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Abstract. Soliton interactions in systems modelled by coupled nonlinear Schrédinger (CNLS) equations
and encountered in phenomena such as wave propagation in optical fibers and photorefractive media
possess unusual features: shape changing intensity redistributions, amplitude dependent phase shifts and
relative separation distances. We demonstrate these properties in the case of integrable 2-CNLS equations.
As a simple example, we consider the stationary two-soliton solution which is equivalent to the so-called
partially coherent soliton (PCS) solution discussed much in the recent literature.

PACS. 42.65.Tg. Optical solitons — 02.30.Ik. Integrable systems

1 Introduction

The study on the formation of optical solitons and their in-
triguing interaction properties is becoming one of the fron-
tier areas of research in nonlinear dynamics due to their
potential technological applications [1,2]. Indeed optical
solitons are becoming desirable candidates in long distance
optical communication systems, in optical devices and in
optical computers. In a mathematical sense these solitons
appear basically as solutions of integrable coupled non-
linear Schrodinger (CNLS) type equations. For example,
the intense electromagnetic wave propagation in a bire-
fringent fiber is governed by the following set of 2-CNLS
equations for the envelopes ¢; and g2, which is in general
nonintegrable,

ig1> + quee + 2u(lq1 > + Blg2|*)g1 = 0,
ig2. + qout + 2p1(|g2|* + Blq1]?)g2 = 0, (1)

where z and ¢ represent the normalized distance along the

fiber and the retarded time respectively, u represents the
242sin% ¢
2-+cos2 0
phase modulation coupling parameter (6: ellipticity an-
gle). However this system becomes integrable for B = 1.

The resulting set of equations

strength of nonlinearity and B = is the cross

iq1> + quee + 2u(|q1 > + |g2[*)qn = 0,

ig2: + qoee + 20(|q1 | + |g2/*)g2 = 0, (2)
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is the celebrated Manakov equation [3]. In a recent work
Radhakrishnan et al. [4] have revealed the fact that the
soliton solutions of the integrable 2-CNLS (Manakov)
equations undergo a fascinating shape-changing collision,
resulting in a redistribution of intensity between the two
solitons in the two modes, which is not observed in the
scalar nonlinear Schrodinger (NLS) equation which ex-
hibits only pure elastic collision without any redistribu-
tion of intensities of solitons. Consequently, Jakubowski
et al. [5] have pointed out the possibility of using this
phenomenon in constructing logic gates and in a very re-
cent work [6] Steiglitz constructed such gates including
the universal NAND gate, thereby showing the theoretical
possibility of constructing all optical computers without
interconnecting discrete components in a homogeneous
bulk nonlinear optical medium. Also Yang [7] has stud-
ied the effect of additional perturbations on these solitons
using perturbation theory. Further such integrable CNLS
equations arise in the context of spatial solitons as well
which are receiving renewed attention for their formation
at very low optical powers in photorefractive medium [8].
The present authors have extended the results of 2-CNLS
system to 3- and N-CNLS equations [9].

All the above investigations mostly concentrate on the
effect of changes in the amplitude (polarization) and the
consequent effect on the energy redistribution between the
modes of the solitons. So far not much attention has been
paid to the role of phases during optical soliton interac-
tion. In this report, we point out the significance of ampli-
tude dependent phase shift / relative separation distance
involved in the interaction process (Sect. 2) responsible for
the shape change of solitons during collision along with the
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changes in the amplitudes (polarization) of the modes in
the Manakov system. It may be noted that such amplitude
dependent phase shifts do not occur in the case of scalar
NLS equation. As a simple example, we consider (Sect. 3)
the role of phase shifts / relative separation distances for
stationary 2-soliton case and point out that this solution
is nothing but the so-called stationary partially coherent
soliton (PCS) in the recent literature [10].

2 Soliton interaction in 2-CNLS system

To start with let us consider briefly the nature of one-
and two-soliton solutions [4,11]. Multisoliton solutions of
CNLS equations and their interactions will be considered
elsewhere [12].

2.1 One-soliton solution

The one-soliton solution to equation (2) can be given

in terms of three arbitrary complex parameters agl),af)

and ki as [4,11]

a) _ (o)) __em (3)
2) o) | Tromm
_ <A1 > klReimI (4)
Az | cosh (mr+ %)7

where n; = k;(t 4+ ik;2), i = 1, where k; = k;g + ikis, kir

and k;; represent the real and imaginary parts of k;. Here

VI(AL, Ag) = ) represents the unit polariza-
VgV 2 +af? |2

tion vector, k1rAj, j = 1,2 gives the amplitude of the jth
mode and 2k;s is the soliton velocity.

2.2 Two-soliton solution

n @ @2 (2

Introducing six complex parameters oy ’, a5 ', a7, @y
k1 and ks, the two-soliton solution can be given as [4,11]

1 1 * *
. Oég )em + Oéé )enz T eMm+ni+n2+d1 + eMm+n2+n;+d2
1= )

D
0452)6"1 + 0452)6"2 T e771+77f+772+61 + e771+772+77§+5§
q2 = D )
where

D=1+ e771+nf +R; + e771+77§+5o + enf +n2+05

+ et R gm0+l ()
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Here
. K12 . K5
;= kit k; do R; _ 33
ki —k
6 _ 1 — ks W,
T T kDO R 1
ko — k
6s _ 2~k W,
TS T R
' ki —k
5, _ 1 — ks @ _ @
TS L
’ ko — k
o’ = 2 (057 k12 — o k),
(k2 + k3) (k1 + k3)
Rs _ k1 — ko B
S T TR (e R R 2 T Rizkz)
(1) (1)= (2) (2)*
o o + o
andnij:u( ! J *Z J ), Z,j:1,2
ki + k/’j

The above two-soliton solution represents the interaction
of two coupled one solitons. The scenario behind this inter-
action is that there is an intensity redistribution among
the two modes of the two solitons along with an ampli-
tude dependent phase shift and relative separation dis-
tance [4,9,11]. In order to understand the nature of the
collisions we can consider the following cases for ki;>ko;:
(a) kirp > 0, kor > 0 (b) kirp > 0, kor < O (C)
kir < 0,kar > 0 (d) k1r < 0,kar < 0. Similarly, one
can consider four cases for k17 < kor. In all these cases
an asymptotic analysis (z — =£o00) reveals the following
structures.

1) Limit z — —o0

(a) Soliton 1:
o, A;” s 21—
<q2) (A%_)klpbe sech (an—i—qb ), (6)
(b) Soliton 2:

A%~ . no
() = (G s (). 0
2

2) Limit z — 400

(a) Soliton I
At i -
() = (& e ().
2
(b) Soliton 2:

A2+ ; N
() (4 s o). 0
2

Here the various quantities corresponding to the four cases
for ki;>koy are given below.



T. Kanna and M. Lakshmanan: Effect of phase shift in shape changing collision of solitons in CNLS equations

Case (a) kir > 0, kar > 0:

A%) agl) —Ry1/2
_ | = e , 10
(4 <a52> 10)
1 s
(4i5) = (G ) etmemore (1)
2
()= () o
2
A?Jr) ag) -R
= e 2/2, 13
(4 )= % (13
q/)l— _ % (ZA)I-‘,- —_ R35R2 ,Q?)Q— _ Rg;Rl and (£2+ _ %
Case (b) kig > 0, kap < 0:
AT _ (e (Ri+Rs)/2
()= (ea) a4
Aﬁ) 0‘§1) —R;/2
L = e EA 15
()= (o (15
o7 =gl and ¢ = 3, j=1,2
Case (¢) kir <0, kag > 0:
A{) 0‘;1) ~R;/2
| = e il 16
(4 <a;2> (10
AlT edt _ .
(A;) N (652)6 (Rit8s)/2 (17)

¢J* J and ¢J+ Rs R,
In both the cases (b) and ()l =4+ (=1)*t j=1,2.

Case (d) k1r < 0, kag < 0:

()= () oo
()= (o)
(B)-Ch)me
()= (@) e
(2)1_ _ @@H _ &7(]32— _ % and q32+ — @,

2
In equations (6-21) the superscripts denote the solitons
and the subscripts denote the modes. It is clear from the
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above expressions that in all the cases there exists a re-
distribution of intensity among the solitons. However it
should be noticed that though there is an intensity re-
distribution among the solitons in two modes, the total
intensity of individual soliton is conserved during collision
process, that is, |AJ7|2 4 |4} 7|2 = |AIT|2 + |ALT )2 = %7
7 = 1,2, which is of course a consequence of the integra-
bility of the Manakov model. For example, the amplitude
change in the two modes of soliton 1 after interaction can
be expressed by the following transformation,

AT =TC AT + 01 Ay
ALt = TCo1 Al + 'O A}~ (22)
Here I = I(A7,A4,4745) = (%)
1 1)x* 2 2) % 1 1)x* 2 2) %
/(a0 4 oiai)(eg el + aies’))
|:‘H112|2 - H111H22 ? in WhiCh az = (kQ + kf)[(kl -

ko) (P alV* 4P 0l *) /2. The forms of Cj;'s, i, j = 1,2

read as Cq; = (1) (1)*(161 — ko) + ozg)ozg)*(kl + k3),

Ciz = fa(l)a@)*(k +k3), Co1 = 704(2)04(1)*(1@ +k3),
(1) (D= * (2)  (2)x

Co = as’ay " (k1 + k3) + a3 'ay " (k1 — ko). Note that

Ci;’s are independent of a(lj)’s and so of A}~ and A},

Similar relations for the soliton 2 hold good for A"

and A%Jr also. Then the ratios of the A{’s, ,7 = 1,2,
can be connected through linear fractional transforma-
tions (LFTs). For example, for soliton 1,

1+
AT

e
Ay

Cip; + Ci2
Ca1py + O’

pl = (23)

-
where plz%, ensuring that for every transformation
there exists a2n inverse transformation. This idea has been
profitably used in constructing logic gates [5,6]. In fact the
LFT (23) is identical to the LFT given by equation(9) in
reference [5] under the change of notation p; —p1, p7 —pr
with Cj;’s identified as the expressions given therein.

Further, it is observed that the absolute value of the
phase shift of the two solitons in all the above four cases
is same and is given by

|R3 — R1 — Ry
=T
_ llog [|k:1 — ko|*(|k11K22 — H12f€21|)}
2 |k1 4+ E3[2Kk11K22 ’
L Pkl _ k2|2]
= — 10 —_—
2% | ks + 3 |3

1 {R11R22|k1 + k3|? —

+Llog |R12|2(k1+kf)(k2+k§)}
2 )

R11R22

(24)
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where R;j = ,u(az(-l)oz;l)* + a§2)a§-2)*), 7,7 = 1,2 and the
absolute value of the change in relative separation distance
1%, (position of Sy (at z — =£o0) - position of S (at z —
+00)) is given by

(kir + k2r)

D|.
kirkar 2]

(Abra] = [t — th] = \ (25)

It is interesting to note that in the collision process the
phase shift is not only dependent on the &;’s, j = 1,2 but
(4>

also on the complex parameters o,;"’’s, %,7 = 1,2, and so
on A?’s. These two properties, that is, dependence of the
change in the intensity profiles of the solitons in the two
modes and of the phase shift of them during collision on
the parameters agj )5 make the collision properties novel,
not seen in general other standard (1 + 1) dimensional
soliton systems.

Now looking at the dependence of the phase shift on

az(-] )’s, we can consider two special cases.

Case (a): agl) : aél) = a(12) : a(22).

In this case(corresponding to parallel modes) the collision
correspond to pure elastic collision (|Af+| = |Af ~,
i,7 = 1,2) and the phase shift is given by

el
B| = |log | L2l ]
121 ‘ g[|k1+k;|2

Case (b): agl) : aél) = o0, a§2) : a§2) =0.

This case corresponds to two orthogonal modes. Here the
phase shift is given by

(27)

el
P = |1 — .
121 ‘Og[|k1+k§|

These two examples show that the phase shifts and hence
the relative separation distances (see Eq. (25)) vary as
the complex parameters az(-] Dy change and this variation
will be reflected in the shape of the profiles of the two

interacting solitons.

3 Stationary solitons and relative separation
distances

In order to realize the effect of phase shift on the shape
of the solitons we consider the simple case of stationary
limit of the two-soliton solution (5). Let us consider the
situation in which the velocities are zero, that is k;; = 0,

j = 1,2. Further we choose agl) = af) =0, ozgl) = o,
—e™0 and k,;r = 0, where 79,7 = 1,2 are real
parameters (corresponding to orthogonal modes). In this

o —
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limit, the two-soliton solution (5) reduces to

k k .
q1 = 2kir MCOSh(k’QRtQ)elk%RZ/D17 (28)
V kir — kor
k k .
qo = 2]623 Msinh(klRtl)e’kng/Dl (29)
V kir — k2r
_ _ kir + k
Dy = \/[_LCOSh(klRtl + kgRtQ) + \/;_L (u)
kir — kar
xcosh(kigrty — karta), (30)
- 710 1 w(kir — kor)
hh=t—ti=t+-—+ lo )
! ! kir = 2kir & | 4k3 5 (k1R + k2R) |
(31)
_ 720 1 w(kir — k2r)
fh=t—th=t+-22+_—lo ,
2 2 Far | 2kar C | 4k2n(kig + kar) )

(32)

so that each soliton is in one particular mode.

It is also of interest to note that the stationary limit
of the two-soliton solution obtained above is also the
so-called partially coherent stationary soliton studied
in the literature intensively in recent times [8,10] in
connection with the existence of spatial solitons in
photorefractive materials. In fact equations (28-32) are
nothing but the stationary 2-PCS solution obtained in
equations (13-15) in reference [10]. Now we can identify
the relative separation distance between the solitons as

M0 720 1
tio =ty —t; = B0 120,
2=l—h =g =

1 [ w(kir — kar) }
og | —5
2k1R 4kip(kir + k2r)

!, [ p(kir — kar) }
— og 5 .
2kon dk3p(kir + k2r)

(33)

It can be very easily seen that the shape of the stationary
soliton depends very much on the relative separation dis-
tance t12. To illustrate this in Figure 1 we have plotted (i)
symmetric case t12 = 0 and (ii) asymmetric case t12 # 0.
One can proceed to consider the propagation of the above
stationary soliton solution and check their shape changing

properties under collision. Choosing the parameters a§2)
and aél) as functions of velocities (k;j;) such that they
vanish when k;; = 0, j = 1,2, the nature of soliton col-
lisions is shown in Figure 2 for the parameters agl)
1.0, of? = 1.0, aft) = 228800 ) — 90, g = 1.0+
and ko = 2.0 — 3.

4 Conclusion

The soliton interactions in CNLS equations possess very
rich structure. In this paper, we have discussed the two-
soliton interaction properties of 2-CNLS equations with
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Fig. 1. Typical stationary form of the 2-soliton solution (PCS) for the 2-CNLS system for z = 0, see equations (28-32):

(a) symmetric case (t12 = 0), (b) asymmetric case (t12 = 1.0).
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Fig. 2. Asymptotic forms of two-soliton solution (whose stationary form is similar to Fig. 1) of the integrable 2-CNLS equations

(a) at z=—2 and (b) at z = 2.

special emphasis on the nature of phase-shift encountered
by solitons under collision and its dependence on the am-
plitudes of the modes. We have also pointed out that the
much discussed stationary PCS solitons correspond to sta-
tionary limit of appropriate soliton solutions with 2-PCS
as an example here. Because of the complex nature of
soliton interaction, multisoliton solution in multicompo-
nent systems possess highly nontrivial structures. These

properties will be presented separately [12]. Such studies
are expected to have very important application in optical
communications, optical devices and optical computing.

The work of M.L. and T.K. forms a part of a Department of
Science and Technology, Government of India, funded research
project.
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