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Abstract

In this thesis, we derive a multivariate analogue of Ruijsenaars’s , F;-generalisation R. We use
Hopf algebra representation theory of the modular double of 31(2), a Hopf algebra structure
strongly related to quantum groups, to relate the function R to overlap coefficients of eigenfunc-
tions. Using properties of the algebra and the representation, we derive an Askey-Wilson type
difference equation. We moreover recover Ruijsenaars’s unitary transformation kernel £.
Expanding on the Hopf algebra structure, we extend our derivations to the multivariate
version of R. Employing representation theory, we obtain multivariate difference equations.
Furthermore, we demonstrate that the multivariate function enables the definition of a unitary

transformation on multivariate functions in L2((0, 00)™).
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Chapter 1

Introduction

This study aims to derive a multivariate analogue of Ruijsenaars’s generalised hypergeometric
function R. Ruijsenaars initially developed this function as a generalisation of the family of , F;
functions in the context of Calogero-Moser many-particle systems [40]. Several properties of
the function R were proven in the subsequent works [36, 37, 38]. For this study, it is important
to note that the function R is an eigenfunction of a system of Askey-Wilson type difference
equations and can be used to construct the kernel of a unitary map. The main objective of this
thesis is to extend these two properties to a multivariate version of the function R. We will
demonstrate that the multivariate version of our function is an eigenfunction of a multivariate

difference operator and also serves as the kernel of a unitary map on multivariate functions.

1.1 Background

The derivations in this thesis have a close relationship with the study of Krawtchouk polynomials.
To provide some context, [ will briefly highlight the parallels between our work and the study of
these polynomials. It is important to note that no prior knowledge of Krawtchouk polynomials is
necessary to understand this thesis; this section is only meant to provide additional background.
The article [34] by Nomura and Terwilliger offers an excellent overview of the connection
between Krawtchouk polynomials and the Lie algebra 81(2). Many of the results presented in
this thesis have corresponding counterparts in their work.

Krawtchouk polynomials form a set of polynomials that are orthogonal with respect to a
discrete measure. These polynomials are proven to be equal to matrix elements of the natural
representation on the Lie group SU(2) [30]. Alternatively, they can be expressed as matrix
elements of the symmetric power representation of the Lie algebra 3[(2) on polynomials of
two variables. In this case, the polynomials in two variables are acted upon by 3[(2) through
differentiation [34, lem 3.20].

In [34, thms 3.23 and 3.24], eigenfunctions of two elements 4 and A* are used to derive
difference equations for the Krawtchouk polynomials. The representation theory can also be
employed to establish the orthogonality of these polynomials ([34, thm 3.22]). As a consequence
of their orthogonality, the Krawtchouk polynomials can be used to construct an invertible

transformation. Properties of this transformation have been studied in [10].



The study of Krawtchouk polynomials shares similarities with our research. In this study,
we employ representations of a deformation of the Lie algebra 81(2), which we refer to as the
quantum group or quantum deformed algebra. We denote this deformation as U,(8L(2)) or
simply U,,. (Furthermore, we extend this deformation to a larger structure known as the modular
double, discovered by Faddeev ([7]). This extension allows us to broaden the range of a pair of
positive base parameters to complex conjugate parameters.)

We discover eigenfunctions of two classes of elements in the deformation and compute their
overlap coefficients, a continuous generalisation of the matrix elements found in the case of
Krawtchouk polynomials. The resulting overlap function, denoted as y, is found to be equivalent
to Ruijsenaars’s generalised hypergeometric function R, up to certain prefactors. This result is
not surprising, as van de Bult ([4]) has previously derived a closely related outcome.

We employ the representation theory of U, to derive difference equations for the function y,
in a similar way as described in [34]. We demonstrate that these difference equations for y are
equivalent to the Askey-Wilson difference equations, with appropriate prefactors.

Although the concept of orthogonality does not directly transfer from the Krawtchouk
polynomials to y, we establish that the latter can still be regarded as the kernel of an invertible
Hilbert space isomorphism. With some scaling, this isomorphism can be modified into a unitary
transformation.

Having derived these results for y, we proceed to generalise the function to its multivari-
ate version. This multivariate function shares similarities with a multivariate version of the
Krawtchouk polynomials studied in [45]. Our derivation follows an algebraic approach similar
to the derivations in the studies of multivariate Askey-Wilson functions and Askey-Wilson
polynomials presented in [15, 16]. These articles provide a method for deriving a multivariate
difference equation, which we also adopt.

1.2 Outline

The body of this thesis is divided into three parts. Part I can be considered a preliminary
part, introducing the quantum group U (81(2)), its modular double, and its representation on
meromorphic functions. These concepts provide the necessary tools for the algebraic derivations
later in this study. The structure of the quantum group U, resembles that of a Hopf algebra, of
which we use some properties. TTo keep this thesis self-contained, we will start the first part
with a chapter on Hopf algebras (chapter 2). In principle, no general knowledge on the concept
of Hopf algebras is needed, so that the contents of chapter 2 may be considered background
knowledge. The reader may safely skip over it if they wish to do so. Chapter 3 introduces and
discusses the quantum group U, and its modular double, while we study its representations in
chapter 4.

Part I focuses on specific elements of the modular double. In the case of Krawtchouk
polynomials, the polynomials could be derived from eigenfunctions of certain elements 4 and
h* in the Lie algebra 8[(2). In our approach, we replace these elements A and A* with a type of
elements known as skew-primitive elements. We define those elements in chapter 5. It is followed

by the introduction of the hyperbolic gamma function in chapter 6. This hyperbolic gamma,



equivalent (up to reparametrisation) to the double sine function (cf. [31]) and the quantum
dilogarithm (cf. [27, 9]) generalises the regular gamma function. We employ this hyperbolic
gamma function in chapter 7 to express eigenfunctions of the skew-primitive elements.

In part 11, we use the eigenfunctions derived in the previous part to construct the function y,
which we do in chapter 8. In that same chapter, we establish the relationship between the function
and Ruijsenaars’s function R, as well as the related functions R, and £. Additionally, we
reproduce results concerning the analyticity of the function, and we extend Ruijsenaars’s results
regarding its asymptotics to complex parameters. In chapter 9, we derive a difference equation
y and show how it relates to the Askey-Wilson difference equations. Chapter 10 demonstrates
that y and £ serve as kernels for Hilbert space isomorphism, which allows us to define a unitary
transformation on L?(0, co) using these functions. The methods used in this chapter are related
to those used in [24, 28, 17, 18, 23]. Its results extend the results of Ruijsenaars for different
choices of the parameters.

In chapter 11 lastly, all the results converge. We use the Hopf algebra structure of the modular
double to generalise the skew-primitive elements to a tensor product of Hopf algebras and derive
their multivariate eigenfunctions. The latter will be used to define novel multivariate versions of
the maps y and £. We demonstrate that the multivariate y satisfies a multivariate difference
equation, and that the multivariate £ serves as the kernel for a unitary multivariate integral
transform on L2((0, c0)™).






Part I

The quantum group U (31(2))

This initial part can be considered preliminary. In chapter 2, we introduce the concept of co-
algebras and Hopf algebras. Then, in chapter 3, we describe a special Hopf algebra U ,(81(2))
known as the quantum enveloping algebra of (the Lie algebra) 31(2) or the quantum group of
81(2), as well as its modular double D. This Hopf algebra will be the underlying algebra, upon
which we built the results of this thesis. In chapter 4, we introduce a class of representations on
U q(§1(2)) and . The contents of these chapters are drawn from a variety of prior sources and
do not include novel results. Readers who are already familiar with the ideas of Hopf algebras

and the quantum group of 8[(2) may proceed directly to chapter 4.






Chapter 2
Hopf algebras

Hopf algebras were first introduced in the work of Heinz Hopf in the early 1940s. A formal
definition of the concept was given in 1956 by Pierre Cartier. From the late 1980s onwards, Hopf
algebras and its representation have been an object of study within many areas of mathematics
and mathematical physics, such as category theory, combinatorics and conformal field theory
([1D.

In this chapter, we introduce the concept of Hopf algebras in the following steps. We
recapitulate the definition of an algebra, as a preparation for introducing the dual concept of a
coalgebra. Next, we introduce bialgebras, which combines the structures of algebra and coalgebra.
Adding the aditional structure of an antipode, we arive at Hopf algebras. We complete our
introduction of Hopf algebras by adding a star structure to them.

To illustrate the concepts we introduce, we will provide some simple examples. Some of
these examples will be directly relevant to our main study. Other examples are included solely
for the purpose of illustrating the concepts they exemplify. Their goal is to aid the reader in
understanding the notions we have introduced.

In later chapters we will exclusively consider vector spaces over the ground field C. The
majority of the ideas covered in this chapter are applicable to arbitrary ground fields. Therefore,
we use the symbol K to represent the ground field throughout this chapter. Except where other
references are given, the information in this chapter is based on the introduction to Hopf algebras
in [25].

2.1 Algebras

An algebra is a vector space A equipped with a bilinear map called the product map. The algebra
is unital if it contains an element I such that for all x € A, Ix = xI = x. Often, the product
map is assumed to be associative, which we do from now on, unless explicitly stated otherwise.
Moreover, again unless stated differently, we assume algebras to be unital.

To highlight the duality with the later definition of a coalgebra, we require a more abstract
concept of an algebra. In this abstract context, we consider the unit as a mapping from the

ground field into the algebra. Let’s introduce our formal definition:



Definition 2.1 (Algebra). Let A be a vector space over K. Suppose 4 : A X A — A s a bilinear
and associative map. The pair (A, y) forms an algebra, where u is called the (algebra) product.
An algebra (A, p) is called a unital algebra if we extend it with a linear map 7 : K — A that
satisfies the condition of unity:

un(l),a) = ula,n(1)) =a foralla € A.

We denote the unital algebra by the triplet (A, u, ), and we refer to 5 as the unit map of the
algebra.

The unit element I and the unit map # are related through the relationship I = #(1), so
that the definitions are equivalent. If we speak of ‘an algebra A’ from now on, the existence
of the product u and unit # is implicitly understood. We may occasionally add a subscript to
their symbols (and e.g. write u4 and #4) to avoid confusion. At times we might also denote the
product u(a, b) of two matrix elements by the simpler notation ab or a - b. Additionally, we use
the symbol I, 1, or just 1 to denote the element #(1) in A. The use of the more formal notation
is beneficial, however, for our study of the definition of a Hopf algebra.

Slightly abusing notation, we also write y(a ® b) = u(a,b)fora® b € A ® A.' We
then view u to be a map from A ® A to A. Using this updated notation, we define an algebra

homomorphism as follows:

Definition 2.2 (Algebra homomorphism). Let A, B be two algebras over K. A linear map
f: A — Biscalled an algebra homomorphism if it commutes with the algebra products and
sends the unit of A to the unit of B, that is, if both

fopp=pupo(f®f) and fon, =np.

We say that an algebra homomorphism preserves the algebra structure.

Denote by End(V") the algebra of linear maps from V to itself (endomorhpisms).

Definition 2.3 (Representation). Let A be an algebra and V' a vector space. A representation is

an algebra homomorphism from A to End(V).

Definition 2.4 (Subalgebra, ideal). Let (A, x) be an algebra, not neccesarily unital. A subspace
B of A is called a subalgebra if it is closed under the multiplication operation y, i.e., u(a, b) € B
for all a, b € B. A subalgebra I that satisfies u(x, a), u(a,x) € I forall x € I and a € A, is
called an ideal of A.

Example 2.5 (Ground algebra). The field K equipped with its regular product and the unit map id
is an algebra. If (A, u, ) is another algebra, then the map # serves as an algebra homomorphism
fromKto A. R

Example 2.6. Consider the vector space M,(K) of 2 X 2-matrices with elements in K. By

equipping M,(IK) with the usual matrix product and the unit map 4 — ( 6 g ), we transform it

into a unital algebra.

By the universal property of the tensor product, there is a unique map u’ from A ® A to A such that 4/ (a ® b) =
u(a, b) for all a, b € A, justifying the notation.



Example 2.7 (Tensor product of algebras). If A and B are algebras, we can give the tensor product

space A @ B an algebra structure by defining the product and unit maps as follows:

,UA®B(a1 ® b,a, ® by) := pylay,ay) @ ug(hy,by,) and ”IA®B()~) = Any(1) ® np(1).

As factors of the tensor product commute (i.e. (@@ N1 ®b) =a@® b= (1 ® b)a® 1)), we
can regard A and B as commuting subalgebras of A ® B. i

Example 2.8 (Tensor algebra). Let V' be a vector space over K. We define the n-th tensor power
of VineN)asT"V =V®" =V ® --- ® V, with TV = K. The tensor algebra T(V) is the
direct sum of all 7"V ’s, i.e.,
TV)=@PTV=KeVerVeV ®-.
neN

We define the (associative) product y on elements in 7"V and T"V by
Py ® Uy, 0 @ -+ QU)=u; @ - Qu,, v, ® - v, €TV

and extend it to a bilinear map on 7'(V). The unit map is defined by mapping 1 to the element 1
inTV C T(V).

For notational convenience, we can omit the tensor product sign from our notation, using
expressions like v; --- v, instead of v; ®---®v,,. We extend this convention to linear combinations
as well. In the upcoming chapter on the quantum group U, (81(2)), we will make use of this

tensor algebra, and of the quotient algebra introduced in the following example.

Example 2.9 (Quotient algebra). Let A be a vector space over K and I an ideal of A. The quotient
algebra A/1 is the space of equivalence classes of elements in A. We represent elements in
A/I as[a] :=a+ I fora € A. We have [a] = [b] whenever a — b € I. The producton A/T
is defined as [a][b] = [ab], and addition is defined as [a] + [b] = [a + b]. The map a — [a]
preserves the product and the unit, so that it is an algebra homomorphism. We might ocassionally

drop the square brackets from our notation.

2.2 Coalgebras

The condition of associativity of y in the definition of an algebra is equivalent to the commuta-

tivity of the following commutation diagram:

ARARA B A A

"®idl lu 2.1)

ARA——— A



Similarly, the condition of unity of # is equivalent to the commutatitity of this diagram:”

KoA"2% 404 2 AgK

x i,, / (2.2)

The triple of a vector space A, aproduct #: AX A — A, and aunitn: K — A satisfying the
above commutation relations define an algebra. Inverting all arrows in this expression, we arrive

at the definition of a coalgebra:

Definition 2.10 (Coalgebra). Let C be a vector space over K andlet A: C - C ® C and

€. C — K be two linear maps such that the following two diagrams commute:

cCcec i ceoc

A@idT TA (2.3)

K®cC <2 coc % cok

‘X Al / (2.4)

The triple (C, A, €) is called a coalgebra. The maps A and € are called the coproduct and counit,
respectively. The condition that (2.3) commutes is called coassociativity; the commuting of
(2.4) defines the notion of counity.

We define a coalgebra homomorphism by reversing directions in the definition of an algebra

homomorphism (definition 2.2):

Definition 2.11 (Coalgebra homomorphism). Let C and D be two coalgebras over K. A linear

map f : C — D is called a coalgebra homomorphism if both equations
(f® f)oAr =Apof and ¢e- =¢€pof

are satisfied.

Example 2.12 (Ground coalgebra). A very simple example of a coalgebra is the triple (IK, Ay, id)
with A @ A= A1 @ 1). If (C, A, €¢) is another coalgebra, then € is a coalgebra homomor-
phism from C to K. B

Example 2.13. For a slightly more elaborate example of a coalgebra, let X be a set and let
C = KX be the vector space spanned by elements of the set X, i.e., C is a vector space with
basis X. Set A(x) := x @ x and e(x) := 1 for all basis vectors x € X and extend them to linear
maps on C. Then (C, A, €) is a coalgebra.

We can, for instance, take X = {(19),(54).(993).(39)}. We can identify the span of

X with the vector space of 2 X 2-matrices. Defining the coproduct A and counit € as indicated,

2Observe that for any vector space V over KK, the tensor product spaces K ® V and V' ® KK are isomorphic to V.
The isomorphism from K® V' — V is given by A @ v — Av, with inverse v — 1 ® v. The isomorphism V Q K — V'
is defined similarly.

10



given a matrix ( ab ), we would have

andex(‘c’s)=a+b+c+d.l

Example 2.14 (Tensor product of coalgebras). The tensor product of two coalgebras C and D
can be made into a coalgebra itself by in the following way: for ¢ € C and d € D, we define

AC@D(C’ d) = (ld ® TC,D ® ld)o(AC ® AD)(C, d) and €C®D(C’ d) = €C(C)€D(d),

where 7cp: COD—->DRC is defined as TC’D(x RY=yQ x.> We extend these maps to
linear mapson C ® D. i

2.3 Bialgebras

Before delving into the definition of a bialgebra, we present a lemma that establishes a relation

between algebras and coalgebras:

Lemma 2.15. Let (H, i, n) be an algebra and (H, A, €) a coalgebra. We equip H @ H with
the tensor product of algebras and coalgebras as defined in examples 2.7 and 2.14, and provide
K with the ground algebra and coalgebra structures (examples 2.5 and 2.12). The following two

statements are equivalent:
1. Bothu: HQ® H — H andn . K — H are coalgebra homomorphisms.
2. BothA: H— HQ® H and e : H — K are algebra homomorphisms.

The proof of this lemma can be found in [25, thm. II1.2.1]. It demonstrates that these two
statements are equivalent by showing that they correspond to the same set of commutative
diagrams.

Now, let’s move on to the definition of a bialgebra:

Definition 2.16 (Bialgebra, bialgebra homomorhism). Let (H, p, 1) be an algebra and (H, A, €)
a coalgebra such that the (equivalent) statements in lemma 2.15 are satisfied. The quintuple
(H, u,n, A, e)is called a bialgebra.

A bialgebra homomorphism is a map that is simultaneously an algebra homomorphism and

a coalgebra homomorphism and hence preserves algebraic and coalgebraic structures.

In simpler terms, a bialgebra combines the structures of both an algebra and a coalgebra.
It requires that the product and unit maps “commute” with the coproduct and counit maps,

respectively, as established by the equivalence presented in Lemma 2.15.

3Note that we need this map 7 5, here, as A ® A, maps into C ® C ® D ® D. Note that we can write the
product on A ® B (example 2.7) using this map 7, p as well: puygp = (Hy ® pp)o(id @ 74 5 ® id).

11



Definition 2.17 (Star-bialgebra). Let H be a bialgebra with ground field C. Let «: H — H to

be an antilinear involution, and write x* = *(x). Suppose that for all x,y € H
(xy)* =y*x* and AX") = (¢ ® *)A(x).

Then we call (H, u,#n, A, €, %) a star-bialgebra.

The notion of star-bialgebra extends the concept of a star-algebra, which we did not discuss.
Two star structures * and e on a bialgebra are called equivalent if there exists a bialgebra

automorphism f such that xof = foe.

Example 2.18. Recall the coalgebra of 2 X 2-matrices we discussed in example 2.13. It is not a

bialgebra if we equip it with the standard matrix product, as

11 1 0 1 1\/1 O
€ -€ =2-1#1=¢ s
00 00 0 0/\O0 O
so that € is not an algebra homomorphism. B

Example 2.19 (Group bialgebra). Consider the group G = {1,e, f} withef = fe=1,ee = f
and f f = e. We can define an algebra product on the linear span H of G by linearly extending
the group product to H. We define the unit by n(41) = A1. Writing the element a;1 + a,e +a, f

in H as a vector (a,4a,,a f), we can write this product as

a, b, ayb; +ab,+asb,
Ml a. |®] b, || =]aib. +a.b; +asby|
af bf albf+aebe+afb1

We can define a coalgebra on the basis elements by setting
AD=1®1, Ale=e®e and A(f)=f®/,

and expand it to a linear map on H. Similarly, we define the counit on the basis by e(1) = e(e) =
e(f) = 1 and extend it to a linear map, this defines a coalgebra structure (cf. example 2.13).
To see that (H, u, 7, A, €) defines a bialgebra, we should check item 2 of lemma 2.15. We

have e.g.
Afute, /) =A1)=1®1
and
Hueu(A(@),A(f) = pugu(e®e, f® f)=ef ®ef =11,
s0 that Au(e, £)) = ppeu(Ale), A(f)). We also have
e(ule, f)) =e(l) =1=e(e) - e(f).

In a similar way one checks that the above relations on other basis elements.
We can define a star structure on H by setting 1* = 1 and e* = f and extending it to an

antilinear map on H. One could check that this defines a star-structure on the bialgebra H. i

Example 2.20 (Tensor product of bialgebras). Let A and B be bialgebras. We’ve seen already

12



(examples 2.7 and 2.14) how to equip A ® B with algebra and coalgebra structures. We can
show that the resulting coproduct and counit are algebra homomorphisms.

Let a and ¢ be elements of A and b and d elements of B. Write A (a) = ¥, a} ® a]/ with
the sum taken over some finite index set and a;., a;.’ elements of A. Note that this is possible for
any a € Aas A,(a) € A® A. Similarly, we write A,(c) = 3, ¢, ® ¢/, Ag(b) = X, b} ® b
and Ap(d) = Y, d' ®d!. Then

A oBHigp(@® DR c®d)
= (d® 743 ®id)(A4(ac) @ Ag(bd))
= (id ® 74 5 ® id)((A4(@)D 4(¢) ® (Ap(b)AR(d)))

=(d®143®id) ) dc,®dc) ®@bjd), ®b]d),
J.k,.m

/N I "1 1 g1
Z a;c, ® bldm ® a;cy ® b[ dm

J.k,.m
= #A®B®A®B<Z a;. ® b; ® a;’ ® b;” 2 C]’{ ® d),n ® c]l(l ® d,’,:>
Jl k,m
= lreBoies(Aipp(@® b). A gp(c @ d))
= Hagboisn(Aigs ® Dgp)@®b® c®d).
By linearity this result extends to A ® B ® A ® B, so that A 45 p is an algebra homomorphism.
It is left to the reader to check that €, p 18 an algebra homomorphism as well. We conclude

that A ® B, equiped with the algebra and coalgebra structures of the tensor products, is a
bialgebra. B

2.4 Hopf algebras

If A is an algebra and C is a coalgebra, we can define a convolution on linear maps from A to C.
For linear maps f and g, the convolution is defined as

Sk g=po(f ® g)oA.

Note that if we have A(x) = Y i x; ® x;’ , we can write the convolution as f % g(x) =
Y i f (x;.)g(x;.’ ). Just as for the convolution of functions R — R, it can be shown that the
bialgebra convolution is associative. Unlike the convolution of functions on the real line, how-
ever, the bialgebra convolution admits an inverse: noe. These properties were proved in [25,
prop. II1.3.1].

We use the convolution to define the antipode, which transforms a bialgebra into a Hopf
algebra.

Definition 2.21 (Antipode, Hopf algebra). Let (H, y, 7, A, €) be a bialgebra. An antipode is a
linear map S : H — H that satisfies

S % id =id % S = poe.

If S is an antipode, the sextuple (H, u,n, A, €, .5) is called a Hopf algebra. A bialgebra homo-
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morphism f between two Hopf algebras H and H, that satisfies foSy = Sy of is called a
Hopf algebra homomorphism. If a star-bialgebra admits an antipode, we call (H, u,n, A, €, S, *)
a Hopf star-algebra.

Not every bialgebra admits an antipode. If an antipode exists, however, it is unique: suppose

S and S’ are both antipodes, then by associativity and unitality of the convolution,
S =5 % (noe) =S * (id*S") = (S *id) *x S’ = (noe) * ' = 5.

Two Hopf star-involutions * and e are called equivalent if there exists a Hopf algebra homomor-
phism f such that xof = foe

Remark 2.22. Many authors, including Kassel ([25]), impose an additional requirement on a star-
operatation * in their definition of a Hopf star-algebra, demanding that it satisfies #o0So*0.S = id.
However, it has been shown in [41] that this additional condition is a direct consequence of the
conditions imposed in definition 2.17. As *%0So*0.S = id on a Hopf star-algebra, it follows
that the antipode of a Hopf star-algebra is invertible. Or, put differently, if the antipode of a

Hopf-algebra is non-invertible, it cannot admit a star-structure. B

Example 2.23 (Group Hopf algebra). Consider the group bialgebra (H, u, 5, A, €) from exam-
ple 2.19. We define a linear map .S : H — H by setting S(g) = gl forallg e G={l,e, f}.
Then for all g € G,

S K id(g) = u(S @id)A(g) = u(S ®@id)(g @ g) = S(g)g = e = n(e(g)),

and similarly id %.5(g) = n(e(g)). By linearity, .S % id = id %.5 = 5oe, so S is an antipode and
(H, u,n,A,e€,S8)is a Hopf algebra. i

Example 2.24 (Tensor product of Hopf algebras). We have seen in example 2.20 that the tensor
product of two bialgebras is again a bialgebra. We will show that the sensor product of Hopf
algebras is again a Hopf algebra. To do so, equip the vector spaces A and B with a Hopf algebra
structure, with antipodes 4 and Sp. Set S gp(a ® b) = S,(a) ® Sp(b)fora € Aand b € B
and extend it to a linear map.

Then, writing A 4(a) = Zj a; ® a;’ and Ap(b) = ), b;{ ® bZ, we have

Suen * idsgn(a®b) = Hagp (2 S@)® S ®d! ® bZ)
J.k

= MA(Z S@)® a;’) ® yB(Z SO ® b;g)

J k
=S5, % idA(a) ® Sp * idB(b) =n4(e4(a)) ® ng(ep(bh))
= ’7A®B(€A®B(a ® b)).

Similarly, id4gp(a ® b) * Sygp = Nagp(€sgp(a@ ® b)), and by linearity this result can be
extended to A ® B, so that S p is an antipode. B

If (A, u, n) is an algebra, we define u°P(x, y) = u(y, x) to be opposite algebra product. The

triple (A, u°P, n) defines an algebra again. We conclude this chapter with a lemma.

Lemma 2.25. Let H be a bialgebra and S : H — H be an algebra homomorphism from
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(H, u,n)to (H,u?,n). Let X C H be a set that generates H as an algebra. If for all x € X
S % id(x) = id % S(x) = n(e(x)), (2.5)
then S is an antipode for H.

Proof. As S, A and 5 are algebra homomorphisms, it follows that eq. (2.5) holds on the unit
element of H. As all elements in H can be written as a linear combination of iterated products
of elements in X, and eq. (2.5) preserves linear combinations, it suffices to show that if eq. (2.5)
is satisfied for x = y and for x = z, then it is also satisfied for x = yz.

Write Ay = 3, y;. ® y;.’ and Az = ), z; ® z] with j and k running over some finite
indexing sets. Then A(yz) = AyAz = Zj’k(y;.z;c) ® (y;.'z;(’), so that

S *id(yz) = ) SOz 2,
Jj.k

= Z S(z)S (y;.)y;.’z;(’ (by our assumption on .S)
Tk

=D, S(z) [Z S(y;>y”] z
k J

= Z S(zn(e(y)z (by our assumption on y)
k

= n(e(y)) Z S(z)z) (as n commutes with all elements of H)
K

= n(e(y)n(e(z)) = n(e(y2)),
and in a similar way we can show that

id xS (yz) = n(e(y2)). [
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Chapter 3

U,(81(2)) and its modular double D

Heisenberg introduced theory of representing physical observables in quantum theory by Her-
mitian matrices. He noted that, unlike the classical analogue, multiplication of those matrix
observables was not commutative. Dirac then described how the observables formed a noncom-
mutative algebra, with its noncommutativity quantised by #, the reduced Plank constant. Dirac
coined this deformed algebra the quantum algebra ([46]). The term ‘quantum’ has then since
become a common prefix for referring to the study of noncommutative analogues of classical
commutative objects such as groups and algebras.

A subclass of those quantum algebras is formed by the so-called quantum groups. Unlike
the name suggests, they are not groups, but Hopf algebras. In particular, the name is used for
deformations of algebras related to Lie groups and Lie algebras, formalised independently by
Drinfeld ([5]) and Jimbo ([22]) around the year 1985. In the case of Lie groups, deformations
are done on the commutative algebra of functions on the group manifold of the Lie group. In
the case of Lie algebras, the deformation is done on the enveloping algebra (we will recapitulate
the definitions), which is in fact not commutative, but is cocommutative as a Hopf algebra.! The
underlying procedures in deforming these Hopf algebras were originally inspired by applications
from mathematical physics, being quantum integrable models and statistical physics ([6]).

In this chapter, we introduce the quantum group that is obtained from deforming the en-
veloping algebra of the Lie algebra 8[(2), which we denote U, (8L(2)) or just U,, with g being
the deformation parameter. This deformation was first introduced (as an algebra) in 1981 ([32])
and has been studied by many authors since. We start our discussion of U, by recapitulating
the definition of the Lie algebra 81(2) and its enveloping algebra, denoted U (3[(2)) or U. Then
we introduce U, and show its relation to U. We introduce a parameter g, dual to ¢, and use it
to introduce a larger Hopf algebra D, which is isomorphic to U, ® U;, and which we call the
modular double of U,,. Lastly, we introduce and discuss some star-structures on U, and 9D.

There exist some different ways of defining the Hopf algebra U, not all of which are
equivalent. We decide to stick to the definition provided in [25] and match all our results to this

definition.

! An algebra is said to be commutative if 4 = por, with 7 the map that flips the factors of the tensor product. A
coalgebra is cocommutative if A = 7oA.
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3.1 The Lie algebra 3((2)

To provide the necessary background for introducing U ,(81(2)), we briefly recap the definition
of a Lie algebra and especially of 81(2), which lies at the root of U,. For a more comprehensive
treatment of Lie algebras, we recommend consulting e.g. [20], in which one will find more
background on the concepts discussed in this section.

Definition 3.1 (Lie bracket, Lie algebra). Let L be a vector space. A Lie bracket is a bilinear
vector space map [-, -]: L X L — L satisfying the two axioms [x, x] = 0 and [x, [y, z]] +
[y, [z, x]] + [z, [x,y]] = Ofor all x,y,z € L. The pair (L, [ -, -]) defines a Lie algebra.

Lie algebras are in general non-associative non-unital algebras, although some nontrivial

examples of associative Lie algebras exist.

Example 3.2 (L(A)). Let A be an associative algebra. One could check that [a, b] := ab — ba
defines a Lie bracket on A, so that (A,[-, -]) is a Lie algebra. We denote this Lie algebra by
L(A). 1

The Lie algebra 31(2) is a non-associative algebra that we define as follows: its vector space
is the linear span over C of three elements, which we call A, e and f. Its algebra product is the
Lie bracket is given by

[h,e] =2e, [h,fl=-2f and [e, fl=nh.

One can identify 8[(2) with the vector space of 2 X 2-matrices with zero trace, equipped with the
product [x, y] = xy — yx. In this case, the basis elements A, e and f correspond to the matrices

h:<1 ())’ e:(o 1) nd f:(o 0>‘
0 -1 00 10

3.2 Enveloping algebra

We will now introduce the concept of the enveloping algebra (sometimes referred to as the
universal enveloping algebra) of a Lie algebra. The enveloping algebra U (L) of a Lie algebra L
is an associative algebra that preserves many of the properties of L, making it a valuable tool in
the study of Lie algebras.

We define the enveloping algebra using the tensor and quotient algebras in examples 2.8
and 2.9. Let L be a Lie algebra, T (L) the tensor algebra, and let I(L) be the ideal of T'(L)
generated by all elements in T(L) of the form xy — yx — [x, y], for x,y € L.” We define the
enveloping algebra of L as

UL) :=T(L)/I(L).

We now move over to the enveloping algebra of 3[(2). We will show that the algebra

U (31(2)) equals, up to isomorphism, the algebra U generated by the three elements E, F, H

2The ideal I(L) thus is the space of all finite sums of the form v(xy—yx —[x, y))w for v,w € T(L) and x,y € L.
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with relations
HE-FEH=2E, HF-FH=-2F and EF-FE=H.

To see why U is isomorphic to U(8[(2)), define a map ¢ : T(81(2)) — U by sending the
elements &, e and f in T(81(2)) to H, E and F respectively in U and extending the map to a
homomorphism. From the defining relations of U, it is clear that ¢p maps I(3[(2)) to 0. We can
thus let ¢ descend to a well-defined map ¢’ : U(81(2)) — U, setting ¢'([x]) = ¢(x).

We now define the linear map w : U — U(81(2)) on the generators by w(H) = [h] and
w(E) = [e] and w(F) = [f]. It is easy to check that the map y can be extended to a well
defined algebra homomorphism, satisfying the defining relations of U. Note that y and ¢’ are
eachothers inverses, so that indeed U is isomorphic to U (31(2)).

We can define a Hopf algebra stucture on U by defining a coproduct and a counit. On the
generators, set

AH=1Q@H + HQ®1l, AE=1QFE + E®1 and AF=1QF + F®1,

and extend A to the span of the generators. One checks that such a map preserves the algebra
structure, e.g. for the relation EF — FE = H we find

AEAF=1Q(EF) + FRE + EQF + (EF)®1,
and
AFAE=1Q (FE) + EQF + FRE + (FE)® 1,
so that
AEAF —AFAE=1Q(EF - FE) + (EF-FE)®1=AH.

Similarly, the other defining relations are preserved under A, so that we can extend it to an
algebra homomorphism.
The counit of U can be by defining € to map the span of H, E and F to 0 and #; to ¢ = id.
Preservation of the defining relations now is automatic, so that it extends to a homomorphism.
Lastly, forn =0,1,2,...and vy, ...,v, € span{ H, E, F }, we set

S(vy v, =D"v,0,_; -+ vy

and extend it to a linear map on H. One checks that .S preserves the defining relations (e.g.
S(EF — FE)=FE - EF =—H = S(H)) and is an algebra homomorphism from (H, u, )
into (H, u°®P, 1), so that we can use lemma 2.25 to conclude that .S is an antipode. It can be
shown that .S extends to an antipode of U, so that U is a Hopf algebra.

Several star structures exist on U, some of which are given on the generators by
E*=E, F*=F and H"=-H,
and

E'=F, F'=E and H'=H.
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3.3 The quantum group U (31(2))

For complex ¢ not equal to —1, 0 or 1, we define U, (81(2)) to be the algebra generated by the
elements K, K~!, E and F with relations

K-K!

KK'=K'K=1, KE=¢’EK, KF=q*FK, EF-FE-= = (3.1
q9-q

To simplify the notation, we will often write U, instead of U,(81(2)). We denote the product by
w and the unit by # as usual. The parameter g quantifies the deformation of U, with respect to
U. (We will show in what sense U can be seen as a limiting case of U, in the next section.)

We will extend U, to a bialgebra. Let A: U, —» U, ® U, be the algebra homomorphism
defined by

AK =K ®K, AKHY=K"'@K™,
AE=1® E+E®K and AF=K'QF+F®I.

It is straightforward to verify that A preserves the relations given in eq. (3.1), for example,
AKAE=KQ®KE+KEQ® K*>=K Q® (¢°EK) + (¢’EK) ® K* = ?AEAK.

Hence the extension to an algebra homomorphism is well defined.

Let the homomorphism € : U, — C be defined by
e(K)=e(K)=1 and e(E)=e(F)=0.

(Compatibility with the relations eq. (3.1) follows almost immediately in this case.) The quintuple
(U, u,n, A, €) is a bialgebra.
Define S to be the algebra homomorphism from (U, u, 1) to (U,, u°?, ) satisfying

S(Ky=K~!, S(KHh=K, S(E)=-EK! and S(F)=-KF.
One can check that the defining relations are preserved under S, e.g.
S(KE)=S(E)S(K)=—-EK?=-¢’K'EK™' = ¢*S(K)S(E) = S(¢°EK),

so that the homomorphism is well-defined. By lemma 2.25, S is an antipode, showing that U, is
a Hopf algebra.

3.4 Relating U, to U

In the previous section, I said that the parameter ¢ quantifies the deformation of U, with respect
to U. We will see that in the limit g = 1, we retrieve, more or less, the algebra U.

The defining relations in eq. (3.1) do not allow us to set g = 1. Defining the element H € U,
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K-K

as H .= ?__11, we have EF — FE = H and we can calculate
HE-EH = — 1((KE—EK)—(K_1E—EK_1))
q9-—q
1 _ _
= _1((q2—1)EK—(q2—1)EK N
q9-q
=qEK +q 'EK™!,

and similarly

HF - FH = —gFK™' -4 'FK.

Hence, using H, we can rewrite the defining relations to

KK '=K'K =1, KE = ¢*EK, KF =q¢°FK,

(@g-qg"VH=K-K', HE-EH=qEK+q'EK™,

HF —FH = —qFK ' —¢'FK, and EF-FE=H.
This more complicated set allows for setting ¢ = 1. Simultaneously setting K = 1, we retieve
the defining relations of U. If we denote by (K — 1), the ideal of U, generated by K — 1, we

find that U = U, /(K — 1),. (Setting ¢ = —1, we can also retrieve U, but now with the roles of
the generators E and F interchanged.)

3.5 The modular double ©

The modular double is a structure first described by Faddeev ([7]) which unifies two quantum
groups U, and Uj; into one object. This new object is modular in the sense that it is compatible
with the original structures.

For g € C\ {0}, set b in such a way that ¢ = ™ The dual parameter § is defined as

G = e/ b We can define the modular double as

By example 2.7, U, and U; can be identified with commuting subalgebras. Hence we identify
D with the algebra generated by K, K -1 E,F,K,K™!, E, F with relations

_ -1
KK'=K'K=1, KE=¢’EK, KF =q?FK, EF—FE:%,
q-—q-
cp-1 _ p-1p a7 G 2R =r rp_ K-K!
RK™'=K"'K=1, RE=¢EK, KF=§’FK, EF-FE=——,
d—q

and MN = NM for M € {K,K~',E,F}and N € {K,K~', E, F}. By example 2.24, the
Hopf algebra structures of U, and U; carry over to . Note that g does not uniquely determine
the values of b and g, and hence D is not determined by the choice of ¢ alone.

One could of course take the tensor product of U, with U, with any arbitrary r, and all of
the above would still apply, but the two factors U, and U; of the modular double turn out to
be related in a more fundamental way: Faddeev showed how they can both be embedded in a

natural way in an algebra generated by Heisenberg-type elements ([7]). We will present the main
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idea of this procedure in this chapter. It should be noted that while the derivation presented by
Faddeev is not rigorous from a mathematical point of view, it serves as an illustration of the
underlying thought process, and has proven to be useful e.g. in detemining representations of D,
as will be shown in the next chapter.

First, let p,, with n € Z, be elements with commutation relations [p,,, p,, 1] = 2zil (with I
the unit element) and [p,,, p,,»] = 0. Set v,, = e’P» (assuming for now that this is well-defined
as an element of the algebra generated by {p,, p,, p3, p4}). By the Baker-Campbell-Hausdorff
formula, the elements v, satisfy

ol
UnUn+1 — eb(pn+pn+l)+7[pn’pn+l] — qeb(Pn+P,,+1)
and
2
U}'H—lUn — eb(pn+l+pn)_7[pn7pn+l] — q_leb(pn+Pn+l)’
so that
— 2 —
UpUps1 =4 Upt1Uy and UnUny2 = Upy2 Uy (3-2)

for n € Z,. Denote the algebra generated by four elements vy, v,, v3, v4 and the relations in
eq. (3.2) by C,.

The algebra C, has two central elements’, Z, = vyv, and Z, = v v;. Consider the
subalgebra generated by the elements

‘Uz+l}3
-1’

v + Uy
qa-q! a-q
and their inherited relations. It is straightforward to check that these generators satisfy U -
like commutation relations: KK’ = K'K, EF — FE = K_Kl/ and KE = ¢>EK. Note that

KK' = K'K = Z,Z,, so that it is in the centre. Taking the quotient over the ideal generated by

K = qUyU3 = q_IUSU(), K’ = q_lvll)z, E=i (33)

KK’ — 1, we retrieve an algebra with equivalent relations as U e Thus, U q is (isomorphic to) a
quotient algebra of a subalgebra of C,.
In a similar way, setting &, = e”»/? for n € Z,, we can find commutation relations on the

elements 0, to generate the algebra C;. We define

5 amom ol o~ S a—ln o~ ~_.170+171 _ U2+Dg
K =§o,0; =4 030y, K' =4 0,0,, E= I—— and F =i—— T 34
q9—q q9—4q
and retrieve U, by taking the quotient over the ideal generated by KK' - 1.
Again by the Baker-Campbell-Hausdorft formula, we conclude that for all m,n € Z,,
U0, = bPmePnlb = olPwPul gPulbobPn = 0,0, 3.5)

in the algebra generated by the p,’s, as [p,,, p, ] equals either +2xi or 0. Hence the elements K,
K’, E and F commute with K, K/, E and F in the algebra generated by the p,’s.

Although the algebras C, and C; are well-defined, from a mathematical viewpoint, there
seems to be some difficulty in viewing them as subalgebras of the algebra generated by py, p;, p,

and p;. I see no evident direct way of how to define a notion of convergence such that v, = %

3 An element is called central if it commutes with all elements of the algebra.
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can be defined by a convergent power series and can be seen as an element of this algebra.”

3.6 The Hopf star-algebras U, and D

It has been shown (cf. [25, 33]) that a Hopf star-structure exists on Uq(§1(2)) if either ¢> € R
or |g| = 1. In the former case (of real ¢?), any Hopf star-involution on U, is equivalent to an
involution e of the form
K'=K, (K'Yy=K"! E= ﬁKF and F° = ﬁEK‘l.
q q

Using the definition of U,, in section 3.4, we see that in the limit g — 1 over the real line this star-

_e-1\* -l
operation corresponds to the operation « we defined on U, as H* = <1;_;<4 ) = 1;_;: =H
for real gq.

In the case |¢g| = 1, any star-involution is equivalent to

K*=K, (KY"W=K"'! E*=E, and F*=F. (3.6)
This structure corresponds to the operation = we defined on U when we take the limit g — 1
— * —
over the complex unit circle, as H* = (I;:f_,l ) = Iflflliq] = —H for |g| =1 and q # +1.

Both star structures can be extended in a natural way to D, if the parameter b is chosen such
that b? is imaginary for real ¢, so that § is again real, or if b is chosen real, such that g and G are
both contained in the unit circle.

Faddeev has noted ([7]) that a third type of star-involution exists on D, not corresponding to
any star-involution on U,. It corresponds to the case § = g, or b = ¢ for some real 6. We

denote this third type of involution by the symbol %, and define it as
K*=K, (KW=K'!, E*X=E and F*=F.

One can check that the defining relations of D are preserved under *, e.g.
(KE)* = E*K* = EK = §°KE =G *K*E* = ({ "EK)* = ("EK)*.

The commutativity of the coproduct A with * follows almost automatically, and we conclude
that % is a valid Hopf star-involution.

The existence of this latter star-structure on D is another indicator that something special is
going on with the modular double. The star structures % and x correspond to the cases of weak
and strong coupling, respectively, in certain applications in conformal field theory. Hence, the
modular double is needed for studying the strong coupling case ([8]). In the rest of this thesis,
we will be using the star-structures induced by s and %. The star structure * agrees with the star
given by v, = v, and 0, = 0, on C,, for n € Z,. The star x agrees with the star on C, defined

by w* = w, for n € Z,, interchanging factors in the modular double.

4One could think to define a norm on the algebra and use it to define convergence. Note however that by the
Wintner-Wielandt theorem, [p,, p,.,;] = 2zil cannot hold for elements of a normed unital algebra.

23






Chapter 4

Representations on D

In this chapter, we will introduce representations of ® on the space M of meromorphic functions
on C. Additionally, we will discuss a sesquilinear form on M that establishes a connection
between these representations and the star-structures on D.

The representations of U, have been classified in [42]. We will utilise a specific representation
defined in that work for |¢| = 4| = 1. While this representation was originally defined for U,, it
can be extended to a representation on D, see e.g. [21]. Furthermore, it admits a generalisation
that allows for the case § = g~ as well. To derive these representations, we will refer back
to our earlier discussion of Faddeev’s mathematical derivation of D, as presented in Section

section 3.5.

4.1 Position and momentum operators, and their exponentials

Before introducing the representation, we will shortly discuss the position operator X and the

momentum operator P. They are defined on M by

d
Xfe=xf) and PF =50

Note that the derivative of a meromorhphic function is meromorhpic, so that this is well-defined.
The operators X and P satisfy the commutation relation [ X, P] = —ﬁl . We can define
the exponentials of X and P as operators on M using power series expansions. For a in C, the

Taylor series of f(x + ﬁ) around x gives

(e ]

a . 1/ a \*d"f
f(X+2—m)—Zan_;<2_m> dx”

which converges for all x € C, except at the poles of f. Based on this, we define

()= Y @P'F100),

n=0

P f(x) 1= flx+ =),
2ri

Similarly,
e f )= Y L@ ) = Y~ [@X)" f] (.
n=0 """ n=0 """
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which justifies setting
X f(x) 1= e™ f(x).

It is straightforward to check that e?XebP = @l X.P1gbPoaX "and we can use the Baker-

Campbell-Hausdorff formula to express the exponentials of linear combinations of X and P:

1 1 ab
paX+bP _ ,~3ablX.P] ,aX+bP+1ablX.P] aX P

e = edrie

4.2 The representation r,

We define the representation z; of ® using the following construction. Let g = ™ either with
a real positive value for b with b ¢ Q, or with b = ¢/%/2 for some 0 € (=z,0) U (0, r). Pick
w; and w, in the following way: if b > 0, select positive values for w; and w, and such that
w,/w, = b%; if b = ¢'%/2, choose w, and w, with positive real parts in such a way that 1, = w,
and w, /w, = b* = €. Let f := w, /b = bw,.

Now set
2 A
Do=—X———-2xpP,
7B p
2 A
P = _X+ >
Top p
2r A
pp=——"F-X——+2npP,
2T p
2 A
pr=—"7X+—,
TP p

where X and P are the position and momentum operators defined in the previous section. It can
be checked that [p,, p,,11 = 2xil and [p,, p,,,] =0 foralln € Z,.
Weset v, = exp(bpn) and §, = exp( P,/ b), and define a representation r, of U, by setting

Uy + 0 U, + U
0" L and M(F):iz—j.
q—q q—q

It is straight-forward to see that the map =, extends to an algebra homomorphism: Note how

ﬂﬂ,(K) = qvol)3, TL'A(K_I) = q_lvlvz, 7[/1(E) =1

the elements v, satisfy the relations described in eq. (3.2). By comparing the definition of
above with eq. (3.3), we see that 7, preserves the product of U,, modulo the ideal I generated
by KK’ — 1 = vyv;0,0, — 1. (In section 3.5 we retrieved U, by factoring out KK " — 1 from
the algebra generated by the elements in eq. (3.3).) By the Baker-Campbell-Hausdorff formula

applied to our current elements v,, we have

12 12
(0003)(0102) - 1= ebP0+bP3+zb [Pogps]ebpﬁ'bpz*'zb (p1.p2] _ 1

— e—27rﬁP—47t2b2ﬂ2[X,P] e27rﬂP+47z2b2ﬁ2[X,P] —1=1-1=0,

so that I equals {0}. It follows that z; is well defined as a representation.
We can use the elements o, to extend the representation z, to ®, as v,,0, = 0,v,, for
m,n € Z, (cf. eq. (3.5)), setting

Uy + 0 - U, + D
0" L and m(F)=i>——

~ - ~_~_1‘
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The elements v, and &, might be useful when defining the representation, but the above
notation is less convenient when we want to let the representation act on an element in M. We

therefore rewrite the action of z, on the generators of D to the following equivalent form:

my(K) =T my (K™ =T,

ﬂ/l(E) = —]Sl/[wz (q_%eﬂ:l/wz + q%e—n’/‘l/sziwl >’

)

1

EA(F) = Ls—l/iwz(q_%enﬂ/wz + q%e—nl/sz—iwl >’

|
1= ) . @.1)
7 (K)=T"2, (K™Y =172,
1

- 2 . 1 1 .
2 (E) = — q 1Sl/zwl <q~—§ezr/1/w1 + qze—ﬂ/l/wszuQ)’ and

G—q
1
71'1(15) - _ l‘]i 1S—l/iwl <q—%en/1/wl + q%e—ni/wlT—iqu)’

qa—q
where TV f(x) := f(x +y) = VP f(x) and SY f(x) = > f(x) = e?*X f(x), and w, and
w, are defined as above. I leave it to the reader to verify that the representation thus defined
coincides with the earlier definition. Note that the definitions on the generators of U; are now
obtained by interchanging w and wj in the relations that define z; in U,. (Justas § = eimwa/wi

is obtained from interchanging w, and w, in g = e'*1/%®2 )

4.3 A sesquilinear form on M

In this section we introduce a sesquilinear form on a subspace of M. Moreover, we relate it to
the representation ,, showing that the representation is compatible with the star-structures we
defined on the modular double. We start by defining some auxiliary concepts and notations.

Let C be a directed contour in C with ¢: R — C a parametrisation of C. We call C a
deformation of the real line if

- ¢ is continuous, piecewise differentiable and injective;

- the imaginary part of ¢ is bounded, i.e. sup,cp [Imc(x)| < oo0; and

- Rec(x) > c0oasx - ocoand Rec(x) > —0 if x - —c0.

For any b € C, C + b is the deformation of R parametrised by c¢;(x) := c¢(x) + b, the notation C
refers to the deformation parametrised by c¢,(x) := @ and —C is parametrised by c;(x) :=
—c(—x).

Let f € M be a meromorphic function. Let » € R. If for any compact interval K C R
there exists some R > 0 such that f(x + iy) has no poles in for |[x| > Rand y € K, and
| f(x +iy)| = O™, we say that f has exponential growth with rate r.

For any function f € C, we define the conjugate function f by f(z) := %

Now let C be a deformation of the real line and let f, g € M be functions with exponential
growths r, and r,, with f and g having no singularities on C. If ry + r, < 0, we define (-, - )¢
by

(f.8)c := L f(2)g(2)dz. (4.2)
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Note that the conditions imposed on f and g are sufficient to guarantee convergence of this
integral. Restricting (-, - ). to the subspace of M of functions f with negative exponential
growth rates and with f and f both having no poles on C, it defines a sesquilinear form, i.e.
linear in its first argument and antilinear in the second one.

We call two deformations C and C" homologous with respect to the poles of the function f
if, intuitively speaking, a pole lies above C in the complex plane if and only if it lies above C’. A
more formal definition would be to say that C and C’ are homologous with respect to the poles
of the function f if both curves have the same winding number with respect to all poles. (This
requires e.g. a compactification of C to turn the deformations of R into closed contours. We
will not go into detail, as we expect the concept of homology to be clear.)

If C and C’ are homologous with respect to the poles of f, then C + s and C' + s are
homologous with respect to the poles of f(- — s) for any s € C. If C and C’ are homologous
with respect to the poles of both f and g, we have (f, g) = (f,g) by Cauchy’s integral
theorem, provided that both sides of the equation are well-defined.

We use this to relate the sesquilinear form to the star structures on ®:

Lemma 4.1. Let C be a deformation of the real line. Let f,g € M be such that the sum of
exponential growth rates of [ and g is negative. Suppose that f and g have no poles on C —iw,

C and C + iw|, and, moreover, that these three curves are homologous with respect to both f
and g. Then

(fomz(M*)g)e ifb>0,
(my(M) f,8)c = (4.3)

forall M € span{1,K,K~!,E, F, FK,K~'E}.
The above justifies calling M* (or M™*) the adjoint of M.

Proof. Note that 7, maps span{1, K, K~!, E, F, FK, K~'E} to span{T©1®1,§%/1w2 | £ £, €
{—1,0,1}}. Let us first relate the latter to the sesquilinear form.
We have

<Ti§1wls-’,‘2/iwzf,g>c — J eZﬂéz/wz.(zHélwl)f(z + iélwl)@dz
C

= J 28/ W f(2)g(z — i&wp)dz.
C+i& w,

We now want to replace the integral domain by C again, by using the Cauchy integral theorem.
We thus want to show that C and C + i§,w; are homologous with respect to the poles of the
integrand. Note that the factor e27%/#2'Z has no poles. By assumption C and C + i&,w, are

homologous with respect to the poles of f, so it suffices to show that they are homologous with

respect to the poles of g(- — i& w,) = g(z — i§,w;). As we noted, this is true if C — i§;w; and
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C are homologous with respect to the poles of g, which is true by assumption. Hence, we have

(T saliaf gy = | e/ r% f(2)g(z — iéwy) dz
Jc

= | f(2)e*m&/wrZg(z + i€ ;) dz
JC

= | f(z)S&/iaTi&w g(z)dz
c

= (f, Se/iTi&iv; gy

(using commutation
relations for .S and T")

_ e2m’§1§2w1/w2<f’TifluT]sz/iung> “4.4)

=(f, e—Z”iflfzu’_l/uTzTﬂflw_lsfz/iw_zg>

For the case b > 0, remember that we chose w; and w, positive, so that the bars on
w; and w, in eq. (4.4) have no effect. We can check that eq. (4.3) holds on the elements in
{I,K,K~',E,F,FK,K~'E}. For 1, K and K~!, this follows rather directly from eq. (4.4)
with & = 0and & = 0,1,—1, as (K*!)* = K=!. We check it for E. We had E* = E, so we

will verify whether

(— (e w2 §1/10r 4 gemnh/wa gl/Ir TN ) f g},
q

_q—l

; (f, i : (ezri/wzsl/iwz + qe—ni/szl/isziwl)g>C.
q—q~

1

Note that —
a-q

is real for |g| = 1, and by sesquilinearity it suffices to check the two equalities

?

(eﬁll/wzsl/iwzf’g>c =(f, eer/wzsl/iwzg)C
and
(qe_”)”/WZSl/isziwlf, 2)c ; (f, qe—nﬁ/wzsl/isziwlg>C'

The first one follows from eq. (4.4) with &, = 0 and &, = 1 after taking the exponentials out of

the sesquilinear form. For the second equation, we can rewrite it to
qe—ﬂﬂ/M}z(Sl/isziw] f’ g>c ; q—le—ﬂ:l/u)Z(‘f7 Sl/inTing)c-

Noting that e>*"®1"2 = g2 we see that this is true from the case & =& =1lineq. (4.4). Similar
reasoning shows that eq. (4.3) is true on F, FK and K~!E in the case b > 0.
The case |b| = 1 of eq. (4.3) is checked by similar calculations. (Note |b| = 1 corresponds

to complex conjugate parameters w, and w, = w;.) O

Replacing w; by wj, in the conditions of lemma 4.1, the relation eq. (4.3) holds on the span
of {I,K, K\ E,F,FK,K'E}.
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Part 11

Skew-primitive elements in  and their
eigenfunctions

So far, we have discussed properties of Hopf algebras, the quantum quantum group U ,(81(2))
and its modular double D, and their representation ;. In this second part, we zoom in on certain
elements of D, called the skew-primitive elements. We will define them and study some of their
properties in chapter 5. In chapter 6 we will introduce the hyperbolic gamma function, which, in
chapter 7 will be used to construct eigenfunctions of the skew-primitive elements under r,.
From this point onwards, unless stated otherwise, we assume all vector spaces to be over
the field C. We assume the deformation parameter g to be of the form g = €'7%1/%2 with w;
and w, either a pair of positive parameters with w, /w, & Q, or a pair of complex conjugate
parameters with strictly positive real part and nonzero imaginary parts. Let w = (w; + w,)/2

and § = etmw2/w1,






Chapter 5

Skew-primitive elements

This chapter introduces the notion of skew-primitive elements in the context of coalgebras
and their properties in bialgebras. Skew-primitive elements are a generalisation of primitive
elements, which play an important role in the representation theory of bialgebras and Hopf
algebras. Many properties of the primitive elements carry over to skew-primitive elements,
which receive considerable attention in the literature, cf. [26, 35]. We take over definitions and
notation from the latter source.

After discussing primitive and skew-primitive elements in the context of general coalgebras
and bialgebras, we will introduce two families of skew-primitive elements in ®. We will study
the effect of the star-operations on the skew primitive elements and we will relate the two families
in a three-term relation.

We will use these specific elements later to derive properties of Ruijsenaars’s R-function in
part I11. Especially, we use properties of skew-primitive elements for deriving a multivariate

generalisation of the Ruijsenaars function transform in chapter 11.

5.1 Primitive elements

Let (C, A, €) be a co-algebra. A primitive element is an element x € C that satisfies the relation

Ax =1® x + x ® 1. If we introduce use the inductive notation

A" = (A ®id®"D)oA"-! 5.1
with A% = id, then for n € N, a primitive element x satisfies

A'x=1®"@x+1®" DV@x@1+ - +x®1%"

Note that due to coassociativity nothing changes if we apply the coproduct to another factor in

eq. (5.1), so that we could equivalently write e.g.
A" = (id®" D @ A)oA" !,

In a bialgebra H, the primitive elements can be used to construct a basis for the Lie algebra

of the bialgebra, with the Lie bracket defined by the commutator [x, y] = xy — yx. Indeed, if x
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and y are primitive, then

A(xy — yx) = AxAy — AyAx
=1®R®xy+y®x+xQ®y+xy®1N—-(1QRyx+xQ®y+y@x+yx®1)
=1I®xy—y)+(xy—yx)®1,

so that the commutator of two primitive elements is primitive.
Let p, be a representation of H on V| and p, a representaion of H on V,, and let x be a
primitive element. If v; € V| and v, € V; are eigenvectors of p;(x) and p,(x) respectively, with

eigenvalues y; and u, then v; ® v, is an eigenvector of (p; ® p,)(Ax), as

(p1 ® p2)(Ax) = pi (1}  pr(X)vy + p1(X)0; & pr(Dvy = (4 + pp)v) @ v;.

5.2 Skew-primitive elements

The concept of primitive elements can be generalised via group-like elements. A nonzero element
g € C is called group-like if Ag = g ® g. From the counit’s defining relations, one deduces that
e(g) = 11if g is group-like. It follows from the defintion of the antipode that group-like elements
in a Hopf algebra are invertible. Hence, the group-like elements of a Hopf algebra form a group.

Suppose g and h are both group-like elements. We say that the element x € C is (g, h)-
primitive or skew-primitive if it satisfies Ax = g @ x + x ® h. The coproduct of such skew-
primitive elements mimics the convenient form of the coproduct of a (regular) primitive element.

Iteratively applying the coproduct shows that
A'x=g®"@x+g®" V@xQ@h+ - +x®h®". (5.2)

We distinguish some special cases of skew-primitive elements. Let g € C be group-
like. We might call x € C left g-primitive or just left primitive if it is (1, g)-primitive, i.e.
Ax = 1Q® x+ x ® g. The element x is called right g-primitive or right primitive if it is
(g, 1)-primitive. In a Hopf algebra, an element x is called a twisted primitive element if it is
(g,g~")-primitive. Sometimes left or right primitive elements are also referred to as twisted
primitives. The concepts are closely related, since if x is (g, g~!)-primitive, then g~!x and xg~!
are (1, g‘z)—primitive, while gx and xg are (g2, 1)-primitive.

Suppose that the group-like elements form a commutative group. Then the set of all skew-

primitive set is a Lie algebra with the Lie bracket defined by the commutator.

5.3 Left- and right-primitive elements in D

We will first define two families of primitive elements on U, each parametrised by a pair of
variables. A second pair of families is given by their analogues in U;. The skew primitive
elements in this chapter are generalisations of the elements discussed in [4].

We start with a family of left K-primitives in Uq. Notethat AE =1Q® E+ E ® K, so that
E is left K-primitive. Also, FK and K — 1 are left K-primitive, as

AFK)=(K'®@ F+ FRNK®K)=1® FK+ FK® K
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and
AK-1N=K®K-1®1=(K-1)Q®K+1Q(K —-1).

By linearity of the coproduct, any linear combination of E, F K and K —1 is also left K-primitive.

We set v, = 2 cosh =2 2””

and define our family of left K-primitive elements by

iv
Y,, 1= E 4 o2/ g ‘FK+q p -(K = 1), (5.3)

with p and u complex parameters.
Similarly, F, K~'E and K~ — 1 are right K _l—primitives, so that
Zﬂv/wzF +e 27rv/w2qK lE 4+ (K— 1), 5.4
q-q!

with v, 0 € C gives a family of right primitive elements.

X

v,

Both give rise to an equivalent family in U; by adding tildes and interchanging w; and w,.

Ifwesetv, :=2 cosh L, the resulting families are given by
- v,
Y,, =" E PG FR 4 ———(K = 1) (5.5)
q-
and
X, 1= M 4 2/ wigtl KR 4 —(K-l 1. (5.6)
q9—q

T

Let u? := i% for p, 7 € C. It follows from a direct calculation that

Yoo =Y, — us(K = 1), 5.7)
and

X,o=X,,=pu(K = 1). (5.8)
Tilded versions of these equations hold as well, with i := i ;T—_q: .

5.4 Adjoints of the skew-primitive elements

Note that the primitive elements ¥, , and X, , are contained inspan{1, K, K™, E, F, FK, K~ E},
so that we can use lemma 4.1 to calculate the adjoints of x,(Y, ) and 7,(X, ;) with respect to
the sesquilinear form ( -, - ). In this section, we will calculate the adjoints of the primitive

elements with respect to the star involutions * and % on .

The involution =

First consider the involution *, which applies if w, and w, are positive-valued. Recall the

star-involution * on D defined in eq. (3.6). Let w = (w; + w,)/2. Asi/(q— q~") is real, we

35



find that

Yu*p 271'14/1/02E + e_2”u/WZqKF + __1 (K - 1)
q9—9
i ) iv;
— eZﬂu/sz + e_2”u/w2q_1FK + ’ 1(K - 1) (KF = q_ZFK)
qa—q

|
=<

P

Note that v, = ZCosh ,sothatv, = v; wheneverRe p =0 orImp € 2Z. Hence, Yu*p =Y,
ifpeiRUR+ 2 Z)andu€R+1wZZ

A similar calculatlon shows that
X:‘J = X5
and we have X:‘G =X,,ifc €iRUMR+ i Z) v € R+ iw,Z. Moreover,

*

u,p u,p>
and
S o
Xv,a - X\_/,E”

which are self-adjoint if p € iIRUMR+iZ Z) andu € [R+z— +iw;Zando € iRUR+ i Z)
vEIR—13+1LUIZ.

We find that Y, , and Y, , are simultaneously self-adjoint if p € iIRUR and u € R, and
similarly for X, ; and XV,E ifoc €eiRUR,veR.

The involution *

For the involution %, corresponding to a pair of complex conjugate parameters w; and w,,

similar calculations can be performed, resulting in

Y =Y,
u,p
and
x _ o
Xv,a - X\_M_F’

with u, v, p,o € C.

We might construct self-adjoint elements with respect to x, as
Y, + Y, ) =Y, +Y,

u,p>

sothat ¥, , + 17“’ , 1s self-adjoint if p € IR UR and u € R. We can do a similar thing for
Xv,a + Xv,o

5.5 Relating the left- and right primitive elements

We will close this chapter with a relation that expresses X_,, ; in terms of products of ¥, , and
K1, for arbitrary u, v, p, c € C. We present it as a lemma:
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Lemma 5.1. Let u,v, p, o € C, then

Xpo =, K'Y,  +a_,_ Y, K+ (K -1),
with
. qe27rx/w2 _ q—le—Zﬁx/w2 PR ivp(ax +a_,) v,
a, .= 5 — an RNES > + I
q°-—q q—q q—q

Proof. Using EK™' = ¢?K~'E, K"'FK = ¢*?F and K~'(K — 1) = —(K~! — 1), we find by
applying the definition in eq. (5.3) that

a, K'Y, +a_, Y, K+ b7 (K —1)

u —u=v=-u,p u+v

— eZﬂu/wz(a,H_vq—] + a_u_vq)qK_lE
+ e_z’”‘/WZ(alH_vq + a_u_vq_l)F
ivp(au+v +a_,_,)
T\~ -1
q—4q

+ bﬁfv>(K‘1 - 1).

Now

e27t(u+v)/w2 _ q—2e27zr(—u—v)/w2 + q2e27r(—u—v)/w2 _ eZn:(u+v)/w2

-1 _
Qg  ta_,_ 9= q2 _ q—2
— eZﬂ(—u—v)/wz

and flipping the signs of u and v,

ynq + a_u_vq—l — e27r(u+v)/w2'

Moreover,

ivp(au+v + a—u—v) bp,a _ iva
Y " g —gq

so that by substitution we find

a, K'Y, +a_, Y, K +b7 (K —1)

—u—v-u,p u+v
iv
= /"2 F 4 ¢ /2gK~'E + ppp ;_1 K'-D=Xx,,. O
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Chapter 6

The hyperbolic gamma function

The hyperbolic gamma function G is a generalisation of the regular gamma function. It was
first introduced in this form by Ruijsenaars in [39] as a minimal solution to a set of three
analytic difference equations. Up to a change of parameters, G is equivalent to the generalisation
of Holder’s double sine function (cf. [19]) that was presented in [44]. In this latter form,
the hyperbolic gamma function has been extensively studied within the field of multiple zeta
functions (see [31] for a short overview). The hyperbolic gamma function is also equivalent to
the quantum dilogarithm (see e.g. [27, 9]), which has applications in quantum conformal field
theory.

In this chapter, we will introduce the hyperbolic gamma function in stages. We will begin
by defining G on a strip in the complex plane, studying its analytic properties there. We will
then explore its symmetries and derive a pair of difference equations. Using these difference
equations, we will extend G to a meromorphic function on the complex plane and identify its
zero and pole locations. We will close the chapter studying asymptotics of G and products of G.

Our derivation is mainly based on the derivation in [23]. Additional sources will be explicitly

referenced when relevant.

6.1 The hyperbolic gamma function on a strip

We introduce the function G through an auxiliary function g. Consider two parameters w; and

w, with positive real parts, and set w := (w, + w,)/2. We define g as follows:

© sin(2yz) z dy
g(wy, wy;z) 1= - - - —. (6.1)
0 \2 smh(wly) 31nh(w2y) wiwny |y

We verify that g is well-defined and analytic for z € R X i(— Re w, Re w): the integrand is
continuous for y > 0. By applying I’Hopital’s rule, we can see that the singularity at y = 0 is
removable, yielding a value of —(z(w% + w% + 422)) /(6w w,) for the integrand at y = 0. Thus,

the integral over [0, 1] converges. As

sin(2yz) = O(e¥(ImzI-Rew))

2 sinh(wl y) sinh(wzy)

39



one can deduce that the integral over [1, co) converges as well, provided Im(z) € (— Re w, Re w).
Therefore, g is well defined on the said domain. By restricting z to a compact subset of the
strip, we can uniformly bound the integrand. Noting that the derivative with respect to z of the
integrand is also continuous and has a finite limit for y — 0, we can apply Leibniz integral rule

(as stated in [11, lem. I1.3.3]), to see that the piecewise integrals

g (LU w 'Z) . Jn+1 Sil’l(ZyZ) _ 4 Q
TR n ZSinh(wly) sinh(wzy) wiwyy |y’

withn =0, 1,2, ... all converge to analytic functions of z. By the above, we can bound the g,’s

locally uniformly in z, so that by the Weierstrass M-test, ZZ‘;O g, converges locally uniformly to
g. As the uniform limit of analytic functions is analytic, g is analytic as a function of z on the
strip R X i(— Re w, Re w).

For z in the same strip , we define the hyperbolic gamma function by

G(w,, w,; z) 1= e8W1t2:2),

It is clear that G is also analytic on the same domain as g. From the definition of g, we can
derive the symmetries g(W,, W,; Z) = g(wy, wy; z) and g(w,, w,; —z) = —g(wy, w,; z), which

translate to symmetries of G-
G(wy, wy; ~2) = G(wy, wy; 2)™' = Gy, Wy; 2) (6.2)

Moreover, G(w, w,;z) = G(w,,wy;z), so that whenever w;,w, > 0 or w; = w,, (ie.
corresponding to the values of ¢ = ¢/71/2 we consider), the latter term in eq. (6.2) equals
G(w;, w,; z). As we consider w; and w, to be fixed parameters, we will often use the shorter

notation G(z) = G(w, w,; z), and similarly for other functions that depend on w; and w;.

6.2 Difference equations for G
By applying the identity sin(a + bi) = sin(a — bi) + 2i cos a sinh b, we may write

w ro sin<2y(z+i%)> z4+ i dy
gz +i—t) = ' . - 2 |22
2 Jo | 2sinh(w,y) sinh(w,y) wjwyy |y

. LW . .
oo sm(Zy(z - 17‘)> + 2i cos(2yz) sinh(wy) (7 — i%) +iw, [gy

Jo ZSinh(wly) sinh(wzy) wiwyy y

g(z—iﬂ)+iro cos(2yz) 1 \dy
2 o \ sinh(w,y) wpy y’

provided that the integral in the last step is convergent. As suggested in [23], we split it into

cos<2ﬂ> -1
ro cos(2yz) _ 1 d_y _ J*oo ( 1 B l)ﬂ +Joo o ﬂ
o \sinh(w,y) wyy /)y Jo \sinhy y/y " Jo sinhy  y’
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wy

> | cf. [14, nrs. 3.529.1-2], so that

which equals — log (2 cosh ;—Z) whenever |z| <
2

g(z+ i%) =g(z—- i%) - ilog<2cosh ”—Z>
2%

For |z] < % , we use the above g-difference equation to obtain
G(z+i2h)
— 2 —2cosh Z&, (6.3)
G(z - iT]) wy

and by interchanging w; and w,, we find for |z| < |%|

G(z +i22)
—2 =2cosh =, (6.4)
G(z - i2) wy

Remark 6.1. By eq. (6.2), the equations eqs. (6.3) and (6.4) can be rewritten into
G(—i% + 2)G(—i%L — z) = % sech Z—j
and
G(—i2 + 2)G(—i2 - 2) = % sech Z}—‘?
One could regard this pair of difference equations as the hyperbolic analogue of the I'-difference

equation
F(% + x)F(% — X) =msecwx

forx+%¢Z.l

6.3 Meromorphic extension to C

The difference equations egs. (6.3) and (6.4) allow us to extend the hyperbolic gamma function
G to a meromorphic function on C through analytic continuation. By the continuity of g on
R X i(—Re w, Re w), the function G has no poles or zeros on this strip. From the difference
equations, we can conclude that the extension, which will also call G, is analytic on the upper
half-plane and nonzero on the lower half-plane.

The zeros of G are contained in the set

Z, =i{lw+kw; +lw, | k,1=0,1,2,...}. (6.5)
The poles of G are contained in the lower half-plane, in the set Z_ = —Z_ . The pole at —iw
W,

is simple, and if . & Q, all poles are simple, and their residues can be computed using the
2
difference equations.
We will explicitly compute the residue at —iw: Using the difference equation eq. (6.3) to
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derive the second equality below, we have

w, w, GGe+iZ-iF) GE+iz i)
Gz—iw)=Gz—-i——-i—) = — =i — ,
2 2 m(z=i=2) 2sinh =
2coshw— wy

so that

. iw,  w; W
ReS(G; —ILU) = 2—G(17 - 17)
T

Interchanging the roles of w, and w,, we similarly find
Res(G; —iw) = —G(l— - 1—)

Equating the two, and noting that G(iTZ - i%) = l/G(i% - i%) by eq. (6.2), we find
w

G(z— - 1—)2 —1

w,’

which gives our explicit expression for the residue:

i
Res(G; —iw) = — . 6.6
es( iw) ' VWi, (6.6)
The set of zeros Z is contained in the sector S, = {iw+iz | argz € [argw,arg w,]},
and the poles are contained in the sector S_ := —5,. As C\ (S, U S_) is simply connected

and contains the strip Z X i(— Re w, Re w), and G is nonzero and analytic on C \ (S, U S_), we
can extend g to an analytic function on this area by setting g(z) = —ilog G(z), with its branch

chosen to agree with the original definition of g.

6.4 Asymptotics of G

We will describe the limiting behaviour of G(z) as |Re z| — oo using estimates due to Ruijsenaars.
These asymptotics can be given for arbitrary w; and w, with positive real part. Restricting
ourselves to a pair of either positive or complex conjugate parameters w; and w,, notation
simplifies considerably, and we limit our study to theses cases.

While discussing the asymptotics, we use the symbol C to denote any bounding constant. If
the symbol appears in subsequent equations, it need not resemble the same constant, but just any
positive finite number, chosen independently of the variable z.

Let w = (w; + w,)/2. In case of positive parameters, let w, := min{w;,w,}. In the
conjugate case, let wy := w =Rew;. Leta := ﬁ and fix ¢ € (0, 1).

We define functions

§(2) 1=-72 - %(w{ +uw).

and

f(z) 1=g(z) - §(z)
forze C\ (S5, US_). Then

G(z) = 8@+ (),
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As g is analytic on C \ (S, U S_), it follows that f is analytic on that domain as well.

For ¢ > 0, let S denote the set of points in
C with Euclidian distance less than € to S, and
let S€ = —S%. See fig. 6.1 for an illustration of
S% and S€.

The following lemma describes the asymp-
totics of G

Lemma 6.2. Let K C R be compact and € > 0.

There exists a positive constant C such that
| f(wy, wy; 2)| < Cem@cWoRez

Jorallz & (S{USE)withlmz € K andRe z >
0.

The conditions imposed on z ensure that it
stays away a distance of at least € from the zeros
and poles of G, which correspond to singulari-
ties of f. These conditions allow, for example,
for z on the real halfline [€, 00). In general, if K
is a compact interval, there exists some R > 0

such that the conditions also allow for z in the

o 0 o 0 o

o 0 o 0

o o o

o 0.
o p
+

° ° °

° ° ° °

Figure 6.1: This figure illustrates the complex plane, show-
ing the locations of the zeros and poles of G for conjugate
parameters w; and w,. The origin is marked with a black
+. The open dots represent the positions of the zeros in
Z, closest to the real line (corresponding to k + 1 < 4 in
eq. (6.5)). The solid dots indicate the positions of the poles
in Z_ closest to the real line. The shaded region represents
S% U S for some small value of e. In the case of positive
w; and w,, Z, and Z_ are contained in halflines on the
imaginary axis.

halfstrip [R, o0) X i K. Ruijsenaars proved a slightly stronger version of this lemma ([36, thm.

A.1]). The proof of the lemma took him eight pages ([36, app. C]), and we are not going to

reproduce it here. It should be noted that for positive parameters w; and w,, our lemma equals

[39, prop. 111.4], which admits a considerably simpler proof. Such a simpler proof might also

exist in the case of conjugate parameters.

By lemma 6.2, we can see that | f(z)| approaches 0 as Re z — oo. Since e* = 1 + O(|x|)

for x around 0, we can derive the following asymptotic expression for the hyperbolic gamma

function:

G(z) = 8@l (D) = i8] 4 O(e~@<WolRezlyy (6.7)

for Re z — oo and Im z restricted to a compact interval. Since

G(—z2) = 1/G(z) = e 8@/,

similar bounds exist for Re z — —oco whenever Im z is restricted to a compact interval.

As we have |eif @ | € (e7€, e©) when z is restricted as in the lemma, we may write

e €< |G(z)/ei§(z) <e€

for z € C\ (S5 U S¢) with Im z contained in some compact interval and Re z positive. For Re z

negative, we similarly have

e €< |G(z)/e_ig(_z) < e,
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Using the definition of g, we can collect these results into
0< e <|G(z)] - e maIRezl/2 < o€, (6.8)

If we restrict the imaginary part of z to a compact set, then for a, b € C and some R large
enough, we can use eq. (6.7) derive the following asymptotic expression for the ratio of the
hyperbolic gamma function at two different arguments:

.

Giz-a) = exp(—z
G(z—b) 2

z-(b—a)+ i%(b2 — az)) (1 + O(e™ <o Rezy), (6.9)
and by analyticity of f, the remaining O(e~**oR¢2)_term is uniform for a and b restricted to a
compact domain.

‘We can write

G —_
ﬁ /exp(—aIm zRe(b — a)/2 — aIm(b — a) Re z/2) = (1 + O(e~*“oRezy)
7 —
for Re z > R. For Re z - —o0, similar estimates can be made, so that we conclude
G —
0<C_< % e Imb-alRezl/2 o (6.10)

for some positive constants C_, C, and |Re z| large enough.

We introduce the notation F(x + z) := F(x + z)F(x — z) for whenever a +-sign appears in

the argument of a function. As a special case of eq. (6.9), leta = —b = —iy for some y € C,
then

G(iy + z) = exp(ayz) - (1 + O(e~*WolRezly) (6.11)
and

0 < C_ < |G(iy + z)|e"@RevRezl . (6.12)

if Im z is restricted to some compact set and Re z — +o0, with all bounds uniform with respect

to y if it is restricted to a compact set.
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Chapter 7

Eigenfunctions of skew-primitives

We conclude part II with a brief chapter in which we calculate the eigenfunctions of 7,(Y,, ,)
and 7,(X

v,a)'

7.1 Eigenfunctions of (Y, )

Suppose f is an eigenfunction of z,(Y, ,) with eigenvalue ul =i ;’__qi’; . We closely follow the
calculation of eigenfunctions in [4]. We can calculate that
2 2 1 Wy
7, (Y, ) f(2) = &7/ 2m,(E) f(2) + e/ *2q 7 7, (FK) f(2) + -7, (K = 1) (2)
q9—q9
. 27w,y 1 |
_ iq2e : eZn—z/w2 (q—zezz/l/wzf(z) + qze—it/l/LUQf(Z + lbl)]))
qa—q
iq_%e_Zﬂ:u/wz 2 -1 1 1 i
—e ”z/w2<q 20" f (7 4 jwy) + q2e”” /w2f(z))
q—q
v, _ iv,
+ 1f(z+1w])— 1f(z)
q—q qa—q
__ i 1 [(-vﬂ + 2 cosh (2zu/w, + 27z /w, + n/l/wz)>f(z)
q9—q9

w
+ (vp + 2 cosh (2zu/w, + 2nz/w, + ir— — A/ w,) )f(z + iwl)] ,
)

If we now require 7z ,(Y,, D= U’ f, we can rewrite the above to
v, — 2cosh (2zu/w, + 2xz/w, + A/ w,)

fz+iw) = f(@
: v, + 2 cosh (27ru/w2+27rz/w2+iﬂ% — A/ w,)
2

v, +2cosh (27u/w, + 2nz/w, + wA/w, — i)

= f(2).
v, +2cosh (27u/w, + 2xz/w, + ini—; — A/ w,)
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1

Using v, = 2 cosh 2zx/w,, and the sum rule for hyperbolic cosines’, we can rewrite this to

fz+iw)) = f(2).

coshi<z+u+§—i%ir>
coshl<z+u—i+1£
wy 2 2

wy
1ip>

Replacing z by z — i%, we find

T A .
coshw—z(z+u+§—lwir> w,
f(z_lT)e

fla+iz) =
2 coshi<z+u—i+ )
w, 2= P
where we use convention to write F(x + z) = F(x + z)F(x — z) for any function F.
From the difference equation for the hyperbolic gamma function, we see that this requirement

is satisfied by

G(z+u—iw+iir)
f() = 2,
G(z+u—§ip)

so that f is an eigenfunction of z,(Y, )) with eigenvalue U

As G is invariant under interchanging w, and w,, we see that

G(z+u—iw+%ir)

H*(z) := (7.1)
T,p A
G(z+u—5+p)
is simultaneously an eigenfunction of Y, , and Y, ,, with z,(Y, JH} = g{H}“.
Let ij(z) = Hﬁ}?(z), and observe that
A, _ y!
HT’;;(Z) = T“Hr’p(z). (7.2)

One could also check that z,(Y, ,) = T"x,(Y,)T™".

7.2 The symmetry 6 and the representation r,

We’re planning to calculate eigenfunctions of our families of left and right primitive elements
under the action of z,. Before doing so, we discuss a symmetry between the two families, and
show how it relates to the representation. This will save us a lot of effort when calculating the
eigenfunctions.

We can relate the two families of twisted primitive elements by introducing an involutive

algebra automorphism 6, which we define on the generators of U, by
O(K)=K~! and 6(E)=F.
Using the map 6, one easily calculates from egs. (5.3) and (5.4) that
0, ,) = X,, (7.3)

Define the operator R on M to be the reflection operator Rf(z) := f(iw — z) for f € M.

'The sum rule reads cosh a + cosh b = 2 cosh “TH’ cosh ”T_b
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Then
RT"™IRf(2) = Rlz' = f(=(Z' +iw))(z) = f(z = iw,) =T f(2),
and
RS'2Rf(2) = Rz > &7/ f(=2)](2) = €27/ f(2) = ST/ £ (2).
Using these relations, one easily checks on eq. (4.1) that
7 (0(-)) = Rom,(-)oR (7.4)

holds on the generators of U,. Clearly eq. (7.4) extends to an algebra homomorphism and hence
it holds on the algebra. In a similar way one checks that this relation also holds on U; and hence
on D. We conclude that if f is an eigenfunction of z,(Y) for some Y € D, then Rf is an
eigenfunction of 7,(6(Y)) with the same eigenvalue.

7.3 Eigenfunctions of 7,(X )

By using eqs. (7.3) and (7.4), we find that RH jg is an eigenfunction of 7,;(X,, ;) with eigenvalue
u°, and of 7,(X, ;) with eigenvalue /i°. We define F/ = RH.?, so that

v
T X VFL = uSF2Y = ug FY (7.52)

D o, v~ o,0

in the case of positive w; and w,. For a conjugate pair w; and w,, we similarly have

X = L = .50

We may explicitly write

G-z+7—iw+3+0)

F2¥(z) =

— G-z+7—iw+2+0)| Glz-v—iw-2%+v)
Fi(2) = ] - . . (7.6)
G(—z'l'\_)—zi(}) G(Z—V+5i0')

This introduction of eigenfunctions of the skew-primitive elements closes this chapter and
the second part of this thesis. At this point, we have laid the foundation for the rest of this
text. In the next part, we will start the construction of our version of Ruijsenaars’s generalised

hypergeometric function.
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Part 111

The function y

In this third part, we use the eigenfunctions H j;‘ and F jv” to define a function y in chapter 8,
where we also study its symmetric and analytic properties, relating it to Ruijsenaars’s functions R,
R,., and €. In chapter 9 we show that the function solves a set of Askey-Wilson difference equa-
tions. In chapter 10 we show that y and £ can be used as kernels of Hilbert space isomorphisms,
the £-based transformation being unitary. In Chapter 11, lastly, we derive the multivariate
versions of y and £ and extend the difference equations and the unitary transformation to these

multivariate versions.






Chapter 8

Definition and basic properties of y

This chapter introduces the function y, defined as an integral over a product of the eigenfunctions
H j;‘ and F [flf , which were introduced in the previous part. We relate this function y to the
generalised hypergeometric function R, defined by Ruijsenaars in [40] and extensively studied
in [36, 37, 38], as a generalisation of the , F;-functions. We will prove the analyticity of y and
derive its asymptotics.

8.1 The function y

Recall the sesquilinear form we defined in section 4.3. By substituting a < —u + iw — % +7

and b <« —u + % + p into eq. (6.10), we find that the function H ;: defined in eq. (7.1) exhibits
exponential growth with a growth rate of a(Im A — w). Similarly, the function F jUV has a growth

rate of a(—Im A — w). Consequently, the product H ;;‘ F(fuv has exponential growth with rate

—2aw.
Letu, 4, p, 0, T and v be complex parameters. The product H ;;‘Fj,? possesses poles located
in the sets
. A . A
Z_—u+zw—§i1 and Z_+zw+§iv, (8.1)

which we refer to as the downward pole sequences. (Their elements have imaginary parts

bounded from above but not from below.) Its other poles are contained in
A A
Z+—u+§ip and Z+—§ia, (8.2)

which we call the upward pole sequences.
Let C denote a deformation of the real line that separates the upward and downward pole

sequences of H ;:F;S We define
yii(e,0) = (H} FlD)e. (8.3)

Such a curve C exists whenever the upward and downward pole sequences are disjoint as sets.
This is true, for example, if p,o,7,v € R and |[Imu|, |ImA| < Rew, as can be seen from
egs. (8.1) and (8.2). As a consequence of the Cauchy integral theorem, the value of q/[f’[';(r, )

does not depend on the specific choice of C (as long as it separates the poles correctly).
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We can express q/;’('; as an integral, using eq. (7.6):

Gz+u—iw+2+£1)Gz—iw-2 +0)

wig(r, v) = J dz. (8.4)

¢ Gz+u-izp Giz+%+0)

We can use this integral expression to deduce certain symmetries: Firstly, by substituting

z' = z + u, we obtain from the integral that

Ve (T, 0) =y 070, 7). (8.5)
Additionally, by performing the substitution z’ = z + % - % in the integral, we find

(T, 0) = Wi (T, ). (8.6)
Combining this with eq. (8.5), we obtain

Wy (T,0) =y, 07 (0, 7). (8.7)

Lastly, we consider the complex conjugate of v, and find

Py [ 50 10, -
Yon(r,0)= | Hyr(z+wH;;(-2)dz
J C
[~ 70 70, -
= . H, (z+ u)Hé,l_) (-2)dz.

By performing the change of variables z’ = —Z — i, the above expression becomes

40, g A0 _
=| _ H,:(=z)H(; (Z +a)d7
J—C-a
L~ = i, -
=y 50,7) =y, > (7,0), (8.3)
where the latter equality follows from eq. (8.5).
One should note that in each of the above symmetries, each shifted integral domain is again

a curve separating the upward and downward pole sequences.

Remark 8.1. In eq. (8.3), we intentionally set the parameter v of F ;1‘: to be equal to 0. This choice

was made because (H f’;‘, F 0’1; )¢ would depend on « and v only in the combination u + v.

Remark 8.2. Equation (8.6) highlights a duality between the parameters u and A. Our derivation
however does not allow for an algebraic interpretation for this duality. The parameter A is
associated to the representation, the parameter u is not related to any algebra operation.

The derivation of y as presented in [4] is highly similar to ours, but uses the notion of an
extended modular double, defined as the crossed product of the modular double with an algebra
of complex powers of K and K. We can regard the parameter u as the exponent of such a
complex power of K. This might allow for an algebraic interpretation, but we did not pursue
this. B
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8.2 Ruijsenaars’s generalised hypergeometric function

Our function y bears very close resemblance to three closely related functions studied by
Ruijsenaars in his triptych on a generalised hypergeometric function ([36, 37, 38]). In this
section, we will introduce the functions studied by Ruijsenaars and show how y relates to each
of these functions.

Lety = (yg.71-72.73) € R*, and let w; and w, have positive real parts, and let w =
(w, + w,)/2 as usual. We define the action of “ on R* by

1(% L
Pe=sl1210 :1>7"
AN I

We also introduce the map ¢, defined by

W W,
c(y)=(p+tw,y + DR + = ¥3)- (8.9)

Ruijsenaars’s function R can be written in terms of those maps as

R(wy, wy,c(y); 7,0)

o J 1 G(zir+iy0)G(ziv+i;70)f[ G(i(w+ 7y +7,)
C

T o, Je Gzt iw) Gt +iy)  Gxo+ijy) LA GE+iw+y +7))
(8.10)

Z,

Jj=1

with C again a deformation of the real line that separates the upward and downward pole sequences
of the integrand. In Ruijsenaars’s original definition of R in [40], the function depended on
¢ € R*. However, when studying the symmetries of R in [37] and its properties as the kernel of
a unitary map in [38], Ruijsenaars started using the shifted parameter set y, and the map ¢ to
relate the two. Thus the appearance of ¢(y) in the arguments of R is a remnant of his original
formulation.

Although originally defined for y (or ¢) in R*, the function was extended by Ruijsenaars to a
meromorphic function for y € C* and w, w, complex with positive real parts. We can express

R in terms of our function y by setting 4, u, p, ¢ € C* and considering the parameter relation
y=—i(p+A,p—Aoc—u—oc—u. (8.11)

(This gives y = —i(p —u, p +u,06 + A, —c + 1), so that " acts on y by interchanging A with —u

and vice versa.) With this parameter relation for y, we can write

R(wy, wy, e(y); 7, v)
1 G(iw+2p)G(iw+p+A+0o—u
- \/m Gxrt+p+AHG(Fv+p—u)
Gzxt+p+AG(zxv+p—u)
JC Gz+iw)Gz+iw+2p)Gz+iw+p+Aito—u)

dz.

By substituting z’ = z+ p + % — u — iw, we can rewrite the integral as

G(z’+u—iw+§ir)G(z’—iw—gim

J , > p dz = u/li’;‘(r, ).
Cp+5—uiw G(z+u-— s p)G(z + s * o)
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Considering the relation in eq. (8.11) as a bijection from C* to C*, we denote v, = 1///;1’;‘ with

the parameters linked through eq. (8.11). We have

1 I GG+ + 7))
\/wle G(iT + IYO)G(iU + l?())

Ruijsenaars also introduced a renormalised version of R, denoted as R, which is given by

R(wl’ wz,C(}/);T,U) = X l[/y(T,U). (812)

R(w,, w,,c(y); 7,0)
[T, G(w + 7, +7))
1 v, (7,0)
B V0w, G + i) G(x0 + 7))

This renormalised version of the function has only z- and v-related poles and zeros. Ruijsenaars

Rren(wl ’ w27 C(Y)’ T, l)) =

(8.13)

showed that R, is meromorphic as a function of 7 and v, y and w; and w,, with pole locations

given by
*r=—iy;+Z, and xo=-ij+Z,

forj=0,1,2,3.

From the above relations, one may readily observe a symmetry with regard to the triplet
(1,72, 73): any permutation of its elements leaves y,, R and R, invariant (note that 7, does
not change either under such permutations). Also, as G is invariant under interchanging w,
and w,, also y,, R and R, are invariant under this action. Noting that y, + y; = 7, + 7;, one
observes 7 (v,7) = l,l/y(T, v), and similar relations hold for R and R,,,.

In [37], Ruijsenaars introduced a third version of his function, £, which observes some

additional symmetries. He set

1,6 —ir)

W= e v iw)
and
] 4 7/1-2 w%+w§+w1w2
ool [-5:52])

The function £ then is defined as

X(}/)Rren(wl’ w29 C(J’)a T, D)

E(wy, wy,y;7,0) = DG 0) (8.14)
__x® G2t + iw)GQv + iw) v (2.0)
V0103 G(x + irg) G+ i7) [T, G — ir)Go— i)
(8.15)

Note that y(7) = (), so that all symmetries of y,, R and R, that we described in the previous
paragraph carry over to £.
Let W be the group of all operations on (yy, v, ¥2, ¥3) that consist of permutations and an

even number of sign flips. (This group W is isomorphic to the Weyl group of the Lie algebra

54



D,.) By [37, thm 1.1], £ satisfies
E(wy, wy, p(y); 7,0) = E(Wwy, Wy, 7;T,0) (8.16)

for all p € W. As a consequence of this W -invariance, the function £ is even in all four
parameters 4, u, p, o, and is invariant under the simultaneous interchange of any two pairs of

these parameters.

Remark 8.3. For some elements in p € W, the property in eq. (8.16) is immediately clear from
our above analysis, as is the case for any permutation of the elements y, ¥, y3. One could deduce
from egq. (8.4) that £ is even in p and thus is also invariant under the map p(y) = (=y;, =79, Y2, ¥3)
(which flips the sign of p). This is not sufficient to prove the equality eq. (8.16) for all p € W.
We will not provide a full prove for the claim in eq. (8.16), but rely on the proof of Ruijsenaars

in [37]. Another proof, relying on a more general result, is found in [3, prop. 4.18]. &

8.3 Analyticity of y

In this section, we aim to prove the analyticity of the function (4, u, p, 0, 7,0) — q/;’(':(r, v) on
the domain €2 defined by

Q=C6\{(/l,u,p,0,r,v)|iT€Z++/lip or x7€Z +tuto

or *xv€Z —uxp or xv€Z —Axoc}. (8.17)

The domain €2 is defined in such a way that for (4, u, p, o, 7,0) € Q, the downward (eq. (8.1))
and upward (eq. (8.2)) pole sequences are disjoint as sets, so that a deformation C exists that
separates those upward and downward pole sequences. The following lemma captures the

analyticity of y:
Lemma 8.4 (Analyticity of w,). Let Q be as defined in eq. (8.17). The function w{i’;‘(r, ) is

analytic as a function from Q C C% — C.

Proof. Let (A, u, p,c,t’,v)be an arbitrary point in Q. We will first show that ufi’;‘(r, ) is analytic
for 7 around 7’.

Let C be a deformation of the real line that separates the upward and downward pole
sequences determined by the choice of (4,u, p,o,7’,v). Let e = inf{d(z,p) | z € C,p €
Z_—u+iw-— % + 7'}, so that € is the shortest distance between a point on C and a pole in
Z_—u+iw-— % + 7/, The imaginary part of C is bounded (by definition of a deformation), and
for each R € R the set Z_ contains only finitely many points z with |Im z| < R. It follows that
e > 0. Given this ¢, if 7 € C is such that |z — 7/| < ¢, we have (4,u, p, 0, 7,0) € Q and the same
C can be used to separate the upward and downward pole sequences induced by (4, u, p, o, 7, 0)
for all 7 in an open ball around 7’.

Let ¢ : R — C be a parametrisation of C. Define C, as the curve {c(x) | x € [-n,n]} and
define

Gz4u—iw+2+7)Gz—-iw-2+v)
2 2 dz.

w,,(r)==J P >
C, G(z+u—51p) G(z+5J_ra)
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Note that the integrand is analytic for z € C, and 7 in the neighbourhood of 7. We can apply
the Leibniz integral rule ([11, lem. 11.3.3]) to conclude that each y, is analytic in the open
neighbourhood of 7/ with radius e. As the integrand has exponential growth rate —2aw, which
is independent of 7, y,, converges uniformly to 7 — y/i’:(r, ). As the uniform limit of analytic
functions is analytic, it follows that the limit is an analytic function.

We can show analyticity with respect to the other variables in a similar way. By Hartogs’s

theorem it then follows that (4, u, p, 6, 7,0) ‘/’;’5(7’ v) is analytic on Q. O

Remark 8.5. Ruijsenaars has shown ([36, thm. 2.2]) that R, is meromorphic with poles located

at
xr=—iy; + Z, and iv—if/j+Z+, j=0,1,2,3,

their orders agreeing with the orders of the zeros of H,3~=o G(xTt + iyj)G(iv + if/j).
It follows from eq. (8.13) that y, has poles at

tt=4p+i+Z,, *r=x0—-u+Z,, Fvo==xp—u+Z, and *v=zx0c-A+Z_,
so that y, is meromorphic. Orders of the poles agree with the zero orders of
Gxr+p—AG(xr 0 —uw)G(Fv+p+u)G(Fv+o + A).

As we will not explicitly need this result, we will not provide a proof for it. i

8.4 Asymptotics of

The asymptotics of £(w;, w,,7;7,0) for Ret — oo were derived in [37] for real-valued w, and
w,, and for y € R*. However, for our study, we want to consider complex values for y and we
also want to allow for conjugate parameters w; and w,, along with their induced asymptotics.
Hence, we need to adapt Ruijsenaars results for our own case. We will derive and prove the
asymptotics for y; the corresponding result for £ can then be computed from the G-asymptotics
and eq. (8.15). The proof follows a similar approach as presented in [37], with adjustments made
to accommodate our complex parameters.

Recall that we consider the parameters w; and w, to form a fixed pair of either positive or
complex conjugate parameters with positive real parts. We set w = (w; + w,)/2. In the case of
positive parameters, we define w, := min{w,, w,}. For the conjugate case, we set w, := w,
which equals Re w;. Let a := 27 and fix c€e€(,1).

Wi,
Our approach to finding the asymptotics consists of two steps. The first step involves

deforming the curve C from the definition of y into a curve C,. This deformation isolates two
of the poles in the downward pole sequences. Since these specific poles are simple, we can
compute their residues. By utilising the asymptotics of G (as given in equation 6.7), we can
approximate these residues with exponential functions, and use the result as an approximation.
The second step involves demonstrating that the integral along the shifted curve C, vanishes as

Re 7 — o0, showing that our approximation is accurate.

56



Step 1: Approximation via residues

By performing a change of variables z « z —u + iw + %, we can write

v, (t,0) = J I,(z,v; 2)dz, (8.18)
c

where
G(z+ Ax71) G(z—u=xv)
Gz+iw+p)Gz+iw+A—u=+o)

I(z,v;z2) = (8.19)

and C represents the shifted integral path.
The integrand I, has poles in upward pole sequences due to the denominator, located at

z=+p+ikw, +ilw, and z==0c—(1—u)+ikw;+ilw,,
and downward pole sequences due to the numerator at
z==+7—(w+A) —ikw; —ilw, and z=+v-(w—-u)—ikw —ilw,,

for any combination of k,/ =0,1,2,3, ....

Let u, 4, p, o be such that |Imp| + Imu < w and |Imo| + ImA < w. Note that these
conditions ensure that the upward pole sequences are disjoint from the downward ones. Let r|
and r, be such that 0 < r; < r, and Reu,Re 4,Re p,Re o € [—r,, r;]. Choose v € [r(, r,].

Assume that Im 7 € [-w,, wy] and Re 7 > R, where R is some positive constant for which
we will specify additional conditions shortly. Fix some # € (0, wy).

We define the contour C, by indenting the line Im z = —(w — Imu) — n upwards around
Re z = + Re 7 along compact intervals such that the curve C, stays a distance of at least w + 1
away from the sectors S_ + Rez — 4 (with S_ the sector containing all points in Z_, see
section 6.4). As [Im 7| < w, the distance of the indentation to the 7-dependent poles is at least
1.

We now pick the the lower bound R on Re r sufficiently large, in such a way that both
indentations stay away a distance 1 from the sectors containing the other poles of I,. Let the
shape of the indentations be independent of the value of the parameters p, ¢, 7 and o, and let
their positions depend linearly on Re 7 with coefficient 1. A visualisation of the poles and the
R-deformation C; is provided in fig. 8.1.

Note that all upward pole sequences (black squares in fig. 8.1) lie above the curve C;: the
poles related to p at +p + ikw; + ilw, with k,/ =0, 1, 2, ... have their imaginary parts bounded
below by —|Im p|. Hence, as |Im p| + Im u < w by assumption, all these poles lie above the line
Imz = —(w — Imu) — . The o-related poles lie above the line by a similar argument. By our
conditions on R, the indentations in the curve also lay below the upward pole sequences.

The points in the downward pole sequences, on the other hand, lie below the curve, except
for two of them. It is immediate that the poles at +7 — (iw + A) —ikw, — ilw, (solid blue bullets
in fig. 8.1) lie below C;.

The v-related poles at +v — (iw —u) —ikw, —ilw, lie below the lineIm z = —(w—Imu) —#
whenever at least k or / is nonzero (open blue bullets). The poles at +v — (i — u) (open pink

bullets in the sketch) have imaginary parts equal to —(w — Imu), and as n € (0, w), these two
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Figure 8.1: This figure shows the pole locations of the function I for a certain choice of u, 4, p, o, T and
v. The upward pole sequences are marked with black solid squares, whilst the downward pole sequences
are marked with cyan and pink bullets. The open bullets correspond to poles centred around +ov, whilst
the closed bullets correspond to poles around +z. The shaded areas mark the sectors containing poles.
The curve in the illustration represents a section of C, and has been divided into coloured segments. The
curve has indentations around the z-related poles, which are green in the picture. The other coloured
sections lie on the line —iw — in + ilm u. The colours of these sections will be explained in-text. The
contour C, separates the upward and downward pole sequences, except for the two poles at +v — (iw — u)
(pink), which deliberately lie above the curve.

poles lie above the line.
Let

L,(z,0):= J I,(z,0;2) dz. (8.20)

s

By the residue theorem and eq. (6.6) we can write
v, (t,0) — L (z,v) = =2xi|Res(1,(z,v;-); —v — (iw — u)) (8.21)
+ RGS(Iy(T, v;-);0—(iw— u))]

=M[G(—v—iw+u+/{ir) G(—2v —iw) + (0o —0)

G(—v+u=p) G(—v+ A+x0)
= Vww, [ 7 0)G(—v—iw+u+ A+ 1)+ (0o )], (8.22)

where ¢’ is defined by

oo G(t +iyy) H?=1 G(r - i}’j) 823
c (]/,T) = G(T n [w) . ( . )

(We can retrieve ¢’(y; ) from c(y; 7) by flipping the sign of y,.)
Using eq. (6.11), we can derive the asymptotic behavior of v, (t,0) = L, (7,0):

Wy(rv U) - Ly(Tv D)
— \/me—a(w+iu+iﬂ,)‘r [C,(},}, v)eiu‘r + (l) o —1))] . (1 + O(e—agwolRerl)), (824)

where the term O(e~%*0Re?ly i uniformly bounded in y and v if their values are restricted to a

compact set. Therefore, if we define

WiN(z,0) = \fwiw,e DT (71 0)eT 4 (0 & —v), (8.25)
we have
W, (1,0) = L, (7,0) + y%(7,0) - (1 + (e olkerly), (8.26)
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Step 2: The remainder vanishes

We will now demonstrate that Ly(r, v) = 0asRer — oo, provided that Im 7 € [—wy, wyl:

Lemma 8.6. Set r| and r, such that 0 < r| < r, and fix some n € (0, w,). Let u, A, p, ¢ be such
that |Im p|+Imu < w, |Imo|+Im A < wandIm A+Imu < w+#, withReu,Re A,Rep,Rec €
[—ry, 1], andletv € [r,r,]. Setx = min{w+n—ImA—Imu,2w—wy}. There exists constants
C and R independent of T and v, such that

L, 0| < Cemmrher

whenever Im 7 is restricted to [—wg, wy] and Re t > R. Furthermore, if we restrict the imaginary
parts of p and o to a compact set, the constants C and R can be chosen independently of p and

o as well.

Proof. Throughout this proof, any occurrence of the symbol C, possibly subscripted, refers to
some finite positive constant independent of Re p and Re o, 7, and v subject to the restrictions in
the lemma. The value of this C may change every time the symbol is used. We consider the
values of A and u to be fixed.

We will establish upper bounds for f Iy(f, v; z) dz along different sections of the curve Ci,
and utilise them to show that the contributions of these parts vanish as Re 7 — co. We analyse
the sections of C, corresponding to different colors in fig. 8.1 consecutively, starting from the

red ones.

The red half-lines Let us begin by examining the part of the integral along the half-line to the
right of the right indentation (which is red in fig. 8.1). Let 7, be such that the real part of the
half-line is given by [Re(z — 1) + 7., 00). The value of 7, is independent of = by our definition
of C,. Let R be so large that all instances of G in I, (eq. (8.19) have arguments with a positive
real part along the half-line.

We use eq. (6.8) to estimate each of the hyperbolic gamma functions in 7, on this half-line,
giving

e% Im(z+A+7) Re(z+/1+r)e% Im(z+A—7)Re(z+A—1)

|Iy(r,v; z)| <C

e% Im(z+iw+p) Re(z+iw+p)e% Im(z+iw—p) Re(z+iw—p)

a a
02 Im(z—u) Re(z—u+v)e5 Im(z—u) Re(z—u—0)

e% Im(z+iw+A—u+o) Re(z+iw+A—u+o) e% Im(z+iw+A—u—c) Re(z+iw+A—u—c)

ea(Im(z+/1) Re(z+4)+Im 7 Re 7) ea(Im(z—u) Re(z—u))

e?((w+Imz)Rez+ImpRep)  pa((w+Im(z+4i—u)) Re(z+A-u)+Imo Re o)
— Cea(—Zw Re z+Im 7 Re 7—Im p Re p—Im o Re 6 —w Re(A—u))

By exploiting the compactness of the domains of p, ¢, and v, we can find a weaker bound that is
independent of those parameters (but might depend on u and A):

—2wRe z+Im 7 Re
<Cea( z T T)’

which, by Im 7 < w,), simplifies to

< Cea(—Zw Re z+w, Re T)
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Integrating this along the half-line with real part [Re(z — 1) +1,., 00), we find that its contribution
to L is dominated by Ce®0=2W)Re7 For the other tail of the integral (to the left of the left

indentation) we obtain the same bound by a similar calculation.

The green indentations Next we turn to the indentation around = (the right indentation in
fig. 8.1, which has been given a green colour). The length of this indentation is bounded and, by
definition of C,, independent of p, ¢, 7 and v. By continuity we can therefore bound the value of
|G(z + 4 — 7)| along this indentation, independently of p, ¢, 7 and v.

Similarly to before, we can estimate the remaining terms in I, using eq. (6.8), which gives

e% Im(z+A+7)Re(z+A+7)

'I (r,v;z)|<C — —
Y ez Im(z+iw+p) Re(z+iw+p)ez Im(z+iw—p) Re(z+iw—p)

a a
ez Im(z—u) Re(z—u+0v) e2 Im(z—u) Re(z—u—0)

eg Im(z+iw+A—u+o) Re(z+iw+/1—u+o)e% Im(z+iw+A—u—c) Re(z+iw+A—u—oc)
which by similar reasoning as above simplifies to

< Ce¥(—2wRez+wyRe r)e—g Im(z+A-7) Re(z+A—r))‘

Since z — 7 is bounded (independently of 7) along the indentation, the second exponential term

is bounded, and we can simplify the first one to

< Cea(w0—2w) Rer

As the length of the indentation is finite, its contribution to L, is also bounded by Ce*Wo—2w)Rez

The same bound holds for the indentation around — Re 7, as can be seen from a similar calculation.

The yellow middle part Thirdly, we turn to estimating the contribution along the line segment
with |Re z| < 3r, + 1, which is yellow in fig. 8.1." Since this line segment has a finite length,
independent of our parameters, we can estimate the contribution of the hyperbolic gamma
functions involving p, ¢ and v by their maximum value along the line segment. As we take

the parameters in a compact subspace, we can make this bound independent of p, ¢ and v. By
G(z—u=xv)

G(z+iw+p)G(z+iw+A—uzxo)’

We can thus bound the contribution of I, on this line segment by focusing on the two

continuity of this bound is finite.

7-dependent hyperbolic gamma functions. Let R be at least so large that [Re(z+ A —7)| =
Re(r — z — 1) and Re(z + 4 — 7) > 0 whenever z is in the segment and Re ¢ > R. Then we find
using eq. (6.8) that

'Iy(’l', v Z)| < Ce%(lm(z+/1+‘r) Re(z4A+7)+Im(z+A—7) Re(r—1—2))
— Cea(Im 7 Re(z+A)+Im(z+A)Re 1)

Since Re z is bounded along this curve, and Im z = —w — 5 + Imu, we can bound this by

< Ce—a(w+11—Im A-Imu)Rer

As the line segment has finite length, its contribution to L is thus bounded by Ce~(w+n—Imi-Imu)Rez

The poles at +0 — (A — u) have their real part bounded absolutely by 3r,. The additional +1 ensures that the
remaining (blue in fig. 8.1) parts of the integral stay away sufficiently far from all poles.
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The blue remaining sections Lastly, we turn to estimate the contribution of the two remaining
line segments. Let 7_ be such that the right one of the remaining line segments is given by
Reze (3r,+ 1,Re(r — 1) —t_) and Imz = —w — # + Imu. This 7_ is independent of p, o, 7
and v by definition of C;.

We estimate an upper bound for the contribution to L, along this right line segment with
positive real part. The calculation is highly similar to the one for the integral tails, note however
that along this segment |Re(z + 4 — 7)| = Re(r — z — A).

We find

e% Im(z+A+7) Re(z+l+r)e% Im(z+A—7)Re(r—z—A)

’I (r,v;z)| < C— (1
4 02 Im(z+iw+p) Re(z+iw+p)e§ Im(z+iw—-p) Re(z+iw—p)

a a
02 Im(z—u) Re(z—u+v)e5 Im(z—u) Re(z—u—v)

e% Im(z+iw+A—u+oc) Re(z+iw+/1—u+a)e% Im(z+iw+A—u—o) Re(z+iw+A—u—c)
which, using boundedness of parameters and Im z = —w — # + Im u, we can simplify to

< Ce—a(w+n—lm A-Imu)Re re—a(w+lm A+Imu—n—Im7)Re z .

We integrate this along the line-segment to find the following bound for its contribution to L,
Cl e—a(w+r]—Im A-Imu)Rer X (Cze—a(uH—Im A+Imu—n—wy)Re + C3)

If w+ImA+Imu—n—w, >0, the C3-term dominates the one involving C, as Re 7 — oo,

and the contribution is bounded by

Ce—a(w+r/—1m A-Imu)Ret

Ifw+ImAi+Imu—n-—wy <0, the C,-term is dominant and the estimate is

Ce—a(w+r]—lm A=Imu+w+Im A+Imu—n—wy)Re v Cea(wo—Zw) Ret

In both cases the estimate equals

Ce Rer

Similarly, we bound the part of the integral along other remaining line segment by the same

expression.
Now we have bounded all contributions to L, by either Ce~@wtn-Imi-Imu)Re o Cpa(wo=2w)Rez
concluding our proof. O

We now easily derive the following theorem:

Theorem 8.7 (Asymptotic behaviour of y). Set r| and r, such that 0 < r; < r, and fix
some n € (0,wy). Let u,A,p,0 be such that |Imp| + Imu < w, |Ime| + ImA < w and
ImA+Imu < w+n with Reu,Re A,Rep,Rec € [—r,,r,], and let v € [ry,r,]. Set k =
min{w +#n —ImA —Imu, 2w — wy}. There exists constants C and R independent of © and v,
such that

W, (7,0) =y (z,0)| < Ce ok Ret (8.27)

whenever Im 7 is restricted to [—wy, wy] and Re © > R. Furthermore, if we restrict the imaginary
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parts of p and o to a compact set, the constants C and R can be chosen independently of p and
o as well.

Proof. If we set ¢ = n/w,, the theorem follows immediately from combining eqgs. (8.25)
and (8.26) with lemma 8.6 and the triangle inequality. O



Chapter 9

Solution to the Askey-Wilson difference
equation

In 1985, Askey and Wilson published a paper ([2]) introducing a special family of polynomials,
now known as the Askey-Wilson polynomials. This family of polynomials depends on four
parameters and a coefficient g, and encompasses all classical families of orthogonal polynomials,
either as a special case or as a limiting case ([29]).

A fundamental result in the theory of special functions is that if (P,) is a family of orthogonal

polynomials with P, of degree n and P, = 1, then there exist coefficients a, and b, so that
xP,(x)=a, P, (x)+b,P,(x)+a,P,_(x), 9.1

with P_; = 0,seee.g. [12]. The coefficients a,, and b, can be expressed in terms of inner products,
witha, =(XP,,P,_,)/(P,_, P,_;) and b, = (X P,, P,)/(P,, P,), where X P,(x) = xP,(x).

We can see eq. (9.1) as difference equation in the discrete parameter n. Some systems of
classical orthogonal polynomials also satisfy a difference equation for the continuous variable,
of the form

A Py(x) = AXx)P,(x+ 1)+ B(x)P,(x) + C(x)P,(x — 1),

with coefficients independent of »n and an eigenvalue A, independent of x. An example of such
polynomials are the Krawtchouk polynomials ([34]).

The Askey-Wilson difference equations generalise this second form of difference equation,
and have the orthogonal family of Askey-Wilson polynomials as their eigenfunctions. However,
nonpolynomial eigenfunctions to the corresponding difference operator exist, and Ruijsenaars has
demonstrated that his generalised hypergeometric function R is an eigenfunction of this operator
([36]). In this chapter, we will use properties of the quantum group D and the representation 7
to provide a novel proof for this established result.

Our approach in this proof is similar to that used by Groenevelt in [15, 16] on other solutions
of the Askey-Wilson difference equations. We will first present the difference equation in the
upcoming section, and subsequently outline the steps we will undertake in constructing the

proof.
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9.1 The Askey-Wilson difference equation

This section defines the Askey-Wilson difference equation in the form we will use. Let y € C*
and let w; and w, be either positive or complex conjugate parameters with positive real parts as
before. Set

Hj:o cosh wlz(x +ish+iy))

Awl,w2(x) _

Y 9.2)

sinh 2% sinh
wy wy

2r(x+iw)
Then'

L2 f(xy) = AR (x+ iwy, y) = f(x, )]
+ A (=0 [f(x = iwy, y) = f(x, )] (93)

defines the second-order Askey-Wilson difference operator. In this relation, the continuous
variable y has replaced the discrete variable n of eq. (9.1). The x in the subscript indicates that it
acts on the x-variable. The operator ﬁ;f ly’w2 (with a y in the subscript) acts in a similar manner,

with the coefficients taken as a function of y, and the shifts applied in the y-variable:

L, f () = AWy +iwy) = f(x, p)]
+ A (=) [f(x,y = iwy) = f(x,p)].

It can been shown that R is an eigenfunction of Ll:,‘j 12 with eigenvalue

2 j AN
oWy, Wy, 75 y) = % cosh g + cosh % (w, +27) |- (9.4)
2 2

In section 9.2, we will prove that the function H T’l;)‘ we defined in chapter 7 satisfies a

three-term relation

HY(z—iw,)= B! HY.  ()+C! HM(2)+ B H™.  (2),

P T+iwy,p T—iwy,p

with coefficients Bf_p and C jp independent of z. This relation shows that a shift of —iw, in the
variable z can be translated to shifts in 7. By identifying the left-hand side of this expression as
ﬂA(K_l)H:””;‘, we can then use lemma 5.1 to express ﬂA(XO’G)Hi’;; in terms of ijl.wl’p, Hf:;‘

and H f’_"iwl ,- Furthermore, using lemma 4.1, and the fact that F, 40 is an eigenfunction of

(X g’a) (or of m3(X aa), in the case of conjugate parameters), we can express

® /K

A, _ A
,ugl,l/}, = <H‘L’,/‘;’7[/1(X0,o— )Fv,0'>c

in terms of v, (t +iw,v), y,(7,0) and v, (t —iw;,v). We discuss this in section 9.3. By
rewriting this result using Ruijsenaars’s function R, we derive a three-term relation for R that is

equivalent to

Ly R(wy, wy, €(r); 7,0) = 0(wy, Wy, 73 ) RWy, wy, €(7); 7,0),

IThe difference operator as we present it here resembles the form used in [36], with the map in eq. (8.9) used to
retrieve ¢ from y. Up to a reparametrisation, the coefficients in this operator are equivalent to the coefficients used by
Askey and Wilson in [2].
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which will be shown in section 9.4.
After we have shown this, we will use the symmetries of R to show that it satisfies three
other Askey-Wilson-type difference equations, and we will define a difference operator for which

w, 1s an eigenfunction.

9.2 Calculating z,(K~" ) H /"

The calculation of z,(K~')H f;‘ follows from straightforward applications of the difference
equations for G (eqs. (6.3) and (6.4)). We will first find an expression for H j’;‘(z — i%) and

then apply it twice to find the desired expression for ﬂA(K‘l)Hf*;‘(z) = Hj’/‘j(z —iwy).

cosh ulz (T+p+i%—i)

Lemma9.1.Let v ¢ i=2- Z. Set A =i 5 . Then
’ sin —
wy
w
A, et SV 4, A A,
HM(z—i—t)=A* H*, ,(@+A* H™, (2 9.5)
P 2 P it it P =it it
=A'_HM, L @+A _HM™, (2. (9.6)
P r+i7',p—i7 n=p T—iTl,p—iT

Proof. Note that the coefficients in the lemma are independent of u. As H f;}‘ =H T{f( - +u),it
suffices to prove the lemma for the case u = 0, which simplifies the notation. As H j; is even in
p, the second line of the equality follows from the first by flipping the sign of p. It thus remains
to prove the first equality for u = 0.
By the definition of H j;‘ in eq. (7.1), we have
w, GEz-—iw+itr—i)

HM(z-i=l) = 2
i 2 G(z—2+p-i%)

which by simple arithmetic can be written as

A LW . A LW
_ G(z—E+(p+171))G(z—zw+5+(T—17‘))

G- (- i) Gz —iw+E 4 (i)

G(z—iw+2 +(r +i%))
% 2 2
_4 L1y
Gz—-5x(p+i3)
We can apply the difference equation eq. (6.3) to both the first and the second fraction, rewriting
them in terms of hyperbolic cosines. The third fraction we recognise as a shifted version of

H f’{? , so that we can write

coshwiz(z— % +p)

w
4,0 W 1,0
HT’p (z—i—)= H™, . 2.

2 coshl(z—iw+£+1) THS et
w, 2
Dividing both sides by the fraction of hyperbolic cosines, we have
b4 . A
cosh—(z —iw+3 +r)

w

HY, (= © HM(z —i—L). 9.7

T“TI”’“TI( : cosh = (z -2 +p) 2 2 : e
w, 2
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Multiplying this latter expression by Aj ,» We find, using the product rule cosh acosh b =
%(cosh(a + b) + cosh(a — b)), that

‘1 11 ’ w w (Z)
T e | |
P T+i T’p-H R

.coshwiz(r+p+i%—/l) coshwlz(z—iw+§+r)

=i — _ H(z - i—bzl )
sinh o cosh w—z(z -2+ p)
Iz —iw—-12 =l Z(z—i 3 _,_ i
.coshwz(z iw 2+2z’+p+12)+coshw2(z w+=—=p 12)

=

2sinh£coshl(z — 4 +p>
wy wy 2
w
x H*0(z —i=1).
» D)

As H j}? is even in 7, we can flip the sign of 7 in the latter expression to find

AL HY L (2)
-T.p T—iTI,p+i7'

Z(g—j—2 = L E(z—i 3 _, i
.coshwz(z iw— 3 2r+p+12)+coshw2(z iw+=—p 12)

=—i

2sinh2”—Tcoshl<z— 2 +p)
w, w, 2

0., W1
XHT!p(z 12).

Hence,
A 4,0 A 4,0
ALHM, @+ AN B, ()
2 T+17,p+17 ’ T—I—,p+17

I (g—jw—2 W1y A (g —j—2 = i1
‘COSh 2(2 iw 2+21+p+12) cosh 2(z iw =3 21+p+12)
=i

2sinh@coshl<z— 4 +p)

w, w, 2
w0, Wi

fo’p(z 1—2 ).

Using %(cosh(a + b) — cosh(a — b)) = sinh a sinh b, we can rewrite the fraction in this expression

to
sinhzﬂsinhl(z—iw—i+p+iﬂ) —icoshl<z—i+p>
Wy W, 2 2 w, 2 ]
2 A - y) =h
. T V.3 V.4
smhw—zcoshw—2<z—5+p) coshw—2<z—5+p)
concluding our proof. O

If H** _w, (2) has no pole for 7 — 0, the singularities of the right-hand sides of egs. (9.5)
L

r+il ot
2 PTI

and (9.6) at 7 = 0 are removable.

The desired expression for z,(K~")H 1’1;‘ can now be derived easily:

Corollary 9.2. For t ¢ i% -Z U (ii% + i% . 2),

n(K"YH* =B} H}. +C. HM+B' HM™

T+iwy,p T,p TP —T,p  T—iw,p’
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with

coshl(fip—/1+i%)

B* =

o7 sinh 2%% ginh 2Z2E+W

Wy Wy
and
coshl(1+pi/l+i%) COShL(T—/)i/I—l—)

C* =-— _ _ .

o sinh 2%% sinh Z20+iw sinh 2%% giph 2ZG=iw)

Wy wy W, w,y

Proof. By applying the relation eq. (9.5) of lemma 9.1 in the second equality below, we have
1\ g A, — gh Wy Wy
7 (K )Hm‘;(z) = HT’::((Z - 17) - 17)

A opphu Wy A Au Wy
=A H™ , ,(z—-i—)+AZ_H™, ., (@Z—-i=). 9.8)
P T+17,p+17 2 P T—IT,[J+IT 2

Setting 7 =7+ % p=p+i %, applying lemma 9.1 now in the form of eq. (9.6) to derive the

second equality below gives

LU
H“‘ (z—z—)—Hf“f(z -4
2 il 2
= A} GHM ., @+ AN HY, ()
=P 1'+i71,,o—i—1 I 1 P— 21
A4 A A,
- A1+i%’_p_i%yr+lw LB +AL L, IHT;(z). 9.9)

Flipping the sign of = and using the fact that H f’” is even in 7, we derive
»

Au A A
H z—i—)= ) CHM Z2)+ A .
i =4 i B (O A

o HI(2). (9.10)

Substituting egs. (9.9) and (9.10) into eq. (9.8) gives

-1 Au A 44 Au
T, (KT)H" =A" A" ,  H
A( ) T,p T.p r+i%,—p—i% T+iwy,p
A* AF AP AR g
+< P —r—i%,—p—i‘%‘ + TP 1'—i%,—p—17l P

+ A AA CHM

-7, LW LW T—iw,p"
P —THi L —p-ig 1:P
By diI'CCt calculation we ﬁnd

COShL(Tip—/1+i%) coshwi(fip—ﬂ+i%)

YRV _ W _ 2 _ pi
P r+zu—1 —p—iL T 27(r+iZl) - sy 227 s 23(T4iw) Tt
2 smh T sinh 2 sinh 0 sinh B
wy
and similarly
A 44 | !
A A 0, w0, +A_TpA _ w0
—T—i,—p-i > T—l— _p_lT
cosh—(r+piﬂ+i%) coshi(r—p-i_-/l—z—)
. — T, 9
sinh 2= 2rt sinh 2x(t+iw) sinh 2% 271'1 sinh 2r(t—iw) P
wy wy wy wy
finishing the proof. O
g p
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The results in this section remain true after interchanging the roles of w, and w,. Additionally,

we have

ay(K)FA = BY FA0 - +CI F:0+ BA FM

0,6 v+Hiw,,o 0,0 0,0 —0,6 " v—iw,,6°

To see this, recall that Fv’l;j”(z) = Hl_);’(_f(—z), so that

m(K)F}(2) = FM(z + iw)) = H (-2 — iw)) = 23K~ H T (-2).

0 0

The result now follows from applying corollary 9.2 to the right-hand side.
The following result will be relevant in our discussion of the multivariate hypergeometric

function in chapter 11. We state it here because of its likeness to corollary 9.2.

Corollary 9.3. For t ¢ i% -ZU (i% + i% . 2),

-1 Au _ pi Au A Au DA Au
ﬂl(K )H‘r,p - Br,pHr+iw1,p+iwl + CT,pHr,p+iw1 + B—T,pHr—iwl,prl (911)
_ pi Au 7 Au ) Au
= BT’_pHTle’p_l.w1 + CT’_pHT’p_l.w1 + B—T,—pHT—iw|,p—iw1’ 9.12)
with
BY =aAl AF CH = A% AP L+ AR At :
7P 7P r+i%,p+i%’ and CT’P 7P —T—i%,p-}-i% + P T—i%,p-{-i%

Proof. The proof of this corollary is highly similar to the proof of corollary 9.2. The first equality
follows from applying eq. (9.5) instead of eq. (9.6) in the step after eq. (9.8). The second equality
follows from flipping the sign of p. O

9.3 A three-term relation for v,

In this section we will combine previous results to derive a three-term relation for y, .

Recall the coefficient
iv,(ay, +a_y) iv
-t -1°
q—q q—4q

of lemma 5.1, and let

o —
X

. iva +iv, . a_ iv
o= LI Ty o 9.13)
q-q" 4-4q

Using these coefficients, we state a difference equation for W,

Proposition 9.4. Letu, A, p, o, 7,0 € C, relatedtoy € C* by eq. (8.11)). The following difference

equation holds:
How, (7,0) = BrU(@w, (T + iwy,0) + Cri()y, (7,0) + BYU(=1)y, (r — iw, v),
with BH(z) 1= bLo B} , and C*4(z) 1= b°C} —b°.

Proof. The verification of this relation is quite straightforward from results we have proved
before. We will give the proof for the case of positive w; and w,. The proof for conjugate

parameters follows from a similar reasoning, and in fact only requires replacing the % by a % in
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the equation below. We have

gy, (T, 0) = pi(H L FYD) e = (H s my(Xg )F e (by eq. (7.5))

0 0

= (ﬂg(Xa)Hi’,l,"F,f’())C (by lemma 4.1)

X

= a,(my (K™Y, JH FLD)

Noa

+ a—u(”g(n,pK_l)Hi’Z,Ff’o)c (by lemma 5.1)

Noa

+ b0 (m (K™ = DHY, FD)e.

.G

We can use corollary 9.2 to translate all instances of z,(K~!) into z-shifts. We can leverage the

fact that «, (Y, ,) H f;}‘ =u'H f;‘ for any value of 7 to get rid of all z,(Y, ,)’s. We arrive at

Hyw,(7,0) = auy;’(Bipwy(f +iw;,0) + Cipl[/y(’l', v) + Bfwwy(f —iwy, v))
+ a—u<Bj,p/‘£+iw1Wy(T +iw;,v) + Cip,uﬁt//y(r, v)
+ B, MY Wy (T = iwpl)))
+ bﬁ"’((Bipy/y(r +iw,v) + Cipwy(f, v)
+ B v, (r - iwy, u)> —y (s, o)). 9.14)
By regrouping coefficients, we find
How, (T, 0) = (auyi’ + a—u”¢+iw1 + bﬁ"’)Bﬁpu/y(r +iw;,v)
+ (@ +apu +027)CE, = 02|y (20
+ <au,u;’ + a_u,uﬁ_l.wl + bZ’G)BfT,pW}’(T —iwy,0). (9.15)

We conclude the proof by observing that the coefficients of lemma 5.1 satisfy

iv, —iv iV i —iv, v (a,+a_,) iv
p o _ T p THiw, p p\Cu u
a,ul + a_yMeyip + b = au—q = +a_, - + - + . 2_1
o T Vet e _ o, 9.16)
q—q qa—q
and similarly
iv.(a,+a_,) iv
(a, +a_ )’ +b° = ———= 1 L z -=b 9.17)
q—q q—q
and
auf +a_yul_y, + b0 =07, (9.18)
so that filling in these values into eq. (9.15) gives the desired result. O
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9.4 Ruijsenaars’s function R solving the Askey-Wilson difference
equations
By now, we have collected most ingredients for proving that Ruijsenaars’s function R is an

eigenfunction of the Askey-Wilson operator, which we will do in this section. The proposition

below shows that it is actually an eigenfunction of four related Askey-Wilson difference operators:

Proposition 9.5. Let y € C* and let w, and w, be either both positive, or a conjugate pair with
positive real part. Let the operator [l;fj U2 the functions v and R, and the vector 7 be defined as
before. Then

£wl,w2

yr Ry, wy,y;7,0) = v(wy, Wy, 7; V) R(wy, wy, v; 7, 0),

and
ﬁwlssz . — 7 )R .
?U (wl,wz,}’,f’v)—U(wpwz,}’,f) (wl,wz,}’,T,U)-

Furthermore, we can interchange the roles of w, and w, in these relations, so that also

sz,wl

v Ry, wy,v;7,0) = v(wy, wy, y; V) R(Wy, wy, v 7,0),

and
Wy, W . — . .
Lo, Ry, wy,7:7,0) = 0wy, Wy, Vi D)R(Wy, W), 73 7, 0).
Proof. The second equality follows from the first one if we recalling from section 8.2 that
R(wy, w,,7;7,0) = R(wy, wy,7;0,7).

The latter two equalities follow directly from the former two by observing that R is invariant
under the interchange of w; and w,. Thus, it suffices to show that the first equality holds.
Recall from eq. (8.12) that
1 TEL Gl +yy +7)

R(wy, wy, c(y);7,0) = - — Xy, (7,0).
b2 Vaja, G +iyg)G(xo+ify) 7

Since the operator Erf 12 only acts on the variable z, the proposition holds if and only if

1 ,
¥(7) := G(if—-l-iyo) X ll/y(T, v) = G(xr - lJ’o)lI/y(T) 9.19)
is an eigenfunction with eigenvalue v(w,, w,, y; v).”

First, note that

coshwiz(r + i% - ir)

Y(r+iw,) = G(xT — iypy, (7 + iw;, ) (9.20)

cosh o (T+l 5 T

by the difference equation eq. (6.3) of G.

2 Although the function ¥ implicitly depends on v and 7, we do not add them as arguments in order to simplify
the notation.
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Writing out E;{f 29(7) as a difference equation, we have
LV 2W(r) = A7 () [P(r + iwy) — P(0)] + A (=) [Pz — iw)) — (7).
Using eq. (9.20), we can rewrite the right-hand side as
cosh = (7 + iﬂ —ir)

G(xr —iyy) | A w‘ "2(7) e
cosh = (T + l— + zyo)

Wy(f + iw]’ D) - Wy(T9 U)

coshw—(—1+17—l7’o)
+A;U|,wz(_1_) ”2 o v, (r —iw,0) —y,(r,0)[|. (9:21)
coshw—(—1+17+170)
2

We will focus our attention on the part of the expression between the square brackets. In

appendix A, we show (eq. (A.2)) that the coefficient of v, (t +iw;,0) in this part equals

-1
.9—q AU
—1 TBP’O'(T)'
Flipping the sign of 7, the coefficient of y, (z — iw, v) equals —i*=1— q B’1 “(~7). The coefficient
of y, (7, v) within the square brackets of eq. (9.21) is equal to
— g w
—i%Cﬁ’é‘(r) + cosh wlz (p + iTI —u+ 6),

which follows from eq. (A.6) in appendix A.

By proposition 9.4, we find that the contents of the pair of square brackets in eq. (9.21) equal

_ 1 w,
[—iq 4q H, +coshw—2(p+17—u+0')]q/y(r )

= 1 [cosh 27o _ osh 2ro + cosh —(zwl + 2p — 2u) + cosh 2ro v, (7,0)
2 w2 Wy wy wy

; [C sh w—2 + cosh ;(zwl + 217/0)] v, (7, 0).
We conclude that

LIV (T) = v(w,, wy, 3 0)P(7) (9.22)
and hence that

LoV R(wy, wy, 75 7,0) = 0(wy, Wy, 73 V)R(W), Wy, 7; T, ). O

We define Lf 12 to be the operator acting on a function f by

LG = ivg) X f] (x)

Ly =
7.x f(x) Glax — 17())

(9.23)

Then the following corollary is immediate from egs. (9.19) and (9.22) in the proof of proposi-
tion 9.5:

Wl wy

Corollary 9.6. The function y, is an eigenfunction of L\

LWI W2ll/y(7’- 1)) - U(w19 w29 }/9 U)Wy(T 1))
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and similarly

lj[;}ll)’w2 W}’(T’ D) = U(wl’ w2’ ?9 T)Wy(ra U),

ngm v, (t,0) = v(wy, wy, y; )y, (r,0) and
L;z»wl v, (7,0) = v(wy, Wy, 75 D, (7,0).

Remark 9.7. Our derivation of the difference equations explicitly employs the star structure on
the modular double. As we defined that structure only for w; and w, either positive of complex
conjugates, we cannot straightforwardly extend the results to arbitrary w; and w,. Ruijsenaars
has shown ([36, thm. 3.1]) that the results can be extended to all w; and w, in the complex
plane with positive real parts.
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Chapter 10
Kernel of a unitary map on L%(0, o)

In [38], Ruijsenaars demonstrated that the function R, discussed in section 8.2 can be viewed

ren
as the kernel of a Hilbert space isomorphism' on weighted L? function spaces. The function
& moreover is the kernel of a unitary map on L?(0, c0). Ruijsenaars proved these results for
real parameters y € R* and positive w, and w,. By these results, we can straightforwardly
conclude that, under the same conditions on y, w;, and w,, y, is also the kernel of a Hilbert
space isomorphism between weighted L? spaces.

The real values of y for which y, forms the kernel of a Hilbert space isomorphism correspond
to purely imaginary values of u, 4, p and o, as follows from eq. (8.11). In our multivariate
generalisation of this kernel in chapter 11 of this thesis, we need to choose p and ¢ on the
real axis. Additionally, we desire our results to hold for a pair of conjugate parameters w; and
w,. Therefore, we must adapt Ruijsenaars’s results to our specific requirements, which we will
accomplish in this chapter.

Our approach does not mimic Ruijsenaars’s proof. We used a method similar to methods used
for other quantum group-related transformations in e.g. [24, 28, 17, 18]. It has been employed
in [23] to recover Ruijsenaars’s results on R, and £ as kernels of Hilbert space isomorphisms.

The function transformation we study will be of the form
R, [ ()= J f @, (x, )W, (x) dr

for f € L%((0, ), W,), and the image will be in L2((0, ), W;). We will specify the weight
functions shortly in section 10.1. Our objective is to establish conditions on y ensure the
convergence of R, for all f € L?(0, ) and preserves the inner product. To achieve this,
we will define a truncated inner product in section 10.2, using the weight function. We then
introduce an integral form related to the concept of a Wronski determinant. This form allows
us to compute the truncated inner product of two copies of y,. By utilising the asymptotics of
v,, we demonstrate in section 10.3 that this truncated inner product approximates the Dirac
delta function (in a weak sense and up to a certain weight function). We use the latter result
in section 10.4 to show that our function transform preserves inner products. By explicit

construction of the inverse transformation, we show that R is a Hilbert space isomorphism. In

'A surjective map U : H, — H, between Hilbert spaces is a Hilbert space isomorphism if it preserves the inner
product: {f, &)y, =(U f.Ug)y,. If H; = H,, so that U is an endomorphism, we call U a unitary map.
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section 10.4, we employ the aforementioned result to show that our function transform preserves
inner products. Furthermore, through explicit construction of the inverse transformation, we
establish that R is a Hilbert space isomorphism. Likewise, we show that £ is the kernel of a
unitary operator, and we identify its inverse.

Throughout this chapter, we assume again that w; and w, are either positive or a pair of
conjugate parameters with positive real part. In the case of positive parameters, assume w; < w,,

else interchange their roles. Let w = (w, + w,)/2. Let w, = w when dealing with conjugate
parameters, and let w, = w in the positive case. In the latter case, we have w, — w = @;

in the conjugate case, wy — w = 0 holds.

10.1 The weight function W,

In this chapter, we will work with the weight function defined as follows:

W) = —! L

3
= Gliw + 27)G(—ive + Gliv. +
Wi, C,(V;i’[) Wy w, (H’U_ T) ( lyo_T)H (17/] _‘L')

Jj=1

= ! G(iw +271)G(x7t + p — V)G(xT = 06 —u).
w1,

(10.1)

By using the relation m = G(—a + bi) = G(—a + bi) for real a and b, we observe that
G(za + bi) is real and positive (non-negative). Therefore, for 7 € R, the weight W, (7) is a
positive (non-negative) weight function whenever A and u are purely imaginary, and p and o are
either real or imaginary.

We denote H, = L%((0, o), W)). Its inner product is given by

(e o]

(f.8), = J FXgOW,(x)dx.

0
We use the convention to regard the functions in H, as even functions on the real line, extending

them the obvious way.

10.2 The truncated inner product and the Wronskian

We will now define the truncated inner product and our version of the Wronskian. In the case
of conjugate parameters w; and w,, we will need a slightly more complicated notion of the
truncated inner product, to avoid integration over a singularity in a later stage.

We will start with this complicated version of

the truncated inner product for the case w,; = w,. Im w,

-N —In.1w1

For N > 2|Imw| and ¢ € [0, |Im w |), we define

the curve Cy . by modifying the directed line seg-
ment [—N, N] as follows: we remove line segments
of length 2¢ around the points +Im w,, replacing

them by an upward-facing half-circle of radius € at

Figure 10.1: An illustration of the curve Cy . in the
case Im w; > 0. The curve is a deformation of the line-
segment [— N, N] with oppositely facing indentations
at +Imw;.

—Im w; and a downward-facing one around Im w, as sketched in fig. 10.1, so that the curve
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passes above the point — Im w; and below the point Im w;. We introduce those circular arcs to
avoid the upcoming singularities I mentioned.
Let / and g be functions on C, let N > 2Im w and ¢ € [0, |Im w, |). We define

(f18)ne 1=[ F()E)W,(x)dx,

CN,e

whenever the integral converges, with g(x) = @ as before. If the restrictions of f and g to R
are in H,, and f and g are continuous around + Im w, taking the limits N — oo, e — 0 gives
twice the (W, -weighted) inner product of f and g.

In the general case, so for either positive or conjugate parameters w; and w,, and for functions
J/ and g functions defined on R (not necessarily in /,) and N > 0, we define the e-independent

truncated inner product (f, g) 5 by

N
(oot = | Feow, () dx.
-N

If f and g are analytic on the strip R X i[—w, wy], we define their Wronskian [ f, g] by

4

(e + 10300 = FIRG+ i) ) X 1, (DAL )W, (6) d,

(10.2)

Lf.gl(z) I=J

z—iw,

where .A;U 12 s the Askey-Wilson coefficient defined in eq. (9.2), 1, is defined as

cosh l(x +iZl — iy())

wy 2

t},(x) = = G(xx + iyy)G(=(x + iwy) — iyy),

cosh wiz(x + i% + i;/O)
and the integration is performed along the line segment from z — iw, to z.

Note that the product ty(x)Af 10 (x)VVy(x) is invariant under interchanging x by —x — iw;,
as we derive in appendix B. Abbreviating V,(x) = ty(x)A;Ul’wz(x)VVy(x), and assuming f and
g to be even, we can write

—Z

[f.8)(=2) = [ (f&x+ iw)EE) = F)0x + i) )V, (0 dx

—z—iw,;

z—iw,;
= —J (f(—x')g(—x' —iw;) — f(=x' - iwl)g(—x'))Vy(—x' —iw;)dx’
(by substituting x’ = —x — iw,)

= [ (e i) = £+ i0ga) ¥ o
(as f, g are even and using the symmetry of V)
== | (6 i) = 7RG 0 V) 0

=-[f.gl(2),

so that [f, g] is an odd function for even f and g. We will use this property in proving the
following lemma, which relates the truncated inner product, the difference operator L;f) -2 and

the Wronskian. The lemma comes in two versions, one for the case of a conjugate pair w; and
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w,, one for the positive case. We will first state and prove the lemma for conjugate parameters.

Lemma 10.1 (Conjugate w;’s). Suppose that wy = w, with Im w, # 0 and Re w, > 0, and that
Im A and Im u are both smaller than w. Let f, g be even functions that are analytic on the strip
R X i[—w, w]. Then for N sufficiently large, and € > 0 sufficiently small, the following relation
holds:

(L0 e = (2 L7 g) e = 20 81N,

Proof. Let f and g be as in the statement of the lemma. From the definition of A" ">

in
eq. (9.2), we can directly derive that '
ALP(R) = AP (x) = AL ().
Additionally,
G(=i7, + %) = G(—iy % x).
Hence,
= Conj [m
x (A;JZ’WI(X)(G(—WO + (% + ii0)))g(% + iiD) — G(=i7 + D)g(%))
+(x e —x))]
= Conj [m
x (AL )(G-if & (F= Tw0)g(x = 10)) — G(=iF & D)g(®))
+(x e —x))]
_ m (A;‘”’“’Z(—x)(G(—iyO & (x — it0,)F(x — iwy) — G(—iyy + V)F(x))
+(x o —x))
= L7 g(x). (10.3)
Note moreover that we can use the function 7, to express
Ly f(x) = A2 0 (8, (0 f (x + iwy) — f(x)) + (x < —x). (10.4)

Applying both eqgs. (10.3) and (10.4), for N > 2|Im w1| and e > 0 sufficiently small,” we can

2By the assumptions on f and g, f(- + iw,) is analytic around at the point Im w,. Analyticity at a point
implies analyticity in some open neighbourhood of that point by definition, hence by picking € > 0 sufficiently small,
f(+ + iw,) is analytic on Cy .. The same extends to g(x + iw, ), possibly after picking ¢ even smaller.
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write
(L, fgdne = L 8N e

S L |AGO (1, 07+ 1) = () + (x = =) g, (x) dx

- L f(x) [A(x)(t},(x)g(x +iw;) — g(x)) +(x e —x)] W, (x)dx.
Reordering terms, we write this as ’

= J AL () [ f(x + iw)g(x) = FO)F(x + iw,)| W, (x) dx

+ J AL, (=) [ £ (x = iw))g(x) = F()g(x — iw))] W, (x) dx.
CN,e
Recall that 7, AW, is invariant under replacing x by —x —iw, and that W, is even in x, as shown

in appendix B. We can utilise this to rewrite the latter integral to

A(x — iw)t,(x — iw)[f(x — iw)Ex) = f()F(x — iw))| W, (x — iw,) dx.

JCy ¢

By a shift of the integral domain this equals

AL () [F)E(x + iwy) = f(x + iw)E)| W, (x) dx.

JCy i,

With a slight abuse of notation,’ we can thus write

(L™ f 8 ne = {f Ly 8w e

= [JC _L | ]A(x)ty(x)[ FO+iw)Ex) — fFOZ(x + iw))| W, (x)dx.

(10.5)

Assumed that the integrand in analytic in the area enclosed by Cy ., Cy . — iw; and the line
segments connecting the endpoints at —N and —N — jw, respectively at N and N —iw, by

Cauchy’s integral theorem this equals

=[f,8l(N) = [f, gl(=N) =2[f, gl(N),

N -N
J - J ]A(x)@(x) [+ iw)g(x) = F()ZCx + i) W, (x) dx

N—iw,; —N—iw,;

(10.6)

the last equality holding as [ f, g] is odd.
It remains to check that the integrand is indeed analytic in the given region. By the premise
of the lemma, the product f(x + iw;)g(x) — f(x)g(x + iw,) is analytic in the given region. We

may rewrite eq. (B.4) as follows:

. 2rx
sinh =— . . 3 . .
Gx+iw, — Gx+iw, +iy;)
AW, (x) = — G ) T L 10
4w, ws ginh % G(x +iyy) Jo] G(x —iy;)
2

3We use the notation UA - IB] f(x)dx to abbreviate IA f(x)dx — IB f(x)dx.
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—-N —iw, / N —iw,

X

Figure 10.2: An illustration of the area enclosed by the paths of integration in eqgs. (10.5) and (10.6) in
the case Im w; > 0. The marks "X" indicate the positions of the poles at +m = 1,2, 3 given by eq. (10.9).

We study its analytic properties.
The hyperbolic gamma functions in eq. (10.7) have poles at
X=%4p+ i—iw—iw, —ikw, —ilw,, x==xp—A+iw+ikw,+ilw,, (108)
X=x0+u—iw—iw, —ikw, —ilw, and x=z40—u+iw+ikw;+ilw,, '
with j = 1,2,3 and k,/ = 0,1,2,3,.... Clearly, if Im A,Imu < w, then for ¢ > 0 sufficiently
small, all of these poles are located outside the enclosed region.
The fraction of hyperbolic sines in eq. (10.7) has a removable singularity at x = —i %, and
has its remaining poles are located at

Wy Wy

x = —17 + imT, (10.9)
withm € Z \ {0}. Note that the poles with m = +1 are located at —i% + i% = Imw, and
—i% - i% = —iw. Our choice of indentations of Cy . was done in such a way that for e > 0,

these poles remain outside the enclosed region; see fig. 10.2 for an illustration. Thus, if we
choose € > 0 sufficiently small and N > 2[Im w) |, indeed the equality eq. (10.6) holds. O
For the case of positive coefficients w; and w,, a similar result holds. We state it for the

case 0 < w; < w2. In case w; > w,, the result holds by interchanging the roles of w; and w,.

Lemma 10.2 (Positive w;’s). Suppose that 0 < w, < w,, and that Im A and Imu are both
smaller than w. Let f, g be even functions that are analytic on the strip R X i[—w,, w;]. For N

sufficiently large, the following relation holds:
(L fo g = (f L gy = 20, g1(N).

Proof. The proof of this lemma is highly similar to the proof of lemma 10.1, but slightly simpler.

We provide only the general outline.
wy,Wwn

In a similar way as in the proof of the conjugate case, one checks that L7 gx) =

L;U 1“2 5(x). Following our earlier reasoning we observe that
(L™ f.g)n = (f L")y

N N—iw;
= “ - J ]A(x)ty(x) [f(x+iw))E(x) — f(0)F(x + iw))| W, (x)dx.

-N  J-N-iw,
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As the pole locations of Az, W, are again adequately described by egs. (10.8) and (10.9) with
j=123k1=0,1,2,3,...and m € Z \ {0}, and since we assumed Im 4,Imu < w and
w, > wy, the integrand is analytic in the rectangle with corners {—N, N, N —iw,,—N —iw,}.
Therefore, by Cauchy’s integral theorem, the right-hand side of above expression equals

N -N
“ - J ]A(X)t,(X) [/ (e + iw))g(x) = FOZ(x + iw))| W, (x) dx

N—iw, —N—iw,;
= [f,8l(N) = [f,gl(-N) =2[f,gl(N). [
The following result holds in both the conjugate case as in the real case and follows from
lemmas 10.1 and 10.2 respectively.

Corollary 10.3. Let p,c € Rand u, 2 € i(wy — w,w). Let y,y' € Rwithy # ). The
following equality holds:
2Ly, (-5 »), w, (-, YIN)
sinh —(y + ')
wy

(Wy( : ,J’), Wy( * ’yl)>N =

Proof. Our plan is to use the fact that w, (-, y) is an eigenfunction of L;U l’wz, together with the
appropriate choice from the previous two lemmas.
Let us introduce the shortened notation wyy =y, (-, ).

In the case of conjugate parameters w,, w,, note that by corollary 9.6,
(L) ur) Dy e = o )
Y ll/y’wy N,E le’w2’y’y W}/’Wy N,E'

/
Considering (u/}f , 1;/; )N as an integral, we observe that its integrand is analytic and has no
/
singularities around + Im w;. Thus, for ¢ > 0 sufficiently small, (u/};v , 1//;’ )N  1s independent of

€ and equals (l//;/ , lpyy ,) n by Cauchy’s integral theorem. Hence, for € > 0 sufficiently small,

(L2 ) Y e = vy, ws, v 9 v )y (10.10)

Asy =—i(p+ A, p— A, 0 —u,—o — u), for p and o real, and u and 4 on the imaginary axis,
we have y = —i(=p+ A,—p — A, —0 —u, 0 —u), i.e. the signs of p and ¢ have flipped. Since v,
is even in p and o, this flip of signs is irrelevant, and we conclude that y; = y,. By a similar

reasoning as the one proceeding eq. (10.10), we find
Wy, W / Wy, W / —_— ’
W L) e = (W) L2 W) Dy e = 0(wa, w1, 7Y )Wy w) ) n

for small values of ¢.

Bylemma 8.4, when p,0 € Rand u, A € i(wy—w, w), the function u/yy has no singularities on
the strip R X [—iwy, iwg]. Therefore, we can apply either lemma 10.1 or lemma 10.2, depending
on the values of w; and w,.

In both the conjugate case and the real case, utilising either lemma 10.1 or lemma 10.2, we
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obtain that (in the conjugate case: for e sufficiently small):
/ wy,w / W ,W- /
2Ly w) JN) = (L " 2w v Ynge — (W Ly V2w g

1 2ry i ~ y .y
3 [cosh o + cosh w—z(wl + 2)/0)] Wy, w5 In

1 2ry’ i (= o d
- E[COShg_j + cosh g—;(wl +2y0)](u/yy, W, N

1 2y 2ry / PN
=3 <cosh o, cosh 0, (W) w) )N (as 7o = 7o)
x(y+y) /
= sinh w—z(lllyy, ll/; IN- [

10.3 Convergence to Dirac delta

In this section, we aim to demonstrate that %(u/}f , %y /) ~ weakly converges to the Dirac delta
function, up to some weight factor. More precisely, we want to show that

li l ” Y wY W- dy = /

Am 3, T w) )W, (ndy = f(V)
for suitable functions f.

To prove this result, we will first study the asymptotic behaviour of (lpyy , x//yyl) N using

corollary 10.3. For the rest of this chapter, we assume p and o to be real, and A and u to be
purely imaginary.

We begin by considering the expression

c N —_
v v JN) = (wyy(x +iwyy (&) — v w) iwl)) £, () AW, (x) dx
JN—iw,;

which, for real p, ¢, y’ and purely imaginary u and 4 by eq. (8.8) equals

‘N

=| (Wil @- o)L @AW, (1011
JN—iw,;

We examine the asymptotics of the factor 7, (x)A(x)W, (x) that appears in the Wronskian.

Recall from eq. (10.7) that we can express it as

. 2rx
1, (X)AX)W, (x) = 1 sinh w, G(x+iwy — iy) f[ G(x +iw, +iy;)
y y 1102 sinh 2”();[“}) Gix+iy) o Ghx—ir
2

For Re x — oo with the imaginary part of x bounded, we can write

. 2rwx 2m(x+iw) 2n(x+iw) 27X
sinh w, 27x _ 2x(x+iw) e—wz _ e—wz —2w—l
= e ¥l wy .
. 2r(x+iw) 2x(x+iw) _ 2m(x+iw)
sinh w—z e —e wy
=27 (x+iw) 2r(x+iw) 22;z_x
2;r_x_2/r(:u+iw) 1 e wy —e w - wy
= 1 2 .
€ + 2x(x+iw) _ 2z(x+iw)
e 2 —e ™
7ri(w2y—w|) 27rx(w2'—w|) —2Re 2_/r Re x
=e m e w2 .(140(e wi ).

The term Re LZU—” in the exponent equals @ Re w,. In the real case, Re w, = w, > w; = w,, in
1
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the conjugate case, Re w, = Re w; = wj), so that we have (possibly with a weaker bound)

. 2rx
Slnhw_ wi(wy—wy) 2zx(wy—wi)
L_—¢ @ e w2 (1 + O(e 2¥WoRexyy (10.12)
. 2x(x+iw)
smh—
Wy

Using eq. (6.9), we can express
G(x +iwy —iyp)

— oW1 /210)x pia (W} [A=1ow01 /2) (1 4 O(e~*SWo Re, ,
G(x + iyp) ( ( )

for ¢ € (0, 1) chosen arbitrarily. Similar expressions hold for the other fractions of hyperbolic

gamma functions, so that we may write

1 wi(wy—wy)  2zx(wy—wy)
1 () AW, (x) = e w1 e wwy @¥Cwi=(o=ri—r-r)x
v 4 4w, w,

X eia(w%—(h)—}’]—72—}’3)W1/2)(1 + O(e—agwo Rex)),
which, noting yy — y; — v, — ¥3 = —2iA — 2iu, we rewrite as
1 i iuti _
— Y ea(2x+1w1)(w+tu+zl) . (1 + O(e agw, RGX))‘ (1013)
1972

Using theorem 8.7, we can estimate

. , —aOxtit: ). _—
l//;](x + lwl)w; (x) = W w, - e a(2x+iw,)-(w+iu+il)

’ / N @X(E1y+EY") p—aw &y
X, EnehEy)enirralemand
Sbe(-1.1}
+ O(e—aRe(w+iu+i/l) Rexe—aKRe x)

and, as O(e—a Re(w+iu+il) Rexe—aKRe x) — O(ea(—iu—ii—w—rc) Re x for u, le iR, we have

(W ex+iwpw) ) = v = ) =
w w, - e—a(2x+iwl)-(w+iu+ii)

x Ci(ély)ci(ﬁzy’)e"“’“@l”‘fﬂ”(e‘““’lfly—e-“wlfzy’>
14 14
&&E(-11)

+ O(e—(l(iﬂ+iu+w+K)ReJC)' (1014)
Substituting x = N + iz into eq. (10.11) gives
0
v, w,) I(N) = iJ (wyy(N+i(Z+ w)y; (N +iz) = (y < y’))
—w,
X t,(N +iz)A(N +iz)W,(N +iz)dz,
and using our estimates in eqs. (10.13) and (10.14), we rewrite this as
i

=2 Z C;(gl Y)C;(fzy’)<e_“wlfly _ e—awlcfzy’>
&.6e{-1.1}

0
% J A (N+i2)Ey+&Y) 45
—w,

+ O(eZa(w+iu+M)Ne—a(i/1+iu+w+K)N)‘
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Working out the integral gives
_i ’ ’ / —aw, &y _ —aw &Y
=7 X g@Ende)(emar - e
&.he(-L1)

ia(N+i2)E v+ |

! (w+iA+iu—x)N
+ O(e” )
—a(g 1y +&y)

which we can rewrite as

o , L el aNEray)
- 2 GEmdEy)

L
¥ e 5el-11) &1y + &y

X (1 _ eaw1(§1y+§2y’)> (e—awlfly _ e_awlézy,)

o — P

=2(cosh 2 —cosh 2”—y,):4 sinh = (y+y')
M)2 u72 u72

+ O(ea(w+il+iu—K)N).

2r

Hence, according to corollary 10.3 and considering that @ = , we obtain

wiw,

W Wy ' ’ ’ eiaN(§IY+§2y/)
VAR W)y =i 2 (61 )8y ) —— ’
T omerty ] Ey+&y

+ O(ea(w+i;l+iu_K)N).
Using Euler’s formula, we may rewrite this as

(w, 9,0, (V)N = 1Y) cosaN(y + ') + dy(y, ¥) sinaN(y + ')
Ny o
+ ¢33, YV cosaN(y = ) + 4y, y’)smayf(yy,y) + O WHATITIN) - (10.15)

with

!/ / AN e Vi)

’ W W, c?(J/)c?(y ) C?( y)c?( )

d1(3,)) = —i X : ’
7 y+y

i [ 1 Vi)
Wy ;e (V) + e (=y)eg(=y)

e
b (3, ¥) = — Ty ;
ww, G == ()
¢3(ys y/) = —i T X y— yl
and
wiw
Ba(0,¥) = =22 x (I3 + =)0,

If we fix y/ > 0 and consider the ¢ ;’s solely as functions of y, we observe that all of them
have a simple pole at y = 0 due to the terms c;(y) and c;(— ¥). Moreover, since c%(y)c;(—y’ )—
c;(—y)c;(y’ ) is zero for y = )/ (and analytic), ¢; has a removable singularity at y = )’. The
other ¢;’s (with j = 1,2, 4) do not have any singularities for y € (0, o).

Remark 10.4. Let us consider the convergence of the remaining term in eq. (10.15). Recalling

the definition of x from theorem 8.7, note that

w+il+iu—xk =w—Im(A 4+ u) — k = max{wy — w —Im(4 + u), —w — n}.
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For this factor to be negative, so that the O(e¥w+4+iu=K)Ny converges to 0 as N — oo, we thus
need to impose the condition Im(4 + u) > w, — w.

If we restrict y and ' to some closed interval [r, r,] (with O < r; < r,), by continuity of c;
on R\ {0} and by theorem 8.7, this remaining term converges to O uniformly in y and )/, i.e.

(w, (9w, (Y )y — <¢1(y, y)cosaN(y+Y)+ ¢y, y)sinaN(y + )

smaNO— )| s, (016

+ ¢33, YV cosaN(y = y) + ¢, (v, ¥) oy

for sufficiently large N, where C is independent of N, y and /. i

We can use the above approximations to establish the following result:
Lemma 10.5. Let A,u € i(wy — w, w) with Im(A + u) > w, — w and let p and ¢ be real. Let
J € C(0, ). The following limit holds:

[T / _, SO
Jim L TN, v )N dy—2%(y,)-

Proof. Since f is bounded with compact support, using eq. (10.15), we can apply the dominated

convergence to the integral over the remaining term, and we have

[o0]

' Yy wY
Jim L FOXw), v )y dy

[e0]

= Jlim L f(y)<<l>1(y, y)cosaN(y+y)+ ¢y(y,y)sinaN(y + )

+ 30,y cosaN (y — ) + by (v, y) 22 aiv_(yy,_ y,)> dy,
provided that the limit on the right-hand side exists.

By the conditions imposed on f, we have f¢;(-, y') € L'(0, ) for j = 1,2,3. Conse-
quently, we can employ the Riemann-Lebesgue lemma to the terms involving ¢, ¢,, and ¢5 in
the integrand. This lemma allows us to conclude that their contributions vanish as N tends to
infinity.

A well-known result from the theory of Fourier analysis (see e.g., [47, sec. 9.7]) states that if
g is a continuous function on (0, co) with bounded variation® that is differentiable around x” > 0,
then

sint(x — x')

- dx = wg(x).

limJ g(x)
t—>o0 0

X=X

Since f'¢, is compactly supported and smooth on (0, co) by our assumptions, we can employ

“We say that f : (0, 00) — C has bounded variation if there exists a finite number M such that for any choice of
Xg < X; < ... < x,in (0, 00), we have 37" |f(x;) = f(x,_))| < M. Compactly supported smooth functions have
bounded variation.
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the above result to compute the limit

N
Jim [ o = g
/ Iy ww, , ’ no_ fG)
= 7000/ Y) = 2= @S0 = 255

Suppose that g is a compactly supported smooth function. It follows that gW% /2 is also
compactly supported and smooth. Therefore, we have

1 /
Nim > JO gw) vl )N W (n) dy = 8(Y)

for such functions g.

Remark 10.6. It is important to note that lemma 10.5 is not invariant under interchanging y with
the dual parameters 7: This interchange corresponds to replacing A with —u and vice versa, as
shown in the paragraph containing eq. (8.11). If we perform this interchange in the lemma, the
conditions for 4, u, and A + u would undergo a sign change. For positive parameters w, and w,,
we can define a smaller domain for A and u where the lemma holds true simultaneously for a
fixed y and its dual parameter set 7.

In the case of conjugate parameters, the lower bound w, — w of the open interval is zero.
Consequently, it is impossible to find a range that accommodates both A and —A, as well as u and
—u simultaneously. As a result, we will encounter difficulties in obtaining an explicit formula
for the inverse of the Ruijsenaars function transform with kernel ys in this case of conjugate
parameters. However, we can overcome this obstacle by utilising the kernel £ instead, taking

advantage of its symmetries. l

10.4 The Ruijsenaars function transform

In this final section of the chapter, we introduce a function transform on a dense subspace of
H, that has y, as its kernel. We use the results of the previous section to show that for certain
values of y this transformation extends to a Hilbert space isomorphism, and we try to identify its
inverse.

We define the Ruijsenaars function transform R, with kernel y, for /' € C(0, o0) as

Ry f(y) = L F X, (x, W, (x) dx.

For f € H,, the integral converges pointwise for any y € (0, o) since the integrand has
compact support and is continuous. In the following theorem we extend the operator to a Hilbert

space isomorphism.

Theorem 10.7. Let A,u € i(wy — w, w) satisfy Im(A + u) > wy — w, and let p,c € R. Suppose
J € CX(kx, (k + D)x) for some k € N and let g € C (0, 00). Then, we have
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As a consequence, Ry uniquely extends to a Hilbert space isomorphism from H; onto its image,

which is a subspace of H,.

Proof. Using on our previous results, we can calculate

(Rpf Rpe), = L Ry f(0)R;g(x)W, (x) dx

N (oo (oo
= lim JO L JO FOW(, W (E@W5 (2, IW3(2)W, (x) dz dy dx.
—— ——
=y, (x.y) =y, (x.2)
Note that the integrand of the triple integral is continuous and has compact support on [0, N] X
(0, 00) % (0, c0), so that we can apply Fubini’s theorem to interchange the order of the integrations.
By eq. (8.7), we can rewrite w5 (. x) =y, (x, y). Using the truncated inner product notation, we
can rewrite the above integral to

[o0]

- Jil“oo%JO g()W;(2) L FOW,(0){w;) . w; )y dydz.

If we could interchange the limit and the outer integration, the first claim of the theorem would
follow from lemma 10.5. Our goal now is to show that we can indeed do this using the dominated
convergence theorem.
We need to bound f(;’o FOW5( y)(y/yy , wf) n dy independently of N, for z € supp g. Using
eq. (10.15) and recalling remark 10.4, we observe that
L f(y)%(y><<w;, VN = b z)sm"‘yN_#) dy

can be bounded independently of N and z. By our reasoning in appendix C, we can bound

© sinaN(y — z)
J FOIW(0ds(y, 2)——————dy
0 y—z
independently of N, so that indeed we may apply the dominated convergence theorem to conclude
1% N
(R3S Ryg)y = 5 J g(z2)Wy(z) lim J FOW;((wy w7 )y dydz
0 N=eo o
= J F(2)§(z)W5(z) dz (by lemma 10.5)
0
= (f’ g>?

Now we turn to extend the transformation to H;. By linearity, the latter result still holds
for f € C((0, o) \ zN), and then obviously also for g in the latter space. Note the following

properties:

L If f € CX((0,00) \ zN), then f4/W; € CX((0,0) \ zN) and vice versa, as W; is a

strictly positive analytic function on compact subsets of (0, o).

2. We have f € H; if and only if f/W; € L*(0, 00), with || /I, = ||f, JW;

I
3. The space C°((0, 00)\#N) is densely contained in L?(0, ), as e.g. the indicator functions
on finite intervals can be approximated with elements in the former set, and those span a

dense subspace of L2(0, c0).
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Hence, if f € H;, there exist functions f, € C°((0, o) \ zN) such that fn\/W? converges
to f \/W? with respect to the L? norm, and therefore f . — J with respect to the norm of H;.
Thus, C°((0, 00) \ #zN) is dense in H;.

For arbitrary f € H, let (f,,) C CX((0, c0) \ zN) be a sequence converging to f. Since
H; is complete, (f,) is a Cauchy sequence. Note that

[Rots=Rstu,, = [Rot = 10, = 1= Sl

so (R; f,) 1s a Cauchy sequence as well, and therefore converges in H,. Denoting the limit by

R; f, we have extended R; to a Hilbert space isomorphism from #; to its image. O

Recall remark 10.6; its reasoning also applies to theorem 10.7. Moving to dual parameters,
if A and u are in —i(wy — w, w) = i(—w, w — wy) with Im(A +u) < w — wy, with p, o € R, then
by theorem 10.7, we conclude that R, is a Hilbert space isomorhpism from #,, onto a subspace

of H;. For the case of positive w; and w, we thus can conclude:

Corollary 10.8. Suppose 0 < w, < w, with % & Q. Let A,u € i(wy — w,w — wy) with
2
A+u € i(wy—w,w — wy) as well, and let p,c € R. Then R? is a Hilbert space isomorphism

onto H], with inverse Ry.

Proof. The conditions on u, 4, p, ¢ imply, by theorem 10.7, that R? and Ry are Hilbert space
isomorphisms onto their ranges. For f € CX(0,00) C H?, we have R? f € Hy, so that
R,[R;f] is defined.

We have

N o
R, [Ry 1) = lim L L FOOWo (X (x, W, (), (3, 2) dx dy

with an absolutely integrable integrand, so that we can apply Fubini’s theorem to find

[ N
A%imJ f(x)Wy(x)[ v, (v, )y, (v, )W, (y) dydx

.1 x
Jim 1 L FEOWGwE, y )y dx

= f(2)

by lemma 10.5. Therefore, R, oR; = id holds on a dense subspace of H; and hence on H;.
Replacing y by 7 and vice versa in lemma 10.5, we find that RyoR, =1id on H,. We conclude
that R, = R;l. O

The result of corollary 10.8 does not carry over to the case where w; and w, are a conjugate
pair, as wy — w = 0 in that case, making the interval (w, — w, w — w,) empty.

Abbreviate E(y; 7,0) = E(wy, wy,7; T,0). By eq. (8.15), we can write

2@ w(T0)

\Jwyw, ¢ (v D) (75 0)

We define, for f € C(0, o0),

Ely;T,v) =

R, f(y) = 1 Jf(x)é‘(y;x,y)dx.

\/wle 0
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We can use the results on R; to prove the following corollary:

Corollary 10.9. Let A, u € i(wy — w, w) satisfy Im(A + u) > wy — w and let p,c € R. The

operator 72? extends to a Hilbert space isomorphism from L*(0, o) to its range.

Proof. Recall that y is defined as

& wrtw?+ww,
=g $ 4TI

Note that

4
27 ==+ D == = —u =~ (o ~w)’ =20+ + 1’ + )
Jj=0

is real for our choice of parameters. Moreover, w% + w% + wiw, = w% + ;% + w,w, is real, so
| x(¥)| = 1, and the same holds when y is replaced by 7.

Note from the definition of ¢’ (eq. (8.23)) and the symmetries of G (eq. (6.2)) that ¢/(y; —7) =
m. Hence

W, () = —
VWi,

so that

¢, (1) = /W, (D)\Jww, (v 7)

satisfies |¢y(1)| =1.
Now let f € C((0, ) \ #zN) and g € C*(0, c0). We have

r" r" J°° 1Dx@)
0 Jo Jo '@ x)e! (75w (y; 2)e!(v; 2)

Xy (x, 2)y (v, 2)f(x)g(y) dx dy dz,

1
c(y;t)

s

L 1 \?
(R f R58) 12 = < >

wiw,

which we can rewrite as

[ J J [f (e (73 =x)\/w w8 (W)’ (75 —y)y/w w,]

0 Jo Jo

X 35, D, DIW;(OW; ()W, (2) dx dy dz.

Identifying f(x)c'(7; —x)y/w w, = \/f;v(f_()x)%(x) and similarly for g, we recognise that the
Y

above equals

(Rylf b3/ \[ W3 Ryladp/\[ WD), = (F b3/ \[ W5 883/ W2y

by theorem 10.7. The right-hand side can be recognised as

(fo5.805)12 =([>8) 12>

so that 7~€? preserves the inner product. By a similar reasoning as in the proof of theorem 10.7,

we extend it to a Hilbert space isomorphism on L?(0, c0). O
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We can extend the result of corollary 10.9 to 7~%y (without a hat on y) using the D,-symmetry
of £. Initially, it may seem that we need to flip the signs of A and u in the corollary’s conditions
to ensure —u and —4 are in i(w, — w, w) with Im(—u — 1) > w, — w. Recall that we did this
previously in corollary 10.8 for the transformation with kernel .

However, by the D,-symmetry with respect to y (eq. (8.16)), the function £(y; 7, v) is even
in both u and A. We find that 7~€y = 7~€y,, where the prime acts on y by flipping the signs of both
u and A. Therefore, we can apply corollary 10.9 to derive the desired properties via 7~€},,, without
changing the domain of A and u.

We will now present the main result of this chapter.

Theorem 10.10 (Unitarity of the Ruijsenaars transform). Let A, u € i(wy — w, w) satisfy Im(4 +

u) > wy — w and let p,c € R. The operator 72? is a unitary map on L*(0, co) with inverse

- 1 s -

R f(y) = J F)E(y; x, y) dx.
4 \/ Wi, Jo

Proof. We observe that 7~2?_ Ly = 7~€y f (). Thus, based on the discussion above the theo-

rem, 7?;1 is a Hilbert space isomorphism from L?(0, c0) onto its range. As in the proof of

corollary 10.8, for f € C.(0, o0), we calculate

N oo
ﬁ?_lﬁ?f (z) = 1imJ J FOEF: x, »E(y; v, z)dydx

Wiy N=x o Jo
2 o N AN N
=< 1 ) HmJ [ £ XN x@)
Wiy ) N=eJo Jo '@ x)e! (v y)e! (v; y)e! 75 2)

Xy (x, My, (v, z) dx dy

= J /) (W) w) )y dx

C 2ww, Now )y (75 x)c! (7 —2)
1 f(2)

T ww, (72 (7 —2

IWi@) = 1),

where we deployed lemma 10.5 once more. This result extends to f € L?(0, co) by density, thus
establishing k;lof{? =id on L%(0, c0).

To see that also 7~€?07~{; ! = id, again take note of remark 10.6. We can use the D,-symmetry
to flip the signs of u and 4, leaving 72? and ﬁ;l invariant. On the result, we can use lemma 10.5
in a similar fashion as above to show that ﬁ?oﬁ; = id. We conclude that 7~€? is unitary with

inverse R;l. O

Remark 10.11. By the D,-symmetry on y, the statement of the theorem is still true if A,u €
i(wg—w,w) and Im(4 4+ u) > wy — w hold only after flipping signs on A and/or u. Moreover, the
D,-symmetry on y allows us to interchange the roles of any two pairs of parameters in (u, 4, p, o)
simultaneously, e.g. we can interchange (u, p) < (o, A) or (u, A) < (p, 0), as can be seen from
eq. (8.11). These symmetries imply that we could take A and u to be real parameters and p and
o to be imaginary parameters with certain restrictions.

Ruijsenaars has established unitarity for the transformation with w; and w, positive and
all parameters u, A, p and o restricted to the imaginary axis, without any constraints on their

size ([38]). This result cannot be deduced from the D,-symmetry. However, it does raise an
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intriguing question regarding the possibility of relaxing the restrictions imposed on A and u. For

now, it remains an open question if this is possible. i
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Chapter 11
The multivariate generalisation of y

In this chapter, we derive a multivariat version of the hypergemoemetric funcitons y, and €.
We will motivate our derivation based on properties of elements of the Hopf algebra ® and
its representations. The generalisation we perform is closely related to the methods used on

Askey-Wilson polynomials and Askey-Wilson functions, respectively, in [15, 16].

11.1 Coproducts of skew-primitives and their eigenfunctions

In this section, we generalise results of part [I: we study coproducts of skew-primitive elements
and their eigenfunctions, which are multivariate versions of the eigenfunctions we derived in
chapter 7. We will use these multivariate eigenfunctions later to define multivariate hypergeo-
metric functions.

Throughout this chapter, fix N € N . As before, we assume that the parameters w; and
w, are either positive, with 0 < w; < w, and w,/w, ¢ Q, or a pair of conjugate parameters
with positive real part. Taking N = 1, we retrieve the original functions and their properties as
discussed in the previous chapters.

Forj € {1,..., N}, we set

YO =18V @AY, and XY =18V @ ALY, . (11.1)

These are elements in D®V. We construct them by using of iterated coproducts of the skew-
primitive elements, tensored from the left by the algebra unit.

By induction, we show that for n € N,
A"Y,,=1%¥"QY,,+A"'Y, QK. (11.2)

For n = 1 this follows from our original discussion of Y, ). Assuming that eq. (11.2) holds for

some n > 1, we find
A"y, = (A®id®")A"Y,,
=18V @y, , +(A®id® Ha"'Y, , ®id(K)
— 1®0+D) ® Yu,p + A”YW ® K.

This property can also be derived in a more direct way from eq. (5.2).
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To be able to discuss eigenfunctions of these elements, we first need to extend our represen-

tation to D®N . A natural generalisation of the representation 7, is to consider the representation

N
A

representation on each factor of the tensor product. Letting 4 = (4, ..., Ay) € CV, we define

7> . However, from a mathematical perspective, it is not necessary to have copies of the same
7, to be a representation of D®V acting on the space My of meromorphic functions on CV,
givenby ) =z, ® -+ ® 7, . The element in the kth factor of the representation acts on the
kth variable of the function in M.

Letp € Candu, 4,7,z € CV. We define a meromorphic function Hﬁ:’; EMy: CN >
C®N ~ C by

Ajaj

N
A B :
H}2) =@ HY (z)), (11.3)
j=1
where 7, = p. Since C®V = C, we can replace the symbol ) by []. Foru = (4, u, ..., u) with
u € C, we use the notation H ﬁ:z(z), where the symbol u in the superscript now has regular
weight.
Using induction, we can show that

AN ‘lYu,p)Hﬁ:’; = u’ H*

TN T,p°

For N = 1 this was clear already from chapter 7. For N > 1let 4,7 € CN*!, we define iecV
to be a version of A with its last entry chopped off;, i.e. i= (A1, .-, Ax). We similarly define
7 = (7, ...,7y) - We assume for the sake of induction that

AN-1 Au _  p prdu
73 (A Yu,p)H%’p = ul H?,p’

Observe that Hﬁjl‘; = H;"; ® HV*" By eq. (11.2), we can express

TN+1STN
Au _ - A,
EA(ANYu,p)H‘r,Z - (1®N ® E/INH(Yu,p) + ﬂj,(AN I}IM’P) ® ﬂ/lN+l(K)>HT’Z'
Using eq. (5.7), we can write

Au _ i Anis
<1®N Q7 (Yu’p)>HT’Z =H' @, (Y, H

TN+1'TN

i, P
= H;"; ® T (YMN — MfN(K — 1)>H N+1

TN+1TN

— N p Au _ ,p Au Ang1oU
_ (MTNH +/,¢TN>HW W H™@m, (K)HD

P TN+1-TN’

ANyl TN s .
o) Hey ey = Moy, in the last line.

Using the induction hypothesis, we also compute

where we used z; (Y,

P TN+1)TN T

- Au _ i, AN+
(ﬂ_j(AN Yo ) @7, (K )H =t HY @, (KVHM

Adding the latter two results, and observing that ,u;j;’H + ,uﬁN = ,uﬁNH, completing the induction.
Moving back to 7,4 € CV, we conclude that the element Y,(f ;N_j acts similarly under the

representation, but only effects the latter j factors of the tensor product. In that case we have

(YY) OHY = U HE (11.4)
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By egs. (5.2) and (11.1) we can write

N
Yf]; = 18NN @ Al ly, = Z 19D @y, @ KNk,
k=N—j+1

Foru € CV, we modify the right-hand side of the above to define define the element Y,(‘J 2, as

N
Yff; = Z 1®Kk=1) ®Y,, ® KNk, (11.5)
k=N—j+1

There is no direct way to express this newly defined element by means of the coproduct. By

eq. (7.2) and note below it, we can however write
X)) =T Q- @T'M)m(1®N V@AY )T @ - T ™),
with each shift operator T*" acting on the kth variable for k = 1, ..., N. Since
Au _ 2,0
HT’; =(T"Q® - ® TuN)HT’p’

we can use the above and eq. (11.4) to conclude that H i’z is an eigenfunction of z A(Y,(l{ l))) with
eigenvalue ,u;': .
We set

N
A:,0
Fl,@=QF/. Gz (11.6)
et

with vy, = 0. (We have set the parameter v in the superscripts of F equal to zero, as we will
not need different values for it.) We extend the star involution of D to a star involution on D®V
by applying the star to each factor of the tensor product simultaneously. We can apply a similar
procedure as above. In the case of real parameters w, and w,, we compute
WxyFpA  — oy )
EA(XO' )Fv,a - ﬂgN_jHFv,a'
In the case of conjugate parameters w; and w, we have

T XOFE =u  Fi .

ON-j+1 0.0

11.2 Multivariate hypergeometric functions

We use the eigenfunctions derived in the previous section to define our multivariate version of
v. We define it by

)e, (11.7)

Dj’Dj+l

N -
Au o Aty A
W, o(7:0) = H<Hfj’7j—1’F
j=1

where we define each curve C; in such a way that it separates the upward and downward pole
/lj’uj . . .y

sequences of W (7;,v;). Note that the terms appearing in the sesquilinear form are exactly

the factors of the tensor products eqs. (11.3) and (11.6). If u = (u, u, ..., u), we use the notation

wﬁ’t'; , where the symbol u in the superscript has regular weight. From the definition we observe
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that

A,
Wp,z(f’v) HW 1UJ+1 J’ /)

Many properties, such as the analyticity and the positions of the poles, carry over from the
original function y: the function wf)‘ﬁ is analytic if all its factors are analytic. We can also
deduce analogues of some symmetries of the original function. Let us introduce the notation
X := (X, X _15 - X1) to denote the reversely ordered version of a vector x = (xy, ..., xy) € CV,
so that X = xy,1_x (We set Ty = p and 7y = o). We use this notation to deduce analogues
of eq. (8.5), by applying the symmetry to each factor of the product. It results in the following

relation:
wii.o) = II%M’“%J)—ILW;}“HJ)— A7), (11.8)
Using eq. (8.8) we derive in a similar way that
wi(r.0) =G T) =y w0
Setting
yj = —i(rj_l + /lj,‘rj_l - /l-,—vj+1 —Uj 0 — uj),

we may write

wi(z,0) = Hwy,( 7,,0,)

and define
N
i@, 0) = [[wtv) 7)) (11.9)
=1
with

(By observing w;i (0, 7)) = w,i(17;,0)), we deduce from eq. (11.8) that u/“(o T)= ;‘:’;(T,D).)

We define the multivariate version of £ as

N
x(r?) 1 ;
8/1u(r v):=|| G570 = _ _ wiz).  (11.10)
11 ot VoW T s | 0

Its dual version we define as

A AR 7 G 1
Eruw,7) = [[ €67 05.7)) = H Priwr). (1111
- jot

Vww; ¢ "G e (s o; ) |

One could similarly define multivariate generalisations of the functions R and R,,. We will
not state these generalisations, but the procedure should be clear from the above two cases. We
will use the multivariate y in the upcoming section to show that is satisfies a difference equation.

The function € will later be used to define a unitary transformation on multivariate functions.
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Remark 11.1. Observe that the jth factor of the product defining y depends on the variables 7;
and v;, but also on variables z;_; and v; ;. Multivariate versions of the Krawtchouk polynomials

have be derived in a similar way, cf. [45]. I

11.3 A multivariate difference equation

Now that we have defined the multivariate versions of y and £, we move to discuss their applica-
tions. In this section, we will present and prove a multivariate version of proposition 9.4, where
we replace each of the variables 4, 7, v with vectors in C"V. Similar equations for multivariate
Askey-Wilson functions have been derived in [13]. The methods used in this section have previ-
ously been applied on multivariate Askey-Wilson polynomials and multivariate Askey-Wilson
functions in [15, 16].

The original difference equation in proposition 9.4 expresses y, in terms of a three-term
relation. The multivariate version we discuss here will involve (up to) 3V terms. The derivation
of the multivariate version will mainly consist of repeatedly applying previous results and
employing some bookkeeping skills.

We understand that the derivations in this section can be tedious to read. Due to the
exponential growth in the number of coefficients, some notational inconvenience seems inevitable.
To manage, and hopefully slightly ease, the bookkeeping process, we introduce new notation
before presenting the results. Additionally, we provide some examples throughout this section
to illustrate the meaning of the notation and demonstrate the workings of the proofs.

We begin by introducing some notation. We define difference operators D,, where k €
{1,..., N}, that act on the 7 variable, applying a shift of —iw; to the kth entry of z:

DHM =HY

(Tyseees T T =T, Ty | 5eees TN )P

If we express H; )"” » In the form of a tensor product we did as in eq. (11.3), then D, modifies the
Agy1olt
kth and (k + l)th factors replacing them with H T" iw,z,_, and H Tk"*}' Tk“l'w , respectively.
We define DkH A asa copy of H , With 7, replaced by 7, — iw) only in the kth factor of
the tensor product, whlle leaving the (k + 1)th factor untouched. Note that Dy H ;1'; = DyHM

T,p°
as there is no (N + 1)th factor.

Example 11.2. For N = 3, the function H ::'; can be written as

H:Z _ /1| e Hﬁz el H/lz 3

T1 P 2,7 73,7y °
We have
Au _ /11 “1 Aoty A3,z

D2H‘r,p ® Hrz iw;,r ® HT3,12—iw1 >
and

N ogAu _ /11 Uy Aty A3it3

D2H1,p T] P ® Hr2 w7 ® HT3,T2 :
[ |
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For& = (¢,....&x) € {—1,0, 1}V, we set D¢ = Dfl Dij;’. If we regard iw, & as a vector

in CV, we may also write DEH = H**
z.p T—iw&,p

‘We further define

K_l,(j) = 1®(N_]) ® (K_1)®J — 1®(N—j) ® Aj_l(K_l)

and

K LUK — 1®N-)) & (K—l)®k ® 18Uk,
for k =0,1,...,j. It should be noted that

K10 = k160 . g=1G60),

where - denotes the (Hopf) algebra product.
Fork=0,1,..,j, we set
EUR = {0}V x {=1,0, 1} x {0}/ 7F
and

20) .= 50

Using the coefficients defined in corollaries 9.2 and 9.3, we set

/\/1 . _ /\ﬂ
B ife=-1, ci

M=dph ife= e b
By, =9B; ifé=0, and C7U=1C1

~ ey
BT’_p ifé=1,
Furthermore, we set

B/Lfk—l

ThoTk—1

iffk=—1,
iffk=0,
if§k=1,

Ky o Ay
Eé’l(’t) = C k=1

ThoTk—1

B/‘t»gk—l

Tk Tk-1
where &, := 0, and

N
)] — (k)
E/(x)= || E,, (@).
k=N—j+1

Lastly, we set

~ av,‘ta_.v,. i, +V,
p,0 __ x'p —X V' pFiw] o . _
b= X T f e =],

q-q7!
bp’g — bp’g — _axvp+a_xvp+v,5
g u q—q7!
~ _ axvl,+a,xvp,,-wl+v(y

—pc
bu

if =0,

ife=1.

q—q7!

A
Cr,—p

ife=—1,
ifé=0,
ife=1.

(11.12)

We will prove the following multivariate generalisation of corollary 9.2:

Lemma 11.3. Let j € {1,..,N}. Fort, & i% .ZU (ii% + i% - Z), where k = N — j +
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I,N—j+2,..,N, we have
KO HM = Y E] @D HM, (11.13)
EcEW)
Before proving the general result, I will show that the lemma holds true for a simple case in

the following example.

Example 11.4. We show that lemma 11.3 holds in the case N = 3, j = 2. We have

H* = )‘I Uy ® H/12 " H/ls 3
7.0

T1 P 72,71 73:72

and
K = 1@x, (K@, (K™ = (1 ®1® ﬂ/13(K_1)> (1@ (KH®1).

We first calculate

A3u3

(1@, (K@) HM = H"' @ (nAZ(K‘ )Hfjf”f) ® H. ',

/11 iy ® (71_/1 (K—l)H/lz “2) ®H'13 “z.

T1 p 2,7 73,72

By corollary 9.2, we can rewrite this to

A A5ty y) Aostty
T1 P ® r2 T H12+iw1,11 + sz,rl HT2,1'|

N )@H‘W. (11.14)

—T,,T) " Tp—iw|,T 3.7

For the sake of the general proof of the lemma, note that we can write this as

7,71 —75,T)

— Z E(z) (T)Dé:zHiu

g€z

= (. Di+cCi DY+ B, Dy )HA:

Now we apply (1 R1IR 7%([(_1)) each term in the sum to find ﬂ,l(K'l’(2))Hi:z. We do
this in the following way: Note that the third factor of the tensor product has been left untouched
so far, whereas a shift has been applied to the 7,-variable in the middle factor of some terms
in the sum. We use corollaries 9.2 and 9.3 to apply K~! to the terms in the third factor: For
each term in the sum, whenever a shift has been applied to 7, in the second factor of H i‘jz in
eq. (11.14), i.e. we’re talking about the terms H_ 2+12wl . that appear in the sum, we want to apply
the suitable form of corollary 9.3 to apply the same shift in 7, in the third factor. If no shift has
been applied, i.e. we have a term H. T;TIZ we apply corollary 9.2.

We use eq. (9.11) to write

A 1 /11 Uy Agstty Assty
B (1 ® 1@, (K- )) e HRE @ H
- B* HMM g g™ nhs Azl
- Brz 71,0 ® H +iw|,T; ® BT3»TzHrg+iw1 Ty+iw,
Ay A,y
+ CT3 TZHT3 Ty+iw, + B—Tz T2H13—iw|,'rz+iw1 ’

so that all instances of 7, in the third factor of this term have now been replaced by 7, + iw, as

they are in the second term.
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Similarly, by eq. (9.12),

B (1 Q1 ® %(K-l)>H‘1’”l Q H?" @ HM"

—T.7 TP T,—iW;,Ty 73,7
— Bl H}‘]’ul ® H}‘Z’uz ® 1/3\13 A3ty
—T5,71 " TP Ty—iwy,T T3, Ty " 1y tiw,, Ty —iw,
A As,u 54 Assu
3 3:43 3 3:43
+ CT3,—TzHr3,72—iw1 + B—T3,-T2Hr3—iw1,12—iw1 ’

and corollary 9.2 gives

Ayl A3su3

_ Al
i (1@ 1@, (Kh)Hiw ® Hiw © Hix

7,71 TP Ty—iwy,Ty 73,72 " 3 +iwg, Ty

— C/l H’%“l ® Hfizvuz ® <Bﬂ3 Hﬂ3’"3

F OB HES + B, HEY, ).

73,727 737 13,0 r3—iwy,T,
Taking the sum over these last three expressions and factoring out the brackets, we find
1.\ gAu _ @ &y iu
(K~ O H e = Z E.\(x)D*H2"
EcE@

as we wanted to show. i
We now generalise this procedure in the following proof:

Proof of lemma 11.3. For k = 1,...,j, we set k' == N — j + k. We can write 7,(K~1()) =
7y (K~1U=D) g, (K~LU:D), where the latter term z;(K~1U:D) is just K~! applied in the (N —
j + Dith variable (so the 1’th factor). By applying corollary 9.2 to 1’th factor, we obtain that

”A(K—l,(j))Hi»:Z = ”A(K_l’(j_l))”),(K_l’(j’l))Hﬁ:';

= m(KM)(BE, B+l

Ty, Ty Ty, Tyt

~0 y "l Au
D) +B D1,>HW

=Ty, Ty
—1.(j— 1 =&y
= my(K~U7) N B @Dy HE
£e=0.D
Next, if j > 1, we factor 7,(K~1U=D) = 7,(K~1LU=2)z,(K~1LU=1DY and apply it to
deaq,l) Eg/;)l/(r)ﬁf}'H ﬁ:’;. For each term in the sum we apply one of the following steps:
for the term with &, = 0 we apply corollary 9.2 to the 2’th factor of the tensor product, for the
terms with &, = —1 and &, = 1 we apply egs. (9.11) and (9.12) from corollary 9.3 respectively.
As aresult, for &, = +1, we add or subtract iw) in the 7, that appears in the 2’th factor of H ﬁ:’;,
according to the action of ﬁf}'. We may therefore remove the ~ from D;,. The result can be
written as
—1.(i —1.(i— 1 2! <%
KIS = K100 T B g i
EcE02
In our example with j = 2, we were finished at this point. If j > 2, we keep iterating this
procedure for k = 3, ..., j, writing 7,(K~2U=0) = z,(K~LU=*=Dy. 7, (K~LU~kD) We apply
this t0 Y eemga-n ( b Eg;)ﬂ (1))( s Df," )53"_‘3’,H % in the following way: for terms of
the sum with &,_; = 0 we apply corollary 9.2, and for terms with &, _,;, = —1 and §;_;y =1
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we apply egs. (9.11) and (9.12) respectively to the k’th factor and variable. We find

k k-1
LU FpAu — ~1.(—k) ) &\ " s
my (K™ OH = my(K™V ™) Z (H L (T)> (H Dy >Dkl7 Hp.
EeEUD =1 I=1
The procedure terminates after handling the case j = k. At that point, we have derived the

relation stated in eq. (11.13). 0

The above lemma allows u to be an arbitrary vector in CV, whereas the coefficients are
u-independent. Since H ﬁj';(z) =H ﬁ:g(z +u)), and this u-shift commutes with 7,(K~1-()), the
u-independence of the coefficients is quite immediate. For the difference equation below, we

need u = (u, u, ..., u) however.
Proposition 11.5. Let j € {1,..,N}. For 1, & i% -Z U (ii% + i% - Z), where k =
N—-j+1,N—j+2,.. N, we have
c Au _ N0 5 (J) _ IN-jO | né, Au
W, i = Y (B @) - g, | DRwkia o),
EcEW)
Note that the coefficients in the sum depend on u, 4, p, 6, 7, but not on v (except for v, | = o).

The eigenvalue on the left-hand side, ,ul‘)’N g is independent of u, 4, p and 7.
—j+

Proof. We are going to apply variations of lemmas 4.1 and 5.1 to mimic the proof of proposi-

tion 9.4. We first define a sesquilinear form on My by setting

with g(z) = ﬁ and Cy, ..., C being N deformations of the real line. We may use this notation
for whenever the integral converges.

Let f,g € My beofthe form f(z) = f,(z;) -+ fy(zy), and similarly g(z) = g;(z;) -*- gn(Zn)-
LetM =M, ® - Q@ My € {1,K, K-',E,F,FK, EK~"}®N_ For such functions and such
elements in D®N we can write

N

.....

J=1
If each pair f;, g; satisfies the conditions of lemma 4.1, we can apply that lemma to each term,

resulting in either

..........

or

..........

depending on whether w, and w, are positive or complex conjugates. By linearity, this result
carries over to elements in the span of {1, K, K-\, E, F, FK, EK~'}®VN such as X .

As the coproduct is an algebra homomorphism, we can apply lemma 5.1 to write this element
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Xf,j) as
. N -
XV =18V-D g AlX,
UTN_j —uu,Ty

= 19WD @ A (4K Yo+l Yo, KT 45K =)

=a,KMY)) +a YU KW 4 p TR - ), (11.15)
’ *IN-j

Note that we have

.....

A, A, A,0
Wp’:(r’ D) <H p F >C1 Cn>

so that for real w; and w,,

o
ON—j+1

w(z,0) = (HM, my(XOFR0 e o = (mXDHEFLe oo (11.16)

.....

u

.....

For a conjugate pair w;, w,, the above relation holds after replacing the * by *.

Using eq. (11.15), we can write
T (XOVHM = a,m( K—L(f)yft{gNﬁ)Hij; + a_unl(Yfl{;ij KL HA
+ b, (KN — 1) H A
By eq. (11.4) and lemma 11.3, we have

m(KTOYY) H = my (KT B = 7 Y B @ DEH S,

EcEW)
and
() g-lOygAu — ) D) (o OE T A
n¥{) KVOOHY =500 ) Z E/,@)D*H}
EcEW)
_ N D (e A
= Z My e B @DEHY,
EcEW)
Hence,
ONFA = (—piN-1° ™N- D e ) 1A
R XY = (<5 + N auuiy” + a2, o+ 57| ES @ DF ) HA,
EcEW)
which, using eqs. (9.16) to (9.18), rewrites to
a,Vv +a_,v +v .
_ (N0 u’ty —u Ty —iwéy O =(j) & Au
G P EY, @)D ) H
EcEW)
= (=67 + Y BTES @DF ) HA

ge»«(/)

We obtain the expression in the statement of the proposition by substituting this back into the
right-hand side of eq. (11.16). ]

The proposition gives a system of N difference equations (i.e. for j = 1,..., N, we get N
independent difference equations). Interchanging the roles of w; and w, in these equations, we
find another N difference equations. Moreover, we can move to the multivariate version of the

dual function, as given in eq. (11.8), and find two more systems of N difference equations.
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Remark 11.6. In the original function y,, we discovered a duality between the parameters 4 and
u, see eq. (8.6). We did not present an algebraic interpretation of this duality; it merely followed
from a shift of the domain in the integral form of y,, remark 8.2.

In the above multivariate difference equation, the parameter 4 was generalised into a vector.
Naturally, the question rises whether we can still write down a difference equation if we also
vectorise u. Our attempts to extend the above equations for a vector u have failed thus far. In the
next section we will see, however, that the results of chapter 10 extend to a transformation with

kernel &€, even for vectorsu € CV. B

11.4 A unitary transformation on L?((0, c0)V)

We conclude this chapter, as well as this thesis, by extending the unitary transformation 7~€y from
chapter 10 to a unitary transformation on L>((0, c0)") and identifying its inverse.

Let N € N, and let f be a bounded function with compact support in L%((0, N)N). We
define

RyLf() = (wlwz)‘EJ J SEEX (x, y) dxy -+ dx, (11.17)
0 0
and
Roo )= (wlwz)_EJ J FOEN,x)dy, - dyy. (11.18)
0 0

Remark 11.7. Note that the order of the integration is different in eq. (11.17) as compared to
eq. (11.18). Although the integrands are bounded with compact support, so that we may apply
Fubini’s theorem to reorder the integrations at will, our choice of ordering them was not arbitrary:
Considering the integral kernels as a product as in eqs. (11.10) and (11.11), we note that in
eq. (11.17) the variable x; appears in both the jth and (j + 1)th factor of the kernel. Integrating
over x  first (which appears only in the very last factor), the inner integral is just an application
of the transformation 7~€y that we studied in chapter 10. Next, each subsequent integration, over
Xpn_1> Xn_p, €tc., is another application of the transformation 7~€y, with different parameters.
The kernel factors in eq. (11.18) have a reversed cross-dependence: the variable y; appears

in the jth and in the (j — 1)th factor. This explains the reversed order of integration. B

We will show that, under appropriate conditions on A and u, the above transformations define
unitary maps and are each other’s inverses. We start with the following lemma.
Lemma 11.8. Let /lj, u; € i(wg — w, w) with Im(/ij + uj) € (wyg—w,w)forj=1,2,..,N. Let
p,0 €ER, let R=1[a;,b;]1X - [ay,by]be aclosed N-rectangle in (0, oo)N and let f = 1 be

the indicator function on R. The maps k;ﬁ and ﬁ’;”; ~1 preserve the norm of f and

RoyvTIRIf =RURIT [ = 1. (11.19)

Proof. For j = 1,..., N, let f; = ﬂ[aj’bj], so that f(x) = fi(x;) X -+ X fy(xp). We will
recursively write the action ofﬁ;}"; on f. Set f(N)(yN; -)=1.Forj=N-1,N-2,..,1,0,

101



in decreasing order, set
J?(j)(xjéyj'ﬂ’ s YN) 7~€y1+1 Xjp1 = S (x4 X JM+1)(XJ+1;YJ+2’ ...,yN)],

with 7~€y the transformation with kernel £(y; -, - ) as defined in chapter 10. Note that £U) depends
on x;, as y;,; depends on x;.
We rewrite eq. (11.17) as an iterated integral over kernels, i.e.

(o]

R f(p) = (ww,) "2 L fl(xl)e(yl;xl,yoL (€W %3, 1)

J INCEXN s xn, yy)dxy - dx,. (11.20)
0

We observe that we can write the innermost integral as 4/w; w27~€y NN = \/m f(N ~D. (Note
that R~ fy is a function of the transformation parameter y,, but it also implicitly depends on
Xy due to its appearance in y™V.)

The function f is continuous and differentiable on its support, and £(y™V; x ., y ) is analytic
as a function of (x_;, Xy, yy) for x5_; in the support of f_;, x in the support of f and
yn € (0,00). Thus, by Leibniz rule, f(N_l)(xN_l; Y ) is analytic for x,_; on supp fy_;
and yy € (0, 00). It follows that fy_;(xy_;) X F™"D(xy_1:yy), as a function of xy_j, is
continuous and differentiable on its (compact) support, so that it is in L?(0, co). Therefore, we
can apply the transformation 7~€yN_1 on it to compute j/‘\(N (X n_03 YN_1»Yn)- In doing so, we
obtain the result of the two innermost integrals in eq. (11.20) (up to a factor w,w,). By iterating

this process, we eventually arrive at f©O(—; y,, ..., yy) = k;}”; f (). Moreover, we can write

oo IS N

JM)(xj;yj+1,---,yN)=JO "'L [ (D)X X fiy(xy) H EQr*s xp yi) dxjpy - dxy.
k=j+1

11.21)

Let us compute Rjﬁ ‘IR/’}"; f now. We can write this as

PAu—17A
R, TR f(2)
o)

N —— =
= (wyw,) 2 L S(yN;yN,ZN)JO EGNLynzno1)

J EGYy1,2)f Q= y) dy, - dyy
0
N-1 ©

(o)
= (wyw,) L 5(?N;yN,ZN)L EGN Y yn_1.2ZN_1)

. L 5(?20’2’ Zz)i{?_]l [kyl [fl( : )Jm)( 5V e J’N)H(Zl)dY2 wodyy.

By the conditions on u; and A;, we have 72;11 7~€?1 = id (this follows from theorem 10.10), so

that the above expression can be rewritten to

[ee]

N[ — _
= (wyw,) 2 JO 8(VN;yN,zN)L EGNViyn 1.2y 1)

J 8(?2;yz’zz)fl(zl)f(l)(ZHJ’b-~-,)’N)dyZ"'dJ’N~
0
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We can iterate these steps to rewrite the expression to

(o) (o)

5(5’\N§)’N’ ZN)J 8(?N_1;yN—17ZN—])
0

= (Wlwz)_T_fl(Zl)J

0

.. J EF3; v, z3)7~3?—21 [ka;z [fz( . )fU)( 3 V3o yN)H(Z2) dy; - dyy

0
N2 o ___ o __
= (wyw,) "2 f1<z1>f2<zz>L 8<yN;yN,zN>L EGN Ty 2w D)
- J EF3:¥3.2) P (293 V30 oo ) dys - dyy.
0

After a total of N iterations, we retrieve f(z), so that kﬁ’z ‘17:’,;1’z f = f on indicator functions
of closed N-rectangles. A similar approach may be applied to show that ﬁ:}:‘; ﬁﬁ:'g “lf=7.
. . . 2 D A, S A,
It remains to show the norm preservation. We will compute || f1|7, = (Rpf; f, Rp"; o,

which we can write as
(RAFRYF) 2= (O, fO)

=J J FOWFOW) dy,..dyy

0 0

— J L fgyl [fl( . )f(l)( Y, ...,yN)] D

0

xR, [fl( NFO( sy, ...,yN)] () dy;...dyy.

Viewing the inner integral as an inner product, and noting that 7~€y1 is unitary by theorem 10.10,

we rewrite the above to

=J J fl(xl)f(l)(xl;yz,...,yN)
0

0

X fl(xl)fA(”(xl 3 Y25 0 YOIy dx dy,..dyy.

Since the integrand is nonnegative, we can apply Tonelli’s theorem to change the order of

integration:

=L f1<x1)f1(x1)J JO R | Fa(DFP 5 50 ya)| 0

0

X 7~€},z [fz( . )f(z)( Y35 yN)] () dy,...dyydx;.

Proceeding this way, we are eventually left with

:J J F1Gx) = NG f1(xy) o fy(xn) dxy - dxy

0 0

=(f, 2= I£13.

In a similar way, it can be shown that kj"; ~1 preserves the norm of f. O

We use the above result to prove the main theorem of this section:

Theorem 11.9 (Unitarity of the multivariate Ruijsenaars transform). Let A U € i(wy — w, w)
with Im(4; +u;) € (wy — w,w) for j = 1,2,..,N. Let p,c € R. The map k:}"; extend to a

unitary operator on L*((0, 0)), and ﬁj’; ~1 extends to its inverse.
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Proof. One easily deduces that the results of lemma 11.8 extend to scalar multiples of indicator
functions. The equality eq. (11.19) immediately extends to linear combinations of indicator
functions as well. It will take a little more work to show that norm-preservation also extends to
linear combinations of indicator functions:

If f and g are scalar multiples of indicator functions of N -rectangles with disjoint interiors,
then by lemma D.1 we have (R,’1 ol R’“‘ “g)r2 = 0. Hence,

RS + @) RAf + @) 2 = (ROLSFRILS) 1o+ (ROEF R 1
+(RI4g, RILS) 2+ (RAEg, RAMg)
= <f’f>L2 + <g’g>L2 = <f +gvf +g>L2'

This result generalises to finite sums of scalar multiples of indicator functions of rectangles that
have mutually disjoint interiors.

Now suppose that two such functions f and g have supports with non-disjoint interiors. We
can find a finite set of (scalar multiples of) indicator functions Ay, ..., h, of which the supports
do have mutually disjoint interiors, and which satisfy f 4+ g = h; + --- + h,, almost everywhere.

Hence we can use them to compute
(RIS +8), RS + )2 = Ry + - + 1), RIE(hy + -+ + 1)) 2
= (hy+ Ry hy et ) =+ 8. f + &)

This, we extend the norm preservation to the linear span of the indicator functions of N -rectangles.
By the polarisation identity, also the inner product is preserved under kﬁ’z on this space. As the
span of indicator functions of N-rectangles is a dense subspace of L>((0, )" ), we can now

extend the transformation 72;1"; to a unitary transformation on L>((0, c0)™). ]
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Appendix A

The coeflicients of proposition 9.5

In this appendix, we perform manipulations on the coefficients in eq. (9.21) to help prove
proposition 9.5.
First, we aim to demonstrate that
L . W, .
cosh = (7 + i<l — iyy)

-1
s .4—4q A
Ay 2 =—i B ().
14 L4 LW . p,0
coshw—z(r +ish+iy) 4

Using the definition of AJL,U 1 (eq. (9.2)), we can express the left-hand side as

cosh wlz(r +ist—iy) Hle cosh wlz(r +ish+iy))

2 . 2 ]
2zt sinh n(T+iw)

wy wy

sinh

7 LW
- = _ 1+
- w, coshw2(1'+l2 /l_p)
=cosh—(r+1——uia)x 5 v
I/UZ SinhﬂsinhM
wy wy

where we utilised eq. (8.11) to relate y to (u, 4, p, o). The term in the fraction is recognisable as
ij. Thus, we need to establish
w q-q!

V4 , _
coshw—2(1+17—uia)— i 1

~
7,0
bre.

We begin from the right-hand side. Using the definition of B;"’ (eq. (9.13)), we have

.q— q_l pro vea, + Veviw, —u Vg
—_]— 0 —=

4w 4 T

Since a, = L_ sinh 2= (u +1i ﬂ), we can rewrite the right-hand side as
u qz_q 2 wy 2

i j ; : 2 (T+i
Slnhz_ﬂ(u'i'lﬂ)COShzﬂ—Slnhz—ﬂ(u—lﬂ)cosh (r+iw,)

wy 2 W, w,y w, — v,
2 _ 2 + .
qa°—4q 4
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By applying the product rules for hyperbolic sines and cosines, we can further simplify it to

sinh 22 (i +7) sinh 2 (utih 7 ) — (sinh 22 (utih4e ) +sinh 22 (u-3i% =) ),
wy 2 wy 2 wy 2 wy 2

+ 2
2(¢*~q7) 4
inh 2% i1 Y _sinh 22 (u— 3w, —
sinh o (u +i5 r) sinh o (u Siw, T) v,
= + —
2(¢> - q72) 4
. 2rwiw,; 2wy
~ sinh T cosh o (u T—i ) . v,
- 2 —q2 4
and using sinh % = %(q2 — g7?), this simplifies to
2
1 2 w 1 2
= —cosh—ﬂ(u—r—z—l) + = cosh Z£2
2 Wy 2 2 Wy
w w
=cosh£(u—r—i—l ia) =coshi(r+i—1 —uia),
wy 2 Wy 2
which shows that indeed
—agl, V@, + Vg G v w
AT e TX T L 50 cosh I (4 i—t —uzo). (A.1)
4 u 4 4 w, 2
Thus, we indeed have
cosh = (7 + it — iy,) -
2 J—
A ) — = _iZ 4" BY(). (A.2)
cosh w—z(’[ +ish+iy)
We moreover want to show that
-1
wy,Wy Wwy,W, _ _:49—4 Au T Wy
—A, @) = AT (T) = —i = CR() + cosh o (p+iz —uxo).
We begin by writing the left-hand side of this expression as
z Y z .
coshwz(‘r+l > +piﬂ)coshw2(r+l > uio)
- 3 T +(r o —-17)
sinh 2= sinh ZHW
Wy wy
T .
Vrau + Vr+iw1 a_u Vo- COSh w_2 (T + l?l + p i ),)
= - d 4 (r & —1),
4 4 sinh 2Z% sinh 2Z2E+HW)
L] Wy

using eq. (A.1) to replace the term cosh wi (’L' +i % —u+ a). We can rewrite the right-hand
2
side to

+(r o —1)

. lv‘r(au + a—u) - Z(VT - V‘L’+iw1 )a—u iVO-:| cosh w, (T T 2 tox /1)

i — .
4 4 sinh 2= ginh ZZ@+W)
wy wy
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and we recognise this as

coshwiz(r+i%+pi/l)

q-q7!

. 7,0 —

T ¢ sinh 2% sinh 2Z2@+W) tlremo

wy wy
(Ve = Vi )y cosh = (T +ist+pxa)
—i 2 5 +(rte-1)| (A3
4 sinh ZZ£ sinh —”(:”w)
[220) 2

We recognise the coefficient Cfp of corollary 9.2 in the term in the first pair of square brackets.
Moreover, we can write

2 27(t +iw,) 2r(r +i5h) —irw
Ve = Veqiw, = 2cosh 2T _2cosh —— 1 = 4inh 2 sinh ]
! W, W, W, )
2z + i) 2 j
=-2(¢—q ")sinh———2" = 2(qg — ¢")sinh 2z +iw) (A4)
w; )
so that eq. (A.3) rewrites to
i(g — a-V)g  COSh = (T+z—+p+/1)
L ik I b”c‘ | Mama e . tro-n| (A5
4 2 sinhf
2

Now we write out the term within the square brackets, and simplify it using sum and product

rules for hyperbolic sines and cosines. We arrive at

coshwiz(r+i%+pi/l)—coshwlz(r—i%—pi/l)

i(g—q Ha_,
2

2
sinh £

wy

- -1 _”( ;oL ) 2mi _ zfr( il )_ 2ni
i(g—q Ha_, cosh = TH—+p +cosh = cosh = T—i——p cosh =

2 sinh 2=
2
(g - g Na_, cosh 2= (r + z— +p) - cosh 2= (T - 17 ~p)
2 sinh 2=
wy
2zt
_ilg=q Na_, sinh <= sinh —(p +i35")
2 sinh 2%
wy
i(q— q‘l)a_u or w
= —————sinh—(p+i—
i(g—qa_, . 2z
——— sinh—(p+iw
2 0, (o +iw)
iVy = Voriw )y

4 b
where we used eq. (A.4) in the last step, with 7 replaced by p. Substituting this back into eq. (A.5),
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we get

a

—u

—_ g1 iv, —v . )
.4q—4q 7,6 A LNYp pHiw;
—i ) bu Cw+1 7
-1
_ .4q—q )
= —1—4 [b; "Cw -
-1
_ .49—q )
= —1—4 [b; "Cw -
q-q! A
. 7,0
——1—4 [bu CT,p—
__a-d’ [b;’”cj -
g
_q—q!
= —]—
4

i(vp - Vp+iw1)a—u]

q—q!
iv,(a, +a_,) iv,
q—q! q—q!
N iv,a, + ivp+iw|a—u N iv, ]
q-—q! q-—q!
5o 4 iv,a, + ivp+,-wla_u iv, ]
“ q-q7! q-q7!
bl’;’” N iv,a, + ivﬂtiwl a_, N iva_l]
q—dq q-—

i 4 Wy
Cp’z(r) + cosh w—(p + 17 —u+ 6),

2

where we apply the definition of C :};‘ in proposition 9.4 and the relation eq. (A.1) in the last step.

We conclude that

— AV () = A () = LD
4 ’ I/U2

4 4

as we desired to show.
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Appendix B

Invariance of the product ty.A;’,U 1,2 W,

We want to show that the product ty(x)A;U 12 (x)W, (x) is invariant under replacing x by —x—iw;.
First, note that we can write this product as
t,()A, " 2 (OW, (%) = G(x — iyg)G(E(x + iw,) — iyy)
3 . LW .
y Gliw + x) IT;_ G(zx + iy;) cosh w%(x +igt+ iv;)

2 27 (x+i
Wi, sinh ZZ£ sinh w
Wy 2

(B.1)

We immediately see that the factor G(+x — iyy)G(x(x + iw,) — iyy) satisfies this invariance, so

that it remains to check that the invariance holds on

H G(+x+zyj)cosh (x+l—+zyj)

G(iw + x) (B.2)
sinh 2%x 2rx sinh 27r(x+zw)
wy Wy
By using the difference equations eqs. (6.3) and (6.4), we deduce that
GQ2x + iw) GQx +i —i3})
Gliw+2x) = ——~ "1 _95¢ sh—<2 + _>
(w+2%) = G ex—w) W T ) T Gex = iw)
w wi\G2x —i
= 4 cosh i<2x + i—2> cosh l(Zx - 1—1>M
Wy 2 w 2 /G(2x —iw)
= 4sinh — 2nx X sinh 22X 27
W w;
Thus, eq. (B.2) rewrites to
sinh 2% 3
4WJHG(+X+I}/])COSII—2(X+IT +l}/j) (B3)
wy =0

It is straightforward to check that the fraction of hyperbolic sines is invariant under replacing x
by —x — iwy, as
2r(—=x —iwy) 2r(x +iwy) . 27x

sinh ————— = —sinh —sinh ——,
wi wi W
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and

L 2n(—x —iw; +iw) L 2n(x+iw, —iw)
sinh = —sinh
Wy wy
. 2n(x +iw — iw,) . 2r(x +iw)
= —sinh = —sinh ——=.
) %)
We’re left with checking that
> w
H G(xx + iy;) cosh l(x +i—t + iyj)
L - W, 2
j=0
is invariant. To see this, note that
2cosh = (x + it +iy;) = G(x + iy, + iw))/G(x + iy,)
cos wzx 12 iy;) = G(x +iy; +iw, x +iy)),
so that
3 w ! 3
. T Wy . . .
jl:! G(xx + lyj)cosh w_2<x + 17 + zyj) = I Jl:! G(—x+ lyj)G(x +iy; + iw;),

and the right-hand side is indeed invariant under replacing x by —x — iw;.

Note that we have shown also that

L, (04, (OW,(x)

1 sinh w—
1 . . .
= —G(—=x —iy))G(x — iy, + iw
4w w; ginp 22w ( 7)G( 70 2
w,

x [ G(=x + iy )G(x + iy; + iw,). (B.4)
=1
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Appendix C

Dominating the Dirichlet integral

Letk € Nand f € C°(kx, (k + 1)z). Let K be a compact set. Our objective in this appendix
is to demonstrate that the integral

I~ sin((N + %)(x - y))

J S ) dx (C.1)
0 X—=Yy

can be bounded independently of N for y € K.

By a general result from Fourier theory, the integral

1 (% sin((N + %)(x - y))
= J f(x) ; dx (C.2)
2 Jo sin 5 (x = ¥)
converges to 2z f(y) uniformly for y € [kx, (k + 1)x]. This result, that can be derived from e.g.
[43, cor. 10.4], allows us to bound the integral independently of N on [kz, (k + 1)x].

Note that |2 — —!
consequence, the integral

x—y sin(x—y)
: ro J ) sin<(N + %)(x - y))( 2 _ ! ) dx (C.3)

2 Jo X=Y  sinz(x—y)

remains bounded for y € [kx,(k + 1)z] and x € supp f. As a

can be bounded independently of N for y € [kx, (k + 1)x]. By adding eq. (C.2) and eq. (C.3),
we can now bound the integral eq. (C.1) independently of N for y within [kx, (k + 1)x].

It remains to establish a bound for eq. (C.1) for y € K \ (kz, (k + 1)x). As the support
of f is compact, there exists a positive 6 such that |[x —y| > 6 for all x € supp f and y €
K \ (kr,(k + 1)z). Due to the smoothness of f, the term ";(Txy)| is bounded for such x and
¥, and as the sine function is also absolutely bounded, we find that eq. (C.1) can be bounded
independently of N fory € K \ (kx, (k + D)x).
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Appendix D

Lemma for the multivariate
transformation

We require the following lemma to establish the unitarity of ﬁﬁ"g :

Lemma D.1. Let N € N, and let kf;:z denote the transformation defined in eq. (11.17).
Suppose A; and u; (j = 1,2,..., N) are in i(wy — w, w) with Im(4; + u;) € (wy — w, w). Let
p,o € Rand let f and g be indicator functions of the N -rectangles R and R, with disjoint

interiors. We have
(k"uf RAu Yy2=0 D.1
pot 2 Tp o812 =1 (D.1)

Proof. We will prove this lemma using induction on N. For N = 1, the lemma holds true
based on theorem 10.10. Now, let us assume that the lemma holds for N = 1,2,..., N’ — 1,
where N’ > 1. We express f(xq,....xpn/) = f1(x]) X === X fyr(xyr) and g(x, ..., xpyr) =
81(x1) X -+ X g (xpr). Let f(xz, wos Xpr) = fo(Xxp) X -+ X far(x ) and similarly for g. As the
interiors of R £ and R, are disjoint, at least one of the equalities f,g; = 0 and f E = 0 must hold
almost everywhere.

Using the notation with hats as introduced in the proof of lemma 11.8, we calculate
7 A, 75 A,
(RM(f + ). RM(f + g))
= (FO 420, 7O 4 )

=L L 7~3y1 [f1(')f(1)(‘QJ’zw--’yN/)*'gl('):g\(l)(‘;J’Z"--’J’N’)] )

X R, [f1(~)f“)( 3 Y25 YN+ 81(DEV (5 py, ---,ny)] (rp dyy...dyyr.

Viewing the inner integral as an inner product and noting that ﬁyl is unitary according to

theorem 10.10, we can rewrite the above expression as

=L L 1G0TV G613 320 9) + 81 rDRV (51 3 )|

X | A1 PO 2o ) + £1CDRV G Y )| Ay iy
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Since the integrand is nonnegative, we can apply Tonelli’s theorem to change the order of

integration, allowing us to write

= L "'L [fl(xl)j\(l)(xl;y%'~-7yN’)+gl(xl):g\(l)(xl;y29'“9yN’)]

X [fl(xl)f(l)(xl;yz, o V) + 81 (xDEW (x5 ¥ ey yN,)] dy,...dyy,dx;.

Expanding the brackets, we can rewrite this as

=J J L1 D3 Yo s YD F1 D O P25 vy ) gy
0 0

o0 o0
+ J g1 DBV s ¥as oes YNEI A DED (X5 Yy very Yiyr) dyyendy yrdix,
JO 0

r 00 (o 0] (o]

+ f1(x1)g1(x1)J J f(l)(x1§yz,---,yN/)g(l)(XpYQ,---7yN/)dYQ~--dyN/dx1
JOo 0 0

r 00

o0 o0
- gl(xofl(xnj J g0 Y20 oo YN LD s s r) Ay yrdxy
JO 0 0

The first two integrals in the latter expression can be recognised ( f, f);2 and (g, g) ;2 respectively.

The remaining two integrals can be shown to be zero by the following observations:
o If f g, = 0, then the latter two integrals are trivially zero.

o If f g = 0, the indicator functions f_ and g have supports with disjoint interiors. Consider

the integral

o0 o0
[ J TP Va0 eees yuDED XL Yo v Yyr) Apedy s
0 0

that appears in the third line of the expression. It represents an instance of eq. (D.1) with
a transformation for the case N = N’ — 1, where f and g are replaced by the functions f
and g. Since f and g are indicator functions of sets with disjoint interiors, the integral in
the third line of the expression vanishes. A similar reasoning applies to the integral in the

fourth line.
Therefore, we have
(RAA(f + &), RAAf + )12 = (f. )2+ (8- 8) 12
Expanding the left-hand side, we find
(RyeS Ryne)+ (RS, RUCS) 12 =0,
By replacing g with ig, we obtain
(Riu [ iRYAg) 12 + (IR RYLS) 12 = —iRYM [ Ry g) 12+ i(RES G RALS) 12 = 0.

o . = A’ - A’ _
Combining these two results, we conclude that (Rp; f IRP; g)2=0. O
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