INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS A: MATHEMATICAL AND GENERAL

J. Phys. A: Math. Gen. 39 (2006) R541-R623 doi:10.1088/0305-4470/39/45/R01

REVIEW ARTICLE

Symmetries as integrability criteria for differential
difference equations

Ravil Yamilov

Ufa Institute of Mathematics, Russian Academy of Sciences, 112 Chernyshevsky Street,
Ufa 450077, Russian Federation

E-mail: yamilov@imat.rb.ru

Received 24 March 2006
Published 24 October 2006
Online at stacks.iop.org/JPhysA/39/R541

Abstract

In this paper we review the results obtained by the generalized symmetry
method in the case of differential difference equations during the last 20 years.
Together with general theory of the method, classification results are discussed
for classes of equations which include the Volterra, Toda and relativistic Toda
lattice equations.
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1. Introduction

The generalized symmetry approach to the classification of integrable equations has mainly
been developed by a group of researchers belonging to the scientific school of A B Shabat
in Ufa, Russia (see, e.g., review articles [10, 25, 38, 39, 41, 55, 56]). Its discrete version,
considered in this review, is discussed in the papers [7, 32, 33, 53, 70, 71, 74, 79] and partly
in the surveys [10, 25, 56].

The purpose of the review is to provide an overview of the progress made in this field
during the last 20 years, and mainly to discuss the discrete version of the generalized symmetry
method and the corresponding classification results. We will consider discrete-differential
equations which belong to the three most important classes of equations: Volterra, Toda and
relativistic Toda-type equations.

The generalized symmetry approach is the only method which enables one not only to test
equations for integrability but also to classify integrable equations in classes characterized by
arbitrary functions of many variables. Using this method, the classification problem has been
solved for classes which include such well-known and important equations as the Burgers,
Korteweg—de Vries and nonlinear Schrodinger equations or, in the discrete-differential case,
the Volterra, Toda and relativistic Toda lattice equations. Together with exhaustive lists of
integrable equations, a number of essentially new examples have been obtained as a result of
this classification.

As is known, equations integrable by the inverse scattering method have infinitely many
generalized symmetries and conservation laws. The generalized symmetry approach enables
one to recognize equations possessing this property. The existence of infinite hierarchies
of generalized symmetries and/or conservation laws is used by this method as integrability
criteria.

Let us first briefly review the situation for partial differential equations, as presented in
the surveys [10, 38, 39, 41, 55, 56]. We discuss equations of the form

ut:f(uaulau27u3)5 (1'1)
where u, = 3—’; and u; = % for any j > 0. The Korteweg—de Vries equation
u; = usz + 6uu, (1.2)

belongs to this class. All functions (right-hand sides of generalized symmetries, conserved
densities, coefficients of formal series) will have the form

¢ =¢W,uy,u,...,u (1.3)

(here k > 0, ug = u), and the number & is called the order of the function.
A generalized symmetry of equation (1.1) is an equation of the form

Uy =g, Uy, Upy .o, Uy) (1.4)
compatible with (1.1). The compatibility condition between equations (1.1) and (1.4) implies
for the functions f and g:

9%u _ 0%u
atdt  Jtot

where D,, D, are the operators of total differentiation corresponding to equations (1.1), (1.4),
defined, together with the operator of total x-derivative D, by

0] d d .0 d .
D=+ upi—  Di=—+Y Df— D=+ Dig_—.
4 ou; Jar 4 ou; T 4 ;
=0 i>0 i>0

=D,g—D.f =0, (1.5)
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The generalized symmetry of equation (1.1) of the order m is defined as an equation of the
form (1.4) with the right-hand side g satisfying the last of equations (1.5).
A conservation law of equation (1.1) is given by the equation

D,p = Dq (1.6)

for some local functions p and g of the form (1.3). The function p is called a conserved density,
and it is such that D, p € Im D, i.e is represented as the total x-derivative of a function g.

A conserved density of the form p = ¢ + D p, where c is a constant, is trivial, as in such
a case one can always find a function ¢: ¢ = &+ D,p, where ¢ is another constant. One
can easily check if p is trivial by using a formal variational derivative operator. A formal
variational derivative of a function (1.3) of order & is defined as

50 , 09
E?_Z;_D)EZ' (1.7)

This notion is closely related to the notion of the standard variational derivative (cf e.g. [49]).
The following result is very useful:

5¢

— =0 1.8

5 (1.8)
iff ¢ can be written as

¢ =c+Dy, (1.9)

where c is a constant and v is a function of the form (1.3). As a consequence of this result, a
conserved density p is trivial if % = 0. The order of a nontrivial conserved density is defined
as the order of the function g—i.

Generalized symmetries and conservation laws lead to the so-called integrability
conditions. Before introducing them we need to define formal series in powers of D. A

formal series of the order & has the form
Ak=aka+ak_1Dk71+---+ao+a_1D71+-~, (1.10)

where a; are functions of the form (1.3). The product of two formal series is uniquely defined
by
AkOBmz Z Cl,'DiObij,

i<k, j<m

; (1.11)

a;D' ob;D’ = a;ib;D" + ; (n) a;D"(b;) D",
nz

where

n n!

(i)_i(i—l)(i—Z)-~~(i—n+1)

is the standard binomial coefficient, and by o we mean the multiplication of operators. For any
function ¢ (1.3), we define the Frechét derivative ¢, and its corresponding adjoint operator
¢l
kg & k 9
. = ——Di, = —Dyo —, 1.12
¢ ;aui ¢l ;( )0 S (1.12)

which are the particular cases of the formal series (1.10).
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One can rewrite the compatibility condition (1.5) as

(D, — f)g =0 (1.13)

and the relation %D, p = 0, which follows from equation (1.6), as

i sp
(D + fDe =0, Q=5 (1.14)
One can obtain from equation (1.4) the formal series of the order m,
L=2g,+0D7 ' +0D 2 +..., (1.15)

which will be an approximate solution of the length m of the equation
L,t Z[f*a L]Zf*L_Lf*» (116)

where L, is obtained from L by differentiating its coefficients with respect to ¢. The series
L, — [ f«, L] has the form

L, —[fus L1 = bpssD™ + bypsa D™ + by D™ + - - (1.17)

and L is called an approximate solution of equation (1.16) of the length [/ if first / coefficients
of (1.17) vanish, i.e.

L, —[fe. L1=buaz D" + bypo D" 4

The fact that [ = m is proved by applying the Frechét derivative to both sides of
equation (1.13). One obtains

8x,t — [f*’ g*] = f*,‘[‘

In a similar way, if a conservation law has order m > 3, we can apply the Frechét
derivative to equation (1.14) and prove the following result: the formal series

S=0,+0D'+0D 2+ .. (1.18)
of the order m is an approximate solution of the length m — 3 of the equation
S, +Sfi+ fis=0. (1.19)

Approximate solutions of the length / are defined in this case in a quite similar way. Such
approximate solutions of equations (1.16) and (1.19) are called the formal symmetry and the
formal conserved density, respectively.

We can not only multiply formal series (1.10) but also obtain its inverse Ak_1 and its
k-order root A,i/k, using the standard definitions: A;'A; = 4,4, =1, (A,i/k)k = Ay. So,
the fractional powers AZ/ k, where i is an arbitrary integer, are well defined. Let us note that if
one starts from the series (1.15) or (1.18), one can obtain infinitely many nonzero coefficients
in a resulting series.

Two formal symmetries of orders m and /i, L and L, provide new formal symmetries: L L
and L'/™. Two formal conserved densities S and § generate a formal symmetry: L = S~'S.
The following formula is valid for constructing a new formal conserved density: SL = S.
Using these properties, we can simplify the problem and consider just formal symmetries and
conserved densities of the order 1 and of an arbitrarily big length .

If equation (1.1) has generalized symmetries and conservation laws of arbitrarily high
orders, we can calculate arbitrarily many coefficients of the formal symmetries and conserved
densities of the first order, using equations (1.16) and (1.19). In doing so, integrability
conditions will appear which will have the form H € Im D, where the function H does not
depend on the form and orders of symmetries and conservation laws, but it is expressed only
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in terms of the right-hand side f of equation (1.1). As an example, let us write down the
integrability conditions in the following particular case:

u; =uz+ F(u,uy). (1.20)

The integrability conditions, which come from the existence of generalized symmetries,
derived from equation (1.16), are of the form

D,pi = Dg;, i>1, (1.21)
i.e. have the form of conservation law. The first three conserved densities read
oF oF
P =, D=, D3 =4qi. (1.22)
duy ou

The conditions which come from the existence of conservation laws, obtained from
equation (1.19), are of the form

p2j = Doy, j =1 (1.23)

Conditions (1.23) mean that the even conserved densities are trivial. The functions ¢;; are
easily expressed in terms of the functions 05 ;: g2; = ¢»;+ D, 05, where ¢, ; are some constants.
The integrability conditions (1.21)—(1.23) can be formulated in the alternative way:

oF OF
ta—ul, E, Dté]l € Im D,
i.e. some functions ¢, 0,2, g3 must exist which satisfy relations (1.21) with i = 1, 3 and
relation (1.23) with j = 1. The other conserved densities p; are similar to p3 and have a
dependence on the functions ¢; defined by the previous conditions.

One has to check the integrability conditions step by step. At first we check (1.21) with
i = 1 and find the function g;. Then we pass to (1.21) with i = 3. To check condition
(1.21) with i = 1, we use the equivalence between equations (1.8) and (1.9). We check
equation (1.8) for ¢ = D, p; and then, if it is satisfied, represent ¢ in the form (1.9) and verify
whether ¢ = 0.

Integrability conditions allow one to check whether a given equation is integrable.
Moreover, in many cases these conditions enable us to classify equations, i.e. to obtain complete
lists of integrable equations. As integrability conditions are only necessary conditions for the
existence of generalized symmetries and/or conservation laws, we then have to prove that
equations of the resulting list really possess generalized symmetries and conservation laws.
‘We mainly construct them using Miura-type transformations and master symmetries.

The use of Miura-type transformations in the classification problems is discussed in
[39-42, 54, 55, 61, 62, 73,75, 76]. The original Miura transformation [44]

u=v —v’ (1.24)
brings any solution v of the modified Korteweg—de Vries equation
v, = v3 — 6V%Y, (1.25)

into a solution of the Korteweg—de Vries equation (1.2). In the case of equation (1.1), a
Miura-type transformation has the form

u=s,v,...0), k>0, (1.26)
and transforms an equation of the form
v = f (v, v1, 2, v3) (1.27)

into equation (1.1). If a conservation law (1.6) of equation (1.1) defined by the functions

PZP(M,MI,---,Mkl), q=q(u,u1,...,uk2)
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is known, one obtains a conservation law D, p = Dg for equation (1.27), defining
D = p(s, Ds,...,Dkls), g =q(s, Ds,...,Dkzs).

The notion of master symmetry has been introduced in [21] and later discussed in
[20, 22, 23, 46]. A master symmetry of the Korteweg—de Vries equation (1.2) has the
form

Ug =xu,+4(u2+2u2)+2u1D_lu, (1.28)

where D! is the inverse of the operator D, or an x-integral, as shown in [20, 45]. If u, = h
is a master symmetry of equation (1.1) and p is its conserved density, then new conserved

densities p; are constructed by total t-differentiation: p; = Dip,i > 1. Generalized
symmetries u;, = g; of equation (1.1) are constructed as follows (cf equation (1.5)):
g1=Dth—Drf, g2:D11h_Drgl,-~-

Let us now return to the problem at hand, i.e. symmetries as integrability criteria for
differential difference equations. In section 2 the general theory of formal symmetries for
difference-differential equations will be given in the simple case of scalar equations depending
just on nearest neighbouring lattice points. In doing so, we introduce such necessary notions as
generalized symmetry, conservation law, formal symmetry, formal conserved density, Miura
transformation and master symmetry for differential difference equations. We then discuss the
so-called integrability conditions which do not depend on the form and order of generalized
symmetries and conservation laws and are expressed only in terms of the equation in the study.
It will be explained how to derive the integrability conditions and how to use them for testing
and classifying the equations.

In section 3 we present the classification results in the case of difference-differential
equations of Volterra, Toda and relativistic Toda type. We give the integrability conditions
together with the complete lists of integrable equations. Those lists of equations are obtained,
using the integrability conditions, even though those conditions are only necessary conditions
for the integrability. This is the reason why we also show how to construct for these equations
hierarchies of generalized symmetries and conservation laws. The equations are given in lists
complete up to point transformations. We also discuss non-point transformations of the Miura
type, or non-point invertible transformations which relate different equations of the same list
or equations belonging to two different lists. Some of the results presented here have never
been published before. In section 3.1.2 we present for the first time in a complete form the
Miura transformations for Volterra-type equations. Master symmetries for relativistic Toda-
type equations are presented in section 3.3.5 in a form simpler than in the present literature
(cf [10]).

Section 4 is devoted to some concluding remarks.

2. The generalized symmetry method for differential difference equations

This section is devoted to the general theory of the generalized symmetry method in the
discrete case. It will be discussed in the simple case of Volterra-type equations defined by one
arbitrary function of three variables. The main notions are illustrated in this case. At the end
we extend the discussion to systems of lattice equations. Further details of the theory can be
found in the papers [10, 32, 33, 56, 74, 76, 79].

In section 2.1 we discuss generalized symmetries and conservation laws and in
section 2.2 derive an integrability condition, using the existence of one generalized symmetry.
The notion of formal symmetry is introduced in section 2.3, and two more integrability
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conditions are derived using this notion. In section 2.4 we introduce formal conserved density
and then obtain two additional integrability conditions. Properties of all five integrability
conditions are discussed in section 2.5. The use of the Hamiltonian structure, Miura
transformations and master symmetries for the construction of generalized symmetries and
conservation laws is discussed in sections 2.6 and 2.7. The case of systems of equations is
considered in section 2.8.

2.1. Generalized symmetries and conservation laws

In this section we will consider mainly the following class of lattice equations:

O £0, O £0, (2.1

8Mn+l aun—l

iy, = f(ul’l+17 Up, Up_1) = fl‘ls

where u, = u,(t), overdot denotes the derivative with respect to the continuous time variable
t and the index 7 is an arbitrary integer. We can think of u, (¢) as an infinite set of functions of
one continuous variable: {u,(#) : n € Z} and equation (2.1) as an infinite system of ordinary
differential equations defined by one arbitrary function of three variables: f(z, 22, z3). The
well-known Volterra equation [68]

i, = un(un+l —Up_1) (22)

belongs to this class.

The time ¢ of equation (2.1) may be complex and one may, when necessary, use the
transformation 7 = it; the functions u, (¢) and f(z1, z2, z3) are complex-valued functions of
complex variables. By considering complex functions we avoid looking at many particular
cases and simplify the calculation when we derive the integrability conditions or solve the
classification problem. If, as a result of classification, we obtain an integrable equation, it
will be also integrable in the real case, i.e. we can pass to the real variables 7, u, and real f.
For instance, the Volterra equation (2.2) possesses the same infinite hierarchies of generalized
symmetries and conservation laws in both cases: when ¢ and u,, are complex or real.

Locally analytic functions. Let us consider complex-valued functions of many complex
variables which are analytic on an open and connected subset of CV. We consider only
single-valued functions and, in the case of multi-valued functions (like /Z and logz), we
choose a single-valued branch. We will call such functions locally analytic functions.

By reducing, if necessary, the domain of definition of the function one can apply any
arithmetical operation to a locally analytic function, compose them and compute their inverses
¢~ (z), or find implicitly defined functions:

w=¢1,22) = z21=¢Ww,z2).

Any problem under consideration (such as the classification, derivation of the integrability
conditions or testing an equation for integrability) deals with a finite number of such functions
and is solved in a finite number of steps.

By the classification problem we mean looking for an unknown functions of many
variables, such as the function f(zj,z2,z3) which appears on the right-hand side of
equation (2.1). From the defining equations for the existence of generalized symmetries,
we get some differential-functional relations for unknown functions which must be satisfied



R548 Topical Review

identically. Then we derive new relations for unknown functions which also must be satisfied
identically and use for that the following two properties.

Property 1. For any locally analytic function ¢ by reducing, if necessary, the domain of
definition we have only two possible cases: either ¢ # 0 everywhere in the domain or ¢ = 0.

Property 2. There are no divisors of zero, i.e.
orp=0 = ¢ =0 or ¢,=0.

We can differentiate functions as many times as necessary and solve differential equations.
As a result of the classification, we will obtain on the right-hand side of an equation such
functions as /z, log z, hyperbolic and elliptic functions, but not z and |z|. The obtained
integrable equations will be expressed in terms of analytic functions defined in a domain
which may be very small. But those equations remain integrable if one passes to globally
defined analytic complex functions or to real functions and real time.

The equations integrable by the inverse scattering method, which, following Calogero [14],
are usually called S-integrable, are known to have infinitely many generalized symmetries.
Also the equations which can be transformed into a linear equation, i.e. linearizable or
C-integrable equations, possess this property. Generalized symmetries of equations (2.1)
will be equations of the form

0gn  08n
8un+m aun+m’

£ 0, (2.3)

Upr = g(un+mv Untm—15 -« - s Un+m'+15 un+m’) = &ns

where u, = u, (¢, t). By the index T we denote its T-derivative and m > m’ are two finite fixed
integers. The precise definition of generalized symmetry will be given below, in definition 1.
The symmetry is defined by one locally analytic function of many variables,

g(Zl’ 22,33, -~-1Z1+m7m’)v (24)

and depends on equation (2.1). We will call equation (2.3) a local generalized symmetry
of equation (2.1) as on the right-hand side it does not contain integrals or summations.
Moreover, we choose this symmetry to have no explicit dependence on the discrete spatial
variable n and on the time of equation (2.1) z. It is known that S-integrable local and
n- and r-independent equations like equation (2.1) may possess #n- and t-dependent generalized
symmetries. However, these symmetries are in most cases non-local. On the other hand, S-
integrable equations in (1+1)-dimensional case have infinitely many - and t-independent local
symmetries. This property is also true for many C-integrable equations. So, the existence of
an infinite hierarchy of local, n- and f-independent generalized symmetries of the form (2.3)
is a natural requirement for equations (2.1).
Lie point symmetries of equation (2.1) are of the form

Upr = a(t)ity +by(t, uy,) (2.5)

and are a subcase of the generalized symmetries. We will be interested in symmetries (2.3) with
m > 1 and m’ < —1 which are not Lie point symmetries, more precisely, withm = —m’ > 1.
For an explanation of the last requirement, see section 2.4.1.

A generalized symmetry of equation (2.1) is an equation of the form (2.3) compatible
with equation (2.1), i.e. such that they have a common set of solutions. Before giving a precise
definition of generalized symmetries, we derive and discuss the conditions necessary for their
existence. If u, (¢, 7) is a common solution of equations (2.1), (2.3), we have

9%u, 9%u,
dtot  dtot

= Dtgn - Drfn = Oa (26)
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where D,, D, are differentiation operators corresponding to equations (2.1), (2.3):

m 1

5 dgn 3fn
D g, = fn+j’ D f, = E 8n+j- 2.7
I aun+j i au”"'j
j=m j=—1
By fu+j, 8n+j We mean
fn+j = f(”n+j+la Unsj, un+j71)s 8n+j = g(un+j+mv Unsjrm—1s -« un+j+m’)-

Consequently from equations (2.6), (2.7) we obtain the following compatibility condition:

Ofn Ofn Ofn
Dign = ——8gn1+ 78+ 8n1, (2.8)
8’/£n+l aun aMn—l

which is satisfied for any common solution of equations (2.1), (2.3) and, given f,, is an
equation for the function g,,.

In the generalized symmetry method, we assume that equation (2.8) must be identically
satisfied for all values of the variables

U, U, U—1, U2, U2, ..., 2.9)

which are considered as independent, and for all n € Z.
To clarify this point, let us consider a simple but important difference equation

Gne1 — ¢n = 0. (2.10)

We are looking for solutions of equation (2.10), such that ¢, is a function defined on a finite
interval of the lattice

Gn = & (Unsks Unsk—1s -+ - s Unik'), k>k, (2.11)
where
o, ¢,
0% £0, _0n_ £0 2.12)
al'tn+k aMn+k’

if ¢, is a nonconstant function. From equation (2.8) we often will get relations of the form
(2.10) satisfied identically for all values of the variables (2.9).

Let us analyse the consequences of equation (2.10). Assuming that there exists a
nonconstant solution ¢, of equation (2.10) and differentiating equation (2.10) with respect to
Uy, ONe can see that d¢,/du, = 0 identically. Consequently, we have a contradiction
with (2.12), and relation (2.10) implies that ¢,, must be a constant function. Introducing the
standard shift operator 7, such that for any integer power j we have

TIGn = Purj = G Wt jiks Unsjok—1s - - Ut o), (2.13)
we can rewrite equation (2.10) as (T — 1)¢,, = 0 and thus we get
ker(T — 1) =C. (2.14)

Definition 1. Equation (2.3) is called a generalized symmetry of equation (2.1) if the
compatibility condition (2.8) is identically satisfied for all values of the independent variables
(2.9). The numbers m and m’ are called, respectively, the left order (or the order) and
the right order of the generalized symmetry (2.3).

For any generalized symmetry (2.3), the integers m and m' are fixed and define essentially
different cases. In order to derive integrability conditions, we will only use the left order
m and, for this reason, sometimes we will call it, more shortly, the order of the generalized
symmetry.
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Definition 1 is constructive. For any given equation (2.1) and any given orders m and m’,
with m > m’, one is able either to find a generalized symmetry (2.3) or to prove that it does
not exist. In section 3.1.1, we will show how we can construct generalized symmetries of the
Volterra equation (2.2) with m = 2 and m’ = —2. The resulting generalized symmetry is

Upr = un(un+1 (un+2 +Upsl + un) — Un—1 (un +U,—1+ un—Z))- (215)

It is a general property of equations integrable by the inverse scattering method in (1+1)-
dimensional case that evolution local equations like (2.1), which have no explicit dependence
on n and ¢, possess infinitely many n- and 7-independent local conservation laws. We will
assume that this is true for equations (2.1) and that their conservation laws have no explicit n
and ¢ dependence.

Definition 2. A relation of the form
Dipp = (T — 1)gn, (2.16)

where p, and q, are functions of the form (2.11), and D, is a differentiation operator
corresponding to equation (2.1) (see (2.7)), is called a local conservation law or, more
shortly, a conservation law of equation (2.1). Relation (2.16) must be satisfied identically for
all the values of the independent variables (2.9). The function p,, is called a conserved density
of equation (2.1).

It can be easily proved, as we did in the case of equation (2.14), that if the conserved
density p, has the form

p,  9p
DPn = p(un+m1 s Unmy—1s « « - un+m2)a mi 2 my, - - 75 O, (217)
al'tn+m1 a’/‘n+mz
then ¢, must be a function of the form
dq dq
qn = q(un+m1 s Unamy—1s « + - un+mz—1)’ — ?é 0. (218)

8Mn+m| aun+m271
It is obvious that if p, cannot be expressed in the form (2.17), then it is a constant function,
as well as ¢g,, and this is a trivial case. The two simplest conservation laws of the Volterra
equation (2.2), with m; = m, = 0, are

Dtun = (T - 1)(unun—1)’ Dz 10g U, = (T - 1)(1,{,, +un—l)~ (219)

Local conservation laws, as well as generalized symmetries, can be used to solve
equation (2.1). A conservation law (2.16) can be used to construct constants of motion (or
conserved quantities, or first integrals). Let us consider, for example, the periodic closure of
equation (2.1) of period N > 1,1i.e. such that u,, = u,+n for any n. Then we can write equation
(2.1) as a system of N ordinary differential equations for N functions u;(¢), u»(t), ..., un(t).
A constant of motion of this system is a function I = I(u, us, ..., uy) such that ‘3—5 =0.

Any conservation law (2.16) of equation (2.1) generates a constant of motion I = Zf,v:] DPn
for this finite system. In fact,

a7 N N
T ;szn = ;(qnﬂ —qu) =qn+1 —q1 = 0.
In the case of the periodically closed Volterra equation (2.2), we can obtain from (2.19) two
constants of motion /1, I,. We have
N N
I]ZZM,,, i2=612=1_[l4n7
n=1 n=1

and Iy, I, are arbitrary ¢-independent constants.
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Any generalized symmetry (2.3) is a nonlinear difference-differential equation which has
common solutions u, (¢, T) with equation (2.1). As in the case of Lie point symmetries, for
generalized symmetries we can perform a symmetry reduction [31] by considering solutions
such that ‘Z” = 0, i.e. stationary solutions of equation (2.3) which satisfy the following

T
discrete equation:

g(un+ma Unsm—1, - - - un+m’) =0.

This is the analogue of the reduced ordinary differential equation we obtain in the case of
partial differential equations in two variables. If we solve this equation, we obtain a function
u, (t) which depends on arbitrary functions of 7. These arbitrary functions can be obtained by
introducing u,, (¢) into equation (2.1). In such a way we can, by symmetry reduction, construct
particular solutions of (2.1) such as, for example, its soliton solutions.

Conservation laws, conserved densities and generalized symmetries generate linear
spaces. In fact, the operators D, and T — 1 are linear. For any pair of conservation laws
of equation (2.1), with p,, ¢, and p,,, g, such that (2.16) and D, p, = (T — 1)4, are satisfied,
we have the following conservation law:

Dt(apn + ﬂi)n) = (T - 1)(0“1n + ﬂf]n)’

where «, 8 are arbitrary constants. In the case of two generalized symmetries u, ; = g, and
u,: = g, of equation (2.1), the functions g, and g, satisfy the linear equation (2.8), as well
as any of their linear combinations «g, + 8g,. Hence the equation

Upr = OZy +/3§n

will be a generalized symmetry of (2.1). The function f,, given in (2.1), satisfies the
compatibility condition (2.8) for any equation (2.1), i.e. the equation u,, = f, is a
trivial generalized symmetry of (2.1) and can be used in linear combinations with any other
generalized symmetries to simplify them.

Conserved densities possess an important additional property: total differences can be
added to them. Given any conservation law (2.16) and any function (2.11), we can construct
for equation (2.1) the following conservation law:

Di(pn + (T = D)¢y) = (T = 1)(gn + Din). (2.20)

The conservation laws (2.16), (2.20) do not essentially differ one from the other and will be
considered as equivalent.

Definition 3. Two functions a, and b, of the form (2.11) are said to be equivalent, and we will
write a, ~ b,, if the difference a, — b, is given by the following equation:

a, — bn == (T - l)cm

where ¢, also is a function of the form (2.11).

This equivalence relation allows us to split conserved densities and conservation laws into
equivalence classes. Using it, we are able to transform any conserved density into a simplified
reduced form and to define the order of conservation law.

In particular, a, ~ Oiffa, = (T — 1)c,, where a,, ¢, are of the form (2.11). For example,
in the case of conservation law (2.16), one can write D;p, ~ 0. It follows from formulae
(2.16), (2.20) that if a, ~ b, and a,, is a conserved density of equation (2.1), then b, also is a
conserved density. So conservation laws with equivalent conserved densities are equivalent.
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The equivalence relation introduced by definition 3 is standard. It obviously has the following
three properties:

a ~ dy,
a, ~b, = b,~a,,
a, ~b,, b, ~c, = a,~c,.

Moreover, it is easy to see that

a, ~b,,c, ~d, = «aa,+Bc,~ ab,+ Bd, (2.21)
for any complex constants « and 8. One also has

ap = app — (T — Day ~ ap41, ap = ap—1 + (T — Day—1 ~ ap—1,
hence

a, ~ Apyi for all i €’ (2.22)

It follows from equations (2.21), (2.22) that
ap +by ~ ayyi + by for all i,jeZ. (2.23)

We can prove, in the same way as we did for property (2.14), that if (2.11) is a total difference,
ie. ¢n = ¢(un+k» Uptk—15 -+ - Mn+k’) w~ O, then

¢, =const or k=k = ¢,=0, (2.24)
/ 3%y
K>k = —n . (2.25)
aun+kaun+k’

We present now a theorem which helps us to simplify functions of the form (2.11),
remaining inside a class of equivalence.

Theorem 1. Any function of the form

ap = a(un+k| s Untky—15 -+ -5 M}’H—kz)a kl P k2» (226)
where 33“’; 3:“"k # 0 if a, is a nonconstant function, can be expressed in the form
n+ky n+ky

a, = b, + (T = ey, (2.27)
where ¢, is a function of the form (2.11), and for the function b, we have
bn = b(un+k3’ Uptkz—15 -+ > un+k4)a kl 2 k3 2 k4 2 k2, (228)

where only one of the following two possibilities takes place:

b, =const or ki3 =ky, (2.29)
8%b,
k3 > kq, — #0. (2.30)
8Mn+l<3 8Mn+k4

The relation a,, ~ 0 is possible only in the case (2.29) if b, = 0.

Proof. In this proof we will show how to construct the functions b, and ¢,. We will do so,
using a trick which is applied as many times as necessary.

. 2
In the case of (2.26) with a,, = const, or k; = kp, or k; > k; and Mf# # 0, we
n+ky OlUn+ky

choose b, = a,, ¢, = 0 and have the required result. The only remaining possibility is if

9%a,
ki > ky, S R—— 2.31)
aun+k1 8l"n+k2
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In this case one splits the function a, in two components:

a, :ai +a,2l,

ayll =a' (un+k1 s un+k2+l)a (2.32)

2 _ 2
a, =a (un+k1717 cee un+kz)-
Then one can rewrite the result as
3 1
a, =a, +(T — Da,_,, 533
3_ 1 2 _ 3 (2.33)
ay =ay_ +ay =@ (Upk,—1, - - Unsky)-

If a,3, is nonconstant, then there exist two numbers 121, 122, such that k; > lAq > 122 >

3 a3(, o\ _da) _day 3 _ P 7 P 7

ko, a) = @ (g ooy Uyafy)s G # 0. If @y = const, or ky = ko, or ki > ko
8%a} . 8%a’ . . 3

and ;——=— # 0, we have the required result. If -——2— = 0, we can simplify a; by

kg iy kg ik
applying the procedure again. As k; < ki, this procedure will be applied only a finite number
of times. It is clear that one is led at the end to formulae (2.27), (2.28) corresponding to the
case (2.29) or (2.30).

If a, ~ 0, then one has b, ~ 0. In the case (2.30), we arrive at a contradiction with

property (2.25). In the case (2.29), it follows from (2.24) that b, = 0. O

Theorem 1 enables us to verify if a function ¢, of the form (2.11) is total difference,
ie. ¢, ~ 0. Thus, we can check whether a function p, is a conserved density of
equation (2.1) and, in the case of positive answer, find the corresponding function ¢,, appearing
in equation (2.16). In order to do so, one applies theorem 1 to the function a, = D, p, and
verifies if, in the formula (2.27), b, = 0. If it is so, then the function ¢, is given by g, = ¢, +«,
where « is an arbitrary constant, as it follows from property (2.14).

As an example of the verification of a conserved density, let us consider the case of the
Volterra equation (2.2) and p, = log(u,+1u,). In this case

un+1 ’/'tn
anthpnz +— = Upt2 — Up +Upyl — Up—1,
Up+1 Up
with ky = 2, k, = —1. We are in the case (2.31) and for (2.32) one can take e.g. a}, = Upys.
Going over to (2.33), one obtains

a, = 2un+l —Up —Up—1t (T - 1)14n+1-
Applying again the scheme used in the proof of theorem 1, one gets
Ay = Uy —Up—1 + (T - 1)(”n+1 + 2Mn)v
and we are led on the next step to the following conservation law:
D, log(unﬂun) =T — D(ups + 2u, + Up_1). (234)
It is equivalent to the second part of conservation laws (2.19), as from property (2.23) we have
log(u,+1u,) ~ 2logu,.
The conserved density p, plays a leading role in the conservation law (2.16) because if
Pn 1s known, the function g, can be easily found using theorem 1. For this reason, we will
mainly work with conserved densities without writing down the whole conservation law.
Now we can define the order of a conserved density and of a conservation law. The notion

of order will allow us to distinguish essentially different cases. In accordance with theorem 1,
any conserved density p, is equivalent to a function p, of the following form:

Pn ™ Pn = @(unwhl s Unaifiy—1s « + s Mn+rh2)~
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If p, is a nonconstant function, one has

8%p
ﬁ’ll Zﬁlz, or mp; > maoy, —";AO
8un+ﬁ11 aun+rh2
Introducing the function g, = p,_s, together with number m = 7i1; — 71, and using property
(2.22), we obtain that any conserved density p, is equivalent to a conserved density £,

Pn ™ n, (2.35)

three possible forms of which are given in the following definition.

Definition 4. A conserved density p, and the corresponding conservation law (2.16) are
called trivial if

on = c e C, (2.36)

and nontrivial if

on = (n), ©'(u,) # 0, (2.37)
pn
n = @(”rﬁmy Upim—1s -+ Un), m > 0, P 7é 0. (238)
Ol pm Oty
The order of a nontrivial conserved density p, and of the corresponding conservation law
(2.16) is given by the number 0 or m, depending on (2.37) or (2.38) takes place.

Properties (2.24), (2.25) imply that the conserved densities corresponding to cases (2.36)—
(2.38) cannot be equivalent to each other. Formulae (2.35)—(2.38) define the special form of a
conserved density necessary to define its order.

The following four functions

1 _ 2 3 _ 1.2
P, =logu,, Dy = Un, Py = Un+ilty + 5y,

3

4 2 2,1 (2.39)
Py = Upp2Up+1Up + U, 1Un + Up1U, + 3”,1

exemplify the simplest nontrivial conserved densities of the Volterra equation (2.2). The

densities p) and p? are taken from equations (2.19). The reader easily can check that

D, pft ~ Dy p,‘,‘ ~ 0. The orders of the conserved densities (2.39) are 0, 0, 1 and 2, respectively.
Let us define the formal variational derivative of a function ¢, (2.11) as

k
Spu _ Y7 8¢nA -y 0bus). (2.40)
i=

(see e.g. [18, 19, 53, 56, 69, 72]). The operator % is the discrete analogue of (1.7) and
possesses similar properties (see theorem 3 in section 2.2 below). Sometimes it is called Euler
operator [27, 36], but we use the name formal variational derivative, following the continuous
case. We will use it to calculate the order of a conserved density.
Let us show that, for the discrete operator (2.40), an analogue of the property that
equations (1.8) and (1.9) are equivalent will be true, namely
=T -y, = 5 _ 0, (2.41)

Su,

where ¢,, ¥, are functions of the form (2.11). From property (2.24) we see that we

need to consider only the nontrivial case when k > &, aid)"k ai(ﬁ"k, # 0. In this case
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wn = W(ulﬁk—la B un+k’) and
—k’

Sy
Su,, - Z

j——k

d
1/fn+j) = a_un(wnfk%l - wnfk)

. ul‘l+l) - I/f(un—l, e un+k’—k)) = 05

as in the last expression k — k' > 1,k’ — k < —1 and the function does not depend on the
variable u,,.

To find the order of a conserved density p,, we can calculate its formal variational
derivative dp, /8u,. It follows from (2.41) and the fact that §/8u,, is a linear operator that the
result of the application of this operator to equivalent conserved densities is the same. For this
reason g” L= ‘;5’ = where g, is the special form of the conserved density defined by equations
(2.35)— (2 38). The form of 8n/du, is obvious in the cases (2.36) and (2.37), while in the

case (2.38) we have

Son
= 0n = 0Upsm> Unsm—1s - s Un—m),

Suy,

d0n 3% d0n 3% On—m d0n
On_ _ 1 £0, On_ _ & —-m Q £0.
Oltpam Oty Oty Ottp_m OunOuy_p Oltpim
We thus introduce the function

3pn

0n = 22, (2.42)
Su,

which can have one of the following three essentially different forms:

on =0, (2.43)

on = 0(u,) # 0, ) 20, (2.44)

On ZQ(Mera Up+m—1, -~~’un—m)a m > 07 On #O (2 45)

8ul‘l+’n aul‘t m

In the case (2.43), the conserved density p, and the corresponding conservation law (2.16) are
trivial. In the cases (2.44) and (2.45), they are nontrivial, and the corresponding orders equal
0 or m > 0, respectively.

As an example, let us consider the conserved densities (2.39). We have

spl 1 Sp? sp3

ﬁ=_7 ﬂ=17 pn Zun+l+un+un—la
Su, U, Suy, Suy

5p;

2 2 2
= UpgoUpsl + Uy +2Up g Uy + U, + U Uy + 2Up Uy + U, + Uy Uy,

Su,,

and hence the orders of p,ll, p,zl, pﬁ, pﬁ are, respectively, equal to 0, 0, 1, 2.

Definition 2 of local conservation law and of conserved density is as constructive as
definition 1 of generalized symmetry. For any given equation of the form (2.1) and any
order, it is possible to find all conservation laws of that order or to prove that no conservation
law exists. In section 3.1.1, in the example of the Volterra equation, we will construct all
conservation laws of the first order, using this definition.

2.2. First integrability condition

We discuss in this subsection how to obtain a generalized symmetry (2.3) of an equation of
the form (2.1), using the compatibility condition (2.8). On this way, the first integrability
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condition for equation (2.1) will arise. At the end, we briefly describe the general scheme of
the generalized symmetry method.

So, given the function f,,, one looks for g, with m > 0, m’" < 0. For convenience we
introduce the following notation:

afu : 9gn
£ = Ofa 0 _ 98 (2.46)
aunﬂ 8l"n+i
and consequently the compatibility condition is given by
Dig, = Z 8\ fusi = [V gner + £V gn + £ Vg (2.47)
If m > 1, applying the operator 5 —— - to equation (2.47), one obtains the following relation:
m m)
( )f(+1;)n — gn+ f(l) m>1. (2.48)

Applying 75— and -"— to equation (2.47), other two analogous relations can be derived:

1 —1
D g(m) (m)f(ggn +g(m l)f(+2n71 (m)f(O) _+_gn+ )f(l) m =2, (2.49)
1 1 D £O 2) (D)
D gr(lm ) + g(m)fn(+m) + gr(lm )f +m— 1 (m )fn+m 2
- -2
=g D gD O g gD e Dy > 3, (2.50)

Introducing for any N > 0 the function

(D(N) f(l)f(l) f(BV’ (251)

n+1 n

taking into account that fn(l) # 0 (see (2.1)) and dividing equations (2.48)—(2.50) by CD,S’“),
o= @m=2) regpectively, we obtain

g™

T-0D——F D =0, (2.52)
g (1) ( o, (m)

(T - 1)q)"(m 5 =9,"(¢,"). (2.53)
g(m 2)

(T -1 ';m 5= = 0P (g1, gm). (2.54)

n

Here the left-hand sides are total differences, and the functions ® (i = 1,2) depend on the

partial derivatives g(j ) which are defined by the previous relations.

Due to property (2.14), equation (2.52) can be easily solved and g™ can be found.
Hence the right-hand side of (2.53) is known and the following condition appears:
the function ®(1>(g(’”)) must be a total difference. If this condition is satisfied, one finds
g~V Then the function g"~? can be found from equation (2.54) if an analogous condition
is satisfied. In a quite similar way, we can write down equations for the other partial derivatives
g,(l’), such that 0 < i < morm’ < i < 0. Those equations have the same structure and lead
to analogous conditions for the functions we already have found. In the integrable cases, i.e.
if all such conditions are satisfied, we can define the function g, up to arbitrary constants and
an arbitrary function of u, which easily can be specified using equation (2.47). This will be
done in section 3.1.1 in the example of the Volterra equation for a generalized symmetry of
the orders m =2, m' = 2.
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Let us pass now to the case when not only the function g, but also f, are unknown,
i.e. when we consider the problem of classifying equations of the form (2.1) which have
generalized symmetries. It turns out that in this case some conditions can be derived from
equations of the type (2.53), (2.54), and those conditions do not depend on g,, and are expressed
only in terms of equation (2.1) itself. One obtains the same conditions using any generalized
symmetry of any high enough order m. Those integrability conditions will be necessary for
the existence of high enough order generalized symmetries. The first of them is given by the
following theorem.

Theorem 2. If an equation of the form (2.1) possesses a generalized symmetry of the form
(2.3) of order m > 2, then there must exist a function q\V of the form (2.11), such that
3fn

P = (T = 1g'V with p\l =log —" 5 (2.55)
Mn+1

where p\V = D, p\V and f, is defined in equation (2.1).

Proof. In the case of symmetries of the order m > 2, we can use equations (2.48), (2.49) and
then equations (2.52), (2.53). From equation (2.52) it follows that

gr(zm) ®£lm_1)’ (256)

where the constant « does not vanish due to (2.3). It is easy to see that the right-hand side of
equation (2.53) has the form

0P (") = aD,log @V +a (£, — £1). (2.57)

+m

From equation (2.53) it follows that ®{"(g)) must be equivalent to zero, and property
(2.23) implies that £,%), — £© ~ 0. The same property (2.23) together with the formulae
ptV =log £V and (2.51) provide the following result:

D, log CD('” D= p(l) + pfllf +p;l+)m .~ mp,(ll). (2.58)

Dividing equation (2.57) by am and using the equivalence relations discussed above, we can
see that p(l) ~ 0. This shows, in accordance with definition 3, that the function p(l) can be
expressed in the form (2.55). ]

Condition (2.55) has the form of a local conservation law, and theorem 2 tells us that
if there is a generalized symmetry of an order m > 2, then equation (2.1) must have a
conservation law with conserved density p{" defined by equation (2.1) itself. If condition
(2.55) is satisfied for an equation, then one automatically obtains for that equation a conserved
density. A priori this conserved density may be trivial or its order may be equal to O, 1 or 2.
Any of these possibilities is realized in the examples we present in section 3.1.2. In the case
of the Volterra equation, for instance, p{" = logu,, and this is nothing but the first conserved
density (2.39) of order 0.

In order to check the first integrability condition (2.55) for a given equation, one can use
theorem 1. Such checking can be simplified, using the discrete analogue of the result that
relations (1.8), (1.9) are equivalent.

Theorem 3. A variational derivative (2.40) satisfies the following property:

Spn

Su,,

=0 & ¢o=0+(T — D, (2.59)

where o is a constant, ¢, and r,, are two functions of the form (2.11).
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Proof. One part of the proof follows from property (2.41), as ;7‘7 = 0. Let us discuss the other

part and suppose that gf = 0. According to theorem 1, for a, = ¢,, we have representations

(2.27), (2.28) with equa%ions (2.29) or (2.30). In the second case (2.30),
S¢n _ da, _ dby

Su, du, du,

where K = k3 — k4 > 0 and

= Bn = B(un+K7 UnsK—15 - un—K)v

0B, b,y
8Mn+K B aMn+K8Mn

This is in contradiction with the request that g% = 0. In the case (2.29), the function b,, can
be written as b, = b(u,+,). Hence

8¢n _ 6bn _ 8bn—k4
Suy, - Suy, - du,

=Db'(u,) =0,
i.e. b, is a constant. U

To check the first integrability condition (2.55), we can use property (2.59) with ¢, = p{V.
At first we check if
8

i pV=o0. (2.60)

Then, if this is true, using theorem 1 we represent p{ as
P =+ (T — 1)g'V. 2.61)

Here o is a constant and p{" will be a conserved density only if o = 0.

After having introduced all the necessary notions, we can briefly describe the standard
scheme of the generalized symmetry method. At first we choose a class of equations, as
e.g. equations (2.1), with an unknown right-hand side. Then, assuming the existence of
generalized symmetries and/or conservation laws of a high enough order, we derive a few
integrability conditions like (2.55). These conditions have no dependence on the generalized
symmetries and conservation laws and are expressed in terms of the given class of equations.
Then we try to describe the class of equations satisfying the integrability conditions. The aim
is to obtain a list of equations, in which there are no arbitrary functions, but only arbitrary
constants. If this is impossible, we obtain more integrability conditions. We will show in the
following that one can derive as many conditions as necessary to characterize any class of
equations. We usually choose as starting point of the classification a class of equations which
is invariant under point transformations. In the case of equations (2.1) point transformations
have the form i, = s(u,),f = ut, where p is a constant. In this way a complete, up to point
transformations, list of equations is obtained. Equations of this list will satisfy a finite number
of integrability conditions and will contain no arbitrary functions.

As will be shown, the integrability conditions are necessary conditions for the existence of
generalized symmetries and conservation laws. For this reason we will prove, using the Miura
transformations, master symmetries and the Hamiltonian structures, the existence of infinite
hierarchies of generalized symmetries and conservation laws (see sections 2.6 and 2.7). By
doing so we obtain an exhaustive list of integrable equations of the given form. An example
of such exhaustive classification will be given in section 3.1.1.
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2.3. Formal symmetries and further integrability conditions

From the compatibility condition (2.8), in addition to equation (2.55), we can derive more
integrability conditions. However, the calculation will become more and more complicated on
each step. These calculations can be drastically simplified using the notion of formal symmetry.
In this section, we introduce and discuss formal symmetries and then derive a second and a
third integrability conditions.

Let us introduce, in analogy to the continuous case, the discrete Frechet derivative of a
function ¢, of the form (2.11) as the following operator:

k

e Z aﬂr‘. (2.62)

n
ik’ aMn+i

This is the discrete analogue of the operator ¢, given by equations (1.12). For a function f,
given by equation (2.1), f,* is the operator,

o= 10T+ K0+ 70T (2.65)

with coefficients defined according to (2.46).
Formal symmetries are closely related to the following Lax equation:

L,=1f"L,l, (2.64)

where [ f¥, L,] = fL,— L, f, is the standard commutator. The solutions of equation (2.64)
will be formal series in powers of the shift operator 7" and will have the following form:

N
L, = Z 197, 1N £, (2.65)

i=—00

where the coefficients /) are functions of the form (2.11). The number N will be called
the order of L,,, and we write ord L, = N. The series L, is obtained by applying the operator
D, given by equation (2.7) to coefficients of L,:

Ly = ITN 4 [N-DFN-1

The Frechet derivative operator f,* is a particular case of the series (2.65). In the case of
* N =1 and l,(li) = 0 for all i < —2. The set of series (2.65) forms a linear space. Such

series can be multiplied according to the rule: 1,7% o 1,77 = I,[,.;T"*/, where T® = 1. The
inverse of (2.65),

N
L)'= > ior, [ 0, (2.66)
is uniquely defined by the equations L, 'L, = L,L;! = 1. In fact,

-1 _ N (N) = N+N | (F(N);(N=1) |, #(N—1);7(N) N+N—1
L L, =00 TV 4 (D007 + [NV )T +oe

n+N—1 ’
where the first coefficient cannot vanish. Hence N = —N , and the first coefficients of
equation (2.66) are defined by
A -1 N_N— —1,(N— —1
V=05 I =) R G) T @6

Let us introduce the operator A,
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We can easily check the following two general formulae:

A(L") = —L,"A(L)L, ", (2.69)

n

A(L,L,) = A(L,)L, + L, A(L,). (2.70)

These formulae show that given any two solutions L, and L, of equation (2.64), their product
L, L, and the inverse L ! satisfy the same equation. So any integer power L, where L0 = 1,
will also satisfy equation (2.64).

The solution L, of equation (2.64) is nothing but the recursion operator of the integrable
hierarchy of equations because it transforms the right-hand side g, of a generalized symmetry
(2.3) into the right-hand side L,g, of a new generalized symmetry. The compatibility
condition (2.8) can be written in terms of the Frechét derivative f,* as

(Dr = £,))8: = 0. (2.71)
Then, using equations (2.64), (2.71), one can easily check that

Dthgn = Lngn + Lngn = (fn*Ln - Lnfn*)gn + Lnf;;kgn = fn*Lngna

i.e. u, = L,g, is a new generalized symmetry, maybe non-local. Taking into account that
any integer power L’ satisfies equation (2.64), as well as the fact that f, is a trivial solution
of equation (2.71), we obtain infinitely many generalized symmetries of equation (2.1):

Uny, =L fr, (2.72)
wherei € Z, ty = t.
As we will prove in section 2.6,
Ay =ty + g yr T — 1y T7H(A =T ! (2.73)

is the recursion operator of the Volterra equation (2.2), i.e. it satisfies equation (2.64). Using
the formula

0
A=TH ' =147 +T 24 = Y T,
i=—00

one can rewrite A, as

n—1

)
UpsiUp 1 . ] -1
AnzunT+un+1+un+%T +”"<Z T‘) u,'. (2.74)

i=—00

In this way we can write down the coefficients [\’ of the representation (2.65). It can be
proved that formula (2.72) provides a local generalized symmetry for any i > 1. The orders
m and m’ of this symmetry, defined in equation (2.3), are such that m = —m’ =i + 1. As
equation (2.2) can be written as

ity =ty (1 = T ™) (i1 +uy),
from (2.73) we obtain that
Up = Anun = unun + un(unHT - unflT_z)(ulHl + un)

is the generalized symmetry (2.15). So, in the case of i = 1, formula (2.72) provides the
generalized symmetry (2.15).

The recursion operator allows one to construct not only generalized symmetries but also
conserved densities. This will be demonstrated by theorem 4 which will allow us to derive
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some new integrability conditions. Let us define the residue of a series (2.65) as the coefficient
at 79, i.e.

resL, = 1. (2.75)
From this definition it follows that if N < 0, thenres L, = 0.

Theorem 4. Let a series L, (2.65) with N > 0 satisfy equation (2.64). Then

log ™, (2.76)
resLi, i>1, (2.77)

are conserved densities of equation (2.1).

Proof. First of all we prove that

res[L,, L,] ~0 (2.78)
for any formal series L, and I:,l of the form (2.65). Let ord L, = N; and ord in = N,. If
ord[L,, L,] = Ny + N, > 0, then

Ny N, N
res[L,, L,] = res Z T,Ei)T", Z lAﬁlj)Tj = Z res[i,gi)Ti, f;_i)T_i]. (2.79)
i=—00 j=—00 i=—N;

The last sum in equation (2.79) is a total difference, as

res[IOT 1071 = 01D — 1010, ~ 0
due to property (2.23). If N; + N, < 0, then res[L,,, ﬁ,,] =0.

As any integer power L satisfies equation (2.64), one has
D, res L, =res D,(L}) = res[f, L},] ~ 0,

i.e. the functions res L' are conserved densities. The series L, given by equation (2.65) is
such that N > 0, hence the functions res Li, are equal to O or 1 if i < 0, and these densities
are trivial. These conserved densities can be nontrivial only if i > 1. In formula (2.77) we
have exactly this case.

Equation (2.64) implies that

L.L' = [frL, " L,]. (2.80)
It follows from equations (2.78), (2.80) that
res(L,L,") = Z,EN)(I,(,N)Y1 = D, logl™ ~ 0.
This is the reason why the function (2.76) is another conserved density. ]
A priori, we do not know whether the conserved densities (2.76), (2.77) are nontrivial, and
which are their orders. All such conserved densities can be trivial in the case of a linearizable
equation. In the case of known equations integrable by the inverse scattering method, the
recursion operator provides an infinite hierarchy of conserved densities of arbitrarily high

order. This is the case of the Volterra equation (2.2). Using formula (2.74) for its recursion
operator, one easily checks that

1 2

logu, = p,, res Ay = Ups1 + Uy ~ 2p;,
2 2 2 3
res Ay = UpsoUpsl + Uyl + 1, +u, ~ 4p-,

where p! are conserved densities (2.39) of equation (2.2). Moreover, it is possible to prove
that the conserved densities res A}, have the order i — 1 forany i > 1.



R562 Topical Review

Remark. We can also construct conserved densities of the Volterra equation, using the
well-known L — A pair,

L, =1[A,, L], 2.81)

V) /2.1 1 12 1200 1,1/2 1/2 pp
Ly=u/ T +u,"T™, Ay=zu/ou/ T —su/ u, T (2.82)
We can prove here an analogue of theorem 4, as in its proof we do use neither the precise
formula (2.63) for f,* nor the fact that L, is an infinite series. One can check, for example,
that

/2 1,1 _ 2 .92
logu,'; ~ 3P, resL, =0, res L; ~ 2p;,
resL} =0, res L} ~ 4p3,

i.e. densities (2.39) arise again. Moreover, we have res L' = 0 for all odd positive i, and
res L,%’ is a conserved density of order j — 1 forall j > 1.

In practice, it is difficult to construct a recursion operator and difficult to prove that the
generalized symmetry (2.72) is local, i.e. its right-hand side is of the form (2.11). We shall
be interested below in approximate solutions of equation (2.64). They are easy to construct
and can be used for deriving the integrability conditions. These solutions can be called
approximate recursion operators, but we prefer to use the name formal symmetry because of
its close connection with generalized symmetry (see theorem 5 below).

Let us note that for any series L,, of order N given by (2.65), the series A(L,) given by
(2.68) can be expressed as

A(Ly) = aMDTN 4 gMTN 4 gV DTN 4 (2.83)

Definition 5. The series (2.65) is called a formal symmetry of equation (2.1) of the length [
(we write 1gt L,, = 1) if the first | coefficients of the series A(L,) (2.83) vanish:

al’ =0, N+12i>N+2-1 (2.84)

We assume, moreover, that | > 1 and a'N*'=D #£ 0.

The recursion operator L, of order N is such that all coefficients a,i“ of A(L,) vanish.
The equations a,gNH*j ) = 0,0 < j < I — 1, define the coefficients l,(,ij ) of the recursion
operator L, and of a formal symmetry L,,, such that gt L, = [,ord L, = N. So, the first /
coefficients of such formal symmetry and of the Nth order recursion operator are defined by
the same equations.

In order to find the length / of a given formal symmetry L,, of order N, we have to specify

formula (2.83). If

k
ALy =Y aT', a® 0, (2.85)
i=—00
then we have [ = N + 1 — k. So, for any formal symmetry, we have
IgtL, =ordL, +1 —ord A(L,). (2.86)

Recalling that the Frechét derivative of the right-hand side g, of a generalized symmetry
(2.3) is the following operator:

&= 8 i i g1 (2.87)

, 8Mn+i

i=

(see equations (2.46), (2.62)), we state the following theorem.
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Theorem 5. If equation (2.1) has a generalized symmetry (2.3) of order m > 1, then it has a
formal symmetry L, with ord L, = m,1gt L,, > m defined by

—1
L,=g"+ Z oT'. (2.88)

I=—00

Proof. Let us apply the Frechét derivative to both sides of the defining equation for the
generalized symmetry (2.71). We see that

m * 5 ' ‘
(l)tgn)>|< = (Z g;ii)fnﬂ') = Z 8#f}“_i]"j + Z & afnﬂ T

P 8Mn+i8"‘n+j aMn+i 8Mn+j

m m 1
=S arnie (S (3 aer).
j=m’ i=m’

o=—1

LJ

where o = j — i and the functions ) are defined by equation (2.46). We can express the
result in terms of the Frechét derivatives g7 (2.87) and f,* (2.63):

(Dign)" =&y +8ufn- (2.89)
As frg, = D; f, (see equation (2.7)), we can write the following analogue of (2.89):

(frgn) = (Do f)" = fi o+ fren (2.90)
Using equations (2.68), (2.89), (2.90), from equation (2.71) we obtain the relation

AGgn) = e = LRT + £ + 50T (2.91)

where f,() are the t-derivatives of f*).
Introducing the series (2.88), we see that ord L, = m, as g,(l’”) # 0 (see (2.3)), and from
equation (2.91) we get

ord A(L,) =ord f; <1,

as n(’f) may vanish. Formula (2.86) implies that Igt L,, > m > 1, i.e. this series L, is a formal
symmetry. ]

Theorem 5 shows how to obtain a formal symmetry from the generalized symmetry. To
derive the integrability conditions, we need to use these formal symmetries. The coefficients of
these formal symmetries have, due to equation (2.88), the same structure as the right-hand side
of a generalized symmetry. This is the reason why the coefficients /() of a formal symmetry,
which is a series of the form (2.65), have no explicit dependence on » and ¢ and are functions
of the form (2.11).

As we have shown before, formal series can be multiplied and inverted. The same is
also true for formal symmetries. Using relations (2.69), (2.70) together with formula (2.86),
we can check that, if L, and L, are formal symmetries, then the series L;‘ and L, L, also
are formal symmetries, and we can find their orders and lengths. In fact, we always have
ord(L,L,) = ord L, +ord L, and

ord A(L,L,) < max(ord (A(L,)L,), ord(L,A(L,)))
= max(ord A(L,) +ord L,, ord L, + ord A(L,))
=max(ordL, +1 —1gtL, +ord L, ordL,+ordL,+1— lgt E,,)
=ordL,+ordL, +1— min(lgt L,,, Igt L.
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Formula (2.86) implies
lgt(L,L,) > ord(L,L,)+1— (ord L, +ord L, + 1) + min(Igt L,,, 1gt L,,).
Thus for any formal symmetries L, and L, we get

ord(Lni,,) =ordL, +ordL,,

lgt(L,L,) > min(Igt L, 1gt L,,). (2.92)

In a quite similar way, one can derive from equations (2.69), (2.86) that, for any formal
symmetry L,,

ordL;' = —ord L,, lgt L' =lgtL,. (2.93)

Taking into account equations (2.92), (2.93) and that LS = 1 is the solution of equation (2.64)
of order 0, one gets, for any integer power i of the formal symmetry L,, the following result:

ord L) =iordL,, lgtL! > lgtL,. (2.94)

In the following we will need formal symmetries of order 1. We will make the ansatz, valid
in the case of the Volterra equation, that equation (2.1) has two generalized symmetries of the
left orders m and m + 1, with a high enough number m. So, let g, and g, be the right-hand sides
of two generalized symmetries with the left orders m > 1 and m + 1, respectively. Theorem 5
shows that the Frechét derivative g is a formal symmetry of order m and Igt g > m, and 2;;
issuchthatord 2f =m +1,1gt gy > m + 1.

We can construct the following series:

L,=g:@gh™". (2.95)

As it follows from (2.92), (2.93), this series will be a formal symmetry of equation (2.1) of
order 1 and Igt L,, > m. This result is formulated in the following theorem.

Theorem 6. If equation (2.1) possesses two generalized symmetries u, ; = g, and u, : = g,
of left orders m > 1 and m + 1, then it possesses a formal symmetry L, given by formula
(2.95), such thatord L,, = 1 and 1gt L,, > m.

A formal symmetry (2.95) of the first order can be written as
L, =IVT +10 410077 497724 1Y £ 0. (2.96)

Its length [ = 1gt L,, can be as high as necessary. This formal symmetry generates a number
of conserved densities for equation (2.1) as well as a recursion operator in theorem 4. In
fact, if [ > 3, then the highest three coefficients of the series (2.83) with N = 1 vanish:
a® = a) = a® = 0. One can show, following theorem 4, that [’ = res L, is a conserved
density. In the case [ > 4, it follows from equation (2.94) that ord Lf, = 2 and lgt Li > 4.
This means that the coefficients at 77 (> i > 0) of the series A(L%) are equal to zero, and thus
also the function res L? is a conserved density. In this way we prove the following general
statement: if 1gt L,, > 3, then the functions

resL’, 1 <i<lgtL, —2, (2.97)

are conserved densities of equation (2.1).

Relation (2.80), which is used to obtain another conserved density, can be written, taking
into account equation (2.68), as A(Ln)L;l = 0. In the case [ > 2, one can see from
equation (2.86) that ord A(L,) < 0, hence ord(A(L,)L, 1Y < 0. For this reason one can show,
following the proof of theorem 4, that the function

log IV (2.98)
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is a conserved density. Consequently, we can state the following theorem, which is an analogue
of theorem 4.

Theorem 7. If equation (2.1) has a formal symmetry (2.96) of the first order and if1gt L,, > 2,
then function (2.98) is one of its conserved densities. If 1gt L,, > 3, the functions (2.97) are
also conserved densities of equation (2.1).

In particular, starting from two generalized symmetries of orders m > 2 and m + 1 and
using theorems 6 and 7, we can construct m — 1 conserved densities which, however, may be
trivial.

In the following one considers two new theorems, based on theorems 6 and 7, where
further integrability conditions are written down. Here, instead of considering the existence of
generalized symmetries and the compatibility condition (2.8), we use the Lax equation (2.64)
and the existence of a formal symmetry of the first order and of a high enough length (2.96).
Such formal symmetry not only makes the calculation much simpler but also provides us with
integrability conditions which a priori have no dependence on the order m of the generalized
symmetry (cf theorem 2 and its proof).

Theorem 8. If equation (2.1) has a formal symmetry (2.96) of first order and if 1gtL,, > 3,
then it satisfies condition (2.55). Let q\V be a function obtained from relation (2.55). Then
there exists a function q,&z) of the form (2.11), such that

fn

pY =T =g with p? =g+~
Up

(2.99)

Proof. In the case when lgt L,, > 3, the first three coefficients of the series A(L,) (2.68),
(2.83) with N = 1 must be equal to zero: a'® = a'V = a® = 0. This request will give
us some equations for the first three coefficients of the formal symmetry L,: (D, [ D,
From theorem 7, we also have two conserved densities given by equations (2.98), (2.97)

with i = 1. These three equations for the coefficients of L, are the direct analogues of
equations (2.48)—(2.50). The first of them, a,(lz) = 0, can be written in the form
48 = 100, @100

(see equations (2.46), (2.63) for the used notation). Dividing equation (2.100) by fn(l) fn(l)l
and using (2.14), we are led to the following formula: [V = cf D, ¢ # 0 € C.

As the operator A defined by (2.68) is linear, a formal symmetry can be multiplied by any
nonzero constant, and the length is not changed. Dividing L,, by ¢, we obtain, without loss of
generality, the following formula for /(V:

1D = f0 (2.101)
Theorem 7 guarantees that the function
Ofn
logl,V = log f," = log ———— S _
Up+l

is a conserved density of equation (2.1), i.e. condition (2.55) is satisfied.
The second equation, a! = 0, reads

DL 0 A = 000+ 01 2102

+1 n+l*

Dividing equation (2.102) by £V and using equation (2.101), one obtains
P =T - DI - £O). (2.103)
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Comparing equation (2.103) with equation (2.55) and using property (2.14), one gets
gV =10 — £©O 4+ o, where « is a constant. Then one has

lr<10> I 61,5” +fn(0) = p® (2.104)

n

where p? is the function given by (2.99). Theorem 7 guarantees that the functionres L, = [
is a conserved density of equation (2.1), i.e. the function p{® is also a conserved density. [

Theorem 9. Let equation (2.1) have a formal symmetry (2.96) with length 1gt L,, > 4. Let
g\ be a function defined by (2.55), while p\», q\? be functions given by (2.99). Then there
exists a function q\® of the form (2.11), such that

1 af, adfy
PO = (T =g with P =g+ 5 (o) + g 05)
2 Oy Uy

Proof. This proof is a direct continuation of the calculations we did to prove theorem 8. We
will need to compute the coefficient 1,5—2> of the formal symmetry L,. We could consider
the equation a{~" = 0; however, we prefer to use the conserved density res L2 provided by
theorem 7.

Let us write down the equation a{” = 0 explicitly:
R R A L A A R A S A (2.106)

Using equations (2.101) and (2.104), equation (2.106) can be rewritten as

Z(O) — p(z) = (T — 1)(f(1) (l( 1) f(fl)))
n n .
As in the case of (2.103), we can now express 1,5 D in terms of q,(f) defined by (2.99):

0 = 2 +0)/ 504 1, @107

where $ is a constant.
Let us write down the formula for the conserved density res L2. Using the equivalence
relation (2.23), we get

2 (=1 0)2 | 7= (=D 0))2
res Ln = lr(t )ln+1 + (llg )) + lr(l )1'171 ~ ZIi(l )ln+1 + (llsl )) :

The densities can be multiplied by a nonzero constant, and taking into account (2.101), (2.104),
(2.107) and formula for p$ given by (2.105), one has

2 (@) (1) 2 2
—resl S~q +ﬁ+f(1)f (()_ )
2 2 =D 2 1.2 3 2 1.2
’\'C]()+ (p’(l)) f’(l)f ,3—0[[7()4'—0[ —p()—Olp()+—Ol +/3_

A constant is a trivial conserved density, and conserved densities of equation (2.1) generate
a linear space. This is the reason why the function p(3) must be a conserved density of
equation (2.1), and hence condition (2.105) is satisfied. O

As one can see from equation (2.14), the functions qfll) and q,(lz) of conditions (2.55),
(2.99) are defined up to arbitrary constants. Therefore, the functions p® and p®, given by
equations (2.99) and (2.105), may depend in general on those constants. As we have shown
in the proofs of theorems 8 and 9, p{» and p!¥ are conserved densities for all values of those
constants, and one has no need to take into account those arbitrary constants, when checking
the integrability conditions. In another words, checking the integrability conditions (2.55),
(2.99), (2.105), any choice of the functions q,(ll), q,gz) will give the same result.

While proving theorems 8 and 9, we have given a scheme for deriving the integrability
conditions. This scheme corresponds to finding the coefficients of the first-order formal
symmetry and to the application of theorem 7. Starting from a formal symmetry of a
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sufficiently big length, we can obtain as many integrability conditions as necessary, and
all those conditions will have the form of local conservation laws.

As in the case of condition (2.55), theorem 3 is essential for checking the integrability
conditions (2.99), (2.105) as one does in equations (2.60), (2.61). If, given an equation (2.1),
all these integrability conditions are satisfied, we obtain three conserved densities of low
orders. In the case of the Volterra equation (2.2), for example, one gets

1 1 2 2 2,12
pV = pl, piP ~2p+c, p§3)~2p3+201pn+§cl+02,

where p,ll, p,zl, pﬁ are the conserved densities given in the list (2.39), with ¢y, ¢, arbitrary
constants. The conserved densities p,(ll), ,(12) and p,(f) have the orders 0, 0 and 1, respectively.

For any integrable equation of the Volterra type we get from theorem 6 an arbitrarily long
formal symmetry of the first order. The coefficients of such formal symmetry and theorem 7
provide us with as many conserved densities as we need. Formulae (2.101), (2.104), (2.107)
give the first three coefficients of such formal symmetry in terms of g{" and ¢(?. In the case

of the Volterra equation, we have

1 _ 0) __ -1 _
fn()—un, fn()—un+l_un—la fn( )—_urn
1 2
qr([ ) = Up +Up—1 +C1, ,5 ) = UptUpy + U U1 + C2,

where ¢y, ¢; are constants, and denoting ¢3 = ¢ —«, ¢4 = ¢+, we can write down explicitly
the first three terms of the formal symmetry:

Upy1Up +C4
Ly = upT +ttyy +tp+c3+ ————T7 1 ¢
Up—1

(cf this result with the form of the recursion operator (2.74)).

2.4. Formal conserved density

We have obtained in sections 2.2 and 2.3 the integrability conditions (2.55), (2.99), (2.105)
which follow from the existence of generalized symmetries. However, in order to carry
out the exhaustive classification of integrable equations of the form (2.1), we need some
additional integrability conditions which come from the conservation laws'. So, starting from
the conservation laws, we introduce and discuss in this section the formal conserved densities,
in analogy with the formal symmetries, and then derive two new integrability conditions. At
the end we will prove a general statement which explains why an equation, possessing a higher
order local conservation law, must be in a sense symmetrical.

First of all we introduce and discuss an equation for the variational derivative o,,, defined
by equations (2.40), (2.42), of a conserved density p, of equation (2.1),

(Di + £:7)on = 0. (2.108)
This is the analogue of equation (2.71). If f, given by equation (2.63), is the Frechét
derivative of f,, the operator f, M is its adjoint operator defined by

(@, TH'=T"0a, =a,_;T™". (2.109)
Then
Tl (2.110)

*f _ -l (&) 0 =D _ =D 0)
fn =T ofn +fn +Tofn _fn+1T+f;1 + n—1
! In the case of equations (1.1), the classification problem can be solved without using this kind of integrability
conditions (see e.g. the review [39]). Such conditions help to make the problem easier and lead to a shorter list of
equations. In the case of the lattice equations (2.1), these additional integrability conditions seem to be necessary to
solve the problem.
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Taking into account equations (2.46), equation (2.110) can be rewritten as

i) i Ofnvi i
Zf,fﬂ)T Z T @.111)

i=—1 i=—1

Then we can prove the following theorem.

Theorem 10. For any conserved density p, of equation (2.1), its variational derivative o,
satisfies equation (2.108).

Proof. Let p, be a conserved density of equation (2.1), then

. opn Opn—i
m=zaﬂﬁm~g fa=0ufu~0, (2.112)
where we have used definition (2.40). On the other hand,
8Qn _ 0 Bp,ﬁj _ i 8p,,+j _ iT’ Z apn+a’
Ol yyi Ol s r ou, ou, p Ol s ou, ou,
i.e. we have
00, 00n+i .
gln _%omi  forany ieZ. (2.113)
8I'tn+i 8”11

Using theorem 3 together with relation (2.112), we get

Sbn _ 8(nf)
Suy Suy

=0. (2.114)

Moreover, using equations (2.111), (2.113), we obtain

S(ann) — Z aQn+t fn+1 ZQn-H afn+1

Su,,
00n 0 fn+i *
= § 0 fn+z E f+ On+i = (Dt +fnT)Qn
+i - Up

n

This formula together with equation (2.114) imply equation (2.108). U

The following equation, analogous to equation (2.64), plays the main role in this section:
Su+ Suff+ 518, =0. (2.115)

Here S, is a formal series of the same type as L, (2.65):

M
S, = Z sOTT s £ 0, (2.116)
i=—00
and sV are functions of the form (2.11). Examples of exact solutions of equation (2.115) will
be given in section 2.6. We know that the exact solution L,, of equation (2.64) is the recursion
operator for equation (2.1). The solution S, of equation (2.115) is the inverse of a Noether or
Hamiltonian operator. The details of this statement will be discussed in section 2.6.
Equations (2.64), (2.115) are closely related. Let us introduce an operator B, such that
B(S,) = Su+ SufF+ £118,. (2.117)

For any formal series L, Sy, S, of the form (2.65), (2.116), the following identities take place:

B(S,L,) = B(S,)L, + S,A(L,), (2.118)
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A(S,'S,) =S, 'B(S,) — S, ' B(S,)S, 'S, (2.119)

Identity (2.118) shows that, for any solutions S, of equation (2.115) and L,, of equation (2.64),
the series S, L, will be a new solution of equation (2.115). On the other hand, as it follows
from equation (2.119), if S, and S,, are any two solutions of equation (2.115), then the series
S18, satisfies equation (2.64).

As in the case of equation (2.64), we are interested here in approximate solutions of
equation (2.115). Such solutions will be called formal conserved densities (see definition
6 below) because of their close connection with conserved densities, which is shown in
theorem 11 below.

For the formal series B(S,), defined by equation (2.117), we obtain in general

B(S,) = bMITM 4 pMD My pM=Dp M=l (2.120)
where S, is a series of the form (2.116) and thus has the order M.

Definition 6. If a series S, (2.116) is such that the first | > 1 coefficients of the series B(S,)
(2.120) vanish, i.e.

B(Sn) =b(M+]—l)TM+]—l +b(M—l)TM—l oo, b(M+]—l) # 0’ (2121)
then S, is called a formal conserved density of equation (2.1) of the order M and the length [,
and we will write ord S, = M, Igt S,, = [.

Comparing equations (2.120), (2.121), we easily obtain the following formula:

IgtS, =ord S, +1 — ord B(S,) (2.122)

relating the length and the order of formal conserved density S,. This is the analogue of

equation (2.86) which we obtained in the case of formal symmetries.

Theorem 11. If equation (2.1) possesses a conserved density p, of order m > 2, then it has a
formal conserved density S, such that ord S, = m and 1gt S,, > m — 1. This formal conserved
density S, is given by the formula

—m—1

. Spn
Si=gi+ Y 0T, g, = 8’; , (2.123)
n

where @, has the form (2.45), and thus o}, is given by

m

900 .,
o =Y 2T, (2.124)

Proof. Theorem 10 allows us to pass from a conserved density p,, to equation (2.108). Then
we apply the Frechét derivative to both sides of this equation. Using the formula (2.111) and
definition (2.62), we check that

1 *
: * afn+i 82fn+i ; 8fn+i aQn+i i
*T = _— : = R — .TJ J
(fn Qn) - ( 2 aun Qn+z) ;’j 8un8un+j On+i T/ + E A T

T 8Mn aMn+j
i=—1 i,j

8fnt i 1 afni i = an o
_Z(Zaunau;ﬂé?*")Tu(ZﬁT)(_X_: 4 T),

i1 - s
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9 fsi
U, 0ty

Jj < —2 (see equation (2.1)). The second term in the last expression is equal to fn*TQ;'; (see
equation (2.124)). Hence one is led to the following result:

where 0 = j — i. The first term has the form 23:72 c,(,j)Tf, as =0for j > 2and

2
j=—2
On the other hand,
(Dion)* =0y +onfy (2.126)

(cf equation (2.89)). Now relations (2.125), (2.126) together with equations (2.108), (2.117)
imply

2
Bgp)=—Y_ T/ (2.127)

j==2
Introducing the series (2.123), i.e. S, = o;;, we see that ord S, = m due to equations (2.45),
(2.124). Formula (2.127) provides the inequality ord B(S,) < 2, and equation (2.122) implies
that 1gt S,, > m — 1. This means that the formal series S, is a formal conserved density. [

From relations (2.118), (2.119) it follows that there is the same connection between
formal symmetries and formal conserved densities of equation (2.1) as in the case of exact
solutions of the Lax equation (2.64) and equation (2.115). Two formal conserved densities
S, and S, give a formal symmetry L, = Sn’lgn. Formal conserved density S, together with
formal symmetry L, generate another formal conserved density S, = S,L,. The orders and
lengths of the resulting formal symmetries and conserved densities can easily be found, using
formulae (2.118), (2.119), (2.86) and (2.122). For example, the following analogues of
relations (2.92) take place:

ord(S,L,) =ord S, +ord L,
lgt(S, L,) > min(lgt Sy, 1gt Ly,).

Let us consider a formal conserved density S, (2.123) and a first-order formal symmetry
L, (2.96) such that 1gtL, > lgtS,. We can consider a new formal conserved density
S, = S, L. Tts length will satisfy the inequality lgt S, > lgtS,, as it follows from
equations (2.94), (2.128). In this way, we can obtain a formal conserved density S, which
has the order 1 or 0 and an arbitrarily big length. This provides a simple calculation of the
coefficients of S, and an easy derivation of additional integrability conditions (cf theorems 8,
9).

However, for the classification of equations (2.1), we need only two additional integrability
conditions. These can be obtained, using just one conservation law of the order m > 3. More
precisely, we can and shall derive those integrability conditions using equation (2.115) and
one formal conserved density S, of the order m and Igt S, > m — 1 obtained from theorem 11.

(2.128)

Theorem 12. Let equation (2.1) have a conservation law of the order m > 3 and a generalized
symmetry of the order m > 2. Then there will exist functions o'V and o® of the form (2.11)
which satisfy the following relations:

afy 3fn
r® = (T - oV, r = log O [ , (2.129)
8Mn+l 8un—l
@) @) @ _ (), o 0fn
r,” =T - 1)o,”, r,” =0, +2—. (2.130)

ouy,
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Proof. Theorem 2 has shown that the existence of a generalized symmetry of order m > 2
guarantees that condition (2 55) is satisfied, i.e. p{’ ~ 0. According to theorem 11, a
conservation law of order m > 3 implies the existence of a formal conserved density S, of the
form (2.116) of order M = m and length /, such that/ > m — 1 > 2. From equation (2.120)
and definition 6 it follows that we have b"*D = p™ = 0.
Using formulae (2.63), (2.110), (2.117), the equation b,(l’"”) = 0 is written as
sim f 4 fCDs =, (2.131)

+1 Spel =

where £V fDsm £ 0 due to equations (2.1), (2.116). Applying the operator 7! and then
dividing by s £ =D , one gets

(1 2
S(m) fn+m 1 f(l) CD(m )

$m B f( n f( D CID(m 2)’
n

Sn—1

where ®V is defined by equation (2.51). Applying the logarithm to both sides of this relation,
one obtains the condition

ri) =log (- fn“)/f;‘l)) = (T — 1)(logs,i'f)1 —log d>,(1’”_2)).

It is easy to see now that there will exist a function ¢! satisfying condition (2.129), with

general form o) = ¢ + log (s,(l'f)l / CDSL’"’Z)), where ¢ is a constant. The function s can be
expressed in terms of o1

1

S’(lm) — d>(’" 2) en1 7€, (2132)

n+l

The equation b = 0 reads

(m) +S(m)f(0) +s(m l)f’(l) f( D m=1) fn(O)Sr(lm) —0.

+m n+m— 1 n+l Sn+l

We exclude £.7,”, using equation (2.131) and then divide the result by s{":

+l’

gm=1) (eY]
o Swmet (2.133)

D logs!™ + fO + O+ (1 -1T) )
n

Formulae (2.51), (2.132) and property (2.23) allow one to check that

m—2 1 1 1

Dylogsi®) = D log 8157 4004 = 3 D log £+
i=1

~ (m — 1D, log f +6V = (m — DpP + 5"

n

where p(! is the function defined by equation (2.55). As p{" ~ 0, then D, logs™ ~ ¢V,
and hence equation (2.133) can be rewritten as 6! + 2 £© ~ 0. Consequently, the second
point of theorem 12 has been proved. ]

Using equation (2.115), we can derive arbitrarily many integrability conditions analogous
to equations (2.129), (2.130). In the general case, it is easier to check these integrability
conditions applying theorem 3. However, we do not need this theorem in the simple case of
the Volterra equation (2.2). Infact, f, = u, (ty+1—t,—1), hence r{V = 0,1i.e. condition (2.129)
is trivially satisfied. Moreover, o{" is a constant function and thus 7{?’ = 2(u41 — tt,—1) ~ 0.
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2.4.1. Why integrable equations on the lattice are symmetrical. From the results presented
up to now, we can obtain a theorem which explains why only symmetrical equations may
possess higher order conservation laws. Then we will illustrate the result by the example of
the discrete Burgers equation.

Here we will consider n- and #-independent equations of the following very general form:

un = fn = f(urH-Na un+N—lv---’un+M)’ (2134)
Afn  Ofn

aun+N aM}HM

N>M, #0, (2.135)
where for a given equation N and M are fixed integers. The definitions of conservation laws,
conserved densities and their orders are given by definitions 2 and 4. Formulae (2.42)—(2.45)
will provide us with the way of finding orders also in this case.

In a quite similar way, we can prove the following analogue of theorem 10: if
pn 1s a conserved density of equation (2.134), then its variational derivative g, satisfies
equation (2.108), where

D, =Zf% f,,**=2%":rp

As we will consider a conserved density p, of the order m > 0, formula (2.45) for g, is valid,
and we can rewrite equation (2.108) as

m -M
don Ofnvi
i nei = 0. 2.136
Z aun+if+ Z o, On+ ( )

i=—N

i=—m
We can now formulate and prove the following theorem.
Theorem 13. If an equation of the form (2.134), (2.135) possesses a conservation law of
order m, such that

m > min(|N|, |[M]), (2.137)
then N = —M and N > 0.
Proof. As we have said before, if m > 0, we can define the variational derivative g, of the

conserved density p,, which will satisfy equations (2.45), (2.136).
The following table will be helpful:

a 00,
on _ for j<-—-m or j>m
8I'tn+j8un+i
ol 8n[
Jut =0 for j<M-N o j>N-M
Oupyj Ouy (2.138)
d0n fusi . . '
LL:0 for j<M-m or j>N+m
Oty Oty
8niani . .
Juti O@ns = for j<—-m-—-N or j>m-—M.
Ouy Outpy;

This result obtained, using only the formulae (2.45), (2.134)), does not depend on the number
i. We will need to take into account the table when we will differentiate equation (2.136) with
respect to U4 .

The proof of this theorem is based on the formulation of two conditions which will lead
to a contradiction. The first condition means that m, N, M satisfy the following inequalities:

N >0, m>—M, N> —M. (2.139)
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In this case, differentiating (2.136) with respect to u,+y+, and using (2.138), we obtain
0 ( 90n ) B 00n  Ofn+m . 00n ™ 0fn

—fn+m -
8Mn+m aMn+N+m aMn+m aun+N

=0.

8l"n+N+m aMn+m

This result is in contradiction with conditions (2.45), (2.135). The situation is quite similar in
the second case, when

-M >0, —-M >N, m > N. (2.140)

Here we can differentiate (2.136) with respect to u,,4,,—» and are led to

d afn— Ofn—m 00n— _ Afn  00n
(f MQn—M)_—f M _SCnm_ =TM<—f gen >=0.

8Mn+me 8"tn 8un 814n+m7M E)un+M aurH—m

Also in this case the result is again in contradiction with equations (2.45), (2.135).
Now we are going to prove that we must have N = —M, considering the following two
possible cases:

Casel: N >-M
Case2: —M >N

and using the results just obtained. Case 1 is compatible with (2.139). As N > M, we have
N>-M2>=—N, N>M > —N, (2.141)

and hence N > 0. This result together with equation (2.141) imply |[N| =N > |[M| > —M.
Now, using condition (2.137), we obtain the following result: m > —M. So, condition (2.139)
must take place, i.e. case 1 is impossible. Case 2 is considered in a very similar way. As
N > M, then

-M>N2=2M, -M>=—-N>M,

hence —M > 0. Now |M| = —M > |N| > N, and therefore m > N due to equation (2.137).
So, condition (2.140) has been obtained, and thus case 2 is also impossible. Consequently,
N =—-—M.As N > M, we also have N > (. O

In all known integrable cases, the generalized symmetry and corresponding equation of the
form (2.1) possess the same infinite hierarchy of conservation laws. That is why generalized
symmetries of equations (2.1) are symmetrical in the sense of theorem 13.

Let us discuss the example of the discrete Burgers equation which is not symmetrical and
is linearizable:

Uy = Uy (un+1 - un)- (2142)

This equation has an infinite hierarchy of generalized symmetries, but no local conservation
laws of a positive order. It can be obtained from the linear equation

Uy = Un+l (2.143)
by the transformation

Up = Upy1/Vn- (2.144)
For any integer k, equations of the form

Uni, = Un+k (2.145)

are compatible with equation (2.143), i.e. are its symmetries. The transformation (2.144)
allows one to obtain from equations (2.145) symmetries for (2.142). In the case k = 0, we
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have a trivial symmetry: u,, = 0. If Kk > 1 or k < 0, we are led to the nontrivial ones. For
k =2 and k = —1 we get, for example,

Upt, = UpUnt (un+2 - I/tn), Upi, = 1— un/un—1~ (2146)

The reader can check that these equations are generalized symmetries of the discrete Burgers
equation. According to theorem 13, equation (2.142), as well as the generalized symmetries
(2.146), cannot have conservation laws of the order m > 0. The function logu, is the
conserved density of all equations (2.142), (2.146), e.g.

(logun)t,l = l/un - 1/un—l ~ 07

but it is of order m = 0. In the case of the linear equations (2.145) with k # 0, theorem 13
only guarantees that there is no conservation law of the order m > |k|.

2.5. Discussion of the integrability conditions

Here in the following, we will discuss some properties of the integrability conditions (2.55),
(2.99), (2.105), (2.129), (2.130). More precisely, we will see

e how to derive the integrability conditions, starting from the existence of two conservation
laws without using the generalized symmetries,

e how to obtain an explicit form of the integrability conditions convenient for testing the
integrability of a given equation,

e when the integrability conditions (2.55), (2.99), (2.105) allow one to construct nontrivial
conservation laws and

e the problem of the left and right orders of the generalized symmetry, and one more set of
integrability conditions.

2.5.1. Derivation of integrability conditions from the existence of conservation laws. As it
will be explained in section 3.1, conditions (2.55), (2.129), (2.130) are sufficient to provide
an exhaustive classification of integrable equations of the form (2.1). The other conditions
(2.99), (2.105) are automatically satisfied by all the equations of the resulting list and will be
used for the construction of conservation laws for equations of the list.

Let us consider the three integrability conditions (2.55), (2.129), (2.130) derived in
theorems 2 and 12, starting from the existence of one generalized symmetry of the order
m > 2 and one conservation law of the order m > 3. Now, instead of that, we require the
existence of two conservation laws of orders m; and my: my > my > 3.

In accordance with theorem 11, from these conservation laws we can obtain two formal
conserved densities S, and S,, such that

ord S, < ord§,,, lgt S, > 2, lgt S, > 2.

Using relations (2.70) and (2.119), we can pass from these formal conserved densities S, and
Sy to the following formal symmetry:

L, = (5;'5.)" (2.147)

This formal symmetry L,, will be such that ord L,, > 2 and Igt L,, > 2, as we have (cf (2.92),
(2.94), (2.128)):

ord L, = 2(ord S, — ord S,,), lgt L,, > min(lgt S,,, 1gt S,).
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The series L,, has the form (2.65) with N > 2. As gt L, > 2, we obtain from equation (2.64)
the following system of equations for the coefficients /() [(N=1:

Ny (D _ N e
LY fuen = Lt 127,

(2.148)
i(N N) £(0) N—1) (1) _ 7(N) £(0 (N=1) r(1
BV + L0 Ly + VD frvey = BV LD + 1 £

The integrability condition (2.55) has been derived in section 2.2 from equation (2.47)
for the generalized symmetry (2.3) of equation (2.1). However, the proof of theorem 2 uses
only the system of equations (2.48), (2.49) for the functions g™ and g{"~", which follows
from the compatibility condition (2.47). As the structure of two systems (2.148) and (2.48),
(2.49) is the same, one can derive the integrability condition (2.55) from the system (2.148).
The proof of theorem 12 uses condition (2.55) instead of the existence of a generalized
symmetry of the order m > 2. This means that we can write down an obvious modification of
theorem 12 in order to obtain conditions (2.129), (2.130). So, we are led to the following
result.

Theorem 14. If equation (2.1) has two conservation laws with orders m; > my > 3, then it
satisfies the integrability conditions (2.55), (2.129), (2.130).

One further result of this kind can be obtained with a reasoning similar to that used to
prove theorem 14. Let us make the ansatz, valid in the case of the Volterra equation, that there
are two conservation laws of orders m and m + 1, with m > 5. In this case, in accordance with
theorem 11, we can pass to a pair of formal conserved densities S, and S,,:

ord S, = m, ordS, =m +1, gt S, > 4, lgtS'n > 5.

Therefore, a formal symmetry L,, given by L, = S;'S,, is such that ord L, = 1 and
IgtL, > 4. Theorems 8 and 9 provide us with three integrability conditions. Using
theorem 12, we can derive two other conditions. More precisely, the following result takes
place: if equation (2.1) possesses two conservation laws of the orders m > 5 and m + 1,
then this equation satisfies the five integrability conditions (2.55), (2.99), (2.105), (2.129) and
(2.130).

2.5.2. Explicit form of the integrability conditions. It will be proved in section 3.1 that the
three integrability conditions (2.55), (2.129), (2.130), which can be written in the form

i’,(ll) ~0, V,EI) ~0, rr(l2) ~ 0, (2.149)

are not only necessary but also sufficient for the integrability of an equation of the form (2.1).
For this reason, conditions (2.149) can be used for testing the integrability of a given equation.
To be able to do so, we rewrite these conditions in an explicit form.

The first two conditions (2.149) are explicit, as the functions p{" and r{V, given
by equations (2.55), (2.129), are explicitly defined in terms of the right-hand side of
equation (2.1). One can easily rewrite r®, given by equation (2.130), in an explicit form. In

n >’

fact, as it follows from equation (2.129), the function o’ may only depend on the variables

u, and u, 1, as it is defined by the relation 6, — o = (1. Differentiating it with respect

. . RPN} . .
to u,y1 and u,_;, we can find the partial derivatives a;z , é;);”,l and then rewrite the time
derivative

3o oM
(1
(T,S )= _nfn + = a1

u, 0y
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in the definition of (?. Thus we get the following explicit expression for r(?:

m 1

or,” ar! 0
(2): nl n — - fn—1+2 fn-
aMn—l aun

(2.150)

" ou,

- (1)
One can also use the following form of conditions (2.149): 55';” =0, ‘Sar[ =0, %r[ =0,

as it has been proved in theorem 3 that these two forms of conditions are equivalent up to some
integration constants.

2.5.3. Construction of conservation laws from the integrability conditions. The integrability
conditions (2.55), (2.99), (2.105) provide an easy way for constructing conservation laws for
integrable equations (2.1), the complete list of which will be presented in section 3.1.2. We
explain in this section why, for most of those equations, these three conservation laws are
nontrivial.

In the case of the Volterra equation (2.2), such conservation laws have low orders 0, 0, 1,
as has been shown in section 2.3. In the case of the equation

iy = (Ups1 — un)l/z(un - unfl)l/za (2151)

all these three conservation laws are trivial. In fact, introducing the function w,, = u, — u,—1,

we obtain for instance that
w2

p" =log s — 3(T — ) logw,, PP =c—3(T -1,

3

where c is a constant, p{! and p? are given by (2.55), (2.99).
However, if an equation satisfies the condition
92 p(»

0,=—"—%0, 2.152
a"‘n+laun 1 75 ( )
then we prove in theorem 15 that the conserved densities p{", p®, p©® defined by (2.55),
(2.99), (2.105) are nontrivial and have rather high orders 2, 3, 4. One can easily check
that for most integrable equations, presented in section 3.1.2, condition (2.152) is satisfied.
This condition means that the conserved density p,(ll) is of order 2, as p,(l” ~ p21+)1 =

& (un+27 Un+l, un)-

Theorem 15. Let us assume that an equation of the form (2.1) satisfies the integrability
conditions (2.55), (2.99), (2.105), and that the conserved density p,(ll) is of order 2, i.e.
condition (2.152) is satisfied. Then the conserved densities p® and p'> are of orders 3 and
4, respectively.

Proof. We shall use here, in addition to (2.152), the following condition: f~! 2 0, which is
obtained from equations (2.1), (2.46). First we obtain some information on ¢{" and ¢‘®, using
relations (2.55), (2.99). The function q(l) may depend on the variables u,.1, Uy, Up—1, Uy—>
only, and one has

3g(» aph
=—-—" . 2.153
8“;1—2 al'tn—l fn—l ( )

It is easy to see that p!® must depend on the same variables. Then ¢(* may only depend on

Upsls Un, ..., U,_3, and due to equations (2.99), (2.153) we have:
dg? d g
9 _ B0 oy 0D gy f( R AN CREX)

814;1—3 8Mn—Z aun—Z a
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Using relations (2.99), (2.152), (2.153), one can show that
82pr2) 9%q (1)

=-0,f_) #0,

Qtps1 dtty_n 3un+13un )
i.e. the density p® has order 3. The conserved density p'¥, given by equation (2.105), has
the following structure:
~q® + L (p@) 4 1O FCD = 0, = o st s - ).
Moreover, we derive from equations (2.152), (2.154) that
pn 922

8Mn+lal'tn 3 8M,,+13Mn_3

— 0, VD 20,

and therefore p(® has order 4. O

We illustrate theorem 15, considering the equation

iy = (Ups1 — 1), (2.155)
which satisfies all five integrability conditions. Introducing the function w, = u,4+; — u,—1,
one can check that p{" = log(—wn’z), ®, = —2w; %, and condition (2.152) is satisfied. We
then easily find that

p® ~c; — 2w Lw !,

3) ~ _ -1 -2 2 l
Py 2 2C1 W41 wn + W41 w + 2wn+2wn+l wy

where ¢y, ¢, are arbitrary constants. So, these conserved densities have orders 3 and 4,
respectively.

2.54. Left and right order of generalized symmetries. In deriving the integrability conditions
(2.55), (2.99), (2.105), we have considered the left order m of a generalized symmetry (2.3)
only. According to theorems 2, 6, 8 and 9, m was required to be sufficiently high. On the
other hand, we used only the first of two conditions given by (2.1), namely £V # 0.

One can assume that the right order m’ of a generalized symmetry (2.3) is sufficiently
low and use the condition f{~" # 0. Following the proof of theorem 2, one differentiates
compatibility condition (2.47) with respect to

Untm'—1, Untm’ Untm'+1, Unsm'+2,

Then, following the proofs of theorems 8 and 9, one considers instead of (2.96) a formal
symmetry of the form

L, =0T 419 + VT + 1272 4. 17V #£0,

which is a formal series in positive powers of the shift operator 7.
One more set of integrability conditions can be obtained in this way which have the form

D,p = (T —1)g i=1,23,..., (2.156)

where, for example,
Pl =log i B =4 - 1" (2.157)

Conditions (2.156) are the analogous of equations (2.55), (2.99), (2.105), and the functions
(2.157) are similar to the conserved densities p", p® which can be written as

p=log iV, pP=q;"+ f0. (2.158)



R578 Topical Review

Let us explain why the integrability conditions (2.156) are not important. In fact, such
conditions can be obtained as corollaries of the integrability conditions like (2.55), (2.99),
(2.105), (2.129), (2.130). This will be demonstrated, considering as an example conditions
(2.156) withi = 1, 2 and using in addition to equations (2.157), (2.158) the following formulae
for the functions r{" and r®, given by (2.129), (2.130):

D =1log (— £V/£V), r® — M 42 fO
If the integrability conditions (2.55), (2.129) are satisfied, then
Dp" = D, (p = r") = (1 — 1)(g™ — 5V).

This means that condition (2.156) with i = 1 is satisfied too, a function q(l) exists, and its
general form is: ¢V = ¢V — 6 + ¢, where c is an arbitrary integration constant. From
conditions (2.99), (2.130) we obtain

D, = Di(g,” = 6,” = £;7) = Di(p;? = 1,?) ~ 0,

i.e. the integrability condition (2.156) with i = 2 is obtained as a corollary of equations (2.99),
(2.130).

2.6. Hamiltonian equations and their properties

We discuss here Hamiltonian lattice equations of the form (2.1) and explain why such equations
are useful in the generalized symmetry method.

Let us consider anti-symmetric operators K, such that K Z = —K,,, where the definition
of an adjoint operator is given by equation (2.109). The operators K,, have the form

K, =Y (kT — ki, 77). (2.159)
j=1
These operators are supposed to satisfy an equation similar to that for the formal conservation
densities (2.115):

K,= f K, +K,f*. (2.160)

Hamiltonian equations are given by

un:fm fn—K

where h, is any function of the form (2.11). It is more convenient in the case of the
generalized symmetry method to introduce the following definition for Hamiltonian equations
and operators.

8hy

2.161
b, ( )

Definition 7. An equation (2.1) is called Hamiltonian if it can be written as equation (2.161),
where K, is anti-symmetric operator of the form (2.159) satisfying equation (2.160).
The operator K, and function h, are called Hamiltonian operator and Hamiltonian density,
respectively.

The name Hamiltonian density is due to the fact that %, is a conserved density of
equation (2.161), as follows from property (2.159). In fact,

3/’1,, 8hn Shn Shn
D;h, = Z a_fn+i ~ 7fn =

—K,—
n+i Su, du, Sup

S (M) o

n
Up 8un+/
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As the operator K, satisfies equation (2.160), we can construct, starting from any conserved
density, generalized symmetries of equation (2.161).

Theorem 16. If p, is a conserved density of equation (2.161), then the equation

ép
Un,t = &n» &n = Kn_n, (2.162)
Suy
is its generalized symmetry.

Proof. If p, is a conserved density of equation (2.161), then its variational derivative o, = g” 2

solves, according to theorem 10, equation (2.108). From equations (2.108), (2.160) it follows

that the function g, = K,,0, satisfies equation (2.71):
Dtgn = KnQn + KnQn = (fn*Kn + ann*T)Qn - ann*TQn = fn*KnQn = fn*gn
This means that equation (2.162) is a generalized symmetry of equation (2.161). (]

It is obvious that theorem 16 is also true if K, is an infinite formal series of the
form (2.65) and satisfies equation (2.160). However in this case, one has to check that
equation (2.161) and its symmetry (2.162) are local, i.e. have the form (2.1) and (2.3),
respectively. So, an infinite formal series satisfying equation (2.160) also may map conserved
densities into generalized symmetries. Sometimes, such formal series is called Noether
operator [24].

Let us consider, for example, equations of the form

ity = Pun)(Ups1 — Up_1), (2163)
where P is any non-zeroth function. Any equation (2.163) is Hamiltonian. The Hamiltonian
density h,, is given by h, = [ % du,. The operator
Ky = Pu)(T =T Puy) = Pun) P(tys)T — Puty) Pty )T~ (2.164)

is Hamiltonian as one can prove, checking equation (2.160) by direct calculation.
There are two nonlinear integrable equations in this class. These are the Volterra
equation (2.2) and the modified Volterra equation:

ity = (% = uy) (Ut — 1), (2.165)

where c is an arbitrary constant. Omitting constants of integration, which play no role in this
case, we can write down the Hamiltonian densities as

By =y, h, = —1log (c* —u?), (2.166)
respectively. In the case of the Volterra equation, if we use formula (2.162) and the conserved
densities (2.39), we obtain the trivial symmetry u, . = 0 from p) and the generalized

symmetry (2.15) from p>. Let us note that the case of p2 = h,, is not interesting here. The
conserved density p? is transformed into a generalized symmetry (2.3) withm = 3, m’ = —3.

Theorem 17. If K,, is a Hamiltonian operator of equation (2.161), then its inverse S, = K, !
is a solution of equation (2.115).
Proof. This follows immediately from equation (2.160). In fact,
Sp+Sufi+ 518, = —K, 'K, K, '+ K fF+ £K!
=K, '(—Ku+ [ Ko+ K, £ K =0, O

The same is true for any formal series of the form (2.65) satisfying equation (2.160), i.e.
for Noether operators. As has been said in section 2.3, the exact solution of equation (2.64)
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is the recursion operator. Theorem 17 states that exact solutions of equation (2.115) are the
inverses of Hamiltonian and Noether operators.

Let us pass to an important application of theorem 17. If a Hamiltonian equation (2.161)
possesses generalized symmetries of high enough orders, then it has a formal symmetry L,
of the first order and of length / as big as necessary (see theorem 6 of section 2.3). In this
case, we have not only the exact solution S, = K, ! of equation (2.115) but also formal
conserved densities K, ! L! of any order and of length / (section 2.4). Additional integrability
conditions similar to (2.129), (2.130), which come from the existence of conservation laws,
are automatically satisfied in this case.

So, when studying Hamiltonian equations like equation (2.163), we can use the two
properties as follows.

e Generalized symmetries can be constructed, starting from conservation laws. Moreover,
it will be shown in section 2.7 that conservation laws can be obtained, using Miura-
type transformations. The Hamiltonian structure provides the equations with generalized
symmetries.

e Additional integrability conditions similar to equations (2.129), (2.130) are automatically
satisfied. If we classify integrable Hamiltonian equations or test a given Hamiltonian
equation for integrability, we can use only integrability conditions similar to equations
(2.55), (2.99), (2.105) which come from the existence of generalized symmetries.

For Toda and relativistic Toda-type lattice equations, there are wide classes of Hamiltonian
equations, and these two properties will be very useful.

Bi-Hamiltonian equations, i.e. equations possessing two Hamiltonian structures, are
known to be integrable. Let us briefly provide an explanation of this fact. If an equation
has two representations (2.161) with Hamiltonian operators K, and K, of different orders
(ord K, > ord K ), we can introduce the formal series S, = K', §, = K ! and then, due to
equation (2.119), the series L, = S; 'S, = K, K. Equations (2.69), (2.70), (2.118) imply
that L and S, L’, where i is an arbitrary integer, are the exact solutions of equations (2.64)
and (2.115), respectively. This means that all integrability conditions are satisfied, as those
conditions are derived from equations (2.64), (2.115). Moreover, L, is the recursion operator,
and one can construct, using it, an infinite number of conserved densities and generalized
symmetries.

The Volterra equation (2.2) exemplifies a bi-Hamiltonian equation [48]. It is easy to check
that both operators,

K, = un(T - T_l)uny
I%n = Uy (un+1T2 + (un+1 + un)T - (un + Mn—l)Ti1 - Mn—lTiz)una

together with the functions 4, = u, and fzn = % log u,, define Hamiltonian representations
(2.161) for the Volterra equation. As we shall show, A, = K K !is the formal series (2.73).
This will prove that (2.73) is an exact solution of equation (2.64), i.e. is the recursion operator.
Moreover, the formula K ' A! (i € Z) will give for the Volterra equation exact solutions of
(2.115).
In fact, the Hamiltonian operators K, and K, can be rewritten as

Ky, =u,(1- Tﬁl)(T + Duy,

Ien = un(un(l - T_l) + Up+l T — Up—1 T_z)(T + l)una
and hence the inverse of K, is given by

K'=u ' (T+1)'a-T"H "l
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That is why we obtain the formal series A, (2.73):
KoK =,y (1 =T Y sy T — 0y, THA =T, = A,

2.7. Discrete Miura transformations and master symmetries

If, using integrability conditions, we obtain a list of equations, we pass to a next problem,
taking into account that the integrability conditions are only necessary conditions for the
existence of generalized symmetries and conservation laws. The problem is to construct for
resulting equations higher order generalized symmetries and conservation laws.

Here are some possibilities. One can construct a few conservation laws, using the
integrability conditions (2.55), (2.99), (2.105) as presented in sections 2.2 and 2.3. One can
find coefficients of the formal series L, (2.96) of the first order and then, using theorem 7
contained in section 2.3, obtain conserved densities. One more solution is obtained by using
the recursion operator considered in section 2.3, which generates the infinite hierarchies of
conservation laws and generalized symmetries. If an equation is Hamiltonian, one can, using
the results presented in section 2.6, construct generalized symmetries, starting from conserved
densities.

In the review paper, we provide equations by infinite hierarchies of conservation laws and
generalized symmetries, and we mainly do that using Miura-type transformations and local
master symmetries together with Hamiltonian and Lagrangian structures.

Let us consider Miura-type transformations. The discrete analogue of the Miura
transformation (1.26) is given by the following definition.

Definition 8. The equation
Uy = fn = f(vn+l’ Vn, Up—1) (2.167)

is transformed into equation (2.1) by the transformation

ds, 0
Uy =50 = SWas Unsts oo Unst)s k>0, 2 20 (2.168)
aUn 8Un+k
if s, satisfies
K as
Disy =Y = fuej = f(Sns1: S Sn1)- (2.169)
=0 avn+j

Transformation (2.168) is called a Miura-type transformation.

The name Miura-type transformation is due to the fact that such transformations are similar
to the original Miura transformation (1.24). As an example, let us present the transformation

iy, = (c+up)(c —ups1), (2.170)

which brings solutions u,, of the modified Volterra equation (2.165) into solutions #, of the
Volterra equation (2.2).

Miura transformations, unlike point transformations which have the form u, = s(v,),
are not invertible. Definition 8 is constructive because, for any given pair of equations (2.1),
(2.167) and for any number k, we can find a Miura-type transformation (2.168) or prove that
it does not exist.

If equation (2.1) possesses a conservation law, it can be rewritten easily as a conservation
law of equation (2.167). To do so, one has to replace the dependent variables u,.; by the
functions s,.;. It is important that nontrivial conservation laws of positive order remain
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nontrivial. This will be shown in detail for conservation laws written in the special form
(2.35)—(2.38).
Let the relation
D py = (T — D)gy,
Pn = PUn, Units - o Unim), 2.171)
qn = q(unflv Upy ooy Upim)s

be a conservation law of equation (2.1) of the special form which has positive order m. This
means that

P £0 (2.172)
Oy Ot '

Then the following theorem will provide a conservation law for equation (2.167).

Theorem 18. Let transformation (2.168) transform equation (2.167) into equation (2.1). Let
us assume that there exists a conservation law (2.171) of equation (2.1) of positive order m.
Then equation (2.167) possesses a conservation law

D;pn = (T — D,
Pn = DPWn, Vntts - oy Unikam) = P(Sns Susts - -+ s Spem)s (2.173)
Gn = GUn—1, Vns -+ s Vnkam) = q(Sn—1, Sns « - - » Sn+m),

and its order is equal to k + m.

Proof. Let us prove the first part of the statement, namely, that (2.173) is a conservation law
of equation (2.167). We use the formula 2= = Y~ 02 i By the following calculation

OVp4i J aum-/ OVp4i
ai’n ~ apn 8Sn+j 2
D.»H = e =t .
“Pn lZ avn+i fﬂ+l lZ Z aMn+j 8vn+i fﬂ+l
3pn 8sn+j 2 ap’l
= _— : = —D S iy
; 3un+‘,‘ (lZ avn+i fn+t Z al/ln+j on+j

using equations (2.1), (2.168), (2.169), (2.171) together with formulae for p, and g,, given
by (2.173), we obtain

N op op,
D p, = E Bu,:j S Snajsts Snsjy Snaj—1) = E Bt S Upjt, Unajy Unsj—1)
j j
pn . .
= E _nun+j =D/p, = (T - I)Qn = (T - I)Qn-
; aun+j

In this way we have proved the first part of theorem 18. As m > 0, we easily check, using
equations (2.168), (2.172), that

82 An — 0 < 3Pn 8Sn+m > — 82pn 8Sn vk 8Sn # 0’
8vn avn+k+m avn 8l'tn+m 8vn+k+m 8l"n aI'tn+m avn 8vn+k
i.e. this conservation law is of order k + m. O

Theorem 18 provides a way of constructing conservation laws and it shows that if
equation (2.1) is integrable, in the sense that it possesses conservation laws of arbitrarily
high orders, and equation (2.167) is transformed into it by a Miura-type transformation, then
equation (2.167) is integrable in the same sense.
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Let us give a few examples. As has been said before, the modified Volterra equation
(2.165) is transformed into the Volterra equation (2.2) by transformation (2.170). Let us now
use theorem 18 and the conserved densities (2.39) of (2.2) to construct two conserved densities
for equation (2.165). Starting from p), we obtain the following conserved density:

log(c + uy) +log(c — uysy) ~ log (c2 — ui) = i),ll.
Starting from p2, we are led to
(C + un)(c - un+l) = —UpUps1 t 62 - C(T - l)un

Onmitting the trivial terms and multiplying the result by —1, we obtain for equation (2.165) the
density P2 = uptpi1.

The modified Volterra equation is Hamiltonian (see (2.163), (2.164), (2.166)), and one
now can use theorem 16 to construct a generalized symmetry. The case of p! = —2h, (see
equation (2.166)) is trivial. In the case of ﬁ,zl, one obtains 252 = Up4+1 + U, and is led, using
formula (2.162), to the following generalized symmetry of e"quation (2.165):

Upr = (c2 — u,%)((c2 — uﬁﬂ)(u,ﬁz + un) — ( 2 uﬁfl)(un +u, »)). 2.174)

Another example is given by equation (2.155) discussed in section 2.5. It can be
transformed, by the transformation ii,, = (1,41 — u,_1)~", into the modified Volterra equation
(2.165) with ¢ = 0. This proves that equation (2.155) is integrable.

Let us consider equation (2.151). It can be shown that not only three conserved densities
pV, p? | pl given by equations (2.55), (2.99), (2.105) are trivial in this case but also any
conserved density which can be obtained using equation (2.64) and formulae (2.76), (2.77).
Nevertheless, equation (2.151) has an infinite hierarchy of nontrivial conserved densities. In
fact, if we introduce the function

Wy = (Up41 — un)l/Z’ (2.175)
the transformed equation reads
2w, = Wyt — W1, (2.176)

i.e. equation (2.151) is linearizable. It is easy to check that the functions p)' = w,Wpim
(m > 0) are conserved densities of this linear equation, as

2DrP,T = (T - 1)(wn—lwn+m + wnwn+m—l)'

The order of such density p;’ equals m. Using transformation (2.175), we obtain from p; the
following conserved density for equation (2.151):

(un+1 - M11)1/2(un+m+l - un+m)1/2- (2177)

If m = 0, such density is trivial. If m > 0, one can see that conserved density (2.177) is
nontrivial and has order m + 1, as theorem 18 guarantees.

Let us consider the master symmetries. The notion of master symmetry has been
introduced in [21], see also [20, 22, 23, 46]. We consider in this review only local master
symmetries, i.e. such master symmetries whose right-hand side, unlike equation (1.28),
contains no operators like (7 — 1)~!. Such master symmetry has been found for the first
time in [23] for the Landau-Lifshitz equation. It is known that there are many local master
symmetries in the case of discrete-differential equations [10, 11, 16, 17, 47, 48, 80].

The master symmetry is an equation which depends explicitly on the spatial variable and
may depend on its time. In the case of equations (2.1), we consider local master symmetries
of the form

Upr = d’n(f’ Up+l, Up, un—l)- (2178)
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If there is an essential dependence on 7, then the corresponding equation (2.1) and its
generalized symmetries (2.3) will also depend on t which, for these equations, is an outer
parameter. More details will be given at the end of this section. This is the reason why the
evolution differentiation D, corresponding to equation (2.178) is defined by

3 9
De= -+ ;(pnﬂ. _ (2.179)

9
8"4n+j

(cf (2.7)). An example of a master symmetry is given by
Upt = un((” +2)un+1 tu, — (}’l - 1)Mn—l)- (2180)

This equation, introduced in [29], is a master symmetry of the Volterra equation (2.2) (see
[48]), as can be checked, using the following definition 9.

Let us define a Lie algebra structure on the set of functions ¢, of the form (2.11) and
& (T, Ups1, Uy, u,—1) defined in equation (2.178). For any functions ¢, and qgn, we introduce
the equations u, ; = ¢, and u, ; = é, and corresponding evolution differentiations D, and
D;. A new function is defined as follows:

[¢na (ﬁn] = Dr(i;n - Df¢n~ (2181)
Here [, ] is a Lie bracket, as it is obviously anti-symmetric: [¢,, ¢3n] = —[(13,1, ¢,], and one
can check by a direct calculation that it satisfies the Jacobi identity:

(Upns @als @ul = LUbn: Puls Gul + [Dn, [P, Pull. (2.182)

The right-hand side g, of a generalized symmetry (2.3) of equation (2.1) satisfies
equation (2.6), i.e. [g,, f.] = 0. In the case of the master symmetry (2.178), the function

&n = [¢n, ful (2.183)

is the right-hand side of a generalized symmetry. This generalized symmetry must be
nontrivial, i.e. in equation (2.3) m > 1 and m" < —1. The function ¢, satisfies the following
equation:

[[&n, ful, ful = 0. (2.184)

Any generalized symmetry (2.3) gives its trivial solution: ¢, = g,. The master symmetry
corresponds to a nontrivial solution of equation (2.184).

Definition 9. Equation (2.178) is a master symmetry of equation (2.1) if the function ¢,
satisfies equation (2.184), and the function (2.183) is the right-hand side of a generalized
symmetry (2.3) with orders m > 1 and m’ < —1.

In the case of the local master symmetry, this definition is constructive because, for any
given equation (2.1), one can find a master symmetry (2.178) or prove that it does not exist.

The master symmetry is closely related to a r-dependent generalized symmetry of
equation (2.1), where ¢ is the time of (2.1). Let us show this in the case if there is, in
equation (2.178), no dependence on 7, and thus D, = > j ¢n+jL (cf (2.179)). This

BuVH»/
generalized symmetry is of the form u, ; = g, = tg, + ¢,, where g, given by equation

(2.183) is the right-hand side of a generalized symmetry u, ., = g,. One easily checks that

afn
[gns fn] = fon - Dtgn = Z L(l‘gn+j +¢n+j) - Dt(tgn + &n)

aMn+j

= tDT/f;’l + thn — 8n — thgn - Dtd’n = t[gna fn] + [¢n’ fn] —8n = 0.
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Master symmetries enable one to construct infinite hierarchies of generalized symmetries.
Let us introduce an operator adg, corresponding to the master symmetry (2.178),

ady, b = [¢n, Pl (2.185)
Then, in terms of its powers adf%, we can construct generalized symmetries for any i > 1:
Ung, = g\ = ady fy. (2.186)

In spite of the fact that equation (2.178) has an explicit dependence on the variable n,
the resulting generalized symmetries (2.186) do not depend on n. It is clear that the way
of constructing generalized symmetries is simpler, using local master symmetry, than in the
case of non-local master symmetries or recursion operators, as non-local functions can never
appear when one applies the operator ad, .

In the generic case, it is not easy to prove that equations (2.186) are generalized
symmetries and do not depend explicitly on n. This can be proved only for some integrable
equations using specific additional properties (see e.g. [17], where the Volterra equation is
discussed). Definition 9 implies that equation (2.186) withi = 1 is a generalized symmetry of
equation (2.1). We only prove here that also equation (2.186) with i = 2 is a generalized
symmetry (see e.g. [20]).

Theorem 19. If equation (2.178) is the master symmetry of equation (2.1), then (2.186) with
i = 2 is a generalized symmetry of this equation.

Proof. Introducing the notation g,(lo) = f,, we obtain from equations (2.185), (2.186) the
following result for all i > O:

g = ady, ¢ = [¢n, g (2.187)

Then, using the Jacobi identity (2.182) and the fact that equation (2.186) with i = 1 is a
generalized symmetry, we have

[ £i] = [[60: 88"]. 5] = [16a. £ 8] + [ [8. 5]
= [s'". g"] + [¢n. 01 = 0,

i.e equation (2.186) with i = 2 is a generalized symmetry of equation (2.1). ]

It can be checked, using definition 9, that equation (2.180) and
U = (> —up)((n+ Dtgy — (0 — Duty—y) (2.188)

are master symmetries of the Volterra equation (2.2) and the modified Volterra equation (2.165)
(see [80] in the second case). Formula (2.186) with i = 1 gives the generalized symmetry
(2.15) in the first case and (2.174) in the second one. Formula (2.186) for i = 2 provides in
both cases a generalized symmetry (2.3) of orders m = 3, m’ = —3.

Using local master symmetries, one can easily construct not only generalized symmetries
but also conserved densities. Indeed, if p, is a conserved density of equation (2.1), then the
functions

D] pa, =1, (2.189)

also are its conserved densities. Here D! are powers of the operator D; (2.179). Adding
total differences to the functions (2.189), one can not only simplify the obtained conserved
densities but also remove the explicit dependence on the variable 7.

We cannot prove formula (2.189) in the general case. For a given equation, such proof
requires using additional properties, see e.g. [10, 16, 17], where a proof is given for the
Volterra equation, using the L — A pair. It is a general property of integrable equations that the
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equation and its generalized symmetries possess common conserved densities. We consider
below the case when a function p,, is the common conserved density for an equation (2.1) and
corresponding generalized symmetries (2.186). In this case we prove formula (2.189), which
is a corollary of the following theorem.

Theorem 20. Let equation (2.178) be a master symmetry of equation (2.1) and let p,, be the
common conserved density of equation (2.1) and its generalized symmetries (2.186). Then the
function D; p, also is a common conserved density of equations (2.1), (2.186).

Proof Introducing the notations o = ¢ and g” = f,, using the derivative operator
Z 853 ; aMB for all i > 0, and taking into account equations (2.186) together with

equatlons (2.179), (2 181), (2. 187) we obtain

DD, — D, D, = Z(ngf;:, Dy ) ——

aMn+j
0 i+ O
_Z ¢n+]’g;(ll.3} = gy(ll:j)a .
Up+j ; Up+j
So, for any i > 0, we have the followmg general formula:
[D.,D,1=D.D, — D,D, = D,_,. (2.190)

If a function p, is the common conserved density of equations (2.1), (2.186), then one
has the set of conservation laws:

Dy.p, = (T — Ho?, i>0. (2.191)
Relations (2.190), (2.191) imply

Dy, D;py = D: Dy py — Dy, = (T — D)(D; 0 — 0f*™Y),
i.e. D p, is also a conserved density of equations (2.1), (2.186). U

Let us consider, as an example, master symmetry (2.180) of the Volterra equation (2.2)
and conserved densities (2.39). We see that

Dr[’yll =m+2Dup +u, —(n— Duy—y =+ Nu,
+(T = D)((n + Duy) + 1y — nuy + (T — 1)((n — Duty—y) ~ 2u, = 2p2.

In particular, the explicit dependence on n disappears after passing to an equivalent density.
Moreover, one can check that D, p2 ~ 2p3, D, p3 ~ 3p? i.e. master symmetry (2.180) allows
one to construct, starting from p, the conserved densities p2, p3, p2.
The explicit dependence of the master symmetry on its time is more difficult to understand
and will be discussed separately. We do that by considering the following example:
iy = Upel T UL +2u,, +C, (2192)

Upyl — Up—1

where ¢ is a constant. If we try to find a master symmetry (2.178) for equation (2.192), using
definition 9, we fail. However, if we consider the equation
Upel + Up_1 +2u, +a(t
i, = n+1 n—1 n ( )’ (2193)

Upsl — Up—1

where a(t) is an unknown function and t is the time of the master symmetry, we find a master
symmetry if a’(t) = —4.
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Let us choose a solution of this ODE, satisfying the initial condition a(0) = ¢, and write
down the master symmetry of equation (2.193) as

Uy = Nily, a(t) = -4t +c. (2.194)

Generalized symmetries and conserved densities, generated by (2.194) for equation (2.193),
explicitly depend on 7 and remain generalized symmetries and conserved densities for any
value of the parameter t (unlike the master symmetry). Putting t = 0, we obtain generalized
symmetries and conserved densities for equation (2.192) with any given number c. So, a
master symmetry is constructed for the generalization (2.193) of equation (2.192) depending
on 7, and that master symmetry provides generalized symmetries and conserved densities for
both equations (2.192), (2.193).

2.8. Remarks on generalized symmetries for systems of lattice equations

Here we discuss the generalized symmetry method in the case of systems of lattice equations.
We do that by example of Toda-type equations which will be written as systems of two
equations on the lattice. We will see that general theory of the method in this case is quite
similar to the scalar one. The main difference is that coefficients of formal symmetries and
conserved densities are 2 x 2 matrices.

Let us consider the following class of equations:

of,  of,
fiy = fo = f (i, thet Uy 1), . A, (2.195)
8Mn+1 aunfl

which includes the well-known Toda model [65-67]:
i/in — e”ml_un _ e”n_unfl . (2196)

This class will be discussed in section 3.2.

Local conservation laws of equations (2.195) have the form (2.16), where the scalar
functions p,, g, are analogous to those given by (2.11), but depend on a finite number of the
variables u,.;, it,+;. The time derivatives diuy. il dr’ with i > 2 are expressed in terms of
these variables in virtue of equation (2.195). The evolution differentiation D, is defined in
this case as follows:

. il il
D[=;Mn+jm+;fn+jv. (2197)
Generalized symmetries of equation (2.195) are equations of the form:

Upt = Pp = §0(un+m, un+ms Un+m—1, ”.tn+m717 ey Uptms un+m’)v (2198)

where m > m'. Using the fact that equations (2.195), (2.198) have common solutions
u,(t, v) and applying the operator D, to (2.195), we obtain the compatibility condition for

equations (2.195), (2.198), i.e. an equation for the function ¢,,:
D?¢, = D. f,. (2.199)

From the viewpoint of the generalized symmetry method, it is more convenient to rewrite
equation (2.195) in the form of a system of two equations. Let us introduce the function
v, = i, and rewrite equation (2.195) as the system

un = Up, v, = ﬁl = f(vnv Up+1, Up, Un—l)s (2200)

which is equivalent to equation (2.195) from the viewpoint of definitions of generalized
symmetries and conservation laws. The following formula

¢n = ¢(“n+k1 s Unthy s Untki—15 Untko—1s «+ « 5 un+k; P vn+ké)’ (2201)
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with finite k; > ki, ko > k), expresses the most general form of functions. Conservation
laws for (2.200) have the same form (2.16), p, and g, are functions of the form (2.201) and a
formula for the operator D, is obviously rewritten from equation (2.197).

The system (2.200) can be written in vector form

Uy = Fy = F(Uypa1. Up. Uy_y), U, = <Z> : F, = (;) : (2.202)
Then, its generalized symmetry reads
U = Gy = GWUpm: Unsm—ts - -+ Upam)- G, = (f;) . (2203)

where m > m’ and ¢,, ¥, are functions of the form (2.201). The standard compatibility
condition D;G, = D F, implies the relations D;¢, = v, . and D;y,, = D, f,. Thus, we see
that v, is expressed via ¢,: ¥, = D,¢, and the function ¢, satisfies condition (2.199).

Main formulae, notions, definitions and theorems presented in this section are very similar
to ones presented in sections 2.1, 2.3, 2.4, 2.6. Let us introduce the following notation for
vector-function G,, defined by (2.198):

3G, _<a¢n/aun+,- 8gon/8vn+,->
U, OVn/OUpsj OVn/0Upsj) "

We suppose for generalized symmetry (2.198) that % 3?/6:’/

U,+m» Upsny) and call the numbers m and m’ the left and right orders of this symmetry. The
order of conserved densities and conservation laws is also defined as in the scalar case. As in
definition 4, we say that a conserved density p, (which is the scalar function) is called trivial
if it is equivalent to a constant. If p, ~ ¢ (U,), where g is not a constant function, then p,, is
of order 0. A conserved density p, has order m > 0 if

(2.204)

# 0 (i.e. G, really depends on

326<)n 3260n
~ — U.. U U OunOtpsm Uy OVpam 0
Pn n —[}O( ny Yntls oo o n+m)’ 920, 320, GA .
0V, 0ty 0V OV

We can easily calculate the order of a conserved density, using the formal variational
derivative. Let us introduce, as in (2.40), the variational derivatives with respect to u, and v,
for any function ¢, (2.201) as

¥ —
3(}5” : a‘1’n+j 8¢n = a¢n+j
= , = —_ 2.205
Suy, j;{ ou, Sy, jX;C ov, ( )
=k =k

and then define for the conserved density p,, a variational derivative with respect to U,,:

5 n n n
on = Pn _ (8’7 /8u ) (2.206)

T 8U,  \8pn/Su.
As in equations (2.42)—(2.45), we have o, = 0 if p, is a trivial conserved density,
on = 0(U,) # 0if it is of order 0, and
don  00n
OUpsm OUp—pm

On = Q(Un+m7 Unim=1s -+ Un—m), 75 0,

if p, has the order m > 0.
Following equations (2.62), (2.109), the Frechét derivative G;; of vector-function G,
(2.198) and its adjoint operator G} are defined in this case as

m

G, . "G, \
G* = ° 1/, Gt = ) 7, 2.207
=2 , Z( U ) (2.207)

j=m’ Jj=m'
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where the coefficients of G} are the transposed matrices. We see that coefficients of the
operators are matrices now and thus do not commute. In the same way and using the compact
notation

o

w _ O
aun+j

I v,

fn(j) _ , (2.208)

(see (2.200)), we obtain the following formulae for the operators F;, F} " in the case of F,
given by (2.202)

0 O 0 1 0 0\ ..,
F'= <f,f” 0> T+ <fn(0) fn(U)> + (fn(l) 0> T, (2.209)
0 fop 0 fO 0o fON.
*f n+l n n—1 1
F = (O 0 T + 1o + 0 0 T (2.210)

Now, as in sections 2.3 and 2.4, we can derive in place of equations (2.71), (2.108) the
following equations:

(D; — FHG, =0, (D + F o, =0 (2.211)

for the right-hand side of generalized symmetry (2.203) and for variational derivative (2.206).
Here D,;®, = i %FM ; for any vector-function ®,,.
As in the scalar case given by (2.64), (2.115), equations (2.211) are connected to the

equations
L, =[F}, L], Sy + S, Ff+Fi's, =0, (2.212)

but L,, S, are now formal series of the form (2.65), (2.116) with 2 x 2 matrix coefficients.
Applying the Frechét derivative to equations (2.211), one can show that

L, =G, S, = oy (2.213)
provide corresponding approximate solutions of equations (2.212). In this way we can
construct formal symmetries and conserved densities, and the definition of orders and
lengths will be the same as before. As in theorems 5 and 11, using formulae (2.213), we
obtain from the generalized symmetry of order m > 1 a formal symmetry L,, such that
ord L, = m, Igt L, > m, and from the conserved density of order m > 2 a formal conserved
density S, such that ord §,, = m and 1gt S,, > m — 1.

Formal symmetries and conserved densities in the case of systems under consideration can
be of two types. Namely, formal symmetries and conserved densities (2.65) and (2.116) can be
such that det /) = det st = 0, and then they are called degenerate, or det /(M) dets™) £ 0,
and then they are nondegenerate. The nondegenerate case is equivalent to the scalar one and
formal series (2.65), (2.116) can easily be inverted. The degenerate case is new and needs a
detailed discussion. Let us introduce compact notations for the operator F (2.209) and the
coefficients of the series L, (2.65):

Fr— pOT 4 pO 4 D71 o _ (o B

w=F"T+F +F,~ T, LY = (Vn(i) 53))' (2.214)
Then we can present the following theorem.

Theorem 21. [f the formal series L, (2.65) is a degenerate formal symmetry of equation
(2.202) of length 1 > 2, then it can be written as

0 0 aN-D (N-1) 3
L,= (y(N) 0) ™ + (y'('Nl) ﬁ;’,\,n) TV 4., (2.215)

where y, N BN=D £ 0.
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Proof. The condition [ > 2 means that we can set to zero coefficients at 7¥*!, TV in the first
part of equations (2.212). Taking into account (2.209), (2.214) and collecting coefficients at
TN*!, we obtain the condition FVI'Y) = ™ F which is equivalent to the following ones:

f(l)ﬂr(lﬁ/l) — IB(N)f(BV — (2.216)
Vg ’(11111) - S(N)f(l) (2.217)

As from (2.195), (2.208) £V # 0, equation (2.216) implies B{¥) = 0. Using equation (2.217)
and the condition det [N = /M §N) = 0, we obtain «{V) = §V) = 0.

Taking from equation (2.65) the condition {{Y) = 0, one can rewrite it in the form
Y V) £ 0. Coefficients at T give the following matrix equation:

l(N) F(l)l,(lNl D F(O)Z(N) l(N)F(O) l(N I)Frler)l\f .

The left upper corner element is y, V) = gN=D D “thus N1 =£ 0. O

One can prove in a quite similar way that the degenerate formal conserved density (2.116)
of length [ > 2 has the form

(M) (M=1)  p(M=1)
Sy = (““0 8) ™ + (igMU SEMU) TV (2.218)
where a/dM=1 £ (.

Theorem 21 enables us to obtain the following important result: the second power L2
of a formal symmetry L, of equation (2.202) is nondegenerate if Igt L, > 2. In fact, let us
consider the series L, (2.215) and, taking into account equation (2.65), write down the first
two coefficients of L2:

L2 = 1M TN+ (VY 1N )TN

The first coefficient of this formal series is the zero matrix, and the second one reads

IB( yn(-ilj/}\)/ 1 0
< - (N)ﬂ(N—l) . (2.219)

(N) (N-1)
Va Ol +N +8 VN1 n+N

This matrix is nondegenerate, then the formal symmetry L? is also nondegenerate and has
order 2N — 1 and 1gt L2 > 1gt L, — 1. This is the reason why, deriving integrability conditions
from the first of equations (2.212), we can consider only nondegenerate formal symmetries.

The easiest way to derive integrability conditions is to use a property of the Toda model
(2.196). The Toda model has, for any order m > 1, two generalized symmetries and two
conserved densities of order m, such that one of the corresponding formal symmetries and
conserved densities is degenerate, while the other one is nondegenerate. In such a case,
one can avoid considering degenerate formal conserved densities. In fact, for any degenerate
formal conserved density S, such that Igt S,, > 2, we can take a degenerate formal symmetry
L,, such that Igt L,, > Igt S,,. Then, using formulae (2.215), (2.218), we easily prove that the
formal conserved density S, L, is nondegenerate and

ord(S,L,) =ordS, +ord L, — 1, lgt(S,L,) > 1gt S, — 1.
In accordance with what we have said above, one can start from the nondegenerate formal
symmetries L,, L, and conserved density S,,:
ord L, = m, ordin—m+1 ordS, =m+1,
IgtL, > m, lgtL >m+1, Igt S, > m,
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where m > 1. Then the nondegenerate formal symmetry L,= inL; I'and conserved density
S, = SnLn_l, such that

ordz,, :ordgn =1, 1thn >m, lgtg,, >m,
can be used for deriving integrability conditions. For the formal symmetry
L,=I0T 410 4707 4.

we can write down some useful formulae for the conserved densities in terms of the matrix
trace and determinant (cf theorem 7):

D, logdet 7,(,1) ~ 0,
D, trres L ~ 0, 1<i<lgtL, —2.

These formulae are valid if 1gt L, >2and lgt L,>3, respectively.

The integrability conditions can also be derived, starting from the existence of any two
conservation laws or one generalized symmetry and one conservation law. A precise statement
is given in section 3.2, but corresponding calculation would be quite long in this case. One has
to consider both nondegenerate and degenerate formal conserved densities. One also has to
use the fact that the degenerate formal conserved densities of equations (2.202) are invertible
(as well as the degenerate formal symmetries)! Indeed, it is easy to check that the inverse
S—1 of the formal series S, (2.218) exists and is unique. First coefficients of S, ! have the

following form:

S(-M)  F(-M
sl = 0 0 7M. [ by TMy. ..
"\ dUm oM g ’

F(1—M) ~(—=M) _
dy " = 4D & o)
n—M+1 n—M
(M—1) (M—1)
B — b, m Z-M) — Cn—m+1
n (M) M=1)° n M) 4M=1)
n—M“n—M n—M~n—M+1

This allows us, starting from the existence of two conservation laws, to pass to formal conserved
densities S,,, S » and then to obtain the formal symmetry L, = S, ) » evenif S, is degenerate.

As aresult, we can derive for the systems (2.200) integrability conditions which have the
same structure and meaning as conditions (2.55), (2.99), (2.105), (2.129), (2.130). Similarly
to (2.55), the first of them is

afn

Up+l
the other ones will be presented in section 3.2. In this case, integrability conditions can be
checked, using the following property formulated for functions ¢, of the form (2.201):

8¢i‘l 8¢n

Su, v,

D, log = (T — 1)q'V,

=0 & du=c+(T Dy,

(cf theorem 3). Here the formal variational derivatives are defined by (2.205), ¢ is a constant
and 1, is another function of the form (2.201).
Let us discuss in conclusion the Hamiltonian systems

. Shy ) Shy,
un=§0n§, vnz_(anM s

where h,, is a function of the form (2.201). For example, if
on =1, h, = el —in 4 %Ui, (2.221)

On = @(Uy, Vy), (2.220)
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we obtain the Toda model (2.196). Almost all integrable equations in sections 3.2 and 3.3.2
are Hamiltonian with respect to this Hamiltonian structure.
In order to check that system (2.220) is Hamiltonian, one has to rewrite it in vector form:

. Shy 0 1
U,=F,=K,—, Ky, = ¢n . 2.222

5U, ¢ (—1 o) (2:222)
The vector U, is given in equation (2.202), and the operator % is defined by (2.206). One

can see that K,, is a Hamiltonian operator, as it is obviously anti-symmetric (i.e K, 1 =—K,)
and satisfies the equation

K,=F'K,+K,F* (2.223)

for any functions %, ¢,. Condition (2.223) is checked by a straightforward, but rather long
calculation. It is much more easy to prove that the function 4, is the conserved density of
system (2.220). In fact,

ohy, Shpsi ah, Shpyi
Dthn == Z i * [ *

0Ny Sh, 0Ny Sh, éh, 6h, &h, 6h,
~ n - n = - = O
Z Z av, ¢ Suy, Su,, 4 ¢

" Sv, Sv, | Su,

In section 3.3.2, where all equations have the Hamiltonian structure (2.220), we need to
write down only those integrability conditions which come from the existence of generalized
symmetries, i.e. from the first part of equations (2.212), as explained in section 2.6. For all
Hamiltonian equations of sections 3.2 and 3.3.2, we take into account that if p,, is a conserved

density of equation (2.222), then the equation U, ; = Kn% is its generalized symmetry. In
the case of system (2.220), such formula for the generalized symmetry takes the form
8 n s n
Unt = @n P ) Un,t = —@n P s (2224)
' Sv, ’ Su,,

where p, is its conserved density.

3. Classification results

Here we present classification results for lattice equations of the Volterra, Toda and relativistic
Toda types. Classification theorems will be given together with integrability conditions and
complete lists of integrable equations. The involved theorems are presented with no proof, but
we refer to the original literature for them. When necessary, Miura-type transformations and
master symmetries are written down in order to explain why those equations possess infinite
hierarchies of generalized symmetries and conservation laws.

3.1. Volterra-type equations

As proofs of the classification theorems are not included in this review, we first show some
examples of simple classification problems in order to demonstrate the standard technique of
calculations.

3.1.1. Examples of classification. The following three problems are discussed here:

e how to find all generalized symmetries of given orders in the case of the Volterra equation,
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e how to find for this equation all conservation laws of a given order and
e classification problem for a simple class of equations including the Volterra and modified
Volterra equations.

The problem of finding generalized symmetries. Let us find for the Volterra equation (2.2) all

generalized symmetries (2.3) of orders m = 2 and m’ = —2. Here the equation is given by
fn =ty (Upy1 _un—])’ (31)
and the right-hand sides of symmetries are of the form
98,  0gn
8n = g(un+27 Up+1, Up,y Up—1, uan)» 75 0. (32)
8Mn+2 8”11—2

In order to find the function g,, we are going to use only compatibility condition (2.8) and
take into account property (2.14).

The functions in equation (2.8) may depend only on the variables u,,; with —3 < j < 3.
Differentiating (2.8) with respect to u,43, one is led to the equation

agn 8fn+2 _ afn ang—I
a’/ln+2 8un+3 aMn+l aun+3

which, after dividing by u, u,1u,,, turns into

1 0gn
(T —1) ( & ) —0.
UplUpyl 8urH—Z

Using property (2.14), we obtain aiiz = au,u, 1, where « is a nonzero constant due to (3.2).
So, the dependence of g, on u,., is specified by

8n = OUpUnyiUns2 + Ay, an = a(ps1, Un, Up—1, Up—2). (3.3)
On the next step, we differentiate equation (2.8) with respect to u,,.:

8gn agn 8fn+1 + 8gn afn+2 _ 8fn 88;1+1 + 8ﬁ1 agn
taun+2 aMn+l aun+2 aMn+2 aun+2 aun+l aun+2 aun aMn+2 )

(3.4)

Then we divide this relation by u,u,,; and, using equation (3.3), obtain

1 da,

(T —1) <— I o Qupy + u,,)) —0.
Uy Oltpy

Equation (2.14) implies that a‘i“j - = a(2u,,u,,+1 + uﬁ) + Bu,, where f is another constant, and

in such a way we specify the dependence of a,, on u,,,;:

2 2
ay = (X(M,,Mn+1 + unun+1) + lgununﬂ + by, b, = b(un’ Up_1, Up—2). (35)

Compatibility condition (2.8) is symmetrical. In a quite similar way, differentiating
equation (2.8) with respect to u,_3 and u,_,, one can find the dependence on u,_, and u,_;
of the functions appearing in equations (3.3), (3.5). Consequently, one obtains the following
formula for the function g,,:
8n = QUpUp+ (un+2 +Up+1 + un) +YUnlp—1 (un +Uy—1+ un—Z)

+/3unun+l +8unun—l +C(I/ln), (36)

with four arbitrary constants and one arbitrary function c(u«,). Compatibility condition (2.8)
takes now the form

(o +Y)up(upey —ui_y + fu) + (B+8un fy
ity (C(Uns1) — c(n_1)) + (Uns1 — Up—1)C(Up) = frc'(uy), (3.7
where f, is given by (3.1).
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Applying to both sides of equatlon (3.7) the operator -— a zaat e We obtain the restriction

o +y = 0. Then, applying W’ we are led to the condltlon "(u,) = 0, i
Un Ol
c(u,) = ciuy, + c;. Now, dividing (3.7) by u,+ — u,—1, we obtain

B+ S)Mﬁ +ciu, +cp =0.

Setting equal to zero all coefficients of this polynomial, we get g, of the form (3.6) with

Yy = —q, s = _,3, C(I/ln) =0.
In the particular case @« = 1 and 8 = 0, one has generalized symmetry (2.15). The
general formula for a symmetry (2.3) of orders m = 2 and m’ = —2 of the Volterra

equation (2.2) is of the form
Uy = AUy + Pity, o #0.

Here « and § are arbitrary constants, u,, , is defined by generalized symmetry (2.15) and i,
is given by the Volterra equation itself.

First order conservation laws of the Volterra equation. We look for conservation laws (2.16)
of the first order with conserved densities p, of the special form (2.38), i.e. such that

2

o°p
Pn = P(Mn+1, un)a 7é 0. (38)
8un+|8un

Let us introduce the function a, = D, p,, then a, ~ 0. Using the scheme of the proof of
theorem 1, we must be able to express this function in the form (2.27) with b, = 0. In doing
so, we will get a restriction on p,. In fact,

ap ap
ay = _n(un+1un+2 - un+1un) + _n(unun+1 - unun—l)v
8Mn+1 8”"
and condition (2.31) is satisfied. According to theorem 1 we choose, for instance,
a,ll = d’;” " Uns1Unso. Then the function a of (2.33) takes the form

aMn aMn+l aun

pu_t  Opn . Opa
a3:<p1 pn_ O

9Pn 3
UpUpyl — gununfl =a (uiH-lv Up, unfl)~
n

It follows from (2.33) that @, ~ a> ~ 0. Thus, due to property (2.25), the following condition
must be satisfied:
8%a’ 8% p,
=upy(®y1 — ®,) =0, P, = —-. 3.9
8un+lal"n—1 aun+laun
This is the first restriction for the density p,.
Now one can, applying the operator —T to equation (3.9), rewrite it in the form
(T — 1)®,, = 0. This means that ®,, = « € C, where o # 0 due to (3.8). So, the conserved

density p, can be expressed as p, = au, 1, + @(U,41) + o (u,) or equivalently as

Pn = Qpiiity + Y (un) + (T — Do (uy), (3.10)

where ¥ (z) = ¢(z) +w(z). The function v, which defines the nontrivial part of this conserved
density, will be specified now.
The function D; p,, reads

Dtpn = Qn + (T - 1)(aun+1unun—l + 1///(un)unun—l + Dt(p(un))v (311)
where

Qn = un+lun(0”/ln+l —Quy — W’(Mnn) + Ip/(un))
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As D, p, ~ 2, ~ 0, then property (2.25) implies that
3%Q,
aMn+l aun

where W(z) = (z¥/(z)). We are led to the following ODE for the function y: W(z) =
(z¥'(2)) = 2z + B, where B is an arbitrary constant. Solving this ODE, we obtain a formula
for ¢ which depends on two other arbitrary constants:

=20 (n+1 — tn) = W(ner) + W) = (T — 1) Qau, — ¥(uy)) =0,

(07
Yv(z) = Ezz+,3z+ylogz+8. (3.12)
The function €2, takes now the form
Q, = (T — D(yun). (3.13)

One can see from equations (3.11), (3.13) that D,;p, ~ 0, i.e. no more restriction for the
density p,, can appear. Using equations (3.10)—(3.13), one obtains the following formulae for
pn and g,, defining conservation law (2.16):

pn=ap, +Bps+ypr+8+(T — Deu,), a#0,

(3.14)
Gn = & (UnsrUplty_1 + Uptty_1) + Bityltn_1 + Y Uy +Up_1) + & + Dyp(uy).

Here pj are given by (2.39) and ¢ is an arbitrary constant of integration.

The functions p, and g, depend on five arbitrary constants and one arbitrary function
@, and the conserved density p, is nothing but the linear combination of known conserved
densities p; and a trivial one: § + (T — 1)¢. Formulae (3.14) give the most general form of a
conservation law with density (3.8) in the case of the Volterra equation.

An example of the classification problem. The class of equations considered here is very
simple, but it includes an integrable case apart from the Volterra equation. The classification
problem is solved using only integrability condition (2.55) and its corollary (2.60).

The starting point of our classification is the following class of lattice equations:

iy = P(uy)(Up+1 — Un-1), (3.15)

where P’(u,) # 0, as we are interested in the nonlinear equations. There is only one unknown
function P here, and the aim is to find all equations (3.15) satisfying integrability condition
(2.55).

In order to use corollary (2.60) of equation (2.55), we find

py =log P(uy), P = P () (s — 1) (3.16)
Now we can rewrite equation (2.60) as the relation
P//(un)(unﬂ - un—l) + P/(un—l) - P/(un+l) = O’ (317)

which must be identically satisfied for all values of three independent variables u,,,1, u,, u,—.
Applying the operator By We see that P"'(u,) = 0, i.e. P is the quadratic polynomial
with arbitrary constant coefficients:

P(u,) = au’ + Bu, +y. (3.18)

With P given by equation (3.18), condition (3.17) and equation (2.60) are satisfied.
Moreover, o = 0 in representation (2.61), i.e. integrability condition (2.55) is also satisfied.
This follows from the formula

P = (T — D) Qatuytty—1 + ity + Pty_1),
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see equations (3.16), (3.18). So, the polynomial (3.18) describes all equations of the form
(3.15) satisfying integrability condition (2.55).

Using the following linear point transformations, i, = cju, + ¢, where ¢; # 0 and
¢, are constants, one can transform any equation of the form (3.15), (3.18) into the Volterra
equation (2.2) or into the modified Volterra equation (2.165). This means that, up to point
transformations, the resulting list of integrable equations of the form (3.15) consists of the
Volterra and modified Volterra equations. As is known, equation (2.165) is transformed into
equation (2.2) by the discrete Miura transformation (2.170), i.e. the list of integrable equations
(3.15) consists, up to Miura-type transformations, in the Volterra equation only.

The classification has been finished in this simple case because the Volterra and modified
Volterra equations are known to be integrable and to have the infinite hierarchies of generalized
symmetries and conservation laws.

3.1.2. Lists of equations, transformations and master symmetries. Let us discuss the
classification of equations of the form (2.1). In this case only three conditions (2.55), (2.129),
(2.130) are used for the classification. The other two conditions (2.99), (2.105) are used for
constructing simple conservation laws. For the sake of convenience, let us formulate again
some of the above results, contained in theorems 2, 12, 14, in the following theorem.

Theorem 22. If equation (2.1) has one generalized symmetry of order m; > 2 and
one conservation law of order my > 3, or it possesses two conservation laws of orders
my > my = 3, then it must satisfy the following three conditions:

0fn
D, log 5 ) ~0,
Un+1
of | o of, -19)
r, =log| — ~ 0, D,o, +2 ~ 0,
17} oy du,

where o, is such that (T — 1)o, = r,.

A list of equations satisfying these conditions is given below with no index » for simplicity.
That can be done because equations (2.1) have no explicit dependence on the variable n. The
Volterra equation (2.2) takes in such case the form i = u(u; — u_).

List of Volterra-type equations

u=Pw)(u —u_) (VD)

) ) ( 1 1 )

iu=Pw) — (V2)
uyt+u u+u_q

. 1 1

= Qu) ( + > (V3)
ui—u u—u_

by R(uy,u,u_1)+vR(uy,u, ul)l/zR(u,l, u, u,l)l/2 (V4)

upy —u_—y

=y —u)+y@w—u_), y'=P(y) (V5)

=y, —u)y(u —u_1)+pu, Yy =P®y)/y (V6)

= (y(ur —u)+y—u)"" +u, Y =P (V7)

=

= (Y +u) =y +u_)~', y'=0®) (V8)
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_ Yy +u) —yu+u_y)
g +u)+yu+u_y)’

Yy =P@O"/y (V9)

_ yur+u)+yu+u_y)

yuy+u) —y(u+u_y)’

o =y —u)d =y —u_y)) , PO
U= + y

Y =0y (V10)

: =—— (V1D
Yy —u) +yu —u-_y) 1—y2
Here v € {0, =1}, the functions P (u) and Q(u) are polynomials of the form
P(u) = au’ + Bu+y, (3.20)
O(u) =au4+ﬂu3+yu2+8u+8, (3.21)
while R is the following polynomial of three variables:
R(u, v, w) = (av? +2Bv + p)uw + (Bv> + Av + 8) (u + w) + yv° +28v + €. (3.22)

Coefficients of P, O, R and the number p are arbitrary constants; the functions y are given
by ordinary differential equations.

It should be remarked that, using n- and ¢-dependent transformations, one can reduce this
list. For example, using the transformation i, = (—1)"u,, one can rewrite equation (V2) in
the form (V3), as

Pu?) = au* + Bu® +y. (3.23)

However, we do not discuss here more detailed transformations of this kind.
The form of equations (V3) and (V4) is invariant under the linear-fractional
transformations
Cclu, + ¢
i, = 1¥n 2’ (3.24)
C3Uy, +Cy4
with constant coefficients. Only coefficients of Q, R are changed, while the number v remains
unchanged. The particular case of equation (V4) with v = 0,
_ (un+1 - un)(un - unfl)

n s
Upsl — Up—1

is completely invariant under the action of transformations (3.24).
The classification is carried out up to point transformations of the form

ity = s(uy), I =ct, (3.25)

where s’ # 0 and ¢ # 0 is a constant. It can be shown that integrability conditions (3.19) are
invariant under (3.25). Generalized symmetries and conservation laws are transformed into
generalized symmetries and conservation laws of the same order. The following theorem has
been formulated in [71], and its proof can be found in [72].

Theorem 23. Equation (2.1) satisfies conditions (3.19) if and only if it can be written, using
point transformations (3.25), as one of the equations (VI1)—~(V11).

The integrability of almost all equations of the list, except for equation (V4) with v = 0,
can be shown, using Miura-type transformations. Equation (V6) with P = y # 0 should
be considered separately because it is linearizable. The function y satisfies ODE y' = y/y,
whose solution is y(z) = (2yz + ¢)!/2, where ¢ is an integration constant. An obvious point
transformation (3.25) allows one to set y = 1/2. Then the transformation w,, = y(u,+1 — u,)
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transforms equation (V6) with y’ = y/y into the linear equation (2.176). Now the conserved
densities for such equation (V6) are constructed in the same way as for equation (2.151) in
section 2.7 (see formula (2.177)).

Many equations of the list are transformed into the Volterra equation (2.2) by non-
invertible Miura-type transformations of the form

i/'ln = s(un+k1 I un+k1—1’ IR un+k2)1 (326)

where k; > k. Transformations (3.26) and (2.168) of section 2.7 are very similar. After the
change of variables &, = i,_,, equation (3.26) takes the form (2.168) with k = k; — k».
However, one can prove that some of equations like, for example, equation (V3) cannot be
transformed into the Volterra equation in this way. In such case we need to use transformations
of the form

i'zl‘l = U(Ml‘l+k19 un+k1—1 LA} un+k2)7
. (3.27)
Uy = V(ul‘l+k37 Uptks—1s ++ un+k4)7
with k; > k, and k3 > ky, in order to reduce an equation to the system
ity = Uy (Uns1 — Vp—1), Uy = Ups1 — Up—1- (3.28)

Using transformations (3.26), (3.27), one can construct the conserved densities in the same
way as in section 2.7 using (2.168).

Let us explain how one can obtain conserved densities for the system (3.28). This system
is nothing but one of the forms of the Toda model. In fact, denoting i, = u»,, 0, = v,—; Or
il, = Uz+1, Uy = V2,, One obtains from equations (3.28) the following system:

Uy = un(vn+1 — V), Up = Uy — Up—1. (329)

One can see that (3.28) consists of two copies of systems (3.29). On the other hand, the Toda
model (2.196) turns into (3.29) after the transformation

Uy = 1y, (330)

and we can call (3.29) the Toda system.
The known L—A pair of the Toda system can be rewritten for (3.28) as

& — aln+1—Up
u, =¢€ ,

Ln = [Ana Ln]a
1/2 1/2 n— 1/2 172 4=
L,=u2T?+v, +u* T2, Ay = Yul3T? = Lu) T2

Conserved densities for (3.28) are obtained, using formulae (2.76), (2.77) of section 2.3, as in
the case of the L—A pair (2.81), (2.82).

It turns out that the Volterra equation can be transformed into (3.28) too, and we have the
following general theorem.

Theorem 24. Any nonlinear equation of the form (VI)—(VI11), except for equation (V4) with
v = 0 and equation (V6) with y' = y/y, can be transformed into the system (3.28) by a
transformation of the form (3.27).

Proof. The Volterra equation (2.2) is transformed into equations (3.28) by i1, = u,41uy,, U, =
Uni1 + U,. As pointed out at the end of section 3.1.1, the nonlinear equations (V1) split
into equation (2.2) and the modified Volterra equation (2.165), using point transformations.
Equation (2.165) is transformed into (2.2) by the discrete Miura transformation (2.170).

It is easy to check that transformations of the form &, = y(u,+; + u,) transform
equation (V9) into (V2) and equations (V8), (V10) into (V3). The transformations
i, = y(up+1 — u,) transform equations (V5), (V6) into (V1) and equations (V7), (V11)
into (V2). So, we have to discuss now only three equations: (V2), (V3) and (V4) with v # 0.
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Equations of the form (V2) defined by (3.23) split into two cases: « = 0 and @ # 0. If

a # 0, then the polynomial (3.23) can be written as
Pu?) = a@® — a>) W — b>).
We can transform equations (V2) into the Volterra equation in both cases, using the following
transformations:
P(u?) 5 (tns1 + @) (u2 — b*) (uy—y — @)
s Uy, = —a

(un+l + un)(un + un—l) (un+1 + un)(un + un—l)
The linear-fractional transformations (3.24) can be used to simplify equations (V3), (V4).

In the case of (V3), one can obtain in this way o = 0 in the polynomial (3.21). If 8 = 0, then
the transformation into (2.2) is given by

iy, =—

O (uy)
(un+1 - un)(un - un—l) ’

In the case B8 # 0, equation (V3) is transformed into the system (3.28) by the transformation

ity = §2,, Q, =—

ity = 2,412, Uy = Qup1 + 2, — IB(MIHI + ).

In the case of equation (V4) with v # 0, we introduce the function

A, = R(un+] s Un, un+])l/2 + VR(un—l s Un, un—l)]/z

" Up+1 — Un—1 ’

Using transformations (3.24), we obtain two cases for the polynomial (3.22): « = 8 = 0 and
a =1, 8 =y = 0. In the first case, the transformation into the Volterra equation is given by

v
iy = =5 (Aner + YA, =y ).

In the second one, we have to consider two subcases: v = —1 and v = 1. In the first of them,
we transform equation (V4) into the Volterra equation using the transformation
ﬂn = %(An#—l + un+1)(An - Mn)~
In the last case, the formulae
ﬁn = i(An-ﬁ—l + un+1)(Ai - Mﬁ)(An,1 - unfl)9
ﬁn = _%((ArHl - un+1)(An - un) + (An + Mn)(An—l + un—l))
enable us to transform (V4) withv = o =1, 8 = y = 0 into (3.28). O

The transformations presented above are given in their complete form only in [72], some of
them can be found in [16, 17, 71, 76]. As for equation (V4) with v = 0, we can state the
following two results [72].

e Equation (V4) with v = 0 and R given by (3.22) is transformed into the Volterra
equation (2.2) by a transformation of the form (3.26) if and only if it can be reduced,
using the linear-fractional transformations (3.24), to the case « = B = 0. Then the
transformation is given by

_ R(“n+l’ Up, Mn+l)
(Mn+2 - un)(un+l - unfl)
e The same equation is transformed into the system (3.28) by the Miura transformation

(3.27) iff it can be reduced by (3.24) to the case ay = B a8 = B(h — y). In this case
the transformation into (3.28) is given by

iy = An» An =

ﬁn = An+lAn» f)n = Bn+1 + an Bn = An — QlUpy Uy — .B(un+l + un)~



R600 Topical Review

We see that, in general, this equation cannot be transformed into (3.28). So, up to
Miura-type transformations, we have in this section three nonlinear cases: the system (3.28),
equation (V4) with v = 0 and equation (V6) with y' = y/y.

The integrability of all equations (V1)—(V11) has been shown, using Miura-type
transformations, except for equation (V4) with v = 0. In this case we can construct a
local master symmetry [10]. The form of the master symmetry is simple:

Up,r = Ny, (3.31)

where i, is given by (V4) with v = 0. However, we need to introduce an explicit dependence
on the time 7 of (3.31) into the master symmetry and equation itself, and we do that, following
the example of equation (2.192) presented at the end of section 2.7, which is a particular case
of (V4) with v = 0.

Let coefficients of the polynomial R given by (3.22) be functions of 7. Let us define a
new polynomial p as

o, v) = R(u, v, u) = au’v? +2Buv( +v) + y (u* + v¥) + 20uv +28(u +v) +¢.  (3.32)

Then the dependence on t in equations (3.31) and (V4) with v = 0 is given by requiring that
p satisfies the following partial differential equation:
2

o _ , 00 0o (3.33)

at dudv  Jdu dv
On the left-hand side of this equation, we only differentiate the coefficients of p with respect to
7. The polynomial on the right-hand side has the same form as p, but with different coefficients.
That is why, collecting coefficients corresponding to the same terms u'v/, we obtain from
equation (3.33) a system of six ODE:s for six coefficients of the polynomial p. That system has
solutions «(t), B(7), ..., for any initial conditions «(0) = «g, 8(0) = By, . .. . Therefore, as
in the case of equation (2.192), we can construct conservation laws and generalized symmetries
of equation (V4) with v = 0 for any given constant coefficients of the polynomial (3.22).

One can see that the existence of a pair of conservation laws or of one generalized
symmetry and one conservation law, with orders given in theorem 22, implies the existence
of an infinite hierarchy of conservation laws. It turns out that integrability conditions (3.19)
are not only necessary but also sufficient for the integrability of equations (2.1). That is why
these conditions can be used for testing a given equation for integrability. It is convenient to
use for such testing an explicit form of the last of conditions (3.19) which is given by formula
(2.150).

The problem of constructing the generalized symmetries for all equations (V1)—(V11)
remains open. However, many equations of the form (V1)—(V3) and (V4) with v # 0 have
local master symmetries (see [16, 17]) and therefore generalized symmetries. For example,
equation (V2) defined by the polynomial

Pw?) = (1 — u®)(a® — b*u?)

has the following master symmetry:

un,l’ = P(Mi) < n - - 1 > +b2un(1 - M}%)

Up+l t Uy Up + Up—1

The dependence on the time 7 is introduced into the coefficients @ and b as follows:
a(r) = (1) — 2a(0), b(t) = 11(7) +22(7),
where both functions A ; satisfy the same ODE, namely )Jj = %)\3
The L—A pairs can also be constructed, if needed, for all integrable equations obtained by

the generalized symmetry method. For instance, an L—A pair for equation (V2), (3.23) can be
found in [76].
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3.2. Toda-type equations

We discuss here the class (2.195) of lattice equations including the well-known Toda model
(2.196). It should be remarked that a more narrow class, such that a[t t = (), also contains
equation (2.196), but has only one more integrable example that is a trivial modification of
(2.196), given by equation (T3) below, and thus it is not interesting. The class (2.195) is the
most simple nontrivial class of equations, including the Toda model, which is invariant under
the point transformations (3.25).

Integrability conditions [10, 74] necessary and sufficient for the exhaustive classification
are given by

D,p) = (T — g\, i=1,23,
Ofn W
(M — @ 9,0 4
P % Yirmr Oyt P T Bu,l (3.34)
Ofn 1 (3fu df,
P =24 3D, G
2 aun o, 4 du,
r = (T - Do, j=12,
r,sl) — log 8fn afn ’ )"’52) _ DIU’EI) " % (335)
Oyl 0uy—_1 iy,

In conditions (3.34) and (3.35), we require the existence of some functions g, @), ,fj ) depending
on a finite number of independent variables u,, it,+x. Using conditions (3.34), one can
construct for a given integrable equation low-order conservation laws.

Theorem 25. Let us assume that equation (2.195) has one generalized symmetry of order
my = 5 and one conservation law of order m, > 4 or possesses two conservation laws of
orders my > my > 7. Then this equation satisfies conditions (3.34), (3.35).

Let us write down a complete list of lattice equations of the form (2.195) satisfying
conditions (3.34), (3.35). For simplicity, we write them down using the notations u =
Up, U1 = Up+] and U_| =up—1.

List of Toda-type equations

it = P()(y(uy —u) — y(u —u_y)), Y =01 (T1)
1 1 S’
i = (S) — i%) ( - ) LA (T2)
Uy —u  U—U_ 2
i = eL1172u+u,1 - (T3)
1 1 !
i = (i — s(u)) ( + ) A (T4)
ur+u u+u_y 2
Here P, Q, S and s are the following polynomials:
P(z) = ez* +az +b, 0(z) = ez* +cz +d, (3.36)
S) =at+ad+al+azrc,  sk) =zt + o’ + . (3.37)

Coefficients of these polynomials and the number p are arbitrary constants. Equation (T2)
with § = 0 has been studied in [15]. The following theorem and its proof can be found
in [74, 77].
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Theorem 26. Equation (2.195) satisfies conditions (3.34), (3.35) if and only if it can be
rewritten, using the point transformations (3.25), as one of the equations (T1)—(T4).

If, instead of transformations (3.25), we consider simple point transformations depending
explicitly on n and #:
ity = s,(t, uy,), f:@(z‘), (3.38)

we can reduce the number of arbitrary constants in the above list of equations and rewrite, for
example, equations (T1) in an explicit form. Namely, one can transform any equation (T1)
into one of the following lattice equations.

Detailed form of equations (T1)

i = el — gt u (Td1)

it =1(uy — 2u+u_) (Td2)

i = (e " — ") (Td3)

i = (@ — i) ( L1 ) (Td4)
Uy —u uUu—u_q

it = (a* — i) (tanh(u; — u) — tanh(u — u_1)). (Td5)

Here « is an arbitrary constant; equation (Td1) is the Toda model (2.196).

Moreover, the change of variables i, = (—1)"u, allows one to transform (T4) into an
equation of the form (T2). Transformations (3.38), we use here, are invertible and enable us
to rewrite solutions and, if necessary, generalized symmetries and conservation laws. Those
transformations do not introduce any explicit dependence on the variables n and ¢ into the
generalized symmetries and conservation laws, but that will not be proved. For this reason,
the integrability will be shown below only for equations (T2), (T3) and (Td1)—(Td5).

Equations (T1) and (T2) and, therefore, (Td1)—(Td5) can be expressed in Hamiltonian
and Lagrangian forms. This is useful from the viewpoint of physical applications. The
Hamiltonian form given by equations (2.220) (see also (2.205)), where v,, = i,,, and formula
(2.224) can be used for constructing generalized symmetries. The function ¢,, and Hamiltonian
density h,, are given for equation (T1) by

on = P(vy), hy =Y (Upe1 — uy) + Z(vy), (3.39)
Y'(2) = y(2), Z'(z) = 2/ P(2), (3.40)

and in the case of equation (T2) by
©On = U% - S(Mn)v hn = %10?,% - log(unﬂ - un)- (341)

The Lagrangian form, which is defined by formulae (3.55), (3.56), is discussed in detail
in section 3.3.1. In particular, we have formulae (3.75), (3.76) for constructing two extra
conservation laws. Here we only write down the Lagrangians [10] of the form

L = Ry, uy) — Y (Wps1 — up). (3.42)
In the case of equation (T1), the functions R and Y are defined by
R = R(i,), R"(z) =1/P(2), Y'(2) = y(2), (3.43)

while in the case of equation (T2), defining

S+=VS(L{,,)+I:{”, S—ZVS(un)_uny
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one has for § # 0:
R— Sylog Sy +S_log S_
2SSy

Equation (T2) with S = 0 is nothing but (Td4) with @« = 0, and thus we can use formulae
(3.43).

Y =log(ups1 — un).

Theorem 27. Any equation of the form (T3) or (Tdl )—(Td5) can be transformed into the Toda
system (3.29) by a Miura-type transformation.

Proof. Equation (T3) is transformed into the Toda model (Tdl) by the following
transformation: i, = u,4+; — u,. All equations (Td1)—(Td5) can be rewritten as systems
in the form

i, = A(un)(vn+l - U,,),

U, = B(Un)(un - un—l)»
with the following three possibilities:

Casel: A(zx) =1z B(z) =1
Case2: A(zx) =z B(z) =z
Case3: A(z)=z*—ao> B(z) =7*-p~
In fact, equation (Td1l) is transformed into case 1 by (3.30). Transformations of
equation (Td2) into the same case 1 and of equation (Td3) into case 2 are given by
iy, = Uy, Uy = y(u, — u,—1), where the function y is defined by (T1). The transformation
i, = Uy, Uy = —y(u, — u,—) brings equations (Td4), (TdS) into case 3, where 8 = 0O for
(Td4) and B = 1 for (Td5).
Moreover, case 3 is transformed into case 2 by

iy, = (un +a)(vn+l +ﬂ)’ U, = (un - Ol)(vn - ﬂ)a

and case 2 is transformed into case 1 by the transformation it,, = u, v,+1, U, = u, +v,. As the
system (3.29) corresponds to case 1, the proof has been finished. (|

(3.44)

All transformations contained in the proof of theorem 27 can be found in [54]. It turns out
that we can write down local master symmetries for the systems (3.44) (see [30, 48]). Those
master symmetries are of the form

Upr = Auy) (20 + k) vpe1 — 2n0,) + yu2,
Upr = B,)(2n —1+k)u, — (2n — Du,—y) + Sv2

n’

(3.45)

where
Casel: k=4 y=0 §=1
Case2: k=3 y=1 §=1
Case3: k=2 y=0 §=0.
In order to construct new conserved densities, using formula (2.189), we need a starting
conserved density. The systems (3.44) have two obvious densities:

+_/ du, __/ dv,
o= Ay T ) Bey

In cases 1 and 2, both can be used as starting ones. In case 1, master symmetry (3.45) provides
the system (3.44) with the following conserved density:

Dl—p;’\*zpn_, DrPn_ Nzun"'vi’
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and in case 2, we are led to
Depyy ~ Depy, ~ iy + vy

As D, p} ~ D, p,; ~ 0in case 3, one needs to start from a different density:
py = log(u, +a) +log(v, + B). Dy ~ (U1 + p).

We can construct the conserved densities not only for (3.44) but also for equations (T3),
(Td1)—(Td5), using the transformations given in the proof of theorem 27. Equations (Td1)—
(Td5) are Hamiltonian, therefore we can obtain for them also the generalized symmetries.

Let us now discuss equation (T2). We do not know how to transform it into the Toda
model. However, there is a connection with equation (V4), such that v = 0, considered in
section 3.1.2. In fact, introducing the functions i, = u,, and ¥, = uy,_1, we can pass from
equation (V4) with v = 0 to the system
. 2p ) 2p
Up = ————— 1 POy, Up = ————— — Pu,> pzp(umvn)v (346)

Un+l — Up Up — Up—1
where we denote by the indices partial derivatives of p, and p is defined by equations (3.32),
(3.22). The function p is a quadratic polynomial of each variable, and if one considers the
discriminator S with respect to v,,:

§= ('O‘U")2 - 2ppvnvn’ (347)

one obtains a function of u,,. Besides, S(u,) is a fourth degree polynomial. Differentiating the
first part of equations (3.46) with respect to ¢ and then using the second part, it is possible to
express the result only in terms of u,,,;, it,+; and to rewrite it as equation (T2) with S given by
(3.47). That is why for any solution (u,, v,) of the system (3.46), the function u, satisfies an
equation of the form (T2), (3.37). However, this connection cannot be used for constructing
local conservation laws and generalized symmetries of equation (T2).

We solve this problem using a master symmetry [10]. Passing from equation (T2) to an
equivalent system for the functions u,, and v,, = i,,, we can write down the master symmetry
as

Up: = (A+2n)v,, Upr = (A+2n)0, +uy,. (3.48)

Here A is an arbitrary constant, v, is given by equation (T2), while u,, , by the equation

u,,,,,=(S(u,,)—v3)< ! + ! >

Upsl — Uy Up — Up—1

This equation with v, = i, is nothing but the generalized symmetry of equation (T2).
Conserved densities can be constructed, starting for instance from the Hamiltonian density 4,
given by (3.41).

If the number X is not an even integer, then we can exclude the function v, from the
second part of equations (3.48) using the first one. In this way, one obtains from the master
symmetry an n-dependent second-order differential difference equation:

U - n+1 n—1 " o
Uptr = (T)S(Mn) - T) ( - ) + ?S (un), (3.49)

Upyl — Uy Up — Up—1

where n = A + 2n. Master symmetries are known to be integrable in some sense (see, in the
case of lattice equations, e.g. [13, 29, 30, 66]), and equation (3.49) exemplifies a nice equation
of this kind.

As we now see, conditions (3.34), (3.35) are necessary and sufficient for the integrability
and can be used as a testing tool for equations of the form (2.195). As in section 2.5.2, in the
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case of the Volterra-type equations, all five conditions (3.34), (3.35) can be rewritten in an
explicit form convenient for such testing [79].

As in the case of equations (V3), (V4) considered in section 3.1.2, the form of
equation (T2) is invariant under the linear-fractional transformations (3.24). Only the
coefficients of S (3.37) are changed by these transformations. Equations of this kind can
appear in practice and expressed in terms of the elliptic functions. Let us consider an interesting
example of the Toda type [28]:

iin = (ui - 1)(((1/{,, FUnr1) +EUn — Upe1) + EUp +up—1) + E(Uy — un—1) — 28 uy)),
(3.50)

where by ¢ we mean the ¢-function of Weierstrass. Recall that {'(z) = — (z), where the
g-function of Weierstrass is defined by the ODE p"*(z) = 4> (z) + @ (z) + B with constants
coefficients. Standard formulae for the elliptic functions allow us to rewrite equation (3.50)
as follows:

ity = (i — 1) ( ' (un) N ' (un) 3 @”(un)) ‘
B/J(un) - p(unﬂ) 60(”;1) - 6/!)(”;171) 6{)/(14”)

Introducing i, = g (u,), we can transform this equation into equation (T2) with S(z) =
473 +az + B.
3.3. Relativistic Toda-type equations
We discuss in this section lattice equations of the following two classes:
un - f(un+la Up, un+la un) - g(un» Un—1, I/'ln’ I/.ll‘l—l)a
Sin 8,y # 0,

Uy = f(un+1’ Up, Vp), Uy =g(vn717 Un, My,),

fMu+1 fvu gvnq guu # 0’

(3.51)

(3.52)

where partial derivatives of f, g are denoted by indices. Each of the classes is important
in itself and has its own applications [10]. As will be shown below, there is a nontrivial
connection between them [10]. All equations (3.51) will be Lagrangian, while systems of the
form (3.52) corresponding to them will be Hamiltonian systems. For example, the relativistic
Toda lattice equation [50, 51]

un+1un unun—l

- 1 + etn—Unn1 - 1 + etn—1—Un

ity (3.53)
is of the form (3.51). Other integrable equations of the form (3.51), (3.52) have analogous
algebraic properties and are called relativistic Toda-type equations for this reason. Lagrangian
and Hamiltonian equations of this kind have been discussed in [8, 10, 18, 19, 27, 36, 53, 74].

In section 3.3.1, we discuss a non-point connection between the Lagrangian and
Hamiltonian forms of relativistic Toda-type equations (see [10, 78]) and at the end give
some useful remarks about generalized symmetries and conservation laws of the Lagrangian
equations [78]. Then, in sections 3.3.2 and 3.3.3, we separately describe these Hamiltonian
and Lagrangian forms and give two lists of integrable equations: (H1)—(H3) and (L1), (L2). In
section 3.3.4, we point out the exact correspondence between equations of two lists and show
in section 3.3.5, by constructing the master symmetries, that all of them possess generalized
symmetries and conservation laws.
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3.3.1. Non-point connection between Lagrangian and Hamiltonian equations and properties
of Lagrangian equations. First, let us recall some well-known facts of classical mechanics.
Given a Lagrangian function L = L(u, 1), the Euler—Lagrange equation is

daL 9L 3°L

dr 9 du’ dir?
If we introduce the function v = L;, we can express # in terms of u# and v, i.e. have an
invertible transformation: (u, it) <> (u, v). The Legendre transformation H = vit — L defines
the relation between Lagrangian L and Hamilton’s function H = H (u, v) and leads to the
equations of Hamilton:

. O0H . oH

#£0. (3.54)

-—, v .
av ou

It can be easily proved that the Euler-Lagrange equation and Hamilton’s equations are
equivalent. We give such a proof below in a more general case.

Let us now consider Lagrangians, depending on a field u,, living on the lattice, of the form

. 3L
L = L(un’ Un+l, un)7 Y ;é 0~ (3.55)
o2
The Euler-Lagrange equation is then defined as follows:
4oL _ 9 (1+7THL (3.56)
dr 9, u, ' '

On the right-hand side we have the formal variational derivative % (see (2.205)). The

relativistic Toda lattice equation (3.53) is a Lagrangian equation of the form (3.55), (3.56) [8]
with Lagrangian

Uy
L =1u,log———. 3.57
Un 108 elns1—Un 4 ] ( )

The Legendre transformation
H=vu,—L, v,=0L,, (3.58)

leads in this case to an invertible change of variables between the two sets of variables:
{u,, n,}and {u,, v,}. The formula for v, has the form v, = s(it,,, U1, u,), while u,, remains
unchanged. Ass;, 7 0 due to (3.55), then i, easily can be expressed via vy, U,+1, U,. This is
a non-point transformation because the function s depends also on u,,4;.

It can be easily proved that the Legendre transformation (3.58) gives the following
Hamiltonian system:

) 6H ) §H
Uy = ’ Up = — ’ H = H(vm Un+1, Mn), (359)
Sv, Su,
§H oH 6H ad 1
= , = (1+T HH (3.60)
Sy, v, Suy, du,

(see equations (2.205)). Comparing (3.59) with (2.220), one can see that we have substituted
h, by H to be more closed to classical formulae.

All known integrable equations (3.51) have the Lagrangian structure (3.55), (3.56). In
those cases, it is possible not only to pass to the Hamiltonian formulation (3.59) but also to
transform equations (3.59) into a more simple form (3.52). This can be done, introducing an
additional point transformation of the form &, = a(u,), v, = b(u,, v,). The Hamiltonian H
(or Hamiltonian density) also is simplified, and the Hamiltonian system now reads
SH SH

s v, = —(u,,
50, n @ (uy, n)gun

ity = @Un, Vy) H = ®u,, v,) +¥Y(Uuu1,v,). (3.61)
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For example, in the case of the relativistic Toda lattice equation (3.53), the additional
point transformation is &, = ", 9, = e ~“~!. The resulting system of the form (3.52) is

Uy = unvn(un+l + un)7 Up = —UuVy (Un + vnfl)- (362)

This system, equivalent to equation (3.53), has the Hamiltonian structure (3.61) with ¢ = u,v,
and H = u,v, + u,+1v,. The invertible transformation of (3.53) into (3.62) is given by
B, = — (3.63)
eln+l 4 gln
Let us now discuss how to go back from the Hamiltonian system (3.61) to the Lagrangian
equation (3.55), (3.56). This is explained by the following theorem.

i, =c¢€¢

Theorem 28. If (u,, v,) is a solution of the systems (3.52), (3.61) with f,, # 0 and with
Hamiltonian H of the general form H(u,+1, u,, v,), then the functions y,, z,,

Yn = Un, In = Uy = f(un+ls Up, Un), (364)
satisfy the equation
doL 0

—— = 1+T YL, 3.65

dr 9z, 8yn( * ) ( )
with L(Zy, Yn+1, Yu) defined by

L =y u,, v, — H, Yy, = /9, (3.66)

which is equivalent to equations (3.55), (3.56).

Proof. The invertible transformation (3.64) implies the following relations for partial
derivatives:

2 AR ST (3.67)
v,  “"dz, du, Oy, " 0za S ey '
Equations (3.66), (3.67) allow us to find
LZ" = ws Lyn = wunf - Hun» Lyml = _Hu,”ls (368)

where we have used the relation f = ¢ H,, which comes from equations (3.52), (3.60), (3.61).
Then equation (3.65) follows from equations (3.52), (3.60), (3.61), (3.68) and v, = 1/¢:

DL, =D =Y, f+V0,8=Vuf— (Hun + T_lHum) =Ly + T_]Lym-

We can see that

—1
L. = (¢fs) #0, (3.69)
and, due to (3.64), the equivalence of (3.65) and (3.55), (3.56) is obvious. O

By the point transformation i, = s(u,), one can change an equation and its Lagrangian,
but the form of Euler—Lagrange equation given by (3.55), (3.56) remains unchanged. On the
other hand, one can introduce a new Lagrangian as follows:

L=aL+pB+0)i, + (T — Do(u,), (3.70)
where « # 0 and B are constants, while o and w are arbitrary functions. In this case, not
only the Lagrangian structures (3.55), (3.56) but also the corresponding lattice equation is not
changed.

If, using theorem 28, we pass from the systems (3.52), (3.61) to the Lagrangian
equations (3.55), (3.56), we obtain in general an equation of the form

Up = F(un+l s Up, Up—1, l'.tn+l’ ul’la l'.tn—l)~
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However, in known integrable cases, the resulting form of the Lagrangian is
L= L()(l/'tn, un)+unv(un+lv un)+U(un+17 un)~ (371)

An equation with such Lagrangian is of the class (3.51). This form of equations and
Lagrangians is invariant under point transformations i, = s(u,).
Let us consider as an example the well-known lattice system [53, 80]:

. 2 . 2
Uy = Upel + U, Uy, Up = —VUp—1 — VjUp. (3.72)

Its Hamiltonian structure (3.61) is defined by the functions ¢ = 1, H = w1 v, + 2u2v2. Using
theorem 28, we obtain a Lagrangian equation which, by the point transformation i, = logu,,,

can be rewritten as

iy = Uiy €4 T — g, e Tl @2 uni=tn) 4 &20un—ttn-1) (3.73)
Equation (3.73) corresponds to the Lagrangian L = (i, — e“+'~“)2.  The invertible
transformation of the system (3.72) into equation (3.73) is
u
i, = logu,, i, = WAL (3.74)
Uy

Let us consider now conservation laws of Lagrangian equations. In the classical case
given by equation (3.54), one has the constant of motion Iy = &t L;, — L. Indeed, using (3.54),
one can easily prove that d/;/dt = 0. If L, = 0, then I, = L, is another constant of motion.
Passing to the lattice equations (3.55), (3.56), we have local conservation laws instead of
constants of motion.

The Hamiltonian H is always conserved density for the system (3.61), as we have shown
at the very end of section 2.8. Rewriting H in terms of the variables (3.64), one is led to
a conserved density for the Lagrangian equation. Using formulae (3.66), (3.68), we obtain
H = +vYu, — L =u,L;, — L, and this is a conserved density for the Lagrangian equation.
Indeed, one can easily check that the following conservation law for equation (3.56) takes
place:

D, (ityLy, — L) = (T™" = D(itps1 Lu,,,)- (3.75)

If the Lagrangian has the form L = L(i,, u,+; — u,), we have another conservation law for
this equation:

D.L;, =(1—-T""L,,. (3.76)

As well as in the classical case, there is for the Lagrangian equations (3.55), (3.56) the
standard Noether’s connection between conservation laws and symmetries. Constructing a
local conservation law, starting from a generalized symmetry, is discussed in [8]. However,
we are more interested here in the passage from conservation laws to symmetries [78]. So
in the following, using the equivalence of Lagrangian and Hamiltonian equations, we write
down a simple formula for constructing generalized symmetries.

Let us consider the Hamiltonian systems (3.61) and Lagrangian equations (3.55), (3.56)
related by theorem 28. This is the general case, as Hamiltonian H has the general form
H (un41, Uy, v,). Let p be a conserved density of the Lagrangian equation,

p= P(iln+i. s Wiy —1s o ooy Unins Unajys Unaji—1s v s Mn+j2)a 3.77)

where i1 > iy, j1 = jo. Using the invertible transformation (3.64), we can pass to a density
p of the corresponding Hamiltonian system which depends of the variables u,4;, vu+;. By
changing p, we only replace i,,,; by the functions f (u4,+1+i, Un+i, Un+i). As it has been shown
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in section 2.8 in (2.224), the generalized symmetry of the Hamiltonian system can be obtained
as

~ ~

&p 8p
sv,’ bne = (p8un'

If we return to the variables u,,; and i,.;, i.e. to the Lagrangian equation (3.55), (3.56),
we will have instead of (3.78) two formulae of the form u, . = G, i, = G expressed in
terms of the conserved density (3.77) and Lagrangian L. The second equation follows from the
first one, as G = D, G, and we only rewrite the first equation in order to obtain a generalized
symmetry of the Lagrangian equation. Using equations (3.67), (3.69), we have in terms of the
variables (3.64),

(3.78)

Upr =@

d . 0 . —16p
nt — Upnt —= @ — T'p= [ T'p=(L .
Yn, Up, (Pavn Xl: b=wf, 9z, Xl: p ( znzu) 52,
So, we are led to the following generalized symmetry:
1 s P R
Upy = —— 2 P _ % N rip, (3.79)
Lllnfl,, Slzln 8u,, aun

i=—i;

We can formulate the obtained results in the following theorem.

Theorem 29. The Lagrangian equations (3.55), (3.56) always possess the local conservation
law (3.75). If L = L(it,,, un+1 — Un), these equations also have the conservation law (3.76). If
the function (3.77) is a conserved density of these Lagrangian equations, then equation (3.79)
is the generalized symmetry.

In the case of the standard conservation laws (3.75), (3.76), formula (3.79) gives the
trivial Lie point symmetries: u, ; = i, and u, ; = 1. A nontrivial example will be presented
in the case of the relativistic Toda lattice equation (3.53). This equation has two conserved
densities, such that

-2
u
An: .n .n n+l — Up +_n, ) = s 3.80
p Uit Un® Unsr — Uy) ) ¢ (2) I+ ( )
1 4 eln+t1=Un) (] 4 eUn—Un-1
Pn = (re ).( c ). (3.81)

uil

In this case, we have L;, ;, = 1/i,, for the Lagrangian (3.57), and easily obtain the following
generalized symmetries:

U, = un+1un¢(un+l - un) + unun71¢(un - unfl) + u,zlv (382)

Up, = _pn' (3.83)

3.3.2. Hamiltonian form of relativistic lattice equations. Let us discuss the relativistic
lattice equations which are Hamiltonian and belong to the class (3.52). This class, unlike
equations (2.1), (2.195), is not so convenient for the generalized symmetry method because
of the existence of ‘nonstandard’ generalized symmetries and integrability conditions.

More precisely, let us consider the systems (3.52) which are Hamiltonian with respect to
the structure (3.61). In this case, we may use the existence of generalized symmetries only.
Higher order conservation laws imply no additional conditions, as one can see in sections 2.6
and 2.8. The generalized symmetries of (3.52) split into two different classes.
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If we consider generalized symmetries of the order m > 2:

Upr = F(un+mv Unt+ms Un+m—15 Un+m—15 - - ~)»

(3.84)

Up,r = G(un+ma Un+ms Un+m—15 Un+m—1, - - ')a
and investigate the compatibility condition of the systems (3.52), (3.84), we easily can show
that F,,, = G,,,, = 0 and then derive the first integrability condition. In the case F,, , # 0,

Un+m

there is the following condition:
D, log fu,., = (T — 1)qn, (3.85)

where the function ¢, is unknown. This is the standard integrability condition, similar to
(3.19). One can use such conditions in an effective way for carrying out the classification of
integrable cases.

In the case G, , # 0, we obtain a nonstandard condition:

Dip, = (T" = 1)gy,, (3.86)

where p, is the unknown function. Equation (3.86) can be written in the same form as (3.85),
1.e. in the form of the usual conservation law, as

T" —1=({T = D)(T" " +7" 2+ +1).

However, it depends on the order m of the symmetry and has an undefined conserved density
Pn. Up to now, the problem of how to study and use such integrability conditions has not been
solved. For this reason, we will consider some special symmetries (see definition 10 below)
to avoid the appearance of nonstandard conditions similar to (3.86).

So, we introduce an additional requirement and pass to a particular case. In such a
case, we will have no exhaustive classification unlike the case of the Volterra- and Toda-type
equations. The generalized symmetry method will be used here only to find a number of new
integrable equations.

Definition 10. A special symmetry of order m is a generalized symmetry of the form (3.84)
with F,,, =G, =Gy, =G =0, i.e.

Un+m Un+m Un+m Un+m—1

Uyt = F(un+mv Un+m—15 Un+m—1, -+ -)7 (387)
Un,t = GUntm—1s Untm—2, Vntm—25 - - -),
where F,,. # 0.
In the following we consider systems of the form (3.52) with the Hamiltonian structure

(3.61) which possess some higher order special symmetries. The classification is carried out
up to point transformations of the form

iy, = U(I/tn), U, = ﬂ(vn), I= ct, (388)
where c is a constant. These transformations do not change the given structure of systems and

their special symmetries.

Theorem 30. If a system (3.52) has a special symmetry (3.87) of order m = 4, then it satisfies
the following conditions:
D, pl) = (T — 1)q\", i=1,2,3,
Py =10g fu,..» p? =a" + fu,. (3.89)
P =q® +3(P2) + .80,
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The integrable systems (3.52) are Hamiltonian, and conditions (3.89) provide us with
both low order conservation laws and generalized symmetries (see equations (3.78)). Let
us write down a list of systems which satisfy conditions (3.89). Here the coefficients c; of
the polynomials » = r(u,, v,) and «, B are arbitrary constants. We omit again index n for
simplicity.

List of relativistic lattice equations in Hamiltonian form

u=u1+u2v+om, —i)=v_1+v2u + v (H1)

u=r(u —u+auoary)+pry, —v=r(v_; —v+ar,)+pr, (H2)

r = Cluv + cou + C3V + ¢4, rury 0

) 2r ) 2r

= +r,+au+p, -0 = +r, —av— (H3)
up—v V1 —Uu

Casel: a=0, r:cl(u—v)2+cz(u—v)+C3

Case2: pB=0, r = cu’ + cv? + cauv

Case3: a=pB=0,

r= cluzv2 + couv(u +v) +C3(u2 + v2) +cquv +cs5(u +v) +cq

Equation (H1) has the Hamiltonian structure (3.61) given by
=1, H=u, v, + %u%vﬁ +Qu,v,.
In the case of equation (H2), one has
o=r, H = (up+1 — uy)v, +ar + Blogr,
with r = r(u,, v,) specified above. Analogously for equation (H3) we have
o=r, H =logr — 2log(uys1 — vyp) + 0 (uy, vy),

where r = r(u,, v,) again, and o = 0 in case 3. In case 2, the function o is defined by two
compatible PDE: o,, = au,/r, 0,, = —av,/r. In case 1, both functions r and o depend on
u, — vy, and o is given by the ODE: ¢/(z) = —8/r(2).

Theorem 31. A system (3.52) with the Hamiltonian structure (3.61) satisfies conditions (3.89)
if and only if it can be transformed by a point transformation (3.88) into one of the systems
(H1)-(H3).

Theorems 30, 31 and the list of integrable systems (H1)—(H3), together with the master
symmetries and some applications, can be found in [77] and the review [10]. Partly, the
list (H1)—(H3) has been published earlier in [53]. Bicklund auto-transformations and L—A
pairs for some of the systems (H1)-(H3) have been constructed in [12]. Schlesinger-type
auto-transformations are presented in [78].

All equations of the Volterra, Toda and relativistic Toda type, we present in this review,
generate Bicklund auto-transformations for nonlinear Schrodinger-type equations [7, 12, 35,
52, 53]. The systems (H1)—(H3) are closely connected with such well-known equations as the
Ablowitz—Ladick and Sklyanin lattices and allow one to construct a list of integrable systems
of hyperbolic equations similar to the Pohlmeyer—-Lund—Regge system [10]. On the other
hand, the systems (H1), (H2) give a simple polynomial representation for some well-known
relativistic Toda-type equations presented in section 3.3.4, including the relativistic Toda lattice
equation itself.
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The classification result given by theorem 31 is weaker than in the case of Volterra- and
Toda-type equations because integrable systems (3.52), (3.61) may not have only special
symmetries but also different generalized symmetries. For example, the simplest such
symmetry of the Hamiltonian form (3.62) of the relativistic Toda lattice equation (3.53)

18
Up +Up—1 Un+1 + Uy

Uprt = ——", Un,t =
Uplp—1 Un+1Up

3.3.3. Lagrangian form of relativistic lattice equations. The class of equations (3.51) is
analogous to (3.52) from the viewpoint of the generalized symmetry method. In this case,
there are two types of generalized symmetries and integrability conditions. Equations (3.82),
(3.83) exemplify two different kinds of symmetries for the relativistic Toda lattice equation
(3.53).

The list of equations (L.1), (L2) presented below has been obtained in [7] (see also [8, 60]).
The integrability conditions were not derived there, and a simpler scheme of the generalized
symmetry method was used. As in the case of systems (3.52), we obtain only a list of new
integrable equations, with no exhaustive classification.

Let us briefly discuss this scheme. If we use the existence of only one generalized
symmetry of a simple fixed form, we also can obtain, in principle, a list of integrable equations.
It is assumed in [7] that equations (3.51) possess symmetries of the form

Up: = f(un+lv Up, un+17 M,,) + g(unv Up—1, uny unfl)v (390)
where the functions f, g are the same as in (3.51). The relativistic Toda lattice equation (3.53)
has also a symmetry of this kind, namely (3.82). Such symmetry can be expressed always as
a nonlinear Schrodinger-type system in terms of # = u,,; and v = u,,:

Uy =uy +2gu, v, uy, vy, vy = —vy +2f(u, v, u,, vy). (3.91)
In order to do so, one rewrites the symmetry (3.90), using equation (3.51), on their common
solutions.

One uses an additional condition that the system (3.91) must be integrable as well. As it
is known [41], the system (3.91) possessing a higher order conservation law must satisfy the
following integrability condition:

8u, — fv, € Im D;. (3.92)
Here D is the total derivative with respect to ¢, and thus (3.92) reads g,, — f,, = Dis(u, v) =
s,U; + Syv;. Returning to the variables u,,;, it,+;, we pass to the relation
8alfn - 881{;1 = %’i—lun+l + ;TSnunv s = sUn+1, Un), (393)
in terms of the functions f, g given in equation (3.51). So, apart from the existence of
a symmetry of the form (3.90), we obtain the condition that there must exist a function s
satisfying (3.93).

Using these two conditions, we can write down a list of two equations with many arbitrary
constants. Here coefficients of the polynomials P, O, r are arbitrary constants, and the
functions a, b are defined by a system of ODE. The function S is a 4th degree polynomial, as
it is the discriminator of 7. Index # is omitted.

List of relativistic lattice equations in Lagrangian form

ii=Pw)(@au; —u) —i_ja(u —u_1)+b(uy —u) —b(u —u_y))
P(z) = ez’ +az + B, 0@)=¢ez’+yz+86 (L1)
a =aQ'(b) —ad®, b = Q(b) — Ba*



Topical Review R613

0s1/0u — i 0s/0u +1_
2u:(u2—5(u))( S1/0u — i | 9s/0u+u 1>+S’(u)
S1
rix,y) = c1x2y2 +oxy(x+y)+ c3(x? + yz) +cegxy +cs(x +y)+ce L2)
S(x) =r§—2rrw, st =r(uy, u), s=r(u,u_)

As fu,,, # 0 from equation (3.51), one can easily check that Pa # 0. It is not easy to
solve the system of ODE for the functions a, b. That is why we write down in section 3.3.4
equations (L1) in a more explicit and detailed form. To solve the system for a(z) and b(z),

we introduce the function I = Q(b)/a + fa — ab. By direct calculation one can check that
4 =0.

Z
Theorem 32. The complete list of equations (3.51), possessing a generalized symmetry of the
form (3.90) and satisfying condition (3.93), consists, up to point transformations (3.25), of
equations of the form (L1), (L2).

Any equation of the complete list can be expressed in the Lagrangian form (3.55), (3.56)
[8]. In the case of equation (L1), the Lagrangian is given by

L= R(un) - l;inA(unH - un) - B(un+1 - Mn), (394)
R'(z) = 1/P(2), A'2) = a(z), B'(2) = b(2). (3.95)

The functions R, A, B are not completely defined. However, equation (L1) is well-defined by
this Lagrangian because changing the Lagrangian according to the formula (3.70), we do not
change the corresponding lattice equation.

The Lagrangian for equation (L2) reads

L =log —fi”"”’ 1) (A1 ) + Blitg, 1), (3.96)
ity — S(uy)
1 2
Ay, = ——, By = ———. (3.97)
V(I/t,,+1, un) u,zl - S(un)

The functions A, B are defined up to arbitrary functions of u,,. Those arbitrary functions do
not arise in the equation due to formula (3.70), i.e. the equation with such a Lagrangian is also
well defined.

Biécklund auto-transformations for equations of the form (L1) can be found in [4, 8],
and L—A pairs for equations (L1) are presented in [9]. Schlesinger-type auto-transformations
for all equations (L1), (L2) have been constructed in [78]. The local master symmetries for
equations (L1), (L2) are presented in [10].

3.3.4. Relations between the presented lists of relativistic equations. Here we discuss the
precise correspondence between the relativistic lattice equations of two lists (H1)—(H3) and
(L1), (L2) related by non-point invertible transformations. Such transformations allow one
to rewrite generalized symmetries, conservation laws and solutions. These two lists have
been obtained independently, and later the equivalence between them has been observed in
[10]. This is probably the first nontrivial application of non-point invertible transformations
to integrable equations.

First of all we write down a detailed and explicit form of equations (L.1). Index # is omitted
here again. The coefficients u and v are arbitrary constants. The exact correspondence and
detailed lists of equations are given below in accordance with [78].
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Detailed form of Lagrangian equations (L1)

il = 1 el =i _ i elt—u-1 _ eZ(ulfu) +62(u7u_1) (Ldl)

u:u( B | +u1—2u+u1) (Ld2)
uy —u u—u_i

= e P A (Ld3)
1+ peu— 1+ peu-1—u

L . i iy

it = i1 — i) < _ ) (Ld4)

uy—u u—u_y

I/ u_y
i=u(—u) ( — > . (Ld5)
eul—u + M ell—u,1 + ,LL

Equations (Ld1)—(Ld5) are obtained by solving the system of ODE for the functions a, b

given in equation (L.1) and applying simple n- and t-dependent point transformations. Using

point transformations of the form (3.38), one can transform any equation (L1) into the form
(L2), or into one of the equations (Ld1)—(Ld5), or into the equation

i, = Up+1Up B UpUp—1 (398)

Upyl — Up Up — Up—1

ity
5
Up—Up—1

The last equation (cf (Ld2)) is trivial. Indeed, the invertible transformation w, =
with u,, unchanged, allows one to rewrite equation (3.98) as the system

w, = wn(wn+l — wy), iy, = wn(un —Up_1). (399)

The first part of equations (3.99) is the linearizable discrete Burgers equation (see (2.142)—
(2.144)), while the second one is a linear equation for u,. Generalized symmetries for (3.98)
can be constructed, if necessary, using the master symmetry (3.111), (3.112) with b,, = 0 of
equation (Ld2) presented in section 3.3.5.

We consider below equations (L2) and (Ld1)—(LdS5) only. The Lagrangians for
equations (Ld1)—(LdS) will not be written down because they can be easily obtained, using
formulae (3.94), (3.95) together with (L1).

Using n- and f-dependent point transformations (3.100), we can not only reduce the
number of arbitrary constants in the systems (H1)—(H3) but also rewrite these systems so that
the equivalence relation between the Lagrangian and Hamiltonian forms will become simpler
and clearer. Here we present a list of systems corresponding to equations (Ld1)—(Ld5). Index
n is omitted; w and v are arbitrary constants. We have in the list particular modified cases of
(H1)-(H3), that is why we write down also the functions ¢ and H defining the Hamiltonian
structure (3.61).

Some of Hamiltonian systems in detailed form

I/‘i — eul—u _|_el,£—l)7 U — eU—U,1 +eu—u ( dl)
H
_ - — v o 12—
(p__evu’ H_eu|v+§euv
= (u —u)u—v), V=wW-—v_)(u—v)
(Hd2)

©o=v—u, H=vu—u)
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u = (Cul_u + /J/)(Cu_v +v), V= (e”‘”—l + M)(CM_U +)
(Hd3)
o =—(1+ve'™), H=e"V 4 et
. uy—u . v—v_
Uu=—m, V= ———
o L (Hd4)
u—v
Q=vV—1U, H = log
up —v
) el —u + 1 ' eV~ + 1
u=€“1*v+17 v=eu7u,1+1
_ 1 +et1™? (HdS)
p=pu—e"", H=log—
1 —petv
It can be proved that, using point transformations of the form
fy = Kn(tun),  Bp=mat,v),  T=00), (3.100)

one can transform any of the equations (H1), (H2) and (H3), cases 1, 2 into (H3), case 3
or into one of the equations (Hd1)—(Hd5). So, instead of (H1)-(H3), we consider below
equations (Hd1)-(HdS) and (H3), case 3. The precise correspondence between Lagrangian
equations and Hamiltonian systems is

(Hd;) ~ (Ldj), i=1,2,3,4,5,

(3.101)
(H3), case 3 ~ (Ly).

If one starts from any of the Hamiltonian systems (Hd1)—(HdS) and (H3), case 3 and passes
to a Lagrangian equation in accordance with theorem 28, one obtains the equation shown by
(3.101), and no additional point transformation is necessary.

According to theorem 28, u, remains unchanged, and a relation between i, and v, is
given by the first equation of the Hamiltonian system. All those relations can be easily inverted
except for the first equation of the system (H3), case 3. However, this equation can be rewritten
as

_ ZV(M,H.], un) . 8r(un+lv un)

ity
Upyl — Uy 8Mn+l

and then the function v, can be easily expressed in terms of i,,, U, U,41.

One can pass from any Hamiltonian system (H3), case 3 and (Hd1)-(HdS) to the
corresponding Lagrangian equation in the following way. One differentiates the first equation
of the Hamiltonian system with respect to the time ¢, then excludes v,, using the second
equation, and then eliminates v, j, using the first one. That gives for u, exactly the Lagrangian
equation (3.101). A Lagrangian constructed by (3.66) will coincide with the Lagrangian, given
above for all equations (Ld1)—(Ld5), (L2), up to formula (3.70).

It should be remarked that the correspondence (3.101) between the two lists of equations
provides a simple polynomial representation of the relativistic Toda-type equations (Ld1)—
(Ld3), including the relativistic Toda lattice (3.53) itself. In fact, using the transformation
it, =e“, v, = e ", onetransforms the system (Hd1) into (3.72) and (Hd3) into the following:

Uy = (un+1 + Mun)(unvn + U),

(3.102)
Dn = —(vn_l + Mvn)(l/lnvn + U)-
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The systems (3.72), (3.102) have a polynomial form as well as (Hd2). The invertible
transformations of equations (Ld1)—(Ld3) into the polynomial systems (3.72), (Hd2), (3.102),
respectively, read

I/.ln — eln+1—Un

ﬁn = eun’ ﬁn = ’
elin
A A Uy
Up = Uy, Vg =Up+ ——m),
Up — Up+l
. N Uy _
0, =e', by = ————— —ve .
eln+l 4 ’ueun

3.3.5. Master symmetries for relativistic lattice equations. Here we show the integrability
of relativistic Toda-type equations using master symmetries and simple non-invertible
transformations. We have demonstrated in the previous sections the equivalence between
Hamiltonian and Lagrangian equations. Generalized symmetries, conservation laws and
master symmetries can be rewritten from one equivalent equation to another. So, we
can simplify the explanation why all relativistic equations are integrable, considering the
Hamiltonian or Lagrangian form only. According to (3.101), we will construct generalized
symmetries and conservation laws only for the Lagrangian equations (Ld1)—(Ld5) and
Hamiltonian system (H3), case 3.

First of all we write down the master symmetries2 for equations (Ld1)-Ld5) [10]; some
of master symmetries for relativistic lattice equations can be found in [47, 80]. Equations
(Ld4), (Ld5) are of the form (L1) with » = 0 and can be expressed as systems in terms of u,
and v, = 11,,:

un = Up,
. 3.103
Uy = P(Un)(vn+1an - Un—lan—l)v a, = a(un+1 - Mn): ( )
where the functions P(z) and a(z) are given by the table
1
P=z(1-2) a=-— for (Ld4)
‘Y (3.104)
P=z(z—np) a= for (Ld5).
e+
Local master symmetries for these systems are
Up,r = NV,
' N
Doe = P0)((2 4 Dy — (1 — 1oy 101 +2), G-109
where
A=0 for (Ld4)
Ar=—1 for (Ld5). (3.106)
In the case of equations (Ld1)—(Ld3), we use the non-invertible transformation
Wy = Upy1 — Up, Uy = Uy (3107)
to write them in the form
Wy = Up+l — Up, (3.108)

Uy = P(Un) (Un+1Gn — Vp—1Gp—1 +b, — by_1),

2 The master symmetries (3.105), (3.111) presented below are taken from [10]. However, those master symmetries
have been rewritten, using point and non-point invertible transformations, in order to construct generalized symmetries
and conservation laws in an easier way. We also correct some essential misprints contained in [10].
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where

a, = a(wy), b, = b(w,) (3.109)
(see equation (L1)). The functions P(z), a(z), b(z) are defined as

P=1 a=¢t b= —e% for (Ld1)

P=¢ a=z" 1 b=z for (Ld2) (3.110)

P=z a b= —vet for (Ld3).

- 1+pe=2
The master symmetries for the systems (3.108)—(3.110) are given by
Wp,r = (l’l +k)vn+l - (n —k+ l)vn + Cn,
Un,t = P(Un)((n + k)(vn+lan + bn) - (n - k)(vn—lan—l + bn—l)) + )»U,%,
with the constants k, A and function ¢, defined in the following table:
(Ld1) : k=2 Ar=1 cn = —2ay,
(Ld2) : k=2 A=0 cn = b? (3.112)
(Ld3): k=3 A=1  cy=by—pv.
In the case of (Ld3), this is the master symmetry only if © = O or v = 0. If uv # 0, we

introduce both into the system (3.108) and its master symmetry (3.111) a dependence on the
time t of the master symmetry, so that

3.111)

d
v = (1), & = ,uvz (3.113)
dr
(see about time-dependent master symmetries at the end of section 2.7).
We construct conserved densities for the systems (3.103), (3.108), using formula (2.189),

and need a starting density. Let us write down three simple densities for equations (Ld1)—(Ld5),

namely
dv v, dv
- = LA dw,, = | 24+ | b,dw,, 3.114
P /P(v,» /“” o P /P(vn) / pdion, - G114

p° =log P(v,) +loga,, (3.115)

in terms of the functions v,, w,, a,, b, defined by (3.107), (3.109). The functions P, a, b
are given by equations (3.104) with b = 0 and (3.110). These formulae also provide with
conserved densities any of the equations (L1).

In fact, equations (L1) are Lagrangian and have, according to (3.75), (3.76), the
conserved densities p, = L, , py = #t,L;, — L in terms of the functions R, A, B given by
equations (3.95). Taking into account that (zR'(z) — R(z))" = z/P(z), we obtain formulae
(3.114). The function (3.115) is another form of the densities (3.114), also used below, and it
can be obtained as the linear combination:

Py =cip, +capt+c3(Ups — uy) +ca,
with some constant coefficients c;.

Equations (Ld4), (Ld5) are equivalent to the systems (3.103), (3.104), and the formulae
(3.114), (3.115), written in terms of v, and w, = u,+; — u,, give conserved densities for
these systems. The function p,  cannot be a starting density for the master symmetry (3.105),
(3.106), as D, p;; ~ 0. The next density p; can be taken as a starting one, and on the first step
we obtain

Dy py ~ Uy (Vns16, +1). (3.116)

This function with v, = 1,, is a new conserved density for equations (Ld4), (LdS).



R618 Topical Review

In the case of (Ld1)—(LLd3), transformation (3.107) is not invertible, and we have to check
directly that (3.114), (3.115) considered as the functions of v,, w, are conserved densities for
the system (3.108), (3.109) too. The density p; can be used again as a starting point. Using
the master symmetry (3.111), (3.112), one obtains a new conserved density for the systems
(3.108)—(3.110):

3
n a n
D.p, ~ (2k — 1) (V4Vn41Gp + (Vn + Vps1)by) + +b,c, + —. (3.117)
P(v,) ot
Here 8{)—}’1’ = 0 in all cases, except for (Ld3) with uv # 0, in which
w, 8b’1 2w
b, = —ve", = —uv-e
ot

due to (3.113). Now we can construct a conserved density for equations (Ld1)—(Ld3), using
transformation (3.107), namely, replacing v,, w, in (3.117) by the functions i, u,+1 — u,.
So, using the master symmetries (3.105), (3.106) and (3.111), (3.112), we construct
conserved densities for the systems (3.103), (3.104) and (3.108)—(3.110) and then rewrite
those conserved densities for equations (Ld1)—(Ld5). As these equations are Lagrangian, we
can then use formula (3.79) in order to obtain generalized symmetries. The Lagrangians for
equations (Ld1)—(Ld5) have the form (3.94), (3.95), hence L, ;, = 1/P(it,). For example,
starting from the density (3.116), we obtain for equations (Ld4), (Ld5) the following symmetry:

Upr = P(un)(urwla(un-fl - un) + un—la(un - un—l) + )")
Example of relativistic Toda lattice (3.53). We discuss this important example in detail. The
relativistic Toda lattice equation is included in equation (Ld3) by choosing u = 1, v = 0. Its

representation (L1) is defined, according to (3.110), by P =z, b =0,a = ¢(2) = # The
corresponding system of the forms (3.108), (3.109) is

Wy = Up+1 — Un,

. 3.118
Uy = Unvn+1¢(wn) - UnUn—1¢(wn—1), ( )
and the master symmetries (3.111), (3.112) take the form
3 1
Wae = (n+32)vpr — (1= 3)v, (3.119)

Up,r = (I’l + %)vnvn+l¢(wn) - (l’l - %)Uilvn—l¢(wn—1) + v,%-
We will discuss here only conserved densities for the system (3.118), as conserved densities
for the relativistic Toda lattice are constructed by transformation (3.107), and corresponding
generalized symmetries are obtained, using formula (3.79) with L, ;, = 1/i, (see equation
(3.57)).
By direct calculation one can check that the following functions are conserved densities
for the system (3.118):

p?; - Pn_ = Wy,
pY = log v, +log ¢ (w,),
p;: = Up,

~

1
2
Pn = vnvn+l¢(wn) + v,

. 1
PZ = VpUn41 V2@ (Wy)P (Wia1) + (Vg + Vs 1)V U1 P (W) + gvs,

1
Z’n =—(1 +ew,,)(1 + ew"il)a

A

.y L,
P, = pnpn+1¢(wn) + Epﬁ
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The conserved densities (P1)—(P3) come from equations (3.114), (3.115), while (P4),
(P6) are taken from (3.80), (3.81). The densities (P1), (P3) are written down up to some
nonessential constants of integration. The density (P1) becomes trivial when we pass to
equation (3.53): w, = (T — 1)u, ~ 0, but it is not trivial at the level of the systems (3.118)
and helps us to see the complete picture.

Using the ODE ¢’ = ¢ — ¢2, it is easy to check that the operator D, corresponding to the
master symmetry (3.119) acts on (P1)—(P4) as

D.w, ~ P;f» Drpg ~ 2P;a DTP:{ ~ 2Pu, D:pn ~ 3[3;,)
So, starting from (P1) or (P2), one can construct a new density (P5) as well as infinitely many
densities with polynomial dependence on the variables v, ;. The system (3.118) also has an

infinite hierarchy of conserved densities with rational dependence on v, ; which are similar
to (P6), (P7); however, the master symmetry (3.119) does not help to construct them. In fact

S 2n+1 w, vo .y
D.p, = (T 1) (I+e") ) ~0, D.p, ~ —pn.

All relativistic lattice equations have a second hierarchy of conservation laws and generalized
symmetries, but it is an open problem to construct it.

Let us discuss now the Hamiltonian system (H3), case 3, namely

. 2r . 2r
Up = ——— +1y, Uy = ———— — Iy, (3.120)
Upy1 — Uy Uy, — Up—1
where r is defined as
3%r
r=r(ul’lvvn) =r(vn7un)7 Y :0~ (3.121)
ou’
The local master symmetry in this case has a very simple form
Upr = Nily, U = (1 — 10y, (3.122)

but coefficients of the polynomial » depend on t. The dependence on 7 is given by

Te = TTu,v, = Tu,T, (3.123)
exactly as in the case of (3.32), (3.33). This master symmetry can be found in [10]. It can
be rewritten as a master symmetry of the Lagrangian equation (L2), equivalent to the system
(3.120), (3.121), which is also given in [10].

Generalized symmetries can be obtained by this master symmetry or, as the system
(3.120), (3.121) is Hamiltonian, using the formula (3.78). One can construct a hierarchy of
conserved densities, starting from the density p‘! given by (3.89). One can check that, up to
some nonessential constants,

pV =logr — 2log(une1 — v,), (3.124)
@ 4r 2ry, 2ry,
P = — + - +ry,  (3.125)

(un+1 - vn)(un - Unfl) Upsl — Up Up — Up—1
(see (3.89)). Applying the operator D, we obtain
2ni, Fe —Thy,, T Fy, Ty,

D.py =p?+(1~T) + :
Uy — V1 r

ie D pV ~ p@ only if equation (3.123) is satisfied. Two simplest conserved densities of

the second hierarchy are the following functions, symmetrical to (3.124), (3.125):
p) = logr — 210g(vpse1 — uy),

4r 2r 2r,
~(2 v, iy
by =~ o + Ty,
(vn+1 - un)(vn - Mnfl) Un+l — Up Up — Up—1
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4. Conclusions

In this review, we have presented the discrete version of the generalized symmetry method
suitable for the classification of certain classes of integrable equations and for testing given
equations for integrability. In addition to the general theory presented in section 2, we have
discussed in section 3 some of the most interesting results obtained, using this method.

In particular, in sections 3.1 and 3.2, we have considered the case of Volterra- and Toda-
type equations, in which there are exhaustive classification results for equations possessing
higher order generalized symmetries and conservation laws. In section 3.3, in the case
of relativistic Toda-type equations, one only obtains two lists of new integrable lattice
equations. In all cases we are able not only to obtain lists of equations, using necessary
conditions for the integrability, but also to show the integrability for all obtained equations,
constructing hierarchies of generalized symmetries and conservation laws. We do that using
local master symmetries, non-invertible transformations of the Miura type and invertible non-
point transformations together with the Hamiltonian and Lagrangian structures.

In an attempt to keep this review reasonably short, we have left out some interesting
and important topics. Among them we have not included a discussion of lattice equations
depending explicitly on the discrete spatial variable n and on the time ¢. The generalized
symmetry method for n- and #-dependent equations of the Volterra- and Toda-type has been
developed in [32, 33, 79]. Some interesting examples of n- and 7-dependent integrable
equations are presented in [10, 12, 32].

Also left out is the area of multi-component integrable lattice equations, i.e. systems
of arbitrarily many equations. In this case, one starts from an equation and its generalized
symmetry of a fixed form, but with arbitrary constants, and reduces the classification problem to
the algebraic one for well-known non-associative structures like the Jordan algebra. Integrable
multi-component generalizations for some Volterra-, Toda- and relativistic Toda-type equations
have been considered in [11, 25, 63, 64]. The recursion operators, master symmetries and
L—A pairs for those equations can be found in [1, 11, 63].

An area also not covered in the present review is the study of purely discrete equations.
In this case it is difficult to use the existence of generalized symmetries for the classification.
One can classify integrable equations by considering different properties as, for example, the
existence of Bécklund auto-transformations [3—-6]. Two lists of purely discrete equations of
the Toda- and relativistic Toda-type have been obtained in [3, 4]; examples of this kind are
also contained in [26, 57-59].

Here we do not consider the construction and investigation of the solutions of obtained
systems. Equations obtained as a result of the classification procedure are integrable by the
inverse scattering method. If necessary, one can construct an L—A pair and investigate in this
way completely an equation of the list. For example, in the case of relativistic Toda-type
lattice equations which are discussed in section 3.3, L—A pairs for the key resulting equations
have been constructed in [9, 12], and Bicklund auto-transformations have been found in
[8, 12, 78].

Many open problems remain in this research area. For example, in the important case of
relativistic Toda-type equations, there are not only no exhaustive classification results, such as
for Volterra- and Toda-type equations, but also no integrability conditions suitable for testing a
given equation for integrability. It is unclear how to study multi-dimensional lattice equations
similar to the two-dimensional Toda lattice. In paper [54], one can find a small list of integrable
multi-dimensional lattice equations. Different ways of developing the generalized symmetry
method in the case of partial differential equations are discussed in [10, 37, 43]. Ideas of these
papers could be possibly used in the discrete case.
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