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Abstract

Discrete N-fold Darboux transformation (DT) is used to derive new bright and dark
multi-soliton solutions of two higher-order Toda lattice equations. Propagation and
elastic interaction structures of such soliton solutions are shown graphically. The
details of their evolutions are studied via numerical simulations. Numerical results
show the accuracy of our numerical scheme and the stable evolutions of such bright
and dark multi-solitons without a noise. To compare the numerical evolution results
with the classical Toda lattice equation, we also investigate the dynamical behaviors
of the multi-soliton solutions for Toda lattice equation via numerical simulations, and
we find that the multi-soliton solutions of Toda lattice equation have better stability
and are more robust against a big noise than its two corresponding higher-order
equations. The same small noise has different effect on the evolutions of the
multi-soliton solutions for three different equations in the same hierarchy. The
possible reason is that the higher-order nonlinear terms of the higher-order equation
cause the instability of the wave propagation. The discrete generalized (n, N — n)-fold
DTs are constructed and used to derive some discrete rational solutions of three
equations, and a few mathematical features for such rational solutions are also
discussed. Results might be helpful for understanding the propagation of nonlinear
waves in soliton theory.

Keywords: Higher-order Toda lattice equation; Discrete N-fold Darboux
transformation; Discrete bright and dark multi-soliton solutions; Rational solutions;
Numerical simulations

1 Introduction

Recently, the nonlinear lattice equations (NLEs) [1-4], treated as the spatially discrete ana-
logues of the nonlinear partial differential equations (NPDEs) [5-9], have received certain
attention [10—14]. Dynamical behaviors of solitons in the continuous and discrete cases
are described by the NPDEs and NLEs [10], respectively. The NLEs [15-17] can be taken
as the models of some physical phenomena and may be used to describe many physical
situations. For example, the Toda lattice equation is a simple model for a one-dimensional
crystal in solid state physics [11, 12]; the self-dual network equations describe the prop-
agation of electrical signals in a cascade of four-terminal nonlinear LC self-dual circuits
or the wave propagation in a nonlinear, lumped, self-dual ladder type network [13]; the
Ablowitz—Ladik lattice equation can describe the interaction and propagation of optical
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pulses in a nonlinear waveguide array [14]; the Volterra lattice system is in connection
with the spectrum of Langmuir wave in plasma dynamics [10]. Searching for explicit ex-
act solutions of NLEs is a very significant work. Exact solutions can make people under-
stand deeply the physical mechanism of the natural phenomena described by NLEs. Some
methods for constructing explicit exact solutions of NLEs, such as the inverse scattering
method [1-4, 18, 19], Hirota method [13, 20], Biacklund transformation [21-23], and Dar-
boux transformation (DT) [24—41], have been developed. Among them, the DT based on
the Lax pair is an algebraic method which is an effective tool to solve the Lax integrable
NLEs. The main idea of the DT method is to keep the linear eigenvalue problems of the in-
tegrable NLEs invariant. In fact, the Darboux transformation exhibits different forms such
as a general dressing procedure (see, e.g., Ref. [26]), the iterated DT with the iteration op-
erator form (see, e.g., Ref. [24, 25]), the iterated DT with the iterated Darboux matrix (see,
e.g., Refs. [27-30]), the DT with the first-order Darboux matrix (see, e.g., Refs. [31-33]),
and the DT with the N-order Darboux matrix whose elements are the polynomials of the
spectral parameters (see, e.g., Refs. [34—41]), etc. Theoretically, the solution obtained by
a single DT (i.e., 1-fold DT which is the N-fold DT when N = 1) can be taken as the new
starting point from which to derive another solution by making a DT again, hence a se-
ries of explicit solutions can be generated by iteration step by step [35-37]. However, it is
very difficult to carry out the iterative process. Compared with the iterated DT, the N-fold
DT technique with the N-order Darboux matrix is an effective tool to solve the Lax inte-
grable NLEs and its main advantage is to give multi-soliton solutions without complicated
iterative process [35-39].

For the NLEs, Toda lattice equation is one of the well-known Lax integrable NLEs which
well describes the soliton physical phenomena such as nonlinear wave propagation and
nonergodic phenomena in Fermi—Pasta—Ulam recurrence [11, 12]. The main aim of the
present paper is a detailed study of bright and dark multi-soliton solutions and their dy-
namical behaviors of two higher-order NLEs associated with the following Toda lattice

equation [42]:

Upt = Vil — Vs
' (1)

Vit = Vn(un - un—l)v
where u, = u(n, t), v, = v, t) are the functions of a discrete variable # and the time variable

tand u,, = ddit”, Vit = %”. Equation (1) is an important discrete Lax integrable NLE and it

is connected with the following discrete linear spectral problem [42]:

Ewnzanm Mn=<0 O>)‘+< 0 ! )7 (2)
0 1 -V, —Uy

-1 0 U,.1+1 1
1ﬁn,t = Unw;fn un = ( 0 0) A+ ( n_lvn 1) . (3)

Equation (1) can be taken as the discrete approximation of the Korteweg—de Vries (KdV)
equation in fluids and also has served as a useful guide in the studies on nonlinear waves

[10, 43]. Under the transformations u, = —Q,.;, v, = €212, Eq. (1) can be transformed
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to our familiar classic form
Qn,tt - eQn—l—Qn _ eQn—Qn-v-l, (4)

where Q, = Q(n,t) is the displacement of the nth particle from its equilibrium position
[12]. To understand many nonlinear, nonergodic phenomena such as Fermi—Pasta—Ulam
recurrence, Toda proposed a one-dimensional nonlinear lattice model with neighboring
particles interacting through an exponential potential function, and the single soliton so-
lution and the two-soliton solution have been obtained [12, 44]. In Ref. [19], the general
N-soliton formula is derived by use of an inverse-scattering method, and constants of the
motion are expressed in terms of the scattering data. In Ref. [21], Bdcklund transforma-
tion, superposition formula, and multi-soliton solutions have been constructed for Eq. (4)
with some discussion of its generalizations. In Refs. [33, 35], one-soliton solution and the
even-order soliton solutions for Eq. (1) have been obtained via a single DT and N-fold
DT, respectively. In Ref. [45], the existence of motion integrals is proved by a different
method which shows the Toda lattice equation to be a finite-dimensional analog of the
Korteweg—de Vries partial differential equation. In Ref. [46], some new kinds of soliton-
like solutions have been given by a detailed study of limits of N-soliton solutions of the
Toda lattice as N tends to infinity. In Ref. [47], an explicit solution formula in terms of
determinants for Eq. (4) has been derived with operator methods. In Ref. [48], some new
generalized soliton solutions for the Toda lattice equations based on the invariance of Gib-
bon and Tabor’s equation under the fractional linear transformation have been given. In
Ref. [49], some quasi-periodic and periodic solutions in terms of hyperelliptic o functions
for arbitrary genus have been given by Toda’s original approach. In Ref. [50], the soliton
solution in the Wronskian form for Eq. (4) has been obtained. In Ref. [51], some approxi-
mate soliton solutions around an exact soliton solution of Eq. (4) have been given. In Refs.
[52, 53], some complexiton solutions and rational solutions in Casoratian form of Eq. (4)
have been given. In Ref. [54], a kind of explicit quasi-periodic solution and its limit have
been derived. In Ref. [42], a Toda lattice hierarchy has been put forward from a discrete
matrix spectral problem, in which Eq. (1) is the first member of this hierarchy, while the
second and third equations in this hierarchy are listed as follows [42]:

Upt = Vi1 (U + Upr1) — V(U + Up_1), (5)
22
Vg = VUl = Uis ) = Vi1 + Vii1),
_ 2 2
Unp = Va(Viel + Vi + Uy + Uplly_1 + U)
( p 2)
“Vui1Wnel t Vg2 + U + Uylhya +U), (6)
_ 3
Vit = V(U + U 1V + 20Uy 1V + Uy 2Vp1
3
— Ups1Visl — 2UpVisl — UpVy — un)r

where u, = u(n,t) and v, = v(n, t) are the functions of the discrete variable # and time
variable ¢, u,, = ddit”, Vpy = dstn. Here, we call Egs. (5) and (6) the higher-order Toda lattice
equations relative to Toda lattice equation. Just like the higher-order equations of KdV
hierarchy can also describe the motion of nonlinear shallow water waves [55], we believe

that Egs. (5) and (6) may be used to describe some physical phenomena for nonlinear
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waves because they belong to the same hierarchy of Toda lattice equation. According to
Refs. [42, 43], Egs. (5) and (6) have the same space part of the discrete linear spectral

problem (i.e., Lax pair) as Eq. (1), and their corresponding time parts are listed as follows:

wn,t:anm

W - -1 0 52, 1 1 I ufl_1+v,,,1 Uy 7)
§ 0 0 VA 1 —U,Vy Vu ’

Wnt—vnw;q;

1
V=12 0 A3+ 0 -1 PR BRI Y
0 —% v, O U,Vy —Vy (8)

3 2
+ ~Up 1 Vn = 2Up 1\ Vp1 —Up2Vy1 — Uy | —Vpl = Vp— Uy,
2 2 :
VE 4 vV + U2V, —Up_1Vp — UpVn

The compatibility conditions between (2) and (7) (i.e., M, + M, W, — W,,,1 M, = 0) and
between (2) and (8) (i.e., M,,; + M, V,, — V,,,1M,, = 0) lead to Egs. (5) and (6), respectively.
In Ref. [42], the Hamiltonian structures of the hierarchy associated with Egs. (1), (5), and
(6) has been given by a trace identity technique. In Ref. [43], the concrete infinitely many
conservation laws of Egs. (1) and (5) have been constructed based on their linear spectral
problems. However, as we know, bright and dark multi-soliton solutions, relevant elastic
interactions, and dynamical behaviors for Egs. (5) and (6) and rational solutions in terms
of determinants for Egs. (1), (5), and (6) have not been investigated previously.

Different from the previous studies, in this paper, we further investigate Egs. (5) and
(6) via the discrete N-fold DT technique. The rest of this paper is arranged as follows:
In Sect. 2, a discrete version of the N-fold DT for Egs. (5) and (6) is constructed based on
their Lax pair. In Sect. 3, discrete bright and dark multi-soliton solutions in terms of deter-
minant of Eq. (5) are derived via the resulting N-fold DT from non-vanishing background,
and the solitonic elastic interactions are analyzed graphically, the dynamical behaviors of
such soliton solutions are investigated via numerical simulations. In Sect. 4, the dynami-
cal behaviors of discrete multi-soliton solutions of Eq. (6) are investigated via numerical
simulations. In Sect. 5, the dynamical behaviors of multi-soliton solutions of Eq. (1) are
investigated via numerical simulations. In Sect. 6, based on the N-fold DT in Sect. 2, we
propose a discrete version of the generalized (1, N — n)-fold DT for Egs. (1), (5), and (6). In
Sect. 7, some discrete rational solutions in terms of determinants of the first equation are
given by means of the generalized (1, N — 1)-fold DT, and a few mathematical features are

discussed for such rational solutions. Finally, we conclude this paper in the final section.

2 Discrete N-fold Darboux transformation
In this section, we will construct the discrete N-fold DT of Egs. (5) and (6). We introduce

the following gauge transformation:

Jn = Tn %7 (9)

Page 4 of 30
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where %1 is required to satisfy Egs. (2), (7), and (8) with M,,, W,,, V,, replaced by ]\N/In, f\;/n,

V., ie.,
Ean :Mnam Mn = Tn+1Mn Tnilr (10)
Jﬂ,t = Wn&nr ﬁ&n = (Tn,t + Tan)Tr;lv (11)
Jn,t = Vn&m ‘7;1 = (Tn,t + TnVn)Tn_1~ (12)

To construct the N-fold DT, Mn, VV,,, and ?,, must have the same forms as M,,, W,,, and V,,,
respectively, except replacing the old potentials u,, v, with the new ones 7, .. So, proper
T, will ensure the correctness of the N-fold DT. Hereby, a special N-order Darboux matrix
T, is defined as

an b\ (PNA-BT XN taly YN e
Tu= il° N-1 ), N N1 0,5 (13)
Cn n Z/’:O Cy' N AN+ =0 dy’ x
inwhich N is a positive integer, ag), bg), cg) ,and dg), which are the functions of the variables
n and ¢, can be determined by the following linear algebraic system:

—bNIAN o alil + o B8N = -, .
SN e+ N A 81, = AN G,
where

5 = Pen(hi) = rivan(di)

PLa(hi) = ripin(Ai)’ t=i=2n, (15)
in which @,,(1;) = (@1,2(1), @2,,(A))T and ¥, (A;) = (Y1,0(11), Yo,u(1:))T are two essential so-
lutions of (2), (3), (7), and (8), where A = A; (i=1,2,...,2N), r; (i=1,2,...,2N) are 2N ar-
bitrary real constants. When we choose the 2N different real parameters A; (A; # A, i #j)
so that the determinant of the coefficients for (14) is nonzero, the matrix T, is determined
by (14) uniquely.

Equation (13) makes clear that det7), is the (2N)th order polynomial of A and

det T,(1:) = an(Xi)dn(1i) — bu(Ai)cn(Rs). (16)

Moreover, from (9), (13), and (14), it follows that

an(A;) = _bn()\i)si,m cu(ri) = —dn(}\i)si,w (17)
Hence
det T,,(%;) = 0. (18)

In other words, A; (A; #0) (i = 1,2,...,2N) are the 2N roots of the det T,,, namely

2N
det T, = (16N V) [ - 1), (19)
i=1

By using the above facts, we have the following theorem.
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Theorem 1 If the old potential (u,,v,) is a solution of Egs. (5) and (6), then the new po-
tential (1,,v,) with

Yy + cND
ﬁn =Uy+ d}(qul) - ds:[l_l), T/In = n—g\/—l)’ (20)
1-b;
is also a solution of Egs. (5) and (6), in which
(N-1) (N-1) (N-1)
b(N_l) _ Abn , C(N_l) _ Acy, ) d(N_l) _ Adn , (21)
n A n A, n A,
where
T A - AN s, sy e AN, AN
Aol L R AT S Aabyn e ATy, —AY
1 hon oo AY Son Aandonn oo ADNMSan — MDY
1 M ... )\]1\[_1 51’,1 )\181’,, e )»11\[_161,,,
Ay = L x0T 8 by o ATy,
1 Aoy - MY vy Aondons oo ADNSon

and Abﬁ,N_l) is produced from Ay by replacing its (2N)th column with (—)\fl\’, —AQ[,...,
—)\JZVN)T, AchN_l) and AdE,N_l) are produced from A, by replacing their Nth and (2N)th
columns with (=81,AY, =82, MY, ..., =8an nA3N) T, respectively, while Adgf)l can be derived
from AdY by substituting n + 1 for n. Thus, matrices My, W,, and V, in Egs. (10), (11),

and (12) have the same forms as M,,, W, and V,,, respectively, namely
A - 8 1~ ’ W - 22 +’): +'17,,_L+ W A+ iif_l ’
v, A-1, V(A + 1) A+V,

1 ~ ~

= 0 0 -1 Vv —Uy,_

’ 1 2| VR P ) A
0 -3 ve O UpVy  —Vy

~ o~ ~ o~ ~ o~ ~3 ~ ~ 7
N (_un—lvn —2Uy 1Vp1 —Up2Vp1 — U,y —Vy1—Vp— un1>

~ L~ ~o~ ~ o~ o~
Vi + ViVl + UV, —Uy 1V, — U, Vy,

Proof Let T;! = T/ det T, and

F) = TynM, T, = (137 fulbom)) (22)
51(0, 1) foo(X, n)

It can be verified that fy;(A,n) is the (2N + 1)th order polynomial in A, f1; (X, 1), fi2(A, 1),
and f51 (A, n) are the (2N)th order polynomials in A.
From (2) and (13), we have
—Vu + ()"i - un)Si,n

an(Xi) = =8iubu(Xi), cu(Ai) = =6;ndyn(Xi), Sine1 = — . (23)
in
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from (23), we can verify that fi1(A;, n), fio(A;, 1), fo1(A;, 1), and fo2(A;, n) are all equal to zero.
So, F(A) = (A —A1)(A—2A2) - - - (A — Apn)P, = det T, - P,,, where P, is a first-order polynomial.
Therefore, we have

T UT,* =detT, - Py, (24)
with

P,=Px+ P, (25)
in which P! and P? are independent of A. Thus, we obtain

Tn+1u:PnTr1- (26)

By use of transformation (20), comparing the coefficients of AN and AN*! in Eq. (26), we

00 0o 1
Pl = Y 1 e (27)
0 1 -V, —Uy

From Egs. (10) and (27), we see that P, = M,
Next, we will prove that the matrix VNV,, has the same form as W,, under transformations
(9) and (20). Let T,,* = T/ det T,, and

have

G(A) = (T + T, W) T? = (g“(*’ ") g”(“’) . 28)

o1, 1) gn(i,n)

It can be verified that g1;(), 1) is the (2N + 2)th order polynomial in A, and g1,(A, n),
@1(A, n), and gyy (A, n) are the (2N + 1)th order polynomials in A.
Using (2), (7), and (15), we can obtain

ﬂn,t()hi) = _Si,n,tbn()ﬁ) - 8i,nbn,t(}\i): Cn,t()ti) = _Si,n,tdn (A) - Si,ndn,t()hi); (29)

2
in’

2 2 2
ai,n,t = _Vn)\l‘ —UpVp t ()\L' —U, 1~ Vn— Vn—l)ai,n - ()\i + un—1)8

from which we can verify that g11(A;, 1), g12(Ai, 1), g21(Ai, 1), and gap(A;, 1) are all equal to
zero. S0, G(A) = (A — A)(A — Ap) -+ - (A — Aon)Q,, = det T, - Q,,, where the elements of the
matrix Q, are second-order polynomials in A. Moreover, we have

(Tue+ Ty V)T, =detT, - Qp, (30)
with

2 1) (0) (1) (0)
Q= (Qll)‘2 FQuA+Q QA+t Qu) (31)

(1) (0) (1) 0)
QA+ Qy nh+ Q
Thus, we obtain

Tn,t + Tn Wn = Qn Tn' (32)
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Using (20) and (32), and comparing the coefficients of AN*1, AN, AN~1 in (32), we have

2 1 0= +9 :
Q(n) =-1, Q(u) =1, Q(u) = “i—l T V-1, Q(IZ) =1

(33)
Q(102) = Zzn—lr Q(211) = _,1771: Q(zo1) = _’Izn;m Q(212) =1, Q(zoz) = ~n'
From (11) and (33), we see that Q,, = ﬁ;/,,.
Finally, we will prove that the matrix WW has the same form as V,, under transforma-
tions (9) and (20). Let 7' = T}/ det T,, and

(34)

HGY = (Toy + T,V T = (07 malm)
hy1 (A1) hy(A, )

It can be verified that /111 (X, n) and /55(X, 1) are the (2N + 3)th order polynomials in A, and
g12(A, ) and g1 (A, n) are the (2N + 2)th order polynomials in X.
Using (2), (8), and (15), we can obtain

ﬂn,t()w') = _ai,n,tbn()"i) - 5i,nbn,t()\i)x Cn,t()"i) = _ai,n,tdn ()w) - ai,ndn,t()\i):
Bime = vy,kiz + Uy Vuh + vﬁ + VyVpe1 + uflvn - (A? + 2V, M + UV — 22Uy 1V (35)

3 2 2 \s2
— UpoVno1 — ty_1 )i + (A7 + Upr A + Vi1 + Vi + 1y 1) 57,

from which we can verify that /11 (A, 1), 12(Ai, 1), ho1 (A, n), and haa (R, 1) are all equal to
zero. So, H(A) = (A — A1)(A — Ay) -+ (A = Aon)R, = det Ty, - R, where the elements of the
matrix R, are third-order polynomials in 1. Moreover, we have

(T + T V)T =det T, - R, (36)
with
3) ) Wy, pO @ W, , pO
R - RIVA® + Ri7A + Ri A + Ry RI7A* + Riz A + Ry, (37)
" R+ ROA+RY) ROA + R + RGA+RY)

Thus, we obtain
T+ T,V =R,T,. (38)

Using (20) and (38), and comparing the coefficients of AN*1, AN, AN~1 in (38), we have

Rﬁ:; RY =0, RY-%,

RO = 5, 1V — 2y Vet — g Vs — By, RY -1, RY =

RO =5 -7 -2,  R2=%, R -7, (39)
R =W+ i +iT R =, RE=0, QY=

From (12) and (39), we see that R, = V,. The proof is completed. O



Liu et al. Advances in Difference Equations (2018) 2018:289 Page 9 of 30

In fact, Theorem 1 is to prove that matrices ]\N/I,,, V~V,,, \7n and M,,, W,,, V,, keep invariant
for their forms. The proof is quite similar to the Toda lattice equation in Ref. [35]. From
Theorem 1, transformations (9) and (20) can change the Lax pair (2), (7), and (8) into the
Lax pair of the same forms (10), (11), and (12). Both of two old and new Lax pairs are
compatibility conditions of Eqgs. (5) and (6). Therefore, transformations (9) and (20) map
the old solutions u,, v, of Egs. (5) and (6) into the new solutions %,, v, we call (9) and
(20) the discrete N-fold DT of Egs. (5) and (6). We will emphasize here that the discrete
N-fold DT (9) and (20) of Egs. (5) and (6) is the same as the one for the classical Toda
lattice equation. As a matter of fact, the same discrete N-fold DT can be applied to any
member of the Toda hierarchy, and the formula for multi-solitons is the same as the ones
in Ref. [35], while there is a big difference among these three discrete N-fold DTs that they
use different solutions of three Lax pairs. Next let us note that the transformations can be
used to determine the multi-soliton solutions of Eq. (5) and (6) when u,,, v, are the initial

constant solutions.

3 Dynamical behaviors of multi-soliton solutions of Eq. (5)
In this part, we will give some multi-dark soliton solutions of Eq. (5) from non-vanishing
background via transformations (9) and (20). Substituting the trivial solutions u, =v, =1

into the Lax pair (2) and (7), we can give two basic solutions of (2) and (7) with A = }; as

follows:
_ 7]'ef1t v - ) er2t (40)
2 it ’ it ’
where
1.1 15
Tl——)ui——+— )\.l—2)\.l—3,
2 2 2
1.1 1 /5
TZZE)\.Z’—i—i )ui—Z)»i—B,

1

+ 5«/?\? -2 - 3)(M +1),
1
2

A2 =2 — 3) O + 1).

Moreover, taking into account (15), we have

_92u(M) = i) Tt et —rrytler =1+ (A= 1)din (41)
T ) = i) Tent —riryent vl Bim '
According to (20) and (41), we can derive the exact solutions of Eq. (5). To understand
them, when N = 1,2, we plot their structure figures as shown in Figs. 1 to 4.

(I) When N =1, let & = A; (i = 1,2). Solving the linear algebraic system (14) leads to

(0) (0)
O _ Ab;, L0 _ Acy,

_ Ady
n Al ’ n Az -

, A , 42
b A, (42)




Liu et al. Advances in Difference Equations (2018) 2018:289

Page 10 of 30

(b2)
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Figure 1 (a1), (b1) Overtaking elastic interactions of dark two-soliton solution Ty in (43) with the parameters
r=-1,rn=1,A =-2, A =-4.(a2), (b2) Overtaking elastic interactions of bright two-soliton solution v, in
(43) with the same parameters as in (a1), (b1). The interaction processes for (c1) U, and (€2) v, at t=-10
(dash-dot line), t = 0 (dashed line), and t = 10 (solid line)
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Figure 2 (a1)-(c1) Dark one-soliton solution Uy in (43). (@2)-(c2) Bright one-soliton solution v, in (43). The
same parameters as Fig. 1 except that Ay = -1
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Figure 3 (a1), (b1) Overtaking elastic interactions of dark four-soliton solution Ty, in (45) with the parameters
n=1n=-1,n= % ry=-%,A1=-4,A;=-3, A3 =-25, A4 = -2.(a2), (b2) Overtaking elastic interactions of
bright four-soliton solution V, in (45) with the same parameters as in (a1), (b1). The interaction processes for
(e1) U, and (€2) v, at t = -20 (dash-dot line), t = 0 (dashed line), and t = 20 (solid line)
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Figure 4 (a1)-(c1) Overtaking elastic interactions of dark three-soliton solution Ty, in (45). (@2)-(c2)
Overtaking elastic interactions of bright four-soliton solution V,, in (45) with the same parameters as in
(a1)=(c1). The same parameters as Fig. 3 except that A4 = -1

Consequently, an explicit 1-fold exact solution of (5) can be written via the discrete 1-fold
DT as follows:

(0)
1+c¢
~ 0 (0) ~ n
u,,=1+df,)—dn+1, Vn:l_—b(o)‘ (43)
n

When Ay >3, Ay >30rA; <-1,A <-lori;>3,A <-1lori; <-1, Ay > 3 and the
parameters r; (i = 1,2) are real and not equal to zero, solution (43) may be the one-soliton

Page 11 of 30
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or two-soliton solution, the corresponding evolution plots are shown in Figs. 1 and 2.
Figures 1(al)—(c1) show the overtaking interactions between two unidirectional anti-bell-
shape dark solitons with different amplitudes for solution u,, the soliton with a larger am-
plitude moves faster and overtakes the smaller, the amplitude minimum for the smaller
soliton is 0, the amplitude minimum for the larger soliton is —2, however the background
level here is 1. Thus, the minimums of the smaller and larger amplitudes are 1 and 3 units
lower than the background. At last, the shapes of two dark solitons do not change before
and after the interaction, their interactions are elastic. Figures 1(a2)—(c2) reveal the over-
taking interactions between two unidirectional bell-shape bright solitons with different
amplitudes for solution v,, the soliton with a higher amplitude moves faster and overtakes
the lower, the maximal amplitude of the high soliton is 6.25, the maximal amplitude of the
low soliton is 2.25, however the background level here is 1. Thus, the maximums of the
high and low amplitudes are 1.25 and 5.25 units higher than the background. After inter-
action, the final bright solitons preserve their shapes and amplitudes, propagate along the
negative n-direction, and their interactions are elastic. However, it is worthwhile to note
that the above two solitons will reduce to one soliton when one of two A’s is equal to —1.
For A; and A, when N =1, suppose A1 = —1, we can see that 77 = 15 = —%, 01 =p2=0in
(40), while 8, ,, = —% in (42) and (43). That is to say, the two solutions of the Lax pair are
linearly dependent. At this point, solution (43) only uses one solution of the Lax pair (2)
and (7), so the previous two solitons will reduce to one, while solution (43) uses two dif-
ferent linearly independent solutions of the Lax pair when ; # -1, which will lead to two
solitons. Figures 2(al)—(c1) present the evolution structures of the anti-bell-shape dark
one-soliton solution #,, the minimal amplitude of the solution is along a line, the mini-
mum is -2, however the background level here is 1. Thus, the minimum is 3 units lower
than the background. Figures 2(a2)—(c2) show the evolution structures of the bell-shape
bright one-soliton solution v,, the maximal amplitude of the solution is also along a line,
the maximum is 6.25, however the background level here is also 1. Thus, the maximum is
5.25 units higher than the background. As shown in Figs. 2, both one-soliton solutions u,,
and v, propagate along the negative n-axis direction with the same amplitude, and their
shapes remain the same during the propagation.
(II) When N =2, let A = A; (i = 1,2, 3,4). Solving the linear algebraic system (14) gives

ApW Ac AgW
P =—"", ==, 4dP==" (44)
A1 Az Az
where
S 1 A28, Sun MOin
pD 1 Ja b =23 W |1 “A382m Bam Aabau
Ab,’ = K Ac,’ = 2 ’
1 )\3 53,n _)\3 1 —)x383,n 53),, )\,353’,,
1ody San Mg 1 =238an Sam Maday
1 }‘1 51,;1 _)L%(Sl,n 1 )L] 31',1 Alély,, - )\,%
Ad(l)— 1 }‘2 32,}1 _A‘%(SZ,VI A = 1 )Lz 52,;1 )»282,,,—)%
= , | = )
"L A3 S3. —A38sa 1 A3 83, A383,—A2
L As Sam —Ajdan 1 A San Madan—A3
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Al O1n A1l
Ay Bon Aabau
A3 83n  A303,

Aa Sayn  Mabay

— = = =

Thus, via the discrete 2-fold DT, the 2-fold explicit exact solution of (5) can be written as

~ ~ l+c
ty=1+dD-d"V,, V= —— (45)

When A; >3 (i=1,2,3,4) or ; < -1 (i = 1,2,3,4) and the parameters r; (i = 1,2) are real
and not equal to zero, solution (45) with N = 2 may be the three or four solitons, the
corresponding evolution plots are shown in Figs. 3 and 4. Figures 3(al)-(c1) show the
overtaking collision interactions among four unidirectional anti-bell-shape dark solitons
with different amplitudes for solution %, in (45), the amplitude minimums of the four dark
solitons are around 0, —0.5, —1, and 2, respectively, however the background level here is
1. Thus, the minimums are 1, 1.5, 2, and 3 units under the background. Figures 3(a2)—(c2)
show the overtaking collision interactions among four bell-shape unidirectional bright
solitons with different amplitudes for solution v, in (45), the amplitudes of the four bright
solitons are around 2.25, 3, 4, and 6.25, respectively, however the background level here is
1. Thus, the maximums are 1.25, 2, 3, and 5.25 units above the background. However, it is
worthwhile to note that this solution is the three-soliton solution if when one of four 1’s is
equal to —1. Figures 4(al)—(cl) present the overtaking collision interactions among three
unidirectional anti-bell-shape dark solitons with different amplitudes for solution %, in
(45), the minimums of amplitude for the three dark solitons are 1.5, 2, and 3 units under
the background level 1, respectively. Figures 4(a2)—(c2) reveal the overtaking collision in-
teractions among three unidirectional bell-shape bright solitons with different amplitudes
for solution 7, in (45), the maximums of amplitude for the three bright solitons are 2, 3,
and 5.25 units, respectively, above the background level 1. Before and after the overtaking
interactions, the final three and four solitons preserve their shapes and amplitudes and
move along the negative n-axis direction, so their interactions are elastic.

(II) When N = m, let . = &; (i = 1,2,...,2m). Solving the linear algebraic system (14)

leads to
pmD _ aby Y oy _ D™ 41 _ Ady"Y
n - ) CYI = , " = , (46)
Al AZ Az
where
LA o AN Sy M8l - —AT
Ab(m—l) _ 1 )VZ s )»gkl 82,,, )‘252,71 . _)\31
n - )
1 }‘Zm N )\_Snnzl 52”"” }"2m82m,n e g"m
1 }\.1 e _al,n)";in 61,}’! }\‘181’” e )“Tilal,n
Ac(m—l) _ 1 Az ce —32,,1}3{1 82,n }‘252,;1 ce )\5”*132'}1
" - )

-1
1 )\2m e _82m,n)hglm 82m,n )\2m52m,n o )»Enm 82m,n
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0
14

Figure 5 One-soliton solution (43) with the same parameters as Fig. 2. (a) Exact solution; (b) Time evolution
using exact solution (43) as an initial condition; (c) Time evolution using exact solution (43) perturbed by a 5%
noise as the initial condition

1T A oo AP 8, M e ST
Agmn | bR MU S Aabay e =8y Ay
n ’
1 )‘-Zm e )LS”,ZI 82m,n )\2m82m,n U _82m,n)\£nm
L Ay o MY s, Mbu, e ATTIS, - AT
Ap= Ay e )\En_l 82,;1 )\232,,, cee )\.3”_182,,,, — )\.Sn
1 )\Zm e )\En,;l (SZm,n )"2m62m,n e )\gn,;I(SZm,n - )\Enm
Ao MY S M o ATy,
A, = Ay ML 8 AaBay s ATy
9=
1 )\Zm e )\Enn;l (SZm,n )\2m82m,n e )\Eny;ls2m,n

In this way, a general m-fold explicit exact solution of Eq. (5) can be obtained via the mz-fold

DT written as follows:

(m—-1) 1+ Ci,m_l)

~ - - ~

U, =1+ dim 1 —d,. Vn = ——0) (47)
1-b;

where d"" is derived from d\"™" by replacing their 1 with 7 + 1.

Next, we implement the numerical simulations to display the dynamical behaviors of the
previous bright and dark multi-solitons of Eq. (5) by using the finite difference method [56,
57]. Figure 5 exhibits the exact one-soliton solution (43) of Eq. (5), time evolutions of using
exact one-soliton solution (43), and those perturbed by a small noise 5%. Figures 5(al),
(b1)—(a2), (b2) show that the profiles of the time evolution of the bright and dark one-
soliton solution (43) without a noise almost agrees with the ones of the corresponding
exact bright and dark one-soliton solution (43) in time ¢ € (-1.5,1.5). It is clearly seen

that our numerical solutions exactly reproduce the analytical solutions; in other words,
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these solutions have the stable evolutions without a noise, which also shows the accuracy
of our numerical scheme. We further numerically study the stability of these solutions by
perturbing the above initial conditions (i.e., a small noise (5%) is added to both the initial
exact solutions u, and v, components with ¢ = —1.5), the numerical results in Figs. 5(c1)-
(c2) show that they can evolve as before, that is to say, one-soliton solution (43) of Eq. (5)
is robust against a small noise.

Figures 6—8 demonstrate the exact two-, three-, and four-soliton solutions of Eq. (5),
time evolutions of using their exact solutions, and those perturbed by a small noise 5%,
respectively. Just like the one-soliton solution, Figs. 6-8(al), (b1)—(a2), (b2) show the ac-
curacy of our numerical scheme and the stable evolutions of the two-, three-, and four-
soliton solutions without a noise. Numerical results in Figs. 6—8(c1)—(c2) reveal the almost

(al)

Figure 6 Two-soliton solution (43) with the same parameters as Fig. 1. (a) Exact solution; (b) Time evolution
using exact solution (43) as an initial condition; (c) Time evolution using exact solution (43) perturbed by a 5%
noise as the initial condition

Figure 7 Three-soliton solution (45) with the same parameters as Fig. 4. (a) Exact solution; (b) Time evolution
using exact solution (45) as an initial condition; (c) Time evolution using exact solution (45) perturbed by a 5%
noise as the initial condition
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Figure 8 Four-soliton solution (45) with the same parameters as Fig. 3. (a) Exact solution; (b) Time evolution
using exact solution (45) as an initial condition; (c) Time evolution using exact solution (45) perturbed by a 5%
noise as the initial condition

steady evolutions of the two-, three-, and four-soliton solutions with a small noise; in other

words, these solutions are stable and also robust against a small noise.

4 Dynamics of multi-soliton solutions of Eq. (6) via numerical simulations

In this part, we will give some dark and bright soliton solutions of Eq. (6) from non-
vanishing background via transformations (9) and (20). Substituting the trivial solutions
u, = v, = 1 into the Lax pair (2) and (8), we can give two basic solutions of (2) and (8) with

A = A; as follows:

Ther1t Tler2t
¥ = ( n1+1 plt)’ w :< n2+1 pzt)’ (48)
e T, e
where
1.1 1 /5
Ty= —hi— =+ /AP =23-3,
270 272
1.1 1/5
TZZE)\,‘—E—E )\i—2)\.i—3,
7 1
pl:—E—Ex/k6—14k3—24k2—36k—27,
7 1
pz=—§+§«/x6-14x3—2412—36x—27.

Moreover, taking into account (15), we have

C0uM) =i n () T et — )l =1+ (A= 1)d;

in+l =
Si,n

(49)

8 = =
b (/Jl,n()‘-i) - riwl,n()\i) Tlneplt - riT2nep2t

According to (20) and (49), we can obtain the explicit exact solution of Eq. (6) as follows:

~ 1+ cS,N_l)

~ _ N-1
n,=1 +d£lN D —d;(q+1 ), Vn = ——x
1-b;

(50)
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Figure 9 Exact one-soliton solutions T, and vy, in (50) with N =1 via the parametersry =-1,r, =1, Ay =-1,
A =-2.(a) Exact solution; (b) Time evolution using exact solution as an initial condition; (c) Time evolution
using exact solution perturbed by a 2% noise as the initial condition

bﬁf\"”, cS,N_D, and dﬁ,N_l) are the same as those in the previous section, so we omit

where
their expressions here. The soliton interactions and structures of Eq. (6) are similar to
Eq. (5), so the next thing we do is we only perform the numerical simulations to show
the dynamical behaviors of the multi-solitons of Eq. (6). Figure 9 exhibits the exact one-
soliton solution (50) with N = 1, time evolutions of using the exact one-soliton solution,
and those perturbed by a small noise 2%. Figures 9(al), (b1)—(a2), (b2) show that the time
evolution profiles of the bright and dark one-soliton solution (50) with N = 1 without a
noise almost agree with the ones of the corresponding exact bright and dark one-soliton
solution in time ¢ € (-2,2). It is clearly seen that our numerical solutions almost exactly
reproduce the analytical solutions; in other words, these solutions have the stable evolu-
tions without a noise, which also shows the accuracy of our numerical scheme. We further
numerically study the stability of these solutions by perturbing the above initial conditions
(i.e., a small noise (2%) is added to both the initial exact solutions u, and v,, components
with ¢ = —2), the numerical results in Figs. 9(c1)—(c2) show the almost steady evolutions as
before, in addition to some small oscillations as time close to 2. With the noise increasing
(for example, a small noise 5% is added to the initial solution), the simulated evolutions ex-
hibit obviously strong oscillations and instability. Compared with Eq. (5), we find that the
same small noise has different effect on the evolutions of the soliton solutions for Egs. (5)
and (6). The evolutions of the lower-order equation can keep better propagation stabil-
ity under a bigger small noise, however the evolutions of the higher-order equation only
have the propagation stability under a very small noise. For the higher-order equation, the
simulated evolutions exhibit obviously strong oscillations and instability with the noise in-
creasing (for example, adding a 5% noise), so we infer that the possible reason is that the
higher-order nonlinear terms for Eq. (6) cause the propagation instability of the solitons
relative to Eq. (5).

Figures 10—12 exhibit the exact two-, three-, and four-soliton solutions of Eq. (6), time
evolutions of using their exact solutions, and those perturbed by a small noise 2%, re-
spectively. Like its one-soliton solution, Figs. 10-12(al), (b1)—(a2), (b2) show the accu-
racy of our numerical scheme and the almost steady evolutions of the two-, three-, and
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0 0
¢ n ¢ n

Figure 10 Collisions of two-soliton solutions T, and vy, in (50) with N = 1 via the parameters ry =-1,r, =1,
A1 =-2, A =-3.(a) Exact solution; (b) Time evolution using exact solution as an initial condition; (c) Time
evolution using exact solution perturbed by a 2% noise as the initial condition

Figure 11 Collisions of three-soliton solutions U, and v, in (50) with N = 2 via the parameters r; = 1,1, = -1,
r3=1/2,r4=-1/2, My =-3, Ay =-2, A3 =-3/2, A4 = -1. (a) Exact solution; (b) Time evolution using exact
solution as an initial condition; (c) Time evolution using exact solution perturbed by a 2% noise as the initial
condition

four-soliton solutions without a noise. Numerical results in Figs. 10-12(c1)—(c2) reveal
the almost steady evolutions except for some small oscillations as time close to 1 and 2.
With adding a 5% noise to the initial solution, the simulated evolutions exhibit obviously

strong oscillations and instability.

5 Dynamics of multi-soliton solutions of Eq. (1) via numerical simulations

In this part, we will give some explicit solutions of Eq. (1) via transformations (9) and (20),
and we will compare the numerical evolution results of Eq. (1) with its corresponding two
higher-order Toda lattice Eqgs. (5) and (6) by use of numerical simulations. Substituting a

trivial solution u, = v, = 1 into (2) and (3), we can give one solution of the Lax pair (2) and
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Figure 12 Collisions of four-soliton solutions T, and v, in (50) with N = 2 via the parameters r; = % rn= —%,
rn=1rn=-1,A=-3A= —%, A3=-2,As= —%. (a) Exact solution; (b) Time evolution using exact solution

as an initial condition; (c) Time evolution using exact solution perturbed by a 2% noise as the initial condition

3)with A =2; (i=1,2,...,2N) as follows:

ngpit P2t
¢= ‘Lr'zlj tf’ v = ‘Zf t]’ (51)
T lent Tt ler

where
A1 VaZP-2n-3 A1 JAZ-2a-3
=t =,
272 2 272 2
3 % VoP-2.-3 3 2 oZP-2n-3
R e, R
=575 2 =575 2

Therefore, the explicit solutions of Eq. (1) are also given as follows:

(N-1) _ 4(N-1) Licp ™
u,,:1+dn")—dn+1 s Vn=w, (52)
— bn

where bE,Nfl), cS\H), dﬁ,Nfl) are the same as those in Sects. 3 and 4, so we omit their expres-

sions here. The soliton interactions and structures of Eq. (1) are similar to those of Egs. (5)
and (6). Next, we only implement the numerical simulations to display the dynamical be-
haviors of the previous dark multi-solitons of Eq. (1). Figures 13—16 exhibit the exact one-,
two-, three-, and four-soliton solutions (52) of Eq. (1), time evolutions of using exact one-
soliton solution (52) and those perturbed by a relatively big noise 20%. Figures 13—-16(al),
(b1)—(a2), (b2) show that the profiles of the time evolution of the one-soliton solution (52)
without a noise almost agree with the ones of the corresponding exact one-soliton solution
(52) in a larger time ¢ € (-2,2) or t € (—4,4). It is clearly seen that our numerical solutions
exactly reproduce the analytical solutions; in other words, these solutions have the sta-
ble evolutions without a noise, which also shows the accuracy of our numerical scheme.
We further numerically study the stability of these solutions by perturbing the above ini-
tial conditions (i.e., a relatively big noise (20%) is added to both the initial exact solutions
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Figure 13 One-soliton solution (52) with the parametersry =-1,r, =1, A1 =-1, A, =-4 when N=1.
(@) Exact solution; (b) Time evolution using exact solution (52) as an initial condition; (c) Time evolution using
exact solution (52) perturbed by a 20% noise as the initial condition

(al)

Figure 14 Two-soliton solution (52) with the parametersry =-1,r, =1, A1 =-4, A, =-9 when N=1.
(@) Exact solution; (b) Time evolution using exact solution (52) as an initial condition; (c) Time evolution using
exact solution (52) perturbed by a 20% noise as the initial condition

u, and v, components), the numerical results in Figs. 13-16(c1)—(c2) show that they can
evolve as before, that is to say, these soliton solutions (52) of Eq. (1) are robust against a
relatively big noise (20%). In fact, when adding a 30% noise to their initial solutions, the
simulated evolutions of these soliton solutions exhibit very small oscillations.

Compared with the numerical evolution results of Egs. (1), (5), and (6), we can see that
the multi-soliton solutions of Egs. (1), (5), and (6) can still keep stable evolutions under a
small perturbation (a small noise 2%) except for some small oscillations for Eq. (6). How-
ever, the simulated evolutions exhibit obviously strong oscillations and instability for the
multi-soliton solutions of Eq. (6) with adding a 5% noise to their initial solutions, while
the multi-soliton solutions of Egs. (1) and (5) have almost stable evolutions under a small
noise (5%). When adding a 20% big noise to their initial solutions, we find that the simu-
lated evolutions exhibit obviously strong oscillations and instability for the multi-soliton



Liu et al. Advances in Difference Equations (2018) 2018:289 Page 21 of 30

Figure 15 Three-soliton solution (52) with the parametersry =1, =-1,13 = % n= —%, A =-4 A =3,

A3 =-2, 4 =-1when N =2.(a) Exact solution; (b) Time evolution using exact solution (52) as an initial
condition; (c) Time evolution using exact solution (52) perturbed by a 20% noise as the initial condition
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05 A >
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. 3
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5
Figure 16 Four-soliton solution (52) with the parametersry =1, =-1,13 = % rn= —%, Ay =4,y =-3,

A3 =-25, s =-2 when N = 2. (a) Exact solution; (b) Time evolution using exact solution (52) as an initial
condition; (c) Time evolution using exact solution (52) perturbed by a 20% noise as the initial condition

solutions of Egs. (5) and (6), while the multi-soliton solutions of Eq. (1) still have stable
evolutions; that is to say, the same small noise has different effect on the evolutions of the
dark multi-soliton solutions for three equations. We can see that the multi-soliton solu-
tions of higher-order equations in the same hierarchy are weaker against a small noise than
the lower-order equations. We infer that the higher-order nonlinear terms of the higher-
order equations (5) and (6) may be the possible reason for the instability of the simulated
evolutions.

6 Discrete generalized (n, N — n)-fold Darboux transformation of Egs. (1), (5),
and (6)

In Refs. [38, 39], we have proposed the discrete generalized (1, N — n)-fold DTs to solve

two discrete integrable NLEs. In this section, we will extend this idea to discrete Egs. (1),
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(5), and (6) and propose their discrete generalized (n, N — n)-fold DTs for seeking some
new rational solutions. Due to the similar steps for solving three equations, we here only
give some rational form solutions of Eq. (1) via our proposed generalized (n, N — n)-fold
DT technique. For the N-fold DT with 2N distinct eigenvalues in Sect. 2, we can give
the 2N -soliton solutions of Egs. (1), (5), and (6). However, to derive some new rational
solutions of Egs. (1), (5), and (6), this cannot be done for the N-fold DT with 2N distinct
eigenvalues, but we can change the number 7 of the eigenvalues A to construct a new
generalized (n, N — n)-fold DT to achieve our aim. Next, let us modify the N-fold DT in
Sect. 2 in order to express some rational form solutions in terms of the determinants of
Egs. (1), (5), and (6). Here we use n distinct eigenvalues A; (i = 1,2,...,n), 1 <n < 2N
and their corresponding highest order m; (m; = 0,1,2,...) derivatives of the solutions of
the Lax pair, and we demand that these nonnegative integers n, m; are required to satisfy
2N =n+ Y ., m;, where N is the same as the one in the Darboux matrix 7 in Sect. 2. If
1 < n < 2N, then a discrete version of generalized (1, N — n)-fold DT of Egs. (1), (5), and
(6) is described by the following theorem.

Theorem 2 Let o(X;) = (¢: (1), ¥i(A)T = (¢, ¥i)T (i = 1,2,...,n) be column vector solu-
tions of the spectral problem (2), (3), (7), and (8) for the spectral parameters ; (i = 1,2,...,n)
with the initial solution u,, v, of Eqs. (1), (5), and (6). Then the generalized perturbation
(n, N — n)-fold DT of Eq. (1) given by

V, +C(N b
Uy =y +dNV-dY, Vs (53)
1-bN

is also a solution of Egs. (1), (5), and (6), in which

(N-1) -1) (N-1)
pN-D = Aby . CWN-1) Ac R Ady, , (54)
n Al n Az n A2
where Ay = (AY, AP, AT, Ay = (A, A, .., AP, AT = (AT Jomeyons A =

(Azjs) (mi+1)x2N» i1 whlch Af) and A2 I<j<m+ 1, 1<s< 2N, i=1,2,...,n) being given
by the following formulae:

Yo Chgh )Y
for1<]<mi+1 1<s<N,

k=1, j-k N-—s—k+1 4j—k-1
Z 2N—s)"f lw Z 2N—s+1)\2 : +1¢i
forl<j<m;+1,N+1<s<2N,

0)
A1,;',3 =

Zj_l k A~N’S’k¢g_1_k) forl<j<m;+1,1<s<N,

0
N ,
Y cgN AN for 1 <j<m+,N+1<s<2N,

2,),8

where ABYNY s given from the determinant A, by substituting the column vector
B, 55, b s BB B BB, b ) inwhich b = — Y Chx

: mi+17° mi+17° m +1
Af[‘kqbfl_k_l) I<j<m+1,i= 1,2,...,n) for its (N + 1)th column, whzle ACE,AH) and

AdN Y are obtained from the determinant A, by respectively replacing the first and (N +

1)th columns with the column vector (c1 ,c(l) .,CS,)HI, ,c(l),c(zl), 70571) R ,c&"),cg .
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P ) in which c}(-i) = —Z’,:O Cﬁ,kﬁv‘kwiﬁ_k_l) (I<j<m+1,i=1,2,...,n). Moreover, the

mu+1

terms Adfff)l can be derived from AdY by replacing n with n + 1.

For the discrete generalized (n, N — n)-fold DT in Theorem 2, the number # is the num-
ber of the distinct spectral parameters and 2N —n =) " | m; is the sum of the orders of
the highest derivative of the Darboux matrix T, in system (13) or the vector eigenfunc-
tion ¢,. When n = 2N and m; = 0, Theorem 2 reduces to the usual discrete N-fold DT in
Theorem 1; when # = 1 and m; = 2N — 1, Theorem 2 reduces to the discrete generalized
(1, N —1)-fold DT, which will be used to derive higher-order rational solutions of Egs. (1),
(5), and (6) from the initial seed solution in the next section. When n # 1 or 2N, we can

derive some other new DTs which will not be discussed here.

7 Rational solutions of Eq. (1) from non-vanishing background

In this section, we will use the discrete generalized (1, N — 1)-fold DT (i.e., discrete gen-
eralized (n, N — n)-fold DT with # = 1) with the single eigenvalue to investigate some new
rational solutions of Eq. (1) from the initial non-vanishing background. According to the
similar steps, we can also give some discrete rational solutions for Egs. (5) and (6) which
are not discussed here. Next we only take Eq. (1) as an example. Choosing the seed solu-

tions u, = v, = 1, we can give one combined solution of the Lax pair (2) and (3) from (51)

as follows:
7]'ert ) er2t
@ = Cl (-L—IVH'lePlt + Cz t2V'+le/’2t , (55)
with
Blklkz 20 -3 Sl)ulkz 20 -3
= — — — + — —_ -0, = = - — _— —_ — 0,
PL=s 9% P=573% 73
1 1 1 1 1 1
Ti=-A-=+=vVA2—21-3, Ty=-A----+/A2-2x-3,
2 2 2 2 2 2

where C; and C, are arbitrary real constants and ¢ is a small parameter. In what follows,
we fix the spectral parameter A = A; + £2 with A; = 3 in Eq. (55), then expand the vector
function ¢ in Eq. (55) as two Taylor series at ¢ = 0. Here we choose some special C;, C,

(e.g., C1 = ¢, Cy = ¢) and then obtain

<p(82) = go(o) + ¢(1)82 + (p(2)84 + §0(3)86 +e, (56)

where

o0 2
o))

n+2nt+2 -t )

58
P+ Qt+2n+t2+t+1 (58)

Y
= =
Il

PO
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(1)

1,3 2,1 14 1,3, 1.
_ 112 441 tn + = (t 1t ) + (30—t gn+ Gt -5+ 5t (59)
n (t+1) + 75 (687 + 6t + 5)n* + ¢ (2t3+t+l)n+ t3(t—2)

and (¢, N7 (i = 3,4,5,...) are omitted here. By applying (53), we can give some new
rational form solutions of Eq. (1). Next, we will give some rational form solutions via the
foregoing proposed discrete generalized (1, N — 1)-fold DT with N = 1,2, 3.

(I) When N =1, according to Theorem 2, based on the generalized (1,0)-fold DT, the

first-order rational solution of Eq. (1) is given as

(0)
~ ~ VptcC
Uy =Uy + dS,O) - d}(g)l, v, = — (’(’)) , (60)
1-by,
where
jo A8 g _Ad) g AdY (61)
n = 4 n 4 n = ?
Ay Ay Ay
with
A ¢ 2@ + 4@ ABO - ¢ -2
1= A WA IR A W —apW — O]’
A, - ATAC) AL _ -y @
IO n 2D @ ()
AGO _ ¢© Ay
n oV —ay® — O
The simplification form of solution (60) is listed as follows:
- An*+8(t+1)n+42 +8¢-1 ~ (@n+2t+3)2n+2t-1)
uy = ’ V1= ) (62)

2n+2t+3)2n+2t+1) 2n+2t+1)2

from which we can see that 7; possesses singularity at two straight lines 2n + 2¢ +3 =0
and 2n + 2t + 1 = 0, while v, possesses singularity at the straight line 2x + 2¢ + 1 = 0.
(II) When N = 2, according to Theorem 2, based on the generalized (1, 1)-fold DT, the

second-order rational solution of Eq. (1) is given as

(1)

~ 1 ~ Vy+C

Uy =Uy + d;(ql) - dim)l’ Vn = ln bg) , (63)
— Oy

where
(1) (1) (1)
b(l) _ Abn O ACn d(l) _ Adn (64')
n ’ Cn ’ n b
Aq Ay Ay
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with
19 ¢© 2290 4 Ay @ Y
A 2o + 9@ M “22¢W — 2209 4 Ay D 4 O Y
1= 2@ + 0 9@ _32¢@ _2x9W — O 4 Ay @ 4 D 3@ ’
2P + 9@ 9@ 229 —229@ — ¢V 1 Ay ® 4 D YO
rp© o© 229 YO
Ap - 1o + @ @ 2290 — 23,00 y®
n Ap@ 490 p@ 329D _22pM — O @)
A3 4+ 9@ pB® 229G _22p@ — 1) 6
29 »© Ap© Y@
A YR O AR RV ORI VAC R VAC)
2T @ 10 9@ Hy® Ly gy
RIS AR AC R RY/AC AR YAC)
A2y o 2y © O
A 22y 234 @ A RVAORRVIC RS
no- 22y @ _2ay D g O 6@ @ gy ) @ ’
R EVACN ) RY/AC R O R IR RVAC R IR A
10 o0 22y @
AW 1o + @ M 22y 234 @ Y@
n 2@ 1M p@ )24 @ _ 2y _ O @) ’
( )

2B + 9@ 9@ N2y _py@ _ gD 46

The simplification form of solution (64) is listed as follows:
=, (65)

where

Q) = —813,600nt* + 17,4121° — 89,760n° + 18901 — 223,920¢° — 1,230,192nt°
— 3,343,840/ > + 783,360t" > — 111,472n° + 14,336n'° + 30721t
- 3,055,680n*t> — 24,480¢% + 120,0001°> + 3,225,600t 1° + 11,061 1>
+16,896£'01* + 3072¢'1 + 131,840¢°n + 2561 — 135,360t + 599,040t% 1>
+3072n + 28,350¢% + 168,960’ 1> + 1,013,760t n” — 2,791,440n>t* + 256112
+506,880£% 1 + 104,2561" t — 501,360n*t — 778,800tn° — 390,144¢°n>
+3072t" 11 + 506,880£31® + 2,849,280t n* — 148,320mt> + 8100t + 184,320t%n
+21,6002% — 36,528tn> + 3,451,392t°n° + 56,320t — 153,792t" n — 192,240¢°
- 482,112 + 112,860nt> + 2,257,920 1° + 126,720n%t* — 3,490,560n°t*
- 1,566,7201°t* + 18,5281° + 19,200¢° + 211,968n°t* + 30,7201° + 33,792t' 0n

+1,612,800¢" 1 + 33,7920 + 126,720:%1* + 1,674,2408%1” + 1,419,264¢°1°
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—48,384n" + 13,056t 0 + 633,600£*1® + 264,9601°t + 1,013,760t*n’

- 227,520t n* + 3,064,320t°n* — 98,5141t + 1,419,264t n°® — 1,372,3201°13
- 68,175t* + 142,080tn° + 202,752t" n° + 56,3201°t> + 16,8961
—2,226,0001*t* + 115,6321%t — 2,349,5047*t° + 236,544t°n® + 1,935,360t 1>
—17,7591* + 2,903,040t 1° — 1,162,5601%t* — 431,424tn° — 866,304nt°
+202,752n" t° + 168,960t*r° + 1,013,760t” n* + 55,620nt,

Qs = (90 + 4711 + 5201* + 949n” + 16n° + 480¢* + 3201°” + 16¢° + 144¢° + 780¢°
+96tn° + 1644nt + 2040tn® + 1960nt> + 2520mnt> + 30001°> + 27001t
+14401% 3 + 144013 + 720mt* + 96t + 240n°t* + 360t + 144n° + 240mn*t>
+675¢% +960m° + 720n*t) (—3n — 608> — 45¢* + 48> + 16t° — 36nt + 120tn°
+40nt® - 120nt? + 1201*t% — 60n*t — 111> + 40n™* + 4801°13 + 4801>t* + 48n°
+161° + 240nt* + 96nt> + 240m°¢* + 320m°£> + 240n*t + 2401*t* + 96tn°),

Q3 = (90 + 5201* + 30001°> + 2520nt> + 1960nt> + 2040tn° + 1644nt + 471n
+2700/%t + 2401 + 144n° + 720n*t + 320133 + 949n* + 14401312
+14401% 83 + 96mt® + 720mt* + 240m>t* + 360t + 161° + 9601 + 96tn° + 7801
+480¢* + 675¢% + 144¢° + 16t°) (3n + 608> — 45t — 48> + 16t° — 36nt + 120tn°
+40nt® + 120nt? + 1201*t* + 60n*t — 11n* + 40n* — 480n*t> — 480r°t* — 48n°
+161° — 240nt* + 96nt> + 240m°t* + 320m° > — 240n™*t + 240n*t> + 96tn°),

Q4 = (-3n— 608> — 45> + 48¢° + 16¢° — 36nt + 120tn” + 40nt> — 120nt> + 120n°t>
— 60r%t — 111> + 40n™* + 480113 + 48013 1> + 48n° + 161° + 240nt* + 96nt®

+ 24012 + 3201°¢ + 240t + 240n*¢> + 9611°).
From (65) we can see that 7, possesses singularity at two curves

90 + 471n + 5201* + 9491> + 161° + 480t* + 3201°¢% + 16t° + 144¢° + 7808 + 96tn°
+ 1644nt + 204081% + 1960n> + 2520n8% + 300012 ¢ + 27001%¢ + 14401% 83
+14401° 8% + 720nt* + 96nt® + 240n%¢* + 360¢ + 144n° + 2401n*8? + 67582

+96013 + 720m*t = 0
and

—3n — 608> — 45¢% + 48¢° + 16£° — 36nt + 12061° + 40mt® — 120n% + 1201% 8% — 601>t
— 1172 + 40n* + 4801283 + 4801° 82 + 481° + 161° + 240mt* + 96mt° + 240n>t*

+32013¢% + 240n*t + 240n*t? + 96tn° = 0,
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while 7, possesses singularity at the curve

—3n - 60t3 — 45¢% + 48t° + 16t° — 36nt + 120t + 40nt> — 120nt? + 1201%¢% — 60n%¢
— 1142 + 40n* + 4801283 + 480182 + 481° + 161° + 240nt* + 96mt° + 240>t
+ 320135 + 240n*t + 240n*t* + 96tn° = 0.

(III) When N = 3, according to Theorem 2, based on the generalized (1,2)-fold DT, we
have the third-order rational solution of Eq. (1) as follows:

(2)
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~ 2 (2) ~ Vit Cn
Up=u,+d? —d,, Vo= R (66)
1-b;
where
2) 2) (2)

e Ab;; @ _ Acy e Ad;; 7

n - ) Cn - ) n - ) ( )
A Ay A,
with

A2 2O $© Z330) 4329 © ps) o

229 4 229© ApD 4 O oM “13pW — 3320 4 32y, 4 234, }”1/(1) + W(O) ]//(1)

A = 26 1200 44O Ap® £ o0 @ Z336@ Z 332610 _330@ 4 224@ 4 2y D 4 3 © @ Ly @
17 5260 5 00@ 4 90 2@ 4@ 6B 3360 _ 3260 _ 3360 _ O 4 1290 1 2y @ 4 g0yl 4@ 4o

2209 1260 1@ 2D 19 G 3¢ _31260) 336 _ g0 )29 1 2y® 4y @ Ay 4y ® g

2200 1260 160 26O 1 9® 6O _13¢6) 30261 _ 3090 _ 3@ 12296 Ly ® 4 y®  AyO 4 y® Y6

22O 2p© ¢ A2yp© ap©@ y©

2290 + 2290 20 1+ 9O M) A2y 4 2a @ PRVACERTACEERVIC)

A, = 120@ + 2200 + 9@ 2@ £ oD 9@ A2y @ L0y D 4 O Ay @ Ly y@
2= 120 £ 220® 1 oW 1p® + @ pB® X240 L 2ay@ Ly D Ay 4y @ B

120 + 2200 + 9@ 1@ £ 9@ @ A2y@ LY B Ly @ Ay@® L y® Y@

1200 £ 220W 1+ 9B 19O 4+ p@  pO® X246 L2y @ L @ a4y @ 4G

and AB? is produced from A; by replacing its fourth column with (~A3¢©, -13¢® —
3)»2¢)(0),—)»3¢(2) _ 3)\2¢(1) _ 3)»(]5(0),—)»3(1)(3) _ 3)»2(15(2) _ 3)\4,(1) _ ¢(0),—A3¢(4) — 3)»2(15(3) —
3ap@ — M, 239G —322¢6® —316® — @) T, Ac®) and Ad from A, by replacingits first
and fourth columns with (=23 @, —33y M =332/ O _33¢@ _ 33290 _ 3O, _x3¢,3) _
SAZW(Z)—3)»1ﬂ(1)—1/f(0),—)»Slﬂ(4)—3)»21ﬁ(3)—3)»1ﬁ(2)—Iﬂ(l),—)»SWG)—3k2w(4)—3k¢(3>—1ﬂ(2))T,
respectively. The simplification form of solution (66) is so complicated that it is omitted
here.

With symbolic computation Maple, solutions (60) or (62), (63) or (65) and (66) have
been verified by substituting them into Eq. (1). Next, we summarize a few mathematical
features of the foregoing discrete rational solutions for Eq. (1) and sum up the findings
which are shown in Tables 1 and 2. The first column in Table 1 shows the order number of
the solutions, while the second and third columns show the highest power of the polyno-
mials involved in each solution. The last column provides the background level of these
solutions. We can conclude that the highest powers in the numerator and denominator
polynomials are both 2j(2j — 1) for the rational solutions u, and v, of order j, and their
background levels are 1. Through analyzing these rational solutions, we can find that they
possess singularity. Further research is needed whether or not Eq. (1) has some nonsingu-

lar rational solutions.
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Table 1 Main mathematical features of rational solutions u, and v, of order j

j HPN HPD Background
1 2 2 1
2 12 12 1
3 30 30 1

Jooo24@-n  2@-1n 1

Here, HPN is the highest power in the numerator, while HPD is the highest power in the denominator.

Table 2 Main mathematical features of rational solutions uy, and v, of order j

j HPN HPD Background
1 6 6 1
2 20 20 1
3 42 42 1

Jo 2@+ 2+1)

Here, HPN is the highest power in the numerator, while HPD is the highest power in the denominator.

It is particularly worth pointing out that we also derive some new rational solutions
from (60), (63), and (66) if we choose C; = 1, C, = -1 in solution (55) and expand the
vector function ¢ in Eq. (55) as two Taylor series at &£ = 0 when A = 3 + £2. We here omit
their analytical expressions and only list their properties in Table 2. According to the same
steps for seeking the rational solutions of Eq. (1), we can also give some discrete rational
solutions for Egs. (5) and (6), and their properties are the same as the ones of Eq. (1) in
Tables 1 and 2, so we will not discuss them here.

8 Conclusion

In this paper, we have studied the discrete bright and dark multi-soliton solutions of two
high order Toda lattice equations (5) and (6). The discrete N-fold DT (9) and (20) for
Egs. (5) and (6) have been constructed. One-, two-, three-, and four-soliton solutions in
terms of determinant for Egs. (5) and (6) have been derived via the resulting N-fold DT,
and the propagation and elastic interaction structures of such multi-solitons are shown
graphically: Fig. 1 exhibits the overtaking elastic interactions between the bright and dark
two-soliton solutions with N = 1; Fig. 2 shows the evolution structures of the bright and
dark one-soliton solutions with N = 1; Fig. 3 displays the overtaking elastic interactions
among the bright and dark four-soliton solutions with N = 2; Fig. 4 shows the overtaking
elastic interactions among the bright and dark three-soliton solutions with N = 2. Soli-
tonic shapes and amplitudes in Figs. 2—4- do not change before and after the interactions,
their interactions are elastic. And it is worth noting that the corresponding (2N)-soliton
solutions for both Egs. (5) and (6) can reduce to the (2N — 1)-soliton solutions by choosing
spectral parameter A. Moreover, the (2N)-soliton and (2N — 1)-soliton solutions make up
the N-soliton solutions for Egs. (5) and (6). Numerical simulation results in Figs. 5-8 show
that the evolutions of the bright and dark soliton solutions of Eq. (5) are stable against a
5% noise. Compared with Eq. (5), the numerical simulation evolutions in Figs. 9-12 ex-
hibit the almost steady evolutions with a 2% small noise for Eq. (6). However, with adding
the same 5% noise to Eq. (6) as Eq. (5), the evolutions exhibit obviously strong oscillations
and instability. Numerical simulation results in Figs. 13—16 show that the evolutions of
the soliton solutions of Eq. (1) are stable against a 20% noise. When adding a 20% noise
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to the initial solutions of Egs. (5) and (6), the soliton evolutions for Egs. (5) and (6) exhibit
obviously strong oscillations and instability, while Eq. (1) still has stable evolutions. In fact,
when adding a 30% noise to the initial solutions for Eq. (1), the simulated evolutions of
these soliton solutions only exhibit some small oscillations. We find that the same noise
has different effect on the evolutions of the multi-soliton solutions for three different equa-
tions in the same hierarchy, and we infer that the possible reason is that the higher-order
nonlinear terms in higher-order equations have an important impact on the propagation
instability of the solitons relative to their corresponding lower-order equations. Finally,
some discrete higher-order rational solutions for Eq. (1) have been derived by applying
the discrete generalized (1, N — n)-fold DT, and the same process is also applied to Egs. (5)
and (6). Tables 1 and 2 show a few mathematical features of these rational solutions of
Eq. (5). The results in this paper might be helpful for understanding the propagation of
nonlinear waves in soliton theory.
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