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Abstract

The conventional point of view is that the Lagrangian is a scalar object (or
equivalently a volume form), which through the Euler-Lagrange equations pro-
vides us with one single equation (i.e., one per component of the dependent
variable). Multidimensional consistency is a key integrability property of cer-
tain discrete systems; it implies that we are dealing with infinite hierarchies
of compatible equations rather than with one single equation. Requiring the
property of multidimensional consistency to be reflected also in the Lagrangian
formulation of such systems, we arrive naturally at the construction of La-
grangian multiforms, i.e., Lagrangians which are the components of a form
and satisfy a closure relation.

We demonstrate that the Lagrangians of many important examples fit into
this framework: the so-called ABS list of systems on quad graphs, which
includes the discrete Korteweg-de Vries equation; the Gel’fand-Dikii hierar-
chy, which includes the discrete Boussinesq equation; and the bilinear discrete
Kadomtsev-Petviashvili equation.

On the basis of this we propose a new variational principle for integrable
systems which brings in the geometry of the space of independent variables, and
from this principle we can then derive any equation in the hierarchy. We also
extend the notion of Lagrangian forms, and the corresponding new variational
principle, to continuous systems, using the example of the generating partial

differential equation for the Korteweg-de Vries hierarchy.
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Chapter 1

Introduction

This chapter gives an introduction to the areas of study relevant to the thesis;
it gives an overview of the main results obtained in the past by others in the
field, and provides some motivation and context for the new material in the
following chapters. All of the results found during the course of my PhD studies
lie in the realm of integrable systems (in the main, discrete integrable systems),
so this is where we begin, followed by the theory of variational principles. We
mention briefly in what context Lagrangian forms have appeared previously,
and the attempts to establish a discrete variational complex, before giving a

description of the contents of each chapter in the thesis.

1.1 Discrete integrable systems

In recent years there has been a growing interest in the integrability of dis-
crete systems (systems with the independent variables taking discrete values)
defined on two- or multidimensional lattices. Perhaps initially the study of
such systems was motivated by the search for accurate approximations to con-
tinuous systems. However, it is becoming more and more the accepted point
of view that lattice systems are important in their own right from a theoreti-
cal perspective, and, in fact, are thought to be richer and more generic than
their continuous counterparts. We obtain continuous equations via continuum

limits from discrete equations, and so the former may be regarded as a degen-
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eration of the latter [93]. Indeed, taking derivatives we start with a difference

operation, for example

Af(x) = , (1.1)

: (1.2)

suggesting that the original difference operation is the more fundamental oper-
ation. However, the theory of difference equations is still lagging behind that
of differential equations, despite efforts at the beginning of the 20th century
by mathematicians such as Norlund[97] and Birkhoff[13]. One reason for this
is that difference equations are essentially non-local, making their study more
difficult. However, they have a wide variety of applications and so it is highly

desirable that the theory is developed further.

1.1.1 Applications of discrete systems

Discrete systems are important from a practical perspective, since they appear
in many real-life situations, in the areas of economics, financial mathematics,
biology; they are vital to numerical analysis and hence any branch of science
where computer calculations are involved, and of course it is possible that on
a very small scale time and space may be discrete rather than continuous.
There is even a growing interest in ultra-discrete systems (where not only the
independent variables, but also the dependent variables, are discrete) which
began with the study of cellular automata in the 1940s, and continued in the
integrable case with, for example, the work of Ablowitz et al. [32, 4], Tokihiro
et al. [115, 74], and Joshi and Lafortune [47, 48], although we will not be
considering ultra-discrete systems here.

Discrete systems have been proposed in physics to model the fundamental
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interactions on the scale of the Planck constant where space and time them-
selves can be thought of as being discrete [59, 114], a possibility on which
many famous physicists, including several Nobel laureates, have speculated.
Gerard 't Hooft (who won the Nobel prize for physics in 1999), wrote in [114]
that through investigating the quantization of black holes, he was led to the
“suspicion that space at the Planck scale is discrete,” since “the finiteness of
the entropy of a black hole implies that the number of bits of information that
can be stored there is finite and determined by the area of its horizon.”

T.D. Lee, another winner of the Nobel prize in physics (this time in 1957)
wrote a paper with the title Can Time Be a Discrete Dynamical Variable? [59]
which led to several further publications by Lee and others on the formulation
of fundamental physics in terms of difference equations [60, 61]. There he
examined the possibility that time is discrete; note that in the relativistic case
if either space or time is discrete, then both must be, since due to the required
Lorentz invariance space and time have to be treated symmetrically. The usual

continuous theory of mechanics then appears as an approximation.

1.1.2 Integrability of discrete systems

Many people have different views on what the definition of integrability should
be, and already in the theory of continuous systems the notion of integrability
is multifaceted; there was a book published recently entitled What is Integra-
bility?[129]. As a working definition people often take the existence of a Lax
pair[58], the existence of an infinite sequence of conservation laws[77], that a
system is amenable to the inverse scattering transform method[33], or the def-
inition due to Liouville of the existence of a sufficient number of independent
invariants which are in involution[8]. Algorithms have been developed to test
for integrability of a given equation, such as those in [76].

In the discrete realm, one single definition of integrability is even more elu-
sive. There have been attempts to detect integrability, initially for maps[122],

using the techniques of singularity confinement[38], algebraic entropy[12], as-
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sorted algebraic and arithmetic approaches (see [37] for a good review), and
multidimensional consistency [91, 92, 14]; here follows a brief outline of some

of these methods.

e Singularity confinement can be considered to be the discrete analogue
of the Painlevé property; it is the analysis of the singularity structure of
an equation. Essentially the Painlevé property for ordinary differential
equations (ODEs) is the “absence of movable critical points in the general
solution,” the theory being that “the solution of an ODE cannot escape
the structure of singularities of the ODE. Such a structure can be studied
from the equation itself, without any a priori knowledge of the solution,
providing a deep insight into the possibility or not of performing the
explicit integration” [22]. Singularity confinement is the requirement
that movable singularities of mappings are cancelled out after a finite

number of iterations [38].

e The algebraic entropy of an equation is a number defined by the growth
of the degrees of the iterates of a map, and works well as a detector of
integrability: integrable systems have a vanishing entropy, non-integrable
systems have a non-vanishing entropy[12]. It is interesting to note that
in a given dimension there is a minimum for the value of the entropy, i.e.
there exists an interval around zero in which the entropy cannot assume
values. The implication of this is that one cannot get arbitrarily close to

integrability.

e A possible difference analogue of the Painlevé property is that an equa-
tion should admit sufficiently many finite-order meromorphic solutions.
It was suggested by Ablowitz et al in [1] that “the integrability of many
difference equations is related to the structure of their solutions at infinity
in the complex plane and that Nevanlinna theory provides many of the
concepts necessary to detect integrability in a large class of equations.”

(Nevanlinna theory is a branch of complex analysis which deals with the
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value distribution theory of holomorphic functions in one variable).

e Diophantine integrability[40] requires that the logarithmic height of it-
erates of the discrete equation in an appropriate number field grow no
faster than polynomially. It may be equivalent to the algebraic entropy
approach, but it is easier to check numerically for a large number of

iterates.

o Multidimensional consistency was proposed independently by Nijhoff
and Walker[91, 92, 123|, and by Bobenko and Suris[14], in the early
years of this decade (although it was already implicit in some pre-2000
work, c.f. e.g. [95, 82, 84, 26]). In brief, it is the property that an equa-
tion can be embedded in a higher dimensional lattice, imposing copies
of the equation (with appropriate lattice parameters) simultaneously in
all possible lattice directions, and no inconsistency or multivaluedness
occurs when the dependent variables are evaluated at any lattice site.
This is analogous to the existence of commuting flows in the continuous
realm, and in some cases provides us with an algorithmic way in which
to construct Lax pairs. The definition will be made more explicit in

Chapter 2.

The work in this thesis is concerned with the Lagrangian structure of systems
which have the property of multidimensional consistency; we regard it as the

key property or criterion of integrability for discrete systems.

1.1.3 Examples of integrable discrete systems

The study of integrable lattice systems is fairly new, and the earliest examples
appear in the mid 1970s and early 1980s, when the research was focused on
discretizing known continuous soliton systems [2, 3, 44, 45, 23, 82, 106]. Most
of the known examples are 2-dimensional equations, probably the most famous

being the lattice potential Korteweg-de Vries (KdV) equation, which was first
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presented in [82] in the form

(p —q + un,m—l—l - un—l—l,m)(p + q— un+1,m+1 + un,m) - p2 - q27 (13)

where u,, ,, is the dependent variable evaluated at the lattice site (n,m), and
p,q € C are parameters. It was derived in [82] via the direct linearization
method, and actually already appeared in numerical methods under the guise
of the e-algorithm [124], which is an acceleration method for slowly converging
sequences. The lattice potential KdV equation provides an excellent exam-
ple of a 2-dimensional lattice system; it is the simplest known such equation
which still demonstrates all the richness of properties characteristic of these
systems. Also 2-dimensional lattice systems themselves are very easy to visu-
alize; they are obviously more general than 1-dimensional systems, and yet we
only need to go to 3 dimensions in order to easily see the mechanism used to
verify multidimensional consistency (or, equivalently in this case, consistency-
around-a-cube).

The paper [87] contains a nice overview of other examples of discrete inte-

grable lattice systems, we present some of them here.

e There are other integrable lattice systems in the KdV family; there is
a discrete version of the modified KdV equation, related to (1.3) by a

Miura transformation, having the form

p(vn,mvn,m—l—l - Un—l—l,mvn—l-l,m—l—l) - Q(Un,mvn+1,m - Un,m+lvn+1,m+1>7 (14)

where v,, ., is the dependent variable.

e Alsoin the list of those systems of KAV type, there is a lattice Schwarzian

KdV equation

(Zn,m - Zn,m+1)<zn+1vm — ZnJrl’erl) = p2 (15)

(Zn,m - Zn+l,m)(zn,m+l - Zn—i—l,m—i—l) (]27

where 2, ., is the dependent variable. Equation (1.5) is invariant under
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Mobius transformations, i.e. under transformations of the form

az+ 3

— m7 aaﬁ)’Ya 5 € (C (]‘6)

e A famous example outside of the KAV family is the lattice analogue of
the sine-Gordon equation, which was first presented by Hirota in [44] and

as such is sometimes called the Hirota equation. This is

Sin(en,m+0n+l,m+0n,m+l+0n+1,m+1) = gSin(en,m_en—l—l,m_0n7m+1+0n+1,m+1)a
(1.7)

where 0, ,, is the dependent variable.

e Using the property of multidimensional consistency (again, this will be
explained in depth in Chapter 2), a classification of two-dimensional
scalar integrable lattice systems was given, in the affine linear case, by
Adler, Bobenko and Suris [5, 6] (resulting in what is hereafter referred to
as the ABS list). In addition to the known examples of lattice systems of
KdV type, cf. [44, 45, 82, 106], this provided us with some new examples
of integrable scalar lattice equations. More details will appear in the
introduction to Chapter 2, the chapter concerned with 2-dimensional

lattice systems.

e The example of the lattice Gel’fand-Dikii hierarchy comprises an infinite
hierarchy of discrete integrable systems, where each equation higher up
in the hierarchy has a higher number of components. At the lower end
appear the well-known equations of the lattice potential KdV (which
has only one component, and can be considered as a somewhat degener-
ate case here), and lattice Boussinesq equations; higher members of the

hierarchy are coupled systems of partial difference equations.

e The lattice Boussinesq equation deserves special mention, as it has at-

tracted much interest lately, for example with the construction of multi-
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soliton solutions in [43], and with regard to the pentagram map in [103].
It first appeared in [86] along with the rest of the lattice Gel'fand-Dikii
hierarchy; it can be written either as a coupled system of 3 equations, or
as a scalar 9-point equation

PP —q° PP —q°

pP—9q + Up+1,m+1 — Un+2,m pP—q + Upm+2 — un+1,m+1
+(p + QCD (un+2,m+1 + un,m+1) - (2p + Q> (Un+1,m+2 + un—i—l,m)

+(P —q + Un+1,m+2 — Un+2,m+1)un+2,m+2 + (p —q + Upm+1 — un—i—l,m)un,m

+Un+1,mun+2,m+1 — Unm4+1Un+1,m+2 = 0.

(1.8)

It was shown in [123] to be consistent on a 27-point cube.

e Once we step out of the realm of 2-dimensional integrable lattice sys-
tems, in order to generalize to higher dimensional systems, we have
at present far fewer examples to work with. However, there are still
very important and well-known cases here. Most of the known exam-
ples of integrable 3-dimensional lattice systems are discrete equations of
Kadomtsev-Petviashvili (KP) type [84]. The so-called lattice KP equa-

tion itself can be written

p—r + Un,m+1,k+1 — Un+1,m+1,k o q—r + Un+1,m,k+1 — Un+1,m+1,k
p—r + Un,mk+1 — Un+1,m,k q—r + Un,m,k+1 — Un,m+1,k

(1.9)

e There is a lattice modified KP equation [84] with the form

p( Un,m,k+1 o Un,m+1,k )+Q( Unt1,m.k _ Ynmk+1 ) (110)

Un+1,m,k+1 Un+1,m+1,k Un+1,m+1,k Un,m+1,k+1

Un,m+1,k Un+1,m,k
+r ( — = 0,
Un,m+1,k+1 Un+4+1,m,k+1

where vy, ,, 1, 1s the dependent variable and p, g, r are lattice parameters.
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e There is also a lattice Schwarzian KP equation [83, 27] with the form

(Zn—i—l,m—i—l,k: - Zn,m+1,k>(zn+1,m,k+1 - Zn—i—l,m,k)(zn,m—i—l,k’-‘rl - Zn7m7k+1) -1

(Zn—i—l,m-l—l,k - 2n+1,m,k)(zn+1,m,k+1 - Zn,m,k—f—l)(zn,m-l—l,k-‘rl - Zn,m-‘,—l,k;)
(1.11)

where 2, ,,, 1 is the dependent variable.

e The bilinear discrete KP equation, which we will be dealing with later,
is

AjpTiTin + ApiTjTi + AijTiTi; = 0, (1.12)

where 7; ; i, is the dependent variable and A;; = —A;; are constants. This

is also known as the Hirota-Miwa [78] equation.

1.1.4 Discrete systems from continuous systems (and

vice versa)

We mentioned earlier that continuous equations may arise by taking limits
of discrete equations. On the other hand, it is often possible to pass from
a continuous equation to a discrete equation via Bdacklund transformations,
which map solutions of an equation into new solutions. In this way, many
new discrete integrable equations have been derived; indeed the most famous
examples are known to be the Backlund transformations of famous continuous
integrable systems.

In contrast to the relatively new study of discrete integrable systems, the
theory of continuous integrable systems has been researched since the 19th
century. One of the most famous examples of integrable equations is the KdV
equation, which was derived in 1895 in a study of shallow water waves by

Diederik Korteweg and Gustav de Vries [54] and takes the form

Up = Upgy + OUUL, (1.13)

where u is the dependent variable and x,t are the independent variables cor-
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responding to space and time respectively. It was shown that this equation
possesses an exact solitary wave solution, or soliton, a wave that maintains
its shape while it travels at constant speed. In an oft-repeated story this phe-
nomenon had been observed in 1834 by John Scott Russell [110] in the Union
Canal in Scotland, where he rode on horseback alongside such a wave.

The KdV equation possesses much of the paraphernalia associated with
integrable systems, such as a Laz pair[58], and an infinite sequence of con-
servation laws[77]. A Lax pair is simply an over-determined system of linear
equations, from which the nonlinear equation can be derived through the com-

patibility conditions. The Lax pair for the KdV equation is

U = Mgy + 6uth, + 3uy). (1.14b)

Here, v is some function of x and ¢, and A is an additional (spectral) parameter.
If these two linear equations are to be compatible, we require (¥.;); = (V1) sz,
and this leads to the conclusion that either ¢» = 0, or that u solves the KdV
equation (1.13).

The Lax pair is an essential tool in finding exact solutions of a nonlinear
partial differential equation via the inverse scattering transform method, which
first appeared in a famous paper in 1967 by Gardner, Greene, Kruskal and
Miura [33]. Details of this method can be found in many texts; since it is not
relevant to this thesis it suffices here to say that the existence of a Lax pair is
an important indicator of integrability.

If we introduce the variable v = 0, In1, then (1.14a) becomes

U= \—v, — 07 (1.15)

and on substituting this into (1.14b) and differentiating with respect to x, we
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arrive at the equation

U = Vg — 60%0, + 60y, (1.16)

which, when A\ = 0, is known as the modified KdV equation. Note that it is
invariant under the transformation v — —v. Making this transformation does
not affect (1.16) at all, however it does change (1.15), changing u to something

new, for instance we may call it @, where

i=\+v, — v (1.17)

Thus we have mapped a solution u to the KdV equation (1.13) to another
solution u of the same KdV equation, with the aid of the solutions v of the
modified KdV equation (1.16).

From (1.15) and (1.17) we get

i+u=2\—12?), (1.18a)

and

U — u = 20,, (1.18b)

and if we introduce the new variable w for which w, = u, we arrive at a relation

which is the z-dependent part of the Backlund transformation

1 2

(u?—l—w)x:Q)\—E(uN)—w) ) (1.19)
Note that w also satisfies the potential KdV equation
Wy = Wage + SW2. (1.20)

Here is the point at which we make the shift to discrete systems. We now

consider the transformation w — w to be a discrete shift in the variable w,
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and we can also consider another analogous shift w +— w given by

(w+w%:2w—gw—wf. (1.21)

Because of the permutability property of the Backlund transformations, under
certain conditions it doesn’t matter in which order we compose them; we may
apply the “ 7 7-shift first, and then the “ ~ ”-shift, or the other way around,
we will arrive at the same result, so that that @ = w. This is a highly non-
trivial property, with a proof relying on the spectral properties lying behind

the equation; it can be expressed using the diagram in Figure 1.1.

||
En

\ B/TAV
Figure 1.1: Permutability property of Backlund transformations.

The exact statement about the permutability of Backlund transformations
is as follows: The Bécklund transformations (1.19) and (1.21) for different
parameters A and p generate solutions (with a suitable choice of integration
constants) for which we have the commutation diagram of Fig. 1.1.

The proof of this is computational. In addition to (1.19) and (1.21) we

have also the relations

(&+w%:2x—;@—wy, (1.22)
(W + W), = 2 — %(ﬁ;—w)?. (1.23)

Taking the upper route of Fig. 1.1, we can solve @ in terms of w and w:

A (i — w), 20— )

(1.24)

J

Sb
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and inserting this back into (1.19) we get

ANp = (zf)—l—w)w—l—@iln(ﬁ)—w)—i—%(&Eln(@—w))Q
2
+l(ﬁ1—w)2+2<i\_ﬂ) : (1.25)
8 W — W

The relation (1.25) is clearly symmetric with respect to the interchange of A
and p (and we can derive a similar relation taking the lower route of Fig. 1.1).
Thus, with appropriate choice of integration constants, starting from an arbi-
trary “seed” w we may find solutions which are symmetric under interchange
of A and p, and hence where w = .

The permutability property allows us to eliminate the derivatives in x to

derive from (1.19) and (1.21) a purely discrete equation

(w — 0)(0 — ) + 4\ — p) = 0. (1.26)

This equation is the discrete potential KdV equation. Thus we have travelled
from a fully continuous integrable system through to a fully discrete system.
This discrete system is also integrable, in the sense that it is multidimensionally
consistent, possesses a Lax pair, and soliton solutions [9, 10, 94].

It is easy to see from Figure 1.1 that we can iterate the Backlund transfor-
mations to construct an entire lattice, thanks to the permutability property;
this lattice will have the form of Figure 1.2.

Finally, the discrete potential KdV equation (1.26) is truly the discrete
analogue of the potential KdV equation (1.20) by the fact that in taking con-
tinuum limits of (1.26), we arrive once more at the fully continuous equation
(1.20). Thus we are able to pass from the fully continuous equation (1.20)
via Bécklund transformations to the fully discrete equation (1.26), and then
from there back to the fully continuous equation (1.20) via continuum limits.
This demonstrates the intimate connections between continuous and discrete

integrable systems.
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Figure 1.2: Lattice generated by Backlund transformations.

1.2 History of variational principles

The theory of variational principles has its origins in the 17th century, when
Leibniz proposed the idea of the vis viva to describe the action of a force[62].
This living force is a scalar quantity closely related to the kinetic energy of a
particle; together with another scalar quantity the work function (which can
be thought of as the potential energy), it is enough to determine completely
the motion of a particle or system. This was in contrast to the Newtonian
approach to mechanics, which relies on finding all the forces acting on every
particle at each instant.

Instrumental in developing the theory were Euler and Lagrange, who ad-
vocated a principle of least action. This principle can be illustrated in the
following way. Suppose a particle is at a point P, at an initial time ¢; with
a given velocity, and it reaches a point P at time t5. So far we do not know
what path this particle may have followed to travel between the two points,
but we can make a guess. Of course, in all probability this guess will turn out
to be wrong, but that is irrelevant; we will be able to correct this path in order
to discover that which the particle actually follows.

So we have a particle travelling between the points (Py,t1) and (Ps,ts)
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time

Position

P Py

Figure 1.3: Tentative path from (P, 1) to (Ps,t2).

along some arbitrary curve, as in Figure 1.3. The constraint we put on this is
that the sum of the kinetic and potential energies is constant, always equal to
the value it had at (P, ;). This fixes the velocity of the particle at each point
in the path, and thus enables us to calculate the time at which the particle
will pass any given point in the path. We can then work out the time-integral
of the vis viva (the vis viva is in fact simply twice the kinetic energy) between

P, and P; this integral is what is called the action.

to
Actz’on:/ vis viva dt. (2.1)

t1

For each path that we choose, this action will take a different value, and the
principle states that it is the path for which the action assumes a minimum
value which is the one we want; it happens to be the one the particle follows
in reality.

As an example of how this works, suppose we have an action to be mini-

mized of the form

S = /t2 L(x,2;t) dt, (2.2)

t1

where 7 = %x(t). Varying the path slightly (keeping the end points fixed), for
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small € we get

to
S = / OL(x,a;t) dt

t1

= /2£(x+e¢,x'+e¢;t)—ﬁ(m,:t;t) dt

t1

(08, LN b o
= /t1 E(8x¢+&i}¢) dt 4+ O(e”). (2.3)

Since we want 05 = 0, to first order in ¢ we must have

2oL oL .
_ = = 2.4
| (Gro+50) o 2.4
which on integrating by parts is
0—/t28—£¢dt+ a—%b—/tzi 9N g ar (2.5)
- Jy, Oz or "], Jy, dt\ oz ' '

The second term will disappear since the variation ¢ is zero at the end-points

t, and to, leaving us with

oL d[oc
o= )Gl e 0

and so, since ¢ is arbitrary,

oL d /oL
o a(a—> =0 (27)

The equation (2.7) is often called the Fuler-Lagrange equation, and is the
equation of motion of the particle.

A great advantage of the use of these variational methods in mechanics is
its independence of the choice of coordinate systems, of particular importance
with regard to theories such as that of general relativity. A possible disad-
vantage is that all forces must be derivable from a scalar quantity (the work
function), and so it cannot deal for example with frictional forces, at least not

until the microscopic forces are taken into account. It is however a much less
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cumbersome, and more beautiful, description than the Newtonian approach.

1.2.1 Hamiltonian versus Lagrangian formulation

Conventionally the Hamiltonian has been the central object in (continuous)
integrable systems [29]. Of course, it is often possible to pass between La-
grangian and Hamiltonian theories via Legendre transforms, although this is
in many (non-Newtonian) cases not a trivial matter. Nevertheless, most inte-
grable partial differential equations seem to admit a Lagrangian description; in
fact, a universal Lagrangian structure for integrable systems admitting a Lax
pair was formulated by Zakharov and Mikhailov [128]. In the discrete case one
can argue that the Lagrangian is the more fundamental object; attempting to
pass from the Lagrangian to the Hamiltonian description does not furnish us
with an invariant Hamiltonian, and so there seems to be little point in doing
SO.

We adhere to Dirac’s opinion [24], that the Lagrangian formulation for
classical dynamics, rather than the Hamiltonian, is the more fundamental per-
spective. The action functional is a relativistic invariant, and so the Lagrangian
method can easily be expressed in relativistic form, whereas the Hamiltonian
is one component of an energy-momentum tensor, and so a particular time
variable is singled out. Dirac sought a Lagrangian formulation for quantum
mechanics, and in doing so noted that “we must try to take over the ideas of
the classical Lagrangian theory, not the equations of the classical Lagrangian
theory” [24] mainly due to the fact that the Euler-Lagrange equations involve
partial derivatives of the Lagrangian with respect to the coordinates and veloc-
ities, and it is difficult to assign a meaning to these derivatives in the quantum
realm. Indeed, this was at least in part our motivation for studying the La-
grangian structure of integrable systems, it seems that especially in the case of

discrete systems the most fruitful path to quantization is via the Lagrangian.



CHAPTER 1. INTRODUCTION 18

1.2.2 Discrete variational principles

A discrete calculus of variations was first developed outside the scope of inte-
grable systems in the 1970s by Cadzow[17], Logan[68] and Maeda[69]. Cad-
zow’s original motivation was the use of the digital computer in modern sys-
tems and the solution of control problems, and it became clear that the formu-
lation of a discrete calculus of variations was important for numerical methods,
in optimization and engineering problems. In the continuous case the central
object is the action, which is the time integral of a scalar quantity, called
the Lagrangian after one of the founders of the calculus of variations, Joseph
Louis Lagrange (in mechanics this is the difference between the kinetic and
potential energies). Now in the discrete realm instead of an integral we have
a sum over the independent variable(s).

Cadzow derived the discrete Euler equation in [17] for a 1-dimensional
system with independent variable n and dependent variable r,; his approach
was then put into a more formal language by Logan[68], which made it clearer
that the equations are derived via a variational approach. The aim was to find

a sequence {Tys, Fari1, - - - Ty41} which would extremize the functional

JH{rn}] = Z F(n,rpi1,7n)- (2.8)

A necessary condition for this is that J[{r,}] =0, i.e.,

n=M
Yoo 0
= Z F(n,rpy1,70)0mne1 + =—F(n,mpg1, 7)) 0T,
= Orni1 ary,
0
= a_F(M TM41, TM)OT M F(N,rn41,7N8)0T N1
M N+1

N
0 0
+ Z {8_7‘,1}7( - 1,7“n,Tn_1) + a_T‘nF(nyrn-i-larn)}(;rn' (29)
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So, defining

0 0
Fi(x,y,z) = a—yF(m,y,z) and Fy(z,y,z) = &F(Jr,y, z), (2.10)

Cadzow calls the following the discrete Fuler equation
Fi(n—1,r,,r1) + Fo(n,rpy1,m) =0, n=M+1,...,N. (2.11)

It should be noted that this holds away from the boundary, since it is valid for

M +1 <n < N; at the boundary points we should have instead
Fy(M,ryiq,m0) =0, and  Fi(N,ryyq,7n) =0. (2.12)

The later paper by Logan [68] also showed how to obtain conservation the-
orems, or first integrals of the discrete Euler equation, from a direct study of
the invariance properties of the discrete Lagrangian F'(n,r,.1,7,). This is in
effect the discrete analogue of the well-known Noether’s theorem in contin-
uous theory (Noether’s theorem first appeared in [96]; it states that to any
differentiable symmetry of the action of a physical system, there corresponds
a conservation law).

Maeda was also instrumental in the development of discrete variational
principles, he sought to find a natural discretization of classical mechanics,
initially by examining the role of the Poisson bracket in the Hamiltonian theory
[69], subsequently studying the Lagrangian formulation of discrete systems
[71].

Much progress has been made since: Lagrangian structures have been es-
tablished for several discrete integrable systems such as Lagrangian mappings
[121, 122, 80]. Furthermore, Lagrangians and/or actions have been constructed
for integrable two-dimensional lattice equations, cf. [20, 86, 5]. Discrete La-
grangian systems on arbitrary graphs were proposed in [98], and a discrete

variational complex was set up in [46].
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The usual point of view is that the Lagrangian is a scalar object (or equiv-
alently a volume form), which through the Euler-Lagrange equations provides
us with one single equation (i.e. one per component of the dependent variable).
In contrast, we take the point of view that in the case of an integrable system,
where due to the multidimensional consistency several equations can be im-
posed simultaneously on one and the same dependent variable, the Lagrangian
should reflect this property; it should be an extended object capable of produc-
ing a multitude of consistent equations from a variational principle. Thus we
propose in this thesis an action in which the key ingredient is a Lagrangian 2-
form (in the case of integrable discrete equations in two independent variables)
or, more generally, a multiform (in the case of a larger number of independent
variables).

Although the notion of a Lagrangian multiform is not new, and goes back
to Cartan and Lepage [21, 63], cf. also [51] for a review, even in those theories
the role of the Lagrangian is that of a volume form producing the equations
of motion in a conventional way.

There have been attempts made to construct discrete analogues of differen-
tial forms, e.g. by Hydon and Mansfield in [46, 73]. They developed a formal-
ism of variational complexes for discrete systems, with the purpose of obtain-
ing conservation laws of arbitrary partial difference equations (a differential-
difference calculus appeared earlier in [56]). Their approach is different to the
one we take; Hydon and Mansfield start from a general principle and then seek
examples on which to apply it, whilst we start with the examples and develop
a general principle on the basis of these examples. It is not obvious how the
abstract notation of [46, 73] should be applied in concrete computations, and
we found that for our purposes it was even unnecessary, as the Lagrangian

forms enter in an entirely natural way.
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1.3 Outline of thesis

Chapter 1 is the introductory chapter, consisting of an overview of the area
of integrable systems and discrete integrable systems in particular, outlining
some key results and trends in the field.

Chapter 2 deals chiefly with 2-dimensional discrete integrable systems.
There is a more in-depth introduction to equations on quadrilateral graphs,
including the recent classification results of Adler, Bobenko and Suris [5]. We
give a Lagrangian formulation of these equations, show that the Lagrangians
satisfy a closure relation, and propose a novel variational principle on that ba-
sis. The Lagrangians now appear in the guise of Lagrangian forms, as opposed
to scalar objects.

Chapter 3 is concerned with an example, or hierarchy of examples, of a 2-
dimensional multicomponent system, the Gel’fand-Dikii hierarchy. We present
a universal Lagrangian structure for this hierarchy, demonstrate that it satisfies
a closure relation and hence fits in with our new variational principle.

Chapter 4 contains a higher dimensional system, the 3-dimensional bilinear
lattice Kadomtsev-Petvishvili equation. Again we present a Lagrangian struc-
ture for this system, demonstrate that it obeys a higher dimensional closure
relation, and is compatible with the new variational principle.

Chapter 5 deals with the continuous analogue of the theory of Lagrangian
forms and the new variational principle, as illustrated by the examples of
the linear and full nonlinear generating partial differential equation for the
Korteweg-de Vries hierarchy, and other generating partial differential equa-
tions.

Chapter 6 is a concluding chapter which contains some discussion, a brief
account of two lines of recent development which could not be incorporated

into the thesis, speculations on the results and future directions of research.



Chapter 2

Lagrangian 2-forms

2.1 2-dimensional lattice systems

A large and important class of discrete systems is that of equations on quad
graphs, i.e., planar graphs with quadrilateral faces. These are equations on 2-
dimensional lattices, which link points defined on the vertices of an elementary
plaquette (a quadrilateral of minimal size, see Figure 2.2). Probably the best-
known example of such equations is the lattice potential KdV equation, already

mentioned in the Introduction, which first appeared in [44].

2.1.1 Notation

To fix the notation we will use throughout this chapter, let ni,ns be the in-
dependent variables which constitute the coordinates in 2-dimensional space,
u = u(ny,ne) be the dependent variable, and «y, s be lattice parameters
corresponding to the lattice directions ny, ny respectively (these lattice param-
eters can be thought of as measures for the grid size). Shifts in the depen-
dent variable u will be denoted by subscripts, so that u; = u(n; + 1,n9) and
ug = u(ny, ng + 1), backwards shifts will be shown as u_; = u(n; — 1, us), and
shifts in 2 lattice directions will be written as u; o = u(ny + 1, us +1). This is

all illustrated in Figure 2.1.

22
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Figure 2.1: 2-d lattice.

In this notation, equations on quad graphs will have the form

Q(u, uy, ug, uy 9 1, ag) = 0, (1.1)

for some function @), so that they involve the 4 points around an elementary

plaquette as shown in Figure 2.2.

U o Uy
Qi
Ug U2

Figure 2.2: Elementary plaquette

2.1.2 Multidimensional consistency

Of these equations, we are interested in those that are integrable, a notion
which, as we have discussed, for discrete systems is even more difficult to
define than for continuous systems. However, since its introduction in [91, 14],
multidimensional consistency has come to be regarded as one of the hallmarks
of integrability for discrete systems. To repeat, it is the property that several
copies of an equation may be imposed simultaneously on a higher dimensional

lattice, and no inconsistency or multivaluedness occurs in the evaluation of the
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dependent variables at any lattice site.

For equations of the form ) = 0 where Q) is multilinear, i.e., @) is linear
in each of the arguments u and its shifts uy, us, uy 2 (although not necessarily
linear in the lattice parameters aq,asy), we may solve the equation uniquely
for any argument. Then there is a simple test of multidimensional consistency,
which in this case is equivalent to consistency around a cube, or 3-dimensional
consistency. Start by introducing a third lattice direction associated with
the independent variable n3 and lattice parameter a3, so we now consider
the dependent variable u to depend on ni,n, and n3. Impose copies of the
equation (1.1) on each elementary plaquette in the 3-dimensional lattice, so

that in addition to (1.1) we have

Q(U7U2,U3,U2,3;042,&3) =0, (1-2)

and

Q(u, us, uy,us1; o3, 01) =0, (1.3)

and all shifted copies of the equations (1.1), (1.2) and (1.3)

Q(ug,u31,u23,u31,23;a1,a2) =0, (1-4)
Q(ubU12,U31,U12,31;a2,043) =0, (1-5)
Q(U2,U23,U12,U23,12;043>041) = 0. (1-6)

Now, given initial data of u, uy, us, us, there are in principle 3 different ways to
compute u; 23 depending on the order in which we apply the equations (1.1),
(1.2) and (1.3), i.e., depending on which route around the elementary cube
shown in Figure 2.3 we take.

We say that the equation (1.1) is consistent around a cube if the value of

U123 is independent of the way in which it is computed.
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Uz @

1,3

Ui 2

u2,3 U123
Figure 2.3: Elementary cube.
As an example, take the discrete (potential) KdV equation:
(u—wuro)(ur —uz) —ag + g =0, (1.7)

which we can rearrange to get an expression for u; o

u(ug — ug) — a1 + o

1,2 — (1.8a)
In the other pairs of lattice directions, we have also
- — Qg+«
Uns = u(ug — us) 2 37 (1.8b)
U — U3
and
u(us —u1) —as +a
us1 = ( 3 1> 3 1. (18C)

U3z — Uy
Shifting (1.8a) in the third direction to get u; 23 and then substituting in the

values of uy 3 and us; from (1.8b) and (1.8c) respectively gives

ug(us1 — ug3) — ap + Qo

U123 =
U311 — U2,3

_ (o0 — an)uguy + (g — ag)upug + (as — o Jusuy (1.9)

(Oél — OZz)Ug + (042 — Ojg)ul —I— (O[g — O./l)U,Q

which is clearly invariant under cyclic permutation. Thus we would get the

same expression for u; 5 3 if we started with (1.8b) shifted in the first direction,
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or (1.8c) shifted in the second direction, and so there is no multivaluedness
arising when we evaluate u; 3. Hence the discrete KdV equation (1.7) is
consistent around a cube.

Note that for the discrete KdV equation u; 23 depends on ug,us and ug
but is independent of u, i.e., the equation possesses the tetrahedron property,
so-called because, as can be seen from Figure 2.3, joining the white vertices
U123, U1, Uz, U3 Mmakes a tetrahedron shape. A similar relation exists between

the black vertices of the cube.

2.1.3 ABS Iist

The equation (1.7) also possesses all the symmetries of the square, i.e., Dy
symmetries. This can be seen from the fact that the equation is clearly un-
changed under the transformation u < uy, us <> g2, and is also unchanged

under the transformation u; < us, aq < o, see Figure 2.4.

Figure 2.4: D, symmetries.

In [5], the classification problem of quadrilateral lattice equations of the

form (1.1) was considered, where ) has the following properties:
1. Multilinearity.
2. D4 symmetry.
3. Multidimensional consistency.

4. Tetrahedron property.
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The result of the classification study of [5] was a list of 9 equations, up to
Mobius transformations, labelled H1-H3, Q1-Q4 and A1-A2. Some of these
were already well-known, e.g. H1 is the discrete KdV equation, and H3 is the
discrete modified KdV equation, but the classification also produced some new
equations. We will refer to the list of equations resulting from the classification
as the ABS list. The tetrahedron property was replaced in a later paper [6]
by certain non-degeneracy conditions; the classification there led solely to the
list Q1-Q4. The original list is as follows:

H1:

(u — ULQ)(Ul — UQ) — Q1 + Qg = 0;

H2:

(u—upo)(ur —ug) — (n — ) (u + ug + ug + ug2) — o +a3=0; (1.10)

H3:

oy (uuy + uguy 2) — as(uus + urug ) + (5(04% — 043) = 0; (1.11)

Q1:

ar(u — ug)(uy — ur2) — ot — uy)(ug — uy2) + 2aran(ar — az) = 0; (1.12)

Q2:

041(“ - Uz)(ul - U1,2) - 042(U - U1)(U2 - U1,2)
+C¥10[2(041 — ag)(u +uy + ug + ULQ)

—aan(a; — a)(ad —ajag +a3) = 0; (1.13)



CHAPTER 2. LAGRANGIAN 2-FORMS

Q3:
(a3 — af) (uuy o + urug) + ao(ad — 1) (uuy + uguy o)
—al(ag — 1) (uug + uyuy 2)
—5%(af — a3)(f —1)(aj — 1)/(4ars) = 0;
Q4:
AUy Uty 2 + G (UL U + U ULy 2 + UloU 2 + VU U 2)
+ag(uug o + urug) + ay(uuy + uguy o)
+ay (uug + urur o) + az(u+uy +us +urn) +ag = 0,
where

ap=a+b, a; = —aa — ayb, ay = aja + a’ib,
/ ab(a—‘f_b) 2 2 g2
= — (20 — )b
CL2 2(a1_a2)+a2a (al 4)7
" ab(a+b) 2 2 92
= T bh— (202 — 22
s 2(ag—a1)+a1 (20 4)%
g B 92 —(%)% _ ga
3 5 G0 = a1, A A 0 301

011(’& + UQ)(Ul + U,172) — OéQ(U + U]_)(UQ + ULQ) — 52a1a2(a1 — CYQ) = 0;
A2:

(ag — a%)(uulugul,g +1)+ Oég(Oé% — 1) (uug + uyug 2)

—al(ag — 1)(uuy +uguy o) = 0.

In H3, Q1, Q3 and Al, § is an extra arbitrary parameter.

28
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2.2 Lagrangians for 2-dimensional lattice sys-
tems

It was shown in [5] that all these equations admit an action principle, which is
based on the 3-leg form of the quadrilateral equation, a construct introduced

in [14]. The 3-leg form is a way of writing the equation in the following way

Y(u, urs an) — (u, ug; ag) = d(u, ug 95 04, ) (2.1)

so that there are two “short” legs (u,u;) and (w,us), and one “long” leg

(u, ULQ).

U2 Uy,2

Figure 2.5: 3 legs.

Remark: In the generic case, the D4 symmetry is not always manifest on the
level of the 3-leg form, e.g. in the case of Q4 where the 3-leg form lives on the level of
the uniformizing variables of the relevant elliptic curve. It is through the connection
with the affine linear form of the equations that the symmetry under reversal of the
shifts becomes apparent.

The actions in [5] were obtained by integrating the terms in the 3-leg form to
create functions L(x, z1; 1) and A(z, z1,2; o1, a2), both of which are symmetric with
respect to the interchange of the first two arguments, and x is related to w by the

point transformations
e u =g for H1, H2, Q1 and A1,
o u =z for Q2,

o u=e% for H3, Q3|5—¢ and A2,
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U2 Uy,2

Figure 2.6: Alternative 3 legs for Lagrangian.

e u = cosh 2z for Q3]s+, and
e u = p(x), where p is the Weierstrass elliptic function, for Q4.

The functions L and A are defined as follows

Y i) = 9(F(@), fler)san) = 5Lz 15, (2.22)
P(u,ur 2301, 02) = G(f(2), f(w1,2); 01, 02) = %A(ﬂc,fm,z;ahaz)- (2.2b)

Then if E7 denotes the set of edges in the ni-direction, i.e., all those which have the
label a7 associated with them, Fo denotes the set of edges in the ns-direction, i.e.,
all those which have the label ao associated with them, and E3 denotes the set of

diagonals in the direction x <+ 1 2, the action is defined by

S = Z L(z,x1;010) — Z L(z,x9;a0) — Z Az, 2125 01, 02). (2.3)

(z,x1)EEL (z,22)€E> (z,z1,2)€E3

By summing this in a different way, one can infer 4-point Lagrangians, however,
for our purpose it is more useful to identify 3-point Lagrangians £(u, u1, ug; oy, ),
defined on the 3 ‘legs’ as in Figure 2.6, which are anti-symmetric with respect to the
interchange of lattice directions. These Lagrangians are obtained from the 4-point
Lagrangians by a reflection in the diagonal term, made possible by the symmetries
of the equation. In terms of these new 3-point Lagrangians the action will take the

form

S = Z L(u, u1, ug; o, az), (2.4)

ni,no€Z
and in this specific form Lagrangians £(u,u1,ug; a1, ag) of all ABS equations can

be established. In some cases, namely lattice equations “of KdV type” (i.e., lattice
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equations equivalent to the KdV, modified KdV, or Schwarzian KdV equations) a
Lagrangian description had been previously established [20, 86].
The discrete Euler-Lagrange equations arising from the variational principle that

0S5 = 0, under local variations du(nj,n2) of the dependent variable, are given by

0
u <£(U, w1, ug; o, ) + L(u—1,u, u—1,2; 01, 0r2)

+E(u_2,u1,_2,u;a1,a2)> =0. (25)

This can easily be seen as follows:

0 = 68
0 0
= Z —E(u,ul,uz; aq, a2)5u + 7£(U,U1,U2; a1, a2)5u1
ou 8u1
n1,n2€”L
+i£(u Uy, ug; a1, a2)OU
8’LL2 y W1, U2, k1, X2 2
= Z —E(u U1, U2; 1 062) + ﬂﬁ(u_l U, U—-12,01 062)
8“ Y ) ? ) au ) ) ) )
n1,nN2€Z
—I—ﬁﬁ(u u u; g, ) pou (2.6)
ou —2,U1,-2, W, Cr1, k2 5 .

which implies (2.5).

Below we list specific examples of ABS lattice equations together with their 3-
point Lagrangians. Although similar formulae can be established for the remaining
cases in the ABS list, we will restrict ourselves here to these particular examples.
It should be noted that the discrete Euler-Lagrange equations (2.5) do not give the
quadrilateral lattice equations themselves, but rather a discrete derivative of the
original equation which is defined on 7 points of the lattice (lattice equations on
7-point stencils have attracted a considerable amount of interest in recent years, cf.
e.g. [81]). The Euler-Lagrange equation actually results in a compound of two copies
of the 3-leg form of the original equation: one reflected in the ni-direction and one
reflected in the no-direction. For example, the discrete Euler-Lagrange equation for
H1is

o] — Qo Q1 — Qg

U —Ug— ——————F U] —uy— —— =0, (2.7)
U —uy 2 U—u-12

which contains two copies of (1.7) defined on the points shown in Figure 2.7. Note
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Figure 2.7: 7-point stencil.

32

that this is entirely analogous to the continuous case, where the Lagrangian for the

continuous KdV equation produces through the Euler-Lagrange equations not the

KdV equation itself, but a derivative.

The situation is similar for all of the Lagrangians of the systems given below;

through the Euler-Lagrange equations we get a 7-point equation defined on the

points shown in Figure 2.7, consisting of two copies of the original 4-point equation.

2.2.1 Hi1

This is the discrete potential KAV equation, one of the most fundamental examples

in discrete integrable systems. The Lagrangian was first given in [20].

The original equation is
(u—wu12)(ur —u2) —a + ag = 0;
written in 3-leg form this is
(u+up) — (u+ug) = Zél—;z;iz’
and it possesses the Lagrangian
L= (u; —u2)u— (a1 — a2) In(ug — ug).
2.2.2 H2

The original equation is

(u—uy2)(ur —u2) — (a1 — ag)(u + ug +ug + ug2) — a% + a% =0;

(2.8a)

(2.8b)

(2.8¢)

(2.9a)
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written in multiplicative 3-leg form this is

u+u1+a1:u—u172+o¢1—ag (29b)
U+ ug + oo U*ULQ*OZIWLOQ’ .

where we may take logarithms to obtain the additive 3-leg form of (2.1) (this is also

the case with many of the following equations). It possesses the Lagrangian

L = (u+ur+ar)n(u+u + o) = (u+uz + az) In(u + ug + o)
—(u1 —ug + a1 —ag) In(ug — ug + a1 — ag)

+(up —ug — ag + az) In(ug — ug — ag + a2). (2.9¢)

2.2.3 H3

This is also known as the discrete modified (potential) KAV equation.

The original equation is

a1 (uug + uguy 9) — ag(uug +uiug2) + 8(at — ad) = 0; (2.10a)

written in 3-leg form this is

e 4 e sinh(z — @1 — a1 + ag) (2.10b)
e2r+2r2 4 fe202  ginh(z — x12 4+ a1 — ag)’ |

where u = €?* and a1 = €**, and it possesses the Lagrangian

L = -—Lig v + Lig Utz + Liy a2t — Liy a1t
—041(5 —a25 aq1U2 a2U2

2

+1n<z;> In(u) + In(a3) ln<Z;), (2.10c)

2

where Lis(2) is the dilogarithm function

z

Lig(z) = — /0 =2, (2.10d)



CHAPTER 2. LAGRANGIAN 2-FORMS

2.2.4 Q1|

The original equation is
o (u—ug)(ur — u12) — az(u —ur)(uz —uy2) = 0;

written in 3-leg form this is

a1 a2 a1 — a2

u—ur  u—uy  uU—upg’

and it possesses the Lagrangian

L=aIln(u—u)—azln(u—wu2) — (a1 — a2) In(u; — ug).

2.2.5 Q1|5

The original equation is

al(u — uQ)(ul — ULQ) — ag(u — ul)(uQ — 'LLLQ) + (52(110{2(0[1 — CKQ) = O;

written in 3-leg form this is
u—up+ad) (u—uy—ax0\  [u—uz+a1d—ald
u—u —a1d J\u—ug+ad) \u—ui2—a1d+ad)’

and it possesses the Lagrangian

34

(2.11a)

(2.11b)

(2.11c)

(2.12a)

(2.12b)

L = (u—u+a10)In(u—u; +a1d) — (u—u; — a16) In(u — uy — a1 9)

—(u —ug + a2d) In(u — ug + @2d) + (u — ug — @zd) In(u — uy — axd)

—(u1 —ug + 10 — a9d) In(uy — ug + 19 — a2d)

+(u1 — ug — @10 + a20) In(ug — ug — @16 + agd).

(2.12¢)
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2.2.6 Q3|5

Written in a slightly different form, this equation is known as the Homotopy equa-

tion, and appears in [82]. The original equation is

(a% — a%)(uum + ujug) + ag(a% — 1) (uug + uguq 2) — ozl(oz% — 1) (uug + uiu 2) = 0;
(2.13a)

written in 3-leg form this is

<sinh(:n -z + a1)> <sinh(a: — Ty — ag)) _ (sinh(:c — T2 +ay — a2)>’

sinh(z —x1 —aq) sinh(z — x9 + ag) sinh(z — x12 — a1 + a2)
(2.13b)

where u = €?* and a; = €**, and it possesses the Lagrangian

L = —L12<O‘1“>+L12< Y >+Lig(a2u>—Lig( Y )
uq U] (%) QU2

2.2.7 A1l

The original equation is
al(u -+ U2)<U1 + ULQ) — 042(11, + ul)(uQ + uLg) — (52041(12(@1 — 042) = 0; (2.14&)

written in 3-leg form this is

w+up +o10\ [ u+ uy — ad U —ui o+ a1d — asd
= ’ : (2.14D)
u+u, — a0 ) \u+us + agd u—up —a1d+ ad

and it possesses the Lagrangian

L = (u4u +a10)In(u+u +a1d) — (u+up — a16) In(u + vy — a1 9)
—(u 4 ug + a2d) In(u + ug + @2d) + (u + uz — @2d) In(u + ug — axd)
—(ug — up + @10 — a2d) In(ug — ug + 10 — azd)

+(ug —u1 — a1 + a20) In(ug — ug — @16 + agd). (2.14c¢)
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2.2.8 A2

The original equation is

(a% — Oz%)(uulugum +1)+ 042(06% — 1) (uug + ujuy 2) — al(ag — 1) (uug + ugui 2) = 0;

(2.15a)
written in 3-leg form this is
sinh(z + z1 + a1) sinh(z + 22 —az)\  (sinh(z — 212 + a1 — as)
sinh(xz + 21 — a1) sinh(z + 29 +az))  \sinh(z — T12—a1+az))’
(2.15D)
where u = €2* and a7 = €?*, and it possesses the Lagrangian
L = —Lig(aluul) + Lig <W> + LiQ(OCQU/U/Q) — Lig <UUQ>
o1 6%
+Liy (a1u2> — Liy <0[2u2> +In(a?) ln(aqu > . (2.15¢)
U] U1 QU1

For the Lagrangians of the cases given in the above list, we will next establish

an important new property.

2.3 Closure relation

The main observation central to the thesis is that all these lattice systems, together
with their 3-point Lagrangians as given in the previous section, possess a remark-
able property which we refer to as the closure relation, when we embed both the
equation and the Lagrangian in a 3-dimensional lattice. In order to formulate this
property we introduce the notation of the difference operator A; which acts on func-
tions f = f(u) of u = wu(ny,ng,ng) by the formula A;f(u) = f(u;) — f(u), and
on a function g = g(u,uj,ux) of u and its shifts by the formula A;g(u,uj, ux) =
g(ui, w5, u;i k) — g(u, uj, ug), in which, as before, the suffix i denotes a shift in the

direction associated with the variable n;. The following statement holds true.

Proposition:
All the 3-point Lagrangians given in the ABS list (2.8a)-(2.15¢) when embedded in

a three-dimensional lattice, satisfy the following relation on solutions of the quadri-
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lateral lattice system:
A L(u, ug, us; g, ag) + Ao L(u, us, ui; ag, 1) + AsL(u, ug, ug; g, ) = 0. (3.1)

The relation (3.1) we refer to as the closure relation.

Proof: This can be established in most cases by explicit computation, and has
been directly verified for H1-H3, Q1|5—0, Q1[s0, Q3|s5=0, Al and A2. Below we
demonstrate the computations for these cases. For H1, the computation is relatively
straightforward, relying merely on manipulation of logarithmic terms, but cases such
as that of H3 are somewhat more involved and rely on a number of identities for the

dilogarithm function Lis, see Appendix A for more on the dilogarithm function.

2.3.1 Total derivatives

Before we embark on explicit computations, note that we are free to add total
derivative terms to the Lagrangian, provided these terms are also antisymmetric with
respect to the interchange of the lattice directions n1 and no. To see this, suppose we
have a total derivative term F'(u,u1,u2; a1, az). By definition, the Euler-Lagrange
equations will be identically zero, so that
%F(u, w1, u2; aq, ) + %F(U,l, U, U_1 2501, Q2) + %F(u,g, uy,—2,u; a1, az) = 0.
(3.2)
The last 2 terms do not depend on uj or usg, so %F(u, U1, u2; a1, g) cannot contain
either uy or us. We must have

—F(u,ut,uo; a1, a0) = fu;ar, az), (3.3)

ou
for some function f. Similarly

0

%F<U_1,u,u_1,2;a1,a2) = g(u; 041,042), (34)

for some function g, and

0
7F(U_2,’U,1,_2,U;Oz170£2) = h(u;a17a2)7 (35)

ou
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for some function h. From (3.2) we can see that

f(u7 aq, a2) + g(ua aq, Olz) + h(uv ag, 012) = 07 (36)

and so

flu;ar,a0) = —g(u; g, a2) — h(u; a1, ag). (3.7)

Substituting this for f and shifting equations (3.4) and (3.5) in the ny and ne

directions respectively, we have

%F(u, ur,ug;aq, ) = —g(u;aq, ) — h(u;ag, ag), (3.8)
a—F(u, ur,ug;aq, ) = g(up;al,ag), (3.9)
Uy
—F(u,u1,ug;00,002) = h(ug;aq, o). (3.10)
8U2

Now suppose we have functions G(u; a1, ) and H (u; a1, ag) such that

0 0
%G(u; a1, a9) = g(u; a1, az), and %H(u, a1, az) = h(u;ag, az), (3.11)

then up to a constant term we will have

F(u,ui,ug; 01, 0) = —G(u; a1, a2) — H(u; o, o2) + G(ur; o, o) + H(ug; aq, ).
(3.12)

For the closure relation to hold, we require that

0 = A1F(u,ug,usg;as,a3) + AgF(u,ug, ur;as, ar) + AsF(u, uy, ug; ag, ag)
= —G(u1;02,03) — H(up; a9, a3) + G(u 2; a2, a3) + H(usz 15 a2, a3)
+G(u; g, a3) + H(u; ag, as) — Gug; ag, a3) — H(us; g, a3)
—G(ug; a3, 001) — H(ug; o3,01) + G(uz3; a3, 1) + H(uy2; 03, a1)
+G(u;as,0q) + H(u;as,aq1) — G(us; as, 1) — H(up; as, aq)
—G(u3z; a1, 00) — H(ug; o, a0) + G(uz 15 a1, o) + H(ug 3; 00, a2)

+G(u; a1, a0) + H(u; g, a0) — G(ug; aq, ) — H(ug; ag, ag), (3.13)
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which implies that

0 = Guar,a) + G(u; e, a3) + G(u; ag, aq)
+H(u; a1, 00) + H(u; ag, a3) + H(u; as, aq)
—G(ur;ag,a3) — Gur;ar, o) — H(up; ag, a3) — H(up; as, aq)
—G(ug; ag, o) — G(ugs ag, a3) — H(ugs an, ) — H(ug; a3, 1)
—G(uz; a1, a2) — G(us; az, a1) — H(ug; a1, a2) — H(ug; g, a3)
+G (u1,2; a2, 3) + G(ug3; az, a1) + G(us,1; o1, o)

+H (u1,2; a3, 1) + H(ug 35 001, 00) + H(ug 15 a2, a3). (3.14)

So we must have

G(U1,2; 042,043) + H(Ul,z; a3, Oél) = k‘(Oéz, a3, 041)7 (3~15)

for some function £. Thus F' must have the form

F(u,ui,ug;ar,2) = —G(uja1,a9) — k(as, a1, a2) + G(u; a3, 1)
+G(ur; a1, a2) + k(as, a1, az) — G(ug; ag, 1)
= Gy aq,0)+ G(u;az,a1) + Gu; o, o)

—G(ug; as, ay). (3.16)

Now, F(u,uy,u2; a1, az) does not depend on as, so

G(u; a3, a1) = P(u;ar) + q(as, 1), (3.17)

for some functions P and ¢, and F' becomes

F(u,up,ug; a1, a2) = —P(u; a2) + P(u; o) + Plug; as) — P(ug; o), (3.18)

so it is some antisymmetric function. Hence, if F' is a total derivative of the form

(3.18), it will obey the closure relation.
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2.3.2 H1

To illustrate the proposition in the simplest case, we perform the following compu-

tation. By explicit form of the Lagrangians we have

A1 L(u, ug, us; ag, ag) + Ao L(w, us, uy; oz, aq) + AsL(u, ug, ug; aq, )
= (u12—ui3)ur — (g —as)In(ur 2 — ui3) — (ug — uz)u

+(og — a3) In(ug — uz) + (ug3 — ui2)us — (a3 — aq) In(ug 3 — u 2)

—(ug —ur)u+ (a3 — 1) In(ug —uq) + (u1,3 — u2,3)us

—(a1 —ag)In(ur 3 —u23) — (w1 —u2)u+ (o — a2) In(ur —ug).  (3.19)

Noting that the differences between the double-shifted terms have the form

. — _(az—ag)u1+(a3—a1)uQ+(a1—ag)ug(u )
e (ur — ua) (w2 — us)(u — ) 2

= Aj23(u2 —us), (3.20)

where Aj 23 is invariant under permutations of the indices, the expression (3.19)

reduces to

A1 23(ug — ug)ur — (o2 — a3) In( Ay 2,3(ug — uz)) — (u2 — ug)u

+(og — ag) In(ug — u3) + A1 23(uz — ur)ug — (a3 — aq) h’l(ALQ’g(’LLg — ul))
—(u3 —ur)u+ (o3 — ar) In(uz — ur) + Ar23(u1 — u2)us

(a1 — a2) In(Aras(ur — u)) — (w1 — uz)u + (a1 — az) Infur — up)

= 0, (3.21)

where we have tried to organize the succession of terms to make it manifest which

groupings of terms cancel out against each other.
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2.3.3

H2

By explicit form of the Lagrangians we have that

A L(u, ug, us; ag, az) + Ao L(u, us, ur; s, aq) + AgL(u, ug, ug; oy, az)
(u3 + ugz1 + 1) In(uz + uzy + a1) — (uz + u2z + az) In(uz + ugz + az)
—(uz1 — u23 + o1 — a2) In(ug + ugz + a1 — )

+(ug1 — uzz — a1 + az) In(uzy + uzz — a1 + az)

—(u4u1 + o) In(u + up + ar) + (u + ug + ) In(u + uz + az)

+(up —ug + a1 — az) In(ug — ug + a1 — a2)

—(u1 —ug — aj + a9) In(u; — ug — a1 + ag)

+(u1 + uig + a2) In(ug + w2 + ag) — (u1 + us1 + as) In(ug + ug1 + as)
—(uw12 — uz1 + g — ag) In(uiz + uz1 + g — ag)

+(u12 — uz1 — a2 + az) In(uiz +uz1 — a2 +as)

—(u+ug + ag) In(u + ug + ag) + (u + uz + a3) In(u + usz + a3)

+(ug —uz + g — az) In(ug — uz + as — a3)

—(ug — ug — ag + ag) In(ug — uz — s + ag)

+(ug + ug3 + a3) In(ug + ug3 + az) — (uz + w12 + o) In(ug + ui2 + o)
—(ug3 — w12 + g — a1) In(ugz + w12 + az — a1)

+(ugs — u12 — a3 + a1) In(ugg + u12 — as + )
—(u+ug+a3)n(u+uz +a3) + (v + w1 + 1) In(u + w1 + aq)

+(ug —u; + az —aq) In(ug —u; + az — aq)

—(uz —u1 —as +ar)In(us —u; — as + ai). (3.22)
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On rearranging, this is

r = U12ln<(u1+u12+a2>(u12—u31—a2+a3)(u23—u12+a3_a1)>

(u2 + w12 + o) (u12 — uz1 + oo — a3)(u23 — w12 — a3 + aq)
((u2 + ug3 + a3)(u23 — w12 — a3 + o) (uzr — u23 + o — OéQ))
(ug + u23 + o) (u23 — u12 + a3 — 1) (u31 — ugz — a1 + a2)
<(U3 +ugr + o) (uzr — ugz — a1 + a2)(u12 — uzr + az — 043))
( )

+u93 In

(u1 4 us1 + ag)(us1 — u23 + ap — ag)(u12 — u31 — a2 + a3

)
)
)
(
(ug —u1 + a3 — g
(
(
(
(

Fuy 1n<(u1 +uig +ao)(ug —up —ag + o) (up —ug +a — az))
(w1 + u31 + o) J(ur —ug — a1 + as)
g 1n<(UQ + uo3 + Ozg) U — U2 — ay + Ozg)(u2 —uz + o — Ozg))
(UQ + u12 + Ozl) U — Uy + a1 — Ozg)(u2 — U3 — Q9 + 043)
—|—U3ln<(u3 +uzr + a1)(ug —uz — ag + az)(uz — up + az — 041))
(u3 + ug3 + a2)(ug — ug + g — az)(ug — u1 — az + ay)
tayl ((U3 +ugy + o) (u23 — w2 + a3 — a)(u3 — u12 — a3z + ay)
(ug +uio +oq)(ug —up + a3 — ay)(uz —up — az + aq)
(w1 —ug + a1 — a)(ur — uz — a1 + az) )
(uz1 — ugs + a1 — az)(uzr — ugz — oy + az)
tay m((m +uia + o) (ugr — ugz + a1 — a2)(uzr — u23 — a1 + ag)
(U3 + uo3 + Ozg)(ul — Uy + Q1 — ag)(ul — U —aq + 042)

(ug —uz + az — ag)(uz — uz — az + a3) >
“(u12 — ug1 + a2 — a3)(u12 — uzr — a2 + ag)
tas 1m((w + ug3 + a3)(u1z — us1 + az — ag)(u12 — ugr — a2 + az)
(w1 +u31 + a3)(u2 — ug + az — a3)(ug — uz — g + a3)
(us —u1 + oz —oq)(uz —ur —az + ) )
(ugg —ui2 +az —on)(ugz —uip —az+ ) )

(3.23)

Then, using the 3-leg form of equation, we get

u12 + U123 + a3 U23 + U123 +
I' = wupln + u23 In

u12 + U123 + a3 U23 + U123 + Q1
+u311n<u31+u123+a2>+ulln<u+u1+a1> +u21n<u+uz+a2)

U3l + U123 + Qo u+u + oy U+ u2 + o

U+ uz + a3

Inf ——= In(1 In(1 In(1). 3.24

+us n<u+u3+a3)+a1 n(1) + azIn(1) + a3 In(1) ( )

Up to constant imaginary terms resulting from the multivaluedness of the logarithm

function, which can be chosen in such a way that they vanish, this is zero.
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2.3.4 H3

As mentioned earlier, the dilogarithm function is defined by

Lig(z) = — /O n(=2),, (3.25)

z

The functional relations involving the dilogarithm that are useful for the following
computations are given below. Proofs of these identities, and some discussion of the
dilogarithm function, appear in Appendix A. The pivotal functional relation is the

five-term identity

— st t— st
Lig(s) + Lia(t) — Lig(st) = Lig(i S>+Liz<1 St>
— S

— st
1—s 1-1¢
1 1 . 3.26
+n<1—st> n(l—st) ( )

An additional two identities needed are the following, both valid for all real x.

7T2
Lis(z) + Lip (i) = —%(m(—m))2 = (3.27)
Lis(z) + Lis (L) - —%(ln(l — )% (3.28)

Equation (3.27) holds regardless of whether the arguments are positive or negative.
Equations (3.26), (3.28) require additional imaginary terms depending on the sign
of the arguments; however, these cancel out in the course of the closure relation
calculations.

The Lagrangian for H3 is

Lovo, = L(u,up,ug;aq,a)

<) () () ()
—Qq —Q a1UQ QU2

+ 1n(a§> In(u) + In(a2) 1n(“1>. (3.29)

U2

We make a change of variables similar to those that appear in the 3 leg form of H3.

This will make the computations simpler and easier to follow. With the abbrevia-
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tions
Ao g uwe o uus (3.30)
—Q] —Q9 —Qs3
the Lagrangian becomes
. . (A [a?A
£a1a2 = —LIQ(A) + LlQ(B) + Lio <B> — Lio <OéB>
OéQ Ul
In{ — |1 In(a3)In — 3.31
(2 ) n(o) + e (2. 3.1

whilst the equations of evolution, written in the variables A, B, C, are as follows:

a?l—-A 1-B

- 32
a21-B 1— Ay’ (3.32a)
2

o] - 32b
agl—C’ 1—33’ (33 )
2

% = 3.32
21— A 1-Cy (8:32¢)

where for example A; denotes A shifted in the ni-direction. The definitions of
A, B, C give the relations

a%A o Bl CM%B - CQ agC o Ag

- - 27 _ X 8¥ _ 2 3.33
aiB Ay’ a2C Byl oafA Oy ( )

which, together with (3.32a)-(3.32c), give expressions for Ay, By, etc explicitly in
terms of A, B,C. To write these in a simple way, define the function Hy p =

H(A, B;ay,a) to be

a2(1—B) —a2(1 - A)
Hyp= -2 1 34
A,B A _ B ) (3 3 )
leading to the following
C A B
A3 = —Hca, Bi=-—5Hap, Co=—5Hpc,
a7 a3 az
B C A
A2 - 72HA,37 B3 == 72HB,07 Cl == 72HC’A (335)

Defining the quantity I' as below

I'= A3£a1a2 + A1£a2a3 + AQEQSQI, (336)
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we may now write both the Lagrangians and their shifted versions in terms of A, B

and C', which leads to

B a?A A
I =| Lol =H Lio( 4= | —Lis [ = H
12<a% AB)* 12<a33> <a AB)
C a?B B
Lis( —H Lis[ 2= | — Lis [ = H
i (gttnc) +1a2(55) -1 (g oe)
A a2C C
Lis ( — H, Lis[ —= ) — Lis [ — H,
a2 C’A>+ 12(a%A) 12<a% )
2Hpc . (3Hap\' .. [ oa3Hea\
2 ’ +L12 2 :+L2 P : :
asHap asHeo o ) afHpco ) |

)
+ 1n<0‘§) In(Ha )+ In <%> In(Hp,c)+In (Zg) In(He,a)
()

2

3

(3.37)

where we have we rearranged the terms in a way that suggests which dilogarithm

identities to use and where. Applying the dilogarithm identity (3.27) to the terms

in the dashed-line boxes, the argument of the dilogarithm functions can be inverted.

This enables us to use identity (3.26) on the terms grouped in the solid-line boxes,

using the definition of H 4 p to simplify the outcome. We will gather all the logarithm

terms together at the end.



46

S
Tt _
L Q [—
= =
P =
BN ~~ —
<= o R
o [

] o ola 2
A N NG SR —
il Rl A e N |
L _”_ Lol 3 e~ -----, &

R n(u\n(DLMA\(” T — o+ ~——
=lQ R0 Ol= | hmor—~ — =
N~ — | TR e L~
Q . Lo I Cz B:( 1 < <
R e I Y IR T N LT LS
+ o+ L+ ] EE I O R L~

ol | L5 TRk TIEg
N N L/ R _ ,/I\/I\_
q Q < M [ O @----- = =
AUHB\l}Cxl) XKMBHAD))@\
SRR SFRESC oI g S
Bn_vBA_nC_,n_UA_“_____,_
R N I T I NS NIRRT S
STRIT LT |ITERIR Tle T
NG NP NG /I\/I\/I\@@m\
3 3 3 3 3 3 = = k=
e T T T Y FF
I\ /

CHAPTER 2. LAGRANGIAN 2-FORMS

(3.38)

, and subse-

+(In(af))? + (In(03)) + (In(e3))*.

Again, using identity (3.27) on the terms in the dashed-line boxes
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quently identity (3.26) on the terms grouped in the solid-line boxes, we obtain

PO B)HB7C> n ((A - C)HC,A>

(a%(O—l) af(A-1)
(

_l’_

+(In(a?))? + (In(a3))* + (ln(a%))2. (3.39)

Using identity (3.28) on the first term of line 1 and the second term of line 2 of (3.39)
leaves the dilogarithm terms which subsequently cancel out. What then remains are
only the logarithm terms, which also cancel out, leaving I' = 0. This concludes the

proof of the closure relation for H3.
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2.3.5 Q1|5

By explicit form of the Lagrangians we have that

' = A1L(u,ug,us;an,a3) + AsL(u,us, ur; as, an) + AgL(u, ug, ug; o, )
= apln(ug — us1) — agln(us — ueg) — (a1 — o) In(usy — uas3)
—arpIn(u —up) + agln(u — ug) + (a1 — a2) In(ug — ug)
+agIn(u; —ui2) — agn(u; — usy) — (e — ag) In(ugs — usy)
—agIn(u — ug) + asln(u — uz) + (e — ag) In(ug — us)
+agIn(ug — ugs) — ag In(ug — u12) — (a3 — aq) In(ugsz — ui2)

—agn(u —u3) + oy In(u —ur) + (g — o) In(uz — ug)

— aln (u3 — ugy)(u23 — u12)(u1 — u2)
' <(uQ = U12)(U31 =z (i3 — ul)>

(u1 - U12 ’u31 - UZS)(UQ - us))

(ug — u23) (w12 — uzr)(u1 — u2)

(ug — ug3)(u12 — ug1)(uz — uy)

( g )>. (3.40)

uy — usy)(u23 — ur2)(ug — us

+a9 In

“+as3 ln<

Using the equations to substitute in expressions for w12, u23 and w31, and defining

the cyclic invariant

A = — |:041(a2 —ag)(u—uz)(u —ug) + ag(as — a1)(u — up)(u — ug)

+as(ar — ag)(u —up)(u — ug)] ) [(al(u —ug) — ag(u —uy))
~1
(o(u —ug) — ag(u —uz))(az(u —uy) —ag(u—usg))| ,  (3.41)

we have

 —ai(u—uz)(uz — uy)
uz —uz] = s (t — ) — a1 (u—ug)’ (3.42)

 —ar(u—ug)(ur — ug)
Uz — U2 = o (t— 1) — an(u—u1)’ (3.43)

ugs —ui2 = (u—u9)[ag(u—uy) — aj(u —us)lA, (3.44)



49

CHAPTER 2. LAGRANGIAN 2-FORMS

and of course all cyclic permutations of these expressions. Substituting these in gives

us

—al(u - U3)(u3 - u1)[041(u - U2) — 042(“ - “1)]

—aq(u —u2)(up — ug)[as(u —ur) — aq(u — ug)]

a1 111(
+a ln<

r

)
)
)

(u — ug)[ag(u —uy) — ag(u —us)]A(u; — u2)
“(u—wug)[ar(u —ug) — as(u —uy)]A(ug — uy)

—ag(u —up)(up — ug)ag(u —uz) — ag(u — us)]

—ag(u —ug)(ug — us)ar(u —uz) — ag(u — uq)]

(u — uz) o (u — ug) — ag(u — up)]A(ug — us)
“(u—up)[oo(u — uz) — az(u — ug)|A(ug — usg)

—az(u —ug)(ug — ug)[as(u —ur) — aq(u — ug)]

—az(u —u1)(uz — ur)[oa(u — us) — as(u — uz)]

+a3 ln<

(u—uy)[ae(u —ug) — as(u — uz)|A(us — uy)
(u—ug)[as(u —uy) — ag(u —ug)]A(ug — ug)

(3.45)
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2.3.6 Q1|5

By explicit form of the Lagrangians we have that

' = A1L(u,ug,us;an,as) + AsL(u,us, ur; s, aq) + AgL(u, ur, ug; g, az)
= (ug—u31 + a19) In(us — ugy + @10) — (uz — ug1 — 10) In(ug — uz1 — a19)

—(u3 — ug3 + @20) In(ug — uas + a2d) + (ug — ugs — @20) In(us — ugg — a20)
—(u31 — ug3 + 10 — ad) In(uzy — ugz + 10 — azd)
+(usg1 — u2z — @10 + @20) In(ug; — uzz — a1 + asd)
—(u—up +a10) In(u —u; + a19) + (u — w3 — aqd) In(u — ug — a19)
+(u — ug + @20) In(u — ug + @26) — (v — ug — 2d) In(u — ug — a26)
+(up —ug + 10 — a26) In(ug — ug + @18 — a2d)
—(up —ug — 16 + a2d) In(u; — ug — a1 + azd)
+(u1 — w2 + @20) In(ug — w12 + @2d) — (ug — w12 — a2d) In(ug — w12 — a@zd)
—(u1 —ug1 + agd) In(ug — us1 + a3d) + (w1 — usy — a3d) In(u; — ug1 — asd)
—(u12 — u31 + a2d — agd) In(uiz — us; + a2d — aszd)
+(u12 — uz1 — @20 + a3d) In(uiz — u3z1 — a2d + a3d)
—(u —ug + a9d) In(u — ug + a2d) + (u — ug — a2d) In(u — ug — azd)
+(u—uz + azd) In(u — us + agd) — (u — uz — agd) In(u — uz — agd)
+(ug2 — ug + a2d — asd) In(ug — ug + azd — asd)
—(ug — uz — 26 + a3d) In(ug — uz — agd + azd)
+(ug — ug3 + a30) In(ug — u23 + az0) — (ug — ugz — a3d) In(ug — ugg — a39)
—(ug — w12 + a19) In(ug — w12 + @19) + (ug — w12 — @16) In(ug — w12 — @10)
—(ug3 — u12 + azd — a19) In(ugg — w2 + a3d — ayd)
+(u23 — w12 — asd + @10) In(ugs — u12 — azd + a1 )
—(u —us + agd) In(u — uz + a3d) + (u — uz — a3d) In(u — ug — azd)
+(u—u1 + a10) In(u —uy + @16) — (u — up — @10) In(u — uy — a16)
+(us —u1 + azd — a16) In(ug — u1 + azd — a;0)

—(ug —u1 — azd + a10) In(ug — up — azd + a19). (3.46)
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Rearranging, this gives

I = up 1n((uz —u12 + a16)(u23 — u12 + a3d — a1d)(ur — urz — az0)
(u2 — w1z — 16)(ug3 — w12 — azé + a10)(u1 — uiz + @2d)
(u12 — u31 — a0 + 0435)>
(w12 — uzy + a2d — a3d)
g ln<(U3 — U923 + 0425)(U31 — u93 + a0 — a25)(u2 — U3 — 0435)
(U3 — U3 — ()425)(U31 —u93 — a0 + a25)(u2 — U23 + 043(5)
(u23 — u12 — azd + a15)>
“(ug3 — w12 + @36 — a1 6)
s ln((ul —us1 + a35)(u12 —u3| + agd — a35)(U3 — Uuz] — 011(5)
(u1 — U3 — 0435)(1112 — U3l — 0425 + a35)(U3 — U3l + 041(5)
(U31 — U3 — a1<5 + Ct2(5)>
’ (’U,gl — u93 + a6 — Ctg(S)
g ln((ul —ug + 10 — agd)(uz — up — azd + aq6)(u; — uiz + a2d)
(u1 —ug — 10 + 0425)(U3 —up + agd — oqé)(ul — U1 — OQ(S)
(up —ugy — a35)>
(w1 — uz1 + azd)
g ln< Uy — U3 + agd — a35)(u1 —ug — 10 + 0425)(712 — U3 + a35)
(UQ —ug — a0 + 0435)(711 —us + 16 — OéQ(S)('LLQ — U3 — a36)
(UQ — U2 — 041(5))
(u2 — w12 + aq6)
tus 1n<(U3 — Uy + azd — 0515)(11,2 —uz — a9l + 0535)(U3 —u31 + 0[15)
(uz —up — agd + a19)(ug — ug + a2d — asd)(uz — uz; — @)
(’u,g — U223 — ()42(5))
(u3 — ug3 + a2d)
—1—0415111((“3 —ug1 + a15)(U3 — U3l — 0415)(u1 —ug + 10 — 042(5)
(u2 —ui2 + alé)(uz — U2 — a15)(U3 —u1 + agd — Oé1(5)
(ug — ug — 10 + ad) (ueg — u12 + a3d — 1)
“(uz —up — azd + a16)(usy — ugg + a1d — azd)
(U23 — U2 — 0435 + a15))
' (U31 — U923 — 0415 + Cl25)
+a251n<(u1 —ui2 + a2(5)(u1 — U2 — Ozg(i)(Ug —us + asd — 043(5)
(U3 — ugs3 + Ctzé)(u;g — U923 — a25)(u1 —us + a6 — 042(5)
(UQ —ug — a9l + 0435)(U31 — U93 + a0 — 0425)
“(up —us — a1 + agd)(ure — ugy + asd — asd)
(U31 — U3 — 0415 + CMQ(S))
' (U12 —uzy — 0425 + a35)
+osd ln<(u2 — ug3 + a3d)(ug — u2g — azd)(us — up + aszd — a1d)
(u1 —ug1 + a3d)(u1r — uzy — a35)(u2 —ug + agd — 043(5)

uz —up — agd + a10)(u12 — ug1 + a2d — azd)

ug — uz — agd + a3d)(ugg — u12 + azd — a10)

w12 — u31 — 26 + o)
uU23 — U112 — 0435 + CM15) '

(
K
(
'(

(3.47)
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The equation Q1|5 is
u—u;+o10\ (U —uy — ad U — Ui + a1d — agd
= : : (3.48)
u—uy —a10) \u—uy+ agd u—up — a1+ ad

Because of the D4 symmetries of the equation, we are able to make the transforma-

tion u < w2, u; < ui2 to get

<u2 — ui9 + a15> (u —us + a26> _ <U1 —up — 10 + O‘25>’ (3.49a)

Uy — U2 — 10 ) \ U — Uy — 0 up — Ug + 10 — ad

or alternatively we can transform (3.48) by u < u1, ug <> u2 to get

(u —uy — 0415> <u1 — Uiy — 0425> _ (ul —up+ 010 — a25>‘ (3.49Db)

U —ul + a1d up — U1g + ad up — U — @10 + a2l

Shifting these equations in the 3rd direction gives

<u23 — U123 + a15> <u3 — U3 + a2(5> _ <U31 — ug3 — 10 + a25> (3.50a)
Ugg — w123 — @16 ) \ Uz — ugz — a2d ugl — 3 + 10 —azd )’ '

<U3 —uz — 0[15) (U31 — Up93 — a25> _ (U31 — U3 + 10 — 062(5> (3 50b)
uz —ug1 +a10 ) \ Uzl — ui23 + a0 ust — uzs — 6 +azd ) |
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Substituting these, along with their cyclic permutations, into (3.46) gives us

(ug —ui2 + a6)(uz — w12 — a16)(ur2 — ui2z — azd)

(ug — w12 — 016)(ug — u12 + a16)(u12 — w123 + @3d)
(u1 — U9 — a25)(u1 — U2 + a25) (ulg — U193 + a3

(w1 — w12 + a20) (ur — w2 — @26)(u12 — w123 — a3

+u93 In (

r = u121n<

)

[«

) )
(u3 — u23 + 26)(uz — uzz — a20)(u23 — U231 — a1
(U3 — U3 — 0425)(U3 — U3 + 042(5)(11,23 — U931 + 16
(ug — ugz — a3d)(ug — u23 + az36)(
ug — u23 + a36) (ug — U3 — a36)(
)( )(
)( )
)( )(
(

U3 — U231 + 10

)
)
)
)
)
U3 — U231 — 0415)>
)
)
)
)

ug — u31 + a16)(ug — uz1 — 0q6)(us1 — uziz — @20 >

(u —Uu; — ald)(ul — U2 — Ozz(S)(’lL — Ui + alé)(ul — us1 + 0135)

(u—u1 +a10)(ur — ure + @2d)(u — up — a10)(ug — usy — agd)
(ug — uyg + 26)(ug — uzp — a35)>

' (ul — U2 — OéQ(S)(Ul —u31 + a35)

(u — U9 — 042(5)(1@ — U3 — agé)(u — U9 + CEQ(S)(UQ —Uuig + 0415)

(u — ug + ad)(ug — ugs + asd)(u — ug — @zd)(ug — u12 — @10)
(UQ — U923 + 0635)(UQ — U1 — 041(5)>

' (UQ — Ug3 — Oé35)(U2 — U2 + 0415)

(u—uz — agd)(ug — ug1 — @10)(u — us + agd)(us — uzs + agd)

(u—us + agd)(ug — ug1 + @10)(u — uz — agd)(us — ugz — agd)
(uz —ug1 + 10)(ug — ugz — (125)>

' (U3 — U3l — 0415)<U3 — U3 + a25)

randn( |

up — u31 + a3d)(ur — uzr — a3d)(uzr — uzi2 — a2d

(

(
+us31 ln<

(ur —us1 — agd)(ur — usr + azd)(us1 — uzi2 + ed
(

usz —uzr — a10)(uz — uz1 + a19)(ugr — uzi2 + a2

+uq 1n<

“+u9o ln<

+usg ln(

u3z — u3] + 061(5)(’LL3 —us] — a15)(u1 —ug + 16 — a25)

Uy — U2 + Oél(S)(U/Q — U2 — 041(5)(U3 —u1 + agd — 041(5)
(ug — ug — 10 + a9d)(u2s — w2 + agd — a1d)

“(uz —up — azd + a16)(ugy — ugg + a1 — a2d)

(UQg — U2 — 043(5 + 0115))

' (U31 — U923 — 051(5 + OZQ(S)

(u1 —ujg + 0425)(’&1 — U2 — a25)(u2 —ug + a9d — Ct3(5)
(U3 — u23 + 0625)(’&3 — U3 — a25)(u1 —ug + 16 — CMQ(S)
(UQ —ug — a9l + 0435)(U31 — U93 + a0 — 0425)
“(up —ug — a1 + agd)(uie — ugy + asd — asd)
(U31 — U3 — 0415 + a25)>
' (ulz —u3l — 042(5 + 0135)

+a25 In <

(UQ — U3 + a35)(u2 — ug3 — a30)(ug — u1 + azd — ay0)
(u1 —ug1 + O£35)(U1 —u3] — a35)(u2 —usz + Oz25 — CE35)

+053(5 ln<

us —up — agd + a10)(u12 — ug1 + a2d — azd)

ug — u3 — agd + a3d)(ugg — u12 + @zd — a10)
U2 — U331 — Oé26 + O£35)
uU23 — U112 — 0435 + O£15) ’

(
(
E (3.51)
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which, on cancelling out terms, leaves

(ug — uzp + 10)(uz — uz; — a10)(ug — ug + 10 — azd)

I' = 4odln
! <(u2 — w12 + a10)(us — w1z — a10)(us — ug + azd — a1d)

(u1 — Uy — 10 + OéQ(S)(UQS —uis + asd — Oz15)
.(U3 —u; — a3l + alé)(ugl —u93 + a0 — a25)
(u23 — u12 — 30 + a15)>
’ (U31 — U23 — 0415 + 062(5)
(u1 — U2 + a25)(ul — U2 — 0425)(1@ —ug + agd — OZ35)

+a9d In
2 <(U3 — U923 + OéQ(S)(Ug — U923 — O[2(S)(U1 — U9 + a15 — 042(5)

(ug — ug — a6 + agd)(us; — uzs + a1d — azd)
'(ul —ug — a1 + ag6)(u1z — uz) + 2d — agd)
(U31 — U923 — 041(5 + (125))
(w12 — uz1 — a2d + asd)
(ug — ugz + a3d) (ug — ugz — azd)(uz — w1 + azd — 1)

+a3d In
3 <(u1 —ug1 + 0435)(’&1 —us] — 0435)(1@ —u3 + OQ(S — a35)

us —up — agd + a10)(u12 — ug1 + agd — asd)

(

‘(u2 —uz — ad + asd)(uz — u1z + azd — aqd)
(U12 — U3l — 042(5 + CM3(5)>

' ('LL23 — U112 — 043(5 + Oll(S) .

o4

(3.52)

Unfortunately it appears that there is no neat way in which to demonstrate these

remaining terms vanish, but it can be verified through longer and more tedious

calculations, by substituting in expressions for w19, uoz and ug; in terms of u, uq, uo

and ugz only, that T" is indeed zero.
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2.3.7 Q3|5

The Lagrangian is

55
L(u,u1,uz; a1, )
—Lig<o‘1> —|—Lig< Y ) +L12<O‘2“) —L12< Y )
ui Q1uy ug 29
+L12<0‘1“ > - Li2<0‘2“1) +1n(a§)1n<0‘2“1>. (3.53)
QU2 a1UQ a1U2

We make a change of variables so that the computation is simpler and easier to

follow. Let

4 - au
= W
B — a2U
= W
c = 8¢ (3.54)
us
Then the Lagrangian becomes
A B
quaz —Lis <A> + Lio <2> + Lig <B> — Liy <2)
o} «
1 2
. (2B . (B B
+L12<Q§A> — L12<A> + 1n(a§)1n(A>. (3.55)
The equations of motion, written in the variables A, B, C, are as follows:
2
— = 3.56
ozg 1-B 1— Ay’ ( )
2
— = 3.57
Oé% 1-C 1-— Bg’ ( )
2
= = 3.58
Oz% 1-A 1-— Cl ’ ( )

where again, for example, A; denotes A shifted in the ni-direction.
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From the explicit form of the Lagrangian Lq,as,,

I' = A3£a10¢2 + Alﬁagag + A2£a3a1

= —Lig A > +L12<A > +L12 <Bg> LIQ(B2
a7
— Li

( 2

( (=)

(@)-Lh(ié)%( ) ()
o) o) o 18() -1

(

(

\_/ m‘gl\%\;‘mv

2
—L Lig | —5— Lig( —
Oé%CQ) 2 <02> 2 <Oz%A + A
2 2
asC . (C . [035A (A
—— Lig| = | — Lia[ 5= Lis( —
a%B) * 12<B) l2<a%C Tk C
AB BC CA
2 3 2 1 2 2
—|—ln(al)ln<BA3> —|—ln(a2)ln<031> —I—ln(a3)ln<A02>. (3.59)

Note now that from the definitions of A, B, C we have the relations

bh _ B (3.60)
4 A :
o C

- - .61
@ _ 9 3.1
Ay A

4 _ A 62
2= 2 (3.62)

Combining these with the equations of motion give expressions for the appropriately
shifted A’s, B’s and C’s explicitly in terms of A, B, . To write these in a simple

way, define the function Hy p = H(A, B; a1, az) to be

a%(a% —1)A - a%(a% - 1)B+ (a% — a%)AB

Hap = (3.63)
(af —a3) + (a3 —1)A— (o = 1)B
Then we have the following
Heg o Hpc
Ay = —/— B3 = :
3 C ) 3 C ;
Hap Heg o
B — 3 — )
1 1 Cq 1
H H
Cp=—28C  p,=248 (3.64)
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This means that (3.59) becomes

Hc s . (Hc.a . (HBc . (HBc
) L ) L i _L )
c )* lz(a%c*)* ( C ) 12<a§c>

L

2H H H H
Og B,C) B Liz( B,C) B ig( A,B> N Lig( ;1,3
asHc 4 He o A azA

To be able to manipulate this expression, we will need to use some dilogarithm

identities. The three dilogarithm identities needed for this computation appear in

the appendix; for easy reference they are reproduced below.

Identity I:

Lip(z) + Liz(y) — Lia(zy) = L12<313_‘£§>+Li2(31/—xy>

1-— 1-—
+1n * In y .
1—ay 1—ay

Identity II:

Identity III:

Lia(x) +Li2<x L 1) _ —;<ln(1 - :@)2.

Now, the next step is simply to rearrange the terms in a way which suggests

which identities to use where.
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B . (Hap . (B . (Hap
I = +L12< B > + L12 (A) L12< A
. (H e . (H
+Lis ( g,C) + Lig <B) — Liy ( g,C)
. (Hca (A . (Hcoa
L : Lir| =) —-L :
+Li12 < A ) + Lig (C) 12 C
. (Han . (3B . (Hanp
—L : — Lisg | —— L :
12( 3B ) 2 < a3 A b a2A
. (Hp,c yaie . (Hpc
L C) _i, (222 ) 4L *
12< aiC > 2 (O%B k2 a3B
. (Hcoa . [(a3A . (Hca
-L : — Lig [ —— L :
< o34 ) 2 <a% “\atc
a2 a? a?H
o) ) o
aiHp o asHa B azHe A
H H H
) ) ()
Hpc He oz Hap

On the first two terms of line 7 and the last term of line 8, use identity (3.67)
to flip over the argument. The logarithm terms will always be collected towards the

end of the expression for neatness.

a0 ) ()
() )25
+L12<HZ’A> +Lig<g> —Liy Hg’A>
() () (1)
(g ) (i) + (5
_L12<Z§Cf) — Li Zgg) +L12<Z%Cg‘>
( 2 2
(7

1
1 | a%HBp 2 1 a%HA,B 2 1 HA,B 2
| In{ —— — s In{ —— + - ({In{ ————
2 asHy p 2 asHe A 2 He oa
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71'2 AH BHCA CHAB
—— +1In(a?)] In(a?) In : 2 =k
5 + In(af) n(BHCA) + 1n(a3) <C'HA,B> +ln(a3)ln<AHByc>

(3.70)

Use identity (3.66) on each of the lines 1 to 8 to convert the three dilogarithm

terms into two.

B—-AH H - B
r = +L12<( ) AB>+Li2< A5 >
B(Hap—A) Hyp—A
C - B)H H —C
+L12<( ) BC)+Li2< e )
C(Hgc — B) Hpc—B
A—-C)H H, — A
+Lig<( ) C’A) + L12< G.A )
A(HQA—C) Hoa—-C
L (2B —a3A)Ha g . Hyp— 2B
J— 1 J—
2 a?B(Hap — a3A) Hap—a5A
. ((a3C —aiB)Hp o Hpc —asC
_L12 L12 :
« C(HB,C’ — a3B) HB,C — a%B
. ((X%A — Oé%C)HCA . HCA — a%A
—Lis 5 3 ’ — Liy ’72
asA(Hoa — ofC) Hco a — afC
2
_L12< OélHazoc3(a3HA B— 042HC A) > _ L12 <O(§HA7B — Oé%HB’C>
a3Hap(aiHpc — 03He,a) a3He.a — ofHpc
. (Hap(Hpc — Hc,a) . (Hpc—Hap
—Liy — Lig
Hpc(Hap — Hcoa) Hoa—Hap

(e =) (s )
(G5 (e T p)
(=) (e

1 <a%A(HA7B — a%B)) ( 2B — a2A >
—In{ = 5 In| ——5—
aiB(Hap — a5A) Hpp—a3A
—ln<a%B(HB’C — a%C)) ln< a3C — a3B )
OZ%C(HB,C — OégB) HB C — a3B
I Q2C(Hoa — a%A) In a3A— 20
Od%A(HCA — Oél ) HCA — a%C
3
2

a3He a(a3Hap — aiHp, c)> | <Oé§HA,B - OC%HCA>

« HA7B(042H0,A—041HB c) a%HBC—QQHCA

1 H 2 alH 1 H 2
—(ln(—% B”“”)) _<m<_ )
2 asHa p 2 asHc 2 Heoa
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(3.71)

Here we use the definition of H4 . We shall write Uy, o, for the numerator of

Hy p and Lg,q, for the denominator.

Q&S dsldn Sl DS == oS
______BACBAC sl S % &
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(3.72)

ange the terms again to make it clear what to do next:

Rearr

A N e U U U
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< B — a2 a3a1 ) In (_ (C — O‘Z%)L(Jﬂ(m)
A— al 012013 (A - a%)LOézoé:s

(
(
(o) )
041042 Oé20¢3 2 a%UaZSalLalaQ
araslagan 2
()
% + n(a%)ln(éiﬁj) +ln(a%)ln<ggj:]‘:> +1n(a§)ln<j§2:§).

(3.73)

1
2
L1
i

Use identity (3.67) to flip the arguments of the terms of lines 2,4,5,6 and 7.

B . (a2—1)(B—a2) . (a—l)(A—aZ)
b= *L”((a%—l)(A—a%)*L”(( ?—1><c—a§>>
o ({03 DB~ ad)
b <a§—1><c—a§>>
(2 =1)(B-1) (a2 —1)(C —1)
b <oé—1><A—1>> ‘L12(<a§—1><3—1>>
(@2 —=1)(C—-1)
iz <a§—1><A—1>>

Uagag
aj(af —1)(C - 1)A>
Ua3a1

A —1)Unsas 1 (C— a%)Uamz
L12 (A - a%)an@

Ua3a1
L
(@2 —1)(C - a%)A) Lk

(
a%(C — DUaay

(

(

(

( o

+L12( _ Uozas 2)C> +L12<O‘2(a3 ~ (B - 1>C>

( (

(

(

(g -t (- e
““<EZ§ Do 3332) h“((a% = a%))
“ﬂ(iii - 3&2@ 1“(@«% e a%))
““(E%% :3%:339 (= Tie—a)
‘m@g% ) (@)
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2 2

O‘3U0410z2 Laaal ) )
2

a2Ua3a1 La1a2

(

(

e =i )}
(55D)) 3 (n(-teia=nE) Y

m<“%<a§‘”<3‘”(’>>2+ (D) )

Q203

(AHBC> In( Q)IHEBHCA>+ln(a§)ln<CHA’B>.

BHc 4 AHB,C
(3.74)
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E

Use identity (3.66) on lines 1&2, 3&4, 5,6,7 and 8.
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Remove any terms which cancel out and rearrange once more.
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%m@m(
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(3.68) on the first term of lines 2,3,4,5 and 6.
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(3.77)

Clearly lines 4,5 and 6 disappear, and lines 1,2 and 3 will also go with the use

of identity (3.67). So we are left with purely logarithm terms.
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S e Ge)
2 2
S0 G)) 0 G eiD)

AHB C BHC,A CHA,B
+T +1H(Q1)1H<BHC,A> +ln(a§)ln<%) —l—ln(ag)ln(AHB’C).

(3.78)

M\»—l l\J\

These simplify to

I = +In(a})In(Hea) —In(a?) In(Hp o) — In(a?) In(A) + In(a?) In(B)
+1n(a3) In(Ha ) — In(a3) In(He, 4) — In(a3) In(B) + In(a3) In(C)

+1In(a3) In(Hp,c) — In(a3) In(Ha ) — In(a?) In(C) + In(a?) In(A)

AH BH, I
+ ln(a%) In (BHB’Z> + ln(a%) 1n(0]‘.’jA> + ln(ag) hl(c A,B)
G B

_— (3.79)

2.3.8 A1l

The proof of closure is analogous to that for Q1, since Al is related to Q1 by the

transformation uy — —uq, ug — —us.

2.3.9 A2

The proof of closure is analogous to that for Q3|s—¢, since A2 is related to Q3|s—o

by the transformation uj +— 1/uy, ug — 1/us.

2.3.10 Remaining cases: Q2, Q3|5 and Q4

For the Lagrangians of the remaining equations in the ABS list (i.e., Q2, Q3|sx0
and Q4), the computations to check they satisfy (3.1) are more troublesome, as the
structure is more implicit. Furthermore, in the case of Q4, if we wished to verify the

closure relation by direct computation we would have to employ functional identities
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for an elliptic analogue of the dilogarithm function, functions of the type

f(z) = /lna(z)dz, (3.80)

which as far as we know have not yet been developed. However, following on from
the paper [65], Bobenko and Suris showed through a more indirect method [15] that
the closure relation (3.1), which they refer to as flip invariance, does indeed hold
for all members in the ABS list. Indeed, it has now emerged [125] that the ABS list
admits a universal Lagrangian structure which is antisymmetric with respect to the
interchange of the lattice directions, and obeys the closure relation (3.1) on solutions

of the equation.

2.3.11 Linear case

For completeness, we will also present here an example of a linear case, the lin-
earization of H1. Since zero is not a solution of (1.7), we make the transformation
u(ni,ng) — u(ni,ng) + nip1 + nopa, where —p? = a3 and —p3 = ag, to get the
equation

(u—wu12 —p1 —p2)(w1 — uz +p1 — p2) +pi — p3 = 0. (3.81)

Now u = 0 is a solution of (3.81), and we can expand around this solution by

considering u(ny,ng) = ev(ni, ng) for small e. To first order in €, we get

(1 —p2)(v —v12) = (p1 + p2)(v1 — v2), (3.82)

which can easily be shown to be consistent-around-a-cube. A Lagrangian for (3.82)

which is antisymmetric with respect to the interchange of lattice directions is

1 +
L(v,v1,v2;p1,p2) = (v1 — v2)v — 5 <p1p2> (v1 — v2)2, (3.83)
p1 — D2

and this Lagrangian can be seen to obey the closure relation (3.1):



CHAPTER 2. LAGRANGIAN 2-FORMS 71

I' = A1L(v,v2,v3;p2,p3) + AaL(v,v3,v1;p3,p1) + AszL(v, v1,v2; p1, p2)
L (p2 +p3> 2
= (vig —wv31)v1 — = v12 — v31)” — (V2 — v3)V
(o2 = van)on = 5 (252 oy = vn)? — (12 = )

1 p2+p3> 2 1<p3+P1> 9
= Vg —v3)" + (V23 — V12)V2 — = V23 — V12
2(?2—173 ( ) ) 2\p3—m ( )

1/ps +p1> 2

—(w3 —vi)v+ | ——— J(vg —v1)” + (v31 — v23)U3

(o = o004 3 (22 ) 0 = 00+ (o — )

1 P1+p2) 2 1<p1 +p2> 9
—— v31 —V23)" — (V1 —v2)v + = v — v9)°, (3.84

2(101—}92 ( ) = ) 2\p1—Dp2 ( ), (3:84)

which, after substituting in the equations, is
1
r — Kw) (v3 — v1) — <p1—|—p2> (01 — UQ)] v+ = <p2 —|—p3> (vg — v3)2

P3 — P1 D1 — P2 2\ p2—p3

1 (p2+p3 p3 +p1 p1+p2 ’
J— (U3 — Ul) i U — (Ul - U?)
2\ p2 —p3 P3 — p1 P1 — P2
KM) (01 — v3) — (M) (vg — Ug)]w L1 (PS p1>@3 )2
P1— D2 D2 — D3 2\p3—p1
1/ p3+p1 p1+ P2 p2+Dps3 ’
_Z (v1 —vg) — (v2 — v3)
2\p3s —m pP1—Pp2 P2 —Pp3
Km P3> (03 — v3) — <p3pl) (vg — vl)] v3 + = <p1 pz) (v — vg)?
P2 — P3 P3 — p1 2\ p1—p2
X 2
1 <p1 +p2> [(pz +p3> (03 — v3) — (W> (v3 — Ul>:| ’ (3.85)
2\p1 —p2 P2 — P3 b3 —p1

which implies that
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1
r — _<P2+p3)[1+<p1+p2>
2\p2 —p3 P2 — D3
<P2+p3 (p3+p1>} 9
02—113)
P2 — p3 p3 —Dp1

<

)
Sl () (s

)

<

p2 +p3>

<p3+p1 (pl +p2>} 2
(v3 — 1)
b3 —p1

_1(p1+p2>[l+(p3+p1> p1+p2)
2\p1—p2 p3 — D1
+ +
+<p1 p2> <p2 P3>} (v1 — U2)2
b1 —p2/ \P2 —P3
Jr(1??1-1-102><p2+]93>(103-|-101>(U3Ul)(vlvz)
b1 —p2/ \P2—P3/ \P3— D1
+<pz+p3><p3+p1><p1+p2>(vl_v2)(v2_vg)
P2 —Pp3/ \P3—P1/ \P1—DP2

+<p3 +P1> <p1 +p2> <p2 +p3> (vg — v3)(v3 — V1), (3.86)

p3s —p1 pP1— P2 b2 — Pp3

and so

r - ;<P3+P1><p1 +P2)<p2+p3> [(1}1—v2)2+(02—1}3)2+(vg—01)2

p3s —p1 p1 — p2 P2 — P3

+2(U3 — ’Ul)(’Ul — ’UQ) + 2(1}1 — 1)2)(’02 — 1)3) + 2(1)2 — ’03)(’03 — Ul)

- 0. (3.87)

The equation (3.82) is actually satisfied by the plane wave factors, i.e., discrete

exponential functions,

-11 (pl tk > (3.88)

el
where [ is some index set. These appear in solutions of each of the lattice equations

H1 through Q3 [82, 106].

2.4 Variational principle for Lagrangian 2-forms

In order to discuss the implications of the closure relation, we need to introduce some
further notation. Let e; denote the unit vector in the lattice direction labelled by ¢

and let any point in the multidimensional lattice be specified by the vector n whose
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components are the coordinates ni,no,... of the lattice, then elementary shifts in
the lattice can be generated by the action n — n + e;. If we select a lattice of finite
dimensionality we could write the coordinates on the lattice as n = (nq,na,...),
where the lattice directions are labelled according to the natural numbers. However
in principle one could also have an infinite dimensional lattice and even a lattice
labelled by an uncountable set.

Specifying an elementary oriented plaquette in this lattice requires the following
data: the position n of one of its vertices in the lattice and the lattice directions
given by the base vectors e;, e;. One way to characterize the oriented plaquette is

by the ordered triplet o;j(n) = (n,n + e;,n + e;) (see Figure 2.8). Since the 3-
Eii
n
€;
Figure 2.8: Elementary oriented plaquette.

point Lagrangians depend on two directions in the lattice, and when embedded in a
multidimensional lattice at each point can be associated with an oriented plaquette
oij(n), we can think of these Lagrangians as defining a discrete 2-form £;;(n) whose

evaluation on that plaquette is given by the Lagrangian function as follows
Lij(n) = Lu(n),u(n + e;),u(n + e;); a;, aj). (4.1)

Choosing now a surface ¢ in the multidimensional lattice consisting of a connected
configuration of elementary plaquettes o;;(n), such as illustrated in Figure 2.9
(which could be an infinite surface or a compact surface, with or without boundary)

we can define an action on that surface simply by summing up the contributions

Figure 2.9: Example of a surface with boundary.
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L;; from each of the plaquettes on the surface, taking into account the directions

associated with each face, i.e., we perform the sum:

S=Su(n)ol=> L= > Lyn). (4.2)
o oij(n)€o

The sum in (4.2) is unambiguous for two reasons: first, because all the Lagrangians
considered in the list (2.8a)-(2.15¢) have the property of antisymmetry up to a
constant with respect to transformations i « j, i.e., £;;(n) = —L;;(n) + constant;
second, we choose the base point m in such a way that £;;(n), defined on o;;(n),
involves u(n) along with its shifts only in the positive ¢ and j directions. We choose
not to use the abstract notation of difference forms, cf. e.g. [73], because we want to
demonstrate on the basis of the examples given that all statements can be established
through concrete computations.

It is obvious from (4.2) that the geometry of the surface o forms an integral
part of the action functional. The closure relation (3.1) implies the invariance of
the action under local deformations of the surface ¢ while fixing its boundary. This
we can easily see by considering an elementary variation of a locally flat surface

at a single plaquette as illustrated by Figure 2.10. If S is the value of the action

Figure 2.10: Local deformation of a discrete surface o to a surface o’.

functional for the undeformed surface in Figure 2.10, the value for the deformed

surface in Figure 2.10 can be computed as follows

S =8 = L, u, ug; iy o) + L, g, Wi 0y o) + L(ws, w4 5, w4 g3 @, )

FL(wj, Uj ks Ui 5 Oy ) — L(w, ug, ups g, ag) — L(w, up, ugs o, o), (4.3)

taking into account the orientation of the deformation o — ¢’, defined as a transition
between two collections of oriented plaquettes as indicated by Figure 2.10. From this

argument, it follows that the independence of the action under such a deformation
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is locally equivalent to the closure relation (3.1). We consider this invariance an
essential aspect of the relevant variational principle underlying multidimensionally
consistent lattice systems.

The aim of a Lagrangian multiform description over the usual scalar Lagrangian
description is that it should provide us with not just one variational equation, but
in principle an arbitrary number of compatible equations. We propose the following

discrete variational principle for integrable lattice systems.

Discrete variational principle for integrable lattice systems: The func-
tions u(n) solving an integrable multidimensional lattice system on each discrete
quadrilateral surface o are those for which the action S[u(n); o] of (4.2) is invari-
ant under local deformations of the lattice, as described above, and for which the
action attains an extremum under infinitesimal local deformations of the dependent

variable u(n).

The mechanism that we propose is as follows.
1. Start with a surface as in Figure 2.9.

2. Define an action functional S[u(n);o] as in (4.2), and impose surface inde-

pendence of this action.

3. This allows us to deform the surface o as we choose, whilst keeping the bound-
ary in place if there is a boundary. Thus, we can always render it into a locally
flat surface away from the boundary, where we can choose any pair of local

coordinates n;,n;.

4. In that part of the surface we can then apply the usual variational principle
with respect to the field variables u(n), leading in the usual manner to the

FEuler-Lagrange equations in those lattice directions.

If these equations subsequently imply the validity of the closure relation for the La-
grangian in terms of which the action is defined, this then ensures that the equations
are consistent with invariance of the action under deformation of the surface, which

in turn allowed the derivation of those equations in the first place. We view this
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circular mechanism as a manifestation of multidimensional consistency on the level

of the Lagrangian.

2.5 Discussion

The discrete variational principle formulated in the previous section brings in the ge-
ometry as a variable of the action functional. This contrasts starkly with the usual
variational principle (reproduced in the Introduction), where the Euler-Lagrange
equations provide information rather on the parametrization of the underlying ge-
ometry than on the geometry itself. For instance, in the elementary case of a me-

chanical system with one degree of freedom the action

T
Sla(t)] = /0 Liq.d,0)dt (5.1)

contains hardly any geometry at all, but the relevant Lagrange equation tells us how
the one-dimensional motion is parametrized in a specific way according to the equa-
tions of motion. When we have more than one degree of freedom there is obviously
room for nontrivial phase space geometry, but again the variational equations tell us
more about how the geometry is parametrized rather than bringing in the geometry
as a variational variable. Even in classical string theory [39], the geometry of the
string trajectories (which sweep out a surface in configuration space) plays a role
at the level of the dependent variables of the string action rather than of the inde-
pendent variables which parametrize the surface. In contrast, our proposal involves
the geometry of the space of independent variables which is somewhat reminiscent
of the de Donder-Weyl formalism [51], although in this approach the connection
to integrability is not evident. As far as we are aware, all Lagrangian descriptions
of (continuous) integrable systems so far involve conventional scalar Lagrangians,
even where an attempt is made to give a multi-Lagrangian description of integrable
hierarchies, cf. [99, 100, 16].

This principle goes farther than just providing a variational derivation of equa-
tions of motion from a given Lagrangian, in that in some sense it also imposes
conditions on the Lagrangian. It may even be possible to classify integrable systems

on the level of the Lagrangian, using the closure property as a criterion. What is not
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clear at this stage is to what extent Lagrangians can be constructed by application
of this principle, and we do not yet have a general proof that this procedure will
automatically lead to multidimensionally consistent lattice equations.

Whilst there are many long and technical computations in the course of this
thesis, it is the underlying idea of a fundamentally new variational principle for

integrable systems that is the important message here.

2.6 Chapter summary

In this chapter we presented Lagrangians in terms of 3 points for equations in the
ABS list, which are anti-symmetric with respect to interchange of the lattice direc-
tions, and showed that they obeyed a closure relation on solutions to the equations.
On the basis of this we formulated a novel variational principle for integrable (in
the sense of multidimensional consistency) systems, which brings in the geometry of
the independent variables. Instead of scalar Lagrangians we now have Lagrangian
multiforms, from which copies of the equation in all possible lattice directions can

be derived.



Chapter 3

Lagrangian 2-form for a

multi-component system

3.1 The lattice Gel’fand-Dikii hierarchy

The lattice Gel'fand-Dikii (GD) hierarchy first appeared in [86], where the direct
linearization method was used to find a discrete analogue of the continuous GD
hierarchy, which is a hierarchy of systems associated with higher order spectral
problems [34, 35, 72, 28]. The first members in the hierarchy are the lattice KdV and
lattice Boussinesq equations, higher order members are coupled systems of partial
difference equations in terms of variables u,v;, w;, where 0 < j < N — 2, given by

the following.

Ujt1 = V41 = (p — ¢ + U — W)v; — pv; + qvj, (1.1a)
@j+1 —@j+1 = —(p—q+ﬂ—ﬂ)wj —q’L/U\j —l—p’lﬂj, (1.1b)

78
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for 0 <j < N -3, and

(p—q+u—u)(vn-—2—wN-_2)

=p+q+u)[(p—q+0—uoN_3 — PUN_3 + qUN_3]
N

+ ) (=N @ - wp) = ()N T (@) - wy)
j=0

—w; ((—=p)N U — (=) a)]
N—2N—1—j

- wi[(—p)N T = (=TT L], (Le)
7j=2 =0

identifying vg = wg = u. Because we are now dealing with a multi-component
system there is a problem with notation, we already have subscripts denoting the
components. In this chapter we use the notation we find most instructive: the
dependent variables are u, vj, w; for 0 < j < N —2, and we consider them to depend
on two independent variables n,m. The symbol ~ is used to denote shifts in the
n-direction, and ~ denotes shifts in the m-direction, so that if v = u(n,m), then
u = u(n+1,m) and u = u(n,m + 1). The lattice parameters p,q are associated

with the n, m-directions respectively. This is illustrated in Figure 3.1.

n
_
U m U
m mn U
w

Figure 3.1: 2-d lattice.

The variables v;, w; are evaluated at the same lattice point as u, while v;,w; are
evaluated at the same lattice point as u, and so on.
As noted in [86] the lattice GD hierarchy arises from a Zakharov-Shabat type of

linear problem

(p+wk)pr = Lk v, (¢+wk)or, = M- ¢, (1.2)
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in which
p—1u 1
—U1 P 1
Ly = , (1.3)
- 0 e p 1
V4% wy_g -+ w1 ptu

and where the matrix M}, is a similar matrix obtained after the replacements p +— ¢
and “—"". The term * in the lower left corner of the matrix L; is such that the

determinant det(Ly) = p"¥ — (=k)¥, i.e., we have the expression

N-—-2 Nle—l—j
N 1— N 1—j—i,,, ~
(T — wy) g g I (1.4)
]:0 j=1 =0

Because the system is multidimensionally consistent [91, 14], we are free to im-
pose copies of the equations in other lattice directions, with appropriate lattice
parameters. The property of multidimensional consistency arises here essentially by
the construction given in [86]. It was shown to hold explicitly for the Boussinesq
equation in its scalar form in [123] considering an initial value problem on a 27-point
cube, and as a coupled system of 3 equations in [117].

Suppose we have another lattice direction associated with parameter r, where
shifts in this direction are denoted by ~. Then copies of the equation (1.1a) can be

imposed on each pair of lattice directions, giving

Vi1 — Uj1 = (p— g + 1 — W)0; — P + g, (1.5a)
i1 — Vi1 = (¢ — 7+ U — Q)j — qU; + 7, (1.5b)
5j+1 —Ujy1 = (r—p+4+u-— ﬂ)%J — T"ljj + pvj, (1.5¢)

for 0 < j < N — 3.

In particular, summing equations (1.5a),(1.5b) and (1.5¢) for j = 0 gives
O=(p—q+a—-w)(a+r)+(g—r+u—a)@+p)+(r—p+i—u)(+q), (1.6)

which is in fact the lattice Kadomtsev-Petviashvili (or lattice KP) equation [83].
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That (1.6) holds is natural, since members of the lattice GD hierarchy can be viewed
as a special type of periodic reduction of the lattice KP equation. Note that this is
not the bilinear discrete KP equation considered in [66] and in Chapter 4, where a
Lagrangian multiform structure for that system is given. A Lagrangian description
for (1.6) has yet to be found, although one approach may be to consider the limit

of the lattice GD hierarchy as N — oc.

3.2 Lagrangian structure for the lattice GD

hierarchy

Lagrangians for the two lowest order members of the lattice GD hierarchy have
already appeared in the literature, an action for the KdV lattice was first given in
[20], and for the Boussinesq lattice in [86] (these systems arise from the lattice GD
hierarchy by taking N = 2 or N = 3 respectively). In fact, as we show here, it is
possible to write a Lagrangian for the generic member of the hierarchy.

Note first that if we define

(=p)* = (=g’

= (=1 (¢ =1, ... j—1 j
P =@+ g+ +pd T +¢),  (2.1)

vi(p, q) =

then equation (1.1c) can be written in a more convenient form as

N-3N-3—1i

= (= w-1(p,9) ~
YN-1(p,q) + UN—2 — wN_2 = P + Z Z YN—3—i—jVjW;

1= Jj=

N-3 =
- Z YN—-2—j (@/j - ’wj), (2.2)
j=0

which enables us more easily to see that the following proposition holds.

Proposition 1: The system consisting of equations (1.1a),(1.1b) and (2.2)
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solves the discrete Euler-Lagrange equations for the following Lagrangian

Lpg = (p—q)w 1(p, @) In(p — g+ U —u) —yn-1(p,q)(u — )

—Z’YN 2—j(p,q U—U)

7

N—-3N—-2— N
= i wild; — T — (p— g+ T — W)
=0 j=1

901 — q¥j1), (2.3)

under independent variation of u,v and w.

Proof: Here we take the usual point of view and consider the action to be the

sum of the Lagrangians over all n,m, i.e.

> Ly (2.4)

nmez
The discrete Euler-Lagrange equations arise as a consequence of the requirement

that 65 = 0. We have

0 = 68
— §)(57 — 5T) N1 (p, o
. {(p q)(_ +a)zNal(p D e ()57 — 5)
n,mez p—4q
N—-3N-2—i N
Z YN—2—i—j P, {5“)2 _U] —(p—q—i—@—ﬂ)'ﬁj_l
=0 j=1

+pUj-1 — qU;1]
+w;[60; — 60; — (61 — 6U)0;_1 — (p — q+ T — W)V, 1

+p517j_1 — qéﬁj_l}}}, (2.5)

and so
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_ = @w-1pa) _ (=~ 9)yv(p,9)
0= Z {< p— q+u—u p— q+u—u
—3N—-3—1i ~

+Z Z YN-3-i—j(P:q )(ijz_ V;W;)

~

N-3 -
Z'YN 2—5(p, @) (V5 — v — w; + W;)

o

—UN—2 +UN—2 + WN_2 — @N2> ou

N—-3N-3—1 .
YN-3-i—j (P, @) [Vj+1 — Vi1 — (p — ¢ + U — 1),
=0 j=0
+p@\j — q’ﬁj]éwi
N—-3N-3—1
+ YN-3—i—j(P, @) [Wit1 — Wir1 + (p — ¢ + U — w)w;
i=0 j=0

+qw; — pfﬁi]ﬁj }

(2.6)

The coefficient of dw; must be zero, which gives us equation (1.1a), the coefficient
of (ﬁj must be zero, which gives us equation (1.1b), and the remaining term which
multiplies 5 is two shifted copies of equation (2.2). Hence the lattice Gel'fand-Dikii

system of equations solve the Euler-Lagrange equations for the Lagrangian (2.3). B

At this point we would like to make several remarks.

1. For clarity we have chosen to label the Lagrangian with the lattice param-
eters p,q to indicate it is defined on a plaquette in a 2-dimensional surface

corresponding to the respective lattice directions.

2. The Lagrangian (2.3) is antisymmetric with respect to the interchange of the
lattice directions associated with the parameters p,q, a property which will

be important when we come to define the multiform structure.

3. Total derivative terms have been included which at first sight may appear
superfluous. They do, however, prove necessary in the verification of the

closure relation below. For the same reason, we do not have the freedom to
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multiply the Lagrangian by constants involving the lattice parameters p, q, we

may only multiply by true constants.

3.3 Closure relation and Lagrangian 2-form

Proposition 2: The Lagrangian defined by (2.3) satisfies the following closure
relation on solutions to the lattice GD hierarchy equations when embedded in a 3-

dimensional lattice.

ApLgr + AgLrp + ApLpg =0, (3.1)

where the difference operator A, acts on functions f of u = u(ny,ng,ny) by the
formula A, f(u) = f(u) — f(u), and on a function g of u and its shifts by the

)_g(uvﬂaiL\?a)

S

=
y Uy

2N

formula A,g(u,w,u, 5) = g(a,

Proof: Firstly, on equation (1.1a) is is clear that the last term in the Lagrangian

will disappear. This leaves us with

p—qtu—u
g—r+u—u
_ _ 1 £
+(¢ = r)ynv-1(g,7) n(q—r—i—u—ﬂ)
= Py a(ryp)In( AT (p.q)(F — T — T+ @)
r— —1\7, n\ —m———— | — — , U—Uu—urtu
Pow-i(rp)n| T |~ n-apig

—n-1(g, )T — T — T +T) — yn-1(r,p) (@ — T — U + )

N-2 R o~ R
=S {weass 0@ - 5, - @ 7]
=0

~ ~ = o~

+v-2-(q,7)[(@ - w)v; — (@ - u)vy]

oy (r D) — )y — az—u)%j]}, (3.2)
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which, on rearranging the terms, is

r = _(_p)Nln(<p_Q+ﬁ_“><T_p+3_
p—q+u-— r—p+u-—

(( r+u—§><p—q+a—
g—r+u—-u)\p—qg+u-—

u

AN r—p—f—u—u g—r+u—u

n =
r—p+u-—71u U

2
U ehl <l

N—— —
N— —

—n-1(psq) (@ — T — T+ @)

~

—U+7) — (U —U)oN_2

Sh

N1 (g ) (@ — & — T+ T) — -1 (r,p) (@ —

+(u—u)vN 2—(u—u)vN o4 (T —0)0n— 2—(u—u)vN o4 (U —T)TN_2

~
~

Y {mj (v, )@ — F)o; — (@ - )5))
=0

~
~ o~

yn—aj(q,M)|(@ — )T; — (@ — )0

fancassrp(E - B0, - (@051 33
We have already shown that the lattice KP equation (1.6) holds provided that equa-
tion (1.1a) holds. Using this fact, it is clear that the logarithm terms disappear. So

we are left with

I = —yv-a(p @)@ — 1~ + 1) —yn-1(g.7) (T — U — T + @)
— -1 (r,p) (@ — T — T+ )

+U(UN—2 — UN—2) + U(ON_2 — UN_2) + U(UN—2 — DN—2)
N-3 R ~

D S R I (R
=0

N2 (g, 7)[(@ — W)v; — (T — 6)v)]

~
~ o~ ~

oy (rp) (B — Yy — <a—u>5ﬂ}. (3.4

Here it is helpful to introduce a new object

€ = piq(VjH(q’T) —j+1(r,p)), (3.5)

which is invariant under cyclic permutations of p,q,r. This is not immediately

apparent, but is due to the fact that v; obeys the relation

(p—@)vi(p;q) + (@ —7)vi(g:r) + (r —p)v(r,p) =0, (3.6)
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which allows us to write

&G = plq <’Yj+1(q; ) = Vit (7, p)>
= piq (’Yj+1(q7 )+ rip((p — )vj+1(, @) + (¢ — 7)v11(q r)))
= 7 ip <7j+1(p, a) —v+1(a, 7“)>7 (3.7)

and this is clearly (3.5) after a cyclic permutation of p, ¢ and r. Hence ¢; is invariant

under such cyclic permutations. The following identity for €; also holds

€j+1 +re; = ’Yj+1(p7 q), (3.8)
since
| P (it (!
vi+1(g, ) +ryi(g,r) = - +r .
= (_q)j+l7 (39)

and similarly v;4+1(r, p) + 7vj(p, q) = (—p)’*1, so that

1

€j+1+1re; = pfq (’Yj+2(qa ) — 'Yj+2(7'v p)) +

r

<%‘+1(q, r) = Yj+1(r, p))

= piq (('mz(q’ r) + (7)) = (v2(r,p) + r7541(r, )
(_q)j+2 _ (_p)j+2
p—q
= v a) (3.10)

From the definition, ¢ = 1, and so we can write

I = o @)@—T—0+7) —yv-1(q, )@ — @ —u+ )
N1 (rp) (@ — T — T+ 7)

+eoU(TN—2 — UnN—2) + U(Tn—2 — ON—2) + €0U(UN—2 — TN—2)
N—3 ~ R

=3 {weass o 0)l@ - 5, - @ 7
=0

tn—2—j (g, ) [(@ — @)T; — (T — )05

sy () (GG — By <a—u>5j1}. (3.11)
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For any 0 < k < N — 3, the expression

AkE
N-3—k R

—-Z:{W2gn @~ )5, -

~
~ ~

+yn—2—j(q,7)[(@— ), —

+yN—2—5(r,p)[(u —

can be written as

~

A, =

~

w)vj —

~

TN -9k — ON-2-k) + xU(UN-2-k — ON—2-%) + xU(UN_2- — UN-2F)

exu((p —Q-i-u—u)vN 3— k_pUN 3— k+qu 3—k)

+epu((q — 7+ U — UW)UN_3—k — qUN—_3_ + TON_-3-F)

~

+ep@((r —p+ U — W UN-3—k — TON—-3—k + PON—3—k)

~

o1 (0, ) [(@ — W) N—3-k — (T — W) ON—3-k]

~

Y1 (g, ) [(T@ — Q)TN 3% — (T — T)ON_34]

~

~ e (1, p)[(& — W) TN 3k — (& — T)DN—34]

N—-4—k

- Zj{wQJp,Ku—m@—

(u — u)v;]

(@ — )]

(a—w@@ (3.12)
v — (@ - )]

u—ﬂirwa—m@@, (3.13)
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where we have made use of (1.1a) to eliminate the terms involving shifts of vy_o_g.

On rearranging,

Ae = letlp—q+T—10)+eptilg—7+U—0) + exti(r —p+a—7u

~
—~ ~

~Yi41(P, ) (@ — 1) — Ye11(q, 7”)(i — @) = Yet1(r,p)(u — i)]%N—s—k
+uf(—qex + ypg1(r, p))%N—3—k — (—rex + Vir1(P, @) UN—3—k]
+a(—rex + Ver1(py @) ON-3-k — (—pek + Vr41(¢, 7)) TN—3-#]

+a[(—pek + Vi1 (7)) ON—3—k — (—qe + Vrt1(r, ) UN_3-4]
N—4—k ~

— Z {W\/ 2-j(p, q [(U—ﬁ)%j_(a_aﬁj]

~
~ = o~
~\= — ~\=

g, p)[(a—@% - @—u)ﬂj}}, (3.14)

and then we can use (1.6) on the very top line to give

~ ~ ~ ~

A = [(rek = i1 (p, ) (@ — W) + (per — Yrr1(g, 7)) (@ — u)

~
~ o~ L~

+(pex — Ye+1(r,p)) (@ — W) ON -3
H[(—gek + V41 (1, )JON—3k — (—Tek + V41 (P, ) 0N —34]
a[(—re + Vo1 (P, @) ON—3—k — (—Per + Y1 (d, 7)) TN—3-k]
+a[(—per + Vo1 (@, 7)) ON-3-k — (—qek + Vo1 (1, D)) UN—3-4]

N—4—k R

- {w i (P )|~ )o; — (@~ D)y

~

+yN—2-j(q,7)[(@ — @)T; — (T — 0)7}]

Feasy [ - T - @ - W) (3.15)
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Here the identity (3.8) comes into play, to give

~

A = 1 T(ON—3-k — ON-3-k) + €k 10(ON—3-k — UN—3-)
ek 18(ON—3-k — UN—3—k)

N—-4—k R A~ .
- e pl@- D5 - @ 7
=0

~ ~ ~

- Ak+1, (316)

which means that for any 0 < j,k < N — 2 we have A; = A;. This allows us to

greatly simplify I, since

I = vl q)@—a—a+a) —yv-1(q,7)(@— u — T+ a)

—yn-1(rp) (U — T — U +7) + Ag
= —woip,q)@—u—u+ ) — yn—1(q,m) (W — & —u + 1)
—yN-1(r,p) (@ — T — U +7) + An—o

= 1P )@~ T~ T+ @) —v-1(g,r) @~ — T+ a) (3.17)

~ ~ o~

ANt ()@ — T — U+ ) + en—ou(U — U) + en_oti(U — ) + ex—oti(U — ).

Using once again the equations (1.6) and then (3.8), this is

I = o @)@—a—0+7) —yv-1(q )@ — @ —u+ )
— N1 (r,p) (U — T — U+ 7) + ren—o(T — T — U+ 1)

+p€N,2(i—5—H+ﬁ) + qc‘N,g(ﬁ—i— u+ )

o~ o~
~

= (ren—2 —Yn-1(p,q))(u—u—u+u)
+(pen—2 — Yn-1(q, 7)) (@ — @ — T+ 7)

+(gen—9 —YN_1(r,p)) (U — T — U + T)

~ ~ —~
~ ~ ~ ~

= —eN_l(ﬁ—ﬁ—a—i—ﬂ)—eN_l(ﬂ—u—u—i—u)—eN_l(u—ﬂ—u—i—u)

= 0. (3.18)
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Thus the closure relation is verified. B

Note that in the above computation, the only equations used were the equation
involving the v; (1.1a), and the lattice KP equation (1.6), the latter was shown
earlier to be a consequence of copies of (1.1a). It is not clear at this stage why the
proof of the closure relation should rely only on these equations, especially since a

Lagrangian description for (2.9) has, as yet, not been found.

3.4 Special cases: Lattice Boussinesq and KdV

equations

The lattice Boussinesq equation deserves special mention as it has attracted much
interest lately, for example with regard to the Pentagram map [103]. It is a particular
case of the lattice GD hierarchy, taking N = 3, and as such can be written as a
system of equations in the variables w,v1,w;. However, it is possible to eliminate

v1, w1 and express the equation in terms of the variable w only, as follows.

(20 @+ ) — (2p+ )@ +7)

p3_q3 p3_q3
u—

IS

p—q+u-u p—q+

t(p—qg+u—wu+(p—qg+i—Wu+uu—tdu = 0.(4.1)

~ -~

192

As mentioned earlier, this was shown to be multidimensionally consistent in [123]
by considering an initial value problem on a 27-point cube.

Starting from the action given in [86], we need to make only minor modifica-
tions in order to arrive at a Lagrangian which satisfies the closure relation (3.1) on

solutions to the lattice KP equation (1.6),

o~

Loy = ) n(p—q+@—10) — (0% + pg + )@~ ) + (p+ )(@ — D)

+(p—q+u-— ﬁ)u&c — puu + quu. (4.2)

That the above Lagrangian satisfies the closure relation (3.1) can easily be verified
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by direct computation:

I = qu + qu + Erp — Lpg— Lagr — Lop

p—q+u—7u .~

Hp+ ) (@~ Wi~ (@— @) + (p— g+ — D)

—(p—q+ﬂ—ﬁ)u§—puﬁ+qﬁ+puﬂ—quﬂ
—T—f—i—/ﬂ\ ~ = ~
+(q3—r3)ln<qA) (P Hqr+rHu—u—7+a)
q—r+u—u

o~

g+ ) (@ - DT - @—D)F) + (g —r + 7 — Byux

r— —F/ﬂ\—ﬁ = o~
p)—(r2—|—7‘p+p2)(u—u—u—|—u)

—(q—r+ﬂ—ﬁ)uﬁ—quﬁ—l—rﬁﬁ—i—quﬂ—mﬂ
r—p+u—71u

—|—(7‘3 — p3) ln<
+(r +p) (@ — B) — (i — W) + (r —p+ 7 — )z

f(rfp+ﬂfﬂ)uifruﬁ+pﬁ+ruﬂfpuﬂ
_ ﬁm<@—q+§—@ﬁ—p+z—@>
(p—gq+u—u)(r—p+u—mu)

s ((@—r+T=)p—q+i—i)
+q1<m—r+u—m@—q+a—®>
(r—p+u—a)(g—r+u—0)
( u— ) )

Hr—pt+u—Tu)(a+r+p)}
tuf(p—q+a—W)(p+q—u)+(g-r+u—a)g+r 1)
+(r—p+u—w)(r+p—1)}
+u{—(p+q)@—0) —rp—p* + ¢ + qr — ri + 1}
+a{—(q+r)(@—7) —pg — ¢* +r? +rp — pu+ pu}
+u{—(r+p)(@—1) — qr — r* + p* + pq — qti + qu}
+(* +pg+¢*) (@ —0) + (¢ + qr + 1) (@ - @) + (r + rp + p°) (@ - W)

(4.3)
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Using the lattice KP equation (1.6), we find that the first 5 lines disappear, leaving

D = (pta+n){p—q+i-W)(p+q—0)+(¢—r+T—0)(g+7—0)
+(r—p+u—a)(r+p—1u)}

= 0, (4.4)

where once more we have used the lattice KP equation (1.6).

The lattice KAV equation, which is the member of the lattice GD hierarchy where
N = 2, is a more degenerate case and needs to be treated separately. Here we do
not have equations (1.1a) and (1.1b) as N is too small, we have only equation (2.2),
which is

(p+qg+u—u)p—q+u—u)=p*—q¢. (4.5)

A Lagrangian was first given in [20], which is equivalent to the following Lagrangian
Lpg=—0" =) Inlp—q+T—@)+ (@ -a)(p+q—u). (4.6)

Again, the closure relation holds on solutions of the lattice KP equation (1.6), but
we need to use copies of equation (4.5) in 3 lattice directions to show that (1.6) does
indeed hold. The lattice KAV equation is of course a case already treated in Chapter

2; under its alternative name of H1 it is the simplest system in the ABS list.

3.5 Interpretation of results

Having established a Lagrangian for each member of the lattice GD hierarchy satis-
fying the closure relation (3.1), we now interpret this result in terms of a Lagrangian
multiform structure. In fact, the existence of the closure relation allows us to de-
velop the variational principle proposed in [65] (and in Chapter 2) for this class of
systems. This comprises the following:

Noting that the Lagrangian (2.3) is defined on an elementary plaquette, we can
define an action S for any given surface o consisting of a connected configuration
of elementary plaquettes oy, in the multidimensional lattice (where the labelling by

the lattice parameters p, g indicates o, lives on the sublattice corresponding to the
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respective lattice directions) by summing the Lagrangian contributions from each of

the plaquettes in the surface o, i.e.,

Slu,v1,. .., UN—2,W1,...,WN_2;0] = Z Lpq, (5.1)

Opq€o

taking into account the orientation of the plaquette (as noted earlier, £,, has the
property of antisymmetry with respect to interchange of the two lattice directions,
so this sum is well-defined). Once again, this action depends not only on the depen-
dent variables, but also on the geometry of the independent variables. We follow
the same line of reasoning as in the previous chapter. Imposing independence of the
action under local variations of the surface, keeping the boundary fixed, requires the
closure relation to hold. Furthermore, the surface independence allows us to locally
deform the surface in any way we choose away from the boundary. In particular,
away from the boundary we may render it locally flat so that we have here a regular
2-dimensional lattice on which we can apply the variational principle leading to the
usual discrete Euler-Lagrange equations. It then follows from the proof of Propo-
sition 2 in the previous section that for this specific Lagrangian, the equations of
motion (1.1a),(1.1b) and (2.2) are compatible with the surface independence. This

shows multidimensional consistency on the level of the Lagrangian.

3.6 Chapter summary

In this chapter we have presented a Lagrangian for the generic member of the lattice
GD hierarchy and shown that it can be considered as a Lagrangian 2-form when
embedded in a higher dimensional lattice, obeying a closure relation. Thus the
multiform structure proposed in [65] (and in Chapter 2) has been extended to a

multi-component system.



Chapter 4

Lagrangian 3-form

4.1 The bilinear discrete lattice KP system

Discrete equations of Kadomtsev-Petviashvili (KP) type have been studied exten-
sively since the early 1980s (cf for example [23, 83]), following on from the famous
“discrete analogue of a generalized Toda equation” (DAGTE) introduced by Hirota
in [45] which is a bilinear form for the lattice KP equation. Hirota introduced his

difference equation in a form equivalent to
atm + BT + 1Ty = 0, (1.1)

where 7 = 7(n;,nj,ny) is the dependent variable depending on three discrete inde-
pendent variables n;,nj, ng corresponding to lattice directions, and subscripts of 7,
e.g. as in 7;, denote shifts in the n;-direction so that for example 7; = 7(n;+1, n;j, ng)
and 77 = 7(n;,n; —1,ny). Here o, 3, v are constants satisfying a4+ 3+~ = 0. There
are many possible reductions to 2-dimensional equations such as the KdV equation,
modified KdV equation, sine-Gordon equation, nonlinear Klein-Gordon equation
and the Benjamin-Ono equation; the details of these were all given in [45], along
with soliton solutions and a Bécklund transformation.

Other related KP-type lattice equations were introduced in [84], and appear in
the Introduction. The equation we will refer to as the bilinear discrete KP equa-

tion, in order to distinguish it from equations that actually lead to the original KP

94
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equation in a continuum limit, is taken in the following form
AjpTiTin + AgiTjTri + Aimrmi; = 0, (1.2)

where A;; = —Aj; are constants. These constants can be removed by a gauge trans-
formation, but we find it more instructive to retain them. Miwa gave the connection
between the KP hierarchy and Hirota’s difference equation in [78], showing how so-
lutions to the KP hierarchy can be transformed into solutions to (1.2), hence it is

often called the Hirota-Miwa equation.

4.2 Lagrangian structure

It is a common feature of Lagrangians for equations of Korteweg-de Vries (KdV)
and KP type (already in the continuous case) that these equations emerge as Euler-
Lagrange equations by varying the action with respect to a dependent variable which
obeys a potential (i.e., integrated) version of the equation. Hence, the variational
equation is typically a “derived form” of the equation obeyed by this canonical
variable, with respect to which the action is minimized. This we have seen already
in Chapters 2 and 3. The same holds true in the case of a Lagrangian structure for
the bilinear discrete KP system, where we will use the 7-function as the canonical

variable. Thus, fixing three directions i, j, k, we introduce the following Lagrangian

L(Ti5 Ty T, Tigs ik This Ay Ajiy ki)
g At P
:ln<Tszy>1n(_’WTJ> —Lig(—m) = Lij, (2.1)
T Thi AjkTi AkiTjThi

where Lis denotes the dilogarithm function defined as before by

Lig(z) = — /0 Th=z) (2.2)

z
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The Lagrangian (2.1) produces the following discrete Euler-Lagrange equation

oL {ln<_AkiTjkTi + Az’jTTi]‘k> I <_ ApiTm + AijTTZ]k)

E AjkTi]_gTj AjkTiij
B ln<_AkiTTijk + AijT]kTi) B ln(—AkiTszk + AijTjkTZ> }1
ATk AT Ty T
= 0, (2.3)

which is a consequence of (1.2) through the fact that it is a combination of 4 copies
of the equation shifted in appropriate lattice directions.

Consequently the following functional of the lattice fields 7(n;, n;, ng)

Sir] = Z LT3, T Ty Tis Tjke This Aijy Ay Aki), (2.4)
ngyng Mk

with L given by (2.1) can be considered to constitute an action for the lattice
equation (2.3) as a derived equation of the bilinear discrete KP equation. However,
we want to go further and take into account that the bilinear KP equation is part of a
multidimensionally consistent system of equations, as has been recognized in recent
years, cf e.g. [127, 7, 105]. In order to incorporate this multidimensionally consistent
system of equations into a single Lagrangian framework we will now proceed to define
the Lagrangian multiform structure for the lattice KP system.

The first step is to introduce a Lagrangian 3-form L;;; where 4, j, k denote any
three distinct directions in a multidimensional lattice A, whose vertices are labelled
by integer vectors m = (n;);c; where I is an arbitrary set of labels, i, j, k taking
values in I. The lattice 3-form L;;;, is based on the form of the Lagrangian (2.1),
but we require it to be antisymmetric with respect to the interchange of any two
indices, and we associate with it an elementary oriented cube o;;; spanned by unit
vectors e; which are associated with the corresponding lattice direction labelled by i
in the multidimensional lattice A. This leads us to define the following Lagrangian

3-form

1
Lijk = §(Lijk + Ljki + Liij — Likj — Ljik — Liji),
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which when written out explicitly and simplified is

. <_ AkiTj) L ( AZJTkTZJ

In(73x))" + (In(72:))° = (In(7:))” = (In(73))" ~ (1n(r))*
—In(73;) In(7j) — In(75%) In(7%i) — n(73) In(735) + In(73) In(75)
+1In(rj) In(7) + In(7;) In(7) + (In(A;))? + (In(Ajx))? + (In(Ay))?
—In(A;j) In(Ajx) — In(Ajx) In(Ag;) — In(Ag) In(Ay) + 7;2), (2.5)

where the constant terms arise from dilogarithm identities given in Appendix A.
This Lagrangian is antisymmetric by construction. Considered as a usual scalar

Lagrangian defined in the 3-dimensional sublattice of the directions ¢, j, k, the Euler-

Lagrange equations of the corresponding action would yield an equation combining

12 shifted copies of the original bilinear equation (1.2), namely

5£ijk _ {ln<— AkiTjETi + AUT ij ) I ln< A]mT]kﬂ + AZJTszk>
0T AT AT T;
I _Ak TTijk —I-A”T]kﬂ I A Tijk +Az]7']k7'z
AjkTizTh AjkTi Ty
i In _A T Tj + AT Tk 4 1n Am TikTy T AjRTT;
AkZTZ] Tk Alel]Tk
—In (_ A Tijk + Ajk ikTj —In Z]TT’ij’ + A]szszj
Akz TikTi Ak}’LTjkTZ
+1n A]szfrk + Aszka +ln A]kTUTk: + AT Tijk
AT A”Tjkﬂ
B ln< A]kTTZ]k + Akﬂ'zﬂ'k) 1n< ng i7k + AlmszTk) }
Azg Tek Ty Al] TikTy
Y 2.6)

Equation (2.6) is actually a 19-point equation, i.e., an equation relating 19 points
on the lattice, existing on a cube as in Figure 4.1. It comprises the 12 shifted copies

of (1.2) as illustrated in Figure 4.2, where to each configuration of 6 points on an
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elementary cube correspond 2 copies of (1.2).

Figure 4.2: Copies of the 6-point equation.

4.3 Closure relation and Lagrangian 3-form

The main observation which allows the establishment of the multiform structure is
that the Lagrangian 3-form defined in (2.5) is a closed form on the solution space of

the original bilinear equation (1.2). In fact we have the following closure property

Proposition: The Lagrangian defined by (2.5) satisfies the following closure relation

on solutions to the equation (1.2) when embedded in a 4-dimensional lattice.

ALy — AiLjrg + Aj Ly — ApLyi; = 0, (3.1)
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where the difference operator A; acts on functions f of T = 7(ni,nj,ng,ny) by the
formula A;f (1) = f(13)— f(7), and on a function g of T and its shifts by the formula

Nig(T, 75, Ty 1) = 9(T3, Tij Tike, Tit) — (75 T4, Ty T1) -

Proof: By explicit computation. The closure relation (3.1) holds on solutions of
the original equation, so we need to make use of (1.2) and its shifted versions. If we

add in a fourth lattice direction, we get the equations

AjpTiTik + ApiTjTii + Aijmimiy = 0, (3.2a)
Aty — Ajmieti + Ajpmiie = 0, (3.2b)
AumeTii — AkiTiThi + ApTiTie = 0, (3.2¢)
Aigmimi + Aumiti + Ayt = 0. (3.2d)

When shifted, equations (3.2a) through (3.2d) become

AjeTiiTin + AgiTjime + ATt = 0, (3.2¢)
ATt — AjTriTig + AjeTuTije = 0, (3.2f)
AuTinTiiy — AkiTiTijk + A TijTiw = 0, (3.2g)
AiTraTije + AjThiTin + AuTjkThi = 0. (3.2h)

We also need the following two key identities for the dilogarithm function

Lig(z) + Liz(y) = Lis(xy) — Liz <$x_ x1y> —Liz (y _—m1y>

) ) (33&)
Lig(x) + Liy 1) = —f(ln(—x))2——. (3.3b)

T 2 6
Proofs of these identities can be found in Appendix A. Equation (3.3a) is valid

up to imaginary terms which can be chosen to cancel out in the course of the

closure relation computation, whereas (3.3b) is valid for all real z. We will split the



CHAPTER 4. LAGRANGIAN 3-FORM 100

computation into two parts, considering the dilogarithm terms separately. Let
I'= Al»cijk - Aiﬁjkl + Aj['kli — Akﬁl,’j (3.4)

with L;;, given by (2.5) and let I' = I'; + I'y, where I'; is the part of I' omitting
dilogarithm terms from the Lagrangian, and I's consists of only the dilogarithm

terms. We have

I = %((111(7'1‘3‘14:)2 — (In(7j.))? + (In(731:))? — (In(755) )
+(In(7))* — (In(75))? + (In(7))* — (In(7))?)

—In(75%) In(703) + In(758) In(7335) — In(7) In(73) + In(7;) In(7)

AijA; i AjiAgiTjiThi
+1n(njk)1n<—f LALAL ) +1n(7jkl)1n<ﬂ “J”’“)

AjIARi T T A A Tii T
+ In(75) 1n<_AklAliTijTjk> ()1 ( ]lAkileTki>
7 5]
Aji Ak TjiThi A ATk Trl

A A TjiThi A AT

+ ln(Tk) 1n< AZ]AIZTZ]TIZ ) + ln Tl lesz]lTkz )

A A AT T
+1In(7;) In < ELi le]kal) +1In(7;)1 ( Ajt Ak TjiThi )
A1 ARiTjiThi < A AjiTig Ty

Ay A
+ In(7;5) ln< A]k;) + In(7j) 111( AU> + In(7x) ln( A, >

A; Tl Aij A A AuTi Tik Tra T
In(7;) 1 In( =% )1 J L . (35
+1In(m;) n( Akl) + (Tk1> n( pw ey (3.5)

Now we consider the dilogarithm terms. The dilogarithm terms from I' are
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(3.6)

Using (3.3b) on the terms in the dotted boxes, followed by (3.3a) on the terms

in the solid boxes, we obtain the following expression. Here we have also made use

of the equations (3.2a) through (3.2h).
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Iy

TETijT51Tkli
TiTElTkiTlij
TleszlTuk

TITjkTkiTlij

Lip

TiTkITj1Tijk
TITijTkiTjkl
TiTjkT Tkl

TiTIiTki Tkl
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Lip

ApiTiTik

. TiTikT51 Tkl . TkTijTIi Tkl
L12( LR Z) ng(” L) >
TiTiThki Tkl TiTikTkiTlij
. TiTRITIi Tijk . TkTij T Tkl
L12 ( J Y ) — ng <U J Z)
TITij Tk Tkli TiTEITkiTlij
r---T-T T, T T T T T T T T X" |
. TkTIiTilTiik | TiTiETELT] |
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Lis <7—j7_k:l7_k17_lm > — Liy (TlTjkalTlZ] ) ~ Liy (TkalTliTijk>
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N~ N~ N
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AR TeTij TjI T

(m < AT T TjITijk ) ) 2 1 (m <Aij7'l7'ij7'ki7'jk:l > ) 2
AlTiTk Thi Tl 2 ALTiTiRTjiThli

1 <ln <_ AjTRTITjITijk > > 2
2 ARTITi Tk This

Ayt N\ 1 Aprimipmimia \ \ 2 9
In( — ZUTRTGTUETIR ) ) - = (CATTGRTITRE ) ) -y 902 (3 7)
Ak TiTrITj1Tijk 2 Aij Ty TR Tl Tijik
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Using (3.3b) on all the terms in the dotted boxes, all the dilogarithm terms

cancel out leaving only these logarithm terms
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This simplifies to

Ty = o (~(n(rn)? + (nlr)? = (n(ma)? + (n(my))?
~(In(r)? + (in(75))? ~ (in(m))? + (in(m))?)

=+ ln(njk) ln(Tkli) — ln(Tjkl) ln(mj) + ln(Ti) ln(Tk) — 1H(Tj> ln(Tl)

A AT A A Tii T
(i ln(—” F In(7ip) In [ SZEEKTEG T
(i) Aij AT (k1) Al A TjiThi

Aj1 Ak TjiThi A ATk Trl
+ In( 75 1n<” n(7; e
( k. ) Ak:lAliTijTjk ( l]) AlekileTki

Aj AiTjiThi A AT
+In(7;) In ( J J + In(7;
() A AR TieTr i) lAsz]lTkz

Aji Ak 1 Thi
+In(7%) In < it kT]lTk)—l—ln )

JkTUTJk>
Al]AlZTZ]Tl’L

]lAsz]lTk:z
A ,
—i—ln(m)ln( ]k) —i—ln(qﬁln( ) + ln(Tkl)ln< Al’)
Aji kl Ajk

Ap Thi Aij A Al Al Ti T T
+In(7;) In <— > +In ( )hl( e J . (3.9
Ajj Tjl A2 Azl jlek‘Z

It can easily be checked that adding (3.9) to I'; from (3.5) gives zero, verifying the

closure relation.

The establishment of the closure property enables us to propose a novel varia-
tional principle for the multidimensionally consistent system of bilinear KP equa-
tions, along the same line as in the Chapters 2 and 3. Choosing a 3-dimensional
hypersurface ¢ within a multidimensional lattice of dimension higher than 3, con-
sisting of a connected configuration of elementary cubes o3, we can define an action
S on this hypersurface by summing the contributions L£;;; from each of the cubes

as follows

> Lo (3.10)

0ijkET
taking into consideration the orientation of each elementary cube contributing to
the surface. The antisymmetry of L;;; guarantees that there is no ambiguity in
how each discrete Lagrangian 3-form will contribute to the action. Furthermore, the
closure relation (3.1) allows us to impose the independence of the action on local
variations of the surface away from any boundary that the surface ¢ may possess.
Thus, whilst keeping the boundary fixed we may locally deform ¢ in any way we

choose, allowing us in particular to render it locally flat away from the boundary,



CHAPTER 4. LAGRANGIAN 3-FORM 105

such that we can specify a 3-dimensional hypersurface described in terms of three
local coordinates n;, n;, ng. There we can then apply the usual variational principle,
taking the variational derivative with respect to 7, leading to the Euler-Lagrange
equations (2.6). These equations of the motion are a consequence of the Hirota-Miwa
equation (1.2), as are the closure relations that guarantee the surface independence
of the action under local deformations. This interlinked scheme of variations with
respect to the dependent variables as well as to the geometry of the independent
variables is what constitutes the Lagrangian multiform structure of the lattice KP

system.

4.4 Discussion

There are some remarks to make at this point:

First, one has to qualify what it means for a Lagrangian to be associated with a
given equation, since as we have noted earlier the Euler-Lagrange equations rather
than yielding the original bilinear KP equation only yield a derived equation com-
prising a combination of various copies of the original equation. Nevertheless we
have taken the point of view that since the canonical variable is the 7-function,
i.e., the 7-function is the variable involved in both systems and all solutions to the
bilinear KP equation will automatically solve the derived equation, we consider this
Lagrangian structure to be associated with the bilinear KP equation.

Second, the closure relation which is central to the Lagrangian multiform struc-
ture relies on the bilinear KP equation rather than on the Euler-Lagrange equations.
It is not clear at this stage to what extent the closure property remains to be verified
on all solutions of the Euler-Lagrange equations or only on a subvariety of solutions
that obey the multidimensional systems of bilinear equations.

As far as KP-type systems are concerned, in some recent works in combinatorics
3-dimensional 6-point recurrence schemes have been studied from the point of view
of the geometry of the octahedral lattice, cf e.g.[112, 42]. A classification of multidi-
mensionally consistent 6-point equations has recently been done in [7], but this does
not seem to yield any novel lattice equations (e.g. in comparison with the list in

[84]). It would be of interest to see whether Lagrangian multiform structures can be
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established for all those equations, and whether these structures can be adapted to
the octahedral lattice picture. Alternatively one can consider 3-dimensional lattice

equations of BKP type, i.e. equations of the form
Q(T, Tis Tjy Ths Tigy Tjks This Tigk) = 0, (4.1)

but so far Lagrangian structures for such equations remain to be established. La-
grangian structures for 3d models have been considered in [111], and connections

between the geometry of 3d lattices and 3d quantum systems was explored in [11].

4.5 Chapter summary

In this chapter we have presented a Lagrangian for the bilinear lattice KP system,
and extended it to a Lagrangian 3-form. We have shown this Lagrangian 3-form
obeys a 4-dimensional closure relation on solutions to the equation, and formulated
the variational principle given in the previous chapters in the case of a 3-dimensional

system.



Chapter 5

Continuous Lagrangian forms

So far, we have developed the idea of Lagrangian forms, and the corresponding new
variational principle, for discrete systems. In fact, there is a continuous analogue to

all of this, which appears in [65].

5.1 Linear example

At the continuous level, rather than systems of partial difference equations we are
dealing with systems of partial differential equations. An interesting example of
a linear system of PDEs which are mutually compatible is given by the following
nonautonomous set of equations; this is the linearization of the system given in the
next section. Here the independent variables are p; and p;, we have w = w(p;, p;) as
the dependent scalar variable and the n;, n; are a pair of parameters of the equation,
where we associate the parameter n; with the variable p;, and the parameter n; with
the variable p;.

The system of equations is
2 .2 1 2 2
8Pz'apj (pi - pj)apzapjw = 4(njapi - nia}?j)pz _ p2» (njpi api - nipjapj)wa (1'1)
i J
where 4, j run over some index set I. Each of these, for fixed labels i, j, arise as

Euler-Lagrange equations from the Lagrange density

1 1 p2+p2.
L— L2 o 1 m2e? — 2w )+ PP o w2, (1.2
ij njni(Q(pl P )Wy, + (njwp, nzij)+p?_p?(”1wpz niwp,) (1.2)
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where notably the independent variables p;, p; are on an equal footing. It transpires
that the system of PDEs (1.1), when the labels 4, j are assumed to run over some
index set of cardinality larger than 2, is multidimensionally consistent in a similar
way as the lattice equations considered in Chapter 2. Furthermore, the Lagrangian
(1.2) obeys a continuous analogue of the discrete closure relation; this closure relation
is now expressed in terms of differential operators instead of difference operators,

and has the following form

Op, L1 + 8,,]./3;“- + 0p, Lij = 0. (1.3)

It holds for (1.2) provided one or the other of the following two relations hold

Wpipp = —4< nnp; Wy, nETp Wy, MNP Wp, )
Pibabr (i —pH0? —p?) @} -3 —p}) W —-p))i—-p))’
(1.4a)

or

2 2 2 2
(p; _pj)wpipj " (Pj - pk)ijpk i (pﬁ - p?)wpkpi
nmj njnk NEn;

=0. (1.4b)
It seems somewhat artificial in this example to invoke the additional equations (1.4a)
and (1.4b), the need for which is mainly due to the fact that we are dealing with
higher order PDEs in terms of the derivatives. We note, however, that the PDEs
(1.1), (1.4a) and (1.4b) all hold true on a large class of solutions given by the Fourier-

type integral of the form

w:/cdk c(k)H(ZJ_FZ)m, (1.5)

1€l
over some suitably chosen curve C' in the complex plane and suitably chosen coeffi-
cient function ¢(k), where I denotes the index set as above. This example is inspired
by the canonical form of the plane wave factors, i.e., discrete exponential functions,
appearing in the solutions of the lattice equations [82, 106], which explains the use
of the notation p; as independent variables for historic reasons.

We define an action this time as being an integral of the Lagrangian over a
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surface, instead of a sum:
Slwio] = [ Y Lijdp; A dp;. (1.6)
944el

Again, as in the discrete case, the closure relation is implied by the action being
independent of the surface ¢ on which it is defined; this can be understood using
Stokes’ theorem. Recall that Stokes’ theorem states: if w is an n-form with compact

support on a (oriented, smooth) manifold M of dimension n+1, with boundary 0M,

/dw:ja{ w. (1.7)
M oM

In our case, “w” is the Lagrangian 2-form, i.e.

then

w=Y_ Lijdp; \dpj, (1.8)
1,5€1
and
do = Y Oy Lydpy Adpi Adp; (1.9)
©,J,k€l
= > (0pLijk + Op; Lri + Op, Lij)dp; N dp; A dp. (1.10)
i<j<k

If the action S does not depend on the surface, then taking the integral of w over a

closed surface o, will result in
f Z ﬁijdpi Ndpj =0, (1.11)
Ie i€l
and if this closed surface o. bounds a volume V', then
0= / Z (apiﬁjk + apj Lii + apkﬁij)dpi N dpj N dpy, (1.12)
Vi<ji<k

which, since the volume V' is arbitrary, clearly implies the closure relation (1.3).
Hence, the action being independent of the surface implies the closure relation holds.
Now, similar to the discrete case, we may choose a surface, on which we can

define an action as in (1.6). Imposing surface independence, we may locally rectify
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the surface, i.e., deform it locally to a plane in terms of selected independent variables
pi, pj, and then we can derive from the Euler-Lagrange equations in those variables
the system of PDEs. Once again, if the system of PDEs subsequently implies that
the closure relation for the Lagrangians holds, the mechanism is entirely consistent,

and represents multidimensional consistency on the level of the Lagrangian.

5.2 Nonlinear example

The full nonlinear case analogous to (1.1) appeared first in [88], and it represents

the full KAV hierarchy as a so-called generating PDE given as follows

1 Uit Ui, 1 Ui, Uy,
U = U LY 777 U 1Y) ilg
tititt; titit <ti vy ot U + Uttt P + U, 0,
2 2
+Ut_t nz2 % _ Utitj _ 1 Utitj . Ut_t_ Utiti Utjtj
T\ -2 U -ty Uy YU, Uy,
U ( ”? UtQi Ut%-tj 1 Utitj>
Tt = t)? Ufj Utzj ti —t; Uy
2 U,
Uz L
———— (U, + Uy, + 2(t; — t;)Us ¢,
+2(ti — tj)3 U, (Ut + t; T ( J i) tztj)
n? U
J 123
PR Up. + U, +2(t; —t;)Utg.
30—t O, Vs + U+ 20— 4)Uny)
1 1 1
+o— Ui (—) 2.1
2(t; —t;) "U\Uy, Uy 21)

which represents a generalization of the Ernst-Weyl equation of general relativity
as was shown in [118]. The variables ¢; are closely related to the p; of the previous
linear example, namely by ¢; = p?. It was argued in [88] that (2.1) constitutes a
multidimensionally consistent system in the same way as the linear equation. It is
considered to be a generating PDE for the KdV hierarchy because upon expansion

in the independent variables

8ti = - Z tikaskv (22&)

ni = 1
o, = ——L —0s,, 2.2b
b= =TS (2.2b)

where s1, s9,... is the infinite sequence of higher times associated with the KdV

hierarchy, we recover the entire hierarchy of KdV equations. The Lagrangian for
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equation (2.1) is

1 Ui, 1 U, U
Lij==(t; —tj) 2 i), 2.3
J 2( ]) Uti Utj + 2(1:2 _ t]) <n] Utj + Uz Uti > ( )

This satisfies the closure relation (1.3) provided again that one of two relations hold,

1
Utitjtk m (Utz Ut]‘tk Ut]‘ Utkti + Utj Utkti Utk Utitj + Utk Utitj UtiUtjtk)
Yt Yty
n2 n? n2
+ : 5 + ! 5 + . 7
2(te — ti)(t — t)U;,  2(t — t5) (G — t)U;,  2(t; — te) (b — ) U,
(2.4a)
or
(ti — tj)Utk Utitj + (tj — tk)UtiUtjtk + (tk — ti)Ut]. Utkti =0. (2.4]3)

Once again the additional equations (2.4a) and (2.4b) are invoked solely because
we are dealing with higher order PDEs in terms of the derivatives, which makes it
difficult to verify by direct computation. Equations (2.4a) and (2.4b) are manifesta-
tions of the fact that 1+1-dimensional equations of KdV type can be embedded as
dimensional reductions of 2+41-dimensional equations of KP type [104], which holds
true both for the continuous as well as the discrete case. In fact, the continuous
nonautonomous equation (2.4b) is remarkably similar to the fully discrete Hirota-
Miwa equation and we believe that it plays the role of a generating PDE for the KP
hierarchy. It would be interesting to see how this equation fits in with the results of
[53]. All three equations (2.1), (2.4a) and (2.4b) hold on a large class of solutions of

soliton type and hence they should certainly be compatible between themselves.

5.3 Generating PDEs for ABS equations

In [120], Xenitidis and Tsoubelis derived generating PDEs as coupled systems for

all the ABS equations, through symmetry analysis. As an example, we can mention
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the following system corresponding to H1, H2 and Q1:

Oui w0 O
da; o — qj (nj (i = ) 3%') o o) daj’ 3
2 Lo ) .
0“u _ u; — uj Ou Ou n; ou n n; ou 7 (3.2)
8()4,‘86!]‘ a; — Oy 80@ (904]' Q; — O Baj Q; — O 804,‘

where v is the original dependent variable of the system, and u;, u; can be identified
with the variable shifted in the i-, j-directions respectively. This system with § =0
first appeared in [88] in relation to H1, and was derived from a reduction of the
anti-self dual Yang-Mills equations in [118].

The Lagrange structure for the system reads in this case:

_ OuOu;  Ou duy 9 ' (u; —uj)*\ Ou Ou
ﬁ” N 80@ aOéj 8aj 8042' (6 (al aj) Q; —

8041' 8aj
il Ou s Ou (3.3)
a; —a; 0oy a; —a; Ooj
This obeys (on the EL equations) the closure relation
(%kﬁzj + (%éjﬁki + 8ai£jk =0. (3.4)

Both the continuous systems and their corresponding Lagrangians can be established
for the entire ABS list, and these Lagrangians can be shown to obey the closure

relation (3.4); the results in this section are due to appear in [125].

5.4 Chapter summary

We have shown that there is a natural continuous analogue to the theory of La-
grangian forms for multidimensionally consistent systems and the corresponding
new variational principle proposed in the previous chapters. The Lagrangians in
this case satisfy a continuous analogue of the closure relation, expressed in terms of
differential operators instead of difference operators, which has an entirely analogous
appearance. We have demonstrated that this holds in important concrete examples

for the linear and non-linear generating PDEs for the KdV hierarchy.



Chapter 6

Conclusion

6.1 Discussion

The key idea put forward in this thesis is that of Lagrangian forms, and a corre-
sponding new variational principle for multidimensionally consistent systems. This
differs from the conventional Lagrangian description in that the Lagrangian is usu-
ally considered to be a scalar object, which through the Euler-Lagrange equations
provides us with one single equation. When we consider systems with the property of
multidimensional consistency, we have not just one equation but an infinite number
of compatible equations all living together on a multidimensional lattice, and in fact
one can consider the integrable system to be this entire family of equations. Then
it should be possible to obtain the whole system from a variational principle, hence
the idea of Lagrangian multiforms. The concept of Lagrangian forms themselves is
not new, in fact it can be traced back to the work of Cartan[21] and Lepage[63],
but there the role of the Lagrangian is that of a volume form, which through the
Euler-Lagrange equations produces one equation per component of the dependent
variable. The Lagrangian forms presented in this thesis are functions which can
be evaluated on elementary plaquettes or cubes, in the case of 2- or 3-dimensional
equations respectively, although the theory can be extended to equations in any
number of dimensions. The important observation about these Lagrangian forms is
that they are closed, i.e., they obey a closure relation, which prompted the proposal
of a new variational principle, through which we can now derive any of the equations

in the infinite family.
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After an introductory chapter outlining the main results relevant to the work in
this thesis in the areas of (discrete and continuous) integrable systems, variational
principles and Lagrangian forms, new results are first presented in Chapter 2. This
chapter is concerned with 2-dimensional systems on quad-graphs, in particular those
given in the classification in [5], the so-called ABS list. Although this class of
equations is subject to many restrictions (e.g. affine linearity, D4 symmetry), it
provides a useful number of equations to study. In this thesis are presented 3-point
Lagrangians for systems in the ABS list, which are antisymmetric with respect to the
interchange of the two lattice directions. The important observation was that these
Lagrangians obey a closure relation on solutions to the equation, which, together
with the antisymmetry, allows them to be interpreted as closed Lagrangian 2-forms.
Choosing a surface consisting of a connected configuration of elementary plaquettes
in a multidimensional lattice, an action on the surface can be defined by summing
up the Lagrangian contribution from each elementary plaquette in the surface. The
fact that the closure relation holding is equivalent to the action being independent
of the surface on which it is defined led us to propose a new variational principle for
multidimensionally consistent systems, which now not only involves variations with
respect to the dependent variable, but also the geometry of the space of independent
variables.

Proving that the closure relation holds by direct computation for some of the
more difficult cases in the ABS list, namely H3 and Q3|s—p, involves extensive use
of the dilogarithm identities, in particular a 5-term identity. This suggests there
may be connections with the pentagon equation, which appears in connection with
topological quantum field theory [75, 49, 50]. This is certainly worthy of further
investigation to find out what is the underlying structure behind these relations.

This variational principle is not a principle that applies solely to equations in the
ABS list. Indeed, in Chapter 3 it is shown that 2-dimensional multi-component sys-
tems, those in the Gel’fand-Dikii hierarchy, have Lagrangians which obey a closure
relation and hence fit in with this scheme. The Gel’fand-Dikii hierarchy is a par-
ticularly nice example of an integrable system since it has a universal Lagrangian
structure, i.e., one can write down a Lagrangian for an arbitrary member of the

hierarchy. It also contains the discrete potential KAV and discrete Boussinesq equa-
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tions, both of which are important systems. A Lagrangian for the lattice modified
Gel’fand-Dikii hierarchy is not yet known; a Lagrangian for the discrete modified
KdV equation exists, and obeys a closure relation, but as yet not even a Lagrangian
for the lattice modified Boussinesq equation is known. It would be an obvious next
step to find a Lagrangian for the modified system and see if it can be shown to obey
a closure relation (and hence fit in with the new variational principle), and also to
see whether a closure relation holds for the continuous Gel’fand-Dikii hierarchy. The
generating PDE for the Boussinesq hierarchy along with its Lagrangian appeared
in [116, 117]. It can be expected that the Lagrangian structure would also obey a
continuous analogue of the closure relation, in the same manner as the generating
partial differential equation (PDE) for the KdV hierarchy [88] was shown to obey a
continuous analogue of the closure relation in Chapter 5.

In Chapter 4 is presented a Lagrangian for the discrete bilinear KP equation,
which is a 3-dimensional integrable system. The Lagrangian for this system is shown
to obey a 4-dimensional closure relation, thereby extending the variational principle
to higher dimensional systems. Once we are out of the realm of 2-dimensional sys-
tems it becomes more difficult to find examples of integrable systems. A Lagrangian
for the lattice KP equation (1.9) still eludes us; it would be wonderful to find such a
Lagrangian and to verify that it, too, satisfies the 4-dimensional closure relation. It
is expected that a classification of equations in 3 dimensions, subject to some con-
ditions as in the 2-dimensional classification, will soon appear [7]. No new examples
are expected, at least on the level of single-component equations, but it would form
an excellent testing-ground for our theory.

Chapter 5 provides a continuous analogue to the theory presented in the previous
chapters, using the examples of generating PDEs. It is shown that Lagrangians
for these equations also obey a closure relation, which is related to the surface

independence of the action via Stokes’ theorem.

6.2 Recent developments

There are two lines of development which have been progressing during the course of

writing this thesis: one is in collaboration with P. Xenitidis and F.W. Nijhoff [125],
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the other with S. Yoo-Kong and F.W. Nijhoff [126]. Here follows a short summary

of these results, due to appear in the near future.

6.2.1 Universal Lagrangian structure of affine linear quadri-
lateral equations

Recently we have gained a deeper insight into Lagrangian structures for affine-linear
quadrilateral equations (such as those in the ABS list), and have now developed a
universal Lagrangian structure [125], which can be systematically derived from some
basic assumptions. When specializing to the ABS list, it can be shown that these
Lagrangians obey the closure relation, so this gives a more generic description of
Lagrangian structures for affine-linear quadrilateral lattices.

The equations under consideration are of a similar form to (1.1) of Chapter 2;

they are of the form

Q(ua ulaujaul]) :07 (21)

where u depends on an arbitrary number of independent discrete variables n;, and,
as in Chapter 2, u; denotes u shifted in the n;-direction. We assume a slightly more

relaxed set of conditions than in the classification of [5]: we assume that
1. @ is affine linear and depends explicitly on all of the arguments;

2. @ is irreducible (i.e., it cannot be factorized into a product of two polynomi-

als);
3. @ possesses Kleinian symmetry, i.e.,
Q(u, i, uj, uig) = €Qui, u,ugg, uj) = 0 Quj, uig, uyug),  (2.2)

where € = £+1 and o = £1.

We can define a 3-point Lagrangian for (2.1) by

£, ug //“Z ds dt //uJ ds dt /uZ “ods dt
u, Ui, Uy) h(s,t) ud H(s,t)
w(s,ul,ul)) dt z(t,uf; u0) d
/ ds/ ’ / dt/ ’ i 7 29)
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where u° and its shifts are arbitrary functions, w, z are solutions of the equations
Q(uo,s,w,ugj) =0, Q(uo,z,t,u%) = 0 respectively, and h, H are symmetric bi-
quadratic polynomials assigned to the edges and diagonals of the quadrilateral re-

spectively:

h(u, Uz) = Duj,uij (Q) 5 h(uja Uij) = Du,ui (Q) 5
FL(U, uj) = Dui,uz‘j (Q) s FL(UZ, uij) = DU,uJ‘ (Q) )
H(uj,uj) = Dy uy, (Q), H(u,ui;) = Dy, u; (Q). (2.4)

Here D is the following double-sided Wronskian operator

O
Duy(f) = ! At (2.5)

Oyf 0:0yf

Further specializing to equations in the ABS list, making slight alterations to
(2.3) it can be shown that the Lagrangian satisfies the closure relation on solutions
to the ABS equation. Thus there is a Lagrangian structure for the generic member
of the ABS list, which obeys the closure relation and so can be interpreted as a
Lagrangian 2-form.

Also presented in [125] is the Lagrangian structure for the system of partial
differential equations associated with the ABS list (the system derived in [120]), and

proof that this obeys the continuous closure relation.

6.2.2 Lagrangian 1-form for the discrete-time Calogero-
Moser system

So far in this thesis we have been concerned with Lagrangian 2-forms and 3-forms,
so it is desirable to have an example of a Lagrangian 1-form. In [126] we present
the Lagrangian 1-form structure for the discrete-time Caloger-Moser system; in the
rational case the Lagrangian follows directly from the Lax equation, and that it
satisfies a closure relation can be directly inferred from the compatibility of the Lax
matrices.

The Calogero-Moser (CM) model [18, 19, 79] is a one-dimensional many-particle
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system with long-range interactions, originally a continuous system with pairwise
inverse square interactions that has been generalized to the elliptic case and to
a relativistic model (the Ruijsenaars-Schneider model [108, 109]). The model has
been extensively studied in both the classical and quantum cases [101, 102], and is
integrable on both of these levels. An interesting point to note is that there is a
connection between the CM model and the KP system through pole solutions of the
KP system [55, 122].

A discrete-time version of the (rational) CM model was presented by Nijhoff and
Pang in [89], where it was also shown to be integrable. With dependent variables
T1,T9,...,rN each depending on a discrete independent variable n, the equations

take the form

N N

1 1 1
E — + -2 E =0, (2.6)
= T; — a;j Tr; — ilij = T; — .Tj

where ¢ = 1,..., N, x denotes z shifted forward in the n-direction, and x denotes x
shifted backward in the n-direction.
Let = (x1,22,...,2n). Equation (2.6) can be computed from the variation of

a discrete action given in [89] as

N N
Sp:Z[,p(m,%) :Z - Z log |xi—§j|+210g|xi—xj , (2.7)

n ij=1 i

[{(3had 2

where the sum over n represents the sum over all discrete-time iterates.
Remarkably, the action (2.7) can be obtained by considering the infinite product of

the Lax matrix M in the following way

Sp = log ‘det(...Mn72Mn71MnMn+1Mn+2....)| . (28)

Introducing a second lattice direction associated with a shift “ = ,” a parameter g

and a Lax matrix N, the compatibility relation MN = NM can be rewritten as

log ’det(]f\j)‘ + log |det(IN)| — log ‘det(ﬁ)‘ — log|det(M)| = 0. (2.9)
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The closure relation of the Lagrangian £,(x, ) in (2.7) takes the form

— —_—

Lp(x,z)— Ly(x,x) — Ly(x,Z) + Ly(x, ) =0, (2.10)

which in this case is equivalent to (2.9). Thus the compatibility of the Lax matrices

implies the closure relation.

6.3 Future directions

An interesting question is what is the quantum analogue of this formalism, e.g. in the
context of a path integral framework. The path integral approach to quantization
involves the exponent of the action [24, 30, 31], and for multidimensionally consistent
systems we now have actions which are invariant of the choice of surface on which
they are defined. It has yet to be seen what significance this will have for the path
integral formalism.

Another interesting question is whether it would be possible to classify integrable
discrete and continuous systems on the level of the Lagrangians using the closure
property. That the closure relation places such restrictions on the Lagrangian could
be of relevance in the inverse problem of Lagrangian mechanics, a field of study which
dates back to the 1880s [41], cf. [119] for a review. The new variational principle can
be seen as a scheme which specifies not just the equations, but also the Lagrangians,
since it necessarily picks out those which obey the closure relation. This would

obviously be a major breakthrough in the area, and an ambitious undertaking.



Appendix A

The dilogarithm function

Many of the Lagrangians for systems covered in this thesis involve the dilogarithm
function, and many computations rely on identities for this function. It is defined

as follows:

Lh@>:-iézh“1_zhu. (0.1)

z

The function actually is useful in many areas of physics, such as quantum electrody-
namics (e.g. vacuum polarization) and electrical network problems. It comes from

multiple integration of certain rational forms of more than one variable [64], for

a

example, integrating —azy

for constant a with respect to x, then with respect to y,
gives Lis(axy). There are also connections with algebraic K-theory, representation
theory of infinite dimensional algebras, and combinatorics [52].

Many functional relations involving dilogarithms are given in the book by Lewin
[64], and in the review paper of Kirillov [52], which also covers some of the quantum
analogues. The pivotal functional relation is the five-term identity as it appears in

[64] is

. € ) . € . Yy . .
L - L Lig( —/— ) — Lig(z) — L
12<l—y1—w> 12<1—y>+ u<1—x> ()~ L)

x)In(l —y), z,y<l. (0.2)

|
—_

=
—~
—_

|

For the computations needed to prove that the closure relation holds for H3 and for

Q3|s=0 it is more convenient to write (0.2) in a slightly different form:
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Identity I:

st t— st
Lis(s) + Lig(t) — Lig(st) = L12<5 S>+Liz<1 St>
— S

1—st
1—5 1—-t
1 1 0.3
* n<1—st) n(l—st)’ (03)

for s,t,st # 1, is true up to imaginary constant terms.

Proof: It is a simple matter to prove this relation using differentiation. Firstly,

differentiating the left-hand side with respect to s gives

;S{Liz(s) + Lig(t) — Lig(st)} _ ~In(1—s) N tln(18; st)

s
1 1-s

= —1 0.4
:;n(l—st)7 (04)

and differentiating the right-hand side with respect to s gives

1—s5 1—t
In
1—st) <1—3t>}

_ _i1n<11_‘;>. (0.5)

Clearly (0.4) is equal to (0.5). Similarly, differentiating the left-hand side of (0.3)

with respect to t gives

;{Lig(s)—l—Lig(t)—Lig(st)} - —%ln(l—t)—k%ln(l—st), (0.6)

and differentiating the right-hand side with respect to ¢ gives
0 . [ s—st [t —st 1—s 1—t
BS{LIQ<1 — st) +L12<1 — st> +1n<1 — st> hl(l - st>}
1 1—-t
| 0.7
t n(l - st>’ (07)

and again (0.6) is equal to (0.7). Therefore relation (0.3) holds up to a constant
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term. By letting t = 0, and using the fact that Liz(0) = 0, we easily see that this
constant term must be zero, at least up to imaginary terms coming from the multi-

valuedness of the logarithm function.

An additional two identities needed are the following.

Identity II:

for x # 0.

Proof: By differentiating the left-hand side we have

;{LiQ(gg)JrLiQ(i)} = —W+iln<1—i>

_ _m“‘@ﬂln(l‘x), (0.9)

x x

and differentiating the right-hand side we have

772 n\—r
i) - T =m0, (0.10)

Clearly these are equal, and so (0.8) holds up to a constant term. Letting x = 1,

and using the fact that Liz(1) = 72/6, we see that this constant term must be zero.

Identity III:

2

Lis(z) + Lis (ﬂ) = -2 (0.11)

for x # 1, is true up to imaginary terms.

Proof: By differentiating the left-hand side we have

e +in( ) b = (- (- 05

_ -2, 1 ln< ! > (0.12)

and differentiating the right-hand side we have

di{_;(ln(l_x))?} - 11:6111(1—3;). (0.13)
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Clearly these are equal, and so (0.11) holds up to a constant term. Letting z = 0,
we find that this constant term must be zero, at least up to imaginary terms coming

from the multivaluedness of the logarithm function.

Equation (0.8) holds regardless of whether the arguments are positive or negative.
Equations (0.2) and (0.11) require additional imaginary terms depending on the
sign of the arguments; these however cancel out in the course of the closure relation

calculations, so for the purposes in this thesis they are irrelevant.
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