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Abstract. While this school focuses on discrete integrable systems we feel it nec-
essary, if only for reasons of comparison, to go back to fundamentals and introduce
the basic notion of the Painlevé property for continuous systems together with a
critical analysis of what is called the Painlevé test. The extension of the latter to
what is called the poly-Painlevé test is also introduced. Finally we devote a lesson
to the proof that the Painlevé equations do have the Painlevé property.

1 Introduction

A course on integrability often starts with introducing the notion of soliton
and how the latter emerges in integrable partial differential equations. Here
we will focus on simpler systems and consider only ordinary differential equa-
tions. Six such equations play a fundamental role in integrability theory, the
six Painlevé equations [1]:
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Here the dependent variable z is a function of the independent variable t,
while a, b, ¢, and d are parameters (constants). These are second order equa-
tions in normal form (solved for z”’), rational in ' and z.
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and the Painlevé Equations, Lect. Notes Phys. 644, 1-15 (2004)
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2 M.D. Kruskal, B. Grammaticos, T. Tamizhmani

These may look like more or less random equations, but that is not the
case. Apart from some simple transformations they cannot have a form other
than shown above. They are very special.

The equations form a hierarchy. Starting from the highest we can, through
appropriate limiting processes, obtain the lower ones (after some rescalings
and changes of variables):

PVI — PV — PIV

| |

P — Po — Py

Note that Py and Pyyp are at the same level since they can both be obtained
from Py. What makes these equations really special is the fact that they
possess the Painlevé property [2].

2 The Painlevé Property and the Naive Painlevé Test

The Painlevé property can be loosely defined as the absence of movable
branch points. A glance at the Painlevé equations above reveals the fact
that some of them possess fixed branch points. Equation Py for instance
has t = 0 as (fixed) singular point. At such points one can expect bad be-
haviour, branching, of the solutions. In order to study this one has to go to
the complex plane of the independent variable. This is a most interesting
feature. Typically when the six Painlevé and similar equations arise from
physical applications, the variables are real and t represents physical time,
which is quintessentially real. The prototypical example that springs to mind
is the “Kowalevski top” [3]. It is surprising that the behaviour of the solution
for complex values of ¢ should be relevant.

Kovalevskaya set out to study the integrability of a physical problem,
namely the motion of an ideal frictionless top in a uniform gravitational
field, spinning around a fixed point in three dimensions, using what today
we call singularity-analysis techniques. The equations of motion of a moving
Cartesian coordinate system based on the principal axes of inertia with the
origin at its fixed point, known as Euler’s equations, are:

d
Adit) = (B — C)qr + Mg(yyo — B20)
dgq
B— = (C = A)pr + Mg(az — yro)
dr
CE = (A — B)pg + Mg(Bzo — ayo) (2.1)

do

o =P
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@_ — ar
g =P

dy
Eg—aq—ﬂp

where (p, ¢, r) are the components of angular velocity, («, 3,7) the direction
cosines of the force of gravity, (A4, B, C) the moments of inertia, (xo, Yo, 20) the
centre of mass of the system, M the mass of the top, and g the acceleration of
gravity. Complete integrability of the system requires four integrals of motion.
Three such integrals are straightforward: the geometric constraint

A+ =1 (2.2)
the total energy
Ap? + Bg® + Cr? — 2Mg(axo + Byo + v20) = K (2.3)
and the projection of the angular momentum on the direction of gravity
Aap + BBq+ Cyr = Ko (2.4)

A fourth integral was known only in three special cases:

i) Spherical: A = B = C with integral pxo + qyo + 720 = K,

ii) Euler: g = yo = 20 = 0 with integral A%p? + B?¢® + C%r? = K, and

i11) Lagrange: A = B and xg = yo = 0 with integral Cr = K.

In each of these cases the solutions of the equations of motion were given in
terms of elliptic functions and were thus meromorphic in time t. Kovalevskaya
set out to investigate the existence of other cases with solutions meromorphic
in ¢, and found the previously unknown case

A=B=2C and 2z =0 (2.5)
with integral

[C(p+iq)? + Mg(ao +iyo)(a+iB)][C(p — ig)* + Mg(wo — iyo) (e — iB) o
2.6
This case has been dubbed the Kowalevski top in her honour.

Using (2.6) Kovalevskaya was able to show that the solution can be ex-
pressed as the inverse of a combination of hyperelliptic integrals. Such inverses
are not meromorphic in general, but it turns out that the symmetric combi-
nations of hyperelliptic integrals involved in the solution of the Kowalevski
top do have meromorphic inverses, called hyperelliptic functions.

Going back to the question of singularities and the Painlevé property, we
require that the solutions be free of movable singularities other than poles.
(Poles can be viewed as nonsingular values of co on the “complex sphere,”
the compact closure of the complex plane obtained by adjoining the point at
infinity.)
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Fixed singularities do not pose a major problem. Linear equations can
have only the singularities of their coefficients and thus these singularities
are fixed. The case of fixed singularities of nonlinear equations can also be
dealt with. Consider for example the ¢ = 0 branch point of Pyj;. The change
of variable t = e* removes the fixed singularity by moving it to co (without
creating any new singularity in the finite plane). The same or something
similar can be done for all the Painlevé equations. Thus we can rationalise
ignoring fixed singularities.

The simplest singularities are poles. Consider the equation 2’ = 22, an
extremely simple nonlinear equation. Its solution is x = —1/(¢t — to), with a
pole of residue —1 at the point ¢g. So no problem arises in this case. (But what
about essential singularities? Consider the function x = ae'/(*=*)  which
satisfies the equation (2" /z — '2/22)? + 423 /23 = 0. This function has no
branching but its movable singularity is an essential one, not a pole.) Painlevé
himself decreed that any movable singularities should be no worse than poles,
i.e. no movable branch points or essential singularities should be present.

Next we can ask for a method to investigate whether there are movable
singularities other than poles, the “Painlevé test”. There exists a standard
practice for the investigation of the Painlevé property which we call the naive
Painlevé test [4]. It is not really satisfactory but we can consider it as a useful
working procedure. We present an example like P; but generalised somewhat
to

z" = 6x% + f(t) (2.7)

where f(t) is an analytic function of its argument in some region. If the
solutions are not singlevalued then the equation does not possess the Painlevé
property. We use the test to find a condition (on f) for the equation to have all
its solutions singlevalued. We look for branched solutions in a straightforward
way. Assume x ~ a(t —to)P which is branched unless p is an integer. We look
for something like a Laurent series with a leading term (or even Taylor series,
depending on the exponents) and write

x~ap(t—t0)” +ar(t—to)’ +--- with Rpo < Rp1 < ---

Looking for branching in such an expansion can be done algorithmically. This
is an asymptotic series; we do not care (in the present context) whether it
converges. We do not say that this is a solution, only that it is asymptotic to a
solution. Since Npg < Rp; < -- -, the first term is dominant as t — tg. If there
are two codominant leading terms (two terms with the same Rpy at dominant
order), then even the leading behaviour is bad; however this situation does
not arise in practice. If two terms have complex conjugate p;’s at orders other
than the dominant one, this violates the condition for asymptoticity, but still
the formalism goes through.

We substitute the series into the differential equation and differentiate
term by term (though this is generally not allowed for asymptotic series, it
is all right here because we are operating at a formal level) and find
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aopo(po—1)(t—to)?° 2+ = 6(ag(t—t0)* +- - )+ f (to)+ (t—to) f' (o) +- --

Using the principle of dominant balance [11] we try to balance as many
dominant terms as possible. Looking at the possibly dominant exponents we
have

Po — 2: 2p0 :0
and two must be equal and dominate the third for a balance (or all three
may be equal). There are three ways to equate a pair of these exponents:

First way. 2py = 0. Then py = 0 and the ignored exponent py — 2 is
—2, which dominates (has real part less than) the two assumed dominant
exponents. So this is not a possible case.

Second way. pg — 2 = 0. Then pg = 2 and the ignored exponent 2py is 4,
which is, satisfactorily, dominated by the two assumed dominant exponents.
However, pg is a integer so no branched behaviour has appeared. A proper
treatment would develop the series with this leading behaviour to see whether
branching occurs at higher order, but we do not pursue that issue here.

Third way. pg — 2 = 2pg. Then py = —2 so the two balanced exponents
are —4, which is, satisfactorily, less than the other exponent 0. There is no
branching to dominant order, but now we will test higher order terms. We
assume an expansion in integer powers and determine the coefficients one by
one. (A more general procedure is to generate the successive terms recursively
and see whether branching such as fractional powers or logarithms arise, as we
will demonstrate almost immediately.) Assume z =Y 07, a,(t — to)", sub-
stitute into the equation, and obtain a recursion relation for the coefficients.
If at some stage the coefficient of a,, vanishes, this is called “resonance”. In
the case of (2.7) we find a recurrence relation of the form

(n+3)(n—4)a, = Fr(an—1,an-2, - ,ap) (2.8)

where F), is a definite polynomial function of its arguments. The resonances
are at n = —3 and 4. The one at —3 is outside the range of meaningful values
of n but was to be expected: a formal resonance at py — 1 is always present
(unless po = 0), because infinitesimal perturbation of the free constant ¢,
in the leading term gives the derivative with respect to ¢tg and thereby the
formally dominant power po—1; this is called the “universal resonance”. From
(2.8) we see that a4 drops out and so is not determined. Since the only free
parameter in the solution we had till now was tg, it is natural for the second
order equation to have another, here a4. (Of course there is no guarantee that
what we find within the assumptions we made, in particular on the dominant
balance, will be a general solution.) Since the left side of (2.8) vanishes, the
right side must also vanish if a power series is to work. There is no guarantee
for this. If the right side is not zero the test fails: the equation does not
have the Painlevé property. (More properly, the test succeeds: it succeeds in
showing that the equation fails to have the property.) However it turns out
that for Py this condition is indeed satisfied. But what about the generalised
equation (2.7)7
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We will now present the more general way to set up the recursion to
generate a series that is not prejudiced against the actual appearance of
terms exhibiting branching when it occurs. What we do, analogous to what
Picard did to solve an ordinary differential equation near an ordinary point,
is to integrate the equation formally, obtain an integral equation to view
as a recursion relation, and iterate it. If we look at the dominant terms
of the equation near the singularity (for “the third way” above) we have
2" =622+ - -, and these terms we can integrate explicitly after multiplying
by 2z’ .

Todxdp2xf(t) -2 | af'(t)dt
ty
No confusion should result from the convenient impropriety of using ¢ for
both the variable of integration and the upper limit of integration. The lower
limit of choice would have been tg but since x behaves dominantly like a
double pole there the integrand would not be integrable, so we choose some
arbitrary other point ¢; instead.

A second integration of the dominant terms is now possible. For this we

take the square root and multiply by the integrating factor z—3/2:

1/2
% —3/2, _ (1+2 F) - ; S/tl xf/(t)dt) (2.9)

One sees immediately that near a singularity the expression in parentheses
behaves like “14 small terms” and can thus be expanded formally. There
exists a whole theory of manipulation of formal series but it is not widely
identified and taught as such; it is used naively most of the time but, fortu-
nately, in a correct way. Integrating (2.9) and expanding we find

a2 = /t: (1 4 7f( ) — fas /tlt xf’(t)dt>1/2 dt = (t—to)+O((t—to)®)

(2.10)
This time we can integrate from ¢y because the integrand is finite there. From
(2.10) we find immediately that the dominant behaviour of = is (t — t9)~2,
the double pole as expected. Starting from this we can iterate (2.10) (raised
to the —2 power) and obtain an expansion for z with leading term. The only
term that might create a problem is [z f’(t) dt which, because of the double
pole leading term in the expansion of x, might have a residue and contribute
a logarithm. In order to investigate this we expand in the neighbourhood of
to: f'(t) = f'(to) + f"(to)(t — to) + ---. The term f”(to)(t — to) times the
double pole, when integrated, gives rise to a logarithm. This multivaluedness
is incompatible with the Painlevé property. Thus f”(to) must vanish if we
are to have the Painlevé property. Since t( is an arbitrary point this means
that f”(t) = 0 and f must be linear. (We can take f(t) = at + b but it is
then straightforward to transform it to just f(¢) = t.) So the only equation
of the form (2.7) that has the Painlevé property is P.
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The technique of integrating dominant terms and generating expansions
can be used to analyse the remaining Painlevé equations. Py; and Pryp have
simple poles (x = 00), but for the latter = 0 is also singular. Thus here we
must consider not only poles but also zeros and ensure that these are pure
zeros without logarithms appearing. The Painlevé equations are very special
in the sense that they do indeed satisfy the Painlevé property. What is less
clear is why they appear so often in applications.

What we presented above is the essence of the naive Painlevé test. With-
out assuming anything we can seek dominant balances and for each one gen-
erate a series for the solution, finding the possible logarithms (and fractional
or complex powers) naturally. The main difficulty is in finding all possible
dominant behaviours. Some equations have a dominant behaviour that is not
power-like. We have seen in the example above an equation with an essential
singularity for which the naive Painlevé test would not find anything trou-
blesome. While the solution to that equation was singlevalued, it is straight-
forward to generate similar examples with branching. Thus, starting from
the branched function z = ae*=*)"""* we obtain the differential equation
2z Jx — 2’2 /x2)3 + 272'% /25 = 0 for which, again, the naive Painlevé test
can say nothing.

These arguments show that one must be very cautious when using the
naive Painlevé test [5]. Nevertheless, people have been using it and obtaining
results with it. If the naive Painlevé test is satisfied this means that the
equation probably has the Painlevé property.

A lot of mysteries remain. While many problems (like the one of Ko-
valevskaya) are set in real time, one still has to look for branching in the
complex plane. It is not clear why one has to look outside the real line.
If one thinks of a simple one-dimensional system in Newtonian mechanics,
a” = F(z) with smooth F, it is always possible to integrate it over real time
but the equation is, in general, not integrable in the complex plane, nor even
analytically extendable there. Another question is, “Why does an equation
that passes the Painlevé test behave nicely numerically?” Still, the numerical
study of an equation and the detection of chaotic behaviour is an indication
that the Painlevé property is probably absent. One should think deeply about
these mysteries and try to explain them.

3 From the Naive to the Poly-Painlevé Test

As we have seen the application of the naive Painlevé test makes possible the
detection of multivaluedness related to logarithms. But what about fractional
powers? We illustrate such an analysis with the differential equation

"2
I T 5 1 o
== “tr 4 — 3.1
x x+x +2I+2x (3.1)
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We apply the naive test by assuming that the dominant behaviour is z ~ a7?
where 7 =t — tg and 7 << 1 in the vicinity of the singularity. Furthermore
we assume that a # 0. (The case a = 0 seems nonsensical but can be an
indication of the existence of logarithms at dominant order.) Substituting
into the equation we obtain the possible dominant order terms

ap(p — D)7~ ~ —ap? P72 + aP77P + 1tocLTp G

2 2a
leading to the comparison of powers p—2:p—2: 5p : p: —p. The principle of
maximum balance [11] requires that two (at least) terms be equal. Balancing
p — 2 with —p gives p = 1, which on the face of it gives a simple zero and
so no singularity (though one should pursue its analysis to higher order in
case a singularity arises later). However here we concentrate on the balance
p — 2 = 5p which gives p = —1/2: a fractional power appears already in
the leading order! In view of this result we can conclude, correctly, that the
equation does not have the Painlevé property. However, computing the series
we find that only half-integer powers appear to all orders. Thus if we square
the solution we may find poles as the only singularities. So, while the initial
equation does not have the Painlevé property, there exists a simple change
of variable which transforms it to an equation that does. Indeed, multiplying
(3.1) by x we find

/ 1 a
" 2 6 2
+x?=a+ta® + <

2 we recover the Painlevé I equation

and putting y = =
y' =2 +ty+a

the solution of which which has simple poles with leading terms +1/(t — to)
as its only singularities.

Since at each singular point we have a square root, with a branching into
two branches, we have potentially an infinite number of branches. However,
as we saw, this is not the case for (3.1). How can we determine, given some
equation with many (even infinitely many) branch points, that something
like what happened here is possible? The answer to this is the poly-Painlevé
test [2,6]. While the naive Painlevé test studies the solution around just one
singularity, the poly-Painlevé test considers more than one singularity at a
time (hence the name). The idea is that if we start from a first singularity
and make a loop around a second one and come back to the first, we may
end up on a different branch of it. Thus branching may be detected through
the “interaction” of singularities.

To show how this works in a first-order equation we consider equations
which are mostly analytic, i.e. equations involving functions which are an-
alytic except for some special singular points. We try to find the simplest
nontrivial example. Clearly, linear and quadratic (Riccati) equations are too
simple. Thus we choose the cubic equation
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o =a% 4t (3.2)

(Abel’s equation) which we have taken to be nonautonomous lest it be in-
tegrable through quadratures. Other more or less similar forms could have
been considered, for instance «’ = z2 + tz. However it turns out that this
last equation is a Riccati equation in disguise (for the variable y = %) and
passes the poly-Painlevé test in a trivial way.

Now, the Painlevé test looks for any multivaluedness of a solution in the
neighbourhood of a (movable) singularity; if any is found the test “fails”
(actually the test succeeds, it’s the equation that fails — to be integrable!),
and one can go on to the poly-Painlevé test which looks for “bad” (dense)
multivaluedness, generally not in the neighbourhood of a single singular point
but by following a path winding around several (movable) singular points.
Like the Painlevé test it relies on asymptotic expansions of the solution. This
means that one must have a small parameter in which to expand.

But equation (3.2) does not contain a small parameter, and if it did, such
an “external” parameter wouldn’t suit our purpose. We introduce an appro-
priate “internal” parameter by transforming variables. One way is to look
in an asymptotic region with ¢ large (but not approaching infinity), a region
where t is approximately constant. We effect this formally by introducing the
change of variable t = N +az where N is a large (complex) number (N >> 1),
a is a parameter, and z is a new variable (to be thought of as taking “finite”
values). We must have az much smaller than N (which means that a << N)
and we expand in the small quantity a/N. We also rescale x through = = by
where b is a parameter (which can be of any size, small or large or even finite).
The equation now becomes

bd
2% =b%y® + N +az
adz

We try to balance the terms as much as possible: b/a = b> = N (assuming
that we are not at a pole and thus y is finite). We find b = N*/3 and a =
N~—2/3 (so a/N is indeed small). The equation now becomes

dy 3

—= = 1+ez 3.3
= + (3.3)
where € ~ N~°/3, Equation (3.3) is autonomous at leading order with a
small nonautonomous perturbation. (Here we see an application of another
asymptotological [11] principle: transform the problem so that you can treat
it by perturbation theory.) The parameter € is an internal one, just like the
parameter « in the eponymous a-method of Painlevé.

In order to investigate whether (3.3) has the poly-Painlevé property we
start by inverting the roles of the variables, taking z as independent and y
as dependent. Introducing g = 1 + 3% we have

dz 1 1 ez €222

d—y:q+€Z:6—q—2+ q3 + .-
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Next we expand z in powers of €, 2 = 29 + €21 + €z + - -+, and set up the
equations for the z; recursively. At lowest order we have

v [
20 = C —_
Yo y3+1

which is not quite as trivial as it appears. Decomposing the integrand into
partial fractions we have

1 1 1 7 52
=3 (o )
yvw+1 3\y+1 y+j5 y+j
where j = ¢2™/3_ Thus the integration for zy leads to a sum of three loga-
rithms. A single logarithm in the complex plane of the independent variable is
defined up to a quantity 2min, which would introduce a one-dimensional lat-
tice of values of the integration constant. Two logarithms would lead to a two-
dimensional lattice, a multivaluedness still acceptable in the poly-Painlevé
spirit. In the present case of three logarithms, the integration constant c in
the complex plane is defined up to a quantity 27i(k + mj + nj2)/3, where
k,m,n are arbitrary integers. In general such a multivaluedness involving
three integers and arbitrary residues would be dense and thus unacceptable.
However, since the three cube roots of unity are related through 1+ j+352 = 0,
the multivaluedness of ¢ is not dense. Thus at leading order the equation (3.3)
is integrable in the poly-Painlevé sense.

However, to decide the integrability of the full equation (3.2) we must
continue with the poly-Painlevé test to higher orders of (3.3). We are not
going to give these details here. They can be found in the course of two of
the authors (MDK, BG) together with A. Ramani in the 1989 Les Houches
winter school [2]. It turns out that while no bad multivaluedness is introduced
at the next (first) order, the second-order contribution gives an uncertainty
(in the value of the integration constant) that accumulates densely as we go
around the singularities. Thus no constant of integration can be defined and
the equation is not integrable according to the poly-Painlevé test.

Of course in this problem we studied the behaviour of the solutions only
near infinity. So the question is whether we can apply the results obtained
near infinity in all regions of the complex plane. The simple answer to this
question is that if an equation violates the poly-Painlevé criterion in any
region, then this means that the equation is not integrable. However if we
find that the poly-Painlevé criterion is satisfied in the region we studied then
we cannot conclude that it is so everywhere.

Having dealt with Abel’s equation, we return to the case of the second-
order equation (2.7), #” = 6x2 + f(t), for which we have found that the
Painlevé property requires f(t) = t. We ask whether some “mild” branching,
compatible with the poly-Painlevé property, is possible for this equation.
Here we shall work around some finite point and introduce the change of
variables t = tg + dz where § << 1. We scale x through =z = ay and rewrite
the equation as
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a d’y 2 2 /
S22 — 0y + f(to) + f'(to)dz + -+~
We balance the terms by taking a/6? = o or a = §=2 >> 1, since § is

assumed to be small. The equation can now be written as

Ly _

Y =6+ 0 (10) + S )52+ 3 ) ] (34)

which is trivially integrable to leading order (6 = 0).
We now treat (3.4) by perturbation analysis. We start by formally inte-
grating it from the dominant terms as before, first multiplying it by 2 dy/dz:

2 z
<dy> = 4y3 + 2/ y/[54f(t0) + 55f/(t0)z + 56f”(t0)22/2 +dz

dz 2

or equivalently

L _32d Lo , , i
g = (1 5 [ /10 0) 4 8 ) + 7 )2 240z

The integral term is small because of the powers of §, so the square root can
be expanded as 1 plus powers of that term. Integrating the whole equation

leads to L ;
—1/2
—y~Y :(z—zo)+4/zoy3[/Zly’(--ddz} dz

Soy ~ (2 —2)" 2+ -+ and the leading singularity is a double pole as
expected. Next we iteratively construct the solution. The problems arise when
we integrate y’ multiplied by f”(to)22, resulting in a logarithm. The only way
to avoid having this logarithm is to have f”(¢y) = 0, which as before, since
to is arbitrary, means that f must be linear. In this case the poly-Painlevé
test has uncovered no equations that don’t already satisfy the more stringent
naive Painlevé test, that is, no instances of (2.7) whose solutions are free of
dense branching other than Py itself, with no branching at all.

4 The Painlevé Property for the Painlevé Equations

The Painlevé equations possess the Painlevé property, one would say, almost
by definition. They were discovered by asking for necessary conditions for
this property to be present. But do they really have it? Painlevé himself
realized that this had to be shown. He did, in fact, produce a proof which
is rather complicated (although it looks essentially correct) [7]. Moreover
Painlevé treated only the P; case, assuming that the remaining equations
can be treated in a similar way (something which is not entirely clear). A
simple proof thus appeared highly desirable.
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In a series of papers [8,9] one of the authors (MDK) together with various
collaborators has proposed a straightforward proof of the Painlevé property
that can be applied to all six equations. The latest version of this proof is
that obtained in collaboration with K.M. Tamizhmani [10]. In what follows
we shall outline this proof in the case of Pyy; (for x as a function of z), which
is a bit complicated but still tractable:

2 /
1 X X

T :———+l(a;zﬂ+b)+cga3+é
x z oz x

To prove that Pyy; has the Painlevé property we must show that in the neigh-
bourhood of any arbitrary movable singular point of the equation (which is
not necessarily a singular point of the solution) the solution can be expressed
as a convergent Laurent expansion with leading term. We shall examine the
series up to the highest power where an arbitrary constant may enter (“the
last resonance”). We shall not be concerned with the fixed singularity at
z = 0: it suffices to put z = e’ to send the fixed singular point to infinity
without significantly affecting other singularities. Infinity is a bad singularity
for the independent variable in all the Painlevé equations, being a limit point
of poles. We are only interested here in singularities in the finite plane.

We note that the equation is singular where the dependent variable z = 0
(but not the solution, which has a simple Taylor series around this point). The
other value of the dependent variable where the equation is singular is x = co.
Any other initial value for z leads, given z’, to a solution by the standard
theory of ordinary differential equations. Moreover the points 0 and oo are
reciprocal through the transformation x — 1/z, which leaves the equation
invariant up to some parameter changes. Thus the Laurent expansion at a
pole is essentially like the Taylor expansion at a zero. This allows us to confine
our study to just one of the two kinds of singularity. In order to simplify the
calculations we put a = b = 0 (which turns out not to change anything
significant) and rescale the remaining ones to ¢ = 1,d = 1. We have finally
the equation

!
w —u? 4+ 2 = (4.1)
z

where the possible values of the dependent variable at movable singularities
are u = 0 and u = co.

A crucial ingredient of the proof not previously sufficiently exploited is
the localness of the Painlevé property: if in any given arbitrarily small region
(of the finite plane with the origin removed) an arbitrary solution has no
movable “bad” singularities, then it can have no bad singularities anywhere
(in the similarly punctuated finite plane). Use of this localness does away
with the difficulties encountered in previous proofs where one had to bound
integrals over (finitely) long paths in the complex plane.

Consider some region which is a little disk around z; (which we assume
to be neither a pole nor a zero) with radius e. (As we have shown in [10]
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€ = |z1|/96 suffices for our estimates.) As in the previous lessons we start
by formally integrating our equation so as to be able to iterate; the path of
integration is to be entirely contained in the little disk. We solve it recursively
to obtain an asymptotic series for the solution. Near the singular points
the important term on the right side (containing the terms not involving
derivatives of u, namely u* —1), is u* when u is large, and —1 when u is small.
In order to integrate (4.1) we need an integrating factor. We start by noting
that the left side has the obvious integrating factor 1/(uu’), after multiplying
by which we can write the left side as [In(u'z/u)])" or [(v'z/u)]/(u'z/u), while
the right side becomes (u* — 1)/(uu'). To render the right side integrable we
would like to multiply by u'? and any function of u alone, while to maintain
the integrability of the left side we can multiply by any function of v’z /u. If
we could do both of these at the same time we would succeed in integrating
the equation exactly, which is more than we can hope for. However, here
localness enters effectively: in our little disk z is nearly constant, and we can
treat it as constant up to small corrections.

Accordingly, we multiply the latest version of the equation by (u’z/u)?
and integrate to

2u'\? 1 z 1
() = 22 (u2+2> +k72/ z <u2+2> dz (4.2)
u u - u

where the right side has resulted from integration by parts with k£ as the
constant of integration.

Our aim is to show that the solution is regular everywhere in the little disk
with center z1 and radius e. If w and 1/u are finite along the path of integration
then the integral is small (because length of the integration path is of order
€). But what happens when u passes close to 0 or oco? If z were constant
then the solution of (4.1) would be given in terms of elliptic functions. The
latter have two zeros and two poles in each elementary parallelogram. When
the parameter (here the integration constant) becomes large, the poles (and
the zeros) of the elliptic functions get packed closely together. Thus when
we integrate we may easily pass close to an oo (or a zero). It is important
in this case to have a more precise estimate of the integral. To this end we
put a little disk around the pole zy and assume that on its circumference
the value of |u| becomes large, say A. Similarly we can treat the case where
|u| is small, say 1/A, with A large as before. The integration path is now a
straight line starting at z7, till |u| hits the value A (or 1/A). Then we make a
detour around the circumference of the small disk where |u| > A (or u < 1/A)
and we proceed along the straight line extrapolation of the previous path till
we encounter the next singularity. In general the integration path will be a
straight line from z; to z interspersed with several small detours.

We now make more precise estimates. For definiteness we choose to work
with the case of u small, but u large is entirely similar, mut. mut. To solve the
equation by iteration, we note that the contribution of 1/u? is more important
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than that of u?. The integral of z/u? may be an important contribution but
since it is taken over a short path it is much smaller than the z2/u? term
outside the integral in (4.2). The precise bounds can be worked out and the
choice of a small enough € guarantees that the integral is indeed subdominant.

Thus (4.2) becomes (zu’/u)? = 22 /u? plus smaller terms or equivalently
u' = +(1+---). More precisely we have

u’:l:(1+u4+zz(k2/zz(u2+1/u2)dz)>l/2 (4.3)

21

Integrating we find u = £(z — z9) + - -- where z( is the point where v = 0.
(This makes the constant of this last integration exactly zero.) We find thus
that u has a simple zero, if we can show that no logarithmic term appears
in the recursively generated expansion. (We would have found a pole had we
worked with a u which became large instead of small).

The dangerous term is the integral

z
I ::/ z(u? + 1/u?)dz
z1
because near zg u starts with a series like a simple zero and it looks as if
z/u® may have a nonzero residue, which would produce a logarithmic term.
To see that this doesn’t happen we can write

2
I':z/u2+-~:E[u’f(u’fl)]Jr“
2
z ., z.u

Moving the last explicit term to the left side, multiplying by the integrating
factor 1/z, and integrating gives for I the formula

I:_E_’_...
u

We simultaneously iterate for I, v/, and u from this, (4.3), and the ob-
vious u = fzzo u' dz treated as three coupled equations, and in this form it
is clear that no logarithm can be generated. (This is true only for the pre-
cise z dependence of (4.1): any other dependence would have introduced a
logarithm.)

This completes the proof that the special form of Py (4.1) has the
Painlevé property.

Open problems remain. First one has to repeat the proof for the full Py
without any special choice of the parameters. Then the proof should be ex-
tended to all the other Painlevé equations, including their special cases (where
one or more parameters vanish). Still we expect the approach presented above
to be directly applicable without any fundamental difficulty.
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Abstract. More than 20 years ago, it was discovered that the solutions of the
Kadomtsev-Petviashvili (KP) hierarchy constitute an infinite-dimensional Grass-
mann manifold and that the Pliicker relations for this Grassmannian take the form
of Hirota bilinear identities. As is explained in this contribution, the resulting uni-
fied approach to integrability, commonly known as Sato theory, offers a deep al-
gebraic and geometric understanding of integrable systems with infinitely many
degrees of freedom. Starting with an elementary introduction to Sato theory, fol-
lowed by an exposé of its interpretation in terms of infinite-dimensional Clifford
algebras and their representations, the scope of the theory is gradually extended
to include multi-component systems, integrable lattice equations and fully discrete
systems. Special emphasis is placed on the symmetries of the integrable equations
described by the theory and especially on the Darboux transformations and ele-
mentary Backlund transformations for these equations. Finally, reductions to lower
dimensional systems and eventually to integrable ordinary differential equations
are discussed. As an example, the origins of the fourth Painlevé equation and of its
Bécklund transformations in the KP hierarchy are explained in detail.

1 The Universal Grassmann Manifold

More than 20 years ago, it was discovered by Sato that the solutions of
the Kadomtsev-Petviashvili (KP) hierarchy constitute an infinite-dimensional
Grassmann manifold (which he called the Universal Grassmann manifold)
and that the Pliicker relations for this Grassmannian take the form of Hirota
bilinear identities [38,39]. The resulting “unified approach” to integrability,
commonly known as Sato theory [36], offers a deep algebraic and geometric
understanding of integrable systems with infinitely many degrees of freedom
and their solutions. At the heart of the theory lies the idea that integrable
systems are not isolated but should be thought of as belonging to infinite
families, so-called hierarchies of mutually compatible systems, i.e., systems
governed by an infinite set of evolution parameters in terms of which their
(common) solutions can be expressed.

R. Willox and J. Satsuma, Sato Theory and Transformation Groups. A Unified Approach to
Integrable Systems, Lect. Notes Phys. 644, 17-55 (2004)
http://www.springerlink.com/ © Springer-Verlag Berlin Heidelberg 2004
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1.1 The KP Equation

One could summarize the original idea of Sato as follows:
Start from an ordinary differential equation and suppose that its solutions
satisfy certain dispersion relations, for a set of supplementary parameters.
Then, as conditions on the coefficients of this ordinary differential equation,
we obtain a set of integrable nonlinear partial differential equations.

Let us show how this recipe allows one to derive the famous KP equation
from a particularly simple set of linear dispersion relations. Consider the

d
following second-order linear differential equation, denoting derivatives d—f
x
by f', ...,

f'(@) + a(x) f'(x) + b(x) f(x) =0, (1)

for which we choose two linearly independent solutions, fi(x) and fo(z). The
coefficients a(z) and b(x) in (1) can be expressed in terms of these solutions
as

fi f2

"o
1 J2

(@), b@=|0 8

1 J2

a(z) = — /() . (2)

The function 7(z) denotes the Wronski determinant

f1 fo
fifs

If, as mentioned at the ouset, we now suppose that besides this z-
dependence the solutions f; () and f2(x) also depend on two new parameters,
y and t, (fi(z;y = 0,t = 0) = fi(x) for i = 1,2) such that they satisfy the
dispersion relations

T(x) := . (3)

Ofi _ 0*fi 0fi _ 0*f;
oy  Ox2’ ot 0x3’

(4)

then the coefficients a and b will obviously also depend on these new parame-
ters. However, this dependence will be of a much more complicated form than
(4) ; a(z;y,t) and b(x;y, t) must satisfy certain nonlinear partial differential
equations which will turn out to be solvable in terms of the KP equation.
Let us see what kind of partial differential equations we obtain. Denote
by W the second-order differential operator acting on f(z) in (1) (0, = 6%)

W i= 02 + a(w;y, )0, + bw;y,1) | (5)
for which, by definition,

Wfi(x;yat) =0, (Z = 132) : (6)
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By differentiating with respect to y we see that the functions f; also solve
the fourth-order differential equation,

Wyfi + Wy fi = [ay0 +b, + Wo2] f; =0, (7)

where a, denotes %Z’ etc..., which indicates that the fourth-order differential
operator [/Wy + Waﬂ must factorize in terms of W and a suitable second-

order differential operator §27
W, +Wo2 = B,W . (8)

If we parametrize Eg as Eg = 0% + as(x;9,1) 0, + Bo(z;y, 1), its coefficients
are obtained from (8),

ag =0, B2 = —2a, , (9)
under the following nonlinear conditions on a and b,

Qy = G2z — 200, + 20,
by = bag — 2a,b . (10)

Similarly, from the ¢ derivative of (6), one obtains the following factor-
ization of a sixth-order operator,

Wi+ W0 = BsW , By =02 +0a0? + fa0s + 73 , (11)
a3 = 0 ) ﬁS = 730@ , Y3 = *3(121 + 3(]@04 — 3bx R

under the conditions :

a; = agg + 3bay — 3a(by + az,) — Sai — 3ba, + 3a2a,
by = b3y — 3basy — 3a,b, — 3bb, + 3aba,, . (12)

Hence, by assuming a simple linear parameter-dependence for the solutions
of the linear ordinary differential equation (1) — as in (4) — we obtain a
far more interesting system of nonlinear partial differential equations (10)
and (12) for the parameter-dependence of the coefficients of that ordinary
differential equation. The system (10,12) can be seen to be equivalent to the
KP equation. If we use the factorizations (8) and (11) to express the equality
of the cross-derivatives (Wy)t and (Wt)y, we obtain a compatibility condition
for the operators EQ and ég,

(Ba)i — (Bs)y = [ Bs, Ba| (13)

where [A, B]_ := AB — BA. Tt is straightforward to show that (13) amounts
to the KP equation,
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(4uy — 12uuy — usy), — 3uzy =0, (14)
in the field u(z,y,t) := (—a(x;y,1)),.

Furthermore, since solutions ¢ and b to (10) and (12) can be expressed in
terms of the function 7(z;y,t) (2), subject to (4),

Tox (2;y, 1) — Ty (w59, 1)
2 7(z3y,t)

—Tx ($, Y, t)

el b(x;y,t) =

a(x;y,t) = > (15)

it follows that the solution u(x, y,t) to the KP equation derived from a(x, y, t)
is also completely determined by this function,

u(z,y,t) = 92 log T(x;y,t) - (16)

Exercise 1.1. Show that (13) really yields the KP equation (14).

1.2 Pliicker Relations

It is the function 7(z;y,t) that will turn out to be the single most important
object in Sato theory. In fact, it is directly connected to the notion of an
infinite-dimensional Grassmann manifold. To demonstrate this, we start by
expanding the solutions fi(x) and fy(x) of the original differential equation
(1) around a common point of analyticity, say, © = 0 for simplicity, (i = 1, 2)

o i i
ﬁ-(x)—; G ST @, (17)

from the coefficients of which we construct a (rank 2) co x 2 matrix,

<§ c§
G ¢
G=|de|- (18)

Observe that, due to (3), 7(z;0,0) is completely determined by the entries
in this matrix. However, due to the linearity of the differential equation (1),
the matrix (g itself is only defined up to right-multiplication with an element
of GL(2,C), i.e., a non-singular 2 x 2 matrix. The resulting change in 7(x)
being but a mere multiplication with the determinant of that transformation
matrix, these transformations obviously leave a,b and thus also u invariant.

Definition 1.1. Given an n-dimensional vector space V, then the Grass-
mann manifold GM (m;n) (or Grassmannian for short) is defined as the set
of all m-dimensional linear subspaces of V.
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Alternatively, one may also think of GM (m;n) as the quotient space obtained
by the right-action of the Lie group GL(m,C) on the manifold M (m,n) of all
n X m matrices of rank m, M (m,n)/GL(m,C). In particular, GM (m;n) is
m(n —m)-dimensional (see, e.g., [30] or [41] for further details on Grassmann
manifolds).

By extension of these ideas, it can be shown that the set of all co x 2
matrices Cp, defined up to the right-action of GL(2, C), constitutes an infinite-
dimensional Grassmann manifold, in this case denoted by GM (2; 00).

It is instructive however to dwell a little longer on the case of a finite-
dimensional Grassmannian, the simplest (non-trivial) example of which is
GM(2;4), i.e., the set W of all 2-dimensional planes passing through the
origin of a 4-dimensional vector space V. In practice, one needs to introduce
a coordinate system on this Grassmannian. If we take v; (i =1,...,4) to be
basis vectors for the vector space V (dim(V) = 4), we can express a basis
{w1,ws} for a 2-dimensional plane by means of the coordinates (;; of the
w; in the {v;} basis,

4
w; = Z Cjivj . (19)
j=1

The 4 x 2 matrix ((;;)ax2 € M(4,2) is called a frame of W and we can think

of the Grassmannian GM (2;4) as the quotient space M (4,2)/GL(2,C).
Now, using the minor determinants of the frame ({;;)4x2, we can define the

following homogeneous coordinates in 5-dimensional projective space (P°),

[ (SERRSERRSVRRSERESYRESYY)
— < Ci1 Gz |, |G Gz | | Cin G2

Co1 Ca2| " | Ca1 C32| " | Can Ca2
Since the action of GL(2,C) on w1, wy only results in the multiplication of
each minor by the determinant of the transformation matrix, it is clear that
£ is invariant under such transformations. In this way we see that GM (2;4)
can also be regarded as a 4-dimensional subvariety of P°. The homogeneous
coordinates & are called the Plicker coordinates of this Grassmannian. It
is worth observing that a Grassmann manifold GM(m;n) can always be

embedded in the projective space p(a)-1 [30,41].

It is important to realize however that the Pliicker coordinates are not
independent ; they satisfy (and are in fact fully characterized by) a set of
nonlinear algebraic relations which are called the Plicker relations. In the
case of GM (2;4) there is only one such relation, which can be obtained from
the Laplace expansion of the (0) determinant,

Go1 Go2
(31 C32

Go1 G22
Ca1 Ca2

(31 G32
Ga1 Ga2

).

(20)
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G122 0 0
21 22 gi Z; = &12834 — &13824 + §1abo3 = 0. (21)

Ca1 G2 Ca1 Ca2

Since GM (2;4) is the first non trivial subvariety of the infinite-dimensional
Grassmannian GM (2;00), (21) is of course also the simplest Pliicker relation
for the Grassmannian GM (2; 00). We shall now see that this Pliicker relation
actually encodes the KP equation.

1.3 The KP Equation as a Dynamical System on a Grassmannian

Let us introduce an evolution with respect to the z-coordinate in GM (2; 00).
This can be done by means of the shift matrix (see, e.g., [36] for a detailed
account)

010
A= 001 0 - (22)
It is easily seen that
2 3
lz 37 2—5 .
01 = % -
exp(zA) = 00 1 ?,3' . ) (23)
which allows us to define the = evolution ¢(x) of the matrix {o (18) as
fi fa
L
¢(z) :=exp(zA) o = {1/ 2/ . (24)
The y and ¢ dependencies can be introduced in a similar way,
hi ho
, hi hy
Clw;y, 1) = exp(eA +yA? +1A%) Co = | ptr pil | (25)
for functions h;(z,y,t) (i = 1,2) that satisfy the conditions :
oh;  0%h; Oh;  O3h;
hi(l‘,o,o) :fl(aj)? = = (26)

oy  0x?’ ot a3’
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These conditions are however identical to (4), identifying the functions
hi(x,y,t) with the f;(z;y,t), i = 1,2, and thus we have succeeded in intro-
ducing the parameter dependence (4) into the Grassmannian GM (2; o). The
evolution of the function 7(z;y,t) then corresponds to the motion {(x;y,t)
of an initial point g on GM(2;0), under the action of the 3-parameter
transformation group exp(zA + yAZ? 4+ tA?).

We can now translate Pliicker relation (21) for GM (2; 00) into an equation
for 7(z;y,t). If we introduce the frame (25)

(Cii)ooxz = (057 1)) oo > (27)

we immediately obtain the Pliicker coordinate &9 = 7(x;y,t). Differentia-
tion with respect to x,y,t yields the remaining coordinates (20): 13 = 9,7,
514 = %(854‘8?!)7', 523 = %(85—3?;)7, 524 = %(8;2’—&)7 and 534 =
% (83 + 385 - 4(%8,5) 7. With the help of these expressions, the Pliicker re-
lation (21) can be transformed into a quadratic relation for 7(z;y,t), which
can be rewritten as

(Dj —4D,Dy+3D2)7-7 =0 (28)
in terms of the Hirota operators [16],
DI ...DI'"F -G = (0" -+ 0" ) F(w1 4 €1,...,Tn + €)
Gz —€1y...,Tn — 6”)‘51‘:0 vi- (29)

This is nothing but the Hirota bilinear form of the KP equation (14).

Exercise 1.2. Show that the KP equation can be obtained from (28) by
means of the “bilinearizing transformation” (16).

1.4 Generalization to the KP Hierarchy

If one introduces infinitely many evolution parameters, ¢ = (t1,%a,ts,...),
the functions 7(t1,te,t3,...) will correspond to the orbits

() i=exp(d_ taA") (o= D pa(t)A" (o, (30)
n=1 n=0

where, as compared to the above, the variable ¢; plays the role of z and t;
and t3 those of y and ¢ respectively : we shall adhere to this convention from
here on.

Definition 1.2. The Schur polynomials, p,(t) (n € N), are defined by the
following generating formula,

exp(z tn2") = Z P ()2 (31)
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Exercise 1.3. Calculate Schur polynomials pg,p; - - up to ps explicitly.

This generalization to infinitely many evolution parameters, accompanied
by a careful limit GM (m — co;00), is necessary if one wants to capture all
the evolutions contained in the KP hierarchy. For it can be shown that [38]

Theorem 1.1 (Sato 1981). The solution-space of the KP hierarchy is
isomorphic to the infinite-dimensional Grassmannian GM (00/2;00) whose
Pliicker relations take the form of Hirota bilinear identities for the equations
in the KP hierarchy. The evolution of a KP T-function is defined by the
motion of a point on that Grassmannian, under the action of the Abelian
infinite-parameter group (30).

In particular, the 7-function can be expressed in terms of Pliicker coordinates
&y for GM (00/2; 00) and vice versa,

T(t) =) & xv(t) or & =xy(@)7(t)le=o , (32)
Y

where 9, = (t1, %t27%t3,...). The symbol xy(t) denotes the character-
polynomials associated with the irreducible tensor representations of GL(n),
classified in terms of Young diagrams, Y. The interested reader is referred
to [36,40] for a more detailed explanation, proofs and for some explicit ex-
amples.

2 Wave Functions, 7-Functions and the Bilinear Identity

It is intuitively clear that if one wishes to construct the Universal Grass-
mann Manifold GM (00/2;00) by mimicking the construction of GM(2;4),
performed in the previous sections, one would have to start from a linear
differential operator of infinite-order and study its deformations in terms of
infinitely many auxiliary parameters. This is exactly the point where so-called
pseudo-differential operators [36,12] come into play.

2.1 Pseudo-differential Operators

We start by pointing out that the second-order operator W (5) can be written
as

W=w®a, w®.=1+ (w3, )07 + ag(x;y,6)072 (33)
where 9™ := 0™, when m > 0, and 9~ is defined such that 90~1=0"10 = 1.

Definition 2.1. A pseudo-differential operator A(9) is a linear operator,
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A@)= Y a;(@) (34)
Jj<K+o0

where the symbol 0, as an operator, is defined by its action on a function
f(x): 0(f) := fu, and 071 is defined by 00~ =010 = 1.

A sum of pseudo-differential operators is defined in the usual way by
collecting terms, and their product is defined by the following extension of
Leibniz’ s rule,

A@)BO)= Y ad'b;d’ = ) Z(,i)ai(bjm gk (35)
1,j K +00 1,j K400 k=0

where (Vi € Z)

i WDk d) for > 1
= k! — .
(k) { 1 for k=0 "~ (36)

(A(9)); =20 a;0" denotes the so-called “differential” part of a pseudo-
differential operator and its complement, A(J) — (A(9)),, is denoted by
(A(9))_. A pseudo-differential operator possesses a unique inverse, denoted
simply by A(9)~!, and its formal adjoint can be calculated from (35) :

—+oo .
. . 7 .
AQ0)* =) (-1)i0a; =) (-1) i k0 37
USRI VEI W (37)
2.2 The Sato Equation and the Bilinear Identity

Extending (33), we define a pseudo-differential operator,
400 )
Wi=1+Y wj(t)o7, (38)
j=1

called the gauge operator, whose coeflicients w; depend on infinitely many
parameters, t = (t1 = x,ts,t3, - - ), as introduced in Sect. 1.4.

In order to generalize the line of thought running through Sect. 1.1, we
need to define differential operators, B, (Vn > 1),

B, = (Wo"W™1), | (39)

which will provide us with an extension of the factorizations (8) and (11) to
arbitrary orders (n =2,3,...),

W;, =B,W -Wo" = —(Wo"WH_W . (40)

This equation is known as the Sato equation [36] and it provides a collective
description of the t,, evolutions of the coefficient functions w;(t), i.e., the Sato
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equation actually encodes a “doubly infinite” sequence of partial differential
equations for the w;(t), generalizing (10) and (12).
Furthermore, the gauge operator W can be used to define the operator

L:i=Wow~", (41)

which will turn out to be of crucial importance, not least because it underlies
the differential operators B,,,

B,=(L"); . (42)
Let us now define so-called wave functions and adjoint wave functions.

Definition 2.2. A wave function (adjoint wave function) ¥(t,\) (@*(t,\))
is defined by the expression

W(t,\) = W(t, ) exp&(t, \) (lI/*(t,A) = W* L (t, \) exp fg(t,)\)) :

(43)
for
£, N) == f: En A" (44)
n=1
and the formal Laurent series in \,
W(t,\) =1+ i w; (BN, (45)
j=1

is obtained from the gauge operator W by setting 0 — A\~ 1. W*_l(t,)\) can
similarly be obtained from (37).

This leads to the following proposition [38,11,12],

Proposition 2.1 (Sato). If a pseudo-differential operator W satisfies the

Sato equation (40), then the operators L and B,,, obtained from W by means
of (41) and (39), satisfy ¥Yn,m,

Ly, =[B,,L]- (46)

(Ba)i — (Bu)t, = By Bul - - (47)

Furthermore, the wave function W(t,\) and adjoint wave function ¥*(t,\)
which can be derived from W satisfy the linear systems,

{ LU(t,\) = \F(t, \) { LAW*(t,\) = AT*(t, \)

DLU(EN) = Bul(£,)) | 0N = Bt ) 0 (48

as well as the bilinear identity,
Resy—oo [T (t, )T (', \)] =0 vt t . (49)
In (49), Res denotes the operation A(X) := >, a; A", Resy—oo [A(N)] 1= a_.
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Several remarks are in order. First of all it should be clear that (47)
generalizes (13) from Sect. 1.1. Secondly, forgetting for a moment the W-
origins of the operators L and B,, and simply parametrizing L as

L:=0+u(t)0" +us(£)d 2 +--- | (50)

equations (46) and (42) will yield an infinite system of partial differential
equations in the coefficients u;(t).

Exercise 2.1. Show that at n = 2, 3, the so-called Lax equation (46) yields a
system of equations from which, by elimination of us, us, - - -, the KP equation
expressed in the field uq(¢) is obtained.

Observe that, due to (41), the coefficients u;(t) can easily be connected to
those of the gauge operator W, e.g., u1(t) = —(wi(t)),, etc... More im-
protantly however, observe also that due to Prop. 2.1, all the equations ob-
tained for the w;(t) or u;(¢) are mutually compatible.

Corollary 2.1 ( [38,12]).
3tm 8th = 5tn6th Vm, n. (51)

In fact, the KP hierarchy is the set of nonlinear (241)-dimensional evolu-
tion equations expressed in u;(t) that can be obtained from (46) and (47). In
turn, these equations can be thought of as the compatibility conditions of the
linear systems (48) which underly the KP hierarchy. The bilinearidentity (49)
however, as we shall see in the next section, encodes both the equations of the
KP hierarchy in their Hirota bilinear forms as well as their associated linear
formulations (48). A remark regarding the nature of the equations in the sys-
tem (48) is in order here. As the “action” (as a differential operator) of 9! is
not defined on a function, the first equation in each system in (48) should be
thought of as a formal relation linking the coefficients in the (formal) Lau-
rent expansions on both sides of the equality, defining “0~!exp &(t, \)” to
be A"lexp&(t, \). The second set of equations in each system however only
consists of differential equations, whose compatibility conditions are given
by (47). The compatibility of these differential equations with the formal
relations in (48) is guaranteed by (46).

The converse of Prop.2.1 can be formulated as follows [39,11,12].
Proposition 2.2 (Sato). If U(t,\) and U*(t,\) of the form
Tt N) =WNeSED | W) =1+w ()AL + - (52)
T8, N) =V (=N)e SN V(N =140 () (=N "+ (53)
are solutions to the bilinear equation (49), then the pseudo-differential opera-

tor W () solves the Sato equation (40) and V(=X\) = W*=1(=)\), i.e., U(t, \)
and U*(t, \) are, respectively, a wave function and an adjoint wave function.
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2.3 7-Functions and the Bilinear Identity

Just as the coefficients of the second-order operator W in Sect. 1.1 could be
expressed in terms of a particular (Wronski) determinant 7(z), so can the
gauge operator W, and with it the entire KP hierarchy and its associated
linear formulations, be expressed in terms of just a single function 7(t), the
KP 7-function.

The reader is referred to [36] for a more detailed discussion of this con-
struction, based on an m**-order extension of the approach that was adapted
in Sect. 1.1, or to [39] for a Grassmannian based explanation. In Sect. 3 a
third approach will be introduced, based on the representation theory of a
fermionic algebra. For now we simply state the main result [39,11,12].

Proposition 2.3 (Sato). There exists a function 7(t), in terms of which the
coefficients of W and V in (52) and (53) can be expressed as

. (5
U)J = 77 and ’Uj = pj <7- >T

Vi>1. (54)

4

The p; are the Schur polynomials (31), and the “weighted” differential oper-
ators 0 := (t1, 3t2, t3,...) were already introduced in (32) (Sect. 1.4).

Observing that, due to the definition of the Schur polynomials (at least
formally [12]),

Y pa(=0) TN = r(t —e[]) (55)

one finds that W(t, A) and ¥*(¢, A) can be expressed as

(e n) = TS e, (e ) = TR e )

where £(¢, ) is as in (44) and the shift e[A] on the coordinates ¢ stands for
the infinite sequence

1 1 1
A= (5 ooy oy o) 57
E[ ] ()\72A273A37 ) ( )
Hence, one can reformulate identity (49) in terms of 7(¢) only
Resy—oo | 7(t — e[N]) 7(' + €[N) ef@*tw} -0 vt . (58)

Actually, this identity encodes all the evolution equations which make up
the KP hierarchy when written in Hirota bilinear form. This can be easily
seen by changing to new variables, x and y, asint=x —y and t' = = + y.
Direct calculation of Res in (58) then yields



The Sato Approach to Integrable Systems 29

exp(Y_yiDa.) Y pj(=2y)p;11(D)7-7 =0 vy,  (59)
i=1 j=0

where the symbol D stands for the sequence of “weighted” Hirota D-
operators, D = (Dy,,Dy,/2,D,,/3,...). The above expression is nothing
but a generating formula for all the Hirota bilinear equations in the KP hier-
archy, e.g., as the coefficients of y3 and y4 in (59) one finds the following
equations,

(4Dy, Dy, —3D2, — Di )7-7=0 (60)
3Dy, Dy, — Dszil —2D,, D, )r-7=0,

the first of which is the KP equation in bilinear form (28).

Exercise 2.2. Derive (59) from (58).

Exercise 2.3. Compute the coefficient of y,, in formula (59) for general n,
in order to find bilinear expressions for all flows x, in the KP hierarchy.
Demonstrate (60).

Observe that because of the use of the Hirota bilinear operators, equa-
tions (60) are not explicitly in (2 + 1)-dimensional form since the “higher
weight” bilinear equation involves a Hirota operator corresponding to the
“lower weight” time variable x3. Elimination of this “lower” time variable is
needed to obtain a genuine (2 4 1)-dimensional equation governing the x4
flow.

To show that the bilinear identity also encompasses the linear formulation
of the KP hierarchy, it is convenient to rewrite (58) as an integral identity [11],

}{ A ) (4 e SN —o e, (61)
C

, 2mi

for a narrow loop C, in the complex plane around A =~ oo. Then, introducing
3 points v; (i = 1,2,3) inside Cy, i.e., Vi |v;] > |\, and identifying ¢’ as
t=t— Z?:l e[v;], we can easily compute the integral in (61),

(1/2 — 1/3) ’T(t — E[l/l])T(t — E[I/Q] — 5[1/3])
+ (v3 —11) 7(t — elwa])T(t — e[vs] — e[n])
+ (1 —va) T(t—els])T(t —eln] —e[r]) =0. (62)
Exercise 2.4. Show that exp o> | 2(2)" = —~ for |v|>|A|, ie., the par-
ticular choice of ¢ made above turns the essential singularity at A\ = oo in

the bilinear identity into simple poles at v;. Use this result to calculate (62)
from (61).
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The quadratic expression in the 7-functions (62) is often called the Fay iden-
tity for the KP hierarchy, since it is connected to Fay’s tri-secant formula [14]
for theta functions. It first appeared in the KP context in [39] where it was
pointed out that this identity actually includes all useful information about
the KP hierarchy, such as the Hirota forms of the evolution equations or
the underlying linear formulations. As we shall see later on, it is also closely
related to the discretization procedure for the KP equation.

To show that (62) contains all information about the linear system un-
derlying the KP hierarchy, it suffices, e.g., to take the limit 153 — oo which, at
o(1) yields,

(v2 — 1) [7(t — eln))(t — elia]) — 7(8)7(t — elin] — elva])
7t — eln]) (r(t — ela])), — (r(¢ — e[v])), (t —elva]) = 0. (63)

Then, introducing the wave function, ¥(t) := 7(t — €[1a])/7(t) exp&(t,va),
this equation can be reformulated as

n[W(t) —¥(t —em])] = V(). + ¥ (t)log7(t) —log7(t —e[])]. , (64)

which, upon expansion in powers of v~ ! which was after all the real meaning
of the shifts introduced in (55), yields the infinite set of linear equations [39],

(=W = W p,_1(—9)(log ), Yn > 2. (65)
Analogously, one can also obtain
Pr(O)W* = —W* p,_1(0)(logT)s Vn>2. (66)

These equations are nothing but a recursive formulation of the Zakharov-
Shabat (ZS) linear system, or its adjoint form, for the KP hierarchy, i.e.,
of the set of (A-independent) differential equations in (48). For a combined
approach to the KP hierarchy, its linear system and its symmetries, in the
same vain as the above, see [4].

Exercise 2.5. Calculate the ZS equations at n = 2,3 from (65), and show
that they are equivalent to those obtained from (48) at the same order, if one
sets uy = (log7)2, and ug = £[(log 7)at, — (log 7)34).

Observe that, since the ZS equations (65) do not depend explicitly on
the spectral parameter associated to the wave function ¥, here vy, any lin-
ear combination of wave functions will solve the same set of equations, and
similarly for the adjoint case. Conversely, it can be shown that [45, 3],

Proposition 2.4. Any solution & of the ZS system (65), generally called a
KP eigenfunction, can be expressed as a superposition of wave functions,

P(t) = § g HOW(EN) (67)
where  h(\) = ~ Bt + e\)T* (£, ) . (68)

A
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The relevant formulae for (KP) adjoint eigenfunctions are [45]

o*(t) :fé ;—;\1 R*(N)&*(t, A) (69)
where  h*(\) = ~ & (t — e\)P(£, A) - (70)

A

In the above formulas, the loop Cy is taken as in (61).

That (62) contains information on the KP evolution equations themselves
can be seen from the following exercise.

Exercise 2.6. Show that subsequent limits, vo — 0o, 11 — 00, of (63) yield
the KP equation in bilinear form (28) at o(ygl, Vf2).

3 Transformation Groups

In this section we shall present a description of Sato theory which makes
use of the representation theory for an infinite-dimensional Clifford algebra,
or free Fermion algebra. This description is originally due to Date, Jimbo,
Kashiwara and Miwa (see [11,19] for a review of results or [21,22] for a
slightly different point of view). We shall see that this description not only
offers an interesting perspective on the theory we presented so far, but that it
also serves as an extremely convenient starting point for further extensions or
generalizations of the theory. For details of proofs or derivations, the reader
is referred to [30] where an elementary treatment of the case of a finite (free)
Fermion algebra can be found.

3.1 The Boson-Fermion Correspondence

In terms of the usual anti-commutator, [X,Y]y := XY +Y X, we define the
Clifford algebra or free Fermion algebra.

Definition 3.1. The algebra over C with generators 1; and 7 that satisfy
the anti-commutation relations

(Wi, il = 05951+ =0, [¥i,¥]]+ = bitjo (71)

where the indices run over the set of half integers Z 4+ 1/2, and 0; ; is the
Kronecker delta, is called the free Fermion algebra. It will be denoted by A.

This algebra possesses a standard representation on a so-called fermionic Fock
space F (see, e.g., [30,21]) which can be decomposed as F = P, F¢, where
Fy is referred to as the £ charge-section of the fermionic Fock space F.
We shall not go into full detail as to how general elements |u) € F can be
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constructed. Instead, let us define the heighest-weight vectors in this repre-
sentation as (V£ € N'\ {0}),

1) = 1j2-0--Y_1/2 |0) (72)
|_‘€> = /(/)I/sz e '¢i1/2 |0> ’ (73)

for a “cyclic vector” |0), sometimes called the vacuum state. The cyclic vector
|0) is defined in terms of the genuine vacuum state |{2),

10) = Y7 j2¥3/0%5/0 - 192) (74)

which has the characteristic of being annihilated by the v, : 1;|£2) = 0 (V).
The dual F* of this Fock space, is defined by means of the duality rela-
tion ¢; <> ¢Z ;. From the above, one immediately obtains that the highest-
weightvectors |¢) € F and (¢| € F* (¢ € Z) are such that (j € Z + 1/2),

Wil =0 B> —, WO =0 ifj>¢, (75)
Wy =0 ifj<—£, (Lr=0 ifj<t. (76)

There exists a pairing F* x F — C, the “expectation value”, such that
(0]1]0) = 1. Since operators 1; and ¢} carry “charge” +1 and —1 respec-
tively, and since the charge-sectors F; of the Fock space and its dual are
othogonal for this pairing ((¢|1|¢') = d;4/), it is easily seen that only charge-0
combinations of Fermion operators, i.e., combinations with equal amounts of
¥;’s and 97’s, can yield non-zero vacuum-ezpectation values,
. . 1ifj <0
* _ o

<0‘1/}ﬂ/1]‘0> = 51'+j70 9(_] < O) s 9(] < O) = {0 1f] >0 - (77)
General vacuum-expectation values are calculated with the help of the well
known Wick theorem, where u; denotes either ¢;,or ¢7 ,

0

78
S, sgn(0) (Oltto (1 to@)|0) - Oftopr_yio(]0), O

<0|U1 ce UT|0> = {
depending on whether r € N is odd or even, and where the sum ) _ runs over
all possible permutations of the indices such that o(1) < ¢(2),...,0(r—1) <
o(r)yand o(1) < o(3) <--- < o(r—1).
Most importantly however, from the above Fermion operators it is possible
to construct bosonic operators,

Hy:= Y Y, neZ\{0}, (79)
JEZ+1/2
which satisfy the usual commutation relations, [Hy,, Hy]— = ndptm.0, and

which can easily be seen to annihilate highest-weight vectors, Hp|f) =
(Y|H-,=0,YeZ,n>1.

It was discovered by Date, Jimbo, Kashiwara and Miwa that, conversely, it
is also possible to express fermionic operators in terms of bosonic ones [11,30].
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Theorem 3.1 (Boson-Fermion correspondence). Map ¢ : F —
Clz, 271 t], from F to the space of formal power series in t = (t1,ta,...),2
and z~! which are polynomial in z and z~', is an isomorphism of vector
spaces. In particular, V|u) € F,

O, P(|w)) ifn>1

o) = { i A2t (%0)

whereas the fermionic operators are realised in the bosonic Fock space,
Clz, 271,
P(Y(N)|u) = Lt N2(lw) , ST (N)]u)) =Tt )D(|ju)) , (81
in terms of vertex operators I'(t,\) and I'*(t,\),
It ) = 2e8(8N) g=E(@:1/X) \Ho (82)
I (t,\) = 2 LemE(EN) E(D:1/2) (A_l)HO . (83)
Operator AH0 acts on elements of C[z,z71;¢] as Mo f(z;t) = f(Az;¢),
and the field operators (k) and ¢*(k) that appear in (81)
wik) = Y kTR )= Y kT (8)
JEL+1/2 JEL+1/2

should really be thought of as generating functions for the Fermion operators
¥, 9. Below we list some important properties of these field operators. First
of all, concerning their right-action on F*,

(i) = AT — 1]e R (85)
(Clr(A) = A e+ 1T ERD (86)
where the operator H(t) is defined as

H(t) = i tnH, (87)

and secondly concerning their “evolution” with respect to such H(t)’s :
H®) »(N) e~ H®#) — £(1N) v\, cH(®) () e~ H®) — =&t V(N .
(88)

Thirdly, the vacuum-expectation value of the product, ¥(A\)y¥*(u), of field
operators can be calculated as

1
Ol (N)y™ (u)|0) = o TAsw, (89)
1
or O™ () (N)|0) = PRSI (90)
which allows us to say that, at least in expectation-value, ¥ (A\) and ¥*(u)
anti-commute when g # A, Yp(A)*(n) = —*(u)v ().
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3.2 Transformation Groups and 7-Functions

It was shown in Sect. 1.4 that the evolution of a 7-function is defined by
the action of the infinite-parameter group (30) on a point of the Universal
Grassmann manifold (UGM). This parameter group is a subgroup of the
group GL(00) of automorphisms of the UGM. In fact (citing [38]), “the au-
tomorphism group GL(oo) of the Grassmannian plays the role of the group
of transformations [i.e., symmetry group] of the KP equation”.

The group GL(c0) can be defined by means of its associated Lie algebra,
gl(c0), which, it turns out, possesses a representation on the fermionic Fock
space F. Denote by A the set of (co X co) matrices :

A:={(a;) i,j€Z+1/2|3REN:a;; =0 V|i—j| >R} . (91)

We then associate with each infinite matrix A € A a quadratic expression
Xy = Z” a;j ;7 + where : Y1)y : denotes the normal ordered product

(YY) = Yy — (0|Ygf|0). The commutator of two such X’s then has all
the attributes of a Lie product. Most importantly,

[XA7XB]7 = X[A,B]_ +W<A7B) ) (92)

where [A, B]_ = AB — BA and w(4, B) := 3, s a;;b;; (0(i < 0) — 0(j < 0)),
with the 6’s defined as in (77). This leads to the following.

Definition 3.2. The Lie algebra gl(oo) and its associated group are defined
as

gl(o0) = Z a,;j:@/}_iw;:|E|R€N:aij:O Vii—j|>Rp®C,
i,jEL+1/2
(93)
and GL(0) :={g | g= e ek X e gl(oo)} . (94)

It can be shown that elements of GL(0c0) possess the fundamental property
(30]

Proposition 3.1. Vg € GL(c0),

S vgeuig= Y g @gv. (95)

JEZ+1/2 JEZ+1/2

This is a property which directly underlies the existence of the bilinear iden-
tity (58) (and several others) for the KP hierarchy, as we shall see shortly.

In fact, and most importantly, it can be shown that the G'L(co)-orbit of
the cyclic vector |0) naturally gives rise to the UGM. For a proof in the case
of finite-dimensional Grassmannians, see [30] ; for the general construction
see, e.g., [11]. More precisely,
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Proposition 3.2. The KP 7-functions are described by the GL(c0)-orbit of
the cyclic vector |0) in the Fock space F,

7(@) 1= (0e™)g]0) , g € GL(o0) , (96)
with Hamiltonians H(x) as defined in (87).

In particular [30],

Theorem 3.2. A state |u) € Fo belongs to the GL(c0)-orbit of the cyclic
vector |0), d.e., 3 g € GL(0) : |u) = g|0), if and only if :

> djluy@¢ilu) =0. (97)

JEZ+1/2

This means that a function 7(x) € C[z, 27 1; x] is a KP 7-function if and only
if it solves the KP bilinear identity (58).

To clarify this last point let us point out that due to (85,86) and the
definition of the 7-function (96), the action of (1]e(®) @ (-1]ef(®) on (97)
exactly yields the KP bilinear identity in its 7-function form (58).

A natural question to ask in the light of Prop.3.2 is, given a KP 7-function,
what is the element in GL(c0) that will generate this function through the
definition (96) ? This problem can be settled by first constructing an appro-
priate element of the Lie algebra, gl(co), from which it is then possible to
generate such a g € GL(c0). For technical reasons we first need to introduce a
shifted version of the coordinates, « : & := (z1+6, 22, 23,...), (§ € C), where
0 is any number such that 7(Z)|z—0 # 0. We can then define the following
expression in A, u € C, close to oo,

T —elp] + S[AD}
(n = A7 (Z)

The following can be proven [48].

RO = | 7 I (98)

w—A

=0

Proposition 3.3. For any spectral density h°(\, 1) associated with KP -
function by (98),

X =c+e 0 g 1 (99)
with ¢ € (C, H, = Ej€Z+1/2 w—jw;-t,-l and
dA d N
v— 7{ o 74 RO (N () (100)
¢, 2m Je, 2mi

for contours Cx,C,, in the complex plane around A,y =~ oo but excluding all
singularities of h®(\, u) itself, belongs to a completion gl(co) of gl(oo) such
that

r(x) = (0]eT®eX|0) | (101)

for a suitable normalization constant ¢ € C.
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Furthermore, one can show that if the spectral density h°(\, i) separates as

RO 1) =D he(A) hj(p) (102)
=1
the 7-function can be represented by the possibly infinite determinant,
7(x) = det[l — 4], (103)
d du h* —&u(=)
Ao = e b 0 S IRUE T gy
¢, 2mi ¢, 2mi w—A

Observe that this implies that such 7-functions can, generally, be written in
the form

7(x) = det[(w; ;)] » (105)
where (w;;) stands for a possibly infinite matrix with entries w;;,

(Wi )z = 902'90; v (Pi)an = (Pi)na (Sﬁj)xn = (_)n+1(@;)nr ) (106)

for some otherwise arbitrary functions ¢;(x) and ¢ (z).

Readers familiar with the 9-method [26] will notice that (103),(104) are
quite similar to determinant formulas for the solutions of the KP hierarchy
that one encounters there. This is by no means a coincidence. In fact, it
can be shown [48] that KP 7-functions are required to satisfy linear integral
equations similar to those appearing in the non-local J-problem for the KP
hierarchy [26] and hence that, at least on the operational level, both methods
are indeed very similar, with each method having its particular advantages
[49].

Finally, observe that the above reconstruction of an appropriate element
of gl(co) from a given 7-function can actually be extended to the case in
which only partial information on the 7-function is available : It is possible
to carry out a similar reconstruction starting from an initial z, zs-profile
T(x1,22,0,...), thus effectively solving the initial-value problem for the KP
T-functions. We shall not go into this question here, since it would lead us
astray, but the interested reader is referred to [48] for further details and
explanations.

Exercise 3.1. Calculate the spectral densities for the KP 7-functions € + x{
(e £20) and 14+ 1/(p — q) exp(é(x,p) — &(x, q)), and show that these indeed
give rise to those 7-functions by Prop.3.3.

3.3 Backlund Transformations for the KP Hierarchy

In Sect. 3.2 it was mentioned that GL(c0) acts like a symmetry group for the
equations in the KP hierarchy. Here we shall try to make that statement a
bit more tangible.
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Although it was not explicitly mentioned at the time, it can be seen
from the discussion in Sect. 3.1 that the bosonic operators H, (79) span
a Heisenberg sub-algebra of gl(co). By the Boson-Fermion correspondence,
these H,, then correspond to symmetry generators 0., and x,, responsible
for the translational invariance (x,, — x, + €) and gauge invariance (7 —
Texpé(x, k)) of the KP bilinear equations. As these particular symmetries
are rather trivial, let us take a look at some more involved symmetries that
can be deduced from GL(00).

First, let us define a 7-function for any highest weight vector |[¢) in F,

Te(x) == <€|eH(m)g\€> , g€ GL(x0) . (107)

The 7-function 7o (x) is, of course, the one defined in (96). In fact, the choice
of a particular highest-weight vector is irrelevant in the general definition of
a 7-function since it can be seen that any given 7 can actually be realized in
any of the charge sectors by appropriately altering g.

However, from the present definition (107) and the interwining relation
(95), one can obtain a quite general bilinear identity relating 7-functions
defined in different charge sectors of the Fock space, but generated by the
same element g of GL(00) : (Y, &’; 6,0 : £ > 1')

Resy—o [ A ry(@ — e[N]) 7o (2 + €[N) eﬂw*m’*)} ~0. (108)

Exercise 3.2. Derive the above identity from (95). Hint : calculate the action
of ({4 1|e"®) @ (17 —1]e®) and |¢) @ |¢') on that identity.

The above bilinear identity is often referred to as that for the n**-modified
KP hierarchy, where n = ¢ — £, because it can be shown to correspond to
the following generator for the bilinear equations in the n*"-modified KP
hierarchy,

exp(z yiDz,) ij(Zy)anH(—D)Tg =0, (n=L—0">0). (109)
i=1 j=0

The equations contained in this bilinear identity are in fact integrable evo-
lution equations in their own right, i.e., irrespective of the precise origins of
the 7-functions that appear in them, as will be seen for instance in Prop. 9.

As an example one can take n =1 (set £ = m + 1) and obtain at lowest
orders,

(Dwz - Dazcl )Tm—i-l “Tm =0, (110)
(4D, — 3Dy, Dyy — D3 Vi1 - Ty =0, (111)

which is the Hirota form of the 15t-modified KP equation. In fact, it can be
shown [27] that the bilinear equations in the 15*-modified KP hierarchy can,
equivalently, be interpreted as a bilinear representation of the ZS system (65)
for the KP hierarchy if one introduces ¥ = 7,,41/7m.
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Exercise 3.3. Derive the generator for the bilinear representation of the ad-
joint ZS system (66), and calculate the two lowest-order bilinear equations
contained in it.

The bilinear equations encoded in (109) are often referred to as the equa-
tions describing Bdacklund transformations for the KP hierarchy and (110,111)
in particular, as the Backlund transformation for the KP equation. As we shall
see this is a slight misnomer since these equations do not describe the most
general Bécklund transformation for the KP equations. System (109) actually
describes what are called Darbouz transformations for the KP 7-functions.

Definition 3.3. Let @ be a KP eigenfunction for a given 7-function 7(x),
i.e., a solution to the Zakharov-Shabat system (65) with respect to T(x), then
the map

7(x) = 7(x) X () (112)

is called a Darboux transformation for 7(x).

Similarly, an adjoint Darboux transformation for 7(x) is defined by the map,
T(x) — 7(x) X D*(x), where ®*(x) is an adjoint eigenfunction with respect
to T(x).

It can be shown that the Darboux transformation of a 7-function yields again
a 7-function. In fact [45],

Proposition 3.4. The following action of GL(c0) or a completion thereof,

GL(c0)> g— S tog € GL()

! !

T— TXP=T

)

where ¢ stands for the linear superposition of Fermion operators,

d\
b= fé BN () | (113)

A(o0) 2mi
is the Darbouz transformation for T(x), in terms of the eigenfunction @ ob-
tained from (67) by means of the density h(\).
The operator S~! can be defined on the Fock space by
STMp; =hja ST, ST = 97! (114)
WS t=w+1], SO =t—-1). (115)
In fact, it can be shown [45] that the above transformation entails the classical
Darboux transformation for KP eigenfunctions [28]. More precisely, one can

show that for any eigenfunction ¥ associated to 7 but different from @, the
transformation,
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v, —-UP,

v
H @

(116)

yields a non-trivial KP eigenfunction associated with the new 7-function 7.

As we already mentioned, (109) describes the bilinear form of the ZS sys-
tem for the KP hierarchy and hence a 7-function and its Darboux transform,
i.e., 7 and T = 79, should by definition also satisfy such bilinear equations.
In fact, denoting iterated Darboux transformations of a 7-function by 7y
(k=1,2,---),

Proposition 3.5. A 7-function, 7(x), and its k" Darboux iterate, i) (),
satisfy the k" modified KP hierarchy,

Resy—oo | A mpy( — €[N]) 7(2' +e[N]) 5@V = 0. (117)

This is a consequence of the fact that the action of a Darboux transformation
(or an adjoint Darboux transformation) on a T-function is a mere generaliza-
tion, in the sense of (67) or (69), of the action of the vertex operators I'(xz, A),
or I'*(x, \), which arose in the context of the Boson-Fermion correspondence.

As can be seen from Prop. 3.4 however, a Darboux transformation is
not the most natural Bécklund transformation if one thinks in terms of the
general action of GL(00), the natural transformation being

Definition 3.4. A binary Darboux transformation is a map,
7(x) = 7(x) X 2(P,D*) , (118)

defined in terms of a so-called eigenfunction potential, 2(®,P*), which in
turn is defined by means of a total differential involving KP eigenfunctions ®
and adjoint eigenfunctions &* [35],

dQ(dSa ¢*) = Z Andxn s (An)xm = (Am)wn ) (119)
n=1
R n—1 B
Ay =8 p, (D)6~ 3 (@*pn_k_l(a)qs) . (120)
k=1 ke

The first few A’s take the form : A; = ¢9*, Ay = ¢, 0* — D%, . ...
Exercise 3.4. Show that (A;),, = (A2),.

A binary Darboux transformation maps 7-functions into 7-functions, as can
be seen [45] from

Proposition 3.6. A binary Darbouz transformation corresponds to the fol-
lowing action of GL(c0) or a completion thereof,
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GL(00) > g—(1+¢9")g € GL(0)

! I

T— TXN=T 2 =079 |

where ¢ is as in Prop. 3.4 and ¢* denotes

o* = 7€ A e ) () (121)

211

with a density h*(u) used in the decomposition (69) of &* in terms of adjoint
wave functions.

The notation 2 = 9~1@®* can be justified by the fact that 2, = $P*.

Just as was the case for Darboux transformations, it can be shown that the
above binary transformation induces a transformation for KP eigenfunctions,
R, d*)
V—V—- — 122
2(d,0%) (122)
mapping an eigenfunction ¥ (# @) associated to 7 into a non-trivial eigen-
function associated to 7.
Binary Darboux transformations possess an important property which can
be viewed as a generalization of the well-known Bianchi permutation theorem
for Bicklund transformations for (14-1)-dimensional integrable systems [37],

Proposition 3.7. Every binary Darbouz transformation 7 — T = T X
02(P,P*) is associated to a Bianchi diagram for Darboux transformations,

.y

and vice versa. In this diagram a particular arrow indicates the direction of
a Darboux transformation involving the eigenfunction mentioned next to it.
This diagram is unique for given @ and ®*, up to a constant mutiple of the
T-functions,

T R
x
7':
e
T

—_ = 7¢ 123
Q@,0%)° T T QD,9%) (123)

~, o*

)

An important property used in the proof of the above is

Lemma 3.1. If &* is an adjoint eigenfunction associated to a T-function T,
then its inverse (&*) ™1 will be an eigenfunction for the T-function 7/ = T x ®*.
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These properties of binary Darboux transformations will be used later on,
when the reductions of the KP hierarchy to ordinary differential equations
are discussed.

Observe that the action of a binary Darboux transformation on a 7-
function generalizes the action of the so-called solitonic vertex operator,

I(p,q) = exp (¢(@,p) — £(2,0)) x exp (~€(@,p7") +€@,a7h)) L (124)

which is known to generate the KP N-soliton solutions [11,30],

TN —sol = ecrl'(prq)  penl(pnaan) | q ’ (125)
whence its name. The N-soliton solutions for the KP hierarchy are obtained
from an interation of binary Darboux transformations, (1 4+ ¢;¢(p;)v*(q:))
(c; € C), starting from a vacuum element gjo) = 1,

N
gop — g = [ [ (1 + vy (@) € GL(0) | (126)
=1

with the operator product ordered in descending order for the indices ;
GL(c0) denotes a completion of GL(cc) since the product 9 (p)y*(q) is,
strictly speaking, not contained in gl(co) but rather in a completion thereof.
The corresponding N-soliton 7-function can be expressed as

TN—sol = det (Si,j + exp (g(xapz) - £(w7QJ)) ’ (127)

Pi — 45 1<i,j<N

in accordance with the general form (105,106). Observe that the w; ; in (106)
are really nothing but eigenfunction potentials, £2(s, ¢7).

4 Extensions and Reductions

One can think of several extensions of the above construction. On the one
hand, there are possible extensions of the theory to the case of semi-discrete
systems, also known as differential-difference systems, or to fully discrete
equations. On the other hand, there are also extensions involving not so
much the ranges (of types) of systems that can be described, but rather the
toolbox of methods available for the study of the properties of these systems.
This is especially the case when one wishes to study, for example, integrable
sub-cases of the KP hierarchy, i.e., systems which possess properties similar
to the full hierarchy, but whose solutions only form a subset of the solution
space of the KP hierarchy. Such a selection process is what is commonly
referred to as a reduction of the KP hierarchy.
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4.1 Extensions of the KP Hierarchy

The first possible extension which springs to mind is one to so-called multi-
component systems [38]. The theory that describes such systems is very close
to standard Sato theory, since it only requires a refinement of the represen-
tation space F.

The n-Component KP Hierarchy. The main idea underlying this exten-
sion is to sub-divide the set of Fermion operators {1, } that formed the
free Fermion algebra for the KP theory. Define [19,23], for (a = 1,2,...,n),

W =G ammracte s U = Wlsemeare s (128)

in terms of the operators ¢; and ¢7. This guarantees that these newly defined
operators satisfy the anti-commutation relations,

0" = 60 bap . W) = 07 0Pl =0, (129)

which shows that they actually form n separate sets of Fermion operators.
The fermionic Fock space F can therefore be sub-divided accordingly. If we
define shift operators S, (cf. (114) and (115)),

Sawj(‘a) = ¢§(i)1sa y Saw*ga) = ¢*§i)15a ) Sa|0> = w(_al)/z‘(» ) (130)

which leave all operators wj(-’g ),w*;ﬁ ) (6 # «) invariant, we can then define

so-called coloured highest-weight vectors,
m:= (my,ma,...,My) : |m) = 571852 - S 0) (131)

and their appropriate duals. The Lie algebra gl(co) and its Lie group GL(o0)

can then be expresssed in terms of the new operators ¢§a) and 1/)*5-0‘), from
which point onwards the n-component theory runs parallel to the usual 1-
component theory. Introducing a Hamiltonian H (t) := 3"_ S ¢/ H(*),
Héa) =Y ient1)2 :w(f;.)z/z*;i)e:, which now depends on n sets of infinitely
many time variables, ¢(®) := (tga)7 tga), ...), one can define an n-component
7-function as (g € GL(c0)),

() = (mle"glo) , Y ma=0. (132)
a=1

Observe that, due to the constraint on m, these 7’s are naturally defined on
an (n — 1)-dimensional lattice. They satisfy a bilinear identity of the form
(Vt, t'; k),

Z Res) [ (,)Z?:_ll kitki \katkl tk—8a (t —ealN)
a=1

x TR e () 4 e N]) eﬁa(t*t’ﬂ} =0, (133)
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where k£ 80 = (k.o ko £ 1,0 k), Ea(t,A) = 3200 5N and with
shifts e, [A\"!] that, as in (57) only affect the ¢(*) component. The bilinear
identity yields a generator for the so-called n-component KP hierarchy,

n n
11 T v D) S () 05 kit
=1

a=1

% Z pm(,Qy(a)) P 1tk k' (D(a)) Tk”r(sa k8o _ 0. (134)
m=0

The simplest equation contained in this expression is
VB #£a : D D % .7k = 9 rktds—0a Th—85+0a (135)
1 1

which, at n = 2, yields the (2D)-molecule Toda equation, i.e., the 2D, fi-
nite, non-periodic or semi-infinite Toda latttice (see, e.g., [46] for a survey
of solutions for this system). Observe that the usual KP evolutions are also
contained in (134). For a further discussion of the systems contained in the
n-component KP hierarchy, the reader is referred to [19] or [23]. Observe also
that a further possible extension of this hierarchy would be one in which the
7-functions are defined for general charge sectors (not only zero-charge), thus
including all modified n-component equations as well.

The 2D-Toda Lattice Hierarchy. Taking a closer look at the derivations
in the preceding sections, it becomes clear that the actual form of the KP
bilinear identity is largely due to the presence of an essential singularity
at A = oo in the wave functions (cf. (61)). The introduction, next to this
singularity, of an extra essential singular point in the complex A-plane, say
at A = 0, leads to another interesting extension of the KP hierarchy.

This extension can be achieved by taking into account bosons H,,«¢ (79)
in the time evolution of the 7-functions. Set

H+(£E) = anHn , H_(y) = Zyann s (136)
n=1 n=1

in terms of two sets of infinitely many time variables & and y. The time-
evolution of the field operators 1(\) and ¢*()) is then given by :

HY@) (W) y(\) ¢ H™ @)= H @) () t@NHEwA™)

() H- - v o (137)
CHY @) H™ (W) (\) ¢ H™ W) HF (@) _ ()] ¢ S@A @A™

exhibiting the desired, essentially singular behaviour at A = oo and A = 0.
The rest of the theory can then be developed in close analogy with the KP
case, e.g., the left-action of the field operators on highest-weight vectors in
F can be shown to be (cf. (85) and (86)),
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PN = N DI r 1) (W) =2l ERDIE 1) . (138)

7-functions are then defined as
Tn(x,y) = <n|eH+(m)eH7(y) ge H Wipy (139)

and the corresponding bilinear identity takes the form
Resy—oo |:)\n7n' Tn(m—s[)\],y) Tn/(m'—ks[)\],y’) ef(mfm’,)\)Jrf(y*y/v% :| =

’ ]. 1 ’ ’
Resy—o [}\nn Tn+1(m7y*€[x]) Tn’—l(m/ay/+€[x]) ef(wfw A+ (y—y ’i):| .
(140)

Since the expression for the generator of the bilinear equations in this hierar-
chy is quite complicated, let us rather present an identity for the 7-functions,
calculated along the lines of (62),

(=) Toa(@ = eV, 9) s (@9 = o] ~ el )

+ =) ey = el ) 7l — ey — el
=N ey — el mule — ey e[ = 0. (141

Successive limits, (v — 0, u — 0, A — 00), yield the 2D-Toda lattice equation
in its bilinear form,

1
3 Dan Dy o T = T = Toga Taa (142)

Observe that, in contrast to the molecule Toda type lattices (135), this lattice
is infinite in both directions of n. For a full treatment of the 2D-Toda lattice
hierarchy in the spirit of Sect. 2, we refer to [43] or, for a a description of
these lattices and their symmetries in terms of 7-function identities like the
one just above, to [5].

The Discrete KP Equation. The idea behind the construction of the
discrete KP equation [15] is the same as that used in case of the 2D-Toda
lattice. In order to obtain new identities for the KP 7-functions it suffices to
alter the singular behaviour of the wave functions.

Here we shall, so as to speak, resolve the essential singularity at oo in
the KP wave function by introducing 3 new singular points, in effect simple
poles near infinity, in exactly the same way as was done in (61) when we
constructed the 7-function identity (62) (cf. Ex. 2.4). At the same time, we
shall make a change of variables known as the Miwa transformation [29],
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L
x— L= (61,52,...,&) : a::z& 6[0@] N (ZlEZ) (143)
=1

which relates the continuous variables @ to possibly infinitely many discrete
variables £ by means of a set of parameters {a; € C}.

Since we are only interested in obtaining a discrete equivalent of the KP
equation, introducing only 3 of such variables, i.e., L = 3 in (143) will prove
to be sufficient. Let us, for notational simplicity, denote these variables by
ly = L, 0y = m,f3 = n, and the 3 lattice parameters a; by a; = a,as =
b,as = c. Next we choose the 3 points v; close to co, so as to resolve the
essential singularity at oo in (61) in exactly the same way as was done for
(62). Furthermore, we choose the parameters a, b and ¢ such that vy = a,vs =
b,vs =c.

The Miwa transformation then turns (62) into

b-—c)1l—1,mn) 7({,m—1,n—1)
+(c—a)T(l;m—1,n) 7({ —1,m,n—1)
+(a—=b)7l,mn—-1)7{—1,m—1,n) =0, (144)

where the 7-functions now live on a 3-dimensional lattice whose vertices are
described by the coordinates ¢, m and n. This lattice equation is known as
the discrete KP (dKP) equation or, sometimes, as the Hirota-Miwa equation
[15,29].

Just like its continuous counterpart, the dKP equation can be described
as the compatibility condition of a system of linear equations,

1 7(l—1,m,n)7({,m—1,n)
b—a 7(l,m,n) T({ —1,m—1,n)
><[b?/)(é,m—l,n)—aw(ﬁ—l,m,n)} ) (145)

and two more equations obtained from (145) by cyclic permutation of the
variables (¢,m,n) and the lattice parameters (a, b, c).

For a discussion of the dKP equation, its linear system and its Darboux
transformations or binary Darboux transformations, the reader is referred
to [44], where the general case of the non-autonomous dKP equation, i.e.,
defined on a lattice with varying lattice parameters, is discussed.

w(g_]-vm_lan):

Discretizations of the n-component KP hierarchy can be found in [13,47)
where it is shown that these bear geometrical meaning as so-called quadri-
lateral lattices.

Finally, the procedure of adding particular singular behaviour to the KP
wave functions, mixing essential singularities with poles or continuous vari-
ables with discrete ones, can be carried out in general [8,19] and provides
access to a wide variety of differential-difference and lattice systems. It also
provides a powerful method by which the existence of 7-functions expressible
in terms of special functions can be proved for a whole range of systems.
These ideas are explored in great detail in [42].
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4.2 Reductions of the KP Hierarchy

As was pointed out in the beginning of this section, one of the most interesting
problems in the Sato description of the KP hierarchy or its extensions, is
that of describing lower-dimensional integrable systems whose solutions form
a subset of the solution space for the KP hierarchy. The process by means
of which such systems are singled out is known as a reduction of the KP
hierarchy, or of one of its extensions.

The spectrum of such reductions ranges from (2+1)-dimensional systems,
through (1+1)-dimensional ones, all the way to integrable ordinary differen-
tial equations. Interesting integrable systems arise at many different stages
throughout the reduction process. Let us start by describing a hierarchy of
(241)-dimensional systems whose solutions only make up a subset of the KP
solution space, but which still appear as an integrable hierarchy in its own
right.

The BKP Hierarchy. A well-known example of such a sub-hierarchy is the
so-called BKP hierarchy [10]. Its name derives from the fact that, whereas
gl(00) can be identified with the infinite-rank Kac-Moody algebra Ao, the
Lie algebra that underlies the BKP hierarchy is of B-type, (Bs) [22].

In the Sato picture, the BKP hierarchy can be obtained from the KP
hierarchy (see, e.g., [11]) by requiring that the B, operators as defined in
(39) or (42) vanish when acting on a constant,

B,1=0, VYn=1,305,..., (146)

(since this only yields non-trivial operators for the odd flows z,¢1,t3,. ..,
the even time-flows to,t4,... have to be discarded). Equivalently, one could
require the L-operator (50) to satisfy the symmetry requirement,

OL+L*0=0. (147)
The BKP 7-functions are related to KP 7-functions by
TKP(:C1707:C3707:C57"')ET]%KP(I17$37$57"') ) (148)

and they satisty, e.g., the BKP equation which arises as the lowest member of
the hierarchy of integrable evolution equations that carries the same name,

(9D$1D$5 — 5Di3 — 5D31D13 + D21) TBkP * TBKPp = 0 . (149)

For the derivation of the bilinear identity for BKP 7-functions and for
further examples of the resulting bilinear equations, we refer the reader to [19]
or [10,11] where it is also explained how to describe the BKP hierarchy using
the representation theory for so-called neutral fermion operators.

Alternatively (see, e.g., [19]), the reduction from KP to BKP 7-functions
can also be described by the following automorphism of the free fermion
algebra A,
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oo(vi) = (=) PPl oo(f) = (=) iy (150)
since B, can be defined as a sub-algebra of A, (gl(c0)) by

By :={X € Axs| 00(X) =X} . (151)

Similarly, the CKP hierarchy generated from the C..-Kac-Moody alge-
bra is obtained from Sato theory by requiring that L* = —L for (50). Dso
type systems are associated with B-type reductions of the 2-component KP
hierarchy [19]. Recently [24, 2], there has been much interest in the so-called
coupled KP system [17] which is obtained from a different representation of
the Do, algebra (see [19] or [20] for a detailed explanation of this reduction
of the 2-component KP hierarchy). Of particular interest are the remarkable
soliton solutions that exist for the coupled KP equation [18].

A general discussion of the above reductions for the 2D-Toda lattice can
be found in [31].

Reduction from A., to Affine Algebras. Instead of reductions to sub-
hierarchies of the KP hierarchy that consist of (241)-dimensional partial dif-
ferential equations, one can also describe reductions to hierarchies of (1+41)-
dimensional equations. Such a dimensional reduction amounts to stating that
the 7-functions of the reduced system no longer depend on a particular vari-
able, say x4 : 7,,, = 0. From definition (56) and the ZS equations in (48), it is
then easily seen that wave functions ¥(x, \) associated with such a 7-function
will satisfy the eigenvalue equation,

W,, = BW =\ | (152)

the right-hand-side of which is nothing other than L%). Hence one comes to
realize that imposing the constraint

L= (L), , (153)

i.e., requiring the ¢*P-power of the pseudo-differential operator L to be a
differential operator , amounts to making the 7-functions associated with
this L operator z-independent. Observe that all L’¢ (j = 1,2,...) will then
be differential operators as well, and that accordingly, the 7-functions will
no longer depend on the xj, variables (j = 1,2,...) : 7,;, = 0. The process
of imposing the constraint (153) and the subsequent elimination of the -
dependencies in the 7-functions is called an ¢-reduction.

For example, as is well-known, the 2-reduction of the KP equation (28)
is nothing but the Korteweg-de Vries (KdV) equation written here in Hirota
bilinear form,

(4Dy,Dyy — D )77 =0 (154)
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Proposition 4.1. Besides the KP bilinear identity (58), ¢-reduced KP 7-
functions must also satisfy the identity,

Resy—oo [ Nt —e[N) 7t +e[\]) £E N =0 vt . (155)

Combined, these two bilinear identities describe the so-called ¢-reduced KP
hierarchy.

As explained above, all equations in the /-reduced KP hierarchy admit a Lax
representation,

{BN(t JA) = ANW(E A (156)

)
U(t,\) = B,W(t,\) (n mod £ #0) .

As we saw before, studying the symmetry group for the KP hierarchy pro-
vides much information about its 7-functions and Béacklund transformations.
It is therefore natural to ask what symmetries underly the ¢-reduced KP hier-
archies ? It can be shown [9,19] that the bilinear identity (155) is actually valid
for all 7-functions generated from elements of the form X = 21 j@ij 1y
in gl(c0), that are invariant under the automorphism of the fermion alge-

bra A,

v ) =i, w(dy) =Y, (157)

Condition 1(X) = X can be easily seen to be equivalent to the following
constraint on the matrix elements a;;,

i, j+0 = Qg5 - (158)

Exercise 4.1. Show that the above constraint also implies that such X’s
commute with all bosons, Hj, (j =1,2,...), i.e., [Hjs, X]— = 0. Show that
this implies that all 7-functions generated from such X'’s are z,-independent.

Furthermore, it can be shown [9] (or see [30] for an explicit proof in case of the
KdV hierarchy, including an explicit construction of the relevant algebras)
that the elements of gl(co) (As) that satisfy (158), as well as a second
constraint,

-1
m—1/2,mtke—172 =0 (VkeZ), (159)
m=0

form the affine Lie algebra Ae 1

Az . :=={ X € Ay conditions (158) and (159) hold } . (160)

Hence [9,19],



The Sato Approach to Integrable Systems 49

Proposition 4.2. The {-reduced KP hierarchy possesses Aél_)l symmetry.

This does not mean that the equations in the f-reduced hierarchies do not
possess other symmetries as well. For example, the bilinear identity (155)
is also obviously translation-invariant as well as gauge-invariant and thus
its symmetries also include the Heisenberg algebra generated by the Bosons
H,, (or a sub-algebra thereof, if one restricts himself to the reduced set of
coordinates). It is however the Ag?l algebra that provides the more funda-
mental symmetries, since these will correspond to Backlund transformations
which can be used to generate solutions for the ¢-reduced hierarchies, notably
through the action of Darboux transformations, i.e., using solutions of linear
equations (156). Moreover, besides these two sets of symmetries, there exist
other symmetries as well, as we shall see in the next and final paragraph.

Dimensional reductions of the above type for B, C' and D-type Kac-Moody
algebras are discussed in [19] for the KP hierarchy, and in [31] for the 2D Toda
lattice. There is a vast literature (see the refs. cited in [46]) on what are called
constrained hierarchies or symmetry reductions, which generalize condition
(153) so as to make a wider class of equations susceptible to the reduction
process. The reader is referred to [46] for a discussion of the connections
between those reductions and the ones described above.

Reduction of an Agl)-Type System to the Painlevé IV Equation.
A symmetry which is omnipresent when it comes to discussing the reduction
of (1+1)-dimensional partial differential equations to ordinary differential
equations (again by a dimensional reduction), is the scaling symmetry. For
example, for 7-functions one can define the following property,

Definition 4.1. A KP 7-function is called self-similar if it possesses the fol-
lowing scaling property,

7'(179:1,1]2:E2, ) =K(n) m(x) , vneC, (161)

or equivalently, if it is an eigenvector for the operator L,
o
L::kakamk , JeeC :Lt=cT, (162)
k=1

(compared to (161) we have that ¢ = K'|,—1).
The L operator is part of the Virasoro algebra, (n € Z),

Lyi= Y 05,00, +2 Y iwide, + Y. ijuia; (163)
i+j=n i—j=n i+tj=-n
m3 —m

[Lins Ln]— = (m = n)Lintp + 5m+n,0T ) (164)
and L = 1/2 Lg. Lo is commonly known as the Virasoro energy operator and

hence the eigenvalue ¢ should be called the conformal weight of the function
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7. It can be shown that the Virasoro algebra can be realized within gl(oco)
(see [25,7] for more details). In particular, L ~ 3> 5 »(d +1/2) 19p_j37 =
Furthermore, operator L, so to speak, survives the reduction from gl(co) to
the affine Lie algebras Aél_)l described in the previous paragraph. In fact, it
turns out that such a reduced L can be realized as an element of the Cartan
sub-algebra of Agljl. For notational simplicity we shall use the same symbol
L throughout, even in the context of reduced hierarchies where the functions
upon which it acts no longer depend on all the coordinates.

Since Adler’s seminal paper [1], it has been known that the Painlevé equa-
tions are somehow connected to periodic chains of Darboux transformations.
This idea can be translated to the level of the KP 7-functions. As we did
in Prop. 3.5, we consider a chain of 7-functions, generated by successive ap-
plication of Darboux transformations. Starting from 7jq) = 7, we construct
1) = Tjo] X Po, where &g is a KP eigenfunction corresponding to 7pg). Next we
construct 7py = 771 X @1 in terms of @1 (corresponding to 7y;)), and so on ...

Please observe that Prop. 3.5 implies that any pair (7(,), Tjn14)) satisfies
the k' modified KP hierarchy.

Proposition 4.3.

i) If a Darboux T-chain, Ty, ..., Tn),- ., is {-periodic, i.c., if there exists
a number £ such that T, ¢ = T (V0 = 0,1,...,£ —1),then all 1, are (-
reduced T-functions.

ii) Conversely, from any {-reduced T-function, Ty, it is possible to construct
an £-periodic Darboux T chain.

Let us now consider the case of a 3-periodic Darboux chain of self-similar
T-functions,

{T[O],T[l],T[Q],T[g] = T[o]} , ch S C : LT[n] = CnT[n] . (165)

Requiring the 7-functions in the chain to be self-similar effectively eliminates
all symmetries generated by the Heisenberg algebra we discussed before. In-
stead, we focus our attention on the symmetries that remain as part of Aél).
As every pair (7j,), Tjp41]) in the chain satisfies the 1°*-modified KP hier-
archy and especially its lowest-order member (110), we can represent such a
chain by the following set of bilinear equations (n = 0,1,2 ;73 = 7j0)),

(sz - Dil) Tin+1] * Tln] = 0. (166)
Now, the self-similarity of the r-functions tells us that,
.131(7'[”})9;1 + 2.’L‘2(7'[n])w2 T =0T (167)

a relation which can be used to eliminate the z5-derivatives in (166) by setting

rT1=x, x2=——, x,=0(Vn>3), (168)
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in the 7-functions (for some € € C,e # 0). We then obtain,

(D2 = 5 De =) Ty =0 (169)

where : k,, = %(cn — ¢pt1)- This system provides a bilinear description of
the well-known Painlevé IV (Pry) equation [33,51], the transformation

2
Jn = (log :{:tﬂ exp(—gz)>m . Q= %(2% —Cpt1 —Cpno1 — 1),
(170)
yielding the so-called symmetric form of the Pry equation [6],

(91)e = 91(g3 — g2) + 1
(92)e = 92(91 — g3) + a2 . (171)
(93)z = 93(92 — g91) + a3

Expressing this system in terms of, e.g., y(2) = vg1(z),x = vyz,7% = 2/¢, one
obtains the Pry equation in its standard form,

dy 1 (dy\* 3, 2 2 b
L A e T P T 2 172
o (L) +or v a2 -ansl . am)
_ 2
a=22"% 5 o (ﬂ) . (173)
13 g

Observe that (171) possesses one first integral g, + g2 + g3 = —ex which can
be used in the elimination of go and g3. We can thus conclude that the Py
equation is described by a 3-periodic, self-similar Darboux 7 chain.

As we also know (by construction) that such 7’s can be generated by
elements of Agl), it is interesting to find out how much of this symmetry-
algebra actually remains in such a chain. In other words, we want to study
the Bécklund transformations for this chain that are generated by Darboux
transformations or binary Darboux transformations. Let us first point out
that the eigenfunctions @,, = 7, 41]/7n) (n = 0,1,2) used in the construction
of the chain satisfy the linear equations,

ex
(Pn)oy — 3 (Pn), + 2 (log 7)) o, P = KinPn - (174)
On the other hand, according to Lemma 3.1 (cf. Sec. 3.3), adjoint eigen-
functions can be obtained by taking the inverses of these eigenfunctions,
o =0t = Tin—1]/Tm]- These then satisfy

ex
3

It is easy to see [50] that the only Darboux transformations that give
rise to Backlund transformations for the Py equation are the trivial cyclic
permutations of the 7’s in the chain,

(®})9, + — (D7), + 2 (log T[n])% b = kp1?P} . (175)
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S : S(Tm) = Tn+1] (=T X Pn) ,  S(kn) i= Kng1 - (176)

Obviously, 8% = 1.

Hence we are only left with the binary Darboux transformations to pro-
duce non-trivial Backlund transformations. Since a binary Darboux transfor-
mation is always accompanied by two commuting sets of Darboux transforma-
tions (Prop. 3.7) one can see [50] that only a binary Darboux transformation
Tin] — T[n] of the following type will result in a Bécklund transformation for
the Pry equation,

%\[n] K/n71+§ T[n+1]

Kn —

wlm

Tn—1] kn-1  T[n]

i.e., essentially, the diagram of Prop. 3.7 but with 7 = 7,,, 7" = 7,1}, 7 =
Tin1] and T = Tpn) X 2(T(n41)/Tin)» Tin—1]/ 7)), @and with an additional arrow
since the chains {7, 1], Tn], Tin+1]} and {Tjn—1], Tn]> Tint1)} are periodically
closed.

Hence, there exist exactly three Backlund transformations that result
from binary Darboux transformations, (B (7)) := Tjn)) (n = 0,1,2),

T] Tl —
B, (1jn)) = Tpn ¥ 3_1W, B (Tjn+1)) = Tn+1) - (177)
[n]

The resulting 7’s are still self-similar, although now for an operator L =
x0y — 2e0;, as obtained from (168),

L%\[n] = /C\n?[n] ) /c\n =Cpt1t+Cn—1 —Cn+ 1, (178)
which allows use to write the action of the B),’s induced on the weights c¢,,,
Bn(cn) =Cpt1+Cn—1—Cn+ 1, Bn<cni1) = Cn#t1 - (179>

Furthermore, since the binary Darboux transformation which maps 7y,

to 7{,) can be shown to correspond to an element of Agl), essentially by the
Boson-Fermion correspondence, we can represent 7j,) as

Tn) = L1n) (7)) (180)

for some element I7,) in the vertex representation of Agl). In terms of this
operator, (178) can be rewritten as

3o,
(UJ’F[n]]_ + €F[n]) Tln] =0, (181)
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for «,’s as defined in (170). Since L, in this vertex representation, is part

of the Cartan sub-algebra of Agl), this last relation shows that the a,, are
directly related to the roots of Agl). Indeed, if one calculates the induced

action of the B,,’s on the «,’s by means of (179) and (170),
Bn(an) = —0p , Bn(anil) = Qp+1 + Oy, (182)

one sees that this is exactly the action of the affine Weyl group W(Aél)) on
the roots of Aél), see, e.g., [34] for an exposé on the role such Weyl groups
play in the case of the P;y and Pj; equations. It is easily verified that the
action of the binary Darboux transformations B,, on the 7-functions indeed
satisfies,

B =1, (B,.B,’=1. (183)

n

This implies that, taken together with the symmetry S, these B,, form an ex-
tended affine Weyl group V[/(Agl))7 i.e., in addition to (183), SB,, = B,+1S.

Similar results can be obtained for periodic Darboux chains with gen-
eral periods ¢ > 2. The resulting systems will always allow for Béacklund
transformations (Darboux and binary Darboux) that form extended Weyl

groups /W(Aél_)l). These systems are in fact equivalent to the systems de-
scribed in [32]. In particular, since the Pr; and Py equations are obtained at
{ =2 and ¢ = 4, this result explains why these Painlevé equations are always
accompanied by such extended Weyl groups.
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of Discrete Integrable Systems
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Abstract. Hierarchies of discrete soliton equations are constructed in bilinear form
as a consequence of the algebraic identities satisfied by determinants and Pfaffians.
Difference formulas for determinants and Pfaffians are derived from the discrete
linear dispersion relations satisfied by their elements. For completeness, we first
summarize the main algebraic properties of determinants and Pfaffians.

1 Introduction

Integrable systems have attracted a great deal of interest and have been
studied for many years from various view points. One of those is the char-
acterization of the space of solutions. In the case of soliton equations, there
is a wide class of solutions which possess a simple representation in terms of
determinants or Pfaffians. Even though it has not yet been rigorously proved
that the general solution is given by determinants or Pfaffians, it is known
that the spaces of determinant and Pfaffian solutions are large enough to
determine the algebraic properties of soliton equations. This is because those
spaces suffice to construct the corresponding hierarchies of soliton equations.

The purpose of this article is to provide a simple description of the bilin-
ear theory of discrete soliton equations and their solutions in a self-contained
way. Starting from a space of solutions, that is, a space of determinants or
Pfaffians, hierarchies of bilinear equations satisfied by all of the elements of
the space are constructed from the algebraic identities satisfied by deter-
minants and Pfaffians. Because of the difficulty of the argument of conver-
gence for the series expansion of the solution, it has not yet been clarified
whether these hierarchies characterize the space or not. However, the spaces
of determinants and Pfaffians of finite size contain many solutions, including
solitons, dromions, rational exponential solitons, special function solutions,
and others.

Determinants correspond to the continuous and discrete KP hierarchy
and Pfaffians correspond to the continuous and discrete coupled KP hierar-
chies. Both for the determinants and for the Pfaffians, there are two ways
to impose the differential and difference structures. One is the Wronski type
and the other is the Gram type. The continuous KP hierarchies and their
Wronski and Gram determinant solutions, and the continuous coupled KP

Y. Ohta, Special Solutions of Discrete Integrable Systems, Lect. Notes Phys. 644, 57-83 (2004)
http://www.springerlink.com/ (© Springer-Verlag Berlin Heidelberg 2004
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hierarchies and their Wronski and Gram Pfaffian solutions are well known
and have been studied for many years. The discrete KP hierarchies and their
discrete Wronski and Gram determinant solutions, and the discrete coupled
KP hierarchies and their discrete Wronski and Gram Pfaffian solutions have
also appeared in the literature some years ago. In this article, the case of
discrete coupled KP equations and their discrete Wronski and Gram Pfaffian
solutions is described. The other cases can be derived from this in a direct
way. The discrete KP and its determinant solutions are a special case, and
the continuous cases can be recovered by the continuous limit.

In Sect. 2, we give a summary of the properties of determinants and Pfaf-
fians for later use. The most important properties are the bilinear algebraic
identities which turn out to be the bilinear form of soliton equations. The
difference formulas for the discrete Wronski and Gram Pfaffians are given in
Sect. 3. Using these formulas, we rewrite the algebraic identities as discrete
bilinear equations in Sect. 4. Concluding remarks are made in Sect. 5.

2 Determinant and Pfaffian
In this section, we list the definitions of determinants and Pfaffians and those

properties which will be used in the construction of hierarchies of soliton
equations in the following sections.

2.1 Definition

Definition 2.1. For a given square array of indeterminates,

a1l ai2 -+ ai1N
21 G22 *-+ A2N
GN1 AN2 " ANN

the determinant, det(a;;)i<i j<n is defined as the polynomial in these vari-
ables,

. j1jo2 e N
det(aishsigen = D signy 3° " i Giaga i (1)
where the summation is taken over all choices of N elements, ai, j,, Giyjos
Qinjn s from the square array a;; (1 <i,5 < N) such that i, # i, and j, # ju
for p# v, and sign denotes the signature of permutation of the indices. The
number of terms is N!.

This quantity is well-defined because the sign does not depend on the order of
the pairs, {i1,71}, {i2,72}, -, {in,jn}. We also use the following notation
for a determinant,
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Qiygy Qiygo ~ Gigjy
d _ j17j27"' 7jN o Qizjr Qingy " Gigjn
et(ai,j, Ji<pp<n =7 =1 . . .
11,22, " ,IN
Ainjr Qings " Qinjn

J . L .
Hence ( means a 1 x 1 determinant, which is a monomial a;;.
g

Definition 2.2. For a given triangular array of indeterminates,

@12 @13 * -+ QA1 2N
a3 -+ G22N
a2N—-1,2N

the Pfaffian, Pf(a;j)1<i<j<on is defined as the polynomial in these variables,

. 12---2N
Pf(aij)1<icj<on = :Slgnil iy e gy Mz ®iais T Gian yiay (2)

where the summation is taken over all choices of N elements, ai,i,, Qigiys
Qiyn_1ign s from the triangular array a;; (1 < i < j < N) such that i, # i,
for u # v, and sign denotes the signature of the permutation of the indices.
The number of terms is (2N — 1)1

This quantity is well-defined because the signature does not depend on the
order of the pairs, {i1,42}, {3,494}, - -, {ian—1,%2n }. We also use the following
notation for a Pfaffian,

| Qiyiy Qiyig =" Qigign
L i Qizizg **° Qizisy
Pf(ai,i, ) 1<p<v<en = (i1,02,- -+ ,ian) =

Qi _vian

Hence (4, j) means a Pfaffian with one component, which is a monomial a;;.
For convenience, we define the all Pfaffians of odd size to be 0,

Pf(aij)i<i<j<en+1 =0
and we define (4, 7) for i > j by the antisymmetry condition,

Lemma 2.1. If (i,j) =0 for 1 <i < j < N, then

1,2 -« /N’
1,2,--- ,N,N/,-.. .2 1)y =( 2"
(77 IR ) y 4y ) (1727’]\])
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j/

where ( ) = (i,5"). In another notation,
i

100---0 (1,N') (1,

N-1) 1,2') (1,1
0---0 (2,N) (2,N -1

( 1,1
(2,2 (2,1)

O(N LN (VLN 1) (N— L2) (N —

b 17 1/)
(N,N')  (N,N-1) - (N,2) (N,1)
(N',N—-1) - (N,2) (N',1)

(3/7‘2/) (3/7‘1/)

This lemma means that determinants are special cases of the Pfaffians. There-
fore properties of determinants can be derived from those of the Pfaffians by

specialization.

Proof. From the definition of Pfaffians (2), we obtain

(1727"' aN7N/a"' a2/711)

. 12...N N ... 2 1’
:ngn. . .. . .
2172 *+* IN IN41 " 12N—-1 12N
x(i1,142) (43, %4) - - - (fan—1,%2N)
.. 12... N N ...27
:ngn. . . . ..
2123 *+* 12N—1 12N " 14 12

X (i1, 142)(i3,%4) - - - (fan—1,%2N)

where the summation is taken over all choices of N elements, (i1,12), (i3,74),
—oo, (ian—1,dan), from (i,§) (1 < i< j < N), (i,5') (1 <i,j < N) and (¢, j7)
(N >i>j>1)such that i, # i, for p#v. If (,j) =0for 1 <i<j <N,
the nonvanishing terms in the summation consist of the elements of the form
(i,7') (1 < 4,5 < N) only. By arranging the order of the elements in each
term in such a way that io = 1/, 14 =2/, -+, i3y = N’, we obtain

(172a"' aNaNla"' 72171/)

—Nsign: © Y (11,1)(65,2) - - (ian 1, N
> g2113~--121v_1(1 )(is,2") -+ (ian—1, N)
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where the summation is taken over all choices of iy, i3, -+ -, iay_1 from 1, 2,
-++, N such that i, # 4, for p # v. Thus the right-hand side coincides with

the N x N determinant whose (j)—element is (4, 4').

Proposition 2.1. If (i,5/) =0 for 1 <i,j < N, then
(1727"' 7N7N/7"' 72/51/) = (1727 7N)<N/7"' 72/a1/)'

In another notation,

| (1,2) (1,3) -~ (LN) O 0 0 0
23) - @N) 0 0 0 0
CNSLN)O 0 e 00

0 0 - 0 0

(N, N = 17) - (N, 2) (N', 1)

. (3/’.2/) (3/’.1/)
(2, 1)

N) (NN =17 (N, 2) (N, 1)
N . . .

. : . (3/;2/) (3/’.1/)
(Nf 17N) (2/311)

Proof. From the definition of Pfaffians (2), we obtain

(132»"' aNaN/a"' 72/71/)

.. 12... N N ... 20 1
:251gn. . . . .
1122 * - IN IN41 "0 12N—1 12N

x (11, 142)(i3,14) - - (fan—1,%2N),

where the summation is taken over all choices of N elements, (i1,12), (i3,14),

-, (ian—1,92n), from (i,7) (1 < i< j < N), (4,5) (1 <4,j < N) and
(i',5') (N > i > j > 1) such that i, # i, for p # v. If (i,5') = 0 for
1 < 4,5 < N, the nonvanishing terms on the right-hand side consist of the
elements of the form (i,7) (1 <i < j < N) and (¢,5/) (N >i>j > 1)
only. Thus when N is odd, all terms vanish and the proposition holds since a
Pfaffian of odd size is defined to be 0. When N is even, by arranging the order
of the elements in each term in such a way that iy, 42, -+ ,iy € {1,2,--- ,N}
and IN+1,4N+2, " ;laN € {N/, s ,2/, 1/}, we get
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(1727"' 7N7N17"' a2/a1/)
.12 N . N’ 2/ 1
= Z&gn. ; . sign. ) )
11 %2 -+ IN IN41 " 12N—-1 12N
X (i1,12)(i3,%4) - - - (lan—1, 92N ),
where the summation is taken over all choices of (i1, i2), (i3,44), -, (in—1,%N)
from (i,7) (1 <i<j < N),and (int1,in+2), (in43:9N44), -, (lan—1,02N)

from (i',7) (N > i > j > 1). Thus the right-hand side coincides with the
product of the two Pfaffians, (1,2,---,N) and (N’,--- ,2,1).

2.2 Linearity and Alternativity

For each term of the summation in the definition of a determinant (1), each
number from 1, 2, ---, N appears once in the indices ji, j2, -+, jn. Thus
the determinant is linear with respect to its jth column for j = 1,2,--- , N.
Similarly each number from 1, 2, ---, N appears once in the indices i1, iz,

-+, in, in definition (1). Thus the determinant is linear with respect to its
ith row for i = 1,2,--- , N. Therefore we have the next proposition.

Proposition 2.2.

0
B

)

1 2
1 1
1 2
— 2 2
1 2 J
N N N
and
1\ /2 j
C
1 1 1
1\ /2 j
2] \2 “\2

e

2

&

- N

(1)) -
()

) ()-

L1
J
2

N N =N

(3

(2

)
)

N .= .
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(- () (-
M G 0
oo-ofoe-o
HE- O e -0

0010 0 0)
B0 HEO-o

In the case of a Pfaffian, there is no distinction between column and row.
For each term of the summation in the definition of a Pfaffian (2), each

number from 1, 2, ---, 2N appears once in the indices i1, i3, -, o5. Thus
the Pfaffian is linear with respect to its ¢th column for ¢ =1,2,--- | 2N.




64 Y. Ohta

Proposition 2.3.

| (1,2) (1,3) - (1,4) +
(2,3) --- (2,9) + (2,7)

G- i)+ (i —1,0)
(i + 1)+ (i,i+ 1) - (i,2N) + (i,2NY

(2N —1,2N)

‘ (172) (173) o (172) (1,2N)
(2,3) -+ (2) (2,2N)
= (Z _'lai)
(i,i41) (i,2N)
(2N — 1,2N)
| (1,2) (1,3) (1,4) (1,2N)
(2,3) (2,1) (2,2N)
+ ' (z’—‘l,z’)’
(iyi+1) (i,2NY
(2N — 1,2N)
and
| (1,2) (1,3) c(1,1) (1,2N)
2,3) (2,7) (2,2N)
c(i ~ 1,4)
c(i,i+1) c(i,2N)
(2N — 1,2N)
| (1,2) (1,3) -+ (1,4) (1,2N)
(273) ) (2al) (2>2N)
=c (i —1,4)
(i,i+1) (i,2N)
(2N —:1,2N)
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The determinant is alternating with respect to its columns and to its rows,
that is, the following propositions hold.

Proposition 2.4. If two columns of a square array of variables are identical,
then its determinant is 0,

1,2, 4,4, N 0
1,2, cveniniennns N

In another notation,

1 2 j J N
1 1 1 1 1
1 2 j J N
2 2 2 2 2/ =0

D060

Similarly if two rows of a square array of variables are identical, then its
determinant is 0,

1,2, e AN 0

1,2, i, ,4,--- , N

In another notation,

DO ==

Proof. First we prove the proposition in the case of identical columns. Let

us assume that the jth column and the j'th column are identical (j # j').
N

IN(J

In the summation of definition (1), a term including ( cancels with
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. . .
0) = () ()
1! 1)\

the signs of these terms are opposite. Therefore all terms in the summation
cancel each other and the determinant vanishes. The case of rows is proved
in the same way.

the same term with j and j' exchanged, because <‘]> (
i

From this proposition and the linearity of determinant, the next one follows
immediately.

Proposition 2.5. By exchanging two columns, the determinant changes its
sign, that is,

(

In another notation,

1,2, g, gl
1,2, cvveeeennenns ,

R N e
NN
N L= .

- N

A

<

N — = =

1

8

L2,
1,2, i,

(

In another notation,

N N =N

)(:

y/

,Z,"'

Mb\~>—‘

-/

J

N

) &

Similarly by exchanging two rows, the determinant changes its sign, that is,

)

1,2,

N S .

J

)

!
1,2, 4,

)
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2 N
1
N

)00 00
D) 000
<;,> ORI OIHEE

By the linearity and alternativity of the determinant, we know that adding
a column (resp., a row) multiplied by a constant to another column (resp.,
row) does not change the determinant.

The Pfaffian is also alternating with respect to its columns.

N N = DN
DO ==
N DN =

1
N
2

Proposition 2.6. For i # j, if the ith and jth columns of a triangular array
of variables are identical, that is, if (i,k) = (4,k) for all k, then its Pfaffian
is 0,

(1727 7/1/7 7Z7 72N) = 0 (3)
In another notation
[(1,2) (1,3) ---  (1,4) (1,14) (1,2N)
(2,3) -+ (2,4) (2,14) (2,2N)
(-1,0) (i —1,4)
(i+1) - (,5—1) 0  (i,j+1)---  (i,2N)
' —(4,i+1)
~(ij-1)
(4,7 +1)--- (7,2N)
oN —:1,2]\])
=0

Proof. Without loss of generality, we can assume i < j. In the summation
of definition (2), for k < I < i < j, a term including (k,7)(l, j) cancels with
the same term with ¢ and j exchanged, because (k,4)(l,j) = (k,j)(l,4) and
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the signs of these terms are opposite. For k < ¢ < I < j, a term including
(k,7)(l,j) cancels with the same term with (k,¢)(l, ) replaced by (k,7)(3,1),
because (k,7)(l,7) = —(k,j)(i,1) and the signs of these terms are the same.
For k < i < j <, a term including (k,7)(j,!) cancels with the same term
with ¢ and j exchanged, because (k,%)(j,{) = (k,7)(i,]) and the signs of
these terms are opposite. Similarly for i < k <l < j,i < k < j <l and
i < j < k <, cancellation of the terms occurs. Finally a term including (4, 5)
vanishes, because (7, j) = 0. Therefore all terms in the summation cancel each
other and the Pfaffian vanishes.

From this proposition and the linearity of the Pfaffian, the next one follows
immediately.

Proposition 2.7. By exchanging two columns, the Pfaffian changes sign,
that is,

(1,2, iy, 4y, 2N) = —(1,2,-- ,j,--+ ,i,--- ,2N)

In another notation,

‘ (112) (173)"' (lvi) (17j) (172N)
(273)“' (21i) (QJ) (Z#QN)
' (i Qu) (ifble)
(G,i+1) -+ (4,7 —1) (4,5) (i,54+1)--- (i,2N)
' (i+1,5)
(J _'Lj)
; (QN —:1,2N)
| (1,2) (173)"' (Lj) (177:) (LQN)
2,3) - (2,7) (2,17) (2,2N)
- 1) (i—1,0)
—(+Lj) - ==L -GiH Gi+D-  (G2N)
= —(iyi+1)
(4,74+1) - (7,2N)
h (2N —:1,2N)

By the linearity and alternativity of the Pfaffian, we know that adding a
column multiplied by a constant to another column does not change the
Pfaffian.

By using the above properties of determinants and Pfaffians, we can prove
that the determinant of an antisymmetric array is the square of the Pfaffian.
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Lemma 2.2. If <j) s antisymmetric, that is, <]) = —(Z> and (Z) =0,
) ) j 1
then
1.2.... . N
L =(1.2,--- . N)?
(17 2’ . 7-]\7) ( ) ) ) ) )

where (‘7> = (4,7). In another notation,
i

0 (1,2) (1,3) (1,N)
—(1,2) 0 (2,3) (2,N)
—(1,3) —(2,3) :
: (N —-1,N)
(I, N) —(2,N) —(N —1,N) 0
| (1,2) (1,3) .-~ (L,N) |
i (N —:1,N)

This lemma means that the Pfaffian can be regarded as a square root of the
determinant of an antisymmetric array. Therefore the properties of Pfaffians
can be derived from those of determinants by specialization.

Proof.

—(1,2) 0 (2,3) (2,N)
—(1,3) —=(2,3) 0
: (N —1,N)
—(1,N) =(2,N) - —(N -1,N) 0
|000---0 (1,N) (1,3) (1,2) 0
00---0 (2,N) (2,3) 0 —(1,2)
0---0 (3,N) 0 —(2,3) —(1,3)
0 (N —:17N) 0
= 0 —(N-1,N)--- —(3,N) —(2,N) —(1,N)
(N—-1,N) (3,N) (2,N) (1,N)
(3,4) (2,:4) (1,:4)
(2,3) (1,3)
(1,2)
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where we used Lemma 2.1,

0 0 -~ 0 \N)
0 0 (3,N)
0 (N-1,N) 0
- 0 —(N-1,N)
(N_LN)

where we added the 2Nth column to the 1st one,

0 - 0 (3N
0 (N—1,N) 0
- 0 —(N-1,N)
(N —1,N)

where we added the (2N — 1)th column to the 2nd one,

‘ (172) (173) (174) (17N) 0
(2,3) (2,4) -~ (2N) 0
(3,4)--- (3,N) 0
(N-1,N)0 0
= 0 0
(N—1,N)

0 0 0
23 0 —(1,2)
0 _(273) _(173)
. —(3,N) —(2,N) —(1, N)
S @BN) (2,N) (LN)
B.4) (2.4)  (1,4)
2,3)  (L3)
(1,2)
0 0 0
0 0 0
0 _(273) _(173)
~(3,N) —(2,N) —(1, N)
(3,N) (2,N) (I,N)
B.4) (2,4)  (1,4)
2.3)  (L3)
(1,2)
0 0 o0
0 0 0
0 0 0
000
@) @4 (14
(2,3) (1,3)
(1,2)

where we repeatedly added the (2N + 1 — k)th column to the kth one for

k=34, N,
‘(172) (173)"' (LN)

| (N—-1,N)

C(N—1,N)

-+ (2,N) (1,N)

C@3) (13)
(1,2)

where we used Proposition 2.1. When N is odd, the determinant of an anti-

symmetric array vanishes.
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2.3 Cofactor and Expansion Formula

A cofactor of a determinant or Pfaffian is defined to be the coefficient of a
certain term in the polynomial. We note that for any ¢ and j, both determi-

nant and Pfaffian are polynomials in <j> or (i,7) of at most degree 1, thus
i
the following concepts are well-defined.

Definition 2.3. We define the (‘7,1"7,27“' »In

11,22, " ,In
1’2’...’]\/' ‘o b
1,2,--- N 0 ve

1,2, N\ J1\ (J2 Jn L2,--- N
= ient ; 14T
<1727"' 7N>i1i2~~in <Coeﬂ€men o <Zl) <l2) (lﬂ) " (1725"' 7N)>
Definition 2.4. We define the (i1,42,- - ,i2,)-cofactor of the Pfaffian (1,2,
<+ 2N) to be

(1,2, ,2N)iyigein, = (coefficient of (i1,i2)(i3,44) - - (i2n—1,92n)
in (1,2,--- ,2N))

>—cofactor of the determinant

From the definitions of determinants and Pfaffians, (1) and (2), it is clear
that each cofactor is also expressed as a determinant or Pfaffian with an all
over sign.

Proposition 2.8. For 1 < i1 <is < - <in < Nand1 <j1 <jo<--- <
Jn <N,

1.9.... . N J1gz - gn
(172a”' 7N> P
1112 In

= (—1)irHirtiatiatetintin (1727"' I g2 g ’N>

where = means deletion.

Proposition 2.9. For permutations o and T,

(1 9 N>j0'(1)j0’(2)”'jo‘(n)
b b b

1.9.-- N = signo signt <

1,2,---,N J1gz2 - gn
1,2,--- ’

Lr(1)%r(2) " (n) 1192 n
Proposition 2.10. For 1 <i; <iy < -+ <9, < 2N,

(1,2,--- ,2N)i1i2...i
_ (_1)i1+i2+'“+i2n+n(1 2

2n

~ ~ —

s "t ailf" ai27"'ai2na"' 72N)a

where ~ means deletion.
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Proposition 2.11. For a permutation o,

(1727"' 72N> :signo (1a27 a2N)i1i2~--i

lo(1)to(2)  "to(2n) 2n

Since in the definition of determinants (1), the index j (1 < j < N) ap-
pears once in the column indices j1, jo, - - -, jn in each term of the summation
and the index ¢ (1 < i < N) appears once in the row indices 41, io, -+, in,
we get the following expansion formula for determinants.

Proposition 2.12.

N i
1.2.--- . N 1,2,--- , N\’ [

) ) ) — ) ) ) 1<<N
(1,2,... ,N) Z(m N)(z) =J=

N i .
1,2,--- , N\’ [
— ) ) k) 1 < . < N.
>(1an) () i
Similarly since in the definition of Pfaffians (2), the index j (1 < j < 2N)
appears once in each term of the summation, we get the following expansion
formula for Pfaffians.

Proposition 2.13.

2N
(1,2,--- ,2N) = 2(1,2,--- ,2N)ii (i, ) 1<j<2N.
i=1
By taking 5 = 2N in this proposition, we get
2N—1
(1727"' aQN) = Z (_1)271(17"' ) .7"' a2N—1)(Z’2N) (4)

i=1

~

where ~ means deletion. We note that this can be regarded as a recursive
definition of Pfaffians, that is, Pfaffians of size 2N are inductively defined by
using Pfaffians of size 2N — 2.

2.4 Algebraic Identities

We now formulate the bilinear algebraic identity for Pfaffians.

Theorem 2.1. The Pfaffians,
giliQ"'iy = (1527 aNail7i2a"' 7iu) (5)

satisfy the identity,

n

Z(_l)lgiliz...imjlgjljz...J”l...jn + Z(_l)kgiliz"»i/;;---imgjljz-..jnik =0 (6)

=1 k=1

where ~ means deletion.
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Proof. Using the expansion formula of Pfaffians (4), we obtain

<_1)l<a17a27"' 7aKabl)<b17b27"' 76;7"' abL)

M=

Il
—

(_l)k(alanv"' 76;5"' aaK)(blaan"' ,bL,CLk)

+

M- 11

(_1)k+l_1(akvbl)(a17a27"' 76;7"' uaK)(b17b21"' 75;7"' 7bL)

M- 1M~

(_1)k+l_1(a1)a2)”' 7627"' 7aK)(bl7a’k)(b1)b23"' a&?”’ 7bL)

+
° 1M
T

K,L: odd

Taking K = N+m, L=N+mn,a, =b, =k (1 <k <N), anyr = ix
(1 <k <m)and byyr = jr (1 <k < n) in the above equation and using
(3), we recover the Pfaffian identity.

Using Lemma 2.1, we can derive a bilinear algebraic identity for determi-
nants by specialization.

Theorem 2.2. The determinants,

11901 172".'7N_m’2.17i2".'7i7n
ghs m:<12 ..................... N) "
satisfy the identity,
m+1 i
Z (—1)tghizim—rdi ghrizdiimts = () (8)
=1

where ~ means deletion.

Proof. In the identity for Pfaffians (6), we replace m by m — 1, n by
m + 1 and N by 2N — m, and rewrite the indices 1,2, --- ,2N — m as
N/ - 2,1,1,2,--- N —m. By taking (¢/,j') =0 (N >i>j > 1) and

g (T
@)= (1)
1§i§N7j€{1727"'aN_mailaZéf";im717j1;j27"'7jm+1}a

the Pfaffians in the first term in (6) are specialized to determinants given
in (7) and the second term in (6) vanishes. Then the Pfaffian identity (6)
reduces to the determinant one (8).

The determinant identity (8) is called the Pliicker relation and the &’s
in (7) are called the Pliicker coordinates. The algebraic identity (6) is the
Pfaffian counterpart of the Pliicker relation, and the &’s in (5) are the Pfaffian
counterparts of the Pliicker coordinates.
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2.5 Golden Theorem

The following golden theorem is useful in the construction of new identities
for Pfaffians from simple identities.

Theorem 2.3. For a given identity for Pfaffians, the equation which is ob-

tained by replacing all Pfaffians (i1,i2,- - ,i2,) appearing in the identity by

(172a"' 72N7i17i2a"' aiQn)
(1a27"' a2N)

1s also an identity.

Ezample 2.1. We have

(a1, a2, a3,a4) = (a1, az2)(as, as) — (a1, a3)(az, as) + (a1, as)(az, az)
By the above theorem, we get

(1,2,--- ,2N, a1, az,a3,a4)

(1,2,--- ,2N)
o (1727 72Naa1;a2) (1a27 32N7a37a4)
(172772N) (1?27a2N)
(1727"' ,2Naalaa3) (1527 a2Naa2aa4)
(1727a2N) (132732N)
+ (1727 ,2N,a1,a4) (1527 ,2N,a2,a3)
(1,2,---,2N) (1,2,---,2N)
thus we obtain
(1727"' 52Naa17a27a37a4)(1727"' 72N)
= (]-727 72N7a17a2)(1u27"' ,2N,CL37CL4)
- (1727"' ,2N,U,1,(13)(1,2,"~ 32N7a27a4)
+(1,2,~-~,2N,a1,a4)(1,2,---,2N,a2,a3) (9)
Ezample 2.2. Applying the theorem to the expansion,
0 = (ao, ao, a,as, as, as)
= (a07a17a27a3)(a07a4) - (a07a17a27a4)(a07a3)
+ (a07a17a37a4)(a05a2) - (a07a27a37a4)(a07a1)
we get
(172a"' 72N7a07a17a27a3)(1727"' 72Naa03a4)
- (172a' . 72N7a07a1,a27a4)(1727' : ,2N7a0;a3)
+ (1727 72N7a07a17a37a4)(1727'" 72N7a01a2)
— (1,2, 72]\7,(J,(),61,2,61,3,0,4)(1,2,‘" ,QN, ao,al) =0. (10)
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Proof. In the algebraic identity for Pfaffians (6), by rewriting m to 2n — 1, n
to 1, N to 2N and j; to igy,, we obtain

(1727"' 52Nai17"' 72.271)(1’2)"' a2N)

2n—1
= Z (_1)]671(1’25"' a2N7i1a"' 7{/:7"" 7i2n—1)(1a2a"' a2N7ikai2n)
k=1
thus
(1727"' 72N;7;17"' 7i2n>
(1,2, ,2N)

2n—1 . o~ . . .
_ Z(_l)k—l(lazv"'72Na217"'azka"'aZQn—l)(1727"'aQNaZ]WZ?n)
k=1 (1a2,a2N) (172772N)

This has the same form as the recursive definition of Pfaffians (4). From this

fact, the golden theorem is immediately proved, because the replacement

(172a"' 72N7i1ai27"' aiQn)
(1,2,---,2N)

of (i1,42,- -+ ,i2,) With is valid in the recursive

definition of Pfaflians.

In the case of determinants, we also have a golden theorem, which is again
useful for the construction of new identities from simple ones.

Theorem 2.4. For a given identity of determinants, the equation which is
obtained by replacing all determinants <‘7,1’]_2’ Codn
11,22, 5, In
(1727 U 7N7j17j27 T 7.71’1)

1,2, ’N’“’ZQ")” '/ s also an identity.

) appearing in the iden-

tity by

1,2, ,N
1,2,--- N

Ezample 2.3. We have

()= () () - () )

By the above theorem, we get
1a27"' 7N7b1;b2
1727"' aNaa/l;aQ

1,2, N
1,2,--- N

1727"'5N7b1 1727"'aNab2 172a"'7N7b2 1727"'7N7b1
172>"'aN;a1 1,2,"',N,112 1727"’3Naa1 1727"'7N7a2

o 1,2, ,N 1,2,---,N
1,2,---,N 1,2,--- N

172’...7]\[ 1727...7]\/'
1727...7]\/' 1727...7]\7



76 Y. Ohta

thus we obtain

1723"'7N7b1>b2 1,27"’7N

172a"'7N7a17a2 1727"'7N
_ 172a"'7N7b1 1727"'7N7b2 1a27"'aNab2 1a27"'7N7b1
B 1727"'7N7a1 1727"'7N7a2 1727“'7N7a1 172,"',N7CL2
This is called the Jacobi formula for determinants.

Proof. From the golden theorem for Pfaffians (Th. 2.3), we obtain

(1727"' 7N7i177;27"' 7i2n7Nl7"' 72/71/)
(1527"' 7N7N/a"' a2/71/)
:Pf<(1’2, aNaiuaiVaN/f" a2/a1/))
(1a2,"' aNaN/a"' 72,7]-/) 1<pu<v<2n

By taking (4,7) =0 (1 <i<j<N), (4,i,) =01 <i<N,1<pu<n),
(tp,0) =0 (1 < p<v<n), we get

1727"'7N7.j17j27"'7jn 172a"'7N7jl/
1727"'7N7i17i27"'7in — det 1;2’”'3Naiﬂ

1,2,---,N =de 1,2,---,N
1,2,---,N 1,2,---,N I<pwsn

where (j> = (i,5) (1 < i,j < N), (ﬁ”) = (iions1y) (1 <i < N,1 <

< m). This has the same form as the definition of determinants

v (1) =G s isnr<g <N and (P) = Guianein)
v
m this fact, the golden theorem is immediately proved, because the

<1527"' aNajlaj27"' v.]n>
.7:17.]:27"' ?JTL> with 1727"' 7N7i17i27"' 7in
11,12, ,ln 727 o

1,2, N
1727...7]\/'

Theorems 2.3 and 2.4 are called the Wick theorems.

is valid in

replacement of (

the definition of determinants.

2.6 Differential Formula

Assume that (]Z) and (4, 7) are differentiable functions of a variable z.

Theorem 2.5.

1»27"‘;N 1727"’7N J J
51(1,2,.-. ,N> > (1,2,--- ,N)»&(i)
1<i,j<N ¢
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1.2.-.- . N ;
Proof. Since the determinant (1’2’ ’ N) is a polynomial in <‘7> of at
5 ’. .. 5 Z

most degree 1 for all ¢ and j, we have

1,2,---,N . J J
8x< )4 ) ) — Z <coeﬁi<31ent of 6};()) 33:()
1a27"' ’N 1<i,j<N ! !

and the above coefficient of 9, (‘7> is equal to the coefficient of <‘7> in the
) )

. 1,2,--- N o (1,2,--- N\ o
determinant (17 5. ,N)’ which is (17 5. ,N) by definition.

%

Theorem 2.6.

812(1727 52N): Z (1527 72N)1]8$(7’?])
1<i<j<2N

Proof. Since the Pfaffian (1,2,---,2N) is a polynomial in (4,5) of at most
degree 1 for all ¢ and j, we have

0:(1,2,--- ,2N) = > (coefficient of 0, (i, 5))a(i, )
1<i<j<2N

and the above coefficient of 0,(i, j) is equal to the coefficient of (¢, 7) in the
Pfaffian (1,2,--- ,2N), which is (1,2,--- ,2N);; by definition.

3 Difference Formulas

In this section, we give the difference formulas for Pfaffians with discrete
Wronski or Gram structure. Let the elements of a Pfaffian be functions of
discrete independent variables, ki, ko, k3 ,---. In order to specify the val-
ues of the independent variables, we write them as a suffix, for example,
(4, 7) k1 k2 ks, » and we may omit unshifted independent variables for simplic-
ity. We denote the difference interval for k, by a,.

3.1 Discrete Wronski Pfaffians

Definition 3.1. If the (i, j)-element of a Pfaffian satisfies the discrete linear
dispersion relation,

;((z’j)ky/ - (Zaj)kufl) = (Z + 17])’% + (Zv.j + 1)k,, - aV(Z +1,5+ 1)’%

v

for all v, then this Pfaffian is called a discrete Wronski Pfaffian.
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FEzample 3.1. Let

(0,5) = > (PP — pPp).

n

These are elements of a discrete Wronski Pfaffian. Here <p£f ) and ng ) are

arbitrary functions satisfying the discrete linear dispersion relations,

1 . ) )
— () = Dy = 1) = @D (k)

1 . . )
— (0 () = 0 (k= 1)) = 9V k),
for all v.

Using the linearity and alternativity of Pfaffians proved in Sect. 2 and the
above discrete linear dispersion relation for the (7, j)-element, the next theo-
rem can be easily proved.

Theorem 3.1. The discrete Wronski Pfaffian (1,2, --- ,2N) satisfies the dif-
ference formulas,

(1,2,-++ ,2N)g, 11 = (1,2,--- ;2N — 1,2N )
a(1,2, - 2N )11 = (1,2,--- 2N —1,2N —1,)
(ay —au)(1,2, 2N )k 41541 = (1,2, -+ 2N — 23N —1,,,2N — 1,,)
ayap(ay —a,)(1,2, -+ 2N)g 15,1 = (1,2, ,2N — 2,2N — 2, 2N — 2,)
H (ay —au) (1,2, 2N ) py 41 kot 1, k41
1<v<p<n
—(1,2,-- 2N —n,2N —n ¥ 1p,--- 2N —n 1 12,2N —n + 11)

n

H ay H (@ —ap)(1,2, - 2N )by 41 kot 1, k41

v=1 1<v<pu<n
=(1,2,--- ,2N —=n,2N —np, -+ ,2N —n9,2N — ny),

where

(ivjy) = (i’j)kVJrl - al’(i + 17j)ku+1

(ju’ju) = (G’V - all«)(j7j + 1>ku+1)ku+1'

3.2 Discrete Gram Pfaffians

Definition 3.2. If the (i, j)-element of a Pfaffian satisfies the discrete linear
dispersion relation,
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... . _ _
(i 0)k, = (A=) = 0 (k)2 (ke = 1) = & (k)@ (ks — 1),

v

(n)

for all v, and if cpl(-") and @; satisfy the discrete linear dispersion relations,

1

— (0" (k) = 9" (k= 1)) = 0"V (k)

1 —(n —(n —(n
— (@ (ko + 1) = 9] (k) = & (k).
for all v, then this Pfaffian is called a discrete Gram Pfaffian.

Ezxzample 3.2. Let
.. n n) _(—n—1 n) _(—n—1
(i,9) = eis + 2 (=) (@M@ — Ve ),
n=0

They are elements of a discrete Gram Pfaffian. Here the c;;’s are constants
satisfying the antisymmetry, ¢;; = —¢;; and ¢;; = 0.

Using the linearity and alternativity of Pfaffians proved in Sect. 2 and the
above discrete linear dispersion relation for the (i, j)-element, the next theo-
rem can be easily proved.

Theorem 3.2. The discrete Gram Pfaffian (1,2,--- ,2N) satisfies the fol-
lowing difference formulas,

1
—(1,2,-++ ,2N)g, 41 = (@,1727... ,2N,d8)
ay
a, — ay, o o
(al,a#)Q(l’Q"" 2N )41, 41 = (A0, d*, 1,2, 2N, dD, D))
H (ay —ap)
1<v <n
< <M71 (1,2, 2N )by 41 kgt 1, oy +1
(J[ )"
v=1

= (dT)7J17 7({71_171727"' 72N7d(1)ud87"' 7d2)7
where

(0,d) ="k, +1)  (d,d0) =0

wr v

1

ag+1

(Jn7j) = _@§n) (gn7gM) =0 (Cin7d10/) = (_1)n
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4 Discrete Bilinear Equations

Both the discrete Wronski Pfaffians and discrete Gram Pfaffians satisfy the
same bilinear equations, that is, the discrete coupled KP hierarchy. Below we
give the bilinear form of discrete coupled KP equations for both the Wronski
case and Gram case.

4.1 Discrete Wronski Pfaffian
For discrete Wronski Pfaffians, let us define
™ = (1727 aQN)

Then the difference formulas for 7y are given by Theorem 3.1. The follow-
ing bilinear equations for 7 are a direct consequence of bilinear algebraic
identities (9) and (10),
ay(ay, —ax)tv(ky + 1,k + D7 (ky + 1)
+ay(ay —ay,)tv(ky + 1,y + 1) (K, + 1)
+ ax(ay, — ap)tn(ky + 1, ky + D)7 (ky + 1)
= ayapar(a, —ax)(ax —ay)(ay —ay)tvi (b + 1,k + 1,k + )71,

agax(a, —ax)tny1(ky + 1L, ky + D)7y (b, + 1)
+ axay(ax — ay)Tn41(ky + 1,k + )7y (ky + 1)
+ aya,(ay —ap)tnii(ky + 1,k + D)7 (ka + 1)
+ (ay, —ax)(ax —av)(ay —ay)Tvs1 (ke + 1,k +1,kx + 1)y = 0.

These equations coincide with the bilinear equations of the discrete coupled
KP hierarchy.

4.2 Discrete Gram Pfaffian
For discrete Gram Pfaffians, let us define

T=(1,2,---,2N)
o=(1,2,---,2N,d°, d")
=(dd"1,2,---,2N),

where
(G,d") =™ @md)=0  (d",d) =0.

Then the difference formulas for 7 are given by Theorem 3.2. In the same
manner, we can obtain the following difference formulas for ¢ and &,
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a,o(k, +1)=(1,2,--- ,2N, do,dg)
(ay — ap)o(ky +1,k, +1) = (1,2,--- ,2N,d)), dy)
(a, — au)(a,, - ak)(au —ay)

Ay Gy ay

=(d°1,2,--- ,2N,d},d°,d°)

o Yv

ok, + 1,k +1,kx+1)

—a(ky+1) = (d°,d",d*1,2,-- ,.2N,d)).

ay

The following bilinear equations for 7, ¢ and & are direct consequences of
bilinear algebraic identities (9) and (10 ,

)

ay(a, —ax)T(k, + 1,kx + 1)7(ky

—&-au(a,\ ) (k +1,ky + )T(k

+ ax(ay —a,)T(ky + 1,k + 1)7(kx

= ayayax(ay, —ax)(ax —ay)(ay —ay)o(k, + 1,k, +1,kx + 1)G
apox(ay —ax)o(k, +1,kx + 1)7(k, + 1)

+ a,\ay(aA — ay) (k,, + 1,k + 1)7'(]<3H + 1)

+ avay(ay, —ay)o(ky, +1,k, + 1)7(kx + 1)

+ (ay —ax)(ax —ay)(ay —ay)o(ky, + 1,k +1,kx+1)7 =0

apax(ay, —ax)t(k, +1,kx+1)a(k, +1)
+ axay(ax —ay)7(ky + 1,kx + 1)a(k, + 1)
+ ayay(ay —a,)t(ky +1,k, +1)a(ky + 1)
+ (ay —ax)(ax —ay)(ay —ap)7(ky + 1,k, +1,ky +1)a = 0.

These equations coincide with the bilinear equations for discrete Wronski
Pfaffians and they also coincide with the bilinear equations of the discrete
coupled KP hierarchy.

5 Concluding Remarks

We have obtained bilinear equations for the hierarchies of discrete soliton
equations from the algebraic identities and the difference formulas for deter-
minants and Pfaffians. Whereas the identities for determinants correspond
to the KP hierarchy, the identities for Pfaffians correspond to the coupled
KP hierarchy both in the continuous and in the discrete case. Various prop-
erties of determinants and Pfaffians can be found in, for example, [1]. Both
determinants and Pfaffians are important in the solution of the hierarchies
of soliton equations.
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There are two types of differential or difference structure, the Wronski
type and the Gram type, both for determinants and for Pfaffians and both
for the continuous and for the discrete case. Continuous Wronski determi-
nants have been intensively studied [2-6]. The continuous Gram determinants
have the same algebraic properties as the Wronski ones [7,8]. The case of dis-
crete Wronski and Gram determinants was analyzed in [9]. It was shown that
Pfaffians play a role similar to that of determinants, both in the continuous
case [10,11] and in the discrete case [12]. The methods for generating dis-
crete soliton equations were studied many years ago [13,14]. Here they were
interpreted in the language of determinant and Pfaffian identities.

So far it is not known whether all solutions of the hierarchies of soliton
equations are determinants or Pfaffians, or whether these are only special
solutions. The Sato theory showed that the solutions of the KP hierarchies
can be characterized as orbits in the universal Grassmann manifold [15]- [19].
Date, Kashiwara, Jimbo and Miwa developed the theory of transformation
groups for soliton equations and showed that the Lie algebra of symmetries
of the space of solutions is an affine Lie algebra [20—-22]. The relation between
the continuous soliton equations and the discrete ones is described by the
Miwa transformation [23].

We observe that the techniques used to construct subhierarchies of soliton
equations such as reduction, truncation [24], restriction to BKP, CKP, - - -,
multicomponentization, and so on, are applicable to the Pfaffian case. These
subhierarchies have not been fully studied yet.

The formulations in terms of determinants and Pfaffians, which are ob-
tained by means of Darboux transformations of a trivial vacuum solution, can
be generalized to the case where the initial solution is a nontrivial vacuum.
The Darboux transformations then yield determinant and Pfaffian solutions
depending implicitly on the chosen vacuum solution, and the nontrivial vac-
uum appears in the coefficients of the associated bilinear equations [25]. This
result could be applied to similarity reductions and nonautonomous systems.

It is also known that the determinant and Pfaffian solutions have deep
relations with matrix integrals and orthogonal polynomials [26,27]. The soli-
ton equations and their solutions can be derived from the theory of random
matrices. There are so many related topics that we had to keep the number
of references to a minimum, and we can not predict in what directions the
theory will develop.
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Abstract. We discuss a new geometric approach to discrete integrability coming
from discrete differential geometry. A d-dimensional equation is called consistent
if it is valid for all d-dimensional sublattices of a (d + 1)—dimensional lattice. This
algorithmically verifiable property implies analytical structures characteristic of
integrability, such as the zero-curvature representation, and allows one to classify
discrete integrable equations within certain natural classes. These ideas also apply
to the noncommutative case. Theorems about the smooth limit of the theory are
also presented.

1 Introduction

The original results presented in these lectures were proved in the recent
series of papers [3,4,6,7]. We refer to these papers for more details, further
references and complete proofs. For the geometric background in discrete
differential geometry see in particular [2].

2 Origin and Motivation: Differential Geometry

Long before the theory of solitons, geometers used integrable equations to de-
scribe various special curves, surfaces etc. At that time no relation to math-
ematical physics was known, and quite different geometries which appeared
in this context (called integrable nowadays) were unified by their common
geometric features:

e Integrable surfaces, curves etc. have nice geometric properties,

e Integrable geometries come with their interesting transformations acting
within the class,

e These transformations are permutable (Bianchi permutability).

Since ‘nice’ and ‘interesting’ can hardly be treated as mathematically for-
mulated features, let us discuss the permutability property. We shall explain

* Partially supported by the SFB 288 “Differential geometry and quantum physics”
and by the DFG research center “Mathematics for key technologies” (FZT 86)
in Berlin.

A.I. Bobenko, Discrete Differential Geometry. Integrability as Consistency, Lect. Notes Phys.
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http://www.springerlink.com/ © Springer-Verlag Berlin Heidelberg 2004
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Fig. 1. Permutability of the Backlund transformations

it in more detail for the classical example of surfaces with constant negative
Gaussian curvature (K-surface) with their Bécklund transformations.

Let r : R? — R3 be a K-surface, and 719 and r¢; two K-surfaces obtained
by Backlund transformations of r. The classical Bianchi permutability the-
orem claims that there exists a unique K-surface r1; which is a Béacklund
transform of r1o and 791 (Fig. 1). Moreover,

(i) the straight line connecting the points r(x, y)and r19(z,y) lies in the
tangent planes of the surfaces r and rqo at these points,

(ii) the opposite edges of the quadrilateral (r,719,701,711) have equal
lengths,

710 =7l = llr11 — 701, 701 —7[l = llm11 — 710]|-

This way a Z? lattice 4, obtained by permutable Bécklund transforma-
tions gives rise to discrete K-surfaces. Indeed, fixing the smooth parameters
(z,y) one observes that

(1) the points 7k ¢, Tk 021, Tkt1,¢ lie in one plane (the ‘tangent’ plane of the
discrete K-surface at the vertex ry ¢),

(ii) the opposite edges of the quadrilateral r ¢, Tk+1,0, Tk+1,041, Tk 0+1 have
equal lengths.

These are exactly the characteristic properties [1] of the discrete K-surfaces,
r:7Z%> = R3.

One immediately observes that the discrete K-surfaces have the same
properties as their smooth counterparts. There exist deep reasons for that.
The classical differential geometry of integrable surfaces may be obtained
from a unifying multi-dimensional discrete theory by a refinement of the
coordinate mesh-size in some of the directions.

Indeed, by refining of the coordinate mesh-size,

r:(e2)? > R* — r:R?* =5 R3,
discrete surface ¢ — 0 smooth surface,

in the limit one obtains classical smooth K-surfaces from discrete K-surfaces.
This statement is visualized in Fig. 2 which shows an example of a continuous
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Fig. 2. A continuous and a discrete Amsler surfaces

Amsler surface and its discrete analogue. The subclass of Amsler surfaces is
characterized by the condition that the K-surface (smooth or discrete) should
contain two straight lines.

Moreover, the classical Bianchi permutability implies n—dimensional per-
mutability of the Béacklund transformations. This means that the set of
a given K-surface, r : R? — R3, with its n Bécklund transforms, 719 0,
7010...05 - - - s 70...01, can be completed to 2" different K-surfaces, r;, 4, ,ir €
{0,1}, associated to the vertices of the n—dimensional cube C' = {0,1}".
The surfaces associated to vertices of C' connected by edges are Béacklund
transforms of each other.

Similar to the 2-dimensional case, this description can be extended to
an n—dimensional lattice. Fixing the smooth parameters (z,y), one obtains a
map,

r:(e1Z) x ... x (enZ) — R3,

which is an n—dimensional net obtained from one point of a K-surface by
permutable Bécklund transformations. It turns out that the whole smooth
theory can be recovered from this description. Indeed, completely changing
the point of view, in the limit ¢; — 0,e5 — 0,e3 = ... =€, = 1, one arrives at
a smooth K-surface with an (n—2)—dimensional discrete family of permutable
Bécklund transforms (Fig. 3),

r:R%2x7z"2 5 R3.
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Fig. 3. Surfaces and their transformations as a limit of multidimensional lattices

This simple idea is quite fruitful. In the discrete case all directions of the
multi-dimensional lattices appear in a quite symmetric way. It leads to

e A unification of surfaces and their transformations. Discrete surfaces and
their transformations are indistinguishable.

e A fundamental consistency principle. Due to the symmetry of the discrete
setup the same equations hold on all elementary faces of the lattice. This
leads us beyond the pure differential geometry to a new understanding of
the integrability, classification of integrable equations and derivation of the
zero curvature (Lax) representation from the first principles.

e Interesting generalizations for d > 2—dimensional systems, quantum sys-
tems, discrete systems with the fields on various lattice elements (vertices,
edges, faces, etc.).

As it was mentioned above, all this suggests that it might be possible
to develop the classical differential geometry, including both the theory of
surfaces and of their transformations, as a mesh-refining limit of the dis-
crete constructions. On the other hand, the good quantitative properties of
approximations provided by the discrete differential geometry suggest that
they might be put at the basis of the practical numerical algorithms for
computations in differential geometry. However until recently there were no
rigorous mathematical results supporting this observation.

The first step in closing this gap was made in the paper [7] where a
geometric numerical scheme for a class of nonlinear hyperbolic equations was
developed and general convergence results were proved. We return to this
problem in Sect. 6, considering in particular the sine-Gordon equation and
discrete and smooth K-surfaces.

3 Equations on Quad-Graphs.
Integrability as Consistency

Traditionally, discrete integrable systems were considered for fields defined
on the Z? lattice. Having in mind geometric applications, it is natural to
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generalize this setup to include distinguished vertices with different combi-
natorics, and moreover to consider graphs with various global properties. A
direct generalization of the Lax representation from the Z? lattice to more
general lattices leads to a concept of

3.1 Discrete Flat Connections on Graphs

Integrable systems on graphs can be defined as flat connections whose values
are in loop groups. More precisely, this notion includes the following compo-
nent elements:

e A cellular decomposition G of an oriented surface. The set of its vertices
will be denoted by V(G), the set of its edges will be denoted by E(G),
and the set of its faces will be denoted by F(G). For each edge, one of its
possible orientations is fixed.

e A loop group G[)], whose elements are functions from C into some group
G. The complex argument, A, of these functions is known in the theory of
integrable systems as the spectral parameter.

o A wave function ¥ : V(G) — G[A], defined on the vertices of G.

o A collection of transition matrices, L : E(G) — G[\], defined on the edges
of G.

It is supposed that for any oriented edge, ¢ = (v1,v2) € E(G), the values of
the wave functions at its ends are connected by

U(va, A) = L(e, \)¥(v1, A). (1)

Therefore the following discrete zero-curvature condition is supposed to be
satisfied. Consider any closed contour consisting of a finite number of edges

of G,
e1 = (v1,v2), ea=(va,v3), ..., ey=(vp,01).
Then
L(en, A) -+ L(eg, \)L(ey, A) = I. (2)

In particular, for any edge e = (vq,v2), if e™1 = (vq,vy), then

L'\ = (L(e,A)>_1. (3)

Actually, in applications the matrices L(e, A) also depend on a point of
some set X (the phase-space of an integrable system), so that some ele-
ments z(e) € X are attached to the edges e of G. In this case the discrete
zero-curvature condition (2) becomes equivalent to the collection of equa-
tions relating the fields x(e1), ..., z(e,) attached to the edges of each closed
contour. We say that this collection of equations admits a zero-curvature
representation.
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3.2 Quad-Graphs

Although one can, in principle, consider integrable systems in the sense of
the traditional definition of Sect. 3.1 on very different kinds of graph, one
should not go that far with the generalization.

As we have shown in [3], there is a special class of graph, called quad-
graphs, supporting the most fundamental properties of integrability theory.
This notion turns out to be a proper generalization of the Z?2 lattice as far as
integrability theory is concerned.

Definition 3.1. A cellular decomposition, G, of an oriented surface is called
a quad-graph, if all its faces are quadrilateral.

Here we mainly consider the local theory of integrable systems on quad-
graphs. Therefore, in order to avoid the discussion of some subtle boundary
and topological effects, we shall always suppose that the surface carrying the
quad-graph is a topological disk; no boundary effects will be considered.

Before we proceed to integrable systems, we would like to propose a con-
struction which, from an arbitrary cellular decomposition, produces a cer-
tain quad-graph. Towards this aim, we first recall the notion of the dual
graph, or, more precisely, of the dual cellular decomposition G*. The vertices
in V(G*) are in one-to-one correspondence with the faces in F(G) (actually,
they can be chosen to be certain points inside the corresponding faces, cf.
Fig. 4). Each ¢ € E(G) separates two faces in F(G), which in turn corre-
spond to two vertices in V(G*). A path between these two vertices is then
declared to be an edge ¢* € E(G*) dual to e. Finally, the faces in F(G*)
are in a one-to-one correspondence with the vertices in V(G). If vy € V(G),
and v1,...,v, € V(G) are its neighbors connected with vy by the edges
e1 = (vo,v1)y ... ,en = (Vo,vn) € E(G), then the face in F(G*) corresponding
to v is defined by its boundary, ej U...Ue’ (cf. Fig. 5).

Fig. 4. The vertex in V(G*) dual to Fig. 5. The face in F(G*) dual to the
the face in F(G). vertex in V(G).

Now we introduce a new complex, the double D, constructed from G,
G*. The set of vertices of the double ,D, is V(D) = V(G) U V(G*). Each
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I2

bil
Fig. 6. A face of the double

pair of dual edges, say ¢ = (v1,v2) and ¢* = (f1, f2), as in Fig. 6, defines a
quadrilateral (v1, f1,ve, f2), and all these quadrilaterals constitute the faces
of the cell decomposition (quad-graph) D. Let us stress that the edges of D
belong neither to E(G) nor to E(G*). See Fig. 6.

Quad-graphs D arising as doubles have the following property, the set
V(D) may be decomposed into two complementary halves, V(D) = V(G) U
V(G*) (“black” and “white” vertices), such that the endpoints of each edge
of E(D) are of different colors. One can always color a quad-graph this way
if it has no non-trivial periods, i.e., it comes from the cellular decomposition
G of a disk.

Conversely, any such quad-graph D may be considered to be the double
of some cellular decomposition G. The edges in F(G), say, are defined then as
paths joining two “black” vertices of each face in F(D). (This decomposition
of V(D) into V(G) and V(G*) is unique, up to interchanging the roles of G
and G*.)

Again, since we are mainly interested in the local theory, we avoid global
considerations. Therefore we always assume (without mentioning it explicitly)
that our quad-graphs are cellular decompositions of a disk, thus G and G*
may be well-defined.

For the integrable systems on quad-graphs we consider here the fields z
attached to the vertices of the graph!. They are subject to an equation

Q(Z17227Z3,Z4) =0, (4)

relating four fields residing on the four vertices of an arbitrary face in F'(D).
Moreover, in all our examples it will be possible to solve equation (4) uniquely
for any field z1,... , 24 in terms of the other three.

! The systems with the fields on the edges are also very interesting, and are related
to the Yang-Baxter maps (see Sect. 5.1).
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22
Fig. 7. A face of the labelled quad-graph

The Hirota equation,

zy  azz— Bz
e P B el
2o PBzz —az

()

is such an example. We observe that the equation carries parameters a and
[ which can be naturally associated to the edges, and the opposite edges
of an elementary quadrilateral carry equal parameters (see Fig. 7). At this
point we specify the setup further. The example illustrated in Fig. 7 can be
naturally generalized. An integrable system on a quad-graph,

Q<213221237z4;auﬁ) =0 (6)

is parametrized by a function on the set of edges, E(D), of the quad-graph
which takes equal values on the opposite edges of any elementary quadrilat-
eral. We call such a function a labelling of the quad-graph. Obviously, there
exist infinitely many labellings, all of which may be constructed as follows:
choose some value of « for an arbitrary edge of D, and assign consecutively
the same value to all “parallel” edges along a strip of quadrilaterals, according
to the definition of labelling. After that, take an arbitrary edge still without
a label, choose some value of « for it, and extend the same value along the
corresponding strip of quadrilaterals. Proceed similarly, till all edges of D are
exhausted.

An elementary quadrilateral of a quad-graph can be viewed from various
directions. This implies that system (6) is well defined on a general quad-
graph only if it possesses the rhombic symmetry, i.e., each of the equations

Q(Zl,Z4,23,ZQ;6,C¥) :07 Q(Z3722321724;67a) =0

is equivalent to (6).

3.3 3D-Consistency

Now we introduce a crucial property of discrete integrable systems which will
be taken to be characteristic.
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Fig. 8. Elementary cube

Let us extend the planar quad-graph D into the third dimension. Formally
speaking, we consider a second copy D’ of D, and add edges connecting each
vertex v € V(D) with its copy v' € V(D). In this way we obtain a “3-
dimensional quad-graph”, D, whose set of vertices is

V(D) =V(D)UV(D),
and whose set of edges is
E(D)=E(D)UEMD)U{(v,v):veV(D)}.

Elementary building blocks of D are “cubes” as shown in Fig. 8. Clearly, we
can still consistently subdivide the vertices of D into “black” and “white”
vertices, so that the vertices connected by an edge have opposite colors. In
the same way the labelling on E(D) is extended to a labelling of E(D). The
opposite edges of all elementary faces (including the “vertical” ones) carry
equal parameters (see Fig. 8).

Now, the fundamental property of discrete integrable systems mentioned
above is the three—dimensional consistency.

Definition 3.2. Consider an elementary cube, as in Fig. 8. Suppose that the
values of the field, z, z1, z2, and z3, are given at a vertexr and at its three
neighbors . Then equation (6) uniquely determines the values z12, z23, and
z13. After that the same equation (6) produces three a priori different values
for the value of the field z123 at the eighth vertex of the cube, coming from the
faces [z1, 212, 2123, 213], [22, 212, 2123, 223] and [z3, 213, 2123, 223], Tespectively.
Equation (6) is called 3D-consistent if these three values for z123 coincide for
any choice of the initial data z, z1, 22, 23.

Proposition 3.1. The Hirota equation,

212 Qipz] — (122

b
z 121 — (29

is 8D-consistent.
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This can be verified by a straightforward computation. For the field at the
eighth vertex of the cube one obtains

(lo1 — l12)z122 + (lsg — log)ze2s + (lig — l31)2123
(laz — l32)z1 + (I31 — lig)z2 + (liz — l21)23

(7)

Z2123 =

.

where [;; = -
a;

In [3] and [4] we suggested treating the consistency property (in the sense

of Definition 3.2) as the characteristic one for discrete integrable systems.

Thus we come to the central definition of these lectures.
Definition 3.3. A discrete equation is called integrable if it is consistent.

Note that this definition of the integrability is conceptually transparent
and algorithmic: the integrability of any equation can be easily verified.

3.4 Zero-Curvature Representation from the 3D-Consistency

We show that our Definition 3.3 of discrete integrable systems is more funda-
mental then the traditional one discussed in Sect. 3.1. Recall that normally
the problem of finding a zero-curvature representation for a given system is
a difficult task whose successful solution is only possible with a large amount
of luck in the guess-work. We show that finding the zero-curvature represen-
tation for a given discrete system with the consistency property becomes an
algorithmically solvable problem, and we demonstrate how the corresponding
flat connection in a loop group can be derived from the equation.
We get rid of our symmetric notations and consider the system

Q(21, 22,23, 241, ) = 0 (8)

on the base face of the cube, and choose the vertical direction to carry an
additional (spectral) parameter A (see Fig. 9).

Fig. 9. Zero-curvature representation from the consistency
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Assume that the left-hand-side of (8) is affine in each zj. This gives z4
as a fractional-linear (Mobius) transformation of zo with the coefficients de-
pending on z; and z3 and on « and (. One can of course freely interchange
Z1,... ,24 in this statement. Now consider the equations on the vertical faces
of the cube in Fig. 9. One obtains ¥ as a Mdbius transformation of 1

7/’2 = L(ZQa 215 &, )\)[wl]a

with coefficients depending on the fields zo and z1, on the parameter « in
system (8) and on the additional parameter A, which is to be treated as
the spectral parameter. Mapping L(z3, z1; a, ) is associated to the oriented
edge, (21, 22). For the reverse edge, (22, z1), one obviously obtains the inverse
transformation

L(z1, 2230, \) = Lz, 2150, \) L.

Going once around the horizontal face of the cube one obtains
1/}1 = L(Zla Z4; 67 )\)L(Z4, 23, )‘)L(Z?)v 223 67 )\)L(Z2a 215 @, )\) [1/}1]

The composed Moébius transformation in the right-hand-side is the identity
because of the arbitrariness of ;.
Using the matrix notation for the action of the Mobius transformations,

az—l—b_
cz+d

ab
L[z], where L= (cd)’

and normalizing these matrices (for example by the condition det L = 1), we
derive the zero-curvature representation,

L(Zh 245 ﬂ7 )‘)L(Z47 z3; A)I/(Z37 ZQ;Ba )‘)L(ZQa 215 ¢, )\) = Ia (9)

for (8), where the L’s are elements of the corresponding loop group. Equiva-
lently, (9) can be written as

L(Z:s, z9; 3, A)L(Zm 215 G, )\) = L(Z& 245 Q,y )\)L(Z4, 215 3, >\)7 (10)

where one has a little more freedom in normalizations.
Let us apply this derivation method to the Hirota equation. Equation (5)
can be written as Q = 0 with

Q(z1, 22, 23, 2a; 0, B) = (2223 + 2124) — (2324 + 2122).

Performing the computations as above in this case we derive the zero-
curvature representation for the Hirota equation (10) with the matrices

a —Azy
L(zo,z1,a,\) = | A z2 |- (11)

Z1 21
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Another important example is the cross-ratio equation,

(21— 2)(23 —2) _ «
(22 - 23)(24 - 21) B /3. (12)

It is easy to show that it is 3D-consistent. Written in the form

aza — 2z3)(24 — 21) — B(z1 — 22) (23 — 24) = 0,

it obviously belongs to the class discussed in this section. By direct compu-
tation we obtain the L-matrices,

- : Aazg ) _()\a2122)
~ Z1 — Z 21 — &
L(z, 21,0, A\) = ,\10( ? 1)\042'? ’
1 —
(21 — 2’2) (Zl - 22)

which are gauge-equivalent to

1 21— 29
L(za, 21,0, ) = o 1 . (13)
)\(Zl — 2’2)

4 Classification

We have seen that the idea of consistency is at the core of the integrability
theory and may be even suggested as a definition of integrability.

Here we give a further application of the consistency approach. We show
that it provides an effective tool for finding and classifying all integrable
systems in certain classes of equations. In the previous section we presented
two important systems which belong to our theory. Here we complete the list
of the examples, classifying all integrable (in the sense of Definition 3.3) one-
field equations on quad-graphs satisfying some natural symmetry conditions.

We consider equations

Q(I7 Iu” 7‘}’ y)a7 /3) = 0’ (14)

on quad-graphs. Equations are associated to elementary quadrilaterals, the
fields x,u, v,y € C are assigned to the four vertices of the quadrilateral, and
the parameters «, 3 € C are assigned to its edges, as shown in Fig. 10.

We now list more precisely the assumptions under which we classify the
equations.

1) Consistency. Equation (14) is integrable (in the sense that it is 3D-
consistent). As explained in the previous section, this property means that
this equation may be consistently embedded in a three-dimensional lattice,
so that the same equations hold for all six faces of any elementary cube, as
in Fig. 8.
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v a Y
©

B B

&

T a U

Fig. 10. An elementary quadrilateral; fields are assigned to vertices

Further, we assume that equations (14) can be uniquely solved for any

one of their arguments, x,u,v,y € CP'. Therefore, the solutions have to
be fractional-linear in each of their arguments. This naturally leads to the
following condition.

2) Linearity. The function Q(z,u,v,y;a,3) is linear in each argument
(affine linear):

Q(z,u,v,y;0, B) = arzuvy + -+ + az, (15)
where coefficients a; depend on « and (.

Third, we are interested in equations on quad-graphs of arbitrary com-
binatorics, hence it will be natural to assume that all variables involved in
equations (14) are on equal footing. Therefore, our next assumption reads as
follows.

3) Symmetry. Equation (14) is invariant under the group Dy of the
symmetries of the square (Fig. 11), that is, function @ satisfies the symmetry
properties

Qz,u,v,y; 0, 8) = eQ(x,v,u,y; B, ) = 0Q(u, x,y,v; o, 3) (16)

with e,0 = £1. Of course, due to symmetries (16), not all coefficients a; in
(15) are independent.

Finally, it is worth looking more attentively at expression (7) for the
eighth point in the cube for the Hirota equation and at the similar formula

v a Y
[

N |/
NV
B /+\ B
VERERN
|
z o u

Fig. 11. D4 symmetry
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for the cross-ratio equation

(1 — ag)z129 + (a3 — a1)z321 + (2 — a3) 2223

(Ozg — 042)2’1 + (041 — 043)2’2 + (0&2 — 041)2’3 (17)

2123 =
Looking ahead, we mention a very amazing and unexpected feature of
these expressions: value 2123 actually depends on z1, 29,23 only, and does
not depend on z. In other words, four black points in Fig. 8 (the vertices of
a tetrahedron) are related by a well-defined equation. This property, being
rather strange at first glance, actually is valid not only in this but in all
known nontrivial examples. We take it as an additional assumption in our
solution of the classification problem.

4) Tetrahedron Property. Function z1a35 = f(z, 21, 22, 23; a1, a2, i3),
existing due to the 3D-consistency, actually does not depend on variable z,
that is, f. = 0.

Under the tetrahedron property we can paint the vertices of the cube
black and white, as in Fig. 8, and the vertices of each of two tetrahedrons
satisfy an equation of the form,

~

Q(Zl,22,2372123;05170[2,063) = O (18)

It is easy to see that under assumption 2) (linearity) function @ may be also
taken to be linear in each argument. (Clearly, formulas (7) and (17) may also
be written in such a form.)

We identify equations related by certain natural transformations. First,
acting simultaneously on all variables z by one and the same Mobius trans-
formation does not violate our three assumptions. Second, the same holds for
the simultaneous point change of all parameters, o — ¢(a).

Theorem 4.1. [}] Up to common Mobius transformations of variables z
and point transformations of the parameters a, the 3D-consistent quad-graph
equations (14) with the properties 2), 3), 4) (linearity, symmetry and the
tetrahedron property) are exhausted by the following three lists ), H, and A,
where x =z, u =21, V=129, Yy = 212, « = a1, § = Qg:

List Q

(QDa(z —v)(u—y) = Bz —u)(v —y) + 8?aB(a — B) =0,

(Q2)afz —v)(u—y) — flz —u)(v —y) + af(a = B)(z +u+ v +y)
—af(a—p)(a® —aB + %) =0,

(Q3) (82 — a?)(zy +wv) + B(a? — 1) (zu + vy) — a(B% — 1)(zv + uy)
—6%(a® = ) (a® = 1)(B* = 1)/(4apB) =0,

(Q4) agzruvy + a1 (xuv + wvy + vyz + yru) + az(xy + wv) + as(zu + vy)
+ag(zv+uy) +az(z +u+v+y)+as =0,
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where the coefficients a; are expressed in terms of («,a) and (83,b) with

a? =r(a), ¥* =r(B), r(z) = 423 — gox — g3, by the following formulas:

ao=a+b, a=—PFa—ab, ay=/p%+a’,

B ab(a +b) 9 5 G2
= —-" — (20 — =)b
(IQ 2(04_6)+ﬂa (Cl{ 4)’
. ab(a +b) 2 2 92
i S b— (2832 — 2=
“ ) T BT e
2
aszgfgao*‘qjal, a4*gf2a0*93a1
2 4 16

List H:

H1)(z —y)(u—v)+ 0 —a=0,
(H2)(z — )(U—U)+(/3—@)(I+U+U+y)+52—a2:0,
(H3)a(wu -+ vy) — Bzv + uy) +8(0? — §2) =0

List A:

(Al)a(z +v)(u+y) - Ble + u)(v +y) - 62ap(a - f) = 0,
(A2)(8 — a®)(zuvy + 1) + Bla® — 1) (w0 + uy) — a (2 — 1) (wu + vy) = 0.

The proof of this theorem is rather involved and is given in [4].

Remarks 1) List A can be omitted by allowing an extended group of Mdbius
transformations, which act on the variables x, y differently than on u, v, white
and black sublattices on Figs. 10 and 8. In this manner (Al) is related to
(Q1) by the change v — —u, v — —v, and (A2) is related to (Q3) with § =0
by the change u — 1/u, v — 1/v. So, really independent equations are given
by the lists Q and H.

2) In both lists, Q and H, the last equations are the most general ones.
This means that (Q1)—(Q3) and (H1), (H2) may be obtained from (Q4) and
(H3), respectively, by certain degenerations and/or limit procedures. So, one
might be tempted to shorten these lists to one item each. However, on the one
hand, these limit procedures are outside our group of admissible (M&bius)
transformations, and, on the other, in many situations the “degenerate” equa-
tions (Q1)—(Q3) and (H1), (H2) are of interest in themselves. This resembles
the situation with the six Painlevé equations and the coalescences connecting
them.

3) Parameter ¢ in (Q1), (Q3), (H3) can be scaled away, so that one can
assume without loss of generality that § =0 or § = 1.

4) Tt is natural to set in (Q4) (a, a) = (p(A), 9’ (A)) and, similarly, (5,b) =
(p(B),9'(B)). So, this equation is actually parametrized by two points of
the elliptic curve u? = r(A\). The appearance of an elliptic curve in our
classification problem is by no means obvious from the beginning. If r has
multiple roots, the elliptic curve degenerates into a rational one, and (Q4)
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degenerates to one of the previous equations of list Q; for example, if go =
g3 = 0, then inversion z — 1/z turns (Q4) into (Q2).

5) Note that the list contains the fundamental equations only. A discrete
equation which is derived from an equation with the consistency property
will usually lose this property.

5 Generalizations: Multidimensional
and Non-commutative (Quantum) Cases

5.1 Yang-Baxter Maps

As we mentioned, however, to assign fields to the vertices is not the only pos-
sibility. Another large class of 2-dimensional systems on quad-graphs consists
of those where the fields are assigned to the edges, see Fig. 12. In this situa-
tion it is natural to assume that each elementary quadrilateral carries a map
R : X% — X2, where X is the space where the fields ¢ and b take values,
so that (as,b1) = R(a,b;a, 8). The question of the three—dimensional consis-
tency of such maps is also legitimate and, moreover, has recently begun to
be studied. The corresponding property can be encoded in the formula

Ro30 Ri3 0 Rig = Ry2 0 Ry3 0 Ro3, (19)

where each R;; : X3 — X3 acts as the map R on the factors i and j of the
cartesian product X3, and acts identically on the third factor. This equa-
tion should be understood as follows. The fields a and b are supposed to be
attached to the edges parallel to the 1st and the 2nd coordinate axes, respec-
tively. Additionally, consider the fields c attached to the edges parallel to the
3rd coordinate axis. Then the left-hand side of (19) corresponds to the chain
of maps along the three rear faces of the cube in Fig. 13,

(a‘7b) — (a'27b1)7 (GQ,C) = (U/23701), (blvcl) — (b137612)?

az3

b1 ‘ b
o L a3
[
a2 c c
B b b | c1p ‘ Co
@)‘ as[ T~
a _ b
o a
Fig. 12. An elementary quadrilat- Fig. 13. Three-dimensional consis-
eral; both fields and labels are as- tency; fields assigned to edges

signed to edges
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while its right-hand side corresponds to the chain of maps along the three
front faces of the cube,

(b, C) — (b3,62)7 (a,Cz) — (a3,012), (ag,bg,) — (a23,b13)

So (19) assures that the two ways of obtaining (ass, b13, c12) from the initial
data (a,b,c) lead to the same results. The maps with this property were
introduced by Drinfeld under the name of “set—theoretical solutions of the
Yang—Baxter equation”, an alternative name is “Yang—Baxter maps” used
by Veselov. Under some circumstances, systems with fields on vertices can be
regarded as systems with fields on edges or vice versa (this is the case, e.g.,
for systems (Q1), (Q3)s=o, (H1), (H3)s=¢ of our list, for which the variables
X enter only in combinations like X — U for edges (x,u)), but in general the
two classes of systems should be considered to be different. The problem of
classifying Yang-Baxter maps, like the one achieved in the previous section,
has been recently solved in [5].

5.2 Four-Dimensional Consistency of Three-Dimensional Systems

The consistency principle can be obviously generalized to an arbitrary di-
mension. We say that

a d—dimensional discrete equation possesses the consistency property,
if it may be imposed in a consistent way on all d-dimensional sublat-
tices of a (d + 1)—dimensional lattice.

In the three—-dimensional context there are also a priori many kinds of
systems, according to where the fields are defined: on the vertices, on the
edges, or on the elementary squares of the cubic lattice.

Consider 3-dimensional systems with the fields at the vertices. In this
case each elementary cube carries just one equation,

Q(z, 21, 22, 23, 212, 223, 213, Z123) = 0, (20)

relating the fields in all its vertices. Such an equation should be solvable
for any of its arguments in terms of the other seven arguments. The four—
dimensional consistency of such equations is defined in the obvious way.

e Starting with initial data z, z; (1 <@ < 4), z;; (1 < i< j <4), equation
(20) allows us to determine all fields z;;, (1 < i < j < k < 4) uniquely.
Then we have four different ways of finding z1234 corresponding to four 3—
dimensional cubic faces adjacent to the vertex z1234 of the four—dimensional
hypercube (Fig. 14). All four values actually coincide.

So, one can consistently impose equations (20) on all elementary cubes of
the three-dimensional cubical complex, which is a three-dimensional gener-
alization of the quad-graph. It is tempting to accept the four—dimensional
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(2234 - | 21234
" g
v
|
! 2134 L
zgal z23 5 -
L ! Z123
z3| 1 Z13
\22\ 212
[ N R <
zZ| . e
.| _____ I J)z2
L7 224
zal 7" Z14

Fig. 14. Hypercube

consistency of equations of type (20) as the constructive definition of their
integrability. It is important to solve the correspondent classification problem.
Let us give here some examples. Consider the equation

(21 — 23)(22 — z123) _ (2 — 213)(212 — 223)
(23 - 2’2)(2’123 - 21) B (213 - 2’12)(223 - Z) (21)

It is not difficult to see that (21) admits as its symmetry group the group Dg
of the cube. This equation can be uniquely solved for a field at an arbitrary
vertex of a 3-dimensional cube, provided the fields at the seven other vertices
are known.

The fundamental fact is:

Proposition 5.1. Fquation (21) is four—dimensionally consistent.

A different factorization of the face variables into the vertex ones leads
to another remarkable three—dimensional system known as the discrete BKP
equation. For any solution z : Z* — C of (21), define a function 7 : Z* — C
by the equations

TiTj Tij — &

=Y 2 i<y (22)
TTij (Ei—(l?j

Equation (21) assures that this can be done in an essentially unique way (up
to initial data on the coordinate axes, whose influence is a trivial scaling of
the solution). On any 3—dimensional cube the function 7 satisfies the discrete
BKP equation,

TTijk—TiTjk-i-TjTik—TkTijZO, 1< j<k. (23)

Proposition 5.2. Equation (23) is four—dimensionally consistent.
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Moreover, for the value 71234 one finds a remarkable equation,
TT1234 — T12734 + T13T24 — T23734 = 0, (24)

which essentially reproduces the discrete BKP equation. So 71234 does not
actually depend on the values 7;, 1 < ¢ < 4. This can be considered to be an
analogue of the tetrahedron property of Sect. 4.

5.3 Noncommutative (Quantum) Cases

As it was shown in [6], the consistency approach works also in the noncommu-
tative case, where the participating fields live in an arbitrary associative (not
necessary commutative) algebra A (over the field £). It turns out that finding
the zero-curvature representation does not hinge on the particular algebra A
nor on prescribing some particular commutation rules for fields in the neigh-
boring vertices. The fact that some commutation relations are preserved by
the evolution is thus conceptually separate from the integrability.
As before, we deal with equations on quadrilaterals,

Q(I7U7U7y; O[,ﬂ) - 0

Now z,u,v,y € A are the fields assigned to the four vertices of the quadri-
lateral, and «, 3 € K are the parameters assigned to its edges.
We start our considerations with the following, more special equation,

yr~ ! = fag(uv_l). (25)

(Here and below, any time we encounter the inverse ! of a non-zero el-
ement, x € A, its existence is assumed.) We require that this equation do
not depend on how we regard the elementary quadrilateral (recall that we
consider equations on the quad-graphs). It is not difficult to see that this
implies the following symmetries:

fozﬁ(A) = fﬁa(A_l)a (26)
fap(A™) = (fap(A) 7, (27)
foalA) = frg(ATh). (28)

In (28) f., Bl stands for the inverse function to f,g, which has to be distin-
guished from the inversion in the algebra A in the formula (27).

All the conditions (26)—(28) are satisfied for the function which charac-
terizes the Hirota equation,

fas(A) = TSP, (20)
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The 3D-consistency condition for equation (25) is

Foson (Fovo 5525 Yo (3210) 1) =
o (Fovs (525 ) oy (35 ) ) 517

Taking into account that f,s actually depends only on 5/«, we slightly abuse
the notations and write fap = fa/a- Setting A\ = «aj/a;, p = ap/ay, and
A=zz y -1 B l= = zj zk , and taking into account property (27), we rewrite
the above equatlon as

Fu( A D(BA™) = P (fr(A) fu(B) )AL (30)
Proposition 5.3. The non—commutative Hirota equation is 3D-consistent.

To prove this theorem, one proves that function (29) satisfies this func-
tional equation for any A, u € K and for any A, B € A.

Alternatively, one proves the consistency by deriving the zero-curvature
representation. We show that the following two schemes for computing z123
lead to one and the same result:

o (2,21,22) = 212, (2,21,23) = 213, (21,212, 213) > 2123 -
o (2,21,22) = 212, (2,22,23) — 223, (22,212,%23) > 2123

The Hirota equation on face (z, 21, 213, 23),
-1 -1
21327 = fazar (2321 ),

can be written as a formula which gives z13 as a fractional-linear transfor-
mation of z3,

z13 = (@123 — agz1)(agzs — 04121)712 = L(z, 2z, a1, a3)[zs3], (31)
where
_ aq —Q32
L(217Z,041,O[3)— (04325_1 —a12_121> . (32)

We use here the notation which is common for Mébius transformations on C
represented as a linear action of the group GL(2,C). In the present case we
define the action of the group GL(2,.4) on A by the formula

(ifl) [2] = (az + b)(ez +d) 7, a,b,c,d,z € A.

It is easy to see that this is indeed the left action of the group, provided that
the multiplication in GL(2,.4) is defined by the natural formula

at/ ab\ (da+btc ab+¥d
dd)\ecd) \dat+dc Jb+dd)’
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Absolutely similarly to (31), we find that
Z23 = L(ZQ,Z7O[2,043)[23]. (33)

From (33) we derive, by a shift in the direction of the first coordinate axis,
the expression for z123 obtained by the first scheme above,

z123 = L(212, 21, 02, 3)[213], (34)

while from (31) we find the expression for z193 corresponding to the second
scheme,

2123 = L(z12, 22, 011, 3)[223]. (35)

Substituting (31) and (33) on the right-hand sides of (34) and (35), respec-
tively, we represent the equality we want to demonstrate in the following
form,

L(z12, 21, a2, a3) L(21, 2, 01, a3) [23]

= L(212, 22, a1, a3) L(22, 2, a2, a3)[23]. (36)
It is not difficult to prove that the stronger claim holds, namely that
L(z12, 21, 00, 3) L(21, 2, 01, 3) = L(212, 22, a1, a3) L(22, 2, a2, 3).  (37)

The last equation is nothing else but the zero-curvature condition for the
noncommutative Hirota equation.

Proposition 5.4. The Hirota equation admits a zero-curvature representa-
tion with matrices from the loop group GL(2, A)[A\]. The transition matriz
along the (oriented) edge (x,u) carrying the label « is determined by

L(u,m,a;k)z( o ) (38)

Azl —az~

Quite similar claims (3D-consistency, derivation of the zero-curvature rep-
resentation) hold for the non-commutative cross-ratio equation,

(@—wu—y) " y—v)lv—2)" =7

6 Smooth Theory from the Discrete One

Let us return to smooth and discrete surfaces with constant negative Gaussian
curvature. The philosophy of discrete differential geometry was explained in
Sect. 2. Surfaces and their transformations are obtained as a special limit of a
discrete master-theory. The latter treats the corresponding discrete surfaces
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and their transformations in an absolutely symmetric way. This is possible
because they are merged into multidimensional nets such that all their sublat-
tices have the same geometric properties. The possibility of this multidimen-
sional extension results in the permutability of the corresponding difference
equations characterizing the geometry.

Let us recall the analytic description of smooth and discrete K-surfaces.
Let F be a K-surface parametrized by its asymtotic lines,

F:Q(r)=10,r] x [0,7] — R3.

This means that the vectors 9, F, 8,F, 92F and aﬁF are orthogonal to the
normal vector N : 2(r) — S2. Reparametrizing the asymptotic lines, if
necessary, we assume that |0,F| = 1 and |0,F| = 1. Angle ¢ = ¢(z,y)
between the vectors 0, F, and 0, F satisfies the sine-Gordon equation,

0,0y¢ = sin ¢. (39)

Moreover, a K-surface is determined by a solution to (39) essentially uniquely.
The corresponding construction is as follows. Consider the matrices U and
V' defined by the formulas

WmM=§(f@3)a (40)

VYb;A)“;(A—le;;(—dw A_liip@b>)’ (41)

taking values in the twisted loop algebra,

g\ ={: Ry = su(2): &(-N) =036(N)o3}, o3= <(1) _01> :

Suppose now that a and b are real-valued functions on (). Then the zero-
curvature condition,

0,U — 0,V +[U,V]=0, (42)
is satisfied identically in A, if and only if (a,b) satisfy the system

Oya = sinb, O0zb = a, (43)
or, in other words, if a = 9,¢ and b = ¢, where ¢ is a solution of (39). Given
a solution ¢, that is, a pair of matrices (40), (41) satisfying (42), the following

system of linear differential equations is uniquely solvable,

0,8 =Ud, 8,6=Vd, &0,0;))=1. (44)
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Here @ : 2(r) — G[)] takes values in the twisted loop group,
G ={E:R. = SU12): E(=X) =035(N)os}.

The solution @(x,y; \) yields the immersion F'(z,y) by the Sym formula,

Flo,y) = (20,5, 0) ' 0xB(, 35 V) | (45)
(Here the canonical identification of su(2) with R® is used.) Moreover, the
right-hand side of (45) at values of A different from A = 1 determines a family
of immersions, Fy : £2(r) — R3, all of which are K-surfaces parametrized by
asymptotic lines. These surfaces F) constitute the so-called associated family
of F.
Now we turn to the analytic description of discrete K-surfaces. Let € be
a discretization parameter, and we introduce discrete domains,

Q2°(r) = [0,7]° x [0,7]° C (¢Z)?,

where [0,7]° = [0,7] N (¢Z). Each £2°(r) contains O(e~?) grid points. Let F©
be a discrete surface parametrized by asymptotic lines, i.e., an immersion,

Fe:0%(r) — R?, (46)

such that for each (x,y) € £2°(r) the five points F*(x,y), F¢(z £ ¢,y), and
Fe(z,y + ¢) lie in a single plane, P(x,y). Let us introduce the difference
analogues of the partial derivatives,

ozp(z,y) = % (p(w +e,y) —plz, y)), opp(z,y) = i (p(l’, y+e)—plz, y))~
(47)

It is required that all edges of the discrete surface F¢ have the same length, £/,
that is, |65 F°| = [0, F'°| = £, and it turns out to be convenient to assume that
0= (1+¢2/4)7t The same relation we presented between K-surfaces and
solutions to the (classmal) sine-Gordon equation (39) can be found between
discrete K-surfaces and solutions to the sine—-Gordon equation in Hirota’s
discretization,

sin 3 (8(z + 2,y +€) = 9z +€,9) = 9l + ) + 6(z,))
= isin1(¢(x+e,y+s) + oz +e,y)+ oz, y+e)+o(z,y).  (48)

4 4
Consider the matrices U¢, V¢ defined by the formulas
N 2v2 —1/2 [ explica/2)  —ie)/2
U(a;d) = (L+e°A7/4) ( —ieX/2  exp(—iea/2) )’ (49)
€ (1. _ 2\ —2 —1/2 1 (iE)\il/Q) exp(ib)
V(B A) = (L+e°A/4) ((ie)\_l/Q)exp(—ib) 1 :

(50)
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Let a and b be real-valued functions on §2°(r), and consider the discrete
zero-curvature condition,

UE(.’IJ,y +¢& >‘) : Ve(m7y; )‘) = VE(J’. +&y; )‘) 'Z/{E({E7y;)\), (51)

where U¢ and V¢ depend on (z,y) € 2°(r) by the dependence of a and b on
(z,y), respectively. A direct calculation shows that (51) is equivalent to the
system

2 1 — (£2/4) exp(—ib — ica/2)

5a=—1
v T 52 8 T T (22 /4) exp(ib + iea/2)

ocb=a+ g d,a, (52)
or, in other words, to equation (48) for the function ¢ defined by
€
a=106.0, b=¢+ 3 859. (53)

The formula (51) is the compatibility condition of the following system of
linear difference equations:

Uz +e,y; A) = U (2, y; NPE (2,93 M),
e (x,y + &5 0) = Vo (2,5, V(2,95 \), (54)
@E(0,0;\) = 1.

So any solution of (48) uniquely defines a matrix, W : £2°(r) — G[\], satisfy-
ing (54). This can be used to finally construct the immersion by an analogue
of the Sym formula,

Fe(a,y) = (AP (2,3 0) 050 (2,5 V)| (55)

A=1
The geometric meaning of the function ¢ is the following. The angle between
edges F¢(z +¢,y) — F°(z,y) and F¢(z,y + ) — F°(z,y) is equal to (¢(x +
£,y) + ¢(x,y + €))/2; the angle between edges F=(z,y + €) — F(z,y) and
Fe(x—e,y) — Fe(x,y) is equal to m — (¢(x,y + &) + ¢p(x — £,y))/2; the angle
between edges F¢(z —¢e,y) — F¢(z,y) and F°(z,y —e) — F°(z,y) is equal to
(p(x—e,y)+o(x,y—e))/2; and the angle between edges F©(z,y—e)—F¢(z,y)
and F¢(z +¢,y) — F¢(x,y) is equal to m — (¢(z,y —€) + d(xr + £,¥))/2. In
particular, the sum of these angles is 27, so that the four neighboring vertices
of F¢(z,y) lie in one plane, as they should. Again, the right-hand side of
(55), at values of A different from A = 1 determines an associated family F§
of discrete K-surfaces parametrized by asymptotic lines.

Now we are prepared to state the approximation theorem for K-surfaces.

Theorem 6.1. Let ag : [0,7] — R and by : [0,7] — St = R/(27Z) be smooth
functions. Then

o there exists a unique K-surface parametrized by asymptotic lines, F :
2(r) — R® such that its characteristic angle, ¢ : 2(r) — S*, satisfies

8x(b($, 0) = aO(x), (b(oa y) = bO(y)a T,y € [0’ T]’ (56>
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e for any € > 0 there exists a unique discrete K-surface F¢ : Q°(r) — R3
such that its characteristic angle ¢ : 2°(r) — St satisfies

¢ (x +¢,0) — ¢°(x,0) = cap(z), ¢°(0,y+¢)+ ¢°(0,y) = 2bo(y), (57)

for z,y € [0,r — €%,
e The inequality

sup |F® — F| < Ce, (58)
2= (r)

where C does not depend on e, is satisfied. Moreover, for a pair (m,n) of
nonnegative integers

sup  |(65)™(05)"FT — OOV F| -0 as e — 0, (59)
¢ (r—ke)

e the estimates (58), (59) are satisfied, uniformly for X\ € [A~Y, A] with any
A > 1, if one replaces, in these estimates, the immersions F, F¢ by their
associated families, Fy, F5, respectively.

The complete proof of this theorem and its generalizations for nonlinear
hyperbolic equations and their discretizations is presented in [7]. It is ac-
complished in two steps: first, the corresponding approximation results are
proven for the Goursat problems for the hyperbolic systems (52) and (43),
and then the approximation property is lifted to the frames ¥¢, ® and finally
to the surfaces F¢, F. The proof of the C°°-approximation goes along the
same lines.

Moreover, a stronger approximation result follows from the consistency
of the corresponding hyperbolic difference equations. As it was explained in
Sect. 2, considering K-nets of higher dimensions and the corresponding consis-
tent discrete hyperbolic systems, one obtains in the limit smooth K-surfaces
with their Bécklund transforms. The approximation results of Theorem 6.1
hold true also in this case. Permutability of the classical Backlund transfor-
mations then also easily follows.
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Abstract. These lectures are devoted to discrete integrable Lagrangian models.
A large collection of integrable models is presented in the Lagrangian fashion, along
with their integrable discretizations: the Neumann system, the Garnier system,
three systems from the rigid-body dynamics (multidimensional versions of the Eu-
ler top, the Lagrange top, and the top in a quadratic potential), the Clebsch case of
the Kirchhoff equations for a rigid body in an ideal fluid, and certain lattice systems
of the Toda type. The presentation of examples is preceded by the relevant theo-
retical background material on Hamiltonian mechanics on Poisson and symplectic
manifolds, complete integrability and Lax representations, Lagrangian mechanics
with continuous and discrete time on general manifolds and, in particular, on Lie
groups.

1 Introduction

These lectures are devoted to discrete integrable Lagrangian models. !

Though Hamiltonian mechanics on general Poisson manifolds is an extremely
powerful approach, it turns out that the majority of physically interesting
models may be better understood from the Lagrangian (variational) view-
point. Thus, we present here a large collection of integrable models in the
Lagrangian fashion, along with their integrable discretizations. The presen-
tation of numerous examples is preceded by some theoretical background
material (Sects. 2-11) on Hamiltonian mechanics on Poisson and symplectic
manifolds, complete integrability and Lax representations, Lagrangian me-
chanics with continuous and discrete time on general manifolds and, in par-
ticular, on Lie groups. The list of concrete examples includes: the Neumann
system, the Garnier system, three systems from the rigid-body dynamics
(multidimensional versions of the Euler top, the Lagrange top, and the top
in a quadratic potential), the Clebsch case of the Kirchhoff equations for a
rigid body in an ideal fluid, and certain lattice systems of the Toda type, all
of them along with integrable discretizations. All bibliographical remarks are
collected in the concluding section.

! This is an updated and corrected version of selected sections from the book [50],
where all the proofs omitted here can be found. These sections are reproduced
by permission of Birkhauser-Verlag, which is gratefully acknowledged.
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2 Poisson Brackets and Hamiltonian Flows

In what follows we denote by F(P) the set of smooth real-valued functions
on a smooth manifold P, and by X(P) the set of vector fields on P. More
notational material is given in an Appendix to this section.

Definition 2.1. A Poisson bracket (or Poisson structure) on a man-
ifold P is a bilinear operation on the space F(P) of smooth functions on P
denoted by {-,-} and possessing the following properties:

1. Skew-symmetry:
{F,G} = —{G,F} VF,G € F(P);
2. Leibniz rule: {-,-} is a derivation in each argument, i.e.
{FG,H}={F,H}G+ F{G,H} VF,G,H € F(P) ;
3. Jacobi identity:
{F,{G,H}} +{G,{H,F}} +{H,{F,G}} =0 VF,G,H € F(P).
The pair (73, { }) is called a Poisson manifold.

This definition is the most direct approach to the notion of a Hamiltonian
flow. Since any derivation on F(P) is represented by a vector field, we accept
the following definition.

Definition 2.2. Let (P, { }) be a Poisson manifold. A Hamiltonian vec-

tor field Xy corresponding to the function H € F(P) is the unique vector
field on P satisfying

Xy-F={HF} VFecF(P).

The function H is called a Hamilton function of Xg. The flow, ¢! : P —
P, of the Hamiltonian vector field Xy is called the Hamaltonian flow of
the Hamilton function H. Another notation for Xy is {H,-}.

From the definition above the following statement follows immediately.

Proposition 2.1. The map H — Xy from F(P) to X(P) is a Lie algebra
homomorphism, i.e.,

[XH]7XH2]:X{H1,H2} le,HQEF(P).

Corollary. Let o' be the Hamiltonian flow of Xgr, and 1t be the Hamiltonian
flow of Xp. If {H,F} = 0, then the flows ¢!, ¥ commute,
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One says that the functions H and F are in involution with respect to
the bracket {-,-} if {H, F} = 0. So, two Hamiltonian flows commute if and
only if their Hamilton functions are in involution. Another property of invo-
lutive functions is expressed by the following proposition which is a direct
consequence of the definitions.

Proposition 2.2. Let ¢ be a Hamiltonian flow with the Hamilton function
H. Then

Hop'=H,

and

i(Fogot) ={H,Foy'}.
dt

In particular, a function F is an integral of motion of the flow ¢! if and
only if {H,F} = 0, that is, if H and F are in involution; the Hamilton
function H itself is always an integral of motion of ¢*.

The most important property of the Hamiltonian flows is that each of the
maps constituting such flow preserves Poisson brackets.

Definition 2.3. Let (73,{-,~}7>) and (M,{~,~}M) be two Poisson mani-

folds, and let ¢ : P — M be a smooth map. It is called a Poisson map
if

{F.Gimop={Fop,Goplp  VF,GeFM).

Theorem 2.1. If o' : P — P is a Hamiltonian flow on P, then for each
t € R the map @t is Poisson.

Appendix: Gradients, Vector Fields, and Other Notations

Gradients of functions on vector spaces and on manifolds. If V is a vector
space, and f € F(V) is a smooth function, then the gradient Vf : V. — V™ is
defined via the formula

, Ve, y e V.
e=0

(VI(@)0) = & S+ )

Similarly, for a function f € F(M) on a smooth manifold M, its gradient Vf :
M — T* M is defined in the following way. Let Q € M; then V f(Q) is an element
of TH M satisfying

(VI@,Q) = S @)  vQeToM,

e=0
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where Q(e) stands for an arbitrary curve in M through Q(0) = Q with the tangent
vector Q(0) = Q.

Vector Fields. A vector field X on a manifold M is a map X : M — T'M such

that X (Q) € ToM for any Q € M. The set of all vector fields on M is denoted by
The flow of the vector field X is the one—parameter family of maps ¢’ : M — M

such that t — ¢*(Q) is the integral curve of X with the initial condition @, i.e.,

L4Q=X'Q), L@=0.

The Lie derivative X - F' of a function F' € F(M) along the vector field X €
X(M) is defined as

d

(X-F)(Q) = = F(¢'(Q)

In local coordinates g;,

OF
J

The map F' — X - F is a derivation, and any derivation on F (M) is generated by
some vector field. So, X € X(M) may be identified with a derivation written in
local coordinates as

d
X:Zj:xjaqu.

In particular, for any two vector fields X,Y € X(M), the following expression
defines a derivation on F(M),
FoX (Y F)—Y-(X-F).

The corresponding vector field is denoted [X, Y] and is called the Jacobi-Lie bracket
of the vector fields X, Y. In local coordinates:

_ Yy 90X
XYl = Z (XZ o0 " oa > '

3

If ©*, 9" are the flows of the vector fields X, Y, respectively, then the necessary and
sufficient condition for these flows to commute is the vanishing of the Jacobi—Lie
bracket of X, Y, i.e.,

o’ =¢toyp’ VEseER & [X,Y]=0.
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3 Symplectic Manifolds

A somewhat more traditional approach to Hamiltonian mechanics is based
on another choice of the fundamental structure, namely that of a symplectic
manifold.

Definition 3.1. A symplectic structure on a manifold P is a nondegener-
ate closed two—form §2 on P. The pair (P, {2) is called a symplectic man-
ifold.

Actually, as we shall see, this structure is a particular case of the Pois-
son bracket structure. One can immediately define Hamiltonian vector fields
with respect to a symplectic structure. The following definition is parallel to
Definition 2.2.

Definition 3.2. Let (P, £2) be a symplectic manifold. A Hamiltonian vec-
tor field X corresponding to the function H € F(P), is the unique vector
field on P satisfying

26, Xu(Q) = (VH(Q),&)  VE€TQP.

H is called a Hamilton function of Xy. The flow ¢t : P — P of the
Hamiltonian vector field X g is called the Hamiltonian flow of the Hamilton
function H.

Actually, behind this definition the following construction is hidden. A
symplectic structure on a manifold yields a vector bundle isomorphism be-
tween T*P and T'P. Indeed, to any vector n € TP there corresponds a
one—form, wy, € T5P, defined as

wy(§) = 2(&,m)  VE€TQP .

It is easy to see that the correspondence n — wy, is an isomorphism between
TP and TP. Denote the inverse isomorphism by J : TP — ToP. Then
Definition 3.2 of a Hamiltonian vector field may be represented as

Xy =J(VH) . (1)

At any point @ € P, the tangent space TP is spanned by the Hamiltonian
vector fields at the point Q.

Definition 3.3. Let (P1, (1) and (P2, 22) be two symplectic manifolds. A
smooth map ¢ : P1 — Po is called symplectic if the pull-back of the form
25 with respect to ¢ coincides with {21, i.e., if

1(&,n) = 22(Top(§), Toe(n))

the form (21 on the left-hand side being evaluated at in an arbitrary point QQ €
P1, while the form (29 on the right-hand side is evaluated at the corresponding

point o(Q) € Ps.
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Hamiltonian flows on symplectic manifolds consist of symplectic maps.
This is their characteristic property.

Theorem 3.1. The flow ¢ of a vector field X € X(P) on a symplectic
manifold (73, .Q) consists of symplectic maps if and only if this field is lo-

cally Hamiltonian, i.e. if there exists locally a function H € F(P) such that
X =Xy =J(VH).

Finally, let us show how to include symplectic Hamiltonian mechanics
into the Poisson bracket framework.

Theorem 3.2. Let (P, 2) be a symplectic manifold. Then it is a Poisson
manifold if one defines a Poisson bracket by the following formula,

{F.G} = 2(Xp,Xg) = 2T (VF),T(VG)) . (2)

For an arbitrary function F € F(P), by (1) and Definition 3.2, the fol-
lowing relation is satisfied,

Xy F = (VE,J(VH)) = 2(T(VH), Xr) |
Definition (2) allows us to rewrite the last formula as
Xy -F={H,F},

assuring the consistency of our present notations with those of Sect. 2.

Having given an intrinsic definition of symplectic manifolds, we can now
characterize them as a subclass of Poisson manifolds. Let (’P, { }) be a

d—dimensional Poisson manifold. Let ) € P, and consider local coordinates
Z1,...,Zq in the neighborhood of Q). The skew—symmetric d X d matrix

Ayj = {n, x5} (3)

is a coordinate representation of an intrinsic object called the Poisson ten-
sor. We have

d
OF 0G

k=1

Definition 3.4. The rank of the matrix (Akj)‘,ijzl is called the rank of the
Poisson structure at the point P.

Proposition 3.1. A Poisson manifold (73, { }) is symplectic if the rank of

the Poisson structure is everywhere equal to the dimension of P.
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Since the matrix A is skew—symmetric, it can have a full rank only if
d is even. Hence the dimension of a symplectic manifold is always an even
number. We now give two important examples of symplectic manifolds.

Example 1: Constant symplectic structure on a vector space.
Any non—degenerate, skew—symmetric bilinear form on an even—dimensional
vector space V' defines a symplectic structure on V. It can be shown that
by a linear change of variables this structure may be transformed into the
following canonical form. Let V = R?V(x,p), where x = (z1,... ,2n)T
p= (p1,...,pn)T. The canonical skew-symmetric bilinear form on V is

)

Q2((x1,P1), (x2,P2)) = (P1,X2) — (P2,X1) »

where (-,-) is the usual Euclidean scalar product on RY. Another way of
writing this is

N

= dek ANdzxy .
k=1

The corresponding Poisson bracket is defined as

N
OF 0G  OF 0G
R0 =3 (G s~ ) @

Another way to define this Poisson bracket is to give its values for all pairs
of coordinate functions,

{or, 25} ={pr,pi} =0,  {pr,2;} =0k . (5)

We call this symplectic manifold the canonical phase space, and the co-
ordinates (x, p) on this space the canonically conjugate coordinates.

Example 2: The symplectic structure on a cotangent bundle.
The cotangent bundle T*P of any smooth manifold P carries a natural struc-
ture of a symplectic manifold. To define canonically conjugate coordinates on
TP, let {q; }é\le be local coordinates on P in the neighborhood of a point
Q) € P. They define local coordinates {qj,c}j}j-v:l in the neighborhood of a
point (Q,Q) € TP. Now the canonical local coordinates {qj,pj}j-v:l in the
neighborhood of a point (Q,IT) € T*P are defined by the relation

N
k=1

The Poisson bracket on T*P, corresponding to the standard symplectic struc-
ture, is given in these local coordinates by (4).
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4 Poisson Reduction

We will discuss a general construction for producing new Poisson manifolds
with the help of symmetry considerations. The simplest framework for the
Poisson reduction is the following one. Let P be a smooth manifold, let G be
a Lie group, and let @ : G x P — P be a (left) group action of G on P. We
write it as @,(Q) for g € G and Q € P. The axioms of a group action are the
following:

e &.(Q) =Q for all @ € P; here e is the unit element of the group G;
o D4, (Dg,(Q)) = Py, 4,(Q) for g1,92 € G and Q € P.

Observe that in the infinitesimal limit the action of one—parameter sub-
groups of G define vector fields ¢¢ € X(P) called the infinitesimal gener-
ators of the action @,

¢E(Q) = i Qsexp(ef) (Q) ’ 5 €g. (6)

de|._,

Here g stands for the Lie algebra of the Lie group G.

A group action defines an equivalence relation on P. For Q1,Q2 € P we
write Q1 =~ @2, if there exists g € G such that $4,(Q1) = Q2. The equivalence
classes of this relation are the orbits of the action @, i.e., the sets

Oq ={8,(Q):ge G} CP.

The set of orbits, denoted by P/ ~, or else by P/G, and called sometimes
the orbit space, carries a natural topology. Namely, define 7 : P — P/G
by 7(Q) = Og, and declare U C P/G to be open if #~1(U) is an open set
in P. Under some additional conditions on the action @, the orbit space is
a smooth manifold. For example, it is so if the action is free (has no fixed
points) and proper. We shall always suppose that P/G is a smooth manifold.

Theorem 4.1. Let (73, { }) be a Poisson manifold. Suppose that each map

@, : P — P is Poisson. Then there ezists a unique Poisson structure on P/G
such that 7 is a Poisson map.

5 Complete Integrability

The key notion for these lectures is the integrability of a given Hamiltonian
system. Among many existing definitions of integrability, our presentation
will be based on the notion of the complete integrability a la Liouville-Arnold.
The corresponding theorem tells how many integrals of motion assure inte-
grability of a given Hamiltonian system, and describes the motion on the
common level set of these integrals.
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Theorem 5.1. (a) Let (’P, { }7)) be a 2N —dimensional symplectic mani-
fold. Suppose that there exist N functions Fy,... ,Fn € F(P) such that

o Fy,... Fn are functionally independent, i.e., the gradients VF}y are lin-
early independent everywhere on P;
e Fi, ..., Fxn arein involution:

{(Fi,F;} =0 1<kj<N.

Let T be a connected component of a common level set
{QEP: Fu(@Q) =cp k=1,... ,N} .

Then T is diffeomorphic to T* x RN~ for some 0 < d < N. In particular,
if T is compact, it is necessarily diffeomorphic to TN .

(b) If T is compact, then in some neighborhood T x 2 of T, where 2 C RN
is an open ball, there exist coordinates (I,0) = (Iy,0r)N_,, where I € 2 and
6 € TV (action—angle coordinates), with the following properties:

o The actions I, depend only on F}’s,
I, =Iy(Fy,...,Fy), k=1,...,N.
e The Poisson brackets of the coordinate functions are canonical,
{I, I;} = {01,0;} =0, {I,0;} =0;, 1<k, j<N.
Hence

e For an arbitrary Hamilton function, H = H(Fy,...,Fy), depending only
on F}’s, the Hamiltonian equations of motion on P have the form

szo, ék:wk(fl,...,IN), kzl,...,N.

e For an arbitrary symplectic map @ : P — P admitting Fy, ..., Fx as
integrals of motion, the equations of motion in the coordinates (I,0) take
the form

I, = I, kaek-l—()k(ll,...,IN), k=1,... ,N.

Hamiltonian flows and Poisson maps on 2 N—dimensional symplectic man-
ifolds possessing N functionally independent integrals of motion, which are in
involution, are called completely integrable (in the Liouville-Arnold sense).

6 Lax Representations

Almost all (perhaps, all) known integrable systems possess Lax represen-
tations. In the situation of systems described by ordinary differential equa-
tions, a Lax representation for a given system means that there exist two
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maps, L : P — gand B : P — g, from the system’s phase space P into some
Lie algebra g such that the equations of motion are equivalent to

L=I[L,B]. (7)

Matrix L, or, better, map L : P — g is called the Lax matriz, while the
matrix B is called the auxiliary matrix of the Lax representation. The pair
(L, B) is called the Lax pair (and sometimes one uses, somewhat loosely, this
term for the equation (7) itself). Finding a Lax representation for a given
system usually implies its integrability, due to the fact that Ad-invariant
functions on the Lie algebra g are integrals of motion of the systems of the
type (7), and therefore the values of such functions composed with the map
L deliver functions on P serving as integrals of motion of the original system.
One says that matrix L undergoes an tsospectral evolution.

An important case often encountered in the theory of integrable systems
occurs when the underlying algebra is a tensor product, g = g® %, of several
copies of some algebra g. The corresponding Lax equations are of the form

Lj=L;Bj-1~B;L;,  j€L/NL. (8)

Such equations yield an isospectral evolution of the so called monodromy
matrices,

Ty =[Lj,Bj], Tj=1Lj-...-Li-Ly-...-Lj1. (9)

Equations of the type (8), also called sometimes Lax triads, are typical in
the theory of integrable lattice systems.

Of course, in the Hamiltonian context, the isospectrality is not quite
enough in order to establish the complete integrability. One has to show that
the number of functionally independent integrals thus found is large enough,
and that they are in involution. There exists an approach which incorporates
an involutivity property in the very construction of Lax equations, namely
the r—matriz approach. It uses a remarkable feature of equations (7), (8),
namely that they can often be included into an abstract framework of Hamil-
tonian equations on g. More precisely, Poisson structures on g can be defined,
such that the corresponding Hamiltonian equations have the form (7), and
the map L : P — g is Poisson. In such a situation one says that the Lax
representation admits a Hamiltonian interpretation.

Finally, we point out the natural discrete time analogues of the Lax equa-
tions. In formulating them, we adopt the following notations. All functions
depend on ¢ € hZ with a small h > 0. The tilde denotes the discrete time
shift by h: if L = L(t), then L = L(¢t + h). The discrete time analogues of the
Lax equations (7) and the Lax triads (8) are

L=B"'LB, (10)

and
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7 -1
Lj=B; L;Bj-1, (11)

respectively. Indeed, these equations yield the isospectrality of the discrete
time evolution of L, resp., of Tj. In order for these discrete time equations to
approximate the continuous time ones, it is required that

B; =1+ hB; + O(h?).

7 Lagrangian Mechanics on RY

Here we consider one of the basic constructions leading to Hamiltonian sys-
tems on symplectic manifolds, namely the variational principles of mechanics.

Consider Newtonian equations of motion, i.e., a system of second
order differential equations,

Iy = F(x, 1), z=(z1,...,o5) €ERY . (12)

One says that they are variational equations if there exists a Lagrange
function L(z,v) on R*(x,v) such that (12) is equivalent to the Euler—
Lagrange equations

d IL(z,i) OL(z,)
dt 0z oz,

=0. (13)

Of course, matrix (9?L(x, ;t)/@;tkaa'cj)f;{j:l has to be nondegenerate in order
for (13) to be solved for ij. Euler-Lagrange equations are necessary condi-
tions for the corresponding integral curves (z(t),#(t))!=% with fixed values of
x(a) and z(b) to be critical points of the action functional

b
sz/ L(z(t), #(t)) dt .

By the Lagrangian formulation of the Newtonian system (12) we under-
stand its representation in the form

Pk = 8L(x,x)/8xk, ﬁk = aL(LC,LL')/aJJk . (14)

Due to the above nondegeneracy condition for the matrix of second partial
derivatives of L(z, &) with respect to &, the set of equations

pkzaL((E,{,.E)/ai.C}c, 1§]€§N,

may be solved for the quantities &j. It is well known in classical mechanics
(and easily proven directly) that the resulting system may be written in the
Hamiltonian form,

& = 0H(z,p)/0py , pr = —0H (z,p)/0xy , (15)
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where the Hamilton function H(z,p) is related to the Lagrange function by
means of the famous Legendre transformation,

N
H($7p)22i‘kpk—L(m,dc) : (16)
k=1

(Of course, in the last formula, & must be expressed in terms of p.) Equations
(15) may be also written in the standard form,

L.Ek:{H,lL'k}, pk:{H7pk}7

with respect to the canonical Poisson bracket on R?N (z, p) given by either
of the formulas (4), (5). As we know, the most important property of the
Hamiltonian equations of motion (15) is the preservation of bracket (5) by
the corresponding flow. In other words, the Hamiltonian flow generated by
(15) consists of symplectic maps.

The most natural discrete time analogue of the Newtonian equations of
motion may be found, if one again starts from a variational principle. The
discrete—time action functional is

S = bZIL(x(n-i-l),x(n)) : (17)

where (z(n))"=? is a sequence of points in R with fixed values of z(a) and

x(b). Here L(z,y) is the discrete—time Lagrange function. The neces-
sary condition for a sequence (x(n))?=% to be a critical point of the above
functional is given by the discrete—time FEuler—Lagrange equations,

2 (Lz,z) + L(z, ) ~0, 18
5o (L@ 2) + L(z, 2) (18)
where © = z(n), Z = x(n+1), £ = x(n—1). In order for these equations to be
solvable for 7, the matrix of the second derivatives, (9L(z, y)/axkayj),]szl,
has to be nondegenerate.

By the Lagrangian formulation of such equations of motion we shall mean
the system consisting of the following equations,

pr = —0L(Z, z)/0xy, , (19)
ﬁk = 6]14(?5, a;)/BEEk . (20)

The Hamiltonian formulation in the discrete time case is not defined. In
particular, there exists no analogue of the Hamilton function which would be
an integral of motion. However, the main qualitative feature of the Hamil-
tonian systems is inherited by the discrete-time Lagrangian systems. The
map (z,p) — (Z,p) generated by equations (19), (20) is symplectic with re-
spect to the standard symplectic bracket (5). In fact, these equations may be
considered as one of the classical forms of generating functions for canonical
transformations.
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8 Lagrangian Mechanics on TP and on P X P

An important generalization of the constructions of the previous section ap-
pears if we replace the Euclidean space, RY (), by an arbitrary smooth mani-
fold P. A continuous—time Lagrangian system is defined by a smooth function
L € F(TP) on the tangent bundle of P. The function L is called the La-
grange function. For an arbitrary function @ : [a,b] — P one can consider
the action functional

b
S:/Iﬂmewmt (21)

A standard argument shows that the functions Q(¢) yielding extrema of this
functional (in the class of variations preserving Q(a) and Q(b)), satisfy nec-
essarily the Fuler—Lagrange equations: in local coordinates {¢;} on P,

d [ OL OL
() 2 2 22
ﬁ(%) 5, (22)

The action functional S is independent of the choice of local coordinates, and
thus the Euler-Lagrange equations are actually coordinate—independent as
well.

Introducing the quantities

I =VaLeTsP, (23)
one defines the Legendre transformation,
(Q,Q) €TP — (Q,II) e T*P. (24)

If it is invertible, i.e., if Q can be expressed in terms of (Q, IT), then the Leg-
endre transformation of the Euler-Lagrange equations (22) yields a Hamil-
tonian system on T*P with respect to the standard symplectic structure on
T*P, and with the Hamilton function

where, of course, @ has to be expressed in terms of (Q,II).

We will now discuss the famous Noether theorem which explains the
existence of integrals of motion for Lagrangian systems with symmetries. We
use the same notations as in Sect. 4.

Theorem 8.1. Let & : G x P — P be an action of the Lie group G on P,
with infinitesimal generators ¢¢ € X(P), & € g. Let the Lagrange function
L € F(TP) be invariant with respect to the action of G on TP induced by P:

L(®(Q),95.(Q)) =L(Q,Q)  VgeG. (26)
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Then the functions Iz € F(TP),

1(Q,Q) = (VoL, ¢¢(Q)) (27)

are integrals of motion of the Euler-Lagrange equations (22). Under the Leg-
endre transformation these functions become integrals,

Je(Q, IT) = (I, ¢¢(Q)) , (28)

of the corresponding Hamiltonian system on T*P.

We now turn to the discrete time analogue of these constructions. The
tangent bundle TP does not appear in the discrete time context at all, but the
cotangent bundle TP does play an important role in the discrete time theory,
as a phase space with the canonical invariant symplectic structure. Almost
all constructions and results of the continuous time Lagrangian mechanics
have their discrete time analogues. The only exception is the existence of the
“energy” integral (25).

Let L € F(P x P) be a smooth function, called the discrete—time
Lagrange function. For an arbitrary sequence, {Q(n) € P, n = a,a +

1,...,b}, one can consider the discrete—time action functional,
b—1
S=) L@QMm).Q(n+1)). (29)
n=a

Obviously, the sequences {@Q(n)} delivering extrema of this functional (in
the class of variations preserving Q(a) and Q(b)), necessarily satisfy the
discrete—time Fuler—Lagrange equations,

ViL(Q(n),Q(n + 1)) + VoL(Q(n — 1),Q(n)) = 0. (30)

Here V1 2L(Q1,Q2) denotes the gradients of L(Q1, Q2) with respect to the
first argument, Q1 (resp., the second argument, Q2). This equation is written
in intrinsic terms, i.e. independently of a choice of a coordinate chart. As
pointed out above, an invariant formulation of the Euler-Lagrange equations
in the continuous time case is more sophisticated, since the tangent bundle
is not a direct product manifold. This seems to indicate that the discrete
Euler-Lagrange equations are of a fundamental character.
Equation (30), which we shall also write as

ViL(Q, Q) + V5 L(Q,Q) =0, (31)

is an implicit equation for @ In general, it has more than one solution, and
therefore defines a correspondence (multi—valued map) (Q,Q) — (Q,Q).
To discuss the symplectic properties of this correspondence, one defines the
momentum,
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I = Vg]L(Q, Q) € TéP . (32)

Then (31) may be rewritten as

T =-v,L(Q,Q),
{n - ViL@Q.Q) %)

This system defines a (multi-valued) map (Q, 1) — (Q, II) on T*P. More
precisely, the first equation in (33) is an 1mphc1t equation for Q, while the
second one allows for an explicit calculation of T in terms of Q@ and Q

Theorem 8.2. Each branch of the map T*P — T*P defined by (33) is sym-
plectic with respect to the standard symplectic structure on T*P.

Finally, we turn to the discrete-time Noether theorem.

Theorem 8.3. Let @ : G X P — P be an action of the Lie group G on P,
with infinitesimal generators ¢¢ € X(P), € € g. Let the Lagrange function
L € F(P x P) be invariant with respect to the action of G on P x P induced
by @,

L(24(Q1), 84(Q2)) =L(Q1,Q2)  VYgeC. (34)
Then functions Iz € F(P x P),

are integrals of motion of the Euler—Lagrange equations (31). Under the dis-
crete time Legendre transformation (32), these functions become integrals,

Je(Q, IT) = (I, ¢¢(Q)) , (36)

of the corresponding symplectic map on T*P.

It is important to observe that while functions (35) in F(P x P) clearly
serve as difference approzimations to functions (27) in F(TP), their expres-
sions in terms of the cotangent bundle variables (@, IT) coincide.

9 Lagrangian Mechanics on Lie Groups

Now we turn our attention to an important particular case of Lagrangian me-
chanics, the one where the basic manifold P carries the additional structure
of a Lie group. We shall denote it by P = G, and its typical element by g € G,
in order to identify the particular features of this case in its notation. The Lie
algebra of G will be denoted by g. Some further important notations from
Lie group theory are collected in the Appendix to this section. In particular,
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we shall use the notions of left Lie derivative, dF', and right Lie derivative,
d'F, of a function F € F(G). The functions dF : G — g* and d'F : G — g*
are defined by the formulas

d
(dF'(g),m) = % F(e“g) ; Vneg,
€ e=0
I d €n
<dF(9),n>=Ef(ge ) ., Vneg.
€ e=0

They are related to the gradient VF(g) € T,G by
VF(g9) = R;-1dF(g9) = L;-1d'F(g) .

One of the most important features of the Lie group situation is the
possibility of trivializing the tangent and the cotangent bundles. The left
trivialization of the tangent bundle, TG — G X g, is achieved by the
map

(9,9) €TG — (9,92) € G x g, (37)
where
RN=Ly1.g & §=Lgu02. (38)

The corresponding left trivialization of the cotangent bundle, T*G —
G x g*, is given by

(9,1T) e T*G — (9, M) € G x g", (39)
where
M= LZH & I = Lz,lM. (40)

Similarly, the right trivialization of the tangent bundle is the map,
TG - G x g,

(9.9) €TG — (g,w) EG x g, (41)
where
w=Ry1.g & §=Ru0. (42)

The corresponding right trivialization of the cotangent bundle, T*G —
G x g*, is given by

(9, 1T) € T*G — (g,m) € G x g*, (43)

where
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m=RJIl << II=R_.m. (44)
Observe that the elements 2,w € g and M, m € g* are related by the formulas

N=Adg ' w, (45)

M=Ad"g-m. (46)

Our first task will be to push forward the standard symplectic Poisson
bracket on T*G with respect to both trivialization maps (39) and (43).

Proposition 9.1. a) The Poisson structure {-,-}V) on G x g*, which is the
standard symplectic structure on T*G pushed forward by the left trivialization
map (39), is

{f1, f2YD (g, M) = —(d} f1,Varfo) + (d) fo, Var fr) + (M, [Varfr, Varfo] ) -
(47)

b) The Poisson structure {-,-}(") on G x g*, which is the standard sym-
plectic structure on T*G pushed forward by the right trivialization map (43),
18

{£1, 23 (g,m) = —(dyf1, Vin f2) + (dg fo, Vi f1) — (m, [Von f1, meﬂg . |
48

Now we look at the Noether integrals of motion under the action of the
trivialization maps. Suppose that there is a group action, @ : K x G — G,
of some Lie group K on G. Denote by £ the Lie algebra of K, and, as usual,
by ¢¢ € X(G) the infinitesimal generators of the action @ (here & € ¥).
Assuming invariance of the Lagrange functions under the action of K, we
consider the Noether conserved quantities (28), (36) (observe that, in terms of
the cotangent bundle, these quantities coincide). Under the left trivialization
these conserved quantities are transformed into

I (9. M) = (M, Ly1.6¢(9)) (49)

while under the right trivialization, we obtain
Jg(r)(g7m) = <m7Rg*1*¢§(g)> . (50)

Appendix: Notations from Lie Group Theory

Let G be a Lie group with Lie algebra g, and let g* be the dual vector space to g.
We identify g and g* with the tangent space and the cotangent space to G at the
group unit, respectively,

g=T.G, g =T,G.
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The pairing between the cotangent and the tangent spaces T,G and TyG at an
arbitrary point, g € G, is denoted by (-,-). The left and right translations in the
group are the maps, Ly, Ry : G — G, defined by

Lyh =gh, Ryh=hg Vh e G,
while Ly, and Ry« stand for the differentials of these maps,
Ly : ThG = TG, Ry : ThG — ThyG .
We denote by
Adg=LgR;-1, 19— 9

the adjoint action of the Lie group G on its Lie algebra, g = T.G. The linear
operators,

Ly : TyG - ThG , R, : T;,,G = T, G
are adjoint to Lg., Ry« , respectively, by the pairing (-, ),

<L;€77]> = <€7L9*77> fOI’ 5 € T;th n S ThG )

(Ry&,m) = (€, Rgum) for £e€Tn,G, neThG.
The coadjoint action of the group,
Ad"g=LgR,-1 : g" = ¢,
is adjoint to Ad g by the pairing (-, ),
(Ad"g-&n) = (¢, Adg-n) for £eg’, neg.

The differentials of Adg and Ad* g with respect to g at the group unit e are the
operators

adn :g—g and ad*n :g" —>g",
respectively, also adjoint by the pairing (-, ),
(ad"n-&¢)=({adn () VEeg, C€9.
The action of ad is given by applying the Lie bracket in g,

adn-¢=[n¢, V(eg.

10 Invariant Lagrangians and the Lie—Poisson Bracket

We now consider Lagrangian systems on Lie groups with invariant Lagrange
functions.
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10.1 Continuous—Time Case

Consider a Lagrange function L € F(T'G), invariant with respect to left
multiplications,

L(gog,Lgo*g) = L(g,g) , Vg eG. (51>

Obviously, this property is equivalent to the property that, under the left
trivialization, the Lagrange function does not depend on g, i.e., it depends
solely on 2 = L,-1.g,

L(g,9) =LY (92). (52)

Now we want to reduce the Euler-Lagrange equations with respect to
the action of G on T'G induced by left multiplications. We realize the factor
TG/G as g, the reduction map being

(9,.9) €eTG — R =Lsj1.g€cg.

It is easily seen that extremizing the functional S with a left—invariant La-
grange function L is equivalent to extremizing the functional

b
IO / LO(2(t))dt
with respect to variations {2(¢,€) of £2(¢) of the form

2t ) = 2(t) + (i) + [2(), n(1)]) ,

where 7 : [a,b] — g is an arbitrary function vanishing at ¢ = a and t = b.

Theorem 10.1. The differential equation for extremals of the functional S®)
are

M=ad"2 M, (53)
where
M=vVLY(D) eg*. (54)
If the Legendre transformation,

Neg—>Meg, (55)

is invertible, it transforms (53) into a Hamiltonian system on g* with respect
to the bracket,

{f1, YD (M) = (M, [Varfr, Varfo] ) (56)
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with the Hamilton function,
HY(M) = (M, 2) -1LY(0), (57)

where 2 has to be expressed in terms of M. The motion in the Lie group is
reconstructed by solving the linear differential equation

g=Lg.02. (58)
The element
m=Ad*g"! M e g* (59)

is conserved in the evolution described by (53) and (58).

Similarly, suppose that the Lagrange function is invariant with respect to
right multiplications,

L(g.gOuRgo*g) = L(g7g) ) vgO €G. (60)

This is equivalent to the property that under right trivialization the Lagrange
function depends only on w = R -1,¢, and not on g,

L(g,9) = L") (w) . (61)

Reducing the Euler-Lagrange equations with respect to the action of G on
TG induced by right multiplications, we still regard g as TG/G, the reduction
map this time being

(9.9) €TG — w=Ry-1,g€9g.

The differential equations for extremals of the functional S with a right—
invariant Lagrange function L are the same as for extremals of the functional

b
S0 — / LO) (w(t))dt
with respect to variations w(t,€) of w(t) of the form

w(t, &) = w(t) +€(i®) + [(E) w(D)])

where 7 : [a,b] — g is an arbitrary function vanishing at t = a and t = b.

Theorem 10.2. The differential equations for extremals of the functional
S are

m=—-ad"w-m, (62)

where
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m=VL"(w) e g*. (63)

If the Legendre transformation
weEg—-meg' (64)

is invertible, it transforms (62) into a Hamiltonian system on g* with respect
to the bracket

{f1, 237 (m) = —(m, [V fr, Vin fo] ) (65)

with the Hamilton function
H"(m) = (m,w) — LD (w) , (66)

where w must be expressed in terms of m. The motion in the Lie group is
reconstructed by solving the linear differential equation

9= Rg.w . (67)
The element
M=Ad"g-meg" (68)
is conserved in the evolution described by (62) and (67).

The differential equations (53) and (62), when considered as equations
on the Lie algebra g, i.e., the equations for 2 € g, resp. for w € g, are
called the Fuler—Poincaré equations. However, it is easy to see that the
following expressions are valid: 2 = Vy HO (M), resp. w = V,,, H") (m).
This allows us to consider (53) and (62) also as equations on g*, i.e., as
equations for M € g*, resp., for m € g*, formulated completely in terms of
the corresponding Hamilton function. As such, they are termed Lie—Poisson
equations (sometimes also Fuler equations). The Poisson brackets (56)
and (65) are the simplest non—symplectic Poisson brackets. They are defined
on the dual space to an arbitrary Lie algebra, and are known as the Lie—
Poisson brackets.

10.2 Discrete—Time Case

Let the discrete-time Lagrange function L(gi, g2) be invariant with respect
to left multiplications,

L(g091, 9092) = L(g1,92) , Vgo € G . (69)
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This is equivalent to the fact that function L(gy, gn+1) depends only on W,, =
—1
gn gn+1?

L(gns gnt1) = L (W) . (70)

Therefore we would like to reduce the discrete-time Euler—Lagrange equa-
tions with respect to the action of G on G x G by (componentwise) left
multiplications, whereby the factor G x G/G will be realized as G by the
reduction map

(gl,gg)GGXG—)W:gfngGG.

It is easy to see that extremizing the functional S with a left—invariant La-
grange function L is equivalent to extremizing the functional

b—1
SO = L0,
n=a

with respect to variations {W,,(€)} of the sequence {W,,} of the form
Wn<€) — Wne”'”“_EAd W, ,

where {n,}__ is an arbitrary sequence of elements of the Lie algebra g such
that n, = = 0.

Theorem 10.3. The difference equations for extremals of the functional S®)
are

M1 =Ad*W,, - M, , (71)
where
M, =d'LOW,_,) eg*. (72)
If the Legendre transformation,
Wp1€G — M, €g", (73)

is invertible, then (71) define a map, M, — M,11, which is Poisson with
respect to the Lie—Poisson bracket (56). The motion in the Lie group is re-
constructed by solving the linear difference equation

gn+1 = gan . (74)
The element
mp = Ad” 97:1 - M, € g* (75)

is conserved in the evolution described by (71) and (74).
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Next, consider the situation with the discrete-time Lagrange function
L(g1, g2) invariant with respect to right multiplications,

L(g190,9290) = L(g1,92) , Vg0 € G . (76)

This is equivalent to the fact that function L(gy, gn+1) depends only on w,, =
-1
In+19n >

L(gna gn-l-l) = ]L(r) (wn) . (77)

This time we reduce the discrete-time Euler—Lagrange equations with respect
to the action of G on G x G by right multiplications, the reduction map being

(gl,gg)GGxG%w:gggf1€G.

Extremizing the functional S with a right—invariant Lagrange function L is
equivalent to extremizing the functional

b—1
50 = L)

with respect to variations {wy,(¢)} of the sequence {w,} satisfying the con-
straint

wn(€) = eEMnt1—eAd wn gy, ,

where {1, }?_, is an arbitrary sequence of elements of g such that 1, = n, = 0.

Theorem 10.4. The difference equations for extremals of the functional S
are

Mpy1 = Ad*w, t - m,, , (78)
where
mp = dL" (w,_1) € g* . (79)
If the Legendre transformation,
w,_1 € G—>m, €g, (80)

is invertible, then (78) defines a map, m, — My11, which is Poisson with
respect to the Lie—Poisson bracket (65). The motion in the Lie group is re-
constructed by solving the linear difference equation

gn+1 = Wnfn - (81)
The element
M, =Ad" g, -m, €g* (82)

is conserved in the evolution described by (78) and (81).
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Equations (71) and (78) are naturally considered to be discrete—time
FEuler—Poincaré equations on g, and may also be seen as discrete—time
Lie—Poisson equations on g, provided the Legendre transformations are
invertible. However, as opposed to their continuous time analogues, they do
not necessarily possess an integral of motion analogous to the Hamilton func-
tion (although, of course, Casimir functions of the Lie—Poisson brackets on
g* serve as integrals of motion also in the discrete time case).

11 Lagrangian Reduction and Euler—Poincaré
Equations on Semidirect Products

A very important case of the Lagrangian mechanics on Lie groups is consti-
tuted by Lagrangian functions invariant with respect to the left or right mul-
tiplications by elements of some subgroup, rather than the whole group. This
situation leads naturally to Euler—Poincaré equations on semidirect products.
The general setup is as follows.

Let @ : G xV — V be a representation of a Lie group G in a linear space
V', we denote it by

P(g)-v for geG, veV.

We also denote by ¢ the corresponding representation of the Lie algebra g in
v,

d
o= L Becty .
P(€) v %(é@) Q
Map ¢* : g x V* = V* defined by

(@0°(&) - y,v) =(y,0(§) ' v) VweV,yeV" {eg (84)

is an anti-representation of the Lie algebra g in V*. We shall also use the
bilinear operation ¢ : V* x V. — g* defined as follows: let v € V, y € V*,
then

for £cg, veV. (83)

e=0

(youv, &) =—(y,0(&) v) VEeg. (85)

Observe that the pairings on the left-hand side and on the right-hand side
of the latter equation are defined on different spaces.

Fix an element a € V, and consider the isotropy subgroup Gl of a, i.e.,
Gl ={h: @d0h)-a=a}CG. (86)

Its Lie algebra is
g ={¢: @& a=0}cCg. (87)

Our subject in the present section will be the Lagrangian dynamics in the
case of Lagrange functions invariant with respect to the action of Gl%.
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11.1 Continuous—Time Case

Suppose that the Lagrange function L(g, ¢) is invariant under the action of
Gl on TG induced by left translations on G:

L(QOQ’LgO*Q) = L(g7g) , go € G[a] . (88)

Denote the Lagrange function pushed forward by the left trivialization map
(37) by L(g,g) = LW(g,0). The corresponding invariance property of
L") (g, 2) is expressed as

LY (gog, 2) =LY (g,02), goe G, (89)

We want to reduce the Euler-Lagrange equations with respect to this left
action. We realize the factor TG/G!* ~ (G x g) /G as the set g x O,, where
O, is the orbit of a under the action &:

O,=1{9(g9)-a, ge G} CV. (90)
The reduction map is
(9,2)€Gxg — (2,P)€gxO,, where P =&(g ') a, (91)
so that the reduced Lagrange function £ € F(g x O,) is defined as
LY, P)=LY(g,2), where P=&(g" ") a. (92)
The reduced Lagrange function £ (£2, P) is well defined because, from
P=o(g;")-a=d(g;")-a,

it follows that ®(g2g;') - @ = a, so that gog; ' € Gl and LW (g1, 02) =
L(Z)(g% Q)

Theorem 11.1. a) Consider the reduction (g,(2) — (§2,P). The reduced
Euler—Lagrange equations are the following Euler—Poincaré equations:

M =ad" Q- M+ VpLO(Q,P)oP, (93)
P= _¢(Q) - P )
where
M=VaoLW(2,P)ecg*. (94)

They describe the extremals of the constrained variational principle with func-
tional

SO — / " O, P))dt (95)
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and admissible variations (£2(t,€), P(t,€)) of (£2(t), P(t)) € g x O, of the
form

2(t,€) = Q) + e(0(t) + [20),0(1)]) , Plt,e) = P(t) = ed(n(t)) - P(1)
(96)

where 1 : [a,b] — g s an arbitrary function taking values in the Lie algebra
g and satisfying n(a) = n(b) = 0.
b) If the Legendre transformation,

(2,P)egx0,— (M,P)egx0O,, (97)

is tnvertible, then it transforms (93) into a Hamiltonian system on g* x O,
with respect to the Poisson bracket

{F1, YO (M, P) = (M, [V Fy, Vi Fo))
HVpFL,o(VuFy) - P) = (VpFy, (Vi F1) - P), (98)

and with the Hamilton function
HO(M, P)= (M, 2) — £D(2,P), (99)

where {2 has to be expressed in terms of (M, P).
¢) The full (non—reduced) Euler—Lagrange equations on TG have the in-
tegrals of motion,

JO(g, M) = (M, Adg™ €),  vEe gl (100)

Remark 1. Formula (98) defines a Poisson bracket not only on g* x O,,
but on all of g* x V. Rewriting this formula as

(P, P} =
(M, [Ny Fy, Vo Es] ) +(P¢" (Vv Fa) - VpFy — ¢ (Vi Fr) - VpFy)

one immediately identifies this bracket with the Lie-Poisson bracket of the
semidirect product Lie algebra gxV* corresponding to the representation
—¢* of g in V*. By definition, the Lie algebra g x V* corresponding to the
representation 1 of g in V* coincides as a vector space with g x V*, and
carries the Lie bracket,

(&1, 91), (§2,92)] = ([51752},1/1(51) Y2 — (&) - y1> .

Remark 2. An important particular case of the constructions of this
section is the following: the vector space is chosen to be the Lie algebra of
our basic Lie group, V = g, and the group representation is the adjoint,
P(g)-v = Adg- v, so that ¢(&) -v = ad € - v = [£,v]. Then the bilinear
operation, ¢, is nothing but the coadjoint action of g on g*, yov =ad* v-y.
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Now assume that the function L(g, ¢) is invariant under the action of GI%
on TG induced by right translations on G,

L(gg0, Rgo+§) = L(g,9) , g0 € G (101)

Under the right trivialization (41) of TG the Lagrange function becomes
L(g,9) = L") (g,w), and the invariance property reads:is

L") (ggo,w) = L (g,w) , g0 € G (102)
The reduced Lagrange function, £ € F(g x O,), is defined as
L7 (w,p) =L"(g,w), where p=d(g)-a. (103)

Theorem 11.2. a) Consider the reduction (g,w) — (w,p). The reduced
Euler—Lagrange equations are the following Euler—Poincaré equations:

m=—ad*w-m— VL7 (w,p)op
. ’ ’ 104
e 1oy
where
m=V,L" (w,p) €g*. (105)

They describe the extremals of the constrained variational principle with func-
tional

b
st = / LU (w(t), p(t))dt (106)
and admissible variations (w(t,€),p(t,€)) of (w(t),p(t)) of the form

wlt,€) = wt) + €(00) + 10, w(0]) , plt€) = plt) + e0(n(8)) - p(t)

(107)
where n : [a,b] — g is an arbitrary function such that n(a) = n(b) = 0.
b) If the Legendre transformation,
(w,p) € X 00— (m,p) €g" X Oa, (108)

is invertible, then it transforms (104) into a Hamiltonian system on g* x O,
with respect to the Poisson bracket

{Fth}(r)(m,p) = _<m7 [VmFla VmFZ] >
_<vala¢(va2)'p>+ <V;DF23¢<va1> 'p>7 (109)
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with the Hamilton function
H" (m,p) = (m,w) — L7 (w,p) , (110)

where w has to be expressed in terms of (m,p).
¢) The full (non—reduced) Euler—Lagrange equations on TG have the in-
tegrals of motion,

I (gom) = (m,Adg-€),  VEeqgld. (111)

Remark. Formula (109) differs from (98) only in the overall minus sign.
Therefore it also defines a Poisson bracket on all of g* x V', the opposite
of the Lie-Poisson bracket of the semidirect product Lie algebra g x V*
corresponding to the representation —¢* of g in V'*.

11.2 Discrete—Time Case

Turning to the discrete-time Lagrangian mechanics on G, suppose that the
Lagrange function LL(gy, g2) is invariant under the action of GI% on G x G
induced by left translations on G,

L(g0g1,9092) = L(g91,92) , go € el (112)

Denote L(g1, g2) = LY (g1, W), where W = g5 '¢1. The corresponding invari-
ance property of L) (g, W) is expressed as

H—‘(l) (g()ga W) = ]L(l) (ga W) , 9o € G[a] . (113)

To reduce the discrete-time Euler-Lagrange equations with respect to this
left action, we realize the factor (G'x G')/G!% as the set G x O,, the reduction
map being

(g W)eGxG - (W,P)eGx0O,, where P=3&(g ") -a.
(114)

The reduced Lagrange function A € F(G x O,) is defined as
AOW,P) =LY (g,W), where P=&(g"') a. (115)

Theorem 11.3. a) Consider the reduction (g,W) — (W, P). The reduced
FEuler—Lagrange equations are the discrete—time Euler—Poincaré equations,

AWt My = M, +VpAD(W,, P,)o P, ,
Py =W, Y- P, ,

n

(116)
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where
M, = d{y AV (W, _1,P,_1) €g*. (117)

They describe the extremals of the constrained variational principle with func-
tional

b—1
s =>" AV W, P,), (118)

n=a

and the admissible variations {{(Wy(€), Pn(€))} of {(Wa, Py)} of the form
Wn(e) = Wneenn+176Ad Wt in 5 Pn(e) =P, — €¢(nn) - P, s (119)

where {n,}b _, is an arbitrary sequence of elements of g such that n, = n, =
0.

b) If the Legendre transformation
(Wn—hpn—l) cGx0,— (Mn,Pn) S g* x O, s (120)
where P, = ®(W, 1) - P,_1, is invertible, then equations (116) define a map
(M, Pp) = (M1, Pry1) on g* x O, which is Poisson with respect to bracket
(98).

¢) The full (non-reduced) Euler—Lagrange equations on G x G have the
integrals of motion,

T (gn, M) = (M, Ad gyt €), VE€ gl (121)

Finally, assume that function L is invariant under the action of G[® on
G x G induced by right translations on G,

L(g190, 9290) = L(g1,92) , g0 € G1. (122)

Let (g1, 92) = L") (g1, w), where w = g1g; . An equivalent formulation of
the invariance property is then,

LT (ggo, w) = L™ (g,w) , g0 € G, (123)
Defining the reduced Lagrange function A" € F(G x O,) as
A (w, p) =L (g,w), where p=d(g)-a, (124)

leads to the following statement.
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Theorem 11.4. a) Consider the reduction (g,w) — (w,p). The reduced
FEuler—Lagrange equations are the discrete—time Euler—Poincaré equations:

{Ad* Wy * M1 = My — Vp/l(r) (Wn, Pn) © P (125)
Pn+1 = @(wn) *Pn s
where

My = dp A" (w1, pn_1) € g . (126)

They describe the extremals of the constrained variational principle with func-
tional

b—1
S(T) - Z A(T) (wn,pn) ’ (127)

and admissible variations {(wy(€), pn(€))} of {(wn,pn)} of the form
Um(é) = fMn+17eAd R T pn(e) =Pn + €¢(nn) *Pn (128)

where {n,}2_, is an arbitrary sequence of elements of g such that n, = my, = 0.

b) If the Legendre transformation,
(wnflvpnfl) € G x Oa — (mnapn) € 9* X Oa ) (129)

where p, = P(wp_1) - Pn_1, 18 invertible, then equations (125) define a map
(Mp, pn) = (Mpt1,Pnt1) on g* X Oy which is Poisson with respect to bracket
(109).

¢) The full (non—reduced) Euler—Lagrange equations on G x G have the
integrals of motion,

J,f(r)(gnvmn) = <mn7Adgn : §> , V¢ € g[a] . (130)

The following table (opposite page) summarizes the information on Euler—
Poincaré equations, both in the continuous and discrete time formulations.

Recall that the relation between the continuous time and the discrete time
equations is established, if we set

=9, Gn+1=9+hi+0((?), L(gn,gnt1) =hL(g,g) + O(h?);
P,=P, W,=1+h2+0(h?, AYW,,P,)=hLO(2,P)+0(h?);
Pn=2D, Wn = 1+ hw + O(hQ) ) A(r (wn,pn) = hﬁ(r) (w,p) + O(hQ) .

NN
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CONTINUOUS TIME

DISCRETE TIME

Left trivialization, left symmetry reduction

L(g,9) = £Y(2,P)
Q=1L, 1,9
P=3&(g ") -a

M =1L =VoL®

{

M=ad*2-M+VpLOoP
P=—¢() P

L(9n79n+11) = A(l)(Wm Pn)
Wn = gn Gn+1
Po=9(g,")a

M, = L}, I, = djy AD (W, _1, Pa_1)

{

Ad* W, Mg
Pop1 = oW, h)

M, +VpAD(W,, P,)
° Pn

Right trivialization, right symmetry reduction

L(g, ) = L7 (w,p)
w=R,-1,.9
p=9(g9) a

m = Ryl = VL")

{

m=—ad*w-m—V,L" op
p=0ow) p

L(gmgn+l) = A(T)(wmpn)
Wn = gn+lgn_1
P =P(gn) - a

mn = R;nﬂn - de(T)(wnflypnfl)

{

Ad* wy, - M1 = M — VAT (wa, pn)
Pn+1 = Qs(wn) *Pn

12 Neumann System

12.1 Continuous—Time Dynamics

Consider the motion of a point z € RY under the potential %(Qx, x), where

2 = diag(ws, ...

S:{xERN: (x,x):l}.

,wn ), constrained to the sphere

(1

This is the famous Neumann system.
The Lagrangian approach to this problem is as follows. The motions
should correspond to local extrema for the action functional

S = /t1L<x(t),9’c(t))dt,

to

31)
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where L : T'S — R is the Lagrange function, given by

L(z, &) = %@,@ - %(Qx,x) - %a((oj,x) - 1) . (132)

Here the first two terms on the right—hand side represent the unconstrained
Lagrange function, and the Lagrange multiplier « has to be chosen to assure
that the solution of the variational problem lies on the constraint manifold,
TS, which is described by the equations

(x,2) =1, (#,2)=0. (133)
The differential equations of the extremals of the above problem are
¥=—-0x—ax. (134)
The value of « is determined by
0= (2,z) = (&,%) + (&, z) = (&,2) — (RPz,z) — .
Therefore
a={(&,&) — (Rz,z) . (135)

So, the complete description of the Neumann problem consists of the equa-
tions of motion (134), together with the expression (135).

The Legendre transformation, leading to the Hamiltonian interpretation
of the above system, is given by

H(xap) = <xap> - L(l’,iﬂ) )

where the canonically conjugate momenta p are defined by

p=0L/0t =1 . (136)
Hence we obtain
1 1
H(z,p) = §<p,p> + §<Qx,x> . (137)

The corresponding symplectic structure is the restriction of the standard
symplectic structure of the space R?N (z, p),

to the submanifold 7*S which is singled out by the relations
¢1:<x,$>—120, ¢2:<p7$>20 (139)

The Dirac Poisson bracket for this symplectic structure on 7*S is character-
ized by the following relations:
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T

TgPj — PETj
{kaj}D =0, {pkﬂﬁj}D = 5kj - ﬁ s {pk,pj}D == =

(2, )
(140)

It is easy to show that the Hamiltonian vector field generated by the Hamilton
function (137) with respect to the bracket {-,-}p on T*S, is given by

& = {H,z}p = pi » Pr = {H,pp}p = —wipzr — axy , (141)
where
a=(p,p)— (Quz,z) . (142)

This is nothing but the first-order form of (134) with multiplier (135).
It can be checked that the following functions are integrals of motion of
the Neumann system, in the case when all wy’s are distinct,

L \2
Fk:xﬁ+zw, 1<k<N. (143)
2k W — Wy

Only N — 1 of these N integrals are functionally independent on T*S, due
to the relation

N
> Fr=(z,1), (144)
k=1

which is equal to 1 on T%S. The Hamilton function of the Neumann system
can be represented as

1Y 1 2 1
H= g >k = (.2 w,2) = (p.2)?) + 5{20,0) | (145)

which coincides with (137) on T*S.

Theorem 12.1. Differential equations (141) are equivalent to the matriz
equation,

L=[M,L], (146)

with N x N matrices depending on the spectral parameter \:
L = L(x,p;\) = 2+ MNpz" —ap™) — Nz, (147)
M = M(z;)) = daaT. (148)

If all wy s are distinct, then differential equations (141) are also equivalent to
the matrix equation,

A=M, 4], (149)
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with 2 X 2 matrices depending on the spectral parameter z:
P.(x,p) —1+P.(p,p)
A = Alz,p;z) = ) (150)
*@z("mx) 7¢z($7p)

0 24+«
M = M(z,p;z) = . (151)
-1 0
Here
N
_ kDK
D.(w,p) = (2~ D) wp) = 3 (152)

k=1

The relation between these two Lax representations is an example of duality.
It can be best explained on the level of characteristic polynomials which are
related, due to the Weinstein—Aronszajn formula,

det (E()\) - zIN) — )2 H ) det ( (2) + )\_1[2). (153)
Thus,
-1 2 - Flc
det (A(z) +A 12) =2 . (154)
W — 2
k=1
12.2 Backlund Transformation for the Neumann System
Consider the following Lagrange function on S x S,
hL(F, ) = —<(I+ h20)%g, :17> . z€S T€S, (155)
and the corresponding discrete—time Newtonian system,
(I+n2Q)V2(F+ z) = pz. (156)

Here (3 is the Lagrange multiplier, assuring that z remains on S during the
discrete time evolution. Requiring (Z,Z) = 1 provided that (x,z) = 1 and
(z, ) =1, we find that

N
, 2((1+120) 22, z) 2;1+h2wk )
a <(I—|—h2.(2)_1x,x> a N (1 9 1.9
+hiwg)

(157)
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Similarly, requiring that (z, ) = 1 provided that (z,z) = 1 and (z,%) = 1,
leads to the alternative expression,

N
2 Z 14 h2wp) ™Y 2E 2y,
h=1 . (158)

<(I—|—h2!2)—1x,x> al 2 =12
(1+h°wg) x

2 <(I +h20) V2% x>

Hence the following quantity is an integral of motion of our discrete-time
Lagrangian system,

N N

Z(l + h2wk) 1/2xkxk Z(l + thk)—l/kagk . (159)
k=1 k=1

The momenta p canonically conjugate to x are given by

hp = (I +h22)Y%% — vz | (160)
hp = —(I + h22)Y %z 447 . (161)

Here the scalar multiplier v has to be chosen to assure the relations
peT;S, pel;s,
or, in other words, the relations

(p,x) = (p,2) =0, (162)

which are satisfied if
y= <(I+h2 )2z, m> (163)

The condition for Z determined by (160) to lie on S is

N
2 TkPk B2

=1. 164
7kzzjllJr 2 vz:14—h? Zl—i—h%}k (164)

There is one root of this quadratic equation such that v = 1 + O(h?) when
h — 0. It is

y=—t= : (165)
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where

7= ZHM , (1660

with the functions Fy, given in (143).
Similarly, the condition that = determined by (161) lies on S is

N ~9 N
2 Lk TPk B2
—2h = 167
7;14*]7,2&)]@ 721+h2 Zl+h2wk ? ( )
and the root such that v = 1+ O(h?) when h — 0 is

hz TPk /F

1+ h2wy,

= : (168)

Z o
2
— 1+ h2wy

where F is obtained from F by replacing (z,p) by (z,D).
Lagrangian equations (160), (161) yield Newtonian ones (156) with

B=v+7. (169)

This, together with (164) and the downshifted version of (167) imply the
following expression for the Lagrange multiplier (:

2/ F

f=— . (170)
Z (1 + h2wy) 1
k=1
Comparing (170) with (157), (158) leads to the formula
N
VF = 1+ hPwp) iy (171)
k=1

Lax representations of the map (160), (161) are given in the following
statement.

Theorem 12.2. Equations of motion (160), (161) are equivalent to the fol-
lowing matrix factorizations,

T+h2L = T+ h*L(x,p;\) = MY (T, 2 -\ M(F, x;)) , (172)
I+h2L = I+ h2LEDN) = M(T,z;0) M (T, 2;—)) , (173)
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where the matriz L is defined as in (147), and
M (F,2;\) = (I +h20Q)Y2 + haza™. (174)
Also, equations of motion (160), (161) are equivalent to the matrix equation,
AP = P4, (175)
where the matriv A = A(x, p; z) is given in (150), and

v hz+hTH(1-197)
P=P@,x;2) = . (176)
_h ~
Thus, discretization (160), (161) shares the Lax matrices, and therefore the
integrals of motion, with the Neumann system itself.

12.3 Ragnisco’s Discretization of the Neumann System

There exists an alternative integrable discretization of the Neumann system
invented by Ragnisco. Its discrete-time Lagrange function on S x S is
h2
hL(Z,z) = —log(Z, =) — ?<Qx,z> , ze€8, €8, (177)

The momenta p canonically conjugate to x are given by
hpy, = gfk@ + RPwpar — Yoy hpr = —% + 0T - (178)
Here the scalar multipliers -y, 6 have to be chosen so as to assure that
peTrs, peTisS,
or, in other words, the relations
(p,x) = (p,27) =0. (179)
It is easy to see that this is achieved if

y=1+h*Qz,x), §=1. (180)

So, the following are the equations of motion of Ragnisco’s discrete—time
Neumann system:

hpp = —*— — 2y + h2wpay, — h2(Q2, z) | (181)
(T,z)

Tk ~
- —— . 182
hpk &) + xy (182)
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The Newtonian form of the equations of motion is

Ty, Lk 2 2

G P g T Pt Onalne. o (15)
Equations (181), (182) define an explicit symplectic map (z,p) € T*S —

(Z,p) € T*S. Indeed, the first equation (181) yields

z
ﬁ = a1, + hpr — 2wy, + W2 (Qz, x)xy,

which allows us to determine

1
F.a) = |lz + hp — K2z + h*(Qx, x)z|| . (184)

Now the previous equality defines

= Tk + hpp — h2wrzy + h2(Qx, )y,
T e+ hp — h2Qx + 2 {(Qx, 2)z|

and, finally, the second equation of motion (182) defines p.
Ragnisco’s discrete-time Neumann system no longer shares the integrals
of motion and the Lax matrices with its continuous—time counterpart.

Theorem 12.3. Equations of motion (181), (182) are equivalent to the fol-
lowing matrix equation,

ArPg = PpAg , (185)

with the matrices

h

Ag = Agr(z,p; 2) = : (186)
—P,(x,x) g — &, (z,p)

1 hz+ha
Pr = Pr(z,p;2) = ; (187)

—h vy —h%z

where

v =1+hr*Qz,z), (188)
a=(p—hQx,p—hQz) — (Nx,z) — h?(Qz,x)* . (189)

We do not know a “big” Lax representation of Ragnisco’s discrete-time Neu-
mann system. The characteristic polynomial of the matrix Ag yields the
following integrals of motion of Ragnisco’s discrete—time Neumann system:

. )2
Fo=a} —howpr + Y (Prs = 21py)” (190)

WEe — W,
£k b
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12.4 Adler’s Discretization of the Neumann System

It will be convenient to adopt the notation

h? h?
akzl—Iwk, A:diag(al,...,aN):I—IQ. (191)

Consider the discrete-time Lagrange function on S x S,
hML(Z,z) = —2 log(1 + (T, x)) + 2 log{Az,z), €S, T€S. (192)
The corresponding discrete-time Lagrangian equations of motion are

ka 40ék33k ~ 2$k ~
_ vrg . hpr = ———F 4 sEe . (193
1+(7,z) (Az,z) Tk Pr 1+ (7, ) 0. (199)

hipy,

Here the scalar multipliers v, 0 have to be chosen so as to assure that
peTrS, peTES,
or, in other words, to assure that the following relations hold,
(p,x)=0, (1) =0.
It is easy to see that this is achieved if

27, x) o 2 B 27, x) _ 2
“TrGe T iree L T irge irga B
(194)

So, we come to the following Lagrangian equations of motion of Adler’s
discrete—time Neumann system,

2(5]@ + xk) 4o xy,
hpy, = T k) _ %y, | 195
PE=T7 (Z,z) (Az,z) A (195)

- 2(Tr + xx) ~
hp, = —————= 4+ 21, . 1
Dk 1+ @) + 2z (196)

These two equations yield also the Newtonian form of the equations of motion,

T + xk Tk + Tk 20,1
— ~ = . 197
1+ @,z) 14+ (z,z) (Azx,x) (197)

Equations (195) and (196) define a symplectic map, (z,p) € T*S — (Z,p) €
T*S. At a first glance, this definition looks implicit. However, this is actually
not the case. Indeed, the first equation (195) yields

Q(fk + Z‘k) dagTy
T k) _ — %k + hpy
1+ (z,z) (Az, ) T+ P
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which implies
2

2 H : 2Ax hp (198)

1+ (z,x) - Az, x) _x+?

This, substituted back into (195), allows us to determine Z, and then, finally,
the second equation of motion (196) defines p.

A neat Lax representation for Adler’s discrete-time Neumann system is
not known. Nevertheless, it is completely integrable, as the following theorem
shows.

Theorem 12.4. If all oy ’s are distinct, then the following functions are in-
volutive integrals of motion of Adler’s discrete—time Neumann system,

st o1 3 = okt )
J#k
13 Garnier System
13.1 Continuous—Time Dynamics
The equations of motion of the Garnier system are
Iy = —wpry — 2xp(z, x) , (200)
or, in the vector form,
i=—-0z—2x(z,x). (201)
Written as
T =pr,  Pr=—wpTk — 2z5(2, ), (202)

this is a Hamiltonian system on R?*V (z,p) equipped with the standard sym-
plectic structure, with the Hamilton function

2

1., S AR, 1 1 1,
k=1 k=1

(203)

If all wy’s are distinct, then the full set of integrals of the Garnier system
is given by the functions

X2
Fp=p} +waf +af(ea) + > —2—  1<k<N.  (204)
jk Tk
Then
1N
H= o) Fy. (205)
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Theorem 13.1. Differential equations (202) are equivalent to the matriz
equation,

L=[M,L] (206)
with (N 4+ 1) x (N + 1) matrices depending on the spectral parameter A,

zxT +02  p+ Az
L=L(x,p;A) = ; (207)
pt — AzT —(z,z) — \?

0 =z
M = M(; ) = . (208)

—zT -\

If all wy’s are distinct, then differential equations (202) are equivalent to the
matriz equation,

A=[M, 4], (209)

with 2 X 2 matrices depending on the spectral parameter z,

@.(x,p) 2+ (z,2)+P.(p,p)

A= Az,p;z) = : (210)
—1-&,(z,2) —&,(x,p)
0 z+2(z,x)
M = M(z; z) = . (211)
-1 0

As for the Neumann system, also in the present case the characteristic
polynomials of the Lax matrices yield the full set of integrals of motion.

13.2 Backlund Transformation for the Garnier System

Consider the discrete-time Lagrangian system,

hp = (E + h22)Y?% — z(1 — h%0)Y/? (212)
hp = (1 — h%0)? — (E+ h202) %z (213)

where
o= (Z,Z) + (z,x) . (214)

The Lagrange function generating these equations of motion is equal to

1
hLo(F, z) = —<(E + h2(2)1/2§,x> — (=R (215)
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The Newtonian form of the equations of motion is
(1 + h2wp)Y2(F + zx) = 2k ((1 —R2)M? 4 (1 - h2g)1/2) . (216)

Theorem 13.2. Equations of motion (212), (213) are equivalent to the fol-
lowing matriz factorizations,

I+ h*L = T+ h2L(x,p;\) = MY(Z, 2 -\ M (T, 23\ , (217)
I+h2L = T+R2LEp:N) = M(Z, 2 MY (Z,2;-)),  (218)
with the matriz L defined as in (207), and
(E + h20)'/? hx
M(z,x;\) = . (219)
—hzT (1 —h%20)Y/2 — hA

As a consequence, the discrete—time evolution of the matrix L induced by
(212), (213) is isospectral. Also, equations of motion (212), (213) are equiva-
lent to the 2 x 2 discrete—time Lax equation,

AP =PA (220)
with the matriz A(z,p; z) defined in (210), and
(1—h%20)"? hz+ho
P=P(z,z;2) = . (221)
—h  (1—h%0)"/?
13.3 Explicit Discretization of the Garnier System

There exists an alternative, explicit discretization of the Garnier system.

Let C = diag(cy,...,cn). Consider the system of second-order difference
equations,
_ 2Cx
= ——. 222
rhr=g + (Cx, ) (222)

In the form of first—order difference equations,

~ . 2Cx

y=x, T y+1+<cx’x>7 (223)

this system defines a symplectic map of R*V(z,y) onto itself, provided the
symplectic structure on this space is defined by means of the canonical Pois-
son bracket,

{xk,yj} = 0kj - (224)
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To achieve the continuous limit, re-scale x — ha, which leads to the equation

oo 2Czx
= 14+ h2(Cz,z)’

and then set ¢, = 1 — h2wy /2 + o(h?), and finally let h — 0.
It can be shown that, if all ¢;’s are distinct, the full set of involutive
integrals of the discrete-time Garnier system (222) is given by N functions,

Fi = c; ' (7 + y7) — 2219k + 2293

2
CkCj 26»
<k<
+§ : mkyj + ypa3) — § o TRYkzy;, 1 <k < N. (225)
]7’579 J#k J

Theorem 13.3. Difference equations (223) are equivalent to the matrix equa-
tion,

ML= LM (226)
with (N 4+ 1) x (N 4+ 1) matrices depending on the spectral parameter X,

A 202 —E+axyT - A"1C 1y
L=L(z,y;\) = ; (227)
ATC7 — 2y T A2 41— (2,9)

Ao —¢
M= M(z;\) = . (228)
T A

Also, difference equations (223) are equivalent to the matriz equation,
LM = ML, (229)
with 2 X 2 matrices depending on the spectral parameter u,

u Tt +udy(z,y) 1+ Py(z,C 1)

L=L(z,y;u) = ; (230)
—-1- @u(yv Cily) —Uil - ud5u(x,y)
2
1+ (Cx,x) “
M = M(z;u) = ’ (231)
—U 0

14 Multi—dimensional Euler Top

14.1 Continuous—Time Dynamics

A natural configuration space for problems related to multidimensional ana-
logues of the rigid body dynamics is the Lie group



154 Yu.B. Suris
G =50(n),
with Lie algebra

g =-so(n).

The “physical” rigid body corresponds to n = 3. Indeed, let B(t) C R™ be a
rigid body with a fixed point 0 € R™. If E(t) = (e1(t),... ,en(t)) stands for
the time evolution of a certain orthonormal frame attached to the moving
body, called the body frame (all e € R™), then

E(t) =g()E(0) & ex(t) =g()er(0) (1 <k <n),

with some ¢(t) € G. Let us derive the Lagrange function of a free rigid body.
Consider some material point in the rigid body, and denote its trajectory
by z = z(t) € R". We will write 2 = (z1,... ,2,)" for the position of the
material point with respect to the rest frame. We assume that the coordinates
xp = x(t) are calculated with respect to the frame E(0), i.e.,

2(t) = zk(t)er(0).

k=1

The rigidity of the body means that the coordinates of this vector with respect
to the body frame E(t) do not change with time,

,T(t) = iXkek:(t) .
k=1

We will also denote by X = (X1,...,X,)T the position of the corresponding
material point with respect to the moving frame. Obviously,

Supposing that the density of the body at the point z(t) = g(¢)X is equal to
p(X), we can calculate the kinetic energy of the free rigid body, which will
be simultaneously its Lagrange function,

1
L= f/ (&, 2)p(g tx)d" .
2 /B

Here (-, -) stands for the standard Euclidean scalar product in R™. Performing
an orthogonal change of variables z = gX, we obtain

L=j [ GXax)p0anx =5 [ (@x.ex)0d,
2 /B(o) B(0)

where
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N=gjeg (232)

is the matrix of the angular velocity of the rigid body in the body frame
E(t). Obviously, due to the skew—symmetry of (2, the previous integral is
equal to

1
L=——tr(JR?),
2
where J = (Jjx) ,—; is a symmetric matrix with entries
Jjp = X; Xpp(X)d" X, (233)
B(0)

the so called inertia tensor of the rigid body. It is easy to understand that
changing the initial frame leads to a conjugation of J by the corresponding
orthogonal matrix. Hence, choosing the frame E(0) properly, we can assure
the matrix J to be diagonal,

J =diag(J1,... ,Jn), (234)
which will be supposed from now on. Let us introduce the scalar product on

g as

1
(&n) = *gtr(&?), &meg.

This scalar product is used also to identify g* with g, so that the previous
formula can also be considered as a pairing between the elements ¢ € g and
1 € g*. Introduce, further, the symmetric operator J : so(n) — so(n) acting
as

T(02) = IR+ QJ. (235)

In these notations we finally obtain the Lagrange function of a free rigid body
rotating about a fixed point,

L(g,9) = LY () = —%tr(J.Qz) = % (02,T(02)). (236)

This function depends on 2 = g~!g alone, and is therefore obviously invariant
under the left action of G. This allows us to apply Theorem 10.1, which
delivers the following equations of motion,

M= [M, ], (237)
where

M=VoLD =702) & M= (J;+J)2k. (238)
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According to the general theory, the system (237) is Hamiltonian on the dual
g*, with the Hamilton function

1 1 M
H(M) = (M, $2) = 23; 7 ‘:]}k : (239)
Recall that the Lie—Poisson bracket on g* is defined as
{102} (M) = (M, [Vipr (M), Ve (M)]) (240)
or, in coordinates,
{M;j, Mo} = Mg — Myjop — Midje + Moo - (241)

The generic orbits in this Poisson phase space have dimension n(n —1)/2 —
[n/2], since the dimension of g* is equal to n(n —1)/2, and the [n/2] spectral
invariants of M € g* are Casimir functions of the Poisson bracket. In par-
ticular, for the “physical” case, n = 3, the dimension of the generic orbit is
equal to 2, and in the case n = 4 this dimension is equal to 4. The number
of independent involutive integrals of motion necessary for complete integra-
bility is equal to one-half of the above dimension, so that any Lie—Poisson
Hamiltonian system on so(3) is integrable, while for the integrability of a Lie—
Poisson Hamiltonian system on so(4) one additional integral, independent of
and involutive with the Hamilton function, is necessary.

Theorem 14.1. Equations of motion (237) with (238) are equivalent to

LX) = [L(A), B, (242)

where
L) =M +\J?, (243)
BA) =02+ )\J. (244)

The spectral invariants of the matrix L(A) provide us with the necessary
number of independent integrals of motion, and their involutivity follows from
the general r—matrix theory.

14.2 Discrete—Time Euler Top

To find a discrete analogue of the Lagrange function (236), we rewrite the
latter once more as

L(g.9) = 5 (37" . (245)

Introduce the following discrete analogue,
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Ligis git1) = 57 tr( (g1 = 9) (911 = 90)T) - (246)

1 t
2h
This function has the correct asymptotics in the continuous limit h — 0,

namely L(gk, gr+1) = hL(g, ), when g, = g and gr+1 = g + hg. Up to an
additive constant, function (246) may be rewritten as

1
L(gk, gr+1) = -5 tr(gr+1Jgy ) - (247)

This is representable also in terms of Wy, = gggkﬂ € G alone,

1
L(gk, gr11) = AV (W) = 7 tr(WyJ) . (248)
(Recall that, in the continuous limit, Wy, ~ I + h{2, so that W,I ~ I — h{2.)
Theorem 10.3 leads to the following equations of motion.

Theorem 14.2. The discrete—time FEuler—Lagrange equations for the La-
grange function (248) are equivalent to the following system,

{th = Wi — JWT, (249)

hMjiy = JWj, — WIJ.

The multi—valued map (correspondence) My — M1 described by (249) is
Poisson with respect to the Lie—Poisson bracket on g*.

The Lax representation of equations (249) is obtained in terms of the
following matrices,

Liy(\) =1 —Rh2AMy — h2X\2J2, (250)

Ui(\) = Wi + hAJ, (251)
so that

Ui (=)\) =W —h\J. (252)

Theorem 14.3. Equations of motion (249) are equivalent to the following
matriz factorizations,

{ Liy(\) = Ur(N UL (-N), (253)

Lii(N) = Ui (=2 Ug(N).

In particular, the matrix Lj(\) remains isospectral in the discrete—time
evolution described by equations (249),

Liyi(N) = U (N LeNU () -

Since Lj(\) = I — h®ALi(\), where
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Lir(\) = My, + \J?,

an expression which formally coincides with (243), we see that the Lax matrix
of the continuous—time Euler top undergoes an isospectral evolution also in
the discrete-time dynamics. Theorem 14.3 provides us with a complete set
of integrals of motion of our discrete-time Lagrangian map, the coeflicients
of the characteristic polynomial, det(L(\) — pf). These integrals of motion
clearly coincide with the integrals of motion of the continuous—time problem.
In particular, they are in involution.

The definition of the above correspondence (249) depends crucially on the
solvability of the first equation in (249) for Wy € G. So, we have to discuss
this point carefully. Dropping index k, we rewrite the first equation in (249)
as

hM =WJ—JWT. (254)
We are looking for a solution W € G, i.e., such that
Wwt=wrw=1. (255)

Recall also that equation (254), together with constraint (255), is equivalent
to a factorization problem for matrices depending on A,

LN =UMNUT(-)). (256)
Define
p(A) = det(L(N)). (257)
Obviously, p(A) is a polynomial of degree 2n with real coefficients, and, due
to L(\) = L (—)), it satisfies
p(A) =p(=A).
Let X' denote the set of all roots of p(\). Suppose that p(A) has no roots on
the imaginary axis. Then we can find (many) splittings X' = Xy U X'_ into
disjoint sets X4, X_ satisfying
S.=-Y., T.=x., I_=3_. (258)
Such splittings are in a one-to—one correspondence with the factorizations

pA) = fFAF(=A), (259)

where f(\) is a polynomial of degree n with real coefficients such that X' is
the set of the roots of f(X), so that f(\), f(—\) have no common roots.

Theorem 14.4. To any polynomial factorization (259) there corresponds a
matriz factorization (256) with f(\) = £det(U (X)), or, equivalently, a solu-
tion of matriz equation (254) under constraint (255).

Remark. It is important to notice that, according to Theorem 14.3, the set
2} does not depend on k, and its splitting X' = 3, U X_ can also be chosen
independently of k.
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15 Rigid Body in a Quadratic Potential

15.1 Continuous—Time Dynamics

Now we extend the considerations of Sect. 14.1 by including an arbitrary
quadratic potential acting on the rigid body. To find the Lagrange function
of a rigid body rotating about a fixed point 0 € R™ in a field with a quadratic
potential,

1 n
iC) = —5 Z Qi TiTj5 (260)

,j=1

we have to calculate the body’s kinetic and potential energy. Clearly, the
kinetic energy coincides with the Lagrange function of a free rigid body. The
potential energy is equal to

/B()cp( 2)plg~a)d"e = =5 Z am/ zixjp(g~ a)d .
t

zgl

Performing an orthogonal change of variables, z = g X, we find the following
expression for the potential energy,

—= Z aw/ )i(9X);p(X)d" X =

Z] 1 (0)
__ Z Z augzegym/ Xngp )dn
i,j=14,m=1
Recalling definition (233), we write the potential energy as
| R 1 .
_§ Z Z aijgi[gjm!]ﬂm = _5 tY(Ang )
i,j=1£4,m=1

Here to the notations used above we add A = (a;;);_;, the symmetric matrix
of coefficients of the quadratic form, ¢(x). So, finally, the Lagrange function of
a rigid body rotating about a fixed point in a field with a quadratic potential
is equal to

1 1
L(g,g9) = ~5 tr(2J02) + 3 tr(AngT) . (261)

To include this Lagrange function in the framework of Sect. 11, we make the
following identifications:

e V = Symm(n), the linear space of all n xn symmetric matrices; we identify
V* with V via the following scalar product on V,

1
(v1,v2) = itr(vlvg) , v,V €V.
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e The representation @ of G on V is defined as

D(g)-v=guvg ! =gugT for ge G, veV.

e Therefore the representation ¢ of g on V is given by
d(&)-v=1[v] for E€g, vEV,
while the anti-representation ¢* of g in V* is given by
¢" (&) -y =—[&y] for g, ye VT,
e Finally, the bilinear operation ¢: V* x V — g* is given by
yov=—[y,v] for ye V', veV
Now defining P = gTAg = &(g~!) - A, we represent (261) in the form
LQLQ::d“ULP):—étdQJQ)+%thP):%<Q“7UD>+@LP%
(262)

which is manifestly invariant under the left action of the isotropy subgroup
G, Now Theorem 11.1 is applicable, which yields the following equations
of motion,

M = [M, 2]+ [P, J],
where M is given by the formula
M = VQ,C([) =J(2) & M=+ Jd)2k, (264)

identical with (238) for the Euler top. According to the general theory, the
system (263) is Hamiltonian on the dual of the semidirect product Lie algebra
g X V* with the Hamilton function

1 1 M3 1
H(M, P) = (M, $2) = (J,P) = 2% T 5;ka. (265)

The Lie—Poisson bracket on g* x V is given by:

{1, 02} = <M7 [VM<P1,VM<P2]> + <P7 (Vee1, Vaps] — [VP<P2,VM<,01]>,
(266)

or, in coordinates,

{M;j, Mo} = Migdji — Myjop — Migdje + Moo (267)
{M;;, Poe} = Piedjr, — Prjde; + Pirdje — Pojlgi (268)
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Generic orbits in this Poisson phase space have dimension n? — n (the di-
mension of g* x V is equal to n(n — 1)/2 + n(n + 1)/2 = n?; the n spectral
invariants of P € V are Casimir functions of the Poisson bracket). In par-
ticular, for the “physical” case, n = 3, the dimension of the generic orbit
is equal to 6. Therefore the number of independent involutive integrals of
motion necessary for complete integrability is equal to n(n — 1)/2 (equal to
3 for n = 3).

Theorem 15.1. Equations of motion (263) with (264) are equivalent to

L(A) = [L(V), BV, (269)

where
L) = AP+ M+ \J?, (270)
B(A) = 2+ \J. (271)

The spectral invariants of the matrix L(\) provide us with the necessary
number of independent integrals of motion. Their involutivity follows from
the r—matrix interpretation of the above Lax equation.

15.2 Discrete—Time Top in a Quadratic Potential

To find a discrete analogue of the Lagrange function (261), we rewrite the
latter once more as

. | 1
L(g,9) = 5 tr(gJg") + 3 tr(gJg" A). (272)

Introduce the following discrete analogue,

1 h
L(gk: gr41) = o tr((gk+1 — 9x)J (g1 — gk)T) + 5 tr(grr1Jgr A) . (273)

The powers of h are introduced in a way that assures the correct limit when
h — 0, namely L(gx, gx+1) = hL(g, 9), if g = g and gx+1 = g+ hg. Up to an
additive constant, function (273) may be rewritten as

1 h
L(gk, gr+1) = -5 tr(ges1Jgn ) + ) tr(grs1Jgp A) . (274)

This is representable also in terms of Wy = gfgr41 € G and Py = gf Agy, €
04 C V,

1 h
L(gk, grs1) = AD (Wi, Py) = - tr(WiJ) + o) tr(WyJPy) . (275)

Recall that, in the continuous limit, Wj ~ I + h{2, and WkT I — hel.

Theorem 11.1 allows us to come to the following conclusions.

Q
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Theorem 15.2. Discrete—time Euler—Lagrange equations for the Lagrange
function (275) are equivalent to the following system,

1
My, = E(ij —JW - g(PkaJ — JW.P),

1 h
Myi1 = E(JWk —-wil) - 5(JPka —~WEP.J), (276)

Pry1 = WEPW .

The multivalued map (correspondence) (M, Pr) — (My11, Pry1) described
by (276) is Poisson with respect to bracket (266).

Map (276) admits a Lax representation with matrices depending on a
spectral parameter A,

B2 N2
Li(\) = (I -5 Pk) — R2AM, — h2\2J2
— 1 K2 (Pk M, + )\QJQ) M P2, (277)
1
h2
Ur()) = (1 -% Pk) Wi + hAJ, (278)
T h?
UT(-\) = W] (I - Pk) — A (279)

Theorem 15.3. Equations of motion (276) are equivalent to the following
matriz factorizations,

Liy(3) =UsW) Ui (=),
T (280)
Ly () = UL (=N Ur(Y).
In particular, matrix Lj(\) remains isospectral in the discrete—time evo-
lution described by equations (276):

Lii(N) = U (N LeNU () -

Hence, the same holds for the matrix
h2
Ly =27 (P - ZP,f) + My, + AJ2. (281)

Theorem 15.3 provides us with a complete set of integrals of motion of our
discrete-time Lagrangian system. These are the coefficients of the charac-
teristic polynomial det(Ly(A\) — pf). Notice that these integrals of motion
do not coincide with the integrals of motion of the continuous—time problem
(with the only exception of the free rigid body motion, i.e., P, = 0 consid-
ered above). To be more concrete, the integrals of motion of our map are
obtained from the integrals of the continuous time problem by replacing P
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by P =P — 1h?P%. A simple calculation shows that (268) also holds for

the quantities ﬁkg. Therefore, the integrals of motion of the discrete-time
Lagrangian system are in involution with respect to the bracket (267), (268).

The definition of the above correspondence (276) depends crucially on the
solvability of the first equation in (276) for Wy, € G. This problem is very
similar to the one treated in Sect. 14.2. Dropping index k, and introducing
the notation

2
U= (I - h—P) W,
2
we rewrite the first equation in (276) as
hM =UJ —JU". (282)

We are looking for W € G, which means WWT = WTW = I, hence the
solution of (282) for which we are looking has to satisfy the constraint

UUt =B, (283)
where, for the sake of brevity, we also use the abbreviation
h? N2
B= (I - 313) . (284)

Recall that equation (282), together with constraint (283), is equivalent to
the factorization

L) =UMNUT(-)) (285)
with the matrices
L()\) = B — h*AM — h?\?J?, (286)
and
UN=U+h\, U"(=N=U"—-h\J. (287)

Introducing the polynomial (257), and arguing as at the end of Sect. 14.2,
we come to a statement analogous to the one given there.

Theorem 15.4. To any polynomial factorization (259) there corresponds a
matriz factorization (285) with f(\) = £det(U (X)), or, equivalently, a solu-
tion of matriz equation (282) under constraint (283).

Again, according to Theorem 15.3, the set X' does not depend on k, and
its splitting X' = X', U X_ can also be chosen independently of k.
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16 Multi—-dimensional Lagrange Top

16.1 Body Frame Formulation

Our next object will be a heavy top, i.e., a rigid body with a fixed point,
subject to a gravitational force with a linear potential,

p(x) = (p,7),

where p is some constant vector. Calculating the potential energy of such a
body, we find

/ p(@)plg 2)d s = / P(gX)p(X)d"X = (p,gA) .
B(t) B(0)

where

A= Xp(X)d"X (288)
B(0)

is the vector in R™ pointing from the fixed point to the center of mass of
the rigid body, calculated with respect to the frame moving with the body.
Therefore,

. 1
L(g.9) = 1 (2.7(2)) ~ (p.a). (259)
Here, on the right—hand side,
a=gA (290)

is the vector in R™ pointing from the fixed point to the center of mass of the
rigid body, calculated with respect to the rest frame. Introducing

P=yg"p, (291)

the gravity vector calculated in the moving frame, we can rewrite the above
Lagrange function as

L(g.9) = 5 (2.7(2)) - (P, 4). (292)

This function is in the framework of Sect. 11, if the following identifications
are made:

o V =V*=R" with the standard Euclidean scalar product;
e The representation @ of G in V is defined as

D(g)-v=gv for ge G, veV.
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e Therefore the representation ¢ of g on V is given by

$(&)-v=~Ev for {eg,veV,

while the anti-representation ¢* of g on V* is given by
¢*(§)-y=—Cy for {eg, ycV' =V
e Finally, the bilinear operation ¢ : V* x V — g* is given by
yov=uvyl —ygpvT =vAy for yecV* veV.

The Lagrange function (292) is manifestly invariant under the left action of
the isotropy subgroup GP! (rotations about the axis of the gravity field).
Theorem 11.1 is applicable, and delivers the following equations of motion of
a heavy top in the moving frame,

M =[M,Q2+AAP,
{P __op, (293)
where
M=VoL® =7(02) < Mjp=(J;+Jx)2%k. (294)

According to the general theory, system (293) is Hamiltonian on the dual of
the semidirect product Lie algebra, e(n) = so(n) x R™, with the Hamilton
function

1 1 M3, -
H(M,P)==(M,2 P A== J Py Ay . 295
(a)2<7>+<,> 2ZJj+Jk+Zkk ( )

i<k - k=1

The corresponding invariant Poisson bracket is

{M;j, Mo} = Mipdji — Myjoes — Migdje + Myl , (296)
{M;j, Py} = P, — Pjois . (297)
The multi—dimensional Lagrange top is characterized by the following
data, J; = Jy = ... = J,_1, which means that the body is rotationally
symmetric with respect to the nth coordinate axis, and A; = Ay = ... =
A,_1 = 0, which means that the fixed point lies on the symmetry axis.

Choosing units properly, we may assume that

Ji=Jo=...= 7,,_1:%, anlf%, A=(0,0,...,0,1)T. (298)

The action of the operator J is given by

O[Qm,lﬁ@jﬁﬂ—l,

{2;j, i=mn or j=n, (299)

M;; = J(82)i; = {
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or, in a more invariant fashion,

M=J(02)=aR+(1-a)(RAAT + AAT Q) (300)
=af?—(1-a)AAN(R4A). (301)
Therefore, in the particular situation of the Lagrange top, (292) may be
written as
1—«

L(g,q) = %m, Q) + —5—(24,Q4) - (P, 4). (302)

The Legendre transformation (300), (301) is easily invertible. Notice that
from (300) there follows immediately

MA = A, (303)

and introducing this into the second term of the right—hand side of (301), we
find

1 1
Q=-M+-—2
(0%

AN (MA). (304)
«

The integrability of the multi-dimensional Lagrange top follows from its
Lax representation in the loop algebra sl(n+1)[\, A™!] twisted by the Cartan
automorphism.

Theorem 16.1. For the Lagrange top, the moving frame equations (293) are
equivalent to the matrix equation,

L(A) = [L(A), U], (305)
where
M M-Alp
) =206 = (0 Mape M) e
U = U(M;2) = < NG AOA> . (307)

The involutivity of integrals of motion follows, as usual, from the r—matrix
interpretation of the previous result.

16.2 Rest Frame Formulation

Integrability is not the only distinctive feature of the Lagrange top. Another
one is the existence of a nice Euler—Poincaré description in the rest frame.
Rewriting (302) as

Slw,w) + = (wa,wa) — (p,a), (308)

L(g.9) = 35
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where w = gg~', we observe that the Lagrange function of the Lagrange top
is not only left-invariant with respect to G[P!, i.e., rotations about the axis of
the gravity field, but also right-invariant with respect to G4, i.e, rotations
about the symmetry axis of the body. Therefore, we may apply (104), which,
in the present setup, yields

{m = [w,m] + VL") Aa, (309)
a = wa.
Straightforward calculations based on (308) yield
VL") = —(1 — a)w?a —p,
m=V,L" =aw+ (1 —a)(waa” + aa"w).
The last formula implies, first, that
ma = awa + (1 — a)wala, a) = wa,
and, second, that
[w,m] — (1 —a)(w?a) Aa = {w,m — (1 - a)(waa™ + aa*w)| = [w, aw] = 0.

Introducing these results into (309), we finally arrive at the following nice
system,

a=ma,

{m_‘mp’ (310)

where m = gM g~ is the kinetic moment in the rest frame. This is a Hamil-

tonian system with respect to the opposite of the Lie—Poisson bracket of
e(n),
{mij,mue} = —migdjn + mi;0s + migdje — MOk (311)
{mij,an} = —a;djx + a;dir (312)
with the Hamilton function

H(m,a) = %(m, m) + (a,p). (313)

Remarkable in the system (310) is its independence of the anisotropy para-
meter .

Theorem 16.2. The rest frame equations (310) of the Lagrange top are
equivalent to the matriz equation

() = 1), u(N)], (314)

where

m Aa — A7t
L) e

u(\) = u(a; \) = <MT AO“> . (316)
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16.3 Discrete—Time Analogue of the Lagrange Top:
Rest Frame Formulation

Consider the following discrete analogue of the Lagrange function (308),

L(gk, gr+1) =
2(1 — )

f%trlog (2[+wk+w,;1) — W

log (1 + (ak, ak+1>) —h(p,ak) ,
(317)

where wy, ay are defined by
wy = gk+1g,;1, ap = grA, so that ag41 = wiay .

The powers of h are introduced in a way assuring the correct limit when
h — 0, namely L(gk, gk+1) =~ hL(g,9), if g = g and gx11 ~ g + hg. This is
seen with the help of the following simple lemma.

Lemma 16.1. Let w(h) = I 4+ hw + O(h?) € SO(n) be a smooth curve,
w € so(n). Then

trlog (21 +w(h) + w’l(h)> — const — %2 (w,w) + O(h®). (318)

For an arbitrary a € R™,

(a,w(h)a) = (a,a) — %(wmwa) +O(h?). (319)

Substituting wgax for agiq in (317), we find the Lagrange function
A (ak,wr) = L(gk, gk+1) depending only on ay, wy, hence invariant with
respect to the right action of G, It may be reduced following the procedure
of Sect. 11.

Theorem 16.3. The Euler—Lagrange equations of motion for the Lagrange
function (317) are equivalent to the following system:

Mgt1 = My + hay Ap,
I+ (h/2miss (320)

a =
T T (R 2)mg

The map (my,ax) — (Mgs1,axr1) is Poisson with respect to bracket (311),
(812), and the following function is an integral of motion of this map,

Hy(m,a) = & (m,m) + {a,p) — 5 m.p Aa). (321)
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An amazing feature of this result is that (320) is a genuine map, and
not a multi—valued correspondence, like the discretizations of the Euler top
and the top in a quadratic potential. It would be highly desirable to be able
to distinguish between these two situations by just looking at the discrete
Lagrange function, but at present we do not have methods for solving this
problem.

Actually, map (320) possesses not only integral (321) but the full set of
involutive integrals necessary for the complete integrability. The most direct
way to the proof of this statement is, as usual, through the Lax representation
which lives, just as in the continuous time situation, in the loop algebra
sl(n + 1)[\, A71] twisted by the Cartan automorphism.

Theorem 16.4. Map (320) admits the following Lax representation,
O (V) = v ")V vr(X) (322)

with the matrices

_ )1
mi )\bk A p>’ (323)

0e(N) = _
k) (Ab}fA IpT 0

where the following abbreviation is used,

2
bk:<l—gmk)ak+%p. (325)

Thus, we get a complete set of involutive integrals of motion for our
discrete-time Lagrangian map, as the coefficients of the characteristic poly-
nomial det(¢x(A) — ul). Observe that the integrals of map (320) are obtained
from the integrals of the continuous—time problem by the replacement of a
by b = a+O(h) given in (325). Therefore, the former are O(h)-perturbations
of the latter.

16.4 Discrete—Time Analogue of the Lagrange Top:
Moving Frame Formulation

It turns out that the equations of the discrete-time Lagrange top in the
moving frame formulation become a bit nicer under a modest change of the
Lagrange function (317), namely the replacement of (p,ay) in the last term
on the right-hand side by (p,ax+1). This modification does not influence
the discrete action functional, S = Y L(gk, grk+1), apart from the boundary
terms. On the other hand, it is not difficult to see that this modification is
equivalent to exchanging wy, <> w;l, ag <> ag+1, which in turn is equivalent
to considering the evolution backwards in time with the simultaneous change
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h — —h. Now express the discrete Lagrange function (317) with the above
modification in terms of P, = gk_lp and Wy, = g,?lgkﬂ,
L(gr, grs1) = AV (Pr, W) =
2(1 -
= —% trlog (2[—1— Wi, + W,;l) - % log (1 + <A7WkA>)
—h(Py, Wi A). (326)

Since Wy, = I + h§2 + O(h?), we can apply Lemma 16.1 to show that
AV (P, Wi) = heW (P, 2) + O(h?),

where L (P, ) is the Lagrange function (302) of the continuous-time La-
grange top. Now, one can derive all the results concerning the discrete—time
Lagrange top in the body frame from those for the rest frame by performing
the change of frames so that

My =g 'mygr, Po=g;'p, A=g; a,

and taking into account the modification mentioned above. Alternatively, one
can derive them independently from, and similarly to, the rest frame results,
applying Theorem 11.3. Anyway, the corresponding results are

Theorem 16.5. The Fuler—Lagrange equations for Lagrange function (326)
are equivalent to the following system,

{ My = W EMWy + hANA Pryy (327)

Py =W 'Py,

where the “angular velocity” Wy, € SO(n) is related to the “angular momen-
tum” My, € so(n) by the Legendre transformation,

M _2£ Wk—I_Q(l—Oz) A/\(Wk-A)
TR W+ 1 h 1+ (A, WA

(328)

Map (327), (328) is Poisson with respect to bracket (296), (297), and has a
complete set of involutive integrals assuring its complete integrability. One of
these integrals is

(M, P) = %(M, M) + (P, A) + g<M, PAA). (329)

We close this section with a Lax representation of map (327), (328).

Theorem 16.6. Map (327), (328) has the following Lax representation,

Lit1(N) = Vi 'O LAV (A) (330)
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with the matrices

. M;, By, — )\_1Pk
Wi, 0\ I+ (h/2)U(N) 0 M\
— L —————— = 2
n = (00 e = (G ) e
where the following abbreviation is used,
h h?
Bk:(I—FEMk)A—i—ZPk. (333)

17 Rigid Body Motion in an Ideal Fluid:
The Clebsch Case

17.1 Continuous—Time Dynamics

We next turn to the problem of the motion of an n—dimensional rigid body
in an ideal fluid. This problem is traditionally described by a Hamiltonian
system on e*(n) with the Hamilton function

1 _ 1<
H(M,Y) =3 > My, - 5 > Y (334)
k=1

i<k

Here (M,Y) € e*(n), so that M € so(n), ¥ € R", and C = {c¢;i}];_,
B = diag(by) are symmetric matrices. The physical meaning of M and Y is
the total angular momentum and the total linear momentum, respectively,
of the system “rigid body plus fluid”. The equations of motion (Kirchhoff
equations) are

{M[M,QHYA(BY),

Y =-QY (835)

)

where the matrix 2 € so(n) and the linear operator J : so(n) — so(n) are
defined by the formula

Mjk = j(Q)Jk = Cijjk- (336)

The “physical” Lagrangian formulation of this problem involves a Lagrange
function on the group E(n), that is left—invariant under the action of a whole
group. However, a Lagrangian formulation may be also obtained in the frame-
work of Sect. 11, from a Lagrange function on SO(n), that is left—invariant
under the action of the isotropy subgroup of some element y € R™. These
two different settings lead to formally identical results.

So, one considers the Lagrange function
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L(g.9) = LO(2,Y) = 5 (2,7(@) + 3 (V. BY).  (337)

Here (g,9) € TSO(n), and 2 = g%¢ € so(n), Y = gTy € R™. The reduced
equations of motion for this Lagrange function yielded by Theorem 11.1 co-
incide with (335).

The integrable Clebsch case of the Kirchhoff equations is characterized by
the relations

Cij(bi — b]) + Cjk(bj — bk) + Cki(bk — bl) =0, (338)

which implies that

cip = (339)

for some matrix A = diag(ay). An invariant way of expressing this is [B, M] =
[A, £2]. This relation is critical in proving the following theorem.

Theorem 17.1. Under condition (339), equations (335) are equivalent to the
matrixz equation

LX) = [L(N), U], (340)
where
L) =M+ M+ 2'Yy?, UN =B+ 2. (341)

There are two important particular subcases of the Clebsch case, for which
we will present integrable discretizations.

Case A = B? is characterized by the following choice of coefficients,
bj=J;, a;j=J;, so that cj,=.J;+J.

The Hamilton function (334) takes the form

2
H(M,Y) = 1 > M 1 En JY?. (342)
’ 2j<ij+Jk 2j:1 77

Observe that the kinetic energy term in (337) is, in this case, that of the heavy
top (236), since in both cases J({2) = J{2+(2J. The Lagrange function (337)
takes the form

1 1
L(g,¢) = LY (2,Y) = —5 tr(2J02) + 5 (V. JY), (343)
Clearly, this is a particular case of the Lagrange function (261) of the rigid

body in a quadratic potential, appearing when the matrix A of coefficients of
the quadratic potential is of rank 1, A = yyT for some y € R". (For example,
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this is the case when the quadratic potential (260) represents the quadratic
terms in the expansion of the potential of a single point mass; it is supposed
that the distance from the rigid body to this point mass is much larger than
the size of the body itself, and the ratio of these two length scales is the
small parameter of the above mentioned expansion.) Defining Y = g%y, we
obtain P =YYT, ie., the orbit O4 in Symm(n) consists of matrices of rank
1. Differential equations (263) are, in this particular case, formally identical
with the Kirchhoff equations (335).

Case A = B is characterized by the following choice of coefficients,
ar =b,, so that cj=1.

The Hamilton function (334) takes the form
1 1
HOLY) = La. ) - L (v.BY). (344)

The Lagrange function (337) takes the form

1 1
L(g,9) = £9(2,Y) = 5 (2,2) + 5 (Y, BY), (345)
so that
M= Q, (346)
and the Kirchhoff equations of motion simplify to
M =Y A(BY),
{ V- MY (347)

The Lax representation of Theorem 17.1 can be written for this flow in two
equivalent forms,

L(X) = [L(A), U+ N)] = [U-(A), L(V)] (348)

where
L) =AB+M+ XYY", (349)
Ur(\)=AB+ M, U_-(\)=x1vy™ (350)

17.2 Discretization of the Clebsch Problem, Case A = B?

We obtain the corresponding results from Sect. 15.2, simply by replacing Py
with Y3 Y,!. The integrable discretization of the system under consideration
is given by the discrete-time Lagrange function,
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h
L(gr, gr1) = AD (W, Vi) = — - tr(WiJ) + 3 (Yig1, JYi)

h
= —— tr(WkJ) + 5 <Yk7 WkJYk> , (351)

S = S =

where, as usual, Wy, = gf gx+1 € G and Yy, = gly € O,. The equations of
motion of this discretization are
1 o h
My, = E(ij — JWy, ) -3 Y A (JYk_H) ,
1 h

M1 = 5 (JWi - Wl J) + 3 Yir1 A (JY), (352)

Yit1 = WlY;.
The Lax matrix and the Lax representation of this map are obtained from

(277) and Theorem 15.3 by replacing P, with Y;Y,I. In particular, (281)
asserts that the following is the Lax matrix of map (352),

2
LM, Y;0) = 2+ M+ X yy? (1 - %<Y, Y>). (353)

Observe that (Y,Y) is a Casimir function, in particular, that it is an integral
of motion.

17.3 Discretization of the Clebsch Problem, Case A = B
The following discrete-time Lagrange function approximates (345),
L(gk, gr11) = AV (W, Vi)
2

1 N4 h
__Eumg@1+m@+mg )+Ehg(L+Z%KﬁBn». (354)

Here, as usual, Wj, = gggkﬂ and Yy = g;?y-

Theorem 17.2. The reduced FEuler—Lagrange equations of motion for La-
grange function (354) are

Y. A (BYk)
1+ (h2/4)(Yy, BY)
v = L= (W/2)Mys
M T TR (W) My

Mpy1=Mp+h
(355)

Map (My,Yy) — (Mys1, Yiy1) is Poisson with respect to bracket (296), (297).
This map is completely integrable and admits the following Lax representa-
tion,

LN = Vi) L)V (), (356)
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with the matrices

2 _
Li(\) = (I + % B) ' ()\B + My + A*Pk), (357)
I+ (hA71/2)0;
Vi(A) = M’: (358)
where
P —(I—i—ﬁM)YYT(I—ﬁM) (359)
k = 9 k kL 9 k
and
- 1 T h?
% = T By (I + B). (360)

18 Systems of the Toda Type

There exist large classes of integrable lattice systems of the so-called Toda
type,

iy = f(i"k)<9(1‘k+1 — k) — g — ﬂ?k—l)),
and of the relativistic Toda type,
Zy = T(ik)(!tk+1f($k+1 — o) = Tp—1 f (T — Tp—1)
+9(Tp+1 — xk) — glzk — xkq)) :

Both are characterized by the fact that each lattice site only interacts with
its nearest neighbors. (The classical Toda lattice is a particular case of the
first system when f(v) = 1, g(§) = exp(§).) We restrict ourselves here to one
representative of each of these two classes.

18.1 Toda Type System

Theorem 18.1. Consider the following Newtonian equations of motion,

a’ékz—a‘:ﬁ< ! - ! ) (361)

Te4+1 — Tk Tk — Tk—1

They are Lagrangian with the Lagrange function

N

N
L(x, &) = Zlog(x'k) - Z log(xg+1 — k) - (362)
k=1

k=1
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The corresponding Hamilton function is

N N
H(z,p) =Y log(pr) + Y _ log(wki1 — k) - (363)
k=1 k=1

The Hamiltonian equations of motion are

j:k: = 1/pk )
. 1 1 (364)
Pk = - .
Tyl — T Th — Tp—1
They admit a 2 X 2 Lax representation,
Ly = MyLy — LMy, , (365)
with the matrices
PrTi —pkxﬁ
Liy=1+\ , (366)
Dk —DPrTk
A Ty —TpTr+1
M,=——7—¥—— . (367)

xT — T
k+1 k 1 — Tyl

An integrable discretization of this system is given in the following statement.
Theorem 18.2. Consider the discrete—time Lagrange function,

N N

AE,z) =hY log(@ — xx) —h Y _log(zrsr — Tn) , (368)
k=1 k=1

with the corresponding Newtonian equations of motion,

1 1 1 1
- - = - S (369)
T — Tk T — Tk Le+1 — Tk Tk — Tk—1

Its Lagrangian form is

Pk_h<~1 + ! > (370)

T — Tk Tk — Tk-1

ﬁk:h< 1 ) (371)

T — Tk Tp+1 — Tk

This map admits a 2 X 2 Lax representation,



Discrete Lagrangian Models 177
Vily = Li,Vi_1 (372)
with the same Lax matriz (366) and

B Ty —TEThy1
Vi=Il+—>—— . (373)
Ther — Tk \ —

A simple change of variables, xy(t) — zp(t + kh), turns the implicit dis-
cretization (369) into an explicit one. However, the Hamiltonian and the Lax
aspects of this change are less trivial.

Theorem 18.3. Consider the discrete—time Lagrange function,

N N

Az, z) = thog(%k — k) — thog(wkH - Tk, (374)
k=1 k=1

with the corresponding Newtonian equations of motion,

1 1 1 1

= — = - . (375)
Tk — Tk Tk — Tk Tkl — Tk T — Tk—1
Their Lagrangian form is
h h h
Pk == - + ; (376)
Tk — Tk  Th+l — Tk Tk — Tk-1
_ h
Pr = = . (377)
T — Lk
They admit a 2 X 2 Laz representation (372) with the matrices
zpr —h —xp(Tepr — h)
Lpy=1+AX , (378)
Pk —TkDPk
hA Tk —Tg41Tk
Ve=1+—-—— . (379)

Tk+1 — Tk 1 — Tyl

18.2 Relativistic Toda Type System

The “relativistic” generalization of these systems is formulated as follows.
Theorem 18.4. Consider the following Newtonian equations of motion,

.. ) 1 1 Olfthrl aa’ck,l
T = —X — — 5+ 5 | -
Thyl — Tk Tk — Th—1  (Thp1 — Tg) (T — Tp—1)
(380)
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They are Lagrangian with the Lagrange function

N N
I) = log() log(zr11 — zk) — @ _ 381
)= 3 st Yoo ) -0 3" G
The corresponding Hamilton function is
N
H(z,p) = ) log (pk(xk+1 — ) + a)- (382)
k=1
The Lagrangian form of the equations of motion is
1 «a
ph=""——"———, (383)
Ty Tpp1 — Tk
. Thyl — T — QL Tp — Tp_1 — Qg1
Dk = - 384
(orri— o0 (on—oe1)? (384)
They admit a 2 x 2 Lax representation (365) with the matrices
zppr —a  —zp(TEpr — @)
Ly=1+AX , (385)
Dk —TkPk
A\ T —o/pr —Thsr(Tr — o/pr)
My, = (386)
Tp+1 — Tk + /P 1 e~

The discretization of this system is given as follows.

Theorem 18.5. Consider the discrete—time Lagrange function,

A(Z, x) =

thog T — Tk faZbg Tpt1 — Tk)

Zlog Tht1 — Th),

k=1 k=1
(387)
with the corresponding Newtonian equations of motion,
h h B @ @ a—nh a—nh
Tp— Tk T — Tk Tkl — Tk Tk — Th—1 Tkl — Tk Tk — Tp—1
(388)
Their Lagrangian form is
h a—nh e e
Pk = = - ~ - + ) (389)
T — Tk T — Te—-1 Tpr1 — Tk T — Tk—1
_ h a—nh
L . (390)
T — Tk Tp+1 — Tk
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They admit a 2 x 2 Lax representation (372) with the matrices (385) and

hA Ty —a/pr —Tr1 (T — o/Pr)

Vi=1+ (391)

Tp+1 — Tk + /D 1 e
It is easy to see that the explicit discretization (375) of the non-relativistic
system (361) is in fact the particular case @ = h of the discrete-time rela-
tivistic system (388), and, therefore, shares the Lax matrix, the integrals of
motion etc. (or belongs to the hierarchy) of the relativistic system with the
relativistic parameter chosen to be the time step.

19 Bibliographical Remarks

Sects. 2—4. There exist several comprehensive textbooks covering all the ma-
terial reviewed in these sections. Our presentation is based mainly on [1,9,29].
These excellent books treat also the historical aspects of the development of
mathematical methods in classical mechanics, and provide a rich bibliogra-
phy.

Sect. 5. The modern version of the integrability concept, known under the
name of the Liouville-Arnold integrability, appeared in the first edition of [9].

Sect. 6. A survey of the r—matrix approach to the Lax formalism is given
in [43,26].

Sects. 7-8. Continuous-time Lagrangian mechanics is a classical subject,
see, e.g., [1,9,29]. Discrete-time Lagrangian mechanics on manifolds was
developped in [54]. A generalization to partial differential equations and their
variational discretization is given in [28].

Sect. 9. Specific features of Lagrangian mechanics on Lie groups in the
continuous—time case are elaborated in the above—mentioned textbooks [1,
9,29], and see also [19], where (47), (48) for the Poisson bracket on the
trivialized cotangent bundle of a Lie group are called “perhaps the basic
formula of Hamiltonian mechanics” (p. 405).

Sects. 10—11. For historical remarks on the Lie-Poisson bracket and the
Euler—Poincaré equations, which were known already to Lie and Poincaré,
but rediscovered independently in the 60’s by Berezin, Kirillov, Souriau, and
Kostant, see, e.g., [29]. The Hamiltonian version of the semi-direct product
reduction was developed in the 80’s, see, e.g., [30,31]. The Lagrangian version
was, strangely enough, formulated only recently, see [23,16]. The discrete—
time counterparts of these constructions were elaborated in [12,13].

Sect. 12.1. The system studied here was discovered in [36] (of course, in
the “physical” dimension N = 3 only). In this classical paper the system
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was integrated in hyperelliptic functions with the help of separation of vari-
ables. The modern period in studying the Neumann system starts with the
work by Moser [32,33]. He formulated the Hamiltonian structure in terms of
the constrained Dirac bracket, stated all integrals of motion explicitly, and
discovered the N x N Lax representation. The 2 x 2 Lax representation of
the Neumann system was given in [35]. The existence of such different Lax
representations is a particular case of the general “duality” explored in [2].

Sect. 12.2. The discretization of the Neumann system was achieved for the
first time in [54], and its relation to the matrix factorization was established
in [34]. A different approach to these discretizations, based on the interpre-
tation of the Neumann system as a restricted flow of the KdV hierarchy, and
therefore on 2 x 2 Lax representations, was proposed in [24]. This approach
led also to the interpretation of these discretizations as Bécklund transfor-
mations.

Sect. 12.3. This discretization was proposed in [38], and its r—matrix inter-
pretation was given in [39].

Sect. 12.4. This discretization was proposed in [4], as a result of the dis-
cretization of the Landau-Lifshits equation. Also two integrals of motion were
found there in the case N = 3. Integrability in the general case was proved
in [48].

Sect. 13.1. The Garnier system was discovered in [21]. It should be men-
tioned that this paper contains one of the earliest examples of a Lax represen-
tation of a mechanical system. The N x N Lax matrix (207) is written there
explicitly! This remarkable discovery remained forgotten for a long time, and
was rediscovered in [17], where it was derived from the Lax representation of
the vector nonlinear Schrodinger equation, for which the Garnier system is a
stationary flow. The 2 x 2 Lax representation was derived, as a by—product
of the interpretation of the Garnier system as a restricted flow of the KdV
hierarchy, in [7].

Sect. 13.2. The Bécklund transformation for the Garnier system was found
in [24] on the base of the 2 x 2 Lax representation. We add here to their
results the IV x N Lax representation.

Sect. 13.3. Explicit discretization of the Garnier system was found in [45].
This discrete—time system can be interpreted as a stationary “flow” of the vec-
tor analogue of the Ablowitz—Ladik discrete nonlinear Schréodinger equation.
Interestingly enough, the integrability of this latter system was established
only recently, in [53]. The corresponding Lax representation is not the non—
stationary version of ours, in particular, the Lax matrix is not N x N, but
rather lives in the Clifford algebra Cly.

Sect. 14.1. According to bibliographical remarks in [15], the multidimen-
sional generalization of the Euler top is due to Frahm [20] and Schottky [44],
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and was rediscovered independently several times later. The modern inter-
est in this system started with the general theory of geodesic flows on Lie
groups, due to Arnold [8], as well as with the paper by Manakov [27], who
found the n—dimensional Euler top as a reduction of the so called n—wave
equations, along with a spectral-parameter—dependent Lax representation
which we reproduce in Theorem 14.1.

Sect. 14.2. A discretization of the Euler top is due to Veselov [54], an inter-
pretation in terms of matrix factorization was given in [34].

Sect. 15.1. Integrability of a rigid body in an arbitrary quadratic poten-
tial was discovered by Reyman [42], who gave also the r—matrix interpreta-
tion, and independently by Bogoyavlensky [14], who integrated this system
in terms of Prym theta functions.

Sect. 15.2. Integrable discretization of the top in a quadratic potential was
found in [47].

Sect. 16.1. The Lagrange integrable case of the heavy top motion was dis-
covered by Lagrange in 1788. For a modern approach to its integration based
on the Lax representation and an algebro—geometric technique see [41], [22].
As for the multi—dimensional case, there are two possible ways to generalize
the notion of a heavy top, and, correspondingly, two different generalizations
of the Lagrange top. The first one, living on so(n) x R", was proposed in [10];
the Lax representation of Theorem 16.1 is due to [11]. The second one, living
on so(n) X so(n), was introduced in [40].

Sect. 16.3. Integrable discretization of the three—dimensional Lagrange top
in the SU(2) framework was performed in [12]. This paper also contains
the motivation, which lies in the theory of elastic curves and their discrete
analogues. Discretization of the multi-dimensional Lagrange top was achieved
in [49].

Sect. 17.1. The integrable case of the motion of a 3—dimensional rigid body
in an ideal fluid was found by Clebsch [18]. His work was a development of
results of Kirchhoff [25], who gave a Lagrangian derivation of equations of
motion in the general case, and pointed out an integrable case connected with
a rotational symmetry. The multi-dimensional generalization, along with the
Lax representation, was discovered by Perelomov [37].

Sect. 17.2. The integrable discretization of the A = B? case of the multi-
dimensional Clebsch problem was found in [47], that of the A = B case
in [49].

Sect. 18. The exponential Toda lattice was discovered by Toda [51], see also
[52]. The system (361) was found by Yamilov [55], who also gave a complete
classification of integrable systems of the Toda type. Its discretizations (369),
(375) were found in [46]. The relativistic system (380) was first given in [5,6].
In the subsequent publication [3], a classification of integrable discrete-time



182 Yu.B. Suris

Lagrangian systems of the relativistic Toda type was accomplished. Among
others, the discrete-time lattice (388) was found there. It was pointed out
that such systems are best interpreted as Lagrangian systems on the regular
triangular lattice.
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Abstract. In this series of lectures, we review the application of Lie point sym-
metries, and their generalizations, to the study of difference equations. The overall
theme could be called “continuous symmetries of discrete equations”.

1 Introduction

1.1 Symmetries of Differential Equations

Before studying the symmetries of difference equations, let us very briefly
review the theory of the symmetries of differential equations. For all details,
proofs and further information we refer to the many excellent books on the
subject, e.g., [52,7,53,32,23,3,57,63].

Let us consider a general system of differential equations
Eo(x,u, Uy, gy, - - Upg) =0, z€RPueRYa=1,...N, (1)

where u,, denotes all (partial) derivatives of u of order n. The numbers p, ¢, n
and N are all nonnegative integers.

We are interested in the symmetry group G of system (1), i.e., in the
local Lie group of local point transformations taking solutions of (1) into
solutions of the same equation. Point transformations in the space X x U of
independent and dependent variables have the form

ISh}

:A)\(J?7U), U= QA(JJ,’LL), (2)
where A denotes the group parameters. Thus
Ao(z,u) =2, 2o(x,u) =u,

and the inverse transformation (Z, %) — (x,u) exists, at least locally.

The transformations (2) of local coordinates in X x U also determine
the transformations of functions u = f(x) and of derivatives of functions. A
group G of local point transformations of X x U will be a symmetry group
of system (1) if the fact that u(x) is a solution implies that @(Z) is also a
solution.

P. Winternitz, Symmetries of Discrete Systems, Lect. Notes Phys. 644, 185-243 (2004)
http://www.springerlink.com/ (© Springer-Verlag Berlin Heidelberg 2004
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The two fundamental questions are:

1. How to find the maximal symmetry group G for a given system of equa-
tions (1)?
2. Once the group G is found, what do we do with it?

Let us first discuss the question of motivation. The symmetry group G
allows us to do the following:

1. Generate new solutions from known ones. Sometimes trivial solutions can
be boosted into interesting ones.

2. Identify equations with isomorphic symmetry groups. Such equations may
be transformable into each other. Sometimes nonlinear equations can be
transformed into linear ones.

3. Perform symmetry reduction. For partial differential equations, we can
reduce the number of variables and obtain particular solutions, satisfy-
ing particular boundary conditions, called group-invariant solutions. For
ODE:s of order n, we can reduce the order of the equation. In this reduc-
tion, there is no loss of information. If we can reduce the order to zero, we
obtain a general solution depending on n constants, or a general integral
(an algebraic function depending on n constants).

How does one find the symmetry group G Instead of looking for “global”
transformations as in (2) one looks for infinitesimal ones, i.e., one looks for the
Lie algebra L that corresponds to G. A one-parameter group of infinitesimal
point transformations will have the form

o = U + Ao (z,u), 1<i<p, 1<a<q.

The functions & and ¢, must be found from the condition that () is a
solution whenever u(x) is one. The derivatives @, 5, must be calculated using
(3) and will involve derivatives of & and ¢,. A K-th derivative of @, with
respect to the variable Z; will involve derivatives of &; and ¢, up to order K.
We then substitute the transformed quantities into (1) and require that the
equation be satisfied for 4(Z), whenever it is satisfied for u(x). Thus, terms of
order \° will drop out. Terms of order A will provide a system of determining
equations for & and ¢,. Terms of order A\¥, k = 2,3,... are to be ignored,
since we are looking for infinitesimal symmetries.

The functions §; and ¢, depend only on z and wu, not on first, or higher
derivatives, uq,z;, Ua,z;2,, €tc. This is actually the definition of “point” sym-
metries. The determining equations will explicitly involve derivatives of u,,
up to order n (the order of the studied equation). The coefficients of all
linearly independent expressions in the derivatives must vanish separately.
This provides a system of determining equations for the functions &;(z,u)
and ¢, (z,u). This is a system of linear partial differential equations of order
n. The determining equations are linear, even if the original system (1) is
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nonlinear. This “linearization” is due to the fact that all terms of order M,
j > 2, are ignored.

The system of determining equations is usually overdetermined, i.e., there
are usually more determining equations than unknown functions &; and ¢,
(p+ ¢ functions). The independent variables in the determining equations are
r € RP, u e RY.

For an overdetermined system, there are three possibilities:

1. The only solution is the trivial one §; = 0, ¢, = 0, ¢ = 1,...p,a =
1,...,q. In this case the symmetry algebra is L = {0}, the symmetry
group is G = I, and the symmetry method is to no avail.

2. The general solution of the determining equations depends on a finite
number K of constants. In this case, the studied system (1) has a finite-
dimensional Lie point symmetry group and dim G = K.

3. The general solution depends on a finite number of arbitrary functions of
some of the variables {z;, uq }. In this case the symmetry group is infinite
dimensional. This last case is of particular interest.

The search for the symmetry algebra L of a system of differential equations
is best formulated in terms of vector fields acting on the space X x U of
independent and dependent variables. Indeed, consider the vector field

p q

X = Z&(w7u)aﬂm + Z ¢a(x7u)8ua7 (4)

i=1 a=1

where the coefficients &; and ¢, are the same as in (3). If these functions are
known, the vector field (4) can be integrated to obtain the finite transforma-
tions (2). Indeed, all we have to do is to integrate the equations

di; o dae
d\ —&(CL’,U), H —¢a(x7u)v (5>
subject to the initial conditions
Ti A=0= Ti Ua [x=0= Ua- (6)

This provides us with a one-parameter group of local Lie point transforma-
tions of the form (2) where A is the group parameter.

The vector field (4) tells us how the variables z and u transform. We also
need to know how derivatives like g, Uz, ... transform. This is given by
the prolongation of the vector field X.

We have

prX =X+ Z{Z GLiOu,, + Y GOy, (7)
« 7 ik

T; LX)
TiTpT|
+ § (ba au‘zl.nkzl + tt }7

ikl
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where the coefficients in the prolongation can be calculated recursively, using
the total derivative operator,

Dy, = 0p, + Uaw,0us + tazew,Ouawa + Uawazsw: Oug waze + - - (8)

(a summation over repeated indices is to be understood). The recursive for-
mulas are

¢gocgi = Dx,i%c - (Daciga)ua,xa
¢zimk = Dwk ¢27 - (Dwkfa)ua,azia;a (9>
¢zi$klﬂl = Dz;¢zl$k - (Dzzga)ua,a:imkxa7

ete.

The n-th prolongation of X acts on functions of z, u and all derivatives
of u up to order n. It also tells us how derivatives transform. Thus, to obtain
the transformed quantities %z, we must integrate (5) with conditions (6),
together with

diiz,
X

= (l)x7 (5:,12, ﬂj), 12;5 |,\:0: Uy - (10)

We see that the coefficients of the prolonged vector field are expressed in terms
of derivatives of & and ¢, the coefficients of the original vector field. They
carry no new information. The transformation of derivatives is completely
determined, once the transformations of functions are known.

The invariance condition for system (1) is expressed in terms of the op-
erator (7) as

pr™ XE, |py——py—0=0, a=1,...N, (11)

where pr(™ X is the prolongation (7) calculated up to order n where n is the
order of system (1).

In practice the symmetry algorithm consists of several steps, most of which
can be carried out on a computer. For early computer programs calculating
symmetry algebras, see [61,9]. For a more recent review, see [26].

The individual steps are:

1. Calculate all the coefficients in the n-th prolongation of X. This depends
only on the order of system (1), i.e., n, and on the number of independent
and dependent variables, i.e., p and gq.

2. Consider system (1) as a system of algebraic equations for x, u, Uy, Uz,
etc. Choose N variables v, ve, ...vny and solve system (1) for these
variables. The v; must satisfy the following conditions:

i) Each v; is a derivative of one u,, of at least order 1.
ii) The variables v; are all independent; none of them is a derivative of
any other one.
iii) No derivatives of any of the v; figure in the system (1).
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3. Apply pr(™® X to all the equations in (1) and eliminate all expressions v;
from the result. This yields system (11).

4. Determine all linearly independent expressions in the derivatives remain-
ing in (11), once the quantities v; are eliminated. Set the coefficients of
these expressions equal to zero. This yields the determining equations, a
system of linear partial differential equations of order n for ¢, (z,u) and
& (l‘, u)

5. Solve the determining equations to obtain the symmetry algebra.

6. Integrate the obtained vector fields to obtain the one-parameter sub-
groups of the symmetry group. Compose them appropriately to obtain
the connected component G, of the symmetry group G.

7. Extend the connected component G, to the full group G by adding all dis-
crete transformations leaving system (1) invariant. These discrete trans-
formations will form a finite, or discrete group Gp. Then

G=GpxG,, (12)
i.e., G, is an invariant subgroup of G.

Let us consider the case when, at Step 5, we obtain a finite dimensional
Lie algebra L, i.e., a vector field X depending on K parameters, K € Z~,
K < o0. We can then choose a basis

{X1,Xo,..., XK} (13)

of the Lie algebra L. The basis that is naturally obtained in this manner
depends on our integration procedure, though the algebra L itself does not.
It is useful to transform the basis (13) into a canonical form in which all the
properties of L which are independent of the choice of basis are evident. Thus,
if L can be decomposed into a direct sum of indecomposable components,

L=Li® L& - & L, (14)

a basis should be chosen that respects this decomposition. The components
L; that are simple should be identified according to the Cartan classification
(over C) or the Gantmakher classification (over R) [50,25]. The components
that are solvable should be so organized that their nilradical [56,33] is evident.
For those components that are neither simple, nor solvable, the basis should
be chosen so as to respect the Levi decomposition [56,33].

So far we have considered only point transformations, as in (2), in which
the new variables T and % depend only on the old ones, x and u. More
general transformations are “contact transformations”, where z and @ also
depend on first derivatives of u. A still more general class of transformations
are generalized transformations, also called “Lie-Backlund” transformations
[52,4]. For these,

T = Ax(T, Uy Uy, Uy - -+ ) (15)

]

(2, Uy Uy Uy - - - )
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involving derivatives up to an arbitrary, but finite order. The coeflicients &;
and ¢, of the vector fields (4) will then also depend on derivatives of ug,.

When studying generalized symmetries, and sometimes also point symme-
tries, it is convenient to use a different formalism, namely that of evolutionary
vector fields.

Let us first consider the case of Lie point symmetries, i.e., vector fields
of the form (4) and their prolongations (7). To each vector field (4) we can
associate its evolutionary counterpart X., defined as

Xe - Qa(xvuauz)auqa (16)
Qa = d)a - fz a@ua . (17)

The prolongation of the evolutionary vector field (16) is defined as

pr X, = Qaaua + szauaxl + inxkaua,zimk + .. (18)
Qzl :DQHQOL? QZiCEk :D$7D2kQO¢7

The functions @, are called the characteristics of the vector field. Observe
that X, and pr X, do not act on the independent variables x;.

For Lie point symmetries evolutionary and ordinary vector fields are en-
tirely equivalent and it is easy to pass from one to the other. Indeed, (17)
gives the connection between the two.

The symmetry algorithm for calculating the symmetry algebra L in terms
of evolutionary vector fields is also equivalent. Equation (11) is simply re-
placed by

pr(n) XeEa |E1:...:EN:07: 07 a = 17N (19>

The reason that (11) and (19) are equivalent is the following. It is easy to
show that

pr™ X, = pr™ X — &D;. (20)
The total derivative D; is itself a generalized symmetry of (1), i.e.,
DiEa |E1:E2:~~»:EN207:O 1= 17...p, a = 1,N (21)

Equations (20) and (21) prove that systems (11) and (19) are equivalent.
Equation (21) itself follows from the fact that D;E, = 0 is a differential
consequence of (1), hence every solution of (1) is also a solution of (21).

To find generalized symmetries of order k, we use (16) but allow the
characteristics @, to depend on all derivatives of u, up to order k. The
prolongation is calculated using (18). The symmetry algorithm is again (19).
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A very useful property of evolutionary symmetries is that they provide
compatible flows. This means that the system of equations

Ouq
o~ Qu 22)

is compatible with system (1). In particular, group invariant solutions, i.e.,
solutions invariant under a subgroup of (G, are obtained as fixed points

Qa = 0. (23)

If Q, is the characteristic of a point transformation, then (23) is a system of
quasilinear first order partial differential equations. They can be solved and
their solutions can be substituted into (1), yielding the invariant solutions
explicitly.

1.2 Comments on Symmetries of Difference Equations

The study of symmetries of difference equations is much more recent than that
of differential equations. Early work in this direction is due to Maeda [47,48]
who mainly studied transformations acting on the dependent variables only.
A more recent series of papers was devoted to Lie point symmetries of
differential-difference equations on fixed regular lattices [43—45,24,35,34,49,
54,55,8]. A different approach was developed mainly for linear or linearizable
difference equations and involved transformations acting on more than one
point of the lattice [21,22,42,29,38]. The symmetries considered in this ap-
proach are really generalized ones, however they reduce to point symmetries
in the continuous limit.

A more general class of generalized symmetries has also been studied
for difference equations and differential-difference equations on fixed regular
lattices [27,28, 30, 36].

A different approach to symmetries of discrete equations was originally
suggested by V. Dorodnitsyn and collaborators [12,14,13,5,16,15,20,17,19,
18]. The main aim of this series of papers is to discretize differential equations
while preserving their Lie point symmetries.

Symmetries of ordinary and partial difference schemes on lattices that
are a priori given, but are allowed to transform under point transformations,
were studied in Ref. [39, 40, 46].

While the study of symmetries of difference equations is a relatively recent
subject, it has already acquired a life of its own. Indeed, a series of biannual
conferences, “Symmetries and Integrability of Difference Equations”, is ded-
icated to this topic. The first was held in Esterel, near Montreal in 1994 [41].
The subsequent SIDE meetings were held in Canterbury (UK) [10], Sabau-
dia (Italy) [37], Tokyo (Japan) [60] and Giens (France) [51]. The proceedings
contain much information on this interesting subject.
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2 Ordinary Difference Schemes
and Their Point Symmetries

2.1 Ordinary Difference Schemes

An ordinary differential equation (ODE) of order n is a relation involving one
independent variable, 2, one dependent variable, u = u(x), and n derivatives
of the function u, v/, u”, ... u(™,

)

roon (n)y _—
E(z,u,u 0" . u™) =0, Fwe)

# 0. (24)
An ordinary difference scheme (OAS) involves two objects, a difference
equation and a lattice. We shall specify an OAS by a system of two equations,
both involving two continuous variables z and wu(z), evaluated at a discrete
set of points {z,}.
Thus, a difference scheme of order K will have the form

Eo({zi}p N o Aw it ) = 0,a=1,2

25
K=N-M+1, nMNEeZ, u=u(xg). (25)

At this stage we are not imposing any boundary conditions, so the reference
point x, can be arbitrarily shifted to the left, or to the right. The order K
of the system is the number of points involved in the scheme (25) and it is
assumed to be finite. We also assume that if the values of x; and uy are
specified at (N — M) neighbouring point, we can calculate their values at the
point to the right, or to the left of the given set, using equations (25).

A continuous limit, when the spacings between all neighbouring points
go to zero, if it exists, will take one of the equations (25) into a differential
equation of order K’ < K, the other into an identity (like 0 = 0).

When taking the continuous limit it is convenient to introduce differ-
ent quantities, namely differences between neighbouring points and discrete
derivatives like

th(mn) = Tn+1 — Tn, h_ (xn) =Tn — Tn-1,

un+1 — Up Up — Up—1
U,E = ’ u-& = ’ (26)
Tn4+1 — Tp Tp — Tp—1
Uy — Uy
U px = 2 —

7, .« ..
Tn+1 — Tn—1
In the continuous limit,
hy =0, ho—0, u,— o, Ug — o, U gy — u”.

As a clarifying example of the meaning of the difference scheme (25), let
us consider a three-point scheme that will approximate a second-order linear
difference equation:
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Up41 — 2un + Up—1
(xn—i-l - xn)Q
Ey=xp41 — 22, + 251 =0. (28)

By =

—u, =0, (27)

The solution of Fy = 0, determines a uniform lattice
Tn = hn + zo. (29)

The scale h and the origin zg in (29) are not fixed by (28), instead they
appear as integration constants, i.e., they are a priori arbitrary. Once they are
chosen, (27) reduces to a linear difference equation with constant coefficients,
since we have x,,+1 — x, = h. Thus, a solution of (27) will have the form

Uy = A*". (30)

Substituting (30) into (27) we obtain the general solution of the difference
scheme (27), (28),

u(Tn) = AT + 23", xy, = hn + xo, (31)
1/2
\ <2+h2ih\/4+h2> /
12 = -
’ 2

The solution (31) of system (27)—(28) depends on 4 arbitrary constants ¢y,
co, h and x.
Now let us consider a general three-point scheme of the form

Ea(xnflaxnaxn+17unflaunaun+1) =0, a=12 (32)
satisfying

ot (oo 0 et () #0 @

(possibly after an up or down shifting). The two conditions on the Jacobians
(33) are sufficient to allow us to calculate (41, Unt1) if (Tn—1,Un—1, Tn,Un)
are known. Similarly, (x,,—1,u,—1) can be calculated if (@, Un, Tpnr1, Unr1)
are known. The general solution of the scheme (32) will hence depend on 4
arbitrary constants and will have the form

Uy = f(zn,c1,C2,c3,Ca) (34)

Tp = @(n,c1,c2,C3,C4). (35)

A more standard approach to difference equations would be to consider
a fixed equally spaced lattice, e.g., with spacing h = 1. We can then identify
the continuous variable x, sampled at discrete points x,, with the discrete
variable n,
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Ty =M. (36)
Instead of a difference scheme we then have a difference equation,

E({uwe}itia) =0, (37)

involving K = N — M + 1 points. Its general solution has the form

un:f(n,cl,CQ,...cN,M) s (38)

i.e., it depends on N — M constants.
Below, when studying point symmetries of discrete equations we will see
the advantage of considering difference systems like system (25).

2.2 Point Symmetries of Ordinary Difference Schemes

In this section we shall follow rather closely the article [39]. We shall define
the symmetry group of an ordinary difference scheme in the same manner as
for ODEs: it is, a group of continuous local point transformations of the form
(2) taking solutions of the OAS (25) into solutions of the same scheme. The
transformations considered being continuous, we will adopt an infinitesimal
approach, as in (3). We drop the labels ¢ and «, since we are considering the
case of one independent and one dependent variable only.

As in the case of differential equations, our basic tool will be vector fields
of the form (4). In the case of OAS they will have the form

X =&(z,u)0; + ¢(x,u)0y, (39)
with
=T, U=u, =u(z,).

Because we are considering point transformations, £ and ¢ in (39) depend on
x and v at one point only.

The prolongation of the vector field X is different from that of the case
of ODEs. Instead of prolonging to derivatives, we prolong to all points of the
lattice figuring in scheme (25). Thus we set

n+N n+N
prX = Z §(, uk) Oz, + Z d(zk, k) Ou, - (40)
k=n+M k=n+M

In these terms the requirement that the transformed function @(Z) should
satisfy the same OAS as the original u(x) is expressed by the requirement

pr X Eo |g=p,=0=0, a=1,2. (41)

Since we must respect both the difference equation and the lattice, we have
two conditions (41) from which to determine &(z,u) and ¢(z,u). Since each
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of these functions depends on a single point (z,u) and the prolongation (40)
introduces N — M +1 points in space X x U, equation (41) will imply a system
of determining equations for £ and ¢. Moreover, in general this will be an
overdetermined system of linear functional equations that we transform into
an overdetermined system of linear differential equations [1,2].

To illustrate the method and the role of the choice of the lattice, let us
start from a simple example. The example will be that of difference equations
that approximate the ODE

v =0 (42)

on several different lattices.
Let us find the Lie point symmetry group of ODE (42), i.e., the equation
of a free particle on a line. Following the algorithm of Sect. 1, we set

pr® X = €8, + pOy + %0 + ¢ (43)
¢" = Dy — (Do)t = ¢ + (¢ — Eo)u' — Euu'?
¢ = Dyp¢® — (Dab)t" = P + (2020 — &z )tt’
(Pun — 26zu)u’? — Eut® + (P — 262 )0
—3&u'u”.

The symmetry formula (11) in this case reduces to

¢ |yr—o= 0. (44)

Setting the coefficients of u3, u/2, ' and «'° equal to zero, we obtain an

8-dimensional Lie algebra, isomorphic to sl(3, R) with basis

X1 = 835, X2 = .23835, X3 = ué?x (45)
X4 = aua X5 = xa’m X6 = uau,
X7 = x(x0y +udy), Xs=u(xd, + udy).

This result was of course already known to Sophus Lie. Moreover, any
second-order ODE that is linear, or linearizable by a point transformation
has a symmetry algebra isomorphic to sl(3,R). The group SL(3,R) acts
as the group of projective transformations of the Euclidean space Ey (with
coordinates x, u).

Now let us consider some difference schemes that have (42) as their con-
tinuous limit. We shall take the equation to be

Unp+1 — 2un + Unp—1

($n+1 - xn)Q

—0. (46)

However before looking for the symmetry algebra, we multiply out the de-
nominator and study the equivalent equation,
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Ey =upt1 —2up +up—1 =0. (47)

To this equation we must add a second equation, specifying the lattice. We
consider three different examples at first glance quite similar, but leading to
different symmetry algebras.

Ezample 2.1. Free particle (47) on a fixed uniform lattice. We consider
Ey=x,—hn—x9=0, (48)

where h and zg are fixed constants, that are not transformed by the group
(e.g., h =1, 29 =0).
Applying the prolonged vector field (40) to (48) we obtain

§(@n, up) =0 (49)

for all x,, and u,,. Next, let us apply (40) to (47) and replace x,, using (48)
and up41, using (47). We obtain

o (h(n+ 1) + 2o, 2un — Un—1) — 2¢(hn + zo, uy)
+¢(h(n—1) + 2o, up—1) = 0. (50)

Differentiating (50) twice, once with respect to u,_1, and then with respect
to u,, we obtain

92
mﬁb(%ﬂ, Un+1) =0 (51)
and hence
G(@n, un) = A(zn)un + B(zn). (52)

We substitute (52) back into (50) and equate coefficients of u,, u,—1 and 1.
The result is

A(n+1)=A(n), B(n+1)—2B(n)+ B(n—-1)=0. (53)
Hence
A=Ay, B=Bin+ By=bx+bg, (54)

where Ag, By, By, by and by are constants. We obtain the symmetry algebra
of the OAS (47), (48) and it is only three-dimensional, spanned by

X1 = 8u, XQ = x@u, X3 = u@u (55)

The corresponding one parameter transformation groups are obtained by
integrating these vector fields (see (5) and (6)),
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Gi:Z==x
a(z) = u(x) + A

Gy:T=u (56)
w(z) = u(x) + Az

G3:T=x

G4 and Gs just tell us that adding an arbitrary solution of the scheme to any
given solution yields a new solution, G'3 corresponds to the scale invariance
of (47).

Ezample 2.2. Free particle (47) on a uniform two point lattice. Instead of (48)
we define a lattice by setting

E2 =Tp4+1 — Tp = h, (57)

where h is a fixed (non-transforming) constant. Note that (57) tells us the
distance between any two neighbouring points but does not fix an origin (as
opposed to (48)).

Applying the prolonged vector field (40) to (57) and using (57), we obtain

E(xn + hyupt1) — E(xp, un) = 0. (58)

Since w41 and w, are independent, (58) implies & = £(x). Moreover &(x,, +

h) = &(x), so
& =&y = const. (59)

Further, we apply pr X to (47), and set w11 = 2up — Up—1, Tpt1 = Tpn + N,
Tp_1 = T, — h in the obtained expressions. As in Example 2.1 we find that
¢(x,u) is linear in u as in (52) and ultimately satisfies

o(z,u) = au+ bx + c. (60)

The symmetry algebra in this case is four-dimensional. To the basis elements
(55) we add translational invariance,

X, = 0,. (61)

Ezample 2.3. Free particle (47) on a uniform three-point lattice. Let us choose
the lattice equation to be

E2 = Tp+1 — 2£En +xh_1 = 0. (62)
Applying pr X to Ey and substituting for z,11 and w41, we find

5(21‘71 — Tp—1,2Up — un—l) - 25(37717 un) + E(xn—h un—l) =0. (63)
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Differentiating twice with respect to u, and u,_1, we find that £ is linear in
u. Substituting £ = A(z)u 4+ B(z) into (63) we obtain

&(xn, upn) = Auy, + Bay + C, (64)

and similarly, applying pr X to (47), we obtain

d(xn,un) = Duy, + Ex,, + F. (65)
where A, ..., F are constants. Finally, we obtain a six-dimensional symmetry
algebra for the OAS (47), (62) with basis X3, ..., X¢ as in (45). It has

been shown [17] that the entire sl(3,R) algebra cannot be obtained as the
symmetry algebra of any 3-point OAS.

From the above examples we can draw the following conclusions:

1. The Lie point symmetry group of an OAS depends crucially on both

equations in system (25). In particular, if we choose a fixed lattice, as in
(48) (a “one-point lattice”) we are left with point transformations that
act on the dependent variable only.
If we wish to preserve anything like the power of symmetry analysis for
differential equations, we must either go beyond point symmetries to
generalized ones, or use lattices that are also transformed and that are
adapted to the symmetries we consider.

2. The method for calculating symmetries of OAS is reasonably straightfor-
ward. It will however involve solving functional equations.

The method can be summarized as follows:

1. Solve equations (25) for two of the variables it contains, to make the
equations explicit. For instance, take system (32)—(33). We can solve,
e.g., for x, 11 and wu, 41, and obtain

Tn+1 = fl(xn—laznaun—hun) (66)
Un4+1 = f2(-rn—1;yn7un—1aun)

2. Apply the prolonged vector field (40) to (25) and substitute (66) for 2,11,
Up+1. We obtain two functional equations for £ and ¢ of the form

aEa 8 a aEa
P
OE, OE,
+¢(f1, f2) Bttnrt + ¢(zu, Un)% (67)
0E,
oo R

3. Assume that the functions &, ¢, Fy and Es are sufficiently smooth, and
differentiate (67) with respect to the variables x; and uy so as to obtain
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differential equations for £ and ¢. If the original equations are polynomial
in all quantities we can thus obtain single-term differential equations from
(67). These we must solve, and then substitute back into (67) and solve
this equation.

We will illustrate the procedure on several examples in Sect. 2.3.

2.3 Examples of Symmetry Algebras of OAS

Ezample 2.4. Monomial nonlinearity on a uniform lattice. Let us first consider
the nonlinear ODE,

u —uN =0, N#0,1. (68)

For N # —3, (68) is invariant under a two-dimensional Lie group whose Lie
algebra is given by

X1 = 835, X2 = (N - 1)1‘695 — 211,(9“ (69)

(translations and dilations). For N = —3 the symmetry algebra is three-
dimensional, isomorphic to sl(2,R), i.e., it contains a third element in addi-
tion to (69). A convenient basis for the symmetry algebra of the equation

' —u? =0 (70)
is
X1 =0, Xo=2x0,+ud,, Xsz=ux(xdy+ udy). (71)
A very natural OAS that has (68) as its continuous limit is

Un+1 — 2“11 + Up—1
($n+1 - xn)Q
Ey =241 — 22, +2,-1 =0. (73)

E, = —ul =0 N#0,1 (72)

Let us now apply the symmetry algorithm described in Sect. 2.2 to system
(72)—(73). To illustrate the method, we shall present all calculations in detail.
First, we choose two variables that will be substituted in (41), once the

prolonged vector field (40) is applied to system (72)—(73), namely
Tptl = 2Ty — Tp—1 (74)

Uni1 = (Tn — Tp_1)u 4 2up — Up_1.
We apply pr X of (40) to (73) and obtain

f(mn—&-l; un+1) - 2€(l‘n, un) + g(mn—laun—l) =0, (75)
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where, x,,, U, Tn_1, Uyp—1 are independent, but z,,+1, u,41 are expressed in
terms of these quantities, as in (74). Taking this into acccount, we differentiate
(75) first with respect to u,_1, then with respect to u,,. We obtain successively

1 (Tt Uns1) + &y (Tn-1,Upn-1) =0 (76)
(N (20 — Zn—1)?ul "+ 2)€ o run iy (Tng1s tng1) = 0. (77)
Equation (77) is the desired one-term equation. It implies that
&(x,u) = a(x)u + b(x). (78)
Substituting (78) into (76) we obtain
—a(2xy — Tp_1) + a(xp_1) =0. (79)

Differentiating with respect to x,, we obtain a = ag = const. Finally, we
substitute (78) with a = ag into (75) and obtain

a=0, b2z, —xp_1)—2b(zy) +b(xn_1) =0, (80)
and hence
E=b=bix+ by, (81)

where by and b, are constants. To obtain the function ¢(x,,,u,), we apply
pr X to (72) and obtain

¢(£n+17 un+1) - 2¢(xn7 un) + ¢($n,17 unfl)
(T — T 1) (N (2, un )u 1 4 2b1ul) = 0. (82)

n

Differentiating successively with respect to u,—_1 and wu, (taking (74) into
account), we obtain

_¢7un+1 (xn-i-la U’n—l—l) + ¢7un71 (Z‘n_1, un_l) =0 (83)
(N(@n = 2p-1)*u} +2)B 1, 1unss = 0, (84)

and hence
¢ = dru+ ¢o(x), ¢1 = const. (85)

Equation (82) now reduces to

¢0(2xn - xnfl) - 2¢O($n) + (bO(:I;nfl)
—(Tn = Tn—1)*((N = 1)¢1 + 2by)u)
~N(zp — Tn_1)%poul ! = 0. (86)

We have N # 0,1 and hence (86) implies that
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b0 =0, (N—1)p,+2b; =0. (87)

We have thus proven that the symmetry algebra of the OAS (72)—(73) is the
same as that of the ODE (68), namely the algebra (69).

We observe that the value N = —3 is not distinguished here and that
system (72)—(73) is not invariant under SL(2,R) for N = —3. Actually, a
difference scheme invariant under SL(2,R) does exist and it will have (70)
as its continuous limit. It will not however have the form (72)—(73), and the
lattice will not be uniform [17,19].

Had we taken a two-point lattice, x,,4+1 — z, = h with h fixed, instead
of B3 = 0 as in (73), we would only have obtained translational invariance

for the equation (72) and lost the dilational invariance represented by X of
(69).

Ezxample 2.5. A nonlinear OAS on a uniform lattice. We consider

n -2 n n— n — Yn—

By = i1 72U +“2 1_f<“ Y 1):0, (88)
($n+1 - xn) Tp — Tp—1

Ey = xpi1 — 2Tp + X1 = 0, (89)

where f(z) is some sufficiently smooth function satisfying
f'(z) #0. (90)
The continuous limit of (88) and (89) is
u' — f(u') =0, (91)
and it is invariant under a two-dimensional group with Lie algebra,
X1=0,, Xz=0y, (92)

for any function f(u'). For certain functions f the symmetry group is three-
dimensional, where the additional basis element of the Lie algebra is

X5 = (ax 4 bu)0; + (cx + du)0,,. (93)

M= (j 3) (94)

can be transformed into Jordan canonical form, and a different function f(z)
is obtained for each canonical form.

Now let us consider the discrete system (88)—(89). Before applying pr X
to this system we choose two variables to substitute in (41), namely

The matrix

Tnal = 2%y — Tp_1 (95)

Uy — Ugy—

2 n n—1

Ungl = 2Up — Un—1 + (Tn — Tp_1)"f (H> .
n = 4n—1
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Applying pr X to (89) we obtain (75) with 2,41 and w,;1 as in (95). Differ-
entiating twice, with respect to u,_1 and wu,, successively, we obtain

& g1ttt (1+ (2 — xnfl)f/)@ + (n — xnfl)f/) + & i fr=o. (96)

For f” # 0, the only solution is £, ,, = 0, i.e., £ = {(x). Substituting back
into (75), we obtain

§=oax+p, (97)

with o = const, 3 = const.
Now let us apply pr X to E; of (88) and (89) and replace @11, tUni1 as
in (95). We obtain the equation

A(Tni1, Ung1) = 20(Tn, Un) + A(Tp_1,Un—1) = 20(Tp — xn,1)2f(z)
o o2 (e) (Aot = AEmbtct) o) gy

Tp — Tp—1

with « as in (97). Thus, we only need to distinguish between o = 0 and « = 1.
Equation (98) is a functional equation, involving two unknown functions ¢
and f. There are only four independent variables involved, x,,, Z,_1, u, and
Un—1. We simplify (98) by introducing new variables {x,u, h, 2}, setting

Lp = T, xn+1:x+h7 LTp—1 =xz—h (99)
Up = U, Up—1=TU— hZ, Up+1 = U+ hz + h2f(Z),
where we have used (95) and defined

Up — Up—1
2= """ h=Tp11 — Tp. (100)
Tpn — Tn—1

Equation (98) in these variables is

¢(z+ h,u+ hz + h*f(2)) — 26(z,u) + ¢(x — h,u — h2)

20k () + 12/ (2) (“’(”“"’ ol b he) az>. (101)

First of all, we observe that for any function f(z) we have two obvious
symmetry elements, namely X; and X; of (92), corresponding to a = 0,
8 =11in (101) (and (97)) and ¢ = 0 and ¢ = 1, respectively. Equation (101)
is quite difficult to solve directly. However, any three-dimensional Lie algebra
of vector fields in 2 variables, containing {X;, X2} of (92) as a subalgebra,
must have X3 of (93) as its third element. Moreover, (97) shows that we have
b=01in (93) and (94). We set o = a and

¢(x,u) = cx + du. (102)
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Substituting into (101) we obtain

(d—2a)f(z) = (c+ (d—a)2) f'(2). (103)
From (103) we obtain two types of solutions:
For d # a,
f=fo((d—a)z+¢)d72a)/ld=a) = L, (104)
For d = a,
f = foem /. (105)

With no loss of generality we could have transformed the matrix (94) with
b = 0 into Jordan canonical form and we would have obtained two different
cases, simplifying (104) and (105), respectively. They are

N-2
f=foV, Xs=u20,+ . luam N #1, (106)
f=foe™? X3=20,+ (z+u)d,. (107)

The result can be stated as follows. The OAS (88)—(89) is always invariant
under the group generated by {Xi, X2} as in (92). It is invariant under a
three-dimensional group with algebra including X3 as in (93) if f satisfies
(103), i.e., has the form (106) or (107). These two cases also exist in the con-
tinuous limit. However, one more case exists in the continuous limit, namely

’LL” _ (1 + (u/)2)3/26k arctan u'7 (108)
with
X3 = (kx 4+ u)0y + (ku — )0y (109)

This equation can also be discretized in a symmetry preserving way [17], not
however on the uniform lattice (89).

3 Lie Point Symmetries of Partial Difference Schemes

3.1 Partial Difference Schemes

In this section we generalize the results of Sect. 2 to the case of two discretely
varying independent variables. We follow the ideas and notation of [40]. The
generalization to n variables is immediate, though cumbersome. Thus, we
will consider a partial difference scheme (PAS), involving one continuous
function of two continuous variables u(z,t). The variables (z,t) are sampled
on a two-dimensional lattice, itself defined by a system of compatible relations
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between points. Thus, a lattice will be an infinite set of points P; lying in
the real plane R2. The points will be labelled by two discrete subscripts
P, » with —co < m < 00, —00 < n < 0o. The cartesian coordinates of the
point P, ,, will be denoted (%, 5, tm,n), or similarly any other coordinates
(am,ny ﬁm,n)-

A two-variable PAS will be a set of five relations between the quantities
{z,t,u} at a finite number of points. We choose a reference point P, , = P
and two families of curves intersecting at the points of the lattice. The labels
m = mg and n = ng will parametrize these curves (see Fig. 1). To define an
orientation of the curves, we specify

Tm+1,n — Tm,n = hm > 07 t'm,n-ﬁ-l - tm,n = hn >0 (110)

at the original reference point.
The actual curves and the entire PAS are specified by the 5 relations,

Eo({Zmtin+j> tmtins Umtin+s ) =0 (1)
1<a<b i1 <i<iz j <j<jo
In the continuous limit, if one exists, all five equations (111) are supposed
to reduce to a single PDE, e.g., E; = 0 can reduce to the PDE and E, = 0,
a > 2 to 0 = 0. The orthogonal uniform lattice of Fig. 2 is clearly a special
case of that on Fig. 1.
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Some independence conditions must be imposed on system (111), e.g.,

AFEy, ..., Es)

O(Tmtiz,ns tmtisns Tm,ntja> bmontja > metiz,ntja)

|J| = £ 0. (112)

This condition allows us to move upward and to the right along the curves
passing through P, = (Zm.n,tm.n). Moreover, compatibility of the five
equations (111) must be assured.

As an example of a PAS, let us consider the linear heat equation on a
uniform and orthogonal lattice. The heat equation in the continuous case is

Up = Ugg- (113)

An approximation on a uniform orthogonal lattice is given by the five
equations,

" — U, n72 n m—1,n
R cane
2 1

E2 = Tm+1n — Tmn — hl =0 E3 = tm+1,n - tm,n =0 (115)
E4 = Tmn+l — Tmn = 0 EE') = tm,n+1 - tm,n - h2 =0. (116)

Equations (115) and (116) can of course be integrated to give the standard
expressions

Tmyn = him + xq tmn = han + tg. (117)

Observe that hy and ho are constants that cannot be scaled, they are fixed
in egs. (115), (116). On the other hand zg and o are integration constants
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and are thus not fixed by system (115)—(116). As written, these equations
are invariant under translations, but not under dilations.

Finally, we observe that the usual fixed lattice condition is obtained from
(117) by setting x¢p = tg = 0, hy = ha = 1 and identifying

r=m, t=n. (118)

Though the above example is essentially trivial, it brings out several
points.

1. Four equations are indeed needed to specify a two-dimensional lattice
and to allow us to move along the coordinate lines.

2. In order to solve the PAS (114), (116) for hy and ho given, we must spec-
ify for instance {Zm.n, tm,ns Um,n, Um+1,ns Um—1,n - Then we can directly
calculate {Zm+1,ns tm+1,n} {Tmn+1; tm,nt1}. In order to calculate the co-
ordinates of the fourth point figuring in (114), namely {@, n—1,tm n—1}
we must shift (115) down by one unit in m.

3. The Jacobian condition (112), allowing us to perform these calculations,
is obviously satisfied, since we have

O(Ey, Es, B3, Ey, E5)

a($m+1,n7 tm+1,na xm,n—&-l; tm,n—i—ly um,n+1)

=1 (119)

A partial difference scheme with one dependent and n independent vari-
ables will involve n? + 1 relations between the variables (zy,xa,...%,,u),
evaluated at a finite number of points.

3.2 Symmetries of Partial Difference Schemes

As in the case of OAS treated in Sect. 2, we shall restrict ourselves to point
transformations

T = F\(v,t,u), t=Gx\(v,t,u), = Hx(z,t,u). (120)

The requirement is that y(,#) should be a solution, whenever it is defined
and whenever u(x,t) is a solution. The group action (120) should be defined
and invertible, at least locally, in some neighbourhood of the reference point
P, », including all points Py, 4; n4; involved in system (111).

As in the case of a single independent variable, we shall consider infinites-
imal transformations that allow us to use Lie algebraic techniques. Instead
of transformations (120) we consider

:x+)\§(xtu)

=t+ A(z,t,u), (121)
:u+)\¢(xtu) A < 1.
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Once the functions &, 7 and ¢ are determined from the invariance require-
ment, then the actual transformations (120) are determined by integration,
as in (5), (6).

The transformations act on the entire space (,t,u), at least locally. This
means that the same functions F, G and H in (120), or &, 7 and ¢ in (121)
determine the transformations of all points.

We formulate the problem of determining the symmetries (121), and ul-
timately (120), in terms of a Lie algebra of vector fields of the form

X =&(x,t,u)0p + 7(x,t,u)0: + (a, t, u)Dy, (122)

where £, 7 and ¢ are the same as in (121). The operator (122) acts at one
point only, namely (x,t,u) = (Zm.n, tm,ns Um,n). Its prolongation will act at
all points figuring in system(111) and we set

PrX =Y (&(@jns Lk, k)0 + T (s Lk i) Dy (123)
Jk
+O(jk, tiks Wik ) Ouyn ),

where the sum is over all points figuring in (111). To simplify notation we set

ik = E(@jn, b, win),  Tik = T(Tjk, tik, wjk) (124)
bjk = H(Tjkstik, Ujk)-
The functions &, 7, and ¢ figuring in (122) and (123) are determined from
the invariance condition

pI‘XEa |E‘1:~~-:E5:O: 0, a = 1,5 (125)

It is (125) that provides an algorithm for determining the symmetry al-
gebra, i.e., the coefficients &, 7 and ¢.

The procedure is the same as in the case of ordinary difference schemes,
described in Sect. 2. In the case of system (111), we proceed as follows:

1. Choose 5 variables v, to eliminate from the condition (125) and express
them in terms of the other variables, using system (111) and the Jacobian
condition (112). For instance, we can choose

V1 = Tm+ign, V2= tnl+i2,na (126)
U3 = Tmontjar V4 = lmntjss U5 = Umis,jtis

and use (111) to express

Vg = va(mm+i,n+j7 tm+i,n+j7 um+i,n+j)
i1<i<iz—1, j<j<j2-1L

The quanties v, must be chosen consistently. None of them can be a
shifted value of another one (in the same direction). No relations between
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the quantities v, should follow from system (111). Once eliminated from
(124), they should not reappear due to shifts. For instance, the choice
(126) is consistent if m + i3 and n + jo are the highest values of these
labels that figure in (111).

2. Once the quantities v, are eliminated from system (125), using (3.2),
each remaining value of z; 1, t; 1 and u;j is independent. Each of them
can figure in the corresponding functions &; ., Ti k, @ik (see (124)), in the
functions E, directly, or by means of the expressions v,, in the functions
&, 7 and ¢ with different labels. This provides a system of five functional
equations for &, 7 and ¢.

3. Assume that the dependence of £, 7 and ¢ on x, t and wu is analytic.
Convert the obtained functional equations into differential equations by
differentiating with respect to x; k, t; k., or u; ;. This provides an overde-
termined system of differential equations that we must solve. If possible,
use multiple differentiations to obtain single-term differential equations
that are easy to solve.

4. Substitute the solution of the differential equations back into the origi-
nal functional equations and solve these. The differential equations are
consequences of the functional ones and hence have more solutions. The
functional equations impose further restrictions on the constants and ar-
bitrary functions appearing in the integration of the differential conse-
quences.

Let us now consider examples on different lattices.

3.3 The Discrete Heat Equation

The Continuous Heat Equation. The symmetry group of the continuous
heat equation (113) is well known [52]. Its symmetry algebra has the structure
of a semidirect sum

L=LyP L, (127)

where Lg is six-dimensional and L is an infinite-dimensional ideal corre-
sponding to the linear superposition principle (present for any linear PDE).
A convenient basis for this algebra is given by the vector fields

P0:8t, D:4t8t+2x81+u8u,

K = 4t(t0; + 20,) + (22 + 2t)ud,, (128)
P =0,, B=20,+xud,, W =ud,,
S = S(z,t)0y, S¢— Spz=0. (129)

The sl(2,R) subalgebra {Py, D, K} represents time translations, dilations
and “expansions”. The Heisenberg subalgebra {P;, B, W} represents space
translations, Galilei boosts and the possibility of multiplying a solution w by
a constant. The presence of S simply tells us that we can add a solution to
any given solution. Thus, S and W correspond to the linearity, Py and P;
the fact that the equation is autonomous, i.e., has constant coefficients.
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Discrete Heat Equation on Fixed Rectangular Lattice. Let us con-
sider the discrete heat equation (114) on the four-point uniform orthogonal
lattice (115), (116). We apply the prolonged operator (113) to the equations
for the lattice and obtain

E(xm-HJLv tm+1,na um+17”) - g(xmﬂl’ tm,m Um,n) =0

(130)
f(xm,n-i-h tm,n-‘rla um,n-‘rl) - f(l"m,n, tm,'ru um,n) =0

and similarly for 7(z,t,u). The quantities v; of (126) can be chosen to be

V1 = Tm4+1,n V2 = tm+1,n V3 = Tm,n+1, (131)
Vg = tm7n+17 U5 = Um,n+1-

However, in (130) wm41,n and tm n41 cannot be expressed in terms of wy, p,
since (114) also involves u,,—1 . Differentiating (130) with respect to, e.g.,
Um,n- We find that { cannot depend on u:

af(xmmu tm,rm um,n)
OUm.n

=0. (132)

Since we have t, 41, = tmpn and Ty, pt1 = T, the two equations (130)
yield

m,n

8"Z:m,n

m,n
8tm,n

:07

=0, (133)

respectively. The same is obtained for the coefficient 7, so finally we have
£=¢&, T="o, (134)

where &, and 7 are constants.
Now let us apply pr X to (114). We obtain

h
¢7n,n+1 - ¢m,n - ﬁ(@bm-&l,n - 2¢m,n + ¢m—1,n) = 0. (135)

In more detail, eliminating the quantities v, in eq (131) we have

h
d)(xm,n, tm,n + h23 um,n + hig(um+l,n - 2um,n + um—l,n))
1

ho

ﬁ(d’(xm,n + hl, tm,nv um+1,n) - 2¢(xm,na tm,n, um,n)
1

+¢(xm,n - hla tm,'m um—l,n)) =0. (136)

*Qs(xm,nv tmns Um,n) -

We differentiate (136) twice, with respect to w415, and y,—1,, respectively.
We obtain

a2¢nz,n+1

2
8’u’m,nJrl

=0, (137)
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that is

¢m,n = A(xm,na tm,n)um,n + B(zm,nv tm,n)~ (138)

We substitute ¢, ,, of (138) back into (136) and set the coefficients of um41,n,
Um,n, Um—1,n a0d 1 equal to zero separately. From the resulting determining
equations we find that A(zy, n, tm,n) = Ao must be constant and that B(z, t)
must satisfy the discrete heat equation (114). The result is that the symmetry
algebra of system (114)—(116) is very restricted. It is generated by

Po=08, Pi=0, W=ud, S=S5( 10, (139)

and reflects only the linearity of the system and the fact that it is autonomous.

The dilations, expansions and Galilei boosts, generated by D, K and B of
(128) in the continuous case are absent on the lattice (115) and (116). Other
lattices will allow other symmetries.

Discrete Heat Equation Invariant Under Dilations. Let us now con-
sider a five-point lattice that is also uniform and orthogonal. We set

Umn+1 — Um,n o Um+1,n — 2um,n + Um—1,n

= 140

tm,n-‘rl - t'rn,n (x7n+1,n - xm,n)Q ( )

Tm+1,n — 21’m,n + Tm—1,n = 0 Tmn+l — Tmn = 0 (141)
tm—i—l,n - tm,n =0 tm,n+1 - 2tm,n + tm,n—l = 0. (142)

The variables v, that we shall substitute from (140), (141) and (142) are
Tm41,m5 bmt1.ms Tmontls bmont1 a0d U, ny1. Applying pr X to (141) we obtain

E2Tmn — Tm—1,n> tm.ns Umt1,n) — 28(Tmon, s Um,n)
+e(Tm—1.ns tmon, Um—1n) = 0 (143)
E(Tmons 2tmn — tmn—1, Umont1) — E(@mons tmons Umn) = 0. (144)
In (144) wp,pn and Wy, p41 are independent. Differentiating with respect to
Upm,n, We find 0y, 1, /O, = 0 and hence € does not depend on w. Differen-
tiating (144) with respect to t,, ,,—1 we obtain 0&m nt1/0m n+1 = 0. Thus,
¢ depends on z alone. Equation (143) can then be solved and we find that &

is linear in . Applying pr X to (142) we obtain similar results for 7(x,t, u).
Finally, invariance of the lattice equations (141) and (142) implies:

E=ax+b, T=ct+d. (145)
Let us now apply pr X to (140). We obtain, after using the PAS (140) - (142)

¢m,n+1 - ¢m,n N ¢m+1,n - 2¢m,n + ¢m—1,n
tm,n+1 - tm,n (merl,n - xm,n)Q

m n_2 m,n m—1,n
+(2a — ¢) tmtln — Ztmon FUm_tn - (146)

(xm—i-l n — Tm n)Q
) )
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Observe that wy, n+1 (and hence ¢, pt+1) depends on U1, and Um—1 p,
whereas all terms in (146) depend on at most one of these quantities. Taking
the second derivative 0 0, of (146), we find

Um+1,n " Um—1,n
2
% =0, ie, ¢ = A(x,t)u+ B(x,t). (147)
8um,n+l

We substitute this expression back into (146) and find
A(z,t) = Ag = const (148)

and see that B(x,t) must satisfy system (140)—(142). Moreover, we find ¢ =
2a in (145). Finally, the symmetry algebra has the basis

Py=08,, P,=08, W =ud, D=ud,+2Ld,, (149)
S = S(z, ). (150)

Thus, the dilational invariance is recovered, but not the Galilei invariance.
Other symmetries can be recovered on other lattices.

3.4 Lorentz Invariant Difference Schemes
The Continuous Case. Let us consider the PDE

Equation (151) is invariant under the Poincaré group of 1 4+ 1 dimensional
Minkowski space for any function f(u). Its Lie algebra is represented by

P():@t, Pl :8x, L:taerxat (152)
For specific interactions f(u) the symmetry algebra may be larger, in partic-
ular for f =e*, f=u", or f = au+ f.
Before presenting a discrete version of (151), we find it convenient to
change to light-cone coordinates
y=xz+t, z=x—t (153)
in which (151) is rewritten as
uy: = f(u) (154)

and the Poincaré symmetry algebra (152) is

P1 :ay, szaz, L:yay—zaz (155)
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A Discrete Lorentz Invariant Scheme. A particular PAS that has (154)
as its continuous limit is

Um+1,n+1 — Um,n+1 — Um+1,n + Um,n
: ’ ’ T F (U, 156
(ym+1,n - ym,n)(zm,n+1 - Zm,n) (tm n) ( )
Ym+1,n — 2yrn,n + Ym—1,n = 0, Ymn+1 — Ymn = 0 (157)
Zm+1n — fm,n = Oa Zm,n+1 — 2Zm,,n + Zmn—1 = 0. (158)

To find the Lie point symmetries of this difference scheme, we set
X =n(y, z,0)0y + &(y, z,w)0; + ¢y, 2, u)0y. (159)

We apply the prolonged vector field pr X first to (157) and (158), eliminate
Ym+1ms Ymontl, Zmt1n a0d Zp pi1, using system (157)-(158), and observe
that all values of u; that figure in the equations obtained for n;; and &, are
independent.

The result that we obtain is that  and £ must be independent of u and
linear in y and z, respectively. Finally we obtain

E=ay+y, n=pz+0, (160)

where a,...,0 are constants. Invariance of (156) implies that the coefficient
¢ in the vector field (159) must be linear in w and moreover have the form

6= Au+ B(y,2), (161)

where A is a constant. Taking (160) and (161) into account and applying
pr X to (156), we obtain

Bm+1 n+1 — Bm n+1l — Bm+1 n + Bm n
A—— ﬁ f Unn.n + ) , B B
( A ) (Ymt1,n = Ymon) (Zmnt1 = Zmon)
- (Aum,n + Bm,’rL)f/(u'rn,7z)~ (162)

Differentiating (162) with respect to ., we finally obtain the following
determining equation:

df ef

For f(um,n) arbitrary, we find f = —a, A = B = 0. Thus for arbitrary f(u)
the scheme (156)—(157) has the same symmetries as its continuous limit. The
point symmetry algebra is given by (155), i.e., it generates translations and
Lorentz transformations.

Now let us seek special cases of f(u) when further symmetries exist. That
means that (163) must be solved in a nontrivial manner. Let us restrict
ourselves to the case when the interaction is nonlinear, i.e.,
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d2
gz (umn) #0. (164)
Then we must have
B(Ym,n, 2m.n) = B = const. (165)

The equation to be solved for f(u) is actually (162) which simplifies to
(Au+B)f'(u) = (A — o = B)f(u). (166)
For A # 0 the solution of (166) is
f=fou?, (167)

and the symmetry is

Dy = y0y + 20, —

2
1 udu. (168)

For A =0, B # 0 we obtain
f= foe™ (169)
and the additional symmetry is
Dy = y0Oy + 20, — 20,. (170)

Thus, for nonlinear interactions f(u), f” # 0, the PAS (156)—(158) has
exactly the same point symmetries as its continuous limit (154).
The linear case

fu)=Ru+T (171)

is different. The PDE (154) in this case is conformally invariant. This infinite-
dimensional symmetry algebra is not present for the discrete case considered
in this section.

4 Symmetries of Discrete Dynamical Systems

4.1 General Formalism

In this section we shall discuss differential-difference equations on a fixed
one-dimensional lattice. Thus, time ¢ will be a continuous variable, n € Z a
discrete one. We will be modeling discrete monoatomic or diatomic molec-
ular chains with equally-spaced rest positions. The individual atoms will be
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vibrating around their rest positions. For monoatomic chains the actual po-
sition of the n-th atom is described by one continuous variable u, (). For
diatomic atoms there will be two such functions, ., (t) and v, (t).

Only nearest neighbour interaction will be considered. The interactions
are described by a priori unspecified functions. Our aim is to classify these
functions according to their symmetries.

Three different models have been studied [45,24,35]. They correspond to
Figs. 3, 4 and 5, respectively.

The model illustrated in Fig. 3 corresponds to the equation [45]

i (t) — F (8, un—1(t), un(t), uns1(t)) = 0. (172)

Figure 4 could correspond to a very primitive model of the DNA molecule.
The equations are [24]

Gin, = F (t, -1 (8), un (), Un1(8), vn—1(t), vn(t), vp1 (t)) =
Oy = G (8, Un—1(t), un (), Ung1 (£), U1 (), v (1), Vg1 (t)) =

The model corresponding to Fig. 5 already took translational and Galilei
invariance into account, so the equations are

'Ufn = Fn(§n7t) + Gn(nnflat)
Uy = Kn(&nyt) + Po(nn, t) (174)

gn =Yn —Tn, Th = Tpn+l — Yn-

~O0—0—0—0—0—

Un—1 Un Un+1

Fig. 3. A monoatomic chain

Un—1 u Un+1

DO

n
Un—1 Un Un+1

Fig. 4. A diatomic molecule with two types of atoms on parallel chains

—O—0—O0—@—0O—

Un—1 Un Un Un+1  Un+41
Fig. 5. A diatomic molecule with two types of atoms alternating along one chain
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Dissipation was ignored in all three cases, so no first derivatives are
present.

In these lectures we shall only treat the case (172). The lattice is fixed,
i.e., it is given by the relation

Ty, = hn + 2o, (175)

with h and xg given constants. With no loss of generality we can choose
h=1, xzg =0, so that x,, = n.

Our aim is to find all functions F,, for which (172) admits a nontriv-
ial group of local Lie point transformations. We shall also assume that the
interaction is nonlinear and that it does indeed couple neighbouring states.

Let us summarize the conditions imposed on the model (172) in order to
study its symmetries.

1. The lattice is fixed and regular (x,, = n).

2. The interaction involves nearest neighbours only, is nonlinear and cou-
pled, i.e.,

0*F, 0 oF, 0 oF,

Ou;Ouy, T Oup_1 T Oy

(176)

3. We consider point symmetries only. Since the lattice is fixed, the trans-
formations are generated by vector fields of the form [40]

X =7(t)0; + bn(t,un)0y, (177)

We also assume that 7(¢) is an analytic function of ¢ and ¢, (¢, uy,) is also
analytic as a function of ¢t and w,,.

The symmetry algorithm is the usual one, namely

prXE,

E,=0= 0. (178)

The prolongation in (178) involves a prolongation to t-derivatives u,, and
iy, and to all values of n figuring in (172), i.e., n £ 1.
The terms that we actually need in the prolongation are

n+1
pr® X =70+ > klt, ur)Ou, + 010, . (179)

k=n—1

The coefficient ¢! is calculated using the formulas of Sect. 1 (or e.g., [52]).
We have

O = D}y, — (D}r)uy — 2Dy )i (180)

Applying pr®® X to (172) and replacing ii from that equation, we obtain
an expression involving (1,,)3, (11,)?, (i,)* and (1i,,)°. The coefficients of all
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these terms must vanish separately. The first three of these equations do not
depend on F), and can be solved easily. They imply

1
On(t,uy) = (27"(t) + an) Up + Bn(t), 7=71(), a,=0. (181)
The remaining determining equation is

1 3
~TeetUn + Bt + (an - 27t> F,

2
1
~TFui =Y (<2n + aa) Ug + ,60,) Fpu, =0, (182)

[0

and the vector fields realizing the symmetry algebra are

X = r(0)0, + ((;m) 4 an) tn + ,Bn(t)) Do, (183)

Since we are classifying the interactions F},, we must decide which func-
tions F}, will be considered to be equivalent. To do this we introduce a group
of “allowed transformations”, or a “classifying group”. We define this to be
a group of fiber-preserving point transformations

un(t) = Qn(an(t),t,9), t=1t,g), n=n, (184)
taking (172) into an equation of the same form
Uin (1) = Ey (E, tin—1(%), @in (2), Gnt1(f)) = 0. (185)

That is, the allowed transformations can change the function F, (as op-
posed to symmetry transformations), but cannot introduce first derivatives,
or terms other than nearest-neighbour terms. These conditions narrow down
the transformations (184) to linear ones of the form

A;jan({t‘) +Bu(t), t=1¢),

A’n,t = 0, Et # 0; An # 07 n=n. (186)

up(t) =

Equation (172) is transformed into

an,ff = Arzl(ft)igﬂ {Fn (t7 Up—1, Un, u7z+1)

+(- A2

An - _3/97 )~
+7(tt) 3/2tttt) un(t) — Bn,tt}' (187)
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The transformed vector field (183) is
~ - 1 ~ -
X = 7(t)t:(t)0; + { (2(7(16)1ft)t~ + an> Tin
- 1
+ (3)1/2A7 ((273 + an> B, + Bn — TBmt) } Og, - (188)

In (187) and (188), 7(t), a,, B, and F,, are given, whereas t(¢), A,, and B,,(t)
are ours to choose. We use these quantities to simplify the expression of the
vector field X.

Our classification strategy is the following. We first classify one-dimen-
sional subalgebras. Thus, we have one vector field of the form (183). If 7(¢)
satisfies 7(¢) # 0 in some open interval, we use () to normalize 7(t) = 1
and By, (t) to transform (3, (t) into 8, (t) = 0. If we have 7(t) =0, a,, # 0, we
use By, (t) to annul G, (t). The last possibility is 7(¢t) = 0, a, = 0, B, (t) # 0.
Then we cannot simplify further. The same transformations will also simplify
the determining equation (182) and we can, in each case, solve it for the
interaction F, (¢, Up—1, Un, Unt1)-

Once all interactions allowing one-dimensional symmetry algebras are de-
termined, we proceed using results on the structure of Lie algebras, to be
described in Sect. 4.4. We first find all Abelian symmetry groups and the
corresponding interactions allowing them. We run through our list of one-
dimensional algebras and take them in an already established “canonical”
form. Let us call this element X; (in each case). We then find all elements X
of the form (183) that satisfy [X;, X] = 0. We classify the obtained operators
X under the action of a subgroup of the group of allowed transformations,
namely the isotropy group of X; (the group that leaves the one-dimensional
subalgebra generated by X; invariant). For each Abelian group we find the
invariant interaction.

From Abelian symmetry algebras we proceed to nilpotent ones, then to
solvable ones and finally to nonsolvable ones. These can be semisimple, or
they may have a nontrivial Levi decomposition.

All details can be found in the original article [45], here we shall present
the main results.

4.2 One-Dimensional Symmetry Algebras

Three classes of one-dimensional symmetry algebras exist. Together with
their invariant interactions, they can be represented by

A171 X = 8t + anunaun

Fn(tauk) = fn(gn—17£n7£n+l)6ant (189)
&h=ure " k=n—-1,n,n+1.
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A]_’Q X = anunau”
Fn(t7uk) = Unfn(tagn717£n+1) (190)

fnt1 = UpTyu,

Ais X = Bn(t)0u,
Fo(t,u,) = &un + fu(ts&n—1,8nt1) (191)

/87l
Ent1 = Bn(t)unt1 — Bnx1(t)un.

We see that the existence of a one-dimensional Lie algebra implies that the
interaction F is an arbitrary function of three variables, rather than the
original four. The actual form of the interaction in (189), (190) and (191)
was obtained by solving (182), once the canonical form of vector field X in
(189), (190), or (191) was taken into account.

4.3 Abelian Lie Algebras of Dimension N > 2

Without proof we state several theorems.

Theorem 4.1. An Abelian symmetry algebra of (172) can have dimension
N satisfying 1 < N < 4.

Comment: For N = 1 these are the algebras Ay 1, A1 2 and Ay 3 of (189),
(190) and (191).

Theorem 4.2. Five distinct classes of interactions F,, exist having symmetry
algebras of dimension N = 2. For four of them the interaction will involve an
arbitrary function of two variables, for the fifth a function of three variables.

The five classes can be represented by the following algebras and interac-
tions.

A2,1 : Xl = 815 + al,nunaun; X2 = a2nunaun
Fn - unfn(gnflvgnJrl)a A2np 7£ 0 (192)

fk — uzznu;azke(al,na%*alkazn)t, k=n+1

Ag o X1 =0+ anunaun Xy = e“”taun

F, = a%un + ea"tfn(fnfla Ent1) (193)
& = upe " — et k=n+1

)
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A2,3 . Xl = almunaun X2 = a/2nun8u”
F = unfu(t,§) (194)
6 _ uan{il nuan 1, n+1uzi{z71

Qg = Q1xa — a0k # 0

A2,4 : Xl = 61,n(t)8una X2 = ﬁZn(t)au
BrnB2nt1 — Biny1Pon # 0
(ﬁl,nBQn - Bl,nﬂZn)un-i-l - (ﬂl,n-&-lBQn - Bl,nﬁZn—i—l)

F =
" BinB2n+1 — Prn+1P2n

(195)

+fn(t,€)
é. = (51,n52n+1 - 51,n+lﬂ2n)unfl + (51,n+lﬂ2n71 - ﬂl,nflﬁQnJrl)un
+(B1,n—1B2n — B1,nB2n—1)Unt1

A5t X1 =0y, X2=1t0,,
Fn:fn(taé-nfhfnle)a fk::uk_una k=n=£1l (196)
The algebra As 5 is of particular physical significance since X; and X,
in (196) correspond to translation and Galilei invariance for the considered
chain. Unless we are considering a molecular chain in an external field, or

unless an external geometry is imposed, the symmetry algebra As 5 should
always be present, possibly as a subalgebra of a larger symmetry algebra.

Theorem 4.3. Four classes of three-dimensional Abelian symmetry algebras
exist. Only one of them contains the Ay 5 subalgebra and can be presented as

Asy X1 =0y,, Xo=1t0u,,

X3 = Bn(t)Ou,, Bui1 # B, Bn # 0. (197)
The invariant interaction s
Bn
Fn = o 5 n - Un + n t, 5 198
ﬁn+1_ﬁn(u+l un) + fult,§) (198)

5 = (ﬂn - ﬁn—i—l)un—l + (ﬂn—i—l - ﬂn—l)un + (ﬂn—l - ﬁn)un—o—l- (199)
For Az 1, Az o and As 4, see the original article [45].

Theorem 4.4. There exist two classes of interactions F,, in (172) satisfying
conditions (176), allowing four-dimensional Abelian symmetry algebras. Only
one of them contains the subalgebra Ag 5. It is represented by the following.

A Fa= P ) 4 R4, face £0 (200
Tn TYn+1

Xl = 8un7 X2 = taunv X3 = ¢1( )’Vn U )
X4 - 1;[}2( )'_Yn Uy,
Tnt1 F Yo Yo =0, Y192 —P11hy = const # 0,
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with
f - (7n - '7n+1)un—1 + (’Yn—&-l - ’Yn—l)un + (’Yn—l - ’Yn)un+1a

1, Yo satisfying

4.4 Some Results on the Structure of Lie Algebras

Let us recall some basic properties of finite-dimensional Lie algebras. Consider
a Lie algebra L with basis X7, X5, ..., X,,. To each algebra L one associates
two series of subalgebras.

The derived series consists of the algebras

I’=L, L'=DL=I[L,L], L?*=D?L=I[DL,DI],...,
LN =DNL=[DV'L,DN71L),...  (201)

The algebra of commutators DL is called the derived algebra. If DL = L, the
algebra L is called perfect. If an integer N exists for which DV L = {0}, the
algebra L is called solvable.

The central series consists of the algebras

Ly=L, Li=L'=[LL], Ly=[L,L],....,Ly=[LLy],... (202)

If there exists an integer N for which Ly = {0}, the algebra L is called
nilpotent. Clearly, every nilpotent algebra is solvable, but the converse is not
true.

Let us consider two examples.

1. The Lie algebra of the Euclidean group of a plane: e(2) ~ {Ls, P, P2}.
The commmutation relations are

(L3, P1]| = P, [L3,P]=—-P, [P,P]=0. (203)
The derived series is
L={Ls,P,,P,} D DL ={P,, P}, D?L={0}
and the central series is
LOoLi={P,P}=Ly=L3=...

Hence e(2) is solvable but not nilpotent.
2. The Heisenberg algebra H; ~ {X;, X5, X3} where the basis can be real-
ized by the derivation operator, the coordinate x and the identity 1:

X1 =0, Xo=2z, X3z=
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We have
[X1, Xo] = X5, [X1,X35] =[Xe, X3] =0, (204)
hence
DL = {X3}, D?L=0.
Ly ={X3}, L=0.
We see that the Heisenberg algebra is nilpotent (and therefore solvable).

An Abelian Lie algebra is of course also nilpotent.
We shall need some results concerning nilpotent Lie algebras (by nilpotent
we mean nilpotent non-Abelian).

1. Nilpotent Lie algebras always contain Abelian ideals.
2. All nilpotent Lie algebras contain the three-dimensional Heisenberg alge-
bra as a subalgebra.

We shall also use some basic properties of solvable Lie algebras, where by
solvable we mean solvable, non-nilpotent.

1. Every solvable Lie algebra L contains a unique maximal nilpotent ideal
called the nilradical NR(L). The dimension of the nilradical satisfies

1
3 dim(L) < dim NR(L) < dim(L) — 1. (205)
2. If the nilradical NR(L) is Abelian, then we can choose a basis for L in
the form {X;,..., X,,,Y1,..., Y}, m <n, with commutation relations
[Xi, Xi] =0, [X, Vi) = (Ai)i; X5, [¥i Y] = ChXa. (206)

The matrices Ax commute and are linearly nilindependent, i.e., no linear
combination of them is a nilpotent matrix.

If a Lie algebra L is not solvable, it can be simple, semisimple, or it may
have a nontrivial Levi decomposition [33]. A simple Lie algebra L has no
nontrivial ideals, i.e.,

ICcrL, [LICI (207)
implies I = {0}, or I = L.
A semisimple Lie algebra L is a direct sum of simple Lie algebras L;

L~Li®Ly®--® Ly, [Li,Li] =0. (208)

If L is not simple, semisimple, or solvable, then it has a unique Levi decom-
position into a semidirect sum

L~SxR, [S8=S [RRCR, [SRCR (209)

where S is semisimple and R is solvable; R is called the radical of L. It is the
maximal solvable ideal.

Let us now return to the symmetry classification of discrete dynamical
systems.
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4.5 Nilpotent Non-Abelian Symmetry Algebras

Since every nilpotent Lie algebra contains the three-dimensional Heisenberg
algebra, we start by constructing this algebra, H; ~ {X1, X5, X3}. The cen-
tral element X3 of (204) is uniquely defined. We start from this element, take
it in one of the standard forms (189), (190), or (191), then construct the
two complementary elements X; and Xs. The result is that two inequivalent
realizations of Hy exist:

Nzi1: X1 =04, Xo=0, X3=10,,

Fn:fn(&n#»l;gnfl), gk:Uk_Un, k=n=£1 (210)
Nio: Xy =e""9y,, Xo=0+ayu,dy,
X3 = (t+70)e" s Gn =0, Fn=0,Yns1#Mm
2
n - In) — 2 mn
F, = e =) = 200, (211)
’Yn—‘—l - "Yn
2an, _
Py et e ()
Tn+1 — Tn

—ant

£=(m— 'Yn—&-l)un—leia"flt + (Ynt1 = Yn—1), Une
+(7n—1 - PYTL)u1'L+1€7a7l+lt'

Observe that N3 ; contains the physically important subalgebra As 5, whereas
N3 9 does not.

Extending the algebras N3 ; and N3 by further elements, we find that
N3 1 gives rise to two five-dimensional nilpotent symmetry algebras Vs ;, and
N3 9 to a four-dimensional one Ny ;.

Here we shall only list N5 ; and N5 2 which contain V3 ; and hence Aj 5:

(k —1)t?

Nsi: Xi=0u, Xo=1t0u,, X3=< 5

+ %) Ou,,,

kE— 1)t
Xy = <(6> + vnt>3un, X5 =0, k=12 (212)

2(k—1
p_ 201
TYn+1 — In

(Ung1 — un) + fu(§)
with £ as in (200).

4.6 Solvable Symmetry Algebras with Non-Abelian Nilradicals

We already know all nilpotent symmetry algebras, so we can start from the
nilradical and extend it by further non-nilpotent elements. The result can be
stated as a theorem.
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Theorem 4.5. Seven classes of solvable symmetry algebras with non-Abelian
nilradicals exist for (172). Four of them have N3 1 as nilradical, three have

N5’1.

For N3 1 we can add just one more element Y, one of the following

1 1
SN4,1 : Y = t@t + (2 + a) unﬁu", a 7é —5

Fp = (ung1 — )@/ g (¢) (213)

SN4,2 : Y = t@t + (2un + t2>8u”
Fn = In(tupt1 — up) + fn(§) (214)

SN4,3 : Y = unaun
F, = (Un+1 - 'U/n)fn(g) (215>

In all the above cases we have

¢ = tno1 7 Un (216)
Up+1 — Up

SN4,4 . Y = tat + ’)/nauna Yn+1 74‘ Tn, ’771 =0

Ry = op( 222821 ) ) (217

with € as in (200). For N5 ; we can also add at most one non-nilpotent element
and we obtain

1
SNG,l : Y = t@t + <2 + a) un(‘?un

1 3
— (a=3/2)/(a+1/2) _ = el
F, =c,& , a# 5 @ #+ 5 (218)
SNe2: Y =t0h+ 2uy+ (a+ b%)#)aun, a2 +b>#£0
F, =cp+ (a+by,)Ing (219)

SNgs3: Y =t0+ pnOu,, pnFA+DBy,, pn=0
F, = cpet (220)
_ —2¢
= o )Pt T Gt = )on ¥ Ot —dmm”

In all cases ¢ is as in (200).
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4.7 Solvable Symmetry Algebras with Abelian Nilradicals

The results in this case are very rich. There exist 31 such symmetry algebras
and their dimensions satisfy 2 < d < 5.

For all details and a complete list of results we refer to the original article
[45]. Here we give just one example of a five-dimensional Lie algebra with
NR(L) = Ay 1.

SA5,1 . X1 = aun, X2 = taun7 X3 = 6t’}/n6un,

X4 = e_t’}/naun
Y =0+ aunaun a 7& 0, " 7& Tn+1, An =0
n(Un — Un a
F, = Vn(Un+1 — Un) e £y (6) (221)

Tnt+1 = In
§=((m = m+1)tn-1+ (Vns1 — Yn—1)Un
+(Yn-1 — ’Yn)un+l)eiat

We mention that there exist 7 five-dimensional algebras with A4 ; as their
nilradical [45].

4.8 Nonsolvable Symmetry Algebras

A Lie algebra that is not solvable must have a simple subalgebra. The only
simple algebra that can be constructed out of vector fields of the form (183)
is s1(2,R). The algebra and the corresponding invariant interaction can be
represented as:

1
NSgJ . X1 = 8t, X2 = t@t + iunﬁun

X3 = t20; + tun0,, (222)
1 U
Fn:uig’fn(gn—l,gn+l)v gk:ia k=n=£1.

Un

This algebra can be further extended to a four, five or seven-dimensional
symmetry algebra. In two cases the algebra will have an Aj 5 subalgebra,
namely

NS5 1: In addition to X, Xo, X3 of (222) we have

Xy =0y, Xs5=10,,

_ Upt1 — Unp
Fp = (ung1 — ) fa(§), €= " (223)
Up—1 — Unp
N S71: The additional elements are
Xn = 811717 X5 = tauna X6 = Vnaun; X7 = t’ynau71 (224)

Yn+1 7& Yns ’Yn =0.
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The invariant interaction is

Fn = Sn((’}/n - ’7n+1>un—1 + (’YnJrl - ’Ynfl)un
+(7n71 - ’Yn)un+1)737 S, = Oa Sn # 0. (225)

4.9 Final Comments on the Classification

Let us first of all sum up the discrete dynamical systems of the type (172)
with the largest symmetry algebras.
We set

g = ('Vn - 7n+1)un71 + (P)/n+1 - 'Ynfl)un + ('Ynfl - ’Yn)un+1 (226)

and find that this variable is involved in all cases with 7-, or 6-dimensional
symmetry algebras.

The algebras and interactions are given in (224), (218), (219) and (220),
respectively.

A natural question is where is the Toda lattice in this classification. The
Toda lattice is described by the equation

Up, e = €nt 7l — glinTln L (227)

This equation is of the form (172). It is integrable [62] and has many interest-
ing properties. In our classification it appears as a special case of the algebra
SNy 4. Indeed, (227) is obtained from

i = exp(—zu"“‘“")fn(@, (228)
Yn+1 — In
taking
fn(f) =-—1+ 65/2, Y = 2n. (229)

Thus, its symmetry group is four-dimensional. We see that the Toda lattice
is not particularly distinguished by its point symmetries: other interactions
have larger symmetry groups. Even in the SNy 4 class two functions have to
be specialized (see (229)) to reduce (228) to (227).

5 Generalized Point Symmetries of Linear
and Linearizable Systems

5.1 Umbral Calculus

In this section we take a different point of view than in the previous ones.
Instead of purely point symmetries, we shall consider a specific class of gen-
eralized symmetries of difference equations that we shall call “generalised
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point symmetries”. They act simultaneously at several or even infinitely many
points of a lattice, but they reduce to point symmetries of a differential equa-
tion in the continuous limit.

The approach that we shall discuss here is at this stage applicable either
to linear difference equations, or to nonlinear equations that can be linearized
by a transformation of variables (not necessarily only point transformations).

The mathematical basis for this type of study is the so-called “umbral
calculus” reviewed in recent books and articles by G.G. Rota and his col-
laborators [59, 58, 11]. Umbral calculus provides a unified basis for studying
symmetries of linear differential and difference equations.

Let us introduce several fundamental concepts.

Definition 5.1. A shift operator Ty is a linear operator acting on polynomi-
als or formal power series in the following manner

Tsf(x)=f(zx+9d), =z€R, J€R. (230)

For functions of several variables we introduce shift operators in the same
manner

Ts, f(x1, . i1, @4, Tig1 ... Tp)
:f(a:l,...,xi,l,xi+5i,xi+1,...,aﬁn). (231)

In this section we restrict the exposition to the case of one real variable
x € R. The extension to n variables and other fields is obvious. We will
sometimes drop the subscript on the shift operator 7" when that does not
give rise to misinterpretations.

Definition 5.2. An operator U is called a delta operator if it satisfies the
following properties,

1) It is shift invariant;

TsU = UTs, Vo €R, (232)

2)
Uzr=c#0, c=const, (233)

3)
Ua=0, a=const,, (234)

and the kernel of U consists precisely of all constants.

Important properties of delta operators are:

1. For every delta operator U there exists a unique series of basic polyno-
mials {P,(z)} satisfying

Py(z)=1 P,(0)=0, n>1, UP,(z)=nP,_1(z). (235)
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2. For every delta operator U there exists a conjugate operator 3, such that

[U,z0] = 1. (236)
The operator § satisfies
B=U""1 U =[Uz]. (237)
The expression
U'=Usxz=|U,x] (238)

is called the “Pincherle derivative” of U [59,58,11].

For us the fundamental fact is that the pair of operators, U and z3,
satisfies the Heisenberg relation (236).

Before going further, let us give the two simplest possible examples.

Ezample 5.1. The (continuous) derivative

U=0,, p=1

P():l, Plzx, ey Pn:xn, (239)
Ezample 5.2. The right discrete derivative
U = A+ = %’ ﬂ = Til
P():l, Pl =, P2 :13(‘%75) (240)
P, =xz(x—4)...(z — (n—1)d).
For any operator U one can construct § and the basic series will be
P,=(zp)"-1, neN. (241)
5.2 Umbral Calculus and Linear Difference Equations
Let us consider a Lie algebra L realized by vector fields
Xo = falz1,. ., 20)00, (242)
[Xa, X4] = O X.. (243)

The Heisenberg relation (236) allows us to realize the same abstract Lie
algebra by difference operators

X(? :fa(x1ﬁ17x2ﬁ27~-~7xn6n)Awaa [A:Daaxaﬁa] :17 a:L...n.
(244)

As long as the functions f, are polynomials, or formal power series in the
variables z,, the substitution

To = Tafa, On, — Ag, (245)

preserves the commutation relations (243).
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We shall call the substitution (245) and more generally any substitution
{U,8} « {U, 5} (246)

an “umbral correspondence”. This correspondence will also take the set of
basic polynomials related to {U, 3} into the set related to the pair {U, 3}.

We shall use two types of delta operators. The first is simply the derivative
U = 0,, for which we have § = 1. The second is a general difference operator
U = A that has 0, as its continuous limit. We set

1 m
:gZaka, I,meZ, l<m, (247)
k=l

where a and § are real constants and Ts is a shift operator as in (230).
Condition (232) is satisfied. Condition (234) implies

> ar=0. (248)
k=l

We also require that when d goes to 0, A goes to d,. This requires a further
restriction on the coefficients aj, namely

> apk=1. (249)
k=l

Then relation (233) is also satisfied, with ¢ = 1.
More generally, for A as in (247),

Af(z) = Zakf x + k6)

—5Zf 5(12@ k9.

We define
Yo=Y ak?, q€Z, (250)
and thus
df |~ fO)
Af(z) = o+ ;vq PIRCE (251)

Thus the limit of A is the derivative at least to order §. We can also
impose

7% =0, ¢=2,3,...m—1L (252)
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Then we have

_ d m—1
A=—=+0Em.

Definition 5.3. A difference operator of degree m — [ is a delta operator of
the form

oﬂ»—‘

IS e (253)
k=1

where ag and § are constants, Ts is a shift operator and

iak =0, iakk =1. (254)
k=l k=l

Comment: A =TI A is a difference operator of the same degree as A.

Theorem 5.1. The operator 3 conjugate to A = (1/8) >, arTF is

—1

5= (Yot (255)
k=l
Proof. By definition, 8 = (A")~! = [A,z]~! and
B k
[Ax_(S(kz:lak (x+ k)T —mzakT)
= Zakijk.

FEzxzamples:
., T-T1 T+T1T1\"
RS SNy ar s o
5 1, . . T2 - 37 —T-1\ "
A= - (T2 —6T+3+2T"Y), B=(-"—"") (257)
66 3
Comment:
0 0
A% = — 8 A= — 53).
5, TO07) 5, TO0%)

Now let us apply the above considerations to the study of symmetries of
linear difference equations.
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Definition 5.4. An umbral equation of order n is an operator equation of
the form

S an(aB)Akf =g, (258)

k=0

where ax(xB) and §(xB) are given formal power series in x3 and f(xﬂ) is
the unknown operator function.

For A = 0,, f =1 this is a differential equation. For A as in (247), (258)
is an operator equation. Applying both sides of (258) to 1 we get a difference
equation. Its solution is

fa) = f(zB)- 1. (259)

Thus f(x) is a function, obtained by applying the operator f(:z:ﬁ) to the
constant 1.
More generally, an umbral equation of order n in p variables is

Z a’kl...k:p (1‘161; Z‘QﬂQ, s axpﬁp)Agll7 L Algﬁf(xlﬁlv .o 7mpﬁp)
k1=0,...,kp=0
P
=g(z161...2p0p), an =n. (260)
i=1
As an example, we study the umbral equation,
Af =af, a#0. (261)
(i) If A=09,, then f(x)=e".
(i) A=A = %, B=T"1, and
f(o+8) = f(z) = adf (). (262)

AP0 — \F = adN”
so that
A= (1+ad)'/.
We get a single “umbral” solution

filz) = (1 + ad)®/°. (263)
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The umbral correspondence yields:

fo(x) = 2T 1, (264)
If we expand into power series, we obtain f1(x) = fa(x), and

li = e,

lim f12(z) =€

From now on we shall call umbral solutions those that we can get from
solutions of the corresponding differential equation by the umbral cor-
respondance. Other solutions, if they exist, will be called non-umbral
solutions.
(iii) For comparison, take A = A% = (T —T71)/26, 3 = (T +T~1)/2)7L.
Then
flx+96)— f(x —0) = 20af(x). (265)
Setting f(x) = A\*, we get two values of \ and
f=A1(ad + Va262 +1)*/° + Ay(ad — \/a262 +1)/°
= A1 fi + Asfo. (266)
We have

lim f1(z) = e**, (267)
6—0

but the limit of fo(x) does not exist. The umbral correspondence yields

oy =o(an (T )

Expanding into power series, we find f, = f1. The solution f5 is a non—
umbral solution.

Theorem 5.2. Let A be a difference operator of order p. Then the linear
umbral equation of order n (258) has np linearly independent solutions, n of
them umbral ones.

There may be convergence problems for the formal series.
Consider the exponential

flz) =eP, = (li akka) _1. (268)

For m — 1 > 3, # will involve infinitely many shifts, i.e., each term in the
expansion (268) could involve infinitely many shifts. However

Po(z) = (x0)" -1 (269)

is a well defined polynomial. For a proof see [38].
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Let us assume that we know the solution of an umbral equation for A = 9,
and that it has the form

_ 0,

fla)y=>" s (270)
n=0

Then for any difference operator A there will exist a corresponding umbral

solution

n!

oo
R (0
fan=3"Op ). (271)
n=0
where P, (z) = ()™ - 1 are the basic polynomials corresponding to A.

5.3 Symmetries of Linear Umbral Equations

Let us consider a linear differential equation

o o

PR o
81171 33:,#

Lu=0, L= > ap. k@1, 7p) (272)

The Lie point symmetries of (272) can be realized by evolutionary vector
fields of the form

X = Q(.’IJ“ u, uI1)8u7
P
Q=0¢—> &g, (273)
i=1
The following theorem holds for these symmetries.

Theorem 5.3. All Lie point symmetries for an ODE of order n > 3, or a
PDE of order n > 2 are generated by evolutionary vector fields of the form
(273) with the characteristic QQ satisfying

Q=Xu+x(z1,...,2p), (274)

where x is a solution of (272) and X is a linear operator

p

X =) &(@r,...,2p)0s, (275)

i=1
satisfying
L, X] = MNa1,...,zp)L, (276)

i.e., commuting with L on the solution set of L. In (276), X is an arbitrary
function.
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For a proof we refer to the literature [6].

In other words, if the conditions of Theorem 5.3 apply, then all symmetries
of (272) beyond those representing the linear superposition principle, are
generated by linear operators of the form (275), commuting with L on the
solution set of (272).

Now let us turn to the umbral equation (260) with § =0, i.e.,

Z Qky.y (@101, - pBp) AR A1 By, wyBy) = 0. (277)

We shall realize the symmetries of (277) by evolutionary vector fields of
the form

p
vE =Qpdu, Qp=¢p— Y Epidiu (278)
i=1

where ¢p and £p; are functions of xlﬂl and u. The prolongation of vy will
also act on the discrete derivatives A ‘u. We are now considering transfor-
mations on a fixed (nontransforming) lattlce In the evolutionary formalism
the transformed variables satisfy

ikﬁk =28k, Br =B
ﬂ(i‘kﬁk) = ’U,(,Tkﬁk) + )\QD, |)\| << 1, (279)

and we request that @ be a solution whenever u is one. The transformation
of the discrete derivatives is given by

Ai’ka = Aﬂcku + )‘Aka

etc., where A,, are discrete total derivatives.
In terms of the vector field (278),

PrvE =Qp0y + QE0Au+ QL™ 0A, Apu + - - -
5 =A4iQp, Qp™ =A;AQp (281)

(we have set A, = A;).
As in the continuous case, we obtain determining equations by requiring

prog(Lpt) |Ly,a=0 (282)

where Lp is the left hand side of (277).

The determining equations will be an umbral version of the determining
equations in the continuous case, i.e., are obtained by the umbral correspon-
dence, Oy, — A, z; — x;0;.
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The symmetries of the umbral equation (277) will hence have the form
(278) with

QD :XDU+X(x1/617°"xp/6p)a (283)

where Xp is a difference operator commuting with Lp on the solutions of
(277). Moreover, Xp is obtained from X by the umbral correspondence.

We shall call such symmetries “generalized point symmetries”. Because
of the presence of the operators §; they are not really point symmetries. In
the continuous limit they become point symmetries.

We consider examples in the next section.

5.4 The Discrete Heat Equation

The (continuous) linear heat equation in (1 + 1) dimensions is
Up — Uzy = 0. (284)

Its symmetry group is of course well-known. Factoring out the infinite-
dimensional pseudo-group corresponding to the linear superposition principle
we have a 6-dimensional symmetry group. We write its Lie algebra in evolu-
tionary form as

B :utau> P :uma'm W:uauu

1
B = (2tu, + 2u)0,, D= (Qtut + Uy + 2u) Ou, (285)

1
K= <t2ut + tzu, + 1(302 + 2t)u> Ou,

where Py, P1, B, D, K and W generate time and space translations, Galilei
boosts, dilations, “expansions” and the multiplication of w by a constant,
respectively.

A very natural discretization of (284) is the discrete heat equation

A — (A)*u =0, (286)

where 4A; and A, are the difference operators considered in Sect. 5.2. We use
the corresponding conjugate operators 3; and (.. The umbral correspondence
determines the symmetry algebra of (286), starting from the algebra (285).
Namely7

A ) s (A u)@u, WP =ud,,

<2tﬁtAtu + xB, Azu + 2u) Oy (287)

= (
= (

(190 Ao+ (09 ) A+ 3 (2520 + 205 )0
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In particular, we can choose both A; and A, to be right derivatives

T,—1 _
5t = 1—}71’ A:E = 9 /BJL’ = T 17 (288)

x

CT—1

A
t 61& )

The characteristic Qx of the element K is X such that

Qrx = Xgu, Xy =% 06t)T72A + taT,; ' T A,

1
—&—1((372 — 0T 2 + 2T Y, (289)

S0 it is not a point transformation: it involves u evaluated at several points.
Each of the basis elements (287) (or any linear combination of them) provides
a flow commuting with (286):

uy = Xu. (290)
Equations (286) and (290) can be solved simultaneously and this fact consti-

tutes an anlogue for equations of the separation of variables in PDEs, and a
tool for studying new types of special functions.

5.5 The Discrete Burgers Equation and Its Symmetries

The Continuous Case. The Burgers equation

Up = Ugy + 2UUy (291)
is the simplest equation that combines nonlinearity and dissipative effects. It
is also the prototype of an equation linearizable by a coordinate transforma-
tion, that is C-linearizable in Calogero’s terminology [64].

We set u = v, and obtain the potential Burgers equation for v:
V= Vg + V2 (292)

Setting w = eV, we find

Wy = Wag- (293)

In other words, the usual Burgers equation (291) is linearized into the heat
equation (293) by the Cole-Hopf transformation

uw=—= (294)

(which is not a point transformation).
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A possible way of viewing the Cole-Hopf transformation is that it provides
a Lax pair for the Burgers equation:

W = Way, Wz = UW. (295)
Setting
wy = Aw, wy, =Bw, A=uy,+u?, B=u
we obtain the Burgers equation as a compatibility condition
A, — B +[A,B]=0. (296)
Our aim is to discretize the Burgers equation in such a way as to preserve
its linearizability and also its five-dimensional Lie point symmetry algebra.
We already know the symmetries of the discrete heat equation and we will use

them to obtain the symmetry algebra of the discrete Burgers equation. This
will be an indirect application of umbral calculus to a nonlinear equation.

The Discrete Burgers Equation as a Compatibility Condition. Let
us write a discrete version of the pair (295) in the form:

A1 = Aped,  Apd = ug, (297)

where

T, -1 T, —1
A==t s A= . (298)
t

The pair (297) can be rewritten as
A = (Agu + uTpu)p, Ay = ud. (299)

We have used the Leibnitz rule for the discrete derivative A, of (298),
namely

Compatibility of (299), i.e., A, Ar¢p = A A, yields the discrete Burgers
equation

14+ du

A =
v 1+ 0,(A Apu 4+ uTu)

Ay (Agu + uTpu). (301)
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In the continuous limit Ay — 9/0t, A, — 0/0x, T, — 1,6, =0, §; = 0 we

obtain the Burgers equation (291) [31,29]. This is not a “naive” discretization
like

Au = (Az)*u + 2ulu (302)

which would loose all integrability properties.

Symmetries of the Discrete Burgers Equation. We are looking for
“generalized point symmetries” on a fixed lattice. We write them in evolu-
tionary form

X, = Q(a,t, TOT u, TTE Ayu, TET] A, . . )0, (303)
and each symmetry will provide a commuting flow
uy = Q
We shall use the Cole-Hopf transformation to transform the symmetry alge-
bra of the discrete heat equation into that of the discrete Burgers equation.
All the symmetries of the discrete heat equation given in (287) can be
written as
or=So, S=S(x,t,0,Tp,Ty...) (304)
where S is a linear operator. The same is true for any linear difference equa-
tion.
For the discrete heat equation

Ap— (Au)’6 =0 (305)
with A; and A, as in (298) we rewrite the flows corresponding to (287) as
1
¢)\1 = At¢7 ¢/\2 = A$¢7 ¢)\3 = <2tTt_1Az + xTw_l + 26J:Tz_1>¢
1
br, = (QtTtlAt + T Ay + 2>¢

1
bx, = (tQTtQAt +taT, T A, + 1:c2T;2

1 1
+t (Tt_2 - 2Tt_1Tr1> - 1653T12>¢ (306)

Drg = O

Let us first prove a general result.
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Theorem 5.4. Let (304) represent a symmetry of the discrete heat equation
(305). Then the same linear operator S provides a symmetry of the discrete
Burgers equation (301), the flow of which is given by

uy = (1+ 6,u) A, (if), (307)

where (S¢)/¢ can be expressed in terms of u(x,t).

Proof. We require that (304) and the Cole-Hopf transformation in (297) be
compatible

0
oy (A:0) = Acér. (308)
This implies
Uy = M (309)
¢
A direct calculation yields
S\ 1
8:(30) = 715 (Aa(50) - u(s0)), (310

and (307) follows. It is still necessary to show that S¢/¢ depends only on
u(z,t). The expressions for S¢ can be found from (306). We thus see that
all expressions involved can be expressed in terms of u(z,t) and its shifted
values, using the Cole-Hopf transformation again. Indeed,

ALE¢ = U¢, At¢ = ’U¢a

1 1
-1, —1 -1, _ —1
Tw ¢ - (Tm 1—|—(5Iu)¢’ Tt ¢ - <Tt 1 +6tv)¢»

where we define

v = Azu + ulyu. (312)

Explicitly, (307) maps the 6-dimensional symmetry algebra of the discrete
heat equation into the 5-dimensional Lie algebra of the discrete Burgers equa-
tion. The corresponding flows are
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uy, = (14 6v)Awu
uy, = (L + du)A,

uy, = (1 4+ dpu)A, | 2tT1

3

U 1 1
—
1+5tv+<x+2 > v 1+5wu)

1 1
+ 27! 4 —r1 )

1
ux, = (14 6,u)A, tQT;1< y pan— ) (313)

1+60 ¢t 1460
2T (1 +15muT;1 1 +u5tv>
J& (xz B ?)T"‘”_l (1 +1§$uT3”_1 1 +151u>
I (1 —&—15th;1 1 —|—15tv>

1 1 1
——tT ! !
2" (1+6Iu ! 1+6tv)>

Symmetry Reduction for the Discrete Burgers Equation. We first
treat the symmetry reduction for the continuous Burgers equation. We add
a compatible equation to the Burgers equation

u
uy, = (14 6,u) A, <2tT;1

Urg = 0.

Up = Ugy + 2Uly,
uy = Q(.’Il,t, uauz,t) =0 (314)

and solve the two equations simultaneously. An example is furnished by the
time translations,

uy = up = 0. (315)
Then v = u(z) and
Ugy + 2uu, =0 (316)
implies
uy +u? =K.

We therefore obtain three types of solutions,
1
u=—, u=karctanhkz, wu=karctankz. (317)
T

We now consider the discrete case. All flows have the form (307). Condi-
tion u) = 0 hence implies
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5o = K(t)¢, (318)

where K (t) is an arbitrary function. This equation must be solved together
with the discrete Burgers equation in order to obtain group-invariant solu-
tions.

Let us consider just one example, that of time translations, the first equa-
tion in (313). Equation (318) reduces to

Arp = K(t)9, (319)

i.e.
v=Au+uT,u=K(t). (320)

We rewrite the Burgers equation as
14+ du
1+ 5,5’()
However, from (320), we obtain v = K (t) and hence Ayu = 0, K(t) = Ky =
const. Since ¢ satisfies the heat equation, we can rewrite (319) as

Aprd = Koo (322)
The general solution of (322) is obtained for Ky # 0 by setting ¢ = a® and
solving (322) for a. We find

¢ =c1(1+ VKobz)"% + co(1 — /Kooy )™/ % (323)

Atu =

Agv, v =Ayu+ul,u. (321)

For Ky =0,
¢ =c1 + cox. (324)

Solutions of the discrete Burgers equation are obtained via the Cole-Hopf
transformation

- (325)
¢
The same procedure can be followed for all other symmetries. We obtain linear
second order difference equations for ¢ involving one variable only. However,
the equations have variable coefficients and are hard to solve. They can be
reexpressed as equations for u(z,t), again involving only one independent
variable. Thus, a reduction takes place, but it is not easy to solve the reduced
equations explicitly.
For instance, Galilei-invariant solutions of the discrete Burgers equation
must satisfy the ordinary difference equation

2tTu + x — K(t) + 2t6,uTpu + 0 (ngu + %csquxu

+zulu + xAzu — 3u) + %596 — K@) (0zpu+ 64(Tp Apu (326)

+uT?u — uTyu) + TpouT2u + SpuTpuT?u) = 0

where t figures as a parameter.
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Abstract. We present a review of what is current knowledge about discrete
Painlevé equations. We start with a historical introduction which explains how
the discrete Painlevé equations made their appearance. Since the most widely used
derivation method was the one based on integrability detectors, we start by pre-
senting a brief review of the existing discrete integrability detectors, and proceed
to show how they were indeed used in deriving the discrete Painlevé equations.
Given the profusion of different forms of these mappings, we examine the vari-
ous approaches to their classification, from the first, crude ones, to the complete
classification based on affine Weyl groups. The properties of the discrete Painlevé
equations, which make them so special, are also reviewed with ample details. Fi-
nally, we present a series of results which are peripherally related to the discrete
Painlevé equations but help cast more light on these (very) special systems.

Il polevyopevov
Prologue

Why Painlevé? Why discrete? What makes Painlevé equations so special?
The best way to formulate the answer is Kruskal’s [1]: Painlevé equations
are the most complicated systems that one can solve (in a nontrivial way).
Anything simpler becomes trivially integrable, anything more complicated
becomes hopelessly nonintegrable. Thus Painlevé equations are at the bor-
derline between trivial integrability (usually linearisability) and nonintegra-
bility, a fact that bestows upon them a plethora of interesting properties [2].
The keyword here is integrability: Painlevé equations are the paradigmatic
integrable systems and they are omnipresent in the study of integrability [3].

This review will be devoted to the study of discrete Painlevé equations.
The important notion here is discreteness. What we will be talking about
are equations in which the independent variable assumes discrete values. The
simplest case is that of difference equations, but it is not the only one. In
many physical situations the independent variable is time, and discreteness
in this context would correspond to a time which is discrete. At this point the
reader would start wondering about the pertinence of these ideas: space-time
as perceived by our senses and interpreted by our intuition looks smooth,
homogeneous, isotropic, leaving no place for discreteness. But what is the
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value of intuition as far as fundamental physical notions are concerned? In
the light of modern physics (where, as explained by Mills [4], counterintuitive
notions abound) the fact that a notion may appear nonphysical at first sight
is not really reason enough to discard it. As a matter of fact, recent progress
in field theory [5] leads toward a fundamentally discrete description of nature
and thus, to counter a famous saying by Einstein [6], it indeed looks as though
we are learning how to breathe in empty space.

The program for describing physical phenomena through discrete equa-
tions is not without difficulties. Even setting aside the fact that our arsenal
of methods for dealing with continuous systems overpowers the meager gen-
uinely discrete tools at our disposal, the problems appear at the very first step
of modelling. It is in fact quite uncertain what the proper discrete equation
of a model may be. The continuous limit, being in fact a reductive proce-
dure, discards information and thus quite often leads to a unique choice for
the equation which would model the system. This is not the case for discrete
equations, and the profusion of discrete Painlevé equations with the same
continuous limit (and the possible nomenclature confusion that this may en-
tail) is a convincing illustration of this problem. So we must seek a way to
deal with these difficulties. What is needed is a way to do away with the am-
biguity in mathematical modelling while leading to models for which a great
deal of theory can be developed. Fortunately, the property of integrability is
a very good and effective criterium. Integrable systems are those that, albeit
nonlinear and highly nontrivial, can be dealt with by systematic and rigorous
approaches. And while one can argue that they are too special to represent
the entire wealth of physical phenomena, this is a quality rather than a draw-
back. Integrable systems are so very special that we lose all ambiguity in the
search for the governing equations for our models.

Of course, all these considerations are typically those of a physicist. From
a purely mathematical point of view, one can very well study discrete equa-
tions for their own sake, without having to care about their applicability
in real-world modelling. (However the authors, being die-hard physicists, do
care about these questions, unwilling to get entrapped into mathematics for
mathematics’ sake).

What do we really mean by discrete Painlevé equations? To put it simply,
a discrete Painlevé equation (d-P) is an integrable (nonautonomous) discrete
equation the continuous limit of which is a (continuous) Painlevé equation.
As in the continuous case we reserve the name of Painlevé equations (P’s) for
second-order systems. Higher-order systems (which, by the way, are almost
terra incognita) will be distinguished by the appropriate qualifier, “higher
P’s”.

Why are d-P’s (and their study) interesting? First of all, as we said before,
the continuous equations are the result of some reduction procedure. Discrete
systems are the genuine, unadulterated entities. They are indeed the most
fundamental objects. Having established their properties we can obtain those
of the continuous ones through a simple limiting procedure. This is of course
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an idealised, utopic view of things: a whole century of studies devoted to
continuous integrable systems (and in particular P’s) has made it possible to
establish most of the properties of continuous systems. Still the study of the
properties of their discrete analogues has its usefulness: it makes it possible
to establish a perfect parallel between the properties of the continuous and
those of the discrete integrable systems. On a more practical level, the d-
P’s present another interest: they constitute integrable discretisations of the
continuous P’s [6]. Thus we can use the d-P’s for numerical studies of their
celebrated continuous analogues. Given the paucity of numerical algorithms
for the computation of the solutions of P’s, and the inexistence of tabulations,
the existence of these ready-made simulators is invaluable. (Still, curiously,
very few studies have used this approach to date).

Having set the framework, we are ready now to embark upon the detailed
study of these fascinating systems.

lIoToptka

1 The (Incomplete) History
of Discrete Painlevé Equations

Pretending to achieve completeness (and/or objectivity) when one embarks
upon writing the history of past (even recent) events is at best a delusion.
There is just no way to give the full history of discrete Painlevé equations.
There is no way to capture the intentions and intuitions of past authors when
the only thing at our disposal (most of the times) are dry scientific accounts
of their findings. With this caveat out of the way, we may proceed now to the
history of the d-P’s as it is known to the authors of the present review with
the additional warning that our views of the matter are time-dependent.

The first author to have worked on integrable, discrete nonautonomous
systems (and to have produced examples thereof) is Laguerre [7]. He obtained
integrable difference equations from the recursion relations established when
working with orthogonal polynomials. A casual analysis of the systems of
Laguerre shows that they are of order higher than two and thus will define
higher-order d-P’s (although no continuous limits have been computed, nei-
ther has there been any effort to reduce these systems as much as possible
so as to obtain their lowest-order recursion). The most interesting point is
that these integrable discrete systems predate the discovery of the contin-
uous Painlevé equations (c-P’s) [8]. This historical coincidence reestablishes
the essence of justice since the discrete systems are more fundamental than
the continuous ones.

Much (much) later (1939) a discrete Painlevé equation, easily recognizable
today, was derived, in essentially the same framework as Laguerre’s. Indeed
Shohat [9], working on orthogonal polynomials obtained the integrable recur-
sion relation
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Zn
Tpal+ Tp_1+ Ty = — + 1, (1.1)

L
where z,, = an + 3. The fate of this second order difference equation was to
resurface many years later (and on this last occasion be properly recognized
as a d-P [10]).

The next apparition of a d-P was in 1981 in the work of Jimbo and Miwa
on continuous P’s [11]. In the appendix of this fundamental and thorough
study of Painlevé equations, the authors addressed the question of the conti-
guity relations of c-IP’s, i.e., of relations between solutions of a given Painlevé
equation for different values of some parameter. From the solutions of Pr:
w” = 2w? + tw + a they obtained the contiguity relation

an+1/2 ay —1/2
/Jr /2 _

Tnt1 + Tn Tpn + Tp—1

—(222 + 1), (1.2)

where z,, = w(t,a,) and o, = n + ap. Curiously, no continuous limit was
derived, and thus the naming of d-P’s had to wait for ten more years. Dur-
ing that period, integrable difference (and differential-difference) recursion
relations had made their appearence in field-theoretical models. It would
probably be possible, with hindsight, to establish today their relations to
(possibly higher-order) d-P’s (but this would make this historical review less
incomplete), so let us move to the climax.

While investigating a field-theoretical model of 2-dimensional gravity, and
having to compute a partition function, Brézin and Kazakov resorted to the
method of moments. They obtained for their partition function a recursion
relation which was precisely the one obtained forty years before by Shohat,
namely (1.1). The main difference this time was that Brézin and Kazakov
did compute the continuous limit of (1.1) and obtained w” = 6w? + t, i.e.,
Painlevé 1. The discrete P’s were born!

This breakthrough kindled an unprecedented interest in the domain.
Shortly afterwards, and in a similar framework, Periwal and Shevitz dis-
covered an integrable discrete system which had Py as its continuous limit.
This mapping had the form

Zndn

Tp+1 +Tp_1 = (13)

1—a2’
and, at the continuous limit, becomes w” = 2w? + tw, i.e., the Py; equation
for the zero value of its parameter «.

Almost simultaneously, the same equation was derived by a completely
independent approach by Nijhoff and Papageorgiou [13]. These authors, in
collaboration with Capel, had already derived discrete forms for such well-
known 141 dimensional evolution equations as KdV and mKdV [14]. (In-
cidentally, these discrete forms were no other than the ones that had been
obtained by Hirota [15] in his groundbreaking work in the 70’s and early
80’s.) The originality in the approach of Nijhoff and Papageorgiou lies in the
fact that, starting from the well-established fact that the similarity reduc-
tion of mKdV leads to Py, they obtained the similarity constraint of discrete
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mKdV. Contrary to what happens in the continuous case, where this con-
straint is linear, for discrete evolution equations the similarity constraint is
a nonlinear, nonautonomous evolution equation, integrable in its own right
[16]. The similarity reduction results from the application of the compati-
bility between the autonomous equation and the nonautonomous one. The
result of this similarity reduction was, as expected, discrete Py, precisely the
one derived by Periwal and Shevitz, eq. (1.3).

It is really noteworthy that, at that point in time, not only did exam-
ples of d-P’s exist but also they had been obtained using three of the four
main methods for their derivation: orthogonal polynomials (essentially spec-
tral methods), reductions, and contiguity relations. The time was ripe for the
introduction of a fourth method.

The main idea was to apply in a direct way an integrability detector
to some postulated functional form and to select the integrable cases. The
starting point was a family of second-order integrable autonomous mappings
proposed by Quispel, Roberts and Thompson (QRT) [17].

Let us now depart briefly from the purely historical narrative and present
a brief account of the QRT mapping. There exist two families of QRT map-
pings [17] which are dubbed respectively symmetric and asymmetric for rea-
sons which will become obvious below. One starts by introducing two 3 x 3
matrices, Ag and A, of the form

o By v
Ai=|d & G (1.4)
Ki Ai -

If both these matrices are symmetric the mapping is called symmetric. Oth-
2

x
erwise it is called asymmetric. Next one introduces the vector X = | =
1
bil g1
and constructs the two vectors F = | fo | and G = | g2 | through
I3 g3
G = (AyX) x (A, X) (1.5b)

where the tilde denotes the transpose of the matrix. The components f;, g;
of the vectors F', G are, in general, quartic polynomials in . Given f;, g;, the
mapping assumes the form

(yn)_xnf2 )

T ) — o) (1.6
91(Tny1) = Yng2(Tny1)

= 92(Tnt1) = Yng3(Tnt1) (1.6b)
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In the symmetric case g; = f;, and (1.6) reduces to a single equation,

T — fl(mm) - xmflfQ(ajm)
T (@) — 1 f3(Tm)

(1.7)

with the identification z,, = Zom, Yn — Toma1-

Since F' and G are obtained as vector products, it is clear that the re-
sult will be the same if one replaces the matrices Ag and A; by the linear
combinations pgAg+ogA; and p; Ag+ 0141, where pg, g, p1,01 are four free
parameters (the only constraint is that pgo; # p10g). This transformation
can be used in order to reduce the effective number of the parameters of the
system to 14 in the asymmetric case, and to 8 in the symmetric one. However
this is still not the number of the effective parameters since we have the full
freedom of a homographic transformation, which amounts to three parame-
ters, separately for x and y in the asymmetric case and for x alone in the
symmetric one. Thus the final number of genuine parameters in this system
is 8 for the asymmetric mapping and 5 for the symmetric one.

The QRT mapping possesses an invariant which is biquadratic in x and y

(a0 + Kar)z2yz + (Bo + KB1) 22y + (Yo + Kzl + (6o + K1) znys
+(eo+Ke1)Tnyn+(Co+ K G )zn+(ko+Kr1)y2+(Mo+ KA1 )yn+(po+Kpr) = 0,
(1.8)

where K plays the role of the integration constant. In the symmetric case the
invariant becomes just

(ao+ Kar)zp 25 + (Bo + KB1)Tn 4120 (Tng1 +2n) + (Yo + K1) (zh 1y +23)
+(eo + Ker)rny12n + (o + K1) (Xng1 + 20) + (po + Kpy) =0, (1.9)

Viewed as a relation between x,, and y,, (1.8) is a 2-2 correspondence (and
similarly for (1.9)). While the generic biquadratic correspondence is not in
general integrable [18], leading to an exponential growth of the number of
images and preimages of a given point, this is not the case for (1.8), which
has linear growth [19]. The integration of this biquadratic correspondence in
the symmetric case, in terms of elliptic functions, goes in fact as far back as
Euler. A clear pedagogical presentation can be found in the book by Baxter
[20]. Curiously, the integration of the asymmetric mapping had to wait for
the 215 century [21, 22]. Thus, the solution of the QRT mapping is given
by the values of an elliptic function at equidistant points on a line in the
complex plane.

The pertinence of QRT to the derivation of d-IP’s is clear. The continuous
P’s can be viewed as nonautonomous extensions of second-order, ordinary
differential equations the solutions of which are given by elliptic functions.
(Practically, this means that the P’s have the same functional forms as the
above mentioned autonomous equations, with some of the coefficients having
a specific dependence on the independent variable). Thus it seems natural to
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start from a mapping with constant coefficients, and with elliptic function
solutions, to allow the coefficients to depend on the independent variable,
and then to select the integrable cases through the application of some inte-
grability detector.

In the very first study [23] introducing the singularity confinement discrete
integrability criterion, we analysed the possible integrability of two mappings
with forms close to (1.1) and (1.3) i.e., d-P; and d-Py;. First we considered
the most classical example of an integrable mapping, the McMillan mapping

20z,
1—a2

Tp+1 +Tp_1 = (110)

A singularity may appear in the recursion (1.10) whenever x passes through
the value 1 (or -1). So we assumed that xg was finite and that z; = 1 + .
(This could be obtained from a perfectly regular z_;). We found then the
following values: x3 = —u/e — (xo + p1/2) + O(€), 3 = —1 + € + O(e?) and
x4 = o + O(€). Thus, not only was the singularity confined at this step, but
also the mapping had recovered the memory of the initial conditions through
Zo-

Next we generalised the McMillan mapping (1.10) to the nonautonomous
case
a+ bz,

1.11
T (L11)

Tp4+1 + Tp—1 =
where we considered a and b to be functions of n, and determined its inte-
grable nonautonomous form, based on the singularity confinement property.
Assuming that, for some n, we had a regular x,,, and that x,, 11 = o+¢, where
o = +1 (in order to cover the two possibilities of x going through a root of
the denominator of the right-hand side), and iterating further we found that

bn+1 + OGn+41 + an41 — Ubn+1

Tpyo = — P 1 —x, + O(e),
and o .
n+2 — Un4+1 — Uan+1 2
Tpi3 = —0 + e+ O(e”). 1.12
” o (@) (112)
The condition for x,,44 to be finite was:
bn+1 — 2bn+2 + bn+3 + a(an_H - CLn+3) = 0, (113)

which led to ap11 = anys and bpp1 — 2bp42 + bz = 0. Thus b, (= z,) =
an + f and a, = 6 +v(—1)". Again we ignored, at that time, the even-odd
dependence and took a as a strict constant. We then obtained

a+ 2pTy

1.14

Tp41 + Tp—1 =

a form of discrete Py in agreement with previous results derived by different
approaches.
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Similarly one can start from a nonautonomous form of (1.1)

b
Tntl + Tpn + Tpo1 =a+ — (1.15)
n
where we again consider a and b to be functions of n. Our assumption is that
at some iteration step n, x, is regular while x,,+; vanishes. Following the
ideas we sketched in the introduction of this lecture, we set z,4+; = e. We
obtain thus the following sequence of values

b,
Tnyz = TH + any1 — 2o + O(e) (1.16)

and
bn+1

Tpag = — + ani2 — apg1 +zn + Ofe). (1.17)

(Note that there is no way one can make the divergence of z, 3 disappear.)
Computing x,+4 we find that it diverges unless a,+3 — an+2=0. Thus, for
confinement, a must be constant. Implementing this constraint we find that

bps1 — bnyo — by
Tpps = -1 bi e+ 0. (1.18)

We now ask for z,45 to be finite, and we obtain the second condition
bn+1 - bn+2 - bn+3 + bn+4 = 0 (119)

The solution of (1.19) is b, = an+ 8+ ~v(—1)", i.e., by, is linear in n, up to
a parity-dependent constant. For the time being we can ignore this even-odd
dependence (we shall come back to it later). Setting b, = 2z, = an + [ we
find that .

Tyl + T + Tpo1 = a + . (1.20)

n
This is a discrete form of Pj.

An even more interesting result was obtained in [24], which constituted
the very first attempt at a systematic derivation of the d-P’s. While examining
the de-autonomisation of the fy = 0 family of the QRT mapping, we obtained
the following integrability candidate (its integrability having been confirmed
later through the explicit constuction of its Lax pair)

ab(xy — cqn)(xn — dgn)
(xn - a)(a:n - b) ’

where a, b, ¢, and d are constants and ¢, = ggA™. Thus this mapping, the con-
tinuous limit of which is Py, is not a difference equation, as all the previous
examples of d-P’s, but a ¢- (multiplicative) mapping. We now know that g-
discrete forms exist for all d-P’s and in some sense they are more fundamental
than the difference-P’s.

After this incomplete (and certainly biased) account of the remote and
recent past of the d-P’s, we are now ready to embark upon more technical
matters.

(1.21)

Tn41Lpn—1 =
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AvixvevTég

2 Detectors, Predictors, and Prognosticators
(of Integrability)

There exist several reasons why discrete P’s have remained in limbo for al-
most a century and then mushroomed all of a sudden. First, discrete systems
started attracting the interest of physicists (and, invariably, with a short
time-lag, that of mathematicians) at the beginning of the 90’s. Thus a critical
mass of results on integrable discrete systems was attained. Second, specific
techniques for the study of discrete systems started being proposed. Foremost
among them were criteria for the detection of discrete integrability. The prob-
lem was already nontrivial for continuous systems. Still the use of complex
analysis has made possible the development of specific and efficient tools for
the prediction of integrability, and actual integration of systems expressed as
ordinary or partial differential equations. According to Poincaré, to integrate
a differential equation is to find, for the general solution, a finite expres-
sion, possibly multivalued, in terms of a finite number of functions. The word
“finite” indicates that integrability is related to a global rather than local
knowledge of the solution. However, this definition is not very useful unless
one defines more precisely what is meant by “function”. By extending the
solution of a given ordinary differential equation (ODE) in the complex do-
main, one has the possibility, instead of asking for a global solution for an
ODE, of looking for solutions locally and of obtaining a more global result
by analytic continuation. If we wish to define a function, we must find a way
to treat branch points, i.e., points around which two (or more) determina-
tions are exchanged. This can be done by various uniformisation procedures,
provided the branch points are fixed. Linear ODE’s are such that all the sin-
gularities of their solutions are fixed, and these equations are thus considered
integrable. In the case of nonlinear ODE’s, the situation is not so simple due
to the fact that the position of the singular points in this case may depend on
the initial conditions: they are movable. The approach of Painlevé [8] and his
school, which, to be fair, was based on ideas of Fuchs and Kovalevskaya, was
simple: they decided to look for those of the nonlinear ODE’s the solutions
of which were free from movable branch points. Painlevé managed to take
up the challenge of Picard and to determine the functions defined by the
solutions of second-order nonlinear equations. The success of this approach
is well-known. The Painlevé transcendents have been discovered in that way,
and their importance in mathematical physics is ever growing. The Painlevé
property, i.e., absence of movable branch points, has since been used with
great success in the detection of integrability [25].

We must stress one important point here. The Painlevé property, as in-
troduced by Painlevé, is not just a predictor of integrability but practically a
definition of integrability. As such, it becomes a tautology rather than a crite-
rion. It is thus crucial to make the distinction between the Painlevé property
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and the algorithm for its investigation. This algorithm can only search for
movable branch points subject to certain assumptions. The search can thus
lead to a conclusion the validity of which is questionable: if we find that the
system passes what is usually referred to as the Painlevé test (in one of its
several variants), this does not necessarily mean that the system possesses
the Painlevé property. Thus at least as far as its usual practical application
is concerned, the Painlevé test may not be sufficient for integrability. The
situation becomes still more complicated if we consider systems that are in-
tegrable by quadratures and/or cascade linearisation. If we extend the notion
of integrability in order to include such systems, it turns out [26] that the
Painlevé property is no longer related to it. Thus the criterion based on the
singularity structure is not a necessary one in this case.

Despite these considerations, the Painlevé test has been of great heuristic
value for the study of the integrability of continuous systems [27], leading to
the discovery of a host of new integrable systems. The question thus naturally
arose, whether these techniques could be transposed mutatis mutandis, to
the study of discrete systems. The discrete systems to which we are referring
here (and which play an important role in physical applications) are systems
that are cast into a rational form, perhaps after some transformation of the
dependent variable. Since these systems have singularities, it is natural to
assume that singularities would play an important role in connection with
integrability. While this is quite plausible, the approach based on singularities
would be unable to deal with polynomial mappings which do not possess
any. Still, one would not expect all polynomial mappings to be integrable, in
particular in view of the fact that many of them exhibit chaotic behaviour.
Moreover, any argument based on singularities in the discrete domain can
only bear a superficial resemblance to the situation in the continuous case.
One cannot hope to relate directly the singularities of mappings to those
of ODE’s for the simple reason that there exist discrete systems which do
not have any nontrivial continuous limit. Having set the frame, we can now
present a review of the various discrete integrability detectors.

Singularity Confinement
Singularity confinement is the name of a discrete integrability criterion we
introduced in the early 90’s [23, 28] and which has been instrumental in the
derivation of the d-P’s. The role played by singularities is best illustrated
through some concrete example.
Consider the mapping
Tn41 +Tpo1 = i + LQ (21)
Ty X3

Obviously, a singularity appears whenever the value of x,, becomes 0. Iterat-
ing this value, one obtains the sequence {0, 00,0} and then the indeterminate
form oo — co. As Kruskal points out the real problem lies in the latter, while
the occurrence of a simple infinity is something with which one can easily
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deal by going to projective space. The way to treat this difficulty is to use an
argument of continuity with respect to the initial conditions and to introduce
a small parameter €. In this case, if we assume that x,, = ¢, we obtain for the
first values of =, 2,11 ~ 1/€2, 2,42 ~ —¢, and when we compute carefully the
next one we find not only that it is finite but also that it contains a memory
of the initial condition x,_1. The singularity has disappeared.

This is the property that we have dubbed singularity confinement and,
after having analysed a host of discrete systems, we concluded that it was
characteristic of systems integrable through spectral methods. By a bold
move, singularity confinement has been elevated to the rank of an integrability
criterion. In what follows, we shall comment on its necessary and sufficient
character.

Several questions had to be answered for singularity confinement to be
really operative. The first, that we encountered above, was related to the
fact that the iteration of a mapping may not be defined uniquely in both
directions. Thus we proposed the criterion of preimage non-proliferation [29],
which had the advantage of eliminating en masse all polynomial nonlinear
mappings. One remark, unavoidable at this point, is related to the existence of
integrable mappings involving two variables. The typical example is what we
call asymmetric discrete Painlevé equations. It can be argued that, in a such
a mapping, one of the variables can always be eliminated, leading to a single
mapping or rather a correspondence for the other one. Indeed, for a generic
second-order system, the resulting relation will be one where the variables
Tpt1 and x,_1 appear at powers higher than unity. Its evolution leads in
general to an exponential number of images, and preimages, of the initial
point. This non-singlevalued system cannot be integrable [30]. This is not in
contradiction to the fact that we can obtain one solution for the mapping,
namely the one furnished by the evolution of the two-variable system. This is
the only solution that we know how to describe, while the full system, with
an exponentially increasing number of branches, eludes a full description.

The second point is that the notion of ‘singularity’ had to be refined.
Clearly the simple appearance of an infinity in the iteration of a mapping is
not really a problem. What is crucial is that a mapping may at some point
‘lose a degree of freedom’. In a mapping of the form x,+1 = f(zn,Tn_1),
this simply means that 9x,4+1/0x,—1 = 0 and the memory of the initial
condition x,_; disappears from the iteration. What does ‘confinement’ mean
in this case? Clearly, the mapping must recover the lost degree of freedom
and the only way to do this is by the appearence of an indeterminate form
0/0, oo — oo, etc., in the subsequent iterations.

Over the years singularity confinement has turned out to be a very con-
venient discrete integrability detector. We know of a large domain of map-
pings for which the confinement property is satisfied: they are those that
are integrable through inverse scattering tranform (IST) methods. No coun-
terexample to this is known. On the other hand, there exists a whole class of
systems, the ones integrable by linearisation, the integrability of which is not
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associated to the singularity confinement property (just as in the continuous
case, the linearisability is not related to the Painlevé property).

Perturbative Painlevé

The main idea of the perturbative Painlevé approach is the following. Sup-
pose that we start from a discrete system which contains a small parameter.
Typically, one considers the lattice spacing ¢ as small, whenever one is inter-
ested in the continuous limit of the mapping. Next, we expand in a power
series in this small parameter. If the initial mapping is integrable then the
equations obtained at each order of the series must equally be integrable.
(This is something that we learned from J. Satsuma [31], but no practical
application of this idea was suggested at the time.)

The colleagues who rediscovered this idea (which in fact goes back to
Poincaré) and use it in practice, were Conte and Musette [32]. The way
they did this was to work with expansions in the lattice spacing, obtain a
sequence of coupled differential equations, and investigate the integrability
of the latter using the Painlevé algorithm. The advantage of this approach
is that one can treat polynomial mappings on the same footing as rational
ones. Let us illustrate this approach through an example. We choose the
well-known logistic map

Tpa1 = AN (l — xy). (2.2)

We introduce the lattice parameter § and expand everything in power series
init. Let A = M\g+6A1 +82 o +... and ,, = wo+ 0wy + 62wy +. ... Similarly,
Tni1 = (wo + dwlh + 62wl /2 + ...) + §(wy + 6w + 62wl /2 +...) + 6% (w2 +

..) 4 ..., where the continuous variable is ¢ = nd. In this particular case,
we take wy = 0, Ao = 1, and the first equation (at order §2) is nonlinear in
terms of the quantity ws,

w) = —w? + Awn (2.3)

which is a Riccati equation and has movable poles as its only singularities.
Then at order % we have an equation for ws
/ 3 A 2 )‘%

Wy = —wg()\l — 2w1) — Wy + ?wl + ()\2 — ?)wl, (24)
and similarly at higher orders. Notice that (2.4) is linear in wsy. The same
applies to all the subsequent equations. Indeed at order 6! we find a differ-
ential equation for the new quantity w, in terms of the w’s that have already
been obtained. Since this equation is linear, it cannot have movable singular-
ities when considered as an equation for w,,, everything else being supposed
to be known. However, when we consider the cascade of equations, the subse-
quent objects will in general have singularities whenever the earlier ones are
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singular, and these singularities are movable in terms of the whole cascade.
Moreover they are not poles. Already (2.4) shows that, in the neighbourhood
of a pole of wy, where wy = 1/s with s =t — ¢y (tp being the location of the
movable singularity of w1 ), wy has logarithmic singularities wo ~ — log(s)/s.
This singularity is a critical one which must be considered to be movable in
terms of the cascade, and therefore the perturbative Painlevé property is not
satisfied. This is consistent with the fact that the logistic map is known to
be nonintegrable.

Although the method of the perturbative Painlevé approach is powerful
enough, it is not without drawbacks. The main disadventage is due to the
fact that not all discrete systems possess nontrivial continuous limits. In
this case, if one does not have a valid starting point, the whole approach
collapses. Moreover, the way this method was applied in the literature was
to discretise a given continuous equation by introducing some freedom and
using the perturbative Painlevé approach in order to pinpoint the integrable
subcases. However, this method is only as good as one’s imagination, and if
the proposed discretisation is not rich enough, one may miss very interesting
cases.

Algebraic Entropy

A most powerful discrete integrability detector was the one based on the ideas
of Arnold [33] and Veselov [34]. Arnold introduced the notion of complexity
which (for mappings in the plane) is the number of intersection points of a
fixed curve with the image of a second curve obtained under the iterations
of the mapping at hand. While the complexity grows exponentially with the
iteration for generic mappings, it can be shown to grow only polynomially
for a large class of integrable mappings.

Veselov has elaborated further on the notion of slow growth, applying it
to the investigation of the integrability of mappings and correspondences. His
main idea is summarised in the catch phrase “integrability has an essential
correlation with the weak growth of certain characteristics”. He studied the
integrability of polynomial mappings and showed that the mapping x,,+1 =
P(zn,yn)y  Ynt1 = Q(Zn,yn), is integrable only if there exists a polynomial
change of variables transforming the mapping to triangular form z,4; =
oty + R(yn), Yn+1 = Byn + 7, with polynomial R.

The notion of complexity was further extended in the works of Viallet and
his collaborators who focused on rational mappings [35]. They introduced
what they called algebraic entropy, which is a global index of the complexity
of the mapping. The main idea is that there exists a link between the dy-
namical complexity of a mapping and the degree of its iterates. If we consider
a mapping of degree d, then the n-th iterate will have a degree d", unless
common factors lead to simplifications. It turns out that when the mapping
is integrable, such simplifications do occur in a massive way, leading to a de-
gree growth which is polynomial in n, instead of exponential. Thus, while the
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generic, nonintegrable, mapping has exponential degree growth, polynomial
growth is an indication of integrability.

Let us illustrate this approach with a practical application on a mapping
that we already encountered

a 1
Tpt1l + Tp—1= — + —. (25)

Ty @2

In order to compute the degree of the iterates, we introduce the homogeneous
coordinates by taking xg = p, x; = ¢/r, assigning the degree zero to p, and
computing the degree of homogeneity in g and r at every iteration. We could
of course have introduced a different choice for xg but it turns out that the
choice of a zero-degree zy considerably simplifies the calculations. We thus
obtain the degrees 0, 1, 2, 5, 8, 13, 18, 25, 32, 41, ... , . Clearly, the degree
growth is polynomial, da,,, = 2m? and da,,, 11 = 2m?+2m+1. This is in perfect
agreement with the fact that mapping (2.5) is integrable (in terms of elliptic
functions), being a member of the QRT family of integrable mappings. (A
remark is necessary at this point. In order to obtain a closed-form expression
for the degrees of the iterates, we start by computing a sufficient number of
them. Once the expression of the degree has been heuristically established
we compute the next few ones and verify that they agree with the predicted
analytical expression). As a matter of fact, the precise values of the degrees
are not important: they are not invariant under coordinate changes. However,
the type of growth is invariant and can be used as an indication of whether
or not the mapping is integrable.

Let us show what happens in the case of a nonintegrable mapping. As
such we choose the one proposed by Hietarinta and Viallet [36] which has the
form 1

Tptl + Tp-1 = Tp + —- (2.6)

n

The particularity of this mapping lies in the fact that it satisfies the singular-
ity confinement criterion. Its unique singularity pattern is {0, 0o, 00, 0}. Nev-
ertheless, as shown by Hietarinta and Viallet, this mapping behaves chaoti-
cally. With the same initial conditions as for the mapping above, we obtain
the following succession of degrees: 0, 1, 3, 8, 23, 61, 162, 425, ..., . The
degree growth is here exponential. Hietarinta and Viallet have found that
the degree obeys the recursion relation d,, 14 = 3(dn13 — dpt1) + dp, leading
to a asymptotic ratio d,41/d, — (3 + v/5)/2. The same result was obtained
in a rigorous approach by Takenawa [37].

As we have shown in [38], the detailed study of the degree growth of the
iterates of a mapping is an indication, not just of integrability, but also of
the precise integration method for the mapping.

Nevanlinna Theory
As we have explained above, we expect the integrability of a mapping to
be conditioned by the behavsingularity confinement criterion of its solutions



Discrete Painlevé Equations: A Review 259

when the independent variable goes to infinity. The tools for the study of
the growth of a given function are furnished by the theory of meromorphic
functions [39]. The reason why such an approach would apply to discrete
systems has to do with the formal identity which exists between discrete sys-
tems and delay equations [40]. Thus one starts from a difference equation
and considers it to be a delay equation in the complex plane of the indepen-
dent variable [41]. The natural framework for the study of the behaviour near
infinity of the solutions of a given mapping is Nevanlinna theory [42] which
provides tools for the study of the value distribution of meromorphic func-
tions. In particular, it introduces the notion of order. The latter is infinite for
very-fast-growing functions, while a finite order indicates moderate growth.
It would be reasonable to surmise that an infinite order is an indication of
nonintegrability for discrete systems. (We do not make any statement here
concerning continuous systems). The Nevanlinna theory provides an estima-
tion of the growth of the solutions of a given discrete system. However, since
the order may depend on the precise coefficients of the equation and their
dependence on the independent variable, the starting point of our application
of the Nevanlinna theory is to consider first only autonomous mappings, i.e.,
mappings the coefficients of which are constants.

The main tool for the study of the value distribution of entire and mero-
morphic functions is the Nevanlinna characteristic (and various quantities
related to it). The Nevanlinna characteristic of a function f, denoted by
T(r; f), measures the ‘affinity’ of f for the value co. It is usually represented
as the sum of two terms, the frequency of poles, and the contribution from the
arcs |z| = r where | f(2)] is large. From the characteristic one can define the
order of a meromorphic function, o = limsup,._, ., logT(r; f)/logr. When f
is rational, T(r; f) o logr, and o = 0. When f is of the type e/»(*), where
P, is a polynomial of degree n, one finds T o< r" and ¢ = n. A fast growing
function like e¢” leads to T o< € and thus to o = oo.

In what follows, we shall introduce the symbols =<, < and < which will
denote equality, inequality and strict inequality, respectively, up to a function
of r which remains bounded when r — oo. The two basic relations, which
express the fact that the affinities of f for co, 0 or a are the same, are

T(r;1/f) <T(r; f) (2.7)
T(r; f—a)<T(r; f). (2.8)

Using those two identities, we can easily prove that the characteristic of
a homographic transformation of f (with constant coefficients) is equal to
T(r; f) up to a bounded quantity. From a theorem due to Valiron [43] we

have
PN _ .
T(r o) = w070 ) (2.9)

where P and @ are polynomials with constant coefficients, of degrees p and
q respectively, provided the rational expression P/Q is irreducible.
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Let us also give some useful classical inequalities:
T(r; fg) 2T(r; f) +T(r; 9) (2.10)

T(rif+g) 2T(r; f)+T(r;9) (2.11)

Another inequality, which was proven in [44], is
T(r; fg+gh+hf) 2T(r; f) +T(r;9) +T(r; h). (2.12)

One last property of the Nevanlinna characteristic was obtained by
Ablowitz et al [41] (AHH). In our notation it reads:

T(r; f(zx1) 2 (14+e)T(r+1; f(2)). (2.13)

This relation (which is valid for any given e if r is large enough ) makes
possible to have access to the characteristic, and thus the order, of the solution
of some difference equations.

The discrete equations satisfied by the d-P’s have the general form

A($n7$n71,$n+1) = B(xn)7 (214)

where, usually, A is polynomial and B is rational with coefficients which do
not depend on the independent variable n (something to which we shall come
back). Moreover, in the cases we shall consider, A is linear separately in x,,_1
and x,,4+1. Following the approach of AHH we consider (2.14) to be a delay
equation in the complex domain, and evaluate the Nevanlinna characteristic
of both members of the equality, using (2.8) and (2.9). We find that

I+ e)uT(r+ 1) +vT(r;z) = wl(r;x), (2.15)

(with u = 2 if A is linear separately in x,,—; and 2,41 ), for appropriate values
of v and w. From (2.15) we see that

w—"

T(r+1;2) = m

T(r;x) (2.16)

Now if w > u+ v, one can always choose € small enough so that A = ﬁ >

1. The precise meaning of (2.16) is that, for r large enough, we have
T(r+1;z) > N (r;z) — C (2.17)

for some C independent of r. The case where C' is negative is trivial, T'(r +
k;z) > AT (r; ). For positive C,
C C
La)— —— > x) — —). 1
T(r+1;z) Ail_A(T(r,x) /\71) (2.18)
Thus, whenever T'(r; x) is an unbounded increasing function of r, i.e., T > 0,
then, for some r large enough, the right hand side of this inequality becomes
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strictly positive. Iterating (2.18) we see that T'(r + k; z) diverges at least as
fast as A*, thus log T'(r;z) > rlog A, and the order o of x is infinite. Thus,
according to the AHH hypothesis, the mapping cannot be integrable. The
only way out is if T'(r;x) is a constant, which means that x is itself a con-
stant, since the slowest possible growth of the Nevanlinna characteristic for
a non-constant meromorphic function is T'(r; f) < logr, for f a homographic
function of z. Giving that the mapping is rational, there can only be a finite
number of constant solutions. We could, in principle, have had an infinite
number of constant solutions if the identity A(xy,, xn, z,) = B(z,) held true.
However this would imply w < u+wv. Thus, when w > u+wv in (2.15), the only
possible finite order solutions are (a finite number of) constant solutions, all
the remaining ones having o = co.

The advantage of working with autonomous mappings lies in the fact
that we can control precisely the corrective terms in the inequalities for
T. Had we worked with nonautonomous systems, we would have had un-
bounded corrective terms. For instance if the coefficients depend rationally
on z, there would be corrective terms of order O(logr) and we would have
been unable to exclude (finite-order) rational solutions. Though one may sus-
pect that the generic solution is not rational, one could not easily disprove
this possibility in the nonautonomous case. However in our approach, we
consider nonautonomous equations as obtained from autonomous ones by a
de-autonomisation procedure. This procedure will never transform a ¢ = oo
solution into a finite o one. So the generic solution will have ¢ = co whenever
w > u+ v in (2.15) even in the nonautonomous case. The rational solutions
that we cannot exclude can only come, through the de-autonomisation proce-
dure, from the finite- (in effect, zero-)order constant solutions, of which there
is a finite number.

The way we have implemented the Nevanlinna theory was through a three-
tiered approach. The first step, given a mapping, is to use the Nevanlinna
characteristic techniques in order to estimate the rate of growth of the so-
lutions. Since for nonautonomous equations this rate depends on the rate
of growth of the coefficients of the equation, we opt for a simple approach.
At this first step we consider only autonomous mappings. This first step
puts severe constraints on the discrete equations at hand. However, usually,
these constraints are not restrictive enough so as to determine completely
the form of the mapping, hence the necessity of the second step. Once the
constraints of the first step have been implemented, we pursue, using singu-
larity confinement, in order to constrain further our discrete equation. Thus
all autonomous equations that do not satisfy confinement are rejected at this
second step.

The third step consists in the de-autonomisation of the system, once again
using the confinement criterion. We thus obtain a mapping which (hopefully)
satisfies the Nevanlinna criterion for slow-growth of the solutions and the
singularity confinement as well. The major difficulty lies in the fact that the
practical evaluation of the Nevanlinna characteristic gives a clear-cut answer
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as to mappings the solutions of which must be (generically) of infinite-order,
but this does not mean that all the remaining ones have their generic solution
of finite-order. Particular care is needed in the application of this criterion,
lest one proclaim of finite-order systems which have in fact infinite-order
solutions.

ITapaywyn
3 Discrete P’s Galore

In what follows, we shall present the derivation of specific examples of d-P’s,
using the methods of singularity confinement and algebraic entropy.

Derivation of d-P’s
In order to obtain the discrete Painlevé equations through the application of
the singularity confinement method, we start from the general QRT mapping,

T _ fl(xn) - xnflfQ(xn)
i f2($n) - xn—lf?)(xn).

(3.1)

As mentioned above, one would expect to find the discrete forms by de-
autonomising the QRT map. In order to gain some insight into the choice of
the f;’s, we rewrite the QRT map as

fs(@n)IT = fa(2n) 2 + fr(zn) =0, (3.2)

where X = xp411 + 21, II = xpy17,-1, and the f;’s are quartic polyno-
mials. We require that this equation become the continuous Painlevé under
consideration at the continuous limit. For this purpose, we introduce a lattice
parameter ¢ and obtain

¥ =2+ 6% + 0>

IT = a® + 6%(aa” — ) + O(6Y), (3.3)

and when we extract from (3.3) the part involving derivatives, we obtain a
continuous limit (as § goes to zero) of the form

' = —fB(m) z2 +g(z). 34
If we are looking for a specific Painlevé equation, we must first choose f2, f3

fs(@) ) to coincide with the factor multiplying z'? in that

so as to force AOEAG)

equation.
For Py and Py; we have, clearly, f3 = 0. The derivation for those two d-P’s
was presented in a previous section. We obtained the mappings
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+ B+ y(=1)"
Tpt1 +Tp—1 +2Tp =a+ an ﬂl‘ ’Y( ) (35)

and

— 2
1—2x2

Tyl T Tp—1 = (36)
To derive the continuous limit of (3.5) we start by setting to zero the parity-
dependent term +y, and further set x = 1 + €?w, z = —3 — €*t, a = 6. At the
limit € — 0, (3.5) becomes w” + 3w? + ¢t = 0. Similarly for (3.6), we take
v =0,set x = ew, z = 2 + €3, § = €3u, and obtain the continuous Pry:
w” = 2w +tw+p=0.

In the case of Py, #” = £ 4 g(x). Instead of deriving the discrete form
of the “usual” Pryr, we will work with the more convenient form

’
T 2

o e )+ + D) (37)
w = — aw w — .
w w’’

obtained from the usual one by the transformation z — e* that absorbs the
“ term. This form agrees with (3.4) if we simply take f, = 0. In that case,
the mapping takes the form

K(n)ay + ¢(n)zn + p(n)
ap, + Bn)zn +y(n)

Tn4+1Ln—1 = (38)

In order to fix the n-dependent coefficients, we will study the singularity be-
haviour as described before. When one solves for x,,1, there are two possible
sources of singularity for this mapping. Either x,, is a zero of the denomina-
tor or x,_1 becomes zero. In the first case, the singularity sequence is the
following: z,11 diverges, x, 2 has a finite value ”(27:1) and x,3 would in
principle be proportional to ﬁ and thus zero. This would lead to a new
divergence. The only way out is to require that x, 2 also be a zero of the
appropriate denominator, so that x,,3 does not vanish. Expressing x,, 45 in

terms of xz,, and taking into account that this must be true for both zeros

n K(n w2(n
of 2, we btain () = LG b

by an arbitrary function of n does not change the form of (3.8), but only af-
fects the coefficients. This scaling freedom allows us to take a constant value
B for B(n), resulting in k(n + 1) = y(n + 2), y(n) = v(n + 2). Thus the
~’s and x’s must be constants within a given parity, v(even)=x(odd)="v ,
~v(odd)=k(even)=v_. In order to study the second kind of singularity, we
start with z,, such that x,.; vanishes, i.e., xK(n)z2 + ((n)z, + u(n) = 0.
We then find that z,o has a finite value %
divergent x,,4+3 unless the numerator also vanish. Substituting the expression
for x,, 42 and using the fact that once again this must be true for both zeros

of 5(n)a2 +C(n)zn + u(n), we obtain p(n) = SCHAEED _ LD e oy,

tion to these equations is straightforward, u(n) = peA*" and ¢(n) = (o, £A",

and v(n) = . Multiplying x,

and this would lead to a
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where 19, Co,+, are constants, the £ sign being related to the parity of n.
Note that, in that case, there is no second kind of singularity at all! Indeed
Zn+3 is not allowed to diverge even though x,,4+1 = 0. (This is reminiscent of
the case of continuous equations where, if a denominator appears, one must
consider the values of the dependent variable that makes this denominator
vanish to ascertain that this does not generate a singularity.) Since at the
continuous limit we decided to neglect the distinction between even and odd,
we can rewrite d-Pypy, after a change of the variable, as

cd(zyn, — agqn)(zn, — bgy)

(xn, — c)(zp — d)
where ¢, = A". As expected, the continuous variable is w(= wgy) = z. We
find moreover that A = 1+e¢, c=1/e—a/2,d = —1/e—a/2, a = fe —ye2 /2,
b= —Be — v€?/2, leading to the equation:

2 242
w”:w——&—w?’—l—osz—1—715—ﬁ—7 (3.10)
w w

(3.9)

Tp4+1Tn—1 =

which is Pyy, albeit in a slightly noncanonical form.
We now turn to the algebraic entropy, slow growth, approach. Let us start
with a simple case. We consider the mapping

ar, +b
Ln41 + Tp—1 — 5 (311)

n
where a and b are constants. In the previous section we have computed the
degrees of the iterates and found, starting with o = p and z; = ¢/r, that
the common degree of homogeneity in ¢ and r of the numerator and de-
nominator of the iterates was 0, 1, 2, 5, 8, 13, 18, 25, 32, 41, ..., a clearly
polynomial growth. We now turn to the de-autonomisation of the mapping.
The singularity confinement result is that a and b must satisfy the conditions
nt1—2ap+an—1 =0, b1 = by_1, t.€., a is linear in n while b is a constant
with an even/odd dependence. Assuming now that a and b are arbitrary func-
tions of n, we compute the degrees of the iterates of (3.11). We obtain succes-
sively 0, 1, 2, 5, 10, 21, 42, 85, ... . The growth is now exponential, the degrees
behaving like da,,, 1 = (22 —1)/3 and da,,, = 2da,,_1, a clear indication that
the mapping is not integrable in general. Already at the fourth iteration the
degrees differ in the autonomous and nonautonomous cases. Our approach
consists in requiring that the degree in the nonautonomous case be identical
to the one obtained in the autonomous one. If we implement the requirement
that d4 be 8 instead of 10, we find two conditions a,4+1 — 2a, + an—1 = 0,
bn+1 = bp_1, t.e., precisely the ones obtained through singularity confine-
ment. Moreover, once these two conditions are satisfied, the subsequent de-
grees of the nonautonomous case coincide with that of the autonomous one.
Thus this mapping, leading to polynomial growth, should be integrable, and,
in fact, it is. As we have shown in [45], where we presented its Lax pair, (3.11)
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with a(n) = an+ § and b constant - the even-odd dependence can be gauged
out by a parity-dependent rescaling of the variable x - is a discrete form of
the Painlevé I equation. In the examples that follow, we shall show that in all
cases the nonautonomous form of an integrable mapping obtained through
singularity confinement leads to exactly the same degrees of the iterates as
the autonomous one.

Our second example is a multiplicative mapping,

anTy, +0
T3

, (3.12)

LTn+1Tn—1 =

where one can set b = 1 by an appropriate gauge. In the autonomous case,
starting with zo=p and x1=q/r, we obtain successively the degrees: 0, 1, 2, 3,
4,7,10, 13, 16, 21, 26, ... , i.e., again quadratic growth. In fact, if n is of the
form 4m+k, (k = 0,1,2,3), the degree is given by d,, = 4m?+ (2m+1)k. The
de-autonomisation of (3.12) is straightforward. We compute the successive
degrees in the generic case and find 0, 1, 2, 3, 4, 7, 11, ... . At this stage
we require that a factorisation occur in order to bring the degree dg from
11 to 10. The condition for this is that a,y2a,_2 = a2, i.e., a of the form
e,0M¢ , With an even-odd dependence which can be easily gauged away. This
condition is sufficient to bring the degrees of the successive iterates down to
the values obtained in the autonomous case. Quite expectedly, the condition
on a is precisely the one obtained by singularity confinement.

For the discrete Painlevé equations, for which the Lax pairs are not yet
known, it is important to have one more check of their integrability provided
by the algebraic entropy approach. We start with d-Pry in the form

(z3 — a?) (23, — b%)

(T, + 20)%2 — 2

(Tnt1 + xn)(Tp_1 + 24) = , (3.13)
where a, b and ¢ are constants. If z, is constant, we obtain d,,=0, 1, 3, 6, 11,
17, 24, ..., for the degrees of the successive iterates. The general expression
of the growth is d,=6m? if n = 3m, d,=6m? +4m +1ifn = 3m + 1
and d,=6m? + 8m + 3 if n = 3m + 2. This polynomial (quadratic) growth is
expected since in the autonomous case this equation is integrable, its solution
being given in terms of elliptic functions. For a generic z, we obtain the
sequence d,=0, 1, 3, 6, 13, ... ,. The condition for the extra factorisations
to occur in the last case, bringing down the degree d4 to 11, is for z, to be
linear in n. We can check that the subsequent degrees coincide with those of
the autonomous case.
For the ¢-Pv we start from

(22 + axp, + 1) (22 + bx, + 1)
(1 = zpexn)(1 — zpdzy)

(Tnt12n — D (zp—12, — 1) = (3.14)

where a, b, ¢ and d are constants. If, moreover, z, is also a constant, we
obtain exactly the same sequence of degrees d,,=0, 1, 3, 6, 11, 17, 24, ... , as
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in the d-Pyy case. Again, this polynomial (quadratic) growth is expected since
this mapping is also integrable in terms of elliptic functions. For the generic
nonautonomous case, we again find the sequence d,,=0, 1, 3,6, 13, ... , . Once
more we require a factorisation to bring down d4 to 11. It turns out that this
entails a z, which is exponential in n, and generates the same sequence of
degrees as the autonomous case. In both the d-Pry and ¢-Pvy cases, we find
the n-dependence already obtained through singularity confinement. Since
this results in a vanishing algebraic entropy, we expect both equations to be
integrable.

An important remark is in order here. As we have seen in the derivations
above, two different kinds of d-P’s exist. The first corresponds to difference
equations, where the independent variable enters linearly, through z, = an+
0. Thus, if z,, denotes the variable x at point z,,, then z, 41 is the variable at
point 2,41 = 2, + a. The second corresponds to multiplicative, g-equations.
Here the independent variable enters exponentially, through ¢, = goA™. So if
the symbol z,, is used for the variable at point g, x,,+1 denotes the variable
at point ¢,+1 = Agn. It can be argued that there is no fundamental difference
between the two types of equations, and that a change of variable suffices to
go from one to the other. However this argument is fallacious. The difference
between the two types of d-P’s, additive and multiplicative, is far deeper. It
is in fact related to their precise integration methods. A look at the Lax pairs
of the two kinds of d-P’s shows immediately their fundamental difference.

Lax Pairs
For additive equations there is a linear isospectral deformation problem of

the form
qu)n,é = Ln(C)q)n (3.15&)

D1 = M, ()P, (3.15Db)
leading to the compatibility condition:
(Mp ¢ =Ly M, — My L,. (3.16)

Examples of Lax pairs for additive discrete Painlevé equations were presented
in [46]. In the case of d-Py the Lax pair is

0 =z, 1
L, = ¢ zZn Tpy1+ 2n/Tn (3.17a)
C‘rnfl C Zn+1
and
—Zn/Tn 10
M, = 0 o1}, (3.17b)
¢ 00

where z, = n/2+ (. From the consistency conditions we obtain the mapping
Tpt2 + Znt1/Tntl = Tn—1 + 2n/Tn. Adding z,, to both sides of this equality,
we find
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Tptl +Tp—1 + Ty — ;l =a (3.18)
where a is a constant, i.e., precisely d-Pi.
For d-Py; the Lax pair is
a Tnit1 1 0
0 =z, 2b—uz, 1
L, = ¢ 0 0 2—aniy (3.19a)
Cx, ( 0 Zn+41
and
(a—zp)/Tns1 1 0 0
0 0 1 0
My = 0 0 2ns1/(2b— 2pp1) 1| (3.19D)
¢ 0 0 0

where z, = n/2+ 3 and a, b are constant. (The latter could have had an
even-odd dependence but we choose to neglect it here.) From the consistency
condition we find an equation for x,, which is best written for the translated
variable X =b—=x

(zn + 2n-1 — @)Xy + b(zn_1 — 2, — a)
b — X2

Xn+1 + Xpo1= (320)

More examples of Lax pairs for additive d-P’s can be found in [46].
For multiplicative equations, the isospectral problem is a ¢-difference one
rather than a differential one,

Pn(g¢) = La(Q)Pn(C) (3.21a)
@n—i-l = Mn(()@n(C)’ (321b)
leading to

The Lax pair of ¢-P; can be easily obtained from our results in [46]. Let us
introduce the matrices

L, ha, 0 1 q (3.23a)
0 Maio g
Tn—1
and
Tn
0@ 00
0 0 1 0
M, = 0 0 1 g (3.23Db)
h 0 00
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From the compatibility condition (3.22) we obtain the equation z, 12,1 =
knkni1(z, +1) /22, where k1 = qk,,_1, which is ¢-Py, up to a gauge trans-
formation.

For ¢-Piir we take ¢ = o. We introduce the matrices

S 0

— 0 )\2 )\2 + Tp_1 Tp_1
L,= (tn 0 As Mg+, (3.24a)

(Ma+af) hat 0 "
(M1 =2A)Tw A\Zptr

/\49076—&-405 )\23564_& (1) 8

= 0 0 As=@ds zaths (3.24b)
Tp+qAa Tp+Aa
¢ 0 0 0

where | = const., A3 = const., Ay = da™ !, Ay = Aa™, k = Ca™. From the
compatibility condition (3.22) we obtain ¢-Pyy in the form

ak(xn + A3) (K + Aazp)
(H + Alxn)(xn —+ )\4)

Tn4+1Tn—1 = (325)

As we can see from these examples, there exists a fundamental difference
between additive and multiplicative d-P’s. In what follows, we shall see (based
on the relation between continuous and additive P’s), that this difference goes
even deeper.

Opydvwors
4 Introducing Some Order into the d-P Chaos

By now it must have been clear to the careful reader that the domain of d-
P’s is vast. When we started our investigations, we immediately realised that
some order was needed lest the discrete P’s degenerate into an impenetrable
jungle. The first attempt to introduce some order was the definition of the
standard family [47]. We use the term “order” instead of “classification”
because it was clear that this first lumping together of d-P’s was not based
on any (coherent,) explicit criterion. Rather it was related to a historical
derivation and the names of the equations was based on their continuous
limits. (A much more accurate classification was to follow, albeit years later.)
This was, admittedly, a most unfortunate choice. It led to a profusion of
equations with the same name (in a recent publication [48], we have presented
over a dozen discrete Py’s). Moreover, it does not take into account the fact
that a given d-P may have more than one continuous limit (or none at all!).
Finally, for equations with more parameters than Py, — and there exist many
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such equations — the continuous limit collapses everything to Pvy;p. Still this
method of naming the d-P’s has the advantage of familiarity and since it
has been used traditionally, it remains in use, though with some adequate
qualifiers.

When discrete Painlevé equations were first systematically derived we
established what we called the ‘standard’ d-IP’s which fall into a degeneration
cascade, i.e., an equation with a given number of parameters can be obtained
from one with more parameters by an appropriate coalescence procedure.
This list comprised three-point mappings for one dependent variable and was
initially incomplete since the discrete ‘symmetric’ (in the QRT terminology)
form of Py was missing. This gap has been recently filled in [49] and we can
now give the full list of standard d-P’s:

z
6-P; Tpy1+ T = —Tn + — +1
n
ZnTn + a
0-Pr1 Tntl + Tn-1= W

(Ty, — agn) (T — bgn)

_P n n— =
e It = T e ) (1 — 2 /)
(x5 — a®)(zp — b°)
5‘PIV (xn+1 + xn)(xn + xn—l) = (-TL'n — Zn)2 — 2
q'PV (mn+1xn - 1)(37711'7171 - 1) =

(xn — a)(xy, — 1/a)(zy, — b)(z, — 1/b)
(1 - Cann)(l - ann/c)

(l‘n + Tn4+1l — "n — Zn—i—l)(a:n + Tn—1— Rn — Zn—l)

o-P =
v (xn + anrl)(xn + xnfl)
(xn — 20 — a) (T, — 2 + @) (xy, — 2, — b)(Tp, — 25, + D)
(xn, — ) (xn + ) (zp, — d)(zy, + d)
q'PVI ($n$n+1 - qnqn—i-l)(wnxn—l - ann—l) _

(znzpe1 — D(zpxpn_1 — 1)
(Tn — agn)(Tn — Gn/a) (T — bgn)(Tn — ¢n /D)
(xn —c)(xn — 1/c)(xn — d) (2, — 1/d)

where z, = an + 3, ¢, = qoA™ and a, b, ¢, d are constants. We distinguish
difference and multiplicative equations through the use of the prefixes § and q.
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The way these d-P’s were obtained was, as explained in Sect. 2, by the
application of some integrability criterion to an appropriate ansatz. The
usual approach was the de-autonomisation of the QRT mapping. By de-
autonomisation we mean that we allow the parameters of the QRT mapping,
up to 5 in the symmetric case and up to 8 in the asymmetric one, to be
functions of the independent variable. The precise form of these functions is
obtained through the application of the integrability criterion.

In [21] we have presented a classification of the various forms of the QRT
mappings used as a starting point for the de-autonomisation and derivation
of d-P’s. We reproduce it below, giving the form of the equations and the
corresponding A; matrices.

000
D) g1 +xpo1 = f(zn) A;=1000
001
000
(II) Tn4+1Tn—1 = f(xn) A;=1010
000
000
(III) (Tnt1 +2n)(@n + 2n—1) = f(z0) A;=1001
010
00 O
(IV) (Tn+12n — D(zpxn_1 — 1) = f(zn) Ai=1010
00 -1
) ) 00 1
(V) et = fn) Ar=1022
122 0
] ] 1 0 0
(VD sy = S Ar=0-2-10
0 0
0 O 1

2 2 2
(VII) (an+1—f:;z_ggi’:;;xln_;;)-i-xnz = f(x) A= [0 —2 —22
1222 24
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(VII) o1zt —zn)@no12—an) = (1) f(zn)

(nt12 2 —an)(@n—12"2—x,)—(274-1)2

0 0 24
A= 0 =2%(z*+1) 0
2 0 (24 —1)2

The forms presented above correspond to symmetric mappings but they can
be extended to asymmetric ones directly, the A; matrix being the same. To
these cases one must add the explicitly asymmetric one,
000
(IX) Tyl + Tn = f(yn)a YnYn—-1 = g(xn) Ar=(001
000

One can recognize in the forms presented above the autonomous limits of,
among others, the equations d-Py 11 (I), ¢-Prrr (II), d-Pry (III), ¢-Pv (IV), d-
Py (V,VILIX), ¢-Py1 (VI,VIII). We must stress here that the forms presented
above are not the only ones that one may encounter when studying d-P’s.
The mappings are given up to homographic transformations, and thus the
d-P’s may assume forms different from the ones above.

From the canonical forms above it seems that the vast majority of d-
P’s will have a symmetric, in the QRT sense, form. Nothing could be farther
from the truth. As we have seen in the previous section, the application of the
singularity confinement method quite often leads to terms of the form (—1)",
but also j® where j2 = 1, i" and even k" where k° = 1. Our initial (and
erroneous) tendency was to discard these terms on the ground that “they
do not possess a continuous limit”. This is just not true. The terms with
binary, ternary, etc. symmetry indicate that the equation is better written as
a system of two, three, etc. equations. They also introduce one or more extra
parameters with obvious consequences when it comes to continuous limit [50].

Let us illustrate this in the case of the d-P; we already encountered,
namely (3.5),

an+ B+ ~v(=1)"
T+l + Tno1 +2Tpn = Ba: vl + a. (4.1)

Due to the presence of the (—1)™ term, it is clear that we should distinguish
even and odd terms. Let us write the mapping for even and odd indices
explicitly

Zom +
Tom+1 + Tom + Tom—1 = 2m T +a (4.2&)
Tam
22m+1 —
Tom+2 + T2m41 + Tom = Pl 70 a, (4.2b)
Tom+1
where z,, = am + (3. Next we introduce two variables, X,, = 3, and

Y = Tom+1, one for each parity. We can now rewrite this system as
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Zm
Yo 4+ Xy + Yo g = X+7 ta (4.3)
Ty + a0 —

where Z,, = 2am + (.

Thus, in the new variables, the mapping becomes a system of two two-
point mappings. The important remark is that this mapping has now one
more genuine parameter than the symmetric d-P;. A careful computation
of the continuous limit of this asymmetric d-P; leads to Py;. In fact, setting
X = l+ew+e?u, Y = l—ew+e?u, Z = 1—e3m, a = 2 and v = —€3¢/4, we find
a first relation, u = i(w2 —w'+t), with t = em, leading to w” = 2w3+2tw+-c.

In order to deal with the profusion of asymmetric forms, we made the
terminology situation even more complicated by introducing the qualifier
‘asymmetric’ (borrowed from the ‘asymmetric QRT’ mapping) in front of the
names derived from the continuous limit of the symmetric forms. Thus the
equation we have just examined is called ‘asymmetric d-Py’. (It is a source of
wonder to the authors that people still manage to follow their work through
this labyrinth of complications.)

Quite expectedly the limit of asymmetric d-Pyy is Py, that of asymmetric
¢-Prr1 is Pyp (as has been shown by Jimbo and Sakai [51]). The limits of
asymmetric d-Pry and ¢-Pvy are given below. We start from the forms

(Yn — a)(Yn — b)(yn — ) (yn — d)
(= — /27 — €2

(Tng1 + Yn)(Yn +20) =

(xn + a)(xn + b)(zn + C)(In + d)
(xn _ 2)2 _ f2 ’

(yn + zn)(xn + yn—l) = (4.4)

with a constraint a +b+c+d =0, and

et~ D - 1 70 0 D

pq(xn —1/a)(@n — 1/b)(zn — 1/c)(zn — 1/d)
Mxy, — 1) (T8 — 5) ’

(4.5)
with a constraint pqg = Aabedrs. The last two systems are new forms of d-Pr,
as can be assessed from their continuous limits. For (4.4) we take a = 1/24-€q,
b=1/2—€ea,c=—-1/24+¢B,d=—-1/2—€B, e = €ey,f = €d, z = w —1/2,
z=C+1/2, y = w( —1)/(w —¢) + 1/2 + eu, while for (4.5) we take
a=0eb=0eP c=0"te, d=0"1eP \=ef, p=entd) g=cnt¥)
P o= e ) s = e 0w = (o= 0)/(0-1 = 0), ¢ = (= — 0)/(9=1 — ),
y=(zx—-0"1=0)+1)/(x —2) +eu, withp+p =1+a+B+y+d+w+x
(consequence of the constraint pg = Aabedrs). In both cases the limit, when
€ goes to zero, is

(ynxn - 1)(xnyn—1 - ]-) ==



Discrete Painlevé Equations: A Review 273

Pw  1(1 1 1 dw\® (1 1 1\ dw

d@—z(wmﬁ“) (dg) _(<+<1+w<>d<
ww-1)(w—-¢) (, B¢ CE-1)  DC—1)
e (4 o astp * fagr) (49

where A = 442, B = —4a?, C = 43? and D = 1 — 442 in the case of (4.4),
while in the case of (4.5) A = (w — x)2, B = —(a — )2, C = (y - §)? and
D=1-(p—v)

One should not draw, based on the above examples, the conclusion that
the only ‘asymmetric’ forms are two-component mappings. Indeed there exist
systems which require a higher number of components. Take for instance the

mapping

Tpt1Tn—1 = a(z, — 1). (4.7)

Its asymmetric form is easily again obtained by the application of singularity
confinement. The final result is

loga, = kn+p+rj™ 4+ sj*" +t(—1)", (4.8)

where j is a cubic root of unity. It is clear from this expression that the fully
asymmetric form of (4.7) has four parameters. We can thus rewrite (4.7) as
a system

Win—1Ym = @m(Tm — 1)ad
Tmzm = qmA(Ym — 1)b/d
YmUm = qm\>(2m — 1)cd
ZmVm = Q> (U — 1)a/d (4.9)
Uy Woy, = qm)\4(vm — 1)bd

UmTm+1 = Qm>\5(wm - 1)C/d’

where ¢,, = A%". We must point out here that although the mapping is
written as a system of six equations, it is still of second order. Four of the
equations are just local relations between the variables.

In these last two sections we have focused on the direct derivation of dis-
crete P’s, based on some integrability criterion. While this method is very
powerful, it has one drawback. It does not lead to the Lax pair for the equa-
tion, nor does it provide any clue for its derivation. There exist, however,
as we have already explained, other methods for deriving discrete P’s. One
of them is particularly interesting since it is constructive, in the sense that
it derives the d-P together with its Lax pair. This method is based on the
deep relation that exists between continuous and discrete, difference equa-
tions [52]. Let us start with the Lax pair of a continuous Painlevé equation.
It has the general form
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Yo = A (4.10a)
Y. = By, (4.10b)

where ( is the spectral parameter and A, B are matrices depending explicitly
on ¢ and the dependent as well as the independent variables, w and z. The
continuous Painlevé equation is obtained from the compatibility condition
Yez = )¢ leading to

A, —B:+AB—-BA=0 (4.11)
In general, the Painlevé equation depends on parameters («, 3, ...) which are
associated to the monodromy exponents #; appearing explicitly in the Lax
pair. The Schlesinger transform relates two solutions 1 and 1’ of the isomon-
odromy problem for the equation at hand corresponding to different sets of
parameters («, 3,...) and (¢, ', ...). The main characteristic of these trans-
forms is that the monodromy exponents, at the singularities of the associated
linear problem, related to sets (o, 3,...) and (o/, 3, ...), differ by integers
(or half-integers). The general form of a Schlesinger transformation is

' = R, (4.12)

where R is another matrix depending on (, w, z and the monodromy expo-
nents 6;. The important remark is that (4.10a) together with (4.12) constitute
the Lax pair of the discrete, difference equation. The latter is obtained from
the compatibility conditions

Re+RA—AR=0. (3.8)

Thus, the difference equations are intimately related to the continuous ones.
They are their contiguity relations. In fact this is precisely how Jimbo and
Miwa [11] have derived the so-called alternate d-P; (1.2). Of course, this
method, while interesting, should not be considered to be a panacea. First,
with this approach one does not have a real control over the equation one
derives. One only knows how many parameters are involved. Moreover, since
the richest continuous P, namely Pyj, has only four parameters, one can
obtain, at best, a difference-IP with three parameters. But we know that there
exist difference P’s with many more parameters than that. The relation of
these equations to continuous systems is an open question (on which even
the authors of the present review have not succeeded in reaching unanimity).
Finally the whole class of g-equations lies beyond the scope of this method. As
we shall see in the following chapters, ¢-P’s are usually their own contiguity
relations.

Iét6m™nTeg

5 What Makes Discrete Painlevé Equations Special?

The discrete Painlevé equations have a host of special properties. Most of
these are the analogues of the properties of the continuous Painlevé equa-
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tions. This parallel between continuous and discrete systems has been of
tremendous help in the investigation of integrable mappings. In most cases,
one had to start from some property of the continuous system, namely, of
the continuous P in the case at hand, and ask how this property could be
transposed to the discrete case. (There even exist cases where, having ob-
tained some unexpected result for the discrete system, we have looked for,
and found, its continuous analogue which was, to our knowledge, a new result
[53]).

Degeneration Cascade

The first property of the discrete Painlevé equations we are going to discuss
is that of degeneration through coalescence. In practice, this means that,
starting from a d-P with a given number of parameters, and introducing a
special limit of the dependent and/or independent variables, as well as the
parameters, one obtains a d-P with one fewer parameter. The degeneration
pattern for the “standard” family of d-P’s takes the form of the cascade:

¢-Pvi — ¢-Pv — ¢-Pm1

| | |

d—PV — d—PIV — d—PH — d—PI.

In what follows, we will present the result for the seven standard forms.
The following conventions will be used. The variables and parameters of the
‘higher’ equation will be given in capital letters (X, Z, P,Q, A, B, C, D), while
those of the ‘lower’ equation will be given in lowercase letters (z, 2, p, ¢, a, b,
¢,d). The small parameter that will introduce the coalescence limit will be
denoted by 6.

In order to illustrate the process, let us work out in full detail the case
d-Py; — d-Py. We start with the equation d-Pyp

ZnXn+ A

X, X, 1= 1
+1+ 1 - X2 (5.1)
We set X = 1+ dx, whereupon the equation becomes
Zn(1+0x,)+ A
44 20(xpy1 + Tpo1 +T,) + O(6%) = — ( Zn) . (5.2)

0Ty,

Now, clearly, Z must cancel A up to order § and this suggests the ansatz
Z = —A — 26%z. Moreover, the constant term in the right-hand side must
cancel the 4 of the left-hand side, and we are thus led to A = 4 + 2da. Using
these values of Z and A we find (at § — 0)

Zn

Tpal +Tpn_1+x, = — +a, (5.3)
Ty,

i.e., precisely d-Pi.
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The coalescence d-Pry; to d-Ppp requires a more delicate limit since the
independent variable of d-Pyy; enters in an exponential way. We start from:

AB(Xn - Pn)(Xn - Qn)

Xni1Xn_1=
n+l3n—1 (anA)(anB)

(5.4)

The ansatz for X is here, too, X = 1 + dx. For the remaining quantities we
set
A=1+46, B=1-96
P=14+6+8(24+a)/2+0(5), Q=1-6+0*(z—a)/2+0(*), (5.5)
and at the limit 6 — 0, d-Pyy; reduces exactly to d-Prg
ZnTn +

e (5.6)

Tpt1 +Tp—1 =

In perfect analogy to the continuous case, d-Py also reduces to d-Py;. Here
we start from

(X7 — A%)(X] - B?)

(X + X)X Xr) = CE P (57)
and set X =1+ dz. We also set
A=1446, B=1-96
C=6-0%)2, Z=1-052/4 (5.8)

The result at § — 0 is precisely d-Py; given by (5.6).
In the case of ¢-Pv

(Xn — A)(Xn —1/A) (X, — B)(Xn —1/B)
(1 - CXnQn)(l - XnQn/C) 7
(5.9)

two different limits exist. In order to obtain d-Pry we set X = 1 + dx and

(X1 X — DX X1 — 1) =

A=14da, B=1-b,

C=1+6bc, Qn=1-0z,, (5.10)

i.e., A\ =1 — «ad, such that z, = an + 3. At the limit § — 0 we find d-Pry
(5.7) in terms of the variable z. The case of the coalescence d-Pvy to d-Piy;
requires a different ansatz. Here we set X = 2/§. Moreover we set

Gn a b
= n:—’ 14_:77 B:*, .].].
C=c. Q=" a=% p-" (5,11
We then find at the limit 6 — 0
(xn - a) Tn — b)
1- C-TnQn)(l - ann/c)

Tn+1Tln—1 = ( (512)
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While this is not exactly the form of d-Pryy (5.4) it is very easy to reduce it
to the latter. We introduce y through x = yA™ (recall ¢, = goA™) and find
with =1/

(@ — ap™)(@n — bp")

Pt = e —1/0) (513
that is obviously of the form (5.4).
In the case of d-Pv,
(Xn + XnJrl - Zn - Zn+1)(Xn + anl - Zn - anl)
(Xn + XTL+1)(X'IL + Xn—l)
B X, -7, - A)X,-Z,+A) X, - Z,— B)(X,,— Z,+ B) (5.14)

(Xn = O)(Xn + O)(X,, — D)(Xn + D)
there is only one limit which is d-Pry. We set X = 2 but Z = z+1/6 and
A=c+1/6, B=—-c+1/s, C=a, D=b. (5.15)

At the limit § — 0, we find d-Pry (5.7) in terms of the variable z.
Finally, in the case of ¢-Pvr,

(XnXnt1 — QnQny1)(Xn Xn 1= QnQn1) _
(Xan+1 - 1)( -1 1)
(Xn — AQn)(Xn Qn/A)( — BQn)(Xy — @Qn/B)
(Xn C)( n_l/c)(Xn D)(Xn_l/D)

(5.16)

there are again two limits, to d-Py and ¢-Py.
If we set

X=146x, A=1+4+da, B=1+4+6b, C=1+dc and D=1+dd,
(5.17)

.e., A\=140da, so Q =1+ 6z, where z, = an + 8 we recover exactly d-Pv
at the limit 6 — 0. On the other hand, with the choice X = z, Q,, = ¢, /9,
A =c¢/§, B =1/bc, C = a, D = b, one recovers at the limit § — 0 the
equation ¢-Pvy.

It goes without saying that this degeneration through coalescence follows
the well-known pattern of the continuous P’s,

Pyt = Pv = {Prw, Pmi} = Pip — Py,

while accomodating the particularities of the d-P’s. As we shall see in the
next section, the situation is in fact much more complicated.
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Special Solutions

Another property of the d-P’s is that they possess solutions expressible in
terms of special functions. These solutions exist only for particular values
of the parameters, and of course they do not capture the full freedom of
the solution which is essentially transcendental, even for these special values.
Since another article [54] in this volume is devoted to the study of the special
solutions of d-P’s, we shall not go into details here.

Miura/Auto-Béacklund /Schlesinger Transformations
The discrete P’s, just like their continuous brethren, have all kinds of interre-
lations. We reserve the name of Miura for transformations which relate two
different equations. While Miura transformations relate the solutions of two
different d-P’s, the auto-Béacklund transformations are relations that allow
one to relate a solution of a given d-P to a solution of the same d-P with
different values of the parameters. The Schlesinger transformations are just
particular auto-Backlund transformations. As such they relate solutions of
the same equation. The Schlesinger transformations for continuous equations
relate solutions corresponding to the same monodromy data except for integer
differences in the monodromy exponents. In the discrete case the very exis-
tence of monodromy exponents to be related to the Schlesinger transforma-
tions is not always clear. However, we can use an analogy with the continuous
case. If one uses the proper parametrisation of the equation, the Schlesinger
transformations can be shown to be associated to elementary changes of the
parameters. The discrete case can be analysed in the same spirit. By using the
proper parametrisation, one can identify, among the auto-Bécklund transfor-
mations, those which correspond to elementary changes of the parameters
and which can thus be dubbed Schlesinger transformations.

Let us illustrate the application of Miura transformations in the case of
d-Py1. We introduce the system, where Z = (2, +2,41)/2 and § = zp41 — 25),

z
Yn =1 +z,)(1 —xpt1) — 5 (5.18)
2y = DU = Ynot (5.19)
Yn + Yn—1

Eliminating y from this system, we obtain the d-Pyy in the usual form,

m—10/2+ z,xn

n n—1=— y 5.20
Tp+1 + Tn—1 =22 ( )
while, by eliminating, = we find
dyp —m?
(Yn+1 + Yn)(Yn + Yn-1) = (5.21)

Yn +2/2°

which is the discrete form of equation 34 in the Painlevé/Gambier classifica-
tion, usually denoted by d-Pa4.
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Miura transformations are particularly interesting in the case of d-Py [55]
which has no parameter. Let us illustrate this in the case of the d-Py
Zn a
z +Tpo1 = — + —. 5.22
n+1 n—1 T, .’L‘% ( )
The Miura transformation y,, = x,2,+1 can be applied in a straightforward
way, leading to

a2

(Yn + Yn-1 = 20)(Un + Unt1 — Zn+1) = ZT (5.23)
n
This form was identified in [47] as another form of d-P;. The Miura trans-
formation y, = zp41/%, leads to a more interesting result. We multiply
(5.22) by 22 and take the discrete derivative, i.e., subtract it from its up-shift
to eliminate the constant a. Using systematically the Miura transformation
Yn = Tn+1/T, We obtain a four-point equation for y

Ynt1Yn + 1 — y72L+1yn(yn+2yn+l +1) _ Ynt1Zn42 = Zngl 1

: . (5.24)
YnYn—1 + 1 = ¥2yn—1(Yn¥Ynt1 + 1) YnZnt1 — Zn YnYn—1

which satisfies the singularity confinement requirement. The continuous limit
is obtained by y = 1 — e3w and z = —6 + €*t, leading to

ww” = (W’ — 1w’ + 12w (5.25)
Multiplying (5.25) by (w” — 1), we can rewrite it as

d ((w” —1)? — 24w (w' — t)) o

dt w?

(5.26)

and absorbing the integration constant by a translation of ¢t we obtain
(w” —1)% = 24w?(w' —t) = 0, (5.27)

i.e., Cosgrove’s equation SDv [56], which is a form of modified Py. Thus (5.24)
is a discrete form of the second-degree Painlevé equation SDy in derivative
form.

How can one find the auto-Bécklund (and Schlesinger) transformations
for a given d-P? The general principle is the following. First obtain a Miura
transformation that transforms the equation into a new one (the ‘modified’
one). Second, find the invariance of the latter, usually associated to some dis-
crete transformations. Third implement these discrete transformations and
return to the initial equation by the inverse of the Miura transformation. In
the process we find that the parameters of the initial equation have been mod-
ified and thus the chain of transformations indeed defines an auto-Béacklund
transformation. Obtaining the Miura transformation can be facilitated once
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we remark that all known Miura transformations have the form of a discrete
Riccati equation, i.e., a homographic mapping.

An interesting case of auto-Backlund/Schlesinger construction is the one
concerning ¢-Prr;. We start from the form

cd(xy, — a)(xy, —b)

Tn41Tn—1 = (xn — c)(a:n — d) y (528)

where ¢, d are constants and a, b proportional to A”. Following the derivation
we presented in [57], we introduce

Up = (T — ) (Tpy1 — d). (5.29)

This is the first half of the Miura transformation. The second half of the Miura
transformation involves a rational expression which must be homographic in
both u,, and u,_1. We readily find that

UpUp—1/cd — Uy, — Up_1 + cd — ab
—tup/d —tup_1/ct+c+d—a—0b"

(5.30)

Tpn =

Eliminating z,, and z,11 between (5.29), (5.30) and its upshift leads to an
equation for u,_1,uy,uy+1. This equation is, after a change of variables, a
discrete form of d-Pv equation, although not all the parameters of a d-Pvy
are present. Introducing U = u — ¢d, we find that

nUn+1l — aoce nUn—1 — abca) =
U,U, Mabed) (U, U bed
cd(U,, + bd) (U, + Aac)(Uyp, + ad)(U,, + Abc)
U, +cd

. (5.31)

In order to define a different Miura transformation we can introduce the
quantity

wyp, = (1/xy —1/a)(1/xpy1 — 1/0D). (5.32)

The second half of the Miura transformation, analogous to (5.30), is

—aWp—1 /A —bw, A+ 1/a+1/b—1/c—1/d
abwpwy_1 + 1/ab —1/cd — wp\ — wp_1 /X

(5.33)

Ty =

Again eliminating x leads to an equation for w. Introducing W,, = w,,—1/Aab,
we find for this equation

1

A?abcd)(W”W"‘l B abcd)

(W, + 1/Xbd)(W,, + 1/ac)(Wy + 1/Abe)(W,, + 1/ad)
AabW,, + 1

(Wan+1 -

. (5.34)
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The quantity W, = U/Aabed satisfies an equation obtained from (5.31),
namely,

L 1 - 1
WoWni1 — 5 —) (WoWyoy — ——) =
( +1 )\QQde)( i ! abcd) ~
(Wy + 1/Xac)(W,, + 1/bd)(W,, + 1/Xbe)(W,, + 1/ad) (5.35)
AabW,, + 1 ' '

Equation (5.34) has the same form as (5.35), provided one introduces the
parameters

a=aVA b=0b/VA é=cVX d=d/V (5.36)
We define
Wy, = Wy, + 1/X\ab = u,, /Aabed (5.37)

and
—@hy 1 JA = b A+ 1)a+1/b—1/c—1/d
by, 1 + 1/ab — 1/éd — WX — W1/

Ty =

(5.38)

Given this definition of #, and since W satisfies (5.35), it follows that
Wy = (1/Fn — 1/@)(1/Fns1 — 1/2D), (5.39)

and therefore T satisfies d-Pyy; with parameters a, 5, c, d. The transformation
from x to T defines an auto-Backlund transformation for d-Pypr. In this case
this is indeed a Schlesinger transformation, which we denote by S¢. (The
convention used here is to give explicitly the parameters associated to z,,
rather than x,1, in (5.29) and (5.32).) The inverse transformation (S¢)~!
can be obtained by defining w by (5.32), u = wAabed and finally x through
the analogue of (5.30).

In a similar way we can introduce the transformations S2, S% = (S?)~!
and Sg = (8%)71. They correspond to multiplying the two parameters
which appear explicitly by v/A while dividing the two others by the same
quantity. These are the most elementary Schlesinger transformations. Us-
ing them we can construct further Schlesinger transformations that act sep-
arately on {a,b} or {c,d}. For instance the product S¢S§ corresponds to
a—a\, b—=b/\, c—c¢, d—d.

The procedure presented here for the construction of the transformations
of the solutions of d-P’s may, understandably, appear tedious and the ansatzes
introduced somewhat arbitrary. We must reassure the reader that the whole
approach will become clearer and less arbitrary once the appropriate bilin-
ear formalism for d-P’s is introduced and associated with their systematic
geometric description.
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Ta&wounots
6 Putting Some Real Order to the d-P Chaos

The Bilinearisation of the d-P’s
As a first step towards the classification of the d-P’s we shall present their
bilinearisation in the framework of the Hirota formalism. While the latter
is quite powerful and has been applied to the study of nonlinear evolution
equations (both continuous and discrete), curiously its use in the case of
P’s has been rather limited, a notable exception being the work of Okamoto
[58]. This is rather intriguing since the solutions of the continuous P’s are
meromorphic functions of the independent variable and thus should possess
simple expressions in terms of entire functions. This is precisely what the
Hirota formalism is doing. It introduces a dependent variable transformation,
and thus makes possible the expression of the original one in terms of 7-
functions, which are assumed to be entire. Our guide to the bilinearisation
of d-P’s will be their singularity structure and the property of singularity
confinement.

Let us examine two cases which are a perfect illustration of the method,
namely d-P1 and d-Pry.

Zn
Tpi1 +Tpn_1=—Tp,+—+a (6.1)
ZnTn +a
n el = —————— 6.2
Tp+1 + Tn-1 -2 (6.2)

respectively, where z, = an + (3, and a, «, § are constants. For the needs
of the present paper a schematic singularity structure will suffice, the precise
balancing can be found in Sect. 1 and is not necessary here. In the case of d-Pr,
we have a singularity whenever the x in the denominator happens to vanish.
This has as a consequence that both x,4; and z,492 diverge, whereupon
Zpn+3 vanishes again and x,, 4 is finite, i.e., the singularity is indeed confined.
Thus the singularity pattern is {0, 0o, 00, 0}. In the case of d-Pyy a singularity
appears whenever z,, in the denominator takes the value +1 or —1. Thus we
have two singularity patterns which, in this case, turn out to be {—1, 00, +1}
and {+1, 00, —1}.

How can we use this information in order to express z in terms of 7-
functions [59]7 Let us start with d-P;. As a first step, we surmise that there
exists a relationship between the singularity patterns of a d-IP and the number
of 7-functions necessary to express the original variable. Thus in the case of
d-Pp, which has a unique singularity pattern, it is enough to introduce just
one 7-function. Since 7-functions are entire, x must be a ratio of products of
such functions. Hence, let us assume that z,, contains a 7-function F;, in the
numerator, and that F;, passes through zero. Since x,1 and x,,2 are infinite,
the denominator of x must contain F,,_; and F,,_o, which ensures that F},
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appears in the denominators of z,11 and x,2, respectively. Finally since
Zp+3 vanishes, x,, must contain F),_3 in the numerator. Thus, the expression
of z, dictated by the singularity pattern, is:

FnFn73

_ 6.3
Fn—an—2 ( )

Ty =
As we shall see below, this expression suffices for the multilinearisation, more
precisely the trilinearisation, of d-P;. That the choice (6.3) is a reasonable
one also can be seen by the continuous limit of this expression. We know,
for d-P;, that the continuous limit is obtained by z = 1 + 2w at € — 0.
Implementing this limit in (6.3) we find that w = 292 log F, a transformation
that is at the base of the (continuous) Hirota bilinear formalism.

In the case of d-Pyj, we have two singularity patterns, and so we expect
two 7-functions to appear in the expression of z. Let us start with the pattern
{=1,00,+1}. The diverging « may be related to a vanishing 7-function, say
F, in the denominator. In order to ensure that x,,_; and x, 41 are rebpectively
—1 and 41, we choose z,, of the form z(n) = -1+ "“p =1+£ o Lq, where
p,q must be expressed in terms of a second 7- functlon G. We turn now to
the second pattern {+1, 0o, —1} related to the vanishing of the 7-function G.
We find that in this case, x, = 1 + "*17“ =-1+¢ Ls, where r and s are
expressed in terms of F'. Comblnlng the two expressmns in terms of F and G
we find, with the appropriate choice of gauge, the following simple expression
for z,

Fn+1Gn—1 - 1_ Fn—lGn+1
F.G, F.G,

which satisfies both singularity patterns. Thanks to this particular choice of
gauge the relative sign is such that the continuous limit of (6.4), obtained by
r = ew, is w = 0, log g, i.e., precisely the expected transformation in the
case of Pyr.

Having explained the general procedure we are now ready to perform the
bilinearisation. For d-P; we implement ansatz (6.3), not directly on (6.1), but
on its discrete derivative,

z(n)=—-1+ (6.4)

Zn Zn—1
Tn+l — Tp—-2 = —— — ,
T Tn—1

(6.5)

and obtain the following trilinear equation,
FoisFn oF, 1 — 2,F2 (Fn o =F, 3F,oF 41— 2p1Fo_1Foio, (6.6)
which we can further regroup into
(Fpo1Fpis — 2o By ) Fno = (Fp_3Fpi1 — 2p-1Fr_ ) Frya. (6.7)

This is as far as we can go with just one 7-function. In order to really
bilinearise the equation we must introduce an auxiliary 7-function. (This
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is something one could not guess from the singularity pattern alone and it
is in fact the reason why the bilinearisation procedure cannot be entirely
automated.) So, introducing the auxiliary 7-function G,, and splitting (6.7)
into a system, we find that

2
Fn—QFn+2 - ZnFn = Gn+1Fn—1

Fn72Fn+2 - anlFs = ananJrL (68)

This constitutes the bilinearisation of the standard d-Pj.
In the case of d-Pyy, we start from ansatz (6.4) which has already furnished
one bilinear equation. Eliminating the denominator, F,,G,,, we obtain

Fpi1Gpot1 + Fy1Gpi1 — 2F,Gy, = 0. (6.9)

In order to obtain the second equation we rewrite d-Py as (zp41 +2p—1)(1 —
2n)(1+ z,) = 22, + a. We use the two possible definitions of z,, in terms of
F and G in order to simplify the expressions 1 — x,, and 1 + x,,. Next, we
obtain two equations by using these two definitions for x,,; combined with
the alternate definition for z,,_1. We thus obtain

Fn+2Fn—1Gn—1 - Fn—an+1Gn+1 = Fan(ZCC” + CL) (6103)
and
Gn,QGnJranJrl — GnJrQGn,an,l = GiFn(Z.’L'n + a). (610b)

Finally, we add (6.10a) multiplied by G,,+2, and (6.10b) multiplied by F, ;2.
Up to the use of the upshift of (6.9), a factor F,1G,11 appears in both
sides of the resulting expression. After simplification, the remaining equation
is indeed bilinear,

Fn+2Gn—2 - Fn—2Gn+2 = Z(Fn+lGn—1 - Fn—lGn+1) + 2aFnGn (611>

where a symmetric expression was used for x in the right-hand side, obtained
as the arithmetic mean of the two right-hand sides of (6.4). Equations (6.9)
and (6.11), taken together, are the bilinear form of d-Pryy.

Complete results on the bilinearisation of d-P’s can be found in [60]. We
find that d-P’s with more parameters involve a higher number of 7-functions.
In that work, we have also examined the bilinearisation of the continuous
P’s. The latter was first obtained by Hietarinta and Kruskal [61] for the first
five equations. Since that of the continuous Py was missing, we have taken
advantage of our bilinearisation of d-P’s in order to fill this gap. Let us present
here this method which shows the interplay between continuous and discrete
integrable systems. Our starting point is the discrete form of Py discovered
by Jimbo and Sakai [51]. The ¢-Py1 equation is written in the form of a
system,
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(yn — aé)(yn - 62)
(Yn — 1) (Yn —1/7)
(zn, — az)(x, — b2)

(Ty — ) (xy, — 1))’
where z = \", 2 = zv/\, with the constraint ab = a3. The 7-functions are
introduced by

(6.12a)

Tn41Tn =

YnYn—1 = (612b)

xn:c<1+<1 R e 1):C<1+<1 R e ):FG

e R N RN PRV =
Tn Qz ( (1=2) H K, ) bz ( (1=2) H K, H,K,

Y = 7 (1+ (1- )1/27"“6: ) _! (1+ (1 2)1/2F"G”+1) _ BnQn
¥

M, N, M, Ny, M, Ny,
(6.13)
and
1 1 H,. 1K,
=" (1=(1= 1/2 n+1
leading to

2F,Gp + (1 — 2)Y2(M,N,_1 + M,,_1N,) ( >

2H, K, — (1 — 2)Y*(P,Qn_1 4 Pu_1Qy) = (a + b)2F,G,
IM,N, + (1= 2)Y3(Fy1Gp + FuGpy) = (7 > PrQn
2P,Qn — (1 — 2)Y2(Hypi1 Ky + HyKpi1) = (o + B)2M, N,

1 1
(c — ) F,Gp + (1 —2)Y/? <cMnNn1 — CMnan) =0. (6.14)

<1 - ll)) HnKn - (1 - 2)1/2 (ClanQn—l - 1Pn—1Qn> =0

a b
1 172 1
v — ; M, N, + (1-2) YFn1Gy — ;F Gny1]=0
r_1 _ 12 (1 1
(a ,8) PnQn ( ) ( HnJrlK ﬂH KnJrl) =0

We go to the continuous limit by a = 1+ ea; + €2as, b = 1 — ea; + €2bo,
c=14e,a=1+ex; +€as, f=1—€ea; + P2, v =1+ ey;. The
constraint ab = a3 translates into as + by — a3 = ag + B2 — a2. The result is
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FG+(1—2)"Y2MN=HK
HK — (1-2)Y2PQ = 2FG
A FG+(1—2)Y* (D¢ +¢) M-N =0
aHK + (1 —2)Y* (D¢ —a1) P-Q =0
Y MN 4 (1 = 2)Y? (D¢ + 1) F-G =0 (6.15)

a1 PQ+ (1 —2)Y* (D¢ —ay) H-K =0

(1-2)DF-G— (1 —2)"?DIM-N + (1 - 2)"/2D2P-Q
= —(ag + b2)2FG — GHK + (1 — 2)'/2PQ
(1-2)DZH-K — 2(1 - 2)"?DZM-N + (1 — 2)"/2DZP-Q
= —(az +b2)2FG — 32HK — (ag + f2)2(1 — 2)/2M N,
where z = e¢, w =2 = HK /FG and, in addition, at the continuous limit,

w=1+(1-2)"2MN/FG,1/w = (1—(1-2)"/2PQ/HK)/z. We thus obtain
the continuous Pyq,

1/1 1 1 9 1 1 1
Weo =5 (= +——+ w?— (= + - w.
2\w w—-1 w-—=z z z—1 z-w
ww—1(w=2) (7§ of z ¢ z-1 1—a? 2(z—1)
22(2 —1)2 2 2 w2 2 (w—1)2 2 (w—2)2)"

(6.16)

One last word is in order at this point. Our analysis of d-P’s was based on
the assumption that the “right” number of 7-functions is at least equal to
the number of different singularity patterns. This led to the introduction of
up to 8 7-functions for the higher d-P’s. This proliferation of 7 functions
may appear strange and one may be tempted to try to obtain a description
involving fewer 7 functions. In order to cut short this speculation we must
make clear that only one 7 function exists. This 7 function is multidimensional
i.e., it involves several parameters, and the various symbols F, G, H etc. that
appeared above are just realisations of the same 7 function for different values
of its parameters. Thus they are all related through Miura transformations,
and the use of the different symbols is a mere convenience. The details of the
description of the Painlevé equations with a multidimensional 7 function will
be given in what follows.

The Property of Self-Duality

The Miura/auto-Backlund transformations we have discussed in the previous
section can be described in a most elegant way, for continuous P’s, through
the Hamiltonian formulation of Okamoto [62]. It is indeed known that all
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Painlevé’s can be obtained from the equations of motion of a polynomial
Hamiltonian. Starting with H(x, p,t) and the equations

d o0H
0% =%
dp _ 0H

where f(t) is a rational function defined once and for all for each Painlevé
equation, we obtain, eliminating p, the desired equation for z. One can, nat-
urally, wonder what may be obtained if one eliminates x. The answer is,
another Painlevé equation for p. Thus system (1) can be viewed as defining a
Miura transformation connecting these two Painlevé equations. (Sometimes
the two equations turn out to be the same, in which case this Miura trans-
formation is just an auto-Bécklund.)

The crucial observation of Okamoto was that the Hamiltonian is related
to the 7-functions by

f(t)%logT =H. (6.18)

The Bécklund tranformations mentioned above are introduced through bi-
rational canonical transformations on H which induce a correspondence be-
tween two 7-functions associated to different sets of parameters. In particular,
when these transformations in the set of parameters is a translation, the it-
eration of the Bécklund tranformation defines a 7-sequence {7,,,m € Z}.
Okamoto has shown that the 7-sequence of a Painlevé equation obeys the
Toda equation,

d\?2 Tm—1Tm+1
which, in bilinear formalism, can be rewritten
(D? — 2¢Pm) 7, -7 = 0. (6.20)

Here we have introduced a new variable, z, to absorb the f(¢) factor by
dz = f(t)"ldt.

While Miura/auto-Bécklund/Schlesinger transformations have been de-
rived for (almost) all the d-P’s, it has not been possible to obtain the strict
equivalent of the Hamiltonian formulation. This has led to a critical exami-
nation of the Okamoto formalism which resulted to the conclusion that the
Hamiltonian is not the crucial ingredient. The key element is the 7-function.
Thus one expects the discrete form of the Toda equation to play a major role.

The first key discovery was that of the property of self-duality. This prop-
erty first arose as a surprise. In fact, there is no way one could have guessed
its existence from experience with continuous Painlevé equations. The first
known example is the alternate d-Py equation which we have derived in [52]
and studied extensively in [63]. This equation has the form,
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n n— ].
bl o gt — t oz ta, (6.21)
Tp41Tn + 1 TpTp-1+1 Tn

where z,, = dn + z9 and a is a parameter. Its bilinearisation was obtained
from the singularity structure. Two 7-functions F' and G were introduced by

Ty = %, (6.22)
and a third, auxiliary, 7-function E was needed to obtain the system
Froi1Grn1+ Fro1Gpy1 = 2, F,Gy, (6.23a)
FoiF, 1 =F2+G.E, (6.23D)
GpnEn_1 —GnE, =aF,F,_y (6.23¢)

The choice of equation (6.23bc) for the introduction of E is more or less
arbitrary. One could have equally well replaced (6.23) by:

FnJrlGn,l + anlGn+1 = ZnFnGn (624&)
Gni1Gn1 = G2 + F,H, (6.24b)
Hnanl — anan = (0, + 5>GnGn71 (6240)

where we recall that z, = én + zg, and thus that § = 2,41 — 2,,. By compar-
ing (6.23) and (6.24) one sees that a shift of a to a + J is associated to the
7-function transformation {E, F,G} — {F,G, H}. In fact, the 7-functions
....E,F, G H,... constitute a Schlesinger chain, or, in Okamoto’s terminol-
ogy, a T-sequence.

The Schlesinger transform of (6.21) was presented in [63],

1 a(l+ zpxp_1)
= 6.25
in Tn + 1+ ZpZTn-1— 2n—1%n ( )

where z  satisfies the alternate d-Pyr equation with parameter a—4. In terms

of the 7-functions,

EnFn—l
=" 6.26
‘Z:n Enfll n, ( )

which is just (6.22) transposed to the case where a is shifted to a — 4, i.e.,
{F,G} — {E, F}. Similarly,

i (wn_ (a+6)(1+ w0y 1) )—1’ (6.27)

1+ InTn—1 — Zn—1Ln—1
satisfying (6.21) with parameter a + §, and, of course,

o Ganfl
B anlHn .

Tn

(6.28)
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We can obtain the discrete equation in parameter-space. Eliminating x,_1
between (6.25) and (6.27) we obtain the dual equation of alternate d-Pry, i.e.,
the equation where parameter a is now the independent variable, since z,,,
z,, Tn are associated to a, a — d, a + § respectively,

a+o a
zx—1 zx—1

1
=r+——a-—2z (6.29)
x

Here we have dropped the index n, so z(= z,) is just a parameter. We remark
that (6.29) is essentially alternate d-Pyy itself. The only, minor, change is that,
in order to recover the precise form of (6.21), we must multiply x by 3.

A Geometrical Interpretation of d-P’s

The discovery of the property of self-duality for alternate-d-Py; raised an
important question. Is this property exceptional or does it characterise the
d-P’s in general? We know today that all difference P’s are indeed self-dual
and so are, less expectedly, almost all g-IP’s. Still, some g-discrete P’s do exist
which do not possess this property.

How can self-duality lead us to a classification of the d-P’s? We must
admit that the link of self-duality to the geometrical interpretation is rather
indirect, but that’s how intuition works most of the time. Let us see the source
of alternate d-Pi. In [52] we have obtained alternate d-Py; as a contiguity
relation between solutions of the continuous Py,

2 ’
" w w

B 1, )
w' == —I—t(ozw +8) +yw —l—w. (6.30)

Assuming that v # 0 and ¢ # 0 one can use scaling of both w and ¢ to obtain
v =1 and § = —1. We have he following relations:

w(—a,—f) = —w(a, B) (6.31)
w(=p, —a) =w" " (a, ) (6.32)

and

B 2+a+f
w(—ﬂ—2,—a—2)—w(a,5)<1+t(g+w+i)_1_ﬁ>. (6.33)

We assume further that o # (. Using (6.31-33) and the analogue of (6.33)
starting from w(—08, —«) (which leads to w(a — 2,5 — 2)), we can eliminate
w’ and obtain a relation between w(a—2, 5 —2), w(«, f) and w(a+2, 8+2),
i.e., a one-dimensional 3-point mapping on the («, 3)-plane. We introduce the
independent variable, z = (a+3+2)/4, so that the variation of z between two
consecutive w’s is 1, and the parameters k and p by p= (8 —a —2)/4,k =
—it/2. We choose x = i/w as the mapping variable and find that
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Zn Zn—1

1
= k(—2p + — n 6.34
Tn+1Tn +1 * TpTn—1 + 1 I{( Tn .13”) et # ( )

It is, moreover, straightforward to set x = 1 by scaling. Thus one obtains
the final form of the alternate d-Py; equation. We remark that both the
independent variable, z, and the parameter, u, of alternate d-Py; are linear
combinations of the parameters a and 3 of Pyy1. Since a and ( play equivalent
roles in Pyyp, one expects z and p to play equivalent roles in alternate d-Pry;.
This is nai vely the origin of self-duality.

But the situation is even deeper than this. Since Okamoto has obtained a
formulation for the transformations of the solutions of the continuous P’s, by
translations of their parameters, in terms of affine Weyl groups, one expects
the same groups to play a role in the case of d-P’s, at least the ones which are
contiguities of c-P’s, but, as it turns out, the applicability of the approach is
quite general.

Let us present here the description of the asymmetric d-P; and its trans-
formations in a geometrical language based on that of affine Weyl groups.
The asymmetric d-Py; equation,

2 +
Tt + By = YmeZm+1/2 T

1—y3,
and 5
TmZm +
Ym F Y1 = (6.35)

with z,, = am + 3, is described by the affine Weyl group of Agl). That is,

the 7 functions live on the weight lattice of Agl), namely the points of integer
coordinates, either all even or all odd. Such points will henceforward be called
T-points. Any 7-point (say, the origin) has 8 nearest-neighbours (NN) at
distance v/3, namely (€1, €2, €3), where €2 = 1, and 6 next-nearest-neighbours
(NNN) at distance 2, with one coordinate £2 and two vanishing coordinates.
We are also interested in next-next-nearest-neighbours (NNNN) at distance
2+/2 with one vanishing coordinate and two coordinates of absolute value 2
(so there are 12 of these).

Nonlinear variables are defined at points of integer coordinates which do
not belong to the weight lattice of Agl), but rather have two coordinates of
one parity and the third one of opposite parity. For instance, at the point
(0,0,1) one can define such a variable that we will denote as zgp1. A site like
(n1,n2,n3+1), where we assume that the three n; have the same parity, is the
midpoint of a unique pair of 7-points in NNN position, namely (ni,ns,n3)
and (n1,ng,ng + 2) and of exactly two pairs of 7-points in NNNN position,
(n1 +1,ne + 1,n3+ 1) and (n; — 1,n2 — 1,n3 + 1) on the one hand, and
(n1+1,n2 —1,n3+1) and (n; — 1,72 + 1,n3 + 1) on the other. It turns out
that the relevant x can be expressed in terms of the 7’s associated to these
six points in two different ways:
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_ Tni—1,np—1,n3+1Tn1+1,n3+1,n3+1
Tnyng,nz+1 = -1

Tni,nz,nsTni,ng,ns+2

—1_ Tni—1,mn24+1,n3+1Tn1+1,n2—1,n3+1 ) (636)

Tny,nz,nzTny,ng,ng+2

Of course if the index with a different parity had been the first or the second
one, instead of the third one, one should change the indices accordingly. The
important point is the overall sign, which depends on the choice of the pairof
7’s in NNNN positions, whether the vector joining them has both components
of same or opposite parities. Writing that the two expressions for x coincide,
we obtain a first bilinear equation relating the 7’s,

Tni—1,ne—1nz+1Tni+1no+1,n3+1 T Tny—1Lne+1n3+1Tni+1,no—1,ng+1 =

27—“1,712,713 Tny,nz,n3+2> (6'37)

and, of course two more equations along the two first indices. These equations
are autonomous Hirota-Miwa equation [15,64] relating the 7’s. Consider now
a point with all coordinates half-integer, say (n1 + €1/2, na + €2/2,n3 + €3/2),
where we again assume that the n;’s have the same parity. This is the mid-
point of one pair of 7’s in NN position, T, ny,ns 80d Tnyte; noten,ngtes aNd
exactly three pairs of 7’s at distance /11, of the type Tri,me,na+2e; and
Tra+e1,mates,ns—es- L€ Us assume that the three quantities,

Tny,na,nz+2e3Tni+e1,na+ez,ng—es =~ €1€223Tny ,ny,n3Tni+e1,natez,ns+es (638)

and the two others, where the first two coordinates are singularized, are equal.
Writing that any two of these quantities are equal leads, for instance, to

Tni,na,nz+2e3Tni+e1,natez,nz—es — Tni,no+2,n3ezTni+er,natea,nz—es

= E1(6223 - 6322)7'n1,nQ,n3Tn1+el,n2+52,n3+53- (639)

These equalities consitute a second set of Hirota Miwa equations, which in
this case are nonautonomous. This set is highly overdetermined but internally
consistent, and also consistent with the first one, which it implies, provided
that z; = an;+0;, with a common value for o and three independent arbitrary
values for the §’s. (In fact dividing by the products of 7’s in the right-hand
side of (6.39), any of the three quantities (6.38), would allow us to define a
new variable on the point of half-integer coordinates, which does appear in
an interesting equation we are not going, however, to discuss further here
(65]).

We can now proceed to the Miura relation relating three nonlinear vari-
ables. Let us consider the variables at the points (0,0,1), (1,0,1) and (1,0,0),
namely, zg,0.1, etc.). We can thus write

7T1,1,1T—-1,-1,1

ZEI’()’OJ:**].
70,0,070,0,2
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T1,1,171,-1,—-1
w = 551,0,0 = — ]. (640)
70,0,072,0,0
_ o 72,0,070,0,2
y:fl'l,o,l*l*i
T1,1,171,-1,1

The reason why we chose this particular representation of each variable,

rather than the other one will become obvious soon. Indeed, computing z —w
we find that

T1,1,17—-1,—-1,1  T1,1,17T1,—-1,—1 T1,1,1 _ 72,0,07—1,—1,1 — 70,0,271,—1,—1
T—w = — = X .

70,0,070,0,2 70,0,072,0,0 70,0,0 70,0,272,0,0

(6.41)

Using (6.39), or rather, its analogue where the second coordinate is preferred,
the numerator on the right-hand side can be rewritten (21 — 23)70,0,071,-1,15
where z; and z3 are in fact computed at y, so n; = ng = 1, and thus we
obtain

Z1 — %3

rT—w=—). 6.42

= (6.42)
This is the Miura transformation relating the three points x, y and w on the
vertices of an isosceles right triangle, with y at the right angle. Let us now
consider the point (2,0,1) and the associated variable T = 2,0 1,

T =T20,1 = 1-— L1173, 11 . (6.43)
72,0,072,0,2
Similarly we obtain
Frw= 2T (6.44)
y+1
Taking the sum of these equations we obtain
— 221y — 2
I e s N i § (6.45)

y—1 y+1 y2—1

One must supplement this equation by one relating y at (1,0,1) with 7 at
(3,0,1), using for instance, u at (2,1,1) so T at (2,0,1) is at the right angle of
the isosceles right triangle Tgu. One must now compute the z’s at T so z5 for
no = 0 and Z1=2z; + o at n; = 2. Then

Z1 + 22
pr— 6.46
ytu T+1 ( a)
_ Z1— 22
P 6.46b
you=——7 (6.46b)
SO S,
2T — 22
Try="2g—2 (6.47)
z°—1

Iterating, we see that in the numerator of the right-hand side the coefficient
of the independent variable increases by « at each step while the zero-degree
terms keep alternating between the values z3 computed at ng = 1 and 25
computed at ny = 0. This is exactly (6.35).
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The Sakai Approach and the Classification of d-P’s

While we have undertaken the classification of d-P’s based on a geometrical
description [66], another approach has tackled the same problem and pre-
sented a global answer [67]. Our approach has been essentially constructive.
Starting from a given d-P equation, we worked out in detail its geometric de-
scription, which turned out to be described by an affine Weyl group. Sakai’s
approach is complementary. He started from the geometry of affine Weyl
groups and obtained d-P equations in the end. The approach of Sakai also
draws its inspiration from the work of Okamoto [68] on continuous P’s. The
two key notions are the “space of initial conditions” and the “symmetries
under affine Weyl groups”. Let us make these notions a little more precise.

The continuous P’s are second-order differential equations. Thus one
would expect the space of their initial conditions to be C x C since, for a
given value ty of the independent variable, the solution is specified by the
data of the function and its derivative at this point, with some reserves con-
cerning the points at which the coefficients of the equation become singular.
However there exist solutions which diverge at ty. Thus we must compactify
C2. Once this is done, it may happen that several solutions pass through
the point at infinity. We must then separate them. The procedure is by a
blowing-up of the space, i.e., through the introduction of local coordinates
which make the divergence disappear.

The second idea of Okamoto, pertinent to the work of Sakai, concerns
the symmetries of continuous P’s under affine Weyl groups. As Okamoto has
shown, the auto-Bécklund (Schlesinger) transformations of the continuous
P’s generate extended affine Weyl groups and he has provided the following
correspondences between equations and symmetries: Pyy - Agl), Prr - (2A§1)),
Prv - Agl), Py - Agl), Pyr - Dfll). (Equation P has no parameters and thus
no auto-Bécklund transformation.) We must point out here that Okamoto’s
methodology was, in spirit, closer to ours, in the sense that he started from
a given equation and obtained the space of initial conditions as well as the
affine Weyl group corresponding to each equation.

Sakai’s approach consisted in studying rational surfaces in connection to
extended Weyl groups. Surfaces obtained by successive blow-ups of P? or
P! x P! have been studied through the connections between Weyl groups and
the groups of Cremona isometries on the Picard group of the surfaces. (The
Picard group of a rational surface X is the group of isomorphism classes of
invertible sheaves on X, and it is isomorphic to the group of equivalent classes
of divisors on X. A Cremona isometry is an isomorphism of the Picard group
such that a) it preserves the intersection number of any pair of divisors, b)
it preserves the canonical divisor Kx, and c) it leaves the set of effective
classes of divisors invariant.) In the case where 9 points (for P2, or 8 points
for P! x P1) are blown up, if the points are in a generic position, the group of
Cremona isometries becomes isomorphic to an extension of the Weyl group of
type Eél). When the 9 points are not in a generic position, the classification
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of connections between the group of Cremona isometries and the extended
affine Weyl groups was studied in full generality by Sakai. Birational (bi-
meromorphic) mappings on P? (or on P* x P!) are obtained by interchanging
the procedure of blow-downs. Discrete Painlevé equations are recovered as
birational mappings corresponding to translations of affine Weyl groups. We
shall not present the work of Sakai in detail (lest we sink into plagiarism).
We urge the interested reader to read this excellent piece of work and study
it carefully.

The net result of the Sakai approach is a complete classification of the d-
P’s in terms of affine Weyl groups. Starting from the exceptional Weyl group,
Eél), he obtained the systems corresponding to the degeneracy pattern below,

E§ Af
1 Ve
El — E! — El — DI — A} — (A,+A)7 — (A +A)T— Af
i | L ! ! |l !
EE — E — E} — D — A5 — | (2A)° — | AS
AV N
A$ — Af

In this diagram, we assign to a Weyl group an upper index e if it supports a
discrete equation involving elliptic functions, an upper index ¢ if the equation
is of g-type, an upper index 4 if it is a difference equation not explicitly related
to a continuous equation, and an upper index c if it is a difference equation
which is explicitly the contiguity relation of one of the (continuous) Painlevé
equations, namely Py for Dy, Py for Aj, Pry for Ay, (full) Pyyp for 2A4
(which means the direct product of twice Ay in a self-dual way), Py for the
A1 on the last line and finally the one-parameter Py; for the A; on the next
to last line. Neither Py nor the zero-parameter Pryr appear here since, having
no parameter, they have no contiguity relations, hence no discrete difference
equation related to them. For each Weyl group we give below examples of
equations that live in them. In what follows, g, = qoA\"™, pn = ¢n/ VA, while
zn =20+ nd and ¢, = z, — /2.

E§
We start from eight constants with the constraint that their product is unity.
Let my, mo, ..., mg be the elementary symmetric functions of order 1 to 8

of these eight constants (given the constraint, mg = 1). Then the mapping
is:

(@nt1Pp41 = Yn)@npn = Yn) = (Pna = Do —1)
(Tna1/P241 — Yn)(@n/p2 —yn) — (L= 1/pd 1) (1 —1/p})
yr — Myys + Moy? + Msy,, + M,
yh — Mryd 4+ Mey2 + Msy, + My/qS’
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(Yn—14n—1 = Zn)Wntp — Tn) = (Go_y — Dlgp —1)
(Un—1/22 1 — 2n)Wn/2 —wn) — (1 —1/q}_)(1—1/qk)
zfl — N7:17§l + Ng,-x?l + N5z, + Ny
x4 — N1a3 + Noa2 + Nax,, + Nyfpd

where we have introduced the auxiliary quantities M; = mqyq,, Ms = mgq,% —
3—q8, M3 =mqql — msq) + 2miqn, My = q8 — meqd + maq,, — maq + 1,
Ms =mq/q}, —ms/qs + 2mz/qn, Me = me/q2: — 3 —1/¢5, M7 = mz/q, and
Ny = my/pn.x Ny = ma/ps —3—1/p%, N3 = mq/pl, — ms/p3 + 2my/pn,
Ny = p§ — mapl + mapy, — mepl + 1, N5 = mupl, — msp + 2mzpn, Ne =
mgpi -3 - pi, N7 =mzpy,.

E5

8
Here we start from eight constants with the constraint that their sum must
be zero. Let ss, s3, ..., sg be their elementary symmetric functions of order

2 to 8 (from the constraint, s; = 0). Then the equation is

(Yn — Tns1 + 4C72L+1)(yn — Tn + 4@%) + 16ynCnri16n
Cn(Yn — Tng1 + 4(721-*'1) + Cat1(Yn — Tn +4¢2)
Yt + Soy3 + Say2 + Seyn + Ss
8zny2 + Sgy% + Ssyn + S7

with Sy = 89 +2822, S5 = 53+ 62,80 +5623, Sy = 54+52,53+ 152255 + 7022,
Ss = s5+42,54+102253+2023 55+ 5625, Sg = 56+ 32,85 + 62254+ 102353+
15,2:1152 + 28,22, Sy = s7 + 22,86 + 32,,%85 + 42’;9;34 + 5zﬁ53 + 62232 + 8z77l,
Ss = Sg + zpS7 + ZTQLSG + z;n’l35 + zfl54 + 2283 + zﬁsz + zi.

(Zn — Yn1 + 425 1) (@n — yn +427) + 16202, 12,
Zn(xn —Yn—1+ 427%71) + anl(xn — Yn + 43721)
xh 4+ Xoxd + Xya2 + Yoz, + Xg
8¢ + Xsa2 + sy, + X7

)

with 22 = 52+28<721, 23 = 7834’64&824’5642, 24 = S4*5<n83+154352+70<3,
X5 = —s;5 +4Cn84—10C283+20<282+56<2, Yo = 86—3Cn85+6§%$4—10<383+
15¢nsy 4+ 28¢5, X7 = —s7 + 2(ns6 — 3C2s5 + 4¢3 sa — BChss + 6() s + 8¢,
s =58 — Cust + (56 — Ciss + Crsa — Gisa 4+ (s + (-

E7

(ynxn+1 - QHPn—H)(xnyn - ann) _
(YnTns1 — ) (@nyn — 1)

(Yn — agn)(Yn — bgn) (Yn — cqn)(Yn — dgn)
(Un =) (Yn = 7)(Yn — $)(yn — 1)

)



296 B. Grammaticos and A. Ramani

(Tn¥n — 2nPn) (TnYn—1 — 2n—1pn) _
(@nYn — )(@nyn-1 — 1) ;
(xn = pn/a)(@n — pn/b)(@n — pn/c)(@n — pn/d)
(0 = 1/p)(@n — 1/r)(@n — 1/s)(2n — 1/t)
where a, b, ¢, d, p, 7, s and t are 8 constants satisfying the constraints abcd =
prst = 1.

é
E7

(Yn + Tng1 = 20 — Car1)(Tn + Yn — 20 — () _
(Yn + Znt1)(Tn + Yn)
(Yn — 20 —a)(Yn — 20 — D) (Yn — 2n — ) (Yn — 2 — d)
Wn = P)(Yn —7)(Yn — 5)(yn — 1)

(xn + Yn — 2n — Cn)(xn + Yn—1— Zn-1 — Cn) o
(Tn + yn)(Tn + Yn—1) B
(Tn = Cn + a)(Tn — G + 0) (T — G + ) (Tn — G + d)
(@n +p)(@n + @) (@n + 5)(zn +1)
where a, b, ¢, d, p, r, s and t are 8 constants satisfying the constraints a +
b+c+d=p+r+s+t=0.

)

E§
(g 1) = Yn = P)Yn =) (Yo — 8) (Yo — 1)
(y"z"""l 1)( nYn 1) - (yn — GQn)(yn - Qn/a)
~ 1\ oy (@ = 1/p)(wn = 1/r)(@n — 1/8) (@0 = 1/1)
(:’Iinyn 1)( nYn—1 1) (xn — bpn)(l'n — Pn/b) )

where a, b, p, r, s and t are 6 constants satisfying the constraint prst = 1.

Eg

_ (= )( —)(Yn — 8)(yn — 1)
(yn + x’"«-‘rl)(zn + yn) - ( — )(yn — 2+ a)
(zn +p)( + 1) (zn + 5)(zn + 1)

(,’Ijn—I—yn)(l‘n“‘yn—l): (Tn = Co = b)(zn — (u + D)

where a, b, p, 7, s and t are 6 constants satisfying the constraint p+r+s—+t = 0.
D3
Tpp1Ty = (yn - aC_In)( Qn/a)
n n —
(yn — ) (yn — 1/0c)

_ (T, — bpn)(Tn — pn/b)
I = ) — 1/d)
where a, b, ¢, d are 4 constants.
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4
2
Cn-i—l Zn =z, +a+ byn + (1 yn)(zn/Q + C)
Zn, Cn b, + (1 — x%)(zn/2 -0

=G ta+t

where a, b, ¢ and d are 4 constants.
In the same space one has also, in a different direction

(ym - Zm)2 —a

Tm+1Tm = W2 —b
m

+ _ CTYL—C Cm+c
Ym Ym—1 1+d1‘m 1—|—xm/d’

where a, b, ¢ and d are 4 constants.

Di
T 1Tn = C(yn - aqn)(yn - Qn/a)
Yn — 1
T, —b Ty — b
YnYm1 = (zn, Pn)(Tn = pn/ ),
c(xy, —1)
where a b, ¢ are 3 constants.
A3
_ Ynin —0a
(En+1+xn - y%—l
-Tn(:n -b
Yn + Yn—1 = W7

where a and b are 2 constants.
In the same space one has also, in a different direction

Ym — Zm
xm+1xm:27
Ym —a

1 Cutb
Ym + Ym—1= — + -

Tm 11—z,

where a and b are 2 constants.

297
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(A2+Aq)9
vz, — nYn =
T yn(yn - ]-)
_ bpnTyn — ng
ynyn—l xn(xn _ 1) )

where a, b are 2 constants.
(2A,)¢,

which means a self-dual combination of two A§’s

n n 1
Cn+1 . G R
1- Tn41Tn 1-— Tp—1Tn Tn,

where a is a constant.

A3
Zn +a
x7n+1+$n:_yn+b+ =
n
Ch—a
yn+yn71:*$n+b+ = )
Ln

where a, b are 2 constants, but b can always be scaled to unity unless it is
ZEro.

(A1+Aq)9,
which means a non self-dual combination of two AY’s,
e L+ Yn/qn
Yn(1+yn/a)
Ty, +1

ynyn—l =a 2
Ty

or, in a different direction,

aq,xm
(xm - Qm)
We have two different equations corresponding to A{. The one on the next
to last line, related to the one-parameter Py, is

Tnin +1
Tn+1 +Tp_1 = 2 5
Ty

(Tm1Tm — 1) (@m—12m — 1) =

while the one on the last line, related to Pyp, contains the discrete equation

<n+ 1 + Cn

Tnt+1 + Tn Tn—1+Tn

_ .2
_mn+aa

where a is a constant which can always be scaled to unity unless it is zero.



Discrete Painlevé Equations: A Review 299

Finally we have two different possibilities for equations in A?,

o= Tndn +1
1Tp—1= —5 —
n—+ n x%
and an ‘asymmetric’ equation, which was shown to be a discrete form of the
zero-parameter Py,

(-rn—lyn - 1)(xnyn - 1) =d4n

(@nYn — V) (@nYn1 — 1) = qnxi
with ¢, = qA\™.

One important finding of Sakai is the discovery of the equations related
to the group Eél). He found that there are three such equations, rather than
two as in the case of E§1) or Eél). The upper index e indicates the third,
new, kind of discrete P’s, namely, mappings where the independent variable
as well as the parameters enter through the arguments of elliptic functions.
Sakai’s construction is global. If one wishes to construct explicit examples
of the equations associated to specific affine Weyl groups, one has to specify
a nonclosed, periodically repeated, pattern in the appropriate space, in or-
der to obtain the corresponding d-P. (A consequence of this last statement
is that the potential number of d-P’s is infinite, since any nonclosed peri-
odically repeated pattern in each of the spaces of the affine Weyl groups of
the degeneration pattern would lead to a different d-P.) In [69] we have ob-
tained explicit examples of elliptic d-P’s and, despite its lenghty expression,
we cannot resist the temptation to present one such example here,

Tpo1 —sn?(AMn+ A2+ ¢(n — 1) — (=1)" + w(n); m)
Ty —sn2(An+A/24+ p(n—1) — (1) — w(n);m)

o Tn = sn?(—2xn — ¢(n — 1) — p(n + 1) + w(n);m)
Tn —sn?(=2An — ¢(n — 1) — ¢(n + 1) —w(n);m)
o Tnt —sn?(An—A/2+¢(n —1) + (=1)"¢ +w(n);m) _
T 2O A2 4 o(n 1)~ (1) w(n);m)

1= m?m2(An + a(n) + <9 m)sn®(“An + B(n) — <9 m

1 —m2sn2(An + a(n) —

y 1 —m2sn?(An + a(n) — @; m)sn?(y(n) + @;m)
1 —m2sn?2(An + a(n) + %; m)sn?(y(n) — @;m)
Lo mien(an + () 4 57 mpenlon) = #gim) o e
L= m2sn2(=n + B(n) — £G4 m)sn?(y(n) + 2525 m)
where we have introduced the auxiliary quantities a(n) = A / 64+ (2¢(n—1)+
¢(n +1) = (=1)"9)/3, B(n) = A/6 = (2¢(n + 1) + ¢(n = 1) + (=1)"4)/3,
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Fyn) = (p(n+1) —p(n — 1) + 2(—=1)"p — \)/3 and where 1) is a constant,
o(n + 3) = ¢(n), i.e. ¢ has period three and w(n + 4) = w(n), i.e., w has
period four so the whole equation has period 12. The total number of degrees
of freedom is 8, including the independent variable.

While the Sakai approach may seem somewhat abstract, it is quite use-
ful for the understanding of various aspects of d-P’s and discrete systems in
general. Sakai himself provided the link between the property of singular-
ity confinement and the construction of the space of initial conditions. He
has shown that all d-P’s have a maximum of 8 confined singularities, and
that they can be described by a maximum of 8 blow-ups. The procedure
of blowing-up at each singularity is the one first advocated by Kruskal [70].
According to Kruskal, one must provide a complete description of the dy-
namics of the mapping and this means lifting the indeterminacies of each
of the singularities. This program of complete description of the dynamics
of mappings with confined singularities was carried out by Takenawa [71].
He has studied the discrete P’s of the Sakai classification and reconstituted
their dynamics through a series of blow-ups and blow-downs. He has used
this approach in order to compute the algebraic entropy of these systems,
and has shown that all these d-P’s have a degree growth that behaves as n?,
a result previously established, albeit in a nonrigorous way, in [45]. Moreover
Takenawa has used this approach on mappings, like the one obtained in [37],
which have a positive algebraic entropy while having confined singularities.
He was able to obtain analytically the algebraic entropy of such mappings,
thus extending and complementing Sakai’s approach.

Emidopmiov

7 More Nice Results on d-P’s

This last section will be devoted to topics which either could not fit into the
previous sections or would lengthen the presentation there. Still, since they
are interesting results we decided not to omit them but regroup them in this
section, which, as a result, will appear slightly less well organised than the
previous ones.

Limits and Degeneracies of d-P’s
As we have already seen, most d-P’s do contain parameters. One can consider
the limit of the d-IP when these parameters take some special values. The usual
result of this limiting procedure is again a discrete P the continuous limit of
which is different from that of the initial one.
Let us start from the simplest case, d-Pr, written as
Zn
Tntl + Tpn_1+ 2, = — + . (7.1)

n



Discrete Painlevé Equations: A Review 301

Parameter o can be scaled to 1, unless it is 0. In this special case, the d-Pg

equation reduces to
z
Tp4l + Tp—1 +Tp = la (72)

n

which does not possess any nontrivial continuous limit.
Let us now turn to d-Pp; and introduce a scaling of all variables and
parameters so as to transform the equation to

ZnTy + Q@
Tpg1 + Ty = :2 im% (7.3)
By taking the limit p — 0 we find the equation
Zn a
n n—1= —— o 7.4
Tn4l + Tp-1 a:n+a:% (7.4)

which is a well known form of d-Pr.
Similarly, one can study limits of g-Pyry, which we shall rewrite here for

convenience as

VZp + (Tn +

arZ + Bx, +v

The full g-Pry1 corresponds to v % 0. Without loss of generality, one can set -y
to be a constant. We find, by applying the singularity confinement criterion,
that o and 3 can both be set to constants, by redefining x. We further find
that ¢ = (A" and p = peA®". The limits we consider here correspond to
~ = 0, while keeping the behaviours o = const., 3 = const., ( oc A", 1 o< A2".
We first find the equation

(7.5)

Tn+1Tn—1 =

Tn +
Tp41Tp—1 = (C - a

(O (7.6)

This is a novel form of ¢-Pry. Its continuous limit can be obtained through
r=1+4ew, f=—-2+¢€g, (= —2\", p = \?" where A = 1 + €3/2, leading
to w” = 2w3 + wt + g. A further limit can be obtained, starting from (7.6),
by taking 8 = 0, in addition to v = 0. In this case we find the equation

¢ M
Tpt1Tp—1 = . + 2 (7.7)
where, by the gauge © — z\"/2, ;1 can be taken as to be constant and ¢
to be of the form (oA"™/2. Equation (7.7) is a discrete ¢-Py, as can be seen
from the continuous limit obtained by = 1 + 2w, ¢ = 4k", u = —3 and
k(= A/?) =1 — €°/4, leading to w” = 6w? + t. More limiting cases based on
equations d-Pry and d-Py can be found in [47].
The cases associated to the notion that we denoted in [47] by the term
of degeneracy need some explanation. (The choice of this term is admittedly
unfortunate, since it is too similar to the term degeneration used for the
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result of coalescence. However since it is the one we have used in the initial
publication on the subject we will, with apologies, retain it here). Here is
what we mean by degeneracy. The way we have obtained most d-P’s was
to assume a functional form given by the QRT mapping at the autonomous
limit, and de-autonomise it, using some integrability criterion. The important
assumption at this stage is that the functional form is fixed.

Let us illustrate this with an example based on d-Py_1:

_ﬂx%—l—exn—i—é

ax? + Bz, + (78)

Ln41 + Tp—1 =

Suppose that the numerator and denominator in the right-hand side of (7.8)
have a common factor. This is what we call degenerate case. This case is of
interest only when « # 0, otherwise the degenerate equation becomes linear.
In this case we obtain

€
Tn+p

Tpt1l T Tp—1 = (79)

We can translate p to zero and de-autonomise (7.9). By Using singularity
confinement, we obtain

Tpt1 + Tpo1 = = +a (7.10),
Tn
with again z linear in n and a constant, which is another form of d-Py. Its
continuous limit is obtained through =z = 1+ 2w, a = 4, z = —2 — €°n,
leading at € — 0 to w” 4+ 2w? +t = 0, with t = en.

Similarly the degenerate forms of d-Pyj; are obtained when the numerator
and the denominator in the right-hand side of (7.5) have a common factor.
In this case,

axy, +b

—= 11
p— (7.11)

Tp41Tp—1 =
The de-autonomisation of this equation yields a = agA™ and d = dg\™. Unless
c = 0, we can always take ¢ = 1, by division, and a proper gauge allows us
to take b = 1. Equation (7.11) in its nonautonomous form is a novel form of
g-discrete Pry. The limit d = 0 in (7.11) leads to the equation (¢ = 1),

Tna1Tn_1 = a+ i, (7.12)
where a = agA™. This is another form of ¢-Py. The continuous limit is obtained
by z = xo(1 + €2w), where 23 = —1/2, a = 322\", with A = 1 — ¢°/3, leading
to w” + 3w? +t = 0. An equivalent equation can be obtained from (7.11) by
taking a = 0,

1
Ty +d

Tp+1Tn—1 = (713)
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Equation (7.13) is transformed into (7.12) by taking © — 1/2 and exchanging
a and d. Another limit, leading to another ¢-Pr, is ¢ = 0. We find the equation

Tp+1Tn—1 = aTn + b, (7.14)

where a, in this case, is a constant and b = by\", with continuous limit
w” 4+ 6w? 4+t = 0 obtained by = 1 + 2w, a = 2, by = —1 and A = 1 + €°.
An equivalent equation can also be obtained by taking b = 0 in (7.11). We

find the equation
axy

Ty +d

Tp+1ln—1 = (715)
Equations (7.14) and (7.15) are related through the transformation x — 1/x,
with the appropriate relations of the parameters.

Many more examples, related to equations d-Pyy and ¢-Pvy can be found
in [47].

On Asymmetric Forms

In the previous sections we have encountered several examples of d-P’s. As
we have explained one very simple way to obtain them is to start from a
QRT-type mapping,

z _ fl(xn) - xn—lfQ(-rn)
" fa(@n) = wn fon)

(7.16)

and de-autonomise it by the application of an integrability criterion. The
result of this approach is, as we have seen, quite often a mapping where a
degree of freedom with binary, ternary or higher periodicity may exist. This
suggests that the mapping can be better written as a system of more than one
equation. (As we have remarked the mapping remains of the second-order,
since all but two of the relations involve dependent variables which are all
defined at for the same value of the independent variable, while the last two
involve two values of the independent variable, n — 1 and n for one of them,
n and n + 1 for the other. In the symmetric case, of course, all three values
appear in the unique equation.)

This approach does still not exhaust all the possibilities. The d-P’s ob-
tained in this way are very slightly asymmetric. One could thus wonder
whether more complicated systems would exist. The answer is, quite expect-
edly, indeed they can.

First as we have seen in the classification of the canonical QRT forms,
there exist mappings of the form

Yn¥Yn4+1 = g(xn) (717b)



304 B. Grammaticos and A. Ramani

Several examples of such mappings are known, for instance [72],

(Ym — 2m)* —a

yz, — 1

Cm—cC Cm +cC
1+dey,  1+az,/d

with {, = z,_1/2, which is a discrete Py, obtained as a contiguity relation
[73] for the solutions of the continuous Pyy. Many more equations of this
form are known.

Another possibility also exists. Some equations can be written in a such
form that the right-hand sides are quite different, without any possibility of
further simplification. In [74] we presented the mapping

(7.18a)

Tm+41Tm =

(7.18b)

Ym T Ym—1 =

1+ yn/Qn
TpTpil = ———————— 7.19a
4 /D (7-182)
T, +1
YnYn—1 =d o (7.19Db)

n

which was to be a discrete form of the one-parameter Prpy. Similarly in [48]
we introduced the system of equations

(xnyn - 1)(xn71yn - ]-) =d(qn (720&)

(mnyn - 1)(xnyn+1 -1)= qnwi, (7-2Ob)

which was shown to be a g-discrete form of the zero-parameter Pryg.

More equations of this kind do indeed exist, but, curiously they have not
yet been studied in detail. One way to approach this problem would be to
start from an asymmetric QRT mapping,

_ fl(yn) - xan(yn) a
T Fulyn) = o) (721a)
Y1 = g1 (xn) - yng2(l‘n) (721b)

94(In) - yng3($n) ’
and investigate explicitly the integrability of forms which are strongly asym-
metric.

A remark is in order here concerning the possible forms of d-P’s. Some-
times one obtains equations which are written in a form which is very far
from a QRT one. For instance while studying the contiguities of the solutions
of Py [52] we obtained the system
Ty (Yn — 1)2)

7.22
S (7.22a)

Tpt1 = —Zpn(Yn — 1)(1 —
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1 Zn, (2nYn + Tp(yn — 1))3
SO el e sy R ey R Gt
(z’nyn + xn(yn - 1))2
n—1 = — 7.22
Y-t Syn(zn + xn) - (Znyn + xn(yn - 1))2 ( C)
n — 4n\Yn — 1 )2
(syn — n(yn —1)%) (7.224)

I = Dy @n W — D) = 20— D) = 220 — 1)’
which looks already awesome even though we do not present it here in its
full generality. As was shown in [52], the continuous limit of this mapping is
the Prv equation. We speculate that equations of the above form result from
complicated evolution paths in the corresponding geometry.

Moreover it is interesting to know that one can also look for d-P’s of the
form 11 = f(Tn,Yn)s Ynt1 = 9(Tn, yn), with the necessary reserve that the
backward evolution, ©,—1 = h(@n,Yn), Yn—1 = k(Tn,yn) be equally defined.
We point out here that this evolution is different from the one defined in the
QRT mapping. In the latter the variables are staggered, in the sense that
Yn+1 18 not defined in terms of x,, and y,, but rather in terms of y,, and z,41.

Discrete Systems from Contiguities of Continuous P’s

by Limiting Procedures

As we have seen in the previous sections, many difference P’s are just the
contiguity relations of the solutions of the continuous P’s. While the inde-
pendent variable is now what was previously a parameter of the continuous
P, the continuous independent variable ¢ does not disappear but survives as
a parameter of the d-P. Moreover it is not a parameter the value of which
can be modified through a Schlesinger transformation. Given the relation to
the continuous Painlevé equation, there exist some values of ¢ which play a
special role. In particular the values which correspond to the fixed singulari-
ties of the continuous Painlevé equations, namely (0,1,00) for Py, (0,00) for
Pv and Pyq1, and only oo for Pyy and Py, are expected to play a role.

Let us now present some of these special limits, detailed analysis of which
may be found in [75]. Here we shall limit ourselves to the equations obtained
from the contiguity relations of the continuous Pvyp. Two such equations have
been presented in [73].

Let us start with the system,

Zn +a Zn — Q
Ty + Tp1 = + 7.23a
" T yn/t 1 +ty, ( )
(Tn = 2n11)* = P?
YY1 = T T (7.23D)
x2 —c
where z, = an + (3, even if n is not an integer. This equation was first

derived in [72], where we gave its Lax pair and showed that it was a discrete
form of Py. If we take t — 0 in (7.23), or t — oo, since (7.23) is clearly
invariant under ¢ — 1/t, a — —a, we find that the first equation reduces to
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Ty + Tp—1 = 2n — @, i.e., a linear equation. Thus, at this limit, system (7.23)
is trivially linearised. Next we take ¢ — 1. In this case (7.23a) reduces to
Tn + Tp—1 = 22, /(1 + y,) which can be solved for y. We can thus obtain a
single equation for x,

2 2
Ty + Tpt1 — 2Zn+1 Tp + Tpo1 — 22, . (.’En - Zn+1/2) —D
Tn + Tn+1 Tn + Tn—1 Jj% —c? .

(7.24)

This is an equation belonging to the family of d-Py we presented in [49] and
it is in fact linearisable, as we shall show below.

The two limits obtained above were performed in a straightforward way.
However it is possible to obtain more limiting cases if we renormalise the
variables appropriately. Let us examine again the t — 0 case. We introduce
Y = ty and take tp = k. The limit of (7.23a) now becomes x, + Z,—1 =
(zn —a)/(1 +Y,) and we can solve this equation for Y. Substituting ¥ into
the limit of (7.23b) we find:

T4 Tpi1 —2ng1 + 0\ (Tn4+Tp1—2n+a) K (7.25)
Ty + Tnt1 Tp + Tp_q

T2 o2
Ty —C

This equation is the Miura of the equation we call the alternate d-Py; [63].
In the case t — 1 we introduce t = 1+¢€, z = X/e, y = —1 — €Y, ¢ = 1/,
p? = 1/e2 — 2q/¢ and obtain, at the limit € — 0, the mapping:

Yozn +a

XnZn +4q
Y, Y, —2onn 4 26
+ Yot 1—x2 (7.26Db)

which is known as the asymmetric d-Py; equation and constitutes a discrete
form of Pypy.

The second equation coming from Py is the one we presented in [73]
together with its Lax pair.

Zn 41/ N EAERYA b(t? — Dy +t(1 — 22)(2,/2 + (—1)"¢)

1—2zp2pi1 1 —zpxn = atnt (t+zn)(1 4 tay,)

(7.27)

It also has Py as a continuous limit. Again the limit ¢ — 0 (or ¢t — o0) is

straightforward. The equation reduces to 2,1, /(1 — TpTni1) + 2p—15 /(1 —

TpTp—1) = a — b+ z, which is linear for the quantity 1/(1 — z,2541). Thus

this limit is trivially linearisable. The limit ¢ — 1 is more interesting. We
obtain

Zn+1/2 Zn,1/2 1— T, .
- nt—(n/24+(=1)%). (728
1—2p2pi1 1 —ZTpTn_a a+z +1+$n(2 /24 (=1)"¢) ( )

This equation is a new discrete system, which we expect to be integrable,
since it is a limit of an integrable one. Moreover the iteration of some initial
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data leads to a linear degree growth. Thus we surmise that this system is
linearisable. Its linearisation will be given below.

Just as in the case of (7.23) we can take the limits ¢ — 0 (or ¢ — o0)
and ¢ — 1 in a subtler way. For the ¢ — 0 case we put = 2t~1/(X — 1),
2=4+1Z,a= -2+ At?/2, b = 2+ At?/2 and ¢ = —Ct?/2. At the limit
we find:

ZnXn+ A+ (-1)"C
1-X2 ’

Xpr1+ X1 = (7.29)
i.e., the asymmetric d-Py; equation.

In the case of the limit ¢ — 1 we can obtain an equation somewhat richer
than (7.28). It suffices to assume that, while ¢ goes to 1, b diverges so as to
keep the quantity b(t?> — 1) finite. We thus find the limit

Zn41/y Zn—1/p —a+ 2, + kxy, _ + 11—z,
1—xpTpr1 11— 2w (1+z,) 1+ 2z,

(zn/2+ (=1)"¢).

(7.30)
This equation is different from (7.28). As a matter of fact (7.30) is a new dis-
crete Painlevé equation. An equivalent form of this equation can be obtained
if we take © = (1 — X)/(1 4+ X). We find, in this new variable,

Zn 41/ Znoiy ok 428 + Xn(—2n/24+ (—1)"¢)
Xn"'Xn—i-l Xn"'Xn—l - 2 1 _X721 ’

(7.31)

Next we introduce the new auxiliary variable Y through k(Y,, — 1)/4 =
Zn1sy/ (X + Xpy1). Equation (7.31) can now be written as a system

A+ (Z,+ (-1)"C)X,

Y, + Y, = o1 (7.32a)
Zn_;,_l/2
X =3 (7.32b)

with the appropriate redefinitions of a, ¢ ,and z. We can recognize (7.32a) as
part of the asymmetric d-Py; equation.

Let us now present the linearisation of the two equations we obtained
above. We start from (7.28), which we rewrite as

2<n+1/2 + 2(%—1/2
1—zpTni 1—xprn_

1—x,
=a-+ Cn_1/2 + Cn+1/2 + mzn (733)

by introducing two new functions, ( and Z, and we have just used the prop-
erty that the quantity appearing on the right-hand side is the half-sum of the
two quantities appearing at the numerators of the left-hand side. With this
parametrisation, the linearisation condition is Z, + Zn41 = (u_1s + Guysp-
Thus only one free function remains. A most convenient way to parametrise
this linearisability condition is to introduce a free function ¢ and express ¢
and Z as Cn+1/2 = ¢n+ Pnt1 and Z, = 1 + Pnta-
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In order to linearise (7.33) we first introduce the auxiliary variable w by
Wy, = 2Cn415,/(1 = TpTpi1) — Cugry,- Equation (7.33) becomes

1—=z,
1+,

Wy + Wy —a = L, (7.34)

which can be solved for z,, in terms of w,,, w,_1. Substituting this expression
for x back into the definition of w we find the equation

((wn—l + wy, — G)CnJrl/z — ann)((wnH + w, — a’)Cn+1/2 —_ Zn—i—lwn) —
(wy: — C721+1/2)ZnZn+1~ (7.35)

We can formally introduce a parameter p into the equation and rewrite it as

((wnfl + Wy, — a)Cn-{-l/Q — ann)((wn+1 + Wy — a)<n+1/2 — Z’n+1wn) —
(wi - pCTQH.l/Q)ZnZn-o-l- (7.36)

If we eliminate p between (7.36) and its upshift we find a four-point equation
relating four w’s (from n — 1 to n+2). On the other hand consider the linear
equation

AnwnJrl + Bn(a - wn) + An+1wn71 + T(ann+1 + (Zn + ZnJrl)(wn - a)
+Zn+1wn_1) = 0, (737)

where r is an arbitrary constant and A and B have simple expressions in
terms of QS: An = ¢%(¢n—1 + ¢n+1)7 Bn = (d)n + ¢n+1)¢n—1¢n+2 + (an—l +
On+2)OnPn+1. Eliminating r between (7.37) and its upshift leads to exactly
the same four-point equation as the one obtained from (7.35). The way to
integrate (7.35) becomes clear. Start from two initial conditions for w, say
w_1 and wp. Use (7.35) to compute w1, so (7.36) is satisfied with p = 1 for
these values of the w’s. Substitute all three values of w into (7.37) and set
r so that the latter is satisfied. From then on, integrate the linear equation
(7.37) for this value of r to obtain all the w’s. This ensures that the four-point
equation we referred to above is always satisfied for these values of the w’s
and, thus, so is (7.36) for a constant value of p, namely 1. So indeed (7.35) is
satisfied for all values of n. Using the definition of = in terms of w we finally
obtain the solution of (7.28).

The other case to be linearised is (7.24). We start by rewriting it in a
more convenient form as

2
Tp+ Tpil — Zn — Zngl Tn+Tpno1— 2Zn — 2Zn-1  (Tp —2p)° +Mm+q

Ty + Tng1 Tp + Tn_1 2 —m+yq

)

(7.38)
where m and ¢ are constants. Next we compute the discrete derivative of
(7.38) obtained by using the fact that ¢ is a constant, i.e., eliminating ¢
between (7.38) and its upshift. We do not give here the lengthy equation,
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relating four z’s (from n — 1 to n + 2) that results, but it can readily be
obtained using a symbolic-manipulation program. Next we write the linear
equation

(7.39)

22 Ty + T Ty + Ty
2)< o 1)’

ZnTn =m—k+ (k+ =
e ( Zn+z7z+1 ZTL+Z7L—1

where a free constant k appears. It turns out that if we compute the dis-
crete derivative of (7.39) using the fact that k is a constant, i.e., eliminating
k between (7.39) and its up-shift, the four-point equation thus obtained is
identical to the one we found above starting from (7.38). The way to inte-
grate the latter is similar to the way (7.28) was integrated. Start from two
initial conditions for z, say x_; and z¢ and two constants m and q. Use (7.38)
to compute z1, substitute all three values of x into (7.39) and fix k so that
the latter is satisfied. From then on, integrate (7.39), which is linear, for this
value of k to obtain all the z’s.

Mappings Obtained for Special Values of q

One interesting result is the recent discovery of second-order autonomous
mappings which are not explicitly of QRT form but still possess an invari-
ant. The departure from the QRT type manifests itself in the fact that the
invariant, instead of being biquadratic is biquartic. The first such example
encountered was the mapping [76]

(2= @)z — 1) = 1)

p21.2 -1

(nZnt1 — D(zpzp—1 —1) = (7.40)

The conserved quantity is

K =

(zn — 2p-1)* = P*(@nan-1 — 1)) ((#n + Tp—1 —a — 1/a)* = p*(znxp_1 — 1)?)
($n$n71 - 1)2

(7.41)

which isquartic in z,, and x,_1 separately.

We shall not elaborate here on the possible existence of a transformation
which could bring (7.40) into QRT form. We believe that such a transfor-
mation exists but must be prohibitively complicated to derive. There exists
however a way to explain the existence of a mapping like (7.40) and to link
it to the discrete Painlevé equations. Let us start with the full asymmetric
q-Pv

(xn - a)(xn - b)(xn - C) (mn - d)
(pq"zy — 1)(rq"zn — 1)
(Yn —1/a)(yn — 1/b)(yn — 1/c)(yn — 1/d)
(8q"yn — 1)(tq"yn — 1)

(xnyn - 1)(xnyn—1 - 1) - (742&)

(In-‘rlyn - 1)(xnyn - 1) =

)

(7.42b)
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where the parameters satisfy the constraints abcd = 1 and st = gpr. Next
we try to obtain autonomous reductions of this mapping but, instead of the
trivial choice ¢ = 1 we take ¢ = —1. In order for the mapping to be indeed
autonomous we must set p+r =0, s+t = 0. Then the constraint becomes
s?2 = —p?, or s = ip. Next we introduce the scalings z — zV/i, y — y/\ﬁ,
p — p/ﬂ, a— avi, b — Wi, ¢ —» eVi, d — dvi so that we now have
abed = —1 intead of 1. We thus find the mapping

(X — a)(xn — b)(zy — ¢)(xy, — d)

(xnyn - 1)(xnyn71 - 1) = pQJC% 1 (743&)
("En+1yn - 1)(xnyn - 1) = (y" —~ 1/a)(y” —~ 12/bi<zin1_ 1/0)(1% — 1/d)
P yn
(7.43Db)

This autonomous mapping is in fact an asymmetric extension of (7.40). It
turns out that it also has a biquartic invariant,

K =

(z(z —s1) +yly —s-1) — (p(ry — 1))*)* —4(z(z — 51) + 52) (y(y — 5-1) — 52)
(zy —1)2 '

(7.44)

where s; =a+b+c+d,s_1=1/a+1/b+1/c+1/d, so = (ab+ ac+ ad +
be + bd + ¢d) /2. By invariance, we mean that K has the same value whether
{z,y} stands for {z,,yn} or for {x,,yn_1}.

We can obtain the symmetric reduction of (7.43) to precisely (7.40). We
identify yn,—1 = Xon—1, Tn = Xon, Yn = Xont1, etc. and demand that (7.43b)
be just the upshift of (7.43a). The root 1/a in the right-hand side of (7.43b)
should coincide with one of the roots in the right-hand side of (7.43a). So
unless a = £1, without loss of generality one may assume that 1/a = b and
thus d = —1/c. Then, the root 1/c in the right-hand side of (7.43b) can only
coincide with the root ¢ in the right-hand side of (7.43a), so ¢ = —d = £1.
Had we taken a = 41 we would have found the same result, up to a renaming
of the parameters.

From this construction we see clearly that (7.40) as well as its asym-
metric form (7.43) are just special, artificially autonomised, cases of (nonau-
tonomous) discrete Painlevé equations. Once this construction has been ob-
tained for g-Pvy, it is quite easy to extend it to other families of discrete
Painlevé equations and try to obtain autonomous mappings with quartic in-
variants.

As an illustration we start from the ¢-Py which was introduced in [77],

(zn, —aq")(xn — bg")
1 — PTn

YnYn—1 = (745&)
(Yn — cq")(yn — dq™)

7.45b
1—ry, ( )

Tp41Tp =
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with the constraint cd = qab. We try again to obtain an autonomous reduc-
tion with ¢ = —1. This imposes a +b = c+d = 0, and ¢ = —a?. One could
leave the mapping in this form, but for reasons that will appear shortly, we
introduce a change of variables, x — x/./pr, y — iy/./pr, r — r/i. Then the
mapping becomes

2 — 2
YnYn-1 st — 1 (7.46a)
2 2
Yy —t
n n — & 7.46b
Tn41T yn/s 1 ( )

where s = \/W and t2 = pra®. The autonomous mapping resulting from this
construction is indeed integrable since it is just a subcase of an integrable,
nonautonomous discrete Painlevé equation. Moreover, it possesses a biquartic
invariant, and again this mapping is not of QRT type,

K=
w?y®(sy — x/s)? + 2xy(a® — y?)(sy — a/s) + 2%xy(sy + x/s) + (a? +y* — t?)?
x2y2

)

(7.47)

where again K is invariant whether {z, y} stands for {x,,, y, } or for {z,, yn—1}.

With this choice of variables, we again identify y,_1 = Xon_1, T, = Xon,
Yn = Xaony1 - but, for simplicity, we denote the new variable by = rather than
X - leads, in the special case of s = 1/s, to a symmetric, one-component,
form of this mapping,

x2 — 2
L e T — 1 . (748)
The invariant for (7.48) can be simply obtained from (7.47),
K =
w2xl (v — 2n1)? = 20p@n 1 (Tn + Tn1)((@n — 2 1)2 —12) + (2 + 22| —17)?
3T,y .
(7.49)

The integration of mappings like (7.40) was recently presented in [30]. Quite
expectedly the solution is still given in terms of elliptic functions.

Discrete P’s for Noncommuting Variables

Integrable equations involving noncommuting variables can be of particu-
lar interest since they can have an applicability in quantum field theories.
Discrete systems present an additional difficulty. Indeed, most commutation
rules one can introduce for the quantification of a discrete system are in-
compatible with the evolution induced by the mapping. By this we mean
that if we assume that the mapping variables obey some commutation rules
at some iteration, there is no guarantee whatsoever that, at the next step,
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the mapping variables will obey the same commutation rule. In particular,
the Heisenberg commutation relation [z, y] = 1 is not necessarily the proper
commutation rule for all the mappings we shall examine here, although it
does work for a certain class). On the other hand there is no deep physical
reason, such as the Hamiltonian structure in the case of the Heisenberg rule,
why one should choose one rule over another. “Exotic” commutation rules
have been introduced in [78,79] and used for the quantization of mappings.

Below we shall summarise our findings on d-P’s. As we have already ex-
plained, the integrability properties of the d-P’s are reflected in the existence
of Lax pairs,

dd,,
h—— = L,?,
dh
Dpi1 = M, Dy, (7.50)
the d-IP’s being obtained from the compatibility
dM,,

In the quantized case, the ordering is important and must be respected
throughout. Let us illustrate this point in the case of d-Py. (In what follows
we will use the notation, T = xp41, =z, and = z,,_1).

In [46] we presented a 3 x 3 matrix realisation of the Lax pairs,

M T 1 ()\1 — )\2){,6_1 10
L=|h Xc—z—2z M = 0 01], (7.52)
hz h A3 h 00

where A\ = const., Ao = A+ 5, g = A + %“ Using (7.51), one finds that
THr+z=c+ (A — )z}, (7.53)

i.e., the usual form of d-P; without any quantum corrections. Moreover the
expressions for L and M are the straightforward transcriptions of the classical
ones. No ordering ambiguity appears. That this need not be always the case
can be seen in the 2 x 2 Lax pair of Fokas et al. [80] for the same equation
d-Py. Starting from

_ 1
M= <2u:11:_é x_oéx5> I— ( —u2x—c) (z+T-c x2> (7.54)

and the compatibility condition, % = L1 M, — M, L, - notice the differ-
ent definition of the spectral parameter! -, one has to make in (7.54) specific
choices for the order of the x, x and T terms. The order which was actually
used in (7.54) is in fact the one leading to the correct d-Pr. Indeed one finds,

using the compatibility relation (7.51),

Nl

X -X+1=2727% — 22727, (7.55)
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where X = —4p2z + 22(T 4+ 2 + 2 — ¢)z2. Now, it can be shown that if
[z,Z] = 1, then the right-hand side of (7.55) vanishes, whereupon the latter
is integrated to X = n+ k. Multiplying by 272 from right and left we obtain
(7.53).

While in the last case the choice of ordering was important, for the re-
maining cases of known Lax pairs for d-P’s the situation is quite simple: No
ordering ambiguities exist and one obtains the quantum analogue of the cor-
responding discrete Painlevé equation in a straightforward way. Thus for the
second d-P; we have

I — hx + M\ h+y M= ()\1—)\2)y_1 1
T \R2+h(ca—y+ecix—a?) hlep —x) + Ao - ’

h 0
(7.56)
where A\; = const. and Ay = n + ¢, leading to
r+T=c+ A\ — )y ! (7.57a)
y+y=cotxze — a2’ (7.574b)
Similarly, for d-Py; one finds that
Az 1 0
10 Xxec—z2 1
L= h 0 X3 c—u
hz h O A4
and
(A1 — )zt 1 0 0
0 0 1 0
M = _ .
0 0(As—Ag)(c—z) " 1] (7.58)
h 0 0 0

where Ay = const., A3 = const., Ay = "7*1 +AXand \y = % + A leading to
Trz=c+ O —A)z '+ (A3 —M\)(c—x)" " (7.59)

Finally for d-Pyj; we recall that the isospectral problem is of g-difference type
rather than a differential one

D (ph) = Lp(h)@n(h), Pni1(h) = My (h)Pn(h). (7.60)

The compatibility condition, in the case of (7.60), is

Here, using 27 = gz,
A M+ ket kel 0
I 0 A2 Atz =z
o hx 0 A3 A3+

h(M\y +akz™t) hakz™! 0 A1
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and
A+ akz™H) ™ Mz + K5)(Aex + k)71 0 0
M= 0 0 1 0
B 0 0 AQ(%*FP/\Q)_I (x+)\3)(m+>\4)_1 ’
h 0 0 0

(7.62)
with a? = p, A = const., A3 = const., Ay = Aa"" !, \y = A" , A} =
Oé)\l — )\47 /12 = )\3 — p)\g, k= Ca™.

The quantized mapping is obtained by the application of (7.61),

Z(k + Mz)(k + dox) tz = ar(z + A3)(z + \y) 7L (7.63)

We can remark at this point that (7.63) does not depend explicitly on the
quantum parameter g. This should be related to specific way (7.63) was
written. If we compare (7.63) to (3.2), where fo is set to zero, - which is the
appropriate choice for d-Prj; —, we see that the ordering of the variables is
different. Had we written (7.63) exactly as (3.2) or, equivalently, in the form
Tx = W(x), explicit g-dependence would have appeared.

Since many of the difference P’s can be obtained as contiguity of contin-
uous P’s, and thus possess a Lax pair almost “by construction”, it would be
interesting to investigate the possibility for a systematic quantization starting
from the Lax pairs of the continuous P’s and their Schlesinger transforma-
tions.

Delay-Differential Extensions of P’s
Another interesting extension of P’s is to the semi-discrete domain of delay-
differential equations. We have examined in [40] a particular class of dis-
crete/continuous systems, differential-delay equations, where the dependent
function appears at a given time ¢ and also at previous times t — 7, t —27,.. .,
where 7 is the delay. Our approach treats hystero-differential equations as
differential-difference systems. The u(t + k7) for various k’s are treated as
different functions of the continuous variable, indexed by k, u(t+k7) = ux(t).
A detailed analysis of a particular class of such delay systems, i.e., equations
of the form

F(ug, up—1,u), up_q) =0 (7.64)

which are bi-Riccati, has led to the discovery of a new class of transcendents,
the delay-Painlevé equations (D-P’s). We have, for example, with u = wu(t)
and w = u(t + 7), a particular form of D-Py,

'+ 7 = (u—10)% + k(u+7) + At (7.65)

Our results indicate that the D-P’s are objects that may go beyond the
Painlevé transcendents.

First-order, three-point D-P’s have also been identified although our in-
vestigation in this case is still in an initial phase. An example of D-P; may
be written
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+ At (7.66)

S
N

The general form that contains all integrable cases is the mapping,

~ filwu) = fo(u,u)u

fa(u,w') — fa(u,u)u’
where the f; are ‘Riccati-like’ objects, f; = a;u’ + Biu? + vu + &;, with
a, 3,7,9 functions of ¢. Unfortunately the domain has not attracted much
attention since the first exploratory investigations.

(7.67)

gl

Ultra-discrete P’s

The last extension of P’s we shall present here is to the ultra-discrete domain.
This name is used to designate systems where the dependent variables as well
as the independent ones, assume only discrete values. In this respect ultra-
discrete systems are generalised cellular automata. The name of ultra-discrete
is reserved for systems obtained from discrete ones through a specific limiting
procedure introduced in [81] by the Tokyo-Kyoto group.

Before introducing the ultra-discrete limit let us first consider the question
of nonlinearity. How simple can a nonlinear system be and still be genuinely
nonlinear. The nonlinearities to which we are we are accustomed, involving
powers, are not necessarily the simplest. It turns out (admittedly with hind-
sight) that the simplest nonlinear function of x one can think of is |z|. It is
indeed linear for both x > 0 and z < 0 and the nonlinearity comes only from
the different determinations. Thus one would expect the equations involv-
ing nonlinearities only in terms of absolute values to be the simplest. The
ultra-discrete limit does just that, i.e., it converts a given (discrete) nonlin-
ear equation to one where only absolute-value nonlinearities appear. The key
relation is the following limit,

lir(r)l+ elog(1 + /) = max(0,z) = (z + |z])/2 . (7.68)
e—

Other equivalent expressions exist for this limi, and the notation that is often
used is the truncated power function (z); = max(0,z). It is easy to show
that lim,_,o+ €log(e® € + e¥/€) = max(x,y), and the extension to n terms in
the argument of the logarithm is straightforward.

Two remarks are in order at this point. First, since the function ()4
takes only integer values when the argument is integer, the ultra-discrete
equations can describe generalised cellular automata, provided one restricts
the initial conditions to integer values. This approach has already been used
in order to introduce cellular automata (and generalised cellular automata)
related to many interesting evolution equations [82]. Second, the necessary
condition for the procedure to be applicable is that the dependent variables
be positive, since we are taking a logarithm and we require that the result
assume values in Z. This means that only some solutions of the discrete
equations will survive in the ultra-discretisation.
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As an illustration of the method and a natural introduction to ultra-
discrete Painlevé equations, let us consider the following discrete Toda sys-

tem,

t+1 t t—1 _
u,  —2u, +u, =

log(1+6%(e%nt1—1))—2log(1+62(e"n —1))+log(1+62(e"n—1—1)),  (7.69)

which is the integrable discretisation of the continuous Toda system,

d*r
dt; = e+t — 2¢e"™ 4 et (7.70)
For the ultra-discrete limit one introduces w by § = e~1/%¢, w! = eu, — L,

and takes the limit € — 0. Thus the ultra-discrete limit of (7.69) becomes
simply

wtt = 2wy, +wy = (wy )4 — 2(w)) 4 + (w4 (7.71)

Equation (7.71) is the cellular automaton analogue of the Toda system (7.69).
Let us now restrict ourselves to a simple periodic case with period 2, i.e.,
Tnt2 = rp and similarly wy, 1o = w,. Calling ro = x and r1 = y, we have, from
(7.70), the equations & = 2e¥ — 2¢® and ¢ = 2¢* — 2¢¥ leading to & + § = 0.
Thus = + y = ut 4+ v, and we obtain, after some elementary manipulations,

i = aete™™ — 2e". (7.72)

Equation (7.72) is a special form of the Painlevé Py; equation. Indeed, setting
v = e H/2 we find that

"2
= % + et/ (g — 0?). (7.73)

The same periodic reduction can be performed on the ultra-discrete Toda
equation (4.13). We introduce w§ = X*, w! = Y* and have, in perfect analogy
to the continuous case, X! — 2X* + Xt=1 = 2(Y?), — 2(X?), and Y+ —
2Vt + Vil = 2(XY), — 2(YY) . Again, A?(X? +Y?) = 0 and we can take
Xt +Y? = mt + p, where m, t,p take integer values. We find thus that X
obeys the ultra-discrete equation,

X _oxt 4 X =2(mt +p— X, —2(XY), . (7.74)

This is the ultra-discrete analogue of the special form (7.73) of the Painlevé
Pyir equation [85].

In order to construct the ultra-discrete analogues of the other Painlevé
equations we must start with the discrete form that allows the ultra-discrete
limit to be taken. The general procedure is to start with an equation for z,
introduce X by x = e*/¢, and then take the limit ¢ — 0. Clearly the sub-
stitution z = eX/¢ requires = to be positive. This is a stringent requirement
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that limits the exploitable form of the d-P’s to multiplicative ones. Fortu-
nately many such forms are known for the discrete Painlevé transcendents.
For instance for d-Py there are the multiplicative, g-forms:

d-Pr_y
A 1
Tpt1Tpn—1 = — + 22
d-Pr_»
1
n n—1 = A" -
Tp41Tp—1 + -
d-Pr_3

Tnt1Tn—1 = A"xp +1

From them it is straightforward to obtain the canonical forms of the ultra-
discrete Py:

u-Pr

Xn+1 + Xno1+2X, = (Xn + ’I’L)+
u-Pr_,

XnJrl + X, 1+ X, = (Xn + n)Jr
u-Pr_3

XnJrl +Xpno1= (Xn + n)+ .

Ultra-discrete forms have been derived for all Painlevé equations [83]. More-
over we have shown that their properties are in perfect parallel to those of
their discrete and continuous analogues (degeneration through coalescence,
existence of special solutions, auto-Backlund and Schlesinger transforma-
tions).

Emiloyos
8 Epilogue

Faithful readers of our works must have already noticed that while we love
introductions we hate conclusions. Following our general practice we shall
keep this one as short as possible.

Our plan was to convince our readers that a) discrete systems are the
most fundamental ones and b) that discrete P’s are fascinating objects with
all kinds of interesting properties. A thorough monitoring of the activity in
the domain will test whether or not we have succeeded.
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Abstract. We construct special solutions for the discrete Painlevé equations. We
start with a review of the corresponding solutions in the case of the continuous
Painlevé equations and then proceed to construct the solutions in the discrete case.
We show how, starting from an elementary, seed solution, one can use the auto-
Backlund transformations in order to build iteratively ‘higher’ solutions. Using the
bilinear formalism we show that the 7-functions for these ‘higher’ solutions can be
cast into the form of Casorati determinants.

Prologue

Solutions are what differential equations are all about. When one formulates
a problem in terms of a differential system what one is interested in are the
solutions of the system, their properties and, whenever possible, their ex-
act dependence on the independent variable, the parameters of the equation
and the initial conditions. Painlevé equations occupy a very special position
among differential equations [1]. These second-order equations were, indeed,
proposed as the first example of equations which introduce new functions.
The name Painlevé transcendents was coined especially in order to denote the
solutions of the Painlevé equations, which in general cannot be expressed in
terms of elementary functions. Although the existence of functions defined by
the solutions of the Painlevé equations was guaranteed by the Painlevé prop-
erty [2] (absence of initial-condition-dependent, multivaluedness-inducing sin-
gularities), it was not clear how to obtain them. The construction of the so-
lutions of the Painlevé equations had to wait three-quarters of a century. It
was finally obtained in [3] following the development of spectral methods like
the Inverse Scattering Transform for the study of the solution of integrable
evolution equations.

Unfortunately the solution of the Painlevé equations by means of linear
integro-differential equations is not quite explicit and, although one can, in
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principle deduce all the properties of the transcendents, one cannot easily
form a qualitative idea of their behaviour. Fortunately, while the general
solution of a Painlevé equation cannot be expressed in terms of elementary
functions, there exist simple solutions which can be obtained through the
solution of Riccati (or even linear) first-order equations. These solutions are
not only one-degree-of-freedom ones but, moreover, they exist provided the
parameters of the Painlevé equation satisfy some constraint. The method for
the derivation of such solutions will be reviewed in what follows. Obtaining
a solution of a Painlevé equation in terms of an elementary function allows
one to study it easily, tabulate its values and graph its behaviour. This often
suffices for a rough, qualitative idea of how the solution behaves.

Another, quite different, approach is that of numerical simulations. Start-
ing form a given Painlevé equation, one introduces a difference scheme which
approximates the equation and uses it to construct iteratively the solution
starting from given initial data. This is where discrete Painlevé equations
enter the scene [4], they constitute integrable difference schemes for the con-
tinuous Painlevé equations (although, as explained in [5], they were not in-
troduced in this way). Discrete Painlevé equations are perfect simulators for
continuous Painlevé equations since they preserve their essential character,
integrability. Moreover, the property of singularity confinement [6] provides
the natural answer to one of the major problems of numerical analysis, the
treatment of divergences.

However the study of discrete Painlevé equations has made clear that
these objects are not only interesting for their own sake but are, in fact,
more fundamental than their continuous counterparts. They possess various
regimes [7] in which they simulate not only the continuous Painlevé equa-
tions but other systems as well. This has led to a series of works which has
tremendously increased our understanding of these particularly rich systems.
Quite expectedly, the properties of the continuous Painlevé equations find
themselves reflected in the properties of their discrete analogues.

In this expository article we shall focus on the existence of elementary
solutions for discrete Painlevé equations. As in the continuous case, these
solutions are obtained through some linearisation procedure, reduction to
Riccati or first-order linear equation. Moreover they exist only when the
coefficients of the equation satisfy some constraint. Such solutions are all the
more important since the solution of the inverse problem has not yet been
performed for the vast majority of the discrete Painlevé equations.

1 What Is a Discrete Painlevé Equation?

By a discrete Painlevé equation (d-P) we mean a nonautonomous, integrable
mapping which becomes, at the continuous limit, some (continuous) Painlevé
equation. Moreover we reserve the name of discrete Painlevé equation to
second-order mappings, in parallel with what is customary in the continuous
case. As explained in [8], numerous methods exist for the derivation of d-P’s:
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i) The methods related to some inverse problem. The discrete AKNS
method, the methods of orthogonal polynomials, of discrete dressing, of non-
isospectral deformations, etc. belong to this class.

ii) The methods based on some reduction. Similarity reduction of in-
tegrable lattices is the foremost among them, but this class contains the
methods based on limits, coalescences and degeneracies of d-P’s as well as
stationary reductions of nonautonomous differential-difference equations.

iii) The contiguity relations approach. Discrete P’s can be obtained from
the auto-Béacklund, Miura and Schlesinger transformations of both continuous
and discrete Painlevé equations.

iv) The direct, constructive, approach. Two methods fall under this head-
ing. One is the construction of discrete Painlevé equations from the geometry
of some affine Weyl group. The other is the method of de-autonomisation us-
ing the singularity confinement approach.

In [9] we have focused on the constructive method which uses as starting
point the QRT [10] mapping. The latter is known under two canonical forms
called symmetric and asymmetric, and which involve one and two dependent
functions respectively. We have thus, for the symmetric QRT mapping the
form:

xn+1mn—1f3(xn) - (zn—&-l + xn—l)fZ(xn) + fl(xn) =0, (11)

where the f/s are specific quartic polynomials involving 5 parameters. For
the asymmetric form we have the system:

zn+1xnf3(yn) - (In+1 + In)fQ(yn) + fl(yn) =0, (12&)

YnYn-193(Tn) — (Yn + Yn—1)92(7n) + g1(xn) = 0, (1.2b)

where the f;’s, and g¢;’s are specific quartic polynomials involving 8 parame-
ters. The rationale for the choice of the QRT mapping as starting point is that
its solutions are given in terms of elliptic functions. Since the autonomous
limits of continuous Painlevé equations are equations solvable in terms of
elliptic functions [11], it is quite reasonable to start from the QRT mapping
which has the latter property and de-autonomise it. The de-autonomisation
procedure consists of assuming that the parameters of the mapping are func-
tions of the dependent variable. We determine their precise form, compatible
with integrability, by the application of an integrability criterion. Depending
on the mapping from which we start, we may obtain a symmetric or asym-
metric d-P. In the latter case it turns out sometimes that the system can
be written in terms of more than two dependent variables. In these cases,
the equations are still of second-order since all but two equations are local,
rational relations of the dependent variables. We shall not go here neither
into the details of the derivation of the d-P’s nor into their classification.
These subjects are covered in the article of Grammaticos and Ramani [12].
It suffices to say that our current knowledge of d-P’s is quite detailed, and
that the various approaches have resulted in an identification of three kinds
of discrete Painlevé equations.
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The first kind of d-PP is that of difference equations. The oldest example
known is that obtained in [13] by Shohat in 1939. In his study of orthogonal
polynomials he obtained the (integrable) recursion relation:

an+ B+ ~v(=1)"

Tptl + Ty + Tpo1 = - +1 (1.3)

This equation was eventually shown [14] to be a discrete analogue of Pain-
levé I, when v = 0. As a matter of fact, due to the presence of the (—1)" term,
this equation has a more natural form where even- and odd-index terms are
distinguished. Setting X,,, = xo,, and Y,,, = xom41, we find that,

Zm +C
Xm+1+Xm+Ym:7+1
Y
L — C
Yoo + Y1+ X = T+1’ (1.4)

where Z,,, = a(2m+1/2)+ and C = «/2—7 is a genuine parameter. So, due
to the even-odd degree of freedom the equation becomes a one-parameter d-
P11 equation when + is non-zero [15]. This example shows that the distinction
between “symmetric” and “asymmetric” forms is rather artificial. We will
keep it only for tradition’s sake and for lack of better terminology. Equation
(1.3) is a difference equation: the independent variable enters the equation in
an additive way, an + .

The second kind of d-P is that of multiplicative, g-equations. They were
discovered by two of the authors in collaboration with J. Hietarinta [4] in
1991. The first such equation obtained was the g-discrete analogue of Pyyp:

Ye,o0T2 4 (oo Ty, + pA?"

1.5
ax2n 4 Be.o®n + Yo (1.5)

Tp4+1Tn—1 =
Again we remark the presence of parity-dependent terms, e o, Ce,o and fe o,
which suggests an asymmetric form for this equation and introduce three
more degrees of freedom with respect to the symmetric case, v, = v,,(e = (o
and . = (3,. This asymmetric equation was shown by Jimbo and Sakai [16]
to be a discrete analogue of Pyy. Equation (1.5) is a multiplicative equation
since the independent variable enters through a term A™. This means that if
x, denotes the value of the dependent variable at a point z, i.e., x,, = x(2),
then z,41 are the values of x at points Az and z/)\, respectively.

The third kind of d-P was discovered by Sakai [17] in 1999 (in his PhD
thesis). He derived the classification of d-P’s in terms of affine Weyl groups
and found that equations related to the group Eél) could be not only of differ-
ence and multiplicative kinds but also of a third kind where the independent
variable and the parameters of the equation enter through the arguments of
elliptic functions. These elliptic discrete Painlevé equations have very compli-
cated expressions as one can judge from the example below derived recently
by two of the authors in collaboration with Y. Ohta [18]:
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Tpo1 —sn?(Mn+ A2+ ¢(n—1) — (=1)" + w(n); m)

Tp1 —sn2(An+A/24+ ¢(n—1) — (1) — w(n);m)
o Tn sn?(=2\n — ¢(n — 1) — p(n + 1) + w(n);m)
Tp —sn2(=2n—¢d(n—1) —d(n+1) —w(n);m)
o Tnt1 — S0 2An— X2+ ¢p(n—1) + (=1)"¢p +w(n);m)
:an —sn2(An — A2+ ¢(n—1) — (=) —w(n);m)
1 —m?2sn?(An + a(n) + w(zn) m)sn?(—=An + B(n) — an);m)
1 —m2sn?(An + a(n) — @; m)sn?(—An + B(n) + @,m)
8 1 —m2sn?(An + a(n) — %;m)sn%v(n) + #,m)
1 —m2sn2(An + a(n) + @; m)sn?(y(n) — #,m)

1 —m2sn?(=An+ B(n) + ﬂ;m)snz(
1 —m2sn2(—=An + B(n) — T”); m)sn?(y(n) + win).

X

where we have introduced the auxiliary quantities a(n) = A/6+ (26(n—1)+
¢(n+1) = (=1)"¢)/3, B(n) = A/6 — 2¢(n + 1) + ¢(n — 1) + (=1)"¢)/3,
v(n) = (p(n+ 1) — d(n — 1) + 2(—1)"tp — \)/3 and where 9 is a constant,
d(n + 3) = ¢(n), i.e., ¢ has period three and w(n + 4) = w(n) i.e. w has
period four so the whole equation has period 12. The total number of degrees
of freedom is 8, including the independent variable.

The domain of elliptic d-P’s is essentially unexplored. The possible forms
of these equations are far from known. In any case the solutions of elliptic
d-P’s will not be the object of the present course.

One thing that must be stated clearly is that the naming of d-P’s is not
without some arbitrariness. The convention that has been adopted was to
name a d-P according to its continuous limit. Thus equation (1.3) for vy =0
is referred to as d-P1. (Even this convention is not applied consistently since
equation (1.4) is often referred to as “asymmetric d-P;”). The naming of d-
P’s after their continuous limit is inadequate. First, since there are only 6
continuous Painlevé equations and several dozen known d-P’s, it is natural
to have many discrete equations with the same limit. (In [19] we have com-
piled a, certainly non-exhaustive, list of 15 different d-P;’s). Moreover, since
the richest continuous Painlevé equation is Py, which contains only four pa-
rameters, it is natural that all d-P’s with more than four parameters (they
can have up to 7) possess Pyr as their continuous limit . One other difficulty
derives from the fact that a given d-P may have more than one continuous
limit. In [19] we have shown that the mapping

a\” 1
Tp+1Tn—1 =

Ty 22’

(1.7)
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which was known to be a g-discrete form of Pr, may also become, at a different
continuous limit, the zero-parameter Py equation. The situation can be made
even worse if one takes into account the fact that some d-P’s do not seem to
possess any nontrivial continuous limit. In [5] we have given the example of

such an equation:
an + 0
Tpal+ Tp + Tp_1 = - (1.8)
n

These arguments show that the names we shall attribute to the equations we
shall examine in what follows must be considered cum grano salis. Still the
relation to continuous Painlevé equations will be a useful guide throughout.
(We are talking here about the relation in terms of the continuous limit.
The other relation some d-P’s bear to continuous Painlevé equations, namely
that of the former being contiguity relations of the latter, is an exact one and
the consequences drawn from this relationship are expected to be of general
validity).

2 Finding Special-Function Solutions

2.1 The Continuous Painlevé Equations
and Their Special Solutions

Before proceeding to the derivation of the solutions of discrete Painlevé equa-
tions, let us, as a reminder (and for pedagogical reasons as well), present the
derivation of the solutions of the continuous Painlevé equations in terms of
special functions, and the way they organise themselves in the degeneration
through the coalescence cascade of the equations.

The general form of a continuous Painlevé equations is

w” = f(w',w,z), (2.1.1)

where f is polynomial in w’, rational in w and analytic in z. In order to find a
solution of (2.1.1) in terms of special functions we assume that w is a solution
of a Riccati equation,

w' = Aw? + Bw + C, (2.1.2)

where A,B and C are functions of z to be determined. Substituting (2.1.2)
into (2.1.1) yields an over-determined system which allows the determina-
tion of A, B and C and fixes the parameters of (2.1.1). Equation (2.1.2) is
subsequently linearised by the transformation

U/

=——. 2.1.3
w=-— (2.1.3)
In the case of the Painlevé equations, the end result is an equation of the
hypergeometric family. The special solutions of the continuous Painlevé equa-
tions have been studied in detail in the monograph of Gromak and Lukashe-

vich [20]. However this is an almost inaccessible reference since the book
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is currently out of print and moreover it is in Russian. We prefer to retrace
these results here so as to present a consistent choice of normalisations, which
may be of help to people interested in the matter. Our aim here is not to
just present the solutions of continuous Painlevé equations is terms of special
functions, but also to insert them into the coalescence framework [21]. We
start with the Py equation,

//_VV/2 1 1 1 ;1 1 1
Wegtwoa w2z gtz tw=2

W(W —1)(W - Z) BZ Z-1 (D-1)Z(Z-1)
LY Te e (—WJFC(WJF— W 2 ). (2.1.4)

When one requires the existence of a solution given by a Riccati equation
(2.1.2), the result is

, P , QZ+M N
W=z 5" 70"t 7o (2.1.5)

where the parameters P, @), M and N are related by
P+Q+M+ N =0, (2.1.6)
and their relation to those of Py is
A=P? B=N? C=(Q+N)? D=(P+Q-1)0> (2.1.7)

The condition for the existence of (2.1.5) is obtained when one eliminates N,
P and @ from equation (2.1.7),

aVA+eVB+esVC +esVD =1, (2.1.8)

where the ¢;’s are arbitrary signs. The linearisation of (2.1.5) is obtained in
a straightforward way by

2(Z - 1)U’

V="

(2.1.9)
and the transformation ¢ = (1 — Z)~! converts (2.1.5) to a hypergeometric
equation [22],

2
-0V Lo-a-n-roY _ NPy -0, (2.1.10)
d¢? d¢
Before proceeding to the first coalescence, we introduce the following conven-
tion of notation. The variables and parameters of the “higher” equation will
be represented by upper-case letters, while those of the “lower” equation will
be represented by low-case ones. The small parameter will be denoted by 9,
and the coalescence corresponds to the limit § — 0.
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Going from Pyi to Py we set W = w, Z = 1+ 6z, A = a, B = b,
C =d/§*+c¢/5, D =d/§?. One obtains thus Py,
1 1 w’ n (w—1)2 b, cw dw(w+1)

W' = w’2(7+7)_7 (aw——)

— . (2.1.11
2w w-—1 222 w2z 2(w-—1) ( )

This coalescence limit is compatible with the linearisable case provided N =
n, P=p, Q = q/6 (and M = —q/0 — p — n). Using (2.1.6), the Riccati
equation becomes

2 oy —
w =P legmponw (2.1.12)
z z z

The parameter constraints are transformed into
a=p? b=n% c=2n+1-p) and d=q° (2.1.13)
and the condition is obtained readily,

e1v/a+ Vb + 63L =

2v/d

for some choice of the signs ¢;’s. Equation (2.1.12) is linearised by a Cole-Hopf
transformation w = —(z/p)u’/u to a confluent hypergeometric equation,

1, (2.1.14)

u//_(q_1+n+p> ;, npu

— =0 2.1.15
— Jut—5 =0, (2.1.15)

which can be transformed either to a Kummer or a Whittaker equation.

From Py we can obtain two coalescence limits to Pry and Prrp. In the
first case we set W = 6w, Z =1+ 262, A =1/46*, B =05, C = —1/26*, and
D = 1/46* + a/6% and obtain Py in the form

2 3
yoow 3w 9 9 2b
=—4+ — 44 2 - —. 2.1.1
w o + 5 + 4zw” + 2w(z* + a) " ( 6)

This limit is compatible with the Riccati equation (2.1.12), which becomes
w' = w? + 22w + 2n, (2.1.17)

provided that P = Q = 1/26%, N = n. The coefficients of Pry (2.1.16), in the
linearisable case are given by

a=n+1, b=n? (2.1.18)

with the obvious relation
at+evb=1 (2.1.19)

for some choice of the sign e. The Riccati equation (2.1.17) linearises by
w = —u’/u to the Hermite equation

u’ — 224" + 2nu = 0. (2.1.20)
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For the second limit, to Py, we set W = 1+ 6w, Z = 2, A = b/6% + a/é,
B = b/52, C = ¢6, D = dé? and obtain Py in the noncanonical form

!
, w2 o ow b aw? ¢ d

_v vy o, @ 2.1.21
w z+22+222+2z w ( )

For the linearisation of (2.1.18) we obtain the Riccati equation

w'=—+"—=+4gq (2.1.22)
z

from the limit of (2.1.12) by N = n/é, P = n/§ + p, and Q@ = ¢d. The
parameters of the Riccati equation are related to those of Pyy; by

a=2np, b=n% c=2¢1-p), d=¢* (2.1.23)
corresponding to the linearisability condition

a c
€l—=+ea——==1 2.1.24
for some choice of the signs. The Riccati equation (2.1.22) is linearised
through the Cole-Hopf transformation w = —(z/n)u’/u leading to the equa-
tion

zu” + (1 — p)u’ + nqu = 0. (2.1.25)
The solution of the latter is given in terms of the Bessel function C as u =

2P/2C,(2,/nGZ).
Both Py and Py go to Pyp by coalescence. In the first case we set W =
2/6% +w/d, Z = —2/6%+ 6z, A=2/6%+a, B =4/62 and obtain:

w” = 2w 4 8wz + 4a. (2.1.26)
The Riccati equation (2.1.17) becomes
w = w? + 4z, (2.1.27)
provided we take N = 2/6% with the linearisability condition
a=1. (2.1.28)

The linearisation of (2.1.27) is straightforward, w = —u//u, and leads to the
Airy equation
' +4zu = 0. (2.1.29)

In the second case we start from the noncanonical form of Py (2.1.21). It
turns out that this does not make any difference at the level of Py, apart from
some unimportant coefficients. We set W =1+ dw, Z = 1+ 6%z, A= —675,
B=65/4+0b53,C =65 and D = 6%/4 and find, at the limit § — 0,
Pyr in the form
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1 1
w”’ = —w® + Zwz +b. (2.1.30)
2 2
The limit of the Riccati equation (2.1.22) is obtained by Q = §73/2, N =
§73/2,and P = —§~3
1
w' = i(w2 + z). (2.1.31)

The linearisability condition is simply

%b =1, (2.1.32)
and the linearisation of the Riccati equation (2.1.31), with w = —2u//u, leads
again to the Airy equation,

u" + Zu =0 (2.1.33)

Equation Py degenerates to P1 through the appropriate limit. However this
coalescence does not present any interest for our purpose since it is incom-
patible with the existence of a Riccati equation. Indeed P; does not possess
any particular solution.

2.2 Special Function Solutions
for Symmetric Discrete Painlevé Equations

In this section we shall concentrate on d-P’s which are given in a symmetric
QRT form,
g = Ji(xn,n) — 21 fo(Tn,n)
1=
" f4($n7n)7xn—1f3($nvn)
where the f;’s are polynomials in x,, of degree four at maximum. The solution

of (2.2.1) in terms of special functions proceeds by the introduction of a
discrete Riccati equation,

(2.2.1)

Anx, + B,

x 1= =
n—+ Cnxn“!‘Dn’

(2.2.2)

where A,,, B,,, Cy, and D,, are functions of n to be determined by substituting
(2.2.2) into (2.2.1). As in the continuous case, this fixes the parameters of
the d-P. The linearisation of (2.2.2) is again obtained by a Cole-Hopf trans-

formation,
Dn n - Yn
Ty = () Ynil " Yn. (2.2.3)
Cn Yn

leading to the linear equation

Dn+1 <Dn+1 An) (An Bn)
n - + - n + - T = n — 0. 2.2.4
C(n+1y +2 On+1 On Yntt Cn Dn Y ( )
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Equation (2.2.4) turns out to be, in all cases concerning discrete Painlevé
equations, the discrete analogue of the hypergeometric equation or of one of
its degenerate forms.

Let us present our results following the degeneration cascade of the d-P’s
depicted in the diagram,

¢-Pvi — ¢-Pv — ¢-Pm1

| | |

5—PV — 5'PIV — (5—PH — 5-P1

The convention introduced in the case of continuous P’s, namely that the
variables and parameters of the equation higher in the degeneration cascade
will be represented by upper-case letters while those of the “lower” equation
will be denoted by low-case letters, will be used also here.

We start with ¢-Pvyr,

(TnTnt1 — Zn2nt1)(TnTn-1 — ZnZn—1)
(XnZTnt1 — 1)(Tntn_1 —1)
(n — azp)(Ty, — 2n/a) (@ — bzp)(Tn — 2n/b)
(@n — ) (@n — 1/c) (2 — d)(zn — 1/d)

where z, = zoA" and a, b, ¢, d are free constants. The continuous Py equation
has solutions in terms of hypergeometric functions for some special values of
the parameters. The same is true for g-Pv1. The simplest way to obtain these
special solutions is to use the splitting technique [23]. We separate equation
(2.2.5) in two discrete Riccati, homographic, equations in the following way,

(2.2.5)

Tnlntl = ZnZntl _ (xn, — azp)(zy — 2n/a) (2.2.6)
TnTpy1 — 1 (xp, — ¢)(zpy, — d) -

Tnln-1 = ZnZn-1 _ (xn, — bzp)(zn, — zn/b) (2.2.6b)
TpTp—1 — 1 (xn, — 1/c)(xy — 1/d)
The two equations of system (2.2.6) are indeed homographic and compatible
provided the condition ab = Acd is satisfied. The linearisation of the discrete
Riccati equation is obtained by a Cole-Hopf transformation, z, = P,/Qp,
resulting in the linear equation,

Qn+1(az, —d)(az, —c)((a+b)zp—1 —c—d)
+aQy ((a+b)zp_1((ab —1)z2 + X —ed) — (c+ d)((ab — 1/X)22 + 1 — cd))
—Qn-1(a —dzy)(a—czp)((a+b)zn, —c—d) =0. (2.2.7)

Equation (2.2.7) has the hypergeometric equation as continuous limit. This
limit is simpler to obtain if we start from the discrete Riccati equation (2.2.6)
and implement the continuous limit by: A\ = e, a = —e, b = e, ¢ =
—e7, d = e and moreover z = (1 4+ +/C)/(1 —/C) and the transformation
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z = (v/(+w)/(v/C—w). In the limit ¢ — 0 we are led to a continuous Riccati

equation which can be linearized through the Cole-Hopf w = ¢ — %Z—Z,
leading to
d*u du
C(l—C)d—CZJr(ﬁ—é—(ﬁ+w+1)§)d—g—ﬂw:07 (2.2.8)

i.e., precisely the Gauss hypergeometric equation.

From ¢-Py1 we can obtain two different degenerations through coales-
cence: to d-Py and to ¢-Pvy. Let us start with d-Pvy. If we set X =1 + dz,
A=1+6a, B=1+6b,C =1+6c, D =1+6d, i.e., \=1+ad,so Z = 1+6z,
where z = an + (3, we recover exactly d-Pvy at the limit 6 — 0,

(T + Tnt1 — 2n — Zn41) (@ + Tl — 2 — Zn—1)
(n + Tpa1)(@n + Tp_1)
_(wp = zn —a)(@n — 2p +0) (T — 2n — b) (T — 25+ b)
a (@0 — )(@n + c)(2n — d)(zn + d)

. (2:2.9)

where a, b, ¢, d are constants and z, = an+ (. The linearisation of (2.2.9) can
be obtained simply from the coalescence limit applied to (2.2.6a). We find
thus the mapping:

Tn + Tn+l — Bn — n+4l (xn — Zn — Cl) (xn — Zn + Cl)

= , 2.2.10
Ty + Tpia (xn - C)(mn - d) ( )

provided condition (obtained as well from the coalescence of the condition
for ¢-Pvr)
at+b=ct+d+a (2.2.11)

is satisfied, in which case (2.2.10) is indeed homographic:

((2n41 — @) (2n41 — b) — cd)ap + cd(2n + 2nt1)
xn(zn + Zn+1) - (Zn + a)(zn + b)

Tpp1 = (2.2.12)

The discrete Py has only one degeneration, to d-Pry. We set X = x, Z =
z+1/§ and

A=c+1/5, B=—-c+1/5, C=a, D=bh. (2.2.13)

At the limit 6 — 0 we find d-Pyy in terms of the variable x.

The second coalescence of ¢g-Pvp leads to g-Py through the choice X = z,
Zn = 2zn)8, A =c¢/d, B=1/6c, C = a, D = b. At the limit § — 0 one
recovers the equation ¢-Py, written below in slightly different notation,

(X — u)(xy — 1/ u)(zy — v)(2n — 1/v)

(@n/p—1)(zn/q—1) ’
(2.2.14)

(Tp12n — D(zpep—1 —1) =

where © and v are constants and p,,, g, are proportional to \".
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Again we seek a factorisation of the equation into

(2 — u)(xy —v)

Tpa1Ty — 1= e — (2.2.15a)
g — 1= 2o _xl//z)f”f —1/v) (2.2.15b)

Equation (2.2.15a) can be rewritten as a homographic mapping (discrete
Riccati equation),

Tp —u—v+uv/p
wo(z,/p—1)
and by up-shifting (2.2.15b) and solving for z,; we obtain the same homo-

graphic mapping, provided that

: (2.2.16)

Tn41 =

UVGA = p. (2.2.17)

If this condition is satisfied, then ¢-Py possesses solutions that are obtained
through the linearisation of the discrete Riccati equation (2.2.16). The lin-
earisation of the latter was given in [10], where we showed that x can be
expressed in terms of discrete confluent hypergeometric functions. Indeed,
setting x = R/S, we find that R, = p(S,, — Sn+1) and S obeys the discrete
confluent hypergeometric equation,

1.1

1
Snt2 + (7 — 1)Sn+1 + X(u

Auv N

Hhd L, —o, (2.2.18)
p v

where p oc A™. The continuous limit of (2.2.16) should coincide with the Ric-
cati equation obtained for Py in Sect. 2.1. As a matter of fact, implementing
the continuous limit by A=1+¢e,u=14+ev,v=—1—¢€p, p= (1/e+p)/z,
q=(—1/e+ p)/z, one does not obtain, at ¢ — 0, the same Riccati equation.
This is due to the fact that one has also to transform the dependent variable.
Thus = (14+w)/(1 —w) where w is the variable that becomes that of Py in
the continuous limit. Using this transformation, one obtains Py with a = p?,
b =12 ¢ = —8u and d = 4. Linearisation constraint (2.2.17) becomes, at
the limit, p + v + 1 = 2p which is consistent with the continuous condition
(2.1.14). A computation of the continuous limit of the Riccati equation for
W yields

pw?  (2z—p+v)w v

w ="y =TT (2.2.19)
z z z

which is exactly (2.1.12), with p = p, n = —v and ¢ = 2, which is in accor-
dance with (2.1.13).

We proceed now to the coalescence ¢-Pv—d-Pry, using the convention of
upper/lower-case characters as explained above. Setting X = 1+ dz, U =
1480, V=146, P=14+6d6z+c)and Q =1+(z —¢), i.e., A=14da,
such that z = an + (3, we obtain, at § — 0, the discrete Pyy,
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(22 — ) (o~ 1)

(.’En+1 + xn)(mn + xnfl) = (xn — Z)Qn_ 2 (2220)
The linearisation is again obtained by factorisation,
T, —a)(x, —b

Tyl +Tp = ( - _)(Z s ) (2.2.21a)
n n b

T+ Ty = w7 (2.2.21b)

Ty, —2Z—C

and the two equations are compatible if the following constraint is satisfed,
a+b+a=2c (2.2.22)

which is exactly what would result from the coalescence limit of (2.2.17).
Equation (2.2.21a) is indeed the discrete Riccati equation one obtains from g-
Py or d-Py through coalescence. Moreover its continuous limit is the Riccati
equation for the “linearisable” solutions of Pry. Indeed the continuous limit
of (2.2.21a), obtained through ¢ = 1/¢, b = 2/e, a = ve, with x = w and z,
becoming the continuous variable, z, is

w' = w? — 2zw — 2v, (2.2.23)

i.e., the equation we obtained by linearising Pry. Equation (2.2.21a) has been
shown to be solvable in terms of the discrete analogues of Hermite functions
[25].

The second coalescence one can obtain from ¢-Pv is that to ¢-Pypy. It
is based on the limit § — 0, where X = z/6, A = X\, U = a/§, V = §/b,
P =p/d, Q= q/é leading to

(xn - a)(xn - b)
Tn/p—1)(2n/q— 1)’

where p = pgA™, ¢ = qoA™. The linearisation is again given by a factorisation

Tpn4+1Tn—1 = ( (2.2.24)

b (xn, —a)
ntl = ————— 2.2.25

T ey ) (2225

a (z,—Db)
=2 Enl) 2.2.25b
= (g — 1) (2.2.250)

and the compatibility condition of (2.2.25a) and (2.2.25b) is

bp = aq), (2.2.26)

in which case (2.2.25) is solved in terms of discrete Bessel functions. Again,
(2.2.26) is exactly the limit of (2.2.17) under the coalescence procedure. In
perfect analogy to the ¢-Py—d-Pry case, we can show that (2.2.25a) is the



Special Solutions for Discrete Painlevé Equations 337

coalescence limit of (2.2.16). As far as the continuous limit is concerned, we
must take into account the noncanonical character of (2.1.21). Setting x = w,
A=14¢b=—a+ec, po =—1, gg =1+ ed we find for the continuous limit
of ¢-Pyy1 the (again noncanonical) equation,

., w?oow dw? ¢ a®

w'=—-—4uvt+— - -
w z z z

(2.2.27)

b
wz?

where z = ne. The continuous limit of (2.2.25a) is the Riccati equation,
w=—w——-—— - — (2.2.28)

which, with w = u'/u, is linearised to zu”’+cu’/a+au = 0. The latter equation
is solvable, as expected, in terms of Bessel functions, u = z%cl_c/a(%/az).

Two coalescence limits remain to be considered, those of d-Pry and ¢-
Pirr to d-Pyp. In the first case we set X =1+ d6x, A=1+06, B= -1+,
Z=1-6%2/4,C =6 — 6%a/4 and find
ZnTy + Q

2.2.29
— (2.2.29)

Tp41 + Tp—1 =

Starting from (2.2.22) we implement the coalescence limit and find that the
linearisability condition of d-Pyy is

!
= — 2.2.30
a=?, (2230
while the homographic mapping (2.2.21) reduces to
a—+ zn
n l=—— 2.2.31
Tny1 + 20— ) (2.2.31a)
a— zp
= 1= 2% 2.2.32b
fn-t 21 + 2n) ( )

This leads indeed to the linearisation of d-Pjj. It can be shown that the
continuous limit of (2.2.31), obtained by z = ew, a = 2¢3, while the discrete
variable z, is related to the continuous variable z through z, = 2 + 4€2z,
coincides with the Riccati equation (2.1.27) from Pryy.

In a similar way, one can work out the coalescence ¢-Pri;p — d — Pyp. We
start by transforming (2.2.29) by x = y/z, where z = A", to

090 (Yn — a/2n) (Yn — b/ 2n)
Yntn—1 = (yn - pO)(yn - QO) .

Next we introduce Y = 1+ 6z, Pp =149, Qo =1—-05, A =1+ 8+ 6%a/2,
B=1-6§-6%a/2 and A = 1 — §%2a/2 leading to Z = 1 — 262/2, and we
find in the limit precisely d-Py in the form (2.2.29). Again the linearisability
condition, resulting from the limit of (2.2.26), is identical to (2.2.30). The
discrete Riccati equation is also identical to (2.2.31). As we have shown in
[26], the solution of the latter (and thus of d-Py; for @ = «/2) is given in
terms of discrete Airy functions.

(2.2.32)
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2.3 The Case of Asymmetric Discrete Painlevé Equations

The degeneration cascade we have presented above does not, and by far,
exhaust all d-P’s. As a matter of fact, the majority of the d-P’s have a natural
form which is asymmetric, with two and sometimes more components. In [8]
we have presented their organisation in a degeneration cascade, first obtained
by Sakai. Before proceeding to the solutions of the d-P’s corresponding to
these asymmetric forms, let us give the general method for their derivation
[27]. In analogy to the symmetric case, we seek a solution that satisfies a
discrete Riccati equation in one of the variables
ATp—1 + b

n=—""", 2.3.1
CTp_1+d ( 2)

while the two variables are related through a homographic transformation,

_ frntg

= . 2.3.1b
hx, +k ( )

n

As we have already explained, the asymmetric discrete Painlevé equations we
shall examine are organised in a coalescence cascade where a given ‘higher’
equation leads to one (or more) ‘lower’ ones through a limiting procedure
involving the dependent and independent variables as well as the parameters.

a. The Asymmetric g-Pvy. We start with the asymmetric ¢-Py equation
which by definition the system:

(Yn — ) (Yn — ) (Yn — W) (Yn — 5)
(1 - pyn/zn)(l - yn/pzn)

(#n = 1/u)(@n = 1/0)(2n = 1/w)(@n —1/5)

(1 =7r2n/2n11/2) (1 = 20 /72041 /2)

(ynxn - 1)(yn$n—1 - 1) - (232&)

(YnTn — D) (Yny120 — 1) =

3

(2.3.2b)
with the constraint uvws = 1, and where z, = 20A" and z,,1/2 = 2o\ T1/2,
For future convenience we introduce the parameter g = A\/2. The linearisa-
tion of (2.3.2) can be obtained most simply by the splitting procedure i.e.,
splitting each of the equations of the system in two parts and requiring that
the resulting system:

(Yn — ) (yn — v)

nion = 1= uv(1 = pyn/zn)
. vy —s)
YnTn—1 1= (1 — yn/pZn)ws
Yy — 1= ~wv(zn, — 1/u)(z, —1/0) (2.3.3)

(1 =rzn/2p41/2)
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ws(z, — 1/w)(xz, —1/s)
(1- :vn/ran/Q) 7

be compatible. The condition for compatibility is

Ynt1Tn — 1 =

r = puvp, (2.3.4)

which is precisely the linearisability condition. Indeed, when (2.3.4) is satis-
fied, we can obtain from (2.3.3) a homographic mapping for z of the form

Ty =
Tp_1sw(puv — (u+ )z, +pz2) — (PPuv — sw)z, +plu+v — s —w)z2

Tp—12n(p? — 1) + puv(sw — pz, (s + w) + 22)

(2.3.5)

This discrete Riccati equation can be linearised by a Cole-Hopf trans-
formation. The resulting equation has one more parameter than the g¢-
hypergeometric equation, just as asymmetric ¢-Py has one extra parameter
compared to Pyy. However, as we have shown in [28], asymmetric ¢-Py does
become Pvyr at the continuous limit. Indeed setting u = fe®, v = 6~ Le?,
w=0e s=0"le P N=ep=e“ r=e w=(r—-0)/0""—0),
C=E-0)/0"1-0),y=(2(x—0"1—0)+1)/(x — 2) + e, where the
constraint wvws = 1 has been implemented, we obtain after eliminating
from two first-order equations,

o 1111 N (dw) 1 11 \dw

a2 2\w w-1 w-( d¢ ¢ (-1 w-¢() dC

w(w—1)(w—¢) B¢ C((-1)  D{(EC—1)

— A4+ — 2.3.6
-1 et et e ) B

i.e., precisely Py, where A = 4c?, B = —4b?, C = 4a® and D = 1 — 4d?.
Similarly the continuous limit of the discrete Riccati equation (2.3.5), is

the Riccati equation:

+

d,
¢(1— C)d—zj = 2dw?® 4 (2(a + b)¢ — 2a — 2¢)w — 2bC, (2.3.7)
where the linearisation condition is now d = a+b+c+1/2, and the Cole-Hopf
transformation w = ¢ — C(2ICE§) % linearises the equation to
d*G dG
¢(1— C)d—<2 + (2a+2c+1— (2c+2d + I)C)d—c —4edG =0, (2.3.8)

i.e., the Gauss hypergeometric equation in canonical form.

The coalescence procedure applied to asymmetric ¢-Pvy allows one to ob-
tain either asymmetric d-Py or asymmetric ¢-Pyy;. Let us study the first
limit.
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b. The Asymmetric d-Pyy. In order to obtain asymmetric d-Pyy starting
from asymmetric ¢-Py we introduce the following transformation, X = 144z,
Y=140y,Z=14+0z, A=14d0a, U =14+0u, V=1+ v, W =1+ dw,
S=144ds, P=1+6dp, R =1+ ér, where now z = an + . At the limit
6 — 0, we obtain the system,

(Yn — ) (Yn — ) (Yn — W) (Yn — 3)
(yn +p— Zn)(yn —p—- Zn)

(Yn + 20)(Yn + Tno1) = (2.3.92)

_ (Tr +u)(2n +v) (20 +w)(Ty + 5)
(Yn + @n)(Ynt1 +25) = Ty Fa————— (2.3.9D)

with the constraint u+v+w+s = 0, and where 2, /2 = 2, +a/2. Instead of
performing the linearisation splitting from the start, we use the coalescence
limit on the asymmetric ¢-Py. We thus find the system,

(Yn = u)(yn = v)

Yn + Tpn =
(yn er - Zn)
Yo + Trg = (Yn — w)(yn — )
(yn —P— Z)
Yn + Tp = ((x" h ul(x" ) (2.3.10)
Ty + 7T Zn+1/2)
Yn+1 + Ty = (2 + w){zn +5)

(In - Tr—= Zn+1/2)

and the compatibility-linearisability condition is
r=ut+v+p+a/2 (2.3.11)
The discrete Riccati equation is

Ty =
Tn-1((zn +P)(2n =P —u—v) + w) + (2, — p — u — v)(sw — wv) — 2puv
201+ (zn — ) (20 + p+u+v) + sw '

(2.3.12)

Its linearisation leads again to a discrete linear equation with more parame-
ters than the hypergeometric. As in the case of asymmetric ¢-Pv, the contin-
uous limit can be easily obtained. For asymmetric d-Pry it leads to Pyy [28].
Weset u=1/2+¢€a,v=—-1/2+¢b, w=1/2—ca, s =—-1/2 —¢b, p = ec,
r=ed,x=w—-1/2,2=C(-1/2, y =w(( —1)/(w—C¢) +1/2 + €, and
after again eliminating v in two first-order equations, at ¢ — 0 we recover
equation (2.5) with A = 4c?, B = —4a?, C = 4b? and D = 1 —4d?. The same
approach on the Riccati equation, where the linearisation condition is now
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d=a+b+c+1/2, leads to a continuous equation linearised with the same
Cole-Hopf transformation as (2.3.8) to:

d’G

¢(1 _QT@ +(d—a- (20+2d+1)§)% —4cdG =0, (2.3.13)

again the hypergeometric equation.

c. The Asymmetric g-Pyy;. The asymmetric ¢-Py has another coalescence
limit to the asymmetric ¢-Pr1 equation. Putting: X = z/4, Y = y/d, Z =
z/6, U =u/6, V =v6, W =w/d, S =385, P=p, R=r,at § — 0 we find
the mapping

(Yn — u)(yn — w)
(1 - ynp/zn)(l - yn/pzn)

(xn — 1/v) (% — 1/5)

1 —xnr/2p4172)(1 — 2n/T2011)2)

(2.3.14a)

TnTn—1 =

YnYn+1 = ( (2314b)
with the obvious condition uvws = 1. Equations (2.3.14) can be written in
canonical form by introducing a gauge y — zy, * — (x. We thus obtain

(Yn — u/20)(Yn — w/21)
(1 = ynp)(1 = yn/p)

_ (T — 1/ 2p41/20) (T — 1/ 2141 /25)
Ynin (1= 2r)(1 — 2 /7)

Equation (2.3.15) was studied by Jimbo and Sakai [16], who have shown that
it is a g-discrete form of Pyy. Thus this equation is often referred to as the
q-Pv1 equation. Its linearisation was also obtained by Jimbo and Sakai. Pro-
vided r = puwvp is satisfied we can obtain for x the discrete Riccati equation,

(2.3.152)

TnTn—1 =

(2.3.15b)

Tp—1(u — pzn) + plu — w)
Tno12n(p? = 1) + p(pw — 2,)

Tn = (2.3.16)

The equation can be linearised by the Cole-Hopf transformation x = H/G,
leading to

Gyt + (20pzn, — Mu — p*w)Gyy 4+ A\p(2 — pu) (pzn — w)Gp_q1 = 0. (2.3.17)

Jimbo and Sakai, who first obtained this mapping, identified it as the equation
for the g-hypergeometric o¢;.

d. The Discrete Py. From the diagram in Sect. 2.2 we can see that the
asymmetric d-Pry and the asymmetric ¢-Pyi;p become the same equation in
the coalescence limit. This equation was first identified in [29], where we
showed that it is a discrete form of Py. Let us first examine the degeneration
asymmetric d-Pry — d-Py. Weset X = k+2,Y = —k+(y+2)d, Z = —k+20,
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U=k+r+ud,V=—-k+vd, W=k—r+wd, P=pd, R=r, S =—k+ s,
and from (2.3.9) we obtain, at the limit 6 — 0,

(Yn + 2n — V) (Yn + 20 — 5)
(yn +)(¥n — p)

TpTp—1 = (2.3.18a)

_ Znt1/2t U Zpgrj2 t W
Tnfc+1 Tnc+1

Yn + Ynt1 = (2.3.18b)
where the constraint v+ v+ w+ s = 0 is still satisfied, and we have moreover
set 4k2 — 12 =1, c =2k +r.

The linearisation of d-Py can be obtained from the direct splitting of
(2.3.18), but also from the degeneration of the linearisation of asymmetric
d-Pry. The result is the system,

S _c(y—|—zn—v)
" Yn+Dp
Yn +2n — S
L1 = —"———
c(Yn — )
Zpt1/2 T U
= 2T 2 2.3.19
y rnfe i1 ( )
Zpt1/2 T W
s
under the linearisation constraint
u+v+p+a/2=0. (2.3.20).

Recall that z, = an + 8. A discrete Riccati equation is easily obtained from
(2.3.19):
- a1 (v —p =) H (v —s) (2.3.21)
2Zp—1cp+p+ 85— 2y

The linearisation of (2.3.21) can be obtained through a Cole-Hopf transfor-
mation z = H/G, leading to

G+ ((+1)zp+ (= 1)p—cPv—s+a) G+ (2, —v—p) (20 —5+p)Gpo1 = 0

(2.3.22)
This equation can be transformed by a gauge transformation, G = ®F', with
an = (U +p— Zn)qsn—l,

(zn41—0—Dp) Frp1— ((2+1) 2+ (c*—1)p—cPv—s+a) F+c* (2 —s+p) Frm1 =0.
(2.3.23)
It can be easily shown that (2.3.23) is just one of the Gauss relations for
contiguous hypergeometric functions. In fact, equation (2.3.23) is satisfied by
Fl+(z—v—p)/a,(s—v)/a;1 + (s —v—2p)/a; 1 — 1/c?) [22].
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The relation of the special function solutions of d-Pv; to the hypergeomet-
ric equation is not at all astonishing. Indeed in [30] we showed that (2.3.18)
can be obtained from the Schlesinger transformations of Py1. This means that
the dependent variable of the discrete equation coincides, under the proper
choice, with that of the continuous equation. Thus the result that the special
solutions of the discrete Py obey the contiguity relations of the function that
appears in the special solutions of Py, namely the hypergeometric function
makes perfect sense.

As we explained above d-Py, in the form of equation (2.3.18), can be
obtained as a degeneration of asymmetric ¢-Pyy;. This is in fact how this
equation was first obtained. We shall not go into these details. It is a mere
(and straightforward) verification to show that the linearisation of the d-Py
equations obtained from that of the g-Pyy; through the coalescence procedure
gives the same result as the one obtained above.

The discrete Py has two possible degenerations to Pry and to asymmetric
Py1. Let us start with the first degeneration.

e. The Discrete Pry. This degeneration was first obtained in [29]. Starting
from d-Pvy, equation (2.3.18), we introduce the coalescence: X = x/0,Y =y,
U=u/6®V =—u/6®>, W =w,S =s, P=p, C =—6. At the limit § — 0
we obtain:

(yn + 2n — S)
(Un + 1) (yn — D)
U Zpt1/2 T W

Yn +yn+l -
T Ty, — 1

TnTp_1 = U

(2.3.24a)

, (2.3.24b)

which was shown in [29] to become Py at the continuous limit. From the
linearisation equations for d-Py we obtain simply

u
€T =
"oyatp
Yn +2n — S
Tn—1=———
Yn — D
u
Yn +p=— (2.3.25)
T
Zn+1/2+w
Yntl1 =P = — 7 >
Ty, — 1

and the linearisability condition p = s+w—a/2. The discrete Riccati equation
for x now becomes

I u(rp—1—1)
" pry 1tz —s5—p

(2.3.26)

The linearisation of this equation by a Cole-Hopf transformation, = = H/G,
results in the linear equation,

Grni1—(zntat+u—s—p)Gy +u(zn+p—8)Gp_1 (2.3.27)
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This equation is, up to a trivial gauge transformation, the recurrence relation
(with respect to the second parameter) for the Kummer confluent hyperge-
ometric U function [22], which is quite reasonable since d-Pry is related to
the continuous Py equation [31].

f. The Asymmetric d-Pyj, Discrete P11, Equation. The other degener-
ation of d-Pv is towards the asymmetric d-Pyy, which was shown in [23] to be
a discrete form of the Pyyp equation. Starting from d-Pvy, equation (2.3.18),
weset X =140z, Y =y, Z =062, U=-w=-W,V=1+d6v=-5,
C=-1-9,P =1, and we obtain at § — 0,

Znt+S  zZn— S 22p,Yn + 25
+ = 3
yn_l yn+1 yn_l

Ty + Tpo1 = (2.3.28a)

Zngl/2 — W Zpyr2 W 22n41/0Tn — 2w
Yn + Yn1 T, — 1 + T, +1 x2 -1 ( )

The linearisation can be obtained from that of d-Py or by direct splitting of
(2.3.28) to
Zn + 8
1=
o Yn — 1
Zn — S

Yn +1

Tpo1+1=

Zn41/2 — W

2.3.29
P (2.3.29)

Yn — 1=
zn+1/2+w

1:
Yn+1 ¥ Ty, +1

The linearisability /compatibility condition is s + w = «/2, and leads to the
discrete Riccati equation,

2=z, —8)Tp_1+2—22,
- ) 2.3.30
v 20 1+2— 2, + s ( )

The linearisation is again obtained by = H/G and results in
Gt + (22, +a—4)G,, + (22 — 5%)Gpq1 = 0. (2.3.31)

This equation, just like (2.3.27), is a recurrence relation of the Kummer U
function [22] with respect to its first parameter, and up to a simple gauge
transformation. As a matter of fact, the discrete Py; equation can also be
obtained [31] from the Schlesinger transformations of the continuous Py,
and it is intimately related to the discrete Pry equation (2.3.24). The two
equations share the same ‘Grand Scheme’ [32].
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g. The Asymmetric d-P; Equation. This equation was studied in great
detail in [15] where we showed its relation to the continuous Pry. This asym-
metric equation is just another form of d-Py;. In the coalescence cascade we
presented in Sect. 2.2, it can be obtained as a degeneration of both d-Pry and
asymmetric d-Pry. Let us show how the first limit can be obtained. We start
from (2.3.24) and set X = 1+02/2, Y =1+dy, S = 1+6%s/2, W = §%w/2,
P=1,7 =6§%2/2. At the limit § — 0, we find

Zn — S
Ty + Tyl = —Yp +u + = (2.3.32a)
n
z +w
Yn + Ynt1 = —Tn +u + % (2.3.32Db)
n
The linearisation splitting is:
Tpn = —Yn T+ U
Zn — S
Tn—1=
Yn
Yn = —Tp T U (2.3.33)
— nn + w
Yn+1 T )

n

and the condition is s + w = «/2. Using (2.3.33) we can obtain a discrete

Riccati equation for z,
s — zp

Tp =1u+ , (2.3.34)
Tn—1
which linearises, by x = H/G, to:
Gpi1 —uGn + (20 — 8)Gp_1 =0, (2.3.35)

i.e., a discrete analogue of the Airy equation which is nothing but a recurrence
relation of the parabolic cylinder equation, a fact that is expected given the
relation of asymmetric d-P; to Pyy.

The asymmetric d-P; equation can be also obtained from the asymmetric
d-P; through a coalescence limit. This procedure is essentially the same as
the one introduced in [4] for the degeneration of the symmetric d-Pyy to d-Pr.
The linear equation resulting form this coalescence is, of course, the same
discrete Airy equation as in (2.3.35).

3 Solutions by Direct Linearisation

In the previous subsection we have presented solutions of the continuous and
discrete Painlevé equations which are expressed in terms of special functions.
These solutions are obtained by the assumption that the Painlevé equation
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is satisfied by the solution of some Riccati equation. However there exists
another class of solutions which will be the object of this subsection [33,
34]. Let us present the argument schematically, in the simplest case, that of
the fundamental solution. Suppose that for some value of the parameters, a
linearisability condition is satisfied and the solution is furnished by a Riccati
equation,

w' = aw? + pw + 7, (3.0.1)

where the prime denotes the derivative with respect to the independent vari-
able t. Now it turns out that when a further constraint is satisfied, the coef-
ficient « vanishes, whereupon the Riccati equation becomes linear. Equiva-
lently, when + vanishes, (3.0.1) becomes linear for the quantity 1/w. In both
cases the solution w is obtained by a linear first-order equation and involves
one integration constant. When ay # 0, we may still reduce (3.0.1) to a first-
order equation if we are able, by inspection or any other means, to obtain an
explicit special solution, ¢. In this case setting w = ¢ + 1/1, we obtain for 1
the first-order inhomogeneous linear equation

Y+ (2a¢ + B)Y +a = 0. (3.0.2)

The integration of (3.0.2) introduces an integration constant and thus w =
¢+ 1/1 is indeed the general solution of (3.0.1). These special solutions will
be the object of the present study. It is clear from the argument above that
the minimal number of parameters for such a solution to exist is two, thus
P11, and a fortiori Py, are excluded, to say nothing of the one-parameter Pryy
[35].

While our arguments have been presented for the continuous P’s, they
can be transposed, mutatis mutandis, to the discrete case for both difference
and g-discrete Painlevé equations.

3.1 Continuous Painlevé Equations

In this section we shall present the special solutions of the continuous Painlevé
equations. In what follows, the notation ¢; will be reserved for a free sign,
+1.

a) The Pr; Equation

The Painlevé III equation, in the following normalisation,

=— - — 4w +1(aw2+6)75, (3.1.1)

does possess solutions obtained from those of a linear equation whenever the
condition [21],
e+ e =2, (3.1.2)

is satisfied. These solutions are obtained by the Riccati equation:
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0461—1

w = ew? + w + €3. (3.1.3)

Given the structure of (3.1.3), it is clear that it cannot be reduced to a first-
order linear equation. In this case, one can find a special solution with the
help of the rational solutions of Pry. If @ = —e3f8 equation (3.1.1) has an
elementary, rational, solution w? = e3. Demanding that this solution satisfy
the Riccati equation (3.1.3), we obtain the conditions o = €1, 8 = €2 and
€3 = —e1€2. The Riccati equation now reduces to w’ = e (w? — €3), which we
can integrate by quadrature in an elementary way. We obtain

w = € tanh(t — tg), (3.14a)
for e3 =1, i.e., e = —€1, and

w = ez tan(t — tg), (3.1.4Db)
for e = —1 (i.e. e = €1). This one-parameter solution was obtained in

[36] (see also [20]). Using the auto-Bécklund transformations of Py one can
construct higher solutions involving tangents. For instance, for « = 1 and
8 = —3 we find the solution, w = 1/tanh(t — tg) — 1/t.

b) The Pry Equation
The Painlevé IV equation,

'2 w3 2432
n oW L3 e 2w 4 a) — 2D (3.1.5)
2w 2 w
has linearisable solutions whenever constraint
610[+€2ﬂ: 1 (316)

is satisfied [21]. They are given by the solutions of the Riccati equation,
w' = e;(w? + 2tw) — 2e3. (3.1.7)

Clearly, if 8 = 0, in which case a = €7, the Riccati equation becomes a linear
equation for v = 1/w:
u = —e(2tu + 1). (3.1.8)

The integration of (3.1.8) is straightforward,

u= (c —€ /eeltzdt> et (3.1.9)

with ¢ an integration constant, i.e., u, or equivalently w, can be expressed in
terms of the Error function (of ¢ for ¢ = —1 and of it for ¢; = 1) [37]. One
remark is in order here. If one applies the auto-Backlund transformation of
Prv,
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w —w? — 2tw + 28

w= 2w

(3.1.10)

one obtains a solution of (3.1.5) with parameters & = (36 — o — 1)/2 and
g = €(B+a—1)/2. Starting from =0 and a = ¢; = —1 we find that & = 0
and 0 = —e, satisfying the condition & — eﬂ = 1. Thus, while (3.1.7) in this
case is not linear either in w or in 1/w, the transformed solution is again an
elementary one of the linearisable class. It goes without saying that repeated
application of (3.1.10) will lead to higher solutions involving Error functions.

c) The Py Equation
We start from

w1 1 w' o (w—1)2 32 w(w + 1)

" __ 2( - - _ \v -7 2. M At St ey
v <2w+w—1) P (w w)+ t 2w-1)
(3.1.11)

The linearisablity condition, with the notation we chose above, is just [21]:
era+ €8+ e3y =1, (3.1.12)

and the associated Riccati equation is

-1 —1
w’:aelm—i—gw—l—e?ﬁw )

. (3.1.13)

When a = 0, or, equivalently, 5 = 0 and w — 1/w, equation (3.1.13) becomes
linear,

w' = (63—‘1-62%)11)—62?. (3.1.14)
Its solution,
w= <c — egﬂ/eesttezﬁ_ldt) ecatp=e2h, (3.1.15)

involves the incomplete Gamma function [20].

Just as in the case of Pry, the auto-Béacklund transformation of Py gen-
erates solutions belonging to the linearisable class and which involve the
incomplete Gamma function.

d) The Py Equation
The most general of the second-order Painlevé equations is

. w? LS SR o 1+ 1 - 1
w = — —_ _— —_— - [
2 \w w—1 w-—t t—1 —t

w(w — 1)(w — t) 02 o t o t—1 5 t(t—1)
—1——)2 ( ﬂwQ—i-'yi (6 1)).

202(f — 1 (w—1)2 (w—1)?
(3.1.16)

The linearisability condition in this case is, [21],
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€1+ €0 + €37 + €40 = 1, (3.1.17)
and the Riccati equation is:

. aa o (7 + )t — (a4 ezy) Y
= — . 3.1.18
- " tHt— 1) e (3.1.18)

w

Equation (3.1.18) reduces to a linear one, when o = 0,

w/ _ (63’74» EQQ)t B 63’711} _ 626 ) (3119)
Ht—1) t—1

The integration of (3.1.19) leads to a solution expressed in terms of the in-
complete Beta function [20],

w = (c - egﬁ/t—m(t - 1)—625—1dt> e (t — 1), (3.1.20)

A similar result could have been obtained by setting S = 0, in which case a
linear equation would have been obtained for u = 1/w.

Thus all the Painlevé equations with at least two parameters possess
solutions involving special functions which for Pry, Py and Py are expressed
as integrals.

3.2 Symmetric Discrete Painlevé Equations

Let us now turn to the discrete Painlevé equations which are the main subject
of this course. We start with discrete P’s of the form:

= fi(zn,n) — 21 fo(zp,n)
T fa(@nn) — 21 fa(zm,n)”

As we have seen, the special solutions of the d-P’s are obtained, provided that
some linearisability constraint is satisfied by the discrete Riccati equation,

(3.2.1)

az, + 3

s (3.2.2)

Tn+1 = —

where «, 3,7 and ¢ are functions of the independent variable n. Now, it may
happen that, when some further constraint is satisfied, v or § vanishes, in
which case (3.2.2) is transformed to a linear equation for z, or 1/z,. The
integration of such a linear equation is straightforward. Starting from

OnTpi1 + any + B =0, (3.2.3)
we first obtain a solution, &, of the homogeneous equation

OnZnt1 + nZy = 0. (3.2.4)
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Formally, this solution is given by &, = A HZ;;(—ak /d1) where A a is con-
stant. Next, using the standard “variation of constant” procedure, i.e., con-
sidering A as dependent on n, we obtain the solution of the full equation. We
find

Bn

o [T (— o /3%)
Thus, formally, we have A, = 3 Bn/(cn [TiZs (—an/0k)) + ¢, where ¢ is the
integration constant. In this way the solutlon of the Painlevé equation can
be expressed in terms of a discrete quadrature.

For the discrete P’s that we shall examine here, it turns out that the
homogeneous part of equation (3.2.3) can be solved explicitly. For all cases
of difference equations we find an expression of the form,

Sntl _ I1:(n + pi) (3.2.6)

n Hl(n + Ui) 7

where the number of terms in the product may vary from case to case. Given
the form of (3.2.6), the solution is expressed as a product of Gamma functions:

. I'(n+ p; I'(o;
&n = bow H (F(p,;)p)lzlr(n(+ t)j) (3.2.7)

Apsy — Ay = (3.2.5)

In the case of g-equations,

b1 _ TLO7 1)

= , 3.2.8
& “TLOTe ) (3:2:5)
and the solution is expressed in terms of ¢-Gamma functions:
F)\ n -l— Pz F)\ O’l
= 3.2.9
&n = Eow H H Filn o) (3:2.9)

However it does not seem possible, even given this explicit form of &, to
perform the last quadrature in closed form.

Now it may also turn out that there is no possibility to set either 8 or
~ to zero. In this case we can still proceed, provided we can find one special
solution, 7, of the Riccati equation (3.2.2). In this case, setting = = n+1/y,
we find that y satisfies the linear, inhomogeneous equation,

(Y1 + an)Ynt1 + (Yntn + 0n)Yn + 0 = 0. (3.2.10)

Just as for the continuous P’s, this last case will apply to the discrete Pypy.

a) The Discrete Pp
The form of the ¢-Pr;; we are going to work with is

(zn —a)(@n —b)
(1 —zpzn/c)(1 — xp2,/d)’

(3.2.11)

Tn+4+1Tp—-1 =
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where a, b, ¢ and d are constants and z, = A". The linearisability condition
is

ad = beA (3.2.12)

and leads to the homographic mapping

d a—x,
Tp+1 = +

_ 2.1
AC— Tn2n (3.2.13)

As we showed in [21], equation (3.2.13) leads to solutions of ¢-Pryr in terms
of discrete Bessel functions. Given the form of (3.2.13), it is not possible to
reduce the discrete Riccati equation directly to a linear equation. On the
other hand it is straightforward to obtain one special solution of (3.2.13). We
introduce ¢ = V/X and find that x,, = k//z,, with k = \/ac, satisfies (3.2.13),
provided that condition ciu + d = 0 is satisfied. Using this particular solution
we can obtain a linear first-order equation by putting x, = k/\/z, + 1/yn.
We find for y the linear mapping

Ynt1(Vazn/c+ 1) + pyn (v azn/c — 1) + pz, /c = 0. (3.2.14)
The solution of the homogeneous part of this mapping is:
n—1 1 c
M = A\/Zn H tanhz In (azk> . (3.2.15)

where A is a constant. The general solution of (3.2.14) can be obtained
through the variation of the constant A:

vz,
(Vacz, — ) [1" " tanh L In (é)

Api1 — A, = (3.2.16)

The formal integration of (3.2.16) by a discrete quadrature introduces one
integration constant.

One remark is in order at this point concerning the comparison of the
solution of ¢-Pryp obtained through (3.2.14) and the explicit solution of Py
exhibited in Sect. 3.1. We expect the two solutions to be equivalent at the
continuous limit up to the allowed transformations of the dependent and
independent variables. As a matter of fact the continuous limit of (3.2.11) is
not the canonical form of Pyyp (3.1.1) but

'2
"

w w' ow? B 1
w'=— - — -
w t

(3.2.17)

obtained by A = 1 +¢, (z = t), 2 = w,a =€, b = —e+ €23, c = 1/e,
d = —1/e — a. (Note that (3.2.17) can be transformed to (3.1.1) for w and s
through the change of variables, s = v/t, w = wv/t). The condition for special
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solution (3.2.15-16) to exist is @ = § = 1/2. In this case the continuous limit
of the Ricccati equation (3.2.2) is just

1
o =% 2% - (3.2.18)

The solution to this equation is
_ tanh(2vt — ¢)
\/E )

(where ¢ is the integration constant) which should be compared to (3.1.4a).
Let us now show how we can obtain this solution from the continuous limit
of (3.2.15-16). We set 8 = n/+/z and find from (3.2.15) that

(3.2.19)

9n+1 1- 6\/5
= —. 2.2

In order to find the continuous limit of (3.2.20), we must take into account
that z,411 = z,, + €z, and thus, if 6,, — g at the continuous limit, 6, 1=¢g +
€zg' + O(€?). At the limit € — 0 we find, from (3.2.20),

g __ = (3.2.21)

and after an integration, g = Ae=*Vt In order to obtain the solution of the
nonhomogeneous equation (3.2.14), we must solve A, 11 — A, — —6\/Ee4ﬁ,
or, taking the limit,

A= (3.2.22)

Integrating (3.2.22) we find that A = —e*V#/2 4+ k, where k is the inte-
gration constant. So, finally, in this limit y becomes v#(—1/2 + ke=4V1).
Since the limit of the particular solution is 1/4/%, the full solution is w =
1/VE1+1/(=1/24 ke=*V?)) = — tanh(2v/ — ¢/ V1), with 24 = —2k. Thus
the continuous limit of special solution (3.2.15-16) is precisely (3.2.19).

b) The Discrete Pry
Here we shall consider the d-Pry,
(23, —a?) (@} — %)

(xn-ﬁ-l + xn)(xn + xn—l) = (l'n — Zn)2 — 2 (3'2'23)

where a, b, ¢ are constants and z, = dn + zo. The linearisability condition is
2c—a—b=4, (3.2.24)

and the corresponding homographic mapping is:
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Zpla+b—c—2z,)—ab
—Zn +Cc+ 2y, '

Tpt1 = (3.2.25)
This mapping can obviously be made linear for y = 1/ provided we take
ab = 0. Taking, for instance, b = 0 and implementing (3.2.24) we obtain

ynlct2,) —1

Yni1 = (3.2.26)

C— Zn+1

The homogeneous part of this equation can be solved simply in terms of
Gamma functions whereupon the general solution of (3.2.26) is given in terms
of a discrete quadrature. This special solution is precisely the one discovered
by Bassom and Clarkson [37] who have shown that it is the discrete equivalent
of the Error function solution of continuous Pry .

c) The g-Discrete Py
The ¢-Py we are now going to study is given by

(n —a)(zp, — 1/a)(zy — b) (2, — 1/D)
(1 —xpzn/c)(l — zp2,/d)

where a, b, c,d are constants and z, = A\". The linearisability condition is:

(tnt12n—1)(Zpan_1—1) = , (3.2.27)

abd = Xc, (3.2.28)

while the discrete Riccati equation, which leads to solutions expressed in

terms of the discrete confluent hypergeometric function, is

Tp —a—b+abz,/c
ab(xpzn/c—1)

Tpi1 = (3.2.29)

A direct linearisation of (3.2.29) seems impossible, but this is only due to
the fact that x is not the appropriate variable. As we remarked already in
[21], the variable that becomes that of Py in the continuous limit is related
to z by a homographic transformation. We introduce the same homographic
transformation here, z = (1+y)/(1 —y). We readily obtain for y the discrete
Riccati equation,

Yn(—2abz, —clab—a—b—1)+cla—1)(b—1)
yncla+1)(b+1) + 2abz, —c(ab+a+b—1)

Clearly (3.2.30) becomes linear in y if a = —1 or b = —1, and also linear in
1/yif a =1 or b= 1. Let us take for instance b = —1. We find that

—yYna(zy, +c¢)+cla—1
gy = —Ynaln £ Fela= 1) (3.2.31)
az, — C

The solution to the homogeneous part of (3.2.31) can be expressed in terms
of g-Gamma functions, and a final quadrature leads to the general solution
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of (3.2.31) which is just a ¢-discrete analogue of the incomplete Gamma
function. Indeed, setting y = w, A = 1+4+¢€, a = 1+ €8, ¢ = 2/¢ we obtain
(2.1.12) as the continuous limit at € — 0 of (3.2.29). In the same limit the
linear equation (3.2.31) becomes (3.1.14), with o = 0, €3 = 1, €2 = 1, which
is precisely the equation whose solution is the incomplete Gamma function.

d) The (difference) Discrete Py
This equation was introduced much more recently than its g-discrete analogue
[38]. Its form was given as,

(In + Tpt+l — Zn — Zn+1)(1'n + Tn—1— 2n — Zn—l)
(xn + anrl)(xn + .I'n,1)
(xn — 2n —a)(xp — 20 +a)(zy, — 2, — b)(xy, — 2, + D)

B (xn — ) (xn + ) (xy — d)(xy +d) ) (3.2.32)

where a, b, ¢c and d are constants and z,, = dn+zg. However it is not difficult to
show, using the standard factorisation technique, that (3.2.32) has solutions
given by the mapping:

Tp + Tpt1 — 20 — Znt1 (X — 2 — a)(xy, — 2, — D)

= , 3.2.33
Ty + Tpia (:En - C)(xn - d) ( )
provided condition
a+b=c+d+9 (3.2.34)
holds, in which case (3.2.33) is indeed homographic,
S ((zn+1 — a)(zZn+1 — b) — cd)xy, + cd(zpn + 2n11) (3.2.35)

Tn(2n + 2nt1) — (2n + a)(2zn + b)

Clearly, (3.2.35) can be directly linearised for 1/z, provided that cd = 0. Let
us take ¢ = 0 and introduce y = 1 — z/x, since the latter is a more convenient
variable for the continuous limit. We thus obtain

_Zn+1(zn + (L)(Zn + b)yn + ab(zn + ZnJrl)

Zn(zn+1 - a)(zn+1 — b) (3236)

Yn+1 =

The solution of the homogeneous part of the linear equation can be given
in terms of Gamma functions, whereupon the solution of (3.2.36) is reduced
to a discrete quadrature. The solution thus obtained is expected to be the
discrete analogue of the incomplete Gamma function. This can be assessed
by the continuous limit obtained by taking y = w, § =€, b = 1/¢, a = €03,
c=ceaand d = 1/e — ey and z = \/t, whereupon, at the limit ¢ — 0 (3.2.33),
becomes Py. We find that under constraints a = 0 and v+ 3 = 1, the linear
equation (3.2.36) becomes (3.1.14).
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e) The g-Discrete Py
The g-discrete analogue of Py was introduced in [38]. Its form is:

(TnZrnt1 — Zn2nt1) (TnTn—1 — ZnZn—1)
(XnTnt1 — 1)(Tntn_1 — 1)
(X — azp)(Tn — zn/a)(@n — bzp) (T — 2 /)
(@n — c)(xn — 1/c)(@n — d)(zn — 1/d)

(3.2.37)

where a, b, ¢, d are constants and z, = A\". Its linearisable solutions were also
presented in [38]. It turns out that when condition

ab = cdA (3.2.38)
is satisfied, the mapping

TpTptl — ZnZntl _ (Tn — a2Zp)(Tn — b2y)
TpTpiy — 1  (zn—o)(xn —d)

(3.2.39)

becomes homographic and has solutions which are given by a discrete equa-
tion having the Gauss hypergeometric function as its continuous limit. How-
ever just as in the ¢-Py case, this mapping is not convenient for direct lin-
earisation. Again the clue to the proper variable to choose is furnished by the
continuous limit. We thus introduce a change of the dependent variable,

yl—2)—1-—2z2

="t
yl—2)+1+=

(3.2.40)

and obtain a homographic mapping for y which can be directly linearised
provided (d — 1)(¢ — 1) = 0. Let us choose d = 1 and let us use condition
(3.2.38). We thus obtain the linear mapping,

Yn4+1 =
<zn+1 + 1) A1 = 2zp)(bzn, — D)(azy — Dyn + (20 + 1D (2120 — 1)(ab+ N)
(2n + 1)(Zn+1 - a)(ZnJrl —b) '

Zn+1 — 1
(3.2.41)

The homogeneous equation for y can be solved in terms of ¢-Gamma func-
tions, and the full equation is then solved through a discrete quadrature. For
the continuous limit we must take A = e, y = w, a = —e, b= e, ¢ = —eP,
d=e“and z = (vt —1)/(v/t + 1), whereupon (3.2.37) becomes the con-
tinuous Pvy1 (3.1.16). Under the constraints (3.2.38), which in the continuous
limit are just v+ 6 —a— =1, and d =1, i.e., @ = 0, the continuous limit
of (3.2.41) is just (3.1.19), with e = —1 and e3 = 1. Thus the solution of
(3.2.41) can be considered to be a ¢-discrete analogue of the incomplete Beta
function.
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3.3 Asymmetric Discrete Painlevé Equations

For asymmetric d-P’s, the procedure is quite similar. In the results below
we shall lump together the equations according to their common symmetry
group. Since we are going to deal with both difference- and ¢-discrete equa-
tions, we shall introduce the notations z,, = §(n—no), 2p4+1/2 = 6(n—1/2—ng)
In = QA", pn = o\~ /2, and we will use pn = v\

Equations with Geometry Described by Agl)

We start with two equations whose geometry is described by the affine Weyl

group of Aél). These equations are contiguity relations of the continuous Py

[24]. The first equation we shall examine is the discrete Pry [29],
Yn + 2n

Tny1Tn = )
n

2 (3.3.1a)

1 n Zpnt1/2 +T

Yn +Yn—1 = —
Ty Ty, — 1

(3.3.1b)

where a and r are two constants. The linearisability constraint in this case is
a=r-+7§/2.
The discrete Riccati equation is

1+ (2 —a)xy,
ntl = ————— 3.3.2
T+l 1— 2ax, ( )
where y is given by:
1
n = — — Q. 3.3.3
y xn “ ( )

The discrete Riccati equation can be directly linearised if @ = 0. In this case
we obtain for x the equation,

Tpi1 = ZnTn + 1. (3.34)

Introducing ¢ = 1/6, we can show that (3.3.4) is the contiguity relation of
the incomplete Gamma function, namely,

T, = et y(n, t). (3.3.5)

This is another kind of discrete Error function, different from and simplerthan
the one introduced by Bassom and Clarkson [37].

We now turn to a second equation, known as the asymmetric d-Pyy, and
which is in fact a discrete form of Py [23],

YnZn — D
yn — 1

n

Tpa1 + T =2 (3.3.6a)

xnzn+1/2 -

o (3.3.6b)

Yn + Yn—1 = 2
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where p and r are constants. The linearisability constraint,
p—r+06/2=0, (3.3.7)
leads to the homographic equation for z,

Tt 20, +2—p— 2z, ( )
with y given by N
Zp+1/2 TT
n = ——— — 1. 3.3.9
Y P (3.3.9)

It turns out that there is no possibility of obtaining a direct linearisation of
the Riccati equation, a situation which exists also in the case of continuous
Pyr and the standard ¢-Pyp equations. In these two cases, special solutions
were obtained [33] using one particular solution, which happens to be ratio-
nal, of the Riccati equation whereupon the reduction to a first order linear
equation is straightforward. This is not possible here due to the fact that the
asymmetric d-Py; and discrete Pryp equation do not possess solutions in the
linearisable class which are rational functions of the independent variable.

Equations with Geometry Described by Agl) &) Agl)
The equation we will here is:

2
4, — A4nYn
Tn1Tn = 3.3.10a
* yn(yn - ]-) ( )
2
nYn—1 = - 3.3.10b
YnYn—1 o (Tn — 1) ( )

where a and b are constants, and, as was shown in [39], is a discrete form of
Pir1. The linearisability constraint is

b=apu, (3.3.11)
and the homographic system is
Qn(xn + a2)
=——-7= 3.3.12
Tn+1 a(xn + aqn) ) ( )
with y given by
adn
Yp = ———. (3.3.13)
xn

No direct linearisation is expected here, but one can still obtain a special
solution. It turns out that when a and b satisfy an extra constraint, ab = 1,
which, given (3.3.11) means that a = 1/0%, b = 0%, where A\ = 0®, one special
solution does exist, z, = £Q, /02, Yy, = FoQ,, with Q,, = V/n- From this
elementary solution one can derive
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== 3.14
Tn = 3 Z 1 (3.3.14a)
1-2,
Un = 0Qn - ( )
provided that Z satisfies the equation
oQ,+1
Lipil = Lp———. 3.3.14
+1 oOn — 1 ( c)

It is interesting to observe that, at the continuous limit obtained by z = w/e,
this solution becomes a well-known solution of Py for w. For this limit we
choose A = 1 +¢€, go = a?/e? and introduce the continuous independent
variable t = e~"¢/2. We find that Q = a/(et) and Z = e~*/¢ leading to a
solution for w in terms of the hyperbolic tangent. The solution to Py in
terms of a tangent function could have been obtained through a different

choice of signs for @ and b, a = —1/027 and b= —o2.

Equations with Geometry Described by Afll)
The only equation associated to this affine Weyl group that we will discuss
here is the discrete ¢-Py [40]:

(yn - an)(yn - Qn/p)

nt1Tn = 3.3.15
Tt 1 —yn/a ( )
Yn¥n—1 = (@n = ron)(@n = pufT), (3.3.15b)
1—ax,
where a, p, r are constants. The linearisability constraint is
pr = pa’ (3.3.16)
The homographic system is now
Py +a*(p? — 1)gn
]l = , 3.3.17
T, + a¥(ap — qa) ( )
where y is given by
In — TPn
Yn=—— (3.3.18)
The extra condition p = 41 allows one to linearise directly the discrete
Riccati equation in terms of 1/,
1 3
_ ¥ ) (3.3.19)

anrl T

Observe that the choice r? = 1 would lead to an equation linear in 1/y by
interchanging n 4+ 1 with n — 1. Thus we have essentially only one special
solution.
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The solution of the homogeneous equation 7,11 = a® (a F qn)Zy is just a
¢-Gamma function, Z,, = Zo(Fa*)"I'x(n—ny)/Ix(—n1), where \™ = +a/qo.
We expect the solutions of the inhomogeneous equation (3.3.19) to be some
form of the incomplete g-Gamma function, which, however, does not seem to
be well-known.

Equations with Geometry Described by Dil)

The equation we shall consider here is one obtained from the auto-Béacklund
transformation of the continuous Painlevé VI [30], although is was first iden-
tified in the degeneration through coalescence of the asymmetric ¢-Pyr [29)].
It is another discrete form of Py,

N2 2
Tpy1Tn = W (3.3.20a)

Znt1/2 =T Znt1/2 T T
= 3.3.20b
Yo+ Yn-1 1— bz, + 1—z,/b" ( )
where a, b, p and r are constants. The linearisability constraint can be ob-
tained from the relation to Pvyr,

a+p+r+3/2=0. (3.3.21)
In this case the discrete Riccati equation is

b*(zp +a — p)a, + 2bp

n+l = 3.3.22
Tt 2abx, + zp +p—a ( )
where y is given by ot ab
Zn +p + abxy,
= == " 3.3.23
y b, ( )

Let us first make a remark about the b = 1 case. For b = 1 one obtains from
(3.3.22) and (3.3.22) a linear equation for y. However, as we showed in [41],
the full, discrete system (3.3.20) for b = 1 is not a d-P anymore but rather a
linearisable equation.
We turn now to the special solutions of the genuine d-Pvy, b # 1. The
extra constraint, a = 0, leads to the linear equation,
zZn +p b(zn - p)

2bp Tn+1 2% Tn + ( )

Similarly, for p = 0, we can obtain an equation that is linear in 1/x,

b n n -
Gnta) za-a (3.3.25)
2az,41 Ty

In an analogous way, the constraint r = —a, which from (3.3.21) entails
p+ /2 = 0, leads to an equation linear in terms of a simple homographic
transformation of y.
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All these linear equations can be shown to be contiguity relations of
the incomplete Beta function. Let us introduce the quantity Up(u,v) =
t=H(1 — )7V B¢(p, v) where By(p,v) = f(f =11 — 7)¥~1dr is usually called
the incomplete Beta function. From its properties, we can easily show that
U obeys the contiguity relation,

wUe(p,v) —t(p +v)U(p + 1,v) = 1, (3.3.26)

which defines a recursion along the line v = cnst. By inspection we find for
the solution of (3.3.24),

2pé
20 = == Us e (n = no = p/3,2p/5), (3.3.27)

and, for the solution of (3.3.25),

)
_U2a/6(n —No — a/da 2&/5)

(3.3.28)

Ty =

Equations with Geometry Described by Dél)
The equation associated to this group is the asymmetric ¢-Pry; which was
shown by Jimbo and Sakai [16] to be a discrete form of Pyr,

o (yn - an)(yn — Qn/p)
Tpy1Ty = (o — @)y —1/a) (3.3.29a)
(@n = 1pn)(@n = Pu/T) (3.3.29b)

Ym0 (w — 1/b)

where a, b, p, r are constants. The linearisability constraint is
abp = pr, (3.3.30)
and the homographic system is

plapg, — 1)z, — ab(p® — 1)q,

= (e~ D)z, + ab(qs — ap) (3331

with y given by, o
n = 3.3.32
Un = D) ( )

The linearisation of the Riccati equation (3.3.31) leads to an equation iden-
tified by Jimbo and Sakai [16] as that of the g-hypergeometric function o¢;.
Taking a = £1 for z leads to the linear equation,

b2 (gn F p)Zns1 — p(Pgn F 1)y + (9% — 1)bg, = 0. (3.3.33)

Similarly, the choice p = 1 leads to an equation linear in 1/z, while
the choice b = £1 and r = £,/u leads to linear equations involving y
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and 1/y respectively. From the relation of the solution of (3.3.31) to the
g-hypergeometric function 5¢;, we expect equation (3.3.33) to be related to
the incomplete ¢-Beta function. In any case, it can be shown that at the con-
tinuous limit, A > 14+¢, ¢ =, b=—-14+¢(u—1)/2, p=1— ev/2, equation
(3.3.33) becomes

d
t(1-— t)d—f +t(l—p—v)+mu—1)z—vt=0, (3.3.34)

with solution @ = vt'=#(1 — )~ By(u, v).

Equations with Geometry Described by Eél)

Two well-known equations are associated to this affine Weyl group, a differ-
ence equation and a g-equation [28]. The former is known as the asymmetric
d-Pry equation, with Py as continuous limit,

_ (yn 7p)(yn - T)(yn - 5)(yn - t) a
(Un + Tng1) (@0 + yn) = I T——— (3.3.35a)

(Tn +p)(@n +7)(Tn + ) (20 + 1)
Tp — Zng1/2 — b)(Tn — Zng1/2 +b)

(@ + Yn) (Tn + Yn—1) = ( (3.3.35h)

where a, b, p, 7, s and t are constants satisfying the constraint p+r+s+t = 0.
The linearisability constraint,

a+b=p+r+4§/2, (3.3.36)
leads to the homographic system,

yn(gn-i-l - b) + pr

Tyl = (3.3.37a)
Yn — Zn —a
where one should substitute the value of y,,
n\*n — t
_ n(en —a) 45t (3.3.37b)

T = Zny1/2 — b

From (3.3.37) we can obtain several examples where the discrete Riccati
equation reduces to a first-order linear equation. First we have the case where
a = 0. The linear equation, for z, is

Tn(2n — P)(2n — 1) + 20(st —pr) — (p+1)(pr + st)
(2n — 8)(2n — 1)

Tt = . (3.3.38)

In an analogous way, taking b = ¢/2, one finds a similar linear equation for
the variable y. For the second family of linear equations, the proper vari-
able is not x or y but an auxiliary variable obtained through homographic
transformation of it. These solutions are obtained with the extra constraint
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t = p, or analogously any of the choices s = p, s = r, t = r. We introduce the
variable X by z = 1/X — p, and obtain for X the equation

Xn(zn+a—p)zn+p+b—10/2)—2a
(Zn —a=p)(zn +p—b+6/2)

Xpt1 = (3.3.39)
The integration of these linear equations proceeds along the lines described at
the beginning of this section. We expect the solutions of these linear equations
to be discrete analogues of the incomplete Beta function.

The second equation associated with Eél) is the asymmetric ¢-Pv equa-
tion,

D 1) = g2 W = P) Y0 =) (Y = 5) (Y — 1)
(yn$n+l 1)( nYn 1) qn (yn — aqn)(yn — qn/a)

Ty — 1 Tp — 1/r)(xn —1/8)(xn — 1/
(Tn = bpn)(xn — pn/b)
(3.3.40b)
where a, b, p, , s and t are constants satisfying the constraint prst = 1.
Despite the fact that this equation has 5 genuine parameters, its continuous
limit is just Pyi, as was shown in [28]. The linearisability constraint in this
case is

(3.3.40a)

ab = pru, (3.3.41)

and the homographic system becomes

1 n\Jyn — VMV
T + an(yn —p r)/pr7 (3.3.42a)

Yn — afgn

where one should substitute the value of y,,

1+ bpp(wpst —s—1t)
o Ty, — bpn '

(3.3.42D)

n

Let us point out that while the linearisation of (3.3.42) leads to an equation
with more parameters than the discrete hypergeometric function, its con-
tinuous limit is the Gauss hypergeometric equation, which is expected since
the continuous limit of (3.3.40) is Py1. Again we obtain a special solution of
asymmetric ¢-Py by a first-order linear g-discrete equation in several cases.
Taking a = 1 we find the linear mapping,

xn(qn - T)(qﬂ - p)st + qi(p +r—s- t) + qn(st —pr)
prign — 8)(gn — 1) '

Tpp1 = (3.3.43)

Similarly, a linear mapping for y can be obtained when b = p. As in the
case of asymmetric d-Pry, we obtain more instances of direct linearisation
for variables obtained by a homographic transformation from x or y. These
solutions are obtained with the extra constraint ¢ = p or analogously any
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of the choices s = p, s = r, t = r. We introduce the variable X through
x =1/X 4 1/p and obtain the equation,

X (agn — p)(bpgn — 1) + pran(bps — ap)
p(a'(bn - ’r)(bSQTL - ,u)

Xpp1 = (3.3.44)

The solutions of these equations have one more parameter than the incom-
plete ¢-Beta function.

Equations with Geometry Described by E.(Tl)

The first equation, whose geometry is described by the E(71) affine Weyl group,

is the asymmetric d-Pv,

(Yn + Tnt1 = 20 — Cug1)(Tn + Yn — 20 — Znt1/2) _
(Yn + Znt1)(Tn + Yn) B
(Yn —2n —a)(Un — 20 = 0)(Yn — 20 — ) (Y — 20 — d)
Un =) (Yn —7)(Yn — 8)(yn — 1)

(3.3.45a)

(Tn +Yn — 20 = Znt1/2) (Tn + Yn—1 = Zn—1 — Znt1/2)
(Tn + Yyn)(@n + Yn—1) B
(Tn — 2Zng1/2 + a)(Tn — Zng1/2 +0)(Tn — Zny1/2 +€)(Tn — 2py1/2 +d)
(X +p) (X + 1) (X0 + 8) (T + 1)

)

(3.3.45b)

where a, b, ¢, d, p, r, s and t are constants satisfying the constraints a + b +
c+d=p+r+s+t=0. This equation, just like the asymmetric ¢-Pv above,
has more parameters than Pyi. However at the continuous limit these extra
parameters do not survive, and thus at the limit we obtain just Pyy [38]. The
linearisability constraint is

a+b=p+r+4/2, (3.3.46)
or equivalently s+t = ¢+ d + 6/2. The homographic system now becomes

Yn(Chiq — (a+b)Cny1 +ab—pr) + pr(zn + Cug1)

il = , 3.3.47
it Yn(2n + Coy1) — 22 — zn(a+b) —ab+pr ( a)
where one should substitute the value of y,,

= (22 + (c+d)zp + cd — st) + st(z, + Cn) (3.3.47b)

(20 + Cn) — zi+1/2 + Znq1/2(c+d) —cd + st

Again, the linearisation of (3.3.47) leads to an equation which goes beyond
the discrete hypergeometric function . The direct linearisation can be ob-
tained, provided one extra constraint is satisfied together with (3.3.46). This
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constraint can be any one of t =p, s=p,s=r,t=r,a=c¢, b=c, a=d,

or b = d. For instance if we take t = p and introduce the auxiliary variable

X by x =1/X — p, we find that

Xn(zn +a _p)(zn +b— p)(zn+1/2 +p— C)(Zn+1/2 +p— d) +Qn
(Zn +a— P)(Zn +d— p)(Cn+1 +p - a)(CnJrl +p - b)

Xn+1 =

(3.3.4%)
where @, is a polynomial quadratic in z, Q, = —222(a+b+p+7)+22,(—ab+
cd+4p(p+ 1)) + 6(p* + (ab + cd) /2).

The second equation we shall examine is a g-equation, which, in the sym-
metric case, is a discrete form of Pyy [38]. It can be written as

(ynanrl - annJrl)(xnyn - ann) _
(ynxn-i-l - 1)(-rnyn - 1)
(Yn — agqn)(Yn — bqn) (Yn — cqn)(Yn — dgn)
(Yn —P)(Yn —7)(Yn — $)(Yn — t)

(3.3.49a)

(TnYn = @npn)(EnYn—1 — Gn-1pn) _
(Tnyn — 1) (Tpyn—1 — 1)
(Tn = pn/a)(Tn — pn/b)(Tn — pn/c)(Tn — pn/d)
(2n — 1) (2 = 1/7), (20 — 1/5)(@n — 1/2)
(3.3.49b)

where a, b, ¢, d, p, r, s and t are constants satisfying the constraints abcd =
prst = 1. The condition for the existence of a linearisable solution is

ab = pru, (3.3.50)

or, equivalently, st = cdu. Whenever this linearisability constraint is satisfied
the solution is given by the homographic system,

Yn(1 = @npni1) + qu(pnti(r +p) —a —b)

Tn = s 3.3.51a
T = au(a ) + pr(gnpars — 1) ( )
where one should substitute the value of y,,
n t nMn — 1 n d — Pn t
g = EnSt@npn = 1) + gn(c+ d = puls +1)) (3.3.52D)

Tp(gn(c+d) —s—1) +1—qnpn

Just as in the case of asymmetric d-Py above, the direct linearisation can be
obtained provided one extra constraint is satisfied together with (3.3.50), and
this constraint can be any of t =p, s=p,s=r,t=r,a=c¢, b=c¢, a =d,
or b = d. For instance we can take ¢ = p and introduce again an auxiliary
variable X by x = 1/X + 1/p. We find that

X,(agn — p)(bgn — p)(Pgn — cit) (Pgn — dpt) + Qn
(Pon+1 — a)(Ppn+1 — b)(cgn — p)(dgn — p)
where @,, is a polynomial cubic in ¢, Q, = pp*q>(1/a+1/b—1/c—1/d) +

pa (P (p/s +1) = p/r = 1) + pup*qu(r(c +d) = s(a + b)) — pp*(s = 7) .

Xpy1 = , (3.3.52)
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3.4 Other Types of Solutions for d-P’s

The continuous Painlevé equations possess another type of special solution
which exists whenever one particular constraint is satisfied among their pa-
rameters. This constraint is, in general, different from the linearisability con-
straint. The solutions obtained in this case have no degree of freedom, they
are rational functions of the independent variable. The same kind of solution
does exist for discrete Painlevé equations. Let us illustrate such solutions in
the case of the symmetric d-Pry,

20,20 + 2m
22 -1 7

Tn41 +Tp_1 = (341)
where z, = an + . Equation (3.4.1), obviously, has the solution z, = 0 for
m = 0. It is also straightforward to construct higher-degree rational solutions.
We find, for example, for m = —q,

@

1+ 2z,

Tn = , (3.4.2)

and for m = —2¢,

2 a?z, — (14 2,)3
14z, 02(2, +3) — (14 2,)3°

T, (3.4.3)
Observe that higher-degree rational solutions exist for all values of m which
are integral multiples of «, the step in z,. We shall return to the symmetric
d-Py1 in the following section.

Another type of solution is known as “molecule” solutions. The name
comes from the semi-infinite or finite Toda lattice equation which is also
known under the name of Toda molecule equation, which has the form,

d2
ﬁ log V'n, = Vn+l + anl — 2Vn7 (344)

with Vp = 0. It admits the solution

V, = Tn-1Tn+1 (3.4.5)

where the T-function is given by
f % s (4
LR (Y
w=| 0T (3-4.6)
(N GENF - (G2 S
where f is an arbitrary function of ¢. The crucial point is that the size of the

determinants entering into the expression of a solution at site n depend on
n. A molecule-type solution, obviously, can exist only for discrete equations.
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Let us illustrate such a molecule-type solution in the case of asymmetric
d-Py1 (3.3.6). This equation is in fact a contiguity relation for the confluent
hypergeometric equation, which, in special cases, can be a rational function
of its argument. So this equation does possess another type of interesting
solution, namely solutions where z,, is a rational expression of § but of degree
depending on n called molecule-type solutions in Hirota’s terminology [42]).
Indeed, for the special value p = —§/4, which implies that » = §/4 under the
constraint (3.3.7), the ansatz

0 v 1) 1
== —-n—k—=-)—-1 4.
=gt 5 (1 7 (3.4.7)
leads to the equation for v,
1 2 1 1
Unt1+8(n—k+ 3 g)vn +16(n —k+ Z)(n —k— Z)Un_l =0. (3.4.8)

One solution can be given in terms of Hermite polynomials. Indeed, elimi-
nating H,,+1 and H,,_; from the usual recursion relation for Hermite poly-
nomials of argument ¢,

H,+1 —2tH,, +2mH,,_1 =0 (3.4.9)
and its up- and down-shifts, one obtains
Hyyo + (4m +2 — 42)H,, + 4m(m — 1)H,, o = 0, (3.4.10)

This equation is just (3.4.8) for m = 2(n — k) + 1/2, which is an integer
provided that k + 1/4 is an integer and t? = 4/§. One solution of (3.4.8) is
thus v, = H,,(2/V/9), leading for = to an expression that is rational in &
(since only polynomials of the same parity enter the equation) but of degree
dependent on n.

4 From Elementary to Higher-Order Solutions

4.1 Auto-Bicklund and Schlesinger Transformations

In the previous section we have presented solutions of Painlevé equations,
both continuous and discrete, in terms of “classical” transcendents. What
must be made clear at the outset is that these solutions are not isolated.
They are just the first, elementary, members of large families with an infi-
nite number of members. The importance of the elementary solutions just
obtained lies in the fact that they are the “seeds” for the calculation of the
higher solutions. The way one obtains these higher solutions is through the
use of auto-Bécklund and Schlesinger transformations of the equation.

Let illustrate this aproach with two selected examples. We start with the
case of continuousPrr:
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w’ = 2w 4 tw 4 p (4.1.1)
For = 1/2, a special solution exists which can be expressed in terms of Airy
functions. Setting w = —u’/u, we find that u satisfies the equation
t
W+ Gu=0. (4.1.2)
Next we use the auto-Bécklund trasformation for Py [36],
2u+1

w(p+1) = —w(p) (4.1.3)

202 () + 2w/ () +

and construct the higher Airy-type solutions. For ¢ = 1/2 in (4.1.3), we
obtain

u 1
Similarly, for u = 5/2, we find that
/ 2 2
(2(u'/u)? + 1) (4.15)

w(5/2) = —w(3/2) — 4w Ju)® + 2tu Ju — 1

Higher solutions can be obtained through the repeated application of the

auto-Bécklund transformation.
We turn now to the discrete Pyy

22,Tn + 2m

g (4.1.6)

Tn41 +Tp_1 =

where z,, = an+ (. For the special value, m = —«a/2, d-Pyj possesses a special
solution which can be expressed in terms of a discrete Airy function. Setting
Tn = Qnt1/Qn — 1, we find that @ satisfies the discrete equation,

Qnit — 2Qn + (M — 2p-1)Qn_1 = 0. (4.1.7)
The auto-Bécklund transformation of d-Pyy is [26]
(2m — a)(1 — z,(m))
(@nr1(m) + 1) (zn(m) —1) = 20 —m’

Using this transformation, we can construct a solution for m = —3a/2. We
find that

Tp(m —a) = —xp(m) + (4.1.8)

2aQn+1 (QnJrl - 2Qn)

2Q% 1 + Qni1Qnlar—4) — (220 + )Q2°
(4.1.9)

Tn(—3a/2) = —x,(—a/2) +

Similarly we can construct higher Airy-type solutions for d-Py.

The way to obtain higher solutions by means of auto-Bécklund transfor-
mations, though quite systematic, does have a drawback. If one wishes to
compute the Nth higher solution, one must start from the basic, elementary,
one and compute the higher ones successively till one reaches the Nth. Thus
no closed form expression can be given for these solutions; one has to con-
tent himself with recursion for their derivation. Fortunately an alternative
approach does exist.



368 K.M. Tamizhmani et al.
4.2 The Bilinear Formalism for d-Ps

A formalism which is particularly convenient for the study of the special so-
lutions of d-IP’s is the Hirota bilinear formalism. This is not in the least aston-
ishing since it is the very same formalism which, in the context of continuous
integrable evolution equations, has made possible the systematic derivation
of multi-soliton solutions.

The application of the bilinear formalism to discrete Painlevé equations
was (first) introduced in [43]. As in the continuous case, one must propose an
ansatz in order to express the dependent variable in terms of 7-functions. The
success of the bilinearisation depends largely on the adequate choice of this
ansatz. Fortunately there exists a precious guide, the singularity structure.
This works equally well in the continuous as well as in the discrete case, but
we shall concentrate here on the latter.

The simplest way to illustrate this is through an example. Let us start
from the symmetric d-Py; equation,

2T +a

Tn+1 +Tp_1 = (421)

1—a2’
with z = an + (. Obviously, a singularity appears whenever the x in the de-
nominator takes the value +1 or —1. A detailed study of these singularities
leads to the singularity patterns {—1, 00, +1} and {41, 00, —1}. The assump-
tion made in [43] was that there exists a relationship between the number
of singularity patterns of a d-P and the minimum number of the 7-functions
necessary for its description. In the case at hand, this means that we must
introduce two 7-functions, F' and G. Since the 7-functions are entire, x must
involve ratios of such functions. With the appropriate choice of gauge, the
ansatz for x turns out to be

FniaGnoa _y FaaGony

m="ltTEG T RG

(4.2.2)
Equating the two rightmost sides of this relation leads to a first bilinear
equation for d-Pry,

Foi1 Gt + Fo_1Gpy1 — 2F,Gp = 0, (4.2.3)
and substituting the ansatz into (4.2.1) yields the second equation,
FroyoGnoo— Fy 2Grya = Z(Fn-l-lGn—l - Fn—1G7L+1) +2aF,G,. (424)

However the assumption that the number of 7-functions is related to the
number of singularity patterns should not be interpreted as a strict equality.
Quite often the number of 7-functions is larger than that of the singularity
patterns. This is due to the fact that auxiliary 7-functions are necessary for
the bilinearisation. Let us illustrate this in the case of the “alternate” d-Prp
equation,
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ZTL Zn—l ].
+ =—x,+— 4+ 2z, + U 4.2.5
Tn+1Tn + 1 TnTn—1 + 1 " Tn " K ( )

The singularity analysis of (4.2.5) results into two singularity patterns, {0, o0}
and {00, 0}. This suggests the introduction of two 7-functions and the sub-

stitution:
_ FnGn— 1

B Fn—lGn -

From the forms that appear in the denominators of the left hand side of
(4.2.5) it becomes clear that the only hope for a simplification is when there
exists some relation between numerator and denominator which leads to the
introduction of a first, bilinear condition,

(4.2.6)

Tn

Fn+1Gn,1 + FrnflGnJ’»l = ZnFnGn (427)

However, even with the use of (4.2.7), the equation we obtain is still quadri-
linear. In order to simplify it further we observe that if G,, = 0, then
Foy1F,_1 = F2. Thus, when G,, # 0, we can extend this relation by the
introduction of a third, auxiliary, 7-function, £

Foi1Fn 1 =F2+G,E, (4.2.8)

Using (4.2.8) and (4.2.7) we can simplify the expression of alternate d-Pry.
We finally obtain
GnEnfl — anlEn == /,LFnFn,]_. (429)

Equations (4.2.9), (4.2.8) and (4.2.7) constitute the bilinearization of alter-
nate d-Pyy. Similarly we could have considered what happens when F;,, = 0.
In this case we could have introduced another 7-function H by

Gni1Gn1 = G2 + F,H,, (4.2.10)
and obtained a third equation
Fn—lHn - Fan—l = (/J, + AZ)GnGn—ly (4211)

where Az = 2,41 — z,,. By comparing (4.2.9) and (4.2.11) one sees that a
shift from p to p+ Az is associated to the transformation of the T-functions
{E,F,G} — {F,G, H}. In fact, the 7-functions F, F, G and H constitute a
Schlesinger chain in the sense of Okamoto [44].

Let us now use the bilinear form of (4.2.5) in order to construct the
elementary solution in terms of discrete Airy functions. We start with z,, =
F,.Gn_1/F,-1G, and require that F,, = 1 for all n. In this case (4.2.7)
becomes

anl + Gn+1 = ZnGn, (4212)

and it is not difficult to recognize in (4.2.12) a discrete form of the Airy
equation. Moreover x,, = G,,—1/G,, defines a Cole-Hopf-like transformation
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analogous to the one used in the continuous case. Substituting F' = 1 in
(4.2.8) we find that E = 0, and from (4.2.9) we obtain y = 0.

One interesting interpretation of this solution of the alternate d-Py; can
be obtained by the relation of this equation to the continuous Pry;, which
we have investigated in detail in [45]. As we have seen in Sect. 2 the special
solutions of Pyip can be expressed in terms of Bessel functions. From the

Riccati equation w’ = —w? — (1 + a)w/t + 1, setting w = v’ /u we obtain,
" 1 J’_ o !/
u' + — U U= 0. (4.2.13)
Equation (4.2.13) is solved in terms of a Bessel function, C,, u = t¥C,(it),
where v = —a/2. Using the well-known property of the Bessel functions,
C,/C, = —v/t +C,_1/C, we can express w simply as w = iC,_1/C,. As

shown in [45] the variable of alternate d-Pyy is related to that of Pry by
x = 1i/w = C,/Cy_1. A straightforward calculation shows that x satisfies
(4.2.5), provided that u = 0. We can easily show that pu = 0 is precisely the
condition for the existence of the special solution of Prj;. We can wonder at
this point what this special solution of alternate d-Py; may be. The answer is
furnished by Pyyy itself. The Bessel functions C,, satisfy the recursion relation,

2
Cos1+Cpoy = TVCV. (4.2.14)

Equation (4.2.14), considered as an equation for v, is nothing but the discrete
form of the Airy equation, which can be confirmed by the continuous limit
in v. Thus the special solution of alternate d-Pyy is expressed in terms of the
discrete Airy function, as expected.

4.3 The Casorati Determinant Solutions

Why is the bilinear formalism useful for the construction of solutions of d-
P’s? In the beginning of this section we have pointed out the difficulty in
constructing higher solutions using the auto-Bécklund and Schlesinger trans-
formations of the discrete Painlevé equations. In order to construct the Nth
solution one has to calculate all the previous ones. However a small mira-
cle, one of those which abound in the domain of integrability, occurs. The
7-function for higher solutions of the d-P’s can be expressed as a Casorati
determinant. Following the analysis of Sect. 2, we expect four different kinds
of Casorati determinant solutions to exist, but it turns out that in some
case not all four types are present. The first one involves the discrete special
functions obtained as elementary solutions. These special functions appear
as entries in the Casorati determinant. At the continuous limit, they become
the corresponding solutions of the continuous Painlevé equations. We call
such solutions “lattice-type solutions”. The second one is that of the ratio-
nal solutions. They are expressed in two ways; in the continuous limit, one
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reduces to the Hankel determinant representation of rational solutions for
the corresponding continuous equation, while the other reduces to the De-
visme polynomial representation [42]. The two other ones are what we call
“molecule-type solution” (in terms of either special function or polynomi-
als). This type of solution is specific to discrete equations: the size of the
determinant in the solutions depends on the lattice site and thus the deter-
minant structure cannot have any continuous limit. The names “lattice” and
“molecule” come from the two types of the Toda equations on an infinite
lattice and on a semi-infinite or finite lattice. The former is sometimes re-
ferred to as the “Toda lattice”, and the latter as the “Toda molecule”. The
Toda lattice equation admits Casorati determinant solutions, and the size
of the determinant is the number of solitons in superposition. For the Toda
molecule equation, the size of the determinant is just the lattice site [42].
Let us first examine the lattice-type solutions for the alternate d-Py; equa-
tion. We show that they are expressed by the Casorati determinant whose
entries are given by the discrete Airy function defined by (4.2.12). We here
present only the results. The details of the derivation can be found in [45].
We consider the following 7-function,

Gn  Gpy1 - Gpyn—a
. Gny1 Gpyo - Gogn
™ = : —_— : , (4.3.1)
GniN-1 GniN -+ Gnian—2
where G,, satisfies (4.2.12),
Gri1+ Gno1 = (an+0)G,,. (4.3.2)

We can then show that
n—1_n+1
N _ TN+1TN
TN+1™N

gives the solution of alternate d-Pyy, in the form

an+aN +b aln—1)+aN+b N 1
=-X — 2aN +0). (4.34
XN XN 41 XVXN 11 n +XN+(cm+ alN +b). ( )

n

Note that the size of the 7-function is related to the parameter N in this
equation. The elementary solution is included as the special case N = 0,
if we define 7§ = 1. The continuous limit is obtained as follows. Setting
a=€ b=2, ne=t, X,]LV = 1 — eu, we find that, when ¢ — 0, the above
result reduces to
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. dy . a\"
Aj (dt) Ai - (dt) Ai
2 N
(d) Ai <d) Ai - <d) Ai
™ = dt dt dt , (4.3.5)
d N-1 /d ‘N d IN—2 .

where Ai is an Airy function satisfying %Ai =t Ai. The continuous depen-

dent variable is J
TN+1
=1 4.3.
U dtOg<TN)’ (4.3.6)

and satisfies the Py equation,

d2
= 2u® — 2tu + (2N + 1), (4.3.7)
as expected.

We next turn to the molecule-type solutions of alternate d-Py; We start
from the Toeplitz determinant,

fn fn—l fn—N+1

frs1 fn o fa-Nt2
™ = . . ) . , (4.3.8)
f7L+N—1 fn+N—2 fn
where the f,’s satisfy
fn-i—l - fn—l = CLTLfn, (439)
where a a constant. We can show that
n +1
n ™N 17—]7\1/'
Xp = ——5— (4.3.10)
T™N+1TN

satisfies the alternate d-Pry,

a(N +1) aN 1
“ _ o =—-Xpy+ —-+(@N+an+a). (43.11)
Xp o Xp+1 " XRXE_ +1 XN

Observe that in this case the size of the determinant is the lattice site, and
hence the determinant structure of these solutions cannot survive under the
continuous limit.

One can wonder whether the solutions expressed as Casorati-determinants
have the properties one would expect for d-P’s. We have seen above how, at
the continuous limit, the lattice solutions of the alternate d-Pr; become the so-
lutions of Py;. Another property is that of degeneration through coalescence.
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In this case, the example of Pyy is a bad one, since this equation degenerates
to P; which has no special solutions. Instead we shall present an example
based on Pyr1. In what follows we shall present both the continuous Pyjp and
the ¢-Pr1 cases. We start from Py, which is given here in the convenient
form

’

W = WW + 22 (W3 — %) +e?(AW? + B). (4.3.12)

The higher linearisability condition which allows the solution of Py to be
expressed as a ratio of two 7-functions is

A+ B=2(2N +1), (4.3.13)

for integer N. Setting A = —2v + 2N and B = 2v + 2N + 2, we find that W
can be expressed as [47]

-z d TK]JFl
W=e N+v+—In , (4.3.14)
dz TN 41

where 7% is just the (IV x N) Wronski determinant,

T, A, A,
4 :
% = dz.Jv - (4.3.15)
dN d2N
WJU e WJI_/

Here, the .J,’s are Bessel functions or, more precisely, J,(e#) is solution of
the equation

& 27 2
In order to proceed to the coalescence limit, we introduce the following trans-
formation of the independent variable e? = 1/§%+2/4 together with v = 1/§3.
Thus, if § — 0, then v — oo and equation (4.3.16) becomes

d*J

i.e., the Airy equation. Simultaneously, we have, for the dependent variable:
W =1+ 0w, and by taking A = —2/6% + 2N, B = 2/§% + 2N + 2, we obtain
for w equation Pyp in the form

w” = 2w 4+ 42w + 4N + 2. (4.3.18)

The only subtle point remaining is to prove that the limit of (4.3.14) leads to
the Wronskian solution of (4.3.18). As a matter of fact, (4.3.14) is expressed
in terms of 7¥ and 77+ which involve J* and J¥*! respectively. These Bessel
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functions of argument eZ are related by J*+! = e~ % (v.J" — %J”). Introduc-
ing the transformation of independent variable from Z to z, we find that
JVTL = J¥ + O(6). Thus, at the limit 6 — 0, 77 and 7! are expressed in
terms of the same solution of (4.3.17). In conclusion, the coalescence of the
Wronskian solutions of Py leads to the Wronskian solutions of Py [48],

d ™~
In 4.3.19
w= G ( )

for all integer N, where the 7-functions are given by expression (4.3.15), and
where the entries are in terms of the solution J of the Airy equation (4.3.17).

We turn now to the case of the coalescence from ¢-Pryr to d-Prr. We start
from ¢-Pyp in the form

PQ(X, — AZ)(X,, — BZ)

Xn an = 5 4.3.20
B T TR TR (X - Q) (4320
where Z = A™ and A, B, P and @ are constants.
The higher linearisability condition is
AQ = BPAYT2N (4.3.21)
where N is an integer. For N = 0 we set:
X, =P+ J}“, (4.3.22)
and find for J the equation
Jny2 + (P —Q)Jny1 +Q(AZ — P)J,, = 0. (4.3.23)

The function J is characterised by one parameter, v, which can be related
to the parameters of ¢-Pyi1 by P/Q = —A”. In fact a simple expression for v
exists for any value of N,
AP
BQ

Equation (4.3.23) is a discrete form of the Bessel equation. One can easily

= AT (4.3.24)

derive the contiguity relations for the discrete Bessel functions J,SV). We find:

JHD = T(J(V) + J(”) ) (4.3.25a)
(v—1) _ 1 (v) _ (v)
R QJn+1) (4.3.25b)

where v + 1 and v — 1 are associated to values of parameters Av/A, B / VA,
PVA, Q/vVA and A/VA, BVA, P/\/A, Qv/A, respectively.

For generic N, the form of X is given in terms of 7-functions as [49],
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(v,N+4+1) _(v+1,N)

_ Tnt1 Tn
Xn=P+ (,N+1)_(v+1,N)’ (4.3.26)
Tn TnJrl
where 7"""V) is given by the N x N Casorati determinant of discrete Bessel
functions,

B I

TN = | U2 D (4.3.27)
o) ()
Jngan—a - Inisn_3
We now proceed to the coalescence limit and introduce X = 1 4+ dx,

P=1-6,Q=1+0,A=1-0-6%a/2, B=1+0+6%a/2 and A = 1+5%a/2,
leading to Z = 1 + 262/2. Moreover, since P/Q = —A”, we obtain for v at
a leading order, v = 2im/(ad?), which means that v diverges at the limit

& — 0. We thus obtain d-Py;, where parameter a, resulting from the limit of
(4.3.21), is

a=a(N+1/2). (4.3.28)
The coalescence of the discrete Bessel equation (4.3.23) first leads to:
Jngo —20Jni1 +6%(2 —a)J,/2 =0, (4.3.29)

and we absorb the § factors through a gauge transformation, J, = 6" K,,. We
thus find for K the equation

Ko — 2K i1 + (2 — a) K, /2 =0, (4.3.30)

which is precisely the discrete form of the Airy equation. In the coalescence
process, v disappears from the limit equation. Observe that, during the lim-
iting process, the solution K, could a priori have retained a memory of the
value of v, by the value of J) from which it came. However this is not the
case. In fact, since J, = 0"K,, Jfli)l becomes negligible in the contiguity
relation (4.3.25). Moreover, since Z goes to 1 at lowest order, the K,,’s are
indeed independent of the index v. By taking the limit of (4.3.26), we obtain
the Casorati solution of d-Pyj. Starting from (4.3.27) and expressing J,, in
terms of K,, we obtain 7-functions of the same form, where J,, is replaced by
K, and a global factor that is a power of §. However it turns out that when
we compute the ratio appearing in (4.3.26), all the ¢’s but one drop out. We

thus have
(N+1) _(N)
X, =1_g§4omtt T
n = N+1) _(N)’®
L

and, since X =1+ dx, we see that a solution of d-Pyj is given by
| T
Tn = -1+ o
D)

(4.3.31)

(4.3.32)

for all integers V.
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We turn now to the study of rational solutions. We shall concentrate
on the example of the “standard” d-Py; for which Kajiwara and Ohta [46]
have derived Casorati solutions. These authors have shown that the Casorati
determinant,

L(Eg;) Lé\’%l L%}’\%fl

AL AV 53

= N ey (4.3.33)
LE(IL—)&-Z Lg\T/L—)i-lB Lgn)

whose elements are Laguerre polynomials, satisfies the d-Py; equation. We
recall the definition of the Laguerre polynomials L,(cn) (t) in terms of their

generating function,

STL A = (1 - A TreR, (4.3.34)

and L;cn)(t) = 0 for k < 0. Thus L,(cn)(t) is polynomial in n of degree k. The
nonlinear variable z is related to 7 by

n+1_n—1
TNST
Iﬁf _ % —1, (4.3.35)
T™+1™N
and satisfies the d-Pry,
2 DaN — (N +1
N pol, - 2o el (VD) (4330

t 1—(2})?

What is really interesting at this point is to link the continuous limit of
this result to the one already obtained for the rational solutions of Py;. This
limit was obtained by Kajiwara and Ohta, who showed that the rational
solution of d-Py; becomes the rational solution of Py;. For completeness, let
us mention the result concerning this latter solution. First one introduces the
Devisme polynomials, pg(z, s), by the generating function,

oo
> plz syt = e, (4.3.37)
k=0

and pg(z,s) for k < 0. Then the Casorati determinant

pn(z,8)  pn+1(2:8) ... pan-1(z,8)
prz(Zws) prl(sz) p2N73(Z,S)
™ = ' i _ ) (4.3.38)
p-nN+2(2,8) p-n+3(2,8) ... pi(z,8)

can be shown to be independent of s. Introducing the nonlinear variable
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d TN+1
= —1 , 4.3.39
v dz © ™ ( )
one can show that it satisfies the Py equation,
v = 20% — 420 4+ 4(N + 1), (4.3.40)

where the prime denotes the derivative with respect to z.

5 Bonus Track:
Special Solutions of Ultra-discrete Painlevé Equations

In this section we shall present the special solutions of another brand of
Painlevé equations, ultra-discrete P’s [50]. These equations are the cellular-
automaton-analogues of the Painlevé equations where the dependent variable
takes discrete values. The systematic derivation [51] of these systems be-
came possible thanks to the ultra-discretisation procedure introduced by the
Tokyo-Kyoto group [52]. This method is based on a transformation of the de-
pendent variable followed by a limiting procedure. We start with the transfor-
mation which relates the variable of the discrete system x to that of the ultra-
discrete X, by 2 = eX/¢. An essential requirement is that the variable of the
discrete equation assume only positive values. In practice this means that the
ultra-discretisation will isolate the positive solutions of the discrete system. In
order to obtain a cellular automaton, one takes the limit ¢ — +0. The corner-
stone of the procedure is the identity, lim._, 1o €log(e® ¢ + ¢%¢) = max(a, b).
Thus, if @ and b are integers, the result of the operation will be an integer.

Let us show how this method works for the P; equation. In order to
ensure the positivity requirement, the discrete forms considered were the
multiplicative ones, i.e., the g-Painlevé equations. Thus, for example, we start
from the three expressions of ¢-Pr,

TOTp41Tn—1 = 2Ty + 1, (5.1)

where 0=0, 1 or 2 and z = A". From (5.1), with A = e/¢, we obtain the
ultra-discrete forms,

Xps1 + Xno1 + 00X, = max(0, X,, + n). (5.2)

In a series of works [50], [51], [53] we showed that the properties of the ultra-
discrete IP’s follow those of the d-IP’s, which parallel the ones of the continuous
P’s. Thus the question of the existence of special solutions [53], like the ones
which have been the object of the present course, is quite natural.

Let us start with the ultra-discrete Py of first kind,

Xnt1 + Xpno1 = max(0,n — X,,) — max(0, X,, + n — a), (5.3)
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which is derived from the multiplicative d-Pry,

Tn + 2

o (1 + azzy,)’ (5-4)

Tn4+1Tn—1 =

where z = A", and « is a parameter, by setting x = eX/¢, X\ = e!/¢, o = e~ /¢
and taking the limit ¢ — +0. By the transformation of the variable,

Xp =Tpo1— Ta—2, (55)
we obtain the ultra-discrete “bilinear” equation,
T +max (T2, Tn-1 + 1N —a) = Tn—g + max(7,—1, Tn—2 + n). (5.6)

We remark that in the ultra-discrete world, “max” and “+” should be re-
garded as “addition” and “multiplication”, respectively, because e?/¢ + eB/¢
and e?/¢eP/¢ go to max(A, B) and A + B, respectively, under the operation
lim._, 19 elog. Thus the above equation is indeed a bilinear form in 7. Now
(5.3) is invariant under the transformation a = —a, n > n —a, X - —X,
thus we can assume a > 0 without loss of generality. The u-Pry (5.3) ad-
mits rational solutions for a = 4m, where m is a nonnegative integer. The
7-function for the rational solution is

m—1
Tn = Z max(0,n — 3j5), (5.7)
j=0

which is also expressed as

o= jmax (jn—5j( = 1)). (5.8)

Next we consider the special solution for the u-Pyy of second kind,
Xn+1 + Xno1 — X, = max(0,n — X,,) — max(0, X,, + n — a). (5.9)
This is derived from another multiplicative d-Pry,

Tn + 2

_— 5.10
1+ azz,’ (5.10)

LTp41Tn—1 =

z = A", and « is a parameter, by setting = eX/¢, A = e'/¢, o = =%/ and
taking the limit € — 0. The ultra-discrete bilinear form of (5.9) is

Tn + max (T3, Th—1 + N — @) = Tp_g + max(Tp_1, Tn3 + n), (5.11)

where X,, = 7,—1 — Tn—3. For a = 6m, with m a nonnegative integer, there
exist rational solutions of (5.9). The 7-function for the solution is given by
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m—1

o= Y max(0,n — 4j). (5.12)
§=0

For this 7-function, X,, gives a multistep solution with the elementary pattern
of two successive jumps at n = 4j — 2 (1 < j < m) followed by two steps
with constant value.

Let us proceed to the rational solution of ultra-discrete Py;;. We consider
only a degenerate case, namely, the case in which the u-Pyry is decomposed
into two parts. The u-Pryr,

Xn+1 +Xno1 —2X, =
max(0,n—X,)—max(0, X, +n—a)+max(0,n— X,, +b) —max(0, X,, + n+b),
(5.13)

is derived from the d-Pypy,

(xn + Z)(*Tn + Bz)
1+ azx,) (14 Bzx,)

LTn+1Tpn—1 = ( (514)
, where z = X" and «, 3 are parameters, by setting z = eX/¢, A = el/¢,
a = e % B = e and taking the limit ¢ — +0. Now decomposing (5.13)
in the following two equations,

Xn+1 + Xp—1 = max(0,n — X,,) — max(0, X,, + n — a), (5.15a)
2X,, = max(0, X,, + n + b) — max(0,n — X,, + b) (5.15b)

we obtain bilinear equations by X,, = 7,1 — Th_2,
Tn + Max(Tp—2,Th-1 + N — a) = Tp_3 + max(Tp_1, Tn—2 + 1), (5.16a)

Tn—1 + max(T,—1,Tn—2 + n+b) = Tp—2 + max(r,—2, -1 + n+b). (5.16b)

The first equation, (5.15a) or (5.16a), is nothing but the bilinear form of the
u-Pyp of first kind, therefore what we have to do is to prove that solution
(5.7) simultaneously satisfies the second bilinear equation (5.16b). Another
bilinear equation can be easily obtained,

maX(Tn—ql yTn—py T n) — Tn—py = maX(Tn—qza Tn—p; T n) — Tn—pa>s
0<p;<q+kq=>0, (5.17)

which yields (5.16b) by setting p1 = g2 =b+ 1, po =¢1 =b+ 2 and k = 3.
Hence we have proved that the same 7 as in the rational solution of u-Pyg
yields the solution for the u-Pyyr (5.13) with a = 4m, where m is a nonnegative
integer, and b > —1.

Since ultra-discrete analogues have also been established for the higher
Painlevé equations, it is certainly possible to obtain “multistep” solutions.
However, due to the reluctance of the authors to embark upon a derivation
which presents considerable computational difficulties, none has been derived
yet.
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Epilogue

In this course we have reviewed the special solutions of Painlevé equations
with an emphasis on the solutions of the discrete P’s. We have shown that,
for both the continuous and the discrete equations, the principle for the con-
struction of the basic, “elementary”, solution is the same. One requires that
the Painlevé equation, be satisfied by the solution of a first-order Riccati, or
even linear, equation. This is, of course, possible only for some special values
of the parameters of the Painlevé equation and the solution thus obtained
does not exist for arbitrary initial conditions. After all one expects the general
solution of the Painlevé equation to be transcendental.

Several open problems remains. The Casorati determinant solutions have
been computed for only a few selected d-P’s. While for the special-function
type solutions, the situation is bad, it is even worse for the rational solutions.
For the former one knows at least what will be the elements of the deter-
minant. They are the special functions obtained at the first stage, that of
the calculation of the lower, elementary, solution. However for the rational
solutions, there is no way to know beforehand what special polynomials will
appear as elements of the Casorati determinant. So a good deal of experi-
mentation is needed, unless one is able to link the d-P to some other system
which can provide a useful guide.

Another point which would require additional study is that of the char-
acterisation of the discrete special functions which appear as solutions of the
linear second-order mappings obtained from the linearisation of the discrete
Riccati equations. For some of them, it is possible to provide a description
either as contiguities of continuous special functions or, in the case of ¢-
mappings, as degenerate forms of the g-hypergeometric function. In all cases,
of course, the continuous limit of the linear equation is useful, be it only for
attributing a name to the discrete special functions. However for the higher-
order linear mappings and the related special functions the question is still
open.
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Abstract. Ultradiscretization is a limiting procedure which allows one to obtain
a cellular automaton (CA) from continuous equations. Using this method, we can
construct integrable CAs from integrable partial difference equations. In this course,
we focus on a typical integrable CA, called a Box and Ball system (BBS), and re-
view its peculiar features. Since a BBS is an ultradiscrete limit of the discrete KP
equation and discrete Toda equation, we can obtain explicit solutions and con-
served quantities for the BBS. Furthermore the BBS is also regarded as a limit
(crystallization) of an integrable lattice model. Recent topics, and a periodic BBS
in particular are also reviewed.

1 Introduction

A cellular automaton (CA) is a discrete dynamical system consisting of a
regular array of cells [1]. Each cell takes only a finite number of states and
is updated in discrete time steps. Although the updating rules are simple,
CAs often exhibit very complicated time evolution patterns which resemble
natural phenomena such as chemical reactions, turbulent flows, nonlinear dis-
persive waves and solitons. As an example, let us consider a one dimensional
CA, each cell of which is in either an active or an inactive state. We assume
the updating rule at the next time step to be:

1. An active cell always becomes inactive.
2. An inactive cell becomes active if and only if one of the two adjacent cells
is active.

Figure 1 shows a time evolution pattern of this CA. A black (white) cell
denotes an active (inactive) cell. Clearly the pattern shows self-similarity and,
in an appropriate limit, coincides with a fractal pattern (a Sierpinski gasket).
From this example, we see that CAs provide models for natural phenomena
which are not easily modeled by continuous systems described by differential
and/or difference equations.

On the other hand, some CAs show behaviour similar to that explained
in general by partial differential equations. In 1985 Wolfram listed up 20
important problems in the research of CAs. [2]. The 9th problem asks “What
is the correspondence between cellular automata and continuous systems ?7”.
In a comment on this problem, he pointed out the similarity between time

T. Tokihiro, Ultradiscrete Systems (Cellular Automata), Lect. Notes Phys. 644, 383-424 (2004)
http://www.springerlink.com/ (© Springer-Verlag Berlin Heidelberg 2004
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Fig. 1. A time evolution pattern of a cellular automaton

evolution patterns of CAs and behaviour of continuous systems described
by differential equations, and stated that discretization of time and spatial
valuables would correspond to an approximation in numerical calculation,
but that the meaning of a discretization of physical quantities is not clear.
He also mentioned “Explicit example of cellular automaton approximations
to partial differential equations would be variable”.

Concerning this problem, a systematic method to construct CAs from
soliton equations (nonlinear integrable equations) was proposed in [3,4]. The
method is called ultradiscretization® and is based on a limiting procedure
through which an equation turns into a piecewise linear equation so that it
can be closed under a finite number of discrete values. Hence, in the ultra-
discretization, the discretization of physical quantities is understood as an
approximation of the equations for the quantities by piecewise linear equa-
tions. Since the limiting process is continuous, if the solutions or conserved
quantities of the system are stable under the limiting procedure they are
naturally transformed into those of the CAs, and the features of the orig-
inal systems are preserved in the CAs. For soliton equations there exists a
stable transformation parameter (a spectral parameter) and through ultradis-
cretization we can construct CAs which have soliton solutions and an infinite
number of conserved quantities. However, it is a rather difficult problem to
find such a parameter in a general partial differential equation, and when we
construct a CA through ultradiscretization its time evolution patterns often
do not reflect the original system. Hence the mathematical structure of ul-
tradiscrete systems is well elucidated only for the integrable CAs, i.e., the
CAs obtained from soliton equations.

In this chapter, we review recent developments in ultradiscrete systems.
Since, as mentioned above, there remain many problems for general ultradis-
crete systems we focus on the integrable CAs, in particular, on so called box-
ball systems (BBSs) whose mathematical structure has been clarified with
respect to soliton equations and two-dimensional integral lattice models.

! This name was given by B. Grammaticos at the previous CIMPA meeting,
Pondicherry, 1996.
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2 Box-Ball System

Solitonic behaviour is widely observed in filter type CAs [5] and these filter
type CAs are sometimes called soliton cellular automata [6-8]. One of the
typical CAs exhibiting solitonic behaviour is the so called box and ball system
(BBS). The BBS is a dynamical system of balls in an array of boxes [9]
which is a reinterpretation of the filter type CA proposed by Takahashi and
Satsuma [10]. Let us consider a one-dimensional array of an infinite number
of boxes. At the initial time step t = 0, all but a finite number of the boxes
are empty, and each of the remaining boxes contains a ball as shown in Fig. 2.

[ [ [ ] Oee e @ [ ||

Fig. 2. A state of BBS

As a CA, a vacant box corresponds, say, to an inactive cell and a filled box
to an active cell. The time evolution rule for this system from time ¢ to ¢t + 1
is given as follows.

1. Move every ball only once.

2. Move the leftmost ball to its nearest right empty box.

3. Move the leftmost ball of the remaining balls to its nearest right empty
box.

4. Repeat the above procedure until all the balls have moved.

An example of the time evolution is shown in Fig. 3. In this example, we
clearly see the solitonic behavior of balls which is a general property of the
BBS. The following facts hold for general time evolution patterns of the BBS.

1. The speed of a sequence of consecutive balls is proportional to its length.
2. Two such sequences do not change their lengths after collision.
3. The phase of a sequence, however, shifts after collision.

t=0 [Iclelel T T T Ielel TT T Il T TTTTTTTITITTTITI
[TTIclelel TTTelol TT Il TTTTTTTTTTTITI
[TTTTTIelelel TIolel TIel TTTTTTTTTTTI
[T T T I T T T TTlolol TIclol Jelel TTTTTTTTTI
[TTTTTT T T T TIolelTIel [lclelel TTTTTTI
ITTTTTTTTTT T TIclol ol T 11 Iolelel TT 11

ITTTTTTTTTTTITITI Il Ielel T 111 Iololel 1

t=1
t=2
t=3

t=4
t=5
t=6

Fig. 3. Time evolution of the BBS
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Thus a ‘soliton’ in the BBS is a sequence of consecutive balls and the ‘length’
of the sequence corresponds to the ‘amplitude’ of a KdV soliton. We can
prove that every state of this BBS consists of only solitons in the sense that
after finitely many time steps it becomes a state consisting of only freely
moving solitons [11].

The reason why the BBS has a solitonic nature is well understood by
the idea of ultradiscretization. The BBS is regarded as an ultradiscrete limit
of the discrete KP equation (dKP eq.) or discrete Toda equation (dToda
eq.) [12]. In this limit a soliton solution to the dKP eq. turns into one for the
BBS and a conserved quantity for the dToda eq. into that for the BBS.

Although the original BBS is a reinterpretation of the soliton CA by
Takahashi and Satsuma, it can be extended to BBSs with many kinds of
balls, larger box capacity and carrying carts [13]. All these BBSs can be
regarded as ultradiscrete limits of some integrable equations and the solutions
and conserved quantities are obtained in concrete forms [14,15]. Furthermore
the BBS can be constructed from two dimensional integrable lattice models
through so called crystallization [16]. Hence the BBS is not only a limit
of classical integrable systems (integrable partial differential equations) but
also of quantum integrable systems. Using the idea of crystallization, we can
regard the BBS as an Ag&l) crystal lattice [17,18] (Fig. 11). Hence we may say
that the BBS is an integrable CA [19,20].

In the next section, we explain the relation of the BBS to classical inte-
grable systems through ultradiscretization.

3 Ultradiscretization

Ultradiscretization is a limiting procedure which transforms a (continuous
valued) discrete equations to a piecewise linear equation. By this method
the equation becomes closed under a finite number of values and it can be
regarded as a CA. In the next two subsections, we show how this method is
used to obtain the BBS from the dKP equation and the dToda equation.

3.1 BBS as an Ultradiscrete Limit of the Discrete KP Equation

The aim of the present subsection is to relate the BBS to one of the most im-
portant integrable discrete equation, the discrete KP equation. The discrete
KP equation is often called the Hirota-Miwa equation because it was first
proposed by Hirota [21] as a discrete generalized Toda equation and Miwa
showed that it is essentially equivalent to a generating formula of the KP
hierarchy [22,23].

The KP hierarchy is the oo x oo simultaneous nonlinear partial differen-
tial equations with co independent variables t := (t; = z,t2,t3,...) and oo
dependent variables u := (uq,usg, us,...) [24]:
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Ou;(t)
ot

= Fyj (u,Up, Ugs,...) (1 <4, 2< )

where Fj; are polynomials in w and their differentials with respect to x. The
KP hierarchy is integrable as simultaneous partial differential equations, i.e.,

2 2

_ Y . .
aon ooy, L h k)

The theory of the KP hierarchy (Sato theory) was developed by Sato [25]
and Date-Jimbo-Kashiwara-Miwa [26,27] in the early 1980s. The Sato theory
clarifies the structure of the space of solutions, the transformation groups
on that space and the relation to linear equations (Lax equations). Some
important results of the theory are,

(1) The KP hierarchy is equivalent to the bilinear identity for a single de-
pendent variable 7(t):

Resy_o [T(t—e(/\))T(t’—&—e()\))ef(t_t/;)‘)}=O (e, ), (1)

where
1 1 1 ZO"
= —_— — . t - t/ J—

(2) The existence of the boson-fermion correspondence ¢ , that is, the isomor-
phism between the ring of formal power series of infinite variables, CJt],
and the fermion Fock space, F, on which infinite numbers of creation and
annihilation operators act,

L |o)yeF = (Vac|eH(t)|¢> € Cl[t].

Here |vac) denotes the vacuum state of the Fock space F and H(t) :=

ZtkH r is a linear operator with the boson operators Hj constructed

k=1
from fermion creation and annihilation operators.

(3) On F acts the infinite-dimensional transformation group G L, which is,
roughly speaking, the group of linear transformation of one particle states
in F. The necessary and sufficient condition for 7(¢) € CJ[t] to satisfy the
bilinear identity (1) is that the state |¢) := t~17(¢) is on an orbit of the
vacuum, that is,

3g€ GLy |p) = g|vac).

From these results, we see that the bilinear identity (1) is the key equation
for the KP hierarchy and that all the solutions are expressed concretely with
fermions.
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Now, let a, b, ¢ be arbitrary but different complex numbers. Substituting
t=({+1e(a)+ (m+1)ed) + (n+ 1)e(c), t = le(a)+ me(b) + ne(c)
into (1), we obtain

(@ = ) Ter1,mt1,0Temm+1 + (b= ) Temt1,n+1Te4+1,m,n
+(c—a)Ter1,mmt1Teme1,n = 0, (2)

where 7y = T(le(a) + me(b) + ne(c)). Equation (2) is the celebrated
discrete KP equation and reduces to the bilinear form of the KP (Kadomtsev-
Petviashvili) equation by taking an appropriate continuous limit.

More generally, using three series of arbitrary complex numbers
{a(@)} 22, {b(5) ;;Oioo and {c(k)}{>° _, we can construct the non-
autonomous discrete KP (ndKP) equation:

(b(m) —c(n)) 7(€,m — 1,n — 1)7(£ — 1,m,n)
+(c(n) —a(®)) 7(¢ = 1,m,n—1)7(¢,m —1,n)
+(a(l) —b(m)) 7(€ —1,m —1,n)7({,m,n—1) =0

by the substitution

041 m—+1 n+1
t=> ea(i)+ Y b)) + ) ele(k),
% J k

14 m

t'=> ea(i) + > ed(i) + > elc(k))
j k

)

where the symbols Ef etc. denote the convention:

‘ Zf: for £>1
d = 0 for £=0 (4)
i —30 ., for £< -1
and
L m n
T(tym,n) =1 Y e(ali) + Y e(b() + Y e(e(k))
i j k

The ndKP equation is used to construct generalized BBSs through ultradis-
cretization.

Since the dKP equation is obtained from (1) by a simple transformation of
independent variables, its solutions are immediately constructed in concrete
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forms. For example, its one-soliton solution has arbitrary parameters p,q
(p # q) and v and is given as

Tomn = (vac|l + 9™ (t, )Y (t, p)| vac)
? m n
e )
+p—q a—p b—p c—p (5)

Here 1*(t, q) and (¢, p) are time dependent fermionic field operators?:

(¢, q) =
b(t,p) = (p—a)'(p = 0)"(p — )" (p),
which satisty
(vac[th(p1)(p2) - P (EN)™ (an)Y™ (gn-1) - - " (q1)] vac)
— det {

pi — ‘IJ} 1<i,j<N

Similarly its two-soliton solution has parameters p;, ¢; (pi # ¢;), vi (i = 1,2),

T¢,mn = < vac>

— 1er17_1(11 (Z:;i)f <2:§1>m (z:]‘i)nﬂl—m)
7172(P1 — p2) (22 — ¢1) <(a— ql)(a—qz)>e

(1 —q)(P1 — @2) (P2 — @1)(p2 — q2) \ (a —p1)(a —p2)
b—a)b—a2)\" ((c—aq)(c—g)\"
X . (6)
(b —p1)(b—p2) (¢ —p1)(c—p2)
The dKP equation is a partial difference equation with three independent
variables. If we impose a constraint on 7, we can obtain a partial difference
equation with only two independent variables. (This procedure to construct a

lower dimensional equation is called reduction.) When we put a = 0,b = 1-9,
¢ =1 and impose a condition

H 1+7z t %)w(tapi))

Te+1,m+1,n — Tl,m,n; (7)
the dKP equation turns into the discrete KdV (dKdV) equation

AL = (L= 8yt + bt ®

Here we put T,tl = T¢,0,n. The dKdV equation also becomes a bilinear form
of the KdV (Korteweg-de Vries) equation in an appropriate continuous limit.

2 See the chapter by Willox and Satsuma in this volume for details.
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For the soliton solutions, the constraint (7) corresponds to the condition
p; +q; = 1 — 6 for the parameters ¢;, p;. Hence the soliton solutions to the
dKdV equation are equal to those to the dKP equation with a condition on
the parameters. In the continuous limit, they naturally become the soliton
solutions to the KdV equation.

Now we ultradiscretize the dKdV equation and obtain ultradiscrete KdV
equation. Here an ultradiscrete equation means a piecewise linear equation in
general. For that purpose, we define a new parameter € by § = e~ /¢, Since
a solution to the dKdV eq. (8) also depends on ¢, we express 7. as 7}, (¢) and
define the new dependent variable p!,(¢) by

7t (e) = ePn(e)/e

Now suppose that there exists a one parameter family of solutions Tt (g) to

the dKdV eq. (8) such that it has the limit:

: t 1 3 _. it
Jim elog,(e) = lim pr,(e) =: oy,

then using the identity for a,b € R

lim elog {e“/g : eb/g} =a+b, lim clog [ea/e + eb/g} = max[a,b], (9)
e—+0 e—+0

we obtain the ultradiscrete KdV (udKdV) equation

Pty + Pl = max [pl, 4+ pl oy, P+ 0 = 1] (10)
The udKdV equation (10) coincides with (8) except for the contribution of
the parameter ¢ if we put x — 4, + — max. Furthermore we introduce a
new dependent variable

Up = Py = P = Py P (11)
with the boundary condition lim,, o uf, = lim_, o ul, = 0. Noticing the
fact min[a, b = — max[—a, —b], we have

n—1 n—1
ult = min |1 —ul, Z ulb, — Z ultt (12)
k=—oc0 k=—oc

Equation (12) is also a piecewise linear equation and is closed under ul, €
{0,1}. Hence we suppose that u!, takes only the values 0 or 1 and we can
rewrite (12) as

n—1 n—1
1
prt= )1 wn=0and 3= 30 w21 (13)

k=—o0 k=—o0
0 otherwise
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However, if we regard u!, as the number of balls in the nth box at time step
t, (13) is equivalent to the time evolution rule of the BBS. Thus, in summary,
we find that the generating formula of the KP hierarchy (1) gives the dKP
equation (2) by a change of independent variables and the dKdV equation
(8) as its reduction, and the ultradiscrete limit of the dKdV equation gives
the BBS.

As is obvious by the construction, a solution to the BBS is obtained from
solutions to the dKdV equation through the limit € — +0. For a one-soliton
solution, we take p = e F/¢, v = —ef/< (P €Zy, 0 €Z) and take the limit
£ — 40. Noticing the constraint p+ ¢ =1 — e~ /%, we have

ol = max|0,0 + tP — n,

which gives a one-soliton solution with length P as is easily seen from (11).
Similarly a two-soliton solution to the BBS is given as

ph, = max|0,&1, &, &1 + & + Aro)

where & :=60;+tP,—n (i = 1,2), and Aj5 := —2min[Py, P,]. The expression
for a general N-soliton solution is also given in a similar manner [3].

M
Pr = nax, ; piki — ZMiﬂjAm‘ : (14)

i>7

As we have seen in this subsection, the BBS can be derived from the KP
hierarchy through ultradiscretization, and solitons in the BBS correspond to
the soliton solutions of the KP hierarchy. This is the reason why the BBS
has a solitonic nature.

3.2 BBS as Ultradiscrete Limit of the Discrete Toda Equation

One of the most important integrable dynamical systems is the Toda lattice
in which particles interact with repulsive exponential forces [28]. Its equation
of motion is given by

2
d g:z(t) = @O0 @) _ @0 (y =12, N), (15)
with some boundary condition such as go(t) = gn+1(t) = 0. This Toda equa-
tion (15) has N independent and involutive conserved quantities, and is in-
tegrable in the sense of Liouville. By putting V,,(t) = e~ (@n+1()=an(1) and
I,(t) = ¢n(t), (15) can be rewritten as the equation of nonlinear LC circuits

dVu(t)
6”7 = Vo (t) (In(t) = Lusa(t)) (16)
Zt(t) =Vao1(t) = Va(t)
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The Toda equation is derived from the two-component KP hierarchy or so-
called Toda lattice hierarchy whose mathematical structure is essentially
equivalent to the KP hierarchy. Therefore, as in the previous subsection,
it can be discretized preserving its solutions into the discrete Toda (dToda)
equation®

I =1L+ Vi - Vi

Vit — I,V (17)
n.o Ltl+1

When we impose the boundary condition Vi = V¥, = 0, (17) is often called
the discrete Toda molecule equation and by introducing

If 1 1
. Vi1
Mt = 12 Rt = .
: . 1 . .
I Vi1
it is rewritten as
Riypa My = MR, (18)

We define N x N matrix L; by L; := R;M;. Then, from (18), we have the
Lax form of the dToda (molecule) equation as

Lt+1Mt = MtLt. (19)
Since
Ct_;_l(A) = det(/\E — Lt+1) = det(/\E — Lt) = Ct(A) (20)

(E denotes the N x N unit matrix), the polynomial C¢(\) of order N
does not depend on time step t. Hence, denoting the coefficients of \F
(k =0,1,2,..,N — 1) by C®)_ these are N independent conserved quan-
tities of the dToda equation.

In a state of the BBS, a set of consecutive filled boxes is located between
sets of vacant boxes and vice versa. We denote by Q! the length of the
leftmost set of filled boxes at time step ¢, by W{ that of the right adjacent
set of vacant boxes, by Q% that of the next set of filled boxes, and so on
(Fig. 4). Then we find that they satisfy

t+1 s t n t _ -1l ot
Qi = min [ W, 53, Q5 - ¥ Q) (n=12,...,N—1), (21)
Wittt =Qh + W — Qi

3 Historically the dToda equation was first derived by Hirota under the condition
that the discretization preserves the soliton solutions [21].
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Fig. 4. Variables Q!, and W} for udToda eq.

with the boundary condition
Wi =Wy = +oo. (22)

This equation (21) is also an ultradiscrete equation for the BBS. We suppose
that the dToda equation (17) has a parameter ¢ and rewrite the dependent
variables as

I, = exp[—Qi,(e)/e], Vi = exp[-W,(e)/e].
When the limit

Qn = lim Qu(e), W= lim W(e)
exists, an argument similar to that in the previous section shows that the
above Q!, W} satisfy (21) with the boundary condition (22), which means
that the BBS is also to be regarded as an ultradiscrete limit of the dToda
(molecule) equation.
Using ultradiscrete limits, we can construct conserved quantities of the
BBS from those of the dToda equation, i.e., C*) (k. =0,1,... ,N —1). By

defining uC™® := — lim —elog C™®, we obtain [29]
e——+0

79

wCN=D = min ( min

min W?
1<i<N 1<j<N-1 7

uqun:mm( min_ (@' + Q).

1<iy <ig<N

i ¢ ¢ . . .
min JRNEN g min (W + W
i1¢{j1,j1+1}( " jl)’ 1Sj1<j2§N( ) J2)>

N
wc® = 3°Qt
i=1

These N conserved quantities are independent and of course each of them
corresponds to a conserved quantity of the dToda equation. Although they
have rather complicated expressions, there is an alternative way to calculate
the same set of conserved quantities. Denoting a vacant box by 0 and a filled
box by 1, we obtain the 0,1 sequence corresponding to a state of the BBS.
Then the explicit algorithm to construct the conserved quantities is given as
follows [30].
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1. Let p; be the number of 10s in the sequence.

2. Eliminate all the 10s in the original sequence and let ps be the number

of 10s in the new sequence.

Repeat the above procedure until all the 1s are eliminated.

4. Then the weakly decreasing positive integer sequence {p1, ps2, ps,...}
consists of the conserved quantities.

©w

For example, for the state
(#) ...00111011100100011110001101000000. . .
we have p; = 6, and eliminating 10s, we obtain a new sequence
...0011110001110010000. ..

and po = 3. In a similar manner, we have p3 = 2, py = 2, p; = 1. To see that
these {p;} are conserved, we evolve (#) by one time step

(#) ...00000100011011100001110010111100. . . .

By applying the above algorithm again, we find the same integer sequence
{pj} (j=12,....5).

The sequence p; ps ... is a weakly decreasing positive integer sequence
and we can associate a Young diagram to it by regarding p; as the number
of squares in the jth column of the Young diagram. For example the Young
diagram associates to (#) is shown in Fig. 5.

P1 P2 P3 P4Ps

Fig. 5. Young diagram corresponding to the conserved quantities of (#)

When we denote by L; the length of the jth row of the Young diagram,
the weakly decreasing integer sequence {L1, Ls, . .. } is another expression for
the conserved quantities of the BBS. When t — 400, the state of the BBS
consists of solitons which are arranged according to the order of their lengths
and move freely. We can prove that the length of the jth largest soliton among
these freely moving solitons coincides with L; [11]. Hence, for a given initial
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state, we can find the solitons which constitute that state after sufficiently
many time steps by constructing the corresponding Young diagram.

Young diagrams and Young tableaux are used in combinatorics, repre-
sentation theory and the geometry of varieties [31]. Though the Young di-
agram that appeared in the conserved quantities of BBS does not have a
direct connection to such mathematical subjects, generalized BBSs given in
the subsequent section show combinatoric aspects related to the represen-
tations of quantum algebras. As a consequence, the BBS posesses links to
two-dimensional integrable lattice models.

4 Generalization of BBS

4.1 BBS Scattering Rule and Yang-Baxter Relation

As has been mentioned in the previous section, the BBS is just a reinterpre-
tation of the soliton CA proposed by Takahashi and Satsuma. The merit of
this reinterpretation is that we can introduce new degrees of freedom—‘box
capacity’ and ‘species of balls’. Furthermore we can introduce a ‘capacity of
carrying cart’ [13]. In this section, we consider the BBS with M kinds of
balls. We leave the capacity of the boxes to be one.

For simplicity, we distinguish the species of balls by integer indices
1,2,...,M. An example of a state of the BBS with M kinds of balls is
shown in Fig. 6. Accordingly the time evolution rule is changed as follows

[ WEE) ] [
AASACAZ ] AAEL

Fig. 6. A state of a BBS with M (= 3) kinds of balls

1. Move every ball only once in one time step.

2. Move the leftmost ball with index 1 to the nearest right vacant box.

3. Move the leftmost ball with index 1 among the rest to its nearest right
vacant box.

4. Repeat this procedure until all the balls with index 1 have been moved.

5. Do the same procedure (2)—(4) for the balls with index 2.

6. Repeat this procedure successively until all the balls have been moved.

An example of a time evolution pattern is shown in Fig. 7. After several trials,
one may notice that a soliton in this BBS should be defined by a sequence of
consecutive balls with indices arranged in weakly increasing order. We also
define that the length or the amplitude of a soliton is the number of balls
which constitute the soliton. Hereafter we denote a ball with index j by a
number ‘j’ and a vacant box by ‘.’ for simplicity. Then, for example, a state
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Fig. 7. An example of time evolution pattern of BBS with M (= 3) kinds of balls
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of the BBS is expressed as
....1256334...45123...2132444...

In this example, there are seven solitons—1256’, ‘334°, ‘45’, ‘123, 2’, ‘13’ and
‘2444’. Fach soliton has the length (or amplitude) 4,3,2,3,1,2 and 4 respec-
tively. With these definitions, the solitonic features of the BBS are described
as follows [14].

1. The number of solitons does not change in time evolution.

2. Suppose that solitons are far enough apart from each other at an initial
state. Then their length is not altered after their collisions. Furthermore,
the final results do not depend on the initial arrangements of solitons, in
the sense that the ingredients of each soliton are not altered by chang-
ing the initial distance between the solitons, as long as they are well
separated.

We will not give the proofs of the above features but examine the feature
of soliton scattering in detail, for it has a deep relation to the so-called R
matrices of two-dimensional integrable lattice models.

Figures 8a—c show three examples of two-soliton scatterings:

(a) ‘1135 +°24°  —» ‘35 4 ‘1124’
(b) 23455+ ‘124> —» ‘235" + 12445’
(c) “11555'4 ‘234 —» ‘555’ + ‘11234’

As suggested by these examples, two soliton scattering is governed by a
deterministic rule (the BBS scattering rule). Consider two solitons ‘41ig - « - iy,
and ‘j1j2 - - - jn’ that collide and transform into ‘5’15’5 -+ 4’  and '35 - - -4’}
(m > n). Defining A := {i1,i,...,im}, A" = {i'1,72, ... ,i'm}, ¥ =
{J1,525 - yintand X = {51,759, .. , 5}, we clearly have A+ X = A"+ 3.
Furthermore the set A’ is always a subset of X and hence A is always a subset
of X’. The set A’ is now determined by:
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@ .1135. . .24. .
.. 1135 .24 . .
. .135124
. .35 .1124 .
. .35 .. .1124
b .23455 . . 124 . .
.. 23455124 . .
.. 23512445 . .
. .235..12445 . .
. .235....12445 . .
© .11555 . .234 . .
. .11555234
. .55511234 . .
. .555 . .11234. .
. .555 . .. .11234. .

Fig. 8. Examples of two-soliton scattering in BBS

1. If there is no integer in X' greater than 71, choose the smallest integer in
JJ; otherwise choose the smallest integer among those in Y greater than
i1. Denote this integer by k;.

2. Next, if there is no integer in X'\ {k;} greater than i5, choose the smallest
integer in X'\ {k1} ; otherwise choose the smallest integer among those
in X'\ {k1} greater than i5. Denote it by k.

3. Repeat the procedure until kj; has been chosen among X'\ {kq, ko, -,
kal}' Then A/ = {kl, kQ, s ,kM}

For example, in the case
1123455 + 156 — 112 4 1345556

Y =1{1,1,2,3,4,5,5} and A = {1,4,4,6}. For iy = 1, the smallest integer
in X which is greater than ¢; is 2. Hence we obtain k; = 2. For iy = 5,
no integer in X'\ {k1} = {1,1,3,4,5,5} is greater than is and we choose
ke = min [¥'\ {k1}] = 1. Similarly we have k3 = 1 and A" = {2,1,1} which
coincides with the result. The scattering rule for this example is depicted in
Fig. 9.

Next we consider three-soliton scattering. Examples of three-soliton inter-
action patterns are shown in Figs. 10a—c. As should be the case for genuine
solitons, the final (emerging) sequences do not depend upon the order of the
collisions. The initial states of Figs. 10 are all composed of ‘11334’, ‘255’ and
‘23’ solitons, the order of collisions however differs because of the different
initial arrangements of the solitons. Thus, in Fig. 10a we see the sequence of
interactions

(1) 11334 + 255 — 113 + 23455
(2) 23455 + 23 —» 34 + 22355
(3) 113 434 —> 11 + 334,
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1123455 + 156 —> 112 + 1345556

Fig. 9. Schematic representation of the BBS scattering rule

(a) ..11334..255....23...
...113..23455.23. . .
... 113.... 2342355, . .
...113....34..22355. ..
... 113...34.....22355. .

113..34........ 22355, .
11..334.......... 22355
(b) ...... 255, 23, .
......... 25523, . . ..
............ 55223, . . ..
11334......... 55.223. . ...
....11334. ... .. 55..223.. ...
..... 11334...55...223.. ..
..... 113. . 33455, 223. . . ...
Lo 333422355, . . . .
1....... 334, . 22355, .
..., 334....22355
(c) ...11334....255.23...
...11334..25523. . . ..
..... 113. . 3422355. . . . .
....11.334....22355, . ..
. 11..334. ... .. 22355, . . . ..

Fig. 10. Three soliton interactions in a BBS

while in Fig. 10b we have

(1) 255 + 23 —» 55+ 223
(2) 11334 + 55 —» 11 + 33455
(3) 33455 + 223 —» 334 + 22355,
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N =
N

Fig. 11. Yang-Baxter relation for the BBS. Three-soliton scatterings do not depend
on the order of collisions

v,
time

Figure 10c shows three solitons colliding simultaneously. In all three cases the
final patterns are the same, i.e., ‘11°, ‘334" and ‘22355’. This feature of three-
soliton scatterings implies that the N (N > 3) soliton scattering rules are
governed by those for two-soliton scatterings. Scattering properties of this
type (in the exact solution of actual one-dimensional problems) were first
established by Yang [32] and Baxter [33] and are now commonly referred
to as Yang-Baxter relations [34] (Fig. 11). Hence we may regard the soliton
scattering in a BBS as an analogue of the Yang-Baxter relation on the level of
cellular automata. To satisfy the Yang-Baxter relation is usually understood
as a sufficient condition of integrability for the R-matrices in one-dimensional
quantum models and two-dimensional lattice models. The BBS scattering rule
is essentially equivalent to the action of the combinatorial R-matrix on the
symmetric tensor product representation of the quantum algebra Uq(Ag\})) at
q — 0 when the states of the BBS are identified with the classical crystal of
Uq(Ag\}[)) [35]. This fact suggests a connection between the BBS and quantum
integarable models, however before establishing the direct connection between
them, we consider further extensions of the BBSs in the next subsection.

4.2 Extensions of BBSs
and Non-autonomous Discrete KP Equation

In this subsection we introduce an extended box and ball system which may
very well be the most general BBS imaginable. Its soliton behaviour arises
from a reduction of the non-autonomous discrete KP equation (3). It will be
explained however that this correspondence entails a lot more complications
than in the simpler cases discussed before.

In the previous subsection we discussed the properties of a BBS with M
species of balls. As was mentioned at the time, a natural extension of such a
BBS is obtained by introducing varying box capacities, e.g., the box at site
n can accommodate up to 6,, > 1 balls and this capacity may be location
dependent (i.e., 6, may be a function of n). In practice this means that we
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change the BBS evolution rule for the case of M species of balls in such a
way that one does not move a ball to the first empty box on the right, but
rather to the first box on the right which has a vacant spot*. An example of
such a BBS is shown in Fig. 12.

] [0
@ QW®HH HEREE

&@@mm -

CIS)
@
|

W&@W

' ' ‘ '
| j‘ RN

[] H@@@@QHH -

"—W—W—HH&EWQQQ—“

Fig. 12. Example of a BBS with varying box capacities

Besides species of balls or box capacities, there is a third degree of
freedom available, one that is directly connected to the time evolution
itself. Namely, we can introduce a carrier with capacity x; which will
transport the balls to their new locations. This carrier comes in from the
left, proceeds to the right and depending on its remaining capacity (i.e.
k¢ — # of balls present in the carrier) picks up the balls in a box and drops
them into the first available spot ; the ‘unloading’ proceeds according to the
general rule explained above. As can be seen in Fig. 13, while the carrier goes
through the array of boxes the process of successively loading and unloading
induces the motion of balls over the boxes and hence induces the time evo-
lution of the system. We shall denote such a general box and ball system by
its 3 relevant parameters (M, 0y, k;), where (as before) the variables n,t € Z
play the role of space and time coordinates respectively.

The original BBS corresponds to the choice (M = 1,V0,, = 1,Vk; = o0)
whereas the case (M > 1,V0,, = 1,Vk; = 00) is of course the one we studied in
the previous subsection. Other special cases such as (M = 1,V6,, = 0,Vk; =
k) with £ > 6 and (M,0,,Yk: = oco) have been treated in [13] and [15]
respectively. Remark that, just as the box capacity 6,, can depend on the site

4 In case a box should contain more than one ball of the same species, one may
pick any one of them when determining which ball is the ‘leftmost’ one.
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Fig. 13. Example of a BBS with a (capacity 3) carrier and the different load-
ing/unloading actions depending on the remaining capacities of boxes and carrier

n, the carrier capacity x; may also vary in time. It is the soliton scattering
in this general case (M, 0,, k;) we now wish to elaborate upon.

First, let us introduce some notations. Let b!, denote the balls contained
in the nth box (with capacity 6,,) at time ¢ and let v} stand for the balls
present in the carrier (with capacity x) at that same time ¢. A more detailed
description of the contents of both boxes and carrier is provided by the vari-
ables ufw- and vfw- (for 1 <j < M +1) : these represent the number of balls
of the (M + 1 — j)th species® present in b%, and v’ i.e

bfz (qu,MJrl? ufz,M? T 7“’2,1)7 (23>
’U; (’U:L,M-i-l? U;,M: to av'z,l)' (24)

Using this notation, the evolution in a general BBS (M, 6,,, x;) can be ex-
pressed in the following way (1 < j < M),

5 This notation allows for a ball of species ‘0’, which actually stands for the state
where there are no balls at all in a particular box. Although somewhat peculiar,
this notation proves useful when discussing the relation with exactly solvable
lattice models. Note also that the defining equation (26) remains valid for such
‘0’th species balls (i.e., for j = M + 1).
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Ui;fjl - 'Uflﬁj = maX[Xl — 0, X —0py -+ 7Xj71 - eanj —Fgy o, X — ﬁtao]
_maX[Xl —On, Xo — 0O, 7Xj — On,
Xjt1— K, Xm —K,0],  (25)

t _ t t t+1
Ung1,j = Unj T Un = Uy (26)

M 14
where X, = Xrtt;f = E ufw. + E Ufm.
i=e i=1

What we want to show next is that the defining equations (25) and (26) are
actually the ultradiscrete limits of a special reduction of the ndKP equation
(3) written here in the form :

(bn, — ¢j)TTin; + (¢j — ar)TinTj + (a4 — b)) Ty = 0 (27)

for a tau-function 7(¢,n,j) and for a(t),b(n) and c¢(j) which are arbitrary
functions of ¢,n and j respectively, after performing the change of variables
{¢,;m,n} to {—(t+ 1),n,j} and a(¢) to a(t). Here we used the incremental
notation, i.e. T = 7(t,n,j), =7t + 1,n,j), e =7t + 1,0+ 1,7), ete.

The reduction we want to impose on (27) consists of assigning special
values to the lattice parameters, ¢(1) = 1,¢(2) =¢(38)=---=¢(M +1) =0
and of imposing the (periodicity) constraint,

T(t,n,j+ M+ 1) =7(t,n,j), (28)

on the tau-functions. As it turns out, the constraint (28) is analogous to what
one would call an M-reduction of the KP hierarchy, restricting the infinite
dimensional Lie algebra gl(co) to the finite dimensional algebra Ag\?.

In this reduction — the details of which we omit here — it can be shown,
following a line of reasoning very similar to the case (M = 1,V0,, = 1,Vk; =
o0) treated in Sect. 3.1, that the CA defined by (25) and (26) is obtained by
ultradiscretizing the fields

T(t,n+1,5)7(t,n,j+1)
T(t,n, j)T(t,n+1,5+1)

t _
Unj =

(29)
Vt = T(t+ 17n7j+ 1)T(tvnaj)
T+ L )Tt n, g+ 1)

(defined for 1 < j < M). In particular one finds that in the parametrization
ar = 1+ 0, by = 1+, with 6y = exp[—r¢/e] and 7, = exp[—0,/e], the
ultradiscrete limits,

t 1 t
Uy j = E1_1}I}|r10a€10g Un.j» (30)
t t

v, ; = lim elogV, ., (31)

e—=40
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yield solutions {uf, ;} and {v, ;} for the system (25) and (26) (for 1 < j <
M). The values for u! 5, and v}, 5,,, are specified by the requirements

Z;‘f{l ul, ; = 0, and 25\44{1 v}, ; = kg, which fix the numbers of vacant spots

in a specific box and in the carrier. Because of the link to an Ag\? reduced
KP equation we shall refer to the BBS described by (25) and (26) as an AE&I)
automaton.
Let us consider the soliton solutions for this automaton. As before, if the
limit
t R . .
Y, . = el—lg-losl()g T(t,m,j)

n,9

for the AS\? reduced tau-functions exists, then applying the ultradiscrete limit
to the expressions (29) produces solutions of the system (25) and (26) in the
form (1<j<M):

t,] =Y+ Yo e — Yo, = Yati 41 (32)
= YtJ-i-l + Yfij - Yij;'l Yi,ﬁ-l (33)

Hence we shall call the quantity eryj an N-soliton solution to the Ag\?
automaton if it is the ultradiscrete limit in & of a one-parameter family of
appropriately chosen soliton solutions 7(t,n, j) for (27); the main task is the
identification of these corresponding KP-type soliton solutions.

Using the simple correspondence between (27) and the generic non-
autonomous discrete KP equation (3), it is clear that the former admits
N-soliton solutions corresponding to some elements in GL,, where the time
evolutions of the fermion operators 1(p) and ¢*(q) are now given by the
expressions, = (¢t,n,j),

o) = ([Tt - 17 Hp_lcj, W), (34)

@) = |[[—— [[w -0 [[@—c)|v"@,  (5)

(36)

for the multiplication convention similar to (4).
The Ag\? reduction (28) of such an N-soliton is obtained by imposing the

constraint :
a\" (1-q
— —— =1 (k=1,2,---,N). 37
(%) (122) -1 « ) (37)

Note that, for a given py, there are M ¢;’s which satisfy (37) and ¢x # px.
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However, the soliton solutions we need to consider here — as opposed to
the M =1 case, i.e., the CA (14) — are far more complicated than one might
think at first. In fact, because we allow for an arbitrary number of species
M > 1, we need to start from soliton solutions generated by elements :

N
=] O+ ¢ pe)e" (z,p:)
k=1

of GL(c0), with
M

¢*(a:,p) = Z Cg(p)’(/)*(w, QZ)’

=1
for carefully chosen values of the parameters ¢, and for the M roots ¢, of the
constraint (37) for a given py.%
Finally, from these solutions for the AS&I) reduction of (27), the N-soliton
solutions for the Ag&} automaton are found to have the form,

Yol = max Zu KO (tn, ) — Ak j)
i=1
o= (1,2, s o) (i = 0,1) and max|- - -] denotes the maximum among
n
the 2V values obtained by setting p; = 0 or 1 for i = 1,2,---,N. In this
expression there appear the functions K (t,n,j) = Kéz) ZJ, 1652)
S5 minfy, LO] + 327, min[f,,,, L®], with sums taken as in the summation
convention (4). The (non negative) integers L(i) E(z) (I1<i<N,1<j<M)

appearing in these functions satisfy L) = ZE( DLW >L@ > > M)
Jj=1

f§-1) > f§-2) > > Z;N), (j = 1,2,---, M), Kéz) being an arbitrary in-

teger. Restricting the set of {y;} as in y;, = 1 for ¢ = 41,42,---,i, and

w; = 0 otherwise, the phase factor A(u;j) takes the following simple form,

P
A(p; ) =Y (k= 1)L
k=1
p .
+y (X@k jrk—1)— X(““)(j)) ,
k=1
with X(z Z 6(,) and €§1+M = 6;1).

6 Hence, these bOluthHb should actually be interpreted as (N x M)-soliton
solutions, where the constituent solitons are themselves “degenerate” M-
soliton solutions. This can be easily seen from their generating elements,

1+ 9(z,p)¢" (@,p) = [Tory ' (1 + ce(p)¥(z,p)v" (z, q0)).
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5 From Integrable Lattice Model to BBS

5.1 Two-Dimensional Integrable Lattice Models and R-Matrices

It is well known that some of the two dimensional lattice models in physics
are solvable in the sense that their partition functions and correlation func-
tions can be obtained exactly [33]. In most cases, the transfer matrices of
such solvable lattice models are equivalent to the unitary operators (time
evolution operators) of some quantum spin chains and they are then called
quantum integrable lattices. The mathematical reasoning behind the solv-
ability of a quantum integrable system relies on the fact that the system has
a symmetry corresponding to a quantum algebra; the R-matrix, which gives
the Boltzmann weight for a local configuration of the lattice, is regarded as
the intertwiner of two tensor representations of the quantum algebra. One
of the simplest examples of such a system is the celebrated 6-vertex model
which has the symmetry of the quantum affine algebra Uq(Agl)).

A state of the 6-vertex model is expressed by a square lattice with two
kinds of links. An example is shown in Fig. 14, where the two types of links

Fig. 14. A part in the state of 6 vertex model

are distinguished by thick and thin lines. The total energy of the system
is the sum of the local energies determined by the local configuration of
the 4 links around each vertex, and only 6 configurations out of 2* = 16
total configurations have finite energy, i.e., are realized in the model. These
finite energy configurations are classified into three types (a)—(c) as shown in
Fig. 15, and their energies are denoted by E,, Ej, and E. respectively. Then,

denoting the inverse temperature by 3 := T where kg is the Boltzmann
B
constant and T is the temperature, the partition function Z (/) is defined by
Z(0):= Z Prob.(p), Prob.(p) := H wy(p: B).

peEP veV
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(a) (b) (c)

Fig. 15. Allowed six vertexes. They are classified into three types (a)—(c)

Here P denotes the set of all finite energy vertex configurations, V' denotes
the set of all vertices, and the Boltzmann weight w, (p : 5) at the vertex v for
the configuration p is given by the local energy E,y (v(p) € {a, b, c}) as

wy(p: B) = e PFvw,

(Subscript v(p) denotes one of the three types of vertices at v in the config-
uration p.) In Fig. 14, there are 2 vertices of type (a), 4 of type (b) and 3 of
type (c), and hence the contribution of this state p to the partition function
is given by

Prob.(p) = a®b*c?,

where we used the abbreviation, a := e~ #% etc.

To calculate the partition function Z(/3), we usually construct the transfer
matrix of the system, and the transfer matrix is, roughly speaking, obtained
from the R-matrix’. The R-matrix is, taking equivalence between a linear
map and a matrix into consideration, an isomorphism between two tensor
products of vector spaces,

R: ViV, — Vel

where V; (V2) denotes the vector space of a vertical (horizontal) link and the
isomorphism is uniquely determined by the Boltzmann weight w,(p : ). In
the 6-vertex model, both the vertical and horizontal links have two states
and hence dim(Vy) = dim(Va) = 2. Let e; and es be a basis of Vj. The
basisvector e; (es) corresponds to the thick (thin) link. Similarly let f; and
fo be a basis of Vo, where f; and f, correspond to the thick and thin link,
respectively. Then the R-matrix of the 6-vertex model is the linear map,
R: Vi@V, - VL,

" More precisely, the transfer matrix is the trace of the matrix product of the
so-called L-matrices over an auxiliary degree of freedom, and the L-matrix is
essentially the product of an R-matrix and a permutation matrix (in most cases).



Ultradiscrete Systems (Cellular Automata) 407

)=af ®e
)=bfs®el +cf ®@ey

ex® f1) =bf ®ex+cfy®er
) =af; ® e.

The R-matrix is of course expressed as a ‘4 by 4 matrix’ Rf]l (i,5,k,1 €
{1,2}) by the relation

ez®f Zszfk@)el

It is well known that a sufficient condition for a two-dimensional lattice
model to be integrable is that the R-matrices satisfy the Yang-Baxter relation.
The Yang-Baxter relation is the following identity, an equality of the two
linear maps Vi @ Vo @ V3 - V3 @ Vo ® V7,

Ro3R13R12 = RioRi3Ra3, (38)

where R;; acts on V; ® V; as the R-matrix and acts as the identity matrix on
the third vector space®. For example,

R(Vi@Vea@V3) =R(VI@V2)@ V3 CVo@ V1@V
Rz(Va@Vi@V3) =hoRVIeV;) CVho Vel
and the R-matrix for V73 ® V3 does not necessarily coincide with that for

V1 ® V5. (We often consider the case Vo 2 V3.) In the BBS with M kinds of
balls, the vector space of solitons with length L is given as

VE) = span { [k1]ko] - [k] 1<k <hks<...<ky <M},
Yiki€Zy. (39)

Hence the Yang-Baxter relation of soliton scattering in a BBS is given by the
isomorphism determined by the BBS scattering rule:

Vi) gyl gyl Yyl gyl @y (L > Ly > Ly).

Turning to the 6-vertex model, when the ratio of the Boltzmann weights
a(:= e_BEA), b, c is given with arbitrary complex parameters ¢, ( by

a:bie=1-¢*C:(1-Cg: (1-4¢%)K, (40)
a direct calculation shows that the R-matrices, R((,q), satisfy the Yang-
Baxter relation:

8 In the Yang-Baxter relation of integrable lattice models, we have to take into
account the spectral parameter dependence of the R-matrices, however we will
omit this point here. (See the case of the 6-vertex model below as an example.)
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R15(C1/C2,q)R13(C1/¢3, @) R23(C2/C3,q) =
R23(C2/C3,9)R13(C1/C3, @) R12(C1 /G2y q)

where (; (i = 1,2,3) are arbitrary nonzero complex numbers and V; & V5
V3. (Parameter ( is a specral parameter and ¢ stands for the temperature of
the model.)

From the above explanation, we see that we can construct an integrable
lattice model if we know R-matrices which satisfy the Yang-Baxter relation.
The origin of the R-matrix in the framework of the representation theory of
quantum groups is elucidated by Drinfel’d and Jimbo [36]. For example, for
the 6-vertex model, the relevant quantum group is the quantum affine algebra
Uq(glg). A quantum group U naturally carries a Hopf algebra structure, and
we can define the tensor product of two representations using the coproduct
A. Hence for given U-modules Vi, V» we can define the action of Yz € U on
Vi ® Vo and Vo ® V12, Suppose there exists an intertwiner for V; ® Vs and
Vo ® Vi, that is, a linear operator R: Vi ® Vo — Vo ® V3 commuting with
the action of U,

RA(z) = A(x)R "z e U.

Then, if the tensor products V; ® V; ® V, are irreducible, the Yang-Baxter re-
lation follows automatically'?. Thus once we find an intertwiner of irreducible
tensor product representations of some quantum group, we can immediately
construct an integrable two-dimensional lattice model. In the next subsec-
tion, we shall see that general BBSs result from integrable lattice models by
this fact and the idea of ‘crystallization’ [16].

5.2 Crystallization and BBS

In a lattice model at finite temperature, various configurations are allowed
in general for a given boundary condition. However, at zero temperature, the
system takes only the lowest energy state and its configuration is uniquely
determined by a boundary condition. For example, the zero temperature limit
of the 6-vertex model is realized by ¢ — 0 in (40). In this limit, b — 0 and the
configuration of the lowest energy state is uniquely determined by boundary
conditions for the upper and left edges as shown in Fig. 16a. If we attach
0 and 1 to a vertical thick link and a thin link respectively, we obtain an
array of 0, 1 sequence (Fig. 16b). Then, regarding the horizontal direction
as the spatial direction and the vertical direction as the time direction, a

9 Tt is not obvious (and not true in general) that V1 ® V% is isomorphic to Va® Vi as
U-modules, because the coproduct is not always symmetric under the switching
of the tensor components.

10 Usually we consider the evaluation module V; = V ® C[¢,(™!] where V is a
finite dimensional module of the classical counter part of U, and V; = V¢, with
an indeterminate (;.



Ultradiscrete Systems (Cellular Automata) 409

fix
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(a) (b)

Fig. 16. a A boundary condition determines the zero temperature configuration
of 6 vertex model. b Corresponding CA configuration

state of the 6-vertex model is considered to be a time evolution pattern of
the CA which evolves according to the rule determined by the Bolzmann
weight at zero temperature, or equivalently, by the R matrix at ¢ — 0.
As in this example, ‘crystallization’ is the method to construct a CA by
identifying a zero temperature configuration of a lattice model with the time
evolution pattern of a CA. An initial condition of the CA corresponds to a
boundary condition of the lattice model, and the time evolution rule of the
CA corresponds to Boltzmann weights of the lattice model. Hikami-Inoue-
Komori showed that the BBS is obtained from the zero temperature limit
of the Bogoyavlensky lattice, which is a two-dimensional integrable lattice
model, by crystallization!!. The lattice model at zero temperature for the
simple BBS is described as follows.

1. A vertical link takes one of the two states indexed by {0, 1}.

2. A horizontal link can take an infinite number of states indexed by non
negative integers {0, 1, 2, 3,...}.

3. The allowed vertex configurations are shown in Fig. 17.

4. The nth horizontal link is in the state 0 for |n| > 1.

An example of the lattice pattern for the BBS is shown in Fig. 18.The pattern
given by the states of vertical links coincides with the two soliton scattering
‘111’+1" — ‘1’4 ‘111’ in the BBS.

As explained in the previous subsection, we can construct an integrable
lattice model if we know an R-matrix (intertwiner of tensor representations)
of a quantum algebra. Combining this fact with the idea of crystallization,
we notice that an ‘integrable CA’ can be constructed by using the R-matrix
at zero temperature, which is the isomorphism of tensor representations of
some quantum algebra at deformation parameter ¢ — 0 and is called the

1 However the limit adopted by them is not continuous and it does not yield the
BBS directly.
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0 0 1
oo matm s
0 1 0

me{0,1,2,3,..

Fig. 17. Allowed vertex configuration of the lattice model corresponding to the
BBS

J)00011100100000000000
J)00000011011000000000
J00000000100111000000
J00000000010000111000

Fig. 18. A lattice configuration corresponding to a time evolution pattern of the
BBS

‘combinatorial R-matrix’. Hence we can associate an integrable CA with each
representation of a quantum algebra at ¢ — 0. In particular one finds [17,18]
that the box and ball system (M, 0, k;) discussed in the previous section,
corresponds to the symmetric tensor representation of Ué(Ag&I))lQ. We shall
now briefly discuss how to construct a BBS using crystals of Ué(Ag\})).

Let By be the crystal [37] (a good representation at ¢ — 0) of Ué(Ag\}[))
corresponding to the k-fold symmetric tensor representation. The crystal ba-
sis of By is characterized by the single row semistandard tableau of length
k for letters {1,2,..., M + 1}. Hence, we denote a crystal base b € By by

b= for m; € {1,...,M + 1}. In particular, we express the

vacuum (a highest weight vector) as uy, :=[1 1---1]. We also denote by Ry,
the combinatorial R-matrix from the representation By ® By to By® Bj,. With

these notations, we identify the array of vertical links of the square lattice
model with an element

by @b, @b, @b @by ®

12 Ué(Ag\y) is a subalgebra of Uq(ASL?), which does not include the elements ¢¢ in
Ua(A57)-
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of the space
B ®B®B®B1®By -,

where B; is the crystal of the vector representaion. We set u; = and we
assume the boundary condition b, = uy (|n| > 1). On the other hand, we
identify the horizontal links with an element

t t t t t
"'Un—2®vn—1®Un®vn+l®vn+2®'”

of the space
...BH®BK®BH®BR®BH...,

Here we suppose £ > 1 and v}, = u,; (|n| > 1). Then, the Boltzmann weight
at each vertex can be given by the combinatorial R matirix:

Roq vl @bl = bt ol .

(for reasons of simplicity we do not consider the energy function, which is
actually the analogue of a spectral parameter for such quantum integrable
systems). Using the combinatorial R-matrices, we define a map (transfer ma-
trix) Ty

b @b, @b @by @
1 1 1
et @U@t @bt @

This map is actually an isomorphism determined by the combinatorial R-
matrix:

B,®(-®B1®B1®--)~(---®B1 B ®---)® By
uﬁ@(...@bfl@b%_‘_l@...)g(...®b;+1®b;++11®...)®un

Then, in the time evolution pattern:

By B0 D
b, bl b bl L

bRy bR BN

if we regard bf, = (m > 2) as the nth box with a ball indexed M +2 —m

at time ¢ and as a vacant box, we find that the pattern coincides with
that of the BBS with box capacity 1 and carrier capacity «.

In Fig. 19, we show an example of a crystal lattice where M = 3, "n, 6, =
1, and ¥t, k; = 2. In order to compare a time evolution pattern of the BBS, we
use ‘5’ and ‘j1jo’ instead of’M +2—j ‘ and ’ M+2—j7M+2—js ‘ Hence
the vacuum states for the vertical and horizontal links are denoted by ‘4’ and
‘44’ respectively. When we observe only the vertical links and neglect the
highest weight vector ‘4’ this example presents the two soliton scattering,
‘13" + ‘27 — 34 ‘12

Using this construction and by virtue of the commutativity of the transfer

matrices T, T,» = T,+T,;, we can prove the following properties for the general
BBS (M, 0,,, k).
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ahistatsatao fad s ad adadtadadtadt s
adtadtaniistadrataatastastadtadtadadtaa
aitadtast st obatat st e a4 s
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st adtadtadtaidadt ad adsbud B oidadtag
4 4 4 4 4 4 4 4 4 (34 4 4

Fig. 19. A crystal lattice with parameters M = 3,0, = 1,k = 2

(1) By identifying solitons in the BBS with the crystal basis of U,(An—1),
the scattering of solitons is described by the action of the combinatorial
R-matrix of Ug(Apr—1).

(2) The phase shifts of the solitons are determined by the energy functions
associated with the R-matrix.

(3) The conserved quantities of the BBS are expressed by semistandard
Young tableaux [17].

CA’s with other symmetries (i.e., corresponding to algebras of type B, C,
etc.) have been discussed recently. However, at the time of writing, the rela-
tion of these CA’s to the classical integrable systems is still an open problem.

6 Periodic BBS (PBBS)

In this section, we extend the original BBS to that with a periodic boundary
condition [38,39,11]. Let us consider a one-dimensional array of N boxes. To
be able to impose a periodic boundary condition, we assume that the Nth
box is adjacent to the first one. (We may imagine that the boxes are arranged
in a circle.) The box capacity is one for all the boxes, and each box is either
empty or filled with a ball at any time step. We denote the number of balls

N
by M, such that M < 5 The balls are moved according to a deterministic

time evolution rule. There are several equivalent ways to describe this rule.
For example, as illustrated in Fig. 20,

1. In each filled box, create a copy of the ball.

2. Move all the copies once according to the following rules.

3. Choose one of the copies and move it to the nearest empty box on the
right of it.

4. Choose one of the remaining copies and move it to the nearest empty box
on the right of it.

5. Repeat the above procedure until all the copies have been moved.

6. Delete all the original balls.
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t=0 e 00
0000

e 00
got—fo
(T el6[ @®c)
Fod—g
900@®o
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t=1 0@ [ I )

Fig. 20. A rule for time evolution of a PBBS

It is not difficult to prove that the obtained result does not depend on the
choice of the copies at each stage and that it coincides with the evolution
rule of the original BBS when N goes to infinity. An example of the time
evolution of the PBBS according to this rule is shown in Fig. 21.

[ fe]efefe] [ [ Jefe] [ [T fof [ T 1]

LI 1] [efe[e] [ [e]e]e] | [o] [ |

time

LITTTTTT[Iele[ ] ]ele] [e]e]e]

lefefefe] [ [ [ [ [ fele[ [ [ o] [ ]

LI1 1 Je]efefe] [ [ [ [e]e] [ o] ] ]

LITTTTTT [efee]e] | [efe] Jof |

lefefe] [ [[ [T T TT1Iele] [ [of [e]

LI [efefe[e[ [ [ [T 11 le[e] [o] |

[l T T [T [elefefe] [T [ [ [ef Je]

Fig. 21. An example of time evolution of a PBBS

In the following subsections, we will describe several important features of
PBBS without giving proofs. The interested reader is referred to the original
articles.
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6.1 Boolean Formulae for PBBS

We show that the rules for PBBS introduced above can be formulated in
terms of Boolean algebra [38]. Let N be the number of boxes. The space
of the states of the PBBS is naturally regarded as Fo” by denoting a filled
box by 1 € Fy and a vacant box by 0 € Fy respectively. We denote a state
X (t) of the PBBS at time t by X (t) = (z1(t), z2(t), ... ,zn(t)) € Fo¥, where
x;(t) = 0 if the ith box is empty and z;(¢) = 1 if it is filled. Let A, V, &, be
AND, OR and XOR respectively. These Boolean operators are realized in Fo ™
as maps, Fo™ xFo¥ — FoV. For X = (21, 29,... ,28), Y = (Y1, Y2, , YN),
they are defined as

(XAY); =2 ANy = 23y
(XVY);, =2, Vy; = xiyi + i + s
(XeY)i=z,0y; =z +ui.

We also define the rotate shift to the right, S,
SX = (xn, 21,2, ,TN_1)
The next theorem gives an expression of T,
T:X(@t)— X(t+1),
in terms of these Boolean operators.

Theorem 6.1. Suppose that X (t) € Fo” is the state of the PBBS at time
step t. We consider the following recurrence equations,

A® = x(t), B = 5X(¢), (41)
A1) .= A() \ p()
{B(n+1) = (A A gy (=012, (42)
Then,
X(t+1)=AM™ @ X(t), and BN) =0, (43)

where 0 := (0,0,...,0).

This recurrence equation (43) is expressed with only three operations,
AND, OR and SHIFT, and has a simple form. The SHIFT operator introduces
the right-and-left symmetry breaking that comes from the definition of the
direction of the movement of balls. From the Theorem, we also obtain the
following corollary:

Corollary 6.1. Suppose that X (t) € FoV is given as the state at timet. Then
the state at the next time step X (t + 1) = TX(t) is calculated by recurrence
as follows.
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A® = x(t), B = SX(t) (44)
n+1l) .__ n n
and
X(t+1)=AWN2D g x(t), BIN2) =0, (46)

6.2 PBBS and Numerical Algorithm

The formulae for time evolution of the PBBS (42) have a simple and sym-
metric form, and we expect that they bear some relation to a good algorithm.
In this subsection, we show that they have indeed the same structure as that
of the algorithm to compute the pth root of a given number. Henceforth, let
the truth values “O(false)” and “1(true)” be equivalent to the integers 0 € Z
and 1 € Z. Then we can replace A and V with min and max as

x Ay <= min|z,y]
xVy < max[z,y|

Following the notation in the previous subsection, we define that max
and min act on ZV bitwise. Then, (42) can be rewritten as an equation on
integers as

{ A — max [A) B n

B+ = §min [AM), B0

We construct the difference equations corresponding to (47) by means of
inverse ultradiscretization. Noticing the identity:

max [x,y] = €1_i>15r10610g (e””/6 + ey/e) (z,y € R),

and min [z, y] = — max [—z, —y], we introduce the difference equations,
oD = Lol 4 12

o) =2 (o) <bgﬁa)‘1}1 (=isNh. @)

The relation between (47) and (48) is obvious. When we replace agn) and
bg") by e(A™i/e and (B™)i/e respectively, and take limit € — +0, we obtain
(47) from (48). The factor 2 in (48) is so chosen that the recurrence formulae
do not diverge at n — oo.

When we disregard the space coordinates ¢ in (48), or consider the case
N =1, we obtain the recurrence formulae,
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a(n+1) _ a(n) + b(n)
pn+1) — 2a(’3b(”) ’ (49)
IR

which are the well-known arithmetic-harmonic mean algorithm and we have

lim a™ = lim ™ = /a0,

n—oo n—oo

The recurrence formulae (48) for general N are also considered as a numerical
algorithm to calculate the 2INth root of a given number. To see this, first we
note that (48) has a conserved quantity C' with respect to the step n,

N N
™ = T[alp™ = ¢D = ... = ¢© = [0 = ¢, (50)
i1 i=1

where {ago)’bzgo)} are the initial values. Then we can show the following
proposition.

Proposition 6.1. If all the initial values {az(-o),bgo)} are positive, then se-

quences a,(cn) and b,(cn) converge to the same value

N
. (n) _ 4 (n) _ 2N (0),(0) _ 2N
”11_>Ir010 a,’ = nh—>né<> b, = 1:'1:661- b)) = NC  (for all k).
Hence, the recurrence formula of the PBBS is regarded as a numerical algo-
rithm for the 2N th root.

Since the ultradiscrete model has to maintain the mathematical structures
of a discrete model in the process of ultradiscretization, when we take the
ultradiscrete limit of C, it is also a conserved quantity of the PBBS. In fact,

N N
C-TLa® B {404 50) (51)
=1

=1

gives twice the number of balls in the PBBS. The number of balls is, to be
sure, a conserved quantity of the PBBS.

We can construct other conserved quantities of the recurrence formulae
(42) by means of another inverse ultradiscretization.

From (42), we obtain

(52)

A+ A g=1R0+1) — gA(n) A B(n)
A+, g-1R0n+1) — g(n) \y B(n) -

When we consider the inverse ultradiscretization of the above equation, we
find
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(n+1 b(n-i-l) (n)b(n)
<n+1> T L g 4 g

)

(53)

Thus, for arbitrary A, (A +a{™)(A+b™) = (A + a(n+1) A+ 0" ) and we
7 7 1+1
find that

N
Cu(A) = [T +a™) (A + b)) (54)

=1

does not depend on n, which means that any symmetric polynomial with

respect to {agn)} and {bgn)} does not depend on n. Therefore, the ultra-
discrete limit of such symmetric polynomials gives 2/N conserved quantities

51,85, ... ,San of (42). If we denote Bz(") Ag\';jr , these conserved quantities
are explicitly given as

S1 := max [AE")]

So 1= max {A(.") + A(_n)]

Son =AM
=1

6.3 PBBS as Periodic Ag\}f) Crystal Lattice

In the previous sections, we showed that the BBS (with an infinite number of
boxes) can be reformulated from the theory of crystal and the combinatorial
R-matrix. The PBBS is also reformulated as a combinatorial R matrix lattice
model with periodic boundary condition. For the original BBS, the time
evolution is given by the isomorphism:

T: By ® BEN — BYYN @ B,
T {0h) @ |e(t)) = [e(t + 1)) @ [{0})
where |c(t)) € B®Y is the state corresponding to the BBS at time t. For

the PBBS, we have to take the trace of the vertical state, i.e., by regarding
T € Endpy,qzen Beo, we define the matrix T := Trp_ T € EndcBfY, which
1

gives a time evolution as
T: BYN — BPY
T :|e(t)) — |e(t+ 1)).

At a glance, one may think that |c(t 4+ 1)) becomes a linear combination of
many of the tensor products of B; crystals. However a tensor product of B
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crystals is mapped to a unique tensor product of B; crystals and the resultant
state exactly corresponds to the state of the PBBS at time step t 4+ 1. Even
for the PBBS with M (M > 2) kinds of balls and various box capacities,
the above lattice model is also well defined as far as the dimension of the
vertical crystal is large enough, that is, x; > 1 for the vertical crystal By, of

U’ q(AE\?,l). We will present a proof of this fact for the case with one kind of
ball. Since the evolution rule for M kinds of balls is decomposed into M steps
as far as ks > 1, and only one kind of ball is moved at each step according to
the same evolution rule, the proof is also valid for the case with many kinds
of balls. When & is small, however, the above construction will not give a
unique tensor product and will not define an evolution rule of the PBBS.
Since we treat only one kind of balls, the states are represented by a
U’q(Agl)) crystal. First we consider the isomorphism B, ® By ~ By ® B,
given by the combinatorial R-matrix. A state b in B, is usually denoted by a
single row semistandard Young tableau of length x on letters 1 and 2. Instead,
we denote b = (y,k — y) where y is the number of 1 in the Young tableau.
For (y,k—y)® (z,0 —x) ~ (/,0 —2') @ (v, k — y/'), we have the relation [35]

' =y —min[k, z + y] + min[h, z + y] (55)
y' = x4+ min[k, z + y] — min[f, z + y]. (56)

For k > 6, the relation is explicitly written as

T (x+y<0)

y=<K2z+y—0 O<x+y<k) (57)
r+K—0 (k<x+y)

o=ty —y (58)

Now let 6,, (n = 1,2,...,N) be the capacity of the nth box, and x; be the
capacity of the carrying cart at time step t. The state at time step ¢ is given
by |c(t)) € By, ® Bp, @ --- ® By,,. Since By, is a U’q(Agl)) crystal, a vector
b, € By, is represented as b, = (x,,0, — x,), where z,, corresponds to the
number of the balls in the nth box. We denote a state by ® by @ --- ® by
by [z1,22,...,2N] for b; = (24,0; — ;) (i =1,2,...,N). The combinatorial
R-matrix of U’ q(Agl)) gives the isomorphism 7

T: By, @ (Bg, ® Bp, @+ ®@ By, ) ~ (By, ® By, ® -+ @ By ) ® By,

([yo] ® [x1, 22, ... s 2N] =[], 25, ..., 2] @ [yo])

From (58), we obtain the following recurrence equations:
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Yn = F(ynfl;xnagn)

T (xn + Yn—1 S Gn)
=1 22, +Yp—1 — O (9n <Zp+Yn-1 < Ht)

xn“”"&t*en (Ht <zn+yn—1)
Yn—1 (mn + Yn—1 S en)

z, =1 0, —xz, (0n, < Ty, + Yn—1 < Ky) (59)
ynfﬁn“i’an (’it < In+yn—1)
(n=1,2,...,N)

y6 = YN-

We see that the function F(y;x,0) is a piecewise linear and monotonically
increasing function of y which satisfies F(y + 1;2,6) — F(y;x,6) = Oor 1
and 0 < F(y;z,0) < k. Since y( is a function of yo, we denote it by y, =
Fn(yo; {z:},{0:}) = (FoFo---0F)(yp). The function Fy is also a mono-
N times

tonically increasing piecewise linear function, and Fn(yo + 1;{z;},{0:}) —
Fy(yo;{zi},{0:;}) =0or 1 and 0 < Fy < k. Thus, for 0 < yy < Ky, there
is one and only one integer y* or one and only one finite interval [y.,y*]
(y«,y* € Z) where the identity yo = Fn(yo;{x:},{6:}) holds. Furthermore,
from (59), we find that the {z/,} do not vary for y, < yo < y*. Therefore we
conclude that, for given {z;} and {6;}, there is at least one yg (0 < yo < K¢)
at which y() is equal to yo and that {z}} are uniquely determined and have the
same values for yo which satisfies y, = yo. The above conclusion means that
T:= TrBKt'T € EndBy, ® --- ® By, maps a state by ® --- ® by to the state
which is also described by a tensor product of crystal bases. We summarize
the above statement as a Theorem.

Theorem 6.2. If k is greater than any 6; (i = 1,2,... ,N), the map T :=
Trp, T € EndBy, ® By, ® --- ® By, sends a tensor product of crystal bases

to a unique tensor product of crystal bases of U’q(Agl)). Furthermore, for

sufficiently large K, the statement holds for U’q(Ag\?) with arbitrary positive
integer M.

From the construction of the map, it is clear that the PBBS discussed in
the previous section corresponds to the case §; =1 (i =1,2,... ,N), and we
use this map to construct the PBBS with arbitrary box capacities and ball
species.

6.4 PBBS as Ag\lf)_l Crystal Chains

When there are M balls of the same kind and N boxes, we can also reformu-

late the PBBS in terms of the combinatorial R-matrix of U’q(AS\l,)_l) and the
N

symmetric tensor product By; and By where M’ := Z 0; — M (Fig. 22).
i=1
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Fig. 22. Twisted chains of crystal AE\}),l and PBBS

A crystal b € By can be denoted by b = (21, x2,... ,2y) with 0 < 2; <
0;, Zf;l x; = M. We associate a state of the PBBS with the crystal b in
which x; is the number of balls in the 7th box of the state. For the crystal
b, we define the dual crystal b = (Z,%2,... ,Zn) € By, where T; = 0; — x;
(1 =1,2,--- ,N). Then the crystal ¥’ € B), associated with the state at time
t + 1 is given by the combinatorial R-matrix which gives the isomorphism
By & By ~ By @ By as

R: bb—0b Q. (60)

From [35], we see that this gives the same time evolution of the PBBS dis-
cussed above. As is shown in Fig. 22, the time evolution is described in two
twisted chains of By, and Bj;. Note that by changing the crystal b and/or b
for another crystal (say B type crystal), we obtain other types of PBBS with
a time evolution rule given by the isomorphism R. We may find interesting
features in these CAs. However, the study of these PBBSs is a project for
future research.

The isomorphism (60) has been shown to be expressed as an ultradiscrete
KP equation (egs. (22) and (23) in [18]), which is another reason why we claim
the PBBS is an integrable CA. Here we do not repeat the results in [18], but
we state a formula similar to (42). The space of the states, however, is no
longer a finite field but ZV. For X = (1, 22,...,2x), Y = (¥1,¥2,--- ,yn) €
ZN | we define max and min: ZV x ZV — ZN as
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(min[X,Y]), = minfx;, y;]
(max[X,Y]), = max(z;, y;].

We also define the rotate shift to the right S: ZY — ZV as
SX = (xN,xl,xg, SR ,l‘N—l)-

Let 6;(€ Z~o) be the capacity of the ith box and z;(t) (0 < z;(t) < 6;) be
the number of balls in the ith box at time step t. We denote the state of the
PBBS at ¢t by X(t) := (z1(t), z2(¢),... ,zn(t)). The state at t + 1, X (¢t + 1),
is obtained from the following Theorem.

Theorem 6.3. Let A®) = X(t) and B(Y) = SX(t). We define A™ and B™
(n=1,2,...) by the recurrence equations,

AFD . — min [A(”) + B, 0] (61)
B+ .= Smax [A(”) + B @, 0] ’
where 0 := (01,602,... ,0Nn). Then we obtain
X(t+1)=AN"Y _x(t), BV =o. (62)

6.5 Fundamental Cycle of PBBS

Since the PBBS is composed of a finite number of cells, and it can only take
on a finite number of patterns, the time evolution of the PBBS is necessarily
periodic. In the present article, we investigate the fundamental cycle, i.e., the
shortest period of the discrete periodic motion of the PBBS.

As the original BBS, the PBBS has conserved quantities which are charac-
terized by a Young diagram with M boxes. The Young diagram is constructed
as follows. We denote an empty box by ‘0’ and a filled box by ‘1’. Then the
PBBS is represented as a 0,1 sequence in which the last entry is regarded
as adjacent to the first entry. Let p; be the number of the 10 pairs in the
sequence. If we eliminate these 10 pairs, we obtain a new 0,1 sequence. We
denote by ps the number of 10 pairs in the new sequence. We repeat the
above procedure until all the ‘1’s are eliminated and obtain ps, p3, ... ,p;-

l
Clearly p1 > p2 > -+ > p; and Zpl- = M. These {pi}ﬁzl are conserved
i=1
in time evolution. Since {p1,pe,... ,p} is a weakly decreasing sequence of
positive integers, we can associate it with a Young diagram with p; boxes
in the j-th column (5 = 1,2,...,0). Then the lengths of the rows are also
weakly decreasing positive integers, and we denote them

{leLla"' 7L13L2,L27"' aL27"' aLsaLs,“' aLs}

ni n2 Ns
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where Ly > Ly > --- > L,. The set {L;,n; }‘;:1 is an alternative expression
of the conserved quantities of the system. In the limit N — oo, L; means the
length of the jth largest soliton and n; is the number of solitons with length
L;.

The following two propositions are essential to our argument. Let ¢y :=
N-2M=N-Y"_2p; =N -3 2n;L;, No:=lo, Lys1 :=0, and

Ej = L] - LjJrl (] == 1,2, “ee 7S) (63)
Nj = E(] + 2711([/1 — Lj+1) + 2TL2(L2 — Lj+1) + -4 2nj(Lj — LjJrl)
J
= {y+ Z an(Lk — LjJrl). (64)
k=1

Then, for a fixed number of boxes N and conserved quantities {L;,n;}, the
number of possible states of the PBBS 2(N;{L;,n;}) is given by the follow-
ing formula.

Theorem 6.4.
N £0+n1—1 N1+7’L2—1 N2+n3—1
(N;{Lj,n;})=—
(N:{Lj,n;}) £0< - )( - ns
Ns_ s—1
><.--><< Ltn ) (65)
N
The fundamental cycle T is given as follows.
Theorem 6.5. Let T be defined as
7 Nst—l Ns—le—2 NlNO
T:=L.CM. 1 66
( 5350 ’ 857160 ’ ’ gle() ’ ) ’ ( )
where L.C.M.(x,y) := 2max[12’y2]3max[13’y3]5ma’i[m5’y5] -+« forx = 2%23%35%5 ...
and y = 2¥23%5% ... Then T is a divisor of T'. In particular, when there is

no internal symmetry in the state T =T.

The definition of internal symmetry in the above proposition is rather com-
plicated and we refer the reader to the original article [11]. However, for a
given number of conserved quantities, we can always construct initial states
which do not have any internal symmetry, in particular, if ¥i, n;, = 1, the
PBBS never has internal symmetry and 7' = T.

As for the asymptotic behaviour of the fundamental cycle T', we have the
following theorems [40].

Theorem 6.6. For N > 1 and M = pN (0 < p < 1/2), the mazimum value
of the fundamental cycle Tyax = Tmax(N; p) satisfies
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exp {2 (1 - max[y2=4p-1,0]) VN (1 - logCN>}

< Thax < exp [2\/%\@ logN} . (67)

Here c is a positive integer and ¢ ~ 0.1 for N > 10'6,

Theorem 6.7. Let V(N p) be the number of initial states whose fundamental
cycle is less than exp [M} with ty = % (0 < tg < 1). Then, for

—log to —p
fized p,
. V(N;p)
N VN b (68)

From these theorems, a PBBS is shown to have no ergodicity in the sense that
a trajectory leaves most of the states in the phase space unvisited. Although
the maximum fundamental cycle Tyax = eVN (Theorem 6.6), a generic state
has fundamental cycle T < e(log NV ) (Theorem 6.7).

7 Concluding Remarks

As was explained in detail, ultradiscretization is a limiting procedure which
approximates an equation by a piecewise linear equation closed under a fi-
nite number of discrete values. This procedure can in principle be applied
to any equation, for example discrete Painlevé equations [41]. However, in
general, the naive application of ultradiscretization to a non-integrable equa-
tion will not necessarily reproduce a specific feature of its solutions. In order
to ultradiscretize non-integrable equations while retaining their features, we
need some guiding principles. To find such principles is one of the important
problems in the theory of ultradiscrete systems.
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Time in Science:
Reversibility vs. Irreversibility
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Abstract. To discuss properly the question of irreversibility one needs to make a
careful distinction between reversibility of the equations of motion and the ‘choice’
of the initial conditions. This is also relevant for the rather confuse philosophy of the
‘wave packet reduction’ in quantum mechanics. The explanation of this reduction
requires also to make precise assumptions on what initial data are accessible in our
world. Finally I discuss how a given (and long) time record can be shown in an
objective way to record an irreversible or reversible process. Or: can a direction of
time be derived from its analysis? This leads quite naturally to examine if there
is a possible spontaneous breaking of the time reversal symmetry in many body
systems, a symmetry breaking that would be put in evidence objectively by looking
at certain specific time correlations.

1 Introduction

Scientists, as well as philosophers, have been always fascinated by time. The
greatest of them all, Isaac Newton, made profound statements about the way
time should enter into our rational understanding of the world. His deeply
thought remarks (at the beginning of the Principia) are still valid today
(for the nonrelativistic limit, relevant for most phenomena at human scale).
One question, that is well discussed in the Principia too, concerns the initial
conditions, clearly seen by Newton as something different from the laws of
the motion, a notion foreign to many writers on the subject.

I believe this distinction between laws of motion and initial conditions is
absolutely essential, and often not appreciated to its full extent. It is central
to the discussion of two related issues in modern science:

1) the apparent opposition between reversibility of the laws of motion and
everyday irreversibility in the behaviour of macroscopic systems,

2) the so-called reduction of the wave packet by measurements in quantum
mechanics.

I am going to show that both issues have to do with the initial conditions
of our world, and require us to make assumptions about them.

I felt that a visit to India was an opportunity to present some thoughts on
questions of a more philosophical nature than usual, because it is a country
of such long philosophical tradition. Later on I shall come back to more
‘concrete’ questions. In the spirit of [1], I shall discuss the following problem:

Y. Pomeau, Time in Science: Reversibility vs. Irreversibility, Lect. Notes Phys. 644, 425-436
(2004)
http://www.springerlink.com/ © Springer-Verlag Berlin Heidelberg 2004
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given a time record, how is it possible to show in an objective way the fact
that it records an irreversible process? In other terms, can a direction of time
be derived from its analysis ? This has to do with ‘practical’ things as well
as more fundamental ones, such as: could it be that the time in the Universe
runs in different directions, depending on, say, the Galaxy one is inhabiting?

2 On the Phenomenon of Irreversibility
in Physical Systems

A inexhaustible theme of discussions in physics and physics-related science
is the apparent opposition between the reversible laws of motion and the ir-
reversibility observed in everyday life. This discussion is much confused by
attempts, conscious or not, to ‘prove’ the irreversibility of the motion of large
groups of point particles, without stating clearly the assumptions made at the
beginning. In some sense, this eludes one of the deepest message of Newton
: the only way to do science is to derive a set of consequences, starting from
explicitly stated ‘laws’ or ‘axioms’ (Newton used both terms interchange-
ably). The most complete derivation of irreversible behaviour from the law
of mechanics was done in the kinetic theory of gases by Boltzmann. who
based his theory on the so-called ‘Stosszahlansatz’ (meaning approximately
‘assumption on the counting of hits’), which clearly means that, besides the
laws of mechanics, an additional assumption is needed to prove irreversibility.
This Stosszahlansatz says that, before colliding, two particles have never met
before, and so have independent statistical properties. The difficulty with
the Boltzmann Stosszahlansatz is that it cannot be exact. When expanding
the collision operator beyond the lowest order in a density expansion, one
finds the so-called ring collisions that yield a certain amount of correlation
of two particles entering into a binary collision. But this correlation turns
out to be small enough to make the Stosszahlansatz valid at low densities.
In other terms, by running back in time, two particles should have no cor-
relation at all at infinite negative times. The little amount of correlation
created by the ring collisions is a short time effect, at least at low density
(in my PhD thesis [2] I showed that this is not so at finite densities because
of the occurence of slowly decaying hydrodynamical fluctuations). This im-
plies that a given non equilibrium system to which the Boltzmann equation
applies should have been made in the past of at least two completely sepa-
rated sets, without any knowledge of each other, namely without correlation.
The correlations brought in each system in the past by its own relaxation
are actually negligible, because it can be assumed that they are at equilib-
rium, where particles are uncorrelated at low density. Therefore, at the end,
the validity of Boltzmann Stosszahlansatz relies upon the absence of correla-
tion between physically separated systems. This property cannot however be
taken for granted. It has to be assumed, which can be done without violating
any basic principle. That it must be assumed follows from the following idea.
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Suppose that, once the system has decayed to equilibrium, one splits it in two
parts. These two parts bear some special correlations: running backward in
time, the system will follow the same trajectory. An outside observer looking
at it with its time running in the opposite direction of the one of the sytem
under consideration will have the impression that the Stosszahlansatz does
not apply, because the H-theorem will certainly not apply. Therefore, for this
particular observer, the correlation in the final state will be the correlations
in its reverse time frame and will certainly not satisfy the condition of appli-
cation of the Boltzmann theory. This implies that this type of correlation can
exist, and have to be excluded from the real world by an explicit assumption,
unprovable by any method.

Similar things could be said concerning the reduction of the wave packet in
quantum mechanics. Its status is often quite ambiguous, it is even sometimes
claimed to be a fundamental principle of quantum mechanics, although it is
far closer to the Stosszahlansatz than many believe. That the reduction of the
wave packet requires some irreversibility should be made obvious (hopefully)
by the following gedanken experiment. Think of a quantum system with
two possible states, A and B. To measure its state, one connects it to a
macroscopic device such that it is in either state a or 8 (which can be seen
as the two possible steady positions of a needle for instance). When connected
to the quantum system, the energy of the state of the full system is the lowest
in the joint states (a, A) or (8, B), so that the system reaches irreversibly
in either of these states, with probability 1/2 for instance. This irreversible
step in the evolution is possible because o and 3 are states of a macroscopic
system, with off-diagonal elements of the probability matrix that are very
small by interference between various eigenstates. This step requires a hidden
assumption about the possible correlations between the various components
of the state of the system in its Hilbert space. If one reverses the time, the
correlation introduced by the evolution will make the system return to a very
unlikely initial state, the one preexisting the measure. Therefore the reduction
of the wavepacket, again a process that requires assumptions about the initial
conditions, cannot be proven just by looking at the equations of motion. To be
a bit more specific, meaning more mathematical, let us introduce a quantum
system on which the measurement is made with two quantum states A and
B. The macroscopic (classical) measuring device is described by a decay
equation,

de 0P
] (1)
In this generalized Langevin equation, x can be seen as the position of a
needle in the measuring device, with two equilibria, x = a and x = 3. These
equilibria are the two minima of the function @(z). The thermal forcing is
represented by the Gaussian white noise force f(t), that is of zero average
and is delta correlated in time,

fFOf) =To(t —t'),
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6 being the Dirac function, and T the absolute temperature. The device is a
measuring device because the potential @(¢) depends on the quantum state
A or B, and on some coupling parameter. When the coupling is turned off,
&(x) has minima at £ = « and = (3, in such a way that the probability of
a thermal jump above the barrier between the two states is negligible over
macroscopic times. When the interaction is turned on, the potential $(z) has
a single minimum. But the location of this minimum is either at z = « if
the quantum system is in the A state or at x = [ if the quantum system is
in the B state. Therefore, after the time needed to fall to the bottom of the
potential @, the interaction brings an absolute correlation between the state of
the quantum system and the macroscopic state of the measuring device. This
correlation does not pose any problem as far as irreversibility is concerned.
The state before the interaction is turned on, and the state after, may be
different: for instance A for the quantum system and ( for the measuring
device is perfectly legitimate as an initial state. But after the interaction is
turned on, the system eliminates states like (A4, ). Once the measurement
is made, the interaction is turned off, following the reversed time path of the
turning-on process. Then, a reversibility paradox appears. No final state (A,3)
is possible, although the system is perfectly time reversible since the turning-
on and off of the interaction follows the same time dependance. Therefore
it seems that the post-measurement states should be possibly in the same
list as the pre-measurement states. This is not really a paradox, because
of the small probability that, once the measurement has been initiated, the
system may jump back by thermal fluctuations to a state like (A, 3), starting
from (B, (). Unlikely realizations of the noise f(t) can do it. These unlikely
realizations are precisely the ones that would be observed by someone looking
at the system in the backward time direction, and that are excluded in the
forward time direction by an argument similar to the Stosszahlansatz. It
would be interesting to test this kind of idea by more detailed investigations
on the time-dependent generalized Langevin equation. The philosophy here
is that the so-called quantum discontinuity is mostly a classical, macroscopic
phenomenon. To make a connection with the general theme of integrability, it
is worth pointing out that, after all, the generalized Langevin equation rests
upon the idea of the instability of the trajectories of the classical ‘macroscopic
measuring device’. Therefore the idea of quantum chaos should be linked in
some way or another to the property of this ‘device’ of not behaving at all
according to the generalized Langevin equation, that is to say, it should be
integrable in some sense. This also brings to light the fact that quantum chaos
should be linked to the behaviour of a system with many, if not infinitely
many, degrees of freedom.

Below, as promised, I will review the following question: given some time-
dependent signal, how is it possible to decide if it is time-reversible or not,
and what does this mean?
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3 Reversibility of Random Signals

Everyday life tells us if the magnetic tape from a record,for instance, is run-
ning forward or backward in time. This is obvious for a movie, because run-
ning backward shows people walking backward, filling glasses instead of drink-
ing, etc. That a piece of music, especially a modern one is running backward
is far less obvious to my untrained ears . One can even recognize classical
pieces like Beethoven music when run backward. This brings me to my point:
is it possible to make a clearcut and ‘objective’ difference between a signal
that is ‘time reversible’ and another one that is not?

I assume that this signal, z(¢), a real and smooth function of time, lasts
long enough to make it possible to ‘measure’ any kind of correlation function,
like

W(r) = (x(t) —2)(2(t + 7) = 7). (2)

This correlation function is obtained by averaging over a stationary random
process, so that ¥ depends on the time difference between the two functions
(z(.) — T), averages being denoted by an overbar. For a stationary random
process, by its very definition, function ¥ (7) has the same value if 7 is changed
into —7. In other words no difference can be made between the two possible
directions of time by looking at the pair correlation ¥(7). Therefore, part
of the information in the signal z(.) , if it is not time reversible, is lost by
looking at pair correlations as given in (2).

Consider now the product z(t)z(t + 27)x(t + 37). It is a function of 7
only, like the pair-correlation ¥(7) that has been just defined. The center of
gravity of the three arguments is at ¢t + 27‘, so that the three times in argu-
ments of z(.) are not symmetrical with respect to this barycenter. Looking
backward in time, one would replace the triple product x(t)z(t 4+ 27)x(t + 37)
by z(t)x(t + 7)x(t + 37). Unless something special happens, the two averages
have no reason to be the same. Therefore, it is relevant to introduce the cor-
relation of the difference between the two cubic averages,

V(1) =x(t)z(t + 27)z(t + 37) — z(t)x(t + 7)x(t + 37). (3)

Function ¥'(7) is exactly zero for a time reversible process, that is, for a
process such that no time direction can be derived from its analysis. Indeed,
an infinite number of functions vanishing for time-symmetric process and
non-zero otherwise can be imagined. For instance, it can be that the plus
and minus value of x have equal probability, so that ¥'(7) is zero, even for a
non-time reversible process. In such a case an even function like

W'(r) = 23 ()2t + 1) — ()23t + 1) (4)

can be used to discriminate between a time-symmetric and a non-symmetric
process.
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Both ¥’ and ¥ are odd functions of 7. If signal z(.) is smooth enough,
the Taylor expansions of ¥’ and ¥" near 7 = 0 are

10 dz\®
V() ~ ——73 —
(M~-37 (dt)

W ()~ —73(t) (CZ)B'.

In both expression, the average is a single time-average.

Now I am going to examine various situations where this question of time
symmetry is relevant.

The standard Ornstein-Uhlenbeck process is given formally by the solu-
tion of the Langevin equation,

and

r=f(), )

where f(.) is a Gaussian white noise of temperature T such that f = 0
and f(¢)f(t') = Té(t — t'). The stochastic process x(.) is time reversible
because of a balance between the damping term, the +x on the left side of
(5), and the special noise term on the right-hand side. Consider, for instance,
the correlation function entering into ¥”, namely the average x3(t)z(t + 7).
Since z(.) is a Gaussian variable of zero average, the usual rules for Gaussian

variables yield at once:
)zt +7)=3@)>xt)x(t + 1)

and
()23 (t+7) = 3(@)3 ()2 (t + 7).

Therefore ¥ (1) = 0 for this process.

This symmetry can be shown in a more general way by looking at the auto-
correlation function of the Ornstein-Uhlenbeck process, namely the func-
tion P(z(t),x(t + 7)) such that any correlation function h(x(t))g(x(t+ 7)
is yielded by

+oo +oo
et = [ do [ desb@g(ePa). O

In this expression, x is for z(t) and x, for x(t + 7). Because z(t) is a linear
function of a Gaussian variable, f(t), both z and x; are Gaussian variables.
Therefore the autocorrelation function, P(z, x4 ), is a Gaussian joint proba-
bility of the general form

1
P(z,zy) = 7 e—[a(T)(m2+wi)+2b(7)zz+]. 0
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The factor a is the same for 22 and xi because the averages over z, and
over x, independent of the knowledge of the other, have to be the same. The
two functions of 7, a and b, as well as the normalization factor Z, are derived
from a knowledge of the various averages. The average value of 1 yields

+oo +oo
/ d:z:/ dry P(z,x4) = 1.

™
a2 — b2

The standard properties of the Ornstein-Uhlenbeck process yield

That yields:
Z =

72 =

po| N

777 = LIl
+= 5 :

Although the same quantities computed with P(z,x) are
— a
2 =
v 2(a? —b2)’
b
2(a2 — b?)’

By identification, this yields after some algebraic manipulations,

Ty = —

1
7T(1— =217 °

1 2 2 -
~Fasemn [ el —2eae ]

P(z,zy) = (8)

Note that because this expression depends on the absolute value of 7
only, and because of its symmetry under the exchange of x and x, the cross
correlation of the Ornstein-Uhlenbeck process is actually time symmetric. No
measurement of a functions depending on the signal will be able to distinguish
between the forward and backward directions of time.

The same symmetry can be shown to hold true for more general Langevin
equations. Take the function of time x(t¢) solution of the equation

9P, (9)

dt = dx
where f(t) is the same Gaussian noise as before, and @ a generalization of the
potential %2 in the familiar linear Langevin equation. It can be shown that
the same property of time-reversal symmetry holds for the random process
given by (9). The proof is based upon a formal solution of the Chapman-
Kolmogoroff equation for the pair-correlation P(z(t), z(t+ 7)), a proof given
in [1]. This proof extends to situations where z is actually a vector, denoted by
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x, and where % is replaced by the gradient with respect to x of a dissipation

function, V@, which depend on the various components of x. However the
proof does not work for non-gradient systems, that is for systems such as

dx
7 +Fx)=f
with f Gaussian white noise, and F non-potential field, with a non-zero rota-
tional. This remark is interesting in the modelization of thermal fluctuations
added to the equations of fluid mechanics. Those equations, when linearized
(the so-called Stokes limit of the Navier-Stokes equations) can be written in
the gradient form (a consequence of the Rayleigh-Prigogine principle of min-
imum production of entropy). With the non-linear terms added, it has been
known for a long time that the full Navier-Stokes equations cannot be writ-
ten in such a gradient form, so that an extenal noise source cannot be added
to describe the equilibrium and weakly non-equilibrium thermal fluctuations.
At equilibrium these fluctuations must satisfy the constraint of reversibility.
This brings me to my next point. The constraint of reversibility is relevant
for equilibrium situations only. This is not completely obvious. One might
have the impression that it is a direct consequence of the reversibility of the
fundamental equations of classical dynamics. Actually it also requires that the
system is at equilibrium. To show this, it is enough to find a counter-example,
namely a correlation that fails the test of time reversal symmetry as soon as
the system is out of equilibrium. The example I choose is the following one.
Suppose we have a gas in a 2D system, with four possible values of molecular
velocities, of modulus one, and directed along four directions at right angle
of each other. In this system, the velocity space is discrete, with index 4,
between ¢ = 1 and ¢ = 4. The convention will be that the sum ¢ + j, ¢ and
J integers less than 4, will be taken modulo 4. The direction ¢ and i + 2 are
opposite. The Boltzmann equation for this discrete gas is

dN;
dt

= V(N¢+1Ni+3 - Ni+2Ni). (10)

The velocity distribution N; is a set of four time-dependent positive numbers
(T assume that the gas is homogeneous in space), normalized by the condition

YIZIN = 1.

Moreover the quantity v that appears in (10) is a frequency of collision.
Indeed, (10) is actually a list of four equations. Let us consider a Couette
shear flow. In this flow, and near the center of the flow, there is no mean
velocity and an Enskog-Hilbert expansion shows that the local stationary
distribution takes the form

N; = = +¢(—1)" (11)
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In this expression, €(—1)% denotes the deviation of the velocity distribution
from equilibrium. It would result from the shear flow. In this model, if 7, for
instance, is in the y direction, and the x coordinate is orthogonal to y, the
shear flow must be a function of (z + y), the velocity being oriented in the
direction of the bissectrix of the axis such that x = y, which is because this
model has spurious collisional invariants.

The time correlation functions are quantities of the form

F(i,t)G(j,t +7) = i jo1 aN) M (4, 739)G(§) F(i). (12)

By definition in this expression, F'(i,t) is the value of an arbitrary function of
the velocities at time ¢ in a given microscopic state of the gas reached at this
time, although F'(7) is the function of ¢ that is averaged over all the particles to
obtain this microscopic value. Moreover, N} is the velocity distribution in the
stationary state under study, and M (j, 7;4) is the time-correlation function.
This correlation function is a solution of the linearized kinetic equation with
a delta-like initial condition,

dM (j,7;17)
dr

In this expression, M, 13 on the right-hand side stands for M (j+3,7;4). The
initial condition is M (j,™ = 0;¢) = d; ;, where §; ; stands for the discrete
Kronecker delta, equal to 1 if 4 = j and to zero otherwise.

From the correlation of F' and G at different times, as given in (12), one
can define a new correlation-function that should be zero for a time-reversible
process, by subtracting its time reversed expression. Since the speed changes
sign under time-reversal, F'(i,t)G(j,t + 7) becomes G(i + 2,t)F(j + 2,t + 7)
under time-reversal, reversing speeds amounting to adding two to the indices.
Therefore the time-correlation that should vanish for a time-reversal invariant
process is [F(i,t)G(j,t + 7) — G(i + 2,t)F(j + 2,t + 7)]. Take a function N}
such that N = N, and functions F and G such that G(I) = G(I + 2) and
F(l) = F(l 4 2). Elementary but rather long calculations yields the solution
of the linear problem, (13), with the result

= V(N Mz + Njy s Mjpn — NY Mo + NJ o My) - (13)

[F(i, )Gt +7) -G+ 2,)F(+2,t+7)] =

exp — 2 [|1/7'|(N10 + NS)}
(N? + N3)

(G)F(1) - G)F(2)) [(NY)* = (N3)*] . (14)

With N = 1 — € and N = § + ¢, this yields:

[F(i,t))G(j,t+7)— Gli+2,t)F(j + 2,t +7)] =
2¢(G(2)F(1) = G(1)F(2)) e 7]

This last expression shows that the test function for time-reversal symme-
try vanishes at equilibrium (for e = 0). It does not vanish for 7 = 0 because
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the velocity fluctuations of the individual particles do not depend smoothly
on time.

Another interesting property of the time fluctuations of non-time-symmet-
ric systems has to do with the phase of the Fourier transform of the signal. Let
X (t) be a fluctuating signal or noise. The Wiener-Khinchin theorem relates
the time correlation of this signal to the modulus of its Fourier transform.
Let

5 to+7 o,
X, (w) = / dr'e™™ X (1)

to
be the Fourier tranform in the time-window [tg,%o + 7]. By definition, the
autocorrelation of the signal is

1 to+7 e e
Su(t) = lim f/t A (X(7) - X)X (t+7)-X).  (15)

T—00 T

The Wiener-Khinchin theorem states that

. 1 - 2 oo iwt
Tim 1| (@) = /_ e, ()

This shows that the spectral function is independant on the phase of
X, (w). But this spectral function is insensitive to time-reversal, as is the
autocorrelation function S, (). Therefore, any information related to the time
reversal symmetry of the signal is stored in the phase of its Fourier transform.
This leads to a rather curious property of the phase of various transform of a
time symmetric signal. To show it, consider two functions of the signal X (1),
like A(X (7)) and B(X(7)). Consider now their Fourier transform,

N to+T o,
A (w) = / dr'e ™ A(X (7))

to

- to+T o,
B, (w) = / dr'e™™ B(X (1))

to
Let us try now to compute the part of correlation function between A and B
that vanishes for a time-symmetric signal. By definition, this is the following
correlation function,

1 to+T7

Sap(t) = lim — / dr' [AX(T)B(X(t+ 7)) — B(X(7")AX(t+7"))].

T T Sy

(16)

If the noise is time symmetric, this function should be zero for any choice
of A and B. An obvious extension of the derivation of the Wiener-Khinchin
theorem shows that

i - - oo
tim 27sin(s0A(W) —pp(W))[Ar(w)B-(w)| = / dte’ ' Sap(t).
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In this expression, ¢ 4 p are the phases of the Fourier transform, while A, (w)
and B, (w) are seen as complex numbers. Therefore one obtains the non-
obvious result that the phases of the Fourier transform of any function of
X(t) are the same if the noise is time-reversible. Indeed this phase has a
meaning for a well defined and unique choice of the integration bounds for
the Fourier transform.

A final remark on this question of the analysis of time-reversal symmetry
is that ‘time’ there is only to mean a real variable, going from minus to plus
infinity. Therefore it makes sense to try to extend the same idea to situations
where the time is replaced by another continuous variable, typically a position
in space. In [1] I suggested this possibility, by introducing the minimal field
theoretic model showing this breaking of symmetry under reflection. The idea
is actually to consider an interaction between various points that has the
same lack of symmetry as, for instance, the triple correlations non vanishing
in a non-reversible system. It is even thinkable that this symmetry under
reflection is broken spontaneously, for instance as temperature is lowered in
a system of interacting spins on a lattice.

4 Conclusion and Perspectives

This essay intended to show that the time-dependance of physical phenomena
remains an active subject of investigations. Particularly, in the mathematical-
physical approach, it is still full of yet poorly understood questions. The
question of integrability is in some sense behind the whole subject. Any ir-
reversible behaviour is due not to the lack of reversibility of the equations,
but to their lack of integrability. I pointed out the fact that quantum chaos
is actually far closer to the usual type of chaos than expected, if one looks
at the phenomenon responsible for the reduction of the wave packet by mea-
surements. From this point of view, again, a fundamental understanding of
the issues at stake seems to be still lacking.

A final comment: part of the oral presentation concerned dynamical mod-
els with discrete time (various cellular automata models, some developed even
before the word became known). I refer the interested reader to the original
publications [3]. From the point of view of the topic of this school, I think
that the most relevant issue I have raised is the possible existence of con-
served quantities in reversible cellular automata (CA), something I leave as
a a suggestion to the readers of the present notes. To formulate the problem
in the quickest possible way, consider a Boolean CA on a square lattice. Each
site is indexed by a pair of integers, positive or negative (i, ). The value of
the Boolean variable there is at time n (discrete) of';. It takes either the
value 0 or +1. The law of evolution is reversible (the same in backward and
forward direction of time),

ot ot = F(ab ). (17)
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Equation (17) is written in Boolean algebra, that is such that 0 + 0 = 0,
0+1=1and 1+ 1=0. Moreover its right-hand side is a function of the o’s
in the square lattice at sites that are neighbours of o; ;, that are (for instance)
the four nearest neighbours, with ¢’ = i4+1 and j/ = j £+ 1. Since the function
F' has two possible values, 0 or 1, there are 22" such functions, K being
the numbers of neighbours, 4 in the present case. This gives 2'¢ = 65536
possible functions. The Q2R model is one possible choice for a function F. It
has a conserved quantity proportional to the size of the system (and found
by trial and error, not by using any Noether-like argument). As far as T am
aware, no study has been undertaken of other possible choices of function F
giving an invariant quantity (or eventually more than one), which makes it
an interesting topic of study.

Acknowledgements

My travel to the CIMPA school on “Discrete integrable systems” in Pondi-
cherry (India) was made possible thank to the support of the Direction des
relations internationales de I’ Académie des sciences, which is warmly thanked.

References

Pomeau, J. de Physique (Paris), 43, (1982) 859.
Pomeau, Phys. Letters 26 A, (1968) 34.

Hardy, de Pazzis O. and Pomeau Y., Phys. Rev. Letters 31, (1973) 276; D.
d’Humieres, Lallemand P. and Pomeau Y., C. R. Ac. Sci. 301, (1985) 1391;
U. Frisch, Hasslacher B. and Pomeau Y., Phys. Rev. Lett. 56, (1986) 1505; Y.
Pomeau, J. of Phys. A17(1984) L415; Y. Pomeau, Vichniac G., Comment, J. of
Physics A21, (1988) 3297.

1. Y.
2. Y.
3. J.



Index

action functional 123
action—angle coordinates 119
affine Weyl group 53,290
algebraic entropy 257
algebraic identity 72
angular velocity 155
anharmonic oscillator 150
approximation theorem 108
associated family 107
auto-Backlund transformation 278,
366

Béacklund transformation 38,51, 86,
144,151

Bianchi permutability 85

bilinear equation 80

bilinear identity 26, 29, 42, 44, 48

bilinearisation 282

BKP hierarchy 46

Boltzmann weight 406

Boolean algebra 414

boson-fermion correspondence

box and ball system (BBS)

33, 387
385, 412

Casorati determinant 370
cellular automaton (CA)
Clebsch case 172

Clifford algebra 31
275,329
consistency 93,101
contiguity relation 248, 305
coupled KP hierarchy 80
cross-ratio equation 96, 105
crystal chain 419

crystal basis 410
crystallization 409

383, 385, 435

coalescence

O-method 36

Darboux chain 50

Darboux transformation 38,51

degeneracy 301

degeneration cascade 275,338

delay-differential equation 314

delta operator 226

determinant 58

Devisme polynomial 371

difference formula 77

difference operator 229

differential-difference equation 213

discrete BKP equation 102

discrete Burgers equation 236

discrete heat equation 209, 234

discrete KdV equation 389

discrete KP equation 44, 386, 388

discrete Painlevé equation 245,294,
324,326

discrete Toda equation 386

dual graph 90

Euler top 153
Fuler-Lagrange equations

Euler-Poincaré equations
135,138

121,122
131, 134,

Fay identity 30
fundamental cycle 421

Garnier system 150

gauge operator 25

generalized symmetry 190
generalized transformation 189
gradient 113



438 Index

Gram Pfaffian 79
Grassmannian 20

group action on a manifold 118

Hamilton function 112,115
Hamiltonian flow 112,115,119
Hankel determinant 371

Hirota equation 92,104

Hirota operator 23

Hirota-Miwa equation 45,291, 386
hypergeometric equation 329, 333

irreversibility 425
isospectral evolution 120

Jacobi identity 112

K-surface 86

Kadomtsev-Petviashvili (KP) equation
20, 37

Kadomtsev-Petviashvili (KP) hierarchy
17,27, 46, 387

Kirchhoff equation 171

Korteweg-de Vries (KdV) equation 47

Lagrange function
Lagrange top 165
Lagrangian reduction 134
Lax equation 161, 387

Lax pair 120, 266

Legendre transformation 123
Leibniz rule 112

Levi decomposition 189,217
Lie algebra 218, 220, 221

Lie derivative 114

Lie point symmetry 190
Lie-Poisson bracket 131,137
Lie-Poisson equations 131,134
linearisation 307, 332, 345

121,122

M-reduction 402

Miura transformation 278
Miwa transformation 45
Mboébius transformation 95
molecule solutions 365
molecule Toda equation 43

Neumann system 141
Nevanlinna characteristic 259
Newtonian equations of motion 121

nilradical 189, 221
Noether theorem 123,125

ordinary difference scheme (OAS) 192
Ornstein-Uhlenbeck process 430

Painlevé equations 1,51, 245,323
Painlevé property 2,253
Painlevé test 4

partial difference scheme (PAS) 203
Pfaffian 59

Pliicker coordinates 21,73
Pliicker relations 21,73

point transformation 185
Poisson manifold 112

Poisson reduction 118
prolongation 187,194
pseudo-differential operator 24

g-discrete Painlevé equations 346
QRT mapping 249, 325
quad-graph 90

quantum group 408

R-matrix 406

radical 221

reduction 46,47

representation of a Lie group 134
resonance 5

reversibility 425

Riccati equation 328

rigid body 153,159,171

Sato equation 25

Sato theory 387

scaling symmetry 49

Schlesinger transformation 278, 281,
366

Schur polynomial 23

self-duality 287

shift operator 226

singularity 3,4

singularity confinement 251,325
singularity pattern 282
six-vertex model 405

solvable lattice model 405
Stosszahlansatz 426

symmetry algebra 187,217

symmetry group 186



symmetry reduction 186
symplectic manifold 115
symplectic map 115

T-function 28,35
Toda lattice 44, 175, 225, 391

ultradiscrete KdV equation 390
ultradiscrete Painlevé equations 316
ultradiscretization 386

umbral calculus 226

vector field 114

Index 439

vertex operator 33,41
Virasoro algebra 49

Wick theorem 76
Wiener-Khinchin theorem 434
Wronski Pfaffian 77

Wronski determinant 373

Yang-Baxter map 101
Yang-Baxter relation 399, 407

Zakharov-Shabat (ZS) system 30, 37
zero-curvature representation 89



	Frontmatter
	Contents
	Kruskal, Grammaticos, and Tamizhmani
	Introduction
	The Painlevé Property and the Naive Painlevé Test
	From the Naive to the Poly-Painlevé Test
	The Painlevé Property for the Painlevé Equations
	References

	Willox and Satsuma
	The Universal Grassmann Manifold
	The KP Equation
	Plücker Relations
	The KP Equation as a Dynamical System on a Grassmannian
	Generalization to the KP Hierarchy

	Wave Functions, τ-Functions and the Bilinear Identity
	Pseudo-differential Operators
	The Sato Equation and the Bilinear Identity
	τ-Functions and the Bilinear Identity

	Transformation Groups
	The Boson-Fermion Correspondence
	Transformation Groups and τ-Functions
	Bäcklund Transformations for the KP Hierarchy

	Extensions and Reductions
	Extensions of the KP Hierarchy
	Reductions of the KP Hierarchy

	References

	Ohta
	Introduction
	Determinant and Pfaffian
	Definition
	Linearity and Alternativity
	Cofactor and Expansion Formula
	Algebraic Identities
	Golden Theorem
	Differential Formula

	Difference Formulas
	Discrete Wronski Pfaffians
	Discrete Gram Pfaffians

	Discrete Bilinear Equations
	Discrete Wronski Pfaffian

	Concluding Remarks
	Acknowledgements
	References

	Bobenko
	Introduction
	Origin and Motivation: Differential Geometry
	Equations on Quad-Graphs Integrability as Consistency
	Discrete Flat Connections on Graphs
	Quad-Graphs
	3D-Consistency
	Zero-Curvature Representation from the 3D-Consistency

	Classification
	Generalizations: Multidimensional and Non-commutative (Quantum) Cases
	Yang-Baxter Maps
	Four-Dimensional Consistency of Three-Dimensional Systems
	Noncommutative (Quantum) Cases

	Smooth Theory from the Discrete One
	References

	Suris
	Introduction
	Poisson Brackets and Hamiltonian Flows
	Symplectic Manifolds
	Poisson Reduction
	Complete Integrability
	Lax Representations
	Lagrangian Mechanics on RN
	Lagrangian Mechanics on TP and on P x P
	Lagrangian Mechanics on Lie Groups
	Invariant Lagrangians and the Lie–Poisson Bracket
	Continuous–Time Case
	Discrete–Time Case

	Lagrangian Reduction and Euler–Poincar´e Equations on Semidirect Products
	Continuous–Time Case
	Discrete–Time Case

	Neumann System
	Continuous–Time Dynamics
	Bäcklund Transformation for the Neumann System
	Ragnisco’s Discretization of the Neumann System
	Adler’s Discretization of the Neumann System

	Garnier System
	Continuous–Time Dynamics
	Bäcklund Transformation for the Garnier System
	Explicit Discretization of the Garnier System

	Multi–dimensional Euler Top
	Continuous–Time Dynamics
	Discrete–Time Euler Top

	Rigid Body in a Quadratic Potential
	Continuous–Time Dynamics
	Discrete–Time Top in a Quadratic Potential

	Multi–dimensional Lagrange Top
	Body Frame Formulation
	Rest Frame Formulation
	Discrete–Time Analogue of the Lagrange Top: Rest Frame Formulation
	Discrete–Time Analogue of the Lagrange Top: Moving Frame Formulation

	Rigid Body Motion in an Ideal Fluid: The Clebsch Case
	Continuous–Time Dynamics
	Discretization of the Clebsch Problem, Case A = B2
	Discretization of the Clebsch Problem, Case A = B

	Systems of the Toda Type
	Toda Type System
	Relativistic Toda Type System

	Bibliographical Remarks
	References

	Winternitz
	Introduction
	Symmetries of Differential Equations
	Comments on Symmetries of Difference Equations

	Ordinary Difference Schemes and Their Point Symmetries
	Ordinary Difference Schemes
	Point Symmetries of Ordinary Difference Schemes
	Examples of Symmetry Algebras of O.S

	Lie Point Symmetries of Partial Difference Schemes
	Partial Difference Schemes
	Symmetries of Partial Difference Schemes
	The Discrete Heat Equation
	Lorentz Invariant Difference Schemes

	Symmetries of Discrete Dynamical Systems
	General Formalism
	One-Dimensional Symmetry Algebras 
	Abelian Lie Algebras of Dimension N ≥ 2
	Some Results on the Structure of Lie Algebras
	Nilpotent Non-Abelian Symmetry Algebras
	Solvable Symmetry Algebras with Non-Abelian Nilradicals
	Solvable Symmetry Algebras with Abelian Nilradicals
	Nonsolvable Symmetry Algebras
	Final Comments on the Classification

	Generalized Point Symmetries of Linear and Linearizable Systems
	Umbral Calculus
	Umbral Calculus and Linear Difference Equations
	Symmetries of Linear Umbral Equations
	The Discrete Heat Equation
	The Discrete Burgers Equation and Its Symmetries

	Acknowledgements
	References

	Grammaticos and Ramani
	Prologue
	The (Incomplete) History of Discrete Painlevé Equations
	Detectors, Predictors, and Prognosticators (of Integrability)
	Discrete P’s Galore
	Introducing Some Order into the d-P Chaos
	What Makes Discrete Painlev´e Equations Special?
	Putting Some Real Order to the d-P Chaos
	More Nice Results on d-P’s
	Epilogue
	Acknowledgments
	References

	Tamizhmani, Tamizhmani, Grammaticos, and Ramani
	Prologue
	What Is a Discrete Painlevé Equation?
	Finding Special-Function Solutions
	The Continuous Painlev´e Equations and Their Special Solutions
	Special Function Solutions for Symmetric Discrete Painlevé Equations
	The Case of Asymmetric Discrete Painlevé Equations

	Solutions by Direct Linearisation
	Continuous Painlevé Equations
	Symmetric Discrete Painlevé Equations
	Asymmetric Discrete Painlevé Equations
	Other Types of Solutions for d-P’s

	From Elementary to Higher-Order Solutions
	Auto-Bäcklund and Schlesinger Transformations
	The Bilinear Formalism for d-Ps
	The Casorati Determinant Solutions

	Bonus Track: Special Solutions of Ultra-discrete Painlevé Equations
	Epilogue
	References

	Tokihiro
	Introduction
	Box-Ball System
	Ultradiscretization
	BBS as an Ultradiscrete Limit of the Discrete KP Equation
	BBS as Ultradiscrete Limit of the Discrete Toda Equation 

	Generalization of BBS
	BBS Scattering Rule and Yang-Baxter Relation
	Extensions of BBSs and Non-autonomous Discrete KP Equation

	From Integrable Lattice Model to BBS
	Two-Dimensional Integrable Lattice Models and R-Matrices
	Crystallization and BBS

	Periodic BBS (PBBS)
	Boolean Formulae for PBBS
	PBBS and Numerical Algorithm
	PBBS as Periodic A (1) M Crystal Lattice
	PBBS as A (1) Crystal Chains
	Fundamental Cycle of PBBS

	Concluding Remarks
	References

	Pomeau
	Introduction
	On the Phenomenon of Irreversibility in Physical Systems
	Reversibility of Random Signals
	Conclusion and Perspectives
	Acknowledgements
	References

	Index



