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REDUCTION OF THE LAPLACE SEQUENCE OF
DIFFERENTIAL-DIFFERENCE EQUATIONS

A.R. KHAKIMOVA

Abstract. The method for constructing a Lax pair and a recursion operator for nonlinear
integrable equations of sine-Gordon type, developed in the works of .T. Habibullin et al. (J.
Phys. A, Math. Theor. 49, 035202 (2016)), is adapted to the case of differential-difference
equations of soliton type. As an illustration of the method, we consider the equation

Un4l,x = —Unz — (un—i-l - un)27

construct for this equation a Lax pair and a recursion operator that describes the hierarchy
of higher symmetries.
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1. INTRODUCTION

In the present work, we study the reduction of the Laplace sequence of differential-difference
equations

Un+1,zc = f(un,xa un+17un)7 (11)
where the function w,(z) depends on a continuous variable x and a discrete variable n. We
consider equations (1.1) possessing the following properties:

1) they admit higher symmetries of order three and higher;
2) they admit a Lax representation;

3) they have no nontrivial characteristic integrals.

These are equations of soliton type, which are also called equations of the semi—discrete sine—
Gordon equation type (see, e.g., [30], [29], [22]). A list of equations of the form (1.1) possessing
properties 1)-3) can be found in works [11], [3].

The construction of solutions to equations, like that of any nonlinear equation, faces certain
difficulties and requires the use of auxiliary objects such as the Lax pair ([24], [7], [8], [13], [31]),
higher symmetries [28], [20], invariant manifolds (differential constraints) [12], [10], generalized
invariant manifolds [19], [20], [21], Dubrovin-type equations [5], [21], and others. In [18], [15],
[16] we showed that for constructing Lax pairs, recursion operators and generalized invariant
manifolds of nonlinear integrable equations of sine-Gordon type

Uzy = F(u, uy, uy), (1.2)

one can use the method of cascade Laplace integration [23]. Let us recall the essence of the
cascade Laplace method, which is known as one of the classical methods for constructing the
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general solution of a linear hyperbolic equation
Uy + a(x, y)uy + b(z, y)u, + c(z, y)u = 0. (1.3)
The main idea of this method is connected with the sequence of Laplace invariants
ooy hygy, by, by, by, by, - (1.4)
the coefficients of which are computed by the recurrence formula
hiivn) = 2k — by — (In(hgg))ey, @€ Z,

where hj_y = b, +ab—c, hjg) = a, +ab —c.

If the sequence of Laplace invariants (1.4) terminates with zero at least on one side, i.e., if
higy = 0 or hj_g = 0, then equation (1.3) is integrable in quadratures. If the sequence of Laplace
invariants terminates with zero on both sides, then one can construct the general solution of
the given equation.

Later the cascade Laplace method was adapted to the case of nonlinear integrable hyperbolic
equations of Liouville type (see, e.g., [25], [14], [9], [17], [6], [2]). In work [0] it was proved that
if the sequence of Laplace invariants hy;), i € Z of the linearization of a nonlinear hyperbolic
equation of the form (1.2)

Vgy + avy; + buy, + cv =0, (1.5)
where
oF oF oF
_ h= —— = 1.6
“ ou,’ ou,’ ¢ ou’ (1.6)

is finite, then the given nonlinear equation is Darboux integrable. Moreover, it was shown
in that work that the cascade Laplace method can be used for the classification of nonlinear
equations.

In [1] the method of cascade Laplace integration was adapted to the case of nonlinear
differential-difference and fully discrete equations. In [1] Laplace transformations are used
to construct discrete analogues of integrable systems.

Despite the fact that our equations are of a different type, in [18], [15], [L6] we showed that
Laplace sequences can be useful in constructing recursion operators and Lax pairs of nonlinear
integrable equations of hyperbolic type. We also note that recently recursion operators aris-
ing from Laplace transformations of the linearization of the sine—Gordon equation received a
geometric interpretation in [27].

In [18], [15], [16] we proved that the Laplace sequences of all known nonlinear differential
equations of sine-Gordon type admit finite-field reductions (see [18], [15], [16]) and the following
theorem is proved.

Theorem 1.1 ([18], [15], [16]). The Laplace sequences
0 0
(a_y + am) Vi) = i1}, (@ + bm) Vi) — A =0,

1.7
5y T 0 ) Vi = Vie, gy a0 ) v — kv =0,
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corresponding to the linearized equations of the following five equations
Uyy = sin(u);
uxy:f(u)vl+u:2u7 f//:7f7 VZCOHSt;
Uy = \Juz + 1y Ju2 +1;
Upy = \/ (1) — py/u2 + 1y /ui + a,

admit reductions of the form

Ulm+1] = O[k]V[—k] T Okt 1]V[~k+1] T+ Q] V[m],

1.9
Vi—k-1] = Bl-r)V=k] T Blmkt1)V—k+1] + -+ Bim] Vpm); (19)

where m =1, k= 1.

On the base of the found reductions, for all five equations (1.8) recursion operators and Lax
pairs were constructed, some of which were not previously known.

The aim of the present article is to adapt the method of constructing a Lax pair and a
recursion operator, based on reductions of the Laplace sequence and developed in [18], to the
case of differential-difference equations (1.1). In Section 2 reductions of the Laplace sequence of
differential-difference equations are discussed and the necessary formulas are presented. In Sec-
tion 3, as an illustration of the method, a known differential-difference equation is considered,
for which the corresponding reductions, recursion operators and Lax pair are constructed.

2. LAPLACE SEQUENCES FOR DIFFERENTIAL-DIFFERENCE EQUATIONS
AND THEIR REDUCTIONS

We first provide necessary formulas and definitions related to the cascade Laplace method for
differential-difference equations (1.1) (see also [1]). We focus on the linearization (or Fréchet
derivative) of equation (1.1)

Un+1,z + ApUn z + bnvn-l—l + v, = 07 (21)
where
of of of
an = — ) bn = - ) Cp = — .
aun,z 8un—i-l 8un

We note that equation (2.1) can be represented in one of the following forms

(Dn + an)(Dx + bn—l)vn + Hn,Ovn = Oa
(-D:p + bn)(Dn + an>vn + Kn,OUn = 07
where D,, is the shift operator acting by the rule D,w(n) = w(n + 1), D, is the operator of

total differentiation with respect to x, and the functions H,, and K, o are calculated by the
formulas

Hn,O =Cn — anbn—la Kn,O =Cp — anbn - Daz(an)
We introduce new variables v, (1], Vp 1] as
(Dx + bn—l)vn = Un,[1]» (Dn + an)vn,[l} - _Hn,Ovna
(Dn + an)vn = Un,[-1]» (DCC + bn)vn,[fl] = —NypoUn.
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If the functions H, o and K, o are non—zero, then the introduced functions v, 1], v, -1] satisfy
the equations

Unt1,[1],z T On,[1)Vn,[1],z T On,[1)Vns1,[1] + Cny[1)Vn,1] = 0,

Unt1,[~1)z T On,[-1)Vn,[~1],z T O [~1)Vn1,[-1] T Cn,[=1)Un,[-1] = O,

where

QAn, 1] = Gn;, bn,[l] = bn—l - Dm(ln Hn,[O])a
Cn,1] = Dx(an> + Apbp—1 — anD:E(ln Hn,[O]) =+ Hn,[O];

an i1 o
1) = #O}H b, (-1 = Do,

The transformations mapping equation (2.1) into equations (2.2) are called the z- and respec-
tively the n-Laplace transformations. A multiple repetition of the described procedure gives a
sequence of Laplace transformations
Unt1,[iz T On,[i)Vn,file T On i Vns1,[i] T CnfqUng =0, ¢=0,1,2,...,
Unt1,[—ile T Gn (i) Vn,[~i],e T On,[—i]Uns1,[—i] T Cnj[—i|Un—] =0, ©=1,2,...,
where the coefficients read
0] = O, b0 = n, Cn,[0] = Cns
(n[i] = Gnfi-1] = Gnfo};  bnfi] = bn-1fi—1) — Da(In Hy i),
Cnji] = Da(an,i—1)) + nfim1)bn—1,i—1] = ni—1)Da(In Hy, i-1)) + Hyy i),
Hy, ) = Hyfim1) + Da(an o) + @n, o) (bnfi) = bn1,(0);

A, i 1) W1, i (2.6)
A [—i) = i [ ]7 bn[—i] = bpt1,[—it1] = bntifo],

Ko =iy

Kn—H, —i+1
Cn,[—i] = an,[i+1}bn,[i+1]ﬁ Knﬂ,HH],

Ko i) = Knqaiv1) — De(an—i) = @n - (bnyifo) — bnti-1,0))-
Equations (2.4) can be represented as the systems

(Dy 4 by—1,3)Unfi] = Un,fi+1] (Dp A+ an i) Vniv1] = —Hn [ Un i)
(D + an,[—i ) Un,[—i] = Un,[—i-1]» (Dy =4 by [—i))Un [—im1) = =K [ Vn,[i]-

We formulate a conjecture.

Conjecture 2.1. For each nonlinear integrable equation (1.1) having no nontrivial integrals,
the sequence of Laplace transformations associated with its linearization admits a finite—field
reduction, i.e., is compatible with a constraint

Un,fm+1] = O, [~k Un,[~k] + Qn [k 42]Vn[—k+1] T - -+ F O ] Un, ] (2.9)
Un,[—k—1] = B, [-k)Vn, [~k T Bn,[~k+1]Vn,[—k+1] T - - - T+ Brfm]Vn,[m] (2.10)
where m = 1,2,3,..., k = 1,2,3,..., the coefficients a, [;), Bnjj depend on the dynamical

variables Uy, Upi1, Ung, Unt2, Unae, - - - and the spectral parameter A, and moreover, oy, [—x) # 0,

6n,[—k} 7é 0.
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Proposition 2.1. Suppose that the functions H,j; and K, _; are non—zero for each i and
the sequence of Laplace transformations (2.7), (2.8) is compatible with the constraint (2.9).
Then for an arbitrary j the functzon Up,[j] can be represented as

Un,[j) = [H%[H+a[kﬂwmwﬂﬁ— +@[M [m]-
In other words, constraint (2.9) determines a reduction of the entire Laplace sequence.
Proof. We apply the operator (D, + b,_1 m+1]) to the first equation of (2.9) and, using repre-
sentation (2.7), we find
Un,fm+2) = Qi [ gyUn,[=k] F o (1) VUi fkt1] T - - - O, g 110, fmet1]-

In the obtained identity we eliminate the variable v,, ,,41] by virtue of the first equation in (2.9)
and as a result we arrive at

Un,m+2] = 047117[_1<;]Un,[—k} + @;,[_k+1]?}n,[—k+1} + ...+ a [m)Un,[m]-

Continuing in the same way, we obtain the required representation for v, n4s, s = 2. The
representation in the opposite direction is proved similarly, by applying the operator (D, +
an,[-k—-1)) to the second equation of (2.9). O

As it was shown in works [18], [15], [16], reductions (2.9) allow one to construct recursion
operators and a Lax pair for a differential equation of hyperbolic type. Let us show that the
approach also works in the case of differential-difference equations.

3. EXAMPLE

In this section we test the method of constructing recursion operators and a Lax pair for
differential-difference equations (1.1) at the example of the following equation

Un41,a = —Unz — (un-‘rl - un>2' (31)

This equation is a known integrable equation of soliton type (see, e.g., [I1], [3]). Its higher

symmetries of minimal order read
2
Ut = Ugge + 6Um,
1
Up = ———.
Up+1 — Up—1

3.1. Reduction of sequence of Laplace transformations. We focus on the linearization
of equation (3.1), which reads

Unitz + Ung + 2(Unt1 — Un)Vny1 — 2(Uns1 — Un) vy = 0. (3.2)
We consider the finite system obtained from (2.7), (2.8) for i = 0,1
(Da + bn1,0])Vn,f0] = Vnu); (
(Do + bn-1,11))Vn,1] = Un,[2); (Dn + @, 1) Un,f2) = —Ho 1001,
(Dy, + an,j0)) Unfo] = V1] (D + bnfo))vn,(-1] = =Ko [o]Vn, 0],
(Dn + @, -1)Vn 1) = Unf-2s (Do + by o1)0n[-2) = =Ky [-1)0n,[-1)-

Dy + o) 0n,1) = — Ha [o]Vn, (0]

(3.3)

Theorem 3.1. The sequences of Laplace transformations (3.3) corresponding to equation
(3.2) admit reduction (2.9) with parameters k =1, m = 1:
%mz%[WMu+%m%m+%m%w

3.4
Un,[— 5n[1vn 1]+ﬁn[0vn[0 +Bn[1vn1]7 ( )
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where the coefficients read

2
Qn,[-1] = X;
4
an,[O] = _2(un+1 - un—l)2 - Xa
1] = 2(Ung1 — Un—1) + Uy — Up_2, (3.5)
Up — Up
ﬁ”,[*l] = )\(Un - un+2)2 - —+27
Up41 — Un

ﬁn,[(}] = )\(un - un+2)<2un+1 - Zunfl — Up + un+2)7
Bn,[l] = _)\(un - un+2)-

Proof. The theorem is proved by direct computation, so we present only the main milestones.
We substitute representations (3.4) into system (3.3) and obtain six equations for the un-
known functions a,, [;; and 3, |j

Un,[1]x = Un,[2] — On—1,[1]Vn,[1] = Qn,[—1]Un,[~1] T Qn,[0]Un,[0] T Qn,[1]Vn,[1] — Dn—1,[1]Vn,[1];

Un,[0l.e = Un,1] = On—1,/0Vn,[0]; (3.6)
Un,[~1]e = ~bn,j0]0n,[-1] = Kn,j0)Vn, 0],
and
Unt1,[1] = —0n,[0)Vn,1] = Hr 0)Vn [0,
Un41,0] = Un,[—1] = Gn,[0]Vn,[0]; (3.7)

Unt1,[=1] = Un,[-2] = Qn,[1Vn,[~1] = Bn,[=1]Vn,[=1] T Bu,[0]Vn,[0] T Br,[1)Vn,[1] = n,[=1]Vn,[~1]5

where the coefficients are calculated by formulas (2.6):

Qn 0] = 1, bn,[O] = _2(un+1 - un)>

Hn,[O] = _2(un+1 - un—1)7 Kn,[O} - _4(un+1 - un);
_ Un42 — Untl b _

Ap -1 = n,[1] = Un+1 — Up—1-

Unp41 — Un
We do not write out explicitly the remaining two equations in system (3.3) since they do not
add conditions for determining the required coefficients.
The compatibility conditions

Dn(“n,[j],z) = Dx(vn—‘rl,[j])u .7 = _17 07 17

lead to a system of nonlinear equations for the unknown functions a, ;) and 3, |;

1) Qn+1,[0] — Cn 0] — 04n+1,[—1]5n,[0] - 2an+1,[1]<un+1 —Up—1) =0,

Un42 — Un41

Qpy1,0] T O [—1] T+ Oén+1,[—1]5n,[—1} - Qpy1-1 = 0,

) Unp4+1 — Un

) Qugr1] = Qn 1] = Qg1 [—1) B 1] F Ung1 + Uy — Up_1 — Up_p = 0,

4)  (Bujo))e + Qnj0]Bn,1] + 2(Unt2 — Ung1 — Un + Un—1) B o] + 4(Unt1 — Up)Bn—1] = 0,
)

5)  (Bu—1])a + Qn—11Bn,1) + 2(Ung2 — 2Upi1 + uy)
_9 Up+2 — Up 2un,x i (un+2 - un)(un+2 + Up+1 — 2un) _ 07
(Un+1 — ’LLn) Up+1 — Up

6) (Bap))z + Bujo + ) Bn,) + 2Unyo — 2Ung1 — Uy + Up—o = 0.

By analysing these equations 1)-6) we are convinced that the unknown functions o, [;; and
Bn,j) depend on the dynamical variables as follows

Qn 5] = On,[j] (un—Qa Un—1, Un, un+l)7 ﬁn,[j] = Bn,[j} (un—la Un, Un+1, un+2)- (38)
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Moreover, substituting representations (3.8) into equations 1)-3), we immediately see that the
functions «, ;) depend on the variable u,_o, i.e., we obtain

Qn 1] = —Un—2 + Cﬂvyn,[l} (unfb Unps un+1)7
Qp 0] = dn,[O} (un—la Unp, un+1)7
On[-1] = évén,[—l] (un—la Unps un—&-l)‘

Continuing the analysis of equations 1)—6) in the same way, we arrive at formulas (3.5). The
proof is complete. O

We rewrite the system of equations (3.6), (3.7) as the matrix systems
U, =AV,, U, =BY, (3.9)

for the vector W,, = (v, 1], Un,[0], Un,[—1])" , where

2(un+1 - un—l) % _§ - 2(un+1 - un—1)2
A= 1 —2(Up, — Up—1) 0 ,
0 A(Upy1 — Up) —2(Up1 — Up)
-1 2<Un+1 - un_l) 0
B = 0 —1 1

(un—i—Q - un))\ _(un+2 - un)(un+2 + 2un+1 — Up — 2un—1))\ 1+ (un+2 - un)2>\

Corollary 3.1. System of equations (3.9) is compatible if and only if the function u, = u,(x)
is a solution of equation (3.1).

This implies that system (3.9) defines a Lax pair for equation (3.1). It should be noted that
this pair differs from the usual one since it has a higher order. However, system (3.9) can be
reduced to the usual Lax pair by means of suitable transformations.

3.2. Lax pair and recursion operators of equation (3.1). Here we derive the usual Lax
pair and the recursion operator of equation (3.1) from system of equations (3.9). We begin with
the recursion operator. In order to do this, we rewrite the matrix equations in (3.9) in the form
of scalar differential and third order difference equations order for the unknown function v, [o:

4
Un,[0),zzx + (8un,x + _> Un,[0], + 4un,x:pvn,[0] = 07

A
Un, — Un
Un+2,[0] + 2 Atnso — up)? Un+1,[0] (3.10)
Up+1 — Up—1
Upso — Uy
+ (Mtng1 = Un—1)(Unya — up) — 1) Un,l0] — iz n Up—1,j0] = 0.

Up4+1 — Un—1
We equations (3.10) in operator form as

. 4
(Di + 8un,:r:Dx + 4un,:m:) Un,lo] = _XDJC (/Un,[O]) )
Un, — Up Un, — Un —
(Di pom2 o1 LDnl) Un o] = (3.11)
Un4+1 — Un—1 Unp+1 — Un—1

MUpio —up) (D, — 1) ((un+1 — un_l)vn,[o]) )

We apply the operator D! to the first equation, and, respectively, the operator
1 (D, — 1) (; to the second equation (3.11); then we obtain

(un+1_un—1) un+2_un)

Ryvn 0] = — U0l R, vpn o) = AV 0],
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where the operators R, and R,, read
R, zDi + 8y p — 4D;1un7m,
1

R, = D, +D;") +
(un—‘rl - un—l)z( )

2
(Ung1 — Up—1)(Up — Up_2) (3.12)
2

1 1
! Y (NN |
(un+1 - unfl) ( ) Up — Un—2 Up+2 — Up

Proposition 3.1. The operators R, and R,, given in (3.12) define recursion operators de-
scribing the hierarchies of higher symmetries in the directions x and n, respectively, for equation

(5.1).

We proceed to constructing the Lax pair for equation (3.1). In order to do this, we shall
use the following four equations: equation (3.1), its linearization (3.2), and also two equations
(3.10) obtained in the previous section. We begin with the first equation (3.10), which we
rewrite as

4
Un,gaze = — (8un,ac - X) Unx — 4un7mvn. (313)

First we need to reduce the order of this equation. In order to do this, we seek a constraint of
the form

Vnwe = F(Vnz, Uny Un oy Un), (3.14)
which satisfies the condition

4
<8un,x - _> Un,x + 4un,azxvn + Da:(F(Un,a:a Un, un,a}y un))

3 =0

(3.13),(3.14)

or in expanded form

(Fu,, +4v,)Up ze + F,

Un,x ’UniyzF + Fvnvn,x + Fununygp + (8un7x + 4)\71>KUTL,CE - O (315)
Thus, to find the unknown function F' = F(vy, 4, U, Un 2, Up) We use equation (3.15). Note that
the variables u,, U, 4, Uy 2z, - . . are independent, therefore the problem of finding the function
F reduces to solving an overdetermined system of equations. First of all, in equation (3.15) we

equate the coefficients of the highest derivative w,, ,, and find
F(Un,xa Un, un,an un) = _4un,zvn + Fl (Un,xa Un, un) <316>

Thus, at the first step we have determined the dependence of the function F'(v,, 4, Un, U o, Up,) ON
the variable u,, ., therefore, after substituting (3.16) into equation (3.15), we can equate the coef-
ficients of this variable. Omitting further computations, we present only the answer. Continuing
to analyze equation (3.15) in the same r way, we obtain that the function F(v, ., Un, Uz, Un)
reads )
BT Ay, 0, — 20 M, g,
2v, ’ Up,
where C'is an arbitrary constant. Then we obtain the constraint (3.14):
2

n,x

C
Un,zx = 20, - 4un,zvn - 2)\_1Un + —. (317)

Un

F(’Un,gm Uny Un, un) =

To construct the Lax pair of equation (3.1), it is necessary to derive one more identity relating
the variables v, 11, Uy 4, Upn, as well as the variable u,, and its derivatives with respect to x and
shifts in n. Let us apply the shift operator D,, to equation (3.17) and replace the variables
Upt1,0 and vy41 4, by virtue of linearized equation (3.2), and the variables w41, and w,41 44 by
virtue of equation (3.1). As a result we obtain the required identity

AVA, (6

Upy1 = T AUpt1 — Un)Vpz + MUps1 — U )20y + S0 (3.18)
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Using the above relations, we rewrite linearized equation (3.2)

2

. 1 )\vn,m
Un+1,x - é(un—‘rl - un) v

n

+ (2A (Upgy — up)? — 1)Uz
3.19
2 o (3.19)
+ 2(Upt1 — Un) (1 — MUnt1 — un)*)vp — (Ung1 — un)v—
Note that the resulting triple of equations (3.17), (3.18), (3.19) is compatible on solutions of
given equation (3.1). Now, using this compatible triple of equations, let us derive the standard
Lax pair for equation (3.1). Let C' = 0 and make the following change of variables in these
equations:
v, = Ny

Then we obtain the Lax pair
Pnae = —(2unz + A )n,
Pnt+l = Pnaz — (unJrl - un)@na (3-20)
Pntlz = _(un+1 - un)gpn,m + ((unJrl - un)2 - )‘71)9071
or in matrix form . 3
®,, = Ad,, b, = B, (3.21)
where ®,, = (0.0, ¢n)7,

= (0 —2u,, — 7! = —upr Hun (Upgr —up)t— AT
O e T R (e ).

One can verify that the pair of equations (3.21) is compatible if and only if the function wu,
satisfies equation (3.1). Thus, (3.21) defines a Lax pair for equation (3.1).
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