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Abstract

Orthogonal polynomials arise in many areas of mathematics and have been the subject
of interest by many mathematicians. In recent years this interest has often arisen from
outside the orthogonal polynomial community after their connection with integrable
systems was found. This thesis is concerned with the different ways these connections
can occur. We approach the problem from both perspectives, by looking for integrable
structures in orthogonal polynomials and by using an integrable structure to relate

different classes of orthogonal polynomials.

In Chapter 2, we focus on certain classes of semi-classical orthogonal polynomials. For
the classical orthogonal polynomials, the recurrence relations and differential equations
are well known and easy to calculate explicitly using an orthogonality relation or
generating function. However with semi-classical orthogonal polynomials, the recurrence
coefficients can no longer be expressed in an explicit form, but instead obeys systems
of non-linear difference equations. These systems are derived by deriving compatibility
relations between the recurrence relation and the differential equation. The compatibility
problem can be approached in two ways; the first is the direct approach using the
orthogonality relation, while the second introduces the Laguerre method, which derives
a differential system for semi-classical orthogonal polynomials. We consider some semi-
classical Hermite and Laguerre weights using the Laguerre method, before applying both
methods to a semi-classical Jacobi weight. While some of the systems derived will have
been seen before, most of them (at least not to our knowledge) have not been acquired

from this approach.

Chapter 3 considers a singular integral transform that is related to the Gel fand-Levitan
equation, which provides the inverse part of the inverse scattering method (a solution
method of integrable systems). These singular integral transforms constitute a dressing
method between elementary (bare) solutions of an integrable system to more complicated

solutions of the same system. In the context of this thesis we are interested in adapting
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this method to the case of polynomial solutions and study dressing transforms between
different families of polynomials, in particular between certain classical orthogonal

polynomials and their semi-classical deformations.

In chapter 4, a new class of orthogonal polynomials are considered from a formal
approach: a family of two-variable orthogonal polynomials related through an elliptic
curve. The formal approach means we are interested in those relations that can be derived,
without specifying a weight function. Thus, we are mainly concerned with recursive
structures, particularly on their explicit derivation so that a series of elliptic polynomials
can be constructed. Using generalized Sylvester identities, recurrence relations are
derived and we consider the consistency of their coefficients and the compatibility
between the two relations. Although the chapter focuses on the structure of the recurrence

relations, some applications are also presented.
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Chapter 1

Introduction

As the title suggests, this thesis is concerned with the connection between orthogonal
polynomials and discrete integrable systems. The focus will be from the orthogonal
polynomials point of view, looking at the kind of integrable systems that occur after
studying the underlying structure of orthogonal polynomials. Because I will be using
this approach, most of the introductory material in this first chapter will be concerned
with some of the general theory of orthogonal polynomials and introduce the best known
families and classes of orthogonal polynomials. By comparison, discrete integrable
systems will be introduced when they first arise in Chapter 2. This secondary introduction,
will give a brief look at some of the key equations and systems studied in discrete

integrable systems as well as an introduction into the Painlevé equations.

In the literature, there have been many connections found between certain classes of
orthogonal polynomials and discrete integrable systems and our focus lies in two specific
areas. They are the study of semi-classical orthogonal polynomials and the introduction
of a new formal class of two-variable orthogonal polynomials defined through an elliptic
curve. Although two very different approaches to orthogonal polynomials it is the focus
on the recursive properties of both these classes that yields the connections to discrete

integrability. At this point in the thesis I will not endeavor to give a comprehensive
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description of the terminology since this will be provided later in the chapter.

The motivation for this research is that recursive structures, particularly the recurrence
coefficients have been found to have many connections with integrable systems. By
considering recurrence coefficients defined through an elliptic curve, we gain further
insight into the connections between elliptic functions and discrete integrable systems

as well as with orthogonal polynomials.

The subject of orthogonal polynomials finds its origins in the 18th century, thanks to the
works of Legendre, Laplace and Lagrange. While these three brilliant mathematicians are
best remembered for their work in elliptic functions, the theory of differential equations
and mathematical astronomy, they also developed the first examples of orthogonal
polynomials, before any general theory existed. The development of the general
theory of orthogonal polynomials began in the 19th century after investigations into
Stieltjes continued fractions [155, 156] by Chebyshev [36]. Other important results
found independent of the general theory were given by Gauss, Abel, Jacobi, Hermite
and Laguerre, of whom the latter three gave their name to what became the classical

orthogonal polynomials.

The classical orthogonal polynomials (referred to as the very classical polynomials in
modern literature) were the first families of orthogonal polynomials to be established
and are important because they were discovered to possess many more properties
than other orthogonal polynomial systems of the time. Orthogonal polynomials have
since been found to have connections with trigonometric, hypergeometric, Bessel
and elliptic functions; they have significance in helping to solve certain problems in
quantum mechanics and mathematical statistics; and are related to important problems of
interpolation and mechanical quadrature. One example of their breadth of interest, is the
bibliography [149] up to 1940, which consists of 1952 papers by 643 authors. Their use
in the solution and application of other mathematical problems, has led to our continued

interest in the theory to this day.
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Up until the late 20th century, there were only a few authorative texts on the subject of
orthogonal polynomials. These included the book [159] by Szeg6 (1939) on orthogonal
polynomials, that covered most of the general theory along with all the standard formulae
for the three very classical orthogonal polynomials. The monograph [66] by G. Freud
(1971) also gave a detailed view of the classical orthogonal polynomials in the context
of asymptotics. The text [41] by Chihara (1978) was meant to introduce those unfamiliar
with orthogonal polynomials to the subject, by focusing on the elementary theory and
aiming at a less advanced audience. The focus was often on recurrence relations using the
justification that “a great deal can be developed only using elementary tools”. Recently
though, there has been a renewed interest in orthogonal polynomials, especially since the
connection with integrable systems has been found. Amongst these I mention the books
by B. Simon [150, 151] (2004), which has developed the general theory from [159] to
become authorative texts on orthogonal polynomials on the unit circle, and the monograph
[84] (2005), which approaches orthogonal polynomials from the viewpoint of special

functions.

Since the days when the classical theory was established we have since seen a split in the

field, into multiple strands. Of these, the main strands and their key contributors are

e special functions, includes the work of Ismail [84] and Carlitz. Their interests lie in
the connections that different special functions have with orthogonal polynomials,

such as elliptic functions.

e Freud and asymptotics, the work of van Assche [165] and Nevai [122]. Their work

often involves the work begun by Géza Freud in asymptotics and Freud weights.

e formal orthogonal polynomials, which is based in a French school of numerical
analysis. A class of formal orthogonal polynomials is one where the weight
function is not defined. As such the focus is on recursive structures. The main

contributors include Draux [50], who first coined the term formal orthogonal
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polynomials; Brezinski [27], who often approaches formal orthogonal polynomials
using determinant structures and Maroni [111, 112, 113, 114], who has been

involved with formal semi-classical orthogonal polynomials.

The theory of formal orthogonal polynomials plays a central role in modern numerical
analysis, in particular in connection with the theory of Padé approximants, with the () D-
algorithm and in the development of convergence acceleration algorithms, cf. [25, 27, 50].
Recently it was pointed out in [139] that also these matters are intimately connected to
integrable discrete systems. The famous e-algorithm of Wynn [170], specified by the

partial difference equation (1.0.1),

(e — el ) — ) = 1, (1.0.1

n n

turns out to be identical to a well-known exactly integrable lattice system related to the
Korteweg-de Vries (KdV) equation (a soliton system defined on the space-time lattice).
This allows us to interpret the numerical algorithm as a symplectic dynamical system
with extremely rich behaviour from the point of view of analytical solutions. Similarly,
the famous “missing identity of Frobenius” [171] (found by Wynn in 1966) in the theory

of Padé approximants,

1 1 1 1

rerl,n - 7ﬁm,n 7amfl,n - 7ﬁm,n 7ﬁm,nJrl - 7am,n 7ﬁm,nfl - 7am,n
can be regarded as an exactly solvable lattice system closely related to discretisations of

the KdV equation and intimately connected to the Toda lattice.

In recent years there has also been more interest in establishing a solid connection
between the theory of matrix models and orthogonal polynomials, and the theory of
discrete integrable systems. The manifestations of this connection is manifold: nonlinear
integrable systems, in particular equations of Painlevé type, arise as the governing
equations for the partition functions of matrix models and the hierarchies of soliton

type equations sit on the background of the main algebraic structures for these models.
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Furthermore, the Riemann-Hilbert approach, which has already found its key role in the
construction of analytic solutions of integrable PDEs and ODE:s, has recently become a

powerful new tool in studying the asymptotic properties of orthogonal polynomials [48].

1.1 Basic Properties of Orthogonal Polynomials

This introductory chapter will give a brief account on the standard theory of orthogonal
polynomials, focusing on the construction of a recurrence relation using determinants.
We then describe hypergeometric functions and some of its associated relations. Most
“classical” orthogonal polynomials can be written as terminating hypergeometric series
and during the twentieth century people have been working on a classification of all
such hypergeometric orthogonal polynomial and their characterizations. Of the classical
orthogonal polynomials, we state some of the standard formulae of the very classical
orthogonal polynomials (those named after Jacobi, Laguerre and Hermite [166]) and then
consider several other classes of orthogonal polynomials, including the discrete, multi-
variable and g-orthogonal polynomials. We emphasize the specific relations of the very
classical orthogonal polynomial families, since they will be used in greater detail in later
chapters of the thesis. Moving into the applications of orthogonal polynomials, we will
demonstrate how quantum mechanics and matrix models use the theory of orthogonal
polynomials to aid in the solution of some of their problems, which in turn shows the

broader world which orthogonal polynomials exists in.

1.1.1 System of Orthogonal Functions

With a specific interval (a,b) (on the real line R) and a fixed weight function, we can

define an inner product for a pair of functions [16]. An inner product may be defined by
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a Stieltjes integral

wwﬁa/@w@mww (L112)

where p(x) is a non-decreasing function. If u(x) is absolutely continuous then (1.1.1a)

reduces to

wmwzfﬁw@mmmm (1.1.1b)

where the integral is assumed to exist in Lebesgue’s sense [159]. However if p(x) is
a jump function that is constant except for jumps of the magnitude w; at x = z;, then

(1.1.1a) reduces to

(f1, ¢2) = sz¢1 ) P2(i), (1.1.1c)

the definition for functions of a discrete variable.

Two functions are said to be orthogonal to one another if their inner product is zero,
hence a family of functions forms an orthogonal system on an interval (a,b) with a
weight function w(z) if for any two distinct members of the family (¢1,¢2) = 0.
An orthogonal system can be written as a sequence of functions {¢,}>°, and the
corresponding orthogonal property can be expressed as (¢, ¢,,) = 0 for n # m.
Assuming that {¢,,} doesn’t contain any null function, then (¢, ¢,,) is positive for all n
and consequently the functions of any finite subset of an orthogonal system are linearly

independent. Then the functions {¢, } form an orthonormal system if

(Pns Om) = 0 if ngm . (1.1.2)

1 if n=m

Although individually these functions are unimportant, collectively this property of

orthogonality with a given weight, is a decisive property that fixes the functions uniquely.
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1.1.2 Single-Variable Orthogonal Polynomials

Moving from general orthogonal functions to polynomials, we consider a single variable

polynomial P, (x)
n
P,(x) = Z U 07 = Q" + U1 4 Q1T+ G, (1.1.3)
§=0
and for convenience we will deal monic polynomials of order n (a,, = 1) with
some given coefficients a, o, dn1,...,a,,,. What makes these rather simple functions

interesting is their orthogonality property, by which they form a family of orthogonal
functions i.e. a family of polynomials organized according to their degree and within
the family, due to the orthogonality to each other. Formally we define an orthogonal
polynomial sequence { P, ()}, [41], with respect to a moment functional £ provided

for all non-negative integers m and n,

e P,(z) is a polynomial of degree n,

o L[P,(z)Pn(x)] = (P,, Pyn) = 0form # n,

where
L[P,(z)] = /w(x)Pn(x)dx. (1.1.4)
In many cases the inner product (P,, P,,) can be expressed explicitly in terms of an

integral with a certain measure, which leads to

b
(Py(x), Pp(x)) :/ P,(z) Py (z)w(x)dx = hydpm, (1.1.5)

0 when n#m
where the Kronecker delta ¢, =

1 when n=m

This applies for the case of a non-zero continuous weight function w, which is non-

negative, is integrable on an interval [a, b] and where h,, # 0. In such a case we have

/abw(x)dx >0
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and L[P%(z)] = (P, B,) # 0.

We use this particular case, because this will be most used in subsequent chapters.
Whenever we have such a family of polynomials, with a given weight function w(z)
and interval [a, b] a large number of properties follow for the polynomials in the family,

such as a recurrence relation.

1.1.3 Recursive Structure

The orthogonality condition (1.1.5) implies the existence of a three point recurrence

relation, which can be seen by considering the inner product relation:

(zPy, Py) = (Po, 2Py, (1.1.6)
and an expression for 2 P, (z):
2Py = Ppyr + Y P, (1.1.7)
=0

(a consequence of x P, being a polynomial). Using these two expressions it is possible to
acquire a general from of a recurrence relation for orthogonal polynomials. We begin by

expanding the left side of (1.1.6) using (1.1.7)
(Poii + Y al" PPy = > aPhpds for m<n,
§=0 §=0

= q (1.1.8)

m

then consider expanding the right side of (1.1.6) using (1.1.7)

(PoyPrr+ Y _al™P) =0 for m<n-—2 (1.1.9)

=0
By comparing these two expressions we can conclude that a'p) = 0form <n—1and
thus we have only three terms in the recurrence relation (1.1.7). We refer to this relation

as the monic recurrence relation, since it gives rise to monic polynomials.

2P, =Po1+ SpPy+ Ry P (1.1.10)
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where

We can evaluate the values of S,, and R,, by considering certain inner products [41]. To

derive S,,, we consider (P,, P, 1) and expand with the recurrence relation to get

<Pn7Pn+1> = <Pn7$Pn>_Sn<Pn7Pn>_Rn<Pn7Pnfl>7

=0 = <xPnaPn> _Sn<Pn7P”>’
<[L‘Pn,Pn>

To derive R,,, we consider (z"!, P, ;) and expand with the recurrence relation to get

<$n_17 Pn+1> = <l'n7 Pn> - Sn<$n_1a Pn> - Rn<xn_1a Pn—1>7

=0 = (2", P,) — R,(z" ', P,_}),
(™, Py,) b,

~ R, = B T R (1.1.12)

since (P, P,) = h,, and we take Ry = hg setting h_, = 1 [41].

1.1.4 Determinant Representation of Orthogonal Polynomials

While the orthogonality condition can be used to prove the existence of a recurrence
relation, the previous method does not give us explicit expressions for the recurrence
coefficients derived in terms of moments. So using the orthogonality we construct a
determinant representation for the polynomials P, (z), which can then be used to derive
an explicit form for the recurrence relation. This method is well known and can be found

in [16].

A weight function w(z) on an interval a, b determines a system of orthogonal polynomials
P, uniquely, apart from a constant factor in each polynomial, ¢,,. These numbers are the

moments of the weight function,

b
cn:/ w(z)z"dz (1.1.13a)
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with the following scalar product representation

Cman = (2", 2™). (1.1.13b)

Proposition

With this definition for the moments, we can construct the determinant representation

P,(x).

Co e Cj c. Cp
C1 ce Cjt+1 R & |
Ch—1 -+ Cjyn—1 ... Cop-1
1 .. 2’ A
P,(z) = (1.1.14)
An—l

Proof
A sequence of linearly independent functions can be orthogonalized with respect to the
inner product (P, P,,) by the formation of suitable linear combinations. This leads to the

following triangular structure:
PO (ZE) = 1
Pl(QI) = 0410P0($) +x
P,(z) = anbPo(z)+anPi(z)+...+apna1Pri(z) + 2"

Now the inner product of the polynomial P, (x) (1.1.3) with 2™ (after rearrangement) can

be found for values of m = 0,1,...,n — 1 and for m = n:

(™, Py) = aoCm + a1Cme1 + .o+ Qp_1Cmin—1 + @pCmin = 0 unless n = m

n
<I 7Pn> = aopc, + a1Cp+1 + ...+ ap_1Cop—1 + ancCop = hn
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where the only contributor is (P, P,) = h,, and this is due to the orthogonality between

polynomials. Then these equations can be written in a matrix form

co ... Cp agp 0
c1 ... Cp a 0
! o Nl a, =1, (1.1.15)
Cpn ... Cop an, h,
which can be solved by using Cramer’s rule.
Lemma 1.1.1 - Cramer’s Rule Given the expression Ax = b, where A = (ay,...,a,) is

an n X n matrix and x and b are n-component column vectors. Then the elements of x;
can be represented as
oy

i
_ ’Qh '7Q> n‘
= det(A) (1.1.16)

Z;

and where det(A) # 0.

That is we replace the i** column with the right side of (1.1.15) and then divide it by itself.

This equation is multiplied by 7 and summed over n to give P, (z)

Co ce Cj .. Cn
C1 e Cjtr1 N G |
Cp—1 .. Cj+n71 oo Cop—1
" 1 .. x’ ceeooa”
E ¥’a; = hy, X = P,(z), (1.1.17)
=0 n

with the Hankel determinant /\,,:

Ch ... Cp

A, =

Cp ... Cop
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and where a necessary and sufficient condition is A,, # 0 [41]. O
If this determinant is expanded in terms of the Hankels, the first term =" in the polynomial

P, is

AV
Py(z) = 2"hy—= + .. | (1.1.18)
A,
and since we assume this polynomial is monic:
A,
hy, = , 1.1.19
A ( )

where we supplement this equation by imposing A_; = 1 when n = 0.

1.1.5 A Recurrence Relation from Hankel Determinants

Returning to the general form of a recurrence relation along with (1.1.14) (which is altered
through the inclusion of an upper index), allows the creation of a recurrence relation
(1.1.10), with S,, and R,, defined in terms of Hankel determinants. Thus the family of

adjacent polynomials is introduced:

Cm el e Cn+m
1 : :
P (1) = —— (1.1.20a)
n m)
Anfl Cnerfl 62n+m71
1 e . "

with the corresponding Hankel determinant:

Cm e oo Cpam

APy =| (1.1.20b)

Chitm -+ --- Contm

(where we assume Al (x) # 0). From this, it is possible to acquire a pair of relations by

using two different forms of the corresponding two row/column Sylvester! determinant

Ithis identity has many different names including the Jacobi identity, Lewis Carroll’s identity and the

window-pane identity, however we will refer to it as the Sylvester identity throughout the thesis
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identity [23, 119, 137], which we apply onto the polynomial P\" (z). Although in this
chapter we only make use of the two row/column Sylvester Identity, we will consider a
more generalized form (where we extend the removal of two rows and columns to m rows

and columns) in Chapter 4 and a derivation is presented in Appendix B.

(1.1.21)

We use two different forms of the Sylvester identity and applying them to P, (x) leads to

— ol Te=2plmly - (1.1.22a)

n n— m m+2 n—
An—)lAn—JZr )
(1.1.22b)
which can also be expressed in the following form:
P = gpimt) _ym pim) (1.1.23a)
P = ap{mt —wmpim (1.1.23b)
with
A(m+1)A(m) A(m+1)A(m+1)
Vi = At 0 W = oA
n m+ m ’ n m m
These two equations can be combined to leave an equation in terms of pim.
P = PV 4 Vim I Pt — wim Py, (1.124)

which in turn can be eliminated to give an equation just in terms of P:

P = (B VIR + (V) = W) (R 4 VM E™)

n

2P = P4 (VM 4+ VI - W) P (V0 - WV ET.

n n—1 n— n—1+ n—
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This final equation gives the recurrence relation and since all the £, have the same order

of m, we can omit this in the final relation

2P, = Po1+ SpPy+ Ry Py (1.1.25)

The coefficients .S,, and R,, can be further simplified to the following:

A’Elerl)A(m)l A,(ﬁ;l)A%m) h%m+1) hglm)
)

S, = e = + , (1.1.26a)
N NN G IE
AIAL g

R, = —=—2— (1.1.26b)
AnﬂzlAnnzl hnTI

(where we have suppressed the m-dependence in the symbols R,, and S,,). We achieve
this simplification by making use of a bilinear relation that exists between the Hankel

determinants A,,. We find this relation by applying the Sylvester identity to A,,:

(m)
An || = A = AMIAD, - ATDALD, (1.1.27)

n—

By incorporating (1.1.27) with the Hankel forms of (V'™ + V™™ — w{™) and
(VD My gives rise to the simplified forms of R, and S,,.

n—1

We compare this relation with a special case (one with no parameters) of the discrete-time

Toda equation [81]
I — ) 4 et — o (1.1.28)

and it is clear to see that they are very similar with regards to their shifts. This pattern
of shifts (which the Toda equation satisfies) demonstrates a bilinear Hirota form and as
such is an example of a discrete integrable system. This simple case illustrates how the
shadows of integrability already appear in the underlying structure of the standard theory
of orthogonal polynomials. We explore this connection in the subsequent chapters of the

thesis. While the similarities between the two equations are clear to see, it is also possible
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to transform one into the other, thus we introduce the simple transformation of T,Sm) =TN,

where N = n +m:
FaAeD — w7 TR 7R = 0 (1.1.29)
N—2 TNi2 N N N Tn =V -1

We can then let 7 = A]_\{/’; and after a simple transformation, this gives the same result as
(1.1.27). Any terminology mentioned here will be introduced in greater detail in Chapter

2, together with references to the relevant literature.

Further equations can be found from Hankel determinants using similar Sylvester

identities, which lead to bilinear relations of a similar form to the above.

While this derivation is not widely used in the literature, examples of it can be found
in [11]. This method demonstrates one way to derive an explicit form of a recurrence
relation in terms of Hankel identities. In Chapter 4, this example will be extended by
using a generalized version of the Sylvester identity applied to a determinant constructed

for polynomials in two variables.

1.1.6 The Christoffel-Darboux Identity

The Christoffel-Darboux identity [44, 46] can be seen as a direct consequence of the
recurrence relation, although it is possible to derive it independently of the recurrence

relation by using a similar method to the above [29].

The Christoffel-Darboux identity is found using the monic recurrence relation (1.1.25)

and a corresponding monic recurrence relation in terms of y

yPu(y) = Puia(y) + SnPu(y) + RuPo1(y).
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We multiply the former by P, (y) and the latter by P, (x) and take the difference

zP,(x)Po(y) = (Poy1(x)+ SpPu(z) + Ry Poo1(x))Po(y)
yPu(y)Pu(z) = (Pas1(y) + SuPu(y) + RaPo-i1(y)) Pou(w)
= (x —y)Pu(z)Pu(y) = Pupa(7)Po(y) — Poa(y) Pu(2)

+R,(Py1(2)Py(y) — Pu1(y)Pu(x)) (1.1.30)

Eliminating R,, by using R,, = hi“i - (1.1.26b), (1.1.30) can be rewritten as

P@)Puly) 1

>
3
3

and we apply a discrete integration to give a sum.

Pi(z)Pi(y) 1

> Y= P2 - (R @P) — PPy (o)

(1.1.31)

" P@)P(y) _ (Puss(@)Paly) = Pui(4)Pala)
D> (@ — )

This identity has many uses in the theory of orthogonal polynomials, particularly when
eliminating a sum from an equation, which has particular use in continuous integral
equations. There is also a confluent form of (1.1.31), which can be obtained by taking

the limit y — x and applying 1I’Hopital rule to get

_ /
= B (1.1.32)

J
2, i
where P! (z) = L P, (). A consequence of this is that
(Phyi(2)Py(x) = Poya(z)Py(x)) >0 forall x (1.1.33)

and this has particular use in exploring the zeros of orthogonal polynomials [41],

specifically that the zeros of P,(x) and P, (x) separate each other. To prove this we
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denote the zeros of P, () in increasing order by x1,, < 3, < -+ < Zp,. Given the fact

that zy,,, 11 is a zero of P, 41 (x) and using (1.1.33) we get
Pn(mk,n+1>P7lH_1(xk,n+1) > 0. (1134)

The simplicity of zeros implies that P, ; (T4 n+1) and P, (Z41,0,+1) have different signs.
It follows that P, (2 ,+1) and P, (zx+1,,+1) have different signs. By the continuity of P,
we know it has a zero between xy,,+1 and x4 41 for £ = 1,2,...,n and the result

follows.

1.2 The Hypergeometric Series and

Associated Special Functions

It is possible to express almost all elementary functions of mathematics as hypergeometric
functions or ratios of hypergeometric functions and truncations of hypergeometric
functions lead to orthogonal polynomials [9]. First though, we introduce two special

functions, namely the Gamma and the Beta functions I'(x) and B(x, y) respectively.

1.2.1 The Gamma and Beta Functions

The Gamma function extends the factorial function n! to complex numbers and can be

defined as

nln®
I'(z) = lim (1.2.1a)
@) =
I(z) = / t* e tdt (1.2.1b)
0

(where if the real part of the complex number z is positive, the integral converges

absolutely) and we introduce the notation of the Pochhammer symbol or rising factorial
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(T)n

'z +
@p=2@+1)@+2) ... (x+n—2)(x+n—1) = (lf(x)”> (12.2)
Also by using integration by parts we find the difference equation
F(z+1) =2I'(2) (1.2.3)

and we define the Beta function (also referred to as the Euler integral of the first kind) as
1
B(z,y) = / 11— t)v e (1.2.4)
0

The two special functions are related through the expression

L(2)C(y)
B(z,y) = ——=. 1.2.5
An alternate way to introduce the Gamma function is as the infinite product
e 1 ;-
I'(x) = <1 _> n 1.2.6
W=—1+7) (12.6)
where + is Euler’s constant
. 1 1 1
y=1lm (1+=-+=-+4+...+4——logn (1.2.7)

and takes an approximate value of 0.57722. This product is valid for all complex numbers
x, which are not negative integers or zero. Their connection to hypergeometric functions,

occurs in its integral representation, first defined by Euler.

1.2.2 The Hypergeometric Function

We say a series ) | ¢, is hypergeometric if the ratio “*** is a rational function of n. Thus,

n

factorizing polynomials in n, we obtain

1 _ (nta)(nta)...(n+a)
o (b)) (n+by)...(n+by)(n+1)

(1.2.8a)
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This relation leads to

- > (@1)n - - (@p)n 2 ai, ..., ap
et =S W pn T g - (1.2.8b)
D B e (3 A A WA

where [, is commonly referred to as the hypergeometric series. The series ,[7 is
absolutely convergent for all z if p < ¢ and for |z| < 1if p = ¢ + 1. It diverges for
all z # 0if p > ¢ + 1 and the series does not terminate. Thus we define hypergeometric

functions o F (a, b; ¢; x) as

a,b > W (b)), 2"
2Fi(a,bc;w) =5 By o) =3 @t (1.2.9)

c — (c)n n!

which is convergent for |z| < 1. Most elementary functions are special cases of

hypergeometric series, for example

sinx = xoF} i—— |, cosx = oF} —
3

(where - represents a blank space) and hypergeometric functions can have different
representations including the Euler integral representation (which makes use of the

Gamma and Beta functions)

CL,b . _ F(C) ! b—1 c—b—1 —a

and summation theorems such as the Chu-Vandermonde Sum.

1] = (1.2.11)

While the methods to derive these two equations are straightforward, they are also long
so I will not include them. A full derivation can be found in [9], where they are used to

simplify equations including the Jacobi orthogonality relation (which is detailed later).
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Hypergeometric functions also generalize many special functions, including the Bessel
functions, the Gamma function, the error function, the elliptic integrals and the orthogonal
polynomials. Equation (1.2.11) in particular is used when proving the orthogonality of
the Jacobi polynomials. This is in part because hypergeometric functions are solutions
of the hypergeometric differential equation, which is a (Fuchsian) second-order ordinary

differential equation, with three regular singular points.

d? d
x(l—x)d—;§+(c—(a+b+1)x)£—abw:O (1.2.12)
The theory of Fuchsian differential equations is a very broad theory, but is not one that

we deal with in this thesis.

1.2.3 The Heun and Lamé equations

Going beyond the hypergeometric differential equation (in terms of complexity) is the
Heun equation [145, 152], which has Lamé [169] as a special case. As we have
mentioned, an alternative definition of hypergeometric functions would be to define it
as a solution of a Fuchsian differential equation with at most three regular singularities,
0, 1, oo. Heun functions, are defined as special solutions of a generic linear second order
Fuchsian differential equation with four regular singularities, 0, 1, a, oo, where «a is the
additional singularity. Then we present the Heun equation as

d*w y ) € dw afBr —q
— — — =0 1.2.13
dx2+($+as—1+x—a) dx+x(:v—1)(:v—a)w ( )

where

a+pf—y—6—€e+1=0. (1.2.13b)

Of these seven parameters, «, 3,7, 0, € are referred to as the exponent parameters (since
they determine the exponents at the four singularities), a is the singularity parameter and
q 1s the accessory parameter. Many important subclasses are found choosing specific

values of these parameters. Heun’s equation was originally constructed as a deliberate
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generalization of the hypergeometric equation, so unsurprisingly there are three ways in

which the former reduces to the latter [145], e.g.

w(r —1)(x —a)y"(z) + [y(x — 1)(z — a) + dz(z — a) + ex(x — 1)}y (2)
+(afr — q)y(x) =0

and set a=1 q=af

then a factor (x — 1) can be taken out, leaving

2

d d
x(l—x)d—;é—i-(c—(a—i-b—l—l)x)%—abyzO

the hypergeometric equation (1.2.12). The Heun equation has many uses in mathematics,
but for this work we are primarily interested in its connections with orthogonal
polynomials. One such class is known as the Stieltjes-Carlitz polynomials, which will

be mentioned in Chapter 4.

One particular case of the Heun’s general (non-confluent), which has seen a lot of
attention in recent years [108], is the case where v = § = ¢ = % The equation then
becomes the Lamé equation

I R R L

r -1 x—a
ah —v(v+1)x
4x(x—1)($—a)y

=0 (1.2.14)

of which there are several forms, but here we just consider the Jacobi and Weierstrass

forms.
d? )
[~ T+ Dksn*(alk)]¥ = EV (1.2.15a)
d2
{@_ [l(l+1)@(u;92,g3)+3]}\11 =0 (1.2.15b)

The Weierstrass form may be further rearranged to the elliptic-curve algebraic form

{(y%)Q— [l(l—i—l)x—i—B]}\If—O (1.2.16a)
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where

B- —E—i—%l(l—i—l)(m—l—l). (1.2.16b)

Both of the forms (1.2.15a,1.2.15b) that are introduced here make use of elliptic functions:
in the Jacobi form there is the Jacobi sine function and in the Weierstrass there is the
o function. The solutions of the Lamé equation are the Lamé polynomials, which
are polynomials in the Jacobi elliptic functions sn(«|m), cn(a|m) and dn(a|m) (See

appendix A).

1.3 The ‘very’ Classical Orthogonal Polynomials

In the modern theory the following are referred to as the very classical orthogonal
polynomials [166],

1. Hermite polynomials

2. (generalised) Laguerre polynomials

3. Jacobi or hypergeometric polynomials

(of which, these are all characterized by their different weight functions and integration
intervals), where it is important to highlight the distinction between these and other

orthogonal polynomials. But where does that distinction lie?
The classical orthogonal polynomials can be defined [16, 41] as those orthogonal
polynomials satisfying the properties:

1. {P!(z)} is a system of orthogonal polynomials;

2. P,(x) satisfies a differential equation of the form A(z)y” + B(x)y + Ay = 0,

where A(x) and B(z) are independent of n and \,, is independent of x;
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3. there is a generalized Rodrigues’ Formula

1 dar

P(z) = m%(w(@

X")

where K, is a constant and X is a polynomial in x, whose coefficients are

independent of n.

Conversely any of these three properties characterizes the classical orthogonal
polynomials in the sense that any system of orthogonal polynomials which has one of
these properties can be reduced to a classical system. For (1) this has been proved by
Hahn [78] and Krall [97]; for (2) by Bochner [22] (in this case there are some trivial
exceptions); and for (3) by Tricomi [161].

However in recent times there have been a number of families that satisfy these conditions,
but are not called classical. Thus we refer to those mentioned above as the very classical

orthogonal polynomials.

Looking more closely at the properties that these families have, it can be shown that
they all have a generating function, a recursion and differential relation (which can be
combined to give a second order ODE) and a Rodrigues’ formula. These equations are
easier to derive for the Hermite and Legendre polynomials and more difficult for the other
families with the Jacobi polynomials providing large equations, which although solvable,
require some mathematical tricks and techniques. Families of orthogonal polynomials
have a lot of beautiful mathematical structure behind them, which make them into

interesting objects to study.

The generating function for the family Hermite can be used to calculate the other three
properties, ie. the recurrence and differential relations and the Rodrigues’ formula, and is
also useful in proving the orthogonality of the family. To emphasis this point the Hermite
family will be defined through the use of its generating function. However it is not the
generating function alone that shares this property, since the Rodrigues’ formula can also

be used to define the recursion and differential relations, and prove the orthogonality.
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1.3.1 The Hermite Polynomials

Hermite polynomials are orthogonal polynomials associated with the interval (—oo, c0)
and the exponential weight function w(z) = e~*". The Hermite polynomials, denoted as

H,(z), can be represented as

Ho(z) = (22)" 2 Fy /% —(n=1)/2 L (1.3.1)

and satisfy the orthogonality relation

/ Hy(2)Hp(2)e " da = 2"nI\/T G (1.3.2)

The Hermite polynomials have the generating function:

S(x t o2te— t2 i

n=0

n

~

|Hn (1.3.3)

3

which are functions of x as well as an additional "dummy” variable {. One method of
deriving (1.3.2) is to integrating the left and right sides of (1.3.3). The generating function

(1.3.3) also allows the calculation of the recurrence relation
H,.y =2xH, —2nH, 4 n=0,1,2,... (1.3.4)
and the differential relation
H) =2nH, n=12..., (1.3.5)

where H, = 0. The recurrence relation (1.3.4) and the differential relation (1.3.5) can be

combined to give a second-order differential equation, the Hermite equation:
H! — 2xH! + 2nH,. (1.3.6)
Also n differentiations of the generating function, leads to Rodrigues’ formula,

22 0 " g2
H,(x)=e (_8_x> e (1.3.7)
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which can also be written in the form of the recurrence relation:

Hpio(z) = (-(%) e " H,(z).

Hermite polynomials can also be expressed by a truncating hypergeometric series,

n n—1
—2 L

H,(x) = (2x)" o Fy = (1.3.8)

12

where the truncation occurs, because of the negative n in the expression.

1.3.2 The (associated) Laguerre Polynomials

The (associated) Laguerre polynomials are orthogonal with respect to the weight function

w(x) = =7, on the interval (0, c0) . They have the explicit representation

Lg@:):wﬂ B (1.3.9)

nt atl
and satisfy the orthogonality relation

Mla+n+1)

' O, > —1 (1.3.10)
n:

/ LY (z) Lo (x)x%e *dr =
0

(which is expressed in terms of the Gamma function). The (associated) Laguerre

Polynomials also have the generating function:
> L)t = (1 — ) e 0 (1.3.11)
n=0

which is a function of z and the “dummy” variable ¢. The three term recurrence relation

can be expressed as
(n+ 1)Ly 4(z) — (r —a—2n—1)Ly(z) + (n+ o) L5 _,(z) =0, (1.3.12)

where for n = 0, L_; = 0 and a differential relation

dL:
L)

5 =l () — (n+ @)Ly (o). (1.3.13)

n—1
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Like the Hermite equation, we derive the (associated) Laguerre equation from (1.3.12)

and (1.3.13)

d?L%(x) dL%(x)
. —x)—7 n(r) = > 0. 3.
s tlatl—a)—-= +nly(x) =0, forn=0 (1.3.14)

(associated) Laguerre polynomials can be expressed by the truncating hypergeometric

series

1 -n
[o(z) = @ g x| (1.3.15)

nl 04—1—1’

where the truncation occurs, because of the negative n in the expression.

1.3.3 The Jacobi Polynomials

Jacobi polynomials, also known as hypergeometric polynomials, occur in the study of
rotation groups and in the solution to the equations of motion of the symmetric top. They

are associated with the interval (—1, 1) and the weight function
w(r) = (1 —2)*(1 +2)°.

For certain values of o and [, the Jacobi polynomials reduce to other orthogonal

polynomials including Legendre (for o« = (3 = 0) and Gegenbauer (for o« = § = A — % .
The hypergeometric representation of the Jacobi polynomials pled) (x), is

1), -n,n+a+G+1 1-—
pedgy = @t D o b+l 1-u (1.3.16)

n! a+1 2

and satisfy the orthogonality relation

1
[ PP @1 a1+ 0
—1
a+p+1
_ 2 I'n+a+1)I'(n+8+1) Srom- (1.3.17)
Cn+a+ 4+ 1) (n+a+ G+ 1)n!
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The Jacobi polynomials also have a generating function:

S P (@)t = 2P R (1 - 2+ Ry (L+ 2+ R)T7 (13.18)

where R = (1—2zz+ 22)%

which is a function of x as well as of an additional “dummy” variable z. These relations

make use of both the hypergeometric function and the Gamma function.

Using the generating function (1.3.18), allows us to calculate the the recurrence relation

2n+1)(n+a+ B8+ 1)2n+a+ 8P (x)
=2n+a+B+1D[2n+a+B)2n+a+ B+ 2)z+ o’ — F]P(z)

—2(n+a)(n+ B)2n +a+ B+ 2) P (z) (1.3.19)
and a differential relation

P (@) = nl(a = B) = (20 +a+ B)al P 72)

2(n + a)(n+ B)PD (z) (1.3.20)

with P_; = 0 and P} = 0. The recurrence relation (1.3.19) and the differential relation
(1.3.5) can be combined to give a second-order differential equation:

(1-2%)-L PO (2) 4[5 a0+ 54 2)a]

d
d—Prgo"ﬂ)(x)+n(n+a+ﬁ+1)P,§O"ﬁ) (x) = 0.
x
(1.3.21)
and n differentiations of the generating function, leads to Rodrigues’ formula.

2" Pl () = (=1)"(1 —z) (1 4+ x) 7P (—%)n [(1—2)*™(1 +2)™]. (1.3.22)

All these results can be proved by making use of the hypergeometric function and an

explicit derivation can be found in [84].
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1.4 Further Classes of Orthogonal Polynomials

Having described the standard theory and given examples of the classical orthogonal
polynomials, we now give a brief description of other classes of orthogonal polynomials,

which are the subject of current research.

1. The discrete orthogonal polynomials, include the Hahn and Meixner [135]
polynomials and are orthogonal with respect to a discrete measure. Both these
classes of polynomials are expressed in a hypergeometric form and have the usual
set of relations, common to the very classical orthogonal polynomials except their
orthogonality relation has the discrete form (1.1.1c) and they satisfy a second order

difference equation in the variable z.

2. Multi-variable orthogonal polynomials, usually consist either of extending the
univariate case to the multivariate case or of a class orthogonal polynomials defined
in terms of multiple variables [57]. For examples we can consider the multiple
Hermite polynomials as an extension from the univariate case and the Jack and

MacDonald [104] polynomials as orthogonal polynomials in n variables.

Recently greater interest has been paid to specific numbers of variables such as the
book by Suetin [157], who takes a detailed look into orthogonal polynomials in two
variables. Importantly we stress the difference between this study and the study of
bi-orthogonality. The study of two-variable orthogonal polynomials will be looked

at in greater detail in Chapter 4.

3. Bi-orthogonal Polynomials consist of two families of orthogonal polynomials { P, }
and {Q, } related by a weight function and defined through a biorthogonal relation

such as

/Pn(x)Qm(x)w(x)dx = hyOpm- (1.4.1)
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The study of this research finds its origins with Hermite and Appell, who looked

into it while also considering two variable orthogonal polynomials.

4. Multiple orthogonal polynomials are polynomials of one variable which satisfy
orthogonality conditions with respect to p different measures juy, fto, ..., fip.
Multiple orthogonal polynomials [12] are intimately related to Hermite-Padé

approximants [136] and often they are also called Hermite-Padé polynomials.

Typically there are two types of multiple orthogonal polynomial. For type I let

Wy, Wa, . .., w, be p weights on the real line and let 7 = n4, ..., n, be a multi-index
consisting of non-negative integers. If A, ..., A, are polynomials and
Qz) = ZAj(x)wj(x), deg A; <mn; —1, (1.4.2a)
j=1
such that
/Q(m)xjd:c =0 for j=1,...,|7] -2 (1.4.2b)
(where |7i] = 37", n;), then the A; are called multiple orthogonal polynomials of

type I and @ is the linear form built out of the multiple orthogonal polynomials of
type L.

For type IL, let wy, wo, . . . , w, be ¢ weights on the real line and let 1 = my, ..., m,

be a multi-index of length ¢. If P is a polynomial of degree |7 such that
/P(x)xjwj(:c)dx =0 forj=0,...,mp,—1 andk=1,...,q, (1.4.2c)

then P is called a multiple orthogonal polynomial of type II. Although it usually
type I or type II that are studied, there has recently been a generalization of the
two [45]. There are also the classical multiple orthogonal polynomials (including
multiple Hermite and multiple Jacobi), which have been studied extensively by van

Assche [166].

5. The g-orthogonal polynomials
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With the advent of quantum groups, g-orthogonal polynomials are objects of
special interest in both mathematics and physics. For instance, the g-deformed
harmonic oscillator provides a group-theoretic setting for the g-Hermite and the
g-Laguerre polynomials. The g-orthogonal polynomials involve the use of an
additional parameter ¢ in their original formulas, so the easiest way to describe
them is by considering the hypergeometric series and its g-analogue [71]. Since all
known orthogonal polynomials (in a single variable) can be expressed in terms of a
hypergeometric series, this seems the best approach. The modern definition of the

g-hypergeometric function is

at, ..., ar Z(a; Q) (ar; Q) 2" Ln(ne1)714s—
7’¢s g, — (_1)nq2n(n s—r
by, ... b ,; (b1; @D -+ - (bs; D (q;Q)n[ |
(1.4.3)
where (a; q),, is the g-Pochhammer symbol defined by
(a;q), = (1—a)(l—aq)(l—ag®)..(1—ag"™), (1.4.42)
(a;9)0 = 1. (1.4.4b)

We also state the special case » = s+ 1, since this is the form most commonly used

for orthogonal polynomials.

ay, ..., alu >Q)n xz
s 1¢s
" by, ... b Z% bl7 - (bs; @n (45 0)n

n

(1.4.5)

We can then consider the g-orthogonal polynomials in terms of the Askey-Wilson
classification. This classification (of which a comprehensive report is found in
[92]), provides a list of all the hypergeometric polynomials and their g-analogues
(both continuous and discrete). The scheme is referred to as the Askey-Wilson
scheme, since these are the polynomials that rank at the top of the g-hypergeometric
list and are defined as

a"Wp(x;a,b, c,d|q) q ", abedq™ 1, ae®, ae="

=4 ¢3 ¢;q |, x=cosé.
ab, ac, ad

(1.4.6)
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1.5 Applications of Orthogonal Polynomials

The connection of orthogonal polynomials with other branches of mathematics is truly
impressive. Without even trying to be complete, we mention continued fractions,
operator theory (Jacobi operators), moment problems, analytic functions (Bieberbachs
conjecture), interpolation, Pade approximation, quadrature, approximation theory,
numerical analysis, electrostatics, statistical quantum mechanics, special functions,
number theory (irrationality and transcendence), graph theory (matching numbers),
combinatorics, random matrices, stochastic processes (birth and death processes;
prediction theory), data sorting and compression, Radon transform and computer

tomography.

The main areas from the point of view of physics, are quantum mechanics and matrix

models, to which we will now give a brief introduction to.

1.5.1 Quantum Mechanics

In quantum mechanics [147] one studies the Hamiltonian of a system, which is the
operator that defines the model under certain assumptions (canonical commutation
relations, choice of Hilbert space, etc.) and the operator represents the observable
of energy. The stationary Schrédinger equation is an eigenvalue problem for the
Hamiltonian; the corresponding eigenvalues are the allowed energy values. The
eigenfunctions which are the solutions of the eigenvalue problem correspond to the energy
states of the system (each eigenvalue has at least one state of the system) and these are
often solved in terms of special functions. Many classes of orthogonal polynomials arise

in this context.

As an example, we look at the Hamiltonian for the one-dimensional quantum harmonic

oscillator. This a model of key importance, since it represents the first basic step in
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studying the quantum mechanics of systems of vibrating particles. It is defined by the
Hamiltonian

1 1
H = —p* 4+ —mw?z? (1.5.1)
m 2

which in turn prescribes the eigenvalue problem
H® = Ed (1.5.2)
(a stationary Schrodinger equation with eigenvalue F), which has the explicit form

————— 4+ —w?2?® = EO. (1.5.3)

This differential equation can be simplified by making the change of variables x = & m—z

and using the substitution

D(¢) = e 2 H(¢) (1.5.4)

(where H (&) should not be confused with the Hamiltonian), leading to the differential

equation (1.5.3)

H" —2¢H' + (% — 1) H=0 (1.5.5)

the Hermite equation (1.3.6). This second order differential equation, for special values
E = hw(n+ 3), n € N has polynomial solutions which are the Hermite polynomials.
These are the physically relevant solutions leading to the spectrum and eigenstates of the
quantum model. Although this is the simplest model to describe, the structure of the
solutions as in (1.5.4), a ground state times a polynomial, which is common to many

systems in quantum mechanics.

Other families of orthogonal polynomials occur from solving other models in quantum
mechanics. A more complex model is the hydrogen atom, which is solved by separating
the problem into 3 parts, as in polar coordinates there is one radial variable and two
angular variables; by separation of variables the former (radial part) is solved with
Laguerre polynomials and the latter (spherical harmonics) are solved with Legendre

polynomials and exponentials.
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1.5.2 Random Matrix Models

Random matrix models [115] arise from, and have important applications to, number
theory, probability, combinatorics, representation theory, quantum mechanics, solid state
physics, quantum field theory, quantum gravity, and many other areas of physics and
mathematics, but here we are interested in their connection with orthogonal polynomials.
The theory first began in the 1960’s with Dyson [51, 52, 53] and then with Metha [54, 55]
and is described in detail in their series of papers on “Statistical Theory of the Energy
Levels of Complex Systems”. Then at the end of the 1980s, interest was renewed in matrix
models after the connection with quantum gravity and string theory was discovered [24,
74]. One approach to this theory was presented by Bilal [19], from which the connection
with orthogonal polynomials is now explained. This class of orthogonal polynomials is
different from what we have already seen and is referred to as semi-classical orthogonal

polynomials, an area which will be covered in more detail in the next chapter.

The main tool of use in the theory is the partition function, (a notion taken from statistical

mechanics) and is defined as
7 = / [dA]e P VD), (1.5.6)

where the integration can be defined over all N x N antisymmetric matrices A and

wV(A)=> Vi) . V)= %gﬂ +) g™ (1.5.7)
n=2

j=1
where the z; are the eigenvalues. The eigenvalues of an antisymmetric matrix always
come in pairs £); and the trace of such a matrix will always be zero. Thus we consider

the even elements and the trace sums to %

From this it is clear that e =4 V(4

)) depends only on the eigenvalues and it can be shown
that the measure d A factorizes into an integration over the eigenvalues and an integration

over the parameters of the diagonalizing matrix U. This is shown by example, by taking
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lower order values of N, say at N =2 and N =4,

N=2 = [dA] =da=dx (1.5.82)
N=4 = [dA]N:4 = (ZE; — QT%)le‘ldl'QdQlsz (158b)

which allows us to extrapolate an alternate form for Z. Thus the partition function Z can

be expressed as
7 = / Hdmie_ﬁ(tr V() H (7 — a3)%. (1.5.9)

Initially the use of orthogonal polynomials as a solution is not obvious, until the van der

Monde determinant is introduced, which can be expressed as

1 .. 1
N x% x2ﬁ
2 2
A} = [ @ —a?)?=]| a2 74 (1.5.10)
i>j=1 2
x‘iv_2 PP :L'JE_Q
2

The van der Monde determinant can then be manipulated so that its contents can be
expressed as polynomials. First though, it is necessary to introduce the polynomials F,,,

which are orthogonal with respect to the weight
dp = dre PV (1.5.11)
and as before the P, have the following standard form and orthogonality condition.
Po(2) = anz™ + ap_12™t + ... + ao, /Pn(x)Pm(x)dp,(a:) = h,0pm  (1.5.12)

Since V() is defined as an even function, the P, is an even polynomial in z, if n is even

and an odd polynomial in z, if n is odd. So we redefine P,

Py(z) =a"+ > a2, (1.5.13)
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where [] denotes the integer part of .

The van der Monde determinant is now manipulated, with the aim of re-expressing it in

terms of polynomials instead of powers of x. By making use of (1.5.13)

n=0 =1=F
n=2 = a2+ = Py(xy)
1 0 241

n=4 =]+ c(()4)x% + c(() ) = = Py(x1)

it is possible to rewrite (1.5.10) as

PO PO
PQ(SUl) PQ(']:%)
A@?) = det[pa 1) (%)), o1 x=| Pyay) - P4(q:%) . (1.5.14)
PN_Q(CL'l) PN—Z(zg)

Referring back to the partition function for an antisymmetric matrix (1.5.9), we have

ﬂ
A /Hdu detPQj 1)( )]U=1 ..... %>2
=1

N\ 2
— (5> ! ghg(jl) (1.5.15)

a result of the orthogonality (1.5.12) of P(;_;). If we had considered the Hermitian
case the partition function Z would have had the form Z = (N)! ., h;_1. In order to
compute Z we need to compute h (in Chapter 2 this is a problem that arises in Painlevé
equations), and it is this understanding which concerns physicists in the study of matrix

models.



Chapter 1. Introduction 36

1.6 Organization of the Thesis

The opening chapter has introduced and derived some of the standard ingredients found
in formal orthogonal polynomials: a recurrence relation, determinant expressions and
the Christoffel-Darboux formula. The focus has been on these relations since they will
have further involvement later on in the thesis (Chapter 4), particularly the determinant
expression and the recurrence relation, which see extensive use. These general relations
have been backed up with some of the main relations from the important very classical
orthogonal polynomials. These will provide a good comparison with the relations derived

in Chapter 2, which is concerned with their semi-classical counterparts.

The second chapter is concerned with semi-classical orthogonal polynomials, with
particular relevance to any connections with discrete integrable systems. So the chapter
begins with some history and examples of what is meant by an integrable system, before
providing an illustration of a semi-classical orthogonal polynomial that has some well
established connections with discrete integrable systems. Thus we use the simple case of
semi-classical Hermite polynomials, which also demonstrates one method of calculating
the compatibility between a differential equation and a recurrence relation. The resulting
equations lead to the derivation of a discrete Painlevé equation, a discrete P;. The
methods for deriving other discrete integrable systems are also introduced. Then we
introduce our own approach to the Laguerre method, which derives a differential system
for semi-classical orthogonal polynomials. This system is compatible with a recurrence
relation (expressed in a matrix form) and leads to a a pair of compatibility relations. On
completion of the derivation of this method, we can consider its application to specific
deformed weights of semi-classical orthogonal polynomials. So we begin with the
deformed weights of Hermite and Laguerre polynomials, before considering the more
complex case of the deformed Jacobi weight. As a comparison for the benefits of this

method for the Jacobi weight (both in deriving a differential equation and compatibility
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relations), the consistency relations are also derived by only using the orthogonality

relation.

While the second chapter is concerned with the integrable systems structures coming from
orthogonal polynomials, the third chapter is concerned with orthogonal polynomials
coming from integrable systems. Thus our interest moves into the domain of singular
integral transforms, specifically one analogous to the Gel’fand-Levitan integral equation.
The chapter is essentially separated into two sections where the first is concerned with
the presentation of a general singular integral transform and the second is concerned
with applying the said singular integral transform to some examples. Thus, we begin by
approaching the problem from a general point of view, considering the dressing method
between two n x n matrices ®) and @}, present some key notation and introducing an
associated Lax-type linear equation. Through this association we derive a discrete Lax
equation, that is written in terms of an integral expression, which is explored further by
applying a differential and difference operator to it. This leads to the application of the
singular integral transform, where our first example uses the matrix representation of the
recurrence relation (derived in Chapter 2) to derive singular integral transforms between
the recurrence coefficients of a general class of classical orthogonal polynomials and the
recurrence coefficients of semi-classical orthogonal polynomials. We also consider the
differential system derived in Chapter 2. As the second application we consider a singular
integral transform for the lattice Gel’fand-Dikii N x N matrix hierarchy, which for the
case of N = 2 reduces to the Lax representation of the KdV equation. We present a vector
reduction of the general NV x N case and show how the singular integral transform satisfies
the discrete Lax equation (derived in the first section). We then use the vector reduction
for the KdV case (N = 2) and derive a singular integral transform for the KdV equation.
Given the existence of a gauge transformation that relates KdV to a Volterra linear
problem (which incidentally satisfies the recurrence relation for orthogonal polynomials),
we present a singular integral transform for a class of orthogonal polynomials related to

the KdV transform and present results for a specific example.



Chapter 1. Introduction 38

The fourth chapter considers formal orthogonal polynomials, where we define a new
class of orthogonal polynomials: two-variable orthogonal polynomials whose variables
are related through the equation of an elliptic curve in Weierstrass form. Our interest lies
in the formal structure and most of the chapter is concerned with recursive structures.
Since we are dealing with two-variable orthogonal polynomials, there exists a recurrence
relation for the = variable and the y variable. We can state these recurrence relations by
using inner products of (x Py, P,) and (yPy, P) (such as with (1.1.6)), where P} is an
orthogonal polynomial in two variables and x and y are of different order. We can then
present compatibility relations between these recurrence relations and give consistency
conditions between the recurrence coefficients of the x-recurrence relation and the y-
recurrence relation. Further, by using an analogue of the determinant form from Chapter
1 (1.1.14) and applying the generalized Sylvester identity (B.4) to it, we can derive
an explicit x-recurrence relation, where the coefficients consist of Hankel determinants
cf. (1.1.26b, 1.1.26a). Applications of recurrence relations, such as the generation of
a sequence of polynomials and the derivation of Christoffel-Darboux relations are also
presented and we end the chapter with some speculations concerning the non-formal case

(where an explicit weight function is given).
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Chapter 2

Semi-Classical Orthogonal Polynomials

As we have seen in Section 1.3, classical orthogonal polynomials are governed by a set of
conditions, which lead to a number of explicitly defined equations and relations; they have
a fixed weight function, generating function, recurrence relation, differential equation, etc.
On the other hand, semi-classical orthogonal polynomials occur when the conditions are
less restrictive ie. when some of the properties are relaxed. This results in less equations
than found in the classical case and these equations cannot be explicitly derived, instead

their coefficients contain transcendental functions.

In 1929, Bochner [22] gave a characterization of the classical orthogonal polynomials
Hermite, Laguerre or Jacobi type. If {P,} is a sequence of classical orthogonal
polynomials, then P, (z) is a solution of the second-order differential equation

gb(z)% + @/J(z)% = \ny (2.0.1)
where ¢(z) and v(z) are fixed polynomials of degree< 2 and < 1 respectively, and \,
is a real number depending on the degree of the polynomial solution. As a consequence
of this the weights of classical orthogonal polynomials satisfy a first order differential

equation called the Pearson differential equation

L (0(2)u(2) = wzuz) 202)
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when the degrees of ¢ and ¢ satisfy deg ¢ < 2 and deg v» = 1 . However when the
deg ¢ > 2 and\or deg v > 1 then the weight function produces a class of semi-classical
orthogonal polynomials. Thus by extension, this equation also implies that the weight
functions of the semi-classical orthogonal polynomials are different from their classical
counterparts. We write the Pearson equation in the following form [79, 80]

1 dw(z) _ Y — ¢ _ V(z)
w(z) dz 0) W(z)’

(2.0.3)

where equation (2.0.3) expresses the logarithmic derivative of the weight function w(z)
as a ratio of the polynomials V' (z) and W(z). In this case the weight function satisfies
classical orthogonal polynomials if deg V' < 1 and deg W < 2 and semi-classical arise
for deg W > 2 and\or deg V' > 1. For instance the weight functions for Hermite
polynomials, Laguerre polynomials, and Jacobi polynomials are the classical weights for
W of degree zero, one and two, respectively. As an example we look at the weight

function of Hermite w(z) = e~’, then the Pearson differential equation is

2

¢ (—22)e " = —2z (2.0.4a)

a polynomial of order 1 (V" has order 1 and W has order 0). Therefore this weight satisfies
classical orthogonal polynomials. Alternatively, if we consider the altered weight function

22

w(z) = e~* %, then from the Pearson equation we have

ezz+z4(_2z _ 423)67z27z4 = 925 _ 423 (204b)

a polynomial of order 3, therefore this is a semi-classical orthogonal polynomial.
Although this weight function is not the Hermite weight function it is very similar in form
therefore we call orthogonal polynomials satisfying it, semi-classical Hermite orthogonal
polynomials. In particular when considering general exponential weights, we are

reminded of Freud weights [65], although they have the form w,(x) = |z|” exp(—|z|™).

The very classical orthogonal polynomials and all the other classes that occur in the

Askey-Wilson scheme, have been the subject of great interest and have therefore been
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explored in detail. By comparison, semi-classical orthogonal polynomials have had less
attention and are therefore less developed. One of the key consequences of moving from
classical to semi-classical is that you lose the explicit nature of the relations, but you do
gain more connections. This allows us to take the study of orthogonal polynomials in new

directions.

The beginnings of semi-classical orthogonal polynomials are unclear, but the derivation
of a differential relation for a general class of orthogonal polynomials by Shohat in 1939
[42, 148], provides a starting point for classes of semi-classical orthogonal polynomials
to be formed. Since that time, semi-classical orthogonal polynomials have found use with
matrix models (1.5.11) and recently there has been the emergence of integrable systems.
This is a very broad area of mathematics, that has found connections in many areas of pure

and applied mathematics and also in mathematical physics, biology and engineering.

In this chapter we will begin with an introduction to some discrete integrable systems
as well as the origin of the Painlevé equations. This introduction will be complemented
by the semi-classical Hermite orthogonal polynomials, which will demonstrate the types
of rich connections found between semi-classical orthogonal polynomials and discrete
integrable systems, by using the orthogonality relation. Following this is a section
on the Laguerre method [100], which will provide an alternate way (compared to
using the orthogonality relation) of approaching semi-classical orthogonal polynomials,
by introducing a general theory that results in a matricial differential system. Then
introducing a Lax pair between the differential system and a recurrence relation leads
to a Lax equation, from which compatibility relations are derived. This will lead to
our work into applying the Laguerre method to specific semi-classical weights, focusing
on the discrete relations found from the compatibility relations and their connections to
discrete integrable systems. While semi-classical weights from Hermite and Laguerre
will be considered, our main effort will be with the semi-classical Jacobi weight

and compatibility relations will be derived from both the Laguerre method and the
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orthogonality relation approach.

2.1 Painlevé equations and Integrable Systems

The modern theory of integrable systems finds its origins in 1965, after a study by

Gardner, Greene, Kruskal and Miura [69, 70] into the Korteweg-de Vries equation [95]
O = 02u + 6ud,u, (2.1.1)

which is a mathematical model of waves on shallow water surfaces. Their study showed
that the KdV can be exactly solved by (what is now called) the inverse scattering method.
This method is only applicable to a certain class of equations, that we now refer to as

soliton equations or exactly integrable equations.

Since then, there has been increased interest in the study of the KdV equation and
other systems deemed to be integrable, but providing a proper definition of what
is meant by integrability has not proven to be straightforward. Integrable systems
can be mappings, ordinary differential equations (ODEs), partial differential equations
(PDEs), ordinary difference equations (OAEs), partial difference equations (PAEs) and
differential-difference equations (DAE’s); hence they cover most types of equations. This
makes it a little difficult to give a general definition of an integrable system. What we can
say is that there are a number of characteristics which describe an integrable system,
although the contributors to this subject have different perspectives on how they should
be defined. The characteristics include the existence of a rich solution structure; admitting
exact solutions and solution methods like the inverse scattering method [3, 4]; there exist
hierarchies of compatible equations; and there are associated linear systems including Lax
pairs [102]. Lax pairs (which can exist for both discrete and continuous systems), involve
expressing an equation in terms of matrices, that satisfy a compatibility condition. We

can consider three types of Lax equation covering the differential, differential-difference
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and difference types equations. For a differential system a Lax pair would be of the form

Lo = Mo (2.1.2)
do
= = A (2.1.3)

where L and A are differential operators and satisfy the compatibility condition

% =[A, L] = AL - LA. (2.1.4)

In a difference system we can consider the system of two 2 X 2 matrix equations
Ont1m = Lom®Pum s Onmt1 = Mpm®Prm (2.1.5a)
which is satisfied by the consistency relation
Ly imi1 My = M1 mLpm (2.1.5b)
and for a differential-difference system we consider differential and recurrence structures

amwn — anm
Ynp1 = Lpiy, (2.1.6)

whose compatibility leads to the semi-discrete Lax equation

0Ly = My1 Ly — LM, 2.1.7)

2.1.1 Discrete Integrable Systems

The study of integrable systems is usually separated into the continuous and the discrete
equations, of which we are interested in the latter. Discrete integrable systems usually
consist of two types of equations; PAEs, which are viewed on the two-dimensional space-

time lattice and DAEs, which are discrete in space but continuous in time.



Chapter 2. Semi-Classical Orthogonal Polynomials 44

We can consider a class of PAEs on the lattice (which are called quadrilateral PAEs), to

have the form

f(ua u, @7 ﬁ7p7 Q> =0 (2.1.8a)

where we adopt the canonical notation of vertices surrounding an elementary plaquette

on a regular lattice:

0= Upmp1 , U= Uniimsl (2.1.8b)

Here we see that a”represents a shift forward (if raised) or backward (if lowered) on the
horizontal line and a”"represents a shift up (if raised) or down (if lowered) on the vertical

line.

P

Apart from the independent discrete variables n, m (on which w,,, depends), there are
the lattice parameters p, ¢ which we associate with these independent variables. If n, m

denote the direction which v moves on the lattice, then p, ¢ denote the width of the grid.

By letting the parameters p,q be variable rather than fixed we can define a whole
parameter-family of equations, however we must attach each parameter to a specific
discrete variable such as p associated with n and ¢ with m. This allows us to place
the PAE in a multi-dimensional lattice with multiple independent variables, though for
practical reasons it is easiest to deal with the three-dimensional lattice. Then we have a
shift"in another direction, which leads to eight points on a cube. The interesting property

is that there is consistency around the cube ie. the value of % can be achieved in three
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separate ways

u—>ﬂ—>ﬁ—>5, (2.1.9)
U — @ — i — 1, (2.1.10)
U — G — T — . 2.1.11)

This property is the main hallmark of the integrability of a quadrilateral PAE [21, 132].
Another consequence of this condition being satisfied is it gives rise to the existence of a

Lax pair (2.1.5a), [133]. As an example consider the lattice potential KdV
(p—g+a—a)(p+g+u—i)=p —¢ (2.1.12)

which satisfies the consistency around the cube property and has the following matricial

Lax pair:

(p - k)¢n+1,m = Ln,m¢n,m ) (q - k)qbn,m-i-l - Mn,m¢n,ma (2113)

where the matrices L and M are given by

— Upt1m 1
Lum = Pt . (2.1.14a)
kQ - p2 + (p - un+1,m)(p + un,m) D + un,m
— Un.m, 1
My = L . (2.1.14b)

k2 - q2 + (q - un,m—i—l)(q + un,m) q + Un,m

From the lattice potential KdV equation, we can derive the lattice KdV [81]

Q-Q=———, (2.1.15)

Ql =
©1>| IS

for Q = (p+q+u—1u), a =p*—q*. However, this equation does not satisfy
the consistency around the cube in the strict sense because of the choice of the variable
@, since it has lost its covariance with respect to the interchange of lattice directions.

Nevertheless it has a Lax representation of the form

Qi + M, (2.1.16a)

¢+%¢ (2.1.16b)

< S
I I
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where ) is the spectral parameter (where this form is first written in [134] as far as we
are aware). The discrete-time Toda equation is an example of an integrable PAE on a five

point stencil, that is related to the above KdV systems and is given by
(p—a)*17 — (p + @)*77 + dpgr® = 0. (2.1.17)

It provides an example of a bilinear equation of Hirota type [81], of which we saw a

parameter less example (1.1.28) in Chapter 1.

The DAE:s are also defined on the lattice as well as being differential with respect to the
variable time ¢. Thus they have aspects common to continuous as well as discrete systems.

Examples of DAEs equations include the Volterra system [90]
Oty = U (U1 — Up—1), (2.1.18)
and the Toda lattice system [160],
OFyy, = elniTn — g¥nUn-t, (2.1.19)

Like integrable systems that are fully continuous, the Volterra system and the Toda lattice
system both possess Lax representations and an infinite number of commuting flows,

where the family of these flows form a hierarchy of equations.

One interesting fact about the structure of the KdV equation and other soliton equations,
is that they all admit a substitution that will bring the equation into a bilinear form [82]
(a fact first discovered by Hirota). Then in the 1980s Jimbo, Kashiwara, Date and Miwa
[47, 88] discovered that there is a close connection between the Hirota forms and the
underlying algebraic structure (in terms of infinite dimensional Lie algebras) of soliton
systems. This is an intriguing connection, which has led to a great deal of study in this

area.
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2.1.2 Painlevé Equations

Another important class of nonlinear differential equation (that arose to have connections
with integrable systems) are the Painlevé equations. Following the work of Picard [83]
in classifying first-order ordinary differential equations, Painlevé studied second order
ordinary differential equations of the form
2

% = F(/,y,x) (2.1.20a)
where F' is analytic in x and rational in y and 3. Painlevé found 50 types whose
only movable singularities are poles, where a movable singularity of an equation is one
whose location is dependent on the constants of integration involved in its solution. This
characteristic is known as the Painlevé property. Out of this list there were six equations
emerging, which were called the Painlevé transcendents (they cannot be integrated in
terms of any of the known classical functions [169]). The remaining 44 can be integrated

in terms of classical transcendents, quadratures, or are directly related to one of the other

six Painlevé transcendents.

Five of the Painlevé list were discovered by Painlevé and his students, but the sixth
transcendent was found by R. Fuchs (1905) and contains the other five as limiting cases.
Hence the sixth Painlevé transcendent is one of the most important nonlinear differential
equations for defining new transcendental functions.
2 2
w G s) @) -Gt )i
yly — Dy — ) ( pr  yle=1) Szl 1)) (2.120b)

2a-12 \CTET ;T e

These transcendental equations occur in many areas of mathematics and physics, hence

+

the great interest in their study.

As an example we can consider a Painlevé equation as a de-autonomization of elliptic

functions specifically Py, that is
d2
Y 6y 1 a. (2.1.20¢)
dx?
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If the x on the right side of the equation is replaced with a constant, then we are left
with the second order differential equation for the Weierstrass elliptic function p(z) (see

(A.7)).

The search for discrete analogues of these transcendents, has been an outstanding problem
for many years and only recently has there been any progress made in this direction.
Discretizations of the Painlevé equations have been the result of a variety of methods
including orthogonal polynomials [60, 105]. A discrete analogue of P; will be given later

in this chapter (2.1.20c).

Many, if not all integrable systems possess symmetry reductions to one or more of
the Painlevé equations. It follows that the Painlevé equations themselves are each one

dimensional integrable systems.

2.2 Semi-Classical Hermite Polynomials

The Hermite orthogonal polynomials provide the simplest case to demonstrate the types
of connections that can be found between semi-classical orthogonal polynomials and
discrete integrable systems. We obtain semi-classical Hermite polynomials through a
deformation of the classical Hermite weight function (since most classical orthogonal
polynomials are defined through the weight function and integration interval via the
orthogonality relation).

The Hermite weight function is dependent only on a single variable z, w(z) = e %"

However, this can be changed by allowing z? to be expressed as V (x). Thus we have

V(z)

w(z) = e " *) where

b
V(z) = ng ot gxﬁ . 2.2.1)

where a, b, ¢, . . . are positive parameters. This is an increasing function, which is now also

dependent on the parameters as well as x. Like before, when we provided the example of a
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semi-classical Hermite weight, the Pearson equation (2.0.2) implies that a weight function

of the form e~ V®)

will lead to semi-classical orthogonal polynomials. Even weights
(such as this), have been studied in great detail, beginning with Laguerre [101] and Freud
[107]. Recently these results and their connections to discrete Painlevé equations have

been further explored by Magnus [106] and van Assche [167].

2.2.1 Discrete Integrable Systems from Recurrence Coefficients

We use the recurrence relation (1.1.25) defined in chapter 1, except here we can take
S, = 0, a consequence of the weight function being even. Thus we redefine the monic
recurrence relation

2P, = Ppi1 + RyPoiy. (2.2.2)

The orthogonality relation is defined as:

/ P, (x) Py (z)e”V®dx = (P,, P) = hndpm (2.2.3)
where V(z) = 42?4 2" 4 £2° 4 ... and P,(x) is a monic Hermite polynomial. Since
every polynomial can express itself in terms of lower order polynomials, consider P, =

S 17 ;P where P, = %2 Now consider

/ P P.e” V@ dy = [P,Pe V@] — / P (Ppe™V®Y dz,

where [P, P,e”" @] ‘iooo = 0, where the boundary terms vanish since V'(x) only consists
of even powers of x and hence will dominate the limit as x — 4-00. Now expanding the

remainder gives:

/ P! PpeVWdr = — / PPV ®dr + / P, P, V'(z)e” @ dx,

which can in turn be expressed as an inner product:

(P, Pp) = —(P,, P.) 4+ (P,,(V'Py)), (2.2.4)
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soform<n-—1
(P!,P,)=0+(P,,V'P,) = {((V'P,), P,,) by symmetry.

Of course this relation in its current form is of little use as a differential equation, so

we introduce the recurrence relation x P,, = (LP),, [106], where L is the semi-infinite

matrix
0 1
R, 0 1
L= (2.2.5)
Ry 0 1
and P is the (semi-infinite) column vector of Py, Py, P», ..., P,,... . Thus we can re-
express the recurrence relation as
P, =P, +R,P, 1= (LP), (2.2.6)

where we can think of L = 3 4+ RX” with the 3 shift operators represented by X P,, =
P, and>X"P, =P, ;:

01 Py P
P, P,
0 1
(XP), = ] = : (2.2.72)
0 1
Pn Pn+1
0 0 F P
0 0 Py Py
1
(x'P), = oo = : (2.2.7b)
Pn Pn—l

(where we set P_; = 0).
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Now for any general polynomial F'(z) one has

(F(L)P), = F(z)P,, (2.2.8)
in particular
(V'(L)P), =V'P,. (2.2.9)
It follows from (2.2.4) that P, — V'P, = P, — (V/(L)P), is orthogonal to
Py, Py, ..., P,_y, thus it is a linear combination of P; with 7 > n. This can be expressed
as the differential equation
By = ((V'(L))-P)n. (2.2.10)

The (V'(L))_ refers to the lower order shifts (in L), since a differential of P would only

yield lower order terms eg. (L)_ = RY!.
As an example, we choose the weight function
w(z) = e~ (@wtibe?) (2.2.11)

where we have the value V(z) = 1aa? + 1bz* (where a and b are parameters). Inserting

this into the differential equation (2.2.10) and setting x = L implies
P, =((V'(L)-P), . (V'(L))-=a(L)-+b(L")-, (22.12)

where (L)_ and (L*)_ only involve terms which contain . Therefore only polynomials

of degree m, where m < n — 1, are considered. In order to determine fli—]; =

(V(L))_P),(x), the terms (L)_ and (L*)_ must first be established and for notational
purposes R will represent R,,_; and R will represent R,,,;. For example, we would be

reorder the term X' RY! P as
RPY'S = R, 1P, 5. (2.2.13)
Since the value of (L)_ has already been stated, we only require the (L*)_ term:
I} = (324 R+ R+ RRE)(Z + RYY)
= Y4+ RY + RY + RRYCS 4+ Y2RY + RRY! + RRY! + RRYY RY
= (L*)_ = RRX'+RRY'+ RRY' + RRR® (2.2.14)
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and thus the two terms give us a differential equation of the form:
P, = (aRY'P + bRRY'P + bRRY'P + bRRY'P + bRR ﬁZtgP)n.

This equation can now be transformed to an equation in terms of F, using % =
(V'(L))-Fn.
P =A,P, |+ B,P, 3 (2.2.15)

and hence the values of A,, and B,,:

Ap = (a+b(Rpi1 + Ry + Ry_1))Ryp, Bp=0bRyRy 1R (2.2.16)

Now since we consider a monic polynomial P, = Z;;O anja? (with coefficients
A0y G 1y - - -5 Anp and ap, = 1), then we also have that P = nx™ 1 + ..., therefore
A,, = n and hence

(a+b(Rys1+ R+ Ry1))Ry=n (2.2.17)

which is a discrete Painlevé first equation P; [142, 143]. This was first found by Shohat
[148], then later rediscovered by Freud [66], as a consequence of the Laguerre-Freud
equations (which are similar in content to (2.2.10)), although historically it was Laguerre
who has been the first who introduced a method to obtain nonlinear recursion for the
coefficients of a L matrix associated with some semi-classical weights of orthogonal

polynomials.

It is also possible to derive the Volterra and Toda equations (along with their hierarchies),
from semi-classical Hermite-type weights. These equation result from differentiating
the recurrence relation coefficients with respect to the parameters introduced in the new
weight function. If we had let V(z) to be of a higher order V(z) = >°7, a;z* then

differentiating I?,, with respect to the parameter a;, leads to the Volterra system
1
aaan = —§Rn(Rn+1 — Rnfl) (2218&)

Further differentiations with respect to the other parameters as, as, aq, ... leads to the

corresponding hierarchy of Volterra equations. If we were to consider the case when
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V(z) = 3272, tja’, we are now dealing with both odd and even powers of = so the
recurrence relation would now be cast as (1.1.25) with both S,,, R,, # 0. It is still possible
to acquire differentiations of 1, with respect to the parameters ¢; of which ¢, leads to the

(modified) Toda equation
(9tl (3t1 (ln Rn)) = (Rn—l — Rn) — (Rn — Rn+1) (2218b)

and to, 3,14, ... gives the corresponding hierarchy of equations. These systems along
with the Painlevé equations describe an intimate connection between the semi-classical

Hermite polynomials and integrable systems.

2.3 The Laguerre Method

We now consider a general approach to semi-classical orthogonal polynomials, by making
use of the Laguerre method [100]. This method derives a pair of first order differential
equations, after the reduction of continued fractions. Since then this method has been
used in conjunction with semi-classical orthogonal polynomials [105], by associating the

semi-classical weight function w(x) of the polynomials with a Pearson equation (2.0.3).

While our aim and approach is different, the Laguerre method has been used to find
connections with integrable systems, including continuous Painlevé equations, recently.
Magnus [105], found a continuous Painlevé equation of the sixth kind from the recurrence
coefficients of a semi-classical Jacobi polynomial and Forrester and Witte [62, 63], found
a Painlevé equation of the fifth kind, also using the Laguerre method, but extended over a

bi-orthogonal framework.

This work will use the same semi-classical Jacobi weight that Magnus used, with the
exception being that while he was interested on deriving continuous equations our interest

lies in the discrete.
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2.3.1 The Basic Principles

Initially we begin by introducing the generating function of moments (a Cauchy-like

integral representation of a formal series), analytic outside a set .S made of contours and

arcs
f(z) = / w@) 4, (2.3.1)
g2 —T
and the weight function w(z), which satisfies a differential equation (2.0.3)
d
IW@ng:V@m@)

where W (z) and V(z) are polynomials. This differential equation is an analogue to
the Pearson equation, since semi-classical orthogonal polynomials are orthogonal with
respect to it. We then introduce the formal semi-classical orthogonal polynomials P, (z),
n = 0,...,00 which are orthogonal with respect to some weight function w(x) on a

support S (2.2.3)
S

and a recurrence relation
Pn+1 == (I — Sn)Pn + Rnpn—l- (232)
Multiplying P,(z) with f(z), gives the integral:

F(P(2) = /dep”("‘>

gt C)

- [ o (Pl Bl )

Z—X Z—XT

from which we can separate the integrals and define as:

/ P(z) - Pn(:c)w@) dr = P (2), (2.3.3a)
S Z—X
/ P”(x)w(:c) dr = en(2), (2.3.3b)
g 2T

or:

F(2)Pu(2) = PV (2) + eal2), (2.3.4)
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where P,Sl)(z) is an associated polynomial to P, (z) of degree n — 1, but ¢,(z) is not a
polynomial. However they both satisfy the recurrence relation (1.1.25).
Now P, (z) satisfies a first order linear differential equation [18]

W()0.f(2) = V(2)f(z) + U(2) (2.3.5)

which we solve using f(z) (2.3.1), to get expressions for V and U (which are polynomials

in x).
W(Z)<82f(Z)) - S de T /S % <Z i xW(Z)w(.%)) dx + S IZ/V—(Zz’aﬂuU(l')
- [ v L uw
S x zZ—T

On the first line we assume that W (z)w(xz) — 0 at the end points of S and the second

term reduces using (2.0.3), then this leaves an expression for U (z).

() :W(z)/ (V(x) V(Z)) w(@) .

S zZ—X

W(x)  W(z)

Another piece of information are the following relations between F,, P and €n

PnP1£1—)2 - Pn—lpr(Ll—)1 = —hp (2.3.6a)

Pn—len — Pn€n—1 = _hn—l (236b)

The first of these two equations (2.3.6a), is found using the integral representation of P,(Ll),

(2.3.3a):

<&m$—&ﬂﬁmwz/
S

which by Christoffel-Darboux (1.1.31) gives us a sum.

P, 1(2)P,(z) — Py_q1(z)Py(2)

Z—XT

w(x)dx (2.3.7)

n

n—1
P.(2)P:
(PP, = Pua PO (2) = —hur / ww(af)daf
=0 ’s J

n—1
h
= —hp E :Pj(z)h—? 95,0
=0 !

= —h (2.3.8)
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The second equation (2.3.6b), merely involves rearranging PnPél_)2 — n,lP(l_)l using

(2.3.4).

2.3.2 Explicit Derivation of P, (2) and ¢,(2)

The coefficients of the monic polynomial P,(z) can be expressed in terms of the
coefficients of the recurrence relation (2.3.2) and introduce a monic polynomial P,(z) =
2"+ pn,n,lzn_l + Pnn—2 2"~2 4 . into both sides of the expression. Then comparing the

lead coefficients, we find:

Prnt+in — Pnn-1 = _Sn (239&)

Prnt+in—1 — Pnn-2 = _Snpn,n—l - R, (2.3.9b)

from which (2.3.9a) is solved by integrating up and since P;(z) = z— S, then p;o = —S:

n—1
Prn-1=—>_5;. (2.3.10)
j=0
Moving on to (2.3.9b), we integrate to get:
n—1
Pnn—2 = — (Sipjj—1 + R;) + p2o (2.3.11)

.
U
N

and since
PQ(Z) = (Z—Sl)Pl —Rlpo = (Z—Sl)(Z—SQ)PU—Rlpo

then we have an expression for p,, ,_o:

n—1j—1 n—1

Pnn—2 = Z Z S; Sk — ZRJ‘ + 5150 — By
j=2 k=0 Jj=2
n—1 j—1 n—1

= > ) S8 - R (2.3.12)
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and thus:

n—1 n—1 /j—1
j=1 \k=0

J=0

Now the function €,(z) also satisfies the same recurrence relation,
2€n = €ny1 + Sn€n + Rp€n_q n>1 (2.3.14)

where this is found by integrating the recurrence relation in P, over z — x with respect to

w(x) and using (2.3.3b).

P, P, P, P,_
/ Ty dU)(l’) _ / n+1 + Sn n + Rn n—1 dw(x)
S S

z—XT zZ—XT

= 26,(2) — hplno = €n41(2) + Snén(2) + Rpen1(2)

However this is not a polynomial, as can be seen from the expansion of (2.3.3b):

1 Cnn e
o n+2 n,n+3
en(z) = hn (Zn+1 + 42 + on+3 +

so again we substitute this into both sides of the recurrence relation (2.3.14) and upon

comparing the lead coefficients we find:

hpenniza = huSn+ hnen_1ni1 (2.3.15a)

hnen,n+3 = hn—|—1 + hnsnen,n+2 + hnen—l,n+2 (2315b)

The first relation (2.3.15a) contains a total difference of e, ,,2, but has the problem of

introducing an integration constant. By solving the difference equation we get:

ennsz = _ S;+ e (2.3.16)
j=1
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and the integration problem is solved by using €,(z) for n = 0 and using (1.1.25) to

eliminate powers of x:

colz) = /depo(x)w(x):/sdeg(x) G+%+j—§+---)w(x),

Z—XT

_ %+ l2 / dxPy(z)(Pi(z) + SoPo(x))w(z)
—1—% ) dzw(z)Py(z)(Pa(x) + (S1 + So)Pi(x) + (Ry + S5) Po(x)) + -+ -,
_ ho(é+%+&+ﬁ+...), (2.3.17)

From this expression we can see that egs = .Sy, so we have
n
ennsz =Y _5;. (2.3.18)
§=0

Moving on to (2.3.15b) we have a difference equation and after using what we have
learned above an answer is easily forthcoming.

n

€nnt3 — Z(Sjemw + Rj+1) + eo3

j=1
n J
=y (Z S;8; + RjH) + Ry + ¢
j=1 \i=0
n J
=Y (Rm +> Sj5i> (2.3.19)
=0 i=0
We now have the necessary components to construct the first few terms of the €,(z)
expansion.
1 - 1 d 1
(D) =hn | o+ |28 ) o T 2 (R + 298 | o+
=0 =0 i=0

(2.3.20)

Having established the full derivations of ¢,, and PT(LI), we can now make use of them by

using Laguerre’s method.
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2.3.3 The Fundamental Linear System for

Semi-Classical Orthogonal Polynomials

We start with the expression for f P, (2.3.4), differentiate it and multiply by W, so that we
can then make use of the first order linear differential equation (2.3.5) (with the exception,

that for this case we will consider the x variable to be dominant).

Wfo.P,+(Vf+U)P, = (aP 1+8en)
W, P (P, + €6,) + VP(PY, +6,) + UP? = W(8,PY, + 8,¢0) P,

n

(2.3.21)

(1)

We then go about separating the polynomial expression P, ”, and €, so we get the

following expression:

e, = we.rYrp,-o,pr,PY)-UP>—vp,rY, (2.3.22a)
= W(0,Pn€n — 06, P,) + V Poey (2.3.22b)

which is a polynomial bounded by a constant.

We try the same method again except this time we use f P,_1, which is again differentiated

and multiplied by IW. This will lead to a second object, which will be called €2,,.

axfpnfl + fazpnfl = arP(IJQ + aglcenfl
te)) +UP Py + WO, Pu i (P 4 6)) = W(0,PY, + 8,en1) Py

n

VP, (PY

n—1

(2.3.23)
Again we separate the polynomial expression P ~; and €, to get:

Q, = W(Po,PY,—PYo,pP,_)-VP,_ P, —UP,P, | (23.24a)
= W(enOsPo1 — PaOrén_1) + VenPoy (2.3.24b)
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Since the recurrence relation (1.1.25) can be expressed in a matrix form

r—S, —R, Pu(x)
Qzbn—l—l(x) = ¢n(x)a where ¢n($) = (2325)
1 0 Pn_l(l’)

we collect the important relations we have derived so far and put them in a matrix form
so that our intended differential system can be written as one expression. We begin with

the two expressions (2.3.22a) and (2.3.24a), written in matrix form:

P —-PY, wa, P, 0, +VP, 1P(1)1 Y UP,P,
p, —-pPWY, W8, P,(x) 0, +Vvpe,PY +Up?

n

(2.3.26a)

which can easily be solved making use of (2.3.6a) to give:

wa, P, 1 [ PY —pW, O, + VP, P +UP,P,_;
W, Py () L N - 0, + VP,PY, L Up? ’
(2.3.26b)
so that we have an expression for W0, P,:
WPy = (20 Py = ©,P,1) (2.3.27a)
n—1
and WaxPéi)l
wo, P, = ,PY, —0,PY, + Vh, PV, + Uh,_P,) (2.3.27b)

We now look for a second differential relation in P,,, so we take (2.3.27a) with a reduced
index in conjunction with the recurrence relation (1.1.25), which leads to

@n—l

W(a:ppn—1> - R
n—1

(Qn—lpn—l - ((I - Sn—1>Pn—1 — Pn)> . (2328)

hn—2

However we have no expression to remove the x from the equation, so we consider the

problematic part of the expression:

(x —5,)0, = (x = S,) (W(e,0:(Pn) — 0u(€n)Pn) + Ve, Py, (2.3.29)
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which we expand using (1.1.25) and the differential of (2.3.6b)
axPn—len + axenpn—l - axpnen—l - aazen—lpn = 07
to get:

(x—5,)0, = W(=046,(Poi1+ RyPoo1) + 02 Po(€ni1 + //Ru€n—1))
VP (st + Ruéni)
= Quit o+ R (=W (Osen 1 Pr— 0uPr160) + Vhn1 + VenPot)
— Quir + R+ Vh, (2.3.30)

This allows us to remove = from (2.3.28) to give a second differential equation.

1
Wazpn—l - h—(®n_1pn - QnPn—l) - V-Pn—l (2331)
n—1

We now have a differential system

wWe P, () 1 Qn(z) —0,(z) P, ()
Py_i() P\ @, 1(2) —(Qu(z) + V(@) ) Py_i()
(2.3.32)
which can also be written in terms of ), where ¢ = . Thus if we give
Pn_1<$)
the recurrence and differential equations in a semi-discrete Lax representation (2.1.6) we
have
where
x-S, —R, 1 Q,(z -0, (z
. - (@) @)

1 0 ~ Why On1(z) —((@) + V(2)hn_1)
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2.3.4 Compatibility Relations

We now use the differential system (2.3.32) with the matrix form of the recurrence relation
(2.3.25) in order to create a compatibility relation so that relations between €2,, and ©,,

can be derived. Thus we consider the compatibility between the semi-discrete Lax pair

a:c¢n+1 = 8$(Ln77/)n) = My19¥n+1,
(02 L) (@)Un(@) + L (2) M (2) 005 (2) = Myg1 L (2)Yn(),

(2.3.34)
which leads to the semi-discrete Lax equation (2.1.7)
0.L, =M, L, — L,M,.
So we begin by differentiating the new form of the recurrence relation (2.3.25)
x-S, —R, x-S, —R,
1 1 0
Q,(x) —0,(x)
- Wh Ynla)
nl On1(z) —(Qn(z) + V(2)hn1)
10
+ Un () (2.3.35)
00

and equating this with the differential of (2.3.32)

1 Qi (x) —Op11(x) r—9S, —R,
Wha \ 0,(z)  —(Quir(z) + V(2)hy) 1 0

axqujn-i-l (IE) =
(2.3.36)

we can identity two distinct relations.

(x—S,) (Q”“ _ S ) = Rnﬂ% - Rn% +W (2337

hn h -1 hn+1 hnfl
@ Qn—i—l Qn
— — = 2.3.38
(x =S )h I + o +V ( )
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2.4 Applying the Laguerre Method

This method can be demonstrated by using the semi-classical Hermite and Laguerre
families of orthogonal polynomials. The Pearson equation will provide the values of
V(z), W (x) and by substituting the expressions for P, (2.3.13) and ¢, (2.3.20) into 2,
(2.3.24b) and O,, (2.3.22b), we have all the necessary components.

1 - 1
0, = W(z)h, { [Wl + (Z Sj> —m et
=0

X [nz" ! — (Z Sj) (n—1a" 2 +...
L =0
i n n—1
n+1 n+ 2 n el
e P N R e T B
L Jj=0 J=0

=0 k=0
n—2 n—2 Jj—1
X [m — 12" 2= (n—2) ( 53) " (n—=3)) (Z S, Sy — R]> "t 4
j=0 j=1 \k=0

j =0 k=0

+V (z)
n 1 n J

Xhn, [ T SJ) L2 + Z (Rj“ +ZSJS’C) P
=0 k=0

, (2.4.2)
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Once a specific weight is chosen, then the recurrence coefficients will be different for

each case considered.

2.4.1 Semi-Classical Hermite Polynomials

From the orthogonality relation (1.3.2) we can see that the classical weight of the Hermite

2? Any deformations of this weight, to the semi-classical case,

polynomials is w(z) = e~
will involve altering the degree of the polynomial in the exponential. As an example
that this method works we use the the even semi-classical Hermite weight (2.2.11) from
before and show that it yields discrete P;. Then we consider an odd semi-classical Hermite

weight.

Semi-Classical Hermite Weight: ho(z) = 2% ~1®

We choose the semi-classical Hermite weight e~ 571" with a,b > 0 and where the

support S is an arc from (—oo — 00), then from the Pearson equation (2.0.2) we have
V(z) = —(ax +b2®) , W(x)=1. (2.4.3)

When we substitute V' (z), W (z) into the relations above and then make use of the
consistency relations, we must be reminded that a weight function of this form satisfies a
simplified recurrence relation, specifically one where S,, = 0. As a result these relations

are greatly reduced in size. We find that ©,, and €,, have the following forms respectively

n QTL
(2_ = —(b2® + (Rps1 + Ru)b+a) = = bR, (2.4.4)
n n—1

Upon substitution into (2.3.37) all the relations are trivial and in (2.3.38), there is only

one non-trivial equation

(Rn+1(Rn+2 + Rn+1) — Rn(Rn -+ Rn—l)) b + CL(Rn_H — Rn) =1 (245)
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which is clearly a pure difference equation after inserting the term R, R, ;. Then after

integrating up we are left with
R.(b(Rys1+ R, + Ry, 1) +a)=n+c (2.4.6)

(where c is a an integration constant), which is a discrete form of Painlevé 1, d-Py, of
which a similar example was derived earlier (2.2.17) using the same weight function.
The difference between the two relations (2.2.17, 2.4.6) is the inclusion of an integration
constant in (2.4.6).

2_923..3
3x

Semi-Classical Hermite Weight: 1, (z) = ¢~ ¢~ 3¢

Now we try a weight that does makes use of the recurrence coefficient S,,. So we consider
the semi-classical Hermite weight emmr=F=F % with ai,as, a3 > 0 and where the

support S is an arc from (—oo — o), then from the Pearson equation we have
V(z) = —(a1 +asz +azz®) , W(z)=1. (2.4.7)

From these values of V' (z), W (z) we have the following forms for ©,, and (2,, respectively

O, Q,
h_n = —(azx + as + Spaz) o

= —a3R,. (2.4.8)
Then in the consistency relations we have two non-trivial equations

Rn+1<a3(5n+1 -+ Sn + CLQ)) — Rn(ag(Sn -+ Snfl) -+ CLQ) =1 (2493)

Sn(ag + Snag) = —&3(Rn+1 + Rn) — a1 (249b)

of which the first is a pure difference equation and implies that

n
R, = + 2.4.10
ag(Sn + Sn—l) + a9 “ ( )

(where ¢y is a constant) hence we have

n+1 n

+ + 2 .
a3(Spi1+ Sn) +as  az(S, + Sn-1) + az Cl)
(2.4.11)

STZL(I3 + Sn(lz + a; = —as (
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which is alternate expression for discrete P; [64]. Exponential weights of this type (odd
weights), are not usually considered since most are interested in Freud weights, which are

all even.

Both of these examples have yielded different forms of discrete P;, however now we try
semi-classical Laguerre, whose weight function combines the exponential part of Hermite

with the linear part of Jacobi.

2.4.2 Semi-Classical Laguerre Polynomials

From the orthogonality relation (1.3.10) we can see that the classical weight of the
Laguerre is w(z) = z%e~*. Our choice of deformations for this weight, involve altering
the order of the polynomial in the exponential and/or multiplying the weight by another

. So we consider all three cases.

Semi-Classical Laguerre Weight: [;(z) = (z — t)*e~ (123 %)

We first consider a deformation in the exponential part of the weight function, the semi-
classical weight w(z) = (z — t)®e~ 7+ %) with o, ay, ay > 0 and where the support S

is an arc from (¢t — o0). Then from the Pearson equation, we have
V(r)=a— (a1 +agx)(z—t) , W(x)=x—t (2.4.12)

From these values of V' (), W (z) we have the following forms for ©,, and (2, respectively

O,
> = —(agx + a1 +as(S, —t))

= (n—asRy). (2.4.13)
hn—l

Then in the consistency relations we have two non-trivial equations
CLQ(Rn+1 + Rn) = —Sn(aQSn + (CLl — agt» + (271 +1+ alt + Oé), (24143)
Rn+1(a2(sn+1 + Sn) + (al - a2t)) - Rn(GZ(Sn + Snfl) - (CI,1 - a2t)) = Sn -1
(2.4.14b)
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Although the second equation could be integrated to give a sum for S; (since it is a pure
difference equation), it serves no practical purpose. However we can consider this to be a
nonlinear system in terms of the recurrence coefficients R, and S,,, which we find to be
analogues to the Laguerre-Freud equations acquired in [18]. As was mentioned earlier,
the Laguerre-Freud equations arise through the differential equation of semi-classical
orthogonal polynomials. They are usually studied for Freud weights \x|”e‘|w‘2m, where

the case of p = 0 are also the semi-classical Hermite polynomials.

Due to the ordering of these two equations, it is possible to generate the sequence of
R,, S, after allowing for the introduction of certain initial conditions. We begin by setting
S_1 = 0 and also make the consideration that h_; = 1 and ) = 1. Then using the inner

product expressions for R, (1.1.11) and S,, (1.1.12) we have the transcendental functions:

Ry = ho=(Py,P) = / (z — t)%e~ (@t F2) gp (2.4.15a)
t

Py, P, *a(a —t)vem(@rFaNg
o _ lehuh) ftoox(w )%e L (2.4.15b)
(Po, Po) 7 (@ - t)ae(me+F %) gy

Using these initial conditions we can initially generate R; from (2.4.14a) and S; from

(2.4.14b), then generate the rest iteratively.

Semi-Classical Laguerre Weight: [;(z) = 2%(t — z)%e™*

Alternatively we can consider a deformation of the non-exponential part of the weight,
thus we pose the weight function 2%(t — z)%e~* with a, 3 > 0 and where the support S
joins the points 0,¢ and oo in some way, such as an arc from 0 — oo. From the Pearson

equation we have

V(z) = 2*—2(t+a+ ) +at,
W(z) = x(t —x).
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From these values of V' (z

~—

, W (z) we have the following forms for ©,, and €2,, respectively

©)
3

= 2+ 5, —2n+1+t+ar+p)

=
3

Then in the consistency relations we have two non-trivial equations

Sn(Sn - t) - Rn+1(sn+1 + Sn) + Rn(Sn + Sn71>

=—R,1(2n+3+t+a+p0)+R,2n—1+t+a+ ), (2.4.17a)
n—1
QZSJ'_S?L+Sn(2”+2+t+&+5)ZRn+1+Rn+(2n+1+a)t.
j=0
(2.4.17b)

The sum in the second equation can be eliminated by subtracting (2.4.17),,—(2.4.17),,_1,

which leaves us with
S2  —S24 S, (2n42+t+a+B)—S,_1(2n—2+t+a+3) = Ryp1—R,_1+2t. (2.4.18)
Again we are left with a non-linear system, which can iteratively generate a sequence of
R, S, (after the input of specific initial conditions R_; =5 1 =0, h_y =1, By =1),
Ry = (P, Py = /OO 2 (t — x)Pe " dx,

0
o = (xPy, Py [y a*T'(t —x)’e "dx
0 = <PO, P0> o fooo xa(t _ l')ﬂe—xdx :

Semi-Classical Laguerre Weight: [,(z) = z°(t — )¢~ (@17+F %)

Finally we can deform both parts of the weight and have a weight function of the form
ly(z) = z°(t — x)Pe~(@o+F) with o, 3, ay, a3 > 0 and where the support S joins the
points 0,¢ and oo in some way, such as an arc from 0 — oo. Then from the Pearson

equation, we have

V(r) = a—(ag +asx + aza®)(z —t), (2.4.19a)

W(z) = z—t (2.4.19b)
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From these values of V' (), W (z) we have the following forms for ©,, and (2,, respectively

Sh
= asx® + (a1 + as(S, — )z + ay (S, —t) — astS, — 2n+ 14+ a + f)
! n J n—1 j—1 n n—1
+ay <Rn+1 + R+ >SS+ S Sk — <Z 5;) (Z SJ))
j=0 k=0 j=1 k=0 J=0 J=0
(2.4.20a)
n—1
Q,
. = (aaR, —n)x + Ry(az(Sy, —t + Sp_1) +a1) + nt — Z S;. (2.4.20b)
n—1 j=0

In order to group the two double sums Z?;& i:o S; Sk and Z;‘;ll {;E S;S), together

into a single double sum, it is necessary to introduce an extra term:

n—-1 7

n—1 J n—1 j—1
S, Sy + ( S, Sy + ZS2> =2 S; Sk,
0

J=0 k= j=1 k=0 j=0 k=0

which can be further reduced by subtracting the squared sum (E;:Ol S j) (Z;:Ol Sj)

n—1 n—1 n—1
2Zis S; — (ZS) (ZS) => s (2.4.21)
§=0 =0 i=0 =0

This allows (2.4.20a) to be written in the following way:

- = asx® + (a1 + ax(S, — 1))z + a1(S, — t) + ag(Rpi1 + Ry + Sn(Sn — 1))

—2n+1+a+p). (2.4.22)
Then from the consistency relations we have the non-trivial equations

Rn+1(a1 + a2(5n+1 + 2Sn — t)) + Rn(al + CL2<2Sn + Sn—l — t)) + (27’L + 1 + Oét)
n—1

=2 8 = Suar1(Sy — 1) — 4257 (S — t) + Su(2n + 2+ a + B), (2.4.23a)
j=0
Rn—f—l(al(sn—H + Sn - t) + QQ(Rn+2 + Rn + 52+1 + S + Sn-HS

—t(Spi1+Sn) — 2n+3+a+3))
—Ry(a1(Sn + Sn-1 — t) + a2(Rns1 + Ry + S5 + S + 5nSn1
—t(Sp+Sp1)) — 2n+1+4+a+0))

= S, (S, —t) + 2R,. (2.4.23b)
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This non-linear system is more complicated than the previous systems, since the first
equation is first order in R, and second order in .S,,, while the second is third order in R,
and second order in S,,. Consequently it is not possible to iteratively generate the sequence
of R,,, Sy, unless we lower the order of the higher order equation and introduce further
initial conditions including R_5 = S_5 = 0. An alternative approach is to integrate the
second equation (since it is a pure difference equation) and then lower the order of the

resulting equation

Rn<a1(Sn + Sn—l - t) + GQ(Rn—i—l + Rn—l + SEL + 3721_1 + SnSn—l

—t(Sp 4+ Sn1) — 2n+3+a+f))

n—1 n—1 n—1
= > SP—tY S;+2> R, (2.4.24)
=0 =0 §=0

Then we can iteratively generate the sequence of R,,, S, using the same initial conditions

(from the previous weights).

From the weights that have been used, a semi-classical Hermite weight leads directly to
discrete Painlevé equations, while a semi-classical Laguerre weight leads to a system of
two equations in terms of the two recurrence coefficients. These systems consist of one
relation first order in R,, and second order S,,, and another relation first order S,, and
second order R, that can generate a sequence of R,,, .S, after suitable initial conditions
are applied. Unsurprisingly a more complex weight leads to a more complex system of
relations. All these systems would be of interest if they were investigated further such as
looking into the possibility of express them in terms of a single recurrence coefficient and

taking continuum limits to work out their corresponding continuous cases.
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2.5 The Orthogonality Relation Approach

to Semi-Classical Jacobi Polynomials

Here we introduce, the semi-classical Jacobi polynomials, which will be approached using
two different methods. First we will look at the derivation of a differential equation
using the orthogonality relation for semi-classical orthogonal polynomials. This approach
is very similar to the approach used for the semi-classical Hermite polynomials. We
are interested in the compatibility between this relation and the recurrence relation,
particularly what relations can be derived. The advantages of this theory are that one
does not require any prior knowledge, since you are just working with the orthogonality
relation, however it does take a long time to calculate the necessary information. Also
with this approach there is always the possibility that information is lost. The second way
involves the Laguerre method just derived, this is much more accurate method, but takes
a lot longer to set up. However, knowledge of this method allows for the quick and easy
derivation of compatibility relations between the differential system and the recurrence

relation. The matrix method allows more information to be calculated.

Of all the classical families, the Jacobi polynomials are some of the most interesting, not
least because they are a general case of some of the other classical families, most notably
Legendre and Gegenbauer families. They consist of an integration interval of (-1,1) and a

weight function of w(x) = (1 — 2)%(1 + x)” so that

1
(P, Pp) = / P,(x)P,(x)w(x)de =0 for all n # m. (2.5.1)

1

Our choice of deformation to the semi-classical case, consists of rewriting the weight
function as w(z) = (1 —x)*2"(t — z)?, where a second variable ¢ has been included with
addition of another parameter . Using the Pearson equation we can demonstrate whether

the weight functions satisty classical or semi-classical orthogonal polynomials. First we
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consider the Jacobi weight function w(x) = (1 — x)%(1 + x)®, from which we have

(—a(l—2)* A +z)’+ 801 —-2)*1+2)"") —z(a+p)—a+p )
(I —2)°(1+a2) = T @5

The numerator has deg = 1 and the denominator has deg = 2, therefore the weight is
classical. Now we consider w(z) = (1 — x)*2?(t — )7, from which we have
(—a(l = @) @ (t — 2) + B — 0)"a" 1 (t — 2)) —3(1 — 2)°a’(t — 2)")

(1 —z)2xP(t — x)7
(a+B+7) —xlat +B(t+1)+7) +ﬁt'

= 2.5.2b
(1—2)z(t —x) ( )

In this case the numerator has deg = 2 and the denominator has deg = 3,ie.
V(z) = 2*(a+8+7) —x(at+B(t+1)+7) + bt (2.5.3a)
W) = (1—a)z(t—2x) (2.5.3b)

therefore the weight is semi-classical.

Since there are now two variables it is possible to derive two differential equations in

terms of ¢ and x:

(t - z)atpn = CpnPn + Cn7n—1Pn—1 (2.5.4a)

where 0, is simply defined as a% and

(1_$)x<t_x)axpn = nPn+2+an,n+1pn+1 +annpn+an,nflpnfl+an,n72pn72' (254b)
These two equations and (2.3.2)
xPn:Pn+1+SnPn+RnPn—1

are the primary equations involved in the deformed Jacobi. The form of both these

equations can be proven and their coefficients defined explicitly.
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2.5.1 The t-Differential Equation

Although the focus is on the compatibility between the x-differential equation an the
recurrence relation, we also have a t-differential equation for this particular weight
function, so we also consider its corresponding compatibility with the recurrence relation.
Although the relations will not be discrete, they may provide interesting relations none

the less. We take the general form for the ¢-differential equation as
(t—2)0 P =Y cnj ;. (2.5.5)
=0
Then differentiate the orthogonality relation (2.5.1) with respect to ¢

O{(t — 2)Po, Pn) = {((t —2)0: Py, P) + ((t — ) P, 0: Py)
+(v + 1) (P, Prn) (2.5.6)

and substitute in the value (2.5.5) to give a relation,

n

Z anhméjm + Z ijhnéjn + (7 + 1)hn5nm

=0 =0
d
= 2 (thnbum = P (Ons1m + Spbm + Rndp-1,m)) (2.5.7)

which must be satisfied for all values of m. We begin with m = n + 1, since that is the

value of the highest order polynomial and reduce the order until no more relations are

found
m=n+1 = h,Cpr1n = —%hnﬂ, (2.5.8a)
m=n = 2cuh,+ (y+1)h, = %((t — Sn)hn), (2.5.8b)
m=n—1 = cyp_1hp1= —%(Rnhn_l), (2.5.8¢)

m=mn-—2 = cpp-2=0.

For m < n — 2 we have no more relations and since the relations for m = n + 1 and

m = n — 1 are identical, we only have two relations or two coefficients. Thus, we can
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explicitly define the ¢-differential equation (2.5.4a) as
(t - x)atpn = Cpn P + Cn,n—lpn—l (2.5.9)

where we have the coefficients

1/1d
_ 1ftd. _ 25.1
Cnn 5 (hn dt[(t Sn) ) (’y—i—l)), (2.5.10a)
1 d
Chn—1 = —mahn (2510]3)

2.5.2 Compatibility Between the Recurrence Relation

and the ¢-Differential Equation

Since the compatibility relations (2.3.38,2.3.37) are generated by a differential system

with respect to z, they cannot be used for calculating the compatibility between the ¢-

differential equation (2.5.4a) and recurrence relation (2.3.2) and so a different approach

must be used. Thus consider (¢t — z)0;(xP,), which we can expand using the recurrence

or the ¢-differential equations respectively.

(t — 2)0u(aP) = {atpn+1 + (%sn) Pyt S,0,P0 + (%RQ P+ Rn(?tPn_l] (t— )
CrnPrs1 + (CnnSn + cnn—1)Pn + (con B + cnn—150-1) Po1

_'_Cn,n— 1 Rn—l Pn—2

The left side of this relation can be further expanded by making use of the (2.5.4a) again,

so that we have

d d d

(t - .ZE)at(l'Pn) = (Cn+1,n+l - %Sn) PnJrl + (CnJrl,n + CnnSn + (t - Sn)%‘sn - %Rn) Pn

d d
+ (Cn,nlsn + Cnfl,nfan + (t - Snfl)ERn - RnESn) Pnfl

d
+ (Cnl,n2Rn - RnlERn) Pn72
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then we can compare the coefficients of F,. We begin the comparison with substituting
the values of ¢,,, and ¢,,,_1 into the relations, after which we notice that the coefficients
of P,.1 and P, _; give the same result and the coefficient of P, 5 is trivial. Thus we have

only two non-trivial relations

d d 1 dh, 1 dh,
%Sn_l,_l + %Sn = (t — Sn+1)h_1 dt+1 - (t - Sn)h_ﬂ7 (25113)
n+ n
1 d 1 dhptq 1 dh,—
(t—S,)——8, = — - . (2.5.11b)
h,, dt h2 dt h2_, dt

These two relations consist of many differentiations of two separate variables, the
recurrence coefficients and it would be interesting to see if they can be expressed as one
differential in terms of the other variable. So to eliminate the 0,S,, we take (2.5.11b),

rearrange it and substitute it into (2.5.11a) (after reducing the order of (2.5.11a) by one).

Roer  dhoas Rn  dhn
Pt —S,) dt  ho(t—S,) dt

Re  dhy Roov  dhyy  dhy(t—5S,)  dhy_y (t— Su_y)
=S ) At (=8, 1) dt At by A s

Now we are left with differentiations of h,,, but of different order. In order for the relation

hy

to have the same order of h,,, we make use of the fact that i, = -,

1 dh,, 1dh, 1 dR,

= — - — 2.5.12
hp—y dt h, dt R, dt ( )
which in turn brings in differentials of R,, with respect to .
1 dhn RnJrl - Rn Rn - Rnfl
— —(t=5)+———(t—-95,.-
h, dt ( t—5S, ( )+ t—Sh ( 1)>
1 dR,4 1 dR, R, R, 1 dR,—
— —(t—=95,- =0
=S, At R, di (t—Sn t—Sp_ ( 1>> MR
(2.5.13)

This is a differential closed-form system in terms of both h,, and S,,.
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2.5.3 The x-Differential Equation

The previous method considered the compatibility between a 2 point differential system
and a recurrence relation. Here we will consider the compatibility between a 5 point

differential relation and recurrence relation.

We begin by considering the general form of the z-differential relation, (1 — z)x(t —
x)0, P, which when expanded would look something like:

n+1
(1= 2)a(t — 2)0, Py = nPria + Y an; P (2.5.14)

j=0
where the leading coefficient is obviously n. We look to orthogonality relations to confirm

the rest of the relation:
(1= 2)a(t — 2)0, Py, Pr) — / (0,P,) Po(1 — 2)* 12541 (¢ — 2)7* da

= —(P,,(1—=2)z(t —x)0,.Pn) + / P,Pyl(a+1)x(t — x)

B+ —=2)t—2)+ (v+ 1)1 — 2)z]w(z)d

(2.5.15)

From here it is possible to substitute (2.5.14) into (2.5.15) to give:
n+1 m+1
n5n+2,mhm + Z anjéjmhm - _m6m+2,nhn - Z amj(;jnhn - (5 + 1)t5nmhm
j=0 Jj=0

—hm(a+ B+~ 4 3)(0nram + (Sni1 + Sn)dnt1m
+(Rpi1 + S2 4 Rp)6pm + Ru(Sn + Sn1)0n—1.m
+RyRy—10n-2.m)

+hp((a+1)t+ B+ 1)(E+1)+ (y+1))

X (6nt1.m + Snlnm + Bnbn_1.m) (2.5.16)

Using this equation it is possible to derive a series of relations and determine the shape

of the z-differential relation by substituting in values of m. Beginning with m = n + 2,
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the value of the highest order polynomial and decreasing the value of m, one finds that
after m = n — 2, there are no more relations to be found. This is of the form stated at the

beginning (2.5.4b), with the following unique relations giving the coefficients.

npn-2 = —(a+B8+v+n+1)R,Ru (2.5.17a)
An i1 + CZ:: = —(a+08+7+3)(Snp1+Sn) +(a+B+2)t+ (B+7+2)
(2.5.17b)
20, = —(B+1)t—(a+B+7+3)(Rus1+ Ry +S2)
+(a+B4+2)t+ (B4~ +2))S, (2.5.17¢)

It is easy to see, however, that while a,, - and a,, can be explicitly defined, there is
no such result for a,,,+1 and a,,—;. Thus, by using this approach we are able to show
that there is a finite number of terms in the z-differential equation, but not give an explicit
formula of the coefficients. We can now consider the compatibility between the recurrence

relation and differential equation, to see if further information can be acquired.

2.5.4 Compatibility Between the Recurrence Relation

and the x-Differential Equation

Consider using the z-differential relation with the recurrence relation and the following

relation is achieved:

(1 —2)(t —2)0.(zF,) = (1l —x)(t —2)(0:Prs1 + S0z Py + Ry0.Pr1),
(2.5.18)
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which can then be expanded by substituting in (2.5.4b):

.I‘(]_ - l’)(t - x)Pn + x(nPn-l—Q + ann—i—lpn—f—l + annPn + ann—lpn—l + a'nn—2Pn—2)

- (n + ]-)Pn—l-S + an+1n+2Pn+2 + an+1n+1Pn+1 + an—i—lnpn + an+1n—1Pn—1

+Sn(npn+2 + ann+1pn+1 + annpn + annflpnfl + ann72Pn72>

+Rn ((n - 1)Pn+1 + an—lnPn + CLn—ln—lpn—l + an—ln—2pn—2 + an—ln—3Pn—3)

then order-by-order, in powers of x, we get the following set of relations for the

coefficients by substituting in (2.5.4b) (and extended versions), which lead to the

following series of relations:

Rnanfl,nfii =

an+1,n+2 - an,n+1 -

Aptin+l — Qppn =

anJrl,n - an,nfl -

+Rn Qp—1n — Rn-‘rl Qpn+1

anJrl,nfl - an,an -

- (&nn - anfl,nfl)

an—l,n—2Rn - an,n—an—l -

RyRy 1Ry o+ appoRn o (2.5.19a)
Sp 4 Spy1 + Sppz — (1 +1) +n(Spia — Sn), (2.5.19b)
Ry+ Rop1+ Roo+ 520 + SuSni1 + So+t—(n— 1R,
+nRyto + npni1(Sni1 — Sn) — (1 +6)(Spi1 + Sn),

(2.5.19¢)
Ri1Sns1 + RuSp_1 + Sp(Sn — 1)(S, — 1)

428, (Rps1 + Ry) — (1 4+ t)(Rug1 + Ra), (2.5.19d)

Ry(Rpy1+ R, + Ry 1) +tR, — (1 + )R, (S, + Sn_1)

+Rn(STQL + Snn,1 + 5721_1> + an,nfl(snfl - Sn)

(2.5.19%)
(Sn—2 - Sn)an,n—Q + Ran—l(Sn + Sn—l + Sn—Q)
—(t+1)RpRu_1, (2.5.191)

which can be solved by two methods. The first, the method of substitution, defines

the coefficients very specifically, defining them in terms of the parameters «, (3,7, but

produces no new information.

The second method involves arranging the equations
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to give a total difference and then integrating up. The resulting equations contain
integration coefficients, which on comparison with (2.5.17a) and (2.5.17¢) must contain

the parameters «, 3, 7.

2.5.5 Difference equations for R, and S,

From these equations, five are used to give explicit derivations of the coefficients, leaving
one equation to play around with. Of the former equations the easiest to calculate are

described as follows:

The solution of (2.5.19a) comes from moving the a,, ,—2, a,,—1,,—3 to one side, dividing

by R, R, 1R, - and integrating up
Apn—2 = (—n + b_g)Ran_l, (2520)
where the value b_, represents the integration constant, for the coefficient of a,, ,,_o.

The solution of (2.5.19b) involves similar manipulation, except the term n.S,, ;1 is included

to give a pure difference equation

(an+1,n+2 - (n + 1)Sn+2 - nSn-i—l) - (an,n+1 — nSpy1 — (n - 1)Sn) = Sp41 — (1 + t)a

which can then be integrated to give:
U1 = »_S;— (L+t)(n+1) +nSppr + (n—1)S, + by (2.5.21)
j=0
where the value b, represents the integration constant. The remaining two equations

involve the use of a,, ,—2 and a,, ,,+1 to give their solutions.

The solution of (2.5.19f) involves the substitution of (2.5.20), then dividing by R, R,

and introducing the term (n — b_5).S,,_; gives another pure difference equation

(ag—l +(n+1=b2)8 +(n- bz)Snl)

- (R— +(n—b_)Su1 +(n—1— b2>5n2) = (41D =S,
n—1
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which integrates to give:

n—1
a”]g_l = — Z Si+(1+tin—(n+1—->b_9)S, —(n—>b_9)S,-1+b_1 (2.522)
n =0

with b_, the integration constant.

The final coefficient is the most difficult to find and involves using equations (2.5.19¢) and
(2.5.19¢). Noting that increasing the index by one in (2.5.19¢) gives the same difference
of a,, as in (2.5.19¢) allows two combinations, from which one will eliminate a,,, and
the other will keep a,,,. Thus (2.5.19¢),, — (2.5.19¢),,,.1 — a pure difference in a,and

(2.5.19¢),, + (2.5.19¢),,41 — a,, disappearing

b_
Ap+in+1 — Ann = Rn - Rn+2 + 5721 - 57’2L+1 + TQ(RnJrQ - Rn + SZJrl - Si)a

1
+§(b1 —b_1)(Sn41 — Sn)

which after some inclusions can be integrated to give:

b_ 1
tnn = (Rpi1 + Rn + 5*,3)(72 —1)+ 5(b1 —b_1)S, + by (2.5.23)

with b, the integration constant.

A parameterization of the coefficients is given by the following set

by = —(a+0+7+1) (2.5.24a)
by—by = ((a+p+2)t+(B+7+2) (2.5.24b)
by = —%(ﬂ + 1)t (2.5.24¢)

but we only acquire this result by comparing the two solution sets. While we can state

b, b_o, we have a certain amount of freedom with regards to the value of b1, b_;.

This of course leaves two equations remaining (2.5.19d) and (2.5.19¢),, + (2.5.19€),,41.

We now have all the necessary ingredients for (2.5.19d) so substituting in and cancelling
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gives us:

(2.5.25a)

n—1

—Sn+1 (nz_: Sj - (1 + t)(2n + 4) + (2” +4 — b_2)5n+1 + (b1 - b_l))

= (2n + 4 — b_g)Rn+2 + 2Rn+1 - (27’L —2— b_Q)Rn + 2t. (2525b)

Thus we have a pair of relations resulting from the consistency between the differential
and recursion relations. This method, while correct, is not as powerful compared with
the method earlier established. We now have two paths of exploration, the first requires
re-expressing the five point differential relation as a two-point differential relation and
then comparing the coefficients with €2, and ©,, or we calculate (), and ©,, using their

respective formulas (2.3.24b) and (2.3.22b).

2.6 The Laguerre Method Approach

to Semi-Classical Jacobi Polynomials

The use of the Laguerre method has already been demonstrated with semi-classical

Hermite and Laguerre so now consider the more complex case of Jacobi.
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2.6.1 Explicit Derivation of V,,, ©,, and (2,

By using the Pearson equation (2.0.2), we were able to derive the polynomials V' (2.5.3a)

and W (2.5.3b) respectively.

V(z) = ((a+pB+7)2” = (at+ B(t+1) +7)z + (t)

W) = (1—a)z(t—x)

Given that we can express both 2,, and ©,, in terms of P, and ¢, (2.3.22b) and (2.3.24b),
it is possible to derive explicit forms for €2,, and ©,, by using the explicit derivations of

P, (2.3.13) and €, (2.3.20) using simple substitution and then looking for powers of x.

n—1 n—1 Jj—1
Pn(l’) = " — (Z S]> l’nil + Z (Z SJSk — R]> $n72 + - y
7=0 k=0

j=1 =

1 - 1 " J 1
€n<x) = hn <l’”+1 + <ZSJ> W+Z <Rj+1+ZSjSk> W—i‘) .
=0 k=0

J=0

Beginning with the expression for ©,,
O, = W(e,(2)0, Py (x) — Pp(x)0s€,(x)) + Ve, () Py(x)

and expanding:

}

X

n—1
x"—( Sj)x”_l—I—---
=0

1 _ 1
prrn (ZSJ) T
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which after expanding and cancelling terms reduces to an equation of the form:
0, =Wz + 00 (2.6.1)
where we have:

oW = h,2n+14+a+5+7) (2.6.2a)

n—1
eV = n, (22@- —(1+)2n+1)+2n+24+a+F+7)S,
j=0

—(at+B(t+1)+7)) (2.6.2b)
Continuing with €2,,,

Q=W(x)(en(2)0pPo1(x) — Pp(x)0pen_1(x)) + V(x)e, () Py ()

and expanding:

1 . 1 '
Qn = (1 — :c)a:(t - I) {hn [ﬁ + (Z Sj> ) + Rj+1 + ZSJS]“
2

<

I 3

o

>

\ <

=

v
3
e
S

= i= k=0
n—2 n—2 [/j—1

X [x"l — ( S]) "2 <Z S;Sy, — R]> AR :
j=0 j=1 \k=0

which after expanding and cancelling terms reduces to an equation of the form:

Q, = QP22 + Wy 4 Q) (2.6.3)
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where we have

0% = ph,_q, (2.6.42)

n—1
QS) _ <Z S;—(1+ t)n> Ryp_1, (2.6.4b)
§=0

n—1 n—1 n—1
QY = n—1+a+B+v)hy+h, (nt— I+0)) S—n+1)) 5> S,
§=0 j=0  j=0

+ nz (ZS Sp — ) + (n+2)nz (Rj+1 + zjjsjsk» . (2.6.4¢)

=0

O can be simplified further by making use of (2.4.21) to remove the relations involving

double sums.

n—1 J n—1 n—1 n—1 n—1
eSS ss-0en (S5 (Sa) S-S

Then (2.6.4c) can be expressed as

n—1

QO = ((2n+1+a+ﬁ+7 +ZZR +tn+252 1+tZSJ>
j=0

(2.6.5)

2.6.2 Solving the Compatibility Relations Explicitly

With the combined expressions for ©,, (2.6.1), £2,, (2.6.3) and V' (x) (2.5.3a) it is possible
to solve equations (2.3.38) and (2.3.37). Thus we begin (2.3.38), since its the smaller of

the two equations and expand in powers of x.
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The first two expressions, that is the coefficients of 2% and x, which leaves the following

relation:

n—1
—5,2) S;+ (1+8)(2n+2)S, — 2n+3+a+B+7)S; + Sulat + Bt +1) +7)
j=0

= @n+3+a+B+7Ru+@n—1+a+B+7)R,+4) Rj+t2n+1+pf)

j=1
n—1 n—1
+2) 8P —2(1+1) Y S,
=0 =0

(2.6.6)

which doesn’t simplify any further. However, the expression can be reduced by
considering the difference between itself with a raised index ie. (2.6.6),,+1 — (2.6.6),,

: -1 -1
which removes > 77" R; and 3 7~ S7.

—Snt1 (22n:5j—(1+t)(2n+4)+(2n+5+a+ﬁ+7)5n+1—(at+ﬁ(t+1)+v)>

=0

+Sn <QZSj—(1+t)2n+(2n—1+a+ﬁ+7)5n—(at+ﬁ(t+1)+7)>
j=0
=2n+5+a+0+7)Rup2 +2R 11— 2n—1+a+ G+ 7)R, + 2t (2.6.7)

If we compare this equation with (2.5.25b), we find them to have the same order S and
R, which if we were interested in the value of the integration constants would allow us
to speculate. So this equation can be derived using both ways, but the expression (2.6.6)
cannot. Moving onto (2.3.37), we find that the only non-trivial term is the coefficient of

av,

Qn+1 Qn . @n—f—l @n—l
(x Sn) < hn hn—1> RnJrl hn—i—l hn—l
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which leads to an equation of a similar form to (2.6.7):
=S (2n+3+a+B+7Ru1—2n—1+a+B+7)R, +t+ 52— (14+1)5,) =

Ry (2ZSj—(1—|—t)(2n—|—3)+(2n+4+a+ﬁ+7)5n+1—(ozt—i—ﬁ(t—l—l)—i—’y))

J=0

n—1

-R, <2ZSj —(1+t)2n—1)+2n—24+a+ F+7)Sh-1 — (at + B(t + 1)+7)>
~ (2.6.8)

This approach has produced a a coupled system of nonlinear difference equations, similar

in content to (2.5.25b) and (2.5.25a), but there is also the relation (2.6.6) (showing

what could be described as an earlier form), and unlike the previous method (which

has the unknown integration constants), this method leads to explicit derivations from

the compatibility relations. While (2.6.6) clearly contains more information it also less

manageable since it contains sums of 12;, S; and 5]2, so we focus our attention on (2.6.7).

With the exception of Z;.:Ol S;, (2.6.7) is a first order relation in S,, and second order in

R, while (2.6.8) is a first order relation in R,, and second order in S,,. This is exactly

the same situation as the semi-classical Laguerre weights, thus an introduction of initial

values allows us to generate the sequence of R,,,S,. From (1.1.26b) and (1.1.26a) we

can take R = S_; = 0, (using the definitions of the Hankel determinants)and we also

make the consideration that ~_; = 1 and F,, = 1. Then we consider the value of R, .S

using the inner product expressions for R, (1.1.11) and .S,, (1.1.12), thus we have the

transcendental functions:

1
Ry = hy= (P, P) = / (1 —2)*2"(t — x)dx (2.6.92)
-1
1 1 — )8+ (¢ — )7
5 = el L0z one s ey (2.6.9b)
(Po, Fo) o, (1 —x)oal(t — x)vda

Using these initial conditions we can initially generate R, from (2.4.14a) and S; from

(2.4.14b), then generate the rest iteratively.

While it is possible to express the two difference equations as a single equation, using the
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current information we cannot eliminate one recurrence coefficient in favor of the another.

Thus we leave the expression in this form.

2.7 Summary

This chapter highlights the connections between semi-classical orthogonal polynomials
and discrete integrable systems. Semi-classical orthogonal polynomials are obtained
by deforming the weight function of the classical orthogonal polynomials and given
any weight function we can determine whether the weight is classical or not by using
the Pearson equation (2.0.2). Thus, we started with a well known example (Section
2.2.1) which considered the compatibility between the differential equation (2.2.10) and
the recurrence relation (2.2.2) for a class of semi-classical Hermite polynomials. The
compatibility led to the derivation of a discrete P; (2.2.17). We also described the

methodology from which further discrete integrable systems can be derived.

For a more precise way of calculating the compatibility between a differential equation
and a recurrence relation we introduced the Laguerre method, which generates a
differential system (2.3.32) for a general class of semi-classical orthogonal polynomials.
From the point of view of integrable systems this differential system can be seen as a
semi-discrete Lax equation (2.1.7) of which the compatibility with the recurrence relation
(2.3.25) leads to a pair of non-linear relations, which can be seen as Laguerre-Freud
equations (2.3.37, 2.3.38). As a simple example to demonstrate this method, we used
the same semi-classical Hermite weight from before, which again led to a discrete Pj.
While even exponential weights are often studied (since they satisfy Freud weights), odd
exponential weights are not so we introduced an alternate semi-classical Hermite weight,

which we found satisfied an alternate discrete Py (2.4.11). Following this three Laguerre
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weights were considered,

lo(z) = (z—t)% (@7 (2.7.10a)
Lz) = x%(t—x)e™ (2.7.10b)
l(z) = 2%(t —x)e (@t (2.7.10¢)

where each weight leads to a well defined non-linear closed system (2.4.14a, 2.4.14b),
(2.4.17) and (2.4.23) respectively (Laguerre-Freud equations) for R,,S,, after the
introduction of some initial conditions. We consider these systems to be new discrete
Painlevé-type equations, where they are new in the sense that we have not already come
across these systems in the literature. One interesting problem to consider in the future
would be to specify which continuous Painlevé equations these systems correspond to; a

problem that could be approached by looking at their continuum limits.

Of the very classical orthogonal polynomials, the Jacobi polynomials are the richest, since
they have a number of special cases and Hermite and Laguerre are limiting cases of Jacobi.
Thus we approached the compatibility problem using two separate methods: the direct
method (which is covered in Section 2.5) and the Laguerre method (which is covered
in Section 2.6). Then we compared the results of both approaches. The first approach
calculated the compatibility between the recurrence relation and differential equation
directly by using substitutions. Of the resulting six equations, four led to the explicit
derivation of the coefficients in the differential equation and the remaining two led to
two coupled nonlinear difference equations (2.5.25a, 2.5.25b) (of Freud Laguerre type),
for the recurrence coefficients R,,, S,,. Using a Jacobi weight with the Laguerre method
leads to two nonlinear relations, similar in content to the results found using the Laguerre
weights, with the exception that these relations were of a higher order. At first glance, of
the two relations found through the Laguerre method (2.6.6) and (2.6.8) only one relation
was the same as the direct approach. However after taking a difference, equation (2.6.6)
was reduced to (2.6.7), thus showing that ultimately both relations (2.5.25a, 2.5.25b) can

also be derived using the Laguerre method.
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Chapter 3

Singular Integral Transforms and

Orthogonal Polynomials

Connections between orthogonal polynomials and integrable systems, have usually been
found by studying the structure of orthogonal polynomials, often finding relations
between the recurrence coefficients. However this is not always the case. There have been
attempts to find more subtle connections, for instance between orthogonal polynomials

and the inverse scattering method (a key characteristic of an integrable system).

The inverse scattering method involved three separate steps; a direct transform, a time
evolution of scattering data and an inverse transform. The Gel’fand-Levitan equation [72]

is the important inversion transform and is defined
K(z,y)+ F(z,y) + / K(z,t)F(x,t)dt =0, (3.0.1)
0

where K (z, y)is an unknown d x d matrix valued function and F'(x, y) is a known function

of two variables which is constructed on the basis of the scattering data.

We note that the Gel fand-Levitan equation is a linear integral equation in configuration
space (the space of the spatial x variable of the system). As an alternative approach to

the inverse problem, rather than in configuration space, one works in spectral space (i.e.,
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the complex space of the spectral parameter) using singular integral transforms based
on Cauchy’s integral theorem [1, 172]. The latter approach, which could be considered
as a nonlinear Fourier transform method, is relevant to the Riemann-Hilbert problem

formulation of integrable systems theory [173].

The main contributor to the research connecting orthogonal polynomials and the inverse
scattering method has been Case, whose work in scattering theory began in 1972 after
collaborating with Kac on deriving a discrete version of the inverse scattering transform
[32]. This work was followed by papers [33, 34] concerning the close parallels between
the theory of a class of orthogonal polynomials and scattering theory. This work was
often based in a general setting, with the connection between the two coming from an
intermediary object. One particular paper from 1978 [35], found that the three topics
orthogonal polynomials, inverse scattering and linear estimation could all be described by
the same equation, which was coined the generalized Gel’fand-Levitan equation. Case
describes the classical approach (from this paper) as considering a polynomial P, () of

order n which satisfies the following orthogonality relation:

/Pn()\)Pm()\)dp()\) = d(n,m).

We also consider P?(\) which is any linearly independent polynomial of degree i (where

1=0,1,2,...,n,...)and where
Po(A\) =) K(n,m)Ph(N). (3.0.2)
m=0

Since P, () is orthogonal to all P,(\) for r < n — 1, it is orthogonal to all polynomials

of degree less than n — 1. Thus we integrate both sides to get the following expression:
[ PP = 3 Kwm) [ POV
= 6n7=0 r<n-—1.
Then if we define p(m, r) and x(n, m) as

H(m»T)Z/P,%(A)Pf()\)dp()\) . k(nym) = —2
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we obtain

n—1

k(n,m)p(m,r) = —p(n,r). (3.0.3)
0

3
Il

Case considers this equation to be a discrete version of the Gel’fand-Levitan equation and

for convenience Case also states the generalized version:

~1
R(n,m)u(m,r) = —p(n,r), 0<r<n-—1. (3.0.4)
=0

3

3

Thus the connections Case found between orthogonal polynomials and inverse scattering
came through this intermediary equation, the generalized Gel’fand-Levitan equation
(GGLE). He then shows how this equation can be derived from both the inverse scattering

method and linear estimation.

While we are also interested in the connections between orthogonal polynomials and
the inverse scattering method we are not interested in the GGLE and it’s connections.
Thus using these ideas of Case as inspiration, we set up a framework using formal
singular integral transforms, to make the connection between integrable systems and
orthogonal polynomials. One aim is to understand the transition from classical orthogonal
polynomials to semi-classical orthogonal polynomials. in terms of a dressing method. We
will begin by reviewing the general framework of singular integral transforms for linear
problems associated with integrable hierarchies [124]. Then we will specify to the case
of 2 x 2 matrix Lax systems of the type that arise from the Laguerre method in chapter 2.
The special case of recurrence relations with even weights is closely related to the KdV-
Volterra system. In order to derive the relevant integral transforms, we first consider the
more general N x N matrix case leading to the Gel’fand-Dikii hierarchy, which reduces

to the KdV case for N = 2.
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3.1 Matrix Singular Integral Transforms

In this section we will study a very general but formal setup of integral transforms, which
preserve linear systems associated with integrable equations. We begin by considering a
transformation ®° — ®! from a given NV x N matrix ®° to a new ®, which are functions
of a spectral parameter k£ ¢ C. Rather than writing ®(k) we prefer to write ®;, for the
matrix function, highlighting the dependence on the argument £ as a suffix in order to
make clearly visible which functions ® depend on which argument. The transformation
®° — P! is defined through a singular integral equation of the form

DY+ / CD}dAw(l)w =, (3.1.5)

1o _

which is a generalization of an integral transform proposed in [146], c.f [124]. In (3.1.5)
dA™(I) denotes an N x N matrix measure with components dA;;(l), i,j = 1,...,N
each component of which is associated with a contour Cj; in the complex [-plane over
which the integration is performed (this is symbolically indicated by the “matrix contour”

C'" = (Cj;)). The inverse of the integral transform (3.1.5) is

=151
@ [ ST = @) (316

We now introduce the kernel Gy, which will aid us in more advanced calculations, by
simplifying the equation.

Gp = —L——* (3.1.7)

In order to have a equation in terms of G, only, we expand (3.1.5) and (3.1.6)
@byte = ((og) -
c1o

X <c1>2 - /C . @}dAlO(l)G?k) , (3.1.8)

Ghadh (0)(a) )

which in turn leads to:

GLo(K — k) = GUu(K — k) — /

G dA° (DGY.(1— k) — / Gy (K —DdA" () GY,.
C10 Cc10
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dividing by (k' — k) the two integrals reduce to a single integral, that can be rewritten as
G =Gy — / G, dAY (D) GY, (3.1.9)
C10

which is an integral transform for the kernel.

3.1.1 Composition Formulae

We now consider compositions of subsequent transformations of the form (3.1.5) with
different integration measures dA'" and dA?!, each associated with their respective matrix
contours (o and C5;. Thus we obtain the following dressing chain, of subsequent matrix
functions

o0 A5 L A 52, (3.1.10)

We consider an integral transform between @}, and @7 :
@,ﬁ—/ OIINH ()G, = 3. (3.1.11)
o21

defined in terms of Gy (3.1.7). This can be expanded using (3.1.9) to give an equation
in terms of the new function and the original function only, removing the intermediary

function.
P2 = Y- / L dA (NG, — / dIAAH (1) (G?k— / G}l,dAlo(l)Gl,k)
c1o 21 c1o

= ) — / (CIDZ/—l— / PN ()G ”,) dN°(1GY,
c1o 21
— / OIdAH (1) (G?k— G dN°(1NGY, (3.1.12)
21

Cl
Since we treat this mechanism as a formal structure we assume that the integrals can be

interchanged and then the double integrals will cancel, leaving:

Y — / OLAN(INGY,. — / DFANN(1)GY, = PF (3.1.13)
ClO CQI
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We conclude from above that in the transformation from ®° — &2 there is no longer a
dependency on the intermediary matrix ®' and hence the transformation from ®° — @2
remains of the same form as its constitutive steps but with a combined integration of
the form [ ., dA*'(l) + [,., dA'°(l). This exhibits the group theoretical structure of
the integral transforms. In particular as a corollary, a formula for the inverse integral

transform is obtained by setting

/ A2 () + / AN (1) = 0
o2t 10

which then implies that ®7 = ®9. Thus, the inverse integral transform &' — @ is

obtained by setting
/ dA (1) = — / dA'(1). (3.1.14)
co1 C10
3.1.2 Transformation Properties for Lax Forms

We use the standard definition for a linear integral transform

)0y

Y + / cb}dAlO(z)( T dr (3.1.15)
C10
and impose a linear dependence of ®; on k
dy, = (kJ + Q)®), = L(k)Dy, (3.1.16)

where J and () are N x N matrices, J a constant diagonal matrix, () a matrix potential
(under suitable boundary conditions on the real line) and the tilde represents a discrete
shift in some arbitrary variable. Then (3.1.16) is preserved under the integral equation
(3.1.15) provided that the matrix .J is invariant (J' = J°) under transformations. This
means that if we impose (3.1.16) on the reference state ®) with a potential Q°, then @}

also obeys (3.1.16) with a new potential Q' related to the old one Q°. To show this we
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begin with &, = L(k)®;, and its inverse (®) " = () ' L(k) and consider (P;) "' ®y:

(@) 'O, = (D) 'L(D)Ds
= (D) (L) = L(k))Ps + (1) "y,
= (®) 1D — (k= 1)(®) TPy

consider (3.1.15) with an index increased by one and substitute the above into the integral:

~ - — (P PO PO~ 10 .
c1>2+/ <I>l1dA10(l)<k 2UC k‘] ’;H 1) = ;. (3.1.17)
C10 -

where we assume that dA'°(1) = dA'°(1). This can be expanded using (3.1.16):

=1 A10/7 (F0V—1 70 ot 100 (9)) 710D
BLNCW)(@) I + [ (1T +Q)plan" ()=
10 —

— (k] +Q")®}

(kJ + Q%)) + /

Cc1o

and then include a correction term (to reduce the equation).

~ - (I)O —1(1)0
(kJ + Q%)oY +/ QAN () (PN LT + / (kJ + Ql)cp}dAlO(z)(;{)—lk
c1o c1o -
k—1
— / DLANO(1)(2)) 10
ok —1
= (kJ+ Qo)

Using (3.1.15), terms can be collected to reduce to a single term (kJ + Ql)@g, then the

expression becomes:
QDY + /C SLAAY(1) (D)) L TDY — T /C OLANO(]) (DY) 1Y = QDY (3.1.18)
For symmetrical purposes we define the following
H' - H° = /Cm O A (1) (@) (3.1.19)
so that the relation reduces to:

Q' —Q° = (}”11 _ ﬁO)J — J(H' — H°). (3.1.20)
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and thus

Q= HJ— JH + invariant (3.1.21)
where the invariant is any kind of object that doesn’t change under the dressing transform.
Clearly the potential / obeys a compatibility equation and we consider P, = (kJ+Q)Py

to be a Lax representation where we would have the Lax pair between ¢ = (kJ + Q)¢

and ¢ = (kJ + R)o.

We have found an integral expression for the (), the leading term in the linear expression.
However this term consists of the newly defined H' — H°, which we investigate further,

specifically for how it reacts under a differential or difference operator.

3.1.3 Squared Eigenfunction Expansions

Although we have an expression for H! — H°, (3.1.19), it has a mixed integrand consisting
of the new function ®! and the original function ®°, thus, we require both expressions to
determine its value. When we apply an arbitrary differential operator (§) or an arbitrary
difference operator (A) (in terms of some yet unspecified additional variable on which ¢
and H may depend) to H' — H?, the result can be expressed in terms of the action of

these operators on the ®° only.
If we consider (3.1.5) expressed in terms of Gy,

P =, + /C . ;AN ()G, (3.1.22)
and compare it with

Oy =Y — /C . PVINP ()G, (3.1.23)
(where the 0 and 1 are interchanged and [, dA°" = — [, dA' (3.1.14)), this leads to
a new inverse equation:

(@)1 + / GLANO(D) (@) = (@) (3.1.24)
o110

This information allows us to expand (3.1.19).
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(a) The Continuous Case

The only assumption we need on ¢ is the Leibniz rule for differentiation i.e.,
d(AB) = (JA)B + A(0B) (3.1.25)

where A and B are matrix functions on which ¢ acts by differentiation. In agreement with
the previous section, taking (3.1.14) it is possible to express H' — H° in two separate
forms, its original and inverted form (which are expressed in terms of k&, the spectral

parameter of the transforms).
H'— H° = / OrdAO(k)(P)) T = / PUAINO (k) (D)) (3.1.26)
C10 C10

We begin with substituting (3.1.24) into (3.1.19) and apply the differential operator J:

s =m0 = [ @epantmen + [ el mie))
/ / ((5BL)A (k) GLdA (1) (@) !
Cc10 (710
+ DL () (3G A (1) (1)~ + BLIAY (k) Go,dA (1)5(D]) ™)

(3.1.27)

then (3.1.24) helps reduce the first and third term, while (3.1.22) helps reduce the second

and fifth term so that we have :

s =10 = [ @ohanmed + [ st mse)

+ / / OrdA (k) (0GY)dA (1) (®]) (3.1.28)
c1o Jc1o

and using the differential of (3.1.26) allows us to bring in §( H* — H?) for the first two

terms.
S(H'— H°) = o(H'— H") —/ DrdA (k)5 (@Y) !
c1o
FO(HY — HY) — / (509)dA (k) (@L) "
CIO

+ / / DL dA (K)(SGY)AA® (1)(®))™  (3.1.29)
Cc10 J 1o
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All that remains now is for the last term to be dealt with where the main problem is Gy,
so we reexpress (Gy; in terms of its components and then apply the delta to them.

(I)O —1(1)0 B (I)O —1(I)O (I)O —1(1)0 B
oG = () = qon)top SR 1 0B gy g0

= (60))'DLGY, + GL (D)) oY (3.1.30)

If we replace this in the previous expression, then the last term now can now be expressed:
/Cm /C D) dNO (k) ((607) ' RRGY, + G (@) 7169)) dA(1)(®;)~"  (3.1.31)
then by using (3.1.24) and (3.1.22) we can eliminate the double integrals:
S(H' - H°) = 6(H'— H") - /Cw OrdA(k)S(dY)~!

LO(HY — HO) — / (50)aA" (k) (@})

+ [ BB (@) - (@)))
+ / dNTLoDY A (1) (D))" (3.1.32)
C10

and this can be simplified to:

s — 1) = [ ajane(aeg) el

c10
+ [ al@) ssjant el
c10

or

s~ 1) = [ al@) e el sy

In the integral the only differentiations are of @9, which are located in the middle of both
the integrals. If we consider these middle terms (the dA'°(k) and ®?) to be an extended
interpolating measure, then the differential of H' — H° is dependent on ®}. This is
the matrix analogue of the squared matrix expansions (sometimes referred to as trace

formulae), which have arisen in the inverse scattering method cf. eg. [49].
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(b) The Discrete Case

Now we have considered the simpler continuous case we move onto the discrete case
where we use a difference operator A instead of differential operator 9, and where AA =
A— A. The discrete Leibniz rule for the difference of two arbitrary functions of a variable

x can therefore be given as

A(AB) = AA(B)+ A(A)B (3.1.34a)
— AA(B)+ A(A)B. (3.1.34b)

Working again from the equation involving H' — H? (3.1.19),
H'— H° = / OrdA (k) (D))
©10
we apply the difference operator A to get:

A(H' = H%) = /

10
* /010 /010 ((ACI)k)dA (k)szdA (l)(q)l )_

+ BpAA (k) (AGR) A (1)(@]) 7 + <T>,1€dA1°(k)égldAlo(l)A(CD})‘l)

(Ashar"w (e + [ Blarrmael) )

(3.1.35)

and using the same equations as before (3.1.22) and (3.1.24) we reduce the equation to

At -y = [ @aepanem@+ [ Sanemareh
+[ ] Banemacaa @l (3.1.36)
ot Joto

then using (3.1.26) just leaves us with the problematic AGy.
AGH' = HY) = A= H) = [ &l )a(ef) )
C10

— AU ) - [ (aahaa(i(el)

+ / / OLAN (k) (AGY)dA () (@) (3.1.37)
ClO ClO
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Being mindful of the shift caused by the application of the A

0\—-15/0
ach = aBE ey a!

)Y (Y)Y
k1 +

k—1 k—1
= A[(®)TBYGY + G (D)) AP (3.1.38)

(87) 7' Ad]

then putting all the pieces together:

AH — HY = A(H'— H) — / BLAAL () A[(@0)]
10

LA~ HY) - / (ABY) A () () !

c1o
+ /C BN (R)A[(@) 0 (@) — (@) )
[ @ -aH@) alslaaen@) T 6.139)
c1o

and after cancelling leaves us with:

ME =) = [ Baavmale) kel

CIO
+ / (DY) A[DVAA (1) (D)) (3.1.40)
ClO
or
AG = HY) = [ BLan®(n), (3) ' af)(a}) (3.141)
ClO

Again we see that the difference operator only acts on ®, so if we consider the middle
terms as an extended interpolating measure, then the difference of H' — H° is dependent

1
on ®;.

We mention these expressions because of the role they play in determining orthogonality

conditions for eigenfunctions of linear problems.

3.2 Applications of the Singular Integral Transform

In order to see the applications of the singular integral transform, we present two possible

approaches. The first is a direct use of this transform for a specific ®, while the
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second considers a singular integral transform related to another system of equations:

the Gel fand-Dikii hierarchy .

3.2.1 Integral Transforms and 2 x 2 Matrix Recurrence Relation

In chapter 2, we looked at a differential system (2.3.32) consisting of P, (). This system
was equally valid for €, (z) as well, although it was not necessary to consider it, since we
were only interested in P, (). Thus, we consider a general polynomial system, where ®
is a 2 X 2 matrix consisting of consisting of a polynomial P, and a Laurent expansion ¢,,.

®,(z) = B@) ale) 32.1)

P, 1(x) €n1(x)
In comparison with @y, the z variable in ®,,(x) replaces the spectral parameter k, hence
the tilde, which was an arbitrary shift for &, now becomes a shift in the discrete variable
n. Initially our interest lies with the 2 x 2 matrix interpolating measure A and whether
any relations can be derived between the individual components. This will allow us
some freedom when considering initial conditions for this example. While we treat
the polynomial route as a possible route to follow, we don’t pretend to have made great

progress in this direction.

We use the specific Lax acquired from the Laguerre method (2.3.25), the recurrence

relation,
x-S, —R,
(I)n—l—l — q)n
1 0
= (voy +Qn)Py (3.2.2)
where
1 0 -S, —R,
oy = Q. = ) (3.2.3)



Chapter 3. Singular Integral Transforms and Orthogonal Polynomials 102

Upon comparison with the linear relation &5, = (kJ + Q)P;, we now have a specific
value for J, ) and thus an expression for Q (3.1.20) in terms of H* — H°, an integral
transform. Through the use of this example we expect transforms to exist for the

recurrence coefficients ,, and .S,,.

Since we are already looking at the consistency between the transforms and the recurrence

relation we introduce (3.2.1) into (3.1.19),
H' = B = [ 8}(a)dn"(@)(5())

which leads to the following expression,

wow (B ) (e ()
0
Piy € dAa1 dAy —p . po )

al —a® bl —p0

N N P |

(where we omit the () for convenience) and with
H, — , (3.2.4)

Making further use of this form of H,,, we consider (3.1.20) simplified:

1 0 a, by, an b, 1 0
Q. = — i i + invariant
0 0 Cp, dn Cni1 dn+1 0 0

= -+ invariant

- B (3.2.5)
10

Of these relations, the easiest to deal with are the corresponding integrals for ¢, and

d,. Unfortunately we learn nothing about the composition of d,, from (), so can say
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nothing about d’ — d°. Since ¢, 1 = —1, we can take ¢! — ¢® = 0 and then evaluate the

corresponding integral. Through the use of (3.1.26), we can derive two equations for c,,:
/ (Pa_i(dAnen_y — dAwP) ) + e (dAney_ —dAn Py ) = 0
/ (Pr_i(dAviey_ — dAioP, 1) + €y 1 (dAorey | — dAgP, 1)) = 0
and taking the difference between the two leaves:
/ (Pa_yen_(dA11 + dAs) — €, P (dAss + dAyy)) = 0
= / (P} & | —et (PP )(dAy +dAy) = 0. (3.2.6)
From this integral it would be fair to assume that
dAy; + dAyy = 0. (3.2.7)

This relation gives us a dependency between dA;; and dAss, so we now take a look at
the remaining relations to determine if any further dependency can be derived. So we

consider the relation formed from b,,,

1
B0

n—1

b1 = -

/ (P; (dAlgpg — dAUE?L) + EiL(dAQQPT(L) — dAQpS?L))

where this can be reduced using (3.2.7) and the fact that b,, = — R,

1
hp—

R — R} = / (dA11(Phey + Pley) + dAsiene, — dA2 Py PY) . (3.2.8)

This is an integral transform for the recurrence coefficient 1,,, we can also consider the
inverse of this expression by using (3.1.26), but we learn nothing new, so we consider two

relations for a} — a? instead.

1
CL}L — CL?L = _ho— / (PT} (dAHGg_l — dAlgpg_l) + E}L(d/\mEg_l — dAQQPT?_l))
n—1
(3.2.9a)
1
a, —a, = —7 / (PY(dAvi€),_y — dA1s Py ) + ) (dAsre), | — dAn P, )
n—1

(3.2.9b)
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Taking the difference between these two equations leaves:
1
0 = / Rl (dAll(h}l—lprlbeg,—l — hiy_ 1 Pren_y) — dAas(hyy_ Py, — hg—lpé—ﬁg))
n—1""n—1

1
/ A (dAlZ(hLlP;PSfl - h?quéqpr?) + dA21<h3L71€111€70171 - hghﬁ?l@lzfl))

0 1
nflhnfl

(3.2.10)

from which further reductions cannot be made. However we know that S,, = a, 11 — a,
so by taking S} — SY = (a, 11 — an)' — (ans1 — a,)° and consider (3.2.9a), we have the

following expression for S,,:

1

Srll - Sg = —m (P;+1(dA1162 — dAlg.Pg) + EiJrl(dAQlE?L - dAQQPS))
1
+25 / (2 _1(dA1 P} + dAsiey) — PP (dA1o Py — dAgse,))
n—1

an integral transform for S,,. We try to reduce the relation further by rearranging the
second term so that we can introduce the recurrence relation (1.1.25) (which is satisfied

by both P,_; and ¢,,_), and including (3.2.7), leads to

1
S —s? ~75 (dA11 (P, €0 + Prer i) — dAaPr, P) + dAgie), €0)
1
‘|‘h—0 (i[f - 52) (dAll(P,;Eg -+ PSG}L) — dAlZPépg + dAQl‘EiLEg)
1
—75 (dA11(Pred 4+ P)yer) — dAo Py Po y + dAgjene, o) -

(3.2.11)

This can simplify by bringing in (3.2.8) and the inverse property of (3.2.9)

1
SLRY ~ SUR)L = / £ (A (PE2 4+ POE) 4 dAgiele — dA,PLPY)
n—1

h, + h,, 1.0 0 1 10 0.1
- h,l ho (dAll(Pn€n+1 + Pn—l—len) - dAlQPnPn-H + dAQlenEn—i-l)

n'‘n—1

(3.2.12)
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Although we have have acquired an integral transform for both R,, and S,, and derived
a relation between two of the interpolating measures dA1; and dAyy, we still don’t have
enough information. Especially since we know nothing about how the dA15 and dA,; are
related. So to continue this problem we would also have to consider the differential Lax

from Chapter 2 (2.3.32).
The differential Lax equation consisted of the following form

1 Qn(x) —O,(7)
0,P,(x) = o, (r) |
®) Wha-1 \ 0, 1(z) —(Qu(z)+ V(2)hn_1) (@)

where @, (z) = Pule) enla) (3.2.13)

P,_1(z) €u(x)

and by comparison with o), = (kJ + Q)Py, we can take

%4 00 1 Q,(z -0, (z
0. Pp(x) = |—= + () (@) D, (x),
Wio Wha1 \ @, 1(z) —Qu(2)
(3.2.14)
where % is a polynomial in z. While it is not necessary to state specifics for the recurrence

relation (since all single-variable polynomials satisfy a three term recurrence relation),
this is not the case for the differential equation. It is necessary to state a weight so that the

values of V, W, {2 and © can be determined.

3.2.2 The Singular Integral Transform of the
Lattice Gel’fand-Dikii Hierarchy

We will consider a particular class of N x N matrix problems associated with singular
integral transforms of a specific type. In the case N = 2, this reduces to a singular integral
transform associated with the lattice KdV case, which in turn is connected to the Volterra

lattice. It is this latter example that we will associate with some special case of orthogonal
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polynomials, but first we will treat the general /V x V case of this specific reduction, which
is associated with so-called lattice Gel’ fand-Dikii hierarchy of equations [126]. Thus, we

present the Gel’fand-Dikii matrix Lj, where

P — Ugo 1 0
—U10 P 1
L, = (3.2.15)
—UN_2,0 0 D 1
KN+ T wV2ugn_s wup,1 P+ Ugo

and 7 = v ‘lu(), N—1 — Un—1,0. This matrix together with the linear equation

&.D, = LD, (3.2.16)

where D, = diag(p + wk,p +w?k,...,p+w"k)

(where w = e~ an Nth root of unity) forms part of a Lax representation for a coupled
set of lattice equations exhibited in [126]. If we consider the determinant of this Lax, we

have

det(®y) det(Dy,) = det(Ly) det(dy)

det(®5)(p" 4 ™V VENY = (pN — (=k)V) det(Dy) (3.2.17)
which implies that det(®y) is a constant.

The singular integral transform for this equation is
((1)0)—1(1)0
Y+ / @}dAw(l)ﬁ = O, (3.2.18)
C10
and we want to write this equation in a more explicit form, in terms of the column vectors
of the matrix ®;, where ®;, = (¢, ..., ¢y, ), in which the vectors ¢ (k; = w/~'k),

form a set of [V independent vector solutions of (3.2.16).

From (3.2.17) we can without loss of generality set det(®;) = 1, in which case we can

express the entries of the matrix (®9)~! as N x N determinants consisting of the column



Chapter 3. Singular Integral Transforms and Orthogonal Polynomials 107

vectors ¢ (1 = 1,..., N), as follows
_ il
(@) =] & - & - & (3.2.19)

where the ith column of the determinant is replaced with e; and the transpose of the unit
vector e; is €] = (0,...,0,1,0,...,0). The matrix product of (®7)~"'®} using Cramer’s

rule can then be expressed as

(@) '0R)y; = (3.2.20)

il
0 0 0
@ P e @

replacing the ith column with ®Y. Then our scalar integral transform becomes

<¢Ilc17 SRR d)llfN)-j = (d)gla SRR ¢2N>-j

ql
)‘(/5101 ¢2j ¢?N

kN_lN

N
£ [ @ elan,

pq=1
(3.2.21)
where the ¢>2]_ is the gth column in the determinant and (), denotes the contour of
integration associated with the measure dA,,. We first consider only the column ¢, (i.e.
set 7 = 1) which gives a formula from which all the other j values can be derived as well.

Identifying k; = w1k

ql
N ‘ d’? ¢gj71k ¢2N_ll
Bl = Poip, + Z /c G110 A (1) LN _ N
pyg=1""pa

(3.2.22)
we can without loss of generality write this as an integral equation for ¢,. We make the

change | — w!'~P[ so that we can reevaluate the sum over p, by a single object

ql
N ‘qg? ¢2;J'—1k ¢8;N71z
dh=di+> [ slan) e (3223)
g=1""4

where d\, represents a sum over p of the dA,, ,.
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By applying the Lax form to the vector reduction of the integral transform and writing the
Lax matrix as L, = pl + ¥;~v + ) (where [ is the unit matrix, X is the matrix with 1 on
the upper semi-diagonal and k" in the (IV, 1) entry, and where () is the matrix containing

only a first column and a last row), we can identify that
Q1= EN — Enqha, (3.2.24)

(i.e. the first column of the matrix Q) where E)y; is the matrix with the only nonzero

entry being the (N, 1) entry, which is equal to 1 and with
Q.= —Exh;fori=2,... N (3.2.25)

where h; is the ith vector of h. Here h; (i = 1,...,N) denote a collection of N, N-

component vectors (with components (h;);) which transform as:

N
(h1); — (R)); = /C (D prg (D100, &ir o O )] (3.2.26)
q=1""~1

in which the vector e; enters at the gth place in the determinant. The factors p;, are
represented by
(P +wh)"

= - 3.2.27
Pl,q (p+wa)n7 ( )

and arise from the diagonal matrix D), after separating the n-dependent factor from the
measure d\,(!). While (3.2.24) and (3.2.25) are not difficult to prove, it is notationally

technical, so we leave the general case and now we consider a specific example.

3.2.3 A KdV Integral Transform

When we consider the Gel’fand-Dikii matrix for NV = 2 we have the KdV equation. Thus
from (3.2.21) for N = 2 we can consider the following singular integral transform for the
lattice KdV

|6k ¢
dAn (1) dAys(l) oo
Ay (1) dAs(l) R

br = by + / (¢1, 91 (3.2.28)
C
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where C denotes a matrix contour, each entry of which goes with the corresponding entry
of the matrix measure. We have also chosen one column with £ — —k and the numerator
of the fraction is a column vector consisting of two determinants. We can expand this

expression to the following

by @) i
b=, + ; ¢zldA11(l)—|k2k_l21‘ + ; ¢ dA (1) ‘kgl_ ;2}
by &) ®°, &)
+ b1 dAsi (1) |k2k_ ;2{ + ¢}dA22(—1)%
—Co1 —Ca2

(3.2.29)

where we have let [ — —[ in the last two terms so that the ®; all have the same order.

This has the consequence that the sign of the contour changes for these two cases.

Now, from the KdV’s Lax representation (2.1.13) we may consider the following 2 x 2
matrix
~ 9 5 0 0 1
Dy = | (K —p?) + (p-a 1)]®& (230
10 p+u

where we have introduced a specific ¢ and the normalization Dy,

o, = [ M D= |7 B0 (3.2.31)

Upa U_ko 0 p+k
If we take the determinant of both sides, then like the general case we find that the
determinant of ®,, is a constant. The introduction of the normalization means that when
we consider the shifted singular integral transform (3.2.18) with D; and let (3.2.30) be
written as ®, D), = ((k* — p?)J 4+ Q)®}, then following the same path as Section 3.1.3,

we have
(‘i)?)_l(i)ng
L2 — 2

<<i>l1d]\10(l)(<i>?)‘1> J @Y

d.D, = D, + /C ®} D,D; 'dAM(1)
10

S (B )T+ QUL = (K — )T + Q)2 +/
Cho

B _ (I)O —1(1)0

+ /Cm((z2 —p")J + Q¥ D, 1dA1°(l)Dl—( ké)— 5

(3.2.32)
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this has the consequence that

dA(1) = DydA(1)D; !
= dA(l) = D"dA°(1)D; " (3.2.33)

and the rest of the derivation would lead to (3.1.20).

Returning to (3.2.29) we can re-express this equation, by grouping the determinants

together and introducing a normalization factor, thus:

0 40
st=at + [ alaano - ans) 42
+ / i (p__l)nWAO (1) — dA; <—1>>—’¢? i 3234
T, 1 p"‘l 12 21 kz_l2' e

Looking at the explicit derivation of the determinant allows us to express (3.2.34) in terms

of the KdV function u, so given that (p — k)tg = (p — 4)ug; + ugz and

Uup Uk1 _ ~
_ N 5 3 = (p— k)tgrun — (p — Dnup
(p—Din — (p — @)un (p— k)i — (p — Wup

then we have the following singular integral transform for «

—k ~0 ,,0 _ l ~0 0
up =y + /F uy,d (1) ® )uklu—kl; _ l%) Dt
1
1 p—1\" (p— k)aglu?l —(p— l)a%ugl
+ /1“2 udAs(1) (p n l) 2 ]2 .(3.2.35)

While the integral transform for the KdV is an important result and useful in providing
further connections between the KdV and inverse scattering, there is no obvious
connection to orthogonal polynomials here, except that the KdV can be reduced to a linear
problem for Volterra, which satisfies the recurrence relation for orthogonal polynomials.
Thus, we consider a singular integral transform for orthogonal polynomials by reducing

KdV to Volterra.
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3.3 An Integral Transform for Hermite Polynomials

When we consider semi-classical and classical orthogonal polynomials, they are looked
at as two separate classes of orthogonal polynomials, where their only connections lie
in the family name and consequently have similar weight functions. However using this
approach it should be possible to relate a classical orthogonal polynomial with a semi-
classical orthogonal polynomial (of the same family), by using a transform integral. While
the possibility of a transform existing for relating a classical orthogonal polynomial to a
semi-classical polynomial of the same family seems possible, that does not seem likely
for orthogonal polynomials of different families. Thus we consider the problem of what
kind of interpolating measure would allow a semi-classical Hermite polynomial to be

transformed into a classical Hermite polynomial and vice-versa?

In this instance we consider the classical orthogonal polynomials P° and the semi-
classical orthogonal polynomials P!, where no bi-orthogonality exists between them. The
classical Hermite polynomials have an even weight function, hence they have a recurrence

relation of the form:

and a differential relation defined as:
0. Pn(x) = 2aR, P,_1(x). (3.3.2)

We are interested in the dressing transform between this classical case and the next semi-
classical case where the weight function is still even (so that the structure of the recurrence

relation is preserved).

3.3.1 Reduction to the Volterra Equation

Having considered the integral transform for the KdV, we will now consider the integral

transform for Volterra, but first we must consider the gauge transformation that leads to
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the eigenvalue problem for the Volterra equation.

Although we have an eigenfunction uy; from the KdV, it isn’t the eigenfunction we require
for this transformation. Thus we introduce another eigenfunction uy(a) for an arbitrary
parameter a (not necessarily p) which is related with u; via a set of relations (where the

framework arises from [134, 123, 141])

(p—K)ur(a) = (p—a)ue(a) + V(a)un (3.3.3a)
(p+Ekug(a) = (p+a)ug(a) — V(a)ug (3.3.3b)
and this simplifies if either a = p or a = —p. So we rewrite the equations for a = —p
(p—k)i(-p) = 2pur(=p) + V(=pus, (33.4a)
P+ Ku(—p) = —V(=p)ur, (3.3.4b)

and then eliminate wu; by substitution

V(-p)
V(=p)

(p — k)ur(—p) = 2pur(—p) — (p + k)ur(—p). (3.3.5)

Then, we make the substitution u(—p) = (;%Z) ? ) and we get:

~ 2p ~ V(-p)
V= (2 — k2)¢ V(-p)

the linear problem (recurrence relation) for the polynomials. Upon comparison with the

Y, (3.3.6)

recurrence relation for Hermite orthogonal polynomials we would have

) PO (3.3.7)

V(-p) ' VR = k)

By using this transformation it is possible to transform (3.2.35) into a singular integral

transform for Volterra and from Volterra to orthogonal polynomials. Thus, we present the

following singular integral transform for polynomials P,

Pm+LWMP@@ﬁﬁ:wm (338)

n n [L’Q—yQ n
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where

1

W) = PP ) — Py (). (3.3.92)
n—1
1

= g (B Pa() = Pa(y) Pas(2)). (3.3.9b)

and the term du(y) is the transform measure and W (x,y) has the form of a discrete
Wronskian (a Casorati determinant). The second of these two expressions has just used

(3.3.1) to eliminate the = and y.

The relation (3.3.8) is an analogue of (3.2.35), where we assume that one of the integrals
does not contribute namely the one consisting of u_;. We take a chance with the omission
of one of the integrals, since the form of (3.3.8) is now comparable with the original linear
integral transform (3.1.5) presented in Section 3.1. Hence we can consider this to be one

possible choice, which we now investigate.

3.3.2 Recurrence Relations

The form of the recurrence relation for the semi-classical Hermite polynomials is the
same as the classical Hermite polynomials, the only difference between the two is
the polynomials generated and the recurrence coefficient. As such for this transform,
we are only interested in how the recurrence coefficient R, from a new class of
polynomials is related to the original recurrence coefficient R, with particular interest

in the interpolating measure (which governs the transform).

Since we are interested in bringing the recurrence relation (3.3.1) into (3.3.8) we multiply

it by z:
z Wo(z,y)

ePie)+ [ APl T2 — aPl), (3:3.10)

then we need to find an expression for ﬁwg(x,y). This requires the following
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manipulation of (3.3.9a):

L0 _ 1 0 0 0 0 z’ 0 0
W) = o (xPn (2P0 (y) — yPP ()P () - (; - y) P <y)Pn_1<x>)
= hio[ﬂfpf(if)(ypg(y) — Pl (y) —yPl () (@P)(x) — Py y(2))]
I.Q _ y2 0 0
PR @)
_ W () - L B P (@) (33.11)

Y h(r)zq

Alternatively if we consider the expansion of 21V (z, y) instead (z < y and W, (z,y) =

—W.,.(y, z)), we would get the following equation:

y? — 2 P)(@) Py 1 (y)
x hi—1 ’

W, y) = Wi (a,y) +

which can be rearranged to give another expression for §W£(m, ).

z? —y? Pr?—l(x)Pr(L)—2<y)

T
§W£<x7y) = ngl('ruy>+

Y h(r)zﬂ
2? —y* Py (@) (yPp 1 (y) — Paly
= Wiy +— " L (o) hol( ) =B (3312
n—1
We can then expand (3.3.10) using the recurrence relation (3.3.1):
x Wo(z,y
Plle) + BPLA) + [ du)(Pht) + AP 0) S )
= Pl () + RyP)_(2)
and then introduce the two forms of %Wg(ﬂc, y), (3.3.11) and (3.3.12),
Wi (e, y) - (258 )
Plala) + RIPL@) + [ duti)Pla) e
WO (z,y) + <z2—y2 Pﬁ,l(w)(yPS,l(y)—Py?(y))>
n— LA Y ho_1
+ / dp(y) Ry Py (y) Ry
c )

= P7?+1($) + R2P3—1($)
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from which we can expand and cancel terms. For instance the terms W, and W) _,

cancel since they fit (3.3.8) with other terms and thus we have:

<127y2 PS(y)PS,l(I)>
Y h%—l
Rﬁflw>—/?wwﬂﬁﬂw> — (3.3.13)
C xre =y
<x2—y2 PS,l(x)(yPS,l(y)—Pno(y)))
hO_1
= [ R = RP,(2)

then cancelling 22 — y? in the quotient terms and taking everything as a common factor

of PY (z) leads to:

1
R = o ([ PP

n—1

- [atmEL @ R - ) eae

then recombining terms of R! and R? (on the left and right sides), and simplifying the

right side leads to:

R, <1+ h01 /C du(y)Pi_l(y)PS_l(y))

n—1

1
:=m@+m/wwﬁ@w@} (3.3.15)
n JC
so that we are simply left with:

] 1+ 57 [ duy) Pr(y) P (y)
R, _ ( i Je ) , (3.3.16)

B (Ut o Jo dunly) P () PO ()

This can then be integrated to give

h, 1 . .
e (1 + h_g/cd“<y)P" ()P, (y)> c (3.3.17)

where ¢ = 1 is an integration constant (since we take h_; = 1). This gives us a simple

transform for h,,.

/ dyu(y) P (y) PO(y) = h — B (3.3.18)
C
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From this equation it can be shown that there is a realization of the integration over the

interpolating measure dy(y), which we take to have the form

/du(y):/ wi(y)dy—/ wl(y)dy, (3.3.19)
C ct Co

where w! (y) is the weight of semi-classical orthogonal polynomials. If we were to
consider the case where the contour is the same for both weights, then we can set
C! = (C°. There might be other choices for the interpolating measure, but we do not

consider those other choices at this time.

3.3.3 A Differential Relation for a General Weight Function

When considering the integral transform for the differential equation, we note that the
classical and semi-classical weights yield different equations, a consequence of the latter
weight bringing in additional terms. As we have already mentioned (in Section 2.2.1), the
size of the weight will then determine the number of terms to include in the differential
equation. However for this particular case we will consider differential equations, whose
solutions are not necessarily polynomials. Since the integral transform preserves the
similarity constraint of the differential equation, we can view the compatibility of the
recurrence relation and differential equation as a Lax pair, and hence an integrable systems
problem. After considering a general setting, differential equations with polynomial
solutions could also be looked at. Thus we present the following general expressions
for a differential equation and it’s transposed counterpart (since we can use the recurrence

relation to reduce the size of any differential equation),

d

r==Pi(x) = Ay@)P(z) + By(2) Py (), (3.3.20a)
rPMr) = AN@)PMr) + BA#)PL(x), (3.3.200)

where the coefficients A°, A are even polynomials in = and the coefficients B°, B! are

odd polynomials in x
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Since we are interested in a differential transform we consider zd, of (3.3.8):
| Wa(z,y) 0
w0, Py(w) + [ dp(y) Py(y) (0. + Oyy) | —— 2 )" 20, P (x)
Wi(z,y
- [anriweon (S22Y)

22 — 2
where we assume that the derivative with respect to x can be brought into the integral.

The second integral is a correction term and can be solved through separation by parts:

.rke) + [t P, + o) (M) = w0ur2te)
Wp(z,y

+ /du(y)y(aypé(y) + 9,(Inw'(y))) ( ’3/2)) . (3.3.21)

72 —
where we have introduced du(y) = w'(y)dy to allow for the differential of dyu(y) and
we assume that W?(z, i) disappears at the boundary. We would expect any extra terms to

appear through the interpolation measure dj(y).

If we consider the derivative of the integral (3.3.21), we find that (20, + 9,y)— —) must

be calculated, thus we let

Wi (x,y 20y + Yo, )Wz, y)  Wi(x,y
(xam+8yy)<x2(_y2)>—( WWal,y) _ (2),

3.3.22
22 — 2 22—y ( )

which can be computed using the explicit form of W°(x,y) (3.3.9a) and the recurrence

relation (3.3.1):

worr o) () — | Bl - eBEL 0P )
B @) — B )PP
+ (Aﬁl(y) + A (y) + nglBSl(y)) %’?(yﬁw
. A%(Q: ;ﬁ(y) PYEY ()
R D
+ Rg_lyBg 1%2:252_1(95) PY(y) P2 (a )} (33.23)



Chapter 3. Singular Integral Transforms and Orthogonal Polynomials 118

We now insert (3.3.23) into the differential equation (3.3.21) and we choose to order it as:

(e 7oPA @)~ LR + BP0

n / du(y) <:L'%P,}L(y) _ APy + B}lpgl(y)) %

- / du(y) | Ani(y) + A(y) + #B?Ll(y) —|—yay<1nw10(y)):| pﬁ(y)%
= (v - AP + B )

— o (Jawrior o B ZEB0 )

- o ([t P PRt - R =Y oy

e L S P

- hgl_l ( / du(y)Pﬁ(y)Pﬁ_l(y)yASL(i;:;j‘(y)) P°(z)

T e L e ey R

+ hgl_l ( / du(y)Pi(y)PS_l(y)yA;(g_;42’11@)) 0(x)

- (fawrrwn 2O =2 o o

b ([ anrlp ) B IR0 by

- hgl_l ( / du(y)Pﬁ_l(y)PS(y)éxB’i(g:zf ’ll(y)> Py (x)

= B ([T PP P (3324

so that the right side is in terms of F,, P,_;. This equation gives a general form for
an integral transform between two different differential equations, from which we can
determine the integration transform weight w!°. First of all though, we consider the third
integral on the left side of (3.3.24), since it is this integral that contains the unknown

integral transform weight w'°. If we set the term contained by the brackets equal to zero,
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then we can calculate w'° in terms of the coefficients of a differential equation

Y
Ry

A (y) + A)(y) + By _1(y) + y0,(Inw'(y)) = 0. (3.3.25)

Immediately we are confronted by the fact that w!®

only depends on coefficients
associated with the initial differential equation A%, BY, where we would expect it to also
have some dependency on Al B!. However we will try some examples by choosing

specific values of A%, BY.

We begin with the standard differential equation for Hermite orthogonal polynomials
(3.3.2),
20, P, (z) = 2aR,xP, ()

which has the corresponding coefficients A,, = 0, B,, = 2ax R,,. Substituting these values
into (3.3.25) leads to
w0 (y) = e, (3.3.26)

the classical weight for Hermite orthogonal polynomials. Alternatively, if we consider
our deformed differential equation from Chapter 2 as our starting differential equation

(2.2.15)
20, Py () = —2*bR, Py(z) + (2°b + 2(a + b(Ryi1 + Rn))) R Poa(z),  (3.3.27)

then from (3.3.25) we have
w'(y) = e+, (3.3.28)

a deformed Hermite weight for semi-classical polynomials. It is interesting to see that
both times this relation has yielded the weight function for its corresponding differential
equation. However, since (3.3.25) has a log function and the Volterra reduction is
synonymous with the Hermite polynomials, I expect (3.3.25) is only applicable for

deformed Hermite polynomials rather than a general class.

In order to learn more about the relationship between the coefficients of our source

differential equation P° and our transformed differential equation P!, we substitute some
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general values of A,,, B, into (3.3.24). Since A, (z) are even polynomials and B,,(z) are

odd polynomials we consider the following general polynomials:

An(z) = a, +by2® , Bu(x) = cpx + dy2?,

then we can rewrite (3.3.24) as

(A () = Ay (@) P,)(z) + (By(x) — By(x)) Py (2)

- _hgl 1 ( du(y)yPi(y)P,?l(y)> LxP | (x)

* hgl_l ( / du(y)Pi(y)PS(y)) W wPY ()

- hgl_l ( / dﬂ(y)Pé(wPS_l(y)y) B0 PO (x)

N hgll ( / dﬂ(y)Pi@)R?(y)) &\ RO P, (x)

o ([ R wReE ) drw
+ hgll_l ( / dﬂ(y)Pé(wPS_l(y)y) bL PV ()

B hgl_l ( / du(y)Pé<y)P7?(y)) bhePY(x)

* hgll ( / du(y)Pé_l(wPS_l(y)) ch PY(x)

* h21_1 (/du( )Py ()P (y) (2® +y))d1P°( )
o ([t ) et

N hgll (/dﬂ(y)lpl (y) P (y)(* +y )) deP°_ ()

(3.3.29)

(3.3.30)
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This equation can be further expanded by using expansions of the recurrence relation

tP, = P, +R,P,_,
2*P, = Puio+ (Ru1 + R)Py+ RyRy 1Py s
*P, = P34+ (Ruyo+ Ruj1 + Rp)Pusi + (Ruy1 + Ry + Ry 1) Ry Py
+R,R, 1R, 2P, 3

which leads to the following identities between the coefficients:

by — b +d, —d =0 (3.3.31a)

ab—a (O — )R, + RY) + ch — &+ (dh — dO) (RO, + R+ R)_)
1
= (bl = By — 1+ )y — )
1

n—

1
T t/mt ()P0 () (0. — 12 + b — )

s = o)y = (s = )]

n—

1
- 0 (hi - hvg)(bnfl - b?z + d?zfl - d%) - (R:Lfl - R271>d111
n—1

(3.3.31b)

(L= RRY, + (ch— ) Ruct + (dh — d)RA(RS,, + RO+ B
1
- A0 (R?L—l + R?z—z)((hi - h?z)d?z—l - (h'}z—l - ho )d}le 1)
n—1
1
— 75— (b = W) (RyRoydy — Ry Rydyy + RyR,d,)
n—1
1 1
+h0—71(h711+1 o1 )dy 1 + ho—ﬂ(hi — ) (b, —b)_y)
1 1
_h072 (hqlm - hg)cgfl - h072 <h71”Lfl - h?L*l)c}l

(b1 = ) Rudy, = (hyy = by 3 )dy (Ry + By + Ry )

1

b [ A)PLL WP )R, ~ B )
n—1

b [ PP )R, - B (63310
n—1
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1 1,

(d}, — %) = (I, = By — 75— (b = K,
n—1""n—1 n—1
hl
= R’ ,—R° = (R , — RY ,d\) hg—l (3.3.31d)
n—1

from the functions P, P,, P,_2, P,,_4 respectively. The second identity (3.3.31b) is
reduced using the first identity (3.3.31a) and it would appear that the third identity
(3.3.31c) can be reduced using the fourth identity (3.3.31d), although we have been
unable to find out how. From these identities we can then derive the coefficients of the

transformed differential equation in terms of the source coefficients.

It is not clear if the interpolating measure w; — wy (as mentioned below (3.3.17)) is
an appropriate choice in this section and whether it leads to a closed-form system from
the integral transform. One possible route to follow would be to derive the squared
eigenfunction expressions in the reduction from the formulae derived in Section (3.1.4)
to the scalar case and see if this leads to expressions where the required orthogonality can

be seen to emerge.

3.4 Summary

We looked at a singular integral transform that is related to the Gel’fand-Levitan equation

the all important inversion formula in the inverse scattering transform.

The first section was concerned with the presentation of the singular integral transform.
The singular integral transform consists of a dressing method from a function ®° to a
corresponding function ®! by using an interpolating measure dA. We introduced the idea
of composition formulae, which removed the dependence of intermediary functions and

by associating the transform with a lax type relation, we derived a discrete Lax equation

Q' =H'J—JH'
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where the potential H satisfied the compatibility condition. Although H' — H° had a
mixed integration (®Y, '), when differential and difference operators were applied to
it we could write the results in terms of the new function ®!, while the operators only
acted on the original function ®°. This provided a framework for future investigation into

determining the orthogonality conditions for the eigenfunctions of linear problems.

The second sections deals with two applications of singular integral transform, where
both seemingly different approaches had the same objective in mind: to relate classical
to semi-classical orthogonal polynomials. For the first application, we used the singular
integral transform (3.1.5) and chose a 2 x 2 matrix value for ®. Using this with the Lax
matrices from the recurrence relation (2.3.25) and differential equation (2.3.32) derived
in Chapter 2, we derived singular integral transforms for the recurrence coefficients
and looked for relations between the interpolating measures dA;; for ¢,j = 1,2. The
possibility of exploring the differential Lax was introduced, however we were unable to
deal with a general differential relation, but this case can certainly be investigated for
specific cases. In the second application, we first consider the singular integral transform
for the lattice Gel’fand-Dikii N x N matrix hierarchy, which we write in more explicit
form by performing a scalar reduction, that reexpresses the integral transform in terms
of column vectors of the function ®,. We find that this vector reduction also satisfies
the Q' = H'J — JH" Lax equation from earlier and we present the explicit form for the
column vectors (h;}); — (hY);. This reevaluation allows us to present the integral transform
in a simplified form that is easier to calculate, which we demonstrate by using the KdV
(N = 2) as an example. The resulting equation is thus, the scalar integral transform for

the KdV equation.

We also mention the existence of a gauge transformation that relates the KdV function
u to the Volterra linear problem, which satisfies the recurrence relation for a class of
orthogonal polynomials. Thus, we choose a form for the scalar reduction of a singular

integral transform for orthogonal polynomials, which we use with the recurrence relation
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and differential equation of an even weighted orthogonal polynomial (such as Hermite).
Like the case when dealing with the standard singular integral transform we found a
relation between a new recurrence coefficient B! and the old recurrence coefficient R°
in terms of a very simple integral. When considering the singular integral transform for
a differential equation we present two general differential equations (whose solutions are
not necessarily polynomials) of differing order and derive a method for calculating the
transformed coefficients AL, B! in terms of the original coefficients A%, BY. Included
in this methodology is formula which determines the corresponding weight function for
a deformed Hermite differential equation and examples of this are given. Whether this
formula is a natural result of the equation or fortuitous luck, further investigation would

still be required.
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Chapter 4

Formal Elliptic Polynomials

In the formal approach to orthogonal polynomials the notions of bi-orthogonality,
adjacency, vector orthogonalities and vector Padé approximants (see the exposition in
Chapter 1), are studied in certain areas of numerical analysis. In this context the issue
of formal orthogonal polynomials associated with an algebraic curve, has arisen in the
literature cf [28]. However, it seems that topologically nontrivial curves have so far not
been explicitly studied in detail. This chapter focuses on the latter problem, in particular
the construction of formal orthogonal polynomials associated with an elliptic curve. We
are motivated by possible connections with integrable systems, which already (as in
Chapter 1, (1.1.27)) appear in standard orthogonal polynomials. Although the main thrust
of this chapter is to focus on formal aspects, at the end of the chapter we will develop

some ideas on extending the formal results to the case where we have explicit weights.

It is important to point out that the notion of “elliptic orthogonal polynomials™ has already
surfaced in various forms in the literature. Akhiezer’s generalization of the Chebyshev
polynomials, cf. [6] and also [40, 154, 168], is one way to introduce polynomials
associated with an elliptic curve. In the work of Carlitz [31], continued by Ismail and
Valent [85], [86], another construction of orthogonal polynomials related to elliptic curves

is created.
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Carlitz constructed orthogonal polynomials after studying four continued fractions
derived by Stieltjes [156] and his research focused on recurrences implied by these
continued fractions. He found that certain elliptic function formulas could be utilized to
derive relations among the polynomials and that they occur in the multiplication formulas
of the Jacobi elliptic function. Thus his approach was to look at orthogonal polynomials

and then found that elliptic functions could be used to connect them together.

The Stieltjes-Carlitz polynomials also have connections with the Heun differential
equation, specifically the generating functions, which give a finite set of exact solutions of
Heun’s differential equation. It was Valent [164] who found that the associated Stieltjes-

Carlitz polynomials, lead to a new differential equation which he called associated Heun.

Our approach to elliptic polynomials is different, because we are using two-variable
orthogonal polynomials, where the two variables are related through an elliptic curve,
and as a consequence the polynomials are equivalent to algebraic functions in one of the

variables.

4.1 Polynomials in two Variables,

Orthogonal over an Algebraic Curve

4.1.1 Two Variable Orthogonal Polynomials

Historically, orthogonal polynomials in two or more variables, is an area less studied than
the univariate case. In recent times we have seen plenty of studies of the multivariate case,
although their main definitions and simplest properties were dealt with in the latter part
of the 19th century. Among the first to study them were Hermite and Appell [10], who
considered biorthogonal systems in two variables and Orlov (1881) [138], who looked at

an analogue of the Rodrigues formula for two variable orthogonal polynomials. Bateman
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and Erdélyi [17] did a detailed survey, which covered many of these results including a
paper by Jackson [87] in 1938 on the simplest properties of two variables orthogonal over
a domain with arbitrary weight. Other papers worthy of note include the one by Krall and
Sheffer [98], which considered some linear partial differential operators of the second
order for which orthogonal polynomials in two variables are solutions and Engelis [58]

who derived similar results but from a different approach.

The book by Suetin [157], provides a comprehensive overview of 2 variable orthogonal
polynomials, compared with the more general text by Dunkl and Xu, on orthogonal
polynomials in several variables [57]. It covers a great deal of the history surrounding
the subject, including the aforementioned material as well as some results by Tom
Koornwinder, who has obtained a considerable number of results for new systems of
orthogonal polynomials in two variables [93, 94]. The majority of the research done
on two-variable orthogonal polynomials is limited to the open domain, where the book of
Suetin [157] is a good example of this. While our own research is not on the open domain,

these works are presented to provide context of how our own work fits in.

Most of [157] deals with orthogonal polynomials in two variables over a open domain in
the x, y-plane, where a set of monomials is constructed consisting of products of a pair of

independent variables = and y. and the ordering usually consists of the following form:

n—1 n

1’x7y7x27xy7y27x37x2y7$y27y37'"7xn7x y?"'7y PARE (4'1'1)

However there is also a chapter dealing with orthogonal polynomials over an algebraic
curve ([157], Chapter 7), although this only focuses on such trivial curves as a linear
curve y = ax + b or unit circle 2 + y> = 1. For the line y = az + b,
the list of monomials is reduced to the set {x,} and for the unit circle we have

n ,.n—1

L,y 2% zy,23,... 2" 2" 1y, ..., although z and y have equal ordering.

In contrast to this treatment ([157], Chapter 7), we will consider an x and y that do not

have the same degree, because we will consider a non-trivial elliptic curve. By using the
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Weierstrass gap sequence [14] we are provided with a natural ordering for the monomials
associated with this elliptic curve. In principle we could consider curves of a higher genus
and use the Weierstrass gap sequence in the construction that follows, but we are not going

to venture into that direction and restrict ourselves to genus 1 in this chapter.

We model our construction on the case of the Weierstrass elliptic curve (an elliptic curve
in Weierstrass form), and details of the corresponding Weierstrass elliptic functions can

be found in Appendix A.

4.2 Polynomials Orthogonal over an Elliptic Curve

As a starting point for our construction we start from the Weierstrass elliptic curve:
2_ 4.3
y* =4x” — gox — g3, 4.2.1)

and develop a sequence of elementary monomials associated with this curve:

_ _ _ 2 _ _ .3
60_1 ) € =T , €=y , €4 =T ) € =1y , € =T )

or, in general:
eﬂ(xay) =1 ) €2k($ay) :xk ) €2k+1($7?/) :ik_ly ) k= 1727"'

From the Weierstrass gap sequence theorem we can read off the genus of the underlying
curve as g = 1 as a consequence of the omission of one order (namely order 1) in the
corresponding sequence of weights of the monomials. Obviously, the monomials e, are
subject to the algebraic relations:

€. € = ey , k,l not both odd

€okt+1 " €2141 = 462(k+l+1) — §2€2(k+1-1) — 93€2(k+1-2) -

the latter relations being a consequence of the algebraic curve (4.2.1).
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We use the sequence {e,, k =0,2,3...} asour basis of monomials for the expansion
of polynomials in the two variables z,y related through the algebraic equation (4.2.1),

thus taking the form:

k
Pi(z,y) =Y p\"ej(z,y) ., (4.2.2)
=0
and we will call them monic if the leading coefficient p,(ck) = 1.

4.2.1 Recursive Structures

From the point of view of formal orthogonal polynomials the key relations to be
considered are the recurrence relations, which can be derived irrespective of a choice of
the weight function. By considering the monomial sequence of two variables, we expect
there to be two recurrence relations for the x and y respectively. From a basic perspective

we can learn the form of the relations.
We consider the case for k£ even and % odd respectively.

2 2 2 2
P, = ey + pén@1€2n—1 + pén@262n—2 + pé,fi)gezn_s + pén@4ezn_4 + ...

= 2"+ o a2y 4 plryan T 4 pE e Ry 4 pB T L

(4.2.32)

241 241 241 241
Popt1 = egpi1 + pénnJr )€2n + pénnjl )€2n—1 + pénnjg )ezn—2 + pénn:o, )€2n—3 + ...

= "yl e 4 e Py p a4 p ey

(4.2.3b)

We multiply these polynomials by x and y, to show how the order of the polynomials
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changes.

Py, = "t 4. Py = 2"y + ...
yPou = "y + poa a2y ph s ey paaa Ty 4 pl 2y 4

YPys1r = "Ny 4 p T ary 4 pr a2y g pRrtDgn—ty 4o p@ralpn=sy2

4.2.4)

The x does not present a problem, since this is merely absorbed into the equation, but the
y? requires the substitution of the curve y? = 423 — gox — gs.
n 2n) n 2n) n— 2n) n 2n) np—
yPon = a"y+dpi e 4 ety + apl et 4 B 1 Py

YPons1 = 42" 4l Vamy 4 apl Va4 plr ey 4 (4 = go)pln e +
(4.2.5)
At this point we learn nothing about the p,(cj ), however we do learn that for odd y P the

leading coefficient is 4.

Next, we assume the existence of an inner product (,) on the space V spanned by the

monomials e, such that

(zP,Q) = (P,2Q) | (WP, Q) = (PyQ) |
for any two elements P, () € V. Since x has order 2, e; = x and y has order 3, e3 = y,
we have
2Py = Popo+ X P + XOP+ XUVP + XU Py, (42.6a)
yPy = 49Ps + Y, P + YO P + YO P+ YV R
+Y P+ YT P (4.2.6b)
where
€ = b Fodd, (4.2.7)
0 , keven.

The inclusion of the 4 for £ odd is straightforward, since the leading term in the expansion

was a 4. For k even, the 4 will be included in the Y}, coefficients.
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4.2.2 Moments and the Determinant Form

In the spirit of the formal approach to orthogonal polynomials, cf. e.g. [25, 26], we
assume that the bilinear form (, ) derives from a linear functional £ and consequently we

can define the associated moments (as in Chapter 1, (1.1.13a)) by

Under the assumption of orthogonality the standard Gram-Schmidt orthogonalisation,

through the use of Cramer’s rule (1.1.14), leads to the following expression for the

polynomials:
(e0,€0)  (eo,€2) -+ -+ (eo, €p)
(€2, €p) (€3,€3) -+ oo (e, €p)
Pu(z,y) = — (4.2.92)
T,y) = , 2.
E\T, Y Ar s
(er-1,€0) (er-1,€z) -+ -+ (ex_1,€p)
eo 62 DR ... ek
in which we have the elliptic Hankel determinants:
(€0,e0) (eo,€2) -+ -+ (eo,ex)
(e2,€9) (€2,€2) -+ -+ (ez€p)
Ay = : : : : (4.2.9b)
<ek7 60> <ek‘7 62> Tt Tt <ek‘7 ek‘>

4.3 Recurrence relations

We shall now derive a closed set of recurrence relations for the elliptic orthogonal

polynomials introduced in the previous section starting from the determinantal form
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(4.2.9a). To do that we will need a number of determinantal identities that have been
derived using a generalized form of the Sylvester identity, and are introduced in Appendix
B. There are also a series of Hankel identities that have been derived using different

variations of the standard Sylvester identity.

To perform the derivations in an elegant way, we find it convenient to introduce a slightly

generalized form for the polynomials.

4.3.1 Extended Polynomials

For convenience we introduced adjacent orthogonal polynomials (1.1.20a) in Chapter
1, which aided in the derivation of a recurrence relation for single variable orthogonal
polynomials. Using a similar approach (for this case), we introduce the following adjacent

2-variable polynomials associated with the curve (4.2.1):

<€l, €0> (657 62) <€z, 6k>
(€rr1,e0) (€1, e2) (€141, €x)
l l
PO (z,y) = JAY 1401
<€l+k—2, 60) <€z+k—2, 82) <€l+k—27 6k>
€p €9 €L
(4.3.1a)
together with the corresponding Hankel determinant:
<elv eO> <el7 62> <el7 ek>
<€l+1, €0> <6l+17 62) <€z+1> 6k;>
AY = , 1#0,1
<€z+k—1, €0> <€l+k—1, €2> <6l+k—1, €k>

(4.3.1b)
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and for [ = 0:
<€0, eo) (eo, €2> T e <€07 €k>
<627 eO) <e27 62> e e <627 ek>
PO (z,y) = E E E A 43.1
k (x,y)_ . . . / k—1 > ( oD C)
<€k—1, €0> <€1c—17 €2> T e (ek—h €k>
60 62 PR PR ek‘
with
<607 €0> <€0, €2> T <€0, ek)
<827 60) <€2, €2> Tt <€2, €k>
A= : : . (4.3.1d)
<ek7 60> <ek‘7 €2> e e <ek‘7 ek‘>

Remark: We note that the shift by one step in the ordered sequence of monomials:

~

€y, es,€e3,...,¢e;, ... can be realised through a shift operator -, which shifts the series by

one step:

€, €2, €3, ... ~ €y =€, €2 =€3, €3 =¢€4, ...

or in other words:

€42 , =0

€+ , l 7£ 0
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In addition to the polynomials (4.3.1a) we also need to introduce the polynomials:

(€1, eo) (€1, es) Tt (1, er)
(€142, €0) (err2,€2) o oo (erya, €p)
l l
QY (@) = /O, L 1#1
(€14k-1,€0) <€z+k—1, €) - e <€l+k—1, ex)
eO 62 DY DRI ek
(4.3.2a)
together with the corresponding Hankel determinant:
<el7 eO) <el7 82> e e <ela ek‘)
(eri2,€0) (€r2,€2) -+ -+ (en2, €p)
el = : : : . LA (4.3.2b)
{11k €0) (€14, €2) -+ o (€ en)
noting that
Q,(CO) _ P}go) 7 @;o) _ A](ﬁo)

Remark: We note that for [ # 0,1 the polynomials P,gl) do not form an orthogonal
family, but rather a biorthogonal one. In fact, from the determinantal definition (4.3.1a)

we immediately observe that

A(l)
<€l, Pk(l)> = <€l+1,P]£l)> == <6H_k_27P]£l)> =0 s <el+k—1>Pk(l)> = (f) ;
AV
whereas
AS—l)

(er1, Py = (—1)F 12k
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4.3.2 The a:Pk(l) Recurrence Relation

The aim now is to use the determinantal identities of a Sylvester type (Appendix B) to
derive a recurrence relation in a similar way as in Chapter 1 (1.1.25). The first step is to
acquire a recurrence relation in which the variable z is extracted from the determinant as
a common factor, in order to get a relation of the form (4.2.6). Thus of the monomials in
the last row, we need to remove ey = 1 and e3 = y. So we implement a 3-row/column
Sylvester identity (B.7) from Appendix B on the matrix for P,El). For this case it is
necessary to fix the columns so that ey and e3 are removed from the determinant and the
position of the row removal is dependent on restricting the introduction of new objects.
Hence we apply the following the cutting of three rows and columns according to the

diagram:

+ | X
leads to the following recurrence relation:
AD AU+3) AHD A(+2)
Pk(z) _ xP,SH;’) _ Th=27k=2 p() L, Tk—2 Tk=2  p(it) 140,1 (4.3.32)
- () AU+3) " k-1 ( (14+3) k-1 ) » T
TAVARPAV AP TAVARPAVARR:

whereas for [ = 0 we have:

0 4 2 2
AN, o) AZOY e

T0) A4 Tk—-1 (0) A4 TE-1 o>
AL A, AL A,

PO —zp® _ (4.3.3b)

whilst obviously, since Pk(l) is not defined, there is no relation for [ = 1. Applying the

same cutting of rows and columns and implementing the same Sylvester identity but now
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on the matrix for Q,(j) we obtain a different relation, namely:

0) wr OWLAY o etA)
oy, A oy, A

Furthermore, implementing a different cutting of rows and columns on the matrix for Pk(l)
according to:

and again applying the 3-row/column Sylvester identity in that situation, we obtain:

) g+2) () A+

PO — 4t _ 2r2% po | OiaBis o

ko k—2 l 14+2) " k-1 l 1+2 k=1 >
AVERC AVERC e

[#0,1. (4.3.3d)

Finally, implementing a third way of cutting of rows and columns on the matrix for P,Sl)
according to:

and again applying the 3-row/columm Sylvester identity in that situation, we obtain:

l +3 I+1 1+2
GI(CEZAI(cf; ( Aéﬁ)@l(cfz) (i4+1)

P,il) _ xP,iH;L) — g 4 —fe &2 P [#£0,1. (4.3.3e)
- +4) Yk—1 l I+4) ~ k-1 ’ ’
A A A A

The relations (4.3.3) form the lowest-order set of relations between two types of objects,
the P,El) and the Q,(Cl), leading to a recursive structure on the polynomials. At this point we

do not have enough information to remove the Q,(cl) , but this will be dealt with later.
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Although we have a series of relations of an £L‘Pk(l) form we require an additional relation

to eliminate the need for an upper index in the pY

, thereby obtaining a closed-form

recurrence relation (namely one in which the super-index [ remains fixed). So we

introduce the intermediate quantity:

(61, 82> <€l, 63> <€z, €k>
<el+1, €2> <el+1, €3> <€l+1: ek>
l
T]E_)1<x> y) =
<€z+k—37 €2> <€z+k—3, €3> Tt <€l+k—3, €k>
€2 €3 €L
together with its corresponding Hankel determinant:
(617 €2> <€l, €3> e <61, €k>
(€1y1,€2)  (ery1,€3) o o0 (e, ep)
0 _
II,”, =
<€z+k—2, €2> (€z+k—2, €3> e <€l+k—2, €k>

/i,

(4.3.4a)

(4.3.4b)

Using the usual Sylvester identity we can now derive the following two equations

— Tk-1

@ o
A1

(1) AD 0
P — Pk(l):Tlggl_ E—2"k—1 p()

(I4+1) (1)

P(l) N P}EZ) . T(z+1) _ Ak—Q Hk—lpéljll)
A(” H(l+1)
k—111k—2

k—1>

—2

(4.3.5a)

(4.3.5b)



Chapter 4. Formal Elliptic Polynomials 138

which by eliminating the T,gl) polynomials, collecting like terms
I+1) (141 I+1) 7
A;—2)H§g—1) (i+1) A]E}—Q)Hl(éil (I+1)
I+1)(14+1) k-1 l I+1) " k-1
AL, A I
I+1
Ay
1+1) A (1+1) A (1)
Hl(cfZ VP AVt

Pl — pil

= B (ALY = AP )BT @3.6)

and using the Hankel determinant identity (B.9a)

Dpr(l+1 l I+1 14+1) (1
APIEY = AT — AP,

leads to: @) A (1+1)
ATA
P;gl) _ Pk(z+1) n ;c k;2 (I+1) (4.3.7a)
+1 k—1 )
AVERTAVaRY
or simply
P]gl) _ Pk(l+1) +A,(€Z)P,£l_+11). (4.3.7b)

The existence of this linear relation is very helpful, since it allows us to reduce the order
of (4.3.3a) and hence is an important relation in the derivation of the ka(l). Although

it required the introduction of a new object T,él)

and corresponding Hankel determinant
Hg), neither of them have appeared in the end result. So now we combine the two
equations (4.3.3a) and (4.3.7a), so that we obtain closed-form recurrence relation for the

polynomials Pk(l).

We now express (4.3.3a) in the following form:

P, =P —BYRY) + ) PV (4.3.8)
where
() A (14+1) () A (143) (I41) A (142)
AD = A AL BO — AAy 0 _ AN,
l I+1 ’ l I+3 ? l 1+3
AL ALY AL ALY AL ALY
(4.3.9)

The combination occurs by increasing the super-index of (4.3.7a) by 2, multiplying it by

x, then substituting in (4.3.3a).

+2 l l l l I+1 +2 l l l l +1
PP = B BB, O P AL B, 4 5, P00, PE) 4310
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This expression (xP,EHQ)), can be substituted into (4.3.7a) with a super-index increase of

1, leading to (:vP,iHl)), which is substituted into (4.3.7a).

k

I+1 l l l l I+1 42 l l l l I+1
£ (Bl B0 o0 P AP (RO 4 BRI, — ol )

+A](fl) {P;gl + B;(lelgl) . C]ilzlplgl—i—l) + A](gH-Q) (P;El) + B(l) P(l) C(l) P(l+1))

l l l l l I+1 +2 l l l l I+1
Pl = Py BB, R+ AP (L0, + BP0l P

-1 k=27 k-1 “Yk—2" k-1

) (I+1)
2Pk71

1+2 l l l l I+1
AL (L0, + B0 R, — 00, )

(+1) [ p() O pO ({1
+AL {Pk + B P’y — O

We can then collect those polynomials of the same order of k£ (and upper index [) and
rearrange any remaining term with an upper index of ({4 1), so that they all have the same

order, k£ — 1. To achieve this, (4.3.7a) is used, which also introduces some more terms of

order [, so that the remaining terms are of the form Pk(lfll).

l l l +2 I+1 l l l
2P = P+ (BY + A+ Al a0 — ) P,

l l 1+2 I+1 +1 l l
+{cP a0, + (AT + Al + A7) (BY, - )

(142) ((1+1) (1+2) (1) a+1 O\ )
AL A AL Ay AL A }Pk
(142) ((1+1) (142) 1 1+1) (1 !
+{ (AP A AP A+ AT aP) BY,
(1) ((+1) ((1+2) Cl(cl)3 )
+A A AL (1 - > } Py

l
A

1) 4(1+1) 4(14+2) p() pl
AL A AT B PD,
A(l)A(l+1)A(l+2)C(l)
14+2) 4 (141 14+2) 4( 14+1) 4 (1 l k k-1 Ag—2 Yk
(R A D) o, - A
Aply
4 [C]il)Al(flJ)rl _ C}Ql (AJ(CHQ) + Al(€l+1) + A}({l))} A,(f)} P,ﬁlff’ 43.11)

We note that (4.3.11) contains polynomials all with upper index [, with the exception
of the latter term which contains P,glfll). Amazingly the coefficient of this term by a

miraculous cancellation vanishes altogether. In fact, expressing (4.3.9) in terms of the
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Hankel determinants, the coefficient of Pk(lfll) in (4.3.11) takes the form
(Satigabioty sty aoaly
ASAY AYATY A ATD AT AT
e EL S
AN NTYATY ) AN
APALD ALTALY ALDALY ALALD A0 ALY
AL ALY AN ATDALY ARLAY AL AL

l +1 I+1 142 ! +1 +1 +2 +2 +3
] I+1 ] 1+3 DINGE! () A (143 142) A (143)

I4+1) A (142 1) A (41
shay aaty)]
I+1) A (142 1) A(+1
AN AL AT
which can be simplified to the following:

(I41) A (142) A (1+1) (1) A (141) A (142) A (14+1) (1) A (142) A (141) (1) A (142) A (141)
Ak Akz—? Ak:—Q Ak Ak—? AI<:—1 Ak—2 Ak Ak—S Ak—Z Ak Ak—S Ak—2

_l’_ —
l I+1 +3 l I+1 +3 l l l +3 l l +3
AT AN AT ATDATIAD, * A AD,ATD ~ AT AD AT
(I4+1) A (142) (I41) A (142) (142) A (141) A (I+1) (I41) A (142) A () A (14+1)
Ay Ay _ Ay Ay _ Ay A A _ Ay AT Ay AL,
l +3 l +3 l +3 I+1 l +3 l I+1
AL AT AL AT AT ATTALY A ATPAD A
=0,

where the first and seventh, second and eighth, third and fourth, and fifth and sixth terms

cancel. Thus the relation takes the form of a five-point recurrence relation, namely
2P =P, + XxVPY + XOPY + XxTVPY + xR, (4.3.12)
where [ # 0, 1 and in which the coefficients X ,ﬁj ) are given by:
xM o= A A AW L BY o) (4.3.13a)

0 +2 I+1 l l l l l
X0 = (A4 Al a0 (B, - o) + A,

FALE ALY 4 ALDAD 1 AL A (4313
X = (aPA A a0 B a1 )

(:.731.13c)
X}g_z) _ A,?_*;’A,il_*f’AS’BSlg _ % , (4.3.13d)

l l
AVERVING
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where
(D) A (14+1) () A (143) (I41) A (142)
0 _ Ay AL, BY — A A o _ AT
! I+l ’ ! 1+3 g 1 1+3
AP ALY AP A AV AT

or expressed fully are given by:

A](Cl-&-Q)A](clj—S) A}(€l+1)A(l+2) Ag)A(l-H) A](:)A](CH_?)) A(l+l)A(l+2)

Xl(tl) A(l+2)A(l+3) + A(Z—H)AI(Z-QQ) + A(l) Ak(?-il) + A(l) A(l+3) B Ak(l) A(llc+3) )
k—1 k—1 k-1 k-1 k—1"k—1 k+1—k—-1 k+1—k—1

ngm (A%::Ag}: A%BA%}Z %g)Al({E;) (A%%:i) - ASE )A(E;f )
AIc—l Ak—l Ak—l AI~c—1 AI~::—1Al~c—1 Ak Ak—Z Ak: Ak—Q

+Ag+l)Ag+2) A](gH_l)Al(clsz) Aélj;)AéH-l)
AL ALY AZYALY ATPAY
APALY APALY afPap
AN AL ATD  ATIAD,
o - (S0 s ool o) sty
Ak—Q Ak—l Ak—Q Ak—? Ak:—lAk:—l Ak—Q Ak—l Al~c—1Al~c—3

ALY A AY ( AS*?M*?)

I

+ - = v v

(+3) A1) A (+1) (+3) A (D

Apg A A Apa Apy
O AW
X(—2) _ Ak Ak73
k N O AWM
Al 1Ay

Thus, we have obtained a five point recurrence relation for P in terms of the lower index

k, with explicit coefficient in terms of the Hankel determinants. It is interesting to see that

the last recurrence coefficient X ,5_2) = h:ﬁ > especially when R, = h:f - in a standard

recurrence relation (1.1.25).

4.3.3 The xQ,(CD Recurrence Relation

A similar relation to (4.3.12) can be derived for Q,(j) (4.3.2a) as well. This can be most
easily achieved by first deriving a relation between () and P (namely by employing a

2-row/column Sylvester identity on Q,(f) directly), then make use of the x() recurrence

)
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relation (4.3.3d). First though, we introduce the following Hankel determinant:

<€l, €2> <€l, €3> T (6z, €k>
<€z+2, 62) (ez+2, €3> <€l+2, ek)
Y, = , (4.3.142)
<€z+k71, 62> <€l+k71, €3> <€z+k71> €k>
then we obtain the relation
(1) ! by ATV e
Qr ||= Q=1 k2 kiply (4.3.14b)
0,115

which after eliminating the T,gl) (using (4.3.5a) together with the Hankel determinant

identity (B.9c¢)), leads to

[ +2
APARY (1+2)

Qg) - k(Hl) k—1
() AU+ k=
®k—lAk’—l)
AD A2
— (I+1) (1) p(+2) O _ =k Tk-2
k—1=k—-1

While Q,(f) can be expressed in terms of P(l), it is also possible to express P,El) in terms of

@ By introducing the polynomials S ,(Clll and the following sylvester identities on Pk(l)

-
and Q,(f):
(€1, €3) (er,es) -+ o (e ep)
(el+27 €2> <el+27 €3> T <el+27 €k>
l l
Slgzzl(xv Z/) = /Fl(le )
<el+k72> 62) <€l+k727 €3> <el+k727 ek)
(D) €3 €k
(4.3.15a)
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we subsequently obtain the relations:

(l) F(l) @(l)
Qj, = QY =S, - 2120, (4.3.15b)
Fk 26k 1

<l) l l H;(Q @gz 1
P, = pO =g = 1&” 2Q (4.3.15¢)
k—2—k—1

which after elimination of .S ,Elzl and making use of the Hankel determinant identity (B.9d)

leaves:
Al
Qb = pO_ iz
k k A(l) @k ) k—1
AD®
= pV-mQl,, W,ﬁ”:%. (4.3.15d)
AVES P

These linear equations involving () and P provide all the necessary components to derive

an x() recurrence relation. We start with (4.3.3d), the x() relation established earlier and

write it as
! (1
QU =pl, + U Pl —viPQl, (4.3.16)
where (1) o (1+2) (D) A (H+2)
+ +
,,El) _ Ak @k o _ @k Ak
T AN oU+2) AN O IPN )
Ak’-l—l@k—l Ak+1®k—1

then use (4.3.14c¢) to eliminate the () and (4.3.7a) Pél) = Pk(Hl) + A,(CZ)P,EZ_T) to get the P
of the same order as z().
(1+2) plD) (141) (1) pli+1) () pl+1) (1) pli+1) ) p+2)
xQ = Dy +Ak+2 ket +Uk (P "+ A By ) =V (B + Dy B )
= B+ AP + (AL, + U - VOB + ATV R

+UVAY)

k+1(P (1+2) +Az+1 P(l+2)) V(Z)D(l) P(z+2)

k+1

Now the order of the relation can just be reduced by 2 and by using (4.3.15d) all the P

can be re-expressed as () and we obtain the five-point recurrence relation for Q,(fl), namely

QY =V, + XY, + X0V + X7V + XY, (4.3.17)
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in which the coefficients X ,Ej ) are given by:

X0 o= ALY+ ALY + U v e wl, (4.3.182)
(0 l -1 -2 -2 -2
X/i = Wéi1 (Al(c—i-Q) + Al(c+2) + Ulg )~ Vk( )> +

(A,(j 2 pid - V,j“”) ALD L g2 A0 =2 2 (4 3 18p)

-1 l -2 -2 -2 -1 -2 -2 -2 -2
S = 0 (A U ALY ¢ U AL D)

k+
+UIALD ALY (4.3.18¢)
=(—2) (1=2) A(1=2) A(1=1) 11, () @g)@g)g
k—1“k—2

which can be expressed explicitly in terms of their respective Hankel determinants

(1) 1 (=)@ AWM (1=2) A (I=1) (D) (1=2) A (I=1) A ()
Xy = INEINESG (Ak OraAr1 +8: TR0 — O T AL, Ak)
ki1 Disr Orls
1 (1=1) A () o) ) A-DgW
+A(l—1)A(l) 0 <Ak+2 A Opi + AphaBiiy Oy ) (4.3.192)
k+1 k+16k+1
12 =) o () A D A(-1 1-1) 5 (1
x©O A/7(c+2) (Al(c )@l(c)—lAl(s-)H Al(c)—lAl(chl)) Al(c+2)@l(<:11
koo 1-2) A (1 1-1) o (1 -1 1-1) (1
oA\ amep T A ) alel
0] M AWM
L Bk < AU-2g0 _ A(w@(zfz)) L OATAL
NINOING k k k >k 1-1) (1
oA A6,
Ai(fl;f 'AY, (1-2) (1) PN S
+A(l—1)A(l)A(l—2)@(l) (Ak O, — A0y )+—A(l_1)@(l) (4.3.19b)
k k Bk 951 K k1
PN 1-1) A (1-2 D A ! -2 NG
vy _ eved, (Aé ‘ALY A?MQ)_@EL <A2+2)_ APAY )
k DEPNG I=1) A (-2 ) Al I -2 DN
oo, \alra 7 a0 al,) "o, \aly A, al
0] (1) A (1=1) (1-1) o (I=2)
ol ATD ( TAD AT .
k—1—k k—1 k+1
~ @(l)@(l)
X0 = (4.3.19d)
TAVARLS /A

This time we have obtained a five point recurrence relation for (), in terms of the lower
order k and where the upper index / remains fixed. The coefficients consist of both the A

and © Hankel determinants, and have been described above.
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4.3.4 Bilinear Identities for Hankel Determinants

We have seen that all of the key relations have involved Pk(l) and Q,(cl) . Thus by extension
they also involve A,(f) and @,(Cl), so it is important to find any relations between them. First
we derive a three term bilinear relation, which can be constructed in two separate ways.
The first way involves combining three other three-term Hankel determinant relations,

thus from (B.9c) and (B.10a) we obtain the following relation:
ALY OLILTY — oY) = AP I - AP @.3.20)
which is expanded (in the third term) using (B.9a).
ALY OLILY —0 ) = o) (AT — APV - AP ALY
After we have cancelled the necessary terms, we are left with the following relation.
ADAID — gAY _ gl Al 4.3.21)

The second way involves using an inner product of (4.3.14c) with e;;; and the inner

products:

@(l)

Q. ern) = —— (43.222)
S}
k—1
A(l)

(P er) = b, (4.3.22b)
A
k—1

then we get the same relation (after reducing).

l l l 142 +2
l I+1 l I+1 +2 =
oy AT el Al AT

We find another relation by using the 3 row/column sylvester identity,
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from which we derive a four-term bilinear relation involving only the Hankel determinants

Ag) and @,(j).
AYATY = A0 AT -0 A + AV e) (4.3.24)

It is also possible to derive this relation from the inner product ((4.3.3¢), €;4x—1). Then

(4.3.24) and (4.3.21), provide a coupled system for the Hankel determinants A and ©.

We can rewrite these Hankel determinants in order to eliminate the @,(f). Thus we have

NG oW oW
A(zigi&ig = A(z]in - A(];I) (4.3.25a)
k k—1 k k—1
A(Z)A(l+4) A(l) AU+ @(H‘?) @(l)
A(fm) Ak(_lis) - A(116111) Ak(z_f:a) - A]Ezfa) - A(]le) (4.3.25b)
k=1 Sk—2 k=1 Sk—2 k—2 k—1
which can be expressed in a simpler way by
! ! !
AD =TT,
() (1+2) ()
By = Ly =Ty,
@ eV :
where I} = Aa—’;l). From these two expressions we have
k
l ! ! 1+2 !
BlilS + Al(ei2 + Al(ell = Fl(c+1) - Fl(c)
(1+2) 0 ) (1+2) !
Apii T B+ Ak = Ty — ry
hence
(1) A (14+4) A (1+1) (1) A (+4) A (H1) (D) A (14+2) A (143)
AphsBr A — BpheBpy By + BBy Ay
1+1) A (143) A (1+1
Al(c+1)Al(c+1)A§c+2)
14+2) A (I44) A (141 ! 1+4) A (143 ! 1+4) A (143
_ AUPAROAL ¢ AD AIALD a0 AN
- AGH3) A (1) A (143) LT
k k+1 Skl

Having seen that we can acquire Hankel determinant relations using inner products we

introduce another Hankel determinant 22, which like the © has a row removed, except
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this row is near the bottom.

147

(e, o) (€1, e2) (er, er-1)
(€141, €0) (€141, €2) (€111, er1)
N L 1#£0,1
<€z+k—3, €o> (€l+k—3, 62> <el+k—3; €k—1>
<€z+k—1, 60> (€z+k—1, €2> <el+k—17 6k-1>
(4.3.27)

Thus we have the following bilinear relations in terms of Z,(cl) and A,(cl). From the inner

product ((4.3.7a), e, ), we have

ATIAD = 5PATD - ADR Y (4.3.282)
with
20
<Pl§l)a el+k> = (l; )
Apy
and using ((4.3.3a), €;4x_1), we have
AVATD _ EIAD  AEDSO o A AED (4.3.28b)
So in a similar way as before arrange the > so we have
14+1) A (1 I+1
AFIAD, w0
ADACD = AD — AGD (4.3.29a)
k k-1 k k—1
1) A (143 142) A (141 1+3 l
APALD —ALDARD s w0
AW AU+3) A3 AD o
E—1=k—2 k—2 k-1
then eliminate the > from the two relations to get
14+3) A (1+1) A (I+4 (1+3) A (143) A (142) (14+4) A (143) A (141
AUFIATEIATY - ATFIATFIALT) L ATFD AT A D
(l+4) (l+1) (l+3)
Ap B Ay
) l+3 I+1 142) A (14+1) (l+1) (1+1) l I+3

l (1+3 l+1
ALATI ALY
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If we rearrange the grouping of (4.3.26) and (4.3.30) respectively, we can see that they

give the same result:

l +4 +1 43 42 1+3 l+3 l+4 (1+3 (1+1)
A, (ALIATALD _ ALDALDALD | AL A0 A1)

_ A,(fff) <A(1) ASH)A&? _ ASH)AI(!H)A (I4+1) i A N z+3)A (14+1) >

k+2 k+1 k+1

(4.3.31)

((4.3.30) has an index of one less than (4.3.26)). This consistency between the two

relations has yielded a single relation for A,(Cl).

4.3.5 The yPéHS)-Recurrence Relation

Having obtained the main five-point recurrence relations (4.3.12) and (4.3.17) for the
orthogonal polynomials describing their dependence on the variable =, we still need an
additional recurrence relation describing the dependence on the variable y. From the
orthogonality we expect the y-recurrence relation to be a seven-point relation in view of
the increase in the order of the monomials through the multiplication with y. Furthermore,
it will be this relation that will crucially incorporate the dependence on the Weierstrass

curve.

In order to derive these y-relations we need to introduce the following intermediate

polynomials:
<€l - €3, €o> <€l - €3, €2> Tt <€l - €3, 6k>
<ez+1 - €3, eo) <€z+1 - €3, €2> Tt <€l+1 - €3, €k>
pUt3) — A(l+3
<el+k72 - €3, 60> <el+k72 - €3, 62> R <el+k72 - €3, €k>
60 62 PR PR ek

(4.3.32a)

Y
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together with the corresponding Hankel determinant:

<€l - €3, €0> <€l - €3, €2> ter ot <€l - €3, ek)
<€l+1 - €3, 60) <€l+1 - €3, €2> et (€z+1 - €3, 61~c>
A]E;H-g) _
<el+k—1 - €3, €0> <el+k—1 - €3, €2> cer ot <€z+k—1 : €3, €k>

(4.3.32b)

The reason for this new determinant is because of the curve and corresponding
monomials. Unlike the =, which appears in every monomial (with the exception of the

first couple of terms), the y only appears in the odd monomials.

2 3
60:1 ) € =T , e =y , €1 =2 ) € =1y , € =T )

2 4 3 5
e =xy , €s =T s €g=2Y , €= y

Thus it is necessary to use the curve to bring y into the even monomials as well. However,
a consequence of this is that we are no longer dealing with the original determinant since

we have two possible values depending on whether [ is odd or even.

e_3y lodd [>3
e =
1(e1_3y + go€1—4 + gsei—¢) leven [>6

Remark: We note that the polynomials P,gl)

are orthogonal w.r.t. the functional
L(-) = L(es) , with the corresponding Hankel determinants AS) being defined
accordingly . Similarly we could define associated polynomials Q,(f) and its associated
Hankel determinants ég) by replacing in the definitions (4.3.2a), (4.3.2b) respectively the
brackets associated with the functional £ by those associated with £. All the relations
(4.3.3), together with (4.3.24) that we have derived between the P’s and the ()’s, as well
as the subsequent relations (4.3.3¢)-(4.3.3e), hold equally well between the P’s and Q’s

by replacing everywhere the objects without the bar by those with bars.
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In terms of these objects we can now formulate the following recurrence relation which

we obtain from the 4-row/column Sylvester identity:

and apply it to (4.3.1a) Plgl) (except with the curve brought in).

(€1, €0) (€1, e2) (e1y, eo) (€1, eq) ey, es) - (e, ex—3)
(erv1,€0)  (err1,e2)  (erpy.e0)  (er1,eq)  (erp1y,e2) -+ (€1y; €p-3)
<1> (§1-2 (e1+2, €o) (€142, €2) (e1+2y, eo) (€142, €4) (e112y,€2) - (e1r2y,€x-3)
4
(€14k—2,€0) (€11k-2,€2) (errk—2y,€0) (€rrk—2,€1) (€11k—2y,€2) - (€1, ex)
€0 €2 Yyeo €4 yea T Yer-—3

(5]-2

For this case, (}l) only appears when (g —2) e Z. Then we get the following relation

(which introduces the P):
D A & (1+5) IANELRC (1) 5(+5) x (145)
PUA A = (Z) 4% ]Ak—lypk—?) Ay,

[E]-2
A (145) ,[E=8] p(1) A ()
) AV 4l ]Pk—lAk—l

[41-2
N\ _
- (-) O 41 PN ALY (4.3.33)

and we reintroduce the 4 when the determinant retains its normal form Pk(l), ,(cl) . This
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relation can be reduced by making use of the fact that

(412

1\ 2 _ _ 1 , kodd,

(Z) eSO X (4.3.34)
, keven,

=

and we are left with
(1) x (1+5)
JAVEIPYAVIR )

4€k P(l) — yp(l_+5) _ _
k k—3 AffllAgjf) k—1

) A (+4) (I+1) /,(1+3)
S YAV Q(l) _ A" Oks Lar (4.3.35)
D) A (I+5) Yk=1 ) A(+5) k=1 > o
ALAY AL LAY
where
0 , kodd,
€ =
1 , keven.

Like before it is possible to get a bilinear relation by taking the inner product of this

relation with e; 1, ((4.3.35), €141k_1),

P ADALY < SIDAD, US04 ALDO, —el DALY @336

Using (4.3.14c), it is possible to eliminate ();_; from the relation in order to acquire a y P

relation, dependent on P and P only.

. AD A )
- +5) " k=1
AL ALY
D A (1+4) 1) (1+2) (1+1) /,(+3
@I(c)—QAI(c—S ( (I+1) 4 Al(c—lAk—ii P(l+2)> . Ak—Z @l(c—?))P(H—l)
) x(1+5 k-1 l 1+1) ~ k=2 ) = (1+5) © k—1
A A O AL AL ALY
(4.3.37)

(143

Then through this relation a closed-form of the P,g ) (one in which the superindex [

remains fixed) can be derived, using the same method which helped derive the x P relation.

(

P,gl+3) instead of a Pkl), leads to the relation:

Consider (4.3.7a), except applied to a

A(l+3)A(l+4) -
k__k=2_ptd) (4.3.38)

Pl — plh | i
+3) A (14
ATYATY
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Combining the two equations (4.3.35) and (4.3.38) gives way to a four-point recurrence

relation, where the coefficient of P reduces again to zero.

n—1
yPI =g pl) @ pl) WP O ph) (4.3.39)

The explicit forms of the coefficients y,(f ) are given by:

gD = g <H]§l> I H}gm)) +DY — g (4.3.40a)
A0 = e o, (0 ) = B0, (05 0) - 6 A
(4.3.40b)

ylgo) _ H,EZ)H,EI_JHI)D,(QQ (4.3.40¢)

and in which:

- g s
Ak—l AI~<:—1 Ak—lAk—4 Ak—2 AI<:—4
g _ OGS -SDaly)
A A

While this relation no-longer has the monic form, the inclusion of the 4 isn’t a great
surprise, given that the curve itself is not monic in nature. In principal the transformation
from P — P, just brings an extra y into the determinants, but unlike the x, it is not
absorbed into inner product and instead provides us with a choice for the value of e;y.
One approach to solving this problem would be to derive a linear relation that relates P,
and P in a similar way to (4.3.7a), however if this relation does exist we have not been
able to find it using current techniques. Such a relation would have provided one way

of eliminating P,SH?’)

from (4.3.39). As a plan for the future, we could bar this entire
equation, which would bar all the normal P(l), but have the knock-on effect of adding an
additional bar to P,fl). Now the problem is to consider the transformation P — P, which

may require additional determinant identities to break this new structure down.

This equation can also be acquired using similar techniques, except applied to the quantity
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R,(cl):
<el7 60> <el7 62> e e <el7 ek>
(€111,€0)  (e€rp1,€2) -+ o (e, ex)
l l

R (z,y) = /S0 1£01

<€z+k—37 €0> <el+k—37 €2> terote <el+k—37 €k>

<€z+k—1, €0> (€z+k—1, 62> et <€l+k—1, €k>

80 62 ) “ .. ek

(4.3.41a)
with corresponding Hankel determinant E,(Cl) (4.3.27), which is the P,f,l) with the row
before the penultimate row removed. Then using two row/column identities similar
to before with intermediate quantities (identities with the first column removed), it is

possible to acquire relations between R,(f) and P(l), of which the most useful is:

D AWM
ALAY L

W _ pl)
RV =pl - —h2"k pO (4.3.41b)
Sl AL

This equation is useful because it removes R,g) from a 4 row/column identity on Pk(l).
While the R,(cl) provides an alternate approach (from the point of view of analysis), to the

]5,5[) problem it is not as useful as Qg), since Q,(f) is valid for [ = 0.

4.4 Compatibility, Consistency and Elliptic Polynomials

We begin this section with looking at the compatibility between the two recurrence
relations (4.2.6). Since (4.2.6a) and (4.2.6b) are connected through the elliptic curve
(4.2.1), the coefficients in the corresponding difference operators are not independent, but

are related through the curve.

We begin this chapter by stating the consistency relations for the recurrence coefficients
Xk, Yi, which we can describe using inner product relations and can be expressed in terms

of hk
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4.4.1 Consistency in z

The consistency relations involving the X, are:

(2Pry2, Pr) = (Prgo, 2Fy) = X,f;?hk = hito

_ hy
= XY=k
g hi—o
(2Pey1, Pr) = (Prg1, 2P) = ngi)hk = ngl)hk:ﬂ
x0T,
= M
X, hi—1
where the first (4.4.1a), can be seen in (4.3.13d) and requires no reduction.
N
o _ APAY,
X o= 0 AW
AVERTAVAD)

4.4.2 Consistency in y

Now the relations involving the Yj:

(YPry3, Pr) = (Pits, yPe) = Yk(.:;?)hk = D43

h
v — g B
F hy—3
(YPrr2, Pr) = (Pryo, yPr) = Yk(;g)hk = Yk@)hkw
. v oh
Yk(E)Q hi—o
(YPrt1, Pr) = (Poy1,yP) = Yk(;ll)hk =Y,V by
. v
Yk(i)l hi—1
where
1 , kodd,
€ —
0 , keven.
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(4.4.12)

(4.4.1b)

(4.4.22)

(4.4.2b)

(4.4.2¢)

While we cannot explore the consistency of these relations using explicit derivations of

the y recurrence coefficients, we can use them in compatibility relations.
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4.4.3 Compatibility Relations

As we have seen in (4.2.6b), the leading monomials in the full expansion of yPj
have different values depending on whether £ is odd or even. This distinction is very
important, especially when considering the question of compatibility. Here we consider
the compatibility between the curve and Py, (y?) P, = (423 — gow — g3) Py for the separate

cases of odd and even.

P2n — " + ngnTl—l)xn—Qy + p;in—?)xn—l + pgln—iS)xn_gy + p(;;n—ll)xn_Q T
Py = 2"y +pgn421x + pgn—i—l & 2y +29§n+1 Syt 4 pgnﬂ )z Y+

Multiplying (4.2.3a) and (4.2.3b) by x* and ¢/?,

3 3 3 2
Py, = 2"+ 2Py ="y 4+,

VPP = 2"y 4 p a2 4 p R 4 pi a4 pi Ry 4

PPy = 2"l pi T amy? 4 plrt Dan=2yd g pRrtDgn—ty2 g plrtlgndys g

which for the y P, reduces to

y2P2n — g3 + 4pgzz)lxn+1y + 4pgzz)2xn+2 + 4pgi7i)3xny + (4 . g2)pgifi)4xn+1 4+

VP Pop1 = A2y 4 dplrtlantd o gpPrigntly ogplr Dt g @rthany 4

(4.4.3)

gives an indication of the shape of the two cases, where now a factor of 4 appears in the

leading term for both. Thus we consider the inner product relation

(V*Pr, Py) = {((42° — gox — g3) Py, Px)

= (4P, Py) — (922 Py, P — (g3Ps, Py (4.4.4)

which provide relations between the two sets of coefficients of the two recurrence
relations (Appendix D). Of these 13 relations, we see that the first and last terms are

either given or derived using the consistency relations for x and y.
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Having established the formal structure of the elliptic polynomials (through the recurrence
relations), we can now consider how the recurrence relations can be applied. The main
uses are deriving the two-variable elliptic polynomials, but we also include a derivation

of the elliptic Christoffel-Darboux formula.

4.4.4 Elliptic Polynomials

In order to construct the elliptic polynomials it is necessary to use both of the recurrence
relations, along with a few initial conditions. The x and y recurrence relations (4.2.6) are

defined as

1Py = Prpa+ X\ P + XUP+ XUV P+ X7V P,

yPe = APy + YV, Poa + VP + Y P+ Y VP + Y P+ YT P,
and we consider the initial conditions
Phb=1 , P,=P,=P3=0. (4.4.5)

While these are the main initial conditions it is also necessary to make a certain allowance.
Now since P; does not exist, we must let any coefficient that would normally be coupled
with P, take the value of 0. Moving on to the construction of the polynomials, consider

the first four polynomials (which are fully derived in (E)):

Poy = 1 (4.4.62)
Py = - X" (4.4.6b)
Py = y=Y o+ (XY - v") (4.4.6¢)
Py = 2* = XMy + (XM - X - Xx)a (Xz(l)(XSO)Y()@) - v,")
(xOx© Xé‘”)) (4.4.6d)

For values of higher order £ we have multiple equations since its is possible to create P;

in two different ways, either through yP, or xP;. Here we provide what we consider to
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the main form for Ps5, Fs and P; where their alternate forms and governing relations are

located in Appendix (E).

= e (XY
_ (}/'2(2) (X2(1)YE)(2) _ Xéo) _ X[go)) . }/‘2(1)}/'0(2) + }/'2(0)> T
2 1 0 2 0 0 0 -2
(7 (Y - ) - (O~ xE)

_yO(xOv® _y 0y L y0x0 _ 1/2(‘2)) (4.47a)

1Py = g2 — (V2 4 YD)y + (V¥ v V)g?
_ <Y3<2>(Y2(2>X§1> _y® x©0) _yOx® |y - (xOye _ Y0<o>)> y
. (5/3(2)(16(2) Y OXO _ xO _ x0) _y 0y @ y0)
yOF@x® - xO - x©0) 4 yOy® _ Y;—n) -

0y

2 2 1 0 2 0 0 0 -2 1
- (9 (PP - ) - (X - X)) - vy

+}/2(0)Xéo) . }/'2(*2)> _ Yé(l) <X§1)(XSO)YE)(2) _ YE)(O)) _ (XéO)XéO) _ X2(72))>

+YO(xOY® _y ) _yox o 3/3(—3)))

4.5 Elliptic Christoffel-Darboux Identities

In a similar way as in (1), identities can be constructed of a Christoffel-Darboux form
for both the = and y. Since these polynomials are already in two variables , we use the ’

notation, where the  in this case refers to the alternate variables (z',y’).
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4.5.1 The x Elliptic Christoffel-Darboux Identity

Using the form of the z-recurrence relation and take differences:

(xPy, =Py + XVYP, + XOP, + XCVpP,_ + XE2P,_ )P

- (x/PT/L = P’rlL—i-Q + X(I)P/H-l + X(O)Pvg + X(_l)Pvg—l + X(_2)P7;—2)P7’L

(where P’ is a polynomial P(z’,y’) dependent on the variables x’ and ) to leave us with

the following relation:

(x —2')P,P. = P,P.,—P,P, ,— X"(P, 1P, —~ P,P,.,)

n

+XV(Pooi Py — PPy ) + XU P(Pya Pl — PP )

We now make use of the consistency relations (4.4.1b), (4.4.1a) to reduce this relation

PP 1 1
(x - x,) == _(Pn+2PT/L - PW»PT,H-Q) - (PnPr/L—2 - PTL_QPT/L)
h h P2
L X P — PP — XYL — PP,
+h T n+1 ( n+14Lp n n—i—l) h n ( nt n—1 n—1 n)

and integrate to give the sum:

Z Pj(m, y)}fj‘j(w,’ y,) (:B —1 aj/) (hi(Pn-FQ(xv y)Pn($/7 y/) - Pn(xv y)Pn-*-?(‘T,’ y,))

J=0

(Pn+1<x; y)Pnfl<x/7 y/) - Pnfl(x7 y)PnJrl(xI? yl>>

+ X (Paia(2,9) Pa(2,y) — Pal,y) Pusa (2, y'>>>

(4.5.1)
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4.5.2 The y Elliptic Christoffel-Darboux Identity

Considering the difference of the y recurrence relation, it is easy to see that:

(Z/ - ?/)Pnpé = (Pn+3P1/1 - Pnpé+3) + YTL(2)<P7’L+2P7;, - Pnpo/wz)
+Y (P Py — PoPyyy) + Y,V (Poy Py — P,P, )

+Y, (P o Pl = PaPl_y) + Y, (Pas Py, — PuFy )

n

and pairing terms together, making use of the consistency relations and rearranging.

P,P 1 1
<y_y/) h = h_(Pn+3Pr/z_PnP7/L+3)_h_(PnP;z—ii_Pn—SPr/z)
n n n—3
Y(—Q) Yn(f2)
T (PuaP = PuPo) = 5 — (PPl = PuaP)
Y(—l) Yn(—l)
+ hnfl (Pn+1p7; - b, 7/z+1) - n (Pnpé—l - Pn—lprlb)

All that remains is to integrate up and we are left with the following relation:

n

Pk$, Pk$/,/ 1 1
3 (2, y) Be(,y) (

(Pays(z,y)Pu(a’,y') — Pu(w,y) Poys(2',y')

=0 hy, (v—9y) \
1
o (Poto(,y) Par (2, y) = Poca(2,y) Paga(2', y))
+ n ) (Pn-l—l(xa y)Pn—Z(x,7 y,) - Pn—Q(xa y)Pn-f—l(x/v y/))
y 2
+ nt (Pn+2($a y)Pn($,7 y,) - Pn(‘ra y)Pn-‘r?(l'/v y/))

hn+2
Y(*f)
+ hn+ ) (Pn+1($a y)an(ﬂ?/, y/) - Pn,1<.’ll', y)Pn+1(:U/7 y/)>
n+
Y(—l)

—I— hn+11 (Pn+1 ($, y)Pn($,, y/) _ Pn(l” y)Pn+1({E/, y/)>)
n+

(4.5.2)
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As we explained in Chapter 1, the Christoffel-Darboux relations are very useful in the
study of formal orthogonal polynomials, particularly when exploring the zeros. We
could develop these relations further, with the study of zeros of the Weierstrass elliptic
polynomials in mind. As a further extension, they would also be useful in the construction
of an analogue to the Laguerre method for the creation of a differential system for
the semi-classical case of two variable orthogonal polynomials related through a curve.
However in this instance, we would be moving from formal to non-formal polynomials

and bring in the introduction of a weight function and corresponding integration interval.

4.6 Further Outlook

In this section we present a possible extension from the formal case into the non-formal
case, where we consider the existence of a weight functional. The introduction of a weight
function opens the door to the development of differential equations and the class of semi-
classical orthogonal polynomials. While we do introduce some possible avenues of study,

this is only a tentative look, so we do not go into any great detail.

We highlight an expression, which evokes a realization of the basic functional L in terms

of an integral. Thus we assume that this functional takes the form:

L(P) = / du(k)P(p(s).¢'(K) . PEV,

which is some defining integral and measure dy(y) in terms of the uniformising variable

x on the curve (4.2.1), i.e. (z,y) = (p(k), 9'(k)). Then we can derive the following
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integral representation for the elliptic polynomials:

Py(z,y) = ;Yk;)/k'Alk 1/d,ul/d,lt2 '/duk—l

/ (k—2)
(k—3) 91 21
(T , o)
3 L ope 9y o
(k=3)
Lo -0 5 o . .
>< . .
: k—2
1 o p(/Ic 3) L oyt @ pl(c—l)
ool e b B
1 © p/ p(k’ 2)

(4.6.1a)

in which we have abbreviated [dp; = [du(k;) , pg.i) = d'p(r;)/dr! P =

d'p(k)/dk’ and where 7, denotes a inconsequential numerical factor (depending on k).

Using the so-called Frobenius-Stickelberger formula (A.14), [67],

1 (ko) ¢'(ko) -+ 9" (ko)
1 p(k1) @(k1) - " V(K1)
1 op(kn) @'(kn) - 9" D (kn)

o(ko + K1+ + k) [Lie; (ki — Ky)

1
— (—=1)z™=D1191...p!
(=1) n o (ko) - - - 0" (k) ’

we can, thus, derive the following formula for the elliptic polynomials:

Py(a,y) = (1)1l (k - 2)!]2%1’?% «

CTQ(MJF + Kg—1)
dus -+ | dus_ ” _
/ 1241 / 193 10%_2(,{1)”‘0% 3 F&k; 1 o? ,‘ij

1<j=1
CI)(FLl—i- +I€k1H(I)H

(4.6.1b)

where @, () = 2t
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4.6.1 An Elliptic Weight Function

Having established a formal structure for the elliptic polynomials (that deals mainly with
recurrence relations), we now consider a possible informal approach in how to continue
the study of these polynomials. The first thing required would be a weight function, which
cannot be derived, only guessed at. However this does not mean a random choice, merely
careful consideration of what would be an appropriate choice. Upon establishing this we
can derive some of the other formulae associated with orthogonal polynomials, including

a differential relation.

Given the connection, between Stieltjes-Carlitz polynomials and the Heun equation, we
look for inspiration for a weight function by looking at Heun. In the introduction, we

defined the Heun differential equation

d*w v ) € dw afx —q
I - =0 4.6.2
dm2+<x+x—1+x—a) dx+x(a:—1)(ac—a)w ( 2)

where
a+pf—v—0—€e+1=0,
a Fuchsian equation with four regular singularities at 0,1,a and oco. In [153], exact

solutions of a special case of Heun’s equation

d? 1/1-2m 1—2m 1—2mg3\ d N(N —2mg—1)z+ A
2y Ly 24 1) d | N o—DztA
dz? = 2 2 z—1 z—a /) dz 4z2(z — 1)(z — a)
(4.6.2b)
where
N:m0+m1+m2+m3,
mo, M1, Mo, M3 € Z, >\, z e C. (462C)

(m; a non negative integer) are studied and it is shown that they are functions of the

following form:

iv(\) / 2™ (z—1)"2(z —a)™dz
2 U, NN N)Vz(z—1)(z — a)
(4.6.2d)

Y12(mo, m1,ma, m3; A; 2) = /Wy n(A, 2) exp (i
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where ¥, y is is some polynomial of degree N in z and of degree ¢ in \, > = —1 and
2g+1
V=TI =N), N =AE) (4.6.3)
j=1

where E; are the gap edges of the finite-gap elliptic potential u(x). Inspired by this result,

we propose the following elliptic weight:

1
w(z,y) = ;(37 — 1) (x —e2)?(x — e3)” (4.6.42)
with ? = 42° — g — g3
= 4d(x —e1)(x —e2)(x —e3) (4.6.4b)

with integrations between the branch points of the elliptic equation e; (for instance e; and

62).

In the paper by Fernandez (et al.) [59] they mention orthogonal polynomials in two
variables associated with a moment functional u satisfying the two-variable analogue of
the Pearson differential equation. However, while we have two variable polynomials, they
are related through a curve, so we would expect the Weierstrass elliptic polynomials to
satisfy a different analogue of the two-variable Pearson differential equation. We could,
however, use this example as a starting point to derive our own analogue of the Pearson

equation for two variable orthogonal polynomials related through an algebraic curve.

4.6.2 Differential Equations

As should be expected by the dual nature of these elliptic orthogonal polynomials, a pair
of differential equations associated with the elliptic curve can be derived, covering both
the odd P, and even P, cases. Examples of the derivation of a differential equation

for another example of elliptic orthogonal polynomials can be found in [144].

At this stage we do not focus on a completed form for the differential relations except to

derive their leading terms. We begin by considering F,, and P, 1, which are even and
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odd respectively for n > 1.
Pgn = " + agn,lxnﬁy -+ agn,QI‘nil + CLQn,gIni:&y + ... (46521)

P2n+1 = .Z'nily -+ an.Tn + bznfll'niQy -+ bgnfgl'nil —+ ... (465b)

Since both P, and P, depend on both = and vy, it is necessary to construct a differential

relation which will allow for partial differentiation. Thus we begin with

d J dy 0 d 0 5 G2\ O
dp (9 Py, _ -2y 2 4.6.6
da (8x i dx 0 ) 7Y Yo <6x 2) oy ( )
where
dy d
Wie =¥ T 12 e

Thus we have the ingredients to begin our derivation

d 0 0
d —P, = (yﬁ_x + (61’2 92> 39) (I” + o 12" T2y F Aop_ox™ T + .. )

= na" 'y 4 age_1(n — 2)2" Py + agn_o(n — 1)z" 2y + (6902 — %) Qo1 2 4+ ...

= na"ly+ ... (4.6.7)
where we get the leading term, followed by lower order terms, hence
d
Y —Pop = nPyyq1 + . (4.6.8)
As with the even case we have
d 0 g2\ 0
Py = (e (627 = Z) ) (0 g o™ by 10" Ry
Y- Font1 (yax+ x 9 8y>(x Y+ bopa™ 4 bay 12" Py + .. .)
= (n—1)2"2y* + (61‘2 — %) " Doy + Doy (0 — 2)2" 3y 4L
= (n— 142" + 62" + ... (4.6.92)

where we have introduced the curve y? = 42® — gz — g5 and this implies that

d
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4.7 Summary

This chapter was concerned with a new class of orthogonal polynomials associated with
the Weierstrass elliptic curve, where the focus was on the formal structure. These
polynomials were expressed in a determinantal form, similar to that found in Chapter
1 (1.1.14), except that the last row consisted of a sequence of monomials dependent
on x and y (4.3.1a). Then a generalized version of the well known Sylvester Identity
(B.4) was applied to (4.3.1a) with the purpose of deriving explicit forms (in terms of
Hankel determinants) for the two recursive structures, that would be required to establish
a two-variable polynomial structure. For the case of the x recurrence relation, this
approach was straightforward since only two terms in the sequence of monomials were
not dependent on z. So a 3 row/column Sylvester identity (B.7) was used to take = out of
the determinant as a common factor to gain a recurrence type relation in terms of z, P,gl)
and the corresponding Hankel determinant A,(Cl). When this relation was coupled with a
linear relation in P,gl) (4.3.7a), a closed form z recurrence relation was derived, where the
coefficients were defined in terms of the Hankel determinants. An x recurrence relation
was also derived for the Qg) polynomials, which were similar in structure to the P,f,l)
except for the omission of a row, which was intended to deal with the problem of the

monomial e; which does not exist (a consequence of the elliptic curve).

This was followed by a section on the Hankel determinants, with particular attention paid
to the interaction between the Ag) and @,(cl) Hankel determinants. Numerous bilinear
relations were derived, of which some had particular use with reducing relations and

others were interesting for their distinctly Hirota type bilinear form.

We then considered the y recurrence relation, which was a problem, because in the
monomials y only occurred in every other term. Using the relationship between the

y and the = from the curve counteracted this problem, except with the consequence

)

of a new determinantal structure being introduced P,&l . After applying a 4 row/colum
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Sylvester determinant identity to (4.3.1a), a ¥ could be removed as a common factor and
a y recurrence-type relation was derived in terms of Pk(l) and P,gl) (4.3.39). By altering
the linear relation (4.3.7a) so that it satisfied P(l), allowed it to be combined with (4.3.39)
to create a four term closed-form semi-y recurrence relation. Essentially this gives a

complete recurrence relation for P, (l), but an incomplete recurrence relation for P,gl).

Then the issue of consistency and compatibility was considered. We gave a series of
inner product relations that connected the recurrence coefficients for both X and Y} and
for the X, case, we were able to derive further relations between the A}’s that satisfied
the consistency between the recurrence coefficients X, ' and X}. A full derivation
of the compatibility between the z-recurrence relation (4.2.6a) and the y-recurrence
relation (4.2.6b) was presented in Appendix D, which provides relations between the
recurrence coefficients X, and Y} respectively. These relations can be reduced by using

the corresponding consistency relations.

Having dealt with the derivation, compatibility and consistency of the recurrence relations
and corresponding recurrence coefficients we ended the formal part of the chapter with
a look at the applications of the recurrence relations. These included the generation of a
sequence of elliptic polynomials (where the full derivation was given in Appendix (E))
and the construction of a pair of Christoffel-Darboux relations. Both these sections are
important consequences of the recurrence relations and will provide useful tools in the

further research of these formal orthogonal polynomials.

The last part of the chapter considers the extension beyond the case of formal orthogonal
polynomials to the case where we are dealing with a weight function and corresponding
integration interval. A few possible avenues for exploration were established, which we

hope to pursue in the future.
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Chapter 5

Conclusions and Speculations

Orthogonal polynomials and discrete integrable systems have been the topics of interest

in this thesis, where we have been especially interested in connections between the two.

Our opening chapter begins with an introduction to the basic theory of orthogonal
polynomials, including the a derivation of the general recurrence relation for orthogonal
polynomials using determinants. This derivation is important for two reasons; it is
the method used in Chapter 4 to derive explicit recurrence relations (for two variable
orthogonal polynomials) and it produces a bilinear relation (1.1.27) that represents an

early connection (but not the only one) with integrable systems.
m m—+2 m+2 m m+1 m—+1
AN = AT — AU AT

Orthogonal polynomials are just one type of special function, so we highlight some others
including the Hypergeometric function and the Heun (and Lamé) function, which have
connections to orthogonal polynomials. Heun and Lamé have polynomial solutions (for
special values of the eigenvalue) and the hypergeometric series reduces to orthogonal
polynomials for special values of the parameters. We also introduce two examples of
applications of orthogonal polynomials (quantum mechanics, random matrix models),

because these also lead to connections to integrable systems.
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Chapter 2 is about exploring the connection between semi-classical orthogonal
polynomials (which in comparison with the classical orthogonal polynomials, we can
no longer express the coefficients of the recurrence in explicit form, but where we still
have differential relations and in addition to the recurrence relation which are “order-
independent”) on the one hand and certain integrable systems (in particular discrete
Painlevé equations) on the other hand. Many results already exist in the literature
(motivated by connections on Random Matrix Models and going back to Freud [65])

but some novel cases have been treated in this chapter.

Our approach to finding these connections is through the Laguerre method (Section 2.3)
and the corresponding compatibility relations (of Laguerre-Freud type) (2.3.37),(2.3.38),
which are governed by the Pearson equation (2.0.2). Depending on the choice of weight
function w, the Pearson equation will produce a polynomial for V' and W, which in turn
controls the outcome of {2 (2.4.2) and © (2.4.1) (the key entries in the differential structure
governing the semi-classical orthogonal polynomials). For example, if the weight is an
exponential, then W = 1 and the expansions of (2 and © are greatly simplified. From
the two exponential weights that we use, in both instances it is possible to reduce the
compatibility relation(s) to a discrete Painlevé equation, d-Py.

S2az + Spas + ( ntl + ° )
a Qo+ a; = —a
ne ? ! ’ asz(Sn41+ Sn) +as  az(Sy, + Sp-1) + as

By comparison weights such as the semi-classical Laguerre and the Jacobi (Sections
2.4.2 and 2.6.1) have much more involved expansions, as such their corresponding
compatibility relations are more complex. In all four cases we are able to derive
two coupled non-linear difference equations for the recurrence coefficients R, and S,
where the remaining relations were trivial. For instance the Laguerre weight [, =

(z — t)*e~(@7+5F7%) produces the closed-form system

az(Rpi1 + Rn) = —Sn(a2S, + (a1 — ast)) + (2n + 1+ ait + ),

Rn+1(a2(5n+1 + Sn) + (a1 — agt)) — Rn(ag(Sn + Sn—l) — (a1 — agt)) = Sn — 1.
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With the exception of the systems (2.4.6,2.4.11) derived using deformed Hermite weights,
all the other coupled non-linear difference equations are examples of new discrete
Painlevé type systems that have not yet appeared in the literature (as far as we are
aware). Use of this method for other semi-classical weight functions, may yield further
systems. It is interesting to note, that even when the number of relations produced by the
compatibility relations for four different weights differed, they always only yielded two
closed-form non-trivial relations. Of course the orthogonal polynomials connection gives

special solutions of the difference systems related to particular initial value problems.

In many cases in the literature [167], the Freud-Laguerre equations can be reduced to a
single second order nonlinear difference equation, but that is not always the case. For
the cases we have investigated we have obtained Freud-Laguerre systems in the form of
coupled difference equation. It is not always obvious or even easy to establish whether

these systems can be further reduced.

In Chapter 3 the emphasis has been reversed: rather than starting with orthogonal
polynomials, we start with structures underlying integrable systems, namely (singular)
linear integral transforms that preserve the structure of certain linear difference equations,
arising in Lax pairs for integrable systems. Such integral transforms amount to dressing
transformations (from known solutions (indicated by upper label 0) to new solutions
(upper index 1) of the “dressed” system, and the measures are interpolating measures
between these solutions) and are related to integral equations arising in the inverse
scattering transform. There has been some research done in this direction by Case
[33, 34, 35] (who has established a formulation of orthogonal polynomial theory in terms
of inverse scattering), but his approach has been in configuration space, whereas our

perspective is from the spectral space.

Then there are two ways this is applied to the situation of orthogonal polynomials: first,
adapting it to the 2 x 2 systems arising in the Laguerre method, and second the scalar

reduction (applicable to the even weight case), with as a diversion, the construction via
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the lattice Gel’fand-Dikii hierarchy. The first approach is done in a speculative manner,
considering the 2 x 2 recurrence relation, and while we derive integral transforms between
the recurrence coefficients, an explicit form for a polynomial integral transform eludes us.
The second approach produces a vector reduction of an integral transform associated with

the Gel’fand-Dikii hierarchy.
ql

)1 o W

kN_lN

¢i:¢2+§j/ Lax (i
q=1 Cq !

This result for the N x N case, along with the specific N = 2 case (which represents

KdV)

—KVab. w0 ., — DO 0
up = Uy + /1“ uy,dA (1) (p )uklu—kg — l(f + D jupy
1
—I\" (p— k)audy, — (p — D ul
L dNo (1 p k1Y Uk
i /F2u” 2(>(p+l 22

provides an alternate singular integral transform that can be rewritten (after a gauge
transform) to give an integral transform for a class of orthogonal polynomials with an
even weight (such as the Hermite polynomials). We present a possible transform, which
produces a suitable transform for the recurrence coefficients, from which an interpolating
measure could be deduced. In addition, the differential part of the linear problem is
considered where the focus is on differential equations which may or may not have
polynomial solutions. We derive a method that gives the coefficients of a transformed
differential equation in terms of the original (source) differential equation. Whether this

method also works for polynomial solutions is one area of further study in this topic.

One of the questions that arises is whether the dressing approach allows one to make
“dressing transforms” which will effectively lead from classical orthogonal polynomials
to their semiclassical (deformed) counterparts through integral transforms involving so-

called “interpolating measures”.

The remainder of the thesis deals with generalizations of orthogonal polynomials to the

elliptic case. The term “elliptic polynomials” has already appeared in the literature
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in connection with the Carlitz and Lamé polynomials, whereas in Chapter 4 a novel
class of formal orthogonal polynomials is introduced, which are 2-variable orthogonal
polynomials over an elliptic curve. So, these are really algebraic functions in terms of one

variable and different from the other type of elliptic polynomials.

The chapter’s main focus is on establishing the recursive structures inherent in any class
of orthogonal polynomials and thus, we are mainly interested in a formal construction
(no weight function). In Chapter 1 we demonstrated that the recurrence relations for
x (4.2.6a) and y (4.2.6b) are easy to derive implicitly (Section 1.1.3), but much more

difficult to derive explicitly (Section 1.1.5).

2P = Piva+ X\ P+ XOP+ X VP + XV P,
yP, = 4%Pys+ Y P+ Y P + Y OP + Y VP

+Y PP+ YR

In principle we could have a system of commuting difference operators over an algebraic
curve with xtP = =ZP , yP = TP where = and T are the difference operators
associated with these recurrence relations. The compatibilities follow from [Z, Y] = 0
(commutativity) and the relation on the curve y? = 423 — gox — g3. This, conjecturally,

is a system connected to a discrete version of the Krichever-Novikov system ([99]).

We introduce the generalized Sylvester Identity (B.4) in Appendix B, which can remove
m rows and columns rather than the conventional 2 rows and columns. The use of this
with the two variable polynomial determinant representation (4.3.1a) leads to the explicit
derivation of an xP, and x(); recurrence relation, where the coefficients are defined
in terms of the Hankel determinants A and ©. We are able to derive many bilinear
relations between the Hankel determinants and these are of particular use in simplifying

expressions, although only one expression was found for the A (which we are able to
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derive in two separate ways)

l I+4 I+1 +3 142 I+3 +3 I+4 1+3 I+1
AL (AL OALIALY — ALDALIAL L ALIALD ALY

I+4 1) A (14+1) A (143) (142) A (I4+1) A (141 1) A (143) A (I+1)
- Al(cq) (Al(c+2Ak Apy” = Ay A Al(cﬂ) + Al(c Al(c AV >
and we can compare, with the Toda-type equation from Chapter 1 (1.1.27).

While the generalized Sylvester identity leads to the derivation of an explicit form for
the x Py-recurrence relation, it produced a new object when trying a similar approach for
the y P,-recurrence relation. Thus, we derive a y P, relation instead. We expect from
this relation that we can derive the recurrence y-relation in explicit form. An alternative
approach is to work out the equations for the coefficients Y from the condition of the
curve (Appendix D) and this can only be really done when we move forward to the case
of non-formal elliptic orthogonal polynomials defined through specific weight functions.

This is the subject of future research.

When considering extensions beyond the recurrence relations (4.2.6), we can consider
the further study of the formal structure, which includes the generation of a sequence
of the “Weierstrass elliptic polynomials”(Section 4.4) and the derivation of a pair of
Christoffel-Darboux relations (for x and y) (Section 4.5). We can also consider a non-
formal structure where we specify weight functions to obtain differential relations and we
conjecture discrete Painlevé type equations associated with these structures, but that that

is still somewhat speculative.
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Appendices

A Elliptic Functions

An elliptic function is a function defined on the complex plane which is periodic in two
directions and thus can be compared with the trigonometric functions (which have a
single period only). Elliptic functions arise as inverses of elliptic integrals in the study
of geometric problems such as the arc length of the ellipse and mechanical problems such

as the dynamics of the mathematical pendulum.

In most treatments elliptic functions are defined as doubly periodic meromorphic
functions on the complex plane C. According to a theorem of Jacobi a function of one
complex variable can have at most two independent primitive periods €2; and {2, such that

% 18 not real.
2

Throughout the development of the theory of elliptic functions, modern authors mostly
follow Karl Weierstrass, since the notations of the Weierstrass’s elliptic p-function are
convenient, and any elliptic function can be expressed in terms of these. The elliptic
functions introduced by Carl Jacobi, and the auxiliary theta functions (not doubly-
periodic), are more complicated but important for the general theory. The main difference
between these two theories is that the Weierstrass functions have high-order poles located
at the corners of the periodic lattice, whereas the Jacobi functions have simple poles. The

development of the Weierstrass theory is easier to present and understand, having fewer
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complications.

Weierstrass Elliptic Functions

While there are three Weierstrass functions p(z), ((z) and o(z), this appendix focuses on
the p(z) function, which along with its derivative satisfies the Weierstrass elliptic curve.
We can state p(z), by expressing it in terms of its half-periods (w; and wy) or its elliptic
invariants (go and g3). Thus, p(z) is defined by

1 1 L
_ b _ Al
0(2) 22 + ( %;0 ) ((Z — 2mwy — 2nws)?  (2mw; + an2)2) ) (A.1)

where the terms in the double sum giving a zero denominator are omitted.

The differential equation satisfied by p(z) arises by expanding the function f(z) = p(z)—
~~2 about the origin, but since f(0) = 0 and the function is even, f'(0) = f®(0) = 0
(% = f'(z)) and we have

1

f&) = ple) =27 = 5

S0+ %f”)(O)Z4 +... (A.2)

Since f(z) is the sum in (A.1), we simply differentiate it the required amount of times,

set z = 0 and substitute it back into (A.2),

p(2) —2%=3 Z Q12245 Z 0524 4+ 029 (A.3)

where €,,,,, = 2mw; + 2nw-. We now define the elliptic invariants g, and g3 by

g2 = 60> Q.1 (A.4a)
gs = 140) Q.° (A.4b)

then p(z) and @’(z) can be written as

1 1
p(z) = 2724 2092z + %932 —I—O( )
1 1
oz) = =223+ 1—0922 + 7g3z3 + 0(2°),
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the two equations can be equated by cubing the first and squaring the last

3 3
P*2) = 20+ 2—0922_2 +ogust O(z%), (A.5a)
2 4
(¢)°(2) = 427° = 2027 = 295 + O(2), (A.5b)

to leave

(')2(2) — 49°(2) + 92272 + g3 = O(2%).
But the Weierstrass elliptic function is analytic at the origin and therefore at all points
congruent to the origin. There are no other places where a singularity can occur, so

this function is an elliptic function with no singularities. By Liouville’s elliptic function

theorem, it is therefore a constant. Thus when z — 0, O(2?) — 0 leaving

(9')°(2) = 49%(2) — g200(2) — g3 = 0. (A.6)

This first order differential equation can also be differentiated again to give a second order

differential equation.

¢"(2) = 6p°(2) — = (A.7)

With (¢/, p) = (y, x), the differential equation becomes the Weierstrass cubic equation

for an elliptic curve, with the branch points e, e, e3, where e; = p(w;)

y: =423 — gox — g5 = 4(x —ey)(r — ez)(x — e3) (A.8)

where
g2 = —4(erea + eses3 + eseq), (A.9a)
gs = 4616263. (A9b)

The Weierstrass g function also satisfies a number of identities, some of which include the
other elliptic functions ((z), o(z) and one which involves a determinant. We can relate
these other Weierstrass functions using some simple relations

o) = -2 -1

(A.10)
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and some more involved formulae

Clz+y) — (=) —C(y) %igg:gg) (A.11)
o) = T&—ylolz +y)

p(y) — p(z) )y (A.12)

ola) + o) + oo+ ) = 1 (29 =20) (13

An elliptic determinantal identity is the Frobenius-Stickelburger formula [67] which can

be defined as

1 (ko) ¢'(ko) 0" (ko)
1 p(k1) ¢'(k1) 0V (k1)
1 p(kn) ¢ (kn) O (k)

(A.14)

Jacobi Elliptic Functions

The Jacobian elliptic functions correspond to an arrow drawn from one corner of a
rectangle to another, where the corners of the rectangle are labelled s, ¢, d and n. The
twelve Jacobian elliptic functions are then pq, where each of p and ¢ is one of the four
letters. The most commonly used of these twelve are denoted by cn(u, k), dn(u, k), and
sn(u, k), where k is known as the elliptic modulus and u is an incomplete elliptic integral
of the first kind. The easiest way to understand Jacobi elliptic functions is as inverses of

u

]
u=F(p.k) = / A (A.15)
0 1 — k2sin?

where 0 < k% < 1, so we consider

¢ = F ' (u, k) = am (u, k) (A.16)
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where am (u,k) = am (u) is the Jacobi amplitude. Then it follows that we have the

following list of Jacobi elliptic functions

sin(¢) = sin(am (u, k)) = sn (u), (A.17a)
cos(¢) = cos(am (u,k)) = cn (u), (A.17b)

V1-ksin?¢ = (/1 k2sin’(am (u,k)) = dn (u). (A.17¢)

where

sn®(z) +en®(x) =1 ,  Kksn’(x) +dn’(z) =1 (A.18)

There are also some important addition and differentiation identities involving Jacobian

elliptic functions. Thus, we have the addition formula for the Jacobi sn(z) function

sn(z)en(y)dn(y) + sn(y)en(z)dn(z)

sn(x +y) = 1 — k2sn2(z)sn(y) (A.19)
the Jacobi cn(z) function
en(x)en(y) — dn(z)dn(y)sn(x)sn(y)
en(z +y) = 1~ FZsn2(z)sn(y) (A.20)
and the Jacobi dn (x) function
dn(z + ) = dn(z)dn(y) — k%n(x)cn(y)sn(x)sn(y). (A21)

1 — k2sn?(x)sn?(y)

The differentiation formula are

sn’(z) = en(z)dn(z), cn'(z) = —sn(z)dn(z), dn'(z) = —k%cn(z)dn(z). (A.22)

B Some Determinant Identities

In the establishment of the recursive structure of orthogonal polynomials we need a
number of identities, which we derive using the Sylvester Identity. So we present a proof
of the Sylvester identity, which was first presented by Kowalewski [96], Bareiss [15] and

Malaschonok [109, 110] and these seven proofs are presented together in [7].
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We consider an (n +m) x (n + m) matrix R with elements 7;; and determinant |R|, also

written det(R). Then we partition R and factor by block triangularization such that

A B A0 1 A'B
R= = . (B.1)
C D C 1 0 D—CA™'B

where A is a nonsingular square matrix of order n, then
|R| = |A|.|D - CA'B|. (B.2)
If we multiply both sides by | A|™~!, this becomes
[ A" HR| = ||A|(D — CA™'B)|

because the determinant on the right side of (B.2) is of order m. We can reduce this

equation further to

[ A" Y| R| = ||A|D - CAB|, (B.3)

since A7 = ﬁ (where A represents the adjugate matrix of the inverse matrix A~1), and
the determinant of A is assumed to be # 0. Specifying some entries in (B.1), taking A to

be an n x n block and D to be an m x m block, we have the formula:

Z7j:17"' T

(det(A)™ | ¢ | — detyn { detnn (4)Dys = (ch Abj) }

(B.4)
in which the full matrix is supplemented with m n-component column vectors b; and m

n-component row-vectors c.. If we consider the case m = 2 ie. the removal of two rows
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and columns, then we get then determinant identity

A | b b

-+ - - dy d ¢t Aby b Ab
(det(A)) _ det2><2 (det(A)) 11 12 . 1 N 1 1 B 2

Ci | d11 d12 d21 d22 CgAbl CgAbQ

Cé | do1  doy

= [det(A)dy; — ¢ Aby] [det(A)dyy — ¢, Aby)
—[det(A)d21 — C;Zbl] [det(A)dlg — Cigbg],

which can be symbolically written as:

(B.5)

(where the red lines denote rows and columns omitted from the original determinant). It
is then necessary to reorder the position of the row and column to tailor the identity to our
requirements. In the case of the derivation of a general recurrence relation for orthogonal
polynomials we choose the following alignment:

(B.6)
where both the penultimate row and column, have both been shifted n — 1 places. Since
they are both shifted the same distance, it is not necessary to change the sign of the

determinant.

While (B.6) is the key identity by which the recurrence structure for ordinary one-variable
orthogonal polynomials is obtained, for the elliptic two-variable orthogonal polynomials
we need (in addition to (B.6)), determinantal identities involving the simultaneous

removal of more than two rows and columns. Thus, the main identities used from the
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general formula (B.4) will be the cases m = 3 and m = 4, leading to the different

recurrence relations for (4.3.1a) and (4.3.2a).

In the case m = 3 we obtain from (B.4) the following 3-row/column Sylvester type

identity:
A by ba b3
_ + — — di1 dia  dis cigbl cﬁﬁbz
5 ~ _
(det(AN?| ¢t |  dy1  diz  dis detzxg q (det(A)) | doy  dos  das —| cbAby  cLAb,
ch [ do1  do2  dag d3; d3zz ds3 chAby  chAby
¢ | ds1  dsz dss
A ba b3
A b - - -
= . Lol . + (det(A))
c; din cg | doa  das
et | dz2 dss3
A | by b
A by - 4+ - -
-1 7 x| (det(A))
ck doy ci | diz dis
et | dzz  dss3
A | by by
A b - 4+ -
+ L ] (det(A))
¢y d3 cl | di2 dis
ch | doa  das
which can be expressed graphically as:
= X — X
+ X )

ci Abg
ngbg
ngbg

)

B.7)

(B.8)
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Hankel Identities

Dp(l+1 ! I+1 1+1) (1
Afc)Hl(c—2) = Al(cilﬂl(c—l) - A;—I)Hézl

(D A (1+3) b 1+3) I+1) A (I+2)
Hk Ak72 = Hl(fflAl(cfl - Hl(cfl Akfl

Dr(142 l I+1 1+1) (1
API = o) i Al

k-1

D ! l ! !
Al(c)rl(ci2 = Al(czlrl(vzl - @I(czlnl(czl

Dy (142 D (42 142) (1
@l(g)Hl(g—2) = @1(611H1(cf1) — Al(cfl Fl(cil

l I+4 +4 l 1+2 I+1
| 2)A2_2) = A]({;—l)l I(gzl — @](q—l)”](c—l)

D ~(1+2 14+2) (1 ! 142
Hl(c)@l(cf2) = @éfl)ﬂézl - Fl(c)flAIgfl)

) A (144 14+3) (1 142) 1 (141
mYA) = AT — e P

181

(B.9a)

(B.9b)

(B.9¢)

(B.9d)

(B.10a)

(B.10b)

(B.10c)

(B.10d)
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C Adjacent Orthogonal 2-Polynomials

Here we present an alternative description of the extended polynomials, which, albeit less
convenient for the derivation of the recurrence structure developed in section 3, are in a
sense more natural since they remain orthogonal at each level indicated by the index .

Noting that the adjacent family of functionals given by the inner product:

Li(-) = (e, ")

generates in a natural way a set of moments, it is immediate that the family of two-variable

polynomials associated with the curve (4.2.1) given by

<€l - €, €0> <€l - €, €2> Tt <€l * €, ek)
<€z + €9, €o> <€l © €9, €2> Tt <6z : €9, €k>
l _ l
R (z,y) = /B,
<€z *€L—1, eo) <€z ©€L—1, €2> Tt (ez c €1, €k>
eo 62 PR P ek’
(C.1H
together with the corresponding Hankel determinant:
<€z * €p, €0> (ez €, ez) Tt <€l €, €k>
<€l '62,€0> (61'82,€2> <€l'62,€k>
EY = : : : , (C2)
(e-ex,ey) (e -ep,ex) -+ - (e -eyey)

for each fixed [, (I # 0, 1), forms an orthogonal family of polynomials relative to the inner

product (-,-); = (e;-,") .

To compare the notation provided by (C.1) and (C.2) with the one of section 3, we note
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that
RO Q,(Cl) for [ even 20 @g) for [ even
ko — ’ ko _
QY for 1 odd 6" for 1 odd
In order to manipulate this ordered sequence of monomials: eg,es, €es3,...,€;,... ina

~

convenient way we introduce a shift operator ™, which shifts the series by one step:

€, €2, €3, ... €) =€z, €2 =€3, €3 =6€4, ...
thus:
~ €42 =0
e = : (C.3)
e , L#0

Furthermore, we need to introduce:

<€l '62,€0> <€l '62,€2> <€z '62,‘31@)
(€e-e3,ep) (e -esey) --- -+ (e-es e
l l
V(z,y) = /ey, . (4
(6’1 - €L, €0> <€l - €L, €2> Tttt <€l - €L, €k>
eo 62 “ e .. ek_

together with its corresponding Hankel determinant:

(61 : 627€0> <€l : 627€2> T <€l : 62,6k>
(61'83,€0> (61'83,€2> <€l '€3>€k>
@,(f) _ : : : . (C.5)
<€l * €L+1, 80) <€l * €L+1, 82) Tttt (ez * €k+1, €k>

The following generalized Sylvester identity:leads to the recurrence relation:

0] 142 142) ~ (1)
P(l) — (1+2) _ Ak’*Q@l(CfQ) ) A1(672)@k72 Q(l) (C.6)
ko k=2 l 1+2) k=1 ! 1+2) “k—1 )
VAR Tk A6y
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D Elliptic Polynomial Compatibility

We consider the consistency between the x and y of the Weierstrass elliptic curve y* =
423 — gox — g3. The expansion of z and y involves the substitution of the recursion
relations (4.2.6), however the expansion of y also makes use of (4.4.3), where the curve

comes into play. We have two expressions for the y recursion relation

yPs, = P13+ YQ(Z)PMH + }/z(i)PZn—o—l + YQ(S)PQn + Yg(n_l)Pzn—l
YD Py o+ Y Py, (D.1a)
YPomi1 = APania+ Yook Ponys 4 Yol Ponio + Yaoh Ponsy + Yoo 1 Py

‘I’YQ(H_E%P%A + 5/'2(,7,_3]3271—2 (D.1b)

and so must consider both cases separately. Although there is a single expression for the

x recursion relation we can express it for k& odd or even. First consider y* P, for k even,

Y2 Pap = 4Poi6+ (Ygﬂrg + YQ(,,?)) Popis + (3/2(713_3 + 4Y2(,1) + YQ(T%)YQ(ZZFQ) Py g

+ <Y2(3)Y2(72r2 + Y2(71)Y2(3r1 + }/2(213 + Y2(r?)> Ponyz + (3/2(7:4:%
+4vy, Y+ YQ(Z)Y;?SZJ +YR Ve + Y2($)Y2(il1> Popio + <Y2(n_ ?
+Y2(71)Y2(7?-)|—1 + Yz(;f:)a + Yo, Yoy 4 Ve )+ YQ(T%)YZ(n_-:%> Popi1 + <(Y2(3))2
+4Y5, Y + YQ(n_f% + Y, DYy Y P+ Yz(z)Y;;f% + YQ(TPYQ(n_-:%> P
+ (Yz(z)n(;j% + Vg g+ Y Vo, 4 ¥, Py + v v
+Y2(5)Y2(,:f%> Pop—1 + (3/2(;1)3/2(7:1 + Yoy Y g+ Y, Y + VY
PV Pruca (V502 4 OV v
+Y2(n_3) }/2(7?)—3) Pon—3 + (YQ(r:l)YQ(n_E% + Y2(n_2)Y2(n_—2% + Y2(7:3)}3(7:j?1> Pon—y

+ (YQ(J DY+ Ve, S)YQ<{_2:)),) Pon—s + Yy Vo 5 Pang (D2)
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and the longer expression containing Xy,

(42° — gow — g3) Pon,
4Pop 16 + 4 <X2('}L)+4 + Xéi)w + Xéi?) Ponys

1 1 1 1 1 0 0 0

+ o+

0 1 1 0 1 1 0 0 1 0 1 1 1
4 (Xén)Jr3 (XQ(n) + X2(n)+2) + Xén)JrlXén) + Xén)+2 <X2(n) + X2(n)+2) + Xén)XQ(n) + X2(n)X2(n)+1X2(n)+
-1 —1 — -1 1 1 -1 1

1 -1 -1 1 -1 0 0 0

1

4
1 0 — -2 —

+X§JX§,3+1 (XS + X500 + Xz(n’) + X§n+)4 + X5+ X )) Pans2

1 1 — 1 1 -2 -2 1 -2

4
-1 0 0 0 1 -1 1 1 -1 -1 1 1
+X§n ) (X2(n)+1 + Xén) + XQ(n)—1> + (Xén))QXQ(n—&-)l + Xén)X2(n)+1X2(n+)2 + Xén )XQ(n)—lXén)) P2n+

0 0 1 - 0 0 0
X (<x;,3> X, 4 O~ ) X (32 X+ )

+ 4 <2X2(2)X( DXL XEXEL XD+ X5 VXY + xE) X
XX XD+ XX, XX+ XGOXE X
X4 XD~ o XE) (P - o)
+2XEXET + XEDXEN +2X5 00 X0+ XEXGA XL ) P

b (XRG + PGY + XEXGXG + xR,
+HREPPXEL + XDXEOREL + XXX + XEIXE X
XX XX XEUXGE + XXx)
XX, — X+ XEXLAN) XL

2 1 2 — -1
+X§n )X2(n) 2X2(n) 2 + X§n+)2X§n+)1 + Xén )Xénf)lXén) 2) P2n 1

_ 1
‘%4@ﬂa3ﬁ R
-2 -2 -2 -2
KPR X X X

+X5 VX0 XD+ X5 VXE D XD+ x5)XE P X,
X5 X5, X+ (X5,7)) P

+ 4 (2L (x5 VXED + XV xG) + XXV XED + XV xG) X0
+X5IXGAXG) + X5 VXS Y XY, + X xE P xE Y, + xVx) x(2
+X§n2)X2(7(’)L) 2X(n )2 + Xén)Xén-IQ—)lXén 2)1) Pon—3

o (XG0 (VXL + XX )+ x VD X
X5 X52 (X + XG0+ X5 ) ) Panea + 4 (X523 (X5Vx52) + x5 P X))

+ X5 P X2 XE D) Poncs +4X5, D X5 2 X0 2 Poo (0.
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Thus as a simple comparison we see that the first term for both the x P, and y P, is 4 and

the last term is

h2n h2n72 h/2n74 h'2n

AxCAxED xD oy =4
2n 2n—2<*2n—4 h2n72 h2n74 h/2n76 h2n76’
i Fon hons b
vy = eyl o D4
2n 2n=3 h2n73 h2n76 h2n76 ’ ( )

where we make use of (4.4.1a) and (4.4.2a).

- hy 3
2 v _
F hi—o’ F hy—3

Then we can consider the remaining 11 relations.

This equation also contains a great deal of symmetry in it, since we can rewrite the lower
order coefficients as the higher order coefficients. So we consider the coefficient of P;_j

for k even
(v ¥ 5+ 5, v )
= 4 (xL2 (xLUXED + XX + XEPXEAXEY) @)
and then substitute in (4.4.1a) and (4.4.2a)

_oyhon_ h _
Y( 2) '2n—2 2n Y( 2)
( " hons * hop—g "7°

hon_ _1yhon_ haon _ hon _
(e (gt e e ) o )

h/2nf5 h2n73 h2n72 h2n74

and after a bit of rearranging we find that it is equivalent to the coefficient of P, 5.

ho,,_ hoyp_
Y. 2) 12n—2 2n—>5 Y. 2
( Z(n ) 2(ni)5)

h2n h?n—S

hon—3 ( (—nhon—1  hoy (-1)) han, (—1))
=g ens [ xO + X0 ) + X!
( hQn 2 h2n—3 h2n—2 -2 h2n—4 an—d

then substitute back in for Ao,

2 2 1 1 1
(Yz(nlz + Yz(n)ﬁ%) =4 (Xén)fl + XQ(n)ffS + X2(n)75)
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We try substituting relations into one another in order to discover more about the

interactivity between X and Yj. The best approach is to start at the bottom and work

the way up, primarily because the terms X ,2_2) and Yk(_?’) appear in the lower relations

and they can be expressed in terms of known functions.

Now we consider 32 P, for k odd,

Y Py = APyy7+ (4Y2(’3-)‘r4 + 4}/2(72-1> Ponye + (4Y2(72‘r4 + Y2(7}r)i-1 + Yéﬁﬁéﬁlz&) Ponys

+ (Yz(jzrlYQ%zrs + YQ%-)HYQ(??&Q + 4YQ(7?3F4 + 43/2(211) Pontq + (4}/2(7;21
+ 1/2(1:+i + Y2(3)+1Y(n<)|>3 + YQ(anlyz(nzrl + ifz(nZAYQ(?}le) Poniz + (4Y2(n+i
+ }E(éllyz(nzrz + 4Y2(r:+4)1 + YQ(T:+%Y2(3) + Y2(nzrl)/2(n)+1 + Y2(3)+1Y2(n431)’>) Ponia
T+ () + Y+ Y + VY + YA + Y e
+}§(7111Y2(n_42) Popy1 + (Ygzrlyz(;f% + Y2(nﬂy(2) 2t Y2(n—)l-1}/2(n-a
P YA+ Ve Ve + Vi Ve ) Pon
VoY 4 V2 + YAV L+ Y Ya 4+ Yo Ve a) Pons

2) 1
}/én+{y( + }/2(n2&-1Y2(n+% + }/é(n+%y2(n % + Y2(n+%}/2( ) > PQTZ—Q

+ 4+ 4+ o+

(
(
(Vantt¥a ? + v AV A+ Y ) P
(v

2 3) —2 3V« (-3
2n+iy( 1t Y2(n+i}/2(n %) Pop Y2(n+%}/2(nfgp2n*5 (D.6)

and the longer expression containing Xy

(42° — gow — g3) Pon

4Popy7 +4 <X2(711)+5 + Xéi)Jr?, + X2(711)+1) Popgs+4 <X2(iz)+4 (X§717/)+1 + X2(31)+3)
+X§711)+1X2(711)+2 + Xé?z)ﬁ + X2(?Z)+3 + Xég)ﬂ) Ponys +4 (Xén)Jr4 (X2(711)+1 + X§}z)+3)
+X§SL)+2X2(111)+1 + Xé:L)JrB <X2(n)+1 + Xén)Jrz) + X2(n)+1X2(n)+1 + Xénzl*lXé}LLQXQ(’Illl?)
X0 XG4 XG0 P+ (X5, (X4 X0 + XG0 X.,

1

1 1 —1 1 1 0 0 0
+X§n)+2 (Xén—i—)l + Xén—‘r)fi) + Xén)Xén—&—)l + (Xén)—ﬁ—l)Q + XQ(n)—s—lXén)—&—Z& + (XQ(n)—&—Zi)z - 492

1 1 0 0 0 —2 -2 —2
+X§n)+1X2(n)+2 (Xén)-i—?) + XQ( ) +2 + Xén)—H) + X2(n+)5 + Xén—f—)?) + Xén—‘r)l) P2”+3
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—2 1 1 —2) (1 1 —2 —2 1 2
+ 4 (X2(n+)4 (Xén)—l—l + X2(n)+3) + X§n+)2X§n)+1 + X2(n)+1 (X§n+)1 + X2( +)3> + Xén)—lXén-f—)l

1 0 0 0 0 1 -1 0 0 0
# X0 (07 + XX+ (X002 - T2 ) + X (R0 + X0, + X0, )

-1 0 0 0 1 —1 1 1 -1 ~1) (1) +(1
XS (XEhe + XS0 + X)) + (XGL02x80 + XEh XS XG0 + XX XE) ) Ponso

0 1 —1 1 0 -1 -1 -1 0 -2
+ 4 <2X2(n)-i-lXén)-i-1X§n+)2 + X2(n)+1X2(n)+2X2(n+)2 + Xén-‘r)lXQ( +)2 + Xén)-l—SXén—i-)?;
1 1 -2 —1 —1 0 -2 —1 0 1
+X2(n)+1X2(n)+2X2(n+)3 + XQ( +)1X2(n '+ 2X2(n)+1X2(n+)1 + XénJr)lXén)Xén)

FXEDRE 4 XD X — o X0 (O - o)

200 X0+ XX + 2 X X)X+ X XED X)) P
+ 4 (XEDXG + X + XX XD + X X G

(X )X+ XG0 X0 X+ X0 X X0+ XD X))

XD XED 4 x0 x O x4 xh x4 x 0 x 2 x|

2n+1“*2n+1 2n+1<*2n+2<*2n+2 2n+1 2n+1<*2n+1
) 1 1 -1 1 -2 0 —-1 0
+X2(n+)1X§n—) - 192X§n+)1 + Xén)-l-lXén—i-)QXén) + Xén—l—)l (XQ(n))2
-2 0 1 -1 -2 —1 —1 1
+X2(n+)1X2(n)—lX2(n)—l + XQ( +)3X2( +)2 + Xén—l—)lXén )Xén)—1> P2n

-2 0 1 -2 —1) (1) (=2 1 —1) (=2
+ 4 (Xén—i-)l (X2(n)—1)2 - 192X2(n+)1 + X§n+)1X§n)X§n+)l + X2(n)-&-1X2(n+)2X2(n+)1
-2 -2 0 -2 -2 1 -1 -2 -2
+X2(n+)3X§n+)1 =+ (Xén)-l—l)zXén—s—)l + Xén—l-)lXén)—lXén ) + Xén-l-)lXén—)l

-2 -1 1 -1 —2 1 0 -2 0
+X2(n+)1X§n—)lX§n)—2 + XQ( +)1X2(n )Xén)—Z + Xén)-i-lXén-‘r)lXQ(n)—l

D ERBEHD ERRRTD e WD Enb CHINED CAND Cmi o
XXX + (X)) P

+ 4 (xE, (xR + xERXED) + X0 x50 x5 + xEP XL x 0P
+ XX XGL s + XEAXEXED, + x xER XD + X X0 X
XS XS X+ XG X XD Pans

+ 4 (XG0 (DX + XED X)) + x5 X VX
X5 (X + X+ X0 0)) Poncs 4 (X527 (X DX + X500

X5 XA XGY) Pona + AXG X0 X0 Pans (D.7)

Again we consider the first and last terms of both sides of the relation, where the former
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is 4 and the latter is

h
—92 -2 -2 2n+1
4X§n+)1 Xénf)lXQ(nf)?; = 4 hg 5 )
_ _ h2 1 h2 -2 h2 +1
Y( 3)Y( 3) — 4 n+ n —4 n ‘
T an—2 hon—2 hon—s hon—s

So at the very least the initial and final terms are identical for £ odd or even.

E Elliptic Polynomials

The following list of equations are the elliptic polynomials, where we assume that Py
does not exist (since e; does not exist). To create a list of polynomials we require both

recursion relations (4.2.6) since for lower order polynomials we require one or the other

TP, = Pyio+ X,il)sz + X;EO)Pk + X,ffl)Pkfl + X;E;_Z)Pkfzy
yP, = 4%P s+ Y, P + YO P + YO P+ YV R

Y PP + Y P,

and where
1 ., kodd,
€ =
0 , keven.

Beginning with establishing some initial conditions,
PB=1, P;=Py;=P3=0 (E.1)

we then move on to constructing the polynomials. Now since P; does not exist, we must
make the allowance that any coefficient that would normally be coupled with P, takes
the value of 0. Thus the first two polynomials P,y and F3), which are formed by taking
k =0in x P and y Py

P = z—X" (E.2)

P, o= y— YO(Q):E + (XéU)YO(Z) _ YO(O)) (E.3)



Appendices 190

exist when Xél) =0and Yo(l) = 0 For k = 2, we gain P4y from the x P}, relation

Py= et Xy (O X e (KOO )

~(XX0 + X)) (E4)

and Xéfl) = (. After this point there will be more than one approach to derive a
polynomial, since for values of higher order k£ we have multiple equations. To illustrate
this, first consider P; which can be constructed in two separate ways, either through y P,

or x P;. Thus we have y P, from k£ = 2 and x P; from k£ = 3 respectively

P o= ay— Y22 <Y2<2>X2(1> v Xéo)) y
_ <Y2<2) XDy _ xO _ xO) _yhy® Y2<o>> .
= (1 (0N - 1) - X - xE)
YOxOY® —y 0y Ly x© Y2<—2>> (E.5a)
Py= oy (X0 ) a4 (XX - XY
- (KPR = X0 = X VPO + )+ )
= (0 (KPR - ) - (X - )

XY =)+ x{ VX (E.5b)

and where YQ(_I) = 0and X :,(,_2) = 0 respectively. Despite the differences we have here,

both these relations are equal, which is proved by the consistency between the x and y
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relations. This leads to a whole new set of relations between the coefficients X}, and Y},

2 1 2
v = x4y @
y@x{ _y - xO Z xOx® _ x©O

5/2(2) (Xg(l)YE)@) _ X2(O) _ X(()O)> _ }/’2(1)}/6(2) + Y‘Q(O) _

(E.62)

(E.6b)

XX~ X X))+ X 4 X 00, €6

3
<Y'2(2) (X(l)(X(O)Y(Q) _ YO(O)) _ (XéO)XQ(O) _ Xé_Q))>
( )) + Y(O)X( ) Yz(_2)> _
(X(l) <X2(1 _ Y'O( )) _ (X(O)XQ(O) _ X2(*2)))
—X(O)(Xéo (0)) + X( )X(0)> )

The smaller relations can reduce the larger relations

(E.6d)

(E.7)

and with the aid of these we can consider a single relation for F5. For reasons of simplicity

I will use the derivation from y P.

Next we consider Fy, which raises a further issue, since we have reached a level where

the curve has a direct involvement.

For Ps; we use y P3 with the y P, value of P,

4P6 — 2 o (}/3(2) + Y(Q))my + (Y(2)Y2(2) o Y3(1))a:2
- (FP xS - v - 30 YO X YO - (xOv - )y
(P X(l) X~ xO) _yOy® 4 y0)

YOy @ X2(1> — X - X+ V0¥ - v a

= (5 (P v - ) - P - x5 - v - v

Ox® <y ) v (3P Oy - v0) - (xPx0 - x

YO (xOy® _y )y x-0 Y3<—3)>

(=2)

2

)

(E.8a)
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and similarly for x Py with yP»

Py

2 = (X4 + xX{)ay + (2" - x{0 + (x{MP - x[V - x()) 22
(KO v - X0 - xOx 4 x(),

+ (0 (12 8 - X X0 - YR 4 v)

O - X X0 x4 x

~XXOYD Y + (0P - x{))

(X (2 O 3 - (X — X)) - v -3
O ) - X (3O v - P - x{)

XY ) - xUXEY). (E.8b)

In the former P;, we introduce the curve y?> = 42® — g2 — g3 and since these two
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polynomials are equal, a further set of relations arises

%L(Y?’(z) +Y@) = x4 xD, (E.9a)
TV ) = XY - x4 (- - X, (E.9b)
i (3@}2)(}/2(2))(5” _y 0 xOy _y x|y _ (xOy® _ Y0<0>)> _
XD v - X0 - XX X 0
411 (Yé@)(YZ(z)%(z) X§1) _ X0 _ x0) _ y 0y @ 4y

YO x O _ 0y 4 yOy® _y-n _gg> _
( X <Y2<2> _ X0 _ x0y _yy® +Y2<o>>

_xOy@x® - x© _ xO0y 4 x(-Vy @ 4 x(-2
~x (XY =¥ + (X - x5, (E.9d)

1 2 2 1)/ 1(0) (2 0 0) +(0 2 1)/ 1(0) (2 0

£ 08 (220D W v - (X ) - O )
0 0 —2 1 1 0 2 0 0 0 —2

—l—YQ()XO()—YZ( )>_Y;g()(Xz()(X(g)YI)()_Yo())_<X2()Xé)_XQ( )))

+YE’;(O) (XéO)YE)(Q) _ YE)(O)) . }/3(_1)X(§_0) + YE))(—?’) o g:;.) _

1 2 1 0 2 0 0 0 -2 1 0 2 0
(2 (P Oy - ) - (O - X5 - 1 v - v)

which introduce the non-zero curve constants g, and gs.
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As one last example we show the derivation of P; where we use x P5 and y P, to generate
the two polynomials, where the values of Py from yP» and Ps5 from y P; are used. These
two polynomials also satisfy the relations above, since if all the P; are individually worked

out there are 16 representations. Initially we present the form of P; acquired using z P

o= yr? — (XM + x4+ - (P + xY) - x O+ xPx - Xy
- (X = X = X+ X + x) - x0) - X0 + x{)
X 4 XY - X - X0 - xO¥E 4 XD - VX v ) o2
+ (P - xOx0) - xOx + x00) - xP R - x()
XX )y [0 (X (OO - X - 0 - X
XD P xO 4 v0) - xP v - X - X0+ X - X

1 2 0 0 0 0 -2 0 1 1 2 0 0
XL VO XD - () - X0 (KR - X0 - X
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and then we use y P, with the same values

P o= g2’ — (X)) + Y )y + (3/4(2)(1/0(2) +37) = v+ XV
_xO X(()t») Yz — <n<2>%(2>y2(2) Yy YOy Y4(0)> 2
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yOxPy® — x© - x4y Oy @ _y )
YO xPY® - x0 - x©O) vy Oy 4y
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(E.11)

These polynomials satisfy the following series of relations (found by equating the Fr),

(XY 4 x4 v®y = 4 x4+ v®, (E.12a)
<X5(1 ( ( ( )) . X(O) + X?El)XZ(I) o X?EO))
= (v Y<2> ) =¥+ x{vP - X - x7) (E.12b)

1 2 0 0 1 1 0 0 2 1
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