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Abstract

We characterize initial value problems for the defocusing Manakov system
(coupled two-component nonlinear Schrédinger equation) with nonzero back-
ground and well-defined spatial parity symmetry (i.e., when each of the com-
ponents of the solution is either even or odd), corresponding to boundary value
problems on the half line with Dirichlet or Neumann boundary conditions at the
origin. We identify the symmetries of the eigenfunctions arising from the spa-
tial parity of the solution, and we determine the corresponding symmetries of
the scattering data (reflection coefficients, discrete spectrum and norming con-
stants). All parity induced symmetries are found to be more complicated than
in the scalar (i.e., one-component) case. In particular, we show that the discrete
eigenvalues giving rise to dark solitons arise in symmetric quartets, and those
giving rise to dark—bright solitons in symmetric octets. We also characterize
the differences between the purely even or purely odd case (in which both com-
ponents are either even or odd functions of x) and the ‘mixed parity’ cases (in
which one component is even while the other is odd). Finally, we show how, in
each case, the spatial symmetry yields a constraint on the possible existence of
self-symmetric eigenvalues, corresponding to stationary solitons, and we study
the resulting behavior of solutions.
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1. Introduction

In many physical contexts, the dynamics of multi-component nonlinear physical systems is
governed by coupled systems of evolution equations of nonlinear Schrodinger (NLS) type.
These include, for example, Bose—Einstein condensates (BECs) [31, 37] and nonlinear optics
[32, 36], among others. The special case of coupled two-component NLS equations in which
the strength of self-phase modulation terms equals that of cross-phase modulation terms is
referred to as the Manakov system. The Manakov system is also completely integrable and,
as such, its initial value problem (IVP) can in principle be solved by the inverse scattering
transform (IST), a nonlinear analogue of the Fourier transform. For these reasons, the Manakov
system continues to receive considerable attention from the research community.

The IVP for the scalar NLS equation and for the Manakov system with localized fields
(i.e., zero boundary conditions at infinity) was first formulated in 1972 and 1974, respectively
[34, 45], and was later generalized to multi-component and matrix NLS systems [6]. In
many physical situations, the typical spatial scales of the dynamical structures are much
narrower than those of the nonlinear medium in which they appear (for example, see
[8, 29, 30, 35, 43, 44] for BECs). These situations are appropriately modeled by fields with
finite (i.e., nonzero) background densities, which in turn are described mathematically by
nonzero boundary conditions (NZBC) at space infinities.

Itis well known that the IST with NZBC is more challenging than with localized fields, even
for the scalar NLS equation (e.g., see [14, 16,23, 24, 46]). The IST for the defocusing Manakov
system with NZBC was first formulated in [38], and later revisited in [15, 21], and the IST for
the focusing Manakov system with NZBC was formulated in [33]. The main motivation for
the present work is provided by recent analytical and numerical studies [39, 40] on repulsive
scalar and two-component BECs in which the initial system configurations possess a definite
parity symmetry. These kinds of configurations are the easiest ones to generate experimentally,
and they also give rise to a variety of interesting phenomena.

The two-component repulsive BECs mentioned above can be modeled, under appropriate
assumptions (e.g., the absence of a trapping potential), by the defocusing Manakov system.
The goal of the present paper is therefore to characterize the defocusing Manakov system with
spatial parity. We write the defocusing Manakov system in the form

iq, + q,, — 2(|qll* — gD q =0, (1.1)

where q(x, ) = (q1,¢»)" is a complex-valued column vector function, and subscripts x and ¢
denote partial differentiation. Here, the quantity g, > 0 is the background amplitude of the
medium (but its explicit presence in (1.1) can be removed by a simple gauge transformation).
Specifically, we study solutions of (1.1) satisfying the following NZBC at infinity:

3 _ _ +i6
xllﬁlo q(x, 1) =q. =g, (1.2)

with g, = ||q,|| > 0. Note that we have restricted the boundary conditions g to be parallel
to each other. Moreover, the asymptotic phases were chosen as . = —0_ = 6, which can be
done without loss of generality thanks to the phase invariance of (1.1); the reflection symmetry
then allows us to restrict ourselves to the range 0 < 6 < 7/2.

The condition that . be parallel does not preclude the possible presence of a relative phase
between the two components. Such a phase can always be removed using the invariance of
the Manakov system (1.1) under unitary transformations. In fact, hereafter we will often take
advantage of this invariance to set q, = (0, qi)T, i.e., we will restrict ourselves to the case in
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which the first component vanishes as x — oo while the second component satisfies NZBC,
which can always be done without loss of generality whenever (1.2) holds. In that case will then
refer to g, and g, respectively as the ‘bright’ and ‘dark” components, since the soliton solutions
then comprise bright solitons in the first component and dark solitons in the second component.
(For consistency with the literature, however, we will still call these solutions ‘dark—bright’
solitons.)

‘When both components of the initial condition (IC) q(x, 0) have a well-defined spatial parity,
ie.,if qj(—x, 0) = quj(x, 0) forall x € R, with v; = %1 for j = 1,2, this parity is preserved
by the time evolution, i.e., qj(—x, 1 = Z/jqj(x, t)forall x € R, t > 0. (The constants vy and v,
disappear from the term ||q(x, 7)|* in (1.1). As a result, g;,(x, 1) inherits the same symmetries
as q;(x,0).) Note that vy and v, need not be the same. Accordingly, we can distinguish four
scenarios:

(a) EvenICs: vy = v, = 1.

(b) Odd ICs: v} = vy = —1.

(c) Even—odd ICs: vy = 1 and v, = —1.
(d) Odd-evenICs: vy = —1 and v, = 1.

Obviously the last two scenarios do not arise in the scalar NLS equation, and are therefore
novel features of the two-component setting. We will see that these ‘mixed parity’ cases are
not equivalent to cases (a) or (b), and yield different results.

We point out that in principle the mixed cases (c) and (d) could be viewed as equivalent
upon a simple switch of the components of the solution, which is of course allowed in general
for the Manakov system. However, the symmetry between the components is broken when one
requires the first component to vanish at infinity, i.e., when identifying ¢, and g, respectively
as the bright and dark components (as we will do through parts of section 3 and throughout
sections 4 and 5), since the choice of gauge breaks the unitary invariance of the system. Thus,
with this constraint, the two mixed cases are not equivalent, and must be therefore treated
separately.

Importantly, each of the above four types of ICs can be associated to a particular boundary
value problem (BVP) for the Manakov system on the half line 0 < x < co with a specific
boundary condition (BC) at x = 0, with the equivalence obtained by extending the solution
of the BVP to the full line via the corresponding odd or even extension for each component.
Specifically:

(a) Even ICs are equivalent to BVPs with homogeneous Neumann BCs, i.e., q,(0,7) = 0.

(b) Odd ICs are equivalent to BVPs with homogeneous Dirichlet BCs, i.e., q(0,7) = 0.

(c) Even—odd ICs are equivalent to BVPs with homogeneous Neumann and Dirichlet BCs
for the first and second component, respectively, i.e., g; ,(0,7) = ¢g,(0,7) = 0.

(d) Odd-even ICs are equivalent to BVPs with homogeneous Dirichlet and Neumann BCs
for the first and second component, respectively, i.e., ¢,(0,7) = ¢, ,(0,7) = 0.

Therefore, the results of the present work also provide for the first time a characterization
of certain BVPs for the Manakov system with NZBC at space infinity.

The connection between BVPs and IVPs with spatial parity via the IST was first explored
in [7], where the odd and even extensions to the full line were used to solve BVPs for the
scalar NLS equation with homogeneous Dirichlet and Neumann BC. Several researchers then
expanded on that first work to study BVPs for the scalar NLS equation with homogeneous
Robin BCs using a more general extension to the full line [9, 10, 13, 22, 28, 41]. Simi-
lar techniques were also generalized to study BVPs for the Manakov system with zero BC
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at infinity in [19, 20, 27, 42, 47]. In all the above cases, the spatial parity induces addi-
tional symmetries in the scattering data, and in the present work we will show that the same
is true for the Manakov system with NZBC. We should mention that much more general
kinds of BCs can be studied using the so-called Fokas method, or unified transform method
[12,25,26]. However, to the best of our knowledge, BVPs for the Manakov system with NZBC
at space infinity have not been considered with either approach before. The present work aims
at filling this gap.

The structure of this paper is the following. In section 2 we briefly review some essential
elements of the solution of the Manakov system with NZBC via the IST, which will be used
in the subsequent sections. In section 3 we identify the symmetries of the eigenfunctions and
scattering coefficients induced by the spatial parity of the initial conditions. In section 4 we
characterize the corresponding symmetries of the discrete spectrum and norming constants.
Finally, in section 5 we describe the resulting behavior of the solutions. Several calculations
and technical considerations are relegated to various appendices.

2. Essential elements of the IST for the Manakov system with NZBC

In this section we briefly review the essential elements of the IST for the Manakov system
with NZBC, in order to define the quantities that will be used in the later sections. We omit all
calculations, referring the reader to [15, 38] for all details (keeping in mind that here we use
the normalizations of [38], not those of [15]). Recall that the Lax pair for the Manakov system
is given by

vy = X, v, = To, 2.1)
where
X(x,t, k) = —ikJ + O, T(x,1,k) = —2ik*J +1J (Qx— O° + q;) — 2kQ, (2.2a)
. 0 q"
J = diag(1, -1, —1), ox,n =, , (2.2b)
q O2><2

and the superscript * denotes complex conjugate throughout. Namely, q satisfies (1.1) if and
only if the overdetermined system (2.1) is compatible (i.e., v, = vy). The Jost eigenfunctions
are defined as

G (x,1,k) = Yoe(k)e'®= 1+ o(1), x — oo, (2.3)
where

O = Ax — Qr = diag(0y, 65, —6), (2.4a)

A = diag(—\, k, \), Q = diag(2k\, —(k* + %), —2k\), (2.4b)
and

M=k — g (2.4¢)

Here, Y. (k) are the matrices of asymptotic eigenvectors of the Lax pair, which can be chosen

as follows:

z 0 —qi Z

Yi@:(,*,L /> 2.5)
1q. 193 —1q,,
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where for any two-component vector p = (py, p2)T we write p* = (p2, —p)T. Like in the scalar
case, in order to remove the branching of the eigenfunctions in the spectral parameter k due to
their dependence on , it is convenient to introduce a uniformization variable z defined by the
conformal mapping

z=k+ k)

W]l()se in\/erse IS gi\/en by
2 ' ’ 2 v

with z = ¢?/z*, which maps the two sheets of the Riemann surface for k, \ into a single copy
of the complex z-plane.

If q(x, r) approaches q_ sufficiently rapidly as x — oo for all #, the Jost eigenfunctions
are well-defined and continuous for all x, 7,z € R. Furthermore, since det Y. (z) = —quk(z),
both ¢, (x,t,2) and ¢_(x,t,z) are fundamental matrix solutions of the Lax pair (2.1) for all
z € R\{+£q,}, and hence there exists a 3 x 3 invertible matrix A(z) such that

O-(x,1,2) = ¢+ (x,1,DA@), z € R\{*g,}. (2.6)

As usual, A(z) = (a;j(z)) is referred to as the scattering matrix. For future reference, we also
introduce the inverse matrix B(z) :=A~'(z) = (b; i(2).

Two of the columns of the Jost eigenfunctions cannot be analytically continued off the real
z-axis, so one needs to introduce auxiliary eigenfunctions to obtain a complete set of eigen-
functions which are analytic in either the upper or the lower z-plane. This is done by using the
formal ‘adjoint’ of the Lax pair (2.1):

oy = X, o, = T*. 2.7

One can define the adjoint Jost solutions as the simultaneous solutions q;i (x,t,z)of (2.7) such
that

G(x,1,2) = Yi(2)e €% 1 o(1), x— +o0, (2.8)

with Y. (z) = Y (z). Two additional solutions of the original Lax pair (2.1) can then be obtained
from the adjoint Jost solutions as:

X(r.1.2) = —e 5D [6_5(x,1,2) X fy(x.1,2)], 2.9)
X, 1,2) = =206 1(x,1,2) X ¢y 3(x,1,2)]. (2.10)
Moreover, one can show that, for z € R\ {+q, }:
X(@) = 2X@)[b33()¢+ 2(2) — b3 (R)P+ 3()] = 2A2) [a11(2)P—2(2) — an(@¢-1()] .  (2.11a)

Y@ = 22@[021(2)P4.1(2) — b11(D)P+2(2)] = 2A(2) [a23(2)-3(2) — az3(D)P-2(2)] . (2.11b)

where the (x, f)-dependence in the eigenfunctions was omitted for simplicity. One can now
define two complete sets of eigenfunctions UE(x, 1, 7) for the system (2.1) as:

U (x,1,2) = (p_1(x,1,2), X(x,1,2), p13(x,1,2)), z€CTUR, (2.12a)
U™ (x,1,2) = (p41(x, 1,2), X(x,1,2), d_3(x,1,2)), z€ C UR, (2.12b)
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with \Ili(x, t,z) analytic for z € C*, respectively. Furthermore, one can show that
det UF(x,1,2) = —4q, N (R)an @bz ()™, CTUR, (2.13a)
det U™ (x,1,2) = 4¢2 N (2)a ()b ()™, C UR, (2.13b)

where a;1(z) and b33(z) are analytic in C*, while b;1(z) and a33(z) are analytic in C™.

For the NLS equation and the Manakov system with NZBC, the Lax pair admits two sym-
metries, which in terms of the uniformization variable z can be expressed as follows. The first
symmetry corresponds to the mapping z — z* (CT/C™), under which one has

Al2) =T@BRI '(2), z€R, (2.14a)
I(z) = diag(—q,/z.2)\(2), 2), (2.14b)

where the superscript ‘i” denotes the conjugate transpose. The symmetries for the analytic
entries of the scattering matrix are then extended off the real z-axis using Schwartz reflection
principle. The second symmetry corresponds to the mapping z — ¢2/z, and the corresponding
symmetries for the eigenfunctions are:

¢+(x,1,2) = p=(x, 1, DI, x(x,t,2) = x(x,,2), z€R, (2.152)
where
0O 0 -1
I=(10 1 0 |. (2.15b)
-1 0 O

In turn, (2.15a) induce the following relations for the scattering coefficients:
AG)=TAQI', zeR. (2.15¢)

The columns of U*(x, #, z) become linearly dependent at the zeros of a;;(z) and b33(z) and
those of a33(z) and b (z), respectively (cf (2.13)). These zeros are the discrete eigenvalues of
the scattering problem. In the following we assume that none of these zeros lie on the real
z-axis (i.e., we exclude spectral singularities/embedded eigenvalues). It is convenient to intro-
duce the circle C,:={z € C: |z] = ¢, } and the open disk D, = {z € C: |z| < g, } of radius
q,, respectively. Then we label ¢, forn = 1, ..., N, the zeros of a;;(z) on C, N C™T, and z,, for
n=1,...,N; the zeros of aj;(z) in D, N C*. For each pair (,, (} of discrete eigenvalues on
the circle, one then has a;,(¢,) = a33(¢;) = 0, and

¢—,l(~x, f, Cn) = Cn¢+,3(x, 1, Cn)a ¢—,3(x’ 1, C;) = En¢+,l(~x, 1, C::)a n= 1, .. aNl,
(2.162)
with
- * gblll(cj)f

Cpn = Cy c = Cp.
’ GG

Similarly, for each quartet of eigenvalues z,, 2, Z, Z,, off the circle, one has a;1(z,) = b11(z),) =
asz3(z,) = b33(z,) = 0, and

(2.16b)

d)—,l (xa t, Zn) - an(x’ t, Zn) = dn)z(xa t, 2:;)5 X(x, ta ZZ) - a}‘ng)—‘y-,l (x, ta ZZ) = _and)—‘r,?}(x, ta En),
(2.17a)
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foralln =1,...,N,, with
d; =22 NEDb1E) do. (2.17b)

Discrete eigenvalues on the circle C, correspond to dark—dark (or simply dark) solitons (i.e.,
solitons that appear as localized dips of intensity on the background field g, in both compo-
nents), which we also refer to simply as dark solitons, while discrete eigenvalues off C, give
rise to dark—bright solitons (i.e., solitons that appear as dark solitons in one component and
bright solitons in the other component). The soliton velocity V; is determined by the real part
of the discrete eigenvalue z;. (Explicitly, V; = —2Re z;, cf reference [38] but note that (1.1) is
obtained by letting r — —¢in [38].) Purely imaginary eigenvalues correspond to stationary soli-
tons, and the special case of a stationary dark—dark soliton, produced by a discrete eigenvalue
at z = iq,), is called a ‘black’ soliton.

The starting point for reconstructing the solution q(x, ) from the scattering data is the scat-
tering relation (2.6), which yields a jump condition for a matrix Riemann—Hilbert problem.
One can then reduce the solution of the inverse problem to a set of integral equations for the
following three modified vector eigenfunctions:

Mi(2) = 4329, zeCT, (2.182)

Ms(2) = ¢4 1(x) e 9, Msy(z) = % e 20 e CT. (2.18b)

Note that x(z)/(2\(z) b11(z)) remains analytic also at the zeros of b;1(z). Moreover, these
eigenfunctions satisfy the integral equations

e e~ 2i0(Gn) 5* i(02(20)—01(zn))
Ml(z>=—< )+Z7 Ms(() — Z—z—2 Ms(z,)
n=1 n
1 o N .
2 1 Cdc [pl(oMz(OeZlé‘l(O Pz(c*)MS(O61(92(<)+91(O) , Z€C+,
m —00

(2.19a)

Ny 5%z el02(@)—01Gn))

—2i01(Cn)
M>(z) = ( ) Z e M, Cn Z n%*(z——Z)M3(2:)

n=1
B L
271 J oo (¢ = 2)

[m(&*)e*”l“MﬂCH PAOM(CHE OOz e

(2.19b)

Ny -
0 5 :
M;(z) = (icf) _ § ’(7ZM (2)el1 @026

i 72— )z —2z)
L dd [p (©) OO0 () + po(CF )MI(C)e_'((;‘(OJreZ(O)} , zeC,
27 ) ¢ —

(2.19¢)

where, as before, the (x, 7)-dependence was omitted for brevity. Note that: (i) -y, and 7, are the
norming constants associated to the discrete eigenvalues (,, ¢, as given in (2.21) below (the
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first symmetry can then be used to express v, in terms of 7, see (2.22)); (ii) 6, and 0, are
the norming constants associated to the discrete eigenvalues z,, z;, given in (2.21) (the second
symmetry has been used to eliminate from the system the norming constants associated to the
other 2 eigenvalues in the quartet; moreover, the first symmetry allows one to express 8, in
terms of 4, cf (2.22) below); (iii) the reflection coefficients are given by

_ b31(2) _ an(z) 52(2) = b21(2)
bi()’ a YT e

Note that only two of the above three coefficients are independent, since using the first
symmetry we have

p1(2)

p2(2)

(2.20a)

2
p5(Z") = #PZ(Z)- (2.20b)

The norming constants are defined in terms of the coefficients in (2.17) and (2.16) as follows:

Cy Cn

= , N = , (2.21a)
T Gd Gy T a)
d, . dy
= i Sy = ——2 2.21b
Zndy(2n) z014(z;) ( )
and they can be shown to satisfy the symmetries

Note in particular that the first two conditions require 7, to be purely imaginary.

One can reconstruct the scattering coefficient a;;(z) in terms of scattering data (discrete
eigenvalues, norming constants and reflections coefficients) via the so-called ‘trace formula’,
and also obtain as a byproduct the so-called ‘theta condition’ relating the scattering data to the
asymptotic phase difference of the potential, respectively given by:

Ny Ny

172G 2= 2 1 [ log[l — R(Q)]

aiz) = ];[1 o 1;[1 - exp{ 27ri/_oc7c“ — dg}, (2.232)

N, N,
ine _ TT ST 2 1 [log[l — R(Q)]

e _n]:[1 Al exp{ 27Ti/mic dg}, (2.23b)

with p;(z), p,(2) as in (2.20a) and
z 2 q% 2
R(z) = q—g\pl(z)l + m\pz(z)l , zZ€R. (2.24)

The trace formula (2.23a) and the symmetry b;(z) = aj,(z*) (cf (2.14)) then allow to express
8, in terms of 8, (cf (2.22)) in the linear system (2.19). (Note that lim_.+g, p2(z) = 0, so R(z)
remains finite at the branch points. This was shown in detail in [15], and the same result
holds with our choice of normalizations.) For future reference, we also observe that (2.23a)
yields
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J mh { 1 /“ log[1 — R(0)]

! ) — Qn i=1,...,Ni + N
a“(ozj) = *) H O[J—O[* i C_al C}’ J 5 , N1+ N2,

(2.25)

where oy = ¢, whenk =1,...,N; and oy = z—n, fork = Ny +1,..., Ny + N>, and prime
indicates that the term with n = j is omitted from the product.

One can reconstruct the potential q(x, 7) of the Manakov system from M, M, M3 by com-
paring their asymptotics to that of the eigenfunctions obtained from the direct scattering
problem, obtaining

Ny <
. 5 % N s * *
(x H= q, +i 2 : ’YnM(dn *)(x t C )e—2191(xtCn —i E ?ﬂMédn, )(X, t, Z:;)el(f)l(x,t,zn)—f)z(x,z,zn))
— <n

d¢
"
(2.26)

= / {PHOMI™ (.1, M40 — g QM (x, 1, 01401200}

where the superscript ‘(dn)’ denotes the lower two components of the vector eigenfunctions,
and ‘(dn,* )’ their complex conjugate.

In the reflectionless case, the integral terms in (2.26) are absent, and one can obtain a closed-
form determinantal expression for the multi-soliton solutions of the Manakov system with
NZBC:

1 det N{*
q(x, 1) = m (det N;LIg) s (2.27)

where the explicit expressions for the (N + Ny) x (N; + N;) matrix R and for the augmented
(N1 4+ Nz + 1) X (N + Ny + 1) matrices N and N5"® are given in appendix A.4. A determi-
nantal expression for the multisoliton solutions of the Manakov system was first given in [15].
Since [15] used a different normalization for the eigenfunctions, however, for completeness
we present the derivation of (2.27) in appendix A.4.

3. Solutions with parity: eigenfunctions and scattering coefficients

We now begin our study of solutions of the Manakov system with spatial parity. In this section
we characterize the additional symmetries of eigenfunctions and scattering coefficients. In
sections 4 and 5 we will then use the results of this section to obtain several results about
the behavior of solutions of the Manakov system.

It is convenient for what follows to introduce the matrices D,,,,,, = diag(vy, 12, v3). For
example, with this notation one has J = Dy__ = diag(1, —1, —1). Explicitly, we will use
Dy, =diag(l,1,—1)and D4 _ = diag(1l, -1, 1).

3.1. Even initial conditions

Here we assume the IC q(x, 0) to be an even function of x, which, as mentioned above, implies
O(x,t) = O(—x,1) for all x,# € R, as well as q, = q_. In this case, one can show that if
v(x, t, k) is any solution of the Lax pair, then so is w(x, t, k) = Jv(—x, t, —k).



J. Phys. A: Math. Theor. 55 (2022) 254001 A Abeya et al

Moreover,ifk — —kand A — —\, thenz — —z, andif (x, 1, 2) — (—x, f, —7), then el

remains invariant. As to the asymptotic eigenvectors, if q, = q_, then Y (—2) = —JY (2).
Therefore, comparing the boundary conditions of the Jost eigenfunctions one can verify that
Os j(—x,1,—2) = =Jo j(x,1,2), j=1,2,3. (3.1)
Or, in matrix form:
O (—x,1,—2) = —JoL(x,1,2). (3.2)

The adjoint Jost eigenfunctions satisfy the same symmetry (3.1) as ¢, and therefore from
(2.9) it follows that

X(—x,t,—2) = —Jx(x, 1, 2). (3.3)
Now, from ¢_(x,1,2) = ¢, (x,1,2)A(z) and ¢_(—x, 1, —2) = ¢ (—x, 1, —2)A(—z) we then find
A(-2)=A"'(2) (3.4)

or, entry-wise, a;;(—z) = b;(z).

Next, we compute the symmetries of the reflection coefficients. Recall that the parity sym-
metry of the scattering coefficients for even ICs is a;j(—z) = b;j(z) for i, j = 1,2,3 (cf (3.4)).
Using the first and the second symmetry of the scattering matrix, one can obtain the following
induced parity symmetry of the reflection coefficients:

_q_Zau(z*)
22 an(2)

_an(@an @)
aj(2)

2
pi(=2) = PG, pa(—2) = Pz(Z)—%PT(Z*)Pz(E*) , z€R,

(3.5)

with a;1(z) as in (2.23a). Note that the parity-induced symmetry of the reflection coefficients
involves the discrete eigenvalues through a;(z). Note that, even though it was not explicitly
noted in earlier works, this is not a novel feature of the problem for the Manakov system,
since it also arises the scalar NLS equation, both with zero background [9, 13] and nonzero
background (see [18, 41] and appendix A.1).

3.2. Odd initial conditions

Now we assume the IC q(x,0) is an odd function of x for all x € R, and as a consequence

q, = —q_. Direct computation shows that if v(x, #, k) is any solution of the Lax pair, then so
is w(x, 1, k) = v(—x,t, —k).
As to the asymptotic eigenvectors, if q, = q_, then Y (—z) = =Y (z). Therefore, com-
paring the boundary conditions of the Jost eigenfunctions it follows that
¢i,j(_~x, ta _Z) = _¢3F,j(~x, t’ Z)’ .] - 1’2"37 (36)
or, in matrix form
d):F(_x’ t, _Z) - _¢i(xa t,Z) (3'7)

The adjoint eigenfunctions satisfy the same symmetry (3.6) as ¢, , and therefore from (2.9) it
follows

X(=x,t,—2) = —x(x,1,2). (3.8)

10
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Now, from ¢_(x,1,2) = ¢, (x,1,2)A(z) and ¢_(—x, 1, —2) = ¢ (—x, 1, —2)A(—z) we then find
A(—2)=A"\() (3.9)

or, entry-wise, a;j(—z) = b;;(z) where again b;;(z) denote the entries of A~ '(2). As before,
one can easily verify the above symmetries are consistent with the representations of the
supplemental analytic eigenfunctions ¥, Y in terms of the Jost eigenfunctions on the real axis.

Importantly, although the parity-induced symmetries for the eigenfunctions are different for
even or odd initial conditions, the scattering matrix A(z) satisfies the same symmetry in both
cases. Therefore, the symmetries of the reflection coefficients in the odd case are also the same
as in the even case, namely (3.5). This may appear surprising, since the reflection coefficients
are the nonlinear analogue of the Fourier transform, and the symmetries of the Fourier trans-
forms of even and odd functions are different. In fact, even the reflection coefficient in the case
of BVPs with Neumann or Dirichlet BCs (corresponding to even or odd ICs, respectively) with
zero BC at infinity are different [7, 9, 13]. The fact that the situation is different in the case of
NZBC stems from the choice of normalization for the eigenfunctions.

3.3. Even-odd initial conditions

Next, we assume the IC q(x, 0) consists of components with mixed parities. We begin with the
case of an even first component and an odd second component w.r.t. x, i.e., ¢,(—x, 0) = g, (x,0)
and g,(—x,0) = —¢,(x,0) for all x € R, which we call an even—odd IC. In vector form, one
has:

q(x,0) = g3 q(—x,0). (3.10)

Equation (3.10) implies a more complicated symmetry for the matrix potential compared to
the case of even or odd ICs, namely:

0) =Dy Q(~x)Dss—. (3.11)

Then one can show that if v(x, ¢, k) is any solution of the Lax pair (2.1), then so is w(x, t, k) =
D+,+’U(—X, t, —k)
As to the asymptotic eigenvectors, one can easily verify that if . = 03q., then

Yii(=2)= Dy Y= (2), j=1,3, Yir(—2)=Dy Y=:(2). (3.12)

Therefore, comparing the boundary conditions we find that the eigenfunctions satisfy the
following symmetry:

QS:F(—X, f,—z) = _D+*+¢:|:(x’ t’Z)D+*+' (3.13)

Now, from the scattering relation (2.6) evaluated at (x, , z) and (—x, t — z), we find

A=) =Ds A @Ds (3.14)
or entry-wise

ar(—z) = b11(2), an(—z) = bxn(z), az(—z) = bas(2), (3.152)

an(—z) = —bn(2), ax(—z) = —bu(2), az1(—z) = b31(2), (3.15b)

a((—z2) = —by1(2), ax(—2) = —b3xn(2), a3(—z) = b13(z), (3.15¢)

1



J. Phys. A: Math. Theor. 55 (2022) 254001 A Abeya et al

where again b;;(z) denote the entries of A '(2). The supplemental analytic eigenfunctions
satisfy

X(=x,1,=2) = Dy x(x,1,2), (3.16)

which again on the real k-axis are consistent with equation (2.11).

Recall that the parity symmetry of the scattering coefficients for even—odd ICs is given by
equation (3.15). Using the first and the second symmetry of the scattering matrix, one can
obtain the following induced parity symmetry of the reflection coefficients,

R a@a@ [ R
22 all(Z) pl(Z)a PZ( Z)_ aTl(Z) PZ(Z) qul(z )pz(z) , ZER,

p1(—2) =

(3.17)

with a;(z) as in (2.23a).

In order for (3.10) to be compatible with the requirement (1.2) that q, be parallel, one
of the components of q, needs to be zero. (Even though the direct problem carries through
when ¢, are not parallel, the formulation of the inverse problem require this assumption.)
Without loss of generality, we can take g, ; = 0, implying q, = —q_. Importantly, note
g+, = 0 does not imply ¢g,(x,?) = 0. Nonetheless, requiring g, ; = 0 means that g,(x, )
and g,(x, f) are respectively the bright and dark components of the solution. With the addi-
tional constraint q, = —q_, the symmetry (3.12) for the asymptotic eigenvectors simplifies
to Y (—z) = —Y_(z), namely, the same symmetry as in the case of odd ICs. We emphasize,
however, that the symmetries of the eigenfunctions ¢ (x, ¢, z) are still given by (3.13), because
they are determined by the relation between v(x, ¢, z) and w(x, t, z) above. In turn, the latter
is determined by the relation between Q(x, 1) and Q(—x, 1) for all x (i.e., (3.11)), not just its
limiting value as x — £o0. As a result, the symmetries with even—odd ICs do not coincide with
those for purely odd ICs, even when q.. ; = 0.

3.4. Odd-even initial conditions

Finally, we consider initial conditions corresponding to an odd first component and an even
second component w.r.t. x, i.e.,

q(x’ O) = —03 Q(_x, 0), (318)

which we call an odd-even IC, and for which Q(x,?) = D4_1O(—x,t)D4_. In this
case, one can show that if v(x,7,k) is any solution of the Lax pair (2.1), then so is
w(x,t,k) = Dyy_v(—x,t, —k).

Also, the asymptotic eigenvectors are such that

Diy Y:j(—2)=—Y=;(z), j=1,3, Dy Yir(—2) = Y+1(2),
(3.19)
ie., Y1 (z) = —D4+4+_Y_(2)D4_ 4, and therefore the eigenfunctions satisfy the symmetry
¢=(x.1,2) = =Dy _du(—x.1,—)Dy_. (3.20)

The adjoint eigenfunctions satisfy the same symmetry (3.20) as ¢, and therefore from (2.9)
it follows that

X(—x.1,-2) = Dy x(x,1,2). (3.21)

12
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Now, from ¢_(x,1,2) = ¢, (x,1,2)A(z) and ¢_(—x, 1, —2) = ¢ (—x, 1, —2)A(—z) we then find
A=) =Dy A" @Ds_y4. (3.22)

As before, one can check that the above symmetries are consistent with the representations
of the supplemental analytic eigenfunctions Y, x in terms of the Jost eigenfunctions on the
real axis. Note that the scattering matrix satisfies the same symmetry in both even—odd and
odd—even ICs. Therefore, the symmetries of the reflection coefficients in the odd—even case
are also the same as in the even—odd case, namely (3.17).

Restricting ourselves to parallel BCs, in combination with (3.18), requires one of the compo-
nents of ¢ to be zero. As before, we assume ¢, ; = 0 and hence q, = q_. With this constraint
on the boundary conditions, the symmetry in the asymptotic eigenvectors (3.19) simplifies to
Y (—2) = JY_(2),1.e., the same asymptotic symmetry satisfied in the case of even ICs. Again,
we stress that the symmetries of the eigenfunctions ¢, (x, 7, z) are different in the two cases,
and therefore the symmetries with odd—even ICs and ¢, ; = 0 do not coincide with those with
purely even ICs.

4. Solutions with parity: discrete spectrum and norming constants

In this section we use the symmetries of the eigenfunctions and scattering coefficients that
we derived in section 3 to characterize the symmetries of the discrete spectrum and norming
constants. Then in section 5 we will use all these results to characterize the solutions of the
Manakov system.

4.1. General considerations

Theorem 4.1. If the ICs for the Manakov system have a well-defined spatial parity, the
discrete eigenvalues of the scattering problem come in symmetric quartets {(;, =G, ¢ —¢ i+
on the circle C,, with two in each half plane, and in symmetric octets off the circle
Co, with a quartet {zj, —2;,q3/2;, —q3/z;} in the upper half-plane and a symmetric one
{25, —2j.4%/zj —q2/2;} in the lower half-plane.

Proof. Recall from section 2 that the discrete eigenvalues are zeros of the scattering coef-
ficients ay;(z), a33(z), b11(z) and b33(z). Also recall that in all four parity cases consid-
ered in section 3 we have a;1(—z) = b11(z). Finally, recall that the first symmetry yields
b11(z) = aj,(z"), and the second symmetry yields as3(z) = a;1(z*), and similarly for the other
analytic coefficients. Combining the above symmetries, we then have

ap(—z) = aj (2°). 4.1

Hence any zero z, of a;(z) in the right half plane is accompanied by a corresponding zero
—z, in the left half plane. The same holds for the other analytic scattering coefficients, namely
a33(2), b11(2), b33(2).

Remark 4.2. If an eigenvalue z; =iZ; is purely imaginary (i.e., Z; € R), then —zj =
iZ; = z;. Accordingly, we refer to discrete eigenvalues on the imaginary axis as self-symmetric.
Importantly, the relation between the location of the discrete eigenvalue and the speed and the
amplitudes (for both the bright and the dark component) of the associated soliton (cf section 2
and [38]) implies that the soliton generated by a symmetric eigenvalue has opposite speed but
equal amplitudes (in each component) as the original soliton. The relation between eigenvalues
and soliton speed then also implies that self-symmetric eigenvalues correspond to stationary
solitons.

13
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A -
P Rez

-iqo

Figure 1. A symmetric quartet and a symmetric octet of discrete eigenvalues result-
ing from the symmetries of the eigenfunctions and scattering data. The norming con-
stants associated with ¢, Cf are vj-i, ﬁf, while those associated with zf,%f, zf,zf are

respectively 6+, 8.,*, 5,*, 3,*

For the discrete eigenvalues on the circle C,, the only possible self-symmetric eigenvalue is
atz = ig,,, together with its counterpartat z = —ig,. More generally, for any quartet {£(, iC}‘}
of eigenvalues on the circle C,, we will denote C;r = (jand ¢; = —(j the eigenvalues in Cct,
and ¢ = ¢} and {; = —(; those in C~, with a similar notation for the associated propor-
tionality constants. Similarly, for any octet {+z;, £z}, +q;/z;, +q;/2;} of eigenvalues off the
circle C,, we will use the notation

—+ % . 2
Zj =2 Z; = -z Z;

v . st _ 2 s _ 2

=z, G =—2 i =4q}/7, = —q,/7s (4.2a)
+

J J

=45/ Z =42/, (4.2b)

where the overbar identifies the eigenvalues in C™ (see figure 1). A similar notation will be
used for the associated proportionality constants, denoted, correspondingly, as dji, Zi]i, Elj*, Zi]i.

For the self-symmetric eigenvalues (i.e. eigenvalues on the imaginary axis), one has zjr =z,
¢f =2;,zf =z, andz] =z}, which then implies thatd;” = d; and similarly for all the other
proportionality constants. Moreover, to fix the notation we will order the discrete eigenvalues
on the circle as {Cli, o, Cﬁl tonC, N C™, with the first m; being self-symmetric, with m; = 0
or 1 (implying ;" = {; = ig, whenm; = 1). Similarly, we will order the discrete eigenvalues
off the circle as {zf, . ’Z$2’ z% IR zi} in D, N CT, with the first m, of them being self-
symmetric eigenvalues (implying arg z= = /2, or, equivalently, 7 = z,).

As we will show below, the symmetries of the eigenfunctions obtained in section 3 imply
that the norming constants associated with symmetric eigenvalues ¢ ; and —(7 are related, and
similarly for those associated to eigenvalues z; and —z;. Moreover, we will also show that the
norming constant associated to self-symmetric eigenvalues must satisfy an extra constraint,
resulting from the fact that in this case the norming constant associated with z; and the one
associated with —z7 are one and the same, and the same is true for the pair of self-symmetric
eigenvalues in C™.

For the scalar defocusing NLS equation, discrete eigenvalues are confined to the circle C,,
and they can be shown to always be simple [24]. In the Manakov system, however, one can

14
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have eigenvalues off the circle C,, associated to zeros of a;;(z) inside the disk D, and their
symmetric counterparts in the quartet (see [38] for details). Furthermore, discrete eigenvalues
off the circle can have higher multiplicity (examples of solutions corresponding to multiple
zeros were given in [15]), and eigenvalues on the circle C, could also in principle have higher
multiplicity if the solution is not a trivial ‘vectorization’ of a solution of the scalar NLS equation
(e.g., see appendices A.2 and A.3). For simplicity, in this work we assume that all discrete
eigenvalues are simple. We then have:

Lemmad4.3. Ifthe ICs of the Manakov system have a well-defined spatial parity, the function
R(2) defined in (2.24) is even:

R(—2) =R(z), zeR. 4.3)

Moreover, the asymptotic phase difference A0 of the solution is related to the numbers my and
my of self-symmetric eigenvalues on and off the circle as follows:

R0 = (—1ymtm, (4.4)

Proof. The symmetry (4.3) for the function R(z) can be obtained using the extra symmetry
of the scattering coefficients derived in section 3 and the cofactor expansion for both A(z) and
B(z) along with the first symmetry (cf appendix A.5). Accounting for the parity symmetry of
the eigenvalues, the ‘theta condition’ (2.23b) becomes

eiA9 _ (_1)n11+n12 exp {_1/30 M dC} . (45)
27 ) ¢

As aresult of the symmetry of R(z), the integrand in (4.5) is odd, which implies that the radia-
tion does not contribute to the asymptotic phase difference of the potential. Consequently, (4.5)
reduces simply to (4.4).

Remark 4.4. Lemma 4.3 implies that, for ICs with spatial parity, the only spectral data that
contribute to the asymptotic phase difference of the potential are the self-symmetric eigenvalues
(i.e., stationary solitons) on or inside the circle C,. This is in contrast to solutions without
spatial parity, for which it is known that the radiation can produce a nonzero contribution to
the asymptotic phase difference even for the scalar NLS equation [16].

For later reference, it is also convenient to evaluate the trace formula (2.23a) at the self-
symmetric eigenvalues. After straightforward manipulations, one finds (see appendix A.5)

— (Ny+my)/2 N 2 A 2
o (ao—Z\" - 2,2, (P - ad) + (2 Re)
an(&j) = 2 II ~ F_ Gt — e
qo + Zj n=1 q, + Z"Zj |(Zj = G )(Zj o C;)|

n=mj+1

(Na+my)/2 (12712 - IZ,T\Z)Z + (2\2f\Re(zj))2

< 11 G —zhE — )P

n=my+1
z2 >~z log[l —R
xexp{_%/ ) logll = R(Q)! dc},
Zj//T 0 ZJC +QD
J=1...,m, (4.62)
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where we denoted the self-symmetric eigenvalues off the circle by z, = iZ, with0 < Z, < g,
forn =1,...,my. Similarly, from (2.25) with m; = 1 evaluated at 1+ = ig, we have:

(N1+1)/2

my

L qo - Zn H % (ZCIBRC(C,;F)){
2iq”,,:1 9o + Zn =2 |(1q0 - Cl—li_)(lqo - C;)‘Z

ay,(iq,) =

X

WNo+m)/2 ¢ 5 L 9\2 142 . _
I (4~ | P)” + (Qa0Re@D)” { 9o / log[1 — R())] dc}.
0

(g0 — 200 — 2,2 T G+

n=my+1

(4.6b)

Next we discuss the parity symmetries of the norming constants for eigenvalues on and off the
circle.

4.2. Symmetries of the norming constants for the eigenvalues on the circle

Recall that eigenvalues on the circle arise in symmetric quartets. For the associated eigenfunc-
tions, one has:

-1 (X, 1,G0) = 5 3 (x, 1)), G306, 1,C5) = dy (0, 1,C), (4.T)

. C G (4.8)
TG (G T Ay :

Using the parity symmetries of the eigenfunctions one finds:

p 1, =cfdiant, () & dra(—xt,—C) =cf oo s(—x,t,—¢)

& a6 =y oos(n1.G) 4.9)
and comparing with (4.7) we obtain
ctef = 1. (4.10)

(The symmetry corresponding to the upper sign is obtained directly from the above equations;
the one for the lower sign is obtained in a similar way.) Using the extra symmetries we obtained
in (4.10), as well as a};(z) = —q2a},(¢>/2)/7*, we find from (2.21) the following symmetries
for the norming constants:

1 1
TG (GHd () CFa (Ca) (G

Sl (4.11)
As mentioned above, an extra symmetry applies for self-symmetric eigenvalues. Recall that
there can only be at most one self-symmetric eigenvalue on the upper-half of the circle C,,
which we have chosen to correspond to m; = 1, i.e., C1+ = ig,. Using (4.7) and the fact that
¢ =¢; and ¢ = {;, we obtain the constraints ¢ = ¢, and ¢, = ¢, . Consequently, it
follows from (2.21) that v;" = 4, and 4, = 7, which yield

AT = 71 4.12
Yt N C1+(a,11(C1+))2. (4.12a)
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On the other hand, the first two symmetries (2.22) imply
Tt =G @13)

and combining two equations above finally yields

1
=t 4.14
Y1 a,n(gﬁ) ( )

To obtain a regular solution, one must pick the appropriate sign in (4.14) to make Im ﬁlf” > 0.
Indeed, we can see using (4.6b) that a},((;") is purely imaginary, with a negative imaginary
part.

Therefore, to have regular solutions we take

1

—+ -
a’n(ClJr)

Y1 (4.15)
4.3. Symmetries of the norming constants for the eigenvalues off the circle

Recall that eigenvalues off the circle arise in symmetric octets, labeled as in (4.2). For the
associated eigenfunctions, one has

X, 6,25 = dE gy (x, 1,70, b1, 1,20) = dix(x, 1,70, (4.16)
it ) 2

5i — n , 5i [ n____ 4.17

"= @) " TG 17

Next, we derive the parity induced symmetries of the norming constants. Unlike the case of
eigenvalues on the circle, however, here we need to consider separately the case of purely even
or purely odd ICs, and the case of ICs with mixed parity.

Case 1. Purely odd or purely even ICs. Using (3.2) and (3.7) we have

G- (x,1,z) = df x(x,1,2) & pa(—x.1,—z) = d X(—x,1,—2,)
& P 1,z,) =df x(x13,) (4.18)
and comparing with (4.16) we obtain
dydy =1. (4.19)

(The symmetry corresponding to the upper sign is obtained directly from (4.18); the one for the
lower sign is obtained in a similar way.) From (4.19) and (4.17), using a},(z) = (b},Z)))",
one obtains

1 1

6y 0y = ——— = - .
n Gz dnEbnE)  nian @) E))

(4.20)

We now discuss self-symmetric eigenvalues off the circle, i.e., eigenvalues on the imaginary

axis. Using (4.16) and the fact that zjr =z and Z}“ =z, for j=1,...,my, we obtain
+ - T+ -
dj —dj, dj —dj. 4.21)
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Thus the norming constants of self-symmetric eigenvalues satisfy the additional symmetry

5 =105, 67 =067, j=1,...,m, (4.22a)

which, combined with (4.20), yields

1

0Tor = ——— . (4.22b)
1T T LGP

Now (2.22) implies
5t =225 A@DanEHET Y (4.22¢)

and therefore the norming constants associated with the self-symmetric eigenvalues must be
such that

1 .
S : ,J
257 NG )an@) |z a, @)

5F = —1,...,m. (4.23)

One can now use (4.6a) to examine a 11(2?). It is straightforward to show that, for any ICs
with defined spatial parity, a;;(z) > 0 for all z € iRT. But this implies that the rhs of (4.23) is
always negative! We therefore conclude that purely even and purely odd ICs cannot admit any
self-symmetric eigenvalues off the circle. That is, m; = 0 in those cases.

Since self-symmetric eigenvalues off the circle correspond to dark—bright solitons with zero
velocity (recall that the velocity of the a dark—bright soliton is given by the real part of the
discrete eigenvalue [38]), we can also state the above result by saying that for even or odd ICs
no pure stationary dark—bright soliton solution can exist. Importantly, this results holds for all
even or odd solutions of the Manakov system, not just for pure soliton solutions. That is, the
result applies independently of whether or not the reflection coefficients are zero.

Case 2. Mixed parities: even—odd or odd—even ICs. Using (3.13) and (3.20) we have

¢1,—(xa t7 ZI‘!) - de(x’ ta Zn) 4 ¢+,1(_-xa t7 _Zn) = _dji(_x, t, _Zn)

& Gtz = —d;X(x.17,) (4.24)
and comparing with (4.16) we obtain

= 1. (4.25)

(As before, the symmetry corresponding to the upper sign is obtained directly from (4.24);

the one for the lower sign is obtained in a similar way.) From (4.19) and (4.17), using
a),(zF) = (b},(zE))*, we obtain

. 1
T = . (4.26)

1) —
Zy zyay, ()@ (Z7)

n

The norming constants of self-symmetric eigenvalues must satisfy
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5t =06

; P 6 =067, j=1,...,m, (4.27a)

and the latter, combined with (4.27), in this case yield

- 1
ot = ————.. (4.27b)
1 T G, GDP
Equation (2.22) still requires (4.22c¢) to hold, and therefore the norming constants associated

with the self-symmetric eigenvalues in the case of mixed parity ICs must be such that
1

0P = —— . . j=1,...,m. (4.28)
197 227 M@ an @ [ ay, @I / :

As before, one can now use (4.6a) to show that an(Zj) > 0 and therefore the rhs of (4.28)
is positive. Therefore, contrary to the case of purely even or purely odd ICs, we conclude
that in the case of mixed parities (even—odd or odd—even) ICs, self-symmetric eigenvalues
(i.e., stationary dark—bright solitons) are allowed. The associated norming constants satisfy
the constraint (4.28).

5. Solutions with parity: solution behavior

Having derived the symmetries of the eigenfunctions and scattering data in sections 3 and 4,
we now use those results to characterize the behavior of the corresponding solutions.

We distinguish three cases: (i) solutions with only eigenvalues on the circle (i.e., with only
dark solitons and without dark—bright solitons), (ii) solutions with only eigenvalues off the
circle (i.e., with only dark—bright solitons and without dark solitons), and (iii) solutions a com-
bination of eigenvalues on and off the circle (i.e., with both dark and dark—bright solitons). For
clarity, we find it convenient to discuss these three cases separately.

5.1. Solutions with only dark—dark solitons

We first consider the case in which only eigenvalues on the circle C, appear (i.e. Ny = 0). In
other words, we look at the case in which only dark—dark solitons are present in the solution.

Theorem 5.1 (Even ICs without dark—bright solitons).  If the ICs are even and no
discrete eigenvalues off the circle are present, no black soliton (i.e., a self-symmetric eigenvalue
at 7 = iq,) can be present in the solution. Moreover, the reflection coefficients obey the parity
symmetry (3.5) and the norming constants of the non-self-symmetric eigenvalues satisfy the
parity symmetry (4.11).

Proof. For even ICs we have q = q_, which implies ¢/2? = 1. Since N, = 0, we have
my = 0. Then (4.4) becomes (—1)" = 1, which yields m; = 0 (since m; can only be either
0 or 1). The symmetries for the reflection coefficients and norming constants were derived in
sections 3.1 and 4.2, respectively.

One could also exclude the existence of a black soliton with even ICs by looking at the
constraint (4.14) for the norming constants associated to the self-symmetric eigenvalue ig, (as
was done for the NLS equation with zero background in [13]). Here, however, the result is also
a direct consequence of the relation between discrete eigenvalues and the asymptotic phase
difference of the solution.

Theorem 5.2 (Odd ICs without dark—bright solitons). Ifthe ICs are odd and no dis-
crete eigenvalues off the circle are present, the solution always contains a black soliton (i.e., a
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Figure 2. Soliton solutions of the Manakov system with even ICs and only dark solitons.
Left: ;" = e™3,5] = 1 —i,right: (;f = /3, =™/, 5} =e7i,7] = &’i. Here
and in figure 3 we only plot |g,(x, 7)|, since g, (x, t) is identically zero in these cases.

self-symmetric eigenvalue at z = iq,), whose norming constant satisfies the constraint (4.14),
while the reflection coefficients obey the parity symmetry (3.5) and the norming constants of
all other eigenvalues satisfy the parity symmetry (4.11).

Proof. We havem; = 0, as above. Since the IC is odd, we have q, = —q_ and hence et =
—1. Then (4.4) yields —1 = (—1)™ and therefore m; = 1, which implies that the solution
always exhibits a black soliton. The constraint (4.14) and the symmetry (4.11) for the norming
constants were derived in section 4, while the symmetries for the reflection coefficients and

norming constants were derived in sections 3.2 and 4.2, respectively.

Theorem 5.3 (Mixed-parity ICs without dark—bright solitons).  [f the ICs are
odd—even with q._; = 0, and no discrete eigenvalues off the circle are present, the same con-
clusions as in theorem 5.1 apply, except that the reflection coefficients now satisfy the parity
symmetries (3.17). On the other hand, if the ICs are even—odd, the same conclusions as in

theorem 5.2 apply, except that the reflection coefficients now satisfy the parity symmetries
(3.17).

Proof. Recall that even—odd and odd—even ICs imply that the BCs satisfy q, = +o3q_,
and in section 3 we took the first component of both q, to be zero to maintain compatibility
with the case of parallel BCs. Therefore, the constraints on the self-symmetric eigenvalues
with odd—even ICs coincide with those for purely even ICs and follow theorem 5.1, whereas
the constraints for even—odd ICs coincide with those for purely odd ICs and follow theorem
5.2. The constraints on the norming constants of the non-self-symmetric eigenvalues are the
same in all four cases. On the other hand, the symmetries of the reflection coefficients, derived
in sections 3.3 and 3.4, differ from those for even and odd ICs (derived in sections 3.1 and 3.2).

Remark 5.4. We emphasize that all the results of theorems 5.1-5.3 apply independently of
whether or not the solution is purely solitonic. In other words, all of these results also hold for
solutions containing nontrivial dispersive components i.e., solutions with contributions arising
from nonzero reflection coefficients. Importantly, the fact that the symmetries of the reflection
coefficients in the cases of mixed-parity ICs differ from those in the case of even or odd ICs
demonstrates that these mixed parity cases are not simply reducible to odd or even ICs, even
when one of the components of the potential vanishes asymptotically. The same considerations
also imply that the results of the mixed-parity cases are a novel feature of the Manakov system
compared to the scalar NLS equation.
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Figure 3. Soliton solutions of the Manakov system with odd ICs and only dark solitons.
Left: CI‘L = i, right: CI‘L =1, C2+ = e”’/3,q7;' = i. Note that since ¢,(x,) is identically
zero here, we only plot |g,(x, 7).

Examples. We illustrate the above results by presenting explicit solutions. For simplicity we
restrict ourselves to showing pure soliton solutions, since in this case one can obtain solution
of the Manakov system in closed form via the determinantal expression (2.27). (On the other
hand, when the reflection coefficients are not zero one must solve a mixed system of algebraic-
integral equations. See section 2 for details.)

Figure 2 shows two pure soliton solutions corresponding to even ICs. The first solution (left)
is generated by a single discrete eigenvalue plus its symmetric counterpart, while the second
one (right) is generated by two dark solitons plus their symmetric counterparts. Figure 3 shows
two pure soliton solutions corresponding to odd ICs. The first solution (left) is generated by
a single (self-symmetric) black soliton, while the second solution (right) is generated by the
black soliton, a dark soliton and its symmetric counterpart.

Since the solutions presented are reflectionless, g, (x, ) is identically zero in both cases (and
is thus not shown for brevity). Therefore, g, (x, ) is actually a solution of the scalar defocus-
ing NLS equation. (To the best of our knowledge, explicit soliton solutions of the defocusing
NLS equation parity symmetry and NZBC were first presented in [18].) For the same reason,
for reflectionless solutions with ¢, ; = 0 and only dark—dark solitons, there is no difference
between the case of even ICs and that of odd—even ICs, or between the case of odd ICs and
that of even—odd ICs.

Itis important to realize that, with any parity symmetry, the moduli |¢, (x, 7)| and |g,(x, 7)| of
each component are always even, and it is the parity symmetries of the phases arg ¢, (x, #) and
arg ¢,(x, t) that determine whether the full, complex-valued solution is even or odd. Recall that,
when traversing a soliton generated by an eigenvalue ¢ ;, the phase of the solution experiences a
Jjump of 2 arg €, and, in particular, a black soliton contributes a phase jump of 7 to the solution,
i.e., it changes the solution’s overall sign. Interestingly, even though each non-self-symmetric
eigenvalue gives the same contribution to the local phase both in the case of even and that
of odd ICs, the difference between even and odd ICs is that the additional sign change due
to the black soliton with odd ICs effectively changes the direction of the local phase change
generated by the non-self-symmetric eigenvalues. This phenomenon is markedly different from
what happens in the focusing case with zero background, where the parity of the solution is
determined by the sign of the norming constants [13]. Similarly, the fact that ¢,(0, ) = 0 with
odd and even—odd ICs is a consequence of the fact that the symmetries of the norming constants
ensure that the black soliton is always centered at x = 0.
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Figure 4. Soliton solutions of the Manakov system with even ICs and only dark—bright
solitons. Top row: sz =(1+1)/2, 61+ =1 — i, bottom row: sz =(1+i1)/2,z3 =3+
2i)/6, 0, = 10+ 10i, 6, = 10 — 10i. Hereafter, the left column shows |g, (x,7)|, the
right column |g,(x, 1)|.

5.2. Solutions with only dark-bright solitons

Next we consider the case in which only eigenvalues off the circle C, are present (i.e., Ny = 0),
implying that only dark—bright solitons (i.e., no dark—dark solitons) are present in the solution.
Recall that these eigenvalues come in symmetric octets, labeled as in (4.2).

Theorem 5.5 (Even ICs without dark—dark solitons). [ the ICs are even and no
discrete eigenvalues on the circle are present, the solution cannot contain any stationary
dark—bright solitons. That is, the number m, of self-symmetric eigenvalues off the circle is
zero. The reflection coefficients obey the symmetry (3.5), and the norming constants of the
non-self-symmetric eigenvalues obey the symmetry (4.20).

Proof. In section 4.3 we showed that no self-symmetric eigenvalues off the circle can exist
(implying m, = 0) when the ICs are odd or even, because their norming constants cannot sat-
isfy the self-consistency constraint (4.23), and we also derived the symmetry (4.20) of the
norming constants of the non-self-symmetric eigenvalues. The symmetry (3.5) of the reflection
coefficients was derived in section 3.1.

Theorem 5.6 (Odd ICs without dark—dark solitons). No odd solutions of Manakov
system (1.1) without discrete eigenvalues on the circle can exist.

Proof. If the solution does not contain dark—dark solitons, the number m; of self-symmetric
eigenvalues on the circle is necessarily zero. However, the results of section 4.3 imply that
when the ICs are odd or even, no self-symmetric eigenvalues off the circle can exist, and
therefore m, is also zero. Thus the relation (4.4) in lemma 4.3 (which ties the overall num-
ber of self-symmetric eigenvalues to the asymptotic phase difference of the potential) implies
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Figure 5. Soliton solutions of the Manakov system with odd—even ICs and only
dark-bright solitons. Top row: z" =i/2,z5 =i/4, (6;) =m/6, arg(6;) = 7/3,
bottom row: z =i/2,z =i/4, z7 = (1 +1)/2, arg(6]) =7/3, arg(6;) = 7/2,
6 =1+i

exp[iAf] = 1. But odd ICs require A@ = 7. Thus the constraint the can never be satisfied,
which means that no odd solutions without dark—dark solitons can exist.

Theorem 5.7 (Mixed parity ICs without dark—dark solitons).  If the ICs are
odd—even, q, | = 0, and no discrete eigenvalues on the circle are present, the number my
of self-symmetric eigenvalues off the circle must be even. On the other hand, if the ICs are
even—odd, my must be odd. In both cases, the norming constants of the self-symmetric
eigenvalues satisfy the constraint (4.23), those of the non-self-symmetric eigenvalues the
symmetry (4.20) and the reflection coefficients the symmetry (3.17).

Proof. Recall that, for ICs with mixed parity, q, = 03q_, and to satisfy the requirement
that q__ are parallel we took g ; = 0. As before, the constraint on the number of self-symmetric
eigenvalues off the circle then arises from the constraint (4.4). The norming constants of the
non-self-symmetric eigenvalues off the circle must satisfy the symmetry (4.26), derived in
section 4.3. However, self-symmetric eigenvalues off the circle (corresponding to stationary
dark—bright solitons) are now possible, as long as the associated norming constants satisfy
the parity symmetry (4.27). As before, the symmetry (3.17) of the reflection coefficients was
derived in sections 3.3 and 3.4.

Remark 5.8. The fact that self-symmetric eigenvalues off the circle (i.e., stationary
dark—bright solitons) are allowed for mixed-parity ICs (i.e., even—odd or odd—even) is an
important difference between these cases and those of purely even or odd ICs. Another impor-
tant difference is the fact that even—odd and odd—even solutions without dark—dark solitons
can exist even though purely odd solutions without dark—dark solitons cannot. Finally, like
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Figure 6. Soliton solutions of the Manakov system with even—odd ICs and
only dark—bright solitons. Top row: z| =1i/3,z" =2i/3, z; =i/2, arg(6;") = 7/3,
arg(6;) = m/2, arg(d;) = m/6, bottom row: z =1/3, z7 = 2(1 +1)/3, arg(s;") =
7/3,6f =1+i.

in section 5.1, all of the results of this sections hold both for pure soliton solutions and for
solutions with non-trivial dispersive components.

Examples. As before, we illustrate the above results by presenting some explicit soliton
solutions of the Manakov system. Figure 4 shows two pure soliton solutions corresponding to
even ICs. The first one (top row) is generated by a single non-self-symmetric eigenvalue plus its
symmetric counterpart; the second one (bottom row) by two non-self-symmetric eigenvalues
plus their symmetric counterparts. Figure 5 shows two pure soliton solutions corresponding to
odd—even ICs. The first one (top row) is generated by two self-symmetric eigenvalues plus their
symmetric counterparts; the second one (bottom row) by two self-symmetric eigenvalues and
two non-self-symmetric ones, plus their symmetric counterparts. Finally, figure 6 shows two
pure soliton solutions corresponding to even—odd ICs. The first one (top row) is generated by
three self-symmetric eigenvalues plus their symmetric counterparts; the second one (bottom
row) by one self-symmetric eigenvalue and two non-self-symmetric eigenvalues, plus their
symmetric counterparts. No odd solutions are presented here because no such solutions without
a black soliton (and thus an eigenvalue on the circle) can exist.

5.3. Solutions with combinations of dark—dark and dark—bright solitons

Now we consider the most general case, in which both dark—dark and dark—bright solitons are
simultaneously present in the solution, i.e., the case in which both N| and N, are nonzero. All
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Figure 7. Soliton solutions of the Manakov system with even ICs a combination of
dark—dark and dark—bright solitons: ¢;" = e™/3, 3 =i, z] = (1 +1)/2,6; = 1 +1i.

Figure 8. Soliton solutions of the Manakov system with odd ICs a combination of
dark—dark and dark—bright solitons: ¢;” =i,z = (1 +1)/2, 6 = 1 +1.

the results in this section can be obtained in a similar way as those in sections 5.1 and 5.2.
Therefore, for brevity we omit the proofs.

Theorem 5.9. (Even ICs with both dark—dark and dark-bright solitons.) If the
ICs are even and both eigenvalues on and off the circle are present, no self-symmetric eigenval-
ues are present (i.e., m; = mp = 0, all eigenvalues have non-zero real part, and the solution
has no stationary solitons). The norming constants of the eigenvalues on and off the circle
satisfy the symmetries (4.11) and (4.20), respectively, and the reflection coefficients obey the
symmetry (3.5).

Theorem 5.10 (Odd ICs with both dark—dark and dark-bright solitons).  If the
ICs are odd, the solution always contains a black soliton (self-symmetric eigenvalue at z = iq,)
and no self-symmetric eigenvalues off the circle. The norming constants of the eigenvalues on
and off the circle satisfy the symmetries (4.11) and (4.20), respectively, with the extra con-
straint (4.14) for the norming constant of the black soliton, and the reflection coefficients obey
the symmetry (3.5).
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Figure 9. Soliton solutions of the Manakov system with even—odd ICs and combination
of dark and dark—bright solitons. Top row: CI‘L = ¢eim/0, "ﬁ =i,z =1/3, arg(61+) =
7/3. Bottom row: (;” =i, 7] =1i/2, 7 =i/3, arg(6;") = 7/6, arg(5,) = 7/3.

Theorem 5.11 (Even-odd ICs with both dark—dark and dark—bright solitons).
If the ICs are even—odd, q, , = 0, and both eigenvalues on and off the circle are present,
the following situations can arise:

(a) m; = 1 and my is zero or even, that is, there is a black soliton (self-symmetric eigenvalue
atz = iq,) and an even ( possibly zero) number of self-symmetric eigenvalues off the circle.

(b) m; = 0and my > 0is odd; that is, all eigenvalues on the circle have non-zero real parts,
and there is an odd number of self-symmetric eigenvalues off the circle.

In all cases, the norming constants satisfy the symmetries (4.11) and (4.26), with the extra
constraints (4.14) and (4.28) for the norming constants of the self-symmetric eigenvalues (if
present), and the reflection coefficients satisfy the symmetry (3.17).

Theorem 5.12 (Odd—even ICs with both dark—-dark and dark—bright solitons).
If the ICs are odd—even, q, , = 0, and both eigenvalues on and off the circle are present,
the following situations can arise:

(a) my = my = 0y that is, no self-symmetric eigenvalues are present (i.e., all eigenvalues have
non-zero real parts, and the solution has no stationary solitons).

(b) my = 0and my > 0 is even; that is, all eigenvalues on the circle have non-zero real parts,
and there is an odd number of self-symmetric eigenvalues off the circle.

(¢) my = 1 and my > 0is odd; that is, there is a black soliton (self-symmetric eigenvalue at
z = 1q,) and an odd number of self-symmetric eigenvalues off the circle.

In all cases, the norming constants satisfy the symmetries (4.11) and (4.26), with the extra
constraints (4.14) and (4.28) for the norming constants of the self-symmetric eigenvalues (if
present), and the reflection coefficients satisfy the symmetry (3.17).
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Figure 10. Soliton solutions of the Manakov system with odd—even ICs and combina-

tion of dark and dark—bright solitons. Top row: {;" = e/, 5} =i, ziL =1i/2, zi =1i/3,
arg(6,;") = /3, arg(d_{) = /6. Bottom row: (;" =i,z =1i/2, z; =1i/3,z7 =i/4,
arg(61+) =7/3,arg(6;) = /6, arg(63+) =7/2.

Remark 5.13. Like in sections 5.1 and 5.2, all of the results of this section hold both for
reflectionless (i.e., pure soliton) solutions and for solutions with nonzero reflection coefficients
(i.e., with non-trivial dispersive components).

Examples. As in sections 5.1 and 5.2, we illustrate the above results by presenting a few
explicit soliton solutions combining both dark—dark and dark—bright solitons. Figure 7 shows
an even soliton solution that combines a non-stationary dark soliton and a non-stationary
dark—bright soliton, plus their symmetric counterparts. Note how, even though only one bright
soliton (plus its symmetric counterpart) is present, there is a nontrivial interaction between the
bright soliton and the dark soliton in the other component. Figure 8 shows an odd soliton solu-
tion that combines a black soliton and a non-stationary dark—bright soliton, plus its symmetric
counterpart. Note how ¢g,(0, #) = 0, consistently with the odd parity (while ¢, (0, f) = 0 because
of the black soliton centered at x = 0). Figure 9 shows two even—odd soliton solutions. The
first one (top row) is generated by a single self-symmetric eigenvalue off the circle (stationary
dark—bright soliton) and a non-self-symmetric dark soliton plus its symmetric counterpart. The
second one (bottom row) is generated by a black soliton plus two self-symmetric eigenvalues
off the circle (corresponding to two stationary dark—bright solitons). Finally, figure 10 shows
two odd—even soliton solutions. The first one (top row) is generated by two self-symmetric
eigenvalues off the circle (stationary dark—bright soliton), and a non-self-symmetric eigen-
value on the circle (moving dark soliton), plus its symmetric counterpart. The second one
(bottom row) is generated by a black soliton (self-symmetric eigenvalue on the circle) plus
three self-symmetric eigenvalues off the circle (stationary dark—bright solitons).
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6. Final remarks

In this work we investigated [VPs for the defocusing Manakov system with NZBC in which
the initial conditions possess a well-defined spatial parity symmetry. These problems are in
one-to-one correspondence with BVPs on the half line with Dirichlet or Neumann boundary
conditions at the origin.

In particular, we used the IST to identify the symmetries of the eigenfunctions arising from
the spatial parity of the solution, and we determined the corresponding symmetries of the scat-
tering data, which are more complicated than in the scalar NLS equation. In particular, we
showed that the discrete eigenvalues giving rise to dark solitons arise in symmetric quartets,
and those giving rise to dark—bright solitons in symmetric octets. We also characterized the
differences between the purely even or purely odd case and the ‘mixed parity’ (even—odd or
odd—even) cases. Finally, we showed how, in each case, the spatial symmetry yields a constraint
on the possible existence of self-symmetric eigenvalue, corresponding to stationary solitons,
and we studied the resulting behavior of solutions.

We note that solutions exhibiting parity-time (PT) symmetry, i.e., q(—x, ) = q*(x, 7) have
also received considerable attention in recent years (e.g., see [2, 3, 5] and references therein).
However, PT symmetry induces very different symmetries for the eigenfunctions and scattering
data compared to those arising from pure spatial symmetry (e.g., see [4] for the scalar NLS
equation). Therefore, the study of PT-symmetric solutions requires a different kind of analysis,
and leads to very different conclusions for the behavior of solutions. For those reasons, PT
symmetry was not considered in this work.

It is straightforward to show using (3.10) and (3.18) that the mixed parity cases satisfy
03q, = exp[iAflq,, which means that q,, is an eigenvector of o3 with eigenvalue £exp[iAf]
(with the plus and minus signs for the even—odd and the odd—even case, respectively). Choos-
ing g, ; = 0 is then equivalent to taking q, to always be the eigenvector associated to the
eigenvalue —1. In principle, one could restore the symmetry between the two components and
formulate the results in a unified way by discussing just one mixed case which covers both of
the current odd—even and even—odd cases. The current two cases would then correspond to
whether q,, is an eigenvector associated with the eigenvalue +1 or —1. However, the resulting
nominal simplification would likely be negated by the subtleties associated to which particular
eigenvalue is selected. At the same time, the reason for our choice is that taking g ; = 0 allows
one to identify the first component of the solution with a bright field and the second one with
a dark field. This identification reflects a physical difference, and therefore makes our results
more directly applicable to describe actual experiments. For this reason, we believe that our
presentation of the results is more useful for practical purposes.

We anticipate that an interesting direction for further study could be the effort to extend the
results of the present work to the case of non-parallel BCs, i.e., the case when qlq_ < |la.l*
The IST for the IVP with non-parallel BCs was recently presented in [1]. There are several
complications arising in that case, however. Some of these complications are of a mathemat-
ical nature, and require one to deal with various new technical issues. In turn, some of these
difficulties reflect a fundamental difference in the properties of the problem, namely the fact
that no reflectionless (i.e., purely solitonic) solutions exist in that problem. (The same phe-
nomenon arises for the defocusing NLS equation with asymmetric BCs [11, 17].) On the other
hand, the case of parallel BCs is also the easiest one to generate experimentally.

We also expect that the results of this work will be useful to further characterize recent ana-
lytical and numerical studies [39, 40] on repulsive scalar and two-component BECs in which
the initial system configurations possess a definite parity symmetry. We also anticipate that
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the behavior of solutions characterized in this work can be observed experimentally in suitable
realizations of repulsive two-component BECs.
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Appendix A
A.1. Boundary value problems for the scalar defocusing NLS equation with NZBC

For completeness, in this appendix we discuss the reduction of the Manakov system to the
scalar defocusing NLS equation:

igi + g — 2(lg* = 42)g =0 (A1)
with the following NZBC at infinity:
lim g(x,1) = g+ = q,¢*", (A2)
x—400

and we derive all the symmetries in the scattering data induced by spatial parity of the ICs. The
Lax pair for the scalar NLS equation is a reduction of (2.1), given by

vy = X, v, =Tw, (A.32)
where
X(x,t,k) = —ikos + Q, T(x,t,k) = —2ik*03 + i03(Q — Q* + ¢°) + 2kQ, (A.3b)
(0 ¢ (1 0
o= (0 &) a=(p %) (A30)

The Jost eigenfunctions are defined as

b+(x,1,2) = Wa(k)e?™ ™ 4 o(1), x — to0,

where § = —\x — 2kMt, A2 = k* — g2, and W_.(k) are the matrices of asymptotic eigenvectors,
which can be chosen as reductions of (2.5):
2
. —q5/z
Wiy =1."\ A N A4
+(2) (16& —lqi> (A4)

Since ¢, (x,t,z) are two fundamental solution of the Lax pair for any z # ¢,, there exists a
2 x 2 scattering matrix A(z) such that

29



J. Phys. A: Math. Theor. 55 (2022) 254001 A Abeya et al

O_(x,1,2) = 4 (x,1,2)A2), z€ R\ £q,. (A.5)

Using the symmetries derived in [23], we have

- a(Z) CiAeb*(Z)q%/Zz

A(z) = (b(z) eiAea*(z) ) (A.6a)
Al (T PG/

B(Z) =A (Z) = (—eiMb(z) e*iMa(z) . (A6b)

where Af = 6 — 0_. One can define two complete sets of analytic eigenfunctions for the
system (A.3a):

O (x,1,2) = (p_1(x,1,2), oy 2(x,1,2)), z€CT, (A.72)
D7 (x,t,2) = (py.1(x,1,2), p_2(x,1,2)), z€CT, (A.7b)
and show that

det @ (x,1,2) = —2ig’ M2)a(2), z€ CTNR, (A.8a)

det ®(x,1,2) = —2ig". M)a"(z)e'™, z€C NR, (A.8b)

where a(z) is analytic in C*. For the scalar defocusing NLS equation, discrete eigenvalues are
confined to the circle C,{z € C: |z| = ¢,}, and they can be shown to always be simple [24].
If one considers a pair of eigenvalues (,, (;; on the circle C,, such that a(¢,) = 0, then the
columns of both & (x, 1, ¢, and & (x,¢, () become linearly independent, and one has

G 1(x, 1, ) = cnby2(x, 1, G, G_2(x,1,() = Cupr1(x,1,G,). (A9)
The norming constants are defined in terms of the coefficients in (A.9) as follows:
_ cﬂ — _ Eﬂ
G (Ga)’ eAl(a' (Gt

Vn
Moreover, like in the Manakov case, the asymptotic phases and the scattering data are related
by the theta condition:

N 0 _ 2 2 /2
eiM:Eéexp{_L/ log(1 — g;1p(<)| /C]dc}, AlD)

. (A.10)

27 ) ¢

where p(z) = b(z)/a(z). Furthermore, the scattering coefficient a(z) can be recovered using the
scattering data via the trace formula:

AN 00 ) 22
a0 =] exp{_l/ log[1 — g;1p(Q)| /C]dc}_ A12)

z—¢ 27 ) (—z

n=1

Next we discuss the symmetries induced in the scattering data by the spatial parity of the IC.
As we did before for the Manakov system, one can show that the Jost solutions and scattering
matrix satisfy an additional symmetry for both even and odd ICs. For even ICs, namely, when
q(x,0) = g(—x,0) for all x € R, we obtain

P+ (x,1,2) = —03p+(—x, 1, —2), AR =A""(~2), z€R, (A.13)
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and odd ICs (i.e., g(x,0) = —g(—x, 0)) give
P+ (x,1,2) = — ps(—x,1,—2), AR =A"(~2), z€R. (A.14)

Equations (A.13) and (A.14) imply the following induced parity symmetry of the reflection
coefficient:

a0 4@

p(@), zeR. (A.15)
a*(z)

p(=2) = —e
Moreover, using the Schwartz reflection principle, we also have a(z) = a*(—z*) foranyz € C™.
Thus the eigenvalues appear in symmetric quartets, {£(;, j:CJ*»} on the circle C,. As before, it
will be convenient to denote these eigenvalues as (= (jand ¢; = —¢; in C*, and ¢ = (;
and ¢ ; = —¢;in C", with corresponding notation for the associated proportionality constants
and norming constants.

As before, we refer to self-symmetric eigenvalues as those eigenvalues for which C;r =
¢; and ¢J = (; . In the scalar, the only self-symmetric eigenvalues are +ig,. Let m, be the
number of self-symmetric eigenvalues (m; = 0 or m; = 1), and N; be the number of non-self
symmetric eigenvalues on the circle C,. Then (A.11) becomes

oo 2 2 /2
RV (—1ym exp{—l/ log[1 — g5|p(O)*/¢°] dC} ) (A.16)

271 ) o ¢

Moreover, using the parity symmetry (A.15) of the reflection coefficient we obtain
Ip(=2)| = |p2)], z€R. (A.17)

As a result, the contribution of the radiation to the theta condition vanishes because the
reflection coefficient is even, and therefore one simply has

et = (—1ym. (A.18)

Next we show that the norming constants of the symmetric eigenvalues are related. Indeed,
one has

p_1(6, . =cf oot () & dpa(—x0,—C) =cfp_a(—x,1, )

a4 ¢+’1(X, 1, E;) = C:_¢—,3(~x’ 1, En_)’ (Alg)

and comparing with (A.9) we obtain
=1 (A20)

(The symmetry corresponding to the upper sign is obtained directly from the above equations;
the one for the lower sign is obtained in a similar way.) Using the extra symmetries we obtained
in (4.10) it follows that

1
eAGEa (G ()"
As in the Manakov case, an extra symmetry holds for the self-symmetric eigenvalues =+iq,,.
Using (A.9) and the fact that C1+ = (; and Cf“ = (;~ we obtain

" = (21

cf =¢i, ¢ =¢c. (A.22)
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Thus the associated norming constants satisfy an additional symmetry
W=, A=, (A.23a)

which in turn yields

1

ST R

Y Yy =
We next use the resulting parity symmetries to investigate the behavior of the corresponding
soliton solutions.

Lemma A.1.(Even ICs). In the case of even ICs, no stationary dark soliton (black
solitons) can be present in the solution.

Proof. Foreven ICs, we have ¢, = ¢_, which implies e!20 — 1. Then (A.18) becomes
1= (1",

and then necessarily m; = 0, which yields the desired result. Moreover, in this case the norming

constants satisfy the parity symmetry (A.21).

Lemma A.2 (Odd ICs). In the case of odd ICs, the solution necessarily contains a black
soliton, i.e., a self-symmetric eigenvalue pair at 7 = *iq,,.

Proof. For odd ICs, we have ¢, = —¢_ and e = —1. Again (A.18) yields
—1=(=D",

and therefore m; = 1, which implies the solution necessarily contains a black soliton. Similar
to even ICs, the norming constants satisfy the parity symmetry (A.21) and the norming con-
stants associated with the self-symmetric eigenvalues +ig, follows an additional symmetry
(A.23).

In summary, the above results imply that for even potentials no black solitons can exist,
whereas for odd potentials a black soliton must always exist. To the best of our knowledge,
these results were first presented in [18].

A.2. Invariances of the Manakov system

It is a well known fact that, if q(x, ) is any solution of the Manakov system and «, v, x,, and
t, are any real constants, q(x, f) = e'“q(x, ) and q(x, 1) = 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., UU' = U'U =
L), q(x, 1) = Uq(x, ) is also a solution. We next show how each transformation affects the IST.

LemmaA.3. Ler qgi (x,1,7) and A(2) be the Jost solutions and scattering matrix correspond-
ing to q(x, t). We have

bi(x,1,2) = @V, (x, 1, 7)diag(e /2, 32 e 7102, (A.24a)

A(z) — diag(eia/z, e—3i(y/2, ei(y/Z)A(Z)diag(e—i(y/z, 631(1/2, e—i(l/Z). (A24b)

Proof. One can show by the direct computation that e */2J¢_ (x, 1, z) solves the asymp-
totic scattering problem. Then since e */?J .. and ¢, are both fundamental matrix solutions
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of the asymptotic scattering problem, there exists an invertible 3 x 3 matrix C(z) such that
bi(x,1,2) = e /DI, (x,1,7)C(z). Comparing the asymptotics as x — 00 of ¢, with those
of e /21, C yields C(z) = diag(e'*/?, e 3*/2, el*/?). Combining (A.24a) with the fact that
¢ = ¢, A yields (A.24b).

The proofs of the remaining lemmas in this section are omitted since they are similar to the
proof of lemma A.3.

LemmaA.4. Ler &Si (x,1,7) and A(7) be the Jost solutions and scattering matrix correspond-
ing to q(x,t). We have

G(x,1,2) = pa(x, 1, 7)e OetoD) (A.252)

A(z) = el®Cotod A ()e OG0 t02) (A.25b)

LemmaA.5. Ler (;VSi (x,1,7) and A(z) be the Jost solutions and scattering matrix correspond.-
ing to q(x,t). We have

G+ (x,1,2) = diag(1,U") ¢ (x, 1, 2)diag(1, ", 1), (A.26a)

A(z) = diag(1,e ™, 1)A(z)diag(1, e, 1), (A.26b)

where detU = e, with u € R.

A.3. Scalar reductions of the Manakov system

There are several ways in which solutions of the Manakov system can reduce to ‘scalar’
solutions, i.e., solutions of the scalar NLS equation. Indeed, if ¢g(x, f) is any solution of the
scalar defocusing NLS equation (A.1), q(x, 1) = (0, g(x, £))T as well as q(x, 1) = (¢(x, 1),0)T and
q(x, 1) = pg(x, 1), where p is any complex unit-length vector (i.e., p'p = 1), are all solutions
of the defocusing defocusing Manakov system (1.1). Note that q(x, r) = o} q(x, t). Therefore
if one can find the symmetries of the IST induced by the first reduction, then the effect of the
second reduction will immediately follow from lemma A.S5.

Next we find the reductions of the Jost solutions and the scattering matrix with respect to
the first reduction, in which case the first component of q(x, f) is identically zero. As a direct
consequence, we have q,. = (0, g, e*)T.

Let ¢ 5(x, 1, 2) and Apis(2) = (aj,15(2)) denote the 2 x 2 Jost solutions and the scattering
matrix for the scalar case, respectively. Using (2.5) and the scattering relation we have

D+ 11nls 0 G+ 12,0l
pe(t,)=| 0 g™ 0 |, (A.27a)
+21 nls 0 G221l
arns(2) 0 a2n15(2)
Az) = 0 el0-—0+) 0 , (A.27b)
a1 n1s(2) 0 anns(z)

where 6,(x,1,7) = kx + (k* + A\t and for the scalar case we used the normalization in
appendix A.1. Moreover, the cofactor representation of B(z) = A~'(z) yields

e+ bys(2) 0 —e " by(2)
A= 0 bu@bsz) 0 : (A.28)
—e b3 0 e+ by ()
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Recall from (2.20a) we have p,(z) = 0.
We next show how to account for the second reduction in the IST by using lemma A.5.

Recall that, q(x, 1) = 01q(x, ) and deto; = —1. Then one can show by the direct computation
that

G(x,1,2) = diag(l, o1)¢ (x, 1, D)diag(1, — 1, 1), (A.29a)

AQR) =AQ). (A.29b)

Finally, note that q is related to q simply by the unitary transformation q = Uq, with U =
((p1)*, p). Therefore changes to the IST caused by the third reduction will follow from lemma
A.5 as a direct consequence.

Odd and even potentials for the scalar reductions. For odd and even ICs we have
an additional symmetry for the scattering matrix, namely, component-wise b;j(—z) = a;;(z)
where i,j = 1,2, 3. Using (A.28) and the above mentioned extra symmetry along with the first
symmetry yields

b31(—2)
bi1(—2)

az1(z)
a1(z)

0, —0_) b31(2)
lp1(—2)| = = |-+ =2 = piR)], zER (A.30)
b1,(z%)
As before, this symmetry in the reflection coefficient implies that the radiation does not
contribute to the theta-condition. Using the symmetries of the discrete spectrum, it is easy to
see that one recovers the results given in appendix A.1.

A.4. Determinantal formula for the multi-soliton solutions of the Manakov system with NZBC

Here we derive the expression (2.27) for the multi-soliton solutions of the defocusing Manakov
system with NZBC. We start from the reconstruction formula (2.26) in the reflectionless case,
in which case the integral term is absent. First of all we define the following quantities:

Wi 20, @ _ Vi —2i¢H
dnj =——€ U dnj =_—"—e R (A.31a)
Cn - J ’ Cn - Cj
g* ) . . g* * ) . .
d®) = — 2L i®:c-0Go), a9 = — an el ®2@0=01G@) (A.31Db)
’ Cn — ’ Z[(Cn - ZZ)

forn,j=1,2,...,Nyand ¢ = 1,2,...,N,, as well as

* Tk
d(s; _ Wz e U (O g jn el2G)=01E)) (A.31¢)
me = nJ Zi(z — z))

05 NP
R E—— (A31d)
TEG )& - )

for n,j=1,2,...,N, and £ = 1,2,...,N;. As before, the x, r-dependence in the exponen-
tials has been omitted for brevity. Now using the above defined quantities we can rewrite the
equation (2.19) as follows
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Ni Ny
MG = —id; + > dIMEV(C) + Y dImEm @), (A322)
j=1 J=1
N; Ny
MEV(G) =gl + D dIMI ) + D M ), (A.320)
j=1 J=1
N; Ny
My (@) =g’ + ) M) + Y diME @), (A32¢)
j=1 j=1
Ny
M E) = iqk = 3 M), (A-320)
j=1

Substituting (A.32c) into (A.32d) yields

N N N N, N
MG+ 3 (S | 3 ( S | wico = i i
=1 \ j=1 =1 \ j=1 j=1
(A.33a)
and similarly using (A.32a) and (A.32b) we have
N, N Ny Ny N
MG~ D | S| M S - 30 )
=1 \ j=I =1 =1 j=1
(A.33b)
N
= —iq, +iq}» d)). (A.33c)
j=1
First, we introduce Y = (Y1, Y2, ..., Yy, 4n,) " and V.= (Vi, Vo, ..., Viy, +n,)T where
dnax\ T
(M$"(z)) n=12,..,N,
Y, = . (A.34a)
(M(fn(CNz—n)) n=N,+1,..,N,+Nj,
Ny
i(ap" —ig)" Y d) n=12,... N,
V, = =1 (A.34b)

N
—iq)" +i@D" D dy) ,;  n=N+ 1. Nyt Ny
j=1

Note that both Y and V are (N; + N,) x 2 matrices. Now we write the closed system (A.33)
for M\ (¢ ;) and Mgd“) (z3) in matrix form as
RY =V, (A.35)
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where R = (R,;) withn,k = 1,2,...,N; + N, with

(7) 4(6)
6mk%—j{:dnfgk, nk=12,...,N,
Zdl(Zj)djSIifg ko n = 1,2,...,N2, k:Nz+1,...,N2—|—N1,
Rn,k— - N
—dP =Y dYy, d), k=1,2,....,N;, n=Ny+1,...,N,+N,,
j= 1
On—Nyk—N, — Zd,(,l)NU 52,3 Ny nk=N,+1,...,N, + Ny,

(A.36)
and where d,,; is the Kronecker delta. We can also rewrite the system (A.35) as
RY, =V,, RY,; = V,, (A.37)

where we now express Y and V as Y = (Y;,Y,) and V = (V,V;), and where Y; and V;
for j = 1,2 are (N; + N,)-component column vectors. The solution to (A.37) gives, for each
component of the vectors Y, and Y,

det R det R
Y1 = n_. Yo = a =1,2,...,N; + N>,
! det R 2 det R " L+
where
R =(R\,Ry,...,Ry—1,B1,Ryt1s. .., Ry), (A.38a)
R =(R\,Ry,...,Ru_1,B2, Rus1, ..., Ry). (A.38Db)
It then follows that
1 det R
(dn) ;o n o
M3 (Zn) - det R (det sz[) > n= 1,25 .. 5N25 (A.39)
and
1 det RS
(dn) _ Ny-tn _
M) = o R (det Rze\?tﬂv) , n=1,2,...,N;. (A.40)

Finally, upon substituting Yi,..., Yy into (2.26) in the reflectionless case, the resulting
expression for the potential can be written compactly as (2.27), where the augmented
(N1 + Ny + 1) X (N} + N, + 1) matrices are given by

O
aug _ (4+,j 1V :
with

V= (01,02, ..., On4,) s (A4la)
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and

_ 6” el01@E)=02(z) n=12,...,N,,
yy =4 (A.41b)
Me_zml(Canz) n :N2_|_ 1,...,N2+N1.

*
I‘l*NZ

A.5. Symmetries of the discrete spectrum, norming constants and trace formula

First, we show that the function R(z) defined as in (2.24) is an even function for all parity ICs.
Using parity symmetries for all the cases we considered and b;;(z) = aj,(z*), we have

bia(z) |
a1(2)

a3 @)
b11(z)

22
4

2
4
Z-q;

%

\pz( I = zeR.

7 5
R(—z) = ?|Pl(—2)| +

(A.42)

Applying the co-factor transformation along with the first symmetry yields,

a31(2) _ b21(2)b32(2) — b31(2)b2a(2) _ qg &

ay;(2)p5(2) — p1(Daxn(z), z€R, (A.43a)

bu@ b1(2)
b _ 2 2
aﬁg B an(Z)an(ZzlI(SIZ(Z)a33(Z) - _% (Zga33(z)pz(z) + pT(z)wz(z)) zeR.

(A.43b)

Now employing (A.43a) and (A.43b) on the equation for R(—z), we obtain for z € R,
2

2 4 2
R(—2) = Z"aég(z)pz(z) + p1(2)ax(2) ﬁ 9 —a@)p2(2) + pi(@an()| ,
2
_ PGl ( mL AN a33(1)2> 2 P <|a22|2 T f2a32<z>2>
Z qo 90 =4,
2
+ 2Re { P1(2)P2(2) (azz(z)aﬁz(z) + (Z2Z612)333(2)0§2(Z)> } :
2
=z 1o —f \Pz(Z)\ (a23(2)b32(2) +033(Z)b33(2))+ e \Pl(Z)| (a2(2)b2(z) + a3(2)b3(2))
+ 2Re{p1(2)p2(z) (a23(2)b22(2) + a33(2)b23(2)) }- (A.44a)
Using the fact that B(z)A(z) = A(z)B(z) = 3«3, we have, when z € R,
a3(2)b32(z) + ax3(2)b33(z) = 1 — b31(z)a13(z), (A.44b)
a22(2)b22(2) + a32(2)b23(z) = 1 — ba1(2)a2(2), (A.44c¢)
a23(2)b22(2) + a33(2)b23(2) = —b21(2)ai3(z). (A.444d)

Collecting all together and simplify further yields,

2 2
0 <
- 21P@F + 5lm@F =R@, z€R, (A45)

o

R(—z2) =

37



J. Phys. A: Math. Theor. 55 (2022) 254001 A Abeya et al

ie., (4.3).
Next we show that the scattering coefficient a;;(z) simplifies considerably when z becomes
purely imaginary. The trace formula (2.23a) yields

. my m . Ni+mp)/2 _(Nay+mp))/2
) — (z—l%) 11—2[Z—1Z,,( 11_[1)/ ><(Z_<n+)(z_cn)(2 2)/
! i+ig,) wha+iz, AT @-dhe-G) L

c—ze=z) {_L/“log[l—mo]
C-ahe—z) P

27 ) _ o (—z
Using (A.45), the following identities can be obtained by direct computation:

(= GHE—6) _ (182 = a2)’ + (2lRe())’

dg}, LeCh  (Ad6)

- =G c-Che-¢op "™
+1,...,(Ny +m)/2, z€iRT, (A.472)
@—zD@-35) (P —I5P)’ + (2lzlRe))’
Z—2)z—7,) Iz =z —7,)2 '
=m+1,...,(N,+m)/2, z€iR", (A.47b)
/mwdgzzz/mwdc, z € iR™. (A47¢)
o (2 0 G-z
Hence we have
. my My . (N1+m1)/2 2 2 2 + 2
— 1Yo - Zn [l T Yo 2 R n
an(z) = (Z 1q> HZ l H (|Z‘ 4 )—:_( ‘Z|—7e(§ ))
Z+IQU n:lZ+1Zn n=my+1 ‘(Z_Cn )(Z_Cn)|
T R = 5 P) + 2k Ret)
—F —_
ot =z =z,
xexp{—z,/wlog[lz_Rz(O]dC}, z €iR™, (A.48)
i Jo -z

from which (4.6a) and (4.6b) follow.
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