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Perturbations of dark solitons
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A direct perturbation method for approximating dark soliton solutions of the nonlinear
Schrodinger (NLS) equation under the influence of perturbations is presented. The
problem is broken into an inner region, where the core of the soliton resides, and an
outer region, which evolves independently of the soliton. It is shown that a shelf develops
around the soliton that propagates with speed determined by the background intensity.
Integral relations obtained from the conservation laws of the NLS equation are used to
determine the properties of the shelf. The analysis is developed for both constant and
slowly evolving backgrounds. A number of problems are investigated, including linear
and nonlinear damping type perturbations.

Keywords: perturbation theory; solitons; optics

Perturbation theory as applied to solitons that decay at infinity, i.e. so-called
bright solitons, has been developed over many years (cf. Karpman & Maslov
1977; Kodama & Ablowitz 1981; Herman 1990). The analytical work employs
a diverse set of methods including perturbations of the inverse scattering
transform (IST), multi-scale perturbation analysis, perturbations of conserved
quantities, etc.; the analysis applies to a wide range of physical problems. In
optics, a central equation that describes the envelope of a quasi-monochromatic
wave train is the nonlinear Schrodinger (NLS) equation, which in normalized
form reads

. D 5
IUZ+5Utt+ﬂ|U| U=O,

where D,n are constants. In this paper, we consider the NLS equation in a
typical nonlinear optics context, where D corresponds to the group-velocity
dispersion (GVD), n > 0 is related to the nonlinear index of refraction, z is the
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direction of propagation and ¢ corresponds to the retarded time. In this form,
the sign of D determines whether the light focuses or defocuses. In the anomalous
GVD (or self-focusing nonlinearity) regime, the NLS equation exhibits so-called
‘bright’ solitons which are pulses that decay rapidly at infinity. In this case, the
solitons are formed because of a balance between dispersion and self-focusing
cubic nonlinearity.

On the other hand, in the normal GVD (or self-defocusing nonlinearity) regime,
decaying pulses broaden and bright solitons of the NLS equation do not exist.
Instead, solitons can be found as localized dips in intensity that decay off of a
continuous-wave (CW) background. These dark solitons, which are termed black
when the intensity of the dip goes to zero and grey otherwise, are also associated
with a rapid change in phase across the pulse. The experimental observations
of dark solitons in both fibre optics (Emplit et al. 1987) and planar waveguides
(Swartzlander et al. 1991) sparked significant interest in the asymptotic analysis
of their propagation dating back two decades.

The propagation of bright solitons under perturbation is described by the
adiabatic evolution of the soliton parameters; i.e. the soliton’s height, velocity,
position shift and phase shift. However, the non-vanishing boundary of dark
solitons introduces serious complications when applying the perturbative methods
developed for bright solitons. In early work, the particular case of linear loss was
studied both numerically (Zhao & Bourkoff 1989) and analytically (Giannini &
Joseph 1990). The analysis was specifically for black solitons and solved explicitly
for higher order correction terms. These results were re-derived (Lisak et al.
1991) by a more straightforward method. The method was extended to grey
solitons and general perturbations but only for two of the four main soliton
parameters; background height and soliton depth were determined. The evolution
of the background was shown to be independent of the soliton by Kivshar &
Yang (1994) and the asymptotic behaviour at infinity was used to separate
the propagation of the background magnitude from the rest of the soliton.
The amplitude/width of the soliton ‘core’ was determined via a perturbed
Hamiltonian. Of the methods proposed, many have employed perturbation theory
based on IST theory. In Konotop & Vekslerchik (1994), orthogonality conditions
are derived from a set of squared Jost functions (eigenfunctions of the linearized
NLS operator; Kaup 1976); from these conditions, the soliton parameters are,
in principle, determined. Over the years, various corrections/modifications have
been made to the details (Chen et al. 1998; Lashkin 2004; Ao & Yan 2005). The
implementation of this method, however, has fundamental flaws, which we discuss
at the end of §8.

In this paper, we address a central issue systemic through all these methods.
For dark solitons, finding the adiabatic evolution of the soliton parameters
(background height, soliton depth, position shift and phase shift) alone is
insufficient to fully characterize the evolution of a dark soliton. We find both
analytically and numerically the existence of a shelf that develops around a
dark soliton under perturbation. The tendency for shelves to generate around
dark solitons under external perturbation (Burtsev & Camassa 1997) was used
to explain discrepancies in the perturbed conservation laws. But, the analytical
calculation of the core soliton parameters was not obtained. Subsequently, shelf
contribution has been ignored. However, the shelf is critical in developing the
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perturbation theory and has a non-trivial contribution to the integrals employed
to find expressions for the soliton parameters. In this paper, we use perturbed
conservation laws since they can be easily derived directly from the NLS equation
and do not require the associated subtleties inherent in the IST method and
extend to non-integrable problems. To carry out the procedure, we employ
suitable asymptotic information about the higher order perturbation terms
(beyond the soliton); other than for the ‘soliton centre’, we do not need the exact
higher order solution to solve the leading-order problem for the key parameters.
In order to determine the soliton centre, we find and employ the first-order
perturbation solution. We note that shelves in soliton perturbation theory have
been found earlier in a different, but as it turns out much easier, class of problems.
They were needed to effectively understand the KdV equation under perturbation
(cf. Knickerbocker & Newell 1980; Ablowitz & Segur 1981). In the KdV equation,
there is a small shelf produced in the wake of the soliton. The height/speed
of the soliton, shelf and the additional soliton parameter that determines the
centre of the soliton are all determined by perturbation theory (Kodama &
Ablowitz 1981).

In bright soliton perturbation theory, Fredholm alternatives are used to derive
equations for the slowly varying soliton parameters. These conditions are identical
to those derived from the perturbed conservation laws for energy and momentum
(Ablowitz et al. 2009). A similar connection can be drawn for dark solitons. Even
here, however, the existence of non-decaying eigenfunctions means that normal
Fredholm alternative methods are insufficient to generate the related equations
and a generalized method must be employed (Nixon 2011).

The outline of this paper is as follows. In §1, we pose the problem and
illustrate how the background evolves under perturbation independent of any
localized solitary wave disturbances. Sections 2-5 set up the basic analysis and
a prototypical problem is discussed that helps describe the ideas. The method
of multiple scales is employed to find the first-order approximation for a black
soliton under the action of a dissipative perturbation that decays to zero well away
from the soliton core. The concept of a moving boundary layer is used to bridge
the differences between the inner soliton solution and the outer background.
This discrepancy between the approximate soliton solution and the background
manifests itself as a shelf developing on either side of the soliton. Perturbed
conservation laws are used to find the growth of the shelf in both magnitude
and phase. The analytical results are shown to be in agreement with numerical
simulations of the perturbed NLS equation. In §§6-8, the method is extended
to grey solitons under general perturbations. Asymptotic information about the
shelf is obtained from the linear first-order perturbation equation; to determine
the asymptotic states and ‘centre of phase’, the complete solution of the linear
problem is not required. However, to find the soliton centre we find the first-order
correction term. In §§9-11, the perturbation method is applied to some physically
relevant perturbations: dissipation and two photon absorption (TPA). We find
that the spatial frequency of the soliton differs from that of the background on
which it resides. All of the adiabatically varying core soliton parameters and
the shelf have not been obtained in the many previous studies of perturbed
dark solitons.

Proc. R. Soc. A


http://rspa.royalsocietypublishing.org/

Downloaded from rspa.royalsocietypublishing.org on July 5, 2012

4 M. J. Ablowitz et al.

1. The boundary at infinity

Let us consider the dimensionless NLS equation with normal dispersion: D = —1,
n=1 (we can always rescale NLS to get these normalized values) and with an
additional small forcing perturbation

iU, — LUy +|UPU=€F[U], (L.1)

where |€| < 1. Further, we will assume a non-vanishing boundary value at infinity;
i.e. |U| 4 0 as t — F00. The effect the perturbation has on the behaviour of the
solution at infinity is independent of any local phenomena such as pulses that do
not decay at infinity; i.e. dark solitons. In the case of a CW background, which
is relevant to perturbation problems with dark solitons as well as in applications
to lasers, we have Uy — 0 as t — 400, and the evolution of the background at
either end U — U%*(2) is given by the equation

d
i U* + |U*PU* = eF[U*]. (1.2)
z

We write U%(z) = u%(2)e (@), where u*(z)>0 and ¢=(z) are both real
functions of z. Then, the imaginary/real parts of the above equations are

d

—uF = eIm[Flute 177 (1.3a)
dz
and
d Re[ Flutel$ Je—i¢*
_¢i:(ui)2_ eRe[Fu™e'? e ] (13[))
dz u*

The above equations completely describe the adiabatic evolution of the
background under the influence of the perturbation F[U]. Although this is true
for all choices of perturbation, we will further restrict ourselves to perturbations
that maintain the phase symmetry of equation (1.1); i.e. F[U(z,t)e']=
F[U(z,t)]e!’. As we show next, this is a sufficient condition to keep the magnitude
of the background equal on either side and a property of most commonly
considered perturbations. We assume that at z=0,u"(0) =" (0), then, since
u®(z) satisfy the same equation, the evolution is the same for all 2. Hence,
ut(2) =u~(2) = ux(z). While this restriction is convenient, the essentials of
the method presented here apply in general. The equations for the background
evolution (1.3) can now be further reduced by considering the phase difference
Adso(2) = ¢ (2) — ¢ (2), which is the parameter related to the depth of a dark
soliton (see below); here ¢*(z) represents the phase as t — £00, respectively,

iuoo =elm[Flus]] and iA(poo =0. (1.4)
dz dz

Thus, while the magnitude of the background evolves adiabatically, the phase
difference remains unaffected by the perturbation.
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Let us now focus on the evolution of a dark soliton under perturbation. To
simplify our calculations, we take out the fast evolution of the background phase

U = ueli (9”4 g5 equation (1.1) becomes

. = Juy + (Jul® — ul,)u= eFlul. (1.5)

o0

The dark soliton solution to the unperturbed equation is given by
us(t, 2) = (A +iBtanh[B(t — Az — t))])e'™, (1.6)

where the core parameters of the soliton, A, B, #y, 0, are all real, the magnitude of
the background is (A% + B?)Y2? = u,, and the phase difference across the soliton is

2tan"!(B/A), A#0. When A =0, equation (1.6) describes a black soliton, which
has a phase difference of .

2. The first-order correction

We write the solution in terms of the amplitude and phase: u = ¢el?, where ¢ and
¢ are both real functions of z and ¢, so equation (1.5) becomes

ig. — ¢.q — 3(qu +12¢1q + q(idu — ¢7)) + (191> — uX,) g = €F[ul.

We employ the method of multiple scales by introducing a slow scale variable
7 = ez with the parameters A, B, fy and gy being functions of Z and expand g
and ¢ as seriesin e: ¢(Z,2,t)=q +eq + O(€®) and ¢(Z, z,t) = ¢pg + edp1 + O(€?);
we have at O(1)

qo- = 3 (200140t + qobore) (2.1a)

and

b0-00 = —3(qou — b5 q0) + (1201” — uZ) @0 (2.10)

with the general dark soliton solution

@ =(A(Z)? + B(Z)* tanh*(z))"/? (2.2a)
and
¢ =tan™? [ljggg tanh(a:):| +00(2), (2.20)

where z=B(t— [, A(es)ds — ty(Z)). For a black soliton, the form of
solution (2.2) is taken to be

90 (Z, z,t) = Uoo tanh[us (t — t(2))] (2.3a)
and

do(Z,z,t)=00(2), (2.30)
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where we note that in this representation ¢, is allowed to be negative. At O(e),
we have

q: = 3[2(bor a1 + qure) + Qd1u + @dou] +Im[F] — qoz (2.4a)
and
br2q0 = —q1¢o: — 5L q1u — (2d0r11) @0 — b5, @1] + 36 @1 — v, q1 + Re[F] — doz qo-
(2.4)

We begin with a somewhat simpler problem than others we deal with later;
i.e. consider the linear dissipative filter perturbation

and for concreteness, at leading order we assume a black pulse, equation (2.3),
which satisfies the boundary conditions, equation (1.4); i.e. ux(Z) = const. This
leaves us with slow evolution terms

Gz =—tozqt and oz =00z (2.6)
If we look for a stationary solution, ¢, =¢1, =0, and note that ¢o; = oy =0,
then equations (2.4) reduce to

0= 312(qoi¢11) + qoP1u] + Im[F] + toz g (2.7a)

and
0=—3qu + 3¢5 a1 — ulq + RelF1— 0074, (2.70)

where Im[F'] = yqoi and Re[F'] =0. Thus, the equations decouple into two linear
second-order differential equations and we find exact solutions

o= Z%Z[sinh(Quoo(t — 1)) + 2us0(t — fo)]sech? (oo ( — o)) (2.84)
and

¢ = %yln[cosh(uoo(t — 1)1 — toz(t — ), (2.80)

where we have chosen the free parameters to remove exponential growth and
maintain the antisymmetric property of ¢ and ¢, respectively. Looking at the
asymptotic behaviour as t — £00, we have

4 g
+ + 07
¢1t=:|:§7uoo — t{)Z and q] Zi%

where the superscript * indicates the value of a function as t — £o00, respectively.

(2.9)

3. Boundary layer

Notice that ¢ A 0 and ¢, A 0 as t — £00. As a result, the solution to order
eu (g + eqy)e' ) does not match the boundary conditions at infinity. Thus,
our problem is now broken into two regions: the region that matches imposed
non-decaying boundary condition behaviour at infinity that is unaffected by the
soliton, and the region in which the O(€) correction term is valid and the solution
is quasi-stationary. We introduce a boundary layer in which there is a transition
from the non-zero value in the perturbation term to the boundary conditions

Proc. R. Soc. A
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at infinity (see also Knickerbocker & Newell 1980; Kodama & Ablowitz 1981).
Note in this section we will consider the more general case when uy is a function
of Z =e€z. We find the behaviour of this boundary layer, where the regions are
matched. For this, we return to equation (1.5) and seek a solution perturbed
around the solution at infinity, say u ~ (u + ew)ei(¢i+fﬂ), where w and 6 are real

functions of z and ¢; the equation is automatically satisfied at O(1) and we have
at O(e)

1
—0, U + 1w, — §[iuooatt + wy] + QUEO'W = Flus + ew] — <1_ — Uoo =~

After substituting equations (1.3) and (1.4) and noting Flue + €w] — Flux] &
eF'[us]w, it follows that the right-hand side is actually a higher order term
and may be dropped. As a corollary, to leading order, the boundary layer is
independent of perturbation. We now break equation (3.1) into real and imaginary
parts

HZUOOZQ’U;?,U— %wtt and w, = %uooatz% (32)

Employing the compatibility conditions, w,; = wy,, and 6, =0,, the above
equations become

Wy = ugown - lewtttt and 0, = Uiﬁtt - leatttta (3-3>
which is the same equation for both functions, though we will need a different
solution for each. This is because of the differing boundary conditions to correctly
match the inner region to the outer region. On the left side of the shelf, we match

the non-zero quasi-stationary shelf to the equilibrium state at infinity (which is
on the left of the soliton); the boundary conditions are

w(—00)=0, w(oo)=¢, O(—o0)=0 and 0,(o0)=4d7, (3.4)

On the right side of the shelf (on the right of the inner soliton), the boundary
conditions are

w(—o00)=¢q, w(o0)=0, 60;(—o0)=¢], and 6@(c0)=0 (3.5)

Tf we let w = el(#+(1/9 [§ @(5:K)ds) then the ‘dispersion’ relation for equations (3.3)
is found to be

o’ =ul (Z2)k* + k' (3.6)

For long waves (k< 1), we approximately have w(Z,k)~ tux(Z)k or w=

oih(1£(1/6) [ uso (7)) Thus, we see that long-wave solutions (i.e. |k| < 1) move with
instantaneous velocity V(z) = £ueo(2).
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With this in mind, we look for solutions to equations (3.3) in a moving frame
of reference: r =1 — fg Vdz,{=2zand V =tuy.

w;; =2 Vum — %‘wmm 0{{ =2 Vagi — %011” (37)

We assume that derivatives with respect to x are small i.e. long waves. Seeking
an optimal balance in equation (3.7), we take

Orr K 0z ~ O < 1,
leaving us with
0=2Vwg, — twype and 0=2V0g — 10, (3.8)

There are now two similarity solutions that we find to satisfy the boundary
conditions (3.4) and (3.5) derived from matching the two regions. This is done
by using the change of variable & = z/{1/? to reduce equations (3.7) to Airy-
type equations (Abramowitz & Stegun 1965). Solutions are expressed in terms of
integrals of the Airy function.

az /13
w(z) = ¢ J Ai(s)ds (3.9)

—00

where a =—2(V/3)Y/3. Note that the sign of a is dependent on the sign of the
velocity V so that the form for w is valid at both boundaries. For the left boundary
¢y =q; and for the right boundary ¢; = ¢;'.

T

a3
0(¢,z)= CQJ J Ai(s)dsdz, (3.10)

+o0

where the lower bound on the first integral is —oo for the left boundary and +o0
for the right boundary. For the left boundary ¢, = ¢, and for the right boundary
Co = ;rt An important point is that in the case of a black soliton, there are two
boundary layers moving away from the soliton solution with speed u. generating
a shelf. The shelf must be carefully taken into consideration when dealing with
the integrals employed in soliton perturbation theory, be it in the conservation
laws that we will be employing or in integral secularity conditions.

4. Perturbed conservation laws

We still need to solve for the slowly evolving parameters oy(Z) and #(Z) for the
black soliton. This can be done by deriving equations for the growth of the shelf
from the perturbed conservation laws associated with the perturbed NLS (1.5)
equation from only the leading-order solution and asymptotic information about
the perturbed solution. The shelf is associated with the asymptotic parameters
q1jE and qﬁlit, which are in turn expressed in terms of opz and t;. We use the
Hamiltonian H, the energy FE, the momentum [ and the centre of energy R
defined below. For grey solitons, # proves to be more difficult to obtain than o.
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To find # we employ u; in the expansion u = uy+ €u; +---. To find o(, only
asymptotic information is needed.

H= :0; [% g—? 2 + %(ugo - |u|2)2j| dt, (4.1a)
E= ~ [u2, — |ul*]dt, (4.10)
I= io Im[uu;]dt (4.1c¢)
and R= io t(u2 — ul?) dt, (4.1d)

where u* denotes the complex conjugate.

Note that since the standard total energy (Eropa = [ |u|?dt) would be infinite,
we define the energy of a dark pulse to be the difference of the total energy and the
energy of a CW of corresponding magnitude. For the unperturbed NLS equation,
the first three integrals are conserved quantities while the last can be written in
terms of the momentum, i.e. dR/dz = —I. Evolution equations for these integrals
may be easily obtained from equations (1.1) and (1.4)

dH d % .
5 =€ (EEUOO + 2Re J_Oo Flulu} dt), (4.2a)
dF *©
Frte 2¢ ImJ (Fluso]tioo — Flulu®)dt, (4.20)
Z —00
df o0
— =2¢ Rej Flu]u; dt (4.2¢)
dz oo '
dR o0
and o= —1 + 2¢ ImJ t(Fluso]too — Flulu®)dt. (4.2d)
z —00

5. The black soliton

We begin with the perturbed conservation of energy

o]

%J [u — |ul*]dt = 2eImJ (Fltso)tioo — Flu]u*)dt. (5.1)

—00 —0o0

Substituting in u = ge'%, Flu] =iyuy, T =t — t; expanding ¢ = qy + €q + - - - and
taking the terms up to O(e), we have

d o0 o
P J (g5 — u2 + 2qqldT = QGJ YoorrqdT. (5.2a)
At O(1) equation (5.2a) is satisfied: (d/dz) [[¢? — u21dT =0; At O(e), we have
d [Ueo? 00
@J QOQ1dT=—7J ¢ dT. (5.2b)
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This is an equation for the change in energy caused by the propagation of the shelf.
Notice that on the left-hand side of equation (5.2b), we are only integrating over
T € [— U2, U 2], the inner region around the soliton defined by the boundary
layers found in the last section. Since ¢y and ¢ are only functions of T and Z,
we can apply the fundamental theorem of calculus to arrive at

4
uoo[Ql(uooz)QO(uooz) + q1(_uooz)q0(_uooz)] = —7U205~ (520)
And, for large z (although in practice, ux 2z only needs to be modestly larger than
the full-width half-maximum), we take gy — tuo and ¢ — qli, leaving us with

4

a4 =g u (5.2d)

By substituting in the asymptotic approximation (2.9) found earlier for qfc, we
arrive at an expression for o

4
ooz = —ygugo. (5.3)
Next, we consider the modified conservation of momentum
d o0 o0
—ImJ uuy dt = 2e ReJ Fluluy dt. (5.4)
dz —o0 —00

Again, we let u = ¢e, F[u] =iyuy, T =t — ty and use the perturbation expansion
for u up to O(€) so that equation (5.4) becomes

o]

d [* .
—£J [¢0qu+6(2¢omoq1+¢uq§)]dT=e2ReJ ivgorrgordT, (5.5a)

which, using ¢or =0, reduces in the same way as the conservation of energy to
L+ =0. (5.5b)

By substituting in the asymptotic approximations (2.9) found earlier for qﬁct, we
arrive at an expression for f

bz =0. (5.6)

Later, we will see that the above result agrees with the more general grey
soliton case.

This can now be compared with direct numerical simulations. The magnitude
and phase are depicted in figure 1a,b, respectively, for z =30 and u. = 1. Here,
we see the inner region discussed earlier is t € (—30,30), where the asymptotic
solution agrees well with the numerical solution. The remainder of the domain
constitutes the outer region where the inner asymptotic solution matches with the
exterior rest state; this is discussed subsequently. The boundary layer shown in
figure 2b compares the solutions (3.9) and (3.10) to numerics and illustrates how
the inner and outer solutions are connected. The propagation of this boundary
layer can be seen in figure 2a where the contour plot illustrates the soliton down
the middle and the shelf extending out from it. The speed of the boundary layer
matches the speed predicted by the long-wave approximation in §3.
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Figure 1. (a) Numerical results plotted against the asymptotic approximation for the magnitude
|u| up to O(e). (b) Numerical results plotted against the asymptotic approximation for the phase ¢
up to O(e). Here uso =1, =30 and ey = 0.05. (a,b) Solid line, numerics; dashed line, asymptotics.
(Online version in colour.)
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Figure 2. (a) The predicted location of the boundary layer tp;, = tusoz displayed over a contour
plot of |u|. (b) Asymptotic approximation |u| & us + €w and ¢ & —(A¢oo/2t) + €6 for the boundary
layer compared with numerics at z=30. (Here us =1 and ey =0.05.) (a) Solid lines, numerics;
dashed line, asymptotics. (Online version in colour.)

6. The grey soliton

Now we consider the general case of a grey soliton with velocity A(Z); we also
recall (A% + B*)(Z) = u?,(Z). Let u= ge'%, where ¢ >0 and ¢ are real functions
of z and t, and introduce the moving frame of reference 7' =1t — J'g A(es)ds — 1y
and { = z, so that with u=w({, T, Z), equation (1.5) becomes

iug —iAur — Jupr + (Jul® — ul)u = eF[ul. (6.1)

o]

Then using u = ¢e'?, this is now broken into imaginary and real parts, respectively,

@ =Aqr + $(2¢rqr + qprr) + €Im[Flq, ¢]] (6.2a)

and
bcq=Abrq— 3(qrr — ¢%9) + (1al* — u2)q — eRe[Flq, ¢]1. (6.20)

We now write equation (6.2b) in terms of the slow evolution variable {=e€Z
and series expansions q= gy + eq + O(€?) and ¢ = ¢y + ed + O(€?). At O(1),

Proc. R. Soc. A


http://rspa.royalsocietypublishing.org/

Downloaded from rspa.royalsocietypublishing.org on July 5, 2012

12 M. J. Ablowitz et al.

the equations are satisfied by the soliton solution (2.2). We look for stationary
solutions at O(e)

0=Aqr + 3[2(dorair + d17907) + $17760 + dorrar] + Im[Fluell — gz (6.3a)
and
0=A(dorq + d17%) — 3(q1rr — a1 — 2dor @ud17) + 3¢5 @1 — w3, @1
— Re[Fluoll — ¢oz . (6.3b)

where 1y = goe!? and

1 B
Qoz = §(AAZ + BBy tanh2(:1:))q0_1 + Q71 (FZ - t()Z) (64&)

and
B
¢o7 = (ABy — BAy) tanh(z) g5 2 + dor (—BZ - toz) + 00z (6.4b)

Next we assume a shelf structure similar to the one found in our example
problem will develop; this is supported by numerical computations. Consider that
equation (6.3a) in the limit T'— 00 using ¢y — oo and usxyz = ImFlus] yields

U
0= A(]iJET + %OQS?TT- (6.5)

We assume ¢; tends to a constant with respect to ¢;i.e. ¢g7 — 0 as t > £00. As
a result ¢ — 0. Then, ¢ and ¢, both tend asymptotically to constants as
t — F00, which corresponds to a shelf developing around the soliton. Substituting
¢or into equation (6.30), in the limit 7' — +oo, we get

RG[F[UOO]] + (ABZ — BAz)

Uso u2,

Adfp + 2usegi =— + 00z, (6.6)

We define Agy=2tan"!(B/A) as the phase change across the core soliton. This
is consistent with the soliton parameters A and B being expressed in terms of
background magnitude, uy,, and phase change, A¢y,

A = uy cos <%> and B = ue sin (%) (6.7)

Using ¢3ZE:—Re[F[uoo]]/uoo from §1 and substituting equation (6.7) into
equation (6.6) we find

Aoz
2

A(ﬁfT + 2uooqfE = ¢:Zt + + 09z7. (6.8)

7. Conservation laws for the grey soliton

Next we use the modified conservation equations (4.2d) to solve for the shelf
parameters qljE and d’i as well as the slow evolution variables A, oyz. More work
is required in order to find #;. Note that if we find A, then B = (u2, — A%)Y/2. The
edge of the shelf still propagates with velocity V(Z) = ux(Z); however, the speed
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Figure 3. Typical numerical simulation of a perturbed soliton for both the magnitude and phase.
Here, Flu] =iyus, z =30, ey =0.05 and A¢g = A¢g + €A1 =4m/5. (Online version in colour.)

may now vary in z. In terms of the moving frame of reference, the boundaries of
the shelf are

¢

¢
Su(@)=— L [uoo(€s) + A(es)]ds and Sg({) = L [uso(€s) — A(es)]ds, (7.1)

where S, and Sp give the position in T of the left and right boundaries of the
shelf, respectively, at {. Note that A < uy for all Z; thus, the soliton cannot
overtake the shelf. In figure 3, we illustrate the general structure of a perturbed
dark soliton with the moving shelf. The inner region consists of the core soliton
and the shelf expanding around it, while the outer region consists of the infinite
boundary conditions characterized by equations (1.4). The boundaries between
these regions are delineated by dotted red lines at ¢t =5, and ¢ = Sg.
We begin with the evolution equation for the Hamiltonian (4.2):

d [~ J1 1
d_C JOO |:§|Ut|2 + 5(“30 - |U|2)2:| dt

(o.8) oo

[u2, — [ul*1dt + 2¢ ReJ Flu]uf dt. (7.2)

—00

— i)z |

—00

Substituting in u = (qy + €q,)e'®*1) and changing variables to the moving frame
of reference, we have up to O(e)

d o0
- J (Zr+ 620 @) + (2 — @)?1dT

o0

= 2¢(u? )ZJ [uzO — qg] dT — 4€R6J FluglAujp d T, (7.3)

oo
—00 —00

where both here and later on 4y = gye'??. The Hamiltonian is unique among the
evolution equations (4.2d) in that the contribution of the shelf appears only at
O(€?) or higher and that to O(e) may be ignored. We now put in the soliton
form (2.2) to get

2B’By = (ul)zB— A ReJ Fluglug,dT. (7.4)

—00

Proc. R. Soc. A


http://rspa.royalsocietypublishing.org/

Downloaded from rspa.royalsocietypublishing.org on July 5, 2012

14 M. J. Ablowitz et al.

Taking a derivative with respect to Z of the equation u2 = A? + B?, we get
(u.)7 =2AAz + 2BBy, which can be used to consolidate equation (7.4) down to

2BAy =ReJ Flugluty dT. (7.5)

—00

The evolution equations for energy (5.1) and momentum (5.4) both remain the
same after transforming to the moving frame of reference

d o0 o0
d_CJ (w2 — |ul*1dT = QGImJ [Fltso]too — Flulu*1d T (7.6)
and
d o (o0)
d—CImJ uu’}dT=2eReJ FluluydT. (7.7)

The inner region over which ¢ and ¢; are relevant is T € [SL(¢), Sr({)], and
outside this region ¢ = ¢ =0. At O(1), the equations are satisfied and at O(e)
we have

d SO 00
By — < J pqdT = ImJ Flus oo — Fluolug]dT (7.8a)
A€ Jsi 0 —s0
and
d SO ) 00
—2(AB)z — a J [2¢07q0q1 + P17y 1dT = 2ReJ Flugluy,dT.  (7.8b)
5L(0) —o00

Since the integrands on the left-hand side are not functions of ¢, we can apply
the fundamental theorem of calculus to arrive at

B = (i = AV + (i AT =100 [ [Pl = FluohiglaT (790
and

2(AB) 7z + uX[(uso — A)pTr + (oo + A)p ;1= —2Re JOO FlupluipdT. (7.90)
We are left now with the evolution of the centre of energy

diC Jio t(ugo — |ul?)dt = —Im Jio uuy dt + 2eIm Kooo t(FlUoo)too — Flu]u®) dt,

(7.10)

which after transforming to the moving frame of reference is now

iro (T+JCA+t0) (u?, — |ul?) dt
d: —00 0 oo

0]

¢

(T + J A+ 1) (Flusoluse — Flulu*)dT.

o0
:—ImJ uu*TdT+2de
0

—00 —00
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After rearranging some terms, we have

d [* 2 2
T Joo T(us, — |ul*)dT (7.11a)
4 d oo
+ ([ A+ to) [d_CJ [u2, — [ul*1dT — €2 ImJ (Fltoo)tioo — Flu]u*) dT]
' - - (7.110)
+AJ [u? — |u|2]dT+ImJ wuh dT (7.11¢)
= —etOZJ [u2 — [ul*1d T + QGImJ T(Flusoltoo — Flulu*)dT.  (7.11d)

Equation (7.11) line (a) yields

d%J T(u2 — |ul*)dT = —2[Sr(us — A) g + S1(teo + A) qf TUoo.  (7.12)

—00

The terms on equation (7.11) line (b) reproduce the energy equation (7.6) and
cancel out. The terms on equation (7.11) line (¢) are calculated up to O(e) using
the previous results by integrating the energy and momentum equation (7.90)

E(Z)=2B—2[Sr(Z2)q — St(2)q] lus + €E1(Z) + O(€)
and 1(Z) = —2AB — v%[SR(2)}, — Sr(Z2)$7,] + €li(Z) + O(€).

Note that d/d{ =ed/dZ and Sk and S, are O(1/¢) in terms of Z.
Putting everything together in terms of Z = €{ yields

€2Bty; = 2¢ ImJ T(Fluslto — Fluglwy) dTe+ AE(Z) + el1(2)

—00

+ [2UOO[SR(UOO - A)qfr + SL(’LLOO + A)qf] + QU/OQA[SquJr - SL(];]
+ w2 [Skdy, — Supp ]l (7.13)

After some cancellations, this breaks into O(1) terms
2[Sr g + Sugy 1+ [Sroir — Suep71=0 (7.14)

and O(e) terms that include #; and higher order energy and momentum terms,
which have not been determined. The six equations, equations (6.8), (7.5),
(7.9a), (7.9b) and (7.14), can now be used to solve for the set of six parameters
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qli, qﬁi(: qﬁ‘T), A and . To find #yz, we need to employ more information—see
the next section.

d
d_Zuoo = Im[F[uoo]L (7150,)
d o0
QB—A=ReJ Fluplu AT, (7.15b)
dz -
d o0
uwﬁog =By — ImJ (Fluooltioo — Fluplug)dT + Re[ Flueol], (7.15¢)
1 (007 + Adoz)
= 7.15d
BT (u— A) (7.15d)
_ 1(o0z — A¢oz)
= 7.15
B et A) (7.15¢)
r=-2q, (7.15f)
bip=2q (7.159)
oo YooZ ™ AA
By = Lt ZB 7) (7.15h)
2AB, — 2BA
and  Aggy = (24B; - 2). (7.15%)
uOO

We have added equations (7.15h) and (7.157) to the list since it is often easier
to use these formulations for By and A¢yy rather than working out B and A¢g
explicitly and then taking derivatives.

By combining equations (7.5) and (7.9b), we arrive at

2(AB)z + ul[(ueo — A)pir + (oo + A)p];1=4BAy, (7.16)

which may be rewritten as
d
2AB; — 2BA; + uiod—c[asl(sﬂ) — ¢1(Sp)1=0. (7.17)

If we define A¢, as
Ap1=¢1(Sr) — ¢1(SL), (7.18)

then e¢, is the phase change across the shelf. Substituting this definition along
with (7.157) into equation (7.17), we arrive at

gt eLap =0 (7.19)
az TR = '

Thus, the total phase change across the inner region remains constant, which is
consistent with our earlier result that A¢s, (the phase change from —oo to 00)
remains constant for all perturbations. As an example, figure 8 shows that the
entire phase change remains consistent with the given boundary condition.
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8. tpz and higher order terms

To find the final parameter ,, we employ the first-order correction term. We look
for a series solution to equation (1.1) of the form u=uy + eu; + O(€?), and at
O(e) we have

. 1 ) :
iug, + (—53? + 2| uo|? — Ui;) ur + (ug)uy = Flug] — iugz. (8.1)

After changing variables to the moving frame of reference T =1t — fg A(es)ds —
ty, 2= we have

1
iy + (—iAaT — 562} + 2| — uﬁo) uy + (ud)uf = Flug] — iugy. (8.2)
Here,

. B . B )
Uy = Ay e’ + é(w) —Ae%) + uyr (—toz + gz T) + 109z up. (8.3)

If we look for stationary solutions (d/d{ =0), this can be written as a system
of coupled second-order differential equations

LU; = G[u] (8.4a)
where
U= (fnfug) e cti=(GipielSi) G
and
o —%GQT 4 (342 + B’ tanh(BT) — u2,) Ad7 +2ABtanh(BT)
- —Ad7 + 2ABtanh(BT) —%aQT + (A% + 3B%*tanh(BT) — u?)

(8.4¢)

In the limit A — 0, this system decouples into two second-order differential
equations that are not difficult to solve and give two strictly real solutions and
two strictly imaginary solutions. For each solution we found for A =0, we assume
there exists a solution for A # 0 that differs only in the perpendicular direction;
e.g. if UH = (ué{
that Uy = (?f}) satisfies equation (8.4¢) with A #0; namely only the second

component changes and hence the system reduces to the first-order equation

) satisfies equation (8.4c) with A =0, then there exists u; such
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that is consistent with the remaining equations. Under this assumption, we find
a complete set of homogeneous solutions

0 Btanh BT
U= (sechQ(BT))’ Upp= ( _A )a (8.5a)

B(BT tanh(BT) — 1)

_ 3 3
U= 4 (—BT + S BTsec®(BT) + tanh(BT)) (8.5b)
IAB
and Uy= A2 _ 2 cosh”(BT) (8.5¢)

3BT sech’(BT) + 4tanh(BT) + tanh(BT) cosh(2BT)

and using variation of parameters, we can obtain a particular solution, Uy, for
the forcing G[up].

After combining real and imaginary parts, the full solution to equation (8.2)
is given by

Uy = c1ui1 + coUui2 + c3uiz + c4uig + Uy, (8.6)

where ¢, ¢, ¢3 and ¢4 are functions of Z and wu;, is dependent on the yet
to be determined #. We take c; =0 to remove the exponential growth in wuyy
and separate out the contribution of #y; that appears linearly in the particular
solution

up = Cruy + U2 + C3U13 + tozug,) + Ug,); (8.7)
where
A
uj)) =1 —i[BTsech®(BT) + tanh(BT)) . (8.8)

so that ug) has no unknowns left in it.

To put u; in terms of the magnitude and phase functions gy, q1, ¢o and ¢, we
expand our previous approximation for u

u=(qgo+ €q)e ) = e 4 (g +id1q)e? + O(e?), (8.9)
so that
up = goe'”, (8.10)
u = (qu +id1g0)e?” (8.11)
and u1 = [q1 cos(do) — @190 sin(¢o)] + il ¢ sin(¢o) + ¢1qo cos(po)]. (8.12)

By looking at the asymptotic behaviour of the solution u; as ¢t — £00, we find
the equation

uliT = _¢:1tT(:|:B) + i¢1iT(A)- (8.13)

Since w17, wizr and w7 all go to zero in the limit ¢ — 400, the above equation
can be used to find c3.
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With this, we are now able to find a second-order differential equation for ¢,
from the Hamiltonian at O(e?)

d d o0 o
@Hl + d_:HQ = —4uy Im[F[uoo]]ReJ wuydT + 2ReJ Flulug, dT
— QARGJ (Fluolufy + F'lullulug ) d T, (8.14a)
where
, d
F'lupl[w] = &F[Uo + e ]. (8.15)

On the left-hand side, we have the slow evolution of the O(e) terms and the
fast evolution of the O(€?) terms. H, is dependent on uy and u; and is given by

H =J Re(upruly) + (v — |uol*)Re(ugu}) dT. (8.16)

—00

H, is dependent on wgy, u; and the order €? correction uy. However, as before, we
assume a stationary (in the moving frame of reference) solution uy (as was done
for up and u;), then the derivative of Hy with respect to the fast evolution variable
¢ only depends on the asymptotic behaviour of uy and u; and is given by

d _ _

& 2 = dug luso (4 + ¢77) — A(g” — 7)1, (8.17)
Though it is not immediately obvious, we find that ¢; and ¢; do not contribute to
the Hamiltonian in equation (8.17), so #, is the only unknown. We take #(0) =0,
and to find a suitable initial condition #z(0), we require that the Hamiltonian be
accounted for by Hy at z=0; i.e. the higher order terms are initially zero

H;(0)=0. (8.18)

Our prediction for t differs greatly from that given by methods based on a ‘so-
called’ complete set of squared Jost function. This discrepancy may be partially
explained by the assumption that the squared Jost function forms a basis for
the solution space of equation (8.2). The eigenfunctions are found in the inverse
scattering theory for the defocusing NLS equation with non-vanishing boundary
values (Zakharov & Shabat 1973), and as a direct result, the acquired basis
functions associated with the soliton are localized and bounded. However, we
have solved explicitly for the first correction term, and we find that the solution
has an expanding shelf. From this, we deduce that the squared Jost functions
associated with the soliton are an insufficient basis.

9. Dissipative perturbation
Let us return to the perturbation F[u]=iyus, however, we now consider the
evolution of a general dark soliton with ux(0) =1. As was the case for black

solitons, the background height wu., is found to be constant from equations (1.4);
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Figure 4. (a) The predicted shelf edge overlaid on the contour plot of numerical results for
Apo =4m/5. (b) The numerical shelf height for various values of A¢y is plotted as are the asymptotic
approximations at z=30. Here, Flu] =iyuy, uso =1 and ey =0.05. (a) Solid lines, numerics;
dashed line, asymptotics. (b) Filled circles, numerics; dashed line, asymptotics. (Online version
in colour.)

i.e. ux(Z) =1. In figure 4a, we see that the velocity of the soliton does not affect
the velocity of the shelf, which still moves with velocity V = fue,. Using the
equations derived in §§7 and 8, we can now solve for all relevant parameters

4yB3
Ar=0, oop=—-12 (9.1a)
3 Uso
2yB(ux £ A) 4vB(ux £ A)
+ +
_ 2 _ 42 9.1b
ql 3 Ueo ’ 1t 3 Uso ( )
16 y2B3A 2vAB
and tozz=——Y , toz(())=——7 . (9.1¢)
9 U 3 U

We also note that these results agree with the black soliton when A =0.
In the limit A— 0, we have ¢y— ue|tanh(uyT)|; however, this has a
discontinuity in its derivative, so instead we used ¢y = us tanh(uy 1) for our
black soliton calculations. As a result, there is a sign difference in ¢, from
equation (2.9).

Unlike the speed of the shelf at the edges, the magnitude and phase,
qfc,(,bu, depend on the soliton’s velocity (which is in turn related to the
soliton’s depth and the phase across the soliton). As illustrated in figure
4b, the shelf is shallower behind the soliton for larger speeds (or smaller
phase change Ag¢j). The extra phase <fo(z):—ez%733/uoo induced by the
perturbation means that the spatial frequency of the soliton is different from
the frequency of the CW background on which it lies. Though oy evolves
adiabatically, the soliton eventually becomes noticeably out of phase from
the background as shown in figure 5a. Here, the background phase (¢* and
¢~) is constant since the fast evolution of the background phase was taken
out in equation (1.1). Finally, in figure 5b, we show the improvement finding
to(Z) makes on predicting the centre of the soliton over just using the
velocity A.
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Figure 5. (a) g¢(Z) plotted against the phase at plus and minus infinity along with the phase at
the centre of the soliton. (b) Two approximations for the soliton centre are shown: one using just
the velocity A and one taking into account #)(Z). A comparison of numerics to asymptotics for
fy is also given. Here, Fu] =iyuy, ey =0.05, and A¢y=4n/5. (a) Solid line, numerics; dashed
line, asymptotics. (b) Solid line, numerics; dashed line, Az + #y; dotted line, Az. (Online version in
colour.)

10. Linear damping

We now apply our results to the case of linear damping
Flu] = —iyu, (10.1)

which was both the first (Giannini & Joseph 1990) and a commonly used example
used in the study of perturbed dark solitons.

In this example, we now have a moving background found by solving
equation (1.4)

d

7 oo = Y tho- (10.2)

From equations (7.15), we can determine the slowly varying soliton parameters

(uso £ A)

B +
Az=—vA, ooz= Yo =V g (10.3a)
(s + A) B (oo — A)
¢l = g hr=Tp (10.30)
34 A(0)
d - 2 98 ) 10.
an tozz Ytz + v 5 Bus’ tz(0) YQB(O)UOO(O) (10.3¢)

Figure 6a shows that the existence of a raised shelf and dynamics of the
shelf edge are well predicted by the asymptotic theory. The background height
and trough of the soliton (A(Z)) are accurately approximated by our method
(figure 7a); this agrees with previously found approximations (Kivshar & Yang
1994). Our results for # and o are plotted in figure 7b. As mentioned earlier,
previous attempts using IST are not adequate (Chen et al. 1998; Lashkin 2004;
Ao & Yan 2005). #, was not obtained in Kivshar & Yang (1994); furthermore, no
previous work has considered the evolution of the parameter oy.
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Figure 6. (a) The predicted shelf edge from the asymptotic theory overlaid on the contour plot of
numerical results. Here, F[u] = —iyu, ey = 0.03 and A¢g = 4n/5. (b) The predicted shelf edge from
the asymptotic theory overlaid on the contour plot of numerical results. Here, F[u]= —iy|ul|?u,
Uso(0) =2, ey =0.02 and A¢o(0) = 7w/10. Solid lines, numerics; dashed lines, shelf edge. (Online
version in colour.)
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Figure 7. (a) Numerical compared with analytical results for both us and A. (b) Numerical
compared with analytical results for both og and . Here, F[u] = —iyu, ey =0.03 and A¢py = 47/5.
(@) Solid line, numerics; open circles, asymptotics. (b) Solid line, numerics; dashed line, asymptotics.
(Online version in colour.)

11. Two-photon absorption

Dark solitons have been proposed in the development of optical switching devices
(Luther-Davies et al. 1992). Here, materials with high nonlinearities are used to
reduce the power for soliton formation and the switching threshold; however, an
enhanced TPA coefficient also accompanies these materials. An example of TPA
with strong defocusing nonlinearity is the semiconductor ZnSe (Skinner et al.
1991). This is represented by the perturbation term

Flu] = —iy|u|u. (11.1)

From equations (7.15), we can find all parameters other than #,, which are
given below. This yields the evolution of the background height and trough height
(figure 8a); we also find that the phase change across the core soliton does not
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Figure 8. (a) The background height and magnitude of the soliton trough found both numerically
and asymptotically. (b) Numerical results for the phase of u both initially and at z=50. Here,
Flu] = —iv|u|?u, us(0) =2, ey =0.02 and A¢pg(0) = 7m/10. (a) Solid line, numerics; open circles,
asymptotics. (b) Solid line, z = 0; dashed line, z =50. (Online version in colour.)

remain constant (as had been the case for our previous examples).

d
Euoo=_7“§oa (11.2a)
d 2 1
—A=—y A+ Zud A 11.2b
7 7<3 +3uoo> ; (11.2b)
d 4
—Apo=—=-vAB 11.2
a7 b0 57 (11.2¢)
B 1
and ooy =Y7— (2A2 + §u§o> (11.2d)
Uoso

As in the linear damping example, a raised shelf develops around the core
soliton as seen in figure 60. Again we see remarkable correlation with our
predicted shelf velocity. Figure 8a shows strong agreement between numerics
and asymptotic analysis for the evolution of both u.(Z) and A(Z). Figure 8
shows that while the phase change across the core soliton decreases by half, this
is compensated for by the change in phase over the shelf, and the total phase
change from negative infinity to positive infinity remains constant, which agrees
with equation (7.19) (figure 8b).

12. Conclusion

In conclusion, we develop a novel approach to dark soliton perturbation theory
that breaks the problem into an inner region around the soliton and a shelf that
matches to the boundary at infinity. Under perturbation, a dark soliton develops
a shelf the edge of which propagates out at a speed equal to the magnitude of
the CW background. In analytical terms, the shelf arises owing to properties
of the perturbation, which serve to drive mean contributions in the amplitude
and growing terms in the phase. It is also found that the soliton can have a
different frequency from the CW background. The method can be applied to
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general perturbations that can have both moving and constant backgrounds.
For typical perturbations, the asymptotic approximations were calculated and
were compared favourably with direct numerical results. These comparisons
confirmed the existence of the analytically predicted shelf and support our
results. The non-vanishing background and soliton are treated separately from
the core soliton; in this way, we obtain a consistent perturbation theory for
dark solitons.

This research was partially supported by the US Air Force Office of Scientific Research, under
grant FA9550-09-1-0250 and the NSF under grant DMS-0905779.
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