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Abstract We use a recently found method to characterise all the invertible fourth-order dif-
ference equations linear in the extremal values based on the existence of a discrete Lagrangian.
We also give some result on the integrability properties of the obtained family and we putitin
relation with known classifications. Finally, we discuss the continuum limits of the integrable
cases.

1 Introduction

Discrete equations attracted the interest of many scientists during the past decades for several
reason, spanning from philosophical to practical. For instance, several modern theory of
physics led to hypothesis that the nature of space-time itself at very small scales, the so-
called Planck length and Planck time, is discrete. From this assumption, it follows that
discrete systems are actually at the very foundation of physical sciences [24]. On the other
hand, discrete systems often appear in applied sciences as tools to investigate numerically
equations whose closed-form solution is not available. In particular, discrete equations are
related to finite difference methods for solving ordinary and partial differential equations
[37]. These considerations greatly stimulated the theoretical study of discrete systems from
different points of view and perspective, see [10,25].

In this paper, we will deal fourth-order difference equations, that is, functional equations
for an unknown sequence {x,} where the x,,;> element is expressible in terms of the previous
Xn+i>i = —2,...,1. That is a fourth-order difference equation is a relation of the form:

Xn42 = F (—xn+17-xn» -xnfls-xn72) . (11)

Such kind of functional equations are also called recurrence relations of order four. A fourth-
order difference equation is called invertible if it is possible to solve Eq. (1.1) in a unique
way with respect to x,_7.

Xn—2 = F (Xn42, Xn1, Xn, Xn—1) - (1.2)

To be specific, using the solution of the inverse problem of calculus of variations we gave
in [19], we will classify the variational additive fourth-order difference equations. We recall
that a difference equation of order 2k
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Xnpk = F pgk—1, Xngk—=25 -+, Xn—k) , k = 1, (1.3)
is said to be variational if there exists a discrete Lagrangian:
Ly = Ly (Xpphs Xntk—15 - - -5 Xn) (L.4)

whose discrete Euler—Lagrange equation.

k

0L,
Z (Xnak—1s Xnk—1—I5 -« -» Xp—1) =0 (1.5)
= 0x,

coincide with Eq. (1.3). For a complete discussion on the variational formulation of difference
equation, we refer to [2,19,28,34,40,41]. In the same way, we recall that a fourth-order
difference equation of the form:

Xn42 = f a1y X,y Xn—1) Xn—2 + h (X415 Xns Xn—1) » (1.6)

is said to be additive. Additive fourth-order difference equations are a natural generalisation
of this class of difference equations:

Xp41 + Xp—1 = f (xn) s (17)

called the additive second-order difference equations. The class (1.7) is well-known since it
includes very famous examples of integrable difference equations, like the McMillan equation
[36] and the additive QRT maps [38,39]. Equation (1.7) is variational with the following
Lagrangian:

L = xpxp41 —/ nf(&)df. (1.8)

In the recent literature [21,22,29] appeared several examples of equations of the form
(1.6). In particular, in [22], following [19], it was proved that not all the considered equations
were variational, and that variational structure was intimately related to their integrability.
This gives us the motivation to study the conditions on the variational structure of the general
additive fourth-order difference equations.

Within this paper, we give a complete characterisation of the variational structure of the
additive fourth-order difference equations. Moreover, we classify up to linear transformation
an integrable subclass admitting an invariant multi-affine in x, 1 and x,_5. The latter gives
a variational interpretation of the result of [22].

The plan of the paper is following: in Sect. 2, we present our main result characterising
the variational fourth-order additive difference equations in Theorem 2. Then, we present an
algorithmic test to find the Lagrangian of an additive fourth-order different equation derived
from Theorem 2 and we discuss some examples. In Sect. 3, we present a subclass of variational
equations depending on seven parameters possessing two invariants. We discuss how to split
this general family to five canonical forms depending on three essential parameters each and
prove their Liouville integrability using the Lagrangian structure. Our results are summarised
in Theorem 4. Then in Sect. 4, we present the continuum limits of the Liouville integrable
canonical equations, their Lagrangian and invariants (first integrals). Finally in Sect. 5, we
give some conclusions and outlook.
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2 Classification results

In this section, we state and prove our main result on the structure of additive variational
fourth-order difference equations, and introduce an algorithmic procedure to test it. Finally,
we present some examples of the application of such procedure.

Our main result, Theorem 2, follows from the following result giving us a necessary and
sufficient condition for the existence of discrete Lagrangian in the case k = 2.

Theorem 1 (Gubbiotti [19]) Let us assume we are given an invertible fourth-order difference
equation represented by a pair of equations of the form (1.1) and (1.2). Then such pair of
equations is variational if and only if the following partial difference equations are satisfied:

3 aF \ ! AL,
A" —r2 (Xn> Xn—15 Xn—2) =0, (2.1a)
0xn—2 0x,—2 Xy,
~ -1
ad oF _ oL
( ) A |:7n (Xn425 Xnt1, xn)i| =0, (2.1b)
xp12 | \ 3xp42 dxn
where:
oF d oF 0
AT = — , (2.2a)
0Xp—2 0x,—1 0Xp—1 0xp—2
aF 0 aF 0
A= - (2.2b)

0xn42 0xpt1 0xpg1 0xp42

are two linear differential operators called forward annihilation operator and backward
annihilation operator, respectively.

Remark 1 The forward annihilation operator (2.2a) has this name because for every functions
of the form
G = G(F (xn+l,xn’ xnflaxn72)7-xn+lv-xn)~ (23)

we have A* (G) = 0. In the same way, the backward annihilation operator (2.2b) has this
name because for every functions of the form

5 = é (xn; Xn—1, f (xn+2» Xn+1sXn, xnfl)) . (24)

we have A~ (G) = 0. All the other differential operators with such properties are multiples of
A*. Moreover, the annihilation operators are the one-dimensional analog of the differential
operators used in the theory of generalised symmetries and Darboux integrability of quad-
equations, see [14,15,15,16,23,33].

2.1 General results

The variational structure of fourth-order difference equations is completely characterised by
the following result:

Theorem 2 Equation (1.6) is variational if and only it has the following form:
8 (ng1) Xng2 + A28 (Xn1) Xn—2 + Ag" (¥n) Xny 1%

A% aVv
(Xn+1, Xn) + A— (xu, xp—1) =0, (2.5)

+ 0Xxy, Xy,
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that is:
S Gty Xny Xp—1) = _}L2M (2.6a)
8 (Xn+1)
& (Xn+1) h (Xn41, Xn, Xp—1) = _)Lg/ (Xn) Xp1Xp—1 — ax (Xn+15 Xn)
n

A%
. (Xn, xp—1) = 0. (2.6b)

n

In such case, the Lagrangian, up to total difference and multiplication by a constant, is given
by:
Ly=x" [8 (tn+1) XnXnt2 + V (X1, xn)] . (2.7)

The “only if” part of Theorem 2 is trivial. To prove the “if”” part we use Theorem 1. Indeed,
since Eq. (1.6) is trivially invertible:
Xn42 — h (xn+1 s Xns -xnfl)

Xp_p = 2.8)
! f (xn—nyn’ xn—l)

from Theorem 1 we have that a Lagrangian for (1.6) and its inverse (2.8) must satisfy Eqs.
(2.2a) and (2.2b). That is:

82L1172
X1, Xns Xp—1) = s Xp—1, Xp—2) — f (X1, Xns Xp—1)
0Xp—1 00X, 20X,
33 Ly_n

0xy—10x,—20x,

Xy Xp—1, Xp—2)

af
+ |: (X415 Xns Xp—1) Xp—2 + (xn+laxnaxn—1):|
0xp—1

0xp—1
3L, o

——— (Xp, Xp—1, Xp—2) =0, 2.9a
ax,%,zaxn(n n—1>%n 2) ( )

a
|:(xn+2 - f(anrl’xnv xnfl)) f (xn+1, Xn, xnfl)
0Xp41

oh

0Xp41

3L,
2
axn+28x"

+f ('anrl?xn’xn*l) (xn+1s Xn, xnfl)] (xn+2a Xn+1, xn)

3L
+ < ? (xn+25xn+1»xn)> S X1, Xns Xn—1)
0xy420x,410x,

2
P u— (-xn+1 y Xns xn—l) ai (Xn+2, Xn+1, xn) =0. (29b)
0Xp41 00Xy 420X,

Equation (2.9) is a functional differential equations where there are three different
unknowns, f, h and L, depending on various points of the Z lattice. These points are inde-
pendent, so they are different variables. A way to solve such functional differential equation
is to convert it to a standard partial differential equation. For instance, consider Eq. (2.9a). We
have that f and & depend on x;, 41, X, X,—1 While L,,_» = L,_2 (x5, Xy—1, Xn—2). We can
eliminate L,_» solving with respect to its derivatives and then differentiating with respect to
Xn+1. To completely eliminate it, we need to repeat this process three times, one for derivative
appearing in (2.9a). The intermediate derivative steps can be used as compatibility conditions.
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So, the proof of the if part follows the application of the above reasoning until Eq. (2.9)
are identically satisfied. Then, the Euler-Lagrange equations are used as final compatibility
conditions. This shows that the form of the functions f, h, and L, is given by formulas
(2.6) and (2.7), respectively. The details of the proof are rather cumbersome, so for sake of
exposition the interested reader will find them in Appendix A.

An immediate corollary of Theorem 2 is the following:

Corollary 1 Egquation (1.6) admits an autonomous Lagrangian if and only it has the follow-
ing form:

& (Xn+1) X2 + & (Xn—1) Xn—2 + g’ (Xn) Xp1Xn—1

A% aV
+ (Xp41, X0) + g (x, xp—1) = 0. (2.10)

al‘l n

In such case, the Lagrangian, up to total difference and multiplication by a constant, is given
by:
L =g xp+1) XnXnt2 + V (X1, Xn) - (2.11)

Proof Trivially follows from Theorem 2 substituting A = 1 in formulae (2.5) and (2.7). O

Corollary 1 will be used in Sect. 3 while discussing the integrability properties of a subclass
of variational additive fourth-order difference equations with autonomous Lagrangian.

We note that additive difference equation and their discrete Lagrangians are form invariant
under the action of linear transformations, which is the content of the following lemma:

Lemma 1 Equation (1.6) is form invariant under linear point transformation
x, =aX, +b. (2.12)

That is an additive difference equation under the transformation (2.12) is transformed into
another additive difference equation with transformed functions:

I Xng1s X, Xn—1) = f @Xnt1 +b,aX, +b,aX,_1 +b), (2.13a)
~ b~ 1
B Xt X, X)) = = [f(Xns1. Xn, Xn) — 1] + —h(@Xps1 +b,

aX, +b,aX,_| +b). (2.13b)

Moreover, the Lagrangian (2.7) is also form invariant under the linear point transformation
(2.12) with transformed functions:

g (Xn) = a’g @Xng1 +b)., (2.14a)
Vv (Xn+la Xn) =ab [g (aXn+l + b) X, + )Lg (aXn + b) Xn+1]
+b%g (@Xpp14+b)+V (@Xps1 +b,aX, +b). (2.14b)

Proof Trivially follows by applying the transformation (2.12) to Eq. (1.6) and the discrete
Lagrangian (2.7). O

Remark 2 The property of form invariance tells us that the classification result of Theorem 2
is preserved up to linear transformations. Moreover, form invariance will be used in Sect. 3
when enumerating the possible forms of integrable additive fourth-order difference equations.

@ Springer



853 Page 6 of 30 Eur. Phys. J. Plus (2020) 135:853

Theorem 2 gives also a practical test to establish whether or not a given additive fourth-
order Eq. (1.6) is variational without having to apply the full algorithm of [19]. That is, given
an additive fourth-order difference equation the test runs as follows:

1. Write the equation clearing the denominators:
A (Xna1, Xn, Xn—1) Xp42 + B (Xpn41, Xny Xp—1) Xn—2 + C (Xp41, Xn, X4—1) = 0. (2.15)
2. In order to be in the form (2.5), the functions A and B need to be of the following form:

A Gt Xns Y1) = K (2) € (1) s B (Kn 1 Xy Xno1) = A2K (X0) & (Xn—1) »
(2.16)

for some function K = K (1) and g = g (§) and constant \.
3. Using Eq. (2.16), we divide Eq. (2.15) by K = K (x,) and using the definition of g we
rewrite Eq. (2.15) as:
8 (tng1) Xn2+228 (Xn—1) Xn—2+2g" (Xn) Xnt1Xn—1+R (Xns1. Xn, Xum1) = 0. (2.17)
with a new function R = R (&, 1, ¢).!
4. To be in the form (2.5), we need to check that:
oR
ai(xnﬂ,xn,xn—n =0. (2.18)
Xn+1, Xn—1

5. If the function R in Eq. (2.17) satisfies condition (2.18), it implies that we can write:

8 (Xnt1) Xng2 + A28 (1) Xn—2 + A8’ (n) Xnp1Xn—1 + M (Xpt1, Xn)
+ N (xp, xp—1) = 0. (2.19)

6. Comparing again with Eq. (2.5), we have that the two functions M = M (£, n) and
N = N (&, ) need to satisfy the following closure relation:

WM em =2 (2.20)

gg P Ty 5 '

7. If the closure relation (2.20) is satisfied, then Eq. (2.15) is in the form (2.5); therefore, it
is variational. The function V can be computed using from the following integral:

V (Xnt1, Xn) = f M (X1, X2) d Xy + 27N (gt %) d X1, (2.21)
r

on a properly chosen path I' C R2.

Remark 3 In the above discussion, we tacitly assumed that the functions M = M (&€, n) and
N = N (&, n) were defined on some simply-connected domain D C R?, e.g. a star-shaped
domain. In practice, we need to check this assumption in order to carry out the last step of this
test. If this hypothesis is not satisfied we cannot use formula (2.21), but we need to directly
solve the overdetermined system of partial differential equations:

A% A%

=M (x,21,X,), A
9%, (n+l n) 8)6,1_;,_]

= N(nt1, Xn)- (2.22)

! 1n this section and in the next ones, we will indicate various placeholder variables with Greek letters &,
n, ¢.... We will use these placeholders variables when making statements on functions which might have
different arguments, e.g. the function g = g (£) in Eq. (2.5).
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A simple example of this occurrence is given by the following additive fourth-order difference
equation:
Xn+1 Xn—1
2 + 2 2 + 2
Xpt X Xp X

Xn+1Xn+2 + Xp—1Xn41 + Xn—1Xp—2 — =0. (2.23)

In this case, it is easy to see, as the denominator are already cleared, that g (§) =&, A2 =1
and:

Xn+1 Xn—1
R (et 2 Xpmt) = ==+ (224)
X5 +xn+1 X+ X,
The condition (2.18) is satisfied, and we are left with:
MED = NEm= . (225)
%—2 + )72 52 + 772

The closure condition gives & = 1. However, since the functions M and N are defined in the
multiply-connected domain D = R? \ {0}, it is not enough. Indeed, it is known that it is not
possible to construct the function V using formula (2.21) as the line integral depends on the
path [9]. However, the function

V (xp+1, x,) = arctan (x"—ﬂ> , (2.26)
Xn
satisfies Eq. (2.22). Therefore, Eq. (2.23) is variational with the following Lagrangian:
L = xpXp4+1Xp42 + arctan <x"+l> . (2.27)
Xn

2.2 Examples
We now discuss three explicit examples of the usage of the test we presented. In particular,
in Examples 2 and 3 we show how the test derived from Theorem 2 can be used to filter out

Lagrangian examples out of parametric families of equations.

Example 1 Consider the following fourth-order difference equation:

X Xp— 1
22y o e -0 e
xn—l xn+1 xn_lxn_H (xn - )xn—lxn+l
Taking the numerator, we find:
A=@2-Dxl, B=@x2— x| (2.29)

therefore K = x,% —1l,g= 53 and A2 = 1. With this definition, we can rewrite Eq. (2.28) as:
x2+1xn+2 + x3_1x11—2 + 3)¥x,%xn+1xn—1 = R (Xp41, Xn, Xn—1) (2.30)

with:

R (rt1, Xy 1) = = —— = 3011 (= D 2.31)
n

The compatibility condition (2.18) gives A = 1, and implies:

I u
ME,n) = _EW,

o
2821

N(E.n) = (2.32)

@ Springer



853 Page 8 of 30 Eur. Phys. J. Plus (2020) 135:853

We can think of the functions M and N as defined on the star-shaped domain D = (—1, 1) x
(—1, 1) and compute the function V with formula (2.21):

V (st Xn) = % [arctanh (x,) + arctanh (x,11)] (2.33)
Then, the Lagrangian for Eq. (2.28) is given by:
L= x3+1x,,xn+2 + % [arctanh (x,) + arctanh (x,,H)] . (2.34)

Example 2 Consider the family of fourth-order difference equations:

+ xp(aoax?_; 4 ariXp_1%n41 + 020x3+1) =0, (235

2 2
Xp—1Xn—2 + Xp1Xn+2 + 1

Xn

depending parametrically on the three parameters a;;, i + j = 2. We will find the value of
the parameters such that Eq. (2.35) is variational.

First of all, we notice that Eq. (2.35) has already the numerators cleared and that A = xn 1
B = x}%_l. It follows that K = 1, g = &2 and A2 = 1. We can then write down Eq. (2.35) as:

-x%flxn72 + x,%+1xn+2 + Z)ananrl-xnfl + R (Xpg1, Xn, Xp—1) = 0, (2.36)

where the function R is given by:

1
1—x,

R =

[aozx,%_l + (ar1 — 2A) Xp—1Xp4+1 + a20x3+1] , (2.37)

Imposing the compatibility condition (2.18), we obtain aj; = 2A. Using this definition, we
have the following expressions for the functions M and N:

1 1 1
M (&, n) = 21— +axng®, N )= *75 + anén’. (2.38)

The closure relation (2.20) is then:

AE é&.n— (S n) = 2&n (hax — apz) = 0. (2.39)

This implies that Eq. (2.35) with a;; = 2 is not variational unless agx = laxg = Ap. As M
and N are defined on the star-shaped domain D = (1, oo) x (1, co), we obtain:

1
V(&xnt1, xp) = 2 |:;an+1x —log(x;, — 1) — = 1Og(xn+l - 1)j| (2.40)

Finally, we obtained that the one-parameter family of additive fourth-order difference
equations:

+ 30 [ (Mxp_y 4+ X7 11) + 20X 1X41] = 0,

2 2
Xy _1Xn—2 + X, 1 Xn+2 +
1—x,

=1, (2.41)
can be derived by the following Lagrangian:

1

_ o2 L P B ol _q
L,=Ax xn+1xnxn+22 Xy 1%, 0g(xy ) X 0g(Xn+1 )¢

22 =1. (2.42)
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Example 3 In this example, we classify the most general variational fourth-order linear dif-
ference equation:

Xn+2 + C1Xn41 + CoXp + C—1Xp—1 + c—2Xp—2 + b = 0. (2.43)

We normalised the equation with respect to the coefficient of x,4>, which must be different
from zero. Then we notice that also c_, 7 0 in order to have a proper fourth-order equation.

First, we notice that Eq. (2.43) is denominator free. Then A = 1, B = c_,. Therefore, it
follows that K = 1, g = 1 and A2 = c_,. We can then write down Eq. (2.43) as:

Xp42 + C—2Xp—2 + R (Xp41, Xn, Xp—1) = 0, (2.44)
where the function R is given by:
R =c_1xy,—1 4+ coxp + c1xp+1 + b. (2.45)

The compatibility condition (2.18) is identically satisfied. Using this definition, we have the
following expressions for the functions M and N:

c b c b
MED=cié+2n+-, NEn=con+ &+, (2.46)
2 2 2 2
The closure relation (2.20) is then:
(129M = 2.4
¢’y T (&, ,,)_7(5 ) =c" 2€1—€-1=0- (2.47)

This implies that Eq. (2.43) is variational if and only if c_» = (c_1/cl)2. As M and N are
defined on the whole R? we obtain:

2
C c1Xx b Cc1Xx
V (Xnts Xn) = 4° ( ; "1“ +x5) +3 (xn + ‘C—]“) + C1XnXn 41 (2.48)

We obtained that the most general linear variational fourth-order difference equation has
the following from:

2
c—
Xp+2 + C1Xpt+1 + CoXy + C—1Xp—1 + (f) Xp—2+b=0. (2.49)
1
and the following Lagrangian:
c \" co [c1x2 b c1x
L= (5) o+ 2 [ =2 a2 )+ 2 (0 + ) s |-
c_1 4 c_1 2 c—1
(2.50)

Notice that the above Lagrangian becomes independent of # if and only if ¢ = c_1.

3 Integrability results

In this section, we address to the problem of finding some Liouville integrable examples out of
the general family of additive fourth-order equations possessing an autonomous Lagrangian,
as characterised by Corollary 1.

We recall that a difference equation of order 2k is said to be Liouville integrable if it
possesses k invariants and preserves a Poisson structure of order k [2,6,35,41]. Variational
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difference equations preserve a rank k Poisson structure built with the discrete Ostrogradsky
transformation, see [2,40].

We search for Liouville integrable cases of fourth-order additive difference equations with
autonomous Lagrangian since Liouville integrability is defined for autonomous symplectic
structures with autonomous invariants. We make an ansatz on the form of the invariant which
will allow us to compare our results with the recent paper [22]. In particular, we will show
that within the Lagrangian framework we are able to produce integrable equations imposing
only one invariant, as the second one will be admitted naturally by equation. Finally, we
divide the integrable cases in five form invariant canonical forms, in the sense of Lemma 1.

3.1 Additive equations with an invariant multi-affine in x,,4+1 and x,,_»

In [22] were classified fourth-order difference equations using the following assumptions:

A. The equation possesses two symmetric polynomial invariant that is, two invariants I =
I (X1, Xn, Xn—1, Xp—2), which are polynomial functions and such that:

I (xp—2, Xp—1, Xp, Xng1) = 1 (Xp41, Xy Xp—1, Xp—2) . 3.1
B. One invariant, called /oy, is such that:
deg, ., fiow =deg, , how =1, deg, liow =deg,  fiow =3, (3.2)

and its coefficients interpolates the form of the lowest-order invariant of the autonomous
dPI(Z) and dPl(Iz) equations (see [22,29] for details).
C. One invariant, called Ipigh, is such that:

deg,, ., Ihigh = deg, , Iigh =2, deg, Iigh =deg, | high=4.  (3.3)

Remark 4 The invariant oy, is affine in the variables x,4| and x,,_5. So, it is called a multi-
affine function with respect to the variables x, 41 and x,_5.

Within this framework, six different equations were derived. Some were integrable, some
were non-integrable according the algebraic entropy criterion [1,11,42]. It was proved, fol-
lowing [19], that the integrable cases were either variational or admitted one additional
invariant, being then integrable in the naive sense [20]. So, variational structures were the
key feature in understanding the integrability of these examples.

Now we will discuss the Liouville integrability of variational fourth-order equations. Our
final result is stated at the end of this section in Theorem 4. This result unifies the result
obtained in [22] and shows the power of the variational approach. Our starting point is the
existence of a single invariant multi-affine with respect to the variables x,1 and x,_»,
characterised by the following theorem:

Theorem 3 Equation (2.5) admits a multi-affine invariant with respect to the variables x, 41
and x,_» of the following form:

1 (-xﬂ-‘rlv Xns Xn—1, xn—Z) = Xn+1 P (-xna xn—l) +x,2P> (xn, -xn—l)
+ Xnt1X0—2P3 (Xn, Xn—1) + P4y (X, Xp—1) , (3.4)

where P; = P; (x,, X,—1) are a priori arbitrary functions if and only if the following condi-
tions hold true:

— The function g = g (£) is a second-order polynomial in its variable:

g (&) = A& + AsE + A5 (3.5)
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— The function V.=V (&, n) has the following form:

Al
V=W + €07 + A%+ Askn’ + Askn, (3.6)
where the function W = W (n) is given by integrating:

A2 4+ ArAsn® + AsA7n + Ay Agn + A3n + A3Ag + Aen + As
An? + Axn + A

W' () = . 37

with initial condition W (0) = 0.
— The functions P; = P; (x,, x,—1) are degree three polynomials.

The Proof of Theorem 3 is mainly computational using the explicit form of the invariant
(3.4) and of Eq. (2.5). Overall, it follows the same lines of the proof of Theorem 2, and the
interested reader can find it in Appendix B.

The explicit expression of the variational additive difference equations with one integral
of the form (3.4) is given by:

(Alx,f,l + Axxp—1 + A3)xp_2 + (Alx,%+1 + Aoxpy1 + A3)Xpa2
+ (Arxn + A2) (¥, +x0_1) + QA1 + A2) X 1%+ A2 +A7) (Xng1 + Xn—1)
N A3x} 4 (A2A3 + AsA7) x2 + (A2Ag + A% + A3Ag + Ag) X, + As

=0. 3.8
A1x2 + Arxy + Az 69

We choose to not present the explicit form of the Lagrangian for Eq. (3.8) yet, since it depends
on the functional form of the solution of Eq. (3.7). Such solution is different depending on
the values of the parameters A;, and it is impossible to write down in full generality. We will
present the explicit Lagrangians later when we will discuss the canonical forms of Eq. (3.8).

By direct inspection, it is possible to prove that Eq. (3.8) possess a second invariant of
higher degree. We don’t present its form for general values of the parameters A; as it is
quite cumbersome. However, we note that such invariant is functionally independent from
(3.4). So, Eq. (3.8) is candidate to be an integrable equation, as it possesses two independent
invariants and it is variational by construction. We defer this part of the proof to Sect. 3.2,
where using the invariance with respect to linear transformations we can provide simple
formulas for the invariants and the associated Poisson structures.

3.2 Canonical forms

Consider Eq. (3.8). This equation depends on a polynomial g (¢) (3.5), which in the general
case has degree two. Depending on the values of the coefficients Aj, A and A3, assumed to
be real, the polynomial g (£) (3.5) can be of the following five forms:

Case 1 deg g = 2 and it has two real independent solutions x; and x;.

Case 2 deg g = 2 and it has one solutions xq of multiplicity two.
Case 3 degg = 2 and it has two complex conjugate solutions xo and x.
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Case 4 degg = 1.
Case 5 degg = 0.

We will now consider explicitly these five possibility and show, using the form invariance
with respect to linear transformations (2.12) that they give raise to five different canonical
forms of Eq. (3.8). That s, an equation of the form (3.8) for a specific choice of the parameters
reduces to one of these five using the appropriate linear transformation and reparametrisation.
Finally, these canonical forms show the true number of independent parameters and will be
helpful to compute the continuum limits in Sect. 4.

Case 1If deg g = 2 and it has two real independent solutions £ = x1, x2, these solutions can
be rescaled to &1 through the transformation:

(3.9)

So, in case 1 Eq. (3.8) reduces to the first canonical form:

(X2, — DXpp2 + (X2 — DXpoa + X Xng1 + X 1)? + ¥ (X1 + Xuz1)
Oan + ﬂ

X2 -1 0 (3.10)

The three parameters «, 8 and y are related to the old ones through scaling.

The first canonical form (3.10) is, up to change of the parameters, the autonomous the
second member of the discrete Py hierarchy, the dP,(%) equation. The dPI(?) equation was
presented in [7] and the integrability properties with respect to invariants and growth of the
degrees [1,11,17,18,26] of this equation were investigated in [29]. This equation reappeared
later in the classification given in [22], see Sect. 3.1. In [22], the growth properties of Eq.
(3.10) were explained proving that such equation is Liouville integrable. Its Lagrangian,
found with the method of [19], and the associated symplectic structure were presented. For
sake of completeness, here we are going to present again such properties.

The Lagrangian of the first canonical form (3.10) is the following:

Li= (X2, — DXyinX, + L x2X2 X, X Y log(x2 -1
1—(”+1 )n+2 n+2nn+1+ynn+l+20g(n )

B Xn—1
=1 . 11
+2%(M+J G0

The functionally independent invariants of the first canonical form (3.10) are:
h==-X 1 Xy Xp1 - DXy —Da= X1 = DXy =D+ (=Xp1 X + Dy

Xn—1Xn + XanH—l + Xn—2Xn-1
_Xn+1Xn72 —Xp— Xy —1 ’

Xn—1Xn + Xan+1 + Xu—2Xn—1+ Xn+1Xn—2 o
—Xn—Xp2—Xp-1— Xn+1

-Xn =1 (Xn—l - 1) (Xn—1Xn + Xan+1 + Xn—2Xn—1— Xn — Xy—1 — 1) ,3
N (—X,%X2 — X7 X1 X1 — X Xp 2 X7 + x,%xn1>

= Xn1 Xy X — D) (Xp—1 =1 < (3.12a)

Ji ==X 1 Xy (Xn - 1) (Xn—l - 1) (

n—1

+Xp Xn—2Xp-1 + Xo Xp_| + Xn Xn1 X1 — 1
— Xn—1Xn (X — 1) (Xpn—1— 1) (Xp—1 X + Xan—H + Xn—2Xn-1
—Xp — Xn—2 — Xp—1 — Xp+1) X
Xpa Xy + X X1 + Xy 2X1 — Xy — X1 = 1) (3.12b)
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Finally, the symplectic structure obtained from the Lagrangian (3.11) has the following

non-zero brackets:
1
{(Xpt1, X1} = _Wa (3.13a)
2Xan—1 + 2Xan+l + 2Xn—2Xn—l +vy
X2X; = X2-X,  +1
1

2
anl -1

{(Xnt1, Xp2}) = (3.13b)

{(Xn, Xp 2} =— , (3.13¢)

Using such Poisson structure, it is possible to prove that the invariants (3.12) are commuting.
This ends the proof of the integrability of the first canonical form (3.10).

Case 2 If degg = 2 and it has one solution x¢ of multiplicity two, this solution can be
rescaled to O through the transformation:

Xp = X, + x0. (3.14)
So, in case 2 Eq. (3.8) reduces to the second canonical form
X,%+1Xn+2 + X,%71Xn72 + X, (XnJrl + Xn71)2 +v (XiH»l + Xn-1)

o
+—+—=0. (3.15)

The three parameters «, 8 and y which are related to the old ones through scaling.

The second canonical form (3.15) is, up to change of the parameters, equation (P.v)
appearing in the classification of fourth-order difference equations with two invariants of a
given form presented in [22]. In [22], the growth properties of Eq. (3.15) were explained
proving that such equation is Liouville integrable. Its Lagrangian, found with the method of
[19], and the associated symplectic structure, were presented. For sake of completeness, here
we are going to present again such properties.

The Lagrangian of the second canonical form (3.15) is the following:

1 o
Ly = X2, X Xpi2 + EX,Z,X,%Jrl + Y XnXps1 = 1+ Blog (X,). (3.16)
n

The functionally independent invariants of the second canonical form (3.15) are:

b= Xpo1 4 Xp) @ + B XnXuo1 + X X5y (Xa X

+Xn X1+ Xn—1Xn—2 — Xy—2Xny1 +¥) (3.17a)
J=Xp  Xp (Xno1 + Xng1) (X + Xn2) ¥ + (Xp Xn—1 + Xp1 X}

+Xp 1 Xn+ Xn2Xi_ )

+ Xn—1Xn (ann—l + Xan—H + Xn—2Xn—1) (X,%X,%71 + Xn-HX;%Xn—]
+Xn Xn—2Xa_1 +B). (3.17b)

Finally, the symplectic structure obtained from the Lagrangian (3.11) has the following
non-zero brackets:
1
Xiizl )

{(Xnt1, Xp1) =— (3.18a)
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2XuXn-1 + 2Xan+l +2Xy2Xp1 + Y

Xnt1, Xn—2} = 3.18b

{Xnt1, Xn-2} XX ( )
1

{Xm anZ} ="32 (3180)
Xn—l

Using such Poisson structure, it is possible to prove that the invariants (3.17) are commuting.
This ends the proof of the integrability of the second canonical form (3.15).

Case 3If deg ¢ = 2 and it has two complex conjugate solutions xo = p+ivand xj = p—iv,
these solutions can be scaled to +i through the transformation:

X, =vX,; + u. (3.19)
So in case 3, Eq. (3.8) reduces to the the third canonical form:

(X5+1 + 1) Xn+2 + (X,2,_1 + 1) Xn—2+ Xy (Xn+1 + Xn—l)2 +y (Xn+] + Xn-1)
o+ BX,

=0. 3.20
e (3.20)

The three parameters «, 8 and y are related to the old ones through scaling.
The third canonical form (3.20) is connected to the first one (3.10), if we allow complex
changes of variables and complexify the parameters:

X, < iX,, (o, B,y) <« (1B,a,—y). (3.21)

Therefore, the third canonical form (3.20) is a different avatar of the autonomous dPI(Iz)
equation. We choose to consider it as different equation, because the functional form of the
Lagrangian for Eq. (3.20) is different with respect to the one of Eq. (3.10). Moreover, in
Sect. 4, we will show that the continuum limit of the third canonical form (3.20) is different
from the continuum limit of the second canonical form (3.15).

The Lagrangian of the third canonical form (3.20) is the following:

1 o
Ly= (X2, + 1) Xu Xpi2 + Exﬁxﬁﬂ + ¥ X X1 + 5 arctan (X,,)

+ Blog (X2 +1). (3.22)
The functionally independent invariants of the third canonical form (3.20) are:
Iy = (X5 +1) [(Xa + Xa—2) Xo_y + (X Xut1 = Xn2Xns1 +7) X5_y]
+ (v = Xn2Xus)) X,
+ X} + X2Xy 2+ B+ DXy +a+ Xy2] Xuot + X1 X
+ (@ + Xng1) Xn — Xpn—2 X1 (3.23a)
Iy = (X + 1) [(Xn + Xae2) Xp_y + Ko+ X52) @ X X1 +7 = 5) X,y ]
|:((5 =) X1 —2X, ) X3+ (Sy —B—2-2X7 5 — X1 (v +5) Xu2 — 2X7 ) Xq »

n—1

— (X2 D)X+ (5= ) Xnpt —a — (B+2) X—2) X,
—2X; = ((y+ ) Xnp1 + ) Xp2 = Xp  +5y — 1

B [(5 — ¥ = 2Xp2Xp) X3 = 22X 1 X+ (5 — 1) Xnz — (B+2) Xyt — ) X,%] X,
+GB—y+5-2Xy2Xns ) Xu+ S —¥) Xp2 — Xpy1 8 + 4o "

XX X1 (=) X = (Sy — 1= X2y — Xpp1 (¥ +5) Xua
~Xu10 = 2X; 1 +) X5
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—(@Ga— Xy 2B+ G =) Xa) Xp + X2 5+ (7 +5) X1 + @) X2
+ Xui1 (@ + Xpt1) (3.23b)

Finally, the symplectic structure obtained from the Lagrangian (3.22) has the following
non-zero brackets:

1
Xnt1, Xp—1} = ———, 3.24a
{ n+1 n 1} X%—i—l ( )
2X, X, 2X, X 2Xn 02X, —
{Xn+1» Xn—z} _ nan 12+2 n n+21 + . n—2Xn—1+Vy (3.24b)
Xan—1+Xn+Xn+l +1
1
Xn, Xp2}=————, 3.24c
{ n n 2} X%,I 1 ( )

Using such Poisson structure, it is possible to prove that the invariants (3.23) are commuting.
This ends the proof of the integrability of the third canonical form (3.20).

Case 4 If deg g = 1, it has a single solution x9 = —v/u which can be moved to 0 through
the transformation:
X, —v
Xp = . (3.25)
I

So in case 4, Eq. (3.8) reduces to the the fourth canonical form:
Xn+1Xn+2 + Xn—1Xn—2 + Xn (Xn + 2Xn+1 +2X,-1) + (Xn+1 + Xn—l)2
o
—Xpr1 Xp—1+y Xn + Xpt1 + Xp—1) + X7+ﬁ =0. (3.26)

n

The three parameters «, 8 and y which are related to the old ones through scaling.

The fourth canonical form (3.26) is, up to change of the parameters, the autonomous
second member of the discrete Py hierarchy, the dPI(Z) equation. The dPI(z) equation was
presented in [7] and the integrability properties with respect to invariants and growth of the
degrees of this equation were investigated in [29]. Alongside with Eqgs. (3.10) and (3.15), this
equation reappeared later in the classification given in [22], see Sect. 3.1. In [22], the growth
properties of Eq. (3.26) were explained proving that such equation is Liouville integrable.
Its Lagrangian, found with the method of [19], and the associated symplectic structure, were
presented. For sake of completeness, here we are going to present again such properties.

The Lagrangian of the fourth canonical form (3.26) is the following:

X3
Ly = XpXnt1Xns2 + X2 X1 + Xn X2, + 5 Falog(Xy) + X,

Xn
+ an Xn+1 + 7 (327)
The functionally independent invariants of the fourth canonical form (3.26) are:

Iy = (X + Xp-D)a+ BXnXn—1 + Xn Xn—1 (Xn + Xn—1) ¥

+ XnXn-1 (Xﬁ + 2ann—l + Xan-H + Xn—2Xn-1— Xn—ZXn—H + X,Z,_l)
(3.28a)

Jo =Xy +2Xu Xp-1 + XaXng1 + Xa2Xu 1 + X5 )
+ ﬁXan—l(Xn + Xpn—2 + Xy—1 + Xn+1)
+ anXn—l(Xn + Xpn—1+ Xn+l)(Xn + Xpn—2 + Xn—l)
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+ X X1 (X + Xn—2 + Xyt + Xnp 1) (X2 +2X, X1
+ XnXnt1 + Xn—2Xn—1 + X)) (3.28b)

We note that the invariant (3.28b) does not follow from substitution of parameters into the
general higher degree invariant obtained for Eq. (3.8).

Finally, the symplectic structure obtained from the Lagrangian (3.27) has the following
non-zero brackets:

1
{(Xng1, Xnc1) = ——, (3.292)

Xn

2X, +2Xp—1 + Xna + X
(Xos1, Xy o} = con T2t + Xna  Ann + (3.29b)
Xan—l

1

{Xna Xn72} = - s (3290)
anl

Using such Poisson structure, it is possible to prove that the invariants (3.28) are commuting.
This ends the proof of the integrability of the fourth canonical form (3.26).

Case 5 If deg g = 0 Eq. (3.8) can be transformed into the following linear equation:
Xpy2 + Xn2+y Xpp1 + Xp—1) + BXy +a=0. (3.30)

This is the fifth canonical form. The fifth canonical form (3.30) is a degenerate case as it is
linear.
The Lagrangian of the fifth canonical form (3.30) is the following:

B
Ls = X, Xpi2 +aX, +5X5+yX,,Xn+1. (3.31)
The functionally independent invariants of the fifth canonical form (3.30) are:
Is = a(Xp + Xu—1) + BXuXno1 +y (X3 + X;_))
+ Xn(Xn—l + XrH—l) + Xn—Z(Xn—l - Xn—H)v (3323)
Js = a(Xy + Xp—2 + Xu—1 + Xnt1) + B(Xn Xn—2 + Xn—1Xn+1)
+ v (Xn—1 + Xnt+1)(Xn + Xn—2)
X2+ X2, +XE X (3.32b)
We note that the invariant (3.32b) is quadratic and does not follow from substitution of
parameters into the general higher degree invariant obtained for Eq. (3.8).

Finally, the symplectic structure obtained from the Lagrangian (3.31) has the following
non-zero brackets:

{(Xnt1, Xn1) ={X0, Xy 2} =1, {Xpq1, Xp2} =v. (3.33)

Using such Poisson structure, it is possible to prove that the invariants (3.32) are commuting.
This ends the proof of the integrability of the fifth canonical form (3.30).

Remark 5 Following the results of Example 3, we have that the fifth canonical form is (up
to reparametrisation) the most general linear fourth-order difference equation admitting an

autonomous discrete Lagrangian.

To end this section, we summarise our results in the following theorem:
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Theorem 4 If an additive variational difference equation of the form (2.5) admits a multi-
affine invariant with respect to the variables x,4+1 and x,_», then it is Liouville integrable.
Moreover, using a linear transformation it can be brought into one of the five canonical forms
given by Egs. (3.10), (3.15), (3.20), (3.26) and (3.30).

4 Continuum limits of the integrable cases

In this section, we discuss the continuum limits of the five canonical forms. We will prove that,
under appropriated scaling of the dependent variable and of the parameters, the continuum
limit is given by either by the autonomous second member of the P; hierarchy, the PI(Z)
equation [8,32]:

3
4+ 10xx” + 5 T +5(x ) +10x3 + Erlx2 +2rx +1r3 =0, 4.1)

or by the autonomous second member of the Py hierarchy, the PI(IZ) equation [13]:
XV — (10x2 + r)x” + 6x° + 2r x> — 10x(x")2 + 1, = 0. (4.2)

The fifth canonical form, i.e. the Eq. (3.30), is a special case. The natural continuum limit of
the fifth canonical form (3.30) is the linear equation:

WV +rx” +rax +7r3 = 0. 4.3)

As discussed in the general non-autonomous case in [8,13,32], Eq. (4.1) and Eq. (4.2)
are integrable fourth-order equations. Being linear Eq. (4.3) is clearly integrable. For sake of
completeness, here we show their integrals and their Lagrangian. We note that the Lagrangian
for (4.2) was already presented in [19] using the continuum limit approach.

Equation (4.1) possesses the following first integrals

5 4 11\2
Kip= 23" + 20+ 2 x4 = [80G)? + 16r3)] + () = O (4an)
2 2 16 12
AV ( /)2
Ky = (x")* 4+ (20x +r1) — (60x% 4 6x71 + 4r2)
//
+ (40x3 4 6x%r + 8xry — 4x? + 4r3)?
3x? 8
— % (rlxz +4x3 + %x + 41’3) , (4.4b)

while Eq. (4.2) possesses the following first integrals:

s (x//)l ( )2
Kin=x'x 5 (10 +r1)—+f(2x +r1x —rx —2r3), (4.5a)

Kon = (¢ — (10x* + r)(x")? + (x )4 + (30x* + 6r1x% — ) (x')?
+ [12x5 + 4}’1x3 + 4x(x/)2 —2rpx — 2r3] x”

+ 33 [3x* (x — 1) + 2117 — 8r3]. (4.5b)
Moreover, Eq. (4.1) can be derived by the following Lagrangian:

Y2 4
1
o) +x(21x+r1)x—+—x( N+ %(5x3+r1x2+2r2x+2r3), (4.6)

L1 =
! 2
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while Eq. (4.2) can be derived by the following Lagrangian:
7”\2 5 2
Ly= LZ) —x (% + %) x4+ x (xs + %lx3 + rz) . 4.7

We recall that following [12], these Lagrangians are unique up to the addition of a total
derivative and multiplication by a scalar. Finally, Eq. (4.3) can be derived by the following
Lagrangian:

Lijpp="—""—-= (x/)2 + —x? +r3x. (4.8)

Remark 6 We note that according to the result of [12] the most general variational fourth-
order linear differential equation is the following one:

2
. r
x4+ rox” +rx” + %0 (rl - 2) x' +rx+r3=0. 4.9)
The Lagrangian of the above equation is:
7\2 r2
Lp = e/? |:(x2) + (é) - %l (x/)2 + %xz +r3x|. (4.10)

It follows from this consideration that Eq. (4.3) is the most general fourth-order linear dif-
ferential equation admitting an autonomous Lagrangian.

4.1 Equations reducing to Eq. (4.1)

The second canonical form (3.15) under the following scaling:

h2
Xy =14 -x(0), 1 =nh, @ = —16+ 2rih* = 2rh*, B =30 — 3r1h? 4 2rh*,

ri,o T3¢
= —10+ —h% + =55, 4.11
14 + 2 + 1 4.11)

in the limit # — 0 reduces to Eq. (4.1). With the same scaling as 47 — 0, we have:
4L td.

o =Li+0(0), 4.12)
and X X
101,38 9 1,1 rr3 8 9
Ih=——=h On), h=——+—1h o). 4.13
2 S+ (h”), J2 <32 + 32) +O0() (4.13)

That is, the two invariants collapse in a single first integral in the continuum limit and (4.4b)
is not recovered.

Remark 7 This result on the second canonical form (3.15) shows that the new equation found
in [22] can be interpreted as new autonomous fourth-order d P equation. We conjecture that
Eq. (3.15) is the fourth-order member of a “non-standard” d Pr hierarchy. At the moment, no
information on the existence of this hierarchy is available.

The third canonical form (3.20) under the following scaling:
xn=14+h*x@t), t =nh, a = —16 + 4r1h*> — 4ryh*, B =56 — 8r1h>,
y = —14 +rih®> + rh* + r3h®, (4.14)
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in the limit 2 — 0 reduces to Eq. (4.1). With the same scaling as # — 0, we have:

L3 td.
;73 S Lt+om, (4.15)

and

6rir3 + 5;’22

Iy = 8K h®+ 0, s =— (1361(1,1 + 5

) he+ o). (4.16)

That is, the two invariants collapse in a single first integral in the continuum limit and (4.4b)
is not recovered.

Remark 8 Despite being connected with the PI(IZ) equation, the simplest continuum limit of
the third canonical form (3.15) is a member of the Py hierarchy. No continuum limit of Eq.
(3.10) to the autonomous fourth-order member of the Py hierarchy is at present known. As
in Remark 7, we conjecture the third canonical form (3.20) is the fourth-order member of a
“non-standard” d Py hierarchy.

The fourth canonical form (3.26) under the following scaling:

3
Xy =14 h2x(1), t = nh, @ = —10 + %hz — kB =30 — 3R,

F,o 12,4, 73,6
=—-104+ —h —h —h°, 4.17
14 + ) + 3 + 3 ( )

in the limit # — 0 reduces to Eq. (4.1). With the same scaling as 4 — 0, we have:

Ly .
Sl oM, (4.18)
h8
and
6 2
Is = 2K 188 + O(h2), Js = (321{1,1 n rzf n ;26> S+ 0h). 4.19)

That is, the two invariants collapse in a single first integral in the continuum limit and (4.4b)
is not recovered. This continuum limit was first discussed in [8].

4.2 Equations reducing to Eq. (4.2)
The first canonical form (3.10) under the following scaling:
Xp = hx(t), t =nh, a =6+ 2rh°, B = rah’, y =4+ rh?, (4.20)

in the limit 7 — 0 reduces to Eq. (4.2). With the same scaling as & — 0 we have:

Ly td.

w6 = Lut oM, 4.21)
and
1 6 7 3 6 7
I = —§K1,Ilh + O, J1 = RK],IIh + 0. (4.22)

That is, the two invariants collapse in a single first integral in the continuum limit and (4.5b)
is not recovered. This continuum limit was first discussed in [7].
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4.3 Equation reducing to Eq. (4.3)

The fifth canonical form (3.30) under the following scaling:
Xp = x(1), t =nh, a =r3sh*, B=6—2rh* +rh* y = —4+rh? (4.23)

in the limit 2 — O reduces to Eq. (4.3). Using the same scaling we have that the discrete
Lagrangian (3.31) has the following limit as 7 — 0:

Ls ta.
ph = Lijn+ O (h). (4.24)

Since Egs. (3.30) and (4.3) are linear instead of discussing the relationship between the
invariants, we discuss the relationship between the explicit solutions. The explicit solution
of Eq. (3.30) is obtained as linear combination of the base solutions X, ; = g/, where g; are
the four roots of the characteristic polynomial:

v +B47+yg+1=0, (4.25)

plus a particular solution of the inhomogeneous equation. In the same way, the general
solution of (4.3) is obtained through as linear combination of the base solutions x, ; = e*’,
where p; are the four roots of the characteristic polynomial:

pt 4+ =0, (4.26)

plus a particular solution of the inhomogeneous equation. The solutions of Eq. (4.26) are
obtained from the solutions of Eq. (4.25) using the scaling given in formula (4.23) and

g =1+ uh, (4.27)
in the limit where 4 — 0. Indeed, using formula (4.27) into (4.25) we obtain:
(1* +rip? +rm)h* + 0 <h5) —0. (4.28)
Finally, using # = nh the base solutions are such that:
Xpi = (14 uih)"" = et + 0(h) = x;(t) + O(h). (4.29)

An analogous result holds for the particular solution if we write down its expression using
the method of variation of constants [10].

5 Conclusions

In this paper, we discussed the conditions for an additive fourth-order difference equations to
be variational. Our main result, stated in Theorem 2, tells us that there exists a family of such
equations depending on two arbitrary functions, one of a single variable g = g (§), and one
of two variables V = V (&, n), and on an arbitrary constant A. As evidenced in Corollary 1,
the Lagrangian is autonomous if and only if A = 1.

Additive difference equations can be considered also for 2kth-order difference equation:

Xnak = f(xl(l—k-‘rl,k—l))xn_k +h(X£L_k+1’k_1)), (51)

where
Xf,m'l) = (Xntms -+ > Xnt1), L < m. (5.2)

The result of this paper stimulates to consider the following conjecture:
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Table 1 Resuming table of the integrable canonical forms

Canonical form Equation Roots of g (§) Continuum limit Introduced
Ist (3.10) ~11 Autonomous P\” [7,29]
2nd (3.15) 0.0 Autonomous P [22]

3rd (3.20) —i,1 autonomous Pl(z) -

4th (3.26) 0 Autonomous P\ [8,29]

Sth (3.30) - Eq. (4.3) -

Conjecture An additive 2kth-order difference equation is variational if and only if it can be
derived from the following Lagrangian:

L =37 [0 v+ V(3O ] (5.3)

The study of this conjecture will be subject of further studies. A starting point for these
studies is the known hierarchies of discrete equations, e.g. those presented in [7,8].

Moreover, we produced a list of integrable equations with autonomous Lagrangian using
an ansatz on the shape of one invariant. Interestingly enough, equations of the said list
naturally possess a second invariant without imposing any additional conditions. We showed
that it is possible to reduce these equations to five canonical forms, which we related to
known examples from [7,8,22,29]. We remark that in the cited papers, the same equations
were derived or studied with different approaches.

Finally, we computed the continuum limits of the canonical forms. This allowed us to
identify Eq. (3.15), an equation recently introduced in [22], with a new dPI(z) equation.
Moreover, the continuum limits showed that Eq. (3.20), which is related to the dPI(Iz) equation,

is actually a discretisation of the PI(Z) equation. In the same way we proved, following the
example given in [19], that variational structures are preserved upon continuum limit, while
invariants are not. A resuming table of the integrable case, and their continuum limits can be
found in Table 1.

Now, we would like to propose a interpretation of the appearance of non-autonomous
Lagrangians in Theorem 2 based on the analogy with the continuum systems. From the
results of Example 3 and from the continuum limit (4.3) of the fifth canonical from (3.30), we
infer that non-autonomous Lagrangians are linked to some form of dissipation or accretion.
We propose this analogy for two main reasons. First, because in the continuum limit (4.3),
odd-order derivates are absent. Odd-order derivates are naturally related to dissipation or
accretion in continuous systems. Second, we can prove that the additive variational fourth-
order equations with non-autonomous Lagrangians are not measure preserving, but they
either shrink or expand the volume of the phase space. Computing the Jacobian determinant
of (2.5), we obtain:

Jy = 22881 (5.4)
8 (Xn+1)
This implies that the volume element is given by:
Vi =g () g (p—1)dxppg Adxy Adxy—g Adx,—2 (5.5)
and evolves according to:
Vo1 = A2V, (5.6)

@ Springer



853 Page 22 of 30

Eur. Phys. J. Plus (2020) 135:853

Fig. 1 In blue a trajectory of Eq.

: 0.08 e
(3.10) with A5 =2, Ag =0, A
A7 = —1 and initial conditions 0.06 - Y g "
Xj ~ 1072, Inred a trajectory of ? 2
the equation obtained from 0.04 1 A ?
Ly = A""Ly, with & = 0.999, & P
same parameters and same initial 0.024 £
conditions. While the trajectory - ¢ -y
of (3.10) oscillated around the & 0.00 | ool
fixed point in the origin, the & s
asymmetric trajectory collapse —0.02 1 - ]
into it as n — oo. Trajectories are e : ; o BRI 1
computed using 10 iterations —0.04 T € ) : LRk = ‘ oty
% b g R.r2 J
~0.06 1 “i, 3
v
~0.08 1 S

—0.08 —0.06 —0.04 —0.02 0.00 0.02 0.04 0.06 0.08
Tn

that is V,, = A2" V. We obtain that if || > 1 the volume of the phase space is increasing,
while if 0 < |A| < 1 the volume of the phase space is decreasing. This is another usual
feature of continuous accretive and dissipative equations, respectively. If and only if || = 1,
we have the conservation of the volume as required by the Hamiltonian approach. For the
above reasons, we say the autonomous Lagrangian case is conservative, while the non-
autonomous one is dissipative or accretive depending on the absolute value of A. The case
A = —1 preserves the volumes, but since the associated Lagrangian is non-autonomous the
corresponding symplectic form does not allows to apply the discrete Liouville theorem. This
behaviour is displayed graphically in Fig. 1 in the case of the first canonical form (3.10) and
its asymmetric version obtained from the discrete Lagrangian L, ; = A™" L with a given
A e (—1,1).

It is well known that dissipative and accretive systems are not integrable in the Liouville
sense, as they fail to preserve the measure of the phase space. On the other side, in the
continuous setting it is also known that some dissipative systems admit time-dependent first
integrals [5,30]. Up to our knowledge such possibility has never been explored in the discrete
setting, so this raises the following question:

Problem Do non-trivial variational discrete systems admitting n-dependent invariants exist?

Here, by non-trivial we mean a system for which it is not possible to write down the general
solution and invert it with respect to the initial conditions in order to get the n-dependent
invariants. This restriction is important to rule out linear system, for which this procedure is
always possible. This problem might be interesting from the point of view of applications as
in several real cases one might need to take into account dissipative effects caused, e.g. by
friction. We are planning to address to this problem in a future study.

Other application of the result of this paper can arise in the field of geometric integration
theory [3,4,31]. Geometric integration theory is a branch of numerical analysis which deals
in preserving properties when discretising a continuous system. The variational structure
might be such a property. For instance, consider the following Lagrangian:
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) @) e,
L_T_O[T—i_?x — Bx 5.7

and its Euler—Lagrange equation:
W 4o (x’)2 x4+ w’x = B. (5.8)

A trivial discretisation of Eq. (5.8) is obtained by replacing the derivatives with the discrete
derivatives:

X — Syxy = x"_hﬁ (5.9)
The resulting discrete equation is (up to translation in n):
Xp2 — 4xpp1 + 606X, — 44Xy + X542 (xXn—1 — xn—2)2(xn —2xp—1+ Xp-2)
h4 +o h4
+ w*xpn = B. (5.10)

This equation is nor invertible nor variational. On the other hand, there exist infinitely many
variational discretisation of Eq. (5.9) with the following hypotheses:

- A=1,

— the function g is a constant,

— the functions M and N in (2.19) are third-order polynomials in their variables,
the coefficients of M and N are second-order polynomials in /.

An example is the following one:

Xn42 — 4xp41 + (6 — w2h4) Xp —4xp—1 + xp—2
o
+ g (Xpg1 +xp-1 — 2x) (x5+1 + xi + x,%_l — Xn+1Xn

—Xnt1Xn—1 — XnXa_1) = h*B. (5.11)

This discretisation is variational by construction. We argue that this kind of discretisation,
even in the non-integrable case, might be convenient from a numerical point of view. This
topic will be subject of future studies. We note that some ad hoc constructions of variational
discretisation of fourth-order difference equation was given in [27].

Finally, additive fourth-order difference equations are not the only possible generalisation
of second-order equations. For instance, in [6] several integrable equations of multipliticative
form were derived:

Xp2Xn—2 = F (Xp+1, Xns Xn—1) - (5.12)

In an upcoming paper, we are addressing the problem of giving necessary and sufficient condi-
tions on the existence of a variational structure of such equations and study their integrability
properties.
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of this paper. GG is supported by the Australian Research Council through grants FL120100094 (Prof. N.
Joshi), DP190101838 (A/Prof. M. Radnovi¢), and DP200100210 (Prof. N. Joshi and A/Prof. M. Radnovic).
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A Proof of Theorem 2

Applying the method described in Sect. 2 to Eq. (2.9a), we obtain following equation (since
f and h depend on the same variables we drop the explicit dependence on x,41, x, and
Xp—1):
B3f af  oh 3f 8%h N 93h % f
8x3+18x,,,1 0Xpt1 0Xp_1 8x5+18xn,1 0xp410Xn_1 0xp120xp—1 0X,110X,_1
33h af  of a2 f % f ah

_3x5+13xn,1 0xp41 0xp—1 3x5+1 0Xy4+10X,—1 0Xp—1
a2 82h ah
+ —=0. (A.1)

8xﬁ+1 0xp4+10X7—1 0Xp—1
Using the CAS Maple 2016 to solve Eq. (A.1), we find that the solution is actually inde-
pendent of % and has the following form:

J Congts X0, Xn—1) = Gy (1) G (6n) G- (Xn—1) . (A2)

Going back to Eq. (2.9a), if we solve with respect to 83L,_»/ 8x5728xn and differentiating
with respect to x,41, we find the following simple compatibility condition:

oh
G (xp) |:G,+(xn+l)v(xn+lv Xns Xn—1) — G4 (Xn+1) (Xn+15 Xn, xn—])] X

n—1 8xn—l»xn+]

dal,_» oly—o
G—(xn—l)ni(xn» Xp—1, Xp—2) — ni(xn, Xn—1, xn—Z)G/_(xn—l) =0, (A3
0xp—1, Xp 0xy

where we defined:

_ 0Ln—2
In—o (Xp, Xp—1, Xp—2) = —— (Xp, Xn—1, Xn—2) . (A4)
0X,-2

Equation (A.3) has three factors which can be annihilated separately. The first factor gives
G (x,) = 0, thatis f = 0, which is not allowed. Therefore, from (A.3) we can choose to fix
either f or /,,_,. We will now address these two possibilities.

A.1 Fix [,_» from (A.3)
Solving the second factor in (A.3), we obtain the following value for /,,_»:

ln—2 (xns Xn—1, xn—Z) = ll,n—2 (Xn, xn—2) G_ (xn—l) + lZ,n—Z (xn—l» xn—2) . (AS)

Inserting (A.5) into (2.9a), we obtain the following equation:

<G+ (xXn41) G_ (xp-1) G (xp) xp—2 +

3%l
0X,_20x,

(Xn+1, Xn, xn—l))

0xp—1
(xn, xp—2) = 0. (A.6)

Again we have two factors we can choose to annihilate. The first factors, since no function
depends on x,_» is equivalent to the following equations:

G+ (-anrl) GL (xnfl) G (xn) =0, (-anrl s Xns xnfl) =0. (A7)

0xp—1
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The first equation implies G — (x,—1) = constat and the second one implies 2 = h (x,,+1, X)-
This is not allowed as the equation will be independent of x,_;. Therefore, we are forced to
annihilate the second factor. This implies:

Hon—2 (xn, Xn—2) =l 10—2 (n—2) + 11 2.0—2 (Xp) . (A.8)

Inserting this into (A.5) and using the arbitrariness of I ,_», we can write:

0l 2
Ln—2 (Xp, Xp—1, Xp—2) = ll,2,n—2 (x2) G- (xp—1) + axin (Xpn—1, Xp—2) . (A.9)

n—2

Using the definition of /,_> (A.4) and the fact that discrete Lagrangians are defined only
up to total difference, from formula (A.9) we obtain the following form of the Lagrangian:

L, (xn+Zs Xn+41, Xp) = ll,2,n72 (xn+2) G_ (xn+1) Xn + lZ,n (x}’l+15 Xn) . (AIO)

The Euler—Lagrange equation corresponding to (A.10), upon substitution of Eq. (2.8) are:

dalr 0l
- (Xny Xp1) + G— (Xp41) ll,2,n (Xn42) + =l (Xn—1, Xpn)
Xy, Xy,
h (xn+l s Xn, Xp—1) — Xn+2
+G_ 20— =1,
(X)) l12,0—-1 (1) Xn—1 = 1] 5 (Xn) G Gt G (o)
(A.1D)
Differentiating Eq. (A.11) with respect to x, twice, we obtain:

G- ConpD) 1] 5 (Xg2) = 0. (A.12)

Using the usual argument, we obtain that we need to annihilate the second factor, which
gives:
L1200 (Xn+2) = Crnxnt2 + Cog, (A.13)

where C1 , and C3 , are two functions depending on n alone. Substituting back in Eq. (A.11)
and applying the differential operator

Rl 1 ad
, (A.14)
dxn \ G (x) dxp42
we obtain: ' (x)
Xn
Cla_ = A.15
l,n 2 G2 (xn) ( )

Since C1 ,—2 # 0, we obtain G (x,) = 1/K; where K is a constant. Inserting this value
into (A.11), we obtain:

alr dlp ,—
. (Xns Xnt1) + G- (Xp+1) (Cl,nxn+2 + CZ,n) + ] (Xn—1, Xn)
0xp, 0xp
+G" (xp) (Ctn—1Xnt1 + Cone1) Xn—1
h ) ) — -
_ Cl,n—ZKl (xn+l Xns Xn 1) Xn+42 - (A16)

G+ (xn—H)
We can take the coefficient with respect to x,42, and we obtain:
Cin—2Ki

G_ (xp41)Cip = — .
T Gy ()

(A.17)
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We can rewrite this equation as:
Cin—2Ki

G- (xn41) G (Xpg1) = — c
n

(A.18)

Since K is a constant, upon differentiation with respect to x,4, there exists a constant
g € R\ {0} such that:

Ky
Gt (xpt1) = ————, and Ci, =¢qCr 2. (A.19)
qu (anrl)
Using conditions (A.19) into (A.16), we obtain:
312, 8127 —
2 X Xt 1) + G W) Con + L (et )
0Xxp, 0xp
+G_ (x) (Cl,n—lxn+1 + C2,n—1) Xn—1 = Cl,n—ZG— Xn1) h (g1, Xy Xp—1) -
(A.20)

Differentiating with respect to x4 and x,,—1, we obtain a PDE for 4 which can be solved to
give:

hy (xn, Xp—1) + ho (Xng1, Xn)

G_ (Xn+1)
_ Craumt G () i (A21)
qC1,n—2 G- (x"""l)

h (Xp41, Xp, Xp—1) =

Since 7 must not depend explicitly on n, we must impose that the coefficient F,, =
Ci,n—1/C1,n—2 is n independent, that is it is a total difference. Using again Eq. (A.19),
we obtain:

€,y —qCi,_,=0. (A22)

This implies ¢ > 0, that is ¢ = A> for some A € R \ {0}, and then
Ci,=AEL" (A.23)

with A € Raconstant. However, due to the arbitrariness of A we can consider only the solution
C 1an' Indeed, A can be negative and the cases with C , just follow from the substitution
A — —A\. Therefore, we drop the superscript 4 in (A.23). This reasoning implies that the &
in (A.21) assumes the following form:

hy n, Xn—1) + h2 (Xng 1, X0) G — (Xn) Xng1Xn—1

h (Xpt1, Xn, Xp—1) = (A.24)

G (xn+1) AG - (Xn41)
We can finally insert (A.24) into (A.20) and obtain:
ly, Al n—1
—= (Xn» Xn+1) + G (Xu+1) Con + —r (Xn—1, Xn)
0xy, 0xy

+G/_ (xn) CZ,nflxnfl = —AM" [fl (xm xnfl) + f2 (xn+l7 xn)] . (A25)

Differentiating with respect to x,41, we obtain a linear PDE for /5 , (x,+1, x,). Solving such
equation, we obtain the following form for this function:

Xn
b Cong1, Xn) = Lo (1) + 12,1 (x0) — A)»"/ f2 (xpt1,6)dé

— Couxn G- (Xp41) . (A.26)
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From the form of the Lagrangian function, using the property of equivalence, we can remove
the arbitrary function /23 , (x,+1) and keep only 2 1, (x,,). So, in (A.25) this yields:

lé,l,n ('x”)
AN

=19
00Xy,

1
+ 1 (Xn, Xp—1) = Xf (xn, &) dE. (A.27)

Differentiation with respect to x,— yields the following equation:

af1 1 3f2
— (X, Xp—1) = T (s Xp—1) - (A.28)
0X,—1 A 0xy
Equation (A.28) stimulates the introduction of a potential function V = V (x,, x,—1) such
that:

(Xn, Xp—1) - (A.29)

10 \%
S1 G xp—1) = -— G, Xn—1), 2 (K, Xp—1) =
A 0xy 0Xy—1

Using such potential, we have that Eq. (A.28) is identically satisfied, while (A.27) reduces to
li 1o (&n) = 0. This implies I5 1 ,, (x,) = C3,,, but this function of n can be removed from
the ’Lagrangian as it is a total difference.

Summing up, we obtained that if an additive fourth-order difference Eq. (1.6) is Lagrangian
then it has the following form:

G~ (xnt1) Xna2 + A2G — (xn—1) Xn—2 + AG__ (Xp) X1 Xn—1

aV Vv
(Xn+15 %n) + Ao— (xn, xp—1) = 0. (A.30)

_l’_
0xy, 0xy,

Letting g = G_ Eq. (2.5) follows. The constant K| appearing in the Lagrangian can be
scaled away and we obtain the Lagrangian (2.7).

A.2 Fix h from (A.3)
If we fix h from (A.3), we obtain:

h (xn+17 Xns -xn—l) = h+ (xn+la xn) + G+ (er-l) h_ (xnv xn—l) . (A3])

After a long calculation which follows the same strategy outlined in the case when we fix
l,—> from (A.3) we find that this case implies G = 0, and so it is impossible.
This concludes the Proof of Theorem 2.

B Proof of Theorem 3

Since (3.4) has to be an invariant it must satisty the following condition:

Xpp2 Pt (1, Xn) + Xp—1 Po (X1, Xn) + Xp2X0—1 P3 (g1, X0) + Py (Xpp1, Xn)
- xn+1Pl (xna xnfl) —xp—2 P (xl’lv xnfl) - xn+1xn72p3 (xm xnfl)
— Py (xp, xp—1) = 0. (B.1)
After substituting the form of Eq. (2.5), no function depends on x,_», so we can take the

coefficients with respect to it. This yields the following system of functional equations which
must be identically satisfied:
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8xn—1)P1(xXnt1, Xn)  8(tn—1)Xn—1P3(Xn+1, Xn)
g(xny1) g(xpt1)
+ Py(xn, Xn—1) + Xn+1 P3(xn, Xu—1) = 0, (B.2a)
Xn—1P2(Xnt1, Xn) — Xn41P1(Xn, Xn—1) + Pa(xnt1, Xn) — Pa(Xn, Xn—1)
oV (xXp+1, Xn) + 8V()Cnvxn—l)> <Pl(xn+1»xn)
0xp dxp 8(xn+1)

- (g/(-xn)» Xp)Xp—1Xpy1 +

xn—1P3(xn+lyxn)> -0

8(Xnt1) (B:20)

To solve the above equations, apply again the procedure described in Sect. 2. Applying this
strategy to Eq. (B.2a), we are able to solve Eq. (B.2a) fixing the form of the functions P; in
terms of the function g:

Py (xXn, xn—1) = —8(x) [x2(C1 — Coxy1)g(xn—1) — P(xu-1)], (B.3a)
Py (xp, Xp—1) = — [xn—l(c2xn + Cglxn) + P(xn)] 8(xp—1), (B.3b)
P3 (xXp, Xn—1) = g(xn) [(xn—1 — x2)C2 + C1] g(xu—1). (B.3¢)

In (B.3), the function P = P (§) is undetermined, and C; are constants. Inserting (B.3) in
Eq. (B.2b), we apply the same strategy with respect to the function V.= V (x,+1, x,) and
then with respect to Py (x,41, x,,). After some steps, we find the following equation:

Cag (xn) ' (xn) = 0. (B4

This equation implies C> = 0, as otherwise the function g = g (§) will be a trivial constant.
Substituting C, = 0, we obtain the following PDE for V =V (x,, x,—1):
oV (xp, Xp—1)

P"(x,—1) = 0. B.5
8*2x,,_1,x,1+ (Xn—1) (B.5)

- Clg”(xn—l)xn + 2C1g/(xn) - C

giving the form of V in terms of g and P:
Xy 2
V(xn, xn—1) = V3(xp) + V2 () xp—1 + Vi(xp—1) — Eg(xn—l) + g(xn)xn—l
x
+ P (B.6)
Ci

By arbitrariness of Vi (x,—1), we can write V| (x,—1) = W (x,—1) — V3 (x,—1) and remove
the total difference V3 (x,) — V3 (x,,—1). That is, we can write V (x,, x,_1) as:

2
X X,
V(xn, xp—1) = Va(xp)xp—1 + W(xy—1) — ?ng(xn—l) + g(xn)xy%_l + ép(xn—l)~ B.7)

Going back to Eq. (B.2b) and removing iteratively all the functions depending on x,4+; and
Xn—1, we finally find the following condition on g:

3C18" (xn)g () = 0. (B.8)

As g needs to be non-trivial and C; # 0 from (B.7) we finally obtain that g has to be
second-order polynomial of the form (3.5).
Using the conditions in (B.2b), we find the following expression for the function V:
Ay N 3A2C1x2 +2Csx, +2C
\/Alx,% + Axx, + Az 2Cy ’

V2 (xn) = (B.9)
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The function V; (x,) appears to be algebraic in x,. However, substituting back in order to
check the compatibility conditions we obtain A4 = 0. Therefore, no algebraic term is left.

The above computations produce rather cuambersome expression for P4 (x;, x,,—1), which
we will not present. However, we notice that this final form of P4 (x,, x,,—1) yield the fol-
lowing condition for the function W = W (n):

1 Ci(A3 — A1A9)1’ — (A1Cs — A2Cs)n” + AeCin + AsC)
(& A1n? 4+ Ayn + Az

W' () = (B.10)

Since C| # 0 we perform the scaling C5 = A7C and C¢ = AgC|. This yields the expression
(3.7) for W (n) and shows that

Py (X, Xn—1) = —X;_ 18 (xn) [(A1xn + A2)xn—1 + 2A2x, + A7)]
—[(A143 + AD)x) + A2 (2A3 + A7)x?
+(A2A8 + 243 + Ae)xy + A3Ag + As] xu_i
—x1(A2A3x2 + A3A7x, + A3Ag + As). (B.11)

This concludes the Proof of Theorem 3.
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