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Abstract

The strong coupling limits of the integrable semi-discrete and fully discrete
nonlinear Schrodinger systems are studied by using the Hirota bilinear method.
The determinant solutions (in both infinite and finite lattice cases) for the
strong coupling limits of semi-discrete and fully discrete nonlinear Schrodinger
systems are obtained using a determinant technique. The vector generalizations
of the strong coupling limits of semi-discrete and fully discrete nonlinear
Schrodinger systems are also presented. The Pfaffian solutions for vector
systems are obtained using the Pfaffian technique.

1. Introduction

Semi-discrete systems, i.e., systems described by differential-difference equations (discrete
in space and continuous in time), or fully discrete systems with both space and time taking
values on a lattice, have received considerable attention recently [1]. Especially, semi-discrete
integrable systems are important from a physical point of view. One of the most important
semi-discrete integrable systems is the integrable discrete nonlinear Schrodinger (IDNLS)
equation

.du,

2
i = tnet Tl +aluy|”(WUper +Up—1) n €4, (1.1)

which is a semi-discrete analog of the nonlinear Schrodinger (NLS) equation
i, = vy +20ul*u. (1.2)

The IDNLS equation was originally derived by using the inverse scattering method [2, 3], as
an O (h?) finite-difference approximation of NLS, with x = nh and t — t/h?, with h being
the lattice spacing. Besides being used as a basis for numerical schemes for its continuous
counterpart, the IDNLS equation has also numerous physical applications, related to the
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dynamics of anharmonic lattices [4], self-trapping on a dimer [5], Heisenberg spin chains
[6, 7], etc.
The IDNLS equation can be bilinearized into

iDth L4 Fn ZS(Gn+1Fn71 +Fn+1Gn71)a (1361)
F}+aG,G! = 8F Fyy (1.3b)
through the dependent variable transformation u, = G,/F,, where D,, called Hirota D
operator, is defined by
d d
D =(=-= g
feg (ar 8t,)f()g()l/l

With these bilinear forms the IDNLS equation can be solved by the Hirota bilinear method. In
[8] the relationship of IDNLS with the two-component Toda lattice hierarchy was established
in the framework of Sato theory, developed by the Kyoto group.

In the case of strong nonlinearity, one can neglect the diffraction term in equation (1.1)
and obtain the strong coupling limit of the IDNLS (sc-IDNLS) equation [9]

.du

1 dtn = ar|un|2(un+1 + un71)7 (14)
where «, € R. The sc-IDNLS equation can be generalized to

.du, 2 . 2

1 dr = Olrlunl (un+l + un—l) + 1ai|un| (un+1 - ul‘l—l)7 (15)
(where «,, «; € R) which can be rewritten as

du

i = @i + @), (1.6)

with @ = «, + ie;. Here and in the following ‘x’ denotes complex conjugate. Equation (1.6)
is the strong coupling limit of the discrete Hirota equation [10]
.du,

i =+ |t )®) (st + 1) + 10 (1 + [t |5) U1 — 1), (1.7)

which is a discrete version of the Hirota equation [11]
M = Uyy +2|u|2u + ia|u|2ux +1DU . (1.8)

Equation (1.6) can be derived from the equation of motion

un = {H, un}’ (19)
where the Hamiltonian is
H = Z(a*ukqu + U URA1)s (1.10)
k

with the deformed Poisson brackets
0A 0B 0B 0A
MﬂﬁEW%—Tj—*) (1.11)
p Ouy duy  Ouy duy,

In this paper, we study the strong coupling limits of the integrable semi-discrete and fully
discrete NLS systems by using the Hirota bilinear method.

This paper is organized as follows. In section 2, the determinant solutions (in both
infinite and finite lattice cases) for the strong coupling limit of the semi-discrete NLS
system are obtained using a determinant technique. In section 3, the Pfaffian solutions
for a vector generalization of the strong coupling limits of the semi-discrete NLS system are
also presented. The Pfaffian solutions for vector systems are obtained using the Wronski-type
Pfaffian technique. In section 4, the Pfaffian solutions for a vector generalization of the strong
coupling limit of the fully discrete NLS system are presented.
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2. Determinant solutions

After substitution of u,, = v, exp(irn/2) into equation (1.6), we get

UM “ve1) @.1)
= v, @V — a®v,_1). .
dr +1 1
If v, and « are real, equation (2.1) is reduced to

d

= a0} (0 = V), 2.2)

which is the discrete KAV equation [12]. Substituting v, = T+1T—1/ rnz into equation (2.2),
we obtain a bilinear form

Tnt1Tn — Tnil Ty = O Tpa2Tn—1 — XTps1 Ty (23)
If v, =i+ w, with real w, and « is real, equation (2.1) is reduced to

dw,
dr

which is the discrete mKdV equation [2, 3].

An interesting problem is represented by the case in which v, attains complex values. We
consider two kinds of solutions: soliton solutions and molecule solutions (solutions in finite
lattices).

Soliton solution. Let us consider equation (1.4). We transform equation (1.4) with real «, into
the bilinear forms

= o(1 +w)) (Wns1 — Wa1), (2.4)

gn+lgn - gn+1gn = Cr&n+28n—1 — %r&n+18n> (25(1)
B8 — B8 = g8 — U818 (2.5b)
through the dependent variable transformation u, = % exp(irn/2). We can remove o,

from the bilinear forms (2.5a) and (2.5b) by rescaling ¢’ = «,t, obtaining

gn+1gn - gn+1gn = 8n+28n—1 — 8n+18n> (2661)
8us18n — &u18n = &ni28n—1 — 8n+18n- (2.6b)

Remark 2.1. Each of the bilinear equations (2.6a) and (2.6b) corresponds to a bilinear
equation of the Volterra lattice. Thus we can construct an N-soliton solution of the strong
coupling limit of the semi-discrete NLS system from an N-soliton solution of the Volterra
lattice. This result was found by Narita [13].

Remark 2.2. Equation (1.6) is transformed into
Up = [Va > (Vas1 = va-1), .7

through u, = Be'"v, where A and B satisfy o, cos A — a;sinA = 0 and «, sin A + o;

gn+|g* M M
sonsl D we will obtain

cos A = 1/B?%. Using the dependent variable transformation v, = >
equations (2.6a) and (2.6b) [10]. Thus, the following theorem also gives an N-soliton solution

of equation (1.6).
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Figure 1. Time evolution of 2-soliton solution (plots of |u|) : p;1 =5, p» =7, d)fl) =1,9¢
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Theorem 2.3. The bilinear forms (2.6a) and (2.6b) have the following determinant solution:

$1(n) H(n+2) -+ p1(n+2N =2)
$a(n)  G(m+2) -+ Gr(n+2N =2)
8n = . . . . s (2.8a)
on(n) ¢n(n+2) - Ppn(n+2N —2)
$r(n) Gr(+2) - $rn+2N —2)
o;(m) dsn+2) -+ P5(m+2N =2)
&= . : . , (2.8b)
oy(n) oyn+2) - Px(n+2N =2)
where the linear dispersion relation is
9¢;(n)/0t = ¢i(n +2), A (n)/dt = ¢/ (n +2), (2.9)
and
G+ D+g;n— 1) =Bid;(0), P+ D +dTn— 1) = Bid%(n). (2.10)
Proof. See appendix B. ]
For example, the 1-soliton solution of (1.4) is given by
uy = 28 oxpin 2) @2.11)
gﬂgn

where

r . 1y
gn = exp(a, p’t + ¢V +ip @) p" + exp (“—21 +y 4 up“))) (-) (2.12)
p p

and g7 is its complex conjugate.
If we take

. " o . 1\"
¢;(n) = exp (a,pit + ¢;1) + 1¢j(.0))pj + exp (;t + 1//1(.1) + 11/f;0)> <p_) )
j J

v : 1"
¢ (n) = exp (o, pit + ¢ — 9" ;" +exp (Z_ft +yi) — w}‘”) (p—}) :
we have an N-soliton solution of equations (2.5a) and (2.5b). From this we obtain an N-
soliton solution of the sc-IDNLS equation (1.4). Plots of a 2-soliton solution are presented
as an example in figure 1. When one takes complex-valued wave numbers, soliton solutions
of the sc-IDNLS equation (1.4) exhibit singularities. An interesting open problem is whether
non-singular solutions with complex-valued wave numbers exist.

Molecule solution. Let us now consider equation (1.6) with «,, o; # 0. We can transform
equation (2.1) into the bilinear forms
8n+18n — Gn+18n = 0€n+28n—1, (2.13a)
8ns18n — &nr1&n = @ 881> (2.13b)

*
8n+18,_1

through the dependent variable transformation v, = g
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Performing the change of variable 7 = af and T* = o™, we obtain

%gn — gn+1% = Zn+28n—1, (2.14a)

e it = Ghatir .14
We use the following boundary conditions for g, and g;::

g-1=0, gt =0, (2.15q)

g =1, g =1 (2.15b)

gr=1, g =1, (2.15¢)

& = h(T,0), g =h*(T",0), (2.15d)

where h(T, m) and h*(T*, m) are arbitrary functions of 7 and satisfy the equations

d d
ﬁh(T, m) =h(T,m+1), dT*h*(T*,m) =h*(T*,m+1), (2.16)
for non-negative integers m.
We then solve equations (2.14a) and (2.14b) iteratively starting withn = 1. Forn = 1,

equation (2.14a) becomes

dg> dgi
— g — & = . 2.17
a7 81 T 829y = 8380 (2.17)
Using the boundary conditions, we obtain g3:
d
= —h(T,0) =h(T,1). 2.18
8 =97 (T,0)=n(T, 1) (2.18)
Equation (2.14D) forn = 1
dg; dgi* * ¥
- LI 2.19
a7+ Sl T &g =838 (2.19)

can then be solved using the boundary conditions to obtain g3:

d
83 h*(T*, 0)

~ dre
=h*(T*, 1). (2.20)
For n = 2, equation (2.14a) becomes
dgs dg,
80 — 9,02 . 2.21
a7 52 T &g = &8 (2.21)
Substituting equation (2.18) into equation (2.21), we obtain
dh(T, 1) dh(T, 0)
=—WT,0) — (T, 1) ————
84 i (T,0) —h(T, 1) aT

= h(T,2)h(T,0) — h(T, 1)

_|n(T,0) K(T,1)
=Ty w2l (2.22)
Then we consider equation (2.14b) forn = 2
dgx dgs
T7e8 &g = gig (2.23)
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which is solved for gj:

dh*(T*, 1) dh*(T*,0)
= ———"h"T",0)—h"(T* 1) ———
85 = g hN (T 0) = W (T D—
= h*(T*, 2)h*(T*,0) — h*(T*, 1)?
BT, 0) AT, 1)
T \RH(T* 1) RN(TH, )|
For n = 3, equation (2.14a) becomes

dga  _  des
dTg3 g4dT—gsgz-

Substituting equations (2.18) and (2.21) into equation (2.25), we obtain
gs = h(T,3)h(T, 1) — h(T, 2)?
h(T,1) h(T,2)
n(T,2) h(T,3)|"
Finally, we have equation (2.14b) for n = 3
dei . .de3
ar+%3 7 84
which is solved for g3:
gt = h*(T*, 3)h*(T*, 1) — h*(T*,2)*
P11 RN(T,2)
TRN(T*,2) h*(TH,3)|C

=858

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

Theorem 2.4. Solutions of the bilinear forms (2.14a) and (2.14b) with the boundary conditions

(2.15a), (2.15b), (2.15¢) and (2.15d) are

WT,0)  h(T,1) --- W(T,N—1)
WT,1)  h(T,2) ---  h(T,N)
82N = . : . : , (2.29a)
WT,N—1) h(T,N) --- h(T,2N —2)
B(T*,0)  h*(T* 1) --- h*(T*, N —1)
A(T*, 1) h*(T*2) ---  h*(T*,N)
Gy = : : _ : , (2.29b)
W(T* N —1) h*(T*,N) --- h*(T*,2N —2)
WT,1)  h(T,2) -~  h(T,N)
WT,2)  h(T,3) -~ h(T,N+1)
&oN+1 = . . ' : , (2.29¢)
WT,N) h(T,N+1) --- h(T,2N —1)
R5(T* 1) h5(T%2) -~ h*(T* N)
R(T*,2)  h*(T*3) -~ h*(T*N+1)
Sone1 = : : N : , (2.29d)
R*(T*,N) h*(T*,N+1) --- h*(T* 2N —1)
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N > 2. (2.29¢)
Proof. See appendix C. O
From theorem 2.2, we obtain the solutions of equations (2.13a) and (2.13b):
h(at, 0) h(at,1) --- h(xt,N —1)
h(at, 1) h(at,2) --- h(at, N)
&N = : : . : , (2.30a)
h(at, N —1) h(at,N) --- h(at,2N —2)
h*(a*t, 0) h*(a*t,1) -+ h*(a*t, N —1)
h*(a*t, 1) h*(a*t,2) .- h*(a*t, N)
&y = : : N : , (2.30b)
h*(a*t, N —1) h*(@*t,N) --- h*(@*t,2N —2)
h(at, 1) h(at,?2) h(at, N)
h(at,?2) h(at, 3) <o+ h(at, N+1)
82N+1 = . : . : s (2.30c)
h(at, N) h(at, N+1) --- h(at,2N —1)
h*(a*t, 1) h*(a*t,2) e h*(a*t, N)
h*(a*t,2) h*(a*t, 3) ceo h*(a*t, N+ 1)
8ane1 = : : N : . (2.30d)
h*(a*t, N) h*(a*t,N+1) --- h*(a*t,2N —1)
with the boundary conditions
g-1=0, gt =0,
g =1, g =1
(2.31a)
gr=1, g =1
g = h(at, 0), g =h*(a"t,0).
Thus we obtain the molecule solutions of equation (2.1) with the boundary conditions
v =0, vy =0, (2.32a)
vy = h(at, 0), vy = h* (a1, 0). (2.32b)

If we take o; = 0, we have the molecule solution of equation (1.4).

3. Strong coupling limit of the integrable discrete vector NLS equation

3.1. Molecule solutions

In this section, we consider the strong coupling limit of the integrable discrete vector NLS
(sc-IDVNLS) equation

du’ ¢ 012G L)

n (k) J J

! dr Z’un (un+1 +Mn—l)' 3.1
k=1
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Here we present the ‘molecule solution’ which satisfies the boundary conditions u) =0 at

n=20,j=1,2,..., N. We transform equation (3.1) into the bilinear forms
Dg" o fo — 8% fuor + 8 fue1 =0, (3.24)
Digi " e fu— i fur + g3 fu =0, (3.2b)
N
fn+1fn71 = Zg;gk)g::(k)v (32C)
k

through the dependent variable transformation

() *(J)

() — 8 (‘E ) +(j) _ 8n (_-ﬁ ) i=1.2.....N
u,)) = exp(izm ), u, = exp(—izm), j=12,...,N. 3.3)
I 2 Jn 2

We use the following boundary conditions for f,, g,ﬁj ) and g:;(j ) for j=12,...,N:

fa=0.  gY'=o0, g =0, (3.4a)

=1, g’'=0,  gP=0, (3.4b)

fi=l g =h0w 0, gV =m0, (3.4¢)
where h')) (¢, m) and h*V (¢, m), for j = 1,2, ..., N, are arbitrary functions of ¢ and satisfy
the equations

d ) ) d *(J) *(J)

ah’(r,m):h’(t,m+1), Eh D, m)=hn*""t, m+1), 3.5

for non-negative integers m.
We solve equations (3.2a) and (3.2b) iteratively starting with n = 1. For n = 1,
equation (3.2c) becomes

N
hfo=Y &g (3.6)
k=1
Using the boundary conditions, we obtain f;:
N
fr=> hPw 0n . 0. (3.7
k=1

Then we consider equation (3.2a) forn = 1:

Dig o fi— 8 fo+ i fr=0. (3.8)
Solving the equation under the boundary conditions, we obtain

géj) — h(j)(t, 1. 3.9
Similarly, equation (3.2b) forn = 1:

D51 o fi =7 fo+ 85" f2=0. (3.10)
Solving the equation under the initial conditions yields

g;(j) = D, 1). 3.11)
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Equation (3.2¢) for n = 2 gives

N

k k

A=) gle"
k=1

and substituting equations (3.9) and (3.11) into equation (3.12) we obtain
N

=Y hP@ DO, 1),

k=1
We have equation (3.2a) for n = 2,

ngéj) o fr— 8§j)f1 + 81(])f3 =0,

which is solved for ggj );

& =h.2) fo— hD (1, 1)=2 +hD(1,0) .

as;
dr
and similarly equation (3.2b) forn = 2

Dig;" e fr— g3 i+ gl f3 =0,

is solved for g; .

&V =@, 2) fo — B, 1)% + 1 (1, 0) f.

Here we introduce the Wronski-type Pfaffians whose elements are defined as
pf(pj, m) =hV @, m),
pf(ps.m) = h* (1, m),

N

1
SIPfCm+1) = pfd +1,m)] = > h®Pa H O, m),
k=1

d

Epf(pj,m) =pf(pj,m+1),

d * *

d

apf(l, m) =pf(l+1,m)+pf(l,m+ 1),

for j = 1,2, ..., N and for non-negative integers / and m. Then we find
g = pf(p;. 0),
&' =pf(p;, 0),
f2 = PEO, 1),
g = pf(p;. .
& =pt(p;, 1),
f5 = pf(1,2),

10

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18a)
(3.18b)

(3.18¢)

(3.18d)

(3.18e)

(3.18f)

(3.19a)
(3.19b)
(3.19¢)
(3.19d)
(3.19)
(3.19f)
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g =pf(p;,0,1,2), (3.19¢)
& =pt(p}.0,1,2). (3.19h)

Theorem 3.1. Solutions of the bilinear forms (3.2a), (3.2b) and (3.2c) with the boundary
conditions (3.4a), (3.4b) and (3.4c) are

Fon = pf(0,1,2, ..., 20— 1), (3.20a)
g =pf(p;. 1,2,....2n — 1), (3.20b)
g = pf(pi. 1,2,....2n — 1), (3.20¢)
fonn1 = pf(1,2,3,...,2n), (3.20d)
e = pf(p;,0,1,...,2n), (3.20¢)
g = pf(pt,0,1,..., 2n). (320 )

Proof. The proof is similar to the proof of molecule solutions of the coupled discrete modified
KdV equation [14].

First, we present the differential rules of f;,, g,(,j ) and gn W by using the differential rules
given by equations (3.18d), (3.18¢) and (3.18 f) and a differential formula for the Wronski-
type Pfaffian [15-17]:

d d
—f2n=apf(O,l,Z,...,Zn—Z,zn—l)

dr
=pf(0,1,2,...,2n —2,2n), (3.21a)

d d
—_— n = — f1,2,3,...,2 _1’2
dtf2+l dtP( n n)

—pf(1,2,3,....2n — 1,20 + 1), (3.21b)
d d
agz‘; = apf(pj, 1,2,3,....2n—=2,2n—1)

= pf(p;, 1,23, ... 210 — 2,2n), (3.21¢)

d ; _d
U = PP 0. 1.2, 20 = 1,2n)

ag2n+l

=pf(p;,0,1,2,...,2n —1,2n + 1), (3.21d)
d . d
ag;‘;ﬂ = Epf(pjf, 1,2,3,....,2n—2,2n — 1)

:pf(p;‘f, 1,2,3,...,2n—2,2n), (3.21e)
d

o) i f( £0.1.2 m—1.2 )
dtg2"+1 = dtp p;,0. 1, 2,...,2n ,2n

11
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Substituting these formulae into the lhs of equation (3.2a), we obtain for the odd subscripts
2n+1

Dygs) 1 @ fonet — 850a fou + 851 fans2
=pf(p;,0,1,2,...,2n - 1,2n+ 1) pf(1,2,3,...,2n — 1, 2n)
—pf(p;,0,1,2,...,2n = 1,2n)pf(1,2,3,...,2n — 1,2n+ 1)
—pf(p;,1,2,3,...,2n —1,2n,2n+ 1) pf(0,1,2,...,2n = 1)
+pf(p;,1,2,3,...,2n =1 pf(0,1,2,...,2n —1,2n,2n+ 1)
=pf(p;,0,*,2n + 1) pf(x, 2n) — pf(p;, 0, %, 2n) pf(x, 2n + 1)
—pf(pj, *, 2n, 2n + 1) pf(0, %) + pf(p;, %) pf(0, *, 2n, 2n + 1), (3.22)

where we replaced the list {1,2,...,2n — 1} by * The right-hand side of (3.22) vanishes
because of the identity for the Pfaffians [15]:

pf(alv az, as, *) pf(*’ 2”) = pf(al ) *) pf(a27 as, *, 2”)
—pf(az, %) pf(ay, as, *, 2n) + pf(as, *) pf(a;, az, *, 2n). (3.23)

Thus, we have proved equation (3.2a) for the odd subscripts. Equation (3.2b) for the odd
subscripts is proved by the same procedure.

Equation (3.2c¢) for the odd subscripts is proved as follows. We express the rhs of equation
(3.2c¢) for the odd subscripts 2n + 1 by the Pfaffians

N N
> W W =3 pf(pi 0. 1.2, 2 pE(p}, 0,1, 2, ..., 2n).  (3.24)
k=1 k=1

Expanding the Pfaffians and using equation (3.18¢), we obtain

N
(k) (k)
Z 82n+182n+1
k=1

2n N
= Z Z pf(pr, D(=D! pf(0,1,2,...,1,...,2n)
I,m=0 k=1
x pf(pg, m)(=1)" pf(0, 1,2, ....7,...,2n)

2n
1
> SPfCm+1) = +1,m)]
1,m=0
x (=D'pf0,1,2,...,0,...,20)(=)" pf(0, 1,2, ..., 7/,...,2n), (3.25)

where X indicates that the letter x is missing. Using the expansion rule of the Pfaffian
2n

3 pf+ 1 m)(=1)" pf(0, 1,2, ... s, ... 2n) = pf( +1,0,1,2, ..., 2n) (3.26)

m=0

we have

N 2n
D g == > (=D'pf(0. 1,2, 1. 2m)pf(I +1,0,1,2,....2n),  (3.27)
k=1 =0

where the sum over / vanishes except for / = 2n. Thus we obtain

N
D gigme = —pf(0,1,2,....2n — )pf2n+1,0,1,2, ..., 2n)
k=1

= fan fons2, (3.28)

12



Inverse Problems 24 (2008) 055011 K Maruno and B Prinari

which is the lhs of equation (3.2¢) for the odd subscript 2n + 1. Thus, we have proved equation
(3.2c¢) for the odd subscripts.

Equations (3.2a), (3.2b) and (3.2¢) for the even subscripts are proved by the same
procedure. Thus we have proved that f,, g,(/ ) and gZ(j ), for j = 1,2,..., N, expressed by

equations (3.20a)—(3.20 f) are solutions of equations (3.2a), (3.2b) and (3.2¢). O

‘We note that

du & W20 L )
i = ch|”n | () +u,”)) (3.29)
k=1

also has a Pfaffian-type molecule solution. The proof is similar to that given above.

3.2. Soliton solutions

We consider the case in which the sc-IDVNLS equation has soliton type solutions.
Here we consider the infinite lattice with the conditions " = const. x exp(iwn/2).

Two—component case

M

idZ’; (|”(1)| + |”22)|2)( i), (5.30)
_du? D2 D12\ (. @ L @

ld_: = (|l + | ) (s +10,2,).- (3.306)

Suppose u'D = exp(iwn/2). Then we obtain

2
(1 PP 2 @3

This is the IDNLS equation. Thus this equation has an N-soliton solution.
N (= 3)-component case

O ® 1200 1)
1? - kX: ‘Mn (un+l + un l)’ (3.32(1)
=1
) N
S PG ). =25 @320
k=1

Suppose u'D = exp(izrn/2). Then we obtain

d”'g]) (k) u )] .
1+Z|u ) @2, +ul), j=23,...,N. (3.33)

This is the discrete vector NLS equation, whose soliton solutions are known [18, 19].

13
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4. The strong coupling limit of the fully discrete vector NLS equation

4.1. Molecule solutions

In this section, we consider the strong coupling limit of the integrable fully discrete vector
NLS (sc-IFDVNLS) equation [20, 21]:

N
i(u,(lj)*’” _ u;j),f) -5 |:Z Ck|u(k) |t ] rt [ fl/+)lt +u (J) t+1] 0,

k=1

N N
o= | | r1 | St orp
k=1 k=1

Here we present the ‘molecule solution” which satisfies the boundary conditions u(j M =0 at

4.1

n=0,j=1,2,..., N. We transform equation (4.1) into the bilinear forms
1 , 1 ().t 1 (), 1+1
(J) 1+ ft (]) ffnt+ _ [gnj+l frf+1 gnj 1 n+1] =0, (4.2a)
. Dooel

g e = gD = s[gr A — g ] =, (4.2)
N

fiafioi =Y cigd g, (4.2¢)
j=1

through the dependent variable transformation

RROX " ROX "
uld =2 exp (i—n), D = exp (—i—n), j=1,2,...,N,
H 2 I 2
4.3)
ft t+1
re = Jndnzl
SR Fan
We use the following boundary conditions for f, g,(l] ! and g*(’ M for j=12,...,N
t Ut _ *()t
fi,=0, g2 =0, g =0, (4.4a)
fi=1 =0, g =0, (4.4b)
fi=1, =000, ¢ = 0), (4.4¢)
where h)(t, m) and h*Y(t,m) for j = 1,2,..., N are arbitrary functions of ¢ and satisfy
the equations
AL ) A £(j)
—hYV(t,m)=h"(t, m+1), —h* 0, m)=h""t,m+1), 4.5)
At At
where
h(t+1, h(t,
—h(t m) = ( m) — h( m)’

8

for non-negative integers m.
We solve equations (4.2a) and (4.2b) iteratively starting with n = 1. For n = 1,
equation (4.2c) becomes

A= ZC g(k)t *(k)t_ 4.6)

14
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Using the boundary conditions, we obtain f;:

N

£=>"ah® @, 0O, 0).

k=1
We have equation (4.2a) forn = 1:

(j) t+1 (j),t t+l ().t t+1 (/) t+1
fi— 8[g2 f2]

Solving the equation under the boundary conditions, we obtain
g =hV, 1),
We have equation (4.2b) forn = 1:

*(j), 1+l ot *(j),t pt+1 *(j),t pt+1 *(f),t+1 £
81 fi=at it = 5les o — & fi]=0

Solving the equation under the initial conditions, we obtain
g;(.f)ql _ h*(j)(t, 1.

For n = 2, equation (4.2¢) becomes

A= Y

Substituting equations (4.9) and (4.11) into equation (4.12), we obtain
N

fi= ah®a DO, ).

k=1
We have equation (4.2a) forn = 2,

(j) t+1 (j)t 1 ).t 1 (J).1+1
fz fH 5[83 le — 8 f3[]=0

which is solved for g(’ i

& =002 -0 SR

2+t +1,0)f4.
We have equation (4.2b) forn = 2,
g;(j)'tﬂfzt _ g*g)"fz’” _ S[g;(j),tflﬁl _ g*ij),t+1f3t] -0

which is solved for g*{/":

f

e =w a2 -V, N 2 4+ D1+ 1,0) f1.

Here we introduce the Pfaffians whose elements are defined as
pf(p;, m) = h(t, m),

pf(ps.m) = h* (. m),

N

1
S m+ 1) = pf +1,m)] = > ach® @, DR e, m),

k=1

A
Epf(l?j, m) =pf(p;,m+1),

“4.7)

(4.8)

(4.9)

(4.10)

@.11)

4.12)

(4.13)

4.14)

4.15)

(4.16)

(4.17)

(4.18a)
(4.18b)

(4.18¢)

(4.184)

15
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%pf(pf,m) = pf(p},m+1), (4.18¢)
A

~ PEm) = pf+1,m) +pf(Lm +1), (4.181)

for j = 1,2, ..., N and for non-negative integers / and m. Then we find

g = pf(p;, 0), (4.19a)
g = pf(p?,0), (4.190)
f2 =pf(O, 1), (4.19¢)
g/ = pf(p;, 1), (4.19d)
g =pf(p1. 1), (4.19)
fi =pf(1,2), 4.191)
g =pf(p;,0,1,2), (4.199)
g3 = pf(p3,0,1,2). (4.19h)

Theorem 4.1. Solutions of the bilinear forms ( 4.2a), (4.2b) and (4.2c) with the boundary
conditions (4.4a), (4.4b) and (4.4c) are

fo, =pf0,1,2,...,2n = 1), (4.20a)
g =pf(pj 1.2, 20— 1), (4.20D)
g =pf(ph 1,2,....2n = 1), (4.20¢)
fonsr = PE(1,2,3,..., 2n), (4.20d)
gt = pf(p;.0.1,....2n), (4.20¢)
Sl =pf(p;.0,1,.... 2n). 4.20f)

Proof. First, we present the difference rules of £/, g,”’"" and g, )t by using the difference rules

given by equations (4.18d), (4.18¢) and (4.18 f) and a difference formula for the Wronski-type
Pfaffian:

().t
n

Af—Af(OIZ 2 —2,2n—1)
A[ 2n—AtP £ E) LR L) n 9 n

=pf(0,1,2,...,2n —2,2n), (4.21a)
Af —Af(123 2n —1,2n)
At 2"+1_Atp s Ly Dy e, LN s LN
=pf(1,2,3,....2n— 1,2n + 1), (4.21b)
Ag(”=Apf(p»,1,2,3,...,2n—2,2n—1)
At T At /
=pf(p;,1,2,3,...,2n —2,2n), (4.21¢)

16
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A B (0, 1,2, . 20— 1,2)
At n+ At J

=pf(p;0.1,2,....2n —1,2n + 1), 4.21d)
A i A
A—tgz,gj) = A_tpf(pj’ 1,2,3,....,2n—2,2n—1)

=pf(p}, 1,2,3,...,2n —2,2n), (4.21e)
A gy D
Ean{i—l = Epf(Pj,O, 1,2,...,2n—1,2n)

= pf(p.0,1,2,...,2n — 1,20+ 1). 4.21f)

Substituting these formulae into the lhs of equation (4.2a), we obtain for the odd subscripts
2n+1

(657 o = /0 = AL 7 s =0
=pf(p;,0,1,2,...,2n —1,2n+1)pf(1,2,3,...,2n — 1, 2n)

—-pf(p;,0,1,2,...,2n —1,2n)pf(1,2,3,...,2n —1,2n + 1)

—-pf(p;,1,2,3,...,2n - 1,2n,2n+ 1) pf(0,1,2,...,2n — 1)

+pf(p;,1,2,3,...,2n = 1)pf(0,1,2,...,2n —1,2n,2n + 1)

=pf(p;,0, *,2n + 1) pf(x, 2n) — pf(p;, 0, *, 2n) pf(x, 2n + 1)

—pf(p;, *,2n,2n + 1) pf (0, *) + pf(p;, *) pf(0, *, 2n, 2n + 1), 4.22)
where we replaced the list {1, 2,...,2n — 1} by *. This vanishes because of the identity of
the Pfaffians [15]:
pf(ai, az, as, *) pf(x, 2n) = pf(a1, *) pf(az, a3, *, 2n)

—pf(az, *) pf(ai, as, %, 2n) + pf(az, *) pf(ay, az, *, 2n). (4.23)
Thus we have proved equation (4.2a) for the odd subscripts. Equation (4.2b) for the odd
subscripts is proved by the same procedure.

Equation (4.2¢) for the odd subscripts is proved in the same way as the proof of
theorem 4.1. Equations (4.2a), (4.2b) and (4.2c) for the even subscripts are proved by

the same procedure. Thus we have proved that f!, g and g*’*, for j = 1,2,..., N,
expressed by equations (4.20a)—(4.20 f) are solutions of equations (4.2a), (4.2b) and (4.2c).]

4.2. Soliton solutions

Let us now investigate the case in which the sc-IFDVNLS equation has soliton-type solutions.
Here we consider the infinite lattice with the conditions "' = const x exp(iwn/2).

Two-component case

2
(1 - ) - [Z ck\uff»’f} oyl + "] =0,

k=1
2
i(ulsz),m _ uSlZ).t) _s |:Z ck‘ul(lk),t}21| Ffa [uﬁ)it " u;z_),lm] =0, (4.24)
k=1
2 2
F:Hl = |:Z Ck‘u’(’k)’t‘zi| F’;l/ |:Z Ck‘u;k),t+1‘2j| _
k=1 k=1
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Suppose u'D = exp(imn/2). Then we obtain

i(u,(f)”” _ u’(lz),z) _5 [1 +62|u22),z|2] [ ;(12+)1t + 22)1r+1] 0.

) (4.25)
M = [+ elu@ e/ [1+eu® .
This is the fully discrete NLS equation. Thus this equation has an N-soliton solution.
N (= 3)-component case
N
i(u;l)’Hl _ u;l),t) -5 |:Z Ck‘u(k) t} :| F;[ (l)]t +u£zl)ll+1] 0,
k=1
2
i(u;f““ _ u;j),z) -5 |:Z ck’u(k)t| :| Fn[ Lj+)1[ ru (]) t+l] 0.
k=1
N N (4.26)
= | v | Sl
k=1 k=1
j=2,3,...,N.
Suppose u'D = exp(izn/2). Then we obtain
i(uf,j)"” _”flj)t _ |:1+Z |u(k)t| :| [ (z)lt+u(j)1t+1] —0,
4.27)

r,, = |:1 +ch|u‘k)’| :| I"/ |:1 +ch|u,(,k)"+1|2:| .
k=2

/_2,3,...,

This is the fully discrete vector NLS equation, whose soliton solutions are known [20, 21].

5. Conclusions

We have analyzed the strong coupling limits of the integrable discrete NLS, discrete vector
NLS and fully discrete vector NLS equations, and we have found determinant and Pfaffian
solutions. We have also studied the strong coupling limit of the discrete Hirota equation.

It is worth noting that when one takes complex-valued wave numbers, soliton solutions
of the sc-IDNLS equation (1.4) exhibit singularities. An interesting open problem is whether
non-singular solutions with complex-valued wave numbers exist.

Consideration of physical interpretations of molecule solutions (i.e., solutions for the finite
lattice) is also an important problem. We note that molecule solutions (i.e., the Wronski-type
Pfaffian) in vector cases are similar to solutions of the Pfaff lattice [17, 22, 23]. Thus we
expect that there is a connection with random matrix theory.
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Appendix A

Equation (1.6), i.e.,
.du,,
i
dt
can be considered as a reduction of the following system of differential-difference equations
.du,,
1
dr
.dv,
—i
dt
when v, = —u}. Then, it can be treated as in the appendix in [9], i.e., consider

= |un |2(aun+1 + a*unfl)

= —UpUy (OlM,H_] + a*unfl)

= — UV (QVp—1 + & Vp41)

ia(unvn—l) = — QU V1 (Vylps1 — Up—1Vp—2)

_i_(un—lvn) = _a*un—lvn(unvnﬂ - un—2vn—l)

dr
and in terms of the new dependent variables

Sn = log(u,vp—1), §n = log(un—1v,)
the previous system becomes
ds,
dr

.ds;,

i

dr

Finally, performing the change of independent variables 7 = i«f in the first equation and
T* = —ia™t in the second one, we obtain

ds,

i — a(esn—l — esn+1)

— a*(e§"*‘ _ ein—l).

= el @S-l
dT
ds, . .
S, Sn—
dT*Ze”H_e”17

i.e., a system of decoupled nonlinear ladder network equations, each possessing a well-known
Lax pair. The original dependent variables are then reconstructed by means of the relations

.du -
i— = —u, (ae™ +a* )
dr
dv -
—i— = —v, (we™ +a*e’).
dr

Appendix B

Proof of theorem 2.3.

Proof. Assuming that ®(n) = (¢1(n), ..., ¢n(n))T, we adopt the notations
(i1, 02y .oy iy) i=det(®(n+1iy), P +1in), ..., P(n+iy)),
QN —k) :=(0,2,...,2(N — k), (B.1)

(Z(TV\—/k)) =(2,4,...,2(N —k)),
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where iy, is, ..., iy are arbitrary integers. Therefore, for example, we have
Q2N —1)) = 2N —2),2(N - 1)) =(0,2(N — 1))
o1(n)  Pp1(n+2) - G(n+2N —2)
$(n) Gr(n+2) - Gr(n+2N —2)
on(m) oy(n+2) --- dy(m+2N —2)
From (2.9), it is easy to obtain the determinant identities:
g0 = (N —2),2N). (B.2)

From (2.10), we can also obtain the determinant identities [24]:

N
yen = (2N)
k=0

N-=-2
=Y QN —2).2(N — 1).2N) + (N —2),2N) + (N — 1)), (B.3)
k=0
N—-1 -
yeno1= Y (=2,2(N = D)
k=—1
N_z —_— —_— —_—
= 3 (-2.2(N —2),2(N — D)+ (=2, 2(N —2)) + 2(N — 1), (B.4)
k=0
y(gnfl - gnfl)
N_2 —_— —_— —_—
=3 (-2,2(N —2),2N); — (=2,2(N — 2)) + (N —2),2N), (B.5)
k=0

where y = ]—[fvzl Bi and (i1, iz, ...,in)r =det(P(n+iy), P(n+1iz),..., d(n+ix_1), P+
ite1)y -, @@ +iy)).
Now, if we substitute our expression for g, into (2.6a), and make use of (B.2), (B.3),
(B.4) and (B.5), we find that the left-hand side of (2.6a) gives the terms
y(gngn—l - gngn—l — 8n+18n—2 T gngn—l)
=8n(Y&—1) — & (Y &n—1 — V8&n-1) — (Y &n+1)&n—2

N-2
= (2(N —2),2N) (Z(—z, 2N —2),2(N — 1)) + (=2, 2(N —2)) + (2(ﬁ?1))>
k=0

N-2
— (N —1)) (Z(—z, 2(N —2),2N); — (—=2,2(N —2)) + 2(N —2), 2N))
k=0

N-2
- (Z(z(ﬁ—\Z), 2N — 1), 2N)i + 2(N —2),2N) + (2(ﬁ—\1))) (—2,2(N —2))
k=0

N-2
= (Z(—z, 2(N —2),2(N — 1))k> @2(N —2),2N)

k=0
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N-2
- (Z(—z, 2(N —2), 2N)k) Q2(N —2),2(N — 1))

k=0
N-2 -
— (Z(2(N —2),2(N — 1), 2N)k> (—2,2(N —2)). (B.6)
k=0
This is the Laplace expansion by N x N minors of the 2N x 2N determinant
- ”2‘2 2 @N-2% @  2N-1) 2N
im0 | =2 @ 2(N-=2)) 2(N-1) 2N

(where @ indicates the zero matrix), which can be shown to be identically zero. Therefore,
the solution is verified. Thus we have proved equation (2.6a). Equation (2.6b) is just the
complex conjugate of (2.6a). ]

Appendix C

Proof of theorem 2.4.

Proof. We introduce symbols D, D(;) and D(’j’;) which are the determinants of the
(N+1)x (N+1),N x Nand (N — 1) x (N — 1) matrices with the respective definitions:
h(T, 0) h(T, 1) -« h(T,N-—1) h(T,N)
h(T, 1) h(T,?2) h(T, N) h(T,N +1)
D= : : " : :
h(T,N — 1) h(T, N) -« h(T,2N —2) h(T,2N —1)
h(T, N) WT,N+1) --- h(T,2N —1) h(T,2N)

D(’]) = same as D except that the ith row and the jth column are removed from it,
D(’j’;) = same as D except that the ith and kth rows and the jth and I/th columns are removed
from it.

Equation (2.14a) for the even n = 2N is proved as follows. With the above notations we
find that equation (2.14a) is expressed as

1 N+1 1 N+1 I,N+1
D(N>D<N+1>_D<N+1>D< N )zD'D(N,NH)’ €D

which is nothing but the Jacobi formula for the determinant.
Equation (2.14a) for the odd n = 2N + 1 is proved as follows. We introduce the notation

h(T,m) h(T,m+1) h(T,m+ N)
h(T,m+1) h(T,m+?2) - h(T,m+N+1)
h(T,m+N) h(T,m+N+1) --- h(T,m+2N)
=:mm+1,...,m+ Nlyyi. (C.2)
Then equation (2.14a) can be written for n = 2N + 1 as follows:
dgmn , 980
aTr 8&n 8n+l daTr 8n+28n—1

=[0,1,....,N=1,N+1]lyull,...,N—=1,Nly
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—[0,1,...,N =1, Nlyull,....,N — 1, N + 1]y
—[,....N=1,N,N +1]ya[0,..., N — 1]y

01 .- N—-1 @ N N+l

0@ I -+ N-1 N N+l
=0, (C.3)

where the upper elements in the (2N +1) x (2N +1) determinant (C.3) have (N +1) components
and its lower elements have N components. Thus, we have proved equation (2.14a).
Equation (2.14b) is nothing but the complex conjugate of (2.14a).

This completes the proof that g, and g expressed by equations (2.29a)—(2.29d) are

solutions of equations (2.14a) and (2.14b). O
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