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Abstract
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For the focusing Ablowitz—Ladik equation, the double- and triple-pole solutions are derived
from its multi-soliton solutions via some limit technique. Also, the asymptotic analysis is
performed for such two multi-pole solutions (MPSs) by considering the balance between
exponential and algebraic terms. Like the continuous nonlinear Schrédinger equation, the
discrete MPSs describe the elastic interactions of multiple solitons with the same amplitudes. But
in contrast to the common multi-soliton solutions, most asymptotic solitons in the MPSs are
localized in the curves of the st plane, and thus they have the time-dependent velocities. In
addition, the solitons’ relative distances grow logarithmically with |¢|, while the separation
acceleration magnitudes decrease exponentially with their distance.
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1. Introduction

The existence of multi-soliton solutions is one of the most
distinctive features for integrable nonlinear evolution
equations (NLEEs), like the nonlinear Schrodinger equation
(NLSE) [1]. In the terminology of inverse scattering trans-
form (IST), an N-soliton solution corresponds to that the
reflection coefficient admits N simple poles [1-3]. Usually,
such a solution describes the elastic N-soliton collisions,
where the relative distance between two interacting solitons is
linear in |¢] [2, 4]. Recently, there is a growing interest in the
degenerate cases of N-soliton solutions and their described
soliton interactions (e.g. see [5—13] and references therein).
Taking the focusing NLSE as an example, its bright N-soliton
solutions admit two important degenerate cases. One is the
soliton bound state (i.e. soliton train) when the discrete
eigenvalues of the scattering problem have the same real
parts [9, 14]. The bounded solitons travel with the same
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velocities and keep finite relative distance which varies per-
iodically in time. The other one is the multi-pole solution
(MPS) when the multiplicity of discrete eigenvalues is higher
than one [2, 3, 11, 13, 15]. In the latter degenerate case, two
or more solitons with equal amplitudes form a weak bound
state, in which there is a strong interaction at t ~ 0 and
the solitons’ relative distance grows logarithmically with |¢|
[2, 3, 11, 13, 15].

In the celebrated work of Zakharov and Shabat [2], they
first reported the double-pole solution of the focusing NLSE
as the limit of the two-soliton solution when two distinct
poles coalesce into one. Subsequently, Olmedilla [3] derived
the formula for an arbitrary Lth-order MPS by solving the
Gel'fand-Levitan—-Marchenko equations, and studied the
asymptotic behavior of the double- and triple-pole solutions,
which shows that the interacting solitons diverge from each
other logarithmically as |f{| — +oc. Recently, Schiebold [13]
gave a rigorous and complete asymptotic description of the
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MPSs with arbitrary order based on some operator-theoretic
approach to integrable systems. It should be mentioned that
the MPSs also exist in the focusing NLSE with nonzero
background [11, 12], but there are no such kinds of solutions
for the defocusing case [16]. In the context of optical fibers,
the MPSs can describe the interactions of multiple chirped
pulses of equal amplitudes, where the interaction force
between two pulses decreases exponentially with their initial
distance [15, 17]. Besides, the MPSs, mostly in cases of
double-pole solution, have also been revealed in many other
integrable NLEEs [5, 6, 13, 18-29], and the nonintegrable
subcritical and supercritical NLSEs [30].

As the discrete analog of NLSE, the Ablowitz—Ladik
(AL) equation [31, 32]:

ig,, = (1 + 0lg,) (@1 + g,_D- (1)

where 0 = 1 and —1, respectively, represent the focusing and
defocusing nonlinearity, is relevant to modeling nonlinear
localized waves in certain electrical and optical lattice sys-
tems [33]. Both the focusing and defocusing versions of
equation (1) are integrable in the sense that their initial value
problems are exactly soluble via the IST scheme [32, 34-36].
Like the continuous NLSE, equation (1) possesses the bright
soliton solutions for o = 1 [37] and the dark soliton solutions
for 0 = —1 [38]. Also, the focusing AL equation with the
nonzero background admits the breather and rogue-wave
solutions which are related to the modulation instability
[3941]. Up to now, many integrable properties of
equation (1) have been detailed, like the Hamiltonian struc-
ture [42], Bécklund transformation [43], and quasi-periodic
solutions [44].

We note that there is very little attention which has been
paid to the discrete MPSs of equation (1) in the existing
literature. In this paper, we derive the explicit formulas of the
double- and triple-pole solutions based on the two- and three-
soliton solutions for the focusing AL equation. Our calcul-
ation relies on some limit technique which has been fre-
quently used in constructing the rational localized-wave
solutions via the Darboux transformation (see, for example,
[6, 7, 10, 45, 46]). In principle, it is feasible to obtain he
discrete MPSs with arbitrary order in such a way. On
the other hand, we perform an asymptotic analysis of both the
double- and triple-pole solutions based on the balance
between the exponential and algebraic terms, which was
recently proposed in [6]. As a result, we reveal that the
double-pole solution describes the elastic interactions
between two solitons having the same amplitudes. The
asymptotic solitons are found to be localized in some curves
of the nt plane, so that their velocities are time-dependent.
Moreover, the relative distance between two solitons grows
logarithmically with |¢f|, while the separation acceleration
magnitude decreases exponentially with the distance. The
triple-pole solution also describes the elastic interactions
among three solitons with the same amplitudes, in which two
pairs of asymptotic solitons lie in curves and possess the same
properties as those in the double-pole case, but the third pair

has a constant velocity and experiences no phase shift upon
an interaction.

The structure of this paper is organized as follows: in
section 2, the bright soliton solutions of equation (1) with
o = 1 are constructed by the Hirota method. In section 3, the
double- and triple-pole solutions are, respectively, degener-
ated from the two- and three-soliton solutions by some limit
technique. Also, the asymptotic behavior of such two MPSs is
studied, and thus the soliton interaction properties are dis-
cussed. Finally, we address the conclusions and discussions
of this paper in section 4.

2. Soliton solutions via the Hirota method

In this section, we use the Hirota method [47] to construct the
bright soliton solutions of equation (1) with ¢ = 1. Taking
the variable transformation in the form

280 (D)
L@
where f,(f) is a real-valued function and g,(¢) is a complex-

valued function, we obtain the bilinear form for equation (1)
as follows:

q,(1) = i @)

Dyg, - f = A&ui1fumt — BuoiSus1)s 3)
£+ 18l = Mo fioas 4)
where D, is defined by Djg (t)-f,(t) = (% _ %)j

&, (Of, )=y [47]. By introducing a formal parameter ¢, we
expand the functions g, and f, in the following form

G =l + 0 4 e 4

+ e2M1gCM=D (5)
=14 ¥® 4 4@ 4 of® 4 ...
+ eMEEM o (6)

where M is an arbitrary positive integer. Then, substituting g,
and f;, in equations (5) and (6) into (3) and (4) and truncating
the resulting equations at different M, one can derive a chain
of soliton solutions for the focusing AL equation.
For the truncation at M = 1, the bright one-soliton
solution is obtained as
P

T ey @

a4

with

gV =aeh, P = et (0 = rin + wip),
|al|26m+f‘q
fi=—r-—

= wp=¢ef —e "M
(eK1+/_Q| _ 1)2’ 1 i

where the bar denotes complex conjugate, k, is a constant in
C and satisfies x; + & = 0 to avoid the singularity.
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For the truncation at M = 2, the bright two-soliton
solution is derived as

gy iS5 ®)
n 2¢(2) 4r&”
1+ ef,” + &%,
with
grfl) = a1e91 + azeaz,
~(2 2 ) pa) pa]
f,f) = ﬁ”e91+91 4 /31260""92 + ﬁ21892+0' + ﬁ22602+02,
g)53) — ,y1691+92+§] + ,yze€1+(')2+92’ f’£4) — 6661+H2+91+92,
0, = kin + wit, w;=¢e"i —eFi(i=1,2),
P |o¢1|2|oz2|2(e“'1 _ eK2)2(eF;1 _ eR2)26N1+R1+H2+F;2
- (em-%—ﬁ'] _ 1)2(6H2+R] _ 1)2(eH|+R2 _ 1)2(ef<2+Fz2 _ 1)2’
o qagetth oL
By = 17 G,Jj=12),
ehi — eh3—i 2 a; 2a 7,62.79,- o
v = (, _ )|l| 351 (1,1:1,2),
(ehj+h,i _ I)Z(em,ﬂrh,f _ 1)2
where k;, are two constants in C and satisfy

ki + Fj = 0, j =1, 2) in order to avoid the singularity.
For the truncation at M = 3, the bright three-soliton
solution is presented as follows:
I+ @ 4 4@ 4 6O

4y €))

with

gV = e + ape® + aze®,

) i
K= 22 Byehth,

1<i,j<3
3 4D
g,; ) Z 'Yijkee'+9"+9k7
i,
1<i, j, k<3
f,E4) — Z 6ijkleel+9j+(?)k+a”

i<j, k<l,
1<i, j, k, I<3

- T

<U691+92+93+9,~+§j,

i<J,
1<i, j<3

fr56) — ,7661+02+03+91+92+93’

a;ajetitR
Bij Zm(l,] =1,2,3),

oy (e — ef)2ee
Vi = @ — )2 — 1) (i<jiij,k=1,2,3),
8 ;0 Gy (e — er)?(efik — efl)rerit it Rt
ikl =

(eh',j+.‘7ik _ I)Z(eﬁj—kfck _ 1)2(eﬁ;+r§1/ _ 1)2(eff/'+l7i1 _ 1)2
x@<jik<lyi,j, k,1=1,2,3),

where £, 3 are three constants in C and satisfy x; + &; = 0
(1 <1, j < 3) in order to avoid the singularity. Continually in
a similar manner, one can obtain more higher-order multi-
soliton solutions when the truncation is taken at M > 3.

3. Multi-pole solutions

Based on the multi-soliton solutions in section 2, we will
construct the discrete MPSs of equation (1) with o = 1 by
letting x», ..., Ky — k1. To calculate the limits by the Taylor
expansion [6, 7, 10, 45, 46], we take

km = ri(1 + 1,8 2 <m < M), (10)

where & is a small parameter, and p,, = 1 or —1. Also, we
introduce & into 6,, (1 < m < M) in the form

)
01 = kin + wit + Z Sif-fi,
i=1

o0
On = Emn + Wt + > x™sE 2 <m < M),
i=1

an

where s;’s are arbitrary parameters (which will appear in
the MPSs) in C, x™’s (2 < m < M) are real constants
to be determined. Then, we expand f®" and g "
(1 < m < M) in the Taylor series of & as follows:

oo
) Y
L0 =3 L7 0F,
J=0
00 ) )
g =38 VO, (12)
j=0
where ™) and g*"~ 1) are defined by
j£(2m)
f(2m,j) — l djfn "
on il dzd
Jj! dg& o
i 2m—1)
géZm—l,j):;djgn A (13)
j! d&/ 5
g=0

Note that the coefficients of the first several terms in the
expansions of f®" and g®"~V (2 < m < M) are zeroes.
Thus, with substitution of (12) into (2), the limits at & — 0
just yield the one-soliton solution when ¢ is regarded as a
parameter independent of €. To overcome this difficulty, one
must consider the contribution from all the terms £ and
g Y (1 < m < M) in deriving the MPSs. Observing that
the constant ‘1’ always appears in the denominators of multi-

CX]OQOZ_%C_)[,‘C_)ZJ‘(CK‘ _ emz)Z(C;c] _ eh’,3)2(elﬂ‘,2 _ e;{g)Z(eRi _ eR/)ZEZ(R,+R/-)
Cij - (eH]+F(I _ 1)2(eng+ﬁ;l _ 1)2(en3+/?,< _ 1)2(6H1+R’j _ 1)2(en2+»‘$,» _ 1)2(eﬂ3+r¢j _ 1)2
(i<jyi,j=1,2,3),
| a1a2a3(e’ﬂ — e”Z)z(e""l — 653)2(e’52 — e"ZS)z|2eﬁl+52+ﬁ3+R1+R2+R3
n =

- (en1+kl _ I)Z(eerRz _ 1)2(el<23+)7;3 _

0; = kin + wit, wy=efi —e M (=1,2,3),

D] (e —

1)2(em+kl _ 1)2(en3+r’c2 _ 1)2|2 >
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soliton solutions, we assume that

e=&"™(ry € R, (14)

where r), is to be determined, so that the constant terms are
dominant in all the expansions of 52mf,52’") and 52"”1grfz"’71>
(1 < m < M). Meanwhile, one need to make all the negative
power terms of & vanish by imposing some constraints on
f,’s and x™’s. After those manipulations, the limits of
multi-soliton solutions at & — 0 will give rise to the MPSs

correctly.

3.1. Double-pole solution

For the two-soliton solution (8), we let k, = k(1 + &) (i.e.
t1> = 1) and calculate the Taylor expansions of gV, g, £
and f(4) in &. It turns out thatg(3 0 — g(3 D= f(4 0 — f(4 b=
f(4 2 = f(4 9 = 0 are identically satisfied, and that g(1 0
(3 2 f(2 0 f(2 ‘D all become 0 if and only if a; + a, = 0.
Thus we take e =1/ (ie. r, = 1) and a, = —ay, which
suffices to ensure that all the negative power terms of & vanish
and the constant terms are dominant both in the numerator
and denominator. Still, it requires that xl(z) = 1 in order to
make sure the free parameter s; appear in the solution.
Without loss of generality, we assume x® = —1. Then, the
limit of solution (8) as & — 0 yields the double-pole solution

4a151nh2(/11R)(T + 51 + 2S1)

Brikfed
l.nOél(Tl + &+ 2s1)
e &

5

qu<_

k)

subscripts R and I represent the real and imaginary parts of x;,
respectively. In the following, we use the improved asymp-
totic analysis method in [6] to study the asymptotic behavior
of solution (15), and then reveal its described dynamics of
soliton interactions.

To begin with, we explain that the asymptotic solitons in
solution (15) cannot be located in any straight line
L: kg n — ct = const. In fact, one can regard that solution
(15) is explicitly dependent only on % and ¢ because of the
relation

R11

&y=—"Er + 2[c0sh(/<;1R)s1n(/<;11)t

KI1R

(16)

Ky .
SIS smh(/@m)cos(/@u)t],
RIR

where &, = kg n + 2sinh(kjg)cos(xi;)¢. Thus, one needs to
consider the asymptotic behavior of £ g along the line £ as
|| — oco. Looking at the difference &, — (kign — ct) =
[c + 2sinh(k1g)cos(ki7)]t, we have

+o0,
flR - {0(1)’

Associated with the two cases in equation (17), the dominant
behavior of solution (15) can be given by

¢ = —2sinh(k1g)cos(kiy),

¢ = —2sinh(k1g)cos(kyy). an

4sinh? (k1) (Ti + & + 2s1)

,n|: O[]H]e§]

of equation (1) with 0 = 1 as follows:

(L1 (3,3)
. &t

Gn =1 22 @n’
O

15)

with

.y _

g, —aeS(T) + &),

[ = 5116£‘+E‘{|Tl + & — 2coth(kig)Re [F1(Ti + &)]

+ |/€1|2[2050h2(/€11e) + COthz(/ﬂR):l}

1 B11kTe24T[T] + & — 2R coth(kig)]

g3 —
& 4 sinh®(kyR) ’
5 ,
f(4’4) _ 611|KII|462(§1+51)
" 16sinh*(kig)
where T, = (W1 — wl)t — 251, 51 = KN + wit, 611 =
2 ~ach2(
Lon [? eschCrg) | wi = 2sinh(k;), w; = 2k;cosh(ky), the

4

&g — +o0,

&igr — — 00, (18)
511(Tloieéfl+ 251)] §r= 0.
Noticing that S>> [T+ & + 251 (G — +00),

e b > T+ & + 25| (§ — —00) and |1 + § + 251 >
etér (£, = O(1)), the asymptotic limits in equation (18) are
all 0 when |f| — oco. That is, solution (15) has no asymptotic
soliton lying in a straight line.

Next, we consider that the asymptotic solitons are loca-
lized in some curve C in the nt-plane. Along the curve C, {1z
goes to 00 or —o0 when |t — oo because the slope of C is not
a constant. Moreover, one should note that with replacement
of &, by & & via (16), solution (15) contains only the terms ¢,
&g and eSr, and that there are the inequality relations
ebir > §p(§p — +00) and eir K §p(§g — —00). There-
fore, in order to obtain the expressions of asymptotic solitons,
we must consider the balance between ¢ and e, that is

t~wn, el ér (Jt| — 400), (19)

where w(n, ) = O(1), p is a constant to be determined. For
different values of p, solution (15) has the following domi-
nant behavior:
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Figure 1. The phase shifts between q':. and g, (i = 1, 2) versus [,
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where the parameters are selected as oy = 5 T3l k= 3 +1i
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Figure 2. The two-soliton relative distance (solid) and separation
acceleration (dashed) versus |¢|, where the parameters are the same as

those in figure 1.

balance might occur as t — +o00 or t — —o0, we can obtain
four asymptotic solitons with their expressions given as fol-

lows:

. _ i"oqkigk; 2] sinh(kig)| €

ql’l - qn,l =

|011/€1R/‘6%Q|

2
xsech| &g + In —lO{IHIRRll
8| osinh’(kip)| t

(te S = O(1), t — +00), (22)

and s; = %
[ raymigsieit >1 (¢ +00)
9 — 9
4 osinh? (k) te—Six P IR
4i"0&1I€1RCi£11
=1
g, ~ 9 . h2( ) 160 1 ‘511/1'121(7’»'12 hiR 5 p (£1R — +OO), (20)
SIRIR 257 Car ™ Zsinnt o)
4in : h2 ot i§
"oy sinh” (i) 1€ 0<p<l (&g — +00),
BikigRietin
_gn i§ . . H
i al_’ﬁREe 1 l<p<o (flR ~ oo, . o = l"OleﬂRQl sinh(k1g) | el
By, otetir ; " wl | ar1kir Ol
—i"aKigoet!
~ , = -1 —00), — t 23
il Py A xsech] &+ | Lt |2
ul @ teé1R 2| Kigr sinh(kiR)]|
_n ig
% p<—1 (&g — —00), (tefe = O(1), 1 — —o0),
11
4 — gt = _ "oqkigolsinh(kig)| e
n n2
with 0= 2iI€1R COSh(KZ]R)SiH(Ii][) — 2i K11 Sil’lh(:‘ﬁR)COS(li”) I alHlel
+ kig(W1 — w), where we have substituted equation (16) for | aqo| t (24)
.. . : . xsech| {g + In| —M—
&1, before determining the dominant balance in solution (15). 2| Kir sinh(kiR)|
. As suggeste(.i by equations (20) and (21), the asymptotic (tefix = O(1), 1 — +00),
solitons of solution (15) are formed only when the balance
tebir = O(1) or te~4r = O(1) is met. In view that such a g = _i"Ot1I€1RI€12?|SiHh(I€1R)| eléy
n n2

|041/‘01R/€%4_0|
—| curir kil

h | 25)
xsechf &p + In m

(e = O(1), t — —00),

where we have labeled the above four asymptotic solitons
based on that the velocity of q’fi at ¢ > 0 is the same as that of
q,;atr< 0G@=1,2),as givén in equation (27).

It can be found that the asymptotic solitons qni,’1 and qni,’2
in equations (22)—(25) are all of the bright type and have the
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Figure 3. (a) 3D plot of the double-pole solution (15). (b) Contour plot of the double-pole solution. The parameters are the same as those in
figure 1.

2+ t=-5 2+ t=—10 2+ t=—100
lgl || lgl || lgl ||

0 L LN | L 0 L L l L 0 L I
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n n n
(a)

2+ t=5 2+ =10 2+ t=100
lql || lgl || lgl ||
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=20 -10 0 10 20 -30 =20 -10 0 10 -160 -150 -140 -130 -120

n n n
(b)

Figure 4. (a) Comparison of the asymptotic expressions 41 (red dashed) and 9ys (blue dashed) with the exact solution (15) (black solid)
when ¢ < 0; (b) comparison of the asymptotic soliton qnfl (red dashed) and qnfz (blue dashed) with the exact solution (15) (black solid) when

t > 0. The selection of parameters follows that in figure 1.

same amplitudes

A" = A5" = |sinh(kp)|. (26)

Note that the center trajectories of qnil and qni2 are along four
curves in the nt plane. Accordingly, the soliton velocities are
time-dependent and they can be explicitly given by

piE = /]t — ZSinh(fﬂR)COS(fiu)’

K1R
vzi:—l/ltl + Zsinh(mR)cos(m,). 7
KIR

Also, the phase shifts between qn+l. and g . (i =1, 2) vary
with |#| in a logarithmical law (see figure 1):

(28)

8¢, = —6, = 21n( [ s )

2| gsinh (ki) |||

Since v has the same value at ¢ as that of v~ at —¢ and 6¢, is
always opposite to d¢, at the same ¢, thus the double-pole
solution (15) describes the elastic interactions between two
solitons having equal amplitudes.



Phys. Scr. 95 (2020) 055222

M Li et al

Moreover, we obtain the relative distance between qnﬂ
and qu (or between ¢ |, and g ) as follows:

2 ln[2|£Sinh(HIR)||f|)

|1 il
(Itl >

Meanwhile, we calculate the second derivative of d;, with
respect to |¢]:

|k kil ) (29
2| gsinh(k1g)|

_—8|g|2 Sinhz(KlR) e~ |mirldiz
9

app = (30)

3 2
| ftl

which represents the acceleration that two solitons separate
from each other. Here, a;, < 0 says that the two-soliton
separation speed is decreasing as |¢] increases. Thus, we obtain
that the relative distance between two solitons grows loga-
rithmically with |7|, whereas their separation acceleration
magnitude decreases exponentially with the distance and
finally tends to O (see figure 2). This is in contrast with the
K1 = K, case in the two-soliton solution (8), where the rela-
tive distance between two solitons is linear in |z|.

In figures 3(a) and (b), we illustrate a two-soliton inter-
action described by solution (15) and mark all the asymptotic
solitons. To show the validity of our asymptotic analysis, we
compare the asymptotic solitons qfi (i = 1, 2) with the exact
solution (15) in figure 4. It can be seen that there is a good
agreement for the asymptotic expressions to approximate
solution (15) at large values of |¢|.

3.2. Triple-pole solution

Based on the three-soliton solution (9), we let £ = 1/&2,
Ko = k(1 + &) and k3 = k(1 — &) (l.e. 73 =2, up = 1 and
pz = —1). Similarly, for making all the terms like &~/
(1 < i < 4) vanish, we must take a, = —%, o3 =—aq — Qy
and x1(2) + xlm = 2. Still, xzm + x2(3) = 2 and x1(3) = | are
required so that the free parameters s; and s, both appear in
the solution. Without loss of generality, we choose x* = 0,
xz(z) =1, x1(3) =2 and x2(3) = —1. Thus, taking the limit of
solution (9) as € — 0, we have the triple-pole solution of
equation (1) with ¢ = 1 as follows:

1,1 3,3 5,5
gn( ) g,g ) gn( )
2,2 4,4 6,6)’
1 f( ) f( ) f( )

n

4p =1

€1y}

where

1 .
gl = 75041651[T22 + 2k7 sinh(k)t — 2s5],

| ki|*[33 + 26 cosh(2kig) + cosh(4kig)]

= ﬁnew{

32 sinh“(mR)
n l| T2~ 2P + | mlz[llcoshgn”i) + cosh(3k1r)]
4 4SlIlh‘(IilR)
2
« Re(Ry D) + | wil”[2 + Cosh(2mR)]| A
2 sinh2(k1g)

+ coth(kig)Re [ T (T5 — 25)]
2 + cosh(2kig)

Re[A{ (T3 — 252)] ¢
bk R 2)]}

2
g = ﬂ;:ilni;:;il {Ir1l*[20 + 20cosh(2k1r)
+ 2cosh(4rig)] — 8sinh*(kiz) |TZ — 25,2
— R12[4cosh(2/<;1R) + 4cosh(4rig) — 8]
X (T3 — 285) + risinh?(2rk1) (T3 — 25,)
+ Ri|ki? [44sinh(2k1g) + 8sinh(4ki2)] T
+ R[8sinh(4kig) — 16sinh(2k:1R)] LI T
— 16/?alsinh2(mR)sinh(2mR)TZ(T22 — 25)
+ |k [8cosh(2kig) + 8cosh(dkig) — 16]|T?
+ rilmil* [8sinh?(kig) + 2sinh(4ri)] D
+ RZ[8cosh(2kiz) + 8cosh(4kig) — 16]T7
+ 16sinh* (k1) T3 (TF — 25,)
+ 8risinh? (ki) sinh 21 ) (T3 — 28)),

f(4,4) _ ﬁ%1|/€1|46251+2§1
! 28sinh? (1)
x {|/11|4[195 + 212cosh(2k1g) + 49cosh(4kir)]

8sinh* (k1)
+ 4|12 — 25, — [10 + 14cosh(2kip)IRe[RE(T7 — 255)]
b sinh?(kg)
20 + 28cosh(2rip)|Rel 7] T3
o 20+ 28cosh®rolRelRi 1], 67
sinh? (%)
+ |k1[> [32sinh(2k1z) + 14sinh(4k;z)]Re(7 1)
sinh*(kg)

— 32coth(kig)Re[m B (TF — 257)]
|12 [40 4+ 32cosh(2k;z)]

— 16Re[TX(T? — 25,)] +
[T5(T; 2)] ()

B

+ 6400th(f€1R)Re(R1T2)ITzI2},

2 4 5
6.5 _ Bk || *e3512%
" 2lsinh!'0(k; )
— 8sinh?(kig) T3 — 13/}

— 17&{ cosh(2kig) — 127;sinh(2k12) B3},

{4sinh?(k1) (T3 — 252)

n [2 sinh(klR)]u s
T, = 2[sinh(k)) — K cosh(k)]t — & + s1.

Next, in order to understand the soliton interactions in the
triple-pole solution, we also make an asymptotic analysis of
solution (31) by the same procedure in section 3.1.

On one side, along the straight line 1z n — ¢t = const
with ¢ = —2sinh(kg)cos(ky;), we derive the following



Phys. Scr. 95 (2020) 055222

M Li et al

o¢
20+
05
10t
0 09,
— 10 L
09,
- : ' : =
0 5 10 15 20

Figure 5. The phase shifts between qjl. and g, (1 < i < 3) versus|t,
where the parameters are selected as a; = 2 + 2i, 5, = g + %i and

S1:S2:].

asymptotic expression:

L i"aqkisinh(kg)eiéy
q, — qn,l =

|041||/<61|2

Jou |1

x sech [ﬁm + ln(,—a)] (t — *£00),
8|sinh(kig)| (32)

which represents a pair of bright solitons lying in the same
straight line §, + In (%) =0 as t — +o0. On the
other side, via equation (16) we substitute &;; for £p in
solution (31), and then find that the asymptotic solitons are
formed when the dominant balance ¢ ~ e2%r or t ~ e~ 28« is
reached as |f| — oo. Hence, we can obtain four asymptotic
bright solitons with the curved center trajectories, and their
expressions are given by

"oy K} 22 sinh (k)| el

+
G4y = 4, =
"2 | ki 0?
1
Oézl*’i H,2
x sech| § g + 2In | o SIR i (33)
4| osinh2(kR)| t
1
(te 2% = O(1), t — +00),
_ " 0% sinh(kR)| el
e T
1
—|af ol t (34)

xsech| {p + 2In :
2| KR1R Sinhi(HIR)l

1
x(te2éik = O(1), t — —o0),

10
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Figure 6. The two-soliton relative distances d;, (red solid), d;3 (red
solid), d»3 (black solid) and separation accelerations a;, (red
dashed), a3 (red dashed), a,; (black dashed) versus |z, where the
parameters are the same as those in figure 5.

gt _i"a; 0% sinh (k)| el
qn q”’3 2
| 107

1
| af ol t

xsech| { g + 2In :
2| kiR sinh2 (kiR) |

1
x(te2r = O(1), t — +00), (35)
_ i"agk| 2%sinh(g) [efén
q, — qn,3 - 4 7
|l sy 07
lof kg |
xsech| §g + 2In w
4| psinhz (kR) |t (36)

x(te~ 26 = O(1), t — —00),

where we have also labeled the above four asymptotic soli-
tons in view that the velocity of qn*l. at t+ > 0 is the same as

that of q,,;att < 0 (i = 2, 3), as given in equation (37).
Like the double-pole case, qfi in equations (32)—(36)

have the same amplitudes A7 = [sinh(kig)| (I < i < 3).
Also, the velocities of asymptotic solitons ¢, and g, are
time-dependent:

vzi _ 2/|t| — 2sinh (k1g) cos (m,)’

R1R
bE 2/1t] + 2sinh (k;g) cos (k17)
3 — )

RIR

(37

and their phase shifts change with |¢| in the following loga-
rithmical manner (see figure 5):

|K1g K1 )
. (38)
V2| osinh(rig) |11]

However, qnil have the constant velocities

86, = —6py = 41n(

pE — 2 sinh(k1g)cos(kiy)
1 — = )
RIR

(39
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Figure 7. (a) 3D plot of the triple-pole solution (31); (b) Contour plot of the triple-pole solution. The parameters are the same as those in
figure 5.
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Figure 8. (a) Comparison of the asymptotic expressions g, | (purple dashed), g,, (blue dashed) and g, (red dashed) with the exact solution
(31) (black solid) when ¢ < 0; (b) comparison of the asymptotic soliton an,rl (purple dashed), qzz (blue dashed) and an3 (red dashed) with the

exact solution (31) (black solid) when ¢ > 0. The selection of parameters follows that in figure 5.

and experience no phase shift before and after interaction.
Therefore, the triple-pole solution (31) describes the elastic
interactions among three solitons with equal amplitudes.

Moreover, we derive the relative distances between two
solitons among qrii (org, ) (1 <i<3)as

2 [<1r]

X (|t| >

1 1 2| of? sinh?(kg)1?
i = dine L= ln( | ol sinh®(rip) ]
(40)

2
kgl mil?

mmm]
V2 ol| sinh(kig)|

and calculate the second derivatives of d;; (1 < i <j < 3)
with respect to |7:

4] o*sinh? (k1 5)

_ —|kirldia

ap = a3 = T 3 e imKae,
|kig KTl

2qinh2
. 8|g| sinh (K/IR) efmzkld%, (41)

a3 = CR)
|Kkir 1l

which are the accelerations that two solitons diverge from
each other. Also, we obtain that the solitons’ relative dis-
tances grow logarithmically with |7|, while the separation
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acceleration magnitudes decrease exponentially with the dis-
tance and finally tend to O (see figure 6).

In figures 7(a) and (b), we show the three-soliton inter-
actions in solution (31) and the distribution of all asymptotic
solitons. In addition, figure 8 presents the comparison of the
asymptotic solitons qfi (I <i<3) with the exact solu-
tion (31) at different values of 7. One can see that the
asymptotic expressions give a good approximation to solu-
tion (31) when [¢f| > 1.

4. Conclusions and discussions

In this paper, for the focusing AL equation, we have derived
the double- and triple-pole solutions (15) and (31) as the
degenerate cases of the two- and three-soliton solutions,
respectively. Via the same limit technique in section 3, one
can continue to construct an arbitrary Mth (M > 3) order
MPS. For doing so, we need to set ¢ = 1/2M~1 and the Mth
order MPS can be obtained in the form

(L1 33 4 ... 2M—-12M—-1)

q, =1 |+ @D L p@H 0 +f(2M,2M)' 42)

We believe that this method can be used to construct the
MPSs for other soliton equations [5, 20-23, 25, 29, 48,
49, 50] if their multi-soliton solutions are available. However,
by the same procedure we have not obtained the MPSs from
the dark multi-soliton solutions of equation (1) with o = —1.
It is worthwhile to make clear whether there is no dark MPSs
in the defocusing AL equation, similar to the defocusing case
of NLSE [16]. In the future, we will continue to work on this
problem by some other methods, e.g. the IST or Darboux
transformation.V4

On the other hand, we have performed a detailed
asymptotic analysis of the double- and triple-pole solutions. It
should be noted that an improved asymptotic analysis method
[6], which relies on the balance between exponential and
algebraic terms, has been used in obtaining the expressions of
all asymptotic solitons. On this basis, we have revealed that
the asymptotic solitons in solution (15) are localized in some
curves of the nt plane and their velocities are time-dependent;
and that two pairs of asymptotic solitons in solution (31) lie in
some curves, while the third pair (which has a constant
velocity and experiences no phase shift) is along a straight
line. Within our knowledge, we infer that when M is odd there
are M — 1 pairs of solitons moving in the logarithmic curves
and one pair of solitons lying in a straight line, while for even
M all the solitons are localized in the logarithmic curves.
Similarly to the continuous MPSs of the focusing NLSE
[3, 13, 15], we have also revealed the discrete MPSs describe
the elastic interactions of multiple solitons with the same
amplitudes, in which the solitons’ relative distances grow
logarithmically with |7/, while the separation acceleration
magnitudes decrease exponentially with their relative
distances.

Finally, we point out that it might be an interesting issue
to study the soliton interaction behavior at r ~ 0 in the MPSs.
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As shown in figures 3(a) and 7(a), the interactions of multiple
solitons with equal amplitudes may cause the occurrence of
an instant large-amplitude wave. Qualitatively, the amplitude
of such an instant wave is related to s; (1 < i < M — 1), but
those parameters are all absent in the expressions of asymp-
totic solitons. Hence, one has to study the MPSs themselves
so as to accurately understand the scenarios of soliton inter-
actions in the near-field region |f| < 1. However, this is a
challenging work since a large amount of calculations will be
involved.
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