Inverse Scattering Transform for the Multi-Component
Nonlinear Schrédinger Equation with Nonzero Boundary
Conditions

By Barbara Prinari, Gino Biondini, and A. David Trubatch

The Inverse Scattering Transform (IST) for the defocusing vector nonlinear
Schrodinger equations (NLS), with an arbitrary number of components and
nonvanishing boundary conditions at space infinities, is formulated by adapting
and generalizing the approach used by Beals, Deift, and Tomei in the
development of the IST for the N-wave interaction equations. Specifically,
a complete set of sectionally meromorphic eigenfunctions is obtained from
a family of analytic forms that are constructed for this purpose. As in the
scalar and two-component defocusing NLS, the direct and inverse problems
are formulated on a two-sheeted, genus-zero Riemann surface, which is then
transformed into the complex plane by means of an appropriate uniformization
variable. The inverse problem is formulated as a matrix Riemann-Hilbert
problem with prescribed poles, jumps, and symmetry conditions. In contrast to
traditional formulations of the IST, the analytic forms and eigenfunctions are
first defined for complex values of the scattering parameter, and extended to
the continuous spectrum a posteriori.

1. Introduction

Nonlinear Schrédinger (NLS) systems are prototypical dispersive nonlinear
partial differential equations derived in many areas of physics (such as
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water waves, nonlinear optics, soft-condensed matter physics, plasma physics,
etc.) and analyzed mathematically for over 40 years. The importance of
NLS-type equations lies in their universal character, because, generically
speaking, most weakly nonlinear, dispersive, energy-preserving systems give
rise, in an appropriate limit, to the NLS equation. Specifically, the NLS
equation provides a “canonical” description for the envelope dynamics of a
quasi-monochromatic plane wave propagating in a weakly nonlinear dispersive
medium when dissipation can be neglected.

There are two inequivalent versions of the scalar NLS equation, depending
on the dispersion regime: normal (defocusing) and anomalous (focusing).
The focusing NLS equation admits the usual, bell-shaped solitons, while
the defocusing NLS only admits soliton solutions with nontrivial boundary
conditions (BCs). These solitons with nonzero BCs are the so-called dark/gray
solitons that appear as localized dips of intensity on a nonzero background
field. The same is true for the vector (coupled) NLS (VNLS) equations.
However, in the vector case the soliton zoology is richer. The focusing VNLS
equation has vector bright soliton solutions, which, unlike scalar solitons,
interact in a nontrivial way and may exhibit a polarization shift (i.e., an energy
exchange among the components, cf. [1, 2]). The defocusing VNLS solitons
include dark—dark soliton solutions, which have dark solitonic behavior in all
components, as well as dark—bright soliton solutions, which have (at least) one
dark and one (or more than one) bright components. Such solutions where
first obtained by direct methods [3, 4, 5, 6], and spectrally characterized, in
the two-component case, in Ref. [7]. Dark—bright or dark—dark solitons in
two-component VNLS do not exhibit any polarization shift, but the situation
might be different if at least one dark and more than one bright channel are
present. This is one of the motivations for the present study of multicomponent
defocusing NLS systems.

While the Inverse Scattering Transform (IST) as a method to solve the
initial value problem for the scalar NLS equation was developed many years
ago, both with vanishing and nonvanishing BCs, the basic formulation of IST
has not been fully developed for the VNLS equation:

iq = q.x — 20]lql’q, (1)

where q = q(x, ¢) is an N-component vector and |-|| is the standard Euclidean
norm. The focusing case (6 = —1) with vanishing BCs in two components
was dealt with by Manakov in 1974 [8], and the formalism extends to an
arbitrary number of components in a straightforward way [9]. The IST for the
VNLS with nonzero boundary conditions (NZBCs) has been an open problem
for over 30 years, and only the two-component case was recently solved in
Ref. [7] (partial results were obtained in Ref. [10]). The goal of this work is
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to present the IST on the full line (—oco < x < oo) for the N-component
defocusing VNLS (1) with NZBCs as |x| — oo: that is, q+ = lim, 1+ q # 0.

As is well-known, for either dispersion regime (1) admits a (N + 1) x
(N + 1) Lax pair. Already in the scalar case N = 1, the IST for the NLS
equation with NZBCs is complicated by the fact that the spectral parameter
in the scattering problem is an element of a two-sheeted Riemann surface
(instead of the complex plane, as it is customary in the case of zero BCs). In
the scalar case, however, one still has two complete sets of analytic scattering
eigenfunctions, and the direct and inverse problems can be carried out in more
or less standard fashion, as shown in the early work by Zakharov and Shabat
[11] (see also Faddeev and Takhtajan [12] for a more detailed treatment). When
N > 1, however, 2(N — 1) out of the 2(N + 1) Jost eigenfunctions (defined as
usual via Volterra integral equations) are not analytic, and one must somehow
find a way to complete the eigenfunction basis. For the case N = 2, this last
task was accomplished in Ref. [7] by generalizing the approach suggested by
Kaup [13] for the three-wave interaction problem, and completing the basis
of eigenfunctions with cross products of appropriate adjoint eigenfunctions.
The major drawback of this approach, however, is that, at least in its present
formulation, it is restricted to the case N = 2.

An alternative approach, used in Refs. [14, 15] for the N-wave interactions,
makes use of Fredholm integral equations for the eigenfunctions. This approach,
however, cannot be generalized “as is” to VNLS with NZBCs, because the
BCs q. for the potential are in general different from each other. As a result,
even though bounded Green’s functions can be constructed, for instance, by
asymmetric contour deformation in the plane of the scattering parameter, the
convergence of an integral in x with either q—q_ or q—q. will be assured
only at one end. Therefore, to write down meaningful Fredholm integral
equations, one should then first replace the given potential with one decaying
smoothly at both ends, as suggested by Kawata and Inoue [16]. This process,
however, introduces an “energy-dependent” potential, that is, a potential with a
complicated (though explicit) dependence on the scattering parameter, and it
is not clear how to establish the analytic properties of eigenfunctions and
scattering data with such a potential. Moreover, when N > 3, the eigenvalue
associated with the nonanalytic scattering eigenfunctions becomes a multiple
eigenvalue, with multiplicity N — 2, in contrast to the case of the N-wave
interaction, where all eigenvalues are assumed to be distinct.

The approach presented in this paper consists in generalizing to the VNLS
with NZBCs the methods developed by Beals et al. in Ref. [17] for general
scattering and inverse scattering on the line with decaying potentials. Broadly
speaking, the approach we propose is consistent with the usual development
of IST. Namely, for the direct problem: (i) Find complete sets of sectionally
meromorphic eigenfunctions for the scattering operator that are characterized
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by their asymptotic behavior. (ii) Identify a minimal set of data that describes
the relations among these eigenfunctions, and which therefore defines the
scattering data. For the inverse problem: reconstruct the scattering operator
(and in particular the potential) from its scattering data. On the other hand,
specific features of this approach, including those related to our extension of
Beals, Deift, and Tomei’s work, are

(a) A fundamentally different approach to direct and inverse scattering.
Typically, eigenfunctions and scattering data are defined for values of the
scattering parameter in the continuous spectrum (e.g., the real axis in the
case of NLS with zero BCs), and are then extended to the complex plane.
The approach used here will be exactly the opposite: the eigenfunctions are
first defined away from the continuous spectrum, and the appropriate limits
as the scattering parameter approaches the continuous spectrum are then
evaluated.

(b) The use of forms (tensors constructed by wedge products of columns of the
matrix eigenfunctions), which simplifies the investigation of the analyticity
properties of the eigenfunctions by reducing it to the study of Volterra
equations.

(c) Departure from L2-theory: as already pointed out and exploited in [7],
bounded eigenfunctions are insufficient to characterize the discrete spectrum
when the order of the scattering operator exceeds two.

The outline of this paper is the following. In Section 2 we state the problem
and we introduce most of our notation. In Section 3: we define two fundamental
tensor families associated with the scattering problem; we prove that they are
analytic functions of the scattering parameter (Theorem 1) as well as point-wise
decomposable (Lemma 2); we define the boundary data corresponding to the
fundamental tensors (Theorems 2 and 3), we reconstruct two fundamental
matrices of meromorphic eigenfunctions (Lemma 3, Theorems 4 and 5, and
Corollaries 1-3); and we define a minimal set of scattering data (Theorem 6,
Corollary 4, and Theorem 7). Finally, we describe the asymptotic behavior
of the fundamental eigenfunctions with respect to the scattering parameter,
and we discuss the symmetries of the scattering data. The inverse problem is
formulated and formally linearized in Section 4, and the time evolution of
the eigenfunctions and scattering data is derived in Section 5. In Section 6,
we compare the results obtained in Ref. [7] for the direct problem in the
two-component case with the construction via fundamental tensors developed
here. Section 7 offers some final remarks. Throughout, the body of the
paper contains the logical steps of the method. All proofs are deferred to
Appendix A, while Appendix B contains the derivation of the asymptotic
behavior of the eigenfunctions via WKB expansions.
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2. Scattering problem and preliminary considerations

2.1. Boundary conditions, eigenvalues and asymptotic eigenvectors

The Lax pair for the N-component defocusing VNLS equation [that is,
Equation (1) with 0 = 1] is

vy = L, (2a)
v, = To, (2b)
with
—ik q7
L=ikJ+Q= ) , (3a)
r lkIN

2ik* +iq'r —2kq" —iq!
—2kr+ir, —2ik*y—irq" )’
(3b)

where the subscripts x and ¢ denote partial differentiation throughout, v =
v(x, t, k) is an (N + 1)-component vector, Iy is the N x N identity matrix,

T = —2ik*J —iJQ* — 2kQ — iJQ, = (

. 0 q"
J = diag(—-1,1,..., 1), Q= , (4a)
e r ON
N
q" =(q1,....qn), r=q", (4b)

the asterisk denotes the complex conjugate and the superscript 7 denotes
matrix transpose. The compatibility of the system of Equations (2) [i.e., the
equality of the mixed derivatives of the (N + 1)-component vector v with
respect to x and ¢], together with the constraints of constant £ and r = q*, is
equivalent to requirement that q(x, ¢) satisfies (1) with 0 = 1. As usual, (2a) is
referred to as the scattering problem.

We consider potentials q(x, ¢) with NZBCs at space infinity, such that:

0 qi(
lim )= 1) = , 5
lim Q(r,1) = Qu(1) (ri(t) o 5)
with |lq |l = llq_|l = qo € R*. Specifically, we restrict our attention to

potentials in which the asymptotic phase difference is the same in all
components, that is, solutions such that

q: = qoe’, (6)
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with6* e R. While this constraint significantly simplifies the analysis, it does not
exclude multicomponent configurations with both vanishing and nonvanishing
boundary conditions (such as for dark—bright solitons). Moreover, we assume
that for all # > 0 the potentials are such that (q(-, 1) — q_(¢)) € L'(—o0, ¢) and
(q(-, 1) — q4(1)) € L'(c, 00) for all ¢ € R, where the L' functional classes are
defined as usual by

b
L'(a,b) = {f :(a,b) > C" :f £ dx < oo}. (7)

To deal efficiently with the above nonvanishing potentials as x — 400, it is
useful to introduce the asymptotic Lax operators

Ly =ikJ + Qu (8)
and write the scattering problem in (2a) in the form
vx = Liv +(Q — Qu)v, ©)

where L. is independent of x and (Q — Q+) — O sufficiently rapidly as
x — oo for all # > 0. The eigenvalues of the asymptotic scattering problems
vy = Lyv are the elements of the diagonal matrix i A where

A(k) = diag(—A, k, ..., k), (10)
——
N-1
and A is a solution of
V=K -q. (11)

The corresponding asymptotic eigenvectors can be chosen to be the columns
of the respective (N + 1) x (N + 1) matrix

k+)\. 0>< —_ k_)\.
Ei<k)=< . =l )

1r4 iRé‘ iry

(12)

where Ré isan N x (N — 1) matrix each of whose N — 1 columns is an
N-component vector orthogonal to r., that is, according to (6):

I‘(T)Ré = 01v—1), (13)
where the dagger signifies conjugate transpose. Then, by construction, it is
L. E. =E.iA. (14)

The condition (13) does not uniquely determine the matrix ROL. It will be
convenient to also require that the columns of Ré be mutually orthogonal, and
each of norm gg. That is, we take Rg to be such that (R{)'RE = ¢2Iy_;. This
ensures that all the corresponding columns of E.. are orthogonal to each other,
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besides being orthogonal to its first and last columns. Note, however, that the
first and last columns of E. are not orthogonal to each other, which is a
consequence of the fact that the matrix L. is not normal. In fact, the scattering
matrix L in (3a) is only self-adjoint for £ € R, and, as a result, eigenvectors
corresponding to distinct eigenvalues are not necessarily orthogonal to each
other for £ ¢ R. Note, however, that any two solutions v(x, ¢, k) and w(x, ¢, k)
of the scattering problem are such that

i(uﬁ(x, t, k) Jv(x,t, k) = 0. (15)
0x

Therefore, if the two eigenfunctions are J-orthogonal either as x — —oo or as
x — 00, their J-orthogonality is preserved for all x € R.

2.2. Complexification

As in the scalar case [11, 12] and the two-component case [7], the continuum
spectrum of the scattering operator consists of all values of & such that
the eigenvalue A(k) € R, that is, all £ € R with |k| > g, with the possible
exception of the points +¢o. On the other hand, Equation (11) does not
uniquely define A as a function of the complex variable k. To deal with the
resulting loss of analyticity and recover the single-valuedness of A in terms
of k, it is therefore necessary to take k to be an element of a two-sheeted
Riemann surface C. As usual, this Riemann surface is defined by “gluing” two
copies of the complex k-plane, each containing a branch cut that connects the
two branch points ¢ through the point at infinity. We refer to the two sheets
and to the branch cut, respectively, as C;, C; and

Y =(-00+1i0,—qo+i0] U [—g9 —i0, —c0 —i0)
U (oo +i0, go 4+ i0] U [go — i0, 0o — i0), (16)

where the order of the endpoints denotes the orientation of the half-lines. This
choice for the cut results in the relations:

ImA(k) >0 and Im(A(k)Ek) >0 Vk € Cy,
ImA(k) <0 and Im(A(k)£k) <O Vk € Cy .

(See [7] for further details.) Note that the construction of this Riemann surface
is also necessary in the development of the IST for both scalar NLS [11, 12]
and two-component VNLS [7].

Following [17], on each sheet of the Riemann surface we order the eigenvalues
and the corresponding eigenvectors by the decay rate of the corresponding
solution of the scattering problem as x — —oo. More precisely, the ordering of
the eigenvalues and eigenvectors implied by (10) and (12) provides maximal
decay when k € Cy, in the sense that for k¢ ¥ and n = 1,..., N + 1, the
eigenfunction associated with the eigenvalue A, decays at least as fast as the
one associated to A, as x — —oo. For k € Cy, it is necessary to switch the
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first and last eigenvalue and the first and last eigenvector to achieve the desired
maximal decay. We then define the eigenvalue matrix on the entire Riemann
surface as:

A =diag(hi, Ao, - dws Anir) s (17)
where Aq,..., Ays1 are given by (10) for k£ € C; [namely, A.; = —X and
)"N-H = )\],Awhile A=A and )“N-H = —\forke (Cn, and A== )‘N =k

for all £ € C regardless of the sheet. Correspondingly, the associated matrices
of eigenvectors E(k) are defined by (12) for k € Cy, and by

k—A Opn— k+ A
Es(h)= [ AR ke, (18)
ire lRé‘ iry

The (N + 1) x (N + 1) matrix that switches the order of the eigenvectors and
eigenvalues is simply

0 01 v-1) 1

T =(ens1,€,....en €)= | Owv_npx1  Invo1 Ow—px1 |, (19)
1 0% n-1) 0

where ey, ..., ey, are the vectors of the canonical basis of CV*!. That is,
A" = xA'w and EY} = EX &, where the superscripts I and 1T denote the values
of the corresponding matrices on C; and Cy;. Note that & is symmetric and an
involution; that is, z ! = n7 = x.

Denoting the columns of EL by eft, R eﬁ I the constraint (6) on the
boundary conditions implies the following relations among the asymptotic
eigenvectors E_ and E:

e:[Ee;, Vn=2,...,N (20a)
while
_ ni,r Mg
(er ensr) = (e enpr) ( ) : (20b)
a1 N2
or equivalently
i - M2 —M2
(61+ eJ]\r/+1) =e '8 (31 eN+1) ( ) ’ (20c)
—N2,1 n,1
with
1 ; Mk
(k) = [ — k4 O + 0], niath) = 22 (@2 — 1), (21a)
2)\.1 2)Ll

1 . M=k .
ma(k) = —[M + k4 (0 — k)€™, mi(k) = “—= (2 — 1), (21b)
201 201
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and where Af = 6T — 0~ denotes the asymptotic phase difference in the
potential.
2.3. Uniformization coordinate

Following [7, 12], to deal effectively with the Riemann surface we define a map
from C to the complex plane via the variable z (global uniformizing parameter):

z =k + k), (22a)
with inverse mapping
1 1
k=3Graf) r=i-k=3E-d/) M

With this mapping:

(i) The branch cut ¥ on the two sheets of the Riemann surface is mapped
onto the real z-axis.

(i1) The sheet C; is mapped onto the upper half of the complex z-plane, while
Cy is mapped to the lower half plane.

(iii)) A half-neighborhood of k¥ = oo on either sheet is mapped onto a
half-neighborhood of either z = oo or z = 0, depending on the sign of Im k.

(iv) The transformation k — i0 — k + i0 for k£ € ¥ (which changes the value
of any function to its value on the opposite edge of the cut) is equivalent
to the transformation z — qg /z on the real z-axis.

(v) The segments [ — ¢, go] in C; and Cy; are mapped, respectively, onto the
upper and lower half of the circle C of radius g centered at the origin.

In terms of the uniformization variable z, the matrix of asymptotic
eigenvectors E_ is

z  Opn— 2/z

EL(z) = < Py q_"/ ) Imz >0, (23a)
r4 lRO [
21z 01x(n— z

E.(z) = (q?/ D ) . Imz<0. (23b)
iry iR} iry

Moreover, (21) gives

2 2 iAG
% Imz > O,
zZ —qO
mi@ =9, .., (24)
z-e —
D mz <o,

2 2
z —qo
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with similar expression for the other coefficients. The uniformization coordinate
simplifies the description of the asymptotic behavior of the eigenfunctions
with respect to the scattering parameter (cf. Section 3.5), and it is crucial in
our formulation of the inverse problem (cf. Section 4).

3. Direct problem

3.1. Fundamental matrix solutions

As usual, in the direct and inverse problems the temporal variable ¢ is kept
fixed. Consequently, we will systematically omit the time dependence of
eigenfunctions and scattering data. As mentioned earlier, our approach for the
direct problem will be to define complete sets of scattering eigenfunctions
off the cut, that is, for k € C\ X, and then to consider the limits of the
appropriate quantities as k — X from either sheet. More specifically, the
problem of determining complete sets of analytic/meromorphic eigenfunctions
is formulated as follows.

For a given k € ¢ \ X, we seek to determine a matrix solution ®(x, k) of
the scattering problem

¢, =L_®+(Q—-Q)?, (25a)
with the asymptotic properties

lim ®(x, k)e "A®*Y = E_(k), (25b)

X—>—0

limsup || ®(x, k) e A

xX——+00

| < oo, (25¢)

where the asymptotic Lax operator is given by (8) and the asymptotic boundary
condition (25b) is specified by (12) for k € C; and by (18) for k£ € Cy. Similarly,
we seek to determine a matrix solution ®(x, k) of

¢, =L.®+(Q-Q,)o, (26a)

with the asymptotic properties

lim O(x, k)e AT = E_ (k), (26b)
limsup || ®(x, k) e 2| < 00. (26¢)

As usual, it is convenient to rewrite these problems without the asymptotic
exponentials. Hence, we define
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D(x, k) = p(x, k) e A0, (27a)
O(x, k) = fu(x, k) e!A®OY (27b)

With these substitutions, the problems (25) and (26) can be stated as follows.
Given k € C\ X, we want to determine matrix functions u(x, k) and jfi(x, k)
such that

wu=L_p—ipA+(Q—-Q-)pu, (28a)
im p(x, k) = E—(k), (28b)
(x, k)is bounded for all x, (28¢)
while
Ot =Lyt —ift A+ (Q—Qpit, (29a)
Jlim f(x, k) = E (k) (29b)
fi(x, k) is bounded for all x. (29¢)

We then give the following definition:

DEFINITION 1. A fundamental matrix solution (or simply fundamental
matrix) for the operator L. and the point k € C \ X is either a solution p(x, k)
of (28) or a solution ji(x, k) of (29).

We emphasize that, even though (28a) and (29a) are both an (N + 1)-order
linear system of differential equations, the respective sets of (N + 1) boundary
conditions (28b) and (29b) are not, in general, sufficient to uniquely determine
a solution. For example, a term proportional to the first column of p, which
corresponds to the solution of (2a) with maximal decay as x — —o0, can be
added to any of the other columns without affecting the boundary conditions
(28b). (This situation is often expressed by referring to such contributions as
“subdominant” terms.) In general, however, these solutions will grow without
bound as x — o0. Hence, the additional requirement of boundedness (28c¢) is
imposed to remove the degeneracy and uniquely determine a solution. Similar
considerations hold for (29). The following lemma asserts the uniqueness of
such solutions:
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LEMMA 1. Fork e (f:\ 3, each of the problems (28) and (29) has at most
one solution.

Because d,[det ] = o [det fi] = 0 and detE. # 0 for any k € ® \ {£90},
the columns of the fundamental matrices are linearly independent for all x € R.
Therefore, consistent with our terminology, any solution of (28a) or (29a)
(which are, in fact, equivalent) can be written in terms of either the fundamental
matrix g or of ji. A similar statement applies to the solutions of (25a) and (26a).

As with the eigenvector matrices, we use subscripts to denote the columns
of the fundamental matrix solutions. That is, we write g = (t1, ..., Uyi1)
and it = (ft1 ..., fty+1), where u, and i, denote the nth columns of g and
L, respectively. For k € C \ X, the corresponding vectors satisfy the following
differential equations:

ax,un = [L— —ir, 0+ (Q - Q—)]/an (303)
Oxfin = [Ly — i1+ (Q — Q)] fn, (30b)
foralln =1,..., N + 1. From these equations, one could formulate Volterra

integral equations whose solutions satisfy the original differential equations
as well as the boundary conditions corresponding to either (28b) or (29b).
Unfortunately, with the exception of the solutions with maximal asymptotic
decay as either x — —oo or x — +o00 (i.e.,, u; and fiy+1), the resulting
Volterra integral equations cannot, in general, be shown to admit solutions
when k& X. Hence, to construct a complete set of analytic/meromorphic
eigenfunctions, we are required to use a different approach.

3.2. Fundamental tensors

Let us begin by recalling some well-known results in tensor algebra [18]. The
elements of the exterior algebra

/\((CNJrl) — Ne_gll /\n((CN+1)

are n-forms (withn = 1,..., N + 1) constructed from the vector space CV*!
via the wedge product. Linear operators on C¥*! can be extended to act on the
elements of the algebra. Specifically, a linear transformation 4 : CV*! — CN+!
defines uniquely two linear maps from A(CY*!) onto itself:

e amap A™ such that, for all u;,...,u, € CVN*!,

n
A(")(ul/\---/\un)zzm Ao Ay A Aug Ajr A Ay s (31)
j=1
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e a map 4 such that, for all u,...,u, € CN*!,
Ay A~ ANuy) = Auy A --- A Auy,, (32)

where, with a slight abuse of notation, we used the same symbol to denote
both the original operator and its extension to the tensor space.

With these definitions, one can extend linear systems of differential equations
such as (25) and (26) to the tensor algebra A\(CV*!). We next show that such
extended differential equations can be shown to admit unique solutions.

Given the columns of the fundamental matrices p and ji, we can define the
(totally antisymmetric) tensors:

So = A LA A g, (33a)

&n I,EL,, /\ﬁn-‘rl /\"'/\[LN-H’ (33b)

for all » = 1,..., N + 1. In the absence of an existence proof for the
vector solutions wy,..., uy+1 and fiy, ..., fiy41 (which is the object of the

analysis), the aforementioned definition is only formal. Nonetheless, via this
construction, the differential equations (30) imply that the above tensors (if
they exist) satisfy the extended differential equations

O fu =L —iGa + -+ 21/ +[QW —Q™1f,,  (34a)

0,8y = [Lgfv—n+2) — i+ -+ AveI]gn + [QYTHD Q(Jiv—n+2)]gn,
(34b)

respectively, where Li’), A, Q™. and Q(f) denote the nth order extensions
(31) of Ly, A, Q, and Q. to /A"(CV*!). Similarly, the boundary conditions
(28b) and (29b) imply that

n

lim fo(x.k)=e A---Ae), (35a)
X——00

lim g,(r, k) = ¢
X—>00

A Nef (35b)
respectively, where (as above) ej.c denotes the jth column of the matrix E_.
We now reverse the logic and use the tensor differential equations (34) and
boundary conditions (35) as a definition of f, and g,, namely:

DEFINITION 2. 4 fundamental tensor family for the operator L and a point
k € C\ X is a set of solutions { f,, gn}tn=1... n+1 to (34) and (35).
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Unlike the vectors defined by equations (30) (or the equivalent integral
equations), the elements of the fundamental tensor family are analytic functions
of k, as described by the following theorem:

THEOREM 1 (Fundamental tensors). For each k € (@\ Y. there exists a
unique fundamental family of tensors for L. On each of the sheets C;\ X
and Cy \ X, the elements of the family are analytic functions of k. Moreover,
the elements of the family extend smoothly to ¥ from each sheet, and these
extensions also satisfy the boundary conditions (35).

As a “stand in” for the boundary conditions for the fundamental matrix
solutions, the two parts of the fundamental family (namely, the f, and the g,)
are defined by boundary conditions at opposite limits of x. Thus, equations
that relate the members of the two parts of the family will provide a kind
of spectral data (dependent on k, but independent of x) for the scattering
potential. The following theorem defines and describes such data.

THEOREM 2 (Spectral data). ~ There exist scalar functions Ay(k),. .., An(k),
analytic on C\ X, with smooth extensions to ¥\{ + qo} from each sheet and
such that, for alln =1,..., N,

o, )N gui1(x, k) = Ay(k)yn(K)er A -+ A entrs (36)
where
vu(k) = det (ef, ey, e;“H, e, e;H) = Ziquévnl,le_ie*. (37)
Moreover, for all k € C and all x € R,

Svnx, k)y=e Ao ANeyy = elhd ef’ /\---/\e;H, (38a)

gl(x,k)Eefr/\---/\ej\}H=e"'A9e1_/\---/\e;,+1. (38b)
Considering fy+; and g; to be the extensions of the left-hand side of (36)

ton =N + 1 and n = 0, respectively, we define, consistently with the
aforementioned theorem:

Aok)y=1, Ayp(k) =1, (39a)
Yo = detEy = 2i); det (Ry, ry) = 2iAiq) e %, (39b)
yn+1 = detE_ = 2i); det (Ry, r_) = 2ikiq) e . (39¢)

Note that (36) defines the A,(k)s only for those values of k£ for which
ya(k) # 0. Therefore, in principle, it would be necessary to exclude the points
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of C \ ¥ where 7n;(k) = 0, that is, the points k& = gocos (A8/2) on each
sheet. These points, however, will not play any role in what follows, as the A,
will be multiplied by either y, or n; 1, or they will appear in ratios such that
the behavior at these points cancels out.

On the other hand, the behavior at the branch points, £ = +¢,, warrants
some attention. In the scalar case, for instance, Faddeev and Takhajan [12]
showed that, while the eigenfunctions are continuous also at the branch points,
the scattering coefficients generically have simple poles at £ = +¢g¢. (When
the residues are zero, such that the poles are absent, the branch points are
called virtual levels.) Here, as in Ref. [7], we assume that all scattering data
are also continuous at the branch points.

Next we determine the asymptotic behavior of the fundamental tensors in
the limit where x goes to the opposite infinity. This behavior is considerably
more complex than in the scalar and two-component cases, due to the fact that
ik is an eigenvalue of the scattering problem with multiplicity N — 2. As a
result, the boundary conditions satisfied by the fundamental tensors contain a
summation of terms in the subspace of the eigenvectors associated with the
repeated eigenvalue, as described in the following theorem:

THEOREM 3 (Boundary data). For all k € C \ X itis

lim fi(x, k) =38ge;, (40a)
xX——+00
xEToof”(x’k): Z 8iin ef’/\e;;/\---/\ejt, n=2,...,N,
2<jp<j3<-<jus<N (40b)
and
xl}l;noogj\/_i_l(x,k) = 80} eN+1’ (413)
Jm g k) = 3 b A Al Aeyy,

2<jn<jnt1<<jN=<N

n=2,...,N, (41b)

.....

smooth extensions to L\{ £ qo} from each sheet.

Finally, foralln =1,..., N — litis
Sui1..n(k) = e 1A, (42a)
and for alln = 2,..., N it is

82,..n(k) = M1 4. (42b)
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Equations (42a) and (42b) also hold for » = N and n = 1, respectively, in
which case the function on the left-hand side reduces, respectively, to 8y and to
3y. On the other hand, we emphasize that the asymptotic behaviors (40) and
(41) do not, in general, hold on X, despite the fact that both the tensors f, and
g2, and the functions §;, _; and§;, _ ;, can be extended smoothly onto the cut
from each sheet.

3.3. Reconstruction of the fundamental matrices

The next step is to reconstruct fundamental matrices [i.e., solutions of (28)
and (29)] from the fundamental tensors. To do so, we exploit the fact that
these tensors are point-wise decomposable to extract vector-valued function
“factors” from the wedge-products that define these tensors.

LEMMA 2. For all k € @\ Y, and for all x € R, there exist two sets of
smooth functions vi(x, k), ..., vyyr1(x, k) and wi(x, k), ..., wys1(x, k) such
that, foralln =1,..., N + 1,

So( ) =vi A Ave, (X k) =w A Awpng. (43)

Moreover, these functions have smooth extensions to ¥ from each sheet.

As an aside, note that, because of Lemma 2, the fundamental tensors f,, and
g, are also decomposable asymptotically, that is, as |x| — oo. Therefore,
the boundary data introduced in Theorem 3 satisfy Pliicker relations (e.g., cf.
[19]): forall2 < jr < - < jp-1<Nandall2<i) <---<iy <N,itis

n+1
Z(_ 1)3812»“' sjn—l’isBiZs”' st dsitingr T 0, (44)
§=2

where the indices are rearranged in increasing order, if necessary, taking into
account the signature of the corresponding permutation (i.e., each of the
coefficients §, .. ; 1is assumed to be a totally antisymmetric function of its
indices). A similar set of conditions obviously holds for the boundary data
5 nes,,N- Consequently, the number of scattering coefficients does not grow
factorially with the number N of components, in contrast to what (40b) and
(41b) might seem to suggest.

The components v; and w; of the decomposition (43) are not uniquely
defined. To fix the decomposition, one could impose J-orthogonality conditions
on the factors. That is, one could require v}J v, =0 and wEJ w, = 0 for all
j # n, excluding j = 1 and » = N + 1, or vice versa. Then, by choosing
V] = fl = U and WN+1 = ZN+1 = ,ELN+1, we Wouldhave, foralln = 2, ey N,
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Joa A0y —TkI — Q +idy)v,] =0, (45a)

[(ax —ikd — Q + i)‘n)wn] A &gnt1 = 0. (45b)

The factors v, and w, so defined would therefore be “weak” eigenfunctions,
in the sense that they do not satisfy the differential equations (30), but rather
equations (45), where the differential operator is wedged by f,_1 and g,.1,
respectively. The columns of a fundamental solution, however, must satisfy the
differential equations in the usual sense. To obtain strong solutions of the
scattering problem from the fundamental tensor family, we therefore rely on
the following:

LEMMA 3.  Given a tensor family { fn, gi}n=1... N+1,for eachn = 1,...,
N + 1 and for all k € C\ I such that f,_1/ gy 7 0, there exist two unique
analytic functions m,(x, k) and m,_(x, k) such that, Vx € R,

o= oot Amy,  my Agy =0, (46a)

Gnol =My NGy, JuAT, =0. (46b)

Note that, owing to (36), the condition f,—1Ag, # 0 in Lemma 3 holds for
generic k € C\ X. The location of the exceptional points is discussed in detail
in Theorem 4 immediately below.

We note that the (sectional) analyticity of all members of the fundamental
tensor family is, by itself, insufficient to guarantee that the factors from which
they are composed are themselves analytic. Nonanalytic terms in the factors
can be “killed” by the wedge product. Nonetheless, we show immediately
below that the vector valued functions defined by (46) contain only analytic
terms, and are, at the same time, solutions of the differential equations (30).

THEOREM 4 (Analytic eigenfunctions. I). For all n = 1,..., N + 1, the
JSunctions m,(x, k) and m,(x, k) are uniquely defined by Lemma 3 for all
k € C\ X such thatA,_ (k) # 0 and A, (k) # 0, respectively, and they satisfy
the differential equations

[0y —L_+ix, I —(Q—-Q.)]m, =0, (47a)

[0: — Ly +ix, 01— (Q - Q+)] my, =0, (47b)
together with the weak boundary conditions

lim e A---Ne,_, Am,=e N---Ne,, (48a)

n
X—>—00



262 B. Prinari et al.

S + + ot +
)CEIJ£1(>()n1,,/\e,1Jr1/\---/\eNJrl =€, N---Ney, g, (48b)

and with the following asymptotic behavior at the opposite infinity:

A
- + + n_o+ +
xll)ngom,,/\enH/\---/\eNH—ﬁA—len/\---/\eN+1. (49a)
n— n—
. _ _ - -1 Apo1 _
lim el/\---/\en_l/\mnzyn - e N---Ne,. (49b)
Y—=>—00 Vn n

Moreover, the functions m,(x, k) and i, (x, k) depend smoothly on x and are
analytic functions of k for all values of k where they are defined.

In particular, (47a) and (47b) in Theorem 4 imply that, for all k off the
cut for which they are defined, the vector functions m,(x, k) and #1,(x, k)
are analytic eigenfunctions of the modified scattering problem (30). We next
consider their limiting values on the cut. We will denote the limit of each
quantity as k — X\{ £ g} with the superscripts + depending on whether the
limit is taken from Cj or Cy; (i.e., from above or below the cut), respectively.

THEOREM 5 (Analytic eigenfunctions. II). Foralln =1,..., N + 1, the
eigenfunctions m,(x, k) and m,(x, k) admit smooth extensions on %, which
we denote, respectively, by mE(x, k) and by mE(x, k) where the plus/minus
sign denotes whether the limit is taken from the upper or the lower sheet. For
k € X, the functions m=(x, k) and mE(x, k) are also both solution of the
differential equation (47a), with weak boundary conditions:

. \E — \=* + _ o VE AL —\E
dim () A A (e ) AmE = @A A (500)
XETOO’hf A (e:errl)i ARRREA (e;H)i = (e:)i ARREA (eJJ\rerl)i’ (50b)

and with the asymptotic behavior:

+ +
. y A
Jim A (e ) A (o) = g ) A n (o)
n—1 n—1
(51a)
: N\t Nt o )/ni_lAni_l N\t N\t
im (er)T A A (e, ) Ay = v E(el) A A (e)”
(51b)

The results of Theorem 4 can be strengthened off the cut, as far as the
boundary conditions are concerned. In fact, taking into account the asymptotic
behavior of the fundamental tensors obtained in Theorem 3, the following
holds:



Multi-Component NLS Equation with NZBCs 263

COROLLARY 1. For generic k € C \X,and foralln=1,..., N + 1, the
functions m,(x, k) and m,(x, k) are solutions of the differential equations (30)
with the following boundary conditions:

lim m(x, k) =E_(beao(k),  lim m(x, k) =E.(k)B,(k),  (52a)

lim m(x, k) =E_(k)&o(k),  lim m(x, k)= E. (k) B,(k),  (52b)

X

where the matrices o,(k) and &,(k) are upper triangular while B, (k) and
B (k) are lower triangular, and their entries are given below. The diagonal
elements are

an,n:Bn,n:L n=1,...,N+1, (53a)
Gpn = Op N/Oniti N = Vi1 Dot /(VaAy), n=1,...,N+1, (53b)

IBn,n = 52,~~-,n/82,-~,n—1 = ynAn/(yn—lAn—l)a n = ls ceey N + 1. (53C)

The off-diagonal elements in the first row of and last column of «, and @,
are zero, as are the off-diagonal elements in the first column and last row of

B, and B,:
Ay =01, =Pu1=Pu1 =0, n=2,...,N+1, (54a)

Uy Nt1 = Gn N1 = BNiin = Bniin =0, n=1,....,N. (54b)

Finally, the nonzero off-diagonal terms are given by

Sn...N ’ Snt1...N (55a)

B 52 ..... n—1 ' 52’__.’,7 ’ (55b)
j:n’---,N, n:2,...,N.

From Theorem 3 it then follows that, foralln =2,..., Nandall j =2,...,n,
the coefficients «;, and &;, (which are the only nonzero off-diagonal entries
of &, and &,) are meromorphic functions of %, and, in accordance with (42),
their poles are located , respectively, at the zeros of A,_; and at those of A,
independently of j. Similarly, foralln =2,..., Nand j =n,..., N + 1, the
coefficients §;, and B j.n (which are the only nonzero off-diagonal entries of
B, and BO) are meromorphic functions of &, and their poles are located at the
zeros of A,_; and at those of A,, respectively, independently of j. Moreover,
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each of the diagonal entries &, , and B,,, forn =1,..., N + 1, is also a
meromorphic function of k, with poles, respectively, at the zeros of A, and
A,_1. (The entries «,,, and B, , are obviously entire functions.)

Explicitly, (52) are

lim m; =e, limm = nl,lAlefr,
X—>—00 X—>00
)
lim m = e, lim m S et
N+1 — x—>o00o MN+1 — —
X—>—00 N+ nmaAy MU (56a)
lim 7 = e, lim Ay =e 29 Ayey
AN N+ L PN M1ANENLT>
b s gt N 1
m m; = e, my ., _om; = €,
x—00 1A (56b)
as well as, foralln =2,..., N,
n N
lim m, = E ojine, lim m, = E et
x—>—00 STy x——+00 " ﬂ],n J
j=2 J=n
N n
lim m, = E B, et lim m, = E diye..
x—>+o00 . ﬁ_},n RS = Sy (56¢)
j=n =

Importantly, however, the above strong limits do not apply on the cut, as we
discuss below in Section 3.4. The following result relates the behavior of the
two sets of eigenfunctions away from the discrete spectrum:
COROLLARY 2. Forall x e R, the (N + 1) x (N + 1) matrices
m(x,k):(ml,...,mN+1), ﬁl(x,k):(ﬁa],...,ﬁzNH), (57)

are analytic functions of k € o \ (2 U Z) where Z is the discrete set

N .
Z=UZ,, Z,=keC\Z:A,k)=0}. (58)
n=1
Moreover, ¥k € C \(EUZ)itis
m(x, k) = m(x, k)D(k), (59)
where
A A
D(k) = diag (ﬁ—l,...,m N“). (60)
Yo Ao yn  An

Finally, m(x, k) and wm(x, k) extend smoothly to ¥ from either sheet.

Recall that the definition of the eigenfunctions m, and #, in terms of the
fundamental tensors implies that both m and m contain contributions both
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from solutions defined by asymptotic BCs as x — —o0 as well as from those
defined by asymptotic BCs as x — 00. Moreover, (59) amounts to saying that
the columns of the two matrices m and m differ only up to a normalization.
Therefore, either one of the two matrices is sufficient, by itself, to formulate
the inverse problem. This situation is the same as in the work by Beals, Deift,
and Tomei [17], and is another instance in which the present approach differs
from the usual one in inverse scattering theory.

Together, Corollaries 1 and 2 pave the way for the reconstruction of the
fundamental matrices g and fi, as shown by the following Corollary:

COROLLARY 3. For generic k € C \ X, the fundamental matricesp(x, k)
and ji(x, t) in Definition 1 can be obtained from

m(x, k) = p(x, K eo(k),  (x, k) = fx, k) B, (k). (61)

Explicitly, the aforementioned equations yield

Wi =my, (N4l =Myp1, i =M1, ANyl = TNt (62a)
while, for all » = 2,..., N, one can obtain the u, and fi, recursively from
n—1 N
Pon 2= My — Zaj,nﬂﬁ fn 1= iy — Z Bjnit - (62b)
j=2 Jj=n+1
One can easily show by induction that the columns wi,..., uys1 and
1, ..., yy of the fundamental matrix eigenfunctions also satisfy
fi=wn1, fo=foaAMUn, n=2,....,N+1, (63a)

EN+1 = fAN+1, 8n-1=fln—1 NGy, h=2,...,N+1. (63b)

As shown by (61) aforementioned, however, in general the matrices m
and p (and, correspondingly, m and jfi) do not coincide. Nonetheless, the
aforementioned relations establish the one-to-one correspondence between the
two complete sets of eigenfunctions.

The construction obviously simplifies significantly when m = p (and,
correspondingly, m = ji), which is equivalent to the conditions

Simitoon=0, n=3,...,N, j=2...n—1, (64a)

w1; =0, n=3....N, j=n+1,..,N. (64b)

,,,,,

In general, however, the two sets of matrices enjoy different properties: u(x, k)
and ji(x, k) are fundamental matrices in that, for generic k£ ¢ X, they have the
simple asymptotic behavior as either x — —oo or as x — oo prescribed
in (28) and (29). However, their analyticity properties in k (specifically, the
location of the poles of each column vector) are in general more involved than
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those of m(x, k) and m(x, k), as follows from (61). Conversely, m(x, k) and
m(x, k) have a more complicated asymptotic behavior for large |x|, but their
analyticity properties are simpler (cf. Section 3.4 regarding the location of the
poles). In the formulation of the inverse problem it is more convenient to deal
with m(x, k) and m(x, k), while determining the asymptotic behavior of the
eigenfunctions with respect to the scattering parameter via a WKB expansion
is more easily achieved for the fundamental matrices p(x, k) and fi(x, k) (see
Section 3.5). For this reason, in the following, we will keep both sets of
eigenfunctions, using either one or the other depending on the calculation to be
performed, and we will invoke relations (61) to go from one set to the other.

3.4. Characterization of the scattering data

As usual, the scattering data is the minimal set of spectral data necessary
to reconstruct the eigenfunctions and the potential. As will be shown in
Section 4, this is the data that describe the poles as well as the data that
describes the jump relations of the matrices m(x, k) and m(x, k) across the
cut. For simplicity, we will restrict the singularities of m(x, k) and m(x, k) by
restricting the zeros of the functions Ay,..., Ay as follows:

DEfFINITION 3. We say that the scattering operator L is generic if the
functions Ai(k), ..., Ay(k): (i) have no common zeros and no multiple zeros
in C1 U Cy, and (ii) have neither zeros nor accumulation points of zeros on X.

Note that because they are sectionally analytic, with A,, — 1 as |k| — oo
[see (84) further], a consequence of the genericity assumption is that each A,
has only finitely many zeros. The following theorem specifies the behavior of
the eigenfunctions at each point k € Z:

THEOREM 6 (Residues). Suppose that, for some n = 1,..., N, the
SfunctionA,(k) has a simple zero at k, € C\ X and A, 1(k,)Au—1(k,) # 0.
Then there exists a complex constant b, # 0 such that, Vx € R,

i1 (x, k,) = b, ei(ln(ka)—knﬂ(ko))xmn(x’ k,). (65)
Moreover, m,11(x, k) has a simple pole at k = k, with residue

}}is[mnﬂ(xs k)] = ¢, ei()‘n(ka)_}‘n+l(ka))xmn(x, k,) (66)

where c, = bo[Vnt1Dn+1/(Vn A:’l)]k=ko # 0.

It is then clear that: (i) the elements of the set Z in (58) play the role of the
discrete eigenvalues; (ii) ¢, # 0 is the (scalar) norming constant associated
with the discrete eigenvalue k, € Z,; and (iii) the eigenfunctions m(x, k) and
m(x, k) are meromorphic at all of these points. As an immediate consequence
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of Theorem 6, the behavior of m(x, k) at each of such poles is characterized as
follows:

CoROLLARY 4 (Discrete spectrum). Under the hypotheses of Theorem 6,

for each n = 1,..., N and each k, € Z, there exists a unique constant
¢o € C\ {0} such that

mx. k) (I — C()k eiA(k,))aneiA(kn)x) (67)

— Ro

is regular at k = k,, where D,, = (8,.,+1) and &, is the Kronecker delta.

Next we derive the jump condition of the sectionally meromorphic matrix
m(x, k) across %, which will be used in Section 4 to formulate the inverse
problem for the fundamental eigenfunctions. To this end it is convenient to
introduce the matrix eigenfunction

o(x, k) = m(x, k) e A0~ (68)

which, as the name implies, is a matrix solution of the original scattering
problem (2a). Hereafter we will denote the limits of each quantity as £ — X
from the upper/lower sheet of the Riemann surface with the subscripts =+,
respectively. We have

THEOREM 7 (Jump matrix). For all k € X, there exists a unique matrix
S(k) such that

m*(x, k) = m~(x, k) e’ O¥S(k)e A B (69a)
or, equivalently,
¢t k) = ¢~ (x. HS(K), (69b)
with S(k) = S(k)r.

Equation (69b) is an analogue of the usual scattering relation in the
traditional version of the IST, but it differs from it because the asymptotic
behavior of @*(x, k) as x — oo is more complicated than that of the Jost
solutions, as already evident from Corollary 1. In particular, for £ € ¥ one

has ¢@*(x, k) = m*(x, k) eiAi(k)x, with m*(x, k) given by Theorem 8 further.
Equation (69b) yields the matrix elements of S(k) as

Wr[(pl_v7(p]__1v¢;1‘r9¢)]_+1a7(p;/+1] n]:l N+1

3'n, (k) = - -
/ Wrle, .o o] (70)

The next step is to express the elements of the jump matrix S(k) in terms of
the boundary data derived in Sections 3.2 and 3.3. As we briefly mentioned in
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Section 3.3, for £ € X the asymptotic behavior of the eigenfunctions contains
additional contributions from subdominant terms compatible with the weak
asymptotic conditions (50a) and (51a). (These terms would instead vanish
asymptotically in the limit x — —oo or x — oo for all k¢ X.) More
specifically, we have

THEOREM 8 (Subdominance). For all k € X it is

mE(x, k) ~ EX(k) e A O gt () e A0 a5y 00, (71a)

m*(x, k) ~ EX(k) A D" gE(k) e A BT g5 x — 400, (71b)

where a*(k) and B~ (k) are, respectively, upper triangular and lower triangular
matrices, with

+ I + S —
o) = lim . By, ()= lm B, n=1... N+1 (72)

ajfn(k)zknrgiaj,n, j=2,...,n, n=2,...,N, (72b)
'B-f”(k)zkl—ig:liﬁj,n, j=n,...,N, n=2,...,N, (72¢)

where k — %% denote the one-sided limits from the upper/lower sheet of C,

and where the meromorphic functions o; , and B; , are defined, respectively, in
(55a) and (55b).

Note that (53) and (72a) yield

N+1 )/:t Ai .
deta™(k) =1, detp*(k)=[] %Ag = /2. (73)
n=1 ‘n—1 n—1

Importantly, however, note that not all entries of a®(k) and B*(k) are
obtained from those of a,(k) and B,(k). Explicitly, off-diagonal terms in the
first column and the last row of a*(k) and the first row and last column of
BE(k) [that is, the coefficients afn (k) and ,ijl(k) forallm=2,..., N + 1 and
af n+1(k) and ﬂf\f +1,;(k) forall j =1,..., N] are not limits of meromorphic
functions [recall that the corresponding entries of a,(k) and B,(k) are zero],
and therefore in general they cannot be extended off the cut. The presence of
the subdominant terms in (71) is a manifestation of the fact that in general the
limits x — 00 and k — XL* do not commute.

COROLLARY 5. Forall k € ¥ it is
S(k) = (/3_)_1 = (oz_)_1 mot. (74)
Consequently, det S(k) = 1 for allk € X.
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The significance of Corollary 5 is that it relates the spectral data [providing the
jump of the sectionally meromorphic matrix m(x, k) across X, as given in
(69a)] to the boundary (or scattering) data [expressing the behavior of the
eigenfunctions as x — +oo when k € X, cf. (71)].

The asymptotic behavior at large x of the matrices m*(x, k) in (71),
suggests the introduction, for all £ € X, of matrices satisfying simple boundary
conditions as x — —oo, for example, by means of the following definition:

mj:(x’ k) = M:I:(x’ k)eiA*(k)x a:l:(k)efiAi(k)x (75)

(A similar definition can obviously be given of eigenfunctions satisfying fixed
boundary conditions as x — ©0.) It is easy to show that the columns of the
matrices M*(x, k) are (up to normalizations, see Section 6 for details) the
analogues of the modified eigenfunctions introduced in Ref. [7] for the two-
component case. Indeed, it is trivial to see that, for all £ € X, the columns of the
matrices ¢ (x, k) = ME(x, k) e'A ®~ are solutions of the original scattering
problem (2a). Moreover, (71) imply that their asymptotics at large x is given by

¢ (x, k) ~ EX(k) e B a5 x — —o0, (76a)
¢*(x, k) ~ EX(k) M ®¥AE (k) as x — +oo, (76b)

with
A*(k) = B (k)™ (k). (77)

The columns of ¢*(x, k) are therefore the analogues of the Jost solutions
of the problem, and the matrices A (k) are the analogues of the traditional
scattering matrices (up to the switching of the first and last eigenfunctions
when crossing the cut). We emphasize, however, that, in general, the matrices
¢E(x, k) and M*(x, k) do not admit analytic extension off the cut, unlike
@~ (x, k) and m*(x, k) and also unlike u*(x, k), even though the boundary
conditions satisfied by ¢¥(x, k) on the cut are formally equivalent to those
satisfied by ®(x, k) = u(x, k) &AW~ off the cut [cf. (25b) and (25¢)].

3.5. Asymptotics of eigenfunctions and scattering data as z — 0, 0o

We now discuss the asymptotic behavior of the fundamental eigenfunctions
with respect to the uniformization variable z introduced in Section 2.3. As
clarified in Section 3.4, to formulate the inverse problem we only need one
of the two fundamental matrices, say p(x,z). Therefore, we will derive the
asymptotic behavior of the fundamental eigenfunctions w,(x, z), n = 1,...,
N + 1, both for z — oo and for z — 0. It is worth pointing out that there is no
conceptual distinction between the points z = 0 and z = oo in the z-plane, as
they are both images of £ — oo on either sheet of the Riemann surface, and one
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can change one into the other by simply defining the uniformization variable as
z =k — X instead of z = k + A. Due to the ordering of the eigenvalues, for the
eigenfunctions ) (x, z) and puy+1(x, z) it will be necessary to specify in which
half-plane (Imz > 0 or Imz < 0) the asymptotic expansion is being considered.

The details of the calculations, performed using suitable WKB expansions,
are given in Appendix B. The results are the following:

uilx,z) = ( z+0W) ) z—> 00, Imz>0, (78a)
ir(x)+ O(1/z)

oy (3G 001/
e N S 1

) z—> 00, Imz<0, (78b)

z T 2 22
i (x, 2) = ( @’ (or-/q5 + O( )) 20, Imz>0, (79)

ir_+ 0O(z2)
2
+ 01
(x, 2) = 4/z+0M) 0, Imz<0. (79b)
ir(x)+ O(z)
For n = 2,..., N the behavior of the eigenfunctions is the same in both

half-planes, and given by

T(x)r+ z 4+ O(1/z>
= (T f’"—l/ (1/z%) 00, (80)
irg,_;+0(1/z)
zq! (x)r+ 2+ 0(z?
wn(x,z) = a4 .)f’"_l/qo @) z— 0, (81)
iry, |+ O(z2)
where r(f‘l, e, r& v_1 denote the columns of the matrix R(f defined by (13).
Finally,
T r_ + 0 1 2
Uns1(x,z) = 4 (r-/z (/25 z—> 00, Imz>0, (82a)
ir_+ 0O(1/z)
(x.2) z+ 00 Imz <0,  (82b)
y = — 0OQ, mz <9y,
PN 2= e ) + 0(1/2)

2 o
9/7+ ()> :>0, Imz>0, (83a)

H1(x,2) = (ir(x)+ 0()
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zq"(x)r_/qi + O(z%)

Un+1(x,z) = ( ir 4 00) ) z— 0, Imz<0.(83Db)

Taking into account the constraint (6) on the boundary values of the potentials,
(23) and the first of (63a), and assuming that the limits as x — oo and as
z — oo [or z — 0] can be interchanged, Equations (40a) and (78) [or (79)] yield:

z—>o00, Imz>0,

1
) ~ .
9(2) {e’M

z— 00, Imz <0,

while
et 750, Imz>0,

1 z— 0, Imz<O.

8p(z) ~ {

From the second of Equations (42) for n = 1, and the limiting values of n; ;
in (24), we then obtain Aj(z) — 1 both as z — oo and as z — 0. We can
then use (63a), (40b) and the aforementioned asymptotic behavior to show by
induction that, provided the limits as x — oo and as z — oo [respectively,
z — 0] can be interchanged, for all » = 2,..., N:

1 z—> 00, Imz>0,

82,...,1’1(2) ~ {el’Ag

z—> 00, Imz <0,
and

N 0, Imz>0,
1 z— 0, Imz <O,
while

8j,...,(z2)—> 0 bothasz— ooandasz— 0,

for any {2 < <3<+ <jnZ< N} #£{2,...,n}. The dual result for the
boundary data §;, ., , that is

Sjn,_”jN(z) — 0 bothasz— ocandasz— 0,

forany 2 <j, <--- < jy < N}#{n,..., N} is proved analogously. As a
consequence, (42) imply that for alln = 1,..., N itis

Au(z) = 1 both as z - ocoand as z — 0. (84)

Altogether, the above asymptotic expansions and the definitions (55a) show
that foralln =3,..., Nandall j =2,...,n — 1

a, j(z) > 0 both as z — oo and as z — 0. (85)
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Therefore, according to (62b), the matrix m(x, z) has the same asymptotic
behavior in z as p(x, z), that is, as z — oo, with Imz > 0:

T (el T (el T

z qry/z o g gy /2 q()r-/z

m(x, 2) ~ o1/ on_1/ . (86)
ir(x) ir&l e irOL’]\_1 ir_

Similarly, as z — 0 with Imz > 0:

o) 2q"r- /g5 za" x5 /g o 2dT @Gy /g 45/
m(x, z) ~ .
ir_ iy, iy y_ ir(x)
(86b)

As usual, the first and last columns of (86) are interchanged when either
z — oo orz— 0 withImz < 0.

3.6. Symmetries

As in the scalar and two-component case, the scattering problem admits two
symmetries, which relate the value of the eigenfunctions on different sheets of
the Riemann surface. As usual, these symmetries translate into compatibility
conditions (constraints) on the scattering data, and play a fundamental role in
the solution of the inverse problem.

First symmetry: upper/lower-half plane. Consider the transformation
(k, &) — (k*, 1), that is, z — z*: When the potential satisfies the symmetry
condition r = q*, one has Q' = Q, and (15) implies

oo’ (v, 2 p(x, 2)] = 0.
Evaluating the asymptotic values of the bilinear form ¢f(x, z*)J @(x, z) as
x — —oo and as x — oo then yields, for z € R:

[(X:F(Z)]T e—iA¥(z)x [E:'_:(Z)]TJE:E (Z) eiAi(z)xa:I:(Z)

= [B7@)] e N[BT )] IES (2) €A O BE(2). (87)
Note that
0 Oixv—1y 95 —4q5/7*
[E:(Z)]TJElL(Z) = | Ov—1)x1  q3In-1 Onv—1)x1 (88)
g5 — 2% Oixwv-1 0
and

e—iA*(z)x [ET(Z)]TJEf(Z) eiAi(z)x :qg e—iAﬂz)x ri(z) eiAi(z)x :qgri(z)’ (89)
where

I(z)=ndiag(1-2*/q5.1,....1,1—¢3 /%), T (@)==aT()m. (90)
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It then follows that, Vz € R,
[@T@)]'T*(2)a*(z) = [BF ()T (2)B*(2). 1)

This symmetry is the generalization to arbitrary N of the one that was obtained
in [7] using the “adjoint” problem. Note that for the scattering matrices A*(z)
defined in (76) and (77), this first symmetry can be written as:

[AT@)]" = T* (AT @)] " 92)

For all analytic scattering coefficients, the above symmetry is also extended off
the cut in the usual way.

Second symmetry: inside/outside the circle. The scattering problem also
admits another symmetry that relates values of eigenfunctions and scattering
coefficients at points (k, 1) and (k, —A) on the two sheets of C or across
the cut. In terms of the uniform variable z, this symmetry corresponds to
z— qg /z, which couples points inside and outside the circle Cg, centered
at the origin and of radius ¢y. Indeed, the scattering problem is manifestly
invariant with respect to the exchange (k, ) — (k, —X). By looking at the
boundary conditions off the real axis we thus have immediately

9(x,2) = o(x, 45 /7). (93)
Then, when z € R, the comparison of the asymptotic values as x — —oo yields
() =¥ (q5/2), B*(2) =B (45/2)- (94)

Discrete spectrum. The combination of the two symmetries implies that
discrete eigenvalues appear in symmetric quartets:

2 2 -
{Zj, zj, qo/zj, qo/zj}, j=1,...,J.

(In particular, in the scalar case, discrete eigenvalues can only exist on the

circle Cy.) Moreover, the first and second symmetries above can be used to

derive the corresponding symmetry relations of the norming constants in the

usual way.

4. Inverse problem
The starting point for solving the inverse problem is the jump condition (69b),
which we now write in terms of the uniformization variable:
m*(x,z) =m (x,z)ed @*§(z) e AT Vz € R, (95)

where the superscripts £ denote the limits Imz — 0 from the upper/lower half
plane of the complex z-plane, as before.
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In agreement with the genericity hypothesis in Definition 3, in what follows

we assume that, for eachn = 1,..., N, the function A,(z) has simple zeros at
points {z, ;};=1.. and {Z,;};= j,, respectively, in the upper half-plane
and in the lower half-plane, with J L+ +JIv=Jand J; + -+ Jy = J.

As a consequence, from Theorems 4 and 7, and from the asymptotlc behavior
as z — 0 and as z — oo in (86), we have that: (i) m;(x, z) is a sectionally
analytic function for all z € C with a jump across the real z-axis and a simple
pole at z = oo; (ii) m,(x, z) forall n = 2,..., N are sectionally meromorphic
functions of z with simple poles at the zeros of A,_(z); (iil) myy1(x, z) is a
sectionally meromorphic function of z with simple poles at the zeros of Ay(z)
and a simple pole at z = 0.

Equation (95) then defines a matrix Riemann—Hilbert problem (RHP) with
poles. To suitably normalize the problem, we rewrite the jump condition for
each vector eigenfunction by subtracting out the asymptotic behavior of the
functions in the right-hand side as z — oo as well as the residue at z = 0 in
the upper half-plane:

mi (1Y _1/o\ _ (1N 1[0
z 0 z \ir—) = 0 z \ir_
N+1
My 105 =2y, VJI (96a)
+ — E —i—;e )

N

0 0 N+1
m;{—(.l ):_(.J_ )+m +Zel(k man,

Xy n_1 Iy u—1
n=2...,N, (96b)
0 1 (q2 1 1 (q2 _
+ 4\ _ _ (40
mN+1 (il'_> z (0 - ir_ z 0 +m1

N1
n Zei(x,’v—mmxm; Vinvg,  (960)

where V(z) = (V; ;(z)) = (S(z) — I) &, and 7 is the permutation matrix defined
in (19). We then introduce the Cauchy projectors as follows:

+ L (9,
PG = 5 | i ©7)

These operators are well defined for any function f that is integrable on the
real line, and they are such that P*[ f*](z) = £ £(z) and PT[f*](z) = 0 for
any function f*(z) that is analytic for £Imz > 0 and decays as z — oo (e.g.,
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see [20]). Considering first Imz > 0, we apply the projector P to both sides
of the aforementioned equations. Taking into account the analyticity of the
eigenfunctions, and regularizing as usual by adding and subtracting the residues
of each column using (66) [which expresses the residue of each eigenfunction
at each pole in terms the previous eigenfunction], we obtain for all Imz > 0:

Iy -
z i} oG s G e 2N, 2N )
mi(x,z) = (ir > + E e, o nCN.j) )\N-H(ZNJ))X%
- = zZn,j(z —Zn,j)
N+1

2mi 4
J=1

/ei(xjf(;)m;))x T, 0 1(;) (98a)
¢ —2)

my(x,z) = 01 "(M(Zlv./)*lz(zw))xml(x’Zl’f)
er |

Z—Z1,j
Ji _
+ 21:51 ,ei(xl(zl,,rxz(z].,)xw
N J zZ — 21’]'
(98b)

et M (5 OV 2(8)
i @O=A3 @ J 2 5T TAS )
27Tl Z/ é- — d;

0 m (x Z ) - my_ (x Zp— )
n—1 n—1 n—1 s 4n—1,j
”ln(xaz)—<l. >+ E Cn—1,j —] E F —— J

0,n—1 Z —Zp-1,j Z—=Zp-1,j
N+1 -
- .M (X, 0V a(C
Z/ l(k./ ({)_)“n (§))x ]( ) J n( )dé‘, n = 3’ e N,
2711 {—z
(98c)
2 JINn
mys1(x,z) = 1 /Z + Z cy ;€ ONEL)=An L)) my(x, zZy.;)
ir_ = 7 zZ—2zn;
N+1 -
z:/‘mwnk+@mmj@$)nWH@)ﬂ: (98d)
27‘[1 - é‘ —z ’

where all integrals run over the whole real ¢-axis, and where c,; and ¢, ;
forn =1,..., N and j = 1,...J, are the norming constants associated,
respectively, to the discrete eigenvalue z,; in the upper-half plane and z, ;
in the lower-half plane, as defined in (66). [The reason why the equation
for my(x, z) is slightly different from those for ms(x, z),..., my(x, z) is
that the two exponentials in (66) cancel for all » = 3,..., N, but not for
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n = 2.] The value of the various A,(z) appearing in the sums depends on
whether they are evaluated at a point on the upper-half or lower-half plane,
respectively. Explicitly, A7 = —AT =A%, = —Ay, = A =(z —4§/2)/2,
while AX =k = (z + qg /z)/2 for all » = 2,..., N. Similarly, recalling that
k+ XA =zand k—A=gq; 2/z, all exponentlals appearmg in the integrals in
(98) are easily written in terms of z:

A=A =—Ay g A, =20 =2 —¢( /=, (99a)
A=A ==Ay, +A =k+r=z, n=1,...,N, (99b)

A, =A%

=AM A =k—A=¢i/z, n=1,...,N, (99%)

5=

el — A=A =AY, =0, A7 —Ar=0, jn=2,...,N. (99d)

Similarly, for all Imz < O we apply a P~ projector to both sides of the
jump equations after regularization, and obtain

Iy _
z _ i Sy )— v x 2MNX, ZN
myy1(x,z) = | . + E CN,j e/t /\N“(ZN“’))X_(—’_'J)
r— — Znj(z —2Zn)

2mi

N+1/ ei(lf({)*kfr@))xm;(x’ Vi) i (100a)
£(¢ —2)

j=1

J
0 . mi(x,zy
ma(x,z) = (irL ) + E c1,j el (11 ) =Rz ))x i L)
0,1 ;
) j=1

Z—Zlyj

Ji ( _ )
+ ) & ol G )2 M Z1))
N zZ — ELJ‘

N+l i @)= @)x . — j
1 / e 2 m] (x’ é‘)l//*z(;)dé-’ (IOOb)
{—z

2mwi 4
j=1

T
0 My_1(X, Z,— 1]) - My_1(X, Z,— 1])
2 = ch R ZC e
0,n—1 — 4n=lj —“n—l,j

N+ i @©)=AF @Q)x =
1 e S mT(x, OV,
_ / "( 9 ’"(Odg n=3,...,N,

2mi — {—z -
J= (100c¢)
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42/2 4 j my(x,zy,;)
mi(x,z) = ior + ZCN’J' el()‘N(zN,j)_}\NJrl(ZN,j))xu

Z—ZN)]'

NAL 0 05 (@A (O~ ,
Zf v m;(x, §)V,,N+1(C)d§‘ (100d)
27'[1 —z

The resulting linear-algebraic system is closed, as usual, by evaluating the
aforementioned equations at the location of the various discrete eigenvalues
that appear in the right-hand side. The potential is then reconstructed, for
instance, by the large-z expansion of m(x, z) in the upper half-plane of z,
which corresponds to the first column in (86a), whose last N-components
allow one to recover r(x):

Iy

r(x) =ir_ + ZCN el()"N(zNj) )»N+1(ZN]))XmN(x ZN, n)
ZNn
N+1
Z/ i e M 0 OVna©) o (101)
i c?

[Of course the potential q(x) is obtained by simply taking the complex
conjugate of r(x).]

5. Time evolution

To deal more effectively with the NZBCs, it is convenient to define a rotated
field as q'(x, t) = q(x, ) e~24" 1t is then easy to see that the asymptotic
values of the potential q', = lim,_, 1 q" are now time-independent, and that
q’ solves the modified defocusing VNLS equation

i) = q, +2(g5 — la1%)q’- (102)
Equation (102) is the compatibility condition of the modified Lax pair
v, = L'v, v; = Ty, (103a)

where L has the same expression as L in (3a) except that Q is replaced by Q’,
and where

T'(x,t, k) =i(q5 — 2k*)J — iJQ” — 2kQ' —iJQ, . (104)

Because the scattering problem is the same as in Sections 3 and 4, the formalism
developed the direct and inverse problem remains valid. Nonetheless, the change
allows one to obtain the time dependence of the eigenfunctions very easily, as
we show next. For simplicity we will drop the primes in the rest of this section.
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Because Q — Q4 as x — Zoo the time dependence of the scattering
eigenfunctions is asymptotically given by

Ti(k)= lim T(x,,k) = i(qq —2k%)F —iJQL — 2kQx.  (105)
X—> 00

Note, however that [L., T+] = 0, and therefore the matrices L. and T+ can
be diagonalized simultaneously. (This is not a coincidence, of course, because
the compatibility condition of the Lax pair, which yields the VNLS equation,
is Ly — Ty +[L, T] = 0. The vanishing of the above commutator is then
simply the limit of the compatibility condition as x — £oo when the BCs for
the transformed potential are time-independent.) Indeed, it is easy to verify
that the eigenvector matrices EL (k) of Ly [cf. (14)], are also the eigenvector
matrices of the asymptotic time evolution operator T:

TiEi = —ZEi Sl, (1063)
where
Q(k) = diag ( — 2kr, 2k — g5, ..., 2k* — q5, 2kA). (106b)

N-1

Aswith A(k)inSection 2, the aboverelations apply fork € C;,andare extended
to Cy by defining (k) = diag(wy, ..., wnys1) Yk € C, where wy,..., oy
are given by (106b) for k € C;, and the corresponding values for £ € Cy; are
obtained by simply switching w; and wy.,. [i.e., ' is given by (106b), and
Q" = 7 Q'7 is obtained by switching the first and last diagonal entries of 2'].
We can therefore account for the time evolution of the Jost solutions ®(x, z, k)
and ®(x,1, k) defined in (25) and (26) by simply replacing the boundary
conditions (25b) and (26b), respectively, with

lim ®(x, ¢, k) e {AO—0OD — | (k) (107a)
X——00

lim ®(x, ¢, k)e AR —20ND — | _ (k). (107b)
X—>+00

In other words, with the above definitions ®(x, ¢, k) and ®(x, ¢, k) become
simultaneous solutions of both parts of the Lax pair.

It should then be clear that, if one changes the definition of the fundamental
matrix solutions correspondingly, replacing (27) with

D(x, 1, k) = p(x, t, k) /WO —R00, (108a)

b(x, 1, k) = ji(x, 1, k) ! AO—20N (108b)

all the results in Section 3 carry through when ¢ # 0 with only trivial
changes. In particular the scattering relation (69b) [which expresses the
proportionality relation between two fundamental solutions of the scattering
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problem] remains valid, as long as the definition (68) of the sectionally
meromorphic eigenfunctions is changed, as appropriate, to

@(x. 1, k) = m(x, 1, k)e!AO—200
Correspondingly, (69a) becomes simply
m*(x, 1, k)yr =m~(x, t, k)@ D= RDG(f) g=i(A (=201 (109)

It is then immediate to see that, with these definitions, all scattering coefficients
contained in S(k) are independent of time. And, as a result, so are the discrete
eigenvalues and the norming constants.

Similar changes allow one to carry over the time dependence to the inverse
problem. In particular, it is straightforward to see that all the equations in
Section 4 remain valid for ¢ # 0 as long as all terms (A; — A,)x appearing in
(98) and (100) are replaced with (A; — A,)x — (w; — w,)t forall j,n=1,...,
N + 1, where, similarly as before, the various w,(z) appearing in the sums
depend on whether they are evaluated at a point on the upper-half or lower-half
plane, respectively. Explicitly, in terms of the uniformization variable, it is

W] = w;(,H =—of = Wy, = (z% — q3/z%)/2, while oF =z + ¢ /2% for
allm = 1,..., N. Similarly, the differences appearing in the integrals are
a)l_—wfr:—a);url—l—w;“ =4kk=zz—qg/z2, (110a)

w, —of =y, —of =2k(k+1)—q;=2", n=2,...,N, (110b)

w, —wh =0 —of =2kk—A)—q;=qy /2>, n=2,...,N, (110c)

n

oy —of =of —wy,, =0, o] —of=0, jn=2,...,N. (110d)

6. Comparison with the “adjoint problem” formulation of the IST
for the Makanov system

It is instructive to compare the present formulation of the IST to the one
that was developed in Ref. [7] for the two-component case. in Ref. [7], the
scattering eigenfunctions were introduced for k£ € X, defined by the following
boundary conditions:

asx — —o0 .
G1(x, k) ~ wi(k)e ™, ga(x, k) ~ wy ()™, $s(x, k) ~ wy (k)e™;

(111a)
asx — 400

Yi(x, k)~ wi(K)e ™, Ynx, k) ~wi(k)e™,  Ys(x, k) ~ wi(ke™,
(111b)
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with

A+k 0 A=k
w#(k)=( N ) w3 (k) = (_irL>, w?(")=(_iri)’ (112)

iri i
where ry and q+ are now two-component vectors [assumed to be real], and
ri is such that rlri = 0. The solutions with fixed boundary conditions with

respect to x were denoted by

Mi(x, k)= pi(x, k), My(x,k)=e"pa(x, k), Ms(x,k)=e "™ ¢s(x, k),
(113a)
Ni(x, k)= ey (x, k), No(x,k)=e " y(x, k), Ni(x,k)=e " ys(x, k),
(113b)

and it was shown that, for all x € R, the vector functions M (x, -) and N3(x, )
can be analytically continued on the upper sheet of the Riemann surface,
M;(x, -) and N(x, -) on the lower sheet. The functions M»(x, -) and N,(x, -),
however, in general do not admit analytic continuation for £ off ¥. Note that
the eigenfunctions M = (M, M,, M3) do not precisely coincide with the ones
introduced in (75) because of slightly different choices of normalization.
Nonetheless, they are equivalent objects, in the sense that they are scattering
eigenfunctions defined for £ € X by fixing their behavior as x — =oo0.

On the other hand, recall that, independently of the number of components
(and therefore also when N = 2), the construction in Section 3 provides the
3 x 3 fundamental matrices u(x, k) and fi(x, k) for all £ ¢ ¥ and with boundary
conditions fixed as x — —oo and as x — +o00, respectively. In particular,
p1(x, k) [the first column of u(x, k)] and fi3(x, k) [the last column of fi(x, k)]
are analytic everywhere on C \ X, with a discontinuity across X. The remaining
columns are, in general, sectionally meromorphic functions of &, also with a
discontinuity across X. At the same time, in the two-component case there is
no additional term in any of equations (61), and as a result u(x, k) = m(x, k).
The comparison between the boundary conditions (111)—(113) and (28), (29)
then gives

M, k)  keC\ %,
—Ms(x, k) keCyp\Z,
Ny, k) keC\ X,
Ni(x, k)  keCy\Z,

Ml(x’ k) = [
(114)

3(x, k) = {
which means that for the limiting values on X from either sheet the following
relations hold: for all £ € X,

wi, k) = Mi(x, k), py(x, k) =—Ms(x, k),

(115)
,EL;—(X,]C) = —Ns(x, k), ﬁ;(x’k):Nl(x’k)'
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Moreover, (114) imply that the asymptotic behavior of f[is(x, k) as
x — 4oo when k € C;\ £ and k € Cy; \ ¥ coincides, respectively, with that
of the following eigenfunctions:

—Ny(x, k) ~ (k__ A), NiGx, k) ~ (’\.Jr k)

ry Iry

while from (56b) it follows that, as x — —oo, fi3(x, k) behaves as

A k= » otk
—N3(x, k) ~e” mlAz(k)< ir >, Ni(x, k) ~ e Ae’?l,lAz(k)<l~:__ >,

respectively, for k € C; \ ¥ and k € Cy; \ . Importantly, the last two equations
acquire subdominant terms when k € X. Explicitly, according to (59) and (71),
one has

et + + [(kEA\ 1o + (0 [(A—k
— i k)~ ( et 4y | e iER R
nli’lAéc(k) 3 1,3 ir_ 2,3 er

H(5E) wx o (116)
Similarly, (114) fix the behavior of w(x, k) is fixed for x — —o0. Specifically,
AmLm~Ci6,—mmm~G;ﬁ, (117)

respectively, for k € C;\ ¥ and k£ € Cyy \ X, while from (56a) it follows that,
as x — 00, ui(x, k) follows the behavior of

M@m~mﬂﬁ(“f) 4Mxm~m¢@(kf)am)

again, respectively, for k € C; \ ¥ and k € Cy; \ X. Again, the limiting values
of these last two relations contain subdominant terms when k& € X. Explicitly,
according to (71), one has

S e, K) ~ /81 @ (kik) ps 1(k)( )ei(:l:)»-&-k)x

+ B3 (k )(k i A) e a5 x — +o0. (119)

Regarding the middle column p;(x, k) of u(x, k), from (56¢) we have, for k ¢ 32,

Ay(k
wa(x, k) ~ < So) as x —> —oo, a(x, k)~ A?Ek; (zro) as x — o0,
(120)
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while for k € X it is

e~ B0 (g ) + i (4

) e IEF=Y 49 x — +00,
iry,

(121a)
g~ (o) +at (1) € asa o oo, 21b)
! )

For the remaining columns of wm(x, k) and ji(x, k) [namely, us(x, k),
ft1(x, k), and fio(x, k)], we can use (59) to obtain

e L o - __
Hax, k) = '71,1A2(k)'u3(x’ B b= 771,1A1(k)'u1(x’ ©-
. _ Ay(k) (122)
//LZ(-X’ k) - Az(k)MZ(X, k)’

valid for all k € C \ ¥ for which A(k)A,(k) # 0.

On the other hand, recall that in Ref. [ 7] two additional analytic eigenfunctions
x(x, k) and x(x, k) were obtained via cross products of analytic eigenfunctions
of the “adjoint” scattering problem. These eigenfunctions, analytic, respectively,
in the upper and lower sheet of the Riemann surface, satisfy for all £ € ¥ the
following relations:

x(x, k) e ™ = 2ab3 3(k)Na(x, k) — 24b3 5(k) €470 N3(x, k) (1230
, a
= 2ha1,1(k)My(x, k) — 2ha1 5(k) e "*H0" My (x, k)

X, k)e ™ = 2aby 5 (k) e MY N (x, k) — 24by 1 (K)Na(x, k)

| (123b)
= 22a3 2(k) &' * TP My(x, k) — 21a3 3 (k) Ma(x, k)

where A(k) = (a; j(k)) is a matrix of scattering data such that
(x, k) = ¥(x, kA, (124)

and B(k) = (b; j(k)) = A~!(k). [To avoid confusion we should point out that

the definition of the scattering matrix was the transpose of the one appearing

in (124).] The coefficients a; ;(k) and b3 3(k) [respectively, as 3(k) and b (k)]

were shown to be analytic on the upper [respectively, lower] sheet of the

Riemann surface. Finally, comparing the asymptotic behavior of Mf(x, k) as

x — —oo in (121b) and the relations (123), we obtain

x(x, kye it o)
2)ay,1(k)

x(x, k) etk _igL
2)»613’3(]()

Mz(x, k) = — Vk € C],

Mz(x, k) = Vk € (CH,
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which shows the correspondence between the analytic eigenfunctions constructed
via the adjoint problem, and the meromorphic eigenfunction provided by the
construction via tensors described in this article.

Defining rt = rie’ to account for the phase difference in the normalizations
(18) and (112), and comparing the asymptotic behavior as x — —oo of
,uf(x, k) in (119) and of M (x, k) and M;(x, k) as given by (111), (113), and
(124), according to (115) we obtain, for all k € X,

ar1(k) = B (k) = nf, AT (),

ar (k) = =Py (k) e ™, az1(k) = —B5, (k) (125)
as well as

a3 3(k) = By (k) = 17, A7 (k).

a3(k) = =Py (K e, ar3(k) = —Bs, (k). (126)

showing that indeed the zeros of A(k) in each sheet play the same roles
of the zeros of a; (k) on C; and of a33(k) on Cy, and are therefore the
discrete eigenvalues in the sense of [7]. On the other hand, comparing the
asymptotic behavior of uéc(x, k) and of N (x, k) and Ni(x, k) as x — —o0
yields, according to (116), (111), (113) and the inverse of (124),

bys(k) = e "2nf | AT (k),  bia(k) = e 0T, A5 (), (127)

for all £ € ¥, which confirms that the zeros of Aj(k) and A,(k) are paired,
according to the symmetry relations derived in Ref. [7]. Note that, in terms
of the uniformization variable z, the genericity assumption in Definition 3
corresponds to the requirement that for each quartet {z,, z%, g5 /24, g3 /z;} of
discrete eigenvalues (half of which are inside and half outside the circle of
radius ¢¢), each of them is a simple zero of one (and only one) of the functions
ay1(z) and b3 3(z) in the upper-half z-plane and a33(z) and b; ;(z) in the
lower-half z-plane.

7. Concluding remarks

The general methodology developed and presented in this paper works
regardless of the number of components. Even in the two-component case,
however, the present approach allows one to establish more rigorously various
results that were only conjectured in Ref. [7], or to clarify issues that were not
adequately addressed there. Among them are the functional class of potentials
for which the scattering eigenfunctions are well-defined, and the analyticity of
the scattering data.
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On the theoretical side, a few issues remain that still need to be clarified.
For example, the behavior of the eigenfunctions and scattering coefficients at
the branch points must still be rigorously established, as well as the limiting
behavior of the eigenfunctions at the opposite space limit as resulting from
the Volterra integral equations. Also needed is a more complete investigation
of trace formulae, Hamiltonian structure, conserved quantities and complete
integrability (in particular, the action-angle variables). On a more practical
side, the results of this work open up a number of interesting problems:

(i) A detailed analysis of the three-component case, which is the simplest

case that was previously unsolved.

(i1)) A derivation of explicit solutions and study of the resulting soliton
interactions.

(iii) In particular, an interesting question is whether solutions exist that exhibit a
nontrivial polarization shift upon interaction, like in the focusing case [1].

(iv) A study of the long-time asymptotics of the solutions using the nonlinear
steepest descent method [21, 22].

All of these issues are left for future work.

Appendix A: Proofs

Proof of Lemma 1: Suppose that u(x, k) and u'(x, k) are two solutions of
(28). Because det u(x, k) is a nonzero constant, the matrix u(x, k) is invertible
for all x. A simple computation then shows that

I
P ') =TliA, p 0l

The solution of the aforementioned matrix differential equation is readily
obtained as

p o, o (x, k) = e AT A e TAY (A.1)

where A = u='(0, k)u'(0, k). One could also solve (A.1) for A in terms of
w~'w'. It is not possible to directly evaluate the resulting expression in the
limit x — —o0, because some of the entries of e*A* diverge in that limit. On
the other hand, because u and pu’ are bounded for all x, so are u~! and the
product #~'u'. Hence any terms in the right-hand side of (A.1) that diverge
either as x — —oo or as x — 0o must have a zero coefficient. It is easy to see
that this implies that A must be block-diagonal with the same block structure
as A. Then, taking the limit as x — —oo and using the boundary conditions
(28b) yields A =1, and therefore w = p’. The proof of the uniqueness of the
solution of (29) is obtained following similar arguments. |



Multi-Component NLS Equation with NZBCs 285

Proof of Theorem 1: It is straightforward to see that the columns p; and
ity of the fundamental matrices u and ji can be written as solutions of the
following Volterra integral equations:

pi(x, k) = e + / eIL=DIQ(y) — Q1w (v, k) dy,

o
Ant1(x, k) = e;“ - f e(ky)(L*iMNHI)[Q(y) = Qilin+1(y, k)dy.
X

Standard Neumann series arguments show that, due to the ordering of the
eigenvalues, the above integral equations have a unique solution, and such
solution is an analytic function of %, if the potentials q — q— and q — q are,
respectively, in the functional classes L'( — oo, ¢) and L(c, oo) for all ¢ € R
[cf. (7)]. This estabilishes the analyticity of | = w; and gy = fiyy; for
all k € C\ ¥, with well-defined limits to = from either sheet, including the
branch points +¢,. We next show that, forallw =2,..., N + 1, the forms f,
and g, are also solutions of Volterra integral equations that are well-defined
Yk € C\ T with well-defined limits to .

The operators appearing in the extended differential Equations (34), namely,

AR =L" — i 4+ 4L B, =LY i, 4 4 Av L
can be diagonalized as follows:
A, (k) =E_A,(E_.)"', B,(k)=E,.B,(E.)"", (A.2)

where the matrix multiplication is performed according to (32), and A, and B,
are the normal operators

An — A(n)_l()\-l ++An)I’ En :A(N7n+2)_l()\'n++)\,]v+1)l

The relations (A.2) follow from the definition of the extensions L(if) and A™
and from (14). Moreover, it is easy to check that the standard basis tensors

ley Aorne i1 <ji<jp<-<jy, <N+1}

for /\"(CN*!) [where as before ey, ..., ey, are the vectors of the canonical
basis of CV*!] are eigenvectors of A, and B, and that the spectrum of A, and
B, is given by, respectively

spec(A,) = {hj 4 F ), — A — - = Ay i1 < o <0 < jaub,
spec(B,) = {A), + -+ Aj —An— = ANgt i < Jnpl <0 < N4}

Due to the ordering of the eigenvalues, the real part of the spectrum of A, is
therefore always nonpositive, whereas the real part of the spectrum of B, is
always nonnegative.
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To take advantage of the above diagonalization, it is convenient to introduce
the following transformation of the fundamental tensor families:

ff=E@)"% gi=E)"g.

It should be clear that f,, and g, are solutions of the differential problem (34)
if and only if £ and g” are solutions of

Ofy =Aufy + QTS lim fl=enAe.  (Aa)
and
0.gy =Bugy + Q.08  lim gl=e Ao Aevi  (A3D)
where

Q)" = (E4)'[Q" - QV]E., A9

and again the matrix multiplication is performed according to (32). Because of
its k-dependence, the term Q/* becomes an energy-dependent potential.

The 2(N + 1) problems (A.3) above can all be analyzed via a single abstract
model [namely, (A.6) further] for a normal operator in a finite-dimensional
Hermitian vector space V' with norm ||-||. More precisely, let 4 be a normal
operator on such a vector space, which plays the role of either A, or B,, and
let g(x, z) be a linear operator on V' of the form

2n
g2 = ——— > ), (A5)

2 _
z 90 Jj=="2n

which plays the role of the energy-dependent potential (A.4). Here and below, z is
the uniformization variable introduced in Section 2.3. The explicit z-dependent
factor in front of the summation in (A.5) reflects the presence of a factor 1/A in
E;' coming from the determinant of E.., while the summation reflects the fact
that all remaining terms in E. and its inverse have degree no larger than 1 and
no less than —1 in z [cf. (23)]. Moreover, the fact that q — q_ € L'(—00, ¢)
and q — q; € L'(c, 00) implies similar properties for the gj(x)’s. Then, for a
fixed z € C\ ¥ and a fixed uy € ker 4, consider the “model problem”

ou = Az)u + q(x, z)u, lirP u(x) = uyp. (A.6)

The problem for g, can be brought to this form by simply changing x to
—x. Correspondingly, u plays the role of either f* or g. If u satisfies the
differential equation in (A.6), for any real s and x it is also a solution of the
linear Volterra integral equation

u(x) = e IO(s) 4 f IO (3 () dy.

N
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The result of the theorem then follows from the fact that A(z) is a normal
operator with non positive real part, and therefore e“” has norm less than or
equal to 1 for all # > 0. We may thus take the limit of the above integral
equation as s — —oo and apply the boundary conditions in (A.6) to obtain

u(x) = ug + / ) O g (y, 2u(y) dy. (A.7)

Conversely, any solution of the Volterra integral equation (A.7), which is
bounded as x — —oo, solves (A.6). Applying the usual Picard iteration
procedure then proves the existence, uniqueness and analyticity in z of the
solution. [ |

Proof of Theorem 2: Consider the maximal-rank tensors #, = f, A 2,11,
forallm = 1,..., N. Each of these tensors satisfies a differential equation of
the form

achy = [LEY —ik(N — DI+ QYD — Q) ]h,.

For any linear operator A4 acting on C¥*!, the extension AV*Y is equivalent
to scalar multiplication by the trace of 4. Because the trace of the operator on
the right-hand side of the above equation is zero, we have that each of the 4, is
a function of & only. Moreover, in C¥*!, any (N + 1)-form can be written as
CeiA...Ney4 for some scalar C. Therefore, (36) defines uniquely a function
A, (k) wherever the function y,(k) is nonzero.

Analogously, (38) hold because both fy,; and g; are maximal rank
tensors, which, with similar arguments as aforementioned, can be shown to be
independent of x. Therefore, their value must coincide with their asymptotic
limit as either x — —o0 or x — oo.

The specific value of y,(k) follows from the fact that, thanks to our choice
of normalization for Ré, the N x N matrix (Rol, r-) has mutually orthogonal
columns, each with norm . Finally, the A,(k) defined by (36) are analytic on
C\ X because the f,’s and g,’s are analytic there, and for the same reason
they admit smooth extensions to X\{£¢go} from each sheet. |

Proof of Theorem 3: As a solution of (34a), the tensor f, is in the
kernel of the operator 9, — L +i(A; + - - - + A,)L. But because Q — Q. as
X — 00, in this limit f, is asymptotically in the kernel of

9 — L i + - + AL

Because this kernel is spanned by the collection of all tensors of the form
e Nej A---nef for2 < jp <...< j, <N, equations (40) then follow.
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By similar arguments we have that, as x — —oo, the tensor g, must
asymptotically be in the kernel of the operator

3 — LY i+ 4 Al

whichisspannedby the collectionofalltensorsofthe forme, A---Ae; Aey, ),
for 2 < j, <--- < jy < N. Equations (41) then follow.

To prove (42), note that (36) and (40) imply 7, = A, e; A---Ae, A
ey A---nepy forall m =1,..., N. Because h, is independent of x,
however, it equals its limits as x — Foo. That is,

By = ep A Al A { 2 Bjriieads €y N1 N € /\ezv+1:|

2= fnt1 <Jnt2<-<jN=N

— 1i — et A + + +
—hmh,,_|: Z 8joeju €1 NELA /\ejn:|/\en+l/\ Aeyit-

2<ja<jz<-<jn=N

All terms but one in the sums above have at least one repeated vector. Hence,
taking into account the decompositions (20), we conclude that relations (42)
follow. |

Proof of Lemma 2: Recall first that if uy, . .., u, are vectors in C¥*! such
that ujA...Au, # 0 and g € A"*! (CV*1), then, the equation
UIA AUy AV=g

has a solution v if and only if u;Ag = 0 for all j = 1,..., n. Using the
aforementioned result, we next prove by induction that there exist smooth

functions, vy, ..., vy41 : R = CV*! such that, forallm = 1,..., N,
VIA AV, = fn, (A.8a)
WA S =0, Vi=n, ... N+1, (A.8b)
Fot A3 — ikd = Q 4+ iA)un] = 0. (A.8¢)

The induction is anchored with the choice vy = f, which implies that
(A.8a) and (A.8c) are satisfied trivially. We therefore need to show that (A.8b)
holds for» = 1 and j = 1,..., N 4+ 1. To this end, note that, for any j =
1,..., N + 1, the product v;Af; is a solution of the following homogeneous
differential equation:

[0 =LY ity 4G+ +2) = Q= Q)i A f))
= ([0 — L+ i —(Q—-Q)u} A f;
+or A =LY i+ +2) — Q- Q)] f; =0,
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because vi = f and f; both satisfy (34a). Moreover, viA f; satisfies the zero
boundary condition:

lim vi(x, k) A fi(x, k) =e ANef Ney A---ne; =0.
X—>—0Q

Then the problem has the unique solution v;A f; = 0. The induction is thus
anchored. Suppose now that vy,..., v,_; have been determined according
to (A.8). Note that f,_; = viA...Av,_; is generically nonzero because it
solves a first-order differential equation with nonzero boundary condition. The
equation f,_jAv = f, then has a solution v, provided v;A f, = 0 for all s =
1,..., n — 1. But this condition is part of the induction assumption, so there
exists a solution v, that satisfies (A.8a). We thus need to show that such v,
also satisfies (A.8b) and (A.8c). First, note that

fost AL — L +ik, — (Q — Q)]u,
[ =L i+ 4 ) — Q= Q)™ D] S} A v, =0,

where we used that f, = f,_1Av, and Equations (34a). This proves (A.8c).
Moreover, as a consequence we have, for all x € R,

[0 —L_+iAx, —(Q — Q_)]v, € spanfvy, ..., v,_1}. (A9)
Finally, for all j = n,..., N 4+ 1 then we have

[0 =LY Gy + A+ o+ 2) — (@ = Q)Y (wy A £)
= {[8x —L_+iA, — (Q - Q—)]vn} A f‘]
g A [0 =L +iG + - +2) = Q- Q)] S (A10a)

The first term in the right-hand side of (A.10), however, vanishes because of
(A.9) and the induction assumption (A.8b). And the second term vanishes
because the f;’s satisfy (34a). Moreover,

lim v,(x,k) A fi(x, k)= lim v, Aef A---Ae;
X——00 X—>—00 J

= lim v, A fuAe, A Ne;

xX——00 Y

=xErjloovn/\v1/\---/\vn/\e;+l/\---/\e;=0, (A.10b)
where we used (A.8a) as well as the boundary conditions (A.8a). The unique
solution of the homogeneous differential equation plus boundary conditions
(A.10) is therefore v,Af; = 0, which proves (A.8b) for j > n and thus
completes the induction. The proof of existence for the w,’s can be carried out
analogously. ]
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Proof of Lemma 3: We prove the results for the m,’s. The dual results
for the m,’s are proved in a similar way. For a fixed n = 1,..., N + 1
we know that f,_; and g, are point-wise decomposable. We can write these
decompositions as

oot =UIA - ANUy_|, Cu=Uy A~ ANUNL].

For instance, we can take u; =v; for j =1,...,n — landu; = w; for j =n,...,
N + 1, where v, and w, are the vectors in Lemma 2. Then, if f,_; A g, # 0,
the N + 1 vectors {u,},=1... n+1 are linearly independent and thus form a
basis of CV*!. We can therefore express v, as a linear combination of them:

N+1

vy, = Z cijuj,

j=1

for some unique choice of coefficients cy, ..., cyy1. Because f, = fu_1Av,,

imposing the first condition in (46a) [namely f, = f,_1Am,] gives

N+1
UL A Aty | A chuj —ULA .Uy AT, .
j=n
In turn, this implies
N+1
m, — chuj e span{uy,...,u,—1} -
Jj=n
Thus, we can express m,, as
N+1 n—1
m, = ZC]M/ + ijuj,
Jj=n j=1
with coefficients by, ..., b,_; to be determined. But imposing now the second
of (46a) [namely the condition m, A g, = 0] implies by = ... = b, =0

(due to the decomposition of g,). Therefore, we have determined the unique
solution of (46a).

To show that such a m,, is a meromorphic function of k, we use the canonical
basis and the standard inner product on /\ (C¥*'), and express (46a) as

((fo— focrAmy), ey A---Nej) =0,
(m,, /\g,,,,ej1 AR /\eijM) =0.

These conditions provide an over-determined linear system of equations for
the coefficients of m, with respect to the standard basis of C¥*!. Because it
has a unique solution, some subset of N + 1 equations among these has
nonzero determinant. Solving this subsystem gives the coefficients of m,, (with
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respect to the standard basis) as rational functions of those of /1, fu, and g,.
And, according to Theorem 2, the latter are analytic functions of k on C/X.

Proof of Theorem 4. For n = 1, equations (47a), (48a) and (49a) follow
from the fact that m; = f;. So consider a fixedn = 2,..., N + 1. According
to Lemma 3, there exists a unique m,(x, k) such that (46a) holds. Because
such an m, depends smoothly on f,_; and g,, it is a smooth bounded function
of x. Together with (34a), Equations (46a) give [using similar methods to
those in Lemma 2]

fn—l A [ax —iL_+ir, — (Q - Q—)]mn =0,

& N [0y —iL_+iA, —(Q—Q-)]m, =0.
But wherever f,_1Ag, # 0, these equations imply (47a) [because the term to
the right of both wedge signs must be in the span of two linearly independent set
of vectors, and therefore is identically zero]. Moreover, the limit as x — —o0
of f,_1Am, = f, gives (48a) forn =2,..., N + 1.

To prove (49a), we first show below that the second of (46a) implies, for

n=2,..., N,

My A Znil = Cn&ns (A.11)
where c,(x, k) is a scalar function. In fact, the decomposition g, =
Wy A...ANwyy; [from Lemma 2] and the condition m, A g, = 0 imply
m, = Z]]v;l c;w;, and therefore

N+1

My N gny1 = ZC‘/w]‘ ANWpyt A s ANWN4I,

Jj=n
from which (A.11) follows trivially. Thus, for alln = 2,..., N,

Cnfnt N&n = Ju—1 AWMy A gnit = fu A &nt1, (A.12)

and because both f, 1 Ag, and f, A g,11 are independent of x, we conclude
that ¢, must also be independent of x. (But in general it depends on
k, obviously.) If we now consider the limit of (A.12) as x — —oo,

taking into account (36) we obtain c,A,_1e] A---Ae,_ Aef AL ef, =
Ape] N---Ne, Ae:“ A...e;\r,ﬂ, that is, foralln =2,..., N,
CnDAy_1 Vi1 = ApVa - (A.13)
From (A.11) and (A.13) we therefore conclude
Yo An
My A Quyl = 2n n=2,...,N. (A.14)
Vn—1 Anfl

[Note that A,_; # 0 because of (36) and f,_; Ag, # 0.] The limit of the
aforementioned equation as x — +oo yields (49a) forn =2,..., N.
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To establish (49a) for n = N + 1 [for which (A.11) obviously does not
apply], we first observe that, putting together the results of Lemmas 2 and 3,
for the first and the last of the m,’s and 7, ’s one has the following. Because
mi A fi =0and m; = [, it follows that m; A m; = 0, that is,

mi =d1}1~11, (AlSa)

where d; is a scalar function depending, in principle, on both x and k. Note
however that m| and 71, satisfy the same differential equation [this uses (47b)
in Theorem 4, which is proved exactly as aforementioned], implying that d (k)
is independent of x. Similarly, my 1 Agve1 = 0 and Ay = gy imply
mys1 Amysq = 0, that is,

myy1 = dyi1iiNg1, (A.15b)

with dyy; again a scalar function of k£ only (for the same reasons as (A.15a)
above). Using (A.15b), as well as (41a) and (42), we then obtain

xEToomNH =dy(k)ey XEI}lOOmNH = dy1(k)e 1 Ay €Nyt -
On the other hand because (48a) is also valid for n = N + 1, it
is e"'Agm,ldNHAN = 1. Then, recalling Ay,; = 1, we have dy,| =
e/ n11AN] = [¥n11An+1]/[ynAn], which completes the proof of (49a).

The analyticity of m, wherever f,_ | Ag, # 0 was already established
in Lemma 3. Finally, (36) implies immediately that the only points k¢ X
such that f,_i(x, k) Agu(x, k) = 0 but A,_j(k) # 0 are those for which
y1(k)=---=yn(k)=0. As discussed earlier, these are points k = gocos (A6 /2)
on each sheet, where 1, ;(k) = 0. It is relatively easy to see, however, that at
these two points one can simply define m, by analytic continuation.

Similar arguments allow one to prove (47b) and the corresponding boundary
conditions and asymptotic behavior for the 72,,’s and to establish their analyticity
properties. |

The proof of Theorem 5 follows similar methods as that of Theorem 4
earlier.

Proof of Corollary 1: The results follow by taking the limits as x — +o0
of (46a), using the boundary conditions established in Theorem 3 and solving
the resulting over-determined linear system. The solvability conditions of the
system correspond to Pliicker relations such as (44). Consider, for example,
the limit as x — —oo of m,(x, k) for some n = 2,..., N. For k ¢ X, from
Theorem 3 it follows that

mgn(x, k) = ) 8o € N N NNy

2= jn<jn41<--<JN=N
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and therefore the condition m, A g, = 0 implies that as x — —oo, m, is

asymptotically in the span of e, , ..., ey, that is,
N+1

Jim =Y e
j=2

Moreover, taking into account that f,_; Am, = f, and using the limits of f,
and f,_; as x — —oo as given in Theorem 3, we have

N+1
el_/\---/\en__l/\Zoz,,,je; =e AN---ANe,,
j=2
which implies «,; = 0 for j > n and «,, = 1, that is, the first of (56c¢).
Finally, the coefficients «, ; can be expressed in terms of the functions 8 i
Indeed, the condition m, A g, = 0, evaluated in the limit x — —o0, yields, for
aln=2,..., N:

n
Z 81',1 ,,,,, jNZotn,je;/\e;n/\-‘-/\e;N/\eX,H:0,
2<ju<jnt1<<jN=EN Jj=2
with «,, , = 1. The terms that are not identically zero due to repeated factors in
the wedge products give an over-determined linear system for the coefficients
a,,; in terms of Sjn,..‘,jw whose solution in expressed by the first of (55a). The
proof for the remaining eigenfunctions is carried out in a similar way. The
specific values of the diagonal coefficients in (53) follow from (42). |

Proof of Corollary 2: The analyticity properties of the matrices m and m
are an immediate consequence of their construction, together with the earlier
results about the fundamental tensors f, and g,. The relation (59), defining
the transition matrix d(k), follows from the fact that for generic k € C\ X,
and for each n = 1,..., N + 1, the matrices m, and m, satisfy the same
differential equation. Moreover, it is straightforward to verify that, thanks to
Corollary 1 and (53), their boundary values as x — —oo and as x — oo are
proportional to each other with the same proportionality constant. Hence the
two solutions must be proportional to each other for all x. Namely,

Ya1(K) Ay _1(k) my(x, k) = yu(k)Au(k) m,(x, k), n=1,...,N+1.(A.16)
Taking into account the value of the y,(k) one then has (59) and (60). |

Proof of Corollary 3: The result is a straightforward consequence of
Corollary 1 and of the definitions (28) and (29). ]

Proof of Theorem 6: By the genericity assumption, A, (k) is the only one
among Ay, ..., Ay, that vanishes at &,, and it has a simple zero. The results of
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the aforementioned sections show that, forall j =1,..., N+ 1with j #n + 1,
the columns m;(x, k) are analytic near k,, while m,(x, k) is undefined there.

We start by proving (65). Let {v,, w,}n=1. . n+1 be two sets of vectors
as in Lemma 2. We know (from the proof of Lemma 3) that m,(x, k) €
span {w,, ..., wy+1}. Moreover, because A,(k,) = 0, (36) implies that, at
k ::km

0= fu Agur1 = fut Ay A guy1 = Cu fro1 A &ns

where the last identity follows because m, Ag,+1 = c,2, [cf. (A.11)],
with ¢,(k) = (yY.A»)/(Yu—1A,—1). Note however that c,(k,) = 0
because A,(k,) = 0, while f,_1(x, k) Agi(x, k,) # 0 because by
assumption A, _i(k,) # 0. On the other hand, (A.11) also implies that
m, — c,w, € span{w,i1,..., Wy} because g, = w, A --- Awyy foralln =
l,..., N + 1 [cf. (43)]. Therefore at a point k, where c¢,(k) vanishes one has
my(x, k,) € span{wy, 11, ..., wyy1}. Moreover, span{w,,+1, Wy12, ..., Wyt1} =
span{fi, 1, Wyi2, ..., Wyt1}, because M, 1 A guao = gnt1 [cf. (46D)]. This,
together with (43), implies that 71, € span{w,1, ..., wyy1}. Therefore we
finally conclude that, at k = &,

my Gspan{mn+lawn+b~~-awN+l}
In a similar way one can show that, at k = k,,
My € span{vy, ..., v,—1, M,}.

It then follows that there exist scalar functions bi(x) and

by(x) such that m,, —bym, € span{vy,...,v,—1} and i, —bym, €
span{w,2, ..., Wy41}, that is,
n—1 N+1
gy —bimy =Y _djvj, g —bomy = Y djw;. (A7)
j=1 j=n+2

We next show that these two functions coincide. Taking the wedge product of
both these vectors with f,_; A g,42, we obtain

n—1
(Mps1 — bimy) A fumit A Gnan = dev/ AVIA ..Ut Agnia =0,
j=1

N+1

(Fnpt = bama) A fut Aguyz = D djw; A fust Ao Aves Ay =0,
j=n+2

so that /ity 1 A fum1 A Gniz = bimy A fut A gniz a0d My A fyo1 A gnia =

bymy A fu—1 A gny2. Therefore bymy A fy_1 Agnia = bamy A fy_1 A g2,

that is,

blfn N Eny2 = ben N 8n42 -
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But f, A guio # 0 because f, A v, Agni2 = frnr1 Aguia # 0. Hence b =
by = b(x).

The aforementioned argument, together with (A.17), implies that 71, —
bm, € span{vy,...,v,_1} and also m,; —bm, € span{w,is, ..., Wyy1}.
Then, because these two sets are linearly independent, it follows that

Mp1(X, k) = bOx)m,(x, k).

The differential equations (47a) and (47b) satisfied by m,(x, k) and /1, 41(x, k)
then imply that h(x) has form given in (65).

To prove (66), note that, for k # k, and for all j = 1,..., N 4+ 1 it is
Vi-1Aj_1m; =y;A;m; [cf. (A.16)]. Evaluating this relation for j =n + 1,
combining this relation with (65) and taking the limit £ — %, one then obtains
(66). |

Corollary 4 is an immediate consequence of Theorem 6.

Proof of Theorem 7. The argument is the same as for the basic
uniqueness result. Indeed, the choice of w gives t A™m = A~ [or, equivalently,
w A~ m = AT]. Therefore, bothm™  and m~ satisfy the same matrix differential
equation, namely

%G =ikdG—iGA™ —QG,
so that
3(m) 'mTr) =i[A™,(m) 'mTx].

Requiring boundedness both as x — —oo and as x — oo then implies
that (m~) ™' m*m has the form €A ®¥S(k) =A™ 0x | which in turn yields
immediately (69a).

To obtain (69b), recall that the matrix & defined in (19) interchanges
eigenvalues and eigenvectors from C; to Cy;. Thus, &4 =& ALY 3 Using this
relation to replace the last exponential in (69a) [and recalling that w ~' = ],
one then obtains the jump condition defining the scattering data as (69b). H

Proof of Theorem 8: We know from Theorem 5 that the columns of
m(x, k) are solutions of the differential equation (47a) also in the limit
k — X. Hence the columns of ¢~ (x, k) are solutions of the scattering problem
(2a). Recalling that the scattering problem v, = Lv admits the fundamental
matrix solutions ®(x, k) and ®(x, k) whose asymptotic behavior as x — 00
is given, respectively, by E e/A* (evaluated on either side of the cut), we can
write the asymptotic behavior of ¢*(x,k) as x — —oo and as x — 00,
respectively, as

0 (x, k) ~EX A CE, @F(x, k) ~ EX AN CE,
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for some constant [i.e., x-independent] matrices CX(k) and Cf(k). [To avoid
confusion, recall that the superscript £ indicates whether the limit £ — X is
taken from above or below the cut, while the subscript + denotes whether one is
considering the limit x — co or x — —o00.] It then follows that the asymptotic
behavior of m*(x, k) as x — —oo and as x — oo is given, respectively, by

S At At _iAE
m*(x, k) ~ EX M CreT ™Y, mt(x, k) ~ Ef MY Cre A

The fact that the matrices C* and C* are, respectively, upper triangular and
lower triangular follows by enforcing the weak boundary conditions (50a) and
(51a). Finally, the fact that some of the coefficients of C* and Cf have the form
specified in (55) results from the continuity of the weak boundary conditions
(50a) and (51a). [ |

Proof of Corollary 5: Equation (74) follows from Theorem 8 by taking
into account (71), the limiting values as |x| — oo of (69a), and using the fact

that (E3) " EX =z (Ef) " Ef =, as well as e A *m i A™* = 1. [ |

Appendix B: WKB expansion

We first consider the asymptotic behavior of the fundamental eigenfunction
wi(x, z) of the scattering problem (2a). In terms of the uniformization variable
z introduced in Section 2.3, the system of differential equations becomes, for
Imz > 0,

0ouy x,2) = =i 2, z)+2q<f><x>u<””(x,z), (B.1a)
j=1

oo (x,2) =iz pf (e, )+ rU (k2. =2, N+ 1, (B.1b)

where the superscript () denotes the jth component of a vector. We start with
the following ansatz for the expansion of u(x, z) as z — oo with Imz > 0:

(1.1
w oo()
1P, z) = 2000 o) + 1000 + 20 4 0(1/2)
()1
i c>o() )
uPoz) = wpf @)+ —2=1+0(1/2%, j=2,...,.N+1

Substituting these expressions into (B.1a), and matching the terms of the same

order in z, we obtain Bx,u(lllo (x) =0, implying ;L(ll,();o_l(x) =1, using the
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knowledge of the asymptotic behavior as x — —o0. Moreover,
1),0 0
Dt (x) = —iqg +Zq“><x)u”’ ().

Substituting the above expansions into (B.1b) yields u(] T0x) = ir)(x) and
1,0 .1 1.0 .
oo 000 = ip @) + PPN, =1,.N,
so that
(1.0 !
p20w =i [ [ae)IR - ailax
—0o0

where again we fixed the integration constant to match the asymptotic behavior.
Then, forall j =1,..., N,

W ) = 9,0 (x) — P () f [llaG)I> — g5] dx’

Proceeding iteratively one can, in principle, determine all the coefficients of
the asymptotic expansion.

The differential equations satisfied by wi(x, z) in the lower-half z-plane
differ from (B.1), and are

N
dep(x,2) = —iz p{(x, 2) + Y gV (x, 2), (B.2a)
j=1
Bx,u(l/)(x Z)—lqz (J)(x 2)4+rY- 1)(x),u(l )(x z), j=2,...,N+1. (B.2b)

The appropriate ansatz for the expansion as z — oo with Imz < 0 is then:

(1),1
w2y = ““’"( Me®) o)z,
()1

Mloo()

1, z) = w2000+ 2+ 0(1/2%), j=2,...,N+L

Substituting into (B.2) and matching the terms of the same order in z we get,
for the leading order coefficients, ,u( ) 1(x) q” (x)r_, as well as M(j )0 x)=
irY=Dforall j =2,..., N + L.
Recall that, to properly formulate the inverse problem, we also need to
compute the behavior of the eigenfunctions as z — 0. In this case, for Imz > 0
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we use the ansatz
(1 1),1 1),2
p@ 2 =z b 0 + 2@ + 0,
1o, z) = w3l + 215 0+ 0EY, j=2,.. N+

Substituting this into (B.1) yields, for the leading order coefficients of the
expansion

1),1 1),0 e .
[L(lz) x)= qT(x)r_/qOZ, ,u(lj(;r > x)= zr(,]), j=1,...,N.
In the lower half z-plane, the ansatz for the expansion of w(x, z) about z = 0
will be

1
uPx,z) = —uﬁ% @)+ pit' @) + 21y ) + 0@,

1P, z) = w0 + 215 )+ 0E), =2, N+,

as z — 0 with Imz < 0. Replacing into the differential equations (B.2) and
matching the corresponding powers of z yields

1 0 . (j— .
ny e =¢f, w0 =irV @) j=2,.. N+l (B3)

Consider now the eigenfunction uy.1(x, z), whose components satisfy the
following system of ordinary differential equations (ODEs) for Imz > 0:

1 1 1
Bty = lzugv)+1+2q”’ T (B.4a)

2
1 q 1 .
axﬂg\]/il) =] + r(])(x)ugvll’ Jj = 1, ey N’ (B4b)

we then make the followrng ansatz for the behavior of uy,i(x, z) as z — 0
with Imz > 0:

1),-1
1 M ()( x) 1,0 1),1
Mgv)ﬂ( z) = +z + Mg\/)—i-l,o(x) +z MSV:—I,O('X) +0(z%), (B.5a)

1 1),0 +1),1 .
o (6, 2) = WYL @) + 2§ () + 0E), j=1....,N. (BS5b)
Substituting these expansions into (B.4) and matching the terms of the

corresponding powers of z, we get, from the first few orders, 0, ;L(A],)jrilo(x) =0,

1mply1ng,u,\,Jrl O(x) = qo,togetherw1th/r(,\/,i}?’00(x) = irY(x)forallj=1,...,N.
For Imz < 0, the components of py(x, z) solve the system of ODEs

1 ! +1
8x#3v)+1 = _’_MSV)H + un)“%+l)’ (B.6a)
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1 .
3x,u5(zil) =iz M%l + r(f)(x)pLNH, j=1,...,N. (B.6b)
The ansatz for the behavior of uys; as z — 0 with Imz < 0 is then:

1 1,1
WG 2) = 2 () + 0@, (B.7a)

1 i+1),0 i+1),1 .
W2 = w @+ 2T 0+ 0@, j=1,...,N. (B.7b)

Substituting these expansions into (B.6) and matching the terms of the
corresponding powers of z, we get dy M%l—l o=0forall j =1,..., N and

N
1,1 . / j+1),0
Mg\/)—i-l o(X) = —i ZQ(J)(X)M%H,)O (x)/Qg .
j=1
Taking into account the asymptotic behavior as x — —o0, the first condition
yields M(]\’,ﬂ?bo(x) =ir" for all j =1,..., N, and the second one gives
,ug\l,lrll ox) = q’ (x)r_ /qg. Similarly, as z — oo with Imz > 0 we consider the
ansatz
1,1 1,2
DATNC NI AN C)
z z?

+ 0(1/2%), (B.8a)

1
Mgv)+1( z) =

(1+1) 1
1 1),0 N+1,00() .
w2 = pi e ) + & +0(1/z2%), j=1,...,N. (B38b)
Substituting into (B.4) we obtain 3,15 ") (x) = 0, implying u{ "0 (x) =
ir(,j), and Mg\l,l’rll’oo(x) = q7(x)r_. The ansatz for the behavior of py4; as
z — oo with Imz < 0 is:

,0
0 2) = 2 1T 00 + 1 () + 0(1/2), (B.9a)
1 1).0 L s .
M (0 2) = L) + @) + 012, j =1 N. (B.9b)

Replacing into the differential equations (B.6) yields axug\l,ll o(®) =0,

implying :“N+1 (x) =1, and ,u(,{,l?’oo(x) =irU D(x) forall j =2,..., N

The elgenfunctlons Un(x, k) withn = 2,..., N satisfy the same differential
equations on both half-planes. Namely, for each n = 2,..., N,

0 k) = —i(z + g5 /2)ud(x, k)+Zq<’>(x)u<f“><x,k),

Jj=1
Y x, k) = rPu P, k), j=1,...,N.
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We make the ansatz

1),1 2),1
Mﬁlo(X) qulo(X)

uP(x,z) = g () + +0(1/2),

+1),1
uf/oo) (x)

w0, z) = uf 00 + 22—+ 0(1/2%), j=1,...,N.

Substituting into the system of ODEs and matching we get ,u( )O(x) =0, and

1,
i (%) = Zq(’)(x)u(’““’(x), P00 = irgY) (B.10a)

Doy K (x) = Zq(”(X)u(’“) ) =i i), (B.10b)

[where, as usual, we used the large-x behavior to fix the values of the

constants]. We then substitute the second of (B.10a) into the first, to obtain

;L%é(x) = qT(x)r&n_l. The ansatz for the behavior as z — 0 is (in both

half-planes)
uPx,z) = w800 + 2 1 o) + 2050 + 0EP)

w0, 2) = w0 + 2T @ + 0@, =1, N,

(1),0

Substitution into the system of ODEs yields u, ;" (x) = 0, as expected, and

1.1 1.0
zqg,u% (x) = Zq(f)(x),u(ﬁ) (x). (B.11)

Fromthe equations forthe other components one also obtains M(j . O(x) =1 roL n(] )1

and 0,1 (’H)l(x)—r(/)(x)u(l)l(x). Taking into account the behavior of
ui{gl)’o, (B.11) finally gives

N
1,1 i 1,
ws ) =Yg ad = " (o, - (B.12)
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