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Abstract

An ‘exact discretization’ of the Schrédinger operator is considered and its direct
and inverse scattering problems are solved. It is shown that a differential-
difference nonlinear evolution equation depending on two arbitrary constants
can be solved by using this spectral transform and that for a special choice of the
constants it can be considered an integrable discretization of the KdV equation
at large times. An integrable difference-difference equation is also obtained.

1. Introduction

We are interested in discrete dynamical systems that in the continuous limit give the KdV
equation and that are integrable by means of the inverse scattering technique.

It is a long time since the inverse scattering method was extended to solve differential-
difference and difference-difference nonlinear equations. See in particular the pioneer works
of Flaschka [1], Manakov [2], Ablowitz and Ladik [3,4] and Kac and van Moerbeke [5]. In
these papers and in subsequent papers (among other discrete equations) different versions of
the discrete KdV equation were introduced and studied. See [6-9], the review paper [10] and
references quoted therein.

The various already considered discrete KdV equations were related to a reduced form of
the Ablowitz—Ladik spectral problem or to different discretized versions of the Schrodinger
spectral problem. See, in addition, for the spectral theory of these discrete Schrodinger
operators [11-13] and [14, 15] for the case of cellular automata.

Here, we use the discretization of the Schrodinger equation

Uns2 = EnWns1 + AUy (1.1)

that was recently obtained by Shabat [16] iterating Darboux transformations of the continuous
Schrodinger equation and that, for this reason, was called an ‘exact discretization’. The
interested reader can find in [16] its use in the context of the so-called dressing chains and
lattices with specific applications to the Painlevé transcendents.

We show that its direct and inverse scattering problems, in contrast with the other
discretizations considered in the literature, closely mimic the same problems for the continuous
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Schrodinger equation. More precisely, we completely solve the direct and inverse scattering
problems in the case of a potential g, satisfying

D (+nD)lgn-1 — 2| < 0. (12)

n=—oo
Then, we associate with the discrete spectral problem (1.1) the differential-difference equation
(p and g are arbitrary constants)

8n—1 8
(gngn—l)r =p ( - -

8n+1 8n—2
and we solve its initial-value Cauchy problem in the standard way by using the inverse scattering
method.
Different possible continuous limits remain to be explored. In the special case

) +q (80 — 8&n—1) &n&n—1 (1.3)

p=2q (1.4)
if we let

gn = 2+ h*u(nh) (1.5)

X = nh, T=h3§t (1.6)

in the limit 7 — O we obtain the KdV equation
UT = —Uyyx + 60U u. (1.7)

Therefore the equation (1.3), in the case p = 2¢, can be considered an integrable discretization
at large times of the KdV equation.

Finally, we consider also a double discrete equation, i.e. discrete both in space and in time,
associated with the double discrete Schrodinger equation

wn+2,m = gn,mwnﬂ.m + )"ana (18)

that in the limit of continuous time reduces to (1.3).

2. Differential-difference equation

In the following it is sometimes convenient to use, for any discrete function f(n), the notation

fi=fm+i) (2.1
when 7 is considered generic but fixed.
Then the discrete Schrodinger equation (1.1) reads

Y2 = gov1 + Avo. 2.2)
We consider the auxiliary spectral problem
Vi = (Ao + ABo) Yo + (C1 + AD1) Y, (2.3)

and we impose compatibility in order to determine the coefficients in the rhs and the nonlinear
differential-difference evolution equation which can be solved by using the spectral transform
related to (2.2).
Precisely, let us denote by E the shift operator, Ev, = v,+;. Then, the compatibility
condition between (2.2) and (2.3), that is Eyrj, = 0,1, gives
(A1 +AB1) Y1 + A (C2 + AD2) Yo + (Ca2 + AD2) gov
= (A1 +AB_) Y1 — (A1 + AB_1)g-1¥0 + A(Co + A Do) Yo

+go: Y1 + (Ao + ABo)govo + (C1 + AD1)gov1.
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Assuming y; and ¥ to be linearly independent and equating the coefficients of the different
powers in A we obtain the following relations:

D, = Dy 2.4)
Cy— Co = goBy — g-1B-1 (2.5)
Aogo = A_18-1 (2.6)
By — By = go(D1 — D») (2.7)
g =A1 —A_1+g(C2—Cy). (2.8)
From (2.4), (2.6) and (2.7) we immediately have
D) =d 2.9)
A(n)g(n) =p (2.10)
B(n) =gq (2.11)

where p, g and d are constants, and then we are left with

Cr—Co=¢q (g —&-1) (2.12)
and
1 1
g =p|———)+8I(C2—Cy). (2.13)
81 8-1
We write (2.13) for the shifted indices
1 1
gu=p|l———|)+g1(C;1 = Cp) (2.14)
8o 82

and sum it to (2.13). Using (2.12) we finally obtain the searched for differential-difference
equation

(8081, = p (ﬁ - &> +4(g0— 8-1) 80g-1- (2.15)
81 8-2
The coefficients of the auxiliary spectral problem are given by

Am) = 2 (2.16)

g(n)
B(n) =gq (2.17)

oo
C(n)=qZ(g(n—2j)—g(n—2j—1)) (2.18)

j=1
D) =0, (2.19)

where for convenience we choose equal to zero the integration constant of C and D. In the
following we need the limit of these coefficients as n — =£oo. For n — —oo we have
C(n) — 0, but for n — +00 it is necessary to consider separately the cases odd n and even n.
We have

m—1
C(2m) =q Z (8@2r) —g@r —1)) (2.20)
m—1
C2m+1)=gq Z (g@2r+1)—g2r)). (2.21)

r=—00
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The limits
c.= lim C(Q2m) (2.22)
m—+0Q
cg = lim CQ2m+1), (2.23)
m—+0Q

thanks to (1.2), exist and satisfy
ce+cg =0. (2.24)
3. Spectral transform

3.1. Direct problem

The spectral problem (1.1) by using notations

A=—-1—k° 3.1)
gn) =2+u) (3.2)
Y(n; k) = (1+ik)" x (n; k) (3.3)
can be more conveniently rewritten as
A+ik)x(n+2;k) —2x(n+1L;k)+ (1 —ik)x(n; k) =u@)x(n + 1; k). (3.4)
The Jost solutions can be defined via the following discrete integral equations:
Wi =1— Y [1 _ ( L+ik )M} G- Dt (3S)
2ik S 1 —ik
n N
pom k) =1+ ﬁj_z_m [1 - (::’;) }u(j — e Gib. (36

We show in the next section that for a potential u(n) decaying sufficiently rapidly to zero at
large n the Jost solutions u* and ™ are, respectively, analytic functions of k in the upper and
in the lower half-plane and have a continuous limit on the real k-axis. Then, it is natural to
introduce the following spectral data (defined on the real axis kp,, = 0):

+00

1

a(k)=1F - Y u(j = Du*(jik) 3.7
j=—00
1 & [1+ikY

ACEEELSY (1:k) u(j = Dp*Gis b (3.8)

j=—00

b* (k)

+ _
PR =50 3.9)

Due to the above-mentioned properties of analyticity of u™, itis clear that a* can be analytically
extended, respectively, to the upper half-plane and to the lower half-plane of the complex
spectral parameter. The function 1/a plays the role of transmission coefficient and p is the
reflection coefficient.

By using the definitions of u* in (3.5) and (3.6) one can check directly that on the real
k-axis, where both Jost solutions are defined,

ur(n; k) o L+ik\" 1
[m(k) K (”’k)Kl—ik) T

L L+ik "] Lrik \ TurGik)
p> |:1_<1—ik> :|u(]_1)<1—ik> [ a) (J’k)]

j==o0
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so that, assuming that the ‘integral equation’ (3.6) is uniquely solvable, we obtain

prnik) —ik\"
= s k) + k ; —k), k = kge. 3.10
) P k) +\ 1o ) © Gn =k Re-  (3.10)
Analogously we obtain
wo(nik)y —ik\" _ o,
— = ik . k ; —k), k = kge. 3.11
=) w(n; k) + v ) P (k)™ (n; —k) Re-  (3.1D)
Taking into account the integral equations for u*, we see that
lim p*(n; k) =1, km = 0, (3.12)
n—+00
lim pu (n;k)=1, kim <0 (3.13)
n——00

while for kp,, = 0 we have

1 —ik)"
uEn; k) ~ a* k) + — ) bE), for n — Foo. (3.14)
1+i1k
Note that (ﬁ)n gives rise to an oscillating term, since |1=X| = 1 for k = kg.. Then, from

the asymptotics at large n of (3.10) and (3.11) we obtain the unitarity relations (k = kg.)

a*(kya” (k) + b (k)b (k) =1 (3.15)

b* (k)b (—=k) = b*(=k)b™ (k) (3.16)

a*(k)b~ (k) + b*(k)a” (—k) = 0. (3.17)

It is convenient to also introduce

Vi k) = (1 _.ik)n (s —k) (3.18)

1+ik
B 1 —ik\"

vo(ny k) = (—) w*(n; —k) (3.19)

1 +ik

which are solutions of the spectral problem (3.4) and, up to the kinematical factor ( %)n, are,
respectively, analytic in the upper and lower half-plane of the spectral parameter.
If one defines the discrete Wronskian as

1+ik\"
Wx. 9)(n) = (;—;{) [x(n+ 1 k)en; k) — x(n; ke + 1 k)] (3.20)

it is easy to verify that for two solutions x and ¢ of (3.4) the Wronskian is independent of n.
Then, we can evaluate W (u*, v*) using the asymptotic limits of u*(n; k) and u™ (n; —k) for
n — —oo in (3.12)—(3.14), obtaining

W(u*, v (k) = 2ik a* (k) (3.21)
. T l+ik ' '
Of special interest are the zeros of a* (k), say atk =k, (m = 1,2, ..., N*), which are located

in the upper half-plane and that we expect to be related to the soliton solutions of the evolution
equations related to the spectral problem (3.4). From (3.21) we deduce that u*(n; k) and
v*(n; k) are proportional, i.e.

wrny kM) = Drvt(ns k). (3.22)
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The constant D}, can be deduced by rewriting the integral equation (3.5) for u* at k = k!, as
follows:

L+ikh \" . 1 & 1+ikg
m ,k+ — m _1 + ,k+
(—1_%) w(n; k) Zik;ji (l_ik;) u(j — D (s k)

=—00
1 & 1 — ik, \ ™ 1+iks, )
— 1 - = -1 —= i kD).
Zik;;j_X_:oo|: (1+ik;;l) }”(] )(l—ik;) W )
Comparing with the integral equation (3.6) defining ;1= we obtain
1 & /1+ik Y

D = = i — Dt kL. 3.23
"= j;m(l —ik,;) u(j = Dt (s ) (3.23)

Notice that the convergence of the series is guaranteed by the proportionality between p* (n; k')
and v*(n; k) that have, respectively, good behaviour for n — +00 and —oo.

3.2. Neumann series for =

We consider the series

+00
wrmk) =Y nPm b (3.24)
1=0
whose coefficients are defined through the iterative algorithm
+00
u k)= > M, j:u(j — Hu® (i k) (3.25)
j=n+l

starting at u© (n; k) = 1, where

, 1 1+ik /™"
M ik = =5 1_<1—ik) | (3.26)

If the series is uniformly convergent it solves the discrete integral equation (3.5) defining the
Jost solution u*. This study is most conveniently performed following the procedure outlined
in the continuous case in [17].

We have for j > n + 1 and ky,, > 0, at the same time,

, 1 1+ik |/ 1
M (n, j; k)| < 5 [ 1+ . <0
2 |k| 1—ik k|
1|/ 1 +ik ]
M ) .; k < . . < j — .
1M (n, j; bl ’1—1k ; | SU-m
Now setting
I(x) =1+|x|0(—x) (3.27)
and noticing that for (j —n) > 0
(—n) <Im)I(=j) (3.28)

we can write

IM(n, j: u(j — DI < am)B() (3.29)
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where
) = I 3.30
a(n) = 1) (3.30)
BG) = lu(j —l)I{ 1= ). (3.31)
Notice that
DBG) = lu(j — D I (3.32)
o = U — .
PP = (1 +17).

Using these bounds in (3.25) we obtain as majorant 2 of || the corresponding term of a
series expansion of the solution of

Ak =1+ Y am)BGHAG: k). (3.33)

j=n+l1

One can prove by induction that for > 0

A ) < f} a(n)B(j )M (3.34)
. j=n+l+1
o, j) = Xj:a(S)ﬂ(s). (3.35)
In fact, if (3.34) is true forélfr;ve have
A"V () < Afj] a(mB(j) ia(j)ﬂ(r) Ql_l((j ill’)f D
frr g

Changing the order of the sums we obtain

+00 r-l G
" g @ GHLr=D
AT () < rZ;Ha(n),B(r)j;Hla(])ﬂ(J) d—1)!

and then, remarking that, since Q(j,r — 1) > Q(j+1,r — 1),
Q'G.r=D=20'G.r=H=-0'(G+1r—1

-1
= QU r =D =QG+1,r=1)) 0" (,r—DQ'G+1,r—1)
s=0

>la(HBGHO T (G+1,r—1)

we derive (3.34).
Then, we change the summation limit in (3.34) as follows:

R Q (n+1, 1)
A () < § amp()—— = ’ (3.36)
and sum up over [, obtammg

A <1+ amp(j)exp[Qn+1, j— D] (337)

j=n
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and finally
*f; k|~
A <1+C Y fu( = 1) . (3.38)
= 1(=)In),
where
+00
C =exp ( DA+ - 1)|> . (3.39)
Jj=—00
Thus for ky, > 0 and for a potential u satisfying
+00
> A+ = D] < oo (3.40)
Jj=—00

the series in the rhs of (3.24) is uniformly bounded and each iterated term 1) is absolutely
bounded by the /th term of a convergent series. Since the 11" (n; k)’s are analytic functions of
k for ky, > 0, we conclude that p*(n; k) is analytic for k,, > 0 and has a continuous limit
as kn, — 0. A quite similar analysis shows that u™(n; k) is analytic for ky, < 0 and has a
continuous limit as kp, — O.

3.3. Inverse problem

Let us suppose that a™ has simple zeros at k7 and let us denote by c7 the residuum of 1/a*,
that is

o= tim KD j=1,...,N*. (3.41)
T kskr at(k)

Then we can write (3.10) in the form (k = kge)

wrnik) 8 k) . Nt kD)
[ 0 —Z, K }‘[“ k) = G

j=1
BVt E 1—ik\'
—M(n,—)p()<1+ik>~

The terms on the left-hand side are the limiting values at the real axis of a sectionally
holomorphic function; then, taking into account the asymptotic behaviour of u* at large &
and recalling (3.22), we can use the Cauchy—Green formula and obtain for k1, > 0

N* — (. . n
wh(n; k) _ 1+ZCTM (n; —k7) 1—.1k;.'
a*(k) k= ky 1 +ik?

=1

1 +00 - D — + 1—1 n
— / P =9)p(s) il (3.42)
i J_o s —k—1i0 1+is

and for kp, <0
N* —(n- + 2+\"
w-(n; —k7) (1 —ik?
“(mk)=1+)Y CT ! !
o ; - <1+ik;

b fm W )P () (1 _,is> ds (3.43)

2im s —k+10 1+is

where

Ci=ciD}. (3.44)
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Equations (3.42) and (3.43) allow us to reconstruct the Jost solutions, given the spectral
data. In order to complete the formulation of the inverse problem, we have to reconstruct the
potential u. By inserting the asymptotic behaviour of p~ at large k

+o(k™" (3.45)

N
wo(nsk)y =1+ —M(_;{)( )

into (3.4) we obtain
u(n) = i[,u(__l)(n +2) — ;L(__l)(n)]. (3.46)

Therefore from (3.43) we have
2 n
N 1 —ik* 1 — ikt
— - . J — (. J
uin) =iy “(”+2"*7)(144k;) = —k}) <1+4k;) o

=1
1 [ 1—is)? 1—is\"
e wo(n+2; —s) — ) —u (n;—s) — ) p*(s)ds.
21 J_o 1+is 1+is

(3.47)

3.4. Time evolution of spectral data

Now we want to find the time evolution of the spectral data. First, by using (3.1) and (3.3) we
rewrite the auxiliary spectral problem in terms of x as follows:

(L+ik)x1 = (Ao — By — k*Bo) o + (1 +ik)(Cy — Dy — k*Dy)x1.  (3.48)
Since the u* have at large n functionally different asymptotic behaviours there exists a
x (t, n; k) satisfying (3.4) and (3.48), and an 2 (¢; k) such that

x (@, n; k) = Qs kyu*(t,n; k), (3.49)
that is satisfying
(1 +ik) (2.9 uf + 1) = (Ao — Bo — K*Bo)uy + (L +ik)(C1 — Dy —k*Dy)uf.  (3.50)

We evaluate (3.50) separately for n = 2m — +oo and for n = 2m + 1 — +o0 using (3.12)

and (2.16)—(2.19) and recalling that g(n) — 2 as n — oco. Then, we sum up the two limits

taking into account (2.24), obtaining

a_ P
2(1 +ik)

and, consequently, the following time dependence for 2:

QQ —q(1 —ik) (3.51)

Q(t: k) = Qo(k) exp [ —q(1 - ik)] ‘. (3.52)

_r
2(1 +ik)
Finally, inserting (3.51) into (3.50) and taking the limit # — —oo we derive the evolution
of spectral data. Indeed, evaluating (3.50) on the real axis and taking into account (3.14)
and (2.16)—(2.19) we have

P (1 _ik>n+l b* (k) —(l_ik)n+2b+(k)+(1+'k) ; (k)
2\ T+ik G ETAL 1y

(1 —ik)"!
—
(1 +ik)"

1—ik
1+ik

(1 _ ik)n+1

wm=§( >V®—q b* (k).



524 M Boiti et al

Therefore

a*(t; k) = a*(0; k) (3.53)

P —2q(1+k)
b*(t; k) = b*(0; k k——————— 3.54
(15 k) ( )eXp[l 11 (3.54)
Analogously one obtains for the evolution of the normalization coefficients C;f
P —2q(1+k7%)
Ci(t) = Cj(0)exp [lk;Tﬂjt . (3.55)
J
If p = 2q the evolution for b*(¢; k) and C;f(t) reduces to
k3
b*(t; k) =b*(0; k —2ig——t 3.56
(t; k) ( )eXp[ qukz} (3.56)
+3
Ci(t) = C(0)exp [—2161 ﬁt] (3.57)
J

which is consistent with the expected time evolution of KdV in the continuous limit.
4. Difference-difference equation
We discretize now also the time and we consider the following Lax pair:

V20 = APoo + oo V10 4.1)

Y11 = (Ago + A Boo) Yoo + (Cio + AD1o) Y10 4.2)

If we denote by E and F the shift operators Ef;; = fiy1; and Ff;; = f;j+1 and impose on (4.1)
and (4.2) the compatibility condition Evr;; = Firpy we obtain
(Ao + AB1o) Y10 + (Cao + A Do) [A00 + goo¥r10]

= (A_10+AB_10) [¥10 — 8-10%00] + A (Coo + A Doo) Yoo

+go1 [(Aoo + ABoo) Yoo + (Cro + AD1o) Y10l
and, then, equating the coefficients of 19, 110 and of the different powers of A we obtain

Dz = Doo 4.3)
Ca0 — Coo = go1Boo — g-10B-10 4.4
80140 = g-104-10 4.5)
Bio — B_10 = go1 D10 — oo D20 (4.6)
—Aj0+ A_10 = 800C20 — g01Clo- .7
We choose
D=0 4.8)
Bij=b 4.9)

and, then, this system of nonlinear recursion relations can be explicitly solved. It is convenient
to introduce the following notations:

yoo = S &Ly (4.10)
800 §-10
Goo = (go1 — &-10) (4.11)

1 8-208-10
Boo = ( —-1]). 4.12)
8-208-11 811801



An integrable discretization of KdV at large times 525
We obtain for the coefficients of the auxiliary spectral problem

‘L'()()AO() + bO’O() =0 (413)

700 Y00 Coo + baooooo = bT00Goo (4.14)
where

00 = (800)*B20¥10 — (801)*B1oy20 (4.15)

000 = goo¥10G20 — 01¥20G 10 (4.16)

1 8o1
ap0 = — — ———— (1 + y00) (4.17)
811 8-108-20

and the nonlinear double discrete equation for g
800801 [ (8-10)* Brovoo — (8=11)* Boo¥10] G20

+(801)°[ (8=11)* Boov20 — (8-10/801)" (800)* B20Y00]G 10

+g-108-11[ (800)” B20¥10 — (g01)* Bio¥20]Goo = 0. (4.18)
If we let

g(n, m) = g,(mh) (4.19)

t = mh, (4.20)
taking into account that in the limit 4 — 0

y(n,m) N (8n&n—1): 4.21)

h 8n8n—1
1
B(n,m) — - (4.22)
8n+18n 8n—18n-2
G(n,m) = gn — gn—1, (4.23)

itis easy to check that this equation in the limit of continuous time is satisfied by the differential-
difference equation (1.3), which contains two arbitrary constants p and g. We expect that also
in the general case the equation (4.18) could be integrated to a lower-order equation containing

two arbitrary constants.
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