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Abstract

We generalise the concept of duality to systems of ordinary difference equations (or maps). We
propose a procedure to construct a chain of systems of equations which are dual, with respect
to an integral H, to the given system, by exploiting the integral relation, defined by the
upshifted version and the original version of H. When the numerator of the integral relation is
biquadratic or multi-linear, we point out conditions where a dual fails to exists. The procedure

is applied to several two-component systems obtained as periodic reductions of 2D lattice
equations, including the nonlinear Schrédinger system, the two-component potential
Korteweg—De Vries equation, the scalar modified Korteweg—De Vries equation, and a

modified Boussinesq system.
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1. Introduction

Discrete dynamical systems arise quite naturally in applica-
tions, for example as approximations for systems of ordinary
or partial differential equations. In some cases, the original
system has special properties so that one would like to have a
discretisation which preserves some (if not all) of those
properties. Integrability is one of the properties that one
would like to preserve in the discretisation. For examples of
discretization of integrable partial differential equations such
as the (modified) Korteweg—De Vries (MKdV) or the sine-
Gordon equations, while preserving integrability, see [1-3].
Discrete integrable systems are interesting due to their
richness in structure. In the literature, integrable ordinary
difference equations, both autonomous [4, 5] (e.g. the QRT
maps [6, 7]) and non-autonomous (e.g. discrete Painleve
equations [8]) have been extensively studied. In 2010, J.J.
Duistermaat published a wonderful book with the title Dis-
crete Integrable Systems: QRT Maps and Elliptic Surfaces
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[9], where algebraic geometry and complex analytic geometry
have been used to derive the properties of the QRT map.

In [10], the concept of duality for discrete dth order
ordinary difference equations (OAE) was introduced. Let a
dth order ordinary difference equation with a number of
integrals be given. The idea of constructing a dual system in
[10] is based on factoring out the so-called integrating factor
from the difference between the upshifted and the original
linear combination of the integrals of the given equation.
Thus, the dual equation can be seen as a new difference
equation which preserves the same linear combination of
integrals. In the recent paper [11], the concept of duality is
extended to lattice equations, by exploiting characteristics of
conservation laws, and a 3D lattice equation dual to the lattice
AKP equation is derived.

Generally speaking, dual equations to integrable
equations do not need to be integrable themselves. However,
the existence of one or more integrals (for OAEs), or con-
servation laws (for PAEs), is guaranteed. As these properties
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are somewhat special, dual equations are good candidates for
new integrable equations. In [10] dual equations to
(d — 1, —1)-periodic reductions* of the modified Korteweg—
De Vries (mKdV) lattice equation are shown to be integrable
maps, namely level-set-dependent mKdV maps. In [12],

[?J integrals are provided explicitly for a novel hierarchy

of maps dual to the linear equation u, = u,,. The integr-
ability of these maps is established in [13]. In [11] it is shown
that reductions of the dual AKP equation include Rutishau-
ser’s quotient-difference (QD) algorithm, the higher analogue
of the discrete time Toda (HADT) equation and its corresp-
onding quotient-quotient-difference (QQD) system [14], the
discrete hungry Lotka—Volterra system, discrete hungry QD,
as well as the hungry forms of HADT and QQD [15]. A
relation with the BKP equation and hence its integrability was
pointed out by Schief, see [32].

So far, in the literature, duality has only been applied to
scalar equations. For a scalar equation (OAE) E = 0 with an
integral H we have that AH = H,, | — H, = EA factorises,
and naturally the dual of the equation £ = 0 is given by
A = 0. In this paper we generalise the concept of duality to
systems of equations. The intrinsic problem for a system of
equations, such as E; = E, =0, is that the difference
AH = f(E;, E,) does not factorise. For example, the fol-
lowing system of two difference equations, where sub-indices
on x, y denote the number of shifts,

E = (XZYO — x3y)p
+ 3y, — xyp)g =0,
Esy = (xoy1y3 — X1YY2)P
+ (2yoy1 — X0¥2¥3)g =0 (L.1)

admits an integral given by

X X X X
H:(&+_l+_o+2_yl+&+ﬂ)p
Yo X2 X Yo Xi Yoo Xoy

X
X2

X0Y2 Yo
and we have (the coefficients c¢; are given in appendix A)
AH =
aEy+ By + c3EEy) + C4E|2 + 65E22 + 06E1E22
Yoy (PX1YYs — G2 o)y + E2)(Pxayy — qxiyy — Exo’
1.2)

which does not factorise.

We propose the following solution to this problem. For a
system with N equations, one constructs N duals by setting
E;=0 for all 1 <j=i<N for each i. In each case, the
remaining expression E; will factor out, AH = E; A;, and a
dual system is obtained which has the form

El:EZZ...: 171:Al:El+1:"':EN:0-

4 (81, $2)-periodic reductions were first introduced in [4, 5], see [16, 17]. By
introduction a new independent variable k = s,m — s;n the periodicity
condition k(m, n) = k(m + s1, n + s,) is satisfied; it is a discrete travelling
wave reduction where a lattice equation gives rise to an OAE.

For the above example 1.1, the two duals this method yields
are, fori =1,

Ei=0, ¢+ csE;=0

and, for i = 2,

E, =0, o+ aE =0,

where ¢y, ¢, ¢4, c5 are given in appendix A. Clearly both
these systems preserve the integral H.

One can continue taking duals of duals, and by doing so
one may obtain either finitely or infinitely many dual systems.
Starting from an integrable system with several integrals the
following questions arise.

1. For which (linear) combinations of integrals are the dual
systems integrable?
2. Are the dual systems to the duals systems integrable?

Whether a system is integrable is a difficult question in itself.
To rigorously prove integrability for maps (in the sense of
Liouville-Arnold [18], or noncommutative integrability
[19, 20]) one needs to provide a symplectic structure together
with sufficiently many Casimirs and integrals in involution.

We do not take this route in this paper, instead we
employ the notion of complexity, as measured by growth of
degrees, as follows: for a given map one can define an integer
sequence {d,},—, where d, denotes the degree of the nth
iterate of the map. Here it suffices to take the degree of the
numerator of the last component of the nth iterate. Also, to
enable the calculation of sufficiently many iterates, we start
with initial values which are affine linear functions of one
variable, e.g.

ui =ay + anpz, vi= a3+ auaz,
ic{l,2}, a;€cZ.

According to the degree growth conjecture [21, 22] we have

* growth is linear in n = equation is linearizable;
* growth is polynomial in n = equation is integrable;
* growth is exponential in n = equation is non-integrable.

Needless to say that for periodic maps the sequence d,, does
not grow.

Methods have been developed to determine an upper-
bound on the growth of degrees [23], and to obtain exact
formulae [24-26]. In practice, a good indication of the degree
growth formula (in the case of polynomial growth) can often
be obtained from the first 20 terms of the sequence. Note that
in the case of exponential growth it may not practically be
possible to iterate the map 20 times.

The remainder of this paper is organised as follows. It
begins with the formulation of a system of two dth order
ordinary difference equations (OAEs) in section 2. Then a
procedure to construct systems that preserve the same integral
is introduced. We also provide conditions for the existence
and non existence of dual systems.

As a first example, we consider the Nonlinear Schro-
dinger system of PAEs. Since all its integrals are multi-linear
in the initial values our procedure produces no dual systems.
The next example is a system of OAEs derived as a periodic
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reduction from the two-component potential Korteweg—De
Vries (pKdV) system of PAEs. For a particular linear com-
bination of integrals we obtain a closed chain of four dual
systems. The original equation is equal to a composition of its
dual systems, which are periodic maps. For other combina-
tions of integrals an infinite chain of dual systems is obtained.
A growth of degree argument indicates that the first dual is
linearizable, the second dual is integrable, and the third dual is
non-integrable.

Two-component OAEs can also be obtained by per-
forming a (s;, sp)-periodic reduction of a scalar lattice
equation where the greatest common divisor of s, and s is 2.
As an example, we consider the (2, 4)-reduction of the lattice
modified Korteweg—De Vries scalar equation. The duality
structure and their integrability are similar to the those for the
pKdV system.

Finally, in section (5) we apply the procedure to a system
of OAEs which is derived from the modified-Boussinesq
system of PAEs. This system is derived using the standard
staircase of (d + 1, —1)-type for arbitrary d € N; the above
example, system (1.1), corresponds to d = 2. Using a part-
icular integral we obtain (for any d) a closed chain of six dual
systems. One dual is related to the original map, another is a
periodic map, and the remaining three are related to each
other and provide a d-dimensional generalisation of an
alternating QRT map. Their degree growth indicates
integrability.

We note that all of the above mentioned PAEs are multi-
dimensionally consistent [27, 33], and their Lax pairs can be
found in [28]. The integrals for their periodic reductions,
which may give rise to dual equations, are obtained from the
trace of the so-called monodromy matrix [4, 5, 17], which is
the inversely ordered product of the Lax matrices along a
staircase.

2. Formulation of the problem

Let S be a field. We consider the orbit of a point in a 2d-
dimensional (d € N ) space M = $%9 with coordinates at time
L, v) = (Upeooy Wpg—1s Vise-os Viga—1)- Let fi: M — S and
8: M — S be two scalar functions, and define a function
F:M— M,

F(u,v) = (ua,..., uq, i, v), va,..., vg, g, v)).
We define a discrete dynamical system:
@, V)1 = F(u,v),),

where t € N. Or alternatively, we write the discrete dynamical
system as a mapping:

(u,v) — @, v')
with
’_ r I
Uy = Up,..., Ug_1 = Uq, Uy =f(u,v)

v{ =v..., vé,l =y, v[; = g(u, ), 2.1)

where the upshifted index is denoted by the prime.

The system (2.1) is a system of two coupled dth order
difference equations. This type of system might be derived as
a reduction of a system of partial difference equations, using a
standard staircase of (s, s,)-type, with co-prime sy, s, € Z
(for detailed explanation of the staircase method, see [17] and
reference in there). The same type of system can also be
derived from a single partial difference equation (scalar
equation) using a (s;, s,) standard staircase with gcd
(S 1» 52) = 2.

We assume that (2.1) has n integrals, i.e.: H;: M — S,
k=1,2,...,n for some n < 2d. Consider the linear com-
bination:

H= Z Ozka,
k=1
where oy € S, k=1, 2,...,n, which is also an integral
of (2.1). Writing u' = (uy,..., ug, ug.1) and v/ = (v,...,y,
Vir1), we define:

H(ud+19 vd+1) = H(uls v/) - H(“? V).

We remark that the function H also depends on u and v,
however we regard these variables as parameters in the
function.

In this paper we propose a procedure for constructing a
family of dual systems of ordinary difference equations to
(2.1) by exploiting the relation H (uy. 1, vs+1) = 0. Since H is
an integral for (2.1), then we have:

H(fi (u’ V), gl(u, V)) - O

Thus, the existence of solutions for H(uyy1, vy41) = 0 pre-
sents no problems. In most examples, and certainly all of the
examples treated in this paper, the function H is a rational
function. This implies that H is also a rational function, and
we denote its numerator by A. The degree of A/ in the
variables u;. | and v, is important.

Proposition 2.1. If the numerator N' of ‘H is a biquadratic
function of ug 1 and vy, i.e.:
Mugi1, vay1) = Augy*vaii®
+ (Bittay *var1 + Batta i vai1®)
+ (Ctgs1* + Cottgy a1 + Cavay i)
4+ Dwugy1 + Doy + €, 2.2)

where A, By, By, Ci, Cs, C3, D1, Dy, and & are polynomials in
u andv, then the system (2.1) has no dual system if and only if

A2 + Bof, + C3= Ag? + Bigy + G =0, (2.3)
or
C1:f—j, Cr = sz, Cy= f—j,

This is shown is appendix B.
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Procedure 2.2. Let the numerator A/ of H be a biquadratic
function of the variables u;., ; and v, 1, such that neither (2.3)
nor (2.4). Consider the equation for v, 1,

H(f,(u, v), vay1) = 0.

Apart from v, = g (u, v), there exist another solution, i.e.
Vir1 = &, v). Next, we solve

H(ud+l’ gl(us V)) = 0,

for ug 1, and we denote the other solution by uy. = f, (u, v).
Thus, we have constructed two systems of ordinary difference
equations:

Ul =gty = ug, uy=fu,v)

v =Va V= va, V=g, v), 2.5)
and
u{ = uy,..., ué =fH@w,v)
v{ = V..., vzﬁ =gu,v), (2.6)

both having H as their integral. These systems of equations
are both dual to (2.1).

We can repeat the process. Let k € {2, 3, ...}, arbitrary
but fixed; suppose that the functions f, (u, v) and g, (u, v)
have been computed, and that (Af? + Baf, + C3)
(Ag? + Big, + C)) does not vanish. Then, by substituting
Ugr1 = fr @, v) into H(ugy1, vay1) = 0, we can solve it for
Va1 to construct vy.p = g, (u, v). Similarly, by substituting
Vi1 = &, v) into H(ug41, vs+1) = 0 and solving it for
Ugy1 we get u, | = fi(w, v). It is necessary to check if
fi = fir1 and g = g, for then the procedure stops. We
illustrate this procedure in figure 1.

If the numerator of the integral is a bilinear function in
ug.1 and vy, 1, then the numerator of H(ug1, V1) = 0 can
be written as

Augi + Bvipr + Cugivgrr + D=0,

where A, B, C, and D are functions of # and v. Then, given
U, =f (or v, = g), there is a unique v,,; =g (or
U, = f) that satisfy H(u,1, vo+1) = 0. Thus, the dual
system cannot be constructed using Procedure 2.2. This result
can be extended to m-component systems. We give an
example of a system which has no duals for this reason.

Example 2.3. Consider the lattice Nonlinear Schrodinger
(NLS) system,

1
(xm,n—H - xm+l,n) ym,n + —= P —49g,
Xm+1,n+1

1
(ym+],n - ym,n+l)[xm+1,n+1 + _] =p—49q,

m,n

(fhgl)
H(f1,va+1) / \i‘l(udﬂegl) =0
(f1,92) (f2,91)
H(ugs+1,92) =0 H(f2,va11) =0
(f3,92) (f2,93)
Y Y
(fok—1.92k) (foks 92r—1)

H(tat1, gok) = Ol lH(fzkadH) =0

stop if equal
(fors1, gox) ~——— (for, Gort1)

Figure 1. Schematic representation of the procedure for the
computation of a family of dual systems.

where (m, n) are coordinates of Z2. The (d — 1, 1)-reduction
of the NLS system is obtained by introducing

Un—@d-Dn = Xmn> Vm—d—-1n = ym,m

which guarantees the periodicity relation (x, y),, =

(X, ¥)m+d—1.n+1- The mapping is defined by the shift in m

and gives a 2d-dimensional map of the form (2.1), where
P—4q P —4q

uy = u — uy—-2—, )
urvy + 1

!
Vy=Vi+ W
urvy + 1

This map has d integrals, which can be obtained using the
staircase method employing the Lax pair given in [28]. They
are multi-linear in all variables.

In particular, for d = 2, the map is

(w1, uz, vy, v2) — (Mz, uy

__P~49
uvy +

P —4q

Uz, Vo, Vi + ———V;
Uyvo + 1

and the integrals are given by

H, = wvy + urvy, and
H, = wmquyvivy + puva + quyvi + uvy + uzva.

The function
2
H=> ai(H;@,v) — Hu,v)
1

is bi-linear in u3 and v3. Thus, Procedure 2.2 does not produce
a dual system.
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Table 1. In this table we have listed three duals with respect to H to
the (2, 1)-reduction of the two-component potential Korteweg—De
Vries equation.

Expression for u,  Expression for v,

Original map 6 fu,v) f,u)
Dual system 6; fu,v) Vi
Dual system 6, U f,u)
Dual system 63 U Vi

3. Application to the two-component potential
Korteweg-De Vries equations

Consider the two-component potential Korteweg—De Vries
equations:

(xl,m - xl+1,m+1)()’l+1,m - yl,m+1) = p2 - 6]2,

O = Vigtms D @t tm — Xeme) =p> — g% (3.1

A Lax pair of this system is

0 0 Xl,m P2 —k*— XLmYi1,m
L — 0 0 1 “Vi+1,m
y PP =k —xiimy, O 0
1 —Xi+1,m 0 0
0 0 X q2 —k* — XLmY1m+1
M= 0 0 1 “Vim+1
y ¢* = k* = xpmiy, O 0
1 —Xim+1 0 0

see [28] table 5, pp. 542. After performing a (2, 1)-reduction,

Xman = £m72n’ ym,n = Mm—2n>

we derive a six-dimensional mapping, which can be reduced
to a four-dimensional mapping (by introducing variables
up =& — § iy = & — & Vi =1y — 1 V2 = 13— M),
(u17 uz, vy, VZ) - (Mz,f(u, V), Vz’f(v7 u))a
PP — qz.
V2

S, v)=—u —uy + (3.2)
By computing the trace of the square of the monodromy
matrix we find the following integrals:

H =P - Q,
Hy = (u + uz)(vi + v2) PO,
where P = p? — g*> — uyv, and Q = p? — g% — upv.

Example 3.1. An example of a closed chain of dual
systems. Since H, is bilinear in u, and v, then Procedure
2.2, with H = Hj, produces no dual system. However, H, is
biquadratic in u, and v, so that we can compute duals with
respect to H, using the Procedure 2.2. We list the obtained
systems in table 1.

Let us denote the map (3.2) by §, and denote the nth dual
system by 6, (n = 1, ..., 3 ). The map (3.2) can be written as

a composition of its duals as follows
(50:(510(53062:(520(53061.

The involution 63 is a reversing symmetry of &y, i.e.
bp0d306y = 63. We also have 614 = 116, (and ;44 = 4 6; for
i=0,3), where «: (u,v) — (v, u). The duals ¢;, with
i =1, 2, have period 6.

We note that an n-dimensional periodic map has n func-
tionally independent integrals. These can be obtained from
symmetric functions of the first n iterates of any function. For the
above example, e.g. 63 has invariants u; + u, ujitp, vy + va,
120%) and 5] has invariants u + up, uluz,(vl + VQ)PQ,
and uluz(vlz + vivy + v22) — (p? — Py + urvy).

Example 3.2. An example of an infinite family of dual
systems. Let us now consider (we prefer to denote the
coefficients o, § € § instead of oy, ay )

H = aH, + 0H,,

which is an integral for (3.2), that is
H = H (u2, u3, ug, va, v3, vg)

— H(uy, uy, us, vi, v2, v3) = 0,

if u3 = f(u, v) and vz = f (v, u). Following Procedure 2.2,
we obtain

S )
B(u + uz)P

(ul’ Uz, vi, v2) - (u23f(u9 V)s V2, VI —

(3.3)
as a dual system for (3.2), as well as
«
(M], uz, vi, V2) i (MZ, up + —_——, V2, f(V, u))
B+ v2)0
(3.4)
The next dual system, to (3.3), is
(w1, uz, v, v2) — (Mz, uj
_ afP? (u; + up)?
(ausy + BPQur + u2)) (e — Buy + u)(vy + v2)P)’
«
V2, V1 — m),
P (3.5)

and a similar expression is obtained for the dual to (3.4). After
this step, the expression for next dual system becomes too
complicated to write down here. The procedure does not
seems to end.

Based on 20 iterates of each map we have obtained the
following growth formulas. For the original map (3.2) we find
d, = n. For the first dual, (3.3), we find d,, ~ 2n up to a
periodic sequence with period 3. For the next dual, (3.5), we
find d,, ~ %nz — S—jn up to a periodic sequence with period
7. For the next dual (to (3.5), not displayed) we could only
calculate 4 iterates (in a reasonable amount of time). The
sequence d, = 1, 20, 102, 358, 1189 seems to grow expo-
nentially fast.
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4 &1
|
3 12
|
2 m — &3

|
1 &2

0 &1 — M3

(m,n) 0 1 2

Figure 2. The standard staircase for (2,4)-reduction.

4. Application to the modified Korteweg—De Vries
scalar equation

Consider the modified Korteweg—De Vries scalar equation
(also known as H3 in the Adler—Bobenko—Suris classification
(27D,

p(xm,nxm+l,n + xm,il+1x1n+1,n+l)
- ‘I(xm,nxm,l1+1 + xm+l,nxm+l,n+l)

+6(p* —g) =0, 4.1

on a two dimensional lattice Z2. For § = 0, the Lax matrices
for this equation are, see [28, table 1, pp. 522],

j 1 kxm,n —me,nxm+ 1,n

—_ - b
N XmnXm4-1,n P 7kxm+ Ln

M= 1 kxm,n 44X Xman+ 1
XmnXmn+1 q 7kxm,n+l

According to the (2, 4)-staircase, see figure 2, we define
the following reduction:

Xm,n > 617 Xm+1,n > 7]3,

X Lat1 & XLz > 1,

Xm+2,n4+2 ) 633 Xm+2,n+3 > 1)p.

Then, in terms of variables u = §/5, ux = &/&,
vy = 1,/1,, V2 = 1,/ the lattice equation (4.1) reduces to
the mapping

(Mh Uz, vy, VZ) i (uz,f(ua V), V2,f(v5 u))’

flu,v) = PV, — 4

A S S 4.2
mur(p — qvy) “2)

Table 2. In this table, which is the same table as 1 but with different
function f (u, v), we listed four system which are dual to each other
for the (2, 4)-reduction of mKdV system with H given by (4.4).

Expression for u;  Expression for v,

Original map & fu,v) f, u)
Dual system &, fu,v) Vi
Dual system 6, U fo, w
Dual system 63 U Vi

Computing the trace of the monodromy matrix along the
standard (2, 4)-staircase, we find two functionally indepen-
dent integrals:

1
4+ —
Uz

Uy
Hi(u,v) =|viyg — — + vavi +
V2 Vaup
1% us 1 V1 1 2
- — - — F+ v+ —tuwm—-——+—|p
uj Vi Viug Uz Vavi

— Viuuz
Vivauz

1
+ — + Vo — vivouy — voujuy —
u viuiuz

+V1—

—1
+ uw — vivouy + uz + vy |qp
Vouiup

+ |vivauuy + —— |¢?
Vivau iy

aVy  Ugl pz + U + VoV
Va Vi

Hy(u,v) = (—

Uy

VoV uj 1 1
—t— - -+ — - =
u VaVi us V2 V2 ui

+

V2 Vi

7V2+

Us Uy Us Uy Vi Vi

Vi V2
+ | —vavi + ViU — — + vaup — — — Uiy
u uz

1 1 1 1
us +— uy + . _)qz.

Usuy V2 Vaup Vi Vil Va V1

4.3)

Example 4.1. Another closed chain of dual systems. We
consider a special linear combination of the integral H, and
H,,

H@u,v)=H(@u,v)+ H,(u,v). 4.4)

Applying the procedure 2.2, we derive three systems which
are dual to (4.2). They are presented in figure 2.

Denoting the map (4.2) by §, and the nth dual system by

6, m=1,...,3), we can again write the original map as a
composition of its duals,

5():61053052:52053061.

As in the previous section the duals are periodic, we
have 6% = 65 = 65 = id.
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Example 4.2. An infinite chain of dual systems. Starting
from a general linear combination, with o, 8 € S,

H = aH\(u,v) + BH(u, v),

our procedure 2.2 gives rise to a hierarchy of infinitely many
systems of OAEs. We list the first couple:

The standard (d + 1, —1)-staircase reduction yields the
following mapping,

5; = 52’ B f; = §d+1’

r 771(P£d+1 - q&,)
Cgp1=——————
Py — qMg+1

(w1, uz, vi, v2) — (ua, f(u, v), v, w(v, u))) 4.5) M= N e 7711 = Ny 1
and r - P& — 9€as ) 5.2)
d+1— : :
(s, 3, Vi, v2) = (u, wtt, ¥), v, f(v, w)),  (4.6) SICCR LR
where
Wit v) = — (B quyviva — B puyviva — Bpviva — a quyvi + a qyva + apuy + Bpy — ag)
’ -« CI’/‘QV12V2 + apv12v2 + B puyviva + a quyvy — agqviva — Bpu, — Bpvy + B g
are the first duals of (4.2). The next dual system becomes too It is straightforward to show that the function
complicated to write down and the procedure does not seem J
to end. H = pz &k + Mk+1 + st
Based on 20 iterates for each map, we have obtained that T\ &kt Mk Ex M1
the orlgmal.map (.4.2) has d, o > up to a periodic 3 Moot Méars
sequence with period 15. For the duals (4.5) and (4.6), we —q + + , (5.3)
) avi T Sy

found d,, ~ %n - %n up to periodic sequences with period
12. For the next dual (not displayed) the growth seems
exponential: d, = 1, 13, 61, 265, 1097.

5. Application to the modified Boussinesq equation

Consider the following system of partial difference equations
on a two-dimensional lattice Z? depending on two parameters
p and g,

Xt 1t 1PV 10 = Dimnt 1)
- ym,n(pxm,n+l - qu+l,n) =0
xm,nyn1+1,n+1(pym+l,n - qym,n+1)

- ym,n(pxm+1,nym,n+l - qu,n+1ym+1,n) =0. (5.1)

This system of equations, which is known as the modified
Boussinesq System (see [28]), can be derived by computing
the compatibility condition

Mn1+l,nL111,n - Lm,n+IMm,n = O,

where
DPYnti,n 0 —k
Lyn—= e =KX+ 1,0V DPYm.n 0 7
C Y 0 —k YunYmttin  Xmt1nYmn
Xm,n Xm.n
Dmn+1 0 —k
v = LR D Donn 0
mn — — .
Ymn 0 _kym,nym,n+1 X+ Y n
Xm,n Xim,n

is an integral for the system of ordinary difference
equations (5.2).

The system (5.2) and its integral (5.3) are invariant
with respect to scaling: & —— A, m+— Ay, k=1,

2, ...,d + 1. Therefore, we can reduce the dimension of the
system by two, by using the transformation:
n
U = é,..., Uug = g—d, Y = &,...yd = Jd+l
) Eat1 T Na

Furthermore, let us define:

d d
U= H Uy, and V = H V. (54)
k=2 k=2
Then, the system of difference equation (5.2) becomes:
/ /
Uy =uz, ..., Uy = Uq,
% —qV
uj =1L pq )
p—qU
Vl/ =V, ..., VdI,I = Vg,
1 Uv —
V) = P 1 = gu,v), (5.5)
uynuv. p —qV
where u = (w,..., ug), v = (v,..., ). Consequently, the
integral (5.3) becomes:
d 1
H:=p Zuk—l—vk—i——
k=1 Uk Vi
—qlnuU+ vV + . 5.6
q( : : uy UVIV) ( )
We define the following:
H(ugy1, vay) = H@',v') — H(u, v), (5.7)
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Table 3. A chain of six systems which are dual with respect to H
given by (5.6). The original map is the (d + 1, —1)-staircase
reduction of the modified Boussinesq system.

Expression for u;,;  Expression for v,

Original map &, fiw,v) g, v)
Dual system 6, fiu,v) &, v):=f(v,u)
Dual system 6, S, v)=u g, v)
Dual system 83 f,v) =g, u) &, v)
Dual system 6,4 L, v) &, v) =
Dual system 85 L, v) &u, v)

where u' = (uy,..., ugy1), and v/ = (va,..., v, 1). Clearly,
since H is integral of (5.5), then:

H(fi @, v), &, v) = 0.

Following procedure 2.2 to compute dual systems, we con-
struct systems of ordinary difference equations which

dual maps 6; withi = 1, 2, 5 (and i =4) is given by
L3t (u’ V) - (uds---su27 Uty Vds--5V2, Vl).

We do not know a reversing symmetry for the maps &y, 03.

5.2. Generalisation of an alternating QRT-map

For dual system s, the equation for v is decoupled from the
rest, so we can consider the subsystem for v independently.
All symmetric polynomials of vy,...,;; are integrals. The
general solution for the v-equation is a periodic sequence.
For d = 2, the solution can be written as
Vit w»

Vy =

Vi — V2
- (-H)r—-=
2 =D 2

The equation for u is an alternating map, and can be written as
un+lun—l}g(um n=w-+n+1+u,
X fé (xn’ }’l) - fi(xm n),

where f(u,, n) = (Ao(m)X,) x (AX,), with X, = (2, u,, 1)’
and

0 1 0
L= (=" 14 (=1y
1 Vi + Vv =D + + =D
Ao(n):p 2V1 2V2
0 I+ (=D " 1 —-(—1 0
2v; 2vy
1 0 0
0 %0 %) 0 000
- 1 ’ Al: O 0 s
0o 0 — 000
Vivo

preserve the integral (5.6). The procedure ends after three
steps (when k = 3). In table 3 we have listed five duals
for (5.5).

5.1. Relations between the duals

Let us denote the map (5.5) by §y and denote the nth dual
system by 6, (n = 1, ..., 5 ). We further introduce the fol-
lowing involutions, which are symmetries of H,

u: (m,v) — (v,u), 1 (u,v)— (u, L),
u.y

where the . indicates component-wise multiplication. We
have the following relations:

dou = ubs, O1u = udy,

Gt = ubs, bsu1 = s,
and

dotr = 1203, 01t = 1205,

62L2 = LQ(SQ, (54L2 = L2(54.

This shows that the dual ¢5 is equivalent to the original map
6o, and that duals 6, 6,, and 65 are equivalent to each other.
Another symmetry of H and a reversing symmetry for the

which is the root of a QRT map; see [29] 5. The integral (5.6)
is an alternating integral and can be written in terms of the
above matrices as

H— XTAo(m) X1
XnTAIXn+1

Thus, this dual to the (d + 1, —1)-reduction of the
modified Boussinesq system is a higher dimensional gen-
eralisation of an alternating (root of a) QRT-map.

5.3. Growth of degrees, integrals

A study of the degree growth of the maps 6; (i = 4 ) indicates
that they are integrable, with quadratic growth.

For the original map §, (and hence for §; ) integrals can
be constructed using the staircase method. The trace of the
monodromy matrix produces the integral H (5.3) for
d = 2 mod 3. For other values of d, e.g. d =3 and d = 5, it
can be obtained from the trace of the square of the mono-
dromy matrix. However, for d = 4 the staircase method only
produces three independent integrals; the function H is a

3 There should be a minus sign in front of the first terms in [29], equations
(20) and (25).
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fourth independent integral. The function

ZZ Hk ll Ukt j—2Uk+d+j—1
kal Ud—k+j—-1

d—i—1
Uq Hk:() UkUd+i+1

i=1j=1

1 o
[Te—o ' ta—iv1x Ili—gu2a—x—1

—i—1
Ug— 1Hk U dg—1—klid—2—k
1_
1 asioo—i T g ux
2
—id lHk ouk+tHk 0”d+k+tnk 1 Udtk+r
—q ZZ Z g
i=1j=0 =0 Hk 1) Wit
HkOMZdIkIHkoudlktHkl Ug—1—k—t

+ Hl+] u
k=j+142d—1—k—t

N hxm i |

Hk 0 uk+tud+k+1+t Hk | Ukt Hk_j Ud+k+t

where uy.; = v;, is another integral of ¢, for all d. This int-
egral is a generalisation of integrals calculated by the staircase
method for particular values of d.

For the (2d-dimensional) maps 6; with i = 1, 2, 5 there
are at least d 4+ 2 independent integrals. We present them for
;. There are the d integrals which are the symmetric functions
in uyvy,...,ug vy, and we have

d
K:P(Zui + Vi] —quU+ V)

i=1

—_

2d d—2 -2
L=p|> [] wisj]| - Q(MIUZ(HIJ'_]“d+j
=1j=1 i=0

X

g

l

d l 1 2d
( = ”k+inm2d1+1+i”m)]

- d—2
+ v VZ [Hljl Ugi1-j Y
i=0 I=i

I 2d
a1 —k—i I L—og_pi1 i W2d+1-m)))>

x (1424

where u,; = v;. The original integral H can be expressed in
terms of K and symmetric functions in uvy,...,ugv;. As 0y is
anti-measure preserving, we were able to find integrals for
particular values of d using the method of Discrete Darboux
Polynomials [30, 31]. The integral L was extracted from those
by generalisation.

6. Concluding remarks

In contrast with the concept of dual equation [10] which
produces a unique dual equation to a given scalar equation
with a given number of integrals, our proposed procedure

produces in general a chain of dual systems. Although the
theory works for systems with any number of components, we
have only considered 2-component examples here.
Regarding the first question raised in the introduction,
Ql, a dual system with respect to a linear combination of
integrals, H = }_, oyH;, will depend on the parameters o.
One expects the complexity of the dual to grow with the
number of parameters. Indeed, in Examples 3.1 and 4.1,
where there is only one (omitted) parameter, the duals are of
finite order, whereas in Examples 3.2 and 4.2, where there are
two parameters, the complexity of the dual systems is higher.
Regarding question Q2, the expectation is that the pro-
cess of dualising will increase complexity. This was observed
in Example 3.2, where the growth of the original equation is
linear ~n, the growth of the first dual system is slightly higher
~2n, the growth of the second dual system is quadratic, and
the growth of the third dual is exponential. Similarly, in
section Example 4.2, the growth of the original system is
quadratic N%nz, the growth of the first dual system is slightly

. 7
higher ~n?,

and the growth of the second dual is
exponential.

We have also observed, that complexity may actually
decrease. This is somewhat surprising, and it lead to the
chains of dual systems being closed chains. The procedure
has given rise to interesting examples of periodic maps as

well as integrable maps.
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Appendix A. Explicit expression for the coefficients
in equation (1.2)

The coefficients c; in equation (1.2) are

a1 = —X0YoY1 Y2 (PX1y, — qx, )

X (px;y (xoyp — x1yp) — gx1(X0¥y + X2),))
= —yoz(sz — gx)(px,y, (xoz)’1 - xlz)’O)

- qxl)ﬁ(xoz)h + xzzyO))
3= x2Y, (¢ Yoy, + Xoxy — xlzyoz)p

- xl)’1(x02)’()J’2 + x0X2y2 x2 Yo )q
C4 = xoz)’O)’lyz(leh — gx )
s = xx2); (px, — gx;)

Co = —X1 X2
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Appendix B. Conditions for a biquadratic 7 to not
give rise to a dual equation

Since H(f; (u, v), g, v)) = 0, then N(f, (u, v), g (u, v)) =
0. Thus:
N1, vas1) = Augy*vasr? _flzglz)

+ Bi(uas1*vai1 — £28) + Boluaivasi® — f;80)

+ Ci(uasi® — £2) + Colugrvast — f;8)

+ C3(var1® — 8% + Dilugr1 — f,) + Davar1 — &)s
where we have used f; and g; as short notations for f (u, v)
and g (u,v), respectively. By setting wu,y; =f, then:
N(f;, wir1) = 0 implies:

(AR + Bofy + C) (s + 20)

+ {Bif2 + Cofy + Do) (a1 — g) = 0.
Then, if Af? + B,f, + C3 = 0 a new solution for v, ; fail to
exists.

Similarly, setting v, = g we have:

({Aglz + Big, + G} way1 + 1)

+ {82g12 + C281 + DD Vat1 — g1) =0.
Thus, if Ag? + Big + C; = 0 a new solution for uy. fail to
exists.

Let us now look at the situation where both
H(f,m, v), 1) =0 and H(ug:y, g, v)) =0 have a
unique solution: v, ; = g (u, v) and u,,; = f; (u, v), respec-
tively. Then this procedure produces no other system apart
from (2.1). This is the case for example when the numerator
(2.2) can be reduced to:

N = pu, v)(ugi1 — f, (@, v))?
X (Vas1 — g, ). (B.1)

Consider the numerator (2.2), which can be written as

B C
Mugsr, vas)) = Aud+12(Vd+12 + deJrl + Zl)

C D
+ Bzud+1(vd+12 + B_inJrl + B_zl)

D £
+ C3(Vd+12 + v+ —).

Cs Cs
By setting:
Cl = ADI b CZ = 8182 s
B> A
C3:A’D2, and € = m’
B BB,
we have:

B, D,
Mugsr, = Alug* + —ugr + —
(at15 Vas) (Mdﬂ Ug+1 Bl)

B, D,
X| Va2 + = vap1 + — |-
(d+1 ' d+1 Bz)

Lastly, by setting:

_ BiB?
447

then ANV can be written in the desired form: (B.1).

D, and D,

BB,
T A2
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