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Abstract In this article we develop the direct and inverse scattering theory of a discrete
matrix Zakharov-Shabat system with solutions U, and W,. Contrary to the discretization
scheme enacted by Ablowitz and Ladik, a central difference scheme is applied to the posi-
tional derivative term in the matrix Zakharov-Shabat system to arrive at a different discrete
linear system. The major effect of the new discretization is that we no longer need the follow-
ing two conditions in theories based on the Ablowitz-Ladik discretization: (a) invertibility of
Iyn—U,W,and Iy, —W,U,,and (b) Iy —U,W, and I}, — W, U, being nonzero multiples
of the respective identity matrices Iy and Iy;.

Keywords Inverse scattering transform - Integrable discrete nonlinear Schroedinger
equation - Marchenko method
1 Introduction

The system of integrable discrete nonlinear Schrodinger IDNLS) equations

d
id_Un = Un+l - 2Un + Un—l - Un+anUn - UanUn—lv (1121)
T
. d
—1 d_Wn = Wﬂ+1 - 2Wn + Wn—l - Wn-HUn Wn - WnUn Wn—lv (11b)
T

where n is an integer labeling “position” and U, and W, are N x M and M x N matrix
functions depending on “time” 7 € R, has been studied extensively ever since the seminal
papers [2-4] on the N = M = 1 case, where the inverse scattering transform (IST) method to
solve the initial-value problem for (1.1a), (1.1b) was first introduced. The spectral problem
to which the nonlinear evolution equations (1.1a), (1.1b) were associated by means of the
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IST, is the discrete matrix Zakharov-Shabat system

zl Un
Vg = <W}Z Z_IIM) v, (1.2)

where Iy is the identity matrix of order N, z is a complex spectral parameter, and the

potentials {U,}>___ and {W,}>___ satisfy the £'-condition

oo

(1T + IW, ) < +oo. (1.3)
The focusing case occurs if W, = -U ,Tl for each integer n, where the dagger denotes conju-

gate matrix transposition; the defocussing case occurs if W,, = U, for each integer n. The
direct and inverse scattering theory for (1.2) was studied as early as 1981 [14, 15]. Com-
prehensive accounts of its scattering theory were given in [6] and [24]. In [6, 24] the matrix
equations (1.1a), (1.1b) were studied in detail using the IST. In [1, 25] the defocussing
N = M =1 problem was studied for potentials not vanishing as n — +o0.

When viewing the matrix IDNLS equation as a finite difference approximation of the
matrix NLS equation, it has the same applications as the matrix NLS equation, namely elec-
tromagnetic wave propagation in nonlinear media [22, 27], surface waves on sufficiently
deep waters [27], and signal propagation in optical fibers [16, 17]. Apart from that, the ma-
trix IDNLS equation has applications to the dynamics of a discrete curve on an ultraspherical
surface [12], the dynamics of triangulations of surfaces [18], and Hamiltonian flows [20,
23].

Equation (1.2) can be viewed as the finite difference approximation of the (N + M)-
Zakharov-Shabat system in the position variable x € R, where the derivative with respect to
x is replaced by the forward difference term [v,+; — v, ]/, the potentials u(x) and w(x) are
replaced by U,, = hu(nh) and W, = hw(nh), and the spectral parameter k € R is replaced
by z=e " =1 —ikh 4+ O (h?). This forward difference scheme leads to the spectral prob-
lem (1.2) which lacks forward-backward symmetry and requires the assumption that the
square matrix of order N + M describing the transition v, — v, is invertible for each
n € Z. In fact, the authors of [6, 24] found it useful to essentially “scalarize” the nonlinear
evolution system (1.1a), (1.1b) by requiring the potentials {U,,} and {W,} to also
satisfy the condition

o0 o0
n=—00 n=-—00

UW,=W,U,=c,Iy, nek, 1.4)

where N = M and, foreach n € Z, ¢, (3 1) is an unknown complex number. Assuming (1.4),
in the focusing case the scattering matrix, when multiplied by a weight matrix, appears to
be symplectically unitary [10]. No weight factor is needed to prove the symplectic unitarity
of the scattering matrix for the continuous-position Zakharov-Shabat system [6].

The next difficulty in solving the IDNLS system (1.1a), (1.1b) using the IST based on the
discrete Zakharov-Shabat system (1.2) regards the Marchenko method. Although condition
(1.4) is not required to derive the Marchenko equations [6, Egs. (5.2.151) and (5.2.153)] and
the “renormalized” Marchenko equations [6, Egs. (5.2.158)], it is to be assumed in order to
retrieve the IDNLS solution from the renormalized Marchenko solution. Without assuming
condition (1.4), a priori information on the IDNLS solution is required. After the N-soliton
and breather solutions to (1.1a), (1.1b) under condition (1.4) were derived before in terms
of solutions to N x N linear systems [24, Eq. (3.43)], breather solutions were constructed
before by using the Hirota method [7], and one and two soliton solutions were derived by
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An Alternative Approach to Integrable Discrete Nonlinear Schrodinger 171

various methods [5], an extensive family of IDNLS solutions in terms of triplets of matrices
parametrizing the Marchenko kernel was derived in [10, 11].

In this article the apparent difficulty in solving the IDNLS system by using the IST based
on the scattering theory for the discrete equation (1.2) is overcome by replacing (1.2) by the
discrete matrix Zakharov-Shabat system

Vp11(2) —vu1(2) (Ay  wy,
B — =J w, Ay v, (2), (1.5)

where J =diag(Iy, —In), {u,};2_, and {w,};2 __ are potentials, h > 0 is the discretiza-
tion step size, A = (z — z~')/2ih is a spectral parameter, and the £!-condition (1.3) is as-
sumed. Thus (1.5) arises from the matrix Zakharov-Shabat system by a central finite dif-
ference scheme. The essential spectrum coincides with A € [—A~!, h™!] and with z € T, T
being the unit circle. As for (1.2), the focusing case occurs if w, = —u] for each n € Z; the
defocussing case occurs if w, = ufl foreachn € Z.

Equation (1.5) as the linear counterpart to (1.1a), (1.1b) has none of the problems inherent
in choosing (1.2) as its linear counterpart. Since (1.5) can be written in the form

}\,IN u, [N ON,M
<vn+1(Z) _| W —Au Ouv  In v,(2) ) (1.6)
v,(2) In  Oyvy Oyny Oyy | \0im1(@)’ '

Op, v Iv  Oyn Omm

where the square coupling matrix of order N + M is nonsingular, we do not need to assume
the invertibility of Iy —u,w, and I, — w,u, for each n € Z in order to compute v, (z) from
v,+1(z) and v,4,(2) uniquely. Furthermore, getting the potentials from the Marchenko equa-
tions proceeds in very much the same way as for the continuous Zakharov-Shabat system
and does not require renormalization of the Marchenko kernel. Also, in the focusing case the
scattering matrix S(z) is J-unitary in the sense that S(z)~! = JS(z)"J; in the defocussing
case S(z) is a unitary matrix.

Although we have given a full description of the IST to solve the matrix IDNLS system
(1.1a), (1.1b) using the scattering theory of (1.5), we have not been able to furnish a Lax
pair {L, A}, where

Vpy1 — Up—i ON N u,
L n = J - ’ n
( v) 2ih ( w, OM.M) v

is the operator rewrite of (1.5) and the usual compatibility condition L, + LA — AL =0
reduces to the matrix IDNLS system (1.1a), (1.1b). We have also not found an AKNS pair
{X,,T,} of matrices depending on A such that V.| = X, V,, is the rewrite of (1.6), [V, ], =
T,V,, and the compatibility condition [X,]; + X,,T,, — T,,+1 X, = O reduces to the matrix
IDNLS system. Such a pair, where v,.; = X, v, is the rewrite of (1.2), [v,]; = T,v,, and
the preceding compatibility condition reduces to the matrix IDNLS system, is known (cf.
[6, Eq. (5.1.2)] and [24, Egs. (2.3)—(2.4)]). Finding at least one such pair involving a rewrite
of (1.5) would be most desirable, in spite of their redundancy in formulating the IST and
solving the initial-value problem for (1.1a), (1.1b).

The time evolution of the reflection coefficients, norming constants, and Marchenko ker-
nels associated with the discrete Zakharov-Shabat system (1.2) leading to IDNLS solutions
has been explained in detail in [6], also without assuming condition (1.4). The renormalized
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Marchenko equations given in [6, 10, 24] have the form

o0
E(n,j;r)Jr(ON‘N) Fon+ji+ Y k(njit)F(j+j:1)=0wy.  (172)

I
N Jj'=n+1
I oo
k(n, j; 1)+ <ONNN> Fon+jio+ Y & ji0)F(j+j57)=0wny.  (1.7b)
’ j'=n+1

where j > n+ 1 and the Marchenko kernels F and F are given. On the other hand, within the
scattering theory of (1.2) it is possible to derive alternative Marchenko equations satisfied
for j <n — 1, where the summation index j' runs from —oo to n — 1. These equations
can be derived without assuming condition (1.4) and coincide exactly with the Marchenko
equations (5.4c)—(5.4d) below [11]. The crux of the matter is that the Marchenko equations
(5.4¢c)—(5.4d) below will also be derived within the scattering theory of (1.5). Thus the same
Marchenko equations and the same formulas to pass from the Marchenko solutions to the
potentials are derived within the scattering theories of two different linear spectral problems,
(1.2) and (1.5). Consequently, the same time varying Marchenko solutions are found and
hence the same time varying potentials when departing from the same initial potentials.
This can only mean that we have in fact found an IST method for solving the IDNLS system
(1.1a), (1.1b) based on the scattering theory of (1.5) which, quite obviously, does not require
assuming condition (1.4).

If we allow the potentials to be time dependent such that (1.1a), (1.1b) are satisfied, then
the Marchenko kernels F (n; t) and F(n; T) satisfy the evolution equations

ij—rF(n;1')=F(n+2;1.')—2F(n;1')+F(n—2;1'), (1.8a)
—ij—tf(n; N=Fn+21)—2Fmn;t)+ F(n —2;1). (1.8b)

For N =M =1, Egs. (1.8a), (1.8b) may be considered as the equations of motion of a
Hamiltonian system with Hamiltonian

H=i Z[F(n—l—Z; r)—F(n;r)][F(n—i—Z; T) —F(n;r)],

n odd

where {F (25 + 1; 7)}2 _ are the coordinates and (FQ2s +1; 7))} _, are the correspond-
ing momenta. The inverse scattering transform can then be viewed as a canonical transfor-
mation between Hamiltonian systems.

The explicit matrix IDNLS solutions obtained in [11] by using matrix triplets to
parametrize the Marchenko kernels do not necessarily satisfy condition (1.4) nor the condi-
tion of invertibility of Iy —u, w,. In retrospect, this is not surprising, because these solutions
can be obtained by the IST method based on the linear spectral problem (1.5). In any case,
the explicit solutions that do satisfy condition (1.4), are included in our description. It was
also shown in [11] that the matrix IDNLS solutions obtained converge to known explicit so-
lutions of the matrix NLS equation as the discretization step 4 vanishes. We shall therefore
not present these solutions in this article.

Let us now describe the contents of the subsequent sections. In Sect. 2 we introduce the
Jost solutions and derive their continuity and analyticity properties. In Sect. 3 we introduce
the transition coefficients translating the n — +o00 asymptotics of the Jost solutions into
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their n — —oo asymptotics or vice versa and derive their continuity and analyticity prop-
erties. In Sect. 4 we define the reflection and transmission coefficients and introduce the
scattering matrix. In Sect. 5 we derive the Marchenko integral equations and indicate how
the potentials are to be found from their solutions. Appendix A contains estimates on the
discrete Fourier transforms of the Jost solutions. In Appendix B we use parity symmetry to
decouple the Marchenko equations as much as possible.

2 Jost Solutions

In this section we define the Jost solutions for the discrete matrix Zakharov-Shabat system
(1.5) and derive their continuity and analyticity properties.

For 7 € T we define the Jost solutions ¢, (z), ¢,(z), ¥, (2), and V¥, (z) as those solutions
of (1.5) that satisfy the asymptotic conditions

On(2) ~ 7" < I > ; () ~z7" (ON’M> , asn— —oo, (2.12)
Om,n Iy

V(@) ~ 77" (ON’M>, %(z)rvz”( In ) as n — +o00. (2.1b)
Iy Oum

Their unique existence will be proven below [cf. Proposition 2.1]. We observe that for 0 #
z € C the Jost matrices (¢,(z) ¢,(z)) and (¥, (z) ¥.(z)) approach nonsingular matrices as
n — 400 and n — —o0, respectively.

Equation (1.5) displays parity symmetry: If v,(z) is a solution to (1.5), then v,(z) =
(=D"Jv,(—z)J is also a solution to (1.5). Thus the Jost solutions have the parity properties:

V@ @) =ED"T (Y(=2) Ya(=2) J, (2.22)
(6@ 6,)=ED"T (Bu(=2) ¢,(=2)J. (2.2b)

Equation (1.5) also displays inversion symmetry: If v,(z) is a solution to (1.5), then
v,(2) = (—1)"Jv,(z)J is a solution to the system obtained from (1.5) by replacing A by
—A\. Inversion symmetry implies (2.2a), (2.2b).

Let us now introduce the following Faddeev condition on the potentials:

[0.9]

D (14 Inl) (el + llw, [}) < +o0. (2.3)

n=—00

We can then derive the following existence result for Jost solutions, reminiscent of the result
valid for the Schrodinger equation on the line [8, 13, 19].

Proposition 2.1 (Existence of Jost solutions) Suppose either potential {u,}>> . and
{w,}52 _ satisfies the £'-condition (1.3). Then for i # z € T there exist unique Jost so-
lutions ¥, (z), E,, (2), ¢, (2), and 5,1 (z) of the discrete matrix Zakharov-Shabat system (1.5)
that satisfy (2.1a), (2.1b). Moreover, if these potentials satisfy the Faddeev condition (2.3),
then for z € T there exist unique Jost solutions v, (z), En (2), $n(2),and 5,, (z) of the discrete

matrix Zakharov-Shabat system (1.5) that satisfy (2.1a), (2.1b).
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Proof Let us define the Faddeev functions by
M,(2)=z"¢.(z), M,(x)=2"9,(2), (2.42)
N, (2) =2"V(2), N,(x)=z2"V,(). (2.4b)

Observing that AJ = (Z — Z~Y)/2ih, we put

_ Oy~ u
Vn B ( wy 0M.M) ’

Then, writing v,,(z) = m,(z)Z" for a solution of (1.5), we get
[mn+l (Z)Z - Zmn(Z)] - _Z_l [mn(Z)Z - Zmnfl (Z)]Z_l + 2thVnmn(Z)

Putting
A (2)=m,(2)Z — Zm,_(2),

we get by iteration

p—1
Av(2)=(=DPZ Ay p(2)Z7 +2i0J Z(—I)TZ’“VHrmnH @z,
=0
p—1
A2 =(=D"Z7PA,_p()Z77 = 2ihJ Z(—I)TZ%anrflmnfzfl(z)lﬂ-
=0

Now note that, as p — +00, A, ,(z) vanishes for v,(z) = (Jn (2) Yu(2)) and A,_,(2)
vanishes for v,,(z) = (¢,(z) ¢, (2)), while |Z*P|| = 1. Consequently, we obtain

o0
M1 (2) = Zmy(DZ7" +2ih] Y (=1 Z'V,rm 1 ()27,
=0

m, () =2"'my(DZ+2ihJ Y (=1 Z7'V, o my (D2,

=0

respectively.
Let us now solve the linear difference equation system

m,1(2)Z — Zm,(2) = F (2), m,()Z —Zm,_(z) =F,_(2),

for given inhomogeneous term F(z) under the asymptotic condition that m,, (z) — Iyyu
as n — Fo00, respectively. We get by iteration

p—1
m,(2) =2 "m, ()2 =) Z7'F (D7,

=0

p—1
m,(2)=2'm,_ L7+ ZF, ()27

=0
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Using that m,, ., (z) tend to diagonal matrices which evidently commute with Z, we take the
limit as p — 400 and get

(Nu@ Nu@)=Ivem— Y Z'F (2
§=0
= Iyim —2ihJ Z(Z(—l)fz—mf)
s=0 \7=0
X Votsti (Nn+s'+l (2)  Npgsti (Z)) ZHI, (2.52)

(M,2) M,@)=Iniu+ Y ZF, (27"

§=0
00 s
= Inom —2ihJ Z(Z(—l)fzs—2’>
s=0 \7=0
X Vn—s—l (Mnfsfl (Z) Mnfsfl (Z)) Zﬁs*l- (25b)

Now observe that

s —s _1\s75+2 21-1 :
Z(_l)r Z*S+2‘L’ — [Z + ( 1)_Z ][IN+M + V/ ] 5 Z ?é :tl, (26a)
—0 (s + (&) Insm, 7 =i
il s+2 _1\S7—S 27—1 .
Z(_l)rzs—Z‘r — [Z + ( . 1) Z ][1N+M +Z ] s < # :l:l7 (26b)
=0 (s + (&) Inims 7 =i,

where we have used well-known expressions for partial sums of geometric series. Using
(2.6a), (2.6b) we easily prove that (2.4a), (2.4b) are uniquely solvable by iteration, because
of the estimate (1.3) used uniformly in z on compact subsets of T \ {£i} and the estimate
(2.3) used uniformly in z € T. This completes the proof. ]

Writing
Fup:(IN ON_M)F, Fdn:(OM,N IM)F’

for any matrix F having N 4+ M rows, we now write (2.5a), (2.5b) as the following eight
Volterra equations:

[ j—n—1
N,/ @ =1Iy—2ihz ) ( > (—1>fz2’>ujﬁ‘}“<z), (2.7a)
j=n+1 =0
. 00 j—n—1
N, (z) =2ihz ) ( > (—1)fz2<f"f'>>ijj"(z), (2.7b)
j=n+1 =0
=) j—n—1
N (z)=—2ihz™" ) ( > (—1)fz2“+"+‘f>>u NG @), (2.7¢)
Jj=n+1 =0
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0 j—n—1
N(2) = Iy +2ihz™" ) ( > (—szzf)ij;‘-p(z), (2.7d)
Jj=n+1 =0
n—1 n—j—1
MP(z) =1y —2ihz™" Y ( > (—1)fz2f>ujM§"(z), (2.7¢)
j=—00 \ =0
n—1 n—j—1
MS“(Z) — 2ihz—l < (_1)112(1n+j+l)>ij;P(Z)! (27f)
j=—00 \ =0
n—1 /n—j—1 J
M, (2)=—2ihz ) ( (—1)’12("”')>ujM_,»"(z), 2.7g)
j=—o00 \ =0
. n—1 n—j—1
M,'(2) = Iy +2ihz ) ( > (—1)fz2f>w,M‘]'."(z). (2.7h)
j=—00 =0

Under the Faddeev condition (2.3), we easily prove that N, (z), N:n(z), M (z), and

M:n (z) are continuous in |z| < 1, are analytic in |z| < 1, and behave as Iy + 0(z%), O(z2),
0(z), and Iy + O(z%) as z — 0. Under the same condition we prove that N'P(z), Ngn(z),
M}’ (z),and Mg“(z) are continuous in |z| > 1, are analytic in |z| > 1, and behave as O (z "),
Iy + 0(z7%), Iy + O(z72), and O(z™") as |z| — +o00. If we only assume (1.3), certain
Faddeev function blocks may have discontinuities as z — =i from the appropriate left or
right-hand side of the unit circle.

Let us denote by W77 the set of all sums of absolutely convergent Fourier series whose
coefficients are complex p x g matrices. Then W?¢ has a natural norm with respect to
which it is a complex Banach space, namely

(o) oo
IYlI=3" 1%l Y@= Y.

n=-—00 n=-—00

It is a complex Banach algebra if p = ¢q. By a famous result by Wiener [26], this algebra is
inverse closed in the sense that Y ~' € WW?:? whenever Y € W?? and det W (z) # O for each
zeT.

By W}? we denote the subspace of WP-? consisting of those sums of Fourier series
having an analytic continuation to the unit disk. On the other hand, by W'Y we denote
the subspace of W"¢ consisting of the sums of those Fourier series having an analytic
continuation to the exterior of the unit disk, the point at infinity included.

In order to prove that, under condition (2.3), M, (z), M,(2), N,(2),and N, (z) belong to

N+M,N N+M .M N+M,N N+M .M :
1/\/++ N WNHMM Sy NEMN and 1/\/++ , respectively, we put

[e°]

N @)=Y 27K m. ).

j=n

[e¢]
NP =) " K™®0, ),
j=n

MP@) =) "L, ),

j=—00

@ Springer
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N Q=YK 0, s
Jj=n
o0

N =) 2" K"(n, j), (2.8b)
Jj=n

M) =Y Z"L"n. ), (280)

j=—00
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M@=y L0 ), M@=Y L0, @8d)

j==o00 j=—00

where the Fourier coefficients are to be determined. Then obviously

K" (n,n) = Iy, K" (n,n) =0y v, (2.92)
K" (n,n) =0y,  K"@m,n)=Iy, (2.9b)
L™ (n,n) = Iy, L™, n) =0y, (2.9¢)
L%, n) =0y, L") =1Iy. (2.9d)

Let us now prove that the Faddeev functions belong to some W17,

Proposition 2.2 (Jost solutions as Fourier sums) There are matrices K (n, j) and K (n, j)
satisfying

Y (1K@ p]+ K@ ) <+oe
j=n
such that
V@ =) 27K, ¥,=) K. (2.10)
j=n j=n

Analogously, there exist matrices L(n, j) and L(n, j) satisfying

n

Yo (L@ D+ T, D) < +oo

j=—o00

such that

$(@= Y JLG ),  $,= ) 'Lk, ). @.11)

j=—00 j=—00
Proof We apply (2.8a)—(2.8d) to convert (2.7a)—(2.7h) into the following identities:

[(j—n—1)/2]
K'(n, j)==2ih Y (—)"u; K", 2j =21 —n— 1), (2.12a)
=0
. [(j—n—1)/2] _ .
K" jy=2ih > (=) w; K" (.2j -2t —n—1), (2.12b)
=0
[(j—n=1)/2] )
K", j)y==2ih Y (=D)/7"u;K"(j,2j -2t —n—1), (2.12¢)
=0
[(j—n—1)/2]
K™n, j)y=2ih Y (=D)'w;K"(j,2j -2t —n—1), (2.12d)

=0
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178 F. Demontis, C. van der Mee

where j > n + 1 and [x] = max{n € Z : n < x}. Using (2.9a) and (2.9b) we get
—dn . .
K (n,n+1)=2ihw,,, K*®(n,n+1)=—=2ihu,,, (2.13)

as well as fuP(n, n+1) =0y y and K"n,n+1)= Op . In the same way we obtain

[(n—j—1)/2]
L™, j)==2ih Y (=D)'u;L™(j.2j+2r —n+1), (2.14a)
=0
[(n—j—=1)/2] )
L%, jy=2ih Y (=) w L, 2j + 2t —n+ D), (2.14b)
=0
. [(n—j—1)/2] ) —d
L%, jy=-2ih Y (=17, LVG2j 42t —n+ 1), (2.14c¢)
=0
. [(n—j-1)/2] .
L. jy=2ih > (=D'w;L"(j.2j+2t—n+1), (2.14d)
=0

where j <n — 1. Using (2.9¢) and (2.9d) we get
L™n,n—1)=2ihw,_;, L7 (m,n—1)=—2ihu,_, (2.15)

aswell as L' (n,n — 1) =0y and L (n, n — 1) = 0., Putting

L2, )], = ZI

.]_*OO

| &l ZHK'

where K* € (K™, K% K™ K"} and L* € (L, ", L™, L%}, we get the estimates

IR ], <1+20 Y Nl [KG0)]

Jj=n+1

1?
IK @], <20 Y2 1w, 1[K G-
Jj=n+1
Using Proposition A.1 we obtain the estimates
K", )|, <exp(@?U,W,),  |K"(n, )], < 2hU, exp(4>U,W,),

where U, = Zj‘;n 41 el and W, = Z;’in 41 llws|l. Similar estimates can be derived for the
other quantities. ]

Equations (2.2a), (2.2b) and (2.4a), (2.4b) imply that

(M,(z) M,(2))=J(M,(-2) M,(-2)/J, (2.16a)
(N, N,(2)=J(Nu(=2) N,(-2)J. (2.16b)
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Thus KUP(n, m), K®(n,m), L*(n,m), and Zdn(n, m) vanish if m — n is odd, and
K", m), K*®(n,m), L (n, m), and L (n, m) vanish if m — n is even.

Proposition 2.3 (Uniform boundedness of Jost solutions) Let either potential {u,}7> _
and {w,}72 _ satisfy the £'-condition (1.3). Then for i # z € T the Jost solutions ¥, (2),
En (), ¢n(z), and 5” (z) of the discrete matrix Zakharov-Shabat system (1.5) are uniformly
bounded inn € Z.

Proof Since Jost solutions and corresponding Faddeev functions differ by a unimodular
factor, it suffices to prove Proposition 2.3 for Faddeev functions. We shall therefore focus
on the solutions to the system (2.7a)—(2.7b). Putting C(z) = [2z/(z>+ 1)| for 0 #i € T, we
arrive at the following estimates:

’

INF @) <1+20C@ Y Il [Ny @

Jj=n+1

N @] <20C@ 3 Iwill|[N @)

j=n+1
Summing these two inequalities and applying Proposition A.1 we get
— o)
=7Y n
HNf@W+HMAanwp@CQ>zjmamwwnmm)
Jj=n+1
which completes the proof. ]

For z € T we use the bounds

j—n—1

Z (_I)TZZT
=0

plus the preceding argument to arrive at the estimate

j—n—1

Z (_1)IZ2(j7n7171)

=0

<j-—n, =j—-n

N @) + ||N:n(z) | < exp<2h Z (j — n) max(|lu;ll, ||w_,»||)>,

Jj=n+1

valid under the Faddeev condition (2.3). Thus for z = % the uniform boundedness result
only holds in exceptional circumstances.
3 Transition Coefficients

In this section we prove, for 0 # z € T, the existence of so-called transition matrices T (z)
and T (z) such that

(6@ 6,@) =W, vu(2)T(2), (3.1a)
V,(@ ¥@)=(¢u(x) 6,)T(2), (3.1b)
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where

_(a(x) b(z) wo_ (€@ d()
T (Z)_(b(z) a(z>>’ d (Z)‘(d(z) c(z))‘

Here a(2), b(z), a(2), b(2), €(2), d(2), ¢(2), and d(z) are called transition coefficients.
Using (2.4a), (2.4b), we write (3.1a), (3.1b) in the form

(M,(z) M,(2))=(N,(z) N,(2)Z'T)Z™", (3.2a)
(N.(2) N,(2)=(M,(z) M,(2)Z'T()Z™", (3.2b)

Because the left-hand sides of (3.2a) and (3.2b) tend to Iy4m as n — —oo and n — +00,
respectively, the transition matrices T (z) and T (z) are each other’s inverses whenever +i #
zeT.

Using Proposition 2.3 and letting n — =00 in each block of (3.2a), (3.2b), we immedi-
ately have the following justification of the existence of the transition coefficients.

Proposition 3.1 (Expressing transition coefficients) Let the potentials {u,}}2 ., and
{w, )2 _ . satisfy the Faddeev condition (2.3). Then for i # z € T we have
2ihz .
a(@)=Iy— 53— Y u;M¥@), (3.3a)
Z+1 Pl
_ 2ihz <
a)=Iu+5— Y wM/ (), (3.3b)
2241
Jj=—00
2hz o 3w
b@) =57 2 WM @), (3.30)
j=—00
- 2hz o~y cdn
b =-57 > VMY (). (3.3d)
j=—00
_ 2th > —dn
c=Iy— 55— Z u;N; (2), (3.3e)
Z+1
Jj=—00
2ih; — ‘
c@=Int 5 > w;N"(). (3.3
Jj=—00
— 2ihz o~ i o
4@ = 57 2w/ @). (33g)
j=—00
2ihz s
d(Z):—m Z z z'fujN? (2), (3.3h)
j=—00

where the series are absolutely convergent uniformly in z belonging to any compact subset

of T\ {=i}.

Using the invertibility of the transition matrices, we easily obtain
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Proposition 3.2 For +i # T, the N x N matrix a(z) is invertible iff the M x M matrix ¢(z)
is invertible, and the M x M matrix a(z) is invertible iff the N x N matrix ¢(z) is invertible.

Proof Indeed, if @ is invertible, then d =—a 'bc and (a — ba 'byc=Iy.1fcis invertible,
then b = —_E"dﬁ and (¢ — dE"d)E = Iy. Also, if_a is invertible, thEn d =—a'bc and
(@ —ba'b)c = Iy. If c is invertible, then b = —¢ " 'da and (c —dc'd)a = I. O
An (N + M) x (N + M) matrix E is called J-unitary if
E'JE =1J.

It is easily verified that the J-unitary matrices form a group which is invariant under the
operation E — ET.

Proposition 3.3 (Wronskian relation) In the focusing case the transition matrices T (z) and
T (z) are unitary whenever z € T\ {£i}. In the defocussing case the transition matrices T (z)
and T (z) are J-unitary whenever z € T \ {%i}.

Proof For z € T, let v,(z) and v, (z) be square matrix solutions of (1.5). Then, in the focus-
ing case,

- ’ - ; - S Iy —u
i i . t N n
J0, @ = T8, = ~2ih[J5,()"J]J (_wn MM)

= —2ih[J5,(2)'J] (kqu N ) J.
n M

where we have used that w,, = _”j,- Thus, we get the Wronskian relation
[J0,417T = 0,212 T]T0,(2) = =T 9, (D) 0441 () — 241 (D]

Hence the expression

0412 0, (2) + ,(2) 0,41 (2)

does not depend on n € Z whenever z € T. Equating the asymptotic behaviors of this ex-
pression as n — =00, we obtain for v, = v, = (¥, ¥,,)

T (Z+Z2 T =2+2",
where Z = Z" = diag(zIy, z~'I1). For v, = ¥, = (¢, ¢,) we get
TNZ+2 ")V ()=2+27".
For v, = (¥, ¥,) and ¥, = (¢, ¢,) we obtain
TN Z+2")=(Z+2 )T ().

However, Z + Z~' = (z + z~")Iy,u, a nonsingular multiple of the identity matrix unless
z==i. Thus forz € T\ {%i} we get

T@)'T@) = Iyiu, T 'T@ =Iviu, T@ =T(),
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as claimed.
In the defocussing case, we prove instead that

U112 T, (2) + 0,(2) T 0441 (2)
does not depend on n € Z. In this case we get
T IT@=J, T@QIT@=J, T =JT@J,
which completes the proof. O

Let us return to parity symmetry. Using (2.2a), (2.2b) and (3.1a), (3.1b) it is easily shown
that the transition matrices satisfy the parity relations

T(z)=JT(-2)J, Ti)=JT(-2)J. (3.4)

4 Reflection and Transmission Coefficients

In this section we define the reflection and transmission coefficients and derive the
Marchenko equations if there are no spectral singularities. By a spectral singularity at
z € T\ {#£i} we mean a complex number +i # z € T for which at least one of the matrices
a(z) [or, equivalently, ¢(z)] and @(z) [or, equivalently, d()] is singular. Parity symmetry
implies that z € T \ {%i} is a spectral singularity whenever —z is.

Assume there are no spectral singularities. Then (3.1a), (3.1b) can be written as the fol-
lowing Riemann-Hilbert problems:

¥, (2) = [¢n(2) — ¥ (2)b(2) ]a(z) ",
¥ (2) = [6,() — ¥, (b @) ]ak) ",
b (2) =[V,(2) — ¢,(2)d(2)]ex) ",
$,(2) = [¥1(2) — pu(2)d (D) ]e()™

Defining the transmission coefficients t,(z), t,(2), t;(2), and ¢;(z) and the reflection coeffi-
cients p(z), p(z), £(z), and £(z) by

@) =a() ' =) —d(2)e(x)'d(2), (4.1a)
t(2)=a() ' =c(2) —d(2)e(z) 'd(2), (4.1b)
p() =b(2)ax) " =—c(z)'d(2), (4.1c)
P(2)=b(2)ak)" =—c(x)'d(), (4.1d)
61(x)=¢()"' =a(z) -~ b(x)a(x)"'b(2), (4.1e)
1(x)=c(x)~ =a() — b(z)a2)"'b(2), (4.1f)
L2) =d()e(x) "' = —a(x)"'b(2), 4.1g)
L) =d(R)ez) " =—a(x)'b(2), (4.1h)
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we can write the Riemann-Hilbert problems in the following way:

U, (2) = ¢n(2)t,(2) — ¥u(2)p(2). (4.22)
Y (2) = 6, ()1, (2) — ¥, ()P (), (4.2b)
$u(2) = ¥, (D11 (2) — 6, (L(2), (4.20)
6,(2) = Y (D11(2) — Gu(D)L(2). (4.2d)
In other words,
V@) 6,)= () Vu(2) IS, (4.3a)
(@) ¥() =T, $,2) IS, (4.3b)

where the matrices given by

(@ €@ < (i@ P
S(Z)_<p(z) tz(z))’ S(Z)‘<e(z) ?r(z>)’

are called scattering matrices. The alternative representations of the reflection coefficients
in (4.1a)—(4.1h) follow from the fact that the transition matrix T (z) in (3.1a) is the inverse
of the transition matrix 7' (z) in (3.1b). Equations (4.3a), (4.3b) and (2.2a), (2.2b) imply the
parity symmetry relations

S(z)=JS(-2)J, S =JS(=J,

which implies that the transmission coefficients are even functions of z and the reflection
coefficients are odd functions of z. Finally, in the focusing case S(z) and S(z) are J-unitary
matrices. In particular, for +i # z € T we have

H@) =5 L@=t0" (=" ) =-p" 4.4)

In the defocussing case the scattering matrices are unitary.

Using the Faddeev condition (2.3), we easily prove that, when multiplied by (1+z%)/2iz,
the matrix functions Iy — a(z), @(z) — Iy, b(2), b(2), €(2) — Iy, Iy — ¢(z), d(z), and d(2)
belong to WYV, Wf‘M, WMN YN.M Wiv‘N, WM YN-M and WM-N | respectively. For
instance, in the case of (3.3a) we have

1+Z2 - —s = dn
2iz [IN—a(Z)]:hZZ Z ukL (k,k—s),
’ s=0 k=—00

where, for U_oo =Y o llugll and W_oo = > 70 lwell,

DD wL® ek = 5) | <2h2U_soW-oo exp(4h*U_so W_o0) < +00.
s=0 [lk=—00

Let us now write the reflection coefficients as follows:

pR)= Y Zhs),  PR= )Y B, (4.50)

§=—00 §=—00
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oo

=Y 2l o= k. (4.5b)

§=—00 §=—00

Parity symmetry implies that p(s), ﬁ(s), z(s), and £(s) vanish if s is even.

In analogy with the situation for the Schrédinger equation on the line [8, 13], we say that
the generic case holds at z = i if the four matrices (1 +z2)a(z), (1+z2)a(z), (1 +z2)¢(z)
and (1 4 z?)c(z) have nonsingular matrices as their limits as z — =i along T. In all other
cases, we say that the exceptional case holds at z = +i. Because of parity symmetry, the
generic or the exceptional case can only hold at both points z = =i or not hold at both
points z = +i. We therefore omit the clause “at z = =+i” when discussing these cases.

Proposition 4.1 (Scattering coefficients as Fourier sums) Let the potentials {u,};2 . and
{w,}2 _ satisfy the Faddeev condition (2.3). Assume there are no spectral singularities,
and the generic case holds. Then the reflection and transmission coefficients belong to W4

for certain p and q.

Proof Clearly (1 4 z?)/2iz belongs to W'! and hence a(z) — Iy, @(z) — Iy, €(z) — Iy, and
¢(z) — Iy belong to some W?*¢ when multiplied by (1 + z2)/2iz. Thus [(1 +z%)/2iz]a(z),
[(1 4 22)/2iz]a(z), [(1 + z%)/2iz]e(z), and [(1 + z%)/2iz]c(z) belong to WP for certain
P, q. Because we are in the generic case and there are no spectral singularities, these four
matrices are nonsingular for each z € T. By Wiener’s theorem [26], their respective inverses
2izt, (2)/(1 + z2), 2izt,(2)/(1 + z), 2izt,(z)/ (1 + z%), and 2izt;(z)/(1 + z%) belong to
WP-4 for certain p, g. This is also the case for the transmission coefficients, since they arise
by multiplying these matrix functions by (1 + z2)/2iz.

Analogously, under the Faddeev condition (2.3) the left-hand sides of (3.3c), (3.3d),
(3.3g), and (3.3h) multiplied by (z> + 1)/2iz belong to WP for certain p,q. Since
2izt,(2) /(1 + 2%), 2izt,(z) /(1 + z%), 2izt;(z) /(1 + z%), and 2izt;(z)/(1 + z°) also belong
to WP4 for certain p, g, their respective products, i.e., the reflection coefficients, belong to
WP-4 for certain p, q. a

5 Marchenko Equations

Throughout this section we assume that the reflection coefficients p, £ € WN-M and p, le
WHM-N _This occurs, for instance, if the generic case holds and there are no spectral sin-
gularities. We shall derive the Marchenko equations, first if the poles of the corresponding
transmission coefficients are finite in number and simple and then more generally. We shall
also apply parity symmetry to write the Marchenko equations in a form more suitable for
deriving closed form solutions.

Use (2.4a), (2.4b) to write (4.2a)—(4.2d) in the form

N,.(2) =M, ()t,(2) — 2" N, (2)p(2),
Nu(2) =M, (2)1,(2) — 2" N, ()P (2),
M,(2)=N,@4) —z"M,()(z),
M, (2) = N, ()t,(2) — 2" M, (2)L(2),
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respectively. Putting

t
t,(2) =t ) —tro(z>+2 (5.1a)
— & i
1(x) =t(2) + Z . b= (5.1b)
K T 5
where t,0 e WYY, T, € W+ LT e Wl '\ N and tio€ wM ;’k are finitely many distinct

numbers with [¢| > 1, and ¢, are finitely many distinct numbers with 0 < 13 o <1, we
obtain

— M, (&t _
N,(z) = <OLNN> +y %;k — I, (27" N, (2)p(2)), (5.2a)
’ k
N, () = <ON M) +Y MZ @";t”‘ ~1_(2"N,(2)p(2)), (5.2b)
k Sk
N,.(E -
0= () YR (M), 62
M,(2) = <O}V1;4M> +Y NZ(%:“ — [ ("M, ()L(2)). (5.2d)
— 7

Here I1, and J1_ are the natural projections of YW onto W/ and W, respectively.
Let us now introduce the so-called norming constants C,, Ci, Cj, and Cy; such that

M, (&)t = &N, (&) C o, M, Tt =—2; Nu@)Cri (5.32)

N, ()t = —Ek_znﬁn €OC, N, Gt = 5" M, (¢ Co. (5.3b)

Recalling that the transmission coefficients are even functions of z, their residues at the
poles ¢ (or ¢, ) add up to zero. Taking into account the parity properties of the Faddeev
functions we see that the norming constants pertaining to the poles +¢; (or &¢,) coincide.

Substituting (5.3a), (5.3b) into (5.2a), (5.2b) and using (2.8a)—(2.8d), we collect the co-
efficients in the four power series in z or z~! and obtain the Marchenko equations

K(n.m)+) K@, )F,(j+m)= <0LNN) Suam (5.42)
j=n '

K(n,m)+) K, )F,(j+m)= (024”4) Sum (5.4b)
j=n

for m > n, and

L.m)+ Y L, )F(j +m)= (o;NN) Sun (5.40)
j==00 ’

L(nm)+ ) L, )Fi(j+m)= (OyMM) Sum (5.4d)
j=—00
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where m < n. Here é,,, is the Kronecker delta. The Marchenko kernels are given by
~ —(s - 2~ —s—1—
F.)=pe)+Y ¢ "Ch.  Fr(9)=0()+)Y ¢, Cu. (5.52)
k k

—G+D)—=

Fi) =t +3.5.""Ch  Fi) =)+ 5 Cue (5.5b)
k k

Given the parity properties of the norming constants explained above, we see that F,(s),
F,(s), Fi(s), and F;(s) vanish if s is even. Using (2.92)—(2.9d) we write (5.4a)—(5.4d) as
follows:

Kn,m) + <OIIVA’4M> F.n+m)+ Y K j)F.(j+m)=0, (5.6a)
Jj=n+1

K(n,m)+ (OLNN> F.n+m)+ Y K@ j)F.(j+m)=0, (5.6b)
’ Jj=n+1

form>n+1, and

n—1

L(n,m)+ <011VA~4M) Fi(n+m)+ Y L j)F,(j+m)=0, (5.6¢)
j=—00
n—1
L(n,m)+ <01{4NN> F(n+m)+ Z Ln, j))F;(j+m)=0, (5.6d)
‘ j=—o00

where m < n — 1. Here the zeros in the right-hand sides are zero matrices with N + M rows
and either N or M columns.

To generalize the Marchenko equations (5.6a)—(5.6d) to the case where the transmis-
sion coefficients have finitely many, not necessarily simple, poles, we write the Marchenko
kernels in the form

Fi(5)=p@&)+CAVB,  F.()=p@)+C,A B,
Fi) =t +CA "B Fis) =)+ CA B,

bl igtrogucing the four matrix triplets, (A,, B, C,), (Z,,E,,fr), (A, B;, C)), and
(A;, By, C;), having the following properties:

(i) A,, B,,and C, are p x p, p x M, and N x p matrices, respectively, and A, has only

eigenvalues of modulus larger than one.

(ii) A,, B,, and C, are p x p, p x N, and M x P matrices, respectively, and A, is a
nonsingular matrix which has only eigenvalues of modulus less than one.

(iii) ‘A;, By, and C, are P xp, pxm,and N x p matrices, respectively, and ‘A, is a nonsin-
gular matrix which has only eigenvalues of modulus less than one.

(iv) A;, Bj,and C; are p x p, p x N, and M x p matrices, respectively, and A; has only
eigenvalues of modulus larger than one.

Ehe represe_ntations (5.5a), (5.5b) are reproduced by taking A; = A, = diag(¢) and A =
A, = diag(Z).
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. Re_call tEat the Marchenko kernels vanish for even arguments s. Taking A = A; = A, and
A =A; = A, and writing

A= («61 _OA) . B = (g) . o= ¢, (5.7a)
A= (f —Oz) . B - (g) . =@ T). (5.7b)
and similarly with the subscript / instead of r, we obtain
F,(s)=p(s)+ [1+ (=1)*']c, A8, (5.82)
F.(5)=5) +[1+(-1y"]c, A 'B,, (5.8b)
Fis) =€)+ [1 + (—1)y e A "B, (5.8¢0)
Fi(s) =)+ [1+ (=D ]cA B, (5.8d)

Using parity symmetry in the form (5.8a)—(5.8d), the Marchenko equations (5.6a)—(5.6d)
can be decoupled further. For details we refer to Appendix B.
Let us now discuss the focusing case.

Proposition 5.1 (Symmetries of the Marchenko kernel) In the focusing case the Marchenko
kernels satisfy the conjugation symmetry relations

F.(s)=—F, ()", Fi(s)=—F(5)". (5.9

Moreover, the Marchenko equations (5.6a)—(5.6d) are uniquely solvable.

Proof Consider the focusing case. Then (4.4) and (4.5a), (4.5b) imply that

) =—p),  Us)=—)".

In the case of finitely many simple poles of the transmission coefficients, we get £, = 1/ &
from (4.4). Using (5.1a), (5.1b) we get for the residues

t = —[fk]zzzk’ ty = —[Ck]zﬁk, ty = —[Ek]ztjk, = —[Ek]zt;k-
For the norming constants we get in a similar way
Cu=—[alCy, Cu=—ulCy, Cu=—-[PCl, Cu=—ILC.
The unique solvability of (5.6a)—(5.6d) is a standard argument [6, 9]. o

The conjugation relations (5.9) can be used to reduce the number of independent matrix
triplets from four to two. In fact, in the focusing case we define

A=A"" B=A"'¢cl, C=-BAa4", (5.10a)

A=A, B=AT'¢c, C=-BA"". (5.10b)

The simplifications resulting from (5.10a), (5.10b) have been used to simplify the explicit
matrix IDNLS solutions obtained in [11] in the focusing case.
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Appendix A: Summation by Parts Formula

Let {b}72, be a sequence of nonnegative numbers. Then in [6, Lemma A.2] the following
fundamental equality has been established:

00 00 m 00 m+1
Z’%( 2 bf> =i (Z%) - B, (A1)
J

k=n i=k+1 Jj=n

where B(™ > Bfffl > B,(l'fz >...>0.
Although the general form of the discrete Gronwall inequality is well-known [21, Corol-
lary 1.6.2], here we apply (A.1) to prove the version needed.

Proposition A.1 (Gronwall’s inequality) Suppose {pi}i2, and {qi}2, are sequences of
nonnegative numbers such that the series Y .. +1 9k converges and

o0
P14 ) qp. (A2)
k=n+1

Then

Pn < eXp( Z qk>. (A.3)

k=n+1

Proof Iterating (A.2) we get

(o] o0 (o] o0 (o]
PS4 D> an Y G D s Y. 4k
s=1ki=n+1  ka=ki+1  ks=kp+1 ks=ks_1+1
00 1 00 S 00
143 (D a) —on 3 )
s=1 k=n+1 k=n+1
where (A.1) has been used repeatedly. |

Appendix B: Marchenko Equations in More Detail

In this appendix, we decouple (5.6a)—(5.6d) by using that the Marchenko kernels vanish for
even values of their arguments. Equations (B.1a)—(B.3d) below have been used in [11] to de-
rive explicit matrix IDNLS solutions by using matrix triplets to parametrize the Marchenko
kernels.

Let us decouple (5.6a) and (5.6b), using that the Marchenko kernels F,(s) and F,(s)
vanish for even s. We get
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fuP(n,n—i—Za)

n—l—a” I)F,(Z[n—i—o”—{—o]—l—l)

Ir M8 gMg

nn+20 ZF n+c7 +a”]+1) ([n+c7”+(7]+1),

a”"=0
(B.1a)
K®(n,n+20 +1)
=—F,(2[n+o]+1)
o0 oo -
+ Z K”p(n,n +20" + 1) Z F,(Z[n + o’ —i—a”] + I)F,(Z[n +0”+a] + 1),

o'=0 =1

(B.1b)

K", n+20+1)
—F,(2[n+0]+1)

+ Zfdn(n,n 420’ + 1) Z F,(Z[n 40’ +a”] + l)F,(Z[n +0” +o] + 1)
=0 o"=1

(B.1c)
K®(n,n+20)
_ZF C[n+o" ]+ 1)F.2[n+0" +0]+1)
a”=0
ZKd“nn—i—Zo ZF n—l—a +U”]—|—1) ([n—l—a”—l—o]—l—l).
=0
(B.1d)

Equations (B.1a) and (B.1d) are valid for ¢ > 1, whereas (B.1b) and (B.Ic) are valid for
o > 0. This distinction in the ranges of the summation index o is to bear in mind when
deriving exact solutions to (1.5). The potentials are then computed as follows:

u,l=zl—hK“p(n— Ln),  w,= EK "(n—1,n). (B.2)

Let us decouple (5.6¢) and (5.6d), using that the Marchenko kernels F,(s) and Fi(s)
vanish for even s. We get

L*(n,n —20)
= Z F, (2[11 — a”] — 1)7,(2[n —— a] — 1)
o"'=0
+Y L®(nn—20") Y Fi(2[n—0'—o"]=1)F,(2[n— 0" - 0] - 1), (B3a)
o/=1 o”=0
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ZUP(n, n—20—1)
=—F/(2ln—-0]-1)
+ ZZUP(n,n —20' — 1) Z FI(Z[n —0o' - 0”] - 1)F1(2[n ——— U] — 1),
o’'=0 o=1
(B.3b)
L™(n,n—20 —1)

= —F,(Z[n —0o]— 1)

+ i Ld“(n,n —20' — 1) i F,(Z[n —0 — a”] — 1)?;(2[71 —_— (T] — 1),

o’'=0 o''=
(B.3¢)
Zdn(n,n —20)
= Z fl(Z[n — a”] — l)Fl(Z[n ——— a] — 1)
o”"=0
+ szn(n, n—20') Z fl(Z[n -0’ — 0”] —1)F, (Z[n —o" — o] —1). (B.3d)
o’/=1 o”=0

Equations (B.3a) and (B.3d) are valid for o > 1, whereas (B.3b) and (B.3c) are valid for
o > 0. This distinction in the ranges of the summation index o is to bear in mind when
deriving exact solutions of (1.5). The potentials are then computed as follows:

—i

_%ﬁw+Lm (B.4)

u, = Zl—hzuP(n +1,n), w,
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