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Abstract: We present a rigorous theory of the inverse scattering transform (IST) for the
three-component defocusing nonlinear Schrodinger (NLS) equation with initial condi-
tions approaching constant values with the same amplitude as x — Zoo. The theory
combines and extends to a problem with non-zero boundary conditions three funda-
mental ideas: (i) the tensor approach used by Beals, Deift and Tomei for the n-th order
scattering problem, (ii) the triangular decompositions of the scattering matrix used by
Novikov, Manakov, Pitaevski and Zakharov for the N-wave interaction equations, and
(iii) a generalization of the cross product via the Hodge star duality, which, to the best
of our knowledge, is used in the context of the IST for the first time in this work. The
combination of the first two ideas allows us to rigorously obtain a fundamental set of
analytic eigenfunctions. The third idea allows us to establish the symmetries of the eigen-
functions and scattering data. The results are used to characterize the discrete spectrum
and to obtain exact soliton solutions, which describe generalizations of the so-called
dark-bright solitons of the two-component NLS equation.

1. Introduction

The vector nonlinear Schrodinger (VNLS) equation, iq; + qyx — 2V 1a1%q = 0 (where
q: R xRt — CV, || - || is the Euclidean norm, subscripts x, #, and z denote partial
differentiation and the values v = —1 and v = 1 denote, respectively, the focusing and
defocusing cases), belongs to the class of infinite-dimensional completely integrable
systems, which possess a remarkably rich mathematical structure (e.g., see [1,3,7,26,29,
41] and references therein). In particular, the scalar (N = 1) version is referred to as the
nonlinear Schrédinger (NLS) equation, and the two-component version as the Manakov
system. Scalar and vector NLS systems also appear in many physical contexts, such as
deep water waves, nonlinear optics, acoustics, and Bose—Einstein condensation (e.g., see
[3,31,45,48] and references therein). As a result, these systems have been the object of
considerable study over the last 50 years. The majority of works in the literature deal with
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“localized” initial conditions, i.e., situations such that q(x, ) — 0 as x — =£o00. On the
other hand, problems in which the limit of q(x, ) as x — =00 is non-zero are also of
great applicative interest in most fields in which the NLS and VNLS equations arise. For
example, recent experiments in Bose—Einstein condensates have shown a proliferation
of dark-dark solitons in the dynamics of two miscible superfluids experiencing fast
counterflow in a narrow (cigar-shaped) condensate [30,49]. Moreover, cases in which the
solutions do not vanish at infinity are relevant for the study of modulational instability [4,
34,50,53] in the focusing dispersion regime. Such problems are less well characterized
from a mathematical point of view, and their study is the subject of this work. Specifically,
we consider the above VNLS equation with the following boundary conditions (BC):
limy s 00 G(x, 1) = q, e%+29 with 0, € R arbitrary and with ¢, = [Iq,|| = O.
(Note that the time dependence of the BC is dictated by the partial differential equation.)
We refer to g, = 0 as the case of zero boundary conditions (ZBC) and to ¢, 7 0 as that
of nonzero boundary conditions (NZBC). When ¢, # 0, it is convenient to consider a
slightly modified VNLS equation, namely

iq +qux — 2v(lqll* — ¢2)q =0, (1.1)

obtained via the simple change of dependent variable q(x, ) = q(x, e V43! The
corresponding BC are

lim q(x, 1) = q+ = q,e'%, (1.2)
x—+o0

and are now independent of time, which simplifies the analysis that follows.

Recall that the initial-value problem (IVP) for integrable nonlinear partial differential
equations (PDEs) can be solved via the inverse scattering transform (IST). In turn, the
IST is based on formulating the PDE as the compatibility condition of a Lax pair [39].
In particular, (1.1) is associated with the following Lax pair:

o =X¢p, ¢ =T¢, (1.3)
where
X(x,t, k) = —ikJ +Q, T(x,t, k)= 2ik*Y — iJ(Qy — Q2 +q3) —2kQ, (1.4a)
1 0 0 r’f
J= 0 —1) Qx,r = q 0) (1.4b)

and r = vq*. [In other words, (1.1) is equivalent to the zero-curvature condition X; —
T, + XT — TX = 0, which in turn is equivalent to the compatibility condition ¢,; = ¢
of (1.3).] The first of (1.3) [which amounts to the eigenvalue problem for the first-
order matrix ordinary differential operator i J (3, — Q)] is called the scattering problem,
¢ (x, t, k) is referred to as the scattering eigenfunction, k € C as the scattering parameter,
and the solution q(x, ) of the VNLS equation (1.1) appearing in both X and T above as
the scattering potential. The second of (1.3) is simply called the time evolution equation.

The IST for the focusing NLS equation with ZBC was developed in [51] (see also
Refs. [1,3,41]). The theory was then made rigorous in [5] (see also [6,21]). The IST
for the defocusing scalar case with NZBC was developed in [52], and was subsequently
rigorously revisited in [24,26], while the focusing case with NZBC was recently done in
[14,25]. The IST for the Manakov system for the focusing case with ZBC was developed
in 1974 [40], and the theory can be extended to an arbitrary number of components in
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a straightforward way [2]. The vector case with NZBC is very different, however. Note
that, already in the scalar case, the IST with NZBC is considerably more involved than in
the case of ZBC [24,26], and even though the IST with ZBC was settled a long time ago,
some questions are still outstanding in the case of NZBC (e.g., see [11,17]). Moreover,
the IST for vector systems with NZBC is significantly more challenging than that for the
scalar case. As a result, the IST for VNLS systems with NZBC remained by and large
open for a long time.

The IST for the defocusing Manakov system with NZBC was outlined in [42], making
use of anidea introduced in [33] to solve the IVP for the three-wave interaction equations.
The problem was then rigorously revisited in [15], and the focusing Manakov system
with NZBC was studied in [38] using similar methods. Unfortunately, the approach used
in [15,38,42] does not extend to the VNLS equation in more than two components.

A significant step towards the IST for the defocusing N-component VNLS equation
with NZBC with N > 2 was recently presented in [43]. There, the methods of [6]
were generalized to systems with NZBC and degenerate eigenvalues. More precisely,
by formulating extended eigenvalue problems for suitably defined tensors, existence
and uniqueness of solutions of such extended problems were rigorously proved. In turn,
solutions of the original scattering problem were recovered in terms of these tensors. In
this way, a complete set of meromorphic eigenfunctions was rigorously constructed. On
the other hand, several issues were left open in [43], most notably the symmetries of the
eigenfunctions and scattering data, a complete characterization of the spectral data and
of the discrete spectrum, and a discussion of the resulting soliton solutions. The purpose
of this work is to overcome those difficulties and present a complete and rigorous theory
of IST for the defocusing VNLS equation with NZBC.

It turns out that a combination of three fundamental ideas is needed in order to
develop a full IST for the multi-component VNLS equation with NZBC. The first idea
is the use of tensors to construct a fundamental set of meromorphic eigenfunctions,
as discussed above. The second idea is the use of triangular decompositions of the
scattering matrix (generalizing the ideas of [41] to systems with NZBC and degenerate
eigenvalues) in order to construct fundamental analytic eigenfunctions (FAE) in terms
of the meromorphic ones. Indeed, a first contribution of this work is to combine these
two ideas, which allows for a rigorous characterization of the analyticity properties of
the minors of the scattering matrix. As it will be shown, these properties are significantly
more involved than for 2 x 2 or 3 x 3 scattering problems.

For the problem at hand, however, even a combination of the above two ideas is
not enough to formulate a complete theory of IST. Indeed, it is well known that a full
characterization of the symmetries of the eigenfunctions and scattering data is needed in
the inverse problem in order to correctly recover the actual solution of the PDE from the
IST. Until now, such a characterization was still missing for the multicomponent VNLS
equation with NZBC. The third and final idea, which is introduced here for the first time
in the context of the IST to the best of our knowledge, is the use of a generalized cross
product (based on the Hodge star duality) to determine the symmetry properties of the
eigenfunctions and, as a result, of the scattering data. As it will be shown, these properties
are also significantly more involved than for 2 x 2 or 3 x 3 scattering problems.

In this work we then combine all of these three ideas to develop a complete, rigorous
theory of IST for the defocusing three-component VNLS equation with NZBC. Several
results are obtained: (i) the precise analyticity properties of the Jost eigenfunctions and
scattering matrix are given; (ii) a complete set of fundamental analytic eigenfunctions is
obtained for each half plane of the appropriate spectral variable; (iii) the behavior of the
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Jost eigenfunctions and scattering coefficients at the branch points is discussed; (iv) the
symmetries of the eigenfunctions are derived rigorously using a generalized version of
the familiar cross product; (v) these symmetries are used to rigorously characterize the
discrete spectrum and to obtain the associated norming constants in certain cases; (vi) the
asymptotic behavior of the Jost eigenfunctions is derived systematically; (vii) the inverse
problem is formulated in terms of a Riemann—Hilbert problem (RHP); (viii) explicit
relations among all reflection coefficients are given, and all entries of the scattering
matrix are determined in the case of reflectionless solutions; (ix) Explicit dark-bright
soliton solutions are obtained; (x) a comparison between the small-deviation limit of
the IST and the linearization of the VNLS equation is presented; (xi) the reduction of
the present approach to the defocusing Manakov system with NZBC is presented and
compared to the approach presented in [15,42].

The following notation will be used throughout this work: asterisk denotes complex
conjugation, boldface denotes vectors and matrices of appropriate size, superscripts 7
and f denote respectively matrix transpose and matrix adjoint; Ay, A,, Apg, and Ay,
denote respectively the diagonal, off-diagonal, block-diagonal, and block-off-diagonal
parts of a square matrix A. In addition, we use the notation (A, ..., Ay) to denote the
columns of a matrix A, and I and 0 denote appropriately-sized identity and zero matrices,
respectively. Importantly, subscripts = will be used to denote quantities normalized as
x — =00, whereas superscripts = will be used to denote regions of analyticity—or,
more generally, meromorphicity. More precisely (with a lone exception that will be
pointed out in Sect. 2.2) the superscripts = will denote quantities that are analytic (or,
more generally, meromorphic) in the upper-half plane (UHP) or the lower-half plane
(LHP) of the complex plane, denoted respectively as C*. The proofs of all theorems,
lemmas, corollaries, etc. are found in the appendix.

2. Direct Problem

For simplicity, in this work we will consider the case in which the asymptotic polarization
vectors q+ at x — oo are parallel. (Note that the case in which q+ are not parallel
is still an open problem even in the 2-component case, cf. [15].) In this case, thanks to
the U (N) invariance of (1.1), without loss of generality they can be chosen to be of the
form

g = (0,0,91)7, 2.1)

with g+ = ¢, ¢/%. We will formulate the IST in a way that the reduction g, — 0 can
be taken explicitly throughout.

2.1. Riemann surface, uniformization, Jost solutions and scattering matrix. In order to
introduce the Jost eigenfunctions, one must first study the asymptotic scattering problems
as x — =00, which are given by

O =X+ 0, (2.2)

where Xy = lim,_, 1 o0 X = —ikJ+Q. The eigenvalues of X are ik (with multiplicity
2) and =£i A, where

Ak = (k> — g2, (23)
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As in the scalar case [52], these eigenvalues are branched. The branch points are the
values of k for which A (k) = 0,1i.e.,k = +¢q,. We deal with thisissue asin [15,17,26,42]
by introducing the two-sheeted Riemann surface defined by (2.3), taking the branch cut
on (—00, —¢,]U[q,, 00), and we define A (k) so that Im A > 0 on sheet Cy and Im A (k) <
0 on sheet Cyy (see [42] for further details). Next, we introduce a uniformization variable
via the conformal mapping

z=k+A. 2.4)
Importantly, the inverse map yields both k and A as rational functions of z:

k=3G+q,/).  r=3G—q)/2). (2.5)

One can then express all the k-dependence of eigenfunctions and scattering data (includ-
ing the one resulting from A) in terms of z, thereby eliminating all branching. The branch
cuts on the two sheets of the Riemann surface are mapped onto the real z-axis; Cj is
mapped onto the upper-half plane of the complex z-plane; Cyy is mapped onto the lower-
half plane of the complex z-plane; z(oo1) = oo if Im(k) > 0; z(oor) = 0 if Im(k) < 0O;
z(ooqr) = 0ifIm(k) > 0;z(ocoq) = coifIm(k) < 0; z(k, Ap)z(k, A1) = qg; k| — ooin
the upper-half plane of C; corresponds to z — oo in the upper-half z-plane; |k| — oo in
the lower-half plane of Cyy corresponds to z — o0 in the lower-half z-plane; [k| — oo in
the lower-half plane of Cy corresponds to z — 0 in the upper-half z-plane; and |k| — oo
in the upper-half plane of Cy; corresponds to z — 0 in the lower-half z-plane. Finally,
the segments k € [—q,, g,] in each sheet correspond, respectively, to the upper-half and
lower-half of the circle C,, of radius g, centered at the origin in the complex z-plane.

We are now ready to introduce the Jost solutions over the continuous spectrum X,
which consists of all values of k (in either sheet) such that A(k) € R; that is, k €
R\(—40, q0). In the complex z-plane, the corresponding set is the whole real axis. We
write the eigenvalues and the corresponding eigenvector matrices of the asymptotic
scattering problems (2.2) as

. +
iA(2) = diag(—ik, ik, ik,ih), Es(z) = ((l. /Zl) w“ ‘(l/f)qi) —1- (i/2)JQx.
(2.6)
respectively, so that
XiEyr =iELA. 2.7

This normalization is the generalization of the one used in [15,17] for the scalar case.
For future reference, note that

detEi(z) =1 —¢2/22 =y (),

1
Be'@ = [diag(1 7 @, 7@, D) + (/01Qs]. 2.8)

We now discuss the asymptotic time dependence. As x — =00, the time evolution of
the solutions of the Lax pair is asymptotic to

¢ =T1o, 2.9)

where Ty = limy 100 T = 2ik?J +iJQ% — iq2J — 2kQ.. The eigenvalues of T+
are —i (k% + A%) (with multiplicity two) and +2ikA. Since the BC are constant, the
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consistency of the Lax pair (1.3) implies X4+ T4+ = T+ X4, so X4 and T4+ admit common
eigenvectors. Indeed,

T Ey = —E1Q, Q) = diag(—2kx, k2 + 22, k2 +22,2kn).  (2.10)

Thus, Vz € R, we can define the Jost solutions ¢ (x, t, 7) as the simultaneous solutions
of both parts of the Lax pair satisfying the BC

¢x(x,1,7) = Ex(2)e' @19 1 0(1),  x — oo, @2.11)
where

Ox,t,2) = A(D)x — ()t = diag(1(x, 1, 2),02(x,t,2),60(x,t,2), —01(x,1,2)).
(2.12)

As usual, the advantage of introducing simultaneous solutions of both parts of the Lax
pair is that all of the scattering data will be independent of time.

Of course one must still rigorously prove that such Jost eigenfunctions are well-
defined. The above discussion can be made rigorous by defining the Jost eigenfunctions
as the solutions of appropriate Volterra linear integral equations. One can remove the
asymptotic exponential oscillations and introduce modified eigenfunctions:

pa (X, 1, 2) = P (x, 1, 2)e OXHD, (2.13)
so that
lm jpa(x,1,2) = B+(2). (2.14)
x—+o00

Using the modified eigenfunctions, in Appendix A.1 we show that, for all z €
R\{0, ¢,}, n—(x, t, z) exists, is unique, and is uniformly continuous over the interval
x € (—oo, alforalla € Rif g(x,1) —g_ € L' (=00, a). Similarly for 4 (x, t, z) over
[a,0)ifg(x,t)—q+ € L'(a, 00). Moreover, the columns ¢—1(x,t,2)and ¢4 4(x, t, 2)
can be analytically continued onto the upper-half z-plane, with continuous limit to the
real z-axis (except possibly at the branch points), while ¢, 1(x, ¢, z) and ¢_ 4(x, t, 2)
can be analytically continued onto the lower-half z-plane, again with continuous limit
to the real axis. Finally, if (1 + |x])(g(x,?) —gq+) € L'(RT), the Jost solutions are also
well-defined at both of the branch points £¢,.

As explained before, the point z = 0 is the image of the points at infinity in the k, A
variables, and therefore the behavior of the Jost solutions as z — 0 will be analyzed
separately, together with the behavior as z — oo. Anticipating the results in Sect. 2.4,
M+.1(x, t,2) and 4 4(x, t, z) behave like 1/z as z — 0, while the remaining columns
of w+(x,t, z) and the scattering coefficients are all finite as z — 0 [cf. (2.48), (2.49)
and (2.51)].

Remark 2.1. Asin the focusing and defocusing Manakov system with NZBC [15,38,42],
in general, the remaining columns of the Jost eigenfunctions do not admit analytic
continuation off the real z-axis. The difference between the 2-component case and the
3-component case is that, for the Manakov system, this defect of analyticity only affected
one of the columns of each of ¢4, and it was obviated by using the adjoint scattering
problem to obtain two auxiliary analytic eigenfunctions [15,42]. That approach, though,
cannot be extended to the three-component case. The resolution of this problem will be
discussed in Sect. 2.2.
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The scattering matrix is introduced in a standard way. If ¢ (x, ¢, z) solves (1.3), Abel’s
formula implies 9, (det ¢) = trX det ¢ and 9;(det ¢) = tr'T det ¢. Since trX = 2ik and
trT = —2i (k% + A2), we have

9 ) 9 .
o det(¢py (x, 1, 7)e 1OKLIDy = o det(¢y (x, 1, 7)e 1OKLDy — 0,
X

Then (2.11) implies
detpi(x,1,2) = y(2) X203 (x 1) e R?, zeR. (2.15)

Thus, for all z € R\{£q,}, ¢—(x,1t,z) and ¢.(x, 1, z) are both fundamental matrix
solutions of the Lax pair, so there exists a 4 x 4 matrix A(z) such that

O_(x,1,2) = ¢+ (x,1,2)A(z), z € R\{Fq,}. (2.16)

As usual, A(z) = (a;;(2)) is referred to as the scattering matrix, and its entries as
scattering coefficients. Note that with our normalizations for the Jost eigenfunctions,
A(z) is independent of time. Moreover, (2.15) and (2.16) imply

detAGz) =1, ze€R\{#q,). 2.17)

It is also convenient to introduce B(z) := A~ (z) = (bij(z)). In the scalar case, the
analyticity of the diagonal scattering coefficients follows from their integral represen-
tations in terms of analytic eigenfunctions, while for the Manakov system, alternative
integral representations of the Jost eigenfunctions can be used to prove analogous results
(see [15] for more details). In the N-component case, however, it will be necessary to
use a different approach, which was introduced in Ref. [43], and which will also yield
more general results (that are also applicable to the Manakov system, as we will see in
Sect. 6.2).

So far, the setup is essentially the same as for the Manakov system, with the deficiency
in the number of analytic Jost eigenfunctions being the most glaring difference. As
mentioned above, however, the method of circumventing this defect of analyticity here
is completely different from the one used in the Manakov case. We turn to this issue
next.

2.2. Tensors and fundamental meromorphic eigenfunctions. In this section and the next
we show how a combination of the methods of [6] and the approach of [41] can be used
to construct a complete set of analytic eigenfunctions in each half plane. We begin by
briefly recalling some results from [43], where, generalizing the approach introduced in
[6] for the N-th order scattering operator, a rigorous formalism was derived to obtain a
fundamental set of meromorphic eigenfunctions. First, following [43] we introduce the
following quantities:

Definition 2.2. Given the columns of the matrices u+(x, ¢, z), foralln =1, ..., 4 and
all z € R we define the totally antisymmetric fundamental tensors

ff Gt ) = po (1,2 A A (x, 1, 2),
Jo 02 = e g (x5, 2) Ao A e a(x, 8, 2),
(X, 1,2) = Uy n(X, 1,2) Aves Ay a(X, 1, 2),
8n (X, 1,2) = ua 1(x, 1, 2) Ao Al n(x, 8, 2),

where the symbol “A” denotes the wedge product as in [43].



482 G. Biondini, D. K. Kraus, B. Prinari

The following result was proved in [43]:

Theorem 2.3. Foralln =1, ..., 4, the fundamental tensors fni (x,t,z)and g,:,lt (x,t,2)
can be extended analytically to the following regions:

fix,t,2),80(x,t,2): Imz>0, f(x,t,2),8,(x,1,2): Imz <0,
with continuous limit to the real axis.
Remark 2.4. The definitions of the tensors f, (x,t,z) and g, (x,t, z) differ slightly
from those in [43]. More precisely, in [43] the ordering of the eigenvalues of X1 was
reversed in the LHP, and as a result the same definition was used for £ and g in the

UHP and LHP. It will be apparent later how these changes affect the analysis to our
benefit.

Theorem 2.3 also leads to the following result [43]:

Theorem 2.5. There exist scalar functions Ali(z), A%(z), and A;E(z), analytic in CHt,
respectively, with smooth extensions to R\{%q,} from their respective regions of ana-
lyticity, such that the following hold for alln = 1,2, 3:
D AgiaG .2 = Af@Qm@er A Aes,  Imz>0, (2.18)
8 X LD A [ 1,2) = A, @y, @) er A Aey, Imz <0, (2.18b)

where

Yn(2) = det(E— 1(2), ..., E_ 4(2), B4 n+1(2), ..., E4 4(2)) (2.19)
and {e; }‘}zl is the standard basis for R*.

(Again, note the slight difference between what is presented here and what was presented
in [43].) In Sect. 2.3 we will establish a precise connection between these functions and
the scattering matrix, which will allow us to determine the analyticity properties of the
scattering data. We will also see that the functions A,jf (z) will provide part of the spectral
data of the problem.

Definition 2.6 (Discrete spectrum). Define

3
7ZF={zeC*: [] AT () =0} (2.20)
j=r
We will show in Sect. 3.2 that Z* is in fact the discrete spectrum. First, however, we

need to construct a fundamental set of analytic eigenfunctions. To this end, we need the
following results [43]:

Theorem 2.7 (Fundamental meromorphic eigenfunctions). For all z € CF\Z¥, there
exist unique analytic fundamental matrix solutions E* (x, t, z) of the scattering problem,
with columns Ef(x, t,z) forn =1,...4, defined by

fret, )= £ (0, 2) ABHx, 1 2),  EBit,2) Aghx,t,z) =0,
(2.21a)
S, ) =8, (e, t, DA fy (x,8,2), g, (x,t,2) ANE, (x,1,2) =0,
(2.21b)
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together with the weak boundary conditions
limOO E_ 1A AE_ 1@ AEI(x,t,2) =E_1(2) A--- AE_,(2), (2.22a)
x——

lim E;(x,t,2) AE_ (@ A AE_4(z2) =E_ () A--- AE_4(z), (2.22b)

X—>—00

and with the following asymptotic behavior at the opposite infinity:

—~

Jim En(x, t,2) AELpr1 (@ A+ AEL4(2)
@A)
1@ AL @)
xlij;oE*’l(Z) AN ANEp 1@ ANE, (x,1,2)
Ve @) A
CE) MA@
with vy, (z) given by (2.19) as before.

Ein(D A - AE44(2), (2.23a)

Eri() A AE(Q), (2.23b)

Theorem 2.8. For all z € Ct\Z¥, the matrices m*(x, t,z) = 8% (x, 1, 2) e"1®M.1.2)
have the following asymptotic behavior:

lim m*(x,t,2) =E_ (z)a:(z), x]lﬁngo mt*(x,1,z) = E+(z)ﬁ:(z), (2.24a)

xlirlloo m~(x,t,z) =E_(2)B, (2), xl;ngo m (x,t,2) =E. (), (z), (2.24b)

where af (z) and ﬁf (z) have the following structure:

10 0 0 1 0 00
01 at,, O 0 1 00

+ — 23 - —

©“&=19 o T of @0 g, 1 0f
00 0 1 0 0 1
7E/AT 0 0 0

o 0 AT/AY o)y 0

% (2) = 0 0 Ay/A7 0 ’

0 0 0 AT /7%

AY)F 0 0 0
0 Af/AT 0 0

+ — 2

,80 (z) = 0 ’3;—,32 A;/A; 0 s
0 0 0 /A%

where the z-dependence in the right-hand side was omitted for brevity, and

7(2) =y@/( —q-rs/). (2.25)

Moreover, the matrices o} (z), B, (2), o, (2) A~ (z) and ﬂ;(z)A+(z) are analytic for all
z € CF\R, with the possible exception of the points z = +q,e " 2%/2, with

A™(z) =diag(A], Ay, A, 1),  A'(z) =diag(l, AT, A7, A7).  (2.26)

Finally, both m*(x, t, z) and otgi(z) and /33': (z) have smooth projections to R\{%q,}
[43].
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Comparing this result to [43], the slight difference is now clear: Essentially, all that
is done is the switching of the behaviors as x — =00 in the lower-half z-plane. The
behavior at the points 7 = :I:qoe_i A9/2 where y (z) is singular, can be studied as in [43],
where it was shown that these points do not play any role in the development of the IST.
Taking the limit Im z — 0% one has [43]:

Theorem 2.9 (Projection to the real axis). For z € R,

m*(x,t,7) = E_(2)e!®® 9% (7) e 1O10 4 5(1), x = —0c0,  (2.27a)

m*(x,1,2) = E,(2)e!®%19 g+ (2) e 7O®1D 4 5(1), x — oo, (2.27b)
m (x,t,z) = E_(2)e/®®1987(2)e1O®W10 1 5(1), x > —o0,  (2.27¢)
m(x,t,7) = E4(2)e!®% g7 (1) e 1O™1D 4 5(1), x — o0, (2.27d)
where
+ + +
0 ¢V o & 0 0 0
£ — oF o2V £, — gE 1
C@=a s aé‘i’ﬂ(Z) ﬂ”+/% 0 0 o)
0 0 0 0 Bi B Bz O
(2.28)

and where the z-dependence in the right-hand side was omitted for brevity.

Remark 2.10. We emphasize that not all entries of «®(z) and f¥(z) are obtained from
the entries of oz(jf (z) and ﬂ;‘[ (z). This is because the limits x — =00 and z — IR do not
commute in general. Also, the additional entries of a®(z) and ,BjE (z) cannot in general be
extended off the real z-axis. In other words, these additional entries are not projections
to the real axis of analytic functions.

Thus, for the matrix entries of a®(z) and ¥ (z) that appear explicitly in the right-
hand side of (2.28), the superscripts = do not denote analyticity. This is the only instance
in which we will deviate from the convention.

Next, we note that m™ (x, z, t)eie(x*’*z) solve the Lax pair in (1.3). We then compare
the asymptotics in Theorem 2.9 with those in (2.11) to explicitly obtain the decomposi-
tion of the fundamental meromorphic eigenfunctions in terms of the Jost eigenfunctions
for z € R:

m*(x,1,2)e’ %D = ¢_(x,1, )t (2) = ¢4 (x, 1, 2) B (2), (2.292)
m (x,1,2)e @) — ¢ (x,1,2)87(2) = s (x, 1, ) (2). (2.29b)

We will show how the matrices m™ (x, ¢, z) and relations (2.29) provide all the informa-
tion needed to formulate the inverse problem.

2.3. Triangular decompositions and fundamental analytic eigenfunctions. The results
of the previous section provide the framework to obtain a set of fundamental analytic
eigenfunctions. Namely, generalizing ideas presented in [41] for a first-order matrix
system with ZBC, we use (2.29) to write triangular decompositions of the scattering
matrix and use these decompositions to obtain the analyticity properties of the scattering
matrix and a complete set of analytic eigenfunctions for each half plane. Indeed, in
Appendix A.l1 we show the following:
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Lemma 2.11 (Triangular decomposition of the scattering matrix). The scattering matrix
A(z), defined for all 7 € R\{£q,} by (2.16), admits the following triangular decompo-
sitions:

AR =B @ @I =" @B~ @17, (2.30)
with a®(z) and B*(z) as in (2.28).
Hereafter, we will use the notation of [28]:

Definition 2.12 (Minors). Let C = (c;j) be an N x N matrix. A minor of C is a
determinant of the form

Citky  Citky -+ Cijk,
Cirky Cirko e Cizkp
C(il,iz ,,,,, i,,) =det| . : . : , (2.31)
ki.ka,....kp . .
Cl'pkl cipkz e Cipkp

where 1 <iy <ip <---<ip<Nand1l <ky <ky <--- <kp < N.The upper and
lower principal minors of C are, respectively, determinants of the form

The minors of an N x N matrix A and those of its inverse B = A~! are related as
follows [28]:

Lemma 2.13. For arbitrary 1 < iy <ip <--- <ip < Nandl1 <k <k <--- <
kp SN;

P
> lij+kj]
j=1

B(h,iz,...,ip) = (=1)/ (2.33)

where iy <iy <--- <ipandiy <ih <--- < i;\,_p (and similarly for the k andk})
form a complete set of indices 1, ..., N.

In particular, for the scattering matrix A(z) and its inverse, Lemma 2.13 implies the
following identities:

Any(z) = Bp341(2),  Appz(@) =Bpa(z),  An.23() = B(z), (2.34a)
Ag1(2) = Br12,31(2), Apa@ = B2,  Apg34@) = Bajz). (2.34b)

In other words, both A(z) and B(z) have three nontrivial upper principal minors and three
nontrivial lower principal minors [since A[12,3,4](z) = detA(z) = 1 = detB(z) =
By1,2,3,41(2)]; however, only three among these six minors are independent. In Appen-
dix A.1 we use these results to characterize the decomposition (2.30) of the scattering
matrix A(z) while taking into consideration the constraints given in Theorem 2.8:
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Lemma 2.14. The matrices a*(z) and ,Bi(z) in Theorem 2.9 are related to the minors
of the scattering matrices A(z) and B(z) as follows:

1 —-A A —A123 1 B B B
3 763 (232) 39 TG 0
0 Anp —-Ajoy Anaes 0 B B B
at@DT(2) = a (1,%) 1,3 4) = (2.3.4] (%i) (ézl)
0 0 Al1,2] —A(l 2,3) 0 0 Bp3 41 B(3)
1,2,4 4
(2.35a)
A 0 0 0 B2.3.4] 0 0 0
Ap Ana 00 [=Besy B 00
/3+(Z)D+(Z)= Az A3 A3 O)l=1| B iy —B B ol
A(l) A(lzz) A[ 23 1 ) Ga
1,4 1,2,4 -B B -B 1
@ "G TG (33 63 3
(2.35b)
1 A A A 1 -B B2y —B1.23
63D "G 0 . () B(z 3) i (32)
0 A A A 1 —B/12 1,2,3
a (z2)D7(z) = (2.3.4] (%ji) @ = t 1,3) 1,3,4)
00 e Ag (00 s “Egy
0o 0 0 Ay 0 0 0 B[1.2.3]
(2.35¢)
A[2,3,4] 0 0 0 B 0 0 0
—AG 34 Ap3.41 o0 0 By B U
B~@D @ =| Apr34 —A A o|=|Bm Bz Bn2zy 0]
%gi) @jj) (4] B(l) B(l,z) B[ ! )
—A A A 1 14 1,24
133 63 () @ "G "G
(2.35d)
where

D*(z) = diag (1, A1y Ap121 Api2,3)) = diag (1, B34y, Baay, Bay) . (2.36a)
D™ (z) = diag (A[2,3,4], A[3.41, Al4], 1) = diag (B[l], B1,21, Bli,2.3], 1) , (2.36b)

and where the z-dependence in the right-hand side was omitted for brevity.
Comparing the matrices (2.35) with their definitions in Theorem 2.8 we then obtain:

Corollary 2.15. The scalar analytic functions A?E(z) (j =1,2,3) are given by

AT(R)/7(2) = Ai@) = Bp3q@). A7 @)/7*(E") = Apsa@) = Bnk),

(2.372)

A3 (2)/7(2) = A 21(2) = B ay(), A5 (2)/77(2") = Apa(2) = B2 (2),
(2.37b)

A3(2)/7(z) = An231(2) = Bay(z), A5 (2)/7%(@") = Ay(2) = B1,2,3(2),
(2.37¢)

with 7(z) = y(2)/(1 — q_r+/7%), as in (2.25).
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Again in Appendix A.1, comparing these results with the rest of Theorem 2.8, we obtain
the following important result regarding the analyticity of certain minors of A(z) and
B(2):

Theorem 2.16. All the upper principal minors of A(z) and all the lower principal minors
of B(z) are analytic for Im z > 0, and all the lower principal minors of A(z) and all the
upper principal minors of B(z) are analytic for Imz < 0O:

A, An21@), Anpes@: Imz >0,
B11(2), B121(2), Bn23(@: Imz<O. (2.38a)

In addition, the following non-principal minors of A(z) and B(z) are also analytic:

A(}%) (2), A(}g) (z): Imz >0, B(}g) (2), B(}g) (z): Imz<0. (2.38b)

Lemma 2.13 also yields the following identities for the analytic off-diagonal entries of
a*(z) and B+ (2):

(1
1
(1
1
Remark 2.17. The connection between this work and [41] should now be clear. Namely,
above we established the analyticity of the principal minors of the scattering matrix,
results which were claimed (but not proved) for a general N x N scattering problem with
ZBC [41]. We also proved the analyticity of certain non-principal minors. In doing so, we
have constructed the proper tools to generate a fundamental set of analytic eigenfunctions

in each half plane. Spec1ﬁcally, Theorem 2.7 yields an exphclt correspondence between
the zeros of the A (z) and the poles of the columns of m *(x, 1, 7), as we show next.

)(Z) = (g j) (z), Imz>0, (2.39a)
)(z) = @ 9 (), Imz<0. (2.39)

A
e R
)& =A@

b-)l\) \A-)I\)

Lemma 2.18. Suppose A;_l(z) has a simple zero at z, € C*. Then m}f(x, t, z) has at
most a simple pole at z = z,. Similarly, if A;(z) has a simple zero at z, m;(x, t,7)
has at most a simple pole at z = 2.

‘We therefore have:

Theorem 2.19. A complete set of analytic eigenfunctions is given in each half plane by
xE(x,t,2) =m*(x, 1, )DF(2)e! 1D Imz = 0. (2.40)

Let xf(x,t,z) denote the columns of xi(x,t,z) for j = 1,...,4. Note that
Xli(x, t,2) = ¢x,1(x,1,2) and Xf(x, t,2) = ¢+4(x,t,z). In addition, similarly to
the Manakov system, we refer to Xzi(x, t, z) and xf(x, t, z) as the auxiliary eigenfunc-
tions.

Next, we find the asymptotic behavior of the auxiliary eigenfunctions as x — F00.
This will be useful in characterizing the discrete spectrum in Sect. 3.2. We find the
following for the appropriate regions of the complex plane:
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Lemma 2.20. The analytic eigenfunctions x*(x,t,z) have the following asymptotic
behavior for all 7 in their respective domains of analyticity:

lim 1,970 = (@l DY), (2.41a)
XILH;O xF(x, 1, 2)e @@L — E.(2)B}(2)D*(2), (2.41b)
lim (1,970 =B D (), 2.41¢)
lim x (e, e 1®WL) — B, (2)a; (2)D”(2), (2.41d)

where otgz (z) and /33: (z) are given in Theorem 2.8 and D*(z) are given in Lemma 2.14.

The corresponding relations for the columns, which will be useful in the analysis of the
discrete spectrum, are:

xlinéo xF(xe,t,2) e D = AR,

lim x3(x,z,2)e 2@ = A yep + A(1,3)e3, (2.42a)
xX—00 1,2

Jlim o (1, 2) e TR = Ay g3,
lim i (1, 2) e HEND = By, (2.42b)

lim x; (x,1,2)e” 00D = By g,

X—> 00
lim x; (x,1,2)e 2090 = Ap 5 41e0, (2.42¢)
X—> 00

lim )(3_()6, t,2) e i) — 4 2.4\€2 + A3 41€3,

x—>00 (324) '

lim y, (x,1,2)e %00 = A WE, 4, (2.42d)

X—>00

lim xi(x,1,2)e 00D = E_,
X—>—00

lim x5 (x,1,z)e 2003 = Apes, (2.42¢)
——00
lim X;(x, t,z)e_i03("’t’Z) = —A/,2\€ + A1 21€3,
x—>—00 (113) '
lim  xj(x,1,2)e 400D = Ay, 3By, (2.42f)
X—>—00

im @) e = Ap s 4B,

lim Xy (x,1,2) e i02(0,12) — Az 41€2 — A(3,4)e3, 2.42g)
X——00 2.4
Aim s (x, 1, 2) e 1D = Ayes,
lim gy ) e B = By, (2.42h)

4
j=1

is the standard basis for R*, and, according to (2.6), the first and last columns of the

where again the z-dependence in the right-hand side was omitted for brevity, {e;}
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asymptotic eigenvector matrices E4 (z) are given by:

. .k
g+ 1q4
Ei|=e + 704, Eig4=— -

€] +e4.

The relations (2.42) are valid for all z in the region of analyticity of the corresponding
columns. Also recall that

X =0 1(x, 1,2, x; (1,2 =¢e(x, 1, 2),

Xi(x,1,2) = pealx,t,2), x4 (x,1,2) = p_a(x,1,2).
In addition, using the definition (2.40) of the analytic eigenfunctions together with the

decompositions of the scattering matrix in Lemma 2.14 and expanding the second and
third columns of Xi(x, t, 7), we obtain:

Lemma 2.21. The auxiliary eigenfunctions have the following decompositions for z €

R:
X5 (x,1,2) = A2 (2) P+ 2(x, 1, 2) + A(}%) (D)4 3(x,t,2)
+AG,421) (2)P+.a(x, 1, 2), (2.43a)
X3 (x,1,2) = A(%) (@D)p—1(x,1,2) — A(%g) (2)p—2(x,1,2)
+A[,21(2)¢p-3(x, 1, 2), (2.43b)
Xo (x,1,2) = B 2j(2)9—2(x, 1, 2) + BG;) (2)p—3(x. 1, 2)
+BG 4 (2)p—a(x,1,2), (2.43¢)
X3 (x,1,2) = BG%) (@Dp+1(x,1,2) — B(}g) (@Dp12(x,1,2)
+B(1,2)(2)¢+,3(x, 1, 2), (2.43d)
X5 (x, 1,2) = —an@)p—1(x, 1, 2) + A (@) 2(x, 1, 2), (2.43¢)
X3 (x,1,2) = B9+ 3(x, 1, 2) — b3 (D)p+ a(x, 1, 2), (2.43f)
Xo (x,1,2) = =b12(Dp+1(x, 1, 2) + Bj(2)d+ 2(x, 1, 2), (2.43g)
X3 (%, 1,2) = A (2)d-3(x, 1, 2) — as3(2)p— 4(x, 1, 2). (2.43h)

Inverting the relations in Lemma 2.21 yields:

Corollary 2.22. The non-analytic eigenfunctions have the following decompositions in
terms of analytic eigenfunctions for z € R:

1 _
¢+,2(x7 ts Z) = _[b12¢+,1 + X2 ]
By

! [X+—LA13X+—(EA13 +A14)¢+4}
A1) 2 By (122) 3 Bi4 (1:2) (132) e
(2.442)
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1
h+3(x,1,2) = —[X;— + b4z 4l

B4
! [(b”B B )¢ +1p 4 —}
= —Db(1,2y — D(1,2 At ——bn12\X X s
B2 L\ B[ (1,3) (2,3) " B (1,3) 2 3
(2.44b)
1
P_2(x,t,2) = —I[ang—1+x51
Aqn
- (i) ]
= X, ——Bnasxs —|—Bn3 1.4 | d—4],
Bj1.y 2 A (1,2) 3 A (1,2) (1,2)
(2.44¢)
1 _
¢-3(x,1,2) = —[x3 +as3p— 4]
A4
_— [(ﬂAlz —A12)¢ 1+iAlzx++x+}
Anar L\Aq (1:3) (233) T Aq (123) 20
(2.44d)

where the (x, t, 7)-dependence was omitted from the right-hand side for brevity.

The decompositions in Lemma 2.21 and the inverted decompositions in Corollary 2.22
are the generalization of the analogous relations valid for the Manakov system [15,42].

Remark 2.23. The results presented in this section (i) provide a rigorous implementation
of the framework of [41] for the construction of the fundamental analytic eigenfunctions,
and (ii) generalize said framework to the case of scattering problems with NZBC and
eigenvalue degeneracy. Regarding the first point, we showed rigorously that triangular
decompositions of the scattering matrix yield a full set of analytic eigenfunctions for
each half plane and that the upper and lower principal minors of the scattering matrix are
all analytic in one of those half planes. For comparison purposes, recall that [41] only
considers the case of compact support and uses Fredholm integral equations instead of
Volterra integral equations. Thus, in that framework one can at best prove meromorphic-
ity of the eigenfunctions (because the singularities in the Fredholm integral equations
appear implicitly) which we instead proved to be analytic. Moreover, the scattering
coefficients themselves appear explicitly as forcing terms in those Fredholm integral
equations. Thus, to even prove meromorphicity, one would need to assume that the
scattering coefficients are analytic to begin with.

Remark 2.24. In addition, here we proved that certain non-principal minors of the scat-
tering matrix are analytic. No such extra analyticity properties were present in problems
with fewer components [namely, the scalar NLS equation and the Manakov system].
Similarly, no such extra analyticity properties exist for the scattering problem studied in
[41]. Indeed, such properties are a direct result of the degeneracy of the eigenvalues of
the scattering problem. No such degeneracy exists for the problem studied in [41], and
for the VNLS equation the degeneracy is only present when the number of components is
larger than two. These new pieces of analytic data play a key role in the characterization
of the discrete spectrum.

2.4. Asymptotic behavior as z — 00 and z — 0. In order to completely specify the
inverse problem in Sect. 4 it is necessary to examine the asymptotic behavior of the
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eigenfunctions and scattering coefficients both as z — oo and as z — 0. Consider the
following formal expansion for 4 (x, ¢, z):

o0
M+(x7t’ Z) = Z Mn(-xatv Z)7 (2'45a)
n=0

where
mo(x, 1, 2) = Ei(2), (2.45b)
e (6, 1,2) = — ZfEAz)e“X*”A(@E;‘ DQU, 1) = Qitn(y, 1,2)
x e MA@ gy (2.45¢)

As with the Manakov system with NZBC, it is straightforward to prove the following:

Lemma 2.25. For allm > 0, (2.45a) provides an asymptotic expansion for the columns
of wi(x,t, z) as z — oo in the appropriate region of the complex z-plane, with

[wamlba = O(1/2™),  [amlbo = O(1/2"*h), (2.46a)
[wams1loa = O(1/2™ ), [amsiloo = O(1/2™). (2.46b)

Lemma 2.26. For allm > 0, (2.45a) provides an asymptotic expansion for the columns
of wi(x, t,z) as z — 0 in the appropriate region of the complex z-plane, with

[Wamlba = OE™),  [Mamlbo = O™ Y, (2.47a)
[womsilod = OE™),  [Hame1lbo = O™). (2.47b)

The proofs of these lemmas are exactly the same as for the Manakov system with NZBC
[15], and are therefore omitted. Explicitly calculating the first few terms of the first and
fourth columns of (2.45a) yields the following for the appropriate domains of analyticity:

pe i 1,2) = ((l. /Z)é(x’ t)) +0(1/2%),

paa(x,t,2) = (_("/Z)‘g(x’ ’)é3) +0(1/2%), 700, (248)

i A *
_ (9" (x,1)e3/q%
Mt 1(x,t,z2) = ( (i/2)q1és ) + 0(2),

e a(x,1,2) = (&ii’/tz))/qqi ) +0@), -0, (2.48b)

where {€& f}§=1 denotes the standard basis for R3, while doing the same for the second
and third columns of (2.45a) yields the following for z € R:

ur2(x,t,z) =e+0(/2), puxs(x,t,z)=e+0(1/z), z— 00, (2.49a)
M2(x,t,2) =e+0(2), puxr3x,t,2)=e+0(z), z—0, (2.49b)

where, as before, {e; }‘j‘.: denotes the standard basis for R*. The asymptotics (2.48)
immediately yield the reconstruction formula:
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Proposition 2.27. The solution q(x,1) = (q1(x,1), q2(x, 1), q3(x, )T of the VNLS
equation (1.1) with the NZBC (2.1) can be recovered from the asymptotics of the Jost
eigenfunctions as follows:

qj(-xs t) = _l ZE)H;O [Z/-’L+,j+1,1(-xs tv Z)] ) .] = 19 2s 3 (250)

Next, we find the asymptotics of the scattering matrix entries, which follows from
the asymptotic behavior (2.48) and (2.49) and the scattering relation (2.16):

Lemma 2.28. In the appropriate regions of the z-plane,

A(z) =1+0(1/z), z— oo, (2.51a)
A(z) = diage 72?1, 1,2 + 0(z), z—0, (2.51b)

where, as before, AO = 0, — 0_ and 0+ are as defined in (2.1).

Corollary 2.29. All the principal minors of A(z) tend to 1 as z — o0 in their domain of
analyticity, whereas all non-principal minors of A(z) are O(1/z) as z — oo along the
real axis (for the non-analytic minors) or in their domain of analyticity (for the analytic
ones). Additionally, all the principal minors of A(z) are O (1) as z — 0 in their domain
of analyticity, whereas all non-principal minors of A(z) are O(z) as z — 0 along the
real axis (for the non-analytic minors) or in their domain of analyticity (for the analytic
ones).

In particular, note from (2.51) that

lim Apiy(2) = e 1A, (2.52)
—>

which will allow us to directly recover the asymptotic phase difference A9 from the
inverse problem via the trace formulae (see Sect. 4.2).

As a consequence of the decompositions (2.43) of the auxiliary eigenfunctions and
the asymptotics of the Jost eigenfunctions in (2.48) and (2.49), we find the following
asymptotics for the modified auxiliary eigenfunctions for all z € R:

X, 1,2)e 200D — ey + 0(1/2),

XF(x,1,2)e7 B0 —e3 4+ 0(1/2), 7 o0, (2.53a)
16 (@1, 2) e 1RO = e T80 + 0(2),
XE(x,1,2)e B0 = eFiher 1 0(7), 7z 0. (2.53b)

One can show that these relations hold for all z in the appropriate half plane by studying
the asymptotic behavior of the fundamental tensors f,, and g, using the techniques of
[6] and then reconstructing the behavior of the auxiliary eigenfunctions as a result. For
brevity, we omit the details.
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2.5. Behavior at the branch points. We now discuss the behavior of the Jost eigenfunc-
tions and the scattering matrix at the branch points k = +¢g,. As with the Manakov sys-
tem, the complication there is due to the fact that A(£¢,) = 0, and therefore, at z = +¢q,,
the two exponentials e*** reduce to the identity. Correspondingly, at z = =g, the matri-
ces E+(z) are degenerate. Nonetheless, the term Ex (z) e/ “~A®@EZ! (z) appearing in
the integral equations for the Jost eigenfunctions remains finite as z — £g,:

lim Ei(z)e’IAOEL (2) = diag(1, eF90 =Y a0 1) (2.54)

z—>%£qo

Thus, if ¢ — qu sufficiently fast as x — =00, the integrals in (A.2) are also con-
vergent at 7 = =¢q,, and the Jost solutions admit a well-defined limit at the branch
points. Nonetheless, det ¢+ (x, 1, £g,) = 0 for all (x, ) € R?. Thus, the columns of
¢+ (x,1,q,) [as well as those of ¢+ (x, t, —¢q,)] are linearly dependent. Comparing the
asymptotic behavior of the columns of ¢+ (x, , £¢,) as x — £o0, we obtain

e 1(x,1,q0) = i€ Ppra(x,1,q0),  Pr1(x, 1, —qo) = —ie' Py a(x, 1, —qo).
(2.55)

Next, we characterize the limiting behavior of the scattering matrix near the branch
points. It is easy to express all entries of the scattering matrix A(z) as Wronskians:

2
z iy
aje(z) = ij((X, t,z)e 2192(x,t,z)’ (2.56a)

o

where

Wje('x’ tv Z) = det(‘ﬁaé(?ﬁ t’ Z)9 ¢+,j+1 (x7 ta Z)a ¢+,j+2(x7 ta Z)a ¢+,j+3(x7 ta Z))7
(2.56b)

and j+1, j +2, and j + 3 are calculated modulo 4. We then have the following Laurent
series expansions about z = +¢,:

a;jj(z) = Za;’; +al.(j”}i +0@ZFqo), 7€ R\{£q,}, (2.57)
where, for example,
an+ = ﬂ:% Wii(x, t, £q,) 72400 Fao0) (2.58a)
aﬁ),i — i%dizwll(x’ t, Z)|Z=iqne$2iqu(X¥qut)
+Wii(x, 1, £q,) e TH0EFdol) (2.58b)

Summarizing, the asymptotic expansions of A(z) in neighborhoods of the branch points
are

1
A +AY + 0z F q0). (2.59)

A(z) =
Z

o

where AY) = (al.(;’) '),
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1 0 0 Fie 0~ 0 1 0 0
0 00 0 0 00
Ar=dauxl o 9 o o [TME|0 0 0 0
+ie™ 0 0 o4 0 =ie 0 0

00 1 0

00 0 0

aBElo 0 0 of
0 0 i 0

and a1+ = £(qo/2) W (x, t, £q,)eT?9FdoD) for j = 2,3. Note that the second
and third rows of AL are identically zero by virtue of (2.55).

It is worth noticing that all scattering coefficients are finite at each of the branch
points ¢, iff a;1 + = 0, i.e., iff det(d— 1 (x, t, £qo), P+.2(x, t, £q0), P+ 3(x, t, £q0),
¢+ 4(x,t,£q,)) = 0. In this case, the corresponding branch point is referred to as a
“virtual level” (cf. [26], where this definition is introduced for the scalar NLS equation).
The generic situation, however, corresponds to a1+ # 0, and in this case all scattering
coefficients have a pole at the branch points.

3. Symmetries and Discrete Spectrum

As mentioned earlier, the richness of the 3-component problem compared to the 2-
component problem manifests itself most clearly in the symmetries and the discrete
spectrum. We discuss both of them next.

3.1. Symmetries. Recall that, in the IST with ZBC, the only symmetry of the scatter-
ing problem is the mapping k — k*. With NZBC, the symmetries are more involved,
because of the presence of the two-sheeted Riemann surface. Correspondingly, the prob-
lem admits two symmetries. The symmetries are also complicated by the fact that,
after removing the asymptotic oscillations, the Jost solutions do not tend to the identity
matrix. Finally, for the Manakov system a further complication arises from the pres-
ence of several analytic eigenfunctions. As we will show next, this latter complication
is compounded in the 3-component VNLS equation.

First symmetry: up-down. The first symmetry corresponds to the transformation z +—
z* (i.e., switching UHP and LHP), corresponding to (k, A) +— (k*, A*). Similarly to the
Manakov system with NZBC, the following results are a straightforward consequence
of the symmetries of the Lax pair and are proved in Appendix A.2:

Proposition 3.1. If v(x, t, z) is a fundamental matrix solution of the Lax pair, so is
wir,r,2) = JIv . 297

Lemma 3.2. The Jost solutions satisfy the symmetry

Jh(x, 1, )]7'CG) = p+(x,1.2), z€R, 3.1)

where

C(z) = diag(y (z), =1, =1, =y (2)). (3.2)

We now define a “generalized cross product” for vectors in C* as follows:
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Definition 3.3 (Generalized cross product). For all u, v, w € C%, let

ui un us3 uq
v vy V3w

Llu,v,wl=det| - 72 5 " (3.3)
W) wy w3 w4

el e e e4
where, as before, {ey, ..., e4} is the standard basis for R*.

Like the usual cross product in three dimensions, L[-] is multilinear and totally
antisymmetric. Moreover, the product L[vy, v2, v3] is the Hodge dual of the wedge
product vi A va A v3, in the sense that it is the image of vi A v A v3 under the Hodge
star operator [27].

The key to using L[-] to express the symmetries is the following identity, which can
be verified by direct calculation:

Proposition 3.4. Leray, ..., a3 € C* and A = (ay, ..., a4). [fdet A # 0,
A7 = (detA)™' (~L[as, a3, a4], L[ay, a3, a4], —L[ay, a2, a4], L[ay, a2, a3])'(3.4)

Equation (3.4) generalizes the formula A~ = (detA)~(ar x a3, a3 x aj, a; x a») for
the inverse of a 3 x 3 matrix A = (ay, a3, a3). Using (3.4), one can insert (2.43) into (3.1)
and extend the resulting relations via the Schwarz reflection principle to obtain:

Theorem 3.5. The analytic columns of ¢+ (x,t, z) obey the following symmetry rela-
tions:

e—2i62(x.1.2)

¢F(x,1,7F) = —

+1 An2(@)An231(2)
Imz >0, (3.5a)

e—2i62(x.1.2)
CAm(2)Ap4(2)
Imz <0, (3.5b)
6721'92()6‘[,1)

O 4(x,1,2%) = —

+d A,41(2)A2,3,41(2)

Imz <0, (3.5¢)
—2i6(x,1,2)

JL[x5(x,1,2), x3(x,1,2), pra(x,1,2)],

¢i’1('xa tv Z*) = JL[XZ_(xv ta Z)a X3_(x7 ta 2)9 ¢7,4(x7 ta Z)]’

JL[¢+,l(xv t, Z)v Xz_(xs t, Z)v XS‘_(-xy t, Z)]v

€
a2 = ————JL[¢_1(x,1,2), x5 (x,1,2), x3(x,1,2)],
¢ 4(x,1,27) A[l](z)A[l,z](z)J [ 1(x,1,2), x5 (x,1,2), x3 (x, 1, 2)]

Imz > 0. (3.5d)
Using the symmetry (3.1) as in the proof of Theorem 3.5, we also obtain the following:

Corollary 3.6. For cyclic indices j, £, m, and n,

¢+,j(x,1,2)

= — LIS (6,1, 2), 9%, (0, 1, 2), 95, (. 1, D)]/0j (), z€ER,
3.6)

where n1(z) = 14(z) = 1, n2(2) = v (2), and n3(z) = —y (2).
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In fact, we can write a more general result:

Lemma 3.7. For any vector solutions v1, v, and v3 of the Lax pair, the following is also
a solution of the Lax pair:

v(x,1,z) = RO D LIV (x, 1, 2), V5(x, 1,2), Vi(x,1,2)], zeR. (3.7

Lemma 3.7 is easily verified using the following identities, which hold for any vectors
u,v,we C*

L[Ju, Jv,Jw] = —JL[u, v, w], (3.82)

2JL[u, v, w]+ L[u,v,w] = L[Ju, Jv, w] + L[u, Jv, Jw] + L[Ju, v, Jw],
(3.8b)

L{Ju,v,w]+ L[u,Jv,w]+ L[u,v,Jw]=—JL[u,v,w] —2L[u, v, w],
(3.8¢)
—QL[u,v,w] = L[Q"u, v, w] + L[u, Q" v, w] + L[u, v, Q" w]. (3.8d)

Remark 3.8. Lemma 3.7 is the generalization of an analogous result for the Manakov
system [15,42]. In [42], the analogous result was used to construct the auxiliary eigen-
functions, each defined in terms of 2 analytic Jost eigenfunctions of a suitably defined
“adjoint” problem. That approach, however, does not work in the 3-component case
(because 3 analytic adjoint Jost eigenfunctions would be necessary, whereas only 2 of
them are analytic), which made it necessary to use the approach of [6,43].

We now show how Lemma 3.1 affects the scattering matrix. Recalling (2.16), we
conclude

[A)]" = C@)BC '(z), z€R, (3.9)

with C(z) given by (3.2). Componentwise, for z € R,

1 1
bi1(z) = af,(2), bi2(z) = —mai‘l (@), bizz) = —maéﬂ (2), b1a(z) = —aj;(2),

b1(z) = —y(@al,(2), bn(@) =a5(2), b3() =a5 ), bu(z) =y (@al(2),
b31(z) = —y(@aj3(@), b3@) =a3;(z), b33(2) =a33z). b3u(z) = y(@)ajz(2),

1 1
by1(z) = —aT4(Z), by (2) = m‘l%}(z)’ b4z (z) = maa(z)’ bys(2) = 024(2)-

Recalling (2.34), the Schwarz reflection principle then allows us to conclude

Am@) = [ApR3.4 @O, An@) = [Ap4EHT,
An23@) = [Aw@EHIY,  Imz>0. (3.10)

In addition, we also have

A(}%) (z) = —[A( )(z*)]*, A(}g) (z) = _[A@’ﬁ) (91",  Imz>0. (3.11)

3,4
2,4
Finally, using the symmetry (3.9), we can combine Lemma 3.7 with the decomposi-
tions (2.44) to obtain:
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Lemma 3.9. The auxiliary eigenfunctions obey the following symmetry relations:

. . 672i92(x,t,z) _
[y (x,2,29)]" = —WJLWM,](X’ 1,2), x3 (0, 1,2), ¢ 4(x,1,2)], Imz <0,
(3.12a)
e—2i02(x,t,z)

[x;(x, t, 79" = JLIp+ 1 (x,1,2), Xy (X, 1, 2), ¢ 4(x,t,2)], Imz <0,

A,3.41(2)y ()
(3.12b)

e—2i02(x.1.2)
JL[¢—1(x.1,2), x5 (x.1,2), pra(x.1,2)],  Imz =0,

(3.12¢)

_ MNe——————
g et 2 = =S

—2i0x(x,1,2)

WJLW—J(X, t,2), X;(x, 1,2), o+.4(x, 1, 2)], Imz > 0.

(3.12d)

[x3 (1,297 =

As before, the symmetries in Lemma 3.9 are first written for z € R [since that is where
the decompositions (2.44) are valid] and then extended to the appropriate region of the
complex z-plane using the Schwarz reflection principle.

Second symmetry: in-out. The second symmetry of the scattering problem corresponds
to the transformation z +— Z* := qg /z (exterior/interior of the circle C, of radius ¢,
centered at 0), corresponding to (k, A) — (k, —A). We use this symmetry to relate the
values of the eigenfunctions on the two sheets (particularly, across the cuts), where k is
arbitrary but fixed (on either sheet). It is easy to show the following:

Proposition 3.10. If v(x, t, 2) is a solution of the Lax pair, so is
w(x,1,2) =v(x,1,27). (3.13)
Using this result, in the appendix we prove

Lemma 3.11. The Jost eigenfunctions satisfy the following symmetry:
Pr(x,t,2) = ¢ (x, 1, )M (2), z€R, (3.14)
where

0 0 —ig+/z
Oi(z) = 0 I 0 . (3.15)
igi/z 0O 0

Then, from (3.14) and the Schwarz reflection principle, we obtain the following sym-
metry relations among the analytic Jost eigenfunctions:

iq} s
G+ 1(x,1,2) = T¢i,4(X, t,2%), Imzs0, (3.16a)
iq+ e
$dra(x,t,2) = —7¢i,1(x, 1,2%), Imz =0, (3.16b)
Pr2(x,1,2) = pro(x,1,2%), z€R, (3.16¢)

$+3(x,1,2) = ¢+ 3(x,1,2%), zeR. (3.16d)
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We now discuss how this second symmetry affects the scattering matrix. Combining

the scattering relation (2.16) with the symmetries (3.16), we conclude
AR =T;'@AEHN-'(2), zeR. (3.17)

Componentwise, we have the following for z € R:

*

q- “ iz -
a11(z) = —a(Z), apni) = ——an@"),
9+ 9+
iz . q- "
a13(2) = ——as3(Z%), a1a(zx) = ——au @),
q+ q+
-k
a1 (z) = z_ a(Z%), axn(z) = an(@"),
A% iq- Ak
ax3(z) = ax3(z27), axu(z) = —76121(1 ),
P
a3 (z) = z_ az(Z%), ax(z) = an(@"),

R iq- A
a33(z) = ax(Z), az(z) = —Tam(z*),
*

q- A iz .
as (z) = —awa"), an(z) = —an(@¥),
+ q+

iz N q- N
ag3(z) = —a13(Z%), aa(z) = —a (2.
q+ q+
Similar expressions hold for the entries of B(z) if we switch the plus and minus signs
in (3.17). The analyticity properties of the scattering matrix entries in Theorem 2.16
then allow us to conclude

AR =M AEY, Apan@ =e¢*Ap3qEh), Imz>0, (3.18)
where A6 = 6, — 6_ and 6+ are as defined in (2.1). In addition, we also obtain the
following from the symmetry (3.17):

A — iy 5%y A
(=G A

— eif0 g
)@ = A

)(2*), Imz > 0. (3.19)

1,3 3.4
1,2 2,4

In addition, we can combine the symmetries (3.11) and (3.19) to obtain another symmetry
among the analytic non-principal minors:

A (@) =—e2[A 133", Imz=>0. (3.20)
(i3 (i2)

We therefore see that there is only one independent analytic non-principal minor. Finally,
we combine (3.19) with the identities found using Lemma 2.13 to obtain
Ang@ = Apy @) =By (@), zeR, (3.21a)
2,4 1,3
Ap.a(2) = e—’MA(l,g) (2) = e—"MB(M) (), zeR. (3.21b)
1,3 2,4
Now that we have determined the second symmetry of the scattering matrix, we

can obtain the symmetry of the auxiliary eigenfunctions. Specifically, we combine the
second symmetry (3.16) with the decompositions (2.44) to obtain:
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Lemma 3.12. The auxiliary eigenfunctions obey the following symmetry relations:

eiA0
+ A% - -
X2 (x,8,77) = ——— A (@ x, (x,t,2) + A ()X (x,t,z)] Imz <0,
? Apa) | R (3g) %
(3.22a)
eiA0
+ A% — -
X3 (x,1,7) = ——— [Ap3.4@x; x,t,2) —Apa (D)X (x,t,z)], Imz <0,
: Apa(z) | (31) %2
(3.22b)
e—iA@ . N
Xy (x,1,2°) = ——— | A 231(@x5 (x, 1,2) — A 1,3y (@) x (x,t,z)] Imz >0,
: Ap ) |2 (13) "
(3.22¢)
e—iA@ N .
Xy (x,1,2°) = ——— | Ap(@)x3 (x, 1, 2) + A 1.2y (2 x (x,t,z)], Imz > 0.
’ Apg) | (13"
(3.22d)

Equations (3.22) are the generalization of the (much simpler) symmetries for the Man-
akov system. Similarly to that case, these symmetries will be instrumental to characterize
the discrete spectrum.

The above relations do not include a symmetry for Ay 2j(z) or Af3,41(z). As we show
in the appendix, these minors satisfy a different kind of in-out symmetry:

Theorem 3.13. The following relation holds:

2 A 21 () AT (a5 /2) = App(@) A 231 (2) + A(}g) (Z)A(},g) (2), Imz >0,

(3.23a)
e M A () AG 41(95/2) = AR Ap3.4() + A (24)@A 34 @), Imz<0.

(3.23b)

Importantly, unlike the symmetries for the other minors, equations (3.23) are bilinear,
and they couple the values of the principal minors and those of the analytic non-principal
minors. This is another new feature of the 3-component case compared to the Manakov
system, and will have important consequences in the analysis of the discrete spectrum.

Reflection coefficients, their symmetries and real spectral singularities. A cofactor
expansion along the first column of A(z), combined with the symmetries (3.9) and
written in terms of reflection coefficients, yields:

lan (@7 =1+ lagi @) + %uaﬂ(zn? +Hlas@P), zeR.  (324)
Equation (3.24) implies ajj(z) # 0 for all z € R such that y(z) > 0, ie,
7 € (—00, —q,) U (q,, 00). On the other hand, one cannot exclude spectral singularities
in the scattering problem [i.e., real zeros of aji(z) or of the other analytic principal
minors of the scattering matrix] for z € (—q,, g,). This is the same situation as that in
the Manakov system [42].

Remark 3.14. For the remainder of this work we will assume that no real spectral sin-
gularies are present.
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For future reference, we next introduce the reflection coefficients that will appear in the
inverse problem:

p1(2) = a21(Z), m(2) = a31(z)’ 03(2) = a41(z)’ zeR, (3.25a)
a11(z) ay1(z) a11(z)
_ bip(z) bi3(z) b14(z)
() = . ) = . (o) = ., zeR. (3.25b)
P b11(2) P2 b11(2) P b11(2)
Note that (3.24) implies |a11(z)] = 1 for all z € R for which all three reflection

coefficients vanish [i.e., for all z € R such that p;(z) = p2(z) = p3(z) = 0]. Thus, in
particular, |a11(z)| = 1 Vz € R in the reflectionless case.

Not all of these coefficients are independent, of course. In fact, the first symmetry for
the scattering coefficients yields

p1@) =—y@pi@). p@)==r@me@k, pk=-pE. zcR.
(3.26)
Moreover, the second symmetry for the scattering coefficients yields the following alter-
native representation for the reflection coefficients:
o iz.au(2) o 1z a34(2) g5 a14(z)
pl(z): - s ,02(2): - ) - )
q+ a44(z) q+ a44(z) G+ a44(z)

Expressing the scattering coefficients in the above relations as minors of B(z), one
obtains the following linear system which relates the value of the reflection coefficients
at Z to their values at z:

p3(2) = zeR.

,01@ ) iz p1(2)
8@ | @) | = lan @15 [ —iz,@) |, (3.27)
03(2) q;i
where
2(1 — lan ) + lan 1 p1 51 la111% p1 02 —izlan>01/q;
S(z) = lai1 |?p2p1 2(1 — lan|?) +lan *p2p2  —izlan*p2/q |,
igtlan|*pi/z ig¥lan*p2/z 2 —lan/?

(3.28)

and where the above expression for S(z) was simplified using (3.24), rewritten in terms
of the reflection coefficients as:

2 1 2 2 -2
lo3(2)” + m(lm(Z)l + ;2@ =1—lan (2|7, ze€R. (3.29)

Similarly, one obtains:

det$() = 4(lan @ = 12 [1 = lan@Ples@ ] (3.30)

Note that one cannot conclude from (3.30) that det S(z) #~ O for all z € R. On the other
hand, p3(z) = 0 for all z € R implies p;(z) = p2(z) = 0 for all z € R for which
det S(z) # 0.

Remark 3.15. We will show later that the entire scattering matrix can be reconstructed in
terms of appropriate scattering data (namely, discrete spectrum, reflection coefficients
and the value of the non-principal analytic minors along the real z-axis, if the latter
are not identically zero). The key ingredients are the trace formulae for the analytic
scattering coefficients, which will be derived in Sect. 4.2.
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Table 1. The seven possible combinations of zeros of the principal minors for the discrete spectrum

Ar11(zo) Aq1,2](zo) A[1,2,31(20) Summary
1 0 * * Admissible (symmetric to II)
11 * * 0 Admissible (symmetric to I)
1 * 0 * Inadmissible
v 0 0 * Admissible (symmetric to V)
\'% * 0 0 Admissible (symmetric to IV)
VI 0 * 0 Inadmissible
VII 0 0 0 Inadmissible

An asterisk denotes an arbitrary nonzero value for the corresponding minor. The rightmost column shows the
corresponding results of the analysis (cf. Theorems 3.21, 3.22 and 3.23)

3.2. Discrete spectrum. The discrete spectrum corresponds to those values z € C where
the columns of the fundamental analytic eigenfunctions are linearly dependent. Using
the decompositions (2.43), it is easy to see that

det x*(x,1,2) = A2 Ap12)(2) A 2.3 (2)y ()X 250D Tmz >0, (3.31a)
det x " (x,1,2) = A (2) Ap.41(2) Aps.4(2)y (2)e?%2E0D - Imz < 0. (3.31b)

‘We therefore have:

Proposition 3.16. A point z, € C* is a discrete eigenvalue of the scattering problem if

A(zo)Af1,21(z0) A1,2,31(20) = 0. (3.32)
We thus have seven possibilities for a discrete eigenvalue, z,, summarized in Table 1.

Remark 3.17. At each point z, € C* such that (3.32) holds, the fundamental analytic
eigenfunctions fail to be a basis for CV*!, The task of characterizing the discrete spectrum
(which is necessary in order to obtain the soliton solutions) is precisely to overcome
this problem and identify all the relations expressing the linear dependency among all
the columns of Xi(x, t, z) at such points (which in turn is necessary to characterize
the residue relations among the meromorphic matrices of the inverse problem). For
the 2 x 2 scattering problem (corresponding to the scalar NLS equation), only one
possibility exists: the two columns are proportional to each other. Already in the 3 x 3
scattering problem (corresponding to the Manakov system), however, the situation is
more complicated [15,42]. We will see that for the 4 x 4 problem, the situation is
significantly more complex than even for the Manakov system.

As in the defocusing Manakov case, we restrict ourselves to the case in which all
discrete eigenvalues are simple zeros of the analytic scattering coefficients. Also, as in
the defocusing Manakov case, one must distinguish between discrete eigenvalues on the
circle C, and “improper” discrete eigenvalues off C,:

Lemma 3.18. Let v(x, t, 2) be a nontrivial solution of the scattering problem in (1.3).
Ifv(x,t,z) € L2(R), then z € C,.

In other words, as with the scalar defocusing NLS with NZBC and the defocusing Man-
akov system with NZBC, bound states are exclusively associated with eigenvalues on
C,. Thus, similarly to the defocusing Manakov system with NZBC, discrete eigenvalues
of the scattering problem not in C, do not lead to bound states [15,42].
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Remark 3.19. Let us briefly elaborate on the consequences of Lemma 3.18. Suppose
Aq11(z0) = 0 for some z, € C* with |z,| # ¢,. We know that ¢_ 1(x, t, z,) vanishes as
x — —oo. We also know from (2.42) that ju_ 1 (x,1,2,) = ¢ 1(x,1,7,) e 1(x1:20)
vanishes as x — o00. On the other hand, this is not a contradiction, because it does
not imply that ¢_ j(x,?,z,) — 0 as x — oo. Indeed, it is enough for ¢_ 1(x, ¢, z,)
to diverge more slowly than e/*(2)¥ as x — oo. Such a possibility does not exist in
the scalar case, but is allowed in the vector case, because in this case ¢_ 1(x, ¢, z,) can
simply be a linear combination of the two remaining analytic eigenfunctions, x5 (x, 7, z,)
and X;(x, t, Z0). Similar results hold for p4 4(x, t, z,) when z, is a zero of Ay 23)(z)
and for the eigenfunctions analytic in the lower-half z-plane.

Remark 3.20. For the remainder of this section, we consider the case where the analytic
non-principal minors in Theorem 2.16 are identically zero in their domain of analyticity.
The rationale is one of expediency. In the general case (i.e., when the analytic non-
principal minors are not identically zero), the value of two analytic non-principal minors
needs to be given (in addition to that of the principal minors) at a point of an eigenvalue
quartet in order to completely specify each case. It thus follows that for each of the seven
cases in Table 1 one must study four sub-cases, for a total of 28 possible configurations.
Hence, the analysis of the discrete spectrum and the inverse problem in all possible
configurations of the general case would be considerably longer. Of course by taking
the analytic non-principal minors to be identically zero, we are restricting ourselves to a
subclass of solutions of the VNLS system. On the other hand, we will see that even in this
case the discrete spectrum and the corresponding soliton solutions are still considerably
richer than for the 2-component case.

The symmetries (3.22) and (3.23) are greatly simplified when the analytic non-
principal minors are identically zero. Namely, in this case we have:

"2 A9 (2)A[1 /(D) = A2 Apn23(),  Imz >0, (3.33a)
e YA n(AG 4 (@) = Aw@Aps @), Imz<0.  (333b)
as well as
A .
X;(x’ t, 2*) — M—](Z)CIAQXZ_(X, t, Z)7 Imz < 0, (3343)
Ar3,4)(2)
A .
2ty = A23@ ey~ iz <o, (3.34b)
Ap3,41(2)
A .
X (xat,2%) = [1,2,3](2)671A9X;(x7 t.2), Imz>0, (3.34¢)
An(z)
A , .
K = A G w0 (34
: An21(z)

Since eigenvalues on C, lead to pure dark soliton solutions, for the remainder of this
work we only consider discrete eigenvalues off C,,. Explicitly, we only consider discrete
eigenvalues z, such that Imz, > 0 and |z,] # ¢q,. In Appendix A.3 we use these
symmetries to identify all of the possibilities for the discrete eigenvalues:

Theorem 3.21. For a discrete eigenvalue z, € C*\C,, one of the following possibilities
holds:
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I Apj(zo) =0, Af1,21(z0) # 0, A1,2,31(20) # 0.
II. A[l](zo) #0, A[l 21(zo) # 0, Ap12,31(z0) = 0.
IV. A1(z0) = Ap1,21(z0) =0, A[l 2,31(z0) # 0.
V. A(zo) #0, Ap121(z0) = A[1,2,31(z0) = 0.

As indicated by the numbering above, we label these eigenvalues in accordance with
Table 1. In other words, Theorem 3.21 says that discrete eigenvalues of type III, VI and
VII are not allowed. Analyzing discrete eigenvalues of type I and type 1V, in Appen-
dix A.3 we obtain the following:

Theorem 3.22 (Type I). Suppose Aj11(z,) = 0, A[1 2] (zo) # 0, and Aq1,2,31(z0) # 0.
Then |z,| < q,, and there exist constants dj, di, d 1, and d 1 such that

¢*,1(x7 ts Z()) = le;(xs tv ZO)/A[1,2J(Z(J)7 ¢7,4(x7 ts 2:) = dle;(xv t? 2:)’

(3.35a)
X;(x’tv Z;k) :d_l¢+,1(-x’tv ZZ)’ X;(-x’t3 20) =dA1¢+,4(x’t720)' (335b)
These constants satisfy the following symmetry relations:
. . d _ d* n Pk A *
g =T 4 ! e @) _ e (336)

_—’ dl = _7 l —_— .
qF A2.31(20) y(z2) 2y () [Ap2zo)l* !

Theorem 3.23 (Type 1IV). Suppose A11(z0) = Ap1,21(z0) = 0 and Aq1,2,31(z0) # O.
Then |z,| < qo, and there exist constants ¢y, 1, ¢1, and ¢ such that

¢*,1(x7 t’ ZU) = CIX;—(xv ta ZU)/A[1,2,3](ZU)’ ¢7,4(x1 t’ 2:) = élX;(-x’ tv 2:)’

(3.37a)
X3 (. 1,25) =G a(x,1,2)), X3 (%1, 20) = Ciralx, 1, Zo). (3.37b)
These constants satisfy the following symmetry relations:
& = _iﬁ A/[l’z](Za) c1 8 = iq* o E = 1 AE3’4](Z:)
qi Ah](Zu) A[1,2,3](Zo) ' z;y(zz‘j b V(Zz) A,[2’3,4] (Z;‘;) !

(3.38)

Examining discrete eigenvalues of type Il and V in the same manner yields relations
similar to those in Theorems 3.22 and 3.23 but with the requirement that |z,| > ¢g,. We
omit the details for brevity.

4. Inverse Problem

As usual, the inverse scattering problem is formulated in terms of an appropriate RHP
which relates eigenfunctions that are meromorphic in the upper-half z-plane to eigen-
functions that are meromorphic in the lower-half z-plane.
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4.1. Derivation of the Riemann—Hilbert problem and reconstruction formula for the
potential. The starting point for the formulation of the inverse problem is the scattering
relation (2.16). Just like the derivation of the jump condition for the Manakov system is
considerably more involved than for the scalar case, however, so too is the derivation of
the jump condition for the 3-component case more complicated than for the Manakov
system. In both cases, this is due to the presence of non-analytic eigenfunctions, which
must be used via the decompositions (2.43) in terms of the fundamental analytic eigen-
functions Xi(x, t, 7). As we will see, however, in this case there are additional twists.
One starts by introducing the meromorphic matrix

Mx.1.2) = M*(x,t,z), Imz>0, @1
YT IM (.1, 2),  Imz <0, :

By analogy with the 2-component case, one could think of defining

$-1(2)  x3 (@) X3 (2)
A" An(2) A3 (2)

_ X5 () X5 @) -4\ _ien.i
M s b = + ’ ’ ’ 7’ ’ I 07
(1.9 (¢ 1 Ap34(@) Apa() Al41(Z)) ) ne

M*(x,1,2) = ( ,¢+,4(z)) e OwL) - Imz >0,

where the parametric space and time dependence of the eigenfunctions in the right-
hand side was omitted for brevity. Like in the Manakov system, one can appropriately
manipulate the scattering relation (2.16) to obtain a jump condition between M* (x, 7, z)
on z € R. There is a fundamental difference between the 3-component case and the 2-
component case, however:

Remark 4.1. Due to the presence of the analytic non-principal minors in the 3-component
case, if one defines the meromorphic matrices M* (x, ¢, z) as above, the resulting jump
condition involves a jump matrix which does not reduce to the identity in the reflection-
less case. This condition is necessary to be able to write down soliton solutions in closed
form. In order to obtain a jump condition that satisfies the above condition, one must
modify the definition of the meromorphic matrices in the RHP.

Explicitly, we define the meromorphic matrices M=*(x, 1, z) in (4.1) as follows:

M*(x,t, z)
A3 (2)

$—1(2) 1 ( o ()™, ) X3 (2) -i0()

A" Ap(2) % @) Ar1,2,31(2) 1@ ). A[1,2,3](Z)’¢+'4(Z) © ’

Imz > 0, (4.2a)
M~ (x,t,2)

_ A

$e1(2) X7 (2) 1 (X_ ) — (%j) (2) o ) ¢— 4(2) c—i0@)

T AR @ Apa @\ Apsa(z)? T A(2) '

Imz <O0. (4.2b)

Obviously these modified definitions of M* (x, 7, z) reduce to the previous ones when
the analytic non-principal minors are identically zero. It will be convenient to denote the
columns of M= asM* (x, 7, z) = (M5 (x, 1, 2), M (x, 1, 2), M5 (x, 1, 2), M (x,1,2)).
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The symmetries (3.16) and (3.22) for the Jost eigenfunctions and auxiliary eigenfunc-
tions, together with the symmetries for the principal and analytic non-principal minors,
then imply the following symmetry relations for the columns of M¥ in (4.2):

- iqy . - + iqy .
M] (X,I,Z)= 7M4(xataz )9 Ml (xat7z)=7M4 (x7t9z )’ (4.33.)
M}r(x,t,z) = Mj_(x,t,ﬁ*), Jj=2,3, (4.3b)

which hold for all z € C at which the above quantities are analytic. Using the defini-
tions (4.2), in Appendix A.4 we then prove the following:

Lemma 4.2. The meromorphic matrix M(x, t, z) in (4.1) satisfies the jump condition
M*(x,1,2) = M™(x, 1, )[1 — e "KOWIIL(7)elKONLD 2 e R (4.4)

where K = diag(—1, 1, 1, —1) as before and L(z) = (L,-,j(z)), with

2
Lia =2 e [pz(z) + —pz(z*)] — I (s +
v (2) qi ( )

L21(2) = —pi1(2) — 7+m 03,  L31(2) = —pa(z) — 7+,02(2*),03(Z),
L41(z2) = —p3(2),

p1(2)p1(Z5),

Lz =A@ g >[ p3(*) — — o)y B )—b(z)ﬁpz@ﬂ]
@) y( ) Z
L22(z) = —%a(x)m(z*), Li2(z) = —fa(z)pz(z*x Li2(z) = —a(2).
Li3(z) =b(z) + s |:q+ FE03EY) — ——pF (@)1 (ZF) — —b(Z),Oz(Z ):|
7@ y( )
2 2
L3(2) = — =2 p (F)pE ("), L33(0) = ——— ;G
’ zzy( ) - 2y(2)
Lis@) = (Z) P3G,
q+ iqs+ -
L14(z) = ——p3(2") + p1(2)p1(E") + —b(2)p2(Z7),
q+ ( ) Z
iq+ Iy .y
Ly 4(z) = ——p @, L3a@) = —7,02(2 ), Lia(z) =0,

and where for brevity we defined

A(1,4) (2) A(1,3) (2) B(1,2) (2) B(1,2) (2)

12 z _ . U2 23 _ 13
a@)=—""——-——mp@Q—"——, bQ)=—"——-p1@@)"—.
A2z igs A 2(2) Bi1,21(z) B1,21(z)

Note that a(z) and b(z) have explicit (albeit complicated) dependence on the reflection
coefficients in (3.25). The expressions for a(z) and b(z) simplify considerably when the
analytic non-principal minors are identically zero. Also, these expressions imply that
a(z) and b(z) vanish identically in the reflectionless case.
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Using the asymptotics of the eigenfunctions and scattering matrix in Sect. 2.4, we
obtain the asymptotics of the meromorphic matrices M* (x, 7, z) for z in the appropriate
half plane in a straightforward way:

Lemma 4.3. The meromorphic matrices M* (x, t, z) in (4.2) have the following asymp-
totic behavior for z in the appropriate half plane:

M*(x,t,2) =1+ 0(1/z), z— oo, (4.5a)
M*(x,1,2) = —(i/2)JQs + O(1), z — 0. (4.5b)

In passing, note that the sum of the leading-order asymptotic behaviors of M* (x, , z)
asz > oocand z — 0is E,(2).

Remark 4.4. As usual, the meromorphic matrices Mi(x, t, z) have poles in correspon-
dence with the discrete eigenvalues. As in Sect. 3.2, we now restrict ourselves to the case
in which the analytic non-principal minors are identically zero. Hereafter, we denote by
{z1,...,zn,} and by {wq, ..., wy,} the discrete eigenvalues of type I and IV, respec-
tively.

The relations in (3.35) and (3.37) easily yield the residue conditions for the RHP:

Lemma 4.5. The meromorphic matrices defined in Lemma 4.2 satisfy the following
residue conditions:

Res;—,, M* = (D, (x, ) M3 (x,1,2,),0,0,0),
Res,_; M* = (0, Du(x, M (x, 1, 50), 0, 0) ,
Res,—x M~ = (0, D, (x, )M| (x,1,2}),0,0),
Res.—s M~ = (0,0,0, D, (x, M5 (,1,2)))
Res.—y, M™ = (Cp,(x, )M7 (x, 1, wy), 0,0, 0)
Res,_; M* = (0, 0, Co (. )M (x. 1, i), 0) :
Res,—yx M~ = (0,0, C,(x, OM; (x, 1, w}),0),
Res.— s M~ = (0,0,0, C, (v, )M (.1, 7))

with
7 5%
Dn(_x’ [) — /Le*i(el *92)()5,1,111)’ bn(_x’ t) — dnlq[?;’i‘l(zn)e*i(& *92)()(,[,211)’
A1y @n) Ay (@)
> dn -0z A Ay i@1—00)(x 1,20
Dy(x,1) = ¢ woenl, Dy(x,t) = ————¢ ol
A[2,3,4](ZI1) A[I,Z](Z”)
~ Ak
Colrst) = — i@t & (e gy = CV“L‘/[3’—4]A(*wn)efi(01 ~6)(r b))
A[]](wn) A[4](wn)
= Cn (01 —62) (x,t,w) A Cn i(01—02)(x.t,wF)
Colx, 1) = /=00 € (x, 1) = ————e/ =0,
A/[3,4](w;§) A/[1,2,3](wn)
withn =1, ..., Ny in the equations involving z, andn = 1, ..., Ny in those involving

Wh.
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In addition, a straightforward consequence of the symmetries of the scattering matrix
and the symmetries of the norming constants in Theorems 3.22 and 3.23 is the following:

Lemma 4.6. The residue conditions in Lemma 4.5 satisfy the following symmetry rela-
tions:

. . _ D* ot R . %

Bue.) = 95D, By = 22D B = M e,
Zn v(zk 25y (Zn)

. . B c* t . *

Catroty = oy, Cuten = 2D 8 i =i e,
wn y(wn wny(wi’l)

where, as before, n = 1, ..., Ny for equations involving z, and n = 1, ..., N, for

equations involving wy,.

Note that in order to simplify the above symmetries, it was necessary to consider the
derivative with respect to z of the symmetry relations (3.23) and evaluate it at the discrete
eigenvalues.

Remark 4.7. Based on the above results, the inverse problem can be formulated in terms
of the following Riemann—Hilbert problem: Find a matrix-valued function M(x, ¢, z)
which is analytic in C\R away from the discrete spectrum, satisfies the jump condition
in Lemma 4.2, the asymptotics in Lemma 4.3 and the residue conditions in Lemma 4.5
(with the symmetries in Lemma 4.6).

The above RHP is regularized and formally solved in the usual way; namely, by subtract-
ing the leading order asymptotic behavior and any pole contributions and then applying
the Cauchy projectors

1
(Pef)@) = —— tim [—T &

——————d¢.
2wl e>0t R ¢ — (2 xis)

The Plemelj—Sokhotsky formulae then yield the following integral representation for the
solution of the RHP:

M R = M+ Res,—* M-
M(x,t,z) = E+(Z)+ z ( CSz=z, + 7=z} )

el Z—2n =2z}
Ni fRes,_; M* Res,_zx M™
+> —+ .
— 77—z z—2zk
n=l1 n n
No Res;—y, M+ Res;—yx M~
+ + ”
nel 7 — Wy z—w}
Ny (Res,—; M*  Res,_g: M~
+> n + L
— z—w 7 — wk
n=1 g n n

1 M~ (x,t,0) -~
LD 2R @)
27Tl ]R § - Z
where L(x, 7, 7) = e " KOLeK® gnd M(x, 1, z) = M* for Im z 2 0, as before.
To close the system, it remains to find appropriate equations for the columns of
M(x, t, z) appearing in the residue conditions in Lemma 4.5. As usual, this is done
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by evaluating the expression (4.6) for the regular columns of the solution of the RHP
at the appropriate discrete eigenvalues, which yields the following system of algebraic
equations:

M+(Z]) No CJM;(wj)

+2

M (x,t,2) =E41(2) + Z

j=1 Z—Zj j=I1 z—wj
Lo o= (4.72)
27i 1§§— P ST e e e
N DM (%) N CjMj (b
MiGt,2) = Bea()+ S —(f) s L“ff)
j=1 Z—Zj j=1 z—wj
——f(M L)4(§)§—, Z=2Zp, Wp, (4.7b)
D M+(z,) D; M (z ) de
M3 (x,t, Zn)—62+]§( = ~ 5= ]{{(M L)z(C)§ -
(4.7c)
CiMiah)) | CiMy (w?)
M3 (x, 1, wy) —63+j§( — - e f(M L)3(§) m—
4.7d)
DM} D;iM; (]
My (et 5) = e+ i( {9, ) JO1 L) 4
]= Z _ZJ ; n
(4.7¢)
+ C; M -
My (xtw)—e3+z Ci\/l(w,) : (w) L M™L)3(¢)
j=1 Wy — W) 2m ¢ n
(4.7f)

where again we denoted by {e j}‘}:l the standard basis for R* and omitted the (x, 7)-
dependence on the right-hand sides of all equations for brevity.

Remark 4.8. The integral representation (4.6) can be converted into a set of linear integral
equations in the standard way. The resulting equations formally provide, together with
the algebraic equations (4.7), the solution of the inverse problem.

Finally, evaluating the asymptotic behavior of (4.6) as z — o0, and combining
with (2.50) one obtains the reconstruction formula for the solution of the initial value
problem for the :

Corollary 4.9. The solution of the defocusing 3-component VNLS equation (1.1) with
the NZBC (1.2) and (2.1) is obtained from the solution of the RHP in Remark 4.7 as
follows:

qj(x, 1) =qsj—i Z Dy (x, )M}y o (x, 1, 20) — i Z Cun(x, )My 5(x, 1, wy)

n=1 n=1

—z—j(M—i),-H,](x,t,g)d;, j=1,23. (4.8)
TR
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Remark 4.10. The question of the existence and uniqueness of the solution of the RHP
can be answered in a manner very similar to the case of the defocusing Manakov system
with NZBC [15]. Namely, in the case in which no discrete spectrum is present one can
show fairly easily that if the RHP admits a solution, the solution is unique. The question
of existence is more subtle, however, and can be reduced to the study of the Fredholm
equation obtained from (4.4) using standard decompositions [5,6,20]. In particular,
existence can be proved if the index of the relevant Fredholm equation is zero. We omit
further details for brevity.

4.2. Trace formulae, asymptotic phase difference and reconstruction of the scattering
matrix. It remains to find trace formulae for the analytic minors of the scattering matrix.
As we show in the appendix, these can be obtained by setting up appropriate scalar RHPs
for these minors.

Lemma 4.11 (Trace formulae). If the analytic non-principal minors of the scattering
matrix are identically zero, the principal minors of the scattering matrix can be recon-
structed in terms of the scattering data as follows:

N _ N. _ —
A[]](Z) _ l—i Z Zn l—i Z Wy exp(—i Mdé‘)’ Imz > O7

n=12= 25 p=1 2 — Wy rig -z

(4.9a)
Niz—2, M2 z—w 1 ( )
Ano@) =11 A: I1 — w:l‘ exp(— f 8¢ , Imz >0,

n=1%< "%y n=1% 2mi 1¢1=40 &=

(4.9b)

where

R(¢) = |p3(0))? +m(|pz(§)| +1p1 @), ¢ €eR.

and where g(z) = |A|1|(z)|2f0r1mz >0and g(z) = |A|1](z*)|2f0r Imz <O.

The expressions of the remaining analytic minors of the scattering matrix follow
immediately from the above via the symmetries of the scattering matrix.

Remark 4.12. When the analytic non-principal minors are not identically zero, one can
exploit Corollary 2.29. A straightforward application of Cauchy’s theorem then yields
the value of these extra minors at any point in their respective regions of analyticity in
terms of their values along the real z-axis. Explicitly,

A (@) = 5= | A2 )—, Imz > 0,
199 = 3 {4007
plus corresponding expressions for the remaining minors obtained via the symmetries.
Moreover, the reconstruction formula (4.9a) remains valid when these extra minors are
not identically zero, while the function g(z) in the reconstruction formula (4.9b) for
A[1,2)(z) changes into:
2
|A[1](Z)|2 - |A (Z)’ Imz > 0,

3
0 = s
T awenr - lag H@F  mz<o
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Importantly, the analysis of the discrete spectrum when the extra analytic minors are
not identically zero presented in [44] shows that the pre-factors in (4.9b) also remain
the same in this case, provided that zy, ..., zy, and wy, ..., wy, continue to denote the
zeros of A[1)(z) not in common and in common with A[j 2)(z), respectively.

We can now compare the limit as z — 0 of (4.9a) with (2.52) to easily obtain the
asymptotic phase difference for the potential:

Corollary 4.13. The asymptotic phase difference AO = 6, — 6_ is given by

Ni No 1 d{
AG = -2 argz, —2 Y argw, + — [log[l — R(¢)]—, (4.10)
27 j e

n=1 n=1

with R(Z) as in Lemma 4.11.

Finally, we now show how to reconstruct the entire scattering matrix A(z) forz € R
in terms of the reflection coefficients, the discrete spectrum and extra analytic minors
along the real axis. Note first that a1 (z) = A[1)(z) and as4(z) = Aj1(z) = /2 A[11(2)
are obtained directly from the trace formulae above. Moreover, the scattering coefficients
a»1(z), az1(z), and a4 (z) can be obtained from the reflection coefficients and a;(z) =
A[1)(z) via the definitions (3.25), and the scattering coefficients a14(z), a24(z), and
a34(z) can be accounted for via the symmetries (3.1) of the reflection coefficients. It
thus remains to recover the entries in the second and third columns of the scattering
matrix A(z) from the knowledge of its first and fourth columns plus that of the minors
obtained from the trace formulae. This is done via the following result, which is proved
by elementary algebra:

Lemma 4.14. The entries in the second and third column of the scattering matrix A(z)
satisfy the following linear algebraic system:

C(2)y(z) =b(2),

where

¥(2) = (a3, axn, ar, asz, ain, a1z, aan, as)’
app 0 0 0 —as 0

0O ag; O 0 —an 0
0 0 all 0 0 —daj]
0

S o oo

S o oo oo

o 0 0 all 0 —da3]
CAO=1a 0 0 0 0 0 —ay :
0 agg O 0 0 0 —any
0 0 ayu O 0 0 0 —an
0 0 0 aw O 0 0 —au
um=(A@9&xAun&xA@§@deAaq@x

Agg@me4MAua@xA@®&xAnq@»?

and where a trivial dependence on z in the RHS of C(z) and y(z) was omitted for brevity.
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Note that the vector y(z) contains the scattering coefficients to be reconstructed, while
C(z) and b(z) contain known data (see the discussion above). Note that in two of the
components of b(z) we have used the symmetries (3.21) to express certain non-principal
minors in terms of Ay 2)(z) and A[3 4)(z). Also note

2
det C(z) = Z—;|Am<z>|8 [01)p2(2) — 2122 (D]

Thus, the entire scattering matrix can be reconstructed away from the zeros of the above
determinant.

5. Reflectionless Potentials and Soliton Solutions

Next we examine the case in which the reflection coefficients defined in (3.25) are
identically zero. As before, we will assume that the analytic non-principal minors are
identically zero.

5.1. Reflectionless potentials. As usual, the jump matrix L(z) in Lemma 4.2 is iden-
tically zero precisely when the scattering matrix is diagonal. Indeed, upon examining
the jump condition in Lemma 4.2 columnwise and using the properties of the scattering
matrix, we obtain the following result:

Lemma 5.1. If the analytic non-principal minors are identically zero, the scattering
matrices A(z) and B(z) are diagonal if and only if L(z) = 0.

Note that, without the assumption that the analytic non-principal minors are identically
zero, we would only be able to show that the scattering matrix in the reflectionless case
is block-diagonal, since we would not be able to conclude that the scattering coefficients
a23(2), a32(z), ba3(z), and b3y (z) are identically zero. The analysis of such a situation
is left for future work.

In the reflectionless case, the system of algebraic-integral equations (4.7) simplifies
to a closed system of linear equations:

MJr z M CiMF(w;
M (x,t,2) =E41(2) + Z (])+ > 3¢ j), z=2z,,w;, (5.la)
j=1 27z j=1 2= Wj
. M DMy (2% N CiMy (%) o
My (x,t,z) = Eq4(2) + Z sk —, z=2,, 0, (5.1b)
R
DM}z D‘M_(Z*-)
M3 (x, 1, Zn)_e2+z( 4(’) , (5.1¢)
=\ =z Zn
CiM CiMy (w*
MGt wy) = e3 + Z( M) (5.1d)
j=t\ W — W
o, Ny rGp) DMy (z*)
My (x,t,2)) = ey + Z( 2’*_17 (5.1e)
j=1 n J
, . N (CiMt;) CiMy (w*)
My (x,t, 1)) = ez + Z( J)* 4 uA)f (5.1f)
j=1 n J
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In the reflectionless case, the trace formulae in Lemma 4.11 reduce to the following:

Moz —z, Mz —w, Nz —Z, M z—w,
Am@ =[] L 11 = Ana@ =1 —= 11 . (5.2)
n=1% — %y n=1 3 — W, n=1% — 2, pn=1<— W,

In addition, the reconstruction formula (2.50) is also simpler:

Ny
qj(x, 1) = quj —i 2 Dp(x, )M, 5(x, 1, 2)

n=1

Ny
—i > Cpl(x, t)M;-'+]’3(x, t, wy), j=1,23. (5.3)

n=1

We now have all the information needed to construct explicit soliton solutions.

5.2. Pure soliton solutions. In this section, we explore the different possibilities for
reflectionless solutions. We construct explicit soliton solutions for each type of eigen-
value and exhibit a 2-soliton interaction.

5.2.1. Type I. Let z; be a type I eigenvalue, and assume that there are no other discrete
eigenvalues (i.e., we assume that Ny = 1 and N, = 0). Then we have A[jj(z1) = 0,

Ari21(z1) # 0, and A 2,31(z1) # 0.
When z; is the only discrete eigenvalue, the reconstruction formula (5.3) simplifies
to

qj(x,1) =qyj —iD](x,t)M;;m(x,t,z]), j=1,23. 5.4
In addition, the closed system of linear equations that comes from (5.1) is
Di(x,1)
=z
Di(x,1) izi Di(x,1)
71— 2} CgF -2

My (x,t,2)) = Ex1(2)) + M; (x,1,21), (5.5a)

M3 (x,t,21) = ex+ [ } M (x,t,2]). (5.5b)

Substituting the solution of the system (5.5) into (5.4) yields a soliton solution. Specifi-
cally, defining the following quantities:

=& +ivi = zle”, lal <go, 1 >0, di=di/A}E1) =817,
yields the following regular soliton solution:
qr(x, 1) = —iU, el E—CEI= DD sech U (x, 1) &
+g,e' @) [cosa — i sina tanh U (x, 1)] €3, (5.6)

where {€& j}i'zl is the standard basis for R3,

U, = sina,/q2 — |z1]?,

8
U(x,t) =vi(x —2&1t — x1), vix; = In 2101

201V/q2 — 21 *

A typical solution of this type can be seen in Fig. 1. We note how a solution of this
type is simply an analogue of a dark-bright soliton solution of the defocusing Manakov
system with NZBC, with bright part aligned with the first component.
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1q10x01 1q20x,01

= LK
e T
o TN

Fig. 1. A type I solution of the 3-component defocusing VNLS equation with NZBC obtained by taking
Ny =1,Ny =0,z =0.5¢"/4 g, =el™/2 d| = 1+2.75i, resulting in a dark-bright soliton whose bright
part is aligned along the first component of q(x, t)

5.2.2. TypelV. Letw; beatypelV eigenvalue, and assume that there are no other discrete
eigenvalues (i.e., we assume that Ny = Oand N, = 1). Then A[j(w1) = A[1,21(w1) =0
and Apy2,31(wy) # 0.

When wy is the only discrete eigenvalue, the solution that results from combining
the reconstruction formula (5.3) with the solution of the regularized RHP is

q](xvt)zq‘h]_lcl(xat)M;—.'.l’:}(x’ta wl)’ j=17253 (5‘7)
The closed system of linear equations that comes from (5.1) is

Cix,t

Ml_(xstv wT) =E+,1(WT)+#M;(X,I, wl)s (583)
w| — w

Ci(x,1) iw? Ci(x,1)

+
M3(x1tvw1)=e3+ * * ~
wip — wy qd+ w1 — wq

M (x,t,w}). (5.8b)

Substituting the solution of the system (5.8) into (5.7) yields a soliton solution. Specifi-
cally, defining the following quantities:

wi =& +ivi = [wile’, w1 <go. vi>0, & =ci/Apw) =y
yields the following regular soliton solution:

Qi (x, 1) = —iU, e €= E DD sech U (x, 1) &)
+goe! @+ [cosa — i sina tanh U (x, 1)] &3, (5.9

where U, and U (x, t) are as defined in (5.6), with ¢| replacing Jl, namely:

U, = sina,/q2 — |wi|?,

U(x’ t) = Ul(x - 2slt _Xl), ViX] = ln |w1|y1

2v1/g2 — w2

A typical solution of this type can be seen in Fig. 2. We note how a solution of
this type is simply another analogue of a dark-bright soliton solution of the defocusing
Manakov system with NZBC, with bright part aligned with the second component.

Of course, as in the previously studied cases, any combination of the two types of
eigenvalues is also possible. In particular, an example of a 2-soliton solution can be
seen in Fig 3. Note how the interaction results in a position shift for the bright parts of
the two dark-bright solitons, even though the bright parts are confined along orthogonal
components.
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lg1(x,0l lg2(x,01

Fig. 2. A type IV solution of the 3-component defocusing VNLS equation with NZBC obtained by taking
N1 =0,Ny =1,w; =0.5¢/7/2 g, =ei™/2 & = 1+2.75i, resulting in a dark-bright soliton whose bright
part is aligned along the second component of q(x, t)

£

P

“’s"‘\\\\\" e
\\\‘\\. s

Fig. 3. A 2-soliton solution of the 3-component defocusing VNLS equation with NZBC obtained by taking
Ny =Ny =1,z1 = 05¢//2, wy = 0.75¢!7/3, g4 = e/™/2, & = dy = 1 +2.75i. Note how the soliton
interaction results in a position shift for the bright parts of the two dark-bright solitons, even though the bright
parts are aligned along components orthogonal to each other

6. Linear Limit and Comparison with the Manakov System

6.1. Small-deviation limit of the IST and comparison with direct linearization. For the
defocusing NLS equation with ZBC, it is well known that the small-amplitude limit of
the IST coincides with the direct linearization of the PDE. Both are obtained by taking
the solution of the PDE to be O(g). In turn, in the IST, this implies that the reflection
coefficient is also O(e). In the case of NZBC, the corresponding situation is that in
which the potential is only a small deviation from the background (asymptotic) value.
We next show that, as one would expect, in the small deviation limit, the solution of the
VNLS equation obtained with IST coincides with the direct linearization of the PDE
around the constant background.

We first write down the linearization of the VNLS equation around a constant back-
ground and obtain its Fourier transform solution. To this end, we need to take 6, = 6_.
We can therefore use the gauge invariance of the VNLS equation to set 6, = 0 without
loss of generality. We write q+ = q, = (0, 0, g,), and we define

q(x’t)=q0+u(x9t)’ (61)

where u(x, 1) = (u1(x, 1), uz(x, 1), u3(x, 1))T = O(e). Thenu(x, 1) represents a small
perturbation of the background field q,. We insert (6.1) into (1.1) and neglect higher
powers of u to obtain a linearization of VNLS around the background solution:

i +uy, — ZqZ(u +u¥)q, = 0. 6.2)

We now find solutions of (6.2) using the standard Fourier transforms (except for an
inessential factor of 2 in the exponent, which was chosen to simplify the comparison
with the IST):
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1 : ‘
utr, ) = o [, Nes¥ds, (s, 1) =2 [u(x, e 2 Tdx. (6.3)
R R

Combining (6.3) with (6.2) yields V;(s,t) = V(s)V(s, t), where V(s, 1) = (a(s, 1),
% (—s, )" and

—4is? 0 0 0
0 —4is? 0 0
Veor=1 0 —i(ds’+2¢%)  —2ig?
0 0 2ig? i(4s% +2q2)

The solution of this system is
v(s, 1)
—4is?t

—4is?t

i1,0(s)e
i2,0(s)e
[s — (s2 4+ g2) /214y (5)e5674) 21 1[5 4 (52 4 ¢2) /2 Ag(s)e 436744 21 |7
[s + (52 + g2 721 A ()b 640D 2 1 4[5 — (52 4 ¢2) /2] Ay (5)e 46 40021
(6.4)

where i 0(s) = i j (s, 0) and the scalar functions A;(s) and A3 (s) are given by

AO) = gy i (179467440 o) + s + 67 46D 21 o ()
(6.5a)
1 R N
A20) = g {1 67 40D Pliso) + s + 67 40D it o ()
(6.5b)
The following symmetries are then evident by inspection:
A(=s) = —Ai(s),  A3(=s) = —Ax(s). (6.6)

We have found the solution of (6.2) in terms of given data, and this solution provides an
approximation of the solution q(x, #) of (1.1) in the small-deviation limit.

We now compute the small-deviation limit of the IST. Note Q. = Q_ = Q,, so let
AQ(x, 1) = AQx(x, 1) = Q(x, ) — Q,. The integral equations (A.2) become

X

po(x,1,2) =E@+ [ E@“VMOET 0)AQ(y, Hu-(y, 1, e Ay,
- (6.7a)
o6, 1,2) = B@) — | B0 AOE1 () AQQy, ey (v, 1, e 10 VAG)gy,
’ (6.7b)

where E;(z) = E_(z) =: E(z) since Q. = Q_. We therefore have ui(x,t,z) =
E(z) + O(¢) as ¢ — 0, and, recalling the scattering relation (2.16),

A@R) =1+ [e MAOE () AQ(y, 0)u—(y, 0, 2)e A dy. (6.8)
R
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Thus, A(z) = I+ O(e) as ¢ — 0. In particular, by looking explicitly at the O (¢) portion
of A(z), one obtains

pj(@) = [q;j(y,0e ¥ dy+0(?), j=1,2, (6.9a)
R

2

1
() = [Q% (y,0) — Z—;(fﬁ (y,0) — qo)] dy+0(e%). (6.9b)

Y@ &
Consider the case in which no solitons are present. In this case, in the solution (4.6) of the
RHP we need to only keep linear terms in the reflection coefficients p;(z) (j = 1,2, 3)
as defined in (3.25), so the reconstruction formula (2.50) yields the following behavior
for q(x,t) ase — O:

! . 2 1 itO
a0 = 4o+ 5 [ {[010)81 + ()] e OO
TR

+p3()e” M08} de + 0(e2), (6.10)

where, as before, {€ ]} | denotes the standard basis for R3. Next, to compare with the
linearization, we need t0 perform a change of variable in the above integrals. For the
first two terms in (6.10), we make the substitution { = 2s to obtain the following:

fpj(é-)efl.(QI*eZ)(X,l‘,f)dg- — 2fpj(2S)ef4l'S2tezinds’ ] — 1’ 2. (611)
R R

Then, comparing (6.11) with the Fourier transforms of the first two rows of (6.4) yields
ijo(s) =4mpj(2s), j=12 (6.12)

Reverting from ¢ to the original coordinates (k, A(k)), the remaining integral in (6.10)
simplifies as follows:

[ o370 E0de = [ e+ 2 pa(h, 2RO
R R\[—40.90]
dk
—(k = A(k)p3(—k, A(k))ezl““(“zk’)} (6.13)
Ak’
where the plus/minus sign results from the branching of A(k). To compare with the
Fourier transform of (6.4), we now make the substitutions k = (A% + qa)l/ 2 fork > q,

and k = —(A% + qg)l/2 for k < g, to obtain

(}LZ +q0)1/2

—2 402 12,
[ pag)e 0 10dg = f{z—zuz p3((A2 4 g2)1V2, pye 40 +a0)
R R (A +4q;)

(A +g)'?
_Wm(%ﬂ +45)' 2. 0)
0
X e4i)\.(}\.2+q3)1/2t} e2i}\xd)\“ (6.14)

It is evident from (6.5) and (6.14) that

p3(—(s2+g2)12,5)
(s2+g2)12 7

p3((s>+ g2, 5)
(s2+g2)1/2

Al(s) = Ax(s) = (6.15)
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Thus, apart from the possible contribution of the discrete spectrum, the leading-order
solution from the IST in the small-deviation limit coincides exactly with the solution of
the VNLS equation linearized around the background.

6.2. Comparison with the Manakov system. We now explore how the results of this work
can be applied to the Manakov system with NZBC [i.e., (1.1), where q(x, f) is now a
2-component vector]. Though a methodology to solve this problem was introduced in
[42] and made rigorous in [15], we show here that the results of this work can be used
as an alternative approach to solving the Manakov system with NZBC in the defocusing
case.

We first note that all 4 x 4 matrices become 3 x 3 matrices in the case of the Manakov
system. As a result, the scattering matrix has no analytic non-principal minors. Trian-
gular decompositions of the now 3 x 3 scattering matrix A(z) yield expressions similar
to (2.30), with

1 —apnk b3
a* (D" (z) = [0 au(z) b»(z) |,
0 b33(2)
a(z) 0
B (@)D (2) = [ an(z) b33(2) (6.162)
a31(z) —b32(2) 1
1 —bi2(z) ai3(@)
a@D (z)=1{0 b11(Z) a3(z)
0 az3(2)
N b11(2) 0 0
B()D (2) = | bai(z) az(z) O], (6.16b)
b31(z) —azpn(z) 1

where, in this case,
D*(z) = diag(1, a11(2). b33(2)). D7 (2) = diag(h11(2), asa(2). ).  (6.17)

We again compare with the results of [43] as in Theorem 2.16 to make the following
analytic extensions off the real axis:

ai1(2),b33(z): Imz >0, b11(2),a33(z) : Imz <O. (6.18a)

These analyticity properties were found for the Manakov system in [15] using an alter-
native integral representation of the scattering matrix. The present method of finding the
analyticity properties of the scattering matrix is more easily generalizable than the one
used for the Manakov system, due to the presence of extra analytic data in higher-order
cases.

We proceed as we did in Sect. 2.3; a complete set of analytic eigenfunctions is given
in each half plane by

xE 1, 2) = ME(x, 1, )DE(2)e @D Imz =0, (6.19)

with D*(z) now given in (6.17) and the meromorphic matrices M=*(x, 1, 7) given by the
same expressions as (2.29), where the 4 x 4 matrices are replaced with their correspond-
ing 3 x 3 counterparts. Similarly to the 3-component case, the first and third columns of
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these analytic matrices are simply ¢ 1 (x, ¢, z) and ¢+ 3(x, t, z), respectively, implying
that these Jost eigenfunctions are indeed analytic in the corresponding half planes. The
second column of each of the analytic matrices x *(x, 7, z) is an analogue of the auxiliary
eigenfunctions defined in the 2-component case [15,42]. We write the second column
of x*(x,t,z) as x(x,t,z) and the second column of y ~(x,1,z) as x(x,1,z). These
auxiliary eigenfunctions have the following decompositions for z € R:

x(x,t,2) = —ap(2)¢-12) +a11(2)p—2(2)

= b33(2)P+.2(2) — b32(2) P+ 3(2), (6.20a)
—X(x,t,2) = az3(2)p—2(2) — a3 ()¢ 3(2)
= —b12(2)p+,1(2) + b11(2)P+.2(2), (6.20b)

where the (x, )-dependence was omitted from the right-hand side of each equation
for simplicity. When inverted, these decompositions match exactly those found in the 2-
component system [ 15,42]. From here, the results are the same as in [15,42]. One simply
uses these decompositions to find the symmetries of the eigenfunctions and the scattering
matrix. The introduction of the so-called “adjoint problem” is not even necessary.

7. Concluding Remarks

The IST presented in this work was formulated under the assumption of existence. As
usual, however, one can now use the reconstruction formula for the solution obtained
from the inverse problem as a definition of g (x, ) and prove rigorously that this function
is the unique solution of the IVP. On the other hand, it should be obvious from the
discussions in the previous sections that the formalism is significantly more complex
than that for AKNS-type systems or that for problems with zero boundary conditions.
We conclude this work with a few additional remarks.

1. While no conceptual difficulties arise in analyzing the discrete spectrum and in solv-
ing the inverse problem in the reflectionless case when the analytic non-principal
minors of the scattering matrix are not identically zero, a comprehensive treatment
of these issues and the resulting soliton solutions in this case is not entirely trivial.
When the analytic non-principal minors are non-zero, one obtains solutions whose
bright component is not aligned with a single basis vector. but has a non-zero con-
tribution along both. Then the interaction of these solutions results in a polarization
shift of the bright components. Some such soliton solutions were presented in [16],
and a detailed treatment of a few admissible cases was reported in [44].

2. Atthe same time, an issue that has not been resolved yet is the identification of the
minimal set of scattering data from which the inverse problem should be defined
in the case when the analytic non-principal minors are not identically zero. On
one hand, the discussion in Sects. 4.1 and 4.2 might suggest that one must assign
the value of the analytic non-principal minors along the real z-axis in order to
uniquely specify the jump of the matrix RHP and to reconstruct all the entries of
the scattering matrix. (Things simplify somewhat in the reflectionless case, since in
this case the dependence of the jump matrix on the extra minors disappears. Even
in this case, however, one would need the value of the extra minors along the real
axis to reconstruct the whole scattering matrix.) On the other hand, the analysis of
the discrete spectrum when the extra minors are not identically zero (presented in
[44]) shows that, at least in the reflectionless case, it is sufficient to specify only the
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value of one extra minor at one point of each quartet of discrete eigenvalues. This
implies that one cannot independently assign the value of these minors along the
real axis. This suggests the existence of an additional trace formula, which allows
one to reconstruct the extra minors over their whole domain of analyticity in terms
only of the reflection coefficients and the value of these minors at one point of each
quartet of discrete eigenvalues. Such a formula has yet to be identified, however.
3. Theresults of this work establish a loose connection between the theory of integrable
systems and that of algebraic combinatorics via the Pliicker-type relations satisfied
by the boundary data for the analytic forms (e.g., see Eq. (44) in [43]), the quadratic
symmetry relations between the minors of the scattering matrix, and the resulting

non-trivial taxonomy of soliton solutions when the extra minors are non-zero [44].

A connection between the two fields was also recently observed in two-dimensional

systems in the study of the soliton solutions of the Kadomtsev—Petviashvili equation

[8-10,13,19,35-37]. To the best of our knowledge, however, it is the first time that

a similar connection has been reported for one-dimensional systems and within the

context of the IST.

4. The results of this work also open up a number of interesting theoretical issues in
addition to the one already mentioned above. To mention just a few:

(1) The possible existence of real spectral singularities. It is well known that, for the
scalar NLS equation, such singularities are not allowed in the defocusing case
with NZBC [26], but are possible in the focusing case with ZBC [54]. On the
other hand, the problem is open even for the defocusing Manakov system with
NZBC.

(i) The computation of the long-time asymptotic behavior using the Deift—Zhou
method [22,23] (see [32,46,47] for the defocusing scalar case with NZBC).
This problem is also still open even in the two-component (Manakov) case.

(iii) The development of the IST for the multi-component focusing case with NZBC.
Although all the main ideas from the defocusing case carry over to the focus-
ing case, already for the Manakov system, the focusing case with NZBC was
more involved than in the defocusing case, due to the presence of four distinct
fundamental domains of analyticity instead of two, and due to the fact that the
scattering problem is not self-adjoint [38].

(iv) A detailed treatment of the N-component case with N > 4. Although all the
formalism presented in this work (namely, tensors, triangular decomposition and
symmetries) can be extended to the general case in a straightforward manner, it
should nevertheless be clear that the treatment of the symmetries and the discrete
spectrum will be significantly more involved when N > 3.

(v) The development of the IST for the Manakov system and multi-component
VNLS equation with boundary conditions q+ which are non-parallel (though still
equimodular), and more general asymmetric NZBC for which ||q+| # [lq—]||.
The case of asymmetric NZBC for the scalar NLS equation was studied in [12, 18]
in the defocusing case and in [25] for the focusing case. A treatment of either
the focusing or defocusing Manakov system with asymmetric NZBC, however,
is still completely open.

It is hoped that the results of this work and the above discussion will motivate further

investigations on these and related problems.
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A. Appendix: Proofs

This section contain the proofs of the results in the main text.

A.l. Direct problem.

Derivation of Volterra integral equations for the Jost eigenfunctions. We subtract off the
asymptotic behavior of the potential and rewrite the first of (1.3) as

(p£)x = X1d+ + AQ+ o+, (A1)

where AQ+ = Q—Q.. Introducing the modified eigenfunctions u4 (x, ¢, z) asin (2.13)
and the integrating factor ¥4 (x,1,z7) = e_’@(""*Z)E;1 (D) (x, 1, 2)el®01D we can
then formally integrate the ODE for w4 (x, ¢, z) to obtain the linear integral equations

po(x,t,2) =E_(2) + f E_(z)e/«VADE " (7)

—00

X AQ_(y, Hu—(y, 1, 7)e N4y, (A.2a)
0 .
pe(x,1,2) = Bp(z) — [Ey(2)e! T VAOET ()
X

X AQ4(y, s (y, 1, z)e HEVAG gy, (A.2b)

One can now rigorously define the Jost eigenfunctions as the unique solutions of (A.2)
forall z € R\ {0} as long as (1+ |x|)(¢(x, 1) —g+) € L' (R*). These results are proved
much in a similar way as for the two-component case, and we refer the reader to [15]
for details. O

Proof of Lemma 2.11. Combining the scattering relation (2.16) with the definitions
(2.29) of the fundamental meromorphic eigenfunctions yields ¢, (x, ¢, z)A(z)ai(z) =
¢+(x,t,2) ,Bi(z). Solving for A(z) yields the desired triangular decompositions. O

Proof of Lemma 2.14. Due to the constraints on o (z) and ¥ (z) given in Theorem 2.8,
the decompositions in Lemma 2.11 are unique. Simply finding triangular decompositions
of the scattering matrix with the given constraints yields the matrices in (2.35) due to
this uniqueness property. O

Proof of Theorem 2.16. The analyticity of the explicitly given principal minors of the
scattering matrices follows directly from Corollary 2.15, while the analyticity of the
remaining principal minors follows from applying the identity in Lemma 2.13. The
analyticity of the given non-principal minors follows from an examination of the off-
diagonal entries of the matrices defined in Theorem 2.8. O

Proof of Lemma 2.18. The lemma is proved using the asymptotics in Theorem 2.7. Sim-
ply put, if any of the eigenfunctions were to have a pole of higher order, then said
asymptotics could not hold. O

Proof of Theorem 2.19. The results of Lemma 2.18 show that multiplication of
M=*(x, 1, z) by the matrix D*(2)e/®*-1:3) respectively, removes any pole contributions
from the Aji (z) (j = 1,2, 3). The resulting columns are analytic solutions of both parts
of the Lax pair, and we will see later that they become linearly dependent only at zeros
of certain principal minors of the scattering matrices. 0O
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Proof of Lemma 2.20. The asymptotics (2.41) follow by multiplying the relations
in (2.24) by the matrices D*(z) for the appropriate regions of analyticity and noting
that the resulting expressions still hold when z € Z*. The asymptotics (2.42) then
follow from expanding the columns of (2.41). O

A.2. Symmetries.

Proof of Proposition 3.1. We obtain the results directly by noting that k*(z*) = k(z)
and JQ = —QJ and by using the facts that —JXT(x,t,z*)J = X(x,t,7) and
—JIT(x, 1,293 = T(x,t,2). O

Proof of Lemma 3.2. 'We use Proposition 3.1 with
wi(r,,0) =J¢L(x,1, 917", zeR, (A3)
and note that for all z € C, [¢/®*12)]F = ¢=1OW.1.2) Tt i5 easy to see that
wi(x,r,2) = JIEL(2)] '¢®®D 4 o(1),  x — £oo. (A4)

Since both w4 and ¢+ are fundamental matrix solutions of the Lax pair (1.3), there must
exist an invertible 4 x 4 matrix C(z) such that (3.1) holds. Comparing the asymptotics
from (A.4) with those from (2.11), we then obtain (3.2). 0O

Proof of Theorem 3.5. First, we use the symmetry (3.1) (which contains the inverse of
a transpose of a matrix) to obtain representations of the columns of ¢} in terms of
generalized cross products of other columns of ¢4 (for z € R). Then, we combine
these representations with the decompositions (2.44), simplify, and apply the Schwarz
reflection principle (as in the Manakov system). 0O

Proof of Lemma 3.9. We verify (3.12a). The rest of (3.12) are proved similarly. First,
replace vy, vz, and v3 in (3.7) with ¢_ 1, x; , and ¢, 4, respectively. Since z € R, we
may apply the decompositions (2.43) to obtain

LI* 1. ()% 5 4] = af\ b L9 1, dF 5. ¢* 51 +af by LIg* 4 &% 1, ¢% 5,

where the (x, 7, 7)-dependence was omitted for brevity. Combining the results of Corol-
lary 3.6 with the symmetry (3.9) and (2.43) yields the following:

P JL[¢F | (XD bF 4] = buyl—asmsd_s+aud_31=buyx; .

where, again, the (x, ¢, z)-dependence was omitted for brevity. An application of the
Schwarz reflection principle completes the proof. O

Proof of Lemma 3.11. We use Proposition 3.10 and we note that
O(x,1,7") = KO(x, 1, 2), (A.5)

where K = diag(—1, 1, 1, —1). For z € R, define w1 (x, t, z7) = ¢+ (x, t, Z*). Since w
and ¢4 both solve the Lax pair (1.3), there must exist invertible 4 x 4 matrices I11(z)
such that (3.14) holds. Comparing the asymptotics of (3.14) with the asymptotics from
(2.11) yields

EL (3*)e'KOWLI, (z) = By ()e! @19, (A.6)
which yields (3.15). O
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Proof of Lemma 3.12. We verify (3.22a). The rest of (3.22) are proved similarly. First,
we evaluate ¢_ »(x, ¢, z) via (2.44) at qg /z and then apply the symmetry (3.17) to obtain

_ 1
a= |:;]—+a42¢,4 + X;(QZ/Z):|

g+ a44

1 _ 1 _ as3
= Xo ——Busyxs —\ —B.3+ B4 )¢—,4:|,
B2 [ > am (1,2) 3 (a44 (1,2) (1,2)
where the (x, 7)-dependence was omitted for brevity and any function other than x; with

z-dependence is evaluated at z. We solve for x5 (qg /z) and use analytic continuation to
obtain the desired result. O

Proof of Theorem 3.13. Evaluating (3.22b) at z = Z} and combining the result
with (3.19) and (3.17) yields

X3 (x,1,20) = [A[1,2,3](Z0)X3_(2$) — A( )(ZO)X{(fz)} :

TN 1,2
A3 41(23) 13

Next, combine (A.7) with (3.22¢) and (3.22d) and simplify to obtain
efiAG
A11.21(z0) A3 41(25)

X;(-x9 ta ZO) =

X [A[l](zo)A[1,2,3](za) + A(ig) (ZO)A(}%) (Zo)] X3 (x, 1, 20).

The result then follows easily from the symmetries of the scattering matrix. Note that
the same result can also be derived at all points z,, at which X; (x,t,z0) #0.

Next, since all the minors involved in (3.23) are analytic in the UHP, and the zeros
of analytic functions [in this case xJ (x, 7, z,)] are isolated, one can also obtain (3.23) at
those points where xJ (x, 7, z) is zero by simply taking the limit of all quantities involved.

O

A.3. Discrete spectrum.

Proof of Lemma 3.18. 1t is easy to show that if v(x, 7, k) = (vy, v2, v3, v4)T is any
nontrivial solution of the scattering problem,

4 ’ 9 ) 4
— itk — k%) 2 loa(x, 1, 2|7 = Py [Ivl(x,t,k)l -

n=1

[v, (x, 2, k)|2} . (A
n=2

Now, integrate (A.7) from —oo to co. If v(x, 7, k) € Lz(]R), the right-hand side is zero,
but since

[Iv(x, 1, k)[I*dx # 0,
R

this implies k* = k, i.e., z € R or z € C,. However, for z € R, the eigenfunctions do
not decay as x — 400, and therefore, v(x, ¢, k) cannot belong to L2(IR). Thus, the only
possibility leftis z € C,. O
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In the proofs that follow, it will be useful to note the following:

. [ 05 ’
lim [eff2@.1.20)| — |20l > g0 (A.8a)
X—>00 00, |zol < qo»

lim |20z | — ] 00 120l > do. (A.8b)
X—>—00 0, lzol < go-

Proof of Theorem 3.21. The numbering of the cases in this proof corresponds to the
numbering in Table 1. To prove the theorem, it is enough to exclude cases III, VI and
VIL

Case I1I. This case is not compatible with the symmetries (3.23). In fact, when the
analytic non-principal minors are identically zero, the left-hand side of (3.23) is zero,
while the right-hand side is not. Therefore, we can exclude this case.

Case VI. If Ain(zo) = Apn231(zo) = 0 and Ap12)(z0) # 0, the symme-
try (3.17) then implies Aj13(Z,) = A[1.2,31(Zo) = 0. We apply the symmetries (3.34)
to find that xJ (x, 1, Z,), x3(x.1,20), X (x,1,2}), and x5 (x, 1, 2}) are all zero. Sup-
pose A[12)(Zo) # 0. Then the symmetries (3.34) imply x5 (x,?,20), x3(x,1,20),
Xy (x, 1, Z»), and x5 (x,t, z») are all zero. Using the same arguments as above, the
left-hand side of (3.5d) must then be zero at z = z,, which is a contradiction.
Thus, Aj12)(Z,) = 0. However, since x3(x,1,Z,) is zero, symmetry (3.34d) implies
X3 (x, ¢, zp) is zero. Similarly, we find that Xy (x,t, z») is zero. We arrive at the same
problem as before [namely, that the left-hand side of (3.5d) must have a zero at z = z,].
Therefore, we can exclude this case also.

Case VII. Suppose Aq11(z0) = Aq1,21(20) = Ar1,2,31(z0) = 0. We note that atleast one
auxiliary eigenfunction must be nonzero at each point in the eigenvalue quartet consisting
of 2o, 2}, Zo, and Z};. Indeed, suppose x;(x,t,2,) = x3(x,1,2,) = 0. We can then
introduce X3 (x,7,2) = x; (x,t,2)/An2)(z) and X3 (x,1,2) = x3(x,1,2)/An2(),
which are then finite at z = z,.

Since the left-hand side of (3.31a) has a triple zero at z = z,,

det(¢—,1(-xv t, Z(])’ )2;()6', ta Z())v X;(xa tv Z())a ¢+,4(x7 ta Z())) = 0

Suppose now )25’ (x,t,z0) = 0. Then the cross product in the right-hand side of (3.5d)
will have a triple zero at z = z,. Since the zeros of the minors are simple, we con-
clude ¢_ 4(x,1,z}) = 0, which is a contradiction. Thus, f(;(x, t,20) # 0. Similarly,

2;()(, t’ Z()) 7é 0'
Then there exist constants (not all zero) such that

bop—1(x,1,20) — b1 X3 (X, 1,20) — baX3(x,1,20) — b3sa(x, 1,20) = 0.

If b, = 0, then the left-hand side of (3.5a) will have a zero at z = z,, which is a
contradiction. Thus, b, # 0. Using (3.5), we find that
b3672i02(zn)
2boAE]](Zo)AE1’2](Z())
. b?aA/[lyz’g,](Zo)
boA/[l](Zo)

[¢—4(zp)]" JL{¢+.4(20)s %3 (20)s X3 (20)]

[#+.1(zp)]",
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where the (x, #)-dependence was omitted for brevity. However, this is a bound state,
which contradicts Lemma 3.18 since |z,| # ¢,. Thus, at least one of X2+ (x,t, z,) and
X; (x,t, z,) must be nonzero, and similar results follow for the remaining auxiliary
eigenfunctions.

Now, we assume that the auxiliary eigenfunctions are not zero at any of the points
in the eigenvalue quartet. The case in which any one of the auxiliary eigenfunctions is
zero at a point in the eigenvalue quartet will be considered next.

Again, recall that the left-hand sides of the symmetries (3.12) must be analytic for
all z in their corresponding domains of analyticity. Specifically, since x, (x,, z) and
X3 (x, t, z) are analytic for all z in the lower-half plane, we have

Llg— 1, X3, $+41(x, 1, 20) = LIp— 1, X3, $+,41(x, 1, 25) = 0.

Then a nontrivial linear combination of the eigenfunctions in each of these cross products
must be zero. This statement is strengthened by Lemma 3.18, which states that for
eigenvalues off the circle C,, bound states cannot exist. A bound state would result if
¢—.1(x,t, z,) were proportional to ¢, 4(x, t, z,), so we may conclude that there exist
constants such that

X;(-x» t’ ZD) = CO¢—,1(-xs tv ZO) + cl¢+,4(-xv t, ZO)v
X;(xv tv ZO) = dod)—,l(-xv t1 ZD) + dl¢+,4(-xa t’ ZO)' (A9)

Here is where the asymptotics (2.42) of the eigenfunctions as x — =00 and the expo-
nential behavior (A.8) of the auxiliary eigenfunctions are important. Suppose |z,| > ¢o.
Then the left-hand sides of (A.9) vanish as x — oo, while the right-hand sides do not
unless ¢, = d, = 0. Explicitly, we have

X;(xvtv Z()) =C1¢+’4(X,[, Z())a X;(-x7ta Z()) =d1¢+,4(xa [7 Z())- (Alo)

No additional information is obtained by taking the limit as x — —oo. Similarly, we
obtain

Xy (1, 2p) =Cigen(x,1,2), X3 (6, 1,25) = digea(x,1,25), (Al

where ¢ and d; are constants.

Note that since we are assuming the auxiliary eigenfunctions are nonzero at z,, then
c1dy # 0 and ¢1d; # 0. Moreover, (A.10) imply that xJ (x, 7, z,) and x3 (x, 1, z,) are
proportional to each other:

2!
X;(xvta ZU) = d_lx;(xatv Z())' (Alz)

‘We now need to again examine the symmetries (3.5). As before, the left-hand side of
each symmetry is an analytic function in its corresponding half plane, but note that the
right-hand sides of (3.5a) and (3.5d) have denominators with double zeros at z = z,,.
In order for the left-hand sides to actually be analytic at z = z,,, the numerators of the
right-hand sides must also have double zeros at z = z,. Namely, we have

L/[¢—,11 X;ﬂ X;](xv tv ZO) = L/[X;, X;a ¢+,4]('x7 ts ZD) = 09

where the prime denotes differentiation with respect to z. Combining this information
with (A.10) then yields

L[¢—,11 d1X2+,Z - CIX;’Z’ ¢+,4](x1 tv ZU) = 0
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Suppose d X{Z(x, 1,20) = C] X;,z(x’ t, Z0). It is easy to see using simple algebra that
combining this assumption with the expression for ¢, 1 (x, ¢, z) obtained using the sym-
metry (3.5a) yields ¢, 1 (x, t, z};) = 0, which is a contradiction since ¢, | (x, £, z) is one
of the Jost eigenfunctions. Then as a result of this, there exist constants (not all zero)
such that

bod)—,l(x’ tv Z()) +b1[d1X£Z(~xs tv ZU) - ch;—,Z(-xv t’ Z())] +b2¢+,4(-x1 tv Z()) = 0

Itis easy to conclude that b; # 0 by using Lemma 3.18. Suppose b, = 0. Then as above,
we combine this assumption with the expression for ¢, 1 (x, ¢, z) obtained from (3.5a)
to obtain ¢, 1(x, t, z) = 0. Again, this is a contradiction, so we may rescale these new
constants and write

b1 (x,1,20) = bildixy (X, 1, 20) — c1x3, (X, 1, 20) ] + b2y 4(x, 1, 25). (A.13)

The expressions in (A.10) and (A.13) are of great importance. Specifically, combin-
ing them with the symmetries (3.5) and (3.12) yields expressions for x, (x, ¢, z}) and
x5 (x,t,z5) in terms of ¢y 1(x, 1, z);). We note, however, that combining these results
with (A.11) yields ¢, 1(x, ¢, ;) in terms of ¢_ 4(x, ¢, z};), which is a bound state.

Finally, let us consider the case when only one of the two auxiliary eigenfunctions
is zero at z,. Let us assume x5 (x,1,2,) = 0 while x3(x,?,2,) # O (the other case
can obviously be dealt with analogously), and suppose |z,| > ¢g,. We then introduce
X5 (z) = x5 (2)/Aq1,21(z) which is finite at z = z,,. Following the same logic as above,
one can show that

X3 (X, t,20) = dippa(x,1,20), di #0. (A.14)

From (3.5a) and (3.5¢) we then find that

LIX3, x3» +.al(x,1,20) =0, (A.15)
Ll 1. %3 x31(x. 1, 20) = 0, (A.16)

and both zeros need to be simple (otherwise the left-hand side of (3.5a) and (3.5¢) would
be zero). Now, (A.15) is satisfied in virtue of (A.14), while (A.16) implies that there
exist constants (not all zero) such that

b0¢—,1(.x, t, Z()) - leA;(-x7 tv ZO) - bQX;(.X, tv ZO) - 0

b, cannot be zero, otherwise b1 X5 (x, 1, zo) + b2 x5 (x, t, zo) = 0, together with (A.14),
would imply that the zero in (A.15) has multiplicity two. Consequently, we can write

by . by
G 1(x,1,20) = — X3 (X, 1,20) + — X3 (x, 1, Z0).
b, b

o

Since |z,| > ¢qo, the right-hand side of the above vanish as x — oo (cf the exponential
behavior (A.8) of the auxiliary eigenfunctions), while the right-hand side does not, hence
we arrive at a contradiction.

All the arguments above can be repeated for |z,| < g,, and one arrives at a contra-
diction as well. Therefore, we can exclude this case. The remaining cases do not lead to
contradictions. O
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Proof of Theorem 3.22. Since A[11(z,) = A[2,3,41(z;) = 0 and the denominators on the
right-hand sides of (3.34b) and (3.34d) are not zero at z = z} and z = z,, respectively,
we conclude

X3 (. 1,20) = x5 (x,1,25) = 0.

The symmetry (3.33) implies immediately that Aj; 2)(Z,) = 0. The left-hand side of
symmetry (3.12b) is zero at z = 2, so {¢+.1, X, , ¢— 4} is a linearly dependent set at
7z =23 If x, (x,1,2}) = 0, then the symmetry (3.34c) implies x5 (x,7,z,) = 0. We
already know that this cannot occur, so x, (x, 1, Z¥) is nonzero. Similarly, Egs. (3.12d),
(3.34a), and (3.5b) imply that x; (x, 7, Z,) is nonzero as well.

Equations (3.31) then imply that there exist appropriate constants (not all zero) such
that

ﬁ0¢—,1(-x9 ta Zo) + ﬂlX;(xv tv ZO) + ﬁZX;(x, l9 ZD) + ﬁ3¢+,4(x1 tv ZO) = 0a
Bod+1(x, 1, 25) + Bixy (x.1,2,) + Paxz (x,1,25) + Bap—a(x, 1, z;) = 0.
If B, = 0, then the set {xJ, x3, ¢+.4} will be linearly dependent at z = z,,. Then the
left-hand side of the symmetry (3.5a) will be zero at z = z,, which is a contradiction.
Similarly, if 81 = 0, the set {¢+.1, x5, #— 4} will be linearly dependent at z = z», and
the left-hand side of (3.12a) will be zero at z = z};, which is another contradiction.
In addition, since x3 (x,7,%,) = x5 (x,t,2}) = 0, Egs. (3.12b) and (3.12d) imply
the existence of appropriate constants (not all zero) such that
Bobs 1 (x,1,23) + Bixy (x,1,23) + Pagp— a(x,1,23) = 0,
Bod—1(x,1,20) + Bix3 (x. 1, 20) + Pagps a(x, 1, 2,) = 0.

We obtain a bound state if either §; = 0 or ,@ 1 = 0, and we can use an argument similar

to the one above to show that ,32 # 0.
Knowing that certain norming constants cannot be zero allows us to rescale them and
write

G- 1(x,1,20) =dixs(x,1,20) +dox3 (X, 1, 20) + d3¢pr 4(x,1,20), (A.17a)
X5 (1,20 =dige1(x,t,20) +daxy (x,1,2)) +dsp_a(x,1,2}), (A.17b)
G_a(x. 1,20 = dixy (x.1,2) + dogpe 1 (x, 1, 2)), (A.17¢)
XF e 1, 20) = dipea(x, 1, 30) +dap— 1 (x, 1, 20). (A.17d)

where each d;, d j, etc. is a constant. Applying the second symmetry to (A.17¢) and
(A.17d) and then comparing with the rest of (A.17) yields

v ] A . v . .
d = —gme’Aedl’ dr = _e—l(9++9—)d2’ dz =0, (A.18a)
q* A[1,2,31(20)
i _ 14 Aw() i80F, Gy — _ig— Ap(z) 25, dy—o0.
25 Ap4(z3) 2k Ap4(zo)
(A.18b)

Next, we evaluate (3.5b) at z = z¥, take the complex conjugate, and apply (A.17b) and
the symmetries of the scattering matrix to obtain
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¢7,1 (x7 t, Zo)
d_l*eZiez(x,t,zo)

- JLIG+ 1 (x, 1, 25), x5 (X, 1, 25), p—alx, 1, 2)]"
A[1,2](10)A[1,2,3](20) + o 3 0 :

(A.19)
Comparing (A.19) with (3.12a) yields
V(ZO) Tk +
_1(x,t,20) = ———d{ x5 (x, 1, 20). (A.20)
¢-1 T An(zo) 1% ’

Then, comparing (A.20) with (A.17a) yields

_ A *
gy = A2l (A21)

v (z})

We conclude dy = 0. Similarly, 32 = c?z = 0. We can then rescale the arbitrary constant
dj to obtain the desired symmetries.

Finally, we show that |z,| < g,. We do so by combining the asymptotics (2.42) with
(A.8). We rewrite the first of (3.35) as

+ 10> (x,t,z
— s by o - s by 0-
G—1(x,1,20) = crm3(x, 1, 7,)e' 212

Suppose |z,| > ¢,. Then the left-hand side of this equation vanishes as x — —oo, while
the right-hand side vanishes as x — oo. This is a bound state, which cannot occur. We
arrive at no such contradiction when |z,| < g,. O

Proof of Theorem 3.23. Note that the left-hand sides of (3.34a) and (3.34c) will have
poles at z = 7} and z = z,, respectively, unless the following is true:

Xz_(xvtv Z:) = X;(X,t, Z()) = 0

This time, the symmetry (3.33) implies that Aj 2)(Z,) # 0.

Note that (3.12a) implies that the set {¢,. 1, x5 , ¢— 4} is linearly dependent at z = z},
while (3.12c) implies that the set {¢_ 1, X3, ¢+,4} is linearly dependent at z = z,. As
above, x5 (x,1,z}) and x3(x,?,z,) are both nonzero. Then there exist appropriate
constants (not all zero) such that

a0¢+,l(x’ ta Zz) +alX§(X, t5 Zz) +a2¢*,4(~x’ t7 Z:) = 07
&Dd)—,l(x’ tv Z()) +&1X;—(-x’ t» Z()) +&2¢+,4(-x7 ts ZO) = 0

Itis obvious that oy # 0, as a bound state would result otherwise. Suppose @, = 0. Then
as above, the left-hand side of (3.5a) will have a zero at z = z,,, which is a contradiction.

It is easy to see from (3.5) that neither X; (x,t,Z,) nor X; (x,t,Z,) can be zero (the
left-hand side of (3.5d) would be zero at z = Z,, otherwise) and that neither x, (x,?, z)
nor x; (x,t,z) can be zero at z = Z} (the left-hand side of (3.5c) would be zero at
z = z otherwise). Then (3.31) implies that there exist appropriate constants (not all
zero) such that

Aos 1 (X, 1,20) +a1xy (x,1,25) +@2xsy (X, 1,2) +@3¢_ 4(x,1,2)) =0,
&0¢—,1(x1 tv 2()) +&1X;(-xs tv 20) +&2X;(x3 tv 2()) +&3¢+,4(-xs t» 2()) = 0
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Suppose @3 = 0. Then the left-hand side of (3.5d) has a zero at 7 = Z,, which is a
contradiction. Similarly, &, # 0.

Knowing that certain norming constants cannot be zero allows us to rescale them and

conclude that

G- 1(x,1,20) = c1X3 (X, 1, 20) + C2p1 4 (X, 1, Z0), (A.22a)

Xz (X, 1,20) = Cropy 1 (x, 1,2) + o 4(x, 1, 2)), (A.22b)

¢*,4(x7 t’ 20) = élX;(xr t’ 2()) + 52¢+,1 (-x’ t7 2(}) + 53X;(x9 t’ 2())’ (A22C)

X3 (0, 1,20) = Cloaalx, 1, 2) +Cap— 1 (x, 1,25) + &35 (x, 1, 25), (A.22d)

where each ¢}, ¢j, etc. is a constant. Applying (3.16) and (3.34) to (A.22a) yields

iqi n A/I,Z (z0) . _ n iq “
G, 1,2 = DA e ey 701, 20 = e (x, 1, £)). (A23)
2o A[l](Z()) 2o

Comparing (A.23) with (A.22c) yields the first of (3.38) as well as

Cy = —ei(9++9_)6‘2, ¢3=0. (A.24)
Similarly, applying (3.16) and (3.34) (A.22b) yields

iq* Al 3 41(25) ige Al 3.41(25)
8 = CI_MEI, 8y = _ﬁMEZ’ 63=0. (A25)
* / * * / *
% Apa ) %5 Apa)

Next, we evaluate (3.5d) at z = z}}, take the complex conjugate, and apply (A.22d) and
the symmetries of the scattering matrix to obtain

A%
¢ a(x,t,2,)
cA‘TCZiOZ(x’t’Z")

 ApgCHAR34EY)

JLIGp—1(x,1,20), X3 (x,1,20), Pralx,1,20)]"

(A.26)
Comparing (A.26) with (3.12d) yields
2
R 25 V(@) e — o
b a(x,1,2)) = 5 ————Cx3 (x,1,2}). (A.27)
T g2 Ap Gy ?
Then, comparing (A.27) with (A.22c¢) yields
2
& = o Y @o) & =0. (A.28)

Ty —AC b
a2 Apa@p) !
Note that ¢, = 0 implies ¢; = 0. Following a similar method with (3.5¢), we obtain

5 .
A ) o A
9, An,21(Zo) o & =0. (A.29)

R T
In addition, note that ¢; = 0 implies ¢; = 0. Finally, the rest of (3.38) is obtained by
combining (A.29) with the first of (3.38), the first of (A.25), and the symmetries of the
scattering matrix. We can then rescale the arbitrary constant ¢ to obtain the desired
symmetries.

The proof that |z,| < g, is similar to that in Theorem 3.22. 0O
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A.4. Riemann—Hilbert problem, reflectionless potentials and soliton solutions.

Proof of Lemma 4.2. We suppress all (x, ¢, z)-dependence when doing so introduces no
confusion. In addition, Lemma 2.13 will be used throughout to write some minors of
B(z) in terms of the corresponding minors of A(z). Using the scattering relation (2.16),
we obtain

a4 a4 as4 D4
Pra=——Ps1 — — 12— —Pi 3+ ——.
ass ass ass ass

Combining this with (2.44a) and (2.44b) yields

B B _
b | @t b o ("G5 CEI) )| e x
* ass  ass by asa \ b1 By Bi1,2) T ay A[2,3,4]
Anyg
azs 1 _ (3:4) _ -4
o X3 — — Xy |+ (A.30a)
asy A4 Ap34 Alg
We combine this with (2.16), (2.44a), and (2.44b) to obtain
B B2
$-1 ] a1 biy a3y [ bia (1,3) B (2,3)
A a1 b1 ann \ b1 Bnzy By
B B
_an (s aubn an (o705 63 1
an \ ass  asa byy ass \ b1 By Bz +’
+[@_ﬂaﬁ]i+[@_aﬁaﬁ}
ail anasa ] Apz4l Lain  an a4
Ay
1 _ Gy as) $— 4
X3 — — Xy |t —— (A.30b)
Al3.4] A,3.41 an A
We then combine (2.43a) and (2.43b) with (A.30a) to obtain
A Ansy Ana
1 - (1,2) o = b [ b (1,2)+ (1,2)
An 2] 2 A[1,2,3] 3 by by Ay Ap
B2y B2
o (e abi s (02705 TGV
ass asa by ase \ b1 Brizap Bz *
Ansy Ana -
| _ 3 b3 (1,2) (1,2) Xa
ass \ bas Ay Apg Ap3.4
Ansy Ang
azs | baz (1,2) (1,2)

ass | bag A1) Apz
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Ay
1 e (5:2) X
Apa |7 Apsag™?

X

(3, M0

b _
=12 12) | -4 (A.30¢)
bas A2y Apna | A
Finally, combining (2.43c) and (2.43d) with (A.30a) yields
By Bipg
X3 by (1,3) B (2,3)
Al1,2,3] bui B Bno
B2y  Bipo
biy (s awbi a (b2 "3 "GIN |
bas \ asa  asabyy  asa \ bi1 By By "
- A4
ax by X, azs bz | 1 - Gd
=22 4]+ —== X3 — ——X;
ass bag App3.4) ass bas | Apz 4 Ap2,3,4]
bz ¢
bz doa (A.30d)
bas Apa

Collecting (A.30) and writing the expressions in terms of the reflection coefficients in
(3.25), the jump condition (4.4) follows. O

Proof of Lemma 4.11. We firstderive the trace formula for A[1}(z). A cofactor expansion
along the first column of A(z), combined with the symmetries (3.9), yields

2

1 1
- [|a41(z)|2— Zzz_qz (|a31<z)|2+|a21|2)]

@b lai1(z)|? 5

(A.31)

We now combine this expression with the definitions of the reflection coefficients in
(3.25) and take the logarithm of the result to obtain

logayi(z) —log[1/b11(2)]

2
= —log [1 —1p3(2)° - Zf_qznpz(zn% |p1<z)|2]]. (A32)

o

We define the following quantities:

Nz —zp M2z —wp

Bi1(2) =an(@ [] I ,
n=1 Z—2Zn n=1 Z— Wy
Ny _ % Np ok
o 7 Y (A.33)

Br(2) = (1/b11(2)) l:[l p

—Zn p=1 X — Wy

Each quantity in (A.33) has no zeros or poles and approaches 1 as z — o0 in its
appropriate domain of analyticity. Combining Eq. (A.32) with the definitions (A.33)
yields
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2

- lle@P |p1<z)|2]} .
(A.34)

log B1(2) — log f2(z) = —log [1 — o3 =

Equation (A.34) is the jump condition of a scalar RHP. Since the unknown quantities
log B1(z) and log B2(z) have no poles and are O(1/z) as z — oo, we can apply the
Cauchy projector P* from (4.1) and solve for a;(z) to obtain (4.9a).

The trace formula for Ay 2;(z) is also obtained by formulating and solving a suitable
scalar RHP. To this end, we introduce the sectionally meromorphic function

A 2(2) z € Dy,
I/AE’Q](Z) z € Dy,
1/A3,41(2) z € D3,
Al 4@ Z € Dy,

f@)=

where D and D, denote respectively the exterior and the interior of the semicircle C; of
radius g, in the UHP, while D3 and D4 denote respectively the interior and the exterior
of the semicircle C, of radius g, in the LHP. Note f(z) has zeros/poles at the zeros
of Arq,21(z) in the UHP and of A[34)(z) in the LHP, and lim;_. », f(z) = 1. Using the
symmetry (3.10) one can easily show that f(z) has no jump across the real axis, while
the jump across the circle is provided by the symmetry relations (3.23). Specifically,
combining (3.23) with (3.10) and (3.18), one can express the jump of f(z) across the
circle C, = CH U C; as:

FF@/f @ =1Am@P - A( )<z>|2 zeCy, (A.35a)

fr@/f @) = [AmEH - IA( )(z*)|2 1eCy, (A.35b)

where CF are both oriented clockwise. Note that the jump reduces to the function g(z)
appearing in (4.9b) when the analytic non-principal minors are identically zero. We then
proceed in the same way as for the derivation of (4.9a). Namely, we first factor out the
zeros/poles, by introducing the Blaschke factors

B 2% N gk
Bi(2) = A[lz](Z)H Z"HzZ Y

_Znn ]Z

o) = (1 Apay() ] = ﬁ Z‘“’". (A36)

n=1 2 = Zn =1 2 — Wn

Each quantity in (A.36) has no zeros or poles and approaches 1 as z — oo in its
appropriate region of analyticity. Combining the log of (A.35) with (A.36), applying the
Cauchy projector P*, and simplifying yields (4.9b). 0O

Proof of Lemma 5.1. In the reflectionless case, the jump matrix L(z) defined in (4.4)
is identically zero. In this case, Eq. (A.30a) implies az4(z) = az4(z) = ajsa(z) = 0.
Combining this information with the symmetries of the scattering matrices shows that
the following entries must also be identically zero: as1(z), a31(2), a41(2), b12(2), b13(2),
b14(2), ba1(2), b42(z), baz(z). Lemma 2.13 implies

an(z) = (5 % 9 (2), anz(z) = (5 % 4 (2).
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Then aj2(z) and a13(z) must also be identically zero. Similar results follow for a4s(z),
as3(2),b21(2),b31(2), br4(2), and b34(z) by using the same method. Next, the assumption
the analytic non-principal minors are identically zero implies that a3(z)as4(z) = 0.
Since the scattering matrix is continuous, we conclude a»3(z) = 0. The symmetries
of the scattering matrix imply the same result for az»(z), b23(z), and b32(z). Thus, the
scattering matrix and its inverse are diagonal.

The converse is trivial. O
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