Downloaded 02/10/15 to 128.205.113.160. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal /ojsa.php

SIAM J. MATH. ANAL. (© 2015 Society for Industrial and Applied Mathematics
Vol. 47, No. 1, pp. 706-757

INVERSE SCATTERING TRANSFORM FOR THE DEFOCUSING
MANAKOV SYSTEM WITH NONZERO BOUNDARY CONDITIONS*

GINO BIONDINIT AND DANIEL KRAUST

Abstract. The inverse scattering transform for the defocusing Manakov system with nonzero
boundary conditions at infinity is rigorously studied. Several new results are obtained: (i) The
analyticity of the Jost eigenfunctions is investigated, and precise conditions on the potential that
guarantee such analyticity are provided. (ii) The analyticity of the scattering coefficients is estab-
lished. (iii) The behavior of the eigenfunctions and scattering coefficients at the branch points is
discussed. (iv) New symmetries are derived for the analytic eigenfunctions (which differ from those in
the scalar case). (v) These symmetries are used to obtain a rigorous characterization of the discrete
spectrum and to rigorously derive the symmetries of the associated norming constants. (vi) The
asymptotic behavior of the Jost eigenfunctions is derived systematically. (vii) A general formulation
of the inverse scattering problem as a Riemann—-Hilbert problem is presented. (viii) Precise results
guaranteeing the existence and uniqueness of solutions of the Riemann-Hilbert problem are provided.
(ix) Explicit relations among all reflection coefficients are given, and all entries of the scattering ma-
trix are determined in the case of reflectionless solutions. (x) A compact, closed-form expression
is presented for general soliton solutions, including any combination of dark-dark and dark-bright
solitons. (xi) A consistent framework is formulated for obtaining solutions corresponding to double
zeros of the analytic scattering coefficients, leading to double poles in the Riemann—Hilbert problem,
and such solutions are constructed explicitly.

Key words. nonlinear Schrodinger equations, Lax pairs, inverse scattering transform, solitons,
integrable systems, nonzero boundary conditions

AMS subject classifications. 35, 35Q55, 35Q15, 35Q51

DOI. 10.1137/130943479

1. Introduction. Scalar and vector nonlinear Schrodinger (NLS) equations are
universal models for the evolution of weakly nonlinear dispersive wave trains. As
such, they appear in many physical contexts, such as deep water waves, nonlinear op-
tics, acoustics, and Bose-Einstein condensation (e.g., see [5, 23, 35, 39] and references
therein). Many of these equations are also completely integrable infinite-dimensional
Hamiltonian systems, and as such they possess a remarkably rich mathematical struc-
ture. As a consequence, they have been the object of considerable research over the
last fifty years (e.g., see [3, 5, 8, 19, 21, 30] and references therein). In particular, it is
well known that for the integrable cases, the initial value problem can in principle be
solved by the inverse scattering transform (IST), a nonlinear analogue of the Fourier
transform.

This work is concerned with the Manakov system, namely, the two-component
vector NLS equation

(1.1) it + Aur + 20(q; — |lall*)a = 0,
with the following nonzero boundary conditions (NZBC) at infinity:
(1.2) lim q(z,t) = g+ = qe’?*.
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Hereafter, g = q(z,t) and q, are two-component vectors, ||-|| is the standard Euclidean
norm, 1 are real numbers, ¢, = ||q,|| > 0, and subscripts x and ¢ denote partial
differentiation throughout. The extra term ¢2 in (1.1) is added so that the asymptotic
values of the potential are independent of time. We discuss (1.1) in the defocusing
case (o =1).

The IST for the scalar NLS equation (i.e., the one-component reduction of (1.1))
was developed by Zakharov and Shabat in [41] for the focusing case and in [42] for
the defocusing case (see also [1, 5, 6, 19]). The IST for (1.1) in the case with zero
boundary conditions (ZBC) (i.e., when q, = 0) was derived in [29] and revisited and
generalized to an arbitrary number of components in [3]. On the other hand, the IST
for the Manakov system (1.1) with NZBC remained an open problem for a long time.
A successtul approach to the IST for this problem was recently presented in [31], but
several issues were not addressed. (Indeed, several questions remain open even in the
scalar case with NZBC; e.g., see [11, 18].)

The first purpose of this work is to develop the IST for the defocusing Manakov
system with NZBC in a rigorous way. Several new results are obtained: (i) Precise
conditions on the potential that guarantee the analyticity of the Jost eigenfunctions
are provided. (ii) The analyticity of the scattering coefficients is established. (iii) The
behavior of the eigenfunctions and scattering coefficients at the branch points is elu-
cidated. (iv) New symmetries are derived for the analytic eigenfunctions, which differ
from the symmetries of the scalar case. (v) These symmetries are used to obtain a
rigorous characterization of the discrete spectrum and to rigorously derive the sym-
metries of the associated norming constants. (vi) The asymptotic behavior of the
Jost eigenfunctions is derived systematically. (vii) A general formulation of the in-
verse scattering problem as a Riemann—Hilbert problem is presented. (viii) Explicit
relations among all reflection coefficients are given, and all entries of the scattering
matrix are determined in the case of reflectionless solutions. (ix) A compact, closed-
form expression is presented for general soliton solutions, including any combination
of dark-dark and dark-bright solitons.

The second purpose of this work is to use the above results to derive novel solutions
of the defocusing Manakov system. For most integrable nonlinear partial differential
equations (PDEs), solitons are associated with the zeros of the analytic scattering
coefficients. In the development of the IST, it is commonly assumed for simplicity
that such zeros are simple. On the other hand, in some cases, the analytic scattering
coefficients are allowed to have double zeros. Indeed, it is well known that solutions
corresponding to such double zeros exist for the scalar focusing NLS equation [41].
On the contrary, for the scalar defocusing NLS, no such solutions exist since one can
prove that the zeros of the analytic scattering coefficients are always simple [19] (as in
the case of the Korteweg—de Vries equation). On the other hand, the proof does not
generalize to the defocusing vector system. Here, we use the rigorous formulation of
the IST described above to write down a consistent framework for obtaining solutions
corresponding to double zeros of the analytic scattering coefficients, leading to double
poles in the Riemann—Hilbert problem, and we construct such “double-pole solutions”
explicitly. To the best of our knowledge, such solutions are new.

The outline of this work is the following: In section 2, we formulate the direct
problem (taking into account automatically the time evolution). In section 2.5, we
characterize the discrete spectrum. In section 3, we formulate the inverse problem.
In section 3.6, we discuss the soliton solutions, and in section 4, we present novel
double-pole solutions. The proofs of all theorems, lemmas, and corollaries in the text
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are given in the appendix. Throughout, an asterisk denotes complex conjugation, and
superscripts T and 1 denote, respectively, matrix transpose and matrix adjoint. Also,
we denote, respectively, with Ay, A,, Apg, and Ay, the diagonal, off-diagonal, block
diagonal, and block off-diagonal parts of a 3 x 3 matrix A.

2. Direct scattering. As usual, the IST for an integrable nonlinear PDE is
based on its formulation in terms of a Lax pair. The 3 x 3 Lax pair associated with
the Manakov system (1.1) is

(213) (bac = X¢7 ¢t = T(ba
where
(2.1b)  X(z,t,k) = —ikJ +Q, T(z,t k) = 2ik>T —iJ(Q, — Q? + ¢2) — 2kQ,

(2.1¢) J:<(1) 2T1> Q(x,t)z(((; r0T>,

r(z,t) = q*, and I and O are the appropriately sized identity matrix and zero matrix,
respectively. That is, (1.1) is the compatibility condition ¢+ = ¢, (as is easily verified
by direct calculation and noting that JQ = —QJ). As usual, the first half of (2.1a)
is referred to as the scattering problem, k as the scattering parameter, and q(z,t)
as the scattering potential. The direct problem in IST consists of characterizing the
eigenfunctions and scattering data based on the knowledge of the scattering potential.
Unlike the usual approach to IST for the defocusing NLS equation and the Manakov
system with NZBC, here we formulate the IST in a way that allows the reduction
o — 0 to be taken explicitly throughout. Also, it will be convenient to consider
o(x,t, k) as a 3 x 3 matrix. Some basic symmetry properties of the scattering problem
are discussed in Appendix A.1. We should point out that, unlike [31], the direct
problem is done here without assuming that q. is parallel to q_.

2.1. Riemann surface and uniformization. One can expect that, as x —
400, the solutions of the scattering problem are approximated by those of the asymp-
totic scattering problems

(2.2) bu = X1 &,

where X+ = —ikJ+Q+ = lim, o, X. The eigenvalues of X are ik and +i\, where
(2.3) k) = (K2 = g2)'/2.

As in the scalar case [42], these eigenvalues have branching. To deal with this, as in
[19, 31], we introduce the two-sheeted Riemann surface defined by (2.3). The branch
points are the values of k for which A\(k) =0, i.e., k = +¢,. As in [31], we take the
branch cut on (—o00, —¢,] U [¢o, 20), and we define A(k) so that Im A > 0 on sheet I
and Im A(k) < 0 on sheet II (see [31] for further details). Next, we introduce the
uniformization variable by defining

(2.4) z=k+ A\
The inverse transformation is
(2.5) k=(z+q2/2)/2, A= (2—q2/2)/2.

We can then express all k-dependence of eigenfunctions and scattering data (including
the one resulting from A) in terms of z, thereby eliminating all square roots. The
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branch cuts on the two sheets of the Riemann surface are mapped onto the real z-
axis, Cy is mapped onto the upper half plane of the complex z-plane, Cyy is mapped
onto the lower half plane of the complex z-plane, z(ocor) = oo if Im(k) > 0, z(cor) =0
if Im(k) < 0, z(cop) = 0if Im(k) > 0, 2(coqy) = oo if Im(k) < 0, 2(k, A1)z (k, A1) = ¢2,
|k| — oo in the upper half plane of C; corresponds to z — oo in the upper half z-
plane, |k| — oo in the lower half plane of Cy; corresponds to z — oo in the lower half
z-plane, |k| — oo in the lower half plane of C; corresponds to z — 0 in the upper
half z-plane, and |k| — oo in the upper half plane of Cy; corresponds to z — 0 in
the lower half z-plane. Finally, the segments k € [—q¢,, q,] in each sheet correspond,
respectively, to the upper half and lower half of the circle C, of radius ¢, centered at
the origin in the complex z-plane. Throughout this work, subscripts + will denote
normalization as * — —oo or as * — 00, respectively, whereas superscripts £+ will
denote analyticity (or, more generally, meromorphicity) in the upper or lower half of
the z-plane, respectively.

2.2. Jost solutions and scattering matrix. The continuous spectrum con-
sists of all values of k (in either sheet) such that A\(k) € R; that is, k € R\ (—¢o, ¢o)-
In the complex z-plane, the corresponding set is the whole real axis. For any two-
component complex-valued vector v = (v1,v2)T, we define its orthogonal vector as
vt = (vg, —v1)T so that vivl = (v1)Tv = 0. (Note that this definition differs from
that of [31].) We may then write the eigenvalues and the corresponding eigenvector
matrices of the asymptotic scattering problem (2.2) as

(2.6)  iA(z) = diag(—i\, ik, i)), Ei(z):<iqi/z q;/qo ;iq;é:),

respectively, so that
(2.7) XLEL =ELiA.

This normalization is a generalization of the one recently used in [11] for the scalar
case. One could employ the invariances of the Manakov system to fix the asymptotic
polarization vectors q+ /¢, so as to obtain a simpler eigenfactor matrix. (The trans-
formation of the Jost solutions and scattering matrix under each of the invariances of
the Manakov system is discussed in Appendix A.1.) However, it will not be necessary
to do so. It will be useful to note that

! 1 iql, /2
(2.8) detEx(z) =1—¢q}/2" :=7(2), Ei'(z)= ) 0 (=) (ax) /g
—iqo/2 al /g0

Let us now discuss the asymptotic time dependence. As x — 400, we expect that
the time evolution of the solutions of the Lax pair will be asymptotic to

(2.9) or = Ty,
where T4 = 2ik?J + Hy and Hy = iJQ3 —i¢?J — 2kQ... The eigenvalues of T are

o
—i(k?+)2) and £2ik\. Since the boundary conditions are constant, the consistency of
the Lax pair (2.1a) implies [X4, T4] = 0, so X4 and T4 admit common eigenvectors.

Namely,

(2.10) TiE; = —iBE.Q,
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where Q(z) = diag(—2k\, k% + A\2,2k)). Then for all z € R, we can define the
Jost solutions ¢4 (z,t, 2) as the simultaneous solutions of both parts of the Lax pair
satisfying the boundary conditions

(2.11) b (2,t,2) = B (2)e’®®H2) £ o(1), z — Foo,
where ©(z,t, z) is the 3 x 3 diagonal matrix
(2.12) Oz, t,z) = Alz)x — Q(2)t = diag(01(z, t, 2), 02(x, t, z), =01 (x, t, 2)).

The advantage of introducing simultaneous solutions of both parts of the Lax pair is
that the scattering coefficients will be independent of time. For comparison purposes,
we note that the definition of the Jost solutions in this work differs from that in [31].
More precisely, the matrix ¢4 (z,t,2) defined by (2.11) equals the matrix Jost eigen-
function in [31] multiplied by diag(1/z,4/¢o,%/qo). A similar change applies to the
Jost eigenfunctions of the adjoint problem.

To make the above definitions rigorous, we factorize the asymptotic behavior of
the potential and rewrite the first part of the Lax pair (2.1a) as

(2.13) (P+)e = X1+ + AQro,

where AQ+ = Q — QL. We remove the asymptotic exponential oscillations and
introduce modified eigenfunctions,

(214) ,Ud:(ﬂf,t,Z) = ¢i($,t, Z)e_iG(I7t7Z)7
so that
(2.15) IEI:II:loo pa(z,t,2) = EL(2).

Introducing the integrating factor ¢4 (z,t,2) = e "@@LAE L (2)uy (2,1, 2)e?®@2)

we can then formally integrate the ODE for p4 (z,t, z) to obtain

(2.16a)
j- (557 t, z) = E,(Z) + / E_ (Z)el(wiinA(Z)E:l(Z)AQ,(y, t)/ﬁf (y’ t, Z)e*i(w*y)A(Z)dy’
(2.16b)

Mt ((E, t Z) = E+ (Z) - / E+ (Z)ei(r_y)A(Z)Ejrl(Z)AQJr(ya t)/“r (y7 2 Z)e_i(r_y)A(Z)dy

x

One can now rigorously define the Jost eigenfunctions as the solutions of the
integral equations (2.16). In fact, in Appendix A.2, we prove the following.

THEOREM 2.1. If Q(-,t) — Q_ € L*(—o00,a) or, correspondingly, Q(-,t) — Q4 €
L(a,00) for any constant a € R, the following columns of p—(x,t, z) or, correspond-
ingly, pi(z,t,2) can be analytically extended onto the corresponding regions of the
complex z-plane:
(2.17)

poa(z,t,2), py sz, t,z) : Imz >0, pos(x,t,2), py1(z,t,z) : Imz <O0.

Equation (2.14) implies that the same analyticity and boundedness properties
also hold for the columns of ¢4 (z,t, z).
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We now introduce the scattering matrix. If ¢(z,t,z) solves (2.1a), we have
Oz (det ¢) = trX det ¢ and 9;(det ¢) = trT det ¢. Since trX = ik and tr'T = —i(k? +
A?), we have

9 —i®(x,t,2 9 —i®(x,t,2

. det (¢ (z,t, z)e " @@H2)) = g det (¢ (z,t, 2)e @ @H2)) = 0,
Then (2.11) implies
(2.18) det ¢i (2,1, 2) = y(2)e2@H)  (24) e R?, 2z e R\ {#q}.

That is, ¢_ and ¢4 are two fundamental matrix solutions of the Lax pair, so there
exists a 3 x 3 matrix A(z) such that

(2.19) d_(x,t,2) = ¢4 (x,t,2)A(z), ze€R\{xq}.

As usual, A(z) = (a;;(2)) is referred to as the scattering matrix. Note that with our
conventions, A(z) is independent of time. Moreover, (2.18) and (2.19) imply

(2.20) detA(z) =1, zeR\{£q}.

It is also convenient to introduce B(z) := A~!(2) = (b;;(2)). In the scalar case, the
analyticity of the diagonal scattering coefficients follows from their representations as
Wronskians of analytic eigenfunctions. This approach, however, is not applicable to
the vector case [31]. Nonetheless, using an alternative integral representation for the
eigenfunctions in Appendix A.3 (which generalizes the ideas developed in [18] for the
defocusing scalar case), a straightforward application of the Neumann series (as in
Appendix A.3) yields the following.

LEMMA 2.2. The analytic modified eigenfunctions pt 1(x,t,2) and pi 3(z,t,2)
remain bounded for all x € R and for all z in their corresponding regions of analytic-
ity.

This result will be important to the classification of the discrete spectrum (dis-
cussed in section 2.5), as it will allow one to characterize the appropriate domains for
the discrete eigenvalues. Then, in Appendix A.4 we prove the following.

THEOREM 2.3. Under the same hypotheses as in Theorem 2.1, the following
scattering coefficients can be analytically extended off of the real z-axis in the following
regions:

(2.21) a11(2),b33(z) : Imz >0, as3(2),b11(2): Imz <0.

Note how, in contrast to the ZBC case [3], nothing can be proved about the
remaining entries of the scattering matrix. Note that, as in the scalar case, the scat-
tering matrix at the branch points becomes singular. The behavior of eigenfunctions
and scattering matrix at the branch points is discussed in section 2.5.

It is important to note that the results in Lemma 2.2 and Theorem 2.3 were not
present in [31].

2.3. Adjoint problem and auxiliary eigenfunctions. A complete set of an-
alytic eigenfunctions is needed to solve the inverse problem, but ¢4 > are nowhere
analytic in general. To obviate this problem, as in [31], we consider the so-called
adjoint Lax pair (using the terminology of [26]):

(2.22) ¢ =X, h=T9,
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where X = ikJ + Q* and T = —2ik?J +iJQ} — iJ(Q*)? + ig2J — 2kQ*. Hereafter,
tildes will denote that a quantity is defined for the adjoint problem (2.22) instead of
the original one (2.1a). Note that X = X* and T = T* for all z € R.

PROPOSITION 2.4. If v(x,t,2) and W(z,t,z) are two arbitrary solutions of the
adjoint problem (2.22), then

(2.23) u(z,t,z) = @A JT x wl(a,t, 2),

where “x” denotes the usual cross product, is a solution of the Lax pair (2.1a).

The first half of Proposition 2.4 (corresponding to the scattering problem) was
obtained in [31]. We use this result to construct two additional analytic eigenfunctions,
one in each half plane. We do so by constructing Jost eigenfunctions for the adjoint
problem. The eigenvalues of X4 are —ik and +i\. Denoting the corresponding
eigenvalue matrix as —iA(z) = diag(i\, —ik, —i)\), we can choose the eigenvector
matrix as E4 (z) = E’ (z). Note that det E4(z) = v(2). As x — to00, we expect that
the solutions of the second half of (2.22) will be asymptotic to those of by = Ty o.
The eigenvalues of T are i(k® 4 A\?) and £2ik\, and (2.10) imply T2 EL = ELiQ.
As before, for all z € R, we then define the Jost solutions of the adjoint problem as
the simultaneous solutions ¢4 of (2.22) such that

(2.24) bi(x,t,2) = Bi(2)e @2 L o(1), 2 — +oo.

Introducing modified eigenfunctions 4 (z,t,z) = éi(x,t,z)eie(””’m) as before, we

find that the following columns of fi+(z,t, z) can be extended into the complex plane:
f—s(x,t,2), iy 1(x,t,z): Imz>0, b 1(x,t,2), iy 3(x,t,2) : Imz <O0.

But the columns fit » cannot be extended in general. As before, d;i are both funda-
mental matrix solutions of the same problem, and therefore there exists an invertible
3 x 3 matrix A(z) such that

(2.25) b_(z,t,2) = dpy(x,t,2)A(2).

The same techniques used for the original scattering matrix show that for suitable
potentials, the following coefficients can be analytically extended into the following
regions:

(2.26) a11(2),b33(2) :  Imz <0, as3(2),b11(2): Imz>0,

where B(z) = A~!(z). In light of these results, we can define two new solutions of
the original Lax pair (2.1a):

(2.27a) x(z,t,2) = —e2@8DJ[G_ 3 x by 1](x,t, 2) /7(2).
(2.27b) X(z,t,2) = 20T [0 1 x ¢y 5](x,t, 2) /7(2),

By construction, we have the following.

LEMMA 2.5. Under the same hypotheses as in Theorem 2.1, x(x,t,z) is analytic
for Imz > 0, while X(x,t,2) is analytic for ITm z < 0.

For comparison purposes, note that the auxiliary eigenfunctions defined in [31]
equal the ones defined in (2.27) times —ig,z7y(2).
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Following [31], we now establish a relation between the adjoint Jost eigenfunctions
and the eigenfunctions of the original Lax pair (2.1a) (see proofs in Appendix A.5).
LEMMA 2.6. For z € R and for all cyclic indices j, £, and m,

(2.28a) bs j(x,t,2) = —e 2@ I[dL ) X dp ] (z,t, 2)/75(2),
(2:28b) G (2,1, 2) = =TI 6 ¢ X ba m](,,2)/%5(2),
where
(2.28¢) n(z)=-1, 7(2) =7(2), () =1

COROLLARY 2.7. The scattering matrices A(z) and A(z) are related by
(2.29) A(z) =T(x)(A7}(2))'T7(2),

where T'(z) = diag(—1,7v(2), 1).
COROLLARY 2.8. For all z € R, the nonanalytic Jost eigenfunctions have the
following decompositions:

(2.30a)
b ala,t,z) = 1( 5 fasa(2)0-5(2) — X(2)) = 1( S fana(0-(2) + X))
a3z3\z a11(z
(2.30D)
ba(w:2) = g B1a(2)04.1(2) = X)) = s Ba(2)o () + X)),

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

The use of the adjoint eigenfunctions will be instrumental in obtaining many of
the results in the following sections.

In addition, similarly to the Jost eigenfunctions it will be useful to remove the
exponential oscillations of ¥ and y and define the modified auxiliary eigenfunctions as

(2.31) m(z,t,z) = x(x,t, z)e 02 @12) m(z,t, 2) = x(z, t, z)e”02(@H2),

Then, using Lemma 2.2 and (2.27), it is straightforward to characterize the asymptotic
behavior of the auxiliary eigenfunctions as z — +oo.

LEMMA 2.9. As x — +00, the modified auziliary eigenfunctions remain bounded
in their corresponding domains of analyticity.

These results will be key to the full characterization of the discrete spectrum (cf.
section 2.5), as we will see that the eigenfunctions behave differently for large |z|
depending on whether a given point z € C is inside or outside of C,.

2.4. Symmetries. For the NLS equation and the Manakov system with ZBC,
the only symmetry of the scattering problem is the mapping k£ — k*. For the same
equations with NZBC, however, the symmetries are complicated by the presence of
a Riemann surface with the need to keep track of each sheet. Correspondingly, the
problem admits two symmetries. The symmetries are also complicated by the fact
that, after removing the asymptotic oscillations, the Jost solutions do not tend to the
identity matrix. Recall that A\ij(k) = —\1(k), 2 = k+ ), ¢2/2 = k—\, A = (2—¢%/2)/2,
and k = (z + ¢2/2)/2.

2.4.1. First symmetry. Consider the transformation z — z* (upper/lower half
plane), which implies (k, A) — (k*, \*).

PropOSITION 2.10. If ¢(x,t,2) is a fundamental matriz solution of the Lax
pair (2.1a), so is w(z,t,2) = J(¢T (x,t,2%)) 7L
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Proposition 2.10 is proved in Appendix A.6. There, we also show that, as a
consequence, we have the following.
LEMMA 2.11. For all z € R, the Jost eigenfunctions satisfy the symmetry

(2'32) J(¢l(x7tvz))7lc(z) = ¢i(oc,t,z),
where
(2.33) C(2) = —4(:)T (=) = diag(~(2),1,7(2)) .

It will also be convenient to note also that

(631 (a1, )" !

= m(sf’i,z X 43,043 X Gx.1,0+1 X O+ 2)(,t, 2).

Then substituting (2.30) into (2.32) and using the Schwarz reflection principle yields
the following.

LEMMA 2.12. The analytic Jost eigenfunctions obey the following symmetry re-
lations:

(2.34a) L 1(x,t,27) = — JX % ¢ 3] (x,t,2)e”P2@12)  Tmz <0,

CL33(Z)
* * 1 —1 x,t,z
(2.34b) ¢4 (2, t,2") = 533(Z)J [X X ¢4 3] (2,8, 2)e 0282 Tmz >0,
(2.34¢) L 5(w,t,2") = J[x X ¢_a] (z,t,z)e"02@12) Iz >0,

all(z)

(2.34d) oY s(x,t,27) = JX X bya](x,t,2)e”P=2@02)  Im 2 <0.

B bll(Z)

Moreover, using (2.32) in the scattering relation (2.19), we conclude as follows.
LEMMA 2.13. The scattering matriz and its inverse satisfy the symmetry relation

(2.35) (A(2))T =T (2)B(2)T(2). z eR.
Componentwise, for z € R, (2.35) yields

(2.36a) bin() = afy(2),  bia(z) = —ﬁa;(z), bis(2) = —aly (2),

(2.36D) ba1(2) = =7(2)a1a(2),  b22(2) = as5(2),  bas(2) = (2)az,(2),

(2.36¢) b31(z) = —ag3(2),  baa(2) = ﬁa’éa(@a b33(z) = az5(2).

The Schwarz reflection principle then allows us to conclude that

(2.37) bi1(z) = aj1 ("), Imz <0, bs3(z) = a3s(z"), Imz > 0.

We can also obtain similar symmetry relations for the auxiliary eigenfunctions.
COROLLARY 2.14. The auziliary analytic eigenfunctions satisfy the following
symmetry relations:

(2.38a) X(x,t,2) = —eP@EAF[g* | x @7 J)(w,t,2%)/7(2), Imz <0,

(2.38b) X(x,t,2) = —e2EEAI[G 5 x ¢ (2., 27) /4(2), Tmz>0.
In addition, the proof of Corollary 2.14 and (2.28) yield

(2'39) (bj:,j ($7 t, Z) = _eiwz(m%z)‘][(bi,f X ¢i7m]($7 2 Z)/’yj (Z),

where 7, ¢, and m are cyclic indices and z € R.
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2.4.2. Second symmetry. Consider the transformation z +— ¢2/z (outside/
inside the circle of radius ¢, centered at 0), implying (k, \) — (k, —A). We use this
symmetry to relate the values of the eigenfunctions on the two sheets (particularly,
across the cuts), where k is arbitrary but fixed (on either sheet). It is easy to show
the following.

PROPOSITION 2.15. If ¢(x,t,2) is a solution of the Lax pair, so is

W (z,t,2) = ¢p(x,t,q./2).

In Appendix A.6 we then show that, as a consequence, we have the following.
LEMMA 2.16. The Jost eigenfunctions satisfy the following symmetry relations:

(240) (bj:(x,t,Z) :(bj:(irataqz/z)n(z)ﬂ ZE]Ra
where
0 0 —igo/z
(2.41) II(z2) = 0 1 0
iqo/z 0 0

As before, the analyticity properties of the eigenfunctions then allow us to extend
some of the above relations:

iqo
(2.42) bra(@t2) = —26u (et q2/2), Imz20,

(242b) ¢i72(x7 t7 Z) = (bj:,?(ira t? qz/z)’ z€R.

We again use (2.19) to obtain the following lemma.
LEMMA 2.17. The scattering matriz satisfies the symmetry relation

(2.43) A(g?)2) =TI(2)A(2)IT ! (2), zeR.
Componentwise, we have
12

(2.44a) a11(2) = ass(q;/2), ai2(z) = —q—a32(q(2)/2), a13(2) = —az1(q2/2),

o

(244b) a1 (Z) = %0@3((]3/2), 0422(2) = a22(q(2,/2), a23(z) = _%aﬂ (qg/z),

(2.44c¢) az1(2) = —a13(q>/2), aze(z) = 2—Z6L12(q(2)/2)a as3(z) = ari(q;/z).

o

An identical set of equations holds for the elements of B(z). The analyticity properties
of the scattering matrix entries then allow us to conclude that

(2.45) a11(2) = asz(q?/2), baz(z) = b11(q2/2), Imz>0.

Finally, we combine (2.42) with (2.38) to conclude the following.
LEMMA 2.18. The auziliary eigenfunctions satisfy the symmetry relation

(2.46) x(x,t,2) = —x(2,t,¢2/2), Imz>0.
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2.4.3. Combined symmetry and reflection coefficients. Of course, one can
combine the above two symmetries to obtain relations between eigenfunctions and
scattering coefficients evaluated at z and at ¢2/z*. We omit these relations for brevity.

The following reflection coefficients will appear in the inverse problem:

~bis(z) _agl(z) _agi(z) (s 12(2)
@40 mE = T am PP T me - e

Using the symmetries of the scattering coeflicients, we can also express the reflection
coefficients as

b31(z) — aTS(z) pz(qQ/Z) _ i_ZCLQg(Z) _ )ZZ ng(Z)

Th(z)  aly(2) T an(z) g bi(2)

On the other hand, unlike the scalar case [42, 11, 18], the symmetries of the scattering
coefficients do not result in any symmetry relations among these reflection coefficients.
Once the trace formulae for the analytic scattering coefficients are obtained in sec-
tion 3.3, we will show that one can combine all of the above symmetries to reconstruct
the entire scattering matrix.

(248)  pia2/2) =

2.5. Discrete spectrum. Recall that in the 2 x 2 scattering problem for the
NLS equation with NZBC, there is a one-to-one correspondence between zeros of the
analytic scattering coeflicients and discrete eigenvalues, each of which corresponds
to the presence of a bound state. Moreover, the self-adjointness of the scattering
problem implies that such discrete eigenvalues k must be real, and one can show that
no discrete eigenvalues can arise inside the continuous spectrum. Thus, in the z-plane,
the discrete eigenvalues are confined to the circle C,. The scattering problem in (2.1a)
for the Manakov system is also self-adjoint, and a similar constraint as for the scalar
NLS equation exists for the proper eigenvalues of the scattering problem.

LEMMA 2.19 (see [31]). Let v(x,t,z) be a nontrivial solution of the scattering
problem in (2.1a). If v(x,t,2) € L*(R), then z € C,.

Nonetheless, it was shown in [31] that in order to fully characterize the inverse
problem, one needs to also consider zeros of the analytic scattering coefficients off the
circle C,. This does not contradict Lemma 2.19 since, as discussed below, the zeros of
the analytic scattering coefficients off C', do not lead to bound states. More precisely,
we will see that zeros of a11(z) inside C, are allowed, and that these zeros lead to
eigenfunctions that do not decay at both space infinities.

In light of the analyticity properties of the eigenfunctions, to characterize the
discrete spectrum it is convenient to introduce the following 3 x 3 matrices:

(2.49a) ST (2,t,2) = (d— 1 (2,1, 2), (2,1, 2), b1 3(7, 1, 2)),
(249b) éi(xv t, Z) = (¢+,1(x7 t, Z)v —)Z([IJ, L, Z)a ¢—,3(xa i, Z))v

which are analytic for Imz > 0 and Imz < 0, respectively. Using the decomposi-
tions (2.30) we obtain

2.50a det T (z,t, 2) = a11(2)bs3(2)7(z ew?(%t"z), Imz >0,
( )
(2.50b) det ® (z,t,2) = ass(2)by1(2)y(2) 2@H2)  Imz < 0.

(As customary, (2.50) are first obtained along the real z-axis, where the decompo-
sitions (2.30) hold, and then extended to the respective domains of analyticity by a
continuation principle.) Thus, the columns of ®*(x,, ) become linearly dependent
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at the zeros of a11(z) and b33(z) in the upper half plane, and those of @ (x,t, 2) at
the zeros of asgs(z) and b11(z) in the lower half plane. Even though such zeros do not
lead to bound states when z ¢ C,, they nonetheless must be included as part of the
discrete spectrum in the inverse problem.

LEMMA 2.20 (see [31]). Suppose a11(z) has a zero z, in the upper half z-plane.
Then

(2.51) all(zn) =0«& bll(z;;) =0«& agg(qg/zn) =0¢& bgg(qi/z;i) =0.

Lemma 2.20 implies that discrete eigenvalues (,, lying on the circle C, appear
in complex conjugate pairs {(,, (}}, whereas discrete eigenvalues z,, off C, appear in
symmetric quartets

{zn 200 G2 2ns 40 20} -

The following lemmas are also instrumental in the characterization of the discrete
spectrum.
LEMMA 2.21. IfImz, >0 and z, ¢ C,, then x(z,t,2,) # 0.
LEMMA 2.22. Suppose Im z, > 0. Then the following statements are equivalent:
(i) x(z,t,2,) =0.
X($7t7 qz/zo) =0.
x(@,t,q5/25) = 0.
v) x(z,t,z5) = 0.

i)
ii)
)
v) There exists a constant b, such that ¢_
i)
i)
)

(i
(i
(i
( 3(@,t,25) = body 1 (2, ¢, 27).
(ZII t, qg/z;) = b0¢+,3($7ta qg/z;)
There exists a constant b, such that d_q(z,t,20) = I;O¢jr,3(x,t, Zo)-
($ L, q?)/zo) = b0¢+71(x7 i, qz/zo)'

We are are now finally ready to characterize the behavior of the eigenfunctions
in correspondence of the discrete spectrum. The two theorems that follow are proved
in Appendix A.7 without assuming that the off-diagonal scattering coefficients can be
extended off the real z-axis (as was done in [31] instead).

THEOREM 2.23. Let ¢, be a zero of a11(z) in the upper half plane with |(,] = qo.
Then x(x,t,¢,) = X(x,t,(%) = 0. As a result, there exist constants ¢, and ¢, such
that

(252) ¢771((E,t,gn) = Cn¢+73(x7tvgn)a ¢773(w7t7<:;) :En¢+,l(w7tag7t)'

THEOREM 2.24. Let z, be a zero of ay1(z) in the upper half plane with |z,| # qo-

Then |zn| < qo and bss(z,) # 0. Moreover, there exist constants d,, dy, dn, and d,
such that

(2.53a)
¢_’1(ZIJ, t, zn) = an(xa t, zn)/bBS(zn)a ¢—,3($a t, qz/zn) = an(xa t, q(Qy/zn)a
(2.53b)  x(2.t.q2/2) = dudys(@,t,2/2),  X(@.t,2)) = dudyi(@,t, 2)).

We should remark on the importance of these results. Recall from Lemma 2.19
that the only points in the discrete spectrum corresponding to bound states arise for
real values of k, corresponding to z € C,. Indeed, the results of Theorem 2.23 imply
that each zero of aj1(z) on C, does indeed correspond to a bound state. On the
other hand, it is Lemma 2.19 that leads to the constraint |z,| < ¢, in Theorem 2.24.
This is because, if |z,| > go, the first of (2.53a), combined with the asymptotics in

There exists a constant l~) such that ¢_ 1

(v
(vi

(vili) There ezists a constant b, such that o,
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Lemma 2.2, implies that ¢_ 1 (z, ¢, z, ) vanishes as & — o00. This is, of course, a bound
state, which would contradict Lemma 2.19. Conversely, if |z,| < ¢o, the eigenfunction
¢—1(z,t, zy) grows exponentially as © — oo, which does not contradict Lemma 2.19
(since the eigenfunction is not in L2(R)), and this case is therefore allowed. Indeed,
as we will see in section 3.6, this case leads to dark-bright soliton solutions of the
Manakov system.

LEMMA 2.25. Assume that ay1(z) has simple zeros {(,}N%, on C,. Then the
norming constants in (2.52) obey the following symmetry relations:

/ *

2.54 Cn = —Cpn, C = bll(g")én, n=1,...,Ny.
n li *
as3(Gh)

LEMMA 2.26. Assume that ai1(z) has zeros {z,}2, off the circle C,. (Note
that now it is not necessary to assume that such zeros are simple.) Then the norming
constants in (2.53) obey the following symmetry relations for n =1,..., Ny:

3 1zn  dp - dy 4 iqo d,

2.55 d, = Cd,=— Cd, = .
(2.55) 2 Paalen) "G 2t 7020

2.6. Asymptotic behavior as z — oo and z — 0. To normalize the
Riemann—Hilbert problem (RHP), it will be necessary to examine the asymptotic
behavior both as z — co and as z — 0. Consider the following formal expansion for

:u+($7 i, Z):

(256&) :u-i-(xvta Z) = Z:un(xatvz)v
n=0

where

(2.56b) wo(z,t,z) = Ei(z),

(2.56¢)

pny1 (2,1, 2) = —/ E. (2)e" " VAEET (2)AQu (y, )pn (y, 1, 2)e~ 0B dy,

Recall that subscripts “bd” and “bo” denote, respectively, the block diagonal and
block off-diagonal parts of a given matrix. Using (2.56a), in Appendix A.8 we prove
the following.

LEMMA 2.27. For all m > 0, (2.56a) provides an asymptotic expansion for the
columns of py(x,t,z) as z — oo in the appropriate region of the complex z-plane,
with

(2.57a) [2m]ba = O(1/2™),  [p2m]be = O(1/2"F1),

(2.57D) [t2m1lba = O/, [pamsalbe = O(1/2"™F1).

LEMMA 2.28. For all m > 0, (2.56a) provides an asymptotic expansion for the
columns of uy(z,t,z) as z — 0 in the appropriate region of the complex z-plane, with

(2.58a) [uomloa = O(z"™),  [uamlbo = O(z"1),
(2.58b) amsiloa = O™, [amaalio = O(™).

Then, evaluating explicitly the first few terms in (2.56a), we obtain the following.
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COROLLARY 2.29. As z — oo in the appropriate regions of the complex plane,
1 2
paa(z,t,2) = (i/2)a(z, 1) +0(1/27),

palint ) = (79O o1,

(2.59)

Similarly, as z — 0 in the appropriate regions of the complex plane,

_(d'(z,t)q+/q;
ui,l(a:,t,z) = ( (i/z)qi ) —|—O(Z),
(2.60)

AL

We now compute the asymptotic behavior of the auxiliary eigenfunctions x(z, t, z)
and (z,t, z). We recall the definition of the modified auxiliary eigenfunctions (2.31)
and combine the above asymptotics with (2.38) to obtain the following.

LEMMA 2.30. As z — oo in the appropriate regions of the complex plane,

m(z,t,z) = <_iqT($(;i)/(3;—;/(QOz)> + O(l/zz),

. _ (ia' (@, t)ay /(g02)
m(x,t, z) = < —qi}rqo ) +0(1/2%).

Similarly, as z — 0 in the appropriate regions of the complex plane,

0
at/do

0
_qf/qo

m(z,t,z) = +0(2), mlx,t,z) = +0(2).
(o) (a0

Next, we find the asymptotic behavior of the scattering matrix entries.
COROLLARY 2.31. As z — oo in the appropriate regions of the complex plane,

(2.61a) an(z) = 14+ 0(1/2), bas() = quqT_q+ +0(1/2),
(2.61b) ass(z) = Zala- +0(1/2), bu(z) =1+0(1/2)

Similarly, as z — 0 in the appropriate regions of the complex plane,

(2.62a) ann(2) = —dha. +0(2), bss(z) =1+ 0(2),
(2.62D) ass(2) = 14+ 0(2), bu(2) = qigqiq+ +0(2).

Finally, we find the asymptotic behavior of the off-diagonal scattering matrix
entries.
COROLLARY 2.32. As z — 00 on the real z-axis,

0 0 0
1

(2.63) [Ajﬂ(zﬂo:q—2 00 —(ap)Tax | +0(1/2),
> \0 qlaz 0
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1 1
(2.64) az(z) = q—gqiu +0(1/2), baa(z) = q—2q+Q— +0(1/z).

Similarly, as z — 0 on the real z-axis,

. 0 0 0
(2.65) AF(2)], = L2 [ (af)far 0 0] +O0(D),
# 0 0 0
1 1
(2.66) ass(z) = q—2<f_q+ +0(2),  bos(z) = q—zqiq, +0(z).

Note that, unlike what happens in the scalar case and in the case with ZBC,
not all off-diagonal entries of the scattering matrix vanish as z — oco. As we will
see, however, this does not complicate the inverse problem since all the reflection
coefficients will still vanish as z — oco.

2.7. Behavior at the branch points. We now discuss the behavior of the
Jost eigenfunctions and the scattering matrix at the branch points k& = +¢,. The
complication there is due to the fact that A(+¢q,) = 0, and therefore, at z = +q,,
the two exponentials e**** reduce to the identity. Correspondingly, at z = +q,,
the matrices EL(z) are degenerate. Nonetheless, the term B (z)e!*~9AGIE!(2)
appearing in the integral equations for the Jost eigenfunctions remains finite as z —
+q,:

: A1, [1FigE  Eql
where € = 2 —y and UL(€) = (1 +ig,€)qeql, + eF9efqL(qL)!. Thus, if @ — q=
sufficiently fast as @ — o0, the integrals in (2.16) are also convergent at z = +q,,
and the Jost solutions admit a well-defined limit at the branch points. Nonetheless,
det ¢ (z,t,4q,) = 0 for all (x,t) € R% Thus, the columns of ¢ (z,t,q,) (as well as
those of ¢4 (x,t, —q,)) are linearly dependent. Comparing the asymptotic behavior of
the columns of ¢4 (z,t, +q,) as * — +00, we obtain

(268) (bj:,l(xa t7 qo) = i(bﬁ:,i’)(iva ta q0)7 ¢i71(x7 t7 _(]o) = _i¢i,3($7 ta _qo)'

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

2

(2.69a) aj(z) = 2227_q2wj£(x7t? Z)e—iez(z,t,z)7
where
(2.69b) Wie(x,t,2) = det(p— o(x,t, 2), 4 jy1(2,t, 2), by jio(x,t, 2))

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

Qg+

(270) aij(z) = e

+ GE;,)i +0(zF ), ze€R\{tq},
where, for example,

(2.71a) an,+ = i%wn(x,t,:l:qo) e:Fiqo(ac:qut)’
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o o d . .
(2.71Db) agl)i = :I:%&Wn(x, t,2)]amtg, e T Tt LW (2,1, £q,) €Tl (@01

Summarizing, the asymptotic expansion of A(z) in a neighborhood of the branch
point is

1

2.72 A(z) = AL +AY 10 .
(279) ()= A+ A 0GFa),
where Agf) = (al(-;’)i),
1 0 = 0O 1 0
(2.73) Ai:an,i 0 0 0 + a2 + 0O 0 0],
Fi o0 -1 0 Fi 0

and a12.+ = +(qo/2)Wia(x,t, £q,)eT (@Fet)  Note that the second row of Ay is
identically zero because agj+ = +(qo/2)Waj(z,t, +q,)eT%(#Few! which is zero by
virtue of (2.68). Finally, it is straightforward to see from (2.73) and the symmetry
(2.35) that

(2.74) zgrinqo (z) = F4, Zl}rﬂ{lqo p2(z) =0,

where the reflection coefficients p;(z) and p2(z) are as defined in (2.47).

3. Inverse problem. As usual, the inverse scattering problem is formulated in
terms of an appropriate RHP. To this end, one needs a suitable jump condition that re-
lates eigenfunctions that are meromorphic in the upper half z-plane to eigenfunctions
that are meromorphic in the lower half z-plane. For simplicity, in the development of
the inverse problem in this section and the next one we will restrict ourselves to the
class of potentials such that q is parallel to q_.

3.1. Riemann—Hilbert problem. The starting point for the formulation of
the inverse problem is the scattering relation (2.19), which will lead to a jump condi-
tion for the RHP. The derivation, however, is considerably more involved than in the
scalar case. The reason is that some of the Jost eigenfunctions are not analytic, and
therefore (2.19) must be reformulated in terms of the fundamental analytic eigenfunc-
tions ®*(x, ¢, z) defined in (2.49). Proceeding in this way, in Appendix A.9 we prove
the following lemma.

LEMMA 3.1. The meromorphic matrices M*(z,t,2) = ( f,mét,mgf), defined

as
(3.1a)
) 1 1 _
Mt (z,t,2) = ®F e @ diag (—, — 1) = (M L , ﬁ,u+,3> , Imz >0,
all b33 ail b33
(3.1b)
) 1 1 i _
M~ (z,t,z) =P~ ¢ diag (1, — —) = <u+,1, —ﬁ, u) , Imz <0,
b11 ass b1’ assz

satisfy the jump condition

(3.2) M™(z,t,2) = M~ (z,t, 2)(I — e " KO@LIL(5)eKO@ L)) - 5 e R,
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where K = diag(—1,1, —1) as before and

|P2 2 5 q?

pl pAT + %Pgﬁz} 5 + 27 §| |2 zq';) ﬁTﬁ; 'qu p2p2 + pl
L(z) = —p2 + 2 pi o q — e 5, ;
P ?; ﬁ; 0

where for brevity we denoted p; = pj(z) and pj = p;(g2/z) for j =1,2.

Note the appearance of the matrix K in the jump condition, which can be traced
to the use of (2.30) to eliminate the nonanalytic eigenfunctions. In order for the
above RHP to admit a unique solution, one must also specify a suitable normalization
condition. In this case, this condition is provided by the leading-order asymptotic
behavior of M* as z — oo and the pole contribution at 0 to help regularize the
RHP (3.2). Using the information from section 2.6, we have the following.

LEMMA 3.2. The matrices M*(z,t,2) defined in (3.1) have the following asymp-
totic behavior:

(3.3a) M= (xz,t,2) = My, + O(1/2), z—o00, Imzz20,
(3.3b) M= (2,t,2) = (i/2)Mo + O(1), z—0, Imz=0,
where

10 0 0 0 —q
3.3¢ M, = . My= .
(8:3¢) (0 ai /4o q+/qo> 0 <q+ 0 0 )

Note that both behaviors are expressed in terms of the value of the potential as
x — oo (instead of that as © — —o0). This is because (2.19) breaks the symmetry
between p— and fi4.

In addition to the asymptotics in Lemma 3.2, to fully specify the RHP (3.2) one
must also specify residue conditions. This is done using the characterization of the
discrete spectrum obtained in section 2.5. For the remainder of this section, we assume
that the zeros {¢, )02, and {2,}22, of ay1(2) of the analytic scattering coefficients
are all simple. Then in Appendix A.9 we prove the following.

LeEMMA 3.3. The meromorphic matrices defined in Lemma 3.1 satisfy the follow-
ing residue conditions:

(3.4a)

[ReSZ*C M+](JJ, t) = Cn(mgr (Cn)v 0, 0)7 [ResZ:C;ﬁ M_](JJ, t) = Uﬂ(ov o, my (C;))v
(3.4b)
[Res.—, +](:I:,t)=D (m2 (2n),0,0), [Resz:qﬁ/Zn M~ |(z, t):_Dn(Ov 0,my (qg/zn))a
(3.4¢)
[Resz:z; M_] (33, t) = _En(oa ml_ (Z:;,)a 0)7 [Reszzqg/zfl M+] (xa t) - lA)n(Oa m;— (qg/Z:;), 0)7

with
c , — C .
Cn(,t) = ——— e 20 T (2,8) = ——— e 201(e),
a(Gn) ass ()
Dn(l’, t) _ dy e—i(91—92)(zn)’ Dn(l’, t) _ danB(Zn) —i(01—02)(zn)7
at1(zn) a’33(qo /#n)
= dn

009D T () = — 0022

Do) = e

b/33( 2/2n)
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n =1,..., Ny for equations involving (,, and n = 1,..., Ny for equations involving
Zn,.

As usual, the formulation of the RHP involves “continuous spectral data” (namely,
the reflection coefficients, which determine the matrix L(z) for all z € R) “discrete
spectral data” (namely, the discrete eigenvalues and norming constants, which deter-
mine the residue conditions), and the normalization as z — oo (the normalization
as z — 0 is then determined via the symmetries). Moreover, the norming constants
appearing in Lemma 3.3 are related by the following equations.

LEMMA 3.4 (symmetries of the residues). The functions Cyp, Cy, Dy, Dy, D,
and D,, defined in Theorem 3.7 obey the following symmetry relations:

(3.50) Tl t) = o228 O, (2, 1) = O (x, 1),
3.5b)
. 14, — D (z,t) . iqg D; (z,t)
Do(z,t) = —22D, (2.1), Do(z,t) = -2 P (g 4) = — o ZnlBY
(2,8) = == “Dnl@,t), - Dalw,t) = == @0 = =8 )

Correspondingly, the minimal set of spectral data is composed of the contin-
uous reflection coefficients pq(z) and pa(z), the boundary condition q4, the dis-
crete eigenvalues {¢, )%, and {2,})2,, and the norming constants {C,(x, 1)},
and {D,,(z,t)}2,. Moreover, note that (3.5a) in Lemma 3.4 immediately implies the
following.

COROLLARY 3.5. The norming constants C,, for the discrete eigenvalues on the
circle satisfy the constraint arg(C,,) = arg(¢,) forn=1,..., Ny.

This result is not surprising, since it is the same as in the scalar case [19]. On
the other hand, no such constraint exists for the eigenvalues off the circle. As we will
see later, this difference will translate into the number of degrees of freedom of the
corresponding soliton solutions generated by each eigenvalue (cf. section 3.5).

Remark 3.6. Summarizing, the RHP for the inverse problem is formulated as
follows. Given

(i) the boundary condition q4;

(ii) the reflection coefficients p1(z) and p2(2) for z € (—00, —¢,) U (g0, 00);

(iii) the discrete eigenvalues {(, Y2 | and {2, }22, on and off the circle, respectively,

and the corresponding norming constants {C,, (z,#)}2%, and {D,,(x,t)}22;

(iv) the symmetries (2.48) and (3.5),
find a sectionally meromorphic function M(z, ¢, z) satisfying the jump condition (3.2),
the normalization conditions (3.3), and the residue conditions (3.4).

Recall that the symmetries (2.48) yield the reflection coefficients for z € (—go, ¢o)-
Also, lim, o pj(z) = 0 for 7 = 1,2 (cf. (2.63)), while lim, .44 p1(2) = F¢ and
lim, 44, p2(z) =0 (cf. (2.74)).

3.2. Formal solution of the RHP and reconstruction formula. The RHP
defined in the previous section consists of finding a sectionally meromorphic matrix
M(x,t, z) which equals M*(z,, 2) for Im z = 0 and satisfies the jump condition (3.2)
as well as the asymptotics and residue conditions in Lemmas 3.2 and 3.3. The solu-
tion of this RHP can be expressed in terms of a mixed system of algebraic-integral
equations, which are obtained by subtracting the asymptotic behavior at infinity,
by regularizing (i.e., subtracting any pole contributions from the discrete spectrum)
and then applying Cauchy projectors. Specifically, in Appendix A.9, we prove the
following.
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THEOREM 3.7. The solution of the RHP defined by Lemmas 3.1, 3.2, and 3.3 is
given by
1

(3.6) M(r,t,2) = Moy + (i/2)My — o [ M im0, )00 ¢
21t Jgr {—z

Res,—¢; MT  Res,—¢- M~ Res.—. M™  Res.—., M"
+Z< z— G + z—=CF +Z z— 23 + zZ— 2

Jj=1

- +
+Z <R€SZ a2 /z; M Resz:qz/z* M )7

Z_qo/zj Z_QO/Z
where M(z,t,2) = M*(a,t, 2) for Imz = 0, respectively.
Moreover, the eigenfunctions in the residue conditions in Lemma 3.3 are given by

_ B 1 1 (M~e " KOLeK®), ()
(3.7a) mq (z,t,w) = ((Z/w)q+) — 2_7”/]1@ w d¢
Na D.
+ Z { 1)] > { — .mj(zj)] , o w =gz,
= lw—2z
_[—igo/w 1 (M~e *KOLeK®);(()
(3.7b) m;{(gc,t,w) = ( a4/ ) - 2_7”/]1{ w d¢
Q! 61‘ —(/* ik ‘DJ — (2 2 *
i ; Lu —m G )} - ; [w eyl (qo/zj)} . w=G i/,

0 > 1 [R (Mf 7iK®LeiK®)2(C) dC

3.7c m_x,t,zz'v = - —
79 my(otiad/a) = () - 55 —

N D. N2 D,

j — o J m (a2 ) 2"
- ————m1 (#])| + s (6/%) ]
;[qz/zj/—zj D\ T L a7 = g

0 B 1 (M—e—iK(-DLeiK@)Q(C)
)5, «

+ ) = a_ -
(37(1) moy (JJ, t, Zj ) (qL/qo 271 g - Zj

+Z[Zj,zml | +2 |52

j_

;<qz/z;>] |

7 QO

Throughout, the (x,t)-dependence was omitted from the right-hand side of all equations
for simplicity.

As usual, once the solution of the RHP has been obtained, one can reconstruct
the potential in terms of the norming constants and scattering coefficients by compar-
ing the resulting asymptotics of the eigenfunctions to that obtained from the direct
scattering problem. In this way, in Appendix A.9 we prove the following.

THEOREM 3.8 (reconstruction formula). Let M(x,t,z) be the solution of the
RHP in Theorem 3.7. The corresponding solution q(x,t) = (q1(x,t), q2(z,t))T of the
defocusing Manakov system with NZBC' (1.2) is reconstructed as
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1 . .
(3.8) qr(z,t) =qyr — o /R(M_eﬂKGLeZK@)(kH)l(%75,C)dC

N1 N2
- ZZ Cz(xa t)m?;g_,_l)g(xa t, Cl) - ZZ Dj (JJ, t)m?;ﬁ.l)g(xv L, Zj)'
i=1 j=1

3.3. Trace formula and asymptotic phase difference. The last task of the
inverse problem is that of reconstructing the analytic scattering coefficients from the
scattering data (i.e., the discrete eigenvalues and the reflection coefficients). In Ap-
pendix A.9, we prove the following.

LEMMA 3.9 (trace formula). The analytic scattering coefficient aq1(z) defined
in (2.19) is given by

Ny Ny

(39) an(z) =[] 2= n 1=

* *
Z_Cn n—1 Z = Zn

1 2 d
xexp |5 [ log (1= m(@F - 555 Im@F) 22

Expressions for the other analytic coefficients follow immediately from the sym-
metries (2.35) and (2.43). Explicitly, b11(2) = b33(q2/2) = ai,(z*) = ais(q?/2%).
Comparing (3.9) with the asymptotic behavior of a;1(z) as z — 0 in (2.62a) yields
the following.

COROLLARY 3.10. The asymptotic phase difference A0 = 0, — 0_ between the
limiting values of the potential is given by the expression
(3.10)

\" \- L ¢ d¢
Af = —2;arg<n - 2;argzn - %/Rlog (1 — QP - mlm(é)ﬁ) Y

n=1

Equation (3.10) is the generalization of the so-called theta condition that was
obtained in [19] for the scalar case (i.e., for the NLS equation). Note, however,
that (3.10) does not imply that there exists an additional constraint on the spectral
data. Rather, (3.10) simply means that the asymptotic phase shift is determined
uniquely by the spectral data as part of the inverse problem, and therefore one cannot
prescribe it independently.

Finally, we note that one can reconstruct the entire scattering matrix in terms of
the trace formulae and reflection coefficients. Explicitly, combining (2.47) and (2.48)
with the definition B(z) = A~!(z) yields the following for z € R:

(3.11a) ar2(2) = iy (2)aiy (a5 /=) (igo/ 2)p1(2)p3(43 /) + p5(2))/7(2),
(3.11D) az(z) = ajy(2)aty (¢5/2)[1 + p1(2)pr(a3/2)],
(3.11c) asz2(2) = a1y (2)aiy (a3/2)p1(az/2)p3(2) = (ig0/2)P5(a5/2)] /1(2).

(Recall that ai3(z) and ags(z) can be obtained directly in terms of the reflection
coefficients and the analytic scattering coefficients via (2.48).)

3.4. Existence and uniqueness of the solution of the RHP. The represen-
tation (3.6) of the solution of the RHP was derived under the assumption of existence.
An obvious and important issue is whether rigorous results can be obtained about ex-
istence and uniqueness of solutions. In Appendix A.10 we show that (restricting
ourselves for simplicity to the case in which no discrete spectrum is present) the issue
of uniqueness can be answered in a straightforward way.
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THEOREM 3.11. Suppose that no discrete spectrum is present. If the RHP defined
by Lemmas 3.1, 3.2, and 3.3 admits a solution, this solution is unique.

On the other hand, the issue of existence is much more subtle. One can reduce the
question of existence of a solution of the RHP to one of the existence of a solution of an
appropriately formulated integral equation, which we introduce next. Let us denote
by I the identity operator on L?(IR) and define the Cauchy projection operators as

1 f(©)
(3.12a) (PEf)(s) = 5 E1_1}131+ /]R md@

which are also well defined in L2(R), and recall that (P f)(s) = lim,_,(Pf)(2),
where P denotes the Cauchy-type integral

L[ f©)
3.12b P = — d R
(3.12b) (PN =5 [ $ac g,
and the limit is taken from the upper or lower half plane, respectively. We begin by
rewriting the jump condition (3.2) as

M™(x,t,5) = M~ (,t,5)V(x,t,5), seER,
where the jump matrix V(z,t,s) is
Vi(z,t,s) =1— e_iKG(z’t’S)L(gc,t, s)eiKG(r’t’s) , seR.

Hereafter, for simplicity we omit the dependence on = and ¢ for the remainder of this
section. Without loss of generality we may decompose the jump matrix as

(3.13) V(s)=Vi'(s)V_(s), s€eR,

where Vi (s) are, respectively, upper/lower triangular matrices. (Note that here the
subscripts + do not indicate normalization as z — oo as in the rest of this work.)
Next we define

(3.14) W.=+I-Vy), W=W,+W_,

where, for brevity, we have omitted the s dependence. Finally, we use these quantities
to define a new operator Py, in L?(R) by (3.15):

(3.15) Pof = PH(fWi) + P (fW_).

In Appendix A.10 we then follow the approach of [6, 7, 14] to prove the following.

THEOREM 3.12. Suppose that no discrete spectrum is present. If L(-) € L*(R) N
L>®(R) and I — Py has Fredholm index zero, the RHP defined by Lemmas 3.1, 3.2,
and 3.3 admits a unique solution.

Note that stronger results could be obtained. For example, using techniques sim-
ilar to those in [6, 7, 15], one can show that if q(x,t) —q+ decay sufficiently rapidly as
x — +oo, the scattering coefficients are infinitely differentiable functions, and there-
fore the condition L(-) € L*(R) can be removed, since it is automatically satisfied.
Similarly, one can show that the asymptotic behavior in Corollaries 2.31 and 2.32
implies L(-) € L?(R). Similarly, the possible presence of a discrete spectrum can be
taken into account without much difficulty. Essentially, in this case the inverse prob-
lem can be reduced to the inversion of a linear operator of the form T'= I + T3 + Tb,
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where T} has small norm and T is compact [7]. For brevity, however, we omit a proof
of these results.

A more subtle issue is the requirement in Theorem 3.12 that the Fredholm index
of the operator I — P, be zero. One can again use the methods of [6, 7, 14] to show
that this is a consequence of the properties of the scattering data. A detailed proof of
this result, however, is nontrivial, and it is therefore omitted for simplicity. We refer
the reader to [6, 7, 14] for a discussion of this issue in related contexts.

3.5. Reflectionless potentials and pure soliton solutions. We now look at
potentials q(x,t) for which there is no jump from M™ to M~ across the continuous
spectrum. In this case, the reflection coefficients from (2.47) vanish identically, and
the inverse problem reduces to an algebraic system whose solution yields the soliton
solutions of the integrable nonlinear equation. Note first that the scattering matrices
contain off-diagonal elements that do not appear in the definition of the reflection
coefficients. Nonetheless, the first and second symmetries combined with the fact
that B(z) = A~1(2) allow us to conclude the following.

LEMMA 3.13. The scattering matrices A(z) and B(z) are diagonal in the reflec-
tionless case.

By virtue of Corollary 3.5, we can parametrize the functions C,(z,t) in Theo-
rem 3.7 as follows:

Cp (, 1)1 06 = 9 \(¢,) |2 N Elention iy — 1, Ny,

where &, and ¢,, are real parameters and where ¢, = arg((,) + mn (m = 0,1) were
found by comparing the first and second equations of (3.5a). We will see that m = 0, 1
for singular and for regular soliton solutions, respectively.

THEOREM 3.14. In the reflectionless case, the solution (3.8) of the defocusing
Manakov system with NZBC may be written

1 det GI"® aug [ Q4n YT B
(3.16) q(fc’t)_M(detGS“g)’ Gave = B G n=1,2,
where
B, = (But,-, Byni4n)'. G =I+F, Y =Y, Yaen) '
q+7n/QOa i/:1,...,Nl,
B = N2
T (_1)7””;—?_2 qt’ndji’a i"=Ni+1,..., N1+ No,
j=1 ~J
_f_:dl(f)(gj)ﬂ j?k:]-a"'aNla
A (), j=1,...,Ni, k=N;+1,...,Ni+ No,

N2
Fir =43 djdM (%),  j=Ni+1,...,Ni+Noy k=1, N,
(=1

N2
Zdéjdl(cB—)Nl(Z;)v J,k=Ni+1,..., Ny + No,
=1

ch(x,t), lel,...,Nl,

dj = d) (zi—n,) + ﬁd@ (2k-n,), Yn=
J 4o J iDn_Nl(JJ,t), TLZN1—|—1,...,N1—|—NQ,

andm=n+ (—=1)"*L
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Recall that the norming constants C), associated with discrete eigenvalues on the
circle satisfy the constraint in Corollary 3.5, whereas no such constraint exists for
the norming constants D,, associated with discrete eigenvalues off the circle. (Also
recall that discrete eigenvalues on the circle are parametrized by one real constant,
while those off the circle are parametrized by two real constants.) Correspondingly,
discrete eigenvalues on the circle generate the usual dark soliton solutions, which have
two real degrees of freedom: the soliton depth (governed by the discrete eigenvalue)
and the soliton position offset (governed by the norming constant). In contrast,
discrete eigenvalues off the circle generate dark-bright soliton solutions, which have
two additional degrees of freedom in addition to those of dark solitons: the amplitude
of the bright component (also governed by the discrete eigenvalue) and its phase (also
governed by the norming constant).

3.6. Explicit solutions. In the case of just one discrete eigenvalue in each fun-
damental domain (circle or disk), the resulting soliton solutions assume a particularly
simple form.

For example, considering a single pair of eigenvalues on the circle (N; = 1 and
N3 = 0) and parametrizing the discrete eigenvalue and norming constant as

= qoe™, ¢ = eszri(‘j‘J”r/er("“1)”)7 O<a<m, £€R, m=0,1,

from (3.16) one obtains the following singular/regular dark soliton solution of the
Manakov system (corresponding to m = 0 and m = 1, respectively):

. _1\ym+1
q(z,t) = e [cosoz — isina| tanh(g, sin a(z — 2¢ot cos a) — 5/2]]( Y }q+.

Similarly, considering a single quartet of eigenvalues off the circle (N3 = 0 and
N3 = 1) and introducing the parametrizations

20 =2Ze% dy =T, 0<Z<q, O<a<m &¢eER,

from (3.16) one obtains the following dark-bright soliton solution of the Manakov
system:

q(z,t) = e"*[cosa — isina tanh U(x, )] q4 + V,eilZ @ cos a=Z2t cos(2a)] goc [ (3, tay,

where

Z2 2 _Z2
U(a:,t):Zsina(az—2Ztcoso¢)—£—%log< (4, ) ),

gt + Z* —2Z2q2 cos(2a)
Vo= 7 /q(Z) _ ZZ(qge%a _ Zz)(l _ e2ia) ei[¢73a]
’ 2¢00\/qt + Z* — 222¢2 cos(2a)

Note how the bright soliton part (which is aligned with qﬂ;) is always along an or-
thogonal polarization to that of the dark soliton part (which is aligned with q. ).

Of course, (3.16) allow one to produce multisoliton solutions just as easily (but
the resulting expressions will be more complicated). For example, Figure 1 shows a
two-dark soliton solution (N7 = 2, Ny = 0), Figure 2 shows a two-dark-bright soliton
solution (N7 = 0, Ny = 2), and Figure 3 shows a two-dark, two-dark-bright soliton
solution (N = Ny = 2).
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ol

Fia. 1. A two-dark soliton solution of the defocusing Manakov system obtained by taking
N1 =2, N2=0,q+=(1,0)7, L =e"/2, Gz =e"/4 & =& =0.

L o+
pa—r
=20
10

F1a. 2. A two-dark-bright soliton solution of the defocusing Manakov system obtained by taking
N1 =0, N2 =2, q+ = (1,007, 21 = 0.5¢"/2, 25 = 0.75¢'"/4.

Fia. 3. A two-dark, two-dark-bright soliton solution of the defocusing Manakov system obtained
by taking N1 = 2, N2 = 2, q = (1,007, {1 = e™/2, (o = ei™/5, & = & = 0, 21 = 0.5¢™/2,
zo = 0.75eim/4,
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4. Double-pole solutions. In this section, we present novel solutions of the
Manakov system obtained when the analytic scattering coefficients have a double
zero. Recall that such a situation is allowed in the focusing NLS equation, even with
ZBC [41], but is not possible in the defocusing NLS equation [19]. For brevity, we refer
to the corresponding solutions as “double-pole” solutions of the Manakov system, but
it should be clear that it is only the meromorphic matrices in the RHP that possess
double poles, while the solutions of the Manakov system are regular in the whole
xt-plane.

Suppose that a11(z.) = a};(20) = 0 and af;(z,) # 0, with |z,| < go. As before,
in order to regularize the RHP (3.2), one must subtract the residue contributions.
As we will see, however, the principal part of the Laurent series expansion of the
meromorphic matrices contains additional terms, which must also be subtracted. As a
result, the derivatives of the eigenfunctions with respect to z will appear as additional
unknowns in the RHP. In turn, this will result in the presence of additional norming
constants, whose symmetries must also be properly characterized. The proofs of all
the results presented in this section are collected in Appendix A.12.

4.1. Behavior of the eigenfunctions at a double pole. For brevity, we sup-
press the (z,t)-dependence of the eigenfunctions on the right-hand sides of equations
throughout this and the following section when doing so introduces no confusion.

LEMMA 4.1. Suppose that a11(z0) = ai1(z0) = 0 and a1 (z0) # 0, with |z, < go.

There exist constants do, do, dy, do, fos fo, for fos 9o» Go, Go, and G, such that

(4.1a) ¢/—71(33a t,20) = doX'(20) + foX(20) + god+.3(20),
(4.1b) X (., 62/ 25) = doty 5(2/25) + fobr3(a2/25) + Gob—1(a2/2]),
(4.1c) O 5(2,t,45/20) = doX' (43 20) + FoX(5/20) + Gob+1(45/ 20),
(4.1d) X' (2,1, 25) = do¢'y 1(25) + Fod+,1(25) + G- 3(2)-

Note that d,,...,d, are the same constants appearing in the relations (2.53) for
a single eigenvalue, whereas f,, ..., f, and g, ..., g, appear as a result of the double
multiplicity. Tt will be useful to express (4.1) in terms of the modified eigenfunctions:
(4.2a)

Wy (@, 20) = —i0] (20) 11— 1(20) + (idobh(20) + fo) m(20) €'~ 0)(z0)
+ dom/(zo)ei(92—01)(zo) + gou+’3(zo)e—2i91(zo)’
(4.2b)
m' (w1, 62/ 23) = —i(q2 ) 25)m(a2 ) 23) + Gop— 1 (g2 25)e’ O ~0) @/ 0)
(ot (@2/25) + o) v 0(a2/22) + dopl 5 (a2 25)] e (OO G220,
(4.2¢)
L 5, t,45 ) 20) = 101(45 ) 20) - (45 ) 20) + ot 1(q2 ) 20)e2i01(45/ %)
+ [(ido85 (a2 20) + fo) (a2 20) + doi! (2 20)] €/ C1+02) @0/ 20)
(4.2d)
m'(@,t,25) = [(idot (5) + Fo) 12(25) + doptl 4 (25)] P10 0)
— i05(25)m(25) + Gopt—3(25 e 1),

These expressions will allow us to obtain the generalization of the residue relations.
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Let P_[F]|.—., denote the coefficient of 1/(z — 2,)? in the Laurent series expansion
of a meromorphic function F(z) near z = z,. The following result is trivial.

PROPOSITION 4.2. Suppose that f(z) and a(z) are analytic functions of z in a
neighborhood of z = z,. Also, suppose a(z) has a double zero at z = z, and f(z,) # 0.
Then

(4.3) Res._. (g) _ 20 2f()a" () (i ) _ 2f(z0)

a” (o) 3 (a"(2))* 7 2=z, \ @ a’(zo)

COROLLARY 4.3. Under the hypotheses of Lemma 4.1, we have

o (M) ) = Kt P (M) () = Km0,

z2=z0 ail 2= qo/ZO ass
m — " m - "
P_s (_b_> (x,t) = —Kopt1(z,), P_, <b_> (x,t) = Kou+,3(q§/zo),
z=z% 11 z= qo/z* 33

Res,—., (%) (z,t) = Kom/(20) + K, [Fo +i(x — 2zot)} m(zo) + Gopit 3(20),

-2
Res.ce, (152 ) ) = R 62/20) + Ko | Fy = 220 = 2200)| m(2 )
+ Go/“ml(qg/ZO)v
Res.—; (——) (2.8)= =Koty 1 (25) = Ko [Fo — i = 225) | .1(25)~ Cotta(23),
i(23)?
2

o

m 2 * 2 - * *
Res.yz .. (—) (21) = Roply 5(2/72) + Ko [F LS, 2zot>] wea(@)22)

+ GOM*J(qg/Z;)a

where
Ko, t) = —200_o=i0-0(0) | (g, f) = — 200 __o=ilr=0)(z0),
11(20 a33(q0/z0)
_ 2d . . . 2d, *
K,(z,t) = 0 gi(01=02)(z5) Ko(x,t) = ei(01=62)(27)
bllll(zék) bgs( 2/25)

"
o o 2 (o] —21
F, = f_ Clll(z ) ’ el ([1‘ t) = — g e 2191(zo)’
do  3at, (%) ay (%0)
i3 " .
— (o] (e} > 2 o —27
- fv CL:;/?(QO/Z ) ’ GO(ZIJ, ) _ g S N 2101(,20)7
do 30’33( o/ZO) a’33 (qo/zo)
= I Wilzs) = 29, o *
Fo—_—o—i‘), Go(x,t) = =22 i(61462)(z)
e M AP
N AU 200 i .
Fo -~ 3b33 Go(x,t) b” (01+02)( O).
do 53(a2/23) Vis(a2/23) )

4.2. Symmetries with double poles. The symmetries of the eigenfunctions
and scattering coefficients are also more involved than in the case of simple zeros.

LEMMA 4.4. Suppose that a11(z,) = a}1(20) = 0 and a1 (z,) # 0, with |z,| < qo.
The analytic scattering coefficients obey the following symmetry relations:

o\ (z0) = B (2) fomry 053 (20) = (@S (2)) |omaz, = 2,3,
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(z5)"

« qo

gB(q(QJ/Zo) = g 11(2)‘z:z;*’ aty(20) = z§ (azs(z ))|z:qg/zo’
b 2/ %\ _ _ (Z*)5 b xp
33(05/25) = 4 (607 (2) + 2, 11(2))}Z:z37

% a
athen) = =% (e (2) + Lagio))

2=q2/zo

LEMMA 4.5. Suppose that a11(z,) = a/1(20) = 0 and af;(z,) # 0, with |z| < go.
The eigenfunctions obey the following symmetry relations:

2
* ZqO qo *
) dhalontz) = (a2 + Lot /).
; 2
Z(Io qo
(44b) QSL’]_(J;, ta ZO) = _2_2 <¢—,3($a tv qz/zo) + Z_¢L73(x7 ta Qg/zo)> 9
; 2
Z(Io qo
i) (ot = % (onalotad/a) + Bolamn /).
- 2
* 4o * qo *
ad) o slt) = 2 (ool + B (o) )
, @ > : @ >
10 (o) = BX @t Ve = )

LEMMA 4.6. Under the hypotheses of Lemma 4.5, the norming constants in
Lemma 4.1 obey the following symmetry relations:

(5a)  dp=2q, G,=-Lwlllg g i s,
G0 (=) do: 2y (=) 7
Y(20) -+ v(2) 1qo Vo qg 3
4- o— — - ) o— — | —HJo| >
(4.5b) / b33(z0)" ¢ d (b33(z) B Y Zo | %o + 22
— 12k CZO @ . _ .
4. =—|—= - 2 ol o =00 =Go=go=0.
(4.5¢) fo m Lg (Zg)Qfl 9o=0o=Ggo =4
In turn, the symmetries in Lemma 4.6 yield
3
3 _ YW o [bsa(o)]” s
Ky(x,t) Z—gKo(x,t), Ky(z,t) = — ) K} (z,t),
. igy [bs3(20)]" /. . (2= | 32
K,(x,t) = K} (z,t), F,=— F,+ —=,
R P TP ? :
«  bas(zo) ( v(z) )/
F,=F,+ ,
V(20) \bss(2)/) | _.

2=z,

It is then straightforward to combine the notation of this section with the definition
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of the meromorphic matrices (3.1) to obtain the residue conditions:

(4.6a)
M’ng(x,t):(Pg(—) )M L (x,t)=10,0, P, <u> ,
e z2=2o 2,43/ 2=q2 /20 az3
(4.6b)
— + m
M72Z*({,U,t): O,Pg 70 ,M 2,02 /2% ): 0, sz — 70 5
o z=z, 9o /Z z=q3/z} b33
(4.6¢)
H—3
MirLzo (CE, t): (Resz—zo ( > 7q2/z ): <07 07 Resz_qg/zo( a33 >)7
(4.6d)

_ m m
Msz; (x,t)= <O,Resz_z3 <_b_11> ,0) , Mtl,qg/z; (x,t)= (O,Resz_qg/zz (E),O),

where the individual columns are given in Corollary 4.3.

4.3. Inverse problem and reflectionless solutions with double poles.
Both the RHP and the reconstruction formula are affected by the appearance of the
derivatives of the eigenfunctions. For simplicity, from now on we restrict our attention
to situations in which a11(z) has just one double zero and is nonzero everywhere else.
The methodology, however, is easily extended to include any combination of single
and double zeros, as well as to zeros of higher order.

Like in the case of simple zeros, the RHP consists of finding a sectionally mero-
morphic matrix M(z, ¢, z) which equals M*(z, t, z) for Im z = 0 and satisfies the jump
condition (3.2) as well as the asymptotics (3.3). On the other hand, the residue con-
ditions are now different and are given by (4.6). As in section 3.2, the solution of this
RHP can be expressed in terms of a mixed system of algebraic-integral equations,
which are obtained by subtracting the asymptotic behavior at infinity, regularizing
(i.e., subtracting any pole contributions from the discrete spectrum), and then apply-
ing Cauchy projectors. Specifically, in Appendix A.12 we prove the following.

THEOREM 4.7. Suppose that a11(z,) = a}1(z0) = 0 and af,(z,) # 0, with
|20 < o, and a11(z) # 0 for z # z,. The solution of the RHP defined by Lem-
mas 3.1 and 3.2 with residue conditions (4.6) is given by

1 M~ ) )
(A7) M(nt,2) = Mo + (i/2)M, — = [ Mmooy eire g
21t Jgp (—z
+ _ _
+ Z < 7n zo M—n q2/z% + M—n,z; + M—n 42/ %0 > .
(z—20)" (Z—qo/z (=) (2 —ag/z)"

o

Moreover, the eigenfunctions in the residue conditions in (4.6) are given by

K,
(480) pisa(t2) = (gt )+ ()

(i/z5)a+) 25—z
1 (MfefiKG)LeiKG))l(O
2w Jy C—z
[ K, K,
(

2 —20)%  2E— 2,

d¢

(Fo +i(x — 220t)) | m(z,),
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(4.8b)
7M%L%)_( 0 )+
b33 (Zo) qi/‘]o

+{_iz2%[ T (70— 2/2) (Fo+“z?2<x—22 0-%)

3
Zo _Z; d, _qo/z

_qo/z

B 14 (s - 2)(Fs — i — 2230))] }u+7l<zz>

1 (M_e_iK@LeiK@)Q(C)
/

C2mi (2o

24 (20 — 25)(F, —i(z — 2z;t))]

dc,

(4.80) m/(l’,t,zo) _ {( Fo

b33(20) 2o — 2¥)3 [

izk K, 2 25 o i(2))?
_Yo - Zo o B) (p9n% *
4o o @) { Py 2 (0 =220 o (z)

Ko i) Ko ] o MGl
3 )1M+,1(o)+( (7)) (20)

(ZO _23)2 45 ( _qo/z

_L (M—e—zKG)LeiK(-))Q(C)
27rz'/R (¢ — 20)2 d,
(480) et == (1 ) - e
_i (MfefiKG)LeiKG))l(O
2 A R
_E7§;§42+( 2o)(Fy + iz — 2201))] m(20).

Throughout, the (x,t)-dependence was omitted from the right-hand side of all equations
for simplicity.

Similarly to the case of simple zeros, the norming constants can be appropriately
redefined in such a way that the above residue conditions are formulated only in terms
of the columns of the meromorphic matrix M(z, t, z)—plus its derivatives in this case.
For simplicity, however, we omit the relevant calculations. Also, similarly to the case
of simple zeros, from the asymptotic behavior of the solution of the RHP we can
reconstruct the solution of the Manakov system.

THEOREM 4.8. Under the same hypotheses as those of Theorem 4.7, the solution
of the defocusing Manakov system with NZBC' (1.2) is reconstructed as

(4.9) qr(x,t) =gy — iK,(x, t){mfﬁl(x, t,2,) + [Fo +i(x — 2zot)]mk+1(a:, t, zo)}
1
2

The trace formula is also different in the presence of double poles. Indeed, one
can use an approach analogous to that used in deriving (3.9) to prove

2 log (1 — 2 _ 2<22 2
an@:(m) ot L / og (1= 1p1(Q)? = 53102 (0) )dC

z— 2k 2mi (—=z

(M OL ) (o, 1,0 k=12
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As before, the trace formula for bs3(z) is obtained from the above using the symme-
tries (2.35) and (2.43).
Similarly to before, we now restrict our attention to the reflectionless case.
LEMMA 4.9. Under the same hypotheses as those in Theorem 4.7, the defocusing
Manakov system with NZBC (1.2) is given by following system of linear equations:

(4.10a)
pg (b, 25) = ((i/zé)%) T z*IiOzOm/(ZO)
[+ -2 e
(4.10b)
m(z,t,2,) 0 K, i(25)? K, I(*
bgg(zo) B (Qi/%) * Zo — Z; 45 %o — qo/z ‘| il ( )
z’zj K 7;(2:)2 * Z:;
*{‘ g [ Gl (o a0 - )]
- (Zo I_{Oz*)z [1 + (2 J(Fo —i(z — 2Z*t))] },u_,_ 1(25);
(4.10c¢)
{2
_izé‘( _{j/z) [_ _i/z*+z—§—ﬁo—“z? (x — 22 t))] }u+1( )
K, i(z2)3 K, I b3 (20)
NG @ Go-a/ar ] 1)+ g )

(4100 11062 =~ (g, flo2) ~ oo Go)
K,

————— 24 (2} — 20)(F, +i(x — 220t))] m(20),
(25 — 20)3
where, as above, the (x,t)-dependence was omitted from the right-hand side of each
equation for simplicity.
Note that the scattering coefficient bs3(z) appearing in the above system is known
in closed form in the reflectionless case thanks to the trace formulae.

4.4. Double-pole dark-bright solitons of the Manakov system. We now
present an explicit solution of the defocusing Manakov system with NZBC correspond-
ing to double zeros of the analytic scattering coefficients. Consider, for simplicity, the
case of a discrete eigenvalue along the imaginary axis. Without loss of generality,
we can parametrize the background state, the discrete eigenvalue, and the norming
constants as

K3/2 , _ .
q; = (1,007, z,=iZ, d,= Ze%*w, f,=rvn eZétilf=9)
where
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Fra. 4. A solution of the defocusing Manakov system obtained when the analytic scattering
coefficient a11(z) has a double zero at zo, with q+ = (1,0)1, 2o = .5¢i™/2 dy =i, f, = 1.

v=1-27% k=1+27

and with £, ¢, n, and f arbitrary real constants and 0 < Z < 1. Solving the linear
system of equations (4.8) and inserting these expressions into (4.9), we obtain the
double-pole dark-bright soliton solution

(4.11) Al t) = — (qln(x’iD ,

qa(z,t) \qen(z,

with

qin(z,t) = K2 cosh[2Z ()] + p1z(z,t) + p1s(z,1t),
Gon (@, ) = 46" T E (2132 1 + s5,) cosh[E(x)] — (2i22k%/ 20t — s1) sinh[E()]},
qa(z,t) = k* cosh[2Z(z)] + paz(z,t) + pays(z,t)
and
E()=Z(x—&),  piz(@,t)=—pozg(x,t) +8iZ%kvt + (2 — 42" +22%) /kv,
poz(x,t) =2Z2%kva? + 4Z(1 — 3Z2%)x + 8Z kv t?
+[3—2%(10 — 2022 — 22* — Z%) /v,
piy(,t) = —pas(a,t) — 4in'vmcos f |
pag(x,t) = 4k *n[—222%kvtcos f + (1 — 3Z% + Zrv x) sin f] + 2vn?,
So = kvnsin f + (1 — 3Z2)/€1/2 , s1 = ikvncos [ + Z2k3/2
Figure 4 shows a typical profile of this solution. The center of mass of the solution is
localized at x = £. The solution appears to be similar to a superposition of two dark-
bright solitons with the same velocity (which is zero in this case since the eigenvalue is
along the imaginary axis). On the other hand, the two solitons attract each other and
diverge logarithmically, as is evident from the figure. This behavior is very similar to
that of double-pole solutions of the scalar focusing NLS with ZBC, although in that
case the corresponding solutions are just bright solitons. -
An especially simple expression is obtained when n = 0 (i.e., by setting f, = 0),
in which case (4.11) reduces to

Gin(z,t) = K2 cosh[2Z(2)] + p1z(x,t),
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F1G. 5. A solution of the defocusing Manakov system obtained when the analytic scattering
coefficient a11(z) has a double zero at zo, with q4+ = (1,0)T, 2, = 5e2m/5 d, =241, fo = 3.

Gon(x,t) = 4/@1/2ei(¢+z2t){(1 —32% 4 Zkv ) cosh[Z(x)] + Z%k(1 — 2ivt) sinh[Z(z)]},
qa(z,t) = k* cosh[2Z(x)] + paz(x,t),

with p1z(x,t), paz(x,t), and Z(z) as above. Note, however, that no choice of norming
constants exists for which the two solitons are stationary with respect to each other.
This situation is similar to the double-pole solutions of the scalar focusing NLS with
ZBC. Also, in the limit Z — 17, (4.11) reduces to the constant background solution.

Of course, double-pole solutions with discrete eigenvalues off the imaginary axis
can also be easily obtained. An example of such a solution is shown in Figure 5.
Modulo the nonzero velocity, the behavior of this solution is similar to that of the
stationary solution. We emphasize, however, that while in the case of ZBC the moving
solutions can be obtained from the stationary ones simply by applying a Galilean
transformation, this is not the case with NZBC. This difference can be understood
both from a physical and a spectral point of view. For the former, note that both the
stationary and the moving solutions satisfy the same constant boundary conditions
q(x,t) = q+ as x — £00, whereas Galilean-boosted stationary solutions would have
an oscillating phase with respect to = as * — +o0o. From a spectral point of view,
note that for the Galilean-boosted stationary solution, the real part of the discrete
eigenvalue is along the imaginary axis, i.e., above the midpoint of the branch cut. In
contrast, for the traveling solution, the discrete eigenvalue does not lie directly above
the branch cut. The same difference applies to soliton solutions obtained from simple
zeros of the scattering coefficients.

5. Conclusions. As we have seen in the previous sections, unlike the case of
ZBC, the IST for the Manakov system with NZBC presents significant differences
from the IST for the scalar case (i.e., the NLS equation). The most obvious of these
are (1) the need to introduce the adjoint problem to obtain auxiliary eigenfunctions and
complete the eigenfunction bases; (ii) the more complicated symmetries among the
eigenfunctions involving said auxiliary eigenfunctions; (iii) the existence of eigenvalues
off of C, and the corresponding dark-bright soliton solutions; (iv) the existence of
double-pole solutions.

Another important difference between the scalar case and the Manakov system
is that for the latter, one cannot exclude the possibility of zeros along the continuous
spectrum. Indeed, a direct expansion of the determinant of the scattering matrix
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yields, for all z € R\ {£q¢,},

det A(z) = bi1(2)a11(2) + bi2(2)a21(2) + biz(2)aszi(2),
which, applying (2.35), yields
(5.1) a1 ()2 = 1+ laz (2)2/(2) + las ().

Since y(z) < 0 for z € (—¢o,¢o), We cannot exclude possible zeros of a11(z) in the
interval (—go,¢q,). Similar results follow for ass(z), b11(2), and bs3(z). Thus, this
situation is more similar to that of the focusing NLS equation with ZBC, which is
known to admit zeros of the analytic scattering coefficients along the real k-axis [5, 43].

It should be mentioned that in the scalar case, no area theorem is possible with
NZBC [9, 11]. That is, a class of potentials can be produced for which discrete
eigenvalues exist for arbitrarily small deviations from the uniform background. Since
every solution of the scalar NLS equation can be trivially extended to a solution of the
Manakov system, these results imply that no area theorem is possible for the latter
as well. (This is in contrast to the scalar case with ZBC, where a precise lower bound
can be found for the L' norm of the potential for the existence of discrete eigenvalues
[5, 28].) Similarly, (3.10) indicates that the continuous spectrum can provide a non-
zero contribution to the asymptotic phase difference. Specific examples illustrating
such situations were provided in [10, 11] for the scalar case, and of course extend
trivially to the Manakov system.

From an applied point of view, we expect the results of this paper to be useful in
characterizing recent experiments in nonlinear optics [12, 20, 36] and Bose-Einstein
condensation [22, 40]. Conversely, from a theoretical point of view, the results in this
paper pave the way for studying several open problems: (i) an investigation of the
possible existence of double zeros on C, (see [19] for a proof of the nonexistence of such
zeros in the scalar case); (ii) an investigation of the possible existence of real spectral
singularities (known to exist in the scalar focusing case [4, 25, 43] and known not to
exist in the scalar defocusing case [19]); (iii) a study of the long-time asymptotics
using the Deift—Zhou method [16, 17] (see [24, 37, 38] for the scalar case); (iv) the
development of an appropriate perturbation theory (see [2, 27] for the scalar case);
(v) the extension of the present approach to the N-component case. (In this regard, we
remark that the N-component case was recently studied in [32] using the approach of
[7], but the results of [32] were incomplete due to the lack of a proper characterization
of the symmetries of the analytic eigenfunctions. We believe that the novel approach
to the symmetries presented in this work will provide the missing link to resolve this
difficulty and allow the construction of nontrivial explicit multicomponent solutions.)

Finally, we reiterate that here the direct problem was developed without requiring
that the asymptotic polarizations g1 and q_ be collinear. The advantage of imposing
the condition |q1q,| = q, is that it ensures that the limits of the analytic scattering
coefficients as z — 0, 0o are at most a phase (cf. Corollary 2.31). In turn, this simplifies
the asymptotic behavior of the meromorphic matrices M*(x, ¢, 2) appearing in the
RHP, as defined in (3.1) (cf. Lemma 3.2). On the other hand, there are no obstacles to
formulating the inverse problem with general q+, as long as these asymptotic vectors
are not orthogonal (i.e., as long as qI_q, # 0). Doing so might be important as it
might lead to new and possibly physically relevant exact solutions. Conversely, the
case qi q_ = 0 requires some additional care, as in this case the matrices M*(x, t, 2)
acquire additional poles as z — oo and/or z — 0, which then need to be subtracted
in order to regularize the resulting RHP.

We plan to study some of the above problems in the near future.
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Appendix. The following sections contain the proofs of all the results presented
in the main text.

A.1. IST and the invariances of the Manakov system. Recall that if ¢(x, t)
is any solution of the scalar defocusing NLS equation, qus(z,t) = (0,q(x, )7 is a
solution of the Manakov system. Also, if q(z,t¢) is any solution of the Manakov
system and «, v, Z,, and t, are any real constants, q(z,t) = e'*q(z,t) and §(z,t) =
q(x —x,,t—1,) are solutions of the Manakov system as well. Finally, for any constant
unitary 2 x 2 matrix U (i.e., UUT = UTU =1), g(=,t) = Uq(z, ) is also a solution.
We next show how each transformation affects the IST.

LEMMA A.1. Let ¢4 nis(x,t,2) and Ans(2) = (aijnis(z)) denote the 2 x 2 Jost
solutions and scattering matriz of the IST for the scalar case, respectively. We have

¢i7117nls ) 0 eiei ¢i7127nls
G (x,t,2) = 0 e ifxeifelnts) 0 :
¢i7217nls 0 ezei ¢i7227nls
all,nls(z) ) 0 eiG_ a12,nls(2)
A(z) = 0 et(t+=0-) 0 :
e~ agy s (2) 0 e 0+ 70D a9 15 (2)

where the normalization in [11] for the IST in the scalar case was used.
LEMMA A.2. Let ¢4 (x,t,2) and A(z) be the Jost solutions and scattering matriz
corresponding to q(z,t). We have

(A.2a) O (2,1, 2) = "/ G (1, 2) diag(e /2, e¥%/% e 710/2),
(A.2b) A(z) = diag(e /2, &310/2 ¢710/2) A(2) diag(e'®/?, e~ 310/2 ¢io/2),

Proof. Since e(®/2)J ¢, (x,t, 2) solves the asymptotic scattering problem (2.2), we
may choose B4 (z) = e “{*/2IE_(z) diag(e’®/?, e~37/2 ¢i/2). Then since e/(*/2 ¢,
and ¢y are both fundamental matrix solutions of the asymptotic scattering problem,
there exists an invertible 3x 3 matrix C(z) such that ¢+ (z,t, 2) = ¥/ ¢ (x,t, 2)C(2).
Comparing the asymptotics as © — 400 of ¢4 with those of e(*/294. C yields
C(z) = diag(e /2 e%/2 ¢=%2/2) Combining (A.2a) with the fact that ¢_ = ¢, A
yields (A.2b). O

The proofs of the remaining lemmas in this section are omitted since they are
similar to the proof of Lemma A.2.

LEMMA A.3. Let ¢ (x,t,2) and A(z) be the Jost solutions and scattering matriz
corresponding to q(z,t). We have

Di(2,t,2) = b, 1, )0 OF0D) A(z) = 07O tord) A (2)OGote ),

LEMMA A.4. Let - (z,t,2) and A(2) be the Jost solutions and scattering matriz
corresponding to q(x,t). We have
b (x,t, 2) = diag(1, UM (2, t, z) diag(1, ™, 1),
A(z) = diag(1,e” ™ 1)A(z) diag(1,e™, 1),
where det U = e™, with u € R.
Finally, note that the Manakov system also possesses a Galilean invariance; i.e., if

q(z,t) is a solution, so is q(z,t) = @) q(x — 2vt,t). Note, however, that if q(z, t)
does not vanish as © — +o0, q(z,t) is outside the class of potentials for which the
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IST can be applied. Therefore, no simple correspondence between the Jost solutions
and scattering matrices can be established.

DEFINITION A.5. We say that q(x,t) is a reducible solution of the Manakov sys-
tem if there exists a constant unitary 2x 2 matriz U such that q(z,t) = U(0, ¢s(z,1))T,
where qs(x,t) is a solution of the scalar defocusing NLS.

Note that there is no loss in generality in assuming that the zero in the above
vector is in the first entry. We can then combine Lemma A.1 with Lemma A.4 to
obtain the following.

LEMMA A.6. If q(x,t) is reducible,

. all,nls(z) . 0 ewialznlS(Z) i
A(z)=diag(l,e~"™,1) 0 ei(0+—0-) 0 diag(1,e™, 1),
e_i0+a21,nls(2) 0 e_i(9+_9‘)a22,nls(z)

where det U = ™, with u € R, and the aijnis(z) are defined as in Lemma A.1.

A comparison with solutions of the scalar defocusing NLS [11] immediately yields
the following.

COROLLARY A.7. If q(x,t) is reducible, the analytic scattering coefficients can
only have zeros on C,.

The converse of Corollary A.7 is, however, not true due to the presence of radia-
tion. Also, an immediate consequence of Definition A.5 is the following.

COROLLARY A.8. If the analytic scattering coefficients have double zeros on C,,
then the corresponding solution of the defocusing Manakov system is not reducible.

A.2. Analyticity of the eigenfunctions.

Proof of Theorem 2.1. We start by rewriting the first of the integral equa-
tions (2.16) that define the Jost eigenfunctions:
(A.3)

p—(z,t,2) =E_(z) |:I + / ei(r_y)A(z)Eil(Z)AQ,(y, - (y, t, Z)e—i(r—y)A(z) dy| .

— 00

The limits of integration imply that x — y is always positive for p_ (and always
negative for py). Also, note that the matrix products in the right-hand side of (A.3)
operate columnwise. In particular, letting Wz, z) = E_!4_, for the first column w
of W, one has

1 .

(A4 et = 0]+ [ Gl -3 2)AQ B () (.t ) dy.
0 — 00

where

(A.5) G(¢, 2) = diag (1, etk FA)E eZi)‘(Z)E) E"'(2).

Now, we introduce a Neumann series representation for w:

(A.6a) w(z,z) = Z w™ |
n=0
with
1 z
(A6b)  w@=(0], w"(xtz2)= / Clz,y.t,2) w'™ (y,t,2)dy,
0 —00
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and where C(z,y,t,2) = G(x — vy, 2)AQ(y,t)E_(z). Introducing the L' vector norm

|[w] = |wi] + |ws| + |ws| and the corresponding subordinate matrix norm ||C||, we
then have

xr
AD e < [ IOt .

— 00

Note that |Ex| < 1+ qo/|2] and |[EZY| < (14 ¢o/|2])/]7(2)|. The properties of the
matrix norm imply

(A.8)
IC(2, y,t, 2)| < || diag(1, ' *FFNE=9) 2AE)IE_(2)|[]| AQ(y, )I[[|BZ (2)

< o(2) (14 e~ BimEHAmEN @) 4 o=2mHE=0) q(y, 8) —q- ||,

where A\im(2) = Im A(2), kim(2) = Im k(2), and ¢(2) = (1 + ¢o/|2|)?/|7(2)|. Now,
recall that Im A(z) > 0 for z in C;. On the other hand, ¢(z) — oo as z — £¢,. Thus,
given € > 0, we restrict our attention to the domain (Cyr). = C; \ (Be(qo) U Be(—q0)),
where Be(z,) = {z € C: |z — 20| < €qo}. It is straightforward to show that ¢, =
max_ec,), ¢(z) = 2 + 2/e. Next, we prove that for all z € (Cr), and for all n € N,

M™(x,t
(A.9%) 0 (a1, 2)] < D
where
(A.9b) Mz t) = 2, / la(y, 1) — a| dy.

We will prove the result by induction, following [3]. The claim is trivially true for n =
0. Also, note that for all z € C; and for all y < x, one has 14 e~ (Fim(2)+Aim(2))(z—v) 4
e~2Xim(@=y) < 3. Then, if (A.9a) holds for n = j, (A.7) implies

(A.10)

, 3ce [“ j 1
w0t < 5 [ () = a2t dy =

M (a,1),
_ JlG+1) (z,%)

proving the induction step (namely, that the validity of (A.9a) for n = j implies
its validity for n = j + 1). Thus, if q(z,t) — q— € L'(—o00,q] for all finite a € R
and for all € > 0, then the Neumann series converges absolutely and uniformly with
respect to x € (—o00,a) and to z € (Cy),. Similar results hold for u4 (z,t,z). Since a
uniformly convergent series of analytic functions converges to an analytic function, this
demonstrates the validity of (2.17). Note that since q4+ # q_ in general, q(z,t)—q_ ¢
L1 (R), and therefore one cannot take a = co. This problem can be resolved using an
approach similar to that of [32] or alternatively by deriving a different set of integral
equations for the Jost eigenfunctions, as discussed in the following section. Note also
that, as in the scalar case, additional conditions need to be imposed on the potential
to establish convergence of the Neumann series at the branch points [18]. d

A.3. Alternative integral representation for the Jost eigenfunctions. In
order to derive the analyticity properties of the scattering coefficients, we found it nec-
essary to introduce an alternative integral representation for the Jost eigenfunctions.
While the resulting equations are slightly more complicated than the standard inte-
gral equations (2.16), this representation has the advantage of allowing one to prove
explicitly that pq (z,t, z) remain bounded for all z € R in their regions of analyticity.
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We follow an approach similar to that used in [18] for the scalar case. Since the
scattering matrix is time-independent, it is sufficient to do the calculations at ¢ = 0.
With this understanding, we omit the time dependence from the potential and the
eigenfunctions throughout this subsection.

We first note that the scattering problem (2.13) is equivalent to the problem

(A.11) ¢ = X(2,2) ¢+ (Q(z) — Qs (2)) o,

where

(A12) X(z,2) = H@)X, () + H-2)X_(),  Qs(x) = H@®)Qs + H(—2)Q_,
and H(x) denotes the Heaviside function (namely, H(z) = 1 if x > 0 and H(xz) =0
otherwise). The advantage of using (A.11) instead of (2.13) is that the “forcing” term
Q — Q vanishes both as # —+ —oo and as x — oo, which leads to integral equations
that are better behaved. (Correspondingly, the factorized problem (A.11) is now the
same for both ¢_ and ¢;.) For z € R, we introduce fundamental eigenfunctions
¢+ (x,2) as square matrix solutions of (A.11) satisfying

(A.13) bi(x,z) = X+B M+ 0(1)], z— +oo.

By solving (A.11) in a way similar to that of (2.16), we obtain

(Add)  6o(02) = Grle.0.2)+ [ Gyl 2)Q) — Q- (),

(ALD) (o) = Gy(r0.2) — [ G, 2)Q) — Qs ()] (4, 2) dy,

where G ¢(z,y, ) is the special solution of the homogeneous problem, i.e., G, (x,y, z) =

X(z, 2)G(z,y, z), satisfying the “initial conditions” G(z,z,z) = I. Namely,

e(wfy)x+(z)’ T,y 2 O7
e(wiy)X7(z)7 z,y S 07

A5 Gi(z,y,2) =
(A.15) £(@:9,2) Xt (e=vX-(2) o >,

erx_(z)e—yx-%—(z)’ z,—y < 0.

Using (A.14), we conclude that

(A.16) ¢1(x,2) = Gf(2,0,2) [Ax(2) + o(1)], x— Foo, z€R,
where
(A17) As(x) =T% / G (0,9, %) [Q) — Qs(y)] b (y, 2) dy.

Since €*X+() are bounded for z € R when z € R, assuming that Q(2)—Q/(z) € L'(R)
and applying Gronwall’s inequality implies ¢ (x,z) are bounded as z — Foo. In
addition, comparing (A.15) with the solutions of the asymptotic scattering problem
(2.2) yields ¢+ (z,2)Ex(2) = ¢+ (x, 2), so (A.14) imply

(A.18a) ¢>—(x72)=Gf($70,Z)E—(Z)+/_w Gy (z,y,2)[Q(y) — Qs (y)]o-(y,2) dy,
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(A18b) 64 (2,2) = Gy, 0,2)By () - / G (2,y.2)[QM) — Qs W)+ (4, 2) dy.

Note that (A.18a) coincides with (2.16a) for all x < 0, and (A.18b) coincides with
(2.16b) for all x > 0. Additionally, assuming q(z) — q+ € L'(0,00) and q(z) — q_ €
L'(—00,0) implies Q(z) — Q¢ (x) € L' (R), so we can use this information and (A.18)
to prove Theorem 2.1 as well as to establish that p(z,2) = ¢+ (z, z)e”**A*) remain
bounded as © — Foo. This result will be instrumental in proving the analyticity of
the entries of the scattering matrix (see Theorem 2.3 and the following section).

A.4. Analyticity of the scattering matrix.
Proof of Theorem 2.3. We compare the asymptotics as x — oo of ¢_(z, z) from
(A.16) with those of ¢4 (z,2)A(z) from (2.11) to obtain

(A.19) A(z) =E1'(2)AL(2)E_(2).

The expression in (A.19) simplifies to the following integral representation for the
scattering matrix:

(a20) AR = [ TG BT (2)QM) - Qulé—(y.2) dy

+E;'(2)E_(2) [I - /O

OB ((QE) - Q16 (1:2) du].

A similar expression can be found for B(z). We can now examine the individual entries
of (A.20). In particular, the 1,1 entry of (A.20) yields an integral representation for
a11(z), and the corresponding two integrands from (A.20) are, respectively,

a LeiAy
(A.21a) e

nN | o=,

al Aq(y) o— 11y, 2) + Ar1(Y)d— 21(y, 2) + Ara(y)d— 31 (y, z)] :

M-

(A.21b) [cn (2)T0;(y, 2) + c12(2)Ta; (y, 2)e~ B+

j=1

+ e13(2) T (y, 2)e A | o ja (y, 2)e™,
where Aq(x) = q(z) — qf(z) (similarly for Ar(x)) and
ET(2)B_(2) = (ci(2),  EZN(»)Q) — Q-] = (T3, 2))-

Recall that ¢_ 1 (y, 2)e**(*)¥ is analytic for Im 2z > 0 and bounded over y € R, so each
term in (A.21a) is analytic for Imz > 0 and bounded when y > 0. Thus, the first
integral in the representation (A.20) for a;i(z) defines an analytic function for all
Imz > 0. Further, recalling that Im A(z) and Im(k(z) + A(z)) have the same sign,
we conclude that each term in (A.21b) is analytic for Imz > 0 and bounded when
y < 0, so the second integral also defines an analytic function for all Im z > 0. Thus,
the integral representation (A.20) for a11(2z) can be analytically extended off the real
z-axis onto the upper half of the z-plane. The remainder of Theorem 2.3 is proved
similarly. a
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A.5. Adjoint problem.

Proof of Proposition 2.4. The result follows by noting that, in the defocusing case,
QT = Q*, implying Q' = Q, and by using the fact that for any vectors u,v € C?
one has

[(Ju) x v]+ [ux (Jv)] + [ux v] + [(Ju) x (Jv)] =0,
Ju x v] = (Ju) x (Iv),
Qlu x V] + [(Qw) x v] + [u x (Qv)] =0,
JQ’[u x v] +[(I(Q")’u) x vl + [ux (J(Q")’v)] =0. O

Proof of Lemma 2.6. We verify (2.28a) with j = 3. Equations (2.24) and (2.23)
yield

vi(z,t,z) = —e @B 5(2) + o(1), x — +00.

However, v+ must be a linear combination of the columns of ¢4, so there exist
scalar functions a+(z), b+(2), and c4(z) such that vi(z,t,2) = ax(2)o+1(x,t,2) +
bi(2)px2(z,t,2) + cx(2)px 3(x,t,z). Comparing the asymptotics as x — £oo in
(2.11) with those of vy yields a4 (2) = bi(z) = 0 and c+(z) = —1. The rest of
Lemma 2.6 is proved similarly. d

Proof of Corollary 2.7. We suppress the z-, t-, and z-dependence for brevity. Com-
bining (228) and (219) yields ¢+,1 = (b22b33 — bgzbgg)d)_’l +’Y(b32b13 — b12b33)¢_’2 +
(522513 — b12523)(]~5,,3. Combining this with (225) yields

bi1 = baobsz — b3abaz, bay = y(b12b3z — b3ab13), b31 = bazbi3z — biabas.

Using a similar process, we find that

- 1 - ~ 1
bio = ;(b33b21 — bagbs1), bao = bazbiy — bigbsi, b3z = ;(b13b21 — basbi1),
biz = baibaz — boibsa, baz = y(bs1bia — bribsa), sz = bi1baz — boibua.
Next, note that

baobss — basbza  b23b31 — ba1bss  ba1bza — bazbsy
AT = [ bysbss — biabss  bi1bsg — bizbsy  biabsy — bi1bss
bi2bag — bizbaa  b13b21 — b11baz  b11bao — bi2bay

Combining all this information, we finally obtain (2.29). O
Proof of Corollary 2.8. Substituting (2.25) into (2.27) yields the following for
zeR:

(A.22a)

7(2) )Z(xv tv Z) = ei92($,t,Z)J [[623(2)@@_72(,7}, ta Z) + 633(2)&—,3(337 tv Z)] X Q‘;—,l(xv ta Z)]:| 5
(A.22b)

’Y(z) X(iC, ta Z) = ei02(z’t’Z)J [[611 (Z)sz,l(fa ta Z) + 621 (Z)sza(% ta Z)] X ¢Z773({E, ta Z):| .
Applying (2.28) to (A.22) yields the following for z € R:

(A'233“) ’y(Z))Z(:C, 2 Z) = 523(2)¢773(x7 2 Z) - 533(2)7(2)(?57,2(557 2 Z),
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(A.23b) Y(@)x(,t,2) = bia(2)7(2)— (@, t, 2) + bar (2)d— 1 (. 1, 2).
We apply (2.29) to (A.23) to obtain (2.30a). Similarly, we obtain

(A24a) ’Y(Z)X(Jf, t Z) = —a11(2)7(2)¢+72($, i, Z) - an(z)Qb-‘r,l(xa i, Z)v
(A.24b) Y(2)x(x,t, 2) = —a23(2) 1 3(2, L, 2) + a33(2)7(2) P+ 2(2, ¢, 2).

We then combine (A.24) with (2.29) to obtain (2.30b). 0

A.6. Symmetries.
Proof of Proposition 2.10. Let ¢(z,t, z) be a nonsingular solution of the Lax pair
(2.1a). Then ¢! = ¢'XT and gb;r = ¢'TT. Indeed, since Qf = Q and z € R,

w, = =J(¢") 1ol (67) " = —J(ikT + Q)Iw = Xw,
wi = =J(¢N) Lol (¢o7) 7t = —I(—2ik%T + i (—Q. — Q% + ¢2) — 2kQ)Iw = Tw.

Thus, w is a solution of the Lax pair. O
Proof of Lemma 2.11. Define

(A.25) wi(z,t,2) =J(dL(z,t,2)7", zeR.

Also, note that for all z € C,

(A26) (ei®(w7t,z*))1‘ — efie(m,m).

It is easy to see that

(A.27) wi(x,t,z) = J(EL(2) @@ £ o(1), = — +oo.

Since both w4 and ¢+ are fundamental matrix solutions of the Lax pair (2.1a), there

must exist an invertible 3 x 3 matrix C(z) such that (2.41) holds. Comparing the

asymptotics from (A.27) to those from (2.11), we then obtain the desired result. O
Proof of Lemma 2.12. Using (2.32), we obtain the following for z € R:

¢F =J ([P+,2 X ¢+ 3], [0+,3 X d+1], [p+1 X ¢+ 2]) C/ det p+,

where we have suppressed the x-, t-, and z-dependence for brevity. We can then apply
(2.30a) and (2.30b) to obtain

1 )
(A28a) gf)t 1(3:, t, z) = — J [X X ¢_’3] ([IJ,t, Z)e—zez(z,t,z)’
’ a33(z)
(A28b) ¢*+ 1($7t7 Z) = LJ [X X ¢+ 3] (CE, t, Z)eiiGQ(w’Lz),
’ bgg(Z) ’

Recalling the analyticity properties of each function in (A.28) allows us to apply
the Schwarz reflection principle to obtain (2.34a) and (2.34b). The rest of (2.34) is
obtained in a similar manner. d

Proof of Corollary 2.14. Taking into consideration the boundary conditions (2.11)
and the corresponding boundary conditions for the adjoint eigenfunctions, we obtain
¢4 (x,t,2) = di(x,t,2) (for z € R), and thus, by the Schwarz reflection principle,

(A.29a) ¢1’1(x,t,z*) = étl(x,t,z), Imz 20,
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(A.29b) oL 5(x,t,2") = d;i,g(a:, t,z), Imz<0.

We can then combine (A.29) and (2.27) to obtain (2.38). O

Proof of Lemma 2.16. For z € R, define Wy (z,t,2) = ¢4 (z,t,¢2/2). Since W4
and ¢+ both solve the Lax pair (2.1a), there must exist an invertible 3 x 3 matrix
II(z) satisfying (2.40). Note that

(A.30) O(z,t,q2/2) = KO(x,t,2),

where K = diag(—1,1,—1). Comparing the asymptotics of (2.40) with the asymp-
totics from (2.11), we have

E. (qg/z)eiKG(z,t,z)H(Z) _ Ei(z)ei(a(r,t,z) ’

which yields (2.41). O

A.7. Discrete eigenvalues and bound states.
Proof of Lemma 2.19. It is easy to show that if v(z,t,k) = (v1,vq,v3)7 is any
nontrivial solution of the scattering problem,

3
(A31) —i(k—k) Z lon (2, k)|? = (% [|v1(z,t, k)* — |va(, t, k)|* — Jus(z, ¢, k)?] .

n=1

Now, integrate (A.31) from —oo to co. If v(z,t,k) € L?(R), the right-hand side is
zero, but since [, [|[v(x, ¢, k)||* dz # 0, this implies k* = k, i.e., z € R or z € C,. But
for z € R, the eigenfunctions do not decay as x — +00, and therefore v(z, ¢, k) cannot
belong to L2(R). Thus, the only possibility left is z € C,. O

Proof of Lemma 2.20. Suppose a11(z,) = 0, where Im z,, > 0. The results follow
from a combination of (2.35) and (2.43). a

Proof of Lemma 2.21. If x(x,t,2,) = 0, then by (2.27), there exists a constant
b, such that ¢_ 3(x,t,2}) = boo4 1(x,t,2)). However, this corresponds to a bound
state, which would contradict Lemma 2.19. Therefore, x(z,t, z,) # 0. O

Proof of Lemma 2.22. [(i) < (i) and (iii) < (iv)] The results follow trivially
from (2.46).

[(i) & (iii)] Assume x(z,t,2,) = 0. By Lemma 2.21, |z,| = ¢,. Then 2, = ¢2/z7,
implying x(z,t,q2/z%) = 0. The converse follows by using the exact same argument.

[(1) & (v)] Assume x(z,t,2,) = 0. Then (2.27) implies

[QE_73 X QB+’1]($, tv ZO) = 07

so there exists a constant b such that ¢_ 3(x,t,2,) = b by 1(z,t,2,). Using the
symmetry (A.29) and then taking the complex conjugate yields the desired result.
Conversely, assume there exists a constant b, such that ¢_ s(x, ¢, 2%) = bodpy 1 (2, t, 25).
Then [¢* 53 x ¢% 1](x,t,2;) = 0, which, together with (A.29) and (2.27), implies
x(x,t,z,) = 0.

[(v) < (vi)] Assume such a constant b, exists. Applying the symmetry (2.42)
vields —(igo/23)¢—1(w,t,43/25) = (i40/25)bod 1 3(x,t, g3/ 23). Taking by = —b, gives
the desired result. The converse is proved similarly using (2.42) again.

[(vil) < (viil)] Using (2.42) as in the proof that (v) < (vi) will give the result.

[(iv) < (vii)] This is proved by using (A.29) and (2.27), as in the proof that (i)
& (v). O
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Proof of Theorem 2.23. Since a11((,) = 0, (2.34¢) seems to imply that ¢_ 5(z,t, 2)
has a pole at z = (}, but this is impossible since ¢_ 3(x,t, ) is analytic in the lower
half plane. Hence, one of the eigenfunctions on the right-hand side of (2.34¢) must be
zero or the two eigenfunctions must be linearly dependent. Now, suppose x(z,t,(,) #
0. Equation (2.50) implies det ®* (z,t,¢,) = 0, so there must exist constants c;
and ¢y such that x(x,t,() = c19-1(z,t,() + cady 3(2,t,(,). But Lemma 2.22
implies that ¢_ 1(x,t,{,) and ¢4 3(x,t,(,) are linearly independent. Thus, in order
for (2.34c) to be finite at z = (,, one needs ¢ = 0. Repeating with (2.34b), one obtains
¢1 = 0. Therefore, x(z,t,{,) = 0. Lemma 2.22 then tells us that x(z,t,}) = 0.
Equation (2.52) then follows immediately by Lemma 2.22. O

Proof of Theorem 2.24. Since z, ¢ C,, Lemma 2.21 implies that x(z,t,2,),
x(x,t,22), x(x,t,q2/2%), and x(x,t,q?/z,) are all nonzero. As in the proof of Theo-
rem 2.23, since a1(zn) = 0, (2.34c) implies [x X ¢—_1](x,t,z,) = 0. This proves the
existence of the constant d,,. The rest of (2.53) is proved by using (2.34) and the
results from (2.51).

Note that we may write z,, = «, + iv,, where v, > 0. Equations (2.5) then yield

2 2
A32 n =1 nll q—o U, 1_q—o
ok = () v (- )

2 2
A.32 2 =1lan (1- L v, (1422 )|
o= o (1) <o ()

We wish to show that a bound state arises from the first of (2.53a) unless |z,| < ¢o.
We start by rewriting that expression as

d—1(x,t,zn) = dym(z, t, 2 )ei02(@:t2n)

Suppose |z,| > ¢, We use the asymptotics from Lemma 2.9 and (A.32) to see that the
left-hand side of this equation is bounded as z — +o0o0. This results in a bound state,
which contradicts Lemma 2.19. When |z,| < ¢,, we arrive at no such contradiction,
so we cannot exclude this case.

Finally, suppose b33(z,) = 0. Then since ¢4 1(x,t, z) is analytic at z = 27, (2.34b)
implies the existence of a constant ¢, such that x(z,t,2,) = cod+ 3(x,t,2,). How-
ever, (2.53) implies ¢_ 1(z,t, 2,) = dpx(x,t, 2,). Combining these yields ¢_ 1(z,) =
dncopy 3(x,t, 2,). This corresponds to a bound state, which contradicts Lemma 2.19.
Therefore, bss(zy,) # 0. O

Proof of Lemma 2.25. The symmetry (2.42) yields the first of (2.54), while dif-
ferentiating (2.34a) with respect to z, applying (2.52), and comparing the result with
the derivative of (2.34d) yields the second of (2.54). O

Proof of Lemma 2.26. Combining (2.53) with the symmetries (2.42) and (2.46)
yields the first of (2.55) and the relation d,, = (iz*/qo)d,. Then, evaluating (2.34a)
at z = z¥, applying the second of (2.53b), and recalling the definition of x(z,t, )
from (2.27) yields the rest of (2.55). O

A.8. Asymptotics. Throughout this section, we will use the shorthand notation

o—i(k+X) —2iA

N ] _ mi1 miz2 € mis
eM(M) = e AMe A = [ ekt iy, Moo et* =N moq
e21>‘m31 efz(kf)\) Mmao mas

where M is any 3 x 3 matrix. In order to prove Lemmas 2.27 and 2.28, it will be
convenient to decompose (2.56¢) into block-diagonal and block-off-diagonal terms.
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For example, the block diagonal and block off-diagonal terms of the scattering matrix
A(z) are, respectively,

all(z) 0 0 0 alg(z) a13(z)
[AR)a=| 0  axn(z) axs(z)], [A()]we = [aa(z) O 0
0 as2 (Z) ass (Z) asi (Z) 0 0

First, note that for any 3 x 3 matrices A and B,

(A.33a) [AB]bd = Adebd + AboBbm [AB]bo = Adebo + AboBbda
(A.33b) [Adebd] q= AsBg + [Abd} o [Bbd} o’
(A.33¢) [ApaBua] , = Aa[Bua|, + [Asa] Ba.

We denote the integrand of (2.56¢) as

M (2,9,1,2) = By (2)e A (B (2)AQy (y, )pn (9, 1, 2)) -

We suppress a-, y-, t-, and z-dependence for simplicity in the following calculations
when doing so introduces no confusion. Since ¢!*~#)A(2) is a diagonal matrix, and
since AQ is a block off-diagonal matrix,

M Joa = [Es]pae’™ 9 (BT o0 AQu [1noa + BT 0a AQ4 [tin]o)

+ [EJr]boei(wiy)A ([E-T-l]bdAQJr[Mn]bd + [E-T-l]boAQJr[/‘n]bO) .

Equation (2.8) implies

B0 = ﬁD(z)[EL]bd, B!, = —ﬁmmba,

where D(z) = diag(1,v(z),1). We then obtain

Mo = P08 ([BL),,AQ4 [nalud + DIELaAQ [in)ho)

+ Bl A (DIBLAQ. s~ BLIWAQ, [ialo) -

We now discuss [M]p,. It follows that

Mo, = E 08 (1), AQ [ialso + DIBL)iAQ 1))

=
. @ A (DIBLIAQ [nlbo — [BL0AQ [lua)

We combine (A.33) with (2.56¢) to find the following for n > 0:

(A.34a)

—Y[tin1]od = [E+]bd/

x

oo

|:_[ETj:]b0AQ+[MTL]d — ellamA ([EL]bOAQJF [[M"]bd} o):| v

ED [ [BLa[AQu ], + [BLudo[AQu o] ] d
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Bl [ o0 (DELI[AQu inl] + DIEL o [AQu ] ) a

+ [E+]bo/ olemwA (D[El]bdAQ+[un]bd - [El]boAQHun]bo) dy,

x

(A.34b)

—Y[pn+1]pbo = [E+]bd/ el(@—v)A ( [EL 10 AQ [ttn]so + D[EL la AQ [1tn bd) dy

x

+ B [ [DUELIL[AQu ] + ¢ (DIELL[AQ: k] )]
Bl [ [ (DB halo[AQu ] ) - [[EL0AQL] ] dy
~ B [ [[1BL0AQL] [innda] -+ ([[BLhoAQ] finla)]

=B [ A ([BLAQL] [inal] ) do

Equations (A.34a) and (A.34b) will allow us to easily use induction to prove Lem-
mas 2.27 and 2.28.

Proof of Lemma 2.27. The claims in (2.57a) are trivially true for po. Suppose the
claims in (2.57) are true for some n > 0. We then use integration by parts and the
facts that k = 2/240(1/z) and A = 2/2+ O(1/z) as z — oo to see that the terms in
(A.34a) are O([unlba/2), O[pnlba/ %), O[ttn]bo)s O([knlbo), O[ttnlbo/2)s O([tnlbo/2),
O([ttn]ba/2?), and O([pn]pe/23), respectively, as z — oo.

When n = 2m for some m € N, the first, third, and fourth terms on the right-
hand side of (A.34a) are O(1/2™*1), the second, fifth, sixth, and seventh terms are
O(1/2™*2), and the eighth term is O(1/2™%%) (all as z — oo). Then [un11]pa =
O(1/2m*1) as z — oco.

When n = 2m + 1 for some m € N, the third and fourth terms on the right-hand
side of (A.34a) are O(1/z™*1), the first, fifth, and sixth terms are O(1/2™%2), the
second and seventh terms are O(1/2™+3), and the eighth term is O(1/2z™%%) (all as
2z — 00). Then [fn11]pa = O(1/2™H1) as z — oco.

Similar results hold for the terms in (A.34b) using the same analysis. Also, the
same results hold for p_ (x, ¢, z) when it is expanded as a series similar to (2.56a). O

Proof of Lemma 2.28. The claims in (2.58a) are trivially true for po. Suppose the
claims in (2.58) are true for some n > 0. We use integration by parts and the facts
that k = O(1/z) and A = O(1/z) as z — 0 to see that the terms on the right-hand
side of (A.34a) are, respectively, O(z[pn]pa), O(22[pnlba), O(22[tnlbo), O(22[tn]bo),
O(2%[1n]bo), O(2*[kn]bo), O(2%[ptn]ba), and O(2[knlbo) as 2 — 0.

When n = 2m for some m € N, the eighth term on the right-hand side of (A.34a)
is O(z™), the first, third, and fourth terms are O(z™*!), and the rest are O(z™*2).
Then [pnt1]pa = O(z™) as z — 0.

When n = 2m + 1 for some m € N, the first and eighth terms on the right-
hand side of (A.34a) are O(z™*1), the second, third, fourth, and seventh terms are
O(2™%2), and the rest are O(2™3). Then [t,41]pa = O(z™ ") as 2 — 0.

Similar results hold for the terms in (A.34b) using the same analysis. Also, the
same results hold for p_(x, t, z) when it is expanded as a series similar to (2.56a). d

Proof of Corollary 2.29. One obtains the results after explicitly calculating the
columns of (2.56a). o
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Proof of Lemma 2.30. The results follow by combining (2.27) with (2.59) and
(2.60). O

Proof of Corollary 2.31. One obtains the results by combining the results in
Corollary 2.29 with (2.19). O

Proof of Corollary 2.32. Equations (2.63) and (2.65) are obtained by combining
the results in Corollary 2.29 with (2.19) and the results in Lemma 2.6. The asymp-
totic behavior of agq(z) and baa(2) as z — oo and z — 0 in (2.64) and (2.66) is
simply a consequence of (2.63) and (2.65), Corollary 2.31, and the fact that asa(z) =
bll(Z)b33(Z) — b13(z)b31(2) and 522(2) = all(z)a33(z) — a13(z)a31(2). 0

A.9. Inverse problem.

Proof of Lemma 3.1. We start by eliminating the nonanalytic eigenfunctions ¢+ o
from (2.19) using (2.30a) and (2.30b):

‘ Ao azs(2) bi2(2) | a13(2) ot ass(2) [ X(z,t,2)] | ¢-3(z,t,2)

d43(x,t,2) = |:a33(2) bi1(z) + GBJ(Z)] dya(w,t, z) — a33(2) |: b (2) :| + 135 (2)

R mi e o) GG M e e mop e el
x(z,t,2) . b12(2)¢+,1(w7t,z) X(z,t, 2) bdg( )¢+,3(I7t7z).

bss(z)  bii(2) bii(z)  bas(z)

The jump conditions (3.2) are obtained by combining the above expression for ¢ 3(x, ¢, 2)

with the other two equations, recalling (2.47), and applying the symmetries of the
scattering coefficients. O

Proof of Lemma 3.2. One obtains the asymptotics of the columns of M*(z,, 2)
by using the asymptotics of the eigenfunctions and the scattering coefficients found
in section 2.6. O

Proof of Lemma 3.3. The residue conditions are easily found by combining the
definitions of the meromorphic matrices (3.1) with the relations in Theorems 2.23 and
224, O )

Proof of Lemma 3.4. The symmetry (2.43) implies a};(2)|:=¢, = —E—Z(zéﬂ (2)|z=¢z-
Combining this information with (2.54) and (3.9) yields (3.5a). Next, combining
(2.55) with the symmetries (found using (2.35) and (2.43))

alll(z)|zzzn = [blll(z)|z:Z:§]*7 aéB( )|z:q§/zn = [béi«}(z”z:qﬁ/z:;]*v
qO
alll(z)|z:zn = _Z_G/SB( )|z:q§/zn

n

yields (3.5Db). O

Proof of Theorem 3.7. For brevity, we suppress - and t-dependence when doing
so introduces no confusion. To solve (3.2), we subtract from both sides of (3.2) the
quantities defined in (3.3) as well as the residue contributions from the poles inside
and on the circle of radius g,. Namely, we subtract

Res.—¢c, MT  Res,—¢c: M~
M. +(l/ZM0+Z< eS.=¢; n ¢ )

=1 z CZ T Cl*
Res.—.- M™  Res.—,, M" N Res,—g2/., M~  Res._g /.- M+
+ E + . + :
z— 25 z— 2z = z—q2/z; z—qz/z%;

The left-hand side of the resulting, regularized RHP is analytic in the upper half z-
plane and is O(1/z) as z — oo there. Also, the right-hand side is analytic in the lower
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half z-plane and is O(1/z) as z — oo there. Now, recall that the definition (3.12a) of
the Cauchy projectors, as well as Plemelj’s formulae: If f* is analytic in the upper
(resp., lower) half of the z-plane and f* = O(1/z) as z — 0o in the appropriate
half plane, then P*f* = +f* and Ptf~ = P~ f* = 0. Applying (3.12a) to the
regularized RHP yields (3.6).

Evaluating the first column of (3.6) at w = ¢ (i = 1,...,N1) or w = 2z},
(j/ = 1,...,Ny) yields (3.7a), evaluating the third column of (3.6) at w = (» (i’ =
L...,N1) or w = g3/} (j* = 1,...,Na) yields (3.7b), and examining the second
column of (3.6) and using the symmetry (2.43) yields (3.7c) and (3.7d). From this,
we will be able to explicitly find the residues in the reflectionless case. O

Proof of Theorem 3.8. The asymptotics from (2.59) imply
(A.35) qr(x,t) = —i ZILH;O (zpg er1 (@, t,2)), k=12
We take M = M~ in (3.6) and compare its 2,1 and 3, 1 elements in the limit as z — co
with the corresponding elements found in the first of (2.59) to obtain (3.8). O

Proof of Lemma 3.9. Recall that a11(z) is analytic in the upper half z-plane and
that it has simple zeros at the points {Cn}lel on the circle C, and the points {zn}gil
inside the circle C,. Define
(A.36)

Ny Ny

z—Ck z—2z z—( LI
b= [[—2Il—> se=wme[[ —72I1l—

)
zZ — zZ— Z
Cnnl n

n=1

By construction, ($1(z) is analytic in the upper half z-plane, it has no zeros, and
B(z) — 1 as z — oo in the upper half z-plane. The same results hold for 85(z) in the
lower half z-plane. We use (2.47) and the symmetry (2.35) to write (5.1) as

2
(A37) ogan () - log(1/mu () =Tog |1~ ()P - o m()F . seR
Combining (A.37) with (A.36) yields

2
(A38) log1(2) ~ lo(1/5a(2) = log |1~ () = =l 2k

Equation (A.38) is an RHP. Applying P* from (3.12a) to (A.38) yields the desired
result. o

Proof of Corollary 3.10. One obtains the result by comparing (3.9) with the
asymptotic behavior of a11(z) as z — 0 in (2.62a). O

A.10. Existence and uniqueness of the solution of the RHP. Since the
spatial and temporal variables  and t only appear as parameters in the formulation
of the RHP, and since their value does not affect the arguments that follow, in this
section we omit the (x,t)-dependence for brevity.

Proof of Theorem 3.11. The proof uses a standard argument (e.g., cf. [14]). In the
absence of a discrete spectrum, M(z) is a sectionally analytic function on C\ R which
satisfies the jump condition (3.2) and has the asymptotic behavior in Lemma 3.2.
Letting g(z) = det M(z) and taking the determinant of the jump condition (3.2)
yields

(A.39) g (z) =g (2), z€R.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 02/10/15 to 128.205.113.160. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal /ojsa.php

752 GINO BIONDINI AND DANIEL KRAUS

Moreover, Lemma 3.2, implies g(z) = 14+ 0(1/2) as z — oo and ¢g(z) = O(1) as z — 0.
Equation (A.39) then implies that g(z) is an entire function (as there is no singularity
at z = 0) which is also bounded at infinity. Liouville’s theorem then implies g(z) =1
for all z € C. Thus, M(z) is invertible, and M~1(z) is also analytic for C\ R.

Now, suppose M(z) is another sectionally analytic function which satisfies the
jump condition (3.2) and has the asymptotic behavior in Lemma 3.2. Introducing the
matrix Y (z) = M(2)M~!(z) and using again the jump condition (3.2), we have

(A.40) Y (2) =Y (2), zeR.

Lemma 3.2 implies Y(z) = I+0(1/2) as 2z — oo and Y (z) = I4+0(z) as z — 0. Thus,
Y(z) is an entire function that is also bounded at infinity, and Liouville’s theorem
again allows us to conclude Y (z) = I for all z € C, implying M(z) = M(z). o
Proof of Theorem 3.12. Again, recall that we consider the case of no discrete
spectrum. Note first that, when taking the limit to z € R from the appropriate direc-
tions in the complex plane, the limiting values of the Cauchy projectors P* in (3.12a)
are bounded operators on L?(R) [34]. Indeed, for f € L?(R), straightforward algebra

yields
FQ o [ C=2IQ) (. [ €O
/R<—<ziz'e>d<‘/ﬂg<<—z>2+e2d<i /R<<—z>2+e2d§'

As e — 07, the first integral converges to —7 (H f)(z), where H is a Hilbert transform:

1
(A.41) (Hf)(z) = lim —/ SO d¢
6—0t+t T |c—z|>6 z —C
Also, the second integral converges to i f(z), since its integrand contains a repre-
sentation of the Dirac delta. Thus,
1 1
(A.42) (PA1)(e) = £5() — S-(H)(2), = €R.
Since H is known to be a bounded operator on L?(R) [34], we conclude from (A.42)
that the limiting values of P* as z — R are indeed bounded operators on L?(R).
Moreover, using again the properties of the Hilbert transform H, we find

(A.43) pPt—p =1

We now use the methods of [14] to prove the existence of the solution of the RHP.
We begin by recalling the decomposition V(z) = V!(2)V_(2) (3.13) of the jump
condition (3.2) M*(z) = M~ (2)V(z), where V1 (z) are, respectively, upper/lower
triangular matrices. (Note that here the subscripts £ do not indicate normalization
as  — £00o as in the rest of this work.) Thanks to the boundedness and invertibility
of V(z), each triangular matrix on the right-hand side of (3.13) is bounded in L*°(R)
and invertible. Also, L(z) € L*(R) implies that V_(-) and V_(-) are both in L>°(R).
Next, recalling from (3.14) that W1 = £(I - Vi) and W = W + W_, as well the
definition (3.15) of Py, it follows from the above discussion that Py is a bounded
operator in L?(R).

In Lemma A.9 below we prove that, under the conditions of Theorem 3.12, I — P,
is an invertible operator in L?(R). Then let N be the unique solution of the following
integral equation:

(A.44) (I — Py)N)(s) = E4(s), secR.
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Note that I — N € L?(R). Then define the matrix function
(A.45) My (z) =E4(2) + (P(NW))(2),  z¢R,

where the Cauchy operator was defined in (3.12b). We next show that My (z) is a
solution of the RHP defined by Lemmas 3.1, 3.2, and 3.3. Note first that My (z)
is analytic for all z € C\ R. Next we prove that My satisfies the jump condition.
Combining the properties of N with the identity (A.43) and (3.14), we obtain, for all
seR,

(A46) ML =E,+P"(NW)=E, + PT(NW,) + PF(NW_)
=E;+P"(NW,)+ P (NW_) + NW_
=E; + Py N+NW_=NI+W_)=NV_.

Similarly, we find M, = NV,. Hence, M; = M_V, which is the jump condi-
tion (3.2). Finally, it is easy to see from the definition that Mwy(z) satisfies the
asymptotic behavior from Lemma 3.2 as z — oo and z — 0. Thus, M(z) solves the
RHP defined by Lemmas 3.1, 3.2, and 3.3. d

It remains to show that I — P,, is invertible.

LEMMA A.9. Under the same hypotheses as Theorem 3.12, the operator I — Py,
is invertible on L*(R).

Proof. Since I — Py, has Fredholm index zero, it is invertible if and only if T — Py,
is injective [13, 33]. So, suppose (I — Py )G = 0 for some G(-) € L*(R), and define

(A7) M, (2) = — /Rwdg, S¢R.

T2 (—=z

We then have that M,(z) is analytic for z € C\ R, M} (z) = M, (2)V(z) for z € R,
M,(z) = O(1/2) as z — oo, and M,(z) = O(1) as z — 0. Then for all « € C, the
matrix M + aM, is a solution of the RHP defined by Lemmas 3.1, 3.2, and 3.3. By
the above uniqueness results, however, it must then be M, (z) = 0 for all z € C, which
in turn implies P*(GW) = 0 for all z € R and

(A.48) G(2)W(z) = ([P* — PJ(GW))(2) =0,  z€R.

Then, following the same steps as in (A.46), we obtain 0 = GV_. But since V_ is
invertible, this implies G = 0. Hence I — Py, is invertible. d

A.11. Reflectionless solutions.

Proof of Lemma 3.13. In the reflectionless case, the reflection coefficients in (2.47)
are all identically zero. This, combined with the first and second symmetries of the
scattering matrix, which express all off-diagonal entries of the scattering matrix in
terms of the reflection coefficients, yields the result. O

Proof of Theorem 3.14. Fori=1,...,Ny and j = 1,..., Na, define

(1) _ Ci(xat) (2) o Ci(xat) (3) o D](xat)
di (xﬂt?z)_f@_7 dz (iC?taz)_Wa dj (iC,t,Z)— Z— 2z s
Di(xz,t Dj(z,t Dzt
A (z,t,2) = Dile.t) d (2,1, 2) = Dy@,1), A\ (w,t,2) = Diz1)
z2—q3/z 2= 2 Z_qo/zj
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Then in the reflectionless case, we obtain the following for i = 1,..., N; and j' =
1, sy NQI
No
1) 3) ) mx
o (2,1.G) = =22 +Zd< 56+ Y47 (Gmy (=),
j:l
mify (2, t, i) = +Zd( (Gir)ma (€ Zd (Gir)ma(d5 /7)),
o =1
iq ol
_ X 1 1)/ % 3
mgg(x,t,zj,)zz%—l—ZdE)(j —I—Zd )z (25),
J’ i=1
2 (4
mis (.t a2/} Zd< (@2 /) ma (¢ Zd (@27 )man (a2 ),
do i=1
2
_ T+,2 5 6)
Mo (,t,45/2j) = o ng ) <z/> may (2 +Zd( ( ) mi3(45/2),
o j*l J
N2
6 *
m;—Q(‘T t,zj1) Zd( (2 )ma (2 )"’ng‘ )(Zj’)m;?,(qg/zj)-
Jj=1

However, this system of equations reduces considerably if we take into account the
symmetries from (2.40) and (2.46). The reduced system is

N1 . N2
0SS (@t Coymia1,G) — S A (0,8, Gy (1 25,

o

d+,1
m;ﬁ](xa tv C’L') =

o

i=1 j=1
r N2 z’z*
1,2 5 i 6 - ,
m;—Q(xv t, Zj/) = - Z |:d§ )(Jf, t, Zj') + _jdg )(‘Tv L, Zj/):| m21(xa i, Zj )7
o J:1 o
i ok
my (2,1, 25 q+ ! +Zd 1) z,t, 25 )mas (x, t, () —I—ngg)(x t, 25 may(x,t, z;).
=1

Substituting the third equation into the second in the reduced system yields

Ny . -k
T2 1q+,1 5 Z; (6
may(w,t,2j1) = - Z = {dg )(a:,t,zj/) + q—Jd(- )(a:,t,zj/)}
) o

J
Qo j=1 77
N X iz}
— ZZ [ (x,t,25) + —Jdg»G) (a:,t,zj/)] dgl)(x,t,z;)mgg(x,t,gi)
11 do
j 1=
S 25 ) ®)
- Z Z {d (x,t,z5) + q_jdj (x,t,zj/)} dji (z,t, 25 )mgy (2, t, 2j0).
j=1j"=1

The equations for mi;(z,t,¢) and mgy(z,t,2;) form a closed system of Ny + N
equations with N7 + No unknowns. We can find a similar system involving the third
elements of my (z,t, 2;;) and m3 (z,t,(y). These systems may be written GX,, = B,,
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(n=1,2), where X,, = (X1, ... ,Xn(NlJer))T and

X, = m?;z—i—l):)’(ci/)a =1,...,Ny,
" mE;L—Q—l)Q(Zi'—Nl)v =Ny +1,...,Ny + Na.

Using Cramer’s rule, the components of the solutions of said systems are

det G248
(A.49) Xm:%, i=1,..., N+ Ny, n=1,2,

where G2¢ = (G1,...,G;_1,Bn, Git1,...,GN, 1+ N,). Substituting the determinant

ni

form of the solution (A.49) into (3.8) yields (3.16). O

A.12. Double poles.
Proof of Lemma 4.1. Differentiating (2.50a) with respect to z, evaluating the
result at z = z,, and using (2.53) yields

(A50)  det (¢ 1 (w,t,20) — doX (2,1, 20) /b33 (20), X (2, T, 20), Py 3(w, 1, 25)) = 0.

Then a linear combination of the eigenfunctions in (A.50) must be zero. In other
words, there exist appropriate constants (not all zero) such that

p0[¢L71(x? t? ZO) - dOX/(a:? t? ZO)/b33(Z0)] +p1X(fIJ, ta ZO) +p2¢+,3($7 tv ZO) =0.

Note that the possibility py = p2 = 0 does not lead to any contradictions, but we
ignore this possibility for now since it will be a special case of more general results.
Suppose p, = 0. Then x(x,¢, z,) is proportional to ¢+ 3(z,t, 2,). This result, however,
implies that ¢4 3(x,t, z,) is proportional to ¢_ 1(z,t, 2,), due to Theorem 2.24. As a
result, we have a bound state, which contradicts Lemma 2.19. Therefore, p, # 0, and
we can rescale the constants to obtain the first of (4.1). The rest of (4.1) is obtained

similarly. d
Proof of Corollary 4.3. The results are trivially obtained after combining the
results of Lemma 4.1 with Proposition 4.2. a

Proof of Lemma 4.4. One simply differentiates the relations for the analytic
scattering coefficients in (2.35) and (2.43) with respect to z to obtain the desired
results. O

Proof of Lemma 4.5. One obtains the results by differentiating (2.42) and (2.46)
with respect to z. a

Proof of Lemma 4.6. The symmetries (4.5a) follow trivially from Lemma 2.26.
Applying (4.4) to (4.1a) and (4.1) yields g, = (¢2/2%)do, Go = (iqo/z})Go, the second
of (4.5b), and the first of (4.5¢). The first of (4.5b) and the identity g, = 0 are
obtained by differentiating (2.34a) with respect to z, evaluating the result at z = 27,
applying Theorem 2.24 and (4.1d), using (2.27), and finally comparing with (4.1a).
A similar process is used to show that g, = 0. The above symmetries then imply
Jo = go = 0. 0

Proof of Theorem 4.7. We set up the RHP in the same way that we did in (3.2).
However, as mentioned earlier, in order to normalize the RHP, we must subtract the
rest of the principal parts of the Laurent series corresponding to the entries of M*.
In a neighborhood of z = z,, we write

M* M*

—2,20 —1,20

M*(2,t,2) =

+ M
(2 — 20)2 Z— 2 0:207
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where M{, (z,t,z) is analytic in a neighborhood of z = z,, and similarly at the
symmetric points of the discrete spectrum. We then subtract the necessary terms
from (3.2) and apply the Cauchy projector from (3.12a) to obtain (4.7).

Equation (4.8a) is obtained by taking M = M~ in (4.7) and evaluating its first
column at z = 2z}, while (4.8b) is obtained by taking M = M in (4.7), evaluating its
second column at z = z,, and applying the symmetries (2.42) and (4.4). To obtain
(4.8¢) and (4.8d), we differentiate (4.7) with respect to z to obtain

].\/‘[+ M+1 2 * M_l * M_]_ 2
M/ t — (3 2 M _ —1,z, _ - ,qo/zo _ —Fe - 7qo/zo
N T C CEr 77 P L e T PN
+ _ —
ML, Mg MDD Mo,
(z=2)% (2—q3/25)* (=25 (2—43/2)%
and we evaluate the columns of M’ at the appropriate points. O

Proof of Theorem 4.8. The result is obtained easily by examining the first column
of M~ from (4.7) and comparing this with (A.35). O

Proof of Lemma 4.9. Simply considering the system of equations (4.8) in the reflec-
tionless case and combining the resulting closed set of linear equations with (4.9) yields
the corresponding solutions of the defocusing Manakov system with NZBC. d
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