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Darboux transformations and Recursion operators for
differential-difference equations
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t School of Mathematics, Statistics & Actuarial Science, University of Kent, UK
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Abstract

In this paper we review two concepts directly related to the Lax representations: Darboux trans-
formations and Recursion operators for integrable systems. We then present an extensive list of
integrable differential-difference equations together with their Hamiltonian structures, recursion oper-
ators, nontrivial generalised symmetries and Darboux-Lax representations. The new results include
multi-Hamiltonian structures and recursion operators for integrable Volterra type equations, integrable
discretization of derivative nonlinear Schrodinger equations such as the Kaup-Newell lattice, the Chen-
Lee-Liulattice and the Ablowitz-Ramani-Segur (Gerdjikov-Ivanov) lattice. We also compute the weakly
nonlocal inverse recursion operators.

1 Introduction

The aim of this paper is to give a comprehensive account of multi-Hamiltonian structures, recursion op-
erators and Darboux-Lax representations for a wide class of integrable differential-difference equations.
Some of these results are well known, but scattered in literature. In many cases we have completed the
picture providing explicit expressions for Hamiltonian, symplectic, recursion operators and Darboux-
Lax representations. The Lax representations of nonlinear differential and difference equations play a
central role in the theory of integrable systems. It enables one to apply the inverse transform method for
construction of exact solutions and study the asymptotic of the initial value problem. It also enables one
to construct a recursion operator which generates a infinite hierarchies of symmetries and conservation
laws. Currently for a given equation there is not any general method to find its Lax representation. The
most successful approach is the Wahlquist-Estabrook prolongation procedure [1]]. Recently, Mikhailov
and his coauthors have tackled this problem from a different angle [2} 3| 4, 5]. They studied possible
reductions of a general Lax representation using the reduction group approach [6] [, 8] and further
leading to a classification of the Lax representations and corresponding integrable equations.

The concept of Darboux transformations is originated from the classical differential geometry [9]. Appli-
cation of Darboux transformations to the corresponding Lax representation leads to Backlund transfor-
mations and to a generation of new exact solutions for the integrable system. Backlund transformations
can be regarded as an integrable system of differential-difference equations on their own rights. These
differential-difference equations play role of infinitesimal symmetries for the integrable partial differ-
ence equations which can be obtained from the condition of the Bianchi commutativity of the Darboux
transformations.

Evolutionary differential-difference systems are the main object of our study. Our notations are standard.
We illustrate them on the well-known example of the Volterra equation [10] (cf. Section 1] for more
algebraic properties of this equation), which we can write in the form

up = u(uy — u-q). M

Here the dependent variable u is assumed to be a function u(n,t) of a lattice variable n € Z and a
continuous variable f and we denote

up = du(n,t), uj=u(n+jt).
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We shall omit the subscript index zero and use u instead of 1y. The Volterra equation () encodes an
infinite sequence of differential equations

Ju(n, t) = un, )(un+1,t) —u(n-1,t), neZ.

Equation (I) possesses an infinite hierarchy of symmetries, or in other words, it is compatible with an
infinite sequence of evolutionary equations of the form

ut", = KWZ(”WZ/ Ump—1,+«-y Ul—m, ufm)/ meN
where t; = t, K1 = u(uy — u_1),
_ 2 2
Ko = u(wqup +uy +uuy —uuq —uly —uqu_o

and K,, are certain polynomials of variables i, Uy-1, ..., 1-m, U—n. The compatibility means d;, (dyu) =
9¢(dy,u) or the vanishing of the Lie bracket [K;, K;,], which is defined as

[K1/ Km] = Km*(Kl) - Kl*(Km) =0

where K, denotes the Fréchet derivative

and S denotes the shift operator, such that S(ux) = uy,; and for any function f(uy,,...,u,) we have

SI(fug, - 1)) = Qs - Ui ):
Symmetries of the Volterra equation can be generated by the recursion operator R

R=uS+u+u +uS™' +u(u; —u_1)(S - 1)’1%, ()

namely
K1 = R"(K1)

The vector fields corresponding to the Volterra equation and its symmetries are difference polynomials,
i.e. elements of the difference polynomial ring R = [C,u,S] which is a multi-variate ring over the
field of complex numbers C with infinite number of indeterminates uy, k € Z and equipped with the
automorphism S. The corresponding field of fractions ¥ = (C,u,S) is a difference field of rational
functions of indeterminates uy, k € Z over C, which inherits the automorphism S. Difference operators
are defined as finite sums of the form ¥ 4, S¥, where a; € F (the above defined Fréchet derivative K, is
an example of a difference operator). Difference operators act naturally on elements of . Similar to the
differential case the elements of the ring R, field ¥ and difference operators are called local polynomials,
local functions and local operators respectively.

The recursion operator R given by (@) is not a local operator. It contains the local part and the term
u(uy —u—1)(8—1)"'u1. Action of R can be defined on those elements of ¥ which belong to the the image
of the difference operator u(S — 1). We can directly check that Ky, K, € Im (1(S — 1)). Similar to [11] it
can be shown that all K,,+1 = R"(K;), m € N are difference polynomials. The action of R is not uniquely
defined on the elements of Im (u(S — 1)). Indeed, the base field C is the kernel space of the difference
operator u(S — 1) and thus fora = u(S - 1)(b), b € ¥ we have (S —1)" (u"'a) = b + a, where @ € C is an
arbitrary constant. Obviously, acting by the recursion operator R defined by (@) on K; we get

Ru(uy —u_q)) =u (umz + u% + Ul — Ul_ — ”%1 - u,lu,z) + au(uy — u-1).
Action of the recursion operator R is well defined on the sequence of the quotient linear spaces
7<1 = SpanC(Kl)/ (](m = SpanC(Kll KZ/ ceey Km)/spanq:(Klr KZ/ ceey Km—l)

and in what follows describing the result of the action of a recursion operator on a symmetry we shall
give one representative from the corresponding co-set.



The recursion operator R given by (@) is a pseudo-difference operator. It can be represented in the form
R = BA™!, where A and B are difference operators. For example one can take A = Hj, B = H,, where
Hi and H, are two Hamiltonian operators for the Volterra equation (see Section 4.1). Notice that the
pseudo-difference operator R is a sum of a local (difference) operator and a nonlocal term of the form
P(S - 1)7'Q. We say that a pseudo-difference operator is weakly nonlocal if it can be represented in the
form

A+ Y P(S-1T'Q

where A, P; and Q; are difference operators and the sum is finite (a similar terminology has been first
introduced in the study of pseudo-differential Hamiltonian operators [12]). Thus the recursion operator
R given by @) is a weakly nonlocal pseudo-difference operator. Moreover, it is easy to show that
R", m € N is a pseudo-difference operator. In the majority of cases studied in the present paper the
recursion operators are weakly nonlocal. Exceptions include the recursion operator for the Narita-Itoh-
Bogoyavlensky lattice [13] (see Section 4.5).

We notice that surprisingly, in the case of multi-component systems of integrable difference equations
with weakly nonlocal recursion operators often the inverse recursion operator is also weakly nonlocal. It
enables us to generate infinitely many local symmetries corresponding to the inverse flows. For example
the Heisenberg ferromagnet lattice [14] (cf. Sectiond.I7 for more algebraic properties of this equation)

{ up = (u—o)(u—ur)(u; —ov)!

v = (u=0)(0-1 — 0)(u —v-1)7"

possesses a recursion operator

('4—77)22 _ 2(u=uy)(v=v-1) _(u—ul)z
R=| -0 (viv(ilgzv—l)(ulfv) (ui(vu)lzfv) . + ZK(l)(S _ 1)—1Q(1)’
(u=v-1)? (u—v_1)?

where

(u=0)(u-111)

(1) _ s (1) _ V—0_1 U—uq

K —[ (u=0)o.1-0) ) QY =( sy e )
U—0_

The operator R is weakly nonlocal and it has a weakly nonlocal inverse

_ 2(u—u_1)(v-v1)
(u—01)? (u—01)? (u—01)(u-1—-0)

(u-v)? o-1 (u—1_1)?
R = [ (uflg]i)zvl)z (o2 (1-1-0)? ) -2 K(—l)( S— 1)_1Q(_1),

where

(u—0)(1_q1—1)
KO = ( (u-0)loo) ) QY =( w e )-
u—0;

Thus, the Heisenberg ferromagnet lattice has infinitely many local symmetries R'(K?) and R7(K"Y) for
all / € N. The phenomenon has been explored for the Ablowitz-Ladik lattice and the Bruschi-Ragnisco
lattice in [I5]. In this paper, we compute the weakly nonlocal inverse recursion operators for all multi-
component integrable differential-difference equations if existing. Such inverses do not exist for scalar
nonlinear integrable differential-difference equations. For a given weakly nonlocal difference operator,
to answer whether there exists a weakly nonlocal inverse operator is still an open problem.

The arrangement of this paper is as follows: First we review two closely related topics concerning the
Lax representations. One is the Darboux transformations of the Lax representation, from which we
derive the integrable differential-difference equations. Another topic is to derive the recursion operator
for the resulting equations using the Darboux transformation. We illustrate the methods through two
typical examples: the well-known nonlinear Schrédinger equation and a deformation of the derivative
nonlinear Schrédinger equation corresponding to the dihedral reduction group D,.

We complete the paper with a long list of integrable differential-difference equations, where we list
equations themselves, their Hamiltonian structures, recursion operators, nontrivial generalised symme-
tries and their Lax representations. We also include partial results on their master symmetries. For



some equations we add further notes concerning the links with other known equations and the weakly
nonlocal inverses of recursion operators if existing. The list is far from being complete.

We mainly refer to the source where we learned about each system although some attempt has been
made to track the original contributions. Compiling the list we have verified and made consistent the
objects collected from the vast literature. Our list also includes a number of new results (to the best of
our knowledge):

e The Hamiltonian operators, symplectic operators and recursion operators given in section 4.4 for
equations (68)-(Z0), and the relations among them;

e The Hamiltonian operators, symplectic operators and recursion operators for the Kaup-Newell
lattice (section B.14), the Chen-Lee-Liu lattice (section and the Ablowitz-Ramani-Segur
(Gerdjikov-Ivanov) lattice (section4.16);

e All weakly nonlocal inverse recursion operators if existing (except for the cases of Ablowitz-Ladik
lattice and Bruschi-Ragnisco lattice, which were known).

2 Laxrepresentations and Darboux matrices

With an evolutionary nonlinear partial differential system
w = F(u,uy, ... Uy.y), ueC” 3)
solvable via the spectral transform method [16} 17, [18] one associates a pair of linear operators
L =Dy —-U(u; A), A=D;-V(wA),

which is conventionally called the Lax pair. Here U, V are square matrices, whose entries are functions of
the dependent variable u and its x-derivatives and certain rational (in some cases elliptic) functions of
the spectral parameter A, such that equation (3) is equivalent to the condition of commutativity of these
operators

[L, Al = Di(U) = Dx(V) + [U, V] = 0. 4)
The latter is often called a zero curvature representation or Lax representation of equation (). In this paper
we mainly consider U and V to be 2 x 2 matrices and their entries to be polynomial in spectral parameter
A
Generally speaking, symmetries of an evolutionary equation are its compatible evolutionary equations.
Integrable equation (3) has an infinite sequence of commuting symmetries

w, = Fk(u, Uy, ... Uy.y), keN, 5)
which can be associated with a commutative algebra of linear operators
AF =D, —Vku; 1),  [Al, All=0. (6)

Similar to equation (@) system (5) is equivalent to [L, A¥] = 0. Operator A and equation (@) can be
considered as members in the sequence of operators {A*} and symmetries () respectively, for particular
values of k. The commutativity of operators can be seen as a compatibility condition for the infinite
sequence of linear problems

Dy(W) = Uw )W, Dy (V) = Viu; )Y, )

i.e. the condition for the existence of a common fundamental solution W of all these problems, det W # 0.
To Darboux transformations we refer as a linear map S acting on a fundamental solution

S:VW=M¥Y, detM#0 (8)
such that the matrix function W is a fundamental solution of the linear problems

D,(W) = U@ A, Dy (V)= Vi@ )P, )



with new “potentials” u. The matrix M is often called the Darboux matrix. The entries of the Darboux
matrix M are a rational (elliptic) functions of the spectral parameter A. As a function of A the determinant
of M may vanish only at a finite set points on the Riemann sphere (the parallelogram of periods). The
Darboux matrix M depends on u, &t and may also depend on some auxiliary functions g (or parameters,
if g is a constant). For examples of such g, we refer to the matrices in (I8). So we denote the Darboux
matrix by M = M(u, u, g; A).

From the compatibility of (8) and (@) it follows that

Dy(M) = U(u; A)M — MU(u; A), (10)

Dy, (M) = V¥@; )M — MV¥(u; 7). (11)
Equations (I0) and (1) are differential equations which relate two solutions u and @ of @) and (B). In
the literature they are also often called Bdcklund transformations.

A Darboux transformation maps one compatible system (7) into another one (). It defines a Darboux
map S : u — u. The map (8) is invertible (det M # 0) and it can be iterated

TS

glll

= M(x,

Sl

.. i\I/ =M(E,u,g;/\)2£>@:M(u,ﬁ,g;A)\PiE:M(ﬁ,ﬁ,g;/\)@i

Qo

4

It suggests notations

WYL= Y=Y, ¥ =Y, =Y,

LU =U,u=u, U =0, u=,.. .,

..81=8 8 =8 81 =8 82 =8....

With a vertex k of the one dimensional lattice Z we associate variables W, and u; with the edges
joining vertices k and k + 1 we associate the auxiliary functions (parameters) gi and the matrix My =
M(ug, ugs1, 8k; A). In this notations the Darboux maps S and S~ increases and decreases the subscript
index by one, and therefore we shall call it as S—shift, or shift operator S. In what follows we often shall
omit zero in the subscript index and write u, g instead of uy, go.

In these notations (I0) and the sequence (II) are a hierarchy of compatible systems of differential
difference equations. When the resulting equations from (I0) and (IT) are in the evolutionary form they
form an infinite dimensional Lie algebra of commuting symmetries. The existence of an infinite algebra
of commuting symmetries is often taken as a definition of integrability of the equation (and of the whole
hierarchy of symmetries) [19, 20, 21} 22].

In order to illustrate this construction we consider two examples: (1) the well known example of the
nonlinear Schrodinger equation; (2) the new results on differential difference equations corresponding
to the dihedral reduction group ID, ~ Z, X Z, (the group of Klein). In the next section we will use these
examples for illustration of the derivation of recursion operators.

2.1 The nonlinear Schrodinger equation

The nonlinear Schrodinger (NLS) equation

2pi = pax = 8p7q
241 =~ + 84°p (12)

has a zero curvature representation (@) where [23]

U(wA) = (22 zg)m(é _(1)) u=(’;), 13)
Vwld) = (‘E’ZI" 25;)+A(22 28)+/\2((1) _‘1)) (14)

The NLS equation has an infinite hierarchy of commuting symmetries. The matrix part of the corre-
sponding linear operators A¥ = D;, — V¥ have the form

Vo= Vi = AVE 4 B (u) (15)



where | = diag(l,—1) and B*(u) are traceless matrices with entries depending on p,q and their x-
derivatives. Matrices B*(u) can be found recursively [24] and in particular we have

1( 2pg, -2 - 8p?
Vi=Uw;d), VZ=V(A V3= AV(wA) + o | TSP PR, 16
(w; 1) (w; 1) (w;A) + 2 Qxx — 8q2P 2qpx — 2pqx 1o
Symmetries corresponding to A%, A, A% and A® are
Po= 2 Pu=pe Pu= e P = Spe 60 (17)
g, = —2q qn = qx Gt = =3 + 44°p 5 = 3xee = 61

It is known (see [25], [26]) that any Darboux matrix for the NLS equation is a composition of the following
three elementary Darboux matrices:

M(u,uy, f;A) = ( Aq’; for ) N(u,uy, ;) = ( Apflh A ) K(u,u, ;1) = ( o ) (18)
and their inverses.

The Darboux map and/or the corresponding differential difference equation for each above elementary
Darboux matrix can be derived as follows.

(K): The map with the Darboux matrix K does not depend on the spectral parameter A and variables
u, u;. Moreover, it follows from (10) that « is a constant (does not depend on x) and p; = 04217/ qn = szq.
Thus in this case the Darboux map is a gauge transformation corresponding to a point symmetry of the
equation (I2) and its hierarchy of symmetries.

(N): Substitution of N(u, u, i;; A) in [0) yields

1
g = o he =2p1qn —2pg,  px=-2hp,  qix=2hq (19)

and therefore we have got the following explicit Darboux map

_ 2 P P_) _1

After the change of the variables p = exp(¢)) (and thus g = exp(—¢-1)) equations ([19) yields the following
system of evolutionary equations

Gy =-2h,  hy=2exp(p1—P) —2exp(p — 1) (20)

which after the elimination of variable / takes form of the Toda lattice

Pxx = 4exp(Pp — P-1) — dexp(Pp1 — ¢).

It is an infinite chain of differential equations for dependent variables ¢, n € Z.

Notice that ¢ = Inp and h = —%. Using (19) to eliminate x-derivatives from (I7) one can obtain
symmetries of the Toda chain (20):
b, =2 ¢r, = —2h b1, =202 = 2(S+ 1) exp(¢p — P-1) 1)
=0y =2AS-Dexp@-da) Iy, = ~2S—1)(exple — d-1)(h + )

O, = =213 + 2exp(¢p — d-1)(2h + h_q) + 2 exp(p1 — P)(2h + hy)
hy, = 2(S = 1)((h? | + hoah + h?) exp(¢p — p-1) + expp — 2¢-1) + (S + 1) exp(p — p-2)) *

Symmetries (2I) have Darboux-Lax representation

Ny - SUYN+NU =0 N=[ _ jp?_’;) ex%(¢) ) 22)

and matrices U°, . .., U° are obtained from VY, ..., V3 given by (I5) and (I6) by elimination of x-derivatives
using ([@9). In the next section we shall derive a recursion operator for generating symmetries of the Toda
lattice.



(M): Substitution of M(u, uy, f; A) in (I0) leads to the following system of differential-difference equations:

fr=2pq1=2pq,  px=2p1—-2fp,  qx=-2q-1+2fq. (23)

Symmetries of this system can be found from the Lax Darboux representations (IT) where V* given by
(I5) and (@6) after elimination of x-derivatives with the help of 23):

P = 2p Py = 2p1 = 2fp P, = 2(f*p = fr1 = iy — P4 — priqa + p2)
dr, = =29 G = =29-1+2f1q M, = 2(f1q + fq = f2q1 + paqu + prg; — g-1) (24)
=0 fv = 2p11 — 2pq fo = 2(S = 1)(pg-1 + p1q — (f-1 + f)pq)

System (23) and its symmetries (24) have first integral ® = f — pg_1, so that @, = 0. Indeed,
detM(u,uy, f;A) = A + f — pq1 should be a constant (does not depend on x, t;) because the matrices
U, V¥ are traceless (Abel’s Theorem). Thus one can set fx = Prqr+1 + ax, where oy € C is a constant. We
can eliminate f from the system (23) and it leads to

Px =2p1 — 2p2q1 - 2ap, Gy = =291 + 2p,1q2 +2a_1q, (25)

whose symmetries can be obtained from (24) by the same elimination of f. When ay = 0, equation (25)
becomes the Merola-Ragnisco-Tu lattice under an invertible transformation x = 1t, p = u and q; = v
listed in Section .10

2.2 Equations corresponding to the dihedral reduction group D, ~ Z, X Z,

Integrability of the equation

20i = Prx + 4Gc — 8(P%9)x )
6
2; = —Gux + 4px — 8(4°P)x (26)

has been established in [20]. This equation can be seen as a non-trivial inhomogeneous deformation of
the derivative nonlinear Schrédinger equation. The corresponding Lax pair

Lw;A) =Dy - Vi(w;A),  A(wA) = D; — V(u; A)

has the matrix part of the form

Viw; A) = 2pa;(A) + 2ga(A) + 2a3(A) (27)
— 4p? 2
V2(; ) = w) V' ;) + 2 a2y - TP 0,0~ 2pgas) 08)
where B e
al(m:( e 3),a2<»=(3 A ),as(/\)=_T(é 3 ) (29)

Matrices V¥(u; 1) are invariant with respect to the group of transformation (the reduction group [8])
1 0 ) % . 1 0\ _ k.. 0 1T\ ko100 1)y
( 0 -1 )V(u/_/\)( 0 -1 )_V(ulA)/ ( 10 )V(ulA ) 1 0 _V(u//\)/

which is isomorphic to the dihedral group D, =~ Z, X Z, (the group of Klein). Function

AT+ A2
2

w(A) (30)
is a primitive automorphic function of the corresponding Mobius group (w(A) = w(-A) = w(A™!)) and
any rational automorphic function of this group is a rational function of w(A) [3]. A hierarchy of higher
symmetries of equation (26) can be generated by the Lax operators A¥ = D; — V¥, where the matrices V¥
are of the form

VL = w()VE + rai(A) + rhan(A) + rhas(A) (31)

%, 1% are polynomials in p, g and their x-derivatives and they can be found recur-

and the coefficients %, %,

sively.



It has been shown in [27] that an elementary Darboux matrix for the Lax operator (27) can be written in
the form

M(p,q1, f,8:A) = f(w(M)I + az(A) + pai(A) + qraz(A) + gT) (32)

where I is a unit matrix. Matrices V¥ are all traceless and therefore the determinant
detM(p, g1, f, g; 1) = f2 (20(A)(g — pqr) + 1+ &2 = p* = 42) = 2w(1)D" + B?
does not depend on x and t;. Thus we have two invariants
o' = fAg—pq), P =fA+g-p -q)). (33)

By choosing an appropriate scaling M — yM we can make ®! = 1 (if ®! # 0) or ®* = 1 (if P* # 0).
There are three essentially different cases [27]:

I. ®' =0, ? = 1, in this case the determinant is a constant (does not depend on A);

II. ! =1, ®? = +2, in this case the determinant has two double zeroes and is a square of a rational
function of A;

III. ! =1, ®? = 2q, the determinant has four distinct zeros in the complex plane A (assuming that
a# £1).

In the case I we have

§=rm (34)
and f can be found as a solution of equation f*(1 - p?)(1 — 43) = 1. Thus we can determine the matrix
M(p, q1, f,pq1; A) in (B2). Substituting it and V'(u; 1) given by (27) instead of U(u; A) into (I0) leads to the
system

pe=20-)q1 -9, g=20-)p-p-), (35)

which can be written as a scalar equation for one function vy, = p, V2u-1 = g
0x = (1 -0%)(v1 — v). (36)

In the case II we shall take 20! + ®? = 0 (the other choice of the sign would eventually lead to a point
equivalent system). We have

20" + @ = fP(L+g+p+q)(l+g—p—q1) =0

Let us choose 1 + ¢ + p + q1 = 0 (the second choice 1 + g —p — g1 = 0 would lead to a point equivalent
system). Then the substitution of M(p, q1, f, —p — 1 — 1; A) and V(u; A) given by (27) instead of U(u; A)
into (10) leads to the system

pe=20+p)S-D@-p-pp,  qx=21+4)S - Dp-q-pg). (37)
In the generic case III of the elementary Darboux transformation we have

1
O? - 20®" = (¢% — 209 — p* — 4% + 2apq1 + 1)f2 =0, =— 38
o (g (Xg p ql apql )f f \ /g — pql ( )

The substitution of M(p, g1, f, g; A) and V'(u; A) given by ([@7) instead of U(u; A) into (I0) leads to the
system

pe = 28(p1—p)+ 201 =20 = 2p(prq1 — p1),
Qx = 28(q1 = q) +2p1 = 2p = 2q1(prq1 = pA),
& = 2p(p1=p)+2q1(q1 — q) = 28(p11 ~ pA),
S = 2f(pra1 —pa)-
The invariants @', ®? are the first integrals of this system. Thus the functions f and g can be eliminated

using the first integrals (38). Note that in (38) the parameter «a is a constant in x, t;, but it may depend on
the shift variable, so that S(a) = «;.



3 Recursion operators for differential-difference equations

In this section we show how to derive a recursion operator using a Darboux-Lax representation for a
differential-difference equation. Our construction is a natural generalisation of the method used in the
theory of integrable PDEs [24] 28| 29, [30, 31]. The main idea of the method is based on the fact that
matrices V¥(u, A) of the operators A = D, — V¥(u, 1) corresponding to a hierarchy can be related as

V(w, A) = w(A)Vi(u, A) + B¥(u, A), (39)

where (1) is a rational (elliptic in the case of the Landau-Lifshitz equation) multiplier and B*(u, 1) is a
rational matrix with a fixed (i.e. k independent) divisor of poles. If the system and its Lax representation
is obtained as a result of a reduction with a reduction group G, then the multiplier 1(A) is a primitive
automorphic function [3] of a finite reduction group, or in the elliptic case is one of the generators of
the G-invariant subring of the coordinate ring [29]. The matrix B*(u, 1) also depends on the dependent
variables u and its x-derivatives.

The substitution of (39) in the Lax representation [L, A¥] = 0 (@) results in

Dy, (L) = (A)Dy (L) = B'L + LB". (40)

One can use equation @0) to find B¥ in terms of variables u, uy, uy,, and x derivatives of u. Then
equation (0) can be regarded as a recursive relation uy,,, = R(uy, ), where R is a linear pseudo-differential
recursion operator mapping a symmetry to a new symmetry. A recursion operator can be related
to bi-Hamiltonian structure. Indeed, if H; and H, are two compatible Hamiltonian operators, then
R = HiH; ! is a Nijenhuis recursion operator [32,[11]. The sufficient condition for R to be a recursion
operator is [33]

ka(R) = [Fl:/ R]/

where Ff is the Fréchet derivatives of FX.
A similar construction can be used in the differential difference case [13]]. The substitution of (39) in the
Darboux-Lax representation (1)) results in

Dy, (M) = p(1)Dy, (M) = S(BYM + MB". (41)

Equation () enables us to express the entries of the matrix B in terms of u, u;,, uy,,, and their S-shifts. It
enables us to find a linear pseudo-difference operator R such that u;,, = R(uy,), i.e. a recursion operator
for a differential-difference hierarchy of commuting symmetries. Like the differential case, if we know
two compatible Hamiltonian operators Hi, H or a compatible pair of a Hamiltonian H and a symplectic
I operators then R = ‘7’{1‘7’{2‘ Land R = HT are recursion operators. From this construction it follows that
a Darboux matrix M and a multiplier 1(A) defines a recursion operator completely and uniquely.

In this section we shall illustrate this construction on a few examples. In the next section we shall present
an extensive (but far not complete) list of integrable differential-difference equations with recursion
operators, multi-Hamiltonian structure and Darboux-Lax representations.

3.1 Differential difference equations from the NLS equation

We are going to illustrate the construction using the Darboux matrices M and N (I8) related to the NLS
equation. In this case the multiplier u(1) = A ([5) and the matrix B¥ does not depend on the spectral
parameter A.

(N): Let us construct a recursion operator for the Toda lattice (20) using the Darboux matrix N (22) and
the multiplier u(A) = A. We substitute

a b
B =( ¢ —a ) (42)
in the equation
Dy,.,(N) = ADy (N) — S(B)N + NB. (43)

Linear part in A of {@3) leads to the system of equations

(S - 1)ﬂ = htk/ b= _(Ptk exp((p)/ 1= _(Ptk exp(_(p)'



Thus we can find all coefficients a = (S —1)"'hy,, b = —exp(P)Py,, ¢ = — exp(—p-1)S™ ¢y, of the matrix B.
Then the A independent part of (43) reduces to equations

Gpy =bh—a—a = ~(S+ 1S~ 1) hy, — hopr,,
hy,, = (@ — ay)h + cexp(¢) — by exp(=p) = —hhy, — exp( — p-1)S ' Py, + exp(Pp1 — P)Sey,,

which leads to a recursion

with the pseudo difference operator

_ -h -(S+1)(S-1*t (a4
| exp(p1 — P)S — exp(p — p-1)S7! —h :
Starting from the seed symmetry ¢, = -2, h;, = 0 one can recursively produce the hierarchy of

symmetries (21)).

Similar to the case of scalar discrete equations [11} 34], the canonical series of the densities of local
conservation laws can be found taking residues py = res R¥. In the case of matrix pseudo-difference
operator A a residue resA is defined as follows:

Any pseudo—difference operator A can be uniquely represented by its Laurent series

A= gﬂm-ksm-k,

then the residue is defined as resAA = trace(A°). For example, we rewrite the recursion operator [@4) as

exp<<¢?1—¢> 0 )S+( o )*( —eXp(d(p)—<P-1) 0 st
It follows that
p1 = resR = —2h, py = resR® = 2h* — 2exp(p1 — @) — 2exp(P — P-1), ... ,
are conserved densities for the Toda lattice 20). Indeed, we have
Dipr = =4S = 1) exp(¢p — ¢-1);
Dipz = 4(S = 1) (exp(p = p-1)(h-1 + 1)

(M): Now we take the Darboux matrix M (I8) and the matrix B of the form (#2). From the linear part in
A of the equation
Dy, (M) = ADy (M) — S(B)M + MB (45)

it follows that
a=(S- 1)’1ftk, b=—py, c=gqy.

The A independent part of (5) leads to the recursion relation for the system (23)

ften —f fo + S@py,) + pay, f
P |=| —20(S-1)7'fy = fup — foe + S(py), =R| ps (46)
Aty 2‘7(3 - 1)_1ftk - qS_l(ftk) + S_lqtk - f*lqtk qt

where a pseudo-difference recursion operator is of the form

-f nS p 0
R=| -p -f+S8 0 +| -2p [(S-1)7'(100).
—¢S™! 0 —fq+S81 2q
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Using the first integral of the system (23) and eliminating f = pxgk+1 + ax we obtain the corresponding
recursion relation and operator for the system (25) as follows:

( Pten ):R/( Pt ), (47)
At Tt

f_(Swm-a S -2ppa) (- =
R = ( S S1-a,y |t 2 S=1"(q, p-1)-
As we point out that equation 25) is related to the Merola-Ragnisco-Tu lattice, we can check that we
obtain the same operator from the recursion operator for the Merola-Ragnisco-Tu lattice in Section .10
using formula (G8).

where

3.2 Difference equation corresponding to the dihedral reduction group

In this section, we demonstrate how to compute a recursion operator for equation (37), whose Lax
representation is invariant under the dihedral reduction group.
After a simple change of variables p — p— 1,4 — g — 1 equation (37) becomes

px=2p(S=12q-p9, g0 =201(S = 1)2p = pg). (48)
This equation is the relativistic Volterra lattice in Section 4.9 under the scaling transformation
p=-2v, q=-2u, x= —i . (49)

The corresponding Darboux matrix and the multiplier are

A+l-p-q Ap-1)+ A7 (g1 - 1)

M=l A=)+ p-1)  A2+1-p-gq

1
, p) = E(AZ +A72). (50)
This information is sufficient to find a recursion operator, equation [@8) itself and its hierarchy of local

symmetries. It follows from
detM = —(A — A7) fpq

that f2pq; does not depend on x (Abel’s Theorem). Thus we can set f = (pq;)"z .
Expression (BI) suggests that
B =aa; + bay + caz.

Now in equation (1) the right and left hand sides are rational matrix functions in A. The left hand side
has only simple poles. Vanishing the coefficients at the third order poles in A2 in the right hand side is
equivalent to

(p-DpSqs.—(p+)q1p
a=3(c+e)(p-1)+ T, -

1+1)pSqy +(1-q1)q1ps,
4pa

bi=3c+a)q—1)+ u

The second order poles vanish iff
_ NPy + Py

c-c 52
1 2900 (52)

Now we can simplify (5I) by eliminating ¢; and c_; from a,b

a=clp—1)=3pu,
b=c(g—1)+ 3. (53)

The first order poles in equation (@I} vanishes if
Pra = P(S=1(pq=29) +(p = 1 = 1 = 3p1q0)pr = 3PN Spy+
(P = 397+ (p = 3PP1)SAs,

(54)

Gy = (S = D)(p-19-1=2p-1) + (@ +p-1 =1 = 3p1q-1)qs, — 3p19S g+
@ = 33Pe + (= 399-1)S " py,.
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The A independent part of equation (@) is satisfied after the substitution of (52), (53) and (54) in EI).
Equation (54) together with (52) is a recurrence relation. The differential-difference equation (a seed
symmetry) py = 2Kl(71), Gx = 2Kk (@8) can be recovered from this recursion by taking the derivative of the
right-hand side of equations (Ih[) with respect to ¢, that is,

(K, KMy = (p(S = 1)(pq = 29), 9(S = D)(p-19-1 = 2p-1))-

It is not surprising. Indeed, in order to solve equation (52) to find c we need to invert the difference
operator S — 1, whose kernel is a field of constants. As a result, the vector py, g may contribute to
Ptenrs Jt., With an arbitrary constant coefficient.

We now write explicitly down the recursion operator corresponding to the recursion (54) as follows:

Rz( prm 1= 3pi = ipnS poap - pp)S
q=20 +@=299-)S"  q+p-1-1=3p-19-1 = 3p-14S"
p(S = 1)(pg - 29) )S il Lg
- S = ). 55
( 9S - pag -2 )Y 259 59

Obviously R + I, where [ is the 2 X 2 identity matrix, is also a recursion operator, which can be recovered
from the recursion operator for the relativistic Volterra lattice listed in Section.9lusing the transformation

@).

4 A List of Integrable Differential-Difference Equations

In this section, we present a long list of integrable differential difference equations with their Hamiltonian
structures, recursion operators, nontrivial generalised symmetries and their Lax representations. To be
self-contained, we introduce notations and remind some definitions of the objects in our list in terms of
the Lie derivatives. The theoretic background and detail definitions of the Hamiltonian and symplectic
operators can be found in monographs [35, 36]. Here we would like to mention that there are some
recent developments in the theory of nonlocal Hamiltonian structures for nonlinear partial differential
equations in [37].

Letu = (u,...,uN) be a vector-valued function of variable n € Z and time variable t. An evolutionary
differential-difference equation of dependent variable u is of the form

u; = K[u], (56)

where K[u] means that the smooth vector-valued function K depends on u and its shifts u; = Su,ieZ.
In all our examples after an appropriate point change of variables we can consider K[u] € #~ where
F = (C,u,S) is a difference field of rational functions of {u;( ke Z,i=1,...,N}. A Fréchet derivative a4
of a € ¥ is defined as a row vector of the difference operators

thus the Fréchet derivative of K[u] is a difference operator with square matrix coefficients and the entries
of the coefficient matrices are elements of 7.
A variational derivative of a € ¥ is a column vector

d J
Su(a) =at(1) = (ﬁ’ o &u—N)Zsk(a).
keZ

If equation (56) is Hamiltonian, then it can be written in the form

uy = 7-{((Su(f))

where H denotes a Hamiltonian (pseudo-)difference operator and f is a Hamiltonian function (or the
Hamiltonian of the system).
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Definition 1 Given a differential—difference evolutionary equation (56), we define that
o Gisits symmetry if LxG = [K, G] := G4(K) — K4 (G) = 0;
o H is its Hamiltonian operator if a Hamiltonian operator H satisfies

LiH = H, [K] - K, H — HK! = 0;

o [ is its symplectic operator if a symplectic operator I satisfies

Ll = I, [K]+ K. T + TK, = 0;

o Ris its recursion operator if LKR = R, [K] - K, R + RK, = 0.

Here Lk denotes the Lie derivative, * means the Fréchet derivative and t+ means the formal conjugation of the
difference operator.

If a symmetry of equation (56) is explicitly dependent on u; with i # 0, we say itis a generalised symmetry.
An equation is integrable if it possesses infinitely many generalised symmetries depending on finite sets
of variables u;, whose sizes are increasing. Symmetries of an integrable systems can be generated by a
recursion operator which is often nonlocal. Sufficient conditions on nonlocal pseudo-difference recursion
operators which guarantee the production of an infinite hierarchy of commuting local symmetries have
been discussed in [11]]. In the list, we also give partial results on master symmetries (see [38,139] for more
details on master symmetries).

We now look at how the recursion, Hamiltonian and symplectic operators change under transforma-
tions (difference substitutions). If an evolutionary difference equation (56) is connected by a difference
substitution u = F[v], F[v] € ¥ with another equation of the form

v; = G[v] (57)

then recursion, Hamiltonian and symplectic operators (R, H and 1) for the equation (57) can be expressed
in terms of the corresponding operators (R, H and 1) of the equation (56)

A _ ~ _ -1 a
R =F,' o Rlu=pioFx,  H =F;' o HluopwoF, , 1 =F, 0 I|y-ppy)oFx (58)
where o denotes the composition of the operators.

Example 1 It is known that the Volterra equation u; = u(uy — u—1) (section can be related to the modified
Volterra equation
v = 0701 — 01) (59)

by a difference substitution (a Miura type transformation) u = F[v] = vvy. Operator Hy = u(S — S u is a
Hamiltonian operator for the Volterra equation. Notice that the Fréchet derivative for vuy is Fi = v1 + vS, and

we have F'u = v(1 + 8) ! and uFt™" = S(1 + S)"'v. Now we can find the Hamiltonian operator Hy for the
modified Volterra equation (59)

F = (01 +v8) vy (S - S‘l) vo1(v1 + 08S) ™
=1+ HS2-1)(S+1) o
=(S-1)(S+1) v

In the same way, we can compute the second Hamiltonian operator Fy and the recursion operator R for the modified
Volterra equation (compare with section 4.2).

In Section 2 we discussed that the compatibility of a Darboux map (8) with the Lax operator ()
S(P) = MO, Dy(®) = U(u; 1)@ (60)
yields ([@Q)
DiM) = S(U) M - M U, (61)
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which is equivalent to an integrable system of differential-difference equations. In literature the com-
patibility condition (&) is often called a zero curvature representation or Lax representation of equation (56).
Since it involves a Darboux matrix and a Lax operator, it is more appropriate to call it a Darboux-Lax
representation. However, we still call it a Lax representation to be consistent with the literature. In the
following list, we simply give the expressions of both matrices M and U for Lax representations.

There are many publications where an integrable system emerges as a compatibility condition of two
linear problems with scalar linear difference operators L and A

Lo=7A¢p, ¢ =A9, (62)

where ¢ is an eigenfunction of L corresponding to eigenvalue A and A; = 0. Equation (56) is equivalent
to their compatibility condition
Dy(L)=[A, L]=AL-LA. (63)

This approach really resembles the original Lax formulation where differential operators are just replaced
by difference ones. In the theory of ordinary differential equations a scalar high order equation can be
represented in the form of a system of first order equations. Similar we can do in the case of scalar
difference equations of high order and represent them by a first order difference systems. In this
way we can re-write a scalar representation (62), (63) in the form of a first order matrix Darboux-Lax

representation (60), (6.

Example 2 For the Volterra Chain listed in section its matrix Lax representation is obtained from the scalar
Lax representation with L = S+ uS™ and A = 8% + uy + u.
Let @ = (¢!, ¢*)T = (¢, —~S7'¢)T. We can rewrite L = A¢ in (62 as

sor-s{ 3 )-(%)-(4 2)( 2.}

that is, S(¢') = AP + ugp? and S(¢?) = —¢p'. Now ¢y = A¢p can be rewritten as
oF = P! + (ug + u)p! = S(AP! + up?) + (g + u)p* = ASP* + ud' = (A% + u)p* + Augy?

and
¢f = =Sl = —(AP! + u¢® + (ua + WS PY) = —A! + w1

(o A H+u Au [ ¢!
Dt(q)) - ( (Ptz - A U_q (PZ .
In our list we present either scalar or matrix Lax representation.
The reader should bear in mind that

Thus

e Relation between nonlocal difference operators, e.g. (67), should be understood as identities in the
non-commutative field of pseudo-difference Laurent series.

e In the computations with pseudo-difference operators, we often use identities similar to “integra-
tion by parts”:

S-DA-NS-D'=fS-1)" = (S-D)'A
e Since for any constant ¢ € C we have (S — 1)c = 0, the action of operators involving (S — 1)~

is not uniquely defined. The corresponding results given in the list are up to these “integration
constants”.
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4.1 The Volterra Chain
e Equation [10]:
up = u(ur — u-1) (64)
e Hamiltonian structure [40, 41]: u; = H;0. fi

Hy =u(S—SHu, fi=u
Hy = u(SuS+uS+Su-uS'-S'u-SwuS"u, fo==Inu

e Recursion operator:

R= ‘7'{2‘7'{1_1 =uS+u+u +uSt+u(u —u)(S- 1)_1%

= S-S (S -+ SS- 1)

e Non-trivial symmetry [41)} 42]:

R(u) =u (uluz + u‘% + Ul — Ul_q — ”31 - u,lu,z)

e Master symmetry [41] 38| [43]:

R(u) = nuy + uQuy + u + u_q)

e Lax representation [44]:
L=S+uS™, A=8+u +u

It can also be written in the matrix form

A u A2+u Au
M‘(—1 o)' u_( A ul) (65)

This equation is also known as Lotka-Volterra model, the Kac-van Moerbeke lattice or the Langmuir
lattice [45]. The so-called Kac-Moerbeke-Langmuir equation [40]

we = w(w] —we,), € # 0is a constant.
is related to (64) by the point transformation u = w® and t = et. This equation is also written as
wy = exp(w + wy) — exp(w + w_1),

which can be transformed into (64) by the transformation u = exp(w + wy).

4.2 Modified Volterra equation
e Equation [46, 42]:

Uy = MZ(M1 —u_q)
e Hamiltonian structure [47, [42]:

Hi
H>

u(S—-1)(S+1)u, fi =uu
(S — S Hu?, fo=Inu
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e Recursion operator:

R = HoH; ' = 1S + 2uuy + 1> S™ + 2uP(ug — u_q)(S - 1)‘1%

Non-trivial symmetry [42]:

Rue) = uui(uy + u) — i (u + u_p)

Master symmetry [42]:
2

u u
R(E) =nu + ?(3u1 +1_q)

e Lax representation [25]:

[ 0 ulj. [ uu—q Ay
M_(—u /\)’ u_(—/\u A%+ uu_g

The Modified Volterra equation is also known as discrete modified Korteweg-de Vries equation. Under
the Miura transformation w = uu; it can be transformed into the Volterra Chain w; = w(w; — w-1) as in
section 411

4.3 Yamilov’s discretisation of the Krichever-Novikov equation
e Equation [48]:

R(uq,u,u_
U= (i 1) = K(l),
Uiy —u_

where R is the polynomial with constant coefficients a, §, y, 0, € defined by

R(u,v,w) = (av” + 2pv + y)uw + (ﬁv2 + Av+0)(u +w) + yv2 +20v+€. (66)

e Two non-trivial symmetries [49] 50| 17, B2]:

x@ = R, )Ry, u, 1) ( 1L, )
(u1 — u-1)? up—u  u—uy/

k® = R0, )R, 11, 1) SKO | SZKD \+ KM K(z>(—1 L1 )
(11 — 1_q)? (2 — 1) (u—u_)) AT

e Hamiltonian structure [[11}, 52]:
H=AS-S1TA+2KY S -1)1SK? + 2K@ (S -1)"1KO;
H=AS* - S?PA+BS-S'B+ K?(S-1)"(S+1)K?
+2KD(S-1)'SK® + 2Kk® (S -1)"'kW,

where

A= R(uz, u1, up)R(uq, u, ur)R(u, u_q,u)

(w1 = u-1)*(uz — u)? ’
A= R(usz, up, uz)R(u, ur, ) R(uy, u, u1)R(u, u-1, 1)

(w1 — u-1)*(uz — u)?(uz — ug)? '
. KM ARy, u,u1)  *R(uy,u,u1)\  2R(u, u_q,u)
—2A - t i) 2R UL ) g ) k@)

b=2 u—uo 2y —u_q) " 40uduy (w1 —u_1)? S( )

16



e Symplectic operator:

— 1 _ Q1
ro= R(ul/ u, T/ll) S-S

1
R(ul/ u, T/ll)

e Recursion operator [11, 52]:

R=HI and R=HIT

The recursion operators R and R satisfy the algebraic equation

2R - L)* = 4R+ 1) — g2(R+ 1) — g3,

(67)

where I, I3, g» and g3 are the relative and modular invariants related to 1 = R(uy,u, 1) and a quartic
polynomial f(u) = (d,h)* — 2hd? h defined by

1
82 = 18 (szIV 2" f" + (f”)2) ,
1
g3 3156 (12ff//fIV 9(f/)2fIV 6f(f///)2 6f/f//f/// _ 2(f//)3) ,

I = % (13202 1= @)D, ) = @y h)(P2Du ) + (2R ) + %(Mul ne,

ho ah h

I3zidet duh Auddh |

Ph 2h PPk

4.4 Integrable Volterra type equations

The classification of integrable Volterra type equations of the form

uy = f(u,u,m),

where f is a smooth function of all its variables was obtained by Yamilov using the symmetry approach.
In his remarkable review paper [42], he presented the following complete list of integrable Volterra-type
equations (with higher order conservation laws) up to the point transformations:

V1. up = P(u)(up —u-q)
V2. Uy = P(uz) (L _ 1 )
up+u u+u_
V3 u—Q(u)( t 1 )
’ L U —u  U—u_q
1/2 1/2
Vi, " = R(uy, u,u_q) + vR(ug, u, u1)"*R(u-1, u, u_1) ’ Ve 0,+1)
Uy —u_
V5. w =y —u)+yw—u-), Yy =Py)
_ , _ P(y)
V6. w =y -u)yu-ua)+y, Yy =—— pecC
1
V7 = + , ! = P 2 € C
e Yy —u) + y(u —u_q) H Y v
1
V8 = , /=
e Yy +u) —y(u +u_q) Yy =QW)
_ 2
Vo, " = y(ur +u) —y(u + u_l)’ , _ P(y?)
y(ur +u) + y(u +u_q) y
V10, " = y(uy +u) + y(u + u,l), _ Q(y)
y(uy +u) — y(u + u_q) y
_ _ _ _ 2
Vit o QoY) PG

Yy —u) + y(u—u_y)
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where P and Q are polynomials with constant coefficients «, f, ), 6, € defined by

P(u) = au® + pu+y, (79)
Q) = au* + ,Bu3 + yu2 +0u+e, (80)

and the polynomial R is defined by (66). As stated in the paper [42], the problem of constructing
the generalized symmetries for all equations (V1)-(V11) remains open although the master symmetries
for some forms of equations in the list are known [41] [38]. We know that the Miura transformation
il = y(uy — u) transforms equations (V5) and (V6) to (V1) and equations (V7) and (V11) into (V2), and
the Miura transformation # = y(u; + u) transforms equation (V9) to (V2) and equations (V8) and (V10)
into (V3) [42]. In the follows, we present the recursion operators, Hamiltonian operators and master
symmetries for the first four equations. The corresponding operators for other equations can be obtained
via the Miura transformations.

4.4.1 V1 equation

e Hamiltonian structure:

H = P(u)(S — SHP(u)

Symplectic operator:

P | P

a(S =S+ (am + p+ au-)S(S -7 pe+ Ho

(S-1)Nauy + B+ au_y)

e Recursion operator:

P(w)

R = PGS + 2ty + B+ ) + Pa)S™ +u(S =)™ 5 s

Non-trivial symmetry :

R(ur) = P(u) (P(ul)uz + auu% + B(u + uy)u; — P(u_q)u_p — auu%l —B(u+ u_l)u_l)

Master symmetry:

nuy + P(u)(cuy + g +(2-0u-1), ceC, whena#0;

nuy + P(u)(cuy +u+ (3 —c)u-1), ceC, whena =0

e Lax representation:

— The case a = § = 0 is a linear equation.

- Thecasea = 0,  # 0 reduces to the Volterra equation (64) by linear substitution u - g~ (u—y).
Thus it has the Lax representation (63).

— In the case a # 0 the following linear substitution t — a~'t and u > u — /2 transforms the
polynomial P(u) in V1 to the form P(u) = u? + ¢, where ¢ = y/a — f?/(4a?). The corresponding
Lax representation is of the form [25]

Aty A2 vuuy A 'u+ Au,g
M_( -u A )’ U_( —A Yy —-Au AT+ uug

This equation includes both Volterra chain in section .]]and modified Volterra equation in section A2l
For nonlinear equation, that is, af # 0, its Hamiltonian f depends on the coefficients in polynomial P
defined by (Z9). When & # 0, we take f = 5- In P(u), otherwise, we take f = %

T 2
Its Hamiltonian operator, symplectic operator and recursion operator satisfy the following unexpected
relation
HI = aR® + B*R + 2y(B* - 2ay).
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4.4.2 V2 equation
e Hamiltonian structure:

_ P(MZ)S P  P(u?) S P(u?)
_M1+M u+u_q u+u_ Uy +u

—u(S+1)(S -1 1w

e Symplectic operator:

1 _ 1 _
=(u+u1)28_81(u+ 1)? +6”p(8+1)(8_1) oup
—(B* - 4ar S-S+t
i )/)P( 2)( ) )" ( 3y
where p = 11n (L;(Z; and thus
2 ’
bup= —— L PU) by w4 p)

w+u u+uy 2Pw?)

e Recursion operator:

P ) 1 2 1
T+ u)zs + P )((u + 17)? * w+um)w+u) (u+ ul)z)
1 1 P(u?) o -1

+P) (Zu u+u1)+ (u+u,1)28 +2u(S = 1) up

e Non-trivial symmetry :

P(u?)P(u?) 1 1 P(u?)P(u?)) 1 1
Rur) = (u + uqp)? (u1 + 1y a Uy — U 1)_ (u+u_q)? (u,l +U_y a U_q —ul)

CYM 1/[ + uu_ +
+2P(12) pintis +y

(u + Ml)(ul —u-1)(u + u-1)

e Master symmetry:

P(u?) 5
- - ’ h = O/

n + - " au” — fu, wheny

P@d) o, P s
nu; + . au 2”’ when * —4ay =0,

P 2
nu; + ) , whena=0.

u+u_

Here we only found the master symmetries for some special cases. For the given Hamiltonian operator
above, we have Ho,p = R(u;). Besides, the Hamiltonian operator, symplectic operator and the recursion
operator satisfy the following relation:

HI =R>-28R+ > - 4day.
The Calogero-Degasperis Lattice [38]

1
Uy +u u+u_1

w = (0= 2) — ) —— )

is one of special cases of the V2 equation. The authors of [38] presented its master symmetry by
introducing the time dependence for the coefficients a and b, which is in different form from what we
did.
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4.4.3 V3 equation

e Hamiltonian structure:

H = Q(u) S Qw) Q) - (W)
=

U —u uU—u_ U—U_q U —u

+u(S+1)(S -1 1w

e Symplectic operator:

I S _ -
1= (1 — u)zs (1 — u)? Oup(S+1)( S -1)" bup
—ay — (s AW Mg At
Qay - p /4)Q(u)(8 DS +1) o ‘B(SQ(u)(S DS +1) o
1 41
—(2ye - 62/4)W(S -1)(S+1) 1@
o o U o ou?
+Q2ad + ﬁy)(Q(u) (S+1) 0w Q(u)S(S +1) Q(u))
—(B5/2 -y - 4ae)(u—2(8 T S NI WY S u )
Qu) Qu)  Qu) Q(u)
U 4 1 1 AU
+(yo + Z,Be)(Q(u)(S +1) ow Q(u)S(S +1) Q(u))’
where p = 11n (u?(i):))z and thus
11 QW
Oup = U —u  U—1_q - 20(u)
e Recursion operator:
_ Q) 1 2 1
R e iCl Fpern Al e gyl g
—% —2au? — pu—vy+ %81 = 2u(S - 1)’16up

e Non-trivial symmetry :
Q(u)Q(u1) N Q(u)Q(u-1)

(1 —up(uz — 1) (u—u_1)*(u-1—u-)

+Q(u)¢+2auz+ﬁu)( ! + L )

(1 —u)(u — u—q) up—u o U—u-q

Rue) =

+aQ(u)(ur — u-1)

e Master symmetry:

nuy — Q) +au® +pu* +yu, whend=¢€=0,
u+u_

nuy, — Q) , whena==0
u+u_

Similar to V2 equation in section4.4.2} we have not found the master symmetry valid for the polynomial
Q (80) with arbitrary coefficients. However, if we look for the master symmetry of the form

3
niy — Q) + Z ciul, ci €C.

u+u_q —
i=

we can determine the constants ¢; for certain polynomial Q. Two examples are listed above.
Notice that H0,p = R(u;) and the product of the Hamiltonian operator and symplectic operator gives
rise of the square of the recursion operator, that is,

HI =R
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4.5 The Narita-Itoh-Bogoyavlensky lattice

e Equation [44] 53] 54]:

P P
utzu(Zuk—Zu,k), peN

k=1 k=1

e Hamiltonian structure [15]:

H = u(ZSl —ZS”)u, f=u
i=1 i=1

e Recursion operator [13]:
—p
R=u(S-SNS-1)" | [ u-uS)(S u-usTT,
i=1

where the notation H;f is denoted the order of the value 7, from 1 to p, that is,
1.0 ai = maz---ay.

e Non-trivial symmetry:

R(w) = u(l =S TNST Y wuy

0<i<j<2p-1

e Master symmetry [13]]: R(u)
e Lax representation [44]:
L=S+uS7,  A=(LV")y,
where > 0 means taking the terms with non-negative power of S in L#*1.

For p = 1,2 or 3, a few higher order symmetries are explicitly given in [15], where the authors also
studied their Hamiltonian operator, recursion operator and master symmetry forp = 1,2.

The Narita-Itoh-Bogoyavlensky lattice is known as an integrable discretisation for the Korteweg-de Vries
equation. It can also be presented as

p

v = ZJ(H Uk — U_g)-

P
k=1 k=1

which is related to the Narita-Itoh-Bogoyavlensky lattice via the transformation u = Hi:é vy for fixed p.
Taking p = 1, we get the well-known Volterra chain in section Thus they can be regarded as the
generalisation of the Volterra chain.

Let u =[] . w. Then w satisfies the so-called the modified Bogoyavlensky chain

k=0
4 4
w; = w2(l_[ Wi — H W_g).
k=1 k=1

The recursion operator given above for the Narita-Itoh-Bogoyavlensky lattice is highly nonlocal (so is
the master symmetry). Recently, Svinin [55] derived the explicit formulas for its generalised symmetries
in terms of a family of homogeneous difference polynomials. The properties of these homogeneous
difference polynomials [56] enable us to prove the locality of its infinitely many symmetries [13].

A family of integrable lattice hierarchies associated with fractional Lax operators was introduced by
Adler and Postnikov [57,58]. One simple example is

-1 -1
u_g)—u(| | ux — U_g), 2<peN, (81)
1 1

p

U = uz(l_[ U —

P
k=1 k=1

=
=

o~
1l
o~
1l
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which is an integrable discretisation for the Sawada-Kotera equation. It can be considered as inhomo-
geneous generalisation of the Bogoyavlensky type lattices. The problem to construct the Hamiltonian
structure and recursion operator for such family of equations is still open.
Even for in the scalar case, the classification of higher order of integrable evolutionary differential-
difference equations is still open.

4.6

The Toda Lattice
Equation [59]:

g = exp(q1 — q) — exp(q — g-1)

In the Manakov-Flaschka coordinates [60} 45] defined by u = exp(q1 — ), v = q;, it can be rewritten

as two-component evolution system:

{ uy = u(v1 — 0)

Vr=U—1U_q
Hamiltonian structure [40) 38| 35]:

0 uS-1) v?
71(12((1-3-1)u 0 ) fizurg

[ uS-SNHu wS-1wo 3
7-{2_( v1-8MHu uS-S'u )’ f=v

Recursion operator:

- —1)11
ﬂz?’{ﬂ’{l—l:( v +u(vr —o)(S-1)"" uS+u)

1+S8T+u—uq)(S-1)714 v
B U1 uS+u u(v1 — v) (1
_(1+S‘1 v )+( U—1_q )(8_1) (u 0)
Non-trivial symmetry:

R( m ):( u(v%—vz+u1—u_1) )

u(vy +v) —u_1(v-1 +0)

Master symmetry [38]:

K iy + Juvy + uv
= 2
5 nop+u+ug+ %

Lax representation:

[ A+ ou ), (0 ~-u
M_( -1 O)’ U_(l /\+v)

The Hirota nonlinear Lumped Network equation [61]

U =01—70
vp =0 — U-1)

(82)

is related to the Toda lattice (82) by a simple invertible transformation. Namely, let # = g and v = p_;.
Then the variables p and g satisfy the Toda equation. All its properties can be obtained via those for the
Toda lattice.
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4.7 A Relativistic Toda system
e Equation [62]:

exp(q-1—q) exp(q — q1)

T T expla =) " T explg— a0

Let us introduce the following dependent variables [63] 64]

_ qexp@ - q) o qt
1+exp(g—q1)’ 1+exp(g—q1)

Then the equation can be written as

ur=u(U-1 — Uy +0—101)
{ vttzv(u_ll—u)l 1 (83)

e Hamiltonian structure [64]:

B 0 u(1 - S)
o = ( S'T-Du uS-S'tu

71_ _
%:( Zg-l—%ﬁ R ) fozur

e Recursion operator [64]:

1
), f1=§(u2+vz)+uv+u1u+uvl

B ([ uS+u+or+u +uST—u@@-—v1+uq —u))(S-1D)7TL uS+u
R =HH, _( 0+ 0S8 —v(ug —u)(S-1)"11 v

[ uS+u+vi+u +uSt uS+u i (1

_( v+0S87! v )_(vt)(s_l) (E O)

e Non-trivial symmetry :

u g (U + 1oy + Ug + 20+ vg) — uug (U + ty + 1 + 201 + 03) + U0 — v1) + u(v? - v3)
vu_q (U_g+u_q+0+0_1) —uo(uy + u + vy +0)

e Master symmetry [64]:

R u \ | —nup+u(o+ 201 +u+ 201 +u_q)
v | —nv;+o(u+0v+u_q)

), (S-1"1=n)

e Lax representation:

 Av=ATt gy o ATP—un Ay
M= ( -1 0 )’ U= ( —/\_1 —U_p—0_1

As noticed in [64], the inverse of this recursion operator R is also weakly nonlocal:

1 2u
1 —1S+ -2 ]

00

U1 f
_S11_ 1 u -lu 4 2u 1
S5 o Z;%S+S ety

Rl = 7‘(17‘(2_1 = {

u _
v

(275 )e-n(2 )

V-1

However, recursion operators R and R~! have different starting point, i.e., seeds. For R, it starts with

u_u
acting on the right hand of the equation while the seed for R™! is ¢ = ( i % ) Moreover, R acting
U1 (%1

on ¢ and R~! acting on the right hand of the equation do not give rise to new symmetries.
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’

. . . u
There is a Miura transformation u = —-=-,0v = —

L between the flow corresponding to o and the

-1 -1

equation, where 1" and v” denote dependent variables for o.

In [63], the author studied other integrable equations related the relativistic Toda lattice. For example,
the equation

gt = q-1rexp(g-1 — q) — exp(29-1 — 2q) — q1: exp(q — q1) + exp(29 — 2q1)

can also be rewritten as system (83) by setting

u=exp(q—q), v =q; —exp(g-1—q) — exp(g — q1)-

4.8 Two-component Volterra lattice
e Equation [40]:

Uy = u(v1 — 0)
{ vy = o(u — 1_q) (84)

e Hamiltonian structure [40]:

_ 0 u(S -1 _

7ﬁ‘(vu—slw 0 )' h=utv
B u(Sv — vS8 Hu uwS — u + Sv —v)v B
Hy = ( o(u—-Su+v-0v8Mu o(uS - S u)v ’ fo=Inu

e Recursion operator:

5 u+or+u —o)(S-1)71L  uS+ " +u(v —o)(S-1)712

R=HH;" = -1 -11 -11
v+0St o —u)(S-1)L u+v+o-uq)(S-1)7"11
| u+vr uS+ = u(vy —v) -l 11
_(v+vSl U+ )+(v(u—u1) (S-1) (u v)

e Non-trivial symmetry:

[ “ )= W (v —v)+u (012 — 0% + 01Uy — vu_1)

(o 0% (u = u_1) + 0 — 1% |+ uvy — U_10_1)
e Master symmetry [38]:
NEAE 2nuy + u? + 3uv;
v |\ 2nos + vu_g + 2uv + V2
e Lax representation [65]:
L=AS""+0v+u_1+ A 'uosS, A=21"1uwS
This system comes from the Volterra chain in section [L.Jlwritten in the variable w, that is,
wr = w(wy — w-1), (85)

by renaming u(n, t) = w(2n,t) and v(n, t) = w(2n — 1, ). It is related to the Toda equation (82), written in
variables i and 7, by the Miura transformation [66]

i=uv and 0 =u_q+0. (86)

In fact, the (master) symmetries, conservation laws and local Hamiltonian structures of this system
can be easily obtained from the Volterra chain in the same way. For instance, we can derive the first
Hamiltonian operator H; as follows:
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A symmetry flow of the Volterra chain (85) is
we = w(S ~ S HwQln] = wwiQln + 1] — ww_1Qn — 1],

where Q[n] is the variational derivative of a conserved density for (85). We now write down both even
and odd chains and rename them for the variables u and v accordingly. We have

U =uQ2n + 1] —uvQ[2n - 1] and v, = vuQ[2n] —vu_1Q[2n — 2],

ug \ 0 u($S -1 Q[2n]
v |\ o(1-8NHu 0 QIn-1] |
Using the same method, we can derive Hj in the list.
Such construction is valid for all scalar equations. It is tricky if the operator is nonlocal.

that is,

4.9 The Relativistic Volterra Lattice
e Equation [65] 66} 27]:

Uy =u(v—v-1 + UV — U_10_1)
v = (U1 — U + U 01 — UD)

e Hamiltonian structure [65]:

0 u(1-S8 o
Hl:(v(S—l)u ( 0 ) ), fi=u+v+uv
7 — uo(1 + u)Su — uS  uov(1 + u) uo(u + v + uv)—u(SuvS ' +uS1+S o)
27\ o(SuvS + v8 + Su)u—uv(u + v + uv) vSuv(1l + v) — uv(l + v)S™ v !

fo=lnuor f, =Inv

e Recursion operator:
R = 7’{27’{{ = (

w(v —v_1 + Uv — U_10_1) (11
+( (U1 — u + U101 — Uv) )(S_l) (E 5)

w S T+u+v+uv u(l+u_1)S™ +u(l+u)
o(1+01)S + w oS + up + v + uv;

e Non-trivial symmetry:

uo(l+ w)(u + uy + wyo1) + uo*(1 + u)? — uv? (1 +u1)* - u?v,

Uy —U_qUuv_1(l+u+v_p+u_q+u_p0_p),;
R = 2 2 2
Ut u1001(1 + 2u1 + Up0z + uz) + ujv + urvvy(1 + u) + v7ur (1 + v1)
—uv(1 +0)(v +v_1 + u_1v_1) — u?>v(1 + v)?

e Lax representation

4

M= A% +2u; +20+1 -AQRu+1) = A" Qu; + 1)
N\ -AQui+ 1) - A1 20+ 1) A2 42u1+20+1
U ( —AZ’S”Z +uv+ 4 +4 /\—(va) + A1 —(2”4”) )

(Qu+1) —1 Qou+1) A2-)2 u v
A==+ A T F— tuv+35+3

In [65], the Lax representation is given in the following form:
U=UC-AU; Wy=WB-CW; Vi=VB-AYV,
where the difference operators U, V, W, A, B and C are given be

U=u+AS1; W=1+2A"1uS; V=1-A"1 uwS
A=u+uq104+01+A8Y, B=u+uv+0v_1+ASY;, C=u+uv+v+AS!
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There exists another weakly nonlocal recursion operator The recursion operator R has a weakly nonlocal
inverse:

S+ uo(u+1)+((1+ov_ > +u)(ug +1) _u(u+1) S u(uy+1)
R = (ul+v+1 (u+v_14+1)2(ur +o+1) (u+v 1+1)2 (uy +0+1)2
T orn) o v0Hito+2no g+ tind?) Sy (+u)(1+0)
(uy+0+1)2 u(u+o_1+1) (g +o+1) (u+v 1+1 (uy+0+1)2
UU_1
— e + L —
u+v_1+1 ul+v+1 _1 2 _1
+( ___uv + )(S 1) ( u+ou_ 1+1 u up+o+1 v
u+v_1+1 u1+v+1

In fact, it commutes with R and satisfies R'(R + id) =

Itis related to the Relativistic Toda equation (83), written in variables i1 and , by the Miura transformation
i =-uvand 0 = —(u + v_1 + 1) [66]. This transformation is similar to (86), which explains the name of
this equation.

4.10 The Merola-Ragnisco-Tu Lattice
Equation [[15, [67]:

Hamiltonian structure [15]:

e Recursion operator [15]:

_ 42
R:(SUZZ”” 8”1)+2( )(S Do u)

Non-trivial symmetry [15]:

i 1y — uvy — utv_q — 2uouq + udv?
R = 3 3

v —v_p + 0% U1 + 07Uy + 2u00_ 1 — UV

Master symmetry [15]:

R (n+Du \ _( nu+2u1 = 20°0 = 2u(S - 1) "uo
—no noy + v_1 + uv? + 20(S - 1) luw

e Lax representation:

[ -1 v . [ A v
M_( u —ZA—uv)’ U_(—u A )

The recursion operator R has a weakly nonlocal inverse:

2

1 Uy
R_l — (u_ 1ZJ+1 S (u_10+1)2
o 1 _S— 2u_10;
(w0 +1)2 (uv1+1)2 (u-10+1)(uv1+1)
U
U U+1 U_q
+2 ( ! ) (S 1) ( uv1+1 u_10+1 )
uv1+1

The symmetry (1, —v)! is a seed for both R and R".
Under the invertible transformation t = —f, u = —u and v — vy, this lattice transforms into

{ w = —uq — ulo
7

Uy =01 + 02U

which is related to the nonlinear Schrodinger system u; = 1, + 2020, —v; = Uy + 20%U appeared in [68].
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411 The Kaup Lattice
e Equation [68]:

{ up = (u +0)(ur — 1)

0 = (u+0)(0-v-1)

e Hamiltonian structure [68]:

0 u+ov

W:(—(u+v) 0 ), f=uwv—uv

e Recursion operator:

[ wr)S+u—u 0 u _
R_( 0 1 (u+v)S‘1+u1—u)+(v:)(8_1)1(# L)

+( _11 )S(S—l)_l( V-0 Up—Uu )

e Non-trivial symmetry:

R u | (u +v)(uuy + Uv_1 + UV — Uty — UV — U1V_1)
v |\ (u+0) (U102 + VU1 — U1V — U_10_1 + U1V_1 — V_10)

e Lax representation [68]:

Mz(u—/\ uv+/\(u+v)+/\2). Uz(u (u+/\)(v_1+/\))
1 v—A ’ 1 U1

There exists another weakly nonlocal recursion operator

u+v S—l _ (u—un) 1
R = (u-1+0)? (u-1+0)? _ (S _ 1)—1 ( 1 _ 1 1 L)
- (01—0) RS NI T e U -1 u+0; U0 U+v  U+v

T (wro))? (u+0,)? (g +0)(u+0y)

U—uU_q

_|uato B Y (- U 2 1

(UIU)(S 1) (u+v1 u+v  U_1+0 u+v ) *
u+vq

The symmetry (1, ~1)T is a seed for both R and R'. In fact, operator R’ is the inverse operator of R.
412 The Ablowitz-Ladik Lattice
e Equation [69]:

ur = (1 —uv)(auy — pu_y)
{ U: S0- uv)(ﬁvll— avfll) = aK; + K4

e Hamiltonian structure [15]:

H =( (1 ’ ) 1 o ) f = (auy = pu-r)v
e Recursion operator [15, 70, [71]:
R= ( T ) + ( = )<s ) (os )
(G Y- (2 )
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e Non-trivial symmetry [15]:

| (1 -uo) ((1 — U101y — VU — uulv_l)

R (1 — uo)uq )
—(1-uv)v, (1 - uv) (—(1 — U_10_1)0_ + UV* | + ulv,lv)
e Master symmetry [15]:

R( nu ) _ ( (n+ 1) — uo)u; — u?v_q — u(S - 1)"uv_4 )
-no (1 =n)(1 — uv)o_1 + uvo_1 + (S - 1)uv_,

e Lax representation:
(A u) | A —uvy Au 0 Ay
M_( v 1 )’ U—a( Av_q 0 )+’B( Ao A 2—uqo

The coefficients for @ and , namely, K; and K_;, are commuting symmetries for the equation. The
inverse of this recursion operator R is of weakly nonlocal form:

g [ A=uo) S8 uu U )
Rl_(—vvl (1—1uv)S—uvl—u10)+(_v )(5—1)1(01 u_1)

+( (1 —uv)u_ )(S_l)l( v u )

_(1 — uv)vl 1-uv 1-uv

Both R and R™! share a common the seed o = ( _uv ) Starting form it, we can generate the commuting
symmetries R~'(0) and R'(c) for i € IN. For more Lie algebra structure among symmetries and master
symmetries, we refer the reader to [15].

4.13 The Bruschi-Ragnisco Lattice

Equation [72} [65, 40]:

Uy = U100 — UV
v = 0(v = v-1)

Hamiltonian structure [72,[15]:

0 1-871
Wl:(v(S—l)( 0 )v)’ fi=me

[ vSu-uSv o(S-1) 3
¢@‘(vu—34w 0 )' f=u

e Recursion operator [40, [15]:

-1 _ _ 111
qu{ﬂ{l_l =( oS up +uST + (v —uv)(S-1)""; )

0 oS+ 00 -v)(S-1)"14
S +uS™t -
(T ()0 1)

Non-trivial symmetry [15]:

U V01U — V201U
R =
Uy v(vv-1 — V_10_2)
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e Master symmetry [15]:
R u\ | nu+2u0+u_qu
v ) no; + vo_q
The recursion operator R has a weakly nonlocal inverse:
ST =STE L+ (E-HS-1) )
0" s DI LA s -1
= + @ _ 7 )S-p(0 1
( 0" st 1y | oy -0 5

U1

- :7»{17»{2—1 :(

However, recursion operators R and R~1 have different seeds similar to the Relativistic Toda system in
i _u
sectionL.7] The starting point for operator R is the equation itself while the seed for R is 0 = ( 5 )
U1
Operator R™! acting on the equation itself and R on ¢ do not generate new symmetries. We refer the
reader to [15] for more Lie algebra structure among symmetries and master symmetries.
In fact, the Bruschi-Ragnisco lattice is trivially solvable, so are its symmetry flows. The equation for the
second component v; is independent of the first component . Besides, the scalar lattice v; = v(v — v_1)
and v; = —1 —1 can be linearised into w; = w_; and w; = w,, respectively by the transformations v = —“;—;1
and v = —:, respectively. Once it is solved, the equation for u is then linear.

414 The Kaup-Newell lattice
e Equation [73]:

Ui u u U_
= (i - )+t~ )
{ 1-ujvy 1-uv 1+uvy 1+u_qv ) = aKl +bK71

— v V-1 01 v
U =a (171121 17u,1v,1) + b(

14+uv 1+u_0

e Hamiltonian structure [73]:
0 S-1
7-(=( 1-§1 0 ), f=-aln(1l - uv) +bIn(l + uvy)

e Recursion operator:

1 1 2uyv uj u? 2uu
R=NHTI= _(Hlvl)zs T (1—ulvll)(1—uv) _(1—u1v1)28 t Twp ~ (1—uv)(1iulyl)
N S1- o2 S 14 12w
(1-u_1v_1)? (1-uv)? = 1v 1)? (1—uv)2

—2Ki(S-1)" (“w T )

where the symplectic operator 7 is defined by

1 _v_
I:(_Ol 1_Ow)_(1_£)(3+1)(3 N %)

1-uv

e Non-trivial symmetry :

1 1u2v_q )

__1 —
(1-uv)? (1/[ -0y 1-u_10_4

(1—u1v )2 (1/[1 T Twv, | 1-w
'R(Kl) — | 101 s? 202 . )

(1-uv)? (U T Town 1-u_10_4

— 1 B W o |
(1-u_1v-1)? (U_l 1-uv 1-u_ov_, )

e Lax representation [73]:

M:( A+(1-MNuv u );

1-AMo 1
ual 3. Tm b (A= 1)(1 - 1) 211
S s T un) | 20— (-1 -u0)
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The recursion operator R has a seed 0 = ( —vu ) and R(o) = K; taking integration constant being zero.

Similar to the Ablowitz-Ladik Lattice in section 4.12] the coefficients for a and b, namely, K; and K_;,
are commuting symmetries for the equation. Indeed, there exists another weakly nonlocal recursion
operator

1 371 _ 1+2um P S+ “%1 _ 2ui_q

R = HI = (1+u_10)? (1+uwy )? (1+uvy)? (1+u_10)? (T+u_10)(1+uvy)
o -1_ ¥ 1 _ 1 _ 2u_1;

(1+u_10)? (1+uvy)? (1+uvy)? S (1+u_q10)? (T+u_10)(1+uvy)

K- ),

1+uv 1+u_q0
where the symplectic operator 7’ is

1 1
T = ( 0 T+uv; (S — U-101) T+u_q0 )

1 _ Q1 1
1+u,1v(u_1vl S )1+uv1 0

U1

—( T )<3+1>(s_1)—1( )

1+u_qv

Again ¢ is a seed for R' and R'(0) = K_; taking

(-1 (-

uvy + uU_10 ) uU_10
1+uvy 1+u_jo 1+u_qo0

By direct calculation, we have 'R = I'R" = I’ — 1. Thus these two recursion operators satisfy the
relation R’'R = RR’ = R’ — R, thatis, (R —id)(R—1id) = (R —id)(R’ —id) = id.
415 The Chen-Lee-Liu lattice

e Equation [73]:

{ wy = a(l + uv)(uy — u) + b(1 + u_10) " (u — u_q)

o = a(l + uv)(v — v_1) + b1 + uv) M —v) aKi + bKq

e Hamiltonian structure:

1+uv
1+ uvq

Wz( —(1?Luv) 1—:)”0 ), f=a(uv_1 —uv)+bln

e Recursion operator:

B o[ A+ uw)S-2uv+uwv+uoy  uuy — u?
R=FH" = ( > — vy 1+ uv)S™!

+K(S-1D7( i i )—( " )(5—1)1( v-va u-u ),

where Hamiltonian operator H> is given by

0 (1 + uv) (SA + uv) — uv + u10)
7-{2 = _ _ —1
(uv u1o — (1 + uv)S )(1 + uv) 0
~K(S-1)"(u v )- ( _”v )S(S — 1)kl
e Non-trivial symmetry :
R (K,) = (1 + uv)(u1up01 + Uz + ujv + w0y + U0 — Uy — >0y — 2UU10 — UV})
VT @+ wo) (o + 2u0_10 + uq0? |+ 02y — v_p — u0? — uv? | — U010 — U_10_50_1)
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e Lax representation [73]:

[ A+uv ou ) [ A=14uvy u b U_10 U_q
M_((l—/\)v 1)' u‘“( (1= Ao, O)+/\(1+ulv)((1—)t)v 1—/\)

The coefficients for a and b, namely, K; and K_;, are commuting symmetries for the equation. The above
recursion operator R has a seed 0 = ( —vu ) and R(o) = K;.

There exists another weakly nonlocal recursion operator

1+uv -1 _u_g(u—u_q)

’ raf—1 | (1+u_10)? (1+u_10)?
R _7_(27_( | _wn@-0v) JEST 01U=2U_101+1U_1 D
(1+uvy)? (1+uovy)? (1+u_10)(1+uv;)

K- - s )

14+uv 1+uv 1+u_qo T+uv

—u -1 v _w Uy _u
_( v )(S - 1) (1+uv1 1+uo  1+u_qo 1+uv)’

where the Hamiltonian operator #; is

1+uv -1 14uv . v1(u—u)
7_{/ _ 0 1+u_qv (S 1+uvy + 1+uv; )
27 ( Ly, § 4 Ul(u*u—l)) 1+uv 0
T+uv; 1+uvy 1+u_qv

~K4(S+1)(S-1)KY — K1 S(S - 1)*1( -u v )—( _v“ )(S - 1)k
Again o is a seed for R'. In fact, operator R’ is the inverse operator of R.

4.16 The Ablowitz-Ramani-Segur (Gerdjikov-Ivanov) lattice
e Equation [73]:

{ uy = (auy — bu_1)(1 + uv)(1 — uvy) :=aK; + bK_4

vy = (bvy —av_1)(1 + uv)(1 — u_10)

e Symplectic operator:

0 —/—85- -1
I:( 1 _S*l 1 1—uvy 1+uv )

T+uv 1—-uvy

and we have

I (aKq + bK_1) = O (a(uv—_1 — uv — uvuiv1) + b(u_1v1 — uovy + u_1uvv1))
e Hamiltonian structure:

= ( 0 (1 + uo) (S + uv) + uv_1)(1 — u_10) )

—(1 = u_10)((1 + uv)S™! + uv_1)(1 + uv) 0

-KS(S - 1)-1( u v )-( _“U )(s- 1)K
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e Recursion operator:

1+ uv)(A — uv1)S + u1v — U1y —uuy(1 + uv)S — u?(1 + u_1v_1)
R - +uv_1 — uo(l + u_1v_1 + 2u101) + f:ﬂlvul(u —u_1 —2uu_1v)

(1= u_10)v_19 = (1 + uv)o_198™' (1 + uv)(1 — u_10)S! + uvu_10_4

u1(1 + uv)(1 — uvy) 1 v u
( —v_1(1 + uv)(1 — u_10) S-1) ( Thw ~ 1—thv1 T ~ 1—u,1121 )

u -1
- v (S - 1) ( U0—0-1+U 1010+ U007 U— U] +UU_10_1 + UU101 )

1 0
=7—(I+(0 1)

e Non-trivial symmetry R(Kj):

(1 + uv)(1 — uvy) ((1 + u101)(1 — uyvp)up — u%vl(l + uv) + uuv_1(1 — u_10) — ugo(u — ul))
(1+uv)(u_1v-1) ((1 +u_1v-1)(1 —u,zv,l)v,z—u,lv%l(l +1u0)+u10-10(1—uv1) +uv_1(v_1 —v))
e Lax representation [73]:
A+ uv u
M= ( 1-AM)A-uvi)o 1-un )’

_ A+ uv_1(1 —u_q10) u
U= a( 1- /\)(11— u,lv)lv,l —uv )

b u1v—A»A U_q
Tl A= -0 (1= = u10) — Ausgoi(1 + uo)

The equation given in [73] is
up \ [ (b—au
(vt)_((a—b)v)JraKlerKl’

commutes with both K; and K_1, we removed this term in our consideration.
There exists another weakly nonlocal recursion operator

Since the vector o =

un_1(1 + uo)S + uu_o(1 + u_1v_1)
1+ uv)(1 — uv1)S™ + uvu_iv a
( )( 1) 101 _11_:?110”71(” —uq - 2111/[71?})
R =

B 1 A+ wuv)(1 —uq9)S + uvy — 2u_juvm
(1 = u-19)v19 + (1 + uv)v108 10y + 10— t120(1 + 1101)

—u_1(1 + uv)(1 — uvy) 1 v 0
( 01(1 + MU)(]. _ 1/[71?]) (S - 1) ( 1-:}uv - 1—thvl 1fuv - 1—u,1121 )

+( _uv )(S -1 ( 0o(1+uyoy) + 0119 —1) w1+ u_qv_1) +u_1(uvy — 1) )

, 10
=H'TI +( 0 1 )
where the Hamiltonian operator H’ is
H = 0 —(1+uv)(l—-u_1v)
"\ A+ uv)1 - uo) 0

-K18(S-1)" ( u -v ) - ( _uv )(S _ 1)—1K’£1i
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Operator R’ is the inverse operator of R. The vector ¢ is them seed for both of them and R'(K_;) is

(1 = uvy)(1 + uv) ((1 +1u_10-1)(1 — u10)u_y — uu_102(1 + u101) — u o1(1 + uv) + u_y (u_10 + uvl))
(1 —u_19)(1 + uv) (—(1 + u101)(1 — uvy)vy + u_vo1(1 + _10-1) + u_101(v10U + V1 — V) — uv%)

4.17 The Heisenberg ferromagnet lattice
e Equation [14]:
{ up = (1= 0)(u— ) — )"

v = (u—0v)(v_1 —v)(u—0v_q)"

e Hamiltonian structure:
Y]
O Y ) f = 1In(u )~ In(u — v_1)

e Symplectic operator:

7= 0 ~ o) 8T G
- (uy — Z))_ZS __ (u=m)(v=v) 0

(u=0)*(u=v-1)(u1-0)

V—0_1
— — — V—0_ —1U
—( (w-o)u-0-1) )(S+1)(S—1) Y ooy oo )

(u—0)(111—0)

e Recursion operator:

(v=v-1) _(u=0)* v)2 S

(u—v_1)? (u—v_1)

=0’ o _ 2(u=u1)(v=v1) _ (=uy)?
R=HT = { (11 —v)? (u—0-1)(11-0) (uy—0)? ]

- ( )(S 1) ( (u— Z(i 12; 1) (u—ZiZi—v) )
e Non-trivial symmetry:

(u—0) ((ufv)(ulfvl)(ulfuz) + (“*”1)2(0—1*7]))

Y I P (2=01) (=0

(u—v) ((M—U)(M—l—v—l)(v—z—v—l) + (U—U—l)z(u—ul))
(u—v-1)?

(u_1—v_5) (u1-0)

e Lax representation:

M= A=2u(u—-ov)t  2w-0)t |
“\ 2uwww-v)' A +20(u-0v)t )

I | Uu+0 2
U=A"(u=0a) ( —2uv_y —(u+0v_q) )

The recursion operator R has a weakly nonlocal inverse:

(u—0)? S 1 (u—1_1)?
,1 _ _ = 2
=HI —[ R L . ]

(u=v1)? (u=v1)? (u=01)(1-1-0)

(u=0)1-1) - o
_2( (u— v(v vl) )(S 1) ( (u—v)( ul v1) (ufv)(ujfv) )/

u—u1
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where the symplectic operator 1’ is given by

—(1 —07)2S + )t
I'= ( 2Q-1 ’ (u—u_1)(v-v1) (=015 + (u=0)*(u=01)(1-1-0) ]
-2 Q- —u_1)(v-0
(U1 =058~ Gt 0
0—01
— — — V-0 U—u_
+( “ Mv—)(uu—lvl) )(S + 1)(3 - 1) ! ( (u—z;)(ul—vl) (u—v)(u,i—v) )
(u—0)(1-1—0)
The Heisenberg ferromagnet lattice is a special case of the following Landau-Lifshitz (Sklyanin) chain
(14} 74,175]:
u=a (ulzfv + hv) +b (2 + o)
— 2h h b 2h h (87)
Ot = a(u—v,l - ”) + (U*Ul - ”)
where

u,v)=—-(K1(1 —uv)” — Ko(1l +uv)” + K3(u + 0)°), 1KoK3 # 0, n €
h ;Kl 2 _Ky(1 21K 2 K K,Ks #0, K, € R

by specifying a = 1, b = 0 and h(u,v) = 3(u — v)>. Notice that the coefficients of # and b in the Landau-
Lifshitz (Sklyanin) chain (87) commute.
The Lax representation for equation (87) is given in [74] by

3
1
— 1 + - . —
U=i kE=1 aNk (/\)Sk(u, 071)(7]( + ka ()L)Sk(v, u,l)ak, M = <SKS>

Here oy are the Pauli matrices

3
I- Z Me)Se(, v)ak] .
k=1

vector function S(p, g) is defined as following

o
(slmq>,sz<p,q>,s3<p,q>>=( pq i+ipg P+q)’

p-q9 r-q9'p-q
satisfying 53 + 3+ 55 =1,

3
(SKS) = Z KiS2(u, v)
=1

and M;(1), N (A) can be expressed in terms of Jacobi elliptic functions of a spectral parameter A:

Mi(A) = /1= KiK;'sn(A, k), Ma(A) = /1 = KK Pen(A, &), M3(A) = /1 - K3K;'dn(A, «)

. VKK . VKK N VKK
Ni() = == Mid £ ), Ni() =5 =M@, NjQ) = ———MsA+p),

where « and p are defined by equations
= KK = K) en(u, ) = Ki
K>(K1 = K3)’ ' Ks
Instead of explicit uniformisation of the elliptic curve, one can use identities

2 2 _
MP-1 M2 -1 K
K K 22—

(M; iMij), l,j,ke {1,2,3}, 1 # j# k# 1

One local Hamiltonian operator for equation (87) [74] is

0 1 B h(u, ) h(u, )
1 0 ), f—alrl(ul_v)2 blni(u_l_v)z.

H =h(u,v)(
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Knowing the Lax representation, we can, in principle, compute its recursion operators (as we did in
section [3.2) with multipliers

() = (NF()) and va(d) = NFON; (ON5(D).

However, the calculations involved are rather big and we haven’t found a neat way to present the
operators.

418 The Belov-Chaltikian lattice
e Equation [76]:
uy = u(v — v-1)
v =uU_1—U+0(v]—0-_1)
e Hamiltonian structure [76]:

uS-SNHS+1+SHu uS-1)(S+1+S Yo B
1 -8 NHS+1+SMHu (S-S NHo+Su—-uSJ’ h=v

o - 0 u(l+ S +8?) (uS - S72u)
(S - S) 1+ ST S o1+ S)(uS - Su) + S-S (1 + S o
(u(l +S+8)(Sv-vS)1+S T+ SDu u(l+S+S8*)S v-vS)(1+ S‘l)v)

e

(1 +S)(Sv-v8)(1+ S+ Su (1 + S) (S v-v8)(1+ S v

1
f2 = —glnu

e Non-trivial symmetry :

U1 (V+ 91 +0_3) —uvy (01 + v +03) +u(Uy + Uy — U_1 — U_p)
(u—vv)(v+0v14+02)+ (Vo1 —u_1) (V+0_1+0_0) —0v(U_ — UU7)

Hzéﬁ = (
e Master symmetry [77]:
( nuy + uovy +4uv_1 + uv )

noy+u —vvy —4u_q +4vv_q + 02

e Lax representation [78]:
A Av /\M_l
M=[1 0 o0 | u=| -1 v, 0

v—A —-Av —Au_
0 -1 (o)

0 1 0

The Belov-Chaltikian lattice is the Boussinesq lattice related to the lattice Ws-algebra [78].
In recent paper [79], the authors wrote down the Boussinesq lattice related to the lattice W,,-algebra for
the dependent variables ul,u?,-- ,u™ and independent variables n and ¢ as follows:

1_ _ 12 _ .2
uy = —u iy, —uZy)

uy = utt —ut — 2 —u?), =23 ,m-1
m — .1 1 m(,,2 2

u' =u —us —um(u, o —ul)

The vector 7 = (11, -+ ,7")T defined by
1l o1 2 m 2\,
T =nu; —u ((m+l)um+zlzou1),
L, 1, , o
= -l (i |+ Nisud) + G+ D, =23 m -1
m o_ . m 2 m-1_2 1
™ =nuj —u (mum71+zlzo u,)+(m+1)u

is a master symmetry. Its Hamiltonian structures are also studied in the same paper.
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4.19 The Blaszak-Marciniak lattice
e Equation [80]:

Uy = w1 — W
U =UQAW-1 — UW
wr = w(v —v1)

e Hamiltonian structure [80]:

S-S8 0 0 1
H; = 0 0 (S1T-Dw |, fi =uw+ Evz
0 -w(S-1) 0
So-vS-u(S+ 1)1 (1-Su SwS-S'w u(S+1)71(1-Sw
H, —[ wS - S lwS! S luw—uwS (S - Dw ],
w(S+1)"1(1-8S)u —w( S -1 wS-Sw-w(S+1)1(1-S)w
f=v
e Recursion operator:
R= 7‘(27‘{1_1,
where
HS-D+ 1S+ 0 0
H ' = 0 0 ~(S-171L
0 -8 -1)! 0
e Non-trivial symmetry :
w w1(v1 +02) —w-1(v + 1)
Hoyofi = Ho| v =] usqw_1(v+v-q) — uw(v + v1) — W W + Wwy
u w(v* - 03) + w(w_1u_1 — wit1)

Master symmetry:

u/2
Rr v
3w/2
e Lax representation [80]:
L=8*+u;S-0v; +wS™}, A=8*+uS-1v;

We do not explicitly write out its recursion operator, which is no longer weakly nonlocal although both
operators H, and H; ! are weakly nonlocal. The statement that such recursion operator generates local
symmetries can be proved in the same way as in [30], for weakly nonlocal differential recursion operators.
We can compute the next Hamiltonian is uvw + uviw + %3 —wwi. Its master symmetry is highly nonlocal,
which is explicitly given in [77].

Another three-component lattice was given in [28] as

pr=q1—q
g =qlp-1—p)+r—ra
1y =1(p-1—p1)

It has the Lax representation

o 1 0 -p1 1 0
M=|qg u+A 1 |; u= qg A 1 [
r—q 0 -p

This lattice is related to the Blaszak-Marciniak lattice by the Miura transformation

p=v, q=-uw, r=-wWw.
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5 Conclusion

In this paper, we review two close concepts directly related to the Lax representations: Darboux transfor-
mations and Recursion operators for integrable systems. We use the well-known nonlinear Schrodinger
equation, whose Lax representation is polynomial in the spectral parameter, and a deformation of the
derivative nonlinear Schrodinger equation, whose Lax representation is invariant under the dihedral
reduction group ID,, as two typical examples. We then present a list of integrable differential-difference
equations containing equations themselves, Hamiltonian structures, recursion operators, a nontrivial
generalised symmetries and Lax representations. For most equations, we also add notes on their rela-
tions with other known equations and the weakly nonlocal inverse recursion operators if existing.

The theory of integrable partial difference (or discrete) equations is a relatively recent, but very active
area of research. There are famous the ABS equations for affine-linear quadrilateral equations due to
Adler, Bobenko and Suris [81] 82], based on the condition of 3-D consistency. Then Levi and Yamilov
proposed to use the existence of a generalized symmetry as a criteria for integrability [83] to classify
integrable partial difference equations. They extended the ABS list. For all integrable partial difference
equations, their symmetry flows can be viewed as integrable differential-difference equations. The
concept of recursion operator has been adjusted to the difference equations to show that it generates
an infinite sequence of symmetries and canonical conservation laws for a partial difference equation
[34, 11 52]. It can be proven that the difference equation shares the same recursion operator for its
symmetry flows. Thus the study the symmetry structure for integrable difference equations is in fact the
same as for integrable differential-difference equations. This is one of the motivations to produce the list
presented in this paper. Besides, this list can serve as a benchmark for developing computer software
packages for the symbolic computation of recursion operators, Lax representations, symmetries and
conservation laws for nonlinear differential-difference equations [[71].

We have not presented here a rigorous proof that the operators we computed from Darboux transfor-
mations are really Nijenhuis recursion operators for the equations obtained from the corresponding Lax
representations. When the Lax representations are polynomial in the spectral parameter and under
certain technical conditions a sketch of the proof was given in [28]. We think that the main statement of
[28] can be greatly generalised and simplified and there is a neat rigorous algebraic proof that the op-
erators obtained from Darboux transformations invariant under reduction groups are indeed Nijenhuis
recursion operators.
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