraction variant of computing
Lubich coefficients.

G. Inversion of rational scattering coefficients:
Truncated multisolitons

In order to obtain a fast version of the Darboux transfor-
mations (DT) for generating multisolitons (Problem 1), we
would like to employ the scattering coefficients obtained as
a result of truncation of a K-soliton potential at x = 0. As
shown in Sec. IIC3, the scattering coefficients are rational
functions of ¢ with no poles in C ;.. Therefore, Lubich’s method
of obtaining discrete scattering coefficients as described in
Sec. III F is also applicable here. It must be noted that in order
to obtain the complete K -soliton potential at a given time ¢,
the truncation must be done after computing the time-evolved
Darboux matrix.

Discrete inverse scattering proceeds by computing the poly-
nomial vector P y(z?) associated with the discrete scattering
coefficients. Without the loss of generality, we assume that the
truncation is done at x = 0 (see Remark 2). Let the discrete
spectrum of the K -soliton be G as defined in Sec. II B. Using
the notations introduced in Sec. I C 1 (we drop the dependence
of the Darboux matrices on Gk for the sake of brevity) and
setting Ny = N /2 € Z, for the left-sided profile, we have

N2 i8(z%) i8(z%)
2] )
N, 2y i8(z%) i8(z%)
& (Z)‘{“K( 2 )[DK(O” ) Lt

where truncation after N; terms is implied by the notation
{-}n,. This determines U (x) for x < 0. The right-sided profile
can be generated using the transformation described in Remark
1 so that

(N, 2y i8(z%) i8(z%)

Pl (Z )_ {MK( 2% )I:DK<O’t7 2" ’ N]’
N2y _ i8(z%) i8(z%)

R = {MK< 2h )[DK (O’ VAN M
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FIG. 5. The figure depicts the CDT and the FDT algorithm in (a) and (b), respectively, for computing the augmented potential, ¢'*) [which
is the discrete approximation to g (x,,)], by adding a given discrete spectrum, G, to the seed potential, ¢¥ = go(x,). The DT block, labeled
as DT[G ], is described in Fig. 2. The quantities v$/’(z?) refer to the discrete approximation of v;(x,,0; ¢) in Fig. 2.

This would determine U*(—x) for x < 0. Combining the two
parts determines the complete multisoliton potential. Note that
the foregoing description also applies to any set of rational
functions which qualify as scattering coefficients of a left-sided
or a right-sided profile, respectively.

The operational complexity of this algorithm can be com-
puted by taking into account the complexity of DT at x = 0,
whichis O (K?), and the complexity of computation of Lubich
coefficients which is O (KM)+ O (M log M) where M is
the number of nodes used in evaluating the Cauchy integral.
Given that K <« M and M = O (N), the overall complexity
of generating the multisoliton including the layer-peeling
step works out to be O(N(K + log> N)). The algorithm
presented in this section is referred to as the fast Darboux
transformation (FDT) algorithm. As pointed out in Sec. I[IC 1,
the CDT algorithm offers machine precision for computing X -
soliton potentials with an operational complexity of O (K>N).
The fundamental difference between the CDT and the FDT
algorithm is depicted in Fig. 5 where it is evident that by
avoiding DT-iterations at each of the grid points (except at

x = 0) and using the fast LP algorithm, a lower complexity
order algorithm can be obtained.

For any rational function, if the poles and residues are
known then resolution into partial fractions offers a straight-
forward means of computing the inverse Fourier-Laplace
transform. Let us apply this idea to the problem of generating
multisolitons as discussed in the last paragraph: Poles of the
Jost solutions are known to be £ (where ¢ are the discrete
eigenvalues); therefore, the resolution of the Darboux matrix
into partial fractions reads as

K

ux(@DgO.1:0) =00+ Y

k=1

R ) b0 (53)
=&
The inversion of (¢ — ;,:‘)‘1 leads to terms of the form
—ie "% therefore, the quantities e~>"% must be computed
beforehand. Excluding the cost of computing the K exponen-
tials, the complexity of this algorithm is O (K N) where N is
the number of samples in the T domain. In practice, replacing
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Lubich coefficients with those obtained by resolution into
partial fractions leads to increase in error and even failure
to converge; however, for larger values of the index, the
agreement between the two improves allowing us to reduce
the overall complexity of computing the discrete coefficients
P;{N‘) by switching to the faster algorithm for k > Ny, where
Ny, > 0 is a suitably chosen threshold."?

Before we conclude this section, it is worth mentioning
that the case treated by Rourke et al. [12,13] of rational
reflection coefficient p(¢) proceeds by reducing the problem to
an equivalent problem of generating multisolitons on a given
half space. Therefore, such cases are amenable to the method
discussed in this article.

H. General Darboux transformation: Addition of bound states

In this section, we address Problem 2 introduced in the
beginning of this article. To this end, let us note that the
general Darboux transformation consists of adding a given
discrete spectrum Sk (as defined in Sec. II B) to a given seed
potential, gseed = qo(x), which is assumed to be admissible as
a scattering potential in the ZS problem. The two algorithms
developed for this purpose, namely, the classical Darboux
transformation (CDT) and the fast Darboux transformation
(FDT) meant to carry out the general Darboux transformation,
are described in the following subsections. For the sake of
brevity of presentation, we restrict ourselves to the case t = 0.

1. The CDT algorithm

The basic idea behind the CDT algorithm is described
in Sec. IIC1 and also depicted in Fig. 5(a). In the discrete
framework developed in Sec. VIB, the seed Jost solutions
(which need to be evaluated at the eigenvalues ¢; to be added)
can be computed via the sequential algorithm discussed in
Sec. IIID 1. Using the notations introduced in Sec. IIC 1

and Sec. IIIB 1, and introducing ,B,(,j 71)(1 ;) as the discrete
approximation to 8;_(x,,0; ¢;), we have

(n,j=1) —{_+n (m,j—1)
PUTE) = @) ST G

Pz(n,jfl)(z?) _ (Zﬁ)fé_JrnbjS;m,jfl)(Z?)

BYD(z) =

where (¢;,b;) € Gk, m +n = N, and z; = ¢'*/". Noting that
vg,j )= (Pg,j ) ,Sfﬂj) ), the rest of the steps involved are similar to
that discussed in Sec. IIC 1.

The operational complexity of computing the seed Jost
solutions at K eigenvalues using the sequential algorithm is
O (K N) so that the overall complexity of the CDT algorithm
is O (K?N). A final remark that we would like to make with
regard to the CDT algorithm is that numerical computation of
the Jost solutions for complex values of the spectral parameter
¢ tends to become inaccurate on account of the ¢ dependence
of the truncation error coefficient as discussed in Sec. VIB. It
is therefore recommended that Im ¢ be kept below a certain
threshold.

13A recipe to choose Ny, based on the number of samples N, the
size of the computational domain (L, — L), and the eigenvalue with
the smallest imaginary part is provided in the Appendix.
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2. The FDT algorithm

The fundamental idea of the FDT algorithm is the same
as that described in Sec. III G which considers the problem
of adding bound states, described by Gk, to a null seed
potential. The difference merely lies in how we compute the
seed Jost solutions required in the DT iterations at x = 0 for
a general seed potential. Following Secs. IIC1 and IIIB 1,
note that evaluation of the Jost solutions at { = ¢; amounts to
evaluating the approximating polynomial at z; = '%/ I (setting
x = 0 and t = 0), so that the recursive step for computing the
B coefficients reads as

(C.j-1( 2 =Dy 2
BYD(z,) = Py (Zj) —b;jS) (Zj)
A AV

) - TE)

(55)

where we have assumed ¢_, ¢, € Z for simplicity and
(Zj,bj) € Sk. Noting that v/’ = (P.S;). other steps of
the iteration are identical to that described in Sec. IIC 1.
Here, our objective is not to follow the conventional Darboux
transformation but merely obtain the truncated scattering
coefficients (for the left-sided and the right-sided potential)
at the origin so that a fast layer-peeling algorithm can be used
to compute the samples of the augmented potential.

The operational complexity of this algorithm can be worked
out as follows: The cost of computing the Jost solutions (as a
polynomial vector) is O (N log> N) and the cost of evaluation
of the Jost solutions using Horner’s scheme is O (N) for
each of the eigenvalues so that the overall complexity of
computing the discrete truncated scattering coefficientatx = 0
is 0(K*>)+ O(KM)+ 0 (Mlog M) + O(Nlog2 N) where
M is the number of nodes used in evaluating the Cauchy
integral, N is the number of samples of the potential, and
K is the number of eigenvalues to be added. Observing
that K < M, N and M = O (N), the overall complexity
is effectively O(N(K + log® N)) including the layer-peeling
step.

The convergence behavior of the FDT algorithm is studied
in Sec. VIE where it is shown that the Darboux matrices can
be computed with the same order of accuracy as that of the
underlying one-step method used in the computation of the
Jost solutions of the seed potential. Further, the global order of
convergence matches that of the underlying one-step method
for the computation of Lubich coefficients or the layer-peeling
algorithm depending on which of the two is lower.

Finally, let us conclude this section by pointing out that
if a fast and sufficiently accurate means of inversion of a
continuous spectrum (i.e., no bound states present) is available
then a fast inverse scattering algorithm can be easily obtained
for the general cases using the FDT algorithm outlined in
this section. Early results in this direction are reported in [20]
where the trapezoidal rule is used to develop two algorithms
of complexity O(N(K + log? N)) that exhibit a convergence
behavior of 0 (N~2).

IV. BENCHMARKING METHODS

In this section, we discuss two of the conventional methods
which are widely used for solving scattering problems. We
would like to benchmark our method against these known
methods. Unlike the linear one-step methods, here we employ
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a staggered grid configuration given by (X,41/2)o<n<ny Such
that Xnt+1/2 = X + h/2.

A. Magnus integrator

By applying the Magnus method with one-point Gaussian
quadrature (see [52-54]) to the original ZS problem in (3), we
obtain

—i¢o3h+Uyq12h

Upp1 =€ Uy, (56)

The exponential operator can be computed exactly as
o~ ito3h+Uns12h
L2 Ginh(I")
cosh(I") + %% sinh(r)>’
(57)

r

_ cosh(I") — £ sinh(I")
B Btz ginh(r)

where  I'=/Qu10Rus120 — 2h2,  where Qi1 =
hq(x, +h/2,t) and R,y = hr(x, +h/2,t). We refer to
this integrator as “MG1,” signifying Magnus integrator with
one-point Gauss quadrature. This method is also referred to
as the exponential midpoint rule in the literature and it can
be shown to be consistent and stable with an order p = 2.
Additionally, it also forms part of the Lie-group methods
[53,55] as it retains the SU(2) structure of the Jost solution
v = (¢,¢) for ¢ € R. It must be noted that this method is
especially suited for highly oscillatory problems and has
been employed by several authors to solve forward scattering
problems [56,57]. Finally, let us mention that the method of
computing the norming constants as described in Sec. IIIB 1
can also be adapted to MG1.

B. Split-Magnus method

A further simplification obtained by applying Strang-type
splitting [58] to the exponential operator provides the right
discrete framework for the layer-peeling algorithm. This
simplification is achieved as follows:

e(—i§<73+Un+1/2)h — e_i§‘73h/zeUn+l/2he_i§"73h/2 + O(h’*) (58)

The order of approximation is determined by applying the
Baker-Campbell-Hausdorff (BCH) formula to the exponential

operators (Chap. 4 of Ref. [55]). Setting I" = \/ Q12 Ru+1/2

we have
sinh "
Uniiah _ COShr On125 7
Rut12 S‘“li’r coshI

_ 1 ( 1 Our12 @)
- tanh I’

v1-— tanh® T Ruyip2 ar 1

1 1 Ont12 3

= — h).

JI=T12 (Rn+l/2 1 +ow)
Therefore, the discretization scheme works out to be
Qil+]/2> v

1 ( Z 1
o 1/2 R
0, 1 N1/ ¢

(59)

Vpny1 =

where 0,412 = (1 — Quy12Rn4152) > 0. This form has
been used by a number of authors in connection with
the conventional layer-peeling algorithm [9,10,59] as well
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as for the fast version of the layer-peeling algorithm
[38,39]. By employing the transformation w, = e/*®"/2y,),

we obtain
. z7! 1 Zan+l/2 w
= —@1/2 22 n

wn+l
R
nt1/2 n+1/2

= My (2w, (60)
which may be viewed as a modification of the implicit Euler
scheme. The integration scheme thus obtained is referred to
as the split-Magnus (SM) method. The inverse relationship is
given by

-1 2 2
z z -z
1/—2(_R o Q1n+1/2)wn+l =w,. (61)
0,41 n+l/

The Jost solution can be put into the form

-1
"ﬁn — ZZ+Z—m (ZO (1)> Sm(ZZ),
¢, =z"277" ((1) g) P,(z%), (62)

where S,,(z%) and P, (z%) obey the same kind of transfer matrix
relation as in (26) with initial condition Sy = (0,1)T and Py =
(1,0)T. The scattering coefficients work out to be

aN(ZZ) — P](N)(Z2)7 bN(Z) — Z—22++1P2(N)(ZZ)7

ay(@) = 8,7, by =715V (63)
The layer-peeling property can be stated as
(n+1)
Rutip = % (64)
with the following additional constraints:
n+1
P =TTe:"? = 0. PUiY =o0. (65)

k=1

The norming constants can be computed using any of the
following formulas:

b= e )

S(2)
1 2 ti—m ng)(zlz)
R Y (66)
s U )

Lastly, we note that a staggered grid configuration may prove
superior for potentials with jump discontinuity at any grid
point because the sampling of the potential at the points of
discontinuity is avoided.

Remark 6. It must be noted that the CDT and the FDT algo-
rithms are incompatible with the staggered grid configuration;
therefore, the SM integrator is ruled out for all DT-related
algorithms.
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V. DISCRETE INVERSE SCATTERING: NECESSARY AND
SUFFICIENT CONDITION

In this section, we study the necessary and sufficient
condition for the inversion of the discrete scattering coeffi-
cients within the framework of the numerical discretization
introduced in Sec. III. Let {(-)k},’(\’:I denote a sequence of
quantities such as scalars, vectors, or matrices.

Definition 1. Let d be a non-negative integer. A poly-
nomial P,(z) defined as in (24) (with coefficients P,({") IS
C?%,k=0,1,...,n) is said to belong to the class P(d:;C?)
if deg[P,(z)] < d and, for all z € T, we have

P,(z)- P:(Z) =1, (67)

with P} € R.

For any P, (z) € P(d; C?), upon equating the coefficient of
the zeroth-degree term on the left-hand side and right-hand
side of (67), we obtain

n n

> ppr = (A A =1
k=0 k=0

Therefore, |P1(”k)| 1 and |P2("k)| 1fork=0,1,..

that the condition P}’ 0) € R ensures that there are no constant
phase factors in Pn(z) because the relation (67) is insensitive
to constant phase factors.

Definition 2 (Paraconjugate). For any scalar-valued com-
plex function, f(z), we define f(z) = f*(1/z*). For any
vector-valued complex function, f(z) = (fi(z), f2(z))7, we

define
- . 22,
= * 1 * = P .
f(@) =ioy f*(1/7%) (—fl(z)>

For a matrix-valued function, M(z), we define
M(2) = ioaM*(1/2*)(i02)! = oaM*(1/2%)0,

so that the operation (-) is distributive over matrix-vector and
matrix-matrix products.

Based on the discrete formulation of the ZS problem in
Sec. III, we identified a discrete representation of the Jost
solution which can also be stated in the form (leaving out the
factors independent of n)

= (27" P (29,7 Po(ZD), (68)

such that the column vectors are linearly independent for all
z € C. This implies det[w, ] ## 0. In fact, the determinant must
turn out to be independent of z? so that we may put det[w,] =
W, which translates into the constraint!*

det[P,(z%), Pu(zH)] = —Po(2%) - Pi(1/*H) = W,

Forz € T,

,n. Note

P.(2*) - Pi(*) =W, > 0. (69)

This condition is necessary for w,, defined by (68), to be a
Jost solution. Further, it is easy to verify that w, satisfies the

4Given that det[w,] is a polynomial, the only way det[w,] # 0 is
when it is a polynomial of degree zero.
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relation
W, = 022" Pu(2),2 " Pp(z))or = —w,. (70)

Finally, let us note that W, = w,//—W, forms an SU(2)-
valued sequence for z € T.

The discrete scattering problem will be assumed to be stated
in the form of a recurrence relation which reads as

Wit =2 My (22w, (71)

where M, (z%) is a polynomial matrix of degree 1. Note
that w, as defined by (68) satisfies the relation w, = —w,;
therefore, in order that w,; be a Jost solution, we must have
z’anH (%) = zM,,H (z2). This relationship expands to

<m11)(z2) m(l”é)(ZZ)> _ Zz( —(")(ZZ) mzl)(Z2)>
m21)(Z2) m(z”é)(ZZ) —(n)(ZZ) m(lnl)(ZZ)

(72)
and det[M,(z%)] = z°C, where C, is independent of z.

Introducing the functions

mg”)(zz) — (n) (n) 2

mio+miyze,  j=12, (73)

it follows that the general form of the transfer matrix (of degree
1 in z?) can be written as

)2 2—(m), 2

(z%) my ' (z7)
My =" 2 , 74
(Z ) (m(zn)(zz) sz(ln)(zz) ) ( )

with
C, = | (n)| +| (n)| +| (n)| +| (n)

m{ym{"" + m$ym' = 0. (75)

)

Let the inverse of M,,(z%) be denoted by z’ZZ\N/In (z%) which also
satisfies a similar symmetry relation as in (72) and

7 (z m"(z%) zzﬁg’)(zz)>

Co \=m"»  m(?)

22 M (%) =

so that M =z Mn Further, it is straightforward to verify
that, for z € T, the matrices z~'M,//C, and z~'M,//C,
are elements of SU(2). The discrete scattering problem in its
unitary form reads as

-1
Wp+1 2

Wy,
\/_Wn-H B \/Cn+l V_Wn'

Introducing w,,A,,B, € C, the independent elements of the
transfer matrix can be put into the form

M,11(2%) (76)

m () = (1 — 22 A*B,),
m\P (2 = pua(A, + B2, (77)
so that

Co = [ia*(1 + [A (1 + B, ). (78)

Setting p, = |inle®, the transfer matrix admits of the

following factorization:

1 —AN[(1 0\(1 =B\ .
anll'l/n'(An l”)(() Zz><Bn 1")6 '9". (79)
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For the cases considered in this article, 8, = 0; therefore, we
assume [, € R so that it does not play a role in the unitary
form of the transfer matrix for z € T. For a given initial con-
dition and fixed sequence of transfer matrices, the recurrence
relation (71) leads to a unique polynomial associated with
the Jost solution w,. In particular, the following result is
straightforward:

Lemma 1. Let N be a finite positive integer. Let the vectors
A= (Al,Az, . ,AN), B = (Bl,Bz, . ,BN) € (CN, al’ld[l, =
(1,12, ..., un) € RY define {M,(z*)})_, through (79). Let
wo = o1, then the recurrence relation (71) determines a
sequence of Jost solutions {w, ;7:1 such that for every n (1 <
n < N) there exists a unique polynomial P,(z?) associated
with w,,.

Now let us consider an arbitrary polynomial P,(z%)
satisfying (69) for n > 0. Assume P, (z>)//—W, € P(n;C?)
and let P, (z%) be associated with w,,;. To understand
the properties of the polynomial P, (z%), we consider the
recurrence relation (71). Equating the coefficients of the
zeroth-degree term on the right-hand side and the left-hand
side of (71), we have

(n+1) __ (n) (n)
Py ' = Mn+1(P1,0 - B:+1P2,0)’
(n+1) (n) (n)
szlo = Mn-&-lArH—l(P]flo - B:+1P2,rlo)~ (80)
It is straightforward to see that
P(n+1)
2,0
Apyr = ) (1)
1,0

and

1 5
P = ttniy (1 - B, <;L>>P1(,no)-
P
1.0
Therefore, in order that P,1(z%)//—Wnt1 € P(n + 1;C?)
where W, = det[w,+1] = C,+1 W,, we must have
(n)

2,0
1-— B:_HW € R+.
Pl,()

Lemma 2. Under the assumption of the previous lemma,
setting W, = det[w,], the polynomial P,(z%)//—W, €
P(n; C?) if and only if the sequence {(A,,,Bn)}r':]=1 satisfies

the constraint (1 — AnBj;H) eR,forl <n<N.If By =0,

then P,(z%)//—W, € P(n — 1;C?).
Proof. Using the recurrence relation (80) and the property
(81) for all n > 0, it is straightforward to see that

1
PV = a1 = A, B}, )Py

= W Hﬂk+1(1 — AyBj ),
k=1

(82)

for n > O while Pl(’lg = 1. The proof of the first part of the
lemma follows from this relation.

For the second part, equating the coefficients of (z2)"*! on
the right-hand side and the left-hand side of (71), we have

(n+1) __ (n) (n)
Pl,n+l - —,LL,H_]AZ_H (B"‘HPl,n + PZ,n)’

(n+1) __ (n) (n)
Py = H’”“‘l(BVH‘lPl,n + P2,n)’
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for n > 0. These relations yield

(n+1) _ * (n+1)
Pl,n+l - _Mn+lAil+1P2,n+l’

n
P = By [ [t (1= B 4D, (83)

k=1
for n > 0 while Pl(’ll) = —u1A7B; and Pz(,ll) = 1 B;. There-
fore, if By = 0 then P™ =0for1 <n < N. [ |

Next we would like to analyze the inverse problem
described as follows: Given an arbitrary polynomial P, (%)
associated with w, ;| satisfying

Poi(2) P () =~W, >0, (84)

for n > 0 such that P, (z>)//—W,41 € P(n + 1;C?), find
a polynomial P, (z?) associated with w, and a transfer matrix

M, 11(z%) of the form (79) such that w,,, defined by
w,; = Z_1Mt1+1(22)wn+17 (85)

is a Jost solution. If such a polynomial P,(z?) exists then it
must be consistent with the recurrence relation

P,(2%) = 27 My ()P (2), (86)
or, equivalently,
M1 (2P (2% = Poia(2D). (87)

Equating the coefficient of z=2 on the right-hand side of (86),
we have

Mn+1 ( _ An+lpl(f10+l) + P2(?0+1))B:+1 =0,

Cn+1
(= AP+ B =0 @)
Cn+l

which yields the recurrence relation (81). Equating the
coefficients of z° on the right-hand side and the left-hand side
of (86), we obtain

+1
Cn+lP1(f10) = /Ln+l(P1(flo ) — An-‘,—lB>.<

(n+1)
aP)
(n+1) (n+1)
+ a1 (An Py + By PY),
+1 +1
Cos1 Yo = —ttnr (Bus1 P + Ayt P

+ i (= A:+1Bn+lpz(,no+l) + Pz(,n1+l))-

This yields

PY0 + Buii Py = ’éi S+ By PP = A P{)
(89)

and

Py — By, Py = ZE (1 + 1A A +1Bunt PP,

(90)

which thanks to (78) (u,+1 € R.) becomes identical to (80).
Note that the relationship (89) can also be verified by equating
the coefficients of z% on the right-hand side and the left-hand
side of (87):

11 )
Pl(,nl )= “n+1(P1(,nl - AZ+1Bn+1P1(f10))
(n) (n)
— a1 By Py + An PYG),
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P2(f11+1) = /Ln+1(A,,+1P 1,1 + Bn+1P(n))

+ st (Py) — Au1 By PYY).

This yields

1 1)
P — Apt PV = i (1 1At D(PY) + Bt PY).

which is identical to (89) thanks to (78). Now, using (89) and
(90), we have

Pz(no) + Bn+1 P(n)

=By o
where
P(n+l)_A P(n+l>
Xnt1 = 92)

A+ AP P

So far we have found that the parameter A,y of M, (z%)
must be set according to (81) so that we may write

1 A, 1+B .
P(()n) (T + A1l )( n+1X'l+l>P( +1)’ 93)
Cut1/Mnt1 Xn+1 — Buy1

where x,+1 is known but B, is still an unknown. In order to

compute B, |, we introduce a free parameter, A,, = Pz%) / Pl(flo),

so that from (91) we have

1+ [hnl? 1+ Hr
Buyi = ( [An] )2)(n-4-l2 _ ( |Xn+12| ) nz. (94)
L= X117 2] L= 1 Xn+117 2]

Now, let us observe that

1+ X1
1+ B* =— (1 - 25,
+ n+1Xn+1 1_ |Xn+l|2|)\-n|2( Xn+1 n)
L+ | xns1l?
— B =—— (1 - A\,
Xntt = Bur = 77— |Xn+1|2|)»n|2( Xn+12)n
and
1+ A2
1—B A= —————(1—x* Ay,
e R TS
so that
A+ DA + [ xns %)
1+ By = i o = XAl

(L= X1 P12 ?)?
Now, the zeroth-degree coefficient given by (93) simplifies to

P(n) — (1 - |Xn+l|2|)‘n|2) ( 1 )
0 Pt (L A2 (1= x5 hn) \rn

Therefore, in order that P,(z%)//—W, € P(n;C*) where
W, = W,41/C,+1, we must have

(n+1)
Py,

95)

1 — Xy 1A
1 - |Xn+1||)\n|

The above condition can be enforced by setting A, = x,+1@n
where we restrict ourselves to the case w, € R, w, > 0. Under
this condition, the expressions for B, and PE)") simplify to

R,. (96)

(1 = o)1
B, =— 97
N TH st P e
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and

L4 X1 @ 1 _
n _ n-+ n 1 (n+1)
PO B 1+ |Xn+1 |2w’% Wn Xn+1 ot P ’ (98)

respectively. Clearly, the transfer matrix M, ;;(z) as well as
the polynomial P,(z?) are not unique as they depend on a
free parameter w,, > 0. Note that the parameter 1,11 turns out
to be merely a scale factor which does not play a role in the
unitary form of the discrete scattering problem. Finally, let us
observe that in order to predict the highest degree term that is
nonzero in P, (z%), the recurrence relation for (z2)" P, (z%) can
be considered where the zeroth-degree term is iop P* so that

1+ | xns1*on (—a) XX _ 1
P(n) — n Xn+1 1 P(VH- ) (99)
n 1 + |Xn+]|2w% 1 I’l+1 2,n+1"

Remark 7. In the discrete inverse scattering case, the two
formulas (81) and (92) remain invariant under any scaling
of the polynomial P, (z?). Therefore, knowledge of either
P.i1(zY) or P,y1(z5)//—W,y is sufficient to determine the
transfer matrix M, 1(z%).

The discussion above regarding the discrete inverse scatter-
ing step can be summarized in the following lemma:

Lemma 3. Given P,;1(z%)/~/—Wyuy1 € P(d;C?) where
de{n+1,n} and w, € R,, there exists a unique uni-
tary matrix M, (z%)/+/Crs1 for z € T and a polynomial
P,(z%)//—W, € P(d — 1;C?) such that

Pn+1(22) — Mn-H(Zz) Pn(Zz)
v T Wa+l \/CVH-] _Wn.
Further, if w, < 1, then
(n)
o/~
[ 4 At A+ Bt P12 < <n+1>
P /\/ n+1

(100)

Proof. The first part of the lemma is evident from the
discussion above. The second part follows from the inequality

L+ | Xn+1 |2a)n
P G
T et P2
for w, < 1. ]
Next, we consider some of special cases where it is possible
to obtain a unique solution of the discrete inverse scattering

problem. It is worth noting that these special cases belong to
a certain choice of the values {w, },¢7.

A. Casel: A, = B,

Let A, = B, and assume A, € D. Then the forward
scattering problem described in Lemma 1 always yields a poly-
nomial P, (z%)//—W, € P(n;C?) on account of Lemma 2.

For discrete inverse scattering, the condition A, = B, 4
amounts to B, 11 = X,+1®,. From (97), we have

n+11°wp + 20, — 1 =0,
which yields
1

L+ 1+ Xt I?

(101)

wy =
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as the admissible solution [the other root violates the positivity
constraint in (96)]. For this case, the expression (98) for the
zeroth-degree coefficient simplifies to

1
.
2y 105 \Pn Xn+1 ’

In Lemma 3, we favor the case of d = n so that the number
of (vector) coefficients associated with P,(z2) is n. If the
steps described in the aforementioned lemma are carried out
recursively to the point n = 0, we obtain

po_ 1 LY por
0 21w \@oX1 1.0

Note that x; = 0 on account of P(ll) = 0; therefore,

Py (1) P i_ (1
vl Ore A O]
Finally, we state the main result of this section which is a now
merely a consequence of the preceding lemmas applied to the
case at hand:

Proposition 1. Let A =(A,A3,...,AN) € DY be an
arbitrary vector. Let the transfer matrices {M,(z*)}"_, be
determined by (79) using A together with B € DV given by
By =0and B, = A,—; for 1 <n < N. Then, corresponding
to the initial condition Py(z?) = (1,0)T, the recurrence relation

P.(2%) = My(Z)P,—1(ZP),

yields a unique polynomial P y(z%)/«/—Wy € P(N — 1;C?)
with (=Wy) = [T°_, C, > 0 such that

|P(N) (N) < 1.

(102)

(103)

1<n<N,

Conversely, for any given polynomial Py(z%) € P(N —
1; C?) such that

|P(N)
there exists a unique vector A = (Aj,As, ... AN)e]D)N

which determines the transfer matrices {M,(z%)/+/ C.)V, as
stated above such that the recurrence relation

B <1,

)
¥ <z ~ D 2
P, (%) = —=M,()P, (),
/Ch
starting from n = N, yields Po(z%) = (1,0)7.
Putting Py = PN(zz)/«/—W , note that the condition

(B /PO = B PO <1

corresponds to the fact that Ay € D in the direct part of the
last proposition. The condition above is imposed explicitly in
the converse part in order to ensure Ay € D.

Corollary 1. Let A = (A1, A,, ..., Ay) € DV correspond
to Py(z2) € P(N — 1;C?) as in the converse part of the last
proposition. Then the following estimate holds:

N 172 | 1/2
1Al = (vaz) < (W - 1) .
n=1 Pl()

Proof. The proof follows from the relation (100) of
Lemma 3.

PHYSICAL REVIEW E 96, 063302 (2017)

We conclude this section with a discussion of the trape-
zoidal rule which corresponds to the case at hand. Let Q =
(01,03, ...,0x) € DV In the case of the trapezoidal rule, it
follows from the description in Sec. IIT A 3 that the coefficients

A, and B, introduced in (77) satisfy
Ay =By =R, =-0Q), 0<n<N,

with Ay = Qu and we choose Q¢ = B; = 0. It also follows
that the quantities u,, € R, introduced in (77) are given by

e =0,"'=10+10,)"", 0<n<N.
Further, we have
1 uetl? O,_
- +10n1" L l<n<n,

L+10.2 6,
while C; = 07",

B. Casell: A, # B,

First, let us assume that B, = 0. The discussion of the
forward scattering problem is identical to that of the previous
case. For discrete inverse scattering, this case corresponds to
w, = 1. The expression for the zeroth-degree coefficient (98)

simplifies to
1
I
Mpg1 \Xn+1

As in the last section, we favor the case of d = n in the

Lemma 3. Again, if the steps described in the aforementioned

lemma are carried out recursively to the point n = 0, it is easy
Py(z%)

to conclude that
1
—_— = . 105
v =Wy (0) (109

The necessary and sufficient condition for discrete inverse
scattering in this case can be stated as follows:

Proposition 2. Let A = (A[,As,...,Ay) € CY be an
arbitrary vector. Let the transfer matrices {Mn(zz)},}lv=l be
determined by (79) using A together with B, =0 for 1 <
n < N. Then, corresponding to the initial condition Py(z%) =
(1,0)7, the recurrence relation

P,(z%) = M,(z)P,_1(z%), 1<n<N,

yields a unique polynomial P y(z%)//—Wy € P(N — 1;C?)
with (=Wy) =[], C, > 0.

Conversely, for any given polynomial Py(z%) € P(N —
1; C?) there exists a unique vector A = (A, A, .. AN) €
CV which determines the transfer matrices {M,(z%)/ \/_ A
as stated above such that the recurrence relation

(104)

-2
M z ~ M
Pnf ZZZ MnZZPnzza
1(2%) Nen (z7)Pn(z%)
starting from n = N, yields Po(z2) = (1,0)T.
Corollary 2. Let A = (A},A,,...,Ay) € CV correspond
to Py(z%) € P(N — 1;C?) as in the converse part of the last
proposition. Then the following estimate holds:

N 172 | 1/2

Al = (§ |An|2) < (— - 1) .
5(N)72
n=1 [PI,O ]
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Second, let us assume that A, = 0. The discussion of the
forward scattering problem is identical to that of the previous
case. For discrete inverse scattering, this case corresponds to
w, = 0. The expression for the zeroth-degree coefficient (98)

simplifies to
1 1) (n+1)
P .
Mn+1 (0 Ho

Here, we favor the case of d = n + 1 in Lemma 3. Again, if
the steps described in the aforementioned lemma are carried
out recursively to the point n = 0, it is easy to conclude that

Py(z®) (1)
W, \0J

The expression for the highest degree coefficient (99) simpli-

fies to
n L (0,1
P = _(1>Pz,n+1-
Mn+1

The necessary and sufficient condition for discrete inverse
scattering in this case can be stated as follows:

Proposition 3. Let B = (B1,B,, ...,By) € CN be an arbi-
trary vector. Let the transfer matrices {M,(z*)}"_, be deter-
mined by (79) using B together with A, =0for 1 <n < N.
Then, corresponding to the initial condition Py(z?) = (1,0)T,
the recurrence relation

P, (2% = My(Z*)P,-1(27),

yields a unique polynomial P y(z%)/+/—Wy € P(N; C?) with
—wy) =TIY,c, >o0.

Conversely, for any given polynomial P ~(Z%) € P(N;C?)
there exists a unique vector B = (By,Bs,...,By) € cN
which determines the transfer matrices {M,(z*)//C,}\_, as
stated above such that the recurrence relation

n) __
P, =

(106)

(107)

(108)

1<n<N,

-2
o Z ~ o
m4ﬁ=Jﬁmwwm%

starting from n = N, yields Po(z2) = (1,0)T.

Corollary 3. Let B = (By,B,, ...,By) € CV correspond
to Py(z%) € P(N;C?) as in the converse part of the last
proposition. Then the following estimate holds:

N 12 | 1/2
|wm=@]&6 <<————0.
5(N)12
n=1 [PI,O ]

1. Implicit Euler method

Let @ =(0Q1,03,...,0n) € CV. For the implicit Euler
method, it is evident from the discussion in Sec. III A 2 that

An:RnZ_Q>k I<n<N,

w Ba=0,
and

e =0, =1+,
Further,

Co=0+10,H"=06,"
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2. Split-Magnus method

For the split-Magnus method, we consider the samples on

a staggered grid so that Q = (Q1/2,03/2, ...,0n-1/2) € (oL
It is evident from the discussion in Sec. IV B that

Aann—l/zz_QZ_l/Za B,=0, 1<n<N,
and
~1/2 —
Mn = ®n7/1/2 =1+ |anl/2|2) 172,
Further, C,, = 1.
3. Forward Euler method
Let Q = (Q0,01,...,0n-1) € CV. For the forward Euler
method, it is evident from the discussion in Sec. III A 1 that
A, =0, BnZRn—IZ_QZ_lv I<n<N,

and u,, = 1. Further,
Co=1+0u1’) =0y

VI. STABILITY AND CONVERGENCE ANALYSIS

The main objective of this section is to carry out an error
analysis for various steps involved in the algorithms proposed
in Sec. III. We first study the analyticity properties of the
scattering coefficients in order to understand the difficulties
involved in transitioning from the continuous to the discrete
regime. In Sec. VIB, we study the stability and convergence
of the numerical scheme for forward scattering. Note that the
convergence of the layer-peeling algorithm where the input
is synthesized using Lubich’s method is not discussed in this
work; instead, we study it empirically. The error propagation in
the layer-peeling procedure has been addressed in the work of
Bruckstien et al. [60]; however, on account of the underlying
assumption of the piecewise constant potential, the question
of convergence beyond the first order cannot be addressed in
their work. We leave these aspects for future research.

Notations

The class of m-times differentiable complex-valued func-
tions is denoted by C™. A function of class C is said to belong
to Cf'(€2), if the function and its derivatives up to order m have
a compact support in €2 and if they vanish on the boundary
(0€2). Complex-valued functions of bounded variation over R
are denoted by BV and the variation of any function f € BV
over Q € R is denoted by [ f; Q2]. If g € BV, then d,q € L'
exists almost everywhere such that |9, ¢ ||L1 < ¥[g; 2] (Chap.
16 of Ref. [61]). Let ¢V to be equivalent to d,q so that
lg®llu = 19eq L.

Let J = (—o00,L] and d > 0. A complex-valued function
f(x) is said to belong to the class E,(J) if supp f C
J and there exists a constant k., > 0 such that the es-
timate | f(x)|<kooe 2"l holds almost everywhere in J.
Clearly, E;(J) Cc LP(J) for 1 < p < oo. Define S_(u) =
{¢ e C|Im¢ > —u}.

A. Compactly supported and one-sided potentials

The Jost solution for compactly supported and one-sided
potentials is known to have an analytic continuation into the
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upper half of the complex plane [2,3]. We detail some of these
analyticity and decay properties of the Jost solutions required
for our purpose. This discussion is motivated by the fact that
our fast Darboux transformation (FDT) algorithm discussed
in Sec. IIT H 2 proceeds by computing the Jost solutions of a
truncated potential which can be interpreted as one-sided (if
it does not have a compact support). Further, the analyticity
properties of the Jost solutions also determine the behavior of
the Lubich coefficients as discussed in Sec. III F.

We begin with a study of the modified Jost solutions defined
by

Perit) = g ) (é) (109)

Let Q =[L;,L;] in the following unless stated otherwise.
The system of equations (18) can be transformed into a set of
Volterra integral equations of the second kind for the modified
Jost solution P(x;¢):

Pri¢) = (x:0) +/ Kery:0)PGio)dy,  (110)
Q
where ®(x;¢) = (&, P,)T € C? with
By (x:¢) = / dz / dy gr(EEEIdy,
L L

dy(x;¢) = / r(y)e?*“dy,
L

and the Volterra kernel KC(x,y;¢) = diag(K;,/KCy) € C**? is
such that

(111)

K1(xy:8) = () / (s,

Ka(x,y:£) = q(y) / re " dz,  (112)
y
with K(x,y;¢) =0fory > x.
Theorem 1. Let g € L' be supported in Q = [L,L,] with
k = |lgllL1. Then the estimate
{ € @Jrv

cec. 413

~ C,
| P(x; )o@ < {Ce_ZIm(D(LZ_LI)7
holds with C = || D|| cosh k where D = (k2/2,k)T.

Proof. The proof can be obtained using the same method as
in [2,62]. For fixed ¢ € C, let 2 denote the Volterra integral
operator in (110) corresponding to the kernel KC(x,y; ¢) such
that

APl = fﬂ K(roy: ) P(y: O)dy

_ (. q(z)r(y)6255<zy)f':1(y;§)>
B [L, a /L, @ (q(y)r(z)e2i¢<"‘1)Pz(y; 0)
(114)

Consider the L*°(£2) norm (Chap. 9 of Ref. [63]) of .# given
by

I =@y = eSSSUp/ 1K,y Olidy, (115)
Q

xeQ
sothat |7 || Le(@) < k2 /2. The resolvent % of this operator ex-
ists and is given by the Neumann series Z = Y .- | %, where
Ty = K o Jy,_y with £ = JZ . It can also be shown using

PHYSICAL REVIEW E 96, 063302 (2017)

the methods in [2,62] that ||.7, ||L~q) < «%"/(2n)!, yield-
ing the estimate [|Z||Lx@) < [cosh(k) — 1]. Therefore, for
any ®(x;¢) € L*°(R), the relationship P(x;¢) = ®(x;¢) +
Z[®](x; ¢) implies, for ¢ € @Jr,

1P (x: )l < cosh(i)[|B(x: ) Lea- (116)

The result for C+ in (113) follows from the observation that,
for ¢ € Cy, [ ®(x;8)llLe) < | D], where D = (k*/2,6)7.
Therefore, C can be chosen to be || D|| cosh k. For the case C_
of (113), we consider P_(x;¢) = P(x; ¢)e~?¢* The Volterra
integral equation then reads as P _(x;¢):

P (x;0) = <I>_(x;f;>+/ K_(x,y; OP _(y;0)dy, (117)
Q

where ®_(x;¢) = ®(x; ¢)e %" € C? and the Volterra kernel
K_(x,y;¢0) = diag(IC(f),lC([)) € C?*2 is such that

KOG,y 0) = r(y)/' q(2)e ¥ dz,
.

KS0,y:0) = () / r(x)e ¢ Mdz, (118)
y

with K_(x,y;¢) =0 for y > x. Using the approach out-
lilled above, it is possible to show that, for ¢ € C_,
[P -(x; )l < cosh()||®—(x; §)llLe(). The result for
the case £ € C_ in (113) then follows from the observation
that [| @ (x: ¢)lLee) < |D[[e™@ for ¢ € C_. m

Theorem 2. Let g € BV with support in Q@ = [Ly,L;] such
that g(x) = O for x € dR2. Then, there exists a constant C > 0
independent of ¢ € C such that the estimate

C oL ceCy,
1+ ¢] 672Im({)(L27L1)’ € (C(Iig)

1P )l <

holds.
Proof. Consider the first term on the right-hand side of
(110): Integrating by parts, we obtain

Y Z
Qi(x;¢) = / q(z)e**dz / r(y)e #%dy
L] Ll

2_1,4 5 r(2)q(z)dz

1 X . z .
+— | q@e " dz | [3,r(y)le ¥ dy,
2i¢ Jyp, L
so that

20+ < [ lg@Pdz+ [ la@le ™z
L L

Z

x | [2lrD)]+ 18,r()1e* ™7 dy.
L,
Setting 2D = |13 + llglI} + g/l lg™[l1, we have

;e@-‘rs
ceC_.

1 1,
|d)1(x;§')| < 1+ 2| S {eZIm(C)(Lle)’

Again, integrating by parts, we have

R
L
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-1

R 2z (x—y)
= 2l.gr()c)ﬂt o /Ll [0yr(y)]e dy,

so that

2(1 4+ [ZD[D2] < [r(x)]

+ | 2Ir)] + 8y (y)|le 2Oy,
Ly

Putting 2D> = ||qlloc + 2lig|li + llg" |1, then

[ P2(x; )| <

2 1,
X
1 1| {e—ZIm(;’)(Lz—LI)’

Now, proceeding as in the proof of Theorem 1, we conclude
that the estimate (119) holds with C = || D|| cosh(||¢ 1) where
D = (D;,D))T. |

Finally, let us extend the preceding two results to the one-
sided potentials:

Theorem 3. Let g € E4(J) for some d > 0 with J =
(—oo,L]. Let «1 = llgllLsy and ko > 0 be the constant
such that |g(x)| < keoe 24|, Then, for every u € (0,d), the
estimate

;‘E@“r?

12
ces_q, 120

B C,
”P(X;C)”Lx(l) < { Cre2m@)L
[4>—m ¢y

holds with constants C; and C, given by

Ci = | Dl coshky, Cr = | E| coshki,

where D = (k7/2,1)T and E = (k2,,dKko)T.
In addition, if d,q € E4(J), then there exists a constant

C > 0 independent of ¢ € C such that the estimate

C € 6-&-’

IP(x; )iy < (121)

C
1+ ¢l
holds.

Error due to domain truncation

For the purpose of numerical solution of the ZS problem
posed on an unbounded domain, it is mandatory to choose a
computational domain that is bounded. This requires trunca-
tion of the original unbounded domain to a bounded domain,
say, [-L_,L,] where L_,L, > 0. Let us observe here that
the estimates obtained in Theorem 3 can be improved slightly
in order to give us better control of the domain truncation error.
Let JZ; denote the Volterra integral operator corresponding to
the kernel KC; for j = 1,2 defined in (112). Set the domain to
be J = (—oo, — L_] and assume the conditions stated in the
first part of Theorem 3 to be true. Then it can be shown that,
for ¢ € C,, we have

1Pyl = 191 4+ A4 [@1 ]I~
||ﬁ2||L°°‘(J) = || D2 + L[ Dol

[cosh(xy) — 1],

NN

sinh x.

Now in any numerical scheme, one would take (1,0)T as
the initial value for the Jost solution ¢(x;¢)e’s™ at x =
—L_. This step introduces an error which is bounded by
max(|| Py lIL~(y, | P2llLery). Let L_ > 0 be a free parame-
ter and assume g € E;(R). Now, if we require the maxi-
mum error to be equal to € > 0, then it suffices to have
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sinh[||g X(—co,—_1llL1] = € which works out to be

1g X (=00, —L_1llLt < log[e + V1+ e

A similar result can be obtained for truncation from the right
side by using the property in Remark 1.

(122)

B. Discretization in the spectral domain

Let the grid points be as defined in Sec. III A. In this section
we discuss the stability and convergence properties of the
numerical methods developed in Sec. IIT A. To this end, we
closely follow the terminology introduced in [33] adapted to
the problem at hand.

The general form of a one-step method for (18) can be
stated as

ﬁn-ﬂ-l = [UO + hA(xn;h)]f)nv (123)

where dependence on the spectral parameter ¢ is suppressed.
We keep the spectral parameter fixed in the following discus-
sion or allow it to vary over any compact domain of C. The
function A(x,;h) is referred to as the update function of the
one-step method. The truncation error of this method is defined
as

1
T(x.y;h) = A h) — ()] — Alxs )o(x),  (124)

with 9(x) =y. A method is called -consistent if
lim, o T'(x,y; h) = 0. The necessary and sufficient condition
for consistency in this case is A(x;0) = U(x). A method
is said to have an order p if, for some vector norm | - ||,
IT(x,y;h)|| < Ch? holds uniformly over 2 x I where I C
C? is a compact set and C is independent of x, y, and A.
Let x, = (x,)o<n<n represent the grid. Let us introduce a
vector-valued grid function as u = {u,}_, where u, € C?
such that the value of u at x,, is u,,. The class of such solutions
is denoted by G(x}). Define the infinity norm of any grid
function as

lulloc = max |lu,]. (125)
In order to introduce the concept of stability of the one-step
method, let us define the residue operator as
1
(%hu)n = Z[urH—l - un] - A(xn;h)una (126)
for any grid function u € G(x;) andn < N [we set (Zpu)y =
(Z,w)n_1]. A method is said to be stable if there exists a

constant Cy for hy > O such that for any two arbitrary grid
functions, u, w € G(x,,), we have

lu = wlloo < Collluo — woll + |Zhu — Zpwllc),  (127)

for all & < hy.

Remark 8. The intuition behind this definition, as explained
in [33], is as follows: if u € G(x) denotes the grid function
obtained by the one-step method using infinite-precision
arithmetic (so that Z,u = 0) and if w € G(x;,) denotes the
grid function obtained using finite-precision arithmetic (initial
conditions being the same, i.e., uy = wyp), then any stable
method must yield ||u — t0|l.c = O (¢) where € is the machine
precision in the latter case.
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Let ¢ € BV(Q); then there exist constants C and kg > 0
independent of x and 4 such that ||A(x;h)|| < C for all h €
[0,ho] (where || - || is the induced matrix norm). This shows
that for any two arbitrary vectors u,w € C2? and h € [0,ho],
the Lipschitz condition,

A M — A hw| < [[AG;R)| e — w|
< Cllu —wl,

is satisfied. Therefore, the stability of the one-step method
(123) easily follows from Theorem 5.3.1 of Ref. [33]. Further,
for any grid function u € G(x},), we have

| < (14 Ch) lup—1 |l < (14 Ch)'[luoll.

Then using the inequality (1 + Ch)Y < eV, it follows that
1]loo < e€%2~ED|luy|| which also guarantees the bounded-
ness of the numerical solution when computed using infinite
precision.

Finally, consistency and stability for any given one-
step method imply global convergence. Moreover, if b =
{T)(xn)}f:’:O denotes the grid function determined by the exact
solution and u € G(x},) is any grid function obtained using
the one-step method (123) with initial condition uy = ¥(x),
then |1 — 0]l = O (h?) where p is the order of the one-step
method (Theorem 5.3.2 of Ref. [33]).

1. Implicit Euler method

Continuing from Sec. IIT A 2, we have
b1 = (00 — hUyi1) 'O,
which determines the update function to be

—h(det Uy 41)00 + Upy1

Axp h) = =
G ) = et Oy 7]

~

It is easy to verify that A(x,;0) = U,; therefore, the method
is consistent. Using Taylor’s theorem,

T(x,y:h) = [og — hU(x + h)]~" [-%aﬁa(x’)],

where x < x’ < x + h and 9(x) = y. Assuming that g(x) €
Ci(Q), we have 928 = e (3,U + U? +2i¢[03,U])v;
therefore, the order of the method is p = 1. If the Jost solution
under consideration is v = ¢, then ||¢!**¢|| is bounded for
¢ € @Jr (see Theorem 1); consequently, the truncation error
coefficient to the leading order in ¢ is |¢|he?™©¥||[a3,U]].
Evidently, the method is stable which together with its
consistency implies convergence (with order p = 1).

2. Trapezoidal rule

Continuing from Sec. III A 3, we have

_ he \7 he\.
Upt1 = O'O_El]n-H GO+§Un Up,

so that the update function is given by

(128)

h(Uni1U, — 09 det Uy 1) + 20, + Upy1)

Alx,; h) = =
(o 1) [4 + (det U, )h?]
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~

Again, it is easy to verify that A(x,;0) = U,; therefore, the
method is consistent. Using Taylor’s theorem,

h? 3 3
T(x,y;h)= I:—Eaxv(x)] + o),

with #(x) = y. Assuming that g(x) € C(z)(Q), we have
R = —4.2 ™ ([03,[03, U1 + 0 (1/¢)v;

therefore, the order of the method is p = 2. Again, if the
Jost solution under consideration is v = ¢, then ||e/**¢||
is bounded for ¢ € @Jr (see Theorem 1); consequently,
the truncation coefficient to the leading order in ¢ is
¢ [2h%e? ™% [03,[03,U]1|| /3. Evidently, the method is stable
which together with its consistency implies convergence (with
order p = 2).

3. Split-Magnus method

For the convergence analysis of the split-Magnus method
described in Sec. IV B, let us observe that an equivalent form
of the integrator is

y/ (o0 — hﬁn+l/2)f)n+l =4/(00 + hﬁn+l/2)f)-

Using Taylor’s theorem for matrix functions, we have

h? ~ ~
T(x,y;h) = ﬂ(aff; — 303 — 3U°) + 0(h?),

with ¥(x) = y. Assuming U to be twice differentiable on
[x,x 4+ k], we conclude that the order of the method is p = 2.
Further, this one-step method is consistent and stable, and
therefore also convergent for fixed ¢ (or ¢ varying in a compact
domain). The truncation error coefficient to the leading order
in ¢ is |¢|?h%e2 ™Y ||[g3,[03,U]]]| /6. This value can be seen
to be twice as small as that of the trapezoidal rule. Let us note
that it does not seem straightforward to determine which of
the two one-step methods has smaller total truncation error
coefficient (for fixed ¢); however, the trapezoidal rule appears
to exhibit smaller total truncation error in the numerical tests.

C. Computation of norming constants

In Sec. IIB1, it was stated that the computation of
norming constants from the discrete b coefficients by(z?) is
ill conditioned. This can be attributed to the nature of the
truncation error coefficients in the underlying one-step method
for complex values of ¢. It is evidenced by the presence of
a factor of the form exp[2Im(¢)x] in the truncation error
coefficient which tends to grow for x > 0 (see Sec. VIB).
Therefore, it is better to “truncate” the scattering potential
at the origin'> and solve the corresponding one-sided ZS
problems as discussed in Sec. III B 1. Finally, let us note that
there are other discretization schemes such as the exponential
time-differencing (ETD) scheme [32] which may alleviate
these problems; however, it may come at a cost of increased
operational complexity. These ideas will be explored in a future
publication.

I51f the growth behavior of the potential is known beforehand, then
it possible to choose an optimal point of truncation.
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D. Lubich’s method

Starting from the functions a(¢) and b(¢) analytic in the
upper half of the complex plane, Lubich’s construction as
described in Sec. IITF allows us to compute the polynomials
associated with the discrete scattering coefficients Py (z%) =
{P(z*)}n. Note that in the preceding section, we discussed
the necessary and sufficient condition for discrete inverse
scattering with polynomials (which can be seen as a finite-
support sequence of coefficients). However, Lubich’s method
yields an infinite series that needs to be truncated. Therefore,
the compatibility of Lubich’s construction with the layer-
peeling algorithm cannot be studied within the framework of
finite-support sequences. However, it is possible to determine
whether P(z%) can be associated with a Jost solution prior to
truncation of the series. If the coefficients of the series decay
sufficiently fast, the truncation introduces a negligible error so
that the layer-peeling criteria can be satisfied to a sufficient
degree of accuracy.

Let us first consider the case of a compactly supported
potential. Define the vector P(z%) = (P}, P»)T as

N i8(z%) n i8(z%)
Pl(z)—a< T ) Pz(Z)—b( o )

which can be expanded into a convergent Taylor series as
in Sec. III F on account of the analyticity of the scattering
coefficients over the whole of the complex plane. Further note
that

* *2\ % 18(1/2*2)
Pi(1/z )_a<—2h )
o (181727
P/ =b <—2h )

Therefore, for z € T, we have'®

P90,2

P()) - P*(D) = (aa* + bb) 0 (“32(2 )> =1.
Note that here we have used the fact that a(¢)a(¢) +
b(¢ )E({ ) = lforall ¢ € C;however, such arelationship would
not hold if we relax the requirement of compact support of the
potential.

Let f(¢) denote either a(¢) — 1 or E(C). When f(¢) is
analytic in the upper half of the complex plane, then on any
compact domain I' € C the functions can be regarded as
Lipschitz continuous. Observing that S(e~h )Yh=1+ 0 (h?)
where p = 1 for BDF1 and p = 2 for TR, we have
< Ch?,

L ich
‘C 2h8(6 ) (129)

on any compact domain of I' ¢ C, and & € (0,h] (h > 0)
where C > 0 depends only on I" and /. Therefore, using the
estimate (129) and the Lipschitz continuity of f({) one can
assert that there exists a constant C’ > 0 for a given I" and hg

16For sufficiently small , it can be verified that | Py o| # 0. Other
conditions pertaining to the specific discretization schemes can be
explicitly verified using the results in Sec. III F.
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such that [42]
i8(e%ehy
2h

Therefore, the Wronskian relationship, |a(£)|> + [b(£)]* = 1
for £ € R, can only be satisfied up to O (2”) on any bounded
interval in R.

Finally, as far as the truncation of the infinite series is
concerned, let us note that for the kind of problems considered
in this article, Lubich’s method is applied to rational functions
with known poles in C_ which makes it easy to determine
the decay behavior of these coefficients using the method of
partial fractions (see Sec. III G).

‘f(z)—f( )’< e,

E. Darboux transformation

In this section, we study the convergence behavior of the
Darboux transformation with numerically computed Jost solu-
tions. Continuing from Sec. II C, let ({,br) € Sk denote the
discrete eigenvalue and the corresponding norming constant.
Define the Vandermonde matrix

F={Fy}xxx ={¢}|j=1.....K.k=0,....K — 1},

the diagonal matrix I' = diag(yy,y», - .., Yk ), and the vectors

¢k tn
X G
f={:) s=tr= ¢+ [, (130
% G
where
~ ¢§0)(0,0; &) — bkl/féo)(o,o; &r) (131)

Yk = .
“ 7 690.0:20 — berP0,0: ¢

The unknown Darboux coefficients can be put into the vector
form

d(()O,K) diO‘K)
d(()l,[() d§1,1<)
D, = . , D= . ; (132)
d(()K;l,K) d;K;l,K)

then the linear system of equations (10) which determines the
coefficients of the Darboux matrix can be written as

f\ _( F TF\(D,
(2)-0 ) E)
——— —_—

w w D

(133)

Note that the quantities f and F are known exactly while
I' (and in turn g) is determined only up to O (h”), where p
is the order of convergence of the one-step method. Let || - ||
denote the Euclidean norm for vectors and the induced spectral
norm for matrices. Define k(W) = [W™!|| - |[W)] to be the
condition number of W, then, under the assumption |[W™!]| -
AW < 1 (which can be satisfied for sufficiently small 4),
the standard perturbation theory (Chap. 11 of Sec. [64]) yields
the estimate

[AD]| k(W) (IIAWII AW

= 1AW]
IDI 1=k \ wl IWII

). (134)

063302-26



FAST INVERSE NONLINEAR FOURIER TRANSFORMATION ...

Given that the perturbations are of O (h?), from the above
equation it follows that the coefficients of the Darboux matrix
can be determined up to O (h?).

In order to determine the convergence behavior of the
fast Darboux transformation (FDT) algorithm as described
in Sec. IlH 1, we need to study the convergence of the
corresponding Lubich coefficients. To this end, let us denote
by Dk (¢) the approximation to the Darboux matrix Dg(¢)
(for the sake of brevity, we suppress the dependence on x, ,
and G ). Now, using the partial fraction expansion as in (53),
we have

K

- R ,
ik @OIB(@) — Dy(oy) = 3 Rt
2T

X [Dk@k) — Dk (D]

In order to establish the relationship between the error in the
Darboux matrix as stated above and the error in the coefficients
of the Darboux matrix, we need the following lemma:

Lemma 4. For a given discrete spectrum Sk where K is
finite, the inequality

I1Dx () = Dk (D)) <
holds for any ¢ € C where
EX_1
(&) = {V e fAL
VK, £=1.

Proof. From the the definition of the Darboux matrix, we
have

(135)

2(|AD|Gk(I¢1?)

K—1
1Dk (@) — D@ < > | = D 1g 1k,
k=0

for ¢ € C. Now, using the Cauchy-Schwartz inequality, we
obtain
K-1

| - o et

>~

=0

N

K—1 N ) K—1
Y IDE =D [ 1P
k=0 k=0

Note that this inequality does not change upon replacing the

spectral norm (|| - ||) with the Euclidean norm (|| - || g) and it is
easy to see that
K—1
~ 2
2155 = DFy =21aD],
k=0
which concludes the proof. |

Let Dg(t) and DK(r) denote the inverse Fourier-Laplace
transform of wx(¢)Dk(5) — 0o and px (£)Dx(L) — oy, re-
spectively; then, we have the following proposition for the
rate of convergence:

Proposition 4. Consider the discrete spectrum G with
finite K. If | AD|| = O (h?) where p is order of the underlying
one-step method, then

Dk (z) — Dk (v)] = O(hP).
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Proof. Let the set of eigenvalues be €k corresponding to
Gk and define

R =2 max | Res[k,¢*1IGk (|1,

where G is as defined in the forgoing lemma. From (135)

and the forgoing lemma, we have
1 /oo+ic efi{rdé—
27'[ —oo+ic C - C}j

K
SRIAD[ Y e <
k=1

where n; = Im ¢, > 0. The result follows by setting || AD|| =
O (h?). u
_ Let the matrix-valued Lubich coefficients for Dg(¢) and
Dk (¢) be defined as

i8(z%) i8(z%) >
MK( 2 )DK< 2h ) N X::Ak(h)zyc’
. 2 2
MK<182(2 )>D <15(z )) ZAk(h)ZZk (136)

respectively. The zeroth Lubich coefficient is obtained by
evaluating the Darboux matrix at ¢ = i§(0)/2h. Therefore,

Dk (t) — Di (D)l <

RK|AD],

K
<2hR|AD| )

£ 1id(0) — 2k}

Ao — Aol
2hg|

(137)

leading to |[Ag — Agll = O (hP*+1). Using the properties of the
Lubich coefficients and the forgoing proposition, it follows that

|Ax — Agll = OhP*Y, keZ,. (138)

VII. NUMERICAL TESTS

In this section, we present several numerical tests to
demonstrate the performance of the numerical algorithms
developed in this paper. For better numerical conditioning,
we scale the scattering potential g(x) of the ZS problem by a
suitable scaling parameter such that ||g|| 2 is unity or close to
unity. Let us briefly review the effect of this scaling to (3): For
some k > 0,let V(y) = U(x)/k,y = kx,and A = ¢ /k; then

vy(¥/Ki;8) = i(§/i)o3v(y/i; ¢) + Uy /)v(y/k;6),
w, = —iAozw + V(y)w,

where w(y;A) = v(y/k; Ak).

For the sake of clarity, let us specify the acronyms used
to denote the one-step methods considered in this article
for testing: the implicit Euler method (BDF1), trapezoidal
rule (TR), Magnus method with one-point Gauss quadrature
(MG1), and split-Magnus method (SM). The main focus of
this section is to study the dependence of the total numerical
error on the free parameters of a given algorithm together with
its total run time. In particular, we have considered the test
cases that test the performance of the methods introduced in
this article against the so-called benchmarking methods (MG1
and SM) wherever possible. In all of the test cases described
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FIG. 6. The figure shows the discrete spectrum, &6 [defined by
(141)], where the eigenvalues and the norming constants are shown
in (a) and (b), respectively.

below, N represents the number of samples which is taken
from the set 0 = {2/, j = 10,11, ...,20}.

A. Examples

Our test cases are derived from the following examples
for which the exact value of the quantities to be analyzed
are known in a closed form or can be evaluated to machine
precision by a known method.

1. Multisolitons
Define a sequence of angles for J € Z by choosing Af =
(r —26p)/(J —1),0) > 0, and
0 =0+ —-DAo, j=12,...,J

so that 6; € [6p,m — 6p]. Then the eigenvalues for our numer-
ical experiment are chosen as

Civga—ny =1%,1=12,...8, j=12,...,J. (139
The norming constants are chosen as
by = mUTV/BIZD i — 12,80, (140)

Here we choose 6y = /3 and J = 4. Then we consider a
sequence of discrete spectra defined as

Gk = {(&.br), k=1,2,...,K}, (141)

where K = 4.8, ...,32 (Fig. 6). Let &k be the set of all the
eigenvalues. The potential can be computed with machine pre-
cision using the CDT algorithm which is taken as the reference
for error analysis in this case. For fixed K, the eigenvalues
are scaled by the scaling parameter k = 2(Y_f_, Im £;)"/2. Let
Nmin = Mingce¢, Im ¢; then the computational domain for this
example is chosen as [—L, L] where L = 11k /Nmin.

2. Secant-hyperbolic potential

The exact solution of the ZS problem for the secant-
hyperbolic potential was first reported in [65]. We summarize
the results required for our purpose as follows: Let the potential

be written as
q(x) = Asechux, (142)

where A is referred to as the amplitude. The scattering
coefficients are then given by

r(i—ic)’ _
r 1 .2 1 . ) ;E(C+,
(A+3—it)T(—A+3—iQ)

a(¢) =
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b(¢)=—sinrAsechm¢, |Im¢| < 1/2.
The eigenvalues are given by
& =i(A —k),

where K is the largest integer smaller than A = (A 4 1/2).
Putting A r= A — K, the noninteger part of A, the a coef-
ficient can be written as a product of solitonic and radiative
parts as follows:

k=12,...,K,

a(t) = ( = 9‘) _ o)
W ) r@, —iora — A, —ic)
as(¢) agr(¢)

Note that ag(¢) belongs to a secant-hyperbolic potential with
amplitude Az = A ¢ — 1/2(> 0). The corresponding norming
constants are given by by = (—1)~.

This example allows one to test the CDT and the FDT
algorithms where the seed potential can be taken as go(x) =
Apgsech(x) and the sequence of discrete spectra to be
added,

Gk ={(.br), k=1,2,...,K}, K=4,...,32, (143)

where we set Agp = 0.4. Corresponding to G, the amplitude
of the augmented secant-hyperbolic potential is given by A =
0.4+ K and A = 0.9 + K. As in the last example, for fixed
K, the eigenvalues are scaled by the scaling parameter given
by k = Z(Zfzo Im &)'/2.

In order to choose the computational domain [—L, L] for
the sech potential (142) with the aforementioned scaling, we
can use the relation (122). Choosing npmin = mingce, Im¢
where €k is the set of all the eigenvalues and observing
that

Atan™ !
|G X(~00.—Lsx1llLt = Atan [m}
we have L & [pin 10g(2A/€)](k /Nmin) Which rounds to L =~
30(k / Nmin) for € = 10712,

B. Test cases
1. Discrete spectrum

For multisoliton potentials described in Sec. VIL A 1, we test
the convergence behavior with regard to the discrete spectrum
for various discretization schemes, namely, BDF1, TR, SM,
and MGI. For the convergence behavior of the numerically
computed norming constants, we assume that the eigenvalues
are known exactly. The error in the norming constants is
quantified by

K (num.) 2
D 55" = by
% .
Zk:l |bk|2
For the convergence behavior with regard to the eigenvalues,

we compute a™™)(¢;) where the a coefficient is computed
numerically. The error is then quantified by

(144)

€rel =

K 2

. (145)

. 1
el = liIm | —
rel 700 K —

amm(gy)
a(num.)(l' 77)
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FIG. 7. The figure depicts the convergence analysis for the norming constants (top row) and the discrete eigenvalues (bottom row). The
numerical test (as described in Sec. VII B 1) is carried out for a fixed number of eigenvalues (K € {12,16,20}).

For MG, the limit is evaluated by setting = 100. For others, 2. Multisoliton potential

lim, . a(in) = P 1( ,IX)- Except for MG1, all other schemes In this test case, we carry out the convergence analysis and a
are implemented using the fast forward scattering algorithm  comparison of run time (per sample) of different variants of the
(see Sec. IITE 1). The computation of the norming constantis  FDT algorithm for multisolitons as described in Sec. VII A 1.
discussed in Sec. I B 1 and Sec. IV. Note that the CDT algorithm in this case gives the exact

potential which allows us to compute the total numerical error
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FIG. 8. The figure depicts the convergence analysis (top row) and the run-time behavior (bottom row) for multisolitons. The numerical test
(as described in Sec. VII B 2) is carried out with a fixed number of eigenvalues (K € {12,16,20}).
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FIG. 9. The figure depicts the relative numerical error (top row) and the run time (bottom row) for multisolitons as a function of number
of eigenvalues. The numerical test (as described in Sec. VII B 2) is carried out with a fixed number of samples (N € {2!2,2!4,216}).

for the FDT algorithm for arbitrary discrete spectra. The error
is quantified by

(num.)

—qlle
llgll:

llg (146)

€rel =
where the integrals are evaluated numerically using the
trapezoidal rule.

The different variants of the FDT algorithm are described
as follows: any one-step method for the ZS problem can be
combined with any one-step method for the Lubich coefficients
to obtain the FDT algorithm. In particular the relevant

--- CDT
— FDT

()

0.5 3

0—100 -50 0 50 100

FIG. 10. The figure compares the multisoliton potential corre-
sponding to the discrete spectrum, G4 [defined by (141)], generated
using the CDT and the FDT algorithm after scaling as discussed in
Sec. VI A 2.

combinations are BDF1-BDF1, BDF1-TR, and TR-TR. We
also consider the partial-fraction variant of the TR-TR
combination which is labeled as TR-TR-PF. Note that the
combination of a first-order method for the ZS problem with
a second-order method for the Lubich coefficients or vice
versa should lead to a first-order FDT algorithm. A second-
order method for the ZS problem must be combined with a
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E: Dy, Dy
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<
w= 1073 [ 11073 | 2
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=
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FIG. 11. The figure shows the absolute value of the Lubich
coefficients for the Darboux matrix elements corresponding to the
discrete spectrum, &6 [defined by (141)]. The underlying one-step
method for the Lubich method here is the trapezoidal rule (TR).
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FIG. 12. The figure depicts convergence analysis (top row) and run-time behavior for the general Darboux transformation. The numerical
test is carried out with a soliton-free sech potential as seed and fixed number of eigenvalues (K € {12,16,20}) to be added to the profile (see
Sec. VII B 3).

second-order method or higher for the Lubich coefficients in 3. General Darboux transformation
order to obtain a second-order FDT algorithm.

Parameters for the Lubich method are as follows: M = 8N
and Ny, = N /8 (for the PF variant). For the Cauchy integral,
the radius of the circular contour is ¢ = exp[—8/(N/2 — 1)].

In this test case, we carry out the convergence analysis and
a comparison of run time (per sample) of different variants
of the CDT and the FDT algorithm for the secant-hyperbolic
potential as described in Sec. VII A 2. Note that in the case of
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FIG. 13. The figure depicts the relative numerical error (top row) and the run time (bottom row) for the general Darboux transform

as a function of number of eigenvalues. The numerical test (as described in Sec. VII B 3) is carried out with a fixed number of samples
(N c {212,214’216}).
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the secant-hyperbolic potential, the soliton-free seed potential
as well as the augmented potential can be stated in a closed
form.

The variants of the CDT or the FDT algorithm are
determined by the underlying one-step method. Unlike in the
last test case (Sec. VII B 2), the Lubich method uses the
same one-step method as that of the ZS problem. The total
numerical error is quantified by (146). The parameters for the
Lubich method are the same as in the last test case.

C. Results and discussion
1. Discrete spectrum

For a given multisoliton, this test case was designed to
assess the performance of the discretization schemes, namely,
BDF1, TR, SM, and MG1 in the determination of the discrete
spectrum. The results are plotted in Fig. 7 where it can be
easily seen that all the methods considered show convergence
at a rate that is determined by the underlying one-step method.
However, the rate of convergence of BDF1 with regard to
discrete eigenvalues seems to be better than expected as evident
from the plots in the bottom row of Fig. 7. The overall accuracy
of MGl is evidently superior to that of others while TR turns
out to be a close second.

2. Multisoliton potential

This test case was designed to study the convergence and
run-time behavior of different variants of the FDT algorithm
for multisolitons. The results for a fixed number of eigenvalues
and varying number of samples are shown in Fig. 8. The second
order of convergence of the schemes BDF1-TR, TR-TR, and
TR-TR-PF can be identified from the plots in the top row
of Fig. 8. The scheme BDF1-TR shows a better rate of
convergence than expected.

The run-time behavior of CDT for a fixed number of
eigenvalues is clearly superior to all of the method as evident
from Fig. 8 (bottom row). The scheme TR-PF however
becomes very competitive with the CDT algorithm.

The relative error and the run time (per sample) as a function
of the number of eigenvalues keeping the number of samples
fixed is shown in Fig. 9. Here, the FDT algorithm outperforms
the CDT algorithm with the TR-TR-PF variant being the fastest
as evident from the plots in the bottom row of Fig. 9. It is
interesting to note that the relative error as a function of the
number of eigenvalues as shown in the plots in the top row of
Fig. 9 exhibits exponentially increasing behavior. This puts an
upper limit to the number of eigenvalues that can be handled
with the FDT algorithm within a given precision.!”

Finally, a specific example of the multisoliton potential
which corresponds to the discrete spectrum shown in Fig. 6
is plotted in Fig. 10 where the potential computed using the
FDT algorithm can be seen to be coinciding with that of the
CDT algorithm. The Lubich coefficients of the corresponding

"Note that the CDT algorithm also suffers from this drawback.
However, in order to determine the upper limit for the CDT algorithm,
one requires an implementation which employs a variable precision
arithmetic. This program is not followed in this article.
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Darboux matrix elements is shown in Fig. 11 which confirms
the exponential decay of these coefficients with respect to the
index (see Sec. IIIF).

3. General Darboux transformation

This test case was designed to study the convergence and
run-time behavior of different variants of the CDT and the
FDT algorithm for a soliton-free seed potential. The results
for a fixed number of eigenvalues (that are meant to be added)
and a varying number of samples are shown in Fig. 12. The
second order of convergence of the TR variant of the CDT
and the FDT algorithm can be identified from the plots in
the top row of Fig. 12. However, the TR variant of the CDT
algorithm performs not only worse as compared to that of the
FDT algorithm but it also becomes unstable with increasing
number of eigenvalues. Further, unlike the CDT algorithm,
the BDF1 and TR variant of FDT shows convergence (at an
expected rate) with increasing number of samples.

The run-time behavior of CDT for a fixed number of
eigenvalues is clearly superior to that of FDT as evident from
Fig. 13 (bottom row). The scheme TR-PF however becomes
very competitive to the CDT-TR variant. Note that CDT in this
case is reliable only for a small number of eigenvalues.

The relative error and the run time (per sample) as a function
of the number of eigenvalues keeping the number of samples
fixed is shown in Fig. 13. Here, the FDT algorithm outperforms
the CDT algorithm with the TR-TR-PF variant being the fastest
as evident from the plots in the bottom row of Fig. 13. As in
the last test case, the relative error as a function of the number
of eigenvalues as shown in plots in the top row of Fig. 13
exhibits exponentially increasing behavior. Note that FDT not
only outperforms CDT in terms of accuracys; it also exhibits
superior numerical conditioning with increasing number of
eigenvalues as evident from Fig. 13 (top row).

VIII. CONCLUSION

To conclude, we have presented a systematic approach to
discretizing the non-Hermitian Zakharov-Shabat (ZS) problem
which is based on exponential one-step methods. The discrete
framework thus obtained is amenable to FFT-based fast poly-
nomial arithmetic and also admits of a layer-peeling property.
In this setting we have presented different variants of a fast
forward and inverse SU(2) nonlinear Fourier transformation
(NFT) algorithm. As a first step towards developing a general
fast inverse NFT, we have presented several ways to obtain
a fast Darboux transformation (FDT) algorithm with an
operational complexity of O (KN + N log®> N) where K is
the number of eigenvalues to be added to a seed potential and
N is the number of samples of the potential. This algorithm
exhibits an order of convergence that matches the underlying
exponential one-step method. In particular, if one uses the
trapezoidal rule of integration, the order of convergence is
O (N~2). The strength of this algorithm was demonstrated
by exhaustive numerical tests where we could successfully
add 32 eigenvalues to a soliton-free seed potential. It must be
noted that the FDT algorithm shows a promising route to a
fast inverse NFT which is confirmed empirically in [20]; this
forms the subject matter of a sequel to this paper.
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Furthermore, we have also presented a second approach that
naively tries to mimic the classical Darboux transformation
(CDT) scheme in the discrete framework developed for the
ZS problem with an arbitrary seed potential. This algorithm
affords a complexity of O (K 2N); however, it turns out to
be less accurate and numerically unstable beyond a certain
number of eigenvalues.

Finally, let us emphasize that, based on the ideas presented
in this paper and drawing on the pioneering work of Lubich
on convolution quadrature, it seems plausible to anticipate the
existence of higher-order convergent fast forward and inverse
NFT algorithms using (exponential) linear multistep methods;
we hope to return to this theme in the future.

APPENDIX: LUBICH COEFFICIENTS FOR RATIONAL
FUNCTIONS WITH SIMPLE POLES

Consider the simplest case of a rational function with a
simple pole E(¢) = (¢ — &)~! where Im¢y < 0. It satisfies
the kind of growth estimate stated in (47). The inverse Fourier-
Laplace transform is given by e(t) = —ie %7, The Lubich
coefficients corresponding to the trapezoidal rule are defined
through

i5(z2)> 1
E = ——
( 2h [ — o]

A+
= —ih -
(1 +igoh)

K

1 —igoh kZZk
1+igoh ’

(AD)

k

Il
S

where we note that |1 —i¢ohl|/|1 +iZoh| <1 on account
of Im¢y < 0. The Lubich coefficient ¢; is defined as the
coefficient of z?* on the right-hand side of (A1) which can
be worked out explicitly: eg = —ih/(1 4 i{oh) and, for k > 0,

—2ih (1 - i§0h>k
[1+ QM I\ +i%h /)
Note that when Re ¢y = 0, then we may restrict i € (0,] so
that 1 4+ noh # 0 where ny = Im ¢. In the following, we wish

to study the error involved in replacing e; with —2ihe 2%k,
For k > 0, this difference is given by

e = (A2)

lex + 2ihe™ 250K

2 - ié‘Oh)k —2igohk 2
B ~ — e OML + (oh)71|.-

11+ (5oh)?| <1+z§0h ¢ [1+ (oh)7]

(A3)
Using the [1/1]-Padé approximant [66], we have
=2 1 —igoh
2isoh __ 3

=|\—— )t o). Ad
‘ <1 + iC(W) @) (AD)

Next, let us show that for & € (Q,ﬁ], there exists a positive
integer n > 1 dependent only on A such that

'1 —itoh

it o

2noh/n
‘ge'lo/.
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Recalling 19 = Im &, let n be chosen such that

1+i§0h‘

1—icoh (A6)

n > sup —2noh/log
he(0,h]

From the inequality (Chap. 4 of Ref. [67])
—2770]1 —47]0/’l

=
14+igoh 2
1—igoh

= |1 —igohl|*,
1+igoh | ;-0 |

log ‘ T—icoh -1

it follows that n > 1. Also, observing

—2noh —4noh
< < isohP,

2Tison 1—igoh

o558 1 [

it suffices to choose n to be the smallest integer greater
than (1 + |¢]h)%. Now, using standard inequalities for the
exponential function (Chap. 4 of Ref. [67]), we have

. k .
1 —ifoh _ p2iktoh| < 1 —ifoh _ p—2ikoh
14igoh AR

- k—1 .n—1 112 2nokh/n
xZeXp 2n0h T—I—] " < C'h=emMrm,

j=0
where

C = 6*27705/" 1- 2710/’_1
2no(1 —1/n)

Finally, using the last estimate and from (A3), we conclude

X constant.

C'h’

2nokh/n
|1 —igoh|

lex + 2ihe™ M| < :
where C’ > 0 is independent of A and k. If in addition
(—noh) < 1, then for h € (0,h] and k > 0, we may write

lex + 2ihe 250k < CePmokh/np3 (A7)

where C = C’/(1 + noh) is independent of 4 and k. Using
this estimate, let us now show that one can make an informed
choice of the parameter Ny, € Z introduced in Secs. IIT F 1
and III G in connection with the partial-fraction variant of FDT.
To this end, we start with

e2oNmh/n €,

where € is a positive number less than unity. Putting Ny, =
N/m and using h ~2L/N where 2L = L, — L; and N €
Z., we have
4770L
nloge’

~

(A8)

Setting € = e~! and for |{y]h < 1 one can set n = 4 so that

m ~ |no|L. In the case of multisolitons, we would like to
tune the parameter Ny, with respect to the eigenvalue with
the smallest imaginary part. Here £y must be replaced by the
complex conjugate of the eigenvalue with smallest imaginary
part. For example, if the smallest of all the imaginary parts of
eigenvalues is unity and L = 10, we should choose m = 10
(or m = 8 so that Ny, is a power of 2 when N is a power of 2).
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