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Abstract

The goal of this work is to revisit the eigenfunction-expansion-based perturbation theory of the defocusing nonlinear
Schrodinger equation on a nonzero background, and develop it to correctly predict the slow-time evolution of the
dark soliton parameters, as well as the radiation shelf emerging on the soliton sides. Proof of the closure of the
squared eigenfunctions is provided, and the complete set of eigenfunctions of the linearisation operator is used to
expand the first-order perturbation solution. Our closure/completeness relation accounts for the singularities of the
scattering data at the branch points of the continuous spectrum, which leads to the correct discrete eigenfunctions.
Using the one-soliton closure relation and its correct discrete eigenmodes, the slow-time evolution equations of
the soliton parameters are determined. Moreover, the first-order correction integral to the dark soliton is shown
to contain a pole due to singularities of the scattering data at the branch points. Analysis of this integral leads to
predictions for the shelves, as well as a formula for the slow-time evolution of the soliton’s phase, which in turn
allows one to determine the slow-time dependence of the soliton centre. All the results are corroborated by direct
numerical simulations and compared with earlier results.

1. Introduction

The mathematical modelling of physical phenomena often leads to a certain class of nonlinear partial
differential equations (PDEs) known as integrable systems. Distinguished features of integrable systems
are that: (i) they admit soliton solutions, and (ii) their initial-value problem can be effectively linearised
via the Inverse Scattering Transform (IST). One of the prototypical integrable systems is the nonlinear
Schrodinger (NLS) equation:

iqt+qxx—20'|q|2q=0, o==l,

where g(x,1) is a complex function of x,7 € R, subscripts denote partial differentiation through-
out, and o distinguishes between anomalous and normal dispersion, with oo = —1 corresponding to
the ‘focusing’ NLS, and o = 1 to the ‘defocusing’” NLS. The NLS equations appear as universal
models for weakly dispersive nonlinear wave trains, and have been derived in such diverse fields as
deep water waves, plasma physics, nonlinear optical fibres, low-temperature physics and Bose-Einstein
condensates, magneto-static spin waves and more [6, 22, 23, 26, 45, 55, 56, 58].
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Unlike its focusing counterpart, the defocusing NLS does not admit localised bright solitons, expo-
nentially decaying as |x| — oo, but it possesses dark soliton solutions, which appear as localised dips of
intensity over a nonzero background [33, 34]. We consider the defocusing NLS equation in the form:

iq + qxx = 2(l4I* = 43)q = 0, (1.1)
with the constant nonzero boundary conditions
q(x, 1) = g+ = goe'® asx — +oo, (1.2)

where go > 0 is the (symmetric) amplitude of the background and 6. € R are the asymptotic phases;
the additional linear term proportional to ¢ in (1.1) is introduced via a gauge transformation g(x, t) —
e~ 2! q(x,t) in order to allow for time-independent boundary conditions. The exact single dark soliton
solution of (1.1) is given by:

q(x,1) = €' {ky + iA; tanh [A; (x + 2kt — x1)]}, (1.3)

where —qo < k; < qo determines the soliton velocity, while A fixes its amplitude (i.e., the depth of the
soliton below the background ¢gg) and x1, 0 € R give the soliton centre and phase, respectively. Note
that the dark soliton amplitude and velocity are not independent, since they are related to each other and
to the background amplitude gq via:

K+ Al =qp. (1.4)
In addition, the phases 6. of the background are related to the soliton parameters via:
0. =0 iArg(kl +i|A1|). (1.5)

One limitation of integrable models is that, in general, the systems considered in physical experiments
are non-integrable. On the other hand, the theoretical predictions for the soliton solutions in integrable
cases provide an extremely valuable tool for investigating non-integrable solitary waves in regimes that
are not too far from the integrable ones. As such, researchers rely on perturbation-based techniques
of related integrable systems, when possible, to study how solitons and their evolution are affected
by the inclusion in the mathematical description of terms that account for small dissipation, small
linear/nonlinear loss, etc.

The perturbation theory for solitons that decay rapidly at infinity has been extensively explored
since the late 1970s — using various different methods such as multi-scale perturbation analysis, IST-
based techniques, eigenfunction-expansion techniques, perturbations of conserved quantities and direct
numerical simulations [15, 24, 27, 29-31, 35, 38, 50, 51]. On the other hand, the nonvanishing back-
ground characteristic of dark solitons introduces significant difficulties when one attempts to apply these
perturbative approaches developed for the rapidly decaying case.

As mentioned above, for the scalar defocusing NLS equation, dark solitons are completely deter-
mined by the four parameters: g, Aj (or k1), x1, o, which in general under perturbation develop an
adiabatic evolution (e.g., they acquire a non-trivial dependence on a slow time variable T = &f). Some
early works investigated the perturbation of black (i.e., stationary dark) solitons in lossy fibres numer-
ically [57] and later on analytically [20, 41]. In [20], a direct perturbation theory was developed based
on a formal series expansion of the solution where the x and &t dependencies are separated out, and
the first two terms in the expansion are computed by direct integration. The method developed in [41],
based on perturbed conserved quantities, was subsequently extended to grey (i.e., non-stationary dark)
solitons and to generic perturbations, but only two of the four main soliton parameters, go and A,
were determined. In [36], it was demonstrated that, under perturbation, the background evolves inde-
pendently of the soliton. By separating the background amplitude from the soliton ‘core’, the authors
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were able to determine the soliton’s amplitude and width through a Hamiltonian method based on per-
turbed conservation laws. Other works investigated instability-induced dynamics of dark solitons and
oscillations of dark solitons in trapped Bose-Einstein condensates [43, 44, 48]. It is important to note
that, for dark solitons, the adiabatic evolution of the soliton parameters alone does not fully characterise
the perturbed solution. This is because the perturbation produces a moving shelf on both sides of the
soliton. The presence of this shelf — confirmed both numerically and analytically — was in fact used in
[8] to account for discrepancies observed in the perturbed conservation laws, although the soliton core
parameters were not determined analytically. Shelves emerging from the wake of a bright soliton had
already been observed in soliton perturbation theories for the Korteweg-de Vries (KdV) equation [2,
37], the fifth-order KdV equation [52] and the complex modified KdV [53, 54]. For this class of prob-
lems, it was possible to determine the bright soliton parameters and the shelf parameters by either direct
perturbation theory [38] or by using the squared eigenfunctions, as detailed in [54].

To date, the most comprehensive analysis of dark-soliton perturbations for the scalar defocusing NLS
is that of Ablowitz et al. in [1]. Using a multi-scale expansion together with perturbed conservation laws,
the authors derived both the magnitude and phase of the shelf, as well as the adiabatic evolution of all
soliton parameters, showing the emergence of a moving boundary layer that links the inner soliton
core to the outer background. This approach was recently generalised to describe the effect of small
perturbation to the dark-bright solitons of the coupled NLS equation, the so-called Manakov system
[11] (see also [47], where the perturbed evolution of the soliton parameters and the background were
determined from variations of the Riemann-Hilbert problem (RHP)).

An alternative approach to soliton perturbation theory in the rapidly decaying case was introduced in
[15, 29, 31]. In this method, based on the IST, one calculates the variations of the scattering data of the
soliton due to the perturbation, and then uses inverse scattering to reconstruct the perturbed solution.
In the process, squared eigenfunctions (i.e., quadratic combinations of Jost eigenfunctions and their
adjoints) play a critical role. Another soliton perturbation theory that solves the first-order perturbation
equation directly was also developed in [17, 30, 32] (see the monograph [54] and references therein).
In this method, the first-order perturbation equation is solved by expanding its solution into a set of
complete eigenfunctions of the linearisation operator. This method does not explicitly use the IST, and
it is often easier to apply. But its connection to the IST is still critical, since the eigenfunctions of
the linearisation operator are simply the squared eigenfunctions in the IST. We will refer to this latter
perturbative approach interchangeably as ‘integrable’ perturbation theory or eigenfunction-expansion-
based perturbation theory.

Since the early 1990s, numerous efforts have been made to extend the integrable perturbation the-
ory to dark solitons. In 1994, Konotop and Vekslerchik derived orthogonality conditions from a set of
squared eigenfunctions for the scalar defocusing NLS equation on a constant background, from which
all soliton parameters can, in principle, be obtained [39]. However, this early work did not take into
account the background evolution induced by the perturbation. Subsequent attempts at rigorous proofs
of the completeness of the squared eigenfunctions followed: in [10] Chen, Chen & Huang showed com-
pleteness of the squared eigenfunctions in the case of one-soliton, and used it to investigate analytically
a linear damping perturbation, and in [9] applied the method again to a self-steepening perturbation. In
[25], Huang, Chi & Chen used a generalised Marchenko equation and extended the completeness proof
of the previous work [10] to the multi-soliton case. The proof in [10] was then claimed to be incorrect
by Ao & Yan in [3, 4], based on the observation that the complete set should have two, not just one,
continuous spectrum basis vector, which resulted in different predictions for the soliton velocity and
the first-order correction. In a subsequent work by Ao & Yan [5], the results of [10, 25] and [3, 4] were
then declared to be ‘equivalent’ under an appropriate ‘transformation between two integral variables’.
As a matter of fact, the difference between the two can be traced to the fact that the earlier work used
one of the symmetries of the scattering problem to reduce the number of eigenfunctions involved in
the closure relation to only the ones that are linearly independent. It is also worth mentioning that in
[40] squared eigenfunctions were used (though without explicitly referring to them, or to their com-
pleteness) to develop an eigenfunction-expansion-based perturbation theory for the defocusing NLS
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on a background, with no reference to the work in [10, 25] (conversely, the papers [3—5] do not refer-
ence [40]). An integrable perturbation theory for the dark-bright solitons of the defocusing Manakov
equation was also developed in [42].

Importantly, in all the earlier implementations of the dark-soliton perturbation theory that is based
on eigenfunction expansions [3-5, 9, 10, 25, 39, 40, 42], some of the orthogonality conditions were
flawed, because the discrete eigenmodes that were used did not account for the contributions from the
poles at the branch points of the integral term in the completeness relation. As we will discuss in detail
in Section 5 and Section 7, this resulted in erroneous evolution equations for (at least) some of the
soliton parameters. Moreover, none of the above references attempted to determine the radiation shelf
that develops around the dark soliton, or presented comparisons of the theoretical predictions with
numerical simulations. The existence of the shelf has long been confirmed by numerical simulations,
and, as was shown in [1], it is critical in developing the perturbation theory and contributes to the
integrals used to determine the evolution of the soliton parameters. For instance, the adiabatic evolution
of the soliton centre in [1] is markedly different from the one obtained by expanding the solution in
terms of squared eigenfunctions in [3-5, 9, 10, 25, 39, 40, 47], and it was conjectured in [1] that,
because of the existence of the expanding shelf, the squared eigenfunctions associated with the soliton
are an insufficient basis, questioning in fact the existence of a closure relation for this problem.

The goal of this work is to revisit the perturbation theory of the scalar defocusing NLS on a non-
trivial background based on the squared eigenfunctions and develop it so that it can correctly predict
the slow-time evolution of all the dark soliton parameters, as well as the radiation shelves emerging
on the sides of the soliton. First, we prove completeness of the squared eigenfunctions for general
potentials. A crucial difference with respect to the earlier works is the need to properly account for the
singularities of the scattering data at the points +qg, which are branch points for the continuous spec-
trum. Taking contributions from such singularities out of the integral term of the closure relation and
leaving the remaining integral as a principal-value integral proves to be critical in this eigenfunction-
expansion-based perturbation theory, because this leads to the correct discrete eigenmodes to be used
in orthogonality conditions of the perturbation theory. Then we use the 1-soliton closure relation and
suitable suppression of secular growth to determine the adiabatic evolution of the soliton parameters
ki (T), A1 (T), as well as a condition relating the evolution of o7 (T') and x| (7) under perturbations of
order ¢ as functions of a slow time variable 7 = &¢. The latter condition is missing in all the previous
works that used eigenfunction-expansion-based perturbation theories. More importantly, the first-order
correction integral to the dark soliton computed via squared eigenfunctions is shown to contain a pole
due to singularities of the scattering data at the branch points. Analysis of this first-order correction
integral leads to predictions for the height and velocity of the shelves. Moreover, this same analysis
provides the spatial phase gradient on each side of the shelf, as well as a formula for the slow-time evo-
Iution of the core soliton’s phase, which in turn allows one to determine the dependence of the soliton
centre on the slow time. All the results are corroborated by direct numerical simulations, and compared
with the results of the direct perturbation theory in [1], and with the earlier works using integrable per-
turbation theory. In particular, the estimates we obtain for all soliton parameters agree with the ones
in [1] to order &, the only difference being for the soliton centre, which, unlike the other parameters,
obtained from perturbed conserved quantities up to O(¢), is determined in [1] in terms of differential
equations obtained from the Hamiltonian at O(&?). We will also explain the shortcomings of the pre-
dictions for the adiabatic evolution of the soliton parameters in the earlier works within the framework
of the eigenfunction-expansion-based perturbation theory.

The plan of the paper is the following. In Section 2 we give an overview of the IST in order to set
the notations and present the properties of eigenfunctions and scattering data that are necessary for the
following sections. In Section 3 we derive the closure relation of squared eigenfunctions for general
potentials by calculating the variations in the IST generalised to the case of a nonzero background.
In Section 4 we discuss the linearisation operator and obtain the 1-soliton closure relation. The multiple
scale perturbation theory is developed in Section 5. Section 6 investigates the first-order correction, the
shelf and evolution of the phase. The comparison with direct numerical simulations and earlier results is
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provided in Section 7, with explicit applications to linear and nonlinear damping, dissipation and self-
steepening. Finally, Section 8 is devoted to some concluding remarks and open problems, and more
technical calculations are collected in the appendices.

2. Overview of the IST

In this section, we give a succinct overview of the IST for the defocusing NLS with nonzero boundary
conditions, to set the notations and review the properties of eigenfunctions and scattering data, which
are required for the following sections. Additional details can be found, for instance, in [16, 46].

We start by considering the (unperturbed) defocusing NLS in the form (1.1) with the constant
symmetric nonzero boundary conditions

q(x,1) = g+ = goe*™® as x — 00, qo >0, 8 R, 2.1
The asymptotic phases can be chosen as +6 without loss of generality on account of the invariance of the
PDE upon multiplication by an arbitrary phase. [Note that arbitrary asymptotic phases 6. as x — *co
can be simply accounted for by replacing 6 = (6, —6_)/2 throughout.] As shown in [13, 14, 18, 19], the

IST can be formulated as a bijection for an initial condition such that g(x, 0) — g(x) € H"!(R), where

q(x) = g, [cos O +isin O tanh x] ,

HY(R) = {f ‘R—>Cst.f®eLl’R), k=0,... ,f} , HY(R):=L*@®R)nH'(R),

LP(R) are the standard Lebesgue spaces, and the weighted spaces L”*(R) have norms defined as

1/p
[Fllrs®) = (/R(x)zslf(x)Ip dx) , (x) == V1 +x2.

Additional smoothness and decay of the reflection coefficient are established in [13] under stronger
assumptions on the initial condition (e.g., by considering H'*(R) for £ = 3/2,2, see also [21] for a
review).

The Lax pair of the defocusing NLS is given by

1 0

vy = Uy, U =—ikos + 0, o3 = IO O

, Q=[O* ql, (2.2)

v =W, V = io3(=2k% + Qy — 0% + ) + 2kQ. (2.2b)

The asymptotic eigenvalues A of (2.2a) as x — oo are related to the spectral parameter k by > = k*—¢2.
Thus, 2 = A(k) is a multivalued function with branch points at & = +¢g, and a two-sheeted Riemann
surface cut along (—o0, —gg) U (qo, +o0) can be defined such that ImA > 0 on one sheet, and ImA < 0
on the other. A uniformisation variable z can be introduced in the following way

1 1
z=k+21, k:E(z+q§z‘1), A= z(z—qﬁz_l), (2.3)

such that both sheets of the Riemann surface on which k is defined are mapped into a single complex z-
plane. The matrix Jost solutions that satisfy both parts of the Lax pair (2.2) are defined by the boundary
conditions
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D(x,1,2) = [(Z)(x, t,7) ¢(x.t, z)] ~ E_(z)e” 1203 as x — —co, (2.4a)
¥ixt,2) = [l/; (x,t,2) Yixt, z)] ~ E,(z)e xH)03 as x — +oo, (2.4b)
where
Ei(z) =1-iz'030. = | b —aa/z) 0.=% 4, (2.5a)
iq./z 1 9. 0
Q(x,1,z) = A(z)(x + 2k(2)1). (2.5b)

Here and in the following, I denotes the 2 X 2 identity matrix. It can be shown that if ¢ — ¢. sufficiently
rapidly as x — +oo, the eigenfunctions ¢ and i are analytic for Imz > 0 and continuous for Imz > 0,
while ¢ and ¢ are analytic for Imz < 0 and continuous for Imz < 0, in both cases including at the
images of the branch points z = +¢¢. Furthermore, @ and ¥ have a singularity at z = 0 (cf. (2.5a)), and

det®(x,t,z) = detW(x,1,2) = ¥(2), y(z) =1-q3z 2, (2.6)

which is nonzero except at z = +¢qq. For z € R\{%¢o}, the Jost solutions can be related via:

a(z) b(z)

D(x,1,7) = Y(x,1,2)5(2), S(z) = lb(z) a(2)

l . detS(z) = 1. 2.7)

The scattering coefficients a(z) and a(z) can be analytically continued into the upper and lower half
planes, respectively, while b(z) and b(z) are only defined on the real axis. Importantly, since the
eigenfunctions are defined as simultaneous solutions of the Lax pair, the scattering coefficients are
time-independent. Specifically, they can be written as:

W(p(x,1,2),¢(x,1,2))
y(2)

_ W (1,2).6(x.1,2)
y(2)

, a(z)

a(z) = , (2.8a)

W(p(x,1,2),¢(x,1,2))
¥(2)

W (x,1,2), ¢(x,1,2))

¥(2) > Ha)=

b(z) =

, (2.8b)

where W denotes the Wronskian determinant, showing that generically all scattering coefficients are
singular as z — +¢qo, unless the Jost functions become linearly dependent at either +gg, in which case
+qo is called a ‘virtual level’, and the scattering coefficients are O(1) as z approaches +¢q. Importantly,
for any reflectionless/pure soliton potential, both +¢gq are virtual levels, and all scattering coefficients
are finite as z — +qo.

The eigenfunctions satisfy the following symmetries corresponding to the involution z +— z*:

O(x,1,2) = @ (x, 1,2 )01, W(x,1,2) =¥ (x, 1,20, (2.9)
which in turn imply the following symmetries for the scattering coefficients:
a(z) =a*(z*) for Imz >0, b(z) =b*(z) forzeR. (2.10)

Due to a second involution in the Lax pair, namely z — q(z)/ Z, we also have the symmetries:

1 1
D(x,1,2) = —Ed>(x, t,qe/2)o30-, Y(x,t,2) = E‘P(x, 1. q5/2)0304 . (2.11)
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and the scattering coefficients satisfy:
a(q%/z) =e*%a(z) for Imz > 0, b(qg/z) =-b(z) forzeR. (2.12)

Eq. (2.7) can be written as:

200D G ep@unnd,  PEED Ly rp@itn,  @13)
a(z) a(z)
where the reflection coeflicients are given by:
_ b(z) b2
plz) = 2@ p(z) = Q) (2.14)

Generically, it is known that a(z) has a finite number of simple zeros that lie on the circle |z| = go
(minus the branch points +¢go), and due to the symmetry (2.10), if a(;) = 0 then a({;‘) = 0. So, the
discrete eigenvalues come in pairs

{4, {;‘}f:l, (= qoe'Y, 0<aj<m. (2.15)
At each discrete eigenvalue, (2.8) implies that the Jost eigenfunctions become proportional:
St G) = by .g). Bt =buxl), (2.16)

for some constant b; € C satisfying the symmetry b; = —b;. With this in mind, the residue contributions
from each pair of discrete eigenvalues are

¢(-x7 t,Z) qg(x,t,z) L *
Res ———— = Ciyr(x,1,{)), Res ——— = Ciy/(x,1,¢7), 2.17
Z:%s @) W (x, 1, 4p) Z=Z§ @) W (xt,4) (2.17)
where C; = b;/a’({;) is the norming constant associated with the discrete eigenvalue (hereafter,

’ denotes differentiation with respect to the scattering parameter z). Moreover, the first symmetry
in (2.12) gives:

. q2
a(z) = —e*z"’z—ga'(qé/z),

and therefore the norming constants are such that
C; =¥ (2.18)

Note that, like the scattering coefficients and the reflection coefficients, the norming constants are time-
independent because the Jost eigenfunctions have been defined as simultaneous solutions of the Lax
pair.

The inverse scattering problem is then solved by formulating (2.13) as an RHP across the real z
axis. After applying Cauchy projectors to (2.13) and accounting for the residues, the RHP for the Jost
eigenfunctions ¥ (x, ¢, z) and ¥ (x, ¢, 7) is converted into the following linear system of algebraic-integral
equations:
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) J i) 7 o v
W(x,t,z)e @) = [_I%/Z ¢ Y (x 1 8 G

+ *
1 = 2=¢
1 [ e Q&L (x,1,0)p" (L)
L e, 2.19
ey o) 4 (2.19a)
J iQ(x,1,¢ : i
lj/(x, , Z)eig(x,t,z) _| 1 N et (xt.(_/)lp(X, t, gj)CJ
iq/z j=1 i 4
1 0 iQ(x,1,L)
e v(x1.0p@) ‘. (2.19b)

"), -G-0)

Finally, once the eigenfunctions are known, the potential (i.e., the solution g(x,¢) to (1.1)) can be
recovered from the large-z asymptotic behaviour of the eigenfunctions.

3. Completeness of squared eigenfunctions for general potentials

The main purpose of this section is to prove completeness of the squared eigenfunctions for general
potentials. We first show how to calculate variations of the scattering data in terms of a variation of the
potential, and vice versa, which in turn will yield the adjoint squared eigenfunctions and the squared
eigenfunctions. Then, we use the variations to prove the completeness result. The methodology follows
[54], while also accounting for the nonzero boundary conditions. Throughout this section, we suppress
explicit dependence on .

3.1. Variation in the scattering data from a variation in the potential

Since the eigenfunction ® defined in (2.4a) satisfies (2.2a), a variation 6® in the eigenfunction
corresponding to a variation 6Q in the potential must satisfy

0D, = —iko36P + Q6D + (6Q)D, lim 6@ =0. 3.1
One can check that the solution of (3.1) is given by
X
50(.2) =0(x.2) [ 07 (2260000 2)dy. (32)

Taking the limit as x — +co, we have ® = ¢S — E,e 938 5o that (3.2) becomes

550 = [ W0.0500) 0. (33)
If we write the eigenfunctions as
- $1 $ - Y1 Y
D= = 1, Y= =" , 34
[¢ ¢] [ff’z ¢2l [lﬁ lﬁ] [lﬁz lﬂzl G4

then their inverses are

1

¥(2)

L1

= — (; =
y(2)

o ~$ b

(52 _(51:| , \P—l — 1

1) —1111]’ 3.5)

where we recall that y(z) = det® =det¥? =1 — q%/z2 (cf (2.6)).
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With these definitions, (3.3) gives entrywise:

1 w 1 ©
da(z) = el /_m U (y,200()¢(y, 2)dy, 6b(z) = el /_m U (,200()¢(y, 2)dy, (3.6a)

sa(2) = % / 09800060 )y, S(2) = % / 095000000 G

The variations in the reflection coefficients defined by p = b/a and p = b/a (cf. (2.14)) are found to be

op(z) = / 6(y,2)00(») (v, 2)dy, (3.7a)

7()()2

5p(2) = / 6(1 2600 By, 2)dy. (3.7b)

7()()2

where (3.6) as well as ¢ = alz — by and $ =ay — EJ have been used. If we define the inner product.

(.5) = / FO) () dy, (3.8)

then (3.7) can be written as

1 oq o 1 _ | og
opla) = (z)a(z)2<l > P = Dar <X’ [&J*D’ G

where the so-called adjoint squared eigenfunctions are defined as:

~¢a(x,2)? _ $a(x,2)?
x(x,2) I 61062 l , x(x,2) [_(m (x,z)zl . (3.10)
[Note that it is customary to define the inner product as in (3.8), without explicit complex conjugation,
with the implication that the left argument is a member of an appropriate dual space. The adjoint M4
of an operator M is defined such that (M4f, g) = (f, Mg).]

The analyticity properties of the Jost eigenfunctions in Section 2 imply that y(x,z) is analytic for
Imz > 0, and y(x, z) is analytic for Im z < 0. Note also that on account of the symmetries (2.9)-(2.10),
we have that the two equations in (3.9) are equivalent.

Remark 1. Since y(+gg) = 0, two possible scenarios can occur: (i) If the unperturbed reflection coef-
ficient is nonzero, then a(z) has simple poles at z = +¢g, so we have §p(+¢qp) = 0 and the property
lo(£q0)| = 1 is preserved. For the present discussion, we assume this to be the case. (ii) If the unper-
turbed reflection coefficient is zero, then a(+qy) is finite, meaning that § p becomes singular as 7 — +¢qy.
Notably, this happens in the case of pure solitons, to be discussed later. The implication is that for
infinitesimally small variations in the potential g, the resulting variation in the reflection coefficient
op is finite. This causes the generation of a radiation shelf, a phenomenon that is also observed in the
perturbation theory associated with the KdV equation, due to a similar singularity that occurs as the
spectral parameter approaches zero (see, e.g., [24, 27]).
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3.2. Variation in the potential from a variation in the scattering data

In matrix form, the relations between the Jost eigenfunctions given in (2.13) can be expressed as

~ 1 e—ZiQ(x,Z)ﬁ(Z)
i = uG, G=| aws . i Z€R, (3.11a)
e p(2) p(2)p(2)
=[R2 2 e Dy (x, Z)] . = ey (x,z) e —¢,(x’ 2 , (3.11b)
a(z) a(z)

which is an RHP across the real z-axis. To start with, we assume that a(z) and a(z) have no zeros, i.e., u
and /i are analytic functions of z in the upper and lower half planes, respectively. A variation of (3.11)

reads:
Sii=(6) G+uoG,  6G= _eziszu,?)(; . e_zfg(x’z_)‘sf @ 3.12)
p(z)  —p(2)6p(2) - p(2)6p(2)
If we write G = u‘l [, and introduce the definitions
v=(pp. =0, = -u(6G)i~", (3.13)
then we have the RHP:
yv—v=F. (3.14)
After simplification, F is given by
F= 6PO(Z) _‘5€ @] g1 (3.15)

Using the large-z asymptotic behaviour of the Jost eigenfunctions (which can be found, for example, in
[46]) in their respective half-planes, we have that

O(1/z) —idq/z 2| — oo (3.16)
isg* [z O(1/2)| ' '

Since v, v — 0 as |z| — oo, the solution on (3.14) can be written down in terms of Cauchy projectors
as

1 [ F(x0) _Fx9
vnd) = g [ e v = 5o / ot e

Comparing the large-z asymptotic behaviour of (3.17) with (3.16) it can be deduced that

1 |
[ ;j((’;))l =57 | =i 0o+ oo ac, (3.18)
where the squared eigenfunctions are defined as:
n(x Z) — WI(X7Z)2 ﬁ(x Z) — lﬁl()@Z)z . (319)
’ Ua(x,2)?| ’ U2 (x,2)?
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Again, the analyticity properties of the Jost eigenfunctions in Section 2 imply that (x, z) is analytic for
Imz > 0, and 77(x, z) is analytic for Imz < 0. Moreover, due to the symmetries (2.11) and (2.12), the
squared eigenfunctions and reflection coefficients satisfy

2
7(x,2) = —Z e n(x, q5/2),  6p(2) = —e?op(g5/2) (3.20)

which allows one to combine the two terms in (3.18) into one by making a change of variables ¢’ = q(z) /<
in the second integral:

Sgx) | _ 1 ™ 1 _ D), _rre
[5‘1*(3“)]_2”/ (g)”(x 4)6p(4“)(1 42) dc zﬂ[oon(x,é’)ép(g’)dg’. (3.21)

This reduction is in contrast to the case of zero boundary conditions, where both squared eigenfunctions
need to be retained since there is no symmetry analogous to (3.20).

3.3. Completeness relation for general potentials

As shown in the last section, a variation in the potential induced by a variation in the reflection coef-
ficient can be expressed in terms of the squared eigenfunction 77(x, z) defined in (3.19) via Eq. (3.21).
Conversely, a variation in the reflection coefficient induced by a variation in the potential is expressed
in terms of the adjoint squared eigenfunction y (x, z) in (3.10) via (3.9). Inserting (3.21) into (3.9), we
have

Sp(z) = x(2),1(2))6p(Q)d¢, (3.22)

2m’(Z)a(Z)z / <

from which we obtain the inner product between the squared eigenfunction 7 and its adjoint y:

(x(2),1(0)) = 2ny(2)a(z)*6 (z - £). (3.23)

On the other hand, substituting (3.9) into (3.21) and using the definition of the inner product (3.8) gives

6q(x) // 4019400 | 4 304
[&1 <x)l o B X0 | G2

which leads to the closure/completeness relation:
/ D (§)2n< Ox (0, 07dE =278 (x = ). (3.25)

Recall that both (3.23) and (3.25) have been derived under the assumption that a(z) has no zeros and
that the unperturbed reflection coefficient p(z) is nonzero. If this is the case, the integrand has no poles,
the set {n(x,z) : z € R} is complete, and (3.25) is the closure relation. Generically, a(z) has a finite
number of simple zeros {z = ¢;, Im{; > 0}]1:1 that lie on the circle |z| = go. Furthermore, in any
reflectionless case, poles at z = +¢g( coming from the fact that y(+gp) = 0 also must be accounted
for. Therefore, a more general closure relation is required. The general closure relation can be obtained
by simply replacing the integral in (3.25) with one taken over a contour in the upper-half z-plane from
—co + i0 to 400 + i0 that passes above the circle |z| = go. Moreover, when discrete eigenvalues are
present (i.e., when a(z) has zeros) the orthogonality of the continuous eigenfunctions as given in (3.23)
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still holds for z, { € R, and will be supplemented with additional orthogonality relations between the
discrete squared eigenfunctions that arise due to the residues at the complex zeros of a(z).
The most compact form of the general closure relation is:

1
s (L Ox (1. 0 dd =278 (x = y)I, (3.26)
/r y($a(d)?
where I' is a contour from —oo + i0 to +co + {0 that passes above the circle of radius g in the
upper half plane. A justification of the generalisation of (3.25) to the contour integral (3.26) is pro-
vided in Appendix A. Explicitly accounting for the residue contributions from the poles at the discrete
eigenvalues ¢; (given in Appendix A), the closure relation can be written as

2ﬂ6(x—y)1=/Cmﬂ()ﬂf))((y’fydé’

J

1
—ZNiZW OO+ L Hx )|, 327)
j=1 J J

where C is a contour along the real axis indented in the upper-half plane to avoid +go, and we have
defined

y(&a” (&) =¥ ()a' (&)
y(&)a' (&)

O(x, &) =x"(x, &) + x(x,4). (3.28)

As before, prime denotes differentiation with respect to z. Note that in the case of zero boundary
conditions, the closure relation contains two continuous and four discrete squared eigenfunctions. In
the present case, the number of independent eigenfunctions is halved by accounting for the symmetry
20 gz

Finally, we can account for the possibility of simple poles on the real axis at z = +¢qo (which are due
to y(%qo) = 0, and are present whenever a(+q) is finite, which occurs for reflectionless potentials) by
replacing the integral over C with a principal value integral over the real axis, while accounting for the
residues

N x(h )"
=xq0  y(z)a(z)? ¥’ (£q0)a(+qo)

S1(x, 2q0) x (3, £40), (3.29)

with a factor of mi. Again, we stress that (3.29) is only nonzero in the reflectionless case, for which
a(%qp) is finite. In the case of nonzero reflection, where a(z) has poles at +¢q (see Section 2), the earlier
form of the closure relation (3.27) (with integral taken over the real axis rather than C) is sufficient. With
these residues incorporated, the full closure relation is:

2m6(x =)l = ]_[ y(g)a(z)ﬂ(x’ Ox(y.0)'de —ni E mn(& +q0) x (¥, +q0)"
’ m
1
B 2’”2 y(&)a' (£)? [n(x, 5O )"+ (x HHx ()| (3.30)
; LAY

J=1

Here and throughout the paper, ][ denotes the Cauchy principal value integral. It is worth noting at this
point that while several previous works (including [10, 39]) derived essentially equivalent completeness
relations, the half residues due to the poles at +go were not explicitly accounted for. The inclusion of
these contributions plays an important role in the perturbation theory, on which we will elaborate in
Section 6.
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4. Linearisation operator and completeness relation for a single soliton

In this section, we discuss the linearisation operator of the NLS equation with nonzero boundary con-
ditions and its relation to the squared eigenfunctions, and we derive the explicit expression of the
completeness relation for a 1-soliton solution.

4.1. The linearisation operator

Upon directly taking a variation of the NLS equation (1.1), we get
i0q;(x,1) + g (x, 1) — 2(2|gq(x, l‘)|2 - qé)&q(x, t) —2q(x, t)zéq* (x,7) =0. “.1)

Combining (4.1) with its complex conjugate, a variation in the potential should satisfy

P AN Y 4.2)
6q" (x,1)
where the linearisation operator is
. _ 22 _ 2
£ = |10+ 0 - 2Clg 0P =) (0 (4.3)
2q (X, l) i0; _axx+2(2|q(x7 t)| —CIO)

Inserting (3.21) into (4.2) shows that the squared eigenfunction 7 is an eigenfunction of the linearisation
operator with zero eigenvalue, namely

Ln(x,t,z) =0. 4.4
Moreover, the formal adjoint of L is
oh = |70+ 0 = 2Qla P —qp) 2¢* (x,1) ’ 45)
~2q(x,1)? —id; = B +2(2lq(x, 1) > ~ ¢)
and from
(@), £n(0)) = (L x(2),n()) =0, (4.6)

we deduce that the adjoint squared eigenfunction y satisfies
LAy (x,1,2) = 0. 4.7
Apart from an arbitrary phase, the exact single dark soliton solution of (1.1) is
q(x,t) = u(¢) = k; +iAj tanh &, &= A (x+2kit —xy), 4.8)
where {1 = ky +iA; = qoei(’. Thus, when performing a linearisation around the 1-soliton solution, it
proves convenient to express the linearisation operator and its adjoint in terms of the travelling coor-

dinate ¢ rather than x (while allowing for potential explicit dependence on ¢). In this case, we have
6[ e (9; + 2A1k16§, 8x e Alaé: and
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L=id+L, LA = —id, + LA, (4.9)
where
= A%@é +2iAk10g = 2(2|u(é)* - q(z) —2u(é)? (4.10a)
2u* ()2 —Afag +2iAk10g +2Q2u(é) > - g3) |’
a_ |02 - 2iNikde - 220 - g)) 2u(g)” . (4.10b)
—2u(&)? —A%ﬁé = 2iA1k10g +2(2lu(€))* - ¢

In the single soliton case, the squared eigenfunctions can be computed explicitly by solving the linear
system (2.19) for the Jost eigenfunctions ¢ (x,t,z) and ¢ (x,t,z) with J = 1, p(z) = 0, and discrete
eigenvalue and norming constant given by:

& =k +iAg, Cy = =2A M, 4.11)
and ¢(x, t,z) can be recovered from the above via:

o(x,t,2) = a(2)y(x,t,2), 4.12)

(cf. (2.13) with p(z) = 0) as well as the explicit expression for a(z) in the 1-soliton case, namely:
a(z) = —=. 4.13)
7—

Eqgs. (3.19) and (3.10) then give the following explicit expression for the squared eigenfunctions:

_ |ligrz™ (2= ¢7) + Aye € sechg]?| 900 Al4
n ) = [ [(Z—{f)—iAle_‘f sech £]? (Z—Kf)z’ (+142)
~lig-z"' (2 = 1) = Are™€ sech ]| e 22000
- ) 4.14b
xen) l (- ¢ +ikie € sechel? | G- L)) (130

A detailed derivation of the I-soliton Jost eigenfunctions from the linear system is provided in
Appendix B. In the travelling reference frame, we can define the corresponding time-independent
squared eigenfunctions

Z(&,2) = n(x, 1, 7)e WAk (7 o2 (4.15a)

Y(£,2) = x(x,1,z)et AR (7 g2 (4.15b)

where the z-dependent denominators have been removed to simplify later calculations, and k£ = k(z)
and A = A(z) are as defined in (2.3). Straightforward calculations yield the explicit forms:

_ | ligez™"(z = £}) + Aje¢ sech &]? 248 ¢
e I [(c=&)) ikre € seche? |© (16w
Yo = | la-s @ - A seché?| -ae e (4.16b)
, [(z=&1) +iAje ¢ sech&]? ’ ’

Downloaded from https://www.cambridge.org/core. 28 Apr 2026 at 19:19:41, subject to the Cambridge Core terms of use.


https://www.cambridge.org/core

Journal of Nonlinear Waves 15

From (3.23), the inner product between the new eigenfunctions is given by:

(Y(2),2(0) = Ail /_ Y&, )" 2, 0de’ =2ny (DN~ &Itz - 0). (4.17)

Note that the division by A; is necessary because, here and throughout the paper, the inner product is
taken with respect to x and not £. Substituting (4.15a) into (4.4) and (4.15b) into (4.7) with (4.9) in
mind, we find that Z and Y are eigenfunctions of L and L4, respectively:

LZ(&,2) =44k — k1) Z(&,2), LAY (£,2) = 4A(k — k1) Y (£, 2). (4.18)

The discrete eigenfunctions associated with the soliton eigenvalue {; can be obtained by directly
evaluating (4.16) at z = {1, from which we get

Z1(&):=2(&,40) = A% —lll sech? &, Y (&) =Y(0) = —A% i sech? &. 4.19)
Furthermore, setting z = £ in (4.18) shows that
LZi(¢) =L"Y,(¢) = 0. (4.20)

Differentiating (4.16) with respect to z, the generalised discrete eigenfunctions are found to be

Z{(&) = 0. 2(€,2) |y, = —2iA{

242
qogi l e ¥ seché —ki ;! [_11] £sech® &}, (4.21a)

Y[(€) = 0.Y(6,2)],—g, = 2iA1{

2 -2
qoil l o sech¢ +ky 41—1 [1] fsechz £}, (4.21b)

and differentiating (4.18) shows that they satisfy
LZ{(£) = -4AT ' 20(6). LAY = —4ATT (). (4.22)

It is worth noting that the identification of the discrete modes Z; and Z{ explicitly resolves the algebraic
multiplicity of the zero eigenvalue of the linearised operator L. The eigenfunction Z; corresponds to
the Goldstone mode from translational invariance, while the generalised eigenfunction Z| corresponds
to the mode from scaling invariance (see, e.g., [7]), confirming that the zero eigenvalue is indeed of
algebraic multiplicity two.

4.2. 1-soliton completeness relation

Here we specialise the completeness relation to the 1-soliton case. Returning to the generic completeness
relation (3.26) and substituting (4.15) as well as (4.13) for a(z), we have

1
————— Z(E Y (¢, ) d¢ = 278(¢ - €)1 423
J @ one o =2 423)
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After calculating the residue due to £, the completeness relation can be written as

216(& — &N = / ;Z(& OY(E g

YOI 4iF
- [E@= e Zemey @24

where, as before, C is indented in the upper half plane to avoid +qg, and we have defined the new
generalised eigenfunction

E1(§) = Y{(§) + 2ik, AN (4.25)

One can verify directly that (£ (£), Z{(£)) = 0. Now, we account for the residues at the branch points.
Setting z = +qq in (4.18) and noting that A(£¢gg) = 0 shows that

LZF (&) =L"YG(&) =0,  Z5(&) = Z(£,%q0), Y5 (£) = Y (£, %q0). (4.26)

A straightforward calculation shows that the squared eigenfunctions evaluated at +¢g can be written in
terms of the dark soliton u(¢) as defined in (4.8) as well as the discrete eigenfunctions given in (4.19)
in the following way:

_((5)) SZ@E). YEE) =2k F q0) [”*(5)]41(5). 427)

Z5 (&) =2(k1 F q0) [ u(é)

Pulling out the residue contribution to the integral in (4.24) due to *qq, the 1-soliton completeness
relation can be written as:

26(& — &) = Z(&0Y(E OTde

o 1
]i, YOl -4
+ T
- mZ—ng(kl ] (EYEE)

+ I z@EE) + 2 ©NE) (4.28)
1

Although it may appear that the contributions from +qq generate additional discrete eigenfunctions, it
is actually the case that these contributions modify the discrete eigenfunctions already present in the
completeness relation. Indeed, using (4.27), we find that

_E ey = ] [ T
2 5ot 7 g 20 OTHE) 2A2{ M*@l ne
@)k

+ 218 u(&’) A23 1(EY1(€) } (4.29)

The last term in (4.29) can be combined with the Z; EIT term in (4.28). Specifically, we have

k
nd) LI n IZ]YT e

' T
4n3 7T T oAl 4A3 o *-30)
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which then gives the completeness relation in the form:

0

2mS(E - £)] = f Z(&0Y(E . OTdL

1
L YOI =1l

T
i [y ot sz [
222 || ie) 1€ + 21(8) u(f’)}
+ B z@nE) + ZenE). (431)
1

Finally, the remaining two terms in braces can be absorbed into the ZlY;T and Z] YlT terms. In
particular, if we define

~ 2iA
216 =2/ - 2=
IS

2iA,

‘“(‘f)l, Y(6) = Y| (&) - =L

u* (£) G | u(®)

”*(g)l , (4.32)

then the final expression for the 1-soliton closure relation is:

® 1
216(& — &N = ][ Z(EOY(E O ae

Y@= aF
+ B z@TE + AEnE]. (433
1

The new generalised eigenfunction Z, is a linear combination of the Goldstone modes from scal-
ing invariance and from phase invariance. Note that the discrete eigenfunctions satisfy the following
orthogonality conditions (which can either be read off from the closure relation or verified directly):

XL, 20)=(1,21)=0,  (X1,2Z1)=(Y1,21) =8A ¢ (4.34)

5. Perturbation theory
Consider the defocusing NLS equation with an additional small forcing perturbation:
iqi(x,1) + g (%, 1) = 2(lg(x, D = gg)q(x,1) = eF[q(x, 0], 0<e <1, (5.1

and introduce the slow time scale T = &t so that 9, — 9; + €dr.

Remark 2. An exact dark soliton solution of (5.1) with & = 0 has the asymptotic behaviour q(x, 1) —
qoe'?* as x — +oo with generic phases 6.. Following the technique of [1, 11], substituting this into
(5.1) in the limit x — +co while allowing go and .. to depend on T yields

1

gor =Im {e’i(’iF[qoei(’i]} , 0.7 =7F
40

Re {7 "% F[goe'%]} . (5.2)

If the perturbation is such that F[goe%] = F[go]e'%, then we have

qor = ImF[CIO], (AH)T = 09 (53)

where A8 = 6,—6_ is the asymptotic phase difference. The first formula in (5.3) can be used to determine
the evolution of the background amplitude of a perturbed dark soliton a priori. In the method outlined
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below, one instead determines the parameters k| and A; as in (4.8) and recovers the background through
qo = Jk? + A2, which necessarily will give the same result as (5.3).

When & = 0, the exact dark soliton solution satisfying the boundary conditions in (2.1) is g(x, ) =
u(¢) given by (4.8). Now, suppose that the soliton parameters depend on the slow time scale:

ki = ki(T), Ar=A(T),  x=xi(T). (54

In this case, we redefine the travelling coordinate ¢ as

&=N(T) (x+2/0'tk1 ds—xl(T)) . (5.5

Note that since the slow-time-dependent velocity must be integrated, it is actually the case that the
dependence of k; on an even slower time scale &% could contribute nontrivially to the soliton centre.
Thus, to ensure a correct prediction for the soliton centre, one would need to include another time
scale in the perturbation theory. This is discussed in the context of a specific example in Remark 3 of
Section 7.3, but is beyond the scope of this work.

Furthermore, to account for slow evolution of the overall phase, we introduce another parameter

o =o(7), a1(0) =0, (5.6)

and let
q(x.1) = &' [u(€) + £q(£.1)]. 5.7
where ¢ is the first-order correction and explicit dependence on T is omitted for brevity. We will later
show that the slowly evolving parameter o (T') corresponds to inevitable secular growth in the first-

order correction, which can be absorbed into the phase at least for small times. Substituting (5.7) into
(5.1) leads at O(¢) to the following equation:

(i0, + DA(E, 1) = W(£), A=

‘7], W= [ wlul l (5.82)
q

wlu] = e T F[ue't] — ie 71 dr (ue'r),
where the linearisation operator L is the same as in (4.10). Note that
e (ue') = kir — oir A tanh € + iAj7(tanh & + & sech® &) — ix;7 AT sech? £ +iorky.  (5.9)

Throughout, the subscript T denotes the partial derivative with respect to T = &f. According to the fully
reduced 1-soliton closure relation (4.33), we can expand A and W in terms of the complete set of squared
eigenfunctions { Z(¢, £), Z1(£), Z1(£) } with respective adjoint eigenfunctions {Y (&, £), Y1(£), Y1(£)}
as follows:

{1

We) = Ll (10200 + (W2 @) + 1 f YDW) 26 pac. (5.100)
1

21 Joeo YOG = 1]
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4 - SO 26 saom

A1) = 8_/\? [(Y1,A())Z1(&) + (Y1,A(0)) Z1(€)] + 7 YO =l

Substituting (5.10) into (5.8a) and equating coefficients of the discrete eigenfunctions gives
i0(Y1L,LA®t)y = (Y1, W), 0, (Y1, A1) — 4ATLT (Y1, A(D) = (Y1, W). (5.11)
To suppress secular growth in (5.11), we need to enforce the orthogonality conditions
(Y1, Wy =(X;,W) =0. (5.12)

The first orthogonality condition above yields the evolution of the soliton velocity explicitly in terms of
the perturbation:

1 e . .
kit = 3 Im/ Fosech® £ dé, Fo=e'""Flue']. (5.13)

o)

As we will show with several examples in Section 7, once the perturbation is specified, the second
orthogonality condition in (5.12) yields two separate conditions on the soliton parameters (one corre-
sponding to eliminating the divergent integrals). One of these conditions can be used to fully determine
the dependence of A; on the slow time 7', and the other relates the evolution of the soliton phase and
centre, o and xj.

Moreover, equating coefficients of the continuous eigenfunctions gives

i0,(Y(£), A1) +4A(k — k)Y (), A(1)) = (Y({), W). (5.14)

The solution of (5.14) with zero initial condition is

(X(AW) = e 1= k] 515
Using the above equation in (5.10b) yields for the first-order correction:
aen =5 OO o mzEod. (516
27 L Y OU -0 () — k)
Note that y(£) = 2£7'2(£), so this could be written as
aen=5-f T (@0, w3 ), (5.17)
27 LT - G SA0AK) — )

which, up to an inessential difference in the normalisation of the squared eigenfunctions, has the same
form as the one given in [10], with the important caveat that the integral has to be considered in the
principal value sense, due to the singularities at { = +¢go which arise from A({). We stress that due to
the fact that the integrand has poles at +qq, it is crucial for this integral to be considered in the principal
value sense in order for it to be well-defined. This also explains why one has to explicitly single out the
contributions at +¢( from the closure relation.

It is worth highlighting that the issue of the poles at +go was explicitly acknowledged in [39]. Our
present approach to account for these poles is to modify the adjoint discrete squared eigenfunctions
appropriately (i.e., enforce orthogonality with Y, rather than with Y ) such that the first-order correction
is reduced to a principal value integral. On the other hand, the approach of [39] was to enforce the
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additional orthogonality condition (Y, W) = 0. However, this condition is too strong. In fact, we will
later show that the inner product (Y§, W) is generically nonzero, a fact that is crucial to understanding
the generation of the shelf.

6. First-order correction, shelf, and evolution of the phase

As we will show in this section, the first-order correction can be effectively used to describe the shelf
that develops on each side of the soliton, which in fact results from the singularities of the scattering
data at the points +¢q, and to obtain estimates for the height and velocity of the shelf. Furthermore, the
asymptotic behaviour of the first-order correction provides the spatial phase gradient on each side of
the shelf, as well as a formula for the slow-time evolution of the core soliton phase, which in turn allows
one to determine the dependence of the soliton centre on the slow time 7.

Taking the first component of (5.17), on account of (5.7) and (5.8a) the first-order correction g is
given by:

s A(L)
21T1§d§.

N N R A RS Cra Y _ 2,1 ¢ 2
(e, 1) = ﬂ]{m 7= LF S0P — ) Y (), W) [1(4'1 —qol )+ Ae"“seché| e
6.1)

First, we study the first-order correction on the right side of the shelf, i.e., the asymptotic limit & — +co:

L[> ¢ 1= HOE) ke

"~ (), WY ¢y = 22!
! 27 Jooo 1 = 1) 8/1(4‘)2(]((()_1{1)< (O, WY (&1 —q5¢ )

- (L)
2 S, 6.2)

For large £, the ¢£-dependent exponential in (6.2) is rapidly oscillating, so the primary contributions
to the principal value integral come from neighbourhoods around the simple poles { = +gq (recall
A(xqp) = 0). It will be convenient to define

gt
167|0 — 4114 (k() — k1)

F() = (Y(£), W), (6.3)

and split the integral into two parts

0 1 _ pHAL) (K(L) =kt 2 01 = HAUL) (K(L) =kt .2

- 1-¢ 2,&5 1-¢ 24 &

+

q ~ ]'—(—90)][ e M d{"'}-(QO)J[ em M rdl. (64)
oo A({)? 0 A0)?

I I

After simplification, including using (4.27), we have

iae'?

167 (k1 ¥ qo)’

<[”l ,W> = ia, acR. (6.6)
u

Note that due to the form of W, the inner product in (6.6) is purely imaginary regardless of the choice
of perturbation. The integrals I, in (6.4) are computed explicitly through lengthy but straightforward
calculations detailed in Appendix C. This calculation also naturally reveals the right boundary of the

F(xqo) =+ (6.5)

where « is defined by
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shelf to be & ~ 2A1(k; + go)t. In particular, putting everything together into (6.4), we find that g* ~ 0
for & > 2A; (k1 + qo)t, and inside the shelf region 1 < & <« 2A (k1 + go)t we have

. wel? . wel® ‘. wel®
~ 2
1 8qo(ki +qo)  4A1(ky +qo) 2

it 6.7

This suggests that there is inevitable growth in ¢ and ¢ in the first-order correction resulting from the
singularities at +gg. Now, according to our original ansatz (5.7), the full approximate solution in the
right shelf region should be expressed as

gt~ e [qoew +&qt|. (6.8)
Substituting the expression for g*, (6.8) is equivalent up to O(&) to

a

e — 6.9
SSQO(kl +40) 63)

q+ ~ 619+10'1 [6]0+

[1+ d eé + ¢ t}
— L& —I1E .
4goAi (k1 +q0) 7 2qo

We can account for the terms that grow with 7' = &f and €£ by moving them into the exponent, i.e., by
approximating the above as

g~

exp {i@ T S — iist} : (6.10)

[0 .
—_ ist +
[610 8qo(k1 + qo) 4qoAi (k1 + qo) ¢ 2q9

The purpose of the introduction of the 7-dependent phase parameter o7 is now evident. Namely, we
can choose the slow-time evolution of the soliton phase to be

oI = -, 6.11)
2q0

such that the secular growth in time resulting from the inevitable time dependence of the first-order
correction integral is suppressed. Therefore, we construct the full approximate solution in the right
shelf region as

g+ ~ (qo+eh*)e+e¥", (6.12)

where the height of the shelf and the spatial phase gradient are, respectively, given by

_ a
8qo(ki +qo)’

a
4goA1 (ki +qo)

+

<pg = (6.13)
We later empirically demonstrate for several examples that this approximation of the spatial and tempo-
ral growth of the first-order correction as a complex exponential does accurately reflect the dynamics, at
least for a moderate time interval. That said, we hypothesise that the breakdown of this approximation
could be a reason why our predictions for the soliton phase, which coincide with the ones in [1], do not
necessarily retain their validity up to O(1/g), as we will discuss in more details in Section 7 and in the
conclusions.

Note that (6.11) serves as a generic formula for the evolution of the soliton phase parameter, which
depends (through «, see (6.6)) on the form of the perturbation. Recall that the orthogonality condi-
tions from Section 5 provide three differential equations for four parameters. When supplemented with
this formula, the soliton parameters are completely determined. Also, observe from the above that the
formation of the shelf is directly connected to the evolution of . Namely, if for a given perturbation
we have @ = 0, then no shelf develops and o7 is constant (see, e.g., the self-steepening perturbation
discussed in Section 7.4).
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Repeating these calculations on the left side of the shelf, i.e., in the asymptotic limit £ — —oo, we
find that the left boundary of the shelf is & ~ 2A (k| — go)t, with g~ ~ 0 for & < 2A;(k; — qo)t, and in
the left shelf region 2A; (k] — go)t < & < —1:

a,e—tﬂ 0/6_“9 Cle_lg

~ = + £+
8a0tks —q0) T WM —q0) S T 2

it. (6.14)

Similarly, we construct the full approximate solution in the shelf region as
4~ ~ (qo+eh7)e " ee, (6.15)

where

a a
h"=—-— = (6.16)
8q0(k1 — qo) e 4qoAi (k1 — qo)

From these formulae, it can be seen that, regardless of the perturbation, we have
A190fc = +2hF, (6.17)

which is in agreement with the results in [1].

7. Applications

In this section, we apply our results to the perturbed NLS equation (5.1) with various small forc-
ing perturbations: linear damping, nonlinear damping (also referred to as two-photon absorption, or
TPA, in nonlinear optics, which is the terminology used in [1]), dissipation and self-steepening. All
the results are corroborated by direct numerical simulations, and compared with the results of the
direct perturbation theory, and with the earlier works using perturbation theory based on the squared
eigenfunctions.

Throughout the following subsections, we compare our predictions with numerical simulations of
the perturbed defocusing NLS equation on a nonzero background. The numerical computations were
performed using the method proposed by Kassam and Trefethen in [28], which is a modification of
the fourth-order exponential time differencing (ETDRK4) method (see also [12, 49]) that employs con-
tour integration to avoid numerical instabilities characteristic of stiff PDEs. The spatial discretisation
is done using a Fourier integral representation. As such, the (non-decaying) initial condition must be
multiplied by a rapidly decaying bump function to justify the use of the Fourier basis. To ensure that
any disturbances resulting from this truncation remain sufficiently far from the dark soliton, we use a
large computational domain with the length scale of the bump function being orders of magnitude larger
than the length scale of the perturbed dark soliton and its shelf. For a typical run, the width of the bump
function was taken to be on the order of 10*. The time step and grid spacing were both taken to be
~ 1072

7.1. Linear damping
Consider Eq. (5.1) with a linear damping perturbation:
Fo = —iu = —ik; + Aj tanh &. 7.1
In this case, (5.13) implies that
kit = —kj. (7.2)
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We now demonstrate that two distinct constraints on the soliton parameters arise from the second
orthogonality condition. To this end, a straightforward calculation shows that

4 © ; : k
O, W) = —% / { [Im(e ™ Fp) — Re(e 9 D)] e sech + —- [Im(F) — Re(D)] £ sechzf}df,
61 —00 q0
(7.3)
where D = =719 (ue!“"), which is given explicitly in (5.9). Note that
Re(D) = kir — ojp7/Aj tanh &, (7.4a)

. 1
Re(e™ D) = “ (lqle — oAk (tanh & — 1) + AjAj7(tanh € + € sech? £) — x;7A sech? g),
0

(7.4b)
where we have used cos 8 = k;/qo and sin 8 = A;/qop, and in the linear damping case we have
-i0 Lo o
Im(Fo) = -k, Im(e"*Fp) = ——(kl + A2 tanhg). (7.4¢)
q0
Substituting (7.4) into (7.1) and computing all convergent integrals gives
(Y’,W):4A1§1_1 {(A]T+A1)/ et tanh & sech & d¢€ + o7k +A17—2xer%}. (7.5)
The integral that remains is divergent. Next, we find
* T 2i “ 2 *
(" Wy === |l +Re(u'D)}dz. (7.6)
1 J-
with
|u|* = k? + A? tanh? ¢, (7.7a)
Re(u’D) = kikir + Aj A7 tanh &(tanh & + & sech? €) — x17A] tanh & sech? . (7.7b)
Substituting these and computing all convergent integrals gives
((u*, M)T, W> =-2i {(A]T + A]) / tanh2§d§ + A]T} . (7.8)

Again, the remaining integral is divergent. To eliminate the divergence from both inner products above,
it suffices to enforce:

A = =Ay. (7.9)
With A now fully determined, (7.5) and (7.8) reduce to

(Y1, W) = 4A1L7 (oirkn = Ar = 2x7A), (7.10a)
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()", W) = 2iA,. (7.10b)

We note that the same linear damping perturbation was studied in [10]. In that work, there were two
important differences in the approach compared to ours: (i) the possibility of slow evolution of the phase
independent of the other soliton parameters, which we account for with o7, was not considered; (ii) the
discrete squared eigenfunctions were not properly modified to account for the contributions from +qo,
that is, the orthogonality condition being enforced was (Y, W) = 0. For these reasons, the conclusion in
[10] is that the evolution of the soliton centre is given by x;7 = —1/2A. This prediction is not consistent
with physical intuition (or numerical simulations), as it is independent of the direction that the soliton is
travelling. Putting (7.10a) and (7.10b) together as in (4.32), we find the proper orthogonality condition
to be

(Y1, W) = 4Aig7 (ourky = 2arA]) =0, (7.11)
which provides another condition on the soliton parameters, namely,
okt = 2x17AL (7.12)

Finally, upon supplementing this condition with the formula for o7 obtained in (6.11), all four soliton
parameters are uniquely determined. In particular, using (7.10b), we find

A
o = ——L. (7.13)
q0
The corresponding evolution of the soliton centre is
kq
X117 = — . (714)
2q0/\

Solving for the explicit time evolution of all soliton parameters:

qo(T) = qo(0)e™ ", ki(T) =k (0)e™",  A(T) = A1(0)e 7, (7.15a)
_ _A] (0) _ ki (O) _ T
o (T) = 200 T +01(0), xi1(T) = T OAO) (1—eT) +x1(0). (7.15b)

All of these formulae agree exactly with those found using a different method in [1], after the appropriate
notational changes, with the exception of the soliton centre, which was determined in [1] by employ-
ing information from O (&?). Figure 1 shows a comparison of the modulus and phase of the predicted
solution with a numerical simulation for £ = 0.02 with snapshots taken at moderate times.

Note that here and in all subsequent examples, since the background evolves on the slow time
scale, for the sake of comparison, we numerically solve the version of the NLS equation without the
background factored out (i.e., (1.1) without the q% term) and express the approximate solution as

Downloaded from https://www.cambridge.org/core. 28 Apr 2026 at 19:19:41, subject to the Cambridge Core terms of use.


https://www.cambridge.org/core

Journal of Nonlinear Waves 25

T T T T T T T T
_________ Numerics
1 — — Prediction

051

J— S or
> 2p
—_— <
-0.5
At
Numerics
0alt =10 — — Prediction | | ALt = ) L0 T .
5 6 7 8 9 10 1" 12 5 6 7 8 9 10 11 12
X X
Numerics
— — Prediction
)

04

Numerics |

t =20 — = Prediction t=20 N

12 13 14 15 16 17 18 19 20 21 12 13 14 15 16 17 18 19 20 21

Figure 1. Top Row: Comparison of the modulus (left) and phase (right) of the predicted (dashed red)
and numerical (solid black) solutions for a dark soliton under the influence of the linear damping per-
turbation F[q] = —ig with € = 0.02 at time t = 10. The initial soliton parameters are qo(0) = 2,
k1 (0) = =1/2, x1(0) = 01(0) = 0. Bottom Row: The same at t = 20, in which a slight deviation in our
prediction for the phase from the numerics is already visible.

t -
q(x,1) = {k] (T) +iA; (T) tanh [Al(T) (x+2/ ki ds —xl(T))]}ei‘T‘(T)_Zif() B ds (7.16)
0

Figure 2 shows our predicted evolution of the soliton centre and phase with ¢, compared to numerical
measurements of the corresponding quantities.

From this figure it is clear that, as mentioned in the introduction, the predictions for the centre and
phase begin to deviate from the numerics before 1 = O(1/&). We postulate that this breakdown in the
approximation could be due to the secular growth in the first-order correction integral, and that one
would likely be required to compute the (&%) term in the expansion to extend the time interval of
validity. Note that the prediction for the soliton centre presented in [1], which is given in terms of a
second-order differential equation found using information at O(e?), does remain accurate for longer
time intervals (though the same discrepancy in the phase is present in that work). It is worth noting
that in Figure 2, and in some subsequent figures, one can perceive a slight staggering of the points
corresponding to the numerical measurements of the centre and phase. This is due to the fact that the
centre could lie between two grid points (the spacing of which was constrained in practice due to the
necessity for a very large computational domain), and is not an error in the simulation itself. The error
is on the order of the grid spacing, and does not affect the overall trend.
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Figure 2. The predicted evolution of the parameters o (left) and x| (right) with time (dashed red), com-
pared with numerical measurements (dotted black). The parameters are the same as in Figure 1. Note
that both predictions are accurate for a moderate time interval, but start to deviate as time increases.
The blue dashed line in the right panel shows the prediction of the method of [1] for the soliton centre,
which is seen to be more accurate for long time. A similar deviation in the prediction for the soliton
phase for larger times can be seen in Fig. 7 in [1].

Lastly, the predicted height and phase gradient of the shelf in the linear damping case are given by

N Aq 1

S B o (7.17)
4qo(k1 + qo) i 2q0(k1 % qo)

From these formulae, it can be seen that since |k;| < gg the shelf is raised on both sides of the soliton, and
the phase gradient is positive on the right side and negative on the left side of the soliton. In Figure 3, we
show a space-time plot from which the development of the shelf around the soliton and its propagation
can be seen. Figure 4 shows a snapshot of the shelf region, along with the predictions for the height and
phase gradient.

7.2. Nonlinear damping
Consider Eq. (5.1) with a nonlinear damping perturbation
Fo = —ilul*u = (g} — A} sech? £)(~ik; + Aj tanh &). (7.18)

In this case, (5.13) implies that

2,5 1
kit = - (gk]z + 5qyg) ky. (7.19)

Following similar steps as in Section 7.1, we substitute
; 1
Im(e™"?Fy) = —— (g% — AT sech? £) (k7 + A} tanh §), (7.20)
q0

into (7.1), and after simplification we find

4A 2 °° 2
<Y/, W> = 4—11{ (Alq% + g/\lk% + AIT) / ef tanh.f sech§d§ + AlT - §A1qé + 0'1Tk1 - 2X1TA%}.

(7.21)
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* Numerics
— — Prediction

lql

Figure 3. A space-time plot showing the development of a raised shelf around the soliton under linear
damping. The blue dashed lines denote the boundaries of the shelf region, and the red dashed line
corresponds to the predicted path of the soliton core, accounting for the slow evolution of the velocity.
For visualisation purposes, the evolution of the background has been artificially removed. In the right
panel, a comparison of the predicted decrease in the background qq (top) and trough amplitude |k |
(bottom) with numerical measurements is shown up tot = 1/e = 50. The initial parameters are the
same as in Figure 1.

1.645

1.64 1

lq|

1.635 [

1.63 -

1.625

Figure 4. The modulus (left) and phase (right) of a numerical simulation of a dark soliton under the
influence of the linear damping perturbation F[q] = —ig with € = 0.02 at t = 10. The blue dashed lines
denote the predicted boundaries of the shelf region. The red (resp., green) dashed lines represent the
predictions for the shelf height and phase gradient on the right (resp., on the left) of the soliton. The
initial parameters are the same as in Figure 1.

Furthermore, one can verify that

(o]

. 2
((u*, M)T, W) = =2i {(Alq(z) + §A1k12 + AIT) /

— 00

4
1d¢ — 4g5A, + 5/\? - AIT} ) (7.22)
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To eliminate the divergence in both (7.21) and (7.22), set

2
Air = — (gkf + qg) A (7.23)

Note that combining the evolution of k; and A, we get the evolution of the background
qor = ~4p- (7.24)

With A determined, (7.21) and (7.22) become

(Y, W) = ‘%{— (%k% + gqg) A1+ oirky = 2xi7A%Y, (7.25a)
(', u)", Wy =2i (%k% + gqg) Ar. (7.25b)

Combining, we find
(Y1, W) =4\ 7 o7k = 2x17A7), (7.26)

which is the same as in the previous example. So, we must again enforce the condition
okt = 2x17AL (7.27)
From (6.11), using (7.25b) we find the evolution of the phase to be

oir == (5"1 + 540) 2’ (7.28)

which in turn determines the evolution of the soliton centre to be

2 5
wr =36+ 34)

ki
201’

(7.29)

The evolution equations for the velocity, amplitude and phase coincide with the ones obtained from the
method of [1] (note that no prediction for the soliton centre is given in [1] for this example).

In this case, the system of nonlinear differential equations for the soliton parameters must be
solved numerically. Figure 5 shows snapshots of a comparison between our predictions (with the
evolution equations for the soliton parameters solved numerically and inserted into (7.16)) with a
simulation. Qualitatively, the nonlinear damping case resembles the linear damping case, with the
prediction for the phase showing a noticeable discrepancy from the numerics before r = O(1/¢).
While the prediction for the centre holds up reasonably well, a deviation does occur, illustrated in
Figure 6. Finally, Figure 7 shows a spacetime plot of the development of the shelf, and Figure 8
shows the shelf region and the predictions for the height and phase gradient, which in this case are
given by

h=t— (—k2+_ 2), A (—k2+— 2). 7.30)
dqo(ki +q0) \3 17 3% Y€~ 2qoki £ q0) (371 7370 (

Like in the linear damping case, the shelf is raised on both sides of the soliton.
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Figure 5. Top Row: Comparison of the modulus (left) and phase (right) of the predicted (dashed red)
and numerical (solid black) solutions for a dark soliton under the influence of the nonlinear damping
perturbation F(q] = —ilg|>q with & = 0.02 at time t = 5. The initial soliton parameters are qo(0) = 2,
k1(0) = =1/2, x1(0) = 01(0) = 0. Bottom Row: The same at t = 10, from which a deviation in the

phase can be seen.
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Figure 6. The predicted evolution of the parameters o (left) and x| (right) with time (dashed red), com-
pared with numerical measurements (dotted black). The initial parameters are the same as in Figure 5.

7.3. Dissipation

Consider Eq. (5.1) with a dissipative perturbation

Fo =iuy, = ZA? sech? &tanh €.

(7.31)
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Figure 7. A space-time plot showing the development of a raised shelf around the soliton under nonlin-
ear damping. The blue dashed lines denote the boundaries of the shelf region, and the red dashed line
corresponds to the predicted path of the soliton core, accounting for the slow evolution of the velocity.
For visualisation purposes, the evolution of the background has been artificially removed. In the right
panel, a comparison of the predicted decrease in the background qq (top) and trough amplitude |k |
(bottom) with numerical measurements is shown up tot = 1/e = 50. The initial parameters are the
same as in Figure 5.

lql
argq

Figure 8. The modulus (left) and phase (right) of a numerical simulation of a dark soliton under the
influence of the nonlinear damping perturbation F|[q] = —i|q|>q withe = 0.02 at t = 5. The blue dashed
lines denote the predicted boundaries of the shelf region. The red (resp., green) dashed lines represent
the predictions for the shelf height and phase gradient on the right (resp., on the left) of the soliton. The
initial parameters are the same as in Figure 5.

In this case, since F) is purely real, (5.13) implies that

kir = 0. (7.32)
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Returning to (7.1) and putting in the new expression for Fy gives

4 (o]
Y, W) = é'_ / {ZA?ef sech® £ tanh & + A A7 (ef tanh & sech & + £e? sech? &)
1

—00

—xi7Aje sech® & — oyrArky (tanh € — 1)e® sech& — kjorr A€ tanh € sech? g}dg. (7.33)

Computing the convergent integrals, this reduces to
. 4
(Y[, W) =4A ]! {AIT / e? tanh & sech & d¢ + 5/\3 + okl + A — 2x1TA%} ) (7.34)

Next, we find

00

—00

(*,uw)T, W) = =2i {An/ tanh? & dé + %‘A? +AIT}. (7.35)

The only way to remove the divergence from both (7.34) and (7.35) is to set

A7 =0. (7.36)
With this, we have
, REEN 2
<Y . W> = 4/\1{1 §A1 + O'ITkl - 2)61TA1 , (737&)
* T 8 <A 3

((u*,u)",W) = _§’A1~ (7.37b)

Putting these together, we find
(X1, W) = 4A1 47 (onrks = 2x7A7), (7.38)

which leads to the same condition on the centre and phase that was found in both the previous examples,

oirky = 2x17AL. (7.39)
Substituting (7.37b) into (6.11) gives
4A?
or=—o, (7.40)
3q0

Xir=—F7—"_ (7.41)
3q0
Solving explicitly for all soliton parameters:
q0(T) = q0(0), ki(T) =k (0), A(T) = A(0), (7.42a)
4A1(0)° 271 (0)k1(0)
T) = T 0), T=—7—""-—"T 0). 7.42b
oi(T) 320(0) +01(0), x1(7) 340(0) +x1(0) ( )
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Numerics
= = Prediction

lq|

Numerics | |

061 / - = Prediction| | | T/ === - - -
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lq|

t :‘20 ‘ ‘ ‘ ‘— - Pvedlct:on

0.4

18.5 19 19.5 20 205 21 18.5 19 19.5 20 205 21

X X

Figure 9. Top Row: Comparison of the modulus (left) and phase (right) of the predicted (dashed red)
and numerical (solid black) solutions for a dark soliton under the influence of the dissipative per-
turbation F[q] = iq. with € = 0.02 at time t = 10. The initial soliton parameters are qo(0) = 2,
k1 (0) = —1/2, x1(0) = 01(0) = 0. Bottom Row: The same at t = 20, from which it can be seen that our
prediction for the soliton centre deviates by an amount consistent with a comparison with [1], which
suggests that the next correction to the centre would be quadratic in T. Note that the shift in the phase
in the bottom right panel is due to the shift in the centre; aside from this, the phase prediction remains
accurate, as can be seen from the left panel in Fig. 10.

Figure 9 shows a comparison of our prediction with a numerical simulation. Note that in this case,
the discrepancy in the soliton centre at larger times is serious. This is due to the fact that since the
background, velocity and amplitude are constant, our prediction for the evolution of the centre is limited
to a linear function of 7. In [1], a quadratic prediction that is valid for longer time intervals is obtained,
but we again note that the method used in that work employs information at O(&?) to determine the
centre, suggesting that a higher order correction would be needed in the present method as well. The
reason why our theory does not capture the quadratic term is explained in Remark 3 below.

The discrepancy is illustrated in Figure 10, where the predicted phase (which does remain accurate
for long times) and centre are compared to numerical measurements. Note that our linear prediction for
the centre captures the initial slope of the curve.

Remark 3. In[1], O(&?) information is used to obtain the following formula (after notational changes)
for the soliton centre, which is plotted in blue in the right panel of Figure 10:

201 (0)k1(0) . 8A (0)%k1(0) 72

(@ =00+ = ) 90(0)

(7.43)
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Figure 10. The predicted evolution of the parameters o (left) and x| (right) with time (dashed red),
compared with numerical measurements (dotted black) under a dissipative perturbation. The parame-
ters are the same as in Figure 9. Note that the prediction for the phase remains accurate for long times,
but the linear prediction for the centre only remains valid for a short time interval. The blue dashed
line in the right panel shows the quadratic prediction for the soliton centre obtained using the method
of [1], which accurately captures the curvature.
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Figure 11. A space-time plot showing the development of a depressed shelf around the soliton under a
dissipative perturbation. The blue dashed lines denote the boundaries of the shelf region, and the red
dashed line corresponds to the path of the soliton core. In the top right panel, the background amplitude
qo is shown to remain constant up to at least t = 400. Each mark on the vertical axis represents an
increment of 107°. In bottom right panel, the slow decrease in the trough amplitude |ky| is shown up to
t = 100. The numerical measurements are compared to the hypothetical £2t-dependent formula given
in (7.44), which was obtained by interpreting the quadratic correction to the soliton centre found in [1]
instead as a next-order correction to the velocity, as described in Remark 3. The initial parameters are
the same as in Figure 9.

A possible explanation as to why the present theory is unable to capture the quadratic term in (7.43)
is that this term could arise from a dependence of the velocity parameter k; on the slower time scale
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T = &T = &°t. In particular, since

8A1(0)%k1(0), , . [T 8A1(0)°ki(0) . .
9%0(0) ‘2/0 9%00(0)

an identical correction to the location of the soliton centre can be obtained by taking the evolution of
the velocity parameter to be

3
ki (T) = k1 (0) — Wf (7.44)

Recall that the parameter k; controls not only the velocity but also the trough amplitude of the dark
soliton. As such, if the correction found in [1] for the centre is to be interpreted instead as a correction to
k1 asin (7.44), then there should be an observable slow decrease in the trough amplitude over longer time
scales. Numerical evidence suggests that this is the case, and that (7.44) could provide an appropriate
correction to the trough amplitude. In the bottom right panel of Figure 11, numerical measurements of
the trough amplitude are plotted in comparison with the hypothetical £?¢-dependent correction to k.
By similar logic, on account of (7.16) we also speculate that a discrepancy in the phase parameter o
(e.g., in the case of linear and nonlinear damping) could arise due to YA“-dependence of the background
amplitude gg. In the present case of dissipation, the numerics indicate that gy does in fact remain constant
over long time intervals, and no dependence on 7 is detected, as shown in the top right panel of Figure 11.
This is consistent with the fact that our prediction for o does remain accurate in this case (cf. Figure 10).

The height of the shelf and the phase gradient are given by

3
Al

2A3
= 1—,
3q0 (k1 + qo)

h* S ——
3q0 (k1 + qo)

(7.45)

o H

¥

In this case, we see that since |k;| < go, the shelf is depressed on both sides of the soliton, and the phase
gradient is positive on the left and negative on the right. A space-time plot showing the development
and propagation of the shelf is displayed in Figure 11, and a snapshot of the shelf region including the
predicted height and phase gradient is shown in Figure 12.

7.4. Self-steepening

We note that while the condition oj7k; = 2x TA% has appeared in all three previous examples, it is not
universal. For example, in the case of a self-steepening perturbation

Fo = —i(Jul*u), = —A?(2iki Ay sech? £ tanh & — k7 sech? € — 3A; sech® £ tanh? £), (7.46)

one finds after applying our method that k17 = 0, Aj7 = 0, 17 = 0 and no prominent shelf is formed.
The absence of the shelf is tied to the fact that for this perturbation, we have that

(Y&, W) =0, (7.47)

(cf. Eq. (4.27)). Thus, the singularity in the first-order correction integral (6.1) is fully removed, and in
turn there is no secular growth. For the same reason, any perturbation satisfying (7.47) will not generate
a shelf. In the self-steepening case, the only soliton parameter affected is the centre, whose evolution is
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lq|

Figure 12. The modulus (left) and phase (right) of a numerical simulation of a dark soliton under the
influence of the dissipative perturbation F|q| = iqy with € = 0.02 at t = 10. The blue dashed lines
denote the predicted boundaries of the shelf region. The red (resp., green) dashed lines represent the
predictions for the shelf height and phase gradient on the right (resp., on the left) of the soliton. The
initial parameters are the same as in Figure 9.
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Figure 13. Left: The modulus of a numerical simulation of a dark soliton under the influence of the
self-steepening perturbation F[q] = —i(|q|*q)x with € = 0.02 at t = 50. The red dashed line denotes
the location of the predicted soliton centre, while the blue dashed line marks where the centre would
have been in the absence of the perturbation. Right: A comparison of our prediction for the evolution of
the centre with the numerically measured values. The initial soliton parameters are qo(0) = 2, k1 (0) =
—1/2, X](O) =0 (0) =0.

obtained directly from the orthogonality condition (Y1, W) =0 and is given by

xi7 = 2k7 + AL, (7.48)

So, the centre is pushed forward linearly by the perturbation, which is similar to the situation for bright
solitons under a self-steepening effect (see [54]). We note that our predictions here are significantly
different than those given in [9] for the same perturbation. In that work, the amplitude and velocity of
the dark soliton are predicted to evolve as a result of the perturbation. However, this is not supported by
the numerics, which confirm that these parameters remain constant under the perturbation. Figure 13
demonstrates that our prediction for the soliton centre (7.48) remains accurate even up to r = 1/&.
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8. Conclusions

In this work, we revisited the integrable perturbation theory of the scalar defocusing NLS on a nontrivial
background, addressing the conjecture posed in [1] that, because of the existence of an expanding shelf
that develops on each side of the soliton due to the perturbation, the squared eigenfunctions associated
with the soliton are an insufficient basis, and questioning the existence of a closure relation for this
problem, and the ability of integrable perturbation theory to accurately describe the radiation shelf.

We provided a proof of the completeness of the squared eigenfunctions, a crucial difference with
respect to the earlier works lying in properly accounting for the singularities of the scattering data at the
points +gg, which are branch points for the continuous spectrum. Moreover, we showed that the first-
order correction can in fact be used to describe the soliton shelf, which results from the singularities of
the scattering data at the points +gg, and we obtained estimates for the magnitude, velocity and phase
gradient on each side of the shelf. Using the 1-soliton closure relation, suitable suppression of secular
growth, and the asymptotic behaviour of the first-order correction we determined the adiabatic evolution
of the soliton parameters as functions of a slow time variable T = &t.

All the results were corroborated by direct numerical simulations, and compared with the results
of the direct perturbation theory in [1], and with the earlier works using perturbation theory based
on the squared eigenfunctions. In particular, we showed that the estimates we obtained for all soliton
parameters agree with the ones in [1] to order &, the only difference being for the soliton centre, which,
unlike the other parameters, obtained from perturbed conserved quantities up to O(¢), is determined in
[1] in terms of differential equations obtained from the Hamiltonian at O(&?). We also explained the
shortcomings of the predictions for the adiabatic evolution of the soliton parameters in the earlier works
within the framework of the integrable perturbation theory.

For some perturbations, our predictions for the soliton centre and phase do not match the numerical
data on the time scale of T = &t = O(1). A similar problem for the phase can also be seen in some of
the examples considered in [1]. The reason for this discrepancy has been discussed in Remark 3, and
it lies in the fact that since the slow-time-dependent velocity must be integrated in time when passing
to the co-moving frame (cf Eq. (5.5)), it is actually the case the dependence of k; on an even slower
time scale &2t could contribute nontrivially to the soliton centre. Thus, to ensure a correct prediction
for the soliton centre, one would need to include another time scale in the perturbation theory. A similar
argument would apply to the soliton phase o7, on account of the integration in time of the slow-varying
background amplitude gg in Eq. (7.16). This indicates that in order to achieve correct estimates up to
t = O(1/e) for the soliton centre and phase, one would need to compute the second-order correction
terms. It is important to stress that this is an intrinsic feature of the problem, and not of the perturbative
approach, as both our estimates, based on the integrable perturbation theory, and the ones in [1], based
on direct perturbation theory, with multiple scale expansions and perturbed conservation laws, exhibit
the same behaviour. In fact, one could argue that similar considerations should be applied even in the
bright soliton perturbation theory, where the same transformation to the co-moving frame is routinely
applied.

We believe the present work may open up a new vein of research on integrable perturbation theory for
integrable systems on a nonzero background, and the methodology can also be generalised to discrete
and coupled integrable systems. Another natural follow-up is to explore ways to improve the accuracy of
the estimates for the adiabatic evolution of the soliton parameters for times up to O(1/¢). This could be
done by introducing an additional time scale &°¢ and a second-order correction to the potential, which
will require handling quadratic contributions in the first-order correction appearing in the orthogonality
conditions. Alternatively, one could generalise the approach used to determine the slow-time evolution
of the soliton centre in [1], which makes use of the Hamiltonian at O(£?), and consider also the other
perturbed conserved quantities to O(&?) in order to get additional corrections to the soliton phase,
amplitude and velocity.
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Appendix A. General completeness relation

To justify the general completeness relation (3.26), note that as |z| — oo, we have thata(z) ~ 1,a(z) ~ 1

and

N, 2)x (1,2)7 ~ HADE) diag (0,1),  7(x,2) ¥ (1.2)" ~ e 2@ diag (1,0), (A.1)

and we recall that A(z) = (z — q% /z)/2 ~ z/2 and 7z — oo. These are obtained directly from the large-z
asymptotic behaviour of the Jost eigenfunctions, which can be found, for example, in [21, 46] where
the same notations as ours are used. From the analyticity properties discussed in Sections 2 and 3 and
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Figure 14. In the upper-half plane, the contour T (blue) passes above all zeros of a(z) and the contour
C (orange) passes below the zeros of a(z) while being indented around the branch points z = %qq.
Their counterparts T (red) and C (green) are shown in the lower-half plane. The contour T (magenta)
represents the image of I after the change of variable 7' = q(z) /z.

the above asymptotics, we then get the identities

! il (x=y .
.Kﬁﬁ%@?mx@ﬂ%mwlee“)MQMUQU’ (A2a)

—1 n v —il (x— .
/l;7(4)263(4)271(%é“)X(y,{)Tdf=/ﬁe ¢ gz diag (1,0), (A.2b)

where I is a contour from —oco + i0 to +oco + 0 that passes above all zeros ¢; of a(z), and I is a contour
from —oco — {0 to +oco — {0 that passes below all zeros §J *of a(z) = a*(z"). For reference, Figure 14
displays the contours I' and T, as well as the additional contours mentioned later in this section. Since
the integrands on the right-hand sides in (A.2) are entire functions that decay exponentially as the radius
of the contour of integration increases in their respective half-planes, both contours can be deformed to
the real axis, and using L o; e dr = 2x5(x — y) we get

1

1 , o
——=n(x, ,0)'d ——7(x, ,O)'dl =2r6(x — y)l. A3
‘/r),(év)za(év)zn( Ox, 07 de + /F SRR W OG0Tl = 2w (AY)

Using (3.20) and the similar symmetry satisfied by the adjoint squared eigenfunctions

2

_ qdo _»;
¥(xz) = Z—‘;e 20

x(x,q3/2), (A.4)

-2i6

aswell as a(z) = e a(q(z) /z), we rewrite the second integral to get

1
2m6(x—y)I = /F I O 0,0

1
- /F B e B/ Ox (v q5/0)7de. (A.5)
0 0
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Now, make the change of variable ’ = q% /¢ in the second integral. The contour I" is mapped to a
contour I'” in the upper-half plane that begins at —0 + {0, travels clockwise while remaining within the
circle of radius go, and finally approaches +0 + i0 (shown in Figure 14). Since all potential poles are on
the circle |z| = qo, integrating along '’ is equivalent to integrating along I with the opposite orientation.
With this, the two integrals in (A.5) can be combined into

_ T 9o 1 ’
X O 1= S de = | ————n(x Ox(n0d. (A6
/rv({)Qa(g)Z"(x Ox(:9) ( 4«2) ¢= /py(g)a(§)2"(x Ox.0Tdl. (A6)

To explicitly include the contributions from the zeros of a(z), which are double poles of the integrand
above, note that

T Res 10X (020"
- f) e ontnaac= 2ni Res A7

where C is a contour from —oo + i0 to +oo + i0 that follows the real axis while being indented in the
upper half plane to avoid z = +qo. The residue at each ¢; is found to be:

x4+ 0 (x5 + X' 3, 4T
(A.8)

1 y(ga” (§) — v (§a'(§)
y(ga'()? y(ga'(§)

Substituting the above expression into (3.26) leads to (3.27).

Appendix B. Derivation of 1-soliton Jost eigenfunctions

In the case of no reflection and a single soliton (o = 0 and J = 1), (2.19) reduces to the linear algebraic
system

] . e—iQ(x,t,gl*) 7 X1, ) C*
w(x’ t, Z)e—lQ(x,t,Z) - lq+/Z + d/( _ é’l ) 1 , (B.1a)
1 2=

lf/(X, t, Z)eiQ(x,t,Z) _

L], ey (o, 0)C
iq;/z =4 '
Let the discrete eigenvalue be {1 = k; + iA; with k; € R, A; > 0. We need to review here some

properties of the scattering coeflicient a(z). Taking into account its analyticity properties, its zeros, and
the symmetries, one can obtain the following representation (trace formula) for a(z) for z € C*:

J

a(z) = H {, exp

1 /“’ log(1 - p(2)p" ("))

2mi {-z dé’] ’ (B-2)

where J is the number of (simple) discrete eigenvalues. Recalling that a(z) — ¢./q- as z — 0, we
conclude that the potential satisfies

J
4 “log(1 - p(2)p*({7))
(]G ol [
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which is often referred to as the 6-condition [16]. Due to our choice of boundary conditions g.
qoe*'?, the @-condition with J = 1 and p(z) = 0 demands that /; = ¢,. Furthermore, note that Q; :

Q(x,t,41) = =Q(x,,{}). With this in mind, evaluating (B.1a) at z = {; and (B.1b) at z = {7 gives

. 20,7, * *
_ —1 iQ € llﬁ(X,t,fl)Cl
(x,1,401) = [1 e - (B.4a)
2iQ;
Y(x,1,47) = 1 eig‘+M. (B.4b)
l 4’1 -4

Using {1 — £ = 2iA, and taking C; € R according to (2.18) with ; = 6, solving for W (x,t, {7) yields

- i |1 2Aq
*\ _ i€
(//(-xs l, (]) =e l 2A1 _ CleZiQI . (BS)
Defining a new parameter (the soliton centre) x| through C; = —2A;e**1¥1, this becomes
Joone) = | L (B.6)
l// () Ca l 1+62i91+21\1x1 ' '
This can be written in terms of the travelling coordinate defined in (4.8),
E =N (x+2kit —x1) = -iQ — Axy, B.7)
in which case we have
— i |1 1 o 1] 1
Y lQl = lQl _ f
y(x,t,{])=e A pp=ra e ; 2e seché. (B.8)
Substituting (B.8) into (B.1a) and again using (B.7), we obtain
. _ Aje2¢
W (x,1,7)e” B0 = fg4/2| _ L* I et seché&. (B.9)
1 =47 |i
By components, this is:
1 ,
U (1, 2) = ( ezl = ——Aye€ sech §)e’9(w,z)’ (B.10a)
51
1 .
Wa(x,1,2) = (1 i Ase sech g)el‘l(x’f@. (B.10b)
T
The two components of ¥ (x, 2, z) can then be recovered through the symmetry (2.9),
_ 1 .
Yi(x,t,2) =y5(x,1,77) = (1 + iZ s NV sechg)e—lg(x,t,z)’ (B.11a)
_ 1 .
Ya(x,t,2) = ¢ (x,1,2) = (iq_z‘l “To Ae ¢ sechf)e"g("’t’z). (B.11b)
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Finally, the two components of ¢(x,,z) can be found through the relation (4.12),

1
o1(x,t,2) = ( ? j 7 N sechg) ~iQ(x12) (B.12a)
1 1
da(x,t,2) = (iq_z_lz:—gi - - ——Aje” ¢ sech(f) —iQ(xt2) (B.12b)
1 1

and the two components of ¢(x, t,z) can be recovered through symmetries,

P1(x,t,2) = ¢5(x,1,2") = (— zq+z_1i:2 - _14 Aje™¢ sechf) () (B.13a)
$2(x,1,2) = ¢} (x,1, z)—( _2 - Z_é,ll\]e sechcf) Qx17) (B.13b)

Appendix C. Evaluation of the integrals in Eq. (6.4)

In this Appendix, we provide the detailed calculations of the integrals . in Eq. (6.4). First, consider the
integral /_ given by

1 = ) k(L) —ki)t 2/ ¢
I_ =][ 5 e Notde, (C.1
oo (&)

which has a pole at { = —¢qg. First, using A(¢) = %(1 — g0l (Z + qo), this can be written as

0 _ AU KO~k 4

1 1 JRIts)

I = 4][ ¢ R Edr (C2)
(L +q0)? (1-qo¢™1)?

Applying integration by parts,

0 _ A KDk

1 1 a0

I =4][ a{{ ‘ T ‘f}dg. (C3)
el +q0 (1—6105_)

Expanding the derivative, we can split (C.3) into
I_=J1+ié)r +it)s, (C4)

where the three integrals are given by

0 -2
1 -8 . ;A&
Ji = 0L [ = MO H00] 2R E gy (C.52)
oo &+ g0 (1= qod™")

1 L 8V 4@ k@) 2L
Iy = | = M KO~k 25T E 4 C5b
g A[OO{+qO (1—q0§_1)2 A] [ e ] g ( )
/1 (D) (k() = k1) + A (£) A (KO ~k),, 248 ¢
T3 = DR g, Cs
3 J[ T+ (1= ol 172 &L (C39
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Beginning with Ji, using the fact that the dominant contribution to the integral comes from the pole
{ ~ —qo, in which case A({) = ¢ + go and k(£) = —qq, we get

Jl - _][ e—4i(§+q0)(k1+q0)t]e%(§+qo)§d§ (C6)
g+ 6]0

To evaluate principal value integrals of this form, we can use the formula

Doeipﬂ
—dp = imsgnd. (CT7
— P
To this end, J; can be split again into
0 . 0 .
Ji ~ i 1 % (CHan€ g _ 1 ][ 1 oA (CHa) =20 )] (C.8)
00 & +q0 00 & +q0
Applying the formula (C.7) gives .
Tl
Ji ~ ™ {1 —sgn[&-2A1(ki +qo)t]}. (C.9)

If &£ > 2A1(k; + qo)t, then J; ~ 0. In the right shelf region 1 < ¢ < 2A(k; + qo)t, J1 ~ 27i/qo.
Following similar steps for J,, we obtain

o
I~ Alll {1 —sgn [£ =2, (ki +go)t] } - (C.10)

which gives in the shelf region J, = 4mi/A;. Lastly, noting that 2’({) = 1 and k£’ ({) ~ 0 near the pole,
we get
J3 ~ 4nmi(ky + qo) sgn [¢ — 271 (k1 +qo)t], (C.11)

which shows that

Jym {4m(k1 +4q0), &> 2N (ki +qo)t (C.12)

—Ami(k; + qo), 1 <& < 2A (k) +qo)t ‘

‘We now move on to evaluate the integral /., given by

© ] = MUKk e
'+=4][ ey e (C.13)
o (£=g0)* (1+qo¢™")

which has a pole at { = go. Similarly to the previous calculations, applying integration by parts splits
the integral into

Iy = Hy +iéH, + itH3, (C.149)
where s
Hy = ][ 1 86]0§ — [1 _ €4i/1({)(k(g)—kl)l]ezi%fdg (ClSa)
0 {—qo0(1+qol™")

| 1 81'(Z) LA (K(D) -k 2148 ¢
H2:][ 1 — MUK =k 2874 g (C.15b)
0 {—q0(1+qol™1)? Ay [ |

Hy = ][ /l/(l)(k(f) k) + A(OK ({) AL k() =)t 2R 40
¢ - q (1+qo¢7")?
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Using the formula (C.7), we find that first two integrals are

Hy ~ %{1 —sgn [f —2A(ky - qo)t]}, (C.16)

i
Hy ~ %{1 —sgn [€ = 2A (ky — qo)t]}.clscurl;, (C.17)
1

Since we are studying the large positive ¢ limit, and k| < g, we have that H; ~ 0 and H, ~ 0. Thus,
the contributions to the height and phase gradient of the right side of the shelf only come from the pole
{ = —qo. The third integral is found to be

Hs ~ 4ri(ky — qo) sgn [€ — 2A1 (ki — qo)1], (C.18)

which is limit gives Hz ~ 4mi(k; — qo). To summarise, putting everything into (6.4), we have that if
&> 2N (ki +qo)t,

q" ~ =F(=qo)4n (ki + qo)t — F(qo)4n (ki = qo)t =0, (C.19)
as expected, and in the right shelf region 1 <« & < 2A;(k; + qo)t,

2ni 4r
lf +4n (ki +qo)t| — F(qo)dn (ki — qo)t. (C.20)

N
o~ F(egn | T 2T
q (=q0) o A

Putting in (6.5), this reduces to the expression given in Section 6. The calculation of the left side of the
shelf from the large negative & limit proceeds in an analogous way. In that case, the contributions to the
height and phase gradient of the shelf come only from the pole ¢ = go.
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