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Abstract

Hirota bilinear method for constructing integrable discretizations
of solitonic equations is presented. For illustrating the full procedure
we reunite the results presented in literature for several semidiscrete
integrable forms of KAV, mKdV, multicomponent Ablowitz-Ladik and
general Volterra system.
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1 Introduction

Building integrable discretizations of partial differential or differential-difference
equations is a challenging topic in the field of integrable systems, subject of
interest for many scientists in the last decades. Constructing integrable full
discretizations is important for numerical simulation, since the integrable
structure of the equation is preserved. There are several integrability crite-
rion like complexity growth [1], singularity confinement [2], cube consistency
[3] or the existence of the Lax pairs [4, 5, 6, 7], but in this paper we focus on
the existence of the multi-soliton solution, the integrability criterion in the
Hirota bilinear formalism [8, 9, 10, 11, 12]. The method proposed by Hirota
proved to be a very effective tool in constructing integrable discretizations
for an important number of solitonic equations [13, 14].

In this review paper, we are going to present several integrable discretiza-
tions of differential-difference equations/systems [16, 17, 18, 19], constructed
with the Hirota method. The paper is organized as follows: after a brief intro-
duction, in Section 2 we present the three steps of the Hirota bilinear method
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for building integrable discretizations. In Section 3, we exemplify the appli-
cation of the Hirota method steps on several well known equations/systems,
each presented in a different subsection: discrete KdV, discrete mKdV, dis-
crete multicomponent Ablowitz-Ladik and discrete general Volterra system.
In Section 4 we summarize our conclusions.

2 The Hirota bilinear method for integrable
discretization

The main motivation for deriving fully discretized versions of nonlinear equa-
tions is that the discrete integrable systems are fundamental compared to the
continuous ones, as the dynamics is way richer and they can lead to cellular
automaton forms. The Hirota bilinear method for building integrable dis-
cretizations has three steps [8, 9, 10, 11]. The starting point is a semidiscrete
bilinear form of an integrable system /equation.

Step 1. The first step consists in the direct discretization of the Hirota
operator D; and the replacement of t with md. At first, one has to to replace
the ordinary derivatives in

df dg
th'gzag—f%

with the finite differences

Anf-g=[Aflg— flAgl, Af =[f(t+0) = f(1)]/0.
Afterwords, all ¢ that appear in the equation must be replaced with mJ.
Above f, g are the tau functions, ¢ is the continuous time variable, m is the
discretized time variable and ¢ is the discretisation step on the time axis;

Step 2. In the second step one must impose the gauge invariance to the
bilinear equations obtained:

T(Ap, Ap,y ) f-g=0,

in other words, the bilinear equations must be invariant with respect to the
transformations:
f N f€9n+am’ g — geGnJrUm’
where ¢ and ¢ are arbitrary constants.
Step 3. In the third step two problems must be solved: computing the
multi-soliton solution and, the most difficult part, recovering the nonlinear
form of the analyzed system/equation.
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3 Fully discretized equations with Hirota method

3.1 Discrete KdV equation
The semidiscrete form of KdV (Korteweg de Vries) equation:

. du,,
i = —= = (g1 = 1)
was casted in the following bilinear form [16]:
DG -F =GF - GF (1)
G*—-FF =0,

using the projective nonlinear substitution involving two 7 functions namely
u = G/F. The significance of the notation used in (1) is: G = G(n +
1,t), G=Gn—-1t), F=Fnh+1t, F = F(n-1,t) (nis the
discrete space variable with step 1, while ¢ is the continuous time variable).

Applying step 1 (discretization of D, and replacing ¢ with dm) and step
2 (imposing gauge-invariance) the bilinear form (1) turns into:

GF — GF = 6(GF — GF), (2
GG —-FF =0,
where we used the notation G = G(6(m+1),n), G = G(O(m+1),n+1),G =
G(0m,n—1), F = F(3(m+1),n), F = F(6(m+1),n+1), £ = F(ém,n—1).

The system (2) is completely integrable as it admits multi-soliton solution

[20]. Taking G = f f, F= ff, the second equation turns into an identity
whilst for the first equation the N-soliton solution in term of f is:

N
/= Z eXP(Z Mmri‘zaij,uiﬂj);

pi,5=0,1 i<J

~—

where:
. 2
‘ ‘ ok _ o
7 = kn 4+ wym, sinhw; =dsinhk;, expa;=|—7——| .
J ekieki — 1

To complete the third step one must find the nonlinear form. For that, one
must divide the first equation of (2) with F'F', denote X = G/F and use the
second equation of (2). The fully integrable discrete KAV equation obtained
in [12, 16] is:

X-X=0X-X)XX.
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3.2 Discrete mKdV equation

The classical semidiscrete mKdV equation (self-dual nonlinear network) [21],
22]:
= (1 +u) (tpyr — up1) (3)

or the potential semidiscrete mKdV equation proposed in [17]:

U = 20,
Un+1 + Un—1

were casted in the following bilinear form:

D.G-F = GF-GF (5)
2GF = GF+GF,
F(n t) ) for (3) and v,, = ggzg for
(4). Both forms of the semidiscrete mKdV presented above are completely
integrable as they poses multi-soliton solution.
Replacing time derivatives in (5) with finite differences and imposing the
bilinear gauge invariance, the following bilinear system was obtained:

using the nonlinear substitutions u, = 54 4 log

GF - GF = §(GF — GF)
2GF = GF +GF.

The above system admits the following /N-soliton solution:

N N
Fr= ) (Hai“ (g™ )" )HA%"“C

11,02, €{0,1} i<j
N
m E Hz n m5 #zﬂy
ulaMZP'MHE{Oal} =1 7’<]

with the same phase factors and interaction terms as in the differential-
difference case:

= —aZ = 1
Cos ( kj) —
ij = ) _]'JN
7 cosh(k; + k;) — P



but different dispersion relation:

1_5'_1 1/6 L
q; = <ﬁ) , t=1,N,

where p; = e*, q; = e*i, i = 1, N (k; is the wave number and w; is the angular
frequency).
The nonlinear form of semidiscrete mKdV is recoverd using the following

notations w = %, I' = ok

D-—w = 6@ —bw)

wHww

el
I

W+ow

Eliminating I' and T one can obtain the higher order nonlinear lattice
mKdV equation [17]:

+w

+ww

QR

E
QW

3.3 Discrete coupled Ablowitz-Ladik system
The general system of coupled Ablowitz-Ladik with M equations [23]:

i = (4ol @+ qu)
gy = (1+1¢)@+a)
igs = (1+]es)(@+ )
igu-1 = (L4 |qu—1)(@r + qu—2)
igy = (14 |qul”) (@ + qu-1)

was casted in the Hirota bilinear form:

’L.DtG“ . F# - Gﬂ+1Fﬂ_1 + G,lb—lF,tL-i-l
Fi+ |G = FuFu, (6)

where Fy = Fyy, Fyo1 = Fi, Go = Gy, Gy = Gy (F)y are real functions,
while Gy and complex valued functions), using the nonlinear substitutions:
Gu/F,, p=1M.



Using the Hirota bilinear formalism [11] in (6) and the Hirota-Tsujimoto
approach [24], the fully integrable discretzation was obtained [18]:

i(é#FH - Guﬁu) = 5(Gu+1Fu—1 + Gu—lFu+1>
2+|Gu|2 = F,u-i—lFu—la p=1M,

where F, = F,,(mé,n), F,, = F,(mé,n+1), F, = F,(mdé,n—1), ﬁ; = F,((m+
no,n), F, = F,((m+ 1),n+1), G, = G u(md, n), G, = G,(mdé,n + 1),

G, =G(mén—1),G, =G, ((m+1)6,n), G, = G,((m+1)6,n+1). The
N-soliton solution for multicomponent Ablowitz-Ladik system with branched
dispersion relation was also constructed:

2N
G, = Z Dy(v) exp (Z viln: + (u — 1) log(e;)] Z VZV]¢ZJ>

v=0,1 i=1 1<Z<j
2N
F, = Z D;(v) exp (Z vilni + (1 — 1) log(e;)] Z VW;Q%)
v=0,1 =1 1<i<y
where:
( 1 62—1-52. €2_¢2 ) 1
2 <—§€i€j cosh(k; + k) + 5 sinh(k; + k7) — 1)

ifi=1,..Nand =N +1,..2N;

2€;€;

€¢ij = €242 e2—e
2 < -—2 cosh(k; — kj) + Sec sinh(k; — kj) — 1) )

ifi=1,.Nandi=1,..N

ori=N+1,.2N and j =N +1,..2N;
and:
n; = kjn 4+ w;om +77](~0), nisn =1, kipn=%k;, j=1..N

. . 2m
log(ejyn) = log(e;)", wjyn =wj, log(e;) € {lﬁ}’ [=1,..M.



N N
1, when i — i )

0 otherwise;

N N
1, when }7 =1+ % ptivn;
Dy(p) = i=1 i=1

0 otherwise.

Each of the N solitons can have any of the M branches of dispersion:

Sk = 05 1% M, j=1,N

CXp w]( ]) Z— 5€j€kj ) 6] € {6 }7 ) » J )

where k; is the wave number and j is the index of the soliton. The system
is completely integrable since it admits the /N soliton solution.

Considering the following notations ¢, = G,,/F,, and T, = Fu+1Fu—1/Fuﬁu
the fully discrete Ablowitz-Ladik was constructed [18]:

(@~ 4.) = 6(@urr + qu0)Ts

F,u-i—l _ 1+ ’(],u+12|27 o= L_M
L, 1+ [q,]

Eliminating I',, also a higher order fully discrete Ablowitz-Ladik system was
constructed:

) (T (1l ),y
T2 + 4 U= 1+ [qual?

3.4 Discrete general Volterra system

The general differential-difference Volterra system with any number of cou-
pled equations [25]:

@ = (co+aq+eg)@—qu)
o = (cotag+esg)(s-— Q)
..... (7)
) B 2 _
dgu-1 = (co+crqu-1+ c2qi1) (@1 — qrr—2)
v = (co+erqu + gy (@ — au—1),
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where ¢, = ¢,(n,t), & = ¢.(n +1,t), ¢ = q,(n—1,t) for any v = 1, M, was
casted as:

i = (14 )@ - )
iy = (14u3) (@ —w)
i1 = (L4 ud, ) (@ — un—)
iy = (L4 ) (@ — uar-y),
using the scalings and translations u,(n,t) = \/ﬁ(qy(n, t) + 5=) with

v =1, M [26]. In the above case u,(n,t) = « as n — £oo and the value for
a = c1(4cocy — b?)~1/2. For negative argument of the square root in a, the
system turns into the defocusing form [26].
Using the nonlinear substitutions:
9. gu(n,t) 7

v — ——=1 5 :17M7
AT )

the Hirota bilinear form was obtained [19]:

Do, f, = (1 + QQ)(QV—HfV—l - gu—lfv—i—l): v=1M
(]- + ia)gy-‘,-lfu—l + (]- - ia)gy—lfu—f—l = 291/fu7

where go = gur, gv+1 = 915 Jo = fas fur = fi
Applying the Hirota steps presented in Section 2, the bilinear equations

for general Volterra system with any M coupled equations were obtained:

gufu - gil/ = 5(1 + a2)(g/l—/v+lf1/—1 - gu—lfu+1)>
(1 + ia).g/lj/ﬂfu—l + (1 - Z.Oé)gu—lfu—i-l = g;/fu + gl/fua V= 17 M.

The N-soliton solution was constructed:

N N
g9 = >, <H(€?_16ip?Qfm)“iHAZi“j>, v=1M

p1..-un€{0,1} \i=1 i<j
N N
o v—1 n _om\u; i g
fv = E H(Ez Vi ;") HAij ;
p1.unef0,1} \i=1 i<j



where:

Booa el — ejekj 2 . 1N
J ’ K EiEjekH—kJ —1 ’ ’

5 K (eefi +1 a Y K (ejefi +1 a
. — J— 1 . = —
7 2 \eehi —11+o(1+a2) )7 772 ek —11+6(1+ a?)

with the M possible branches of dispersion for each of the N solitons:

N 1/6
o [l 80 %) 1 v
qj—eﬂ—[ 51+ a?) — 1 ,ee€em v=1M, =1, N.

In the final step, the nonlinear form of lattice Volterra system with M coupled
equation was recovered:

2 —
tan(@, — g,) = MO Z) g

1+ atan(¢y11 — dr1)

where ¢V = %log(gu/fu) and ¢0 = ¢M7 ¢M+1 = ¢1-
It is important to notice that for o — 0, system (8) becomes the coupled

lattice self-dual network of Hirota [22]:

tan(¢p, — ¢,) = 5tan(gz5,,:+1 —¢uy1), v=1DM.

Taking & — 0 and M = 1 in (8), one finds the well known nonlinear form

of discrete mKdV [27]:

tan(é — ) = dtan(e — 9),

different from the one presented in Subsection 3.2, which was higher order.

4 Conclusions

In this review paper, we have presented the Hirota bilinear method proposed
for deriving integrable discretizations of solitonic equations. The method
was illustrated for differential-difference forms of well known equations and
systems: KdV, mKdV, multicomponent Ablowitz-Ladik and Volterra sys-
tems with branched dispersion relation. The three steps involved can be

9

).



summarized as it follows: starting form an integrable semidiscrete form of
the studied equation, one has to discretize the differential Hirota bilinear
operator, impose gauge invariance, build the multi-soliton solution and then
recover the nonlinear form with the aid of some auxiliary functions. This
approach may lead to higher order nonlinear equations, as we have seen in
most cases analysed.
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