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Abstract

We developed a systematic method for obtaining soliton solutions of the Fokas-
Lenells derivative nonlinear Schrédinger equation (FL equation shortly) under non-
vanishing boundary condition. In particular, we deal with dark soliton solutions
with a plane wave boundary condition. We first derive the novel system of bilinear
equations which is reduced from the FL equation through a dependent variable
transformation and then construct the general dark N-soliton solution of the sys-
tem, where N is an arbitrary positive integer. We then investigate the properties of
the one-soliton solutions in detail, showing that both the dark and bright solitons
appear on the nonzero background which reduce to algebraic solitons in specific
limits. Last, the interaction process of two solitons is described.

1. Introduction

We consider the following Fokas-Lenells (FL) equation which can be derived from
its original version by a simple change of variables combined with a gauge trans-
formation:

Ug = U — 2i|u|?uy. (1.1)

Here, u = u(z,t) is a complex-valued function of z and ¢, and subscripts z and
t appended to u denote partial differentiations. The known results about the FL
equation are:

o An integrable generalization of the nonlinear Schrodinger equation, Fokas [1].

e Inverse scattering transform method under the vanishing boundary condition,
Lenells and Fokas [2].

e A model equation for the propagation of nonlinear light pulses in monomode
optical fibers, Lenells [3].

e The first negative member of the integrable hierarchy of the derivative nonlinear
Schrédinger equation, Lenells [3].
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e Derivation of the bright soliton solutions, Lenells [4], Matsuno [5].

The purposes of the present report are:

e To construct the dark N-soliton solution of the FL equation on the background
of a plane wave. Explicitly, we consider the boundary condition

u— pexp {i (kz —wt +¢H)}, z— *oo, (1.2)

where p(> 0) and « are real constants representing the amplitude and wavenumber,
respectively, #&) are real phase constants and the angular frequency w = w(k)
obeys the dispersion relation w = 1/k + 2p°.

e To investigate the properties of dark soliton solutions.
This report is the summary of the paper by Matsuno [6].
2. Exact method of solution

2.1. Bilinearization

Proposition 2.1. By means of the dependent variable transformation

i(kz—wt) g
u=pe =, 2.1

with w = 1/k + 2p%, equation (1.1) can be decoupled into the following system of
bilinear equations for the tau functions f and g

D.f - f*—ip’(9g" — ff*) =0, (2.2)
D.D.f - f* —ip’Dog - g* +ip*Dof - f* +2kp* (99" — ff*) =0,  (2.3)
D.Dig- f +ikDig- f —iwDgg- f = 0. (2.4)

Here, f = f(z,t) and g = g(z,t) are complez-valued functions of x and t, and the
asterisk appended to f and g denotes complex conjugate and the bilinear operators
D, and D; are defined by

meng (0 ON"(8 9\" )
Dtth.g_(@x 83:’) (Bt 6t’> f(x’t)g(x’t)x'm,t':t’ (2:5)

where m and n are nonnegative integers.

Proof. Substituting (2.1) into (1.1) and rewriting the resultant equation in terms
of the bilinear operators, equation (1.1) can be rewritten as
1

7 (D:Dyg - f +ikDeg - f —iwDgg - f)



- fslq I {f*DuDif - f — 260 f2 £ — 210%™ (9uf — gfx +irfg)} =0.  (2:6)

Inserting the identity

P DoDif - f = fDeDef - f* = 2o Dof - f* + fF(Def - f*)as (2.7)

which can be verified by direct calculation, into the second term on the left-hand
side of (2.6), one modifies it in the form

3(DDig- f+iKDg - ] —iwDag - f)
g [ (DDif - £ =i6*Dag - g + i Duf - £+ 200" - 117}

26 {Dif - ' =ie(gg" = £1)} + H{Duf - 1~ igPleg" - £1)},] =0 (28)
By virtue of equations (2.2)-(2.4), the left-hand side of (2.8) vanishes identically.
O

It follows from (2.1) and (2.2) that

*

5}
2. 2 -
lul* = p —|—16tlnf. (2.9)

2.2. Trilinear equation

Proposition 2.2. The trilinear equation for f and g

$ {0t = =infac =i (£ 40) (0] = 9£2) | = i e = afe-+inf),
(2.10)
is a consequence of the bilinear equations (2.2)-(2.4).

Proof. By direct calculation, one can show the following trilinear identity among
the tau functions f and g:

f {gwtf — (fe —ikf)g: — i (% + p2> (g=f — gfw)} = f{(9of — gfc +ikfg)

= fY(DsDig - f +ikDyg - f —iwD,g - f)
—g [{th-f*—ipz(gg*~ff*)}m+(Dthf-f*—inng-g*+ipszf-f*—2isttf-f*)]
+9:{D:f - f* —ip* (99" — ff)}. (2.11)

Replacing a term 2ikD, f - f* on the right-hand side of (2.11) by (2.2), the right-
hand side becomes zero by (2.2)-(2.4). This yields (2.10). O
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3. Dark N-soliton solution

3.1. Main result

Theorem 3.1. The dark N-soliton solution of the system of bilinear equations
(2.2)-(2.4) is expressed by the following determinants

f=|D|, (3.1a)
D zT 1|D zT
= =|D|l+ = ) 3.1b

Here, D is an N X N matrix and z and z; are N-component row vectors defined
below and the symbol T denotes the transpose:

K —ip;

D = (djt)1<ih<n, ik = Ok + ——= 2525,
IRIESIBZ J J P+, 3%k

2 exp(pw+"p2t+ ! T+c> (3.20)

. = . - 0 , )
? 7 Dj p; +iK J

2 2 2

zZ= (Z]_,Zg,...,ZN), Z; = (Klp Zl, d z23'-'a i zN) ’ (32b)
41 P2 PN

where p; are compler parameters satisfying the constraints

e 1+kp® .
(pj + ll{’)(pj - lﬂ) = Tgppjpja J = 1,2, "',Na (326)

Go ( =1,2,...,N) are arbitrary complez parameters, d;x is kronecker’s delta and
T is an auziliary variable.

3.2. Remarks

e The dark N-soliton solution is parameterized by 2N complex parameters p; and
Go (j = 1,2,...,N). The parameters p; determine the amplitude and velocity of
the solitons whereas the parameters (jo determine the phase of the solitons. As
opposed to the bright soliton case, however, the real and imaginary parts of p; are
not independent because of the.constraints (3.2c).

e The dark N-soliton solution (3.1) solves the bilinear equations (2.2) and (2.3)
without the constraints (3.2c).

e The trilinear equation (2.10) will be proved in place of the bilinear equation (2.4)
where we use the relations

ft = (1+K'p2)f'r7 gt = (1+K’p2)g‘r

as well as the constraints (3.2c).



4. Stability of the plane wave

We have considered the dark solitons on the background of a plane wave p el(xz=wt)
with w = 1/k + 2p%. It is important to see whether the background field is stable
or not against perturbations. If unstable, then dark solitons would not exist. Here,
we perform the linear stability analysis of the plane wave.

Following the standard procedure, we seek a solution of the form

U= (p + Ap) ei(nw—wt+A¢), (4.1)

where Ap = Ap(z,t) and A¢ = A¢(z,t) are small perturbations. Substituting
(4.1) into the FL equation (1.1) and linearizing about the plane wave, we obtain
the system of linear PDEs for Ap and A¢

Apyt + p(w — 20*)Ag, — kpAg, — 4kp?Ap = 0, (4.2a)

PAGz: — (w — 20%) Apy + kAp, = 0. (4.2b)

Assume the perturbations of the form e!**=**) with X real and v possibly complex
and substitute them into (4.2) to obtain a homogeneous linear system for Ap and
TAY

(A — 4kp*) Ap + i{pA(w — 20%) + kpr}Ag = 0, (4.3a)
—i{(w — 20X + kv }Ap + pAvAd = 0. (4.3b)
The nontrivial solution exists if v satisfies the quadratic equation
2
(N2 = K202 — 2(26p% + 1)Aw — % 0. (4.4)

Solving this equation, we obtain

V:/\z_ﬂz

Thus, if the condition

[2,%;)2 +1+ 71;\//\2 + 43 (kp? + 1)p2] : (4.5)

k(kp* +1) > 0, (4.6)

is satisfied, then v becomes real for all values of real ), implying that the plane
wave is neutrally stable. It is evident that this condition always holds for x > 0.
For negative k, on the other hand, we put kK = —K with K > 0 and see that the
stability criterion turns out to be as Kp? > 1.

5. Properties of dark soliton solutions

We first parametrize the complex parameters p; and ¢jo by the real quantities
a;, bj, (9j0 and X o as

pj =aj+ibj, CjO = 9j0+in07 ] = 1,2,...,N, (51)
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and introduce the new independent variables 6, and x; according to the relations

Kkp?

J J

j=12,..,N. (5.2a)
x; = bj(z — cjt) + Xjo, j=1,2,..,N. (5.2b)

In terms of these variables, the variables z; defined by (3.2a) are put into the form
z; = §=12 N, (5.2c)

after setting 7 = 0. Substituting (5.1) into (3.2c), the constraints for p; can be
rewritten as a quadratic equation for b;

b} —2k°p%; +a} —Kk%* =0, j=1.2,.,N (5.3)

The solution to this equation is found to be as follows:

b; = (kp)? + \/n3p2(1 +rp?) —a?,  j=1,2,..,N. (5.4)

We can see from the above expression that the real b; (j = 1,2, ..., N) exist only
when the condition k3p%(1+ kp?) > 0 is satisfied. This coincides with the criterion
(4.6) for the stability of the plane wave. Throughout the analysis, we assume this
condition to assure the existence of soliton solutions. It is to be noted from (5.2)
and (5.3) that the parameters a; and b; are expressed in terms of c; as

2
2 K 1

0j = 15 (Cmax = ¢) (¢ = Cmin), b = 5—(1 = K°¢i)s  Cmin < € < Cmax,

y 2K,
(5.5a)
where

1
Cmax = —5 {1 +2kp° + 21/ Kp?(1 + K«p2)} :
K
Cmin = L {1 + 26p% — 2¢/Kp2(1 + np2)} . (5.5b)

K2
Thus, the dark N-soliton solution is characterized by the N velocities ¢; (j =
1,2,...,N) and the 2N real phase constants 6,0 and x;o (j = 1,2, ..., N), the total
number of which is 3NV.

5.1. One-soliton solution
The tau functions f = f; and g = ¢; for the one-soliton solution are given by

K—1 K +1p}
b1 2127, g=1- Erhn 2127 (5.6)

fl=1+ t 3 L 3 £ 3
D1+ pi D1+ PiD



The one-soliton solution u; follows from (2.1) with (5.6), yielding

k+by+iay ay+ib; e201

_ i(kz—wt) 1 - 2a; a1 —ib; (5 7)
up=pe 1+ n+g1 iag 261 ) '

'The above expression can be put into the form

= |u| €™ “Dexp {i (¢ + ¢}, (5.8)

where the square of the modulus of u; is represented by

2azcsgn(/-ca 1
Iu1|2 N P2 1 bl) (k+b1)sgnay ’ ¢ = lal, (5.9a)
Va2 + (k+b1)? cosh 2(6; + 6;) + v
1 K
with

2 2 2

Kp w5, 0y +(k+by)
0, = t)+ 6 == 1 = , 5.9b
1 = a1(z + c1t) + 64, 1 5 e 4a? ( )

and the tangent of the phase ¢ and ¢(*) being given respectively by

{a} 4 b1(k + b1)} cosh 2(6; + 61) + by sgnai\/a? + (k + by)?
kap sinh 2(6; + &) ’

a% + bl (KJ + bl)
Ray '

tan ¢ = (5.10a)

tan ¢ = (5.100)

Let us classify the one-soliton solutions in accordance with the sign of k. We
consider the two cases, i.e., case 1 (k > 0,a; S 0) and case 2 (k < 0,a; S 0)
separately. For each sign of x, both dark and bright solitons arise, as we shall
show now.

5.1.1. Case 1: k>0

In this case, the velocity ¢1(= xp?/(a? + b?)) of the soliton is positive. We then
find from (5.5) and (5.9) that

Ag=p— \/pz—zcl{\/a§+(m+b1)2—(n+bl)}

1
=p—7|m/5—\/l+np2|, a; >0, ¢ =c>0, (5.11)
K

=\/p2+2c1{\/a%+(n+b1)2+(n+b1)}——p

1
:ﬁ("\/z_k V1+kp?)—p a1 <0, ¢g=c¢>0, (5.12)
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Figure 1. Amplitude-velocity relation for the dark soliton A, (solid line) and
bright soliton A, (broken line) for p =1 and k = 2.
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Figure 2. Profile of the amplitude of the dark soliton U = |u;| at t = 0. a:
c=cy=0.75,b: ¢=0.33, c: ¢c=0.098. The profile a is a black soliton.

where ¢ = |c;| lies in the interval cpin < ¢ < Cmax With cpax and cmin being given
by (5.5b). Note from (5.5a) that k + b; = (1 + k%c1)/(2kc;) > 0 for £ > 0 and
c > 0.

Figure 1 plots the dependence of the amplitudes A = A; and A = A, on the
velocity ¢ = |¢;| for p =1 and k = 2.

(i) Dark soliton: a; > 0

As seen from figure 1, the amplitude A4 of the dark soliton becomes an increasing
function of the velocity c in the interval cy;, < ¢ < ¢y and a decreasing function in
the interval ¢y < ¢ < Cmax, Where cpax and cpin are given by (5.5b) and a critical

velocity cg by
1+ Kp?
12

o= : (5.13)

In the present numerical example (p = 1,k = 2), Cmin = 0.025,¢c9 = 0.75, Cpax =
2.47. Figure 2 depicts the profile of U = |u;| at t = 0 for three different values
of ¢, ie., a: ¢ = ¢g = 0.75, b: ¢ = 0.33, ¢ ¢ = 0.098 with the parameters
p=1k=2,0,=—6 and x1;0 = 0. When ¢ = ¢y, the amplitude of the dark
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Figure 3.Profile of a black soliton ug = Rewuy at t = 1.
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Figure 4. Profile of the amplitude of the bright soliton U = |u| at ¢ = 0. a:
¢ =247, b: ¢=0.73, c: ¢ =0.025. The profiles a and c are algebraic solitons.

soliton attains the maximum value A; = p. See figure 2 a. It then turns out that
the intensity of the soliton center falls to zero. Such a soliton is well-known in the
field of nonlinear optics. It is sometimes called a black soliton.

Figure 3 shows the profile of ug = Refu;] at ¢ = 1 for the black soliton. The
broken line indicates +|u;| (see figure 2 a).

(ii) Bright soliton: a; < 0
Figure 4 depicts the profile of the bright soliton U = |u;| at t = 0 for three different
values of c, ie, a: ¢ =247, b: ¢ =0.73, c: ¢ = 0.025 with p =1 and k = 2.
The feature of the bright soliton differs substantially from that of the dark soliton.
To be specific, the amplitude of the bright soliton always becomes an increasing
function of the velocity (see figure 1). It takes the maximum value at ¢ = cpay
and the minimum value at ¢ = cpin. At these limiting values of the velocity, the
algebraic soliton is produced from the soliton of hyperbolic type.

Indeed, if we put 019 = a;z9— 61 in (5.7) and (5.9) with z, being a real constant
and then take the limit a; — —0, we find
T+ ct+ 20 — i gtAs

i(kz—wt)

, (5.14a)

Uy =pe :
I+Ct+$0“lm
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Figure 5. Profile of an algebraic bright soliton ug = Rewu; at ¢t = 1.

2kc? 1
u1|2 = p2 + ’ (5140
| 1+ k2c (x+ct+$o)2+(u_nﬁfz)2

where b; = (1 — k2c)/2kc by (4.5a) and ¢ = cmax OF Cmin. Note from (5.9b) that
b? = kp?/c when a; — —0.

A representative profile of the algebraic bright soliton U = |u,| at t = 0 and the
corresponding profile of ur = Rewu; at t = 1 are shown in figure 4 a and figure 5,
respectively.

5.1.2. Case 2: k<0
For negative k, the expressions of the amplitude for the dark and bright solitons
are given respectively by

Adzp—\/p2+2c1{\/a%+(f~:+b1)2+(n+b1)}

zp——l—K\/E— sz—l, a1 <0, ¢=-c<0, (515
vK

Ay = \/ﬁ—zcl{\/a';’+(n+b1)2—(n+b1)} —p

1
=TR(Kﬁ+ Kp2—1)—p, a1>0, ¢=-c<0, (5.16)
where K = —k is a positive wavenumber and the velocity c lies in the interval
Chnin < € < Crax With

e = 73 (2K =14+ 2V AR -T) },

¢ = '1% {2Kp2—1—2\/Kp2(Kp2——1)} . (5.17)




Figure 6. Amplitude-velocity relation for the dark soliton A, (solid line) and
bright soliton A; (broken line) for p = 1 and kK = 2.

Recall that the condition Kp? —1 > 0 must be imposed to assure the existence of
the soliton solutions.

Figure 6 plots the dependence of the amplitudes A = A; and A = A, on the
velocity ¢ = |¢1| for p = 1 and k = —2. When compared with figure 1 for k > 0,
there appear several different features for k < 0. In particular, the algebraic dark

soliton would arise in the limit ¢ — ¢, since in this limit, the amplitude A4 tends

m.
to a finite value. In addition, the algebraic bright soliton exists only in the limit

C — Cpax- We now proceed to the detailed description of the soliton solutions.

(1) Dark soliton: a; < 0

It follows from (5.5) with k = —K,¢; = —c that kK + b; = 1/2Kc — K/2. Since
Crnin < € < Chnay, the possible value of x + b; is restricted by the inequality

K [Kp2 —1— VKK = 1)] <k+tb <K [Kp2 1+ VERA(Kp? = 1)] .
(5.18)
One can see that the upper limit of k+b; is attained when ¢ = ¢/, and its limiting
value is positive by the condition Kp? > 1 whereas the lower limit is attained when
C = Cp .y and is negative. In view of this fact, the algebraic dark soliton would be
produced in the limit ¢ — ¢}, for which sgn(x + b;) > 0. Actually, taking the

limit @; — —0 for the solutions (5.7) and (5.9), we find that the hyperbolic soliton
reduces to the limiting form

) r—ct+xo—1 —"—2:&'—91—
up = pel-Ke=wt) _2”1( f*bl), (5.19a)
z - ct + xg — 1———2(_K+b1)
2K c? 1
[l = p* - T — (5.19b)
¢ (z —ct +20)? + (5r,)

where b; = (1 4+ K?¢)/2Kc and ¢ = ¢,;,. Since 1 — Kc,;, > 0 by virtue of the

min°
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Figure 7. Profile of the amplitude of the dark soliton U = |u;| at t = 0. a:
c=cy=0.25 b: ¢c=0.16, c: ¢ =0.043. The profile a is a black soliton and the
profile ¢ is an algebraic soliton.

1

TN T

Figure 8. Profile of an algebraic dark soliton ug = Rewu; at t = 1.

condition Kp? > 1, the expression (5.19b) actually represents an algebraic dark
soliton.
The black soliton appears when the velocity ¢ takes a specific value ¢ = ¢, where

cy = (Kp* - 1)/K> (5.20)
Its profile is represented by
3Kp?—4 1
wl? = ? |1 - . (5.21)
2(Kp? — 1) cosh 2(8; + 6,) + %{%_%)

It is important to notice that the inequality c,;, < ¢ < cl.x requires the condition
Kp? > 4/3 for the wavenumber K. It then turns out that expression (5.21) takes
the form of a black soliton.

Figure 7 depicts the profile of U = |uy| at t = 0 for three different values
of ¢, i.e., a: ¢ = ¢ = 0.25, b: ¢ = 0.16, c: ¢ = 0.043 with the parameters
p=1,k= =26 =—08 and x1;0 = 0. In this example, c,;, = 0.043,¢, = 0.25
and ¢, ,, = 1.46 (see figure 6). An algebraic soliton appears at the lower limit of
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Figure 9. Profile of the amplitude of the bright soliton U = |u| at t = 0. a:
c=1.46, b: ¢ =0.81, c: ¢=0.19. The profiles a is an algebraic soliton.

Figure 10. Profile of an algebraic bright soliton ugp = Reu; at t = 1.

the velocity, i.e., ¢ = cf;, whereas a black soliton arises at ¢ = ¢j. Figure 8 shows
the profile of up = Re u; at t = 1 for an algebraic dark soliton.

(ii) Bright soliton: a; > 0

Figure 9 depicts the profile of U = |u;| at ¢ = 0 for three different values of ¢, i.e.,
a: ¢ = 1.46, b: ¢ =0.73, c: ¢ = 0.025 with p = 1 and kK = —2. Figure 10 shows
the profile ug = Rewu; of an algebraic bright soliton at ¢t = 1 which corresponds to
the profile a in figure 9.

e Summary

i) K>0, a;>0: dark soliton (no algebraic soliton)
ii) k>0, a3 <0: bright soliton (algebraic soliton)
iii) kK <0, a;>0: bright soliton (algebraic soliton)

iv) K <0, a; <0: dark soliton (algebraic soliton)
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Figure 11. The interaction of two dark solitons.

5.2. Two-soliton solution
5.2.1. Dark-dark solitons
The tau functions f; and g, representing the dark two-soliton solution are given
by (3.1)-(3.3) with N = 2 subjected to the conditions £ > 0,a; > 0,a; > 0. They

read ) )
K — iy ., K—ipy

T 212 - 22X
P11+ D1 ' py + Do 2
(k — lpi)(N - lpi)(m — pf)(m - pi) —— (5.220)
(p1 + p1)(p1 + P5) (P2 + p1) (P2 + P3)

fa=1+

_ktipip , Kktipppe

92:1 5 f1%1 Y
p+oin Y ptpyp 2
(k +ip})(k + ip3) (p1 — p2)(P; — D3) P12 222 (5.22b)

(p1 + p1)(p1 + P3) (P2 + P1) (P2 + P}) PIP3

Figure 11 shows the intercaction of two dark solitons with the parameters p =

1,6 =2,c; = 0.75,c3 = 0.24 and {190 = {20 = O so that from (4.14), Az = 1.0 and
Ag = 0.47.

5.2.2. Dark-bright solitons

Figure 12 depicts the interaction between a dark soliton and a bright soliton with
the parameters p = 1,k = 2,¢; = 0.75,¢2 = 0.24 and (30 = (20 = 0, showing
that the dark soliton propagates faster than the bright soliton. The asymptotic
amplitudes of the dark and bright solitons are given respectively by A4 = 1.0 and
Apz = 0.92 and hence the former is a black soliton.
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Figure 12. The interaction between a dark soliton and a bright soliton.

e Phase shift
Dark-dark solitons:

D1+ D3
P1— D2

Az, = l—ln
ay

i

Dark-bright solitons:

Az = «—-—l—ln
a3

P+ ps
P1— D2

b

e Summary

iy k>0, a; >0, az >0:
ii)h’,>0, a; >0, apg <0:
i) k>0, a; <0, ay <O:

6. Conclusion

1 *

Az = ——In P2t p; , a1 >0, ap > 0.
az |P2—P1
1 e 3

Azy = ——In w , a1 >0, a; <0,
a2 |(P2— D1

Azy; >0, Az; < 0.

dark-dark solitons
dark-bright solitons

bright-bright solitons

(5.23)

(5.24)

e The dark soliton solutions of the FL equation have been obtained by means of

a direct method.

e The linear stability analysis of the plane wave has been performed to assure the

existence of soliton solutions.
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e The classification of the one-soliton solutons has been done, showing that both
the dark and bright solitons exist on a constant background which reduce to alge-
braic solitons under certain conditions.

e The two-soliton solutions can be classified into three types, i.e., dark-dark soli-
tons, dark-bright solitons and bright-bright solitons.
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