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1. Introduction

The concept of cubic—quartic (CQ) optical solitons first appeared a couple of years
ago as a generalization to pure-quartic solitons and pure-cubic solitons that were
introduced to sustain the delicate balance between chromatic dispersion (CD) and
nonlinearity. The issue with pure-quartic solitons is that an analytical soliton so-
lution cannot be established unless one is looking for a stationary soliton solution.
On the other hand, pure-cubic soliton model is not integrable unless Hamiltonian
perturbation terms are included in it. This led to the novel concept of CQ solitons
that has achieved success in the fields of quantum optics and telecommunication
industry. In CQ solitons, CD is replaced by a combination of third-order dispersion
(30D) and fourth-order dispersion (40D) that can together replenish the low count
of CD. A plethora of results are reported during the past decade or so in these
arenas.' ™7

One of the familiar models that addresses the dynamics of soliton propagation
through optical fibers and PCF, apart from the familiar nonlinear Schrodinger’s
equation, is Fokas—Lenells equation (FLE). This model is well studied in the context
of polarization-preserving fibers with CD and/or CQ replacing CD. Today’s work
turns the page to extend the study of CQ solitons with FLE for polarized pulses.
Thus, the model equations for CQ solitons in birefringent fibers are first introduced.
Subsequently, a couple of familiar integration algorithms would give way to a
spectrum of CQ soliton solutions to FLE in birefringent fibers. Finally, the paper
enumerates and exhibits conservation laws to the model that are recovered by the aid
of multiplier approach. The corresponding conserved quantities are eventually
computed and presented. These results are displayed after a succinct intro to the
governing model.

1.1. Governing model

The CQ in birefringent fibers for the perturbed FLE reads as follows:

Z.qt + ialqa::v:z: + le:L‘a:;)::z: =+ (Cl|Q|2 + dl |T’|2)(61q + ile:c) + qr* (’71T + i7717‘;z:)
= i[614, + M (lgl* @) + 1 (la*)2d), (1)

7:"qt + iaQTa::mr + bQT.’wrw.’v =+ (62|T|2 + d2|Q|2)(€2T + ifQT;I:) + Tq* (72q + iUQQ:v)
= i[bary + X (Ir*7), + pa(Ir[*) 7], (2)

where a;, b;, ¢;, d;, e;, f;, vj, nj, 6;, A;j and p; for (j=1,2) are all real-valued
constants and i = v/—1, while the independent variables  and t represent spatial
and temporal variables, respectively. The dependent variables ¢ = ¢(z,t) and r =
r(x,t) are the complex valued describing the wave profiles for the two components in
polarization-preserving fibers. The first terms in Egs. (1) and (2) are linear temporal
evolution of the pulses. Next, the coefficients of a; are the 30Ds and the coefficients b;
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stand for the 40Ds. Then, c; are the self-phase modulation (SPM) terms while d;

stand for cross-phase modulation (XPM). Next, f; represent nonlinear dispersions,
while 7; are four wave-mixing (4WM) terms. The parameters e; coupled with c; give
SPM and when coupled with d; give XPM. Then v, give the XPM along with 4WM.
Finally, 6; are the coefficients of inter-modal dispersion (IMD) and the parameters ;
give self-steepening terms (SSTs) that avoid the formation of shock waves, while y;
are nonlinear dispersion coefficients.

This paper is organized as follows. In Sec. 2, the mathematical preliminaries are
introduced. In Secs. 3 and 4, the generalized auxiliary equation method and the
addendum to Kudryashov’s method are successfully applied. In Sec. 6, the conser-
vation laws of the model are addressed with a few conclusive words that are given in
Sec. 7.

2. Mathematical Preliminaries
In order to solve Egs. (1) and (2), we assume the hypothesis:
q(x,t) = Uy (§explivy(x, t)],
r(z,t) = Us(§)expliv(z, )],
such that
E=xz—ut, Y(x,t) = —kKx+wt+ 0, (4)

where v, k,w and 6, are all nonzero constants to be determined which represent
soliton velocity, soliton frequency, wave number and phase constant, respectively.
Next, ©)(z,t) is a real function which represents the phase component of the soliton,
while U, (&) are real functions which represent the shape of the pulse of the solitons.
Substituting (3) along with (4) into Egs. (1) and (2), separating the real and
imaginary parts, we deduce that the real parts are
blU{m + (3Cllli — 6b1/€2)U{/ - [UJ + 61/‘?} + 0,11423 - b1/€4]U1
+ (e1 + [iw)(@UT + diUDU; + (v + mr)U U35 = \sU7 =0 (5)

and

bQUé”/ —+ (3@2/‘{ — GbQHQ)Ué/ — [CL) + 62/41 =+ a2K13 — b2/‘i4}U2
+ (€3 + o) (U3 + doUD)Us + (5 + mok)UsUT — MokU3 = 0, (6)

while the imaginary parts are

(a1 — b R)UY" — (6 + v + 3a16% — 4by &)U — (3, + 2m)UTU|
+ f1(01U12+d1U22)U{+771U1U2Ué:0 (7)

2150005-3



J. Nonlinear Optic. Phys. Mat. 2021.30. Downloaded from www.worldscientific.com
by HEBEI UNIVERSITY OF TECHNOLOGY on 11/26/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

E. M. E. Zayed et al.

and
(a3 — 4byk)US" — (63 + v+ Bask? — 4byr®)Us — (3Xy + 2112) U3 U
+ foleUs + doUT)Us + 0 U U0 U = 0. (8)
Set
Ux(§) = xUL(9), 9)
where X is a nonzero constant, such that y # 1. Consequently, the real parts change
to
blU{/" + (3(11/{ — 6b1l€2)U{l — [(JJ =+ 61/4; =+ 01/13 — b1f14]U1
+ (e + fir)(er + dix?) + (v +mr)x* — MU =0 (10)
and

XU + (3agk — 6byk®)XUY — [w + 69k + agk® — byr?|xUy
+ [(e2+ for)(eax® + da)x + (72 + mr)x — Aorx’IUT = 0, (11)
while the imaginary parts become
(a; — 4b k)UY" — (6 + v+ 3a,k? — 4b1 k3 U]
+ [filer + dix?) = (BA +2m) +mx?UTUL = 0 (12)
and

(ag — 4byk)xUL" — (65 + v + 3agk?® — 4byr®) U

+ [faleax® + do)x — (BAy + 2u2)x° + mox]UTUT = 0. (13)
The linearly independent principle is applied on (12) and (13) to get the frequency of
soliton:
a; )
524—61‘, G/]‘?éo, b]#() fOI'jzl,Q, (14)

J

the velocity of soliton is given by
v = 4bjl<53 —0;— 3aj/$2 for j = 1,2, (15)

and the constraint conditions

Jiler +dix?) — B\ +2u1) +mx? =0,

(16)
faleax® +da) = (3Xg + 2p9)X* + 19 = 0.
From (14) and (15), one gets the natural constraint relations as
a1by = agby,
102 = G20y (17)

4b k3 — &) — 3a K% = 4byk® — 5y — 3ayk?.
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Equations (10) and (11) have the same form under the constraint conditions:

by = xby,
3a,k — 6b1x% = (3agk — 6byk2)Y,
W+ 61k + a1k — bkt = (w+ Gak + agk® — byrt)x, (18)

(e1 + fir)(er + dix®) + (v + me)X® — Ak
= (ex + far)(cax® + da)x + (72 + 1K) X — Aorix’.
From (18), we have the wave number of the soliton as

Y Ok + a k3 — byt — (69K + agk® — byrt)x
(x—1)

Equation (10) can be rewritten as
b U + U + LU, +IL,U; =0, (20)
where
Iy = 3a,k — 6b K2,
I, = —[w+ 6k + a1> — b4, (21)
I3 = (e; + fik)(c; + dix?) + (71 + mk)x? — Ak

Now, we will solve Eq. (20) using the following methods.

3. The Generalized Auxiliary Equation Method

According to this method, we assume that Eq. (20) has the formal solution:

N
U1(§) =Y aif'(9), (22)
1=0
where f(£) satisfies the first-order auxiliary equation:

2O =D hf™(&). (23)

m=0
Here, oy(1=0,1,...,N) and h,,(m =0,1,...,6) are constants to be determined
such that ay # 0 and hg # 0, where N is a positive integer. Balancing U{” and U3 in

Eq. (20), one gets the balance number N = 4. From (22), one gets the formal solution
of Eq. (20) as

Ur(6) = ag + a1 f(€) + axf*(€) + as f2(€) + ay f1(€), (24)
where o;(1 =0,1,2,3,4) are constants to be determined such that o, # 0. Substi-
tuting (24) and (23) with hy = hy = hy = hy = 0 into Eq. (20), collecting all the
coefficients of [f(&)]™[f(£)]™2(m; =0,1,...,12,my = 0,1) and setting these coeffi-
cients to zero, we have a set of algebraic equations which can be solved using the
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Maple to obtain the following results:

Mya? 4 1920b,a,h2 = 0,

3llza50 + 945b,a3hg = 0,

350005 + 384banh i + 313030y + 2688b ayhghy = 0,

105b, e hg 4 12600 hyoshg + 6113000504 4 330405 + Mza3 = 0,

611501 50 + 350003 4 24T hg + 350005 + 19200, ayhghs
+ 840D,y h 3 + 3350 + 480by hyashg = 0,

870b, hgarshy + 6IT504 anory + 15T ashg + 3I504 a3 + 360ba3h?
+ 650030 4+ 1200, hya hg + 350304 = 0,

320b, hgaohy + 6IT500a50 + 6504 anory + 302 ay + 20 hy
+ 8Iyashg + Tza3 + 120b,ash? + 350003 + 10400, hyoghy = 0, (25)

24b; i b3 + T8b  hgoy hy + 6115000505 + 61150007y + 408y hyarshy
+ 3Ma; a3 + 12y + 3oy hg + 3Tlzaiag = 0,

1200, hyashs + 6113004 g + Iy + 610 hy + 256by s h3
+ 3Mzaday + 3llzapad + 3Mgata, + 161 auhy = 0,

20by hyo hy + 9z hy + 611500000 + 81byash3 + 35020
+ T;a3 + 2Mya by + o = 0,

3I;a 20y + 16bash3 + 350008 + 4Iljashy + Iy = 0,

320 + byaghs 4+ Myaghy + oy = 0,

M aq + Iza3 = 0.

On solving the above algebraic equations (25) by using the Maple, one gets the
following two results:
Result 1:

611yh [ 30b
ag =0, a =0, ayg =4e¢ 1_1036, az =0, ay = 8ehg _H31’

11 II,h (26)
0 0/l
hy 200, y 1y € 5b, y g 6
and
4113
1 25b1 ) ( )

provided II II3hg > 0, Ijbihg <0, b1l <0 and e = £1. It is well known that
Eq. (23) has the following solutions: When hy = hy = hy = hs = 0, we have

hyhysech?(y/fy€) b
h — hahg[1 + e tanh (VAs€)) | 7

f©) = |- (28)
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B hohyesch?(v/hy€) :
)= {hi - h;h:[l + ecothQ(\/Ef)]Q] )
provided hy > 0, € = £1,
B hasech?(y/hy€) :
f(§) = {_ By + Qei/mmnil(\/@f)] ’ .
B hycsch?(v/hy€) :
fé) = [h4 + QEMCoth(\/h_zf)} .

provided hy > 0,hg > 0 and € = +1.
Substituting (26) along with (28)—(31) into (24), one gets the following soliton
solutions of the system (1) and (2):

iy [ (e - w)
q(z,t) = jE5H“\/Tﬂg4_ [1+etanh (m(x_vt))]Z

. 2sech? <\/_2r§2:($ - ”t)> !
4-— [1 + etanh (m(x - ”t))}

ol(—ratwt+6,) (32)

and
o [a0 seat(yf g )
r(z,t) = + 5 XHO\/;Z_L — [1 + etanh (\/iTl(T)—gl(x - vt))}Q
. 2sech? (\/—-2?0[27(33 - Ut)) i~ Ka+wi+6y) (33)
4-— [1+etanh<m($’”t))]2 |
or

L [ ey —w)
g, 1) = & 5H°\/—;4 - [1 + ecoth (\/Toz,(f” - ””)r
2csch? (m(x - “t)> i(—ra+wt+ty) (34)

1JF47 [1+ecoth< - fw(x’”t))r
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and
i
4 30 csch? (/i (o — 1)
r(z,t) = igXHoH
13434 — [1+ec0th \/—“l’—vt
2csch? (\/7”(33 - Ut)
1 n 20b m;+wt+90
4—{1+ecoth< 2%2 CC—Ut
or
1 6 sechQ(m(x Ut))
gz, 1) = £y | =
2 Sbill3 |9 4 ¢ tanh (\/Tlg—}jl(ﬂf - ’Ut))
}12(\/_——11T t )
9 _ sec 200 (.Z‘ v ) ej(fn:v+wt+90),
1 + etanh (m(m - Ut))
and
1 T I U id)
r(z,t) = £5xy [ —
2 50,113 1 + etanh ( — ng_gl(x - 'Ut))
(/e )
o sec 200 (:U v ) ei(—m:+wt+90)’
1 + etanh (\/To—gl(ai - Ut))
or
I
. 6 csch? (\/Tog(fc - ”Ut))
g(z,t) = ﬂ:§Ho\/$ 1
1583 |1 4+ ecoth (\/:_W—g?@? - Ut))
(/2o )
- cse 05, (£ — vt) eil—rtut+y)
1 + ecoth (m(x - Ut))
and

L p CSChQ(m(x Ut))
r(x,t) = iQXHO\/j{’)-lh;g 1 + ecoth (m(x - vt))

csch2( - 2%;; (z — vt))

1+ ecoth (1/ ;gg (x — vt))

provided b1H3 < 0 and b1H0 < 0.

2+ el

—ka+wt+0;)
k)

2150005-8
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The solutions (32)—(39) exist under the constraint condition (27).

Result 2:
300
O(():O, 041:07 OCQZO, OégZO, 044:86]16 —Hl,
, Vot (10)
2 80b1 ) 4 07 6 6
and
4113
1 25b1 ’ ( )

provided b;II; < 0 and e = +1. It is well known that Eq. (23) has the following
solutions:
When hy = h; = hg = hs = 0, we have

2h2 %
f&) = L \/mcosh@\/h_z&)—hj ’ (42)

provided hy > 0,h% — 4hyhg > 0 and € = +1,

2h,

e/ (h? = 4hyhg) sinh (2/F5€) — hy

provided hy > 0,h% — 4hohg < 0 and € = +1,

2h2 %
[ = mes (2v/=hst) —hj ’ (44)

f(€) = (43)

f(&) =

1
2hs :
ex/h% — Ahyhgsin (2¢/—ho) — hy |

provided hy < 0,h? — 4hyhg > 0 and € = £1.
Substituting (40) along with (42)—(45) into (24), one gets the following solutions
of the system (1) and (2):

(I) The bright soliton solutions:

1 30 1 [ 1 |
t)=+—1II — 2=,/ = Z 0. _ t i(—krtwt+6;) 46
a(w.t) = E 5oy [ =5 e (2 \ 5 )> ¢ (46)

1 3 1 II '
r(x,t) = il—oxﬂn - sech? (— Yz — vt)) el(ratwttto) o (47)

and

provided b;1I3 < 0 and b;1I; < 0.
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(II) The singular soliton solutions:

1 30 1 II )
t)y=+—1II — h2 B B U OV t i(—kz+wt+6p)
q(z,t) 10 Joy / oI, (2 = (x—wv )) e
1 30 1 II )
r(z,t) = il—OXHM [— 61H3C8Ch2 <§ V- 5—b(i(a: — vt)) gil=re+wt+y)

provided b1H3 < 0 and b1H0 < 0.

and

(III) The periodic wave solutions:

1 30 1 1T .
t)=+—1II 2 et =,y — t i(—kz+wt+6y)
q(z,t) = £ 1oy | oI, (2 = (x—v ))e

and
1 30 1 [II )
t) =+—xII e = 2 — t i(—kr+wt+6y)
r(z,t) 10 Mo/~ 5% <2”5b1(x v ))e 7
or
1 30 1 I .
t) ==+ 11 — 2( 2, [ 200 — t (—kz+wt+6y)
q(z, 1) 100 b1H3CSC (2 561(33 v )>e
and

10 b,

&

1 30 1 [II )
’I“(JZ, t) = j:—XHO _ —CSC2 <§ —0(.13 _ Ut)) ez(7,'@91:er7,‘+¢90)7

provided bII3 < 0 and b1, > 0.
The solutions (46)—(53) exist under the constraint condition (41).

4. An Addendum to Kudryashov’s Method
According to this method, we assume that Eq. (20) has the formal solution

N
Ui(§) = > BiR'(9),
=0

(49)

(51)

(54)

where B;(l =0,1,2,..., N) are constants to be determined, such that By # 0, while

R(&) satisfies the first-order auxiliary ordinary differential equation (ODE):
R = B[ - TR?(¢)In*K, 0<K#1,
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where I is a constant. It is easy to show that Eq. (55) has the following solution:

1

4A g
 |4A%xp i (p€) + Pexpye (—pf) ]

where A is a nonzero constant, p is a positive integer and expg(p¢) = K?¢. We

R(¢) (56)

determine the positive integer N in (54) by using the homogeneous balance method
as follows.

If D(U,)=N,D(U})=N+p,D(U})=N +2p, then we have D[UJU] =
N(r+1)+ps.

Now, by balancing U{"” with U} in Eq. (20), one gets

N+4p=3N = N = 2p. (57)
Next, we will discuss the following cases.

Case 1. If we choose p = 1, then NV = 2. Thus, from (54) we deduce that Eq. (20) has
the formal solution:

Uy(€) = By + B1R(€) + By R*(8), (58)

where B, B; and B, are constants to be determined, such that B, # 0 while R(§)
satisfies the first-order auxiliary ODE:

RY(&) = R* (O -TR*(OIn’K, 0< K #1, (59)

where T is a constant. Substituting (58) along with (59) into Eq. (20), collecting all
the coeflicients of each power of [R(&)]™[R'(£)]™2(my =0,1,...,6,my =0,1) and
setting each of these coefficients to zero, we have a system of algebraic equations
which can be solved by using the Maple to get the results:

| 30b
By=0, B, =0, By==2T fH—ImQK (60)
3

HO = —20b11H2K, H] = 64b11n4K, (61)

and

provided b;II; < 0. Substituting (60) along with (56) into Eq. (58), one gets the
solutions of the system (1) and (2) in the forms:

| 300, 4AIn K 2o
— _ i(—kz+wt+0))
q(l’,t) +2r H3 |:4A2K(JL(1‘)_|_FK(LM):| € ! (62)
[ 30b, 4AIn K S
— _ i(—ka+wt+0))
r(z,t) = £2xT T, [4A2K(-T—Ct) +I‘K—(-’?—C"/)} e 0) (63)
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In particular, if we set I' = 442 in (62) and (63), then the system (1) and (2) has the
bright soliton solutions as

30,

3

300 )
r(z,t) = +2x4 [ — H—;(lnzK)sechQ[(m — ct) In K]ei(-rotet+) (65)

while, if ' = —4 A2, one gets the singular soliton solution of the system (1) and (2) as

300 )
q(z,t) = £24 ) — H—I(IHQK)CSChQ[(LL' — ct) In K]ei(-rotwt+t) (66)
\ 3

300

3

gz, t) = £24/— (In?K)sech?[(z — ct) In K]e!(-ra+wi+0) (64)

and

and

r(z,t) = £2x (InK)csch?[(z — ct) In K]e!(-ratwi+t), (67)

The solutions (62)—(67) exist under the conditions (61).

Case 2. If we choose p = 2, then N = 4. Thus, we deduce from (54) that Eq. (20) has
the formal solution:

Ui(€) = By + BiR(§) + B R*(€) + B3 R*(€) + BaR'(€), (68)

where By, B, By, Bs and B, are constants to be determined, such that B, # 0 and
the function R(§) satisfies the first-order auxiliary ODE

R*(&) = R*(&)[1 —TRY9In’K, 0< K #1, (69)

where I is a constant. Substituting (68) along with (69) into Eq. (20), collecting all
the coefficients of each power of [R(€)]™ [R/(£)]"2(m; = 0,1,2,...,12,my = 0,1) and
setting each of these coefficients to zero, we have a system of algebraic equations
which can be solved by using the Maple to get the results:

| 300
By=0, B, =0, By=0, B;=0, B, =48I —H—11n2K (70)
3

I, = —80b In?K, 1II, = 1024b,In'K, (71)

provided b;II3 < 0. Substituting (70) along with (56) into Eq. (68), one gets the
solutions of the system (1) and (2) in the forms:

30b; 4AIn K 2
= — i(—kz+wt+0y)
qlx,t) = £8T | T, [4A2K2(Ict) TR | © o (72)
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and

| 300, 1AM K 2 s
r(x,t) = £8xTy [ — T, [4A2K2(zl’¢) TR pi(—ratwt+6y) (73)

In particular, if we set I' = 4A4% in (72) and (73), then we have the bright soliton
solution of the system (1) and (2) as

300 .
q(x,t) = £84 [ — I LIn?K)sech?[2(x — ct) In K]ei(-rotet+0) (74)
\ 3

306
r(x,t) = £8x4/— i !

and

; (InK)sech?(2(x — ct) In K]e/(~re+ttt) (75)

while, if ' = —4 A2, one gets the singular soliton solution of the system (1) and (2) as
300, 2 2 i(—rz+wt+6,)
q(xz,t) = £84 [ — 0 (In®K)csch?[2(z — ct) In K]e!\ o (76)
3

300
r(z,t) = £8x4/— H31

and

(In?K)csch?[2(x — ct) In K]el(-ro+wt+b), (77)

The solutions (72)—(77) exist under the conditions (71).
Similarly, we can find many other solutions by choosing other values for p and V.

5. Conservation Laws

Following some detailed calculations, we get that system (1) and (2) admits three
conservation laws corresponding to “power”, “linear momentum” and
“Hamiltonian” for particular cases of the parameters; the conserved densities are,
respectively, given as follows:

(i) If y, =y and d; = d, = 0, we get the conserved “power density”

Te =5 (aP +1rP). (78)

N |

(i) If gy =9, dy = dy =0, Ay = —ptg, Ay = —py and ~y; = 7y, the conserved “linear
momentum density” is
T, =

m

(Z(d"q,) + Z(r"ry))- (79)

| —
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(iii) If, in addition to the conditions in (ii), 7, = 75 = 0, the conserved “Hamiltonian
density” is

T = =01 Z(q Guuz) — LM T0za) + D R(Q00a) + BRI 000)
1 1
+ald (e’ - AZ(a'aw) + el (el - HI00r)

1 1 1 1
+ 551I(q*%) + 5521(7"*7%) - ZM1|Q|QI(Q*%) - ZM2|T|QI(T*H)

+ 5 lallrl. (50)

The two-component bright soliton solutions recovered in this paper are structured as
q(x,t) = Aysech?[B(x — vt)]ell-re+wt+), (81)

r(x,t) = Aysech?[B(z — vt)]e!(-ratet+t) (82)

Here, A; (j = 1,2) are the amplitudes of the two solitons while B represents their
inverse widths. Therefore, the conserved quantities are

1 [ 2
Py [ aP +1r)e = (1A +14:P) (83)

1 o * * * 2K
M= e / {(q*qu: - qqm) + (T Ty — Trrn)}dz = 73iB(|A1|2 + |A2‘2) (84)

o0

and

(o] 1 *
H= / |:_ ?{al (q*QJ?(LL qq‘l‘l/'l/) + a’2( Tyze — TT&L‘OML‘)}
e~ i

1 * Sk *

e+ )l g, — a03) + (eofy + )2, —1r0))

&

1 * * * 2
+ 7 1010700 — aaz) + 0o(r"r, — i)} +7 |Q| |r|*|da

4K 9 9 64 . 9 9

= 15 (alA + GQA )(51“.', + 12B ) +EB()(b1A1 + b2A2>

224 5 5

55 BT+ A + - (bAT +b,AD)
167, A2 A2
+35B{(01f1+M1)A1+(02f2+ﬂ2) 2t — (51A2+52A )+ %
(85)

These conserved quantities are power (P), linear momentum (M) and Hamiltonian
(H), respectively.
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6. Conclusions

Today’s work is a display of polarized soliton solutions and their conservation laws
with FLE in birefringent fibers. Two integration algorithms have made this retrieval
of soliton solutions possible while the approach of multipliers has successfully re-
covered the conservation laws. The conserved quantities are finally computed and
exhibited by utilizing the soliton solutions that are recovered in the paper. These
recovered and enumerated results serve as a gateway to extend the study further
along in this direction. An immediate example would be to extend the model to
address DWDM topology with FLE, studying the cascaded system and Thirring
solitons. More results, aligned with recently reported works, will appear over time
sequentially.?*>? Consequently, the aspects of ghost pulses and suppression of intra-
channel collision of solitons, stochastic perturbation of solitons are all on the table.
These projects will be taken up and their results would be disseminated.
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