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Abstract

In this thesis | extend the theory of integrable partial difference equations (PAES)
and reductions of these systems under scaling symmetries. The main approach used is
the direct linearization method which was developed previously and forms a powerful
tool for dealing with both continuous and discrete equations. This approach is further
developed and applied to several important classes of integrable systems.

Whilst the theory of continuous integrable systems is well established, the theory of
analogous difference equations is much less advanced. In this context the study of
symmetry reductions of integrable (PAEs) which lead to ordinary difference equations
(OAESs) of Painleve type, forms a key aspect of a more general theory that is still in its
infancy.

The first part of the thesis lays down the general framework of the direct linearization
scheme and reviews previous results obtained by this method. Most results so far have
been obtained for lattice systems of KdV type. One novel result here is a new approach
for deriving Lax pairs. New results in this context start with the embedding of the
lattice KdV systems into a multi-dimensional lattice, the reduction of which leads
to both continuous and discrete Painleve hierarchies associated with the Painleve VI

equation.



The issue of multidimensional lattice equations also appears, albeit in a different way,
in the context of the lattice KP equations, which by dimensional reduction lead to new
classes of discrete equations.

This brings us in a natural way to a different class of continuous and discrete systems,
namely those which can be identified to be of Boussinesq (BSQ) type. The development
of this class by means of the direct linearization method forms one of the major parts of
the thesis. In particular, within this class we derive new differential-difference equations
and exhibit associated linear problems (Lax pairs). The consistency of initial value
problems on the multi-dimensional lattice is established. Furthermore, the similarity
constraints and their compatibility with the lattice systems guarantee the consistency
of the reductions that are considered. As such the resulting systems of lattice equations
are conjectured to be of Painleve type.

The final part of the thesis contains the general framework for lattice systems of AKNS

type for which we establish the basic equations as well as similarity constraints.
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Chapter 1

Introduction

The notion of a “soliton” was first introduced in 1965 by Zabusky and Kruskal [1] with

a numerical solution of the Korteweg-de Vries (KdV) equation
ut + 6uux + uxxx = 0. (1.0.1)

Two years later, in 1967, Gardner, Greene, Kruskal and Miura [2], were able to give
an exact solution of the KdV Equation by means a new approach which became known
as the Inverse Scattering Transform (1ST). These discoveries heralded the birth of the
subject now known as Integrable systems - nonlinear dynamical systems with exact
solutions. Since then the subject has grown to become a major field of research and there
are many textbooks outlining the history and general principles of these systems, see
for example [3, 4, 5], One of the main reasons for this growth is that integrable systems
have found applications in a wide variety of fields including quantum field theory, string
theory, condensed matter, optics and biology, see [6]. Recently, one of the most fruitful
branches of this field has been the study of discrete integrable systems and it is these

which form the major part of this thesis. However, before concentrating on discrete
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systems, some background is required on integrable systems in the continuous case.

1.1 Integrability in the Continuous Case

1.1.1 Classical Integrability

In classical mechanics the question of integrability for a dynamical system with finite
degrees of freedom is well understood. For such a system, defined in terms of general-
ized coordinates <&, conjugate momenta pi and a Hamiltonian H(qi,... ,qN,Pi, «-«,Pn),

where N is the number of degrees of freedom, if

i) There exist N functionally independent integrals of motion I;((ft,... ,gN,Pi, mmm Pn)
which do not depend explicitly on time,
iil) These integrals of motion are in evolution w.r.t. the Poisson structure,
i.e. (1i.1jy — o,
then the system is said to be completely integrable and can be solved in quadratures [7].
Unfortunately, this definition cannot be used when dealing with partial differential equa-
tions which have infinite degrees of freedom and, although much work has been done in
this area, as of yet there is no definitive test for integrability in this case. There are,
however, several features which all of the known integrable systems have in common,

each of which is generally taken as a strong indicator of integrability.
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1.1.2 Conservation Laws and Inverse Scattering

The most closely related to the classical case is the existence of an infinite number of

conservation laws. A conservation law is an equation of the form

dD dF _
dt dx

where D (the density) and F (the flux) are functions of x,t, the dependent variable and
derivatives w.r.t. x, but not t, of the dependent variable.

Then, if jF —constant as |s|] — oo,

00
L D dx = constant.
a

i.e. the integral of D, over all x, is a constant of the motion.
In 1968, it was proved that the KdV equation had an infinite number of constants of

motion [8]. This was done with the help of the following transformation,
U= w —ewx —e2u2, (1.1.1)

which, after expanding w as a power series in e leads recursively to an infinite sequence
of conserved densities. This, in light of the classical case, strongly suggests that the

corresponding equation is integrable.

Equation (1.1.1) is a generalization of the Miura transformation
u=-(v2+ vx). (1.1.2)

This transformation allows us to obtain a solution of the KdV equation from solutions

of the modified KdV equation, namely

vt - 6v2vx + vxxx = 0, (1.1.3)
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and it is this transformation which forms the basis of the Inverse Scattering Transform.
Equation (1.1.2) is a Riccati equation and as such can be linearized. This is achieved by

the substitution
v = VXV,

which, after noting that the KdV equation is invariant under Galilean transformations,

gives the following eigenvalue problem for the linear operator L
Lip = \ip where L = d\ + u, (1-1-4)

for some real A= A(t).

Now, equation (1.1.4) is the time-independent Schrodinger equation with potential u
and eigenvalue A. From it, we are able to obtain the scattering data 5(0), consisting of
the discrete spectrum, «n, the normalization constants, cn and the reflection coefficient,
b(k), for some initial conditions u{x, 0). The time evolution of this scattering data is well
behaved and thus we can calculate 5(f) for any subsequent time. Having found this, the
inverse problem of reconstructing the potential involves the solution of a linear integral

equation

POO

K(x,y) + B(x+y)+ / K(x,z)B(y+ z)dz = 0, (1.1.5)
Jx

where

l oo N
B{£)=—J b(k) exp(ikfldk + J] clexp(kng),
71=1

known as the Gel'fand-Levitan-Marchenko equation, in which i?(£) is a function of the

scattering data. Solving (1.1.5) for K we obtain a solution for our potential u(x,t) via
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This is the essence of the Inverse Scattering Transform (1ST). It was first introduced
by Gardner, Greene, Kruskal and Miura in their seminal paper of 1965, [2], and there
now exists an extensive literature in which the basic theory is explained, see for example
[3, 4, 5]. The 1ST is in effect a nonlinear version of a Fourier transform. In practice, the
rigorous implementation of this method can pose major technical difficulties, especially
with regards to the class of initial conditions one wishes to consider. However, it does
reduce the solution of a nonlinear partial differential equation to the solution of a linear

ordinary differential equation (ODE) and a linear ordinary integral equation.

1.1.3 Lax Equations

In 1968, Lax [9] reformulated the 1ST by giving it in the form of two linear differential
operators, L and M, the first defining the spectral problem and the second giving the

time evolution of the eigenfunctions, i.e.

L «ip = A5 (1.1.6a)
ipt = M eip. (1.1.6b)

The nonlinear PDE then arises as the compatibility condition of these two operators,

namely

Lt+ [L,M] = O, where [L,M] =L &M - M =L,

the above equation being Lax’s Equation and the operators L and M being the Lax Pair.
This technique relied upon the fact that for the operator L the spectrum is preserved
and Lax showed that there was and infinite number of M 's for which this was the case,

thus giving an infinite hierarchy of compatible flows for the KdV equation. In 1972,
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Zakharov and Shabat extended this technique further, [10], by giving a Lax pair of the

form

i'x = (1.1.7a)

it - (1.1.7b)

where -0 is now an n-dimensional vector and L and M are n X n matrices. In the case

of the modified KdV equation these matrices are the following 2 x2 matrices

/ . . \
—AX v
L = (1.1.8a)
Y -iv. —iX
/
-4zA3 —2iXv2 4iX2v —2Xvx —ivxx 2iv3
M (1.1.8b)
V —1iX2v —2XvX + ivxx —2iv3 4iA3+ 2iXv*

The compatibility condition, which is now given by

Lt —M x + [L, M] — O,

yields the modified KdV equation (1.1.3).

This reformulation of the 1ST facilitated the discovery of many more nonlinear equations
which could be solved via the 1ST. First, Zakharov and Shabat gave the Lax pair for the
nonlinear Schrodinger equation (NLS), [10], followed in 1973 by Ablowitz, Kaup, Newell
and Segur (AKNS) who solved the sine-Gordon equation [11], Since then a large class of
nonlinear PDEs have been shown to be solvable my means of the 1ST and are generally

considered to be integrable.

1.1.4 Backlund Transformations

Another defining property of integrable systems is the existence of Backlund transfor-

mations which relate two solutions of the integrable PDE to each other, [12]. They arise
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from the so called dressing procedure whereby the linear operator of the relevant spec-
tral problem is factorized, commutation of these factors then gives rise to alternative

solutions of the PDE, [13].

For example, if we consider the spectral problem associated with the KdV equation

L — (dxx + u(x, ))(> = >

The linear operator L can be factorized into two linear operators in the following way

L = LxmL2 = (dx+ v(x,t))(dx - v(x,t)),

from which we immediately obtain the Miura transformation (1.1.2). However, if we

commute the two operators L\ and L2 we obtain the alternative Miura transformation

u = -(v2-vXx),

which relates solutions of the modified KdV equation (mKdV) (1.1.3) to an alternative
solution, u, of the KdV equation, (note: This alternative Miura transformation can also
be obtained by noticing that the mKdV equation is invariant under the transformation

v > —v). If we then define u = wx we obtain the following set of equations

wx + wx = 2A- ™MNw - w)2, (1.1.9a)

3 ~
wt-w t (W - W)2(WX - WX) - WXXX + WXXX , (1.1.9b)

which is the Backlund transformation for the (potential) KdV equation. Using (1.1.9)
we are able to build up more complicated solutions of the (potential) KdV equation from

a known simpler one (even the trivial solution w(x,t) —0).

So although, as we have mentioned earlier, there is no definitive test for integrability,

there are many features which a given PDE can possess which suggest that it is inte-
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grable: infinite conservation laws and commuting higher order flows, Miura and Backlund

transformations, solvability by the 1ST and a Lax representation.

1.2 Painleve Equations

Closely related to the subject of integrable systems are a class of ODEs known as Painleve
equations. In this section we shall give a brief review of these equations and show how

they are linked to the study of integrable systems.

1.2.1 The Painleve Property

When dealing with an ODE it is natural to consider whether its solution has any singu-
larities and, if so, whether these singularities are fixed or movable. A fixed singularity
is one whose position does not depend upon initial conditions whereas a movable singu-
larity is one whose position does depend upon the initial conditions. It can be shown
that for a linear ODE, all the singularities are fixed, see for example [14, 15]. How-
ever, for nonlinear ODEs this is not the case and their solutions may contain movable
singularities. In 1884, L. Fuchs [16] showed that for a first order ODE of the form

dw f(z,w)
dz g(z,w)’

where / and g are polynomials in w with coefficients analytic in z, the only equation

with no movable singularities other than poles is the generalized Riccati equation
n = Po(z) + p!(z)w + p2(z)w2.

Using the transformation
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the Riccati equation can be transformed into a second order linear ODE with no movable
singularities but possibly movable zeros, as a result, the only movable singularities of
the Riccati equation will be poles, see [14]. In 1887, Picard [17] extended the problem

to second order ODEs and attempted to deduce all equations of the form

d2w dw
"ch2
with F rational in algebraic in w and analytic in z, whose solutions had no movable

singularities other than poles, a condition which has become known as the Painleve
Property. The task was completed by Painleve, Picard, Gambier and Fuchs in the period
1887-1910, [18, 19, 20, 21, 22, 23] with fifty canonical equations being shown to possess
the Painleve property (see [14] for a full list), among these fifty were six irreducible
equations, i.e. ones whose solutions could not be expressed in terms of known functions.

The six equations are

d?w
6W2 + z,
~dE
d2w
2w3 - zw + a,
Tz2
d2w 1 fdw\2 1dw 1 9 , 8
u = -~zdi +i{aw + « + 1™ + -
d2w 1 fdw\2 3w3 9 ,9 X 0
i? = 27~{a) + — +42" +2(* - ")» + -=
d2w _ A~ n 1 \/cfoA2 ldw”™ (w- 1)2f 1 & (w+ 1)
dz2 2w w —1J \dzJ z dz z2 \ w) z w—1
d2w 1/1 1 1 \ /dw\2 /I 1 1 \ dw
dz2 2\w *w—I~w -z)\dz) \z z- 1"Nz—w) dz

w(w —D(tu - z) / 0z 7(z —1) ( 8z(z —1)
Az —1)2 \ w2  {w—I)2 (w—2z)23"

in which a,0,7 and 8 are arbitrary parameters.

Of these equations, now known as the Painleve Equations, (Pj-Pyi), only the first three

were discovered by Painleve [20], the fourth and fifth were discovered by Gambier [23] and
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the sixth by R. Fuchs [21]. Their solutions define new transcendental functions known
as the Painleve Transcendents. It should be noted at this point that the proof that
these six equations are irreducible was found to contain flaws. Painleve first attempted
to prove the irreducibility of Pi [24]. For this he used a definition of irreducibility first
given by Drach in [25] and later in [26], however this defintion was not complete and
hence Painleve’'s proof was incorrect, see for example Pommaret [27] or Umemura [28].
Attempts are currently under way to give a complete proof of their irreducibility. This
has been achieved for the first equation Pi, see [29], and it is hoped that a rigorous proof

of the irreducibility of all six equations will be completed in the near future.

The sixth equation, Pyi, is the richest equation as it contains the other five in a coales-

cence chain. For example, if we replace
z by 1+ ez , 5 by — , 7 by -
e

and take the limit e —0, then we obtain Py. Similar limiting procedures take you down

to Pi in the manner indicated schematically below,

/ PIV \
Pvi ~» Pv Pii —  Pi-

N Pm n

Although the Painleve equations are irreducible, it is possible to solve them for certain
values of the arbitrary parameters. There is currently much interest in higher order
equations which posses the Painleve Property, see for example [30, 31, 32, 33], and also

the search for their discrete counterparts [34] and this will form part of this thesis.
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1.2.2 ARS-conjecture

In 1977, Ablowitz and Segur first showed that self-similar solutions of partial differential
equations, solvable by the 1ST, were of Painleve type, [35]. This led them, along with
Ramani to conjecture that every nonlinear ODE obtained by an exact reduction of a
nonlinear PDE of 1ST class is of Painleve-type, [36]. This is now known as the ARS-
conjecture and is commonly used as a further test for integrability. (In certain cases it

is necessary to use a slightly weaker version of the Painleve property, see [37]).

For example, The modified KdV equation (1.1.3) is invariant under the scaling transfor-

mation

v(X,t)  /3v(/3x./33t). (1.2.1)

Hence, if we set

Vizt)= (3 ~ 1 7 3 Wtll f = W T*' (L2'2)

then equation (1.1.3) gives us after one integration, the Painleve Il equation.

For any particular integrable PDE there may be many different types of self-similar
solutions, e.g. translations in time or space, Galilean transformations or scaling trans-
formations. These can be obtained systematically by various methods, the most common
being the Lie group approach, an account of which can be found in numerous texts, e.g.

[38], [39] or [5]. This method, when applied to an nth order PDE

A (x,t,u,ux,ut,...) = 0, (1.2.3)
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considers a one-parameter Lie group of infinitesimal point transformations

X X + eX{x, t,u) + 0(e2)
t* = t+ eT(x,t,u) + 0(e2),
u u+ eU(x,t,u) + 0(e2),

(described as point transformations as they depend only on the independent variables
and the dependent variable of the PDE but not derivatives of the dependent variable).
Requiring that the PDE (1.2.3) is invariant under these transformations provides a set
of determining equations for the infinitesimals X(x,t,u),T(x,t,u) and U(x,t,u). The

associated Lie algebra of infinitesimal symmetries is the set of vector fields of the form
V = Xdx+ Tdt+ U3U,

where dx = ~ etc.

and the similarity variable and form are obtained by solving the characteristic equations

For example, using this method, we can obtain for the Boussinesq equation
(1.2.4)
the following infinitesimals
X =ax+@, T =2at+7, U= -2a(u- 1) (1.2.5)
Setting a = 0in (1.2.5) we obtain the traveling wave solution

u(x,t) = /2(0 > with £ =12z- ct
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Applying this transformation to (1.2.4) we obtain a fourth order ODE. Integrating this
ODE twice gives
fl + (°2- 1)f2+ 272 = + k2, n2 = ,
with ki, k2 constants, which is solvable in terms of either the first Painleve equation
(&i / 0) or elliptic functions (& = 0).
Setting @3 = 7 = 0in (1.2.5) gives the scaling reduction
u(x,t) = t_1/3(0 + 1> f

Applying this second transformation to (1.2.4) we obtain the following fourth order ODE

2/3+ \(A + \ets+ t/la2+ his+/r = o,

which is solvable in terms of the fourth Painleve equation, see [40].
However, although this method provides a systematic way of finding similarity reduc-
tions, it is not exhaustive. For example, Quispel, Nijhoff and Capel, [41] and Nishitani

and Tajiri [42], showed that the Boussinesq equation also possesses the reduction
u(x,t) = /4(") - 4c22, with £ = x + ct2,

Applying this second transformation to (1.2.4) and integrating once we obtain the fol-

lowing third order ODE
2c/4- 8c2e - /' + UA + f'I' = *3,

with k3 a constant, which, after a further transformation gives the second Painleve

equation, see [42].

An alternative method, first proposed by Clarkson and Kruskal, [40, 43], involved looking

for solutions of the form

u(x,t) — U((x,t,w(z(x,t))),
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substituting this into the PDE and requiring that the the result is an ODE in w(z)
imposes conditions on U, z and their derivatives, the solution of which gives the similarity
reductions. By this so-called direct method, Clarkson and Kruskal were able to find
six different similarity reductions of the Boussinesq equation, only two of which were
obtainable by the classical Lie group approach. The direct method was, however, shown
to be equivalent to the nonclassical approach of Bluman and Cole, see [44, 45], which adds
an extra surface condition which must also be invariant under the group of infinitesimal

point transformations.

The reduction to self-similar solutions can also be expressed through a differential rela-

tionship, for example, (1.2.1) can be written

vV + Xvx + 3tvt = 0. (1.2.6)

As such (1.2.6) can be considered as a differential constraint on the original PDE which
can be used to reduce the number of independent variables in the PDE. We shall therefore

refer to equations like (1.2.6) as similarity constraints.

As a test for integrability the ARS-conjecture can provide a useful tool. Having found a
self-similar solution of a PDE it is a relatively straightforward procedure to test whether
or not the resulting reduction is of Painleve type, see [36]. Unfortunately this is only
a necessary condition for integrability as it is possible to find PDEs which although
having self-similar solutions of Painleve type do not appear to be integrable. Hence, the

ARS-conjecture is a necessary but not sufficient condition for integrability.
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1.2.3 Isomonodromic Deformation

The self-similar solutions of integrable equations also provide a way to obtain a linear
system, the compatibility condition of which is an an equation of Painleve type. This
was first demonstrated in 1980 by Flaschka and Newell, [46].

Applying the similarity reduction

v(x,t) = (3*)]/:,!1(0’ (1.2.7a)
ip(x,t :A) = k), (1.2.7b)
with £ (sty/3 and k = (3f)U3A (1.2.7¢)

(cf. (1.2.2)), to the Lax pair (1.1.7) we get

Thus, applying (1.2.7) to the Lax matrices for the modified KdV equation (1.1.8), we

get the following linear system

(1.2.8a)
k—'"f = B~?, 1.2.8b
K ( )
where
« . \
—ik if
A =
—f —k
Aik3—2ikf2- ikE Aik2f —2kf* —iv
B =

y —4ik2f —2kf™ + it/ Aik3+ 2ikf2+ ikE \]
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for which the compatibility relation
k-~A-Bc+ [A,B] = 0, (1.2.9)

is only satisfied if / obeys Pn, see [47].

We will refer to the linear system (1.2.8) as a monodromy problem. It is part of the
theory of isomonodromic deformation, which dates back to the work of R. Fuchs and
Schlesinger [48, 49] and extended more recently by Jimbo, Miwa and Ueno [46, 50, 51, 52],
This theory can be seen as an alternative to the 1ST method whereby the solution of a

nonlinear PDE is is obtained from the monodromy data of the linear system (1.2.8).

1.3 Integrability in the Discrete Case

Having given a brief summary of the main notions of integrabihty for continuous inte-
grable systems we now turn our attentions to discrete integrable systems. On the whole,
the general field of discrete systems and difference equations is somewhat underdevel-
oped in comparison to its continuous counterpart. However, in recent years, interest
in these systems has increased dramatically, especially with regards to integrabihty and
many international conferences are now dedicated exclusively to discrete systems, most
notably the SIDE (Symmetries and Integrability of Difference Equations) meetings. In-
tegrable lattice equations have also found applications in the field of numerical analysis,
for example as convergence accelerators algorithms, see [53, 54], In this section we give a

short review of how discrete systems are obtained and integrability in the discrete sense.
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1.3.1 Integrable Difference Equations

An early example of an integrable difference equation was the Toda lattice
= exp(iimi —un) —exp(itn —iin+i), (1.3.1)

given by Toda in 1967, [65]. This is an example of a partial differential-difference equa-
tion in which the dependent variable u is a function of one continuous independent
variable t and one discrete independent variable n. The integrability of this equation
was demonstrated by Flaschka in 1974, [56, 57], who solved by means of the 1ST.

Since then many techniques have been used to derive both partial differential-difference
equations and partial difference-difference equations.

For example, in 1981, Hirota [58] gave the following bilinear generalization of the Toda

equation
[ziexptDi) + z2exp(D2) + z3exp(D3)]f of = 0,

where zi,z2,z3are arbitrary parameters and D\, D2, D3 are linear combinations of binary

operators Dx, Dy, Dt, Dn, etc., defined by

Using this equation, Hirota was able to derive discrete versions of many equations in-
cluding KdV, modified KdV and Sine-Gordon. The discretization in this case arising
from the exponentiation of a differential operator.

Earlier, in 1976, Ablowitz and Ladik, [59, 60], using a discretization of the Lax pair, gave
discrete versions of the nonlinear Schrodinger equation. This method has applications
in numerical analysis [61] and has recently been refined by Suris, [62, 54],

Much work has also been done by Bobenko and Pinkall in connecting integrable systems
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with discrete geometries, see [63]. The integrable equations in this case derive from
conditions on quadrilaterals.

Discrete, integrable equations were also derived by Quispel, Nijhoff et al. using the
direct linearization technique. This approach was based on a linear integral equation
given by Fokas and Ablowitz in 1981, [64], and as this technique is used throughout this

thesis we shall now give a short review of this paper.

1.3.2 Direct Linearization

In 1981, Fokas and Ablowitz presented an integral equation which linearized the KdV

equation [64], Specifically, they showed that if x,t) was the solution of the integral
equation
then

u (12.3.3)

solved the KdV equation (1.0.1). In equation (1.3.2), d\(k) and L are an arbitrary
contour and measure which satisfy the conditions:
i) differentiation with respect to x and t can be interchanged withJL.

ii) the homogeneous integral equation has zero solution.

By specifying the exact form of the contour and measure they were also able to show
the following results:

i) Setting the measure to be

1 dk
dX(k) = b(k)(-k)-,
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where b(k) is the reflection coefficient of u(x,0) and letting the contour L go over all
the poles of b{k) the integral equation (1.3.2) yields the Gel'fand-Levitan Marchenko
equation (1.1.5).

ii) Setting the measure to be

d\(k) = ECjG(k—inj)dk,

j=i

and letting L pass through the k = then the integral equation (1.3.2) gives the N-
soliton solution.

iii) Imposing a self-similar reduction on (1.3.2) and (1.3.3), solutions to the second

Painleve equation can be derived.

In 1983, Quispel, Nijhoff Capel and J. van der Linden [65, 66], showed how the linear
integral equation (1.3.2) could be used to derive nonlinear difference-difference equa-
tions via Backlund transformations. We shall save a more detailed explanation of this

procedure for the next section.

1.3.3 Discrete Painleve Equations and Singularity Confinement

As well as discrete versions of integrable partial difference equations, there are also dis-
crete versions of Painleve equations (dP’s). These first appeared as nonlinear recurrence
relations for the coefficients in the linear recurrence relations of orthogonal polynomials

with the relation

an(an-l + an+ an+l) + = ne (1.3.4)

This equation, with the transformation is a discrete version of Pj. However,

although (1.3.4) was first given by Shohat [67], this fact was not realised until much
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later, see [68, 69]. Since then, discrete versions of all six of the Painleve equations have
been found. For example, the following list of difference equations gives some of the

most common versions of discrete Painleve equations, [70].

dPl . £ - xn— — +
i-pTT . , OEn't' &
d-P11 . An+l “h %n—1 — 1 o j
1~ Xn
dPIlI : Zn+Isn-l = 7-—-+ + 6
SN = st + 10 (S

dPIVv : (gw+l + aw)(gH+ x ) = & ~ f){xZz ~ f

®n+ UJ2- @
dpPV S G T - D=2 n(™ +°)On+ . -DK + ), t-])

®n + 7?n)(2:n + <n)
(®n+l®n  TnVnH)(®i®N—L Vi)

dPVI
(®m+I®n ND(@®n®m —1 1)
@ 7”7n®)@7  Vn/N)(xn  Thb~Mxn  Nn/b
@®n ™MN@®n 1/c)(xn—d)(xn 1/
(where On = are -f /3, 7h = 77", = £gn, a,/3,7 ,%,a,6 and c being constants).

These equations were derived by a variety of methods. The first is simply equation
(1.3.4) which we have already discussed, the second was derived in [71] using matrix-
models of two-dimensional quantum gravity and also by Nijhoff and Papageorgiou [72]
as a similarity reduction of a lattice equation, the third, fourth and fifth were given by
Ramani, Grammaticos and Hietarinta [70] using singularity confinement (of which more
later) and the last was given by Grammaticos and Ramani [73] through “intuition and
inspiration”.

The numbering of the above discrete equations arises from the fact that in a continu-
ous limit each of the equations reduces to the relevant continuous Painleve equation.
However, this correspondence is not unique as there are other discrete equations which

also, in the continuous limit, reduce to continuous Painleve equations. For example,
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alternative versions of dPj and dPn can be given by

n+ 1 n

alt - dPI - n+ a+ bx\,
14
i+ 1

alt - dPlIlI =n+a+b[x,

®n+l®n + 1 AnXn- X+ 1

The first of these equations was given by Jimbo and Miwa [52], The second was given,
along with the first, by Ramani, Grammaticos and Hietarinta [74] who derived them
from Backlund transformations of continuous Painleve equations. Unlike the continuous
Painleve equations, there is currently no complete classification of discrete Painleve
equations although Sakai’'s recent paper [75] does attempt such a classification in terms
of affine root systems.

The main problem concerning discrete Painleve equations is that there is no discrete
analogue of the Painleve property. In 1991, Ramani, Grammaticos and Papageorgiou
[76] proposed the singularity confinement method as a possible candidate. This test
involves determining whether singularities which arise from the initial data of a given
integrable mapping remain confined, (i.e. they do no propagate indefinitely as the map
is iterated). As already mentioned, this method has been very successful in providing
further examples of discrete Painleve equations but as a test for integrability it is not
complete. It is, for example, only able to deal rational maps and recently, Hietarinta

and Viallet [77] showed that the following equation

(1.3.5)

XN+1 mm ef«.—1 — xn “f~ 71"j
u

does pass the singularity confinement test but is also seen to be numerically chaotic,
hence, as a test for integrabihty singularity confinement is not sufficient.
Other approaches proposed as a discrete analogue of the Painleve property include

Nevanlinna theory and the discrete Painleve property of Conte and Musette, see [78]
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for a review of these methods.

This concludes a brief introduction into some of the main aspects of integrable systems,
in particular, those which shall be of relevance throughout the rest of the thesis. In the
next chapter we shall focus more closely on the direct linearization of the KdV equation,

describing the main results obtainable by this method.



Chapter 2

The KdV System

In this section we shall review the work of Quispel, Nijhoff, Capel, Papageorgiou, and
J. van der Linden on the direct linearization scheme, in particular, with reference to
the KdV system [79, 65, 80, 66, 72, 81, 82, 83], We shall show how the linear integral
equation (1.3.2) of Fokas and Ablowitz [64] can be generalized to include the modified
KdV (mKdV) and the Schwarzian KdV (SKdV) equations as well as the KdV equation

and how the scheme can be used to derive discrete lattice equations, similarity constraints

and differential-difference equations.

2.1 Direct Linearization of the KdV System

The Direct Linearization approach of Fokas and Ablowitz can be generalized in such a
way that the dependent variable Uk is an infinite vector, rather than a scalar [65, 80].

Thus we have the following integral equation

(2.1.1)

23
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where c¢* is an infinite vector with components (ck)j = kJ,
Pk is a plane wave factor,

T and dX are arbitrary contour and measure.

Equation (2.1.1) can now be used to derive various integrable systems. The choice of the
plane plane wave factor pk will determine number of independent variables and whether
these variables are discrete or continuous, while a choice of entry in the dependent
variable will isolate specific members of a Miura chain.

In order to achieve this we must first develop an Infinite Matrix structure. For this
we will treat the integral equation (2.1.1) as a purely formal tool and not specify any
particular measures or contours on the integration. We do this in order to derive the

equations and provide some insight into the algebraic structure underlying the system.

2.2 Infinite Matrix Formalization

Firstly we require an infinite (Z X Z) matrix C, of the form
c = J d\(l)pici tQ. .2.)

As already mentioned, the specific contour and measure will not be defined, but it is
assumed they can be chosen such that all subsequent objects are well defined. From
the definition it is clear that this matrix has the symmetry C — tC (where the left
superscript t indicates matrix transposition). Using the matrix C we shall derive various
linear relationships whose form depends on the choice of the wave factor pk. In order

to obtain the more important nonlinear equations we require a second infinite (Z X Z)
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matrix U defined by
u-= (2.2.2)

and it is specific entries of this matrix which shall provide us with closed form scalar
equations. Again, by definition, this matrix has the symmetry U = |U and it is this

property that defines the KdV system.

These are the two main ingredients, but we also require the following infinite matrices
i) Index raising matrices A and tA, used for left and right multiplication respectively.

These play the role of either stepping up or down or left or right through a matrix, e.g.
(A mck)j = k(ck)j and (tckmtA)j = k(ck)j. (2.2.3a)

ii) Index counting matrices I and tl, again left and right multipliers respectively, which

operate on a matrix in the following way

ilmk)j = j(ck)j and (= t1)3=j(ck)j. (2.2.3b)
iii) Projection matrix O which picks out the central element of a matrix, e.g.

(0 =ck)j = Qjc: and (tck=0)j = Ffi tck. (2.2.3¢c)

iv) Infinite matrix Q which we define in terms of the way it relates to the other infinite

matrices in the scheme, namely, for the index raising matrices it obeys the relationship

nme - (-4y m, =o0:, (2.2.3d)
where Ok= """ (—<A)J=0 WAk 1 J (2.2.3¢)
i=o

and for the index counting matrices it obeys the relationship

(2.2.3f)
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Using these objects, the original integral equation can be expressed in infinite matrix

form
U=C-(1+n-C)-1. (2.2.4)

We are now free to define the wave factor pk, which as mentioned can depend on ei-
ther discrete or continuous variables. For this section we shall concentrate on discrete

variables as it is these which shall be used throughout this thesis.

2.3 Discrete Case

If we choose to work with a discrete system then pk takes on the form

» = n (2-3-1)
where v = 1,2,.., N with N being the number of dimensions of the system.
The factor pk then consists of N independent discrete variables (these may in fact
take on non-integer values but are discrete in that they are required to shift by integers,
i.,e. nv=6V+ Z, 6V£€ IK), each of which has an associated lattice parameter pu which
are in fact the Backlund parameters and a parameter k which takes on the role of the
spectral parameter.
Now, from this choice of pk we are able to impose three different relationships on C and
hence also on U.

First we have the discrete evolution, which for pk is given by

T—"n = 4-3-2)
where Tu represents the operation of shifting a function i.e. Tvf(nv) —f{nv + 1).

In [84, 65, 80] it was shown that this shift is equivalent to a singular transformation of the
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measure in the integral equation (2.1.1) and as such represents a Backlund transforma-
tion. The resulting lattice equations can therefore be viewed as a sequence of Backlund

transformations.

This leads us to the following two linear relationships for C

(TWL) =(p, — A) (pu+ A) C, (2.3.3a)

C <(p, + 4A), (2.3.3b)

(Pv —A) <T\C

which, given that C is symmetric i.e. C = *C, are equivalent.

Equations (2.2.4) and (2.2.3d) then give the nonlinear relationships in U

{TuU )-(p -tA) (p+ A maU—(TW) =0 =y, (2.3.4a)

U-(p+ tA)-U -0 mTUU. (2.3.4b)

(p-A)-TvU

Equations (2.3.4a) and (2.3.4b) are matrix Riccati equations from which the lattice
equations can be derived.

Again, as we have the condition U = *11 equations (2.3.4a) and (2.3.4b) are equivalent,
and by transposing either of the equations we can eliminated the shifts to produce the

following, purely algebraic relationship

U-*A2 = A2-U-U-0-A-U + U-tA-0-U. (2.3.5)

In order to derive similarity constraints for the system we must impose a scaling in-
variance on the integral equation. In [72] it was shown that this could be achieved by
imposing the following constraint on the measure and contour

Ir~ (0 >) =°, (2.3.6)

for some function f{l) which is a solution of the integral equation. In order to implement

(2.3.6) on the level of the infinite matrices the function we must consider is f(l)picilci
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and we therefore need to know how the plane-wave factor pk behaves under the action

of the differential operator For this we find that

kW k = (2.3.7)

and, noting that

d d
kdk@ =1 "'k and kdk tk = tck " <7,

we find that in infinite matrix notation

C+IC+Cutl = [lpicita\Qy+
Wy AT P T T '*CAi C = (2 .3.8)
Note: The term and all subsequent terms of this type should be taken to mean

the inverse of 2 (id) + A in the sense of a formal infinite series, where (id) is the 2x2
identity matrix. In all the following calculations involving these terms we shall only
be interested in the combinatorics of the relevant system and hence do not need to
calculate the explicit form of these inverses. Also, the term in square brackets represents
the boundary conditions arising from (2.3.6).

Again, this is a linear equation in C which we can use to derive the following nonlinear

equation in terms of the variable U
U+ I mU+ Ulml = [Ipjlui + (2.3.9)

ROUA TR U~ uyyb At U 0 5 R )
and from equation (2.3.9) we shall derive similarity constraints for the system.

Finally, we obtain relationships for how the factor pk depends on the lattice variable pv.
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which gives us, in terms of the infinite matrix C, the relation

(PV R (2.3.11)

and thus for U we have
mU-U- aU . (2.3.12)

This equation gives us the differential-difference relations.
We should note here that the operation of shifting and the dependence on the lattice

parameters commute, namely

(2.3.13)

thus ensuring that the lattice equations and the differential-difference equations are

compatible.

2.4 Closed Form Scalar Equations

At this stage we are still dealing with an arbitrary number of dimensions N, but for the
remainder of this section we shall limit ourselves to the 2-dimensional case and make

the following identifications
nx-n , h2=m , pt=p , p2=aq
Along with two different transformations of the factor pk
Pk ~ T\pk —pk Pk  T2pk —Pk, (2.4.1)

each of the same type but with different parameters p and q respectively. Transforma-

tions of the objects in (2.2.3) are then interpreted as transformations of functions on a
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two-dimensional lattice with grid points (n,m).

In order to derive closed form lattice equations we must introduce the following objects

u = UO,o, sap= (s+A '" ‘p+1h/00

where a and f3 are arbitrary parameters which can take on any value we require.
The main equations (2.3.4) then gives us the following Miura type relations which relate

u to va

©
'
o
+
c
'
c
1
—~
©
i
Q
~
>
1
i
i
—
o
Q

P+ Py ~(a Py,

(p-a)™ +(q+ a)

p+ g+ u-u ~,
V qi Va

N - N
PP+ (a-P)N,
along with another set relating va to saip

1- (p+ P)sap + (p- a)saj3= vavp, (2.4.2)

1- (? + P)sa/B+ (q~ a)sail3 = vavp. (2.4.3)

A process of elimination then gives us various closed form lattice equations. For example,

for the variable u = un)/n we have
{P~qgh 1—2n+l,m)(P »~q ~ ™n-fl.m+l 'f" 'Unmd) —P g7, (2.4.4)

which is the lattice version of the (potential) KdV eqation. For the variable va = vnm

we have

(p- a)-—~ll (G- a)-il = (p 4 a) - (q+a) "t

An+l,m-]-1 Vn-i-l,m+1 Vn m
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which, on setting a = 0 gives us
P'Vn,m'Vn,m+1 ““P'*n+l,m"*n-\-I,m+l; (2.4.5)

which is the lattice version of the (potential) modified KdV equation, and for the variable
sa,p = srhm we have

1~ (P + P)sn+l,m + (p ~ «)-Sn.,m _ 1 ~ (g + QpSn+l.m+Il + (g ~ P)sn+1)7n

1 - (? + P)snm+\ + (g - a )\ m 1 ~ (2 + a)«n+l,m+1 + (p ~ P)sn,m+1"

which on setting a = f3 = 0 and defining znim = s0i0 _ z _ 2i gjves us

(zn,m — zn+I,m)(zn,m+1 ~ ®wZn+l.m+1) _ g2 (9 4 )

(zn.m — zn,m.+1)(zn+1l,m ~ ~n+l.m+1) p2"

which is the lattice version of the (potential) Schwarzian KdV equation.

Now, using equation (2.3.9), we are able to derive the closed form similarity constraints

for each of the variables u, vO and z

A(-ir+m+ hiu-np - = — 2.4.7
(A (-ir+m pru-np ma) 2p—u+Uu2q—u+u & 3)
VAN - ~
fi-afoymm o y20- M, Vo~ Yo 2 2.70)"
AO+A0 VO+ WD v

/t i\ 2. 2)(z - < —2)fz —

ST N T C R IC ) NP ) L St (2.4.7¢)
V4 z zZ —Z

where u represents a forward shift through the lattice in the relevant dimension and u

represents a backward shift.

And from equation (2.3.12) we can derive the closed form differential-difference relations

du " |(I 2p
dp \ 2p+ u—uJd’ (2.4.82)
d nnoO - vo
— logvo = —~ , (2.4.8b)
dp pvo + vo v >
dz 2n (z —z)(z —2)
(2.4.8c)

dp p zZ—z
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We now have a complete set of equations for the KdV system, derived from the integral
equation (2.1.1). These are the lattice equations (2.4.4), (2.4.5) and (2.4.6), the similarity
constraints (2.4.7) and the differential difference relations (2.4.8). We shall now derive
the associated linear problems for these equations from the basic equations of the infinite

matrix structure.

2.5 Lax Pairs
Each of the preceding types of relationships can also be derived from an associated linear
problem. For this we must introduce the infinite vector

uk -  Pk(1- U =fi) =ck. (2.5.1)
The linear problem is then derived by once again picking out certain entries in this

vector. For the (potential) KdV this is given in terms of the two-component vector

<k = (p- K)n(q- k)m (2.5.2)
V ul

which leads to the Lax pair

(2.5.3a)
(2.5.3b)
where
/ \
r(Kdv) _ p-u
Lk (2.5.4)
p+u

* —product of the diagonal entries
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and M [KdV) js given by replacing u with u and p with q.

The lattice (potential) KdV equation (2.4.4) is then the compatibility condition
L{KdV) =M {KdV) - WM=Kdy) [-(KdV)

For the modified (potential) KdV equation, the linear problem is given in terms of the

vector

i = (p- K)n(@- Kr (2.5.5)
Vour)

where iS” is given by

*) -
u a4 A TUk (2.5.6)

This leads to the Lax pair

ipk (2.5.7a)

& = (2.5.7b)

where
(MKdV) p—a
(2.5.7¢)
k2—a?
\ b + a)lr
and is again given by replacing v with v and p with q.

The compatibility condition of this Lax pair then leads to the lattice (potential) modified
KdV equation(2.4.5) as follows from a direct calculation.

The lax representations (2.5.3) and (2.5.7) are related to each other via the following

gauge transformation

(2.5.8)
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where

W

Uk (2.5.9)

k2—a2 0
\ /
(and similarly for the Mk matrices).

For the Schwarzian (potential) KdV equation we must perform a further gauge trans-

formation
47™ "y = Vt.L~A.vr\ (2.5.10)
where
Vk = (2.5.11)
\O wva/
This leads to the Lax pair
- r(SKdv)
Xk = L\ J- XKk, (2.5.12a)
(2.5.12b)
where
SKdV) _
L ) (2.5.13)

and once again M~SKdV~is given by replacing z with z and p with g

The compatibility condition of this Lax pair then leads to the lattice (potential)
Schwarzian KdV equation(2.4.6).

Using similar methods we are able to derive monodromy problems for each of the \gn-

ables from the basic equations (2.3.9).
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For the vector (Fk we obtain
( .\ 0 | /
. n+m 1 0 \
k* — fa + A (-1)n+m
y—|p—mgq n-fm+ 1j 2np + 2mq 1
( , .
2np2 1 0 2mq2  ( I
2p+ u—u <h ~ 29+ U —u fa, (2.5.14)
y -P +u n n

which, on using the inverse of the Lax pair (2.5.3) to express fa and 4k in term of fa,
gives a differential equation in terms of the spectral parameter k.

For the vector tpk we obtain

\
0 0 ~(fi + 1) 0 A
KTk ipk +
y0 n+mj | 0 A(_lI)n+m
N ( \
2nv0 o W 0o -
+ T+ ( k¥ 2mvR i>k-  (2.5.15)

. v
\VaRN 1°
Again, the backward shifts can be eliminated using the inverse of the Lax pair (2.5.7),

giving the purely differential equation.

For the dependence on the Backlund parameter we have the following linear system for

the u variable

b

= M-4>+ A2-fa (2.5.16a)
>

= Bx-9$+ B2
dq ¥+ (2.5.16b)

where

(0 <0 (1

A\ —Ti amd /¢2,-—2p +2nup_-lg) A
V1) (P-s) \/

and Bi and B2 are given by replacing p with g and n with m.
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While, for the v variable we have the system

dtp ] .
d — Ci =tp-f C2 mip, (2.5.17a)
p
dip
dq = ZA <tp+ D2mp, (2.5.17b)
where
\ (
n fi 0 0
C\ = and ft- 2nv° vou (2.5.17¢)
P v0 + 2.0

u 1J

with D\ and D2 given by the usual replacements.

Finally, by applying the gauge transformation, (2.5.11), we obtain the the following

linear system for the z variable

dx n 1 0 2n 2k2(z - z2) (z- z)(z - 2)

X +
dp p 27 7 32 p(k2- p2)(z - 2)
/
(2.5.18)

with a similar expression for the dependence on q with the usual replacements.

2.5.1 Alternative Lax Pairs for the lattice equations

Lax pairs for the discrete equations can also be obtained directly from the lattice equa-
tions. This is a new approach which we shall illustrate using the SKdV lattice equation

(2.4.6).

If we introduce an auxiliary shift of the same type as (2.4.1), namely

Pk T3pk - pk,
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with an associated lattice parameter r. If we substitute this shift for the ?, equation

(2.4.6) can be re-expressed in the following form

_ (z- 2w - 4(z - w)z

w ~ ~( , r*/ r-’ (2.5.19)

where we have used an auxiliary variable w = z. This equation is a Riccati equation

m terms of w and can be linearized using the transformation w = £, giving us the

following set of equations

/| = T[(z~z+~z)f-~zz29],

rip~rf+(z~z-~z)g],

(o]
1

with r being an arbitrary factor. A similar set of equations can also be obtained if |,

make the substitutions . i-+? and p ™ q, giving us the following linear system

4 = LESKdV) sz (2.5.20a)

0 = MPRSKdV) m(> (2.5.20Db)
The factor T must be chosen so that the condition

det& ****) mMiSKdV>) = det(M AKd* <L[SKdV\

is satisfied, which in this case gives us

r = —+ .
z- 12
The Lax matrix L,[SKdV) is then
E{SKaV) i+ 4,73 4005
r 1 i _ r2 z
\ p2z-z p2z-z J
Bilid . I . A
2 given by the substitutions .and p = g The compatibility of the

Lax pair (2.5.20) again gives the SKdV equation (2.4.6).

LEEDS UNIVERSITY LIBRARY
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Using this method, alternative Lax Pairs can also be derived for the KdV and modified
KdV lattice equation. For the KdV lattice equation the Lax pair is given by the matrices

(KdV) Ap-fr-fu pP-fr4éuvwyp—r—u »
L

1 —T—U
P /
and M~Kdv~given by the substitutions and p g- While for the modified KdV

lattice equation the Lax pair is given by

| (mKdV)

and M ~ Kdv~given by the substitutions T h ? and p i-» g. In all these alternative Lax

pairs r has assumed the role of spectral parameter and the compatibility condition gives

the relevant lattice equation.

2.6 Schwarzian PDE

of z on the lattice parameters

rewritten in the following form

\

dx n 1 o' —kn{l + a) 2t2zt
21 X + X, (2.6.1a)
dt P k2 —p2
0 a kn2(l —a2)/(2tzt) —nt(l —a)
dx n —kni™l + a) 2t2zt
21 X, (2.6.1b)
dt P k2 —p2
0 a kn2(l —a2)/(2tzt) —t(l —a)

where a and b are auxihary variables. If we cross differentiate (2.6.1a) and (2.6.1b) we

obtain the following compatibility conditions

1 i§2 %, /i
nsas = mtbt = n2§— i—”ﬁ _aZ?;_mZ’j___g;(l _er}l (2.6.2a)

26 - 1) t zty

mt2ztb —ns2zsa
(2.6.2b)

stzst
s —t
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By differentiating (2.6.2b) with respect to s and t we obtain expressions for at and bs,
then, by cross differentiating either the a or the b, for example dsat = dtas, we are able
to eliminate the variable a and, surprisingly, also the variable b to obtain the following

PDE for the variable z

Zs
+ 1 Asst st zstztt 1 zIt
s —t t 3z 5[\/zStt zt 2z
1 N S Z, zsztt\ 12 zt ZtZssY
(s-t)2 P ze?st™ "A)g* ™ gz NStz
1 1 h ., fi, (4i-3s)szs” 2t (" (4s - 3t)t ztx]
2(s —1)3 11+  ? 7t) ~m N il+ — * 7). ' (26 3)

This equation was the subject of a paper by Nijhoff, Hone and Joshi [85]. It was shown
to be integrable in the sense that it has a Lax pair and an infinite number of conservation
laws as well as forming a compatible parameter-family of equations. It was also shown
that by an expansion of the independent variables one could obtain the Lagrangians
for the whole of the Schwarzian KdV hierarchy and that under a scaling symmetry it
reduces to the full Pyj equation. In chapter 5 we shall attempt to obtain a similar PDE

for the Boussinesq system.

In this chapter we have given a relatively brief review of the direct linearization scheme,
from it we have derived closed form lattice equations for the discrete KdV system, the
modified KdV system and the Schwarzian KdV system. For each of these systems we
also have closed form similarity constraints and differential-difference relations. The in-
tegrability of these equations is suggested by the existence of associated linear problems.
In the next section the integrability of these systems will be investigated further as we
shall show how the lattice equations can be embedded in a multi-dimensional lattice and

how the constraints can be used to reduce the system to Painleve type equations.



Chapter 3

Higher Order PVI Equations

3.1 Introduction

In the previous chapter we derived two-dimensional nonlinear partial difference equations
(PAEs) for the KdV system along with the corresponding two-dimensional similarity
constraints and differential-difference relations. In this chapter we shall first show that
the lattice equations can be consistently embedded in a multi-dimensional lattice and
how both the similarity constraints and the differential-difference equations can also be
extended to the multi-dimensional case. Having done that, we then show, in general, how
to reduce the modified PAE to either a coupled system of ordinary difference equations
(OAESs) using the constraint or, if we also employ the differential-difference relations, a
coupled system of ordinary differential equations (ODEs). We shall then go on to give
explicit examples of these reductions in the special cases N = 2 and N = 3. As both
these systems will have been derived by a similarity reduction of an integrable equation,

they should both be of Painleve type. Indeed in the case N = 2 we do in fact obtain the

40
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full Pyi equation as well as a discrete analogue of the Pyi equation.

3.2 Lattice Equations in Multi-Dimensions

In section (2.4) we derived closed form lattice equations for the KdV family, namely the
lattice KdV equation (2.4.4), the lattice modified KdV equation (2.4.5) and the lattice
Schwarzian KdV equation (2.4.6). In each of these we considered the dependent variable

to be a function of two discrete independent variables n and m each with an associated

lattice parameter, p and q respectfully. In fact, each of these lattice equations actually

represents a compatible parameter-family of partial difference equations, cf. [81].

If we take for example the lattice mKdV equation

P W + 1+ Qun.m+It>n+, 77141 = gon.mOn+I,m + 2°>7i+lmVn+l,m+I> (3.2.1)

this means that we can embed the equation (3.2.1) into a multidimensional lattice by
imposing a copy of (3.2.1) with different parameters on any two-dimensional sublattice,
identifying each lattice direction with a corresponding lattice parameter pi e C in which
direction the sites are labelled by discrete variables n{ (noting that these are not neces-
sarily integer-valued, but they shift by units, i,e. m G + Z, 9, € C). Thus, combining
two different lattice directions, labelled by we can write the lattice equation (3.2.1)

on the corresponding sublattice as
Pivv: + pjv’'vi3 = pjvvl+ piv'v'*, (3.2.2)

in which we use the right superscripts i,j to denote the shifts in the corresponding

directions, whereas we will use left subscripts i,j denote shifts in the reverse direction,
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V_-v(n,py . vi=Tjv(n;p)y= v(n + €y,p) . = TAVAN; P) = ii(n — eyip)

where «, denotes the vector of the discrete variables n, for all lattice directions labelled
by i, each corresponding to the component pl of the vector p of lattice parameters. We
use the vector e0 to denote the vector with single nonzero entry equal to unity in its j th

component.

The consistency of the lattice equation (3.2.2) along the multi-dimensional lattice is
illustrated by figure 3.1. Considering the three-dimensional sublattice with elementary
directions {ei, e2,e3}, then on each elementary cube in this lattice the iteration of initial
data proceeds along the six faces of this cube, on each of which we have an equation
of the form (3.2.2). Thus, starting from initial data v, v1, v2, v3 we can then uniquely
calculate the values of V12, v13 and v23 by using the equation. However, proceeding
further there are in principle three different ways to calculate the value of v123, unless
the equation satisfies (as is the case for the equation (3.2.2)) the special property that
these three different ways of calculating this point actually lead to one and the same
value. It is indeed at this point that the consistency of the embedding of the lattice
mKdV into the multidimensional lattice is tested. In fact, by using equation (3.2.2)
to eliminate all terms shifted in two directions in favour of terms shifted in only one

direction we find that this value is given by

yijk _ (Vi ~ Pk)(Pi + PK)PjV'IVk + (Pj - pi)(pj + pz)pkVv~VI + (pk - pj)(pk + Pj)pjVvIVk
(Pi - Pk){pi + PK)Pjvd + (pj - Pi)(Pj + pi)pkvk + (pk- pj)(pk+

ij, k= 1,2,3

This is clearly invariant for any permutation of the labels ijk and therefore the value
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of v123 is independent of the way in which we calculate it! Thus, the equation (3.2.2)
can be simultaneously imposed on functions v(n1,n2,n3,...) of the lattice sites. This is
precisely the discrete analogue of the hierarchy of commuting higher-order flows of the

(modified) KdV equation!

Figure 3.1: Consistency of the lattice equation.
As a consequence of this compatibility we will call the system (3.2.2) a holonomic system

of partial difference equations, [86].

For the lattice KdV equation (2.4.4), the lattice equation on a two-dimensional sublat-

tices is given by
Pi~Vj+v?- ug)(Pl+Pj-u +u = p2- g2 (3.2.3)

The consistency of this equation in the multi-dimensional lattice follows an analogous

route to that of the above modified equation. In this case we find that the value for ui23
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is given by

urk = (p) ~ Pi)u'ud + (pR- pj)uduk+ (pj - plukuz+ fa + pj)ipi - VK)(Pk + Plul
+(Pj + PK){pk - pi){pi + Pj)v? + (pk+ pi)(pi - pk)(pk+ pj)uk [/

v¥(Pj - Pk) + u:(Pk ~Pi) + uHpl - Pj) + (Pi - Pj){Pj - Pk){Pk - Pi) ,(3.2.4)

which is again clearly invariant for any permutation of the labels i,j,k and hence equation

(3.2.3) is also a holonomic system of partial difference equations.

Finally, for the lattice Schwarzian KdV equation (2.4.6), the lattice equation on a two-

dimensional sublattices is given by

(z - zl)(zl - zij) P2
z f (3-2-s)

Again, the consistency of this equation in the multi-dimensional lattice follows a similar

route to that above, and for this equation the value for z123 is given by

zijk = Pin(zk - zj) tpjzj(zi- zk) + PkzZz~z' - 2ZI)
Pi(zk - zJ) + P2(z' - zk) + p k(zi - z")

which, once again, is clearly invariant for any permutation of the labels i,j,k and hence

equation (3.2.5) is also a holonomic system of partial difference equations.

The continuous equation for the PVI hierarchy follows from the differential equations
with respect to the lattice parameters p%given in (2.4.8), which for the variable v now

reads

d
~Pidp' gV ~ Uiai’ (3.2.6)

in which the variable ai is given by
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It can be shown that the differential relations (3.2.6) are actually compatible not only
amongst themselves, but also with the discrete equations on the lattice (3.2.2), i.e. the

discrete and continuous flows are commuting

d / 3>\ _ d [/ dv\ dvz / dv \
dpi \ dpj) dpj \dpj  dpj ~ Tl \dpj)

This can actually be demonstrated by explicit calculation exploiting the discrete rela-
tions (3.3.6) below, but we wiU not give the details here (which follow closely the pattern
of calculations of [83]). Thus, we have here a large multidimensional system of equations
with discrete (in terms of the variables rii) as well as continuous (in terms of the pa-
rameters commuting flows, in terms of which compatible equations of three different
types (partial difference, differential-difference and partial differential) figure in one and
the same framework: the partial difference equations are precisely the lattice equations
(3.2.2), the differential-difference equations are the relations (3.2.6), whilst for the par-
tial differential equations in the scheme we refer back to equation (2.6.3) given in section

2.6 and to the results given in [85].

3.3 The Pvi Hierarchy

Now, we turn to the issue of the symmetry reduction of the multidimensional lattice
in the sense of [87]. It follows from the general framework of [83] that the similarity

constraint for the multidimensional lattice mKdV system is as follows:
y, njOoj =ii-t/ , v=AG-DHD~*n , (3.3.1)
i

fi and A being constants. The sum in (3.3.1) is over all the i labelling the lattice

directions, hence, for each dimension in the lattice we get a term of the form nidi on the
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LHS of the constraint (3.3.1).

To analyse the reduction it is convenient to introduce the following variables:

Xij — iXij _ Ti Xij — , (3.3.2)
Xij = n iXij = T% X{j = (3.3.3)
The variables = Xji and Xij = 1/Xji are not independent, but related via
= PMizx Pi ~ = -PiXii+Pi (3.3.4)
pixij+pi PiX%-p i

which follow directly from the definitions and (3.2.2). Furthermore, we have

Pi  Xij iv 1 a
- (3.3.5)
Xij vl 1+ a;
which follows from the definitions of al, (3.2.7) and those of Xij and Xij, (3.3.2) and

(3.3.3). In order to obtain explicit equations from the reduction given by the constraint

(3.3.1) we need a number of relations for the objects a; which follow from (3.2.2), namely

1+ <4 = (piXij ~PjKaj + ™~ +2Pj , ijLj (3.3.6)
J PYXij + Pj

which expresses shifted aj in terms of unshifted objects, and, from the definition together

with (3.3.5)

Pj iX%j Xij ) Pi(%Xij Xij) —Pj
Pj iXij X{j Pi(iXij - Xij) - Pj

~Pj ixij xij ~ Pi(jXij ~ Xijj) -k Pij i @37
Pj iXij Xij - Pj(iXij -¢ Xij) P

which expresses ai in terms of shifted Xij or Xij.

First we will focus now on the reductions under the symmetry constraint (3.3.1) to
derive closed-from ordinary differential equations (ODESs) choosing one particular lattice

parameter pi as our independent variable. To implement this reduction explicitly we
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first need to derive differential relations for the ar By using (3.2.6) in combination with

(3.3.5) we easily obtain

’ N ‘3‘/\

~Pld~IPg (I+ 0 i) = Ul ~ a0
which, on using (3.3.6), in combination with (3.3.4), to eliminate the forward and back-

ward shifted a2, yields after a lengthy calculation the following differential relation:

da: n-iPi
dar = (Pj - Pi)(Pj + p.) tt1 + ~aM X3i- (2+ “jX1- ai)xo\ = (*™i) (3.3.9)

We also require a differential relation for the variables X%j, so, using the definition (3.3.3)
and equation (3.2.6) we get

d
~Pid~” log Xi] = "™Mi + “ Y’

using the constraint (3.3.1) to eliminate the a\ gives

d
- pi-_éo_' log Xij = f,+ v - nka\ - nzad,
P %

and eliminating the shifts in the a’s using (3.3.6), yields the following relations for the

reduced variables X,

d
ft ~ Pi\ log Xij — THXji& -}~ ~TKNK&K "t woo~  r(Xji @ Xij")
°Pi KN (Pi ~ Pj)\Pi + Pj)
8 "'5 N5 Apn+ K)[X'k~ XK' (3'3'10)
in which we have abbreviated
v — {PiXij Pj){Pj PiXji) _
X" = to-yO te + w) - ~X* = (3'3'n)

Using (3.3.9) in conjunction with (3.3.10) and using the similarity constraint (3.3.1) to
eliminate the &\ we obtain a coupled first-order system of ODEs w.r.t. the independent

variable tt = pj in terms of the 2N - 2 variables ak, Xtk , (k ~ i). Solving the variables
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ak from the linear system given by the equations (3.3.10) and inserting them into (3.3.9)
we obtain a coupled set of second-order nonlinear ODEs for the variables Xik- It is this

set of equations which makes up the continuous PVI hierarchy.

Second, turning our attention to the discrete case, we note that since the left-hand side
of (3.3.7) depends only on the label i but not on j, for fixed i this represents a set of
N —2 coupled first-order ordinary difference equations (OAEs) with respect to the shift
in the discrete variable n; between the N —1 variables Xij, j ™ i. Furthermore, the
relations (3.3.6), for the same fixed label i, provide us with a set of N — 1 first-order
relations between the variables aj, j © i, and thus together with the similarity constraint
(3.3.1) where a; is substituted by (3.3.7) we obtain a set of 2(N - 1) first-order nonlinear
OAEs for the 2(N — 1) variables Xij, aj, j ~ i, which together form our higher-order

discrete system.

3.4 Special Cases: N=2, N=3

In the previous section we described how the symmetry constraint (3.3.1) could be used
to reduce the partial difference equations (3.2.2) and the differential-difference equations
(3.2.6) to coupled systems of ODEs (in the continuous case) and OAEs (in the discrete
case). We will now give explicit examples of these coupled systems in the particular

cases N = 2 and N = 3.
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3.4.1 N=2:

For N = 2 we are not, strictly speaking, dealing with a higher dimensional case, but the
procedure developed in the previous section will work nonetheless. The results for this
special case were first given in [83] but we reproduce them here to show that they are a

special case of larger multi-dimensional system.

So, for this case we have a single lattice equation of the type (3.2.2) along with a similarity

constraint (3.3.1) which are represented symbolically in figure 3.2.

Figure 3.2: symbolic representation of lattice equation and similarity constraint, N = 2,

As already mentioned, although the lattice equation and the similarity constraint are,
in general, compatible, we must show, in each specific case, how an initial value problem
(IVP) can be formulated consistently, and to demonstrate that this IVP is well-posed,
i.e. that given a suitable choice of initial data, we are able to iterate the solution through

the whole lattice and that the corresponding solution is single-valued at each lattice site.

In figure 3.3 we have indicated how the iteration of the system proceeds. From a given
configuration of initial data (located at the vertices indicated by <) we move through the

lattice by calculating each point by means of either the lattice equation (points indicated
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by 0) or the similarity constraint (points indicated by x). The first point where a possible
conflict arises, due to the fact that the corresponding values of the dependent variable
can be calculated in more than one way, is indicated by ®. It is at such points that the
consistency of the similarity reduction needs to be verified by explicit computation. This
was verified in [83] for this two-dimensional case using MAPLE. However, even for this

case, the iteration involves too many steps and the expression are too large to reproduce

here.
- 0
- - X X
0 - 0 [$5)
X (0]

Figure 3.3: consistency of the constrained lattice, N = 2,

Having proved the compatibility of the lattice equation and the similarity constraint we
can now proceed to reduce the system to either an ODE or an OAE in one dependent

variable. In order to simplify the equations we shall adopt a slightly more convenient

notation, for the dependent variables we use,

while, for the discrete independent variables and the lattice parameters we use

nx=n , n2=m , pxXx- p , pP2- ¢
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Choosing first to reduce to an OAE and taking n as our independent discrete variable,

equations (3.3.7) and (3.3.1) now give us

li —v —mb gXX + p(X - X) - g 341
n gXX -p(X + X)-qg" (34.1)
while equation (3.3.6) gives
1+ 6 = (»*-«)(»+B +* (3_4_2)
\Y%

px + g
in which the variable x can be eliminated using (3.3.4). Solving (3.4.1) for b and substi-
tuting this into (3.4.2) gives a second order nonlinear non-autonomous difference equa-

tion for the variable X . In [83] this equation was given as:

, (3.4.3)

(the notation deviates slightly from the one of [83]), where r = p/q and where the
variables yn are related to the X by the prescription: y2n = X(2n) for the even sites,
whilst y*n+i = —1/X(2n + 1) for the odd lattice sites (the latter choice being mainly
motivated by the wish to cast the equation into a convenient shape). It was pointed
out in [83] that whilst a continuum limit of (3.4.3) yields the Pv equation, its general
solution can be expressed in terms of Pyi transcendents (noting its dependence on four

arbitrary parameters, n, A r and m).

Turning now to the reduction to an ODE and choosing the lattice parameter p as our

independent variable, equation (3.3.9) gives us

db nq f 1
= 1+ «)('-4)~-(1 +6)(l-a)X (3.4.4)
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while equation (3.3.10) gives

V+v+p-~l°gX = (dd-mb) "t —-
dp y '
+ (3.4.5)
Using the similarity constraint (3.3.1) to eliminate all the a’s from these two equations

we can solve (3.4.5) for b and substitute this into (3.4.4). This gives us the following

continuous equation for the variable X in terms of p.

P(p2-qg 2)2X (g X-p)(pX-q)d2X
dp
\p{v2- g2)2[pg{3X2+ 1) - 2(p2+ g2)X] + (3.4 6)

(92- p2) [2p2X(pX - a){aX - p) + (g2- p2)2X 2} %X +
o
1
-q [(aX2- (B)(pPX - q)2(gX - p)2+ (P2- g2)X2((7 - D(gX - p)2-(6 - 1)(pX - 9)2] ,

and it is not difficult to show that this is actually the Pyi equation through the identi-

fication w(t) = pX(p), where t = p2, and setting q = 1, leading to

— = 1(11 1 M (dwy (1 1 1 \ dw
dt2 2 \w w -1 w-t)\dtj \t t-1+w-t)dt
w{w-1)(w-t) ( t t- 1 t(t- 1)\

(3.4.7a)

with the identification of the parameters a,P,j,S as follows:

a= (/J,- v+ m-n)2, (3.4.7b)
p = A~ m+ n)2, (3.4.7¢)
7=F+v~m- n- 1)2 (3.4.7d)

fi=(~+is+ m+n+ |)2 (3.4.7¢)
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Equation (3.4.7) is interesting in its own right since it provides us with a covariant way

of writing Pyi, noting its invariance under the transformations:

n @M m , p < q, X < 1/X

This first higher-order case deals with the first genuinely multidimensional situation of
three two-dimensional sublattices. This is an extension of the work done in [83] and the
results were first given in our recent paper [86].

On each two-dimensional sublattice we impose a copy of the lattice mKdV equation
(3.2.2). In addition there is also the similarity constraint (3.3.1) which couples the three

lattice directions. Thus, for the three-dimensional case we have a coupled system of

equations whose symbolic representation is shown in figure 3.4.

Figure 3.4: symbolic representation of lattice equation and similarity constraint,N=3.

In the previous section we have already demonstrated the consistency of the three copies
of the lattice equation (3.2.2) amongst themselves. What remains, is to show that in
this higher dimensional case we can still formulate a well-posed IVP. In figure 3.5 we

show how the iteration scheme works in three dimensions. Again, the initial data points
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are indicated by a =, points calculated using the lattice equation by a o, those calculated
by the similarity constraint by a X and the first point of potential conflict (i.e. that can
be calculated by either the lattice equation or the constraint) by a 0. The consistency

of this IVP has been verified using MAPLE.

Figure 3.5: Consistency of the constrained lattice system.

With the consistency of the lattice equation and similarity constraint confirmed we can
proceed to analyse the explicit reduction to coupled systems of either ODEs or OAEs.

we redefine the following objects

a\—d, @=Db, B=c

X12=X ,X13=Y ,A12_-_X , Al3=y

using also =n, n2=m, n3= h, as well as px —p, p2= g and p3 = r to simplify the

notation.

To start with the continuous equations, fixing the independent variable to be p we obtain
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the following linear system for the quantities b and ¢ from eq. (3.3.10)

2X X+y mb V+ "+ PSP &X
Xty 2y he P+v+ lo§ Y
M- v)X + (n+ -X) + v - Y)

(3.4.8)
Gi-uwy +(+ 1 2y - W+ p\x

where we have used the similarity constraint to eliminate the quantity a. Furthermore,

from (3.3.9) we obtain the differential relations

d{mb) m<7 1/
A2 p2[(n+~- *- mb- ho){l- b)—

-(1 + b)(n- fi + v+ mb + hc)X], (3.4.9a)

d{hc) hr

i A(n +n- v- mb- fic)(l - C)I_

—@ + c)(ra—fi + i/ + mfr+ /ic)y] . (3.4.9b)
Solving b and c from the linear system (3.4.8), and substituting the results in the differen-

tial relations (3.4.9a) and (3.4.9b), we obtain a coupled system of second-order nonlinear

ODEs of the form:

d2x _ (3X\2 /dY\2 (dX\ fdy\ A [8X\ A fdy\

<V '{dp) + 2\dp) + 3\Ndp){dpI+A4{dp)+A5{ "~ ) + Ae’

d2y (dX\2 (dy\2 fdX\ fdy\ , [1<OX\ , [dY\

dpi - B'(aFj +~(ify) + B> (a? (a?) + (a?) +
(3.4.10)

where each of the coefficients Ai..Ae, are functions of X, Y,p and six free param-

eters, namely fi, u, n, m, h and g/r, these functions have been calculated using Maple

and although too large to give here are given explicitly in the Appendix.

Alternatively, we can derive a system of second-order ordinary difference equations by

fixing one of the discrete variables, say n = n\, and using the relations (3.3.6) to obtain
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the equations

(PX-g)b + pX +q = ax _Pg)* (6+ 1), (3.4.11a)
. (r2—p2)Y
{ipY —n)c -fpY + r Y —p (c+ 1), (3.4.11b)

where the tilde denotes the shift in the lattice direction associated with the variable n.

Using the similarity constraint

na+ mb+ he=/—v , u—A(-)7l+Fm+\ (3.4.12)

to eliminate the variables c, we obtain the following linear system in terms of b and b

(92-p 2)X -(pX-g)(aX-p)
(3.4.13)

-m(r2 —p2)Y m(pY —r)(rY —p)
(pX + g)(@X - p) - (42- p2)X
(rY - p){{pY - n(fi- v- na)+ h(pY + 1)) - (r2- p2)Y(h + f,+ v- {n+ Da)
where the a and a can be expressed in terms of X and Y by

gXX +p(X - X)-qg_ rYy +p(Y-Y) -
gxx-p(x +X)+qg ryy-Ply+y)+

(3.4.14)
(where the undertilde denotes the backward shift with respect to the discrete variable).
The system of equations (3.4.11), (3.4.12) and (3.4.14) - or, equivalently, (3.4.13) to-
gether with (3.4.14) leads effectively to a fourth order ordinary difference equation in
one variable. In fact, solving b and b from (3.4.13) and then eliminating b altogether by
a shift in the independent variable n we get a coupled system containing one equation
in terms of X , X, X, X and Y, and the equation (3.4.14) which is first order in the both
X and Y with respect to the shift in the variable n. This system of equations depends

on six free parameters, namely /i, v, m, h, g/p and r/p and is quadratic in Y , hence we

cannot explicitly reduce it to a single fourth order ordinary difference equation in terms
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of X and n without evoking algebraic expressions. However it can be shown that the
IVP for the coupled system of equations (3.4.13) and (3.4.14) is well posed, i.e. given
initial data points X, X, X and Y at a fixed value of the discrete variable n, this system
allows the subsequent iterates, X and Y, to be calculated uniquely by the following

equations

v X(gX —p)(pY —r)
(3.4.15)

pX(gX - p)+ rY(pX - q)’
and

[Ei —E2+ E3 + EiES][pX —q) + [-6/4(71 -f 2){pX — 9)]
X (3.4.16)

[E\ —E2 + E3 -fE~AE~gX —p) —[E~n -f 2){gX —p)]

where
Ei = (pX —a) (aX —p)
(rY -p) pY —n) gy =" LPOCTROE Ty oy e
gXX-p{X + X) +q
(r2-p2Y h-fji v [N+1)(gXX + p(X-X)-qg)
aXX-p(X +X)+q
E2 = (a2-p2)X(rY-p)
(pY-r) (N+1){gXX+p(X - X)-q) Cho e
aXX-p(X +X)+q
e3 mpg (pY - r)(rY - p)(X2- 1)- (r2- p2)(X2- 1)Y

E4 = (@8- p3Nr3- pd)(ey - p)XY,

B$ — h-\ji\v.

So although the system of equations (3.4.13) and (3.4.14) appears to be quadratic, its

evolution is, surprisingly, linear.
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3.5 Isomonodromic Deformation Problem

The isomonodromic deformation problem for the multidimensional lattice system is of
Schlesinger type, [49]. In the two-dimensional case it was already presented in section 2.5.
The extension from the two-dimensional to the multidimensional lattice is immediate:
one only needs to introduce additional terms of similar form for each additional lattice
direction. Thus, the Lax representation consists on the one hand of the linear shifts on

the lattice of the form
r(k) = T~ik) = Li(k) mi>(k), (3.5.1)

in which Ais a spectral parameter, and where the Lax matrices Li are given by

( Pi v! \
Hk) = (3.5.2)
Y* ~ v
(cf. (2.5.7)). Leading to the Lax equations
L\ mLi = L) -Li, (3.5.3)

which lead to a copy of the lattice MKdV equation on each two-dimensional sublattice
labelled by the indices On the other hand we have the linear differential equation

for ip(k) with respect to its dependence on the spectral variable k, cf. (2.5.15)

\
I(1+ m) 0
ip(k)
\ 0 A(-i)E,n' + /
Uj v
+= 1 (3.5.4)
YO -piJ

the compatibility of which with (3.5.1) leads to the similarity constraint (3.3.1). In

addition, we have differential equations for ip in terms of its dependence on the lattice
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parameters pi which are of the form

( 1 o~ (
dip i Ib+ 2n'v 0 vi ! (3.5.5)
dpz Pi vi-f {0 t-"tP "

o
v ° 1 1 \J
for each of the variable pi, cf. (2.5.17a). It is the variables ti = p\ that play the role as

independent variables in the continuous Pyi hierarchy.

The elimination of the back-shifted vectors T~ ip by using the inverse of the Lax relations

(3.5.1) lead to the following linear differential equation for ip

dip Ap Ai

dk . £ WV (3.5.6)

thus leading to the problem in the Schlesinger form, with regular singularities at

0, oo, {ti}. The matrices Ag and Ai are given by

+ Si “aov'
AQ - - J
\ 0 AN*TE + niai J
\
A{ —Tli
\ _27M1 + ®) 2N ~ )

The continuous isomonodromic deformation is provided by the linear differential equa-

tions in terms of the lattice parameters, namely

i =P . (3.5.7)

where
[=1

\ M1+ ai) 0)

Eq. (3.5.7) is not quite in standard form, and we need to apply a gauge transformation
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of the form

/
1/v O

ip=Vumip , V= (3.5.8)
\uU/v 1

to remove the term with P With this gauge, the continuous isomonodromic deformation

(3.5.7) becomes the standard form
(3.5.9)

whilst the discrete isomonodromic condition is readily obtained from the Lax represen-

tation of (3.5.1).

3.6 Connection with Garnier Systems

M.R. Garnier in his seminal paper of 1912, [88], embarked on the question of finding
higher-order analogues of the PVI equation, adopting the method that was proposed
somewhat earlier by R. Fuchs, in [21], which can be identified with the isomonodromic
deformation approach, cf. also [49]. Garnier gave a general construction of such higher-
order equations constituting coupled systems of partial differential equations, which are
the isomonodromic Garnier systems. As a particular example, he wrote down explicitly
in [88] the first higher-order PVI equation in terms of the following coupled system,

consisting of the second order ODE in terms of two dependent variables w = w(t, s) and
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z(t,s)
d2w 1(\ . 1 1 1 1 dwN?2
dt2 2\w  w—1 W—t+W—S w—z dt
1 1 \ dw
t t—1 t—s t—w t—zJ dt
+1 w(w — D) (w - s)(,z - t) (dzx 2 w —t dw\ (dz
2z(z - D(z- s)(w- t)(z- w) \dt) (z- t)(z- w) \ dt J \dt
2w(w - D(w —t)(w - 5)(z - 1)2
t2(t- D2{t- s)2(w - 2) X
X
(z —1) (w—1I)2
t(t-1)(t-s) 7 s(s- 1)(s- 1) 6
z—H w—t' " (z—5  (w—s)2
(3.6.1a)
together with coupled first order PDEs
t(t — 1) dw s(s —1) dw w(w —1)
t—z dt s —z ds W —z (3.6.1b)
t(t- 1)dz s(s- 1)dz _ z(z- 1)
t—w dt s —w ds z—w (3.6.1¢)

It should be pointed out that the system consisting of (3.6.1a), (3.6.1b) and (3.6.1c)
amounts actually to a fourth order ODE in terms of w = w(t) only, and as such can be

rightly considered to be the first higher-order member of the Painleve VI hierarchy.

Subsequent work on the Garnier systems was done mostly by K. Okamoto and his school,
cf. e.g. [89, 90]. However, it seems that in most of these works these systems were
treated as an overdetermined system of PDEs rather than (as Garnier himself clearly
had in mind) as a consistent system of ODEs. Although it is not easy to find the explicit
transformation of the lattice system exposed in section 3.4.2 to the systems that Garnier
wrote down, in particular to find the explicit relation between the above system (3.6.1)
and the system consisting of (3.4.8) and (3.4.9), it is to be expected that such a mapping

exists. The identification is probably most readily obtained via the transformation of the
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corresponding Schlesinger type of system as given in section 3.5 and the linear system

that Garnier exploited in [88]. However, the search for such an identification will be left

to a future study.



Chapter 4

The KP System

4.1 The KP Lattice Systems

In this chapter we shall show how the integral equation (2.1.1) can be extended to
higher dimension and how this leads to either continuous PDEs or lattice equations of
Kadomtsev-Petviashvili (KP) type. As this was the subject of a 1984 paper by Nijhoff,
Capel, Quispel and Wiersma, [92] we shall keep the derivation of these equations brief.
The main aim of this chapter is to show how the KP system is related to the Gel'fand-
Dikii hierarchy by means of a dimensional reduction. Particular members of which are

the KdV system and the Boussinesq system which is the subject of the next chapter.

The integral equation for the infinite component wave-vector uk is, in this case
Pk Ck = (4.1.1)

In equation (4.1.1), cj. is the same infinite component vector defined in (2.1.1). However,

the integration is now performed over an arbitrary region in the complex hyper-plane
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C2 of I and 1I', with integrations over suitable measure dt{l,i®). Again we shall not be
specific about the exact choice of the domain of integration or the measure as the integral
equation is used merely as a formal tool in order to investigate the algebraic structure
of the resulting system. To complete the system we must also consider an “adjoint”

version of the integral equation (4.1.1), namely

w+ J =& @z

in terms of an “adjoint” wave-vector V - Now, equations (4.1.1) and (4.1.2) each contain
a plane wave factor, pk and ak respectively. Again we are free to choose whether these

depend on continuous or discrete variables.

As with the KdV system we shall develop an infinite matrix formalism in order to simplify

the algebra and derive closed form equations.
Firstly we require the infinite (Z X Z) matrix
c = J J d((l, (Npkakst tcl'i (4.1.3)

which shall be used to derive the linear relationships of the system. While for the

nonlinear relationships we now require the following two infinite (Z X Z) matrices,

c
1

»J J <fC(-M"u/c ™ ', (4.1.4a)

*U

\] J dC(l,l)ctiui'Pt. (4.1.4Db)

This highlights the main difference between the KP system and the KdV system, in the
KdV system we needed only to define the matrix U as we had the added symmetry

u = tu.

To complete the infinite matrix formalisation we again require index raising matrices A



chapter 4: The KP System 65

and *A, index counting matrices I and tl, a projection matrix 0 and a matrix d, but

these are the same as in the KdV system and are defined in (2.2.3).

This completes the infinite matrix formalisation and using the objects defined above we

can write equation (4.1.1) in the following way

U = C-(1 +Cl-C)-1, (4.1.5)

with a similar expression for equation (4.1.2).

We must now choose the form of the plane-wave factors pk and ak,. We shall first define
them in terms of continuous time and space variables in order to demonstrate how this
formalisation can be used to derive the continuous KP hierarchy. We shall then go on to
define them in terms of discrete variables and derive the lattice equations and similarity

constraints for the KP system.

4.2 Continuous Case

if we choose to work with continuous variables, then the plane wave factor pk takes the

following form:

Pk = exp tfxjj , oki = exp N (—k'yxji\ o, (4.2.1)

wherej = 1,2,.., N.
In this case we are now dealing with an N-dimensional system which depends on N

independent continuous variables x\, x2, xn-

Differentiating these with respect to any any of the continuous variables we get
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which leads us to the following linear relationship for C
djC = A? -C - C m(- tA)j. (4.2.2)
which gives us the nonlinear relationship for U
d:U = eU- UBmtA? -U-0j-U. (4.2.3)

We now deduce recursive definitions of Ol+j and dXi+oU by substituting i + j for j in

equations (2.2.3e) and (4.2.3) Thus, equation (2.2.3e) becomes
Oi+j = Oi-Aj + (- iAi)-0j. (4.2.4)

Similarly, equation (4.2.3) becomes

@i+j + didj)U = (Al-U mOi) =djU + (Aj - U =0:) mdiU. (4.2.5)
We now consider

(AK-U -0 K)-(di+j + did:)U = (Ah+i - U mOk+i - (dkU) =0i) mdjuU
+(A*+> - u 0kH - (dku) m0j) -diU.
Adding cyclic permutations of this equation we obtain
(A1-U mOi) mdk+jU + cycl. = 2di+J+kU + ~(didk+j + djdi+k + dkdl+j)U
- IdidjdkU- i [(djU -okm + mu) ok-d:u+cyd.].

Differentiating this with respect to another independent variable xi and again adding

cyclic permutations we eliminate all the A’s to give

2(<H.j |9 + dj+k+1&i "F dk+l+idj -h di+i+jdk)U
—2didjdkdiU —2(d{+jdk+i + di+kdj+i + di+idk+j)U = (4.2.6)

1
5 di [(diU) mOk mdjU + (djU) mOk mdiU + cycl(ijk)] + cycl(ijkl)

1

+2 [(di+jU) mOk mdiU - (diU) mOk mdi+jU + cycl(ijk)] + cycl(ijkl)
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which can be considered as a generating equation for the KP hierarchy. For example, if
we limit ourselves to the simplest case, namely i = j — k — I — 1, equation (4.2.6) gives

us

4RBitf - 6d2U -O-dxU - 6d2U m0 mdlU + 63~ <0 md2U - 6&U =m0 md*U - d*U = 3d%U.

If we now rename our independent variables as follows

Xi =x, x2=y ,x3=1t, Uobb=u

and isolate the central element of equation (4.2.7) we obtain

(41it  Bux  'Uxxx)x ~—"Uyy, (4.2.7)

which is the first of the (potential) KP hierarchy.
In order to dimensionally reduce this system to the KdV system we must impose the

symmetry

u = tu (4.2.8)

Using this symmetry, equation (4.2.3) provides the further, purely algebraic relation

Ums(- *AY = Aj-U - U-0Oj-U , j even. (4.2.9)

This gives, for j even

dxXJu = 0, (4.2.10)

and equation (4.2.7) now gives the first of the KdV hierarchy

4iif  6wx WX — O. (4.2.11)

Thus, we have shown that the integral equation (4.1.1) along with a suitable choice
of the plane wave factor pk encodes the whole of the KP hierarchy through equation
(4.2.6) and by imposing the additional symmetry (4.2.8) this can be reduced to the KdV

hierarchy.
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4.3 Discrete Case

If we now choose to work with discrete variables, the plane-wave factors pk and aki take

the form

life + k~J ' ak' life “ k'~ n: > (4-3-1)

Pk

wherej = 1,2, N.
The system now consists of an N-dimensional lattice, with the dependent variable uk, a
function now of N discrete variables n\,n2, each of which has an associated lattice

parameter p3.
The discrete evolution is now given by
TjPk — (Pj + Kjpk , TjO\.i =
Pj —K
which leads us to the following linear relation for the C
TjC m(jpj - tk) = (Pj + A) =C. (4.3.2)
This then gives us the nonlinear relation for the U

TjUe@j-*A) = (p+ A)=U- {TjU) =0 aU. (4.3.3)

For the discrete case, dimensional reduction to the Gel'fand-Dikii hierarchy is achieved

by iterating equation (4.3.3), this gives us

"N "N
(n*vU - qife - <A life +A) Y (n«vv
v =] J _1= _1= Ai=* J J
(4.3.4)
where
N '3-1 N
Opi,-,PN = life - *a) "9 n (pj+ a)

i=i 171 i—J+ 1
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The dimensional reduction to the lattice Gel'fand-Dikii hierarchy is obtained by imposing
a constraint of the form

n T:) U = u- (4-3.6)
\Ni=io

For example, for the lattice KdV system, where N = 2, we have the constraint
TpT-puU = U (4.3.7)
And for the lattice BSQ system, where N = 3, we have the constraint
TvTupTwdy U = U. (4.3.8)

This demonstrates how the lattice KP system is connected to the lattice KdV and BSQ
systems. With this in mind we go on to derive the closed form lattice equations.

In order to derive closed for scalar equations we again need to introduce several objects
which pick out certain entries of the infinite matrix U, however, as we no longer have
the symmetry U = 1U we require more than we did in the KdV case. The objects we

now require are

u= Qo SaP ~ (sTa 'U''p+tx)di>
= 1- (5Ta =u)di, wOo =1+ (u- zi>*)Ofi> (4'3'9a)
=a~ (atA'U"'"*A)00> " =P~ (A=Un a) Qo,

with a and (3 again being arbitrary parameters.

We must also restrict the A-dimensional lattice to a three-dimensional lattice and to

simplify the equations we make the following identifications
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while for the discrete evolution we introduce the following notation
TiPk = Pk , T2pk = pk , T3pk = pk

each with their respective lattice parameter p, q and r. Transformations of the objects
in (4.3.9) are now interpreted as transformations of functions on a three-dimensional

lattice with grid points (n,m,h).

Equation (4.3.3) now gives the following relationships

sa = (p+ u)va- (p- a)va, (4.3.10a)
tp = (p+ P)wp-(p-u)wp, (4.3.10b)
vawp = 1~ (p+P)sa,p+ (p-a)saip, (4.3.10c¢)

along with similar equations for the other two lattice directions.

Using equations (4.3.10a) and (4.3.10b) we can eliminate sa and tp to derive the following

Miura type relations which relate the variable u to either va or wp

T g la Er _ (P -~ ~ (g~ aj)va _ {p+ p)wp - (g + (3)wp 3

va wp

again we have two other copies of this equation for each combination of lattice directions.

This Miura relation immediately gives us an equation relating the two objects Vo and wo0

pvo- qvo _ pwO- gqwp (4 319)
Vi Wq

and this equation shall appear again as part of the Boussinesq system, see later.

Eliminating either a vp or a wp from equation (4.3.11) we obtain

p—dg-\-u—u p—r+u—u
p—qg+ u—u Pp—r+u—u’ (4.3.13)

which is the lattice version of the (potential) KP equation.
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We can alternatively eliminate the u from equation (4.3.11) to give a closed form equation

for the va

(P~awvg~(r- a)va _ (p- avg- (g- a)va+ (g- a)va- (r- a)va 3

Va Va Vaa

Setting a = 0 we get the following closed form lattice equation for vO

P (A-i)+q(r-A)+r(nr-r) = 0 (4.3.15)
\Vae! Vq/ \Vo v0J \Vo VqgJd

which is the lattice version of the (potential) modified KP equation. It is also possible

to derive similar equations for wp and wq.

Turning now to equation (4.3.10c) and eliminating the va and wn we get the equation

1- (p+ P)saf + (p- a)?aii9(l - (r+ P)sajs + (r - a)sald
@~ {P+P)sap+ (p- a)loiB)(l - (r + P)sap+ (r - a)saip)

_ (1- (g+ P)sal3+ (q- a)sa,p) (4316)
(1- (9+ (3saP + (q- a)saiP)’

which, if we define z = 500 —~ ~ ~ 7 gives us

= 1 (4.3.17)
(z-2)(z-2z)(z-2)

which is the lattice version of the (potential) Schwarzian KP equation.

4.4  Similarity Reduction

For the similarity constraints we must again impose a scaling invariance on the integral

equation. In the KP case such a constraint is given by

for functions that are solutions of the integral equation (4.1.1), (or some objects

constructed out of them). Again, we will not discuss at this point particular contours
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and measures that obey the constraint (4.4.1), but assume that a well-defined class of
such integration measures and domains can be specified in connection with the solutions
that we are interested in. Our purpose here is to investigate the algebraic structure
underlying the similarity reductions on the lattice. We note that in equation (4.1.1) we
have ignored the boundary conditions, leaving this aspect of the similarity constraint to
future work. Thus, imposing (4.4.1), one aims to obtain a similarity reduction of the
KP lattices along the same line as in [72].

Imposing (4.4.1) on the level of the infinite matrix structure, we obtain the following

nonlinear relationship for the matrix U

U+ / eU+ U **1

Using the relation

P+ A P+ A’
From the Miura transformation (1.1.2), one can now derive the following expression

(4.4.3)

Then the similarity constraint for the lattice KP equation can now be written in the

following suggestive form
(4.4.4)
The problem with this expression is that the discrete operators [T~1~"Tpj u in (4.4.4)

are no longer the elementary translation operators that figure in the lattice KP itself. In

order to use equation (4.4.4) we must first impose a dimensional reduction to the lattice



chapter 4: The KP System 73

Gel'fand-Dikii hierarchy before imposing (4.4.4) . The full reduction of the KP lattice

is therefore a two-fold approach.

We also note that recently there has been much work done on the subject of KP hier-
archies. See, for example, Adler, Shiota and Van Moerbeke’s work on vertex operators

[93, 94] and Bogdanov and Konopelchenko’s work on Calogero-Moser systems [95, 96].
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The Boussinesqg System

5.1 Linearization of the Boussinesq System

The direct linearization of the Boussinesq (BSQ) system was first introduced in 1982 by
Quispel, Nijhoff and Capel [41] where it was shown that, with the addition of an extra
parameter in the kernel of the integral equation (2.1.1), one could obtain both the BSQ

equation [97]
Ut (M I 4 iaxxxx — 0, (5.1.1)
and the modified BSQ equation [41], (also given as a system earlier in[98])
svit Antaxx Aaxaxx T Aaxxxx — O, (5.1.2)

along with Backlund transformation and reductions to the second and fourth Painleve
equations. In [41] they limited themselves to choosing the extra parameter to the cube
root of unity, however, in 1991, along with Papageorgiou [99], they showed that in

the more general case where the extra parameter is the N th root of unity, the integral
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equation then linearized the entire Gelfand-Dikii Hierarchy. The integral equation in

this case then reads,

uk+ = PKCK, (5.1.3)

where ck, pk, T and dX are defined as in (2.1.1),

w is the N th root of unity.

If N — 2 then we simply recover the KdV case and for N = 3 we have the BSQ system.

In [99] the lattice BSQ and lattice modified BSQ equations were presented along with
their relevant Lax pairs and a gauge transformation between the two Lax pairs. In [87]
this work was extended to include a lattice Schwarzian BSQ equation (but no Lax pair)
and similarity constraints were also given for the BSQ and modified BSQ equations
along with their associated monodromy problems. In this chapter we shall review the

derivation of these previous results and extend the results for the BSQ system further.

5.2 Infinite Matrix Structure for the Boussinesq System

As before, we must now develop the infinite matrix structure. Most of the ingredients
will be the same as for the KdV system given in section (2.2), but some amendments

must be made in order to accommodate the addition of the ui in the integral equation

(5.1.3).

The two main infinite matrices C and U are defined, as before by

c=1J dX(1)pictc , u=J] d\utc.
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As with the KdV system, the matrix C provides linear relations while the U provides
nonlinear relations, specific entries of which shall give various closed form scalar equa-
tions. However, unlike the KdV system, we no longer have the symmetry in the matrix

Uie U=+ tU.

Once again we require index raising matrices A and tA, index counting matrices I and
Il and a projection matrix 0, all of which are defined as in equations (2.2.3a-2.2.3c).

However, the matrix  must now satisfy the following relations

ft-AJ -n = Oj, (5.2.1a)

il-tl + s1-1 + 9 = 0o, (5.2.1b)
k—

where 0N = "N(-*A)J=0 =A*1-1-7. (5.2.1¢)
j=o

With all the ingredients in place we are again able to write the integral equation (5.1.3)

in the following infinite matrix form

U=C-(1+n-C)-1. (5.2.2)

The form of this equation is the same as for equation (2.2.4) in the KdV case, but
it should be noted that with the alterations in the infinite matrix scheme the above
equation now represents the Boussinesq system. We now go on to derive the various

closed form equations for this system.
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5.3 Discrete Lattice Equations

For this section we shall limit ourselves to purely discrete variables. For this we choose

a plane wave factor pk of the form

* :n(££)”_ <«en>

giving us N independent discrete variables ni,ri2 mm-tin, each with an associated lattice

parameter pu and a spectral parameter k.
The discrete evolution for the pk is now given by
TvPk = Pv + k, 5-3.2
(Hov TP ( )
which again leads to two linear relations for C

(TVC) =(p + wdA) = (p+ A) =C, (5.3.3a)

(P+ UA)-nC = C-(p+ tA). (5.3.3b)

However, unlike the KdV case, we now obtain two different nonlinear relations for the

U variable, one from each of the above equations,

(~m(p +wW*A) = (p+ A)-U- (T,U)-0 -U, (5.3.4a)
(p+ W2A) m(p+ WA) e TVU = U-(p + 0j2tA)-(p+ tA) (5.3.4b)
+ U m[(p+ a2tA)uj2 O + yO m(p + W2A)] =T, U,

and, by ehminating the U from the above equations we obtain the following, purely

algebraic expression:

A3eU = U- *A3+ U-(0 BA2+ A~ -0 -A+ W2tA2-0)-U. (5.3.5)
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In order to derive the lattice equations of the Boussinesq system we must again introduce
various scalar objects, however, due to the fact that U ~ tU we will require more than

in the KdV case. The objects we now need are,

Ajnin = +" PTA'tf'~ | j 0i0(5-3-6¢C)

“ma -“a+", (srfA -Ir-'Aa) 00
where, as in section 2.4, the subscript (0, 0) indicates the central element of the relevant
infinite matrix and a and (3 are free parameters which can take on any complex value.

As well as the above scalars, we need the additional objects,

= Ul , u(0,1) ee UOii. (5.3.6€)

Closed form equations can be obtained by limiting the system to 2 dimensions and

considering two different transformations

Pk Tp(pk) = pk , Pk Tp(pk) = pk,

each of the same type, but for different lattice parameters, p and q.
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Equation (5.3.4a) then gives us the following relationships:

Sd = (p+ u)va- (p- a)va, (5.3.7a)

= (p-u@wp-(p- uwp, (5.3.7b)

Vawp 1" (p ~P)ot8 (P X)sajpl (5.3.7¢)
da = (p- a)sa+ psa+ UvaUrI\ (5.3.7d)

b = (p- uP)tp - ptp + u™'”wp, (5.3.7¢)
CVW.W = U1Q + p(u —u) —uu. (5.3.7f)

While equation (5.3.4b) gives us these further relationships:

pvawl - vat3+ sawp = (p+ a+ u/3)+ (p2+ ap+ a2)sap

-(p 2+ ivfip + u2(32)sd)p, (5.3.8a)
aa = (p(p- u)-fu0Mva- (p2+ pa + o2)va+ (p- u)sa (5.3.8b)
bp = (qjiSL,0}- p(p -f u)u>p + (p2-f wf3p-fu232)wp + (p + utp. (5.3.8¢)

And finally, from equation (5.3.5) we get the relationship

vabp —daWp = satp + (a2+ aa/3 + vw2(32) -f (a3 —(63)saip, (5.3.9)

note : all of the equations (5.3.7a) - (5.3.9) have a dual obtained by replacing p with q

and 7 with?.

Before we go on to derive the closed-form lattice equations we shall use the above equa-

tions to derive certain relationships for particular values of the parameters a and /2.
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Setting a = p and /3 = to2p we obtain from equations (5.3.7b), (5.3.7c) and (5.3.7¢)

vPww2p = 1) (5.3.10a)
92p (p uwwli2pl (5.3.10b)
bup - {p{p- u) + UM >)wuzp. (5.3.10c¢)

While the object ™ can be expressed in various ways for the parameter valuesa = 3= 0

3 3
3p2 = — - Ao h{ip—qg+ u—u)2p-f g+ u—u), (5.3.11a)
vp P~qg+ ]E~u ~
Y% vOp2v0O-q 2v0 vOpv0O-qvO vO0 aoA1
spl® = VORAO-G 20 ¥OPVO.AvO , vO 5342
b v0 pvo - qvo Vo £0 Vo
3A = A 1A g (5.3.He)
Vp vO0 w 0 VOWO

Equations (5.3.10) and (5.3.11) shall be required throughout the rest of this section for

deriving the various closed-form relations.

5.3.1 Closed Form Lattice Equations

We now use the relations from the previous section to derive closed-form equations for
the variables u,vo and so,o-

From equation (5.3.7f) we get the following relationships

uju9,1) — = pu- qu—u(p—qgq+ u—u), (5.3.12a)

U*10) - = qu- pu+ u(p—q+ u—u). (5.3.12b)

While equations (5.3.7a), (5.3.7d) and (5.3.8b) gives us

u ' - 1ww@1) - pg- (P+g+ruwpP+g- W) Nx—-—-1(5.3.12c)
pP—q+ u—u
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Now, by eliminating the variables and from the above three equations we

obtain the following equation in terms of the variable u

P3- g3 P3- g3
P Q  A7i+1771+ 1 AT1+2,771 v Q 1 ~7L77LH 2 AT141,771+1
GP 9 ATI41,771+ 2 AT1+42,771+1 4" He ATLTTIH 1 AT142,771+ 2)
ag7e1 a71e1,771 ) (2P + 8+ a1 ~n+2,m+l)j (5.3.13)

which is a lattice version of the Boussinesq equation, [99].
Note: in the above equation, for clarity, we use the notation u = Un+i,nm> u = ~n,m+i>
etc.

A further set of relationships are obtained from equations (5.3.7a), (5.3.7f) and (5.3.8b)

- g+ u - + g-u+ — 2+ + a2)—
(p-g+u-u)(p+qg-u \e<) (p2+ ap a)w

-(g2+ agq + a2) , (5.3.14)
W
p-g+u-u = (p~ a)*~ ~ (g~ a)zT~- (5.3.15)
Va Vd
While, equations (5.3.7b), (5.3.7f) and (5.3.8c)
(p- g+tu- u)(ptg+u- ~-) = (p2+ u/3p + u232)" -
W p Wp
-(g2+u(3g + LUp{32) ~, (5.3.16)
wp
p—g-\-u—u = (p—w)— —(q—uil3)~-". (5.3.17)
wp wp

The first of these set of equations, along with equation (5.3.7a), upon elimination of the

s and u variables give us the lattice version of the modified Boussinesq equation, [99]

/ "Vin “"n+l.m+2 n,m Vn+2,m+l \
(p-ay\( ----- AL LA b----- )-{q-a)Y nrem =

vn+2,m+2 vn,m--1 vN+2,m+2

(p2+ ap + a2Hratlm+l - (g2 + ag + a2)vn,m+2 vn+i,m.+2
(p~ a>n,m+2- (q- a)vn+lim+i Vn.m+l
(p2+ ap+ a2)vn+2,m- (2 + ocg+ a2)i>n+i,m+i vn+2,m+i

(5.3.18)
(P —tt)t;nf1,m.+l (? a)vn\-2m vn+l,r,
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note: again, for clarity, we use the notation va = vn+hm, va - vn>m+1, etc.
And the second set, along with equation (5.3.7b) gives us a similar equation in terms of

the w variable.

Now, equations (5.3.12a), (5.3.12b), (5.3.14) and (5.3.7a) give us the relationship

v+u -1 = (P2+ *P + Q2£q ~ (g2+ aq + va gg
{p- a)va- (q- a}va va wp
W/s va

and, equations (5.3.7a), (5.3.7b) and (5.3.8a) give us:

3p+u-zZ = (p+ a+ ufd)+ (p2+ ap + a2)saiP- (p2+ upp + u2f32)sal3

Vawi3
+(? - + {ip- a)—.
W va

By setting a = (3 = 0 and defining z = sQ0+ ~ + j, these two relationships give ys

~ [P3(z - z)(z- 2) ~ q8(z - 2)(z - Z)]

VOW® = oo — A— <$5-3-19>
and equation (5.3.7c) for a = /3 = 0 can be rewritten as
p{z- z) = vOwoO, (5.3.20)
noting that
(vg&oT _ (vowo)(voWo)~
(VOWO) (VOWO)(VOWO0)~
we are able to write a closed-form equation in terms of the z variable,
(zn+2,m+2 ~ zn+I,m+2)(zn.m+2 ~ “w+l.m+l)(zn,m+1 ~ ~n.m) _
(2ri.+2,m+2 ~ zn+2,m+1)(zn+2mM ~ zn+1,m +1)(zn+I,m ~ zn,m)
P (*n+Ilim+2 ~ zn,m+2)(zn+I,m+l ~ zn,m+1) ~ g3("n+I,m+2 ~ ~n+l.m+1)(*n,m+2 ~ -Zn.rn+l)
A3 (Zn+2,m+1 ~ zn+2,m)(zn+lim+1 - Zn+1,m) - p3(zn+2}m+1 ~ zn+l,m+1)(zn+2,m - Zn+I,m)’

which is the lattice version of the Schwarzian Boussinesq equation, [87]

note: once again, for clarity, we use the notation z = zn+1<m, z = zn>m+1, etc.
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5.4 Lax Pairs for Discrete Equations

It is also possible to derive from the integral equation the following linear problem j,
terms of the infinite vectors uk and uk
P+ wk)uk = (p+A-U-0)-uk, (5.4.1a)
(p+ ui2k)(p + K)uk = (p-fw2A) =(p + WA) =
- U-[(p + 102tA)u:2u0 fuO m(p + w2A)] =uk. (5.4.1b)
Thus, in terms of the vector

/ u&(n,m)

= (p+ wkn{g + why (5.4.2)

\ ul(n,m) y

we are able to derive the following 3x3 matrix Lax system, [99]

4>{k) = L[BSQ).<t>(K), (5.4.3a)
. BS
G = m {859 (5.4.3b)
where
( \
p-u 1 0
1 (BSQ)
-~1,0) p i
\k3+ p3- (p2+ pu _ wu(o,i))(p _ _ (p + u)~(i,0) wti(o,i) p+ U j
and M k is obtained from L(bsQ) by replacing p with g and7 with? .

The compatibility condition of the Lax system
LH(BSQ) .M I((BSQ) - r';jlgBSQ) E(BSQ)> (5.4.4)

leads to equations (5.3.12a)-(5.3.12c) which in turn lead to the lattice Boussinesq equa-

tion (5.3.13).
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We are also able to write down a Lax system for the vector

( \

u\ [n, m)

Vn.m(fc) = (p + uk)n(g + uk)r wk(n,m) (5.4.5)

\ U

For this vector the Lax system is given by

1>(k) = L(mBSI5) = (5.4.6a)
${k) = m'ip(k), (5.4.6b)
where
( \
p- a va 0
r(mBS
( Q) 0 b —u 1
fc3+q3 (pv+sa)(p-u)-(p2+ap+oc2)va " i Sa
\ Va Va /

and, again, M ~nBS<*> js obtained from Xj(mBSQ) by replacing p with g and 7 with ? . In
this case the compatibility condition leads to equations (5.3.14), (5.3.15) and (5.3.7a)

which give the lattice modified Boussinesq equation, [99].

The two vectors (5.4.2) and (5.4.5) are related to each other via the following gauge

transformation:

V- = v e (5.4.7)

where
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thus, the Lax matrices for the modified BSQ system m (™BSQ) arg related to
the Lax matrices for the BSQ system I[BSQ\ m \~SQ"via

jjjnBs -y "j\BSQ) AjirH

jiinBSQ) _ -y "j\BSQ) % (5.4.92)

M BS . _m (BS y-1n
(MBSQ) _  p. _m (BSQ) .y (5.4.9b)

To acquire the Lax representation of the Schwarzian Boussinesq equation we must apply

a further gauge transformation

(5.4.10)

where

g0 (5.4.11)

S _
k 0 WqVio vﬁ J/
Unlike the previous gauge transformation, this gauge contains a discrete shift. This is
an arbitrary shift which can be associated with any of the independent variables and is
hence represented with a “bar”. We can either choose this arbitrary shift to be aTor a

. or we can leave it as a 7, both choices yield useful information as we shall see below.

This leads to the following Lax system,

m = 4 SBSQ) -x(k), (5.4.12a)
X(k) = M[SBSQ)-X(k), (5.4.12b)
where
P vowo
[k o » R
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again, M~SBS” is obtained from L"SBS* by replacing p with, gand7w ith?but without

altering Ts.

If we leave the Lax matrices like this, the compatibility condition then yields the following

relations

pvo - qvo pwo - qwO0 pvowo - qvowo
Vo wo VOWo

(5.4.13)

with all the . shifts canceling out.

Further shifts of the above equation can be used to eliminate all the w’s, giving the
Modified Boussinesq Equation (5.3.18), however there are some advantages to focusing

on (5.4.13) as a coupled system between variables t0 and wO0.

Alternatively, if we choose the arbitrary 7 shift to be a 7 shift we can use equations

(5.3.19) and (5.3.20) to express the Lax matrices purely in terms of z variables, giving

\
p p{z —2) 0
t(ksbsq) - 0 0 .
k3p2(z—z)* Q pdz—2)(z—2)*
(2_?9' (z—2)
q q(z-z) 0
aASBSQ)
= O q 1
k3pg* 0 .
\ (z-2)* /
where L T\ L=z,

p3(z —2)(z —2) —a3(z —2)(z —2)
With the Lax matrices in this form, the compatibility condition immediately yields the

Schwarzian Boussinesq equation (5.3.22).
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5.5 Differential-Difference Equations
We now go on to derive the differential-difference relations for the Boussinesq system.
For these we require the dependence of the wave factor pk on the lattice parameters pv,

which is given by

dpvPk Uv”pv+ k pl/+ uk)Pk

(5.5.1)
This leads to two possible linear relations for the matrix C
jr~C=nv(—TT'C -C —— r—rrl , (5.5.2a)
Pv \Pu + A pu+ cotAJ v ’
~ ¢ =nu(c 33— L— .CV (5.5.2b)
dpv \ Pv+ A Pu+uA )

which, due to the fact that C and A are both symmetric, are equivalent. However, as

Q is not symmetric, only the first of these equations (5.5.2a) yields a nonlinear relation

for the U variable, namely

-£-U=n,(—3 mU-U ——+ U (5.5.3)
dPu \Pu + A Pv+ utA Pv +1uiA pu+ A J

Now, using the objects in (5.3.6), equation (5.5.3) gives us the following scalar differential

relations for each of the main variables in the Miura chain, u, va, wa and satp

dii . .

— — n (1 —vpwuzp) , (5.5.4a)

dva (vv- va \

dp ~ nyp-a ~vps*upl > (5.5.4b)
dwa ( u2(wa - wwv)\
w = n [w? - —jp -r ) (5-5-4c)
Ns<x(B  _ _ ( Sa,/3 ~ spf3 U (sa,P ~ sa,w2-p) , \ B N
dp ~ U

+ *«*?****j ° (5_5'4d)
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Using various relations it is possible write these in the following way

r- = "f1 3N(?2-» +S5-») Moo — \ (565a)
“P V' ops—gt (p—gtu—u)(2pt gt u—u)(p—g+u—u)J
dvo n 3pvovovo(pvo - qv0 \

~ ~ 1 P (p v vo_, (5.5.5b)
°p P \vovo(pavo - q2v0) + v(pvo - qvo)(pvo - qv0) + pvovo(pvo - qv0) J
dz n ( 3p4(z —z)(z - z)(z - 2)(£ —2) \
dp P2 \p3(z- 2)(z- 2)(z- 2) +p3{z- 2)(z - 2)(z —z) —q3(z - z)(z - z)(z - Z))

(5.5.5¢)

However, these equations are not strictly closed form as they involve shifts not associated
with the lattice parameter p. For the variables vo and wo it is possible to give a closed

form coupled system, namely

d - - 0\
— |og Vb = [] ( Z_V(ZY\!E) _____ \_/ _0_\_/\_/9__ ﬂ | (556&)
op p \ Vowo + vowo 4- Vowo J
<9 n (2vowo - vOwg - vowO\ .
—logWo = - [~ e ~ ~ . 5.5.6b
op g p Vvowo 4 vowo 4- vowo J ( )

For the variable z we can give the following closed-form expression for the differential-

difference equation

z>n(z-z)(z-2z)\ z v 2n .
— log Ep (z-2) - i (z-z)(z-2)b . . (5.5.7)
dp Voo~ v ) Z-Z P
where zv = We shall now proceed to derive their associated linear problems and,

in the spirit of [85], investigate the compatibility condition of the linear system for the

variable z in order to derive the generating PDE for the Schwarzian BSQ hierarchy.

5.6 Linear Problems for Differential-Difference Equations

In this section we develop the associated linear problems for the differential-difference

relations and attempt to use them to derive the generating equation for the hierarchy of
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Schwarzian Boussinesq equations.

For this we require the linear differential-difference relation in terms of the infinite vector

Uk

— . + U ~l.— 0 — 5.6.1
dpuk n (p+A p-fuk ' p + ustA p+A ( )

we now pick out certain entries of the vector uk

duk n twr pufP uk 1. (5.6.2a)
dp
1
dul - _ n twivu\ + uk - I (5.6.2b)
dp p + Uk ’
dul IL 0,1
- ol <puRd k- J. (5.6.2¢)
where
) - . 5.6.3
- a AUk (5.6.3)

Eliminating the uf¥) from the above equations using
o+ (ikur = (p- a)ur* + vauwk, (5.6.4)

which is obtained from equation (5.4.1a), we obtain the following linear problem for the

differential of the vector <p(k), (5.4.2), with respect to the lattice parameter p

?;:j nA\ ¢4+ nA2 m§ (5.6.5)
where
/ \ t
0O 0 O wu2vw 0 O
AX 1 0 0 A2 — tu2pVp 0 0
\* 10

along with a dual equation for the differential with respect to g, obtained via the usual

replacements. Utilizing equations (5.3.10) we can eliminate the auxiliary variables and
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express it purely in terms of the variables u, u(1,0) and u”0,1) and using the inverse of the

Lax matrix from equation (5.4.3a) we obtain
f) = n A3+ VpW'd A4mAs5 4 (5.6.6)
dp p3 -f k3 '
where
/ \ / \
0 00 1 0 0
A3 = 1 00 » A — (- u) 00
1.+ 'V y (p(p~ U + 1i(10) O
As - 0 0 0
0 0 0

3p2(p—q +u —u)

vvwuz2v
p3+ g3+ (F—q+ u—u)(2p+g+u—u)(p—q+u—u)

again with a dual obtained via the usual replacements.

In order to derive the linear problem for the modified vector -tk (5.4.5), we need the

additional relation

(a) A
du n (i@ _ p)) |__y {2 Sauzvey (5.6.7)
dp [p-a{Uk Uk ] p+ukU p+uk
which, again having eliminated the using equation (5.6.4) we get
dt
dp ,BXmip+nB2myp (5.6.8)
p

where
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Again, there is a dual equation for the differential of ipk with respect to q obtained with
the usual replacements. As with the linear problem for ¢&we can eliminate as many of
the auxiliary variables as possible and use the inverse of the Lax matrix j(™BSQ) frOm

equation (5.4.6a) to eliminate the undershift in the ip we obtain

dip _ 0 vrWw,,.2, 5 6.9
dp (pJ + kNJVa Vs (5.6.9)
where
i (
C T 00 vw 00
B3 0 00 Br = 00
\ 0 I o Yy -(p-u 0 0]
ks -fa3 {p- a)(pva+sa) -(p - a)va
0 0 0
0 0 0
3pvovo(pvo - qv0)
vwwurv =

vgvo(pavo - g2vq) + v(puo- qvo)(p'vo - qvo) + pvoVO(pvo ~ qvo)

again with dual for the differential with respect to g.

As with the Lax pairs for the lattice equations, the linear differential relations (5.6.5)
and (5.6.8), (for parameter value a = 0), are related via the gauge transformation V,
(5.4.8), by
Vp-V-1+V-A1-V~-1+V-A2-(£(B53))-1¢F-1 = B1+B2-(I"BSQ)y\_
(5.6.10)
Carrying out a similar gauge transformation on the linear differential relation for ipk,
this time using (5.4.11) we obtain the following linear problem for the vector Xk

dx noCi+ , . V02 eX (5.6.11)
dp (p3 + A3)
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where
1 0
p
Cl 0 N lo8wo 0
. 0 \’,\Vo(yrn £de ogWo + | mip i°g w0
k3 vp
P vo -7 0 ~070
c2= i 2W0 Vg
k3quq P iw ~P vowo
_fr3 wo. 3wom p 2 vowo
\ r voWoWq c wowo r vOwg J

with a dual obtained from the usual replacements.

We now make the following definitions

wo VOW O w0

a= —vwwwp , b= —WW,2 > Cc= VpW"p X = ,
VO WO VoWo Wo
VgW w

= EVQVVWZ , = W"E)VC]WWZQ . q 0V(Z]V\N\Qq , Y = ° ,
~0 w0 H VaW o Wo

these variables are related, via equation (5.3.11c), by

3—a‘tb<{c 3—ef +d, (5.6.13)

and using these new variables the linear problem can be rewritten as

dx

dp (C3 + C4)-x, (5.6.14a)
Y 0
C3 - 0 -n[b- I 0
0 npbX -n lb—r
p.ézp \
pszp iy’
C4 = ! n2k2 ab 2b npc
p3+ k3 p2 zp P X

n2k3 abX _
VP np3bX np2c
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dx

Ds + 774) K,
aq )
\
-m 1 T— 0
rk3 q2dzq
"7 Y~
D = m2k2 ef mqd.
a p3 + k3 w2 2 mq2f ~T~
m2k3 efY
4 2q -mg3fY mqg2d

(where = gj and zg= §f).

If we now calculate the compatibility condition for (5.6.14a) and (5.6.14b)
(C3-fCi)gq—(D3 + Di)p —[(C3+ C4), (D3 + Da)} — O

we obtain the following relations

A

nag = mev n2 | abdx + g3ab
q B —p3 qu y q

4 { g " j +p3ef

- mfp = n2fig3a6_ m2 " p3e/
nbq mfp 43 —p3

Y X
+nm (cf— - bdy )pq

mpzp (p2(e- f) - ? ~ )

2 db X\
-nqzqfg (a-b)-pJy ]

MY))p=-J--(ad-pX

229 2 Y
g3 —po YJ\qu J+nﬁqb+pcx

pf

-- (n-n(l-pb)) ,

93

(5.6.14b)

(5.6.15)

(5.6.16a)

(5.6.16b)

(5.6.16¢)

(5.6.16d)
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(log(X)), = =

q3—p3(q7_p3\n qu+m§p2f+qd’\‘(r

— (m- m(1- g/)) . (5.6.16¢e)

This gives us a coupled system for the variables z,a,b,c,e, f,d,X,Y, but unfortunately
there is still one discrete shift left in the system so we are unable to derive a closed form
PDE in 2. The derivation of the above system follows the same procedure as that given
in section 2.6 for the Schwarzian KdV hierarchy. Indeed, comparing equations (5.6.16)
with equations (2.6.2) we see that there is a close correlation between the two sets of
PDEs, but as expected the BSQ system is more complicated than the KdV system and
as such the derivation of a closed form PDE in 2 will also be much more complicated.
However, this correlation leads us to believe that the system (5.6.16) will eventually lead

to the generating PDE for the Schwarian BSQ hierarchy.

5.7 Integrability of the Boussinesq Lattice Equations

In section 5.3 we derived two-dimensional closed form lattice equations for the Boussinesq
system, namely the BSQ equation (5.3.13), the mBSQ equation (5.3.18) and the SBSQ
equation (5.3.22), see also the recent papers by Bobenko et al. [100, 101]. In this
section we wish to investigate whether these equations, as is the case in the KdV system,
represent compatible parameter-families of partial difference equations. It turns out that
in the Boussinesq the process of embedding these equations in a multi-dimensional lattice
is somewhat more complicated and hence we shall deal with each equation separately.
We shall however, throughout this section, adopt the notation of section 3.2 in which
we have a vector n of discrete independent variables n,, and an associated vector p of

lattice parameters pj. Forward shifts of a dependent variable /(n;p) are now denoted
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by a right superscript and backward shifts with a left subscript, i.e.
f =Tjf(n;p) =/(n +ei;p) . jf=~/(n;p)=/(n-e;p),

where ej is a vector with single nonzero entry equal to unity in its j th component.

5.7.1 The BSQ Equation

For the lattice BSQ equation (5.3.13) we must first consider the coupled system of
equations (5.3.7f), (5.3.12b) and (5.3.12c) from which the closed form lattice equation
is derived. On any two-dimensional sublattice of the multi-dimensional lattice we can

embed a copy of equations (5.3.7f) and (5.3.12b) giving us

« = _ _ ) (5.7.1a)
Pi - Pj 4 ui - ul

¢l = ud+PiPj - (Pi+Pj+u)(pi+pj - ulP)+ —— - ., (57.1b)
i joi

while on any any one-dimensional sublattice we can embed a copy of equation (5.3.12c),
giving

codit = c¢+pi(u- uz) —uul. (5.7.1c)

(where, for simplicity, we have defined ¢ = and d = i*0,1)

These equations are represented schematically in figure 5.1.

Now, given the initial data points as indicated in figure 5.2 we can, using equations
(5.7.1a) and (5.7.1b), uniquely calculate the values of ul2, c12, <3, c13, u23 and c23,
while equation (5.7.1c) uniquely determines d1, d2 and d3. However, for the points

d 12, d13 and d 23, we have already reached a point of possible inconsistency with, for
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ux dx

5.7.1a 5.7.1b 5.7.1c

Figure 5.1: Symbolic representation of equations (5.7.1).

u,cd ul,cl

Figure 5.2: Initial data points for equations (5.7.1).

example, two ways of calculating <il12. Shifting equation (5.7.1c) and eliminating the u J

with equation (5.7.1a) we find that

PiPj(ul - ui) + pi(cl - ¢?) + ului(ps - pi) + c%] cJul
cod = i( ) * pi( ) (p3 - pi) 1 (5.7.2)
p%. Pj + U3 . UI

This expression is invariant on interchanging i and j, thus showing that any potential
inconsistency is avoided, hence allowing us to calculate the points d uniquely for all
successive points in the multi-dimensional lattice. Continuing to iterate through the
cube, we find that there are three different ways to calculate either u123 or c1"3. Using

equations (5.7.1) to eliminate all intermediary points in favour of only the given initial
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data points we can show that we still do not obtain any inconsistencies, i.e. that
uijk = ujki = ukij

W _ g —c\

dijk _ djki _ dkij _ dikj _ dkji _ djik’

(the explicit formula are too large to reproduce here)

Equations (5.7.1) therefore form a compatible parameter-family of coupled partial differ-
ence equations and as a result can be described as a holonomic system of coupled partial

difference equations.

Turning now to the closed form lattice equation for the variable u, (5.3.13), on any

two-dimensional sublattice we impose a copy of this equation giving

- (P - P+ A - uF)(+Pj+u- U]

(5.7.3)

The consistency for this equation is illustrated by figure 5.3. For the three-dimensional
sublattice we have nine copies of equation (5.7.3), three in each direction. Imposing a
given set of initial data points, marked with a ¢, we can calculate uniquely from one
copy of the lattice equation all the points marked with a o. However, for the point
marked with a O there are three possible ways to calculate it, and it is at this point
that the consistency must verified. If we impose the initial data points arbitrarily then
we obtain different values for the function at this point and hence equation (5.7.3), in
itself does form a compatible parameter family of equations. If, however, we impose

as initial data points the variables shown symbolically on figure 5.3 and use equations
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(5.7.1) to calculate the remainder of the points marked with a « then we find that there
is no inconsistency. Although the calculations involved are enormous and extend even
MAPLE’s symbolic capabilities, as a result it is only possible to test this consistency
numerically. We therefore consider equation (5.7.3) to be a compatible parameter-family
of equations modulo equations (5.7.1). It should also be noted that the KP lattice

equation (4.3.13) can be consistently imposed on any three-dimensional sub-lattice.

u,c,d utcl uu ,cn

Figure 5.3: Compatibility of the BSQ lattice equation.
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5.7.2 The Modified BSQ Equation

For the modified equation we must deal with the coupled system (5.4.13).

on each two-dimensional sublattice a copy of these equations we get

(PiV3 - PjVI)w
Pi'wl - PjW3
(PiVIW3 - PjVaW2)w

(piW1l—Pjw3)v

w3 =

which are schematically represented by figure 5.4

VoW V, w

5.7.4a 5.7.4b

Figure 5.4: Symbolic representation of equations (5.7.i

99

Embedding

(5.7.4a)

(5.7.4b)

The consistency is now illustrated by figure 5.5 with v12, wi~ v13, w13, v23 and w®

calculated uniquely by equations (5.7.4) but three ways of calculating v
Using equations (5.7.4) to eliminate all but the given initial points we find,

PiWi(pjVk - pkvj)+ p2wj{pkvi - PiVk) + p2w k(piv3 - pjVvI)
ijk

p2Vz(pjWN - Pkwk) + p2v3(pkWKk - Piwl) + p2w k(piWwl - Pjw 3)

and w''?

P2(p:V3Wh - PkVkW3) + p2(pkVkw * - PivVIWK) + p2(pivIiw3 - Pjv3awl W

wik -

p'lvi(pjWs - pkwk) + pjvi(pkwk - piw{) + p2wk(piwi - P:w3)

3

(5.7.5b)

Both of these expressions are invariant for any permutation ofi,j, k thus, any consistency

is avoided and equations (5.7.4) form a compatible parameter-family of coupled partial

difference equations.
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v'w viw 1l

Figure 5.5: Consistency of equations (5.7.4).

For the closed-form equation for the variable v, on each two-dimensional sublattice we
now impose a copy of equation (5.3.18) giving

A v v

Pivi  wviijja Pi 5 3 SIVA b v P v —pivm v% (5.7.6)
The consistency of this equation is illustrated by figure 5.6 and again we find that if
we impose the initial data points, marked <, completely arbitrarily then at the point
marked with a O there is an inconsistency. In this case we must give the initial points
indicated symbolically in figure 5.6 and use equations (5.7.4) to complete the required
set of initial points. Given this set of initial data we can again show numerically that
there is no inconsistency. Hence, equation (5.7.6) is a compatible parameter-family of

equations modulo equations (5.7.4). Again, it can also be shown that the modified KP

equation (4.3.15) can be consistently imposed on any three-dimensional sub-lattice.

5.7.3 The Schwarzian BSQ Equation

For the Schwarzian BSQ equation we simply supplement the coupled system for the

modified BSQ (5.7.4) with equation (5.3.20). Embedding a copy of this equation on
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vV, W V1w vn ,wn

Figure 5.6: Compatibility of the modified BSQ lattice equation.

each one-dimensional sublattice we get

, = YW (5.7.7)

P
The consistency is again illustrated by figure 5.5 to which we must add one extra initial
data point, namely z. With this point added we can use equation (5.7.7) to uniquely
calculate z1,z2 and z3. We reach a possible inconsistency at the points z12,z13 and z23.
Shifting equation (5.7.7) and eliminating all points except the initial data with equations

(5.7.4a) and (5.7.7) we find that,

p2(p:wlz + vewlw) —p2(piw:z -f vIIiw3w)
. _) o (5.7.8)
pipj(piwi - PjVjl)
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This expression is invariant on interchanging i and j , hence equation (5.7.7) along with

equations (5.7.4) also forms a compatible parameter-family of equations.

For the closed-form equation for the variable 2 we impose a copy of equation (5.3.22) on

each two-dimensional sublattice, giving

(z»» _ 22JN(Z) - z<i){z3 _z) _ p3(zw - z")(z% zj) - qg3(zi® - z*))(z« - 2J)
(zM —zni) (z%—z1)(zt —z) g3(zui —zw)(zl) —z1) —p3(z® —z")(zn —2*)

(5.7.9)
In this case, to avoid any inconsistencies, we use the same initial points, given symboli-
cally in figure 5.6, for the modified BSQ equation. To this we again add the extra initial
data point z and then use equations (5.7.7) and (5.7.4) to calculate the values of z,v
and w for each point marked with a . With this set of initial data we can then use
equation (5.7.9) to calculate the remaining points, finding no inconsistency at the point
marked with a O. Hence, equation (5.7.9) is a compatible parameter-family of equations

modulo equations (5.7.7) and (5.7.4).

5.8 Similarity Constraints for the Boussinesq System

In this section show how to derive the similarity constraints for the Boussinesq system,
along with their associated monodromy problems. We shall then go on to demonstrate
that, In the case of the modified system, the constraint are compatible with the lattice

equation derived in section 5.3.

For the Boussinesq system, the dependence of the plane-wave factor pk on the spectral

parameter k is given by
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This leads us to impose the following linear relationship for the matrix C

C+1C + C mtl = [lpici tci\gr +

> - o
nLT\mqurA cC-C p,,+letA) , (5.8.2)

which gives the following nonlinear relationship for the matrix U

U+1-U +U-"1 = [lpj~ Uj *W]ar +
1 1
Pu -U =
Pv + A pu+utA
(U -0 - —Ar— U (5.8.3)

Pv + U)tA Pu+ A

Limiting ourselves to two dimensions, with independent discrete variables n and m and

lattice parameters p and g, we obtain closed-form similarity constraints for the objects

defined in (5.3.6). The similarity constraint of the lattice BSQ equation reads

(Au;~n~m@> —1) —l)u —

p3 - Q3 B

3n +(p- q+u- +0g+ U-
P gqru—y TParu-WEpgru- )
P3-2 A
+3 - —q+u- 2p-fg+u—
M iy T Pmaru- v et u—uy
(5.8.4)
The similarity constraint of the lattice mBSQ equation reads
Vo p*vo— gtvo , Vgpv0- qgvo
np P+ =N +
pvo— qvo Va yQ
VO q2v0 - p2vp A VO QVo - pvo 1- 20
+mq g (00207 PEP N voauO - p Zs
gvo - pvo V0 1- w2
(5.8.5)

Finally, the similarity constraint for the Schwarzian lattice BSQ equation reads

(z- 2)(z - 2) (z~2)(z —2)
2p.2 2P sy e TR (T vowo, (5.8.6)
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where vowo = NN e A\p3(z - 2)(z - z) - q3{z - 2)(z - 2)\,
P2z —2z)(z —1)
with a similar expression for vowq.
Alternatively, for the variables vo and wo we obtain the following coupled set of similarity

constraints

1— 2/ _h_m f2vowo - vowo - vowo\ { 2vowo0 - vowo - vowO\
B XU T M = M\ — e + .m — - A (5

1- Uz V VOWo + VoWo + VoWo J \ Vowo + VgWg + VoWo J

1-21 .\ nm . (2vOWO0 - vOwO - VOwO\ f 2vOW0 - 0”0 - VOw 0\
+ Xuj — —ion A —urn A A (5.

1—02 V VgWq + VOWo + VOWO ) \ VgWgqg + VOWO + VOWO J

For this coupled system we now investigate the compatibility of these constraints with
the lattice equation (5.3.18). This will follow closely the scheme described in section
(3.4.1) for the 2-dimensional KdV system, however, in this case the situation is more
comphcated as we are now dealing with a coupled system for two dependent variables
Vo and iwo-

So, for this case we have two lattice equations (5.4.13) and two similarity constraints
(5.8.7). Schematically these are represented by figure 5.7. The compatibility of these
equations is also illustrated by figure 3.3, however, for each initial data point (marked
with a ¢) we must now assign values of both Vo and wq. Again we proceed by calculating
each successive point using either the lattice equation (5.3.18), points marked with a 0, or
the similarity constraints (5.8.7), points marked with a X. For the points calculated using
the similarity constraint we must solve the system of equations (5.8.7) simultaneously.
At a certain point in the iteration we reach a point, marked with a which can be
calculated using either the lattice equations or the similarity constraints and it is at this
point that the compatibility must be confirmed.

Again the calculations involved are very large and cannot be reproduced here, but have

been verified by MAPLE.
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V,w
Vv, W V, w v,
w 1 [
V, wt
+
V, wi
vV, w V,w
vV, W vV,w \Y;

Figure 5.7: Symbolic representation of lattice equation and similarity constraint.

Thus, we have a coupled system of lattice equations and a compatible system of similarity
constraints for which we can give a well-posed IVP. In theory we should therefore be
able to use the similarity constraint to reduce the lattice equation to a OAE of Painleve
type. However, to date we have been unable to determine the relevant variables which

would allow us to do this explicitly.

5.9 Semicontinuous Limits

In this section we show why we consider the lattice equations and similarity constraints,
derived in sections (5.3.1) and (5.8), to be of BSQ type. By investigating what happens
under a continuum limit compatible with the integrability structure, we shall show that
we recover the continuum situation. As it was established in [41] that the similarity

reduction for the continuum BSQ equation leads to Painleve IV, the discrete similarity
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reduction must necessarily lead to a discrete analogue of Piy- Thus, even if we can only
obtain on the discrete level the reduction in the form of a system containing the lattice
equation and a similarity constraint, this system reduces in a continuum limit to the
Painleve equation. Since we have two discrete variables in the lattice equation, namely
n and m, we have to perform the continuum limit in two steps: one letting the variable
m become continuous, reducing our equation to a differential-difference equation, i.e.
an equation with one discrete and one continuous variable, and a second step in which
the remaining discrete variable will become continuous. Both steps are achieved by
shrinking the corresponding lattice step (encoded in the parameters p and q) to zero. In
this section, we shall perform the first continuum limit in two different ways, one which
we call the “skew” limit because it involves a change of variables on the lattice, and one
which we will call the “straight” limit which can be obtained directly. The results in
both cases are different, but from both the full continuum limit can be obtained and
leads to the same result. It should also be noted that the differential-difference equations

obtained either by either continuum limit are not the same as those obtained in section

(5.5).

5.9.1 Skew Continuum Limit

The most convenient way of doing this is first, on the lattice, to do a change of discrete

variables, namely un<m = un/(m), and then doing the limit by taking

6 =p—qhy0 , mwoo , sm k¥« , (5.9.1)
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where n' = n + m is to remain fixed. This limit is motivated from the behaviour of

discrete plane-wave factors

p+k\nf g\-k

= 59.2
PRIV = 0 uka \g + (9.2
which under (5.9.1) behave as
1 —u))ki
K q+k R i (5.9.3)
p 4 LukJ \qg + uik p+ uk (P + K)(P+ Un).

cf. [65, 66]. By this limit, the lattice BSQ (5.3.13) goes over into the following differential-

difference equation (we omit the prime of the v! variable)
3p29riog(l + un) ~ (Bp+un_i - un+2)(I + un)(l + un+i)
BpfUh—=2 ~n+)(1 Vh) (f+ Vn); (5.9.4)
(un = drun). In fact, as n' = n + m remains fixed in the limit, we need to do first a

change of variables on the lattice, namely u{n, m) = un+m(m) , and then use a systematic

expansion of the form
un(m) un{r) + Sun(T) + ~un(T) H--—-,

in which one retains the dominant term in the small parameter S to obtain (5.9.4).

Performing the same limit on the similarity constraint (5.8.4) we obtain

0 = = — + {np - 3r) (5.9

GIDA[(3p+ Un-1 - M1+2)(1 + Un)(l + un+l) + (3p+ Un_2- "th+D)(I + un-1)(I + U,

which imposes scaling-invariance on the solutions of (5.9.4).

Next, we can apply the same continuum limit to the lattice mBSQ equation (5.3.18),
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leading to
vn+l (p2+ pa + a2)vn - (2p + Q)-i
vn-1 (p - oLjvn + vn
"l ia)sde 1) _ e ((p_a)iizi + 1 (5.9.6)
vn+2 1

Taking a = 0 and introducing the variable Qn = 1+ pdT(log vn) , this equation can be

cast into the form

3pdTlogQn = (1- Qn-tQn - 3(Qn + Qn-i)
\ »n+l/
1 V-l ) QnQn+1 + 3((5u+l + Qn) (5.9.7)

The similarity constraint in this limit takes the form

n@Qn—1) - —Qn[3- [Qn+l+ Qn+ Qn-1)+

Ul—:)  tkil-=) - 699)

Finally, the continuum limit of the lattice Schwarzian BSQ (5.3.22) is given by

dr log 3,(""rrl-l A)(Pn o %)

n+l
-p(zn+1-znt)) = zZ'"1
n—1 Zn—=2 +2 Mfl
(5.9.9)
whilst the similarity constraint for the variable z reduces to
np —3r +
+pr Zn+l(Zn+2  %n) n(zn€l ) . Zn—i*n  Zn—2)
_(®"n+2 Ati+l ) (~Ti+I ) -*n+l ATH(NTI 1) *n ATl—1)y(~7i—1 An—2)
Nif-lrnan - AT71+2) Y AnAn—1(zn—2 —~n-f1)
+7?

3 @2 ~7i+1)(h7Let AT (AT AT1—1) 3 (A71+1 AT (AT AT1—1) (A71—1 r71—2).

(5.9.10)
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5.9.2 Straight Continuum Limit

The limit (5.9.1) is not the only way to obtain semi-continuous versions of the lattice
BSQ equations. We could equally well apply a “straight” limit, i.e. one that doesn

involve a change of variables on the initial lattice. In that case we can consider simply
ra

gn oo , mi-too , — h>a (5.9.11)
9

corresponding to the following limiting behaviour of the discrete plane-wave factors

p+k\7L/ g-fk (5.9.12)
p+ukJ \g +uk o

By this limit, using the expansion

= An(®) T gg2 " ime

q
in which uUn = dxun, the lattice BSQ equations (5.3.13) go over into another set of

differential-difference equations, namely

dl(untl + un + iin_i) = 3un+l(p+ un- un+l)- 3un_x(p + u,_i - un)

f-(p+ un - un+i)3- (p+ un—- unf (5.9.13)
for the BSQ equation, and

dNog(vn+\vnvn-\) =

2 !
Jr12+1 un—1 j_ ﬁé'l‘l-VL VI—Vn—l + Sp

n+1l
vnooovnen (5.9.14)
vn-I v+l V,,

for the mBSQ equation (5.3.18). Finally the continuum limit of (5.3.22) is given by

yiry o
n+1 % n— n+l n;l .(5.9.15)
n i

Glo 3(zn+i - zn-1) +
9 P ) (mAn+l Zn)(zn  ~nd). n+l 2n
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The continuum limit of the similarity constraints are the following

—HP[l 3p (2un 'Vnl H»
X [(2xin  A71+1  An—1XAn+l " An—) (P Au+l) (P"i"~n—  ~n) ]
(5.9.16)
for the differential-diiference BSQ (5.9.13), and
(5.9.17)
-1
for the differential-difference mBSQ equation (5.9.14), and
=AN4 +3n/ , ., ~C e (5919)

Zn+1Znzn-1 “*P (zZn  zn+1)(zn+l  zn-1){zn-1 zn)
for the differential-difference Schwarzian BSQ equation (5.9.15). If we compare the skew
and straight continuum BSQ systems, one immediately observes that, whereas the former
are generally of higher-order in the discrete variable, the latter ones involve derivatives

with respect to the shifted variables.

5.9.3 Full Continuum Limit

We shall concentrate on the semi-continuous BSQ equation obtained by taking the con-
tinuum limits under the “skew limit”. To recover the fully continuous BSQ, together

with its similarity reduction, a second continuum limit is performed by taking

p —>00, n—00 (5.9.19a)

such that

(5.9.19b)
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in which case the plane-wave factor pk takes the from
Pk exp [(L- u)kx - (1 - u2)kat\ (5.9.20)
and (5.9.4) goes over into the potential BSQ equation
Utt 1 %‘U‘xxxx rUXUXX —O | (5.9.21)
which is the integrated version of the BSQ equation.
The full continuum limit of (5.9.6) gives

At AZMxxx o Avtx 2vxvxx —O0 . (5.9.22)
3

Which is is the the potential modified BSQ equation.

Finally, for the Schwarzian BSQ equation the full continuum limit of the equation for z,
gives

3/zA + [fxxX + 3z2-z 2x\ =0 (5 9 23)

zxJt \zx 2 zl

which is the Schwarzian BSQ equation.

Thus we see that continuum limits of the lattice equations of section 5.3.1 yield contin-

uous BSQ equations and can rightly be referred to as lattice BSQ equations.
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The AKNS System

6.1 Introduction

In this section, following on from [80], we shall extend the direct linearization scheme to
a system of two coupled integral equations in terms of two dependent variables ipi and

ipk. Thus we now have the following set of linear integral equations

PKCK, (6.1.1a)

Vk+ [/  dXx
JCh

-l dxM vz °- (6-L1b)

In the above system, ck is the infinite vector defined in (2.1.1) for the KdV system.
However we now have two arbitrary contours C\ and C2, two arbitrary measures <Al
and d\ 2 and two plane-wave factors pk and ak. As with the previous systems, it is the
plane-wave factors which shall determine the number of dimensions of the system and

whether they are discrete or continuous.

If we integrate equation (6.1.1a) over the second contour C2 with respect to d\ 2 and inte-

112
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grate equation (6.1.1b) over the first contour C\ with respect to dX\ we find that ipk an-d
'ipy both satisfy integral equations of the same type but with different inhomogeneous

terms, i.e.

+L iMi>)L dHi)(Kpi)t-v)= L dHDw ~)ci' ...,
To complete the system we must also define the following adjoint coupled system in

terms of two further independent variables Xk and 9k

Xk + f = akck, (6.1.3a)
JC2

9k - [ dXi(l')~f/ = 0. (6.1.3b)
JCi

Again, integrating the first of these (6.1.3a) over the first contour C\ with respect to

dXi and the second over the second contour C2 with respect to dX? we find that Xk' an(l

Ok also both satisfy integral equations of the same type as in (6.1.2) but with different

inhomogeneous terms, i.e.

* W el A2()I, S°W-V) = °KCK’ (6'1'4a)
kL "Jo~w "o =LiMWA~r ...
Thus we have a coupled system of integral equations, (6.1.1) and (6.1.3), in terms of four
dependent variables ipki V') Xk ancl  each of which satisfy second order lineai integral
equations of the same type. As before, in order to simplify the equations and investigate

the underlying algebraic structure, we must develop an infinite matrix structure foi this

system.
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6.2 Infinite Matrix Formalization

Firstly we require two infinite (Z x Z) matrices defined by

(p°=  d\2{l)picitci , ip°=  dXi(I')ai'Cii *cj/, (6.2.1)
iIco ~

which we incorporate into the following (2 x 2) matrix

( A\
0 ip°
(6.2.2)
\ - r 0
This (2 x 2) matrix will be used to derive the linear relationships for the system.
For the nonlinear relations we must introduce the following four infinite matrices
(p= d\2(D(pitci , ijj= [ dX1(I)rlv cri (6.2.3a)
ic2 JCX
which we again incorporate into a (2 x 2) matrix
(- \
i @
H = (6.2.4)
\-x »}

Apart from these main objects, we again require several other infinite matrices

i) Index raising matrices A and tA.

ii) Projection matrix O.

iii) Index counting matrices I and tl.

iv) Matrix d.

All of which are as defined in (2.2.3) for the KdV system. However, we also require

similar objects which we can consistently use along with the matrices C and H . For
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this purpose we define the following (2 x 2) matrices,

( A O ! / tA o ! ( 0 5\
A fA = 0o = , (6.2.5a)
1 v v 0 1A ) KO °J
\
( I o \ ( h 0 : Q o '
| - . , n = .(6.2.5h)
o fiy
1 7) \ v

As each of these is a multiple of the identity matrix, equations (2.2.3d)-(2.2.3e) still hold

for these 2 x 2 matrices, i.e.

(6.2.6a)
k_l . .
where Ok = AA(~ 1A): mo mAKT
i=0
ti-ci +si-i +n = o (6.2.6b)

We now have a set of objects which will allow us to describe our system in terms of
either infinite matrices or in terms of (2 x 2) matrices, each entry of which is an infinite
matrix (these (2 x 2) matrices shall be written in boldface). For example, the system
of integral equations (6.1.1) and (6.1.3) can be written in terms of infinite matrices as

follow

P+ wefi-(p° — ip°, (6.2.7a)
tp —(p - fl mTp° — 0, (6.2.7h)
X+ eene =v, (6.2.7¢c)

e-xXmk ep=0 (6.2.7d)

While, in terms of (2 x 2) matrices, this becomes

h=cwi+nmyl (6238)
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The form of the above equation is the same as (2.2.4) in the KdV case, however, now it

describes a system of coupled equations.

6.2.1 Symmetries

The infinite matrices in (6.2.3) can be shown to have certain symmetries which shall
lead us to an important symmetry for the object H

i) Symmetry of pand x

From the definition of ip, if we eliminate the fci using the transpose of equation (6.1.1a)

we obtain

Expanding this and using equation (6.1.1b) we find that

This expression is clearly invariant under transposition, and hence

(6.2.9)
Starting with the definition of x, a similar argument using equations (6.1.3a) and
(6.1.3b), yields
(6.2.10)
ii) Symmetry of ip and 9
Starting now with the definitions of ip and 9 a similar calculation gives us the following

two results
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From these results we can clearly see that

9 = - ti> (6.2.11)

Applying (6.2.9)-(6.2.11) to the definition of H we find

which gives us the following symmetry for H
tH = -cof(H), (6.2.12)

where we use cof to indicate the matrix of cofactors of a 2 x 2 matrix

6.2.2 Useful Identities

Throughout the rest of this section we shall be dealing mainly with 2x2 matrices, each
entry of which is an infinite (Z x Z) matrix, and it will be useful at this point to clarify
the notation and give some of the identities these matrices obey that shall be used in the
calculations to come. We have already defined most of the 2x2 matrices we shall require
in (6.2.2), (6.2.4) and (6.2.5), but along with these we shall also require the following

2 x 2 matrices each entry of which is a scalar

v 0 Pi
v = P = )

1° 11 (o P21

although these matrices have scalar entries we write them in boldface as they shall be
used in calculations along with the 2x 2 matrices with infinite matrix entries.
Given that we have matrices within matrices, these are two possible ways of transposing

these objects. We can either transpose each entry of the 2 x 2 matrix or we can transpose
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the the whole matrix, we use a left superscript t for the former and a right superscript

T for the later, i.e. for

A

c if

A a, b,c,d infinite Z x Z matrices,

H) - d

Using this notation we can give the following identities

\A-B)t = (tBTHmAT), (6.2.13a)

2 mA ma2, (6.2.13b)

(cof{A))T

where A and B are 2x2 matrices, each entry of which is a Z x Z matrix and c2 is the

Pauli matrix

Fox diagonal matrices we use a “bar” to indicate that the entries of the diagonal have
been swapped, this should not be confused with the previous chapters in which a “bar”

was used as a shift in one of the lattice directions, i.e.

1° b) 1°

Thus, for diagonal matrices we have the relation
c2'A — A ma2m (6.2.14)

With these definitions and identities in place we can proceed to derive the lattice equa-

tions for the AKNS section.
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6.3 Algebraic Relations

In order to derive a purely algebraic relation for the system we return to the original
integral equations. Multiplying through equation (6.1.2a) by kv with p € N we obtain

the following

kpogk + dXi(I')  dXx2(1),k _P v = kPP*c™ (6'3'1)

Using the following identity

j=o

and the integral equations (6.1.1b), equation (6.3.1) can be expressed as

kpgk + Jc dXi(l')jc dX* I\ kP]"){v-T) = kvwp "~ "r-°vch

-vO Tjc dH

Thus, using the integral equations (6.1.2a) and (6.1.4b) this gives us

kp-k = Apmprk- ipmOpmdik~ mOp mOk- (6.3.2a)

Similar arguments yield

/v - V'Op eVt + ‘Op mXk'i (6.3.2b)
klp-Xk' = A-Xk' - 9-0Op-Xk' - X-Op-~k, (6.3.2¢)
kp-Ok = A Ok- 0 Op-Gk + x-Op-<pk- (6.3.2d)

Integrating equations (6.3.2a) and (6.3.2d) over C2 with respect to dX2 and integrating

equations (6.3.2b) and (6.3.2c) over C\ with respect to dX[, equations (6.3.2) can be
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expressed in term of the (2 x 2) matrix H , giving us
H Nv = (AP-H Op) H. (6.3.3)

This is our purely algebraic relation for H in which p is an arbitrary parameter which

can take on any integer value.

6.4 Discrete Lattice Equations

For this section we shall concentrate on discrete equations and immediately limit our-

selves to the two-dimensional case, Hence we define the plane-wave factors p* and a”

by

n =VA=~k) vir o) “ak' -\ v ¥ A m '
The factors pk and a*i now depend on two independent discrete variables n and m each
of which now has two lattice parameters associated with it, P\,P2 and 91,92 respectively,
as well as an extra parameter for each independent variable, rj and rj' respectively.

For the discrete evolution we can impose on pk and a” two different transformations of

the same type but for each of the discrete dimensions, namely
Pk Pk = Pk(n+ I, m) , pk h* f)k = pk(n,m+ 1),

with similar expressions for ov. The discrete evolution of pk and a” is therefore given

2w=1 < (w '2)
with similar expressions for the ? shifts given by replacing Pi,P2,V with qi,q2,v'-

This leads us to impose the following linear relationships for < and ip°
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which, in terms of 2 x 2 matrices can be expressed as
C-(P- tA)-rj=rj-(P-A)-C. (6.4.3)

Equations (6.2.8) and (6.2.6a) can now be used to give the following nonlinear relation

for H
H -{P- tA)-ri = V(P-A) H+H V o H, (6.4.4)

from which the lattice equations will be derived.

6.5 Similarity Reduction

In order to derive the similarity constraints we need to see how the factors pk and ¢k

behave under the action of the differential operator k-~. This is given by

4W:,&-£-.JL)I’I , *0 (6.5.1)
p2—k pi —kJ dk \pi —k p2—k)

now consider the object

(O(i"PiW 1

Jc d\2(1)ri(Ipicitci) - d\2(1)piciici

-3 d\2()pi(1rjCi) tei —  d\2(1)piCi(l-Qi tci),

hence

dX2(I)(I’\'tPi)citci [lpiCitci\dc2 ~ [ dX2(I)pi)ci tci
ol Jc2

d(pi-Bota - T dx~piciilaci),
C2 UL JC2

J

now, ignoring boundary conditions and noting that

9-ci —ITlci and (i_ tC; = tc; 'tf-,
dr ~ di
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we have

Similarly

JC\ 91

Now, by inserting equation(6.5.1) into the above equations we get

O —-RPimp 2(p @ P2 (6.5.2)
Pi - A Pi- BA

Pi ©°- e P2

Wi- A T p2- 4A
transposing the second of these equations gives

n P2 pi
-A v r7 v T' pi- ‘A,
equations (6.5.2) and (6.5.3) can now be expressed in terms of 2 x 2 matrices, giving us

the following linear relation for C
C+1 C+C *1 = n C-C (6.5.4)

where

Pi-A Pi-‘A
P-A . P- 1A .
v PRAA P2A |

Having obtained an equation for C we now wish to obtain the corresponding nonlinear

equation for £1. Which is given by,

H+1 H+H-.v

P P P
n H-H ——3 —H®—Tr O —s# ). (655)
P-A P- TA

It is particular entries of this equation which will give us the similarity constraints for

the AKNS system.
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6.6 Lattice Equations

In order to derive the lattice equations of the AKNS system we must introduce the

following objects

> =“+(™a-h-aL . {MAC)
where the subscript (0,0) now means to pick out the central element of each of the
infinite matrices in the relevant 2 x2 matrix. This means that each of the objects in
(6.6.1) is a 2 x 2 matrix with scalar entries.

Using the relations in section (6.2.2) and the symmetry of H , it is possible to show that

these objects possess the following symmetries

sa,p = -a2, (6.6.2a)
Va = o2m(wa)T ma2 , Wp = a2 m(v-")T ma2, (6.6.2b)
ta = 02 «(Sa)T m02 , sp = 02 m(tp)T m02. (6.6.2c)

We now proceed to derive the lattice equations and similarity constraints.

6.6.1 Algebraic Lattice Equations

Starting with the algebraic relation (6.3.3), taking p = 1 we get

H 1A = A H-H O H. (6.6.3)
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This equation now gives us the following algebraic relations for the objects in (6.6.1)

va-wa = 1, (6.6.4a)
1—aiSc™0 = va mwo, (6.6.4b)
vo-Wn = | + /3s0ip, (6.6.4c¢)
Va-wp = 1+ (3saip - asap. (6.6.4d)

Turning now to the shifted equation (6.4.4) we obtain the following Miura type equation

V-sape(p- Q) mW+VmP-ot)msa,p = va-T)-wp, (6.6.5a)

and by considering a second transformation of the same type but with different param-

eters Q and r)' we obtain the similar relation

Vi~ Sxpm{Q ~3)evi+nNmQ-a)'s<<tkp - Va-v'-wp, (6.6.5b)

now, by applying the symmetries (6.6.2) to equations (6.6.5b) and (6.6.5b) we get

rj+ ge(P —a)—-sap —sa,p—(P -0)- - va rjwp,

Vi+ v ®{Q - <) 'S(x,p~ sxp'{Q - /3)'v: = va rj'-wp,
applying extra shifts to these equations gives
rji+Vv «(P ~ <*)-s"P ~s<x,p-(P ~P)-V = va rj wp, (6.6.5¢c)
Vi+ v' m(Q - ot) -Safi - saip*(Q- (3) ri' = Va r' wp, (6.6.5d)
eliminating wp from equations (6.6.5a) and (6.6.5b) gives
va-v-"-v~1 = [7- sap (P - 3w+ 7<(P - a) msa>/3] X

X[V' - s aip s(Q - (3) ur] + 77" +(Q - a) -
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while eliminating wp from equations (6.6.5¢c) and (6.6.5d) gives

Vav'zz-Vni1 = [+ r'm(Q - ct) -saip - saB*(Q ~P) -rj'] X

X[v+VmP - a)+Sap- sap (P - P) -1)]"

125

In order to derive a closed-form equation from the above equations the LHS of each

equation must be equivalent. This is the case only if we apply the extra condition

rj = r]', in this case we get

[V~ sa,pn(P - P)sv+ VP ~a)mnsaip] X
X[V - s<pmQ - P) w' +v' MQ - a) mq/3 1=
W +rj'"m(Q - a) maip - saj3 m(Q - (3) mj']x

X[rj+ Vm(P —a) maip - satp (P —(3)
If we now introduce the following object
z=500—nP~l —mQ~Il , cof(z) =z' = —s00o- nP 1—mQ
Equation (6.6.6) gives

(77 P wz - z uP wrj) X (rj1mQ mz - z mQ wv')-1 —

(z' Q-rji-rj* Q-z) X (z* P rj-rj P ez9"1.

We can also obtain from equation (6.4.4) the following relations

ta 1 vamre(P - h)- me(P - a) ma,

ta rj va rjm(P -h) - (P - a) rj-va,

(6.6.6)

(6.6.7)

(6.6.8)

(6.6.9a)

(6.6.9b)
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now, by applying different shifts to these equations we we obtain another set of Miura

type relations, namely

T =Q wl] - T)wP mrj' - Timh mri + T) mh w71 =
(£a)-1 wvr-(Q- a)Namr- 77+(P - a) wa w), (6.6.10a)
" Q m7- rjmP mrj' + 7mh mrj' - rj" hwy =

(Ea)-1 "(rf m(Q ~ “)evamr- 77¢(P - a) ma mrjl), (6.6.10b)

for which, certain parameter values will yield further closed form equations.

6.6.2 Similarity Lattice Equations

In the case of the similarity constraint we obtain the following equations

h = n \(-v :JP—-P w7 evP - pg +m S\/_ -;1 Q w7/ wQ - Q} (6.6.11a)
0 = ntl—-ll—d/’oolnvlF’va-l 1A
P Vp Vo J
+m { =— evo m"— 771mMQ Wq ———- - (6.6.11b)
1k vQ Vo J
-7 = Z/i .i_—\.‘/o_ rJ va_r]_ _l .i._l\
\P 7 Vo V PJ
+m( . 1.80.J-."M)ymQm' = m , (6.6.11c¢)
\Q 77 vQ w Vo V. Q)

where the fractions in the above equations should be treated as the inverse of the relevant

2 X2 matrix.

These equations may be used as the basis for deriving closed-form similarity constraints.

In this section we have succeeded in laying down the foundations of the direct lineariza-
tion method for the lattice AKNS system. We have formulated the infinite matrix

structure and defined the basic equations needed to derive the relevant lattice equations
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and similarity constraints. The derivation of these equations is however left for the

subject of future work.



Chapter 7

Conclusions

This thesis deals with the subject of integrable lattice equations and their similarity
reductions, in particular to equations of Painleve type.

In Chapter 1 some key notions of continuous integrable systems are highlighted. In
particular we review the Inverse Scattering Transform, Lax pairs, Backlund and Miura
transformations and conservation laws. We also recall ingredients from the classical
theory of Painleve equations and the Painleve property and showed how this is related
to integrability via the ARS-conjecture. Having summarized the main features of
continuous integrable systems, we consider their discrete analogues, giving examples of
both integrable PAEs and discrete Painleve equations. Emphasis was given here to the
the linearization of the KdV equation by Fokas and Ablowitz as this is the basis of the
direct linearization method employed throughout the thesis.

In chapter 2 we review the direct linearisation of the KdV system. Whilst most of the
results in the chapter have already appeared in the literature we need to establish the

notations and to develop the tools for the subsequent chapters. In particular this entails

128
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the setting up of an infinite matrix structure, which, albeit being a strictly formal tool,
has proven to be extremely powerful in establishing the algebraic properties of the
system. It is demonstrated how this infinite matrix structure can be used to derive a
host of results including closed-form lattice equations, associated differential-difference
equations and similarity constraints that govern their symmetry reductions. Further-
more the linear systems associated with each of these equations are derived. In this
chapter also, a new method for obtaining Lax pairs for the lattice equations directly
from the equations themselves is presented. This relatively simple technique is expected
to become a useful way of obtaining Lax pairs in cases were they are unknown. Finally
in this section we recalled the nonlinear PDE which are the generating equation for the
entire hierarchy of Schwarzian KdV equations.

The next chapters in the thesis contain new material. In chapter 3 we deal with
extending the reduction of the lattice KdV equations to Painleve type equations of
higher order. This reduction is achieved by means of a similarity constraint, compatible
with the lattice equation, linking the various dimensions of the multi-dimensional
lattice. Thus, we show that both the lattice equations and the differential-difference
equations for the KdV system can be consistently embedded in the multidimensional
lattice and hence form compatible parameter-families of equations. Extending the
similarity constraint in a similar way, we derive a coupled set of second-order nonlinear
ODEs which make up the continuous Pvi hierarchy along with a coupled set of first
order nonlinear OAEs which give the discrete analogy of this hierarchy. With these
systems in place we give explicit examples of these reductions for the two and three
dimensional cases. The results for the two-dimensional case, although already known,

were reproduced by means of the general multi-dimensional systems. For the three
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dimensional case, it was shown that an IVP could be well-posed and that this does
indeed lead to higher order Painleve type equations. These systems were then compared
to the Garnier systems.

In chapter 4 we introduce the higher dimensional KP system. We indicate how this
system can be dimensionally reduced to the lattice GePfand-Dikii hierarchy. We also
develop the direct linearisation method for the lattice KP system and give closed form
lattice equations. For the similarity reductions we shown that the system must first
be dimensionally reduced to the Gel’fand-Dikii hierarchy before the similarity can be
implemented.

In chapter 5 we extend the direct linearisation method to the Boussinesq system,
deriving the lattice equations and their associated Lax pairs as well as new differential-
difference equations along with their linear systems. Using these linear systems we
derive a coupled system of nonlinear PDEs from which we expect the analogue of the
generating PDE for the Schwarzian BSQ hierarchy can be extracted. However, so far,
we have not been successful in obtaining a closed-form equation of this type. We then
proceed to show how the lattice BSQ equations can be consistently embedded in a
multi-dimensional lattice and hence can also be considered as compatible parameter-
families of equations. It is seen that this is best achieved by considering these lattice
equations as coupled systems rather than closed-form equations. Finally we rederive
the similarity constraints for the BSQ system along with the associated monodromy
problems. The compatibility of these constraints with the lattice equations is confirmed
for the case of the modified system. Again this is best achieved via coupled systems
for both the lattice equation and the constraint. In theory the constraint can therefore

be used to reduce the lattice equation to an OAE and as this OAE will have been
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derived as a self-similar reduction of an integrable lattice equation we would expect it
to be of Painleve type, however this reduction is not done explicitly as we are unable to
determine the necessary similarity variables.

In the final chapter we develop the direct linearisation method for the lattice AKNS
system. We introduce the notation and derive the matrix equations from which the
lattice equations and similarity constraints can be found. The derivation of the explicit
form of these equations is left to future work.

In conclusion, in this thesis we have presented new examples of similarity reduced lattice
equations and demonstrated that there is an intimate interplay between continuous
and discrete systems. We are confident that these these results will prove to be of
importance in the development of a coherent theory of integrable partial difference
equations. In first instance, further analysis of the AKNS system is required as well
as a full picture for the entire lattice Gel’fand-Dikii hierarchy. In future extensions to
lattice systems of elliptic type, e.g. the lattice Krichever-Novikov system, need to be

investigated.



Appendix: Coefficients for

equation (3.4.10)

In section 3.4.2 we gave the following coupled system of second-order nonlinear ODE’s,

equation (3.4.10)

da* A fdX\ fdy\ . (dX\ , . (dY\

da2y ., fFd X\ n fdY\2 n fd/)\(\ (dY\ d X\ dy\

w o~ )+ TTHMAUI U3 UJ 6

where the coefficients, as calculated by MAPLE, are given by:

I a{pX-g)(g-~-) \ ( [PY - (- £)p(p2- g2)2
A G P - \'8 YW o) ws(px-q)3 g TRt
%2p(p2- g (py{p)~ r)(r - |r)
2(pY-r)(r- ~t~s)p(p ~Q ) _2— ———— p
y(p) [ (px - q)2 (P -r1)
m%2%12P J % HpY-r)(r-y) %22%1p
+ 2 (P2- 42)2 (P2- 92) (P2* r2) (Pl - 9)2(g_ L.)2

/
(P2- r2) %32(pX - g)(g- y)) - g
X \4

(—%6 + 2%4) (pY —r)(r- y)p(p2- g2)2

{P2-r2)%z(pX-q)2{g-" )2
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