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Zy graded discrete Lax pairs and discrete integrable systems

L Introduction and Outline

Integrable discretisations of “soliton equations”.

MKdV, SG, PKdV, Schwarzian KdV, Boussinesq and modified
Boussinesq, etc.

Bianchi permutability (nonlinear superposition) of
Backlund transformations leads directly to fully discrete
equations.

Starting from the PDE, use Darboux transformations.
Gives a discrete Lax pair for the discrete system.

Starting from a discrete Lax pair, we may derive the
corresponding discrete systems.

May of may not have any relation to a continuous system.
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L Introduction and Outline

Discrete Lax Pair: Square Lattice: discrete coordinates (m,n).

wm+l,n = I—m,n Wm,n

=  Lmnt+iMmn = Mpyinbmn.
‘Um,n-i-l = Mmn Vmn } ’ ’ ’ ’

can be pictured as

L
(m,n+1) _—mnt+l, (m+1,n+1)
I\/Im,n Mm+l,n
(m,n) (m+1,n)
I—m,n

Commutativity around the quadrilateral.
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L Introduction and Outline

Path independent evaluation of W, »:

[ ® 2

Compatibility  Lmn+1Mmn = Mmiinkmn

implies that components of L and M satisfy
a discrete dynamical system.
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|—ZN -Graded Lax Pairs

Start with the N x N matrix

0 1 --- 0
Q=

0 1

1 0 0

Definition (Level k matrix)
An N x N matrix A of the form

A = diag (a(o), ... ,a(N_l)) Qk

will be said to have level k, written lev(A) = k.

Qis cyclic: QN = Iy (level 0) and
lev(AB) = lev(BA) = lev(A) +lev(B) (modN).
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With
Unn = diag (u,(T?,)n, ... ,ur(n'\frfl)) ok
Vin = diag (vr(no}, o ,vg]N,,;”) Qke,
consider the Lax pair
Viitn = LmnWmn = (um,n + mfl) Win, ke # 01,
Vini: = MmnWmn = (vm,n + mfz) Wnn, ko # 0,

with compatibility condition Ly n1Mmn = Mmi1nlmn.
Equating powers of A:

Um,n-i-lvm,n = Vm+1,nUm,n7
14 4 4 4
Um,n—irlQ 2-Q 2Um,n = Vm+1,nQ 1-Q 1Vm,n~

and we find k; + /2 = ky + ¢1(modN).



Zy graded discrete Lax pairs and discrete integrable systems

|—ZN -Graded Lax Pairs

Example N =4
Matrix L with (k,¢1) = (1,2)

o ud A o0
L | o o u$, (AZ)
’ A0 o uf)
u® A 0 o

The Level Structure of matrices L and M is labelled
(kla gl; k27 EZ)
with
by — k2 =/l — kl (modN)
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The compatibility conditions

Um,n-i-lvm,n = Vm+1,nUm,n7
14 14 14 14
Um,n—f-lQ 2-Q 2Um,n = Vm-i-l,nQ 1-Q 1Vm,m

are explicitly written as

0 (i+k) () (i+k2)
um,n+1vrfhn - Vm+1,num,n )
0 (i+6) _ @) (i+£1)
um,n-i-l — Umpn - Vm+1,n ~Vmn

which can be solved to give:

(i+£2) (i+¢1)

u(i) _ Unn™ —Vmn (i+kz)
mn+l o (itkp) (i+k) MmN
um,n - Vm,n
(i4+£2) (i4+41)
v o Umn ZVmn o (G4e)
m+ln o (i+ke) (i+ky) "N

Unn ™" — Vmn
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|—Classificalion

Equivalent Lax Pairs
1. Switching m and n, so
LM and  (kg, 1) < (Ko, £2).
2. (ki,4)— (N —ki,N —1¢), so

(ur(rlx)n ) Vm n) = (ur(n n » Vr(n’\,ln_i))'

The coprime case satisfies
(N, ¢ — k) = (N, 4, —kp) = 1.
We then have
N-1
L|=a—(-A)", where a=][u and Asa=0.

j=0
N-1

M| =b—(-A\)", where b=]J]vl and Apb=0.
=0
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|—Classificalion

Subdivision of the coprime case (N, ¢; —k;) = (N, 4, — kp) = 1.
We may reduce to the submanifold

N—-1

N-1
H ur(rjm?n _a, H Vr91,)n = b (constants).
j=0 j=0

The generic subcase: ab # 0.

The above relations allow us to express one function from each
set in terms of the remaining ones.

The degenerate subcase: a # 0, b = 0.
We can eliminate one of the ul) and set (wlog) vIN-1) = 0.
The degenerate case a = b = 0 is empty.
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|—Classificalion

The non-coprime case: (N, /1 — k1) = (N, — k) =p > 1.
Determinant factorises:

(Na k17£1) = (67 173) (p = 2)

LI = = + um Ui p) (X + Uy pUi )

(N7 kl)gl) = (6’ 174) (p = 3)

L) = (A2 = uQu@ (2 —uDus (02 —u@ ).

Can transform to block matrix form, corresponding to a coupling
of smaller coprime systems.
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L Potential Forms

The general equations

(M) (i+k)  _ () (i+k2)
um,n-i-lvaLn - Vm_,_]_,num,n )
(M) (i+6) _ @) (i+61)
um,n-i-l —Umn - Vm+1,n —Vmn

can be reduced by introducing potentials.

The first holds identically if we set Quotient Potential
() ()
@iy (bm—i-l,n i ¢m,n+1 .
Um,n =« W 3 m,n — /8 (i+ko) S ZN'
m,n m,n
The second holds identically if we set Additive Potential

(i) () (i+£1)

i i i+
Unn = Xm+1n — Xmn > Vr(n,) ) (1 42)

n= Xmnt1 — Xmn s I € Zn.
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L Potential Forms

Quotient Potential:  we set (i € Zy throughout)
(i)
i ¢m+1,n (i) ¢)m ,n+1
Umn = @ =gy - Ymn = 02y
m,n m,n

The second equation then take the form

(i+£2) (i+41)
qu_H_ n+1 ¢m+1,n o qu_H_ n+1 ¢m ,n+1
¢)('+k1 (itkate) | ¢)(|+k2 (i+ka+41)
m,n+1 m,n m+1,n m,n

The solved form is written as

(b |+k1)¢ I-‘rkz) Oé(b I-‘rfz) IBQZ)(IJ’_él

¢(|) _ 7mn+1¥m+1,n m+1,n m,n+1
m+17n+1 - (I-‘rkl-‘rfz) ¢(I+k2) o IB ¢)(|+k1
m,n XPmiin m,n+1

H (bm n=1 Reduces number of components.
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L Potential Forms

The equation

(i+£2) (i+41)
¢m+1 n+1 gbm-i-l,n _ ¢m+1 n+1 gbm,n-i-l
¢(I+k11 g\-;kl-irfz) ¢(|+k12 gi;;kﬁél)
m,n+ 3 m+1.n 5

can be solve for each vertex of the square:

¢m,n 1 ¢m+1,n+1

[
[]

¢m,n m+1,n
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L Potential Forms

Initial values given on a staircase:
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L Potential Forms

The Lax Pair in potential form

Viin = (a¢m+l,anl¢r?\an + )‘le) Vmn,

wm,n—f—l = (5¢m,n+1Qk2¢r?\an + )‘ng) wm,na
where o -
Cbm,n = diag( Sn,)na H) Sn,n_ )) .

Equivalence relation:  Wpn=a M8 "ATM N LW n.
gives

(00K, br, @ kg, b2, B) < (81; b1, ke, & €2, Kz, B)
where

¢mn mn:]-, aa =1, 5521, A 2L
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L Potential Forms

Additive Potential: we set (i € Zy throughout)
8 = 2 =, V8 =y 0B

The first equation then take the form

(i) (i+41) (i+kq) (i+k1+£5)
(Xm+1,n+1 - Xm,n—|1—1) (Xm,n-il — Xm,n t )

(4,1 mer — 22 () — o).

Xm-i-l,n m,n

The solved form is written as

(i+ky) _ (i+€1) . (i+kz)  (i+£2) . (i+k1+€2)( (i+¢1) _ (i+€2))
(i) o m,n+1Xm,n+l m+1,nAm+1,n m,n m,n+1 Xm+1,n
Xm+1,n+1 — (k) (i+ky) :
Xmn+1 m+1,n

These are Backlund related to the quotient potential equations.
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L Examples

In 2D we have a unified description of several well known
examples.

For quotient potentials we can set qﬁﬁ?,)nqb%)n =1.

Level structure (0,1;0,1)

« (Gbm,nﬁbm,n-i—l - ¢m+1,n¢m+l,n+l)
_/B ((bm,n(bm—f—l,n - ¢m,n+1¢m+1,n+1) = 0’

where ¢mn = gzbﬁ?,)n = 1/¢§T},)n. (Discrete MKdV equation.)

Level structure (0,1;1,0)

« (¢m,n¢m+l,n+l - ¢m+1,n¢m,n+1)
_/8 ((bm,n¢m+l,n¢m,n+l¢m+l,n+l - 1) = 0’

where Gbm,n = ST?,)I’] = 1/¢$T:'II-,)I’1'
(Hirota’'s discrete sine-Gordon equation.)
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L Examples

For additive potentials we have the first integrals

1:[ (Xm+1n— Sn?l)) aN, H <Xm i xﬁ'ﬁfz) _ AN

i=0

Level structure (0,1;0,1)

Using the first integrals to replace either (% or y(1:
(Xm+1,n+1 - Xm,n) (Xm+1,n - Xm,n—i—l) = a? - 52 )

which is the discrete potential KdV.

Level structure (1,0;1,0)
Using the first integrals to eliminate one of the variables:
o? (Xm,n - Xm,n—f—l) (Xm+1,n - Xm+1,n+1)
_ﬁz (Xm,n - Xm+1,n) (Xm,n+1 - Xm+1,n+1) =0.
which is the Schwarzian KdV equation
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L Examples

The 2D degenerate case

©) () D _o,

UmnUmn

I
o

<
3

gives Hirota’s KdV equation:

— + Unpntr = Unpin + .
Um+1,n+1 Um,n

In higher dimensions, we derive a new generalisation of this,
involving 2N points.
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L Examples

In 3D and above our scheme gives either generalisations of
well known 2D examples or new families of integrable systems.

For quotient potentials we can set H, 0 (;Sm n=
We use the following substitution:

¢
(Qbmna rr%)na Eﬁ)n) = ( o) ) Qbm)n, m)n> .
Pmn Sh
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L Examples

Two Equivalence Relations for the quotient potential:
1. (ki,fi)H(N—ki,N—fi),
2. (ki,gi) <~ (fi,ki).

In 3D we therefore have the following inequivalent cases:
Level structure (0,1;0,1) (modified Boussinesq),
Level structure (0,1;1,2) (a new integrable system),
Level structure (0,1;2,0) (a new integrable system),
Level structure (1,2;1,2) (a new integrable system).

A wDdPE

The case (0,1;2,0) is specific to N = 3, since

2+1=0+0(mod3).
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L Examples

Level structure (0,1;0,1)

¢(O) . ¢m n+1 -8 (bm—f—l n (1)
m+1,n+1 m,n»
¢m+1 n /8 <bm n+1
(1
(1) . @ ¢m+1 n¢m n+1 - B (bm n+1¢m+1 n m)n
¢m+1,n+1 o) -
@ ¢m+l n_— B (bm n+1 m,n

This equation is related to the modified Boussinesq equation.

Special case of nonlinear superposition of 2D Toda lattice,
related to modified Lax equations. (Fordy-Gibbons 1980)

Rediscovered by (Nijhoff, et al, 1992) in the context of discrete
integrable systems.
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L Examples

Level structure (1,2;1,2)

qb i ¢m+l n_ /B¢m n+1 1
m+1 n+1 0)
¢m+l ngbm n+1 5 <bm n+1¢m+l n ~“mn

o @ ¢m n+1 5¢m+1 n 1

¢m+l n+1 @ -

¢m+1 n¢m ,n+1 /B (bm n+1¢m+1 n ~“mn

This is a new integrable system.
The reduction

o _ o _ —1 _
m,n — m,n—m’ B = —a.

leads to a discrete Tzitzeica equation (Mikhailov and Xenitidis):

Um,nUm+1,n+1 (Um+1,n + um,n-|—1) +1=0.
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L Examples

Additive Potential  Level structure (0,1;0, 1)

(i) (i+1)y, (i+1) (i) (i4+1)y. (i+1)
0) Ot = Xmn NXmexn — (mnea = Xmn ) Xmnta
Xm+1,n+1 = 0 0 ,
Xm+1,n — Xm,n+1
3
(i+1) ) 1 o
Xmitntr = Xmn ¥ —Go 9D ( @) (+D
Xm+1n ~ Xmpn+1 \Xmi1,n — Xm,n

B )
X1 = xin )
This is a two component system with fixed i = 0 (or 1 or 2).

This is a new integrable system, which can be decoupled to a
nine point scalar equation (the discrete potential Boussinesq
equation).
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L Non-Coprime Case

The Non-Coprime Case has (N, 4 — ki) =p > 1.

ForN = pq, 4 — ki = pr, (q,r) = 1 the variables are grouped
together

up = (U uP) o u(FP@=1)y =0 .. p— 1.
and

vi = (VO V0P ey o p 1

The permutation matrix which re-orders them like this, can be
used to put L and M in block form:

pxp matricesof qxq blocks.
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L Non-Coprime Case

For N =6 withp =3, g = 2, r = 1 there are several compatible
level structures.

The choices (1,4) and (2, 5) give the following forms for L:

0 Ly’ 0 0o o LOY
L= o o gt foL=| g o 0,
L” o 0 0o L9 o
where Lgé’g) is the 2 x 2 Lax matrix of level structure (k, ¢)
and depending on variables u3), and ult).
For example

Lo _ ((ufth A Laoy_ (A umh )
03 Aou® ) u®) A

Similarly for M (but depending upon vr(n"f%,vr%b},).
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L Non-Coprime Case

The choice (2,5;2,5) leads to the system

Lg%’l)(um n+1)M(l (v Vmn) = Még’l)(Vm+1,n)|-(21570)(um,n)a
I—ﬁ’O)(um n+1)M(O 1)(Vm,n) = MS’O) (Vm—i-l,n)l-(()%’l)(um,n)a
Lgls’o)(um n+1)M(l (v Vmn) = M%’o) (Vm+1,n)|-(1i170)(um,n)a

In potential form, with

= 1/, = o o = 1/650 = &) 6 = 1/65), = )

we obtain the coupled discrete MKdV system

(i+2 +2)
0) (m/’n; nJZl /B@bﬁrlwl n) (i+1)

wm+1 n+1 = (i+2) (i+2) mn > | €Zs.
awm+l,n - 5¢m n+1
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L Non-Coprime Case

The choice (1,4;2,5) leads to the system

(i+1) ,(i+2)
¢ o — /me n+1wm+l n
m+1 n+1 — (i+1) ,(i+2) ’
¢m n+1¢m+1 n_— g

which is a coupled system of Hirota’s discrete sine-Gordon
equations.

iEZg,
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L Building Lattices

A consistent lattice is such that around each elementary
quadrilateral, we have

I-m,n-irle,n = IVlm-i-l,n I-m,n-

One choice is to take the same L and M around each
quadrilateral.

However, we can choose a variety of level structures
(K1, ¢1; Ko, £2), subject only to

¢ — ki being fixed (modN) over the lattice.
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L Building Lattices

Opposite edges carry matrices with exactly the same structure.
For N = 2 and N = 3 we can choose:

(2,0)

(1,2)

0,1) (1,0) (0,1)

0,1) (1,2 (2,0)
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L Building Lattices

Non-coprime systems

Non-coprime systems form subsystems.

For the discrete MKdV case we had separate consistency
equations:

Lg%’l)(u m,n+1)M§é’O)(Vm,n) = M((Jg’l)(Vm+1,n)L(21570)(Um,n)

(0.1) (1,0) (1,0)
LO3 I‘14 L25
(10) (0.1) (1,0) (1,0)
M25 MO3 M14 M25
(1,0) (0.1) (10)
L25 LOS I‘14

Matching edges can be glued together.
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|—Coupled discrete MKdV

The coupled discrete MKdV system

(i+2) (i+2)
1/10) P i1~ Bmitn (i+1) ¢ Zs
m+1,n+1 — (i+2) (i+2) mn .
awm-i-l,n - 5¢m n+1
2 0 0 1 1 2
1 2 2 0 0 1

Matching edges can be glued together.
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L Coupled discrete MKdV

We can build 3 different lattices with a single component ¢r(ri3n
at each site.

This can then be periodically extended in any direction.

The original lattice is a superposition of the 3 single component
lattices.
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L Coupled discrete MKdV

|—Initial Value Problem

The Initial Value Problem: 3 steps.
i1
k‘ |

il |

| ¢ — — 60—
ke
jl

Figure: Patterns on the lattice and initial value problems with

(i,j,k) € {(0,1,2),(1,2,0),(2,0,1)} : Every black vertex carries the
initial value of the corresponding variable, e.g. the left bottom vertex
carries the initial value of 1/(). This initial pattern repeats after three
diagonal steps leading to the updated gray vertices.
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L Coupled discrete MKdV

|—3D Consistency

3D Consistency. We can build a 3D cube with these faces:
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L Coupled discrete MKdV

|—3D Consistency

There are 3 such cubes: i€ {0,1,2}

i+1

i+ 2

We can place 27 such cubes to form a 3 x 3 x 3 cube, which
can be periodically extended.

Each face is one of our 2D lattices.
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|—Conclusions

Conclusions:

» The general scheme we introduced has led to a unified
description of many known discrete integrable systems.
Each of these is generalised to arbitrary N dimensions.
Many new systems are included.

Multicoloured lattices.

Non-Coprime Case: coupled systems of lower dimensional
equations.

» 3D Consistency

vV vVvyYyYyyswy

Further Results:

» Continuous symmetries and master symmetries:
classification and hierarchies.

» Nonlocal symmetries and Backlund Transformations of the
2D Toda Lattice.

» Nonlinear superposition formula as Discrete Integrable
Systems.
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