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Abstract

We carry out the generalized symmetry classification of polylinear autonomous
discrete equations defined on the square, which belong to a twelve-parametric
class. The direct result of this classification is a list of equations containing no
new examples. However, as an indirect result of this work we find a number
of integrable examples pretending to be new. One of them has a nonstandard
symmetry structure, the others are analogues of the Liouville equation in the
sense that they are Darboux integrable. We also enumerate all equations of
the class, which are linearizable via a two-point first integral, and specify the
nature of integrability of some known equations.

PACS numbers: 02.30.1k, 02.30.Jr
Mathematics Subject Classification: 39A14, 70G65, 70510, 37K10
1. Introduction

We consider a class of autonomous discrete equations:

F(un,'m Un+1,m» Un,m+1, Mn+1,m+l) = 0, n,me Za (1)
which are analogues of the hyperbolic equations
F(”v an uy» Mxy) = 0' (2)

In (1) F is a polylinear function (a function linear in each of its variables). This class depends
on 16 arbitrary constants. We restrict ourselves to the case when
3°F
8un-}—l,m-‘,—laun-‘,—l,m
and the resulting equation depends on 12 parameters and can be written in the form
Ay w1 + Bupy1m +C =0,

=0,

A= a1Un, mUn,m+1 + A Up.m + a3Up, m+1 + ay, (3)
B = biuy mitn,m+1 + batty m + b3ty mi1 + ba,
C= C1Un,mUn,m+1 + Collp,m + C3Up m+1 + c4.
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The reason we choose this class is technical. The first of the integrability conditions (18)
presented in theorem 1 becomes simpler in this case (see a more detailed explanation right
after theorem 1).

We use in this paper the generalized symmetry method, see e.g. the review articles
[4, 23, 35] for the case of partial differential equations (PDEs) and difference—differential
equations. The generalized symmetry method for discrete equations has been developed in
[8, 18, 20, 21, 24], and we will use here some results of these works. A review of different
methods for testing and classifying discrete equations together with proper references can be
found e.g. in [21].

Following [8, 20], we use as an integrability criterion the existence of a non-autonomous
generalized symmetry of the form

——Upm = Gn,m(”n-ﬂ—l,ma Un—1,m> Un,ms Unm+15 Un,m—1 ) (4)

dr
Almost all known integrable discrete equations (1), as well as their non-autonomous
generalizations [33], possess generalized symmetries of this form. One exception is discussed
in [2], the other one will appear in section 3.2. Equations which have such a symmetry (and
with no first integrals) are analogues of the sine-Gordon equation u,, = sinu. We are going to
enumerate all equations of the sine-Gordon type belonging to the class (3).

Some integrable discrete equations of the class (1) are called in the literature the discrete
KdV and mKdV equations or the discrete sine-Gordon and Liouville equations, see e.g. [9].
From the viewpoint of the generalized symmetry method, such equations are analogues of
the hyperbolic equations. As in the hyperbolic case [22, 37], the integrable discrete equations
have two hierarchies of the generalized symmetries in two different directions and may have
first integrals, i.e. may be Darboux integrable (see below). For this reason, we use such terms
as sine-Gordon-type equations and Liouville-type equations taken from the hyperbolic case.

In our approach, the analogues of the Liouville equation u,, = €" appear in a natural
way as equations whose generalized symmetries depend on some arbitrary functions. Such
equations are Darboux integrable, i.e. they have two first integrals Wy, W;:

(T = HW> =0, Wa = W Uty b1 -+ Uty (5)
(TZ - 1)W1 = 09 Wl = w,(nl)(un+l],ma Un+li+1,my =+« » un+k1,m)~ (6)

Here [, I, k; and k, are integers, such that I} < k;, I, < k», and T} and T; are the operators
of the shift in the first and second directions, respectively: 714, m = hyt1.m> Dolum = st
We will collect the Darboux integrable equations in a separate list.

In section 2, we present definitions and theoretical statements necessary for this paper. All
results are collected in section 3. Section 3.1 contains the complete list of sine-Gordon-type
discrete equations of the class (3). There are no new integrable examples in that list. New
examples appear in the following sections. In section 3.2, an equation with a nonstandard
symmetry structure is discussed. Some Darboux integrable equations are collected in
section 3.3. In section 3.4, we enumerate all equations linearizable via a two-point first
integral. In section 3.5, we specify the nature of integrability of some known equations. Those
equations have been known as equations possessing generalized symmetries. We show that
they are either Darboux integrable or equivalent to a linear equation.

2. Theory

2.1. Definitions and restrictions
Here we are going to discuss some restrictions for discrete equations used in the classification.
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We consider equations of the form (1) which are polylinear and nondegenerate. The first
property means

3°F 3°F 3°F *F
3 3 — 3 frnd 5 et 5 = O
Uy m aun-H m 8Mn,m-&—l aun-ﬁ-l,m-i—l

One sometimes uses the following requirement as a nondegeneracy condition: the function
F must essentially depend on all its variables. This requirement, however, is not sufficient to
exclude equations like the following one:

F(un,ma un+l,m)F(un,m+l’ un+l,tn+1) =0.

We rewrite equation (1) in the form

Up+1,m+1 = f(unJrl,mv Un,m» un,erl) (7)

and require the essential dependence of f on all its variables. So, we have the following
nondegeneracy condition in terms of F and f:

oF 0 af 0
) ! ) ) f # 0. (8)
8I'thrl,erl 8unJrl,m aun,m 8un,m+1
We consider generalized symmetries of the form (4) satisfying the conditions
0Grm 0Gum  0Gum  0Gum
#0 ©))

8unJrl,m ’ 8Mnfl,m ’ aun,m+1 ’ aun,mfl
for all n, m € Z. These conditions are analogous to the ones used in the papers [20, 21] in the
autonomous case. It can be proved, see [8], that the function G, ,, must have the form

Gn,m = an,m (unJrl,ma Un,m» Mnfl,m) + an,m(”n,erl s Un,ms Un,m—1 ) (10)

In practice, for all equations possessing the generalized symmetry (4), we always succeed to
find two generalized symmetries of the form

d
——Upm = q)n,mv —~—Upm = \Ijn,m~ (11)

dny dr,
Let us recall that the set of symmetries forms a Lie algebra, in particular,

d d
- Unpm = aq)n,m + ,Blpn,m: - Unpm = Dll \pn,m - th
d‘[l dt2

are symmetries too. Here o and B are arbitrary constants, and D;, and Dy, are operators of total
derivative in virtue of equation (11). The existence of symmetries of the form (11) implies the
existence of a symmetry given by (10).

The generalized symmetries (11) as themselves are integrable differential-difference
equations. In the autonomous case they are integrable equations of the Volterra type of a
complete list obtained in [34]; see [35] for details. In the non-autonomous case, we may get
some non-autonomous generalizations of Volterra-type equations considered in [19].

It is well known that a function G, , defining the generalized symmetry (4) of
equation (7) must satisfy the linearization of this equation (7):

af af af

G11+l,m+1 = G11+l,m— + Gn,m_ + Gn,m+1 P O—— (12)
Oyi1,m Oty Oty m1

q)n,m

For fixed values of n and m we can express, using equation (7), all functions u,,4 ;41 (k, I # 0)
in terms of the functions

Un+k,ms Un,m+15 k’ l € Z’ (13)

which can be considered as independent variables. Equation (12) must be identically satisfied
for all values of independent variables as well as for any n, m € Z.
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An equation (7) is called Darboux integrable if it has two first integrals W; and W, defined

by equations (5) and (6). We assume that
ow, ’ oW, ’ oW, ’ oW, £0
8un-&—ll,m 8l'in-kkl,m aun,m-&-h aun,m+k2

for any n, m € Z, and W, is called N;-point first integral, where N; = k; — [; + 1 > 2. As in
the case of the generalized symmetries, we assume that equations (5) and (6) are identically
satisfied for all values of (13) and for all n, m € Z. In other words, equations (5) and (6) must
be identically satisfied on solutions of the corresponding discrete equation.

It is not difficult to prove that the function W, cannot depend on independent variables
Un.m+1, I # 0 and the function W, cannot depend on variables u,,x ,, k # 0. It is obvious that,
for any first integrals W, and W,, arbitrary functions €2; and €2, of the form

Q= Qi (n, Wi, TE'Wi, .. T W)

14
Qz = Qz(m, Wz, TZZHWz, ey Tzij2W2) ( )
are also the first integrals.
Darboux integrable equations are transformed into linear equations for W; and W, shown
in (5) and (6), whose solutions are obvious. So, in this case, solutions of equation (7) may be
found from ordinary discrete equations:

Wi = a,, W, = ﬂm~ (15)

Here «,, and B,, are the arbitrary functions of integration which, in the discrete case, are nothing
but the sets of a priori independent arbitrary constants:

{0, o1, 02, ...}, {Bos Bx1, Bray .-}

One can often find for a Darboux integrable equation a more simple linearizing transformation
than those shown in (5) and (6), which may be more convenient for constructing solutions
[2, 5, 28]. Such transformations are not discussed in this paper.

The sine-Gordon equation has the generalized symmetries, but does not have any first
integrals. It is difficult to prove that an equation has no first integrals. We will search for
equations of the sine-Gordon type, but the second property will be checked for a fixed and
low number of points 2 < N < 5. The upper bound 5 is the number for which we are able to
solve the problem at the moment.

In our classification we are going to reject the linear equations as well as equations
equivalent to the linear ones. The following equations are transformed into some linear ones
by the point transform u,, , = e":

Un+1,m+1Un,mUn,m+1 = VUp+1,m>
Un+1,m+1Un,m = VUn+1,mUn,m+1>

(16)

Un+1,m+1Un,m+1 = VUn+1,mUn,m>

Un+1,m+1 = VUnpt1 mUnmUn,m+1,
where v # 0 is an arbitrary constant. We reject equations related to equation (16) or to a linear
equation by an autonomous Mobius (linear-fractional) transformation:

’ YUnm + 0
While, in general, the class (3) is not invariant under the Mobius transformations, sometimes
a transformation (17) may leave an equation within the class (3).
In our classification, we will search for equations of the form (3) which have the following

properties.

4
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List 1 (Properties used in the classification).

(1) Equation (3) is nondegenerate, i.e. it satisfies conditions (8).

(2) It possesses a generalized symmetry of the form (4) and (9).

(3) It does not have any N-point first integrals with2 < N < 5.

(4) Equation (3) is nonlinear and is not equivalent in the sense of (17) to any of equation
(16).

2.2. Method of classification

Let us recall that a conservation law of equation (7) is a relation of the form (77 — 1)ppm =
(T, — 1)gn.m which holds on the solutions of this equation. Here py m, ¢, may depend
explicitly on the discrete variables n, m and on a finite number of the functions u, ¢ ,+;. We
will use below four integrability conditions which have the form of conservation laws:

(T = Dp), = (T, — g j=12.34. (18)

n,m>

The following statement takes place.

Theorem 1. [f equation (7) has a generalized symmetry of the form (4) and (9), then it must
have conservation laws (18), such that

1 1 1 .
Pﬁ,,,)n = log fu,,_,_],mv 6]5,,),, = q,(l,; (un+2,m’ Un+1,m» un,m)»
2) f"”~”’ 2) 2) .
pn,m = IOg f s qn,m = qn,m(un+2,ma Un+1,m» un,m)»
Un,m+1
3) (3) (3) . (19)
qn,m = IOg fu,:,m+1 ) Pn,m - pn’m(un,m+25 Un,m+1» un,m)v
4) f"'“” 4) “4)
9nm = 10g f,_a Pnm = pn,m(un,m+2a Un,m+1, un,m)’
Un+1,m
_ __9f
where f“"”””*’ T Quprkmtr

Here the functions p{!). p$). ¢, ¢!, are defined explicitly in terms of equation (7).
The other four functions must be found from equation (18) and must have the form shown in
(19). We do not give the proof, as this theorem has been taken from [20], where the completely
autonomous case is considered. In [8], the same result is presented for the partially non-
autonomous case we consider here. In this paper, we just give more precise definitions and
formulations suitable for the paper.

It should be remarked that in the case of the class (3) the function p{') depends on two
variables u,, ,, and u, ,+; only, while in the general case (1) it may depend on u,, |, too. This
property makes the calculation simpler and explains our choice of the class (3).

The conservation laws (18) and (19) follow from equation (12), and the unknown functions
g g, pS)., ph, are related to G, of equation (4) by the following formulae:

m
G aG,
C],(,},)n _ _Tl IOg n,m 7 C],(,?,L _ Tl log n,m ’
Un+1,m aMn—l,m
aG, aG, 20)
P = —Tlog —", i =T log —2.
Un,m+1 Up.m—1

If for a given discrete equation the integrability conditions (18) and (19) are satisfied, i.e. there
exist some functions ¢') . ¢@) . pS) . pih) of the form shown in (19), then we can construct, in
principle, a generalized symmetry by using equation (20) (see [21] for a detailed explanation).

5
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Our aim is to find a function f defining equation (7), for which equations (18) and (19)
are solvable. The problem is, however, that equations (18) and (19) are functional-difference
equations. We solve them, reducing to a system of linear PDEs for the unknown functions
gV g3 p®  p® and we do so by using some annihilation operators (or annihilators)

n,m® In,m’ Pn,m> Fn,m? .
Conditions of solvability of such a system give an algebraic system of equations for coefficients
of equation (3). So, the classification problem is reduced to solving such algebraic systems.

The annihilators are defined as

Yo =T,* Ty, Y=1) %, k>0;
Un,m+1 Un,m—1 (21)
—k 9 k k 0 —k
Z =T, TF,  Z=T T, k>0.
u Uy—
n+1,m n—1,m

These operators are the differentiation operators, and their action will be clarified by example
of Y, 1-
It is obvious that

Ylun,m+l = O, l 7é O; Ylun,m =1.

On the other independent variables (13) defined at a fixed point (n, m), it acts as follows:

k-1
9D
Yiu =z 'r/ . k>0
1Un+k,m U) 2 laun,m-g-]
=
0
g F(=1L1)
Yityiom = 1_[ T2’1T1"f—, k<O.
j=kt1 It 1
Here we denote
Untk,m+1 = f(k’l) (un+k,ma Un,m, un,m+/)7 k7 le {_la 1} (22)
In particular, f = f0D, and we have in (22) four equivalent and obvious forms of
equation (7). So, for functions depending on (13), we have
> 3
Y, = Y1y i) ————.
1 Z 1( n+j"n)a“11+j,;n

Jj=—00
In the case of the other operators Yy, Z;, k # 0, as well as for a standard differentiation operator
L, we find at first the results L(u,,1« ) and L(u, 1) of its action on the independent variables
(13) by using definition (21). Then we can use the general property of the differentiation
operators in order to apply L to an arbitrary function of the independent variables:

ad

O, m+1

o0

L= )" L(qu,m)uLJr > Lltwmir)

Itn-km I=—00,1£0

k=—00

It is clear that, acting on functions which depend on a finite number of variables, we obtain
the finite expressions, for instance,

3= oh oh gf=L-b oh
Yflh(unJrl,m’ Upms Un—1,m) = T2 < f ) + +1 ( f )

8Mn,m—l aMn-}—l,m 8Mn,m 8Mn,m—l aMn—l,m

The operators (21) have been introduced in [10] and applied there to the first integrals.
Particular cases of these operators have been applied to the conservation laws in [27] and to
the autonomous integrability conditions (18) and (19) in [21]. In [8], these operators have been
used in the study of the partially non-autonomous integrability conditions (18) and (19) and
of their generalizations.

6
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Lemma 1. The operators (21) annihilate the following functions:

@) — -
Y_anj-‘rk,m-i-l =0, J = 1,2,

foralll # 0 and k;
Z*kpizj:k,mﬂ =0, j=3.4
forallk # 0 and 1.

Proof. We give the proof in one of the cases, as the others are quite similar:

(1 _ 7l —1l (1)
Yoilyiim =T L hdniim
Un,m—1
_ 7l (1) -0
- T2 anrk,m (un+2+k,mv Unt14k,m>» un+k,m) =Y,
aun,m—l
where [ > 0. O

The use of annihilators. 'When applying the operators

-1 k—1
'Y T, 1>0, 'Y T k>0,
j=0 j=0
Az,[ = ! 1 Al,k = ! .
-1y 1), 1<o, ~1,' Y T, k<0,
j=l =k

to relations (18), we obtain

Aoy (Ty = Dp) = (T3 = 1)qg, .. 1#0, j=12;

k (@) ”71’f"’ 23)
(Tt =1)p,) =MD —Dgl). k#0, j=3.4

Then, applying Y_;, Z_; to equation (23), respectively, and taking into account lemma 1, we
are led to

Yogl =, 1£0, =12 (24)
Zaph_ =58P, k#0, j=3.4. 25)

Here the functions r,(ll,/f , s,(lk,,{) as well as coefficients of Y_;, Z_; are explicitly expressed in

terms of equation (3).

We have an infinite system of linear non-homogeneous PDEs for each of four functions
qr(l]j L pfl".,)nfl. We can add to equations (24) and (25) linear PDEs with the commutators
Y, ’le] and [Zy,, Zi,] instead of the operators Y_; and Z_;. Also, we can decompose each
equation with respect to additional variables u,, ,,+;, j # 0, in the case of (24) and with respect
{0 Uy jm, ] 7# 0, in the case of (25).

Each of the unknown functions depends on three variables, so any four equations for each
of the unknown functions must be linearly dependent. This provides the necessary conditions
of integrability which are expressed in terms of the coefficients of equation (3) only. In practice,
equations (24) and (25) with [, k € {£1, £2} are enough for the classification of equation (3).

7
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First integrals. Equations (5) and (6) for the first integrals imply the following relations:

TWs = Ws, W, =W, (26)
with the arbitrary integers k and /. The operators Z_; and Y_; annihilate the left-hand sides of
equation (26), respectively. We get infinite systems of linear homogeneous PDEs for the first
integrals W) and W;:

Z_ Wy, =0, k+#0, Y. W =0, 1+#0. (27)
By using the systems of equations (27), we can solve the classification problem for equations
like (3), see section 3.4. We can also find the first integrals for a given equation, see section 3.3.
Directly from the systems (27), we can find a dependence of first integrals on the independent
variables (13); an explicit dependence on n and m is specified as is shown in section 3.4.

3. Results

3.1. Classification theorem

As a result of the generalized symmetry classification, we are led to the following list of
discrete equations.

List 2 (Equation (3) of the sine-Gordon and Burgers type together with their symmetries of
the form (11)).
(1)

(un+1,m+1 - 1)(un,m+l + 1) = (un+1,m + 1)(”;1,;11 - 1)7
iu = (u2 — 1)(u Lom — Un—_1.m)
dl1 n,m n,m n+1,m n—1l,m/s

d @, 1) ( 1 I )
—Uu = \U — — .
dt2 w o Un,m+1 + Un,m Un,m + Un,m—1

(2)
(un+l,m+l — Upt+1,m + CZ)(un,m — Un,m+1 — C2) + Un+1,m — Un,m+1 +c4 = 07
d
Eun,m = (un+1,1n — Upm +c+ C4)(un,m — Up—1,m +c+ 64)7
1
2
d u (un,m-H - un,m)(un,m - un,m—l) —Cy — cz
- Unm —
dt2 Un,m+1 — Un,m—1 + 202 + 1
(3)
Un+1,m+1Unm+1 + qu}H—l,mun,m + ClUn,mUn,m+1 = 07 b2’ C1 7é O,
d u _ Un+1,mUn,m d u _ Un,mUn,m—1
-5 Ynm — ) 5. Ynm — S E——
dr Un—1,m dr, Upmt1 — Doty m—1
(4)

un+1,m+lun,m + Mn+1,mun,m+l + a3un+l,m+lun,m+l + b2un+l,mun,m
+ ClUn,mUn,m+1 = 09 Cl, b2 5& O’

2
d Un+1,mUn,m Unm
—Upm = (1 —azby) ———— +c1 | Upp1m + — ;

dtl Un—1,m n—1,m
d (un,erl + b2un,m)(un,m + bZMn,mfl)

~Unm = .

dn aztp,m1 — bty -1
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(5)

Unt1,m+1Unm + Unt1 mUnm+1 + Q3Unt 1 mr1Unm+1 + ClUnmUnm+1 = 0, c1,a3 #0,

2
d Un+1,mUn,m Uy m

— Uy = ——— + 1 | Untim + s
dtl Un—1,m Un—1,m

2
d Un,m—1Un,m un,m
Uy = ———— + as un,mfl +—].

dt2 un,m+l un,m+l

(6) Discrete Burgers equation:

(unJrl,erl + d)(un,m + a3)un,m+1 + bl (un,m+1 + d) (un+1,m + a3)un,m = O, (28)
as, by, d, |d + bias| + by — 1] # 0,

d —m mUn—1,m — Unm

~——Unm = (_bl) un,m(u11+l,m - un,m)cl + (_bl) —C27 (29)
dn Up—1,m

d n,m — “n.m n,m

e = (—by)" (Wn,m — Unma1) (U, -I—as)c3

dn Unmy1 +d

Upn,m — Un,m— unm+d
(o e e NWn 2D ¢, (30)
Upm—1 + a3

Theorem 2. An equation of the form (3) possesses properties enumerated in list 1 if and only
if it is equivalent to an equation of list 2 up to a linear transformation i, , = iy, + B,
where o # 0 and B are constants. For equation (6) of list 2, the property 3 of list 1 has been
checked for N = 2, 3.

Remark. More precisely, we search for equations possessing properties of list 1 and obtain
list 2. The resulting equations have properties 1, 2 and 4. Property 3 has been checked for all
equations of list 2 except for equation (6). In this case, we check the property only for N = 2, 3
because of computational complexity.

In reality, there are some special cases of equation (6) with more complicated first
integrals [7].
As for equations (1)—(5), we hope that these equations do not have any first integrals at
all; however, checking this property is an open problem which is also left for a future work.
All equations of list 2 are known. Equations (1)—(5) can be found in the paper [21], most
of them in a slightly different form. Sometimes, transformations of the form
ﬁn,m _ . mttn,m + Bum ’ 31)
Yn,mUn,m + 8n,m
i.e. non-autonomous Mobius transformations, as well as the transformations n < m and
m — —m leave the equations within the class (3). For example, the transform
ﬁn,m = Uy, +an+ Bm

changes in equation (2) of list 2 the coefficients ¢, and c4 only, and we can get any values of

¢y and ¢y, in particular ¢; = —1/2, ¢4 = 0. The form of equations (3)—(5) of list 2 is invariant
under the transform
ﬁn,m = un,ma”ﬂm~ (32)
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In the case of equation (3) we can make b, = c¢; = 1. The same transformation (32) allows
us to obtain a3 = 0,0, = ¢y = loraz = by = c¢; # 0 in equation (4) and a3 = ¢; = 1
in equation (5). All the particular cases of equations (2)—(5), mentioned above, as well as
equation (1) are presented in [21]. As has been noted in [21], equations (4) with az = 0 and
(5) are equivalent to each other up to the transform m — —m.

A detailed discussion of equations (1)—(5) of list 2 and of their generalized symmetries
together with proper references is presented in the paper [21]. We just remark here that most
of these equations, namely equations (2)—(5), come from [14], where they are given in a
more general form. In [21], the authors have selected from those more general equations all
sine-Gordon-type particular cases which are out of the well-known Adler—-Bobenko—Suris
list [3].

While equations (1)—(5) of the above list are pure analogues of the sine-Gordon equation,
equation (6) is a Burgers-type equation. The generalized symmetries (29) and (30) depend
on the arbitrary constants Cy, C,, C3 and C4 which may be equal to zero, and this is natural
for Burgers-type equations. As well as in the continuous case, equation (6) is derived from a
linear equation by a discrete analogue of the Hopf—Cole transform:

Upm = —, (33)

The following non-autonomous linear equation
vn+l,m+l = O511,mvn+l,m + ,Bn,mvn,m-H + )/n,mvn,m’ (34)
where o, 1, Bu.m, Yn.m 7 O for any values of n, m, is transformed by (33) into

(un+l,m+l - /3n+l,m)(an,mun,m + Vn,m)un,erl

= (un,erl - IBn,m)(anJrl,munJrl,m + 7/;1+1,m)un,m~ (35)

Equation (28) is a particular case of equation (35) corresponding to

Upm = (_bl)na ,Bn,m = —d, Ynm = a3(_b1)n- (36)

The generalized symmetries (29) and (30) are derived from the symmetries

d
~— Unm = Cl (_bl)_merrl,m + CZ(_bl)mvnfl,mv

dn
d_tzvn,m = _CSUn,m-H - C4vn,m—1
of equations (34) and (36) by the same transformation (33).
Equation (28) in the case b = —1 has been found in [13]. The general form (35)
together with the transformation (33) is presented in [26]. We have here a slight autonomous
generalization of equation (28) with b; = —1 which, however, has the non-autonomous

generalized symmetries and which is related to a non-autonomous linear equation.

It is interesting that there are the Darboux integrable equations among such Burgers-type
equations. A non-degenerate equation of the form (28) has two N-point first integrals with
2 < N < 3if and only if

as. b1, d #0, d+bjaz =0 —1=0. (37)

In the case b; = 1, equations (28) and (37) are equivalent to equation (6) of list 3 (see below)
up to a rescale of u,, ,,. In the case b; = —1, we obtain equation (4) of list 4 by using a M6bius
transformation (17) and the transformation n <> m.

10
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3.2. Example with a nonstandard symmetry structure

Among integrable hyperbolic equations of the form (2), there are not only the sine-Gordon
and Louville equations but also the Tzitzeica equation

Uy =€" + e, (38)

see e.g. [30, 36]. This equation is not Darboux integrable and it differs from the sine-Gordon
equation in a more complicated structure of the generalized symmetries. Here we present an
equation whose generalized symmetries have a more complicated structure than symmetries
presented in list 2.

The following equation

Un+1,m+1 (un,m - un,erl) - Mn+1,m(un,m + un,erl) +1= 0 (39)

satisfies all the integrability conditions ((18) and (19)) and does not have any N-point first
integral, such that 2 < N < 7. It has one of the generalized symmetries of the form (11)

2
Un,m+1Un,m—1 + Uy m

d
——Upm = (_1)n

(40)
dr, Unm+1 + Unm—1

However, there is no second symmetry of the form (11) in this case as well as no five-point
symmetry (4), (9).
We have found a more complicated generalized symmetry in the n-direction:

Jun,m = hn,mhn—l,m(anun+2,m - an—lun—Z,m): (41)
1

where
hn,m =1- 2un+1,mun,ma ap42 = dy.

We have done that by using a technique developed in [8]. The symmetry depends on an
arbitrary two-periodic function a,, which can be expressed in the form

a, =a+a-1)". (42)

There are here the autonomous particular case a, = 1 and the non-autonomous one
a, = (—1)", and they generate all the other possible subcases as linear combinations. For
instance, we have

14 (=1)" = :
14 )z{o, n=2%k+1; “3)

On = 2 1, n=2k

The generalized symmetries (40) and (41) in themselves exemplify integrable differential—
difference equations. One can see that n is an outer parameter in equation (40), and this
equation is really a known (1+1)-dimensional autonomous equation of the Volterra type [35].
In the case of equation (41), we have the essentially non-autonomous differential-difference
equation with two-periodic coefficient a,,.
Equation (41) possesses the following two conservation laws:
0 _

Ao (11, i=1.2
dt] n.m n,m? L)

with the conserved densities

1 2
P,(L,)n = log hn,mv Pﬁ,,,)n = anhn-H,mhn—l,m - an—lhn.m - 2an”n+2,mun—l,m-
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The functions q,(l’)m are found automatically, see e.g. [35]. There is the following generalized
symmetry of equation (41):

J”n,m = hn,mhnfl,m(bnun+4,mhn+2,mhn+l,m - bnflhn72,mhn73,mun74,m
1

+ 2'Mn,m (bn—luil+3,mun—2,mhn+l,m - bnhn—Z.mul1+2,mun—3,m)
2 2
+ 2(2un+l,mun,mun—l,m — Upt1m — un—l,m)(bnun_yzym - bn—lun_zqm)

+ 2Mn,m (bnflunJrl,muan,m - bnun+2,mun71,m))v bn+2 = bn- (44)

It can be checked that equation (44) is a generalized symmetry of the discrete equation (39)
too. It can also be checked that any two symmetries

Dt/un,m = G;l’ma Dr”un,m = G:,,m (45)
of the form (41) or (44) commute:

[Dy, Dyl m = DyG,,, — DyG,,, =0.

Among the integrable differential-difference equations of the form

Evn = H(vn+27 Un+15 Uny Up—1, vn—Z), (46)

there exist not only generalized symmetries of Volterra-type equations but also the lowest
terms of their own hierarchies. Equations of the second type may be called the Itoh—Narita—
Bogoyavlensky equations, see e.g. [6, 25, 17], for example

0:Vp = Uy (Vg2 + Vpgt — Upe| — Up—2). 47

The most recent examples of this type can be found in [2, 29], and all such examples are
autonomous. Up to our knowledge, equation (41) is a new integrable example of this kind;
moreover, it is non-autonomous. The discrete equation (39) is possibly a new example similar
to the Tzitzeica equation. Another equation like that is discussed in [2].

Let us note that there is one more integrable equation of the class (3) which has the same
properties as equation (39):

Un+1,m+1 (un,m + Mn,m+l) + Un+1,m (un,m - Mn,m+l) —-1=0.

This example is, however, trivial in the sense that it is related to equation (39) by the
transformation i, ,, = (— 1)ty -

3.3. Darboux integrable equations

Classifying the discrete equations (3), we find the cases when the conservation laws (18) and
(19) and generalized symmetries (11) depend on arbitrary functions of the form (14). Such a
situation is explained by the existence of first integrals.

In cases like that the systems of PDEs (24) and (25), we use in the symmetry classification,
are degenerate, and their solutions also depend on some arbitrary functions. In all such cases
we verify whether a discrete equation is Darboux integrable. If the result is positive, we include
the equation in one of two lists given below.

List 3 contains equations which have N-point first integrals, such that N > 3. Any equation
presented in list 4 has one two-point first integral.

12
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List 3 (Darboux integrable equations with their first integrals W, W: both N-point integrals
are such that N > 3).

ey

(un+l,m+l - un-ﬁ-l,m)(un,m - un,m+l) + Up+1,m+1 + Un+1,m + Un,m+1 + Unm = 0’
2(”n+1,m + Mn,m) + 1

W) = ,
(WUns2,m — Unm) (Unst,m — Un—1,m)
n,m n,m—1 — 2 n,m 1
sz(—l)”u’+l+u’ 1= 2(upm + ).
Un,m+1 — Un,m—1
2

Un+1,m+1 (un,m + b2un,m+1) + un+1,m(b2un,m + un,m+1) +cq4 = 0’ va |b§ - 1| + |C4| 75 07
un-‘rl,mun,m(bg - 1) + b2C4

W, = ,
(un+2,m - un,ln)(u11+l,m - un—],m)
W2 = (_l)n bZ(Mn,erl + un,mfl) + 2un,m '
Un,m+1 — Unm—1
3
(un+l,m + a3u”+1’m+l)(uﬂam + a3un,m+l) + Unt1t,m + Unm + m =0, a3#-1,0,
3
Wi = (—az)™" (a3 + D) (Upg1,m + tpm) + 1

9
(un+2,m - un,m)(unJrl,m - unfl,m)

( Un,m—1 + azUp,m + 1 >(—1)"
W, = .
N —a3 (Up g + A3Uy it 1)

4)
Un+1,m+1Un,m + b3un+1,mun,m+l + 1= O, b3 = :I:lv
un+1,m - b3un71,m

Wi = (=b3)" :
Un,m
n,m —-b n,m—
W, = (_bS)"M‘
(%)
(unJrl,erl + l)(un,m + 1) - (un+1,m - 1)(”n,m+1 - l) = Ov
ui m— 1
W = : ,
(un-‘rl,m + un,m)(un—l,m + un,m)
u,zlm -1
W, = - .
(un,m+1 + un,m)(un,m—l + un,m)
(6)

(unJrl,erl - 1)(unm + l)un,erl + (Mn,erl - 1)(un+1,m + 1)’/tn,m = 01

Up munm_1 n—1,m
W1=(—1)’"( +1,mlUn, Jitp—1,

Un—1,mUn,m — 1 ’
(un,m + un,m+1)(un,m71 +1)

W, = (—=1)" .
(un,m-H - 1)(un,m—l + un,m)
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To our knowledge, the non-autonomous first integrals have not been considered in the
literature. Only equations (4) with b3 = —1 and (5) of this list, whose first integrals are
autonomous, are known. Equation (5) of list 3 has been found in [16]; its integrals and a
linearizing transformation are presented in [5].

Equation (4) of the list with an arbitrary parameter b3 satisfies all four integrability
conditions (18) and (19), but it does not have generalized symmetries of the form (4), (9)
as well as symmetries similar to equation (41). It can be proved that equation (4) possesses
N-point integrals with 2 < N < 7 iff b% = 1. The case b3 = —1 is presented in [15]; the first
integrals of this equation in different forms are given in [28, 12].

List 4 (Darboux integrable equations: in all cases, one of two N-point first integrals is such
that N = 2).

(H
Un+1,m+1Un,m+1 + b2(un+l,m + d) (un,m + d) = 07 bZ ?é Oa
Wl = (_bZ)_m(un+2,m - un,m)(un+l,m - un—l,m)’
(J——bzwn.m + d))”
Wy = (Y2t T .

un,m-H

@

un,mun,m+l(un+l,m+l + blun+l,m) + Un,m + blun,m-H = O, b% = 17
m Un+1,mUn.m + 1
Wi = (=)=

n,m
_ (un,m+2 + bluil,m+l )(un,m + blumm—l)

W>
(un,m+2 - un,m)(un,m+1 - un,mfl)

3

Un+1,m+1Unm+1 — Unt+1,mUn,m + Upm+1 — Upm = 07
Wl = Un,m (un+],1n + 1)7
_ (un,m+2 - un,m)(un,m-H - un,m—l)

W, = .
(un,m+2 - un,m+1)(un,m - Mn,m—l)
4)
Unt1,m+1Unm — Un+ 1 mUnm+1 + Untlm — Unm = 0,
Un+1,m — Unm Upm+1 — 1
W =——7: W) = ——.
Unm — unfl,m I/tn,m
Q)

(un+1,m+1 — Un+1,m + b4)(un,m+1 — Un,m + b4) - dz» d 7é 0,
Wl = Up+1,m — Un—1,m>
n,m — Unm by —d
Wy = (—1ynlnmtt ~ tnm £ 04— @
Unm+1 — Unm + b4 +d

14
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(6)
2
Un+1,m+1 (a2un,m + ’/ln,m+l) + asup 1 ity m = 0, a GA 0,

—3m
Wl = Ay Uptl,mUn,mUn—1,m,

Aty — Ay i1 1+ +/3i

Wy =d™" , d= ir=—1.
aZdun,m — Up,m+1 2
)
2
Un+1,m+1 (aZMn,m + Mn,erl) + Mn+1,m(a2un,m - a2un,m+1) = 07 an 75 0»
2\ —m
Wl = (_az) Up+1,mUn—1,m»
Aol g +1u .
W2 —in 2. n,m n,m+1 ’ l2 -1
a1y m + Un,m+1
®
> —d? =0, d#0
Un+1,m+1 (a2un,m + Mn,m+l) + un+1,m((a2 )un,m + a2un.m+1) — Y, # )
Wl _ Un+1,m . W2 — (—1)” (612 + d)un.m + Un,m+1 )
Un—1,m (a» — d)un,m + Upma1

©

Un+1,m+1Un,m+1 + Un+1,mUn,m +c4 = 05

Un,m+1 -
Wl = (_l)m(zun+l,l11un,ln + C4)a W2 = (,—) .
Un,m—1
Equations (2) of the last list with by = 1 and b; = —1 are equivalent up to a

non-autonomous point transformation to each other and to an equation presented in [5].
Equation (3) coincides up to an autonomous Mobius transformation (17) with an example of
[28]. Some of the equations of lists 3 and 4 may be related by the non-invertible transformations
which, however, are not discussed here, see e.g. the examples in [9, 28].
The first integrals W, of the form W = ¢~1" can be rewritten in the form
. o . l+¢
W= (D6 b=
see the examples given in equation (3) of list 3 and in equations (1) and (9) of list 4.
The non-autonomous first integrals W, of the form

(48)

W, = (V1)'Q
can be rewritten in the autonomous form
Wz = Wzk = Qk;

see the examples given in equations (1), (2) and (6) of list 3 and in equations (5)—(8) of list
4. The form of W, we use is simpler in a sense, and the transition from Wz to W, is not
single-valued. The same can be said about the first integrals W, given in equation (6) of list 3
and (9) of list 4.

The equations of list 4 are more convenient from the viewpoint of finding their solutions
due to the existence of a two-point first integral; see a detailed discussion in section 3.4. It is
not an easy problem to construct solutions of Darboux integrable equations using transforms
given in equations (5) and (6). There may exist some more efficient linearizing transformations
convenient for the construction of exact solutions. As has been said above, one example with

15
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such a transformation is given by equation (5) of list 3. Another example, i.e. the discrete
Burgers equation, is discussed at the end of section 3.1. Examples of this kind together
with exact solutions are considered in [2, 5, 28]. The search for such effective linearizing
transformations for the other equations of lists 3 and 4 is an open problem.

3.4. Equations linearizable via a two-point first integral

In this section we search for equations of the class (3) which have at least one two-point first
integral. We show that all such equations are equivalent to a linear non-autonomous discrete
equation. As a result, we obtain lists 5 and 6, see below. The equations of list 4 have two first
integrals one of which is two-point one, and therefore all equations of this list are contained
in lists 5 and 6. Moreover, lists 5 and 6 will be complete, while list 4 is just a collection of
equations of a certain type.

The class of equations (3) is not symmetric under the transformation n <> m. For this
reason, we discuss separately two cases corresponding to two-point first integrals in different
directions.

3.4.1. Case 1. Here we consider two-point first integrals in the second direction (or in the
m-direction) which are of the form

(T = DW2 =0, Wa = . (s 1), (49)

where 0, W, # 0, 9,,,..,W> # 0 for all n. Equation (3), possessing such simple first integral,

is equivalent to relation (49) and, therefore, to the equation W, = «,,, where «,, is an arbitrary
m-dependent function of integration.

For example, if equation (3) can be expressed in the form

Vilp,m+1 + Volp,m + V3

ho=a¢p+B, ¢= . a#F0, (50)
Vil m+1 + Vslpm + Ve
where o, 8 and v; are constant coefficients, then there exists a first integral defined by
¢ —np, a=1;
W, = 51
: a‘"(¢+il>, o # 1. 1)
o —

This statement is proved by direct calculation. It turns out that all equations (3) possessing a
first integral (49) can be rewritten in the form (50), see below. In the case when W, is defined
by (51), the equation W, = k,, can be rewritten as

Un,m+1 + Mn,mUn,m + Nnm = 0. (52)
So, in this case, an equation of the form (3) is equivalent to a non-autonomous and non-
homogeneous linear equation (52).
For any equation of list 5 below, there is a relation of the form
Ly = 019 4% 82,
33¢ + 04
shown in the list, and the function ¢ has the form shown in equation (50). By using an
autonomous linear-fractional transformation of the function ¢, we reduce relation (53) to the
form (50), and that transformation changes in the formula for ¢ the coefficients v; only. So,
all equations of list 5 are equivalent to a linear equation (52).
Equations of the following list are defined by some relationships for the coefficients a;, b;
and c¢; of equation (3), and all the equations have the following restriction:

(53)

a1=b1=c1=0.

16
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List 5 (Equations possessing a two-point first integral of the form (49)).
ey

a3 #0, ay#b3, as#c3, @y Faze,
_azcz(az — b3) + ax(b3as — axcs)

b — )
: az(as — c3)
aszcy) — c3dr + a4b3
by = ,
a
azcz(as — c3) + c3(axes — baag)
C4 = 5
az(az — bz)
Tip = (a2 — b3)(arc3 —azcy) by = Upmy1a3(az — b3) + czay — 61453.
(¢ +az)(as — c3) Upm(ay — b3) + a4 —c3
)
a3 #0, b3#0, azcs #ayes,
b2 b b
a=b;y, by=-, by= o o= 63—3;
as as as
3¢ + cua3
T - == nmb + Upm .
19 b+ as ¢ = Unmbs + Uy m103
3)
a 75 O, b3 75 O,
asbs az(bycz + asby) — asbab;
as = Oa 3=, b4 = B s
ar 612

_as(axcr(bs + az) — asbrbs)
= 2 :

2
Un,m+105 + ca; — a4b2

Upm@ + a4

b
Tip = —p— —by, ¢ =
a

“

2
a, # azba,

2

. 2arcoc3 — cgbz —azc;y

as=¢c3, bi=a, bi=c, c=

a% — bas ’
Ti¢p = _m _ u"~m+1(a% - a3b2) + ca; — b2c3.
ap +ay’ Unm (a3 — azb) + czar — azea
(5)

a3 #0,  axbz # asb,

c3b; c3an 2
as = C3, b4=—’ =, cq ==

as as as
Tp— 2P thas o Unmids 03
¢+a Unm



J. Phys. A: Math. Theor. 45 (2012) 345205 R N Garifullin and R I Yamilov

For example, any equation of the form

Un+1,m+1 (a2un,m + a3un,m+1) + Un+1,m (bZMn,m + b3un,m+1) = O’ a2b3 7é Cl3b2,

is a particular case of equation (3) (if a3 = 0) or of equation (5) (if a3 # 0) of list 5.
Equations (6)—(8) of list 4 are of this form too.

Theorem 3. A nondegenerate and nonlinear equation (3) has a first integral (49) if and only
if it belongs to list 5. Any equation of list 5 is equivalent to a linear equation of the form (52).

The function W, satisfies the system of equations
YW =Y_ (W, = LW, =Y_,W, =0. (54)

Analyzing conditions of the solvability of this system, we are led to an algebraic system of
equations for the coefficients of equation (3). Then we collect for list 5 all solutions of that
algebraic system, such that the corresponding equation of the form (3) is nondegenerate and
nonlinear.

Directly from the system (54), we can find an autonomous function ¢ instead of the first
integral W,. Necessary relationships for ¢ are shown in list 5 for all equations. Then, using
¢, we can introduce an explicit dependence on n and construct a first integral W, in the way
described above.

3.4.2. Case 2. Here the first integral is of the form
(L= DWi =0, Wi = w (U, ni1.m), (55)

where 9, Wi # 0, 9,,,,, Wi # 0 for all m. Equation (3), possessing such a first integral, is
equivalent to relation (55) and hence to the equation W, = «,,.
For example, if there are the relations

Un,m

vy Up.m + VU + V3Up g, + V.
T2¢=Ol¢+,3, ¢: 14n+1,m%n,m 2Un+1,m 3Un,m 4’ a;éO, (56)

VsUn m + Ve

with the constant coefficients «, 8 and v;, then we can construct the first integral as follows:
¢ —mp, oa=1;
W = 57
: oz‘"’(qﬁ—l—i), o # 1. 57)

a—1

Moreover, the equation W) = k,, can be rewritten in the form

Vilp+1,mUn,m + ValUpt1,m + Mn,mUn,m + Nnm = 0.

By using a non-autonomous Mobius transformation (31) of u, ,, the last equation can be
expressed as

Un+1,m + Mn,mUn,m + Na,m = 0. (58)

So, in this case, an equation of the form (3) is equivalent to a non-autonomous and non-
homogeneous linear equation of the form (58).

For any equation of list 6 below, we define a function ¢ which satisfies relations of the
form (56). For this reason, there is the first integral defined by (55) in every case, and all
equations of the list are equivalent to a linear equation (58). As well as in the case of list 5, the
equations of list 6 are given by some relations for the coefficients a;, b; and c; of equation (3).
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List 6 (Equations possessing a two-point first integral of the form (55)).
ey
a3 #0, b1 #0, by #0, |az3—ax|+|bics — c2bo| # 0,

b] as azbz (lzbz azb%
al - bl a4 - ’ 3 = ’ 4 = ’
by by az bias
by (bica + azbycy — azbica) bibycy + azbycy — azbyicy
1= B , 3= 2 )
2 2
b|a3C4

b
Typ = —p— — bycy — azcy + ,
as b2

2
Un-+1.mUn,mb1D0203 + Uni 1 ma2bsy + az(bicy — bacr)

d) - un,mbl + b2
(2)
as 75 0, b2 75 0,
b
a1:0, (12:0, a4:4—a3, b1:0, b3=0, 6‘1:0, C3:%;
b2 b2

by
TZ¢ = _a_(d) + C4)’ ¢ = Mn+1,mun,mb2 + un+1,mb4 + UpmC2.
3

3)
Cl4750, b3750, b4750,
a4b3
a1=05 a) = —F/, a3=07 bl=07 bZZOa
by
c1b3 + byascs — asbsc bsbscs + asbscs — asbacy
C = ) Cy = s
bbs B2
by Unt1.mb} + bycs — c1by
T = —— , = . =
20 a4(¢+C1) ¢ wn b + b4
4
ar #0, by #0, |b3]+]c3| #0,
b
02=M, a3 =0, a4=0, by=0, by=0, Cz=w, ¢y =0;
b1 bl
b n m nmb n mb
B = (p+e), ¢= mlmtnt lnilnds TG
a Un,m
©)
a 75 O, b3 # 0,
axcs
a1=01 a3=05 a4=07 b1=07 b2=05 b4=0’ 62=b_’ C4=O;
3

b Upr1.mb3 + ¢
B¢=—£@+qL ¢ =BT

n,m

For example, equations (2), (3) and (9) of list 4 are the particular cases of equations
presented in list 6.
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Theorem 4. A nondegenerate and nonlinear equation of the form (3) has the first integral
defined by (55) if and only if it belongs to list 6. Any equation of list 6 is equivalent to a linear
equation of the form (58) up to a non-autonomous Mobius transformation (31) of its solutions

un,m~
A proof of this theorem is completely analogous to the proof of theorem 3.

Remark. It seems to be true that for Darboux integrable autonomous equations (1), any
N-point non-autonomous first integral can be rewritten as an N + 1-point autonomous one,
cf for example [11] for the semidiscrete case. In this paper, due to remark (48), all non-
autonomous integrals have the form (51) or (57). The following formulae:

~ L,(Wy) — Wa, =1 ~ T, (W) — Wy, =1
{2( ) =W @ W) =W, « (59)

= 1

2 p— p—
L(W)/Wa,  a#1, Lwy)/wy,  a#l,
provide the autonomous first integrals corresponding to (51) and (57).

The use of the non-autonomous first integrals is, however, well motivated. In
section 3.3, we construct the first integrals of the lowest possible order, simplifying in this
way the calculation. In section 3.4, we use the simplest two-point first integrals. Consideration
of the non-autonomous first integrals essentially enlarges the set of possible examples. As
can be seen from lists 5 and 6, all ten examples, except for their particular cases, have the
non-autonomous first integral.

3.5. Additional results

Here we specify the nature of integrability of some known equations.

First of them is the Qy equation introduced by Viallet in [31] which sometimes is called
the Adler equation [1] with free coefficients. All equations of the Adler—Bobenko—Suris list
are contained in the Qy equation.

This equation is defined by the following conditions for the polylinear function F of
equation (1):

F(un,m7 Un+1,m» Un,m+1, Mn+1,m+l) = F(unJrl,ms Un,ms Un+1,m+1, un,erl)
= F(un,m+1’ Un+1,m+1> Un,m, Mn+l,m)»

and it depends on seven arbitrary constant parameters. As has been shown in [32], the Qy
equation has the generalized symmetries (11) for all values of these parameters. We are
interested in the intersection of our class (3) and the Qy equation, which has the form

(un,mun+l,m + un,m+lun+l,m+l)kl + (un,mun+l,m+l + un+l,mun,m+l)k2
+ (un,m + Un+1,m + Un,m+1 + un+1,m+1)k3 + k4 =0. (60)

If k; = ky = 0, then this equation is linear.

Theorem 5. Any equation of the form (60), such that k; # 0 or ky # 0, is Darboux integrable
or degenerate or it is equivalent to a linear equation up to an autonomous point transformation

ﬁn,m =@ (un,m )

Proof. Considering all possible cases, it is easy to check that equation (60) is either degenerate
or equivalent up to a linear transformation i, ,, = au, ,, + B to one of the following equations:
one of equations (16) or one of equations (1), (2) and (4) of list 3 or equation (9) of list 4. [J

The next two equations do not belong to the class (3), but a result will be interesting and
general.
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The Qy equation is generalized by a class of polylinear equations defined in [32] by

F(un,m7 Un+1,m»> Un,m+1, un+1,m+l) = an(un+l.m» Un,ms Un+1,m+1, un,m-H)
= T F (Un,m115 nt1,mt15 Unoms> Unt1,m)s (61)
where r; = %1, m, = £1. All equations of the class (61) also have the generalized symmetries

(11), see [32]. In addition to the Qy equation, we have here (up to the transformation n < m)
two more equations:

(un+l.mun,m+lun+l,m+l + Un,mUn,m+1Un+1,m+1 — Un,mUn+1,mUn+1,m+1
- un,mun+1,mun,m+l)kl + (un,munJrl.m - un,m+1un+1,m+1)k2
+ Wnm + Unt1m — Unmr1 — Unt1imr1)ks =0, (62)

(un+l,mun,m+lun+l,m+l — Un,mUn,m+1Un+1,m+1 — un,munJrl,munJrl,erl
+ un,mun+l,mun,m+l)kl + (un.mun+1,t71+] - unJrl,mun,erl)kZ
+ (un,m — Un+1,m — Un,m+1 + un+l,1n+1)k3 = 0 (63)

It has been shown in [21] that both equations (62) and (63) are equivalent to a particular case
of the Oy equation. We have here a more interesting result.

Theorem 6. Any equation of the form (62) or (63) is equivalent to a linear equation up to an
autonomous point transformation t, , = ¢ (Un.m)-

Proof. We do not consider the trivial case k; = k, = k3 = 0. Both classes (62) and (63) are
invariant under the autonomous Mobious transformations (17). By using such transformations,
we can always make k; = 0 and kyk3 = 0 in both equations (62) and (63). In this way we
obtain either a linear equation or one of equations (16). ]

As is has been said in [21], the following particular case of the Qy equation

(un+l,mun,m+lun+l,m+1 + Un,mUn,m+1Un+1,m+1 + Un,mUn+1,mUn+1,m+1
+ un,mun+1,mun,m+l)kl + (un,m + Un+1,m + un,erl + un+1,m+1)k2 = O (64)

is transformed into an equation of the form (62) by the transformation i, ,, = (—1)"u, .
This means that equation (64) is equivalent to a linear equation up to a non-autonomous point
transformation &, ,, = @y (Upm)-

4. Conclusion

We have in this paper the following results, presented in section 3.

(1) We have performed the exhaustive classification of sine-Gordon-type integrable equations
of the class (3), more precisely, of equations possessing properties of list 1, section 2.1.
The resulting equations are collected in list 2, section 3.1. In this way, we have shown
that there are no longer new sine-Gordon-type equations in the class (3).

(2) We have found equation (39) with a nonstandard symmetry structure which pretends to
be a new example of integrable discrete equation. Its most simple generalized symmetries
(40) and (41) have a more complicated form than (11), unlike all equations of list 2.
Both of them are not autonomous; moreover, the symmetries (41) and (44) have arbitrary
n-dependent two-periodic coefficients. The generalized symmetry (41) in itself is possibly
a new example of an integrable differential-difference equation of the Itoh—Narita—
Bogoyavlensky type. Equation (39) should not be linearizable, at least not Darboux
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integrable, as we have checked that it does not have any N-point first integral with
2<NLKT.

(3) When carrying out the generalized symmetry classification, we find some of the Darboux
integrable equations in a natural way. We have collected such equations in lists 3 and 4,
section 3.3. Most of those equations are possibly new, and most of equations have the
non-autonomous first integrals which are considered in the literature, probably for the
first time.

(4) In section 3.4, we consider equations which can be rewritten as a non-autonomous linear
equation by using a two-point first integral. We enumerate all equations of this kind within
the class (3) and put them in lists 5 and 6.

(5) In section 3.5, we specify the nature of integrability of some known equations introduced
in [31, 32], in particular, of the intersection of Qy and the class (3). We show that all
nondegenerate equations of this intersection are either Darboux integrable or linearizable
via an autonomous point transformation.

The class (3) is a particular case of the general class of polylinear equations of the form
(1), which depends on 16 arbitrary constants. For this reason, the work in all directions, we
considered in this paper, can be continued.
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